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Gynecological diseases are a series of diseases caused by abnormalities in the female
reproductive organs or breast, which endanger women’s fertility and even their lives.
Therefore, it is important to investigate the mechanism of occurrence and treatment
of gynecological diseases. Animal models are the main objects for people to study
the development of diseases and explore treatment options. Large animals,
compared to small rodents, have reproductive organs with structural and
physiological characteristics closer to those of humans, and are also better suited
for long-term serial examinations for gynecological disease studies. This review gives
examples of large animal models in gynecological diseases and provides a reference
for the selection of animal models for gynecological diseases.
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Introduction

Animal models are commonly used in biomedical research as the basis for experimental
and clinical hypotheses. The use of animal models is an extremely important experimental
method and tool in modern biomedical research, contributing to a more convenient and
effective understanding of the developmental patterns of human diseases (Robinson et al.,
2019; Lunney et al., 2021). People first used animals as physiological models in ancient Greek
times (Ericsson et al., 2013). Since then, animals have been utilized more and more in the
study of human diseases and have gradually become an irreplaceable part. Rodents such as
mice and rats reproduce rapidly and one can make them present multiple phenotypes by
knockout techniques (Filipiak and Saunders, 2006). In the early 20th century, the use of
rodents as models for biological research was well established. However, these rodents do not
mimic all diseases because some of the physiological characteristics differ significantly from
those of humans. In pursuit of higher similarity of physiological structures, large animal
models such as pigs (Lunney et al., 2021), sheep (Murray et al., 2019), and horses (Schüttler
et al., 2020) and other higher classes of animals have become the choice of models for disease
studies.

Gynecological diseases are diseases caused by abnormal development, infections, and
tumors of the female reproductive organs and mammary glands. According to the site of the
disease, gynecological diseases are mainly divided into: 1) Diseases of the reproductive
system such as uterine diseases and vaginal diseases, which are mostly caused by infections,
but also some diseases caused by genetic factors and hormonal disorders (Grimbizis et al.,
2001; Stewart, 2001; White et al., 2011); 2) breast diseases, which mostly refer to breast
inflammation and malignant tumors (Harbeck and Gnant, 2017; Scott, 2022); 3) endocrine
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disorders due to reproductive abnormalities, such as gestational
diabetes (Khalil et al., 2018). In the current research on
gynecological diseases, a variety of animals have successfully
simulated human diseases, and the research is divided into two
main areas. The first is the mechanism of disease onset. Researchers
explore the possible causes of disease through the expression of
proteins associated with specific signaling pathways. In the study of
signaling pathways (Lv et al., 2022), researchers can predict the
potential symptoms of a disease and reveal the harm of it to other
tissues or organs. The second is the treatment plan for the disease
(Tyrrell, 1999). By applying spontaneous disease models or
artificially induced disease models, drug efficacy is evaluated, and
issues such as drug safety are assessed, which is the basis of
preclinical drug research. However, due to the specificity of
gynecological diseases, small rodents do not mimic the
manifestations of human gynecological diseases very well
(Adams et al., 2012). Large animals are often applied in the
study of gynecological diseases because of their reproductive
characteristics close to those of humans. In this review, we
briefly introduce the application of large animal models in
gynecologic diseases, using three gynecologic diseases as
examples. An in-depth understanding of the application of large
animal models will provide more insight into the study of
gynecological diseases and enlighten researchers to pay more
attention to the selection of animal models in their studies.

Large animal models

For a long time, it has been found that it is difficult to advance
medicine by using human subjects as subjects themselves. Not only
are the accumulated clinical experiences limited in time and space,
but many experiments are morally and methodologically restricted.
The attractiveness of animal models lies in the fact that they
overcome these shortcomings, and their unique role in
biomedical research is being increasingly appreciated by
researchers (Banstola and Reynolds, 2022). In order to fully
simulate the main clinical manifestations and pathological
features of a specific disease, the selection of animal models
varies from disease to disease. Although rodents such as mice
and rats are widely used in disease research, they have shown
many shortcomings in gynecological diseases. Rodents usually
have a short ovarian cycle and a luteal phase that only arises
during mating, and their gestation period is much smaller than

that of humans (Table 1). Their small size is also a problem, and
examination of organs by necropsy does not allow for continuous
follow-up of disease progression. Although there are instruments
for examination of mice, such as Doppler ultrasound, the same
instruments used for human examination can be applied to large
animals and can be examined by palpation, which are not possible in
small rodents. In contrast, gynecological diseases usually develop
continuously over a specific period of time, so examination by
means of dissection does not contribute to the understanding of the
disease. The larger size of large animals facilitates real-time
examination of the ovaries and uterus. Researchers used cows as
an animal model to study the effects of aging on female
reproduction. Changes in plasma estradiol concentrations and
luteal phase progesterone concentrations were found to be
similar to those in menopausal women (Malhi et al., 2005).
Ovary-related endocrine changes in sheep have also been shown
to be similar to those in women (de Souza et al., 1998). The results of
large animals as models for human gynecological studies are more
closely related to those of humans. Smaller animals tend to have
shorter lifespans, and obtaining sufficient blood from these small
animals for analysis is difficult and does not allow for long-term
observation of hormone level. In addition, the pharmacokinetics of
small animals differ significantly from those of humans, and the
evaluation of drugs in small animals may deviate significantly from
reality (Lin, 1995). In a review by Mondal et al. (2022) detailing the
comparison of tumor sink between mice and pigs, it was found that
using a mouse model would severely underestimate the toxicity of
the drug, compared to pigs. This is due to the smaller size of the
mouse, where the drug would be more preferentially concentrated at
the tumor site, while the pig has higher concentrations in the plasma
and greater systemic toxicity. Therefore, large animals are more
advantageous in studying gynecological diseases both in terms of
physiological similarity and manipulation. This is why researchers
have used large animals to construct models of various
gynecological diseases for basic and pharmacodynamic studies.

Gestational diabetes

Gestational diabetes (GDM) is a spontaneous hyperglycemia
during pregnancy. Gestational diabetes is one of the factors that
affect the prognosis of pregnancy, increasing the risk of pregnancy
and causing adverse pregnancy outcomes (Bellamy et al., 2009;
American Diabetes Association, 2013). In addition, GDM may

TABLE 1 Reproductive characteristics of humans and some animals. Table content was compiled from Abedal-Majed and Cupp (2019), Lu et al. (2022).

Reproductive characteristics Women Cows Sheep Mice Monkeys

Ovarian size 4 × 3 × 1 cm 2–3 × 1–2.5 × 1–1.5 cm 1–1.5 × 0.5–1 × 0.5–1 cm 0.2 × 0.1 × 0.05 cm 1.0–1.8 × 0.4–0.6 × 0.2–0.4 cm

Diameter of ovulatory follicle 18–20 mm 15–20 mm 5–7 mm 0.9–1.1 mm 6–9 mm

Lifespan 70–80 years 10–20 years 5–15 years 1–3 years 20–25 years

Ovulatory cycle 24–30 days 17–24 days 13–19 days 4–6 days 22–33 days

Length of follicular phase 12–14 days 2–3 days 2–3 days 1–3 days 17–19 days

Length of luteal phase 14–16 days 15–18 days 12–14 days — 13–15 days

Duration of gestation 278–282 days 278–282 days 142–148 days 21 days 156–180 days
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have an impact on maternal health long after delivery, increasing
the risk of type 2 diabetes (Peters et al., 1996) as well as
cardiovascular disease (Shostrom et al., 2017; Plows et al., 2018).
Therefore, an in-depth study of the pathogenesis of gestational
diabetes mellitus and the proposal of targeted therapeutic
approaches are of great clinical value. Establishing effective
animal models is the basis for understanding GDM. In GDM
modeling, chemical induction of toxicity in pancreatic β-cells of
rodents is commonly used. However, rodents have a shorter
gestation period, and gestational hormones and islet structure are
different from humans (Schüttler et al., 2020). This is the main
problem of using them for GDM studies (Pasek and Gannon, 2013;
Gao et al., 2021). Pigs are similar to humans in terms of anatomy,
physiology, and disease mechanisms (Yao et al., 2016). They were used
to create a maternal diabetes model to explore the effects of
tetraoxacillin diabetes and maternal fasting on fetal development.
For the quantitative increase in body fat only in fetuses of diabetic
pigs, it was concluded that diabetic pregnancy stimulates the ab initio
synthesis of fatty acids from fetal fat and is the main mechanism for
the increase in fetal body fat accumulation (Kasser et al., 1981). In
Ezekwe’s study, streptozotocin was administered to pregnant sows
during gestation to induce diabetes and to explore changes in fetal
growth, energy reserves and body composition in neonatal pigs
(Ezekwe et al., 1984). With the rapid development of genetic
engineering technology, researchers are using transgenic techniques
to manipulate animals and construct the desired models. Mice can be
genetically edited and reproduced stably by CRISPR/Cas9 technology
(Hall et al., 2018). Gene editing techniques are also used in large
animals, and people have successfully used sperm-mediated gene
transfer (Umeyama et al., 2012), gene-targeted technique
(Watanabe et al., 2010) to get transgenic pigs, which have potential
in the research of gynecological diseases. Renner et al. (2019) designed
transgenic pigs with INSC93S, a genetic mutation that causes
hyperglycemia and insulin resistance in pregnant pigs in late
gestation, and the transgenic pigs became a promising model for
GDM. In addition to pigs, dogs have also been used to model GDM.
Moore et al. (1985) successfully induced a GDM in dogs by feeding
them high fat and fructose at weeks six and seven of gestation. Further
exploration of hepatic glucose metabolism in dogs during gestation

revealed that the hepatic response to hyperglycemia is diminished in
normal pregnancy whereas this response is more suppressed in the
GDM model. This response may be responsible for exacerbating
hyperglycemia and is one of the characteristics of GDM (Coate
et al., 2013). Large animals are of greater value in the construction
of gestational diabetes models (Table 2), and gene editing technology
offers new directions for the construction of such models.

Polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is a complex endocrine
disorder that is characterized by hyperandrogenemia.
Hyperandrogenemia leads to abnormal follicular development,
obesity, and hirsutism, which cause greater distress for women
(Legro et al., 2013; Azziz et al., 2016; Lizneva et al., 2016;
Rosenfield and Ehrmann, 2016; Zeng et al., 2020). However, the
pathogenesis of PCOS has not yet been fully elucidated, and genetics
is thought to be one of the main causes (Kahsar-Miller et al., 2001).
Understanding the pathophysiology of PCOS and the methods to
predict and prevent it is crucial. Because highly invasive tests are not
applicable to humans, studies of PCOS need to be initiated from
animal models. Although rodent models are widely used, there are
differences in ovulation patterns and growth regulation between
rodents and human females. In addition, there are significant
differences in placental structure and fetal development between
rodents and humans. Most organ development in the mouse fetus
occurs after birth, which makes it less accurate to assess the effect of
disease on fetal development (Carter, 2020). Because sheep and
monkeys are similar to humans in terms of physiology and
hormone regulation, several researchers have used these large
animals to simulate human PCOS and to explore possible
pathogenesis in recent years (Table 3). In a study by Tonellotto
Dos Santos et al. (2018), the possible causes of the hypertrichosis
symptoms caused by PCOS were investigated by injecting pregnant
ewes with androgens to make them androgenic. It was found that
increased 5-a-reductase type 1 (SRD5A1) activity may be a cause of
hirsutism due to PCOS. PCOS is also induced in sheep by prenatal
overtreatment with testosterone, and King et al. (2007)

TABLE 2 Different large animals for the study of gestational diabetes.

Species Method Result References

Pigs Alloxan injection Elevated liver glycogen concentration in offspring of gestational diabetic sows with unaffected prenatal muscle
development

Ezekwe and Martin,
(1978)

Maternal diabetes induces increased abundance of IGF-I mRNA in fetal skeletal muscle, liver, heart, kidney and
placenta and decreased IGF-I mRNA levels in the brain

Ramsay et al. (1994)

Streptozotocin
injection

The offspring of severely diabetic sows have elevated body lipids, while the offspring of mildly diabetic sows have
unaffected body lipids

Ezekwe et al. (1984)

Dogs High fat/fructose diet Dogs fed a high-fat/high-fructose diet in late gestation exhibit worsened glucose tolerance and impaired systemic
and hepatic insulin sensitivity

Moore et al. (1985)

Sheep High-fat diet Fetal insulin is elevated in ewes on a high-fat diet due to increased glucose exposure and cortisol-induced
accelerated beta-cell maturation

Ford et al. (2009)

Streptozotocin
injection

Streptozotocin-induced islet beta-cell destruction causes altered maternal glucose and insulin responses and
results in elevated fetal glucose, insulin, and body weight levels

Dickinson et al. (1991)

Alloxan injection Gestational diabetes mellitus was successfully induced in ewes by alloxan injection, but their fetuses were not
significantly affected

Miodovnik et al. (1989)
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demonstrated mild hypertension in unproductive sheep after
overtreatment with testosterone, which is also a symptom of
PCOS. The human and sheep placentas have similar villi
structures in the stem, middle and terminal vessels (Leiser et al.,
1997). Kelley et al. (2019) examined the effects of testosterone
treatment on the sheep placenta and demonstrated that PCOS
may impair placental function through increased oxidative stress
and hypoxia. In general, the higher the evolutionary stage of
experimental animals, the more complex their functions and
structures are, and the closer their physiological responses are to
humans. Non-primate species are widely used in PCOS research
(Abbott et al., 1998). In a detailed comparison of multiple animal
models of PCOS in a review by Paixao et al, (2017) they concluded
that the prenatal administration of androgens in non-human
primates was the closest modeling approach to the real. Non-
human primates treated with testosterone have the same
characteristics as humans with PCOS (Abbott et al., 2016). In
addition, the secretory function of the fetus is affected in
individuals with PCOS. The secretion of gonadotropins is
increased in fetuses of non-human primate models induced with
androgens. This also provides a retrospective basis for the
developmental origin of luteinizing hormone and androgen
overload symptoms in adulthood (Abbott et al., 2008). Although

it is costly to use large animals such as sheep and monkeys, they are
suitable for androgen injection molding and the disease response is
much closer to that of humans.

Endometriosis

Endometriosis is a disease caused by the growth of the
endometrial glands and mesenchyme outside the uterine cavity.
There are three main types of endometriosis: peritoneal
endometriosis, ovarian endometriosis cysts, and deep
infiltrating endometriosis (Shafrir et al., 2018; Chapron et al.,
2019; Lagana et al., 2019). Li et al. (2022) were able to establish an
endometriosis model in nude mice using a mixture of human
immortalized endometriosis stromal cells and epithelial cells. The
use of rodents to study this disease is not appropriate. In rodents,
molting occurs only in the presence of a fertilized egg, whereas in
humans this process is automatic. In addition, the receptors that
play a dominant role in this process differ between the two (Bulun
et al., 2019). However, transgenic mice are reproductively different
from humans (Maenhoudt et al., 2022). Because of this, non-
human primates play a large role in preclinical disease research
(D’Hooghe et al., 2009). Investigators have mastered multiple

TABLE 3 Large animal models for the study of polycystic ovary syndrome.

Species Modeling method Result References

Rhesus
monkeys

Testosterone propionate
injection

Testosterone propionate injections increased serum testosterone and
androstenedione levels in maternal and prenatal androgenized fetuses

Abbott et al. (2008)

Testosterone pellets implanting
subcutaneously

Androgens stimulate gonadotropin-independent follicle growth in the
primate ovary

Vendola et al. (1998)

Sheep Testosterone propionate
injection

Prenatal androgen injections reduce adipose differentiation during puberty
and lead to subcutaneous adipose tissue inflammation in adulthood in sheep

Siemienowicz et al. (2021)

Pregnant ewes showed increased hair number and diameter, mild
hypertension, and impaired placental function after testosterone treatment

King et al. (2007); Tonellotto Dos Santos et al.
(2018); Kelley et al. (2019)

TABLE 4 Large animal models for the study of endometriosis.

Species Modeling method Result References

Cynomolgus
monkeys

Shredding and transferring endometrial tissue to the
peritoneum

GhRhα is therapeutically effective in monkey endometriosis, but
ovulation and cessation of menstruation occur in some individuals

Werlin and Hodgen (1983);
Mann et al. (1986)

Perfusing cell suspensions of endometrial tissue into
the posterior culde-sac

Intact structure is an important condition for ectopic bed of
endometrial fragments, and ectopic growth is inhibited after enzymatic
digestion and protease inhibitor treatment of endometrial fragments

Sillem et al. (1996)

Baboons Intrapelvic injection of menstrual endometrium Transplantation of menstrual endometrium is more likely to cause
endometriosis than transplantation of luteal endometrium, and
intraperitoneal seeding is more likely to cause endometriosis than
subperitoneal injection

D’Hooghe et al. (1995b)

Marmoset
monkeys

Flushing sterile medium through the fallopian tube
from the uterus into the abdominal cavity

Endometriosis lesions have high local estradiol synthesis and low
estrogen inactivation

Einspanier et al. (2006)

Pigs Suturing the endometrium to the caudodorsal aspect
of the bladder

Endometriosis was successfully induced in dogs, pigs and sheep by
surgical transplantation of endometrium, but subsequent lesions could
be observed in dogs

Varughese et al. (2018)

Dogs

Sheep Suturing the endometrium to caudodorsal aspect of
the uterus
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methods to induce endometriosis in large animals (Table 4).
Models of endometriosis formed by induction in non-human
primates are highly physiologically similar to humans, and
therefore many related studies have been conducted in them.
Some researchers have induced endometriosis in baboons by
shredding and transferring endometrial tissue to the
peritoneum, ovaries, and fallopian tubes (D’Hooghe et al.,
1995a). Mann et al. found that intraperitoneal implantation
using menstrual endometrium rather than luteal endometrium
was more successful in inducing endometriosis compared to
retroperitoneal injection. They also demonstrated that
continuous infusion of GnRH agonist or levonorgestrel was
effective in the treatment of endometriosis in monkeys (Mann
et al., 1986; Gu et al., 2020). In addition, the exploration of the
molecular mechanisms of endometriosis has revealed abnormal
expression of many progesterone and estrogen regulatory genes.
Transient pre-disease upregulation of vascular endothelial cell
growth factor-A and angiogenic factor CYR61 suggests that
symptoms of endometriosis are associated with increased
angiogenic capacity and imbalance of hormonal regulation
(Hastings and Fazleabas, 2006). The analysis related to
endometriosis in the thorax of rhesus monkeys was first
reported by Assaf and Miller (2012) Immunohistochemical and
other results revealed that the uterine glands and mesenchyme
entered the lungs, an extremely rare case that provides a reference
for the extrauterine effects of endometriosis. A comparative study
of progesterone treatment versus surgical excision in rhesus
monkeys showed that subcutaneous implantation is a viable
treatment with a shorter recovery period compared to oral
versus surgical treatment (Maginnis et al., 2008). Researchers
are also using large animals to explore biological therapies for
endometriosis. Adipose-Derived Stem Cells (ADSCs) have been
used to study the immunomodulatory effects of ADSCs on

endometriosis in mares. Although positive effects such as some
infiltration of ADSCs into endometrial tissue and upregulation of
matrix metalloproteinase-9 expression were observed, the
upregulation of interleukin-8 may have a negative effect on the
therapeutic effect (Falomo et al., 2015). Nevertheless, this study is
instructive for the biological treatment of endometriosis.

Discussion

Large animal models are an important reliance for humans to
explore disease principles, discover drug targets, and test new drugs.
Small rodents such as mice and rats still account for the majority of
preclinical studies in gynecological diseases. These animals are
cheaper, reproduce rapidly, and the knockout technique is easier
to implement compared to larger animals, allowing study results to
be obtained in a short period of time. However, large animals, such
as pigs, monkeys, and sheep, have reproductive organs with
structures and physiological cycles that are closer to those of
humans than to those of rodents. Also, the larger size of large
animals and the larger volume of their organs lend themselves to a
wider variety of modeling approaches and allow for real-time
examination. In the study of gynecological diseases, large animal
models are more suitable (Figure 1). However, there are some issues
to be noted for the use of large animals. Large animals are subject to
more stringent ethical review and have higher requirements for
husbandry conditions. Therefore, the selection of animal models
requires a comprehensive consideration by the investigator. In this
review, the use of large animals in gynecological diseases is
presented with three disease examples, but of course, the
examples go far beyond that Trus et al. (2020) used pigs to
simulate human in utero Zika virus infection with a pathological
response highly correlated with that of humans Nahmias et al.

FIGURE 1
Advantages of large animal models for gynecological disease research. This figure was created using images from Servier Medical Art Commons
Attribution 3.0 Unported License (http://smart.servier.com).
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(1971) successfully simulated genital infection with genital
herpesvirus hominis type 2 virus in macaques. Researchers
should be more critical in the selection of experimental animals,
and the selection of appropriate animal models according to the
study content is already a non-negligible item in the design of
experiments.

Undeniably, with the increased use of large animal models in the
study of gynecological diseases, there are many accompanying issues
that deserve deeper consideration. First, although the characteristics
of large animals are closer to those of humans, the issue of
heterogeneity should be equally considered. There are also
variations in reproductive characteristics between large animals
and humans, for example, the trophoblast does not enter the
uterine vasculature during pregnancy in sheep. The differences in
physiological properties between large animal models and humans
should be explored more deeply and these differences should be
considered when studying human diseases. Finally, more attention
should be paid to the welfare of large animals and to reducing the
harm to experimental animals in the process of modeling and
experimental validation using large animals. Though large
animals are more tolerant of handling, the implementation
process should follow the principles of “replace, reduce,
optimize”. Since it is not feasible to conduct large-scale disease
studies with humans, the use of large laboratory animals remains
the better option for now. However, there are still some reproductive
diseases that lack large animals as models for research, such as
multiple bacterial and fungal infection models, where researchers
induce infection by inoculating bacteria and fungi in the genitalia. As
for large animals, more naturally occurring diseased animals have
been collected for research. But there is no denying the advantages of
large animals for gynecological disease research, and more modeling
protocols being explored will facilitate a deeper understanding of
gynecological diseases.

Author contributions

MC wrote the manuscript and drew the pictures with partial help
from YL, XM, and TL, DL, and YD edited and revised the manuscript.
All authors contributed to the article and approved the submitted
version.

Funding

This work was supported by the National Natural Science
Foundation of China (Grant No. 81973712), Jilin Province Science
and Technology Development Program in China (Grant No.
20210204013YY), Jilin Province Science and Technology
Development Plan Program (Grant No. 20210204013YY,
20210101192JC, 20200504005YY) and Jilin Provincial Development
and Reform Commission Program (2023C027-3).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Abbott, D. H., Barnett, D. K., Levine, J. E., Padmanabhan, V., Dumesic, D. A., Jacoris, S.,
et al. (2008). Endocrine antecedents of polycystic ovary syndrome in fetal and infant
prenatally androgenized female rhesus monkeys. Biol. Reprod. 79 (1), 154–163. doi:10.
1095/biolreprod.108.067702

Abbott, D. H., Dumesic, D. A., Eisner, J. R., Colman, R. J., and Kemnitz, J. W. (1998).
Insights into the development of polycystic ovary syndrome (PCOS) from studies of
prenatally androgenized female rhesus monkeys. Trends Endocrinol. Metab. 9 (2), 62–67.
doi:10.1016/s1043-2760(98)00019-8

Abbott, D. H., Levine, J. E., and Dumesic, D. A. (2016). Translational insight
into polycystic ovary syndrome (PCOS) from female monkeys with
PCOS-like traits. Curr. Pharm. Des. 22 (36), 5625–5633. doi:10.2174/
1381612822666160715133437

Abedal-Majed, M. A., and Cupp, A. S. (2019). Livestock animals to study infertility in
women. Anim. Front. 9 (3), 28–33. doi:10.1093/af/vfz017

Adams, G. P., Singh, J., and Baerwald, A. R. (2012). Large animal models for the study of
ovarian follicular dynamics in women. Theriogenology 78 (8), 1733–1748. doi:10.1016/j.
theriogenology.2012.04.010

American Diabetes Association (2013). Diagnosis and classification of diabetes mellitus.
Diabetes Care 36, S67–S74. doi:10.2337/dc13-S067

Assaf, B. T., and Miller, A. D. (2012). Pleural endometriosis in an aged rhesus macaque
(Macaca mulatta): A histopathologic and immunohistochemical study. Vet. Pathol. 49 (4),
636–641. doi:10.1177/0300985811406890

Azziz, R., Carmina, E., Chen, Z., Dunaif, A., Laven, J. S. E., Legro, R. S., et al.
(2016). Polycystic ovary syndrome. Nat. Rev. Dis. Prim. 2, 16057. doi:10.1038/nrdp.
2016.57

Banstola, A., and Reynolds, J. N. J. (2022). The sheep as a large animal model for the
investigation and treatment of human disorders. Biol. (Basel) 11 (9), 1251. doi:10.3390/
biology11091251

Bellamy, L., Casas, J. P., Hingorani, A. D., and Williams, D. (2009). Type 2 diabetes
mellitus after gestational diabetes: A systematic review and meta-analysis. Lancet 373
(9677), 1773–1779. doi:10.1016/S0140-6736(09)60731-5

Bulun, S. E., Yilmaz, B. D., Sison, C., Miyazaki, K., Bernardi, L., Liu, S., et al. (2019).
Endometr. Endocr. Rev. 40 (4), 1048–1079. doi:10.1210/er.2018-00242

Carter, A. M. (2020). Animal models of human pregnancy and placentation:
Alternatives to the mouse. Reproduction 160 (6), R129–r143. doi:10.1530/REP-20-0354

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

Coate, K. C., Smith, M. S., Shiota, M., Irimia, J. M., Roach, P. J., Farmer, B., et al. (2013).
Hepatic glucose metabolism in late pregnancy: Normal versus high-fat and -fructose diet.
Diabetes 62 (3), 753–761. doi:10.2337/db12-0875

D’Hooghe, T. M., Bambra, C. S., Raeymaekers, B. M., De Jonge, I., Lauweryns, J. M., and
Koninckx, P. R. (1995). Intrapelvic injection of menstrual endometrium causes
endometriosis in baboons (Papio cynocephalus and Papio anubis). Am. J. Obstetrics
Gynecol. 173 (1), 125–134. doi:10.1016/0002-9378(95)90180-9

D’Hooghe, T. M., Bambra, C. S., Raeymaekers, B. M., De Jonge, I., Lauweryns, J. M., and
Koninckx, P. R. (1995). Intrapelvic injection of menstrual endometrium causes
endometriosis in baboons (Papio cynocephalus and Papio anubis). Am. J. Obstet.
Gynecol. 173 (1), 125–134. doi:10.1016/0002-9378(95)90180-9

D’Hooghe, T. M., Kyama, C. M., Chai, D., Fassbender, A., VodolAzkAiA, A., Bokor, A.,
et al. (2009). Nonhuman primate models for translational research in endometriosis.
Reprod. Sci. 16 (2), 152–161. doi:10.1177/1933719108322430

de Souza, C. J., Campbell, B. K., and Baird, D. T. (1998). Incipient ovarian failure
associated with raised levels of follicle stimulating hormone and reduced levels of
inhibin A in older sheep. Hum. Reprod. 13 (11), 3016–3022. doi:10.1093/humrep/13.
11.3016

Frontiers in Cell and Developmental Biology frontiersin.org06

Cui et al. 10.3389/fcell.2023.1110551

https://doi.org/10.1095/biolreprod.108.067702
https://doi.org/10.1095/biolreprod.108.067702
https://doi.org/10.1016/s1043-2760(98)00019-8
https://doi.org/10.2174/1381612822666160715133437
https://doi.org/10.2174/1381612822666160715133437
https://doi.org/10.1093/af/vfz017
https://doi.org/10.1016/j.theriogenology.2012.04.010
https://doi.org/10.1016/j.theriogenology.2012.04.010
https://doi.org/10.2337/dc13-S067
https://doi.org/10.1177/0300985811406890
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.1038/nrdp.2016.57
https://doi.org/10.3390/biology11091251
https://doi.org/10.3390/biology11091251
https://doi.org/10.1016/S0140-6736(09)60731-5
https://doi.org/10.1210/er.2018-00242
https://doi.org/10.1530/REP-20-0354
https://doi.org/10.1038/s41574-019-0245-z
https://doi.org/10.2337/db12-0875
https://doi.org/10.1016/0002-9378(95)90180-9
https://doi.org/10.1016/0002-9378(95)90180-9
https://doi.org/10.1177/1933719108322430
https://doi.org/10.1093/humrep/13.11.3016
https://doi.org/10.1093/humrep/13.11.3016
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1110551


Dickinson, J. E., Meyer, B. A., Chmielowiec, S., and Palmer, S. M. (1991). Streptozocin-
induced diabetes mellitus in the pregnant Ewe. Am. J. Obstetrics Gynecol. 165 (6),
1673–1677. doi:10.1016/0002-9378(91)90013-h

Einspanier, A., Bruns, A., Husen, B., Thole, H., and Simon, C. (2006). Induction of
endometriosis in the marmoset monkey (Callithrix jacchus). Mol. Hum. Reprod. 12 (5),
291–299. doi:10.1093/molehr/gal031

Ericsson, A. C., Crim, M. J., and Franklin, C. L. (2013). A brief history of animal
modeling. Mo Med. 110 (3), 201–205.

Ezekwe, M. O., Ezekwe, E. I., Sen, D. K., and Ogolla, F. (1984). Effects of
maternal streptozotocin-diabetes on fetal growth, energy reserves and body
composition of newborn pigs. J. Anim. Sci. 59 (4), 974–980. doi:10.2527/
jas1984.594974x

Ezekwe, M. O., andMartin, R. J. (1978). Influence of maternal alloxan diabetes or insulin
injections on fetal glycogen reserves, muscle and liver development of pigs (Sus
domesticus). J. Anim. Sci. 47 (5), 1121–1127. doi:10.2527/jas1978.4751121x

Falomo, M. E., Ferroni, L., Tocco, I., Gardin, C., and Zavan, B. (2015).
Immunomodulatory role of adipose-derived stem cells on equine endometriosis.
Biomed. Res. Int. 2015, 141485. doi:10.1155/2015/141485

Filipiak, W. E., and Saunders, T. L. (2006). Advances in transgenic rat production.
Transgenic Res. 15 (6), 673–686. doi:10.1007/s11248-006-9002-x

Ford, S. P., Zhang, L., Zhu, M., Miller, M. M., Smith, D. T., Hess, B. W., et al. (2009).
Maternal obesity accelerates fetal pancreatic beta-cell but not alpha-cell development in
sheep: Prenatal consequences. Am. J. Physiol. Regul. Integr. Comp. Physiol. 297 (3),
R835–R843. doi:10.1152/ajpregu.00072.2009

Gao, X., He, J., Zhu, A., Xie, K., Yan, K., Jiang, X., et al. (2021). Modelling gestational
diabetes mellitus: Large animals hold great promise. Rev. Endocr. Metab. Disord. 22 (2),
407–420. doi:10.1007/s11154-020-09617-x

Grimbizis, G. F., CaMus, M., Tarlatzis, B. C., Bontis, J. N., and Devroey, P. (2001).
Clinical implications of uterine malformations and hysteroscopic treatment results. Hum.
Reprod. Update 7 (2), 161–174. doi:10.1093/humupd/7.2.161

Gu, Z. Y., Jia, S. Z., and Leng, J. H. (2020). Establishment of endometriotic models: The
past and future. Chin. Med. J. Engl. 133 (14), 1703–1710. doi:10.1097/CM9.
0000000000000885

Hall, B., Cho, A., Limaye, A., Cho, K., Khillan, J., and Kulkarni, A. B. (2018). Genome
editing in mice using CRISPR/Cas9 technology. Curr. Protoc. Cell Biol. 81 (1), e57. doi:10.
1002/cpcb.57

Harbeck, N., and Gnant, M. (2017). Breast cancer. Lancet 389 (10074), 1134–1150.
doi:10.1016/S0140-6736(16)31891-8

Hastings, J. M., and Fazleabas, A. T. (2006). A baboon model for endometriosis:
Implications for fertility. Reprod. Biol. Endocrinol. 4 (1), S7. doi:10.1186/1477-7827-4-
S1-S7

Kahsar-Miller, M. D., Nixon, C., Boots, L. R., Go, R. C., and Azziz, R. (2001). Prevalence
of polycystic ovary syndrome (PCOS) in first-degree relatives of patients with PCOS. Fertil.
Steril. 75 (1), 53–58. doi:10.1016/s0015-0282(00)01662-9

Kasser, T. R., Martin, R. J., and Allen, C. E. (1981). Effect of gestational alloxan diabetes
and fasting on fetal lipogenesis and lipid deposition in pigs. Biol. Neonate 40 (3-4),
105–112. doi:10.1159/000241478

Kelley, A. S., Puttabyatappa, M., Ciarelli, J. N., Zeng, L., Smith, Y. R., Lieberman, R., et al.
(2019). Prenatal testosterone excess disrupts placental function in a sheep model of
polycystic ovary syndrome. Endocrinology 160 (11), 2663–2672. doi:10.1210/en.2019-
00386

Khalil, I., Aziz, S. E., Bensbaa, S., and Chadli, A. (2018). Grossesse diabétique et diabète
gestationnel: Situations gestationnelles à haut risque. Ann. d’Endocrinologie 79 (4),
470–471. doi:10.1016/j.ando.2018.06.906

King, A. J., Olivier, N. B., Mohankumar, P. S., Lee, J. S., Padmanabhan, V., and
Fink, G. D. (2007). Hypertension caused by prenatal testosterone excess in female
sheep. Am. J. Physiol. Endocrinol. Metab. 292 (6), E1837–E1841. doi:10.1152/
ajpendo.00668.2006

Lagana, A. S., Garzon, S., Gotte, M., Vigano, P., Franchi, M., Ghezzi, F., et al. (2019). The
pathogenesis of endometriosis: Molecular and cell Biology insights. Int. J. Mol. Sci. 20 (22),
5615. doi:10.3390/ijms20225615

Legro, R. S., Arslanian, S. A., Ehrmann, D. A., Hoeger, K. M., Murad, M. H., Pasquali, R.,
et al. (2013). Diagnosis and treatment of polycystic ovary syndrome: An endocrine society
clinical practice guideline. J. Clin. Endocrinol. Metabolism 98 (12), 4565–4592. doi:10.
1210/jc.2013-2350

Leiser, R., Krebs, C., Ebert, B., and Dantzer, V. (1997). Placental vascular corrosion cast
studies: A comparison between ruminants and humans. Microsc. Res. Tech. 38 (1-2),
76–87. doi:10.1002/(SICI)1097-0029(19970701/15)38:1/2<76:AID-JEMT9>3.0.CO;2-S
Li, L. P., Li, Z. M., Wang, Z. Z., Cheng, Y. F., He, D. M., Chen, G., et al. (2022). A novel

nude mouse model for studying the pathogenesis of endometriosis. Exp. Ther. Med. 24 (2),
498. doi:10.3892/etm.2022.11425

Lin, J. H. (1995). Species similarities and differences in pharmacokinetics. Drug Metab.
Dispos. 23 (10), 1008–1021.

Lizneva, D., Suturina, L., Walker, W., Brakta, S., Gavrilova-Jordan, L., and Azziz, R.
(2016). Criteria, prevalence, and phenotypes of polycystic ovary syndrome. Fertil. Steril.
106 (1), 6–15. doi:10.1016/j.fertnstert.2016.05.003

Lu, H., Zhang, Y., Feng, Y., Zhang, J., and Wang, S. (2022). Current animal model
systems for ovarian aging research. Aging Dis. 13 (4), 1183–1195. doi:10.14336/AD.2021.
1209

Lunney, J. K., Van Goor, A., Walker, K. E., Hailstock, T., Franklin, J., and Dai, C. (2021).
Importance of the pig as a human biomedical model. Sci. Transl. Med. 13 (621), eabd5758.
doi:10.1126/scitranslmed.abd5758

Lv, H., Zhao, G., Jiang, P., Wang, H., Wang, Z., Yao, S., et al. (2022). Deciphering the
endometrial niche of human thin endometrium at single-cell resolution. Proc. Natl. Acad.
Sci. U. S. A. 119 (8), e2115912119. doi:10.1073/pnas.2115912119

Maenhoudt, N., De Moor, A., and Vankelecom, H. (2022). Modeling endometrium
Biology and disease. J. Pers. Med. 12 (7), 1048. doi:10.3390/jpm12071048

Maginnis, G., Wilk, J., CaRRoll, R., and Slayden, O. D. (2008). Assessment of progestin-
only therapy for endometriosis in macaque. J. Med. Primatol. 37 (1), 52–55. doi:10.1111/j.
1600-0684.2007.00262.x

Malhi, P. S., Adams, G. P., and Singh, J. (2005). Bovine model for the study of
reproductive aging in women: Follicular, luteal, and endocrine characteristics. Biol.
Reprod. 73 (1), 45–53. doi:10.1095/biolreprod.104.038745

Mann, D. R., Collins, D. C., Smith, M. M., Kessler, M. J., and Gould, K. G. (1986).
Treatment of endometriosis in monkeys: Effectiveness of continuous infusion of a
gonadotropin-releasing hormone agonist compared to treatment with a progestational
steroid. J. Clin. Endocrinol. Metab. 63 (6), 1277–1283. doi:10.1210/jcem-63-6-1277

Miodovnik, M., Mimouni, F., Berk, M., and Clark, K. E. (1989). Alloxan-induced diabetes
mellitus in the pregnant Ewe: Metabolic and cardiovascular effects on the mother and her
fetus. Am. J. Obstetrics Gynecol. 160 (5), 1239–1244. doi:10.1016/0002-9378(89)90203-2

Mondal, P., Bailey, K. L., Cartwright, S. B., Band, V., and Carlson, M. A. (2022). Large
animal models of breast cancer. Front. Oncol. 12, 788038. doi:10.3389/fonc.2022.788038

Moore, M. C., Menon, R., Coate, K. C., Gannon, M., Smith, M. S., Farmer, B., et al.
(1985). Diet-induced impaired glucose tolerance and gestational diabetes in the dog.
J. Appl. Physiol. 110 (2), 458–467. doi:10.1152/japplphysiol.00768.2010

Murray, S. J., Black, B. L., Reid, S. J., Rudiger, S. R., Simon Bawden, C., Snell, R. G., et al.
(2019). Chemical neuroanatomy of the substantia nigra in the ovine brain. J. Chem.
Neuroanat. 97, 43–56. doi:10.1016/j.jchemneu.2019.01.007

Nahmias, A. J., London, W. T., Catalano, L. W., Fuccillo, D. A., Sever, J. L., and Graham,
C. (1971). Genital herpesvirus hominis type 2 infection: An experimental model in cebus
monkeys. Science 171 (3968), 297–298. doi:10.1126/science.171.3968.297

Paixao, L., Ramos, R. B., Lavarda, A., Morsh, D. M., and Spritzer, P. M. (2017). Animal
models of hyperandrogenism and ovarian morphology changes as features of polycystic
ovary syndrome: A systematic review. Reprod. Biol. Endocrinol. 15 (1), 12. doi:10.1186/
s12958-017-0231-z

Pasek, R. C., and Gannon, M. (2013). Advancements and challenges in generating
accurate animal models of gestational diabetes mellitus. Am. J. Physiol. Endocrinol. Metab.
305 (11), E1327–E1338. doi:10.1152/ajpendo.00425.2013

Peters, R. K., Kjos, S. L., XiAng, A., and Buchanan, T. A. (1996). Long-term diabetogenic
effect of single pregnancy in women with previous gestational diabetes mellitus. Lancet 347
(8996), 227–230. doi:10.1016/s0140-6736(96)90405-5

Plows, J. F., Stanley, J. L., Baker, P. N., Reynolds, C. M., and Vickers, M. H. (2018). The
pathophysiology of gestational diabetes mellitus. Int. J. Mol. Sci. 19 (11), 3342. doi:10.3390/
ijms19113342

Ramsay, T. G., Wolverton, C. K., and Steele, N. C. (1994). Alteration in IGF-I mRNA
content of fetal swine tissues in response to maternal diabetes. Am. J. Physiol. 267 (5),
R1391–R1396. doi:10.1152/ajpregu.1994.267.5.R1391

Renner, S., Martins, A. S., Streckel, E., Braun-Reichhart, C., Backman, M., Prehn, C.,
et al. (2019). Mild maternal hyperglycemia in INS (C93S) transgenic pigs causes impaired
glucose tolerance and metabolic alterations in neonatal offspring. Dis. Model Mech. 12 (8),
dmm039156. doi:10.1242/dmm.039156

Robinson, N. B., Krieger, K., Khan, F. M., Huffman, W., Chang, M., Naik, A., et al.
(2019). The current state of animal models in research: A review. Int. J. Surg. 72, 9–13.
doi:10.1016/j.ijsu.2019.10.015

Rosenfield, R. L., and Ehrmann, D. A. (2016). The pathogenesis of polycystic ovary
syndrome (PCOS): The hypothesis of PCOS as functional ovarian hyperandrogenism
revisited. Endocr. Rev. 37 (5), 467–520. doi:10.1210/er.2015-1104

Schüttler, D., Bapat, A., Kaab, S., Lee, K., Tomsits, P., Clauss, S., et al. (2020). Animalmodels of
atrial fibrillation. Circ. Res. 127 (1), 91–110. doi:10.1161/CIRCRESAHA.120.316366

Scott, D. M. (2022). Inflammatory diseases of the breast. Best. Pract. Res. Clin. Obstet.
Gynaecol. 83, 72–87. doi:10.1016/j.bpobgyn.2021.11.013

Shafrir, A. L., Farland, L. V., Shah, D. K., Harris, H. R., Kvaskoff, M., Zondervan, K., et al.
(2018). Risk for and consequences of endometriosis: A critical epidemiologic review. Best
Pract. Res. Clin. Obstetrics Gynaecol. 51, 1–15. doi:10.1016/j.bpobgyn.2018.06.001

Shostrom, D. C. V., Sun, Y., Oleson, J. J., Snetselaar, L. G., and Bao, W. (2017). History
of gestational diabetes mellitus in relation to cardiovascular disease and cardiovascular
risk factors in US women. Front. Endocrinol. (Lausanne) 8, 144. doi:10.3389/fendo.
2017.00144

Siemienowicz, K. J., Coukan, F., Franks, S., Rae, M. T., and Duncan, W. C. (2021).
Aberrant subcutaneous adipogenesis precedes adult metabolic dysfunction in an ovine
model of polycystic ovary syndrome (PCOS). Mol. Cell Endocrinol. 519, 111042. doi:10.
1016/j.mce.2020.111042

Frontiers in Cell and Developmental Biology frontiersin.org07

Cui et al. 10.3389/fcell.2023.1110551

https://doi.org/10.1016/0002-9378(91)90013-h
https://doi.org/10.1093/molehr/gal031
https://doi.org/10.2527/jas1984.594974x
https://doi.org/10.2527/jas1984.594974x
https://doi.org/10.2527/jas1978.4751121x
https://doi.org/10.1155/2015/141485
https://doi.org/10.1007/s11248-006-9002-x
https://doi.org/10.1152/ajpregu.00072.2009
https://doi.org/10.1007/s11154-020-09617-x
https://doi.org/10.1093/humupd/7.2.161
https://doi.org/10.1097/CM9.0000000000000885
https://doi.org/10.1097/CM9.0000000000000885
https://doi.org/10.1002/cpcb.57
https://doi.org/10.1002/cpcb.57
https://doi.org/10.1016/S0140-6736(16)31891-8
https://doi.org/10.1186/1477-7827-4-S1-S7
https://doi.org/10.1186/1477-7827-4-S1-S7
https://doi.org/10.1016/s0015-0282(00)01662-9
https://doi.org/10.1159/000241478
https://doi.org/10.1210/en.2019-00386
https://doi.org/10.1210/en.2019-00386
https://doi.org/10.1016/j.ando.2018.06.906
https://doi.org/10.1152/ajpendo.00668.2006
https://doi.org/10.1152/ajpendo.00668.2006
https://doi.org/10.3390/ijms20225615
https://doi.org/10.1210/jc.2013-2350
https://doi.org/10.1210/jc.2013-2350
https://doi.org/10.1002/(SICI)1097-0029(19970701/15)38:1/2<76:AID-JEMT9>3.0.CO;2-S
https://doi.org/10.3892/etm.2022.11425
https://doi.org/10.1016/j.fertnstert.2016.05.003
https://doi.org/10.14336/AD.2021.1209
https://doi.org/10.14336/AD.2021.1209
https://doi.org/10.1126/scitranslmed.abd5758
https://doi.org/10.1073/pnas.2115912119
https://doi.org/10.3390/jpm12071048
https://doi.org/10.1111/j.1600-0684.2007.00262.x
https://doi.org/10.1111/j.1600-0684.2007.00262.x
https://doi.org/10.1095/biolreprod.104.038745
https://doi.org/10.1210/jcem-63-6-1277
https://doi.org/10.1016/0002-9378(89)90203-2
https://doi.org/10.3389/fonc.2022.788038
https://doi.org/10.1152/japplphysiol.00768.2010
https://doi.org/10.1016/j.jchemneu.2019.01.007
https://doi.org/10.1126/science.171.3968.297
https://doi.org/10.1186/s12958-017-0231-z
https://doi.org/10.1186/s12958-017-0231-z
https://doi.org/10.1152/ajpendo.00425.2013
https://doi.org/10.1016/s0140-6736(96)90405-5
https://doi.org/10.3390/ijms19113342
https://doi.org/10.3390/ijms19113342
https://doi.org/10.1152/ajpregu.1994.267.5.R1391
https://doi.org/10.1242/dmm.039156
https://doi.org/10.1016/j.ijsu.2019.10.015
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1161/CIRCRESAHA.120.316366
https://doi.org/10.1016/j.bpobgyn.2021.11.013
https://doi.org/10.1016/j.bpobgyn.2018.06.001
https://doi.org/10.3389/fendo.2017.00144
https://doi.org/10.3389/fendo.2017.00144
https://doi.org/10.1016/j.mce.2020.111042
https://doi.org/10.1016/j.mce.2020.111042
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1110551


Sillem, M., Hahn, U., Coddington, C. C., Gordon, K., RunneBaum, B., and Hodgen, G.
D. (1996). Ectopic growth of endometrium depends on its structural integrity and
proteolytic activity in the cynomolgus monkey (Macaca fascicularis) model of
endometriosis. Fertil. Steril. 66 (3), 468–473. doi:10.1016/s0015-0282(16)58521-5

Stewart, E. A. (2001). Uterine fibroids. Lancet 357 (9252), 293–298. doi:10.1016/S0140-
6736(00)03622-9

Tonellotto Dos Santos, J., Escariao da Nobrega, J., Serrano Mujica, L. K., Dos Santos
Amaral, C., Machado, F. A., Manta, M. W., et al. (2018). Prenatal androgenization of ewes
as a model of hirsutism in polycystic ovary syndrome. Endocrinology 159 (12), 4056–4064.
doi:10.1210/en.2018-00781

Trus, I., Walker, S., Fuchs, M., Udenze, D., Gerdts, V., and Karniychuk, U. (2020). A
porcine model of Zika virus infection to profile the in utero interferon alpha response.
Methods Mol. Biol. 2142, 181–195. doi:10.1007/978-1-0716-0581-3_15

Tyrrell, C. J. (1999). Gynaecomastia: Aetiology and treatment options. Prostate Cancer
Prostatic Dis. 2 (4), 167–171. doi:10.1038/sj.pcan.4500314

Umeyama, K., Saito, H., Kurome, M., Matsunari, H., Watanabe, M., Nakauchi, H., et al.
(2012). Characterization of the ICSI-mediated gene transfer method in the production of
transgenic pigs. Mol. Reprod. Dev. 79 (3), 218–228. doi:10.1002/mrd.22015

Varughese, E. E., Adams, G. P., Leonardi, C. E., Malhi, P. S., Babyn, P., Kinloch, M., et al.
(2018). Development of a domestic animal model for endometriosis: Surgical induction in

the dog, pigs, and sheep. J. Endometr. Pelvic Pain Disord. 10 (2), 95–106. doi:10.1177/
2284026518773942

Vendola, K. A., Zhou, J., Adesanya, O. O., Weil, S. J., and Bondy, C. A. (1998).
Androgens stimulate early stages of follicular growth in the primate ovary. J. Clin. Invest.
101 (12), 2622–2629. doi:10.1172/JCI2081

Watanabe, M., Umeyama, K., Matsunari, H., Takayanagi, S., Haruyama, E., Nakano, K.,
et al. (2010). Knockout of exogenous EGFP gene in porcine somatic cells using zinc-finger
nucleases. Biochem. Biophys. Res. Commun. 402 (1), 14–18. doi:10.1016/j.bbrc.2010.09.092

Werlin, L. B., and Hodgen, G. D. (1983). Gonadotropin-releasing hormone agonist
suppresses ovulation, menses, and endometriosis in monkeys: An individualized,
intermittent regimen. J. Clin. Endocrinol. Metab. 56 (4), 844–848. doi:10.1210/jcem-56-
4-844

White, B. A., Creedon, D. J., Nelson, K. E., and Wilson, B. A. (2011). The vaginal
microbiome in health and disease. Trends Endocrinol. Metab. 22 (10), 389–393. doi:10.
1016/j.tem.2011.06.001

Yao, J., Huang, J., and Zhao, J. (2016). Genome editing revolutionize the creation of
genetically modified pigs for modeling human diseases. Hum. Genet. 135 (9), 1093–1105.
doi:10.1007/s00439-016-1710-6

Zeng, X., Xie, Y. J., Liu, Y. T., Long, S. L., and Mo, Z. C. (2020). Polycystic ovarian
syndrome: Correlation between hyperandrogenism, insulin resistance and obesity. Clin.
Chim. Acta 502, 214–221. doi:10.1016/j.cca.2019.11.003

Frontiers in Cell and Developmental Biology frontiersin.org08

Cui et al. 10.3389/fcell.2023.1110551

https://doi.org/10.1016/s0015-0282(16)58521-5
https://doi.org/10.1016/S0140-6736(00)03622-9
https://doi.org/10.1016/S0140-6736(00)03622-9
https://doi.org/10.1210/en.2018-00781
https://doi.org/10.1007/978-1-0716-0581-3_15
https://doi.org/10.1038/sj.pcan.4500314
https://doi.org/10.1002/mrd.22015
https://doi.org/10.1177/2284026518773942
https://doi.org/10.1177/2284026518773942
https://doi.org/10.1172/JCI2081
https://doi.org/10.1016/j.bbrc.2010.09.092
https://doi.org/10.1210/jcem-56-4-844
https://doi.org/10.1210/jcem-56-4-844
https://doi.org/10.1016/j.tem.2011.06.001
https://doi.org/10.1016/j.tem.2011.06.001
https://doi.org/10.1007/s00439-016-1710-6
https://doi.org/10.1016/j.cca.2019.11.003
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2023.1110551

	Large animal models in the study of gynecological diseases
	Introduction
	Large animal models
	Gestational diabetes
	Polycystic ovary syndrome
	Endometriosis
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


