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Abstract: The effect of preimplantation exposure to bisphenol-A (BPA) on blastocyst development and implantation 
is investigated. Mice were orally administered with BPA (200, 400, 600, and 800 mg/kg/day) from Day 0.5 to Day 
3.5 of their pregnancy. Blastocyst development was examined on Day 4 of pregnancy. With 400 mg/kg/day BPA, im-
plantation site number and implantation rate significantly reduced. With 600 and 800 mg/kg/day BPA, no implanta-
tion site was observed. BPA at 800 mg/kg/day significantly reduced blastocyst development rate and hatching rate. 
With 400 and 600 mg/kg/day BPA, Blastocyst development rate showed no significant difference whereas hatching 
rate was lower. With 400, 600, and 800 mg/kg/day BPA, some embryos were detected in the fallopian tube and 
hatched blastocysts showed greatly increased apoptosis level and endothelial nitric oxide synthase expression. In 
summary, high concentration BPA delayed the transfer of embryos to the uterus, damaged blastocyst development 
before implantation, and inhibited embryo implantation.
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Introduction

Bisphenol-A (BPA) is one of the most widely 
used compounds in the industry. It is mainly 
used in the production of high-polymer mate-
rials, such as epoxy resin, polysulfone resin, 
polyphenylene ether resin and unsaturated 
polyester resin. BPA can affect human health 
and its main target organ is the reproductive 
system [1-4]. It is demonstrated that BPA reduc-
es the sperm motility of male animals and dam-
ages spermatogenesis, thus reducing the fertil-
ity of male offspring and leading to decreased 
libido and abnormal sexual behaviors of male 
animals [5-7]. BPA promotes follicle atresia [8] 
and oocyte apoptosis [9], but inhibits the 
expression of steroidogenic enzyme in granu-
losa cells [10] and interrupts the production 
and secretion of steroid hormones [11]. For the 
uterus, BPA mainly influences uterus develop-
ment at the perinatal period and implantation 
stage. Xiao et al. found that BPA changed recep-
tivity of endometrium to embryos at the implan-
tation stage [12]. The implantation process 
requires the synchronized development of 

embryos and endometrium. When BPA influ-
ences the receptivity of endometrium to embry-
os at the implantation stage, it is unclear 
whether BPA also influences blastocyst devel-
opment before implantation, leading to loss of 
the intruding ability of hatched blastocysts in 
the endometrium.

For the development of normal embryos, a cer-
tain concentration of nitric oxide (NO) is needed 
to regulate the mitosis of embryonic cells [13]. 
As a key enzyme in the regulation of NO genera-
tion, expression of nitric oxide synthase (NOS) 
in embryonic cells varies according to the 
demands of embryos on the NO amount at dif-
ferent development stages [13]. eNOS and 
iNOS expressions have been detected in embry-
os at early stages [14]. Meanwhile, the expres-
sion of embryonic cells in NOS is also subject to 
exogenous hormones. Gouge et al. reported 
that exogenous estrogen improved expression 
of endothelial NOS (eNOS) and inducible NOS 
(iNOS) [15] in blastocysts. Saxena et al. found 
that estrogen could induce expressions of iNOS 
in endometrial epithelium cells, and the induc-
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ible effects could be enhanced by progester-
one [16]. However, it is unknown whether BPA 
simulates the effect of estrogen, changes the 
NOS expression in embryos, and influences 
embryo development.

Xiao et al. found that subcutaneous injection of 
100 mg/kg/day BPA into pregnant mice inhib-
ited embryo implantation [12]. Beger et al. oral-
ly administered BPA on pregnant mice and 
found that pregnancies of the mice were termi-
nated upon daily intake of 68.84 mg of BPA 
[17]. The major pathway of BPA in the human 
body is oral administration. Thus, in this study, 
the effects of gavaged BPA at increasing con-
centrations on blastocyst development and 
implantation were analyzed.

Materials and methods

Chemicals and animals

All reagents were purchased from Sigma-
Aldrich Chemical Company (St. Louis, MO, USA) 
unless otherwise stated. The Kunming mice 
were purchased from the Changchun Hi-Tech 
Laboratory Animal Research Center (Chang- 
chun, China), and housed in a photoperiod 
(light/dark 14 hours: 10 hours). Animal experi-
ments were carried out following the protocol 
approved by the Jilin Medical College Institu- 
tional Animal Care and Use Committee.

Animal treatments with BPA

The 2-month-old female mice were mated natu-
rally with healthy fertile young males. The pres-

ence of a vaginal plug in the vaginal opening 
was considered as day 0.5 of pregnancy in the 
next morning. Not all females in which a plug 
was observed would become to be pregnant. 
Mice with the presence of embryos in the repro-
ductive tract were considered pregnant. Preg- 
nant females were randomly divided into five 
groups (n=30 per group). From 0.5 to 3.5 days 
in the pregnancy, the pregnant females were 
daily gavaged with 0, 200, 400, 600, and 800 
mg/kg/day of BPA ((CH3)2C(C6H4OH)2) in the 
sesame oil.

In vivo development of blastocysts and stain-
ing of implantation sites

Uteri of pregnant mice untreated (gavaged with 
sesame oil only) and treated with BPA were 
flushed with PBS to detect the presence of 
embryos and the stages of embryo develop-
ment at gestation day 4. To evaluate the embryo 
quality, the collected hatched blastocysts were 
stained with Hoechst33342 to determine blas-
tomere number. On day 4.5 of pregnancy, the 
mice were anesthetized by intraperitoneal 
injection of chloral hydrate, and then intrave-
nously injected with Chicago sky blue to identify 
implantation sites. The number of implantation 
sites was recorded. If no implantation sites 
were observed, the uterus of the mouse was 
flushed to detect the presence of embryos.

Immunostaining of blastocysts

Embryos were fixed in 4% paraformaldehyde in 
PBS for 40 min at room temperature, and then 

Figure 1. Staining of the implan-
tation sites of mice on Day 4.5 of 
pregnancy after treatment with 
BPA. (A) The control group (0 mg/
kg/day BPA), (B) 200 mg/kg/day 
BPA group, (C) 400 mg/kg/day BPA 
group, (D) 600 mg/kg/day BPA 
group, and (E) 800 mg/kg/day BPA 
group. Arrow points at the stained 
blue belt were implantation sites.
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permeabilized with 0.2% Triton X-100 in PBS for 
10 min. Immunocytochemical staining was per-
formed by incubating the fixed samples with 
primary antibodies for 2 h, followed by second-
ary antibodies conjugated with FITC for 60 min. 
Polyclonal antibodies against active-caspase-3 
(Abcam, Cambridge, MA, USA) and eNOS (Santa 
Cruz Biotechnology, Dallas, TX, USA) were dilut-
ed 1:200. The DNA was stained with 1 μM 
Hoechst33342. The embryos were then wash- 
ed and mounted under a coverslip with gentle 
compression in VectaShield antibleaching solu-
tion (Vector Labs, Burlingame, CA, USA). Fluore- 
scence was detected on a laser-scanning con-
focal microscopy (FV-500, Olympus, Japan). All 
images stained with the same antibody were 
taken at the same laser power.

Statistical analysis

The data were analyzed with SPSS (Statistics 
Production for Service Solution, Version 13.0) 
using one-way ANOVA. A probability of P < 0.05 
was considered to be statistically significant.

Results

Inhibitory effect of the high-concentration BPA 
on embryo implantation

To determine the effect of BPA on embryo 
implantation, on Day 4.5 of pregnancy, staining 
was carried out at the implantation sites of 
healthy pregnant mice and BPA-treated preg-
nant mice (Figure 1). The respective numbers 

of implantation sites (Figure 2A) were counted, 
and the respective implantation rate (Figure 
2B) was compared. In mice treated with BPA  
at 200 mg/kg/day, implantation sites were 
observed in all 14 BPA-treated pregnant mice, 
and the number of implantation sites did not 
show significant difference from the control 
group. In the group treated with BPA (400 mg/
kg/day), BPA remarkably reduced the number 
of implantation sites of pregnant mice. Five of 
the 10 pregnant mice treated with BPA at 400 
mg/kg/day had no implantation sites detected. 
No implantation sites were found in the preg-
nant mice treated with BPA at the 600 mg/kg/
day and the 800 mg/kg/day groups. These 
results suggested that BPA with a concentra-
tion greater than 400 mg/kg/day reduced the 
number of implantation sites (Figure 2A) and 
the embryo implantation rate (Figure 2B).

BPA delays transfer of embryos from the fallo-
pian tube to uterus

Given that BPA possibly influences embryo 
development in the genital tract of pregnant 
mice, we detected the blastocyst development 
on D4 before the implantation. Compared with 
the control group, the numbers of embryos 
washed out from the uterus of pregnant mice 
treated with BPA at 400, 600, and 800 mg/kg/
day were reduced (Figure 3), and embryos were 
detected in the fallopian tube of these preg-
nant mice. This result indicated that BPA inhib-
ited the transfer of some embryos from the fal-
lopian tube to the uterus.

Figure 2. Effects of BPA on the implantation site numbers and implantation rates. A. Effect of BPA on the amount 
of implantation sites of mice on Day 4.5 of pregnancy. The number of blue belts on the uteri of mice in the control 
group and treatment groups was counted as the number of implantation sites. N = 10 to 14. The number of implan-
tation sites at each dose was averaged. Error bars: standard deviation. *P < 0.05, compared with the control group. 
B. Effect of BPA on the implantation rate of mice on Day 4.5 of pregnancy. Implantation rate = total number of mice 
with implantation sites/total number of mice with fertilized embryos in the genital tract × 100, N = 10 to 15. *P < 
0.05, compared with the control group.
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BPA reduces the blastocyst development and 
hatching

To determine the effect of BPA on blastocyst 
development in uteri, the embryos that were 
washed out from the uteri of pregnant mice 
treated with BPA on Day 4 of pregnancy were 
observed (Figure 4A-D). As shown in Figure 
4A-E, the embryos with blastocyst cavity were 
considered as blastocysts. The blastocysts 
without zona pellucida were hatched blasto- 
cysts.

The blastocyst development rate and hatching 
rate of the embryos washed out from the uteri 
were determined. It was found that when treat-
ed with BPA at 400 and 600 mg/kg/day, the 
blastocyst development rate did not show sig-
nificant difference from the control group. In 
the 800 mg/kg/day BPA group, BPA greatly 
reduced the blastocyst development rate 
(Figure 4F) and hatching rate (Figure 4G) sig-
nificantly when compared with the control 
group. These results suggested that BPA (800 
mg/kg/day) inhibited the hatching of blasto-
cysts. This is a possible reason why blastocysts 
cannot interact with the endometrium at the 
implantation stage.

To study the effect of BPA on the quality of 
hatched blastocysts, the hatched blastocysts 
were stained for embryonic cell nuclei and 
apoptotic cells. Hoechst33342 was used in the 
staining of embryo cell nuclei, and the total cell 
number of hatched blastocysts was identified 
by counting the number of embryonic cell 
nuclei. The total cells of embryos in each group 
were counted and averaged. Active caspase-3 

quality of hatched blastocysts was decreased, 
thus reducing implantation of blastocysts. The 
total cell number of hatched blastocysts in all 
groups did not show obvious significance (Table 
1).

Effect of BPA on the expression of eNOS in D4 
blastocysts

To explore the effect of BPA on the NO metabo-
lism ability of embryonic cells, we detected the 
eNOS expressions in BPA-treated hatched blas-
tocysts or non-treated hatched blastocysts. 
The results are shown in Figure 5B. eNOS 
expression was determined in the cytoplasts of 
trophoblast cells of hatched blastocysts, but 
was confined to a minimal number of tropho-
blast cells. At 200 mg/kg/day, BPA did not 
exert too much influence on the expression of 
eNOS in trophoblast cells. Above 400 mg/kg/
day, more trophoblast cells were found with the 
eNOS expression, and the fluorescence stain-
ing intensity of eNOS was gradually enhanced 
(Figure 5B). Moreover, at 800 mg/kg/day, 
eNOS expression was not only found in the 
cytoplasts of trophoblast cells but also in the 
cytoplasts of inner cell mass cells (Figure 5B). 
These results suggested that BPA increased 
expression levels of eNOS in the hatched blas-
tocysts. Thus, the NO metabolism ability of 
hatched blastocysts could be increased.

Discussion

Studies have indicated that BPA influences 
embryo implantation in the uterus [18-20]. 
However, due to the differences of administra-

Figure 3. Effect of BPA on the number of embryos in the uteri of mice on D4 of 
pregnancy. The embryos washed out from the uteri of mice on D4 of gestation 
were counted. N = 7 to 9. *P < 0.05, compared with the control group.

antibody was used in the 
staining of apoptotic embry-
onic cells, and those that 
showed positive were desig-
nated as apoptotic cells. The 
apoptotic cells in embryos of 
each group were counted 
and averaged. The apoptotic 
cell number of hatched blas-
tocyst in groups at 400, 
600, and 800 mg/kg/day of 
BPA greatly increased com-
pared with the control group 
(Figure 5A). These results 
suggested that in groups at 
400, 600, and 800 mg/kg/
day of BPA, even if some 
blastocysts could hatch, the 
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tion approaches and time, the concentration 
range of BPA that influenced embryo implanta-
tion had certain differences [17]. Our results 
showed that gavaged BPA (400 mg/kg/day) 
decreases embryo implantation. No implanta-
tion sites of pregnant mice treated by BPA at 
600 and 800 mg/kg/day were observed, dur-
ing which embryo implantation was inhibited. 
Xiao et al. conducted a study on subcutaneous 
injection of BPA at 100 mg/kg/day, and found 
that it inhibited embryo implantation [12], indi-
cating that the administration approach of the 
subcutaneous injection was more sensitive to 
the embryo implantation than the oral adminis-
tration. However, the most common way of 

human contact with BPA is repeated contact 
with the inner packaging of some food [21]. 
Thus, this experiment could better stimulate 
the adverse effect from the contact of humans 
with BPA by oral administration. The adminis-
tration at different times of the pregnancy 
would also generate different effects. Berger et 
al. found that on Day 0 or Day 1 of the preg-
nancy, subcutaneous injection of 10.125 mg/
animal of BPA in pregnant mice significantly 
reduced the number of implantation sites. 
However, the injection of BPA at the same dose 
on Day 2 of pregnancy did not greatly influence 
the number of embryo implantation sites [22], 
indicating that the mice became more sensitive 

Figure 4. Effect of BPA on the blastocyst development and hatching on D4 of pregnancy. (A) The control group, (B) 
200 mg/kg/day BPA group, (C) 400 mg/kg/day BPA group, (D) 600 mg/kg/day BPA group, and (E) 800 mg/kg/day 
BPA group. Scale = 100 μm. (F) Blastocyst development rate = number of blastocysts/total number of embryos from 
the uterus on D4 × 100. (G) Hatching rate = number of hatched blastocysts/total number of blastocysts from the 
uterus on D4 × 100. Number of embryos: N = 43 to 64.
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to the endocrine disrupter on Day 0.5 to Day 
1.5 of pregnancy than on Day 2.5 of the preg-
nancy. It remains to be studied whether the 
same effect occurs in pregnant mice at differ-
ent gestational times after the oral administra-
tion of BPA.

Takai et al. added 100 μM of BPA in in vitro cul-
ture media of mouse 2-cell embryos. After cul-
ture for 48 h, the degradation rate of embryos 
was significantly improved [23]. Lee et al. cul-
tured mouse 2-cell embryos in culture media 
added with BPA of different concentrations for 

Figure 5. Immunofluorescence staining of hatched blastocyst cells. Embryos were fixed in 4% paraformaldehyde in 
PBS for 40 min at room temperature, and then permeabilized with 0.2% Triton X-100 in PBS for 10 min. Embryos in 
the control group, the 200 mg/kg/day BPA group, the 400 mg/kg/day BPA group, the 600 mg/kg/day BPA group, 
and the 800 mg/kg/day BPA group were stained by incubating the fixed samples with primary antibodies for 2 h, 
followed by secondary antibodies conjugated with FITC (green) for 60 min. DNA was stained blue by Hoechst33342. 
Fluorescence was detected on a laser-scanning confocal microscopy (FV-500, Olympus, Japan). All images stained 
with the same antibody were taken at the same laser power (800×). Merged images were also given. A. Apoptotic 
embryonic cells were stained green with caspase-3 antibody. B. Embryonic cells with the expressions of eNOS were 
stained green.
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72 h. They found that increase with BPA con-
centration greatly reduced the blastocyst devel-
opment rate, 10-4 M BPA inhibited blastocyst 
development, and no embryos developed to 
blastocysts [24]. Different from in vitro embry-
os, in vivo embryos are in the internal environ-
ments of the fallopian tube and the uterus and 
are subject to the influence of different kinds of 
cells in these two environments. If mouse 2-cell 
embryos are co-cultured with the epithelial 
cells of endometrium, the toxic effects of BPA 
on embryo development can be greatly reduced 
[24]. However, whether the two internal envi-
ronments would alleviate the effect of BPA on 
in vivo embryo development remains unclear. 
In our experiment, at 800 mg/kg/day, BPA 
greatly reduced the blastocyst development 
rate and hatching rate. With the dosages of 
400 and 600 mg/kg/day BPA, the blastocyst 
development rate showed no significant differ-
ences from that of the control group yet the 
hatching rate was greatly reduced. At the dos-
age of 200 mg/kg/day, BPA did not have a sig-
nificant effect on blastocyst development rate 
and hatching rate, indicating that the internal 
environment of the uterus offered a certain 
range of protection to embryo development. If 
the concentration of disrupters exceeds the 
range, adverse effect would be imposed on in 
vivo embryo development.

Xiao et al. showed that BPA affected the trans-
fer of the embryo from the fallopian tube to the 
uterus [12]. In our experiment, the number of 
embryos washed out from the uterus of BPA-
treated pregnant mice at the dosages of 400, 
600, and 800 mg/kg/day was much reduced 
compared with the control group. Different 
numbers of embryos were detected from the 
fallopian tubes of pregnant mice. BPA treat-
ment was initiated from Day 0.5 of the preg-
nancy. At this stage, ovulation and fertilization 
of mice have been accomplished, which will not 

fallopian tube through the estrogen-like effects, 
so the fallopian tube produces the lock-in effect 
[25, 26] which affects the transfer of embryos.

Tsutsui et al. found that BPA formed DNA 
adducts with DNA in the golden hamster embry-
onic cells, leading to the occurrence of chromo-
some heteroploidy [27]. Pfeiffer et al. applied 
BPA to process V79 cells but found that BPA did 
not induce DNA rupture [28]. In our experiment, 
the numbers of total cells and apoptosis cells 
of hatched blastocysts in different groups were 
compared. The number of total cells of hatched 
blastocysts did not show significant differences 
among groups. However, at 400, 600, and 800 
mg/kg/day, the caspase-3-positive cell num-
ber of hatched blastocysts in BPA groups was 
more increased than that of the control group. 
Caspase-3 protein, as the executor of cell apop-
tosis, induced cell apoptosis, which may influ-
ence the intruding ability of embryos in the 
endometrium. Jin et al. administered 2 µg/kg of 
BPA to adult mice by feeding for 14 consecutive 
days. The apoptotic cell number of testicular 
germ cells greatly increased and the mRNA 
level of Fas, FasL, and caspase-3 mRNA were 
greatly improved compared with the control 
group, indicating that BPA promoted the apop-
tosis of germ cells [29].

NO is a gaseous radical and regulates numer-
ous reproductive processes, such as the syn-
thesis of steroid hormone [30], pregnancy [31-
34], follicular development [35, 36], and lacta-
tion [37, 38]. It is produced from the process of 
L-citrulline generation from the oxidizing reac-
tion of L-arginine catalyzed by NOS; it also has 
an important role of regulation in early embryo 
development [39-41]. Studies have revealed 
that exogenous hormones influence the expres-
sion of NOS in embryonic cells [14, 15]. How- 
ever, whether BPA influences the expression of 
NOS in embryonic cells is not clarified. Thus, 

influence the total number 
of fertilized embryos. This 
finding verified that BPA 
delayed the transfer of 
some embryos from the fal-
lopian tube to the uterus, 
and the delay was enhanced 
as the BPA concentration 
increased. The delay of BPA 
on the transfer of embryos 
toward the uterus may work 
on the epithelial cells of the 

Table 1. Effects of BPA on the number of total cells and apop-
totic cells of hatched blastocysts

BPA treatment groups Number of hatched 
blastocysts

Number of 
total cells

Number of 
apoptotic cells

Control group 13 67.33±3.2 0.00±0.0
200 mg/kg/day group 11 61.33±3.2 3.00±1.0
400 mg/kg/day group 16 63±6.0 7.33±1.5*
600 mg/kg/day group 13 60.33±9.1 13.33±3.1*
800 mg/kg/day group 18 59.67±7.8 14.33±3.2*
*P<0.05, compared with the control group.
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eNOS expression in BPA-treated hatched blas-
tocysts or healthy hatched blastocysts were 
detected. Results showed that the number of 
trophoblast cells with eNOS expression and the 
intensity of fluorescence staining were gradu-
ally enhanced in above 400 mg/kg/day BPA 
groups. At 800 mg/kg/day, eNOS expressions 
were found in the cytoplasts of trophoblast 
cells and inner cell mass cells. BPA improved 
the expression level of eNOS in hatched blasto-
cysts, which may generate excessive NO. 
Adequate amount of NO from normal tropho-
blast cells can promote the approach and 
attachment of hatched blastocysts toward the 
endometrium [16]. However, excessive NO pro-
duction can cause the delayed decidualization 
of the endometrium stromal cells and the dys-
function of predecidual cells [42], which influ-
ence the attachment of hatched blastocysts 
with the endometrium and its implantation. 
Chen et al. found that excessive NO improved 
the expressions of P53 and Bax in ICR mouse 
2-cell embryos, which induced the apoptosis 
and fragmentization of embryonic cells [43]. 
Meanwhile, in our experiment, with the increase 
of BPA concentration, the eNOS expression in 
embryonic cells improved. Furthermore, the 
amount of apoptotic cells per embryo also 
increased, which may be triggered by excessive 
NO. The generation of excessive NO may be 
attributed as one of the reasons for the failure 
of embryo implantation.

In summary, our experimental results showed 
that the high concentration of BPA damaged 
the blastocyst development before the implan-
tation, increased the amount of apoptotic cell 
per embryo and eNOS expression, and influ-
enced the intruding ability of embryos in the 
endometrium, thereby suppressing embryo 
implantation. Future studies should identify the 
target molecules directly or indirectly influ-
enced by NO in hatched blastocysts and clarify 
the effect of target molecules on blastocyst 
development and the regulatory mechanism of 
NO on target molecules.
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