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1 Introduction

This chapter will focus on the biological impact of ovarian endometriomas on ovar-
ian structure and function, which may lead to infertility. We will begin with a brief
overview of the etiology of ovarian endometriomas, and then review potential bio-
logical mechanisms including (a) anatomical distortion and other non-ovarian
mechanisms; (b) endometrioma fluid and cyst wall; (c) iron metabolism, oxidative
stress, and local inflammation, and their relation to abnormalities in granulosa cells
and follicular fluid; and (d) pathways leading to a reduction in oocyte quantity.
There will be a focus on the published literature specific to ovarian endometriomas,
rather than endometriosis in general. These mechanisms are illustrated in Fig. 1.

2 Etiology of Ovarian Endometriomas

There are several hypotheses for the genes of the endometrioma cyst wall [1]. One
hypothesis is metaplasia of invaginated mesothelial inclusions, where mesothelium
covering the ovary invaginates into the cortex and subsequently undergoes coelomic
metaplasia. A second hypothesis is that superficial implants invaginate into the
ovarian cortex, for example, where the ovary becomes attached to adjacent non-
ovarian endometriosis, followed by invagination into the ovarian cortex. A third
hypothesis is that adjacent non-ovarian endometriosis invades a corpus luteum.
Regardless, the resulting endometrioma has a mean cyst wall thickness of 1.4 mm,
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Fig. 1 Biological effects of ovarian endometriomas on ovarian follicles. Ovarian endometriomas
are associated with increased iron, oxidative stress, and inflammation, which can diffuse to sur-
rounding follicles and reduce oocyte quality. Granulosa cells demonstrate higher rates of senes-
cence, apoptosis, and autophagy, which can lead to decreased estradiol production. Endometriomas
also induce surrounding ovarian fibrosis and decreased vascularization, as well as stretch-induced
hyperactivation of primordial follicles, which reduces oocyte quantity. Around endometrioma-
affected ovaries, the presence of non-ovarian endometriosis, tubo-ovarian adhesions, and perito-
neal inflammation also reduce fertility. It should be noted that this is a simplified diagram only; for
example, the ovarian endometrioma would consist of chocolate fluid, endometrial epithelium/
stroma cyst wall, as well as fibrosis. Created with BioRender

with the endometriosis epithelium/stroma penetrating the cyst wall only 0.6 mm on
average [2].

While a full account of the biological studies of ovarian endometriomas is
beyond the scope of this chapter, a brief review of recent novel methodological
approaches will be provided. In a review of epigenetic studies of endometriomas
[3], epigenetic alterations were noted in histones H3 and H4, and notably hypo-
methylation of steroidogenic factor-1 (SF-1) that binds promoters of steroidogenic
acute regulatory protein (STAR) and aromatase. The latter was replicated in a
genome-wide methylation study of endometrial stromal cells from endometriomas
[4]. Other genes have been found to be hypomethylated or hypermethylated in ovar-
ian endometriomas in another genome-wide analysis by Borghese et al. [5], although
only a specific subset of epigenetic events were correlated to nearby gene expression.

Furthermore, somatic cancer driver mutations and other somatic genomic events
in the epithelium of endometriosis (without cancer), including endometriomas,
were recently reviewed [6]. In ovarian endometriomas, a variety of abnormalities



Impact of the Endometriomas on the Ovarian Follicles 21

have been noted such as chromosome abnormalities (e.g. chromosome 17 aneu-
ploidy, as well as a variety of chromosome arm gains or losses using comparative
genomic hybridization), areas of loss of heterozygosity (e.g. 10q23.3), loss of
BAF250 (ARIDIA) immunohistochemistry expression in a proportion (8—19%) of
endometriomas, and recurrent somatic cancer driver mutations in endometriosis
epithelium in work done by Suda et al. (e.g. in KRAS and PIK3CA) [7, 8]. The bio-
logical implications of these somatic genomic events remain unclear, but as they are
characteristic of malignancies, they may promote invasion or invagination of endo-
metriosis cells into the ovary.

Sanchez et al. [3] reviewed the literature for microarray gene expression studies
on ovarian endometriomas specifically in comparison to the eutopic uterine endo-
metrium. They found that endometriomas had comparatively higher expression of
hydroxysteroid 11beta-dehydrogenase that converts cortisone to cortisol; phospho-
lipase A2 group II and group V that produce arachidonic acid precursor for prosta-
glandins;  apolipoprotein E  expressed by macrophages; peroxisome
proliferator-activated receptor gamma that regulates cytokine transcription; as well
as complement proteins (C1R, C3, and C7), cytoskeletal components actin alpha2
and myosin 11, and various major histocompatibility complex molecules.

Finally, Hayashi et al. [9] generated a mouse model of ovarian endometriomas,
where uterine tissue was implanted in the ovaries of syngeneic mice. They found
that the endometrioma-affected ovaries had elevated iron levels and more oxidative
stress in follicles, accompanied by a reduction in FSH expression. The role of iron
and oxidative stress in endometriomas and surrounding follicles will be explained
in more detail below.

3 Anatomic Distortion and Other Non-ovarian Mechanisms

Endometriomas may be associated with tubo-ovarian adhesions and non-ovarian
endometriosis (particularly, deep endometriosis), resulting in anatomic distortion
that negatively affects the ability of the tubal fimbriae to capture the ovulated oocyte.
Endometriomas and endometriosis, in general, are also associated with peritoneal
inflammation (e.g. elevated IL-1beta, IL-6, and tumor necrosis factor) that may
affect tubo-ovarian function and also hinder sperm motility and oocyte—sperm inter-
action [10]. The increase in peritoneal inflammation may also potentially impair
oocyte quality [11]. Moreover, the peritoneal fluid has evidence of oxidative stress
due to iron from shed blood from endometriosis lesions and from retrograde men-
struation, which contributes to the inflammation in the peritoneal fluid that sur-
rounds the ovary [10]. If macrophages take up the iron, then the iron not be accessible
to ferritin, which further increases oxidative stress [12]. In addition, it is also plau-
sible that endometriosis (and endometriomas) may affect endometrial receptivity
and implantation, if there is an increase in eutopic endometrial inflammation in
endometriosis (e.g. related to increased aromatase producing higher estradiol) [13],
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with perhaps another mechanism being anterograde flow of endometriosis-
associated inflammatory peritoneal fluid into the endometrial cavity.

4 Endometrioma Fluid and Cyst Wall

Cellular and molecular features of endometriomas were extensively reviewed by
Sanchez et al. [1], who divided their review into the endometriosis fluid, the cyst
wall and other cellular elements lining the inside of the endometrioma, and the local
environment around the endometrioma. One hypothesis is that the endometrioma
fluid itself, which arises from repeated bleeding into the cyst from the endometri-
oma cyst wall, is toxic to surrounding ovarian tissue. Similar to peritoneal fluid, the
endometrioma fluid may have an increase in iron that can mediate an increase in
oxidative stress and subsequent inflammation (e.g. IL-8). There may also be an
imbalance among activins, inhibins, and follistatin, as well as changes in soluble
adhesion molecules, in endometrioma cyst fluid. Unlike other cysts, endometriomas
are not surrounded by a true capsule such that there is less of the barrier of diffusion
from the endometrioma to surrounding ovarian tissue and follicles [14]. This local
diffusion of molecules from the endometrioma is supported by the observation of an
increase in total iron and ferritin in the follicular fluid of follicles proximal to the
endometrioma compared to follicles distal to the endometrioma and from the con-
tralateral ovary [15].

For the cyst wall, there are regions of endometriosis epithelium/stroma, but there
can also be the presence of metaplasia and regions of the cyst wall being replaced
with fibrotic tissue, as well as surrounding hemosiderin macrophages (particularly
M2 macrophages) that may support endometriosis lesion growth [1]. It has been
postulated that iron-mediated oxidative stress, such as in the endometrioma fluid, is
one mechanism that can predispose to the somatic cancer driver mutations seen in
ovarian endometrioma epithelium [1].

5 Iron, Oxidative Stress, and Inflammation

Before moving on to a discussion of changes in granulosa cells and follicular fluid,
the relationship among iron metabolism, oxidative stress, and inflammation will be
reviewed. Gupta et al. reviewed proteomic studies of the role of oxidative stress in
infertility, including in endometriosis [12]. Reactive oxygen species arise from
mitochondrial respiration (electron transport chain), and when antioxidants cannot
clear these reactive oxygen species, the result is oxidative stress. Reactive oxygen
species lack electrons which makes them reactive with surrounding molecules, with
examples being hydrogen peroxide, hydroxyl radicals, and superoxide anion. Iron
can be a cause of reactive oxygen species, due to its ability to shift between Fe2+
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and Fe3+ forms [16], and is important in endometriosis due to shed blood in endo-
metrioma fluid, in peritoneal fluid and via retrograde menstruation.

Anti-oxidants can be enzymatic (e.g. superoxide dismutase and glutathione oxi-
dase) and non-enzymatic (e.g. Vitamins A and E, zinc, and selenium) [12]. There is
a balance between reactive oxygen species and anti-oxidants: a homeostatic level of
reactive oxygen species being important for physiological processes during ovula-
tion such as resumption of meiosis I and formation of the dominant follicle, while
anti-oxidants promote resumption of meiosis II. Thus, either excessive or inade-
quate reactive oxygen species may negatively affect reproduction. Specifically, oxi-
dative stress results when reactive oxygen species exceed anti-oxidant activities,
with the oxidative stress in endometriomas then resulting in an increase in pro-
inflammatory cytokines [1].

6 Granulosa Cell Abnormalities

Huo studied granulosa cells with associated endometriomas for evidence of mito-
chondrial abnormalities [17]. They found evidence that endometrioma-associated
granulosa cells had fewer mitochondria, more abnormal morphology, and lower
ATPase and proteins involved in oxidative phosphorylation. There was also a higher
level of cell-free mitochondrial DNA in follicular fluid in endometriosis cases com-
pared to controls that were in turn inversely associated with cell-free mitochondrial
DNA in granulosa cells. The authors interpreted these findings as suggesting a nega-
tive impact on oocyte quality, particularly as mitochondrial DNA has been corre-
lated with embryo quality. Urs et al. [18] found that endometrioma-affected ovarian
granulosa cells had less mitochondrial mass and membrane potential and less
expression of STAR and 3beta-hydroxysteroid dehydrogenase (which together were
correlated with decreased follicular estradiol), in comparison to different control
groups. There was also an increase in apoptosis of cumulus cells in the endometri-
oma group.

Another study examined granulosa cells from patients with endometrioma and
studied the role of endoplasmic reticulum stress [19]. There was evidence of endo-
plasmic reticulum stress (e.g. increased expression of unfolded protein response and
phosphorylated endoplasmic reticulum stress sensor proteins). In functional culture
studies, hydrogen peroxide (a feature of oxidative stress) promoted the expression
of unfolded protein response in cultured granulosa cells, as well as apoptosis-
associated caspase 8 and caspase 3. Therefore, oxidative stress in the ovary due to
endometrioma may lead to endoplasmic reticulum stress and apoptosis in granulosa
cells. Similarly, lipidomic profiling showed an increase in sphingolipids and phos-
phatidylcholines in endometrioma-affected follicular fluid, which could also be
involved in apoptosis [20].

Recently the role of autophagy (catabolic process to recycle cell components) in
granulosa cells with endometrioma was investigated [21]. They found that these
granulosa cells had increased autophagy and expression of Beclin-1 (a mediator of
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autophagy) and that these patients had an increase in serum progesterone in the late
follicular phase that may be a marker of poorer oocyte quality. In functional studies,
they showed that Beclin-1 promoted progesterone expression through the degrada-
tion of low-density lipoprotein.

Li et al. [22] examined the nuclear factor-kB (NF-kB) pathway and found that
granulosa cells in patients with endometriomas had higher NF-kB binding activity.
They also examined telomerase activity, which was inversely related to NF-xB
binding levels. In cultured granulosa cells, tumor necrosis factor-alpha (TNF-alpha)
reduced human telomerase reverse transcriptase (hTERT) and telomerase. The
authors hypothesized that in the presence of ovarian endometriomas, there may be
higher TNF-alpha that increases NF-xB pathway activation and reduces telomerase
activity in granulosa cells, resulting in increased granulosa cell senescence. Given
the importance of granulosa cells in promoting aromatase, this granulosa cell senes-
cence, apoptosis, and autophagy may together account in part for the observation of
decreased estradiol concentrations in endometriosis [11].

Recent studies have utilized innovative technologies to study granulosa cells in
the presence of endometriomas. Notarstefano et al. [23] used infrared and Raman
microspectroscopy on luteinized granulosa cells and found indirect evidence for
oxidative stress and lipid/carbohydrate metabolism abnormalities, both in the
endometrioma-affected ovary and in the normal contralateral ovary, in comparison
to control ovaries. Da Luz et al. examined the transcriptome of cumulus cells from
endometriosis patients with or without endometrioma, compared to controls, using
RNA sequencing [24]. There were 461 differentially expressed genes between
endometrioma cases and control, and 66 between endometriosis (non-endometrioma)
cases and controls. These differentially expressed genes were involved in oocyte
competence including oxidative phosphorylation, mitochondrial functioning, and
steroid metabolism. Interestingly, there were no differentially expressed genes com-
paring endometriosis cases with or without endometrioma. Another study [25]
involved microRNA profiling in cumulus cells and found that miR-532-3p was sig-
nificantly lower in stage III/IV endometriosis compared to stage I/II and to the infer-
tile control group (only five cases per group). The authors noted that this
microRNA-regulated pathway is involved in oocyte competence and oocyte meiosis.

7 Follicular Fluid Abnormalities

In general, there is evidence that the follicular fluid in ovaries affected by endome-
triomas may be associated with increased oxidative stress (e.g. mediated by iron)
and inflammation (e.g. IL-8 and IL-12) that lead to decreased oocyte quality [11]. It
should be noted that one study did not find a difference in oxidative stress in endo-
metriomas [26], while another did find evidence for an increase in ferritin and reac-
tive oxygen species pathways using a proteomic tandem mass spectrometry
approach in endometriomas [27]. Li et al. [28] also sampled follicular fluid in
patients with stage III and IV endometriosis (anatomic subtypes not specified) and
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found the endometriosis group to have decreased transferrin and iron overload and,
using a mouse model, demonstrated that this may contribute to abnormal oocyte
maturation. Another study found increased ferritin in the affected ovary compared
to the contralateral normal ovary, but no difference in iron [29].

This iron overload and subsequent oxidative stress leads to local inflammation.
Mao et al. [30] found that the follicular fluid cytokine profile in patients with a his-
tory of endometriosis compared to controls showed some that were elevated (e.g.
IL-14, IL-13, IL-3, and IL-lalpha) and some were decreased (e.g. IFN-gamma).
Yland et al. [31] recently profiled cytokines in follicular fluid in patients with endo-
metriomas compared to controls. They found that a set of cytokines that were
hypothesized to be abnormal in endometriosis (e.g. IL-6, IL-8, and IL-1beta) were
generally elevated in endometrioma-affected ovaries (and, in some cases, the con-
tralateral normal ovary in the same patient) compared to control ovaries. Toll-like
receptors (TLRs) and associated inflammation have also been investigated in ovar-
ian endometriosis [32]. In follicular fluid of endometrioma-affected ovaries, there
was an increase in cytokines such as IL-6 and IL-8, and, in cell pellets from the
follicular fluid, there was an increase in TLR1, 5, 6, 7, 8, 10, as well as NF-xB,
IL-10 and transforming growth factor-beta (TGF-p).

It should be noted that mitochondrial superoxide dismutase (SOD2) is an anti-
oxidant that converts superoxide to hydrogen peroxide that is subsequently detoxi-
fied [33]. Imbalances between enzymes may result in imbalances in reactive oxygen
species, and, in fact, the accumulation of hydrogen peroxide may promote cell pro-
liferation. Thus, while SOD2 has an anti-oxidant effect, there is some evidence that
it can promote tumor cell proliferation and progression perhaps via hydrogen per-
oxide. In this study [33], endometriomas had increased expression of SOD2 (in
response to increased oxidative stress), and, in endometrial primary cell cultures,
there was evidence of SOD2-promoting cell proliferation and migration.

Finally, a microRNA profiling study was done on follicular fluid from 30 patients
with ovarian endometriomas compared to controls [34]. The authors found that
miR-451 was decreased in endometriosis, and, in functional studies, inhibiting
miR-451 in human and mouse oocytes negatively affected oocyte and embryonic
development with possible involvement of the Wnt pathway.

8 Reduction in Oocyte Quantity

The above mechanisms can reduce oocyte quality, as evidenced by changes in mor-
phology, the spindle apparatus, and the mitochondrial content of the cytoplasm [11].
For example, Ferrero et al. [35] examined metaphase II oocytes from patients with
ovarian endometriomas compared to healthy egg donors. Single-cell RNA sequenc-
ing was performed. They found numerous differentially expressed genes, typically
overexpression, for oocytes from both the affected ovary and the normal contralat-
eral ovary, in comparison to the egg donors. These genes were involved in a variety
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of processes such as cell growth, oxidative stress, and steroid metabolism, with
particular enrichment for the mitochondria.

However, endometriomas may also reduce oocyte quantity [36]; for example, a
prospective longitudinal study found that a larger reduction in markers of ovarian
reserve in women with endometrioma-affected ovaries compared to controls [37].
As well, follicle density is lower in ovaries with endometriomas compared to the
unaffected contralateral ovary [38], and, more so, in comparison to other non-
endometriosis benign cysts [39].

Both oxidative stress and fibrosis induced by the associated local inflammation
in endometriomas may lead to follicular depletion and decreased oocyte quantity
[10]. A reduction in ovarian cortical stromal vascularization may also contribute
[10]. In the presence of endometriomas, there may also be an increase in early fol-
licular development and subsequent atresia [10]. Di Nisio et al. found that the ovar-
ian cortex adjacent to an ovarian endometrioma had higher expression of
apoptosis-associated caspase 8, and also of p53 that is involved in the regulation of
oxidative stress response and apoptosis [40]. Altogether these mechanisms may lead
to a “burnout” of follicles and decreased ovarian reserve [10].

Notably, Takeuchi et al. utilized a mouse model of endometriosis and oocytes
from ovaries with endometriomas [41]. In the mouse model, there was a decrease in
primordial follicles and an increase in primary, secondary, and antral follicles, sug-
gesting elevated primordial follicle activation. In human oocytes from ovaries with
endometriomas, there was an activation of the phosphoinositide 3-kinase (PI3K)—
protein kinase B (Akt) pathway that when inhibited in a mouse model, increased the
primordial follicles. Therefore, endometriomas may be associated with over-
activation of primordial follicles mediated via the PI3K-Akt pathway, leading to
“burnout” and a decrease in ovarian reserve.

The decrease in primordial follicles in endometrioma-affected ovaries may
involve the Yes-associated protein (YAP) and transcriptional co-activator with PDZ-
binding motif (TAZ) pathway known to be involved in primordial follicle activation
[42]. In particular, YAP/TAZ are regulated by tissue stiffness and stretching. Thus,
the stretching caused by an ovarian endometrioma may mechanotransduce YAP/
TAZ that leads to the hyperactivation of primordial follicles, although the authors
note that there are likely multiple pathways involved than just simple stretching of
ovarian tissue. For example, they hypothesize that endometriomas may release reac-
tive oxygen species and inflammatory factors that can promote the PI3K/Akt path-
way, which can lead to hyperactivation of primordial follicles that further promote
a reduction in ovarian reserve.

Regarding the environment around the endometrioma, reactive oxygen species
may promote local tissue fibrosis, a change in follicular pattern, and vascular altera-
tions [1]. Fibrosis results in a reduction in follicles and cortex-specific stroma and
may also negatively affect follicular development. The loss of stroma is also impor-
tant due to its role in providing blood supply to primordial follicles. This fibrosis
and reduction in vascularization further compound the decrease in oocyte quantity.
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9 Conclusion

In conclusion, endometrioma-affected ovaries are characterized by anatomic distor-
tion and several pathophysiological changes including increased iron-mediated oxi-
dative stress and inflammation. Together, these pathways may impair oocyte quality
and quantity (Fig. 1). These biological observations have potential implications for
clinical management, in terms of the potential long-term ongoing effects of an un-
operated endometrioma on ovarian structure and function (due to oxidative stress
and inflammation), and whether these effects can be attenuated by hormonal ther-
apy or are in any way altered by surgical removal.
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