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and inﬂammation but not epithelial-to-mesenchymal transition
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Endometriosis is a common disorder of unknown etiology, and non-surgical therapies are still a challenge. To
understand the pathogenesis and preclinical testing of drugs for endometriosis, animal models are highly
desirous. Herein, we carried out longitudinal characterization of a mouse model for endometriosis where
uterine tissue was transplanted onto the intestinal mesentery. During the course of lesion development from day
15 to 60 post-induction, the ectopic endometrium became pale, ﬂuid-ﬁlled and the animals developed peritoneal adhesions. Most lesions resembled a well-differentiated type of endometriosis and * 13% of animals
had mixed type of lesions. There was extensive stromal compaction in the ectopic tissue. During the progression of endometriosis, there was increased proliferation of epithelial and stromal cells as evident by PCNA
staining. Cyp19a1 (aromatase) mRNA was detected in the ectopic lesions on day 15 and 30 post-induction of
endometriosis, by day 60 the expression was reduced. As compared to the control endometrium, the mRNA
levels of Esr1 progressively reduced while the levels of inﬂammation associated genes (Esr2, Ifng, Tnf and
Il1b) increased in the ectopic lesions. Inﬁltration of macrophages and polymorphonuclear leucocytes was also
observed in the ectopic lesions indicative of inﬂammation. As compared to control, there was no change in
levels of Cytokeratin and E-cadherin in the epithelial cells of ectopic endometrium. We did not observe
excessive collagen deposition or a-SMA positive myoﬁbroblasts in the stroma of the ectopic endometrium.
Thus, epithelial-to-mesenchymal transition and ﬁbrosis are not detected in the mouse model of endometriosis.
Our results show that the mouse model of endometriosis mimics some but not all the features of human
endometriosis.
Keywords. Endometriosis; epithelial-to-mesenchymal transition; ﬁbrosis; inﬂammation; mouse model;
proliferation; steroid hormone receptors

1. Introduction
Endometriosis is the growth of endometrium outside
the uterine cavity and is found in almost 17% of
women in reproductive age and *50% of infertile
females (Bernuit et al. 2011; Mishra et al. 2015).
Symptoms of endometriosis include pelvic pain, and

painful periods, intercourse, and urination (Bernuit
et al. 2011; Mishra et al. 2015). The cardinal features
of the endometriotic tissues include the proliferation of
the stromal and epithelial cells, local synthesis of
estrogen, altered expression of steroid hormone
receptors (including progesterone resistance), inﬂammation, epithelial-to-mesenchymal transition (EMT)
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and ﬁbrosis (Matsuzaki and Darcha 2012; Yilmaz and
Bulun 2019; Zhang et al. 2016).
Despite being a common disorder, effective therapies
for the treatment of endometriosis are still lacking.
Currently, the common surgical and medical treatment
regimens for endometriosis are ineffective and the
disease often recurs with a high relapse rate within the
ﬁrst 5 years (Bozdag 2015; Vercellini et al. 2009).
Furthermore, studies have shown that most medical
therapies for endometriosis though alleviate the
symptoms of pain but these are not effective in the
regression the lesions (Mehedintu et al. 2014; MunozHernando et al. 2015; Rogers et al. 2009).Thus, there is
an unmet need of new drugs for the treatment of
endometriosis.
The development of new therapies for
endometriosis requires pre-clinical testing of lead
compounds in animal models that can accurately
recapitulate the features of the human disorder.
Endometriosis can occur naturally or can be artiﬁcially induced in monkeys (Braundmeier and
Fazleabas 2009; Nair et al. 2016; Nishimoto-Kakiuchi et al. 2018) and longitudinal studies have
shown the progression of endometriotic lesions similar to those found in women (Braundmeier and
Fazleabas 2009; Nair et al. 2016). However, the
infrequent rate of lesion development, long period for
disease manifestation, maintenance issues, ethical
concerns, and high cost makes the non-human primate models impractical for large-scale use.
Small laboratory animal models like a rabbit, rat, and
mouse have been considered as feasible species for the
development of endometriosis (Bruner-Tran et al.
2018; Greaves et al. 2017). Several strategies are
reported in rodent species to develop endometriosis.
This includes xenotransplantation of human tissues into
immune-compromised mice, injection of endometrial
fragments subcutaneously or in the peritoneum and
suturing of the endometrial tissues to the peritoneal
wall or intestinal mesentery (Galvankar et al. 2017;
Greaves et al. 2017; Pereira et al. 2015; Umezawa
et al. 2009). While xenotransplantation of human tissue
in immunocompromised mice has several advantages,
this model has an inherent caveat of the lack of a
complete immune system and the role of immune cells
in the pathogenesis of endometriosis is well established
(Lin et al. 2018; Symons et al. 2018). To circumvent
this, autologous transplantation of the endometrial tissue fragments intraperitoneally or subcutaneously is
reported to induce endometriosis (Pereira et al. 2015;
Umezawa et al. 2009). However, the lesions so
developed do not completely resemble the

morphological features of human endometriosis, and
the lesions sustain only for a very limited period
(Galvankar et al. 2017). In an alternate model,
endometrial tissue fragments are sutured onto the
intestinal mesentery or peritoneal wall and this allows
the healthy growth of the endometrial tissues at ectopic
locations. These lesions have similar histological and
molecular features as in human endometriosis (Mishra
et al. 2020).
Despite their wide acceptance and extensive use of
the suture model of endometriosis, most studies have
focused only on the basic characterization of the
lesions (like histology or expression of a few markers) or investigated various cellular/biochemical processes and drugs on ectopic lesions (Dutta et al.
2016; Jha et al. 2010; Jones et al. 2018; Soni et al.
2019; Zhao et al. 2015). Limited information is
available on the time-dependent changes that occur
in the endometriotic lesions during the course of
lesion development at ectopic lesions and the model
has not been comprehensively evaluated for its similarity or differences to human condition. Also,
whether this model recapitulates all the cardinal
features of endometriosis, viz., cellular proliferation,
ectopic steroidogenesis, inﬂammation, epithelial-tomesenchymal transition and ﬁbrosis, is not systematically investigated.
Herein, we aimed to study the histological evolution
of the ectopic endometrial lesions in a surgically
induced auto-transplantation mouse model and to
determine if the developed lesions display all the cardinal features of human endometriosis.

2. Materials and methods
2.1 Animal ethics
This study was approved by the Institutional Animal
Ethics Committee (IAEC) of the National Institute for
Research in Reproductive Health (NIRRH); project no
(05/12).

2.2 Animals
Three-month-old regularly cycling C57BL/6 strain
female mice were used in this study. These mice were
housed in environmentally controlled cages, with 12 h
day/night cycles. The animals were bred and maintained in the experimental animal facility at NIRRH.

Mouse model for endometriosis is characterized by proliferation and inﬂammation

2.3 Endometriosis induction
Endometriosis was surgically induced in the female
mice as described previously with minor modiﬁcations
(Pelch et al. 2012). Brieﬂy, mice in the diestrus stage
(analyzed via vaginal cytology) were anesthetized by
ketamine (Themis Medicare Limited; Uttarakhand,
India) and xylazine (Indian Immunologicals Limited;
Telangana, India). A small incision was made on skin
and muscle to expose the uterine horns. The left uterine
horn was excised, opened medially and cut into small
fragments of around 0.8–1 mm. One fragment was
sutured with the intestinal mesentery of the same
mouse. Muscle and skin were sutured and the animal
was kept back to the cage. Post-operative care was
taken as per institutional norms.
2.4 Experimental tissue collection
Animals were sacriﬁced on day 15, 30, and 60 postsurgery. The tissue attached to intestinal mesentery was
excised and stored in TRIzol reagent (Invitrogen;
California, United States) for RNA extraction or ﬁxed
in 4% Paraformaldehyde (Sigma Aldrich; Missouri,
United States) for parafﬁn embedding and sectioning.
For controls, uterus from 3 months-old female mice in
the diestrus phase was used.
2.5 RNA extraction and cDNA synthesis
Total RNA was extracted using TRIzol reagent, treated
with DNaseI (GE Healthcare; Hong Kong, China), and
reverse transcribed by cDNA synthesis kit (Clontech;
California, United States) as described previously
(Godbole et al. 2007; Laheri et al. 2017).
2.6 Quantitative real-time PCR (qPCR)
The mRNA levels for Cyp19a1 (aromatase), Esr1,
Esr2, Ifng, Tnf and Il1b were estimated by qPCR and
the values were normalized to the level of 18s rRNA.
Real-time PCR was done in duplicates using SYBR
green chemistry (Bio-Rad, California, United States)as
detailed previously (Godbole et al. 2007; Laheri et al.
2017). The ampliﬁcation condition for each primer
was: initial denaturation at 98°C for 2 min followed by
40 cycles of denaturation at 98°C for 30 s, primer
annealing at an optimized temperature for 30 s and
extension at 72°C for 45 s. The ﬂuorescence emitted at
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each cycle was collected for the entire period of 30 s
during the extension step of each cycle. The homogeneity of the PCR amplicons was veriﬁed by the melt
curve method. The sequences of the primers, annealing
temperatures and expected product sizes are given in
supplementary table 1.

2.7 Hematoxylin and Eosin staining
Five-micron-thick parafﬁn sections were cut and
mounted on poly-L-lysine (Sigma Aldrich) coated
slides. Sections were deparafﬁnized in xylene, rehydrated in descending grades and stained with hematoxylin (Himedia; Maharashtra, India) followed by
eosin (Himedia) and mounted using DPX mountant.
Slides were viewed under a bright-ﬁeld microscope
(Olympus; Tokyo, Japan) and representative areas were
photographed. Histological grading of the ectopic
lesions was done as described (Abrao et al. 2003).

2.8 Collagen staining
Staining for collagen ﬁbers was done using Picrosirius
red and Masson’s trichrome staining methods.
Picrosirius red staining was carried out as described
previously (Bhutda et al. 2017). Brieﬂy, sections were
deparafﬁnized in xylene and rehydrated through grades
of alcohol and stained in hematoxylin for 10 min followed by incubation for 1 h in 0.1% Direct Red 80
(Sigma Aldrich) prepared in a saturated solution of
picric acid. The slides were washed in 0.5% glacial
acetic acid, dehydrated, cleared in xylene and mounted
in DPX. The slides were observed using a bright-ﬁeld
and polarized microscope (Leica Microsystems, Mannheim, Germany) and representative areas were
photographed.
For Masson’s trichrome staining, ArtisanTM Masson’s Trichrome Stain Kit (Dako; Santa Clara, United
States) was used as per manufactures instructions.
Brieﬂy, sections were deparafﬁnized and rehydrated
through 100%, 95%, and 70% alcohol and ﬁxed in
Bouin’s solution for 1 h. Subsequently, the sections
were washed in running tap water and stained with
Weigert’s iron hematoxylin and Biebrich scarlet-acid
fuchsin solution for 15 min. This was followed by
incubation in Phosphomolybdic-phosphotungstic acid
solution for 20 min, Aniline blue solution for 15
minutes and then 3% glacial acetic acid for 3 min. The
sections were dehydrated quickly and mounted with

105

Page 4 of 15

A. Mishra et al.

Figure 1. Morphology of the ectopic endometrial tissue in a surgically induced mouse model of endometriosis. (A)
Representative in situ images of endometriotic lesions (circle and arrow) developed after 15, 30 and 60 days post-surgery
(n = 20). (B) Images showing hemorrhagic and ﬂuid-ﬁlled lesions with adhesions on different time points.

DPX. Slides were viewed under bright ﬁeld microscope and representative areas were photographed.

2.9 Immunohistochemistry
Immunohistochemistry was performed as described
previously (Godbole et al. 2007; Laheri et al. 2017).
Five-micron thick sections were deparafﬁnized in
xylene, rehydrated in descending grades of alcohol.
Antigens were retrieved using Tris-EDTA Buffer (pH9), blocking was done in 5% Bovine Serum Albumin
(MP Biomedicals; Maharashtra, India) and the sections
were probed overnight with the primary antibody
diluted in Phosphate Buffer Saline (PBS). The concentration of primary antibodies is given in supplementary table 2. Negative controls are sections
incubated without the primary antibody. Next day, the

slides were washed in PBS and incubated with an antirabbit biotinylated secondary antibody followed by
incubation in streptavidin-HRP (ABC Santa Cruz
Biotechnology; Texas, United States). Detection was
done using hydrogen peroxide as substrate and 3, 30 diaminobenzidine (Sigma Aldrich) as the chromogen.
All sections were brieﬂy counterstained with hematoxylin and mounted with DPX. Slides were viewed
under a bright-ﬁeld microscope and representative
areas were photographed.
PCNA was quantiﬁed in terms of the percentage of
positive cells using the ‘‘IHC proﬁler’’ version of
ImageJ (Varghese et al. 2014). To quantify the intensity
of other proteins, three random areas of a lesion were
selected per animal and analyzed using the ‘Fiji’ version of ImageJ (Schindelin et al. 2012). Data from
different biological replicates were pooled and differences were estimated.
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2.10 Statistical analysis
Statistical analysis was done in GraphPad Prism (version 5, California) using the Kruskal-Wallis nonparametric analysis of variance (ANOVA) test, followed by
Dunn’s multiple comparison test or nonparametric
Mann-Whitney test. P-value \ 0.05 was accepted as
statistically signiﬁcant.
3. Results
Surgery was performed in 20 animals, out of which
ectopic lesions were observed in 19 animals resulting
in a success rate of 95%.
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surgery were histologically similar to those observed
on day 60 (not shown).
As compared to controls, stroma was compact and
hyperplastic at all the time points (ﬁgure 2A). In all the
animals, the glandular epithelium was single-layered
and appeared well-differentiated similar to those in
controls (ﬁgure 2B). However, irrespective of the time
points, the epithelium in some areas of the cystic
glands was multilayered while in other areas it was
ﬂattened and appeared poorly differentiated (ﬁgure 2B). Based on the classiﬁcation proposed by
(Abrao et al. 2003), 87% of animals had a well-differentiated type of endometriosis; 13% of animals had
mixed type of endometriosis having both well-differentiated and poorly differentiated phenotypes (ﬁgure 2B and C). Stromal or undifferentiated type of
endometriosis was not observed in any of the animals.

3.1 Anatomy of the ectopic lesions
Endometrial fragments were surgically implanted on
the intestinal mesentery and the lesions were evaluated
on day 15, 30, and 60 post-surgery (ﬁgure 1A).
Macroscopically, ectopic lesions on day 15 were small
but appeared distinct on the intestinal mesentery. The
lesions grew in size and by day 30, they appeared large
and ﬂuid-ﬁlled. In most of the animals, lesions were
pale and translucent while in some animals, there were
few hemorrhagic sites within the lesions giving them a
reddish appearance (ﬁgure 1B). On day 60, the lesion
size and appearance remained consistent like that of
day 30.
Adhesions are bands of ﬁbrous scar tissue and
observed in many women with endometriosis. On day
15, adhesions were not observed in any of the animals,
while in some animals on day 30 had adhesions around
the endometriotic tissues. By day 60, all the animals
developed dense adhesions attached to the intestine and
peritoneal organs. Irrespective of the time point, the
adhesions were pale white (ﬁgure 1B).
3.2 Histological features of the ectopic lesions
Histologically, the ectopic endometrial tissue had welldeveloped glands and stroma at all the time points
(n = 5 for each group). On day 15, in all the animals,
there was a single cystic gland with a large lumen that
appeared ﬂuid-ﬁlled. This cystic gland enlarged in size
over time. In tissues collected on day 30 and day 60,
the cystic glands had irregular ﬁnger-like luminal
projections appearing similar to lamellae (ﬁgure 2A).
Lesions harvested from two animals on 120 days post-

3.3 Increased proliferation in epithelial
and stromal cells of ectopic lesions
To understand the extent of cell proliferation in the
ectopic lesions, we performed immunohistochemistry
for Proliferating Cell Nuclear Antigen (PCNA).
In the control animals (n = 3), few epithelial and
stromal cells were positive for PCNA. Quantitatively,
in the controls, less than 5% of epithelial and stromal
cells were positive for PCNA. In the ectopic lesions
(n = 3 per time point), many stromal and epithelial
cells were PCNA positive at all the time points tested
(ﬁgure 3A). Temporally, the number of PCNA positive
cells in the epithelium and stroma increased signiﬁcantly (P \ 0.0001) from day 15 to day 60 (ﬁgure 3B).

3.4 Expression of aromatase and estrogen
receptors
Real-time PCR was performed to quantify the mRNA
levels of Cyp19a1, Esr1 and Esr2 (n = 3 per time
point). Abundant Cyp19a1 mRNA was detected in the
ovary (used as positive controls) but not in the control
endometrium indicating the speciﬁcity of our ampliﬁcation. However, the low abundance of Cyp19a1
transcripts was consistently detected in the endometriotic tissues obtained at all the time points. Quantitatively, Cyp19a1 transcripts were highest in ectopic
lesions obtained on day 15, which declined on day 60
and this reduction was statistically signiﬁcant
(P \ 0.05) (ﬁgure 4A).
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Figure 2. Histological changes in the ectopic lesions in a mouse model of endometriosis. (A) Representative hematoxylin
and eosin-stained sections of the ectopic lesions of day 15, 30, and 60 post-surgery (n = 5 per time point). The control is the
endometrium of a mouse in the diestrus stage (n = 5) (Bar: 50 lm). (B) Sections of ectopic endometrium (day 60) with welldifferentiated (columnar epithelium) and mixed (both columnar and ﬂattened epithelium) histological pattern. The arrow
mark shows ﬂattened epithelium. For comparison, the control uterus (diestrus phase) is shown (Bar: 50 lm). (C) The pie
chart shows the percentage of animals with a well-differentiated and mixed pattern of endometriosis (n = 15).

The detailed kinetics of Esr1 and Esr2 mRNA in
these endometriotic tissues are recently published
(Mishra et al. 2020) and brieﬂy recapitulated here. As
compared to controls, Esr1 mRNA levels were higher
in ectopic lesions on day 15, the levels progressively
declined and by day 60, the Esr1 mRNA levels were
lower than controls. These differences were, however,
not statistically signiﬁcant (ﬁgure 4B). Esr2 mRNA
levels increased in ectopic lesions from day 15 to day
60 when compared to controls. As compared to controls, Esr2 mRNA levels were signiﬁcantly high
(P \ 0.05) in the endometriotic lesions on day 15 and
60 (ﬁgure 4C).

3.5 Inﬂammation in the endometriotic lesions
Real-time PCR was performed to quantify the mRNA
levels of inﬂammatory markers Ifng, Tnf and Il1b in the
endometrium of controls (n = 3) and ectopic endometrium (n = 3 per time point).
As compared to controls, the mRNA levels of Ifng
were higher in ectopic lesions obtained on day 15, 30

and 60; this increase was statistically signiﬁcant
(P \ 0.05) only on day 15 (ﬁgure 5A). Similarly, Tnf
levels were higher in the ectopic endometrium at all
time points tested as compared to controls and this
increase was statistically signiﬁcant (P \ 0.001) only
on day 30 (ﬁgure 5B). Il1b levels were very low in the
controls and ectopic endometrium on day 15. Further,
Il1b levels were increased drastically on day 30 and
day 60. However, this increase was not statistically
signiﬁcant (ﬁgure 5C).
By immunohistochemistry, IL-1b was not detected in
the endometrium of controls (n = 3) while it was
observed in epithelial and stromal cells of the ectopic
endometrium on day 60 (n = 3). The negative controls
without the primary antibody did not show any staining
(ﬁgure 5D).
In most animals, hemosiderin-laden macrophages
were observed in the stroma of ectopic lesions
(n = 5/time point). Inﬁltrated leucocytes (mostly
polymorphonuclear leucocytes) were detected within
the tissue and also in the lumen of the cystic glands of
the ectopic lesions. These were rarely detected in the
endometrium of controls (ﬁgure 5E).
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Figure 3. Proliferation in the ectopic endometrium of a mouse model of endometriosis. (A) Immunohistochemistry for
PCNA (brown staining) in the endometrium of control mice and ectopic endometrial tissues obtained on day 60 post-surgery.
Negative control (-) in the inset is section incubated without primary antibody (Bar: 50 lm). (B) Graphs show the
percentage of PCNA positive epithelial and stromal cells on day 15, 30, and 60 post-surgery. Values on Y-axis are % of
PCNA positive cells. *P \ 0.05, ***P \ 0.0001 showing statistically signiﬁcant as compared to controls. Mean and±SD for
n = 3 biological replicates for each group. Controls are sections of the mouse endometrium in the diestrus stage.

Figure 4. Expression of Cyp19a1 (aromatase) and estrogen receptors (Esr1 and Esr2) genes in ectopic endometrial lesions
of a mouse model of endometriosis. (A-C) mRNA levels of Cyp19a1, Esr1 and Esr2 were quantiﬁed in control and ectopic
endometrium obtained on day 15, 30, and 60 post-induction and normalized to 18s rRNA values. Y-axis is mean±SD of
normalized expression in n = 3 biological replicates per group. *P \ 0.05 and **P \ 0.001 represent values that are
statistically signiﬁcant as compared to controls.
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Figure 5. Inﬂammation in ectopic lesions of a mouse model of endometriosis. (A-C) mRNA levels of Ifng, Tnf, and Il1b in
controls and ectopic lesions obtained on day 15, 30 and 60 post-surgery. Values on Y-axis are the relative expression of the
gene normalized to 18s rRNA values. Mean±SD of normalized expression in 3 biological replicates in each group.
*P \ 0.05 and **P \ 0.001 show statistically signiﬁcant values as compared to controls. (D) Immunohistochemistry for IL1b in ectopic lesions at day 60 and in the endometrium of control mice. Positive staining is indicated by brown stain and blue
are nuclei. Negative control (-) is a section incubated without the primary antibody (Bar: 50 lm), n = 3 per group. (E)
Representative images of hematoxylin and eosin-stained sections of the ectopic lesions (day 60) showing hemosiderin-laden
macrophages (orange staining, arrow mark) and polymorphonuclear leucocytes (arrow marks). Control is the endometrium of
the mouse in the diestrus stage. Bar: 20 lm (n = 15).

3.6 Epithelial-to-mesenchymal transition
in ectopic endometrium
To study epithelial-to-mesenchymal transition (EMT)
in ectopic lesions, immunohistochemistry for epithelial markers, cytokeratin and E-cadherin, and mesenchymal markers, vimentin and N-cadherin was
performed in control and ectopic endometrium
(n = 3).
Cytokeratin staining was detected in the epithelial
cells of control and ectopic lesions obtained at day 15,
30 and 60. Occasionally, cytokeratin was weakly
detected in the stroma of the ectopic lesions but not in
the controls (ﬁgure 6A). Vimentin staining was

detected in stromal cells of control endometrium and
endometriotic lesions at all time points tested, it was
not detected in epithelial cells at any time points (ﬁgure 6B). Quantitatively, the expression of cytokeratin
in the epithelial cells was identical in control and
ectopic lesions (supplementary ﬁgure 1).
Ectopic lesions obtained on day 60 were also tested
for E-cadherin and N-Cadherin. In controls and ectopic
lesions, E-cadherin was detected in the epithelial cells;
there was no major difference in the expression level of
E-cadherin (ﬁgure 6C, supplementary ﬁgure 1).
N-Cadherin was neither detected in the epithelium nor
the stroma of both control endometrium and ectopic
lesions (ﬁgure 6D).

Mouse model for endometriosis is characterized by proliferation and inﬂammation
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Figure 6. Expression of epithelial and mesenchymal markers in ectopic lesions of a mouse model of endometriosis.
Immunohistochemistry was performed for epithelial markers (cytokeratin and E-cadherin) and mesenchymal markers
(vimentin and N-cadherin) in control and ectopic lesions. Positive staining is indicated by brown color and blue is nuclei.
Negative control (-) in the inset is a section incubated without the primary antibody. Expression of cytokeratin (A) and
vimentin (B) in the endometrium of controls and ectopic lesions obtained on day 15, 30 and 60 post-induction (n = 3
biological replicates for each group). Expression of E-cadherin (C) and N-cadherin (D) in the control and ectopic lesions on
day 60 post-surgery (n = 3 for each group) (Bar: 50 lm).

3.7 Collagen distribution and expression of aSMA in ectopic endometrium
Control (n = 3) and ectopic lesions obtained on day
15, 30 and 60 post-surgery (n = 3/ time point) were
stained using Picrosirius red stain and visualized by
bright-ﬁeld microscope where collagen appeared pink
to red in color and cytoplasm pale yellow color at all
the time points (ﬁgure 7A). Examination of these
sections by polarization microscopy revealed minimal
birefringence in the stroma of control and ectopic
tissues indicative of Collagen Type IV. Red birefringence (indicative of Collagen I) was only
restricted to the muscle layers and not detected in the
stroma of control and ectopic endometrium (ﬁgure 7B and C). Sections of control and day 60
ectopic endometrium (n = 5 for each group) were

also stained using Masson’s trichome. As evident in
ﬁgure 8A, collagen bundles were not detected in the
stroma of controls, abundant collagen was detected in
the myometrium (not shown). The pattern of collagen
deposition was identical in the ectopic lesions; no
additional deposition was noted in the stroma or
other areas of the lesions. In one animal, a small
patch of the tissue had shown some blue staining
indicative of Collagen 1 deposition in the stroma (not
shown).
Immunohistochemistry for a-SMA (speciﬁc marker
for ﬁbrosis) was carried out in controls (n=5) and
ectopic lesions of day 60 (n=5). In control and ectopic
lesions, a-SMA was detected exclusively in the
myometrial region; a-SMA positive cells were not
detected in the stromal cells of ectopic lesions
(ﬁgure 8B).
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Figure 7. Collagen staining in ectopic lesions of a mouse model of endometriosis. Picrosirius red staining was done in
control endometrium and ectopic endometrial lesions obtained on day 15, 30 and 60 post-induction of endometriosis. (A)
Bright-ﬁeld images where red to pink color is a collagen stain and yellow is cytoplasm. Black/grey are nuclei (Bar: 50 lm).
(B) Images of the same sections as in (A) under polarization (Bar: 50 lm). (C) Magniﬁed images of the boxed regions in (B).
In (B) and (C), red birefringence is Collagen I (arrow mark) and weak to no birefringence is Collagen IV.

4. Discussion
In the present study, we demonstrated that surgical
implantation of the mouse uterine fragments at the
ectopic location led to the development of ectopic
endometrial lesions. These ectopic lesions grew progressively; acquired the expression of aromatase, and
inﬂammatory activity similar to human endometriosis.
However, EMT and ﬁbrosis were not detected in these
ectopic lesions.
Previous studies have shown that intraperitoneal
transplantation of autologous free-ﬂoating endometrial
fragments in mice adhere to peritoneal organs and look
similar to endometriosis (Bruner-Tran et al. 2018;
Greaves et al. 2014). However, such ectopic endometrial tissues do not sustain for more than 7 days even
after estrogen support is provided (Galvankar et al.
2017), suggesting that unlike the human and monkey,
free-ﬂoating mouse endometrial tissue have poor
adhesive and proliferative capacity to result in
endometriosis. Thus, many studies used physical

immobilization techniques (like the use of sutures or
tissue glue) to induce endometriosis (Cummings and
Metcalf 1995; Galvankar et al. 2017; Pelch et al.
2012). Corroborating these reports, we herein showed
that surgical immobilization of the endometrial fragments onto the intestinal mesentery allows its growth
with high efﬁciency and these lesions can survive for a
long time (4 months post-surgery) and have histological changes similar to those observed in humans. These
animals also develop adhesions similar to those
observed in women and monkeys (Debrock et al. 2002;
Fazleabas et al. 2002; Somigliana et al. 2012).
Despite some of these similarities, there were some
major differences in human and mouse endometriosis.
In human disease and baboon model, the endometriotic tissues not only just grow in size with time but
also seed new lesions and spread along the peritoneum; they also form deep inﬁltrating lesions if left
untreated (Fazleabas et al. 2002; Gordts et al. 2017;
Nair et al. 2016). This phenomenon was not addressed
in previous studies as multiple endometrial fragments

Mouse model for endometriosis is characterized by proliferation and inﬂammation
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Figure 8. Fibrosis in ectopic lesions of a mouse model of endometriosis. (A) Masson’s Trichome staining to detect collagen
ﬁbers in control and ectopic lesions on day 60 (n = 5 for each group). Blue is collagen, black are nuclei, pink is muscle and
cytoplasm. (B) Immunohistochemistry for a-smooth muscle actin (a-SMA) in control and ectopic lesions on day 60 (n = 5
for each group). Positive staining is indicated by brown stain and blue is nuclei. Negative control (-) in the inset is section
incubated without primary antibody. The bar is 50 lm.

were implanted and spontaneous development of new
lesions was difﬁcult to determine. To address this
problem, herein, we implanted only a single and small
piece of endometrial tissue per animal and characterized the ectopic lesions obtained at different time
points (day 15, 30 and 60). We observed that irrespective of the time points tested, the endometriotic
implants were superﬁcial and new lesions did not
develop in any of the animals (up to 60 days postinduction) including those where the sutured tissue
was left in the peritoneum for more than four months
(not shown). These results imply that the endometrial
tissue does not shed and spread within the peritoneum
in this mouse model. In humans and baboons, the
lesions are usually blood-ﬁlled which often becomes

dark (chocolate cysts) as time progresses; they turn
white upon regression (Fazleabas et al. 2002; Gordts
et al. 2017). However, in the mouse model, most of
the lesions were translucent and pale, chocolate cysts
were not detected in any of the animals. These results
imply that although endometriosis like features can be
induced in rodents; the lesions are highly localized,
superﬁcial, pale and do not progress and spread like
that in humans.
We next characterized the histology of the surgically
induced endometriotic lesions of different time points.
While at the early time points, ectopic lesions (day 5,
10 post-surgery) were indistinguishable from the normal endometrium, the cystic gland appeared in all the
lesions after day 15 post-induction. Cystic glands are
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reported in human endometriosis, these are multiple
and small in size (Gordts et al. 2017); however, only
one large cyst was observed in this mouse model of
endometriosis. Based on histology, the endometriotic
lesions are classiﬁed into well-differentiated, undifferentiated, mixed and stromal types in humans (Abrao
et al. 2003). In the mouse, irrespective of the time
point, most lesions were well-differentiated type; in
few animals, mixed phenotypes were observed. Stromal and undifferentiated types of endometriosis were
not observed in any of the animals. These observations
imply that histologically the mouse model of
endometriosis develops many features of human diseases albeit rare phenotypes like stromal and undifferentiated endometriosis are not captured.
A characteristic feature of human endometriosis is an
extensive proliferation of the tissues at ectopic locations (Park et al. 2009; Wingﬁeld et al. 1995).
Increased proliferation of epithelial cells is observed in
the ectopic endometrium of mice as early as one-day
post-transplantation (Lin et al. 2006). In concordance
with these studies, we observed progressively increasing numbers of PCNA positive epithelial and stromal
cells in the ectopic lesions during the entire course of
lesion development. These results imply that the
growth of the ectopic endometrial lesions in mice is not
just due to the formation of the cystic lesions but also
due to cell proliferation.
The second key feature of human endometriosis is
local steroid hormone synthesis. It is well-known that
normal endometrium does not express aromatase;
however, ectopic lesions in human express aromatase
leading to estrogen synthesis (Qi et al. 2017). Aromatase expression is also detected in endometriotic
tissues of baboons and mice (Bilotas et al. 2010;
Fazleabas et al. 2003; Langoi et al. 2013). We detected
the expression of aromatase in the ectopic lesions of the
mouse; however, the levels were only higher at early
time points, their abundance declined as time progressed. This is in stark contrast to the baboon and
human endometriosis where aromatase is induced in
the lesions at later stages (Fazleabas et al. 2003; Maia
et al. 2012). These results imply that one must be
careful with the timings while studying the effects of
aromatase inhibitors using this model. Indeed, aromatase inhibitors were found to be less effective in the
mouse model when treatment was initiated after 28
days of surgery as compared to the group where
treatment was initiated very early (Bilotas et al. 2010).
Estrogen acts via its receptors and studies have
reported the reduced expression of ERa and elevated
expression of ERb in the ectopic lesions (Han et al.

2015; Yilmaz and Bulun 2019). We recently reported
dynamic changes in the expression of estrogen receptors in the ectopic lesions (Mishra et al. 2020) where
the mRNA levels of Esr1 progressively declined while
Esr2 mRNA levels increased in the ectopic lesions at
all the time points tested as compared to controls. In
humans and baboons too, expression of Esr1 is reduced
while Esr2 levels are elevated in endometriotic lesions
as compared to normal endometrium (Fazleabas et al.
2003; Pellegrini et al. 2012). These observations imply
that along with aromatase expression, the alterations in
the expression of estrogen receptors are identical to
those observed in human endometriosis. Another
characteristic of human endometriosis is progesterone
resistance which is due to reduced expression of progesterone receptors in the ectopic tissues (McKinnon
et al. 2018; Yilmaz and Bulun 2019). In the mouse
model too, there is reduced expression of Pgr mRNA
and protein in the ectopic lesions (Mishra et al. 2020).
There is also a reduction in the expression of progesterone regulated genes (like HOXA10) in the
endometriotic lesions (not shown) indicative of progesterone resistance. Thus, the mouse model mimics
many features of human endometriosis in terms of
expression of steroid hormone receptors and it is an
appropriate model to investigate the effects of steroid
hormone receptor modulators in endometriosis.
Increased inﬂammation is a characteristic feature of
human endometriosis (Bullon and Navarro 2017; Lin
et al. 2018; Symons et al. 2018). In the present study,
we observed the inﬁltration of polymorphonuclear
leucocytes and hemosiderin-laden macrophages in the
stroma of the endometriotic tissues. This was also
coupled with higher expression of inﬂammatory
molecules Tnf, Ifng, and Il1b, which are known to be
elevated in human endometriosis (Gajbhiye et al. 2018;
Lin et al. 2018). In ectopic endometrium, overexpression of ERb is known to cause inﬂammation by aiding
inﬂammasome assembly (Han et al. 2015) and levels of
ERb are elevated in the ectopic endometrium of these
animals (Mishra et al. 2020). These results imply that
the mouse model of endometriosis also mimics the
inﬂammatory phenotype like in humans.
Endometriosis is deﬁned as the presence of
endometrial glands and stroma at ectopic locations.
However, ﬁbrosis is also an inherent characteristic of
endometriosis where the presence of smooth muscles is
a consistent feature (Vigano et al. 2018; Zhang et al.
2016). It is well known that ﬁbrosis originates from the
transformation of the epithelial cells to mesenchymal
cells that ultimately differentiate into myoﬁbroblasts
(Matsuzaki and Darcha 2012; Zhang et al. 2016).
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Recent studies have demonstrated the occurrence of
EMT in the ectopic endometrium of women with
endometriosis (Xiong et al. 2019; Yang and Yang
2017; Zhang et al. 2017). To test if EMT occurs in the
mouse model of endometriosis, we stained the sections
for epithelial (E-cadherin and cytokeratin) and mesenchymal cell markers (N-cadherin and vimentin). In
all the tissue sections of control and ectopic endometrium, the epithelium stained positive for cytokeratin
and E-cadherin and negative for vimentin and N-cadherin indicating that the composition and organization
of the epithelium are well preserved in the endometriotic lesions despite remaining at ectopic locations for
an extended period. Further, weak but speciﬁc staining
for cytokeratin was observed in the stromal tissue of
ectopic lesions. Cytokeratin positivity of stromal cells
has not been reported previously in endometriosis,
although it is associated with endometrial stromal sarcoma (Rahimi et al. 2019). However, we did not detect
any sarcoma like changes in the ectopic endometrium
even at later time points (not shown). These observations suggest that unlike the human condition, EMT is
not a feature of endometriosis in this mouse model and
the stromal phenotypes observed in human
endometriosis are not fully recapitulated in this model.
As discussed above, histological ﬁbrosis is a feature
of endometriosis which is characterized by extensive
deposition of collagen bundles in stroma and presence of
a-SMA positive myoﬁbroblasts in the stroma. While
collagen was detected in both endometrium of control
and ectopic endometrium of mice, this was generally
collagen IV and not collagen I which is associated with
ﬁbrosis. In humans, extensive a-SMA positive cells
(characteristics of ﬁbrosis) are detected in the stroma of
ectopic but not eutopic endometrium of women with
endometriosis (Barcena de Arellano et al. 2011; ChehnaPatel et al. 2010) However, we failed to detect a-SMA
positive cells in the stroma of ectopic lesions, although it
was abundantly detected in the muscle layers. Thus,
despite the lesion being present for a long time at the
ectopic location and undergoing extensive inﬂammation,
histological ﬁbrosis is lacking in the mouse model of
endometriosis. Thus, caution needs to be applied while
using this model to study molecular pathways or drug
targets for EMT and ﬁbrosis in endometriosis.
5. Conclusion
In summary, the present study shows that the mouse
model for endometriosis partially mimics the well-differentiated type of human endometriosis, expression of
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aromatase (albeit transiently), altered expression of
steroid hormone receptors and inﬂammatory molecules. However, unlike humans, the mouse model does
not recapitulate EMT and ﬁbrotic phenotypes. Thus,
the mouse model for endometriosis though excellent in
some aspects, needs to be used with cautious while
investigating speciﬁc phenotypes. The present study
pieces together many ﬁndings in a perspective and
provides a framework of the phenotypes and limitations of the commonly used mouse model in
endometriosis research. The development and proper
characterization of such animal models are vital for
new avenues in novel therapeutics for this enigmatic
and largely untreatable condition.
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