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Abstract. Previous studies have investigated the lower 
embryo implantation rates in women with polycystic ovary 
syndrome, obesity and type 2 diabetes, and specifically the 
association between the abnormal oocyte and embryo and 
hyperinsulinemia. The importance of hyperinsulinemia on 
maternal endometrium receptivity remains to be elucidated. 
The present study used a hyperinsulinemic mouse model to 
determine whether hyperinsulinemia may affect endometrial 
receptivity. An insulin intervention mouse model was first 
established. The serum levels of insulin, progesterone and 
estradiol were subsequently detected by ELISA assay analysis. 
The number of implantation sites was recorded using Trypan 
blue dye and the morphology of mice uteri was investigated 
using hematoxylin and eosin staining. The expression levels 
of molecular markers associated with endometrial receptivity 
were detected by reverse transcription‑quantitative polymerase 
chain reaction, western blotting and immunohistochemistry 
analyses. Finally, the importance of mechanistic target of 
rapamycin (mTOR) expression following insulin treatment 
was determined. Mice treated with insulin developed insulin 
resistance and hyperinsulinemia. The number of implantation 
sites following insulin treatment did not differ between the 
control and insulin‑treated groups. Additionally, no significant 
morphological alterations in mice uteri between control and 
insulin‑treated groups were observed. However, the expression 
levels of estrogen receptor (Esr) 1, Esr2, progesterone receptor 
and homeobox A10 associated with endometrial receptivity, 
were imbalanced during endometrium receptivity when 

maternal hyperinsulinemia was induced. Western blot analysis 
revealed that expression levels of endometrial phosphorylated 
(p)‑mTOR and p‑ribosomal protein S6 kinase β‑1 were 
significantly greater in the insulin‑treated group. These results 
demonstrated that although an embryo may implant into endo-
metrium, mice endometrium receptivity in early pregnancy 
may be impaired by maternal hyperinsulinemia. In addition, 
mTOR signaling may be involved in this process. The present 
study provides preliminary results demonstrating that female 
reproduction may be compromised during hyperinsulinemia, 
which requires further investigation in future studies.

Introduction

Embryo implantation, a key part of early pregnancy, is a 
complex reproductive process. Disruption of embryo implan-
tation may lead to a miscarriage. During implantation, the 
endometrium undergoes morphological and physiological 
alterations to become receptive to the embryo and permit its 
invasion (1). In addition to conceptus quality, the establish-
ment of uterine receptivity is necessary for successful embryo 
implantation. It has been reported that worldwide ~10‑15% of 
couples experience infertility during their reproductive years, 
which is primarily associated with implantation failure (2). 
Previous studies have identified compromised reproduction in 
women with polycystic ovary syndrome (PCOS), obesity and 
type 2 diabetes, which includes impaired oocyte and embryo 
quality, lower fertilization rates, decreased embryo implanta-
tion rates and elevated risk of spontaneous loss of pregnancy 
following in vitro fertilization (3‑7). However, the underlying 
molecular mechanisms remain to be elucidated.

Insulin is a protein hormone secreted by pancreatic β cells 
that consist of A‑ and B‑ polypeptide chains, which are linked 
by disulfide bonds. Insulin promotes the uptake and utilization 
of glucose, and inhibits glycogenolysis and gluconeogenesis. 
Therefore, it is extensively involved in the metabolism of 
glucose, fat and protein (8). Hyperinsulinemia and insulin 
resistance are established characteristics of women with 
PCOS, obesity and type 2 diabetes (9,10). Previous studies 
have explored the direct role and underlying mechanisms 
of abnormal oocyte and embryo development and hyper-
insulinemia during lower embryo implantation in women 
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with PCOS, obesity and type 2 diabetes  (11,12). However, 
the importance of hyperinsulinemia and insulin resistance 
in the maternal endometrium remains to be elucidated. The 
insulin receptor has been previously demonstrated to exhibit 
significantly altered expression patterns in the menstrual 
cycle  (13). Insulin receptor expression was observed to be 
present primarily in the secretory phase and localized at 
the stromal cells whereas its expression was downregulated 
from follicular to luteal phases  (13). In addition, insulin 
regulated‑mTOR signaling is important for lipid and glucose 
metabolism in skeletal muscle and liver (14‑17), and a previous 
study revealed that mTOR was essential for endometrial recep-
tivity (18). These results demonstrated that insulin may serve 
an important function in the endometria. Although, a previous 
clinical study revealed the reduced expression of markers for 
endometrial receptivity in PCOS patients (19), to the best of 
our knowledge there is a current lack of evidence to confirm 
the abnormal expression of endometrial receptivity markers 
resulting from hyperinsulinemia and insulin resistance.

It is possible that hyperinsulinemia and insulin resistance 
may be responsible for reduced endometrial receptivity in 
hyperinsulinemic and insulin‑resistant females. Therefore, 
the aim of the present study was to generate a hyperinsu-
linemic and insulin‑resistant mouse model in order to 
determine whether hyperinsulinemia may affect endometrial 
receptivity.

Materials and methods

Establishment of mouse model. A total of 100 Kunming female 
mice (weight, 22±1.8 g; age, 6 weeks) were used to generate 
this animal model. Ethical approval for the use of animals in 
this study was obtained from Chongqing Medical University 
(Chongqing, China). Care and handling of these mice was 
conducted in accordance with the animal research committee 
guidelines established by the Ethics Committee of the Institute 
of Zoology, Chongqing Medical University. An insulin inter-
vention mouse model was established as previously described 
by Ou et al (11). Mice were randomly divided into control and 
insulin‑treated groups (n=50/group). The treatment protocol 
was composed of 2 subcutaneous injections of saline for the 
control group or insulin for insulin‑treated group, in order to 
induce hyperinsulinemia. Human recombinant insulin (Insulin 
glargine) was purchased from Sanofi (Shanghai, China). For the 
insulin‑treated group, 0.05 IU insulin was injected until day 16, 
and from day 17 on it was gradually increased until reaching 
0.8 IU/day by day 23 (20,21) (day 17, 0.2 IU; day 18, 0.35 IU; 
day 19, 0.5 IU; day 20, 0.65 IU; day 21, 0.8 IU; day 22, 0.8 IU; 
day 23, 0.8 IU). All mice were then mated with fertile males 
(female: male, 2:1) overnight and the female mice were checked 
for vaginal plugs the following morning. The day at which a 
positive vaginal plug was identified was considered to be day 1 
(D1) of pregnancy.

Detection of serum insulin, progesterone (P4), estradiol (E2) 
levels and plasma glucose levels. Blood samples (~1 ml) were 
collected from the eye socket on insulin treated day 23 and 
incubated at room temperature for 3 h to obtain the serum. 
The serum levels of insulin, P4 and E2 were detected using 
enzyme‑linked immunosorbent assay kits (YH1332, YH4016 

and YH3997; Shanghai Yan Hui Biological Technology, Co., 
Ltd., Shanghai, China) according to the manufacturer's protocol. 
Absorbance was read at 450 nm. An ACCU‑CHEK Advantage 
blood glucose meter (Roche Applied Science, Mannheim, 
Germany) was used to determine the glucose concentrations in 
the blood, which were taken from the cut tail tip. Homeostasis 
model assessment (HOMA) were calculated as: Plasma glucose 
level x serum insulin level/22.5.

Quantification of implantation sites and collection of 
endometrial tissue. In order to examine attachment and 
implantation, pregnant dams were sacrificed by cervical dislo-
cation on D5 and following Trypan blue (10 mg/ml) injection 
into the tail veins (22). The number of implantation sites was 
identified by distinct blue bands. In addition, endometrial 
tissues at D4‑D6 were collected and squeezed from the uterine 
horns by the use of fine forceps under an anatomical micro-
scope (23). The isolated endometrial tissues were immediately 
stored in liquid nitrogen.

Reverse transcription‑quantitative polymerase chain 
reaction. TRIzol reagent (Takara Biotechnology Co., Ltd., 
Dalian, China) was used for total RNA extraction from 
50 mg endometrium obtained from D4‑D6, according to the 
manufacturer's protocol. RNA concentration and purity was 
determined by spectrophotometric determination of OD260/280 
ratio. Total RNA (0.5 mg) was used for cDNA synthesis in 
a 10 ml reaction system using the PrimeScript RT reagent 
kits (Takara Biotechnology Co., Ltd.). The specific primers 
for estrogen receptor (Esr) 1, Esr2, progesterone receptor 
(Pgr), homeobox A10 (Hoxa10) and β‑actin are presented in 
Table I. qPCR was performed using the CFX96 Real‑Time 
PCR Detection system (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA) and SYBR Premix Ex Taq (Takara Biotechnology 
Co., Ltd.). The reaction mixture consisted of 12.5 µl SYBR 
Premix Ex Taq (2X), 0.5 µl of each specific primer (10 µM) 
and 2 µl cDNA. Water was then added to a final volume 
of 25 µl. Following initial denaturation at 95˚C for 30 sec, 
PCR was performed for 40 cycles according to the following 
parameters: Denaturation at 95˚C for 10 sec; annealing and 
extension at 60˚C for 30 sec. Experiments were performed in 
triplicate for each sample. Gene expression was obtained by 
normalizing cDNA quantity to that of β‑actin and calculated 
using the 2‑ΔΔCq method (24).

Western blot analysis. Proteins were extracted from 200 mg 
endometrium obtained from D4‑D6 mice. Endometrial tissues 
were lysed using RIPA lysis buffer (Beyotime Institute of 
Biotechnology, Jiangsu, China). The concentration of protein 
was determined using a bicinchoninic acid protein assay kit 
(Beyotime Institute of Biotechnology). Proteins were boiled 
in 5X SDS sample loading buffer for a minimum of 10 min 
and subsequently stored at ‑80˚C prior to use. 50 µg proteins 
were separated on 10% SDS‑PAGE gels. Proteins were 
then transferred onto polyvinylidene difluoride membranes 
(Bio‑Rad Laboratories, Inc.). Membranes were subsequently 
blocked with 5% non‑fat milk at room temperature, before 
they were incubated with rabbit monoclonal anti‑Hoxa10 
(SC17159; 1:500; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), mouse monoclonal anti‑Esr1 (ab66102; 1:1,000; 
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Abcam, Cambridge, UK), mouse monoclonal anti‑Pgr 
(ab2765; 1:500; Abcam), mouse monoclonal anti‑Esr2 (ab288; 
1:1,000; Abcam), rabbit monoclonal anti‑mechanistic target of 
rapamycin (mTOR; 2983; 1:500; Cell Signaling Technology, 
Inc., Danvers, MA, USA), rabbit monoclonal anti‑phosphor-
ylated (p)‑mTOR (5536; 1:500; Cell Signaling Technology, 
Inc.), rabbit monoclonal anti‑ribosomal protein S6 kinase β‑1 
(p70S6K; 2708; 1:1,000; Cell Signaling Technology, Inc.), 
rabbit monoclonal anti‑p‑p70S6K (9234; 1:500; Cell Signaling 
Technology, Inc.) and mouse monoclonal anti‑β‑actin (A5441; 
1:1,500; Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) 
overnight at 4˚C. The membranes were washed 3 times with 
Tris‑buffered saline containing Tween‑20 (0.2%), and then 
incubated for 1 h on room temperature with a horseradish 
peroxidase (HRP)‑conjugated secondary antibody (TA130003 
and TA130023; 1:1,000; OriGene Technologies, Inc., Beijing, 
China). The positive bands were detected using HRP‑enhanced 
chemiluminescence reagents (WBKLS0500; Merck KGaA) 
and quantified by densitometry analysis using Quantity One 
software version 4.6.2 (Bio‑Rad Laboratories, Inc.). Protein 
expression was normalized to β‑actin.

Hematoxylin and eosin (H&E) staining. H&E staining was 
performed according to the manufacturer's protocol (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). Briefly, 

sections (4 µm in thickness) of uterine tissue sacrificed on D5 
were deparaffinized in xylene and rehydrated in decreasing 
concentrations of ethanol. Subsequently, the sections were 
stained with hematoxylin (0.45%) for 3 min and with eosin 
(1%) for 30 sec at room temperature, followed by dehydra-
tion until they were cleared. Finally, the tissue sections were 
mounted with neutral gum.

Immunohistochemistry. Mice uteri at D5 were fixed in 4% 
paraformaldehyde and embedded in paraffin. The tissue 
was then cut to 5  µm sections. Immunohistochemistry 
was performed using DAB color reagent kit (SP‑9000; 
Zhongshan Biosciences Inc. China) according to the manu-
facturer's protocols. The sections were examined and imaged 
under a microscope (BX43, Olympus Corporation, Tokyo, 
Japan). Non‑immune goat serum (Zhongshan Biosciences 
Inc. China) was used instead of the primary antibody as a 
negative control.

Statistical analysis. All experiments were repeated at least 
three times. The data were analyzed using SPSS software 
(version, 16.0; SPSS Inc., Chicago, IL, USA). The Student's 
t‑test was used to determine the differences in serum insulin, 
P4 and E2 levels, mRNA and protein expression levels and 
the number of implantation sites between the control and 
insulin‑treated groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Levels of insulin, E2 and P4 in serum. In order to determine 
the effects of maternal insulin resistance on embryo implan-
tation, a mouse model of hyperinsulinemia was established 
through exogenous insulin injection (11,21). The effects of 
chronic treatment with insulin on mouse weight, and the 
serum levels of insulin, E2 and P4 are presented in Table II. 
In addition, serum glucose levels and the HOMA values were 
significantly higher in the insulin‑treated group. The results 
demonstrated that the insulin‑treated group developed chronic 
insulin resistance and hyperinsulinemia.

Number of implantation sites on D5. A previous study demon-
strated that endometrial receptivity is maintained on day 5 of 
pregnancy in mice (25). In order to determine the potential role 
of hyperinsulinemia on endometrium receptivity, the present 
study recorded the number of embryo implantation sites on 

Table I. Primer sequences used for reverse transcription‑quantitative polymerase chain reaction.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

Esr1	 CACCAGATCCAAGGGAA	 CGGCGTTGAACTCGTAG
Esr2	 GACTGTAGAACGGTGTGGTCATCAA	 CTGTGAGGTAGGAATGCGAAAC
Pgr	 GCCTATACCGATCTCCCTG	 TTCCCTATGAGTGGCTTCTAC
Hoxa10	 AACGCTGCCCTTACACGA	 GTGGACGCTACGGCTGAT
β‑actin	 CCTGAGGCTCTTTTCCAGCC	 TAGAGGTCTTTACGGATGTCAACGT

Esr1/2, estrogen receptor 1/2; Pgr, progesterone receptor; Hoxa10, homeobox A10.

Table II. Effect of chronic insulin treatment on maternal 
weight, metabolic parameters and serum hormone levels.

	 Group
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 Control	 Insulin‑treated

Number of mice	 50	 50
Body weight (g)	 38.7±2.30	 34.46±1.21a

Plasma glucose (mM/l)	 7.14±1.05	 9.62±0.50a

Serum insulin (mU/l)	 16.57±0.74	 26.77±1.17a

HOMA (glucose x insulin/22.5)	 5.25±0.71	 11.43±0.22a

E2 (pg/ml)	 57.15±4.40	 32.52±1.76a

P4 (pg/ml)	 6.51±0.24	 9.56±0.28a

Data are presented as the mean ± standard deviation. Experiments were 
performed in triplicate for each sample. aP<0.05 vs. control. HOMA, 
homeostasis model assessment; E2, estradiol; P4; progesterone.
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D5 by counting the distinctive blue bands on the mice uteri 
as a result of Trypan blue staining. No significant difference 
between the number of implantation sites in the insulin‑treated 
group was observed when compared with the control group 
(Fig. 1A). In addition, no alterations in the morphology of the 
uteri between the two groups were observed (Fig. 1B).

Endometrium receptivity is impaired by maternal hyperin‑
sulinemia. Although no significant difference was evident 
between the two groups when examined visually, it was 
unclear whether endometrium receptivity was altered at the 
microscopic scale. In order to investigate this further, morpho-
logical examination of uterine cross‑sections was performed 
at D5, and no marked difference between the control and 
insulin‑treated groups was observed (Fig.  2). During the 
implantation window, the process of embryo implantation is 
divided into the following three steps: Pre‑implantation on 
day 4, peri‑implantation on day 5 and post‑implantation on 
day 6 of gestation in mice (26,27). The expression levels of 
molecules associated with endometrial receptivity, such as 
Esr1 and Pgr may vary, depending on their functions during 
the different steps of the embryo implantation process. The 
present study determined that expression levels of Esr1, Pgr 
and Hoxa10 were significantly upregulated (P<0.05, Fig. 3) and 
Esr2 levels were downregulated in the insulin‑treated group 
when compared with the control group on D4 (P<0.05, Fig. 3). 
However, no obvious differences in Pgr expression levels were 
observed during peri‑implantation on D5 (Fig. 3). Unlike Pgr, 
Esr1, Esr2 and Hoxa10 were significantly imbalanced in mice 
with hyperinsulinemia (P<0.05; Fig. 3B, D and E). In addi-
tion, a marked reduction in the levels of these molecules was 
recorded during post‑implantation on D6 of gestation in mice 
(Fig. 3C and D). Therefore, it is possible that the establishment 
process of endometrium receptivity was altered by maternal 
hyperinsulinemia, even though the embryo was able to implant 
into endometrium.

mTOR may be responsible for altered endometrial receptivity 
by maternal hyperinsulinemia. A previous study revealed 
that mTOR was essential for endometrial receptivity (18), and 
previous studies have demonstrated that insulin could serve its 
roles though mTOR (28,29). Therefore, the present study inves-
tigated mTOR signaling in the endometrium following insulin 
treatment. During the implantation window, the vital time 
for endometrial receptivity, western blotting of endometrial 
tissues revealed a significant increase in endometrial p‑mTOR 
and p‑p70S6K protein expression levels in the insulin‑treated 
group when compared with the control group (P<0.05; Fig. 4). 
No marked difference in the levels of total mTOR and p70S6K 
protein expression levels was identified in the insulin‑treated 
group when compared with the control group (Fig. 4).

Discussion

Previous clinical studies have identified compromised 
reproduction in women with PCOS, obesity and type 2 
diabetes  (30,31). Hyperinsulinemia and insulin resistance 
are established characteristics of women with PCOS, obesity 
and type 2 diabetes (32,33). Previous studies have investi-
gated lower embryo implantation rates in females with these 

conditions, and an association between abnormal oocyte and 
embryo development and hyperinsulinemia (11,12). However, 
the importance of hyperinsulinemia and insulin resistance on 
maternal endometrium remains to be elucidated. The present 
study determined that mice endometrium receptivity in early 
pregnancy was affected by maternal hyperinsulinemia.

During early pregnancy, the establishment of uterine 
receptivity is necessary for successful embryo implantation. 
Uterine receptivity is established and maintained through a 
series of specific cellular and molecular events (34). However, 
in the event that the genes associated with the establishment 
of uterine receptivity are expressed abnormally, embryo 
implantation may be affected directly and lead to sponta-
neous abortion (35). In the animal model developed in the 
present study, the number of implantation sites at D5 was 
not significantly different following treatment with insulin. 
These results may be due to the short duration of insulin treat-
ment. Females with PCOS, obesity and type 2 diabetes are 
exposed to hyperinsulinemia and insulin resistance for a long 
period of time. The present study determined that although 
the embryo was able to implant into endometrium, the genes 
associated with uterine receptivity, including Esr1, Pgr, 
Hoxa10 and Esr2 were dysregulated in mice with maternal 
hyperinsulinemia. Therefore, it is possible that the process 
of endometrium receptivity establishment was altered by 
maternal hyperinsulinemia. Although the present study did 
not investigate the effect of hyperinsulinemia on endome-
trium function following embryo implantation into the uterus, 

Figure 1. Number of implantation sites at D5 in insulin‑treated and control 
mice. (A) Trypan blue was injected on D5 and the number of implantation 
sites as indicated by distinct blue bands was recorded. (B) Morphology of 
the uteri of pregnant mice at D5. Left image are the uteri from control mice 
and the right image are the uteri from insulin‑treated mice. D5, day 5 of 
pregnancy.
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Figure 2. Implantation sites on D5 of pregnancy from control and insulin‑treated mice were stained with hematoxylin and eosin (scale bar, 200 µm). No obvious 
morphological alterations between the two groups were identified.

Figure 3. Expression of genes associated with endometrial receptivity during the embryo implantation window. Reverse transcription‑quantitative polymerase chain 
reaction was performed to compare the mRNA expression levels of Esr1, Esr2, Pgr and Hoxa10 in the endometrium between control and insulin‑treated groups 
at (A) D4, (B) D5 and (C) D6. Data are presented as the mean ± standard error (n=6). *P<0.05 vs. control. (D) Western blot analysis of markers for endometrial 
receptivity during the embryo implantation window. (E) The location of Pgr and Esr1 protein markers for endometrial receptivity on D5 as determined by immuno-
histochemical staining (scale bar, 200 µm). Esr1/2, estrogen receptor 1/2; Pgr, progesterone receptor; Hoxa10, homeobox A10; D4‑6, days 4‑6 of pregnancy.
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a previous study determined that abnormal endometrium 
receptivity may increase the risk of abnormal decidualization 
and placentation in the later stages of pregnancy and lead to 
a miscarriage (34).

mTOR is a member of the phosphatidylinositol 
3‑kinase‑associated kinase superfamily. It is a core compo-
nent of raptor‑mTOR (mTORC1) and rictor‑mTOR (mTORC2) 
complexes that control various cellular processes. mTORC1 
and mTORC2 regulate several elements downstream of the type 
I insulin‑like growth factor receptor and insulin receptor (36). 
mTOR serves a crucial role in mammalian growth control as 
an important molecule of signal transduction, including cell 
proliferation, growth, differentiation and apoptosis (37‑40). 
Insulin could serve its roles though mTOR (28,29). Neil et al 
determined that insulin may induce activation of mTOR 
signaling in glioblastoma cells (41). Fritzen et al observed that 
mTOR signaling via unc‑51 like autophagy activating kinase 
1 may mediate the autophagy‑inhibiting effect of insulin in 
human skeletal muscle (42). In addition, previous studies have 
determined that mTOR was essential for early mouse embryo 
growth and proliferation of embryonic stem cells  (43‑45). 
Furthermore, the importance of mTOR in uterine tissues has 
been verified in various studies (46‑48). A previous study 
demonstrated that endometrial receptivity was compromised 
by the intrauterine injection with rapamycin (18), which is an 
inhibitor of mTOR. In the present study, a significant increase 

in endometrial p‑mTOR and p‑p70S6K protein expression 
was detected in the insulin‑treated group. Therefore, mTOR 
signaling may contribute to impaired endometrium receptivity 
during maternal hyperinsulinemia and insulin resistance. 
However, future intervention studies are required in order for 
these results to be confirmed.

In conclusion, the present study determined that the effect 
of maternal hyperinsulinemia on endometrium receptivity 
may be important for embryo implantation. Although an 
embryo may implant into endometrium, mice endometrium 
receptivity in early pregnancy may be affected by maternal 
hyperinsulinemia. In addition, mTOR signaling may be 
involved in this process. The underlying molecular mecha-
nisms involving mTOR require further investigation. The 
present study provided vital preliminary data for future 
investigation of compromised reproduction in women with 
hyperinsulinemia.
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Figure 4. Endometrial mTOR signaling was altered during the embryo implantation window by maternal hyperinsulinemia. (A) An increase in the phos-
phorylation of mTOR and p70S6K following insulin treatment was determined using western blotting. (B) Quantification of protein expression levels. Data 
are presented as the mean ± standard error (n=3). *P<0.05 vs. control. D4‑6, day 4‑6 of pregnancy. mTOR, mechanistic target of rapamycin; p‑mTOR, 
phosphorylated mTOR; p70S6K, ribosomal protein S6 kinase β‑1; p‑p70S6K, phosphorylated‑p70S6K.
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