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Nitric oxide regulates blastocyst hatching in mice
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Abstract: Objective: This study is to determine the regulatory role of nitric oxide in mouse blastocyst hatching.
Methods: Kunming female mice were superovulated and then mated with mature male mice. On day 2.5 of their
pregnancy, the pregnant mice were killed and morulae were flushed from their uterine horns with culture media.
Morulae were cultured in media with different concentrations of N-nitro-L arginine methyl ester (L-NAME), sodium
nitroprusside (SNP), 8-Br-3’-5’-cyclic guanosine monophosphate (8-Br-cGMP) or the combination of LNAME with
SNP or 8-Br-cGMP for 48 h. The hatched blastocysts were examined on day 5 and the expressions of epithelial nitric
oxide synthase (eNOS) and active cysteinyl aspartate specific proteinase 3 (caspase 3) were observed under confo-
cal laser scanning microscope. Results: L-NAME significantly reduced the expression of eNOS in blastocyst cells.
With the increase of the concentrations of L-NAME, SNP or 8-Br-cGMP, blastocyst hatching rate was significantly
lowered. In addition, 5 mM L-NAME, 2 yM SNP and 2 yM 8-Br-cGMP completely inhibited blastocyst hatching. Low
concentrations of SNP or 8-Br-cGMP in culture media containing 5 mM L-NAME significantly reversed the inhibition
of blastocyst hatching and promoted hatching development. Moreover, 5 mM L-NAME and 2 uM 8-Br-cGMP had
no significant influence on the expression of active caspase 3 in blastocyst cells. SNP ( > 500 nM) significantly in-
creased the expression of active caspase 3 in blastocyst cells. Conclusions: NO/cGMP pathway plays an important
role in mouse blastocyst hatching. Excessive or depleted NO can interrupt blastocyst hatching. Excessive NO leads
to apoptosis of blastocyst cells.
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Introduction hatching can lead to failure in embryo implanta-
tion, which ultimately leads to female infertility
[4-6]. In the whole process of hatching, blasto-
cysts are regulated by a variety of cytokines and
biological molecules [7-9], but their types and
mechanisms of action are still unclear.

Nitric oxide (NO) is a gaseous free radical that
plays a vital role in female reproductive system
as the second messenger and a regulatory fac-
tor of cell functions [1-3]. NO participates in
physiological activities such as follicular devel-
opment [1], secretion of ovarian hormones [2],
implantation and delivery [3]. NO is generated
from L-arginine and oxygen by the catalysis of
nitric oxide synthase (NOS). There are three
types of NOS, including epithelial NOS (eNOS),
neuronal NOS (nNOS) and inducible NOS (iNOS).
NOS activity may indirectly reflect NO produc-
tion and its biological effects.

A study found that eNOS is highly expressed at
the stage of blastocyst development, indicating
its important regulatory effect in the process of
blastocyst development [10]. eNOS can pro-
mote the production of NO. Proper amount of
NO is needed in the development of blastocyst
to regulate the proliferation of blastocyst cells
[11]. Only when blastocyst cells proliferate to

Blastocyst hatching is a very important and pre- enough numbers and blastocyst size becomes
cisely regulated physiological phenomenon. big enough, blastocysts begin to hatch [6].
Successful blastocyst hatching determines Therefore, NO is likely to exert certain regulato-
subsequent embryo survival and development. ry effects in the process of blastocyst

Any adverse factors that affect blastocyst hatching.


http://www.ijcem.com

NO regulates blastocyst hatching in mice

The main biological effect of NO is to increase
the concentration of intracellular 3'5-cyclic
guanosine monophosphate (cGMP) by activat-
ing guanylate cyclase. cGMP stimulates cGMP-
dependent protein kinase to regulate phospho-
diesterase activity and ion channel openings
and hence, regulating the physiological activi-
ties of cells. Tranguch et al. found that NO/
cGMP pathway played important roles in the
regulation of development arrest in mouse
embryos. Inhibition of NO/cGMP pathway will
result in delayed development of mouse embry-
0s [12]. However, it still needs further investiga-
tion whether NO, as a signaling molecule, can
regulate blastocyst hatching process via NO/
cGMP pathway. N-nitro-L arginine methyl ester
(L-NAME) is the competitive inhibitor of nitric
oxide synthase, which could reduce the produc-
tion of nitric oxide through the inhibition of
nitric oxide synthase [12]. Sodium nitroprus-
side (SNP), as an NO donor, could increase the
concentration of NO in cells [11]. In this study,
we investigate the regulatory effect of NO in
blastocyst hatching through adding L-NAME,
SNP and cGMP analogue 8-Br-3’-5’-cyclic gua-
nosine monophosphate (8-Br-cGMP) to embryo
culture medium.

Materials and methods
Animals

A total of 130 Kunming mice were used for the
present study. The weight for female mice
ranged 30-35 g, and that for male mice ranged
40-45 g. The mice were raised at 20 + 3°C, and
50 £ 10% humidity, with controlling light and
dark indoor environment (14 h:10 h). The ani-
mals had free feeding and drinking all the time.
Male mice were raised in individual cages.

After one week of adaptive breeding, female
mice were injected with 10 |U pregnant mare
serum gonadotrophin intraperitoneally. After
48 h, 10 IU human chorionic gonadotrophin
was injected intraperitoneally into these female
mice. Afterwards, one male mouse and one
female mouse were put into the same cage. On
the next morning, female mice with vaginal
plugs were defined as pregnant for 0.5 day. All
animal experiments were conducted according
to the ethical guidelines of lJilin Medical
University.
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In vitro culture and hatching of embryos

On day 2.5 of pregnancy, female mice were sac-
rificed by cervical dislocation. After removing
blood with filter paper, the uteruses were
placed onto petri dishes. After washing uterus
inner wall with KSOM** medium [13], develop-
ing morulae were obtained. After being washed
by KSOM* medium for three times, the moru-
lae were placed into pre-balanced KSOM*
medium droplets for incubation at 37°C and
5% CO, for 48 h. Subsequently, blastocyst
development was observed and hatching rate
of blastocysts was calculated.

Of note, morulae were cultured in media con-
taining different concentrations of N-nitro-L
arginine methyl ester (L-NAME), sodium nitro-
prusside (SNP), 8-Br-3’-5-cyclic guanosine
monophosphate (8-Br-cGMP) or the combina-
tion of L-NAME and SNP or 8-Br-cGMP for 48 h.
All morulae were divided into 6 groups, includ-
ing i) control group: morulae in KSOM* medium
without L-NAME, SNP or 8-Br-cGMP; ii) NAME
group: morulae in KSOM** medium containing
125 uyM L-NAME, 250 uM L-NAME, 500 uM
L-NAME, or 5 mM L-NAME; iii) SNP group: moru-
lae in KSOM** medium containing 10 nM SNP,
100 nM SNP, 500 nM SNP, or 2 uM SNP; iv)
L-NAME + SNP group: morulae in KSOM** medi-
um containing 5 mM L-NAME + 10 nM SNP, 5
mM L-NAME + 500 nM SNP, or 5 mM L-NAME +
2 uM SNP; v) 8-Br-cGMP group: morulae in
KSOM* medium containing 10 nM 8-Br-cGMP,
100 nM 8-Br-cGMP, 500 nM 8-Br-cGMP, or 2
UM 8-Br-cGMP; vi) L-NAME + 8-Br-cGMP group:
morulae in KSOM** medium containing 5 mM
L-NAME + 10 nM 8-Br-cGMP, 5 mM L-NAME +
500 nM 8-Br-cGMP, or 5 mM L-NAME + 2 uyM
8-Br-cGMP.

Immunofluorescence staining

Hatched blastocysts were examined on day 5.
Blastocysts were fixed in 4% paraformaldehyde
for 40 min, and then permeated with 0.1%
Triton X-100/phosphate-buffered saline for 15
min. Fixed embryos were incubated with anti-
eNOS antibody (1:400 dilution; Santa Cruz
Biotechnology, Dallas, TX, USA) or anti-activat-
ed cysteinyl aspartate specific proteinase (cas-
pase) 3 antibody (1:400 dilution; Santa Cruz
Biotechnology, Dallas, TX, USA) for 2 h. After
thorough washing with phosphate-buffered
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Figure 1. Effect of LLNAME on the expression of eNOS in blastocysts. A. Imaging of blastocysts treated with different
concentrations of LNAME (800x). DNA was dyed with Hoechst 33342 (blue). eNOS was dyed with FITC (green). Im-
ages of stained DNA and eNOS were merged in the third row. eNOS, endothelial nitric oxide synthase; FITC, fluores-
cein isothiocyanate. B. Mean fluorescence intensity of eNOS in blastocyst cells. *, P < 0.05 compared with control
group; #, P < 0.05 compared with 125 yM L-NAME group.
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Figure 2. Effect of LNAME on blastocyst hatching on thiocyanate-fluorescein-tagged second anti-
Day 5. On day 2.5 of pregnancy, female mice were body (1:400 dilution; Life Technologies, Grand
sacrificed by cervical dislocation to obtain develop- Island, NY, USA) for another 1 h. Then, nuclear

ing morulae. After being washed by KSOM* medium
for three times, the morulae were placed into pre-
balanced KSOM™ medium droplets for incubation

DNAs of blastocyst blastomeres were stained
with 1 pmol/L Hoechst33342 (Sigma-Aldrich,
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L-NAME (5 mM)
+ SNP (10 nM)
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Munich, Germany). The mounted embryos were
visualized using a laser scanning confocal
microscope (FV-500; Olympus, Tokyo, Japan).
All pictures were taken using the same laser
intensity. Image J image analysis software
(http://rsb.info.nih.gov/ij/) was used to analyze
the average fluorescence intensity of eNOS or
active caspase 3 in each picture. For each
group, a total of 10 embryos were analyzed.

Statistical analysis

Analysis of results was performed with SPSS
13.0 (IBM, Armonk, NY, USA). The data were
expressed as means + standard deviation.
Single factor analysis of variance (one-way
ANOVA) and LSD method were used for com-
parison between groups. P < 0.05 indicates sig-
nificant difference.

Results

Higher concentrations of L-NAME inhibit eNOS
expression and blastocyst hatching

To investigate the effect of L-NAME on eNOS
expression and blastocyst hatching, morulae
were treated with different concentrations of
L-NAME. The data showed that eNOS was
expressed in the cytoplasm of blastocyst cells,
which presented stronger fluorescence in
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Control

L-NAME ( (5 mM) +
8-Br-cGMP (10 nM)

L- NAME (5 mM)
D (TR AR

- Figure 3. Imaging of hatched blasto-

\_ cysts on Day 5. Embryos were visual-

g { ¢ ized using a laser scanning confocal

microscope (scale bar = 100 um). All

pictures were taken using the same

laser intensity and analyzed using

- Image J software (http://rsb.info.
nih.gov/ij/).

hatching blastocyst cells (Figure 1A). Compared
with control, morulae treated with 125 uM, 250
UM, 500 uM and 5 mM L-NAME had significant-
ly reduced fluorescence intensity of eNOS in
blastocyst cells, exhibiting a dose-dependent
manner. As the increase of LLNAME concentra-
tion, the expression of eNOS was decreased
remarkably (Figure 1B). In addition, 125 uM
L-NAME had no significant effect on blastocyst
hatching rate compared with control. By con-
trast, 250 uM, 500 uM and 5 mM L-NAME
reduced blastocyst hatching rate in a dose-
dependent manner. With the increase of
L-NAME doses, blastocyst hatching rate was
significantly reduced. Of note, L-NAME (5 mM)
completely suppressed blastocyst hatching
(Figures 2 and 3). These results suggest that
higher concentrations of L-NAME inhibit eNOS
expression and blastocyst hatching.

NO regulates blastocyst hatching by cGMP

In order to investigate whether NO regulates
blastocyst hatching by cGMP, we incubated
embryos in vitro with SNP alone or SNP in com-
bination with LNAME (5 mM), and 8-Br-cGMP
alone or 8-Br-cGMP in combination with L-NAME
(5 mM), respectively. The data showed that 10
nM SNP had no significant impact on blastocyst
hatching rate, compared with control. However,
100 nM, 500 nM and 2 yM SNP significantly

Int J Clin Exp Med 2015;8(5):6994-7001
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Figure 4. Effect of (A) SNP and (B) the combination of SNP with 5 mM L-NAME on blastocyst hatching on Day 5.
Morulae were cultured in KSOM* media containing 10 nM, 100 nM, 500 nM, or 2 uM SNP alone or the combination
of 5 mM L-NAME and 10 nM, 500 nM, or 2 yuM SNP for 48 h. In (A) *, P < 0.05 compared with control group; #, P <
0.05 compared with 100 nM SNP group; A, P < 0.05 compared with 500 nM SNP group. In (B) *, P < 0.05 compared
with 5 mM L-NAME group; #, P < 0.05 compared with 5 mM L-NAME + 10 nM SNP group; A, P < 0.05 compared with
5 mM L-NAME + 500 nM SNP group.
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Figure 5. Effect of (A) 8-Br-cGMP and (B) the combination of 8-Br-cGMP with 5 mM L-NAME on blastocyst hatching
on Day 5. Morulae were cultured in KSOM* media containing 10 nM, 100 nM, 500 nM, or 2 uM 8-Br-cGMP alone or
the combination of 5 mM L-NAME and 10 nM, 500 nM, or 2 uM 8-Br-cGMP for 48 h. In (A) *, P < 0.05 compared with
control group; #, P < 0.05 compared with 10 nM 8-Br-cGMP group; A, P < 0.05 compared with 100 nM 8-Br-cGMP
group; A, P <0.05 compared with 500 nM 8-Br-cGMP group. In (B) *, P < 0.05 compared with 5 mM L-NAME group;
#, P < 0.05 compared with 5 mM L-NAME + 10 nM 8-Br-cGMP group.

reduced blastocyst hatching rate. With the ing was observed (Figures 3 and 5B). These
increase of SNP doses, blastocyst hatching results indicate that NO regulates blastocyst
rate was significantly reduced in a dose-depen- hatching by cGMP.

dent manner, with 2 yM SNP completely inhibit-

ing blastocyst hatching (Figure 4A). In addition, Higher concentrations of SNP promote apopto-
10 nM SNP reversed the inhibition of blastocyst sis of blastocyst cells

hatching induced by 5 mM L-NAME (Figures 3
and 4B). Of note, with the increase of SNP con-
centrations with 5 mM L-NAME, blastocyst
hatching rate was decreased significantly
(Figure 4B). Compared with control, treatment
with 10 nM, 100 nM, 500 nM and 2 uM
8-Br-cGMP significantly reduced blastocyst
hatching rate. With the increase of 8-Br-cGMP
doses, blastocyst hatching rate was reduced
markedly in a dose-dependent manner, with 2
UM 8-Br-cGMP completely suppressing blasto-
cyst hatching (Figure 5A). Furthermore, treat-
ment with 5 mM L-NAME in combination with
10 nM or 500 nM Br-cGMP significantly pro- cyst cells.
moted blastocyst hatching by partially revers-

To observe the apoptosis of blastocyst cells,
active caspase 3 was labeled in blastocyst
cells using immunofluorescence staining. Our
results showed that 5 mM L-NAME, 2 uM
8-Br-cGMP and 10 nM SNP had no significant
effect on fluorescence intensity of active cas-
pase 3 in blastocyst cells, while 500 nM SNP
and 2 uM SNP significantly enhanced the aver-
age fluorescence intensity of active caspase 3
in a dose-dependent manner (Figure 6A and
6B). These results suggest that higher concen-
trations of SNP promote apoptosis of blasto-

Discussion
ing the inhibitory effect of L-NAME. However,
after treatment with 5 mM L-NAME in combina- Our results show that NO plays an important
tion with 2 yM 8-Br-cGMP, no blastocyst hatch- role in regulating mouse blastocyst hatching
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Figure 6. Expression of active caspase 3 in blastocyst cells. A. Imaging of blastocysts treated with different condi-
tions (800x). DNA was dyed with Hoechst 33342 (blue). Active caspase 3 was dyed with FITC (green). Images of
stained DNA and active caspase 3 were merged in the third row of images. FITC, fluorescein isothiocyanate. B. Mean
fluorescence intensity of active caspase 3 in blastocyst cells. *, P < 0.05 compared with control group; #, P < 0.05

compared with 500 nM SNP group.

process via NO/cGMP pathway, in which appro-
priate NO concentration is necessary. With the
increase of concentrations of L-NAME in culture
medium, the expression levels of eNOS in
mouse blastocyst cells were reduced. It has
been demonstrated that eNOS is an important
enzyme in NO production at early stage of
embryonic development. Chen et al. [14] and
Tranguch et al. [12] showed that eNOS could be
detected in blastocyst cells, and eNOS knock-
out led to reproductive dysfunction, resulting in
decreased ovulation rate in female mice [15,
16]. Therefore, our results reveal that eNOS is
involved in the regulation of mouse blastocyst
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hatching as an important enzyme for NO
synthesis.

In this study, embryos were treated with differ-
ent concentrations of L-NAME in vitro.
Blastocyst hatching rate was significantly
reduced with the increase of L-NAME concen-
trations, and 5 mM L-NAME completely inhibit-
ed this process. In addition, increasing concen-
trations of SNP significantly reduced blastocyst
hatching rate in a dose-dependent manner, but
significantly increased the expression of active
caspase 3 in blastocyst cells at concentrations
above 500 nM, indicating enhanced degrees of

Int J Clin Exp Med 2015;8(5):6994-7001
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cell apoptosis. By contrast, 5 mM L-NAME
alone did not induce significant apoptosis of
blastocyst cells. This may be due to the genera-
tion of excessive NO by high concentrations of
SNP. Excessive NO can react with oxygen to
generate peroxynitrite, which is then converted
to peroxynitrous acid, a strong oxidant.
Peroxynitrous acid can cause lipid peroxidation
and severe cytotoxicity, eventually leading to
cell apoptosis [17, 18].

In the present study, blastocyst hatching rate
was significantly increased in the presence of
low concentrations of SNP ( £ 500 nM) and 5
mM L-NAME. However, blastocyst hatching rate
was not increased by 2 uM SNP due to its toxic-
ity [19]. These data indicate that reduced blas-
tocyst hatching rate caused by inadequate
secretion of NO can be improved by addition of
appropriate concentrations of NO donor.

NO exerts its effect through cGMP pathway in
many tissues [20-22]. It remains unclear
whether NO also acts in this way during blasto-
cyst hatching. L-NAME inhibits NO generation.
If NO exerts its effect by cGMP pathway in blas-
tocyst hatching, addition of 8-Br-cGMP into cul-
ture medium containing L-NAME will possibly
reverse the inhibition of blastocyst hatching
induced by L-NAME. Our results showed that
8-Br-cGMP (< 500 nM) partially reversed the
inhibition of blastocyst hatching induced by 5
mM L-NAME and hence, significantly improving
blastocyst hatching. These results demon-
strate that NO/cGMP pathway plays an impor-
tant role in the regulation of blastocyst hatch-
ing process.

The present study showed that high concentra-
tions of L-NAME (5 mM) or 8-Br-cGMP (2 uM)
did not significantly elevate the expression of
active caspase 3 in blastocyst cells. However,
SNP (> 500 nM) significantly increased the
expression of active caspase 3 in blastocyst
cells and induced its apoptosis. These results
indicate that blastocyst cell apoptosis induced
by excessive NO is not achieved through cGMP
pathway, but via other apoptotic pathways that
involve NO [23-25]. Lee et al. found that after
addition of SNP, proteins in mitochondria and
endoplasmic reticulum in mouse embryonic
cells were nitrosylated, ATP generation in blas-
tocyst cells was reduced and embryonic cell
apoptosis occurred; by contrast, addition of
cGMP analogues could not induce significant
protein nitrosylation, and no obvious embryonic
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cell apoptosis was observed [17]. These results
are consistent with the present study. Therefore,
further studies are needed to clarify the mech-
anisms by which NO/cGMP pathway exerts its
effect in blastocyst hatching, including its regu-
latory effect on molecules related to zona pel-
lucida rupture and blastocyst hatching.
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