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Abstract. Currently, several endometriosis classification
systems are available in clinical practice; however, no single
classification system can predict the severity of all pre- and
post-operative symptoms of endometriosis, such as pain,
infertility and fibrosis. The aim of the present review was to
reconcile the concepts of endometriosis classification and the
molecular aspects of endometriosis. Each keyword alone or
in combination was used to search by applying the filters of
the title and the publication years between January, 2000 and
December, 2019. Several classifications systems have been
proposed to categorize the severity of endometriosis. The
cause of pain is not only related to anatomic abnormalities,
but also to the imbalance between sensory and sympathetic
innervation due to the abnormal secretion of a variety of cyto-
kines. Endometriosis-related infertility is a group of diseases
manifesting with various morphological and functional abnor-
malities that negatively affect fertility. Diagnostic imaging,
which primarily provides morphological information, has
limitations as disease progression is not associated with the
prevalence and severity of infertility. Changes in the micro-
environment caused by endometriosis-induced inflammation
and oxidative stress can lead to impaired fertility. In particular,
proinflammatory mediators (cytokines, interleukins and
immune dysfunction), oxidative stress markers (hemoglobin,
heme, free iron, ROS and antioxidants), hormonal imbalance,
proteolytic enzymes and soluble adhesion molecules all may
be potential markers for predicting infertility. The major cell
types involved in the development of endometriosis-associated
fibrosis are platelets, various inflammatory cells, such as
macrophages, T lymphocytes, B lymphocytes and natural
killer (NK) cells, ectopic endometrial cells, and sensory nerve
fibers. A variety of symptoms, such as pain, infertility and
fibrosis, involve interrelated signaling mechanisms. Beyond
the structural and functional changes that characterize a
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variety of symptoms, there may be interrelated, common
signaling pathways. The present review highlights the
molecular mechanisms involved in endometriosis-associated
symptoms such as pain, infertility and fibrosis. In order to
create a disease severity scoring system that can predict each
symptom of endometriosis, not only anatomical findings, but
also biochemical parameters, such as oxidative stress are
required.
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1. Introduction

Endometriosis is one of the most common gynecological
diseases, with a rate of ~10% of women of reproductive age
and ~50% of those with infertility (1,2). It is characterized
by the presence of endometrial tissue outside the uterine
cavity (2). The main symptoms are commonly associated with
chronic pelvic pain and infertility. Women affected suffer
from dysmenorrhea (79%), pelvic pain (69%), dyspareunia
(45%), modified gut transit (constipation, diarrhea in 36%),
intestinal pain (29%), infertility (26%), ovarian mass (20%),
dysuria (10%) and other urinary disorders (6%) (1,3,4).

The diagnosis of endometriosis is based on clinical suspi-
cion, a pelvic examination, ultrasound and magnetic resonance
imaging (MRI); however, laparoscopy, an invasive surgical
procedure, currently remains gold standard for diagnosis (5).
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The preferred diagnostic methods other than laparoscopic
inspection are transvaginal ultrasonography (TVS) as the
first line option. Endometriotic lesions were classified into
3 phenotypes: Superficial peritoneal endometriosis, ovarian
endometrioma and deep infiltrating endometriosis (DIE).
Superficial endometriotic foci are difficult to diagnose not
only by TVS, but also by MRI and are usually identifiable
only at laparoscopy. Therefore, TVS is the first-line imaging
technique for the diagnosis of ovarian endometrioma and
DIE (6). Several studies have demonstrated the diagnostic
accuracy and reliability of TVS for the detection of DIE and
pouch of Douglas obliteration (7). In clinical practice, physi-
cians not only diagnose the presence of endometriosis, but
also evaluate the spread of the disease and the severity of the
symptoms. Usually, the severity of the disease burden is deter-
mined based on the location, diameter and depth of the lesions,
the presence of deep utero-sacral nodules and the density of
adhesions, such as complete obliteration of the cul-de sac.
Endometriosis-related pain symptoms may be associated with
the severity of diseases, such as adhesions and DIE. In addi-
tion, adhesion and fibrosis with anatomic abnormalities will
certainly lead to infertility, but even minimal and mild endo-
metriosis is often associated with infertility (8). Sanchez et al
found that in vitro fertilization (IVF) outcomes in women with
endometriosis indicated that minimal/mild disease has a lower
fertilization rate than moderate/severe disease (9). It is often
found that the severity of the symptoms is not always associ-
ated with the spread or extent of endometriosis. Furthermore,
the lack of an association between endometriosis-related pain
and infertility makes it difficult to determine the disease
severity by imaging alone.

Although the etiology of endometriosis remains
unknown, the proposed hypothesis is based on 3 main
theories: Retrograde menstruation, coelomic metaplasia
and Miillerian remnants (2). Given the different contexts in
which endometriosis develops, a single etiological model is
not enough to explain its pathogenesis (10). Recent advances
and controversies in the etiology, pathogenesis, diagnosis,
classification and treatment of endometriosis have been
previously discussed in detail (11). Genetics, epigenetics and
the related signaling pathways have been implicated in the
pathogenesis of endometriosis, and there has recently been
interest in inflammation, oxidative stress, iron metabolism,
macrophages, platelets, sensory nerve fiber and fibrosis (2,10).
It is now accepted that oxidative stress plays an important
role in the initiation and progression of endometriosis (12).
Several basic and clinical studies have been conducted on
the effects of oxidative stress on the endometriosis-related
pain, male and female infertility, and the development of
fibrosis (2,10,13-15).

Currently, several endometriosis classification systems are
used in clinical practice. The classification systems are mainly
used to determine the extent of the anatomic abnormality;
however, the drawback is that they are not always associated
with the severity of the clinical symptoms. The present review
compares the strengths and weaknesses of the existing classifi-
cation systems and discusses their association with the severity
of the symptoms. The molecular mechanisms that trigger
endometriosis-related symptoms, such as pain, infertility and
fibrosis are also reviewed. The final aim of the present review

Table I. Number of articles hit by searching for each keyword
alone or in combination.

Key words No. of refs. No. of eligible articles
Endometriosis
Classification 778
Pain 281 29
Infertility 202 19
Fibrosis 41 11
Severity 2,175
Pain 1,021
Molecular 57 22
Infertility 651
Molecular 58 19
Fibrosis 113
Molecular 8 6
Inflammation 124 55
Ocxidative stress 28 18
Iron 4 4

Each keyword alone or in combination was used to search by
applying the filters of the title and the publication years between
2000 and 2019. The number of articles searched by keywords and the
number of eligible articles among these are shown. For example, the
number of articles hit by searching with the keywords ‘endometriosis’
AND “classification” AND ‘pain’ is 281. Among the 281 articles,
29 articles were eligible.

was to identify the biological mediators that contribute most to
the symptoms of endometriosis.

2. Literature search

A computerized literature search was conducted to iden-
tify relevant studies reported in the English language. A
comprehensive literature search was conducted on the
PubMed and Embase databases between January, 2000 and
December, 2019, combining the keywords ‘endometriosis’,
‘classification’, ‘severity’, ‘pain’, ‘infertility’, ‘fibrosis’,
‘molecular’, ‘inflammation’, ‘oxidative stress’ and ‘iron’. A
variety of combinations of these terms were used, depending
on which database was searched (Table I). Furthermore,
the references of each article were searched to identify
potentially relevant studies. Publications of original studies,
review articles and some guidelines were included, while
those documenting opinions, points of view or anecdotes
were excluded.

3. Characteristics of the relevant studies

A selection flow chart for the search strategy is presented in Fig. 1.
Based on the search strategy, a total of 778 and 2,175 articles
were initially identified on ‘endometriosis’ and ‘classification’
(Fig. 1, left panel) and ‘endometriosis’ and ‘severity’ (Fig. 1,
right panel), respectively. Following the initial review of titles
and abstracts, 121 and 815 articles were retained, respectively.
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Number of studies meeting database search
criteria (initial literature search retrieved 778
total articles), including Endometriosis and
Classification.

Number of studies meeting database search criteria (initial
literature search retrieved 2,175 total articles), including
Endometriosis and Severity.

l I

After the initial review of titles and abstracts,
121 articles were retained.

After the initial review of titles and abstracts, 815 articles
were retained.

|

I

Following review of the full text, 49 articles
remained.

Following review of the full text, 111 articles remained.

Number of additional
studies identified via
expanded search (n=10)

Number of additional
studies identified via
expanded search (n=13)

After the removal of exclusion criteria, 59
articles were included.
Endometriosis+Classification+Pain (n=29)
Endometriosis+Classification+Infertility (n=19)
Endometriosis+Classification+Fibrosis (n=11)

After the removal of exclusion criteria, 124 articles were
included.

Endometriosis+Severity+Pain+Molecular (n=22)
Endometriosis+Severity+Infertility+Molecular (n=19)
Endometriosis+Severity+Fibrosis+Molecular (n=6)
Endometriosis+Severity+Inflammation (n=55)
Endometriosis+Severity+Oxidative stress (n=18)
Endometriosis+Severity+lron (n=4)

Figure 1. Flow chart of the literature search of the present review article.

Following the review of the full text, 49 and 111 articles
remained, respectively, also following the removal of opinions,
points of view or anecdotes. The number of additional studies
identified by an expanded search was 10 and 13, respectively.
Finally, 59 and 124 articles were included, respectively.

4. Role of diagnostic imaging in evaluating the severity of
endometriosis

Laparoscopy remains the gold standard for the diagnosis
of endometriosis, although it is preferably diagnosed in a
non-invasive manner (16). It is quite difficult to identify
superficial diseases, peritoneal lesions, or early/mild deep
endometriosis by imaging modalities (17,18), indicating that a
negative diagnosis cannot rule out endometriosis. On the other
hand, TVS and MRI are useful in detecting advanced stages of
endometriosis. Endometriosis with adhesions to surrounding
organs, e.g., extensive inflammatory adhesions between ovarian
endometrioma and the rectum, is considered severe. The items
for determining adhesions in TVS using the dynamic manipu-
lation of the pelvic organs are the loss of ovarian mobility and
limited sliding between the posterior uterine serosa and the
bowels (17). Holland er al revealed that the overall sensitivity
and specificity of TVS for the diagnosis of severe endometriosis
were 85 and 98%, respectively (17). Women with TVS features
of ovarian endometriomas have greater ovarian immobility
than do women without these features, with the sensitivity and
specificity of 89 and 90%, respectively (19,20). As the ability
of MRI to diagnose adhesions or complete obliteration of the

pouch of Douglas is similar to that of dynamic TVS, there is
no need to perform routine MRI following TVS (7). Therefore,
the diagnostic accuracy of dynamic TVS is comparable with,
and may be superior to, routine MRI (17,18). However, MRI
has the better advantage of objectivity and reproducibility than
TVS. Based on the above, TVS and MRI are valuable tools
for the diagnosis of the severity of endometriosis, including
adhesions; it may be possible to develop a classification for
endometriosis-related pain. On the other hand, there is a major
unsolved issue regarding endometriosis-related infertility.
Imaging diagnostics, which primarily determine the presence
of morphological abnormalities, have limitations as disease
progression is not associated with the prevalence and severity
of infertility (21). Several research groups have developed a
simplified classification to diagnose the severity of endometri-
osis-related infertility (discussed below). The adhesion scoring
system created by Ichikawa et al can predict post-operative
adhesion and infertility (22). The scoring system also allows for
the selection of patients to undergo IVF following surgery (22).
Research on the association between the progression of
endometriosis (spreading and adhesion) and the severity of
symptoms (pain and infertility) is a topic for the future.

5. Pros and cons of existing endometriosis classification
systems

The various classification schemes for endometriosis
staging developed by several professional organizations
have been proposed based on anatomic location and disease
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severity (3,23-26). The classification system should at least be
applied to various endometriosis structures, lesion appearance,
pelvic adhesions and anatomic locations to determine the
disease severity. First, the advantages of the revised American
Society for Reproductive Medicine (-ASRM) classification
are its worldwide use, familiarity and its easy integration
into a number of other classification systems (27). Second,
the ENZIAN classification is excellent for the assessment of
DIE (3,24). Third, the Endometriosis Fertility Index (EFI) clas-
sification can be applied to the prediction of fertility (28). This
chapter mainly outlines the advantages and disadvantages of
the -ASRM classification, the ENZIAN classification, the EF1
classification and the American Association of Gynecological
Laparoscopists (AAGL) classification.

The r-ASRM classification. In 1979, the American Fertility
Society (AFS) proposed a novel classification system that
links the surgical findings of endometriosis with fertility (29).
This classification system was revised in 1985 and became the
current edition when the name of the society was changed to
the American Society for Reproductive Medicine (r-ASRM)
in 1996 (29). The r-ASRM score includes the following items:
Peritoneal lesions, ovarian lesions, posterior cul-de-sac obliter-
ation and adnexal adhesions (30). The total score is calculated
by adding points according to the size of endometriotic lesions
and the extent of adhesions, and the total points are classi-
fied into stages I to IV (I, minimal; II, mild; III, moderate;
and 1V, severe) (23,29,31). Women with minimal or mild
endometriosis have superficial implants with very few adhe-
sions, whereas moderate or severe endometriosis is generally
characterized by ovarian endometriomas with more severe
adhesions. The main color categories of peritoneal endome-
triosis are classified into red (R), black (B) and white (W) (29).
The r-ASRM classification system is standardized, widely
used and accepted worldwide as a global standard for almost
all clinical studies (3,23,29).

This classification system has some limitations,
however (29). There is no association between clinical symp-
toms and surgical findings due to the lack of assessment
of DIE and pain (29,31,32). Even women presenting with
minimal clinical symptoms may have advanced disease. It has
been pointed out that the advanced stage is not related to the
prognosis of infertility, as this classification is less relevant for
post-operative natural pregnancy rates (29,31,32). Thus, even
women with very few endometrial lesions may have infertility.
However, as the advanced stages of endometriosis are associ-
ated with a worse prognosis for IVF treatment compared to
the early stages or tubal factor infertility, the ~-ASRM clas-
sification is useful in predicting the IVF outcome (33). More
specifically, the disadvantages of this classification are the
following: i) Staging is not fully associated with morphological
changes in organs; ii) a lack of assessment of retroperitoneal
changes and DIE; iii) poor prediction of pregnancy success
following treatment; and iv) limited reproducibility (23).
Moreover, endometriosis-related pain and infertility are poorly
associated with the duration of the disease (23). Therefore, the
clinical use of this classification poses significant challenges,
particularly in predicting fertility and selecting therapeutic
modalities (32). Several studies have searched for candidate
biomarkers (blood, ascites, cyst fluid, follicular fluid and tissue

that reflect the severity of the symptoms (please see chapter 8
below entitled ‘Endometriosis-associated infertility: An
update on molecular aspects.’). In the future, a new classifica-
tion system consisting of anatomic abnormalities and these
biomarkers will need to be developed.

The ENZIAN classification. A working group meeting was
held in Enzian, Austria in 2005, mainly to create a new
classification (the ENZIAN classification) that includes retro-
peritoneal diseases and DIE (3,24). In 2011, the ENZIAN
classification system was reviewed (3). Since DIE can invade
into surrounding structures, similar to cancer, this classification
was prototyped based on the TNM classification of cervical
cancer (25). The ENZIAN score was classified into A (recto-
vaginal space and vagina), B (sacrouterine ligaments, cardinal
ligaments, pelvic sidewall and external ureter compression)
and C (rectum) compartments. The depth of endometriosis
invasion was classified as level 1 (<1 cm depth), level 2 (1-3 cm)
and level 3 (>3 cm) (25). The mode of invasion into other
organs was also subclassified as FA for adenomyosis, FB for
bladder involvement, FU for intrinsic ureter involvement, FI for
intestinal involvement and FO for involvement of other organs
or structures, such as the abdominal wall (3,24). For patients
with DIE, the ENZIAN classification system should be used
to completely describe the surgical findings, along with the
r-ASRM classification (34). The ENZIAN scores can be viewed
at www.endometriose-sef.de/dateien/ENZIAN_2013_web.
pdf. The historical background of the ENZIAN classification
has been previously described (23,35).

This classification has advantages and disadvantages. Pain
and dysmenorrhea are strongly associated with the severity
grade in this classification (35). The most affected compart-
ment is the posterior area (93.4%), mainly on the left side
(67.8%), which supports the clinical data that DIE is more
likely to invade the sigmoid colon (25). For the evaluation of
DIE, attempts have been made to incorporate the ENZIAN
classification into the r-ASRM classification (26,35). Due to
the poor association between the ENZIAN score and fertility,
this score cannot be used to predict the prognosis of endo-
metriosis-related infertility (34). However, it is currently used
in German-speaking countries, although it is not widely used
internationally (24).

The EFI.1n 2010, the EFI was published (3,28). This index has
been validated to predict the pregnancy rate of infertile patients
after surgical diagnosis and treatment of endometriosis (3,28).
This index is useful for planning post-operative assisted repro-
ductive technology (ART) due to its excellent evaluation of
pregnancy prognosis (28). The EFI score includes historical
factors (age of the patient, duration of infertility and a history
of pregnancy) and surgical factors [least function (LF) score
at conclusion of surgery, AFS endometriosis score and AFS
total score] (28). This score is rated from O to 10, with O being
the worst prognosis and 10 being the optimal (28). When
patients with endometriosis are classified into 3 groups using
the EFI score, there is a significant difference in the cumula-
tive pregnancy rate between the groups. The EFI score allows
for the prediction of non-ART pregnancy in surgically-treated
patients with endometriosis (3,28). On the other hand, there is
no significant difference in the cumulative pregnancy rate when



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

divided into 4 groups by the -rASMR classification (29,31,32),
indicating that the severity of the -rASRM classification is not
associated with the pregnancy rate.

The AAGL classification. Currently, members of the American
Association of Gynecological Laparoscopists (AAGL) Society
are developing a classification system that focuses on endome-
triosis-related infertility and pain (3,34). Based on the results
of preliminary studies demonstrating a better association
between the AAGL classification system and infertility, pain
levels and surgical difficulties, this classification may be used
in place of the r-ASRM classification system in the future (34).
The document can be obtained from the URL (http:/www.aagl.
org/wp-content/uploads/2013/03/NewsScope_Oct-Dec_2012.
pdf).

Currently, the 4 classifications can be used in various
clinical settings. In summary, no single classification can
predict the severity of all pre- and post-operative symptoms of
endometriosis, particularly pain and fertility. The most impor-
tant factors are as follows: The classification needed should
preferably be simple, easy to use, reproducible, and taking
into consideration symptoms, such as pain and infertility, and
predicting prognosis.

6. An update on the endometriosis-associated pain
symptoms

Endometriosis is often found in women with unexplained
pelvic pain as it is associated with chronic cyclic pain, dyspa-
reunia, dysmenorrhea and sometimes dysuria. The presence
of DIE, vaginal lesions and adenomyosis is strongly associ-
ated with deep dyspareunia, although the severity of the pain
is not always associated with the spread of the disease (36).
Endometriosis is associated with chronic inflammation,
leading to tissue injury and repair, the accumulation of
excess extracellular matrix (ECM) components, scar forma-
tion and ultimately, fibrosis (36). The cause of the pain
symptoms should not only take anatomic abnormalities,
such as adhesions and fibrosis into consideration, but also
biological mechanisms, including an imbalance of sensory
and sympathetic innervation due to the abnormal secretion
of a variety of mediators. Estrogen promotes the growth of
nerve fibers that invade endometriotic tissue and is involved
in the hyperinnervation in close proximity to various nerve
plexuses or the activity of neurons throughout the central
nervous system (37). Altered pelvic innervation or hyperin-
nervation can cause pelvic pain in endometriosis via excessive
neuroinflammation and subsequent neurogenesis (36). Cyclic
hemorrhage from endometriosis causes local platelet activa-
tion, producing nerve growth factor (NGF, a member of the
neurotrophin family) (38,39). Subsequently, the sensory
nerves are activated and induce neuroinflammation and excess
fibrosis around endometriotic foci (38,39). Furthermore,
M2 macrophages infiltrating endometrial lesions produce Th2
cytokines and mediate the process of immunosuppression
and neuroangiogenesis, causing the abnormal distribution of
nerve fibers, which is involved in the generation of endometri-
osis-associated pain (36,40). Since these nerve growth factors
and Th2 cytokines may contribute to sensory nerve hyperin-
nervation, it is necessary to measure these factors in peripheral
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blood to objectively predict the severity of pain symptoms (41).
The signaling interactions of pain mediators are described in
chapter 9 below entitled ‘Endometriosis-associated fibrosis:
An update on molecular aspects’.

7. Endometriosis-associated infertility: An update on
clinical aspects

The possible causes of infertility include the age of the
woman, oocyte quality, sperm quality, ovarian reserve, tubal
patency, uterine receptivity, anatomic abnormalities, inflam-
matory changes in the uterus and pelvis, and the presence of
endometriosis (15,42-45). Among these, endometriosis has a
tremendous impact on fertility. Similar to the mechanism of
pain, infertility caused by endometriosis includes anatomic
and functional abnormalities.

The most likely anatomic features are pelvic adhesions
and fibrosis. Adnexal adhesions are considered to impair
gamete and embryo transport, resulting in reduced fertility.
However, infertility cannot be explained solely by anatomic
abnormalities (21). Microenvironments, such as inflammation
and oxidative stress induced by endometriosis lead to ovarian
dysfunction (21). Ovarian endometrioma does not adversely
affect the rate of spontaneous ovulation (46). However,
Liu et al reported that oocytes retrieved from women affected
by endometriosis exhibited low fertilization rates due to low
rates of mature oocytes (47). A meta-analysis of 27 observa-
tional studies, including 8,984 women, demonstrated that even
patients with early-stage endometriosis had reduced fertiliza-
tion rates compared to women without endometriosis [relative
risk (RR)=0.93, P=0.03)] (48). The presence of endometriosis
can cause inflammation, hormonal imbalance and oxidative
stress in the eutopic endometrium, resulting in impaired
endometriotic receptivity and implantation failure (49). In
summary, endometriosis may affect non-ART-induced preg-
nancies through anatomic abnormalities of the fallopian tubes,
the exposure of the endometrium to chronic inflammation, and
poor egg and sperm quality. Both the ASRM committee opinion
in 2012 and the European Society of Human Reproduction
and Embryology (ESHRE) guideline in 2014 announced
that both ovarian endometrioma per se or cystectomy for
endometriomas significantly reduced the ovarian reserve and
that surgical interventions for endometrioma prior to IVF
treatment did not increase pregnancy rates (1,50). Pal et al
reported that the outcome of IVF-embryo transfer (ET) did
not depend on the severity of endometriosis, suggesting that
IVF-ET treatment overcomes the adverse effects on damaged
oocytes (51). However, a recent meta-analysis of IVF treatment
revealed that women with advanced stages of endometriosis
had lower implantation and clinical pregnancy rates than
patients without endometriosis (RR=0.79, P=0.0008) (48).
Further, De Wilde er al reported that the presence of endo-
metriosis, even in mild cases, adversely affects pregnancy
outcome following IVF-ET treatment (21). Researchers have
discussed that changes in the endometriosis microenviron-
ment due to local inflammation and oxidative stress can lead
to the reduced quality of the oocyte, sperm and embryo, the
impaired receptivity of the endometrium and implantation
failure, which has a negative effect on pregnancy rates even
following IVF treatment (15,42-45,49).
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8. Endometriosis-associated infertility: An update on
molecular aspects

This chapter highlights the possible molecular mechanisms
underlying infertility associated with endometriosis. Several
elegant reviews have been published on the mechanisms of
endometriosis-related infertility (4,15). The altered expression
or abnormal activation of biochemical, endocrine, immune,
genetic and epigenetic factors in the endometriosis microen-
vironment can lead to ovarian dysfunction and subsequently,
to infertility. In particular, the proinflammatory mediators
(cytokines, interleukins and immune dysfunction), oxida-
tive stress markers (hemoglobin, heme, free iron, ROS and
antioxidants), hormonal imbalance, proteolytic enzymes and
soluble adhesion molecules all may be potential markers for
predicting endometriosis-related infertility (15). The under-
standing of the mechanisms through which endometriosis
causes infertility may lead to the discovery of markers that
predict the association between the severity of endometriosis
and infertility. An overview of each of the potential markers
studied will be outlined.

Inflammatory cytokines. Endometriosis is considered to be a
chronic inflammatory disease (4,52). Miller et al performed a
comprehensive literature review of inflammatory and immune
dysfunction on endometriosis-associated infertility (49). In
fact, the levels of proinflammatory cytokines, including tumor
necrosis factor-o. (TNF-a), interleukin (IL)-6 and IL-8, were
increased in the peritoneal fluid of women with endome-
triosis (49). These proinflammatory cytokines produced by
activated macrophages and natural killer (NK) cells may be
candidate markers for the diagnosis of infertility (53). Changes
in inflammatory factors in peritoneal fluid negatively affect the
fallopian tube and intrauterine environment, as the ampulla of
the fallopian tube is structurally exposed to peritoneal fluid (4).
These cytokines in peritoneal fluids enter the uterine cavity
and increase prostaglandin production by endometrial epithe-
lial cells, which in turn stimulates the overexpression of other
inflammatory cytokines (54). Furthermore, TNF-a, IL-6 and
IL-8 activate the inflammatory response, induce angiogenesis
and are also involved in tissue damage and repair. Physiological
levels of inflammatory cytokines are essential for implantation,
placentation, and pregnancy. The overexpression of TNF-a,
IL-6 and IL-8 can impair follicular steroidogenesis, growth
and ovulation, cause impaired fertility and implantation
failure, and adversely affect spontaneous pregnancy (4,54-56).
Several researchers have reported that elevated serum IL-6
and IL-8 levels are associated with the occurrence of infer-
tility (4,54-56). However, to date, to the best of our knowledge,
no blood markers have been reported to determine the severity
of infertility. Even other candidate markers overexpressed in
the peritoneal cavity may not be reflected in the peripheral
blood possibly due to dilution. Further studies are required
to determine whether blood cytokine levels are associated
with the severity of endometriosis-related infertility. Given
the causes of infertility, cyclooxygenase (COX)-2 inhibitors,
cytokine modulators, or hormone-suppressing therapies
may hold promise for the treatment of infertility (15). Since
the pathogenesis of endometriosis is the propagation of the
inflammatory network by macrophages, the targeted inhibition

of an activation cascade that will lead to an autoamplification
of cytokine production, namely the cytokine storm, may be
novel promising therapeutic strategies (57).

Iron and oxidative stress. Living things on earth have evolved
to use iron, the fourth most abundant element in the Earth's
crust, to transport oxygen. ROS are by-products produced
by various cellular compartments, including mitochondria,
during the process of consuming oxygen by aerobic organ-
isms. The balance between ROS production and ROS
elimination/antioxidant production is crucial to preventing
ROS-induced adverse events. Physiological levels of ROS play
important regulatory roles in the processes of folliculogenesis,
oocyte maturation, endometrial cycle regulation, luteolysis,
implantation, embryogenesis and pregnancy through various
signaling pathways (58,59). The excessive production of ROS
causes detrimental effects on cells through lipid peroxida-
tion, protein oxidation and DNA damage, which in turn
negatively affects reproductive function (2,52). Therefore,
ROS act as important signaling molecules in physiological
processes, while they also play a role in pathological processes
involved in female reproductive function (58). Based on the
above-mentioned facts, ROS act as a double-edged sword.

This chapter focuses on the iron-induced oxidative stress in
endometriosis. Retrograde menstruation contains endometrial
cells and red blood cells, and following hemolysis, hemo-
globin, heme and free iron (so-called hemoglobin species) are
released and accumulate in the pelvic cavity (14). In addition,
within ovarian endometrioma, hemorrhage from the ectopic
endometrium occurs at each menstruation and hemoglobin
species accumulates in the cyst. Ovarian endometrioma
contains higher levels of hemoglobin species compared to
other types of ovarian cysts (60). Iron is a well-known inducer
of oxidative stress (14,52). The mechanisms through which
free iron induces ROS are as follows: Iron ions react with
H,0, via the Fenton reaction to form hydroxyl radicals (OH).
Hydroxyl radicals are highly reactive, and therefore cause
harmful oxidative damage to DNA, proteins and membrane
lipids (61). The accumulation of iron in ovarian endometrioma
may strongly promote an imbalance in the redox status (61,62).
The emerging evidence to indicate that ROS-induced oxida-
tive stress is involved in the development and progression of
endometriosis [please see the chapter entitled ‘Iron-dependent
progression of endometriosis’ the previous study by
Kobayashi et al (62)]. The comprehensive systematic review
highlighted iron metabolism, oxidative stress markers (serum,
peritoneal fluid, follicular fluid, ovarian cortex, and eutopic
and ectopic endometrial tissue), genes involved in oxidative
stress, endometriosis-induced infertility and the mechanism of
carcinogenesis (2,62). In addition to endometriosis, iron is also
involved in cell damage, apoptosis, carcinogenesis, fibrosis,
and ultimately in the dysfunction of various organs, including
the heart, lungs, liver and kidneys (63).

Iron levels have been investigated in each bodily fluid of
patients with endometriosis. Van Langendonckt et al reported
that iron levels in the peritoneal cavity of patients with endo-
metriosis were increased compared to the controls, although
serum iron levels were not (14). However, Alizadeh et al found
that serum iron levels in patients with endometriosis were
significantly higher compared with the controls (64). Serum
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iron allowed for the discrimination between patients with
endometriosis and controls with an area under the receiver
operating characteristic (ROC) curve (AUC) of 0.899 and a
cut-off value of 1.73 mg/1 (64). In addition, the median + SD
total iron, heme and free iron levels in endometriotic cyst
fluids were previously shown to be 244.4+204.9, 303.9+324 .4
and 13.5+16.2 mg/l, respectively (60). Thus, the iron levels in
ovarian endometrioma were 10-100-fold higher than those
in serum, depending on the hemoglobin species. High levels
of intracystic iron can oxidize a wide range of substrates
and cause biological damage and cell death to adjacent
follicles (64). Following the degradation of hemoglobin, iron is
released from heme and accumulates in tissues over a period
of several days, which results in the deposition of hemosiderin.

However, iron levels in bodily fluids of women with
endometriosis remain controversial. Montoya-Estrada et al
reported that the levels of peritoneal hemoglobin did not
differ between the endometriosis group and the non-endo-
metriosis group (65). Benaglia et al reported that there was
no significant difference in iron concentrations in follicular
fluid between ovaries affected with endometriosis and those
not affected (66). These data suggest that high levels of iron
in ovarian endometrioma do not affect oocyte quality as
they are less likely to spread through the cyst wall. Despite
conflicting data, a number of studies support the notion that
iron-induced oxidative stress impairs fertility in women with
endometriosis (2,52,56,59,63,64).

The iron concentration that adversely affects fertility is
unknown. In another study, basic research on iron-related
oxidative stress was performed on cerebral hemorrhage. In
animal models, recovery, injury, sequelae, or death from intra-
cerebral hemorrhage may depend on the degree of hemolysis,
iron release and oxidative stress that occurs following hemor-
rhage (67). Therefore, iron chelators may prevent neuronal
death induced by oxidative stress. Experiments using Medaka
fish have demonstrated that oxidation products (e.g., Fe**) at
lower mg/1 levels can induce reproductive toxicity through
oxidative stress (68). Although humans and fish cannot be
compared, taking the serum iron levels (>1.73 mg/l) of women
with endometriosis into consideration, the possibility of repro-
ductive toxicity due to direct gonadal damage cannot be ruled
out.

The oxidant-antioxidant imbalance. Herein, the oxidant-anti-
oxidantbalance in bodily fluids in patients with endometriosis is
reviewed. Several studies have identified a variety of indicators
of oxidative stress and antioxidant capacity. Some indicators
of oxidative stress, such as ROS and iron, are elevated in
the endometriosis group compared to other infertile women
without endometriosis or tubal infertility (69). Extensive
damage to DNA by hemoglobin species is reflected as an
increase in 8-hydroxy-2'-deoxyguanosine (8-OHdG) levels
in endometriotic cyst fluid (70) and cell nuclei (71). There is
evidence suggests that women with stage I/II endometriosis
have higher levels of 8-OHdG in follicular fluid compared to
the controls (24.21+£8.56 vs. 17.22+5.6 ng/ml) (72,73). Even in
the early stages of endometriosis, they are exposed to oxidative
stress and are associated with reduced oocyte quality (72). In
addition, the levels of markers of acute oxidative stress, such
as malondialdehyde (MDA), the most mutagenic product of
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lipid peroxidation (2), carbonyls and lipohydroperoxides
(LOOHR) (65), myeloperoxidase (MPO) (74), lipid peroxidation
(LPO) (69) and oxidized low-density lipoprotein (oxLDL) (2)
are elevated in the peripheral blood, peritoneal fluids, or follic-
ular microenvironments in patients with endometriosis (73,75).
The levels of oxidative stress, represented by LOOH and MPO,
are associated with the severity of endometriosis, and are
inversely associated with the percentage of mature oocytes,
the implantation rate and clinical pregnancy rate (8,69,74-76).
These data indicate that oxidative stress exerts a major effect
on oocyte, sperm, and embryo quality and function.

Contrary to the level of oxidative stress, the levels of
several antioxidant molecules are significantly lower in
patients with endometriosis than in those without endome-
triosis. Molecules associated with antioxidant capacity include
a subunit of the cystine/glutamate transporter XCT (SLC7A11),
glutathione peroxidase 4 (GPX4) and the glutamate-cysteine
ligase (GCLC), glutathione reductase (GR), catalase, super-
oxide dismutase (SOD), iron metabolism genes transferrin
receptor 1 (TfR1), ferroportin (Fpn), heme oxygenase 1 (HO-1)
and ferritin that are regulated by the antioxidant response
element of the transcription factor, nuclear factor, erythroid 2
like 2 (NRF2) (52,69,77,78). Insufficient antioxidant capacity
promotes harmful ROS formation (52). In addition, recent
studies have focused on the antioxidants, HO-1 (79) and
CD44v9 (71). HO-1 is constitutively present in M2 phenotype
macrophages and exerts beneficial protective effects against
oxidative damage. In addition, CD44v9 expressed in endome-
triotic cells stabilizes the glutamate-cystine transporter xCT,
thereby decreasing the intracellular levels of ROS (71). The
CD44v9 system is involved in survival, anti-apoptosis and
anti-oxidative stress by maintaining higher levels of antioxi-
dants (80). In an oxidative stress environment, iron-dependent
lipid peroxidation leads to regulated non-apoptotic cell
death, also known as ferroptosis (78,81). Endometriosis
is characterized by resistance to ferroptosis (82). In addi-
tion to endometriosis, ferroptosis has been implicated in
the pathological cell death associated with degenerative
diseases, stroke, intracerebral hemorrhage, traumatic brain
injury, ischemia-reperfusion injury, kidney degeneration and
carcinogenesis (81). It is necessary to elucidate the detailed
mechanisms of avoiding ferroptosis in endometriosis with
reference to the molecular mechanisms of these diseases.

It would also be of interest to elucidate the mechanisms
through which the oxidant-antioxidant imbalance adversely
affects fertility. There are considerable basic and clinical studies
supporting that ROS affects human fertility. Notarstefano et al
reported that the oxidative stress-induced dysregulation of lipid
and carbohydrate metabolism occurs in the ovary affected by
endometriotic lesions, as well as in the contralateral healthy
ovary (83). This cannot be explained by the direct action of
endometriosis alone, but by biological, biochemical, genetic,
or epigenetic modifications which may occur in pelvic organs
possibly through ROS-induced oxidative stress. It has been
demonstrated that the redox balance also affects the clinical
performance of ART. Follicular fluid 8-OHdG levels have
been shown to be inversely associated with the fertilization
rate following intra-cytoplasmic sperm injection (ICSI) (84).
In addition, the levels of follicular fluid and seminal plasma
MDA are inversely associated with the IVF results (85). On the
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other hand, follicular fluid total GSH levels, total antioxidant
capacity (TAC) and total systemic antioxidant response (TAR)
are positively associated with the fertilization rate following
ICSI (86). Previously, a positive association was observed
between the increased expression of SOD1 in cumulus cells
and the clinical pregnancy rate (87). Given that patients with
endometriosis have a lower follicular total GSH activity and
that IVF-ET/ICSI is successful in patients with endome-
triosis with a high blood antioxidant capacity, it is likely that
the oxidant-antioxidant balance has a significant effect on
fertility (86). Since ROS in the culture medium are known to
adversely affect the post-fertilization cleavage rate and blasto-
cyst yield and quality (76), the supplementation of antioxidants
to the medium may increase the success rate of ART through
the reduction of oxidative stress (13). The degree of oxidative
stress in follicular fluid, peritoneal fluid and peripheral blood
may be involved in infertility by regulating the expression of
genes encoding cytokines and immunomodulators that are
associated with sustained inflammatory response and immune
dysregulation (14). Taken together, these findings strongly
suggest that changes in the microenvironment due to oxidative
stress contribute to infertility.

Apart from endometriosis, the oxidant-antioxidant
imbalance has been described in several pathophysiological
conditions, including reproductive disorders, such as poly-
cystic ovary syndrome (PCOS) and infertility of unknown
origin (13). In addition, being overweight, smoking and
alcohol consumption may affect fertility by promoting exces-
sive amounts of free radical production (13). Therefore, it is
well known that a healthy lifestyle can maintain good fertility.

Conversely, certain studies have demonstrated opposite
results, indicating that oxidative stress does not affect repro-
ductive function. The total oxidant status and antioxidant
capacity in the follicular fluid of patients with unilateral
ovarian endometrioma have been shown to not differ from
those without endometrioma (88). Furthermore, oxidative
stress in follicular fluid has been shown to not impair oocyte
fertility (89). The association between oxidative stress and
fertility remains controversial; however, a number of studies
have demonstrated increased oxidative stress and reduced
fertility in patients with endometriosis (2,52,58,64). There are
at least two possible mechanisms for endometriosis-related
infertility: First, excessive oxidative stress in follicular fluid
leads to reduced antioxidant capacity, and second, low antioxi-
dant capacity results in high levels of oxidative stress.

If oxidative stress is really involved in the development
of endometriosis, available antioxidants or iron chelators
can be selected as novel therapeutic targets. In preliminary
experiments using animals, antioxidants may be possible
therapeutic candidates for endometriosis-related fibrosis,
which are lipophilic antioxidants, including vitamin E, poly-
phenols, ferrostatin-1 (Fer-1), or liproxstatin-1 (Lip-1) (90).
Epigallocatechin-3-gallate (EGCG) suppresses endome-
triosis-associated fibrosis by inhibiting the transforming
growth factor-1p (TGF-B1)-stimulated activation of Smad and
mitogen-activated protein kinase (MAPK) signaling path-
ways (91). The injection of an iron chelator, deferoxamine, into a
mouse model of endometriosis suppressed the growth of endo-
metriotic lesions (92). Certain antioxidants, such as EGCG and
deferoxamine, are effective in the treatment of endometriosis

and fibrosis. There are only a few animal studies to identify
effective therapeutic candidates for endometriosis (91,92).
Showell et al reviewed whether oral antioxidant supplements
improve fertility in infertile women (93). Limited evidence
suggests that antioxidants, such as N-acetyl-cysteine, mela-
tonin, L-arginine, carnitine, selenium, vitamin E, vitamin B,
vitamin C, vitamin D and CoQ10, improve fertility (93). To
date, to the best of our knowledge, no clinical studies have
been conducted using available antioxidant supplements exclu-
sively in infertile women with endometriosis.

Iron-dependent progression of endometriosis. It would be of
interest to determine the reasons why endometriosis requires
toxic iron for its development and progression. The authors
have previously summarized the recent advances in our under-
standing of the underlying epigenetic mechanisms focusing
on oxidative stress in endometriosis (94). The hypothesis is
as follows: Iron modulates the expression of genes involved
in methylation, creating an environment that contributes to
impaired decidualization and favors the growth of endo-
metriotic cells (94). Iron-induced oxidative stress alters the
activity of enzymes responsible for the demethylation and
deacetylation of histones (95) and regulates the expression of
CpG demethylases, such as ten-eleven translocation (TET)
and jumonji (JMJ) (94). These demethylases recognize a
wide range of endogenous DNA methylation (94). The steroid
hormone-mediated decidual signaling pathway has been shown
to be dysregulated in endometriosis through the modification of
DNA methylation. DNA methylation is also closely involved in
epithelial-mesenchymal transition (EMT), such as the suppres-
sion of E-cadherin, and the increased expression of vascular
endothelial growth factor (VEGF) (96), which may contribute
to the development and progression of endometriosis. There are
at least 2 distinct phases of epigenetic modification in endome-
triosis: The initial wave of iron-induced oxidative stress would
be followed by the second big wave of epigenetic modulation
of endometriosis susceptibility genes (94). Taken together,
endometrial and endometriotic foci with localized iron over-
load are important to the subsequent pathophysiology of the
development of endometriosis. Oxidative stress is required for
endometriosis to survive and, as the lesion progresses, it causes
symptoms, such as pain and infertility.

9. Endometriosis-associated fibrosis:
molecular aspects

An update on

It is generally considered that the greater the number of
anatomical distortions due to endometriosis adhesions and
fibrosis, the more often infertility occurs. Furthermore, soluble
factors such as inflammation, oxidative stress, endocrine abnor-
malities and immunological disturbances are also important
causes of infertility in women with endometriosis (15,42-45).
Chronic wounds, such as not only endometriosis, but also
diabetic foot wounds and ulcers, usually deteriorate into
non-healing wounds, undergoing repeated tissue injury and
repair (40,97,98). Endometriosis-related fibrosis is triggered by
an inflammatory response, causing EMT, fibroblast-myofibro-
blast transdifferentiation (FMT) and smooth muscle metaplasia
(SMM), and repeating this cycle (4,40,97,98). Guo et al found
that older endometriotic cysts had higher concentrations of
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Figure 2. Molecular mechanisms underlying the regulation of endometriosis-associated pain, infertility and fibrosis. A variety of symptoms of endometriosis,
such as pain, infertility and fibrosis, involve interrelated signaling mechanisms. First, endometriosis-associated pain symptoms are caused by humoral factors
from inflammation and activated platelets, resulting in sensory nerve hyperinnervation. Second, infertility may be affected by oxidative stress, inflammation
and finally fibrosis. Finally, fibrosis is formed by the interaction of inflammation, M2 macrophages, activated platelets, sensory nerve hyperinnervation,
oxidative stress and iron. ADAM17, a disintegrin and metalloproteinase-17; a-SMA, a-smooth muscle actin; CGRP, calcitonin gene-related peptide; COX-2,
cyclooxygenase-2; CRLR, calcitonin receptor like receptor; EZH2, enhancer of zeste 2 polycomb repressive complex 2 subunit; GCL, glutamate-cysteine
ligase; Hb, hemoglobin; IL-1, interleukin-1; IL-6, interleukin-6; KLF10, Kruppel like factor 10; KLF11, Kruppel like factor 11; NGF, nerve growth factor;
NKIR, neurokinin 1 receptor; NR4Al, nuclear receptor subfamily 4 group A member 1; NRF2, nuclear factor, erythroid 2 like 2; NT, neurotrophin; NT-3,
neurotrophin-3; PGs, prostaglandins; SP, substance P; RAMPI, receptor activity modifying protein 1; ROS, reactive oxygen species; TGF-f3, transforming

growth factor-f3; and TNF-a, tumor necrosis factor-a.

total bilirubin, ferritin, free iron and collagen, exhibited higher
density and viscosity, and also exhibited stronger adhesions
than younger cysts (97). Over time, ROS from accumulated
iron promote fibrosis, forming strong adhesions around endo-
metriotic lesions and eventually replacing the ovaries with
fibrous tissue (99). Fibrosis also physically causes vascular
damage, which can result in follicular loss, reduced ovarian
reserve and infertility (4,99,100).

The major cell types involved in the development of endo-
metriosis-associated fibrosis are platelets, various inflammatory
cells, such as macrophages, T lymphocytes, B lymphocytes
and NK cells, ectopic endometrial cells and sensory nerve
fibers (101,102). These cells produce key effectors. such as
fibrosis-related cytokines and chemokines (TGF-f, TNF-a,
IL-1 and L-6), a variety of neuropeptides, injury-related molec-
ular patterns, such as damage-associated molecular pattern
(DAMP) and receptor for advanced glycation end-products
(RAGE) (101,102). This chapter describes the molecular mecha-
nisms involved in endometriosis fibrosis on a cell-by-cell basis.
The molecular mechanisms that regulate endometriosis-associ-
ated pain, infertility and fibrosis are illustrated in Fig. 2.

Platelets. Platelets are involved in endometriosis-associated
fibrosis, immune regulation and hyperinnervation. TGF-f1

produced by activated platelets promotes fibrosis through
the TGF-p/Smad signaling pathway in endometriosis (103).
Furthermore, endometrial stromal cells, upon exposure to
activated platelets, induce alpha-smooth muscle actin (SMA)
expression and promote fibrosis (103). These results indicate
that neurotrophic factors produced by activated platelets around
the lesions play an important role in endometriosis-related
fibrosis (38,103). Activated platelets are also involved in organ
fibrosis in a number of diseases other than endometriosis.
Platelet-derived TGF-B1 stimulates pathological fibrosis in a
variety of important organs such as the heart, liver, lungs and
kidneys (104). Furthermore, platelet-derived TGF-f1 induces the
reduced cytotoxicity of NK cells in patients with endometriosis,
suggesting that platelets may directly participate in the progres-
sion of endometriosis as immune-like cells (105). Finally, human
platelets are rich in neurotrophic factors, which consist of nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF),
and neurotrophin 3 (NT-3) and neurotrophin 4/5 (NT4/5) (39).
The members of the neurotrophin family are essential for the
development, maturation, maintenance and homeostasis of the
nervous system, particularly by regulating cell differentiation,
survival, synaptic growth and death (39). Endometriotic lesions
and surrounding tissues can be hyperinnervated, possibly by
NTs secreted by platelets (38). Furthermore, the neurotrophic
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factors induce the differentiation of sensory neurons, which are
involved in all major steps in the wound healing and fibrosis
of endometriotic lesions (38). Substance P (SP), also referred
to as neurokinin 1 (NK1), induces EMT, FMT, SMM and cell
contractility, produces collagen and matrix proteins, exacer-
bates fibrosis and hyperalgesia, and increases lesion weight via
neurokinin 1 receptor (NKI1R) activation (38,41). Therefore, SP
and its receptor, NK1R, may be candidate molecular targets for
the treatment of fibrosis.

Macrophages. In response to tissue damage, a variety of
inflammatory cells (macrophages and monocytes) and other
cells (hematopoietic, stromal and stem cells) are recruited to
tissue injury sites where they promote changes in the micro-
environment (98). Among the inflammatory cell types, tissue
macrophages and inflammatory monocytes are involved in
all processes of initiation, maintenance and the resolution of
inflammation (40,106). Macrophages adapt to environmental
changes to alter proinflammatory (M1) and anti-inflamma-
tory (M2) phenotypes and functions (106). High ROS levels
induced by iron overload promote macrophages to polarize
into M1-type macrophages (107). On the other hand, sustained
increases in iron levels lead to polarization toward the type
2 response (108). Macrophages polarize over time toward the
M2 subtype to reduce inflammation and tissue destruction
by M1 macrophages. Research using experimental animal
models has demonstrated that M2 macrophages induce
EMT, FMT and SMM to promote endometriosis-associated
fibrosis (40). Iron establishes a vicious cycle through the
activation of macrophages, changes in polarity, increased
oxidative stress and enhanced fibrosis (59,109). Since fibrosis
or scarring due to persistent inflammation impairs ovarian
function, M1/M2 macrophages may represent a novel thera-
peutic target (98).

Sensory nerve fibers. Among the various phenotypes of
endometriosis, DIE in particular is known to be hyperinner-
vated due to its proximity to the pelvic plexus (41). Compared
with ovarian endometrioma, several neuropeptide hormones
are overexpressed in DIE, resulting in higher nerve fiber
density (41). Neuropeptides such as SP, NKIR, calcitonin
receptor like receptor (CRLR), receptor activity modifying
protein 1(RAMP-1) and calcitonin gene-related peptide
(CGRP) are likely to play a role in the bidirectional commu-
nication both within the nervous system and between neurons
and endometriotic cells (41). The above-mentioned neuro-
peptide hormones induce the expression of genes related to
EMT and fibrosis, such as a-SMA, desmin, oxytocin receptor
and smooth muscle myosin heavy chain (41). The severity
of DIE is associated with the expression levels of neuropep-
tides, suggesting that sensory nerves play a significant role in
endometriosis-associated pain and fibrosis (41). Furthermore,
neuropeptide hormones, such as NGF and NT-3 secreted from
peritoneal lesions promote the growth of nerve fibers in and
around peritoneal endometriotic lesions, resulting in adhesions
and pain (110).

Candidate markers for fibrotic endometriosis. This chapter
summaries individual markers strongly associated with
endometriosis-related fibrosis.

TGF-p1. Peritoneal mesothelial cells are damaged in the
inflammatory process, which activates pro-inflammatory
mediators, including peritoneal cytokines (TGF-a, TGF-f,
TNF-a, IL-1,IL-6 and prostaglandins), produces growth factors
(VEGEF, epidermal growth factor and platelet-derived growth
factor) and promotes the fibrin/coagulation cascade [thrombin,
tissue factor, plasminogen activator inhibitor (PAI)-1/2], leading
to tissue healing and repair (111). Among these mediators,
TGF-p1 is predominantly expressed by macrophages, perito-
neal mesothelial cells and endometriotic cells, and promotes
cell growth, migration, extracellular matrix production,
adhesions and fibrosis possibly through the TGF-1/Smad
and TGF-f1/hypoxia-inducible factor-1 (HIF-1) signaling
pathways (103,111). Furthermore, TGF-f1 strongly induces
peritoneal mesothelial-mesenchymal transition, adhesion and
ultimately fibrosis formation in the presence of inflammatory
cytokine such as IL-6 (103,111). Thus, TGF-f is considered to be
the most important factor in endometriosis-related fibrosis (100).

Nuclear receptor subfamily 4 group A member 1 (NR4AI).
Zeng et al found that the nuclear transcription factor, NR4A1,
reduced fibrosis through the suppression of the TGF-f/Smad
signaling pathway (100). In in vitro studies, as well as in
animal experiments, NR4A1 suppressed the progression
of fibrosis though the downregulation of collagen type I
alpha 1 chain (COL1A1) expression (100). NR4A1 may thus
serve as the molecular target and therapy for the management
of fibrosis (100).

Kruppel like factor 11 (KLFI11). The transcription factor,
KLF11, binds to the promoter regions of collagen, matrix
metalloproteinases and TGF-p family genes in endometrial
stromal cells and suppresses their protein expression, resulting
in inhibition of fibrosis formation (112). In an animal model
of endometriosis, KIf11”- animals were shown to develop
multiple fibrous adhesions (112). On the other hand, KIf10,
a paralog of KIfl1, exerts the opposite effect of KIfll and
promotes fibrosis (113).

Aromatase. Endometrial cells that overexpress aromatase
protect themselves from destruction by activated macro-
phages via estrogen production (114). Keskin ef al found
that the aromatase inhibitor reduced postoperative adhesion
formation in the rat uterine horn experimental model (115).
Maia et al demonstrated that aromatase was overexpressed
in endometriotic cells through an epigenetic alteration that
stimulated the demethylation of the promoter region (114).
On the other hand, however, enhanced estrogen production by
aromatase overexpression promotes prostaglandin synthesis
by stimulating COX-2 activity (114). In addition, prostaglandin
is involved in tissue remodeling by promoting angiogenesis
and fibrosis (114). Although the molecular mechanisms of
adhesion and fibrosis may differ, the effect of aromatase on
fibrosis remains controversial.

Enhancer of zeste 2 polycomb repressive complex 2 subunit
(EZH2).EZH2 is a subunit of the polycomb repressive complex 2
(PRC2) catalyzing the trimethylation of histone H3 lysine 27
(H3K27) (116). Xiao et al found that EZH2 induced angio-
genesis, EMT, myofibroblast transformation and tissue fibrosis
through the TGFf3/Smad signaling pathway and the upregulation
of vimentin and transcription factors, such as Snail and Slug,
and the downregulation of E-cadherin (116). Zhang et al found
that EZH2 was elevated not only in the ectopic endometrium of
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endometriosis, but also in the eutopic endometrium compared
to the control endometrium (117). In fact, an EZH2 inhibitor,
3-deazaneplanocin A (DZNep), inhibited cell growth, EMT and
fibrosis in a preclinical mouse model of endometriosis (117).
Activated platelets also upregulate EZH2 expression, leading to
endometrial invasion and fibrosis (117). EZH2 is an important
epigenetic regulator as a marker of endometriosis-associated
fibrosis and may prove to be a potential therapeutic candidate
for the suppression of fibrosis.

NRF2. NRF2, a downstream target of the Kelch-like
ECH-associated protein (KEAP1), upregulates anti-inflam-
matory gene expression and inhibits the progression of
inflammation via the antioxidant response element (ARE)
signaling pathway (118). Marcellin et al found that NRF2
expression in ectopic endometrial tissue was decreased
compared to the eutopic endometrium in women with endo-
metriosis and without disease (119). The reduced NRF2 gene
expression may suppress the transcription of endogenous anti-
oxidants, such as glutathione and activate oxidative damage
and inflammatory response, thereby promoting the progression
and fibrosis of endometriosis (119). Furthermore, a study using
a mouse model of endometriosis revealed that transplantation
of NRF2" cells was more fibrotic compared to wild-type
cells (119). These data suggest that NRF2 may be a potential
candidate for the suppression of fibrotic endometriosis.

A disintegrin and metalloproteinase-17 (ADAMI17).
Tissue damage upregulates the expression of ADAMI17,
promotes macrophages and neutrophil infiltration, and even-
tually causes further fibrosis (120). Gonzdlez-Foruria et al
found that oxidative stress in endometriosis caused fibrosis
via the ADAMI17/Notch signaling pathway (12). The Notch
pathway is involved in the regulation of myofibroblast differ-
entiation in chronic fibrosis including in the lung, kidney,
liver, heart and skin (121). Therefore, the ADAM17/Notch
signaling pathway is essential for fibrosis in diverse organs
and tissues (121).

Lysyl oxidase (LOX). LOX plays crucial roles in tissue
remodeling and fibrosis due to its crosslinking of soluble
collagen and elastin into insoluble, mature fibers (122).
Elevated LOX levels catalyze collagen crosslinking to induce
irreversible chronic fibrosis in a variety of organs, including
the kidneys. LOX is also involved in the progression of endo-
metriosis by promoting cell invasion, EMT and fibrosis (122).

Others. In addition to the mediators mentioned above,
endometriosis-associated fibrosis also involves damage-asso-
ciated molecular patterns (DAMP), pattern recognition
receptors, advanced glycation end products (AGE), receptor
for advanced glycation end products (RAGE), extracellular
lactate and increased glycolysis (111). The activation of
pattern recognition receptor by DAMP stimulates cells of the
innate immune system to further activate toxic inflammatory
responses, promoting myofibroblast activation, fibrosis, or cell
death (123). High-mobility group box-1 (HMGBI1), a member
of the DAMP family, increases in response to tissue damage
infection, inflammation, immune responses and fibrosis by
binding to specific cell-surface receptors (124). The expression
of RAGE (125) and its ligand, HMGBI (124), is increased in
endometriosis. Cao et al reported that HMGBI participated in
the pathogenesis of endometriosis-associated fibrosis though
RAGE signaling mechanisms (124).
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10. Conclusion and future perspectives

Currently, the assessment of disease severity for endome-
triosis is based on anatomical findings; however, no single
classification or scoring system has proven satisfactory.
In order to solve this issue and create a disease severity
score tailored to each symptom of endometriosis, not only
anatomical findings, but also biochemical parameters that
objectively reflect the severity of the disease are required.
Oxidative stress and inflammation serve as common
biomarkers for the characteristic symptoms of endome-
triosis, as illustrated by the bold curved arrows in Fig. 2.
Among these biomarkers, the level of iron in peritoneal
fluid, ovarian endometrioma and peripheral blood may
reflect the severity of the disease. Future studies on easily
available biomarkers will provide useful information for
the development of novel classification systems for endo-
metriosis. Both hormonal therapy and surgical resection are
currently the main treatments for endometriosis; however,
the elucidation of etiology and pathophysiology will provide
non-hormonal treatments to women suffering from severe
pain and women who wish to become pregnant (126). The
management of endometriosis should be individualized,
considering the patient's background, risk factors and
disease severity (16). The present review may prove to be
useful for exploring available biomarkers that are associated
with endometriosis-specific disease severity such as pain,
infertility and fibrosis.
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