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ABSTRACT

Ovarian endometriosis (OE) provides women of reproductive age with not only severe menstrual pain but also
infertility and an increased risk for ovarian carcinogenesis. Whereas peritoneal endometriosis models have been
developed with syngeneic implantation of minced uterine tissue and oncogenic K-ras allele with conditional Pten
deletion within ovarian surface epithelium generated preneoplastic endometrial glandular morphology, followed
by endometrioid adenocarcinoma, there has been no mouse model of OE similar to human counterparts,
applicable to preclinical studies. Here we for the first time established a murine OE model that reveals infertility,
and evaluated the involvement of iron catalyzed oxidative stress in the pathogenesis. Minced uterine tissue from
female mice was implanted on ovarian surface of syngeneic mice after bursectomy to induce OE. Ectopic growth
of endometrium was observed in association with ovary 4 weeks after implantation in 85.7% (12/14) of the
operated mice with our protocol. Endometriotic lesions involved intestine, pancreas and peritoneal wall. Fibrosis
around the ovary was prominent and increased time-dependently in the OE group. Iron accumulation was
significantly increased in the OE group, leading to oxidative stress in each stage of the follicles as evaluated by 4-
hydroxy-2-nonenal-modified proteins and 8-hydroxy-2'-deoxyguanosine. Expression of follicle stimulating hor-
mone receptor in the follicles revealed a significant decrease during pre-antral, antral and pre-ovulatory phases
in the OE group. Finally, the number of pups was significantly reduced in the OE group in comparison to the
controls. This model affords an opportunity to evaluate agents or procedures to counteract ovarian endometriosis
in the preclinical settings.

1. Introduction

mechanisms how ovarian endometriosis suppresses folliculogenesis is
still not elucidated yet. That is partly because it is ethically unacceptable
to dissect functional ovaries for basic research from young fertile women
with endometrioma.

Endometriosis is a disease that retrograded endometrium grows on
the peritoneal cavity. Approximately 10-15% of fertile women are
diagnosed as endometriosis [1,2]. Ovarian endometriosis is the most
common lesion of endometriosis, which gynecologists frequently detect
with sonography [3]. Endometriosis with ovarian lesion may cause
infertility [4] and ovarian cancer in addition to dysmenorrhea [5-9].
Endometriosis leads to infertility presumably via iron overload and
oxidative stress [10] on follicular growth [11]. However, the molecular

There have been reports on murine endometriosis models,
mimicking the human disease. Mouse models of peritoneal lesions [12]
and deep endometriosis [13] were reported. In the previous reports,
most of the endometriosis mouse models were surgically induced by
homologous transplantation of uterine tissue, based on Sampson’s the-
ory [14]. Although this model develops peritoneal cystic lesions of
ectopic endometrium, ovarian endometriosis is hardly induced.
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Abbreviations

ANOVA analysis of variance

C no treatment control

FSHR follicle stimulating hormone receptor
4-HNE  4-hydroxy-2-nonenal

PBS phosphate-buffered saline

OE ovarian endometriosis

8-OHdG 8-hydroxy-2'-deoxyguanosine

S sham operated

ovarian surface under the protection by the bursal membrane. At least
two mice models have been developed with genetic engineering; one
with oncogenic K-Ras and conditional Pten deletion within the ovarian
surface epithelium gave rise to preneoplastic ovarian lesions with an
endometrioid glandular morphology, eventually leading to endometroid
ovarian cancer [16]; the other with an Aridla (AT-rich interactive
domain-containing protein 1A) and Pik3ca (phosphatidylinositol-4,
5-bisphosphate 3-kinase, catalytic subunit alpha) mutant model of endo-
metrial dysfunction following salpingectomy revealed naturally spread
ectopic endometrium on peritoneum and ovary, which was not unfor-
tunately available for long-term observation because the mice died at 17
weeks old [17]. Therefore, there is no report on the murine ovarian

A
C57BL/6N mice (n = 83)

endometriosis model, available for research on ovarian function and
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Fig. 1. Protocol to generate the ovarian endometriosis model in mice.
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(A) Summary of experimental design. (B) Experimental procedures. C57BL/6 N female mice at 9 weeks of age were used. Donor mice were euthanized and the
dissected uterus was longitudinally cut and minced at ~0.5 mm in diameter with scissors. Minced uterus was incubated with a collagenase solution (1 mg/ml) for 30
min at 37 °C, which was centrifugated (8000xg, 5 min) to remove supernatant, and resuspended in 100 pl of phosphate-buffered saline (PBS) to be rinsed by an
additional centrifugation (8000xg, 5 min). Then, the tissue pellet was used for transplantation. Recipient mice at 9 weeks of age under isoflurane anesthesia received

5 mm bilateral incisions on their lower back and the ovaries were exposed,

Then, we cut it off to expose the ovarian surface. A half of uterine pellet

to which 100 pl of PBS was injected to intra bursal cavity to identify bursal membrane.
was attached on each exposed ovarian surface. The ovaries were pushed back into the

peritoneal cavity, followed by suture of the dorsal scissions. Refer to text for details.

Morphologically, mouse or rat ovaries are covered with a special
membranous structure called bursa [15], which separates ovaries from
peritoneal cavity. Accordingly, ectopic endometrium cannot attach

fertility potential. Accordingly, we decided to devise a novel method to
generate a mouse model of ovarian endometriosis that enables the
investigation of ovarian function.
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Table 1
Experimental conditions for immunohistochemistry.
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Target molecule Supplier Catalogue number Immunized host Dilution Epitope retrieval solution
CD10 (H-321) Santa Cruz 5c-9149 Rabbit 1:1000 1
FSH receptor Proteintech 22665-1-AP Rabbit 1:1000 2
4-HNE Bioss Antibodies BS-6313R Rabbit 1:1000 1
8-OHdG Bioss Antibodies BS-1278R Rabbit 1:1500 1
Refer to text for details.
We performed several new procedures to establish our model of Table 2
able

murine ovarian endometriosis, including the excision of ovarian bursa
and transplantation of dissected syngeneic endometrial tissues in pellets
on the ovarian surface. As a primary goal, we finally established a novel
ovarian endometriosis model in mice which allows evaluation of ovarian
dysfunction. We could further observe iron-catalyzed oxidative stress on
follicular maturation and infertility in this model. The usefulness of this
model would be discussed.

2. Materials and methods
2.1. Animal experiments

All the protocols of animal experiments were approved by the Ani-
mal Experimental Committee of Nagoya University Graduate School of
Medicine (31452). C57BL/6 N female mice (8 weeks of age) were pur-
chased from Japan SLC, Inc. (Hamamatsu, Shizuoka, Japan). A total of
83 mice (79 females and 4 males) were used. The experimental design is
summarized in Fig. 1A. The care and handling of animals were in
accordance with the National Institutes of Health guidelines. Before
starting the experiments, the animals were acclimatized for 7 days and
were maintained at 23-25 °C with a 12-h dark/light cycle and with
standard chow (CE-2; CLEA Japan, Inc., Tokyo, Japan) and water under
specific pathogen-free condition. Cages were changed weekly.

2.2. Donor mice

Donor female mice of 9-weeks of age (n = 24 in total) were eutha-
nized to obtain uterine tissue, which was dissected en bloc after eutha-
nasia and was cleaned of supplementary fibroadipose tissues in
phosphate-buffered saline (PBS). The uterus was cut longitudinally
with a linear incision and minced (approximately 0.5 mm in diameter)
with scissors under laminar flow (Fig. 1B). The uterus was incubated
with collagenase solution (1 mg/ml; FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) for 30 min at 37 °C. Tissue was then cen-
trifugated at 8000xg, 5 min to remove supernatant, and was resus-
pended in 100 ul of PBS, followed by washing with additional
centrifugation (8000xg, 5 min) to remove collagenase. Then, the pellet
of uterine tissue was immediately used for transplantation.

2.3. Recipient mice and surgery protocol

Twenty-four female mice were used as recipients of uterine pellets
for ovarian endometriosis (OE) group (Fig. 1A). Mice underwent uterine
transplantation after a week of acclimatized period. Induction and
maintenance of systemic anesthesia were achieved with isoflurane (3%
for induction; 2.5% for maintenance). Incisions of 5-7 mm were per-
formed to bilateral back skin and muscle layers to search for ovaries. PBS
(100 pl) was injected into the ovarian bursal space using a syringe with
26-gauge needle to detect and clarify bursal membrane (Fig. 1B). Bursal
cyst wall was then extended with suturing needle and peeled off with
scissors and tweezers to expose ovarian surface. A half of uterine tissue
pellet prepared from one donor female mouse was placed equally over
each surface of bilateral ovaries. Ovaries with attached uterine pellet
were then pushed back into the peritoneal cavity. Skin and muscle in-
cisions were sutured with a Z-suturing, using 3-0 Vicryl (Ethicon US).

Number of ovarian follicles analyzed with immunohistochemistry.

Target molecule Control Sham-operated Ovarian endometriosis
Number of model mice 7 4 7
4-HNE
Primordial 103 35 49
Primary 36 11 29
Secondary 54 15 39
Pre-antral 45 11 38
Antral 22 10 11
8-OHdG
Primordial 58 19 73
Primary 67 49 46
Secondary 71 31 37
Pre-antral 45 35 49
Antral 29 9 20
FSH receptor
Pre-antral 25 25 16
Antral 26 12 24
Pre-ovulatory 12 4 4

Refer to text for details.

Nine female mice received sham operation, including anesthesia, bilat-
eral back incision and PBS injection into bursal cavity but without
uterine transplantation.

2.4. Tissue collection and pathological analysis

Mice were euthanized at the age of 10, 11 or 13 weeks to collect
ovaries and other lesions (Fig. 1A). Tissues were fixed immediately after
dissection in 10% (w/v) phosphate-buffered formalin and embedded in
paraffin for pathological analyses. Hematoxylin & eosin staining, Mas-
son trichrome staining for detecting collagen fibers and Berlin blue
staining for detecting excess iron (hemosiderin) were performed.
Colored areas after each staining inside ovary were quantitated with
Image J software (https://imagej.nih.gov/ij/). The average values were
calculated based on colored area (%) of randomly selected at least 5
magnified images in each mouse, which were compared among the three
groups.

2.5. Immunohistochemistry

Immunohistochemical staining was performed with a Leica Bond
Max automated system (Leica, Bannockburn, IL) according to the
manufacturer’s instructions. Immunostaining was preceded for 30 min
either by BOND Epitope Retrieval Solution 1 (AR9961) or 2 (AR9640),
depending on the primary antibody. The primary antibodies were
diluted at proper concentrations with BOND Primary Antibody Diluent
(AR9352). Primary antibodies and the experimental conditions used are
summarized in Table 1.

2.6. Quantitative analysis of oxidative stress

4-Hydroxy-2-nonenal (4-HNE) is one of the most specific lipid per-
oxidation products in iron-catalyzed Fenton reaction [18-20]. We used a
rabbit polyclonal antibody against HNE-modified proteins as
anti-4-HNE antibody (BS-6313R; Bioss Antibodies Inc., Woburn, MA).
4-HNE positivity of ovarian follicles was evaluated by quantifying %
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Fig. 2. Analysis of the novel ovarian endometriosis model.

QE /

Ectopic endometrial cystic growth was visible in association with ovary 4 weeks after the transplantation in the OE (ovarian endometriosis) group. The mice in each
group were euthanized 1, 2 and 4 weeks after the procedure and the lesions were evaluated. (A) Single or multiple cystic lesions were observed in association with the
ovaries of the OE group whereas those in the other groups were not altered. Adhesion was evident between the endometriotic cysts and other adjoining organs, such
as intestine, pancreas and abdominal wall. (B, C) Histology confirmed endometriosis. The ovarian cystic lesions of the OE group consisted of single-layered
epithelium and underlying stoma with hemosiderin accumulation and CD10 immunopositivity in the endometriotic stroma (arrows; bar = 100 pm). Refer to text

for details.

area of immunopositivity of each follicular area with Image J (threshold
170). We also used a rabbit polypclonal antibody (BS-1278R; Bioss
Antibodies Inc.) directed against 8-hydroxy-2'-deoxyguanosine
(8-OHdG), a major product of DNA base oxidation [19,21]. 8-OHdG-pos-
itive granulosa cells were counted (% positive cells/total granulosa cells
in each follicle). Immunopositivity was evaluated for the three groups at
all the follicular stages; primordial, primary, secondary, pre-antral and
antral follicles (Table 2), as described previously [22].

2.7. Quantitative analysis of FSH receptor

Expression of follicle stimulating hormone receptor (FSHR) was
compared among the three groups with immunohistochemistry. We
performed this study only for pre-antral, antral and pre-ovulatory stages
(Table 2) because the growth of ovarian follicles depends on FSH from
the pre-antral stage [23,24]. Immunopositivity of FSHR was quantified
as described above for 4-HNE (Table 2).

2.8. Evaluation of fertility

Fertility was tested in the model animals as described previously
[25] with a modification. Nine-week-old female mice were enrolled in

the C (n = 4), S (n = 3) or OE (n = 4) groups for the evaluation of
fertility. Mating was started at 13 weeks with male mice of the same age.
One or two test female mice and one male mouse were placed together in
a cage. In order to ensure a successful conception, male mice were
allowed to stay in the designated cage for 4-7 days and were exchanged
between cages until female mice were confirmed as pregnant. All the
pregnant mice were confirmed by inspection and palpation. We finally
euthanized the pregnant mice between the 10th-18th day of conception
prior to spontaneous delivery to accurately count embryos in order to
avoid still birth, predation by a mother and any factors to reduce the
baby number.

2.9. Statistical analysis

Statistical analyses were performed using one-way analysis of vari-
ance (ANOVA) and an unpaired t-test with GraphPad Prism 5 software
(San Diego, CA). Differences were considered significant when P < 0.05.
The data are expressed as the means + SEM, unless otherwise specified.
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Fig. 3. Fibrosis and iron accumulation in ovarian endometriosis.

-: Iron @ S OE

(A) Fibrotic area was significantly increased in the OE group in comparison to C and S group. (B) Quantitative analysis of A. (C) Fibrosis was time-dependently
increased in the OE group. (D) Quantitative analysis of C. (E) Berlin Blue staining revealed hemosiderin deposition only in the OE group at 4 weeks. (F) Quanti-
tative analysis of E (means + SEM; **, P < 0.01; ***, P < 0.001; n. s., not significant; bar = 100 pm). Refer to text for details. . (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

3. Results
3.1. Novel murine model of ovarian endometriosis

The mice of all the groups were euthanized 1, 2 and 4 weeks after the
operation (at the ages of 10, 11 and 13 weeks, respectively) and endo-
metriotic lesions were evaluated. Single or multiple cystic lesions were
recognized at 4 weeks in association of bilateral ovaries only in 85.7%
(12/14; bilateral ovarian lesion in 8 mice and one side in 4 mice) of the
OE group whereas ovaries in the other groups showed no alterations
(Fig. 2A). The cystic lesions contained clear light-yellow fluid as
observed in the previous reports on peritoneal endometriosis models
[12]. Much smaller lesions were confirmed at 1 and 2 weeks of the OFE
group, and the progression of the lesion was time-dependent.

Histological examination demonstrated the ovarian cystic lesions as
ovarian endometriosis. Cystic lesions of the OE group consisted with
single-layered columnar epithelium without cilia, concomitant with
underlying stromal tissue. Whereas the shapes of ovaries in the C and S
groups were normal (Fig. 2 Bab), the structures of ovaries in the OE
group were changed by invasive endometriotic lesion (Fig. 2Bcd).
Furthermore, in the OE group, endometriotic lesion associated with
ovaries infiltrated into the neighboring tissues, such as intestine
(Fig. 2Be), pancreas (Fig. 2Bf) or peritoneal wall (Fig. 2Bg), concomitant
with endometriotic stroma. Of note, the endometriotic stroma of this
novel OE model contained hemosiderin granules (Fig. 2Bh), which is
often recognized in the human endometriotic lesion [9,26]. We also
confirmed immunopositivity for CD10 in the endometriotic stroma of
these lesions (Fig. 2C).

3.2. Fibrosis and iron deposition in endometriotic lesions

One of the characteristics of endometriosis is fibrosis. We then
evaluated fibrogenesis of endometriotic lesions with Masson trichrome
staining. In the OE group, green fibrotic areas in association with the
endometriotic stroma were significantly increased in comparison to the
Cor S groups (Fig. 3AB), which progressed time-dependently (Fig. 3CD).
Iron deposition in endometriotic stroma is another feature of endome-
triosis. In the OE group, iron accumulation was significantly higher than
the other groups at 4 weeks (Fig. 3EF).

3.3. Oxidative stress in ovarian follicles in endometriotic lesions

We evaluated endometriosis-associated oxidative stress on ovarian
follicles at 4 weeks with two distinct oxidative stress markers, 4-HNE
and 8-OHdG. The number of follicles we evaluated is summarized in
Table 2. Representative data of different maturation stages with 4-HNE
immunohistochemistry are summarized in Fig. 4A. In the primordial
follicles, 4-HNE levels were higher in the OE group than the other two
groups (Cvs OE, P < 0.001; Svs OE, P < 0.001) (Fig. 4B). In the primary
and secondary follicles, 4-HNE levels were not significantly different
among the three groups (Fig. 4CD). In the pre-antral follicles, 4-HNE
levels of follicles in the OE group were significantly higher than the C
and S groups (Fig. 4E; Cvs OE, P < 0.001; Svs OE, P < 0.01; Cvs S, P =
0.6206). The results were similar in the antral follicles (Fig. 4F; C vs OE,
P < 0.05; Svs OE, P < 0.01; Cvs S, P = 0.2150).

Representative data of the follicular cells at 4 weeks with 8-OHdG
immunohistochemistry are shown in Fig. 5A. In every follicular stage
studied, fraction of 8-OHdG positive granulosa cells was significantly
higher in the OE group than the C and S groups (primordial: C vs OE, P <
0.01; Svs OE, P < 0.05; Cvs S, P = 0.3152 [Fig. 5B]; primary: C vs OE, P
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Fig. 4. High lipid peroxidation levels as
evaluated by 4-hydroxy-2-nonenal-modified
proteins (4-HNE) in the primordial, pre-
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antral and antral stages of ovarian follicles of
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(A) Representative 4-HNE immunohisto-
chemical results of ovarian follicles in each
group. Premordial

preantral and antral follicles revealed higher
levels of 4-HNE in the OE group in compar-
ison to C and S groups. (B-

F) Quantitative analysis of each follicular
stage of the ovary (means + SEM; *, P <
0.05; **, P < 0.01; ***, P < 0.001; n. s., not
significant; bar = 20 pm). Refer to text for
details.

B Primordial C Primary D Secondary
*k%k
n.s. n.s.
- n.s. el —
Qo < o
Qo 2100 2100
= A = @ A = A
w3 A wg o5 AAAAA ws ] AA‘AAA
Ze 2% oale® Ze Y At
T3 T3 50 -:5* - T3 50 4&‘
<9 fA‘A < o oo mmtg £ < = aA
© YW © ...0 $o [T A“A © M AAAga
X s ° A 8 agn® AAA
= r 0 T T r = T r T
OE o] S OE C S OE
E F Antral
*
M= e 1
—_ o .S. *%
910 910
(o] o
LIJ% Lu% o akha
Ze= — % __o 1_“__—
o
TS50 TS50 -;;v's_- gm A
= e oog A
o\o o\o o00 u
~0 ~0 T T r
Cc OE

< 0.01; Svs OE, P < 0.01; Cvs S, P = 0.2303 [Fig. 5C]; secondary: C vs
OE, P < 0.01; Svs OE, P < 0.05; Cvs S, P = 0.9273 [Fig. 5D]; pre-antral:
Cvs OE; P < 0.01,Svs OE; P < 0.05,Cvs S; P=0.3524 [Fig. 5E); antral: C
vs OE; P < 0.01, Svs OE; P < 0.05, Cvs S; P = 0.7619 [Fig. 5F]).

3.4. Endometriosis reduced FSHR expression in ovary

FSH is necessary for the follicular growth and oocyte maturation
prior to ovulation through the steroid hormone synthesis via FSHR. The
representative data panels at 4 weeks are summarized in Fig. 6A. FSHR
expression of follicles in the pre-antral, antral and pre-ovulatory stages
was significantly lower in the OE group in comparison to the C or S
groups (pre-antral: C vs OE, P < 0.001; S vs OE; P < 0.01, Cvs S; P =
0.1624 [Fig. 6B]; antral: Cvs OE, P < 0.001; Svs OE, P < 0.001; Cvs S, P

=0.9624 [Fig. 6C]; pre-ovulatory: Cvs OE, P < 0.01; Svs OE, P < 0.05; C
vs S, P = 0.2493 [Fig. 6D]).

3.5. Endometriosis induced a significant decrease in fetuses at fertilization

We examined the difference in the number of pups obtained in each
group. We obtained a total of 36, 27 and 9 pups from the mother mice in
the C (n = 4), S (n = 3) and OE (n = 4) groups, respectively. Repre-
sentative pictures are shown in Fig. 7A. Mean numbers (and range) of
the babies were 9.0 (6-12), 9.0 (7-11) and 2.3 (1-3) in the groups C, S
and OE, respectively. The average number of conceived babies was
significantly lower in the OE group in comparison to the other two
groups (Fig. 7B; Cvs S, P = 0.8544; Cvs OE, P < 0.05; Svs OE, P < 0.05).
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Fig. 5. High levels of nuclear 8-hydroxy-2'-deoxyguanosine (8-OHdG) in the granulosa cells during the whole follicular stages of ovarian endometriosis.
(A) Representative 8-OHdG immunohistochemical results of ovarian follicles in each group. Follicles of all the stages revealed significantly higher levels of nuclear 8-

OHAG in the OE group in comparison to C and S groups. (B-

F) Quantitative analysis of each follicular stage of the ovary (means &+ SEM; *, P < 0.05; **, P < 0.01; n. s., not significant; bar = 20 pm). Refer to text for details.

4. Discussion

Here we have established a novel ovarian endometriosis model in
wild-type mice with high reproducibility of 85.7%. As far as we know,
this is the first model for ovarian endometriosis to be used for various
preclinical studies. The distinctive procedures of our model are the
removal of ovarian bursa and transplantation of syngeneic uterine tissue
as a pellet. Though we tried intra-bursal injection of uterine tissue

suspension without bursal removal, we observed no endometriotic
lesion on the ovarian surface (unpublished data). We suspect that there
are two reasons for this negative result; 1) minced uterine tissue was too
large to pass through the needle pore of 26-gauge; 2) small numbers of
tiny pieces of uterine tissue might not have enough potential to develop
lesions. Further, we also tried intra-bursal uterine tissue injection sus-
pended in atelocollagen acidic solution (#IPC-50, KOKEN, Japan) used
for 3D-culture, but no endometriotic lesion was found as well
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(A) Representative results of mating experiments in each group. The number of pups in the OE group (n = 4) was significantly lower than those in C (n = 3) and S (n
= 4) groups. (B) Quantitative analysis of A (means + SEM; *, P < 0.05). Refer to text for details.

(unpublished data). The idea of collagenase digestion and pellet for-
mation were based on primary cell culture techniques [27,28]. Pellets of
uterine tissue were easy to hold with tweezers when putting it specif-
ically on ovarian surface rather than endometrial homogenate injection.
Our method is also cost friendly because it requires only equipment that
we routinely use in the laboratory, and is easy because pre-/post-oper-
ative estradiol administration is not required in comparison to previous
methods [12,13].

Our model of ovarian endometriosis induced significant structural
alterations in the ovary with infiltration of the lesion to the nearby tis-
sues and organs, such as intestine, pancreas, and abdominal wall. We
observed that ovarian surface was invaded and replaced by endometri-
otic stroma with massive collagen production, which allowed less space
for the ovarian follicles to grow. Iron deposition was detected in the
induced ovarian endometriotic stromal area. Notably, it has been sug-
gested that excess iron may promote the development of ovarian
endometriosis [12]. Furthermore, iron and oxidative stress has been
reported as one of the major factors of subfertility in ovarian

endometriosis [29,30]. We could demonstrate in our model that an
increased level of oxidative stress in the ovarian follicles was associated
with decrease in FSHR expression and decrease in the number of fetuses
at conception. As we previously reported that endometriotic stromal
cells reveal high iron affinity [31], ovarian endometriosis is considered
as a supplier of excess iron, leading to a negative effect on ovarian fol-
liculogenesis [9] through catalyzing the generation of reactive oxygen
species [32,33]. In our data, 4-HNE [34] was significantly increased in
the primordial, preantral and antral follicles of the OE group. As pre-
viously reported, 4-HNE was induced by cisplatin- or paclitaxel-induced
oxidative stress in the primordial follicles [35]. Follicles in the preantral
and antral follicle stages contain more cholesterol to synthesize steroid
hormones [36], which may become the target of lipid peroxidation.
Although we did not study the molecular mechanism how oxidative
stress suppressed FSHR expression, we believe that there are underlying
epigenetic regulation of FSHR gene as suggested by previous reports. For
instance, oxidative stress is reported as a cause of DNA methylation or
histone acetylation [37]. Moreover, epigenetic mechanisms regulate
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FSHR expression [38]. Further studies are now in progress to test this
hypothesis.

In the mating experiments, mice with ovarian endometriosis pre-
sented low fertility potential. In our ovarian endometriosis model,
oxidative stress caused FSHR suppression and reduced follicular growth,
resulting eventually in the reduced number of pups. An association be-
tween oxidative stress and infertility has been reported both from the
clinical and basic points of view [11]. Although no medicine for
oxidative stress-associated infertility has been developed yet, our mouse
model may contribute to screening new drugs to recover infertility due
to oxidative stress induced by ovarian endometriosis.

Clinically, ovarian endometriosis is a risk for ovarian cancer [9,26,
39]. Whereas the precise molecular mechanisms that endometriosis
generates ovarian cancer is still unclear, one major hypothesis is
persistent oxidative stress via the excess iron [10,40] associated with
monthly hemorrhage inside and nearby ovary. Hopefully, our ovarian
endometriosis mouse model can also contribute to elucidating ovarian
endometriosis-associated carcinogenic mechanisms, which requires
much longer-term observation of a few years. Further experiments
would soon be started in our laboratory.

In conclusion, we have for the first time established a reproducible
ovarian endometriosis model with infertility in mice. We demonstrated
in this new model that ovarian endometriosis accompanying fibrosis
leads to iron-catalyzed oxidative stress in follicles and the resultant
reduced FSHR expression and subfertilization. We hope that this model
would contribute to the preclinical studies to find a strategy to cure
endometriosis-associated infertility, including those using non-thermal
plasma [41].
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