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Endometrioma (OMA) is the most common subtype of endometriosis, in which the endometriotic lesions are implanted in
the ovary. Women with OMA are usually associated with infertility, presenting with reduced ovarian reserve, low oocyte
quantity and quality, and poor fertility outcomes. However, the underlying pathological mechanisms in OMA-related
infertility are still unclear. Due to the limitations and ethical issues of human studies in reproduction, animal models that
recapitulate OMA characteristics and its related infertility are critical for mechanistic studies and subsequent drug
development, preclinical testing, and clinical trials.
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| 1. Introduction

Endometrioma (OMA) occurs within ovaries and manifests as single or multiple distinct cysts that are also vividly named
chocolate cysts because of their brown, tar-like appearance, similar to melting chocolate . It is the most common
subtype, affecting up to 40% of patients with endometriosis 2. There are other two subtypes of endometriosis: (1)
superficial peritoneal endometriosis (SUP) and (2) deep infiltrating endometriosis (DIE). The former lies on the lining of the
peritoneum and the latter is characterized by lesions infiltrating over 5 mm under the peritoneal surface . On account of
heterogeneity in location, these three forms of endometriosis present vast variations in color, size, and invasion depth,
which may contribute to the disparity in related symptoms and severity of the diseases 4B, OMA always manifests in
moderate or severe stages, is associated with infertility, ovarian or pelvic adhesions, and the risk of ovarian cancer [EIIZ8]
(91[10],

A positive correlation between endometriosis and infertility has been shown in several publications [EIZ12][13][14][15]
However, the pathophysiology of impaired fertility in patients with endometriosis remains unclear . From current
studies, several possible causes may contribute to the reduced fecundity in women with endometriosis, depending on
endometriosis subtypes 1€, When endometriosis extends to the ovaries to form OMA, it is speculated to damage
functional ovarian tissue via space-occupying effects and local reactions. This results in reduced ovarian reserve as
assessed by ultrasound and follicle-stimulating hormone levels 4. Although there are various possible mechanisms for
reduced fertility in women with OMA, up to now, the primary cause has yet to be identified.

Current therapeutic options for endometriosis usually aim to ameliorate symptoms i.e., pain relief 28, Hung et al. have
well summarized the current medical treatments for endometriosis 22, Thereinto, the first-line agents including combined
oral contraceptives (COC) and progestin are under the mechanism of reducing estrogen effects and suppressing
ovulation. These drugs significantly reduced the recurrence of dysmenorrhea 29, While their application leads to the risk
of impaired infertility, symptoms related to hypoestrogenism, and thromboembolism 9. Gonadotropin-releasing hormone
(GnRH) agonist is the second-line therapy of endometriosis to ameliorate the symptoms and prevent recurrence after
surgery by suppressing ovarian production of estrogen and creating a hypoestrogenic state. Similarly, it also brings long-
term side effects such as osteoporosis because of the increased bone turnover and subsequent reduction in bone mineral
density 921 Therefore, the current medicines may not be suitable for patients with OMA-associated infertility who have
to conceive desire 22, Surgical treatments including laparoscopy and laparotomy are widely used for the diagnosis or
lesion resection 28], However, it is still under debate whether surgical treatment of OMA removal will benefit pregnancy
outcomes. On one hand, a meta-analysis analyzed 13 studies and reported that ovarian reserve assessed by antral
follicle count (AFC) was not reduced with surgical treatment of OMA 24, On the other hand, a research and prospective
cohort studies reported a decreased ovarian reserve as the consequence of surgical excision of OMA [251[26127]  The
discrepancy may come from variations in surgical skills between surgeons and different stages of endometriotic lesions.
Instead of the possibility of ovarian injury 28] surgical interventions may lead to other potential side effects, such as
postoperative adhesions, surgical complications, and delayed infertility treatment 23, yet, there was also a high possibility
of endometriosis recurrence in second-year post-operation B%. To maximize and restore sub-fertility in OMA treatment,



artificial reproduction technology (ART) was proposed to apply solely or combined with surgery ZABABLE2] - A research
reported that during sole application of ART, patients with OMA had a higher cycle cancellation rate and lower oocyte yield
(331 The option of OMA surgery could be considered before ART, while whether the surgical removal of OMA benefits ART
result remains risks. It was indicated that women with surgical removed OMA, compared with untreated women with OMA,
had comparable oocyte retrieval rate, clinical pregnancy rate, and live birth rate 3. Moreover, according to the ESHRE
guideline, there was no evidence to show that the removal of OMA lesion larger than 3 cm before ART could improve
pregnancy rates B4, In addition, ART is not cost-effective, which restricts its availability and affordability 22!,

2. Animal Models of Endometriosis-Associated Infertility and OMA-Related
Infertility

Currently, the mainstream study of the mechanisms underlying endometriosis-associated infertility is based on limited
human samples, such as tissue fragments, primary cells, cell lines, and fluids (i.e., peritoneal fluids, endometriotic fluids,
follicle fluids), obtained through surgery or assisted reproductive technology (ART) 28l Although some mechanisms (i.e.,
adhesion, hormonal milieu, inflammation, and immunology) are regarded as possible pathophysiology of endometriosis-
associated infertility B7, the intertwined relationships between various pathophysiological disturbances are also
highlighted [El. In vitro studies fail to mimic the in vivo microenvironments including cell-cell/cell-extracellular matrix
communication, as well as cellular diversity in the natural cell environment. Therefore, in vivo experimental models that
simulate the main features of diseases and microenvironments are emergently needed. In recent 40 years, animal models
of endometriosis had been widely developed B8], Nevertheless, most of these models mimic subtypes of SUP and DIE,
and few mimic OMA. The lack of specific in vivo models which resemble characteristics of OMA and its related infertility
may impede the progress of these studies. This will provide in-depth investigations of the methods of the existed
endometriosis and OMA models which were applied to study the associated infertility.

2.1. Endometriosis Models and Infertility
2.1.1. Non-Human Primates

The most widely accepted pathophysiology of endometriosis is retrograde menstruation, proposed by Sampson in 1921,
in which endometriosis arises from endometrial cells/debris shedding from the uterus via the fallopian tubes into the ovary
or other sites in the pelvic cavity B[4 Non-human primates (NHPs) like baboons and cynomolgus monkeys have
absolute advantages as they are phylogenetically proximate to humans, with similarities in aspects of anatomy,
physiology, as well as pathology ¥2. NHPs have cyclic menstruation and can develop endometriosis spontaneously.
Therefore, they are extensively used as experimental endometriosis animal models to study its associated infertility 431,
Endometriosis symptoms in cynomolgus monkeys are similar to those in women 24143l |n 1992, Ami et al. demonstrated
that the majority of cynomolgus monkeys had lesion cysts and mostly were accompanied by uterine adenomyosis 241,
Implications of sub-infertility in the NHP model of endometriosis are widely investigated to evaluate the disease
progression and to monitor drug efficacy 9.

However, the shortcomings of the endometriosis model in NHPs cannot be ignored. Firstly, NHPs develop endometriosis
at a lower rate than human beings and cannot be diagnosed until the related signs and symptoms develop severely 48147,
Many researchers tried other methods to induce endometriotic lesions artificially in NHP. Notably, D’Hopghe et al. and
Fazleabas et al. proposed the seeding and inoculation method to induce peritoneal endometriosis autologously in
baboons 849 The induced endometriosis model reveals a similar appearance as spontaneous endometriosis, better yet
with higher efficiency 8!, The high expense, strict facilities, and ethical issues still need to be taken into account, which
have severely hampered its wide application B9,

2.1.2. Rodents

Rodents such as mice, hamsters, rats, and rabbits have numerous advantages such as cost-effectiveness, small size and
large litter size, and the short gestation which enables transgenerational study BUBLBAGSGA] - Fyrthermore, the wide
accessibility of genetically modified mice, abundance of antibodies against rat and murine proteins, and the
comprehensive genomic profiles of rodents make them extensively applied to explore the fundamental mechanisms of
many diseases, including endometriosis 3. However, rodents do not get menstruation, which hinders them to develop
endometriosis spontaneously. They cannot mimic human conditions as accurately as NHPs. Consequently, the existed
rodent models of endometriosis are artificially induced. There are two approaches mostly used to induce endometriosis in
rodents: homologous and heterologous. In the homologous model, uteri or the two uterine horns from a donor are
implanted in the same or syngeneic recipients. In heterologous models, human endometrium tissues are transplanted into
rodents B8IBY. Transplantation by intraperitoneal injection 28 or suturing around the mesentery artery B manifests the



subtypes of SPE or DIE [BUI6LI62I63]64] | rahbits with induced SUP, a decrease in preghancy rate was reported €. A
significant reduction in litter size and embryo weights had been observed in the rats model of SUP B |t was also
indicated that surgically induced SUP in rats resulted in impaired folliculogenesis and oocyte quality (6263164 These
models were proved to mimic some characteristics of endometriosis in human cases and provided the insights that
endometriotic lesions can negatively affect fecundity.

2.1.3. Organoids

Recent years, organoid, as an in vitro model derived from stem cells, displays the 3D structure and recapitulates
biological and pathological features of the original organs 288 They are genetically stable and highly committed to the
original tissue during long-term expansion in culture, which enables them to substitute in vitro models, and on the
interface of in vitro and in vivo models 88, Endometrial organoids were firstly cultured by Turco et al. and Boretto et al. in
2017 (67881 they developed similar characteristics to original tissue, such as hormonal responses during early pregnancy
and menstruation 78], For infertility studies, a 3-D organoid model of human endometrium could be developed to study
the endometrial interface during embryo implantation B2, When it was exposed to trophoblast in the implantation window,
it showed the process and underlying mechanism of normal or pathological endometrium-embryo crosstalk 69, For
endometriosis research, organoids derived from ectopic endometrium could provide a tool to understand the
aetiopathogenesis of endometriosis by comparing the one from normal endometrium (4. Organoids of endometriosis
show the characteristics of endometriosis such as luminal invasion, proliferation, and increased CA-125 level. Combing
with genome engineering, it allows genetic intervention and modification for identifying therapeutic targets for further
investigation. Besides, the lineage tracing in organoids provides information on cell dynamics, which may be related to the
onset, progression, and pathogenesis of endometriosis /9. Despite the recent development of this technology, there is a
lack of studies investigating endometriosis-associated infertility based on organoids.

2.2. OMA Models for Infertility
2.2.1. The Current OMA Animal Models

The first description of OMA was in 1899 by Russel. He described the formation of an endometriotic cyst containing
glands and uterine epithelium on an ovary (24, Nearly 100 years later, OMA was first artificially induced in rabbits to
explore the effect of OMA on postovulatory events [Z2. The endometrium was separated from the uterus and relocated to
one ovary with a fresh incision. Under the same conditions, adipose tissues were transplanted to the contralateral ovary,
acting as control. Seven weeks later, nearly 88% of rabbits formed viable implants according to histological analysis (72,
To evaluate the ovulatory function, they counted ovulation points before and after the placement of endometrial or adipose
tissues. Results showed a significantly reduced number of ovulation points after endometrial tissue implantation, which
indicated that the experimental OMA implied a detrimental effect on the ovulation process 2. In addition, they graded the
periovarian adhesions according to the adhesion density and the proportion of affected ovarian surface. It indicated a
higher distribution of extensive adhesions for ovaries with endometrial tissue compared to those with adipose tissue. The
ovulation points were significantly decreased in both groups with adhesions, while in the adipose group without
adhesions, the number of ovulation points was not affected by the implantation process Z2. This evaluated the role of
periovarian adhesions in OMA and suggested that there might be other factors leading to ovulatory dysfunction in OMA.
However, this model and study design remained under some restrictions. Firstly, laparostomy was performed to inspect
the ovulation points and periovarian adhesion before implantation. Although the second laparoscopy of tissue placement
was arranged three weeks later, the repetitive surgeries in the short term may also be the cause of adhesions. Secondly,
the ovulation point was an indirect index for assessing ovulatory function, which was unstable and could impose
heterogeneity and subjectivity. With the advancement in modern research, there are lots of tests for ovulation in the clinic,
i.e., ovulation hormone test, which can also be applied in animal models for a more accurate result (73], Besides, there is
no further study to explore the subsequent effect on fertility based on this model.

Before 2003, spontaneous OMA was presented as rare in baboons, which was not corresponding to the high frequency in
human manifestation, accounting for half of the patients with endometriosis (74173l However, a significant prevalence of
spontaneous OMA in baboons was reported by Dick et al. in 2003, accounting for 37% of all subjects with endometriosis
l8] The differences in genetics and husbandry environment might contribute to the differences between the two colonies
(747577781 |n Dick’s research, these baboons with OMA had a longer interval between pregnancies, which was
considered a potential index of reduced fecundity 8. This model demonstrates the feasibility of baboons as a
spontaneous model for OMA-associated infertility. Compared to artificially induced animal models, spontaneous models
follow a natural routine, which closely resembles human disease. They have the benefits to discover novel molecules
associated with traits or pathologies. However, in addition to late manifestation, these models may have uncertain etiology
and multifarious causes 2180,



Most recently, Hayashi et al. established a novel OMA model in mice by attaching uterine tissue around the ovary after the
removal of the ovarian bursa which was a membranous structure surrounding the ovaries to protect it from infiltration of
ectopic implants 182l Four weeks after implantation, the success rate of the OMA establishment reached 85.7%. Based
on this model, the suppressed expression of follicle-stimulating hormone receptor (FSHR) and reduced litter size were
found in OMA mice compared with control, indicating that infertility was impaired in OMA mice 1. However, there were
some limitations to this model. Instead of ovaries, implants were also found in nearby tissues and organs, such as the
pancreas, muscle, and intestine, manifesting the subtype of SUP and DIE BY, The involvement of multiple subtypes would
cause confounding effects and interact with the specific pathogenesis of OMA-related infertility. Moreover, although the
success rate was high, it could not reach 100%, which increased the workload of researchers as histological confirmation
of endometriotic lesions was required with this model. Moreover, this model failed to provide the availability of genetic
modifications, which could be a strong tool to identify the genetic regulators and therapeutic targets of OMA-related
infertility.

2.2.2. The Urge to Establish a Proper OMA Animal Models

Up to now, the current animal models for OMA are quite rare and with slow development. From the above information, it
takes more than 10 years to propose a new animal model of OMA. OMA, which act as the most common subtype of
endometriosis, may lead to severe dysmenorrhea, infertility, and increases the risk of ovarian cancer L8831 \while unlike
other subtypes of endometriosis, studies on specific OMA models are scarce, which hinders the development of OMA-
related studies. It is urgent to develop an appropriate model of OMA for studying its pathology and underlying
mechanisms. There is no doubt that these current models of OMA provided researchers with new insights into the OMA-
related infertility, whereas their applications are restrained due to various flaws.

A proper animal model of OMA should be with a promising successful rate, with no ectopic lesion found in surrounding
organs except ovaries, and available for genetic modification. In addition, the standard for a proper OMA model should be
issued emergently. It is undecided for the type of implants (whole uterus or sole endometrium), transplantation methods,
and duration after implantation. According to the ‘3Rs’ principle in animal experiments, it is important to define the suitable
implant types, transplantation methods, and duration which might maximize the success rate and minimize the number of
animals needed and their suffering time.

3. Pathology and Underlying Mechanisms of OMA-Related Infertility Based
on OMA Models

3.1. Periovarian Adhesions

According to the American Society for Reproductive Medicine (ASRM) scoring, patients with OMA are always staged as
moderate or severe as they are usually accompanied by adhesions of surrounding tissues and organs [, |n rabbits with
induced OMA, the reduced ovulatory function was significantly correlated with pelvic adhesions at the ovary. Its severity
was positively related to decreased ovulation points /8, suggesting that the peri-ovarian adhesions of OMA might impair
fecundity. In addition, the surgical treatment for ectopic lesions in the ovary could further facilitate pelvic adhesion and cul-
de-sac obliteration, therefore resulting in reduced fertility due to impeded sperm passaging, compromised egg release,
and blocked oocyte pickup through fallopian tubes when ovaries embedded within adhesions [27[84],

3.2. Ovarian Function

Ovarian reserve reflects ovarian functions from the production of qualified eggs for fertilization, and secretion of ovarian
hormones for homeostasis 3. The reproductive potential comes from dormant primordial follicles activity that is
repressed until folliculogenesis takes place in the ovarian cortex 8. Folliculogenesis is a process that involves follicle
activation, development, maturation, and either ovulation of qualified oocyte or follicle atresia. Disturbance of it may lead
to oocytes with a reduced number, and poor quality, and subsequently impairs pregnancy outcome BBl prior clinical
studies indicated that the ovarian cortex derived from ovaries with OMA showed a decrease in follicular density compared
to that from healthy ovaries B9, Ovarian response to ovulation stimulation is an indirect indicator of ovarian reserve 29,
Women with unilateral OMA had significantly lower ovarian responsiveness compared to women with contralateral healthy
ovaries, demonstrating the presence of OMA lesions may lead to an impaired ovarian reserve [,

AMH is expressed by GC of developing follicles during folliculogenesis 2. It prevented primordial follicles from activation
and assisted follicle selection for ovulation to maintain ovarian reserve 23, Serum AMH level is a commonly used marker
of ovarian reserve 194 |ts downregulated expression implicated the decline of ovarian reserve, which was found
associated with the severity of endometriosis 931, A study indicated a significantly reduced AMH level in women with



previous endometrioma resection, regardless of the current endometrioma lesion 4. As mentioned before, surgery may
reduce ovarian reserve by resecting healthy ovarian tissue (28281, Hence, whether it is OMA per se or its resection, or both
that damage ovarian reserve is still unclear. As AMH is produced by the preantral and early antral follicles through a
dynamic process, its serum level reflects ovarian reserve indirectly 28, In vivo OMA models provide an opportunity to
detect its expression level in ovarian follicles directly. A study on this is still lacking. Follicle-stimulating hormone (FSH) is
critical to female fertility via folliculogenesis. The development and maturation of pre-ovulatory follicles are dependent on
FSH secretion. FSH is also important for oocyte developmental competence and regulates its subsequent ovulation. It
was reported that large follicle survival rate and oocyte quality were significantly decreased in the absence of FSH in vitro
(971, |t was also proved that FSH could increase primordial follicle dormancy and ovarian reserve L. FSH acts on gonadal
target cells by specifically binding to its G protein-coupled receptor, FSHR. The downstream transduction of FSH signaling
relies on the receptors 128, Decreased FSHR distribution leads to a lower response of endogenous FSH, therefore
resulting in incomplete reproductive functions £8. In OMA murine model, FSHR was found to have a dramatically lower
expression level in pre-antral, antral, and pre-ovulatory follicles, which might decrease the transduction of FSH signaling
reached follicles during folliculogenesis [l Less FSH binding to FSHR leads to its accumulation in serum. Thus, a higher
serum concentration of FSH was observed to be associated with larger endometriotic lesion size, correlated with lower
antral follicle count and oocyte retrieval rate in women with OMA 291,

Ovarian tissues of OMA women were found with a low distribution of primordial follicles, high distribution of growing
follicles. It was suggested that premature activation of the ovarian cortex could be the underlying mechanism of declined
ovarian reserve caused by OMA [0 Extensive activation of primordial follicles in a mouse model of peritoneal
endometriosis was confirmed to be regulated by the PI3K-PTEN-Akt-Foxo3 signaling pathway 194, However, the PI3K-
PTEN-Akt-Foxo3 pathway was not found significantly different between women with and without OMA 191 yet it was
limited by the small sample size of clinical data and the lack of an OMA animal model.

3.3. Oxidative Stress

Oxidative stress as a result of excess reactive oxygen species (ROS) and the aberrant antioxidants in the follicular
microenvironment, was regarded as essential to induce follicle senescence. This led to disturbed reproductive
endocrinology, reduced follicle quality, and density, and ended in subfertility and infertility 222, More recent studies
speculated that excessive oxidative stress and reduced ability of GC might act as causative factors of endometriosis-
related infertility via regulating folliculogenesis, oocyte development, ovulation, and embryogenesis 193, In one study,
GCs from infertile patients with or without OMA were collected. Intracellular ROS levels were measured and the result
demonstrated increased ROS and excessive oxidative stress in GCs from women with OMA. Their activities impaired
ovarian function and were negatively related to oocyte retrieval rate and proportion of mature oocytes 1941951 The role of
oxidative stress in OMA-related infertility had been proved in the murine model of OMA B, with endometriotic lesions
introduced to the mouse ovaries, fibrosis and iron deposition were found in the endometriotic stroma, representing
extensive oxidative stress in the pathogenesis [l Though the underlying mechanism of how ROS leads to OMA-related
infertility is yet to be understood, it was hypothesized that the toxic contents inside ovarian cyst might induce excessive
ROS to increase fibrosis and destruct cortex structure. The blood supply to follicles was reduced, eventually leading to
impaired follicle development and decreased follicle count 198 To prove the hypothesis and explore the potential
therapeutic agents that might improve fertility outcomes caused by oxidative stress in OMA, more research should be
launched based on OMA models.
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