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Editorial on the Research Topic
Recent advances in endometriosis: from Bench to clinical application

Endometriosis is a chronic, estrogen-dependent disease denoted by endometrial-like
growths outside of the uterus, usually on organs in the peritoneal cavity. Endometriosis is
often associated with chronic gynecological or pelvic pain, and an increased likelihood of
reduced fertility, with reports indicating that up to 10% of reproductive age women are
affected by the disease (1). Endometriosis pathogenesis involves complex molecular
mechanisms, including genetic, epigenetic, hormonal and immunological dysregulation,
oxidative stress and fibrogenesis that remain to be fully deciphered (2). Patients have
heterogeneous, non-specific symptoms making definite diagnosis difficult without
explorative laparoscopic surgery, although non-invasive imaging techniques, such as
magnetic resonance imaging (MRI) and ultrasound, may in some cases facilitate
diagnosis. This difficulty in diagnosis can lead to delays in the start of treatment,
illustrating the need for improved methods for diagnosis (1). Therefore, studies that
hold promise for non-invasive biomarkers for diagnosing endometriosis and/or
progression, such as epigenetic regulators, gene profiles or specific proteins could
eventually complement imaging in enabling a comprehensive, non-invasive diagnostic
approach. Treatment of the disease is largely limited to laparoscopic surgery to remove
lesions, and hormonal and pain relief medications (3). Improvements to diagnosis and
treatments may be aided by a better understanding of the pathogenesis of the disease,
ensuring a high quality of personalized patient care in the future.

In furtherance of this vision, this Research Topic brings together a unique blend of
original research, study protocols and review articles, drawing attention to the latest
advances in understanding endometriosis pathogenesis, disease-associated comorbidities,
and progress made toward non-invasive diagnosis and treatment.

Since their discovery in the early 1980s, exosomes have been indicated to be a universal
form of cell-to cell communication, with high potential as therapy delivery systems and
biomarkers in wide range of diseases including endometriosis (4). The comprehensive review by
Wang et al. provides an overview of the role of exosomal long-noncoding RNAs in the
regulation of different aspects of endometriosis pathogenesis, lesion neovascularization and
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endometriosis-associated infertility, and discusses their potential as
non-invasive diagnostic biomarker for the disease.

Together with chronic pain, endometriosis associated infertility is
one of the main factors affecting the quality of life of affected women.
Possible causes of infertility are molecular changes in endometrium,
chronic intraperitoneal inflammation, progesterone resistance,
disturbed folliculogenesis, reduced ovarian reserve, dysfunctional
uterotubal motility, hormonal and immunological changes affecting
embryo implantation, oogenesis and endometrial decidualization. In
their comprehensive review article, Fan et al. summarize the current
knowledge of the role of impaired granulosa cell function on oocyte
quality in women with endometriosis. One of the ovulatory
disfunction subtypes considered to be a cause of endometriosis-
associated infertility is so-called luteinized unruptured follicle
syndrome (LUFs) (5). However, the precise underlying reasons
for association of LUFs with endometriosis remain unknown. In
their original work, Geng et al. used an endometriosis mouse model
to uncover molecular basis of LUFs in endometriosis. Using a range
of in vivo and in vitro experiments they provide evidence that
attenuation of LHCGR in granulosa cells is involved in the
increased incident of LUFs in endometriosis via mechanisms
leading to sustained COX-2 expression. The original work of Pei
et al. links impaired endometrial stroma cells decidualization in
women with endometriosis with the deregulation of autophagy
associated with an increased Hippo/YAP and reduced mTOR
signaling. An interesting study by Li et al. reports the negative
influence of oviductal obtained vesicles (0EV) from women with
endometriosis on early embryo development in vitro. The authors
show significant changes in blastocyst transcriptome, with a major
reduction of oxidative phosphorylation in murine blastocysts co-
cultured with oEVs of women with the disease associated with
increased cell death. Conceptually innovative, the work of Xiang
et al. evaluates the changes in secretory phase eutopic endometrial
transcriptome after surgical removal of lesions from women with
severe endometriosis. Based on in silico modeling, the authors
speculate that the postsurgical changes in the endometrial
transcriptome may cause functional and immunological changes
that improve endometrial receptivity.

The interplay between the gut microbiome and estrogen in the
pathogenesis of endometriosis was evaluated by Alghetaa et al.
Using a mouse model of endometriosis, the authors showed that
significant changes in immune cell response in peritoneal cavity of
endometriosis mice are strongly associated with changes in the gut
microbiota, with an increase in bacterial species producing less
short chain fatty acids metabolites compared to respective controls.
These changes were associated with an accelerated metabolic rate in
peritoneal inflammatory immune cells, suggesting that modulating
the gut microbiota in women with endometriosis might be a
powerful therapeutical strategy for treatment of endometriosis
associated pain and inflammation. The advantage of in silico
modeling of existing expression profiling data, followed by in
vitro validation to aid understanding of the immune responses in
endometriosis is demonstrated by the work of (Lv et al.). Here the
authors identified and validated 10 central genes in an endometriosis
co-expression network analysis, so-called “hub” genes, which were
significantly correlated with specific disease-related immune cell
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infiltration and/or immune-related pathways. A similar experimental
strategy was used by Pei et al. to study the molecular mechanisms of
regulation of autophagy in endometrial endometriosis stroma cells.
Autophagy plays an essential role for cellular response to stress
conditions and ensures tissues repair and survival in health and
disease (6). Hypoxia is the main stress factor that endometrial cells
face in the peritoneal cavity during menstruation, and therefore, tight
regulation of autophagy is an essential mechanism for endometriosis
lesion development in women with endometriosis. However, the role of
dysregulated autophagy in impaired endometrial receptivity in women
with endometriosis is still largely unknown. In their paper, Pei et al.
reported the association of Yes-associated protein (YAP) with the
regulation of mTOR signaling pathway in eutopic endometrial stroma
cells of women with endometriosis, and showed that YAP-mediated
suppression of mTOR autophagy signaling leads to improved
decidualization of eutopic endometriosis stroma cells.

Hypoxic conditions are known to favor the increase of Reactive
Oxygen Species (ROS) and oxidative stress, both recognized as
important pro-inflammatory mediators in endometriosis associated
neurogenic pain (7). Therefore, antioxidant therapies for effective
management of ROS and inflammation are of particular interest for
treatment of endometriosis-associated pain and inflammation. In
their randomized, triple-blind, placebo-controlled clinical study
Rostami et al. tested the therapeutical potential of the strong
antioxidant astaxanthin (AST) in women with the disease. The study
showed that AST supplementation significantly improves oxidative
stress serum markers and reduces the levels of pro-inflammatory
cytokines in follicular fluid of women with endometriosis, followed
by an increase in the quality and the number of oocytes, leading to
improvement of assisted reproductive treatment (ART) outcomes.
These findings indicate that AST pretreatment may be a suitable
therapy for infertile endometriosis patients undergoing ART.

Since high fat diet (HFD) can induce chronic pain and
inflammation (8), in their study the group of Herup-Wheeler
et al. asked whether and how unhealthy HFD can influence
endometriosis-associated pelvic pain and inflammation. Using a
diet-induced obesity mouse model of endometriosis, the authors
showed that HFD alone might not establish a local inflammatory
environment in the pelvic cavity, but can contribute to existing
endometriosis-related chronic inflammation. This leads to the
aggravation of endometriosis-associated abdominal hyperalgesia
due to significant increase in pro-inflammatory cytokine levels,
macrophages in the peritoneal cavity, neuromodulators in the root
ganglia, and dysbiosis of gut microbiota of endometriosis HFD
mice, compared to obese mice without endometriosis.

Recent experimental evidence suggest that changes in glucose,
lipid, amino acid and nucleotide metabolism and their molecular
regulators on cellular and systemic levels are closely related to the
development of endometriosis and/or with an increased risk for the
disease (9). The population- based study of Liu et al. evaluated the
association of the triglyceride-glucose (TyG) index with
susceptibility to endometriosis in a cohort of 1590 eligible
participants and found that a higher TyG index is significantly
associated with increased endometriosis risk. This indicates that
TyG index can potentially be used as risk assessment molecular
biomarker for endometriosis and may serve as a guide to develop
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future prevention strategies. The studies by Wojtowicz et al. and
Zyguta et al. assessed the potential of adipokines as diagnostic
markers for endometriosis. These studies indicated that an
integrated multi-body fluid approach on large study cohorts is
needed for successful identification and validation of clinically
applicable non-invasive diagnostic biomarkers for endometriosis.

An intriguing study by the group of Bai et al. sheds a light on the
causal relationship between leukocyte telomere length (LTL) and
endometriosis. The authors performed Mendelian randomization
study and showed that longer LTL are associated with an increased
risk of endometriosis. This novel finding opens potential new aspect
for investigating the genetic risk factors of the disease.

To conclude, this Research Topic represents a series of papers
ranging from basic research to clinical studies that provide a
valuable addition to the expanding knowledge of endometriosis.
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We first reported that the Hippo-YAP signaling pathway plays a critical role in the
pathogenesis of endometriosis (EMS). Autophagy is also related to the invasion ability
of endometrial cells and is involved in the pathogenesis of EMS through multi-levels.
However, the precise regulatory mechanism of YAP on autophagy in the eutopic
endometrial stromal cells (ESCs) is still unclear. Primary eutopic ESCs of EMS patients
(n = 12) and control patients without EMS (n = 9) were isolated and cultured to investigate
the expressions of YAP and mTOR, the role of YAP in autophagy, and the effect of the
YAP-autophagy signal on the decidualization of the eutopic ESCs. Endometriosis-related
sequencing data (GSE51981) in the GEO database were used to find the genes
significantly correlated with YAP. We found 155 genes with significant differences in the
interaction with YAP in EMS from the dataset, and the autophagy pathway was
significantly enriched. Following on from our previous studies of YAP knockdown,
overexpression of YAP resulted in an increased expression of mTOR and decreased
ratio of LC3-II/LC3-l and autophagy markers, in the eutopic ESCs; transmission electron
microscope observation also showed fewer autophagosomes compared with the control
cells. Furthermore, ESCs of the Rapamycin-treated group showed significant decidual-
like changes with significantly increased decidual prolactin level at 72 h after in vitro
decidualization. These results demonstrate that the increased YAP inhibited the level of
autophagy by upregulating the mTOR signal in the eutopic ESCs of endometriosis. The
YAP-autophagy signal plays an important role in the pathogenesis of endometriosis-
associated infertility.

Keywords: endometriosis, Yes-associated protein (YAP), autophagy, eutopic endometrial stromal cells (eutopic
ESCs), mammalian target of rapamycin (mnTOR), decidualization
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INTRODUCTION

Endometriosis (EMS) is a chronic inflammatory hormone-
dependent disease, characterized by the growth of the
endometrium outside the uterus, affecting more than 190
million women worldwide and up to 10% of women of
reproductive age (1-3). Chronic pelvic pain and infertility
caused by the disease seriously affect women’s reproductive
health and quality of life. According to statistics, about 25%-
50% of infertile women suffer from EMS, while 30%-50% of
patients with EMS suffer from infertility (4-6). Before a definitive
diagnosis is made, women often endure symptoms for years with
negative effects on wellbeing and quality of life (3). EMS is
invasive and recurrent, so effective and thorough treatment and
reduction of disease recurrence have become one of the most
urgent and difficult problems in clinical practice.

The influence of EMS on women’s fertility is mainly related to
the abnormalities of pelvic anatomical structure, changes of
abdominal microenvironment, ovarian function abnormalities,
and endometrial receptivity abnormalities (7). The receptivity of
endometrium is one of the important factors affecting women’s
fecundity. The endometrium is a complex tissue with periodic
changes, which is regulated by ovarian steroids, autocrine/
paracrine, and signaling pathways. During the secretion period,
endometrial stromal cells undergo decidualization under the
action of estrogens, which plays a crucial role in the
establishment and maintenance of pregnancy. At present,
endometrial receptivity abnormalities in EMS are considered to
include defects in the proliferative phase, reduction of integrin
ovB3 and its direct transcriptional regulator HOXA10, and
progesterone resistance (8-10). In addition, many studies have
found that some signaling pathways play an important role in
endometriosis, such as the over-activated MAPK pathway and
PI3K/AKT pathway, which affect the role of progesterone and
block the decidualization of endometrial stromal cells (ESCs)
(11). In a word, abnormal regulation of endometrial signaling
pathways, local inflammation, stromal differentiation, and
improper endometrial reconstruction in EMS may lead to a
condition of endometrium that is unacceptable for implanting
embryos (8, 12).

As one of the core effector components of the Hippo signaling
pathway, Yes-associated protein (YAP) is a molecule closely
related to organ formation and malignancy. When the
phosphorylation of YAP occurs because of intracellular and
extracellular signals mediated by upstream regulatory
molecules and core molecules, the phosphorylated YAP
protein accumulates in the cytoplasm or degrades through the
ubiquitination pathway, at which time the regulatory function of
the Hippo pathway is inhibited, whereas when YAP protein is
not phosphorylated, it will enter the nucleus and bind to TEA
domain transcription factor, jointly regulating the expression of
downstream target genes, cell proliferation, migration, and
survival (13). It is currently believed that the Hippo pathway
can integrate the functions of multiple signaling pathways to
form a complex signaling network. YAP and its downstream
transcription factors determine cell behavior in a coordinated

manner and play an important role in organ development,
tumor genesis and development, epithelial-mesenchymal
transformation, and other cell biological behaviors (14).
Abnormal programmed cell apoptosis and reduced apoptotic
susceptibility play a key role in the development and invasion of
EMS. Our group first reported in 2016 (15) that YAP knockdown
in the eutopic ESCs decreased cell proliferation and enhanced
cell apoptosis, while overexpression of YAP resulted in increased
proliferation and decreased apoptosis of ESCs. We also found
that after treatment with Verteporfin in the EMS animal model
of nude mice, the size of endometriotic lesions was significantly
reduced. It hints that the Hippo-YAP signaling pathway plays a
critical role in the pathogenesis of EMS.

Autophagy, as a highly effective subcellular degradation
pathway, can remove chromosomes with gene mutation
damage and abnormal structure and aging or damaged
organelles, carry out subcellular level reconstruction of cells,
provide energy for cells, maintain intracellular material
anabolism, and maintain homeostasis of the intracellular
environment. In the menstrual cycle, spontaneous and periodic
apoptosis of normal endometrium is an important factor to
maintain its normal structure and function, and autophagy plays
a key regulatory role in the apoptosis of endometrium cells in
different phases of the human endometrium cycle (16).

In recent years, basic studies on EMS have shown that
abnormal regulation of signaling pathways plays an important
role in the occurrence and development of EMS (17). The
mammalian target of rapamycin (mTOR) in the PI3K/AKT/
mTOR pathway is a serine/threonine protein kinase, which is
also the confluence point of the upstream pathway to regulate
cell growth, proliferation, movement, survival, etc. Currently, it
has been clarified that mTOR is a negative regulator of
autophagy and participates in the regulatory mechanism of
autophagy. Oncology studies have found that mTOR, as
the junction point of the signal pathway, regulates the
phosphorylation of YAP so that phosphorylated YAP remains
in the cytoplasm and cannot bind to TEAD in the nucleus, thus
participating in the regulation of cell metabolism and autophagy
(18). Other studies have reported that MST1/2 (Hippo key
enzyme) maintains autophagy through autophagy marker
protein (LC3), suggesting that there may be a precise dialogue
between Hippo signal and autophagy (19).

Many studies have shown that autophagy achieves the
regulation of EMS through the interference of multiple
pathways at multiple levels, and promotes the occurrence,
development, and invasion of EMS (20-22). In 2015, Zhang
et al. (15) found that autophagy gene Beclin-1 mRNA and
protein expression in ESCs in EMS diseases decreased and
were negatively correlated with CA125 level and pain. Choi
et al. (23) reported that autophagy and apoptosis are
simultaneously involved in the pathological process of EMS,
and this process is mediated by mTOR, and the abnormal mTOR
activity affects the change of autophagy activity. Rat model
studies have shown that there is an autophagy downregulation
in both the eutopic and ectopic of endometrium, and the
autophagy flow inhibitor hydroxychloroquine (HCQ) can
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effectively shrink and destroy the ectopic lesions, which is
expected to be a new target for the treatment of EMS (21).
Recently, we reported that increased expression of YAP is
associated with decreased cell autophagy in the eutopic ESCs
of EMS (24). Although there is a downregulation of autophagy in
EMS, the precise regulation of autophagy in endometrial stromal
cells in EMS remains unclear, which may involve multiple
signaling pathways.

In recent years, studies on the interaction and regulation of
YAP and mTOR/autophagy have been one of the hotspots in the
study of tumor cell mechanisms. In 2019, it was reported (25)
that YAP is highly expressed in ovarian cancer, and silencing
YAP may significantly inhibit the malignant behavior of ovarian
cancer cells by regulating the PI3K/Akt/mTOR pathway. Zhou
et al. (26) found that YAP promoted multi-drug resistance of
liver cancer cells and inhibited autophagy-related cell death.
However, there have been no reports on the regulatory
relationship between YAP and autophagy, the role of YAP and
autophagy in the pathogenesis of EMS, and their effects on
endometrial receptivity. Therefore, the objective of this study is
to explore the role of YAP in the regulation of cell autophagy in
the eutopic ESCs from a subset of women with endometriosis
and to understand the effect of the YAP-autophagy signal on the
decidualization of the eutopic ESCs.

MATERIALS AND METHODS

Participants

This study was approved by the Ethics Committee of West China
Second University Hospital of Sichuan University. Written
informed consent was obtained from each patient. All
participants aged 20-35 years, with regular menstrual cycles
and no history of hormonal treatment for at least 3 months
before surgery, were included in the study between September
2017 and August 2018. Those who suffered from infertility
associated with factors of fallopian, tube, ovary or uterine, or
abnormal semen were excluded from the study. Endometrial
samples were collected during hysteroscopy and determined by
endometrial pathological dating to be in the mid-secretory phase.
Twelve women were laparoscopically diagnosed with
endometriosis. Another 9 women with hysteroscopic normal
uterine cavity and who were laparoscopically endometriosis-free
were treated as controls. Samples of the eutopic endometrium
that showed endometrial lesions through pathological
examinations were excluded. All samples were immediately
transferred to the laboratory for primary cell culture or stored
in nitrogen for further analysis.

Data Collection

The gene expression profile of GSE51981 was downloaded from
the Gene Expression Omnibus (GEO) database (https://www.ncbi.
nlm.nih.gov/geo/). We selected 111 samples from the GSE51981
dataset, containing a total of 77 endometriosis samples (different
menstrual cycle phases and different stages of disease) and 34 non-
endometriosis samples without uterine pelvic pathology (27). To
find gene sets and pathways significantly correlated with YAP in

this research and to understand the signal pathways and
functional modules related to YAP in EMS, we used the
processed data to filter differentially expressed genes (DEGs)
and conducted gene enrichment analysis.

Differentially Expressed Genes

Gene differential analysis was conducted using the limma R
package between EMS samples and non-EMS/normal uterus
samples. We considered DEGs as [log2fold change (FC)|>1
and adjusted p-value < 0.05. Heatmap and Volcano Plot were
generated by pheatmap package and ggplot package, respectively.

PPI Network Construction

Protein-protein interaction network analysis provides much
valuable information for researchers to understand cell
function and biological processes. Many studies have shown
that neighboring proteins always have some common
characteristics in PPI networks (28). We used Search Tool for
the Retrieval of Interacting Genes Database (STRING) [https://
www.string-db.org/, (9606.protein.links.v9.1) (29)] to assess PPI
information (30). To explore the possible protein interaction and
relationship between DEGs and YAP in EMS, we used the
STRING analysis and converted the results visually by using
Cytoscape software. Protein—protein interaction score > 0.4 was
set as significant (30).

GO Term and KEGG Pathway Enrichment
Analyses of DEGs

To explore the signaling pathway and biological function most
closely related to YAP in EMS, we conducted GO functional
annotation analysis and KEGG pathway enrichment analysis on
the DEGs with the most significant interaction with YAP obtained
from the previous PPI analysis. KEGG is a comprehensive
database that integrates information on genome, chemistry,
and system functions. GO is a comprehensive database
describing the function of genes, which can be divided into
three categories: biological process and cellular component
molecular function. The pathway enrichment analysis and
functional enrichment analysis of DEGs were analyzed and
visualized by Clusterprofiler R package. The standard setting of
KEGG pathway enrichment with statistical significance was p <
0.05 and enrichment score >2.0. The criteria with statistical
significance for GO functional annotation were p < 0.05 and
enrichment score >1.0.

Immunofluorescence

When ESCs were passaged to the third passage and cell fusion to
90%, cell suspension after passage was added into the 24-well
plate according to the cell density of 50% per well and incubated
overnight in an incubator (37°C, 5% CO,). The next day, ESCs
on chamber slides were washed two times with PBS and fixed in
4% paraformaldehyde for 10 min and then cells were washed
with PBS again two times. Cells were permeabilized with 0.2%
Triton X-100 (Sigma) for 30 min at room temperature when
individual cells and cell clusters were observed under the
microscope. After blocking with 5% BSA for 15 min, slides
were incubated overnight at 4°C with monoclonal rabbit

Frontiers in Endocrinology | www.frontiersin.org

10

January 2022 | Volume 13 | Article 813165


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.string-db.org/
https://www.string-db.org/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Pei et al.

YAP and Autophagy in Endometriosis

antihuman YAP (1:200, ab52771, Abcam) and monoclonal
rabbit antihuman mTOR (1:300, CST#2983S, Abcam). Primary
antibodies were detected by incubation with corresponding IgG
secondary antibodies conjugated with Alexa Fluor 594 (red) and
488 (green) (1:500, Invitrogen, Eugene, Oregon, USA) for 1 h.
Nuclei of the cells were counterstained with 6-diamino-2-
phenylindole (DAPI; Sigma-Aldrich, USA).

Cell Culture and Transfection

The ESCs were isolated from the eutopic endometrium of the
endometriosis and control group, cultured in Dulbecco’s
modified Eagle’s medium (DMEM)/F12 (1:1) supplemented
with 10% fetal bovine serum (life technologies) and 100 U/ml
penicillin/streptomycin at 37°C under a 5% CO, condition.
Construction and production of YAP-overexpression (OE)
plasmid was made by Shandong Vigene Biosciences Co., Ltd.
When cells reached 80% confluence, they were digested, seeded
at 1 x 10° cells per six-well plate, cultured to 30% to 40%
confluency, and then transfected with the YAP-OE plasmid (1
ng) and empty plasmid using Lipofectamine 3000 transfection
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. After transfection for 72 h, cells were harvested for further
analysis. The transfection efficiency of YAP was measured by qPCR
and Western blotting.

RNA Isolation, cDNA Synthesis, and
Real-Time PCR

Total RNA was isolated from all ESCs using the TRIzol (Life
Technologies, Carlsbad, CA) reagent according to the
manufacturer’s protocol. RNA quantification and purification
were performed using a NanoVue Plus spectrophotometer
(Healthcare Bio-Science AB, Uppsala, Sweden). The nucleotide:
protein ratios (A260:A280) of all the samples were within the
range 1.9-2.1. cDNA was synthesized using a PrimeScript RT

TABLE 1 | Primer sequences used in quantitative real-time PCR.

Gene The sequence-specific primers

YAPA Forward primer: 5’-CACAGCATGTTCGAGCTCAT-3'
Reverse primer: 5’-GATGCTGAGCTGTGGGTGTA-3’

GAPDH Forward primer: 5’-TGCACCACCAACTGCTTAGC-3'

Reverse primer: 5'-GGCATGGACTGTGGTCATGAG-3'

reagent kit (Takara Biomedical Technology Co., Ltd., Beijing,
China) and was diluted 8-fold for PCR amplification.
Amplification and detection via qPCR were performed in a
total reaction volume of 10 ul, consisting of diluted cDNA
(3 ul), SYBR Green real-time PCR Master Mix (Applied
Biosystems, Carlsbad, CA) (5 ul), forward primer (1 ul), and
reverse primer (1 pl), using a CFX96 Realtime PCR system
(Bio-Rad Laboratories), and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. The
PCR cycle was 20 s at 95°C, then 40 cycles of 10 s at 95°C and 20 s
at 60°C. The specificity of PCR products was confirmed by
analysis of the dissociation curve. Relative gene expression was
calculated using the 27**CT method. The sequence-specific
primers used to amplify the gene products are shown in
Table 1. Samples were examined in triplicate, and all
experiments were repeated three times.

Protein Extraction and Western Blotting

Total cellular protein was isolated from ESCs using RIPA buffer
with 1% PMSF (Beyotime Biotechnology, Shanghai, China) and
protease inhibitors on ice, and protein concentration was
determined using the BCA protein assay kit (Beyotime,
Biotechnology, Shanghai, China). Equal amounts of protein
extracts (50-100 mg) were separated through 6%, 8%, and 15%
polyacrylamide gels containing sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), respectively,
and transferred to 0.45 pm polyvinylidene difluoride (PVDEF)
membranes (Bio-Rad Laboratories Inc., Hercules, CA, USA).
Membranes were blocked in 5% milk for 1 h at room temperature
and then were washed and incubated with primary antibodies:
rabbit monoclonal anti-YAP (Abcam, USA; 1:1,000 dilution), rabbit
monoclonal anti- mTOR (CST, USA; 1:500 dilution), rabbit
polyclonal anti-LC-3B (Abcam, USA; 1:500 dilution), rabbit anti-
GAPDH (Sigma-Aldrich, USA; 1:3,000 dilution), and rabbit
anti-beta Actin (Abcam, USA; 1:1,000 dilution) (Table 2).
Following the overnight incubation, membranes were washed
thrice with 0.1% Tween in Tris-buffered saline (TBST) and
incubated with a DyLight 800-conjugated goat anti-rabbit IgG
secondary antibodies (Thermo Scientific, USA; 1:10,000 dilution)
for 2 h. Protein bands were imaged on an infrared imaging
system using a Double color infrared laser imaging system
(Odyssey, LI-COR, USA), and quantified by Quantity One

TABLE 2 | Antibodies used in this study.

Peptide/Protein Target Antibody Name Manufacturer, Catalog No. Species Raised in; Dilution Used RRID
Monoclonal or Polyclonal

YAP1 YAP1 antibody Abcam, #ab52771 Rabbit; monoclonal 1:1,000 AB_2219141

Human Rabbit;

mTOR mTOR (7C10) Rabbit mAb antibody CST, monoclonal 1:500 AB_2105622

Human, Mouse, Rat, 2983S

LC-3B LC3B antibody Abcam, #ab51520 Rabbit; 1:500 AB_881429

Mouse, Human polyclonal

GAPDH GAPDH antibody Sigma-Aldrich, #G9545 Rabbit; polyclonal 1:3,000 AB_796208

Rat, Mouse, Human,

Rabbit 1gG Goat anti-rabbit IgG secondary antibodies ~ Thermo Fisher Scientific, Goat; polyclonal 1:10,000 AB_2556616
SA5-10036
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software (Bio-Rad Laboratories). Protein levels were normalized
to that of the internal control GAPDH and B-actin.

Transmission Electron

Microscope Observation

To observe the autophagy and ultrastructural changes of the
eutopic ESCs after YAP-OE transfection, we performed a TEM
observation. Transfected cells were digested and centrifuged, the
supernatant was discarded, the precipitate was kept, and fixed in
3% glutaraldehyde. After washing in 0.1 M phosphate buffer, the
samples were postfixed with 1% osmium tetroxide in the same
buffer for 1 h at 4 °C. Then, the samples were dehydrated with a
series of the graded acetone solution, and the samples were next
embedded in Epon. Ultrathin sections (~50 nm) were obtained
by an ultramicrotome (Leica Ultracut UCT, Germany). Ultrathin
sections were double stained with uranyl acetate and lead citrate,
and they were examined in a TEM (JEM-1400PLUS, Japan) to
detect autophagosomes.

In Vitro Decidualization

To explore the effect of YAP-mTOR signal on the decidualization
of the eutopic ESCs, we performed an in vitro decidualization
induction of the eutopic ESCs after interfering with the YAP
function by YAP-TEAD inhibitor Verteporfin (S1786,
Selleckchem, USA) (1 uM, 18 h) and blocking the mTOR
signal by Rapamycin (51039, Selleckchem, USA) (100 nM, 4 h)
which also can induce autophagy. Verteporfin and Rapamycin
treatments were described previously (24). DMSO is the negative
control group. Decidualization was induced in ESCs at 70% to
80% confluence after Verteporfin and Rapamycin treatments in
10% charcoal-stripped phenol red-free medium for 24 h. The
medium was then replaced, and the cells were cultured with 2%
charcoal-stripped phenol red-free medium supplemented with
0.5 mM 8-Br-cAMP (Abcam, Cambridge, MA) and 1 mM
medroxyprogesterone acetate (MPA) (Sigma-Aldrich, St. Louis,

MO) for 72 h. The culture medium was collected every 24 h, and
the supernatants were incubated at —20°C to detect decidual
prolactin (dPRL). dPRL protein levels in the supernatants, which
are a representative marker of decidual cells, were determined
using a commercially available ELISA kit (Cusabio Biotech,
Wuhan, China). The ESCs were observed under an inverted
microscope every 24 h to study their morphological changes.

Statistical Analysis

All statistical analyses were performed using the software
program SAS version 9.2 (SAS, Institute Inc, USA). The
normally distributed data were analyzed by Student’s t-test.
Data were represented as the mean * standard deviation (SD).
P < 0.05 was considered statistically significant (two-tailed).

RESULTS

Screening of Differentially

Expressed Genes

The R package “limma” was used to screen DEGs between EMS
and non-endometriosis samples without uterine pelvic pathology
in GSE51981, where a total of 829 DEGs associated with YAP
were screened under the threshold of |log2fold change (FC)| > 1
and adjusted p-value <0.05. All 829 DEGs are listed in
Supplementary Table S1. The Volcano Plot is shown in
Figure 1A. Genes that are upregulated are in red, those that
are downregulated are in blue, and those that are insignificantly
different are in black.

PPI Network Integration

We used the STRING database to find the gene sets significantly
correlated with YAP in EMS. A total of 155 DEGs with
significant differences in the interaction with YAP in EMS
were found from the GSE51981 chip samples through the
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FIGURE 1 | Volcano Plot and PPI network of DEGs. In the Volcano Plot, genes that are upregulated are in red, those that are downregulated are in blue, and those
that are insignificantly different are in black (A). Different protein interaction graph with YAP interaction scores greater than 0.4 in GSE51981 samples were shown in
the PPI network. Green indicates downregulated expression and red indicates upregulated expression (B).
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analysis of the protein interaction network (protein-protein
interaction score > 0.4 was set as significant). The heatmap of
these 155 DEGs with significant differences in the interaction
with YAP is shown in Supplementary Figure S1, and DEGs are
listed in Supplementary Table S2. A PPI network of DEGs was
performed as shown in Figure 1B.

GO Biological Process Analysis and KEGG
Pathway Enrichment of DEGs

GO analysis of genes includes biological processes (BP), cell
composition (CC), and molecular function (MF). In our study,
GO analysis was used to perform the functional process of the
DEGs with significant differences in the interaction with YAP in
EMS. A p-value <0.05 and enrichment score >1.0 were defined to
identify regulated genes in GO functional enrichments. The
results are shown in Figure 2A. GO biological process analysis
found that DEGs were mainly enriched in the regulation of
apoptotic signaling pathway, gland development, epithelial cell
proliferation, urogenital system development, and positive
regulation of apoptotic signaling pathway. In the cell
composition part, the DEGs were involved in the transcription
regulator complex, focal adhesion, cell-substrate junction, and
cell-cell junction. In the molecular function section, the genes
participated in cadherin binding, ubiquitin-like protein ligase
binding, ubiquitin protein ligase binding, and protein C-
terminus binding. These results suggested that DEGs with
significant differences in the interaction with YAP were mostly
involved in cell pathways, cell cycle, cell junction, and binding.
All GO analysis is listed in Supplementary Table S3.

We also performed KEGG pathway analysis. A p-value <0.05
and enrichment fold >2.0 were defined to identify regulated
genes in KEGG pathway analysis enrichments. The results are
shown in Figure 2B. Among these enriched signaling pathways,
the Hippo signaling pathway was the most significantly
associated with YAP interaction DEGs, while other enriched

signaling pathways included cell cycle and division-related
pathways (cellular senescence, cell cycle, and oocyte meiosis),
liver disease-associated pathways (hepatocellular carcinoma,
hepatitis C, and hepatitis B), multiple cancer-related pathways
(breast cancer, gastric cancer, colorectal cancer, prostate cancer,
and endometrial cancer), and the PI3K-Akt signaling pathway,
which is closely associated with tumor immunity. It is worth
noting that DEGs with significant differences in the interaction
with YAP in EMS are enriched in the autophagy signaling
pathway (p<0.05) (Supplementary Table S4). It suggests that
YAP may be correlated with autophagy in EMS.

The Protein Locations of YAP and mTOR
in the Eutopic ESCs

Our previous study detected the mRNA and protein levels of
YAP and mTOR, negative regulator of autophagy, in the eutopic
ESCs. To explore the protein locations of YAP and mTOR in the
eutopic ESCs, we performed immunofluorescence. The results
showed that YAP was mainly expressed in the nucleus of the
eutopic ESCs and a little in the cytoplasm, whereas in the normal
ESCs, YAP was mainly located in the cytoplasm and slightly
expressed in the nucleus (Figure 3). mTOR was mainly
expressed in the cytoplasm of the eutopic ESCs and a little in
the nucleus, whereas mTOR was expressed in small amounts in
the cytoplasm of normal ESCs, but it was hardly expressed in the
nucleus (Figure 3).

Overexpression of YAP in the

Eutopic ESCs of Endometriosis

Inhibited Autophagy Level

Based on our previous finding that knockdown of YAP in
the eutopic ESCs of EMS increases autophagy level, we
supplemented the YAP-OE experiment to further explore and
clarify the regulatory mechanism of YAP on cell autophagy. The
eutopic ESCs were transfected with a YAP-OE plasmid.
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FIGURE 2 | GO and KEGG enrichment analysis of the 155 genes significantly associated with YAP. (A) The abscissa is the percentage of genes under the GO
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FIGURE 3 | The protein locations of YAP and mTOR in the eutopic ESCs. The results of immunofluorescence showed that YAP was mainly expressed in the nucleus
of the eutopic ESCs and a little in the cytoplasm, whereas in the normal ESCs, YAP was mainly located in the cytoplasm and slightly expressed in the nucleus. mTOR
was mainly expressed in the cytoplasm of the eutopic ESCs and a little in the nucleus, whereas mTOR was expressed in small amounts in the cytoplasm of normal

ESCs, but it was hardly expressed in the nucleus.

The empty plasmid was used as control. gPCR showed that the
expression of YAP mRNA was increased significantly (3.60 +
0.16 vs. 1.00 £ 0.21; p = 0.0006) after transfection with YAP-OE
plasmid in the eutopic ESCs compared with controls
(Figure 4A). Western blotting revealed that we obtained a high
OE efficiency at the YAP protein level (3.04 vs. 1.00) (Figure 4B).
It combined to suggest that the overexpression of YAP worked.
The expression of mTOR protein (2.11 vs. 1.00) was significantly
increased in the eutopic ESCs compared with controls following
YAP-OE. By contrast, there was a significantly decreased
ratio of the autophagy marker protein LC3-II/LC3-1 (0.44 vs.
1.00) (Figure 4C). TEM observation also showed fewer
autophagosomes in the YAP-OE group compared with the
control cells (Figure 5). These data demonstrated that
overexpression of YAP in the eutopic ESCs of endometriosis
inhibited the level of cell autophagy.

Rapamycin Promotes the In Vitro
Decidualization of ESCs

To explore the effect of the YAP-autophagy signal on the in vitro
decidualization of ESCs, we further induced decidualization by
Verteporfin and Rapamycin treatments or negative controls

(DMSO) exposed to decidual induction in vitro. The results
showed that compared to the cultured control group, the
morphology of most ESCs in the Verteporfin treatment group
had no obvious changes after 24 h, 48 h, and 72 h of in vitro
induction, and a large number of ESCs showed a spindle-like
shape. After only 72 h of induction, a small number of ESCs in
the control group were rounded and enlarged, with slight
decidual-like changes, whereas the ESCs of the Verteporfin
group did not change significantly (Figure 6A). ELISA results
suggested that there was no significant difference in the dPRL
levels of decidualization marker in the culture medium of ESCs
in the groups of Verteporfin and the control group after 24 h, 48 h,
and 72 h of decidualization (p > 0.05) (Figure 6B).

Regarding the Rapamycin group, compared with the control
group, most ESCs in the Rapamycin-treated group were spindle
shaped 24 h after in vitro decidualization. After 48 h of in vitro
induction, some of the ESCs in the Rapamycin-treated and
control groups were rounded and enlarged. Seventy-two hours
after in vitro induction, compared with the control group, the
Rapamycin-treated ESCs showed obvious decidual-like changes,
with a large number of cells becoming round, enlarged, and rich
in cytoplasm (Figure 6C). ELISA results suggested that there was
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FIGURE 4 | Overexpression of YAP in the eutopic ESCs of endometriosis inhibited autophagy level. The gPCR showed that the expression of YAP mRNA was
increased significantly (3.60 + 0.16 vs. 1.00 + 0.21; P = 0.0006) after transfection with YAP-overexpression plasmid in the eutopic ESCs compared with controls (the
eutopic ESCs transfected with the empty plasmid) (A). Western blotting revealed that we obtained a high OE efficiency at the YAP protein level (3.04 vs. 1.00) (B).
The expression of mTOR protein (2.11 vs. 1.00) was significantly increased in the eutopic ESCs compared with controls following YAP-OE. By contrast, there was a
significantly decreased ratio of the autophagy marker protein LC3-II/LC3-I (0.44 vs. 1.00) (C). **p = 0.0006.
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FIGURE 5 | Transmission electron microscope (TEM) observation of autophagosomes after overexpression of YAP in the eutopic ESCs of endometriosis. TEM
observation showed the fewer autophagosomes in the YAP-OE group compared with the control cells.
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no significant difference in the dPRL level of decidualized marker
between the Rapamycin group and control group after 24 h and
48 h of decidualization (p > 0.05). After 72 h of decidualization,
the dPRL level was significantly increased in the cell culture
medium of the Rapamycin group compared with that of the
control group (p < 0.05) (Figure 6D).

DISCUSSION

In this study, we first found a significant correlation in the YAP
interaction set of 155 genes through bioinformatics analysis,
from the GSE51981 chip samples of endometriosis-associated
research (Endometriosis vs. Non-Endometriosis), analyzed the
GO enrichment analysis and KEGG pathway enrichment, and
found that these genes interact with YAP and the enrichment of
autophagy function significantly; YAP may be correlated with
cell autophagy in EMS.

On this basis, in vitro cell experiments showed that the
protein level of the negative regulator of autophagy, mTOR,
was significantly increased in the eutopic endometrial
stromal cells in EMS than in the normal endometrial stromal
cells, while the ratio of autophagy marker protein LC3-II/LC3-I
was significantly decreased in the eutopic ESCs than in the
normal endometrial stromal cells. When autophagy is
forming, cytoplasmic LC3 (LC3-I) will enzymatically degrade a
small polypeptide and transform into membrane-type
autophagosome (LC3-II), which means that LC3-II will
increase significantly in autophagy cells (31). Therefore, the
high expression of negative autophagy regulatory factor mTOR
and the reduced LC3-II/LC3-I ratio in the eutopic endometrial
stromal cells indicated that the autophagy level of the
endometrial stromal cells in EMS was significantly inhibited.

To the extent of protein locations, our immunofluorescence
showed the protein locations of YAP and mTOR in the
eutopic ESCs from the nucleus to cytoplasm and vice versa. It
suggests that YAP is activated after nuclear localization and is
combined with related transcription factors. At this time, the
Hippo-YAP signaling pathway is activated to exert its regulatory
role on downstream genes. Similarly, the increased expression of
mTOR in the cytoplasm of eutopic ESCs indicates that the
mTOR pathway was active, and the autophagy level was
impaired in the eutopic ESCs. This is consistent with the
results of studies on the decreased level of autophagy in the
eutopic and ectopic endometrium tissues in many cases of EMS
(20, 32). Based on these findings, we speculated that there is
a deeper connection between the Hippo-YAP signaling
pathway and autophagy in EMS, and mTOR may be a key
mediator molecule.

Many oncology studies have shown that YAP is involved in
the regulation of autophagy signals (33-35). For example, YAP
reduces cisplatin-induced apoptosis by activating autophagy in
ovarian cancer cells (33). In undifferentiated pleomorphic
sarcoma cells, YAP inhibits autophagy independently of NF-«xB
signaling (35). Studies on gastric cancer have found that the
downregulation of YAP truncates weak mitochondrial
autophagy, leading to the apoptosis of gastric cancer cells (36).
In addition, YAP also promotes multi-drug resistance of liver
cancer cells through the RACI-Ros-MTOR pathway, thereby
inhibiting autophagy-related cell death (26). So, does the
increased expression of YAP in endometrial stromal cells in
EMS participate in the regulation of the weakened autophagy
signal in endometrial cells? In the following studies, we intend to
conduct in-depth studies on the regulation mechanism of YAP
on autophagy in the eutopic endometrial stromal cells in EMS
and the biological functions involved in both.
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To further clarify the regulatory relationship between YAP
signal and autophagy in EMS, a YAP overexpression experiment
was conducted in endometrial stromal cells in EMS. mTOR and
autophagy levels were detected by direct interference with YAP
expression. The results showed that the mTOR protein level and
1c3-II/LC3-I ratio in the eutopic ESCs increased after the
overexpression of YAP. Since autophagosomes are subcellular
structures, the formation of autophagosomes cannot be observed
under an ordinary light microscope, so direct observation of
autophagosomes requires TEM. As the gold standard for the
detection of autophagy, TEM results showed that the number of
autophagosomes in the ESCs overexpressing YAP was
significantly reduced compared with the control group,
suggesting that the level of autophagy was inhibited. In recent
years, several studies have found that YAP and autophagy are
closely related. For example, the YAP/TAZ-autophagy axis can
control the survival and proliferation of cells (37). As an
upstream transcriptional regulator, YAP activates the mTOR
pathway and inhibits autophagy (38). Our study revealed the
correlation between YAP and autophagy in EMS and opened
new ideas and directions for future basic research on signaling
pathways in EMS and autophagy function. Combined with our
previous finding that the mTOR protein level decreased and the
LC3-II/LC3-I ratio significantly increased after silencing YAP in
the eutopic ESCs, the level of autophagy was enhanced. In
conclusion, this part of the study shows that YAP may be
involved in the regulation process of the decreased autophagy
level of the eutopic ESCs in EMS through the upregulation of the
mTOR pathway, thus participating in the occurrence and
development of EMS.

YAP is the main effector molecule of the Hippo signaling
pathway. The Hippo signaling pathway has extensive and
complex cross-linking with many other signaling pathways,
and its different effects depend on different cells, different
external environments, different co-activators, and different
feedback of various upstream and downstream factors. Since
YAP has no DNA binding region, it needs to be combined with
TEADs or other transcription factors to participate in the
regulation of downstream gene expression (39). Studies have
found (40) that TEAD binding sites on prolactin (PRL)
promoters play an important role in maintaining the basal
level of PRL promoter activity, and the overexpression of
TEADI inhibits the expression of PRL in human decidual
cells, which may be realized through the interaction with other
transcription factors. In 2017, our group found that YAP was
highly expressed in decidual cells and promoted decidualization
of ESCs cultured in vitro, indicating that YAP is involved in the
regulation of normal endometrial stromal cell decidualization
(41). A study published in Hum Reprod (42) found that decidual
induction was performed in immortalized human endometrial
stromal cells, and the level of autophagy marker protein LC3-II
was significantly increased in decidual cells compared with the
control group, indicating that the decidual process of
endometrial stromal cells may be related to cell autophagy.
Therefore, we speculated that the YAP-autophagy signal may
be involved in the regulation of decidualization of the eutopic

ESCs in endometriosis and play an important role in
embryo implantation.

Previous studies have confirmed that EMS has decreased
receptivity in the endometrium, and numerous molecules and
signal pathways are involved in the regulation of decidualization
of ESCs (11, 43). Local inflammation, stromal differentiation,
and improper endometrial reconstruction of endometrium in
endometriosis all lead to the endometrial condition that embryo
implantation is not acceptable (8, 12). In this study, it has
been found that the decidualization of the eutopic ESCs
after treatment by Verteporfin, a YAP signal inhibitor, has not
affected the decidualization of eutopic ESCs. The decidualization
of the endometrium is a very complex and delicate process,
which is regulated by many factors, including cytokines, immune
cells, and hormones, and accompanied by various epigenetic
changes during decidualization. In addition, the molecular and
biological characteristics of the endometrium in EMS are
fundamentally different from those in non-endometriosis
patients (44-46). Therefore, it is understandable that
Verteporfin does not change the decidual process of ESCs in
endometriosis. As a non-photosensitizer, it inhibits the
transcription and translation of YAP and destroys the complex
formed by YAP and other downstream transcription factors.
However, this blocking effect does not affect or participate in the
decidual regulation process of endometrial stromal cells. Based
on the former part of the negative regulation effect of YAP-
mTOR signals on cell autophagy in the eutopic ESCs, we treated
the eutopic ESCs with mTOR inhibitor Rapamycin (autophagy
inducer), and induced decidual cells in vitro. It is found that
Rapamycin had no significant effect on decidualization of ESCs
after 24-h and 48-h induction, but Rapamycin treatment
promoted the decidualization of the eutopic ESCs after 72 h,
and this difference may be due to the induction of decidual
function caused by delay and cell gradually. At present, there is
no unanimous conclusion on the effect of mTOR autophagy on
endometrial decidualization. Studies have reported (47-49) that
the mTOR pathway plays an important role in the early embryo
implantation process, and the activation of the mTOR pathway
promotes NM23 to regulate the decidualization process of mouse
and human endometrium. It was also found (42) that the
autophagy level was upregulated during decidualization of the
endometrium in mice, which was consistent with our findings. In
other words, after the administration of the autophagy-inducing
agent Rapamycin, decidual changes in the eutopic ESCs were
significant, which may be related to the regulation of Rapamycin
on the autophagy of the eutopic ESCs.

This study preliminarily explored the effect of the YAP-
autophagy signal on the decidualization of the eutopic ESCs
and found that the decidual process of the eutopic ESCs was
promoted after inhibiting mTOR activity and activating
autophagy, suggesting that autophagy may be involved in the
regulation of decidualization of the eutopic ESCs in
endometriosis. However, whether the increased YAP in the
eutopic ESCs of patients with EMS-associated infertility is
directly involved in the regulation of decidualization of the
endometrium, how enhanced autophagy level regulates the
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process of decidualization of the endometrium, and whether
there are other pathways involved are still unknown and need to
be further studied.

There are still some limitations in this study. For example, the
mechanisms of YAP regulation of autophagy in the eutopic ESCs
was explored in vitro only in patients with EMS-associated
infertility, which would be more convincing if validated in an in
vivo model. In addition, any signaling pathway is not a single one,
and there are extensive crossover and network-like interactions
among them, and a certain pathway cannot explain all the research
problems. In the future, more transcriptomics and proteomics
studies are needed to study the histological and cellular structure
of the endometrium, as well as the interactions between genes,
proteins and molecules from an overall perspective, so as to provide
new ideas for exploring the pathogenesis of EMS.

Therefore, subsequent studies will continue to explore the
regulatory effects of the YAP-autophagy signal on the decidual
and endometrial receptivity of ESCs, to provide a theoretical
basis for exploring the pathogenesis of EMS and improving
endometrial receptivity and provide new options for the
treatment of endometriosis-associated infertility.
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Downregulation of LHCGR
Attenuates COX-2 Expression and
Induces Luteinized Unruptured
Follicle Syndrome in Endometriosis

Ting Geng %", Yifan Sun’?%%, Lin Cheng"?%, Yuming Cao >3, Ming Zhang ",
Zhidan Hong %, Ling Ma™? and Yuanzhen Zhang "°*

’ Reproductive Medicine Center, Zhongnan Hospital of Wuhan University, Wuhan, China, 2 Hubei Clinical Research Center for
Prenatal Diagnosis and Birth Health, Wuhan, China, 3 Department of Obstetrics and Gynecology, Zhongnan Hospital of
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An association between endometriosis and luteinized unruptured follicle syndrome (LUFs)
has long been identified. Although inactivating mutation of luteinizing hormone/
choriogonadotropin receptor (LHGCR) results in LUFs, whether LHCGR contributes to
promoting LUFs in endometriosis remains elusive. To investigate the effect of LHCGR
signaling in the development of endometriosis-associated LUFs and dissect the
underlying mechanism in vivo mouse endometriosis model was established to measure
the effect on ovarian folliculogenesis. In vitro cultures of primary human GCs collected from
patients undergoing in vitro fertilization were performed and treated with human chorionic
gonadotropin (hCG), dibutyryl cyclic-AMP (db-cAMP), LHCGR or CCAAT/enhancer
binding protein-a (C/EBPa) small interfering RNA to identify the potential mechanisms.
KGN cell line was used to investigate the mechanistic features of transcriptional regulation.
Results showed an increased incidence of LUFs was observed in mice with
endometriosis. The expression of LHCGR was decreased in the GCs of endometriosis
mice. In in vitro cell models, LHCGR signaling increased the expression of C/EBPa. and
cyclooxygenase-2(COX-2), while inhibiting C/EBPa. mitigated the induced COX-2
expression. Mechanically, C/EBPo. bounded to the promoter region of COX-2 and
increased the transcriptional activity under the stimulation of hCG or db-cAMP. Taken
together, this study demonstrated that the LHCGR signaling was reduced in GCs of
endometriosis and resulted in a decrease in gonadotropin-induced COX-2 expression.
Our study might provide new insights into the dysfunction of GCs in endometriosis.

Keywords: endometriosis, luteinized unruptured follicle syndrome, LHCGR, ovulation, COX-2

Abbreviations: C/EBPo, CCAAT/enhancer binding protein-o; cAMP, cyclic adenosine monophosphate; ChIP, chromatin
immunoprecipitation; CL, corpus luteum; COCs, cumulus-oocyte complexes; COX-2, cyclooxygenase-2; db-cAMP, dibutyryl
cyclic-AMP; EGF, epidermal growth factor; GCs, granulosa cells; hCG, human chorionic gonadotropin; ICSI, intracytoplasmic
sperm injection; IVF, in vitro fertilization; JIA, juvenile idiopathic arthritis; LH, luteinizing hormone; LHGCR, luteinizing
hormone/choriogonadotropin receptor; LUFs, unruptured follicle syndrome; NSAIDs, non-steroidal anti-inflammatory drugs;
PGE2, prostaglandin E2; PMSG, pregnant mare serum gonadotropin; siRNA, Small interfering RNA.
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INTRODUCTION

Endometriosis (EMs) is an estrogen-dependent chronic
inflammatory condition that affects women in their reproductive
period and causes infertility and pelvic pain. EMs has long been
identified to have an association with luteinized unruptured follicle
syndrome (LUFs), one of the ovulatory dysfunction subtypes, due to
the intrafollicular endocrine milieu (1, 2). LUFs has been considered
a subtle cause of endometriosis-associated infertility (3). The
incidence of LUFs accessed by laparoscopic examination is 35%
in endometriosis patients, while it is 11% in others (4). Increased
incidence of LUFs is also observed in the animal model with
endometriosis (5, 6). Although the mechanisms of ovulatory
dynamics are similar to inflammatory responses (7), the precise
underlying reasons for LUFs associated with endometriosis
remain uncovered.

It has been observed that the dysregulation of follicle maturation
and ovulation in endometriosis are tightly associated with endocrine
and paracrine factors produced by granulosa cells (GCs) (8). The
cyclooxygenase-2(COX-2)/prostaglandin E2 (PGE2), one of the
major GCs derived factors, plays an essential role in the
maintenance of normal oocyte maturation, follicle rupture and
ovulation (9, 10). Moreover, COX-2 is aberrantly decreased in
endometriosis, which may result in insufficient cumulus
expansion and subsequently lead to impairment of the oocyte
quality (11). However, the regulation mechanism of COX2 in
endometriosis is largely unclear.

COX-2 is considered inducible by gonadotropin and participates
in the regulation of reproduction, in addition, the luteinizing
hormone (LH) surge regulates the expression of COX-2 and
promotes biosynthesis of PGE2 within the ovulatory follicle (12).
The biological activity of LH is mainly mediated by receptor-
mediated signal transduction cascades and activated LH
subsequently provokes the expression of numerous endocrine
factors, either in ovarian granulosa or thecal cells. Therefore,
changes in the LHCGR, which plays a vital role during ovarian
development and corpus luteum function (13, 14) in women, might
impact the correct course of these processes. Recent observations
have demonstrated that abnormal LH signaling may be involved in
the coexistence of anovulation and endometriosis (15). The clinical
observation that patients with endometriosis have dysfunctional
LHCGR expression (16), further suggesting a failure in the
mechanism associated with LH action in the ovulation process.
These observations led us to investigate whether LHCGR involved
in COX-2 induced ovulation disorder.

Despite accumulating evidence exploring the mechanisms
involving normal folliculogenesis and ovulation, the specific
mechanism of LUF syndrome in endometriosis currently has not
been elucidated. In this study, we found that LHCGR expression
decreased in endometriosis granulosa cells. Functional studies in
mice model and primary cultured granulosa cells revealed that
attenuated LH signaling induced ovulatory disorder, mechanically,
the inactivation of LHCGR induced decreased C/EBPo., which
upregulated COX2 expression by binding to its promoter.
Collectively, these results indicated that the decline of LHCGR
may result in LUFs, and this may be associated with endometriosis-
associated infertility.

MATERIALS AND METHODS

Mice Model of Surgical-Induced
Endometriosis

To improve our understanding of the pathophysiology
underlying this enigmatic disease, animal models have been
employed due to the ethical limitations of performing
controlled studies of infertile women with endometriosis. The
procedures on animals were carried out following institutional
guidelines and the Institutional Animal Care and Use Committee
of Wuhan University approved the experimental protocol
(Approval No. WP2020-08005).

Five-week-old female C57BL/6 mice (Vital River Laboratory,
China) were housed under well-controlled conditions (12 h light/
12 h dark cycle maintained at a temperature of 22-25°C). After a
week of acclimation, mice were injected with 17 [-estradiol
(Sigma-Aldrich, E2758) (3 pg/mouse, s.c.) for 1 week, then the
endometriosis model was conducted by autologous
transplantation of uterine tissue (17). Briefly, after euthanized,
the left uterine horns were isolated. Obtained uterine tissue was
cut into three equal-sized parts as implants, auto-transplanted
was performed around three arteries of the intestinal mesentery.
Sham-operated control mice (sham) were subjected to the same
steps, but no implant was sutured to the intestinal mesentery. To
allow the recuperation and development of endometriotic
implants, the subsequent experiment began after 3 weeks.

Superovulation, Oocyte Collection and
Sample Harvest

After 3 weeks, mice were superovulated with 5 IU pregnant mare
serum gonadotropin (PMSG) (Solarbio, P9970) followed 48 h
later by 5 TU human chorionic gonadotropin (hCG) (LIVZON,
China) to induce follicle development and ovulation. When
mimicking the poor response to LH surge of ovary in vivo, the
mice were treated with full-dose PMSG (5IU) followed by half-
dose hCG (2.5 IU) to trigger ovulation. Ovarian tissues for
follicular morphology were collected before superovulation or
48 h after PMSG administration. Granulosa cells for gene
expression analysis were isolated at different times after hCG
administration (0, 2, 4, and 8 h). To exam the number of
ovulated oocytes, ampullae were collected at 14-16 h after
hCG injection and then secured to release the clutch of
cumulus-oocyte complexes (COCs). For morphology analysis
of the post-ovulatory ovary, the samples were collected at 24 h
after hCG administration.

H&E Staining and Immunohistochemistry
For follicle counting, ovaries from each group were collected at 14—
16 h after hCG injection and hematoxylin and eosin (H&E) staining
was performed as described previously (18). Briefly, the right ovaries
were fixed in 4% paraformaldehyde, routinely paraffin-embedded,
then cut thoroughly into sections of 5-um thickness followed by
staining. In every fifth section, follicles containing oocytes with a
visible nucleus were counted and properly classified into different
follicle stages (19). The number of luteinized unruptured follicle and
corpus luteum (CL) were also recorded.
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Mice ovaries were collected as mentioned above and
Immunohistochemistry was performed on formalin-fixed
paraffin-embedded sections using immunoperoxidase staining
kit (PV-9001, ZSGB-BIO, Beijing, China) according to the
procedure of the manufacturer. After deparaffinized and
rehydrated, antigen retrieval was carried out with sodium
citrate. Approximately 3% hydrogen peroxide was used to
eliminate the activity of endogenous peroxidase. The sections
were then treated with bovine serum albumin (BSA) blocking,
followed by incubation with primary antibody for LHCGR
(19968-1-AP; 1:200 dilution; Proteintech), C/EBPo. (18311-1-
AP; 1:200 dilution; Proteintech), COX-2 (ab15191; 1:200
dilution; Abcam) and corresponding secondary antibody. The
omission of the primary antibody served as a negative control.
The H-score was processed and calculated as described
previously (20). We used the following equation: H-score = X
Pi (i), where i was the intensity of staining with a value of 1, 2, or
3 (weak, moderate, or strong, respectively) and Pi was the
percentage of stained cells for each intensity, varying from 0
to 100%.

Human Granulosa Cell Collection and KGN
Cell Line Culture

The study protocol was approved by the Institutional Review
Board (No. 2018047). Human GCs were obtained from patients
undergoing in vitro fertilization (IVF)/intracytoplasmic sperm
injection (ICSI) treatment due to tubal factor or male subfertility
at the Reproductive Medical Center of Zhongnan Hospital. After
controlled ovarian hyperstimulation, 10,000 IU hCG was
administered to trigger ovulation. The follicular fluid was
immediately collected and centrifuged for 10 min at 2,000 rpm
after oocyte pick-up. Then the pellet was resuspended in an
enzymatic solution to digest clusters of cells. GCs were highly
isolated through Percoll density gradient and red blood cells were
removed using lysis buffer. The cell pellet was resuspended in
DMEM/F12 medium (Gibco) supplemented with100 U/ml
penicillin, 100 pg/ml streptomycin, and 10% (v/v) fetal bovine.
The cells were then seeded at a density of 2 x 10° cells/ml in a 6-
well plate and incubated for 3 days at 37°C in humidified
atmosphere with 5% CO,. The media was replenished every 24
h. To mimic the effect of LH and cAMP in vivo, we used hCG (10
IU/ml; LIVZON, China) and dibutyryl-cAMP (db-cAMP, 1 mM;
HY-B0764A, MedChemExpress, USA) respectively to stimulate
cells and further cultured for stated hours in vitro according to
previous studies (21). KGN cell line was cultured in DMEM/F12
medium as mentioned above.

Small Interfering RNA (siRNA)

and Transfection

For gene silencing experiments, human GCs were transfected
with 50 uM small interfering (siRNA) oligonucleotides against
LGCGR, C/EBPo. or negative control (NC) siRNA (Huzhou
Hippo Biotechnology Co., Ltd.) using lipofectamine 3000
transfection reagent (Invitrogen, USA) according to the
instructions provided by the manufacturer. The specific
sequences of target genes were as follows: si-LHCGR, 5’-UGC

CUU CAA AGU ACC UCU UAU TT-3’ (sense) and 5'-AUA
AGA GGU ACU UUG AAG GCA TT-3’ (antisense); si-C/EBPa,
5-GGA GCU GAC CAG UGA CAA UTT-3' (sense) and 5'-
AUU GUC ACU GGU CAG CUC CAG-3’' (antisense); si-
LHCGR scrambled NC, 5'-GUC AUU AUC CUU UCG CAC
UAA dTdT-3'(sense) and 5'-UUA GUG CGA AAG GAU AAU
GAC dTdT-3’ (antisense); si-C/EBPo. scrambled NC, 5-GGU
AAC GGG ACC GAC UUA AdTdT-3’ (sense) and 5-UUA
AGU CGG UCC CGU UAC CdTdT-3’ (antisense). For further
experiments which were focused on the mechanisms of signal
pathways, the cells were incubated with or without db-cAMP or
hCG for further 24 h after 24 h of transfection (22).

RNA Isolation and Quantitative Real-Time
PCR (qRT-PCR)

Total RNA was extracted with an RNA extraction kit (RN0302,
Aidlab, China). RNA (1 ug) was reverse transcribed with a cDNA
Synthesis Kit (R212-01, Vazyme, China). Quantitative real-time
PCR (qRT-PCR) was performed using ChamQ SYBR qPCR
Master Mix (Q311-02, Vazyme, China) and a CFX96 PCR
system machine (Bio-Rad Laboratories, USA). Each reaction
was performed with a total volume of 20 ul, consisting of 2x
ChamQ SYBR qPCR Master Mix (10 pl), 5°- and 3’-primer (0.4
ul, respectively), cDNA (1 pl), and ddH20 (8.2 pl). With the
following primers: LHCGR: 5'-TCC TTT CCA GGG AAT CAA
TC-3' (sense) and 5'-GGC CGG TCT CAC TCG AC-3’
(antisense); C/EBPa: 5'-CAC GAA GCA CGA TCA GTC
CAT-3’ (sense) and 5-CGG AGA GTC TCA TTT TGG CAA
G-3’ (antisense); COX-2: 5-TAA GTG CGA TTG TAC CCG
GAC-3’ (sense) and 5'-TTT GTA GCC ATA GTC AGC ATT
GT-3’ (antisense); GAPDH: 5-CTG TTC GAC AGT CAG CCG
CATC-3’ (sense) and 5'-GCG CCC AAT ACG ACC AAA TCC
G-3’ (antisense). Data analysis was performed using Bio-Rad
CFX manager system, using GAPDH as a reference transcript.

Western Blot Analysis

Whole-cell protein extract was lysed and isolated from cultured
cells or mouse ovaries. After measuring protein concentrations
using a BCA Protein Assay Kit (P0010, Beyotime, China), equal
amounts of denatured protein were separated by electrophoresis
in 10% SDS polyacrylamide gels and transferred to polyvinyl
difluoride membranes (Millipore, Billerica, USA), which were
then saturated with blocking buffer for 1 h. After that, the
membranes were incubated with rabbit polyclonal anti-
LHCGR (19968-1-AP; 1:1,000 dilution; Proteintech), rabbit
polyclonal anti-CEBPo (8178; 1:1,000 dilution; Cell Signaling),
or rabbit polyclonal anti-COX2 antibodies (ab 15191; 1:1,000
dilution; Abcam) O/N at 4°C. The blots were incubated with
HRP-conjugated anti-rabbit IgG for 1 h. Peroxidase activity was
detected using the ECL system (Touch Imager, e-Blot, China).

Immunofluorescence

After treatment for stated hours in vitro, cells were fixed with
paraformaldehyde. Then, the cells were treated with 0.5% Triton
solution to encourage intracellular labeling. Cells were next

Frontiers in Endocrinology | www.frontiersin.org

23

May 2022 | Volume 13 | Article 853563


https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Geng et al.

Inactive LHCGR Induced LUFs

blocked with 5% BSA for 1-2 h at RT and incubated with
primary antibody against CEBPo (8178; 1:200 dilution; Cell
Signaling) O/N at 4°C. Secondary antibody incubation was
performed at RT for 60 min. Cells were washed and treated
with antifade mounting medium, which contains DAPI (P0131,
Beyotime, China).

Luciferase Reporter Assays

The effect of C/EBPo on the transcriptional activity of COX-2
promoter was determined by analyzing the dual-luciferase
activities using a commercial assay kit (E2920, Promega, USA).
The expression construct used for luciferase-based assays was
pcDNA3.1 C/EBPo. (NM_004364) while reporter construct used
was pGL3-PTGS2 promoter (—1.2 kb/+137). KGN cells were co-
transfected with the indicated plasmids with the help of
lipofectamine 3000 transfection reagent (Invitrogen, USA) as
previously described (23). The samples were lysed at 48 h after
transfection, detection of luciferase activity was conducted.
Firefly luciferase measurements were normalized to
Renilla luciferase.

Chromatin Immunoprecipitation Assay

After treatment with hCG or db-cAMP, KGN cells (2 x 107) were
collected and processed as described previously (24). Briefly, cells
were washed and fixed in 1% formaldehyde for 15 min then
cross-linking was terminated using 0.125 M glycine. Then the
chromatin immunoprecipitation (ChIP) assay was performed to
determine whether CEBPa. interacts with the putative binding
site in COX-2 promoter using a Simple ChIP Kit (56383, Cell
Signaling) according to the protocols of the manufacturer.
Approximately 1% of the chromatin fragments were stored at
-20°C to be used later for input for normalization. For each
immunoprecipitation (IP) reaction, every 5 ug chromatin sample
was incubated with 4 ug CEBPo antibody (18311-1-AP,
Proteintech) O/N at 4°C or with 1 ul IgG antibody (2729,
CST) as a negative control for nonspecific IP. The primers for
the COX2 promoter used in ChIP-PCR analyses were as follows:
5'-TCTAGGAAGCCTTTCTCCTCCT-3’ (sense) and 5'-
TGATCCACGCTCTTAGTTGAAAT-3" (antisense). The
resulting signals were normalized to input values, with the
IgG-negative control values subtracted as background.

Statistical Analysis

Data were calculated as percentages or ratios relative to the
corresponding negative controls, presented as means + SEM, and
were appropriately analyzed by ANOVA, or unpaired t-test with
GraphPad Prism (Version 8.1.1, California). Values of P <0.05
were considered statistically significant.

RESULTS

The Presence of LUFs in Mice With
Surgical-Induced Endometriosis

After confirming the induction of surgical-induced
endometriosis three weeks after the operation, we initially

collected the ovaries and evaluated the impact of endometriosis
on the general morphology and ovarian reserve (Figures 1A, B).
The anatomical observation indicated both morphology and
ovarian weight were similar between EMs and sham mice.
Counts of primary, secondary and antral follicles in the
endometriosis model (78.00 + 9.72, 46.67 + 9.14, and 16.00 +
2.00, respectively) were comparable to those of sham-operated
mice (84.00 + 11.24, 44.33 + 10.33, and 16.67 + 2.94, respectively)
(Figure 1C). These results suggested that endometriosis mice
presented similar healthy follicles to sham mice.

Ovarian responsiveness to gonadotropins was further
evaluated to examine if folliculogenesis and ovulation are
affected by endometriosis. Firstly, ovaries were collected 48 h
after PMSG treatment when follicles developed to preovulatory
stage (Figure 1D). Quantification of ovarian follicles indicated
that the number of preovulatory follicles showed no significant
differences in animals of both groups (7.33 + 1.50 in sham vs.
7.17 + 194 in EMs). Subsequently, the number of ovulated
oocytes was assessed after a superovulation protocol to further
investigate whether ovulation was affected by endometriosis
(Figure 1E). After 16 h of hCG administration, fewer
cumulus-oocyte complexes (COCs) were released in EMs mice
compared to that in sham-operated mice (9.12 + 2.31 in EMs vs.
13.67 + 1.37 in sham), indicating the ovulatory capacity was
compromised in endometriosis mice.

During ovulation, the follicle ruptures and oocyte is released,
the remaining GCs and theca cells under the influence of LH are
luteinized to form a corpus luteum (CL). EMs ovaries showed
increased luteinized unruptured follicles (Figures 1F, G),
characterized by the oocytes destined for ovulation becoming
entrapped in preovulatory follicles or corpora lutea within a full
investment of luteinized granulosa cells. These observations
established that, in endometriosis, LUFs leads to reduced
ovulation and abnormal CL formation, and it may be a cause
of endometriosis-associated infertility.

Attenuated Responsiveness of LHCGR to
its Ligand Leads to LUFs in Endometriosis
To uncover the mechanism responsible for LUFs, we mimicked
the poor response to LH surge of ovary in vivo by treating the
mice with full-dose PMSG (51 U) followed by half-dose hCG (2.5
IU) to trigger ovulation. Although similar trends had been
observed in full-dose hCG mice occurred in sham mice, the
EMs mice displayed a significant reduction of ovulatory oocytes
and more frequent incidence of LUFs after administration of half
dose of hCG in vivo (Figures 2A, B). Moreover, the expression
pattern of LHCGR protein in the GCs collected at different time
points after hCG administration was determined by Western
blotting (Figure 2C). The results showed that LHCGR protein
levels were lower in the GCs of EMs mice in the early ovulatory
phase compared with controls, the reduced trends even lasted to
late ovulatory phases. IHC staining confirmed that the intensity
of LHCGR staining appeared weaker and sporadic in GCs of
hCG-primed (0 and 8 h) EM mice than that in sham mice
(Figures 2D, E). These results suggested that decreased LHCGR
induces a poor response to LH surge and therefore contribute to
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the pathogenesis of LUFs. More importantly, the dysfunction
presents before endogenous LH surge.

LHCGR Modulates COX-2 Expression in
Human Granulosa Cells
LH signaling primes many key ovulatory genes in granulosa cells.
To further look into the mechanism responsible for LUFs, we
first investigate whether LHCGR is involved in the expression of
ovulation-related genes (25-27). The qRT-PCR analysis indeed
showed that the expression levels of known genes, such as
VEGFA, COX-2, AREG, and EREG were significantly
diminished in the human GCs of LHCGR knockdown than
those of the negative control (NC) (Figure 3A). We further
analyzed the gene expression between EMs and sham mice. Both
VEGFA and COX-2 were significantly decreased in the GCs of
EMs mice (Figure 3B). Since abnormal COX-2 function is also
associated with ovulation failure (28), these observations led us
to investigate the correlation between LH signaling and COX-2.
To determine the effect of LH signaling on COX-2, human
GCs were stimulated with 10 IU/ml hCG to mimic the in vivo
induction. The expression pattern of COX-2 in the human GCs
collected at different time points after hCG administration was
determined (Figures 3C, D). As expected, hCG treatment
induced the expression of COX-2 in levels of mRNA and
proteins at 24 h, and the levels remained appreciable even at
36 h after hCG treatment (Figures 3C, D). To reveal the
functional role of LHCGR involved in the expression of COX-
2 during the periovulatory period, RNA interference (RNAi)
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FIGURE 1 | EMs mice with ovulatory dysfunction and LUFs. (A, B) Ovarian morphology and weights of EMs and sham mice. ns, no significance. (C) Average
number of each follicle classes per ovary (every fifth section of serially sectioned ovaries was counted; n = 6, each group). ns, no significance. (D) Number of
preovulatory follicles per ovary (n = 6, each group). (E) Number of ovulated oocytes per mouse (n = 6, each group). *P < 0.05 (Student’s t-test). ns, no significance.
(F) Representative H&E-stained ovarian tissue sections depicting unruptured follicle and normal CL. Asterisk denoted normal CL after ovulation. Arrows pointed to
the trapped oocytes within CLs. Scale bars, 100 um. (G) The percentage of luteinized unruptured follicle for all CLs. The values were the mean + SEM. *P < 0.05
(Student’s t-test).

approach was employed to knock down LHCGR transcripts in
the presence or absence of hCG. The knockdown of LHCGR per
se, rather than negative control, recapitulated the hCG induced
COX-2 upregulation (Figures 3E, F).These results revealed that
LHCGR is involved in the hCG-induced upregulation of COX-2
expression in human GCs.

We further assess the expression of COX-2 during ovulation,
granulosa cells were collected at different time points after hCG (0,
2,4, and 8 h) treatment for analysis (Figure 3G). COX-2 protein of
the granulosa cells from EMs mice were significantly decreased
compared to sham mice. IHC staining for COX-2 showed that
COX-2 was mainly localized to granulosa and theca cells of
dominant follicles during both early and late ovulatory phases,
and abundant COX-2 was found at 8 h after hCG priming, whereas
little staining was observed in EMs mice (Figure 3H). Therefore, we
conjecture that the endometriosis-related abnormal actions of
LHCGR modulate downregulation of COX-2 in GCs, then results
in reduced ovulation with impaired follicle rupture.

LHCGR Regulates COX-2 Expression
Through C/EBPo. Protein

We further sought to identify underlying mechanisms of the
LHCGR-induced COX2 upregulation. There is evidence
indicating the expression and functional activation of C/EBP
family members is essential for events associated with
reproduction (29, 30). We reasoned that C/EBPo. may participate
in the LHCGR-induced COX2 expression. Accordingly, Western
blot was conducted to investigate the expression pattern of C/EBPa.
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in granulosa cells collected at different time points after hCG
administration and the results showed that C/EBPo. was
diminished in EMs mice (Figure 4A). ITHC staining showed that,
after PMSG administration (48 h), follicles were either mature or in
the process of ovulation, C/EBPo. was expressed in the granulosa
and theca cells of superovulated mouse ovaries. After treatment with
hCG, the protein level was significantly increased. Interestingly, C/
EBPa staining in the EMs mice appeared to be attenuated in the
granulosa cells (Figure 4B).

The results demonstrated that hCG escalated the expression of
C/EBPo in granulosa cells after 24 h in both mRNA and protein
levels (Figures 4C, D). We also confirmed that hCG significantly
induced C/EBPo. expression in the nuclei of human
GCs (Figure 4E).

Consistently, knockdown of LHCGR affected the basal levels
of C/EBPo. expression; it also further significantly diminished the
hCG-induced C/EBPo. expression (Figures 4F, G). These results
provided evidence that C/EBPo may involve in regulation by
LHCGR signaling in human GCs. To further substantiate our
observation, siRNA-mediated down-regulation of endogenous
C/EBPo. was employed, and we found that the expression of

COX-2 was down-regulated after knockdown endogenous C/
EBPa in GCs (Figures 4H-]J).

To interrogate the bona fide regulation of C/EBPa. on COX-2,
dual-luciferase reporter assay using KGN cells was conducted and
the results showed that C/EBPo. was sufficient to operate as a
transactivator of COX-2 transcription since the luciferase activity of
cells transfected with COX-2 wild-type reporter plasmid (COX-2-
wt) was strongly improved after co-transfected with C/EBPa-
overexpression (C/EBPo-oe) plasmid in a dose-dependent
manner (Figure 4L). These results indicated that C/EBPo
activated the transcription of COX-2. To address the potential
binding region of C/EBPa in the COX-2 promoter region, a
bioinformatics analysis was conducted by JASPAR database
(http://jaspar.genereg.net/), a putative C/EBPo-binding site
located at position —416/-403 of the COX-2 promoter was
identified (Figure 4K). The results of dual-luciferase reporter
assay verified that the luciferase activity in cells co-transfected
with COX-2 mutant reporter plasmid (COX-2-mut) and
C/EBPo-oe plasmid was not altered (Figure 4L). Furthermore,
ChIP-PCR assays were conducted to validate the molecular
interaction between C/EBPa. and the identified biding site in

Frontiers in Endocrinology | www.frontiersin.org

26

May 2022 | Volume 13 | Article 853563


http://jaspar.genereg.net/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles

Geng et al. Inactive LHCGR Induced LUFs

A B

I NC
@ si-LHCGR

N
|
N
|

I Sham
= EMs

o
|

Relative mRNA expression

o N

1 1

Relative mRNA expression
|

NP3 C R C R : 5 h b6 N P
& & ) @ &
S é? & ng <§§ Q@ R Cp¥ C§¢ ¥ Qég Q@Q
hCG
G

__hee o & oh  2h _4h  8h
SN XN X © o o &
NN ,]/v o 6\,\/ $O & g\fo Q/Q K\fo ((ﬁ\ 6‘\(0 Q,*\ vfb @\\

>
GAPDHl*_l“"D GAPDH_ b GAPDH_36kD

D F Il Sham
€ 304  COX-2mRNA 5 155  COX-2mRNA 2 3 DIEMs
s s =
3 20+ 3 107 2
o [e]
< z s
4 * % 2
€ 104 o 5 kS
2 2 [

s 5 o
& 0- € o T T é
Oh 12h 24h 36h si-LHCGR — + o
hCG - -+ o+
COX-2
H
300
23
Q -
g g 200 . .
o o
N g 2ee
X S 100- o o
82 Je .
= it
0 T T
€ £
s 2 s 2
[ wn O
Oh 8h

FIGURE 3 | COX-2 involved in the hCG-induced ovulation is downregulated in EMs granulosa cells. (A) gRT-gPCR analysis of expression of ovulation-related genes VEGFA,
PGF, COX-1, COX-2, AREG, EREG, MMP-2, and MMP-9 in human GCs treated with nontargeting negative control SiRNA (NC) or LHCGR siRNA.*P < 0.001 (Student’s t
-test). (B) gRT-PCR analysis of ovulation-related gene expression in GCs of EMs and sham mice after PMSG-priming (48 h). *P < 0.05, P < 0.001 (Student’s t -test).

(C) Human GCs were treated with10 IU/ml hCG for 0, 12, 24, and 36 h, the protein levels of COX-2 were examined by Western blot. (D) The mRNA levels of COX-2 in hCG-
treated human GCs at different time points were analyzed by gRT-PCR. *P < 0.05, **P < 0.001 (ANOVA). (E, F) Human GCs were transfected with 50 nM siRNA against
LHCGR for 24 h and then treated with 10 IU/ml hCG for another 24 h. The mRNA and protein levels of COX-2 were analyzed. *P < 0.05 (ANOVA). (G) Western blotting of
COX-2 during ovulation in GCs from EMs and sham mice.*P < 0.05 (Student’s ¢ -test). (H) Immunohistochemical H-score and representative images of immunohistochemical
staining for COX-2 in the GCs from EMs and sham mice after PMSG-priming (48 h). Scale bar, 100 um. P < 0.001 (Student’s ¢ -test).

COX-2 promoter in KGN cell line collected 24 h after treatment ~ showed the same pattern of expression. These results suggest

with hCG (Figure 4M). The result unveiled that the  that C/EBPa plays an important role in hCG-induced COX-2

immunoprecipitation of the C/EBPo. antibody-enriched DNA  expression in human GCs.

fragments containing identified binding sites, demonstrating

CEBPo. was strongly bound to the promoter region upstrram  CAMP Modulates the Activity of C/EBPa

from the transcriptional start site of COX-2 gene. to Stimulate COX-2 Transcription In Vitro
Further experiments showed that hCG-increased expression ~ Cognate receptor of LH is G-protein coupled receptor that is

of COX-2 was attenuated by knock down of C/EBPot in human  predominantly mediated by activation of adenylate cyclase and

granulosa cells (Figures 4N-P). Characterization of C/EBPa cAMP-dependent mechanisms in ovarian follicle growth and
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maturation (31). As C/EBPa is identified with both constitutive
and cAMP inducible activities (32), we next examined whether
COX-2 expression was mediated through a cAMP-
regulated pathway.

First, ChIP-PCR assay was conducted to clarify the
enrichment of C/EBPo. bound to the COX-2 promoter
(Figure 5A). The interaction was also confirmed by results
obtained in KGN cells treated with db-cAMP (24 h), indicating
that C/EBPo. directly binds to the promoter of COX-2 gene to
regulate its expression in a cAMP-dependent manner.

To further determine the role of cAMP, human GCs were
treated with db-cAMP in vitro. The observations showed that db-
cAMP improved C/EBPa expression in the nuclei of human GCs
as well (Figure 5B). Treatment of human GCs with db-cAMP for
24 h significantly induced the expression of C/EBPo and COX-2
(Figures 5C-E). Indeed, knockdown of LHCGR not only
decreased the expression of C/EBPo. and COX-2 in basal
treatment, but it also exerted a significant inhibitory effect of
cAMP-induced expression of C/EBPor and COX-2 (Figures 5F-H).
Additionally, knockdown of C/EBPa. counteracted the cAMP-
induced COX2 upregulation (Figures 5I-K). Here, we
documented that C/EBPo and COX-2 may be induced by
LHCGR signaling in a cAMP-dependent manner in granulosa
cells. Furthermore, cAMP can promote the transcriptional activity
of C/EBPo.

DISCUSSION

To date, the underlying molecular mechanisms involved in
endometriosis-related LUFs remain largely elusive. COX-2 and its
major derivative product, PGE2, are recognized to be indispensable
factors in the formation of LUFs (9, 33). In this study, we found
deceased LHCGR expression in GCs of mice model. The dysfunction
may further result in inactivation of cAMP-dependent C/EBPa,
which severed as a key transcription factor to regulate COX-2
activation (Figures 6). We demonstrated that endometriosis was
associated with LUFs because of impaired ovulation function and
partially unveiled the underlying mechanism.

LUFs has long been associated with endometriosis in primates
(34), rodents (35), and humans (4). In surgical-induced EMs mice,
we clearly observed evidence of ovulatory dysfunction due to
unruptured follicle which has already developed to preovulatory
stage. Although previous studies have claimed that inhibitors (36)
and environmental endocrine disruptors (37) may play an
important role in impaired ovulation, dysfunctional gene
expression in patients with endometriosis draws focus on the
expression of LHCGR (16). It is indispensable for granulosa cells
to acquire the ability to respond to gonadotropin in follicle
differentiation and maturation. As folliculogenesis proceeds, the
dominant follicle acquires much higher expression of LHCGR, a
gonadotropin-induced G protein-coupled receptor, to allow it to
promote ovulation in response to LH (38). In this study,
superovulation was initially induced by a standard dose of
gonadotropin (5 IU), however, when a lower dose of hCG (2.5
IU) was administered more failed ovulation was observed in EMs

mice. It was a matter of interest that the increased unruptured
follicles were not found in the sham-operated mice. These results
demonstrate that endometriosis reduces GC response to LH, which
normally peaks before ovulation. Undoubtedly, the induction of the
LHCGR in granulosa cells is a key step in reproductive physiology.
Endometriosis is an estrogen-dependent chronic inflammatory
condition that affects women in their reproductive period. The
local intrafollicular environment and local environment of
peritoneal fluid are immunologically dynamic and links the
reproductive and immune systems. Alterations in ovarian follicle
morphology and function have been documented in affected
women. Nevertheless, we documented that the expression of
LHCGR was decreased in EMs granulosa cells 48 h after PMSG
in this study and it may be a key mediator of endometriosis-
associated LUFs. These observations concurred with previous study
indicating reduced expression of LHCGR is a key observation in
cases of LUFs (39). It is further confirmed by the results obtained in
Lhcgr knockout zebrafish showing increased unruptured follicles
after LH surge (40). Furthermore, the administration of hCG during
gonadotrophin ovulation prevents or treats LUFs (41), while a lower
dose of hCG may induce LUFs (42). It seems that not only an
adequate decrease in intrafollicular prostaglandin but decreased LH
or LHCGR responsiveness contributes to the occurrence of LUFs as
well. Taken together, it is possible that endometriosis induces
attenuation of LHCGR during folliculogenesis. Although the
follicle can develop to the preovulatory stage in a follicle-
stimulating hormone-dependent manner, the endometriosis-
associated pathological states result in decreased responsiveness of
granulosa cells to LH peak and subsequently lead to the occurrence
of unruptured follicle.

Following activation by LH, LHCGR interacts with a
heterotrimeric G-protein (oyB), generally Gs, that leads to
increased intracellular biosynthesis of cAMP (43). Persistent
cAMP from internalized LHCGR contributes to transmitting LH
signals inside follicles and ultimately to the oocyte (44).Moreover,
inactivating mutation of LHCGR has been identified in some
women, although follicles of ovulatory size develop fail to ovulate
due to decreased cAMP levels (45). In a word, the LHCGR-
provoked cAMP, which spreads throughout the follicle is critical
to identify the mechanisms involved in the pathogenesis of
unruptured follicles, especially after LH surge. Previous studies
have originally confirmed that cAMP signaling can increase the
transcriptional activity of cAMP-response element-binding protein
(CREB) (46), but recent researches provide compelling evidence
that C/EBPs also serve as cAMP-responsive transcription factors
due to their functionally cAMP-inducible activities (47). Occupying
specific cis-elements in the cAMP response unit (CRU), C/EBPo.
has proved to play a critical role in this process (48). In this study,
we found that the attenuation of C/EBPa. in endometriosis GCs and
a previous study had clarified C/EBPo. loss may cause infertility due
to LUFs (49). Our results further demonstrated that both hCG and
db-cAMP can strongly induce the expression and transcriptional
activity of C/EBPo, and the hCG-induced expression can be
eliminated by LHCGR knock-down. Thus, it is possible that C/
EBPo is hormonally regulated in the ovary and plays an important
role during ovarian follicular development and ovulation.
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FIGURE 6 | Model of LUFs in endometriosis. Schematic depiction of the effect of LH signaling in preovulatory granulosa cells in endometriosis. During midcycle LH
surge, attenuated LHCGR deactivating C/EBPa. in a cAMP-dependent manner, then the transcription of COX-2 was repressed in granulosa cells. Ultimately, inducing
ovulation failure and oocyte trapped in CLs.

Ovulation is a complex process initiated by the preovulatory  in granulosa cells of endometriosis mice. Both C/EBPo. and C/
LH surge that activates the signal transduction cascades and ~ EBPP are expressed in granulosa cells, and are dynamically
provokes the expression of numerous endocrine factors. More  initiated by LH and hCG to regulate genes that control
particularly, many studies have highlighted the important role  luteinization and ovulation (55, 56). Although C/EBPJ is the
played by the gonadotrophin-dependent induction of COX-2,  known major regulator of the COX-2 gene, C/EBP[-deficient
which is a key enzyme required for prostaglandin synthesis inthe ~ ovaries lack corpora lutea and fail to down-regulate expression of
periovulatory follicles (50). In fact, using non-steroidal anti- ~ COX-2 (32). Therefore, we can speculate that C/EBPo may be
inflammatory drugs (NSAIDs) would lead to an increase in  involved in this critical progress in ovary. It is well established
LUFs in juvenile idiopathic arthritis (JIA) patients due to the  that the expression of C/EBPa is under the positive control of
effect of inhibition of cyclooxygenase (28, 51). Moreover, animal hCG (57), furthermore, C/EBP-0. could serve as a factor
study has revealed that selective COX-2 inhibitor is a more  mediating COX-2 expression and PGE2 production (58). As C/
potent inducers of LUFs (28). Apart from eutopic and ectopic =~ EBPo gene deletion has resulted in moderately reduced
endometrium (52), abnormal expression of COX-2 is also found ovulation in mice (49), we further investigated whether C/
in cumulus cells of infertile women with endometriosis (53, 54). EBPo is involved in the effects of hCG and cAMP on COX-2
Our experiments showed that COX-2 expression was decreased  expression in human GCs. Our results indicated that both cAMP
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and hCG stimulation of COX-2 was eliminated by knock-down
of C/EBPa. Using immortalized human granulosa cells, KGN,
we further presented molecular and functional evidence that C/
EBPa. is responsible for regulating COX-2 expression by directly
modulating transcriptional activation.

Here, we provide evidence that attenuation of LHCGR in
granulosa cells is involved in the increased incidence of LUFs
in surgical-induced endometriosis mice. In an in vitro cell
model system of human granulosa cells, we identify a
previously unappreciated role for LHCGR activating
transcription factor C/EBPol in a cAMP-dependent manner
to sustain COX-2 expression that is necessary for mature
follicle rupture and ovulation. We showed molecular and
functional evidence that reveals GC dysfunction for the
LHCGR as a central mediator of COX-2 expression and may
result in LUFs in EMs. Clinical studies and samples acquired
from patients are needed in further study to dissect the
pathophysiology of this enigmatic syndrome.
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Background: Endometriosis negatively affects fertility, and it is a common
disease in assisted reproductive practice. Surgical removal of endometriotic
lesions is widely carried out to relieve symptoms and promote fertility. But it is
not intensively investigated what changes in the secretory eutopic
endometrium of patients with endometriosis after surgery.

Methods: Eighteen patients with stage Ill/IV endometriosis were included in
the study, and they were divided into the untreated group and the treated
group (6 vs. 12). Basic clinical data were compared, and transcriptomic data of
the secretory eutopic endometrium were analyzed with DESeq2, Cytoscape,
ClueGO, CluePedia, and Gene Set Enrichment Analysis (GSEA). CIBERSORT
was used to calculate the relative abundance of 22 immune cells in the
samples.

Results: We determined 346 differentially expressed genes (DEGs) using
DESeqg2. These DEGs were used to enrich seven Gene Ontology terms
including three associated with immune processes and one correlated to
prostaglandin using ClueGO and CluePedia. GSEA enriched 28 Gene
Ontology terms in the treated group mainly associated with immune and
blood pressure regulation process. Compared to the untreated group, the
relative abundance of resting CD4+ memory T cells [0.218 (0.069, 0.334) vs.
0.332 (0.181, 0.429), P = 0.022] and the even less abundant memory B cells
[0.001 (0.000, 0.083) vs. 0.033 (0.007, 0.057), P = 0.049] are significantly
decreased in the treated group.

Conclusion: Surgical treatment of stage Ill/IV endometriosis influences some
genes and biological processes related to endometrial receptivity, but more
evidence is needed.
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Introduction

Endometriosis is recognized as a chronic estrogen-
dependent complex syndrome and inflammatory disease that
affects around 5%~10% of women, characterized by the
abnormally existing endometrium-like tissues outside the
uterus, commonly located on pelvic organs and tissues (1).
Endometriosis significantly disturbs female fertility partly due
to abnormal endometrial receptivity since studies in human and
animal models show defective implantation (2).

Endometrial receptivity, coined as the ability of the
endometrium to allow normal implantation, is fundamental
for a successful pregnancy and is affected in patients with
endometriosis. Multi-omics were applied to identify potential
biomarkers for assessing endometrial receptivity. Clinical
treatment of endometriosis improves pregnancy rates, and
basic research showed abnormal endometrial milieu. For
instance, prokineticin-1 (PROKI), which is important in the
vascular function of peri-implantation endometrium and early
pregnancy, is significantly less expressed in the eutopic
endometrium of patients with endometriosis (3). Other factors
that are associated with decidualization and implantation such
as L-selectin ligand, ovf33 integrin, and leukemia inhibitory
factor (LIF) are also decreased in the eutopic endometrium
(4-6).

Surgery that removes ectopic endometrial tissue is a
common measure to relieve symptoms and promote fertility.
Some evidence shows that fertility is improved after surgery (7,
8), but the changes in the eutopic endometrium after surgery are
not well-illustrated. We hereby conducted this research to
preliminarily discover the effect of surgery on the secretory
eutopic endometrium.

Materials and methods

Criteria of patients included in the
research groups

Six patients in the untreated group were diagnosed with
endometriosis by ultrasound or magnetic resonance imaging
(MRI), as endometrioma exists and did not receive surgical
treatment for endometriosis. Twelve patients in the treated
group were confirmed to have endometriosis during
laparoscopic or transabdominal surgery in less than 24 months
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before endometrial sampling, and the endometriotic lesions were
removed during surgery. All 18 patients were of stage III/IV
according to the revised American Fertility Society (r-AFS)
classification. The exclusion criteria are as follows: 1) follicle
stimulation hormone (FSH) >12 mIU/ml and anti-Miillerian
hormone (AMH) <1.1 ng/ml; 2) abnormal uterine cavity
morphology by ultrasound, MRI, or hysteroscopy; 3) signs
of malignancies.

Endometrial preparation and sample
collection protocol

Patients received 2 mg of estradiol valerate (Progynova,
Bayer Pharma AG, Berlin, Germany) twice daily for 28 days
starting on the second day of menstrual bleeding. From the 15th
day onward, 10 mg of dydrogesterone (Duphaston, Abbott
Biologicals B.V., Netherlands) twice daily was applied.

Endometrial sampling was conducted on P+5 (the 5th day of
Duphaston administration) using a sterile endometrium sampler
kit with a separate package (Type I, Run Ting). The patient was
kept in the lithotomy position and received vulvar and vaginal
disinfection with the introduction of the disinfected speculum,
and a sterile swab was inserted into the cervical canal to avoid
contamination. Then, a disposable sterile endometrial sampler
(Yikon Inc.) was introduced into the uterine cavity to suck the
endometrium. After that, the external surface of the catheter was
cleaned with a sterile gauze and half of its content was
transferred to cryotubes containing 1.5 ml of tissue
preservation solution (XK-039-3, Yikon Inc.) at -20°C for
future RNA extraction and PCR test, and the other half was
stored in formalin for hematoxylin and eosin staining and
immunohistochemistry staining for CD138. Chronic
endometritis (CE) is determined as at least one plasma cell is
found in the endometrial biopsy using immunohistochemistry
staining for CD138 (9, 10).

RNA extraction and RNA
sequencing procession

Total RNA was extracted using RNeasy Micro Kit (74004,
Qiagen) according to the manufacturer’s instructions. Then,
RNA quantitative detection was conducted with Qubit RNA
HS Kit (Q32855; Thermo Fisher Scientific). Agilent Bioanalyzer
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2100 (Agilent) was used to check the integrity of the extracted
total RNA. Only samples whose RNA integrity number (RIN) is
greater than 7 were considered qualified samples and used for
subsequent testing.

Next, RNA reverse transcription and amplification were
conducted using MALBAC® Platinum Single Cell RNA
Amplification Kit (KT110700796; Xukang Co., Ltd.). The
positive and negative controls were 500 ng of high-quality host
total RNA and ultrapure water, respectively. After that, 1 pl
cDNA was 10-fold diluted and detected with Agilent Bioanalyzer
2100 (Agilent).

Finally, the library was constructed using gene sequencing
and library preparation kit (XK-038, Xukang Co., Ltd.)
according to the manufacturer’s instructions. Following
purification, the library was quantified with Qubit dsDNA HS
kit (Q32584, Invitrogen). According to the quantitative results of
Qubit, each sample was taken from 10 ng library and mixed in
equal proportions, followed by Qubit quantitative detection
again. Pair-end sequencing of the products was performed on
the NextSeq CN500 platform (Illumina).

RNA extraction, quantitative real-time
PCR, and public database search

Total RNA was extracted from five samples from the
untreated group and 12 samples from the treated group using
RNeasy Micro Kit (Qiagen, MD, USA; Cat# 74004) according to
manufacturer’s instructions. Reverse transcription of first-strand
complementary DNAs (cDNAs) was carried out using HiScript
I RT SuperMix for qPCR (Vazyme, Nanjing, China, Cat#
R323-01). Quantitative PCR (qPCR) was conducted using 2x
RealStar Green Power Mixture (Genstar; Cat# A311-101) on a
Roche LightCycler 480 II (Roche Diagnostics, Mannheim,
Germany). The expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was chosen as an endogenous
control. The primers used were as follows:

HOXB2: forward: GATGAAAGAGAAGAAATCCGCC,

reverse: AAGTGGAATTCCTTCTCCAGTT;

GAPDH: forward: GGTCGGAGTCAACGGATTT,

reverse: CCAGCATCGCCCCACTTG.

TABLE 1 Basic information of the untreated and treated groups.

Items The untreated
No. of patients 6

Age (years) 34.17 £ 3.76
BMI 21.07 + 1.40
FSH (IU/L) 6.17 £2.77
AMH (ng/ml) 4.06 + 1.70

CE 16.67% (1/6)

10.3389/fendo.2022.932339

The Human Protein Atlas (11) is used for the HOXB2 gene
expression feature identification.

RNA sequencing analysis procession

Firstly, FastQC v.0.11.9 (http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/) was used to evaluate fastq files, and then the
files were processed with trim_galore (http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/) to remove reads containing
adapters, more than 10% unknown nucleotides (N), and more than
50% of low-quality (Q-value <20) bases. Next, HISAT2 (12) was
used to map the processed paired-end reads to the human genome
GRCh38 from Gencode v26. FeatureCount (13) was used to
generate the count value of gene expression in the form of a
matrix. After that, principal component analysis was done with
TPM (Transcripts Per Kilobase of exon model per Million mapped
reads) value normalized from the matrix. The differentially
expressed genes (DEGs) between the two groups were selected by
using DESeq2 R package (14) with the P value <0.05 and log fold
change (logFC) >1 as the cutoff. Then, functional enrichment
analysis of DEGs was performed with ClueGO v.2.5.8 (15) and
CluePedia 1.5.8 (16) plugins of Cytoscape v.3.9.1 (17). GSEA 4.2.1
(http://www.gsea-msigdb.org/gsea/index.jsp) was used to conduct
functional enrichment analysis of whole gene expression features.

Calculation of endometrial immune
cell abundance

CIBERSORT (18) was used to estimate the abundance of 22
types of immune cells in the endometrium.

Statistical analysis

Clinical characteristics of participants, including age, body
mass index (BMI), FSH, and AMH, are presented as the mean +
standard deviation (SD) and were compared between groups
using the t-test for equality of means. The relative abundance of
immune cells is presented as the median (range) and was

The treated P value
12 -
33.08 + 2.23 0.451
2099 + 2.43 0.945
6.62 + 2.06 0.698
2.58 + 1.23 0.050
8.33% (1/12) >0.999

BMI, body mass index; FSH, follicle stimulating hormone; AMH, anti-Miillerian hormone; CE, chronic endometritis.
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compared between groups using the nonparametric Mann-
Whitney U-test. CE rate is presented as n% (positive/all) and
was compared between groups using the Fisher’s exact test.
Above statistical analysis is conducted with SPSS 22.0 software
(IBM Corporation, Armonk, NY, USA). The relative mRNA
expression ratio was compared between groups using the
nonparametric Mann-Whitney U-test by GraphPad Prism
9.0.0 software (Bethesda, MD, USA). Statistical significance
was set at P value <0.05.

Results
Clinical features of enrolled patients

The age, BMI, FSH, AMH, and CE rates are demonstrated
in Table 1.

Transcriptomic features of the secretory
eutopic endometrium in between the
untreated and treated groups

We first conducted PCA that shows relatively obvious
discrimination between the two groups (Figure 1).

Then, we used DESeq2 to determine the DEGs between the
groups. A total of 346 DEGs were filtered with logFC >|1| and P
value <0.05. Among these DEGs, 140 and 206 genes are
upregulated and downregulated in the treated group,
respectively. The top 10 upregulated and downregulated genes
with high expression levels are exhibited in Table 2. All 346

10.3389/fendo.2022.932339

DEGs are presented in Supplementary Material 1. Of the 20 top
expressed DEGs, we found HOXB2 to be of importance, since it
is a downstream gene of type I interferon (IFN) response and we
validated its expression by qPCR (Figure 2A). We then searched
for the expression feature of HOXB2 in the human protein atlas
database, and it turns out that HOXB2 expresses highly in
endometrial ciliated cells, natural killer (NK) cells, and T
cells (Figure 2B).

Functional analysis of the
transcriptomic features

Functional analysis derived from ClueGO suggests that

» o«

“regulation of offT cell proliferation,” “regulation of natural

killer cell mediated immunity,” “regulation of defense response

» <« »

to bacterium,” “regulation of response to wounding,” “epithelial
fluid transport,” “nucleoside biphosphate biosynthetic process,”
and “prostaglandin transport” are different between the
untreated and treated groups (Figure 3A). Of the seven Gene
Ontology (GO) terms, three are associated with immune
processes. Gene counts, gene ratio, and Bonferroni-corrected P
value of each term are shown in Figure 3B.

To have a broader view of the potential changes based on the
whole transcriptomic features, we ran GSEA and enriched 28
GO terms in the treated group, including 17 terms of biological
process, 8 terms of molecular function, and 3 terms of cellular
component (Table 3). Of these GO terms, “defense response to

» o«

Gram negative bacterium,” “antibacterial humoral response,”

“humoral immune response mediated by circulating
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FIGURE 1

PCA of the transcriptomic data. The raw expression matrix was normalized to TPM before PCA. PCA, principal component analysis; TPM,
Transcripts Per Kilobase of exon model per Million mapped reads; Untreated, the untreated group; Treated, the treated group.
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TABLE 2 Top 10 upregulated and downregulated genes with a high expression level.

10.3389/fendo.2022.932339

ENSEMBL ID  Gene Symbol Gene Name Biotype Base Mean logFC P value
Up-regulated genes

ENSG00000157613 CREB3L1 cAMP-responsive element-binding protein 3 like 1 Protein coding 915.372 1.109 0.004
ENSG00000100075 SLC25A1 Solute carrier family 25 member 1 Protein coding 259.557 1.165 0.001
ENSG00000179271 GADD45GIP1 GADD45G interacting protein 1 Protein coding 120.709 1.119 <0.001
ENSG00000078808 SDF4 Stromal cell derived factor 4 Protein coding 108.906 1.289 <0.001
ENSG00000102760 RGCC Regulator of cell cycle Protein coding 65.688 1.583 0.020
ENSG00000173917 HOXB2 Homeobox B2 Protein coding 63.869 1.042 0.006
ENSG00000157933 SKI SKI proto-oncogene Protein coding 56.638 1.085 <0.001
ENSG00000170624 SGCD Sarcoglycan delta Protein coding 50.021 1.057 0.029
ENSG00000051523 CYBA Cytochrome b-245 alpha chain Protein coding 43.135 1.053 0.001
ENSG00000176463 SLCO3A1 Solute carrier organic anion transporter family member 3A1  Protein coding 42.782 1.325 <0.001
Down-regulated genes

ENSG00000134333 LDHA Lactate dehydrogenase A Protein coding 4,270.837 -1.017 <0.001
ENSG00000165507 DEPP1 DEPP1 autophagy regulator Protein coding 2,169.889 -1.850 0.002
ENSG00000100342 APOL1 Apolipoprotein L1 Protein coding 2,075.956 -1.111 <0.001
ENSG00000189143 CLDN4 Claudin 4 Protein coding 1,989.718 -1.147 <0.001
ENSG00000159167 STC1 Stanniocalcin 1 Protein coding 1,761.674 -1.441 0.028
ENSG00000150347 ARID5B AT-rich interaction domain 5B Protein coding 1,452.366 -1.049 0.008
ENSG00000067082 KLF6 Kruppel-like factor 6 Protein coding 1,253.342 -1.033 0.001
ENSG00000122884 P4HAL1 Prolyl 4-hydroxylase subunit alpha 1 Protein coding 1,146.017 -1.028 <0.001
ENSG00000196352 CD55 CD55 molecule Protein coding 773.112 -1.035 0.004
ENSG00000162896 PIGR Polymeric immunoglobulin receptor Protein coding 681.500 -1.157 0.006

immunoglobulin”, “immunological memory process”,
“immunoglobulin receptor binding”, “antigen binding”,
“peptide antigen binding”, “immunoglobulin complex”, “T cell
receptor complex,” and “MHC protein complex” correlate with
immune process.

Several terms associated with blood pressure regulation such

as “regulation of systemic arterial blood pressure by renin

angiotensin”, “serotonin receptor signaling pathway”,
“regulation of systemic arterial blood pressure by hormone”,
“regulation of systemic arterial blood pressure mediated by a
chemical signal”, “regulation of systemic arterial blood pressure
by circulatory renin angiotensin”, “vasodilation”, “regulation of
systemic arterial blood pressure”, and “serotonin receptor

activity” are also enriched.
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Calculated immune cell abundance in
the secretory eutopic endometrium in
between the untreated and

treated groups

To further investigate the immunological changes in the
endometrium, we used CIBERSORT to estimate the relative
percent of 22 types of immune cells. Activated NK cells and
resting CD4+ memory T cells comprise the majority of the
immune cell population in the secretory eutopic
endometrium (Figure 4A).

Then, the immune cell populations were compared between
the groups, three of them are shown in Figure 4B. Activated NK
cells are not significantly different [0.424 (0.248, 0.526) in the
treated group vs. 0.365 (0.198, 0.568) in the untreated group, P =
0.574]. While the less abundant resting CD4+ memory T cells
and the even less abundant memory B cells are significantly
decreased in the treated group [0.218 (0.069, 0.334) vs. 0.332
(0.181, 0.429), P = 0.022, and 0.001 (0.000, 0.083) vs. 0.033
(0.007, 0.057), P = 0.049, respectively]. The comparison of all of
the immune cells is concluded in Supplementary Material 2.

Discussion

In this study, we applied RNA-seq analysis and CIBERSORT
to profile the endometrial environment during the secretory
phase after surgical treatment of endometriosis. We found
several DEGs and biological processes that could be associated
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with receptivity. Also, altered function and abundance of certain
immune cells are speculated to be related to the possibly differed
endometrial microbiota after surgery.

Changes identified at the gene
expression level

The expression of certain genes associated with
endometriosis and receptivity is altered after surgery.

HOXB2, a relatively less studied member of the homeobox
genes in the endometrium is upregulated in type I IFN response
(19), and one study pointed out that the response to IFN
signaling is dysregulated in the eutopic endometrium of
patients with adenomyosis during the secretory phase (20).
IFNs bind to specific membrane receptors to exert biological
activities. Upregulated transcription of IFN-ol in the human
endometrium during the window of implantation (21) and the
effect of type I IFN-T on receptivity and implantation in
the endometrium of the ruminant animal (22) indicate the
importance of IFNs in fertility. IFNs also play an important
role in immune modulation, including the adaptive immune
response (23). As a downstream target gene of type I IFN, the
upregulated HOXB2 expression is a putative implication of the
altered IFN signaling in the endometrium of patients with
endometriosis after surgery. CREB3LI that is identified as a
target gene of the progesterone receptor is decreased in the
eutopic endometrium of patients with endometriosis, and it
regulates the phosphorylation of extracellular signal-regulated
kinase (ERK)1/2 in the decidualization process (24). The
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TABLE 3 Enriched GO terms of 12 samples in the treated group by GSEA.

GO terms NES
Biological Process
Regulation of systemic arterial blood pressure by renin angiotensin -2.036
Serotonin receptor signaling pathway -2.003
Hepatocyte differentiation -1.936
Regulation of systemic arterial blood pressure by hormone -1.934
Regulation of systemic arterial blood pressure mediated by a chemical signal -1.862
Regulation of systemic arterial blood pressure by circulatory renin angiotensin -1.849
Defense response to Gram-negative bacterium -1.786
Sensory perception of smell -1.777
Positive regulation of organic acid transport -1.736
Detection of chemical stimulus -1.710
Vasodilation -1.670
Antibacterial humoral response -1.670
Phagocytosis recognition -1.659
Humoral immune response mediated by circulating immunoglobulin -1.648
Regulation of systemic arterial blood pressure -1.646
Immunological memory process -1.641
Icosanoid secretion -1.640

Molecular Function

Serotonin receptor activity -2.191
Olfactory receptor activity -1.978
NAD" nucleosidase activity -1.898
Immunoglobulin receptor binding -1.853
Carbohydrate derivative transmembrane transporter activity -1.844
Antigen binding -1.804
Peptide antigen binding -1.769
G protein-coupled amine receptor activity -1.666

Cellular Component

Immunoglobulin complex -2.313
T-cell receptor complex -1.804
MHC protein complex -1.745

NES, normalized enrichment score;
FDR, false discovery rate.
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0.015
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Immune cell abundance and comparison of certain immune cells between the groups. (A) CIBERSORT-calculated relative abundance of 22
different immune cells in the 18 samples. (B) Comparison of memory B cells, resting CD4+ memory T cells, and activated NK cells in the treated
and untreated groups. *P value <0.05. ns, not significant. Untreated, the untreated group; Treated, the treated group.
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transcription level of CLDN4 is significantly higher in the
endometrium of idiopathic infertility and minimal
endometriosis, indicating that CLDN4 overexpression might be
negatively linked to endometrial receptivity (25). STCI serves in
many processes (26), and it correlates with receptivity markers
during the window of implantation (27). In patients with
endometriosis, STCI is upregulated in the mid-secretary
eutopic endometrium (28).

In our results, CREB3LI and HOXB2 are upregulated after
surgery, while CLDN4 and STCI are downregulated. These
alterations might be important in remodeling receptivity.

Changes identified at the biological
process level

Several biological processes are interconnected and found to
be altered after surgery.

Prostaglandins (PGs) are bioactive in tissues and organs.
PGE2 is observed to increase during the luteal phase in the
animal uterus, and this hints that it might be associated with
luteal function and implantation. PGE2 induces LH receptor
expression on the corpus luteum through receptor EP2 (29, 30),
and it increases the blood supply of the uterus and ovary by
increasing a vasodilator called nitric oxide via receptor EP4 (31).
In a recent review, the authors hypothesized that PGE2 prevents
luteolysis by playing a role in the P4 secretion stimulated by
estradiol (E2) and IFN-T, and the latter is a member of type I
IFNs (32). In goat endometrial stromal cells, it has been
validated that IFN-T could increase the ratio of PGE2/PGF2a.
via JABI and the unfolded protein response (UPR) mainly by
regulating the amount of PGE2 rather than PGF2o (33). As the
increased expression of HOXB2 hints, this process is likely to be
the underlying mechanism that alters luteal function.

PGE2 is also found to regulate the CXCR4 expression
through the epidermal growth factor receptor (EGFR)-
phosphatidyl inositol-3 kinase (PI3K) and ERK1/2 pathway
via prostaglandin E receptor 2 (PTGER2) in the endometrium
(34-37). One study confirmed that CXCR4 expression is
especially increased at the apposition site (38). CXCR4 is vital
in embryonic vasculogenesis (39), which might be crucial in
placenta attachment. Furthermore, the PI3K/ERK1/2 pathways
enhance the growth, proliferation, differentiation, and survival of
endometrial cells and embryos (40). PGE2 could also help
increase the expression of avf33 integrin, thus helping embryo
adhesion (41). Fetal-maternal crosstalk between the embryo and
the endometrium is essential in successful pregnancy, and PGE2
is widely involved in this process. Our analysis suggests that
“prostaglandin transport” is altered after surgery, which might
contribute to the altered response of the endometrium to the
embryo and luteal function, as PGE2 might function in
implantation by means that are mentioned above.
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Changes identified at the immune
environment level

The endometrium contains different kinds of immune cells
and relative molecules, which are important during implantation
and pregnancy.

A PGE2-myocyte enhancer factor 2A (MEF2A) axis in type
I IFN induction is introduced recently. Research shows that
PGE2 interferes with lipopolysaccharide (LPS)-mediated
activation of ERKS5 that is a known transcriptional partner of
MEF2 and thus affects inflammatory gene expression (42). Given
the previously mentioned regulation of IFN-T on PGE2, it can be
inferred that the PG and IFN response in the endometrium
interact mutually and they maintain balance in an accurate
manner, and surgery might influence that regulation process.

Implantation correlates with innate immune cells in the
endometrium. Although our analysis did not show significant
alteration of several innate immune cells in relative quantity after
surgery, “regulation of 0T cell proliferation” and “regulation of
natural killer cell mediated immunity” are enriched in the
functional enrichment. In patients with endometriosis who
obtained successful implantation, uterine NK progenitor cell
populations are markedly higher than those in patients who
have failed implantation (43). Uterine NK cells secrete angiogenic
growth factor, contributing to decidualization and formation of
spiral arteries, which makes them important in early pregnancy
(44). However, there is evidence that NK cells are not essential for
pregnancy (45). The ratio of T helper type 1 (Th1) cytokines over
T helper type 2 (Th2) cytokines is related to fetal acceptance.
Inflammatory Thl immunity is dominant at the peri-
implantation stage, it could benefit the invading of trophoblasts
(46). Interestingly, there is evidence that type I IFN response
works in the regulation of NK cells and T cells. In direct and
indirect activation of NK cells, type I IFN could activate NK cells
through the IFN-activating receptor on NK cells or dendritic cells
are first activated by type I IFN, then they activate NK cells by
trans-presentation of interleukin (IL)-15 to IL-15 receptors on
NK cells, respectively (47). As for T cells, type I IEN could also
alter the o T-cell population by inducing an immune response of
dendritic cells via both IL-15 and the IL-15R o-chain (48).
Exposure to IFN-0/B results in increased expression of genes
associated with cell proliferation and cell survival (49), which
could be the mechanism of afiT-cell proliferation. Type I IEN
leads to Thl induction and Th2 restriction, which might
contribute to better implantation (50). Due to the lack of
adequate subjects, the function of T cells and NK cells after
surgery needs to be further elucidated.

Implantation might correlate with adaptive immune cells in the
endometrium as well. Memory B cells and resting CD4+ memory T
cells are less in the treated group. We also find “antibacterial
humoral response,” “humoral immune response mediated by
circulating immunoglobulin,” and “immunological memory
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process” are enriched in the treated group. Higher IL-2 seems to be
adverse to pregnancy, since it induces increased NK activity of
decidual NK cells (51) that leads to a less tolerant endometrial
environment, and application of IL-2 causes fetal development
inhibition in mice (52). Surgical treatment could reduce serum
IL-2 (53), which might facilitate receptivity. CD4+ memory T cells
are typical IL-2-producing cells (54), thus their reduction in the
relative population might facilitate a healthier milieu for
implantation. Both CD4+ memory T cells and memory B cells
are generated in the adaptive immune process, so their abundance
could be closely related to the microbes in the uterine cavity.
Endometrial microbiota seems to be more diverse in patients
with endometriosis (55). One study found a complete absence of
Atopobium in the vaginal and cervical microbiota and an increase of
potentially pathogenic Gardnerella, Streptococcus, Escherichia,
Shigella, and Ureoplasma in the cervical microbiota in III/IV
endometriosis (56). Another study categorized the endometrial
microbial composition as either Lactobacillus-dominant (LD,
>90% Lactobacillus spp.) or non-Lactobacillus-dominant (NLD,
<90% Lactobacillus spp. with >10% of other bacteria), and NLD
microbiotas are associated with adverse reproductive outcomes
(57). Since the female genital tract is consecutively unobstructed
and relatively short, the endometrial microbiota possibly has a
crosstalk with that in the lower tract. Clinical administration of a
broad-spectrum antibiotic significantly decreased several kinds of
microbiomes (58). The endometrial microbiota might alter after
surgery, since antibiotics were applied during the surgery and thus
caused altered adaptive immune cell proportions. Based on these
clues, it could be inferred that adaptive immune cells might be a
potential marker of endometrial microbiotic milieu due to their
interaction with the microbiota, and the microbiota could interfere
with endometrial receptivity indirectly by affecting the adaptive
immune cells.

Upon these findings and speculation, we hypothesized that
surgical treatment might modify immune components and the
endometrial microbiota, leading to the alteration of innate and
adaptive immune cells. Further investigation of immune factors
and endometrial microbiota after surgery is needed to prove this.
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Astaxanthin ameliorates
inflammation, oxidative stress,
and reproductive outcomes in
endometriosis patients
undergoing assisted
reproduction: A randomized,
triple-blind placebo-
controlled clinical trial

Sahar Rostami ®*, Ashraf Alyasin®*, Mojtaba Saedi?,
Saeid Nekoonam®, Mahshad Khodarahmian®,
Ashraf Moeini>® and Fardin Amidi ®**

Department of Anatomy, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran,
2Department of Infertility, Shariati Hospital, Tehran University of Medical Sciences, Tehran, Iran,
sDepartment of Obstetrics and Gynecology, Shariati Hospital, Tehran University of Medical Sciences,
Tehran, Iran, “Department of Infertility, Arash Women's Hospital, Tehran University of Medical
Sciences, Tehran, Iran, *Department of Gynecology and Obstetrics, Arash Women's Hospital, Tehran
University of Medical Sciences, Tehran, Iran, ®Department of Endocrinology and Female Infertility,
Reproductive Biomedicine Research Center, Royan Institute for Reproductive Biomedicine, Academic
Center for Education, Culture, and Research (ACECR), Tehran, Iran

Purpose: In a randomized, triple-blind, placebo-controlled clinical trial (RCT)
including 50 infertile women with endometriosis candidate for assisted
reproductive techniques (ART), we studied the effect of Astaxanthin (AST) on
pro-inflammatory cytokines, oxidative stress (OS) markers, and early pregnancy
outcomes.

Methods: Before and after 12 weeks of AST treatment (6 mg per day), blood
serum and follicular fluid (FF) samples were collected from 50 infertile women
with endometriosis stage Ill/1V undergoing ART. Pro-inflammatory cytokines (IL-
1B, IL-6, and TNF-o) and OS markers (malondialdehyde [MDA], superoxide
dismutase [SOD], catalase [CAT], and total antioxidant capacity [TAC]) were
measured in the serum and FF. ART outcomes were also compared between
the groups.

Results: Increased serum levels of TAC (398.661 + 57.686 vs. 364.746 + 51.569; P
= 0.004) and SOD (13.458 + 7.276 vs. 9.040 + 5.155; P = 0.010) were observed
after AST therapy in the treatment group. Furthermore, serum MDA (14.619 +
2.505vs. 15.939 + 1.512; P = 0.031) decreased significantly following antioxidant
treatment. In addition, significantly lower serum levels of IL-1B (4.515 + 0.907 vs.
6.8760 + 0.8478; P = 0.000), IL-6 (5.516 + 0.646 vs. 5.0543 + 0.709; P = 0.024)
and TNF-o (2.520 + 0.525 vs. 2.968 + 0.548; P = 0.038) were observed after AST
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treatment. In addition, AST supplementation led to an improved number of
oocytes retrieved (14.60 + 7.79 vs. 9.84 + 6.44; P = 0.043), number of mature
(MIl) ococytes (10.48 + 6.665 vs. 6.72 + 4.3; P = 0.041), and high-quality embryos
(452 + 241vs. 272 + 2.40; P = 0.024).

Conclusion: AST pretreatment can modulate inflammation and OS in
endometriosis-induced infertile patients. ART outcomes also improved after 12
weeks of AST therapy. Our results suggest that AST can be a potential therapeutic
target for infertile patients with endometriosis undergoing ART.

KEYWORDS

endometriosis, assisted reproductive techniques (ARTs), female infertility, astaxanthin

(AST), antioxidants

Introduction

Endometriosis, the presence of endometrial-like tissue (glands
and stroma) outside the uterine cavity, is a chronic estrogen-
dependent inflammatory disease affecting approximately 10-15%
of reproductive-age women and 35-50% of women with pelvic pain
and/or infertility worldwide (1). There is an enigmatic association
between endometriosis and infertility. Distorted pelvic anatomy,
changes in the peritoneal fluid milieu, endocrine and ovulatory
abnormalities, compromised ovarian function and impaired
folliculogenesis, diminished ovarian reserve due to surgery,
disrupted endometrial receptivity, and inability to have regular
intercourse due to dyspareunia might all have detrimental effects
on natural conception (2-4).

A complex network of molecular, cellular, and hormonal factors
could help unravel the underlying pathogenic mechanism for
declined reproductive outcomes of endometriosis patients (5).
Endometriosis lesions are present in a unique microenvironment
rich in inflammation, steroid hormones (especially estrogen),
oxidative stress (OS), and iron originating from erythrocytes and
menstrual debris in the peritoneal cavity (6, 7). Reduced activity of
endogenous antioxidant enzymes and increased accumulation of
reactive oxygen species (ROS) have been detected in endometriosis
patients (8, 9). Elevated OS caused by the accumulation of iron in
the peritoneal fluid and endometriotic cells contributes to the
activation of the nuclear factor-xB (NF-xB) pathway in
endometriotic lesions and peritoneal macrophages involved in the
inflammatory reaction caused by endometriosis (10). NF-xB
pathway activity leads to increased levels of pro-inflammatory
cytokines, including interleukin (IL)-1f, IL-6, IL-8, tumor
necrosis factor (TNF)-a, and interferon (IFN)-y, in the peritoneal
fluid, serum, and follicular fluid (FF) of women with endometriosis
(11, 12). These factors contribute to poor oocyte quality, impaired
fertilization, and embryo implantation failure (5, 13).

The assisted reproductive technique (ART) is the main
treatment option for endometriosis-induced infertility (14). It
may not, however, be absolutely and solely successful, as fertility
rates are lower in patients with stage I/II endometriosis, and follicle-
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stimulating hormone (FSH) requirements are higher and fewer
oocytes are collected in patients with stage III/IV endometriosis (13,
15). In recent decades, the use of complementary and alternative
medicine in treating endometriosis has been welcomed due to its
promising efficiency and few side effects (9, 16). Since redox
dysregulation plays a vital role in the pathophysiology of
endometriosis, a considerable number of studies have indicated
the positive effects of antioxidants such as vitamin C, vitamin E,
resveratrol, curcumin, melatonin, and epigallocatechin-3-gallate
(EGCG) as a supplement along with common endometriosis
treatments (17).

Astaxanthin (dihydroxy-4,4’-dione- ,B’-carotene: AST), called
the king of antioxidants, is a red-orange, lipid-soluble xanthophyll
photo-pigmented ketocarotenoid isolated from the alga
Haematococcus pluvialis with an antioxidant activity 10 times
stronger than that of other natural carotenoids (18). In addition
to an outstanding singlet oxygen-quenching activity, this multi-
target pharmacological agent has been shown to exert great
immunomodulatory, anti-inflammatory, anti-proliferative, anti-
apoptotic, anti-diabetic, and neuroprotective properties (19).

AST targets several molecules and pathways, including
phosphoinositide 3-kinases (PI3K)/Akt and Janus kinase-2/signal
transducer and activator of transcription-3 (JAK2/STAT3)
signaling pathways, NF-kB family, mitogen-activated protein
kinases (MAPKs), nuclear factor erythroid 2-related factor 2
(Nrf2)/heme oxygenase-1 (HO-1), and peroxisome proliferator-
activated receptor gamma (PPARY) to efficiently modulate the
dynamic oxidant: antioxidant equilibrium (19). Various
preclinical studies have shown that AST exerts antioxidant effects
mainly via the Nrf2/HO-1 antioxidant signaling pathway, and
increases the expression of its antioxidant target genes, including
the phase II biotransformation enzyme (20). Moreover, AST
alleviates oxidative damage to DNA by lowering 8-hydroxy-20
deoxyguanosine (8-OHAG), inhibits lipid oxidation by decreasing
malondialdehyde (MDA), a decomposition product of peroxidized
polyunsaturated fatty acids in membrane lipids, and reduces 8-
isoprostane (ISP), an eicosanoid product of the free radical-
catalyzed oxidation of primarily arachidonic acid. It can also
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increase plasma total antioxidant capability (TAC) and enhance the
activity of antioxidant enzymes, such as superoxide dismutase
(SOD), glutathione peroxidase (GSH-Px), and paraoxonase
(PON) (21).

Furthermore, AST suppresses the expression of scavenger
receptors, controlled by NF-xB, the main mediator of the
inflammatory response through inhibiting IxB-o degeneration
and the NF-xB nuclear translocation (22). As a result, the
expression of downstream pro-inflammatory genes, including IL
-1B, IL-6, TNF-o, chemokines, cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS), and matrix
metalloproteinases (MMPs) in macrophages and other cell types
are downregulated by AST (20). Furthermore, AST causes a
decrease in cytokines via inhibition of the MAPK signaling
pathway by reducing the induction and expression of
extracellular-signal-regulated kinase (ERK1/2), c-Jun N-terminal
kinases (JNK), and p38 MAP Kinase (19, 23).

Fertility-enhancing properties of AST have been established in
various in vitro and in vivo studies. In previous experimental studies
(24-27), the protective role of AST against intracellular ROS levels
has been demonstrated in mice and human granulosa cells and
oocytes by up-regulating the phase II enzymes caused by Nrf2/HO-
1 activation. In a previous clinical trial (28), the positive effects of
AST supplementation were reported on OS and ART outcomes in
infertile women with polycystic ovary syndrome (PCOS). However,
no previous study has investigated the effect of AST on infertile
endometriosis patients. We conducted a randomized placebo-
controlled clinical trial (RCT) to study the effect of AST
supplementation on OS, inflammation, and reproductive
outcomes in endometriosis patients undergoing ART.

Materials and methods
Patient enrollment and study design

This was a prospective, parallel, randomized, triple-blind,
placebo-controlled clinical trial (RCT) with a 1:1 ratio. We
enrolled 50 infertile endometriosis patients presenting for ART at
Omid Fertility Clinic, Tehran, Iran, between December 2021 and
September 2022. Endometriosis patients classified as moderate
(stage III) or severe (stage IV) according to the American Society
of Reproductive Medicine criteria, 1997 (29) who met the inclusion
criteria were randomly assigned to AST (n = 25) and placebo groups
(n = 25). Eligible trial participants included patients 20 to 40 years
old suffering from infertility caused by stage III/IV endometriosis
confirmed by video laparoscopy and histopathological tests, with
18.5 < BMI < 30 kg/mz, regular menstrual cycles, and no history of
surgical treatments. Pregnant women, breast-feeders, or women
using hormones or IUDs in the last 3 months prior to the first
intervention, and those taking antioxidant drug treatments were not
included. Patients with concomitant male factor infertility
(especially non-obstructive azoospermia) or gynecological diseases
leading to infertility, such as PCOS and tubal factor were excluded
prior to randomization. Patients with a history of autoimmune
disorders, abnormalities in the uterine cavity, such as fibroids and
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polyps, pelvic inflammatory disease, cancer, diabetes, chronic
infectious diseases, or any other immune-affecting exposure were
also excluded. Participants who became pregnant or those who
started using hormonal drugs during the intervention were also
excluded from the trial. Patients’ demographic and clinical data
were documented, including age, BMI, type of infertility (primary
or secondary), and duration of infertility. Their follicular phase
hormonal profile (serum levels of anti-Miillerian hormone [AMH],
follicle-stimulating hormone [FSH], luteinizing hormone [LH],
estradiol [E2], and progesterone [P]), ovarian stimulation
parameters and ART outcomes were also recorded and analyzed.

Treatment randomization and blinding

Eligible patients were randomly assigned to the AST or placebo
groups (1:1) using the balanced block randomization method
within a block size of 4 by an independent statistician. This trial
was a triple-blind study. All patients, researchers, statisticians,
embryologists, and laboratory personnel were blinded to the
individual treatment allocation. The Consolidated Standards of
Reporting Trials (CONSORT) diagram (Figure 1) shows the
distribution of participants through the trial.

Trial procedures

All infertile endometriosis patients candidate for ICSI protocol
who visited Omid Fertility Clinic and met the inclusion criteria were
recruited. Before and alongside the routine gonadotropin-releasing
hormone (GnRH) antagonist ovarian stimulation protocol, 6 mg
daily of oral AST or placebo capsules (AstaReal® astaxanthin;
AstaReal Co., Ltd., Tokyo, Japan) were administered to the
treatment and placebo groups, respectively for 12 weeks (from
Day 1 of two menstrual cycles before starting controlled ovarian
stimulation [COS] until oocyte pick-up [OPU]). Placebo capsules
(produced by the same company) were identical to AST capsules in
color, size, shape, packaging, and taste. The dose and duration of the
intervention were determined according to the previous studies,
which showed that AST in a daily dose of 2 to 24 mg exhibits
antioxidant properties with no safety concerns and side effects after

Enroliment Infertile _endometriosis _patients
(stage TIT and IV) assessed for

cligibility during § months (n = 73)

Allocation

Randomized (n = 57)

AST group (n=28) Placcbo group (n = 29)

Treatment

Natural conception (n = 2)
Excluded due to COVID-19
infection (n = 1)

Natural conception (n = 2)
Excluded due to COVID-19
infection (n = 2)

Analysis

Analyzed (n = 25) Analyzed (n=25)

FIGURE 1
Patient enrolment and CONSORT diagram.
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at least a 3-week intervention (30-32). Weekly phone calls and
monthly visits were used to check on the proper use of medications
and their possible side effects. Patients were instructed to maintain
their usual lifestyle and to refrain from taking nutritional
supplements except for prenatal folic acid (Apovital®, Folsdure
800, Germany; 800 ug/day). All subjects were asked to return any
remaining capsules on the day of the OPU to assess the
adherence rate.

Blood and FF collection and
biochemical measurements

Sample collections were carried out following the guidelines
suggested by the World Endometriosis Research Foundation (33).
Blood samples (10 ml venous blood) were obtained from all patients
before and after the intervention (on the day of OPU) to evaluate
OS markers (the serum levels of TAC, MDA, SOD, and CAT
activities) and pro-inflammatory cytokines (IL-1f, IL-6, and TNF-
o). The blood samples were centrifuged immediately (1500 rpm for
10 min, 4°C), and serum was separated and stored in aliquots at —
80°C until further assessment. FF was aspirated only from the first
follicle during the OPU to minimize blood contamination. The
samples were centrifuged (3000 rpm for 10 min), and the clarified
supernatants were collected. The FF aliquots were also promptly
stored at — 80°C until further analysis.

OS markers and cytokines were measured in duplicate, in a
blinded manner, in pairs (pre/post-intervention) simultaneously,
and in the same analytical run to reduce systematic error and inter-
assay variations. Measurements of serum and FF levels of OS
markers were performed using the human enzyme-linked
immunosorbent assay (ELISA) kits (Zellbio, GmbH, Germany),
according to the manufacturer’s instructions. The kit sensitivity was
0.5 U/mL for CAT, 1 U/mL for SOD, 0.1 uM for MDA, and 0.1 mM
for TAC detection. A microplate reader (BioTek, Winooski, USA)
was used to measure absorbance at wavelengths specific to each
marker. Pro-inflammatory cytokine concentrations were
determined in serum and FF by high sensitivity human ELISA
system using commercially available human kits (Karmania Pars
Gene company; KPG, Iran), following the manufacturer’s
instruction. The kit sensitivity was 2 pg/mL, and the absorbance
was measured at 420 nm via a microplate reader (BioTek,
Winooski, USA).

COS protocol

The GnRH antagonistic protocol combined with the whole
embryo freezing strategy is more efficient for ovulation induction
in the Iranian endometriosis population. Thus, patients were
submitted to a flexible antagonist protocol. Recombinant follicle-
stimulating hormone (rFSH) (150-300 IU/day, Gonal-F®, Merck
Serono SA, Switzerland) was administered at the beginning of the
cycle and proceeded until the human chorionic gonadotropin (hCG)
trigger for pituitary down-regulation. Serial transvaginal sonography
(TVS) was conducted to evaluate the ovarian response. The GnRH
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(gonadotropin-releasing hormone) antagonist, Cetrorelix acetate
(Cetrotide 0.25 mg, Merck Serono SA, Switzerland), was
administered when 2 or more follicles reached > 14 mm in
diameter. Cetrotide was discontinued when at least 2 follicles
achieved a diameter of > 18 mm, and 10,000 IU hCG (Ovitrelle,
Merck Serono SA, Switzerland) was administered for the ultimate
oocyte maturation. The OPU was performed under an ultrasound
guide 36 h ( * 2 h) following the trigger. The participants were all
subjected to the standard intracytoplasmic sperm injection (ICSI)
protocol. In line with local clinical practice, to prevent ovarian
hyperstimulation syndrome (OHSS) and as a strategy to improve
clinical outcomes, all embryos were cryopreserved on Day 3/5, and 2
or 3 embryos were transferred 2 cycles later. Single embryo transfer
(SET) was performed if 2 embryos were unavailable.

ART outcomes

Two hours following OPU, hyaluronidase enzyme (Sigma®,
USA) was used to denude cumulus-oocyte complexes (COCs). The
retrieved oocytes were assessed for quality and maturity under a
stereo microscope (Olympus SZX7, Tokyo, Japan) and were
classified as germinal vesicle (GV), metaphase I (MI), and
metaphase II (MII). ICSI was performed on injectable MII
oocytes, and fertilization [the presence of 2 pronuclei (2 PN) and
2 polar bodies (2 PBs)] was assessed 16-18 hours following ICSL

Reproductive outcomes, including the number of oocytes
retrieved, the number of MII oocytes, oocyte maturity rate (the
number of normal MII oocytes per the total number of normal
oocytes retrieved, expressed as a percentage (34)), fertilization rate
(the number of oocytes with 2PN/2PB, 16-18 h post-insemination
x100 per the number of MII oocytes injected (35)), high-quality
embryos (grade A and B cleavage embryos based on the ASEBIR
criteria (36)), chemical pregnancy rate (the number of pregnancies
with a positive serum B-hCG test 14 days after ET per the number of
ET cycles, expressed as a percentage (37)), clinical pregnancy rate
(the number of pregnancies with a definitive clinical sign in
ultrasound (gestational sac, heart rate, etc.) 5-6 weeks after ET
per the number of ET cycles, expressed as a percentage (38)), and
multiple pregnancy rate (the number of multiple pregnancies x100
per the number of clinical pregnancies) were also collected.

Sample size and statistical analysis

The serum level of TAC was the primary outcome. According to
Choi et al.’s study (39) and a 15% loss-to-follow-up, a sample size of
50 (25 in each study group) would yield 80% power and a significance
level of 0.05 to detect a difference in the mean serum TAC. We tested
the data for normality using the Kolmogorov-Smirnov test. AST and
placebo groups were compared using an independent sample t-test.
Student’s paired t-test was used to compare pre- and post-
intervention markers in each group. Mann-Whitney U test was
used to investigate data without normal distribution. Pearson’s
correlation was used to evaluate the correlations between the
parameters. Chemical, clinical, and multiple pregnancy rates were
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compared using Fisher’s exact and Pearson’s chi-squared tests. The
correlations between the serum and FF levels of the OS markers and
cytokines with the ART outcomes were investigated using Pearson’s
correlation coefficient. All statistical analyses were performed in SPSS
(SAS Institute Inc, version 22, Cary, NC, USA). Data were presented
as mean + standard deviation (SD). A P value of less than 0.05 was
considered significant.

Ethical approval

The trial was approved by the Deputy of the Research and Ethics
Committee of TUMS (approval date: 2021, December 19; code:
IR TUMS.MEDICINE.REC.1400.1085) and conducted following the
Declaration of Helsinki, the International Council for Harmonisation
Guidelines for Good Clinical Practice and applicable regulatory
requirements. The study protocol was also registered in the Iranian
Registry of Clinical Trials (registration code: IRCT20220625055274N1).
Here we present a part of the RCT registered in the IRCT. All
participants signed written informed consent to use the capsules and
provide serum and discarded follicular fluid (FF) samples collected
during OPU for research purposes. Before obtaining informed consent,
the researchers explained the antioxidant properties, effects, and
consumption instructions.

Results
Baseline characteristics

As depicted in the CONSORT flowchart, a total of 57 patients
were randomized and exposed, of whom 50 (25 in each group) were
enrolled and treated from December 2021 to May 2022 (Figure 1).
Demographic and clinical data are presented in Table 1. There were
no statistically significant differences in age (33.33 + 4.97 vs. 32.08
5.09; P = 0.242), BMI (23.17 + 1.82 vs. 24.31 * 2.60; P = 0.961), and
duration of infertility (3.56 + 3.19 vs. 2.96 + 1.54; P = 0.102), AMH
(2.72 £ 2.02 vs. 2.40 + 1.50; P = 0.368), FSH (3.20 + 2.27 vs. 4.56 +
2.79; P =0.371), LH (5.19 + 3.60 vs. 8.86 + 10.21; P = 0.777), estradiol
(93.22 + 68.16 vs. 88.21 + 45.26; P = 0.776), and progesterone (2.84 +

10.3389/fendo.2023.1144323

5.77 vs. 2.22 + 3.75; P = 0.302) at the onset of the study between the
two groups. Most patients in both groups (76% of the AST group (n =
19) and 64% of the placebo group (n = 16)) were diagnosed with
primary infertility. All 50 patients completed the study. According to
pill count-back on returned bottles, adherence rates were 91% and
94% in the AST and placebo groups, respectively. The patients
reported no adverse effects or toxicity during the intervention.

Serum and FF antioxidants and OS profile

Pre- and post-intervention concentrations of OS markers and
cytokine levels results are shown in Table 2. There were no
statistically significant differences in the serum and FF levels of the
markers between the two groups before AST supplementation.
Comparing baseline values, no statistically significant difference was
seen in the serum or FF levels of the markers in the placebo group
after treatment. Increased serum levels of TAC (398.661 + 57.686 vs.
364.746 + 51.569; P = 0.004) and SOD (13.458 + 7.276 vs. 9.040 +
5.155; P = 0.010) were observed after AST therapy in the treatment
group compared to the baseline values. Serum MDA (14.619 + 2.505
vs. 15.939 + 1.512; P = 0.031) also decreased significantly following
antioxidant treatment. At the same time, the concentration of CAT
remained unchanged after AST administration (11.338 + 4.778 vs.
13.420 + 9.535; P = 0.304). No significant differences were seen in
TAC (P=0.118), MDA (P = 0.662), SOD (P = 0.908), or CAT (P =
0.993) levels in the FF between AST and placebo groups.

Serum and FF cytokine parameters

Among cytokine parameters, significantly lower serum levels of IL-
1B (4.515 + 0.907 vs. 6.8760 + 0.8478; P = 0.000) and TNF-o (2.520 +
0.525 vs. 2.968 + 0.548; P = 0.038) were observed after AST treatment
(Table 2). However, no significant effect was observed on serum IL-6
concentrations (5.5165 * 0.6466 vs. 5.0543 + 0.7099; P = 0.042). There
were no significant differences in the FF IL-1f3 levels between the AST
and the placebo group after the intervention (all P > 0.05).
Nevertheless, FF IL-6 (P = 0.024) and TNF-a (P = 0.016) were
significantly lower in the AST group than in the placebo group.

TABLE 1 Demographic characteristics, clinical data, and endocrine profile of the participants.

AST (n = 25)

Age (years) 33.33£4.97

BMI (kg/m?) 23.17+1.82
Duration of infertility (years) 3.56+3.19

AMH (ug/mL) 2.7242.02

FSH (mIU/mL) 320£2.27

LH (mIU/mL) 5.1943.60

E2 (pg/mL) 93.22468.16

P (ng/mL) 2.84+5.77

Placebo (n = 25) P-value
32.08+5.09 0.242
24.31+2.60 0.961
2.96+1.54 0.102
2.40+1.50 0.368
4.562.79 0.371
8.86:10.21 0.777
882144526 0.776
2224375 0.302

AST, Astaxanthin group; BMI, Body Mass Index [weight (kg)/height (m2)]; AMH, Anti-miillerian Hormone; FSH, Follicle-stimulating Hormone; LH, Luteinizing Hormone; E2, Estradiol; P,
Progesterone. Data are presented as mean + SD. A P-value less than 0.05 is considered significant.
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TABLE 2 OS markers and cytokine levels in two groups.
AST, pre-inter- AST, post-inter- Placebo, pre- Placebo, post- Paired P-value
vention serum vention serum intervention intervention P- between AST, FF Placebo,
levels levels serum levels serum levels value groups levels FF levels
MDA 15.939821 14.619420 0.031% 19.568685 21.392248 0.132324 0.136272
+1.512291 +2.505294 ’ +3.464909 +4.035089 0.059 0.000**** +0.030408 +0.28587 0.662
SOD 9.040516 13.458493 0.010*% 9.391183 9.077471 9.820102 9.660697
+5.155055 +7.276019 ’ +5.007821 +4.587139 0.817 0.032* +5.462483 +4.204471 0.908
CAT 13.420228 11.338269 0304 10.830017 13.272669 0.648546 0.648880
+9.535983 +4.778701 ’ +8.545939 +8.355258 0.279 0.321 +0.082670 +0.171007 0.993
TAC 364.746301 398.661250 0004+ 393.730496 406.175507 314.443782 287.858695
+51.569541 +57.686710 ’ +55.267005 +64.271907 0.341 0.666 +73.355726 | +38.991069 | 0.118
4.2228 4.2410
IL-1 6.8760+0.8478 4.5152+0.9078 0.000*** 6.8045+1.6090 6.4580+0.9847
B 0.326 0.000*** +0.8870 +1.1094 0.324
4.0231 4.8346
- + + * + +
IL-6 5.5165+0.6466 5.0543+0.7099 0.042 5.1905+0.7789 5.5208+0.5218 0.063 0.98 13622 +2.1064 0.113
TNF- 2.7352 3.0887
2.9688+0.5487 2.5200+0.5255 0.038* 2.8750+0.6267 3.0102+0.7495
o 0.367 0.062 +0.0645 +0.7425 0.016*

AST, Astaxanthin group; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; TAC, total antioxidant capacity; IL-1p, interleukin 1B; IL-6, interleukin 6; TNF-o., tumor necrosis
factor-o.. Data are presented as mean + SD. A P-value less than 0.05 is considered significant (*P < 0.05, ***P < 0.001, and ****P < 0.0001).

Comparison of ovarian stimulation
parameters and ART outcomes

Comparing ovarian stimulation parameters and ART outcomes,
the number of oocytes retrieved (14.60 + 7.79 vs. 9.84 + 6.44; P =
0.043), the number of MII oocytes (10.48 + 6.665 vs. 6.72 + 4.3; P =
0.041), and high-quality embryos (4.52 + 2.41 vs. 2.72 + 2.40; P =
0.024) improved significantly after AST therapy. The number of
transferred embryos was similar in the two groups (2.24 + 0.43 vs.
2.04 + 0.73; P = 0.203). The fertilization rate (P = 0.382) and
multiple pregnancy rate (P = 0.741) were also similar (Table 3). No
significant difference was detected in chemical (14/25 (56%) vs. 11/
25 (44%); two-tailed P = 0.414), clinical (11/25 (44%) vs. 10/25

TABLE 3 ART outcomes between AST and placebo groups.

(40%); two-tailed P = 0.241), or multiple pregnancy rates (4/25
(16%) vs. 3/25 (12%); two-tailed P = 1.000) between the two groups.

Correlation analysis

Finally, as shown in Tables 4 and 5, TAC, MDA, SOD, and CAT
concentrations in serum and FF were analyzed for correlations.
Correlation analysis showed that serum IL-1 correlated negatively
with fertilization rate (r, = -0.416; P = 0.039). Serum TNF-o also
correlated negatively with MII rate (r, = -0.680; P = 0.000),
fertilization rate (ry = -0.446; P = 0.025), and high-quality
embryos (r;=-0.582; P = 0.002). There were positive correlations

AST (n Placebo (n = 25) P-value
Number of oocytes 14.60+7.79 9.84+6.44 0.043*
GV 1.36+1.52 1.20+1.29 0.692
MI 1.08+1.28 1.20+1.25 0.664
MII 10.48+6.665 6.72+4.32 0.041*
Oocyte maturity rate (MII %) 75.52+13.54 64.64+20.40 0.055
Fertilized oocytes 8.48%5.76 5.40+£3.90 0.059
Fertilization rate (%) 79.64+16.67 73.61+28.07 0.382
Number of frozen embryos 7.52+4.98 4.88+3.45 0.060
High-quality embryos 4.52+2.41 2.72+2.40 0.024*
Frozen embryos 7.52+4.98 4.88+3.45 0.060
Number of transferred embryos 2.24+0.436 2.04+0.735 0.203

AST, Astaxanthin group; Oocyte maturity rate, number of MII oocytes/ number of oocytes retrieved x 100; Fertilization rate, number of fertilized oocytes/ numbers of injected MII oocytes x 100;
high-quality embryos, grade A/B cleavage embryos; Fertilization rate, number of injected oocytes with 2 pronuclei (2 PN) and 2 polar bodies (2 PBs) 16-18 h post-insemination/ number of MII
oocytes injected x100. Data are presented as mean + SD. A P-value less than 0.05 is considered significant (*P < 0.05).
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TABLE 4 Correlations between OS markers and ART outcomes.

10.3389/fendo.2023.1144323

Total Ml rate Fertilization Number of High-quality Chemical preg- = Clinical preg-

oocytes rate frozen embryos  embryos nancies nancies

Is P fs fs P s s Is
Serum MDA | -0.85 | 0.686 | -0.254 0220  -0.380 0061 | 0.021 0.921 -0.357 0.080 -0.253 0222 -0.217 0296
Serum SOD | 0.056 | 0792 | 0339 | 0.098 = 0.245 0238 | 0.041 0.846 0245 0238 -0.121 0.564 -0.133 0527
Serum CAT | 0.006 | 0978 | -0.077 0716  0.161 0441  0.029 0.891 0.164 0435 -0.082 0.697 -0.108 0.608
Serum TAC 0345 | 0.091 0305 | 0138 0317 0.122 | 0.387 0.056 0323 0.116 0.165 0.430 0.048 0.819
FF MDA 0.115 0585 0278 | 0.179 = 0.420 0.036  0.052 0.803 0.449 0.025 -0.224 0.282 -0.386 0.056
FF SOD 0258 | 0213 | 0181 | 0358 0239 0249 | 0.101 0.630 0.243 0242 -0.107 0.612 -0.267 0.197
FF CAT 0291 0158 0744 | 0.000 = 0.843 0.000  -0213 0.306 0.679 0.000 -0.173 0.408 -0.145 0.489
FF TAC 0587 0002 0812 | 0.000 0979 0.000  -0.105 0.618 0.976 0.000 -0.047 0.823 -0185 0375

MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; TAC, total antioxidant capacity; MII rate (oocyte maturity rate), number of MII oocytes/ number of oocytes retrieved x 100;
Fertilization rate, number of fertilized oocytes/ numbers of injected MII oocytes x 100; High-quality embryos, grade A/B cleavage embryos; Chemical pregnancies, pregnancies with a positive

serum B-hCG; Clinical pregnancies, pregnancies with a definitive clinical sign. r,, Pearson correlation coefficient.

between FF MDA and fertilization rate (ry = 0.420; P = =0.036) and
high-quality embryos (r; = 0.449; P = 0.025). There were strong
positive correlations between FF CAT and MII rate (r; = 0.744; P =
0.000), fertilization rate (r; = 0.843; P = 0.000), and high-quality
embryos (r; = 0.679; P = 0.000). FF TAC and total oocytes retrieved
(rs = 0.587; P = 0.002), MII rate (ry = 0.812; P = 0.000), fertilization
rate (r; = 0.979; P=0.000), and high-quality embryos (r; = 0.976; P =
0.000) correlated positively as well. Surprisingly, we found a positive
correlation between FF IL-6 and total oocytes retrieved (r; = 0.414;
P = 0.040). Eventually, FF TNF-o and MII rate (r, = -0.723; P =
0.000), fertilization rate (ry = -0.818; P = 0.000) and high-quality
embryos (r; = -0.683; P = 0.000) correlated strongly and negatively.

Discussion

Since OS and inflammation are interrelated and involved in the
pathophysiology of endometriosis-associated infertility, in a
randomized, triple-blind, placebo-controlled clinical trial on 50

infertile endometriosis patients candidate for ART, we
investigated the antioxidative, anti-inflammatory, and fertility-
enhancing effects of AST supplementation. We indicated that a
12-week supplementation with 6 mg/day of AST could effectively
alleviate OS and inflammation and enhance ART outcomes.

This trial showed that women using AST for 12 weeks achieved
significantly higher serum levels of TAC and SOD. Serum MDA
was also decreased significantly following antioxidant treatment. At
the same time, the concentration of CAT remained unchanged after
AST administration. However, no significant changes were detected
in the CAT levels. This is consistent with published RCTs
performed in Korea (39, 40), which aimed to assess the effect of
supplementary AST on lipid profiles and OS in overweight and
obese subjects and showed a significantly lower MDA and ISP but a
remarkably higher TAC after a 12-week AST supplementation.
Lower MDA levels after 45 days of AST supplementation were also
reported by Baralic et al. (41). They investigated the effect of AST on
the OS status of young soccer players. A previous RCT (28) was
conducted to investigate the effect of a 40-day AST administration

TABLE 5 Correlations between pro-inflammatory cytokines and ART outcomes.

Total INELE Fertilization Number of High-quality Chemical Clinical preg-

oocytes rate frozen embryos = embryos pregnancies nancies

I I I P I P I P rs
Serum IL-1B  -0.147 0483  -0.093  0.658 | -0416  0.039  0.181 0.387 <0356 | 0.081 -0.193 0.355 -0.011 0.960
Serum IL-6 20125 | 0551 0000 | 0999 | 0.027 0900 | -0.46 0.826 20.007 | 0975  0.029 0.890 0.069 0.745
Serum TNF-o.  -0.0219 0294  -0.680  0.000 | -0.446  0.025  -0.263 0.204 0.582 | 0002 | 0.260 0210 0210 0314
FF IL-1B 0.171 0413 | 0121 0564 -0234 0261 | 0.124 0.554 0204 | 0329 -0.197 0.345 0.087  0.679
FF IL-6 0.414 0040 | 0241 0246 0251 0226 | 0.284 0.170 0.339 0097 0225 0.280 0.202 0332
FF TNF-o. <0308 | 0.34 | -0723 0000 -0.818 0000 | 0.127 0.545 0.683 | 0.000  0.086 0.684 20.009 0965

IL-1, interleukin 1f; IL-6, interleukin IL-6; TNF-c, tumor necrosis factor-o. MII rate (oocyte maturity rate), number of MII oocytes/ number of oocytes retrieved x 100; Fertilization rate,
number of fertilized oocytes/ numbers of injected MII oocytes x 100; High-quality embryos, grade A/B cleavage embryos; Chemical pregnancies, pregnancies with a positive serum B-hCG;
Clinical pregnancies, pregnancies with a definitive clinical sign. r, Pearson correlation coefficient.
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on OS markers in PCOS patients and showed a significant increase
in the serum TAC and CAT levels in the intervention group. No
differences were observed in MDA and SOD serum levels.

A statistically significant decrease was observed in the FF TNF-
o and IL-6 levels between the AST and the placebo group. However,
dietary AST did not affect OS markers in the FF of endometriosis
patients. Although AST supplementation led to a higher TAC level,
it was not statistically significant. A previous study on PCOS
patients undergoing ART (28) also showed no improvement in
the FF levels of OS markers, except CAT, after AST
supplementation. This is also in line with Gong et al. (42) who
reported no significant changes in the FF TAC, MDA, and SOD
levels in the FF of PCOS patients treated with growth hormone.
However, the total oxidant status (TOS) and the OS Index (OSI) of
the FF reduced. Thus, further studies are warranted to measure
TOS, OS], total antioxidant status (TAS), pro-oxidant-antioxidant
balance (PAB), and other biomarkers of OS (8-OHdG, GSH-Px,
PON, etc.) after antioxidant therapy. Moreover, in future studies,
the presence of AST and its oxidation fragments should be analyzed
in the FF.

Significantly lower serum levels of IL-18 and TNF-a, but no
considerable changes in serum IL-6, were observed following the
intervention. In an RCT by Park et al. (2010) (43) on healthy
women, plasma IFN-y and IL-6, but not TNF, increased after 8
weeks of AST supplementation. An increase in the circulating total
T and B cells was observed as a result of enhanced humoral immune
responses, including IFN-y and IL-6 production. Cai et al. (2019)
(44) also showed that AST treatment could attenuate inflammatory
factors (TNF-o and IL-6) significantly by inhibiting MAPK/NF-kB
signaling pathway in a mouse model of lipopolysaccharide (LPS)-
induced sepsis and acute lung injury in vitro and in vivo. According
to Wan et al. (45), treating bovine endometrial epithelial cell line
with AST could alleviate LPS-induced production of IL-6 and TNF-
o, improve the cellular activity of SOD and CAT, and
decrease apoptosis.

Endometrial explants potentially expose the developing follicle,
the oocyte, sperm, and embryos to high levels of ROS generated by
inflammation. The damage to gametes and embryos can be
prevented by antioxidant supplementation (15). Although limited
by sample size, in this study the number of oocytes, mature oocytes,
and high-quality embryos improved significantly after AST therapy.
Thus, AST could promisingly protect oocytes and embryos from
oxidative damage. Fertilization rate, not significantly different
between the two groups, is informative of gamete quality and
maturity and reflects operator competence. Moreover, although
we excluded male factor patients, fertilization may be influenced by
sperm quality. We indicated no significant intergroup difference in
the number of fertilized oocytes on Day 1. However, the fertilized
oocytes in the AST group contributed to a higher number of good-
quality (grade A and B) embryos. Thus, AST may enhance the
function of oocytes and improve their capability to produce higher-
quality embryos. However, no significant difference was detected in
ET outcomes, chemical and clinical pregnancies, between the two
groups. These results are compatible with our previous clinical trial
on PCOS patients (28). In addition to our small sample size, various
potential variables affect pregnancy outcomes, such as male gamete
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status, embryologist and clinician skills in ET, potential effects of
cryopreservation in frozen ET cycles, and endometrial receptivity
(38). Further studies with larger sample size comparing outcomes in
fresh and frozen cycles may be required.

Correlation analysis showed that serum IL-1B correlated
negatively with fertilization rate. Nevertheless, increased IL-1B
concentrations have been previously reported to be beneficial as
high IL-1f in patients presenting male or unexplained infertility
correlated with higher fertilization, implantation, and pregnancy
rates (46, 47). However, they concluded that the positive
association should be confirmed in patients who present
different obstetric disorders leading to infertility, including
endometriosis. Serum TNF-o also correlated negatively with
MII rate, fertilization rate, and high-quality embryos. Promising
results of treating endometriosis-associated infertility with TNF-o.
blockers supports our findings (48). There were positive
correlations between FF MDA and fertilization rate and high-
quality embryos. This finding is in line with Liu et al. (49), who
showed a significant association between FF MDA and embryo
quality indicators in PCOS patients. Prieto et al. (50) also found a
positive correlation between levels of FF MDA and the
implantation rate. There were strong positive correlations
between FF CAT and MII rate, fertilization rate, and high-
quality embryos. FF TAC and total oocytes retrieved, MII rate,
fertilization rate, and high-quality embryos correlated positively
as well. In Jana et al.’s study (51), decreased TAC in FF correlated
with poor oocyte and embryo quality and low fertilization rate.
Pasqualotto et al. (52) also found a positive correlation between FF
TAC and pregnancy outcomes. We found a positive correlation
between FF IL-6 and total oocytes retrieved. Bedaiwy et al. (53)
also reported a significantly higher FF IL-6 in pregnant cycles.
However, no correlation was shown between FF IL-6 and oocyte
yield, embryo parameters, and fertilization rate according in a
study by Altun et al. (54). Since they observed a negative
correlation between FF IL-6 levels with increased chance of
clinical pregnancy, they suggested endometrial receptivity as the
main target for adverse effects of elevated IL-6 levels. Eventually,
FF TNF-o and MII rate, fertilization rate, and high-quality
embryos correlated strongly and negatively. This is in line with
Lee et al. (55), who found higher FF TNF-o. concentrations in
poor-quality oocytes.

To the best of our knowledge, this is the first randomized, triple-
blind, placebo-controlled clinical trial evaluating the effect of AST
supplementation on OS markers, inflammatory cytokines, and ART
outcomes in infertile endometriosis patients. Furthermore, a
homogenous study population from the whole country
undergoing uniform treatment practices was included. It is
important to note, however, that our study had some limitations.
Our study only includes patients undergoing assisted reproduction,
so the results may not be generalizable to the entire endometriosis
patient population. A larger sample size is required to analyze
pregnancy outcomes. Besides, time constraints prevented us from
evaluating late pregnancy outcomes, including live birth rate, the
most relevant standard of success in ART. In addition, our analysis
was limited to frozen ICSI cycles without assessing pregnancy
outcomes in fresh cycles.
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Conclusion

In conclusion, AST administration could be a promising
supplement to combat the oxidative stress and inflammatory
reaction associated with endometriosis. This pharmacological
agent may also enhance oocyte and embryo quality in
endometriosis patients presenting to ART clinics.
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Oviductal extracellular vesicles
from women with endometriosis
Impair embryo development
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Objective: To investigate the influence of oviductal extracellular vesicles from
patients with endometriosis on early embryo development.

Design: In vitro experimental study
Setting: University-affiliated hospital.

Patients: Women with and without endometriosis who underwent hysterectomy
(n = 27 in total).

Interventions: None.

Main outcome measures: Oviductal extracellular vesicles from patients with
endometriosis (0EV-EMT) or without endometriosis (oEV-ctrl) were isolated and
co-cultured with two-cell murine embryos for 75 hours. Blastocyst rates were
recorded. RNA sequencing was used to identify the differentially expressed genes
in blastocysts cultured either with oEV-EMT or with oEV-ctrl. Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway enrichment analysis were performed to
identify potential biological processes in embryos that oEV-EMT affects. The
functions of oEV on early embryo development were determined by reactive
oxygen species (ROS) levels, mitochondrial membrane potentials (MMP), total
cell numbers, and apoptotic cell proportions.

Results: Extracellular vesicles were successfully isolated from human Fallopian
tubal fluid, and their characterizations were described. The blastocyst rates were
significantly decreased in the oEV-EMT group. RNA sequencing revealed that
oxidative phosphorylation was down-regulated in blastocysts cultured with oEV-
EMT. Analysis of oxidative stress and apoptosis at the blastocysts stage showed
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that embryos cultured with oEV-EMT had increased ROS levels, decreased MMP,
and increased apoptotic index. Total cell numbers were not influenced.

Conclusion: Oviductal extracellular vesicles from patients with endometriosis
negatively influence early embryo development by down-regulating oxidative

phosphorylation.

KEYWORDS

endometriosis, extracellular vesicles (EVs), fallopian tube, embryo development,
oxidative phosphorylation

1 Introduction

Endometriosis is a complex clinical syndrome with a prevalence
of 5% to 15% in women of reproductive age, characterized by the
presence of endometrial tissue outside the uterus (1). The
symptoms include chronic pelvic pain, dyspareunia, and
dysmenorrhea. Infertility occurs most frequently among all
clinical manifestations of endometriosis, and approximately 50%
of patients present with decreased fertility (2).

The reason why endometriosis impairs women’s fertility hasn’t
been fully characterized. Several mechanisms have been raised to
explain the phenomenon, including an inflammatory pelvic
environment, ovulatory abnormalities, and altered functions of the
endometrium (3). Inflammatory microenvironment was found to
negatively influence gamete and embryo in endometriosis, as it may
impair sperm function, decrease oocyte fertilization rate and harm
early embryo development (4-6). Toxic factors are identified in
peritoneal fluid and may enter the lumen of Fallopian tubes (7). In
women who undergo assisted reproductive technology (ART), there
is no difference in pregnancy outcomes in patients with
endometriosis compared with patients undergoing ART for male
factor infertility and non-infertile patients after transferring euploid
embryos (8), and endometriosis does not affect blastocyst rates (9) or
the live birth rates (10). These results indicate that ART might be the
hope for patients with endometriosis-associated infertility who wish
to conceive. However, how endometriosis affects fertility in natural
conception is still poorly understood.

After fertilization, embryos undergo a series of cleavages within
the maternal oviduct (or Fallopian tube in humans). Ciliated cells
and secretory cells from the epithelial line in the oviduct, together
with the oviduct fluid secreted by these cells, constitute the
environment for early embryo development (11-14).

Extracellular vesicles (EVs) have been recognized to mediate
intercellular interactions by transferring cargo, including RNAs and
proteins (15), and they are transferrable even between species (16).
EVs have been isolated from various biofluids, including follicular,
oviduct, and uterine fluid (17). EVs from the reproductive system
have been reported to influence embryo viability and development
capacity in vitro (18). For instance, researchers showed that EVs
secreted by endometrial cells of patients suffering from recurrent
implantation failure is detrimental to the embryos (19). Also, it has
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been reported that oviductal EVs play an essential role in oviduct-
embryo interactions (18, 20, 21).

In the current study, we hypothesize that the EVs within the
Fallopian tube in patients with endometriosis (0EV-EMT) might
contribute to the impaired development of embryos. Subsequently,
we tried to discover the influence EVs may exert on embryo
development respecting blastocyst rate and the transcriptome of
the embryos.

2 Methods

2.1 Ethics approval, participants, and
sample acquisition

The current study was approved by the Ethics Committee of
Tongji Hospital (No. TJ-IRB20210838). The EMT patients were
indicated for the surgery because of severe pelvic pain or
adenomyosis by ultrasound, and were all diagnosed with
peritoneal endometriosis by laparoscopic inspection. Pelvic
superficial endometriosis and deep endometriosis were both
included. The control patients had at least given one full-term
live birth and had no history of endometriosis, and they underwent
laparoscopic hysterectomy because of cervical intraepithelial
neoplasia (CIN), and no pelvic pathophysiologic conditions were
reported before or after the surgery inspection. The exclusion
criteria for all groups were as follows: received hormone
treatment three months before the surgery; pregnancy; any
indication for malignant diseases (including previous history or
other tests showing signs). Cycle phases were recorded according to
the patient’s reports. Between August 2021 and February 2022, 27
women aged between 34 to 43 were recruited for the study. The
samples were collected in the operation room, immediately after the
Fallopian tube and the uterus were resected. We used a 50 mL
syringe that contained sterile PBS (Servicebio, Wuhan, China) to
flush the lumen of the Fallopian tubes. Then we collected the
flushing fluid (Fallopian tube fluid) into sterile centrifuge tubes
for further analysis as reported (22). The Fallopian tube tissue was
collected at the same time, and was conserved in cold PBS. The
Fallopian tube fluid and tissue samples were transferred to the
laboratory immediately and stored for later processing.
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2.2 Isolation of oviductal
extracellular vesicles

Extracellular vesicles (EVs) were isolated by the ultracentrifugation
method, as described before (21). In brief, the Fallopian tubal fluid was
centrifuged at 1,500 x g for 15 minutes twice, and the supernatant was
centrifuged at 16,000 x g for 30 minutes at 4 °C. Then the sediment
was discarded, and the supernatant was filtered through a 0.22-pum
filter. Afterward, the fluid was ultracentrifuged at 120,000 x g for 90
minutes at 4 °C. The pellet was washed with clean PBS and then
ultracentrifuged at 120,000 x g for 90 minutes at 4 °C. The pellets were
resuspended in 30 pL PBS and stored at -80 °C.

2.3 Western blotting

EVs or tissue samples were lysed with radioimmunoprecipitation
assay (RIPA) and proteinase inhibitor cocktail (Servicebio, Wuhan,
China) at 4°C for 30 minutes. Then the lysates were centrifuged at
12,000 g for 20 minutes at 4°C. The protein concentration of EVs and
Fallopian tube tissue samples were measured using a BCA Protein
Assay Kit (Servicebio, Wuhan, China). 5ug of each sample was loaded
for electrophoresis, using SDS/PAGE (10% gel), followed by
transferring to PVDF membrane (Merck Millipore, Burlington,
MA, USA). Then, the membrane was blocked using 5% skimmed
milk for 1 h at room temperature, followed by washing with TBS for
15 min. Afterward, the membrane was incubated with the primary
antibodies at 4 °C overnight. The primary antibodies used for
immunostaining were TSG101 (1:1000; Abclonal, Woburn, MA,
USA) and CD9 (1:1000; Abcam, Cambridge, UK), and the
secondary antibodies were goat anti-rabbit labeled by horseradish
peroxidase (1:2000; Servicebio, Wuhan, China). The membrane was
incubated with the secondary antibodies for 1h at 37 °C and then was
immersed in an electrochemiluminescence (ECL; Absin, Shanghai,
China). The signals were detected using a Gene Gnome XRQ
chemiluminescence imaging system (Syngene, Bengaluru, India).

2.4 Transmission electron microscopy

Each EV sample was deposited on a precoated carbon electron
microscopy grid for TEM. Then the grids were labeled with 2%
uranyl acetate (in double-distilled water). Grids were examined and
pictured using a transmission electron microscope (Carl Zeiss,
Oberkochen, Germany).

2.5 Nanoparticle tracking analysis

Samples were analyzed using an NTA instrument, zetaview
(Particle Metrix, Inning am Ammersee, Germany). EV samples
were diluted with PBS at a ratio of 1:1000 to reach the concentration
recommended for the measurement (3 x 10°® to 1 x 10° particles/
mL). For each sample, three videos of 60 seconds were recorded and
analyzed, and the particle concentration and sizes were recorded.
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2.6 Animals and treatment

All experiments followed the Tongji Hospital Guide for the
Care and Use of Laboratory Animals (approval number: TJ-
202111004). Sixty female (6-8 weeks of age) and ten male (8-10
weeks of age) mice were used in the study. Female mice were
intraperitoneally injected with 10 TU of pregnant mare serum
gonadotropin (PMSG; Solarbio, Beijing, China), followed by 10
IU of human chorionic gonadotropin (hCG; Livzon, Zhuhai, China)
48 hours later. After the injection of hCG, two female mice were
mated with one male mouse for one night. Thirty-six hours post the
hCG injection, the zygotes were isolated from oviducts.

Chatot-Ziomek-Bavister (CZB; AIBI bio, Nanjing, China) medium
was used as basic embryo culture medium in the current study. oEV-
EMT or oEV-ctr] were added to CZB medium to obtain the culture
media for the treated groups. As oEVs were suspended in PBS after the
ultracentrifugation, a small volume of this primed PBS was mixed with
CZB medium to obtain the final concentration of 1x10'® particles/mL.
The culture media of the two groups(CZB with oEV-EMT, CZB with
oEV-ctrl) were divided into 20-uL droplets covered with mineral oil,
and each droplet contained ten zygotes, and the embryos were
subjected to further study. The embryo culture media were prepared
and equilibrated for 2 hours before the embryos were loaded. And the
embryos were cultured at 37°C under an atmosphere of 5% CO,, 5%
0y, and 90% N, for 75 hours. For all following experiments, at least 30
embryos per group were used in each experiment, and the experiments
were repeated at least three times.

2.7 Endocytosis of extracellular
vesicles by embryos

To investigate whether human Fallopian tube-derived oEVs
could be taken up by murine embryos, we used 3,3’-
dioctadecyloxacarbocyanine perchlorate (DiO; Beyotime,
Shanghai, China) to dye the membrane of oEVs (19). In brief,
EMT-0EVs, ctrl-oEVs, or PBS (negative control) were incubated
with DiO (10 uM) for 30 minutes. Then the dyed oEVs or negative
control were resuspended in PBS and ultracentrifuged at 120,000 g
for 80 minutes. Labeled 0EVs or negative control were co-cultured
with 2-cell embryos for 4 hours. 0EVs uptake was observed under a
fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

2.8 RNA extraction, library construction,
and RNA sequencing procedures

Total RNA was isolated from three replicates of 10 blastocysts
using the RNeasy Micro Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The quality and concentration of
the RNA samples were determined by 2100 Bioanalyser (Agilent
Technologies, Santa Clara, CA, USA). Transcriptome library
preparation was done following the TruSeqTM RNA sample
preparation Kit from Illumina (San Diego, CA, USA). In brief,
messenger RNA was isolated using the polyA selection method by
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oligo (dT) beads, followed by fragmentation in the buffer.
Afterward, double-stranded ¢cDNA was synthesized by a
SuperScript double-stranded ¢cDNA synthesis kit (Invitrogen,
Waltham, MA, USA) with random hexamer primers (Illumina,
San Diego, CA, USA). Then the synthesized cDNA was subjected to
end-repair, phosphorylation, and ‘A’ base addition according to
Ilumina’s library construction protocol. Libraries were selected for
cDNA target fragments of 300 bp on 2% Low Range Ultra Agarose
followed by PCR amplified using Phusion DNA polymerase (NEB,
Ipswich, MA, USA) for 15 PCR cycles. After quantified by TBS380,
the paired-end RNA-seq sequencing library was sequenced with the
Iumina HiSeq X ten/NovaSeq 6000 sequencer.

The raw reads were aligned to genome sequences, and the
mapped reads of each sample were assembled by StringTie (https://
ccb.jhu.edu/software/stringtie/index.shtml?t=example) in a
reference-based approach (23). To identify the differentially
expressed genes (DEGs) between the groups of samples, the
expression level of each transcript was calculated according to the
transcripts per million reads (TPM) method. Moreover, differential
expression analysis was performed using the DESeq2, and genes were
considered significantly differentially expressed if the Benjamini-
Hochberg adjusted p-value was < 0.05 and the absolute value of the
log, foldchange was > 1. In addition, functional-enrichment analysis,
including GO and KEGG, was performed to identify which DEGs
were significantly enriched at Bonferroni-corrected p value < 0.05
compared with the whole-transcriptome background. GO functional
enrichment and KEGG pathway analysis were carried out by
Goatools (https://github.com/tanghaibao/Goatools) and KOBAS
(http://kobas.cbi.pku.edu.cn/home.do) (24).

2.9 Real-time-PCR

Blastocysts were collected and immediately reverse-transcribed
using Single-Cell Sequence-Specific Amplification Kit (Vazyme,
Nanjing, China) according to the manufacturer’s protocol.
Subsequent real-time RT-PCR was performed on a Roche Light
Cycler 480 Instrument IT PCR System with TB Green® Premix Ex
TaqTM (Tli RNaseH Plus) (TaKaRa, Kusatsu, Japan). The expression
level of each gene was normalized by Gapdh and was calculated
using the 27ALC method. Five blastocysts per group were used for
each reaction, and each experiment was repeated at least three
times. The primer sequence is provided in Supplementary Table 1.

2.10 ROS measurement

To measure ROS levels by fluorescence, the stock solution of 2’,
7 - dichlorodihydro-fluorescein diacetate (DCHF-DA; Sigma, St.
Louis, MO, USA) was used to dye the embryos. DCHF-DA was
diluted to 10 uM with CZB medium, and embryos in each group (n
=10 - 15) were dyed at 37°C for 20 minutes. The embryos were
washed three times in CZB and immediately observed under a
fluorescence microscope (Carl Zeiss, Oberkochen, Germany). All
images were analyzed using Image J software.
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2.11 Measurement of MMP

To investigate the mitochondrial membrane potential (MMP),
living blastocysts were incubated with CZB supplemented with 2
ug/L JC-1 Dye (Service bio, Wuhan, China) for 30 min at 37 °C
according to the manufacturer’s instructions. After washing in CZB
twice, embryos were observed under a fluorescence microscope
(Carl Zeiss, Oberkochen, Germany). Each blastocyst was observed
through the TRITC channel (red fluorescence) and the FITC
channel (green fluorescence). All images were analyzed using
Image ] software, and the ratio of aggregated JC-1 (red
fluorescence) to monomeric JC-1 (green fluorescence) was
calculated to reflect changes in MMP.

2.12 TUNEL assay

After co-cultured with oEVs-EMT, oEVs-ctrl, or PBS for 75h,
the blastocysts were fixed with 4% paraformaldehyde (Servicebio,
Wuhan, China). To investigate the proportion of the apoptotic cells
in blastocysts, the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay was performed using the TMR (red)
Cell Apoptosis Detection Kit (Servicebio, Wuhan, China) according
to the manufacturer’s instructions. Then the embryos were dyed
with diamidino-2-phenylindole (DAPI; Servicebio, Wuhan, China).
Dyed blastocysts were mounted on a glass slide and observed under
a fluorescence microscope (Carl Zeiss, Oberkochen, Germany). The
cell numbers were counted, and the percentage of apoptosis cells
was calculated as the TUNEL-positive cell number divided by the
total cell number of the blastocyst.

2.13 Statistical analysis

Experiments were performed at least three times. Statistical
tests were performed using Graph Pad Prism 8.0 (San Diego, CA,
USA). Quantitative variables were shown as mean + SEM.
Blastocyst rates were analyzed using the chi-square test. To
determine statistical differences in maternal age and body mass
index (BMI), student t-tests were performed. For relative gene
expression, relative expression level of ROS, MMP, total cell
number, and apoptotic cell proportion, one-way analysis of
variance (ANOVA) was performed. p < 0.05 was considered to
be significantly different.

3 Results

3.1 Clinical characteristics and the
characterization of oEVs from
endometriosis patients and controls

Demographics of the patients are characterized in Supplementary
Table 2. The morphology and distribution of 0EVs were detected
using NTA and TEM. NTA profiles showed peaks at around 144.4
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nm in the control group and 148.4 nm in the EMT group (Figure 1A).
There’s no difference in the diameters between the groups
(Figure 1B). Western blotting showed the presence of classic EV
protein markers in samples from both groups, including CD9 and
TGS 101. Fallopian tube epithelial cells from endometriosis patients
and controls were used as control samples, and CD9 and TSG101
were almost undetectable in the control samples (Figure 1C). TEM
images showed the typical bilayer structure of the EVs from both the
groups at the expected size (Figure 1D).

3.2 oEV-EMT impairs the development
of embryos

oEVs were confirmed to be taken up by murine embryos, as
green fluorescence signals could only be seen in oEV-EMT- or oEV-
ctrl-co-cultured embryos, not in the blank control group
(Figure 1E). Blastocyst rate is lower in the oEV-EMT group
comparing to the oEV-ctrl group (65.59% vs. 85.71%)
(Figure 1F). Notably, oEV-ctrl significantly improves the
blastocyst rate from 73.54% to 85.72%, compared to the blank
control group. This result is consistent with our previous study,
which showed that oEV-ctrl is beneficial for embryo quality in vitro.

10.3389/fendo.2023.1171778

3.3 oEV-EMT supplementation
during in vitro culture altered
embryonic transcriptome

The principal component analysis showed blastocysts treated
with oEV-EMT or oEV-ctrl display distinct linear distribution
constructed by the first component (Figure 2A). Using DESeq2;
we have found expression profiles of blastocysts from the two
groups which are significantly different from one another. A total
of 197 differentially expressed genes (DEGs) were identified; 111
were upregulated, and 85 were downregulated (Figure 2B,
Supplementary Table 3). The heatmap showed the top 29 most
upregulated and the top 21 most down-regulated genes (Figure 2C).
To investigate the biological processes that contribute most to the
differentially expressed gene profiles between the blastocysts treated
with oEV-ctrl or oEV-EMT, we performed KEGG and GO
enrichment on the 197 differentially expressed genes. KEGG
analysis showed the most enriched pathway was oxidative
phosphorylation (Figure 3A). Also, pathways of human
neurodegenerative disorders, including Parkinson’s disease,
Alzheimer’s disease, and Huntington’s disease, were highlighted.
Enriched GO terms include metabolic process, developmental
process, cell proliferation, transporter activity, cargo receptor
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FIGURE 1

Characterization of oEV-EMT and oEV-ctrl. (A) The sizes of oEV-EMT and oEV-ctrl were evaluated using NTA. (B) The diameters of oEV-EMT and
oEV-ctrl samples are similar. (C) The expression of EV markers was detected by Western blotting, and Fallopian tube tissue was used as a control.
(D) Representative TEM images of oEV-EMT and oEV-ctrl are shown. The typical bilayer of the EV structure can be seen. (E) Pictures of DiO-labelled
OEV-EMT, oEV-ctrl, or blank control being taken in by two-cell murine embryos. (F) Blastocyst rate in each group and the number of embryos were
given. oEV, oviductal extracellular vesicles; EMT, endometriosis; ctrl, control; NTA, nanoparticle tracking analysis; TEM, transmission electronic
microscopy, DiO, 3,3'-dioctadecyloxacarbocyanine perchlorates. Different superscripts per column (A, B) represent statistical differences (p < 0.05)

between groups.
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activity, and antioxidant activity (Figure 3B). Using real-time RT-
PCR, we confirmed that in the oEV-EMT-treated embryos, Ndufa4
and Cox7c were significantly down-regulated, and Trp53 and Fasl
were significantly upregulated (Figure 3C). Ugcrh and Atp5l did not
show a statistical difference.

3.4 Oxidative stress, mitochondrial
membrane potential, and apoptotic
analysis in oEV-treated blastocysts

We checked the effects of oEV-EMT on oxidative stress and
apoptosis in blastocysts. The ROS level in blastocysts treated with
oEV-EMT was significantly higher than those treated with oEV-ctrl
(1.556 + 0.051 vs. 1.025 + 0.056, p=0.039) (Figure 4A). MMP level
was evaluated by staining blastocysts with JC-1. The MMP
(referring to the ratio of red to green fluorescence) of 0EV-EMT-
treated blastocysts was significantly lower than oEV-ctrl treated
blastocysts (2.846 + 0.099 vs. 3.972 + 0.096, p=0.028) (Figure 4B).
Furthermore, as shown in Figure 4C, though the total cell number
in blastocysts was not affected by oEV-EMT (87.769 + 3.461 vs.
88.077 + 5.523, p=0.963), oEV-EMT significantly increased the
proportion of apoptotic cells in blastocysts (11.075 + 1.391 vs.
5.475 + 1.112, p= 0.003).
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4 Discussion

This study provides evidence that EVs in the Fallopian tubes of
women with endometriosis negatively affect embryonic
development by down-regulating oxidative phosphorylation.
Endometriosis is strongly associated with infertility. Several
women with endometriosis would seek ART, including in vitro
fertilization (IVF), for conception. Several studies have shown that
endometriosis does not impair IVF outcomes in terms of live birth
and clinical pregnancy, though women with endometriosis have
lower oocyte yield in each cycle than women without endometriosis
(9, 25). These results suggested embryo quality might be affected in
women with endometriosis by the harmful environment in the
Fallopian tube where fertilization and early embryo development
happen. By circumventing the tubal microenvironment, the in-
vitro-fertilized embryos can develop as well as in women without
endometriosis (8). EVs have been recognized to contribute to
disease pathophysiology in endometriosis (26-28), and whether
EVs in endometriosis affect embryo development has not been
studied. In this study, we constructed a co-cultured system using
two-cell murine embryos and oEV-EMT or oEV-ctrl, as previously
described (19). This co-culture system is reasonable because
oviductal EVs are demonstrated to be conserved between humans
and mice (22), and cargos in EVs are identified as transferrable
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between species, which means EV's produced by one species can be
taken up by other species and function in the recipient cells
subsequently (16).

First, we confirmed that murine embryos could take human-
derived oEVs. We observed that oEV-EMT significantly decreased
the blastocyst rate, compared to the oEV-ctrl group, though the
characterizations of oEVs are not different between the groups.
Significantly, the blastocyst rate in the oEV-ctrl group was
significantly higher than in the control group. This result is
consistent with our previous study, which suggested that oEVs
from women without endometriosis or other pelvic inflammation
improve embryo quality in vitro (29). Previous literature
demonstrated that in vitro fertilized embryos show poorer
developmental competence than their in vivo counterparts (30,
31). Also, as conventional in vitro culture media might
epigenetically affect embryos (32), the addition of healthy oEVs
that contain RNAs and proteins associated with chromatin
modification would partly compensate for the alterations (33). On
the other hand, oEVs from pathological conditions might negatively
affect embryos. As EVs were not recognized as one of the main
elements of oviductal fluid until recently, their roles as regulators of
oviduct-embryo communications are mostly mysterious (34). In
this study, the difference in blastocyst rate between the oEV-EMT
group and the oEV-ctrl group showed oEVs in patients with
endometriosis impaired embryo development compared with
women without this condition. However, the blastocyst rates in
the oEV-EMT group and the blank control group were not
statistically different.
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Further, high-throughput sequencing on blastocysts and
subsequent KEGG analysis revealed decreased expression levels of
genes related to oxidative phosphorylation in blastocysts cultured
with oEV-EMT. Moreover, analysis of oxidative stress and
apoptosis at the blastocysts stage showed that embryos cultured
with oEV-EMT had decreased JC-1 ratio, increased ROS level, and
increased apoptotic index.

During development, embryonic metabolism shifts from
predominantly glycolytic to predominantly oxidative phosphorylation
(35), and enhanced oxidative phosphorylation is critical for supporting
high energy needs in preimplantation embryos. Our KEGG analysis
showed that ‘oxidative phosphorylation’ is disturbed in oEV-EMT-
treated blastocysts. Oxidative phosphorylation is one of the most
indispensable metabolic pathways in which cells produce the
majority of the adenosine triphosphate (ATP), and take place inside
mitochondria. Pathways of neurodegenerative disorders, including
Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease,
were also enriched, due to DEGs in these pathways are associated with
oxidative phosphorylation and apoptosis, which are central aspects of
these neurodegenerative diseases (36). We validated that some genes
responsible for the electron transport chain were significantly
downregulated in oEV-EMT-treated embryos, including Ndufa4 and
Cox7c, at the blastocyst stage. Ndufa4 encodes a subunit of complex IV
of the electron transport chain and was reported to promote oxidative
metabolism and MMP and could inhibit ROS levels and promote
tumor cells (37, 38). Ugcrh encodes a subunit of the mitochondrial
complex IIT and is responsible for the electron transfer between
cytochrome C and cytochrome C1 during oxidative phosphorylation
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(39). Atp5l, Atp5j, and Atp5k encode the components of mitochondrial
ATP synthase. ATP synthase affects embryo development using
catalyzing ATP synthesis through an electrochemical gradient of
protons across the mitochondrial inner membrane during oxidative
phosphorylation (35). Cox7c encodes a long-lived mitochondrial
protein that forms a stable contact between complex I complex II
and is required complex IV (40). Altogether, oEV-EMT-treated
embryos showed a down-regulation of a gene series that encodes the
proteins involved in mitochondrial transmembrane transport, which
may debilitate general mitochondrial function, resulting in attenuated
embryo development. Supplementing the transcriptomic analysis, we
observed functional abnormalities on oEV-EMT-treated blastocysts,
including decreased MMP and higher ROS levels. Several studies
observed a similar phenomenon in murine embryos when co-
cultured with peritoneal fluid from patients with endometriosis
(6, 41) and suggested an impairment in embryo viability. Also, some
studies found embryos would show a higher ROS level and decreased
MMP after being cultured in less optimal conditions, like higher
oxygen concentrations (42), or with lipotoxic gradients in culture
media which simulated maternal metabolic disorders (43). The latter
study proposed that mitochondrial-targeted antioxidants might help
rescue development competence in embryos.

‘Apoptosis’ is another significantly enriched pathway closely
relevant to embryo development. We validated that the expression
level of Trp53 and Fasl was upregulated in oEV-EMT-treated
blastocysts, and the TUNEL assay showed an increased apoptotic
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index in oEV-EMT-treated blastocysts. Embryonic quality is
generally associated with lower apoptotic rates, though apoptosis
plays an essential role during early mammalian embryo
development under physiological conditions (44, 45). Previous
literature reported that animal-derived oEV from the normal
condition would be beneficial for improving the quality of the in-
vitro-fertilized embryos, appearing as increased total cell number
and lower ROS level, and fewer apoptotic cells (45, 46). Our results
suggested that oEV in pathological conditions, specifically
endometriosis, may play a harmful role through similar
mechanisms in an opposite way. Intriguingly, considering
mitochondria-ROS crosstalk is pivotal for apoptosis induction
(47), and apoptosis would result in MMP dissipation and
excessive ROS formation, it is not clear whether the increased
apoptosis in the oEV-EMT-treated embryos was caused by the
excessive ROS or represented a direct effect of oEV-EMT, which
requires further investigation.

We have shown no difference in oEV characterizations between
the two groups, including vesicle size and ultrastructure. However,
they cause different results in embryos. Several studies deciphered
oEV cargo in animals, proved they carry various bioactive
molecules, including proteins, lipids, microRNAs, and DNAs, and
proved they hold the possibility of affecting the gene expression and
behavior of gamete and embryos (18, 33, 48). Studies on
endometriosis have recognized EV contents from patients’ plasma
and peritoneal fluid (26, 27) and showed that the protein and RNA
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contents are associated with numerous biological processes and
might contribute to disease pathophysiology. In our case, it is
difficult to determine the critical factor or factors that are
accountable for the results because any differentially expressed
proteins, lipids, or nucleic acids might be the answer, and it
requested numerous amounts of efforts involving high-
throughput sequencing workload in the future.

The disease process of endometriosis can impair the oocyte
quantity and quality for inflammatory conditions in the peritoneum.
Proinflammatory factors that harm gametes, including cytokines and
interleukin, have been identified in the peritoneal and Fallopian tubal
fluid (49, 50). We showed for the first time that EVs also constitute
bioactive factors in the tubal fluid which might negatively affect embryo
development in endometriosis.

A particular strength of the current study is that the oEVs are
directly isolated from human Fallopian tubal fluid instead of cultured
cells. One possible limitation is that we were not able to conduct high-
throughput sequencing in the blastocysts which had been cultured
without oEVs. Blastocysts might show altered gene expression even in
the oEV-ctrl group compared to the embryos cultured with solely
culture media. Additionally, due to methodological and ethical
limitations, we could not utilize human embryos as the study object,
and oEVs may have different effects on human embryos. For a similar
reason, the control group was CIN III patients, rather than healthy
women. CIN is a precancerous disease, in which affected cells are
considered restricted to the uterine cervix. Previous studies indicated
that CIN history or treatments for CIN do not affect fecundability or
obstetric outcomes (51, 52). Therefore, given ethical and logistical
constraints, we believe that they provide the best available controls,
although we cannot completely exclude that oEVs from CIN patients
may show some differences with disease-free women. Notably, the
clinical characteristics in this study showed no difference in gravidity
and parity between EMT patients and controls, and this result seems to
contradict the consensus that EMT patients have decreased fertility.
We surmised that the small patient cohort in this study could explain
this. Furthermore, cargos in 0EVs may be under hormonal regulation,
which is observed both in cows and pigs (33, 53). Though the
fluctuation patterns and the content compositions are different
among species (54), the situation might be much more complicated
in humans. These conditions should be noticed when a more general
conclusion is about to be drawn.

5 Conclusion

The present study compared the characterizations of the oEV's
from women with or without endometriosis and showed that oEV-
EMT negatively influences early embryo development. Altered
transcriptome and decreased MMP, increased ROS levels, and
apoptotic cell numbers were observed in blastocysts. Our results
call for further effort in deciphering the protein and nucleic acid
content in oEV-EMT and the mechanisms they affect embryos and
gamete development in vivo, which would be meaningful
for unrevealing the mystery of how endometriosis impairs
human fertility.
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Endometriosis is a gynecological condition that significantly impacting women'’s
daily lives. In recent years, the incidence of endometriosis has been rising yearly
and is now an essential contributor to female infertility. Exosomes are
extracellular vesicles (EVs) that carry long noncoding RNA (IncRNA) and shield
INncRNA from the outside environment thanks to their vesicle-like structure. The
role of exosome-derived INcCRNAs in endometriosis is also receiving more study
as high-throughput sequencing technology develops. Several IncCRNAs with
variable expression may be crucial to the emergence and growth of
endometriosis. The early diagnosis of endometriosis will be considerably
improved by further high specificity and sensitivity Exosome IncRNA screening.
Exosomes assist INncRNAs in carrying out their roles, offering a new target for
creating endometriosis-specific medications. In order to serve as a reference for
clinical research on the pathogenesis, diagnosis, and treatment options of
endometriosis, this paper covers the role of exosome IncRNAs in
endometriosis and related molecular mechanisms.

KEYWORDS

exosome IncRNA, expression, biomarkers, therapeutics, endometriosis

1 Introduction

Exosomes are microsomal vesicles with a diameter of 30-160 nm produced by cells and
control the transmission of information from cells to the extracellular matrix by carrying
proteins, IncRNA, DNA, and other molecules (1-3). LncRNAs are RNAs longer than 200
nucleotides without the ability to code for proteins (4). IncRNAs have a significant role in
several crucial regulatory processes, including nuclear transport, chromatin silencing,
genomic imprinting, chromatin remodeling, transcriptional activation, and
transcriptional interference (5, 6). LncRNAs play an essential role in the development of
endometriosis, an estrogen-dependent condition in which endothelial cells in ectopic
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lesions are controlled by estrogen, as well as cancers, cardiovascular
disorders, and hematologic diseases (7-9). It is a common
gynecological, endocrine condition that harms women’s physical
and emotional health (10-12). Exosome IncRNAs have been
demonstrated to involved in the genesis of endometriosis, govern
the activity of endothelium cells, and serve as a clinical marker
for endometriosis (13, 14). They have also been linked to infertility
in endometriosis patients. Compared to patients with stage I/II
endometriosis and non-endometriosis, patients with stage III/IV
endometriosis had significantly higher levels of TC101441
expression in their serum EVs. Because TC101441 can travel
through EVs and control ESC migration and invasion, its
presence in serum EVs may serve as a biomarker for
endometriosis. Laparoscopy is the only current confirmation
available and that many women may not be able to afford the
procedure and this could be a cheap screen.

2 Overview of exosome
2.1 Biogenesis of exosome

Exosomes, which can be seen as cup-shaped objects under
electron microscopy, are vesicles actively produced extracellularly
by various live cells (15-17). The cell membrane invaginates to
generate endosomes, multiple endosomes merge to form Early-

10.3389/fendo.2023.1199569

Sorting Endosomes (ESE), and then ESE invaginates once more to
wrap intracellular material and form numerous vesicles, which
further convert into Late-Sorting Endosomes (LSE) (18, 19).
Several tightly controlled mechanisms are involved in producing,
sorting, and releasing the exosome’s contents. Several molecules,
including the Endosomal Sorting Complex Needed for Transport
(ESCRT), four transmembrane proteins (CD9, CD63, and CD81),
the apoptosis-linked gene 2-interacting protein X (Alix), and the
tumor susceptibility gene 101(TSGIOI), are involved in the
intracellular transport of the exosome (20-22). The soluble N-
ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) protein complex and the family of synaptic binding
proteins are necessary for the production of exosomes
(Figure 1) (23).

2.2 Exosome features

Exosomes are vital in transmitting materials and information
between cells (24). They can reach the appropriate target cells or
organs by direct fusion, endocytosis, receptor-ligand interaction,
and other mechanisms (25, 26). Intercellular communication and
biological processes like antigen presentation, immunological
response, and cell differentiation are regulated by endometriosis
in the body (27, 28). Endometriosis are involved in intercellular
communication activities and govern biological processes,
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including antigen presentation, immunological response, and cell
differentiation, thereby partaking in the initiation and progression
of diseases (2, 29, 30). Proteomics analyses have shown exosomes
from different cellular origins are heterogeneous (31, 32).
Exosomes can physiologically affect many cells and tissues
because of their various contents (33, 34). Exosomes from a
healthy microenvironment may help preserve the target cells’
function. Still, exosomes from a stressful microenvironment
might cause damage by sending oxidative and inflammatory
signals to the target tissues (35). So, it is suggested that exosomes
serve as significant intercellular communication carriers and can
transport bioactive chemicals from their source cells, which may be
crucial for intercellular communication (36-38).

2.3 Exosome extraction

While exosomes represent a potential tool for endometriosis
diagnosis, their efficient purification without cellular contamination
is a limiting factor (39). The primary techniques for isolating
exosomes are gradient density centrifugation, differential
ultracentrifugation, polymer immunoprecipitation, gel exclusion
separation, and membrane affinity kits. One of the most popular
separation techniques nowadays is ultracentrifugation, and the
purest separation can be achieved using ultracentrifugation in
combination with sucrose gradient density centrifugation (40).
Exosomes have a low level of toxicity, are highly bioavailable, and
are biologically stable (41). Consequently, it is anticipated that the
identification and isolation of disease-specific exosomes free of
cellular exosomes that are typically contaminated will shed new
light on the advancement of precision medicine (42). Due to the size
and physicochemical characteristics of exosomes, which differ from
those of lipoproteins and protein complexes, as well as the fact that
a variety of cells secretes exosomes, there is still much to learn about
how to isolate and purify exosomes, which is a bottleneck problem
in basic research and clinical applications related to exosomes.

3 Overview of IncRNA
3.1 Occurrence of IncRNA

LncRNAs are a family of RNAs with transcripts longer than 200
nucleotides frequently present in eukaryotic genomes but do not
code for proteins (43, 44). Most IncRNAs can be found in the
cytoplasm or nucleus of a cell and are produced from a single strand
inside a protein-coding gene sequence (45). Antisense Bidirectional
IncRNAs share promoters with protein-coding genes but are
transcribed in the opposite direction to protein-coding genes;
long intergenic ncRNAs (lincRNAs) are produced from the
complementary DNA strand of the protein-coding gene, which is
transcribed in the opposite direction and overlaps with at least one
exon of the forward gene. Intronic IncRNAs are found in the
protein-coding gene’s intron region and do not overlap with its
exons (46, 47).
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3.2 Biological functions of IncRNA

Recent research has shown that IncRNAs are crucial for
maintaining intracellular homeostasis when cells or tissues
mature (48). This dispels the myth that noncoding RNAs
(ncRNAs) are just “transcriptional noise” with no biological
purpose (49, 50). It has been demonstrated that LncRNAs have a
role in a variety of physiological and pathological processes (51, 52).
Via epistasis, transcription, post-transcription, and acting as
mediators of biological processes, IncRNAs are implicated in the
regulation of apoptosis: epistasis IncRNAs can bind to Pol II to
repress DNA expression, bind to DNA to form a triple helix
structure to regulate, and can bind to transcription factors or
recruit transcription-related factors to target genes to regulate the
transcription of target genes (53-55). These IncRNA-specific
structures or sequences can be specific sites on genomic DNA
and can recruit the chromatin reconstruction complex (56, 57). The
post-transcriptional regulation impacts the binding shear body and
regulates the shearing process of mRNA by binding to antisense
IncRNA at the target region of mRNA (Figure 2) (58, 59).
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Functions of IncRNA loci in local gene regulation. The ability of a
INncRNA locus to control the expression of nearby genes in cis may
be due to DNA elements within the IncRNA promoter or gene body
that function independently of the transcribed RNA (A), may require
transcription or splicing of an RNA but the IncRNA itself is not
functional (B), or may be due to sequence-specific functions of the
mature INcRNA transcript (C)—Pol Il, RNA polymerase II; TF,
transcription factor (59).
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3.3 LncRNA regulates mRNA transport
and translation

Before being translated into protein, pre-mRNA is specially
spliced in the nucleus to generate mature mRNA, which is
subsequently translocated from the heart to the ribosome in the
cytoplasm. Only when the structural gene ultimately succeeds in
producing an active protein is the gene considered functional (60).
Several studies have demonstrated that IncRNAs can control
mRNA translation in various ways (61). mRNA transport can be
impacted by IncRNAs, which in turn control adipogenesis. In
addition to acting as an insulin-sensitizing hormone to lower
blood sugar and encourage adipogenesis, IncRNAs are an
endogenous bioactive peptide released by adipocytes during
lipogenesis. AdipoQ ASIncRNA joins forces with AdipoQ mRNA
to create a double-strand in the nucleus, preventing AdipoQ mRNA
from moving from the core to the cytoplasm suppressing
adipogenesis. In order to play a part in controlling the stability of
the target genes, IncRNA often attaches to the relevant mRNA or
particular protein to form an RNA-RNA or RNA-protein complex
(62). Antisense IncRNAs’ cytoplasmic binding to sense mRNAs is a
typical example of this regulation. It has been demonstrated that
IncRNAs can associate with RNA-binding proteins (RBPs) to create
RNA-protein complexes that subtly control the stability of
mRNA (63).

3.4 Competing endogenous RNA functions

LncRNAs can indirectly regulate the expression of target genes
by competing for binding one or more miRNAs with the same
response element, thereby promoting or inhibiting the onset or
progression of disease (64, 65). This is a critical distinction between
IncRNAs and miRNAs: the latter cannot interfere with or activate
gene expression. LncRNAs can interact with miRNAs as a
competitive endogenous RNA (ceRNA), functioning as a
“sponge” for the miRNA molecule and easing its stress (66). This
is one of the many ways IncRNAs and miRNAs function in cells.
The ceRNA mechanism is a large and delicate method of gene
expression control whose expression level is affected by conditions
(67). LncRNAs, circRNAs, pseudogenes, synthetic miRNA
inhibitors, and viral miRNA inhibitors are currently ceRNAs (68).

3.5 LncRNA controls the expression of
inflammatory, immunological factors

LncRNAs can regulate gene expression and immune system
responses, demonstrating biological processes’ tissue specificity and
complexity (69). Involved in the body’s intrinsic and adaptive
immunity, IncRNAs are crucial to many physical and
immunological methods. The etiology of autoimmune and
inflammatory illnesses is influenced by IncRNAs, such as
lincRNA-Cox2 and IncRNA-dendritic cells (DC) (70). Numerous
significant pathways connected to endometriosis are enriched in
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IncRNAs. Transient Receptor Potential (Trp) ion channels and
thyroid hormone production were discovered to produce large
amounts of inflammatory mediators, which suggests that
IncRNAs may regulate the expression of inflammatory and
immunological components linked to endometriosis (71).
Inflammatory reactions may develop and be controlled in part by
IncRNAs. According to immunological research, epigenetic
dysregulation of B cells, which includes aberrant IncRNA
expression, histone changes, and altered DNA methylation, might
result in the body producing pathogenic autoantibodies.
Endometriosis and autoimmune disorders share a biological
mechanism with IncRNAs. Current hormonal and surgical
treatments for endometriosis may be improved if the concept of
immunomodulatory therapy for autoimmune illnesses is extended
to the treatment of endometriosis (72, 73).

3.6 Correlation between IncRNA, miRNA,
and endometriosis

Reverse regulatory RNA, siRNA competitive binding, and target
gene stability regulation are techniques that LncRNAs can use to
control target genes (74). LncRNAs can work as ceRNAs to control
the expression of target genes, altering how well those genes
function and becoming a key player in the emergence of disease
(75, 76). MiR-199a can compete with vascular endothelial growth
factor (VEGF)-A for the binding site on the IncRNA
ENST00000465368, which reduces miR-199a’s ability to bind to
its target gene VEGF-A and weakens miR-199a (77). Inducing
downstream signaling pathways, endothelial cell proliferation
and migration, increased microvascular permeability, promotion
of neovascularization, and successful ectopic endothelial
implantation are all made possible by the angiogenesis-specific
regulator VEGF-A, which binds to its receptor (78, 79). A
decrease in the expression of Syndecan-1 (SDCI), a cell adhesion
molecule, could result from downregulating the expression of
IncRNANR 033688. This could enhance the repressive effect
of miR-10b on its target gene SDCI, which would reduce cell-
cell and cell-matrix adhesion, facilitating the invasion of ectopic
endometrial glandular epithelial cells (80). The growth of
endometriosis and the interactions between miRNAs and
IncRNAs are tightly connected, and endometriosis proliferation,
invasion, and metastasis are all significantly impacted by these
factors (81, 82).

4 Exosome IncRNA has excellent
potential for clinical applications

Exosome-derived IncRNAs have potential uses. IncRNAs are
RNAs with strong regulatory abilities (83). IncRNAs can control the
expression of mRNA through ceRNA processes, bind directly to
proteins to alter or increase their functions, form complexes with
DNA to affect gene transcription, and more (84). One of the critical
pathways in the development of endometriosis is IncRNA
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expression imbalance (85). The neural CHLI gene family includes
the close homologue of the L1 (CHLI) gene, and CHL1-AS1 and
CHLI1-AS2 are two antisense IncRNA molecules of the CHLI
mRNA (86). Compared to in situ endometrial tissues, CHL1-AS1,
CHL1-AS2, and CHLI mRNA expression was considerably higher
in ectopic endometrial tissues. CHLI participates in the formation
of endometriosis through interactions with CHL1-AS1 and CHL1-
AS2. CHL1-AS1 or CHLI can bind to MiR-6076, which controls the
expression of CHL1. Reduced expression of the CHL1-AS1 or
increased miR-6076 have a protective effect on cell migration and
proliferation (87).

Exosome IncRNA plays a significant role in the entire biological
process of endometriosis compared to conventional endometriosis
diagnosis and treatment. It exhibits the following features: Exosome
IncRNA research helps ESCs proliferate, metastasize, and evolve
while providing the molecular underpinnings for their targeted
therapy. It is also more accessible for clinical diagnosis and
relatively non-invasive (available in plasma, urine, and vaginal
fluids) (88, 89). The exosome can influence the immune response
in targeted therapy and release chemotherapeutic medicines and
nucleic acids locally with low toxicity and high efficacy. Its contents
are proteins and different nucleic acids uniquely expressed in
distinct diseases. Exosome IncRNA research can investigate the
pathophysiology of endometriosis, screen endometriosis for
biomarkers, and offer a new fundamental framework for illness
diagnosis and treatment (90).

5 Antifibrotic effects of
exosome |lncRNAs

The uterine cavity is invaded by endometrial cells, which then
migrate to locations outside of it and undergo cyclic damage repair
(91). The ability of stromal tissue to infiltrate and migrate causes a
change from endometrial stromal fibrosis to fibrosis, which causes
cell adhesion, collagen aggregation, and finally, fibrosis, resulting in
the frequent presence of fibrous connective tissue around
endometriosis lesions (92, 93). Endometrial stromal cells’ ability
to transition from stromal fibrosis to fibrosis and the invasion and
migration of endometrial cells can be aggravated by prolonged high
estrogen stimulation levels in the body (94, 95). This can cause
several clinical symptoms, including chronic inflammation,
progressive pelvic pain, and infertility (96). Infertility is more
difficult by the fibrosis forming the walls and surrounding ovarian
endometriotic cysts (97). Under estrogenic control, highly
expressed H19 can enhance actin alpha 2 (ACTA2) expression by
decreasing miR-216a-5p, further boosting the invasive and
migratory abilities of stromal cells and ultimately leading to the
development of endometriosis lesions and the formation of fibrosis
at the lesions (98, 99). A IncRNA called Homeobox Gene Transcript
Antisense Intergenic RNA (HOTAIR) has been linked to several
fibrotic disorders. By increasing miR-326, which decreases cell
proliferation, promotes fibrosis, and promotes apoptosis,
HOTAIR silencing may inhibit NUS1 expression. Exosome
IncRNAs may develop into novel endometriosis inhibitory vectors
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and present novel therapeutic approaches for managing
endometriosis. To treat fibrosis and aid in the prevention and
treatment of endometriosis, antifibrotic IncRNAs carried by
exosomes may be exploited as therapeutic targets.

6 Exosomal IncRNAs and
endometriosis

6.1 Endometrial cells with
tumorigenic properties

Endometrial glands and stromal implants, known as
endometriosis, are found inside the uterine cavity but develop
outside (100). Even though endometriosis is a benign condition, it
is frequently described as “benign cancer” due to its local infiltration,
implantation, metastasis, and recurrence (101-105). Surgery is an
invasive procedure with some dangers, and pathological examinations
take too long to diagnose endometriosis. More significant and of
theoretical relevance are future investigations into the pathogenesis of
endometriosis and the hunt for novel biomarkers and molecular
targets for diagnosis and therapy (106). An essential characteristic of
endometriosis is the enhanced capacity of endometrial cells to
infiltrate and migrate (107). Endometriosis lesions adhere
extensively or densely to the tissues around them, and many
different lesions exist. IncRNAs play a significant role in controlling
human disease, physiology, and cancer (108, 109). As elaborated in
section 6.3, more researchers are discovering that IncRNAs are
abnormally expressed in endometriosis patients and play a role in
controlling the progression of the illness due to the in-depth study of
IncRNAs in recent years. Exosome extracellular nucleotidase was
discovered to be a diagnostic sign for endometriosis in ovarian
endometriosis cysts.

6.2 Immunomodulatory imbalance is
closely associated with the occurrence
of endometriosis

The pathogenesis and pathophysiology of endometriosis,
classified as chronic inflammatory illnesses, are significantly
influenced by immunological variables. However, only a tiny
portion of the population has endometrial fragments that spread,
grow, and eventually develop into endometriosis. This is likely
because of changes in the internal environment of endometriosis
patients, such as immune imbalance, and the ectopic lesions are
typically accompanied by inflammatory congestion and
inflammatory infiltration (110). Many women experience the
“menstrual reflux” phenomenon multiple times. One of the
clinical classification indicators of endometriosis is the degree of
inflammation. The abnormal immune function in endometriosis
patients is primarily exhibited in two ways: on the one hand, it is a
compromised immunosurveillance and immunocidal cytotoxic
effect, which prevents the body from effectively clearing the
endothelium; and on the other hand, it is a compromised
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immune environment in the abdominal cavity, which interferes
with pregnancy and causes spots. Infertility, repeated implantation
failure, early miscarriage, and aberrant histogenesis are related to
endometriosis worsened by the peripheral circulating immune
system and female endometrial autoimmune imbalance
(Figures 3, 4) (111).

6.3 Exosome IncRNA regulates the
development of endometriosis

6.3.1 Promotes neovascularization
in endometriosis

Research has shown that neuro angiogenesis is crucial for the
growth of endometriosis and that ESC-derived exosomes promote
angiogenesis in vitro (112). Local angiogenesis and neurogenesis are
encouraged, macrophages are activated, endometriosis lesions are
made more extensive, and endometriosis advance when in situ ESC-
derived exosomes are present (113). Angiogenesis-related IncRNA
antisense hypoxia-inducible factor (a-HIF) is widely known (114).
In the ectopic endometrium and serum of endometriosis patients,
aHIF is abundantly expressed. Hence, exosome IncRNA-aHIFs are
being investigated as potential molecular markers for the detection
of endometriosis (115, 116). a-HIF plays a role in increasing
angiogenesis in endometriosis and is strongly expressed in the
endometriotic stromal cells (ECSCs) of patients with
endometriosis. Another hypothesis for a molecular marker for the
diagnosis of endometriosis is a-HIF. By activating VEGF-A, VEGF-
D, and primary fibroblast growth factor (bFGF) to induce
angiogenesis in human umbilical vein endothelial cells(HUVECs),
exosomeaHIF is transported from ECSCs to HUVECs, which may
have diagnostic relevance by stimulating angiogenesis in
endometriosis (117, 118). The basic idea for the pathogenesis of
endometriosis is the transcatheter blood flow reversal theory, and it
is plausible that exosomes generated by healthy endometrium might
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Local factors involved in developing an endometriosis lesion (111).
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travel through the blood to the pelvis or other places to advance
endometriosis (119).

6.3.2 Regulating the biological behavior of
endometriosis cells

The emphasis of the research is on how exosome IncRNA affects
the biological function of endometriosis. LINC00261 directly binds
to miR-132-3p to regulate BCL2L11 expression, which inhibits the
proliferation and invasion of endometriosis cells, suggesting that
LINCO00261 plays an inhibitory role in the occurrence and
development of endometriosis (120, 121). Expression of
LINC00261 was significantly downregulated in ectopic endothelial
tissues. Cell proliferation and migration decreased considerably
after LINC00261 was overexpressed. Since LINC01279 expression
in endometriosis tissues was markedly increased and connected
with cyclin-dependent kinase 14 (CDK14) expression, LINC01279
may control endometriosis’ cell cycle (122). In patients with
endometriosis, IncRNACCDCI144NL-AS1 showed differential
expression in matched in situ and ectopic endothelial tissues. ESC
migration and invasion were hindered by CCDC144NL-AS1
deletion, and CCDC144NL-AS1 knock-down reduced wave
protein and matrix metalloprotein (MMP-9) expression,
indicating that CCDC-144NL-AS1 may play a role in the
pathogenesis of endometriosis (123). Application of BRAF-
activated noncoding RNA (BANCR) inhibitors in a rat model of
endometriosis resulted in a significant reduction in lesion size,
accompanied by a decrease in mesenchymal cells and blood supply,
and the BANCR inhibitors may inhibit endometriosis by inhibiting
the extracellular signal-regulated kinase/mitogen-activated protein
kinase (ERK/MAPK) signaling pathway to reduce the expression of
molecules associated with angiogenesis (124).

6.3.3 Correlation of cellular autophagy with the
occurrence of endometriosis

Cellular autophagy is induced by hypoxia, a crucial
microenvironmental element in endometriosis growth of
endometriosis (125). Hypoxia caused a time-dependent induction
of autophagy and the IncRNA metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) in cultured human ESCs
(126). nuclear factor kappa-B/induciblenitricoxidesynthase (NF-xB/
iNOS) co-stimulation was linked to an inflammatory response, and
increased expression of iNOS promotes angiogenesis (127). MALTAL1
expression was considerably raised in ectopic tissues of patients with
endometriosis. MALAT1 regulated the proliferation, invasion, and
death of ESCs via NF-B/iNOS. On the one hand, the hypoxic
environment in the pelvis boosted MALAT1 expression, while on
the other, it promoted autophagy in ESCs, allowing endothelium
debris to survive ectopically. And by inhibiting the autophagy
brought on by hypoxia, MALAT1 expression suppression in ESCs
may enhance apoptosis (126). Actinfilament-associatedproteinl-
antisenseRNA1 (AFAP1-AS1) was significantly up-regulated in
endometriosis tissues, and IncRNA-AFAP1-AS1 significantly
downregulated the expression of pGL3-P886, the promoter of the
transcription factor zinc-fingerE-boxbindinghomeobox1(ZTB1),
promoted epithelial-mesenchymal transition (EMT), and increased
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FIGURE 4
Surgical images of endometriosis sub-phenotypes (111).

ectopic endometrial invasion and implantation (128). By encouraging
EMT, LINCO01541 can be silenced to improve ESC invasion, whereas
LINCO01541 overexpression can inhibit EMT, ESC metastasis, and
VEGE-A production, as well as cause apoptosis through controlling
the Wnt/-catenin pathway (129). Exosome IncRNA encourages
endometriosisESC invasion and proliferation, and it can act as a
diagnostic marker for endometriosis to aid in the early detection
of endometriosis.

6.4 Exosome IncRNA mediates infertility
linked to endometriosis

Patients with endometriosis frequently experience infertility,
and aberrant changes in endometrial status and uterine artery flow
resistance can impact endometrial tolerance and, in turn, affect
pregnancy and prognosis (130-132). Studies have revealed that the
in situ endometrium of endometriosis exhibits a marked reduction
in H19 expression (133). H19 usually is abundantly expressed in
late-proliferating ESCs, whereas in the situ endometrium of
endometriosis, its expression is downregulated. Low levels of H19
raise the activity of miRNALet-7, which in turn suppresses in situ
ESC proliferation and survival and inhibits the downstream target
insulin-like growth factor 1 receptor (IGF1R) at the post-
transcriptional level. This results in situ endometrial defects,
which affect endometrial tolerance and obstruct embryo
implantation. By interfering with the H19/Let-7/IGF1R regulation
system, endometriosis patients may experience spontaneous
miscarriage or infertility due to diminished endometrial readiness
and pregnancy receptivity. Through controlling miR-124-3p and
Integrin beta-3 (ITGB3), IncRNA-H19 downregulation may
prevent the proliferation and invasion of ectopic endometrial
cells. This gives the treatment of endometriosis a new target (134).

Endometriosis can hinder oocyte growth and maturation, and
as endometriosis levels rise, so does the disruption of ovarian
reserve function. The expression of InNcRNMALAT1 is increased
in ectopic endometrial tissue (135). Through increasing the EMT-
related transcription factors ZEB1 and ZEB2, MALAT1, a ceRNA of
miR-200C, can support ESCs, boosting proliferation, invasion, and
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ectopic pregnancy. In ovarian granulosa cells of endometriosis, the
expression of IncRNA-MALAT1 was markedly downregulated and
positively associated with the number of sinus follicles (136).
Further in vitro research supported the hypothesis that MALAT1
knock-down could affect follicular granulosa cell proliferation by
activating the ERK/MAPK signaling pathway and up-regulating the
expression of cell cycle regulatory proteins and that up-regulating
the IncRNAENST00000433673 could affect embryo implantation
and impair female fertility (137-139).

6.5 A potential diagnostic sign for
endometriosis is exosome IncRNA

Exosome IncRNAs have proven to offer promise as non-
invasive biomarkers for determining the presence of illness. In
endometriosis, IncRNA AC002454.1 is considerably overexpressed,
and the expression level is closely associated with cyclin-dependent
kinase6(CDKG6) levels (140). The biological behavior of endometrial
cells may be cooperatively influenced by AC002454.1 and CDKe,
which may work in concert to encourage the growth of
endometriosis (141). In the endometrial tissues of endometriosis
patients and healthy individuals, 86 IncRNAs showed differential
expression. KEGG pathway analysis revealed that these IncRNAs
were connected to various biological functions and signaling
pathways in endometriosis (142). The IncRNA ENST00000482343
in the serum of endometriosis patients could be used as a potential
molecular marker, according to earlier studies that examined the
differential expression profiles of IncRNAs in 110 serum samples
and 24 tissue samples and assessed their diagnostic value using the
receiver operating characteristic curve. In ovarian endometriotic
tissues, Urothelial Cancer Associated 1 (UCA1) expression was
markedly downregulated, and the extent of UCA1 downregulation
was positively connected with the severity of ovarian endometriosis
(143). UCA1 might be used as a biomarker to evaluate the prognosis
and staging of ovarian endometriosis (143). HOXAI11-AS1 and
HOXA gene mRNA fragments Patients with endometriosis had
considerably lower expression levels in their in situ endometrium
than in their ectopic endometrium, which raises the possibility that
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HOXAI11-AS1 may be involved in the growth of peritoneal
endometriosis (144).

In comparison to in situ and normal endometrium, ectopic
endometrium expressed TC0101441 at a greater level. High
expression of TC0101441 in ECSCs produced EVs, which were
subsequently internalized and absorbed by low-expression ECSCs
to achieve TC0101441 transfer in ECSCs and eventually encourage
endometriosis migration and invasion (145). Women with
endometriosis had less maternally expressed gene 3 (MEG3)-210
in their ectopic endometrium (146). ESC migration and invasion
are encouraged by the downregulation of MEG3-210. Through
interacting with Galectin-1 via p38MAPK and cyclic AMP-
dependent protein kinase A/sarco-endoplasmic reticulum ATPase
(PKA/SERCA) signaling, mEG3-210 promotes ESC migration and
invasion (147). In endometriosis, miR-145 reduces tumor growth,
invasiveness, and stem cell characteristics. Prostate cancer-
associated transcript-1 (PCAT-1) IncRNA and siRNA
dramatically boosted miR-145 expression, reducing endometriotic
stem cell proliferation and invasiveness (148). Normal endometrial
tissues had a lower ratio of IncRNA steroid receptor activator (SRA)
to steroid receptor activating protein (SRAP) than endometriosis
tissues. In contrast to normal endometrial tissue, the expression of
SRA and ER-IncRNA in endometriotic ovarian tissue was lower
than that of SRAP and ER-IncRNA. Through controlling ER, SRA
in ovarian endometriosis may play a significant regulatory function
in the development of ESCs (149).

7 Conclusion

Exosome IncRNA can be a valuable biomarker for
endometriosis, a prevalent gynecological, endocrine disorder that
harms women’s reproductive health and significantly burdens
society. The present diagnostic indicators for endometriosis have
low specificity and sensitivity. Hence, alternative diagnostic
indicators must be discovered to increase the diagnostic
effectiveness of endometriosis. IncRNAs are crucial for epigenetic
control, transcription, translation, RNA metabolism regulation, cell
autophagy, and death, among other processes. LncRNAs are quickly
disturbed by other components in the circulation; however, because
of the protection provided by the EVs structure, IncRNAs
encapsulated in exosomes are not as easily destroyed once they
have entered the circulation. Exosome IncRNA is stably expressed
in serum or bodily fluids and can be employed as a disease
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Glossary
EVs extracellular vesicles
IncRNA long noncoding RNA
ESE early-Sorting Endosomes
LSE Late-Sorting Endosomes
ESCRT Endosomal Sorting Complex Needed for Transport
Alix apoptosis-linked gene 2-interacting protein X
TSG101 tumor susceptibility gene 101
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein
receptor
lincRNAs long intergenic ncRNAs
ncRNAs noncoding RNAs
Pol I RNA polymerase II
TF transcription factor
RBPs RNA-binding proteins
ceRNA competitive endogenous RNA
DC dendritic cells
Trp Transient Receptor Potential
VEGF vascular endothelial growth factor
SDC1 Syndecan-1
CHL1 close homologue of the L1
ACTA2 actin alpha 2
HOTAIR Homeobox Gene Transcript Antisense Intergenic RNA
aHIF antisense hypoxia-inducible factor
ECSCs endometriotic stromal cells
bFGF basic fibroblast growth factor
HUVECs human umbilical vein endothelial cells
CDK14 cyclin-dependent kinasel4
MMP-9 matrix metalloprotein-9
BANCR BRAF-activated noncoding RNA
ERK/ extracellular signal-regulated kinase/mitogen-activated protein
MAPK kinase
MALAT1 metastasis-associated lung adenocarcinomatranscript 1
NF-xB/ nuclear factor kappa-B/inducible nitricoxide synthase
iNO
AFAP1- Actinfilament-associatedproteinl-antisenseRNA1
AS1
ZTB1 zinc-fingerE-boxbindinghomeobox1
EMT epithelial-mesenchymal transition
IGFIR insulin-like growth factor 1 receptor
ITGB3 Integrin beta-3
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CDK6 cyclin-dependent kinase6
UCA1 Urothelial Cancer Associated 1
MEG3 maternally expressed gene 3
PKA/ cyclic AMP-dependent protein kinase A/sarco-endoplasmic
SERCA reticulum ATPase
PCAT-1 Prostate cancer associated transcript-1
SRA steroid receptor activator
SRAP steroid receptor activating protein
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Decreased oocyte quality in
patients with endometriosis
Is closely related to
abnormal granulosa cells
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University of Traditional Chinese Medicine, Jinan, Shandong, China

Infertility and menstrual abnormalities in endometriosis patients are frequently
caused by aberrant follicular growth or a reduced ovarian reserve. Endometriosis
typically does not directly harm the oocyte, but rather inhibits the function of
granulosa cells, resulting in a decrease in oocyte quality. Granulosa cells, as
oocyte nanny cells, can regulate meiosis, provide the most basic resources
required for oocyte development, and influence ovulation. Endometriosis affects
oocyte development and quality by causing granulosa cells apoptosis,
inflammation, oxidative stress, steroid synthesis obstacle, and aberrant
mitochondrial energy metabolism. These aberrant states frequently interact
with one another, however there is currently relatively little research in this
field to understand the mechanism of linkage between abnormal states.

KEYWORDS

endometriosis, granulosa cells, infertility, mechanism, oocytes

1 Introduction

Endometriosis (EMS) is a common condition in reproductive-age women. Its most
common clinical signs are pelvic pain, dyspareunia, a prolonged menstrual period, and a
rise in menstrual volume, which can lead to infertility, anxiety, and depression. Ovarian
endometriosis (OEM) has the potential to progress to ovarian cancer (1). It is concerning
that the etiology of EMS is unclear and has been debated for a long time. There are
numerous contentious causes of EMS at the moment, including endometrial cell
implantation hypothesis, body cavity metaplasia theory, induction theory, genetic
variables, immune factors, and so on (2). The prevalence of this condition has risen in
recent years as contemporary medical diagnosis and treatment technology has advanced.
At the moment, the primary method of treatment is surgical intervention and hormone
therapy, but it is easy to relapse after surgical treatment, which not only costs more but also
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causes repeated trauma to the patient, especially when patients with
OEM and fertility needs are repeatedly stripped by laparoscopic
surgery, which will further damage the patient’s reproductive ability
(3, 4). Although hormone is effective in treating this disease, it does
not improve the ovarian reserve of EMS patients. As a result, we
must first understand how EMS lowers patient fertility, which will
allow us to develop effective therapies and preventive measures to
assist EMS patients in conceiving.

Reduced ovarian reserve and follicle quality, changes in normal
pelvic physical environment, decreased endometrial receptivity, and
immunological dysfunction are the main reasons for EMS impeding
female fertility. The most concerning aspect is that certain EMS
patients are unable to generate qualifying eggs, which reduces the
success rate of natural conception and assisted reproduction (5).
Despite the fact that the meta-analysis found a minor variation in
the success rate of assisted reproduction between patients with EMS
and those without EMS. However, there are numerous risk factors
for long-term pregnancy in EMS patients (6, 7). Because of the delay
in diagnosing EMS, some patients with EMS are clinically
diagnosed when their ovarian reserve has been compromised, and
this damage is difficult to reverse (8). Oocytes are discharged during
the maturity of the follicle, the ovary’s most essential functional
unit. Follicular granulosa cells(GCs) are the “guards” that
accompany oocytes as they grow in size. During egg cell
development, they rely mainly on GCs promotion and
communication between oocyte and GCs (9). Recent research has
demonstrated that the presence of EMS disrupts energy
metabolism, apoptosis, and steroid hormone synthesis in GCs,
lowering oocyte quality and limiting patients’ reproductive hopes.
As a result, this paper explains how EMS injury lowers oocyte
quality by causing follicular GCs damage.

2 Ovarian reserve and oocyte quality
are reduced in EMS patients

The essence of EMS is that endometrial cells occur in places
other than the uterine cavity, with the most common locations
being the surface of tissues or organs such as the ovary, utero-rectal
pouch, sacral ligament, bladder, and ureter. EMS pathophysiology is
comparable to tumor biology in that it involves enhanced
proliferation, adhesion, and invasion, increased neovascularization
in ectopic endometrial lesions, and decreased apoptosis (10).
Endometrial stromal cells from ectopic lesions had significantly
increased proliferation, migration, and invasion capacities as
compared to normal female endometrial stromal cells, according
to research (11). Endometriotic lesions, like cancers, rely on
angiogenesis to proliferate. Vascular endothelial growth factor
may be produced by the endometrium in the uterine cavity of
EMS patients, and the amount of Vascular endothelial growth
factor in peritoneal fluid of EMS patients is much higher than
that of normal individuals (12). Ectopic endometrial cells respond
to estrogen and progesterone in the same way as eutopic
endometrial cells do. Surprisingly, some ectopic endometrial cells
can also manufacture estrogen on their own (13). Estrogen
production is closely related to EMS-associated inflammation.
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Estrogen can stimulate Cytochrome ¢ oxidase subunit 2 synthesis,
and Cytochrome c oxidase subunit 2 can enhance Prostaglandin E2
(PGE2) expression. PEG2 can increase the expression of aromatase,
which in turn increases estrogen synthesis (14). Estrogen works on
the highly expressed estrogen receptors in EMS lesions, promoting
endometrial stromal cell survival and invasion, producing pro-
inflammatory factors, and perpetuating inflammation (15, 16).
The ultimate result of EMS is fibrosis, which is frequently
histologically characterized as overly dense fibrous tissue around
endometrial glands and stroma (17). Long-term inflammation of
endometriotic lesions, which activates the Transforming growth
factor beta-1 proprotein(TGF-B) signaling pathway, results in the
creation of fibrotic lesions (18). Transforming growth factor beta-1
proprotein levels were observed to be higher in the serum and
peritoneal fluid of EMS patients compared to healthy women (19).

Inflammatory, fibrotic, and oxidative responses caused by EMS
can all harm a patient’s ovarian reserve. OEM, in particular, can
have a direct impact on a patient’s ovarian reserve. In the ovaries
afflicted by EMS cysts, the number of primordial follicles and AMH
level fell, whereas the number of atretic follicles and primary
follicles increased (20). This could be because EMS causes
inflammation and oxidative stress, which leads to the recruitment
of dormant primordial follicles into the growth and development
track, while the local inflammatory response of the foci leads to
ovarian fibrosis, affecting ovarian blood supply, and the growing
follicles cannot get enough nutritional support and enter the atresia
state (21, 22). A vicious cycle ensues, resulting in a patient’s
decreasing ovarian reserve and oocyte quality. The most obvious
impact is EMS patients have a lower oocyte retrieval rate, a lower
oocyte fertilization rate, a lower number of final available embryos
and high-quality embryos, and a worse cumulative live birth rate of
IVF cycles (23, 24). The ovarian damage of EMS patients is more
severe as the disease progresses. According to other research,
compared to normal women, the fertilization rate of oocytes in
stage I/II EMS patients is around 7% lower, and the fertilization rate
in stage III/IV EMS patients is even lower (25). The ultrastructure of
EMS patients’ oocytes revealed brown degeneration, deeper
cytoplasm, larger refractive body, incomplete protrusion or
separation of the first polar body, and a prolonged disintegration
time of the zona pellucida (26, 27). Not only is the maturation
ability of oocytes from EMS patients reduced, but also cortical
granule loss, spindle fragmentation, and zona pellucis sclerosis may
develop in immature oocytes following maturation and culture to
meiosis II in vitro, which may impede with sperm penetration (28).

3 GSs' effect on oocytes

The female reproductive system’s fundamental functioning
component is the follicle. Oocytes, GCs, theca cells, and follicular
antrum make up the mature follicle. The oocyte is surrounded by
flat undifferentiated GCs at the primordial follicle stage. A zona
pellucida forms around the oocyte as the follicle develops,
separating the GCs. Flat, undifferentiated GCs will become
cuboidal and proliferate progressively. Transzonal projections
(TZPs) connect the cumulus granulosa cells to the oocyte
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primarily through the zona pellucida (29). TZPS bind to the oocyte
via Gap-junctions (GJs), which allow low-molecular-weight
messages or nutrients to be transferred from cell to cell. Cumulus
granulosa cells(CGCs) that are distant from the oocyte will form
filopodia to interact with the oocyte as it develops (30).
Undifferentiated GCs will gradually differentiate into mural
granulosa cells(tMGCs) and CGCs during the follicle development
stage to preantral follicles. MGCs primarily execute endocrine tasks
and are the first to accept Follicle stimulating hormone(FSH) and
Luteinizing hormone(LH) action.

The function of follicular GCs is to help oocyte development
and fertilization. These functions are mostly manifested in four
areas (29): 1)Involved in maintaining of oocyte meiotic arrest; 2)
Oocyte meiosis was induced to recover; 3)Provide the most
fundamental substance needed for oocyte maturation; 4)
Influences oocyte ejection from the follicle. Following female
birth, the high level of Cathelicidin antimicrobial peptide(cAMP)
secreted by undifferentiated GCs can keep cyclin Maturation
promoting factor inactive by activating adenylate cyclase in
oocytes, causing oocytes to enter the prophase stage of meiosis I
(31). Following the appearance of the zona pellucida in oocytes,
cyclic guanosine monophosphate(cGMP) secreted by GCs enters
the oocyte via GJs, inactivating cGMP-inhibited 3’,5’-cyclic
phosphodiesterase 3A and maintaining a high level of cAMP in
oocytes that cannot be degraded, thereby inhibiting the meiotic
process (32). When women enter the period of sexual development,
gonadotropins can act on the follicles, causing them to develop
further. When LH secretion was at its height, it might activate
mitogen-activated protein kinase3/1(MAPK3/1) in CGCs and
decrease the concentration of natriuretic peptide precursor type C
in MGCs, resulting in cAMP hydrolysis (33). Activated MAPK also
lowered GJs permeability, limiting cAMP and cGMP transport to
oocytes and resulting in meiotic recovery of oocytes (34).
Furthermore, after receiving the LH signal, the CGCs depolarized,
increasing the intracellular calcium ion(Ca2+)concentration (35).
Elevated Ca2+ will enter the oocyte via GJs, resulting in a
temporary increase in Ca2+ concentration (36). The rise in Ca2+
concentration in oocytes will facilitate meiosis recovery (37).

Because oocytes have a limited ability to utilize nutrients, CGCs
provide the majority of them. Through TZPs and GJs, GCs can
deliver amino acids, nucleotides, glutathione, and carbohydrate
metabolites to oocytes (38). Because of the limited activity of
phosphofructokinase and lactate dehydrogenase in oocytes, as
well as the sluggish glycolysis process, glucose is primarily
glycolyzed by CGCs to create pyruvate and lactate, which are
then transported to oocyte mitochondria (39). Oocytes, in turn,
can ensure pyruvate availability by increasing the expression of
glycolytic genes in CGCs. In addition, sorbitol dehydrogenase in
granulosa cells reduces glucose to form sorbitol, which is then fed by
oocytes’ indirect fructose synthesis (40). GCs not only provide
necessary resources for oocyte formation, but they also control
germinal vesicle rupture. FSH and LH control follicle growth,
however the oocyte lacks Follicle stimulating hormone receptors
(FSHR) and Luteinizing hormone receptors (LHR). As a result, FSH
and LH influence follicular growth by acting on FSHR and LHR in
CGCs and MGCs. FSH primarily works on MGCs, promoting
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estrogen synthesis in MGCs as well as GC proliferation. When
GCs receive FSH signals, they produce inhibin, which inhibits FSH
secretion and promotes the development of dominant and atresia
non-dominant follicles (41). FSH and E2 synergistically encourage
GCs to create LHR in preparation for the subsequent LH signal.
FSH has the ability to stimulate CGC proliferation and hyaluronic
acid synthesis. FSH stimulates CGC proliferation, hyaluronic acid
synthesis, and then promotes the expansion of cumulus oocyte
complex (42). Cumulus oocyte complex quality represents oocyte
quality and is required for oocyte maturation and fertilization (43—
45). When LH levels rise, LH and FSH work together to promote the
production of progesterone and progesterone receptors in CGCs
and to withdraw TZP from the oocyte membrane to the CGCs in
preparation for the oocyte germinal vesicle to rupture (46, 47).
Figure 1 depicts a more intuitive role for granule cells.

4 EMS causes GCs destruction
4.1 Apoptosis in GCs was triggered by EMS

When the granulosa cells die, the oocyte suffers from a quality
decline or atresia due to a lack of various growth substances
required for development. EMS can severely disrupt the cell cycle
of follicular granulosa cells and increase the apoptotic rate of
granulosa cells in patients (48, 49). Apoptotic bodies are
extracellular vesicles containing nuclear and cytoplasmic debris
that form as a result of apoptosis. The number of apoptotic
bodies in undifferentiated GCs was considerably higher in
patients with EMS compared to patients without EMS, and it was
higher in patients with OEM compared to patients with EMS at
other sites (50). Undifferentiated GC apoptosis can predict the
result of in vitro fertilization (51). The more apoptotic bodies there
are in EMS undifferentiated GCs, the lower the rate of recovered
oocytes and the higher the rate of empty follicles.

The targets of differentially expressed CircRNAs were
predominantly connected to apoptosis, Phosphatidylinositol3-
kinase-RAC-beta serine/threonine-protein kinase(PI3K-AKT), and
Cellular tumor antigen p53 signaling pathways by sequencing the
CGCs of women with EMS and women without EMS (52). The PI3K-
Akt signaling pathway is a critical regulator of cellular transcription,
translation, proliferation, growth, and survival. After being
phosphorylated, AKT participates in important biological processes
such as apoptosis, protein synthesis, and cell cycle progressionAfter
being phosphorylated, AKT participates in important biological
processes such as apoptosis, protein synthesis, and cell cycle
progression. Apoptosis of granulosa cells is higher in patients, which
may be associated to decreased serum testosterone levels. In the
CV434 granulosa cell line, testosterone can inhibit the PI3K-AKT
signaling pathway and reduce cell death (49). Furthermore, the over-
activation of primordial follicles in EMS patients’ ovaries is linked to
the activation of the PI3K-AKT pathway (53). It was discovered by
sequencing the follicular GCs of OEM patients and normal female
follicular GCs that the differently expressed genes were primarily
abundant in the MAPK, Protein WNT(WNT) signaling pathway,
apoptosis, and steroid hormone response (54). Among these, the Wnt
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GCsls' physiological roles during follicular development

signaling pathway is linked to cell proliferation, death, and migration
(55). WNT4 and WNT5a transcription levels were significantly
increased in luteinizing granulosa cells from EMS patients, while
WNT1 transcription levels were significantly decreased, B-catenin and
its dephosphorylated active form expression was decreased, and the
expression of apoptosis inhibitor genes was decreased, while apoptosis
was enhanced. This shows that Wnt signaling dysregulation is linked
to granulosa cell death and follicular cell atresia (48).

4.2 EMS promotes inflammation and
oxidative stress in GCs

Inflammation and oxidative stress can impair oocyte quality and
potentially cause follicular atresia. EMS, especially OEM, can lead to
follicular inflammation and oxidative stress. According to previous
research (56), the levels of C-C motif chemokine 2(CCL2) and
Interleukin(IL)-8 in the follicular fluid produced by EMS-affected
ovaries are higher than those produced by normal ovaries. CCL2 is a
tiny cytokine that has the ability to cause inflammation. It can not only
attract inflammatory cells like neutrophils, monocytes, and
lymphocytes to the lesion site, but it can also stimulate the
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production of additional cytokines including IL-2, IL-6, and cell
adhesion molecules (57). IL-8 is also a chemokine cytokine, and its
involvement and regulation of human reproductive physiological and
pathological processes has been established. IL-8’s primary biological
activity is to recruit and activate neutrophils, hence promoting
inflammation (58). The inflammatory reaction involving the follicles
may become more severe as the lesions progress. IL-23 levels in
follicular fluid and serum, for example, were considerably greater in
individuals with III-IV EMS compared to those with I-II stages (59).
In autoimmune inflammatory illnesses, IL-23 is a related factor that
can mediate inflammatory and immunological responses by T cells,
NK cells, and macrophages (60). When granulosa cells from EMS
patients were cultivated in vitro, the levels of Tumor necrosis factor
ligand superfamily member(TNF)-o, IL-8, and IL-1B in the cell
supernatant were greater than in the control group (61).
Furthermore, Nuclear Factor Kappa B(NF«B), Inhibitor of nuclear
factor kappa-B kinase subunit beta, and NF-kappa-B inhibitor alpha
expression was increased in granulosa cells from ovarian EMS
patients, and the NF«B signaling pathway was significantly activated
when granulosa cells were cultured with TNF-ou (62). NFxB is an
essential regulator of cellular inflammatory response and is involved in
increasing the inflammatory cascade through cytokine activation.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1226687
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Fan et al.

Telomerase activity is high in healthy follicles, whereas NF-kB
expression in granulosa cells is inversely associated to oocyte mass
and telomerase activity, implying that post-inflammatory alterations
in granulosa cells are deleterious to oocyte development (63).
However, Liang found no significant differences in chemokines and
inflammatory cytokines between patients with surgically removed
endometrial cysts and those with untreated EMS in follicular
fluid (64).

Inflammation and oxidative stress are interrelated, and increases
in oxidative stress can cause acute and chronic inflammation (65).
Oxidative stress can cause inflammation via a number of
mechanisms, including Nucleotide-binding oligomerization
domain-like receptors, TOLL receptors, and NFkB pathways (66).
Simultaneously, inflammation can result in oxidative stress (67, 68).
The oxidative stress level in the ovarian cortex around endometriotic
cysts was much higher than in dermoid cysts (69). The composition
of follicular fluid revealed that patients with EMS had higher levels of
oxidative substances such as 8-hydroxy-2 deoxyguanosine, reactive
oxygen species, peroxynitrite ion, Nitric oxide, and malondialdehyde,
and lower levels of antioxidant substances such as peroxide
dismutase, catalase, vitamin A, vitamin C, vitamin E, and reduced
glutathione (70-72). This could be connected to EMS-induced
senescence, endoplasmic reticulum stress, and oxidative stress in
CGCs (73, 74). When mouse cumulus oocyte complexes were
cultured with endometrial cyst fluid, CGC mitochondrial
performance was impaired, glutathione content was reduced,
reactive oxygen species levels rose, and oxidative damage to oocytes
was hastened (75). This shows that EMS can impact oocyte quality by
generating oxidative stress in GCs. However, Donabela’s study found
that the expression of superoxide dismutase 1, an antioxidant, was
elevated in CGCs from individuals with moderate-to-severe EMS
(76). As a result, we cannot say if the presence of EMS causes adaptive
changes in CGCs, such as increased antioxidant capability. Oxidative
stress may hinder ovulation in addition to lowering oocyte quality.
Lin discovered that oxidative stress might decrease the expression of
the histone-lysine N-methyltransferase EZH2 and the level of lysine
27 of the histone H3 protein in GCs while increasing the expression
of Interleukin-1 receptor type 2 to suppress ovulation signals (77).

4.3 EMS influences GCs steroid
hormone production

The synthesis and secretion of steroid hormones by GCs is
critical for follicular growth and, as a result, can impact the quality
of oocytes. The amount of FSHR and LHR on the surface of MGCs
steadily increases as follicles expand, and estrogen released by
MGCs can enhance CGCs proliferation. The aberrant follicular
development in EMS patients is linked to a defective FSH signaling
pathway operating on GCs, and EMS patients respond to FSH less
effectively during ovulation induction (78). Although FSHR and
cytochrome P450 family 19 subfamily A member 1(CYP19A1)
expression levels are lower in GCs from EMS patients (77), it is
unknown how EMS specifically changes FSHR signaling. According
to other research (79, 80), the levels of estrogen and testosterone in
the follicular fluid of patients with EMS are lower than those of
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patients without EMS, but the amount of progesterone is higher.
When estrogen levels in the follicle are low, it frequently represents
a deterioration in oocyte quality and the failure of in vitro
fertilization (81). Follicular fluid progesterone levels rise as EMS
severity rises, whereas testosterone levels fall as EMS severity rises
(82, 83). However, another investigation found no change in
progesterone synthesis by granulosa-lutein cells between patients
with and without EMS (84). As a result, more information is
required to establish the status of steroid synthesis by GCs in EMS.

The GCs produce and secrete the majority of the hormones in the
follicle, and the hormone level in the follicular fluid represents the
GCs’ steroid hormone secretion ability. The increased progesterone
release by GCs may be related to increased autophagy of GCs in EMS
patients, higher expression of Beclin-1(BECN1), and greater low-
density lipoprotein degradation capacity. BECNI1 inhibition decreases
GCs autophagy and lowers low-density lipoprotein-induced
progesterone synthesis (85). Furthermore, unusually increased
PGE2 levels in EMS patients” follicular fluid can enhance the
expression of Steroidogenic acute regulatory protein(StAR) and the
synthesis of progesterone in GCs (78). STAR may transport
cholesterol from the outside mitochondrial membrane to the inner
mitochondrial membrane and convert cholesterol to pregnenolone.
Pregnenolone is a progestogen precursor that causes progesterone to
be produced in response to 33-HSD. However, Sreerangaraja’s (79)
study found that the expression of STAR and 3B-HSD was reduced in
CGCs from EMS patients. As a result, the mechanism by which EMS
influences progesterone production by granulosa cells is unclear and
requires additional investigation.

GCs from EMS patients exhibited lower expression of not just 33
HSD, but also CYP19, as well as impaired ability to release inhibin B
and estrogen (79, 86, 87). Among them, 33-HSD was capable of
converting dehydroepiandrosterone to androstenediol. CYP19
catalyzes the conversion of androstenedione and testosterone into
estrone and estradiol, respectively, and is the rate-limiting enzyme in
estrogen biosynthesis. Both proteins are essential regulators of the
estrogen synthesis process and have a rate-limiting effect on the
synthesis of steroid hormones, which may explain why GCs produce
less estrogen. The mechanism through which EMS interferes with
estrogen synthesis by GCs is currently unknown. A reliable theory is
that the presence of EMS activates the extracellular regulated protein
kinase(ERK)1/2 signaling pathway in GCs. When the ERK1/2
signaling pathway is activated, it inhibits estrogen production by
CYP19 and promotes progesterone generation by STAR (88).
Elevated IL-6 levels in EMS patients” follicular fluid may activate
the ERK1/2 signaling pathway in GCs. When Deura utilized IL-6 to
culture granulosa tumor cell lines, it could enhance ERK1/2
phosphorylation, limit CYP19 expression, and diminish estrogen
release (89). Li’s research also discovered that ERK1/2 signaling is
enhanced in granulosa cells from EMS patients (90).

4.4 EMS influences mitochondrial energy
metabolism in GCs

Because GCs are the nanny cells that feed the oocyte,
mitochondria play a vital role in energy metabolism. Therefore,
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mitochondrial morphology, the amount of mitochondrial DNA
(mtDNA) expression, and the efficiency of adenosine-triphosphate
(ATP) synthesis in GCs all influence oocyte developmental
potential to some extent (91). Mitochondria from CGCs from
mild EMS patients showed morphological edema, hazy
mitochondria, and reduced mtDNA expression abundance (92).
After surgery, the quantity of mtDNA expression in follicular GCs
of females with severe EMS was enhanced compared to women
without EMS (93). This could be related to a compensatory increase
in mtDNA expression in GCs to compensate for the ovary’s lack of
mitochondrial energy metabolism in order to adapt to the hypoxia
in the follicular development microenvironment. According to
Hsu’s research (94), CGCs in EMS patients produced less ATP,
although mtDNA expression abundance remained unaffected. The
respiratory chain’s structural proteins are encoded by mtDNA. The
loss of its nucleic acid sequence will hamper oxidative
phosphorylation and decrease ATP generation. As a result, when
the energy metabolism of GCs mitochondria is insufficient, oocyte
quality suffers. EMS also decreases mitochondrial membrane
potential in GCs (79). The stability of mitochondrial membrane
potential promotes the preservation of normal cellular physiological
function. Normal mitochondrial membrane potential is required for
oxidative phosphorylation and the generation of ATP. Increased
glucose intake and lactate generation are also signs of abnormal
mitochondrial energy metabolism in GCs from EMS patients. This
could be due to elevated Prohibitin 1(PHB1) expression in GCs of
EMS patients. When PHB1 expression was reduced, GCs expression
of enzymes involved in glucose metabolism, glucose consumption,
and lactate generation decreased (95). Furthermore, Sirtuin 2
(SIRT2) inhibits phosphoenolpyruvate carboxykinase 1
degradation, and Phosphoenolpyruvate carboxykinase, cytosolic
[GTP] is the rate-limiting enzyme in gluconeogenesis. SIRT2
expression is enhanced in granulosa cells of EMS patients,
indicating that EMS impacts GCs metabolic pathways, which may
be mediated by SIRT2 (96).

5 The relationship between
EMS-induced GCs abnormalities
and oocyte quality

Current research indicates that EMS-induced oxidative stress,
inflammation, aberrant mitochondrial energy metabolism,
inappropriate steroid production, and apoptosis in GCs can all
impair the quality of oocytes to variable degrees. Although there
have been few studies on the abnormal pathological states of GCs, it is
known from the existing studies that the abnormal condition of GCs
generated by EMS does not exist alone, but interacts with one
another. A transcriptome analysis of CGCs revealed that the genes
that differed between mature and immature CGCs were mostly
involved in steroid metabolism, inflammation, apoptosis, cell cycle
regulation, and extracellular matrix remodeling (97). This also
implies that the aberrant status of GCs generated by EMS will have
an effect on oocyte maturation. According to the current research,
oxidative stress appears to be the root cause of various aberrant
conditions. EMS-induced oxidative stress generates reactive oxygen
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species, and an increase in reactive oxygen species in the follicle leads
to spindle instability, aberrant chromosomal formation, and impaired
oocyte developmental capability (98). Furthermore, protein nitration
is enhanced in follicular GCs of EMS patients, and protein nitration is
a marker of peroxynitrite ions, which are reactive nitrogen free
radicals (70). Peroxynitrite ions can change oocyte spindle shape
and chromosomal organization in a dose-dependent way (99).
Oxidative stress can damage GCs mitochondria, affecting
mitochondrial energy metabolism and steroid hormone production.
Mitochondrial dysfunction generates free radicals, which exacerbates
oxidative stress (100). Furthermore, the lower mitochondrial
membrane potential of GCs may cause nuclear and cytoplasmic
maturation to be out of sync, eventually leading to embryo
development failure (101). The failure of mitochondrial
steroidogenesis in GCs can result in aberrant oocyte development,
especially when estrogen levels in follicular fluid are low and
progesterone levels are high, affecting proper meiosis and late
cleavage of oocytes (80, 102, 103). Nevertheless, it is unknown
whether the level of progesterone in follicular fluid of patients with
EMS differs from that of normal individuals, and we do not yet know
the mechanism by which progesterone influences oocyte quality.
Oxidative stress can also cause GCs inflammation and apoptosis. GCs
inflammation frequently interferes with oocyte meiotic capacity.
Lipopolysaccharide-induced inflammation enhances IL-6 and IL-8
secretion in bovine GCs, resulting in meiotic block and failure of
germinal vesicle rupture in oocytes (104). The IL-6 described above
may interfere with estrogen synthesis in GCs, impacting oocyte
development (88). Several investigations in embryo culture have
demonstrated that IL-8, IL-12, and TNF-a in EMS patients’
follicular fluid are inversely connected with oocyte maturity and
embryo quality (105). Among these, TNF-o production by CGCs can
increase senescence of mouse oocytes after ovulation, which may be
the cause of oocyte quality decline (106). Although the mechanism of
EMS-induced granulosa cell death is unknown, oxidative stress-
induced apoptosis could be produced by endoplasmic reticulum
stress. When EMS follicles were compared to normal women, GCs
apoptosis was enhanced and endoplasmic reticulum stress was
visible. GCs apoptosis was reduced after endoplasmic reticulum
stress was relieved (73). MtDNA depletion causes apoptosis in
granulosa cells (107). We noted previously that EMS patients’
granulosa cells had abnormal mtDNA expression, but we don’t
know how EMS influences the abnormal expression of mtRNA.
Figure 2 illustrates a potential process by which the granulosa cells'
aberrant condition influences the quality of the oocyte.

6 Summary

The decrease in oocyte quality in EMS patients will make
pregnancy hard for women. Even with assisted reproductive
technology, the rate of pregnancy failure remains high. In
conclusion, EMS primarily reduces oocyte quality by causing GCs
apoptosis, inflammation, oxidative stress, steroidogenesis disorders,
and abnormal mitochondrial energy metabolism, which also
provides a therapeutic direction for improving assisted
reproductive technology success rates in EMS patients. It is
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Possible ways by which the aberrant condition of granulosa cells impacts oocyte quality.

troubling that these aberrant states frequently affect each other, but
the mechanism underlying the link between the multiple abnormal
states of GCs generated by EMS is yet unknown. In addition, it is
unclear how the aberrant status of GCs influences the oocyte by
which mechanism or pathway. Although patients with EMS can
achieve pregnancy using assisted reproductive technology, it is
unknown whether the offspring’s health would suffer as a result
of poor oocyte quality. In terms of research technology, current
study on the extraction of GCs from follicles leaves key questions
unanswered. Because MGCs and CGCs serve different functions in
follicles, most studies do not distinguish between the two when
removing GCs from follicles. As a result of our summary, future
research should concentrate on how to improve the abnormal
condition of GCs induced by EMS and better understand the
routes by which the abnormal state of GCs impacts oocyte
quality. We can intervene earlier to achieve better GCs, enhance
reproductive endocrinology, and so increase pregnancy rates and
offspring health if we understand how EMS affects oocyte quality by
altering GCs.
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Introduction: Endometriosis is a worldwide gynacological diseases, affecting in
6-10% of women of reproductive age. The aim of this study was to investigate
the gene network and potential signatures of immune infiltration
in endometriosis.

Methods: The expression profiles of GSE51981, GSE6364, and GSE7305 were
obtained from the Gene Expression Omnibus (GEO) database. Core modules and
central genes related to immune characteristics were identified using a weighted
gene coexpression network analysis. Bioinformatics analysis was performed to
identify central genes in immune infiltration. Protein-protein interaction (PPI)
network was used to identify the hub genes. We then constructed subtypes of
endometriosis samples and calculated their correlation with hub genes. gRTPCR
and Western blotting were used to verify our findings.

Results: We identified 10 candidate hub genes (GZMB, PRF1, KIR2DL1, KIR2DL3,
KIR3DL1, KIR2DL4, FGB, IGFBP1, RBP4, and PROKI1) that were significantly
correlated with immune infiltration. Our study established a detailed immune
network and systematically elucidated the molecular mechanism underlying
endometriosis from the aspect of immune infiltration.

Discussion: Our study provides comprehensive insights into the immunology
involved in endometriosis and might contribute to the development of
immunotherapy for endometriosis. Furthermore, our study sheds light on the
underlying molecular mechanism of endometriosis and might help improve the
diagnosis and treatment of this condition.

KEYWORDS

endometriosis, WGCNA, signature, immune infiltration, immune cell subset,
molecular subtype
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1 Introduction

Endometriosis is a chronic gynecological disorder characterized
by the presence and infiltration of ectopic endometrial tissue (1, 2).
It affects nearly 5% to 10% of women of reproductive age and could
cause pelvic pain (50% to 80%) and infertility (up to 50%) (3-6).
Other common symptoms include dysmenorrhea, dyspareunia,
dysuria, dyschezia, and fatigue (2, 4). Although various
biomarkers such as IL-2, anti-PEP, CA125, and miR-150-5p have
been studied as clinical diagnostic tools, there is generally no single
indicator that can directly diagnose endometriosis (7). Surgery
remains the gold standard for diagnosis (8), but it has
complications, and early lesions might be missed during
operations (9). Therefore, a thorough understanding of the
molecular mechanisms underlying endometriosis and exploration
of a non-invasive diagnostic indicator with high specificity
is essential.

Sampson’s retrograde stigma theory is the most widely accepted
theory on the pathogenesis of endometriosis (6). However,
endometriosis is now recognized as a systemic disease that can
spread through lymphatic and hematogenous metastases (10), not
just limited to pelvic lesions (6). In addition, recent research
suggests that endometriosis is closely related to inflammation and
autoimmunity (11, 12).

Nowadays, the bioinformatics approach is widely used to reveal
the molecular mechanisms associated with endometriosis. The
underlying pathogenic factors are variable and could be related to
the lesion microenvironment, individual differences, and
environmental factors (4). As mentioned earlier, endometriosis is
closely related to immunity, and some studies have revealed a part
of the mechanisms. For instance, Wu et al. (13) reported that an
increase in CD8" T cells and a decrease in CD163" macrophages
might create a pro-inflammatory endometrial immune
environment, leading to endometriosis. Zhong et al. (14) found
that M2 macrophages significantly increase during the progression
of endometriosis. In a previous study, it was discovered that
PDLIM3, a specific biomarker in endometriosis, was correlated
with multiple immune cells, such as M2 macrophages, activated NK
cells, and CD8" T cells (15). However, many unknowns still exist
regarding the immune mechanisms of endometriosis.

In our study, we downloaded three endometriosis datasets
(GSE51981, GSE6364, and GSE7305) from the GEO database to
evaluate immune cell infiltration and identify immune correlation
with endometriosis for further analysis. We identified
endometriosis subtypes, explored differentially expressed genes
(DEGsS), and constructed a co-expression network. Central genes
were identified, and subsequently, hub genes were comprehensively
analyzed, with a particular focus on their immunological
characteristics. Our study established a detailed immune network
and aimed to systematically clarify the underlying molecular
mechanisms of endometriosis, particularly from the perspective of
immune infiltration. The results of our study could help facilitate
the development of immune therapeutic approaches
for endometriosis.
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2 Materials and methods
2.1 Data collection and preprocessing

To identify DEGs, the expression profiles of GSE51981, GSE6364,
and GSE7305 were obtained from the GEO database using the
GPL570[HG-U133_Plus_2] Affymetrix Human Genome U133 Plus
2.0 Array. We used the GEOquery (16) package of R software with
the keyword “endometriosis”. GSE5198 included 77 endometriosis
samples, GSE6364 included 21 endometriosis samples, and GSE7305
included 10 endometriosis samples. We selected and combined the
endometriosis samples from the three datasets, which underwent
removal of batch effects, standardization and annotation of probes,
and other data cleaning processes. We used the “removeBatchEffect”
function to remove batch effects using the “limma” R package and
employed “normalizeBetweenArrays” function to standardize the
data. The overall analytical flow diagram is shown in Figure 1.

2.2 Evaluation and analysis of immune cell
infiltration and correlation between
immune cells

We used the CIBERSORT algorithm (17) to convert the
normalized gene expression matrix into a matrix of 22 types of
immune cells. We uploaded the gene expression matrix data to
CIBERSORT and filtered out samples with P < 0.05 to obtain the
immune cell infiltration matrix. A total of 108 samples were
uploaded, and 32 samples were filtered out based on the criteria
of P < 0.05. The Ggplot2 (18) package was used to draw bar charts
showing the distribution of the 22 immune cell infiltrates in each
sample. The Corrplot package was used to plot the correlation
heatmap to visualize the correlations of these 22 immune cell
infiltrates. The Ggplot2 package was used to visualize the
expression of immune-related HLA family and KIR family genes.

2.3 Gene set variation analysis

GSVA (19) is a non-parametric, unsupervised analysis that
calculates enrichment scores for specific sets of genes in each
sample. GSVA contributes to the construction of pathway-central
models of biology and meets the need for bioinformatic methods for
RNA-seq data (20). In our study, we used the expression profile data
of endometriosis patients based on the c2.cp.v7.4.symbols.gmt
dataset to analyze the corresponding biological characteristics and
observe changes in immune-related pathways to explore the
underlying mechanism of pathogenesis in endometriosis. The
c2.cp.v7.4.gm geneset is a collection of gene sets in the Molecular
Signatures Database (MSigDB) version 7.4. It contains co-
expression-based gene sets that capture potential functional
relationships among genes across diverse tissues or cell types
(https://docs.gsea-msigdb.org/#MSigDB/Release_Notes/
MSigDB_7.4/#_top).
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FIGURE 1

Flow diagram of methodologies applied to explore the biological characteristics of endometriosis.

2.4 Construction and analysis of related
molecular subtypes

Consensus clustering involves the identification of molecularly
related subtypes using the Consensus Cluster Plus algorithm (21).
The consensus matrix is determined by consensus clustering to
classify the samples, with the k value of the cluster number set
between 2 and 9. When the cumulative distribution function index
reaches the approximate maximum value, the optimal K value is
determined. The classification is then validated by principal
component analysis (PCA) of mRNA expression profiles.

The construction of immune cell-related subtypes was based
on the consensus clustering of immune cell infiltration data.
The results were used to define Cluster 1 and Cluster 2. DEGs
were identified by limma (22) with the criteria of P-value < 0.05 and
[log2FC| > 0.3. We used the ggplot2 package to draw a volcano plot
and a heatmap of the DEGs to visualize their expression.
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2.5 Weighted gene co-expression network
based on immune cell subsets

We used WGCNA based on immune cell subsets (23) to process
data. We used the c2.cp.v7.4.symbols.gmt dataset, which includes
immune-related pathways and genes selected from the dataset
obtained through GSVA. First, the soft threshold value of network
construction was selected, and the adjacency matrix was a continuous
value between 0 and 1, ensuring that the constructed network followed
a power-law distribution and was closer to the real biological network
state. Second, a scale-free network was constructed using the function
of block modules, and the co-expression modules were identified by
block partitioning analysis, grouping genes with similar expression
patterns. All modules were summarized by modular characteristic
genes, which were the most important major components of each
module and were defined as synthetic genes representing the
expression profile of all genes in a given module.
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2.6 Functional enrichment analysis

The ClusterProfiler package (24) was used for Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of the DEGs, and the common genes were
analyzed using WGCNA. The critical value of false discovery rate <
0.05 was considered statistically significant. The GO and KEGG
results were visualized using the pathview package (25), and the first
two KEGG enrichment results were evaluated.

To investigate the differences in biological processes among
different subgroups, we used gene set enrichment analysis (GSEA)
based on the gene expression profile dataset of patients with
endometriosis. The C2.cp.v7.4.symbols.gmt gene set was
downloaded from MSIGDB for GSEA, and a P-value < 0.05 was
considered statistically significant.

2.7 PPl network construction

We used the STRING database (26) (http://string-db.org,
version 11.09) online tool to obtain PPI data. Candidate targets
were input into STRING, and genes with scores greater than 0.3
were selected to construct a network model using Cytoscape
(V3.7.2) (27). Cytohubba plug-in (28) was used to screen the top
10 hub genes based on the score. Pearson correlation analysis was
conducted between the hub genes and immune cells, and both cor >
0.55 and > 0.7 were tried. An interaction score of 0.55 and P < 0.05
was finally set as the significance criteria for further analysis. The
correlation between hub genes and immune checkpoint genes was
assessed as previously using corrgram (29).

2.8 Construction of miRNA-mRNA
interaction network

The MultiMiR (30) package was used to construct the
interaction between mRNA and miRNA. We obtained data from
the miRTarBase database (http://mirtarbase.mbc.nctu.edu.tw/php/
index.php) and TarBase V.8 database (http://carolina.imis.athena-
innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex).
The “Functional MTT” and “positive” results were selected, and
Cytoscape (V3.7.2) was used to construct the miRNA-
mRNA network.

2.9 Quantitative real-time PCR

Total RNA was isolated from 6 ovarian endometriosis tissue
samples and 9 eutopic endometrial tissue samples from
endometriosis-free women (normal control, NC) using Trizol
(RNAiso Plus; Takara, Japan) according to the manufacturer’s
instructions. One microgram of RNA was reverse-transcribed into
cDNA using a PrimeScriptTM RT reagent kit (Takara) according to
the manufacturer’s protocol. Amplification was performed on a
quantitative real-time (qRT)-PCR device (QuantStudio5; Thermo
Fisher Scientific, Waltham, MA, USA) using TB Green® Premix EX
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TaqTM II (Takara) and gene-specific primers (Sangon, Shanghai,
China). B-Actin was used as the internal control. The relative
expression levels of the genes were calculated using the
2724CT method.

2.10 Protein extraction and
western blotting

Ovarian endometriosis tissues and normal eutopic
endometrium tissues were lysed in RIPA buffer containing
protease and phosphatase inhibitor cocktail. After centrifugation
at 12,000 rpm and 4°C for 15 min, the protein concentration in the
supernatant was determined using a BCA protein assay. Equal
amounts of total protein (30 pg) were loaded and separated on
12.5% SDS-PAGE and then transferred to PVDF membranes. After
blocking with protein-free rapid blocking buffer for 0.5 h at room
temperature, the membranes were incubated with primary
antibodies overnight at 4°C. Rabbit anti-RBP4 antibody (1:5000;
Abcam) and rabbit anti-B-actin (1:1000, cell signaling technology)
were used as primary antibodies, with 3-actin serving as the internal
loading control. Then, the membranes were then incubated with
secondary antibodies (1:3000) for 1 h at room temperature. Excess
secondary antibody was removed by three washes in TBST. The
targeted protein bands were visualized and imaged using an ECL
Western blotting kit (NCM Biotech, China).

2.11 Statistical analysis

All data processing and analysis were conducted using R
software (version 4.1.0). The statistical significance of the
normally distributed continuous variables was estimated using the
independent Student t test, while the differences between non-
normally distributed continuous variables were analyzed using the
Mann-Whitney U test (Wilcoxon rank-sum test). The Chi-square
test or Fisher’s exact test was used to compare and analyze the
statistical significance between categorical variables in two groups.
All statistical P values were bilateral, and P < 0.05 was considered
statistically significant.

3 Results

3.1 Evaluation of immune cells
infiltration and immune correlation
analysis in endometriosis

To evaluate the extent of immune infiltration in patients with
endometriosis, we used the CIBERSORT algorithm to analyze the
proportions of the immune subset in endometriosis. We
constructed immune cell maps (Figure 2A) and correlation maps
of these 22 types of immune cells (Figure 2B) in endometriosis
samples. The 22 types of immune cells are listed in Supplementary
Table 1. We used GSVA to calculate the enrichment scores for all
genes in each immune cell type. We observed changes in specific
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FIGURE 2

Evaluation of immune cell infiltration and immune correlation analysis. (A) Barplot shows the proportion of 22 types of immune cells in
endometriosis samples. The column of the graph is sample. (B) Correlation heat map of 22 immune cell infiltrates; Blue represents positive, red
represents negative. The depth of the color indicates the strength of the correlation. (C) Changes in enrichment of 10 immune-related pathways.

(D) Expression differences of HLA and KIR family genes.

gene sets associated with 10 immune-related pathways in the
c2.cp.v7.4.symbols.gmt dataset, including Toll-like receptor
signaling pathway, Nod-like receptor signaling pathway, Rigi-like
receptor signaling pathway, Jak-stat signaling pathway, NK cell-
mediated cytotoxicity, T cell receptor signaling pathway, B cell
receptor signaling pathway, autoimmune thyroid disease, allograft
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rejection, and graft versus host disease the gene sets and
(Figure 2C). The HLA and KIR family genes were immune-
related gene families, and the expression of each gene in the
family showed different manifestations. HLA-A, HLA-B, and
HLA-C showed relatively high expression, while the expression of
the KIR family was relatively low (Figure 2D).
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3.2 ldentification of two endometriosis
subtypes and exploration of DEGs based
on immune characteristics

To determine the biological differences between different immune
subtypes in endometriosis, we classified the endometriosis samples
into cluster 1 and cluster 2 based on the consensus clustering of
immune cell infiltration data. The two subtypes were clearly
distinguished (Figure 3A). Differential gene expression was
identified with limma (P-value < 0.05 and [log2FC| > 0.3). A total of
140 DEGs were obtained, including 29 low-expression genes and 111
high-expression genes (Supplementary Table 7). The volcano plot
indicated a higher number of genes with upregulated expression

10.3389/fimmu.2023.1130738

compared to genes with downregulated expression (Figure 3B). In
the heat map, the genes in cluster 1 exhibited an overall downregulated
trend, while the genes in cluster 2 showed an overall upregulated trend
(Figure 3C). GSEA and GSVA were applied for all the DEGs between
cluster 1 and cluster 2, and the results were shown in Supplementary
Tables 2, 3, respectively. The results of GSEA were visualized in
Supplementary Figure 1A, indicating that immunoregulatory
interactions and the complement system play crucial roles in the
pathology of endometriosis. The results of GSVA (Supplementary
Figure 1C) revealed that the B cell receptor signaling pathway and
CD8 TCR downstream pathway are important pathways involved in
endometriosis. These findings indicate that the immunology system
plays an essential role in the pathologies of endometriosis.
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based on differential analysis of immune cell subsets, clusterl is green, cluster 2 is red; blue dots represent low expression and red dots represent high
expression. PCA, principal component analysis.
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3.3 Co-expression network construction
and central genes identification

To explore the central genes involved in immune infiltration in
endometriosis, we constructed a gene co-expression network using the
WGCNA algorithm. The gene expression profile of the endometriosis
immune subtype was evaluated using cluster analysis (Figure 4A). To
ensure that the network was scale-free, we selected a soft threshold of
[ =2 (Figure 4B). We then transformed the representation matrix into
an adjacency matrix and a topological matrix and used the average
linkage hierarchical clustering method to cluster the genes. We set a
minimum number of 50 genes in each gene network module, based on

10.3389/fimmu.2023.1130738

the standard of the hybrid dynamic clipping tree. We used the
dynamic shearing method to determine the gene module and
calculated the characteristic gene values for each module.

We then conducted Cluster analysis on the modules and
merged modules that were close to each other using the following
parameters: height = 0.25, deep split = 4, and minimum module =
50, resulting in a total of 11 modules (Figure 4C). The module with
the highest correlation with immune characteristics was the green
module (r = 0.6, P = 5e-12; Figure 4D). We identified 285 genes in
the green module. We then compared these genes to the 140 DEGs
based on immune characteristics and identified 52 common
genes (Figure 4E).
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3.4 GO and KEGG enrichment analysis of
cerntral genes in endometriosis

To further investigate the functions of the 52 common genes, we
performed GO and KEGG analyses. We used a cutoff p value of 0.5
for these analyses. GO analysis showed that the common genes were
mainly related to leukocyte-mediated cytotoxicity, negative
regulation of growth, NK cell-mediated cytotoxicity, NK cell-
mediated immunity, and positive regulation of protein transport

10.3389/fimmu.2023.1130738

(Figures 5A, C; Supplementary Table 4). KEGG analysis showed
that the pathway was mainly related to graft-versus-host disease,
NK cell-mediated cytotoxicity, antigen processing and presentation,
complement and coagulation cascades, allograft rejection, and NK
cells in both resting and activated states (Figures 5B, D;
Supplementary Table 5). Pathway enrichment analysis also
showed that the common genes were significantly expressed in
the complement and coagulation cascade (Figure 5E) and NK cell-
mediated cytotoxicity (Figure 5F) pathways.
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3.5 Pathway enrichment of central genes
in endometriosis

To address potential biases in the enrichment analysis of
intersection genes, we performed GSEA on all 140 DEGs related
to immune subtypes in the endometriosis expression profile. We
used the C2.cp.v7.4.Symbols.gmt reference gene set for this
analysis. The results showed that DEGs were significantly
enriched in the chemokine signaling pathway, cytokine cytokine
receptor interaction, NK cell mediated cytotoxicity, cell cycle
checkpoints, cell cycle mitotic, homology directed repair, and

10.3389/fimmu.2023.1130738

reactome mitotic prometaphase (Figures 6A-G). We also
performed GSVA using the C2.cp.v7.4.symbols.gmt reference
gene set to explore the potential mechanism underlying the
pathogenesis of endometriosis. We observed significant
differences in 10 gene sets based on immune subtypes, including
innate immune system, biocarta csk pathway, graft versus host
disease, WP oxidative damage, neutrophil degranulation, signaling
by CSF3 G CSF, WP microglia pathogen phagocytosis pathway,
WP chemokine signaling pathway, WP IL3 signaling pathway, and
interferon-gamma signaling. Most of these DEG sets were immune-
related pathways (Figure 6H).
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3.6 Construction of PPl network

To explore the protein functions of the 52 candidate genes
(Supplementary Table 6), we constructed a PPI network using the
STRING database and Cytoscape software. With a confidence score
of 0.55, we identified 45 genes that showed close interactions with
each other (Supplementary Figure 2A), while only 8 genes remained
with a cut-off of > 0.7 (Supplementary Figure 3). We utilized an
interaction score of 0.55 to identify the hub genes. Using the
cytoHubba plugin, we calculated the value of the PPI network
and selected the top 10 hub genes (Supplementary Figure 2B) and
their extensions: GZMB, PRF1, KIR2DL1, KIR2DL3, KIR3DLI,
KIR2DL4, FGB, IGFBP1, RBP4, and PROK1 (Supplementary
Figure 2C). To further explore the upstream regulatory
relationships, we predicted miRNA interactions with the hub
gene by selecting the results of “Functional MTI” and “positive”
evidence, based on the multiMiR and TarBase v.8 databases. We
found that 8 mRNAs in the hub genes interacted with 11 miRNAs
(Supplementary Figure 2D).

10.3389/fimmu.2023.1130738

3.7 ldentification of three endometriosis
subtypes through unsupervised clustering
based on hub genes

To investigate the biological differences among different
subtypes based on the characteristics of endometriosis, we used
the ConsensusClusterPlus software package to construct subtypes
based on the expression profile of the 10 hub genes. When k = 3, the
classification was reliable and stable (Figures 7A-C). The samples
were divided into cluster 1, cluster 2, and cluster 3. PCA confirmed
that cluster 1, cluster 2, and cluster 3 showed significant differences
(Figure 7D). We also analyzed the correlation of immune cell
fractions by disease subtypes and found that the three
components showed different expressions in different immune
cells. NK.cells.activated, T.cells.CD8, and NK.cells.resting showed
a large difference in expression (Supplementary Figure 4G). For the
hub genes, we calculated the correlation between the hub gene
expression and immune cell fraction (Pearson’s coefficient). Most
hub genes were significantly correlated with immune markers. We
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observed a significant positive correlation between GZMB and
NK.cells.activated (P = 1.23e-11, R = 0.59) (Supplementary
Figure 4A), KIR2DL1 and NK.cells.resting (P = 2.51e-8, R = 0.50)
(Supplementary Figure 4B), KIR2DL3 and NK.cells.resting (P =
1.55e-11, R = 0.59) (Supplementary Figure 4C), KIR2DL4 and
NK.cells.resting (P = 4.26e-12, R = 0.60) (Supplementary
Figure 4D), PRF1 and NK.cells.activated (P = 3.54e-10, R = 0.56)
(Supplementary Figure 4E), and PRF1 and NK.cells.resting (P =
1.15e-11, R = 0.59) (Supplementary Figure 4F). Further analysis of
the correlation between hub genes and immune checkpoint genes
revealed that hub genes were strongly positively correlated with
CD40, IDO1, LAG3, TNF, and TNFRSF18 immune checkpoint
genes (Supplementary Figure 4H). These results showed that the
expression of hub genes was significantly positively correlated with
immune characteristics.

3.8 Expression validation of hub genes

To validate the transcriptional and protein expression of the
hub genes, we used qRT-PCR and Western blot analyses to detect
their expression in both ovarian endometriosis tissue and normal
eutopic endometrial tissue from the same patients (Figure 8). We
found that, except for FGB, KIR2DLI, and KIR2DL3, all other hub

10.3389/fimmu.2023.1130738

genes showed significantly different expression levels in the
endometriosis and normal control groups (Figure 8A).
Specifically, the expression of KIR2DL4 was remarkably
downregulated, while the expressions of PROKI, IGFBP1, RBP4,
G2MB, KIR3DLI1, and PRF1 were significantly upregulated in
ovarian endometriosis. Moreover, the protein expression of RBP4
was remarkably higher in ovarian endometriosis than in normal

control (Figure 8B).

4 Discussion

Endometriosis is a common disease that affects up to 10% of
women. It is characterized by pain and infertility (31). Up to 90% of
cases of chronic pelvic pain in women of reproductive age are
associated with endometriosis (32). Endometriosis is also a risk
factor for ovarian cancer (33). However, endometriosis is not
curable, and its underlying etiology remains unclear. In a
previous study, we identified PDLIM3 as a specific biomarker for
endometriosis that was associated with multiple immune cells (15).
However, that analysis focused on the relationship between a single
gene and the immune cell environment.

In the present study, we conducted a more comprehensive
analysis of the immune cell environment and explored immune-
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Expression validation of hub genes. (A) gRT-PCR was performed to determine mRNA expression of hub genes in normal eutopic endometrial tissue
and ovarian endometriosis tissue. (B) Western blotting was performed to determine the protein expression of RBP4 in normal eutopic endometrial
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associated genes in endometriosis. We merged three mRNA
microarray datasets (GSE51981, GSE6364, GSE7305) into one
dataset with 108 samples of endometriosis and conducted several
analyses. Our findings indicated that hub genes, enriched modules,
and pathways have genetic effects on endometriosis. Moreover, the
predicted genes in the merged dataset might interact with each
other and coregulate endometriosis.

HLA and KIR are immune-related gene families. KIRs are
expressed by NK cells and can recognize class I HLA on target
cells. HLA-C is a ligand of KIRs and is an essential regulator of NK
cell activity (34, 35). Modulation of the HLA-KIR axis provides new
prospects for cancer treatment (36) and immunotherapy of other
diseases such as COPD (37). A previous study revealed that the
expression of HLA-C*03:03%01 was increased in endometriosis.
Aberrant expression of KIR2DL1 impaired NK cell cytotoxicity in
endometriosis (38). KIR2DS5-positive women with endometriosis
had a lesser chance of peritoneal disease, and KIR2DS5 might be a
protective factor for endometriosis (34). In this study, we
constructed 22 immune profiles from endometriosis samples.
GSVA was used to calculate enrichment scores for specific gene
sets in each sample, and variations of 10 immune pathways,
including Toll-like receptor signaling pathway, Nod-like receptor
signaling pathway, and Rig I-like receptor signaling pathway, were
observed. HLA-A, HLA-B, and HLA-C expression levels were
relatively high, and KIR expression was relatively low, which is
consistent with previous reports (34, 35).

To investigate the biological functions of the differentially
expressed genes, we analyzed 52 common genes that were
common to both immunogrouping and WGCNA analyses and
found several functions were associated with endometriosis,
including leukocyte-mediated cytotoxicity, negative regulation of
growth, NK cell-mediated cytotoxicity, NK cell-mediated
immunity, and positive regulation of protein transport. Further
analysis using GO and KEGG pathways showed that the
complement and coagulation cascade pathways and NK cell-
mediated cytotoxicity pathways were significantly associated with
endometriosis. Consistent with our findings, the abnormal immune
function of NK cells is closely related to endometriosis (39). In
particular, impaired NK cell cytotoxic activity has been linked to the
development of endometriosis (40, 41). To validate our results, we
performed GSEA and GSVA analysis on differential gene sets
related to immune subtypes. Our analysis showed common
enrichment in NK cell-mediated cytotoxicity and graft versus host
disease, and most differential gene sets were immune-related
pathways. These results further support the important role of NK
cells in the development of endometriosis.

The immune system plays a crucial role in the pathogenesis of
endometriosis, with immune cells infiltrating the ectopic
endometrial lesions. Immune infiltration points in endometriosis
include the involvement of various immune cell types, such as
macrophages, neutrophils, NK cells, and CD8" T cells.
Macrophages, found in increased numbers in the peritoneal fluid
and at the site of the lesions, contribute to the development and
maintenance of endometriotic lesions by producing growth factors,
angiogenic factors, and pro-inflammatory cytokines (42-44).
Previous study suggests that M2 macrophages may play a role in
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the development and recurrence of endometriosis (45).
Additionally, microvesicles secreted by M1 macrophages in
endometriosis can induce polarization of M2 macrophages
towards an M1 phenotype, potentially inhibiting the development
of endometriosis (46). These studies indicate the presence of both
M1 and M2 macrophages in endometriotic lesions and suggest that
repolarizing M2 macrophages towards an M1 phenotype could be a
potential therapeutic strategy. However, further research and
clinical studies are needed to fully understand the role of
macrophage subtypes and their potential for the treatment of
endometriosis. Similarly, neutrophils are present in the peritoneal
fluid of women with endometriosis and promote angiogenesis and
tissue remodeling in the formation of endometriotic lesions (47, 48).
Moreover, NK cells in peripheral blood might help to destroy
retrograde endometrial cells, thus preventing endometriosis
development. The reduction in NK cell cytotoxic activity might
result in endometriosis (49). The alterations in the immunological
parameters of NK cells not only included lower NK cell cytotoxicity
but also involved a shift in the balance between type 1 and type 2
NK cells, as well as changes in the percentages of inhibitory and
activating NK cell receptors (39). Thus, abnormalities in the
function of NK cells, such as reduced cytotoxicity, altered activity
and phenotype, and imbalances in receptor expression, might
contribute to the development and pathology of endometriosis. In
our study, the NK cell-mediated cytotoxicity pathway is implicated
in several analyses, aligning with previous findings. CD8 T cells also
play a role in the development and progression of endometriosis.
An increased number of CD8 T cells has been observed in the
peritoneal fluid of women with endometriosis compared to those
without the disease, suggesting a possible role of CD8 T cells in the
local immune response (50). CD8 T cells in the peritoneal fluid of
endometriosis patients exhibited a reduced cytotoxic capacity,
potentially contributing to impaired immune surveillance and
facilitating the establishment of endometrial implants in the
peritoneal cavity (51).

To further elucidate the pathogenesis of endometriosis, we
performed PPI analyses to identify the endometriosis-associated
hub genes. We selected 10 DEGs as hub genes, namely, GZMB,
PRF1, KIR2DL1, KIR2DL3, KIR3DL1, KIR2DL4, FGB, IGFBP1,
RBP4, and PROK1. Among these, KIR2DL1, KIR2DL3, KIR3DL1,
and KIR2DL4 belong to NK cell inhibitory receptors (39). Their
functions are mentioned above. GZMB is a component of cytolytic
granules within NK cells (52) and was reported to be correlated with
cervical cancer (53). RBP4 belongs to the lipocalin family and is the
major transport protein of the hydrophobic molecule retinol, which
is known as vitamin A (54). A recent study showed that RBP4 is
involved in the pathological process of endometriosis and could
promote the activity, proliferation, and invasion of ectopic cells
(55). We validated that RBP4 was overexpressed in endometriosis
patients. In addition, there are no reports about RBP4 and other
uterine pathologies, which indicates that this signature is unique to
endometriosis. PROK1 is a secreted peptide that belongs to the
prokineticin family and performs a wide range of functions in
angiogenesis, modulation of inflammatory responses, and
regulation of hematopoiesis (56). Tiberi et al. discovered that the
expression of PROKI1 in normal female tissues was much higher
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than that in women with endometriosis, suggesting that women
with endometriosis might show abnormal vascular function (57).

In our study, all the hub genes were found to be highly
correlated with endometriosis. For example, GZMB (Granzyme
B) belongs to the granzyme family of serine proteases that are found
in the cytotoxic granules of cytotoxic T lymphocytes and NK cells
(58). Granzymes play a critical role in the immune system by
inducing apoptosis in target cells, such as virally infected cells or
tumor cells (59). GZMB is a therapeutic target for endometriosis,
based on its role in immune response, tissue remodeling, and
angiogenesis. Targeting GZMB might alleviate endometriosis-
associated pain and inflammation while preserving fertility (60).
Apart from their association with endometriosis, some of the hub
genes have also been linked to other uterine pathologies. For
instance, the KIR family (61), IGFBP1 (62), and PROKI (63)
have been correlated with recurrent implantation failure, while
GZMB (64) and FGB (65) have been implicated in cervical
carcinoma. However, there is no report about the relationship
between PRF1 and RBP4 and other uterine pathologies, which
suggests that these two might be unique signatures
of endometriosis.

To further explore upstream regulatory relationships, multiMiR
database, and TarBase V. 8 database were used to predict miRNAs
interacting with hub genes. Eight mRNAs in hub genes were found
to interact with 11 miRNAs, namely, miR-29¢-3p, miR-542-3p,
miR-27a-3p, miR-31-5p, miR-16-5p, miR-29b-3p, miR-124-3p,
miR-21-5p, miR-409-3p, miR-107, and miR-452-5p. MiRNAs
could inhibit the translation of their target genes by binding to
their messenger RNA 3’-untranslated region (66). This
posttranscriptional regulation occurs during physiopathologic
processes, including endometriosis (67). Changes in the function
of mir-542-3p and its target gene IGFBP1 have been reported to
alter the decidualization of endometriosis stromal cells, affecting the
metastasis and invasion of ectopic endometriosis cells (68, 69).
Braza-Boils et al. indicated that many anomalously expressed
miRNAs were identified in peritoneal fluid, including miR-16-5p.
These miRNAs affected the expression of VEGF-A and had an
important influence on the occurrence and development of
endometriosis (70). Overall, these results are similar to those
from our mining data.

Our study has some limitations. Firstly, as the pathogenesis of
endometriosis is multidimensional, discussing it only from the
aspect of immune infiltration might not be comprehensive
enough. Secondly, all study data were obtained from publicly
available databases, and additional clinical characteristics of
endometriosis patients should be included in subgroup analysis.
Thirdly, although we validated the expression of hub genes through
qRT-PCR and western blot, further multicenter and prospective
studies are required to evaluate the possible applications of
molecular signatures. Additionally, more in vivo and in vitro
experiments are needed to elucidate the molecular mechanisms of
hub genes for clinical applications. Furthermore, while we have
analyzed gene expression data for HLA and KIR genes, we
acknowledge that further investigation in specific cell types and
disease contexts through sequencing or genotyping approaches is
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necessary to better understand the heterogeneity of these gene
families. Lastly, scRNA-seq analysis may provide more valuable
insights into immune cell heterogeneity compared to bulk RNA-
seq, and we plan to conduct scRNA-seq analysis in future studies.

This study presents several novel aspects compared to previous
similar research. Firstly, we incorporate a novel approach by
considering the immune phenotype of patients with
endometriosis. By analyzing the immune cell composition and
immune-related pathways in endometriosis, we provide valuable
insights into immune dysregulation associated with the disease.
Secondly, we utilize diverse datasets to comprehensively analyze the
immune landscape, revealing new relationships between immune
cell subgroups, gene expression patterns, and immune pathways in
endometriosis. Advanced analysis methods, such as CIBERSORT,
GSVA, and WGCNA, further deepened the exploration, identifying
key genes associated with immune subtypes. Notably, the study
uncovers two previously unknown genes, KIR2DL3 and FGB, in
endometriosis, contributing to the understanding of potential
genetic factors in the disease.

In conclusion, this study provides comprehensive and reliable
evidence for the pathogenesis of endometriosis from the perspective
of immune infiltration. The results showed that most of the DEGs
are involved in immune-related pathways. Ten hub genes, which
show significant correlation with immune markers, might be
potential diagnostic and therapeutic targets for endometriosis.

Our study provided a reliable and deep analysis of the
mechanism underlying endometriosis from the perspective of
immune infiltration. A total of 10 hub genes were identified and
were validated by qRT-PCR and western blotting. The majority of
hub genes showed significantly different expression between
endometriosis patients and normal controls. Of these genes,
PROKI1 (Prokineticin 1) has been suggested to be associated with
endometriosis due to its role in promoting angiogenesis (71). Altered
expression of IGFBP1 (Insulin-like growth factor-binding protein 1)
has been found in the endometrium of women with endometriosis,
suggesting a potential association (72). KIR2DL4 and KIR3DL1 are
members of the killer cell immunoglobulin-like receptor family and
might be associated with the pathogenesis of endometriosis through
their involvement in the regulation of NK cell activity (35). No direct
link has been established between RBP4, G2MB, or PRFI and
endometriosis, necessitating further investigation.
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Objective: Endometrial cancer recurrence is one of the main factors leading to
increased mortality, and there is a lack of predictive models. Our study aimed to
establish a nomogram predictive model to predict recurrence in endometrial
cancer patients.

Method: Screen 517 endometrial cancer patients who came to Nanjing Drum
Tower Hospital from 2008 to 2018. All these data are listed as the training group,
and then 70% and 60% are randomly divided into verification groups 1 and 2.
Univariate, Multivariate logistic regression, stepwise regression were used to
select variables for nomogram. Nomogram identification and calibration were
evaluated by concordance index (c-index), area under receiver operating
characteristic curve (AUC) over time and calibration plot Function. By decision
curve analysis (DCA), net reclassification index (NRI), integrated discrimination
improvement (IDI), we compared and quantified the net benefit of nomogram
and ESMO-ESGO-ESTRO model-based prediction of tumor recurrence.

Results: A nomogram predictive model of endometrial cancer recurrence was
established with the eight variables screened. The c-index (for the training cohort
and for the validation cohort) and the time-dependent AUC showed good
discriminative power of the nomogram. Calibration plots showed good
agreement between nomogram predictions and actual observations in both
the training and validation sets.

Conclusions: We developed and validated a predictive model of endometrial
cancer recurrence to assist clinicians in assessing recurrence in endometrial
cancer patients.
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Introduction

As an epithelial cancer, endometrial cancer (EC) forms in the
endometrium and is prevalent in perimenopausal and menopausal
women. Current research indicates that EC is the most prevalent
gynecological cancer in affluent nations (1-3). Moreover, its
incidence rose from 2013 to 2017 (4, 5). According to the most
current worldwide cancer statistics published in 2020 by the IARC
of WHO, EC is second among prevalent genital tract malignancy
after cervical cancer (6). In recent years, due to lifestyle changes and
the popularity of hormone replacement therapy, the incidence of
EC has gradually increased and gradually become younger (7).The
progression of EC is relatively slow, and it is often detected at an
early stage (8), so the prognosis is relatively good (9). However,
there are still about 20% of patients with recurrence and metastasis
(10), resulting in increased mortality (11, 12).

Age, grade and type of histology, myometrial invasion, and
lymphovascular space invasion (LVSI) represent the risk factors for
conventional endometrial cancer recurrence (12) and based on
these risk variables, a set of recurrence patterns have been
created. Some instances are EC recurrence patterns based on the
European Society for Medical Oncology (ESMO), the European
Society for Radiotherapy & Oncology (ESTRO), and the European
Society of Gynaecological Oncology (ESGO) (ESMO-ESGO-
ESTRO) consensus conference (8, 13, 14). However, these
methods’ limitations are their relatively low accuracy and inferior
capacity for the prediction of recurrence risk among individuals.
Thus, tailoring a model for predicting EC patients is necessary.

The nomogram tumor prediction model has been extensively
utilized recently (15-17). For instance, the nomogram prediction
model was used to construct treatment and monitoring regimens
for patients in stages IIIB and IIIC in melanoma (18) and
hepatocellular carcinoma to predict the recurrence of patients
after laparoscopic liver resection (19). The nomogram tumor
prediction model meets the requirements of an ensemble model
and plays a role in promoting personalized medicine, valuable to
physicians for recurrence prediction (15). In this study, we used 517
endometrial cancer patients who visited Nanjing Drum Tower
Hospital from 2008 to 2018 to establish a nomogram tumor
recurrence prediction model for EC.

Materials and methods
Study population

The only participants in this retrospective cohort research were
endometrial cancer patients who attended Nanjing Drum Tower
Hospital between 2008 and 2018. The following are the
requirements for inclusion: (1) patients diagnosed with
endometrial cancer based on clinical manifestations, auxiliary
examinations, and postoperative pathology; and (2) case records
including age, menopausal status, clinical stage, histological tumor
grade, radiotherapy history, chemotherapy history, preoperative
CA125, preoperative ultrasound results, postoperative CA125,
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reproductive history, histological type, cervical infiltration,
vascular infiltration, metastasis, and surgical approach. The
exclusion criteria included patients who were not regularly
followed up.

Cohort partitioning and variable filtering

All patient data were used for the training group, and 60% and
70% were randomly selected as validation group 1 and validation
group 2. For the first cohort, it intended to filter the factors for
model production. Meanwhile, validation sets verify the former
group’s outcomes. The collected data included 15 variables: age,
menopausal status, clinical stage, histological tumor grade,
radiotherapy history, chemotherapy history, preoperative CA125,
preoperative ultrasound results, postoperative CA125, reproductive
history, histological type, cervical invasion, vascular invasion,
metastasis, and surgical approach. Among them, the diagnostic
criteria of CA125 in Nanjing Drum Tower hospital was the normal
range of 0-30.2U/ml, when the serum CA125 level >30.2U/ml, it
was defined as an elevated CA125 level. Surgical approaches were
divided into non-surgical treatments based on radiotherapy and
chemotherapy, minimally invasive surgery (laparoscopic/Da Vinci
robotic), or open surgery. Univariate logistic regression was
performed on all 15 variables; those part of stepwise regression
and multivariate logistic regression analyses were those having p <
0.1. In latter analysis, those having p < 0.05 were deemed
independent risk factors, and regression analysis selected variables
for the nomogram based on the Akaike information criterion (AIC).
Finally, a total of eight variables were screened out.

Statistical analysis

The percentage of missing data was 4.20%, and the missing ratio of
each item was less than 20%. Missing data was performed with multiple
imputations using IBM SPSS 26 with complete conditional
specification (MCMC). The model type for scale variables was
predicted mean matching (PMM), and all variables were used as
predictors. To evaluate the recurrence probability of EC, factors were
included in the nomogram using univariate logistic regression,
multivariate logistic regression, and stepwise regression based on the
minimal value of the AIC. The capacity to recognize was examined
using the consistency index (C-index)/receiver operating characteristic
curve (ROC), as well as related ability to calibrate was evaluated with
the calibration chart. Related values have a 0.5-1.0 range denoting
random to perfect probability. In general, those values > 0.7 imply
acceptable estimations. For assessing the nomogram’s effectiveness with
respect to the ESMO-ESGO-ESTRO pattern, integrated discrimination
improvement (IDI), net reclassification index (NRI), and decision
curve analysis (DCA) were utilized. NRI and IDI examine prediction
advancements involving risks as well as novel models’ utility (20, 21);
the other assesses predictive models’ viability (22, 23) through
calculating the net benefit at various threshold likelihoods on
the nomogram.
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We evaluated age distributions across the training and
validation groups using one-way ANOVA, and other
clinicopathological parameters, such as clinical stage, were
compared using cross-tab chi-square tests. Two-sided P values
were considered, with values < 0.05 deemed to have significance
statistically. For all statistical studies, R v.4.0.2 or SPSS 26 were used.
The main endpoint of the trial was relapse, as measured by the
period between diagnosis and all-cause recurrence or the date of the
final follow-up in 2018. The nomogram risk was divided into low,
medium, media-high, and high risk using the 0.25, 0.5, and 0.75
cutoffs, using the model predicted value. Risk stratification based on
ESMO-ESGO-ESTRO was utilized for categorizing patients as low-
risk, intermediate-risk, intermediate-high-risk, or high-risk. The
Kaplan-Meier curve of recurrence-free survival (RFS) was
developed for assessing accuracy in prediction on each approach.

TABLE 1 Clinical demographics of EC patients.

Whole population

Characteristic [cases (%)]

Validation cohortl

10.3389/fendo.2023.1156169

Results

Patients’ characteristics

Between 2008 and 2018, a total of 671 patients were diagnosed
with endometrial cancer at Nanjing Drum Tower Hospital, of
whom 517 were qualified for the research. Patients lost to follow-
up were excluded. All 517 patients were applied to the training
cohort to construct a predictive mode. Of these patients, 70% (364)
and 60% (312) were randomly selected for the validation cohort.
Comparable clinical features existed across the training and
validation groups (P>0.05) according to Table 1, which
summarizes the clinical features of these EC patients.

In the training cohort, validation cohort 1 and validation cohort 2,
the median EC patient age in years was 58. Relapsed patients accounted

Validation cohort2

[cases (%)] AEI

[cases (%)]

Total 517 364 312

Age

Median 58 58 58 0.943

Mean 57.29 57.46 57.56

Clinical stage

I 398 (77.0) 286 (78.6) 244 (78.2) 0.998

11 41 (7.9) 27 (7.4) 22 (7.1)

11 55 (10.6) 36 (9.9) 32 (10.3)

v 23 (4.4) 15 (4.1) 14 (4.5)

Menopause status

Pre 91 (17.6) 63 (17.3) 58 (18.6) 0.979

Peri 87 (16.8) 63 (17.3) 49 (15.7)

Post 339 (65.6) 238 (65.4) 205 (65.7)

Histologic grade

Low grade 175 (33.8) 121 (33.2) 102 (32.7) 0.699

Media grade 246 (47.6) 171 (47.0) 139 (44.6)

High grade 96 (18.6) 72 (19.8) 71 (22.8)

Radiation therapy

No 273 (52.8) 195 (53.6) 170 (54.5) 0.894

Yes 244 (47.2) 169 (46.4) 142 (45.5)

Chemotherapy

No 292 (56.5) 204 (56.0) 174 (55.8) 0.979

Yes 225 (43.5) 160 (44.0) 138 (44.2)

Preoperative CA125

Negative 384 (74.3) 275 (75.5) 224 (71.8) 0.532
(Continued)
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TABLE 1 Continued

Whole population

Characteristic [cases (%)]

Validation cohortl

10.3389/fendo.2023.1156169

Validation cohort2

[cases (%)] [cases (%)]

Positive 133 (25.7) 89 (24.5) 88 (28.2)

Positive ultrasound

Negative 40 (7.7) 29 (8.0) 26 (8.3) 0.954
Positive 477 (92.3) 335 (92.0) 286(91.7)

Postoperative CA125

Negative 482 (93.2) 338 (92.9) 295 (94.6) 0.648
Positive 35 (6.8) 26 (7.1) 17 (5.4)

Reproductive history

Yes 469 (90.7) 332 (91.2) 285 (91.3) 0.944
No 48 (9.3) 32 (8.8) 27 (8.7)

Histological type

Endometrioid adenocarcinoma 470 (90.9) 333 (91.5) 281 (90.1) 0.815
Others 47 (9.1) 31 (8.5) 31 (9.9)

Cervical invasion

Negative 498 (96.3) 351 (96.4) 298 (95.5) 0.794
Positive 19 (3.7) 13 (3.6) 14 (4.5)

Vascular invasion

Negative 430 (83.2) 295 (81.0) 249 (79.8) 0.450
Positive 87 (16.8) 69 (19.0) 63 (20.2)

Metastasis

Negative 475 (91.9) 335 (92.0) 287 (92.0) 0.996
Positive 42 (8.1) 29 (8.0) 25 (8.0)

Surgical approach

No surgery 21 (4.1) 12 (3.3) 11 (3.5) 0.967
Minimally invasive 340 (65.8) 239 (65.7) 202 (64.7)

Open 156 (30.2) 113 (31.0) 99 (31.7)

Recurrence

No 455 (88.0) 321 (88.2) 275 (88.1) 0.996
Yes 62 (12.0) 43 (11.8) 37 (11.9)

Pre (<6 months since last menstrual period (LMP) AND no prior bilateral ovariectomy AND not on estrogen replacement),Peri (6-12 months since LMP),Post (>12 months since LMP or prior

bilateral ovariectomy).

for 12.0%; 8.1% of patients had metastases upon diagnosis; 4.1% of
patients received radiotherapy or chemotherapy without surgery;
30.2% received laparotomy; 65.8% of patients underwent minimally
invasive laparoscopic or da Vinci robotic surgery.

Nomogram variable screening

In multivariate logistic regression analysis, only those having P
< 0.1 in univariate regression analysis had been included, including

Frontiers in Endocrinology

age, clinical stage, histological grade, radiotherapy history,
chemotherapy history, preoperative CA125, preoperative
ultrasound results, postoperative CA125, pathological type,
cervical invasion, vascular invasion, and metastasis. In
multivariate logistic regression analysis, age, clinical stage, CA125
levels after surgery and surgical technique were identified as
independent predictive variables for EC. The findings of stepwise
regression showed that, within the training cohort, the model,
including age, chemotherapy history, preoperative ultrasound
results, postoperative CA125, cervical invasion, vascular invasion,
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and surgical approach, had the smallest AIC value, with an AIC  postoperative CA125, cervical invasion, vascular invasion, and
value of 303.03. Therefore, we included eight factors, including age, ~ surgical approach, in constructing the nomogram prediction
clinical stage, history of chemotherapy, positive ultrasound,  model for EC recurrence (Table 2).

TABLE 2 Univariate and multivariate logistic analyses on variables for the prediction of recurrence of EC patients.

Univariate logistic
analysis

Multivariate logistic analysis

Variable HR 95% ClI  Pvalue HR 95% Cl P value

Age 1.05 1.03-1.08 <0.001 1.06 1.03-1.09 <0.001

Clinical stage

I 1.00 1.00

1I 2.62 1.00-6.14 0.035 2 0.67-5.38 0.2
111 5.22 2.57-10.38 <0.001 2.11 0.66-6.56 0.188
v 9.79 3.88-24.25 <0.001 4.09 1.19-13.81 0.023

Menopause_status

Pre 1.00
Peri 0.8 0.27-2.24 0.668
Post 143 0.70-3.23 0.353

Histologic grade

Low grade 1.00 1.00
Media grade 1.15 0.59-2.31 0.680 1.09 0.48-2.53 0.839
High grade 3.36 1.67-6.94 0.001 1.83 0.76-4.47 0.179

Radiation therapy

No 1.00 1.00

Yes 0.35 0.19-0.62 0.001 0.71 0.31-1.62 0.422
‘ Chemotherapy

No 1.00 1.00

Yes 2.88 1.66-5.11 <0.001 1.54 0.68-3.57 0.306

Preoperative CA125

Negative 1.00 1.00

Positive 2.35 1.35-4.05 0.002 1.14 0.56-2.25 0.706

Positive ultrasound

Negative 1.00 1.00

Positive 0.17 0.01-0.83 0.088 0.3 0.02-1.63 0.258

Postoperative CA125

Negative 1.00 1.00

Positive 6.94 3.29-14.43 <0.001 5.82 2.27-14.95 <0.001

Reproductive history

Yes 1.00

No 0.78 0.35-1.97 0.563

(Continued)
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TABLE 2 Continued

Univariate logistic
analysis

Variable HR 95% CI

Histological type

P value HR

10.3389/fendo.2023.1156169

Multivariate logistic analysis

95% Cl P value

Endometrioid adenocarcinoma 1.00 1.00

Others 0.35 0.17-0.74 0.004 1.06 0.43-2.81 0.897
Cervical invasion

Negative 1.00 1.00

Positive 5.98 2.23-15.43 <0.001 2.3 0.59-9.08 0.228
Vascular invasion

Negative 1.00 1.00

Positive 33 1.82-5.87 <0.001 1.86 0.87-3.92 0.105
Metastasis

Negative 1.00 1.00

Positive 2.54 1.13-5.31 0.017 0.49 0.15-1.51 0.221
Surgical approach

No surgery 1.00 1.00

Minimally invasive 0.16 0.06-0.50 0.001 0.11 0.03-0.44 0.001
Open 0.72 0.27-2.15 0.533 0.42 0.12-1.54 0.174

P values that have statistical significance (less than 0.05) were in bold. Confidence interval is denoted by CI, while hazard ratio is represented by HR.

Prediction of recurrence in women with
endometrial cancer

We estimated the probability of EC recurrence by constructing two
nomograms for EC recurrence based on total variables and eight
screened covariates (Figure 1) that were independently associated
with EC recurrence. In the nomogram model, Figure 1 demonstrates
how a nomogram may be used to forecast a patient’s chance of
recurrence. Individual scores derived from a nomogram are used to
compute total scores. The C-index value for the training cohort’s
nomogram was 0.851 (95% confidence interval = 0.803-0.899)
(Figure 2A), while the Hosmer-Lemeshow test indicated the existence
of statistical significance on the two models” difference (p = 0.850).

Nomogram validation

The C-index value for the training cohort was 0.851 (95%
confidence interval = 0.803-0.899); for validation cohort 1, it was
0.847 (95% confidence interval = 0.790-0.903); for validation cohort
2, it was 0.848 (95% confidence interval = 0.786-0.911) (Figure 2B,
C). In all cohorts, the curves indicating nomogram calibration
demonstrated significant correlation for anticipated and
experimental recurrence probabilities (Figures 2D-F). In addition,
the DCA curves indicated that the nomogram predicted recurrence
in EC patients with a good level of discriminating (Figures 2G-I).
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Taken together, our constructed nomogram for predicting EC
recurrence has considerable discriminative and calibration power.

Nomogram clinical value against the
ESMO-ESGO-ESTRO pattern

E. Vizza (24) et al. judged the risk of recurrence according to
ESMO-ESGO-ESTRO risk classes (low, intermediate, intermediate-
high, and high-risk). We compare the accuracy of the nomograph
and ESMO-ESGO-ESTRO risk models using the C-index, NRI, and
IDI. The ESMO-ESGO-ESTRO risk class predicted recurrence with
a C-index of 0.756 (95% CI = 0.701-0.812). Therefore, our newly
constructed model was more accurate in predicting recurrence than
the ESMO-ESGO-ESTRO risk class (P = 0.002). It was 0.406 (95%
CI = 0.058-0.576) for NRI, while it was 0.11 (95%CI = 0.058-0.162,
P < 0.05) for IDI. With validation from the validation cohort
(Table 3), there was greater accuracy in the nomogram than
ESMO-ESGO-ESTRO-based recurrence assessment of risk for
predicting EC recurrence. The DCA curves indicated that the
nomogram improved recurrence prediction in both the training
and validation groups of EC patients, adding more net benefit than
risk classes based on ESMO-ESGO-ESTRO (Figures 3A-D). Hence,
the nomogram has a good discriminative potential for predicting
the recurrence of EC in patients.

Finally, risk stratification was performed according to the recurrence
probability calculated from the nomogram. The LG-ESS patients were
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FIGURE 1

A nomogram for predicting endometrial cancer recurrence in patients. Estimating risk requires drawing a line from the patient’s variable value to the
"Points” axis and counting the number of points for each variable. To establish the recurrence likelihood for this patient, the total score was
computed by summing the points of all factors, and a straight line was formed between the total score axis and the recurrence prediction axis.
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ROC curves,calibration charts and decision curve analysis of the recurrence prediction of patients with EC. (A) The ROC curve of the nomogram in the
training cohort. (B) The nomogram'’s ROC curves in validation cohort 1. (C) Nomogram ROC curves in validation cohort 2. (D) Calibration chart of the
nomogram for the training cohort’s recurrence prediction of EC. (E) Nomogram calibration on EC recurrence prediction in validation cohort 1. (F) Calibration
chart on EC recurrence prediction in validation cohort 2. (G) The nomogram'’s DCA curve on training cohort’s EC recurrence prediction. (H) DCA curve of
the ESMO-ESGO-ESTRO pattern for the recurrence prediction of EC in a training cohort. (I) Nomogram and ESMO-ESGO-ESTRO pattern comparison. DCA:
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(C) Comparison of the nomogram and ESMO-ESGO-ESTRO pattern in validation cohort 1. (D) Comparison of the nomogram and the ESMO-ESGO-
ESTRO pattern in validation cohort 2. (E) Nomogram-stratified Kaplan-Meier RFS curves for EC patients with varying risk levels in the training cohort.
(F) Kaplan-Meier RFS curves of EC patients in the training group with differing risks according to classification using the ESMO-ESGO-ESTRO pattern
ESMO-ESGO-ESTRO refers to Medical Oncology, European Society of Gynaecological Oncology and European SocieTy for Radiotherapy &

Oncology, while RFS denotes recurrence free survival.

separated into three groups: those at low risk (probability<0.25), those at
intermediate-risk (0.25<probability<0.5), those at intermediate-high risk
(0.5<probability<0.75), and those at high-risk (probability=0.75). The
Kaplan-Meier RFS curve demonstrated substantial difference among the
four risk categories (P < 0.001). The nomogram outperforms the ESMO-
ESGO-ESTRO pattern in identifying groups at high risk (Figures 3E, F).

Discussion

This research aims to develop a nomogram prediction model for
endometrial cancer recurrence by gathering patient data. Using
multivariate logistic regression and stepwise regression, eight
variables were selected based on AIC minima and integrated into the
nomogram design. In this study, all cases were used to build the
endometrial cancer recurrence model, and the validation cohort was
constructed by randomly selecting 70% and 60% of the patients.
Previous studies have shown that age, histopathological type,
myometrial invasion, FIGO stage, lymph node metastasis,
lymphovascular invasion, and tumor grade are endometrial cancer
recurrence risk factors (12, 25, 26). This study considers these
influencing factors consistent with our model’s prediction results.

However, there is still some disagreement about the impact of
surgical methods. For example, previous studies have found no
statistically significant difference in the recurrence risk of early-
stage endometrial cancer between laparoscopic and open surgery
(27), while it is surgery in our nomogram model. Modality is
deemed a risk factor for recurrence of endometrial cancer. This
might be since our model now includes patients with all stages of
endometrial cancer, not only the early stage.
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Additionally, adjuvant treatment is a disputed subject. Patients
with a high risk of recurrence following surgical resection and
staging of endometrial cancer may be given adjuvant chemotherapy
with carboplatin and paclitaxel (28). According to Nick Johnson
et al. (29), adjuvant chemotherapy alone may greatly lower the
chance of endometrial cancer recurrence, especially the probability
of a first recurrence beyond the pelvis, which is consistent with the
findings of our predictive model. Chemotherapy considerably
reduced the nomogram’s AIC on our predictive model, indicating
its value in predicting RFS in endometrial cancer. In contrast,
radiotherapy had no significant effect on predicting the
recurrence of endometrial cancer. It may be because radiotherapy
patients are more advanced or have higher risk factors for
recurrence. In addition, some patients received both radiotherapy
and chemotherapy, which shows that excessive adjuvant therapy in
endometrial cancer patients may not be beneficial.

Traditionally, the initial choice for predicting recurrence in patients
with endometrial cancer has been to stratify the risk of recurrence of
endometrial cancer based on the ESMO-ESGO-ESTRO consensus.
Usually, this stratified model cannot accurately predict the recurrence
of endometrial cancer. Such phenomena may be attributable to age,
adjuvant treatment, and other characteristics not included in the
ESMO-ESGO-ESTRO consensus recurrence risk categorization.
Thus, we compared the variable-richer nomogram to the
conventional ESMO-ESGO-ESTRO consensus conference-based
recurrence risk categorization. Through C-index, NRI, IDI, and DCA
curves, our nomogram predicts recurrence probability alongside a
much greater clinical advantage and utilization compared to the
ESMO-ESGO-ESTRO risk stratification system and can better
identify high-risk groups.
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TABLE 3 NRI, IDI, and C-index of the nomogram and the ESMO-ESGO-ESTRO risk classes alone in recurrence prediction for EC patients.

Training cohort

Validation cohortl

Validation cohort2

. P . P .
Estimate 95% CI Estimate 95% CI Estimate 95% CI
value value
.058- ,008- .047-
NRI 0.406 0.058 0.347 0.008 0.340 0.047
0.576 0.590 0.643
0.058- 0.007- 0.030-
IDI 0.110 <0.001 0.070 0.028 0.103 0.006
0.162 0.132 0.175
C-index(ROC)
0.803- 0.790- 0.786-
The nomogram 0.851 0.002 0.847 0.088 0.848 0.035
0.899 0.903 0.911
The ESMO-ESGO-ESTRO risk 0.701- 0.725- 0.710-
0.756 0.787 0.778
classes 0.812 0.849 0.846

NRI, net reclassification index; IDI, integrated discrimination improvement, C-index, concordance index.

P values that have statistical significance (less than 0.05) were in bold.

The nomogram has shown possible clinical capacity. Data from
all patients diagnosed with endometrial cancer in Nanjing Drum
Tower Hospital between 2008 and 2018 were used, which represents
different types of populations. We calculated the C-index or AUC,
calibration curve, DCA curve, and others to evaluate the model,
validating these results with a validation cohort. Taken together, our
nomogram is a viable tool for determining the recurrence likelihood
of endometrial cancer patients, and it may have therapeutic
relevance for the postoperative monitoring and early diagnosis of
disease recurrence in endometrial cancer patients. Despite the
excellent performance of the nomogram, there are limits to this
research. For example, some of the collected information is missing.
In addition, clinical validation across multiple centers may be
necessary for assessing nomograms’ external usefulness.
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Background: Endometriosis (EMs) is a common gynecological disorder.
Observational studies on the relationship between leukocyte telomere length
(LTL) and EMs have shown conflicting results. The purpose of this study was to
evaluate the precise causal relationship between LTL and EMs using Mendelian
randomization (MR) methodology.

Methods: We employed MR to assess the causal relationship between LTL and
EMs. Summary data from several large-scale genome-wide association studies
(GWAS) were used for bidirectional two-sample MR analysis. Sensitivity analyses
were conducted to ensure the robustness of our results. All analyses were also
replicated in another completely independent EMs dataset.

Results: Our MR analysis indicated that genetically predicted longer LTL
increased the risk of EMs (IVW: discovery, OR=1.169, 95%Cl: 1.059-1.290,
p=0.002; validation, OR=1.302, 95%Cl: 1.140-1.487, p=0.000), while EMs had
no causal impact on LTL (IVW: discovery, OR=1.013, 95%Cl: 1.000-1.027,
p=0.056; IVW: validation, OR=1.005, 95%Cl: 0.995-1.015, p=0.363). Causal
estimates were supported by various calculation models (including MR-Egger,
Weighted median, MR-PRESSO, and MR-RAPS). Heterogeneity and pleiotropy
analyses also indicated robustness of the results.

Conclusion: Our findings substantiate the idea that a genetically predicted
longer LTL elevates the risk of EMs, with no influence of EMs on LTL risk. This
research bolsters the causal link between LTL and EMs, overcoming the
constraints of earlier observational studies. It implies that LTL may potentially
function as a biomarker for EMs, opening up novel possibilities for EMs
prevention and treatment.

KEYWORDS

endometriosis, telomere length, leukocyte telomere length, Mendelian randomization,
endometrium
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Introduction

Endometriosis (EMs) is a prevalent and intricate gynecological
ailment characterized by the growth of endometrial-like tissue
outside the uterine cavity, such as in the pelvic area, ovaries, and
fallopian tubes (1). EMs poses a challenge for 5-10% of
reproductive-aged women, often manifesting as pain, dysfertility,
and discomfort during intercourse (2). The exact etiology of EMs
remains unclear, with theories encompassing retrograde
endometrial transplantation, embryonic developmental
abnormalities, immune system aberrations, and genetic factors (3).

Telomeres are repetitive DNA sequences and associated
proteins located at the ends of chromosomes (4). During cell
division, a small portion of DNA is lost from the ends of
chromosomes (4). Telomeres play a vital role in preserving the
stability of crucial genes on chromosomes, and their length shortens
with an increasing number of cell divisions (5). Critically short
telomeres may lead cells to enter a state of aging or cease division,
believed to be closely related to organismal aging (6). Conversely,
longer telomeres play a significant role in maintaining cellular
stability, delaying cell aging, sustaining stem cell function, and
preventing cell apoptosis (6).

However, the relationship between TL and EMs has been a topic
of debate. Studies suggest that TL may be associated with various
gynecological diseases, including EMs (7). Additionally, the chronic
inflammation associated with EMs may have an adverse effect on
TL (8). One study (9) collected data from 877 women in New
England (53 cases and 824 controls), revealing an association
between shorter LTL and EMs (OR=2.56, 95%CI: 1.16-5.63;
p=0.02). Conversely, another study (86 cases and 21 controls)
found that EMs patients had higher peripheral blood LTL
compared to the control group (OR=8.1, 95%CI: 1.28-51.57;
p=0.0264) (10). A recent machine learning study (11) also
identified telomere-related genes associated with EMs
development, although their EMs sample was limited to 28 cases.
These observational studies provide clinical evidence for the
correlation between LTL and EMs, but unfortunately, their
conclusions are not consistent. Moreover, their sample sizes are
generally small, posing a risk of low statistical power. Therefore,
conducting a large-scale study to explore the correlation between
TL and EMs is necessary. Rahmioglu et al. (12) conducted a
genome-wide association study (GWAS) meta-analysis of EMs,
identifying 42 single nucleotide polymorphisms (SNPs)
significantly associated with EMs. They comprehensively analyzed
the genetic correlations between EMs and various pain and
inflammatory diseases. However, they did not analyze the

Abbreviations: EMs, endometriosis; TL, telomere length; LTL, leukocyte
telomere length; GWAS, genome-wide association studies; MR, Mendelian
randomization; RCT, randomized controlled trial; IV, instrumental variable;
SNP, single nucleotide polymorphism; OR, odds ratios; IVW, inverse variance
weighting; MR-Egger, MR-Egger regression; MR-PRESSO, Mendelian
Randomization Pleiotropy RESidual Sum and Outlier test; MR-RAPS,
Mendelian Randomization Robust Adjusted Profile Score.
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correlation between LTL and EMs. Nevertheless, their study
provides data support for our research.

Mendelian randomization (MR) can be considered a natural
randomized controlled trial (RCT) using genetic variations
(typically SNPs) as instrumental variables (IV) for causal
inference (13). MR is less susceptible to environmental influences
because genetic variations are randomly allocated during meiosis
and persist throughout a person’s lifetime (14). MR effectively
circumvents confounding and reverse causation in observational
studies and addresses the challenges of implementing RCTs (13,
14). By leveraging genetic information and large-scale GWAS, MR
allows us to explore whether genetically predicted LTL contributes
to the development of EMs and whether EMs, in turn, causally
affect LTL.

To overcome the limitations of existing observational studies,
we conducted a bidirectional two-sample MR study using large-
scale GWAS data to reveal the causal relationship between LTL and
EMs. Our study results, based on robust statistical methods and
replication in an independent EMs dataset, provide compelling
evidence. Our findings suggest that genetically predicted longer LTL
increases the risk of EMs, while EMs do not causally impact LTL.
These results not only enhance our understanding of the interplay
between LTL and EMs but also emphasize the potential of LTL as a
valuable biomarker for EMs. These insights could potentially alter
our approaches to preventing and treating EMs, providing new
pathways for therapeutic interventions and personalized
care strategies.

Method
Study design

Figure 1 is a brief description of this study. This study is based
on three basic assumptions of MR (15): I) The IV is associated with
the exposure; II) The instrumental variables are independent of any
known or unknown confounders that mediate the exposure to the
outcome; III) The outcome is associated with the genetic instrument
only through the effect of the exposure.

Data Source

We utilized summary data from several large-scale GWAS
studies in this research. Summary data for LTL were obtained
from the UK Biobank (16), which comprised 472,174 individuals of
European ancestry. LTL was defined as the average leukocyte
telomere length measured using a multiplex quantitative
polymerase chain reaction assay in a mixed leukocyte population,
and then log-transformed to approximate a normal distribution
(16). The GWAS data for EMs (discovery) was sourced from the
meta-analysis conducted by Rahmioglu et al. (12) and included
21,779 European ancestry EMs cases and 449,087 European
ancestry controls. The definition of EMs (discovery) encompassed
a mix of surgically confirmed cases, medical records, and self-
reported cases. For EMs (validation), the data were obtained from
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FinnGen (17) and comprised 15,088 cases of European ancestry and
107,564 controls of European ancestry. The definition of EMs
(validation) was based on a mix of International Classification of
Diseases 10 (ICD-10), ICD-9, and ICD-8 codes. Ethical approvals
had been obtained for each GWAS dataset in their original studies,
and our study solely utilized summary data, obviating the need for
additional ethical approval. Table 1 provides a brief overview of the
GWAS data utilized in this study and how it was acquired.

Instrumental variable

We employed a significance threshold of p<5.0E-08 to identify
SNPs significantly associated with both LTL and EMs. Stringent
criteria were applied to remove linkage disequilibrium, with an
aggregation window set at 10,000 kb and an r2 threshold set at
0.001. We calculated the F-statistic for each SNP and the overall F-

statistic for the set of SNPs. The F-statistic for an individual SNP

beta?
se? °

“beta” is the effect of the instrumental variable (IV) on the exposure,

was determined using the following formula (18): F = where

and “se” is the standard error of “beta.” The overall F-statistic was
calculated using the following formula (18): F = N=F=L x 13;2 R? =

2 x eaf x (1 — eaf) x beta®, where “N” is the sample size for the

exposure, “K” is the number of SNPs, “R*” is the proportion of
exposure variance explained by SNPs, “eaf” is the effect allele
frequency of the SNP, and “beta” is the effect of the SNP on the
exposure. An F-statistic greater than 10 indicates a robust
association between the SNP and the phenotype (19). We
searched all SNPs in PhenoScanner to identify any SNPs related
to potential confounders or outcomes. We then harmonized
exposure and outcome data and excluded palindromic SNPs with
moderate allele frequencies. Finally, we conducted an MR Steiger

Frontiers in Endocrinology

test to ensure the correct direction of causality (20) and removed
SNPs that had a greater impact on the outcome than the exposure.

Statistical analysis

We conducted a bidirectional two-sample MR analysis using LTL
and Ems (discovery and validation). The primary analysis utilized the
Inverse Variance Weighting (IVW) random-effects model, and we
used MR-Egger regression and Weighted Median as validation
methods. Heterogeneity was assessed using I and Cochran’s Q-value
(21, 22), with I*>90% indicating reliable results (21). Assessment of the
magnitude of pleiotropy was done by examining funnel plot symmetry
and the difference in the intercept of MR-Egger regression from zero
(23). Further sensitivity analysis was performed using Mendelian
Randomization Pleiotropy RESidual Sum and Outlier test (MR-
PRESSO) (24) and Mendelian Randomization Robust Adjusted
Profile Score (MR-RAPS) (25) to address potential pleiotropy and
weak instrument bias. MR-PRESSO was used to detect and correct for
horizontal pleiotropy, with a distribution of MR-PRESSO set to 5000,
and signifthreshold set to 0.05 in this study (24). MR-RAPS allowed for
causal reevaluation after accounting for residual variance, effectively
addressing horizontal pleiotropy and weak instrument bias (25).
Finally, we conducted a leave-one-out analysis to identify individual
SNPs that significantly affected the causal estimates.

MR results were presented in the form of odds ratios (OR) to
establish the direction of causality (26). All analyses were performed
using R software version 4.2.3 (https://www.r-project.org/). We
used R packages such as “TwoSampleMR,” “MR-PRESSO,” and
“mr.raps” for MR analysis, and data visualization was carried out
using “TwoSampleMR” and “forestploter.” Instructions for using
these packages can be found on GitHub (https://github.com).
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TABLE 1 A brief description of each GWAS summary statistics.
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LTL, leukocyte telomere length; EMs, Endometriosis; ICD, International Classification of Diseases.

Lastly, we used the mRnd tool (27) to calculate the statistical power
of the MR analysis (https://shiny.cnsgenomics.com/mRnd/).

Results
Instrumental variable

In the MR analysis with LTL as the exposure, initially, 154 SNPs
were selected as Ivs for LTL. In PhenoScanner, these SNPs were not
found to be associated with any potential confounders or outcomes.
After removing palindromic SNPs and those missing in the
outcome, 125 and 117 SNPs remained for the discovery and
validation analyses, respectively. The Steiger test and MR-
PRESSO outlier test did not identify any anomalous SNPs. Each
SNP in this subset had an F-statistic greater than 10. The R? for the
125 SNPs was 3.16%, with a total F-statistic of 123.33. For the 117
SNPs, the R? was 2.93%, with a total F-statistic of 121.88.

In the MR analysis with Ems as the exposure, initially, 22 and
27 SNPs were selected as Ivs for Ems (discovery and validation,
respectively). In PhenoScanner, these SNPs were not found to be
associated with any potential confounders or outcomes. After
removing palindromic SNPs and those missing in the outcome,
19 and 23 SNPs remained for the discovery and validation
analyses. The Steiger test did not identify any anomalous
SNPs. The MR-PRESSO outlier test detected 1 anomalous SNP
in the Ems(validation) analysis, which was excluded from
subsequent analysis. In the end, 19 and 22 SNPs were used for
the discovery and validation analyses of Ems as the exposure.

Frontiers in Endocrinology

Each SNP in this subset had an F-statistic greater than 10. The R2
for the 19 SNPs was 6.41%, with a total F-statistic of 1696.01, and
for the 22 SNPs, the R2 was 9.19%, with a total F-statistic
of 564.23.

Table S1, Table S2 and Table S3 of supplementary tables
provide the details of the initial selection of all SNPs in
PhenoScanner in this study. Table S4 contains information
on SNPs that were not used in the final analysis. Table S5
presents details on the SNPs used in the final analysis of
this study.

MR results and sensitivity analysis

Causal estimates

In summary, as depicted in Figures 2, 3, our results suggest that
genetically predicted longer LTL increases the risk of Ems, while
Ems does not have a causal impact on LTL. The three primary
methods, IVW, MR-Egger, and Weighted Median, consistently
support the direction of causality (Figure 3). Our causal estimates
were further validated in another entirely independent dataset of
Ems. A series of sensitivity analyses further underline the
robustness of our findings.

When LTL was considered as the exposure, the IVW analysis
revealed a significant positive causal relationship between
genetically predicted LTL and Ems (discovery, OR=1.169, 95%CI:
1.059-1.290, p=0.002; validation, OR=1.302, 95%CI: 1.140-1.487,
p=1.02E-04). The IVW results in the discovery were supported by
MR-Egger (OR=1.279, 95%CI: 1.075-1.521, p=0.006), and the
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Weighted Median maintained consistency with IVW in the
direction of causal estimation (OR=1.131, 95%CI: 0.972-1.317,
p=0.111). The IVW results in validation were supported by MR-
Egger (OR=1.449, 95%CI: 1.154-1.820, p=0.002) and Weighted
Median (OR=1.368, 95%CI: 1.138-1.643, p=8.30E-04).
Furthermore, in both the discovery and validation, MR-PRESSO
and MR-RAPS also supported the positive causal relationship
between genetically predicted LTL and Ems. The mRnd tool
calculated a statistical power of 100% for the MR analysis of LTL
to Ems (discovery) and Ems (validation).

When Ems was used as the exposure, there was no evidence of a
causal impact of Ems on LTL (IVW: discovery, OR=1.013, 95%CI:
1.000-1.027, p=0.056; validation, OR=1.005, 95%CI: 0.995-1.015,
p=0.363). MR-Egger, Weighted Median, MR-PRESSO, and MR-
RAPS also indicated that Ems did not causally affect LTL. More
detailed MR causal estimation results are provided in
Supplementary Table Sé6.

Sensitivity Analysis

We assessed the heterogeneity and horizontal pleiotropy in our
MR analysis. The results of heterogeneity and pleiotropy analyses in
this study are presented in Table 2. Figures S1 and S2 depict funnel
plots and leave-one-out analyses for Ems as both the outcome
and exposure.

In MR analyses with LTL as exposure or outcome, some degree of
heterogeneity was observed only in the MR analysis of LTL to Ems
(validation). However, the MR-Egger intercept did not significantly
differ from zero, and the leave-one-out analysis did not identify any
single SNP with a significant impact on causal estimation results. This
suggests that the presence of heterogeneity does not significantly affect
the causal estimation results, and our results remain reliable.
Additionally, in all other MR analyses, significant heterogeneity and
horizontal pleiotropy were not observed, indicating high reliability and
reproducibility of the results.

Discussion

The exact cause of Ems remains uncertain. Current perspectives
suggest it may be associated with embryonic development, degenerative
physiological changes, immune factors, and genetic factors (3). Ems
poses significant psychological and physiological burdens on women
worldwide and their families. Over the past decade, numerous

TABLE 2 Heterogeneity and pleiotropy of MR analysis.

10.3389/fendo.2023.1272200

treatment approaches for Ems have emerged. Hormone therapy has
shown promise (28), but it can lead to menstrual cycle changes, breast
tenderness, mood swings, and headaches, and relapse is common upon
discontinuation. Surgical intervention combined with medication is
considered the gold standard for Ems treatment (29). However, surgery
doesn’t address the root cause of Ems and can bring about tissue
damage and a substantial economic burden that many patients find
challenging to bear (29). Therefore, further research into the etiology of
Ems can aid in disease prevention and early intervention, helping
identify high-risk individuals. This is also of significant importance for
drug development and adjusting treatment strategies to provide better
medical care and psychological support for patients.

Rahmioglu et al. (12) conducted a comprehensive GWAS meta-
analysis of Ems, identifying 42 significantly associated SNPs. They also
analyzed the genetic correlations between Ems and various pain and
inflammatory disorders, providing comprehensive insights into the
associations between Ems and many diseases. However, there is
currently no large-sample study on the correlation between LTL and
Ems. Some previous observational studies suggested a link between
LTL and Ems, but their conclusions were inconsistent. A case-control
study included two large population studies to investigate the
association between LTL and Ems (9). One group from New
England, comprising 877 women (53 cases and 824 controls),
showed a significant association with shorter LTL (OR=2.56, 95% CI:
1.16-5.63; p=0.02). The other group from the National Health and
Nutrition Examination Survey, including 2268 women (151 cases and
2117 controls), indicated a similar but weaker association (OR=1.29,
95% CI: 0.85-1.96, p=0.22). Gleason et al. (30) reviewed data from the
1999-2002 National Health and Nutrition Examination Survey in the
United States, finding that Ems patients had a shorter average LTL
(-34, 95%CIL: -7.3 to -0.3, p<0.05), and the LTL of Ems patients
shortened by 1% per year. However, another observational study (86
cases and 21 controls) found that peripheral blood LTL in Ems patients
was higher than in the control group (OR=8.1, 95%CI: 1.28-51.57;
p=0.0264) (10). Some studies also investigated the association between
TL in endometrial cells themselves and Ems. One study involving 29
cases and 27 controls measured the average TL of endometrial cells
(31), and the results showed significantly longer TL in the Ems group
(p = 0.005). Another study (32) measured replication characteristics
and telomere length in endometrial cells of 38 Ems patients, indicating
stronger replication status and longer average TL (p<0.05). These
observational studies suggest that the causal direction between LTL
and Ems remains unclear.

We addressed some limitations of observational studies in this
research, providing new evidence to clarify the causal relationship

Exposure Outcome (@] PRESSO-RSSobs  P-PRESSO  Egger-intercept  P-Egger
LTL EMs(discovery) 14822 | 0.068 99.20 151.09 0.062 -0.0031 0221
LTL EMs(validation) ‘ 20203 0.000 99.18 205.70 0.000 ‘ -0.0038 0.259
EMs(discovery)  LTL ‘ 24.10 0.152 98.05 26.53 0.175 ‘ 0.0024 0231
EMs(validation) ~ LTL 24.54 0.268 98.35 26.54 0.288 ‘ 0.0011 0535

Q, Cochrane’s Q; I, I squared; P-value, p-value of Q; PRESSO-RSSobs, RSSobs of Global Test in MR-PRESSO; P-PRESSO, p-value of PRESSO-RSSobs; Egger-intercept, intercept of MR-Egger;

P-Egger, p-value of Egger-intercept; LTL, leukocyte telomere length; EMs, Endometriosis.
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between LTL and Ems. Our findings support a causal impact of LTL
on Ems, rather than the other way around. Compared to previous
observational studies, this research boasts several unique
advantages. MR analysis is an effective epidemiological method
that can overcome issues like confounding bias and reverse
causality, which are challenging to resolve in some observational
studies. This study also mitigated the limitations of smaller sample
sizes in previous observational studies, offering more reliable causal
inferences. Our study had a sufficiently large sample size, and we
utilized a validation cohort, enhancing our statistical power.

Explaining how an increase in LTL raises the risk of Ems is indeed a
challenge, and several potential mechanisms can elucidate this
association. Firstly, previous study (33) has indicated a positive
correlation between longer telomere length and enhanced cell
proliferation and repair capabilities, along with the inhibition of
apoptosis. Telomere length is also particularly closely associated with
the division, growth, and maintenance of stem cells (34). Ems is
believed to be linked to an excessive response of cyclic epithelial
progenitor cells or stem cells related to endometrial regeneration after
menstruation (35, 36). Therefore, we speculate that when endometrial
tissue, carrying peripheral blood leukocytes, reach locations outside the
uterine body, longer LTL may inhibit the apoptosis of ectopic
endometrial cells and promote the cloning and differentiation of
progenitor or stem cells. This could potentially facilitate the
infiltration, survival, and unrestricted growth of endometrial cells in
ectopic sites. Secondly, studies have shown a positive correlation
between longer telomere length and estrogen levels (37), and estrogen
plays a significant role in the pathological process of Ems (3). Excessive
estrogen stimulation may lead to the growth and proliferation of ectopic
endometrial tissues, thereby increasing the risk of Ems. Finally, LTL is
influenced by genetic factors, resulting in variations in LTL between
different individuals (38). Ems also exhibits certain features influenced
by genetic factors (3), and some genetic factors may simultaneously
affect both LTL and the development of Ems.

Research indicates that long-term chronic inflammation can
lead to telomere shortening (39, 40), and Ems is a chronic
inflammatory disease (3), providing a theoretical basis for how
Ems may impact LTL. Previous observational studies have also
observed telomere shortening in Ems patients (9, 30). However, our
study did not find evidence of Ems causally affecting LTL.
Nevertheless, negative results in MR studies cannot entirely
exclude a causal relationship because genetic determinants of
exposure may not represent the true exposure.

In summary, our study provides strong evidence regarding the
association of increased Ems risk with longer LTL. These research
findings may hold crucial clinical significance, particularly in the
context of women’s health and patient care. They also provide
valuable directions for future research. First, if LTL becomes an
effective biomarker for Ems, it can aid in early diagnosis and
intervention, ultimately reducing the severity of the disease and
the suffering of patients. Second, for those already diagnosed with
Ems, monitoring their peripheral blood LTL could assist in better
disease management. Additionally, future research can explore how
peripheral blood LTL influences the mechanisms behind Ems
development. Finally, future studies can investigate whether
adjusting LTL can reduce the risk of Ems or improve treatment
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outcomes. This could encompass interventions such as nutritional
changes, lifestyle modifications, or drug therapies.

However, this study has limitations. Firstly, despite our efforts to
mitigate pleiotropic bias using various methods, there is still a risk of
potential pleiotropic bias, inherent to the limitations of the MR method
itself (13). Secondly, all the summary data we used are from European
populations, which limits the generalizability of the causal relationship
to different ethnicities. Furthermore, our research focused on
peripheral blood LTL and its relation to Ems, and the results may
not represent the causal association of TL, particularly in endometrial
cells themselves, with Ems. Lastly, we were unable to perform gender-
stratified analyses due to the lack of appropriate data.

Conclusion

In conclusion, our study strengthens the causal inference
between LTL and Ems, supporting a positive causal impact of
LTL on Ems, rather than Ems affecting LTL causally. This holds
vital importance for deepening our understanding of the disease’s
pathogenesis, offering potential avenues for Ems prevention and
treatment. LTL may emerge as a potential biomarker for the disease,
and future research can delve further into the exact role and impact
mechanisms of LTL in Ems occurrence, including investigating
interventions targeting LTL and related treatment methods.
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Introduction: Some studies indicate the role of selected adipokines in the
development of endometriosis. However, a comprehensive assessment of
plasma, peritoneal, and endometrioma fluids adipokines concentrations in
women with ovarian endometriosis has not yet been performed. Therefore,
this study aimed to analyze plasma, peritoneal, and endometrioma fluids
selected adipokines concentrations in women operated on for ovarian
endometriosis.

Materials and methods: A cross-sectional cohort study involved 56 women
operated on for ovarian endometriosis. Body mass, height, and waist
circumference were measured, and BMI was calculated. Plasma, peritoneal,
and endometrioma fluids adiponectin, leptin, omentin resistin, RBP4, and
visfatin/NAMPT were determined by ELISA.

Results: The highest plasma levels of adiponectin, leptin, omentin, and RBP4
than in the endometrioma and peritoneal fluids were found, while levels of
resistin and visfatin/NAMPT were significantly higher in endometrioma fluid than
in plasma and peritoneal fluid. In addition, levels of visfatin/NAMPT were
significantly higher in peritoneal fluid than in plasma. There were also positive
correlations between leptin, RBP4, and adiponectin levels in endometrioma and
peritoneal fluids (p = 0.28; p < 0.05; p = 0.31; p < 0.05; p= 0.32; p < 0.05,
respectively). There were no associations between adipokines levels in plasma,
endometrioma, and peritoneal fluids and endometriosis stage.
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Conclusion: Our results show that visfatin/NAMPT and resistin may be locally
secreted in endometrioma related to inflammation regardless of the stage of

endometriosis.

KEYWORDS

adipokines, nutritional status, endometriosis, inflammation, ovarian endometriosis

Introduction

Endometriosis occurs in 2%-10% of women of reproductive age
(1). The pathogenesis of endometriosis development is still unclear.
The mechanism of pathogenesis of endometriosis is thought to be
uterine tissue damage or scarring, the uterine microenvironment,
stem cells, remnant cells from menstrual blood, hormones, gene
products regulating inflammation, apoptosis, invasion,
angiogenesis, autophagy, and oxidative stress (2-4). Macrophages,
natural killer cells, T cells, and dendritic cells regulated by cytokines,
prostaglandins, and chemokines participate in the initiation and
adhesion of endometriosis as well as infertility and pain related to
endometriosis (2, 5, 6). Excessive estrogens production play a role in
inflammation development (6, 7).

Interestingly, although both obesity and endometriosis are
associated with inflammation, the prevalence of endometriosis is
inversely related to BMI. However, it has also been shown that
abdominal fat distribution is associated with the development of
endometriosis (8-10). Some studies showed a role for adipokines in
the pathogenesis of endometriosis (8, 11).

The meta-analysis of 25 studies including 2,645 women (1,362
with endometriosis and 1,283 without) showed higher serum leptin
levels and leptin/BMI ratio in women with endometriosis. In
addition, the leptin levels were lower in women with advanced-
stage disease than in women with early endometriosis (12).
However, the analysis of data from 29,611 women from the
Nurses’ Health Study did not show associations between leptin
levels and the development of endometriosis (13). Also, two other
meta-analyses did not find differences in plasma leptin levels
between women with and without endometriosis, while leptin
levels were significantly higher in the peritoneal fluid (14, 15). In
addition, higher expression of levels of leptin and leptin-receptor
protein was shown in endometrial tissues of women with
endometriosis. However, the endometrial leptin mRNA
expression was similar in women with and without endometriosis
(16). Experimental studies found that leptin enhances the
proliferation of both eutrophic and ectopic endometrial stromal
cells in endometriosis (17), stimulates the migration and invasion of
endometrial cells (18), and was essential for angiogenesis in a mouse
model of endometriosis (19). Recombinant adiponectin in levels
significantly lower than in serum was found to inhibit the
proliferation of primary stromal cells in human endometriosis
(20). Moreover, adiponectin reduces the viability of normal
endometrial stromal cells (21). However, adiponectin and
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adiponectin-receptor protein levels in endometrial tissues of
women with and without endometriosis were similar (22).
Adiponectin levels in the peritoneal fluid were lower in women
with than without endometriosis (23) and decreased with the
intensity of endometriosis (24). Furthermore, serum adiponectin
levels were lower in women with endometriosis and correlated with
endometriosis stages (24). However, the meta-analysis of 25 studies
mentioned above did not show an association between peritoneal
and circulating adiponectin and disease stages but found lower
adiponectin levels in women with endometriosis (12). Recently,
apelin receptor APLNR was identified as one of three key genes in
endometriosis (25).

As was described above, some studies indicated that selected
adipokines play a role in the pathogenesis of endometriosis.
However, a comprehensive assessment of plasma, peritoneal, and
endometrioma fluids adipokines concentrations in women with
ovarian endometriosis has not yet been performed. Understanding
the relationship between the concentration of adipokines in plasma,
peritoneal, and endometrioma fluids can provide data helpful in the
diagnosis of ovarian endometriosis. Therefore, this study aimed to
analyze plasma, peritoneal, and endometrioma fluids adipokines
concentrations in women operated on for ovarian endometriosis.

Materials and methods

A cross-sectional cohort study involved 56 women operated on
for ovarian endometriosis in the Clinical Department of
Gynecology and Obstetrics Faculty of Medical Sciences in Zabrze
between 2018 and 2022. Inclusion criteria were at least 2 years
primary infertility, stage from II to IV ovarian endometriosis, and
regular cycles. Endometriosis was diagnosed by laparoscopy and
histologically confirmed and classified according to the American
Society of Reproductive Medicine classification (26). The exclusion
criteria included, other than ovarian localizations of endometriosis,
additional extraovarian endometriosis, hormonal disturbances
including thyroid dysfunction, Cushing’s syndrome, type 1 and 2
diabetes, smoking and alcohol abuse, changes of body mass during
the last 3-month period, and any pharmacological therapy. The
study was conducted after obtaining informed consent of each
participant, based on the study protocol, approved by the Bioethical
Committee of the Medical University of Silesia.

Body mass, height, and waist circumference were measured, and
body mass index (BMI) was calculated according to the standard
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formula. During the morning between 6:00 and 7:00 a.m., after an
overnight fast (14 h), 15 mL of venous blood samples were
withdrawn. During laparoscopic operation, peritoneal fluid from
Douglas’ sinus and endometrioma fluid were collected according to
recommendations of the kit manufacturers. Plasma and fluid
aliquots were frozen and stored at —70°C.

Laboratory procedures

Blood morphology and serum C-reactive protein (CRP) levels
were assessed. CRP concentrations were assessed by an automated
system (Modular PPE, Roche Diagnostics GmbH, Mannheim,
Germany). The inter-assay coefficient of variability was 5.7%.

The ELISA method was used for measurements of plasma and
fluids leptin (TECOmedical AG Sissach, Switzerland), adiponectin
(TECOmedical AG Sissach, Switzerland), omentin (DRG
Instruments GmbH, Marburg, Germany), RBP4 levels (Phoenix
Pharmaceuticals, Burlingame, USA), resistin (R&D, Minneapolis,
MN, USA), and visfatin/NAMPT (BioVendor, Brno, The Czech
Republic) with the LoQ of 0.08 ng/mL, 0.11 ng/mL, 0.2 ng/mL, 0.6
ng/mL and 0.5 ng/mL, 2.17 ng/mL, 0.05ng/mL, and 30 pg/mL
respectively; intra- and inter-assay coefficients of variations were
4.6% and 7% for leptin, 5% and 6% for adiponectin, 3.7% and 4.6%
for omentin-1, 5.0% and <14.0% for RBP4, <5.5% and <9.2% for
resistin, and 5.6% and 5.9% for visfatin/NAMPT.

Statistical analysis

Statistical analysis was performed using STATISTICA 13.0 PL
(TIBCO Software Inc., Palo Alto, CA, U.S.) and StataSE 13.0
(StataCorp LP, TX, U.S.). Statistical significance was set at a p <
0.05. All tests were two-tailed. Nominal and ordinal data were
expressed as percentages. Interval data were expressed as mean +
standard deviation (normal distribution) or median (lower—-upper

TABLE 1 Baseline characteristics of the study group.

\| 56
Age [years] 33+6
CRP [mg/L] 0.6 (0.6-1.8)
HGB [g/dL] 131+ 1.1
WBC [tys/uL] 6.8 (5.6-8.1)
RBC [mln/pL] 44+ 04
PLT [tys/uL] 258 + 51
BMI [kg/m?] 22,6 +43

Stages of endometriosis [N(%)]

i} 11 (26.4)
111 28 (52.8)
v 14 (26.4)

Mean + standard deviation or median (lower quartile-upper quartile).
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quartiles). The distribution of variables was evaluated by the W
Shapiro-Wilk test and the quantile-quantile (Q-Q) plot. Rank
ANOVA was used to compare adipokines levels between plasma
and endometrial/peritoneal fluids with Tukey as a post-hoc test. The
homogeneity of variance was assessed by the F Fisher-Snedecor
test. Correlation between variables was assessed with the p

Spearman rank correlation coefficient.

Results

The baseline characteristics of the study group are presented
in Table 1.

Statistically significant higher plasma levels of adiponectin,
leptin, omentin, and RBP4 compared to endometrioma and
peritoneal fluids were found. Levels of resistin and visfatin/
NAMPT were significantly higher in endometrioma fluid than in
plasma and peritoneal fluid. In addition, levels of visfatin/
NAMPT were significantly higher in peritoneal fluid than in
plasma (Table 2).

Spearman rank correlation analysis showed a positive correlation
between plasma leptin levels and BMI (p = 0.63; p < 0.00) and
negative correlations between plasma omentin and BMI (p = —0.25;
p = 0.07). There were no correlations between plasma levels of other
adipokines levels and BMI. In addition, adipokines levels in
endometrioma and peritoneal fluids did not correlate with BMI.

The positive correlation between visfatin/NAMPT levels in
peritoneal fluids and WBC numbers was found (p = 0.31; p < 0.05).
There were also positive correlations between leptin levels in
endometrioma and peritoneal fluids (p = 0.28; p < 0.05), between
leptin levels in endometrioma fluids and WBC numbers (p = 0.32;
p < 0.05), and between plasm leptin levels and serum CRP levels
(p = 0.33; p < 0.05). We observed positive correlations between RBP4
levels in endometrioma and peritoneal fluids (p = 0.31; p < 0.05) and
between RBP4 levels in plasma and endometrioma fluids (p = 0.44;
p < 0.001), as well as RBP4 levels in endometrioma and peritoneal
fluids and WBC numbers (p = 0.33; p < 0.05 and p = 0.33; p < 0.05,
respectively). In addition, there was also positive correlation between
plasma and endometrioma fluid RBP4 levels and serum CRP levels
(p =037 p <005 and p = 0.29; p < 0.05, respectively). A positive
correlation between adiponectin levels in endometrioma and
peritoneal fluids (p = 0.32; p < 0.05) was found. Moreover, a
negative correlation between plasma omentin levels and serum CRP
levels (p = —0.40; p < 0.01) was observed.

There were no associations between adipokines levels in both
plasma and endometrioma and peritoneal fluids and
endometriosis stage.

Discussion

To the best of our knowledge, this is the first study that assessed
the levels of adipokines in plasma, endometrioma, and peritoneal
fluids of women operated on for ovarian endometriosis. Our study
showed significant higher plasma levels of adiponectin, leptin,
omentin, and RBP4 than in endometrioma and peritoneal fluids.
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TABLE 2 Adipokines levels in plasma and endometrioma and peritoneal fluids.

M ENE]
Adiponectin [p1g/mL] 9.8

(7.3-13.1)
Leptin [ng/mL] 16.6

(10.1-29.5)
Omentin [mg/mL] 498.6

(388.9-631.9)

Resistin [ng/mL] 5.6
(4.6-6.8)
RBP4 [ug/L] 29.4
(24.0-34.0)
Visfatin/NAMPT [ng/mL] 1.2
(0.4-2.3)

Endometrioma fluid Peritoneal fluid P
1.2% 0.1% <0.001
(0.1-2.4) (0.0-1.3)
22" 16" <0.001
(1.0-4.4) (0.4-4.1)
228.0* 230.9 <0.01
(90.1-702.9) (83.0-945.2)
71.0° 3.9° <0.001
(44.7-96.4) (1.0-42.6)
5.5 1.8% <0.001
(2.9-8.7) (1.1-3.8)
12.0% 7.0" <0.001
(8.1-13.4) (1.4-12.1)

*p < 0.05, “p < 0.001 in comparison to plasma levels; *p < 0.01 in comparison to endometrial fluid; median (lower quartile-upper quartile).

In addition, there were no associations between adiponectin, leptin,
omentin, and RBP4 levels in either plasma, endometrioma, or
peritoneal fluids and endometriosis stage. Our results contradict
previous studies that showed significantly higher leptin levels in
peritoneal fluid than in plasma of women with endometriosis (14,
15) and higher levels of leptin in endometrial tissues (16).
Moreover, contradictory to a study that showed a decrease of
adiponectin levels in peritoneal fluid with the intensity of
endometriosis (24), we did not observe any associations between
adiponectin levels in either plasma, endometrioma, or peritoneal
fluids and endometriosis stage. However, similar to a meta-analysis
of 25 studies (12), we did not observe associations between plasma
and peritoneal fluid adiponectin levels and disease stage. It should
be noted that our study showed positive correlations between
adiponectin, leptin, and RBP4 levels in endometrioma and
peritoneal fluids. In addition, only plasma RBP4 levels correlated
with RBP4 levels in endometrioma fluid. Moreover, the positive
correlation between RBP4 levels in both endometrioma and
peritoneal fluids and WBC numbers and between RBP4 levels in
both plasma and endometrioma fluid and serum CRP levels was
observed. So far, only one study showed higher RBP4 levels in
peritoneal fluid in the women with than without endometriosis.
Moreover, RBP4 immunoreactivity was significantly higher in
ovarian endometriomas of women with advanced-stage
endometriosis compared to women without endometriosis.
Furthermore, in vitro, human recombinant-RBP4 increased the
invasiveness of endometrial stromal cells. Transfection with RBP4
siRNA reduced the viability and invasiveness of endometrial
stromal cells (27). Further studies are necessary to clarify the role
of RBP4 in the pathogenesis of endometriosis. Although our study
suggests that RBP4 levels in both endometrioma and peritoneal
fluids reflect the severity of inflammation in endometriosis, it also
seems that leptin levels in endometrioma fluid are an inflammation
marker because our study has shown correlation between its levels
in endometrioma fluid and WBC number.

Of interest, our study found significantly higher levels of resistin
and visfatin/NAMPT in endometrioma fluid than in plasma and
peritoneal fluid. Moreover, levels of visfatin/NAMPT were
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significantly higher in peritoneal fluid than in plasma.
Furthermore, a positive correlation between visfatin/NAMPT
levels in peritoneal fluids and WBC numbers was found. Visfatin
is an adipokine mainly expressed and secreted by macrophages and
adipocytes of visceral adipose tissue, and is also known as
nicotinamide phosphoribosyltransferase (NAMPT) and pre-B-cell
colony enhancing factor (PCEF) produced by lymphocytes (28-30).
Thus, the higher visfatin/NAMPT levels in endometrioma and
peritoneal fluids and their correlation with WBC numbers may
indicate that it is an indicator of inflammation associated with
endometriosis. Our results are contrary to a study that has shown
lower visfatin levels in peritoneal fluid in women with than without
endometriosis (31). However, the results of another study that
found significantly lower visfatin gene expression in whole blood
samples in women with than without endometriosis (32) seem to
support our hypothesis that increased visfatin concentrations in
endometrioma and peritoneal fluids are associated with its local
production in endometrioma cells. Resistin is the adipokine
produced by macrophages of visceral adipose tissue. However, the
primary sources of circulating resistin in humans are peripheral
blood mononuclear cells (PBMCs), macrophages, and bone marrow
cells (33). Thus, we hypothesized that higher resistin levels in
endometrioma fluid is similar to visfatin/NAMPT is an indicator
of local inflammation in endometriosis. Our hypothesis is
supported by studies that showed higher resistin levels in
peritoneal fluid of women with than without endometriosis (34)
and higher resistin mRNA and protein levels in ectopic endometrial
tissue of patients with endometriosis compared to normal eutopic
endometrial tissue (35).

The limitations of our study are the size of the study group and
the lack of a control group without endometriosis. Furthermore, the
distribution of body fat and its visceral deposits was not directly
assessed. Moreover, in our study, only selected adipokines
were analyzed.

The strengths of the study include the demonstration that the
analysis of visfatin/NAMPT and resistin concentrations in the
peritoneal fluid may be clinically useful in assessing the severity
of inflammation in ovarian endometriosis. A pouch of Douglas fluid
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collection is an easier procedure than an ovarian endometriosis
fluid collection. Inflammation can translate into increased pain and
fertility disturbances. However, it should be emphasized that our
study opens a new direction of research on ovarian endometriosis,
and at this stage, it cannot be used as guidelines for clinical
management. More research is needed to translate the evidence
into clinical utility.

Conclusions

Our results show that visfatin/NAMPT and resistin may be
locally secreted in endometrioma related to inflammation regardless
of the stage of endometriosis.
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Estrobolome dysregulation is
associated with altered
iImmunometabolism in a mouse
model of endometriosis

Hasan Alghetaa', Amira Mohammed', Narendra P. Singh,
Ryan F. Bloomquist, loulia Chatzistamou, Mitzi Nagarkatti
and Prakash Nagarkatti*

Department of Pathology, Microbiology and Immunology, School of Medicine, University of South
Carolina, Columbia, SC, United States

Introduction: Endometriosis is a painful disease that affects around 5% of women
of reproductive age. In endometriosis, ectopic endometrial cells or seeded
endometrial debris grow in abnormal locations including the peritoneal cavity.
Common manifestations of endometriosis include dyspareunia, dysmenorrhea,
chronic pelvic pain and often infertility and symptomatic relief or surgical
removal are mainstays of treatment. Endometriosis both promotes and
responds to estrogen imbalance, leading to intestinal bacterial estrobolome
dysregulation and a subsequent induction of inflammation.

Methods: In the current study, we investigated the linkage between gut dysbiosis
and immune metabolic response in endometriotic mice. Ovariectomized BALB/
c mice received intraperitoneal transplantation of endometrial tissue from OVX
donors (OVX+END). Control groups included naive mice (Naive), naive mice that
received endometrial transplants (Naive+END) and OVX mice that received the
vehicle (OVX+VEH). Colonic content was collected 2 weeks post-transplantation
for 16s rRNA pyrosequencing and peritoneal fluid was collected to determine the
phenotype of inflammatory cells by flow cytometry.

Results: We noted a significant increase in the number of peritoneal fluid cells,
specifically, T cells, natural killer (NK) cells, and NKT cells in OVX+END mice.
Phylogenetic taxonomy analysis showed significant dysbiosis in OVX+END mice,
with an increase in abundance of Phylum Tenericutes, Class Mollicutes, Order
Aneroplasmatales, and Genus Aneroplasma, and a decrease in Order
Clostridiales, and Genus Dehalobacterium, when compared to OVX+VEH
controls. The metabolomic profile showed an increase in some tricarboxylic
acid cycle (TCA)-related metabolites accompanied by a reduction in short-chain
fatty acids (SCFA) such as butyric acid in OVX+END mice. Additionally, the
mitochondrial and ATP production of immune cells was enforced to a maximal
rate in OVX+END mice when compared to OVX+VEH mice.

Conclusion: The current study demonstrates that endometriosis alters the gut
microbiota and associated immune metabolism.

KEYWORDS

endometriosis, microbiome, short chain fatty acids, T-cell metabolism, estrobolome,
metabolome, immunometabolism
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Introduction

Endometriosis is a chronic inflammatory condition and one of
the most common gynecological disorders in the world, affecting an
estimated 5% of women of childbearing age and resulting in
significant global morbidity and medical expenditure (1). In
endometriosis, ectopic endometrial glandular and stromal tissues
are found outside of the uterus, and, like native endometrium, these
tissues respond through growth and proliferation to estrogen-
dependent signals (2, 3). Depending on the location of the ectopic
tissue, endometriosis can result in significant inflammation, pain,
and often infertility. While they can occur almost anywhere, almost
all cases of ectopia are found somewhere between the uterine tubes
and across the peritoneum, giving rise to the prevailing theory that
endometriosis arises through the aberrant retrograde flow of shed
endometrial lining up the uterine tubes during the menstrual
cycle (4).

The pain and poor response to treatment of endometriosis are
commonly attributed to the inflammatory response against ectopic
tissue encountered in the disease, particularly during peaks of
estrogen release at the transition from the proliferative phase to
ovulation during the menstrual cycle (5, 6). Because of the biological
role of the endometrium, endometriosis is a strongly estrogen-
dependent disorder (7-9) and thus estrogen is considered a mitogen
for the inflammatory process (10). Steroid hormones like estrogen
are major controllers of reproductive capacity and also serve in the
interplay of functions of immunocytes during inflammatory
responses (10, 11). As the menstrual cycle progresses from
ovulation to the luteal phase, estrogen levels drop and
progesterone receptors are upregulated by endometrial tissue.
Upon binding of this hormone, proliferation of endometrial tissue
slows and moves to a glandular secretory function. While
endometriosis tissue has been shown to downregulate
progesterone receptors, these hormonal switches in function have
been proposed as a mechanism of treatment for endometriosis (2,
11, 12). Other therapies have been proposed or attempted to some
degree of success including analgesics for pain management (13),
epigenetic regulation (14, 15), hormone therapy (16), dietary
supplements (17, 18), surgical removal (13) and other
symptomatic treatments (2, 19), but there is still not a reliable
therapy for addressing this disorder.

The biological importance of estrogen is not limited to
reproductive function, as it also plays a major role in microbiome
metabolism (11, 20-22), hematological profile rearrangements (23)
as well as in the regulation of immunometabolism (24-26).
Intriguingly, while systemic levels of estrogen fluctuate through
the normal ovulatory cycle, these steroid fluctuations have not been
shown to have a significant effect on the gut microbiota (27).
However, during prolonged periods of hormonal up or
downregulations, such as during pregnancy, both steroid levels
and gut microbiota are altered (28-30). The interplay between gut
microbiome and estrogen levels has been designated as the

Abbreviations: DES, diethylstilbesterol; E2, estradiol; END, transplanted
endometrial tissue; OVX, ovariectomized; SCFAs, short chain fatty acids;
VEH, vehicle.
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“estrobolome” and is controlled by specific genes. Here, -
glucuronidase enzyme encoded by gus gene, native to the gut
cleaves conjugated estrogen secreted into the intestine through
bile and releases estrogen in its biologically active form (31).
Furthermore, gus gene is expressed by common gut bacteria
including Ruminococcus gnavus, Staphylococcus aureus and
Clostridium (32). The normal estrobolome is essential for
regulation of the reproductive cycle and it has been reported that
in bacteria-free mice, reproductive capacity is impeded (33) but is
then normalized to fertile levels when bacterial recolonization
occurs (34). Free estradiol (E2) produced from gut B-
glucuronidase together with ovarian produced E2 acts in concert
to stimulate the immune system in a cyclical manner (24). During
these immunological responses, macrophages increase their rate of
glycolytic and tricarboxylic acid cycle shortly after being activated
(35) and effector T cells accommodate glycolytic pathways in
production of ATP molecules (36).

In this study we elucidated the dysregulation of
immunometabolism as a response to estrobolome alterations
during endometriosis. By seeding stimulated endometrial tissue to
the peritoneum in syngeneic mouse transplant experiments, we
explored the resulting perturbations of systemic inflammatory cells,
gut microbiome, metabolome and immunometabolism
encountered in endometriosis to obtain holistic understanding of
the nature of changes occurring during this clinical disorder.

Materials and methods
Experimental animals

Female BALB/c mice aged between 6 — 8 weeks utilized in this
study were purchased from The Jackson Laboratory and
acclimatized for at least one week after delivery. Randomized
grouping of animals was performed and every 4 mice were
housed in same cage till the end of experiments. All study mice
were exposed to same pathogen-free housing conditions with freely
accessible food (standard chow) and water, 18 - 25°C temperature,
and alternating 12 light/12 dark. Approval from the Institutional
Animal Care and Use Committee (IUCAC) and from the University
of South Carolina was obtained before performance of any study
experiments (AUP2374).

Materials

Surgical instruments including Castroviejo scissors, uniband
LA-1 micro point scissors, serrated jaw MF-2 micro forceps, fully
curved micro forceps MF-3, straight micro forceps soldering
tweezers, insertion/extraction tweezers and anti-wicking tweezers
were purchased from Cedarlane labs - Canada. Surgical sutures
including 5-0 Perma Hand Silk Black 1X18” PS-3, 5-0 Perma Hand
Silk Black 2X60” no needle and 4-0 Perma Hand Silk Black 1X18”
G-3 were purchased from the Ethicon - USA. Diethylstilbestrol
(DES) was purchased from Sigma — USA and prepared in mineral
oil (Sigma-Aldrich, USA). GIMA 2mm diameter biopsy punch
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(GIMA, UK) was used to divide the endometrial layer into 2mm
pieces. An 18G syringe needle (BD, USA) attached to a tuberculin
syringe (BD, USA) was used to deliver endometrial specimens into
the peritoneal cavity. Banamine (Merck, USA) solution was used
every 12 hours for 2 two days to alleviate the pain during post-
surgical care period. DMEM/F12 medium was used for preparation
of endometrial transplant tissue (Sigma-Aldrich, USA). Skin
incisions were closed with a Reflex Clip Applier (World Precision
Instrument, USA) and clips were removed using Reflex Clip
Removing Forceps (World Precision Instrument, USA).

Induction of experimental endometriosis

As the endometriosis is an estrogen-dependent disorder, mouse
model was designed to mimic this disorder by using ovariectomized
mice treated with estradiol (37). Briefly, donor and recipient mice
were anaesthetized with inhaled isoflurane before being surgically
prepared. The right and left ovaries with attached salpinx were
ligated and removed. Muscular layers were sutured with silk, while
the skin was closed with metal clips. Systemic analgesia, Benamine,
was given every 12 hours post-surgery for 48 hours. Seven days
later, the clips were removed and OVX mice were used.

The endometrial tissue was used to induce the experimental
endometriosis in mice as described (38, 39). The schematic details
are also provided in Figure 1. Briefly, BALB/c female mice were
assigned to one of four experimental groups (Figure 1): OVX+END,
ovariectomized mice receiving transplanted endometrial tissue;

10.3389/fendo.2023.1261781

OVX+VEH, ovariectomized mice injected intraperitoneally with
PBS but without transplant; Naive (N) mice, non-ovariectomized
mice with no treatment as control group and lastly, Naive+END
(NE), non-ovariectomized mice receiving transplanted endometrial
tissue. All DES treatments were performed as 100ug/kg of DES
injected subcutaneously. In the OVX+END and OVX+VEH groups
(collectively considered ovariectomized-OVX), a dose of DES was
delivered and ovariectomy was performed at day 0, while N and NE
groups were housed without intervention. On day 5, OVX mice
received another injection of DES in order to stimulate endometrial
growth while N and NE groups were still under the influence of
endogenous estrogen from their ovaries. Here, N group received no
further intervention until they were euthanized. On day 7, OVX
mice were split into OVX+VEH group, endometrium transplant
donor group (END), and the OVX+END group described above to
receive the transplanted tissue. One donor endometrium (END)
provided enough tissue to seed the peritoneum of two
recipient mice.

The donor mice were euthanized via overdose of isoflurane
inhaled anesthesia. In a petri dish containing DMEM/F12 medium,
the uterine horns of donor mice were longitudinally opened, and
the endometrial layer was pealed from the myometrium and serosa
layers using micro forceps and then divided into approximately
2mm pieces. This tissue was then transferred to another petri dish
containing phosphate buffer saline (PBS). Approximately 35ug (wet
weight) of the endometrial tissue samples were loaded into a 1ml
syringe via an 18g needle in a total volume of 500 ul PBS. Loaded
endometrial tissues were then transplanted to the peritoneal cavity

Non- Endometrial 4
. . tissue -g
ovariectomized transplant, i.p 2
(Naive) o 4‘:3
O T 2 3
279 %
8% Ovariectomy and Donor :g DES 2
o $ Diethylstilbestrol (END) o ol =
C % (.D.ES). 1: 2recipients - s
€ | S.Cinjection fa) ; 2
&_’ o 100 ug/kg 2 S s
w (@] )
Donors * 3
Ovariectomized and 3 ; 3
©
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(oVX) OVX+VEH 3| B

|
l L | ] » ] L=
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FIGURE 1

Experimental design. Mice were ovariectomized (OVX) and received analgesia after finishing the surgery and then repeated every 12 hours during
post-surgical care period up to 48 hours to alleviate the pain. All ovariectomized mice were injected subcutaneously with diethylstilbesterol (DES) for
5 days after removal of ovaries and then repeated every 5 days till end of experiment. Closing clips were removed from all ovariectomized mice at
day 7 post-surgical operation. Ovariectomized mice were divided into donors and recipients on day 7 at a ratio of 1:2. Harvested endometrial tissues
(END) from OVX mice were transplanted into OVX (OVX+END) or non-ovariectomized (Naive+END) recipient mice. As controls, we used non-
ovariectomized naive mice (Naive), Naive mice that received endometrial tissue (Naive+END), and ovariectomized mice injected with vehicle

(OVX+VEH)
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through abdominal wall of either OVX+END or Naive+END
recipients to complete the transplant procedure.

At days 10, 15, and 20, the OVX+END and OVX+VEH groups
received injections of DES, post ovariectomy procedure, while
Naive+END and Naive did not receive DES still under hormonal
influence of intact ovaries. The experimental endpoint was 14 days
post endometrial transplant, which was 21 days post
OVX procedure.

Tissue samplings for downstream analysis

At the endpoint of the experiments (14 days post-
transplantation experiments), all study mice were anesthetized
and euthanized under isoflurane for tissue sampling and
downstream analysis. Blood samples were collected for complete
blood count by VetScan analyzer system (Abaxis, USA) and for
serological analysis. Single cell suspension of peritoneal fluid (PF)
was prepared by using RBCs-lysis buffer (Sigma-Aldrich, USA) and
strained with the 70-micron strainer (ThermoFisher, USA) to be
utilized in either real-time metabolism analyzer Seahorse (Agilent,
USA) or FACS-Celesta flowcytometry sorting system (BD, USA).
Colon flushes (CF) were collected from the colon under aseptic
conditions in sterile PBS for microbiome analysis. CF for
metabolomic and short chain fatty acids analysis were collected in
sterile distilled water. Uterine horns were excised for
histopathological investigation with hematoxylin and eosin (H&E)
staining and to collect uterine horn lavage fluid (ULF).

Inflammatory cell counting of peritoneal
fluid and uterine lavage fluid

PF was collected by injecting the mice under deep anesthesia by
isoflurane, then the skin of abdominal wall was opened to expose
the peritoneal sac. Five milliliters of sterile PBS were
intraperitoneally injected and the mouse then rolled thoroughly
for 3 - 5 minutes to elute all the peritoneal traces and cells. ULF was
collected by slow-passing 2 — 3 ml of PBS and collected in centrifuge
tubes. Collected PF and ULF was then transferred to conical tubes
for centrifugation and separation of the supernatant and stored at
-80°C for analysis. While the pelleted cells were treated with RBC
lysis buffer for 30 - 60 seconds and then blocked by using cold 10%-
FBS buffer and washed with cold FACS for cell counting. Cells were
resuspended in FACS buffer for counting by using Trypan blue
staining and TC20 automated cell counter (40).

Mononuclear cell isolation and T cells
subset determination from peritoneal fluid

Briefly, peritoneal fluid was collected in cold FACS and
processed into single cell suspension by using RBC lysis buffer
(Sigma-Aldrich, USA) for about 60 seconds and then washed with
cold FACS. Then all samples were filtered with 70um strainer
(ThermoFisher, USA), centrifuged at 4°C, 1000 RPM for 10
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minutes and then the cell pellets were resuspended in cold FACS.
To determine the T cell and natural killer (NK) subset, isolated cells
were stained with anti-CD3-APC and NKI1.1-BB515 antibodies
(Biolegend, USA), respectively. Finally, the stained samples were
analyzed by using BD-FACS Celesta flow cytometry system (BD,
USA) and acquired data were visualized by using built-in Diva
software (BD, USA) as described before (41).

Peripheral blood count assessment

Whole blood was obtained via retroorbital vein rupture by using
heparinized capillary tubes inserted into medial canthus of
isoflurane-anesthetized mice. The collected blood samples were
kept in heparinized tube before being transferred to be analyzed
by blood-autoanalyzer system, Vetscan HM5 hematology analyzer
(Abaxis, USA) for complete blood count assessment.

*H-Thymidine incorporation assay

To evaluate the proliferative capacity of PF inflammatory cells,
10° cells per well were seeded in DMEM/F12 medium for 12 hours
incubated with 1pCui/well of *H-thymidine isotope at 37°C and 5%
CO2, then radioactivity was measured using MicroBeta Trilux
liquid-scintillation counter to (36, 42).

Histopathological examination of
uterine tissue

Harvested uterine horns were fixed in 4% paraformaldehyde
overnight and then stored in PBS at 4°C till the time of sectioning
and staining with hematoxylin and eosin (43).

Colonic microbiota analysis

The collected colonic flushes were prepared for 16s rRNA as
described by previous publications (44, 45).

Measurement of short chain fatty acids
levels in colonic flushes

Briefly, colons of study mice were opened and about 100 mg of
luminal solid contents were removed and then suspended with
distilled water. Collected flushes were centrifuged to separate the
supernatant and stored at -80°C for future use. At time of SCFA
analysis, all samples were thawed gradually in ice box and then
acidified by hydrochloric acid (HCL) before adding 4-methylvaleric
acid as internal standard. Gas chromograph CP-3800 (Varian) and
spectrometry mass (GC-MS) system was used to quantify the
SCFAs. Varian MS Workstation (version 6.9.2) was used to
collect and analyze acquired data. Finally, the linear equation was
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used to calculate the concentrations of SCFAs in each sample
(41, 46).

Glycolytic and tricarboxylic acid
metabolites measurement and
metabolome profiling

Serum was separated from study mice and used for metabolic
extraction by using liquid chromatograph mass spectrometry (LC-
MS) as described in our previous study (36). Briefly, metabolites
derived from the TCA and glycolysis were characterized by using
5mM of ammonium acetate (pH9.9) and other buffers in assistance
of Luna 3uM NH2 100 A° chromatography column (Phenomenex,
CA). All identified metabolites were normalized to internal
standard (47).

Real-time metabolism analysis of
mitochondrial respiration by XFp
Seahorse analyzer

These two metabolic pathways were evaluated by using real-
time metabolism analyzer Seahorse (Agilent, USA) according to the
manufacturer’s protocols. The principle of measurements was based
on the calculation of oxygen consumption rate (OCR) and extra
cellular acidification rate (ECAR). Cells (3X10°) taken from single
cell suspension of PF was seeded into XFp miniplates by assistance
of Cell-Tak biological adhesive (Corning, USA). At the end of
analyzer run, Hoechst 33342 dye (Invitrogen, USA) was applied to
the plate wells to count the remaining live cells in order to
normalize the acquired data based on the number of living cells
used in this run. Counting of live cells was performed by using
automated imaging microscope, Cytation5 Imaging System
(BioTek, USA). Generated data by Seahorse were transferred to
be interpreted by Seahorse Wave Desktop Software (Agilent, USA)
to calculate the kinetic energy (36).

Statistical analysis

All experiments of this study were repeated 3 independent
times. Sample sizes varied between 3 - 5 mice per group and the
numbers are stated in the figure legend. Metabolomes were
normalized and analyzed as Log2 examined by t-test by using R-
studio (R Studio Inc, USA) as described previously (36). One-Way
ANOVA test was applied whenever there were more than two
groups to compare with multiple Tukey’s correction. The t-test was
applied with Holm-Sidak correction method to compare two
groups. p<0.05 considered as significant threshold and the levels
were depicted as: *p<0.05, **p<0.01, **p<0.001 and *p<0.0001.
When statistical comparison includes more than three groups,
different lowercase letters were used to depict significant
differences among these groups. For example, groups having the
same letters ‘a’ would be insignificant while groups depicting ‘a’ and

<

b’ would be statistically significant.
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Results

Endometrial transplants in OVX mice
trigger an exacerbated inflammatory
response in the peritoneal cavity and
peripheral blood

At fourteen days post-receiving endometrial transplantation,
local and systemic immunologic responses were evident (Figures 2,
3). Histopathological investigation of uterine horns excised from
the four groups of mice using H&E staining showed that in the
OVX+END group there was an increase in the inflammatory cells
(yellow arrows) to the endometrium as well as myometrium
(Figures 2A, B) when compared to the control OVX+Veh or
Naive groups. By using Image] software, the statistical analysis
showed significant increase in the number of inflammatory cells
(mostly neutrophils) in the endometrium (endometritis) as well as
in myometrium (myometritis) of OVX+END group in comparison
with all other study groups (Figure 2C). There was also significant
augmentation (p<0.05) in the inflammatory cells in the peritoneal
cavity of OVX+END group when compared to OVX+VEH or
Naive groups (Figure 3A, left panel). Interestingly, the Naive
+END group also behaved similar to OVX+END group. The cell
counts in the uterine lumen were not significantly altered in all
groups tested (Figure 2A, right panel). The total WBC counts in the
peripheral blood of the OVX+END group was significantly higher
(p<0.05) than the OVX+VEH and naive mice (Figure 3B, right
panel). The percentage of NK cells were higher in the OVX+END
group when compared to other groups (Figure 3C). The total
number of CD3" T cells and CD3*NK" cells in the peritoneal
cavity were found to be significantly increased (p<0.05) in the OVX
+END group when compared to Naive or OVX+VEH groups
(Figures 3D, E). The percentage of lymphocytes and neutrophils
in the peripheral blood were studied too. When we tested the
percentage of lymphocytes in the blood, it was decreased in all
groups when compared to the naive group (Figure 3F). The
neutrophil percentage in the peripheral blood of mice
transplanted with endometrial tissue (Naive+END, OVX+END)
was significantly higher (P<0.05) than in the non-transplanted mice
(Figure 3G). *H-thymidine incorporation assay was performed to
estimate the proliferative capacity of the inflammatory cells in the
peritoneal fluid and to assess the ability of these cells to proliferate.
Interestingly, the results showed that there was significant increase
(p<0.05) in proliferation capacity of inflammatory cells isolated
from OVX+END group when compared to Naive or OVX+VEH
group. The Naive+END mice also demonstrated a similar response
as the OVX+END mice (Figure 3H). Overall, the results indicated
that the endometrial transplants in OVX mice were associated with
an exacerbated inflammatory response in the peritoneal cavity and
peripheral blood. It was interesting to note that naive mice that
received the endometrial transplant (Naive+END), also exhibited
some immunological changes like OVX+END group such as
increase in the percentages of neutrophils while with respect to
most of the immunological profiles studied, they behaved like the
naive controls.
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Endometrial transplantation in Naive or
OVX mice leads to enhanced gus-enriched
bacteria like Ruminococcus spp

Investigation of gut microbial communities via sequencing the
16s rRNA V3-V4 regions showed that there was dysbiosis in the
microbial environment of the colon in all experimental groups
compared to the Naive group (Figure 4). Bioinformatic analysis of
our collected data showed that the commensal bacteria of individual
mice were clustered closely within their own group, while the 4
groups tested showed clear segregation (Figure 4A). A cladogram
generated from linear discriminant analysis effect size (LEfSe)
demonstrated that Clostridiales_order, Tenericutes phylum and
its down tree ancestry, Mollicutes class, Anaerplasmatales order,
Anaeroplasmaceae family, and Anaeroplasma genus constituted the
detectable commensal bacteria in the guts of the Naive group
(Figure 4B). The Naive+END and OVX+END mice showed
simultaneous deviation from Naive and OVX+VEH gut
microbiotas and showed similarities between each other with the
enrichment of Phylum Tenericutes, Class Mollicutes, Order
Aneroplasmatales, and Genus Aneroplasma. Lacnospiraceae
family and its Coprococcus genus, Ruminococcus genus, and
Ruminococcus gnavus were commensal biomarkers in the Naive
+END group that were not present in the Naive group (Figure 4B).
Also, Clostridiales order was the biomarker bacteria in the colons of
OVX+VEH (Figure 4B). Statistical analysis of occupational

W Naive
B Naive+END
I OVX+END
B OVX+VEH

10.3389/fendo.2023.1261781

taxonomy units (OTUs) of bacteria showed significant alterations
(p<0.05) among the study groups (Figure 4C). Furthermore, linear
discriminant analysis (LDA) scores set at >2-fold change among the
study groups (Naive, Naive +END, OVX+VEH and OVX+END),
using PICRUST-generated level 3 KEGG pathways of 16s rTRNA
data revealed that there was no biomarker functional pathway of the
bacteria for Naive+END group (Figure 4D). The other groups
showed different pathways involved in the bacterial metabolism
that are related to the host metabolism (Figure 4D). Together, these
data suggested that each treatment group had a distinct population
and that Naive or OVX mice that received
endometrial transplants exhibited enhanced gus-enriched bacteria

~—

of bacteria (Figure 4A

like Ruminococcus spp. which in turn could improve the E2
metabolism as a consequence (Figure 4B).

Short-chain fatty acids produced by gut
microbiota exhibit differential expression
following endometrial transplants

Next, we studied the bacterial end-product concentrations in
the guts represented by the short chain fatty acids (SCFAs) by using
Gas Chromatography-Mass Spectrometry (GC-MS) showed in
Figure 5A. Upon examination of the 4 groups of mice, the overall
trend indicated that significant (p<0.05) decreased levels of acetic
acid (Figure 5B), propionic acid (Figure 5C), butyric acid

B Noive [N OVX+END NN OVX+VEH

2]

Memb_Transport

Environ_Inform_Process
Transporters

Giycan Biosynth Metabol

Cel Process
Adipocytokine_signal Path
Upid Metabol

Cysteine_ methionine_Metabol
Phosphotransferase_Sys_PTS_
Peptidoglycan_Biosynth
Igar_ucleotide_sugar_Metabol
Galactose_Metabol

Organis Sys

Endoc_Sys

Transport Catabolism
Other_glycan_degrad
Lysosome

Bacteral motity_proteins
Sphingolipid_Metabol
‘Amino_Acig_Metabol

RNA_polymerase

& 8. a @ a Amino_acid_related enzymes
E a a H
H shel/® ® millbn < Belr¥® P
3 -
Fy Lo R E & Propanoate_Metabol
8 by 284 Y I L84 5 Amioscy 1A oyt
3 + 23 * + g % 7.0 By
E ¢ 932 ¢ . 52 . Pyrmiine Metabol
s vt v e 2 v e i proces
w o5 o0 el
oo 2, F Zges to[E 2 : = T 1 g
2 2 . .o N v
380 - Ego2 B . MetabolOther Amino Acids
°%n So - | °% . ﬁ P P
0 S [*] = ot
L 2 2 F v 0 o = & © B i o B B = Giycolyss_Glconeogeness
5 & & % 2 2 & g 2 Zz2 Z2 & 2z 2z g \ I I ] ] i i
2 & = & &
2% % % 2% i 3 3 ¥y z 2y ¥ 3 00 05 10 15 20 25 30 35 40
2 2 S S S S
2 °° 5 3853 3 8 3 3 % 3 LDA SCORE (log 10)
z z

FIGURE 4

Characterization of bacterial communities and their functional metabolism pathways via 16s rRNA metagenomic analysis. (A) Unweighted beta-

diversity of the commensal gut microbiome. (B) Cladogram using results of the linear discriminant ana

ysis (LDA) model of bacterial hierarchy.

(C) One-way ANOVA statistical comparisons among the experimental groups based on the percentage of occupational taxonomy units (OTUs) of
biomarker bacteria. (D) LDA analysis of the microbial metabolic pathways via metagenomic functional prediction of Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUST). Different lowercase letters in (C) indicates significant differences when p<0.05.

(n=4). For detailed P-value, please check Supplementary Table S3.
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(Figure 5D) and valeric acid (Figure 5E) in OVX+END group when
compared to the Naive group. Similar changes were also seen in
OVX+VEH group suggesting that ovariectomy and DES treatment
had significant impact on colonic SCFAs. The Naive+END group
also exhibited both similarities and differences in SCFAs when
compared to the Naive group thereby suggesting that endometrial
transplants in naive mice also induced some changes in SCFAs.
Together, these data suggested that bacterial metabolites, SCFAs,
exhibit differential expression following endometrial transplants
and because SCFAs also regulate immune cells, the SCFAs may
play a role in immune response during endometriosis.

Endometrial transplantation enhances the
immunometabolism in inflammatory cells
and altered plasma metabolome

We next studied the interplay between estrobolome
dysregulation of microbiota and their potential influence on the
immune cells’ metabolomic response in the endometriosis model
using cells from the peritoneal cavity. These cells were seeded into
specific culture plates of XFp Seahorse real-time metabolism
analyzer before being incubated and analyzed based on
calculation of oxygen consumption rate and extracellular
acidification rate to estimate the ATP production rate (Figures 6,
7). Real-time metabolism analysis revealed that the basal and
stressed mitochondrial respiration of immune cells were
significantly (p<0.05) higher in the Naive+END (Figures 6A, B)

10.3389/fendo.2023.1261781

and OVX+END groups (Figures 7A, B) in comparison to non-
transplanted mice of Naive and OVX+VEH groups, respectively.
Furthermore, the main source of ATP production in the Naive
group was via mitochondrial respiration (Figures 6C, D). However,
transplantation of endometrial tissues led to significantly (p<0.05)
accelerated mitochondrial ATP production which in turn
significantly (p<0.05) increased the total ATP molecules in cells
from Naive+END group (Figure 6D). In the OVX groups,
endometrial transplantation modified the respiratory pathways of
inflammatory cells (Figures 7B, C). Stimulating the inflammatory
cells in the peritoneal cavity of OVX+END mice led to further
significant (p<0.05) increase in the rate of ATP production via
mitochondrial and glycolytic processes in comparison with OVX-
VEH group (Figure 7D). Together, these data suggested that
endometrial transplantation-induced immune cells exhibit
accelerated metabolic rate.

TCA-related metabolites levels, such as fumarate, glutamate,
malate and succinate were significantly (p<0.05) higher in Naive
+END group than in Naive mice (Figure 6E). Interestingly,
glycolysis-related metabolites such as 3-phosphoglycerate and 2-
phosphglycerate (3PG and 2PG), glucose-6-phosphate and
fructose-6-phosphate (G6P/F6P) and phosphoenolpyruvate (PEP)
were significantly (p<0.05) elevated in the plasma of Naive+END
mice in comparison to Naive group (Figure 6E). Interestingly, when
such metabolites were studied in OVX+END mice, some of the
metabolites showed opposite results. For example, the levels of 3PG,
2PG, lactate, malate, PEP were decreased while some such as
glucose/fructose, glyceraldehyde, ketoglutarate, oxalate, and
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colonic content of SCFAs, (n=4). (B) Acetic acid. (C) Propionic acid. (D) Butyric acid. (E) Iso-butyric acid. (F) Valeric acid. (G) Iso-Valeric acid. Different
lowercase letters in (C) indicates significant differences when p<0.05. For detailed P-value, please check Supplementary Table S4

Frontiers in Endocrinology

137

frontiersin.org


https://doi.org/10.3389/fendo.2023.1261781
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Alghetaa et al. 10.3389/fendo.2023.1261781

[>]
[=]
[m]

-o- Naive === Naive+END 80 * — 150
% 1509  Oligomycin FCCP Rotenone/AA _ c % N %)
= 0 0 «Q
[ *% - -k 3 = © =]
o . = c = =.
N D 2% 5% 5
8 100 ey b €8 3 S 100 8
£ ife ¢ 8
£ =3 - = -~
3 TE T35
£ 50 § 2, gg 50 # 3PG and 2PG
- v} 5 .
& s i Fabioep
° o
o T T T T 1 0 0 o
[ 20 40 60 80 o 9 o Fumarate
Time (minutes) & \4,;‘" ‘)5\" K(,}‘ # G6P/F6P
& & Gl /Fruct
R ucose/Fructose
¥ Glutamicacid
|E| Glutamine
Glyceraldehyde3-phosphate
B _ Glycerol 3-Phosphate
-o- Naive -=- Naive+END £ E 500 *% E 800 Hyd
S ns *x roxyglutarate
'jgigomycin Rotenone/AA gso % % Ky |yg
=) : £ 2 400 £ aoo etoglutarate
g s 3 Lactate
x© & 300 «
_E_, 5 % 400
§ G 200 E
3 10 3 3
1 a 100 e
o
g & 2
— — . < 0 ——L o0 T g o0 T
o 20 40 60 80 100 © Q E < O g & o
. 5 S S S & & & & " .
Time (minutes) =) P ’?0’5" ~ ‘fa ~ ‘g»\"o Naive Naive+END
&

FIGURE 6

Effect of metabolic pathways of PF inflammatory cells in non-ovariectomized mice. (A) Cell Mito Stress test detected by real-time metabolism
analyzer Seahorse (n=3). FCCP: carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone. AA: antimycin (A. B) Kinetic calculation of basal (left) and
maximal (right) mitochondrial respiration. (C) ATP production rate test detected by real-time metabolism analyzer Seahorse (n=3). (D) Kinetic
calculations of glycolytic ATP production rate (left), mitochondrial ATP production rate (middle) and total ATP production rate (right). (E) LC-MS
showing the plasma metabolomic profile regarding TCA and glycolysis pathways, (n=4). ns, not significant; *p<0.05, **p<0.01,

***p<0.001, #p<0.0001.

@
3
]

-o- OVX+VEH -= OVX+END 200

7 2507 - *x c % 9]

3 Oligomycin FCCP Rotenone/AA 2 o3 Q

S 200 ; : : §8 T X 150 2

X *K : : 5 § 1001 =8 §

2 1501 2% 7S 3

£ 8 & £ 100+ %

= 1004 T e .l T3 -

2 85 % EE 3PG and 2PG

£ 50 oy % & 507 y

z g 8z Citrate

8 o . . . . o = 8 ol FBP/GBP

0 0 4 60 80 & Fumarate
Time (minutes) of 6‘.‘: & G6P/F6P
@ & & Glucose/Fructose
Glutamicacid
Glutamine
Glyceraldehyde3-phosphate
- OVX+VEH -= OVX+END Te 200 0 xx Glycerol 3-Phosphate

Z 597 oligomycin Rotenone/AA < > & = £ - Hydroxyglutarate

3 . . 2w g 0 £ 400 Ketoglutarate

g - e £ Lactate

< e 30 € o Malate

E 2 E 400 -

£ Y £ 3 200 Oxalate

g g 2.0 g PEP

= =10 [ o 100

x £ & 3 Pyruvate

O o+ ’ . r . . 80 3o 3 o Succinate

0 20 40 60 80 100 = > o 5 X O Lol X O
) ; & & & & &£ &
Time (minutes) & &F & & OVX+VEH OVX+END

FIGURE 7

Effect of metabolic pathways of PF inflammatory cells in ovariectomized mice. (A) Cell Mito Stress test detected by real-time metabolism analyzer
Seahorse (n=3). FCCP: carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone. AA: antimycin (A. B) Kinetic calculation of basal (left) and maximal
(right) mitochondrial respiration. (C) ATP production rate test detected by real-time metabolism analyzer Seahorse (n=3). (D) Kinetic calculations of
glycolytic ATP production rate (left), mitochondrial ATP production rate (middle) and total ATP production rate (right). (E) LC-MS showing the plasma
metabolomic profile regarding the TCA and glycolysis pathways, (n=4). *p<0.05, **p0.01, ***p<0.001.
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pyruvate were increased in OVX+END when compared to the OVX
+VEH group (Figure 7E). It was noteworthy that several of the
metabolite expression profile was different between OVX+END vs
Naive+END group (Figure 6E vs Figure 7E), thereby suggesting that
ovariectomy did affect the metabolomic profile in addition to
endometrial transplant.

Discussion

For decades, researchers have investigated the interface between
the metabolism and immune response in various physiological and
pathological conditions, such as inflammatory bowel diseases (48),
cardiovascular disease (49), and in a myriad of cellular models (36,
41, 50-55). The development of endometriosis is regulated by
estrogen metabolism and host inflammation, which in turn are
influenced by several factors such as the microbiome and the
estrobolome (56). However, to date, few estrobolome studies have
been performed to investigate the estrogen-microbiome axis across
disease (20, 57, 58). While the study of the relationship between the
estrobolome-endometriosis-gut microbiome-axis is ripe for
discovery, the multifactorial causes of endometriosis add
challenges to understanding its pathogenesis (12).

Many studies have been performed that associate endometriosis
with changes in gut microbiome (59). It is also well established that
endometriosis is a chronic estrogen-dependent inflammatory
disease with endometrial stroma and glands outside the uterine
cavity (60). However, whether there is cross-talk between gut
dysbiosis and inflammation is not clear. Moreover, how the
metabolites produced by the endometriosis-induced gut
microbiota alter the immune metabolism in the inflammatory
cells has not been previously studied. In the current study, we
tried to connect all such events induced during endometriosis by
using both naive and OVX mice to get a better understanding of the
cross-talk between endometriosis, gut microbiota and immune
functions in the host.

There are several murine models of endometriosis (61). In the
present study, we used the well-established mouse model of
endometriosis in which the endometrial tissue is injected
intraperitoneally into the recipient OVX mice (39). Such models
have also been compared to models in which the recipient mice are
intact that have not undergone ovariectomy (62), similar to our
Naive+END group. Both models develop endometrial lesions
although the progression of the disease varies to some extent. In
the current study, we noted that OVX+END group demonstrated
similarities to the Naive+END group with respect to the induction
of some changes in the microbiota and immune profile while
differing in some respects. For example, both OVX+END and
Naive+END groups showed similar induction of peritoneal
inflammatory cells and neutrophils in the blood. Also, both
groups exhibited increased presence of Ruminococcus genus.
However, the OVX+END and Naive+END groups showed
significant difference in their expression of certain microbes,
SCFA, and metabolite profile. The main difference between OVX
+END and Naive+END mice is that the former lacked the ovarian
hormones but received exogenous administration of estrogen, while
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the Naive+END mice had intact hypothalamic-pituitary-ovarian
axis which controls several hormones and regulate female
reproduction. Thus, our studies suggested that such hormones
may play a role in regulating the microbial dysbiosis and immune
metabolism during endometriosis.

In the present study, we investigated the microbial dysbiosis and
the immunocyte metabolism triggered following endometrial
transplants. Endometriosis is best hypothesized to arise from
abnormal growth of endometrium-like tissue derived from
escaped uterus that get implanted in the pelvic and abdominal
cavity wall (13). This triggers an inflammatory response consistent
with our observation of an excessive number of immune cells in the
parenchyma of uterus (Figures 2A-C), peritoneal fluid, and an
increase in total WBC counts in peripheral blood (Figures 3A-G).
Accumulations of such cells is hypothesized to contribute to the
decline in fertility rate and pain with menstruation in endometriosis
(2, 13, 19). The immune cells that infiltrate is heterogeneous. Fukui
et al. showed the infiltration of NK cells to the peritoneal cavity
leading to inflammation during endometriosis (63). In addition,
plasma cells in the uterine tissue could also serve as a biomarker of
non-invasive diagnosis of endometriosis (3). Other cells reported to
infiltrate include dendritic cells and neutrophils (3, 5, 64). In the
current study, we noted an increase in CD3"T cells, NK cells, and
NKT cells in the uterine cavity as well as increases in lymphocytes
and neutrophils in the blood.

The aggregation of different immunocytes in the peritoneum
seen in endometriosis has the potential to increase levels of reactive
oxygen species present, which in turn could enhance inflammatory
cell proliferation (Figure 3H) and leading to tissue damage (6).
Clinical trials have been performed to treat endometriosis via
suppression of the inflammatory response from oxidative stress
using herbal-derivative anti-oxidants (13, 17, 18), miRNA
regulation (14), or hormonal manipulation (11, 14). It has been
hypothesized that there is an integral interplay between the
gastrointestinal microbiome and estrogen and other hormones
(16, 22, 31). We therefore examined perturbations of the gut-
microbiota to determine if endometrial transplantation altered the
gastrointestinal homeostasis and microbiome profile (Figure 4).
Interestingly, our results showed that there was a distinct separation
between the microbial communities of each study group
(Figure 4A). Moreover, we found that there was a biomarker
bacteria for each group of Naive (Tenericutes, Mollicutes,
Anaeroplasmatales, Anaeroplasmataceae and Anaeroplasma),
Naive+END (Lachnospiraceae family includes Coprocuccus and
[Ruminococcus] genera), OVX+VEH (Clostrediales order), and
OVX+END (Ruminococcus spp) (Figure 4B). Interestingly, most
of biomarker bacteria in all study groups except Naive mice shared
one gene involvement, the gus-gene, that is common in Firmicutes
(65) and responsible for encoding -glucuronidase enzyme (32, 66),
which in turn removes the glucuronic acid from conjugated
substrates such as steroid hormones and other xenobiotics
secreted to the intestinal lumen through the bile duct after being
processed by hepatic glucuronidation to promote reabsorption of
them as aglycone steroid hormones or xenobiotics via enterohepatic
circulation again (67-69). This aligns with our PICRUST findings
(Figure 4D) that predicted an increase amino acids and pyrimidine
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metabolism in OVX+END mice, as compared to the lipid
metabolism predicted in OVX+VEH and the carbohydrate
metabolism predicted in the Naive group.

Several mechanisms have been attributed to the beneficial
effects of microbiome in health maintenance including the
production of short chain fatty acids (SCFAs) (70). Enrichments
of Ruminococcus gnavus in Naive and Naive+END groups
(Figure 4C) and Lachnospiraceae in Naive+END groups are all
major producers of short chain fatty acids (SCFAs) and may explain
the elevated levels of propionic (Figure 5C) and Iso-butyric
(Figure 5E) acids in the colonic flushes of respective groups (32,
70). However, butyric acid, which is the most beneficial SCFA for
intestinal homeostasis, energy metabolism, and anti-inflammatory
effects (71-74) was significantly higher in the Naive group in
comparison with all other groups (Figure 5D), which could be
due to the abundance of Ruminococcus gnavus (Figure 4C). These
data also suggested that decreased butyric acid production in Naive
+END and OVX+END groups may be related to increased
inflammation seen in these groups.

Another major role of the microbiome is to metabolize estrogen
hormone under the regulation of gus gene (32, 66). Any deviation in
the steroid hormone production in the host circulation could lead to
initiation of disease through microbiome dysregulation (16, 20, 22,
31, 57). Nevertheless, the balance of steroid production during the
sexual cycle is necessary for reproduction (22). Long-term changes
in reproductive hormones lead to shifts in gut microbiome (28-30)
and the increase in progesterone levels during pregnancy is
associated with an increase in beneficial bacteria like
Bifidobacterium (29). Gut dysbiosis certainly influences immune
system function (41, 52, 75) as well as reproductive physiology
through the modulation of reproductive hormones function and
vice versa (22, 28, 29, 57, 66). In our study, we found through
metabolic evaluation of the immune cell in the peritoneum of
endometriotic and non-endometriotic mice (Figures 6, 7) that the
immunometabolism of these cells shifted, likely due to the
microbiota and estrobolome dysbiosis (20, 22, 58). Estrogen plays
important regulatory role in the maintenance of the immune system
functions and to counteract inflammations and oxidative stress,
thus, the reproductive system-gut axis and its related metabolism
and metabolites are important regulators to stabilize the health and
homeostasis (9, 76).

In summary, the current study suggests that reversing the
endometriotic gut microbiota by, for example, through fecal
transplants from healthy donors or increasing diet enrichment
with prebiotics and/or probiotics could help in suppressing the
endometriosis pathogenesis as well as severity which may result in
minimizing its driven complications.
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Introduction: A potential association between periodontitis and endometriosis
has been indicated in previous observational studies. Nevertheless, the causal link
between these two disorders has not been clarified.

Methods: Based on publicly available genome-wide association study (GWAS)
summary datasets, we conducted a bidirectional Mendelian randomization (MR)
study to investigate the relationship between periodontitis and endometriosis
and its subtypes. Single nucleotide polymorphisms (SNPs) strongly associated
with candidate exposures at the genome-wide significance level (P < 5 x 1078)
were selected as instrumental variables (IVs). The inverse variance-weighted
regression (IVW) was performed to estimate the causal effect of periodontitis on
endometriosis. We further conducted two sensitivity analyses, MR-Egger and
weighted median, to test the validity of our findings. The main results were
replicated via data from the UK Biobank. Finally, a reverse MR analysis was
performed to evaluate the possibility of reverse causality.

Results: The IVW method suggested that periodontitis was positively associated
with endometriosis of the pelvic peritoneum (OR =1.079, 95% Cl = 1.016 to 1.146,
P = 0.014). No causal association was indicated between periodontitis and other
subtypes of endometriosis. In reversed analyses, no causal association between
endometriosis or its subtypes and periodontitis was found.

Conclusions: Our study provided genetic evidence on the causal relationship
between periodontitis and endometriosis of the pelvic peritoneum. More studies
are necessary to explore the underlying mechanisms.
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1 Introduction

Periodontitis is a chronic inflammation characterized by loss of
periodontal tissue support and alveolar bone, clinical attachment loss,
and bleeding gums (1). An updated study verified that 46% of adults
from the United States had periodontitis (2). The oral microbial
communities detuning in periodontitis could elicit immune
subversion and contribute to diseases in distance (3). Therefore,
periodontitis not only affects oral functions but is also associated
with some systemic diseases (4). Diseases of the cardiovascular,
neurodegenerative, and even reproductive systems have been
confirmed to be associated with periodontitis in various observational
studies until now (5). However, limited research explored the causal
effects between those diseases and periodontitis. Further study of the
causality between periodontitis and associated comorbidities will
provide novel insights into systemic disease treatment.

Endometriosis, similar to periodontitis, is a chronic
inflammatory disease in the reproductive system. It affects 5%-
10% of women of reproductive age worldwide and has been defined
as a major reason for infertility (6). Endometriosis is divided into
three phenotypes based on extrauterine sites where endometrial
glands and stroma abnormally present 1) superficial peritoneal
lesions (SUPs), 2) ovarian endometriomas (OMAs), and 3) deep
infiltrating endometriosis (DIE) (7). SUP penetration is limited to
5 mm under the peritoneal surface layer (8). SUP is the least severe
endometriosis with the mildest symptoms. OMA refers to chocolate
cysts in the ovary, which contain a dark brown fluid (9). DIE is
deemed to be the most terrible subtype with an erosive extent
deeper than 5 mm under the peritoneum. Patients with DIE always
suffer from severe pain (10). These phenotypes also differ at the
cellular level. Single-cell profiling suggested more disorders of
hormonal, inflammatory, and immunological signatures in DIE,
compared with SUP and OMA (8). Because of the heterogeneity of
clinical features and invasive diagnostic methods, there is an
average of 6.7 years before definitive diagnosis (11, 12).

When focusing on the relationship between endometriosis and
periodontitis, an earlier cross-sectional study (N = 2,664) based on
the National Health and Nutrition Examination Survey
demonstrated that women with endometriosis had a 57% higher
risk of gingivitis and periodontitis than those without [adjusted
odds ratio (OR) = 1.57, 95% CI = 1.06, 2.33] (13). A case—control
study (N = 50) showed that participants with endometriosis had a
higher gingival index than normal, and moderate and severe
periodontitis was more common in women with endometriosis
compared with normal groups (14). In a word, some observational
studies have revealed a potential correlation between periodontitis
and endometriosis. However, the issue of whether there exists a
causal relationship between periodontitis and endometriosis or its
subtypes remains unknown.

Mendelian randomization (MR) is an economical and time-
saving option to explore the causal effects. Single-nucleotide
polymorphisms (SNPs) are assigned randomly during the
formation of a sperm cell. They could be used to reduce reverse
causation or confounders and then assess the causal relationship
between exposures and outcomes (15, 16). Bidirectional MR is one
of the developed MR, which is performed in both ways to reduce
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misleading estimates from elementary MR (17). Some studies have
used bidirectional MR to explore the association direction between
periodontitis and different diseases, such as arthritis (18),
depression (19), and psoriasis (20).

Here, we performed a bidirectional two-sample MR study
between periodontitis and endometriosis. SNPs as instrumental
variables (IVs) and their associations with outcomes were selected
from relevant genome-wide association studies (GWASs). In
addition, we selected three endometriosis subgroup datasets in
order to represent SUP, OMA, and DIE, respectively. We aim to
provide more genetic evidence to define the relationship between
periodontitis and endometriosis.

2 Materials and methods

2.1 Study design

A bidirectional two-sample Mendelian randomization study
was utilized to explore the causal association between
periodontitis and endometriosis. We also performed a two-sample
MR analysis using the dataset from the UK Biobank (UKB) to
validate the causality of periodontitis on endometriosis. As shown
in Figure 1, the study is based on three vital assumptions: firstly,
there are strong associations between exposure and IVs. Secondly,
IVs are not associated with the confounders. Thirdly, IVs should
totally affect outcomes through exposure.

The present study was based on publicly available GWAS
summary data, and ethical consent had been obtained in the
original studies (21-25). All the data can be used without
any restrictions.

2.2 GWAS datasets of periodontitis on the
risk of endometriosis

We selected the IVs associated with periodontitis from three
published GWAS datasets (23-25). All the participants were
Europeans, including Dutch, German, and European-American.
SNPs associated with the exposure at the genome-wide significance
level (P < 5 x 107%) were selected.

The datasets of endometriosis and its subgroups were obtained
from FinnGen. The FinnGen study was initiated in 2017, which
included more than half a million participants (age >18 years) who
lived in Finland (26). The FinnGen GWAS summary data were
extracted from the MRC-IEU database for endometriosis overall
(8,828 cases, 68,969 controls), endometriosis of the ovary (3,231
cases, 68,969 controls), endometriosis of the pelvic peritoneum
(2,953 cases, 68,969 controls), and also endometriosis of the
rectovaginal septum and vagina (1,360 cases, 68,969 controls).
Then, we also chose another dataset of endometriosis from UKB
as the validation. UKB is a large prospective study, which aims to
investigate the role of genetics, environment, and lifestyle in the
causes of leading diseases. Its data come from 500,000 volunteers
aged 40-69 in the United Kingdom (27). More details of exposure
and outcome datasets are shown in Supplementary Table 1.
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Bidirectional Mendelian randomization exploring the association between periodontitis and endometriosis
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FIGURE 1

Schematics for the bidirectional Mendelian randomization design. Mendelian randomization requires valid genetic instrumental variants satisfying

three assumptions. SNPs, single-nucleotide polymorphisms.

2.3 GWAS datasets of endometriosis on the
risk of periodontitis

The exposure data of endometriosis and its phenotypes were
obtained from the same FinnGen study as mentioned above. The
outcome data for the risk of periodontitis were obtained from a
GWAS meta-analysis conducted by the Gene Lifestyle Interactions
in Dental Endpoints (GLIDE) on Europeans (22). Seven primary
studies were included in the analysis. Periodontitis was recognized
via the Centers for Disease Control and Prevention/American
Academy of Periodontology definitions (28), probing depth (29),
or even self-reported (30). The details of the primary studies are
shown in Supplementary Table 2. In our study, we excluded the data
of people with Hispanic/Latino ancestry. Data from European
ancestry were collected from the original analysis.

2.4 Selection of instrumental variables

SNPs that were strongly associated with exposure at the genome-
wide significance level (P < 5 X 107%) were selected as IVs. We
conducted several quality-control measures to select qualified IVs.
First, the independence of SNPs was assessed based on stringent
criteria (#* > 0.001; clumping window < 10,000 kb). Second, we used
the PhenoScanner tool to check whether any of the selected SNPs
were associated with potential confounders at the outcome. We set
the threshold at genome-wide significance (P < 5 x 10”®) when using
the PhenoScanner tool. Third, proxy SNPs were not used as IVs if
SNPs were not in the 1000G reference panel. In addition, SNPs with a
minor allele frequency of less than 0.01 should be excluded to avoid
potential bias from the original GWAS due to the low confidence.
The R* and F statistics were also calculated to avoid bias from weak
instruments. SNPs were excluded if the F statistics were less than 10.

For the analyses of periodontitis as exposure, we selected five
SNPs as valid IVs (Supplementary Table 3). In reversed analyses,
during the selection of IVs associated with endometriosis, rs58502716
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was not in the 1000G reference panel, and it was removed from the
instruments. In addition, SNPs associated with endometriosis of the
rectovaginal septum and vagina at a genome-wide significance level
of P <5 x 10°° were selected in order to obtain enough IVs.
rs76109112, rs139869063, rs200290589, and rs117783935 were
eliminated as their F statistics were no more than 10. Finally, 10,
10, 5, and 13 SNPs were recognized as IVs associated with
endometriosis overall, endometriosis of the ovary, endometriosis of
the pelvic peritoneum, and endometriosis of the rectovaginal septum
and vagina, respectively (Supplementary Tables 4-7).

2.5 Statistical analysis

The inverse variance-weighted (IVW) method in the random-
effects model was applied as a dominating approach to analyze the
bidirectional causal relationship between periodontitis and
endometriosis. Weighted median, MR-Egger, and simple median
were also added as complementary approaches to reduce potential
horizontal pleiotropy and bias from the IVW method (31). The
weighted median method could generate an unbiased estimate if
more than half of the weight from effective IVs (32). MR-Egger is
more suitable if the Piyeercepr < 0.05 because it can provide the
estimates after pleiotropy is corrected (33).

To test the validity of our findings, sensitivity analyses were
conducted using weighted median and MR-Egger regression. Q-
tests were performed in both IVW and MR-Egger regression to
assess potential heterogeneity. The MR-Egger intercept was used to
assess whether the included SNPs had potential horizontal
pleiotropy. Weighted median provides consistent estimates when
at least 50% of the information is from valid instrumental variables.
Leave-one-out analyses were also utilized to estimate the causality
and heterogeneity of the study (34). As for the pleiotropy analysis,
the P-value of the MR-Egger intercept less than 0.05 is considered to
suggest the pleiotropy of the study (35).

Additionally, the statistical power of each analysis was calculated
via mRnd, an online calculator (https://shiny.cnsgenomics.com/
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mRnd/). All data were analyzed by R (version 3.1.5), combined with
the R package “TwoSampleMR.” A P-value < 0.05 was considered to
be statistically significant. This study followed the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guideline (Supplementary Table 8).

3 Results

3.1 The causal effect of periodontitis
on endometriosis

The results of MR analyses on the association between
periodontitis and the risk of endometriosis are shown in Figure 2.
In the subgroup analyses, we observed that periodontitis was
positively associated with endometriosis of the pelvic peritoneum
(OR =1.079,95% CI = 1.016 to 1.146, P = 0.014). The replication of
the main results using UKB data supported the null causality of
periodontitis on endometriosis (Supplementary Figure 1). No
causal association was indicated between periodontitis and other
subtypes of endometriosis. Suggestive estimates were observed in
weight median, MR-Egger, and simple median methods similarly.

Although other robust MR methods did not manifest a
significant association between periodontitis and endometriosis of
the pelvic peritoneum, the sensitivity analysis showed no potential
horizontal pleiotropy (Table 1). Meanwhile, no heterogeneity
existed in the IVW analyses, and none of the SNPs had a
distinctive effect on estimates in the leave-one-out analyses
(Supplementary Figures 2-10).

3.2 The causal effect of endometriosis
on periodontitis

The results of the MR analyses on the association between
endometriosis and the risk of periodontitis are shown in Figure 3.

Exposure Outcome MR Method

Periodontitis Endometriosis IVW (mre)
Weighted median
MR Egger

Simple median

Periodontitis Ovary IVW (mre)
Weighted median
MR Egger
Simple median
IVW (mre)
Weighted median
MR Egger
Simple median
IVW (mre)
Weighted median
MR Egger
Simple median

Periodontitis Pelvic peritoneum

Periodontitis Rectovaginal septum and vagina

FIGURE 2

10.3389/fendo.2024.1271351

There was no causal effect of endometriosis or its subtypes on
periodontitis. Consistent estimates were provided through other
robust methods. As for the sensitivity analysis, no heterogeneity was
found among SNPs, except for endometriosis of the rectovaginal
septum and vagina (P = 0.048) (Table 1). In view of this excess
heterogeneity, a random-effects analysis was performed as the main
method in this study (36). Furthermore, no evidence for pleiotropy
was observed via MR-Egger analyses. No pivotal difference emerged in
estimates after we singly removed SNP and repeated the MR analysis.

Our study had a power of > 80% to detect an effect of OR =
1.255 of periodontitis on the risk of endometriosis and a power of
> 80% to detect an effect of OR = 1.394 of endometriosis on the risk
of periodontitis, on a 5% significance level.

4 Discussion

Periodontitis has been a momentous public health problem. It
not only damages oral health but also becomes a potential cause of
some systemic conditions (37). Endometriosis is a common chronic
disease with several symptoms, including painful menstrual cramps,
abdominal pain, and so on (38). The etiology of endometriosis is
unclear, so there are still difficulties in treatment. Some
observational studies reported the correlation between
periodontitis and endometriosis, but the causal effect cannot be
affirmed (13, 14, 39). To our knowledge, this was an innovative
study to investigate the bidirectional causal effect between
periodontitis and endometriosis. Our research showed a potential
cause effect of periodontitis on endometriosis of the pelvic
peritoneum. In reversed analyses, there was no causal association
of endometriosis or its subtypes on the risk of periodontitis.

A promising finding in this study is the causal effect of
periodontitis on endometriosis of the pelvic peritoneum, which
cast new light on the pathogenesis of endometriosis. Previous
research surrounding the etiology of endometriosis of the pelvic
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MR analyses on the association between periodontitis and risk of endometriosis. OR, odds ratio; Cl, confidence interval; IVW (mre), multiplicative
random effect inverse-variance weighted; SNPs, single-nucleotide polymorphisms.
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TABLE 1 Results of potential pleiotropy and heterogeneity assessments using different MR analyses.

Heterogeneity Pleiotropy

Exposure Outcome P-value for Cochran'’s P-value for MR-

Cochran’s Q Q statistic Egger intercept
Periodontitis Endometriosis 0.307 4.813 0.284
Periodontitis Endometriosis (validation) 0.434 3.799 0.232
Periodontitis Ovary 0.476 3.510 0.553
Periodontitis Pelvic peritoneum 0.738 1.989 0.944
Periodontitis Rectovaginal septum 0.254 5347 0.209

and vagina

Endometriosis Periodontitis 0.744 5.958 0.400
Ovary Periodontitis 0.833 5.018 0.806
Pelvic peritoneum Periodontitis 0.279 5.082 0.999
Rec“;‘:dgi::gli:pmm Periodontitis 0.048 21144 0.763

peritoneum manifested that cells from the endometrium evade
immune surveillance in the peritoneum and contribute to the
disease, but other mechanisms are uncertain (40). The cause effect
of periodontitis on endometriosis of the pelvic peritoneum might be
explained by the mechanisms provided below (and these
mechanisms are also summarized in Figure 4):

4.1 Periodontal pathogenic bacteria

Oral bacteria such as Porphyromonas gingivalis and
Fusobacterium nucleatum are prone to transmit into the placenta
and induce intrauterine infection (41-43). Similarly, periodontal
pathogens might locate in the pelvic peritoneum and then
exacerbate endometriosis in situ. Porphyromonas gingivalis could

activate peritoneal macrophages and trigger the production of
interleukin-1 (IL-1) (44). Subsequent inflammatory cascades,
together with increasing IL-1 expression, are pivotal throughout
the development of endometriosis in the pelvic peritoneum (45).
The frequency of Fusobacterium in endometriosis and endometrial
tissues was significantly higher in endometriosis patients than in
normal women. Animal studies also demonstrated that
Fusobacterium from the oral cavity was a possible source of
infecting the uterus through hematogenous transmission (46).

4.2 Inflammatory response

Periodontitis patients usually have a higher count of leukocytes,
elevated levels of circulating C-reactive protein, as well as lower

Exposure Outcome MR Method

Endometriosis Periodontitis IVW (mre)
Weighted median
MR Egger

Simple median

Ovary Periodontitis IVW (mre)
Weighted median
MR Egger
Simple median
IVW (mre)
Weighted median
MR Egger
Simple median
IVW (mre)
Weighted median
MR Egger
Simple median

Pelvic peritoneum Periodontitis

Rectovaginal septum and vagina Periodontitis

FIGURE 3
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MR analyses on the association between endometriosis and risk of periodontitis. Note: OR, odds ratio; Cl, confidence interval; IVW (mre),
multiplicative random effect inverse-variance weighted; SNPs, single-nucleotide polymorphisms.
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Potential mechanisms in the cause effect of periodontitis on endometriosis of pelvic peritoneum
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The schematic diagram for the potential mechanisms in the cause effect of periodontitis on endometriosis of pelvic peritoneum.

levels of hemoglobin and reduced numbers of red blood cells (47).
Inflammasome, a multiprotein complex, is also considered as an
intermedia. Periodontitis might increase Nlrp7 (a kind of
inflammasome) and promote the progression of endometriosis
(48). In a word, systemic inflammatory response is conjectured as
a mechanism by which periodontitis causes systemic diseases.

4.3 Immune system

Immune dysfunction has been certified as a key cause of
endometriosis of the peritoneum. For example, a genomics single-
cell RNA-sequencing study first reported that T-cell receptor-
positive macrophages, increasing macrophages, and natural killer
(NK) dendritic cells existed in the human peritoneal fluid of
endometriosis (49). NK cell therapies are also a promising
treatment for endometriosis (50). In addition, reducing the
immune response induced by P. gingivalis is helpful in alleviating
some metabolic diseases associated with periodontitis (51). There is
reason to suspect that periodontitis causes endometriosis through
autoimmune dysregulation.

Up to now, accepted treatments for endometriosis patients
include continuous medical therapies and surgeries to remove
pathological tissue (52). However, persistent medications suppress
hormone levels and produce side effects, such as hair loss, acne, and
mood changes, and operations would lead to inevitable relapse (53).
This MR study revealed periodontitis as a novel point to manage
endometriosis patients. Targeting a lower risk of periodontitis may
therefore improve the prognosis of people with endometriosis of the
pelvic peritoneum. In other words, supportive periodontal therapies
and routine oral hygiene interventions may produce beneficial
effects in treating women with endometriosis of the pelvic
peritoneum. In the future, some clinical randomized controlled
trials with more samples should be performed to verify the causal
relationship. More research is necessary not only to clarify the
underlying biological pathways but also to confirm therapeutic
targets for endometriosis of the pelvic peritoneum.
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The bidirectional MR study has some strengths. Firstly, genetic
liability plays a crucial role in the course of periodontitis and
endometriosis (18, 38). GWASs allowed larger sample sizes and
less bias from population structure. Prevalence rates in the database
were almost consistent with those reported in the literature. Hence,
MR analysis is suitable for the inference of causality between both
(54). Meanwhile, the MR analyses on both sides clarified the
direction of causality. Secondly, endometriosis was further
subdivided into three subgroups. An interesting finding is that
periodontitis might be a cause of endometriosis of the pelvic
peritoneum, which has not been realized before.

Some limitations should also be considered. Firstly, IVs had a
deficient association with endometriosis of the rectovaginal septum
and vagina, since the threshold of P-value was set to 5 x 107°.
Therefore, more convincing evidence is needed to prove the
causality between endometriosis of the rectovaginal septum and
vagina and periodontitis. Secondly, a weak power was found in each
analysis, due to OR close to 1, so more participants were required to
detect the causal effects in the future (55).

5 Conclusions

In summary, this bidirectional MR study indicated a positive
causal relationship between periodontitis and endometriosis of
the pelvic peritoneum in the European population. More
epidemiological investigations are indispensable to explore the
causality between those two diseases. Further research on the
mechanism is also needed in the future.
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High-fat diets promote
peritoneal inflammation
and augment
endometriosis-associated
abdominal hyperalgesia
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Chandni Talwar?®®, Ramakrishna Kommagani??,
James A. MacLean II' and Kanako Hayashi*
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Pullman, WA, United States, ?2Department of Pathology & Immunology, Baylor College of Medicine,
Houston, TX, United States, *Department of Molecular Virology and Microbiology, Baylor College of
Medicine, Houston, TX, United States

Immune dysfunction is one of the central components in the development and
progression of endometriosis by establishing a chronic inflammatory environment.
Western-style high-fat diets (HFD) have been linked to greater systemic
inflammation to cause metabolic and chronic inflammatory diseases, and are
also considered an environmental risk factor for gynecologic diseases. Here, we
aimed to examine how HFD cause an inflammatory environment in endometriosis
and discern their contribution to endometriotic-associated hyperalgesia. Our
results showed that HFD-induced obesity enhanced abdominal hyperalgesia that
was induced by endometriotic lesions. Peritoneal inflammatory macrophages and
cytokine levels increased by lesion induction were elevated by chronic exposure to
HFD. Increased expression of pain-related mediators in the dorsal root ganglia was
observed after lesion induction under the HFD condition. Although HFD did not
affect inflammatory macrophages in the peritoneal cavity without lesion induction,
the diversity and composition of the gut microbiota were clearly altered by HFD as
a sign of low-grade systemic inflammation. Thus, HFD alone might not establish a
local inflammatory environment in the pelvic cavity, but it can contribute to further
enhancing chronic inflammation, leading to the exacerbation of endometriosis-
associated abdominal hyperalgesia following the establishment and progression of
the disease.
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1 Introduction

Endometriosis is a chronic and incurable inflammatory disorder
and affects approximately 10% of reproductive-aged women (1, 2). It is
associated with debilitating chronic pelvic pain and infertility, which
substantially reduce the quality of life of women and their families (3,
4). Because endometriosis is estrogen-dependent, current treatments
focus on inhibiting estrogen production and function. However,
hormonal treatments and surgical excision of lesions are often of
limited efficacy with high recurrence rates, frequent side effects,
additional costs, and potential morbidity (5). As nearly 70% of
patients suffer unsolved chronic pain and other related conditions
(6), the direct costs of endometriosis were estimated at $12,118 per
patient per year in the US, and indirect costs were $15,737 (7). The
pathogenesis of endometriosis is a complex process and remains to be
fully understood. Retrograde menstruation has been widely accepted as
the origin of endometriotic tissues (8). However, as retrograde
menstruation occurs in more than 90% of menstruating women (9),
the pathogenesis of the disease is not well understood, and other factors
must contribute to establishing endometriotic lesions and disease
progression (1, 4, 10).

Obesity is an epidemic health burden affecting nearly 40% of
adults and 18% of children in the United States (11). Being
overweight and obese are considered critical risk factors for
chronic diseases, as fat accumulation causes low-grade chronic
inflammation (12) characterized by immune cell infiltration into
adipose tissues and elevated proinflammatory factors (13).
Moreover, excessive fat consumption and accumulation in the
body alter gut microbiota, resulting in dysbiosis to induce low-
grade systemic inflammation (14). Obesity-induced inflammation is
associated with metabolic and autoimmune disorders in women,
causing reproductive dysfunctions such as polycystic ovary
syndrome (PCOS), implantation and pregnancy failure, and
pregnancy complications, including miscarriages (15-18). While
endometriosis is a chronic inflammatory disease, several
epidemiological studies have reported an inverse correlation
between endometriosis and body mass index (BMI) (19).
However, obesity does not protect against endometriosis (19), and
BMI is correlated with the severity but not the frequency of disease
diagnoses (20). Thus, BMI does not provide a simple risk factor for
a heterogeneous endometriotic disease as it does not consider
different components of excess weight, such as adipose deposit
location and interaction with neighboring tissues (20, 21).
Additionally, the correlation between diet-induced obesity and
endometriosis-associated pain or hypersensitivity, one of the
significant endometriosis symptoms, has not been addressed.

Rigorous prior research suggests that aberrant inflammation
contributes to the onset and progression of endometriosis (22-27).
Macrophages (M®) are considered to be key players in promoting
disease progression (25, 28, 29), as abundant M® are present in ectopic
lesions (30) and elevated in the pelvic cavity (31). These M®
populations establish an inflammatory environment in the pelvic
cavity by secreting cytokines and chemokines, which encourage
lesion growth and progression (24, 28, 29, 32, 33) and contribute to
endometriosis-associated pelvic pain (32, 34, 35). Diet-induced obesity
dysregulates immune cells to induce cytokine secretion (13, 36, 37),
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increasing the risks of chronic pain. Therefore, the present study seeks
to understand whether high-fat diets (HFD) affect the progression of
endometriosis disease and immune dysfunctions and how HFD
influence endometriosis-associated hyperalgesia.

The present results highlight that endometriosis-associated
abdominal hyperalgesia was escalated in lesion-induced HFD
mice according to the results of the behavior study and elevated
pain-related mediators in the dorsal root ganglion (DRG). Increased
proinflammatory M® (Ly6C+ M®) and cytokines by lesion
induction were further enhanced by exposure to HFD. The results
also indicate that gut microbiota dysbiosis under the HFD condition
contributed to an aberrant inflammatory environment and
sensitized endometriosis-associated hypersensitivity.

2 Results

2.1 Diet-induced obesity on endometriosis
in mice

To examine the effect of diet-induced obesity on endometriosis,
female mice were fed HFD containing 45% fat by calories or
standard diets (SD) from the age of 5 weeks (defined as Week 0
of the 12-week as a baseline study or 18-week as an endometriosis
study, Figure 1A). We chose to start the study at the age of 5 weeks,
as this is the adolescent age of mice, corresponding to the teenage
period for humans (38). Moreover, approximately 20% of this
population is obese in humans (39). Mice on the 45% fat diets
become obese and are considered physiologically similar to the
typical Western diets that contain 36-40% fat by energy (40, 41). A
standard rodent diet contains approximately 10% fat (40, 42). We
assessed body weight (BW) increase, glucose, and insulin levels at
12 weeks after SD or HFD feeding as a baseline study and 18 weeks
(6 weeks after endometriosis-like lesions (ELL) induction) as an
endometriosis study (Figures 1A-D). BW, blood glucose, and
plasma insulin levels were significantly increased in the group of
HEFD at 12 or 18 weeks, whereas they were not affected by lesion
induction. BW, glucose, and insulin levels in the HFD group were
similar to the previously reported levels (43, 44).

We next assessed lesion numbers in the endometriosis study at
18 weeks. Lesion numbers were not altered by HFD compared with
SD (Figure 2A). We have previously reported that peritoneal M® or
monocytes are infiltrated into the ELL (28). We thus addressed M®
infiltration in the lesion staining with CD68, a macrophage marker.
CD68+ M® were significantly increased within lesions from mice in
the HFD group (Figures 2B, C), indicating M® infiltration was
accelerated in the ELL-HFD mice, although this did not appear to
affect lesion development.

2.2 HFD accelerated endometriosis-
associated abdominal hyperalgesia

Since HFD can induce chronic pain (12, 13, 45), we performed

the von Frey test to examine the abdominal and hind paw retraction
threshold to determine whether HFD affects endometriosis-
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Diet-induced obesity in the mouse model of endometriosis. (A) Experimental study design as described in Material and Methods. (B) Body weight
(BW) changes in mice during the feeding of standard diets (SD) or 45% high-fat diets (HFD) for the baseline study or the endometriosis study. Female
mice were fed either SD or HFD starting at the age of 5 weeks (defined as Week 0 of the 12-week as a baseline study or 18-week as an
endometriosis study). Two-way ANOVA was used to determine the significance between times and groups. (C) Blood glucose levels by cardiac
puncture were measured by Contour Next (n=5 in each group). (D) Plasma insulin levels were quantified by ELISA (n=5 in each group). Data at 12
weeks were analyzed by two-tailed Student’s t-test comparing SD and HFD. Data at 18 weeks were analyzed through one-way ANOVA and Tukey's
post hoc test. Values in graphs are expressed as the mean + SEM. Different letters indicated significant differences among the groups (P<0.05). ELL:

endometrial-like lesion

associated hyperalgesia. We first assessed the abdominal and hind
paw retraction threshold at 12 weeks after SD or HFD feeding. The
abdominal and hind paw retraction threshold showed no
differences under the SD or HFD diets for 12 weeks (Figures 3A, C).

Before examining the effect of HFD on endometriosis-
associated hyperalgesia, we examined how lesion induction time-
dependently alters endometriosis-associated hyperalgesia in the
mouse model. Three days after ELL induction, mice withdrew
both abdominal and hind paw retraction thresholds with
significantly lighter stimuli compared with those before ELL
induction on Day -1 (Supplementary Figures S1A, B). The
abdomen and hind paw retraction sensitivity continued until 3
weeks after ELL induction. By Day 42, 6 weeks after ELL induction,
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the hind paw retraction threshold was no longer significantly
different from Day -1, indicating that systemic peripheral
hyperalgesia gradually recovered, whereas the local abdomen was
still sensitive. Since we examined the effect of chronic HFD
exposure on endometriosis-associated hyperalgesia, we chose a
chronic stage, 6 weeks after ELL induction, for further analysis, as
endometriosis is a chronic disease, and most patients suffer chronic
pelvic pain. Furthermore, the timing of disease onset in
endometriosis is currently impossible to determine in patients,
and the disease diagnosis typically relies on the woman noticing
chronic symptoms.

The abdominal and hind paw sensitivity with SD or HFD were
evaluated 6 weeks after lesion induction (18 weeks of SD or HFD
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Diet-induced obesity increases macrophage infiltration in the lesion. (A) Lesion number (n=18 per group). (B) CD68 was stained to determine
macrophage infiltration in the lesion. (C) The quantification of the percentage of CD68+ cells per total cells (n=5). Data were analyzed with the
student t-test and are shown as mean + SEM. Different letters indicated significant differences among the groups (P<0.05). SD: standard diets, and

HFD: high-fat diets.

feeding). As expected, a significant difference was observed in the
abdominal retraction threshold between Sham (vehicle, PBS,
control) and ELL, with ELL mice withdrawing from lighter
stimuli than Sham mice (Figure 3B). Importantly, ELL-HFD mice
were more sensitive than ELL-SD mice (Figure 3B). On the other
hand, we did not observe any differences in hind paw retraction
threshold among the post-induction groups (Figure 3D). Thus,
HFD-induced obesity enhanced abdominal hyperalgesia that was
induced by endometriotic lesions.

2.3 HFD increased Ly6C+ M® in the
peritoneal fluid of ELL mice

As we observed increased M® infiltration in the lesions of the
HEFD group (Figures 2B, C) and ELL-HFD mice have increased
hypersensitivity in the abdomen (Figure 3B) in the endometriosis
study, we expected to observe differences in the inflammatory
environment that is established in the peritoneal cavity.
Therefore, we assessed immune cell profiles, M®, B- and T-cells,
in the peritoneal cavity (Figure 4, Supplementary Figure S2). CD11b
+ M®, CD3+ T-cells, and CD19+ B-cells were not altered by either
HFD feeding or lesion induction (Figures 4A, B). We have
previously reported that the presence of ELL enhanced the
differentiation of recruited (=proinflammatory Ly6C+) M® and
increased the ablation of embryo-derived resident M® (TIM4+
M®) (29). We thus examined Ly6C+ cells (monocytes and M®),
Ly6C+ M®, and TIM4+ M®. High levels of Ly6C+ cells and Ly6C+
M® were observed in the ELL-HFD mice (Figures 4A-C). In
particular, Ly6C+ M® were further increased in the ELL-HFD

Frontiers in Endocrinology

mice than those in ELL-SD mice (Figure 4C). In agreement with our
previous study (29), TIM4+ M® were reduced in ELL-SD and ELL-
HFD mice (Figure 4C). Ly6C+ cells, Ly6C+ M® and TIM4+ M®, as
well as CD11b+ M®, CD19+ B-cells, and CD3+ T-cells were not
affected by HFD feeding at 12 weeks in the baseline study
(Supplementary Figure S2). These results suggest that ELL
induction under the HFD condition further increases
proinflammatory Ly6C+ M® in the peritoneal cavity.

2.4 HFD altered peritoneal cytokines in the
ELL mice

Proinflammatory M® secrete cytokines, chemokines, and
growth factors that establish the inflammatory environment (27,
46). Abundant cytokines and chemokines have been observed in the
pelvic cavity of endometriosis patients (24, 27). Specifically, the
levels of TNFo, IL1B, and IL6 are increased in pelvic M® isolated
from endometriosis patients (47). Thus, we next examined the
secretion of proinflammatory factors, TNFo, IL13, and IL6, as well
as IL10, which is known to possess immunoregulatory function and
anti-inflammatory properties (Figures 5A-D). In support of
previous reports, TNFo. and IL1J levels were elevated in the ELL
groups compared with those in the Sham group, while TNFa. was
further increased in ELL-HFD mice. IL6 tended to be increased by
lesion induction in both SD and HFD groups, though we did not see
significant differences. IL10 levels were not significantly altered
among the groups of Sham-SD, Sham-HFD, and ELL-SD mice,
whereas it was significantly lower in the ELL-HFD mice compared
with that of ELL-SD mice.
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HFD accelerates endometriosis-associated abdominal hyperalgesia. Von Frey tests were performed on mice to the lower abdomen and hind paw in
the bseline study after 12 weeks of SD or HFD feeding (A and C, n=10), or 6 weeks post-lesion induction in the endometriosis study (B, D, a total of
18 weeks of SD or HFD feeding, n=8 for Sham and n=18 for ELL groups). Data are shown as mean + SEM. Statistical significance was determined by
student t-test (A, C), or one-way ANOVA followed by Tukey's post hoc test (B, D). Different letters indicated significant differences among the
groups (P<0.05). ELL: endometrial-like lesion, SD: standard diets, and HFD: high-fat diets

2.5 HFD stimulated pain-related mediators
in the DRG of ELL mice

Aberrant accumulation of inflammatory factors can stimulate
peripheral nerve terminals of nociceptor neurons innervating
different tissues in peripheral organs (48), resulting in an increase in
the expression of transient receptor potential channels e.g., TRPVI.
Activation of peripheral nerves is also associated with the increased
release of neurotransmitters and neuromodulators such as SP, CGRP,
and BDNF. BDNF is known to regulate both initiation and
maintenance of chronic endometriosis-associated pain (49, 50)
involving neuroangiogenesis (51) and innervation in the pelvic
organs (48). We thus examined the inflammatory mediators,
neurotransmitters, and neuromodulators in the L4-6 DRG, which are
the primary spinal ganglia receiving sensory input from pelvic organs
(Figures 6A, B, Supplementary Figure S3). Significantly more BDNF+
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neurons were observed in mice fed HFD. BDNF+ neurons were higher
in mice when ELL were present and most abundant in the HFD-ELL
group. In contrast, CGRP+ neurons were only significantly elevated in
the ELL-HFD mice. SP+ neurons were elevated by lesion induction,
while HFD further increased SP+ neurons after ELL induction.
Although the numbers of TRPV1+ neurons were relatively
consistent between Sham- and ELL-mice, there was a significant
difference between ELL-HFD mice and ELL-SD mice. These results
suggest that lesion induction and/or HFD feeding stimulate
endometriosis-associated peripheral pain mediators.

2.6 HFD altered the composition of the
gut microbiota

As increased fat accumulation alters gut microbiota and causes
low-grade systemic inflammation (14), we next examined 16S
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HFD increases Ly6C+ macrophages (M®) in the peritoneal fluid (PF) of ELL mice. (A) Flow cytometer analysis for CD11b+ (M®), CD3+ (T-cells), CD19
+ (B-cells), and Ly6C+ (monocytes and M®) cells in the PF. FSC-H: Forward Scatter-Height; FSC-A: Forward Scatter-Area; SSC-A: Side Scatter-Area.
(B) Quantification of CD11b+, CD3+, CD19+, and Ly6C+ cells in the groups of Sham-SD (n=5), Sham-HFD (n=5), ELL-SD (n=10) and ELL-HFD
(n=10). (C) TIM4+ and Ly6C+ M® were quantified in the PF. Data were analyzed through One-way ANOVA followed by Tukey's post hoc test and
expressed as the mean + SEM. Different letters indicated significant differences among the groups (P<0.05). ELL: endometrial-like lesion, SD:

standard diets, and HFD: high-fat diets.

rRNA gene sequencing of DNA isolated from fecal samples in SD or
HFD with/without ELL-induced mice (Figure 7). Microbial alpha
diversity was lower in the feces of HFD-fed mice than in SD-fed
mice (Figure 7A). Principal coordinates analysis (PCoA) showed
uniquely clustered microbial variance induced by HFD (Figure 7B).
However, ELL induction did not alter microbial diversity or
variance, indicating that long-term systemic alterations induced
by HFD affect the composition of the gut microbiota more than
lesion induction in mice.
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To assess whether the unique enteric bacterial profiles were
attributed to specific taxa, the phyla among samples in the group
were profiled (Figure 7C). The proportions of Proteobacteria and
Cyanobacteria were reduced under the HFD condition, while feces in
ELL-SD mice contained a higher abundance of Proteobacteria than
those in Sham-SD mice. However, increased Proteobacteria were not
observed in ELL-HFD mice compared to Sham-HFD mice, suggesting
that the effect of HFD on Proteobacteria was stronger than lesion
induction. Firmicutes and Bacteroidetes, which constitute the majority
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of the gut microbiota, are known to be affected by obesity, as obesity
induces a reduction in the abundance of Bacteroidetes and an increase
of Firmicutes proportion (52). Although the increase of Firmicutes was
minor under the HFD condition, the Bacteroidetes proportion was
clearly reduced in Sham-HFD mice. The Bacteroidetes population
was retained in ELL-HFD mice, similar to its abundance in Sham-SD
and ELL-SD mice, indicating that lesion induction increased
Bacteroidetes even though mice were under the HFD condition. This
result supports the study from Chadchan et al. that lesion induction
increases the abundance of Bacteroidetes (53), while lesion induction
with SD did not show a noticeable increase of Bacteroidetes in our
study (Sham-SD vs ELL-SD). When we examined bacteria at the genus
level, HED clearly altered several genera among the groups (Figure 7D).
In agreement with previous studies (54, 55), HFD strongly elevated
Lactococcus and Blautia genera (red lines). HFD slightly increased
Ligilactobacillus and Intestinimonas genera (red lines), whereas HFD
mice contained negligible abundances of Allobaculum, Lactobacillus,
Dubosiella, and Ruminococcus genera (blue lines). Odoribacter,
Turicibacter, and Rikenella genera (green lines) were increased in
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ELL mice, and the Bilophila genus (orange line) was only higher in
ELL-HFD mice. These data suggest that HFD or ELL alter the bacteria
diversity and composition associated with endometriosis.

3 Discussion

Endometriosis is generally classified into four stages according
to the revised criteria from the American Society of Reproductive
Medicine (rASRM) and the American Fertility Society (AFS) based
on lesion size, location, and the extent of adhesions (4, 56).
However, disease symptoms, such as endometriosis-associated
pain, are not correlated with the staging system (4, 57). Patients
with stage I disease can have severe pain, while stage IV patients can
be asymptomatic (1, 58), indicating that several other factors
contribute to disease symptoms. Due to the chronic inflammatory
nature of endometriosis, the disease progression and symptoms can
be affected by environmental factors. In the present study, our
results highlight that Western-style HFD-induced obesity did not
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HFD stimulates pain-related mediators in the DRG of ELL mice. (A) Immunofluorescence results of BDNF, CGRP, SP, TRPV1, and neurofilament (NF,
green) in DRG. NF was used as a marker of DRG cell body and was co-stained with BDNF, CGRP, SP, or TRPV1. (B) BDNF, CGRP, SP, or TRPV1
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statistical analysis. Data were shown as mean + SEM. Different letters indicated significant differences among the groups (P<0.05). ELL: endometrial-
like lesion, SD: standard diets, and HFD: high-fat diets. DRG: dorsal root ganglia.

alter endometriotic lesion numbers (=disease progression) but
enhanced disease-related hyperalgesia (=endometriosis-associated
pain). The important findings are: 1) Peritoneal inflammatory
(Ly6C+) M® and cytokine levels, especially TNFo,, increased by
lesion induction were elevated by chronic exposure to HFD. 2)
Pain-related mediators, such as neurotransmitters CGRP and SP, in
the DRG were further stimulated after lesion induction under the
HED condition. 3) Although HFD alone did not affect peritoneal
Ly6C+ M® without lesion induction, the diversity and composition
of the gut microbiota were clearly altered by HFD as a sign of low-
grade systemic inflammation (14). Thus, HFD might not be able to
establish solely a local inflammatory environment in the pelvic
cavity but can contribute to further enhancing chronic
inflammation associated with disease symptoms after the disease
is established.

In non-human primates, rhesus macaque females exposed to
testosterone (T) and/or consumed Western-style diets (WSD) at the
time of menarche for 7 years developed endometriosis, especially T
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+WSD resulted in earlier onset of disease with high stages and large
chocolate cysts (59). In a mouse model of endometriosis, HFD-
induced obese mice increased lesion number and weight, which
depended on leptin or leptin receptor (60). Another mouse study of
endometriosis showed that HFD increased lesion number and M®
infiltration and proinflammatory and prooxidative stress-related
genes in the lesion when KIf9 null donor endometrial fragments
were inoculated as a donor tissue (61). This group further reported
reduced lesion number and weight when wild-type donor tissues
were used, whereas enhanced signs of inflammation were not
observed in this study, indicating variability of distinct genetic
dysfunctions and lesion environment for endometriosis
progression (62).

One of the hallmarks of diet-induced obesity is low-grade
chronic inflammation (12). Chronic consumption of HFD leads
to the accumulation of M® and T-cells in adipose tissues to secrete
proinflammatory cytokines (13). We have previously reported that
lesion induction enhances the process of differentiation and
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maturation of monocyte-derived M® and increases Ly6C+
proinflammatory M® in the peritoneal cavity while reducing the
maintenance of embryo-derived resident TIM4+ M® (29). The
present study showed that Ly6C+ M® were higher in ELL mice and
further increased in mice exposed to HFD, indicating the impact of
HED contribution to peritoneal inflammation after disease onset. In
support of our findings, an HFD-induced proinflammatory
environment promotes the differentiation of Ly6C+ monocyte
into inflammatory M®, which migrate to the lung and worsen its
pathophysiology (63). TIM4+ residential M® were reduced in both
ELL-SD and ELL-HFD mice, whereas HFD did not further alter
TIM4+ M®. Peritoneal inflammation can induce the macrophage
disappearance reaction (MDR), by which the reduction of
residential M® occurs. We have previously shown that extreme
MDR of TIM4+ M® was induced 3 days after lesion induction, and
it gradually recovered. However, it remains slightly diminished 6
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weeks after disease onset (29). Thus, the recovery of residential
TIM4+ M® from MDR, which includes replenishment and
proliferation, is less likely affected by exposure to HFD. On the
other hand, an alteration in the distribution of peritoneal T-cells by
lesion induction and HFD was not observed in the study, suggesting
aberrant M® functions might be a crucial event for establishing the
chronic inflammatory state of endometriosis, as increased M®
infiltration was also observed in the lesions under the HFD
condition. However, heterogeneous T-cell functions and
interaction between T-cells and M® remain to be studied.

In the present study, abdominal endometriosis-associated
hyperalgesia was induced by lesion induction and further
sensitized in ELL-HFD mice. This result was supported by the
signs of sensitization of peripheral DRG, which was mediated by
increased proinflammatory cytokines, TNFo, IL1f, and IL6, that
are known to be increased pelvic M® in endometriosis patients (47)
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and have been targeted for pathological pain (64). Our previous
studies show that PF from ELL mice stimulated DRG outgrowth,
which was reduced by inhibiting cytokine and chemokine secretion
in the peritoneal cavity (28). Thus, the inflammatory environment
established in the pelvic cavity is critical for chronic endometriosis-
associated hypersensitivity. The elevated sensitivity is not systemic,
as our results showed only signs of abdominal hyperalgesia but not
hind paw sensitivity by either lesion induction or HFD. Thus, it
remains to study how chronic abdominal pain stimulus is delivered
and maintained to the central nervous system. As endometriosis-
associated pain is one of the significant problems in this disease, its
mechanisms with the pathophysiology of endometriosis need to be
further studied to enhance the quality of life in patients.

Our study showed that gut microbiota dysbiosis was induced by
chronic exposure to HFD. HFD have been known to reduce the
diversity of gut microbiota (65). The phyla Firmicutes increase
while Bacteroidetes decrease, though there are variations depending
on the differences in diet compositions and exposure duration (66,
67). Interestingly, our results showed a lower abundance of
Proteobacteria in HFD mice, whereas increased Proteobacteria
abundance with HFD consumption has been reported (68).
Increased Allobaculum abundance has been shown under the
HFD condition (69), though the abundance of Allobaculum was
reduced in our HFD mice. However, this inconsistency is likely due
to different types of diet, fat, and other environmental factors in the
various studies (14). Despite having variable alterations of gut
microbiota, HFD-induced dysbiosis increases gut permeability
and creates chronic inflammation, affecting inflammatory diseases
directly or indirectly (70).

The present study showed that endometriosis-associated
abdominal hyperalgesia was escalated under exposure to HFD.
These results include increased proinflammatory M® and
cytokine levels in the peritoneal cavity, neuromodulators in the
DRG, and dysbiosis of gut microbiota. There was no significant
difference in mean lesion numbers between control and HFD mice,
suggesting that the low-grade pre-induction inflammatory state of
HFD mice may not significantly alter the mechanism that allows
tissue adherence and survival. However, it is clear that once the ELL
is established, the HFD lesions exhibit more M® infiltration with a
more severe pain phenotype. Retrograde menstruation causes
massive inflammatory responses in the pelvic cavity, which
involves the recruitment of monocytes that differentiate into
proinflammatory M® and secrete cytokines and chemokines (27).
However, the acute inflammation associated with retrograde
menstruation typically resolves by the next menstrual cycle. If
women are under systemic low-grade inflammation induced by
environmental factors like HFD, it is expected to be hard to solve
this acute incidence. As menstrual cycles repeatedly occur in
women, each retrograde menstruation induces composite
inflammation in the pelvic cavity, and unsolved inflammation can
worsen to develop chronic conditions further. Thus, the present
results suggest that diet-induced obesity could be a risk factor for
establishing a chronic inflammatory environment and severe
endometriosis-associated pain, which can be independent of
disease progression.

Frontiers in Endocrinology

10.3389/fendo.2024.1336496

4 Materials and methods

4.1 Animals

All animal experiments were performed at Washington State
University according to the NIH guidelines for the care and use of
laboratory animals (protocol #6751). C57BL/6 (JAX: 000664)
breeder pairs were obtained from the Jackson Laboratory, bred
in-house, and maintained in the vivarium with a 12:12 light-dark
(LD) cycle under ad libitum conditions of food and water. Female
C57BL/6 mice at the age of 5 weeks were used for the studies.

4.2 Mouse model of endometriosis

An experimental mouse model of endometriosis was
established by adopting procedures described previously (28, 29,
51, 71-73) and Supplementary Method. Briefly, a ‘menses-like’
event was induced in ovariectomized estradiol-17f (E,)- and
progesterone-primed donor mice following an established
protocol (74). Then, mouse menses-like endometrium scraped
from myometrium and cut into fragments (1-2 mm per side) were
introduced as the source of syngeneic mouse endometrium
(donor) via injection (in 0.2 mL PBS) into the peritoneal cavity
of untreated naive mice (recipient) under anesthesia via
inhaled isoflurane.

4.3 Study design

To induce diet-dependent obese mice, female mice were fed
Teklad Rodent Diet (#2019, Envigo) as SD (Washington State
University regular diet) that contain 9-10% of total calories from
fat or HFD (D12451, Research Diets) that contain 45% of total
calories from fat starting at the age of 5 weeks (defined as Week 0 of
the 12-week as a baseline study or 18-week as an endometriosis
study, Figure 1A). BW was recorded once a week. In the baseline
study, mice were fed with SD (n=10) or HFD (n=10) for 12 weeks.
After 12 weeks of feeding, a von Frey behavior test was performed,
and peripheral blood and peritoneal lavage were collected. In the
endometriosis study, mice were further assigned to sham control
without lesion induction or ELL-induced groups twelve weeks after
SD or HFD feeding. Thus, there were a total of 4 groups with Sham
(vehicle, PBS, control)-SD (n=8), Sham-HFD (n=8), ELL-SD
(n=18) and ELL-HFD (n=18). Six weeks after induction (a total
of 18 weeks), a behavior test was performed, and fresh feces were
collected and immediately frozen at -80C. Mice were then
euthanized for sample collections: blood was collected via cardiac
puncture, PF was recovered by lavage (4 mL x 2 of ice-cold PBS),
and ELL and bilateral lumbar (L4-6) DRG were collected for further
analysis. Blood glucose levels (n=5) were measured by Contour
Next (Ascensia Diabetes Care), and plasma insulin (n=5) was
analyzed by ELISA (EZRMI-13K, Sigma Aldrich), according to
the manufacturer’s instructions.
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4.4 Von Frey test

A behavioral (mechanical sensitivity) test was performed
before sample collection (34, 73). Mice were allowed to
acclimate in the testing room for 30 min, and then the von Frey
test was performed using von Frey Filaments (BIO-VE-M,
Bioseb). Filaments were applied 10 times to the skin
perpendicular to the lower abdomen and bilateral hind paws.
The force in grams (g) of the filament evoking a withdrawal
response (50% response count as sensitive) was recorded. Three
behaviors were considered positive responses to filament
stimulation: 1) sharp retraction of the abdomen, 2) immediate
licking and/or scratching of the area of filament stimulation, or 3)
jumping. All behavioral tests were performed without describing
the identity and details of treatment groups to investigators. The
data were analyzed by another investigator. Mice without ELL or
sham induction after 12 weeks of SD or HFD feeding were
included as a baseline result.

4.5 Flow cytometry

Peritoneal lavages were centrifuged to collect peritoneal
exudate cells. After lysing red blood cells by 1x RBC Lysis
Buffer (BioLegend), cells were incubated at room temperature
for 20 minutes with Zombie Aqua " Fixable Viability dye
(BioLegend) and blocked on ice for 20 minutes with Fc Block
anti-CD16/CD32 (Thermo Fisher). Then, cells were stained
with fluorochrome-conjugated monoclonal antibodies
(Supplementary Table S1) for 1 hour. Samples were acquired
with the Attune NxT Acoustic Focusing Cytometer using Attune
NxT software (Thermo Fisher), and data were analyzed with
FlowJo v10.9. For analysis, only singlets (determined by forward
scatter height vs. area) and live cells (Zombie Aqua negative)
were used.

4.6 Immunofluorescence

Immunostaining of BDNF, CGRP, SP, TRPV1, neurofliment
(NF), and CD68 was performed with cross-sections (5 um) of
paraffin-embedded tissues using specific commercially available
primary antibodies (Supplementary Table S1) and AlexaFluor 488
and 568-conjugated F(ab’) secondary antibody (Molecular Probe)
or VECTASTAIN ABC kit (Vector lab). Immunostaining images
were acquired by Leica DM4 B. Cell-specific CD68 positive and
total cell numbers were counted by Image J in the area of 0.07244
mm?, and the percentage of CD68+ cells was shown. NF was used as
a pan-neuronal marker and was co-stained with BDNF, CGRP, SP,
or TRPVI1. BDNF, CGRP, SP, or TRPV1 positive cells in the DRG
were counted by Image J in the area of 0.07244 mm® The
percentages of BDNF, SP, CGRP, or TRPV1 positive cells per NF-
positive DRG were shown.
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4.7 IQELISA

Protein yield from PF was quantitated by BCA assay (Pierce),
and TNFo, (IQM-TNFA-1), IL1B (IQM-IL1b-1), IL6 (IQM-IL6-1),
and IL10 (IQM-IL10-1) were further quantified by IQELISA kits
(Ray Biotech) according to the manufacturer’s instructions.

4.8 16S rRNA gene sequencing and analysis

DNA was extracted from fecal pellets (100 mg, n=5 per group)
by the QIAmp Power Fecal DNA kit (12850-50, Qiagen). The V4
region of 16S rRNA gene was amplified, and sequencing was
performed on an Illumina platform by the Alkek Center for
Metagenomics and Microbiome Research at Baylor College of
Medicine. Demultiplexed reads were quality filtered after initial
trimming, and taxonomic information was retrieved by mapping
against SILVA version 138.1 (75) using an identity threshold of 70%
in Quantitative Insights Into Microbial Ecology (76). Raw data in
FASTQ format were uploaded to the NCBI Sequence Read Archive
(PRJNA1007658). This dataset was used for downstream alpha and
beta diversity analysis, and top taxa were identified using a mean
abundance threshold of > 0.05, as described previously (53). The
alpha diversity was measured using Chaol distances, while the beta
diversity was estimated using weighted UniFrac measures (77).

4.9 Statistical analysis

Data at 18 weeks were subjected to one-way ANOVA and
Tukey’s post hoc test to identify differences among the groups using
Prism software (Ver. 9.1.0, GraphPad). Data at 12 weeks and lesions
at 18 weeks were analyzed by two-tailed Student’s t-test comparing
SD and HFD. Two-way ANOVA was used to determine the
significance between times and groups. All experimental data are
presented as mean with standard error of the mean (SEM). Unless
otherwise indicated, a P value less than 0.05 was considered to be
statistically significant. Different letters indicated significant
differences among the groups (P<0.05).
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Background: The aim of this study was to analyze the concentration of leptin in
peritoneal fluid and plasma and to assess their role as potential biomarkers in the
diagnosis of endometriosis.

Materials & methods: Leptin adjusted for BMI (leptin/BMI ratio) was measured
using surface plasmon resonance imaging (SPRI) biosensors. Patients with
suspected endometriosis were included in the study. Plasma was collected
from 70 cases, and peritoneal fluid from 67 cases. Based on the presence of
endometriosis lesions detected during laparoscopy, patients were divided into a
study group and a control group (patients without endometriosis).

Results: Leptin/BMI ratio in plasma did not differ between women with

endometriosis and the control group (0.7159 + 0.259 vs 0.6992 + 0.273, p=
0,7988). No significant differences were observed in peritoneal leptin/BMI ratio
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levels in patients with and without endometriosis (0.6206 + 0.258 vs 0.6215 +
0.264, p= 0,9896). Plasma and peritoneal leptin/BMI ratios were significantly
lower in women with endometriosis - related primary infertility compared to
women with endometriosis without primary infertility (0.640 + 0.502 vs 0.878 +
0.623, p < 0.05). The difference was observed in case of primary infertility, but not
in terms of the secondary one. No significant differences were noted between
leptin/BMI ratio in the proliferative phase and the secretory phase (0.716 + 0.252
vs 0.697 + 0.288, p= 0,7785).

Conclusion: The results of present study do not support the relevance of leptin
concentration determination as a biomarker of the endometriosis. Due to the
limited number of samples in the tested group, further studies are needed to

confirm its role.

KEYWORDS

endometriosis, leptin, plasma, peritoneal fluid, infertility

Introduction

Endometriosis is a common chronic gynecological disease
characterized by the presence of endometrium - like tissue
outside the uterine cavity (1). Symptomatic endometriosis is
estimated to affect 5 - 15% of women, with around half of women
experiencing fertility problems (2-4). The varying extent of the
disease (peritoneal endometriosis, ovarian endometrioma, deep
infiltrating endometriosis) contributes to a wide array of clinical
symptoms such as infertility, chronic pelvic pain, dysmenorrhea,
dyspareunia, anxiety, and depression (5). The nonspecific nature of
these symptoms makes early diagnosis of endometriosis
challenging, often leading to diagnostic delays of 7-12 years (6-8).
Consequently, extensive research efforts are underway to identify
reliable and non-invasive biomarkers for this disease.

Despite numerous studies have been conducted, the potential
pathogenesis of endometriosis remains elusive and requires further
elucidation. Sampson’s widely recognized theory suggests that
retrograde menstruation is a contributing factor (9). However,
while approximately 90% of menstruating women experience
retrograde menstruation, only around 10% develop endometriosis
from this backward flow of menstrual fluid (10). Other theories
emphasize the involvement of genetic, environmental, and
immunological factors in predisposing the development of the
disease (3). Disturbed immunoregulatory mechanisms,
accompanied by various inflammatory markers such as immune
cells, cytokines, chemokines, metalloproteinases, cathepsin, and
other immunologically-related substances, have been implicated
in the development, invasion, and angiogenesis of ectopic lesions
(11-18). However, none of these theories fully explain the
complexity underlying the pathogenesis of endometriosis.

Relatively little is known about the molecular background of
metabolic processes involved in the development of this pathology
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(19). More recently, molecule such as leptin, which is known to
regulate long-term energy balance, has been evaluated as a potential
biomarker for endometriosis. Leptin a product of ob gene, is a
peptide hormone produced by white adipose tissue (WAT). It is
also synthesized by other tissues, including the endometrium,
placenta and ovary (20-24). Leptin concentration are positively
correlated with WAT mass (21). In the plasma, this hormone exists
in two forms, free or bound to leptin-binding proteins. Its actions
are mediated via binding to leptin receptors (LepRb/ObR, member
of class I cytokine receptor family), located in the hypothalamus and
various peripheral tissues (21, 22, 25, 26). Leptin was initially
described as a key regulator of food intake and modulation of
energy expenditure. Subsequently it has been shown, that leptin
exert pleiotropic actions by regulating immune homeostasis,
promoting neoangiogenesis and reproduction, so it is thought
that this molecule may also play a role in pathogenesis of
endometriosis (3, 5, 21, 26, 27).

Studies revealed the direct positive correlation between leptin
levels and obesity, measured by Body Mass Index (BMI) (28). For
this reason, in order to eliminate factors that may influence leptin
levels, such as body weight, leptin/BMI ratio was used
for measurements.

Interestingly, while leptin, primarily produced by adipocytes,
might suggest a higher occurrence of endometriosis in women with
an increased BMI, there exists an inverse correlation between BMI
and the prevalence of endometriosis (29, 30). Contrary to the
assumption, obesity does not act as a protective factor against
endometriosis; instead, an elevated BMI may be associated with
more severe forms of the disease. This may be due to the role played
by leptin, which not only regulates energy balance but also exhibits
pro-inflammatory and angiogenic function (31).

The aim of this study was to compare leptin/BMI ratio in
biological fluids (plasma and peritoneal fluid) between women
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diagnosed with endometriosis and a control group, using SPRi
biosensors. Furthermore, the study assessed the potential role of
leptin as a biomarker of endometriosis.

Surface plasmon resonance imaging (SPRIi) is at the forefront of
optical sensing. This technique real-time, direct, and ‘label-free’
detection and monitoring of biomolecular events. It involves a
plasmon resonance-imaging-supporting metal surface which
combines light energy with an electromagnetic field on cells and
surface-associated leptin. The main advantage of the SPRi is
specificity of molecule determination as well as highly sensitive
measurement of the refractive index. This characteristic makes it
ideal for the quantification of biomolecules, such as different types
of proteins (32-38). Applying the stationary SPRi version in a
model investigation and in the determination of various biomarkers
in real clinical samples has demonstrated that this technique is
suitable for use without signal enhancement or analyte
preconcentration (13). Recent reviews highlight SPRi detection as
the most promising among surface plasmon-based techniques (32).

Materials and methods
Study population

This multicenter, cross-sectional study was conducted across
eight Departments of Obstetrics and Gynecology in Poland between
2018 and 2019. Comprehensive recruitment details are provided in
our latest publication (39).

All participants, both patients with endometriosis and controls,
provide written informed consent, and the study was approved by
the Ethics Committee of the Medical University of Warsaw (KB/
223/2017).

The study group included individuals aged between 19 and 45
years, who were qualified for planned laparoscopic surgeries due to
one or more non-malignant conditions, including infertility, chronic
pelvic pain syndrome, ovarian cysts, or suspicion of endometriosis.
Exclusion criteria encompassed irregular menstruations cycles (less
than 25 days or more than 35), recent hormonal treatment within
three months preceding laparoscopy, previous and/or current pelvic
inflammatory disease, uterine fibroids, polycystic ovary syndrome,
autoimmune comorbidities, malignancies, or any previous history of
prior surgical treatment. All patients underwent gynecological
examination and vaginal ultrasonography before being referred for
surgery. Routine additional radiological examinations to assess
extraperitoneal endometriosis were not performed as part of the
standard procedure. Each patient was assessed based on the revised
American Fertility Society (AFS) classification of endometriosis,
complemented by histological examination of collected specimens.
Furthermore, all patients completed a World Endometriosis Research
Foundation (WERF) clinical questionnaire. As controls, we recruited
patients without visible endometriosis during laparoscopy.

The cycle phase was determined based on the last menstrual
period and the average length of the menstrual cycle. To ascertain the
phases of the menstrual cycle in both women with and without
endometriosis, histological dating of eutopic endometrial samples
was performed concurrently with the collection of pathological lesions.
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The details of the collection and structure of study groups have
already been published (39). Briefly, trained gynecologists performed
diagnostic laparoscopy on all patients, conducting a comprehensive
examination of the uterus, fallopian tubes, ovaries, pouch of Douglas,
and pelvic peritoneum. Peritoneal fluid (PF) was aspirated using a
Veress needle under direct visualization immediately upon the
laparoscope’s insertion to prevent blood contamination. The
procedure meticulously followed the standard operating procedures
outlined by the Endometriosis Phenome and Biobanking
Harmonization Project (40). At all centers, the collected PF
underwent centrifugation at 1000g for 10 minutes at 4°C. The
resulting supernatant was transferred to fresh 10 ml Sarstedt tubes
and divided into 500 ml aliquots. Blood samples were obtained before
laparoscopy, always prior to anesthesia, using EDTA 10 ml Sarstedt
tubes. Consistent tube types were utilized for both blood and PF
across all centers. The time elapsed between sample collection (both
PF and plasma) and processing was kept under 45 minutes. Blood
samples were centrifuged at 2500g for 10 minutes at 4°C, and then
plasma samples were divided into 500 pl aliquots. PF and plasma
were stored at -80°C until further use. All samples were transported
on dry ice to the Department of Obstetrics and Gynecology in
Warsaw, serving as the coordinating center for the study.

Patients diagnosed with endometriosis during laparoscopy were
allocated to the corresponding endometriosis stage subgroups (I-
IV). Leptin concentration assessment involved the collection of
plasma and peritoneal fluid. The procedures adhered to the
Endometriosis Phenome and Biobanking Harmonization Project
standard operating procedures (40). After exclusion of the outlier
results, the final analysis included 70 plasma samples (40 from
patients with and 30 from those without) and 67 samples of the
peritoneal fluid (38 from patients with and 29 from those without).

Method of measuring leptin concentration

In present study leptin concentrations in plasma and peritoneal
fluid were measured by biosensor SPRI (Surface Plasmon
Resonance Imaging) as described in detail by Sankiewicz et al.
(41). The base of the biosensor was a gold plate covered with a
separating mask of polymer. The first step in preparing the
biosensor was to create a cysteamine layer on gold (cysteamine
hydrochloride, Sigma-Aldrich, Stieinhem, Germany). The next step
was the binding of the leptin capture element, that is rabbit anti-
leptin antibody (concertation= 60 ng mL1. pH = 7.4), (Abcam,
Cambridge, United Kingdom). A leptin-specific rabbit antibody
was immobilized by the formation of a covalent bond between
the amine group of cysteamine and the carboxy group of the
heavy chain of the antibody. The antibody was activated with
the N-ethyl-N’-(3-dimethylaminopropyl) carbodimide (EDC)/N-
hydroxysuccimide (NHS) (Sigma-Aldrich, Steinheim, Germany)
mixture in carbonate buffer, and then 3 ul of the antibody
solution prepared in this way was applied to the active sites
(cysteamine layer). The prepared plate was placed in an incubator
at 37°C. After 1 hour, the active sites of the biosensor were washed
with distilled water and HBS-ES solution. To eliminate the risk of
non-specific adsorption, a BSA solution (C = 1 mg/ml) was used.
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The biosensor prepared in this way, the biosensor was capable of
capturing leptin from a solution. The standard solutions of leptin
(Abcam, Cambridge, United Kingdom), samples plasma but also
peritoneal fluid (5 times diluted with PBS buffer) with a volume of 3
uL were applied on the active sites of the biosensor. After 10
minutes, the surface of the active sites of the biosensor was rinsed
with distilled water and HBS-ES solution to remove excess
unbound protein.

SPRI measurements were carried out on an apparatus
constructed in our laboratory. The SPRi apparatus is composed of
a optical part (laser HE-Ne, system of polarizers, lenses, mirror and
prism) and detection part (CCD camera connected to computer). A
previously prepared biosensor was placed on the prism of the SPRi
device and the appropriate angle of incidence of light was selected.
The SPR signal was measured at the selected fixed SPR angle.
Surface plasmon resonance in the image version examines the
change in the intensity of the reflected monochromatic and p-
polarized light after applying successive layers of the biosensor. The
SPRi signal is proportional to the immobilized mass on the
biosensor surface. Signal SPRI are recorded using a CCD camera
in the form of images that are subjected to mathematical analysis
using a program Image]J software (version 1.53, National Institutes
of Health, NIH). Images are taken twice, for the antibody layer and
the analyte layer. Concentrations for the leptin were determined on
the basis of calibration curve (in range 0.1-5.0 ng mL1) considering
the appropriate dilutions.

Statistical analyses

Statistical analysis was performed using the statistical package
Statistica 13 (TIBCO Software Inc.; 2017). In this study, we assessed
variables that adhered to a normal distribution, including age, leptin
levels in plasma and peritoneal fluid, and the leptin/BMI ratio in
both fluids, confirmed by the Shapiro-Wilk test. Differences
between two groups for these variables were analyzed using an
independent t-test. Comparisons of leptin levels in plasma and
peritoneal fluid within subgroups were conducted using a paired
t-test. Results are expressed as mean * SD.

For variables that did not conform to a normal distribution,
specifically BMI, the Mann-Whitney U test was used to assess the
significance of differences between groups. In these cases results are
expressed as median + IQR.

When examining differences among three or more groups, we
employed an analysis of variance (ANOVA), followed by Duncan’s
post hoc test for detailed group comparisons. The effect size for these
analyses was estimated using the partial eta squared (1’part.) measure.

The contrast analysis was used to highlight patterns of differences
between the control and endometriosis groups according to three
status of infertility (no infertility, primary infertility and secondary
infertility). Contrasts were introduced for each factor separately as
follows: Group (1,-1) Infertility (1,-2,1). To explore the correlations
between variables, we applied either the simple correlation coefficient
(ryy) or Spearman’s rank correlation coefficient (rs), depending on
their distribution of values. For qualitative features, significance of
relationships were assessed using Fisher’s exact 2-tailed test, and the
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effect size for these analyses was estimated with Yule’s coefficient (¢).
A significance level o0 = 0.05 was adopted in this study.
was used for estimate p-value

Results

The 70 patients i.e. 40 women with diagnosed endometriosis
and 30 controls were enrolled to the study. The age of patients
ranged from 19 to 45 years, with a mean body mass index (BMI)of
22.3kg/2 in the study group and 21.58 kg/m* in the control group.
No statistically significant difference according age and BMI
between groups was found.

According to rAFS classification 27,5% of women were
diagnosed as I stage, 27,5% as II stage, 27,5% as III stage, and
17,5% of women as IV stage of endometriosis.

The patient clinical characteristics is presented in Table 1.

The mean plasma leptin concentration (ng/mL) were
comparable in two groups, 15.578 + 5.162 ng/mL in women with
endometriosis, and 15.530 + 6.404 ng/mL in the control group.

The levels of leptin in peritoneal fluid (ng/ml) did not differ
significantly between the groups, measuring 13.615 + 5.322 in the
study group and 13.576 + 6.209 in the control group, respectively.

Leptin/BMI ratio in body fluids

Leptin/BMI ratio in plasma did not show statistical differences
between women with endometriosis and the control group, nor between

TABLE 1 Baseline characteristics of participants and leptin levels.

Demographic and

anthropometric Endometriosis = Controls p-
variables!

Age [yr] (M + SD; n) 31.60 + 5.33; 40 087 % 0.6459
ge yrl (V555 OV F 20 7.06; 30 :
Body-mass index [kg/m’] 2293 + 420: 40 21.58 + 07178

(Me + IQR) e 5.38; 28 '
rAFS stage of disease %; N
I 27.50;11
11 27.50;11
111 27.50;11
v 17.50;7
Menstrual cycle phase (n; %)
Proliferative 24; 60% 21; 70%
0.4552
Secretive 16; 40% 9; 30%
Leptin levels
Plasma (ng/mL) (M + 15.530 +
15.578 + 5.162; 40 0.9721
SD; n) 6.404; 30
Peritoneal fluid (ng/mL) 13.615 + 5.322: 38 13.576 + 0.9785
(M + SD; n) T 6.209; 29 '
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patients with primary infertility (Table 2, Figure 1). Additionally, the
interaction between these factors was not statistically significant, and the
effect size was small, accounting for only 5% of the variability.
Similarly, concerning the leptin/BMI ratio in peritoneal fluid (PF),
no significant differences were observed between women with
endometriosis and the control group (Table 3). However, a
statistically significant interaction was noted. Notably, within the
primary infertility subgroup, the level of leptin/BMI in PF was
significantly lower in the endometriosis group compared to the
control group (Table 3, Figure 2). Conversely, in the subgroup
without infertility, the level of leptin/BMI in PF was marginally
higher in the study group than in the control group (Table 3, Figure 2).

Leptin/BMI ratio in endometriosis —
associated infertility

Among women with endometriosis, 55% (n=22) were diagnosed
with infertility (primary or secondary). In the control group, this

TABLE 2 Leptin/BMI ratio in plasma.

10.3389/fendo.2024.1359182

percentage was 23% (n=7). A statistically significant relationship was
observed between infertility and the health condition status, with a p-
value of 0.0136. Additionally, a moderate relationship with a Yule’s
coefficient (@) of 0.31 was found (Table 4).

The contrast analysis revealed statistically significant differences
in trends (quadratic polynomial) between the endometriosis group
and the control group, both in the distribution of mean leptin/BMI
ratio in plasma and in PF (Table 5, Figures 3, 4). In endometriosis
cases without infertility and with secondary infertility, the means
were higher compared to endometriosis cases with primary
infertility. Conversely, in the control group, the highest level of
Leptin/BMI ratio was observed in the group with primary infertility,
followed by the other subgroups. These findings indicate varying
patterns of average leptin levels depending on fertility status and the
type of infertility, which could contribute to a better understanding
within the broader context of existing research on the subject.
Nevertheless, it is crucial to note that these results should be
interpreted with caution due to the relatively small size of
the groups.

Factors
Endometriosis 0.716 40 0.259 0.041 0.275 1.376
Group 0.59 0.4440 0.01
Control 0.699 28 0.273 0.052 0.289 1.372
Yes 0.674 21 0.272 0.059 0.275 1.376
Primary infertility 0.13 0.7244 <0.01
No 0.724 47 0.260 0.038 0.289 1.372
Interaction
Yes 0.640 18 0.278 0.066 0.275 1.376
Endometriosis
No 0.778 22 0.231 0.049 0.343 1.254
3.56 0.0639 0.05
Yes 0.878 3 0.103 0.059 0.767 0.969
Control
No 0.678 25 0.280 0.056 0.289 1.372
Vertical bars indicate 0.95 confidence intervals
1.2
1.1
1.0
0.9 ;
- 0.8 }
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FIGURE 1

The means of leptin/BMI ratio in plasma depending of endometriosis and primary infertility.
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TABLE 3 Leptin/BMI ratio in peritoneal fluid.

10.3389/fendo.2024.1359182

Factors Level M n SD SE Min Max F p-value nzpart_

Endometriosis 0.621 38 0.258 0.042 0.117 1.185

Group 0.13 0.7173 <0.01
Control 0.621 27 0.264 0.051 0.082 1.150
Yes 0.580 21 0.247 0.054 0.117 1.150

Primary infertility 1.02 0.3169 0.02
No 0.641 44 0.264 0.040 0.082 1.185

Interaction
Yes# 0.541 18 0.225 0.053 0.117 0.921
Endometriosis

No 0.693 20 0.271 0.061 0.155 1.185

4.36 0.0409 0.07
Yes# 0.813 3 0.173 0.100 <0.001 1.150

Control

No 0.597 24 1.511 0.308 <0.001 1.041

M, mean; n, numbers; SD, standard deviation; SE, standard error; nzpm_- eta_squared partial.

Means marked with # differed p<0.05 (Duncan’s test).

Leptin correlation

A positive and statistically significant correlation of moderate
strength was found between the concentration of leptin in
peritoneal fluid and plasma within the study group (r«=0.39;
p<0.05; Figures 5, 6). Conversely, no such association was
observed in the control group (er:0.0S; p>0.05; Figures 5, 6).

Leptin/BMI ratio in reference to
endometriosis stage, presence of
endometrioma, menstrual cycle phase

There were no significant differences observed in the leptin/BMI
ratio in plasma, peritoneal fluid leptin concentration, based on the
endometriosis stage, presence of endometrioma, or menstrual cycle
phase (Table 6).

Vertical bars indicate

The correlations between rAFS stage of disease & leptin/BMI
ratio in plasma and rAFS stage of disease & leptin/BMI ratio in
peritoneal fluid (PF) were not found (Figures 7, 8).

Discussion

In the present study, we found that plasma and peritoneal leptin
concentrations did not differ between the studied groups. Furthermore,
after adjusting for BMI in both the endometriosis and control groups,
no significant difference was observed in leptin level between the
groups, whether analyzing peritoneal or serum leptin concentrations.

These findings align with Wertel et al.’s study, supporting our
thesis (42). However, Rathore et al. reported contrasting results,
noting significantly higher leptin levels in peritoneal fluid among
women with endometriosis compared to the control group, while
serum leptin levels did not differ between the groups (43).

0.95 confidence intervals

Leptn/BMI pe

08 E -
06 } ST
0.4

0.2

0.0

& Group

No

Primary Infertility

FIGURE 2

Control
Yes —#- Group
Endometriosis

The means of leptin/BMI ratio in peritoneal fluid depending of endometriosis and primary infertility.
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TABLE 4 Frequency distributions and percentages of fertility assessments in respective groups.

Infertility

Yes

Endometriosis, n(%) 22 (55.0%)

18 (45.0%)

40 (57.1%)

Control, n(%) 7 (23.3%)

23 (76.7%)

30 (42.9%)

Total, n (%) 29 (41.4%)

41 (58.6%)

70 (100%)

0.0136

0,32

Fisher’s exact 2-tailed test was used for estimate p-value.
Bold values was to emphasize the statistical significance.

TABLE 5 Leptin/BMI ratio - contrast analysis (E vs C) x (trendy quadratic polynomial).

Infertility
Primary Secondary
M + SE; n M + SE; n
Endometriosis 0.731 +0.051; 18 0.64 + 0.066; 18 0.985 + 0.091; 4
plasma 4.02 0.0492
Control 0.667 + 0.063; 22 0.878 + 0.059; 3 0.753 + 0.042; 3
Endometriosis 0.678 + 0.073; 16 0.541 + 0.053; 18 0.751 + 0.084; 4
peritoneal fluid 5.15 0.0270
Control 0.613 + 0.056; 21 0.813 % 0.170; 3 0.490 + 0.160; 3

Bold values was to emphasize the statistical significance.

Vertical bars indicate 0.95 confidence intervals
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FIGURE 3

The means of leptin/BMI ratio in plasma depending of endometriosis and infertility.

Interestingly, in a previous clinical study positive correlation
between PF and serum leptin concentrations was found among
fertile patients with endometriosis (42). Moreover, another research
study found no significant difference in peritoneal leptin levels
between the endometriosis-associated infertility group and those
with fallopian-associated infertility (44). These results are consistent
with our study, which revealed that a subgroup of women with
endometriosis related infertility had a significantly lower
concentration of leptin adjusted for BMI in PE compared to
women with endometriosis, but without primary infertility.
However, it’s important to note that the subgroups of patients
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with infertility in our study were small, so result may not lead to
reliable premise. In order to overcome this limitation, further
cooperation and research by a multi-center working group on
endometriosis is planned. Hence, at present, we can only
hypothesize that leptin might contribute to pelvic inflammation
in endometriosis, potentially altering the local microenvironment of
the peritoneal cavity, yet its direct impact on endometriosis-
associated infertility is uncertain.

As previously mentioned, studies evaluating leptin levels in
serum and peritoneal fluid among patients with endometrioma
have shown conflicting results, reporting either elevated levels or no
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The means of leptin/BMI ratio in PE depending of endometriosis and infertility.

significant changes. In our study, we found no significant difference
in both serum and PF leptin concentrations concerning the
presence of endometrioma. Consistent, with our findings,
Zendron et al. noted comparable leptin concentrations between
patients with endometrioma and those in the control group (45).

However, recent research has revealed higher peritoneal fluid
leptin concentrations among women displaying peritoneal lesions
compared to those with endometrioma as the only finding (46).
These differences observed among diverse phenotypes of the disease
such as peritoneal versus ovarian endometriosis, suggest a potential
role of leptin in the development of peritoneal endometriosis. This
implies that different biochemical phenomena might be involved in
the pathogenesis of the ovarian form of the disease.

Fluctuations in leptin concentration during the menstrual cycle
remain a subject of controversy. Many studies have noted higher

leptin levels in the midluteal phase compared to the follicular phase
(47, 48). It is suggested that estradiol and progesterone may play an
essential role in regulating leptin release during cycle. Ajala et al.
demonstrated a significant increase in serum leptin levels on both
day 14 (ovulatory phase) and day 21 (luteal phase) of the menstrual
cycle (47). In comparison, another study noted higher leptin
concentrations during midluteal phase (49), with observed
positive correlations between leptin values and estradiol or
progesterone levels (50). Conversely, our study findings indicated
no significant changes in leptin/BMI ratio throughout the
menstrual cycle. These result align with Stock et al.’s study, which
similarly found no correlation between leptin values and estradiol
or progesterone levels (51). Furthermore, Capobianco’s research
revealed no significant differences in leptin levels during the
menstrual cycle (52). It needs to be underlined that the

Endometriosis
Iy = 0.39; p=0.0150

1.6

14

1.2

Leptin/BMI pjasma

0.0 0.2 04 0.6
Leptn/BMI pe

FIGURE 5
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Correlations between plasma and peritoneal fluid Leptin/BMI ratio in endometriosis group (N=38).
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aforementioned studies primarily focused on either healthy women
or women with infertility problems, but not specifically on those
with endometriosis. Considering numerous clinical reports
highlighting aberrant progesterone signaling in patients with

endometriosis, it is plausible that such regulation might be altered

or missed in the context endometriosis (53).

Worth to note is that, a positive and statistically significant

correlation of moderate strength was observed between the

TABLE 6 Leptin/BMI ratio according to the stage of endometriosis, endometrioma and cycle phase.

. 2
Factors M SD n Min Max F p-value N part-
rAFS stage of disease
1 0.64 0.33 11 0.28 1.38
2 0.73 0.21 11 0.44 1.02
Plasma (N=39) 0,99 0,4097 0,08
3 0.69 0.19 11 0.41 0.98
4 0.85 0.30 7 0.28 1.25
1 0.56 0.22 11 0.21 0.91
2 0.71 0.25 11 0.39 1.16
Peritoneal fluid (N=37) 0,62 0,6047 0,05
3 0.59 0.32 9 0.15 1.19
4 0.61 0.27 7 0.12 0.91
Endometrioma
No 0.70 0.27 45 0.28 1.38
Plasma (N=68) 0.32 0.7507 <0.01
Yes 0.72 0.25 23 0.28 1.25
No 0.60 0.26 44 0.08 1.16
Peritoneal fluid (N=65) 0.81 0.4232 0.01
Yes 0.66 0.26 21 0.12 1.19
Cycle phase
proliferative 0.72 0.25 44 0.28 1.37
Plasma (N=68) -0.28 0.7785 <0.01
secretive 0.70 0.29 24 0.28 1.38
proliferative 0.61 0.27 42 0.08 1.16
Peritoneal fluid (N=65) 0.35 0.7306 <0.01
secretive 0.64 0.24 23 0.27 1.19
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concentration of leptin in peritoneal fluid and plasma within the
endometriosis group. These findings imply that plasma may serve
as a viable alternative for assessing leptin concentration among
women with endometriosis, presenting a less invasive method
for evaluation.

However, we acknowledge limitation in this study. The
relatively small sample size of both the study and the control
groups poses a constraint. To address this, further studies based
on a multicenter patient population in Poland are already planned,
aiming to broaden and extend the analysis.

A strength of our study lies in the utilization of SPRI, a well-
established and reliable technology for measurements. Additionally,
through the assessment of both leptin concentrations in plasma and
peritoneal fluid, we investigated their interrelationships and
potential impact on the pathogenesis of endometriosis. Another

advantage of our research was the meticulous sampling procedure,
emphasizing the purity of the collected peritoneal fluid.
Significantly, our study contributes to a series of publications
examining the potential role of selected molecules as biomarkers
for endometriosis.

In conclusion, the role of leptin as a reliable biomarker of
endometriosis remains controversial. Our study aligns with the
thesis, that peritoneal fluid and serum leptin level may not
significantly differ between patients with endometriosis and the
control group. However, our findings suggest an association between
leptin concentration and endometriosis-associated infertility, albeit
based on a limited number of samples. Hence, further research is
imperative to elucidate the role of leptin in endometriosis.

Further studies are needed to delve into the underlying
mechanisms through which leptin operates in endometriosis,
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rAFS stage of disease & Leptin/BMI ratio in PF (rs=0.05; p=0.7570; N=37).
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determining whether observed changes in leptin concentrations
contribute to or are the result from the disease’s pathogenesis.
Additionally, more comprehensive data regarding leptin as a
diagnostic biomarker are necessary for a clearer understanding of
its potential utility in the diagnostic process of endometriosis.
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Background and Aims: The association of the triglyceride-glucose (TyG) index, a
promising novel biomarker for insulin resistance, with the risk of endometriosis
has not been investigated to date. This nationwide study aimed to explore the
association between the TyG index and the endometriosis risk.

Methods: Data were obtained from the National Health and Nutrition
Examination Survey (1999-2006). Female participants who provided complete
data on the TyG index and endometriosis were enrolled in the analysis.
Multivariate logistic regression analyses were utilized to assess the association
of the TyG index with endometriosis, adjusted by multiple potential confounders.
Meanwhile, in-depth subgroup analyses were conducted.

Results: A total of 1,590 eligible participants were included, among whom 135
(8.5%) women were diagnosed with endometriosis. The fully adjusted
multivariate logistic model showed TyG index was significantly associated with
the endometriosis risk (odds ratio [ORlq4 versus a1 2.04, 95% confidence interval
[CI]: 1.15-3.62; P for trend=0.013). In subgroup analyses, the significantly positive
association between TyG index and the risk of endometriosis was also found in
parous women (ORq4 versus a1 2.18, 95% Cl: 1.20-3.96), women without diabetes
(OR Q4 versus a1 2.12, 95% Cl: 1.19-3.79), women who smoke currently (OR g4
versus a1 3.93, 95% Cl: 1.33-11.58), women who drink currently (OR q4 versus a1
2.54,95% Cl: 1.27-5.07), and in women who use oral contraceptives (OR q4 versus
a1 1.91, 95% Cl: 1.04-3.51). Additionally, significantly increasing trends in the odds
of endometriosis across the quartiles of the TyG index were observed in the
above-mentioned subgroups (all P for trend<0.05).
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Conclusions: This population-based study found that a higher TyG index,
representing an increased level of insulin resistance, was associated with a
higher risk of endometriosis among the US population. Our findings suggested
TyG index might be a promising tool for the risk assessment of endometriosis.
Prospective studies are warranted to further verify these findings.

KEYWORDS

endometriosis, triglyceride-glucose index, insulin resistance, cross-sectional study,
National Health and Nutrition Examination Survey

1 Introduction

Endometriosis, as a chronic, systemic gynecologic disease, is
characterized by the implantation of endometrial-like tissue outside
the uterine cavity, commonly affecting the pelvic cavity and ovaries
(1). It is estimated that endometriosis affects approximately 5-10% of
women in their reproductive years and exerts significant
psychological and physical effects on the quality of life (1-3).
However, current treatments for endometriosis including surgical
removal of lesions and drug therapy both have limited efficacy (4).
The high occurrence and recurrence rates lead to tremendous
healthcare expenses for long-term management, highlighting the
urgent need to develop robust novel biomarkers for the risk
assessment, diagnosis and monitoring of disease progression.

The exact pathological mechanism of endometriosis remains not
fully comprehended despite the implication of various factors such as
inflammation, hormones, metabolism and immunology (4). Recently,
emerging evidence suggests that metabolic disturbances play a vital role
in the development and progression of endometriosis (5, 6). In
particular, dysregulation of glucose and lipid metabolism has been
observed in women with endometriosis (7-9).

The triglyceride-glucose (TyG) index, derived from the fasting
triglyceride and glucose levels, has been considered as a novel and
reliable marker for assessing insulin resistance and shows
comparable effectiveness to the commonly used homeostatic
model assessment (HOMA) insulin resistance index (10). Due to
its advantages of economic benefits and easy availability, the TyG
index has gained attention as a comprehensive surrogate measure of
insulin resistance.

Multiple epidemiological studies have demonstrated the
association of TyG with a range of diseases, such as type 2
diabetes (11), cardiovascular disease (12), metabolic dysfunction-
associated fatty liver disease (13) and gynecologic cancers (14, 15).
Given the potential involvement of metabolic disturbances in
endometriosis pathogenesis, it is plausible to explore the
association of insulin resistance with the risk of endometriosis.
However, to our knowledge, the association between the TyG index
and endometriosis has not been explored till date.

This population-based study aims to investigate the association
between the TyG index and the risk of endometriosis using the
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nationally representative American population from the National
Health and Nutrition Examination Survey (NHANES) (16), to
provide comprehensive epidemiological evidence for the clinical
role of the TyG index in the risk assessment and prevention
of endometriosis.

2 Materials and methods
2.1 Data source and population

The NHANES program is designed to assess the health and
nutritional status of the American population through a series of
interviews, physical examinations and laboratory tests. It is
conducted by the Centers for Disease Control and Prevention
(16) in the United States (US). In this current study, we collected
publicly available data on a total of 21,210 female participants from
NHANES (1999-2006). We excluded 15,653 participants with
missing data on the diagnosis of endometriosis, and 3,049
participants with missing laboratory data on fasting blood
triglyceride and fasting glucose levels. Additionally, 918
participants who had incomplete data on the potential
confounding variables (described below) were also excluded.
Consequently, a total of 1,590 female participants were included
in the final analysis. The study flowchart is presented in Figure 1.

2.2 Ascertainment of endometriosis

The diagnosis of endometriosis was based on the
“Questionnaire on Reproductive Health” at each survey circle in
NHANES between 1999 and 2006. Participants who reported “yes”

to the question “Told by the doctor having endometriosis?” were
identified to have endometriosis.

2.3 TyG index and covariates

The TyG index was calculated using the formula Ln [fasting
triglyceride (mg/dL) x fasting glucose (mg/dL)/2]. The data on
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‘ Participants in NHANES (1999-2006) (N=41,474) ‘
— Excluded: male participants (N=20,264)
‘ Female participants (N=21,210) ‘
Excluded (N=19,620):
+15,653 with missing data on endometriosis
-3,049 with missing data on blood triglyceride and/or glucose
+918 with missing data of covariates
Eligible female participants for final analysis (N=1,590)
+135 Endometriosis
+1,455 Non-endomentriosis
|
Quartile 1 of TyG index Quartile 2 of TyG index Quartile 3 of TyG index Quartile 4 of TyG index
(N=397) (N=398) (N=398) (N=397)
v
® Adjusted multivariate logistic regression models
between TyG index and endometriosis
®  Subgroup analyses
FIGURE 1

The flowchart of this study. NHANES, National Health and Nutrition Examination Survey; TyG index, triglyceride-glucose index.

fasting triglycerides and fasting glucose were obtained from the
“Laboratory Data” in NHANES. In this study, the TyG Index
ranged from 7.049 to 11.951, representing a continuous value.

Based on the previous studies (17, 18) and clinical experience,
the following covariates were included in the analysis: age (years),
ethnicity (non-Hispanic White, non-Hispanic Black, Mexican
Americans, and other race), educational level (above high school,
high school graduate, and less than high school), marital status
(never married, married, and other), fertility status (> one birth or
nulliparous), body mass index (BMI), diabetes (no or yes), drinking
status (current drinker, former drinker, and non-drinker), smoking
status (current smoker, former smoker, and non-smoker) and the
use of oral contraceptives (no or yes).

BMI was determined by dividing the weight in kilograms by the
square of height in meters (kg/m®). Diabetes was assessed based on
the following criteria: being told diabetes by a doctor, glycated
hemoglobin Alc exceeding 6.5%, fasting glucose equal to or greater
than 7.0mmol/L, random blood glucose equal to or greater than
11.1 mmol/L, blood glucose equal to or greater thanll.lmmol/L
during a 2-hour oral glucose tolerance test, and the use of diabetes
medication or insulin.

2.4 Statistical analysis

All analyses were conducted in accordance with the NHANES
analytic guidelines. Categorical variables were compared by the %’
test, and continuous variables were compared by the t-test or
Wilcoxon rank sum nonparametric test based on the results of
the normality test. The participants were categorized into four
groups (Q1, Q2, Q3, Q4) according to the quartiles of the TyG
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index, using the Q1 group as the reference group. We utilized
multivariate logistic regression models to calculate the odd ratios
(OR) and 95% confidence intervals (CI) to assess the relationship
between the TyG index and endometriosis. Initially, a crude model
was applied, considering only the TyG index. Subsequently, three
adjusted models were adopted. Model 1 was adjusted for age,
ethnicity, education level and marital status. In Model 2, we
further adjusted for BMI, diabetes, and fertility status in addition
to the covariates included in Model 1. Lastly, Model 3 accounted for
drinking status, smoking status, and use of oral contraceptives in
addition to the covariates included in Model 2. Additionally, we
estimated linear trends across quartiles of the TyG index by treating
the median value in each quartile as a continuous variable in
regression models. Moreover, we examined the association of the
TyG index with the risk of endometriosis on a continuous scale
using the restricted cubic spline (RCS) curve based on the logistic
regression model. Subgroup analyses were performed stratified by
fertility status, diabetes, drinking status, smoking status and the
usage of oral contraceptives.

All statistical analyses were conducted using R software (version
4.2.2). All P values were two-sided with P<0.05 considered as
statistically significant.

3 Results
3.1 Characteristics of the participants
The baseline characteristics between endometriosis and non-

endometriosis groups are presented in Table 1. Among the 1,590
eligible participants, 135 (8.5%) women were diagnosed with
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TABLE 1 Baseline characteristics between endometriosis and non-endometriosis groups.

Characteristics

Total
(n=1,590)

Endometriosis (n=135)

Non-Endometriosis
(n=1,455)

10.3389/fendo.2024.1371393

P value

Age (years), mean (SD) 39.20 (9.26) 41.96 (7.85) 38.95 (9.34) <0.001
Ethnicity, n (%) <0.001
Mexican American 367 (23.1) 9 (6.7) 358 (24.6)
Non-Hispanic Black 382 (24.0) 25 (18.5) 357 (24.5)
Non-Hispanic White 702 (44.2) 94 (69.6) 608 (41.8)
Other Races 139 (8.7) 7 (5.2) 132 (9.1)
Education level, n (%) 0.001
Less than high school 425 (26.7) 19 (14.1) 406 (27.9)
High school graduate 374 (23.5) 42 (31.1) 332 (22.8)
Above high school 791 (49.7) 74 (54.8) 717 (49.3)
Marital status, n (%) 0.254
Never married 185 (11.6) 10 (7.4) 175 (12.0)
Married 955 (60.1) 87 (64.4) 868 (59.7)
Other 450 (28.3) 38 (28.1) 412 (28.3)
Fertility status, n (%) 0.192
Nulliparous 95 (6.0) 12 (8.9) 83 (5.7)
>one birth 1495 (94.0) 123 (91.1) 1372 (94.3)
BMI, mean (SD) 29.18 (7.36) 28.89 (6.66) 29.20 (7.43) 0.635
Diabetes, n (%) 0.793
No 1469 (92.4) 126 (93.3) 1343 (92.3)
Yes 121 (7.6) 9 (6.7) 112 (7.7)
Smoking status, n (%) <0.001
Never 926 (58.2) 57 (42.2) 869 (59.7)
Former 260 (16.4) 30 (22.2) 230 (15.8)
Now 404 (25.4) 48 (35.6) 356 (24.5)
Drinking status, n (%) 0.127
Never 255 (16.0) 15 (11.1) 240 (16.5)
Former 278 (17.5) 30 (22.2) 248 (17.0)
Now 1057 (66.5) 90 (66.7) 967 (66.5)
Oral contraceptive, n (%) 0.054
No 319 (20.1) 18 (13.3) 301 (20.7)
Yes 1271 (79.9) 117 (86.7) 1154 (79.3)
Fasting glucose (mg/dl), 93.0 92.3 93.0 0935
median [IQR] [87.0, 100.0] [86.9, 100.4] [87.1, 99.8]
Fasting triglyceride (mg/dl), 100.0 119.0 99.0 0.001
median [IQR] [70.0, 146.0] [77.0, 179.0] [69.0, 143.0]
TyG index, mean (SD) 8.51 (0.62) 8.67 (0.64) 8.49 (0.62) 0.002
TyG index Quartile, n (%) 0.029
Q1 397 (25.0) 24 (17.8) 373 (25.6)
Q2 398 (25.0) 31 (23.0) 367 (25.2)
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TABLE 1 Continued

10.3389/fendo.2024.1371393

S Total . Non-Endometriosis
Characteristics (n=1,590) Endometriosis (n=135) (n=1,455) P value
Q3 398 (25.0) 33 (24.4) 365 (25.1)
Q4 397 (25.0) 47 (34.8) 350 (24.1)

IQR, interquartile range; SD, standard deviation; TyG index, triglyceride-glucose index; BMI, body mass index.

endometriosis. The mean age of participants in the entire study was
39.20, ranging from 20 to 54 years. Participants diagnosed with
endometriosis were found to be older, had a higher level of education,
and were more likely to be a smokers. Furthermore, there were
significant differences in ethnicity between the two groups.

In the overall study population, the mean TyG index was 8.51,
with a significantly higher mean TyG index in cases with
endometriosis compared to those without endometriosis (8.67
versus 8.49, P=0.002). Furthermore, a higher percentage of the
highest quartile (Q4) TyG index (34.8% versus 24.1%) and a lower
percentage of the lower quartile (Q1) TyG index (17.8% versus
25.6%) were found in the endometriosis group than the non-
endometriosis group. Meanwhile, the baseline characteristics of
the participants based on quartile categories of the TyG index are
shown in Supplementary Table SI.

3.2 Association of the TyG index
with endometriosis

The associations of TyG index with endometriosis in the overall
cohort, are presented in Table 2. In the unadjusted model, the OR
for participants with endometriosis in the highest quartile of the
TyG index was 2.09 (95% CI: 1.25-3.49) compared to those in the
lowest quartile (P for trend =0.004). Similarly, in adjusted
multivariate models 1, 2 and 3, the positive association of the
TyG index with the risk of endometriosis persisted. After fully
adjusting for the potential confounders, participants in the highest

quartile of TyG had a 104% higher risk of endometriosis compared
to those in the lowest quartile (OR q4 versus q1 2.04, 95% CI: 1.15-
3.62). Additionally, significant increasing trends in the adjusted
odds of endometriosis across the quartiles of the TyG index were
observed in all models (Model 1: P for trend=0.010, Model 2: P for
trend=0.004, Model 3: P for trend=0.013).

When assessing the association between the TyG index and the
risk of endometriosis on a continuous scale, the fully adjusted
logistic regression model also conveyed that the TyG index was
positively related to the endometriosis (OR 1.62, 95% CI: 1.18-2.22)
(Table 2). Moreover, we also observed a dose-response correlation
between the TyG index and the endometriosis risk by the RCS
analysis (P=0.013) (Figure 2).

3.3 Subgroup analysis

To explore the association of the TyG index with the risk of
endometriosis in different populations, we performed in-depth
subgroup analyses stratified by fertility status, diabetes, smoking
status, drinking status, and usage of oral contraceptives (Figure 3;
Supplementary Table S2).

The fully-adjusted logistic regression models also revealed a
significant positive relationship between quartiles of TyG index and
the risk of endometriosis in parous participants (OR q4 versus Q1 218,
95% CI: 1.20-3.96; P=0.011), in participants without diabetes (OR q4
versus Q1 212, 95% CI: 1.19-3.79; P=0.011), in participants who smoke
currently (OR q4 versus 1 3.93, 95% CI: 1.33-11.58; P=0.013), in

TABLE 2 Associations between the TyG index and endometriosis in the total cohort.

Cases with endometri-
osis/N

TyG index

Crude ®

OR (95% CI)

Model 1 ° Model 2 ©

Continuous Values

(7.049-11.951) 135/1,590 1.52 (1.17-1.97)* 1.53 (1.15-2.03)* = 1.73 (1.26-2.36)* = 1.62 (1.18-2.22)*
Quartile Categories

Q1 (7.049-8.061) 24/397 Reference Reference Reference Reference

Q2 (8.063-8.452) 31/398 1.31 (0.76-2.28) 1.29 (0.74-2.25) | 1.35 (0.76-2.37) 1.26 (0.71-2.23)

Q3 (8.453-8.865) 33/398 1.41 (0.81-2.42) 1.35 (0.77-2.34) 1.42 (0.81-2.51) 1.31 (0.74-2.32)

Q4 (8.866-11.951) 471397 2.09 (1.25-3.49)* 1.99 (1.16-3.40)* = 2.27 (1.29-4.00)* = 2.04 (1.15-3.62)*

P for trend 0.004

0.010 0.004 0.013

*Statistically significant association.
“Crude model was adjusted for nothing.
"Model 1 was adjusted for age, ethnicity, education level and marital status.

“Model 2 included the covariates of Model 1 with additional adjustment for diabetes, body mass index and fertility status.
9Model 3 included the covariates of Model 2 with additional adjustment for drinking status, smoking status and use of oral contraceptives.

TyG index, triglyceride-glucose index; OR, odds ratio; CI, confidence interval.
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FIGURE 2

Cubic regression spline of the endometriosis risk by TyG index
among the entire population. Cubic regression spline was adjusted
for age, ethnicity, education level, marital status, fertility status, body
mass index, diabetes, drinking status, smoking status and the use of
oral contraceptives. ORs are indicated by solid lines and 95% Cls are
presented by shaded areas. TyG index, triglyceride-glucose index;
OR, odds ratio; Cl, confidence interval.

participants who drink currently (OR g4 versus 1 2-54, 95% CI: 1.27-
5.07; P=0.008), and in participants who use oral contraceptives (OR o4
versus Q1 1.91, 95% CI: 1.04-3.51; P=0.038) (Figure 3). Significant
increasing trends in the odds of endometriosis across the quartiles of
the TyG index were observed in the above-mentioned subgroups (all P
for trend <0.05) (Supplementary Table S2).

4 Discussion

To the best of our knowledge, this nationally representative
study represents the first investigation into the correlation between
the TyG index and the risk of endometriosis. We found a
significantly positive association of the TyG index with the risk of
endometriosis in the US adult population, highlighting the clinical
role of the TyG index on the prevention and management strategies
for endometriosis.

As a multifactorial and systemic disease, endometriosis is
caused by many factors and the exact pathogenesis has not been
clearly explained (5). Recently, metabolic abnormalities, including
dyslipidemia and glucose metabolism dysfunction, were reported to
be an increasingly significant etiology of endometriosis, with the
development of metabolomics technology (6-9).

TyG index, measured based on blood fasting triglycerides and
glucose, has been recommended as an effective surrogate marker for
insulin resistance, and could integrate the effect of both triglycerides
as well as glucose on endometriosis (19). Numerous studies have
demonstrated the potential of the TyG index in predicting the risk
of various metabolism-related disorders (11-15). However, the
relationship between the TyG index and endometriosis has not
been explored yet.

In our study, we observed a 104% higher risk of endometriosis in
participants within the highest quartile of the TyG index, compared to
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those in the lowest quartile, after adjusting for various covariates. These
findings provided novel insights into the association between insulin
resistance and the development of endometriosis, suggesting that the
TyG index could potentially serve as a valuable clinical tool for
predicting and assessing the risk of endometriosis.

The potential underlying mechanisms linking the TyG index to
endometriosis are still not well understood and there might be
several possible explanations as follows. First, insulin resistance
could lead to hyperinsulinemia and elevated levels of insulin-like
growth factor-1 (IGF-1), which may potentially promote the growth
and proliferation of endometrial tissue outside the uterus (20, 21).
Additionally, insulin resistance is associated with chronic
systematic inflammation, which has been implicated in the
development and progression of endometriosis (1, 22). Moreover,
hyperinsulinemia might promote the production of androgens,
leading to hormonal imbalances between estrogen and
progesterone, which may further facilitate the establishment and
growth of ectopic endometrial lesions (23, 24).

In the stratified analysis of our study, we observed variations in
the association between the TyG index and the risk of
endometriosis across different subgroups. When stratified by
fertility status, a significant relationship of TyG index with
endometriosis was observed in participants who had given birth
but not in nulliparous women. It is well-established that pregnancy
could induce significant metabolic and hormonal changes, which
might modulate the impact of insulin resistance on the progression

Subgroup OR (95%Cl) P value

Fertility status

Nulliparous M——— 0.49(0.04-6.84) 0.596

=one birth —— 218 (1.20-3.96) 0.011

Diabetes i

No E'—I—' 212 (1.19-3.79) 0.011

Yes i -

Smoking status E

Never i 1.45(0.61-3.47) 0.399

Former —— 1.67(0.49-5.65) 0.412

Now E-—I—» 3.93(1.33-11.58) 0.013

Drinking status |

Never —f— 1.27 (0.18-8.82) 0.807

Former '—II—’ 1.34 (0.36-5.05) 0.662

Now —— 254 (1.27-5.07) 0.008

Oral contraceptive E

No ~—&— 3.55(0.56-22.50) 0.179

Yes —— 1.91 (1.04-3.51)  0.038
01234

adjusted ORq4 versus Q1

FIGURE 3

Subgroup analysis of association between quartiles of TyG index and
endometriosis. The ORs were assessed by multivariate logistic
regression models adjusted for age, ethnicity, education level,
marital status, fertility status, body mass index, diabetes, drinking
status, smoking status and the use of oral contraceptives. All Models
were not adjusted for the stratified covariates on which the
subgroup analyses were conducted. TyG index, triglyceride-glucose
index; OR, odds ratio; Cl, confidence interval.
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of endometriosis (25). Meanwhile, parity has been regarded as an
important protective factor for endometriosis (26). It is possible that
the effect of insulin resistance on endometriosis might be attenuated
among nulliparous women in our study.

Notably, in the subgroup analysis stratified by the smoking and
drinking status, we found a considerable 3.93 and 2.54 times risk of
endometriosis in women within the highest quartiles of the TyG
index than those within the lowest quartiles, among women who
smoke or drink currently, respectively. This observed phenomenon
could potentially be ascribed to the hypothesis that smoking and
alcohol consumption could exacerbate the adverse impact of insulin
resistance on endometrial tissue, ultimately resulting in an
increased susceptibility to the development of endometriosis (27,
28). Our findings conveyed that monitoring the TyG index could
potentially be a useful tool in identifying individuals at a higher risk
for endometriosis among the American female population who
engage in smoking and alcohol consumption.

Regarding the stratified analysis by the use of oral
contraceptives, a previous meta-analysis reported use of oral
contraceptives could reduce the risk of endometriosis, which
demonstrated that the use of oral contraceptives might serve as a
protective factor against the development of endometriosis (29). In
the present study, we also found a significantly positive correlation
between the TyG index and the risk of endometriosis among those
who used oral contraceptives. Nevertheless, no significant
relationship was found in the women without the use of oral
contraceptives. Prospective researches are necessary to further
investigate the exact relationship between the TyG index and
endometriosis in these specific women groups.

4.1 Strengths and limitations

The strengths of this study include its population-based dataset
from NHANES, allowing the generalizability of our findings in the
US population. Meanwhile, to explore the association of the TyG
index with endometriosis preciously and thoroughly, in-depth
adjustments for potential confounders and subgroups were
performed, which could lead to more robust results. Moreover, to
our knowledge, this study was the first to provide insights into the
association of insulin resistance with the risk of endometriosis,
highlighting the significant value of the TyG index in the risk
assessment of endometriosis. We recommended that the TyG index
should be calculated and listed routinely in laboratory biochemical
tests, which could help gynecologists effectively identify individuals
at a higher risk and facilitate early intervention and treatment.
Additionally, targeting metabolic dysfunction, such as insulin
resistance, through lifestyle modifications and pharmacological
interventions, may present a novel therapeutic approach to
managing endometriosis.

However, several limitations should be considered. First, the
cross-sectional nature of the study limits the establishment of a
causal relationship between the TyG index and endometriosis.
Second, we relied on self-reported diagnosis of endometriosis in
the NHANES, which might introduce recall bias. Prospective
longitudinal studies are warranted to further confirm these findings.
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5 Conclusion

To conclude, this nationally representative study found that
elevated insulin resistance, as reflected by a higher TyG index, was
associated with a higher risk of endometriosis in American adults.
Our findings suggested TyG index may serve as an alternative tool
to predict the risk of endometriosis, and potentially guide future
prevention strategies. Further studies are needed to confirm these
findings and elucidate the underlying mechanisms.
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Background: Endometriosis is a chronic inflammatory disease of women during
their reproductive years. The relationship between the severity and location of
endometriosis and menstruation, ovulation, reproductive function, and mode of
delivery remains unclear.

Methods: We explored the association between the various phenotypes of
endometriosis and menstruation, ovulation, reproductive function, and mode
of delivery, using two-sample Mendelian randomization (MR) and summary data
on endometriosis stages and locations from the FinnGen consortium and
women’'s menstruation, ovulation, reproductive function, and mode of delivery
from OpenGWAS and ReproGen. Inverse-variance weighting was used for the
primary MR analysis. In addition, a series of sensitivity analyses, confounding
analyses, co-localization analyses, and multivariate MR analyses were performed.

Results: MR analysis showed a negative effect of moderate to severe
endometriosis on age at last live birth (OR = 0.973, 95% Cl: 0.960-0.986) and
normal delivery (OR = 0.999, 95% CI: 0.998-1.000; values for endpoint were
excluded), ovarian endometriosis on age at last live birth (OR = 0.976, 95% ClI:
0.965-0.988) and normal delivery (OR = 0.999, 95% CI: 0.998-1.000; values for
endpoint were excluded), and fallopian tubal endometriosis on excessive
irregular menstruation (OR = 0.966, 95% CI: 0.942-0.990). Bidirectional MR
analysis showed that age at menarche had a negative causal effect on intestinal
endometriosis (OR = 0.417, 95% CI. 0.216-0.804). All MR analyses were
confirmed by sensitivity analyses, and only the genetic effects of moderate to
severe endometriosis on normal delivery and age at last live birth were supported
by co-localization evidence.
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Conclusion: Our findings deepen the understanding of the relationship between
various types of endometriosis and menstruation, ovulation, reproductive
function, and mode of delivery and clarify the important role of moderate to
severe endometriosis.

KEYWORDS

endometriosis, menstruation, ovulation, reproductive function, mode of delivery,
Mendelian randomization

Introduction

Endometriosis is a chronic inflammatory disease that primarily
affects women of reproductive age, with a prevalence of up to 10%
(1, 2). It is characterized by the presence of endometrial tissue
outside the body of the uterus and is associated with pelvic pain,
dysmenorrhea, and infertility and its treatment is limited to
hormonal therapy or surgical removal of disease (1, 3).
Endometriosis is typically staged according to the revised
American Society of Reproductive Medicine (ASRM) criteria,
with milder lesions in stages 1-2 and more severe lesions in
stages 3-4. In addition, ectopic endometrium can invade almost
any part of the body, including the lungs and pleura, but most
commonly the pelvic organs and parietal peritoneum (4).

The etiology of endometriosis remains unknown, but several risk
factors have been reported. To date, it is known that earlier age at
menarche and shorter menstrual cycles are associated with an
increased risk of endometriosis, whereas higher parity is associated
with a lower risk (5). However, these studies have lacked associations
between various phenotypic features of endometriosis, including
ASRM stages and locations, and menstruation, ovulation,
reproductive function, and mode of delivery, consistently focusing
on the broad category of endometriosis, with far less information on
its subcategories. Moreover, most of these studies only included risk
factors for endometriosis and lacked findings on the possible
consequences of endometriosis.

In addition, studies on factors such as menstruation, ovulation,
reproductive function, and mode of delivery in relation to endometriosis
have been mostly limited to epidemiologic observations and cohort
studies. Therefore, it is difficult to draw causal conclusions from these
studies due to possible biases and potential confounders. In this
manuscript, we investigated the risk factors and consequences of
endometriosis based on GWAS using Mendelian randomization
(MR). MR is an analytical method for assessing causal inference in
epidemiologic studies in which endometriosis can be either an exposure
or an outcome, and uses genetic variants that are strongly associated
with exposure as instrumental variables (IVs) to assess the causal
relationship between exposure and outcome.

Here, we reported a comprehensive GWAS-based MR analysis
of the association between different stages and locations of
endometriosis and menstruation, ovulation, reproductive function,

Frontiers in Endocrinology

and mode of delivery, elucidating the causal effects of endometriosis
sub-phenotypes leading to various components of the complex
pathophysiology and improving our understanding of the risk
factors and consequences of endometriosis.

Methods

We selected genetic variants that were strongly associated with
different ASRM stages and locations of endometriosis from the
FinnGen consortium with a sample size of 210,870 women,
including endometriosis ASRM stages 1-2 and ASRM stages 3-4,
and endometriosis of ovarian, fallopian tube and pelvic peritoneum,
rectovaginal septum and vagina, and intestine. At the same time, we
collected the summary level data from OpenGWAS and ReproGen
study for GWAS on menstruation (excessive irregular
menstruation, and menstrual cycle length), ovulation (age at
menarche, age at natural menopause, years ovulating),
reproductive function (age at first live birth, age at last live birth,
number of live births, spontaneous abortion), and mode of delivery
(normal delivery, caesarean section) (6, 7). In this study, we used
two-sample MR analysis to investigate the genetic basis between
different stages and locations of endometriosis and menstruation,
ovulation, reproductive function, and mode of delivery and assess
the causal effects among them.

Data information

Phenotypes were described in detail as follows: (1) different
ASRM stages and locations of endometriosis; (2) menstruation
(excessive irregular menstruation and menstrual cycle length); (3)
ovulation (age at menarche, age at natural menopause, and years
ovulating); (4) reproductive function (age at first live birth, age at last
live birth, number of live births, and spontaneous abortion); (5) mode
of delivery (normal delivery and caesarean section). All genetic
association estimates were derived from GWAS studies conducted
in European populations, and the design and analysis protocols (such
as adjustment for covariates) were available for query in publications
(7-9). An overview of the data is shown in Figure 1, and detailed
information can be found in Additional File 2: Table 1.
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FIGURE 1

Data overview. It shows different ASRM stages and locations of endometriosis, menstruation, ovulation, reproductive function, and mode of delivery
Each phenotype labels the data source and the number of cases and controls.

Endometriosis

In FinnGen, N14 codes for endometriosis. The subitems of N14
were obtained, which were ASRM stages 1-2 and ASRM stages 3-4,
as well as endometriosis of ovary, fallopian tube, pelvic peritoneum,
rectovaginal septum and vagina, and intestine. Controls for a
particular phenotype of endometriosis were those individuals who

were not cases.

Menstruation

In OpenGWAS, ICD10: N92.1 was included in the analysis,
and women with this code were diagnosed with excessive and
frequent menstruation with irregular cycles (N = 2,048). It is
referred to in this manuscript as excessive irregular menstruation.
The length of menstrual cycle refers to the time since the last
menstrual period (N = 50,309).

Ovulation

A total of 243,944 individuals of European ancestry who self-
reported their age at menarche, ranging from 5 to 25 years, were
included in OpenGWAS. Summary data on the age at natural
menopause were reported by Ruth et al., who reported an age of 40
to 60 years, and were stored in the ReproGen database (N =
201,323) (8). Years ovulating was defined as the time between age
at menarche and menopause, calculated by D’Urso et al. using UK
Biobank data, as detailed in the publication (10).

Reproductive function

Age at first and last live birth was collected from women who
reported having more than one child. The number of live births
ranged from 0 to 22, with a median of 2. ICD10: O03 coded for
spontaneous abortion.

Frontiers in Endocrinology

Mode of delivery

GWAS summary data on normal deliveries and caesarean
sections were available in OpenGWAS, which included 7,946
normal deliveries and 23,610 caesarean sections.

Selection of genetic instruments and
data harmonization

We selected all single-nucleotide polymorphisms (SNPs)
strongly associated with exposure as instrumental variables (IVs),
with a genome-wide significance threshold of p < 5 x 107%, which
was p < 5 x 107° for endometriosis of the fallopian tube and
intestine. Moreover, the strength of each IV was assessed, and when
F >10, the SNP was included (10). All SNPs in linkage
disequilibrium (LD) were trimmed with a window of r* < 0001
and size <10,000 kb, and at the same time, SNPs with minor allele
frequency (MAF) >0.5% were retained. IVs that met the above
quality control are shown in Additional File 1: Table 1. Then, SNP
exposure and SNP outcome were harmonized with the use of the
“harmonise_data” function (11). SNPs for incompatible alleles and
being palindromic with intermediate allele frequencies were
removed during harmonization, if present.

Mendelian randomization analysis

Univariate MR analyses were performed to estimate the causal
effect of each type of endometriosis on (1) menstruation, (2)
ovulation, (3) reproductive function, and (4) mode of delivery.
Inverse variance weighted (IVW) MR was used as the primary
analysis method unless only one SNP was available (in which case
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the Wald ratio was used). IVW can provide unbiased estimates of
outcomes in the absence of horizontal pleiotropy in IVs (12). In
addition, the IVW method can account for the heterogeneity of
causal estimates obtained from individual variants (13, 14).

Bidirectional Mendelian
randomization analysis

To investigate the possibility of reverse causality between
exposure and outcome, bidirectional MR analyses were performed
(exposures and outcomes were reversed in the analyses). We used a
p <5 x107° to select the IVs associated with exposure, and the p
value threshold was appropriately relaxed to 5 x 107° for excessive
irregular menstruation, menstrual cycle length, spontaneous
abortion, normal delivery, and cesarean section. Other analysis
details were the same as for the MR analysis. The available IVs
are shown in Additional File 1: Table 2.

Sensitivity analyses

For each causal effect detected, we used a series of sensitivity
analyses to assess the robustness of the MR analysis. First, Cochran’s Q
statistic, including both IVW and MR-Egger methods, was used to
evaluate the heterogeneity of IVs in the causal effects. Second, MR-
Egger regression was used to evaluate the presence of horizontal
pleiotropy; if the intercept term equals zero, it indicates that
horizontal pleiotropy does not exist. Third, the MR-pleiotropy
residual sum and outlier (MR-PRESSO) analysis obtained horizontal
pleiotropy by detecting abnormal IVs in causal effects. If abnormal IVs
were present, outliers were removed, and MR analyses and sensitivity
analyses were repeated. When <50% of the instruments showed
horizontal pleiotropy, the MR-PRESSO test was most appropriate
(15). Finally, we performed a leave-one-out sensitivity analysis by
stepwise elimination of each IV to see if the results changed after
each SNP was removed.

Confounding analysis

We used the “phenoscanner” package (version 1.0) for
confounding analysis (16). Diseases/physical conditions significantly
associated with TV were explored using p < 5 x 10~ as the threshold.

Colocalization analysis

The coloc R package (version 5.2.2) was used to perform a
Bayesian test for co-localization of the two traits to estimate the
posterior probability of shared variation (17). We retrieved all
SNPs within the upper and lower 50 kb of each IV for co-
localization analysis to analyze the posterior probability of H4
(PP.H4), with PP.H4 >0.95 indicating co-localization of the
two traits.
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Multivariable Mendelian randomization

The exposures included in the multivariable MR (MVMR)
analysis were ASRM stages 3-4 and ovarian endometriosis.
Univariate MR analysis suggested a causal relationship
between these exposures and age at last live birth and normal
delivery. We used MVMR to account for potential horizontal
pleiotropy (18). The inclusion of IVs for MVMR was the same as
for MR analysis.

Statistical analysis

The results of MR analysis were presented as odds ratio (OR)
and 95% confidence interval (CI). Due to the presence of multiple
comparisons with causal effects, we corrected the p-values with the
false discovery rate (FDR), with a threshold of an adjusted p-value
< 0.1. This work was performed under R packages
“TwoSampleMR” (version 0.5.7), “MR-PRESSO” (version 1.0),
and “MVMR” (version 0.4) (11, 15).

Results

Causal effects of endometriosis stage and
location on menstruation, ovulation,
reproductive function, and mode

of delivery

As shown in Figure 2, MR analysis showed a negative effect of
ASRM stages 3-4 endometriosis on age at last live birth (OR =
0.973, 95% CI: 0.960-0.986) and normal delivery (OR = 0.999, 95%
CI: 0.998-1.000, excluding the value of the endpoint 1.000). We also
assessed the effect of different locations of endometriosis on various
outcomes. IVW estimates showed a negative effect of ovarian
endometriosis on age at last live birth (OR = 0.976, 95% CI:
0.965-0.988) and normal delivery (OR = 0.999, 95% CI: 0.998-
1.000, values for endpoint 1.000 were excluded). Endometriosis in
the fallopian tube was also observed to have a negative effect on
excessive irregular menstruation (OR = 0.966, 95% CI: 0.942-0.990)
(Figure 2). All MR estimates can be viewed in Additional File
1: Table 3.

Horizontal pleiotropy and heterogeneity analyses showed that
the causal effects of ASRM stages 3-4 endometriosis and ovarian
endometriosis on normal labor and tubal on excessive menstruation
were robust (Additional File 2: Tables 2, 4, 6). MR-PRESSO analyses
showed significant horizontal pleiotropy between IVs in the causal
effect of ASRM stages 3-4 endometriosis and ovarian endometriosis
on age at last live birth, identifying three abnormal IVs, respectively
(Additional File 2: Tables 3, 5). After removing the outliers, the MR
analysis was re-performed, and horizontal pleiotropy and
heterogeneity between IVs were corrected (Additional File 2:
Tables 3, 5). The leave-one-out test did not identify SNPs with
abnormal effects (Additional File 2: Figure 1). This manuscript only
listed the corrected MR Results (the same below).
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Exposure Outcome SNPs OR 95%ClI p.adjust
ASRM stages 3,4 normal delivery [ 19 0.999 0.998, 1.000 0.029
ASRM stages 3,4 age at last live birth ] 18 0.973 0.960, 0.986 <0.001
Ovary normal delivery L 19 0.999 0.998, 1.000 0.029
Ovary age at last live birth i 18 0.976 0.965,0.988 <0.001
Fallopian tube excessive irregular menstruation  +——s—— 4 0.966 0.942,0.990 0.046
——
0.9 1
FIGURE 2

MR estimates for the association between endometriosis stages and locations and menstruation, ovulation, reproductive function, and mode

of delivery

Bidirectional Mendelian
randomization analysis

Bidirectional MR analysis showed that age at menarche had a
negative causal effect on intestinal endometriosis (OR = 0.417, 95%
CI: 0.216-0.804), with an increase in age at menarche and a
decrease in risk of the disease (Figure 3). No other causal effects
were detected. Additional File 1: Table 4 demonstrated all
MR estimates.

There was horizontal pleiotropy in the IVs for age at
menarche; MR-PRESSO analysis excluded one SNP (Additional
File 2: Table 7). After removal of outliers, horizontal pleiotropy of
IVs was corrected, whereas heterogeneity among IVs remained
(Additional File 2: Table 7). However, our results were generated
based on the random-effects model (IVW), which remained
robust in the presence of heterogeneity (13, 14). The leave-one-
out test showed no outliers in the IVs (Additional File
2: Figure 1).

Confounding analysis

IVs in causal effects were summarized and analyzed with
various confounders by Phenoscanner. We found that potential
confounders of ASRM stages 3-4 and ovarian endometriosis
mainly included trunk predicted mass, birth weight,
coagulation dysfunction, height, heel bone mineral density,
atopic dermatitis, potential confounders of fallopian tubal
endometriosis mainly including mean plasma volume, mean

Exposure Outcome

hemoglobin, and erythrocyte distribution width, and potential
confounders of age at menarche mainly including body mass
index, birth weight, and triglycerides (Additional File 2:
Figures 2, 3, 4, 5).

Colocalization analysis

By co-localization analysis (PP.H4 >0.95), we found evidence to
support the existence of shared causal variants between ASRM
stages 3 and 4 endometriosis with normal delivery and age at last
live birth (Additional File 2: Table 8). There was no evidence of co-
localization for the remaining four causal effects.

Multivariable Mendelian randomization

We further assessed the association between ASRM stages 3-4
and ovarian endometriosis with normal delivery and age at last live
birth. Both ASRM stages 3-4 and ovarian endometriosis were not
associated with normal delivery and age at last live birth in the
MVMR framework (Additional File 2: Tables 9, 10).

Discussion

In this study, we performed a two-sample MR analysis using
large genome-wide association datasets to evaluate putative
causal relationships between seven types of endometriosis
and menstruation, ovulation, reproductive function, and mode

SNPs OR 95%ClI p.adjust

age at menarche Intestine e — 179 0.417 0.216, 0.804 0.099

06 08

FIGURE 3
Bidirectional MR analysis.
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of delivery. We found negative causal effects of ASRM stage 3-4
endometriosis on age at last live birth and on normal delivery,
ovarian endometriosis on age at last live birth, and normal
delivery, and fallopian tubal endometriosis on excessive
irregular menstruation. In addition, bidirectional MR showed
that age at menarche had a negative causal effect on intestinal
endometriosis. All MR analyses were confirmed by sensitivity
analyses, and further, the genetic effects of ASRM stage 3-4
endometriosis on normal delivery and age at last live birth were
supported by co-localization evidence. Our findings highlight the
genetic association between stages and locations of endometriosis
and menstruation, ovulation, reproductive function, and mode
of delivery.

Previous efforts, including cohort studies and observational
studies, have focused on the effect of the severity of endometriosis
on the ability of assisted reproductive technology (ART) to achieve
fertility (19-22). We reported an association between endometriosis
severity and normal delivery and age at last live birth, with
moderate-to-severe endometriosis impairing normal delivery and
advancing the age at last live birth. Moreover, our findings
supported that menstruation, ovulation, reproductive function,
and mode of delivery were not associated with mild endometriosis.

We also investigated the causal effects of endometriosis
locations on menstruation, ovulation, reproductive function, and
mode of delivery. In this study, our analyses found that ovarian
endometriosis showed a greater impact on women, followed by
fallopian tube, and endometriosis of pelvic peritoneum,
rectovaginal septum and vagina, and intestine were unrelated
exposures. In brief, ovarian endometriosis brought forward the
age at last live birth and impaired normal delivery, whereas
fallopian tubal endometriosis reduced the risk of excessive
irregular menstruation.

The association between ovarian endometriosis and age at first
live birth was noted by Tuominen et al. They found that the age at
first live birth was greatest in women with ovarian endometriosis
compared with those with peritoneal and deep endometriosis (23).
This is inconsistent with our finding that we did not find such a
correlation. First, we compared ovarian endometriosis with non-
endometriosis and endometriosis elsewhere, whereas Tuominen
et al. compared ovarian endometriosis with peritoneal and deep
endometriosis. Second, our study included a more general
population, whereas the study by Tuominen et al. was limited to
the first live birth before surgical confirmation of endometriosis and
excluded women with mild symptoms who were conservatively
diagnosed and treated for endometriosis. In addition, Parazzini
et al. also suggested that age at first live birth was not associated with
endometriosis (24).

Menstrual cycle length has been widely reported to be
associated with endometriosis (5). Short menstrual cycles increase
the risk of endometriosis (25, 26). However, we did not find an
association between menstrual cycle length and endometriosis. In
fact, the effect of the menstrual cycle length on endometriosis is
inconsistent across studies, and several studies suggested that the
menstrual cycle length was not related to endometriosis (27, 28).
Similarly, we did not find an association between endometriosis and
the number of live births, although it was previously thought that
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the risk of endometriosis decreased with increasing number of
births (24, 28, 29).

In addition to menstrual cycle length, age at menarche has also
been reported. The earlier the age at menarche, the higher the risk of
endometriosis (25, 30, 31). However, it has also been shown that
there was no association between endometriosis and age at
menarche (24, 28, 32). We found that the effect of age at
menarche on endometriosis may be limited. The earlier the age
at menarche, the higher the risk of intestinal endometriosis.
This finding may explain the discrepancy between studies.

In addition, negative effects on age at last live birth and normal
delivery were observed for both moderate-to-severe endometriosis
and ovarian endometriosis. These two types of endometriosis can
lead to abnormal delivery and an earlier age at last live birth,
shortening reproductive life. This may suggest that clinical attention
needs to be paid to the early detection and timely intervention of
these two types of endometriosis to ameliorate their adverse effects
on women’s labor and reproductive life span.

When both exposures (moderate-to-severe endometriosis and
ovarian endometriosis) were considered in the same multivariate
model, neither was associated with outcomes, indicating collinearity
of moderate-to-severe endometriosis and ovarian endometriosis. In
fact, there was substantial overlap between IVs in moderate-to-
severe endometriosis and ovarian endometriosis. We speculated
that there might be a causal effect between moderate-to-severe
endometriosis and ovarian endometriosis, i.e., ovarian
endometriosis tends to be more severe. This is beyond the scope
of this manuscript, and therefore we did not explore it further, but it
could be explored in the future.

The main strength of this study is the utilization of summary-level
data on non-overlapping exposures and outcomes in the two-sample
MR framework for causal inference. This is a comprehensive analysis
of the genetic association between the stages and locations of
endometriosis and menstruation, ovulation, reproductive function,
and mode of delivery. In addition, we conduct a series of sensitivity
analyses, confounding analyses, and co-localization analyses to explore
the bias introduced by violating the MR assumption. We also used
MVMR to explore specific biases caused by horizontal pleiotropy via
moderate-to-severe endometriosis and ovarian endometriosis.

Several limitations of this study should be considered when
interpreting the results. First, our findings may have been affected
by cohort selection bias, with the population in the sample
representing a subset of the total population. In addition, because
all genetic variants were derived from genomic studies of European
populations, it is not known whether the findings of this study apply
to other ethnic populations. Second, endometriosis may occur not
only at the five locations described in this manuscript but also at
other locations, such as lungs and pleura. We only performed the
analyses of the five common locations of endometriosis, and the
reason for not analyzing other locations was the lack of
corresponding data. Next, due to the lack of IVs, SNPs used for
several exposures in the analysis did not meet the traditional GWAS
significance threshold (p < 5 x 107%), which was relaxed to <5 x
107°. This did not affect the reliability of the study’s conclusions,
and our main conclusions are based on strict thresholds and a series
of subsequent analyses.
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In conclusion, this two-sample MR study provided a
comprehensive analysis of the genetic associations between stages
and locations of endometriosis and menstruation, ovulation,
reproductive function, and mode of delivery. Our study elucidates
that moderate-to-severe endometriosis and ovarian endometriosis
can lead to abnormal deliveries and a shortened reproductive life
span. Both types of endometriosis should be detected promptly and
intervened early in clinical practice.
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