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Editorial on the Research Topic

Endometriosis: pathogenesis, diagnosis and treatment, volume II
Endometriosis is a chronic, multifactorial, estrogen-dependent inflammatory disease

characterised by the presence of endometriotic tissue outside the uterus, and it affects 6-

10% of reproductive-age women (1). It causes pain symptoms (dysmenorrhea, deep

dyspareunia, chronic pelvic pain) and infertility, thus significantly impairing quality of

life. The gold standard for diagnosis of endometriosis is laparoscopy, followed by

histological confirmation of the biopsy sample. Although non-invasive techniques,

including ultrasonography and magnetic resonance imaging, may allow the detection of

endometriosis (2, 3), diagnosing this condition is still challenging, and a non-invasive

biomarker is not available (2). In addition, the etiology of the disease remains unclear.

Several studies included in this Research Topic tried to elucidate mechanisms involved

in the pathogenesis of endometriosis. Identifying molecular pathways may also help

develop diagnostic tools and identify potential pharmacological targets.

Endometriosis is typical of the reproductive age, and it usually regresses after menopause;

however, it may recur if hormone replacement therapy is administered. Estrogens have a

pivotal role in the pathogenesis of endometriosis because of their proliferative and

inflammatory properties. Several studies included in this Research Topic investigated the

role of estrogens in the pathogenesis of endometriosis. A review by Mercorio et al. described

the endocrine microenvironment of endometriotic lesions. The review highlighted that the

enzymatic pathways leading to locally increased synthesis of estrogens in endometriosis

involve aromatase, 17b-hydroxysteroid dehydrogenase type 1, type 2 and type 5, steroid

sulfatase, and estrogen sulfotransferase. A retrospective study by Emond et al. evaluated

whether estradiol and its biologically active metabolites are differentially associated with

endometriosis. The study included 209 women with endometriosis and 115 without

endometriosis. Higher 2OH-3MeO-estrone was linked to an increased risk of

endometriosis. Patients with ovarian endometriosis had enhanced 2-hydroxylation with

higher 2MeO-estrone and 2OH-estrone levels. Abdominal, pelvic and back pain symptoms

were also linked to higher 2OH-3MeO-estrone levels. Another review by Yuan et al. assessed

the impact of several factors on estrogen-mediated epithelial-mesenchymal transition in the
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emergence of several diseases in the female reproductive tract,

primarily endometriosis. Inhibition of estrogen biosynthesis may be

a future target of endometriosis treatment (3).

According to the “retrograde menstruation theory”, when

endometrial cells fall from the uterine cavity into the peritoneal

cavity, they face severe hypoxic stress. A review by Zhou et al.

evaluated the role of hypoxia-induced unfolded protein response in

regulating the development of endometriotic lesions.

El Idrissi et al. investigated protein networks most strongly

associated with the symptomatology of endometriosis. The authors

found that biological pathways involving interleukin and/or

cytokine signalling were linked to endometriosis-related symptoms.

It is well-known that genetic factors contribute to the

pathogenesis of endometriosis. In this Research Topic, Bae et al.

studies pathways underlying the pathogenesis of endometriosis by

investigating differentially expressed genes in patients with

endometriosis and healthy controls. One hundred eighteen

differentially expressed genes were identified (79 upregulated and

39 downregulated) by integrating publicly available datasets. The

authors validated the identified genes via immunohistochemical

analysis of tissues obtained from patients with endometriosis and

controls. They found that TLR4/NF-kB and Wnt/frizzled signalling

pathways, as well as estrogen receptors, may be involved in the

progression of endometriosis.

DNA methylation is essential in the regulation of gene

expression. Changes in DNA methylation have been associated

with altered gene expression in the endometrium, and they may

contribute to the pathogenesis of endometriosis. A study by Lei et al.

investigated candidate genes of endometriosis through integrated

analysis of genome-wide gene expression and DNA methylation

profiles. Eutopic and ectopic endometrial tissues were obtained

from patients with ovarian endometriomas. Genome-wide

methylation profiling identified 17551 differentially methylated

loci, with 9777 hypermethylated and 7774 hypomethylated loci.

The microbiome may have a role in the development of

endometriosis. A review by Uzuner et al. included in this

Research Topic evaluated the role of the microbiome in the

formation and progression of endometriosis via inflammatory

pathways. The dysbiosis seen in endometriosis is thought to be

both causative and a consequence of the pathogenesis. Gut,

peritoneal fluid and female reproductive tract microbiota have

been studied to understand if there are any microbiome

signatures specific to endometriosis that can be used as a non-

invasive test of the disease. Theoretically, manipulating the

microbiome may also help treat endometriosis.

Endometriosis is associated with a decrease in ovarian reserve

(4), and surgical treatment of endometriomas may further
Frontiers in Endocrinology 025
decrease ovarian function (5). A retrospective study by Liu

et al. investigated the association between different ovarian

reserves and reproductive and perinatal outcomes in patients

with endometriosis. The study revealed that although patients

with endometriosis with normal ovarian reserve and high ovarian

reserve had increased reproductive outcomes, patients with

endometriosis with diminished ovarian reserve still had an

acceptable live birth rate and a similar cumulative live birth

rate with available oocytes. Moreover, patients with normal

ovarian reserve and high ovarian reserve might not exhibit a

decreased risk of abnormal perinatal outcomes, except for

gestational diabetes mellitus.

We want to express our profound gratitude to all the authors

who contributed to this Research Topic by publishing their

best works.
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Exploration of the core protein
network under endometriosis
symptomatology using a
computational approach

Fatima El Idrissi 1,2, Mathilde Fruchart1,3, Karim Belarbi2,4,
Antoine Lamer1,3, Emilie Dubois-Deruy5, Mohamed Lemdani2,3,
Assi L. N’Guessan6, Benjamin C. Guinhouya 1,3*

and Djamel Zitouni2,3

1Univ. Lille, UFR 3S, Faculté Ingénierie et Management de la Santé, Lille, France, 2Univ. Lille, UFR 3S,
Faculté de Pharmacie, Lille, France, 3Univ. Lille, CHU Lille, ULR 2694 - METRICS, Lille, France, 4Univ.
Lille, Inserm, CHU-Lille, Lille Neuroscience & Cognition, Lille, France, 5Univ. Lille, Inserm, CHU Lille,
Institut Pasteur de Lille, U1167 - RID-AGE - Facteurs de risque et déterminants moléculaires des
maladies liées au vieillissement, Lille, France, 6Univ. Lille, UMR CNRS 8524, Laboratoire Paul
Painlevé, Villeneuve d’Ascq, Cedex, France
Background: Endometriosis is defined by implantation and invasive growth of

endometrial tissue in extra-uterine locations causing heterogeneous

symptoms, and a unique clinical picture for each patient. Understanding the

complex biological mechanisms underlying these symptoms and the protein

networks involved may be useful for early diagnosis and identification of

pharmacological targets.

Methods: In the present study, we combined three approaches (i) a text-mining

analysis to perform a systematic search of proteins over existing literature, (ii) a

functional enrichment analysis to identify the biological pathways in which

proteins are most involved, and (iii) a protein–protein interaction (PPI) network

to identify which proteins modulate the most strongly the symptomatology

of endometriosis.

Results: Two hundred seventy-eight proteins associated with endometriosis

symptomatology in the scientific literature were extracted. Thirty-five proteins

were selected according to degree and betweenness scores criteria. The most

enriched biological pathways associated with these symptoms were (i)

Interleukin-4 and Interleukin-13 signaling (p = 1.11 x 10-16), (ii) Signaling

by Interleukins (p = 1.11 x 10-16), (iii) Cytokine signaling in Immune system

(p = 1.11 x 10-16), and (iv) Interleukin-10 signaling (p = 5.66 x 10-15).

Conclusion: Our study identified some key proteins with the ability to

modulate endometriosis symptomatology. Our findings indicate that both

pro- and anti-inflammatory biological pathways may play important roles in

the symptomatology of endometriosis. This approach represents a genuine

systemic method that may complement traditional experimental studies. The
frontiersin.org01
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current data can be used to identify promising biomarkers for early diagnosis

and potential therapeutic targets.
KEYWORDS

endometrium, cell signaling, female infertility, systems biology, text-mining
Introduction

Endometriosis is a gynecological inflammatory disease

affecting women of reproductive age (1, 2). Approximately 200

million women worldwide, 10% to 15% of women of

reproductive age and 2.5% of postmenopausal women are

affected by endometriosis (3, 4). Three main forms of

endometriosis are described: (i) ovarian endometriosis, (ii)

superficial peritoneal endometriosis and (iii) deep infiltrating

endometriosis (DIE) (1, 5), the latter being recognized as the

most severe form (6, 7). Endometriosis is defined by

implantation and invasive growth of endometrial tissue in

extra-uterine locations, causing chronic pelvic pain,

dyspareunia, dysmenorrhea, menorrhagia, bowel symptoms,

and infertility (1, 6, 8). Endometriosis symptoms are

associated with substantial reductions in quality of life (9, 10).

Living with severe cyclic or continuous pelvic pain can lead to

stress, anxiety, depression and absenteeism from work (11, 12).

Endometriosis is a multifactorial disease, with complex

pathophysiological mechanisms, of which genetic and

environmental components are still poorly evaluated (13, 14).

The etiology of endometriosis is not completely understood.

Several hypotheses have been put forward concerning the

histological origins of endometriosis; the most accepted theory

being Sampson’s theory of retrograde menstruation, which

involved fragments of menstrual endometrium being

disseminated through the fallopian tubes (7, 9, 13). However,

this phenomenon is observed in nearly 90% of women,

suggesting that immune and hormonal dysfunctions may add

to the observed fragmentation, yielding the adhesion, survival

and proliferation of the lesions (1, 2, 10). Several mechanisms

such as exacerbated production of growth and pro-inflammatory

factors, an increase in estradiol expression combined with

progesterone resistance, and an overexpression of reactive

oxygen species might be involved in the development of

endometriosis (10, 14, 15). Distinct immunological

abnormalities involving angiogenesis, vasculogenesis and

inflammation have been well described. These processes

involve molecules including the VEGF factor that triggers

angiogenesis, tumor necrosis factor (TNF)-a, which plays an

essential role in increasing proliferative potential and acts

primarily as a precursor to initiating an inflammatory
02
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response by activating a cascade of other cytokines, such as IL-

1, IL-6 and CXCL8 (8, 16–18). The ineffectiveness of using anti-

inflammatory agents to treat endometriosis shows that the

disease is more related to the loss of balance between pro- and

anti-inflammatory molecules (4). It appears clearly today that to

understand the complexity of this disease, it is necessary to study

the processes involved as a whole, as well as potential

interactions between their components.

There is currently no treatment for endometriosis. On the

other hand, the time between the development of the first lesions

and the diagnosis is estimated between 7 and 10 years (2, 10).

Thus, two major challenges must be met: identification of early

diagnostic biomarkers, and that of potential therapeutic targets.

An increasing number of studies are based on the search for

biomarkers involved in endometriosis in order to develop less

invasive diagnostic methods (i.e., urine tests, blood tests) (19,

20). The biological complexity under endometriosis has been

previously addressed using computational biology approaches

on the basis endometriosis-related alternations (e.g. immune cell

infiltration) (21) or the development and progression of

endometriosis (22). However, to the best of our knowledge, no

study had used endometriosis-related symptoms to build up its

underlying biomolecular processes.

Finding useful information in the genetic data generated for

endometriosis is very challenging and computational biology

can be helpful. Our study used tools of computational biology to

identify biological processes and protein networks underlying

the symptomatology of endometriosis. We combined text-

mining, functional enrichment and protein-protein interaction

analyses to suggest some biomarkers or therapeutic targets

deserving further exploration.
Materials and methods

Protein collection with text-mining

The Medline database was used as a data source to perform a

systematic search of genes associated with endometriosis

s ymp t om a t o l o g y . T h e P u bMed® s e a r c h q u e r y

[“endometriosis” AND (“dysmenorrhea” OR “metrorrhagia”

OR “dyspareunia” OR “dyschesia” OR “symptoms”)] was used
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to retrieve the PMIDs related both to endometriosis and at least

one of its symptoms. Articles, from the inception of PubMed

until December 2020, which considered a human model, dealt

with of reproductive age (i.e. women between 13-44 years old),

and published in English, were included. A text-mining of genes

related to all types of endometriosis was carried out using the

Pubtator resource, which has been developed as an extension of

the NCBI, to provide access to biomedical and genomic

information (https://www.ncbi.nlm.nih.gov/research/pubtator/)

(23, 24). Then, the genes identified with Pubtator in the title,

abstract and full text of the PMIDs list was retrieved using the

panda library in Python language (www.python.org/).

Text-mining was performed using the GNormPlus Pipeline,

which includes two modules: gene mention recognition and gene

name normalization. This pipeline has an accuracy of 87.1%

(25). We then used 309 UniProtKB Retrieve/ID mapper (https://

www.uniprot.org/) to retrieve the UniProtKB protein identifiers

associated to these Gene ID (26, 27). Uniprot provides a

comprehensive collection of all known, manually annotated

protein sequence data.
Gene set enrichment

The essential part of this analysis consisted in translating the

genetic signatures into information that can help to understand

the underlying biological mechanisms. The annotations

determine which proteins are significantly enriched in an entry

list compared to a reference list. Gene Ontology (GO)

enrichment of the collected proteins was first performed using

the GeneCodis (https://genecodis.genyo.es/), with annotation

from GO Cellular Component, GO Molecular Function and

GO Biological Process categories (28, 29). The most enriched

annotations were then visualized using the ggplot2 package in R

language (www.r-project.org). Functional enrichment analysis of

the proteins was subsequently performed and visualized using

the Reactome Pathway Database (https://reactome.org) (30, 31).

The functional pathways were sorted in ascending order

according to their p-value, and proteins involved in the 10

most significantly enriched functional pathways (i.e. with the

lowest p-values) were selected for subsequent analysis.
Protein-protein functional interaction

The STRING protein query database was used to build a

protein-protein functional interaction network in Cytoscape

3.7.2 (32). STRING is known as the primary source to depict

and visualize the interaction among various proteins (32). The

minimum combined score was set at 0.9 to retain only highest-

confidence functional and physical interactions. In the network

the nodes correspond to proteins and the edges to the

interactions between each protein. We then used the
Frontiers in Endocrinology 03
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CentiScaPe Cytoscape plug-in to calculate the node degree and

betweenness centrality of each protein. The nodes (proteins) that

had a degree centrality and a betweenness centrality greater than

or equal to the mean were identified as key proteins more likely

to modulate symptoms of endometriosis.
Results

Protein collection

The workflow of the study is described in Figure 1. The

number of articles published on endometriosis symptomatology

has been growing exponentially in recent years (Supplementary

Figure 1). Our PubMed database queries yielded 2,177 articles

published on the topic from 1990 to 2020. The PMIDs of these

articles were downloaded and processed using Pubtator. A total

of 309 genes were initially obtained, and then converted into

unique protein identifiers, which were translated into 278

reviewed proteins, which in turn were linked for further analysis.
Enrichment analysis

The top eight enriched terms of the Cellular component,

Molecular Function and Biological Process are presented in

Figure 2. Cellular Components showed an enrichment of the

proteins expressed in extracellular region, extracellular space,

cytoplasm, plasma membrane, membrane, cytosol, nucleus and

extracellular exosome. Molecular Function annotations showed

that the proteins involved in the top eight terms were expressed

in binding proteins (including protein binding, identical protein

binding, signaling receptor binding, enzyme binding, metal ion

binding), cytokine activity, G protein-coupled receptor activity

and hormone activity. Biological Process annotations revealed

that the most highly enriched terms were signal transduction,

cytokine-mediated signaling pathway, positive regulation of gene

expression, inflammatory response, positive regulation of cell

population proliferation, G protein-coupled receptor signaling

pathway, immune response and negative regulation of apoptotic

process. The two most enriched Biological Process terms were

signal transduction (p = 7.40 x 10-62) and cytokine-mediated

signaling pathway (p = 1.33 x 10-56), which were closely related

to the pathology of endometriosis.

All the proteins mined were analyzed in the Reactome

Database in order to visualize biological processes associated

with endometriosis’ symptomatology. The 28 global pathways

analyses are shown in Figure 3. The 10 most enriched pathways

were selected: (1) Interleukin-4 and Interleukin-13 signaling (p =

1.11 x 10-16), (2) signaling by Interleukins (p = 1.11 x 10-16), (3)

Cytokine signaling in Immune system (p = 1.11 x 10-16), (4)

Interleukin-10 signaling (p = 5.66 x 10-15), (5) Signal

transduction (p = 6.93 x 10-12), (6) Extra-nuclear estrogen
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signaling (p = 3.37 x 10-9), (7) Signaling by GPCR (p = 4.34 x

10-9), (8) GPCR ligand binding (p = 4.43 x 10-9), (9) Immune

System (p = 4.56 x 10-9), (10) Interleukin-1 processing (p = 1.50

x 10-7) (Table 1). We extracted all the proteins involved in the 10

biological pathways mentioned above and removed the

duplicates. One hundred sixty-two unique proteins from the

10 most enriched pathways were retained for protein-protein

interaction analysis.
Protein-protein functional interaction

To be retained, proteins had to exhibit a higher than average

degree (>5.27) and betweennes (166.57), to be both first
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neighbors of the given node and the shortest path linking two

nodes. A total of 35 nodes (proteins) with 150 edges

(interactions) were: Mitogen-Activated Protein Kinase 1, 3 and

14; Interleukin 1b, 2, 4, 6, 10, 13 and 17A; C3; Protein Kinase C

Delta; Neurotrophic Receptor Tyrosine Kinase 1; Recombinant

Insulin; Adrenoceptor Beta 2; Transcription factor p65;

Transforming Growth Factor Beta 1; C-X-C Motif Chemokine

Ligand 8; Tumor necrosis factor; Nuclear Factor Kappa B Subunit

1 ; Caspase-3 precursor ; Tumor protein 53; Matrix

metallopeptidase 9; Vascular endothelial growth factor A;

Metallopeptidase Inhibitor 1; Human Corticotrophin Releasing

Hormone Receptor 2; Androgen receptor; Prostaglandin E

Receptor 1; Arginine Vasopressin; Proopiomelanocortin; KRAS

Proto-Oncogene; Protein kinase B; C-C Motif Chemokine Ligand
FIGURE 2

The top 8 significant Gene Ontology terms of common genes. The bar charts represent the counts of genes classified in the Cellular
Components, Molecular Functions, Biological Pathways, respectively. The red line chart represents the significance of enrichment terms (-log10
(p_value)).
FIGURE 1

Summary of data mining results. Text-mining: Three hundred and nine genes were found by using Pubtator and total of 278 proteins ID were
reviewed on Uniprot. Gene Ontology: Biological process, Cellular component, Molecular function analyses were performed in GeneCodis. Gene
set enrichment: Pathway analysis was performed in GeneCodis to enrich 278 genes. Then, 162 significant genes were derived by protein-protein
interaction analysis using STRING and Cytoscape. Thirty-five significant genes were selected for the final analysis with degree and betweenness
criteria using Centiscape and Cytoscape.
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11; Catenin Beta 1; Protein Tyrosine Kinase 2 (Table 2). Finally,

prevailing protein-protein interactions network was visualized

with STRING (Figure 4). These proteins were considered to be

the most modulated in the symptomatology of endometriosis

and thus could explain the underlying biological mechanisms

of endometriosis.
Discussion

This study provided a text-mining approach that tapped

data from bioinformatics banks, with the aim of investigating the

protein network related to the symptomatology of

endometriosis. A holistic approach was favored to understand

the associated complex biological mechanisms behind this

symptomatology. Expressed protein may support the advent of

some symptoms, which should help health professionals and

clinicians in their investigations. As an attempt to address the
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knowledge gaps surrounding this disease, a special feature of our

approach relies on the interest in all the genes collected in the

literature as being related to the symptomatology of

endometriosis. These genes are often detected based on the

results of isolated experimentations.

Thirty-five key proteins were identified in the current study

as potential modulators of the symptomatology of

endometriosis. Inflammation in endometriosis, widely

supported by existing literature, is reflected by an

overexpression of inflammatory cytokines, inhibition of

endothelial function and hormonal dysregulations (10, 33). A

pro-inflammatory cytokine such as Interleukin-1 b (IL-1b) may

enhance the proliferation of endometriotic cells. IL-1b can also

trigger the production of IL-6 and IL-8 (other pro-inflammatory

cytokines), which are involved in more proliferation and the

decrease of apoptotic rate (14). Inflammation state not only leads

to dysmenorrhea, dyspareunia and infertility (34) but also cause

oxidative stress connected to poor‐quality embryos and
TABLE 1 Summary of the 10 most enriched biological pathways, grouping 162 unique proteins associated to endometriosis symptomatology
using Reactome Pathway Database.

Pathway name Count Total genes in genome Entities p-value

Interleukin-4 and Interleukin-13 signaling 30 111 1.11 x10-16

Signaling by Interleukins 59 457 1.11 x10-16

Cytokine signaling in Immune system 70 804 1.11 x10-16

Interleukin-10 signaling 17 45 5.66 x10-15

Signal Transduction 117 2574 6.93 x10-12

Extra-nuclear estrogen signaling 15 80 3.37 x10-9

Signaling by GPCR 46 706 4.34 x10-9

GPCR ligand binding 36 469 4.43 x10-9

Immune System 99 2249 4.56 x10-9

Interleukin-1 processing 6 9 1.50 x10-7
Count: enriched protein number in the pathway.
FIGURE 3

Pathway enrichment analysis for all the 278 proteins identified by text-mining. This analysis was performed by using Reactome Pathway
Database. Yellow means pathways that are significantly overrepresented.
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immature oocytes (14). The over-activation of macrophages and

mast cells in endometriosis produces IL-1b, TNF-a, IL-6, and IL-
10 (35) found in our analysis. Even if the involvement of the IL-

10 pathway in endometriosis is still poorly understood, the IL-10

signaling pathway has an ability to block cytokines and

chemokines from macrophages being the root of inflammatory

processes (36, 37). Moreover, anti-inflammatory signaling

pathways IL-4 and IL-13 are involved in the cellular immune

response, particularly T helper type 2 (38). IL-4 and IL-13 type I

and II receptor signaling pathways are linked to Signal

Transducer and Activator of Transcription 6 (STAT6)

expression (39), responsible for mediating IL-4 and IL-13

immune signaling, increase proliferation, adhesion and
Frontiers in Endocrinology 06
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viability of endometriosis lesions (38). Suppressor Of Cytokine

Signaling protein 1 (SOCS1) inhibits STAT6 expression and has a

protective effect by activating cell apoptosis (39). SOCS1

dysregulation may exacerbate the IL-4 and IL-13 properties

associated with endometriosis.

Hence, the findings from the current study pinpoint that

both pro-inflammatory and anti-inflammatory pathways are

involved in the symptomatology of endometriosis. This was

assumed to play a paradoxical role in acute and chronic

phases of the disease due to pathological immune imbalance

(38). Interestingly, a study on the mouse model has shown

that pre-existing peritoneal inflammation did not contribute

to the development of endometriosis and could even reduce it
TABLE 2 Proteins with higher than average betweenness and degree in the protein-protein interaction network.

Protein Name UniProtKB ID Betweenness (average 166.57) Degree (average 5.27)

POMC P01189 2562.6 25

CXCL8 P10145 1927.9 27

MAPK1 P28482 1879.0 28

AKT1 P31749 1531.5 21

CCL11 P51671 1332.1 8

IL6 P05231 1289.2 27

IL2 P60568 1275.9 19

MAPK3 P27361 1258.2 26

INS P01308 1251.5 11

VEGFA P15692 1183.3 20

C3 P01024 1177.1 20

NFKB1 P19838 1151.5 21

MAPK14 Q16539 875.4 17

KRAS P01116 870.6 16

CTNNB1 P35222 853.3 13

TNF P01375 600.7 24

IL4 P05112 582.8 17

PTGER1 P34995 583.3 8

IL10 P22301 533.6 21

RELA Q04206 493.7 21

IL1B P01584 460.8 22

IL13 P35225 456.7 16

NTRK1 P04629 440.4 8

TP53 P04637 425.4 17

ADRB2 P07550 420.2 12

CRHR2 Q13324 379.1 12

CASP3 P42574 374.4 10

AVP P01185 352.2 16

MMP9 P14780 345.0 12

TGFB1 P01137 282.8 10

AR P10275 282.1 8

PRKCD Q05655 269.8 13

IL17A Q16552 256.8 9

PTK2 Q05397 253.7 11

TIMP1 P01033 222.1 10
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(33). This supports the need to provide understanding of the

precise role of inflammation in this disease.

Some previously identified targets in the literature (i.e. IL-1, IL-

6, IL-4, and VEGF) were emphasized by our analysis. The IL-1

pathway is a pro-inflammatory cytokine that activated NF-kB

inflammatory pathways (34). Dysregulation of cytokines and NF-

kB factor induces both an inflammatory process and an immune

system dysfunction involved in endometriosis (40). The NF-kB

biological pathway has several subunits such as the p65 involved in

the regulation of cell survival. The pathway expressed by p65 also

plays a role in the inflammatory response and contributes to

angiogenesis and metastasis survival (41–43). NF-kB1 subunit

promotes the expression of inflammatory cytokines (44, 45).

Similar to the existing literature, the implication of TNF-a is

again emphasized in this study on Figure 4, portraying the most

important protein interactions. TNF-a, which plays an essential role
in increasing proliferative potential, acts primarily as a precursor in

initiating an inflammatory response by activating a cascade of other

cytokines, such as IL-1, IL-6 and the vascular endothelial growth

factor (VEGF) (7, 46). Abnormal VEGF levels may impair the

process of angiogenesis, which is favorable to embryonic

implantation, thus justifying the high miscarriage rate (47, 48).

The current study also highlighted some lesser-known targets (i.e.

PGE1, AVP) (49–51), which may require deeper investigations.

Excessive expression of Prostaglandin E receptor 1 (PGE1) is linked

to an inflammatory reaction as for tumor protein 53 (p53). Unlike

our finding, no link between endometriosis and arginine
Frontiers in Endocrinology 07
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vasopressin (AVP) or Caspase-3 has been reported in the

literature, and this may require more exploration (46–48, 52).

Furthermore, the KRAS protein, stressed in the protein network

(Figure 4) is a factor that is overexpressed in skeletal muscle and

myocardium, uterus, adrenal cortex and some bone marrow stem

cells (53). A mutation of KRAS can cause hyperplasia. This may

explain the occurrence of endometrial hyperplasia in endometriosis

(49, 54). TGF-b1 also plays a role in muscle diseases by inhibiting

myogenesis and regeneration (55). This involves the development

of fibrosis or atrophy of the muscle skeleton (56, 57). Finally, our

study pointed out Neurotrophic Receptor Tyrosine Kinase 1

(NTRK1) protein, which may be involved in neuropathic pain.

Nerve growth factor (NGF) is themain ligand ofNTRK1 (26). It was

shown that NGF is directly associated with pelvic pain and more

specifically with dysmenorrhea, dyspareunia, painful bladder

syndrome and irritable bowel syndrome (58, 59). These pains

reach the nervous system by provoking a nociception. Such a

damage to the nervous system would lead to neuropathic or

neuroinflammatory pain (59, 60). In summary, this apparent

crosstalk between immune cells, nerves, and central pain

pathways is providing an opportunity to develop more targeted

therapies against endometriosis and its symptoms (20).

Although the proteins identified should be taken with

caution, given the heterogeneity of the studied tissues, the

different forms of the disease and techniques used, the current

study provides an overall picture of the proteins involved in the

symptomatology of endometriosis. In future studies, it would be
FIGURE 4

Protein–protein high (confidence score 0.9) physical and functional interactions network of the 35 targeted proteins generated by the String
and Centiscape softwares. Network nodes represent proteins; blue edges represent known interactions from curated databases, and pink edges
represent experimentally determined interactions.
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interesting to examine the involvement of these proteins given

the stage of endometriosis and the phases of the menstrual cycle.

It is noteworthy that protein interactions that are not already

known in the STRING database may lead to discarding key

targets involved in the symptomatology of endometriosis. Some

proteins have been deeply investigated in the literature while

others are rarely studied proteins, and thus may not be detected

during text-mining. Also, the network of proteins obtained does

not allow weighing to them according to the importance of their

involvement in the disease. Thus this approach proves to be

complementary to other studies exploring the completeness of

the genome (e.g. Genome-wide association studies, GWAS) or

using the Gene Expression Omnibus database (GEO) to study

differentially expressed genes (61–63). Our study still remains an

exploratory analysis that was based on the general

symptomatology of endometriosis. We do not get any

information on either the different forms of endometriosis or

the different stages of the disease. Potentially, this approach can

be replicated at a higher level of detail to allow comparing the

biological implications of eutopic and ectopic endometrium. In

the same way, the query can be refined to select articles from

different stages of the disease (early or advanced stage) or from

different phases of the menstrual cycle. Hence, the comparison

of the signaling pathways related to the early stage of

endometriosis (with a search for genes in the articles involved

in the early stage of the disease) and the more advanced stage

warrants attention. Finally, because Pubtator tools may not have

perfect discriminative ability in distinguishing between genes

and alleles, some overlapping cannot be completed ruled out.

Taken together, our data highlight that pathways associated

to endometriosis symptomatology have sometimes paradoxical

roles, certainly resulting in a loss of balance, and these may be

time-dependent. Then, developing strategies to enhance their

protective effects or to combat their pathological responses at

specific stages of the disease could prove therapeutic potential

for endometriosis. In conclusion, our study identifies 35

interrelated key proteins with the highest ability to control

pathways associated to endometriosis symptomatology. While

some proteins such as IL-1b, IL-6, IL-4, and VEGF are largely

evaluated, our data are suggestive of further investigation on

proteins such as PGE1 and AVP. Our study prioritizes potential

biomarkers and key targets, and further assessing them in

endometriosis could help for the development of diagnostic

tools and therapeutic strategies for endometriosis.
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Endometriosis is a chronic, multifactorial, estrogen-dependent disease. The

abnormal endocrine microenvironment of endometriosis lesions is considered

a main feature and multiple enzymatic pathways leading to local increased

synthesis of estrogens have been identified. However, the relevance of

intracrinology in clinical practice is still lacking. Medline, Embase, Scopus

database were systematically searched for studies reporting on local

estrogens metabolism of endometriotic lesions. The main enzymatic

pathways involved in the intracrinology of endometriosis such as aromatase

(CYP19A1), 17b-hydroxysteroid dehydrogenase (HSD17B) type 1, type 2 and

type 5, steroid sulfatase (STS), estrogen sulfotransferase (SULT1E1) were

assessed with a critical perspective on their role in disease endocrine

phenotyping, drug resistance and as therapeutic targets. Overall, studies

heterogeneity and missing clinical data affect the interpretation of the clinical

role of these enzymes. Although the use of some drugs such as aromatase

inhibitors has been proposed in clinical practice for two decades, their potential

clinical value is still under investigation as well as their modality of

administration. A closer look at new, more realistic drug targets is provided

and discussed. Altered expression of these key enzymes in the lesions have far

reaching implication in the development of new drugs aimed at decreasing

local estrogenic activity with a minimal effect on gonadal function; however,

given the complexity of the evaluation of the expression of the enzymes,

multiple aspects still remains to be clarified.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/

display_record.php?ID=CRD42022311329, identifier CRD42022311329.
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Introduction

Endometriosis is described by the presence of endometrial-

like tissue outside the uterus. It is defined as an estrogen-

dependent, inflammatory, and chronic disease, often associated

with pelvic pain and subfertility/infertility. The etiology remains

uncertain and seems to be related to a complex interplay between

family of genes associated with the immune system functioning,

sex steroid hormone pathways (neuro)inflammation and

environmental risk factors (1).

The estrogen-dependent nature of endometriosis is well

known and clinically highlighted by the relapse of the disease

in premenopausal women post discontinuation of anti-

gonadotropic therapy, as well as in postmenopausal women

following the administration of estrogen replacement therapy

(2–4) Estrogens show direct cellular antiapoptotic and

proliferative effects on the endometriosis lesion as well as

promote the pro-inflammatory microenvironment, leading to

the chronic nature of the disease (2).. Recent genomics,

transcriptomics, and proteomics data, show that endometriosis

tissue has a different hormonal environment (5). Increased

estrogenic responsiveness, based on the aberrant number and

ratio of ERalpha/ER beta (6), abnormal estrogen signaling,

progesterone resistance have provided evidence that estrogen

effects in normal endometrium do not fully replicate their action

on endometriosis (7). Moreover, several studies have shown that

endometriotic lesion represents a microenvironment where a

multistep enzymatic process leads to an altered metabolism of

DHEA or other androgen precursors into bioactive estrogens

(Table 1). This mechanism which was called “intracrinology”

was primarily defined by Fernand Labrie (8) as the combination

of steroids that exhibit their action in the same cell without any

pericellular space secretion. More recently, the term has been

extended to the tissue microenvironment as the capacity to

regulate tissue steroid concentrations from circulating

precursors (9, 10).

The ability of peripheral tissues to use blood precursors and

generate steroids has been quite well characterized for tissue

remodeling and critical phases such as implantation, early

pregnancy development and menstruation (11, 12).The

evidence that intracrinology might play a role in the aberrant

endocrine environment of endometriosis (13) have far-reaching

implications for disease physiopathology, molecular

characterization, and drug targeting. Although a large body of
Abbreviations: AIs, Aromatase inhibitors; HSD17B, 17b-hydroxysteroid

dehydrogenase; STS, Steroid sulfatase; SULT1E1, Estrogen sulfotransferase;

DHEA, Dehydroepiandrosterone; DNG, Dienogest; T, testosterone; E1,

estrone; E2, estrdiol; A4, Androstenedione; COX-2, cyclooxygenase-2;

PGE2, Prostaglandin E2; COCs, combined oral contraceptives; GnRHa,

gonadotropin-releasing hormone agonist; NETA, norethisterone acetate;

GnRHa, gonadotropin-releasing hormone agonist; IVR, Intra vaginal ring;

AKR1C3, 17b-hydroxysteroid dehydrogenase type 5.
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evidence in the last ten years supports the view that that

endometriosis is a heterogeneous disease, molecular and

endocrine clustering processes are just beginning to be

understood. The macroscopic appearance of the disease poorly

correlates with painful symptoms. Hormonal signatures have the

potential to optimize disease characterization and management

in the clinical setting. The present article aims to review the

available literature investigating the association of intracrinology

of endometriosis with clinical features of the disease. Current

and ongoing clinical studies targeting intracrinology will be

critically reviewed.
Materials and methods

Search strategy

Following protocol registration with PROSPERO (Registration

number CRD42022311329) a systematic review was conducted

according to Preferred Reporting Items for Systematic Reviews

(PRISMA) guidelines. No approval from the Institutional Research

Ethics Committee was sought owing to the nature of this work. The

following search query was submitted throug Medline, Embase and

Scoups database: (“oestrogen”[All Fields] OR ′′estrogens”[MeSH

Terms] AND (′′metabolism”[All Fields] OR ′′metabolism”[MeSH

Terms] OR ′′metabolic networks and pathways”[MeSH Terms]

AND (“endometriosis”[MeSH Terms] OR (“endometriosis”[All

Fields]). In addition, Embase and Medline were searched with

broader terms: endometriosis AND estrogen metabolism AND

steroid sulfatase; endometriosis AND estrogen metabolism AND

17beta hydroxysteroid dehydrogenase; endometriosis AND

estrogen metabolism AND estrogen sulfotransferase.
Study selection

We limited the search to publications in English and

excluded article published earlier than 1995. Potentially eligible

studies were retrieved in full text for the assessment of their

eligibility. Study selection was conducted independently by two

reviewers (AM and NP) with disagreement resolved by

consensus. We included all studies that satisfied the following

eligibility criteria, i) They were human based studies. Studies on

animal models and in vitro studies investigating human tissue

derived cell lines were excluded, ii) They presented original

research data, iii) Participants had endometriosis confirmed by

histology. In order to highlight the association of the enzymes

involved in the intracrinology of endometriosis and the clinical

features of the disease, we decided to focus preferentially on their

protein expressions levels which reflects gene function more

directly than mRNA and is more directly related to phenotype;

however, due to the paucity of data present in literature this

focused analysis was possible only for the “aromatase” enzyme.
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Data extraction and analysis

A standardized critical appraisal and data extraction tool was

generated using criteria from CASP (Critical Appraisal Skills

Programme) and statements, PRISMA, STARD (Standards for

Reporting Diagnostic accuracy studies) and STROBE

(Strengthening The Reporting of Observational Studies in

Epidemiology) as appropriate. Two reviewers independently

appraised the articles and extracted data (AM and NP).
Risk of bias

To reduce selection bias, the abstracts and full text papers

were evaluated by masking the authors as far as possible and by

basing decisions regarding relevance and eligibility on the

independent appraisal by two reviewers. Bias in studies

included was assessed independently by the two reviewers.
Results

Study selection

Total articles retrieved after duplicated removal were 1023.

Analysis of the titles and abstract led to the removal of 949

papers, including repeated hits and articles based on disease

other than endometriosis or full text in English not available.

Out of the 74 articles remained for full-text analysis, 28 were

excluded because they did not provide original results (i.e.

reviews) or they referred to preclinical data. References in the

selected articles were controlled for missing inclusions and six

articles were included manually (Figure 1). In the end a total of

40 articles were included in this systematic review.
Characteristics of the included studies

In the following sections, studies evaluating the

expressions of the enzymes controlling the synthesis/

inactivation of estrogens in endometriosis are examined with

respect to clinical stage of disease, severity of symptoms and

disease localization. Analysis of targeted enzyme therapy and

current hormonal treatments effect on intracrinology

regulation are provided. Four are the principal pathways

that have received more attention and that likely contribute

more than others to aberrant endocrine regulation:

aromatase,17b-hydroxysteroid dehydrogenase, sulfatase and

sulfotransferase (Figure 2).
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Aromatase

Aromatase has been extensively investigated in endometriosis.

However, findings are still conflicting. Aromatase is encoded by

the CYP19A1 gene, a member of the cytochrome P450

superfamily, which consists of monooxygenases that catalyze

several reactions involved in steroidogenesis. It is physiologically

expressed in growing ovarian follicles by granulosa cells,

promoting the conversion of androstenedione (A4) and

testosterone (T) to estrone (E1) and estradiol (E2), respectively.

In the last ten years, it has been proposed that endometriotic tissue

features different aromatase expression compared to normal

endometrium, which is responsible for the local production of

estradiol and in turn stimulates the production of the

cyclooxygenase type 2 (COX-2) enzyme, resulting in elevated

levels of prostaglandin E2 (PGE2), which is a potent stimulator of

aromatase activity in endometriosis (14). Nevertheless, it should

be taken into account that immunohistochemistry is a semi-

quantitative method which does not consent the actual

“quantification” and cannot determine the activity of an enzyme

but only detect its presence. This positive feedback produces a

local, continuous stream of estrogen and PGE2 in endometriotic

tissue, supporting a loop between a hyperestrogenic environment,

inflammation and cell proliferation (15, 16). In vitro and in vivo

studies clearly show the expression of aromatase in stromal and

epithelial cells within endometriotic lesions. In vitro, mechanistic

models support its crucial role. However, the full picture of

endometriotic aromatase in the clinical setting has not been

fully clarified.
Aromatase expression in human tissue

To date, most investigations have been performed at the

mRNA level or using Western blotting. There is a paucity of

data utilizing tissue staining techniques, and the results are

conflicting. Although mRNA expression is informative of

protein expression, mRNA copies do not necessarily reflect the

level of functional protein: posttranscriptional and posttranslational

regulation induces functionally important changes that cannot be

seen at the mRNA level (17). Therefore, we focus mainly on protein

expression, which reflects gene function more directly than mRNA

and is more directly related to phenotype (Table 2). Based on our

research criteria, only six studies evaluated aromatase expression at

the protein level using immunohistochemistry. The level of staining

differs among studies in relation to the type of endometriosis,

number of positive patients and correlation with clinical symptoms.

In two cohorts of mixed lesions (ovary, peritoneal and deep

implants), positive immunohistochemical expression of
frontiersin.org
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aromatase was found in only 38/62 women (61.3% of patients

with histologically confirmed endometriosis) (21) and in 32/35

patients with mild to moderate endometriosis according to the

revised American Fertility Society (AFS) classification (18).

These patients showed multiple endometriomas, frequently

bilateral, and more moderate-to-severe chronic pelvic pain.

Eutopic endometrium often stained aromatase in endometriosis

patients (18, 21), being detectable by IHC in 66/92 patients but

also in the endometrium of 13/14 (95%) patients with severe

dysmenorrhea but free from endometriosis. Interesting in

asymptomatic women (control group) aromatase expression was

not detected (18). This finding suggests that functional

endometrial changes leading to an increase in aromatase

expression may therefore precede the development of
Frontiers in Endocrinology 04
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endometriosis and have a positive correlation with

dysmenorrhea severity.

In a recent study, patients experiencing moderate to severe

deep dyspareunia showed higher epithelial aromatase in deep

lesions involving the pouch of the Douglas than patients

experiencing absence to mild dyspareunia (8). However, in 209

samples of mixed-type endometriosis (peritoneal, ovarian and

rectovaginal lesions), aromatase expression was not detected in

either ectopic or eutopic endometrial tissue, although there was

no mention of pain symptoms (23) or even stage of disease (20).

Unfortunately, conflicting data and methodological

concerns affect the interpretation of the role of this enzyme in

endometriotic implants, and consistent proof of aromatase

expression is still lacking. Some of the variations in the
FIGURE 1

Flow diagram of the systematic search strategy on published studies reporting about the expression of the enzymes involved in the
intracrinology of endometriosis.
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reported patterns of expression may relate to the use of different

antibodies, analysis of eutopic endometrium at different stages of

the cycle, the type of lesion or the inflammatory status.

Moreover, fragments of ovarian tissue may be included in the

histological sections of specimens of ovarian endometriosis,

affecting the accuracy of the evaluation.
Aromatase inhibitors (AIs)

Despite the paucity of human data, aromatase blockade has

been proposed as a treatment for endometriosis since its first

successful use in a postmenopausal woman with aggressive and
Frontiers in Endocrinology 05
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refractory endometriosis (24). Thereafter, different studies,

published over the last twenty years, have evaluated the

efficacy of AI treatment alone or combined with other

hormonal therapies. Selective third-generation AIs, letrozole

and anastrozole, have been found to have better efficacy and

tolerability than earlier agents (25). Seven clinical trials have

compared the use of these drugs with other treatments for

endometriosis (Table 3). Aromatase inhibitors, whenever given

in combination with progestins, GnRHa or administered alone,

showed greater results in terms of pain reduction than

conventional hormonal treatments. Anastrozole (1 mg/day),

administered in conjunction with goserelin for 6 months in

patients with severe baseline endometriosis (rASRM score >40),
FIGURE 2

Schematic representation of the intracrine estrogen metabolism with the additional data on the overexpressed enzymes and their synthetic inhibitors.
TABLE 1 Estrogen concentrations in women with and without endometriosis.

Sample Type Hormonal status E2 (pg/ml) E2/E1 ratio

Healthy endometrium Proliferative
Secretory

Median
532
66

25/75%
334.7/736.0
52.5/100.8 ##

Median
8.34
0.69

25/75%
7.33/9.27

0.50/1.40###

Endometrium
(Patients affected by endometriosis)

Proliferative
Secretory

649.3
68.5

404.0/1168.7
25.0/157.3##

8.64
0.80

4.72/13.11
0.69/0.99###

Superficial
endometriosis

Proliferative
Secretory

238.0
176.0

78.9/397.0†
49.4/355.0

5.50
3.95

0.82/7.21
1.36/9.47

Ovarian
endometriosis

Proliferative
Secretory

3430.0
305.0

1809.7/21600.0*
199.0/758.0##

4.35
1.34

1.69/5.53
1.04/3.28#

Deep infiltrating endometriosis Proliferative
Secretory

112.0
25.0

53.9/162.0
25.0/117.3

1.06
2.00

0.60/2.60 *
1.44/4.77

Peritoneal fluid (22) Proliferative
Secretory

200
800
fro
*P < 0.05 vs. eutopic endometrium within cycle phase. †P < 0.05 vs. proliferative phase. #, ##, ###, P < 0.05, < 0.01, and < 0.001, respectively, vs. serum within the cycle phase. From Huhtinen
K et al. Endometrial and endometriotic concentrations of estrone and estradiol are determined by local metabolism rather than circulating levels. J Clin Endocrinol Metab. 2012 Nov;97
(11):4228-35.
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showed greater improvement in pain Total Pelvic Symptom Score

(TPSS) than patients using goserelin alone (DTPSS-P baseline -24

months PMT 5.0 vs. 3.3 p<0.0001) (26). The efficacy of AIs

combined with norethisterone acetate (NETA) (letrozole 2.5 mg/

day plus norethisterone acetate 2.5 mg/day) versus NETA alone

(2.5 mg/day) has been specifically evaluated in rectovaginal

endometriosis (27). Significantly lower dyspareunia and chronic

pelvic pain were reported in the group receiving the double drug

regimen after 3 months. Letrozole was also investigated as single

molecule in a randomized clinical trial based demonstrating the

lowest mean chronic pelvic pain at 5 months compared to danazol

(600 mg/day) and placebo. No data, however, are available

regarding the stage, type, and localization of disease (28). Four

additional studies investigating more than 200 patients showed

comparable results in terms of pain reduction between AIs vs.

GnRHa or AI plus NETA vs. NETA alone or AI plus GnRH (29–

32), making less clear the clinical added value of AI over

conventional, first-line, treatments. The onset of recurrence of

symptoms during follow-up was always comparable among all

studies. Adding AI to current hormonal treatment does not offer

advantages over the single drug, as control group. Only one study,

showed a longer interval before recurrence of symptoms during

the 24-month follow-up: recurrence was registered in only 3/40

(8%) of patients in the combined arm (AI + goserelin) compared

to 14/40 (35%) in the goserelin-only arm (26). Regarding side
Frontiers in Endocrinology 06
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effects, AIs in association with progestins did not seem to have a

more detrimental impact than progestin alone in two trials (30,

32). However, in Ferrero et al., a high incidence of adverse events

in patients taking letrozole plus norethisterone acetate was

registered (two patients interrupted the treatment because of

severe joint pain, others had severe migraine attacks, myalgia

and breakthrough bleeding) (27). As a consequence, “global

degree satisfaction” was not different among groups despite a

better pain reduction in patients receiving AI plus progestins.

When AI was associated with GnRHa, a higher rate of side effects

was found, and Ferrero et al. were forced to end the study preterm

due to the high incidence of adverse effects (arthralgia, decreased

libido, hot flashes) (30). This supports the hypothesis that

cotreatment with progestins is more accepted than cotreatment

with gonadotropin-releasing hormone analogs. In terms of bone

mineral density, no significant change were reported when AIs

were combined with NETA (27). In contrast, when associated

with GnRH, AIs resulted in a significant decrease in the mineral

bone density at 6 months (26, 30); however, none of these patients

fell into the category of osteopenia and, furthermore, this

reduction was not confirmed at 2 years of treatment

withdrawal (26).

Three trials evaluated whether AIs were superior to other

hormonal treatments for the regression of endometriosis lesions

(30–32). The combination of letrozole plus NETA showed a
TABLE 2 Expression (protein levels), enzymatic activity of aromatase in endometriotic lesions and correlation with disease characteristics, eutopic
and healty endometrium.

Authors Patients with
endometriosis

(n)

Method
(Antibody)

Expressionor
activity

Lesion
localization

Severity of
symptoms

Stage of
disease

Eutopic
endometrial

tissue

Control

Hudelist
et al. 2007
(18)

35 IHC
(Harada)

32/35 * Mixed.
* No Correlation

No correlation * Moderate
and severe
(ASRM)

* No
correlation

Positive Negative

Acien et
al. 2007
(19)

62 IHC
(DPC
Biermann)

38/62 * Mixed.
* Positive
correlation with
ovarian lesions
(especially bilateral)

Positive correlation with
moderate to severe
chronic pelvic pain

* Moderate
and severe
(ASRM)

* No
correlation

Negative Negative

Colette et
al. 2009
(20)

127 IHC
(Acris.
Serotec)

No expression * Mixed – – Negative Negative

Maia et al.
2012 (21)

92 IHC
(Serotec)

66/92 * Endometrial
biopsy

Positive correlation with
dysmenorrhea (even in
patients free from
endometriosis)

* ASRM I to
IV
* Positive
correlation
with stage of
disease

Positive Negative

Pluchino
et al 2020
(6)

83 IRS (Harada) – * Deep
endometriosis
involving the pouch
of the Douglas

Positive correlation with
moderate to severe deep
dyspareunia

* AFS III–IV – –
fron
AFS, American Fertility Society; ASRM, American Society for Reproductive Medicine; HPLC high performance liquid chromatography; IHC, immunohistochemistry; IRS,
immunoreactive score.
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TABLE 3 Clinical trials comparing AIs (alone or combined) with other treatments in women with endometriosis.

Authors Type of Treatments Length of Stageof Type of Recurrence Evaluation of pain Adverseeffects Lesion reduction
(US)

Bone loss
(BMD)

nce at 24 weeks
sal quality of life

– Greater bone loss
(24 weeks)
No difference (24

months)

uent
fference in global
satisfaction

– No difference

ent and severe – –

ctional cysts formation – –

erse effect and more
ft the study in
+ triptorelin

Greater reduction
In Letrozole +
Triptorelin
group

Greater bone loss in
Letrozolo+
Triptorelin group

le Significant and
comparable reduction
for all treatments

–

(Continued)

M
e
rco

rio
e
t
al.

10
.3
3
8
9
/fe

n
d
o
.2
0
2
2
.9
5
0
8
6
6

Fro
n
tie

rs
in

E
n
d
o
crin

o
lo
g
y

fro
n
tie

rsin
.o
rg
study treatment/
Follow Up
(months)

disease lesion

Soysal
et al. 2004
(26)

Patients:
40 vs 40
Double arm
blind
RND.

Anastrazole
1mg/day +
Goserelin
3.6mg/4w
vs
Placebo +
Goserelin
3.6mg/4w

6/24 Severe
endometriosis
(ASRM score
>40)

– Later and less
recurrence
rate
of symptoms

Greater reduction for the
whole follow up (TPSS)

No differ
“menopa
score”

Ferrero
et al. 2009
(27)

Patients:
41 vs 41
Double arm
OL
non RND

Letrozole
2.5mg/d +
NETA
2.5mg/d
Vs
NETA

6/12
– Rectovaginal

nodules
Comparable
recurrence

Greater reduction for
chronic pelvic pain and
dyspareunia (VAS)

More fre
and no d
treatmen

Roghaei et
al. 2010
(28)

Patients:
38 vs 37vs 31
Triple arm
OL
RND

Letrozole
2.5mg
Vs
Danazol
600mg
Vs
Placebo

6/6
– – – Greater reduction of chronic

pelvic pain and dyspareunia
at 5 months
(VAS)

Less freq

Alborzi et
al. 2011
(29)

Patients: 47vs
40vs 57
Triple arm
OL
RND

Letrozole
2.5mg
Vs
Triptorelin
3.75mg/4w
Vs
No medication

2/12
AFS I - IV – Comparable

recurrence
Comparable reduction
(VAS)

More fun

Ferrero et
al. 2011
(30)

Patients
17 vs18
Double arm
OL
RND

Letrozole
2.5mg/d +
NETA
2.5mg
Vs
Letrozole
2.5mg/d +
Triptorelin
11.25mg/3m

6/6
– Rectovaginal

nodules
– Comparable reduction

(VAS)
More adv
patients l
Letrozole
group

Ferrero et
al 2013
(31)

Patients 18
vs10 vs 8 vs
26 vs 30

NETA
2.5mg/d
Vs

12/12
– Rectovaginal

nodules
– – Compara

23
e
u

q
i
t

u

e

b
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TABLE 3 Continued

Authors Type of
study

Treatments Length of
treatment/

Stageof
disease

Type of
lesion

Recurrence Evaluation of pain Adverseeffects Lesion reduction
(US)

Bone loss
(BMD)

ioma
Comparable
recurrence

Comparable reduction (VAS) Comparable with no difference
in global treatment satisfaction

Significant and
comparable reduction
(6 months)
return to baseline

dimensions
(6months after
treatment)

–

c symptom score;VAS, visual analogue scale; NETA, norethisterone acetate; RND randomized; OL, open label; US, ultrasound; BMD, bone mass density.

M
e
rco

rio
e
t
al.

10
.3
3
8
9
/fe

n
d
o
.2
0
2
2
.9
5
0
8
6
6

Fro
n
tie

rs
in

E
n
d
o
crin

o
lo
g
y

fro
n
tie

rsin
.o
rg

24
Follow Up
(months)

Multiple arm
OL
not RND

Triptorelin
11.25/3m +
tibolone
2.5mg/d
Vs
Letrozole
2.5mg/d +
NETA
2.5mg/d
Vs
desogestrel
0.075mg/d
Vs
EE0.02mg +
Desogestrel
0.15 mg

Ferrero et
al 2014
(32)

Patients:
20vs20
Double arm
OL
non RND

Letrozole
2.5mg/d +
NETA
2.5mg/d
Vs
NETA
2.5mg/d

6/12
– Ovarian

endomet

AFS,American Fertility Society; ASRM, American Society for Reproductive Medicine; TPSS, Total pelv
r

i
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greater reduction in endometrioma at 6 months of treatment

than the administration of Neta alone (-74.4± 4.2% vs. -46.8±

3.8%). Regrettably, no patients reported a complete regression

of cysts, and endometriomas usually regrew after treatment

discontinuation (32). Two studies confirm the reduction of

the size of rectovaginal lesions (30, 31). In a multiple arms

trial, letrozole 2.5 mg/d + NETA 2.5 mg/d was compared

with other first-line regimens and no difference of volume

reduction was recorded (31). When letrozole is administered

in combination with triptorelin demonstrated a significant

reduction in the volume of the endometriotic nodules after 6

months (16.1 cm3 ± 10.0% vs. 10.2 cm3 ± 6.3%; p = 0.048) in

comparison to NETA alone (30).

The heterogeneity of the current literature limits the

evaluation of the potential advantages provided by the use of

AIs for the treatment of endometriosis as well as the assessment

of side effects: severity and type of the disease are often

underreported, and follow-up of pain symptoms is not long

enough to make consistent conclusions regarding their

implementation in clinical practice. Based on current

recommendations, AIs should be now offered only in case of

surgical and other hormonal therapies failure (33). To minimize

the impact on systemic estrogen levels, administration of an

aromatase inhibitor (AI) via an intravaginal ring (IVR) has been

proposed. This approach offers the advantage of providing

sustained and controlled drug release and requires a lower

dose to achieve equivalent pharmacodynamic efficacy

compared to oral administration (it avoids the first-pass effect

of the liver) (34). Phase I and Phase II studies on an IVR

containing a combination of anastrazole and levonorgestrel gave

reassuring results in terms of safety and tolerability at different

doses as well as contraceptive efficacy (35, 36). However, the

clinical effect of this combination is still unknown. A pilot study

demonstrated modest efficacy following administration of

vaginal anastrozole (0.25 mg/d) for 6 months offered to 10

women suffering from rectovaginal endometriosis: although a

small, statistically significant improvement in dysmenorrhea was

observed, chronic pelvic pain, dyspareunia and rectovaginal

lesion size remained unchanged. The inefficacy of the therapy

could be attributed to inadequate dose exposure given the

absence of a reduction in circulating E2 (37). Endometriosis-

targeted inhibition of local aromatase, despite its promising

potential, has recently been discredited, using a new chick

embryo allantoic membrane (CAM) model incorporating

xenografted human endometriosis cysts: in this recent study

was shown that topical treatment with anastrozole reduced the

size of the lesions, corroborating the presence of aromatase

activity in endometriotic tissue. However, when systemic

estrogens reached the grafted endometriotic tissue, the effect of

the local inhibition of aromatase by anastrozole was blunted.

This finding supports the speculation that endometriosis

aromatase cannot be a drug target without the inhibition of

systemic estrogen synthesis (38).
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17b-Hydroxysteroid
dehydrogenase (HSD17B)

17b-Hydroxysteroid dehydrogenase (HSD17B) isozymes

are a group of alcohol oxidoreductases, of which several

isoforms are expressed in human tissues. Of particular

interest is the activity of HSD17B1, which is responsible for

the production of testosterone (T) and 17 beta estradiol (E2)

from weak androstenedione (A4) and estrone (E1),

respectively, and HSD17B2, which, in contrast, catalyzes the

opposite reaction, metabolizing E2 to the less active E1. These

pathways are believed to be involved in the abnormal ratio E2/

E1 in the ectopic endometrium. Interesting data on the activity

of these enzymes in endometriosis comes from Delvoux et al: in

this study, endometriotic tissues of 14 women affected by

moderate to severe endometriosis (endometrioma, deep

infiltrative and superficial peritoneal endometriosis) showed

a marked increase in HSD17B1 activity, leading to higher

estradiol (E2) production than normal endometrial tissue

(23). Conversely, the activity of the enzymes responsible for

the oxidation of 17-estradiol into the less active estrone was

significantly lower. Therefore, the net balance between

oxidization and reduction favored the production of 17-beta

E2 in ectopic tissues compared with endometrial tissues of

healthy patients.
HSD17B1 expression in human tissue

Despite this premise, discordant results arise from studies

evaluating HSD17B1 expression (Table 4). At the protein level,

there was no evidence of HSD17B1 hyperexpression in

endometriosis tissue (41, 45). In 14 samples of rectovaginal

endometriosis, HSD17B1 protein levels were found to be even

lower than those in normal endometrium. This result diverges

from HSD17B1 mRNA level, which was higher than in controls,

raising the hypothesis that the expression of the HSD17B1 gene

may therefore not necessarily reflect changes at the functional

protein level (41). Delvoux et al. and found a greater than 6000-

fold increase in HSD17B1 mRNA expression in endometriosis

(Stade IV rASRM, mixed lesions) compared to eutopic tissue

(46). In addition, inhibition of HSD17B1 by a specific inhibitor

(3-[15b-estronyl]-N-(5-methyl-thiazol-2-yl)-propionamide)

was achieved, decreasing the production of 17-estradiol by at

least 85% in 70% of patient biopsies tested ex-vivo. Three

additional studies (a total of 101 patients were evaluated),

upregulation of the HSD17B1 enzyme was confirmed only in

ovarian endometriosis (42–44). Interestingly, data from two

studies (39, 45) are in contrast with the abovementioned

results and no difference of HSD17B1mRNA between

endometriosis (each type) and controls (eutopic endometrium

in patients without endometriosis) were detected.
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HSD17B2 expression on human tissue

The HSD17B2 enzyme is involved in the oxidative reaction

and is responsible for the metabolization of potent E2 to the less

active E1. The evaluation of HSD17B2 at the protein level is

scanty and based only on two studies with conflicting results (39,

42–46), showing lower expression (39) or no changes (45) in

endometriotic tissues (mixed lesions). Concerning mRNA

expression, HSD17B2 appeared to be reduced in all types of

endometriotic lesions compared to controls (39, 44, 46). Deep

endometriosis shows undetectable levels of HSD17B2 mRNA

type 2 in 50% of patients (8/16), and low levels were found in the

remaining patients (40). In the study of Colette et al., where the

protein level did not differ between samples, lower mRNA

expression in rectovaginal and ovarian lesions but not in

superficial peritoneal lesions was observed (45). Surprisingly,

in endometrioma tissues evaluated by Smuc et al. (42, 43), no

statistically significant difference was found with respect to

healthy patients.
Frontiers in Endocrinology 10
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The heterogeneity, in terms of the method used to evaluate

mRNA and protein expression, of the abovementioned studies

prevent a proper comparison. Moreover, from a clinical

perspective, given the lack of data regarding the stage of

disease (only Delvoux et al. specified the characteristics of

their patients) and the correlation with the severity of

symptoms, it is difficult to estimate which patient can really

benefit from future targeted enzyme therapy.
HSD17B5 expression on human tissue

Worth of mention for its ability to influence multiple

signaling pathways in endometriosis is 17b-hydroxysteroid
dehydrogenase type 5 (17BHSD5) also known as AKR1C3.

This steroidogenic enzyme can function as a PGF2a synthases,

increasing the concentration of prostaglandins in peritoneal

fluid (47), and catalyze the reduction of progesterone to the

less active 20a-hydroxyprogesterone, leading to a defective
TABLE 4 17BHSD type 1, type 2 mRNA and protein expression in endometriotic tissue.

Authors Patient with
endometriosis

Method Lesion
localization

Stage
of

disease

17 BHSD type 1 expression
(compared to healthy
endometrial tissue)

17 BHSD type 2 expression
(compared to healthy
endometrial tissue)

mRNA Protein
(Ab)

mRNA Protein
(Ab)

Zeitoun et
al.1998 (39)

14 Northern
Blot
IHC

Extraovarian
endometriotic
implants

–

≈ -
↓ ↓

(C2-12)

Matsuzaki et
al. 2006 (40)

16 Q-PCR Rectovaginal – - - – –

Dassen et
al.2007 (41)

14 Q-PCR
IHC

Rectovaginal – ↑ ↓
(Pineda)

– –

Smuc et al.
2007 (42)

16 Q-PCR Endometrioma Moderate
and
severe
(ASRM)

↑ - ≈ -

Smuc et al.
2009 (43)

24 Q-PCR Endometrioma – ↑ - ≈ -

Huhtinen et
al. 2012 (44)

60 Q-PCR Peritoneal
Ovarian
Deep
endometriosis

– ↑
in endometrioma

- ↓ -

Colette et al.
2013 (45)

79 Q-PCR
IHC

Peritoneal,
ovarian,
rectovaginal

– ≈ ≈

(Novocastra)
↓

in endometrioma. (Protein
and rectovaginal Tech

group)
lesion

≈

Delvoux et
al. 2014 (46)

29 Q-PCR
HPLC

Peritoneal,
ovarian,
rectovaginal

Moderate
and
severe
(ASRM)

↑
Inhibitor tested lead to

decreased production of 17
beta estradiol

- ≈ -
fron
Ab, Antibodies: ASRM, American Society for Reproductive Medicine; HPLC high performance liquid chromatography; IHC, immunohistochemistry; Q-PCR, Quantitative-Polymerase
chain reaction, ↑/↓ statistically significant results: ≈, no difference.
tiersin.org

https://doi.org/10.3389/fendo.2022.950866
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Mercorio et al. 10.3389/fendo.2022.950866
progesterone action and contributing to the progesterone-

resistant state (48). Concerning its roles in androgen and

estrogen biosynthesis it has a very high catalytic efficiency for

the conversion of androstenedione to testosterone which may

finally act as a substrate for aromatase, having thus an indirect

role in estradiol formation (49). In term of protein levels using

IHC, two studies reported, the presence of AKR1C3 in

endometriomas (43) and peritoneal endometriotic lesions (50).

However, when scoring of AKR1C3 staining was performed, no

significant differences in endometriosis lesions (ovarian

endometriomas) compared to the endometrium of control

patients were revealed (47, 51). Data provided on mRNA

levels in endometriotic tissue are even more discordant. In a

study evaluating 24 samples of ovarian endometrioma mRNA

reported a higher expression respect to controls (43), whereas in

a study reporting the analysis of 31 ovarian endometrioma only a

slight difference was observed (51). Furthermore no data on pain

symptoms or endometriosis stage are reported, making difficult

further comparison. Interesting results from a study where

peritoneal endometriosis samples were classified according to

menstrual cycle phase (50): increased expression of AKR1C3 was

observed in women with disease stages I–II and during the

proliferative phase of the menstrual cycle. However, when all

type of endo are analyzed together, only minor differences of

mRNA expression (44) were detected. As consequence, further

evidence to confirm the clinical relevance of AKR1C3 as a target

in endometriosis are then needed.
HSD17B inhibitors

Some inhibitors of HSD17B1 were developed in the past to

target the biosynthesis of bioactive E2 in breast cancer (52).

However, only a few compounds have been applied in vivo (53).

Differences between enzymes in humans and other species are

one of the main reasons that preclinical in vivo evaluation has

been hindered.

A novel HSD17B1 inhibitor, FOR-6219, recently successfully

completed a Phase 1a study in which the safety, tolerability, and

pharmacokinetics of single and multiple ascending doses in 36

healthy postmenopausal women were investigated (NCT03709420).

In Phase 1b, 36 premenopausal healthy women were investigated to

expand the safety data and explore secondary outcome measures;

interestingly, these women continued to experience normal

ovulatory menstrual cycles (Report No.: NCT03709420. Available

from: https://clinicaltrials.gov/ct2/show/NCT03709420).

Forendo Pharma is now planning a Phase 2 program

including endometriosis patients in the US (available from:

https://forendo.com/forendo-pharma-successfully-completes-

phase-1-studies-of-for-6219-in-endometriosis-aiming-to-

advance-program-into-phase-2-clinical-studies/). A steroidal

inhibitor of AKR1C3, BAY1128688, was tested in a phase I

clinical trial (NCT02434640) to investigate its safety, tolerability
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and pharmacokinetics in healthy women, and it appeared to be

well tolerated up to a high dose of 60 mg twice per day. In a phase

II clinical trial (NCT03373422) designed to evaluate the reduction

of pain and the incidence of adverse events, it was planned to treat

symptomatic women with endometriosis over a 12-week

treatment period. Unfortunately, the trial was stopped in

advance due to hepatotoxicity. A recent review, however,

concluded that hepatotoxic effects can be compound-related,

and AKR1C3 should not be precluded as a potential target (48).

The development of other drugs targeting this enzyme is ongoing.
Sulfatase and sulfotransferase

Sulfatase (STS) is an enzyme involved in another critical

alternative pathway that contributes to the increased

bioavailability of regionally active estrogens. Hydrolysis

transforms dehydroepiandrosterone sulfate (DHEA-S), estrone

sulfate (E1S), the most abundant circulating estrogen metabolite,

and estradiol sulfate (E2S) into their bioactive metabolites

(DHEA, E1 and E2, respectively). Despite its potential pivotal

roles in local estrogen formation, data on metabolic activity of this

enzyme are not very conclusive. An analysis of 27 peritoneal

endometriosis implants showed lower overall STS activity in

ectopic endometrium than in eutopic endometrium (54). The

authors attributed this to the relatively lower enzyme activity

levels in endometriotic lesions from patients with minimal to mild

disease, and indeed, with further analysis, they observed that STS

activity in endometriosis implants correlates with the severity of

this disease, and a significantly higher activity of STS was found in

patients with moderate to severe disease with respect to controls,

indicating that women with severe endometriosis may be

particularly amenable to STS inhibitor therapy. However,

Delvoux et al. did not find a difference in terms of STS enzyme

activity between ectopic and eutopic endometrial tissue despite the

analysis being provided in women affected by moderate to severe

endometriosis from all three types of endometriosis (23).
Sulfatase expression on human tissue

To date, evidence on the expression of STS in endometriosis

has remained relatively contradictory (Table 5). Only two

studies evaluated STS at the protein level (41, 45), reporting

no difference between cases and controls. STS mRNA expression

was greater in superficial, ovarian and deep-infiltrating lesions

(no significant differences were found between these two types of

lesions) of endometriosis samples than in eutopic endometrium

of subjects without endometriosis (43, 45, 56). Conflicting

findings have been published by from Dassen et al., that,

evaluated 14 women with rectovaginal endometriosis and did

not observe any differences between STS mRNA levels of

endometriosis and healthy tissues (P, 0.05) (41).
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Sulfotransferase expression in
human tissue

Estrone sulfotransferase (SULT1E1), in contrast to STS,

antagonizes the action of STS by sulfating estrone into esterone

sulfate, thus converting estrogens into less active metabolites.

However, the expression of this enzyme in endometriosis

lesions demonstrated a contradictory pattern. The evaluation

of patients with mild and moderate endometriosis shows no

significant differences between the expression levels of

SULT1E1 protein in uterine and ectopic samples in

comparison to the endometrium of healthy women (18). In

endometrioma samples, Hevir et al. found that SULT1E1

mRNA levels were significantly decreased compared to

controls (55), whereas Smuc et al. registered no significant

difference in its expression (42). Colette et al. showed that in

rectovaginal endometriosis, although no difference was

encountered in SULT1E1 mRNA expression, there was a

high ratio between STS and SULT1E1, giving rise to the view

that in endometriosis lesions, the sulfatase pathway is

overactive (45). Interestingly, two studies reported a higher

expression of SULT1E1 in endometriotic lesions than in

normal endometrium: rectovaginal endometriosis lesions (41)

and superficial peritoneal lesions (56) showed higher

expression of EST compared to the control and had a

positive correlation with STS expression. If STS abounds over

SULT1E1, the increased net production of estradiol in

endometriosis is the directed consequence; in this way,

sufficient sulfated estrogens can be continuously hydrolyzed

(desulfated) and sulfated in situ, maintaining a highly local

estrogenic milieu.
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Sulfatase inhibitors

Based on the aforementioned data, STS can be considered an

attractive molecular target with potential therapeutic value in

endometriosis, and targeting this enzyme may benefit patients

with resistance to other hormonal treatments. Purohit et al. tested

a recent irreversible STS inhibitor, 667COUMATE (also called

Irosustat), which was already assessed in postmenopausal women

with metastatic breast cancer. It proved to be very effective at

inhibiting STS activity in endometriotic cell lysates, reducing

enzyme activity by 99% in both eutopic and ectopic endometrial

tissue samples (54). Another inhibitor, estradiol-3-O-sufamate

(E2MATE), also encoding PGL2001, was proven to effectively

inhibit STS activity when tested in vitro on endometrial fragments

of ten patients affected by benign pathologic conditions other than

endometriosis (STS activity inhibition after 24 h of culture: 66.5 +

10.3%, P, 0.001). Endometriosis was then induced in mice to

evaluate the inhibition in vivo of this enzyme. After twenty-one

days of therapy, lesion sizes were found to be significantly

decreased (control mice: 44.5 ±30.2 mm2; 1 mg/kg-treated mice:

26.3±20.1 mm2; 0.5 mg/kg treated mice: 22.8±15.3 mm2) (57). As

an additional benefit, progesterone (PR) expression in

endometriotic lesions was found to be increased, and the

absence of an effect on circulating estradiol levels opens up new

perspectives in endometriosis treatment. E2MATE was then

evaluated in a phase I double-blind study (58).Given that the

majority of estrogens are produced in the ovaries, the authors

focused their evaluation on a combination STS-I plus progestin in

order to reduce both the local and ovarian estrogen production.

Twenty-four healthy volunteer women were randomized to

E2MATE (4 mg/week), NETA or the combination E2MATE
TABLE 5 STS and SULT1E1 mRNA, protein expression in endometriotic tissue.

Patient with
endometriosis

Patient characteristics Method STS expression
(compared to healthy
endometrial tissue)

SULT1E1 expression
(compared to healthy
endometrial tissue)

mRNA Protein (Ab) mRNA Protein (Ab)

Hudelist et al 2007 (18) 35 Mixed lesions.
Mild to moderate endometriosis

QPCR
IHC

- - ≈ ≈

(NeoMarkers)

Dassen et al 2007 (41) 14 Rectovaginal endometriosis QPCR
IHC

≈ ≈

(Pineda)
↑ -

Smuc et al 2007 (42) 16 Endometrioma
(stage III, IV)

QPCR ↑ - ≈ -

Colette et al 2013 (45) 79 Mixed lesions Q-PCR
IHC

↑
Rectovaginal

lesion

≈

(Atlas)
≈ -

Hevir et al 2013 (55) 31 Ovarian endometriomas QPCR - - ↓ -

Piccinato et al 2016 (56) 62 Peritoneal
Deep lesions

Q-PCR ↑ - ↑ -
Ab, Antibodies: ASRM, American Society for Reproductive Medicine; HPLC high performance liquid chromatography; IHC, immunohistochemistry; Q-PCR, Quantitative-Polymerase
chain reaction; STS, steroid sulfatase, ↑/↓ statistically significant results: ≈ , no difference.
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+NETA. Treatment lasted 4 weeks with a 12-week follow-up.

E2MATE associated with NETA showed a synergistic effect: the

mean percentage of STS inhibition in the endometrium was 91%

and 96% in the PGL2001 and PGL2001 plus NETA groups,

respectively, compared to 42% in the NETA group, and due to

its potent irreversible binding and long half-life one month after

stopping treatment, the percentage inhibition remained high at

88% and 93% in the PGL2001 and PGL2001 plus NETA groups,

respectively, with no inhibition seen in the NETA group.

Treatment was well tolerated, with no relevant differences

between the treatment regimens in terms of adverse events, and

no impact on circulating estradiol levels was registered compared

to the NETA groups. E2MATE and NETA have been further

studied in endometriosis patients in a phase II study

(NCT01631981, available at: https://clinicaltrials.gov/ct2/show/

NCT01631981), although at present, no results are publicly

available. An interesting recent development is the

establishment of multiple designed ligands that effectively

inhibit both STS and HSD17B1 (59).Such dual inhibitors can

further decrease intracellular E2 levels more efficiently than

selective inhibitors of HSD17B1 and may therefore be a

superior therapeutic strategy for endometriosis.
Effect of current hormonal treatments
on intracrinology regulation

Current first-line hormonal treatments in endometriosis (oral

contraceptives and progestins) were originally developed using the

normal endometrium as the main experimental tissue to investigate

their reproductive effects and were adopted only afterwards for the

treatment of endometriosis-associated pain. There are several

patients for whom current first-line hormonal treatments for

endometriosis do not provide enough or a sustained solution to

pain. A recent review demonstrated that the median proportion of

women with no decrease in pain was 11% to 19%; when the therapy

ended, 5% to 59% had persistent pain; and in the follow-up, 17% to

34% felt recurrence of pain symptoms (60). The recent evidence

that women, despite the hypogonatrophic effect obtained from

combined oral contraceptives (COCs), have increased hormone

levels in endometriosis implants compared to controls (61)

highlights the crucial role of intracrinology as a mechanism of

endometriosis development and drug resistance. There are only a

few available research studies that have investigated the influence of

the commonly used therapy against the enzymes involved in the

intracrinology of the endometriosis. Few are based on progestins,

and no research studies have investigated the effects of COC. Most

studies, in addition, have been conducted in vitro using

immortalized cells, limiting a realistic interpretation of the

results. Dienogest (DNG), a synthetic progestin largely employed

for therapy, has received the greatest attention. DNG has been

shown to repress aromatase expression in human immortalized
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endometrial epithelial cells and primary cultured endometriotic

stromal cells (SCs) (62, 63). Moreover, DNG has been shown to

inhibit HSD17B1 expression and enzymes in cultured ovarian

endometrioma cells, whereas no effect has been demonstrated on

HSD17B2, HSD17B7, HSD17B12, steroid sulfatase (STS), and

estrogen sulfotransferase (EST) activity (64). There are few

details with respect to GnRH agonist and antagonist effects on

endometrial intracrinology. While GnRH agonists have been

shown to decrease serum E2 levels by approximately 97%,

intracrinological changes in endometriosis lesions are not

known. Even if GnRH agonists are responsible for decreasing

tissue inflammation and angiogenesis and increasing apoptosis in

endometriosis (65), 14% (0-20%) of patients did not show

improvement of symptoms, and nearly one-third of patients

who received GnRH analog treatment postsurgery experienced

pain symptoms when medical treatment ended (60). Interestingly,

one-year therapy with a GnRH analog decreases the adrenal

DHEA-S combination by only 16%, leaving open the possibility

of its metabolism in peripheral tissue and eventually inducing

resistance to treatments (66). GnRH agonists have been shown to

reduce aromatase cytochrome P450 expression in at least eutopic

endometrium from patients with endometriosis (67) and hinder

E1 sulfatase expression in endometrioma (68). Recently, GnRH

antagonists have been augmented in the armamentarium of

gynecologists to cure endometriosis and resolve the side effects

of GnRH agonists based on the “estrogen threshold hypothesis,”

where estrogen may be regulated to a level that is enough to

reduce pain without causing clinical hypoestrogenic effects.

Elagolix did not fully repress ovulation at doses of 150 and 200

mg/day, 56% of women had proliferative endometrium after 6

months of therapy at a dose of 150 mg, and 61% had normal

dormant or least stimulated endometrium at a dose of 200 mg.

Even if the majority of patients were satisfied with this therapy, as

many as 40% of patients indicated unsatisfactory improvement of

pain symptoms (69). On the basis of the complexity of the

intracrinology of endometriosis and the fact that GnRH

antagonists have no direct effect on the endometrium, we can

then hypothesize that the intracrine features of endometriosis may

represent a mechanism creating an incomplete response to

symptoms of pain in 30-35% of patients
Discussion

The study of intracrinology in endometriosis highlights

important limitations in the current knowledge of the disease,

from its developmental and initial phases to the macroscopic

appearance of advanced deep nodules. It is clear that the current

macroscopic classification is insufficient to properly characterize

heterogeneous lesions. A closer look at endocrine aspects of

lesions may shed new light on disease features, enabling

precision medicine in endometriosis care. However, current
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methodological limitations (i.e., number of patients enrolled in the

studies) or appropriateness of investigations (i.e., contamination

of endometrioma cysts with ovarian cortex) has limited the

implementation of endocrine phenotyping in daily practice.

Furthermore, the accurate evaluation of the expression of these

enzymes is a complex task; for instance, concerning aromatase

protein expression, some authors argued that what was believed to

be aromatase protein in a previous study was mainly endogenous

biotic labeling or iron deposits (20). Even if various enzymatic

pathways are aberrantly regulated in endometriosis, the

recognition of which enzymatic pathways are more critical for

promoting the hyperestrogenic environment is less clear. This is

important for the development of new drugs aimed at decreasing

local estrogenic activity with a minimal effect on gonadal activity.
Strengths and limitations

The strength of this review lies in the evaluation of

intracrinology of endometriosis from a clinical prospective.

The main limitation was that heterogeneity of the studies

included and a lack a particular model to investigate the role

of local modulation of these enzymatic pathways.
Conclusion and new perspectives

Unbalanced intracrinology is a critical feature of endometriosis

implants and a complex mechanism that supports local

hyperestrogenism partially independent from gonadal function.

This has far-reaching implications in clinical practice, since all

available therapies induce a reduction in gonadal activity as main

mechanism of action. Recently, the development of harmonization

initiatives, such as EPHect, Endometriosis Phenome and

Biobanking Harmonisation Project, has represented a new

systematic approach to stratify predefined outcomes in

endometriosis research with family history, symptoms, clinical

examination, dynamic imaging/pain reporting, surgical staging,

and systemic or tissue biomarkers. From a clinical perspective,

current knowledge of intracrinology in endometriosis in the actual

classification of the disease has identified that endometriosis lesions

on the ovary are likely the most endocrine active and responsive to

steroids. As a result, they are characterized by a higher incidence of

recurrence following surgical excision. In addition, enzymatic

pathways expressed in endometriosis are likely consequences of

epigenetic changes and inflammation signals. Again, a closer look

at intracrinology could facilitate lesion phenotyping and estimate

the aggressiveness of the disease. However, current methodological

limitations and heterogeneity in the evaluation of mRNA and

protein expression make it hard to draw definitive conclusions. In

certain cases, contradictory results can be explained by the close

proximity of healthy tissue to the endometriotic lesion, influencing

the results obtained by the whole tissue specimens and highlighting
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the need for a careful histopathological characterization of the

specimens studied (laser capture microdissection may therefore be

envisaged to fully isolate endometriotic glands). Moreover, a large

number of studies miss correlations with the severity of symptoms,

stage and localization of disease, making it difficult to estimate

which patient can benefit the best from future targeted enzyme

therapy. Although AIs are not realistically useful in clinical

practice, intracrinology offers interesting new drug targets that

can incorporate many of the above ambitious features. Some

molecules are already in the pipeline of the pharma industry in

the next 10 years. In conclusion, intracrinology of endometriosis is

relevant in clinical practice as a major main endometriosis

developmental feature, a basis for phonotypical characterization,

a potential mechanism of drug resistance and a source of new

therapeutic targets.
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Hypoxia activates the unfolded
protein response signaling
network: An adaptive
mechanism for endometriosis

Yong Zhou †, Yang Jin †, Yuan Wang and Ruijin Wu*

Women’s Hospital, Zhejiang University School of Medicine, Hangzhou, China
Endometriosis (EMS) is a chronic gynecological disease that affects women of

childbearing age. However, the exact cause remains unclear. The uterus is a

highly vascularized organ that continuously exposes endometrial cells to high

oxygen concentrations. According to the “planting theory” of EMS

pathogenesis, when endometrial cells fall from the uterine cavity and

retrograde to the peritoneal cavity, they will face severe hypoxic stress.

Hypoxic stress remains a key issue even if successfully implanted into the

ovaries or peritoneum. In recent years, increasing evidence has confirmed that

hypoxia is closely related to the occurrence and development of EMS. Hypoxia-

inducible factor-1a (HIF-1a) can play an essential role in the pathological

process of EMS by regulating carbohydrate metabolism, angiogenesis, and

energy conversion of ectopic endometrial cells. However, HIF-1a alone is

insufficient to achieve the complete program of adaptive changes required for

cell survival under hypoxic stress, while the unfolded protein response (UPR)

responding to endoplasmic reticulum stress plays an essential supplementary

role in promoting cell survival. The formation of a complex signal regulation

network by hypoxia-driven UPR may be the cytoprotective adaptation

mechanism of ectopic endometrial cells in unfavorable microenvironments.

KEYWORDS

hypoxia, unfolded protein response, endometriosis, endoplasmic reticulum stress,
hypoxia-inducible factor
Introduction

Endometriosis is a common benign gynecological disorder characterized by the

presence and growth of functional endometrial glands and stroma outside the uterine

cavity, usually accompanied by reactive fibrosis and muscular metaplasia of affected

organs (1, 2). Unfortunately, only a few studies estimated the prevalence and incidence of

endometriosis in the general population, reporting that the prevalence of symptomatic
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endometriosis is about 10%, and approximately 2-7/1000

women are diagnosed with endometriosis every year. However,

11% of cases remain undiagnosed (3, 4).

EMS is closely related to dysmenorrhea, painful intercourse,

painful defecation, and infertility in women of reproductive age

and may seriously affect their quality of life (5, 6). In addition,

patients and physicians face the great challenge of high

recurrence rates after conservative EMS surgery (7, 8). Lesions

are most commonly found in the pelvic cavity, including the

ovaries, uterus, sacral ligaments, vaginal septum, bladder,

rectum, and ureters. EMS may also invade organs other than

the pelvic cavity, such as abdominal incision (9), diaphragm, and

even lungs (10).
Theoretical basis of hypoxia in EMS

The exact pathogenesis of EMS is still unclear. However, the

implant theory is still widely accepted as the mainstream theory

(11). The hypothesis is based on the concept that EMS lesions’

matrix and glands are derived from ectopic endometrium. Thus,

EMS is considered a benign metastasis of ectopic endometrium,

which is transferred from the uterine cavity to another position

in the body through different pathways. The theory of menstrual

blood reflux, based on clinical and anatomical observations, was

first proposed by Sampson in 1927 (12). It is believed that most

EMS were induced by endometrial fragments entering the pelvic

cavity through fallopian tube reflux during menstruation, the

transition from the endometrium to ectopic endometrium, and

growth on peritoneum as well as ovary.

Although menstrual reflux theory cannot explain all forms of

EMS, it remains the most accepted hypothesis of EMS. Some

scientists found that 76~90% of women have the phenomenon

of menstrual blood regurgitation of fallopian tubes (13), and

laparoscopy has revealed that endometrial epithelial cells can be

isolated from abdominal fluid at the early stage of endometrial

hyperplasia (14). In addition, some researchers have identified

viable single endometrial cells and glandular structures from the

shedding of menstrual blood (15). The “eutopic endometrium

determinism”, proposed by Lang (16), believes that the onset of

EMS depends on the characteristics of eutopic endometrial cells

in the uterine, so eutopic endometrial cells of patients with EMS

may have stronger survival and proliferation ability after falling

off. Thus, they are more likely to become ectopic lesions. Among

this process, retrograde menstruation is the only bridge from the

potential pathogenicity of endometrial cells to the onset of EMS.

Recently, based on the physiological phenomenon of periodic

stripping and regeneration of endometrium, it is speculated that

endometrial stem cells with differentiation potential may exist in

menstrual blood. Therefore, some scientists proposed the “stem

cell theory” of EMS pathogenesis (17). Subsequently, relevant

studies also confirmed that after menstrual blood enters the

pelvic cavity from the fallopian tube, endometrial cell fragments
Frontiers in Endocrinology 02
34
with stem cell characteristics can adhere to mesothelial cells and

promote the growth of EMS lesions, leading to the occurrence

and development of EMS (18, 19). These theories enriched the

theoretical basis of planting theory.

The anatomical characteristics of the uterine vessels are that the

body branches of the uterine arteries vertically discharge the arch

artery along with the muscle layer of the lateral wall of the uterus.

The uterine spiral artery then extends vertically into the

endometrium, finally forming a blood-rich capillary network in

the endometrium (as shown in Figure 1). During menstruation,

endometrial vasospasm causes acute hypoxia of the endometrium,

leading to necrosis and endometrial dissection. Finally, blood vessels

rupture and a mixture of blood and exfoliated endometrium

fragments are formed. The main pathogenesis of EMS, including

implant theory, menstrual blood reflux theory, endometrial

determinism, and stem cell theory, all began with the shedding of

endometrial fragments into the pelvic cavity. Under normal

circumstances, the shedding endometrial cells immediately

convert into a state of severe hypoxia when the blood supply of

the endometrial capillaries is lost. Then relevant apoptotic signals

are activated to induce apoptosis and endometrial cells are finally

cleared by the immune cells in the pelvic. At the same time, this

transient physiological hypoxia could promote the timely repair of

the exfoliated endometrial surface and prevent excessive menstrual

bleeding, which is mostly meditated by hypoxia-induced high

expression of vascular endothelial growth factor (VEGF) (20).

However, in patients with EMS, various changes of cell biological

functions (21) may occur in the shedding endometrial cells under

hypoxic stress, such as increased adhesive and invasive capacity,

enhanced angiogenesis, and dysregulated immuno-clearance

system, thus improving their ability to resist hypoxia or activating

certain functions to resist apoptosis, adapt to the hypoxic

environment, and survive. Eventually, they will develop into EMS

lesions. Therefore, hypoxia can also be the driving factor for EMS,

but the relevant pathological mechanism remains unclear.
The role of hypoxia-inducible
factors in endometriosis

Hypoxia (22) generally refers to the pathological process in

which oxygen is not adequately supplied or consumed

excessively, resulting in insufficient oxygen concentration,

reduced availability, and the inability to maintain normal

cellular functions. If hypoxia persists, it will lead to a

metabolic crisis and ultimately threaten the cell’s survival. The

concentration of oxygen in the atmosphere is approximately

20%, but the content of oxygen in human tissues is much lower.

Generally, the normal oxygen content of human tissues is

approximately 3%~5% (as shown in Figure 2) (23), which is

essential for the maintenance of cells’ normal life. When the

intracellular oxygen content ranges in 1%~3%, it is called mild
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hypoxia. In this condition, molecular O2 will play a role as a

critical signal to regulate cell fate, activating various adaptive

mechanisms to promote cell survival and proliferation.

However, in a state of moderate hypoxia, which means that

the oxygen content is less than 1%, many cells can still survive.

To survive in a moderate hypoxic environment, the expression

of various genes is needed to allow cells to adapt to the stress

response induced by hypoxia. This process is heavily controlled

by the hypoxia-inducible factors (HIFs) family. HIFs, first

discovered by Semenza et al. (24) in 1992, are activated

through a transcription mechanism under hypoxic conditions

and then promote the expression of many hypoxia-regulated

gene products to form an adaptive mechanism for cell

protection. Acting as the master switch in the body in

response to hypoxia, the downstream mechanisms of HIFs are

multifaceted (25). For example, HIFs promotes increased

secretion of erythropoietin to accelerate red blood cell

production, enhancing tissue’s ability to transport oxygen,

ensuring that cells have an adequate supply of oxygen (26). In

addition, switching of metabolic patterns during hypoxia is

essential to reduce oxygen consumption. HIFs can activate

glycolytic genes and inhibit tricarboxylic acid cycle

metabolism, thereby reducing oxygen consumption and

maintaining cell survival in hypoxia condition (27). HIFs can

also induce increased secretion of vascular endothelial growth

factor (VEGF) in cells and increase the blood supply of tissues by

promoting angiogenesis, thus protecting cells from ischemic

damage (28). Hypoxia can also promote the synthesis of some

glucose transporters and maintain the production of high-

energy molecular ATP in cells (29). Overall, HIFs are the most
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sensitive and important nuclear transcription regulators

response to hypoxia. They are prevalent in various

mammalian cells even in the simplest animal (30). HIFs

regulate the expression of various genes, and they are widely

involved in regulating oxygen homeostasis in response to

hypoxia and other changes in the cell’s internal environment

of the cell. Thus, HIF-1 is a key oxygen sensor and a hypoxic

adaptive response regulator.

Regarding EMS, when endometrial cells enter the pelvic

cavity with retrograde menstrual blood and have not established

effective blood circulation, continuous hypoxia can induce the

overexpression of HIF-1 in endometrial cells, thus inducing the

secretion of various factors within the endometrial environment

and prompting the development of endometriosis through

multiple mechanisms (31). Angiogenesis is the primary

challenge for the survival of endometrial cells flowed into the

pelvis, and it is also a major prerequisite for the initiation and

progression of endometriosis (32). In this process, HIFs can

induce the expression of numerous downstream factors to

promote the angiogenesis of endometrial cells. Among them,

VEGF family are the most classical factors which were found up-

regulated both in vivo and in vitro (33, 34). Other cytokines and

chemokines, such as IL-8, leptin, CYR61 and osteopontin also

participant in the HIF-induced angiogenesis process (35–37). In

addition, HIFs could also enhance cell adhesive ability through

the regulation of Transforming growth factor b1 (TGF-b1),
Enhancer of zeste homolog 2 (EZH2), and anthrax toxin

receptor 2 (ANTXR2) (34, 38). Hypoxia also participants in

the regulation of inflammation and immune system via

mediating the expression of IL-6, DUPS2, and COX-2 in
FIGURE 1

Possible adaptive mechanism for endometriosis under hypoxia. During menstruation, the exfoliated endometrium fragments flow into the pelvic
cavity with retrograde menstruation. Under normal circumstances (as shown in the left part), the shedding endometrial cells will face acute
hypoxic stress, activating apoptotic signals and being cleared by the immune cells. Conversely, those endometrial cells of endometriosis (EMS)
patients (as shown in the right part), possess with altered biological functions, may resist hypoxia or apoptosis and finally develop into EMS
lesions. Created with BioRender.com.
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endometrial cells (39). Furthermore, although EMS is a benign

disorder, it displays some pathogenic characteristics of

malignant diseases (40), such as the tendency to invade and

relapse, and adaptation to hypoxia (41). A latest research showed

that the expression of early growth response 1 (EGR1) and its

downstream target carbonic anhydrase 9 (CA9), which were up-

regulated in hypoxic cancers, are significantly increased in

ectopic lesions (42). In addition, malignant cells possess a

unique energy metabolism feature which is called the

“Warburg effect” (43), also known as aerobic glycolysis.

Specifically, even in anoxic conditions, malignant tumor cells

could remain powered by glycolysis, increasing glucose

consumption and lactic acid production. This progress also

provides abundant energy for the growth of malignant cells,

ensuring their ability to proliferate rapidly, and HIF-1a plays a

vital role in this energy metabolic pathway and may protect cells

from hypoxia (44). Interestingly, Young et al. (45) found that the

“Warburg effect” also existed in the EMS lesion, and HIF-1a also

showed same effect on the aerobic glycolysis of EMS.
Hypoxia activates the unfolded
protein response

Recent evidence suggests that HIFs alone cannot achieve the

whole program of adaptive changes required for cell survival

under hypoxic stress and the unfolded protein response (UPR)

under endoplasmic reticulum stress (ERS) plays an essential

complementary role in this process (46, 47). UPR and HIF
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pathway interacts with HIF-independent pathways, forming a

highly correlated regulatory network under hypoxia stress.

The endoplasmic reticulum (ER) is an extensive intracellular

membranous network extending to the entire cytoplasm. The

key site for lipid and glucose metabolism, calcium homeostasis,

detoxifying drugs, and metabolisms is the central processing unit

responsible for protein translation, folding, and modification

(48). In protein synthesis, folding the protein spatial structure

depends on the oxygen content, which is also called oxidizing

protein folding (49). When intracellular oxygen availability is

reduced (hypoxia), protein folding will be disturbed, leading to

accumulation of misfolded or unfolded proteins. These changes

break the protein dynamics in the endoplasmic reticulum and

activate the UPR signaling network, thus inducing the

production of self-protection mechanisms in cells. This

process is called endoplasmic reticulum stress (ERS), which

aims to restore homeostasis and function of the intracellular

environment (50–52).

UPR is mediated by a partner molecule specific for the

endoplasmic reticulum, namely glucose-regulated protein78

(GRP78), and three transmembrane protein stress sensors

(53), namely protein kinase RNA-like endoplasmic reticulum

kinase (PERK), activating transcription factor 6 (ATF6) and

inositol-requiring protein 1a (IRE1a)(as shown in Figure 3).

UPR can avoid the ERS-caused damage by reducing the

accumulation of unfolded proteins and improving the correct

folding of proteins, and restoring normal physiological functions

of cells. However, if ERS becomes persistent or damage is too

severe, the signal will change from pro-survival to pro-apoptosis
FIGURE 2

Grading of hypoxia. The normal oxygen content in human cell is 3%~5%; mild hypoxia refers to the oxygen concentration raging in 1%-3%;
Oxygen content less than 1% is defined as severe hypoxia. Created with BioRender.com.
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(54). Under normal physiological conditions, these three UPR-

related transmembrane proteins all bind to GRP78 and remain

in an inactive state. When ERS damage occurs, GRP78 will

dissociate from these transmembrane proteins (55). Activated

PERK phosphorylates the a subunit of eukaryotic initiation

factor 2 (eIF2), initiating selective translation of activating

transcription factor 4 (ATF4) under stress conditions. ATF4 is

mainly involved in regulating peptide chain biosynthesis,

antioxidant action, protein folding, and gene expression

related to the maintenance of redox homeostasis (56). If the

stress persists, ATF4 can also promote the transcription of C/

EBP homologous protein (CHOP), a pro-apoptotic protein, to

induce cell apoptosis (57). Activated ATF6 can also initiate

related transcriptional procedures to restore endoplasmic

reticulum homeostasis, including inducing GRP78 expression,

promoting protein chaperone and lipid synthesis, stimulating

endoplasmic reticulum degradation, and improving N-

glycosylation (58, 59), and ATF6 also induces CHOP

expression, leading to UPR-related apoptosis (60, 61).

Activated IRE1a regulates gene expression by increasing ER

protein folding capacity via TRAF2. It also promotes the

expression of proteins related to disulfide bond formation and

molecular chaperones and proteins involved in ER degradation

and vesicle transport (62). TRAF2 also promotes clustering of
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procaspase-12. Under ER stress, sustained Ca2+ release from the

ER and activate calpains, which may induce the activation of

caspase 12 to mediate apoptosis (63). In addition, IRE1a kinase

can up-regulated the expression of apoptosis signal regulated

kinase 1(ASK1) and then activate c-Jun N-terminal kinase (JNK)

to promote apoptosis through the inhibition of BCL-2 protein

family (64, 65). CHOP, a member of C/EBP transcription factor

family, is an ERS-specific effector molecule representing an

important cell transition signal to apoptosis (66). Under

normal physiological conditions, CHOP expression remains at

a very low level, while in the ERS state, activation of PERK,

ATF6, and IRE1a can induce CHOP transcription, significantly

increasing its expression and migration into the nucleus,

promoting cell apoptosis via the inhibition of BCL-2 protein

family (67, 68). CHOP also prompt the expression of GADD34

(69), which complexes with protein phosphatase 1 (PP1) to

induce the dephosphorylation of eIF2a, thus forming a negative

feedback loop. Other downstream target genes, including death

receptor 5 (DR5) and downstream of CHOP (DOC) have also

been proposed to lead to apoptosis (70).

Since protein synthesis and oxygen-dependent protein

folding are energy-intensive processes, and hypoxia

significantly reduces the level of intracellular ATP, regulating

mRNA translation is an important cellular response to hypoxia
FIGURE 3

Hypoxia activates the UPR signaling network to mediate apoptosis. When ERS damage occurs, GRP78 dissociates from PERK, ATF6 and IRE1a.
Activated ATF6 can be transported to Golgi apparatus. After modification, it could induce CHOP expression and lead to UPR-related apoptosis
via the inhibition of BCL-2 protein family and the activation of multiple genes including GADD34, DR5, and DOC. Similarly, activated PERK
phosphorylates the a subunit of eIF2 and initiates translation of ATF4, then promoting the transcription of CHOP. Additionally, activated IRE1a
stimulates the expression of TRAF2, then activate ASK1 and JNK to promote apoptosis. TRAF2 also promotes clustering of procaspase-12, and it
will be activated into caspase 12 by calpains under ER stress. Created with BioRender.com.
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(27). Hypoxia activates PERK, leading to the inhibition of eIF2a
phosphorylation and overall translation, while ATF4 translation

increases after PERK/eIF2a is activated (71, 72). This is a rapid

response independent of HIF-1a and usually occurs within

minutes of exposure to hypoxic conditions in cells. The

phosphorylation of eIF2a is transient, attributed to the

negative feedback caused by GADD34 dependent on ATF4

upregulation. Dephosphorylation of eIF2a will increase the

production of various intracellular reactive oxygen species

(ROS), thus stimulating various biological reactions, while

mitochondria are the main source of oxygen-deficient ROS

(73). Mitochondrial hypoxic ROS activates and integrates the

stress response to maintain energy and REDOX homeostasis and

then constitutes an early adaptive response to hypoxia. Some

enzyme antioxidants, such as catalase and glutathione

peroxidase, can reduce eIF2a phosphorylation due to hypoxia.

In contrast, ATF4 can promote cell survival by enhancing the

upregulation of HIF-1a-mediated downstream targets (74).

Brief exposure to ERS can modulate cells and enable them to

survive in more severe stress. Survival-promoting genes may

induce this pre-adaptation, and integration of stress response is

also a sufficient survival-promoting mechanism under hypoxia.

Cells with impaired PERK-eIF2a-ATF4 signal transduction are

more sensitive to hypoxic stress in vitro, indicating that the

PERK-eIF2a-ATF4 pathway provides a survival advantage for

cells under hypoxic conditions (75, 76), which is crucial for

resistance to intracellular hypoxia, metabolic stress,

and starvation.

Scientists have analyzed variations of gene expression under

hypoxia conditions, but UPR-related genes can be excessively

induced in the state of “extreme” hypoxia or “moderate”

hypoxia. For example, X-box binding protein 1 (XBP1), a

transcription factor containing zinc finger structure, is critical

for UPR signaling network and acts on the folding of multiple

proteins regulated by downstream target molecules. Under

normal conditions, XBP1 exists in XBP1 unspliced (XBP1u).

In the hypoxia state, XBP1u is activated into XBP1 spliced

(XBP1s) by IRE1, enabling effective transcription of multiple

target genes in the nucleus. Meanwhile, hypoxia can also induce

XBP1 expression and activate its mRNA splicing in a HIF-1a
dependent pathway, leading to increased XBP1s (77). When

XBP1s were co-localized in tumors with hypoxia markers, the

loss of XBP1 increased the sensitivity of transformed cells to

hypoxia-induced apoptosis and inhibited tumor growth (78).

Studies have demonstrated that XBP1 is critical for

carcinogenicity and progression of triple-negative breast

cancer (TNBC). TNBC is a type of breast cancer that lacks

estrogen receptors, progesterone, and HER2, in which HIF-1a is

overactivated. However, XBP1 splicing is not directly regulated

by HIF-1a. XBP1 mainly enhances the transcriptional activity of

HIF-1a and regulates its transcriptional program by binding to

HIF-1a and forming the transcription complex to drive the

carcinogenicity of TNBC. In contrast, XBP1 knockout can
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reduce the formation of breast cancer lesions under hypoxia

conditions. The characteristics of XBP1 gene expression in

TNBC patients are closely related to those in the state of

hypoxia, indicating a poor prognosis.
The role of UPR in EMS

UPR is a protection mechanism to maintain the stability of

the intracellular environment under hypoxia circumstances, and

its activation will promote cell survival. To determine the role of

UPR in the pathogenesis of EMS, Guzel (79) et al. detected

GRP78 expression in normal and ectopic endometrial cells,

finding that the level of GRP78 in ectopic endometrial cells is

significantly higher than that of normal endometrial cells. This

indicated that the UPR cascade reaction was activated in EMS,

and the upregulated expression of GRP78 significantly reduced

the sensitivity of ectopic endometrial cells to apoptosis and

increased their anti-apoptosis ability, which was beneficial for

the survival of ectopic endometrial cells. Other UPR proteins, p-

IRE1 and p-PERK, were also found increased in endometrial cells

when they were treated with peritoneal fluid obtained from

women with endometriosis (80). Taylor (81) et al. also reported

that UPR induced the increased expression of IL-8, indicating

that UPR may be involved in the pathogenesis of EMS by

promoting neovascularization and cell survival via IL-8 related

pathways. The protein kinase B (AKT)/mammalian target of

rapamycin (mTOR) signaling pathway plays an essential role in

enhancing the invasiveness of cells, and inhibition of this

pathway can effectively reduce the invasiveness of various

cancer cells (82). Several studies (83, 84) have displayed that

UPR can inhibit AKT/mTOR pathway through CCAAT/CHOP/

(Tribbles Homolog 3, TRIB3) signal transduction and regulate

the invasiveness of ectopic endometrial cells. EMS is an estrogen-

dependent disease and is related to progesterone resistance (85).

UPR-induced apoptosis can be inhibited by estrogen, thus

promoting endometrial cell survival (86). In contrast, in the

secretory phase, due to the antagonistic effect of progesterone, the

inhibition effect of estrogen on the UPR-mediated apoptotic

pathway can be reduced. Then, UPR upregulation may help

reduce the invasiveness of endometrial cells (87). However,

progesterone resistance exists in ectopic and endometrial

stromal cells of women with EMS, and in the secretory phase,

progesterone resistance in ectopic endometrium stromal cells

may alter the effect induced by UPR as described above (88, 89).

In vitro studies on UPR regulating endometrial cell invasiveness

also suggest that (90), in endometrial cells with estrogen added

alone in the proliferative phase, the expressions of GRP78,

CHOP, and TRIB3 increased significantly with increased

progesterone during the secretory phase. In contrast,

endometrial cell invasiveness was significantly suppressed when

AKT and mTOR activity was inhibited. Thus, progesterone can

upregulate the expression of UPR-related CHOP and TRIB3 by
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antagonizing estrogen and inhibiting the AKT/mTOR pathway,

reducing the invasiveness of endometrial cells. These

progesterone-induced signal regulations can occur in normal

endometrial cells. In ectopic cells, progesterone has no significant

effect on CHOP/TRIB3 or AKT/mTOR signaling, so it does not

play a role in the invasiveness of endometrial cells.
Discussion

EMS severely affects the physical and mental health and

quality of life of women of reproductive age. The implantation

theory on the pathogenesis of EMS indicates the key role of

hypoxia in the occurrence and development of EMS, which

involves cell biological processes such as apoptosis, adhesion,

proliferation, invasion, and metastasis of ectopic endometrial

cells. The mechanism of EMS is complex, and its etiology and

pathology cannot be clearly explained with a onefold theory.

Hypoxia-induced UPR may be one of the potential mechanisms

by which ectopic endometrium cells could resist apoptosis and

develop into endometriotic lesions, and some drugs (91, 92)

targeting this mechanism may become potential effective

therapeutic agents for the treatment of the disease. But the exact

mechanism of hypoxia-stimulated UPR in EMS remains to be

explored, andwe look forward to new break-throughs in this field.
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Sagredo AI, et al. Genotoxic stress triggers the activation of IRE1a-dependent RNA
decay to modulate the DNA damage response. Nat Commun (2020) 11(1):2401.
doi: 10.1038/s41467-020-15694-y

53. Marciniak SJ. Endoplasmic reticulum stress: A key player in human disease.
FEBS J (2019) 286(2):228–31. doi: 10.1111/febs.14740

54. Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B.
Endoplasmic reticulum stress signalling and the pathogenesis of non-alcoholic
fatty l iver disease . J Hepatol (2018) 69(4) :927–47. doi : 10.1016/
j.jhep.2018.06.008

55. Pan WW, Myers MGJr. Leptin and the maintenance of elevated body
weight. Nat Rev Neurosci (2018) 19(2):95–105. doi: 10.1038/nrn.2017.168

56. Han J, Back SH, Hur J, Lin YH, Gildersleeve R, Shan J, et al. ER-stress-
induced transcriptional regulation increases protein synthesis leading to cell death.
Nat Cell Biol (2013) 15(5):481–90. doi: 10.1038/ncb2738

57. Yang Z, Tsuchiya H, Zhang Y, Lee S, Liu C, Huang Y, et al. REV-ERBa
activates C/EBP homologous protein to control small heterodimer partner-
mediated oscillation of alcoholic fatty liver. Am J Pathol (2016) 186(11):2909–20.
doi: 10.1016/j.ajpath.2016.07.014

58. Li M, Baumeister P, Roy B, Phan T, Foti D, Luo S, et al. ATF6 as a
transcription activator of the endoplasmic reticulum stress element: thapsigargin
stress-induced changes and synergistic interactions with NF-y and YY1. Mol Cell
Biol (2000) 20(14):5096–106. doi: 10.1128/mcb.20.14.5096-5106.2000
frontiersin.org

https://pubmed.ncbi.nlm.nih.gov/6234483/
https://doi.org/10.1016/s0015-0282(16)54533-6
https://doi.org/10.1016/s0015-0282(97)00250-1
https://doi.org/10.3760/j.issn:0529-567X.2005.01.002
https://doi.org/10.1111/j.1749-6632.2011.05969.x
https://doi.org/10.1093/humupd/dmw044
https://doi.org/10.1093/biolre/ioaa011
https://doi.org/10.1093/biolre/ioaa011
https://doi.org/10.1038/s41467-017-02375-6
https://doi.org/10.1530/rep-20-0267
https://doi.org/10.1038/nrm2354
https://doi.org/10.1158/1541-7786.Mcr-06-0150
https://doi.org/10.1128/mcb.12.12.5447-5454.1992
https://doi.org/10.1056/NEJMra1612008
https://doi.org/10.1172/jci115367
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1016/j.cmet.2006.02.002
https://doi.org/10.1038/359843a0
https://doi.org/10.1016/S0021-9258(17)31580-6
https://doi.org/10.1038/embor.2010.170
https://doi.org/10.1111/jog.13900
https://doi.org/10.1093/humupd/dmm006
https://doi.org/10.1016/j.fertnstert.2013.10.039
https://doi.org/10.1016/j.fertnstert.2013.10.039
https://doi.org/10.4103/0366-6999.204112
https://doi.org/10.2353/ajpath.2007.060477
https://doi.org/10.2353/ajpath.2007.060477
https://doi.org/10.1210/jc.2012-1450
https://doi.org/10.1093/humrep/deu255
https://doi.org/10.1093/humrep/deu255
https://doi.org/10.7150/thno.30655
https://doi.org/10.1111/aji.12690
https://doi.org/10.3390/ijms22179274
https://doi.org/10.3390/ijms22179274
https://doi.org/10.1016/j.rbmo.2018.12.025
https://doi.org/10.1016/j.rbmo.2018.12.025
https://doi.org/10.1530/rep-22-0123
https://doi.org/10.1126/science.1160809
https://doi.org/10.1038/s41419-021-04391-3
https://doi.org/10.1038/s41419-021-04391-3
https://doi.org/10.1210/jc.2014-1026
https://doi.org/10.1172/jci26373
https://doi.org/10.1016/j.ceb.2006.06.005
https://doi.org/10.1016/j.bbamcr.2013.03.007
https://doi.org/10.1016/j.bbamcr.2013.03.007
https://doi.org/10.1242/jcs.153643
https://doi.org/10.1126/science.1209038
https://doi.org/10.1126/science.1209038
https://doi.org/10.1016/j.cell.2016.12.004
https://doi.org/10.1038/s41467-020-15694-y
https://doi.org/10.1111/febs.14740
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1038/nrn.2017.168
https://doi.org/10.1038/ncb2738
https://doi.org/10.1016/j.ajpath.2016.07.014
https://doi.org/10.1128/mcb.20.14.5096-5106.2000
https://doi.org/10.3389/fendo.2022.945578
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Zhou et al. 10.3389/fendo.2022.945578
59. Zhang K, Kaufman RJ. Signaling the unfolded protein response from the
endoplasmic reticulum. J Biol Chem (2004) 279(25):25935–8. doi: 10.1074/
jbc.R400008200

60. Iurlaro R, Muñoz-Pinedo C. Cell death induced by endoplasmic reticulum
stress. FEBS J (2016) 283(14):2640–52. doi: 10.1111/febs.13598

61. Bartoszewski R, Gebert M, Janaszak-Jasiecka A, Cabaj A, Króliczewski J,
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Endometriosis is a gynecological disease prevalent in women of reproductive

age, and it is characterized by the ectopic presence and growth of the eutopic

endometrium. The pathophysiology and diagnostic biomarkers of

endometriosis have not yet been comprehensively determined. To discover

molecular markers and pathways underlying the pathogenesis of

endometriosis, we identified differentially expressed genes (DEGs) in three

Gene Expression Omnibus microarray datasets (GSE11691, GSE23339, and

GSE7305) and performed gene set enrichment analysis (GSEA) and protein–

protein interaction (PPI) network analyses. We also validated the identified

genes via immunohistochemical analysis of tissues obtained from patients with

endometriosis or healthy volunteers. A total of 118 DEGs (79 upregulated and

39 downregulated) were detected in each dataset with a lower (fold change) FC

cutoff (log2|FC| > 1), and 17 DEGs (11 upregulated and six downregulated) with a

higher FC cutoff (log2|FC| > 2). KEGG and GO functional analyses revealed

enrichment of signaling pathways associated with inflammation, complement

activation, cell adhesion, and extracellular matrix in endometriotic tissues.

Upregulation of seven genes (C7, CFH, FZD7, LY96, PDLIM3, PTGIS, and

WISP2) out of 17 was validated via comparison with external gene sets, and

protein expression of four genes (LY96, PDLIM3, PTGIS, andWISP2) was further

analyzed by immunohistochemistry and western blot analysis. Based on these

results, we suggest that TLR4/NF-kB and Wnt/frizzled signaling pathways, as
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well as estrogen receptors, regulate the progression of endometriosis. These

pathways may be therapeutic and diagnostic targets for endometriosis.
KEYWORDS

endometriosis, LY96, PDLIM3, PTGIS, TLR4/NF-kB, Wnt/frizzled, estrogen receptor
Introduction

Endometriosis is a common gynecological disorder in which

endometrial tissue grows outside the uterus (1). Endometriosis

affects around 10% of women of reproductive age and often

causes dysmenorrhea, chronic pelvic pain, and infertility (1, 2).

Despite the widespread acceptance of the retrograde

menstruation theory proposed by Sampson in 1927, the

pathogenesis of endometriosis remains poorly understood (3).

Thus, various other factors, including genetic, epigenetic, stem

cell, inflammatory, angiogenic, and immunological factors,

should be considered to better understand the complex

pathophysiology of endometriosis (3, 4). Gynecological surgery

is the major therapeutic option for endometriosis treatment.

Oral contraceptives, progestins, nonsteroidal anti-inflammatory

drugs, and gonadotropin-releasing hormone agonists are

alternative treatment options (2, 5). However, the efficacy of

these treatment strategies, whether surgical or non-surgical, is

still limited due to the high recurrence rate of the disease.

Despite its high prevalence, the diagnosis of endometriosis is

often delayed as it has no symptoms distinct from those of

ordinary menstrual cramps (6, 7). Histopathological

examination by invasive laparoscopy or surgery is the gold

standard for diagnosis of endometriosis (2). The identification

of diagnostic biomarkers is thus urgently required to improve

the diagnosis and treatment of patients with endometriosis.

Previous reviews on this topic have focused on identification

of potential biomarker candidates from specimens such as

peritoneal fluid, blood, urine, and endometrial biopsies (6–9),

highlighting several factors as noninvasive diagnostic

biomarkers, including growth factors, hormones, cytokines,

complements, glycoproteins, and antibodies. However, these

biomarkers are merely used to supplement diagnosis of

endometriosis, as none of them has demonstrated sufficient

sensitivity and specificity (10).

Integration of different types of omics data is routinely

utilized to discover and validate novel disease biomarkers (11,

12). Potential diagnostic biomarkers and therapeutic targets of

endometriosis have been proposed in such integrative

bioinformatics studies based on the identification of

differentially expressed genes (DEGs) (13–16). However,

identification of common biomarkers that are consistently
02
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detected in all datasets is difficult due to the heterogeneity

among independent datasets. Here, three microarray datasets

(GSE11691, GSE23339, and GSE7305), which include gene

expression data from normal endometrial and endometriosis

tissues, were obtained from the Gene Expression Omnibus

(GEO) database. Non-biased bioinformatics analyses,

including identification of DEGs, gene set enrichment analysis

(GSEA), and protein–protein interaction (PPI) network analysis,

were conducted, and the findings were further validated by

analyzing immunohistochemistry (IHC) and western blot

analysis of tissue specimens obtained from patients with

endometriosis or healthy volunteers. Based on the obtained

results, we propose six biomarkers as potential targets for the

diagnosis and treatment of endometriosis.
Materials and methods

Data collection

The datasets for analysis in this study were chosen according

to the inclusion and exclusion criteria summarized in

Supplementary Figure 1. Briefly, the gene sets were obtained

by searching the Gene Expression Omnibus (GEO; https://www.

ncbi.nlm.nih.gov/geo) database and filtered by three different

criteria, including characteristics of data, experiment, and

sample. Among six datasets filtered by three criteria,

GSE11691, GSE23339, and GSE7305 were applied for DEG

and GSEA analysis. Whereas GSE135485 and GSE25628 were

used as validation datasets due to their imbalanced and small

sample sizes, GSE6364 was filtered out as it contained the data

from normal endometrium but not endometriosis. The gene

expression data used in this study (GSE11691, GSE23339,

GSE7305, GSE135485, and GSE25628) were downloaded from

the GEO database, and a total of 128 samples were collected.

GSE11691 using the GPL96 platform includes data obtained

from nine endometriosis and normal uterine endometrium

samples, respectively (17). GSE23339 includes data derived

from 10 endometriosis and nine normal uterine endometrium

samples using the GPL6102 platform I (18). GSE7305 using the

GPL570 platform includes data collected from 10 endometriosis

and normal uterine endometrium samples, respectively (19).
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GSE135485 includes data collected from 54 endometriosis and

four normal uterine endometrium samples using the GPL21290

platform. GSE25628 includes data from seven endometriosis and

six normal uterine endometrium samples using the GPL571

platform (20). Detailed information on the datasets is

summarized in Table 1.
Data processing and identification
of DEGs

Transcriptome analysis was conducted using R (version

4.1.1) via RStudio (Desktop version, 1.4.1717). The three

datasets selected for DEG identification (GSE11691,

GSE23339, and GSE7305) were downloaded from the GEO

database of the National Center for Biotechnology Information

using the GEOquery R package (17–19, 21). Multiple probes

related to the same gene were reduced to one, and summarized

as median values for further analysis. Since gene expression

profiles differed between samples included in GSE11691,

quantile normalization was applied using the preprocessCore

R package (https://github.com/bmbolstad/preprocessCore).

DEGs were defined as genes with adjusted p-values and Log2|

FoldChange| (Log|FC|) less and greater than 0.05 and 1,

respectively. We adjusted p-value to correct the false positive

error caused by the multiple tests and calculated it by the

Benjamini & Hochberg method (22), which is one of the

popular tools to minimize the false discovery rate. The cutoff

criteria that we applied was 0.1. For analysis of the pathway and

PPI of DEGs, we adopted Log|FC| > 1 and used Log|FC| > 2 for

heatmap and network analysis.
Pathway enrichment analysis

Analysis of Kyoto Encyclopedia of Genes and Genomes

(KEGG) and Gene Ontology (GO) biological processes of

DEGs were performed using the JEPETTO plugin (version

1.3.1) of Cytoscape (version 3.8.2). Visualization was

performed by constructing a scatter plot with XD-score and q-

value as axes. q-value < 0.25 was used as the cutoff criterion,
Frontiers in Endocrinology 03
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according to GSEA guidance (https://software.broadinstitute.

org/cancer/software/gsea/wiki/index.php/FAQ).
PPI network analysis

The interactions of proteins encoded by the DEGs were

identified using the STRING plugin (version 1.7.0) of Cytoscape

by using “Homo sapiens” as search keyword, and a confidence

score cutoff higher than 0.4. GeneMANIA plugin (version 3.5.2)

was used to identify physical interactions. Visualization of the

network was performed using Cytoscape.
Heatmap construction and network
analysis of DEGs

A heatmap of the top 17 DEGs identified in each dataset was

generated using Morpheus, a versatile matrix visualization and

analysis software from the Broad Institute at the Massachusetts

Institute of Technology (https://software.broadinstitute.org/

morpheus/).

Network analysis was performed as previously described

(23). Briefly, the pattern of co-expression between the normal

and endometriosis groups was visualized based on Spearman’s

correlation. For this purpose, dplyr, stringr, ggpubr, ggplot2,

igraph, ggraph, corrr, corrplot, tidyverse, and reshape2 R

packages were applied.
GSEA

GSEA of each gene expression dataset was performed using

the GSEA software (version 4.1.0) from the Broad Institute at the

Massachusetts Institute of Technology (https://www.gsea-

msigdb.org/gsea/index.jsp). The absolute value of the

normalized enrichment score (NES), the enrichment score for

the gene set after it had been normalized across analyzed gene

sets, was set to > 1.5 as the cutoff criteria. The false discovery rate

(FDR) q-value, which represents the estimated probability that

the normalized enrichment score constitutes a false-positive
TABLE 1 Details of endometriosis GEO data used in this study.

GEO Author (year) Platform Method Samples Normal Endometriosis PMID

GSE11691 Hull et al (2008) GPL96 Microarray Endometrium 9 9 18688027

GSE23339 Hawkins et al (2011) GPL6102 Microarray Endometrium 9 10 21436257

GSE7305 Hever et al. (2007) GPL570 Microarray Endometrium 10 10 17640886

GSE135485 Yana et al. (2019) GPL21290 NGS Endometrium 4 53 –

GSE25628 Crispi et al. (2013) GPL571 Microarray Endometrium 6 7 23460397
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finding, was set to < 0.02. GO network analyses were performed

on each GSEA by uti l iz ing Cytoscape to visual ize

enrichment maps.
Clinical sample collection

Laparoscopic surgeries were performed at the Department of

Obstetrics and Gynecology of Pusan National University

Hospital (Busan, Korea) between June 2019 and December

2020. The surgical process was performed during the early

follicular phase to rule out the potential early pregnancy and

the possibility of the ovarian cyst being functional (24, 25). To

obtain normal uterine endometrial tissue as the control group,

we gathered the patients with male-factor infertility with normal

gynecologic anatomy who underwent endometrial scratch prior

to proceeding to programmed or natural embryo-transfer cycle,

and the patients with hormone-independent ovarian cysts such

as mature teratoma or cystadenoma who underwent laparoscopy

and presented no endometriotic lesion in the pelvic cavity. The

exclusion criteria were irregular menstrual periods, the presence

of endocrine disorders such as hyperprolactinemia or thyroid

dysfunction, and medication history with dysmenorrhea

management such as GnRH analogs, oral contraceptives, or

progestins during the past three months to the recruitment.

Eligible patients were further examined and proven

morphologica l ly free from poss ib le asymptomat ic

endometriosis and other hormone-dependent gynecological

pathologies, such as uterine adenomyosis and leiomyoma, by

undergoing imaging studies including gynecological

ultrasonography, abdominal computed tomography scans and/

or pelvic magnetic resonance imaging. All specimens from the

control group were further histologically assessed and confirmed

as normal endometrial tissue by pathologists. Endometriosis was

pathologically diagnosed in tissue specimens derived from 32

patients. Endometriosis was classified into stages I-IV according

to the revised American Society for Reproductive Medicine (r-

ASRM) classification system. The average stage detected in the

samples was approximately III. The average age of the patients

was 33.33 ± 7.53 years, whereas the average BMI was 21.51 ±

3.52. Samples of normal endometrial tissue were obtained from

ten healthy volunteers who have not been diagnosed with

endometriosis. The average age of the volunteers was 30.3 ±

4.9 years, whereas the average BMI was 22.06 ± 2.06. There was

no statistically significant difference between the average age and

BMI values of the two groups (with p-values of 0.16 and 0.56).

Tissue specimens were deposited in the Biobank of the Pusan

National University Hospital. Detailed information on the

pa t i en t and norma l vo lun tee r i s summar i zed in

Supplementary Table 1.
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This study was approved by the Institutional Review Board

(IRB) of Pusan National University Hospital (2104-009-101). All

patients signed informed consents for the study protocol. All

procedures were conducted in accordance with IRB guidelines.
IHC analysis

Fresh tissues collected by the laparoscopic surgeries were

rinsed with normal saline to remove blood and impurities, and

rapidly frozen and stored in the Biobank of Pusan National

University Hospital. The donated specimens were fixed with 4%

formaldehyde solution, and processed to obtain paraffin

embedded tissue blocks. Five–mm thick sections of tissue

blocks were deparaffinized by soaking in xylene and gradient

ethanol solution. The sections were then incubated with primary

antibodies, including anti-lymphocyte antigen 96 (LY96; 1:200;

ab22048, Abcam), anti-PDZ And LIM Domain 3 (PDLIM3;

1:200; HPA004749, Atlas Antibodies, Bromma, Sweden), anti-

prostaglandin I2 synthase (PTGIS; 1:200; ab23668, Abcam), and

anti-WNT1-inducible-signaling pathway protein 2 (WISP2;

1:200; ab28317, Abcam) at 4°C overnight. The sections were

then incubated with Dako REAL EnVision Detection System

(K5007; Dako, Jena, Germany) for 1 h. After rinsing with

phosphate-buffered saline (PBS), immunostaining was

visualized using DAB+ chromogen buffer (K5007, Dako). The

slides were counterstained with hematoxylin solution, and

representative images were taken using an optical microscope

(Axio Scope A1; Carl Zeiss, Oberkochen, Germany).

Histopathological scoring was performed through examination

under a light microscope by a pathologist. Staining intensity was

classified as follows: 0, negative immunostaining; 1, weak

expression level; 2, moderate expression level; 3, strong

expression level; and 4, very strong expression level.
Western blot analysis

Total proteins were extracted from frozen tissue specimens

using protein lysis buffer containing 10 mM HEPES pH 7.45,

150 mM sodium chloride, 1% (w/v) NP−40, 5 mM sodium

pyrophosphate, 5 mM sodium fluoride, and 2 mM sodium

vanadate with a protease inhibitor cocktail (Roche Applied

Science, Penzburg, Germany). 30 mg of protein lysates was

electrophoresed by sodium dodecyl sulfate−polyacrylamide gel

and transferred onto nitrocellulose membranes (0.45 mm;

ThermoFisher Scientific, Waltham, MA). The membranes

were blocked with 5% (w/v) non-fat dry milk and incubated

with primary antibodies against target proteins, including LY96,

PDLIM3, PTGIS, and WISP2 at 4°C overnight. The membranes
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were washed and incubated with proper secondary antibodies

conjugated with horseradish peroxidase. The bands of

interesting proteins were detected with the enhanced

chemiluminescence Plus kit (ThermoFisher Scientific) using

ImageQuant LAS 4000 imaging system (GE healthcare,

Chicago, IL).
Identification of potential
druggable genes

The Drug-Gene Interaction Database (DGIdb, http://www.

dgidb.org) is an online database that facilitates interpretation of

the results of genome-wide studies, and generation of hypotheses

in the context of druggable genome (26). DGIbd was used to

identify potentially druggable genes from an input list of genes

including the statistically significant DEGs.
Statistical analysis

To evaluate the statistical difference between the two groups,

Student’s t-test was performed using GraphPad Prism (version

5.01; GraphPad Software, San Diego, CA, USA). Statistical

significance was set at p < 0.05.
Results

Identification of DEGs

We first determined the distributions of gene expression

levels in three human endometrial transcriptome datasets,

GSE11691, GSE23339, and GSE7305 (17–19) . The

transcriptome profiles of GSE11691 showed the highest level

of variation among the three transcriptomes. Thus, we

conducted quantile normalization to avoid artifacts in

subsequent analyses. The gene expression data included in

GSE23339 and GSE7305 datasets were converted to Log2 scale

(Figure 1A), and DEGs were then identified using these three

datasets. As highlighted in the colored volcano plots (Figure 1B),

a total of 536 (361 upregulated and 175 downregulated), 1,042

(562 upregulated and 480 downregulated), and 1,515 (882

upregulated and 633 downregulated) DEGs were identified in

GSE11691, GSE23339, and GSE7305, respectively (Figure 1C).

Moreover, integration of DEGs shared across the datasets

revealed 118 (79 upregulated and 39 downregulated;

Figure 1C) and 17 (11 upregulated and six downregulated;

Figure 1D) common DEGs with a lower (fold change) FC
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cutoff (log2|FC| > 1) and a higher FC cutoff (log2|FC| > 2),

respectively (Table 2).
Pathway enrichment analysis

To elucidate the pathways and molecular functions related to

the 118 common DEGs identified above, KEGG and GO

enrichment analyses were conducted. The analysis results

revealed the involvement of the identified DEGs in the

extracellular matrix, cell adhesion, complement activation,

immune response, and inflammation processes (Figure 2A).
PPI network analysis

Interactions between proteins encoded by 118 DEGs

identified above were analyzed using the STRING and

GeneMANIA plugins of Cytoscape. STRING analysis resulted

in a network comprising 118 nodes (genes) and 197 edges

(interactions). A total of 37 nodes did not have any edges, and

four nodes had only few edges. The rest of the network,

including 77 genes and 195 interactions is shown in Figure 2B.

The genes AP1M2, BGN, C3, C3AR1, CCL2, CD14, CD163,

COL14A1, FCGR2A, FGL2, FN1, LYZ, MS4A4A, RNASE6,

TYROBP, and VCAM1 had relatively higher number of

interactions (over four edges). GeneMANIA analysis resulted

in a network consisting of 138 nodes and 72 edges. Among these

nodes, 77 genes did not have any physical or pathway

interactions, and 24 genes had merely simple interactions. The

main interaction network harboring 37 nodes and 57 edges is

shown in Figure 2C. The genes showing relatively higher

number of interactions (over three edges) in the network were

identified to be C3, CFH, CNDP2, COL11A1, COL14A1, FABP4,

FN1, HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DRA, ITGB8,

LAMA4, LY96, and TAGLN. STRING analysis revealed CCL2 as

significant (with over three edges), based on 15 common DEGs

with a cutoff value of Log2|FC| > 2. On the other hand,

GeneMANIA revealed that three proteins encoded by AGR2,

FZD7, and LY96 were in physical or pathway contact with each

other (Supplementary Figure 2).
Network analysis of DEGs

The heatmaps (Figure 3A) depicted the expression levels of

the 17 frequent DEGs with p-values less than 0.05 and Log2|FC|

more than 2, clearly illustrating the differential expression

patterns of those selected genes in endometriosis compared to
frontiersin.org
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TABLE 2 The list of identified DEGs in three endometriosis datasets, GSE11691, GSE23339, and GSE7305.

DEGs Gene names

Up-
regulated
(27)

AEBP1, AGTR1, BGN, C3, C3AR1, C7, CCL2, CD14, CD163, CFH, CHL1, COL11A1, COL14A1, COLEC12, CPE, CPVL, CSTA, CXCL12, DKK3, DPYD,
DPYSL3, DSE, ELMO1, EVI2B, FABP4, FAM129A, FCGR2A, FCHSD2, FGL2, FMO1, FMO2, FMOD, FN1, FRZB, FZD7, GAS1, HEG1, HLA_DPA1,
HLA_DPB1, HLA_DQA1, HLA_DRA, IGJ, IL4R, ITM2A, KCTD12, LAMA4, LHFP, LTBP2, LY96, LYZ, MEIS2, MMP23A, MN1, MNDA, MS4A4A, MS4A6A,
NUAK1, OLFML1, PDE1A, PDGFRL, PDLIM3, PLSCR4, PLXDC2, PRELP, PTGER4, PTGIS, RNASE1, RNASE6, ROBO3, SGCE, SULF1, TAGLN, TCEAL2,
THBS2, TNFSF14, TYROBP, VCAM1, VSIG4, WISP2

Down-
regulated
(28)

ACSL5, AGR2, AP1M2, BTBD3, CDS1, CLDN10, CLDN3, CNDP2, DEFB1, EDN3, ELF3, GALNT4, GRAMD1C, GRHL2, HMGCR, HOOK1, HOXB6, HPN,
HSD17B2, IL20RA, IRF6, ITGB8, KIAA1324, MME, OSR2, PAPSS1, PEMT, PERP, PLS1, PPM1H, PRSS16, PRSS8, PTPN3, RAB25, SH3YL1, SLC3A1, SPINT2,
TPD52L1, TSPAN1
Frontiers
Red and blue characters indicate genes enriched in endometriosis and normal endometrial tissues, respectively (log2|FC|>2.0).
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FIGURES 1

Identification of DEGs using integrative bioinformatics analysis. (A) The distribution of transcriptome obtained from GSE11691, GSE23339, and
GSE7305 were shown. (B) The volcano plots show the DEGs from GSE11691, GSE23339, and GSE7305. Red indicates relative upregulated genes
with p-value < 0.05 and Log2|FC| > 2, orange indicates relative upregulated genes with p-value < 0.05 and 1 < Log2|FC| ≤ 2, blue indicates
relative downregulated genes with p < 0.05 and Log2|FC| > 2, and light cyan indicates relative downregulated genes with p < 0.05 and 1 < Log2|
FC| ≤ 2. (C, D) Venn diagrams of upregulated and downregulated genes DEGs from three indicated datasets. The cutoff values of Log2|FC| were
set to 1 (C) and 2 (D).
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normal control across three independent datasets. In addition,

gene networks showing the co-expression patterns of the

selected genes were constructed based on Spearman’s

correlation. The 17 DEGs were highly associated with one
Frontiers in Endocrinology 07
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another in three independent datasets from normal tissues,

and thereby generated a massive co-expression gene network

(Figure 3B). On the other hand, the number of correlations,

shown as edges, was drastically reduced in ectopic lesions of
B C

A

FIGURE 2

Analysis of the enriched pathways and interaction networks of DEGs in endometriosis. (A) KEGG and GO pathway analysis of DEGs from
GSE11691, GSE23339, and GSE7305 datasets with Log2|FC| > 1 were performed with JEPETTO plugin of Cytoscape, and scatter plot were
constructed with q-value and XD-score as x- and y-axis, respectively. Red character indicates the pathways with q-value < 0.1 and black
character indicates the pathways with 0.1 < q-value < 0.25. (B, C) Protein–protein interaction network of DEGs from three datasets with Log2|
FC| > 1 were analyzed in Cytoscape with plugins of STRING (B) and GeneMANIA (C). Red character indicates genes enriched in endometriosis
and blue character indicates genes enriched in normal.
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endometriosis patients compared to normal sites. Interestingly,

these patterns of gene networks with decreased correlations

under endometriosis were comparable across the three

independent datasets. Hence, the decrease in correlations

between these 17 DEGs may contribute to the pathophysiology

of endometriosis.
Identification of functional pathways
by GSEA

GSEA was carried out to identify functional pathways in

endometriosis that are shared across the three datasets

analyzed (GSE11691, GSE23339, and GSE7305). A total of 11
Frontiers in Endocrinology 08
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common pathways were identified in the hallmark analysis,

including 9 upregulated and 2 downregulated pathways

(Figure 4A). Inflammation-related pathways such as IL6-

JAK/STAT3 signaling, inflammatory response, interferon a
response, interferon g response, and TNFa signaling via NF-

kB, were found to be significantly upregulated in patients with

endometriosis. In addition, nine common pathways were

found to be upregulated in KEGG analysis (Figure 4B).

Further, inflammation-related pathways including chemokine

signaling pathway and NOD-like receptor signaling pathway,

cytokine-cytokine receptor interaction, viral myocarditis,

Leishmania infection, and asthma were found to be

upregulated in patients with endometriosis. In GO network

analysis, inflammation-related pathways, such as immune
B

A

FIGURE 3

Expression and correlation of 22 DEGs with Log2|FC| > 2. (A) Heat maps show the expression levels of 22 DEGs in datasets, GSE11691,
GSE23339, and GSE7305. (B) Gene networks display correlations of 22 DEGs in the normal and endometrial tissues of each dataset. The depth
of edges indicates absolute Rho ranging from 0.5 to 1. The color of edges indicates co-expression ranging from -1 (red) to 1 (blue) by
Spearman’s Rho.
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response, chemotaxis, and immune cell migration, and cell-cell

interaction-related pathways, such as extracellular matrix,

proteoglycan, and endocytosis, were commonly enriched for

genes of three datasets with endometriosis (Figure 4C).

Phagocytosis-related pathways were upregulated in

endometriosis in two datasets, GSE23339 and GSE7305. The

small portions of pathways related to platelets and coagulation
Frontiers in Endocrinology 09
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were upregulated in endometriosis of the two gene sets,

GSE11691 and GSE7305 . GO pathways , inc luding

mitochondria, ribosomes, and RNA splicing and/or

processing, were commonly enriched in three normal

datasets. Finally, the GO pathways involved in the cell cycle

and microtubules were downregulated in two datasets,

GSE23339 and GSE7305.
B

C

A

FIGURE 4

Identification of pathway networks by GSEA. (A, B) Common pathway categories identified by GSEA with gene set database of Hallmark (A) and
KEGG (B) are presented. (C) GSEA was performed to obtain enriched GO-terms and visualized using Enrichment Map plugin of Cytoscape. The
size of each node indicates the size of gene set. Red and blue indicate the node enriched in endometriosis and normal tissue, respectively.
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Protein expression of identified DEGs in
endometriosis lesions

To further evaluate the reliability of the results from

integrative analysis of GSE11691, GSE23339, and GSE7305,

the expression levels of 17 common DEGs in two external

datasets, GSE135485 and GSE25628, were determined. The

expression levels of 10 genes in GSE135485, including C7,

CFH, CHL1, CLDN3, FZD7, IGJ, LY96, PDLIM3, PTGIS, and

WISP2 were correlated with those in the validation sets

(Supplementary Table 2). However, the expression levels of

other genes did not correlate with those in the integrated data.

In the GSE25628 dataset, expression levels of 11 genes, including

AGR2, C7, CFH, FABP4, FZD7, GALNT4, LY96, PDLIM3,

PPM1H, PTGIS, and WISP2 were in line with integrative

analysis results (Supplementary Table 3). According to results

from two external datasets, GSE135485 and GSE25628, the

expression levels of seven genes, including C7, CFH, FZD7,

LY96, PDLIM3, PTGIS, and WISP2 were correlated with

training sets listed in Table 2.

The roles of C7, CFH, and FZD7 in endometriosis have been

reported previously (8, 29). These studies revealed higher

expression of C7, CFH, and FZD7 proteins in tissues with

endometriosis compared to normal endometrium by IHC

analysis. High expression of PDLIM3 in endometriosis has

also been reported in several previous bioinformatics studies

with little supportive experimental evidence (15, 30, 31). Thus,

we conducted IHC and western blot analysis on tissues from

normal endometrium and endometriosis foci to further evaluate

the expression of proteins encoded by the identified genes,

including LY96, PDLIM3, PTGIS, and WISP2. None of these

genes have yet been evaluated in terms of their expression

profiles in endometriosis tissue. Quantitative assessments of

histological images clearly demonstrated higher expression

levels of LY96, PDLIM3, PTGIS, and WISP2, proteins in

tissues from patients with endometriosis, in line with

integrative analysis results (Figure 5). According to western

blot analysis, the protein levels of LY96, PDLIM3, and PTGIS

were higher in the tissues of endometriosis patients. However,

the expression of WISP2 was not correlated with the IHC

analysis (Supplementary Figure 3).
Identification of potent druggable genes

To further identify relevant drug-gene interactions and

potential druggable target genes, we utilized the DGIdb by

applying C7, CFH, FZD7, LY96, PDLIM3, and PTGIS as

queries. Three genes, FZD7, LY96, and PTGIS, were found to

be associated with drugs vantictumab, eritoran tetrasodium, and

phenylbutazone, respectively (Table 3). CFH was predicted to be

a target gene for three antibody drugs: bevacizumab, eculizumab,
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and ranibizumab. No potential gene-drug interactions were

identified for C7 and PDLIM3.
Discussion

Endometriosis is a chronic inflammatory disease. The

infiltration of immune cells and secretion of inflammatory

mediators in the peritoneal microenvironment cause

symptoms and signs observed in endometriosis patients (32).

Endometriosis is characterized by inflammation and subsequent

fibrosis, which eventually lead to pelvic discomfort, bowel and

urinary problems, and infertility (32, 33). In contrast to normal

endometrium, accumulated hemorrhage and tissue injury are

key steps for initiating inflammation in the endometrial lesion

and peritoneal cavity (33, 34). Hormonal alterations, particularly

cyclic estrogen fluctuations, also contribute to an inflammatory

imbalance in endometriosis (35). In contrast to other

inflammatory diseases, increased estradiol production and

estrogen receptor b (ERb) expression in ectopic endometriosis

lesions jointly activate nuclear factor-kB (NF-kB), a key

inflammatory regulator (36, 37). Thus, the combination of oral

contraceptives and non-steroidal anti-inflammatory drugs

(NSAIDs) has been advised as the initial medical treatment

option (10, 38). However, the clinical efficacy of this

combination is suboptimal due to its low potency and

side effects.

In this study, we identified six genes that may be utilized as

diagnostic and/or therapeutic targets in endometriosis. STRING

and GeneMANIA analyses revealed no evidence of any potent

protein–protein interaction between these genes. Complement 7

(C7) and complement factor H (CFH), both of which are

components of the complement system, have previously been

identified as potent indicators of complement activation in

endometriosis and endometriosis-associated ovarian cancer

(29). C3, another member of the complement system, has been

reported to be upregulated in endometriosis (39) and was also

identified in our study as a common upregulated gene. Other

members of the complement activation pathway, such as

complement C3a receptor 1 (C3AR1) and V-set and

immunoglobulin domain containing 4 (VSIG4), are also

known in endometriosis, and upregulation of complement and

coagulation pathways in endometriosis has been well-reported

in several studies (15, 29, 39, 40). These studies suggested that

autoimmune response in endometriosis is associated with the

complement system (29, 39). In addition, the membrane attack

complex in the complement system, which is composed of

several complement proteins including C5b, C6, C7, C8, and

C9, may also cause tissue damage and thereby induce

inflammation in endometrial lesions.

Lymphocyte antigen 96 (LY96), also known as myeloid

differentiation protein 2 (MD-2), has been reported its
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expression in the uterine endometrium (28, 41) and is a

coreceptor of Toll-like receptor 4 (TLR4) (42). The TLR4

system is crucial for pathogen recognition and the activation

of innate immunity. The complex of bacterial lipopolysaccharide

(LPS) and LPS-binding protein interacts with cluster of

differentiation 14 (CD14), a glycosylphosphatidylinositol-

anchored membrane protein, and transfers LPS to LY96,
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consequently facilitating the dimerization of TLR4 (43).

Damage-associated molecular patterns (DAMPs) secreted by

most types of damaged tissues also bind to the TLR4 system

and activate downstream pro-inflammatory signals similar to

pathogen-associated molecular patterns, including bacterial LPS

(44). Prostaglandin I2 synthase (PTGIS), also known as

prostacyclin synthase (PGIS) or cytochrome P450 isomerase
B

C D

A

FIGURE 5

The protein expression of LY96, PDLIM3, PTGIS, and WISP2 in endometriosis tissue. (A–D) The protein expression of (A) LY96, (B) PDLIM3, (C) PTGIS,
and (D) WISP2 was measured by IHC analysis of endometrial tissues from healthy volunteers or endometriosis patients. The representative IHC images
are shown in upper panel (bar = 100 mm). The graphs in lower panel represent IHC score. **p < 0.01 and ***p < 0.001.
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8A1 (CYP8A1), is an enzyme that converts prostaglandin H2 to

prostaglandin I2, and thereby modulates the inflammatory

response (45). The role of PTGIS in inflammatory diseases is

controversial, as it promotes progression of rheumatoid arthritis

yet suppresses progression of pulmonary vascular disease and

atherosclerosis (46). Although PTGIS was identified as a

transcriptional target gene of NF-kB (47), the regulation of

PTGIS mRNA expression does not exactly correlate to those

of typical NF-kB targets (48, 49). In the vascular system and

uterine endometrium, estrogen receptors work in concert with

NF-kB to regulate the activity of prostaglandin-synthesizing

enzymes, including COX-2 and PTGIS (50, 51). Furthermore,

high levels of prostacyclin and its derivative, 6-keto-

prostaglandin F1a, have been detected in the peritoneal fluid

of endometriosis patients (52, 53). PTGIS expression was shown

to be downregulated in a murine model of implanted

endometr ium (54) ; however , proteomics ana lyses

demonstrated upregulated PTGIS expression in human

ovarian endometrioma samples (55). In this study, we

demonstrated the increased expression of LY96 and PTGIS via

integrative transcriptome analysis, and further validated by IHC

analysis of human-derived tissues.

Frizzled 7 (FZD7) is a member of the frizzled family and an

atypical G protein-coupled receptor for Wnt proteins. FZD7

interacts with Dishevelled (Dvl) and lipoprotein receptor-related

proteins (LRPs) in the presence of canonical Wnt signaling, and

thereby promotes b-catenin signaling (56). This signaling

pathway is closely related to embryonic development, cell

proliferation, epithelial-to-mesenchymal transition, and

carcinogenesis (57, 58). Wnt signaling is also involved in the

production of enzymes related to prostaglandin metabolism in

bone and skin, including COX-2 and PTGIS (59, 60). The

crosstalk between the Wnt/frizzled and TLR4/NF-kB signaling

pathways is well-established in chronic inflammation,

development, and tumorigenesis (61, 62). PDZ and LIM
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domain 3 (PDLIM3) are involved in cytoskeleton assembly, in

particular the formation of Z-disks in skeletal muscles (63).

Although several microarray and proteome analyses have

already revealed high PDLIM3 expression in this regard (15,

30, 31, 55), the exact role of PDLIM3 in endometriosis remains

to be elucidated. The expression of Wnt1-inducible signaling

pathway protein 2 (WISP2) might be another evidence of the

connection between Wnt/frizzled and TLR4/NF-kB signaling

pathway. The protein, also known as cellular communication

network factor 5 (CCN5), is a secretory protein and a member of

the connective tissue growth factor family (64). The expression

of WISP2 is induced by Wnt signaling, and restricts cell growth,

migration, adhesion, and differentiation, particularly in the

vascular system and cancer cells (65–67). Secreted WISP2 is

also involved in the activation of the canonical Wnt signaling

pathway (68). However, our examination of WISP2 expression

was not consistent between IHC and Western blot analysis. the

delicate role of the WISP2 in the endometriosis still remains

ambiguous and further extensive studies are required.

In endometriosis, chronic inflammation is co-regulated by

ERb-related signaling and the classical NF-kB signaling pathway

(36, 37). Estrogen stimulation increases the expression of

PDLIM3 in human prostate cancer (69). However, even if the

expression level of PTGIS does not perfectly match that of the

ERb, it may be negatively influenced by ERb (70, 71). We thus

propose here the existence of signaling interactions between the

validated DEGs including C7, CFH, FZD7, LY96, PDLIM3, and

PTGIS, and pathways including TLR4/NF-kB, Wnt/frizzled, and

estrogen receptors (Figure 6). Further research is needed to

elucidate the precise roles of the identified genes

in endometriosis.

We also found four druggable genes: FZD7, LY96, PTGIS,

and CFH. FZD7 is a direct target of vantictumab, a neutralizing

antibody currently being developed as an anticancer agent,

particularly for triple-negative breast cancer (72, 73). In
TABLE 3 Potent drugs identified in DGIdb corresponding to consistently upregulated six DEGs in endometriosis.

Gene Drug Approved Interaction score Interaction types Drug class PMID

C7 – – – – – –

CFH ECULIZUMAB Yes 14.14 na Antibody 19854549,
27799617

BEVACIZUMAB Yes 7.53 na Antibody 26439641

RANIBIZUMAB Yes 58.35 na Antibody 21558292,
22840423

FZD7 VANTICTUMAB No
(Clinical trial)

27.28 Antagonist Antibody 22753465

LY96 ERITORAN
TETRASODIUM

No
(Clinical trial)

31.83 Antagonist – 23512062

PDLIM3 – – – – – –

PTGIS PHENYLBUTAZONE Yes
(For animal
use)

37.13 Inhibitor Non-steroidal anti-inflammatory
agent

3917545, 6434940
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addition to vantictumab, an oligopeptide Fz7-21 and a small

molecule SRI37892 have been evaluated as a new Fzd7-targeting

agent to disrupt the Wnt signaling pathway for inhibiting

intestinal stem cell function and cancer progression (74, 75).

We suspect that these agents may have been identified for

candidate drugs if registration in DGIdb. LY96 has been

identified as a target of eritoran tetrasodium, a TLR4

antagonist drug that has been indicated for the treatment of

sepsis in several clinical studies (76). However, eritoran

tetrasodium was not successful due to its similar mortality

compared to that of placebo (42). Instead of eritoran

tetrasodium, we suggest that MD2-IN-1, isofraxidin, and

L48H37, studied in the inflammation and cancer research field

at the preclinical level, might be applied to treat endometriosis as

LY96-targeting agents (77–79). Phenylbutazone is a non-

steroidal anti-inflammatory drug (NSAID) that inhibits

prostaglandin H synthases (PTGS1 and PTGS2) and PTGIS

through peroxide-mediated deactivation (27). Although it has

been approved for the treatment of backache and ankylosing

spondylitis, phenylbutazone is currently withdrawn from human

medicine, as it can cause severe adverse effects such as

suppression of white blood cell production and aplastic

anemia (80). For CFH-targeting drugs, DGIdb has suggested

two VEGF-neutralizing antibodies, including ranibizumab and
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bevacizumab, and one C5-antagonizing antibody, eculizumab.

As CFH is a non-specific off-target for these antibodies, its

clinical application may result in significant adverse effects,

particularly in patients with a mutated CFH gene (81–85).

None of these drugs for targeting identified genes have yet

been used to target the identified genes for endometriosis

treatment. Additional in vivo and clinical studies are needed to

determine the efficacy of these drugs in endometriosis treatment.

The datasets should ideally be comparable in terms of

sample collection, underlying disease, menstrual cycle, and

experiment types for the analysis of the collection of public

gene sets. These elements of the datasets used for DEG analysis

varied, particularly with regard to the menstrual cycle and

underlying diseases such leiomyoma. We tried to select

datasets using a filter of three objective criteria despite the

restriction of only being able to access the datasets from public

databases. In addition, we meticulously gathered normal control

samples during the early follicular phase from healthy volunteers

who were free of any gynecological diseases. However, there is

almost no significant chance of finding genes that follow the

menstrual cycle or underlying disease. The results clearly

indicate that the genes discovered by DEG analysis may be

important for conditions beyond than underlying disease and/or

the menstrual cycle.
FIGURE 6

The schematic illustration of the hypothesized signaling network in endometriosis. Signaling interaction between six identified DEGs including
C7, CFH, FZD7, LY96, PDLIM3, and PTGIS, and three enriched pathways including TLR4/NF-kB, Wnt/frizzled, and estrogen receptors were
hypothesized and schematically illustrated. Solid line indicates direct interaction, and dashed line indicates indirect and/or proposed interaction.
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In conclusion, we identified 118 DEGs (79 upregulated and

39 downregulated) that may be involved in endometriosis

pathogenesis. KEGG and GO functional analyses revealed

enrichment of inflammation, complement activation, cell

adhesion, and extracellular matrix pathways in endometriosis.

Six genes, C7, CFH, FZD7, LY96, PDLIM3, and PTGIS were

verified as upregulated DEGs by comparison to external gene

sets, IHC and western blot analyses further confirmed the

elevated protein expression levels of LY96, PDLIM3, and

PTGIS in human endometrial lesions. We further analyzed the

involvement of these genes in signaling pathways including

TLR4/NF-kB, Wnt/frizzled, and estrogen receptors. We expect

that subsequent studies will confirm the genes identified here as

essential biomarkers for endometriosis diagnosis and treatment.
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Aetiology of vaginal agenesis in
Mayer-Rokitansky-Küster-Hauser
(MRKH) syndrome
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1Centre for Tissue Engineering and Regenerative Medicine, Faculty of Medicine, Universiti Kebangsaan
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Endometriosis occurs when endometrial-like tissue forms and grows outside

the uterus due to oestrogen-induced epithelial-mesenchymal transition in the

female reproductive tract. Factors that suppress this event could become

potential therapeutic agents against disease occurrence and progression.

However, an overview of these studies is still lacking. This review assessed

the impact of a number factors on oestrogen-mediated epithelial-

mesenchymal transition in the emergence of several diseases in the female

reproductive tract, primarily endometriosis. The association between epithelial-

mesenchymal transition and Mayer-Rokitansky-Küster-Hauser (MRKH)

syndrome was also investigated. Oestrogen, Wnt4 and epithelial-

mesenchymal transition were chosen as keywords in Scopus, PubMed, and

Web of Science searches performed on 28th June 2021. Study selection was

refined to cancer-irrelevant, English, original articles published between years

2011–2021. The full-text assessment was carried out for topic-related articles

after title and abstract screening. Included studies were summarised and

assessed for their risk of bias using the Office of Health Assessment and

Translation tool. In this review, 10 articles investigating oestrogen and

epithelial-mesenchymal transition in the female reproductive tract were

summarised and classified into two groups: seven studies under ‘factor’-

modulated epithelial-mesenchymal transition and three studies under
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‘factor’-manipulated oestrogen-induced epithelial-mesenchymal transition.

The current evidence proposes that epithelial-mesenchymal transition is one

of the prime causes of reproductive-related disease. This event could be

mediated by distinct stimuli, specifically oestrogen and Wnt4 aberration. The

results of this review suggest that oestrogen and Wnt4 participate in epithelial-

mesenchymal transition in vaginal epithelial cells in MRKH syndrome, adopting

from the theories of endometriosis development, which could therefore serve

as a foundation for novel target treatment, specifically related to vaginal

epithelialisation, to ensure better surgical outcomes.

KEYWORDS

endometriosis, epithelial-mesenchymal transition, Mayer-Rokitansky-Küster-Hauser
syndrome, oestrogen, Wnt4

1 Introduction

Endometriosis (EM) is a benign gynaecological disease

affecting approximately 6–10% of reproductive age women

worldwide (Li et al., 2021). It is a condition where the tissue

that usually lines the uterus grows outside of the uterine

cavity and appears as endometrial glands and stroma-like

lesions (Pontikaki et al., 2016; Yang and Yang, 2017). EM is

also defined as an oestrogen-dependent inflammatory

disorder, and studies have been continuously executed to

develop suitable treatments for EM in response to oestrogen

(E2) (Mai et al., 2019). In a study conducted by Pellegrini and

others, the mRNA expression of oestrogen receptors (ERα
and Erβ) in human ectopic endometrial tissue was found to

be significantly upregulated compared to normal and eutopic

endometrial tissues (Pellegrini et al., 2012). Similarly,

Matsuzaki and others demonstrated that both eutopic

endometrium and endometriotic tissues obtained from

patients displayed high mRNA levels of ERα and Erβ
(Matsuzaki et al., 2001). These findings suggest that E2 is

likely to exert a promoting effect during EM development by

binding to its receptors (Trukhacheva et al., 2009).

Epithelial-mesenchymal transition (EMT) is a reversible

transition of cell features from an epithelial to mesenchymal

phenotype, which provokes cellular changes in morphology,

inflammation (Sisto et al., 2019), invasion, migration (Furuya

et al., 2017) and proliferation (Meng et al., 2016). Epithelial

cells undergoing the transition process often transform from a

cobblestone shape to a spindle shape (Chen et al., 2017).

Importantly, the transition may not be permanent, as

transformed mesenchymal cells could convert back to

epithelial derivatives via mesenchymal-epithelial transition

(MET) (Kalluri and Weinberg, 2009). Generally, EMT is

known to be crucial for embryogenesis, wound healing and

cancer, and thus has been categorised into three subtypes

accordingly (Kalluri and Weinberg, 2009). Many studies have

correlated EMT with the pathogenesis and development of

EM (Matsuzaki and Darcha, 2012; Xiong et al., 2016; Lin et al.,

2019; Zhang et al., 2019; Wang et al., 2020), inferring that the

establishment of an endometriotic lesion would present the

features of EMT, such as loss of cell polarity, disintegration of

cell-cell junctions, increased in cell mobility, gain of

N-cadherin expression and concomitant loss of E-cadherin

expression (Bartley et al., 2014). As such, Proestling and

others, who conducted a study using ectopic endometrial

lesions from patients with EM, found that cadherin-1

mRNA expression was clearly downregulated while Twist-

related protein 1 (TWIST1) mRNA expression was

significantly increased (Proestling et al., 2015). Chen et al.

revealed a significant decrease in E-cadherin expression and a

significant increase in C-X-C motif chemokine 12 in the

endometrial tissue of EM patients (Chen et al., 2020).

Another finding presented by Yu et al. (2021) showed

strong staining of N-cadherin and E-cadherin in

endometriotic lesions and control endometria, respectively.

These observations show that EMT participates in the

development of EM, and is a workable indicator in tracing

the aetiology of the disease.

To date, E2 has been extensively studied for its inductive

roles in the occurrence of EMT in multiple diseases,

particularly within the cancer field (Ding et al., 2006;

Huang et al., 2007; Park et al., 2008; Mishra et al., 2015;

Yoriki et al., 2019). Some studies have also suggested that

external stimuli such as intracellular molecules and

signalling pathways are partly involved in E2-induced

EMT in cancer. As an example, Das and others

overexpressed nuclear respiratory factor 1, a

transcription factor in E2-treated MCF10 A cells, which

resulted in the generation of highly invasive

mesenchymal breast cancer stem cells via EMT (Das

et al., 2018). However, studies investigating the influence

of these stimuli on E2-induced EMT in the non-cancer field

are still lacking. Hence, this review assessed how the EMT

process can be modulated by these stimuli, including E2,

mostly in EM development. This review also shows that

E2 has possible interactions with Wnt4 in inducing EMT in

vaginal epithelial cells, adopting the theories of EM

pathogenesis. This further obstructs the process of vaginal
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epithelialisation in Mayer-Rokitansky-Küster-Hauser

(MRKH) syndrome patients. The outcomes of this review

are urgently needed as they might have clinical

implications not only in terms of establishing new

therapeutic agents against respective diseases, but also to

foreseeably clarify the genesis of a number of conditions.

2 Materials and methods

2.1 Search methods

On 28 June 2021, a comprehensive search was conducted

electronically in three databases, specifically PubMed, Scopus

and Web of Science, to obtain relevant studies. The databases

were searched for articles with the central keywords ‘oestrogen’,

‘epithelial-mesenchymal transition’ and ‘Wnt4’. Wnt family

member 4 (Wnt4) was included to relate the EMT in MRKH

as it was previously found to be mutated in an animal model and

in MRKH patients. These keywords were decided on after a

thorough discussion between the review authors, and several

attempts were made with the modification of keywords and

Boolean operators. The finalised and utilised terms were

‘Wnt4’ OR ‘oestrogen’ AND ‘epithelial to mesenchymal

transition’ OR ‘EMT’.

2.2 Eligibility criteria

In addition to the application of the selected terms, the

search was further restricted to a few criteria. The search was

refined to 10-year limit for studies published from 2011 to

2021. Only English original articles were considered during

the search. In contrast, articles respective to cancer research

were unselected by adding the term ‘NOT cancer’ during the

search. After the search was performed accordingly, the

results were extracted to carefully screen the titles and

abstracts for topic-related articles. As this review aimed for

EMT regulation by E2 and/or distinct stimuli, articles

unassociated to this aim were eliminated.

2.3 Selection of reviews

Three review authors worked separately to screen each

retrieved study. Initially, the articles with titles irrelevant to

the topic were removed, likewise when reviewing abstracts.

Duplicates were all eliminated after the title assessment. The

reviewers then explored the full texts of the selected articles to

ensure data applicability for inclusion and to remove

unrelated studies. Disagreement during the selection

process was resolved through discussion among the

review team.

2.4 Data extraction and synthesis

Three independently working reviewers extracted pertinent

data from every chosen study. The request for full-text papers

was conducted via ResearchGate for articles that were not

publicly accessible. Data obtained from the chosen studies

were summarised and thematically tabulated based on author,

aim, disease/event, type of cell/tissue, treatment, findings and

conclusions.

2.5 Risk bias assessment

Applying an adapted version of risk of bias tool which was

the Office of Health Assessment and Translation (OHAT), three

review authors independently assessed the risk of bias of the

included studies (Ruszymah et al., 2020). This analysis tool

entails the risk of bias in several domains: 1) selection bias; 2)

performance bias; 3) detection bias; 4) attrition bias; 5) reporting

bias. Studies were deemed as exhibiting a low risk of bias (+), high

risk of bias (−), unclear risk of bias (?) or not applicable (NA)

(Supplementary Table S1). Consensus was achieved via

discussion between the review authors for any variance in the

risk of bias analysis.

3 Results

3.1 Search results

A total of 150 articles were yielded from the search of three

databases mainly: 59 articles from PubMed, 47 articles from

Scopus and 44 articles from Web of Science. Three review

authors worked separately to screen each study retrieved to

minimise bias while enhancing the quality of the search

results. A total of 73 articles were eliminated based on title

screening and 38 articles were found to be duplicated and

thus removed. A further evaluation of the abstracts showed

that 10 articles were irrelevant to either E2, Wnt4 or EMT.

The remaining 29 articles were obtained and underwent a full-

text assessment. The assessment resulted in 10 articles being

selected for this review; the unselected studies were not focused

on EMT. Figure 1 presents the flow chart of the selection process.

3.2 Study characteristics

All included studies in this review were published from

2011 to 2021 and were performed as in vitro-based research.

Intriguingly, these studies are corresponded to female

reproductive system which could be implying that Wnt4,

E2 and EMT have imperceptible functions in female

reproductive system. The data obtained from these studies
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were summarised and classified into two groups: seven studies

under ‘factor’-modulating EMT and three studies under ‘factor’-

manipulating E2-induced EMT. Collectively, the main disease

investigated was EM, while three studies investigated intrauterine

adhesion (IUA), polycystic ovary syndrome (PCOS) with/

without endometrial hyperplasia and adenomyosis.

Furthermore, the human cell type that was generally used in

analysing themechanisms of these diseases was endometrial cells.

Only one study employed endometrial tissue. An overview of the

selected studies is displayed in Table 1 and Table 2.

4 Discussion

The full search and complete assessment of numerous studies

provided 10 articles correlated to E2 and EMT in the female

reproductive system. A further assessment of these articles

divulged the feasibility of varying stimuli in mediating EMT

activities to initiate, support or hamper respective diseases. E2 is

widely known for its contributions in the development and

regulation of female reproductive functions (Findlay et al., 2010;

Tang et al., 2019), yet little is known about its capacity to modulate

FIGURE 1
Flow chart of the study selection process from electronic databases of PubMed, Scopus, and Web of Science.
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TABLE 1 Summary and classification of the articles on EMT modulation.

Type of
Induction

Aim Disease/
Event

Type of
Cell/ Tissue

Treatment Findings Conclusion References

Factor
promoting
EMT

1. To verify the role
and expression of Rho
family on proliferation
and EMT in EM

EM Human eutopic
endometrial
epithelial cells

Cells were co-cultured
with RhoA and
siRhoA lentiviral
supernatants

1. Western blot analysis
showed that RhoA
enhancement attenuated
E-cadherin expression and
increased vimentin and
N-cadherin expressions

RhoA/ROCK
pathway was
upregulated by E2/
ERα/ERK pathway to
promote EMT and
proliferation,
resulting in EM
development

Huang et al.
(2020)

2. To assess the
correlation and
molecular mechanism
between Rho family
and E2 pathway

2. Transwell, EdU
labelling, and CCK-8
assays revealed that RhoA
promoted migration, cell
division and proliferation

3. RhoA enhancement
strengthened the effect of
E2-promoting EMT in
Western blot analysis

To investigate the
function of E2 in
cellular transition,
migratory, and
inflammatory
responses of
endocervical epithelial
cells (EECs) and
cervical stromal cells
(CSCs)

Uterine
contractions

1. Human
endocervical
epithelial cells

Cells were treated
with 5,000 pg/mL
E2 and 100 ng/ml LPS
(an infection
stimulus)

EECs and CSCs which
were under untreated and
LPS-treated conditions,
E2 unaltered:

E2 probably
supported EMT and
localized
inflammation in the
presence of infection
stimulus in migrating
and remodelling
cervical cells

Tantengco
et al. (2021)

2. Human
cervical stromal
cells

1. Immunocytochemical
staining of CK-18 and
vimentin expressions

2. Cell shape index based
on cell shape analysis

3. Levels of EMT markers
exhibited in Western blot
analysis

1. To assess the effects
of ZEB1 knockdown
on growth, mobility,
and invasion

EM Ishikawa cells Cells were transfected
with recombinant
shZEB1 lentivirus and
ZEB1 promoter
reporter gene
recombinant vectors

1. ZEB1 downregulation
suppressed cell
proliferation, migration
and invasion as shown in
transwell and MTS
analyses

E2 induced
ZEB1 expression and
contributed to EMT
phenomenon in EM.

Wu et al.
(2018a)

2. To identify the
effects of E2 on
ZEB1 expression and
promoter activity

2. Knockdown of
ZEB1 induced E-cadherin
while inhibited vimentin
protein expressions as per
Western blot results

Factor
inhibiting
EMT

1. To study the effects
of E2 on EMT in
normal and fibrotic
endometrium

IUA 1. Normal
human
endometrial
epithelial cells.

1. Cells were cultured
with 10, 20, 30 and
50 nM E2 for 24,
48 and 72 h

1. Induction of TGF-β1 in
IUA cell model decreased
epithelial markers and
increased mesenchymal
markers as confirmed by
Western blotting. The
effects were reversed in
TGF-β1-induced fibrosis
cells pre-treated with
30 nM E2

E2 inhibited TGF-
β1-induced EMT by
activating Wnt/β-
catenin signalling
pathway to prevent
IUA occurrence and
development

Cao et al.
(2020)

2. To investigate the
function of E2 on
TGF-β1-induced
EMT and Wnt/β-
catenin signalling in
an IUA cell model

2. IUA cell
model

2. Cells were exposed
to 10, 30 and 50 ng/
ml TGF-β1 for 24 h

2. RT-PCR analysis
showed that mRNA
expression levels of Wnt/
β-catenin signalling
molecules were increased
in TGF-β1-induced
fibrosis cells when E2 was
added

1. To examine the
effects of melatonin on
migration, invasion

EM 1. Normal
endometrial

1. Cells were treated
with 1 mM melatonin

1. CCK-8 assay showed
that melatonin decreased
growth and E2-induced

By upregulating
Numb expression
and decreasing

Qi et al. (2018)

(Continued on following page)
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EMT in the female reproductive tract. Together, this review

assessed the roles of external stimuli related to E2 in mediating

EMT in the development of diseases that ordinarily arise in

the female reproductive system, typically EM (Figure 2).

4.1 Epithelial-to-mesenchymal transition
in endometriosis

4.1.1 EMT activation
EMT upregulation is one of the essential molecular

mechanisms in disease development. It is defined as an

increase in the expression of mesenchymal traits in cells

undergoing plastic transformation from an epithelial state

(Eades et al., 2011). This process is characterized by the

disintegration of epithelial cell-cell junctions, loss of apical-

basal polarity, rearrangement of cytoskeletal composition,

changes in cell shape and morphology, increased cell

protrusions and motility, loss of epithelial markers, and the

activation of mesenchymal phenotype-inducing genes

(Lamouille et al., 2014). In addition to signalling pathways

and membrane receptors, the upregulation of EMT

necessitates activation from external stimuli (Thiery et al.,

2009). The Rho family, part of the Ras superfamily,

encompasses small signalling proteins such as guanosine

triphosphatases (Heo and Meyer, 2003). Huang et al.

TABLE 1 (Continued) Summary and classification of the articles on EMT modulation.

Type of
Induction

Aim Disease/
Event

Type of
Cell/ Tissue

Treatment Findings Conclusion References

and EMT in normal
and endometriotic
epithelial cells

epithelial cells
(NECs)

cell growth in EuECs
and NEC.

activity of Notch
signalling pathway,
melatonin might
impede E2-induced
migration, invasion
and EMT in NECs
and EuECs

2. To study possible
signalling pathway
involved

2. Endometriotic
eutopic epithelial
cells (EuECs)

2. Cell were cultured
with/without 10 nM
E2 for 24, 48 and 72 h

2. Migration and invasion
assays revealed that
melatonin significantly
decreased migration and
invasion in both cells
3. In Western blot,
melatonin eliminated E2-
induced vimentin and E2-
downregulated Numb
expressions in NEC.

Factor
altering EMT

1. To examine the
expression and
localization of MAPK
signalling and EMT
components in
endometrium of non-
PCOS and PCOS
patients with and
without EH

PCOS with
and
without EH

Endometrial
tissue

Tissues were treated
with 10 nM E2 and/or
20 mM metformin
for 24 h

Immunoblot results
showed treatment of
metformin alone or in
combination with
E2 altered protein
expressions of CK 8,
Claudin 1, ZO-1,
N-cadherin, Slug, Snail
and α-SMA in
endometrial tissues of
PCOS patients

Abnormal regulation
of EMT and MAPK
signalling
components
impaired function
and homeostasis of
endometrial cells.
Metformin regulated
endometrial EMT
protein expression in
an E2-dependent
manner.

Hu M et al.
(2020)

2. To identify the
effects of metformin
on EMT in vitro

1. To investigate the
roles of miR200s and
MALAT1 in ectopic
endometrium

EM 1. Human
endometrial
epithelial cells

Cell were transfected
with siRNA-
MALAT1 and
mir200c mimics

1. MiR200c reversed E2-
mediated EMT.

E2-mediated
MALAT1/miR200s
expression to
promote EMT in EM,
which MALAT1 and
miR200s exhibited
significant reciprocal
inhibition

Du et al.
(2019)

2. To examine the
effects of E2 on EMT
and MALAT1/
miR200s in both
endometrial epithelial
cells and Ishikawa
cells

2. Ishikawa cells 2. MALAT1 knockdown
attenuated E2-
induced EMT.

3. E2 decreased E-cadherin
expression and increased
vimentin expression in a
dose-dependent manner

E2, oestrogen; EMT, epithelial-mesenchymal transition; EM, endometriosis; RhoA, transforming protein RhoA; EdU labelling, 5-ethynyl-2′-deoxyuridine labelling; CCK-8 assay, cell

counting kit-8 assay; ERα, oestrogen receptor α; LPS, lipopolysaccharide; CK-18, cytokeratin-18; ZEB1, zinc finger E-box-binding homeobox 1; TGF-β, transforming growth factor beta 1;

IUA, intrauterine adhesion; RT-PCR, real-time polymerase chain reaction;MAPK, mitogen-activated protein kinase; PCOS, polycystic ovary syndrome; EH, endometrial hyperplasia; CK 8,

cytokeratin 8; ZO-1, zonula occludens-1; Slug, zinc finger protein SNAI2; Snail, zinc finger protein SNAI1; α-SMA, alpha-smooth muscle actin; MALAT1, metastasis associated lung

adenocarcinoma transcript 1.
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TABLE 2 Summary and classification of the articles on manipulation of E2-induced EMT.

Aim Disease/
Event

Type of
Cell/
Tissue

Treatment Findings Conclusion References

1 To assess the
expression pattern and
function of NRP1 in
E2-induced EMT in
endometrial cells of
adenomyosis

Adenomyosis Human
endometrial
cells (HEC-
1-A)

1. Cells were infected
with NRP1 and shRNA
NRP1 retroviruses
for 72 h

1. From RT-PCR results,
NRP1 retrovirus infection
decreased epithelial markers of
CDH1 and occludin mRNA
expression while increased
mesenchymal markers of
ACTA2 and N-cadherin mRNA
expression in endometrial cells.
The results were similar in
Western blot analysis whereby
expression of E-cadherin was
reduced and α-SMA was
enhanced

NRP1 participated in E2-
induced EMT in promoting
adenomyosis development

Hu R et al.
(2020)

2. Cells were treated
with 0.1, 1 and 10 μM
E2 for 24 h

2. Detected in both RT-PCR and
Western blot, E2 treatment in
endometrial cells promoted
NRP1 protein and mRNA
expressions in a dose-dependent
manner

3. NRP1 shRNA obviously
restored expressions of epithelial
markers while lowered
expressions of mesenchymal
markers in E2-induced EMT in
endometrial cells as presented in
the results of RT-PCR and
Western blot

2 To inspect the potential
roles of
circ_0004712 in E2-
induced EMT in EM
development

EM 1. Ishikawa
cells

1. Cells were treated
with 10–8 mol/L
E2 for 48 h

1. Circ_0004712 knockdown
repressed E2-induced cell
migration activity in transwell
assay

Upregulating
circ_0004712 resulted in E2-
induced cell migration via
EMT event and the molecular
mechanism might be
correlated with β-catenin
pathway in EM development

He et al.
(2020)

2. End1/
E6E7 cells

2. Cells were
transfected with siRNA
of circ_0004712 and
miR-148a-3p mimics

2. In dual-luciferase assay, direct
binding sites between
circ_0004712 and miR-148a-3p as
well as miR-148a-3p and
SOS2 were presented, suggesting
miR-148a-3p targeted SOS2 and
bound by circ_0004712 to regulate
E2-induced EMT in endometrial
epithelial cells

3. Transwell assay demonstrated
that impeding circ_0004712 or
enhancing miR-148a-3p
expression significantly inhibiting
E2-induced migration activity in
cells

3 To explore the
molecular mechanism
of LXA4 in inhibiting
E2-induced EMT
in EM

EM Eutopic
endometrial
epithelial cells

Cells were treated with
200 nM E2 and
100 nM LXA4 for 48 h

1. Cells appeared spindle-shape
and fibroblast-like after
E2 treatment. Co-treatment of
E2 and LXA4 reversed the
morphological appearance change
as observed in phase-contrast
microscopy

LXA4 markedly repressed E2-
enhanced EMT progress
through ALXR-dependent
manner, causing
downregulation of ERK and
p38 MAPK phosphorylation,
thus suppressing EM
development

Wu et al.
(2018b)

2. LXA4 abrogated the effects in
mRNA and protein expressions of
E2-induced of vimentin,
N-cadherin and ZEB1 as well as
E2-reduced E-cadherin as shown
in qRT-PCR and Western blot

3. Cell migration and invasion
assays revealed that LXA4 reduced
E2-stimulated invasion and
migration in cells

E2, oestrogen; EMT, epithelial-mesenchymal transition; EM, endometriosis; NRP1, neurophilin 1, RT-PCR, real-time polymerase chain reaction; CDH1, cadherin-1; ACTA2, actin alpha 2;

α-SMA, alpha-smooth muscle actin; SOS2, son of sevenless homolog 2; LXA4, lipoxin A4; ZEB1, zinc finger E-box-binding homeobox 1; qRT-PCR, quantitative real-time polymerase chain

reaction; ALXR, lipoxin A4 receptor; p38 MAPK, p38 mitogen-activated protein kinase.
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attempted to demonstrate the role and molecular mechanism

of the Rho family on the E2 pathway, as well as proliferation and

EMT in EM (Huang et al., 2020). They demonstrated the

attenuation of E-cadherin and increased vimentin as well as

N-cadherin protein expression in transforming protein RhoA

(RhoA)-overexpressed eutopic endometrial epithelial cells.

Moreover, other assays used in their study confirmed that the

induction of RhoA resulted in increased cell migration, cell

division and proliferation. In contrast, loss of RhoA function by

utilising siRNA suppressed all these effects. In addition, RhoA has

been shown to have an effect of E2 in terms of promoting EMT in

EM. Likewise, Tantengco and others deduced that E2 apparently

supports EMT in the migration and remodelling of cervical cells in

the presence of an infection stimulus such as lipopolysaccharide

(Tantengco et al., 2021). E2 was also shown to induce zinc finger

E-box-binding homeobox 1 (ZEB1), a transcription factor related to

EMT, in a study conducted byWu et al. (Wu R.-F. et al., 2018). This

evidence shows that EMT could be upregulated in EM, not only by

the modulation of transcription factors, but also by the induction of

external stimuli.

4.1.2 Manipulation of EMT activation
Apart from the possible EMT inducers and EMT inhibitors,

there are other stimuli that alter EMT in endometrial cells

depending on the manipulated variables. An example of these

manipulated variables is the co-treatment of cells with E2. Hu

and others investigated treatment with metformin (a medication

used to treat PCOS) alone or in combination with E2 in cultured

FIGURE 2
Schematic illustrating the potentiality of different stimuli in regulating EMT process with or without the association of E2 resulting in diseases-
related female reproductive tract. LXA4 inhibited EMT via ALXR-dependent manner. Melatonin upregulated Numb expression and decreased the
activity of Notch1 signalling pathway to block EMT occurrence. In contrast, both NRP1 and metformin were associated to E2 in regulating EMT.
Metformin modulated EMT in an E2-dependent manner. Besides that, E2 was correlated to TGF-β1, miR200c and miR-148a-3p in suppressing
EMT event while upregulated MALAT1, circ_0004712, ZEB1, LPS and RhoA (via activating ERK signalling pathway) to induce EMT process. There were
two pairs of stimuli, MALAT1/miR200c as well as circ_0004712/miR-148a-3pwhich possessed an antagonism effect between them. An example, the
antagonism effect happened when circ_0004712 sponged miR-148a-3p to activate β-catenin signalling pathway, thus promoting EMT event. E2,
oestrogen; EMT, epithelial-mesenchymal transition; LXA4, lipoxin A4; MLT, melatonin; NRP1, neurophilin 1; Met, metformin; Numb and Notch,
Notch1/Numb signalling pathway; ALXR, lipoxin A4 receptor; 200c, miR200c; 0004712, circ_0004712; 148a-3p, miR-148a-3p; LPS,
lipopolysaccharide; β-catenin, β-catenin signalling pathway; ERK, ERK signalling pathway; TGF-β1, transforming growth factor-β1; ZEB1, zinc finger
E-box-binding homeobox 1; RhoA, transforming protein RhoA; MALAT1, metastasis-associated lung adenocarcinoma transcript 1 (Designed with
BioRender: https://biorender.com/).
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human PCOS endometrial tissues and found inconsistently

altered epithelial and mesenchymal markers (Hu M et al.,

2020). For instance, there was an increase in the protein level

of zinc finger protein SNAI1 (Snail) and decreased protein levels

of claudin 1, N-cadherin and alpha-smooth muscle actin (α-
SMA) when endometrial tissues were treated with metformin

only. In combination with E2 treatment, the protein levels of

cytokeratin 8 and Snail increased, whereas the protein levels of

claudin 1, zonula occludens-1, zinc finger protein SNAI2 (Slug)

and α-SMA decreased, suggesting that metformin might regulate

endometrial EMT in an E2-dependent manner.

A similar study by Du et al. incorporated E2 treatment to

examine endometrial EMT in both human endometrial epithelial

cells and Ishikawa cells using metastasis associated lung

adenocarcinoma transcript 1 (MALAT1), which is another

class of long non-coding RNAs and miR200 family, which

consists of non-coding microRNA members. Their study

showed that the RNA expression levels of miR200s were

downregulated while MALAT1 was upregulated in

endometrial epithelial cells treated with E2 (Du et al., 2019).

Also, they found that MALAT1/miR200s were associated to

EMT, cell proliferation, growth, apoptosis, migration and

invasion. This evidence not only demonstrates that E2 could

alter MALAT1/miR200s expression to differentially regulate

EMT in EM, but also implicates the suitability of MALAT1/

miR200s as a diagnostic and prognostic biomarker of diseases.

This is due to an antagonism effect between MALAT1 and

miR200c found in Ishikawa cells when MALAT1 inhibition

attenuated miR200c inhibitor-enhanced overexpression of

EMT-associated markers (ZEB1, ZEB2 and vimentin) while

miR200c inhibition increased the expression levels of siRNA-

MALAT1-downregulated EMT-associated markers. The sponge

effect of MALAT1 on miR200c has been a research subject in

investigating the pathogenesis and progression of multiple

diseases, including EM (Li et al., 2016; Liang et al., 2017; Pa

et al., 2017), indicating a new therapeutic strategy.

4.1.3 Targeting EMT inhibition in halting disease
progression

It has been demonstrated that EMT instigates pathological

processes in the normal epithelial cells of reproductive organs,

leading to EM, adenomyosis and metastasis (Bilyk et al., 2017).

Thus, extensive research has been performed to ameliorate

related diseases by means of targeting EMT (Chen et al., 2020;

Roy et al., 2021). However, EMT is connected to a vast number of

processes and many signalling pathways may overlap (Cieślik

et al., 2013). Therefore, targeting a specific orchestrator of EMT

could improve the sensitivity in terms of halting disease

progression. Transforming growth factor beta 1 (TGF-β1) is a
secreted polypeptide cytokine. It is a prominent target in disease

research as it controls myriad cellular responses during human

development. Additionally, the TGF-β1 signalling pathway has

been the most attentively defined pathway in inducing EMT

(Gonzalez and Medici, 2014), as it activates the transcription of

EMT-targeted genes, for example Snail, ZEB, forkhead box

protein C2, high-mobility group AT-hook 2, paired related

homeobox 1 and TWIST1 (Lamouille et al., 2014). Cao et al.

found that treatment with TGF-β1 in an IUA cell model

decreased the expression of epithelial markers and increased

the expression of mesenchymal markers; interestingly, the effects

were reversed when cells were pre-treated with E2 (Cao et al.,

2020).

Previously, melatonin, a hormone that controls sleep-wake

cycle, was shown to inhibit TGF-β1-induced EMT in

A549 cells, which are adenocarcinomic human alveolar

epithelial cells (Yu et al., 2016). This study found that

melatonin is associated with TGF-β1 in inhibiting EMT.

Moreover, melatonin abolished E2-induced cell migration,

cell invasion and EMT by modulating Notch1/Numb

expression in EM epithelial cells (Qi et al., 2018). This study

futher verified that melatonin might be an ideal therapeutic in

attenuating EMT to restrain the development of EM. Olive

extracts from Olea europaea have also been shown to prevent

EMT in human nasal respiratory epithelial cells by retaining a

cuboidal cell shape, with higher expression of E-cadherin and

lower expression of vimentin (Razali et al., 2018). Ginsenoside

Rh2, a bioactive component in ginseng, has shown unexpected

abilities in apoptosis induction and EMT inhibition in two

types of human endometrial cell lines, HEC1A and Ishikawa

cells (Kim et al., 2017). The results show that there were

significant increases in the number of apoptotic cells and

the E-cadherin/tubulin ratio as well as notable decreases in

the vimentin/tubulin ratio, cell invasion rate and cell migration

ability. These studies attest that even natural bioactive

compounds can inhibit EMT in diseased cells.

4.2 Modulation and regulation of E2-
induced EMT

It is compelling that E2 promotes EMT in a number of E2-

dependent diseases like EM and adenomyosis. Hence, researchers

tend to induce EMT activities by treating targeted cells with

E2 prior to further analysis of a disease. An essential

mechanistic link between E2 and EMT is circular RNA

(circRNA), which is a long non-coding RNA (lncRNA) capable

of regulating genes at the transcriptional or post-transcriptional

level (Qu et al., 2015); these molecules act as anmiRNA ‘sponge’ to

inhibit the activity of one or multiple miRNAs (Yu andKuo, 2019).

Evidence of circRNA regulated E2-induced EMT was presented in

a study by He et al. using Transwell assays, where knockdown of

cir_0004712 coupled with overexpression of miR-48a-3p

significantly repressed cell migration in E2-treated endometrial

epithelial cells; this effect was recovered with the inhibition of miR-

48a-3p (He et al., 2020). This result shows that circ_0004712 could

bind to miR-148a-3p to mediate E2-induced EMT in EM.
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Another stimulus that could modulate E2-induced EMT is

the protein receptor neurophilin 1 (NRP1). Hu and others

showed that silencing NRP1 clearly restored the expression of

E-cadherin, abolished the expression of α-SMA and impaired cell

migration in E2-induced endometrial cells (Hu R et al., 2020).

This result indicates that NRP1 might be a potential therapeutic

for adenomyosis patients as it could modulate E2-induced EMT

in endometrial cells. Lipoxin A4 (LXA4), a pro-resolving and

anti-inflammatory molecule, was investigated for its effects on

EMT in E2-induced eutopic endometrial epithelial cells. Based on

a study by Wu et al., combined treatment with E2 and LXA4

reversed the morphological change in cells that initially appeared

spindle-shape and fibroblast-like when treated with E2 alone

(Wu R. F. et al., 2018). Also, LXA4 has been shown to reduce the

effect of E2-induced migration and invasion in these cells. Since

LXA4 competes with E2 to bind to ER (Russell et al., 2011), these

results suggest that LXA4 could repress EM development by

occupying ER to inhibit E2 signalling, thereby averting EMT in

endometrial cells.

4.3 Crosstalk betweenWnt, E2 and EMT: Is
this related to MRKH syndrome ?

Vaginal agenesis is a congenital disorder whereby the vagina

does not develop. This rare disorder is commonly seen in young

girls with cervical agenesis and MRKH syndrome (Nakhal and

Creighton, 2012). In some cases, the signs and symptoms are

identified when patients are evaluated for primary amenorrhea

with otherwise typical growth and pubertal development

(Fontana et al., 2017). To treat MRKH syndrome, a two-step

procedure is used: creation of a vagina (neovagina) and

subsequent anastomosis of the uterus with the newly created

vagina. The use of in vitro cultured vaginal mucosa has emerged

as a novel technique to epithelise the new vaginal wall in recent

years. In this review, we assessed the involvement of Wnt4 and

E2 on EMT in the female reproductive tract, specifically EM.

Since information on these factors on vaginal agenesis is still

lacking, we postulate that EMT, with the involvement of

Wnt4 and E2, also occurs in the vagina as the endometrium

extends downwards to vaginal tract.

Wnt4 has been shown to be crucial for female sexual

development. Wnt4 protein suppresses male sexual

differentiation by repressing the biosynthesis of gonadal

androgen. Inhibition of Wnt4 has been studied by knocking

out the Wnt4 gene in mice, resulting in failed Müllerian duct

formation (Vainio et al., 1999). Wnt4 has also been studied with

regard to its function in the development of the Müllerian duct,

as mutations in or the absence of Wnt4 in the Müllerian

mesenchyme results in vaginal agenesis (Biason-Lauber et al.,

2004; Biason-Lauber et al., 2007; Prunskaite-Hyyryläinen et al.,

2015; St-Jean et al., 2019), a deformity that is usually diagnosed in

MRKH patients. One case study discussed a woman without

structures derived from the Müllerian ducts (uterus and fallopian

tubes), with unilateral renal agenesis and clinical signs of

androgen excess (Biason-Lauber et al., 2007). In contrast,

earlier studies reported that they detected no

Wnt4 abnormalities in the DNA extracted from women with

MRKH syndrome (Drummond et al., 2008; Ravel et al., 2009;

Philibert et al., 2011), considering that the function of Wnt4 gene

and the genotypic variability of MRKH are not well

comprehended yet.

Numerous signalling pathways can initiate EMT in

response to the presence of stimuli such as E2. One of the

leading pathways associated with EMT is the Wnt signalling

pathway (Zmarzły et al., 2020). Existing research on the effects

of Wnt signalling in E2-induced EMT is scarce. From the

assessment of the studies included in this review, very few

studies were found to evaluate the relationships between Wnt

proteins and EMT-induced cells, specifically in relation to

diseases associated with the female reproductive tract. Despite

that, there was one study conducted by Guo et al. (2014), who

successfully showed the overexpression of Wnt4 gene

upregulated the markers of EMT by the decreased

expression of E-cadherin and increased expression of α-
SMA. Previous study has demonstrated that the expression

of Wnt4 is directly regulated by E2, in an ERα-dependent
manner in growth-hormone (GH)-producing cells

(Miyakoshi et al., 2009). Another study showed that the

number of Wnt4 mRNA copies increased with the injection

of E2 in mice’s uteri. Also, a proposed model in the study

suggested that E2 could lead to the activation of Wnt

signalling by induction of Wnt4 expression in uterine

epithelial cells. (Hou et al., 2004). These studies indicated

that E2 and Wnt4 associate to each other and their

interactions could result in the activation of EMT.

As reported, the role of EMT in EM development is possible via

E2 induction but the association with vaginal agenesis in MRKH

patients remains unrevealed. Figure 3 showed possible relations

between EM and vaginal agenesis as those affected organs are

descended from the primitive Mullerian duct and speculated to

involve Wnt4-expressing Mullerian cells from the Mullerian

development process. Many theories have been came up in

explaining the pathogenesis of EM but remain to be proven. In

particular, coelomic metaplasia: Specialized cells of peritoneum share

common embryological lineage (from coelomic epithelium) as

endometrial cells, develop into endometriotic lesions by

metaplastic transformation (Gruenwald, 1942; Dhesi and Morelli,

2015). Mullerian remnants: These cells misplaced the primitive

endometrial cells during organogenesis and implanted in their

migratory path across the pelvic floor due to aberrant

differentiation and migration, later induced into endometrial cells

by specific stimuli (e.g., E2) (Mai et al., 1998). Those theories revealed

that EMT involves in endometrial-like tissue formation as the

Mullerian cells were found proliferated, migrated subsequently

progressed into endometriotic lesions.
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EMT induction factors that are closely related to EM have

been discussed such as E2; involves in hormonal regulation,

and Wnt4; Mullerian-expressing genes. Bilyk et al. (2017)

and Baranov et al. (2018) stated that EM in adults might be

associated to the early life of Mullerian-expressing genes in

uterine endometrium. On the other hand, vaginal agenesis is

developed when the Mullerian duct fails to form as a result of

Wnt4 anomalies and other factors, potentially E2 and EMT

as adopted from the theories of EM development. The

Mullerian progenitors, coelomic epithelial cells, express

Wnt4 for regulating Mullerian invagination and

elongation. These Mullerian stages require Wnt4-

expressing progenitor cells to undergo EMT and

differentiate into Mullerian mesenchymal cells, enabling

cranial-caudal cell migration of Mullerian duct in close

proximity to Wolffian duct. Once Mullerian ducts fuse

with urogenital sinus, the cells undergo MET and

specialize into epithelial subtypes, giving rise to female

reproductive tract constituting fallopian tubes, uterus,

cervix and upper vagina (Bilyk et al., 2017; Santana

Gonzalez et al., 2021). This supports earlier studies

reporting vaginal agenesis occurs when there is

deregulation of Wnt4 (Wnt4 mutation or deficiency) as

well as the speculation of EMT (cells remain mesenchymal

and not forming epithelial) during the development of

Mullerian duct, though the role of E2 in this event is still

elusive.

Thus, it could be assumed that E2 and Wnt4 associate in

an undefined manner to induce EMT in the development of

diseases in female reproductive tract such as EM as well as

vaginal aplasia in MRKH patients. Still, further research has to

be done to strongly validate how E2 regulate Wnt4 or Wnt

signalling pathway to potentiate EMT in disease development.

Collectively, this review will provide new insights into the

mechanisms related to E2 and Wnt4 in regulating vaginal

epithelialisation to ensure better surgical outcomes. We

anticipate that this will become a key aspect in the surgical

procedure for creating a new vagina (neovagina) in the near

future.

5 Conclusion

In relation to the overall results discussed in this review, there

is a constraint whereby the paucity of EMT in the non-cancer

field limits complete understanding on the regulation of EMT

FIGURE 3
Crosstalk between E2,Wnt4 and EMT in the development of EM: Aetiology of vaginal agenesis in MRKH. Pathogenesis of EM has been classically
defined to originate from Mullerian-related cells expressing Wnt4 in early human development. Under the influence of E2 and other appropriate
stimuli, the cells exhibit EMT and progress into endometriotic lesions in adults. Corresponding to MRKH patients which also initiated from Mullerian
cells, the disorder develops when Wnt4 is mutated in coelomic epithelium of embryo. This could then trigger EMT which leads to female
reproductive organ formation failure, such as vagina and uterus. E2, oestrogen; EMT, epithelial-mesenchymal transition; Wnt4, Wnt family member
4; MD, Mullerian duct; WD, Wolffian duct; MRKH, Mayer-Rokitansky-Küster-Hauser syndrome; EM, endometriosis (Designed with BioRender:
https://biorender.com/).
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processes in non-cancer related diseases. Hence, this review

may provide a new perspective for non-cancer research,

especially regarding reproductive-related studies. This

review presents the potentials to influence EMT through

various stimuli in diseases associated with the female

reproductive system, chiefly EM. Additionally, E2 could

also be an EMT regulator and is prone to be mediated by

other EMT orchestrators to cause EMT, principally in

endometrial epithelial cells. This review also highlighted

the possible participation of Wnt and E2 in EMT in vaginal

epithelial cells, which may result in the complete absence of

vaginal structure, an abnormality observed in women with

MRKH syndrome. Collectively, this overview could serve as

a foundation to pursue ideal or novel targets for the

treatment of diseases associated with the female

reproductive system, namely vaginal agenesis, by

regulating vaginal epithelialisation to ensure better

surgical outcomes.
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Circulating estradiol and its
biologically active metabolites in
endometriosis and in relation to
pain symptoms
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Véronique Turcotte1, David Simonyan3, Andrej Vogler4,
Joško Osredkar5, Tea Lanišnik Rižner2*‡
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Research Chair in Pharmacogenomics, Université Laval, Québec City, QC, Canada
Objectives: Endometriosis (EM) is an estrogen-dominant inflammatory disease

linked to infertility that affects women of reproductive age. EM lesions respond

to hormonal signals that regulate uterine tissue growth and trigger

inflammation and pain. The objective of this study was to evaluate whether

estradiol (E2) and its biologically active metabolites are differentially associated

with EM given their estrogenic and non-estrogenic actions including

proliferative and inflammatory properties.

Design: We performed a retrospective study of 209 EM cases and 115 women

without EM.

Methods: Pain-related outcomes were assessed using surveys with validated

scales. Preoperative serum levels of estradiol (E2) and estrone (E1), their 2-, 4-

and 16- hydroxylated (OH) and methylated (MeO) derivatives (n=16) were

measured by mass spectrometry. We evaluated the associations between

estrogen levels and EM anatomic sites, surgical stage, risk of EM, and

symptoms reported by women. Spearman correlations established the

relationships between circulating steroids.

Results: Of the sixteen estrogens profiled, eleven were detected above

quantification limits in most individuals. Steroids were positively correlated,

except 2-hydroxy 3MeO-E1 (2OH-3MeO-E1). Higher 2OH-3MeO-E1 was linked

to an increased risk of EM (Odd ratio (OR)=1.91 (95%CI 1.09-3.34); P=0.025).

Ovarian EM cases displayed enhanced 2-hydroxylation with higher 2MeO-E1
and 2OH-E1 levels (P< 0.009). Abdominal, pelvic and back pain symptoms were

also linked to higher 2OH-3MeO-E1 levels (OR=1.86; 95%CI 1.06-3.27;

P=0.032).
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Conclusions: The 2-hydroxylation pathway emerges as an unfavorable feature

of EM, and is associated with ovarian EM and pain related outcomes.
KEYWORDS

endometriosis, catechol estrogens, steroids, mass spectrometry, pain symptoms
Introduction

Endometriosis (EM) affects approximately 10% of women

of reproductive age (1) and is defined by the presence

of endometrial glands or stoma outside the uterine cavity. It

is a non-malignant disease nonetheless associated with

dysmenorrhea, dyspareunia, pelvic pain and infertility due to

the presence of ectopic tissue and inflammation (2–4).

Endometriotic lesions can be superficial peritoneal, ovarian or

deeply infiltrating (5, 6). The etiology of endometriosis is

complex (7) and multifactorial thus several theories have been

proposed to explain the clinical manifestation of endometriosis;

Sampson’s theory of retrograde menstruation, coelomic

metaplasia theory, Mullerian rests theory, stem cell theory,

impaired immune system theory, and others (8). Endometriosis

is considered a chronic inflammatory disease with altered

peritoneal environment in patients with endometriosis. The

ectopic lesions recruit immune cells which leads to production

of pro-inflammatory molecules and cytokines and also promote

angiogenesis and innervation and thus contribute to survival of

these lesions (9).

EM is an estrogen-dependent disease with molecular

hallmarks of genetic predisposition, altered hormonal milieu

(estrogen dependence and progesterone resistance) and

inflammation (10, 11). Changes in steroid biotransformation

pathways have been reported leading to an increased local

production of estrogens in endometriosis lesions (12). EM

lesions respond to hormonal signals such as estradiol (E2) that

regulate uterine tissue growth and triggers inflammation, and

that are linked to pain symptoms (13). Excessive inflammation

also leads to changes in sex steroid receptors (ERa and ERb)
expression and enhanced estrogen biosynthesis in endometriotic

lesions, involving aromatase, sulfatase and other pathways (14–

21). Treatment of pelvic pain in EM thus includes the use of

nonsteroidal anti-inflammatory drugs, oral contraceptives

and progestins.

Estrogens comprise a vast array of hydroxylated (OH) and

methoxylated (MeO) catechol estrogen (CE) metabolites with

diverse biological activities. The synthesis of CE metabolites

from E2 and estrone (E1) involves various metabolic routes,

namely the 2-hydroxylation (2OH), 4-hydroxylation (4OH)

and 16-hydroxylation (16OH) pathways and the action of the
02
73
catechol-O-methyltransferase (COMT) to form 2- and 4-

MeOCEs (22, 23). Besides acting as ligands of ERa and ERb,
CEs also present non-estrogenic properties (22, 24). MeOCEs

have antiangiogenic and antiproliferative actions whereas 4-

OHCEs have procarcinogenic properties (22, 25–27). Both the

2OH and 4OH CE derivatives generally have reduced

estrogenic effects (24, 28) as opposed to the 16OH pathway

that retains most of its estrogenic properties, with a

preferential action on the ERb (24). In addition, E2 was

previously found to be associated with pain due to its effects

on nerves and inflammation (13). Some CEs present

estrogenic activities resembling E2 and they may be prone to

cause pain.

Given the suspected biological roles of catechol estrogens,

and their associations with several hormone-sensitive diseases

including endometrial cancer (29, 30), we hypothesized that

circulating levels of E2 and/or its biologically active metabolites

were associated with an altered risk of EM (primary objective)

and severity of pain symptoms (secondary objective).
Material and methods

Study cohort

The study design corresponded to a retrospective case-

control study comprising cases and controls from the same

type of population (31). Part of this cohort was described

previously (32–34). Patients’ enrolment took place from

March 2008 to June 2018 at the Departments of Obstetrics

and Gynecology at the University Medical Centre Ljubljana,

Slovenia. The study comprised patients who visited gynecologist

with problems/symptoms that are indicative for laparoscopy

surgery. The inclusion criteria were an indication for a

diagnostic laparoscopy for symptoms suggestive of EM such as

pain, infertility, ovarian cysts, other gynecological pathologies

such as myomas and tubal sterilization. The exclusion criteria

were pregnancy, age below 18 years, menopausal status,

gynecological malignancies, cancelled surgery, previous

hysterectomy, drug abuse and HIV infection (32). Of the 341

women, 17 participants were excluded to manage confounders:

six because of missing data on mandatory age and/or BMI, three
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due to unknown case or control status, four with polycystic

ovary syndrome (PCOS) that could impact hormone levels, one

due to a prior unidentified menopausal state, and three with

significant anomalies of the menstrual cycle of unknown

etiology. The remaining cohort of 324 women underwent

either diagnostic laparoscopy or laparoscopic tubal sterilization

and were divided according to presence (n=209, cases) or

absence (n=115, controls) of EM. Controls were further

divided into two groups (patients with benign pathologies

(n=79) and healthy controls (n=35). Patients with benign

pathologies had symptoms suggestive for EM (infertility and/

or pain) or other gynecological pathologies. Healthy patients

underwent laparoscopic tubal sterilization and had no

symptoms suggestive for EM (Figure 1). A post-hoc ANOVA

power analysis test (power package and R Statistical Software

v4.1.2; R Core Team 2021) estimated that a sample size per

group of 36 was suffcient). The clinical characteristics presented

in Table 1 included age, body mass index (BMI), type of EM

(ovarian, ovarian and peritoneal, peritoneal, and deep

infiltrating), rASRM stage of disease (35), smoking status

(current, former or never), use of hormonal therapy (last three

months), use of oral contraception (last three months), and

endometrial phase (secretory or proliferative). Patient-filled

surveys using validated numeric rating scales documented the

outcomes of “abdominal, pelvic and back pain”, “dysmenorrhea

(frequency)” , “dysmenorrhea (intensity)” , “score of
Frontiers in Endocrinology 03
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dysmenorrhea”, “dyspareunia (frequency)”, “dyspareunia

(intensity)” and “dysuria or dyschezia (frequency)” (36, 37).

For EM cases, data for pain-related outcomes were available for

98.6% to 99.5% of participants, except for the “score of

dysmenorrhea’’ (61.2%), “dysmenorrhea (intensity)” (35.4%),

and “dyspareunia (intensity)” (59.3%) outcomes. In control

cases, data was available for 86.7% to 97.4% of participants,

except for “score of dysmenorrhea’’ (56.5%) and “dyspareunia

(intensity)” (55.7%) outcomes. The patient’s characteristics

related to pain symptoms are presented in Supplementary

Table 1. Pain related outcomes were dichotomized for the

statistical analysis. The dichotomization for “abdominal, pelvic

and back pain” was “yes or no”. For “dysmenorrhea

(frequency)”, “dyspareunia (frequency)” and “dysuria or

dyschezia (frequency)”, the dichotomization was “infrequent

(never, almost never or sometimes) or frequent (quite often or

very often)”. For “dyspareunia (intensity)” and “dysmenorrhea

(intensity)”, the dichotomization was “mild (no or slight pain) or

moderate to severe (medium or strong pain)”. For the “score of

dysmenorrhea”, the dichotomization was “scores of ≤5 or of >5”.

All participants provided an informed consent prior to their

enrolment. This study was conducted in accordance with the

declaration of Helsinki. This study was approved by the National

Medical Ethics Committee in Slovenia (#0120-127/2016/6) and

the ethics committee of the CHUQc – Université Laval

(#2012-993).
FIGURE 1

Flowchart of patient cohort.
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TABLE 1 Characteristics and clinical data of endometriosis cases (n=209) and controls (n=115).

Cases
(n=209)

Controls
(n=115)

All Benign pathologies (n=79) Healthy (n=36)

Age1

Mean age ± SD (years) 31.57 ± 5.35 34.66 ± 6.79 32.03 ± 6.42 40.44 ± 2.87

Body mass index (BMI)1

Mean ± SD 22.42 ± 3.66 24.88 ± 4.55 24.53 ± 4.67 25.66 ± 4.26

Type of disease

Ovarian 35 (16.7%) – – –

Ovarian and peritoneal 59 (28.2%) – – –

Peritoneal 62 (29.7%) – – –

Deep infiltrating 53 (25.4%) – – –

Stage of disease

1 49 (23.4%) – – –

2 38 (18.2%) – – –

3 67 (32.1%) – – –

4 40 (19.1%) – – –

Missing 15 (7.2%) – – –

Smoking status

Current 68 (32.5%) 37 (32.2%) 27 (34.2%) 10 (27.8%)

Former 11 (5.3%) 14 (12.2%) 9 (11.4%) 5 (13.9%)

Never 129 (61.7%) 62 (53.9%) 42 (53.2%) 20 (55.6%)

Missing 1 (0.5%) 2 (1.7%) 1 (1.3%) 1 (2.8%)

Hormonal therapy2

Yes 38 (18.2%) 17 (14.8%) 15 (19.0%) 2 (5.6%)

No 171 (81.8%) 93 (80.9%) 62 (78.4%) 31 (86.1%)

Missing 5 (4.3%) 2 (2.5%) 3 (8.3%)

Per oral contraception1,2

Yes 41 (19.6%) 27 (23.5%) 12 (15.2%) 15 (41.7%)

No 168 (80.4%) 85 (73.9%) 65 (82.3%) 20 (55.6%)

Missing 0 (0.0%) 3 (2.6%) 2 (2.5%) 1 (1.5%)

Endometrial phase1

Secretory 83 (39.7%) 48 (41.7%) 28 (35.4%) 20 (55.6%)

Proliferative 112 (53.6%) 53 (46.1%) 38 (48.1%) 15 (41.7%)

Oral hormonal contraceptive 14 (6.7%) 11 (9.6%) 11 (13.9%) 0 (0.0%)

Missing 0 (0.0%) 3 (2.6%) 2 (2.5%) 1 (2.8%)

Surgical stages were classified using the revised American Society for Reproductive Medicine score (rASRM) classification of endometriosis. 1P-values <0.0001 obtained using Pearson’s
chi square or Fisher’s exact test when appropriate. 2Last 3 months.
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Quantification of estrogen derivatives

Blood samples were collected two days prior to surgery as

described (32), and following strict standard operating procedures

for collection, processing and storage at -80˚C to preserve stability

of metabolites such as steroids. Briefly, 4 ml of blood sample was

collected by venipuncture from the median cubital vein using BD

Vacutainer tubes (#369032; Becton Dickinson and Company, NJ,

USA). The collected samples were incubated for no more than 1 h

at room temperature and then centrifuged at 1400 × g for 10 min

at room temperature. The seperated serum was collected,

aliquoted, and stored at -80°C until analysis. Only samples that

were frozen/thawed once were used for analysis. A specific set of

16 estrogen derivatives were quantified in 250 mL of serum using a

liquid-chromatography tandem mass spectrometry assay (LC-

MS/MS) as described (29). The lower limit of quantification

(LLOQ) was 5 pg/mL. Sums including all analytes and

metabolic ratios were calculated for the different metabolic

pathways. Catechol estrogens at levels below LLOQ (even if

detected above the limit of detection) were considered undetected.
Statistical analysis

Differences in estrogen hormone levels between cases and

controls, anatomic sites and surgical stages were determined by

bivariate analyses on means of log transformed continuous

hormone levels. The relationship between hormone levels was

assessed using Spearman’s rank-order correlation. Odd ratios

(OR) were obtained using dichotomized hormone levels

(independent variables) based on the median levels of controls

as performed in previous studies (29) in a multivariate logistic

regression model, adjusted for age, BMI, smoking status, oral

contraception (last three months), hormonal therapy (last three

months) and the endometrial phase (secretory or proliferative).

Logistic models and Fisher’s scoring were used to determine the

ORs for pain related outcomes in cases. P-values were obtained

using Pearson’s chi square, Fisher’s exact test, the one-way

analysis of covariance F-test corrected with Tukey when

appropriate or the Spearman Rho statistic test in the

appropriate contexts. Results were considered statistically

significant when P < 0.05. Statistical analyses were performed

by the statistician (DS) using the software SAS 9.4 by SAS

Institute Inc. (Cary, NC, USA). Due to the exploratory nature

of the study, no adjustment for multiple comparison was done.
Results

Characteristics of EM and controls are despicted in

Table 1. A total of 16 estrogen derivatives were quantified by

MS in the serums of 341 women. Most estrogens and their

oxidative metabolites (11 out of 16) were above LLOQ, except
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for 4OH-E2, 17epi-E3, 2MeO-E2, 4MeO-E1 and 4MeO-E2
detected in less than 12% of the cohort. These five estrogens

were thus excluded in subsequent statistical analyses

(Supplementary Table 2). Levels of estrogens are displayed in

Table 2 with E1, E2, 2OH-E1, E3, 16aOH-E1 and 16keto-E2
displaying the highest levels. In addition, 2OH-3MeOE1 levels

were higher in cases compared to controls (by 123%; P = 0.02)

(Table 2). The analysis of hormone levels according to anatomic

sites of EM (Table 3), showed higher levels of 2OH-E1 (by 18%;

P = 0.009), 2MeO-E1 (38%; P = 0.002), sum of 2OH (7%; P =

0.013), sum of MeO (23%; P = 0.036), ratio of 2OH/sum E1/E2
(24%; P = 0.023), and ratio of 2OH-E1/16aOH-E1 (101%; P =

0.033) in cases diagnosed with ovarian EM. No evidence of an

association was observed in relation to surgical stage

(Supplementary Table 3).

The first objective aimed to establish the potential

association of estrogens with the risk of developing EM.

Women with higher circulating levels of specific catechol

estrogens were shown to be more predisposed to EM risk in

multivariable analysis adjusted for confounders including age,

BMI, tobacco status, contraception, hormonal therapy and

endometrial phase, which differ in EM cases compared to

controls (Table 1). More specifically, women with higher levels

of 2OH-3MeO-E1 had an adjusted OR of 1.91 (95%CI 1.09-3.34;

P =0.025). This finding was also observed when restricted to

healthy subjects and controls with benign pathologies (OR =2.61

(95%CI 0.84–8.09); P =0.097 and 1.56 (95%CI 0.84–

2.91); P =0.164) but did not reached significance. A lower risk

of EM was observed in association with elevated 16OH

derivatives (with OR values of 0.22 for 16epi-E3 (95%CI 0.06–

0.83); P =0.025) and 0.22 for 16keto-E2 (95%CI 0.06–0.84);

P =0.027). Since 2OH-3MeO-E1 was the main metabolite

associated with the risk of EM, we evaluated whether the

correlation of this metabolite with the other estrogens was

different between controls and cases. We observed that 2OH-

3MeO-E1 was weakly but significantly correlated with 2-OH

derivatives in EM cases at 0.20 (P<0.05) but not in

controls (Table 4).

A secondary objective aimed to explore the relationship

between hormone levels and symptoms of pain in EM cases

(Table 5). Higher levels of 2OH-3MeO-E1 were associated with

the risk of pain in the abdominal, pelvic and back regions (OR

=1.86 (95%CI 1.06-3.27) P =0.032). Higher levels of 16aOH-E1
were inversely associated with the risk of pain in the abdominal,

pelvic and back regions (OR =0.55 (95%CI 0.31-0.97); P =0.038).

More frequent menstrual pain was associated with elevated E1/

E2 (OR = 1.90 (95%CI 1.03-3.51); P =0.041) whereas more severe

menstrual pain was linked to a higher metabolic ratio of 4OH/

sum of E1/E2 (OR =1.95; (95%CI 1.05-3.61); P =0.035) (Table 5).

Higher levels of 16keto-E2 were associated with the risk of more

severe dyspareunia experienced in the last three months (OR =

2.40 (95%CI 1.02-5.62); P =0.045. Higher levels of 4OH-E1 were

associated with a reduced risk dysuria or dyschezia experienced
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TABLE 2 Steroid levels for EM cases (n=209) and for controls (n=115) that included subjects with benign pathologies and healthy controls.

Cases (n=209) Controls (n=115)

All Benign pathologies (n=79) Healthy (n=36)

Steroids Median 10-90% Median 10-90% Median 10-90% Median 10-90%

E1 831.00 203.00-2830.00 882.00 262.00-2730.00 788.00 149.00-2830.00 1004.50 325.00-2130.00

E2 138.00 8.86-396.00 118.00 17.20-320.00 100.00 13.20-320.00 163.50 87.70-345.00

2OH-E1 96.40 9.70-247.00 93.10 11.70-227.00 73.90 11.40-212.00 123.50 12.60-262.00

2OH-E2 10.60 2.50-37.90 12.40 2.50-41.10 10.40 2.50-27.90 17.55 2.50-48.80

4OH-E1 8.77 2.50-25.90 7.59 2.50-22.50 7.65 2.50-25.00 7.42 2.50-21.50

16aOH-E1 32.10 7.36-140.00 44.60 7.91-142.00 38.30 6.06-142.00 61.60 15.30-261.00

16epi-E3 8.07 2.50-29.00 10.30 2.50-28.80 8.31 2.50-23.70 13.30 5.50-33.40

16keto-E2 31.70 8.05-130.00 40.80 7.07-142.00 31.10 6.55-92.00 58.00* 22.50-269.00

E3 67.00 14.90-256.00 85.80 14.70-265.00 68.10 11.90-236.00 121.50 42.80-311.00

2MeO-E1 24.50 2.50-80.90 18.40 2.50-60.60 15.30 2.50-61.60 25.35 2.50-60.60

2OH-3MeO-E1 5.58* 2.50-16.00 2.50 2.50-13.60 2.50 2.50-12.10 2.50 2.50-20.60

Sums

E1/E2 1009.00 219.45-3102.00 1019.00 296.30-3040.00 885.40 182.33-3166.00 1138.50 460.00-2457.00

2OH 104.50 12.20-276.00 99.90 14.20-260.80 83.80 13.90-238.90 146.45 15.10-291.70

4OH 11.30 5.00-30.60 10.20 5.00-30.20 10.15 5.00-30.50 11.18 5.00-30.20

16OH 152.10 33.70-551.30 204.11 37.36-591.80 140.21 31.88-428.20 264.90* 69.24-758.90

MeOs 41.19 16.33-99.39 33.00 15.83-79.51 30.00 15.83-87.60 39.07 15.63-79.30

OHs 302.20 54.62-837.80 358.63 69.23-801.10 288.25 57.52-648.80 474.50 211.26-941.60

CEs 352.40 81.72-928.61 390.22 98.36-876.50 312.61 82.52-734.78 539.77 242.16-1015.68

Ratios

2OH/sum E1/E2 0.09 0.04-0.22 0.09 0.03-0.23 0.08 0.03-0.20 0.10 0.03-0.33

4OH/sum E1/E2 0.01 0.00-0.03 0.01 0.00-0.03 0.01 0.00-0.04 0.01 0.00-0.02

16OH/sum E1/E2 0.15 0.06-0.45 0.15 0.07-0.52 0.13 0.06-0.41 0.21 0.11-0.60

CEs/sum E1/E2 0.35 0.18-0.72 0.34 0.16-0.84 0.29 0.15-0.68 0.41 0.21-0.96

2OH/4OH 8.14 2.06-20.2 9.09 2.13-22.8 8.38 1.74-22.32 11.46* 3.02-29.70

2OH/16OH 0.68 0.14-1.55 0.63 0.12-1.36 0.66 0.12-1.42 0.53 0.09-1.36

2OH/MeOs 2.46 0.80-4.08 2.79 0.71-5.00 2.71 0.71-4.84 3.13 1.21-5.35

4OH/16OH 0.08 0.02-0.27 0.06 0.01-0.24 0.08 0.02-0.34 0.05 0.01-0.13

4OH/MeOs 0.27 0.12-0.60 0.29 0.14-0.65 0.29 0.15-0.78 0.30 0.13-0.44

OHs/MeOs 6.43 2.51-16.8 8.06 3.07-18.61 7.46 2.48-16.91 10.91* 4.57-27.51

2OH/16aOH-E1 2.61 0.38-8.15 2.42 0.43-6.00 2.46 0.44-6.00 2.24 0.35-7.22

Steroids are reported in pg/mL. The sum of hydroxy derivatives (OHs) includes 2OH, 4OH and 16OH. The sum of all catechol estrogens (CEs) includes OHs and MeOs. P-values were
obtained based on the one-way analysis of covariance F test with correction when necessary. Continuous means of hormone levels were log transformed and adjusted for age and BMI
for statistical analysis. Significant P values <0.05 are highlighted with a star (*) and text in bold. The median values and the 10-90% intervals for E2 were 123.00 (31.6 -417.0 pg/mL) for
women in the proliferative phase and 169.00 (13.20-333.00 pg/mL) for women in the secretory phase.
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TABLE 3 Steroid levels according to anatomic sites of disease in 209 endometriosis cases.

Steroids (pg/mL) Median (10-90%) P-value

Ovarian Ovarian peritoneal Peritoneal Deep infiltrating All 1 vs 3 1 vs 2 1 vs all

n=35 n=59 n=62 n=53

E1 908.00
(258.00-3420.00)

723.00
(188.00-2990.00)

777.00
(188.00-3190.00)

873.00
(306.00-2160.00)

E2 143.00
(30.20-649.00)

138.00
(6.61-393.00)

130.50
(9.17-438.00)

139.00
(14.40-239.00)

2OH-E1 111.00
(53.70-455.00)

87.40
(7.06-211.00)

98.20
(7.76-234.00)

96.40
(20.40-196.00)

0.033 0.022 0.011 0.009

2OH-E2 12.50
(2.50-67.40)

8.62
(2.50-36.60)

11.65
(2.50-33.50)

9.58
(2.50-35.20)

0.088

4OH-E1 9.67
(2.50-35.10)

8.78
(2.50-24.40)

7.94
(2.50-22.10)

8.71
(2.50-24.20)

0.086

16aOH-E1 28.70
(7.36-197.00)

27.20
(7.04-179.00)

39.00
(8.22-139.00)

34.70
(7.54-120.00)

16epi-E3 8.51
(2.50-29.20)

7.55
(2.50-31.00)

8.39
(2.50-28.10)

7.84
(2.50-25.20)

16keto-E2 40.50
(11.90-137.00)

34.10
(6.32-163.00)

26.80
(7.85-94.70)

30.00
(8.02-119.00)

E3 79.00
(23.70-233.00)

59.20
(14.90-245.00)

69.60
(9.06-329.00)

62.8
(17.00-225.00)

2MeO-E1 29.70
(10.80-234.00)

20.10
(2.50-75.50)

20.90
(2.50-63.20)

23.90
(5.48-80.90)

0.011 0.076 0.029 0.002

2OH-3MeO-E1 5.65
(2.50-16.30)

2.50
(2.50-16.00)

2.50
(2.50-15.40)

6.05
(2.50-15.40)

Sums

E1/E2
1057.00

(295.20-3772.00)
857.00

(192.61-3474.00)
903.50

(196.86-3490.00)
1024.00

(351.80-2389.00)
0.058

2OH
117.70

(56.20-573.20)
98.77

(9.56-254.70)
126.55

(10.26-254.60)
104.50

(22.90-225.20)
0.083 0.013

4OH
13.80

(5.00-41.70)
11.37

(5.00-29.20)
10.44

(5.00-25.10)
11.21

(5.00-28.40)

16OH
172.02

(45.00-540.10)
152.10

(33.70-682.20)
148.86

(32.51-542.00)
146.96

(32.26-444.90)

MeOs
48.00

(26.20-269.56)
36.59

(16.33-99.39)
39.20

(12.50-80.10)
41.20

(15.48-103.70)
0.036

OHs
362.63

(114.39-1212.27)
267.50

(46.66-837.80)
299.54

(49.93-820.30)
343.91

(70.83-689.70)

All CEs
404.57

(130.00-1283.07)
306.10

(79.50-885.49)
342.84

(72.00-850.37)
386.94

(102.43-738.61)
0.082

Ratios

2OH/sum E1/E2
0.11

(0.04-0.27)
0.09

(0.03-0.18)
0.08

(0.03-0.20)
0.10

(0.04-0.22)
0.078 0.023

4OH/sum E1/E2
0.01

(0.00-0.03)
0.01

(0.00-0.04)
0.01

(0.00-0.03)
0.01

(0.01-0.03)

(Continued)
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TABLE 3 Continued

Steroids (pg/mL) Median (10-90%) P-value

Ovarian Ovarian peritoneal Peritoneal Deep infiltrating All 1 vs 3 1 vs 2 1 vs all

n=35 n=59 n=62 n=53

16OH/sum E1/E2
0.15

(0.07-0.30)
0.15

(0.06-0.38)
0.17

(0.08-0.48)
0.13

(0.06-0.58)

CEs/sum E1/E2
0.32

(0.19-0.63)
0.36

(0.14-0.72)
0.34

(0.21-0.70)
0.34

(0.17-0.83)

2OH/4OH
10.37

(2.87-23.33)
7.36

(1.00-17.20)
8.46

(1.77-26.80)
8.14

(3.02-18.93)

2OH/16OH
0.89

(0.28-1.43)
0.58

(0.13-1.44)
0.55

(0.13-1.55)
0.76

(0.13-1.91)
0.090

2OH/MeOs
2.54

(1.22-4.50)
2.38

(0.49-3.90)
2.67

(0.49-4.46)
2.23

(0.88-3.90)

4OH/16OH
0.09

(0.03-0.24)
0.09

(0.02-0.27)
0.07

(0.02-0.23)
0.09

(0.01-0.34)

4OH/MeOs
0.24

(0.11-0.73)
0.28

(0.14-0.68)
0.27

(0.16-0.59)
0.29

(0.12-0.55)

OHs/MeOs
6.32

(2.96-10.22)
5.96

(2.02-18.54)
7.42

(2.27-15.43)
5.79

(2.70-18.54)
0.075

2OH-E1/16aOH-E1
4.37

(1.29-8.69)
2.13

(0.22-7.64)
1.86

(0.35-5.88)
2.61

(0.51-8.79)
0.033

The sum of hydroxy derivatives (OHs) includes 2OH, 4OH and 16OH. The sum of all catechol estrogens (CEs) includes OHs and MeOs. Data represent bivariate analysis corrected with
Tukey and adjusted for age and BMI. P-values were obtained with the F test using log transformed data. Only trends (P<0.1) and significant associations (P<0.05; in bold) are displayed.
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TABLE 4 Spearman correlation coefficients among endogenous hormone levels in endometriosis cases (EM), benign conditions (BC) and healthy
(H).

E1 E2 2OH-
E1

2OH-
E2

4OH-
E1

16aOH-
E1

16epi-
E3

16keto-
E2

E3 2MeO-
E1

3MeO-
E1

E1 EM 0.81* 0.71* 0.60* 0.57* 0.67* 0.72* 0.72* 0.69* 0.71* 0.09

BC 0.77* 0.67* 0.49* 0.46* 0.65* 0.69* 0.50* 0.58* 0.70* 0.00

H 0.68* 0.53* 0.33* 0.68* 0.41* 0.64* 0.31 0.37* 0.59* 0.21

E2 EM 0.73* 0.62* 0.56* 0.66* 0.71* 0.74* 0.72* 0.70* 0.07

BC 0.71* 0.58* 0.47* 0.75* 0.74* 0.69* 0.67* 0.74* -0.02

H 0.42* 0.26 0.60* 0.55* 0.53* 0.50* 0.31 0.57* -0.09

2OH-E1 EM 0.82* 0.57* 0.52* 0.57* 0.56* 0.53* 0.86* 0.20*

BC 0.89* 0.53* 0.49* 0.57* 0.38* 0.45* 0.88* -0.01

H 0.87* 0.57* 0.22 0.41* 0.04 0.17 0.80* -0.08

2OH-E2 EM 0.47* 0.48* 0.62* 0.46* 0.56* 0.63* 0.15*

BC 0.45* 0.36* 0.52* 0.34* 0.43* 0.72* 0.01

H 0.50* -0.03 0.27 -0.03 0.15 0.64* 0.17

4OH-E1 EM 0.31* 0.36* 0.41* 0.35* 0.58* 0.08

BC 0.22* 0.25* 0.17 0.17 0.58* -0.06

(Continued)
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in the last three months (OR =0.32 (95%CI 0.12-0.89); P =0.028)

(Supplementary Table 4).
Discussion

EM is a complex estrogen-sensitive condition characterized

by a chronic inflammation process for which the potential role of

estrogen metabolites remains to be fully investigated. We report

that higher levels of 2OH-3MeO-E1 were associated with an

increased risk of EM, with an approximately two-fold higher

median level observed in circulation of EM cases compared to

controls. An enrichment of the 2OH metabolic pathway, with

significantly higher levels of 2OH-E1, 2MeO-E1, sum of MeO

and ratio of 2OH-E1/16aOH-E1, was also observed in ovarian

EM cases compared to cases affected with lesions at other

anatomical sites. A perturbation of estrogen metabolism

(2OH-3MeO-E1 and 16aOH-E1) was further associated with

pain symptoms.

Estrogens and their receptors play a key role in the

pathophysiology of EM. Studies reported higher levels of
Frontiers in Endocrinology 09
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systemic and locally synthesized estrogens in EM cases

promoting the growth of lesions (38). This increase in

estrogens was attributed to the secretion of estrogens by the

ovaries as well as their autocrine and paracrine action, and an

increased aromatase activity in EM lesions that supports local E2
synthesis (15, 17, 39–41). Additional changes in estrogen

synthesis, as well as their metabolic and receptor pathways,

have also been reported in support of an enhanced

local production and action in EM lesions, creating a

hyperestrogenic environment that affects hormone receptor

function (38, 42–49). These changes may be reflected in

circulation of EM cases with higher levels of E2 and/or its

metabolites. In our study, 2OH-3MeO-E1 was associated with

an increased risk of EM. This observation is consistent with

elevated COMT expression in EM lesions (50) leading to the

formation of 2OH-3MeO-E1 from its precursor 2OH-E1 (23),

potentially contributing to higher systemic levels of this

metabolite. In support, we showed that endometrial tissue can

contribute to systemic estrogen levels in the context of

endometrial cancer that significantly declined after surgery

(29). In addition to significant higher circulating levels of
TABLE 4 Continued

E1 E2 2OH-
E1

2OH-
E2

4OH-
E1

16aOH-
E1

16epi-
E3

16keto-
E2

E3 2MeO-
E1

3MeO-
E1

H 0.20 0.28 0.16 0.03 0.67* 0.05

16aOH-E1 EM 0.80* 0.78* 0.82* 0.49* 0.01

BC 0.85* 0.81* 0.82* 0.49* -0.11

H 0.69* 0.73* 0.60* 0.28 -0.38*

16epi-E3 EM 0.81* 0.92* 0.47* 0.09

BC 0.79* 0.92* 0.52* -0.08

H 0.56* 0.84* 0.34* -0.26

16keto-E2 EM 0.85* 0.51* 0.14*

BC 0.79* 0.34* -0.01

H 0.51* 0.14 -0.10

E3 EM 0.45* 0.09

BC 0.38* -0.06

H 0.09 -0.18

2MeO-E1 EM 0.14*

BC 0.02

H -0.09

2OH-3MeO-
E1

EM

BC

H

Correlation values were similar with all controls (when BC and H were analyzed together). The P-values of <0.05 are identified with a (*) and highlighted in bold. Correlations were
tested using the Spearman Rho statistic test.
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2OH-3MeO-E1metabolites in EM cases compared to controls,

higher levels of 2MeO-E1 and the sum of MeOs were observed

but they did not reached significance. The biological properties

of 2OH-3MeO-E1 have been poorly studied. We further noted

that this metabolite was less correlated in circulation with the

other estrogen derivatives and particularly in control subjects,

suggesting a dysregulation in the presence of EM lesions

associated with its precursors such as 2OH-E1, with a higher

correlation coefficient for this metabolite in EM cases at 0.20

(P<0.05). In fact, 2OH-3MeO-E1 was higher in cases compared

to controls, supporting a potential EM origin. Consistent with

our observation, a previous study evaluated a subset of estrogen

metabolites in preoperative urine samples of 62 EM cases and 52

controls and found increased levels of the 2OH-3MeO-E1
precursor 2OH-E1 (51). Our findings that the 2OH pathway is

significantly more elevated in ovarian EM cases is also consistent

with a study that used proton nuclear magnetic resonance (H-

NMR) spectroscopy to investigate potential non-invasive

metabolomic markers in 31 infertile women with stage II and

III EM cases and 15 healthy or control women (52). They found

that levels of the antiangiogenic 2MeO-E1/E2 metabolites were

higher in EM cases compared to controls. The enrichment of the

2OH metabolic pathway in ovarian EM cases is supported by

higher tissular levels of CYP1A1, involved in the conversion of

E1 and E2 to 2OH-E1 and 2OH-E2, reported to be 4-fold higher

in the ovarian EM group (50, 53). Inversely, the 16OH pathway

was inversely associated with EM, consistent with
Frontiers in Endocrinology 10
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downregulation of the involved enzyme pathways (CYP3A) by

inflammation (54, 55).

An estrogenic environment may be associated with more

severe pain symptoms (13). Hence, the association between

estrogen levels and pain outcomes may not be related only to

the effect of estrogens, as E2 metabolites have been documented to

present receptor-independent biological activities and may

contribute to the maintenance of the inflammatory milieu (16).

Previous reports revealed that elevated ERb is associated with

proliferation, inflammation and pain transmission (46, 56, 57),

coherent with the positive correlation observed in this study

between 16keto-E2 and dyspareunia in EM cases. However, the

negative association between 16aOH-E1 and pelvic, abdominal

and back pain suggests more complex relationships. A component

of pain in EMwas shown to be related to inflammatory damage of

nerve fibers with neuroprotective roles for ERb (58–61). Also, a

dysregulation of both the ERa and ERb expression pathways was

observed in the ectopic endometrium in EM compared to normal

endometrium in favor of a superior ERb to ERa ratio (46, 62, 63).

16-hydroxylated derivatives are amongst E2 metabolites known to

bind the ERb receptor (24), which may explain the observed

association with pain. Other studies showed that the ERa was

correlated with symptoms in deep infiltrating EM (64) and that it

could favor hyperalgesia by altering calcium release (61). Since the

2OH metabolites are known to bind ERa (24), this could explain

the association between pain outcomes and 2OH metabolites,

such as 2OH-3MeO-E1. Additional studies are required to
TABLE 5 Significant associations between pain and steroid levels in EM cases (n=209).

Steroids Comparator Medians in pg/mL (n) Outcome Medians in pg/mL (n) OR (95%CI) P-value

Abdominal, pelvic, and back pain (n=207)

16aOH-E1
No

42.60 (115)
Yes

26.15 (92)
0.55 (0.31-0.97) 0.038

2OH-3MeO-E1
No

2.50 (115)
Yes

5.99 (92)
1.86 (1.06-3.27) 0.032

Dysmenorrhea (frequency) (n=208)

sum E1/E2
Infrequent
857.00 (67)

Frequent
1064.90 (141)

1.90 (1.03-3.51) 0.041

Dysmenorrhea (intensity) (n=74)

Ratio 4OH/sum E1/E2
Mild

0.01 (45)
Moderate to severe

0.01 (29)
1.95 (1.05-3.61) 0.035

Dyspareunia (intensity) (n=124)

16keto-E2
Mild

26.90 (95)
Moderate to severe

46.60 (29)
2.40 (1.02-5.62) 0.045

Dysuria or dyschezia (frequency) (n=208)

4OH-E1
Infrequent
8.87 (189)

Frequent
2.50 (19)

0.32 (0.12-0.89) 0.028

The sum of hydroxy derivatives (OHs) includes 2OH, 4OH and 16OH. The sum of all catechol estrogens (CEs) includes OHs and MeOs. Odds ratios (OR) and their P-values were
obtained using a logistic regression model adjusted for age and BMI. The number of cases with data on clinical outcomes are identified next to each outcome. There was no evidence of
an association for the “score of dysmenorrhea” and the “dyspareunia (frequency)” outcomes. Significant P-values (<0.05) are shown in bold.
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uncover the precise biological function of the 2OH-3MeO-

E1 metabolite.

This pilot study provides a comprehensive quantification of

estrogens in the circulation of EM cases and controls based on a

sensitive mass-spectrometry assay. It is comprised of a significant

sample size, surgical and histologic confirmation of case and control

status, adjustment for confounding factors and examination of pain

symptoms. A limitation is the fact that the control group also

included patients with gynecological conditions other than EM,

which may influence the hormonal milieu (40, 65). Although cases

and controls differed in confounding factors such as menstrual

phase, these variables were included in the multivariate model for

EM risk. Exploratory analyses in relation to pain symptoms were

adjusted for age and BMI. Additional studies could provide levels of

progesterone and its metabolites, shown to be dysregulated in EM

and recognized to counteract the effect of E2 (48, 66), whereas the

endometriotic intratissue estrogen levels may not reflect the

corresponding systemic levels. Due to the exploratory nature of

the study, no correction for multiple testing was applied, but our

initial findings warrant replication in other cohorts.
Conclusions

We conclude that the 2OH-3MeO-E1 metabolite represents

a potential adverse feature of EM and that the 2OH pathway is

associated with the risk of ovarian endometriotic lesions. Data

also suggest an association between the 2OH metabolic pathway

and the risk of unfavorable pain outcomes.
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Endometriosis has been described by many different theories of pathogenesis

over the years. It is now also appreciated to be a state of chronic inflammation,

and the role of immune dysfunction in its development has been proven. There is

increasing evidence to support the role of the microbiome in the formation and

progression of endometriosis via inflammatory pathways. The dysbiosis seen in

endometriosis is thought to be both causative and a consequence of the

pathogenesis. Gut, peritoneal fluid and female reproductive tract microbiota

has been studied to understand if there are any microbiome signatures specific

to endometriosis. New research on how to manipulate the microbiome for

better detection and treatment of endometriosis is emerging.

KEYWORDS

endometriosis, microbiome, microbiota, dysbiosis, inflammation, immune response
Introduction

Endometriosis is an inflammatory disease characterized by the presence of

endometrium-like tissue outside of the endometrium and myometrium (1, 2). It has a

variety of subtypes and clinical presentations, ranging from being asymptomatic to causing

chronic pain and infertility (2, 3). Endometriosis affects a significant proportion of the

world’s population – estimated to be present in up to 10% of females, and up to 50% of

women with infertility (1). It also has significant healthcare costs, with the most recent

study in 2022 appraising the direct cost of endometriosis to be US$1459 to US$20,239 per

patient per year, and indirect cost to be between US$4,572 and US$14,079 (4). An

Australian study in 2019 projected the total economic burden per year in the

reproductive aged population (at 10% prevalence) to be Int$6.50 billion (5).

Recently, an increased understanding of the role of microbiota and immune dysbiosis

in many diseases has also brought to light the possibility of their role in development of

endometriosis. The knowledge on the human microbiome and its definition has been

rapidly expanding due to new developments in sequencing methods and analytical

techniques (6). With this growing field, terminology can lead to confusion. Microbiota is
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defined as the community of microorganisms living in or on the

human body site – it includes bacteria, archaea (single celled

organisms without nuclei), fungi, eukaryotes and viruses.

Microbiome is defined as the collective genomes of these

microbes (7, 8). Microbiota has an associated theatre of activity –

structural elements, metabolites, signal molecules, and the

surrounding environmental conditions – that supports local

immune, metabolic and epithelial function (9). When there is

dysbiosis – defined as an imbalance or impairment of the

microbiota – this support breaks down (3, 9, 10). Microbes and

their metabolites can translocate to different body sites and can

trigger an immune response and inflammation that is involved in

multitude of diseases such as metabolic disorders, many

neurological disorders, arthritis, psoriasis, inflammatory bowel

disease and cancer (10–12).
Pathogenesis of endometriosis

There have been many postulations of pathogenesis of

endometriosis including retrograde menstruation, immune

dysfunction, inflammation, hormone dysregulation, coelomic

metaplasia, lymphatic or hematological metastasis, stem cell

dysfunction and genetic and epigenetic factors (13–16). A

combination of these theories is likely in play together to lead to

this chronic disease.
Immunopathology of endometriosis

Peritoneal endometriosis has been described as a chronic

inflammatory state (17, 18). It is thought that the inflammatory

state and the immune dysfunction in the peritoneum are both the

cause and result of endometriosis. Immune dysregulation also leads

to poor immunosurveillance as an appropriate response cannot be

mounted to the refluxed endometrial cells and debris. This allows

ectopic endometrial cells to persist in the peritoneal cavity (10, 19).

Firstly, the peritoneal inflammation plays a role in the

development of the disease as well as the symptomology of the

disease – pain and subfertility (17). The theory of retrograde

menstruation is the most widely accepted pathogenesis of

endometriosis (15). However, this theory alone does not explain

disease prevalence, as women without endometriosis also display

retrograde menstruation. Once endometrial cells are in the

peritoneal cavity, they are required to adhere and proliferate to

lead to endometriosis (10, 19). The inflammation and altered

immunity create the right environment for cellular adhesion and

endometriosis development and disease progression (10, 17, 18).

Oxidative stress is thought to be a key contributor to this

inflammatory process (18, 20, 21). Reactive oxygen species (ROS)

are intermediaries produced by the normal oxygen metabolism and

have been implicated in his process (17, 18, 21). As a protective

mechanism, cells cultivate antioxidant systems to counteract the

ROS. When there is an imbalance between the ROS and

antioxidants, with an abundance of ROS and deficiency in

antioxidants, oxidative stress occurs (18, 20). In endometriosis,
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this imbalance is postulated to arise from erythrocytes in the

peritoneal cavity and their toxic by-products of heme and iron.

Free heme and iron lead to formation of ROS (17, 18, 21). This

oxidative stress not only leads to cellular damage but also can alter

cellular function via affecting protein activity and gene expression.

The transcription factor called nuclear factor kappa-B (NF-kB)
induces expression of multiple genes encoding proinflammatory

cytokines, growth factors, adhesion molecules and enzymes, and

has been implicated in peritoneal endometriosis by aiding in

endometrial cell adhesion, proliferation and neovascularization

(10, 17, 21–23).

Once the endometriotic implants adhere to the peritoneum,

they require the help of cytokines and growth factors such as

vascular endothelial growth factor (VEGF), tumour necrosis

factor-a (TNF-a) and interleukin-8 (IL-8) for angiogenesis and

lesion proliferation (10, 19, 24). These are primarily expressed by

macrophages in the peritoneal cavity via increased activation of NF-

kB pathways. There have been studies that support this theory by

demonstrating increased number of macrophages, monocytes, and

inflammatory mediators such as complements and cytokines in the

peritoneal fluid of women with endometriosis (25, 26).

The dysregulation of both the innate and adaptive immunity are

involved in the immunopathology of endometriosis. It has been

shown that ectopic endometrial deposits, compared to matched

eutopic endometrium of the same patients as well as to the

endometrial tissues of the control group, have elevated expression

of molecular genes associated with immune system process

activation (27). Genes encoding for proinflammatory cytokines

and receptors, cell adhesion molecules, complement proteins and

angiogenesis are increased, and genes involved in regulation of

inflammation, NK and cytotoxic T-cell activity, and cellular

apoptosis are aberrantly expressed in ectopic endometrial tissues

(27). These findings support the immune dysregulation

in endometriosis.
Role of genetics and epigenetics in
pathogenesis of endometriosis

Higher rates of endometriosis are seen in the relatives of women

affected with endometriosis (28, 29). Twin studies have also

supported the genetic influences on endometriosis by

demonstrating a concordance ratio of 2:1 between monozygotic

and dizygotic twins and a genetic risk ratio of 2.34 for endometriosis

for a sibling, as well as 47-51% of endometriosis variation to be

attributable to additive genetic effects (30, 31). As our

understanding of genes and their role in disease has exponentially

grown, there have been many studies conducted to determine the

genes involved in specific condition such as endometriosis.

Genome-wide association studies (GWAS) have discovered up to

27 significant loci associated with endometriosis but the challenge

of understanding the functional consequences of these loci remain

(32–35). There are genes associated with steroidogenesis and sex

hormone receptorial activity, leading to dysregulation of estrogen

and progesterone receptor ligand signaling, genes involved in

inflammation and immune response, neoangiogenesis and DNA
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reparation, and genes coding for metabolism regulation and cell

growth postulated to be instrumental in establishment of

endometriosis (33). Furthermore, genes have been shown to

regulate their neighboring genes by epigenetic mechanisms.

Epigenetics is defined as heritable changes in gene function that

are not associated with DNA sequence changes but involves

processes such as DNA methylation and histone modification (34,

36). Epigenetic mechanisms have been demonstrated to be involved

in regulating immune processes such as cytokine expression, T-cell

differentiation, antigen presentation and regulation of transcription

factors, such as NF-kB, which has been implicated in

immunopathogenesis of endometriosis (10, 36, 37). The genetic

and epigenetic theory is also supported by the finding that there are

gene expression and molecular differences found in the

endometrium of women with endometriosis is compared to the

endometrium of healthy controls, as well as between the eutopic

and ectopic endometrium of women with endometriosis (36,

38–40).
Microbiome of endometriosis

Alterations in the microbiota of gut, peritoneal fluid and female

reproductive tract in subjects with endometriosis compared to

healthy controls have been demonstrated in increasing number of

both human and animal studies (10, 41–51). It is not too clear

whether these alterations are a result of endometriosis or whether

they are the cause of endometriosis. However experimental animal

models support a bidirectional relationship between endometriosis

and microbiota changes (42, 50). In a particular study in mice who

had surgically induced endometriosis, a reduction in the size of the

endometriotic lesions was seen after treatment with antibiotics.

After fecal microbiota transfer from endometriotic mice, regrowth

of the lesions and associated inflammation was seen (42).
Gut microbiota

Gut microbiota has been the most studied body site in

endometriosis microbiome research. The gut microbiome is

dominated by bacteria, especially the members of the phyla

Bacteroidetes and Firmicutes. In most healthy humans, percentage

of each of these two dominant phyla can vary but the combined

percentage tends to be approximately 95%. In a disease state, the

gut microbiome can shift to represent large percentages of

other bacterial phyla, such as Proteobacteria, Verrucomicrobia,

Actinobacteria, or Fusobacteria (7, 52).

Interestingly, a systematic review conducted in 2019 on the

microbial signatures of endometriosis found the following results

(3). At the phylum level, Actinobacteria, Firmicutes, Proteobacteria

and Verrucomicrobia were identified as being significantly higher

in the gut of the endometriosis cohort, compared with controls.

In contrast, Lactobacillaceae was found to be significantly

decreased. They concluded that the levels of Proteobacteria,

Enterobacteriaceae, Streptococcus and E. coli were elevated across

various microbiome sites in endometriosis cohorts.
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Since this systematic review, a number of studies exploring the

role of gut microbiome in endometriosis have been published (41,

48, 53). Svensson et al’s 2021 study did not find any significant

differences in the abundance of bacterial classes between patient

with or without isolated ovarian endometriosis, involvement of the

gastrointestinal tract, gastrointestinal symptoms, or hormonal

treatment (48). However, other studies have demonstrated that in

the gut microbiota, more women in the endometriosis group had

Shigella and Escherichia dominance (41).
Female reproductive tract microbiota

The female reproductive tract microbiota can be divided into

the vagina, cervix, endometrium, fallopian tubes and ovaries.

Majority of the studies in the microbiota of the female

reproductive tract in endometriosis have focused on the cervix

and the vagina. It has been found that the distribution of microbiota

is similar in the cervical mucus of women with and without

endometriosis regardless of the phases of the menstrual cycle,

however the abundance of each changes (54). Lactobacilli is the

predominant species in the vagina and the cervix. In addition to

this, the abundance of Corynebacterium, Enterobacteriaceae,

Flavobacterium, Pseudomonas, and Streptococcus are increased in

the endometriosis group compared to the control group, with

Enterobacteriaceae and Streptococcus being the more noteworthy

candidates (54). A recent review has summarized that bacterial

vaginosis-associated bacteria and Lactobacillus depletion in the

cervicovaginal microbiome were associated with endometriosis

and infertility in the majority of studies they analyzed (53).

Another noteworthy finding is that reduced richness and diversity

of cervical microbiome were detected in patients with more severe

endometriosis symptoms including higher CA125 levels, more

severe pain and infertility (55). This study suggested that cervical

microbiome has an important role in regulating the pathogenesis of

the associated complications of endometriosis and concluded that a

more diverse cervical microbiome is associated with better

clinical outcomes.

A small study of 14 participants with Stage III-IV endometriosis

and 14 healthy controls revealed that the vaginal, cervical and gut

microbiota composition among the endometriosis group were

similar; but it showed that some potentially pathogenic species

were increased in the cervical and stool microbiome in women with

endometriosis compared to the control group (41). In the cervical

microbiota, Gardnerella, Streptococcus, Escherichia, Shigella, and

Ureoplasma were increased. Interestingly they observed a total

absence of a particular genus, Atopobium in vaginal and cervical

microbiota. Atopobium has been recently implicated as a

gynecological pathogen potentially associated with endometrial

cancer, and lower incidence of it was seen in women with benign

gynecological pathologies (56). It is unclear that this association is

causal or coincidental. It could be proposed that the absence of

Atopobium can be related to occurrence benign gynecological

pathologies, in which endometriosis a part of.

Less studies have been performed exploring the relationship

with viruses, particularly human papilloma virus (HPV)
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with endometriosis (3). Majority of these studies have found HPV

detection to be higher and therefore associated with endometriosis

(57–59).
Peritoneal microbiota

Microbiota diversity of the peritoneal fluid was shown to be

similar in women with an without endometriosis (51). However, the

abundance of these microbiota differed (47, 51). Acidovorax,

Devosia , Methylobacterium , Phascolarctobacterium , and

Streptococcus were more abundant in the peritoneal fluid of

endometriosis patients than the controls, while Brevundimonas

and Stenotrophomonas were less abundant (51). Another study

reported the abundance of Acinetobacter, Pseudomonas,

Streptococcus, and Enhydrobacter to be significantly increased

while the abundance of Propionibacterium, Actinomyces, and

Rothia to be significantly decreased in the endometriosis group

compared with those in the control group (47). A third study

concluded Sphingobium, Pseudomonadaceae, Sphingomonas,

Acinetobacter, Erysipelothrix, Clostridiales, Micrococcaceae,

Vagococcus, Dysgonomonas, Pseudomonas viridiflava, Shewanella,

Tissierellaceae were enriched in the peritoneal fluid of

endometriosis patients compared to the control group (49). When

the microbiota of deep endometriosis lesions were examined by

Hernandes et al. in 2020, Alishewanella, Enterococcus and

Pseudomonas were demonstrated to be more abundant (43).

Acinetobacter and Pseudomonas prove to be persistently present

in several of these studies (43, 47, 49). These findings not only

support that microbiome composition is altered in the peritoneal

environment in women with endometriosis but also point to the

possibility of finding a peritoneal fluid microbial signature specific

to endometriosis.
Microbiome’s role in pathogenesis
of endometriosis

The effects of dysbiosis could be contributing to the

pathogenesis of endometriosis via inflammation and immune

modulation and there is new evidence suggesting a role of the

microbiome in development of endometriosis (10, 41, 43, 49, 53,

60–62).
Bacterial contamination theory

A “bacterial contamination” theory for endometriosis

progression of endometriosis has been postulated. Khan et al. (63)

examined Escherichia coli (E. coli) concentrations in the menstrual

blood of women with endometriosis in comparison to control

groups. They found that there was increased number of E. coli

colony formation in women with endometriosis, especially those

with peritoneal endometriosis in addition to ovarian

endometriomas. They suggested that E. coli contamination of the

menstrual blood would be a constant source of bacterial endotoxin
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or a lipopolysaccharide in the peritoneal cavity. The primary

inflammation caused by the lipopolysaccharides would lead to the

secretion of secondary inflammatory mediators such as NF-kB in

the peritoneal cavity via promoting Toll-like receptor 4 (TLR4)

which are present on macrophages and other immune cells (60).

This would start the cascade of endometriosis development as

explained with the immunopathology of endometriosis.

The bacterial contamination theory has since been discussed

(10, 60) and is supported by other research demonstrating increased

levels of Proteobacteria, which is a phylum of bacteria that produces

lipopolysaccharides, in endometriosis cohorts (41, 45, 50, 54, 63,

64). Furthermore, a large cohort study of over 140,000 women

demonstrated that there is a three-fold increased risk of developing

endometriosis in women with a history of pelvic inflammatory

disease (PID) compared to the control cohort (62). A similar result

has been exhibited by another study in which double the incidence

of endometriosis was seen in women with a lower genital tract

infection (61).
Estrobolomes in development
of endometriosis

Another possible mechanism of how microbiome can influence

endometriosis development and progression can be explained by

the altered estrogen metabolism that is seen with dysbiosis (65). It is

known that endometriosis is an estrogen driven condition (66, 67).

Certain dysbiotic gut microbiota are known as ‘estrobolomes’

whose products can metabolize estrogen, increasing the

circulating levels of estrogen in the body (3, 53, 68). These

estrobolomes are known to secrete b-glucuronidase and b-
glucosidases which deconjugate estrogen, which in turn increases

the re-absorption of free estrogens in the gut (68, 69). It is theorized

that this can lead to a hyperestrogenic state and contribute to

progressing of endometriosis (53, 65). Multiple genera in the gut

microbiome encode for b-glucuronidase, including Bacteroides,

Bifidobacterium , Escherichia and Lactobacillus (3, 69).

Interestingly, some studies have found higher levels of

Bifidobacterium and Escherichia in endometriosis groups over

control groups (50, 63). It is also known that there is dysbiosis in

the Bacteroidetes/Firmicutes ratios, which are the two dominant

phyla in the gut, in women with endometriosis (10, 50).
Genetic and epigenetic factors

Bacterial induced epigenetic deregulation of host cells has been

well studied (70–72). Dysbiosis and female genital tract infections

may induce genetic and epigenetic incidents, leading to increased

oxidative stress and changes in the immune responses, which in

turn could play a role in the formation of endometriosis (72). A

study on Mycoplasma genitalium revealed that the gene expression

of peritoneal fluid cells of women with endometriosis who are

colonized with Mycoplasma genitalium were significantly

downregulated which in turn would inhibit immune cells

recruited to the site (73). Viruses are also known to be mutagenic
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and this has been proven in many malignancies caused by

carcinogenic viruses such as HPV, human immunodeficiency

virus (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV)

and Ebstein-Barr virus (EBV) (74–76). There have only been a few

studies assessing the relationship between viruses, particularly HPV,

and endometriosis, and future studies are needed in this area (57–

59). Furthermore, it has been reported that inflammation itself

can cause aberrant DNA methylation patterns leading to

hypermethylation which in turn effects the production of certain

transcription factors and receptors (such as HOXA10 and

progesterone receptor B) that is seen in endometriosis (39, 77, 78).
Clinical implications

Performance of different body sites

Only a few studies have compared microbiota of different body

sites to assess which site is the best performer in predicting

endometriosis. One of the studies examined the gut, peritoneal

fluid and cervical mucus. It demonstrated that the gut and

peritoneal fluid have higher richness and diversity in microbiota

compared to cervical mucus and concluded that the gut microbiota

is the top performing predictor of endometriosis out of the three

(44). Another study compared samples from lower third of vagina,

posterior vaginal fornix, cervical mucus, endometrium and

peritoneal fluid (49). Each site had a different microbiota

distribution. Significant difference of the community diversity

began showing in the cervical mucus of endometriosis patients

and gradually increased upward the reproductive tract, suggesting

the upper female reproductive tract is better indicator for the risk of

endometriosis if used as a screening tool (49).
Microbiome in predicting
endometriosis stage

There is limited evidence available in the differences between

microbiotas of different endometriosis stages and all the available

evidence is based on studies with small numbers (44, 79). The

studies that investigated this question used revised-ASRM (rASRM)

stages (80). A study of 21 participants with endometriosis found no

difference between gut microbiota of early (Stage I and II) and

advanced stages (Stage III and IV) of endometriosis (44). A larger

study with 59 participants (34 with endometriosis, 24 control)

assessed gut and vaginal samples collected at two different time

periods within the menstrual cycle (79). They reported that 9/35

(25.7%) had Stage I, 12/35 (34.2%) had Stage II, 3/35 (11.4%) had

Stage III, and 10/35 (28.5%) had Stage IV endometriosis. They

grouped Stage I and II together and Stage II and IV together for

comparative analysis. The analysis did not show any significant

differences in the microbiota between either two groups of stages of

endometriosis or control groups. However, they concluded that

vaginal microbiome was predictive of the stage of the disease based

on an operational taxonomical unit (OTU) from the genus
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Anaerococcus. Both of these studies used 16S rRNA gene

sequencing for analysis. Other studies that performed a sub-

analysis on rASRM stages any briefly mentioned that there was

no significant difference between the different stages (45, 73).
Evidence so far in altering microbiome to
treat endometriosis

Evidence on the role of microbiome and dysbiosis in the

development of endometriosis is rapidly mounting. Therapeutic

manipulation of the microbiome in treatment and prevention of

endometriosis is a very real possibility. Animal studies have already

established this possibility (42). Figure 1 summaries the current

interventions that have a potential in treatment of endometriosis.

Chadchan et al’s study on mice (42) with surgically induced

endometriosis found higher levels of Bacteroidetes and lower

levels of Firmicutes in the gut microbiota composition compared

to the control mice. Metronidazole was used on the mice with

endometriosis to target Bacteroidetes and this demonstrated

reduction in the endometriosis lesion size and cell proliferation.

Furthermore, they proved a reduced inflammatory response in the

treated mice by measuring lower levels of inflammatory cytokines

and mediators in the peritoneal fluid and endometriotic lesions.

Probiotics is another promising treatment option that has

proven itself with other benign gynecological conditions such as

candida vulvovaginitis and bacterial vaginosis (81). There have been

two mice studies that show some potential in its benefit in the

treatment of endometriosis (82, 83). Both studies investigated

the role of oral Lactobaccilus gassseri and displayed both the

suppression of development endometriosis as well as and

suppression of growth of already present endometriosis. The

mechanism postulated was immunostimulatory activity via

activation of NK cells and reduction in development of ectopic

endometriotic lesions.

Although there are limited animal studies on antibiotics and

probiotics on treatment of endometriosis (42, 82, 83), there have not

been any studies to date to investigate the specific role of probiotics

or prebiotics in helping resolve the dysbiosis associated with

endometriosis in hopes to assist in its treatment. Urgent future

research is needed to study the role of probiotic and antibiotic

therapy further in human subjects. Conversely it is important to

remember that excessive use of antibiotics can have the adverse

effect of altering healthy commensal microbiota and contributing to

antimicrobial resistance.

Lastly, the therapeutic anti-inflammatory effect of

polyunsaturated fatty acids (PUFAs) such as omega-3 and omega-

6 on multitude of diseases is well established (84, 85) and increasing

evidence on beneficial effects of PUFAs on endometriosis is

becoming available. Women with endogenously higher serum

PUFAs levels have been shown to be 82% less likely to have

endometriosis compared to women with low PUFAs levels (86)

and a high dietary consumption of omega-3 demonstrates a lower

incidence of laparoscopically confirmed endometriosis compared to

individuals with a low dietary intake of omega-3 (87). A study on
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mice has confirmed this by exhibiting a 99-fold lower level of

inflammatory cytokine IL-6 in mice with endogenously high levels

of omega-3 PUFAs as well as a reduction of proliferation in

endometriosis-like lesions when donor tissue was transferred to a

PUFA rich host environment (88). They demonstrated that omega-

3 PUFA levels influence immune, angiogenic, and proliferative

factors implicated in the early establishment of endometriosis.
Future directions

The majority of research in microbiota and endometriosis has

been focused on bacteria. The most common analytic method used

in these studies has been the 16sRNA sequencing. 16sRNA

sequencing uses a single gene in bacteria and is used to

differentiate bacterial taxa and their relative abundance. However,

it does not distinguish between the different strains of each genus of

bacteria. Different strains of the genus of bacteria are genomically

distinct and one strain can cause significant illness whilst another

strain could be considered a probiotic (7). Shotgun metagenomics

and metabolomics are newer analytical methods that have become

more accessible in the recent years. They examine a wider range of

microbiota and microbiome, although both come with analytical

limitations due to the ongoing developments in the field. Shotgun

metagenomics fragments all the DNA from a sample and sequences

these fragments. It can infer a complete list of microbial strains

including viruses and fungi. Metabolomics is the study of the

nonprotein small molecules including products of metabolism (7,

89). Further research with these methods may yield different results,

especially on different types of microbiota, such as fungi or viruses

and new associations with endometriosis may be discovered.
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Discussion

Microbiome testing has potential be used a non-invasive test

to detect endometriosis. There is a significant delay in diagnosis

of endometriosis, with the average time between onset of

symptoms to diagnosis being 8 years and the range reported as

4-12 years in different studies (90–92). Previously, laparoscopic

diagnosis was considered the gold standard but has the

disadvantage of being invasive. As imaging techniques have

improved over the years, transvaginal ultrasound and MRI for

diagnosis of deep endometriosis have proven to have great

accuracy and now accepted as first line diagnostic tools (1, 93).

However, they are limited by the availability of skilled

sonographers, sonologists and radiologists. In addition, the

techniques to improve diagnosis of superficial endometriosis on

ultrasound are still relatively new (94, 95). If available in the

future, a simple microbiota test could complement the imaging

modalities well in non-invasive diagnosis of endometriosis.

Currently there is no evidence for microbiome signatures of

different stages of endometriosis or predicting infertility.

Further research is needed to be able to make this a possibility.

Discovering the microbial signature of endometriosis would also

create avenues for future research into developing methods to

alter the microbiome via probiotics, microbial transplants, or

immunomodulation to alter the disease.
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Background: The incidence of endometriosis (EMs), a common disease in

gynecology, has increased over the years. Women suffer from the symptoms

caused by EMs, such as chronic pelvic pain, dysmenorrhea, and infertility.

However, the etiology and pathophysiology of EMs remain unclear. This study

aimed to identify candidate genes of endometriosis through integrated analysis

of genome-wide gene expression and DNA methylation profiles.

Results: Eutopic and ectopic endometrial tissues were collected from patients

who were diagnosed as ovarian EMs. Genome-wide methylation profiling

identified 17551 differentially methylated loci, with 9777 hypermethylated and

7774 hypomethylated loci. Differentially methylated loci were mainly

concentrated in the gene body and intergenic regions. Genome-wide gene

expression profiling identified 1837 differentially expressed genes (DEGs), with

1079 genes upregulated and 758 downregulated in ectopic groups. Integrated

analysis revealed that DNA methylation was negatively correlated to gene

expression in most genomic regions, such as exon, 3’UTR, 5’UTR, and

promoter. We also identified promoter-related (53 downregulated and 113

upregulated) and enhancer-related DMGs (212 downregulated and 232

upregulated), which were significantly correlated to the gene expression.

Further validation of the top-ranked genes belonging to differentially

methylated genes (DMGs) and DEGs revealed that TMEM184A, GREM2, SFN,

KIR3DX1, HPGD, ESR1, BST2, PIK3CG and RNASE1 were significant candidate

genes in ovarian endometriosis.

Conclusion:Our study revealed the significance of DNA methylation in the gene

expression in ovary endometriosis, which provides new insights and a molecular

foundation for understanding the underlying mechanisms of endometriosis.
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DNA methylation, gene expression, epigenetics, endometriosis, multi-omic analysis
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Introduction

Endometrial tissue that exhibits growing activity outside the

uterine cavity and grows abnormally is defined as endometriosis

(EMs) (1). Lesions typically occur in the peritoneal cavity, including

the ovaries, uterorectal depressions, and uterosacral ligaments (2).

EMs affected 5% to 15% of women of reproductive age (3). Patients

with EMs suffer a series of symptoms, such as pelvic pain,

dysmenorrhea, and infertility (4). EMs exhibit biological

behaviors of malignant tumors as a benign disease, such as cell

proliferation, implant growth, infiltration, distant metastasis, and

recurrence (2). The current mainstream etiological theories cannot

fully explain the pathogenesis of EMs, including ‘menstrual blood

reflux theory’, ‘lymphatic and venous dissemination theory’ (5), and

‘body cavity epithelial metaplasia theory’ (6), immunological

mechanism, angiogenesis mechanism, cell proliferation, and

apoptosis imbalance mechanism, and in-place endometrial

determinism (7). In recent years, the incidence of EMs has

significantly increased, and the patient’s onset age tends toward

younger, calling for a deeper understanding of the pathogenesis

of EMs.

DNA methylation is important in the regulation of gene

expression (8). Several studies reported that DNA methylation

might play an essential role in the pathogenesis of EMs (9). With

the development of sequencing techniques, genome-wide

methylation differences between eutopic and ectopic endometrial

tissues have been investigated in recent years (10–14). However, few

studies linked genome-wide DNA methylation with the changes in

gene expression in EMs (10, 15), suggesting DNA methylation

changes were associated with altered gene expression in

endometrial function or dysfunction. Herein, we integrated the

genome-wide DNAmethylation with the gene expression of EMs to

find candidate genes in EMs.
Materials and methods

Patient enrollment and sample collection

Thirteen female patients who were diagnosed as ovarian EMs

were enrolled. DNA methylation profiles were performed on 6

patient specimens, RNA sequencing was performed on 3 patient

specimens, and quantitative reverse transcription PCR (qRT-PCR)

verifications were performed on 7 patient specimens. Patients

(Hans, 27-42 years old) in Shanghai East Hospital undergoing

laparoscopic and postoperative pathological diagnosis of ovarian

EMs were selected. The typical ectopic endometrial tissue and the

matched eutopic endometrium from each patient were collected in

the proliferation phase. All the participants had regular menstrual

cycles and had not received hormonal medication 3 months before

surgery. The participants had no history of other organic diseases,

such as hypertension, diabetes, tumors, chronic infections, etc.

Patients with benign gynecologic diseases (leiomyoma, ovarian

serous cyst, PCOS) were excluded. All patients provided written

informed consent in this study. This study was approved by the
Frontiers in Endocrinology 0295
Ethics Committee of the Shanghai East Hospita l of

Tongji University.
DNA and RNA extraction

All the samples were kept in RNAlater (Ambion, AM7020)

when obtained during laparoscopic surgery. Ectopic and eutopic

tissues were extracted for genomic DNA detection according to the

manufacturer’s instructions (QIAamp DNAMini Kit, 51304). Total

RNA was extracted from ectopic and eutopic tissues using RNAiso

plus reagent (Takara, 9109) following the manufacturer’s

instructions. Briefly, tissues were grinded and crushed in liquid

nitrogen, and then added 300 µL chloroform/isoamyl alcohol (24:1)

and mixed thoroughly. After centrifuging, the supernatant was

moved to a 1.5 mL centrifuge tube, mixed with isopropyl alcohol,

and then purified to RNA for the subsequent experiments.
DNA methylation array

At least 500 ng genomic DNA was extracted and bisulfate

converted (Zymo EZ-96 DNA Methylation-Direct Kit, D5023)

before being processed to the methylation array. Illumina Human

Methylation 450 K BeadChips were applied to get the whole

genome methylation states of the samples. The experimental data

were sorted out and encoded, and the data was double-converted

and double-calibrated by EpidData. Background adjustment and

quantile normalization pretreatment were performed according to

the raw data of each probe methylation site of the Illumina

methylated HM450K BeadChip chip. Then the degree of

methylation at the probe level was analyzed. b value was

calculated and normalized to quantify the degree of methylation.

In this study, the average b value ≥ 0.2 and P-value < 0.05 was

considered as significant.
Differential methylation analysis

After standardizing the original methylation data, the Pearson

Correlation Coefficiency (PCC) was used to evaluate the methylation

profile correlation between the ectopic and eutopic groups. The

correlation between ectopic and eutopic samples was high, indicating

the overall reproducibility of the samples. Since not all the samples were

in accordance with normal distribution, the Wilcox test was applied to

do differential methylation analysis. The criteria for screening the

difference site need to meet both (1) the original P < 0.05 and (2)

the difference of ectopic and eutopic group beta value (delta beta value)

greater than or equal to 0.2. The results were also calculated with FDR

(false discovery rate) corrected by multiple hypothesis testing to assess

differential methylation levels. The differential DMR biological function

analysis was performed using the hypergeometric distribution

algorithm or Fisher test. Biological pathway analysis was enriched in

KEGG (Kyoto Encyclopedia of Genes and Genomes, www.genome.jp/

kegg/) database.
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RNA-sequencing and analysis

RNA libraries were constructed with a VAHTS Universal V6

RNA-seq Library Prep Kit for MGI (Vazyme, NRM604). DNBSEQ-

T7 high-throughput sequencing platform of BGI was used for

sequencing. The raw data was filtered to clean data after

trimming low quality reads and adapters. Clean data were

mapped to mm10 mouse reference genome using Hisat2 software

(version 2.2.1). The reads were quantified by featureCounts (version

2.0.1). The differential gene analysis was performed by Deseq2

(version 1.32.0). Genes with adjusted P value < 0.05 and the abs

(Log2(Fold Change)) ≥ 1 was considered as differentially expressed

genes (DEGs). The enrichment of Gene Ontology (GO) was

conducted by clusterProfiler package (v4.0.5).
Quantitative reverse transcription PCR

Total RNA was extracted from ectopic and eutopic samples. cDNA

was obtained after reverse transcription reversal by EvoM-MLV RT Kit

(Accurate Biology Co. Ltd, AG11601). The qRT-PCRwas performed by

Evo M-MLV One Step RT-PCR Kit (Accurate Biology Co. Ltd,

AG11607). Each target gene was compared to b-actin. The expression
of target mRNA was calculated based on 2-DDCt method. The primers

used in this study were listed in the Supplementary Table S2.
Statistical analysis

All the statistical analyses were performed using R software

(version 4.0.1). P-values less than 0.05 were considered statistically

significant. The Kolmogorov-Smirnov test was applied to evaluate

the normality of the distribution of the variables. For qRT-PCR,

statistical analyses were conducted using a student t-test (data with

normal distribution) or Mann-Whitney test (data with skewed

distribution) as appropriate by GraphPad Prism software 8.0

(GraphPad Software Inc).
Results

Genome-wide DNA methylation
changes between eutopic and ectopic
endometrial tissues

We first obtained the genome-wide DNA methylation changes of

eutopic and ectopic endometrial tissues (Figure 1A). The clinical

characteristics of the patients were summarized in Supplementary

Table S1. A total of 17551 differentially methylated loci were

identified, of which 9777 were hypermethylated and 7774 were

hypomethylated (Figure 1B). To get view of the distribution of

differentially methylation loci, we annotated the locations to different

functional elements in the genome. Hypermethylated and

hypomethylated loci in ectopic groups were mainly located in gene

body (39.13% of hypermethylated loci, and 37.97% of hypomethylated
Frontiers in Endocrinology 0396
loci) and intergenic regions (36.22% of hypermethylated loci, and

30.89% of hypomethylated loci) (Figure 1C). Furthermore, the CpG

island probe distribution of both hypermethylated and hypomethylated

loci occurred in the OpenSea region (Figure 1D). Next, we performed

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis

of differentially methylated loci. Both hypermethylated and

hypomethylated genes in ectopic were enriched in ECM-receptor

interaction, human papillomavirus (HPV) infection, focal adhesion,

PI3K-Akt signaling pathway and Wnt signaling pathway. Moreover,

axon guidance, estrogen signaling pathway, glutamatergic synapse,

protein digestion and absorption, and relaxin signaling pathway were

only enriched in hypermethylated genes. Besides, apelin signaling

pathway, cholinergic synapse and Hippo signaling pathway were

only enriched in hypomethylated genes in the ectopic group

(Figure 1E). The above results indicated that DNA methylation was

associated with various pathways in the eutopic and ectopic

endometrial tissues.
Transcriptome analysis of ectopic and
eutopic samples

To view the transcriptional difference between ectopic and

eutopic endometrial tissues. We performed RNA sequencing of

ectopic and eutopic endometrial tissues (3 ectopic vs 3 eutopic,

Supplementary Table S1). As indicated in Principal Component

Analysis (PCA), ectopic and eutopic endometrial tissues were

significantly separated and the samples in each group were closely

related (Figure 2A), suggesting that ectopic and eutopic endometrial

tissues were transcriptionally different. Differential gene expression

analysis showed that there were 1837 differentially expressed genes

(DEGs) (Figure 2B) in the ectopic compared to eutopic samples,

with 1079 genes upregulated and 758 downregulated. Next, we

compared our RNA-seq data with another RNA-seq dataset

comparing the ectopic with eutopic endometria in eight patients

with ovarian endometriosis (GSE105764) (16). Venn plot showed

that 70.4% upregulated and 60.95% downregulated DEGs in our

RNA-seq data were overlapped with DEGs in GSE105764 dataset

(Figure 2C), validating the reliability of our RNA-seq data. The top

10 upregulated and downregulated genes in ectopic endometrial

tissues were shown in Figure 2D. The upregulated DEGs in ectopic

samples were enriched in leukocyte migration, muscle system

process, humoral immune in response (Figure 2E), and

downregulated DEGs are enriched in functions such as nuclear

division, chromosome segregation, and mitotic nuclear division

(Figure 2F). In summary, ectopic and eutopic endometrial tissues

were transcriptionally different from each other.
Integrated analysis of DNA methylation
and gene expression reveals candidate
genes in endometriosis

DNA methylation was important in the gene expression

regulation (8). To connect DNA methylation with gene

expression in endometriosis, we further integrated our DNA
frontiersin.org
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methylation and RNA-seq data. First, we divided the DNA

methylation states to six groups (1st exon, 3’UTR, 5’UTR, gene

body, multiple locations, and promoter) according to the position of

methylated loci. As expected, the level of DNA methylation (delta

b-value) was negatively correlated with gene expression in most of

the groups (1st exon, 5’UTR, multiple locations, and promoter)

(Figure 3A). We further defined genes with differentially methylated

loci in promoters as ‘promoter-related DMGs (differentially

methylated genes)’ and genes with differentially methylated loci

not in promoters as ‘enhancer-related DMGs’. According to the

relation of level of methylation (delta b-value) and gene expression,

genes were separated to four quadrants (part 1 to part 4, Figure 3A).

Almost half of promoter-related DMGs (48.0%, 113/235) were in

part 4 (Figure 3B). Promoter-related DMGs in part 4 were enriched

in sialic acid binding and lipase activity (Figure 3C). Furthermore,
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promoter-related DMGs in part 2 were specifically enriched in

channel activity. For enhancer-related DMGs, 70.25% were in part 1

and 4 (Figure 3D). DMGs in part 1 were enriched in transcriptional

activity (nuclear receptor activity, ligand-activated transcription

factor activity, and DNA-binding transcription activator), steroid

hormone receptor activity and channel activity (Figure 3E). These

results indicated that most DMGs in promoter and enhancer were

negatively correlated with gene expression.
Validation of candidate genes
in endometriosis

To validate the candidate genes in endometriosis, we listed the

top 15 DMGs (ranked by delta b-value) whose expression was
A

B

D E

C

FIGURE 1

Genome-wide DNA methylation analysis of eutopic and ectopic endometrial tissues. (A) Schematic diagram of the study. Created with BioRender.com.
(B) Differential methylated loci in eutopic and ectopic endometrial tissues. (C) The distribution of hypermethylated (left) and hypomethylated (right) loci in
ectopic endometrial tissues. (D) CpG island probe distribution of hypermethylated and hypomethylated loci in ectopic endometrial tissues. (E) Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the hypermethylated and hypomethylated loci in the ectopic group.
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upregulated (Table 1) and downregulated (Table 2). After filtering

the past reported genes, 10 unreported DMGs (TMEM184A,

GREM2, SFN, KIR3DX1, HPGD, ESR1, CASS4, BST2, PIK3CG

and RNASE1) were kept. We further detected the expression of

these 10 DMGs in ectopic and eutopic endometrial tissues (7

ectopic vs 7 eutopic, Supplementary Table S1). TMEM184A,

GREM2, SFN, KIR3DX1, HPGD, and ESR1 were significantly

downregulated in ectopic tissues, and BST2, PIK3CG and

RNASE1 were significantly upregulated in ectopic tissues
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(Figure 4). In summary, we validated the top candidate genes in

endometriosis which might be regulated by DNA methylation.
Discussions

EMs, vividly known as ‘a kind of benign cancer’ and women’s

pelvic ‘sandstorm’, has established itself as one of the most common

diseases in gynecology by its high incidence and its early onset age,
A B

D

E F

C

FIGURE 2

Genome-wide gene expression analysis of eutopic and ectopic endometrial tissues. (A) Principal components analysis (PCA) analysis of the eutopic
and ectopic samples. (B) Differentially expressed genes (DEGs) analysis of eutopic and ectopic samples. (C) Venn plots of the DEGs and DEGs in the
GSE105764 dataset. (D) Heatmap of the top 10 upregulated and downregulated DEGs in RNA-seq. (E) GO analysis of the upregulated genes in
ectopic samples. (F) GO analysis of the downregulated genes in ectopic samples.
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Symptoms like chronic pelvic pain, dysmenorrhea, and infertility

caused by EMs have seriously threatened women’s health and

reduced their life quality. EMs is one of the focuses of global

reproductive health issues. According to the available literature

reports, it is estimated that about 15% to 30% of women in the

childbearing period would be affected by the disease, involving

about 270 million people worldwide (17).

Although the theory of menstrual blood reflux proposed by

Sampson J.J., who was the father of endometriosis in the world, has

been accepted for a century and a half (5), the related factors and
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pathogenesis of EMs are still incomplete. Due to the wide range of

lesions and diverse morphologies, malignant biological behaviors

such as metastasis, invasion, and recurrence, and the possibility of

malignant transformation, EMs is vividly called ‘benign cancer’ (1).

More and more studies believe that its similar biological behavior to

malignant tumors may be one of the important pathogenesis of

EMs (18–21). The occurrence and development of malignant

lesions are marked by the accumulation of tumor suppressor

genes and oncogene genetic variations, especially by the abnormal

methylation of tumor suppressor genes. Studies have confirmed
A

B

D E

C

FIGURE 3

Integrated analysis of DNA methylation and gene expression profiles. (A) Correlation of the DNA methylation and gene expression grouped by
different genomic positions (1st Exon, 3’UTR, 5’UTR, gene body, multiple locations, and promoter). (B) Bar plot shows the count of promoter-related
differentially methylated genes (DMGs). (C) Gene Ontology (GO) of different groups of promoter-related DMGs (part1-part4 in Figure 3A). (D) Bar
plot shows the count of enhancer-related DMGs. (E) GO analysis of different groups of enhancer-related DMGs.
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that abnormal methylation of CpG islands regulated by non-

methylated tumor suppressor genes is closely related to the

occurrence and metastasis of human malignant tumors (22). A

large number of studies have confirmed that EMs is a genetic

disease caused by the interaction of multiple locus genes and

environmental factors (23–26). HOXA10, hMLH1, PTEN

promoter region 5’ CpG island methylation pattern is currently

known to be related to the occurrence and development of EMs.

HOXA10 gene can inhibit tumor cell proliferation, reduce invasion

ability, and inhibit tumor cell metastasis. Recent studies abroad

have found that the reduced expression of the HOXA10 gene in

EMs is similar to malignant lesions. EMs animal model studies have

further supported that methylation of the promoter region of the

HOXA10 gene may be involved in the pathogenesis of EMs (27).

PTEN is currently recognized as a tumor suppressor gene, and

PTEN methylation is closely related to the occurrence and

development of various tumors. Abnormalities in this gene have

been demonstrated in many human cancers, especially in ovarian

endometrioidal carcinomas, endometrial cancers, and gliomas (28).

Salvesen et al. confirmed that PTEN gene methylation was prevalent

in endometrial cancer, and tumor suppressor gene methylation was

associated with advanced tumor metastasis in endometrial cancer

and plays an important role in tumor progression (28). KF. Tam

et al. (29) explored the relationship between DNA methylation and

ovarian tumors, including PTEN genes. They concluded that the

methylation rate of borderline ovarian tumors and ovarian cancer

was significantly higher than that of benign ovarian tumors and

normal ovarian tissue.

Our study identified a series of candidate genes and pathways in

EMs. Of note, in KEGG pathway analysis, both hypermethylated and

hypomethylated genes in ectopic were enriched in human
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papillomavirus (HPV) infection, suggesting a potential link between

endometriosis and HPV infection. The prevalence of high-risk HPV

was significantly higher in patients with EMs than in those without

EMs (30). Besides, HPV-infected endometrial cells were reported to be

spread through retrograde menstruation (31). The persistent HPV

infection of endometriosis lesions was proposed to contribute to

malignant progression. Since EMs is considered a common

gynecologic problem with multifactorial origins, HPV infection is a

highly possible pathophysiologic causes of EMs. We also validated the

differential expression of top-ranked genes (TMEM184A, GREM2,

SFN, KIR3DX1, HPGD, ESR1, BST2, PIK3CG and RNASE1) in EMs

and normal tissues. TMEM184A, GREM2, SFN, KIR3DX1,HPGD, and

ESR1were hypermethylated and significantly downregulated in ectopic

endometrial tissues. Conversely, BST2, PIK3CG and RNASE1 were

hypomethylated and upregulated in ectopic endometrial tissues.

SFN is highly expressed in the esophagus-mucous membrane,

skin, small salivary glands, and vagina (32–34), indicating its

essential role in maintaining the homeostasis of a series of tissues

and organs. The higher expression of SFN was significantly

associated with a better prognosis of endometrial cancer (35).

Accordingly, SFN was downregulated in ectopic endometrial

tissues in our study, suggesting the loss of function of SFN might

be involved in the pathophysiology of EMs. HPGD was reported to

be involved in the pathophysiology of endometriosis (36).

Decreased expression of HPGD is associated with abnormal

prostaglandin metabolism in endometriosis (35, 37). Besides, the

decreased expression of HPGD might be regulated by the miR-218-

5p in endometrial adenocarcinoma tissue (35). ESR1 encodes

estrogen receptors and ligand-activated transcription factors that

can form homodimers or heterodimers with estrogen receptors.

ERb is widely expressed during endometrial hyperplasia in infertile
TABLE 1 Top candidate genes which were hypermethylated and downregulated in ectopic endometrial tissues.

Probe_ID Gene beta_case
avg

beta_control
avg beta_change RELATION_TO_CPG_ISLAND log2FoldChange padj

cg06738242 TWIST2 0.554053551 0.15610387 0.397949684 Island -2.6571473 0.00015233

cg23210268 GREM2 0.699915101 0.30227628 0.397638816 -3.3286895 0.00018973

cg15188268 ADAMTS19 0.817201563 0.43219189 0.385009671 N_Shore -3.6976664 6.26E-05

cg09386458 QPCT 0.886765946 0.51097633 0.375789613 N_Shore -2.1138241 0.00406449

cg23037932 KIR3DX1 0.815017046 0.45292026 0.362096786 -4.7201206 0.00906221

cg22920700 OSR2 0.579597099 0.22700124 0.352595857 N_Shore -1.7278745 0.02790383

cg01352551 SLC24A3 0.793752782 0.46820021 0.325552568 N_Shore -1.5072888 0.03022538

cg23719157 STRA6 0.78738477 0.46561667 0.321768098 -2.4999297 0.01348782

cg13213527 ZNF516 0.775537145 0.45945426 0.316082885 -1.9614117 0.00040565

cg16549596 SFN 0.649653471 0.33389726 0.315756214 N_Shore -2.9059607 0.00244178

cg04555941 HPGD 0.417078247 0.11941307 0.297665176 S_Shore -2.5526777 0.00058597

cg00335591 TMEM184A 0.857047129 0.56488322 0.292163912 -1.8289676 0.04205992

cg25338972 ESR1 0.515218373 0.22405393 0.291164441 -2.5746547 0.00330811

cg13468624 PSORS1C3 0.694573016 0.41112169 0.283451322 N_Shore -2.0015838 0.03245501

cg02992645 OVGP1 0.796760034 0.53732872 0.259431316 -2.9074884 0.00245663
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TABLE 2 Top candidate genes which were hypomethylated and upregulated in ectopic endometrial tissues.

ontrol_avg beta_change RELATION_TO_CPG_ISLAND log2FoldChange padj

72258402 0.58500842 1.77916735 0.01566374

63957445 0.531148922 2.95333954 1.53E-05

81439809 0.485293304 N_Shelf 1.75014039 0.01724619

79572139 0.468366613 2.68147978 1.05E-05

67962279 0.467697044 N_Shore 6.09318374 5.74E-12

88810567 0.434818118 N_Shore 2.15240829 0.00020269

.7816603 0.433082493 5.87099798 8.69E-13

82354861 0.411245276 3.14284341 0.00012948

75975417 0.360632532 2.51276745 3.61E-05

82427195 0.355129158 S_Shelf 8.7981021 5.00E-19

66008554 0.348390633 S_Shore 1.857896 0.01098051

78104022 0.344540159 3.61678571 4.07E-09

66969015 0.32116298 S_Shore 2.04877678 0.01319003

37199013 0.316471009 S_Shore 1.83605399 0.00401288

61640078 0.314200641 N_Shelf 3.06959132 4.57E-05
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Probe_ID Gene beta_case_avg beta_c

cg24587601 CASS4 0.137575599 0.

cg01329005 BST2 0.108425528 0.

cg13214190 PIK3CG 0.329104785 0.

cg13718960 RNASE1 0.327354776 0.

cg20986996 TCF21 0.211925743 0.

cg00123072 THBS4 0.453287548 0.

cg26928972 CSTA 0.348577804 0

cg15338159 FHL2 0.412303334 0.

cg19876649 MYOM1 0.399121642 0.

cg13661129 NR5A1 0.469142795 0.

cg24315815 PLSCR4 0.311694902 0.

cg04413226 FMO1 0.436500059 0.

cg01089639 JAK3 0.348527172 0.

cg18525352 NUAK1 0.055519124 0.

cg26683398 LTC4S 0.302200139 0.
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women while decreasing or absent in women of normal

childbearing age, suggesting that overexpression of ERb may be

related to infertility. Mutated ER in exon 8 with high activity in vivo

may cause precocious puberty in girls (38). As reported, genetic

variants in ESR1 were reported to change the susceptibility to

endometriosis and might influence the fertility status in

endometriosis patients (39). Moreover, ESR1 amplification might

be one mechanism for ER over-expression in endometrial

carcinoma (40). BST2 was one of the proteins that were found to

be related to tumor metastasis (41). The anti-BST2 antibody had a

potent antitumor effect against endometrial cancer both in vitro and

in vivo, indicating that anti-BST2 antibody might be a potential

therapeutic strategy for endometrial cancer. Interestingly, There are

few studies of TMEM184A, GREM2, KIR3DX1, BST2 and RNASE1

in EMs, which needs more investigations to figure out their function

in EMs in the future.

There are some limitations in this study. The low number of

included patients might limit the statistical power of the findings.
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Further large-scale studies and investigations are needed to validate

the findings. Besides, all the patients enrolled were Asian, which

might introduce confounding when interpreting the results. With the

increasing sequencing data of EMs being reported, meta-analyses of

these sequencing data might give a more comprehensive view of the

pathophysiology of EMs.
Conclusion

In conclusion, we screened the differentially methylated and

expressed genes through genome-wide DNA methylation and

transcriptome sequencing of ectopic and eutopic endometrial

tissues. Further integrated analysis identified a series of potential

candidate genes in EMs. We also verified TMEM184A, GREM2,

SFN, KIR3DX1, HPGD, ESR1, BST2, PIK3CG and RNASE1 as key

candidate genes in EMs.
FIGURE 4

qRT-PCR validation of the gene expression of the candidate genes. TMEM184A, GREM2, SFN, KIR3DX1, HPGD, and ESR1 were significantly
downregulated in ectopic tissues, and BST2, PIK3CG and RNASE1 were significantly upregulated in ectopic tissues. ***P < 0.001, **P < 0.01,
*P < 0.05, ns, not significant.
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Influence of ovarian reserves
on assisted reproductive and
perinatal outcomes in patients
with endometriosis: a
retrospective study

Shuai Liu, Yaxin Guo, Fei Li* and Lei Jin*

Reproductive Medicine Center, Tongji Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China
Objective: To investigate the association between different ovarian reserves and

reproductive and adverse perinatal outcomes in patients with endometriosis.

Design: Retrospective study.

Setting: Reproductive Medicine Center in a hospital.

Patients: Patients surgically diagnosed with endometriosis were divided into

three groups according to their ovarian reserve: diminished ovarian reserve

(DOR) group (n=66), normal ovarian reserve (NOR) group (n=160), and high

ovarian reserve (HOR) group (n=141).

Intervention(s): None.

Main Outcome Measures: Live birth rate (LBR), cumulative live birth rate (CLBR),

and adverse perinatal outcome for singleton live births.

Results: There were significantly higher live birth and cumulative live birth rates in

endometriosis patients with NOR or HOR than in those with DOR. For adverse

perinatal outcomes, patients with NOR or HOR had no significant association

with preterm birth, gestational hypertension, placenta previa, fetal malformation,

abruptio placentae, macrosomia, or low birth weight, except for a decreased risk

of gestational diabetes mellitus.

Conclusion: Our study revealed that although patients with endometriosis with

NOR and HOR had increased reproductive outcomes, patients with

endometriosis with DOR had still an acceptable live birth rate and a similar

cumulative live birth rate with available oocytes. Moreover, patients with NOR

and HOR might not exhibit a decreased risk of abnormal perinatal outcomes,

except for gestational diabetes mellitus. Multicenter prospective studies are

needed to further clarify the relationship.

KEYWORDS

endometriosis, assisted reproduction, diminished ovarian reserve, live birth rate,
cumulative live birth rate, abnormal perinatal outcome
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1 Introduction

Ovarian reserve is defined as the quantity and quality of follicles

within the ovary. Numerous markers, such as age, baseline antral

follicle count (AFC), follicle stimulating hormone (FSH) level, and

anti-Müllerian hormone (AMH) level, have been evaluated to assess

ovarian reserve and predict ovarian response and reproductive

potential (1).

Endometriosis is an estrogen-dependent disease in women of

reproductive age that is characterized by the presence of

endometrial-like tissue outside the uterine cavity (2). Endometriosis

affects approximately 10% of women of reproductive age, and its

prevalence among infertile women is 5–50% (3). On the one hand,

patients with endometriosis often have a high risk of obstetric

complications (4). A recent study found that endometriosis may

adversely affect perinatal outcomes, especially due to increased risk of

placenta abruption and operative delivery (5). On the other hand, the

cause of infertility in women with endometriosis is multifactorial, and

diminished ovarian reserve (DOR) is of major concern in women with

endometriosis-associated infertility (6). Cystectomy and surgery for

endometriosis, as well as the endometriomas themselves, may cause

DOR. Usually, DOR results in a decreased fecundability, along with a

reduction in oocyte quantity and a decrease in oocyte quality (7).

Patients with DOR also have a high risk of obstetric complications.

DOR, specifically defined as an AFC of six or less, is associated with a

higher incidence of preeclampsia and multiple placental fetal vascular

lesions (8). Study also found that younger women with low prognosis

and normal ovarian reserve have a higher probability for live births and

better perinatal outcomes compared with older women with poor or

normal ovarian reserve (9). Nevertheless, Sunkara et al. (10) found an

increased risk of adverse obstetric outcomes among women with

excessive ovarian response while no increased risk among women

with poor ovarian response. Whether the ovarian reserve influences

perinatal outcomes in patients with endometriosis remains unclear.

Therefore, it is important to determine whether there are differences in

perinatal outcomes in patients with endometriosis with different

ovarian reserves who become pregnant using assisted reproductive

technology (ART).

In this study, we evaluated the risk of abnormal perinatal

outcomes in patients with endometriosis with normal ovarian

reserve (NOR) or high ovarian reserve (HOR) compared with DOR.
2 Materials and methods

2.1 Patients

We retrospectively reviewed patients who underwent their first

fresh cycle of in vitro fertilization (IVF) or intracytoplasmic sperm

injection (ICSI) between January 1, 2016 and December 12, 2019 at

the ReproductiveMedicine Center of Tongji Hospital, TongjiMedical

College of Huazhong University of Science and Technology (Wuhan,

China). This study was approved by the ethical committee of Tongji

Hospital, Tongji Medical College, Huazhong University of Science

and Technology (TJ-IRB20220119). Patients were surgically

diagnosed with endometriosis (laparotomy or laparoscopy) and
Frontiers in Endocrinology 02106
histologically confirmed from biopsies. Patients with endometrial

cysts in the ovaries and adenomyosis were included in the study.

Patients were excluded from the study if they met any of the

following exclusion criteria: 1) polycystic ovary syndrome; 2)

endocrine diseases; 3) donated oocyte; 4) hypertension; 5)

autoimmune disease.

Patients were divided into three groups by their ovarian reserve

according to a clinical guideline (11): DOR group: age > 35 years or

AMH < 1.1 or AFC < 5 or FSH > 12; NOR group: age ≤ 35 years and

1.1 ≤ AMH ≤ 4.5, and 7 ≤ AFC ≤14 and FSH ≤ 10; HOR group: age

≤ 35 years and AMH > 4.5 or AFC > 20.
2.2 Controlled ovarian stimulation protocol

The controlled ovarian stimulation(COS) protocol was

individually selected according to ovarian reserve testing and other

characteristics of GnRH agonist (GnRH-AGO) or antagonist

(GnRH-ANTA) treatment. Human chorionic gonadotropin (hCG)

(10,000 IU, EMD Serono) was used to trigger ovulation when one or

two leading follicles attained a mean diameter of 18 mm.

Transvaginal ultrasound-guided oocyte retrieval was conducted 34–

36 h after hCG administration. The oocyte maturation rate was

defined as the number of MII oocytes divided by the number of

retrieved oocytes. Normal fertilization was defined as 2PN. The

normal fertilization rate was defined as the number of 2PN divided

by the number of retrieved oocytes in in vitro fertilization (IVF) or

2PN divided by the number ofMII in ICSI. All embryos were checked

on the morning of Day 3 after oocyte retrieval. Fewer than two

embryos of the best quality were selected for transfer on Day 3.
2.3 Main outcome measures

We collected data on maternal age, follicle-stimulating

hormone (FSH) level, body mass index (BMI), AFC, AMH level,

duration of infertility, and type of endometriosis.

The COS outcomes included endometrial thickness, no. of

retrieved oocytes, MII oocytes, 2PN zygotes, oocyte maturation

rate, and normal fertilization rate.

The ART outcomes included biochemical pregnancy, clinical

pregnancy, pregnancy loss, live birth, cumulative pregnancy, and

cumulative live birth. Biochemical pregnancy was defined as a

pregnancy when a woman has a positive pregnancy test, but no

gestational sac can be visualized by ultrasound. Clinical pregnancy

was defined as viable intrauterine pregnancy (gestational sac with

fetal heart activity) confirmed by ultrasound. Clinical pregnancies

and live births were calculated according to the first fresh transfer

cycle. Cumulative pregnancy and live birth were calculated by the first

fresh transfer cycle and subsequent frozen cycles until live birth, or all

embryos were used. Women without a live birth by December 31,

2019 were considered as non-live births as a conservative estimate.

The adverse singleton perinatal outcomes included preterm birth,

placenta previa, fetal malformation, gestational hypertension,

gestational diabetes mellitus, low birth weight (< 2,500 g), and

macrosomia (> 4,000 g).
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2.4 Statistical analysis

Continuous data are presented as means ± standard deviations

(SDs), and categorical data are presented as percentages (%).

Continuous variables, with normal distribution and homogeneity

of variance, were compared using the one-way analysis of variance

test while continuous variables with non-normal or heterogeneity,

were compared using the Kruskal–Wallis test. Categorical variables

were compared using the chi-square test, Bonferroni correction was

applied to all multiple comparisons, and subgroup analysis was

performed with Cochran-Mantel-Haenszel test with common odds

ratios calculated. The relationships among variables, subsequent

clinical pregnancy, and live birth were assessed using binomial

logistic regression analysis with enter method, and the odds ratio

(OR) with 95% confidence intervals (CI) was calculated. A two-

tailed P<0.05 was considered statistically significant. All analyses

were performed using the Statistical Package for Social Sciences

(SPSS version 26.0, IBM Corp, Armonk, NY, USA).
3 Results

3.1 Baseline characteristics of patients, and
COS and ART outcomes

A total of 367 participants were included in the study during

their first fresh cycle. When subdividing cycles according to ovarian

reserve DOR (n=66), NOR (n=160), and HOR (n=141), ovarian

reserve increased with decreasing age and FSH and increasing AMH

levels. AFC significantly increased from DOR to NOR to HOR. The

duration of infertility and BMI were comparable among the three

groups. GnRH protocols differ significantly among DOR, NOR, and

HOR. The detailed baseline characteristics and COS outcomes can

be seen in the Table 1.

Regarding the COS and ART outcomes, there were no

significant differences regarding endometrial thickness, normal

fertilization rate, biochemical pregnancy, and pregnancy loss

among the three groups. The number of retrieved oocytes; no. of

MII and no. of 2PN were significantly increased in the HOR group

compared with those in the DOR and NOR groups. The oocyte

maturation rate was significantly lower in the HOR group than in

the DOR group (P= 0.044). Clinical pregnancy and cumulative

pregnancy increased with increasing ovarian reserve from DOR to

NOR to HOR and exhibited a significant difference between DOR

and HOR (P=0.015), whereas live birth and cumulative live birth

increased with increasing ovarian reserve from DOR to NOR to

HOR with significant differences between DOR and NOR

(P=0.027), DOR and HOR (P<0.001) in live birth and DOR and

NOR (P=0.048), DOR and HOR (P<0.001) in cumulative live birth.

The single live birth was significantly lower in DOR group than in

HOR group (P=0.012). The multiple live birth, single and multiple

cumulative live birth were comparable among the three groups.

Binary logistic regression analysis was performed to evaluate the

effects of ovarian reserve, COS protocols, and type of endometriosis

on clinical pregnancy, live births, cumulative pregnancy, and
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cumulative live births in women with endometriosis. The results

in Table 2 indicate that ovarian reserve was significantly associated

with clinical pregnancy between HOR and DOR group (P=0.013,

OR=2.276, 95%CI: 1.190~4.352) and comparable between NOR

and DOR group (P>0.05). For live birth, ovarian reserve was

significantly associated between NOR and DOR (P=0.031,

OR=2.004 95%CI 1.068~3.763), HOR and DOR group (P=0.002,

OR=2.874 95%CI 1.489~5.547). For cumulative pregnancy, ovarian

reserve was significantly associated with cumulative pregnancy

between HOR and DOR group (P=0.037, OR=2.225, 95%CI:

1.051~4.709) and comparable between NOR and DOR group

(P>0.05), while patients with adenomyosis was significantly

associated with cumulative pregnancy compared with those with

endometriosis cysts (P=0.047, OR=0.463 95%CI 0.217~0.989). For

cumulative live birth, ovarian reserve was significantly associated

between HOR and DOR group (P=0.020, OR=2.266, 95%CI:

1.140~4.507) and comparable between NOR and DOR group

(P>0.05). Other characteristics did not suggest any significant

variation in the model.

Subgroup analysis with Cochran-Mantel-Haenszel test was

performed by stratifying the women into GnRH-AGO and GnRH-

ANTA groups. Figure 1 shows that in the GnRH-AGO group, clinical

pregnancy, live birth, cumulative pregnancy, and cumulative live

birth were comparable among the ovarian reserve groups. In the

GnRH-ANTA group, live births were significantly lower in the DOR

group (21.4%) than in the NOR group (60%), with a common odds

ratio= 2.024(P=0.025) and homogeneity of the Odds Ratio(P>0.05),

whereas clinical pregnancy, cumulative pregnancy, and cumulative

live births were similar among the three groups.
3.2 Singleton perinatal outcomes

We then investigated the effect of ovarian reserve on singleton

perinatal outcomes. 37 patients achieved cumulative live births with

29 singleton live births in the DOR group, among 116 patients in

the NOR group, 84 had singleton live births, and among 112

patients in the HOR group, 86 had singleton live births. Singleton

perinatal outcomes included abnormal outcomes are reported in

Table 3. There were significant differences regarding gestational

diabetes mellitus between DOR and NOR group (P=0.039), DOR

and HOR group(P=0.015), but no significant differences were

observed in the remaining outcomes.

For abnormal perinatal outcome, binary logistic regression

analysis was conducted for ovarian reserve, type of endometriosis,

and COS protocol. The correlation was that ovarian reserve had a

significant association with the risk of gestational diabetes mellitus,

and the NOR (7.1%) (OR: 0.199, 95% CI: 0.057–0.697, P=0.012) and

HOR (5.8%) (OR: 0.151, 95% CI: 0.040–0.568, P=0.005) groups had

a decreased risk of gestational diabetes mellitus when compared

with the DOR group (24.1%) (OR: 1.000). No association was

observed with the remaining abnormal perinatal outcomes. The

risks of low birth weight, macrosomia, preterm birth, gestational

hypertension, placenta previa, fetal malformation, and abruptio

placentae were similar among the three groups.
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4 Discussion

This study aimed to explore the relationship between

reproductive and perinatal outcomes and ovarian reserve in

patients with endometriosis. The results showed that patients

with endometriosis with NOR and HOR had increased

reproductive outcomes compared to patients with DOR, but the

reproductive outcomes in patients with DOR were still acceptable.

Regarding adverse perinatal outcomes, patients with NOR and
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HOR had a decreased risk of gestational diabetes mellitus

compared to patients with DOR. Patients with DOR and HOR

did not exhibit a higher risk of abnormal perinatal outcomes in the

remaining outcomes.

Ovarian reserve testing, which is closely associated with

reproductive outcomes, is a useful option for physicians to assess

ovarian reserve. Diminished ovarian reserve is defined as decreased

oocyte quality, quantity, or reproductive potential, resulting in

infertility (12). In our study, we found that the reproductive
TABLE 1 Baseline characteristics and COS and ART outcomes.

Variable GROUP P value

DOR N=66 NOR N=160 HOR N=141 D VS N D VS H N VS H

Age, y 33.24 ± 4.22 29.48 ± 2.88 29.33 ± 2.77

FSH, IU/L 8.48 ± 2.65 7.45 ± 1.51 7.01 ± 1.82

AFC 7.77 ± 4.76 9.52 ± 2.00 15.53 ± 4.67

AMH, ng/ml 2.49 ± 2.33 2.77 ± 0.92 7.38 ± 2.91

BMI, kg/m2 20.94 ± 2.49 21.46 ± 2.50 20.95 ± 2.22 ns ns ns

GnRH protocol

antagonist 28(42.4%) 20(12.5%) 9(6.4%) <0.001 <0.001 ns

agonist 38(57.6%) 140(87.5%) 132(93.6%) <0.001 <0.001 ns

Duration of infertility, y 3.29 ± 3.11 3.21 ± 2.10 3.02 ± 1.93 ns ns ns

Type of endometriosis

endometriosis cysts 48(72.7%) 138(86.3%) 126(89.4%) ns ns ns

adenomyosis 13(19.7%) 12(7.5%) 11(9.8%) 0.024 0.039 ns

cysts co-occurrence with adenomyosis 5(7.6%) 10(6.3%) 4(2.8%) ns ns ns

Endometrial thickness, mm 11.76 ± 2.62 12.54 ± 2.71 12.24 ± 2.38 ns ns ns

No. of oocytes retrieved 8.39 ± 4.50 9.73 ± 4.48 13.94 ± 4.20 ns <0.001 <0.001

No. of MII 7.76 ± 4.32 8.69 ± 4.24 12.20 ± 4.04 ns <0.001 <0.001

Oocyte maturation rate 0.92 ± 0.10 0.89 ± 0.12 0.88 ± 0.13 ns 0.044 ns

No. of 2PN 5.38 ± 3.32 6.13 ± 3.42 8.40 ± 3.43 ns <0.001 <0.001

Normal fertilization rate 0.66 ± 0.22 0.66 ± 0.21 0.64 ± 0.18 ns ns ns

Biochemical pregnancy 5(7.6%) 8(5.0%) 5(3.5%) ns ns ns

Pregnancy loss 10(15.2%) 12(7.5) 10(7.1%) ns ns ns

Clinical pregnancy 32(48.5%) 96(60%) 97(68.8%) ns 0.015 ns

Live birth 22(33.3%) 84(52.5%) 87(61.7%) 0.027 <0.001 ns

single 17(25.8%) 59(36.9%) 66(46.8%) ns 0.012 ns

multiple 5(7.6%) 25(15.6%) 21(14.9%) ns ns ns

Cumulative pregnancy 44(66.7%) 129(80.6%) 120(85.1%) ns 0.006 ns

Cumulative live birth 37(56.1%) 116(72.5%) 112(79.4%) 0.048 <0.001 ns

single 29(43.9%) 84(52.5%) 86(61.0%) ns ns ns

multiple 8(12.1%) 32(20.0%) 26(18.4%) ns ns ns
fron
Continuous data are reported as mean ± standard deviation. Categorical data are reported as n (%). One-way analysis of variance test was used for the continuous data, and chi-square test was
used for categorical data. P<0.05 was considered statistically significant. ns, not statistically significant; DOR, diminished ovarian reserve; NOR, normal ovarian reserve; HOR, high ovarian
reserve; AFC, antral follicle count, FSH, follicle stimulating hormone; AMH, anti-Müllerian hormone.
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TABLE 2 Binary logistic regression analysis on reproductive outcomes.

Reproductive outcome variable P ORs 95% C.I.

Lower Upper

Clinical pregnancy GnRH protocol

antagonist 1.000

agonist 0.845 1.064 0.573 1.976

ovarian reserve 0.039

DOR 1.000

NOR 0.164 1.544 0.837 2.849

HOR 0.013 2.276 1.190 4.352

Type of endometriosis 0.875

endometriosis cysts 1.000

adenomyosis 0.724 0.879 0.430 1.797

co-occurrence 0.728 1.189 0.447 3.162

Constant 0.791 0.919

Live birth GnRH protocol

antagonist 1.000

agonist 0.296 1.396 0.746 2.610

ovarian reserve 0.007

DOR 1.000

NOR 0.031 2.004 1.068 3.763

HOR 0.002 2.874 1.489 5.547

Type of endometriosis 0.977

endometriosis cysts 1.000

adenomyosis 0.925 0.966 0.471 1.983

co-occurrence 0.851 1.096 0.422 2.849

Constant 0.008 0.411

Cumulative pregnancy GnRH protocol

antagonist 1.000

agonist 0.215 1.546 0.777 3.078

ovarian reserve 0.111

DOR 1.000

NOR 0.148 1.664 0.835 3.315

HOR 0.037 2.225 1.051 4.709

Type of endometriosis 0.138

endometriosis cysts 1.000

adenomyosis 0.047 0.463 0.217 0.989

co-occurrence 0.844 0.890 0.278 2.847

Constant 0.068 1.860

Cumulative live birth GnRH protocol

antagonist 1.000

(Continued)
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outcomes were increased in patients with endometriosis with NOR

or HOR than in those with DOR. Nevertheless, patients with

endometriosis with DOR could still have an acceptable live birth

rate (33.3%) and a cumulative live birth rate (56.1%) with available

oocytes. Moreover, live birth was significantly increased in patients

with NOR than in those with DOR choosing GnRH-ANTA, and no

significant difference was found in clinical pregnancy, cumulative

clinical pregnancy, and cumulative live birth among patients with

different ovarian reserve with GnRH-ANTA or GnRH-AGO. This

result indicated that in fresh embryo transfer cycles, patients with
Frontiers in Endocrinology 06110
endometriosis with NOR would have a better live birth rate than

those with DOR, and with sufficient available oocytes, these patients

could reach a similar cumulative live birth rate in subsequent frozen

cycles. A previous study also revealed that for patients with

endometriosis with DOR, the GnRH-AGO protocol may achieve

better clinical IVF-ET outcomes (13). However, another study

reported that when combined with the frozen-embryo transfer

strategy, the GnRH-ANTA protocol had comparable clinical

pregnancy outcomes as the GnRH-AGO protocol in patients with

DOR. Cohen et al. (14) found that women with diminished ovarian
TABLE 2 Continued

Reproductive outcome variable P ORs 95% C.I.

Lower Upper

agonist 0.075 1.780 0.943 3.358

ovarian reserve 0.065

DOR 1.000

NOR 0.144 1.609 0.850 3.045

HOR 0.020 2.266 1.140 4.507

Type of endometriosis 0.179

endometriosis cysts 1.000

adenomyosis 0.067 0.507 0.245 1.049

co-occurrence 0.638 0.782 0.281 2.178

Constant 0.826 1.073
front
Odds ratios (ORs) and 95% confidence intervals (CIs) are based on the logistic regression analysis. OR and P value for ovarian reserve, GnRH protocol, and type of endometriosis using a binary
logistic regression analysis for each reproductive outcome. P<0.05 was considered statistically significant. DOR, diminished ovarian reserve; NOR, normal ovarian reserve; HOR, high
ovarian reserve.
D
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FIGURE 1

Subgroup analysis for reproductive outcomes among different ovarian reserve group by stratifying the women into GnRH-AGO and GnRH-ANTA
subgroups: (A) Clinical pregnancy rate. (B) Live birth rate. (C) Cumulative pregnancy rate. (D) Cumulative live birth rate.
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reserves have low live birth rates after the first IVF-ICSI cycle. Yu

Deng et al. (15) also found no statistically significant differences in

the cumulative live birth rate in women with DOR and

endometriosis. Van Rooij et al. (16) reported that when patients

were defined as poor responders based on the number of AFC, the

results of the comparison of poor and normal responders were

similar because they could also have oocytes available. In our COS

outcomes, we found that the oocyte maturation rate and normal

fertilization rate were similar between the DOR and NOR groups,

indicating that patients with endometriosis with DOR might still

have available oocytes. Finally, with similar percentages of available

oocytes, endometriosis patients with DOR achieved an acceptable

cumulative live birth rate.
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Another clinically relevant finding is the singleton perinatal

outcome. In a recent study, women with endometriosis had an

increased risk of adverse perinatal outcomes compared to those

with other reproductive diseases, including miscarriage,

preeclampsia, gestational hypertension, preterm deliveries,

placenta previa, and caesarean section (17–21). A previous study

found that women with high ovarian response had a higher risk of

adverse obstetric outcomes of preterm deliveries and low birth

weight (10). However, our study found that the risks of preterm

birth, gestational hypertension, placenta previa, fetal malformation,

abruptio placentae, macrosomia, and low birth weight did not differ

significantly between patients with endometriosis with NOR or

HOR and those with DOR. The risk of gestational diabetes mellitus
TABLE 3 Singleton perinatal outcomes.

Variable GROUP P value

DOR N=29 NOR N=84 HOR N=86 D VS N D VS H N VS H

Age, y 32.72 ± 3.95 29.71 ± 2.65 29.33 ± 3.20

FSH, IU/L 8.14 ± 2.69 7.28 ± 1.58 6.88 ± 1.48

AFC 8.10 ± 5.13 9.56 ± 1.98 15.46 ± 4.66

AMH, ng/mL 2.59 ± 2.63 2.73 ± 0.90 7.67 ± 3.17

BMI, kg/m2 20.93 ± 2.52 21.61 ± 2.44 21.02 ± 2.18 ns ns ns

Type of endometriosis

endometriosis cysts 22(75.9%) 73(86.9%) 80(93.0%) ns ns ns

adenomyosis 6(20.7%) 10(11.9%) 4(4.7%) ns ns ns

cysts co-occurrence with adenomyosis 1(3.4%) 1(1.2%) 2(2.3%) ns ns ns

Gestational age, d 271.83 ± 8.89 270.46 ± 12.23 271.28 ± 9.44 ns ns ns

Birth weight, g 3356.55 ± 403.96 3281.67 ± 513.29 3283.20 ± 483.24 ns ns ns

Delivery mode

Natural labor 23(79.3%) 66(78.6%) 58(67.4%) ns ns ns

Cesarean delivery 6(20.7%) 18(21.4%) 28(32.6%) ns ns ns

Gender

Male 18(62.1%) 45(53.6%) 45(52.3%) ns ns ns

Female 11(37.9%) 39(46.4%) 41(47.7%) ns ns ns

Abnormal perinatal outcomes

Preterm birth < 37 week 2(6.9%) 9(10.7%) 9(10.5%) ns ns ns

Gestational hypertension 0 3(3.6%) 4(4.7%) ns ns ns

Gestational diabetes mellitus 7(24.1%) 6(7.1%) 5(5.8%) 0.039 0.015 ns

Placenta previa 4(13.8%) 8(9.5%) 5(5.8%) ns ns ns

Fetal malformation 0 0 4(4.7%) ns ns ns

Abruptio placentae 0 3(3.6%) 0 ns ns ns

Macrosomia > 4,000 g 2(6.9%) 3(3.6%) 4(4.7%) ns ns ns

Low birth weight < 2,500 g 0 7(8.3%) 4(4.7%) ns ns ns
fron
Continuous data are reported as mean ± standard deviation. Categorical data are reported as n (%). One-way analysis of variance test was used for the continuous data, and chi-square test was
used for categorical data. P<0.05 was considered statistically significant. ns, not statistically significant; DOR, diminished ovarian reserve; NOR, normal ovarian reserve; HOR, high ovarian
reserve; AFC, antral follicle count, FSH, follicle stimulating hormone; AMH, anti-Müllerian hormone.
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was extremely low in the NOR and HOR group than DOR group.

One possible explanation is that women with infertility may be at

greater risk for gestational diabetes mellitus overall, and the risk

increases with age (22, 23). Patients in the NOR and HOR group

were younger, which might therefore exhibit decreased risk of

developing gestational diabetes mellitus than DOR group.

Therefore, we found that endometriosis is associated with DOR,

affecting quantity, but not embryo quality, and would not impact

subsequent abnormal perinatal outcomes.

To our knowledge, this is the first study to evaluate abnormal

perinatal outcomes in patients with endometriosis with different

ovarian reserves. Our study has several limitations. As a retrospective

study, although we corrected for several known confounders, the

potential for unrecognized confounders still remains. Due to the

more frequent application of GnRH-AGO protocol than GnRH-

ANTA protocol in infertility females with endometriosis in China,

and the strict inclusion and exclusion criteria, the sample size in the

GnRH-ANTA group was relatively small, further prospective study

with large sample size was necessary. Moreover, our results were based

only on patients in their first fresh cycle, the effect of frozen-thawed

cycle on perinatal outcomes need further investigation.

In conclusion, our study revealed that although patients with

endometriosis with NOR and HOR had increased reproductive

outcomes, patients with endometriosis with DOR had still an

acceptable live birth rate and a similar cumulative live birth rate

with available oocytes. Moreover, patients with NOR and HOR

might not exhibit a decreased risk of abnormal perinatal outcomes,

except for gestational diabetes mellitus. Multicenter prospective

studies are needed to further clarify the relationship.
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