:' frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

Yu'e Liu,
Harvard Medical School, United States

Zechen Wang,

Recode Therapeutics, United States
Xutong Xue,

Harvard Medical School, United States

Bin Li
lbycr2019@sina.com

29 October 2024
26 December 2024
13 January 2025

Liu L, Han F, Du N, Liu Y, Duan A, Kang S and
Li B (2025) New insights into the ferroptosis
and immune infiltration in endometriosis: a
bioinformatics-based analysis.

Front. Immunol. 15:1507083.

doi: 10.3389/fimmu.2024.1507083

© 2025 Liu, Han, Du, Liu, Duan, Kang and Li.
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.

Frontiers in Immunology

Original Research
13 January 2025
10.3389/fimmu.2024.1507083

New insights into the ferroptosis
and immune infiltration in
endometriosis: a bioinformatics-
based analysis

Lusha Liu*, Feifei Han? Naiyi Du?, Yakun Liu‘, Aihong Duan?,
Shan Kang® and Bin Li*

‘Department of Gynecology, The Fourth Hospital of Hebei Medical University, Shijiazhuang, China,
2Department of Gynecology, Handan Central Hospital, Handan, China

Background: Ferroptosis, a recently discovered iron-dependent cell death, is
linked to various diseases but its role in endometriosis is still not fully understood.

Methods: In this study, we integrated microarray data of endometriosis from the
GEO database and ferroptosis-related genes (FRGs) from the FerrDb database to
further investigate the regulation of ferroptosis in endometriosis and its impact
on the immune microenvironment. WGCNA identified ferroptosis-related
modules, annotated by GO & KEGG. MNC algorithm pinpointed hub FRGs.
Cytoscape construct a ceRNA network, and ROC curves evaluated diagnostic
efficacy of hub FRGs. Consensus cluster analysis identified ferroptosis
subclusters, and CIBERSORT assessed immune infiltration of these subclusters.
Finally, RT-gPCR validated hub FRG expression in clinical tissues.

Results: We identified two ferroptosis modules of endometriosis, and by
enrichment analysis, they are closely linked with autophagy, mTOR, oxidative
stress, and FOXO pathways. Furthermore, we identified 10 hub FRGs, and the
ROC curve showed better predictive ability for diagnosing. RT-gPCR confirmed
that the tissue expression of 10 hub FRGs was mostly consistent with the
database results. Subsequently, we developed a ceRNA network based on 4
FRGs (BECN1, OSBPL9, TGFBR1, GSK3B). Next, we identified two ferroptosis
subclusters of endometriosis and discovered that they are closely linked with
endometriosis stage. Importantly, immune enrichment analysis illustrated that
the expression levels of immune cells and immune checkpoint genes were
significantly different in the two ferroptosis subclusters. Specifically, the
ferroptosis subcluster with stage llI-1V of endometriosis is more inclined to the
immunosuppressive microenvironment.

Conclusions: Our study showed that ferroptosis may jointly promote
endometriosis progression by remodeling the immune microenvironment,
offering new insights into pathogenesis and therapeutics.
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1 Introduction

Endometriosis (EMs), an estrogen-dependent inflammatory
disease, is characterized by abnormal growth of endometrial-like
tissues outside the uterus, aftecting approximately 10% of women of
reproductive age globally (1). Common symptoms include pelvic
pain and infertility, which severely jeopardize the physical and
mental health of patients (2). Hormone drugs and surgery are the
primary treatments for EMs; however, these treatments are closely
linked to various adverse effects, such as contraception and
menopause-related symptoms (1). Currently, the etiology of EMs
remains elusive. Previous studies have shown that iron overload and
excessive accumulation of reactive oxygen species (ROS) are
pathological characteristics of EMs (3, 4), which lays the
foundation for the occurrence of cellular ferroptosis.

Ferroptosis, a novel form of iron-dependent programmed cell
death, is characterized by the accumulation of ROS and lipid
peroxidation-mediated membrane damage (5). Mechanistically,
ferroptosis stands apart from other forms of cell death, such as
apoptosis, autophagy, and necrosis, primarily due to distinct
differences observed in cell morphology, metabolism, and protein
expression patterns (5). Ferroptotic cell death manifests as damage of
the mitochondrial membrane, increased membrane density, reduced
mitochondrial cristae, and intact nuclear membranes (5). The critical
mechanisms underlying ferroptosis are intricately linked to iron
metabolism, lipid metabolism, and glutathione metabolism (6).
Several lines of study showed that ferroptosis played a crucial role
in the pathogenesis of various diseases, including EMs (7-10). Prior
investigations have elucidated the complex function of ferroptosis in
EMs, highlighting its significance in disease development and
progression (11-13). On the one hand, endometriotic lesions
present resistance to ferroptosis, impeding the clearance of ectopic
endometrium and facilitating its proliferation and migration (11, 14),
while ferroptotic cell death also release inflammatory cytokines and
trigger downstream regulatory pathways, thereby promoting
proliferation and angiogenesis in adjacent tissues (15). However,
the exact mechanisms of ferroptosis in EMs remains poorly
understood and needs further investigation.

As we all know, immune dysfunction, characterized by
abnormalities in the number and function of immune cells,
stands as a pivotal feature of EMs (16). Recent studies have
highlighted the close relationship between ferroptosis and the
immune microenvironment as well as immunotherapy for
diseases (5). For instance, IL-6 from M1 macrophages can induce
lipid peroxidation and disrupt iron homeostasis in bronchial
epithelial cells, leading to ferroptosis (17). Ferroptotic cell death
could also activate the innate immune system and promote the
development of inflammatory diseases by releasing the damage-
associated molecular patterns (DAMPs). Additionally, ferroptotic
cell death exposes tumor antigens, boosting tumor cell
immunogenicity and enhancing the effectiveness of
immunotherapy (18). Therefore, the exploration of the interaction
between ferroptosis and immune cell infiltration in EMs is crucial
for understanding the pathogenesis and developing effective
treatment strategies of the disease.
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In this study, we initially employed the weighted gene co-
expression network analysis (WGCNA) to identify ferroptosis-
related modules in EMs samples and annotated their potential
functions. Subsequently, we constructed subclusters of EMs based
on ferroptosis-related genes (FRGs), and evaluated the immune
infiltration of subclusters. Following this, we identified hub FRGs
and constructed a ceRNA network for hub FRGs, and further
validated their expression levels in tissue samples through RT-
qPCR. Taken together, our study reveals new insights into the
mechanism of ferroptosis in the development of EMs.

2 Methods
2.1 Data acquisition

The microarray data of EMs, including mRNA (GSE51981),
miRNA (GSE105765), and IncRNA (GSE105764), were obtained
from GEO databases (19). FRGs were acquired from the FerrDb
database (20).

2.2 Weighted gene coexpression
network analysis

We used the ‘WGCNA’ package to reconstruct coexpression
gene networks associated with disease clinical characteristics in
GSE51981. Subsequently, we determined an appropriate soft
threshold power and employed a dynamic tree-cut strategy to
hierarchically cluster and merge similar modules. Next, we
calculated the module eigengene, module membership, and gene
significance to identify clinical trait modules.

2.3 Functional annotation of key modules
and identification of hub FRGs

Gene Ontology (GO) biological process and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed using the clusterProfiler
package to further interpret and visualize diverse biological
functions of those key modules. Then, WGCNA was firstly
utilized to identify gene—gene interactions in two important
modules, and then the hub FRGs were obtained using the MNC
genetic algorithm. To further confirm the accuracy of the results, we
validated the expression of these hub FRGs in clinical tissue
samples. Moreover, the receiver operating characteristic (ROC)
analysis was performed to assess the specificity and sensitivity of
these hub FRGs for diagnosing EMs.

Identification of new ferroptosis subclusters of endometriosis
and immune infiltration analysis

We analyzed the expression of ferroptosis genes in
endometriosis samples of GSE51981 using consensus cluster
analysis to identify novel ferroptosis molecular subclusters.
Subsequently, the CIBERSORT package was utilized to estimate
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the relative expression percentages of 22 infiltrated immune cell
types for each subcluster. Meanwhile, the expression levels of
immune checkpoint genes in the subclusters were assessed using
Wilcoxon tests.

2.4 Construction of a ceRNA network

TargetScan (21), miRDB (22), and miRTarBase (23) were
utilized for miRNA prediction, while Mircode was employed for
predicting miRNA-IncRNA interactions with a stringent approach
(24). Subsequently, a IncRNA-miRNA interaction network was
established (Additional File 1). DESeq2 R package was then applied
to analyze the differential expression of IncRNAs (Additional File
2), and IncRNAs with a significance level of P<10™® were chosen to
construct the ceRNA network (Additional File 3). The interaction
networks were visualized using Cytoscape software.

2.5 Collection of tissue samples

In this study, based on the use of specimens in the GSE51981
dataset, we also used eutopic endometrium from ovarian
endometriosis (OEM) patients (n=22) as case group, which allowed
us to investigate the molecular changes in the endometrium
associated with the disease process. Furthermore, we used normal
endometrium from cervical intraepithelial neoplasia grade III (CIN
III) patients (n=10) as a control group. The comparison between
these two types of samples highlights the differences in gene
expression between control and diseased endometrium. All samples
were obtained from the Department of Gynecology at the Fourth
Hospital of Hebei Medical University in China. Patients who
underwent hormone therapy within six months prior to surgery or
exhibited concurrent tumor conditions were excluded from the study.
This research was approved by the Ethics Commission of the Fourth
Affiliated Hospital of Hebei Medical University (2021KY016).
Written informed consent was obtained from all patients.

2.6 Total RNA extraction and RT—-qPCR

TRIzol reagent (Thermo Fisher Scientific, Waltham, USA) was
utilized for total RNA extraction from the tissues, with RNA quality
assessed using a Nanodrop 2000 spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA). Subsequently, 1ug of
total RNA was reverse transcribed into cDNA employing SweScript
All-in-One First-Strand ¢cDNA Synthesis SuperMix (Servicebio,
Wuhan, China), followed by qPCR using Hieff® qPCR SYBR
Green Master Mix (YEASEN, Shanghai, China). The PCR
procedure as follows: 95°C for 5 min followed by 40 cycles at 95°
C for 10 s, 58°C for 20 s, and 72°C for 20 s. Primer sequences of
genes can be found in Additional File 4. Each sample underwent
triplicate analysis, with gene expression levels normalized to
GAPDH and calculated using the 2° “*“" method.
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2.7 Statistical analysis

GraphPad software version 8.0 was utilized for statistical
analyses. An unpaired t-test was conducted to ascertain the
statistical significance of pairwise differences between groups, with
a significance level set at P<0.05. The diagnostic efficacy of the hub
FRGs was assessed through ROC curve analysis.

4 Results
4.1 ldentification of key modules

Firstly, we integrated genes from GSE51981 dataset combined with
ferroptosis genes from FerrDb dataset, and the four ferroptosis modules
(Turquoise, Blue, Brown, and Grey) related to EMs and controls were
identified through hierarchical clustering analysis and a dynamic cutting
algorithm using a cut-off R* value of 0.93 and an appropriate soft
threshold B value (Figures 1A-C). Among these modules, the turquoise
module exhibited a significant positive correlation with EMs, having a
correlation coefficient of 0.25, while the blue module showed a significant
negative correlation with EMs, with a correlation coefficient of -0.33
(Figure 1D). Consequently, we focused on analyzing the turquoise and
blue modules in subsequent investigations.

4.2 Enrichment analysis of key modules

Subsequent to this, we conducted GO and KEGG pathway analyses
to elucidate the potential molecular functions and biological processes
of the turquoise and blue module. The results depicted in Figure 2
illustrated that the turquoise module predominantly correlated with
oxidative stress, autophagy, and mTOR signalling pathways
(Figures 2A-D). The blue module was primarily linked to shigellosis,
ferroptosis, FOXO, and the NOD-like receptor signalling pathway
(Figures 3A-D). These findings suggest a potential role of these
pathways in modulating the ferroptosis process in EMs.

4.3 ldentification of the hub FRGs

I's well known that the hub genes represent the biological
significance of key modules, thus, we identified 10 hub FRGs in the
aforementioned modules by the MNC algorithm (Figure 4A).
Subsequently, we evaluated the expression level of hub FRGs in
GSE51981 (Figure 4B). As shown in Figures 4C-L, CFL1, CHMP6,
and CISD3 exhibited higher expression levels in the eutopic
endometrium of patients with EMs compared to the normal
endometrium of controls. Conversely, BECN1, EIF2AK4, GSK3B,
IREB2, OSBPL9, RICTOR, and TGFBRI1 were found to be
upregulated in control patients when compared to those with EMs.
Furthermore, we also validated the expression of hub FRGs in the
GSE25628 database. The expression trends of most genes are consistent
with those in GSE51981, which indicates that the genes we have
screened are representative and reliable (Supplementary Figure S1).
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4.4 Diagnostic values of hub FRGs

To evaluate the diagnostic efficacy of hub FRGs, we conducted
ROC curve analysis. The results depicted in Figure 5A showed that
the area under the curve (AUC) of ROC for all 10 hub FRGs
exceeded 0.6 in GSE51981. Specifically, the AUC values were 0.637
for BECN1, 0.629 for CFL1, 0.646 for CHMP6, 0.639 for CISD3,
0.695 for EIF2AK4, 0.697 for GSK3B, 0.679 for IREB2, 0.652 for
OSBPLY, 0.639 for RICTOR, and 0.67 for TGFBR1. These results
suggest their potential as diagnostic markers.

4.5 Construction of ceRNA network

Numerous evidence has been suggested that the ceRNA
regulatory network plays a vital role in the pathological processes
of diseases. Therefore, to further understand the regulatory
mechanism of hub FRGs in EMs, we also constructed the ceRNA
network using GSE105765 and GSE105764 combined with several
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bioinformatics database, which involves 4 hub FRGs (BECNI1,
TGFBR1, GSK3B, and OSBPL9), 7 miRNAs, and 27 IncRNAs
(Figure 5B). These results provide new insights for further
understanding the regulatory mechanisms of hub FRGs in EMs.

4.6 Identification of new ferroptosis
subclusters in endometriosis

Although molecular subtypes have become crucial for predicting
disease prognosis and guiding targeted therapy, there is currently no
molecular subgroup identified for EMs. To address this gap, a cluster
analysis was conducted to identify ferroptosis subclusters based on
the FRGs in EMs samples from GSE51981. The analysis revealed that
the most stable number of subclusters was achieved when k=2
(Figure 5C), which was further validated in GSE25628 databases
(Supplementary Figure S1). Subsequent evaluation of the distribution
of EMs stages in the two ferroptosis subclusters showed that cluster 1
was predominantly associated with moderate/severe stages of EMs,
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while cluster 2 had a higher abundance of minimal/mild stages
compared to moderate/severe stages (Figure 5D). This suggests that
the two ferroptosis subclusters could reflect to some extent the
severity of conditions in EMs and are worth further investigation.

4.7 Immune landscapes of
ferroptosis subclusters

Emerging evidence suggests a close relationship between
ferroptosis and immunity (25, 26). Therefore, we analyzed the
immune landscapes of two subclusters using CIBERSORT
(Figure 6). In cluster 1, there was a higher proportion of B cells
naive, T cells CD4 memory resting, activated NK cells, M2
macrophages, activated dendritic cells, and resting mast cells,
while cluster 2 showed a higher proportion of T cells CDS,
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regulatory T cells, resting NK cells, monocytes, and resting
dendritic cells. Furthermore, we also examined the expression of
immune checkpoint genes in these subclusters and found
statistically significant differences in most immune checkpoint
genes. Our results depict the landscape of ferroptosis and immune
microenvironment of EMs interacting closely, providing a
theoretical basis for further research on the specific mechanisms
of the two in the disease.

4.8 Tissue expression of hub FRGs and its
relationship with
clinicopathological features

To further verify our results, we assessed the expression levels of
10 hub FRGs in the eutopic endometrium of endometriosis patients
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(Endometriosis group) and in the normal endometrium of patients
with CIN III (Control group) (Figure 7). As we can see, the
expression trend of hub FRGs in clinical samples was roughly
consistent with the results of GSE51981, which confirms the
reliability of our results. Furthermore, based on the median value
of each hub FRGs expression, we analyzed the correlation between
the expression of these hub FRGs and the clinicopathological
features of endometriosis patients (Supplementary Tables S1-S6).
Specifically, the expression of BECN1 positively correlates with
disease staging and negatively correlates with CA125 levels. The
expression of CFLI is associated with a history of infertility. The
expressions of CISD3 and CHMP6 negatively correlate with disease
staging. The expression of IREB2 positively correlates with CA125
levels and the diameter of ovarian cysts, and negatively correlates
with disease staging.
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5 Discussion

The pathogenesis of EMs remains unclear. Although some
studies suggest a potential involvement of ferroptosis in the
development of EMs, its precise role remains incompletely
understood. In this study, we utilized the latest ferroptosis-related
genes retrieved from the FerrDb database and employed the
WGCNA to identify ferroptosis modules that are most relevant to
EMs. Subsequently, functional enrichment analysis demonstrated
that the turquoise module, positively correlated with EMs, was
primarily associated with oxidative stress, autophagy, and the
mTOR signaling pathway. Conversely, the blue module, which
demonstrates a negative correlation with EMs, was predominantly
implicated in shigellosis and ferroptosis, while also being associated
with the FOXO and NOD-like receptor signaling pathways.
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Furthermore, existing evidence supports the association of these
pathways with the pathological process of EMs. Autophagy is a
crucial cellular degradation pathway responsible for eliminating
damaged or aged organelles (27). Research has shown that in
normal endometrial cells, the induction of autophagy exhibits a
pro-apoptotic effect, whereas the autophagy pathway is suppressed
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in ectopic endometrial cells of EMs patients (28). A recent study has
revealed that, in EMs, Acai Berries promotes autophagy by reducing
mTOR expression to regulate the PI3K/AKT/ERK1/2 pathway.
Meanwhile, it also activates mitochondrial autophagy, which
enhances the clearance of damaged mitochondria, reduces ROS
production, and restores oxidative balance (29). Furthermore, it has
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The ROC curve and ceRNA network of hub FRGs, and identification of subclusters. (A) The ROC curves of hub FRGs. (B) CeRNA network of hub
FRGs. (C) Two ferroptosis subclusters were identified by consensus clustering analysis of EMs patients in GSE51981. (D) The relationship between

EMs staging and subclusters.

been reported that mTOR, an important negative regulator of
autophagy, is abnormally activated in the endometriotic lesions
(30). The FOXO and NOD-like receptor signaling pathway
participate in the inflammation process and cytokine signal
transduction of EMs (31, 32). Consequently, these pathways
might play a pivotal role in the involvement of ferroptosis in the
development of EMs.
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Next, we identified 10 hub FRGs using the MNC algorithm,
including BECN1, GSK3B, IREB2, OSBPL9, EIF2AK4, RICTOR,
TGFBR1, CFL1, CHMP6, and CISD3, which are potentially
involved in the development of EMs through bioinformatics
analysis. The AUC-ROC of all hub FRGs exceeded 0.6, indicating
the high sensitivity and specificity of these hub FRGs in
distinguishing EMs patients from healthy controls. Among these
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Immune infiltration of ferroptosis subclusters in endometriosis. (A) The difference of 22 types of immune cells’ infiltration between the two
subclusters. (B) The expression levels of immune checkpoint genes in the two subclusters. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

genes, BECN1, GSK3B, IREB2, OSBPL9, EIF2AK4, RICTOR, and
TGFBR1 were downregulated in the eutopic endometria of EMs
patients compared to the endometria of normal controls. In
contrast, CFL1, CHMP6, and CISD3 were upregulated in EMs
patients. Beclinl (BECN1), a key component of the class III
phosphatidylinositol 3-kinase (PtdIns3K) complex, is crucial in
regulating macroautophagy/autophagy (33, 34). It inhibits system
Xc— by interacting with SLC7A11, consequently promoting
ferroptosis (35, 36). Meanwhile, hucMSC-exosome-derived
BECN1 enhances HSC ferroptosis by inhibiting the expression of
cystine/glutamate transporter (xCT)-driven GPX4 (37). Previous
studies have shown that BECN1 expression was decreased in both
eutopic and ectopic endometrium of patients with EMs compared
to normal endometrium (38, 39), which is consistent with our
bioinformatics analysis and PCR results. BECN1 plays a role in
processes such as progesterone synthesis and apoptosis in EMs
through its involvement in autophagy (40, 41). However, its role in
ferroptosis in EMs remains unclear, and we will investigate this in
subsequent experiments. Iron-responsive element binding protein 2
(IREB2) is a pivotal posttranscriptional regulator of cellular and
systemic iron metabolism. A recent study found that miR-19a
targets IREB2 to inhibit ferroptosis in colorectal cancer (42).
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Additionally, the upregulation of IREB2 disrupts iron
homeostasis, leading to the accumulation of a labile iron pool and
lipid peroxidation, which in turn triggers ferroptosis (43, 44).
Previous research has indicated that iron overload and lipid
peroxidation are implicated in the pathogenesis of EMs. Our
results indicated that IREB2 was downregulated in the eutopic
endometrium of EMs patients. Thus, based on the existing evidence,
we hypothesize that IREB2 may play a crucial role in regulating
ferroptosis through its influence on iron balance in endometrial
cells, warranting additional study. GSK3B, a widely expressed
serine/threonine protein kinase, is a key regulator of redox
homeostasis by modulating nuclear factor erythroid 2-related
factor (Nrf2) (45, 46). Wu et al. demonstrated that GSK3B
inhibited Nrf2 expression, leading to the accumulation of ROS
and malondialdehyde, thereby promoting erastin-induced
ferroptosis in breast cancer cells (47). Our study indicated that
GSK3B was downregulated in eutopic endometrium compared to
normal endometrium, suggesting that GSK3B may play a role in
suppressing ferroptosis in eutopic endometrium through similar
mechanisms mentioned above. Transforming growth factor beta
receptor 1 (TGFBR1, also known as ALK4/5) plays a crucial role in
transmitting extracellular stimuli to the downstream TGF-B
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signalling pathway (48). Research has demonstrated that the
inhibition of ALK4/5 effectively attenuates erastin-induced
ferroptosis in HK-2 cells by potentiating Nrf2 signalling pathways
(49) Previous studies have indicated that TGFBRI expression was
elevated in ectopic endometrium compared to eutopic
endometrium in EMs patients (50). However, our research
demonstrated that TGFBR1 was upregulated in normal
endometrium compared to eutopic endometrium. This
inconsistency could be attributed to variations in the tissue
samples utilized in the two studies. Although TGFBRI is involved
in the migration and invasion processes of EMs, its role in
ferroptosis within this condition remains elusive and deserves
further exploration. Eukaryotic translation initiation factor 2
alpha kinase 4 (EIF2AK4, also known as GCN2) primarily
participates in the cellular amino acid starvation response and
regulates the immune response (51). The activation of the GCN2/
ATF4 axis is triggered under cystine-deprived or xCT-KO
conditions, thus contributing to ferroptosis (52, 53). Oxysterol-
binding protein-like 9 (OSBPLY), a member of the oxysterol-
binding protein family, is localized at the cellular membrane and
exchanges molecules or signals between organelles, functioning as
an essential transporter (54). Although there are few studies on the
relationship between OSBPLY and ferroptosis, OSBPL9 may be
involved in ferroptosis by regulating the integration of sterol and
sphingomyelin metabolism, sterol transport, and neutral lipid
metabolism (55). Rapamycin-insensitive companion of mTOR
(RICTOR) is a core component and functional element of
mTORC2 that participates in PI3K/AKT pathway activation, cell
proliferation, migration, autophagy, and metabolism (56). Research
demonstrated that mTORC?2 inhibited xCT activity through serine
26 phosphorylation at the cytosolic N-terminus (57), which may
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trigger ferroptosis. However, further investigations are warranted to
elucidate the relationship between RICTOR and ferroptosis.
Charged multivesicular body protein 6 (CHMP6) is an ESCRT-III
subunit that is involved in membrane repair to inhibit necroptosis
and pyroptosis (58). Dai et al. discovered that the silencing of
CHMP6 expression inhibits the repair of the ferroptotic plasma
membrane and enhances ferroptosis by modulating lipid
peroxidation and DAMP release (59). CDGSH iron sulfur domain
3 (CISD3), also known as Miner2 or MiNT, is a mitochondrial
protein belonging to the NEET protein family. Members of the
NEET family are key regulators of iron and ROS homeostasis (60).
CISD3 downregulation leads to a reduction in the mitochondrial
membrane potential (MMP) and an increase in mitochondrial labile
iron and ROS accumulation, thereby triggering ferroptosis (61).
Cofilin-1 (CFL1) is a member of the ADF/cofilin family and plays a
crucial role in actin depolymerization (62). Existing evidence
suggests that the upregulation of CFL1 increases glutamate- and
elastin-induced ferroptosis (63). Moreover, CFL1 triggers
ferroptosis by modulating NF-kB signalling or the ER stress
pathway to induce acute kidney injury (AKI) (64). Prior study
suggested that CFL1 was significantly upregulated in eutopic
endometrium from EMs patients compared to the normal
endometrium (65), which is consistent with our results. The high
expression of CFL1 in eutopic endometrium can promote the
proliferation, adhesion, and invasion of endometrial stromal cells
(ESC), while inhibiting apoptosis. However, there is no research on
the role of CFL1 in ferroptosis in EMs. Taken together, known
evidence from prior research, along with our findings, demonstrates
that further elucidating the role of these hub FRGs in ferroptosis in
EMs may provide potential therapeutic targets for this disorder.
Currently, targeting ferroptosis seem to a promising therapy for
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treating diseases (66). However, given the dual role of ferroptosis in
EMs and its complex interaction with the immune system, it is
uncertain which targeted ferroptosis treatment methods, such as
inhibiting ferroptosis or promoting ferroptosis, have a definitive
therapeutic effect on EMs. This needs further research in the future
to confirm.

It is reported that a large number of miRNAs and IncRNAs are
involved in the occurrence and development of EMs. However, the
current research focusing on the correlation between non-coding
RNA and ferroptosis has primarily concentrated on cancer, with
comparatively fewer reports in the context of endometriosis.
Herein, we have constructed a ceRNA network of hub FRGs,
which includes 4 hub FRGs, 7 miRNAs, and 27 IncRNAs. These
miRNAs are closely related to EMs or ferroptosis, such as miR-119a,
miR-128, miR-101, miR-30a, miR-27a, miR-223, and miR-216a.
For example, miR-119a is downregulated in the ectopic stromal
cells (ESCs) of patients with ovarian EMs which inhibits the
migration and invasion of ESCs by targeting PAK4 (67). miR-223
inhibits the proliferation, migration and invasion and promotes
apoptosis of ESCs in EMs. In hepatitis B-related viral nephritis,
exosomal miR-223-3p derived from bone marrow mesenchymal
stem cells downregulates STAT3 phosphorylation by targeting
HDAC2, thereby alleviating hbx-induced ferroptosis in renal
podocytes (68). Meanwhile, we have also identified 27 IncRNAs,
which can participate in the progression of multiple diseases
through mediating various mechanisms. In summary, the ceRNA
network of hub FRGs constructed in our study provides new
insights for further understanding the regulatory mechanisms of
ferroptosis in EMs.

Various diseases have recently been classified into molecular
subtypes to guide prognosis and targeted treatment. In this study, we
identified two ferroptosis subclusters related to EMs based on FRGs.
Among them, Cluster 1 was mainly associated with moderate/severe
stages, while Cluster 2 was predominantly linked to minimal/mild
stages. Previous research has shown a strong connection between
ferroptosis and immunity, yet a comprehensive analysis of the
relationship between ferroptosis and immune infiltration in EMs
remains unexplored. Using CIBERSORT, we determined the
proportions of different immune cell types in the two clusters.
Interestingly, Cluster 1 showed higher proportions of immune cells
like activated dendritic cells (DCs), activated natural killer (NK) cells,
and M2 macrophages, while Cluster 2 had elevated levels of
immunosuppressive cells such as regulatory T cells (Tregs).
Macrophages facilitate the progression of EMs by attenuating their
phagocytic capacity and promoting the synthesis of inflammatory
mediators, while M2 macrophages are involved in anti-inflammatory
processes, immunosuppression, and neuroangiogenesis (67).
Dendritic cells (DCs) act as a bridge between innate and adaptive
immune responses. Prior studies revealed a greater proportion of
immature DCs (iDCs) in the peritoneal DCs of EMs patients than in
those of control patients, while iDCs facilitate angiogenesis, immune
tolerance and the establishment of endometriotic foci (69). NK cells,
cytotoxic effector lymphocytes, can regulate innate and adaptive
immune responses. Wu et al. demonstrated that activated NK cells
were more abundant in the eutopic endometria of patients with EMs
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than in those of controls (70), which is in accordance with our results.
Tregs are a specialized subset of T cells primarily generated in the
thymus that exert suppressive effects on immune responses. They are
more concentrated within the peritoneal fluid of EMs and facilitate
local immunosuppression and induce angiogenesis by interacting
with proinflammatory cytokines (71). These results seemingly suggest
that stage ITI-IV exhibits greater immunosuppressive and angiogenic
capacity than stage I-II thus promoting the growth of endometriotic
lesions, which is consistent with the distribution of immune cells in
disease severity in our results. Moreover, immune checkpoint genes
were notably differentially expressed between the two clusters.
Specifically, TIGIT, PDCD1LG2, PDCD1, LAG3, CD276, FADD,
FLOT1 and HLA-DMA are notably high expressed in cluster 2.
While the CD24, FAS, PIK3CA, PTPN11 and TGFBR2 are
significantly upregulated in cluster 1. These genes play an
immunosuppression role in the progression of diseases. Such as,
TIGIT, identified in 2009, is expressed on Tregs, memory T cell
subsets, and NK cells which induces the exhaustion of immune cells
and mediates immune suppression (72). PDCD1, also known as PD-
1, is a vital immune checkpoint gene for cancer immunotherapy,
which interactions with PD-L1 negatively regulating adaptive
immune response mainly by inhibiting the activity of effector T
cells and enhancing the function of immunosuppressive Tregs (73).
Previous studies demonstrated a notable upregulation of PD-1 and
PD-LI expression in EMs (74, 75), suggesting that targeting PD-1
maybe a promising immunotherapy for EMs. LAG3, often expresses
on the lymphocytes, including CD4" T cells, NK cells, CD8" T cells,
and Treg cells, impeding the tumor immune microenvironment
through accelerating T cell exhaustion and blocking T cell
proliferation. As a result, high LAG3 expression promotes tumor
growth by inhibiting the immune microenvironment (76). CD276
(B7-H3), a novel immune checkpoint of the B7 family, is widely
overexpressed in tumor tissues associated with a worse prognosis and
provides an immunosuppression environment for diseases
progression (77). CD24 is predominantly expressed on the surface
of the T and B lymphocytes and is overexpressed in multiple cancer
cell types. During the interaction between immune cells and cancer
cells, it inhibits phagocytosis leading to tumor-mediated immune
escape (78). Fas participates in the regulation of cell death, plays a key
role in immune homeostasis and immune surveillance (79). PIK3CA,
a most frequently mutated gene, could activate multiple genetic
programs and influence intratumoral heterogeneity which its
wild types may have favorable immunotherapy outcomes for
patients with breast cancer (80). In a word, our findings suggest
that these immune checkpoint genes may provide a favorable
immune environment for the progression of EMs. However, we
must admit that, although our study indicates that these genes
may play a role in the development of different stages of EMs,
there are currently limited reports on their specific functions in
EMs thus whether these genes are indeed associated with the stage
of the disease still requires further confirmation through future
research. These findings suggest that ferroptosis is closely related
to immune microenvironment during the progression of EMs and
further provides the new insights for understanding the
interaction between the both.
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There are several limitations that must be noted. First, further
functional experiments are warranted to verify the role and
mechanisms of the hub FRGs in EMs. Second, in vitro and in vivo
experiments are needed to confirm the interaction between ferroptosis
and immune cells in EMs. Subsequently, we will undertake additional
experiments to confirm the findings of this study.

6 Conclusion

In summary, our study has revealed that autophagy, mTOR,
oxidative stress, and FOXO signaling pathway may play a crucial
role in the process of ferroptosis in EMs and provided the evidence
that ferroptosis could be involved in reshaping the immune
microenvironment in EMs. Additionally, we have also identified
10 key FRGs and constructed their regulatory network, which will
enhance our understanding of the role of ferroptosis in EMs. Taken
together, our study provides valuable information for
understanding ferroptosis and immunity of EMs, and lays a
theoretical foundation for subsequent research.

Data availability statement

The original contributions presented in the study are included
in the article Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by the Fourth
Affiliated Hospital of Hebei Medical University (No:2021KY016).
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

LL: Conceptualization, Data curation, Writing — original draft,
Writing - review & editing. FH: Data curation, Software, Writing -
original draft. ND: Formal analysis, Writing — original draft. YL:
Methodology, Writing - review & editing. AD: Software,
Visualization, Writing - original draft. SK: Conceptualization,
Writing - review & editing. BL: Conceptualization, Writing -
original draft, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Frontiers in Immunology

10.3389/fimmu.2024.1507083

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.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

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.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1507083/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

The expression levels of hub FRGs in the GSE25628 databases. (A—G) The
expression box plots of hub FRGs in GSE25628. (F) Two ferroptosis
subclusters were identified by consensus clustering analysis of EMs patients
in GSE25628.

SUPPLEMENTARY TABLE 1
The correlation of the expression of BECN1 and clinicopathological features
in endometriosis patients.

SUPPLEMENTARY TABLE 2
The correlation of the expression of EIF2AK4 and clinicopathological features
in endometriosis patients.

SUPPLEMENTARY TABLE 3
The correlation of the expression of CFL1 and clinicopathological features in
endometriosis patients.

SUPPLEMENTARY TABLE 4
The correlation of the expression of CISD3 and clinicopathological features in
endometriosis patients.

SUPPLEMENTARY TABLE 5
The correlation of the expression of CHMP6 and clinicopathological features
in endometriosis patients.

SUPPLEMENTARY TABLE 6

The correlation of the expression of IREB2 and clinicopathological features in
endometriosis patients.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1507083/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1507083/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1507083
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

References

1. Zondervan KT, Becker CM, Missmer SA. Endometriosis. New Engl ] Med. (2020)
382:1244-56. doi: 10.1056/NEJMral810764

2. Alimi Y, Iwanaga J, Loukas M, Tubbs RS. The clinical anatomy of endometriosis:
A review. Cureus. (2018) 10(9):e3361. doi: 10.7759/cureus.3361

3. Imanaka S, Maruyama S, Kimura M, Nagayasu M, Kawahara N, Kobayashi H.
Relationship between cyst fluid concentrations of iron and severity of dysmenorrhea in
patients with ovarian endometrioma. Gynecologic obstetric Invest. (2021) 86:185-92.
doi: 10.1159/000514972

4. Cacciottola L, Donnez ], Dolmans MM. Can endometriosis-related oxidative
stress pave the way for new treatment targets? Int J Mol Sci. (2021) 22:7138.
doi: 10.3390/ijms22137138

5. Yan HF, Zou T, Tuo QZ, Xu S, Li H, Belaidi AA, et al. Ferroptosis: mechanisms
and links with diseases. Signal transduction targeted Ther. (2021) 6:49. doi: 10.1038/
$41392-020-00428-9

6. Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M, et al. Interaction between
macrophages and ferroptosis. Cell Death Dis. (2022) 13:355. doi: 10.1038/541419-022-
04775-z

7. Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of ferroptosis
in cancer. Nat Rev Clin Oncol. (2021) 18:280-96. doi: 10.1038/s41571-020-00462-0

8. Pan Q, Luo Y, Xia Q, He K. Ferroptosis and liver fibrosis. Int ] Med Sci. (2021)
18:3361-6. doi: 10.7150/ijms.62903

9. Liu P, Wang W, Li Z, Li Y, Yu X, Tu J, et al. Ferroptosis: A new regulatory
mechanism in osteoporosis. Oxid Med Cell Longevity. (2022) 2022:2634431.
doi: 10.1155/2022/2634431

10. Ng SW, Norwitz SG, Taylor HS, Norwitz ER. Endometriosis: the role of iron
overload and ferroptosis. Reprod Sci (Thousand Oaks Calif.). (2020) 27:1383-90.
doi: 10.1007/s43032-020-00164-z

11. Li B, Duan H, Wang S, Li Y. Ferroptosis resistance mechanisms in endometriosis
for diagnostic model establishment. Reprod biomedicine Online. (2021) 43:127-38.
doi: 10.1016/j.rbmo.2021.04.002

12. Li Y, He Y, Cheng W, Zhou Z, Ni Z, Yu C. Double-edged roles of ferroptosis in
endometriosis and endometriosis-related infertility. Cell Death Discovery. (2023) 9:306.
doi: 10.1038/s41420-023-01606-8

13. Mori M, Ito F, Shi L, Wang Y, Ishida C, Hattori Y, et al. Ovarian endometriosis-
associated stromal cells reveal persistently high affinity for iron. Redox Biol. (2015)
6:578-86. doi: 10.1016/j.redox.2015.10.001

14. Wan Y, Gu C, Kong J, Sui J, Zuo L, Song Y, et al. Long noncoding RNA
ADAMTS9-ASI represses ferroptosis of endometrial stromal cells by regulating the
miR-6516-5p/GPX4 axis in endometriosis. Sci Rep. (2022) 12:2618. doi: 10.1038/
541598-022-04963-z

15. Li G, Lin Y, Zhang Y, Gu N, Yang B, Shan §, et al. Endometrial stromal cell
ferroptosis promotes angiogenesis in endometriosis. Cell Death Discovery. (2022) 8:29.
doi: 10.1038/s41420-022-00821-z

16. Vallve-Juanico J, George AF, Sen S, Thomas R, Shin MG, Kushnoor D, et al.
Deep immunophenotyping reveals endometriosis is marked by dysregulation of the
mononuclear phagocytic system in endometrium and peripheral blood. BMC Med.
(2022) 20:158. doi: 10.1186/s12916-022-02359-4

17. Han F, Li S, Yang Y, Bai Z. Interleukin-6 promotes ferroptosis in bronchial
epithelial cells by inducing reactive oxygen species-dependent lipid peroxidation and
disrupting iron homeostasis. Bioengineered. (2021) 12:5279-88. doi: 10.1080/
21655979.2021.1964158

18. Zhang F, Li F, Lu GH, Nie W, Zhang L, Lv Y, et al. Engineering magnetosomes
for ferroptosis/immunomodulation synergism in cancer. ACS nano. (2019) 13:5662-
73. doi: 10.1021/acsnano.9b00892

19. Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et al.
NCBI GEO: archive for functional genomics data sets—update. Nucleic Acids Res. (2013)
41:D991-5. doi: 10.1093/nar/gks1193

20. Zhou N, Yuan X, Du Q, Zhang Z, Shi X, Bao J, et al. FerrDb V2: update of the
manually curated database of ferroptosis regulators and ferroptosis-disease
associations. Nucleic Acids Res. (2023) 51:D571-82. doi: 10.1093/nar/gkac935

21. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target
sites in mammalian mRNAs. eLife. (2015) 4:¢05005. doi: 10.7554/eLife.05005

22. Wong N, Wang X. miRDB: an online resource for microRNA target prediction
and functional annotations. Nucleic Acids Res. (2015) 43:D146-52. doi: 10.1093/nar/
gkul104

23. Huang HY, Lin YC, Cui S, Huang Y, Tang Y, Xu J, et al. miRTarBase update
2022: an informative resource for experimentally validated miRNA-target interactions.
Nucleic Acids Res. (2022) 50:D222-30. doi: 10.1093/nar/gkab1079

24. Jeggari A, Marks DS, Larsson E. miRcode: a map of putative microRNA target
sites in the long non-coding transcriptome. Bioinf (Oxford England). (2012) 28:2062-3.
doi: 10.1093/bioinformatics/bts344

25. Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L. Radiotherapy and
immunotherapy promote tumoral lipid oxidation and ferroptosis via synergistic

Frontiers in Immunology

13

10.3389/fimmu.2024.1507083

repression of SLC7A11. Cancer Discovery. (2019) 9:1673-85. doi: 10.1158/2159-
8290.CD-19-0338

26. Wang W, Green M, Choi JE, Gijon M, Kennedy PD, Johnson JK, et al. CD8"T
cells regulate tumour ferroptosis during cancer immunotherapy. Nature. (2019)
569:270-4. doi: 10.1038/s41586-019-1170-y

27. Klionsky DJ, Emr SD. Autophagy as a regulated pathway of cellular degradation.
Sci (New York N.Y.). (2000) 290:1717-21. doi: 10.1126/science.290.5497.1717

28. Mei ], Zhu XY, Jin LP, Duan ZL, Li DJ, Li MQ. Estrogen promotes the survival of
human secretory phase endometrial stromal cells via CXCL12/CXCR4 up-regulation-
mediated autophagy inhibition. Hum Reprod (Oxford England). (2015) 30:1677-89.
doi: 10.1093/humrep/dev100

29. D’Amico R, Impellizzeri D, Cordaro M, Siracusa R, Interdonato L, Marino Y.
Complex interplay between autophagy and oxidative stress in the development of
endometriosis. Antioxidants (Basel Switzerland). (2022) 11:2484. doi: 10.3390/
antiox11122484

30. Choi J, Jo M, Lee E, Kim HJ, Choi D. Differential induction of autophagy by
mTOR is associated with abnormal apoptosis in ovarian endometriotic cysts. Mol Hum
Reprod. (2014) 20:309-17. doi: 10.1093/molehr/gat091

31. Christian M, Lam EW, Wilson MS, Brosens JJ. FOXO transcription factors and
their role in disorders of the female reproductive tract. Curr Drug Targets. (2011)
12:1291-302. doi: 10.2174/138945011796150253

32. Guo B, Chen JH, Zhang JH, Fang Y, Liu X]J, Zhang J, et al. Pattern-recognition
receptors in endometriosis: A narrative review. Front Immunol. (2023) 14:1161606.
doi: 10.3389/fimmu.2023.1161606

33. Liang XH, Jackson S, Seaman M, Brown K, Kempkes B, Hibshoosh H, et al.
Induction of autophagy and inhibition of tumorigenesis by beclin 1. Nature. (1999)
402:672-6. doi: 10.1038/45257

34. Klionsky DJ. Autophagy: from phenomenology to molecular understanding in
less than a decade. Nat Rev Mol Cell Biol. (2007) 8:931-7. doi: 10.1038/nrm2245

35. Kang R, Zhu S, Zeh H]J, Klionsky DJ, Tang D. BECNI is a new driver of
ferroptosis. Autophagy. (2018) 14:2173-5. doi: 10.1080/15548627.2018.1513758

36. Song X, Zhu S, Chen P, Hou W, Wen Q, Liu J, et al. AMPK-mediated BECN1
phosphorylation promotes ferroptosis by directly blocking system X, activity. Curr
biology: CB. (2018) 28:2388-2399.¢5. doi: 10.1016/j.cub.2018.05.094

37. Tan Y, Huang Y, Mei R, Mao F, Yang D, Liu J, et al. HueMSC-derived exosomes
delivered BECN1 induces ferroptosis of hepatic stellate cells via regulating the xCT/
GPX4 axis. Cell Death Dis. (2022) 13:319. doi: 10.1038/s41419-022-04764-2

38. Zhang L, Liu Y, Xu Y, Wu H, Wei Z, Cao Y. The expression of the autophagy
gene beclin-1 mRNA and protein in ectopic and eutopic endometrium of patients
with endometriosis. Int J fertility sterility. (2015) 8:429-36. doi: 10.22074/
ijfs.2015.4183

39. Kong Z, Yao T. Role for autophagy-related markers Beclin-1 and LC3 in
endometriosis. BMC women’s Health. (2022) 22:264. doi: 10.1186/s12905-022-01850-7

40. Ding Y, Zhu Q, He Y, Lu Y, Wang Y, Qi J, et al. Induction of autophagy by
Beclin-1 in granulosa cells contributes to follicular progesterone elevation in ovarian
endometriosis. Trans research: | Lab Clin Med. (2021) 227:15-29. doi: 10.1016/
j.trsl.2020.06.013

41. Liu H, Zhang Z, Xiong W, Zhang L, Du Y, Liu Y, et al. Long non-coding RNA
MALATI1 mediates hypoxia-induced pro-survival autophagy of endometrial stromal
cells in endometriosis. J Cell Mol Med. (2019) 23:439-52. doi: 10.1111/
jemm.2019.23.issue-1

42. Fan H, Ai R, Mu S, Niu X, Guo Z, Liu L. MiR-19a suppresses ferroptosis of
colorectal cancer cells by targeting IREB2. Bioengineered. (2022) 13:12021-9.
doi: 10.1080/21655979.2022.2054194

43. Xia H, Wu Y, Zhao ], Cheng C, Lin J, Yang Y, et al. N6-Methyladenosine-
modified circSAV1 triggers ferroptosis in COPD through recruiting YTHDF1 to
facilitate the translation of IREB2. Cell Death differentiation. (2023) 30:1293-304.
doi: 10.1038/s41418-023-01138-9

44. Li X, Wu L, Tian X, Zheng W, Yuan M, Tian X, et al. miR-29a-3p in exosomes
from heme oxygenase-1 modified bone marrow mesenchymal stem cells alleviates
steatotic liver ischemia-reperfusion injury in rats by suppressing ferroptosis via iron
responsive element binding protein 2. Oxid Med Cell Longevity. (2022) 2022:6520789.
doi: 10.1155/2022/6520789

45. Theeuwes WF, Gosker HR, Langen RC]J, Verhees KJP, Pansters NAM, Schols
AMW], et al. Inactivation of glycogen synthase kinase-3f (GSK-3f) enhances skeletal
muscle oxidative metabolism. Biochim Biophys Acta Mol basis Dis. (2017) 1863:3075-
86. doi: 10.1016/j.bbadis.2017.09.018

46. Lu H, Xiao H, Dai M, Xue Y, Zhao R. Britanin relieves ferroptosis-mediated
myocardial ischaemia/reperfusion damage by upregulating GPX4 through activation of
AMPK/GSK3B/Nrf2 signalling. Pharm Biol. (2022) 60:38-45. doi: 10.1080/
13880209.2021.2007269

47. Wu X, Liu C, Li Z, Gai C, Ding D, Chen W, et al. Regulation of GSK3/Nrf2
signaling pathway modulated erastin-induced ferroptosis in breast cancer. Mol Cell
Biochem. (2020) 473:217-28. doi: 10.1007/s11010-020-03821-8

frontiersin.org


https://doi.org/10.1056/NEJMra1810764
https://doi.org/10.7759/cureus.3361
https://doi.org/10.1159/000514972
https://doi.org/10.3390/ijms22137138
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1038/s41419-022-04775-z
https://doi.org/10.1038/s41571-020-00462-0
https://doi.org/10.7150/ijms.62903
https://doi.org/10.1155/2022/2634431
https://doi.org/10.1007/s43032-020-00164-z
https://doi.org/10.1016/j.rbmo.2021.04.002
https://doi.org/10.1038/s41420-023-01606-8
https://doi.org/10.1016/j.redox.2015.10.001
https://doi.org/10.1038/s41598-022-04963-z
https://doi.org/10.1038/s41598-022-04963-z
https://doi.org/10.1038/s41420-022-00821-z
https://doi.org/10.1186/s12916-022-02359-4
https://doi.org/10.1080/21655979.2021.1964158
https://doi.org/10.1080/21655979.2021.1964158
https://doi.org/10.1021/acsnano.9b00892
https://doi.org/10.1093/nar/gks1193
https://doi.org/10.1093/nar/gkac935
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1093/nar/gku1104
https://doi.org/10.1093/nar/gku1104
https://doi.org/10.1093/nar/gkab1079
https://doi.org/10.1093/bioinformatics/bts344
https://doi.org/10.1158/2159-8290.CD-19-0338
https://doi.org/10.1158/2159-8290.CD-19-0338
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1126/science.290.5497.1717
https://doi.org/10.1093/humrep/dev100
https://doi.org/10.3390/antiox11122484
https://doi.org/10.3390/antiox11122484
https://doi.org/10.1093/molehr/gat091
https://doi.org/10.2174/138945011796150253
https://doi.org/10.3389/fimmu.2023.1161606
https://doi.org/10.1038/45257
https://doi.org/10.1038/nrm2245
https://doi.org/10.1080/15548627.2018.1513758
https://doi.org/10.1016/j.cub.2018.05.094
https://doi.org/10.1038/s41419-022-04764-2
https://doi.org/10.22074/ijfs.2015.4183
https://doi.org/10.22074/ijfs.2015.4183
https://doi.org/10.1186/s12905-022-01850-7
https://doi.org/10.1016/j.trsl.2020.06.013
https://doi.org/10.1016/j.trsl.2020.06.013
https://doi.org/10.1111/jcmm.2019.23.issue-1
https://doi.org/10.1111/jcmm.2019.23.issue-1
https://doi.org/10.1080/21655979.2022.2054194
https://doi.org/10.1038/s41418-023-01138-9
https://doi.org/10.1155/2022/6520789
https://doi.org/10.1016/j.bbadis.2017.09.018
https://doi.org/10.1080/13880209.2021.2007269
https://doi.org/10.1080/13880209.2021.2007269
https://doi.org/10.1007/s11010-020-03821-8
https://doi.org/10.3389/fimmu.2024.1507083
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

48. Vander Ark A, Cao J. and Li, X. 2018. TGF-f receptors: In and beyond TGF-B
signaling. Cell signalling. (2018) 52:112-20. doi: 10.1016/j.cellsig.2018.09.002

49. Fujiki K, Inamura H, Sugaya T, Matsuoka M. Blockade of ALK4/5 signaling
suppresses cadmium- and erastin-induced cell death in renal proximal tubular
epithelial cells via distinct signaling mechanisms. Cell Death differentiation. (2019)
26:2371-85. doi: 10.1038/s41418-019-0307-8

50. Chen S, Luo Y, Cui L, Yang Q. miR-96-5p regulated TGF-B/SMAD signaling
pathway and suppressed endometrial cell viability and migration via targeting TGFBR1.
Cell Cycle (Georgetown Tex.). (2020) 19:1740-53. doi: 10.1080/15384101.2020.1777804

51. Orsini H, Araujo LP, Maricato JT, Guereschi MG, Mariano M, Castilho BA, et al.
GCN2 kinase plays an important role triggering the remission phase of experimental
autoimmune encephalomyelitis (EAE) in mice. Brain behavior Immun. (2014) 37:177-
86. doi: 10.1016/j.bbi.2013.12.012

52. Fiore A, Zeitler L, Russier M, Grof? A, Hiller MK, Parker JL, et al. Kynurenine
importation by SLC7A11 propagates anti-ferroptotic signaling. Mol Cell. (2022)
82:920-32. doi: 10.1016/j.molcel.2022.02.007

53. Jiao N, Wang L, Wang Y, Xu D, Zhang X, Yin J. Cysteine exerts an essential role
in maintaining intestinal integrity and function independent of glutathione. Mol Nutr
Food Res. (2022) 66:¢2100728. doi: 10.1002/mnfr.202100728

54. Olkkonen VM. OSBP-related protein family in lipid transport over membrane
contact sites. Lipid Insights. (2015) 8:1-9. doi: 10.4137/LP1.S31726

55. Olkkonen VM, Johansson M, Suchanek M, Yan D, Hynynen R, Ehnholm C,
et al. The OSBP-related proteins (ORPs): global sterol sensors for co-ordination of
cellular lipid metabolism, membrane trafficking and signalling processes? Biochem Soc
Trans. (2006) 34:389-91. doi: 10.1042/BST0340389

56. Zhao D, Jiang M, Zhang X, Hou H. The role of RICTOR amplification in
targeted therapy and drug resistance. Mol Med (Cambridge Mass.). (2020) 26:20.
doi: 10.1186/s10020-020-0146-6

57. Wang G, Chen L, Qin S, Zheng Y, Xia C, Yao J, et al. Cystine induced-mTORC2
activation through promoting sinl phosphorylation to suppress cancer cell ferroptosis.
Mol Nutr Food Res. (2022) 66:¢2200186. doi: 10.1002/mnfr.202200186

58. Riihl S, Shkarina K, Demarco B, Heilig R, Santos JC, Broz P, et al. ESCRT-
dependent membrane repair negatively regulates pyroptosis downstream of GSDMD
activation. Sci (New York N.Y.). (2018) 362:956-60. doi: 10.1126/science.aar7607

59. Dai E, Meng L, Kang R, Wang X, Tang D. ESCRT-III-dependent membrane
repair blocks ferroptosis. Biochem Biophys Res Commun. (2020) 522:415-21.
doi: 10.1016/j.bbrc.2019.11.110

60. Tamir S, Paddock ML, Darash-Yahana-Baram M, Holt SH, Sohn YS, Agranat L,
et al. Structure-function analysis of NEET proteins uncovers their role as key regulators
of iron and ROS homeostasis in health and disease. Biochim Biophys Acta. (2015)
1853:1294-315. doi: 10.1016/j.bbamcr.2014.10.014

61. Jiang H, Fang Y, Wang Y, Li T, Lin H, Lin J, et al. FGF4 improves hepatocytes
ferroptosis in autoimmune hepatitis mice via activation of CISD3. Int
Immunopharmacol. (2023) 116:109762. doi: 10.1016/j.intimp.2023.109762

62. Rust MB. ADF/cofilin: a crucial regulator of synapse physiology and behavior.
Cell Mol Life sciences: CMLS. (2015) 72:3521-9. doi: 10.1007/s00018-015-1941-z

63. Hoftmann L, Waclawczyk MS, Tang S, Hanschmann EM, Gellert M, Rust MB,
et al. Cofilinl oxidation links oxidative distress to mitochondrial demise and neuronal
cell death. Cell Death Dis. (2021) 12:953. doi: 10.1038/s41419-021-04242-1

64. Lin S, Wang J, Cao B, Huang Y, Sheng X, Zhu Y. Cofilin-1 induces acute kidney
injury via the promotion of endoplasmic reticulum stress-mediated ferroptosis. Hum
Cell. (2023) 36:1928-37. doi: 10.1007/s13577-023-00949-9

Frontiers in Immunology

14

10.3389/fimmu.2024.1507083

65. Xu YL, Wang DB, Liu QF, Chen YH, Yang Z. Silencing of cofilin-1 gene
attenuates biological behaviours of stromal cells derived from eutopic endometria of
women with endometriosis. Hum Reprod (Oxford England). (2010) 25:2480-8.
doi: 10.1093/humrep/deq197

66. Zhang ], Su T, Fan Y, Cheng C, Xu L, Li T. Spotlight on iron overload and
ferroptosis: Research progress in female infertility. Life Sci. (2024) 1:340:122370.
doi: 10.1016/.1fs.2023.122370

67. Zhu R, Nasu K, Hijiya N, Yoshihashi M, Hirakawa T, Aoyagi Y, et al. hsa-miR-
199a-3p inhibits motility, invasiveness, and contractility of ovarian endometriotic
stromal cells. Reprod Sci (Thousand Oaks Calif.). (2021) 28:3498-507. doi: 10.1007/
$43032-021-00604-4

68. Chen Y, Yang X, Feng M, Yu Y, Hu Y, Jiang W. Exosomal miR-223-3p from
bone marrow mesenchymal stem cells targets HDAC2 to downregulate STAT3
phosphorylation to alleviate HBx-induced ferroptosis in podocytes. Front Pharmacol.
(2024) 15:1327149. doi: 10.3389/fphar.2024.1327149

69. Qiaomei Z, Ping W, Yanjing Z, Jinhua W, Shaozhan C, Lihong C. Features of
peritoneal dendritic cells in the development of endometriosis. Reprod Biol
endocrinology: RB&E. (2023) 21:4. doi: 10.1186/512958-023-01058-w

70. Wu XG, Chen JJ, Zhou HL, Wu Y, Lin F, Shi J, et al. Identification and validation
of the signatures of infiltrating immune cells in the eutopic endometrium endometria of
women with endometriosis. Front Immunol. (2021) 12:671201. doi: 10.3389/
fimmu.2021.671201

71. Wang XQ, Zhou WJ, Luo XZ, Tao Y, Li DJ. Synergistic effect of regulatory T cells
and proinflammatory cytokines in angiogenesis in the endometriotic milieu. Hum
Reprod (Oxford England). (2017) 32:1304-17. doi: 10.1093/humrep/dex067

72. Cai L, Li Y, Tan J, Xu L, Li Y. Targeting LAG-3, TIM-3, and TIGIT for cancer
immunotherapy. ] Hematol Oncol. (2023) 16:101. doi: 10.1186/s13045-023-01499-1

73. Lin X, Kang K, Chen P, Zeng Z, Li G, Xiong W, et al. Regulatory mechanisms of
PD-1/PD-L1 in cancers. Mol Cancer. (2024) 23:108. doi: 10.1186/s12943-024-02023-w

74. Wu L, Lv C, Su Y, Li C, Zhang H, Zhao X, et al. Expression of programmed
death-1 (PD-1) and its ligand PD-L1 is upregulated in endometriosis and promoted by
17beta-estradiol. Gynecological endocrinology: Off ] Int Soc Gynecological Endocrinol.
(2019) 35:251-6. doi: 10.1080/09513590.2018.1519787

75. Feng D, Wang X, Huang Y, Chen X, Xu R, Qu Z, et al. Warming menstruation
and analgesic soup inhibits PD-1/PD-L1 pathway in rats with endometriosis. Altern
therapies Health Med. (2023) 29:152-7.

76. Shi AP, Tang XY, Xiong YL, Zheng KF, Liu Y], Shi XG, et al. Immune checkpoint
LAGS3 and its ligand FGLI in cancer. Front Immunol. (2022) 12:785091. doi: 10.3389/
fimmu.2021.785091

77. FengY, Lee], Yang L, Hilton MB, Morris K, Seaman S, et al. Engineering CD276/
B7-H3-targeted antibody-drug conjugates with enhanced cancer-eradicating capability.
Cell Rep. (2023) 42:113503. doi: 10.1016/j.celrep.2023.113503

78. Moon SY, Han M, Ryu G, Shin SA, Lee JH, Lee CS. Emerging immune
checkpoint molecules on cancer cells: CD24 and CD200. Int J Mol Sci. (2023)
24:15072. doi: 10.3390/ijms242015072

79. Yamada A, Arakaki R, Saito M, Kudo Y, Ishimaru N. Dual role of Fas/FasL-
mediated signal in peripheral immune tolerance. Front Immunol. (2017) 8:403.
doi: 10.3389/fimmu.2017.00403

80. Cheng J, Ding X, Xu S, Zhu B, Jia Q. Gene expression profiling identified
TP53MPIK3CA™! as a potential biomarker for patients with triple-negative breast
cancer treated with immune checkpoint inhibitors. Oncol Lett. (2020) 19:2817-24.
doi: 10.3892/01.2020.11381

frontiersin.org


https://doi.org/10.1016/j.cellsig.2018.09.002
https://doi.org/10.1038/s41418-019-0307-8
https://doi.org/10.1080/15384101.2020.1777804
https://doi.org/10.1016/j.bbi.2013.12.012
https://doi.org/10.1016/j.molcel.2022.02.007
https://doi.org/10.1002/mnfr.202100728
https://doi.org/10.4137/LPI.S31726
https://doi.org/10.1042/BST0340389
https://doi.org/10.1186/s10020-020-0146-6
https://doi.org/10.1002/mnfr.202200186
https://doi.org/10.1126/science.aar7607
https://doi.org/10.1016/j.bbrc.2019.11.110
https://doi.org/10.1016/j.bbamcr.2014.10.014
https://doi.org/10.1016/j.intimp.2023.109762
https://doi.org/10.1007/s00018-015-1941-z
https://doi.org/10.1038/s41419-021-04242-1
https://doi.org/10.1007/s13577-023-00949-9
https://doi.org/10.1093/humrep/deq197
https://doi.org/10.1016/j.lfs.2023.122370
https://doi.org/10.1007/s43032-021-00604-4
https://doi.org/10.1007/s43032-021-00604-4
https://doi.org/10.3389/fphar.2024.1327149
https://doi.org/10.1186/s12958-023-01058-w
https://doi.org/10.3389/fimmu.2021.671201
https://doi.org/10.3389/fimmu.2021.671201
https://doi.org/10.1093/humrep/dex067
https://doi.org/10.1186/s13045-023-01499-1
https://doi.org/10.1186/s12943-024-02023-w
https://doi.org/10.1080/09513590.2018.1519787
https://doi.org/10.3389/fimmu.2021.785091
https://doi.org/10.3389/fimmu.2021.785091
https://doi.org/10.1016/j.celrep.2023.113503
https://doi.org/10.3390/ijms242015072
https://doi.org/10.3389/fimmu.2017.00403
https://doi.org/10.3892/ol.2020.11381
https://doi.org/10.3389/fimmu.2024.1507083
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	New insights into the ferroptosis and immune infiltration in endometriosis: a bioinformatics-based analysis
	1 Introduction
	2 Methods
	2.1 Data acquisition
	2.2 Weighted gene coexpression network analysis
	2.3 Functional annotation of key modules and identification of hub FRGs
	2.4 Construction of a ceRNA network
	2.5 Collection of tissue samples
	2.6 Total RNA extraction and RT&minus;qPCR
	2.7 Statistical analysis

	4 Results
	4.1 Identification of key modules
	4.2 Enrichment analysis of key modules
	4.3 Identification of the hub FRGs
	4.4 Diagnostic values of hub FRGs
	4.5 Construction of ceRNA network
	4.6 Identification of new ferroptosis subclusters in endometriosis
	4.7 Immune landscapes of ferroptosis subclusters
	4.8 Tissue expression of hub FRGs and its relationship with clinicopathological features

	5 Discussion
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


