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ABSTRACT

For the last decades, endometriosis has been a major gynecological problem and a significant cause of infertility for
women worldwide. It is estimated that the disease affects about 10-15% of all women of reproductive age and 70%
of women suffering from chronic pelvic pain. At the same time, the incidence is about 40-60% in women with dys-
menorrhea and 20-30% in women with subfertility. Despite the high percentage of affected women, endometriosis is
still characterized by insufficient knowledge of the pathogenic processes, leading to the development and continuity
of the disease. For this reason, there is a significant need for insight and understanding of the pathogenesis of endo-
metriosis. This systematic review aims to present the latest data on the use of rats in endometriosis research and to
explore how fertility is affected in rats with endometriosis. The methodology included a review of the available pub-
lications retrieved by a search in various scientific databases, such as PubMed, Scopus, Medline, and Google Scholar.
The initial search generated 30 titles, with 10 articles fulfilling the inclusion criteria. In conclusion, several surgical
techniques have been proposed to induce endometriosis, mainly using rats as the appropriate animal model. Studies
in rats showed that endometriosis causes infertility and that pregnancy rates are lower for rats with endometriosis than
those without endometriosis. In addition, rats with endometriosis have significant abnormalities in the structure of
their oocytes as well as in the development of their embryos (genetic abnormalities).
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INTRODUCTION

Endometriosis has been a major cause of infertility and the
most common cause of chronic pelvic pain for a significant num-
ber of women worldwide [1-8]. Epidemiologically, it is estimated
that the disease affects about 10-15% of all women of reproduc-
tive age and 70% of women suffering from chronic pelvic pain.
At the same time, the incidence is 40-60% in women with dys-
menorrhea and 20-30% in women with subfertility [1, 3, 6, 7].
The cause of the disease is multi-parametrical, and exposure to
menstruation (carly menarche and late menopause) appears to
increase the risk of endometriosis [3-5]. Furthermore, genetic
and environmental causes seem to play an essential role in the
pathogenesis of the disease [7-9].
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The disease has a typical onset during early puberty, with
an early age of menarche and acute pelvic pain that lasts during
menstruation (sometimes, even days before or after, with cyclic
and acyclic pain). Over the years, other symptoms result, accord-
ing to the number of organs involved and the extent of the en-
dometrial tissue covering them [1, 4]. Three main theories have
been proposed thus far to explain the pathophysiology of the dis-
case: (a) retrograde menstruation; (b) coelomic metaplasia; and
(c) mullerian remnants [7-11]. The most dominant of the three
is the retrograde menstruation hypothesis [1, 7-11]. However,
none have provided a clear and adequate explanation of how the
different types of endometriosis could occur. According to this
theory, fragments of the normal uterus endometrium gradually
move to reach the pelvis via transtubal retrograde flow, follow-
ing its implantation into the peritoneal cavity and the abdominal
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organs. Furthermore, the implanted tissues (whose functions are
typically estrogen-dependent) start proliferating in these ecto-
pic places, which causes acute pelvic pain and symptomatology
connected to the organs most affected (dysmenorrhea, dyspareu-
nia, dysuria, pain during ovulation, bowel and/or urinary blad-
der -related pain) [1, 7, 12-21].

Despite the high percentage of affected women, it is still
characterized by insufficient knowledge of the pathogenic pro-
cesses, leading to the development and continuity of the disease.
For this reason, there is a significant need for knowledge and
understanding of the pathogenesis of endometriosis. For ethi-
cal reasons, controlled experiments are not allowed in women
with endometriosis. However, experiments are essential in animal
models [1-7, 12-21].

The purpose of the current systematic review was to re-
search how fertility is affected in rats with endometriosis.

MATERIAL AND METHODS

The methodology included a review of the available pub-
lications retrieved by a search in various scientific databases,
including PubMed, Scopus, Medline, and Google Scholar. The
most recent worldwide bibliographical references were studied,
and the results were recorded chronologically (from the oldest to
the most current ones). The research was based on inclusion cri-
teria: (a) studies including rat models used to study endometriosis
and subfertility; (b) full text available in English; and (c) period of
publication between 1985 and 2020. The following search terms
were used: "endometriosis", "rats", "subfertility", and "infertil-
ity", with the initial search generating 30 titles. Titles and ab-
stracts were examined for relevance to the objective of the review.
Following the assessment of the titles and abstracts, 20 publica-
tions were excluded as irrelevant to the study's objective. In the
end, 10 articles remained for inclusion (Figure 1).

Records identified through
database searching (n=30)

\/

Records screened

RESULTS

The initial search generated 30 titles. Titles and abstracts
were examined for relevance to the review objective. After assess-
ing the titles and abstracts, 20 references were excluded because
they were apparently not relevant to the study's objective. Finally,
10 articles were included in the review (Figure 1).

Stating the bibliographical references in chronological or-
der, in November 1985, Vernon & Wilson published a study
about possible ways of surgical induction of endometriosis in rats
[22]. The article described three models of inducing endometri-
osis in rats. First, four uterine squares were sutured to the peri-
toneal cavity; second, uterine luminal lavages were instilled into
the peritoneal cavity; third, endometrial scrapings were flushed
into the peritoneal cavity, followed by a control group (sham-op-
erated controls). In the days after the surgery, rats were examined
for the presence of endometrial implants both in the pregnant
and non-pregnant groups. The results showed that the peritoneal
adhesions were greater in rats with induced endometriosis than
in the normal (sham-operated) controls, which could partially
explain the infertility in rats with endometriosis. Adhesions that
occur with endometriosis can block the fallopian tubes or uterus,
making it difficult for the sperm to meet the ovum. However,
no difference was seen regarding the severity of adhesions be-
tween pregnant and non-pregnant rats. Rats with endometriosis
showed a statistically significant decrease (p<0.03) of pups deliv-
ered at term by 48% [22].

Five years later (May 1990), Rajkumar et al. published an
article describing the effects of pregnancy and ovariectomy on
the growth of endometrial implants in rats with experimentally
induced endometriosis [23]. Results showed that rats who had
undergone endometriosis in the lab were as fertile as the control
group and that endometrial cells can survive where they have
been implanted and grow into a new implant in the future, even
in cases where no lesions could be seen [23].
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Figure 1. Flow diagram of the search and selection process.
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In December 1992, Barragan et al. published another study
examining the effects of pregnancy and lactation on the ectopic
endometrial tissue, as well as the fertility capacities, in rats that
had experimental procedures to achieve endometriosis [24]. The
study included 44 rats with endometriosis induced in the lab and
41 normal controls, and the results showed reduced pregnancy
rates for rats with endometriosis (65.7%), in contrast to the con-
trol group (100%). Moreover, during the lactation period, the
implants in both groups showed no difference in their growth,
thus implying that the absence of estrus during lactation proves
beneficial to the rats suffering from endometriosis [24].

Next, in May 1995, Cummings & Metcalf published anoth-
er study examining the role of environmental chemicals in the
progression of endometriosis in rats [25]. Experiments were con-
ducted (slices of the uterus were sutured to intestinal mesenteric
vessels) to investigate (a) how 2, 3, 7, 8-tetrachlorodibenzo-p-di-
oxin (TCDD) could promote endometriosis in rats, (b) how en-
dometriosis and immunodeficiency are linked together, and (c) if
and to what extent humoral immunity is suppressed in mice — but
not rats — after being exposed to TCDD. The results showed that
the growth of the lesions in the implantation sites was clearly
hormone-dependent, thus offering a new model on the ability of
specific xenobiotics to promote endometriosis in rats. This model
seems appropriate for studying xenobiotic-induced damage to
primordial follicles that can result in early ovarian failure (prema-
ture menopause) [25, 26].

In March 2002, Sharpe-Timms published another paper on
how rats could be used as a research model to study endometri-
osis. The paper states that rats can be very useful for the deeper
in vivo study of the pathogenesis and pathophysiology of endo-
metriosis and in the study of novel therapeutic approaches that
are not suitable to be tested in humans [27]. Furthermore, the
research proposes that rats can be a good animal model because
rat endometriotic tissues are similar to human endometriotic tis-
sues. The first surgical method mentioned is the autotransplan-
tation of uterine squares into the peritoneal cavity, followed by
the monitoring of the progression of the transplantation and the
clinical symptomatology in vivo. Rats with endometriosis display
similar symptoms to humans, with rats showing reduced fertility
and fecundity. Another important cue to the similarity of rat and
human endometriosis pathophysiology is gene expression and
protein production. For these reasons, the study encourages the
use of rats as animal models and promises optimistic results for
the near future [27].

In November 2006, Mohammadzadeh el al. published
another article on how endometriosis could be induced by im-
planting the endometrial fragments in rats. This article describes
2 groups of rats, (1) rats auto transplanted with endometrial tis-
sues and (2) rats auto transplanted with fat tissue (control group),
monitored after surgery (autotransplantation) for the clinical
impact of the transplants and their development [28]. The re-
sults showed that after surgically induction of endometriosis in
rats, only endometrial (and not fatty) implants grew as a cystic
structure inside the rats' bodies, probably because of the endo-
metrial cell's unique capacity to promote the formation of such
lesions in the peritoneal cavity. Adhesions were detected in 7 out
of 10 rats suffering from endometriosis and 2/10 of the rats in
the sham group. The number of the estrous cycles was similar in
both groups [28].

In April 2009, Stilley et al. published a study that examined
the role of tissue inhibitors of metalloproteinase 1 in the reduced
fecundity of rats with endometriosis. Even though the study does
not present specific surgical techniques, it offers a significant ex-
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planation of how the expression of matrix metalloproteinases
and their tissue inhibitors by ectopic and eutopic endometrium
could play an important role in the pathogenesis of endometri-
osis [29]. The research compared rats with endometriosis with
normal controls. The results show that rats with endometriosis
had significant abnormalities in the structure of their oocytes and
the development of their embryos (genetic abnormalities) before
the implantation. The study suggests that one reason for these
abnormalities in the endometriotic rats might be that they have
more tissue inhibitor matrix metalloproteinase 1 (TIMP1) in their
peritoneal fluid compared to normal controls. It also proposes
that endometriotic lesions might lead to permanent epigenetic
changes in the rats born from these endometriotic mothers [29].

In January 2012, Pelch et al. published a similar article about
the use of rats as animal models for endometriosis, suggesting that
some of the most important advantages of rats are the cost-effec-
tiveness and availability (wide variety of transgenic mice) [30].
The study proposes a surgical technique of transplanting endo-
metrium from the uterus to the intestinal mesentery (experiment
first carried out on rats and, later, on mice) of the same animal,
which is an effective way of surgical insertion of endometriosis
in mice. This rodent model of surgically induced endometriosis
demonstrates many similarities to the disease in humans, includ-
ing reduced fertility and fecundity and altered gene and protein
expression [30].

In January 2015, Edson Ximenes Gomes Pereira et al. pub-
lished a similar study about an animal model that could be used
to understand the pathophysiology of endometriosis and the
effects of certain pharmacological agents on endometriotic an-
imals [31]. The study used 53-month-old rats that were divided
into four groups according to the pharmacological agent with
which each was treated: (1) the estradiol group, (2) the medroxy-
progesterone acetate group, (3) the triptorelin pamoate group,
and (4) the acetylsalicylic acid [17]. All the groups were subjected
to surgically induced endometriosis, and the progression of the
transplants was monitored on days 1, 7, 14, and 21. The results
showed that the weight of the endometrioma and hemiuterus
was linked to the pharmacological agents provided to the ani-
mals. Moreover, the experimental model of subcutaneous endo-
metriosis is a good option for researchers due to its reproducibili-
ty, cost-effectiveness, and facile implementation [31].

Lastly, in February 2020, Dera-Szymanowska e al. published
another interesting article suggesting that immunomodulation
(through alteration of the potentially pathogenic gene expression
profiles of Bax, Tert, and Mki67 genes in the endometrial cells
of the rats) seems to be able to inhibit the development of en-
dometriosis at a substantially important level, thus moving one
step forward from the implantation of the lesions, onto how these
lesions could be reduced (in size and functionality) in vivo [32].

DISCUSSION

The probability of conception in women with mild endome-
triosis ranges between 2-5%, in contrast to 15-25% in healthy
fertile women [33-36]. The correlation between endometriosis
and infertility is therefore evident. The pathogenesis of infertil-
ity in women suffering from endometriosis is multifactorial and
difficult to explain. Many animal models have been used to offer
insight into the mechanisms through which endometriosis causes
infertlity [22-32, 37, 38].

The first experiments on endometriosis were conducted
on primates in the 1950s. In an attempt to simulate retrograde
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menstruation, the cervix of the female monkey was surgically re-
positioned in such a way as to cause endometrial lesions [37, 38].
The experimental cost of these animals was excessive. Therefore,
small laboratory animals are currently used to study endometri-
osis (e, rats) [37, 38]. Human and rat reproductive physiology
have relevant differences. Hence, these models possess limita-
tions. Because rodents do not menstruate, they do not develop
spontaneous endometriosis, and therefore the disease has to be
induced artificially by the autotransplantation of the uterine tis-
sue [37]. Unlike human beings and non-human primates, other
animal models do not develop endometriosis spontaneously.
However, researchers can induce endometriosis in these organ-
isms through the ectopic transplantation of endometrial tissue
[22-32, 37, 38]. Despite these limitations, rat models offer signif-
icant advantages, such as the limited costs and the opportunity
to perform studies in large groups of genetically similar animals
[37]. Furthermore, rat models of surgically induced endometri-
osis demonstrate many similarities to the disease in humans, in-
cluding reduced fertility, fecundity, and altered gene and protein
expression [27]. For these reasons, our research encourages using
rats as animal models to study the correlation between endome-
triosis and infertility.

CONCLUSION

In conclusion, according to all the studies above, it seems
that endometriosis is a serious gynecological disease that can sig-
nificantly reduce the patients' life due to both the acute, chronic
pelvic pain and the subfertility issues it brings upon women of
reproductive age. For these reasons, several surgical techniques
have been proposed to induce endometriosis, mainly using rats as
the appropriate animal model. There are many reasons why rats
and rodents are used in these experiments. Firstly, due to the high
reproducibility of the research, and secondly, due to low financial
expenditure. The surgical techniques proposed include autotrans-
plantation (transplants from the same rat to the same rat), and the
results seem to be promising for the future, for the representation
of the pathophysiology of the disorder, primarily in an animal
model, and subsequently (with respective biological processes) in
humans. Studies in rats showed that endometriosis causes infertil-
ity. Pregnancy rates are lower for rats with endometriosis (65.7%)
than those without endometriosis (100%). Rats with endometrio-
sis had significant abnormalities in the structure of their oocytes
and the development of their embryos (genetic abnormalities).
Gene therapies and pharmacological agents play an important
role when the appropriate therapeutic steps are taken, which re-
sults in a significant percentage of endometriomas being able to
shrink substantially. In these ways, endometriosis can hopefully
be well defined, studied, and clearly understood as a network of
biological mechanisms in rats and humans, thus providing the sci-
entific world with important information and contributing to the
reduction in the rates of this disease in future years.

ACKNOWLEDGMENTS

Conflicts of interest
The authors declare no conflict of interest.

Data availability
Further data is available from the corresponding author on
reasonable request.

Authorship

DK contributed to conceptualization, methodology, data
collection, analysis, writing the original draft, and editing of the
manuscript. DK, VP, GP, KP, NN, ACL, DI contributed to the
methodology and data collection. DI also contributed to the con-
ceptualization and editing of the manuscript.

REFERENCES

1. Bulun SE, Yilmaz BD, Sison C, Miyazaki K, et al Endometriosis. Endocr
Rev.2019;40(4):1048-1079. doi: 10.1210/er. 2018-00242.

2. Parasar P, Ozcan P, Terry KL.. Endometriosis: Epidemiology, Diagnosis and
Clinical Management. Endometriosis: Epidemiology, Diagnosis and Clinical
Management. Curr Obstet Gynecol Rep.2017;6(1):34-41. doi: 10.1007/
$13669-017-0187-1.

3. Malvezzi H, Marengo EB, Podgaec S, Piccinato C. Endometriosis: current
challenges in modeling a multifactorial disease of unknown etiology. J Transl
Med. 2020;18(1):311. doi: 10.1186/512967-020-02471-0.

4. Chapron C, Marcellin L, Borghese B, Santulli P. Rethinking mechanisms,
diagnosis and management of endometriosis. Nat Rev Endocrinol.
2019;15(11):666-682. doi: 10.1038/s41574-019-0245-z.

5. Zondervan KT, Becker CM, Missmer SA. Endometriosis. New
England Journal of Medicine. 2020; 382(13):1244-125. doi: 10.1056/
NEJMral810764.

6. Horne AW, Saunders PTK, Abokhrais IM, Hogg L. Top ten endometriosis
research priorities in the UK and Ireland. Lancet. 2017;389(10085):2191-92.
doi: 10.1016/50140-6736(17)31344-2.

7. Patel BG, Lenk EE, Lebovic DI, Shu Y, e al. Pathogenesis of endometriosis:
Interaction between Endocrine and inflammatory pathways. Best Pract Res
Clin Obstet Gynaecol.2018;50:50-60. doi: 10.3389/fendo.2019.00935.

8. Shim JY, Laufer MR. Adolescent Endometriosis: An Update. J Pediatr
Adolesc Gyneco.2020;33(2):112-119. doi: 10.1016/j.,jpag.2019.11.011.

9. Borghese B, Zondervan KT, Abrao MS, Chapron C, Vaiman D. Recent
insights on the genetics and epigenetics of endometriosis. Clin. Genet. 2017;
91:254-264. doi: 10.1111/cge.12897.

10.  Eisenberg VH, Weil C, Chodick G, Shalev V. Epidemiology of endometriosis:
a large population-based database study from a healthcare provider with 2
million members. BJOG An Int J Obstet Gynaecol. 2017;125(1):55-62. doi:
10.1111/1471-0528.14711.

11.  Koninckx PR, Ussia A, Adamyan L, Tahlak M, e/ al. The epidemiology
of endometriosis is poorly known as the pathophysiology and diagnosis
are unclear,Best Practice & Research Clinical Obstetrics & Gynaecology.
2021;71:14-26. doi: 10.1016/j.bpobgyn.2020.08.005.

12. Vercellini P, Vigano P, Somigliana E, Fedele L. Endometriosis: pathogenesis
and treatment. Nat Rev Endocrinol. 2014;10(5):261-75. doi: 10.1038/
nrendo.2013.255.

13. Vassilopoulou L, Matalliotakis M, Zervou M, Matalliotaki C, ¢ al. Defining
the genetic profile of endometriosis (Review). Experimental and Therapeutic
Medicine. 2019; 17(5):3267-3281. doi: 10.3892/etm.20 19.7346.

14, Czyzyk A, Podfigurna A, Szeliga A, Meczekalski B. Update on endometriosis
pathogenesis. Minerva Ginecol. 2017;69(5):447-461. doi: 10.23736/
S0026-4784.17.04048-5.

15.  Gordts S, Koninckx P, Brosens I. Pathogenesis of deep endometriosis. Fertil
Steril. 2017;108(6):872-885. doi: 10.1016/].fertnstert.2017.08.036.

16. Davis  AC,  Goldberg  JM. Extrapelvic ~ Endometriosis.Semin
Reprod.2017;35(1):98-101. doi: 10.1055/5-0036-1597122.

17.  Falcone T, Flyckt R. Clinical Management of Endometriosis. Obstet Gynecol.
2018;131(3):557-571. doi: 10.1097/A0G.0000000000002469.

18.  DiVasta AD, Vitonis AE, Laufer MR, Missmer SA.Spectrum of symptoms in
women diagnosed with endometriosis during adolescence zs. adulthood. Am J
Obstet Gynecol. 2018;218(3):324.¢1-324.e11. doi: 10.1016/j.aj0og:2017.12.007.

19.  Brawn J, Morotti M, Zondervan KT, Becker CM, Vincent K. Central
changes associated with chronic pelvic pain and endometriosis. Hum Reprod
Update. 2014;20(5):737-47. doi: 10.1093/humupd/dmu025.

20. Morotti M, Vincent K, Becker CM. Mechanisms of pain in endometriosis.
Eur J Obstet Gynecol Reprod Biol.2017;209:8-13. doi: 10.1016/j.
¢jogrb.2016.07.497.

21. Hoo WL, Hardcastle R, Louden K. Management of endometriosis-related
pelvic pain. The Obstetrician & Gynaecologist. 2017;19(2):131-138. doi:
10.1111/t0g.12375.

22. Vernon MW, Wilson EA. Studies on the surgical induction of endometriosis
in the rat. Fertil Steril. 1985; 44(5):684-94.

23.  Rajkumar K, Schott PW, Simpson CW. The rat as an animal model
for endometriosis to examine recurrence of ectopic endometrial tissue
after regression. Fertil Steril. 1990 ;53(5):921-5. doi: 10.1016/50015-
0282(16)53532-8.

24.  Barragan JC, Brotons J, Ruiz JA, Acién P. Experimentally induced
endometriosis in rats: effect on fertility and the effects of pregnancy and

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 6 JUNE 2022



25.

26.

27.

28.

29.

30.

JOURNAL of MEDICINE =nd LIFE

lactation on the ectopic endometrial tissue. Fertil Steril. 1992;58(6):1215-9.
doi: 10.1016/50015-0282(16) 55572-1.

Cummings AM, Metcalf JL. Induction of endometriosis in mice: a new
model sensitive to estrogen. Reprod Toxicol. 1995;9(3):233-8. doi: 10.1016/
0890-6238(95)00004-t.

Hoyer PB, Keating AF. Xenobiotic effects in the ovary: temporary versus
permanent infertility. Expert Opin Drug Metab Toxicol. 2014;10(4):511-523.
doi: 10.1517/17425 25 5.2014.880690.

Sharpe-Timms KL. Using rats as a research model for the study of
endometriosis. Ann N'Y Acad Sci. 2002;955:318-27.doi: 10.1111/5.1749-6632.
2002.th02792.x.

Mohammadzadeh A, Heidari M, Soltan G, Horaii H, ¢ al Induction of
Endometriosis by implantation of endometrial fragments in female rats.
IJRM. 2006; 4(2):63-68.

Stilley JA, Woods-Marshall R, Sutovsky M, Sutovsky P, Sharpe-Timms KL.
Reduced fecundity in female rats with surgically induced endometriosis and
in their daughters: a potential role for tissue inhibitors of metalloproteinase 1.
Biol Reprod.2009;80(4):649-656. doi: 10.1095/biolreprod.108.073411.
Pelch KE, Sharpe-Timms KL, Nagel SC. Mouse model of surgically-
induced endometriosis by auto-transplantation of uterine tissue. J Vis Exp.

2012;59:€3396. doi: 10.3791/3396.

31.

34.

35.

© 2022 JOURNAL of MEDICINE and LIFE. VOL: 15 ISSUE: 6 JUNE 2022

Pereira FE, Almeida PR, Dias BH, Vasconcelos PR, et al. Development of a
subcutaneous endometriosis rat model. Acta Cir Bras. 2015; 30(1):6-12. doi:
10.1590/50102-86502015001000002.

Dera-Szymanowska A, Chmaj-Wierzchowska K, Horst N, Stryjakowska K,
et al. Immunomodulation inhibits the development of endometriosis in rats. J
Physiol. Pharmacol.2020;71(1):145-153; doi: 10.26402/jpp.2020.1.14.
Macer ML, Taylor HS. Endometriosis and infertility: a review of the
pathogenesis and treatment of endometriosis-associated infertility. Obstet
Gynecol Clin North Am. 2012;39(4):535-549. doi: 10.1016/j.0g¢.2012.10.002.
Bulletti C, Coccia ME, Battistoni S, Borini A. Endometriosis and infertility. J
Assist Reprod Genet. 2010;27(8):441-447. doi: 10.1007/510815-010-9436-1.
Evans MB, Decherney AH. Fertility and Endometriosis. Clin Obstet Gynecol.
2017;60(3):497-502. doi: 10.1097/GRFE.000000000000029.

Fadhlaoui A, Bouquet de la Joliniere J, Feki A. Endometriosis and
infertility: how and when to treat?. Front Surg. 2014;1:24. doi: 10.3389/
fsurg.2014.00024.

Grimmer R. Animal models in endometriosis research. Hum Reprod
Update. 2006;12(5):641-649. doi: 10.1093/humupd/dml026.
Tirado-Gonzélez 1, Barrientos G, Tariverdian N, ¢/ al Endometriosis
research: animal models for the study of a complex disease. J Reprod
Immunol. 2010;86(2):141-147. doi: 10.1016/j,jri.2010.05.001.

746



