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Abstract
Purpose The aim of this study is to evaluate the effect of
repeated controlled ovarian hyperstimulation (COH) on the
structure and function of the uterus and mammary gland.
Methods Three adult female rhesus monkeys were
superovulated up to four times, and three spontaneously
ovulating monkeys were used as controls. After a 5-year pe-
riod, the uterus and mammary gland tissue samples were col-
lected for examination of their structure and function. Further,
the expression of certain tumor markers was examined to as-
sess the cancer risk for each organ.
Results Expression of Wnt7a (associated with the functional/
developmental status of the uterus) was significantly de-
creased in the uterus of superovulated monkeys, and de-
creased expression of proliferation marker PCNA was found
in uterine cells. Meanwhile, abnormal Golgi-derived secretory
vesicles with an irregular shape were observed in the mam-
mary glands of the superovulated monkeys, and decreased
PCNA expression together with increased expression of
caspase-3 (an apoptosis marker) was indicated in the mamma-
ry cells. The expression of tumor molecular markers of the
uterus and mammary gland was not significantly different
between the two groups.
Conclusions Repeated COH affects the expression of the
uterine development-related gene several years later, and
uterine cells exhibited a low proliferation status. The ul-
trastructure of the mammary gland epithelial cells was

abnormal, and the cells exhibited both low proliferation
and high apoptosis status. Cancer risk for these organs
was not observed. Given that primates are the closest rel-
atives of humans, the results obtained from this study
provide more intuitive information for optimization of
clinical COH.
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Introduction

Assisted reproductive technology (ART) is widely used to
treat human infertility in the clinic. Controlled ovarian
hyperstimulation (COH) is used routinely to obtain a
higher number of fully mature fertilization-competent oo-
cytes [1]. Because stimulated ovulation requires exoge-
nous administration of gonadotropins [2], it is possible
that non-physiological doses of the hormone will have
adverse effects on maternal health, especially because
most patients require more than one treatment cycle to
achieve pregnancy [3]. Therefore, the influence of repeat-
ed COH on maternal health is an important topic that
needs to be investigated.

In recent years, the adverse effects of repetitive induc-
tion of ovulation have caused profound concern, especial-
ly with regard to its effect on the ovary. Clinical studies
have found that consecutive ovulation induction cycles
can impair ovarian response and/or alter the quality of
oocytes [4], but it is difficult to further study the exact
aspects of ovarian and oocyte damage using the popula-
tion sample. Therefore, animal models are gradually used
for studying the potential effects of ARTs. Currently,
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animal studies are performed mainly using mice models;
results indicate that repeated COH can induce oxidative
damage and mitochondrial DNA mutations, alter the dis-
tribution of cytoplasmic organelles, and increase the inci-
dence of spindle defects in the oocytes [5–7].

Although murine model studies have generated many
interesting data, the differences between mice and
humans cannot be ignored. Primates are closest to
humans genetically; therefore, they are the preferred
animal model, as they more accurately reflect the hu-
man physiological makeup. Such research outcomes
using primates have more significance for clinical prac-
tice [8]. However, relatively few ART-related studies
have been reported using primate models; only a few
studies have employed the monkey model to assess the
optimal dose of drugs that can induce ovulation in
order to precipitate satisfactory ovarian responses [9,
10]. Recently, we used rhesus monkeys as a study
model and demonstrated the long-term effect of repeat-
ed superovulation on the ovaries; this was evidenced
by a change in the expression of a series of ovarian
proteins that potentially affect the development and
function of ovarian cells [11].

In addition to the potential effect on ovary structure
and function, repeated ovulation induction has also been
reportedly linked with an increased cancer risk of the
female reproductive organs. A series of studies have
indicated the potential association between repeated
ovulation induction and the subsequent development of
ovarian, uterine, mammary cancer, and the cancer risk
augments with an increase in the time that has elapsed
after COH [12–15]. However, there is no consensus on
the cancer risk of repeated ovulation stimulation because
some researchers have not observed an elevated risk in
the treatment group [16, 17]. This may be due to nu-
merous shortcomings of population studies, such as the
wide differences in human populations, inconsistent
drug exposure, and relatively short follow-up periods
[18, 19]. Thus, it is necessary to determine the carcino-
genic risk of repeated COH using animal models.

In view of the adverse effects on ovaries that have
been confirmed by clinical and animal studies, we
speculated that repeated ovulation induction may have
adverse effects on two other female reproductive or-
gans, the uterus and mammary glands. In this study,
we will assess the potential influence of repeated
COH on the uterus and mammary gland, using the
non-human primate rhesus monkey as the study model.
In view of our previous findings that repeated ovula-
tion has long-term effects on the ovary, as well as the
time-dependent risk of carcinogenesis, we evaluated the
structure and function of the uterus and mammary
gland at 5 years after repeat COH treatments.

Materials and Methods

Animals

We used six adult female rhesus monkeys (average age:
13 years) provided by the Kunming Primate Research
Center (KPRC), People’s Republic of China. The monkeys
were individually caged and fed compound feed twice daily
with ad libitum water in a controlled environment, and a pho-
toperiod of 12 h light/12 h dark. Temperature was maintained
between 20 and 24 °C, and humidity ranged between 40 and
60%. The six rhesus monkeys were divided into two groups:
three of the rhesus monkeys underwent four cycles of ovarian
stimulation (superovulation group) and the other three mon-
keys did not undergo any treatment (normal control group).
We performed ovulation stimulation according to previously
published experimental procedures [20].

Tissue collection

Five years after repeated superovulation, the uterus tissue and
mammary gland tissue samples were obtained at approximate-
ly day 10 of the menstrual cycle, which is the later period of
endometrial proliferative phase. The uterus and mammary
gland samples were divided into three parts: the first part
was frozen in liquid nitrogen for protein and RNA extraction,
the second part was fixed in 10% formaldehyde for histolog-
ical examination, and the third part was maintained in 2.5%
glutaraldehyde solution for ultrastructural examination.

Histological and ultrastructural examination

The formaldehyde-fixed uterus and mammary gland tissues
were embedded in paraffin. The samples were processed, sec-
tioned into 5-µm-thick slices, and stained with hematoxylin
and eosin for histologic examination. For ultrastructural ex-
aminations, tissue blocks of the mammary gland and uterus
were postfixed in 2% OsO4 and embedded in Araldite.
Ultrathin sections were stained with uranyl acetate and lead
citrate [11].

Immunohistochemistry analysis

For the immunohistochemical analyses, the following primary
antibodies were used: rabbit anti-estrogen receptor alpha (ERα)
(1:50, Beijing ZhongShan Biotechnology Co., Beijing, China),
rabbit anti-progesterone receptor (PR) (1:100, Beijing
ZhongShan Biotechnology Co., Beijing, China), rabbit anti-
P16INK4a (1:400, Proteintech, Chicago, USA), rabbit anti-Ki67
(1:200, Abcam, Cambridge, UK), and rabbit anti-phosphatase
and tensin homolog (PTEN) (1:100, Boster, Wuhan, China).
We performed immunohistochemical examination of the sec-
tions as follow. Briefly, the sections were incubated in 3%
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hydrogen peroxide and washed in phosphate-buffered saline.We
blocked nonspecific protein binding with bovine serum albumin.
Sections were then incubated overnight at 4 °C with primary
antibodies. Negative controls were incubated with rabbit IgG.
After three washes in phosphate-buffered saline, the sections
were incubated with horseradish peroxidase-conjugated second-
ary antibody. The DAB detection kit (Beijing ZhongShan
Biotechnology Co. Beijing, China) was used for detecting the
antibodies. The proportion of positive cells in five random high-
power fields (×400) was determined, according to the specific
compartment [21].

TUNEL assay

The apoptotic analysis was performed both in the mam-
mary gland tissue and the uterus tissue, using the ter-
minal deoxyribonucleotidyl transferase (TdT)-mediated
dUTP nick end-labeling method with an ApopTag Plus
Peroxidase In Situ Apoptosis Detection Kit (Merck
Millipore, Darmstadt, Germany), according to the man-
ufacturer’s instructions. The number of TUNEL-positive
glandular epithelial cells with their nuclei stained brown
was determined by counting the number of apoptotic
cells in five randomly selected fields per animal under
a ×400 magnification. The apoptosis index was calculat-
ed as the number of positive cells divided by the total
number of cells.

Real-time quantitative polymerase chain reaction

Total RNA was extracted from the uterus and mammary
gland with the RNAprep pure tissue kit (TIANGEN,
Beijing, China), according to the manufacturer’s protocol.
A 20-μl cDNA reaction volume was prepared using the
PrimeScript RT reagent kit (TaKaRa, Dalian, China).
SYBR Green Master Mix (High Rox Premixed)
(Vazyme, Nanjing, China) was used for real-time poly-
merase chain reaction (PCR). The mRNA levels of nine
uterus development/function-related genes (ERα, PR,
wingless-type MMTV integration site family member 4
(Wnt4), Wnt5a, Wnt7a, β-catenin, homeobox (HOXA9,
HOXA10, and HOXA11) , two mammary gland
development-related genes (ERα and PR), and four mam-
mary gland tumor makers (ERα, PR, G-protein coupled
estrogen receptor 1 (GPER1), and human epidermal re-
ceptor protein-2 (HER2)) were analyzed. Beta-actin was
used as internal controls. The PCR thermal cycling pa-
rameters were as follows: 95 °C for 5 min, followed by
40 cycles of 95 °C for 10 s and 60 °C for 30 s. After PCR,
a dissociation curve was constructed at 95 °C for 15 s,
60 °C for 60 s, and 95 °C for 15 s. The primer sequences
and target fragment sizes are listed in Table 1.

Western blot analysis

Western blotting of mammary gland and uterus tissue lysates
was performed as previously described [22]. In brief, protein
from tissue lysates was separated on 10% polyacrylamide gels
and transferred to PVDF membranes. The membranes were
incubated for 2 h in 5% nonfat milk at room temperature and
incubated overnight at 4 °C with primary rabbit anti-ERα
(1:200), rabbit anti-PR (1:400), rabbit anti-P16INK4a (1:400),
rabbit anti-Wnt7a (1:1000, abcam, Cambridge, UK), rabbit
anti-HOXA10 (1:1000, Proteintech, Chicago, USA), rabbit
anti-caspase3 (1:1000, Proteintech, Chicago, USA), mouse
anti-proliferating cell nuclear antigen (PCNA) (1:500,
Abbkine, CA, USA), rabbit anti-PTEN (1:100), and mouse
anti-β-actin antibody (1:10,000, Merck Millipore,
Darmstadt, Germany). After being washed three times in
TBS, the membranes were incubated for 2 h with HRP-
conjugated goat anti-rabbit IgG(H+L) (1:3000, Thermo
Fisher Scientific Inc., Rockford, USA), or goat anti-mouse
IgG(H+L) (Thermo Fisher Scientific Inc., Rockford, USA)
at room temperature and washed again. The protein expres-
sion level was detected using an ECL kit and AlphaImager
(GE Healthcare Bio-Sciences Corp., Piscataway, NJ).

Table 1 Primer sequences and target fragment size of each gene

Gene name Sequence (5′ to 3′) Amplicon size (bp)

ERα AATCTGCCAAGGAGACTCGC 147
GGTTGGTGGCTGGACACATA

PR GGCAATGGAAGGGCAGCATA 215
CATTTGGAATGCCCACTGGC

HER2 CTGGAGTCCATTCTCCGACG 180
ATCAATGGTGCAGATGGGGG

GPER1 CTCAGGCATTCGGCAGGTC 135
CTCACTCTCTGGGTACCTGG

GTT

WNT4 CCCTCATGAACCTCCACAAC 100
ACCTCACAGGAGCCTGACAC

WNT5a CCAGGAGTTGCTTTGGGGAT 126
CATACCTAGCGACCACCAAGA

WNT7a CCGAAAGATCCTGGAGGAGAA 147
TGAACGGCCTCGTTGTACTT

HOXA9 CCCATCGATCCCAATAACCCA 193
ACCAGATCTTGACCTGCCTC

HOXA10 GACTCCCTGGGCAATTCCAAA 161
CTAATCTCTAGGCGCCGCTC

HOXA11 AAAGAGAAGCGCCTGCAACT 134
GGTCAGTGGATTCGCTGAGTA

β-catenin GCTTGGAATGAGACTGCGGA 202
GATCTGGCAGCCCATCAACT

β-actin TGACCCAGATCATGTTTGAG
ACC

142

ATAGATGGGCACAGTGTGGG
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Statistical analysis

Data were expressed as mean ± standard deviation (SD).
Statistical significance was determined using the unpaired
two-tailed Student’s t test. The results were considered statis-
tically significant at P < 0.05.

Results

Structural assessment of the uterus and mammary gland

Microscopic and ultramicroscopic structure of the uterus

The wall of the uterus consists of three layers:
perimetrium, myometrium, and endometrium. The endo-
metrium is most relevant to the uterine function. The en-
dometrium is composed of a simple columnar epithelial
cell layer and the lamina propria. The uterine gland, stro-
mal cells, and a large amount of connective tissue fibers
are contained in the lamina propria. On observation of the
endometrium, we found that the luminal epithelial cells
were present in a single layer (which is their normal

morphology) both in the superovulation group and in the
normal group. No differences were found in the structure
or number of the uterus gland between the two groups,
and the histological structure of the glandular epithelial
cel ls also showed no discernible abnormali t ies .
Additionally, the stromal cells of the two groups appeared
normal under a light microscope (Fig. 1a, b).

We further observed the ultrastructure of the endome-
trial cells by electron microscopy. Oblong nuclei were
found in the stromal cells, and they were surrounded by
several normal mitochondria that showed closely packed
cristae. There were no significant differences in the ultra-
structure of stromal cells between the superovulation
group and normal group. However, we did not find uterus
gland tissues under the electron microscope, so we were
unable to observe the ultrastructure of glandular epithelial
cells (Fig. 1c).

Microscopic and ultramicroscopic structure of the mammary
gland

The normal mammary gland is composed of acini, branching
ducts, and connective tissue. The acini are the functional

Fig. 1 Structural analysis of the
uterus: a–b Hematoxylin and
eosin (HE) staining revealed that
the uteruswas normal in structure,
with no discernible abnormalities
in the morphological or
histological characteristics of the
uterine cells. Scale bar: 50 μm. c
Normal ultrastructure of stromal
cells was observed in the normal
group and superovulation group
(nuclei: N; mitochondria: ).
Scale bar: 1 μm. S =
superovulation group;N = normal
group
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secretory units of the mammary gland, which contains glan-
dular epithelial cells and myoepithelial cells. The connective
tissues contain many fat cells. In this study, no discernible
abnormalities in the cellular morphological or histological
characteristics of mammary gland tissue were found in the
two groups (Fig. 2a, b).

When we further observed the ultrastructure of glandular
epithelial cells under an electronmicroscope, many irregularly
shaped Golgi-derived secretory vesicles were found in the
superovulation group. However, the vesicles appeared round
and regular in normal mammary gland tissue, as was observed
in the normal group (Fig. 2c). The ultrastructural changes in
gland epithelial cells may have been a result of repeated stim-
ulation of ovulation.

Functional assessment of the uterus and mammary gland

Proliferation and apoptosis in the uterus

We assessed uterine function by analyzing the proliferation
and apoptosis of cells, which are an indicator of the develop-
mental status of organs. Ki67 and PCNAwere used as prolif-
eration markers and detected by immunostaining and Western
blot, respectively. As shown in Fig. 3a, Ki67-positive signals

were mainly observed in the glandular epithelial cells. We
calculated the percentage of Ki67-positive cells and found
there was no statistical difference between the normal and
superovulation groups (P > 0.05; Fig. 3d). However, the rela-
tive content of PCNAwas significantly lower in the superovu-
lation group than that in the normal group (P < 0.05;
Fig. 3c, e).

We used the TUNEL assay and a caspase-3 Western blot to
evaluate apoptotic status. The TUNEL-positive signals were
also observed in the glandular epithelial cells (Fig. 3b). By
calculating the percentage of TUNEL-positive cells and the
relative content of cleaved caspase-3, we found that there were
no significant differences in the apoptotic indices between the
normal and superovulation groups (P > 0.05; Fig. 3c–e).

Proliferation and apoptosis in the mammary gland

Using Western blot, we detected the expression of PCNA to
assess the proliferation status of the mammary gland cells. As
shown in Fig. 4b, d, the relative content of PCNAwas signif-
icantly lower in the superovulation group compared with the
normal group (P < 0.05).

The TUNEL assay and caspase-3 Western blot were used
as indicators for evaluation of apoptotic status. The specific

Fig. 2 Structural analysis of the
mammary gland: a–bHE staining
showed that the mammary gland
was normal in histology in both
the superovulation group and
normal group (duct: ; fat
cells: ). Scale bar: 50 μm. c
Irregularly shaped Golgi-derived
secretory vesicles were observed
in the acini of the superovulation
group (normal secretory
vesicle: ; irregularly shaped
Golgi-derived secretory vesicles:
). Scale bar: 1 μm. S =

superovulation group;N = normal
group
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TUNEL-positive signal was observed in glandular epithelial
cells of both the normal and superovulation groups
(Fig. 4a), but the positive cell rate was not significantly
different between the two groups (P > 0.05; Fig. 4c).

However, when we calculated the relative content of
cleaved caspase-3, we found a significant increase in
this marker in the superovulation groups (P < 0.05;
Fig. 4b, d).

Fig. 3 Proliferation and apoptosis in the uterus: a Uterus of
superovulated monkeys was stained with anti-ki67 antibody and com-
pared with stained sections from normal monkey. The positive cells rate
of the uterine glandular epithelium were counted (d) (positive cells: ;
P > 0.05). Scale bar: 20 μm. b TUNEL-positive signals were detected
mainly in the uterine glandular epithelial cells (positive cells: ). Ratio
of positive cell is shown in (d) (P > 0.05). Scale bar: 20 μm. c and e The

expression of uterine proliferation and apoptosis markers were analyzed
by Western blot: the relative content of PCNAwas significantly lower in
the superovulation group comparedwith the normal group (P < 0.05), and
the relative content of cleaved caspase-3 was not significantly different
between the normal and superovulation groups (P > 0.05). Asterisksmark
statistical significance (P < 0.05) compared to normal monkeys. S =
superovulation group; N = normal group

Fig. 4 Proliferation and apoptosis in the mammary gland: a TUNEL-
positive cells were observed mainly in the acini (positive cells: ). The
positive cells ratio of TUNEL is shown in (c) (P > 0.05). Scale bar:
20 μm. b and d The expression of mammary gland proliferation and
apoptosis markers were analyzed by Western blot: the relative content

of PCNA and cleaved caspase-3 were significantly different in the super-
ovulation group compared with the normal group (P < 0.05). Asterisks
mark statistical significance (P < 0.05) compared with normal
monkeys. S = superovulation group; N = normal group
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Expression of development/function-related genes
in the uterus

To further assess the developmental and functional status of
the uterus, we examined the mRNA levels of nine uterus

development/function-related genes (ERα, PR, Wnt4,
Wnt5a, Wnt7a, β-catenin, HOXA9, HOXA10, and
HOXA11). In the uterine tissue, the mRNA level of Wnt7a
showed significantly lower expression in the superovulation
group than in the normal group (P < 0.05; Fig. 5a), and the

Fig. 5 Expression of development/function-related genes in the uterus: a
Changes in the expression of uterine development/function-related genes
in the uterine tissues of superovulated monkeys, in comparison with the
expression of these genes in normal monkeys. Wnt7a showed
significantly lower expression in the superovulation group than

in the normal group (P < 0.05). b–c The lower expression of
Wnt7a was further confirmed at the protein level by Western blot
(P < 0.05). Asterisks mark statistical significance (P < 0.05) compared
with normal monkeys. S = superovulation group; N = normal group

Fig. 6 Expression of
development/function-related
genes in the mammary gland: a
The mRNA levels of ERα and PR
were not significantly different
between the superovulation and
normal groups (P > 0.05). b–c
The protein levels of ERα and PR
were consistent with normal
group (P > 0.05). S =
superovulation group;N = normal
group
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lower expression of Wnt7a was further confirmed at the pro-
tein level by Western blot (P < 0.05; Fig. 5b, c). The expres-
sion of the other eight uterine genes was not significantly
different between the two groups (P > 0.05; Fig. 5).

Expression of development/function-related genes
in the mammary gland

In the mammary gland tissue, ERα and PR as the functional
markers were detected by real-time PCR and Western blot.
The results showed the expression levels of ERα and PR were

not significantly different in the normal and superovulation
groups, both at the mRNA and protein level (P > 0.05; Fig. 6).

Assessment of cancer markers in the uterus
and mammary gland

Cancer markers in the uterus

Manual as well as light microscopy examination did not
reveal the presence of any lumps in the uterus of mon-
keys in the superovulation group. Therefore, we ana-
lyzed the levels of common tumor molecular markers

Fig. 7 Cancer markers in the uterus: a–b Immunostaining detection of
four uterine tumor molecular markers; the positive cell rates were not
significantly different between the two groups (P > 0.05). Scale bar:
20 μm. c–d The expression of ERα, PR, PTEN and P16INK4a was

analyzed by Western blot: their expression was not significantly
different between the superovulation and normal groups (P > 0.05). S =
superovulation group; N = normal group; GE = glandular epithelium
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to determine whether repeated COH is associated with
increased cancer risk. ERα, PR, PTEN, and P16INK4a

were selected as the uterine tumor markers for assay.
By observing the immunohistochemical results, we
found that ERα and PR were expressed diffusely in
the glandular epithelium and stromal cells, and PTEN
was only expressed in the glandular epithelium.
However, no obvious P16INK4a-positive signals were
found in uterine cells for both groups (Fig. 7a). By
calculating the ratio of positive cells, we demonstrated
similar expression of these markers in the normal and
superovulation groups (P > 0.05; Fig. 7b). Moreover, we
detected the expression of the four markers by Western
blot. The relative contents of the four proteins were not
significantly different between the normal and superovu-
lation groups (P > 0.05; Fig. 7c, d).

Cancer markers in the mammary gland

We also analyzed the expression of several molecular markers
of the mammary cancer, including ERα, PR, HER2, and
GPER1. The immunochemical staining showed that ERα

and PR were mainly expressed in glandular epithelial cells
of the normal and superovulation groups (Fig. 8a), but the
ratio of positive cells was not significantly different between
the two groups (P > 0.05; Fig. 8b). Furthermore, the real-time
PCR analysis indicated similar expression levels of the four
markers in the mammary gland of the normal and
superovulated monkeys (P > 0.05; Fig. 8c).

Discussion

In this study, we have assessed the long-term effects of repeat-
ed COH by observing the uterus and mammary gland of
rhesus monkeys 5 years after they underwent four cycles of
ovarian stimulation.

With regard to the effect of repeated COH on the structure
of reproductive organs, we found no significant structural ab-
normalities in the uterus of the COH monkeys. However, we
were unable to observe the ultrastructure of the glandular ep-
ithelial cells, so we may have missed some ultrastructural
changes in the uterus. When we further assessed the
developmental/functional status of the uterus, we found a

Fig. 8 Cancer markers in the mammary gland: a–b Immunostaining
detection of tumor molecular markers (ERα, PR); the positive cell rates
not significantly different between the two groups (P > 0.05). Scale bar:
20 μm. c The expression of four mammary gland tumor molecular

markers was analyzed by real-time PCR: their expression was not
significantly different between the superovulation and normal groups
(P > 0.05). S = superovulation group; N = normal group
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significant decrease in the proliferation index in the
superovulated monkeys, suggesting the low developmental
state of uterine cells. Moreover, the decreased expression of
the uterus development-related gene was also found in the
superovulated monkeys.

The WNT signaling pathway and HOX gene family have
been reported to be associated with the development and func-
tion of the uterus. Some WNT signaling-related proteins, in-
cludingWnt4, Wnt5a, Wnt7a, and β-catenin, have been prov-
en to be critical for uterine development, participating in
Müllerian duct initiation, stromal cell decidualization, epithe-
lial–mesenchymal interactions, etc. [23–27]. Thereinto,
Wnt7a has been demonstrated to be necessary for the differ-
entiation of the uterine glands [25, 26]. The HOX gene family
is linked with uterine development because HOXA9,
HOXA10, and HOXA11 are reported to be required for endo-
metrial development and receptivity [28–30]. In this study, we
found that the expression level of Wnt7a decreased signifi-
cantly in the superovulation group, which indicated that re-
peated ovulation stimulation might affect the development of
uterine glands.

In the mammary gland, ultrastructural analysis revealed
that the Golgi-derived secretory vesicles were irregular in
shape in the superovulation group. It is known that the devel-
opment and function of the mammary gland is mainly regu-
lated by prolactin (PRL), which can induce acini growth and
stimulate lactogenesis [31]. The effect of PRL on lactogenesis
relies on a phosphorylation step [32], which takes place in the
Golgi apparatus. Thus, the change observed in the structure of
the Golgi apparatus of mammary gland cells may have affect-
ed the function of PRL in the superovulation group.

The low development status of the mammary gland cells in
the superovulated monkeys was further confirmed by the re-
sults of molecular marker detection. Although the expression
of ERα and PR, two mammary gland development-related
genes [33, 34], were not significantly different for the super-
ovulation and normal groups, the significant decrease in the
proliferation index as well as the increase in the apoptosis
index was demonstrated in the superovulated monkeys.

In addition to investigating the structure and function of the
uterus and mammary gland, we also assessed the risk of can-
cer in these two organs after superovulation. As manual and
light microscopy examination did not reveal the presence of
any lumps in the uterus or mammary gland of the superovu-
lation group, we analyzed the expression of common tumor
markers, including the uterine tumor markers ERα, PR,
PTEN, and P16INK4a [35–37] and the mammary gland tumor
markers ERα, PR, HER2, and GPER1 [38–40]. Our data
showed that the expression of these tumor markers was not
different between the normal and superovulation groups. It
has been shown that the cancer risk increases with increase
in the time that elapses after COH [41]. In our study, the
samples were obtained from rhesus monkeys that had

undergone stimulated ovulation for 5 years. It is possible that
the interval was too short, and there is a possibility of tumor
formation after a longer period of time.

In summary, the repeated induction of ovulation was found
to affect the expression of the uterine development-related
gene Wnt7a several years later, and the uterine cells exhibited
a low proliferation status. The ultrastructure of the mammary
gland epithelial cells was demonstrated to be abnormal, and
the mammary gland cells exhibited a low proliferation and
high apoptosis status. Although this study did not find severe
damage to the structure of the uterus or mammary gland after
repeated COH, the organs exhibited potential low develop-
mental competence. Moreover, we cannot rule out the possi-
bility of damage or more obvious changes in these organs after
a longer duration of time. To our knowledge, this is the first
time a study, using monkeys as an animal model, has demon-
strated an effect of repeated COH on the uterus and mammary
gland. Given that the primate is the closest relative of humans,
the results obtained from this study provide more intuitive
information for optimization of clinical COH. Combined with
our previous findings that demonstrated an obvious impact of
repeated COH on the ovaries, we propose the need to re-
consider the dose of administered gonadotropin and the num-
ber of cycles of ovarian hyperstimulation performed.
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