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Abstract: Regulated cell death (RCD) represents a distinct mode of cell demise, differing from
accidental cell death (ACD), characterized by specific signaling cascades orchestrated by diverse
biomolecules. The regular process of cell death plays a crucial role in upholding internal homeostasis,
acting as a safeguard against biological or chemical damage. Nonetheless, specific programmed cell
deaths have the potential to activate an immune—inflammatory response, potentially contributing
to diseases by enlisting immune cells and releasing pro-inflammatory factors. Endometriosis, a
prevalent gynecological ailment, remains incompletely understood despite substantial progress in
unraveling associated signaling pathways. Its complexity is intricately tied to the dysregulation of
inflammatory immune responses, with various RCD processes such as apoptosis, autophagic cell
death, pyroptosis, and ferroptosis implicated in its development. Notably, limited research explores
the association between endometriosis and specific RCD pathways like pyroptosis and cuproptosis.
The exploration of regulated cell death in the context of endometriosis holds tremendous potential
for further advancements. This article thoroughly reviews the molecular mechanisms governed by
regulated cell death and their implications for endometriosis. A comprehensive understanding of the
regulated cell death mechanism in endometriosis has the potential to catalyze the development of
promising therapeutic strategies and chart the course for future research directions in the field.

Keywords: endometriosis; regulated cell death (RCD); apoptosis; pyroptosis; ferroptosis; cuproptosis;
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1. Introduction

Endometriosis is defined as the appearance of endometrium-like tissue in areas other
than the uterine cavity. Statistics indicate that approximately 10% of women in the reproduc-
tive age group globally experience this medical condition [1-3]. The primary manifestations
of endometriosis encompass dysmenorrhea, chronic pelvic pain, infertility, dyspareunia,
and potential dysfunction of the corresponding systems if lesions accumulate in the bladder
and rectum. Presently, surgical resection of lesions remains the established gold standard
for endometriosis treatment. However, the condition is prone to postoperative recurrence,
and the management of the disease in the long term poses significant challenges. Estrogen-
driven inflammation and immune dysregulation are recognized as pivotal components in
the pathogenesis of endometriosis [4]. Substantial advancements have been achieved in
elucidating the mechanisms underlying the inflammatory immune response in endometrio-
sis in recent years. Certain studies propose a close association between the abnormal
recruitment of immune cells, overactivation of pro-inflammatory factors, and processes
such as oxidative stress, autophagy, and apoptosis in the context of endometriosis [5].

Two primary modes of cell death exist, namely accidental cell death (ACD) and reg-
ulated cell death (RCD), with ACD being unregulated and susceptible to damage from
various physicochemical and biological factors. Subsequently, in 1972, the inaugural form
of RCD, known as apoptosis, was discovered [6]. Through the study of apoptosis, it has
been found that cell death can be genetically regulated, and even the pathogenesis of
some tumors, heart disease, chronic kidney disease, and autoimmune diseases is related to
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anti-apoptosis [7-9]. This has led us to realize that cell death is not only a physiological
process but can also lead to pathological processes. The RCD cascade reaction includes
recognition, triggering, execution, and other effector molecules, leading to unique mor-
phological, biochemical, and immunological features [10]. RCD is further classified into
apoptotic and non-apoptotic subcategories [11]. Cells with an apoptotic RCD retain their
membrane integrity and exhibit shrinkage of the cytoplasm, condensation of the chromatin,
fragmentation of the nucleus, and blebbing of the plasma membrane [12]. Other non-
apoptotic RCDs have also been discovered in recent years, including apoptosis, necroptosis,
pyroptosis, ferroptosis, anoikis, cuproptosis, and so on. Many studies on endometriosis
and RCD, such as apoptosis, ferroptosis, and pyroptosis, have occurred [13-20].

Do these RCD processes intricately interact with the pathophysiology of endometrio-
sis? Could pivotal pathways or molecules emerging from RCD be deemed prospective
targets for the therapeutic intervention of endometriosis? These inquiries warrant method-
ical consolidation and exploration in this comprehensive review. Herein, we present an
exhaustive summary of the most recent literature delineating RCD pathways or regulators
associated with endometriosis. Additionally, we will deliberate on potential RCD biomark-
ers and explore RCD-based therapeutic strategies for addressing endometriosis. Finally,
we will expound on the prospective directions for future research on RCD mechanisms in
the context of endometriosis.

2. Endometriosis Pathophysiology

In 1920, the predominant theory explaining the pathogenesis of endometriosis, known
as “menstrual reflux,” was postulated [21]. The originator of this theory, Sampson, posited
that fragments of endometrial tissue, carried by menstrual blood, traverse the fallopian
tubes and enter the abdominal cavity. The ectopic endometrium can migrate and invade and
is firmly implanted in the pelvis through vascular and neurogenesis. Ectopic endometrium
can also change with the menstrual cycle, causing a chronic inflammatory response in
the affected area, which is why patients with endometriosis are often found to have
severe pelvic adhesions and chronic pelvic inflammation during surgical procedures. In
fact, menstrual reflux is also prevalent in healthy women. This makes one wonder why
some people are normal and others have endometriosis. Some studies have shown that
the immune system’s failure to clear the ectopic endometrium in time or its failure to
clear it is also one of the important causes of endometriosis [22,23]. It has been found
that the expression of the anti-apoptotic genes is up-regulated in the eutopic and ectopic
endometrium of patients with endometriosis, which proves that there is an anti-apoptotic
phenomenon in endometriosis [24]. In addition to this, the proliferative capacity of the
endometrium is significantly increased in patients with endometriosis [25,26]. These all
contribute to the growth and adhesion of endometriosis lesions.

Endometriosis is defined as a hormone-dependent disorder, specifically a dysregu-
lation of estrogen and progesterone [27,28]. In the eutopic and ectopic endometrium of
endometriosis patients, progesterone resistance is detected, and progesterone receptors are
reduced. The logic behind the use of progesterone for endometriosis comes from the posi-
tive effects that researchers have observed on endometriosis during pregnancy [29]. There
are two types of progesterone receptors, PRA and PRB, and in addition to the decrease
in the overall expression level of PR in endometriosis, the PRA /PRB ratio is also higher
than that of normal endometrium. In fact, progesterone acts primarily on target genes
through PRB, which antagonizes estrogen-induced endometrial epithelial cell proliferation
through PRA [30]. This abnormal progesterone receptor change may affect the normal
decidualization of the endometrium, making the endometrium less receptive, and may
be one of the causes of infertility in patients with endometriosis [31]. In addition, the
level of estrogen in endometriosis is abnormally high, and the enzymes related to estrogen
synthesis, such as aromatase and HSD1731 (Hydroxysteroid 17-Beta Dehydrogenase 1), are
also highly expressed or increased in endometriosis lesions. In a normally functioning en-
dometrium, ERoc expression is more predominant than ERB. However, studies on ovarian
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endometriosis have found a reduced ERot/ERp ratio [32]. Abnormally high estrogen and
progesterone resistance increases the proliferation of ectopic endometrial cells and exerts
anti-apoptotic effects.

Peritoneal macrophages and neutrophils are overactive in the peritoneal cavity as a
result of dysregulation of the immune response to endometriotic lesions. Ectopic lesions
are characterized by elevated expression of genes associated with cytokine—cytokine recep-
tor interactions, immune cell recruitment, and cellular adhesion [33,34]. The number of
CD8+ T lymphocytes in ectopic endometrial tissue is higher than in eutopic endometrial
tissue [35]. It has been shown that patients with endometriosis have higher TGF-{3 levels
in peritoneal fluid compared with healthy women [36]. TGF-3 is one of the inflammatory
mediators released by mast cells, which can promote the expression of fibrotic factors and
mediate epithelial-mesenchymal transition [37], promoting the transformation of mesothe-
lial cells into fibroblasts [38]. TGF-f may be involved in the differentiation of T cells and
stimulate the release of IL-17 and IL-10, leading to lesion formation [39,40]. Additionally,
immune cells create a pro-angiogenic and pro-neurogenic peritoneal microenvironment in
endometriosis [41]. For example, macrophages release nerve growth factor (NGF), which
promotes the development of pain-related receptors, leading to clinical symptoms of pain
in patients [42]. In the following, we will systematically explore the specific mechanisms
by which RCD is involved in the dysregulation of the immune-inflammatory system
in endometriosis.

3. Regulated Cell Death Mechanisms in Endometriosis
3.1. Apoptosis in Endometriosis

In 1972, Kerr and colleagues identified apoptosis, noting the morphological similarity
of cell demise across various pathological conditions and normal tissue contexts [43].
This is the most well-characterized form of RCD, causing shrinkage, nuclear chromatin
condensation, and fragmentation of the nucleus [44]. It is essential for disease prevention
to maintain a balance between apoptosis and cell proliferation [45]. Cells with irreversible
DNA damage are also removed by apoptosis as part of the immune system’s defense
against infections [46]. By recognizing, uptaking, and degrading intact cells, apoptosis
protects tissue from inflammation without releasing harmful contents. Rather than being a
death mode, apoptosis is more like a mechanism for clearing out cells. Apoptosis is usually
catalyzed by the proteolytic cleavage of thousands of proteins through the enzymatic
activity of effector caspases like caspase 3 (Figure 1) [47]. Moreover, apoptosis can also
be activated by granzyme contained within cytotoxic granules in T-cells or NK cells and
through perforin-mediated pore formation in target cells [48]. In most mammalian cells,
the increase in mitochondrial outer membrane permeability and the release of cytochrome
c into the cytosol are key nodes that trigger apoptosis, which is regulated by pro-apoptotic
and anti-apoptotic factors of the BCL-2 family [49]. Mitochondrial dysfunction can lead to
impaired apoptosis. For example, in endometriotic tissues, CHCHD2 (Coiled-Coil-Helix-
Coiled-Coil-Helix Domain Containing 2) expression may contribute to the pathogenesis
of endometriosis through its regulation of mitochondria-mediated apoptosis [50]. Some
scholars have confirmed that although the expression of apoptosis-related genes varies
depending on the pathological type, there is overexpression of anti-apoptotic factors and
insufficient expression of pro-apoptotic factors in endometriosis [51,52]. Another extrinsic
cell death pathway is achieved through pro-apoptotic receptors such as Fas, TNF, TRAIL
(TNF-related apoptosis-inducing ligand), etc. [53]. In endometriosis, apoptosis seems to be
a protection mechanism. Estrogen and progesterone are also involved in this process. For
endometriosis, estrogen mainly inhibits apoptosis through protein kinases, NF-kB, SRC-1,
and other signaling pathways. Han and his colleagues discovered that ER(3 can interact
with cellular apoptotic machinery in the cytoplasm to inhibit TNF-a-induced apoptosis [54].
This mechanism may help endometriosis lesions evade endogenous immune surveillance.
The mechanism by which progesterone regulates endometriosis apoptosis is relatively
complex. In vivo experiments, normal women supplemented with progesterone at the late
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secretory phase can play an anti-endometrial apoptosis role, while in vitro experiments,
progesterone can induce endometrial apoptosis [55]. The specific mechanism still needs
more experimental verification. Contrary to endometrial cells, which undergo reduced
apoptosis, ovarian granulosa cells of endometriosis patients undergo increased apoptosis.
Consequently, folliculogenesis, oocyte and embryo quality, and IVF (in vitro fertilization)
outcomes could be adversely affected [56,57]. Interestingly, it was found that when follicular
fluid from patients with endometriosis-associated infertility was used for granulosa cell
culture in patients with simple tubal infertility, the level of granulosa cell apoptosis was
significantly increased, suggesting that there is a pro-granulosa cell apoptotic phenotype in
follicular fluid from patients with endometriosis [58]. Additionally, elevated apoptosis was
also found in cumulus cells from patients with ovarian endometrioma [59]. The exchange
of material and signals between the cumulus cell and the oocytes is necessary for the
maturation and ovulation of the oocytes. It is reasonable to speculate that infertility in
patients with endometriosis may be associated with increased apoptosis of the cumulus cell.
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Figure 1. Extrinsic and intrinsic apoptotic pathways. An extrinsic pathway (death receptor-induced
pathway) or an intrinsic pathway (mitochondrial or BCL-2-regulated pathway) can induce apoptosis.
Caspases 8 and 10 undergo activation through the extrinsic pathway, a process initiated upon
activation of death receptors situated at the plasma membrane. Various stress stimuli activate the
intrinsic pathway, leading to mitochondrial outer-membrane permeabilization (MOMP), the release
of cytochrome C, the formation of the apoptosome, and subsequent activation of caspase-9. At the
proteolytic activation step of the effector caspases-3 and -7, both apoptotic pathways converge after
the initiator caspases-8 and -9 are activated.

Our recent research report affirms that GRIK1 antisense RNA (GRIK1-AS1) is capable
of attenuating the proliferation of endometrial stromal cells. This effect is achieved through
the inhibition of cell-cycle processes and the facilitation of apoptosis [60]. Another article
revealed that an exosomal IncRNA, HOTAIR (HOX Transcript Antisense RNA), inhibits en-
dometrial stromal cell apoptosis through sponging miR-761 [61]. Apoptotic activity linked
with miRNA has been implicated in the pathological processes underlying endometriosis.
Ilustratively, a recent examination focusing on miRNAs governing adhesion and apoptosis
revealed a noteworthy elevation in the expression levels of miR-93-5p and miR-7-5p in the
cohorts afflicted with deep infiltrating endometriosis and endometrioma, as opposed to
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those presenting with lesions of superficial peritoneal endometriosis. Perhaps these results
could help identify differences between pathological phenotypes of endometriosis [62].

Apoptosis is controlled by NF-«B transcription factors in a wide range of cell types,
whether they block apoptosis or induce it. Endometrial cells promoted miR-138 to induce
exosome-mediated inflammation and apoptosis in endometriosis through the VEGF/NF-
kB signaling pathway [63]. Reactivating endometriosis apoptosis to inhibit the progression
of the lesion is also a new direction for the treatment of endometriosis in the future.
Ectopic lesions treated with oleuropein displayed higher levels of caspase-3 cleavage.
Oleuropein also reactivated apoptosis in ectopic lesions by inhibiting ER(3 and suppressing
mouse endometriosis progression [64]. In addition, apoptosis is also regulated by some
epigenetic modifications. For example, the depletion of histone deacetylase 2, HDAC2, can
significantly promote the apoptosis of endometriosis cells [65]. Among the many studies of
RCD mechanisms and endometriosis, apoptosis is undoubtedly one of the most studied
and intensively researched mechanisms. Reducing or even reversing the anti-apoptotic
properties of endometriosis lesions may become a completely new approach to treating
endometriosis in the future.

3.2. Pyroptosis in Endometriosis

As a form of lytically programmed cell death, pyroptosis is initiated by inflamma-
somes that detect contamination or perturbation within the cytosol. Caspases-1 (canonical
pathway) or caspase-11/4/5 (non-canonical pathway) are activated, which cleave gasder-
min D (GSDMD) [66]. The morphological manifestation of pyroptosis is cell swelling and
rupture of the plasma membrane, causing a release of pro-inflammatory cytokines and
cellular contents into the extracellular space [66]. Unlike apoptosis, pyroptosis preserves
mitochondprial integrity and prevents cytochrome C leakage.

Inflammasomes are protein complexes that contain three main parts: receptor proteins,
adaptor proteins (ASCs), and downstream caspases. Receptor proteins are divided into
the NOD-like receptor (NLR) family and the PYHIN family. Inflammasomes are assem-
bled in response to pathogen-associated molecular patterns (PAMPs) and endogenous
damage-associated molecular patterns (DAMPs) [67]. There are four main prototypes of
inflammasome sensors found to date—NLR family pyrin domain containing 1 (NLRP1),
NLRC4 (NLR Family CARD Domain Containing 4), absent in melanoma-2 (AIM2), and
NLRP3 (NOD-like receptor thermal protein domain associated protein 3) [68]. In the canon-
ical pathway, when these canonical inflammasome sensors are activated, the majority of
these sensors interact with the ASCs, which activate caspase 1. Caspasel cleaves GSDMD
into two fragments, one at the C-terminus and the other at the N-terminus, which causes
pores in the cell membrane via lysin phosphoinositide/cardiolipin-containing liposomes
and triggers pyroptosis [69]. Moreover, caspase-1 also matures pro-IL-1{3 and pro-IL-18 into
IL-1p and IL-18, which are released through the necrotic membrane pores formed by the
GSDMD N-terminal fragment [70]. Non-canonical inflammasome pathways are uniquely
mediated by caspase 11 (mice) and caspase 4/5 (humans). These caspases can directly bind
with LPS and conduct the cleavage of GSDMD. By contrast, non-canonical inflammasomes
that activate caspase 4/5/11 proteolysis only GSDMD cannot activate IL-1$ and IL-18
directly [71]. However, secondary GSDMD pore-induced membrane damage and NLRP3
activation result in cytokine maturation in addition to GSDMD processing. This process
also leads to an inflammatory response.

In recent years, transcription factors have been shown to regulate pyroptosis in en-
dometriosis. TRIM24 is a member of the three-gene sequence protein (TRIM) family and be-
longs to the transactivator. The TRIM24 receptor targets are located in the nucleus and affect
their expression and function by regulating chromosomal remodeling-related proteins [72].
An inhibitory effect of TRIM24 was observed on the NLRP3/CASP1{3-mediated pyroptosis
and cell migration of human endometrial stromal cells. The upregulation of TRIM?24 facili-
tated the ubiquitination of NLRP3 [73]. Another transcription factor, FoxA2, is expressed
specifically in the glands of the uterus and is a critical regulator of postnatal uterine gland
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differentiation in mice [74]. It is reported that upregulation of FoxA2 (Forkhead Box A2)
downregulates ER3 by transcriptionally inhibiting IGF2BP1, thereby repressing pyroptosis
in endometriosis [75].

Endometriosis can induce chronic pelvic inflammation and tissue fibrosis. During
pathogenesis, PGE2-induced NLRP3/caspasel pyroptosis plays a vital role in the invasion
of endometriosis lesions. Huang et al. examined the expression level of pyroptosis-related
proteins such as NLRP3, caspase-1, IL-13, and IL-18 in endometriosis and found them signif-
icantly higher than normal endometrium [13]. In a bioinformatics study on endometriosis,
researchers screened for pyroptosis genes that are closely related to endometriosis and used
these genes to score pyroptosis levels in samples from public databases [76]. There is a
strong correlation between higher levels of pyroptosis and more aggressive disease features,
including epithelial-mesenchymal transition, angiogenesis, and impaired immunity [14].
Endometriosis relies heavily on new blood and vascular system formation to progress,
so angiogenesis is essential in its progression [77-79]. NLRP3 inflammasome-mediated
activation of pyroptosis can affect angiogenesis in endometriosis in a Notchl-dependent
manner [80]. Fibrosis is the development of fibrous connective tissue in response to re-
peated tissue injury and repair, with myofibroblasts playing a key role in driving the
fibrotic process. Once myofibroblasts are activated and produce a large amount of collagen
extracellular matrix, they destroy the surrounding cellular structures. Fibrotic tissue often
appears as scarring that is stiff and lacks blood vessels, complicating the surgical anatomy
of endometriosis. Liu’s team demonstrated that aberrantly elevated Inc-MALAT1 (Metasta-
sis Associated Lung Adenocarcinoma Transcript 1) in ectopic endometrium is associated
with NLRP3-mediated pyroptosis and fibrosis, and Inc-MALAT1 sponges miR-141-3p to
promote NLRP3 expression [81]. From the above results, it can be seen that pyroptosis
regulates the pathological processes of endometriosis, such as inflammatory immune re-
sponse, cell invasion, and fibrosis (Figure 2). In particular, the NLRP3-mediated pyroptosis
pathway is involved in many mechanisms.
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Figure 2. Canonical pyroptosis pathway in endometriosis. DAMPs (damage-associated molecular
patterns) and PAMPs (pathogen-associated molecular patterns) elicit the activation of cytosolic
canonical inflammasomes, notably NLRP3, leading to the subsequent cleavage of caspase-1. Following
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the activation of inflammatory caspases, the precursors pro-IL-1p, pro-IL-18, and GSDMD undergo
cleavage. The N-terminal fragment of GSDMD (N-GSDMD) can form pores on the plasma mem-
brane, facilitating the release of inflammatory mediators such as IL-1f3 and IL-18. The resultant
pro-inflammatory microenvironment in endometriosis is conducive to the promotion of endometri-
otic cell migration and fibrosis. Upper arrows represent increased protein levels and lower arrows
represent decreased protein levels.

3.3. Ferroptosis in Endometriosis

Iron overload and lipid peroxidation are typical symptoms of ferroptosis, a type of
iron-dependent cell death [82]. Several ferroptosis-inducing factors have been identified
as influencing glutathione peroxidase, which eventually leads to decreased antioxidant
capacity and lipid reactive oxygen species (ROS) accumulation in cells that ultimately
causes oxidative cell death [83]. Morphologically, cells undergoing ferroptosis usually show
necrosis-like morphological changes. These features include a loss of plasma membrane
integrity, cytoplasmic swelling, swelling of cytoplasmic organelles, and moderate chromatin
condensation [84]. Ferroptosis can also be accompanied by autophagosome development
and detachment.

The system Xc-GSH-GPX4 pathway is a classic pathway for ferroptosis. System Xc-
is a cystine/glutamate antiporter that exchanges extracellular cystine with intracellular
glutamate [85]. Once cystine enters the cell, it is rapidly reduced, producing cysteine
for glutathione biosynthesis. Glutathione plays a crucial role in intracellular antioxidant
defense (GSH). An increase in oxidative stress and cell death can occur when GSH is
depleted [86]. GPX4 is a member of the glutathione peroxidase (GPX) family. GPX4 is the
only intracellular GPX used in the reduction of liposomal peroxides, which can convert
lipid hydroperoxides into non-toxic lipid alcohols and prevent ferroptosis [87]. Intracellular
GSH depletion and decreased activity of GPX4 occur during ferroptosis. Inhibitions of
GPX4 activity prevent the reduction reaction mediated by GPX4 from metabolizing lipid
peroxides, resulting in their accumulation [88].

Iron overload is another important feature of ferroptosis. The Fenton reaction, which
results in non-enzymatic lipid peroxidation, regulates ferroptosis by producing lethal
reactive oxygen species (ROS) [89]. As a cofactor for iron-containing enzymes, iron may
also be essential for enzymatic lipid metabolism. Therefore, iron appears to play a vital
role in ferroptosis, whether enzymatically or non-enzymatically, in the production of
ROS (Figure 3). In addition to the above-mentioned GPX4-mediated classical ferroptosis
pathway, the mitochondrial transmembrane channel VDAC (voltage-dependent anion
channel) and the tumor suppressor gene P53 can also mediate ferroptosis [90,91].

In endometriotic lesions, erythrocyte degradation leads to iron accumulation [92,93].
Iron overload influences the preimplantation process of the endometriosis mouse embryo.
Mechanically, iron overload can disrupt mitochondrial function by interfering with ATP
production. Additionally, iron overload can induce intracellular ROS. Embryos cultured at
higher iron concentrations showed lower rates of cleavage and blastocyst formation [94].
Treatment of mouse granulosa cells with follicular fluid from patients with endometriosis-
associated infertility can induce ferroptosis, which hinders oocyte maturation by releasing
exosomes [95]. These studies provide a new perspective on ferroptosis’s involvement
in endometriosis-induced infertility. Some IncRNA can also regulate ferroptosis in en-
dometriosis. For example, up-regulated ADAMTS9-AS1 (ADAM Metallopeptidase with
Thrombospondin Type 1 Motif Antisense RNA 1) accelerates endometrial proliferation
and migration by modulating miR-6516-5p/ GPX4-dependent ferroptosis. ADAMTS9-AS1
increased ROS levels, and inhibition of this IncRNA significantly reduced GPX4 expres-
sion [96]. Ferroptosis is associated with endometriosis-derived clear cell carcinoma of the
ovary (CCOC). Compared with the normal secretory endometrium, the expression of cys-
teine and glutathione synthesis pathway genes and the downregulation of iron antiporter
were observed in CCOC [97]. According to another study, CD 10 negative endometriosis-
derived mesenchymal stem cells expressed a high level of iron export proteins and were
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capable of transmitting iron to associated CCOC cells [98]. Significantly, the stroma may
support the growth and development of tumor cells through iron transport and donation.
Further characterization of the stromal phenotype may be a new direction in the study of
malignant transformation in endometriosis.
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Figure 3. The metabolic pathways of ferroptosis. Intracellular glutamate (Glu) and extracellular cys-
teine (Cys) are transported via System Xc-, facilitating the incorporation of cysteine into glutathione
(GSH) synthesis. Glutathione peroxidase 4 (GPX4) actively participates in the intracellular neutraliza-
tion process, converting endogenous peroxidized polyunsaturated fatty acids (PUFAs-OOH) to their
non-peroxidized counterparts (PUFAs-OH). This enzymatic activity culminates in the mitigation of
reactive oxygen species (ROS) accumulation. Ferroptosis is caused by excess iron. Through TFR,
circulating iron is combined with TF and enters cells. Iron in Fe>* was deoxidized to iron in Fe?*.
Ultimately, Fe?* was released into a labile iron pool in the cytoplasm. Fenton reaction is a chain
reaction between ferric ions (Fe?*) and hydrogen peroxide to catalyze the formation of OH radicals.
The free Fe?" in the iron pool participates in the Fenton reaction, generating ROS substances, and the
accumulated ROS peroxidizes membrane lipids, resulting in loss of cell function and cell death.

As we have already mentioned above, one of the characteristics of endometriosis foci
is myofibroblast-induced fibrosis and angiogenesis. Ferroptosis is also involved in these
processes, and studies by Zhang et al. showed that ferroptosis inhibitors could reduce the
proportion of myofibroblasts in endometriosis lesions and alleviate fibrosis [15]. Endome-
trial stromal cell ferroptosis in the ovarian endometrioma may promote angiogenesis [17].
Erastin, a ferroptosis inducer, can shrink endometriosis lesions, but the mechanism remains
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to be explored [99]. The MALAT1/miR-145-5p/MUCI1 axis was involved in shrinking
endometriotic lesions caused by erastin-induced ferroptosis [100]. Perhaps there are other
regulatory mechanisms for the ameliorating effect of erastin on endometriosis, and this
ferroptosis inhibitor can be applied to the drug treatment of endometriosis in the future.

3.4. Cuproptosis in Endometriosis

New research has revealed that copper-dependent cuproptosis is a non-apoptotic
mode of cell death that regulates mitochondrial respiration. During cuproptosis, copper
ions are combined with fatty acylated components in the tricarboxylic acid cycle (Figure 4).
Consequently, fatty acylated proteins aggregate and iron-sulfur cluster proteins are reduced,
resulting in protein toxicity stress and cell death [101]. FDX1(Ferredoxin 1) is a ferrite-
reducing protein, which is the core molecule of cuproptosis. On the one hand, FDX1 can
reduce Cu?* to Cu*, which is more toxic, to induce cuproptosis. On the other hand, it
can catalyze the lipacylation of pyruvate dehydrogenase core structural proteins [102].
According to a recent study, FDX1 mediates cuproptosis in endometriosis through the
G6PD pathway, which inhibits the proliferation and metastasis of endometriosis cells [102].
It is still unclear how cuproptosis occurs in endometriosis, and research in this field holds
great promise.
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Figure 4. Diagrammatic representation of cuproptosis mechanism. Cuproptosis suppresses mitochon-
drial oxidative respiration through the inhibition of DLAT, a crucial constituent within the pyruvate
dehydrogenase complex (PDH complex). Elesclomol binds extracellular Cu and transports it to
intracellular compartments. Upon entry into the cell, Cu engages with lipoylated mitochondrial en-
zymes in the tricarboxylic acid cycle (TCA), such as DLAT. LIAS/FDX1 regulates protein lipoylation,
facilitating mitochondrial protein aggregation and Fe-S cluster loss. As a result of these aberrant
processes, proteotoxic stress occurs, and cells die. Lipoylation is a post-translational modification
specific to mitochondrial proteins. LA: lipoic acid. DLAT: dihydrolipoyl transacetylase.

4. The Interplay between RCD Mechanisms in Endometriosis

Various forms of RCD exist, with intricate interactions and mutual influences observed
among the complex pathways associated with each type of cell demise. In endometrio-
sis and adenomyosis, iron overload inhibits cell proliferation and promotes autophagic
cell death via PARP1 (Poly (ADP-Ribose) Polymerase 1)/SIRT1 (Sirtuin 1) signaling in
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endometriosis and adenomyosis [103]. Moreover, the autophagic cell death inducer ra-
pamycin can increase iron content, reactive oxygen species, lipid peroxide production,
and ferroptosis mitochondrial morphology, indicating autophagic cell death-dependent
ferroptosis is involved in the development of endometriosis [104]. Although crosstalk
between RCDs has not been widely studied in endometriosis, it is not difficult to see from
the relevant studies of other diseases that it is a direction worth exploring. For example, in
a study on pyroptosis and apoptosis, researchers found that channel-forming glycoprotein
pannexin-1, but not GSDMD or GSDME, promotes NLRP3 inflammasome activation during
caspase-8 or caspase-9-dependent apoptosis [105].

At present, a form of cell death called PAN-optosis has entered the field of vision of sci-
entists. The concept of PAN-optosis was established based on the study of the interaction be-
tween inflammasome /pyroptosis, apoptosis, and necroptosis. As can be seen from its name,
“P” stands for pyroptosis, “A” stands for apoptosis, and “N” stands for necroptosis [106].
This process is mainly implemented through a structure called “PAN-optosome.” PANop-
tosome is a multi-protein complex that provides a molecular scaffold that contains key
proteins that activate pyroptosis, apoptosis, and programmed necrosis [107]. PAN-optosis
is a unique, innate immune-inflammatory RCD pathway that is regulated by PANopto-
some complexes upon sensing pathogens, PAMPs, DAMPs, or the cytokines produced
downstream [108]. Proper PAN-optosis can trigger an infiltration of immune cells, which
can clear infectious agents. However, if regulation goes wrong, excessive PAN-optosis can
also lead to harmful inflammation and tissue damage. Therefore, the balance regulation of
PAN-optosis is the subject of future research for endometriosis treatment.

5. RCD Therapeutic Perspectives in Endometriosis

In recent years, new advances have been made in immunotherapy for endometriosis.
According to a recent study, extracellular adenosine triphosphate (eATP), an important
inflammatory mediator, alleviates the dysfunction of macrophages caused by endometriosis
and promotes the recruitment of macrophages [109]. In addition, some natural ingredients
from plants and animals have also been extracted by scientists for research related to the
treatment of endometriosis. Quercetin has antiproliferative and anti-inflammatory effects
on endometriosis mice. The mRNA expression of CCND1 (Cyclin D1) was significantly
reduced after intraperitoneal injection of quercetin in the diseased mice. After knocking
out the CCND1 mRNA, the proliferation of endometriosis cell lines is attenuated, the
sub-G0/G1 cell cycle is stopped, and apoptosis is increased [110]. Bufalin is an endoge-
nous cardiotonic steroid found in toad venom as well as in healthy human plasma, with
anti-tumor properties in several types of cancer [111]. It was reported that bufalin-induced
disruption of the SRC-1 (steroid receptor coactivator 1) isoform/ERf axis might induce
apoptosis, pyroptosis, and endoplasmic reticulum stress signaling in endometriotic lesions,
suppressing endometriosis. Mechanically, bufalin disrupted the functional axis of SRC-1
isoform/ERp by increasing SRC-1 isoform protein stability, hyperactivating the transcrip-
tional activity of the SRC-1 isoform, and degrading the ERf3 protein by proteasome 265
subunit, non-ATPase 2 in endometriotic lesions [112]. Ferroptosis promotes endometriosis
progression by impairing macrophage phagocytosis and producing more pro-angiogenic
factors. Baicalein is a potential anti-ferroptosis compound that increases GPX4 expres-
sion, significantly inhibits ferroptosis, and restores phagocytosis in THP-1 cells (a human
leukemia monocytic cell line) in vitro [113]. Acai Berry administration was able to mod-
ulate autophagy, oxidative stress, and apoptosis in mouse endometriosis models [114].
Alpinumisoflavone is an isoflavonoid extracted from fruit that inhibits cell migration and
proliferation and leads to cell apoptosis in endometriosis cell lines [115].

Dienogest is currently the first-line oral drug for the treatment of endometriosis. In
women with ovarian endometrioma, dienogest can reduce the size of ovarian cysts [116].
It is effective in reducing endometriosis-related symptoms after 6 and 12 months of
treatment [117]. Dienogest is well tolerated and has a better response to endoscopy-related
pain than drugs such as danazol and leuprolide. In studies on RCD with dienogest, scien-
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tists found this 19-nortestosterone derivative can reduce NLRP3 inflammasome-mediated
IL-1p production through autophagy induction [118]. Furthermore, dienogest treatment of
endometriotic cells suppresses AKT and ERK1/2 activity, thereby, in turn, inhibiting mTOR,
inducing autophagy, and promoting apoptosis [119]. Research about melatonin discovered
that the combination of melatonin and dienogest effectively inhibited the proliferation of
endometriotic cells due to melatonin-induced apoptosis [120]. Although the combination
of melatonin and dienogest in the treatment of endometriosis still needs large-scale clinical
studies to confirm its effectiveness, there is no doubt that this provides a new idea for the
treatment of endometriosis.

Traditional Chinese medicine (TCM) has a rich theoretical basis and clinical appli-
cation for endometriosis treatment. Bushen Wenyang Huayu Decoction, a compound
Chinese medicine preparation, inhibits autophagy by up-regulating SIRT1 (Sirtuin 1) and
down-regulating FoXO-1 (Forkhead box protein O) expression in endometriosis via the
SIRT1-FoXO-1 signaling pathway [121]. In recent years, the therapeutic role of targeted
nanomaterials in endometriosis has been further explored. A novel form of polymer-based
NP gene delivery platform consisting of polyethyleneimine (PEI) conjugated to stearic
acid (SA) and nucleotides (DNA/siRNAs) and enclosed by hyaluronic acid (HA) was
invented to alleviate endometriosis by inducing cell death [122]. Perhaps in future stud-
ies, nanomaterials that specifically induce RCD can be designed to inhibit the growth
of endometriosis.

The preceding discourse has detailed the discussion concerning naturally occurring
constituents that exhibit the capacity to modulate the advancement of endometriotic lesions
via RCD. The exploration of natural plant-derived constituents presents a novel avenue
for dietary intervention for endometriosis. Notably, polyphenolic compounds emerge as
prospective candidates for dietary therapy in endometriosis, owing to their demonstrated
ability to induce apoptotic processes in both endometriotic cell lines and murine models
of endometriosis [123]. Another study revealed that high-fat diet-induced apoptosis may
be associated with endometriosis progression. Specifically, the number of lesions in the
high-fat diet-fed endometriosis model mice was significantly higher than that in the normal
diet-fed model mice. In the high-fat diet endometriosis model mice, the level of apoptosis
was significantly reduced, which may be one of the reasons for the increased formation
of lesions [124]. However, the effect of diet-regulated RCD on endometriosis is still in
its infancy. Indeed, endometriosis is a complex disease, and there is a lack of large-scale
prospective studies confirming the palliative effect of certain diet therapies on endometrio-
sis pathologic progression and clinical symptoms. Diet-modulated RCD may be a new
research direction for the treatment of endometriosis in the future.

6. Conclusions and Future Directions

Endometriosis is a disease with significant heterogeneity. There may be a discrep-
ancy between the severity of the lesion and the patient’s perceived symptoms. Since
endometriosis seriously affects women’s reproductive function and brings a heavy burden
to women’s psychology and physiology, it is important to explore the pathogenesis and
treatment of this disease. In this article, we summarize the basic mechanisms of apopto-
sis, pyroptosis, ferroptosis, and autophagy, as well as the main signaling molecules and
pathways involved in the pathogenesis of endometriosis. However, the mechanism of
some RCDs, such as necroptosis, anoikis, and cuproptosis in endometriosis, is still poorly
studied. Although some researchers have preliminarily explored the phenotypes of necrop-
tosis and cuproptosis in endometriosis through bioinformatics methods, the upstream and
downstream molecules and the effects of this cell death mode on the immune infiltration
environment of endometriosis still need to be confirmed by specific molecular biology and
animal experiments.

In this article, we have mentioned that RCD-related immunotherapy can be used
for endometriosis treatment. At present, most RCD-related immunotherapies are mainly
directed at tumors, and there are few studies on immunotherapy for non-tumor diseases.
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We outlined the critical role of mitochondria in apoptosis above. In endometriosis, the
reduced function of NK cells to kill ectopic endometrial cells can lead to ectopic endometrial
adhesion and proliferation, which in turn leads to the immune escape of ectopic endometrial
cells [64]. BH3 mimetics are a class of novel anti-tumor drugs targeting Bcl-2 family
proteins that can mimic the BH3 domain of BH3-only proteins, interact with Bcl-2 family
protein members, replace and release pro-apoptotic proteins, and induce apoptosis, thereby
achieving anti-tumor effects [65,66]. The synergistic effect of BH3 mimetic and NK cells
enhances mitochondrial apoptosis in tumor cells [67]. In the future, the mechanism of BH3
mimetics to enhance NK cell killing in endometriosis may be further explored to provide a
reference for immunotherapy for endometriosis.

Endometriosis is a benign disease, but it has some invasive and aggressive features
and an immune microenvironment similar to malignancy [125]. For example, in a study of
the treatment of triple-negative breast cancer, researchers found that tumor tissues had a
different metabolic phenotype of ferroptosis from normal tissues through metabolomics,
and inhibition of the key ferroptosis protein GPX4 could effectively enhance cellular anti-
tumor immunity [68]. At present, metabolomics research on endometriosis is still in its
infancy, and many RCDs are involved in the metabolic regulation of the body, which makes
us wonder if there is also a unique metabolic phenotype associated with a certain RCD in
endometriosis. Can endometriosis be reversed by inhibiting or promoting the synthesis
of RCD-related metabolites? Endometriosis still has a broad research prospect in the field
of RCD, and it is believed that clarifying the complex molecular regulatory mechanism of
RCD can provide a better method for the treatment of endometriosis.
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