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and gynaecological diseases (Review)
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Abstract. Abnormal menstruation may result in several patho-
logical alterations and gynaecological diseases, including
endometriosis, menstrual pain and miscarriage. However,
the pathogenesis of menstruation remains unclear due to
the limited number of animal models available to study the
menstrual cycle. In recent years, an effective, reproducible,
and highly adaptive mouse model to study menstruation has
been developed. In this model, progesterone and oestrogen
were administered in cycles following the removal of ovaries.
Subsequently, endometrial decidualisation was induced using
sesame oil, followed by withdrawal of progesterone adminis-
tration. Vaginal bleeding in mice is similar to that in humans.
Therefore, the use of mice as a model organism to study the
mechanism of menstruation and gynaecological diseases may
prove to be an important breakthrough. The present review
is focussed ond the development and applications of a mouse
model of menstruation. Furthermore, various studies have
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been described to improve this model and the research find-
ings that may aid in the treatment of menstrual disorders in
women are presented.
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1. Introduction

Menstruation is a phenomenon unique to females in which
vaginal bleeding occurs due to endometrial shedding; this
phenomenon commonly occurs in humans, most primates,
and other animals (1,2). A normal menstrual cycle in humans
consists of proliferative, secretory, and menstrual phases with
two peaks of oestrogen secretion and one peak of proges-
terone secretion. Investigation of the menstrual cycle is a
rapidly emerging area of research in reproductive physiology;
however, the limited availability of menstruating animals,
including higher order primates, elephant shrews, and bats, for
scientific research remains a challenge (3-5). Furthermore, the
use of these animals to study menstrual physiology is limited
owing to their low fertility rates, high feeding cost, and ethical
consideration (6). A recent study showed that the spiny mouse
is the only naturally menstruating rodent. However, this North
African native animal is vulnerable to environmental influ-
ences that affect normal menstruation, and its use for menstrual
studies is limited due to its unique physiology, and the fact that
it lacks antigens and antibodies for its immune response (7).
Therefore, commonly used laboratory animals such as mice,
which have a high rate of reproduction and clear genetic back-
ground, are suitable for in vivo research. Furthermore, they are
inexpensive to procure and well-suited for the development of
a menstrual model. The present study has reviewed the devel-
opment of a mouse model of menstruation and its research
application, and described the mechanisms of menstruation. A



4464

mouse model may be used to simulate various gynaecological
complications caused by menstrual disorders in women,
including menstrual pain and abnormal uterine bleeding.
Platelet-activating factor (PAF) is known to aggravate
menstrual pain, and activin serves a role in endometrial repair.
These findings complement and validate the results of studies
on gynaecological symptoms caused by menstrual abnormali-
ties in females. Therefore, a mouse model of menstruation may
provide a strong theoretical foundation for studies on the treat-
ment of reproductive and gynaecological diseases in humans.

2. Mouse model of menstruation

For a long time, previous studies had not attempted to
develop a mouse model of menstruation, because mice do not
menstruate under normal conditions. However, studies began
to investigate new animal models for experimental research to
improve understanding of gynaecological diseases. In 1940,
Christiaens (8) first transplanted human endometrium into the
anterior chamber of a macaque monkey. Subsequently, studies
began to investigate the possibility of using the most commonly
available mouse to study menstruation (9). Consequently,
rodent animals were introduced as experimental models to
investigate menstruation.

In the 1960s, a mouse model was used to study the
mechanism of menstruation (10). In 1984, two distinguished
reproductive scientists, C. A. Finn and M. Pope, excised
ovaries from mice and treated them with hormones; after
they induced decidualization by using oil, they subcutane-
ously injected progesterone; and by removing progesterone
from the mouse endometrium, a mouse endometrial break-
down model was constructed for the first time (11). In 2003,
Brasted et al (12) applied a progesterone implant to the mouse
menstruation model generated by Finn and Pope. The initiation
of progesterone withdrawal was optimized following decidual
induction and the model was improved. In 2007, Xu et al (13)
used mifepristone (a progesterone receptor antagonist) to
block progesterone and induced uterine decidualisation to
successfully develop a mouse model of menstruation. In 2009,
Kaitu'u-Lino er al (14) used wild-type (WT) mice and mice
overexpressing follistatin (a natural activin inhibitor) to study
menstruation. In this study, the uterus was excised and cultured
in vitro following progesterone withdrawal; subsequently, the
human endometrial epithelial ECC-1 cell line was used to
simulate repair. This study provided a novel theoretical basis
for the clinical treatment of abnormal uterine bleeding. In
2010, Kikuchi-Arai et al (15) used severe combined immuno-
deficiency (SCID)/yCnull (NOG) mice to study menstruation.
Following the excision of ovaries, human endometrial frag-
ments were injected subcutaneously into the back of the mice,
and periodic hormone therapy was applied to develop an
immunodeficient mouse model of the menstrual cycle. This
study demonstrated that uterine natural killer (NK) cells do not
originate from the peripheral blood, but from the endometrium.
In 2014, Cousins et al (16) used a non-surgical embryo transfer
device (NSET) to inject sesame oil into the uterine cavity of
mice to induce endometrial decidualization, and intraperitone-
ally injected bromodeoxyuridine prior to sacrifice to develop a
modified mouse model of menstrual repair. In the same year,
an endometriosis mouse model based on the menstrual model
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was developed (17). To construct this model, ovaries were
excised from mice and periodic hormone therapy was used to
induce menstruation. During menstruation, menstrual endo-
metrial tissue of a model with the same genetic background
were inoculated into the peritoneum of immunocompetent
mice, causing endometriosis. In 2017, De Clercq et al (18)
used conventional methods to develop mouse models of
menstruation. In this study, transient receptor potential (TRP)
channel expression in uterine horns was measured using
reverse transcription-quantitative polymerase chain reaction
at different time points following discontinuation of proges-
terone administration to identify factors promoting mouse
embryo implantation. In 2018, Peterse et al (19) demonstrated
that laparoscopic injection-induced uterine decidualisation is
greater than that induced by vaginal injection. Ovariectomized
mice were treated with cyclic hormones, following which oil
was injected into the uterus using laparoscopy, laparotomy,
and vaginal methods. This study demonstrated an optimised
method to induce uterine decidualisation in a mouse model of
menstruation. In the same year, Hellman er al (20) used WT
and platelet-activating factor (PAF)-knockout mice to induce
menstruation using conventional methods. In this study,
carbamyl PAF (CPAF) and prostaglandin F2a (PGF2a) were
intraperitoneally injected during menstruation to compare
the level of menstrual pain in mice. In 2019, Wang et al (21)
demonstrated that the placement of a menstruating mouse
model of artificial decidualisation into restraint tubes decreases
luteinizing hormone, follicle stimulating hormone, and proges-
terone levels in mice under stress, and results in endometrium
breakdown and shedding. This study highlighted the effect
of pressure on menstrual regulation. Other mouse models of
menstruation continue to be investigated.

3. Methods of constructing a hormone induction model

Specific induction of a menstruation model is a complex
processs. To begin with, the three requirements for menstrua-
tion, hormonal preparation cycle, endometrial decidualisation
and progesterone withdrawal, need to be understood (13,22).
Multiple models have been developed and improved over the
years. In a study by Finn and Pope in 1984 (9), mice ovariecto-
mized under anaesthesia were allowed to recover for one week
and subsequently subjected to the following hormone therapy:
Intraperitoneal injection of 100 ng oestradiol on days 1 and 2;
no hormone administration on days 3, 4, and 5; and injection
of 500 ug progesterone and 10 ng oestradiol (each dissolved in
50 pl arachis oil) on days 6 and 7. Simultaneously, 20 ul arachis
oil was injected into the uterine horn of 84 mice treated with
the aforementioned hormones. Of these, 70 (83%) exhibited
decidualisation and marked iris reaction was observed in their
uterine horns on day 2 post-injection. In addition, stromal
changes, including dilation and congestion of blood vessels,
swelling of red blood cells, rupture of blood vessel walls, and
blood exudation were observed. These endometrial changes
were similar to those observed during menstruation, indicating
successful induction of menstruation in mice (11).

Xu et al improved Brasted's model-building method (12,13).
Mice were allowed to recover for two weeks after ovariectomy,
and were injected with 100 ng 17-B oestradiol (aromatic oil)
subcutaneously on days 1, 2, and 3. Mice were administered
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Figure 1. Development of a mouse model of menstruation. The mice under-
went ovariectomy and were allowed to recover for 2 weeks. Thereafter, they
were administered 100 ng oestradiol (stored in peanut oil) on days 1,2, and 3.
The mice did not receive any treatment on days 4 and 5. Subsequently, 10 ng
oestradiol and 500 ng progesterone were injected into the uterus on days 6, 7,
and 8, and oestradiol was injected on day 9. Next, 20 ul peanut oil is injected
to induce uterine decidualisation. After two days, mifepristone was adminis-
tered to induce progesterone withdrawal and menstruation in mice. The mice
were sacrificed at 0, 8, 16,32,40, and 48 h after progesterone withdrawal, and
the uterine horn was obtained.

50 ng progesterone and 5 ng 17B-E2 in aromatic oil on day 7.
On day 9, 20 ul arachis oil was injected into the left corner
of the mouse uterus to induce decidualisation. The mice were
sacrificed at 0, 8, 16, 24, 32, 40, and 48 h following mifepris-
tone administration. Unlike Finn and Pope, Xu et al optimized
the initiation of progesterone withdrawal following the induc-
tion of decidualisation and effectively used mifepristone for
the first time.

These are two typical methods for constructing mouse
menstrual models, which are presented in Fig. 1. Details on
the construction of other mouse menstrual models are listed
in Table I. The menstrual cycle in mice is similar to that in
humans. To begin with, the mice were ovariectomized, the
interference of ovarian hormones on the model construction
was eliminated, and estrogen was injected (23). The endome-
trium of the mice began to thicken, and the glands and blood
vessels proliferated. After a few days, with the simultaneous
injection of progesterone and estrogen, the endometrium and
glands continued to grow under hormonal action and secreted
mucus to prepare for fertilized egg implantation. Injection of
peanut oil into the mouse uterine cavity stimulated the decidu-
alization of the endometrium. Finally, after the progesterone
implant was removed, with the rapid decline of hormones,
endometrial blood vessels began to spasm; the endometrium
became necrotic due to ischemia; and blood and endometrial
debris flowed out of the mouse's vagina, forming menstrual
blood (24,25).

4. Role of NF-kB signalling pathways in endometrial
shedding

Progesterone withdrawal may lead to endometrial breakdown
and loss during the establishment of a mouse model. However,
the physiological significance of downstream processes, reac-
tive oxygen species (ROS), and other antioxidants in the female
reproductive system are not known. ROS have been reported
to serve an important role in menstruation (Fig. 2). Wu et al
have developed a mouse model of menstruation based on the
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method of Brasted er al (12,13). In this model, the reactive
oxygen scavenger, N-acetylcysteine (NAC), was intraperito-
neally injected at different doses prior to discontinuation of
progesterone administration. The ROS assay and histological
analysis following uterine collection demonstrated that ROS
levels may affect endometrial breakdown. NAC, p65, and p50
may affect NF-xB activation by regulating its nuclear and
cytoplasmic expression. In addition, several leukocyte chemo-
kines are regulated by NF-«kB, the source of the beginning of
ROS (26). The Cox-2 promoter binds to NF-xB and regulates
gene transcription. The in vitro, in vivo, and molecular analysis
results of NF-kB-Cox-2 signal transduction, as well as the
antioxidant NAC, has been used to determine the role of ROS
in menstruation; ROS are the key regulators of endometrial
breakdown as they regulate the downstream NF-«B signal (27).

MMPs may be broken down during menstruation, and
MMP?Y is the first component that is degraded (28). In addi-
tion to ROS, RU486 may induce endometrial breakdown.
After the progesterone hormone level was reduced, NF-kB
was activated, which induced the expression of the down-
stream target genes (includings MMP9) and binding to the
promoter of MMPO, further promoting the breakdown and
shedding of the mouse endometrium. The mouse model of
menstruation may also be used to determine the kinetics of
endometrial breakdown and regeneration during endometrial
reconstruction (26).

5. Initiation of menstruation

Endometrial breakdown. The endometrium is the layer that
forms the inner lining of the uterus in mammals. It is markedly
affected by the cyclic changes in oestrogen and progesterone
levels, and undergoes proliferation, differentiation, breakdown,
and repair simultaneously (29). The construction of the mouse
model mimics this process. A rapid decrease in progesterone
levels may lead to a series of molecular changes, including
spiral artery constriction; increased production of inflam-
matory cells, including white blood cells, neutrophils, and
prostaglandins; and MMP activation, leading to breakdown
and disintegration of the endometrium (15,30). Progesterone
withdrawal is an important event that initiates endometrial
breakdown and shedding, and promotes cell-factor and
factor-factor interactions. The mouse model of menstruation
is a reliable tool to understand the molecular mechanism of
endometrial breakdown.

In order to morphologically confirm the induction of
menstruation, mice are subjected to vaginal smear testing
and eosin staining following discontinuation of progesterone
administration. The presence of erythrocytes and degenera-
tion of decidual stroma in the vaginal smear are suggestive of
menstruation. While nuclear rupture or constriction may be
clearly observed, cytoplasmic degeneration and cytoplasmic
boundary resolution are not obvious. The uterine horn shows
considerable hypertrophy and hyperemia compared with that
in the control group, in which the uterine horn is pale pink.
Blood clots, similar to those noted during human menstrua-
tion, may be observed in the uterus. However, no spiral artery
remodeling is observed during menstruation in induced
mice, which is slightly different from human menstruation
(Table II) (6,24,31).
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Table I. Comparison of the similarities and differences between different mouse menstrual models.
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Ovary  Hormone Induced
Type stage Year removal treatment decidualization Post-processing Significance (Refs)
Preliminary 1984 Yes Cycle Oil injected into the Mice were sacrificed and Developed mouse  (11)
exploration therapy uterus uteri were harvested endometrial
of basic rupture model
menstrual 2003 Yes Cycle Sesame oil injected Mice were sacrificed at the Optimized (12)
models therapy into the uterine time of implant removal 0 progestin
horn and 12, 16, 20, 24, 36, and withdrawal time
48 h
2007 Yes Cycle Arachis oil was Mice were sacrificed Mifepristone (13)
therapy injected into the at different time points was first used as
left uterine horn following administration of ~ a progesterone
mifepristone withdrawal
2014 Yes Cycle Sesame seed oil Mice received an intra- A modified mouse (16)
therapy was inserted into peritoneal injection of BrdU  menstrual repair
the uterine by 90 min before being model
NSET sacrificed
2018 Yes Cycle Oil was injected Progesterone withdrawal, Identified the (19)
therapy in the uterus followed by hysterectomy best way to
via laparotomy, after4to6 h induce uterine
laparoscopy or decidualization
vagina
Improvement 2009 Yes Cycle Sesame oil was Mice were sacrificed 24 Discover possible  (14)
of menstrual therapy injected into the or 48 h after progesterone targets for treating
model to lumen of the right ~ removal and the uterus was abnormal uterine
simulate uterine horn removed for in vitro analysis  bleeding
clinical and simulation of repair
disease 2014 Yes Cycle Oil was injected The endometrium of Successful a7
therapy into the uterine artificially induced induction of
horn menstruation was transferred endometriosis
to the peritoneum of recipient based on a
mice to induce endometriosis menstrual model
2017 Yes Cycle Vaginal intra- Uteri were harvested at Study the (18)
therapy uterine injection of  different time points to factors affecting
sesame oil study the expression of TRP  mouse embryo
channels implantation
2018 Yes Cycle Oil was injected Intraperitoneal injection Improvement of (20)
therapy into the uterine of CPAF and PGF2 menstrual pain

horn

during artificially induced
menstruation in mice

research based on
a menstrual model

TRP, transient receptor potential; CPAF, carbamyl PAF; PGF2, prostaglandin F2.

Regarding menstruation, it has been proposed that P4
causes two stages of after withdrawal: P4-dependent and
P4-independent (32). The critical period of progesterone
withdrawal is earlier than the breakdown and shedding of the
endometrium in the menstrual model. However, whether or
not there is an association between endometrial breakdown
and decidual status remains unknown. The decidual state
of the mouse model is different from that in humans. In
the mouse model, reticular fibre staining and histomorpho-
logical analysis were used to evaluate endometrial status.

During endometrial shedding, the predecidual-like zone
(PZ) is actively degraded (33). Furthermore, inhibition of
hypoxia-inducible factor-1 alpha (HIF-1a) confirmed its role in
endometrial breakdown; HIF-1o may regulate vascular endo-
thelial growth factor (VEGF) expression (Fig. 3). Therefore,
regulation of VEGF mRNA levels may be considered an
early factor to modulate endometrial breakdown. However,
HIF-1 may regulate the expression of VEGF mRNA for a
long time (34). Hypoxia and HIF-1a activation are induced by
progesterone withdrawal, and hypoxia may upregulate MMP



Table II. Comparison of human menstruation and mouse model menstruation.
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Characteristics

Human

Mouse model

Reproductive tract
Menstrual cycle
Breeding season
Length of menses
Shedding
Decidualisation
Decidua characteristics
Glands

Oestrogen peak

Spiral artery remodelling
Immune response

Simplex uterus with fundal body and fallopian tubes

Natural (28 days)

Continuous

5-7 days

Menstrual waves

Sponstaneous

Gentleness and regularity

Epithelial and intrauterine

During proliferative and secretory phase
Yes

Yes

Bicornuate uterus with uterine horn oviducts

Artificially induced
Continuous

5-7 days

Menstrual waves
Artificially induced
Rapid and destructive
Epithelial and intrauterine
Artifician induction

No

Yes

4467

NF—kB

NF-kg
-B

i,
— ®—
L

Endometrium
Leukocyte — breakdown

recruitment

Figure 2. ROS regulates endometrial breakdown through the NF-kB-Cox-2 signaling. Progesterone withdrawal may lead to increased ROS, which will activate
the NF-B-Cox-2 signal through the classic IKK-dependent pathway and increase Cox-2. At the same time, the NF-«xB signaling also regulates chemokinens,
cytokines and matrix metalloproteinases, thereby promoting the breakdown of the endometrium and the formation of menstruation. ROS, reactive oxygen

species; NF-«B, nuclear factor-kB; Cox-2, cyclooxygenase 2.

expression. However, hypoxia is not essential for endometrial
breakdown (35).

Repair regulation. In humans, each menstrual cycle exhibits
a unique pattern of tissue damage, followed by rapid tissue
repair without scar tissue formation (36). For understanding
repair regulation, at present, two different methods of tissue
shedding are mainly used to induce mouse models. One of the
most commonly used models is the first proposed by Finn and
PoPe, with was later modified by Salamonsen et al to optimize
the time of endometrial shedding repair (12,23,37).

In the 1970s, a study demonstrated that epithelial cells
from the exposed end of glands and stromal tissue surface
may proliferate simultaneously, suggesting their involve-
ment in endometrial repair (38). The mouse models used to
study the complete endometrium repair mechanism showed
that the dynamics of the rapid healing of endometrial serve
a supporting role in the cycle, epithelial-mesenchymal

transition and epithelial cell migration were observed 4-12 h
after progesterone withdrawal (16). In a recent study by
Patterson et al (39), female mice were mated with vasec-
tomized male mice to induce pseudopregnancy. Thereafter,
the female mice were oophorectomized and subjected
to progesterone withdrawal to induce menstruation. The
number of cells co-expressing keratin and vimentin were
increased by two-fold 24 h after ovariectomy (39). These
results indicated that epithelial-mesenchymal transition and
epithelial cell migration may greatly enhance endometrial
repair, providing a new basis for the treatment of abnormal
endometrial repair.

Constriction of the uterus and decidual spiral arterioles
during menstruation forms a hypoxic uterine environment.
Furthermore, it is not known whether oxygen deprivation
may affect endometrial repair. Under normoxia, cell sensors
may hydroxylate certain proline residues in HIF-1a (40).
In the mouse menstrual model, bleeding and physiological
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Figure 3. Cellular and molecular changes during endometrial breakdown and repair. Progesterone withdrawal may promote endometrial shedding and
cause menstruation. The binding of activated HIF-1a to VEGF angiogenic factors in the endometrial during endometrial breakdown results in increased
production of white blood cells, neutrophils, inflammatory cells, and prostaglandins. The activation of NF-kB causes the decline of MMPs, and the process
is reversible. Spiral arteriolar muscular contraction leads to anoxia in the endometrium during endometrial breakdown. Endometrial repair under anaerobic
conditions may result in increased expression of IL-8 and Cox2 as well as increased leukocyte infiltration of cytokines (e.g., IL-1) and growth factors
(e.g., transforming growth factor). The increase in the number of menstrual blood-derived cells and migration of epithelial cells further promotes rapid repair
of the endometrium. HIF-1a, hypoxia-inducible factor-1 a; VEGF, vascular endothelial growth factor; MMPs, matrix metalloproteinases; IL, interleukin;

Cox-2, cyclooxygenase 2.

anoxia of the endometrium occur. HIF-1a has also been
found to alleviate hypoxia-induced delayed endometrial
repair in mice via pharmacological activity. Furthermore,
hyperoxia may delay endometrial repair by downregulating
HIF-1a (41). Cousins et al (42) recorded uterine breakdown
and repair over a 24-h period in mice and measured oxygen
tension in the uterus in real time. This study reported that the
number of epithelial cells varied under hypoxia. In addition,
spatiotemporal variations and changes in the expression of
VEGF and the angiogenesis gene encoding matrix-derived
factor, a receptor for chemokine ligand (CXCL12) mRNA
regulation, may affect hypoxia. These results suggested that
hypoxia-induced gene regulation during endometrial rupture
is similar to that during menstruation (42). Nonetheless,
hypoxia and ischemia caused by spiral artery spasm
following progesterone withdrawal may cause endometrial
breakdown. However, hypoxia did not induce endometrial
shedding and repair 21 days after endometrial transplanta-
tion in ovariectomized severe combined immunodeficient
mice. This suggested that hypoxia may not serve a role in
endometrial breakdown and repair in xenograft mouse
models (43).

A recent study demonstrated that the absence of neutrophils
may significantly inhibit uterine reconstruction of menarche
in a mouse model of menstruation (44). Furthermore, inflam-
matory mediators and granulocytes may promote local
tissue remodelling of the uterus (45). White blood cells are
required in tissue repair 4 to 5 days prior to menstruation in
females; furthermore, progesterone withdrawal may upregu-
late inflammatory mediators, including NF-xB, monocyte
chemoattractant peptide 1 (MCP-1), interleukin 8 (IL-8), and
cyclooxygenase 2 (Cox-2) (46).

Previous studies have reported that MMPs (specific prote-
ases that bind to all components of the extracellular matrix)
serve an important role in menstruation (47,48). In a mouse
model of endometrial repair, the uterus was removed at
different time points following progesterone withdrawal and
MMP expression was measured. The results demonstrated
that MMP expression in the endometrium was significantly
increaseed during the menstrual and pre-menstrual periods
than during other stages of the menstrual cycle. However,
MMP inhibitors (batimistat and doxycycline) had no signifi-
cant effect on endometrial repair in mice; therefore, MMPs
may not be the key mediators of endometrial breakdown and
repair (49). Androgens serve an important role in endometrial
repair in menstruating mice. The administration of a single
dose of androgen may cause spatiotemporal changes in the
expression of caspase-3 and MMP3 or MMP9. Furthermore,
androgen receptor (AR)-dependent regulation of MMPs is
known to accelerate endometrial tissue repair. Therefore,
AR may be a potential drug target for abnormal endometrial
repair (50). Transcriptional regulation of these factors during
endometrial repair is important to understand the mechanism
of endometrial repair.

6. Applications of a mouse model of menstruation

Menstrual pain. Although the development and precise
mechanism of normal menstruation are vaguely understood,
pathological changes occurring during abnormal menstrua-
tion are not yet known. The development of a mouse model
of menstruation may provide valuable insight into various
gynaecological symptoms or diseases. Endocrine disorders
may lead to menstrual disorders, including dysmenorrhoea and
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Table III. Changes and roles of cytokines at the pathological level.
Clinical category Molecular pathology Impact Change
Menstrual pain PGF2a Acceleration of endometrial contraction Increased
CPAF Aggravation of anoxia Increased
Abnormal uterine bleeding Follistatin Promotion of repair Decreased
DuP-697/indomethacin Suppression of menstruation Decreased
Cox-2 Inflammatory response Increased
Endometriosis CXCR7 Induction of endometriosis Increased
K:F9 Promotion of activity Increased
KLF13 Participation in the pathological process Decreased
TFF3 Differential marker Increased
Iron deposit Erythrocytosis/excess iron storage Increased
Successful embro implantation ESC decidua Secretion of factors Increased
poFUT1 Promotion of endometrial decentralization Increased
TRP Embryo implantation Increased
Tiaml Regulation of decidua Increased
Omega-3 Facilitation of embryo implantation Increased
MSX1 Control of embryonic development Increased

PGFla, prostaglandin F2a; CPAF, carbamyl PAF; Cox-2, cyclooxygenase-2; KLF13, Kriippel-like factor; TFF3, three-leaf factor 3; ESC,
endometrial stromal cells; poFUT1, protein o-fucosylation; TRP, transient receptor potential.

abnormal bleeding (51,52). Dysmenorrhoea is one of the most
common gynaecological conditions. Approximately 40-70%
of females of reproductive age, both students and working
professionals, are significantly affected by the adverse effects
of menstrual pain. Furthermore, menstrual pain may cause
other pelvic diseases (53).

The mechanism and aetiology of menstrual pain
is different. Mice with menstrual pain have increased
levels of prostaglandin F2a (PGF2a; Table III) (54).
Platelet-activating factor (PAF) levels are not signifi-
cantly affected by non-steroidal anti-inflammatory drugs.
PAF receptor agonist CPAF and PGF2a may increase
intrauterine pressure. WT and mice treated with the PAF
receptor knockout agent were used to construct a menstrual
model, and several parameters, including stretching,
rubbing abdomen on the floor, nongrooming licking, and
arched posture were implemented to assess the pain level
of mice. Intraperitoneal injection of CPAF and PGF2a into
WT mice during menstruation caused pelvic hyperalgesia
and visceral pain. (Fig. 4) However, no pain was detected
in PAF receptor-knockout mice. CPAF may cause ischemia
by causing endometrial contraction, which may affect
menstrual pain in mice. In addition, CPAF may reduce
oxygen saturation and aggravate hypoxia in the uterus (20).
Furthermore, injection of sildenafil into the uterus of rats in
the oestrous phase increased blood flow to the uterus and
decreased dysmenorrhoea. However, the effects of ischemia
and hypoxia on uterine physiology remain controversial.
Steady-state electrode recording often ignores the effect of
contraction (55). The use of mouse models may provide a
new experimental basis for developing novel targets to study
uterine contractile force, inflammatory precursors, and
tissue oxygenation.

Abnormal uterine bleeding. Abnormal uterine bleeding is
caused by insufficient or incorrect repair of the endometrium
following menstruation, and it is often accompanied by initial
cell damage and white blood cell cascade inflammation (14,47).

The role of activin in promoting wound healing in
mouse endometrium has been confirmed previously (56).
Therefore, WT mice and mice overexpressing follistatin
(a natural inhibitor of activin) were used to develop a hormone
therapy-induced endometrial breakdown/repair model in
ovariectomized mice. Furthermore, ECC-1 cells were used to
simulate endometrial repair, and activin was shown to promote
wound closure. Furthermore, the inhibitory effect of follistatin
on endometrial repair in mice overexpressing follistatin was
significantly slower than that in WT mice, suggesting that
activin may promote endometrial repair (14).

In 2016, Cousins et al (50) constructed a mouse menstrual
model. Following progesterone withdrawal, androgens were
injected, and androgens had a significant effect on the regula-
tion of persistent vaginal bleeding in mice (50). Furthermore,
beta-alpha and beta-beta immunolocalization were performed
on the endometrium of mice, and staining of certain white
blood cells and specific epithelium was detected adjacent to
the repair site of the endometrium. The localization of the
endometrial repair site in the mouse model was the same
as that in humans during menstruation, with an influx of
numerous white blood cells (57). These findings may aid
in understanding the pathological mechanism of abnormal
uterine bleeding.

Cyclooxygenase inhibitors have been frequently used to
treat abnormal uterine bleeding (58). In a mouse menstrual
model, the administration of DuP-697 (Cox-2 inhibitor),
indomethacin (Cox-1 and Cox-2 inhibitor), and pyrrolidine
dithiocarbamate (NF-«xB inhibitor) was reported to inhibit
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Figure 4. Applications of a mouse model of menstruation. Following ovariectomy and hormone therapy, CPAF was injected into the abdominal cavity of
wild-type mice to induce visceral pain and pelvic hyperalgesia, to mimic menstrual pain in women. A mouse model of overexpressed follistatin (a natural
inhibitor of activin) and a human endometrial epithelial cell line (ECC-1) were used to simulate endometrial repair. Activin significantly accelerated wound
healing. Therefore, activin may be used as a potential drug target to treat irregular uterine bleeding. In another mouse model of menstruation, poFUT1 siRNA
was injected into the uterine horn to extract the endometrium. The poFUT]1 expression was increased during the proliferative phase of the menstrual cycle.
However, poFUT1 expression in the endometrium during miscarriage was low. Therefore, poFUT1 may be a potential therapeutic target and diagnostic marker
for miscarriage. Similarly, the endometrial fragments obtained from menstruating mice were transplanted subcutaneously into the back of mice to simulate
retrograde menstruation in mice to induce endometriosis in order to further study the pathological changes and mechanism of endometriosis. CPAF, carbamyl

PAF; poFUT1, protein o-fucosylation.

menstruation in mice. The appearance of CD45* significantly
decreased the number of blood cells, and PGs induced by
NF-kB/Cox-2 may regulate the inflow of white blood cells,
thereby causing endometrial breakdown. Therefore, it may
provide a novel drug target for abnormal uterine bleeding (59).

Endometriosis. Endometriosis is an oestrogen-dependent
gynaecological disease that is caused by the implantation of
viable endometrial cells outside the endometrium. The most
common manifestations of this disease are progesterone resis-
tance and abnormal oestradiol signalling (60). Endometriosis is
characterized by the presence of endometrial glands and extra-
uterine stroma. Sampson's theory of retrograde menstruation
explains the pathogenesis of majority endometriosis caused by
the pelvic implantation of living endometrial cells following
tubal regurgitation, during menstruation (61). However, the
frequency with which menstrual retrograde flow is associated
with other factors is unknown. One possibility to compensate
for menstrual deficiencies in a rodent model is to use a mouse
model for preclinical studies of menstruation and excessive
menstrual bleeding in humans.

Peterse et al (19) induced endometrial decidualization in
ovariectomized C57 mice by laparotomy and subperitoneal
oil injection following hormone therapy. More than 80% of
animals exhibited macroscopic bicornuate decidualization
following stimulation with laparotomy or laparoscopy. Next, the
decidual and endometrial membranes of the donor mice were

transplanted into the recipient mice to induce endometriosis,
thereby simulating the process of retrograde menstruation, a
key event in the pathogenesis of endometriosis (19). Similarly,
Greaves et al (17) transplanted endometrium from the same
menstrual cycle into the peritoneum of mice and success-
fully developed a mouse model of endometriosis. They also
demonstrated that increased expression of oestrogen receptors
and macrophages may produce an inflammatory microenvi-
ronment during endometriosis. These events are very similar
to those occurring in humans. Therefore, the development of
such a model may provide novel therapeutic alternatives for
the treatment of endometriosis (17).

CXCL12 is an inflammatory chemokine that participates in
various cellular processes, including proliferation, migration,
and angiogenesis. CXCR?7 is the receptor for CXCL12 and
contains a GPCRC-X-C sequence. Pluchino (62) determined
the expression and localization of CXCR7 in endometriotic
tissues by using a mouse model of menstruation. CXCR7
expression was revealed to be low or undetectable in normal
endometrial epithelial cells and stromal cells at various stages
of the human menstrual cycle. However, CXCR7 was upregu-
lated in endometriotic tissues, and the staining of blood vessels
and glands was more notably. CXCR7-overexpression was also
observed in different cell populations in the microenvironment.
Therefore, CXCR7 may be a potential target for the treatment
of endometriosis. Further studies are required to validate this
finding (62). As members of the SP/KLF transcription factor
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family, Kriippel-like factor (KLF)9 and KLF13 are involved in
the regulation of tissue development and proliferation, as well
as programmed cell apoptosis. The absence of KLF9 has been
demonstrated to be beneficial for the development of endo-
metriosis; however, the rate of endometriosis differs slightly
in KLF13-deficient mice. Nonetheless, the total numbers of
progesterone receptors, oestrogen receptors and ESR1 (RNA
and immune reactive protein) are low. Therefore, KLF13 may
be involved in the pathological process of endometriosis (60).
Iron deposits are often found in endometriotic lesions.
These deposits accumulate due to the reversal of blood cells
during menstruation. In a study by DeFrere ef al nude mice
were injected with human menstrual endometrium or other
iron chelating agents, including ferric oxide and red blood
cells. Injection of the desferrioxamine (DFO) group with red
blood cells more effectively decreased iron deposits and patho-
logical changes in macrophages, indicating that iron overload
may induce the growth of endometrial tissue, but had no clear
effect on the formation of endometriosis. Administration of
desferrioxamine may prevent pelvic iron overload, reduce
continued cell proliferation, and treat endometriosis (63,64).

Embryo implantation affects pregnancy. According to a World
Health Organization survey, 10-18% of couples are currently
undergoing infertility treatments, and 48 million women are
affected by infertility (65). Failure of embryo implantation
is an important cause of infertility; embryo implantation
involves a series of cellular and molecular biological events
from blastocyst implantation. Successful embryo implantation
into the endometrium requires decidualisation of endometrial
stromal cells (66). Decidual cells may synthesize and secrete
growth factors, chemokines, signalling factors, and cytokines,
all of which are required for embryo implantation and placenta
formation. Impaired mesenchymal differentiation in the
endometrium may cause various pregnancy-related problems,
including repeated miscarriage, preeclampsia, infertility, and
intrauterine growth restriction (67,68).

Embryo implantation serves an important role in the
female reproductive process. The interaction between the
embryo and uterus is facilitated by a combination of various
factors, including the endometrium, hormones, and prostaglan-
dins (69,70). However, endometrial stromal cell decidualisation
serves an important role in promoting embryo implantation
and development, leading to successful embryo formation (71).
A mouse model of menstruation was developed in which
protein O-fucosyltransferase 1 (poFUT1) siRNA was injected
into the uterine horn to extract the endometrium. The poFUT1
expression was revealed to increase during the proliferation
phase of the menstrual cycle; however, poFUT1 expression
was reported to decrease in the endometrium during miscar-
riage. These results indicated that poFUT1 serves a key role
in endometrial decidualisation, and may be therapeutically
targeted to prevent spontaneous abortion (72).

Transient receptor potential (TRP) is an important
signaling channel in human endometrial decidua and embryo
implantation. De Clercq et al (68) established a menstrual
model by regulating hormones to analyze TRP channels in
mice. The mice in the natural estrous or during an induced
menstrual cycle exhibited a similar TRP channel expres-
sion pattern in stromal and epithelial cells, and epithelial
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cells showed significant expression of TRPV6, TRPM6, and
TRPV4, whereas TRPC6, trpcl/4, and TRPV2 were mainly
expressed in stromal cells. The development of mouse models
may be an effective approach for research in the field of repro-
duction (18). Research on mouse menstrual models revealed
that the upregulation of miR-22 and the downregulation of
Tiam1/Racl signal may inhibit mouse embryo implanta-
tion (73).

Omega-3 is an essential fatty acid that serves an impor-
tant role in relieving primary dysmenorrhoea (2) and may
increase embryo implantation rate by promoting endometrial
perfusion. Omega-3 supplementation during the menstrual
cycle prior to mating in mice significantly increased immu-
nomodulatory activity of the adenoepithelial basement
membrane, endometrial stromal adhesion protein, lumen
epithelial basement membrane, and leukaemia inhibitory
factor in the high-dose group. It also decreased the height
of microvilli and epithelium, thereby providing a condu-
cive environment for endometrial implantation. Omega-3
supplementation promotes embryo implantation and supports
healthy reproduction (74). In addition, the endocannabinoid
system (eCS) serves a crucial role in maintaining pregnancy
because CB1-KO mice are resistant to lipopolysaccharide
(LPS)-induced early embryonic resorption. Furthermore, the
eCS promotes luteal degeneration, which may be associated
with LPS-induced serum progesterone withdrawal. Therefore,
the harmful effects of LPS on the reproductive system may be
inhibited by the eCS (75).

The muscle segment homeobox genes MSX1 and MSX2
encode transcription factors that regulate the interac-
tion between organs, tissues, and genes during embryonic
development (76). Human MSXI1 protein expression in the
endometrium was increased during the early stage of the
secretion phase of the menstrual cycle, and MSX1 expression
in the glands was decreased in the middle and later stages of
secretion. Biopsies of infertile patients exhibited low MSX1
expression. Bolnick et al (77) developed a mouse model and
demonstrated that MSX1 is highly expressed in the uterus
of mice capable of uterine implantation. The implantation
rate significantly decreases upon MSX1 downregulation.
Additionally, the absence of the homologous box protein
may markedly reduce the loss of polarity of epithelial cells
during implantation, thereby causing sterility. Therefore, these
molecules may be potential targets for birth control pills (77).

7. Discussion and perspective

Laboratory mice exhibit super fecundity. Mice with a preg-
nancy of >20 days may give birth to a litter of 2-14 pups (78).
This rapid rate of reproduction and strong adaptability make
them an ideal laboratory animal model. Although mice do
not menstruate in their natural state, they have been used
frequently to study menstruation under artificial intervention
and controlled experimental conditions. The mouse model of
menstruation allows simulation of gynaecological diseases
caused by abnormal menstruation (79).

Various pathological symptoms caused by abnormal
menstruation adversely affect human life and work.
Pathological mechanisms, diagnostic targets, and effective
drug development require extensive studies and detailed
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investigation. Only a few animals naturally menstruate. In
addition, due to slow reproduction rates and lack of targeted
antibodies and other factors, naturally menstruating animals
cannot be widely popularized in practice and fail to meet the
requirements of current scientific research. The mouse model
of menstruation not only overcomes these limitations, but is
relatively easy to construct. Furthermore, the technology may
be improved and advanced. For example, Finn and Pope's
initial model (11) has been used to develop other models (17,19),
including the endometriosis model developed by transplanting
the human endometrial tissue into the mouse uterus. These
models may be used effectively to study pathological changes
and mechanisms of various gynaecological diseases, thereby
providing a strong theoretical basis for the further develop-
ment of diagnostic targets and targeted drugs. Since the 1980s,
valuable progress has been achieved in the investigation of
effective models of menstruation. Certain important factors
and mechanisms require further study to understand the
pathogenesis of diseases. For example, the NF-kB signalling
pathway has been confirmed to be involved in the initiation of
menstruation. miR-22 upregulation inhibits uterine implanta-
tion in mice. Therefore, drugs targeting miR-22 may promote
successful embryo implantation. Although the common
pathological changes in endometriosis are known, the specific
mechanisms remain unclear. Therefore, further research is
required to elucidate these mechanisms.

The development of a mouse model of menstruation may
greatly influence menstrual research and is now increasingly
favoured. Despite its clear advantages, there are certain
controversies regarding its limitations and challenges.
Artificially induced menstruation is reproducible and easy
to maintain, and immune response during menstruation
in mice is similar to that in humans. However, this model
does not exhibit natural decidualisation and physiological
menstruation. Endometrial decidualisation under experi-
mental intervention is extensive, rapid and destructive.
Furthermore, spiral artery remodelling does not occur prior
to menstruation in this mouse model. This is a significant
difference when compared with the physiological process
of human menstruation. Furthermore, the development
of a mouse model requires long experimental periods and
complex techniques. Further studies are required to conceive
a better method to successfully construct a mouse model that
accurately mimics human menstruation and may be used for
research in an effective and efficient manner. Nevertheless,
other naturally menstruating animals are also worth inves-
tigating to study menstrual mechanisms and gynaecological
diseases.
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