
Summary. Maternal stress is common during pregnancy
and the postnatal period. This stress typically activates
the sympathetic nervous system which releases
catecholamines. This study explored the influence of
sympathectomy by using neurotoxin 6-hydroxy-
dopamine (6-OHDA) on embryo implantation, and
investigated the influence mechanism of sympathectomy
on reconstruction of endometrial structure during early
pregnancy. In the 6-OHDA-treated mice, uterine glands
in the endometrium developed poorly, and the gland
epithelia were arranged irregularly during early
pregnancy. Furthermore, vacuoles, karyopykosis and
plasmarrhexis appeared in some gland epithelia. The
percentage of uterine glands and the density of
proliferating cell nuclear antigen (PCNA) positivity were
dramatically decreased, and Fas ligand (FasL)
expression was decreased in cells from pregnancy days
5-9 (E5-9) in the treated group. Antioxidant enzyme
activity levels in uteri were lower but the
malondialdehyde (MDA) levels were higher in the 6-
OHDA mice than those in the control mice at E5-9.
Similarly, the number of inducible nitric oxide synthase
(iNOS) positive cells was significantly increased during
early pregnancy following treatment with 6-OHDA. Our
results have indicated that peripheral catecholaminergic
nerve lesions induced by 6-OHDA cause adverse
pregnancy outcomes through disruption of endometrial
gland development, which increases oxidative stress and
iNOS expression in the endometrium. Thus,

catecholaminergic nerves might favourably influence
blastocyst implantation, foetal survival and development
during early pregnancy by oxidative state regulation and
endometrial gland reconstruction. 
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Introduction

Maternal stress is common during pregnancy and the
postnatal period. From 2009-2010, approximately 75%
of mothers in the USA suffered from at least one
stressful event before delivery of their child (Centres for
Disease Control and Prevention, Pregnancy Risk
Assessment Monitoring System). Over 25% of mothers
in South Asia have been reported to suffer from
depressive disorder during the third trimester of
pregnancy (Rahman et al., 2003). In addition,
approximately 54% and 37.1% of mothers in China
experienced antenatal anxiety and depression,
respectively (Lee et al., 2007). Stress typically triggers
the following two endocrine systems: (1) the
hypothalamic-pituitary-adrenal (HPA) axis and
glucocorticoid production; and (2) the sympathetic
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nervous system and catecholamine release (epinephrine
and norepinephrine (NE)). The communication between
pregnancy and sympathetic nerves which secrete
catecholamine has long been studied (Fried et al., 1986;
Dong et al., 2007, 2012; Brauer, 2008). For example,
sympathetic denervation has been reported to cause the
number of implanted embryos to decrease to 64.4% (on
pregnancy day 7 (E7)), and to result in small-sized
embryos in mice (Dong et al., 2007) and rats (Mac
Donald and Airaksinen, 1981). 

The mechanism of action of sympathetic nerve
during pregnancy is unclear. Most previous reports have
focused on cardiac pacing (Curione et al., 2005), blood
pressure (Carter, 2012; Jarvis et al., 2012) and immunity
(Minagawa et al., 1999; Dong et al., 2007) during
pregnancy. A recent review by Latini et al. (2008) has
emphasised that remodelling of sympathetic innervation
in rodent and human uteri during the oestrous cycle and
gestation and alterations in the biological mechanisms of
uterine innervation might play significant roles in
infertility and spontaneous abortion. However, some
papers have suggested that sympathetic nerves have
more dramatic effects on myometrial and endometrial
development. Uterine innervation is abundant within the
vascular zone, which is interposed between these two
smooth muscle layers (Zoubina et al., 1998), and the
fibres in the endometrium are mainly associated with
blood vessels at the myometrial border (Haase et al.,
1997; Zoubina et al., 1998). A change in the
catecholamine concentration in the uterus has been
previously reported to influence the rate of contractions
and myometrial sensitivity to relaxin (Rudzik and Miller,
1962). Furthermore, sympathetic innervation has been
shown to modulate electromyographic activity from the
myometrium and mesometrium in nonpregnant
ovariectomised sheep under oestradiol supplementation,
and chemical sympathectomy has been reported to
induce a decrease in spontaneous activity (Massmann et
al., 1992). Furthermore, evidence suggests that
catecholamines act as scavengers of free radicals and
that they are potent antioxidants (Jodko and Litwinienko,
2010; Alani et al., 2014).

Despite these advances, the mechanisms underlying
induction of the development of uterus endometrial
plasticity by sympathetic nerves are not fully
understood. In particular, whether sympathetic nerves
influence the proliferation and apoptosis of uterine gland
epithelial cells is unknown. 6-OHDA is a hydroxylated
derivative of catecholamine that is similar in structure
(Blum et al., 2001). Therefore, the current study aimed
to explore the influence of sympathetic nerves on the
reconstruction of endometrial structure during early
pregnancy. 
Materials and methods

Animals and 6-OHDA treatments

Eight- to nine-week-old Kunming white female (25-
35 g) and male (35-45 g) mice which obtained from

Beijing Biological Products Company (Beijing, China)
were used in this study. The mice were housed under
conventional conditions and were fed a standard diet.
This study was performed in accordance with the
Guidelines for Animal Experimentation of China
Agriculture University. After an adaptive period of one
week, one hundred female mice were divided equally
into two groups and were treated daily with a 0.01% L-
ascorbic acid antioxidant vehicle in sterile saline (0.01
mL/g body weight) containing 6-OHDA (Sigma, St.
Louis, MO, USA) at a doses of 0 (control group, n=50)
or 100 mg/kg body weight (6-OHDA-treated group,
n=50) by intraperitoneal injection for five days. Mice in
the oestrous stage were immediately identified by
performing vaginal smears with Wright's staining each
evening. Oestrous mice were mated with male mice. On
E1, E3, E5, E7 and E9, the animals (n=10 per time
point) were euthanised by cervical dislocation under
deep nembutal anaesthesia (50 mg/g body weight).
Histology and immunohistochemistry

Uterine tissue was immediately immersed in 4%
paraformaldehyde in 0.1M PBS (pH 7.4), fixed
overnight (4°C), dehydrated in a graded ethanol series,
and embedded in paraffin. Sections (5 μm) were
mounted on gelatinised glass slides and deparaffinised,
rehydrated and rinsed with 0.01M PBS. For the
histological experiments, sections were stained with
haematoxylin and eosin. The ratios of the areas of all
uterine glands and total uterine walls were measured
from five cross-sections of the uterus of each animal
using the Image Pro Plus software (IPP 6.0, Media
Cybernetics, Silver Spring, MD, USA). 

For immunohistochemistry, sections were treated
with 3% hydrogen peroxide in methanol for 30 min and
incubated with 5% normal goat serum (Sigma, Inc.,
USA) for 20 min at room temperature. After rinsing with
PBS, the sections were incubated overnight at 4°C with
a monoclonal mouse anti-human proliferating cell
nuclear antigen (PCNA; 1:200 in PBS, p8825, Sigma, St.
Louis, MO, USA), rabbit polyclonal Fas ligand (FasL;
1:50 in PBS, ab21233, Abcam Plc, Cambridge, UK), or
inducible nitric oxide synthase (iNOS; 1200 in PBS, sc-
651, Beijing Zhongshan, Inc., Beijing, China) primary
antibody. Then, the sections were rinsed in PBS and
incubated with a biotinylated donkey anti-mouse
antibody for PCNA (SAB3701101, 1:200, Sigma, St.
Louis, MO, USA) or a goat anti-rabbit (FasL, iNOS)
secondary antibody (1:100, SAB3700848, Sigma) for 2
h at room temperature. After washing, the tissues were
incubated with streptavidin-horseradish peroxidase
(1:200, S2438, Sigma, St. Louis, MO, USA) for 2 h at
room temperature. Immunoreactivity was visualised by
incubation in 0.01M PBS containing 0.05% 3′3-
diaminobenzidine tetrahydrochloride (DAB, Sigma, St.
Louis, MO, USA) and 0.003% hydrogen peroxide for 10
min in the dark. The sections were mounted after a final
rinse. The specificity of immunostaining was assessed
by omitting the primary antibody incubation step.

416
Effects of catecholaminergic nerves on endometrium



Positive cells were observed in twenty visual fields from
each slide, and five cross sections of the uterus of each
animal were chosen. The number of positive cells was
counted under a microscope (Bx51, Olympus, Japan),
and the number of cells per mm2 was calculated using
Image-Pro Plus 6.0. 
Oxidative stress-related enzymes and total antioxidant
capacity and the oxidative product malondialdehyde

Uterine tissue without embryos was immediately
frozen on dry ice and stored at -80°C. Experimentally,
10% of uterine homogenate in a 0.9% saline solution
was prepared and centrifuged (x1000 g, 20 min) to
detect oxidative production and antioxidative enzymes.
Superoxide dismutase (SOD) and glutathione peroxidase
(GSH-Px) are well-known scavenger enzymes that
protect cells from oxidative stress, and malondialdehyde
(MDA) is responsible for the induction of oxidative
stress. T-AOC, SOD, GSH-Px and MDA assay kits were
purchased from NanJing JianCheng Bioengineering
Institute (Nanjing, China). The SOD, GSH-Px and T-
AOC levels are expressed as U/mg·protein. The MDA
level is expressed as nmol/mg·protein.
Data analysis

Data are expressed as the means ± SD. The
independent-sample T test was used to analyse the
results. Differences at a P<0.05 were considered
statistically significant.
Results

6-OHDA caused poor development of the uterine glands
in early pregnant mice

The structure of the uterine glands changed
significantly in the 6-OHDA-treated mice. Fig. 1 shows
that the uterine glands in the endometrium developed
poorly during early pregnancy in the treated groups, and
the gland epithelium was arranged irregularly.
Furthermore, some pathologies, such as vacuoles,
karyopykosis and plasmarrhexis, appeared in some
epithelia. As showed in Table 1, the percentage of uterine
glands in uterus walls decreased from (2.48±0.10%) at
E1 to (0.30±0.02%) at E9 in the control groups and
decreased from (1.55±0.06%) at E1 to (0.12±0.02%) at

E9 in the treated groups. The area percentages of uterine
glands in uterine walls decreased by 37.5%, 38.9%,
41.7%, 61.4% and 60.0%, respectively from E1-9 in the
treated groups compared with the control groups. There
were significant differences at E1-E9 between the
control and 6-OHDA-treated groups (P<0.01).
Endometrial proliferation was delayed in early pregnant
mice by 6-OHDA

PCNA is a protein expressed in cell nuclei and
reflects the state of cell proliferation. PCNA-positive
epithelia appeared round and oval with yellowish colour,
and positive particles were located in nuclei (Fig. 1).
PCNA was scattered in uterine cavity epithelia, gland
epithelia and the muscular layer at E1 and E3. It was
primarily localised to decidual cells of the endometrium
and was found in few cells in the muscular layer, but it
was not observed in the cavity epithelium or gland
epithelium at E5 and E7. PCNA expression was strong in
decidual cells, although it varied in different areas of the
uterus. The density of PCNA-positive cells in the
endometrium increased from 459.5±20.2/mm2 at E1 to a
peak at E7 3246.7±31.2/mm2 in the control mice, and
then decreased to 1698.6±157.4/mm2 at E9. The
densities of PCNA-positive decidual cells decreased by
27.2%, 30.2%, 40.7%, 27.2% and 27.7% from E1-E9
(P<0.01) in the 6-OHDA-treated groups compared with
the control groups. Gland epithelial cell proliferation
varied with the development of pregnancy. Normally, the
proliferation index of the glandular epithelium was
higher during pre-implantation (E3). The proliferation
indices of the glandular epithelium decreased
significantly by 35.2% and 11.3%, respectively, at E1
and E3 in the treated groups compared with the control
groups, but there were few PCNA-positive gland
epithelia cells after implantation in the control and
treated mice (Table 2).
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Table 1. Ratio of uterine glands between 6-OHDA-treated groups and
control mice during early pregnancy (unit:%).

groups E1 E3 E5 E7 E9

Control 2.48±0.10 2.16±0.39 1.32±0.11 1.27±0.07 0.30±0.02
6-OHDA 1.55±0.06** 1.32±0.32** 0.77±0.08** 0.49±0.26** 0.12±0.02**

** indicates highly significant difference (P<0.01).

Table 2. PCNA expression indices between the 6-OHDA-treated groups and the control mice during early pregnancy.

Site Groups E1 E3 E5 E7 E9

Endometrium (unit: number/mm2) Control 459.5±20.2 1961.4±15.3 2413.5±245.3 3246.7±31.2 1698.6±157.4
6-OHDA 334.3±35.2 1368.6±5.8 1430.1±332.7 2364.8±30.9 1228.3±97.0

Glandular epithelium (unit: %) Control 32.7±6.2 90.0±2.4 — — —
6-OHDA 21.2±4.8** 79.8±4.5** — — —

“—” indicates glandular epithelia were negative; ** indicates highly significant difference (P<0.01).
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Fig. 1. Morphology of and PCNA expression in the uterine endometria of 6-OHDA-treated and control mice during early pregnancy. A and B. 6-OHDA-
treated group - the glandular epithelium was arranged irregularly and exhibited vacuole variation, as indicated by the arrows. A (E1) and B (E3). C. 6-
OHDA-treated group - the glandular epithelium exhibited pyknosis at E5, as indicated by the arrows. D. Control groups - the glandular epithelium
exhibited a regular arrangement and was well developed at E3. E. PCNA was expressed in the glandular epithelium and interstitial cells, as indicated
by the arrows (E1). F. PCNA positivity was highly prevalent in decidual cells, but not in the glandular epithelium, as indicated by the arrows (E5). 
G. PCNA positivity was highly prevalent in decidual cells, as indicated by the arrows (E5). H. Negative control. Scale bar: 50 μm.
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Fig. 2.
Immunohistochemistry
staining for FasL and iNOS
in endometrial cells of mice
during early pregnancy.
FasL expression is shown in
cells in A (E5, control group)
and B (E7, control group).
FasL-positive cells are
indicated by the arrows,
which point to the vascular
layer of the endometrium.
iNOS-positive cells are
indicated by brown staining
in the endometrial stroma in
D (E1), E (E3), F (E5), G
(E7) and H (E9). iNOS-
positive cells are indicated
by the arrows. The negative
control is shown in C. BV:
blood vessel. Scale bar: 20
μm.



FasL expression induced by 6-OHDA in the uterine
endometria of early pregnant mice

FasL-positive cells were round or oval with a
claybank colour, and positive granules were located in
the cytoplasm but not in the nucleus (Fig. 2). No FasL
expression was detected in the endometria in either of
the groups; instead, it was mostly expressed near blood
vessels and in the mesometrium before E3. The number
of FasL-positive cells was the highest (44.3±3.8/mm2) in
the control group, and it was decreased by 28.9%
(P<0.01) in the treated group at E5 (Table 3). Further,
FasL expression was decreased by 14.6% (P<0.05) at E7
and by 13.5% (P<0.05) at E9 in the treated mice
compared with the control mice.
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Fig. 3. Changes in oxidative stress in the uterus of mice during early pregnancy. The bar charts show the relative mean normalised expression levels of
SOD (A), GSH-Px (B), T-AOC (C) and MDA (D) in the uteri of the control and 6-OHDA mice from E1-9. **P<0.01 and *P<0.05 vs. the control
counterparts.

Table 3. Numbers of FasL-positive cells in endometria between 6-
OHDA-treated groups and control mice during early pregnancy (unit:
number/mm2).

Groups E1 E3 E5 E7 E9

Control — — 44.3±3.8 30.2±2.5 31.8±2.8
6-OHDA — — 31.5±3.1** 25.8±2.5* 27.5±2.1*

“—” indicates FasL expression was negative; * indicates significant
difference (P<0.05), ** indicates highly significant difference (P<0.01)



iNOS positivity induced by 6-OHDA in uterine cells from
early pregnant mice 

The immunohistochemistry results (Fig. 2) revealed
that iNOS-positive granules were located in the
cytoplasm, and cells appeared round or oval with a
claybank colour. Most of the positive cells were
scattered in the mesenchyma (or decidua) and vessels.
The density and distribution of positive cells changed
with pregnancy development. There were a few positive
cells at E1, but no expression was detected at E3 in the
muscle layer. In the endometrium, the number of iNOS-
positive cells was the highest (585.7±28.0/mm2) at E1,
and it then decreased to the lowest number
(3.9±0.3/mm2) at E5 during early pregnancy in the
control mice (Table 4). The numbers of iNOS-positive
cells were significantly increased by 76.2%, 45.7%,
79.5%, 89.4% and 59.3% from E1-E9 (P<0.01) in the
treated mice compared with the controls. Thus, 6-OHDA
increased iNOS expression during early pregnancy.
Antioxidant capacity and oxidative stress induced by 6-
OHDA in the uteri of early pregnant mice

The SOD activity levels in the uteri of the treated
mice decreased from E1 to E9, and they decreased
dramatically by 15.48% (P<0.05), 13.84% (P<0.01),
6.24% (P<0.05) from E5-9 compared with those in the
uteri of the control groups (Fig. 3). The GSH-PX activity
levels were 15.22% (P<0.05), 37.10% (P<0.01) and
28.51% (P<0.05) lower in the treated mice from E5 to
E9 compared with those in the control mice. The T-AOC
levels decreased from (0.56±0.15) U/mg·protein in the
control mice to (0.55±0.02) U/mg·prot in 6-OHDA mice
at E3 and they significantly decreased by 23.19%
(P<0.05), 24.84% (P<0.01) and 22.14% (P<0.05) at E5,
E7 and E9 in the 6-OHDA mice versus the control mice.
However, the MDA levels in the 6-OHDA mice were
6.50%, 63.67% and 49.60% higher compared with those
in the control mice at E5 (P<0.05), E7 (P<0.01) and E9,
respectively (P<0.05). Therefore, 6-OHDA significantly
increased the oxidative stress level after implantation
(E5-E9).
Discussion

A statistical report stated among the 6.5 million

pregnancies in the United States in 2008, approximately
10%-25% of all pregnancies end in miscarriage (Ventura
et al., 2012). Other surveys in China have revealed that
rates of abortion vary 3.6-14.6% in humans (Gao et al.,
1993; Liu and Gao, 2002; Hu et al., 2008). Among
pregnancy failures in all stages, preimplantation occurs
approximately 30% (Macklon et al., 2002; Stephenson et
al., 2002; Philipp et al., 2003), and another 30% of
pregnancies lost are in the immediate few weeks
following implantation (Macklon et al., 2002). In
addition, there are only a very limited percentage (0.5-
5%) of the somatic cloning embryos to full-term
development in sheep, cattle, goats, pigs, and mice, and
the reason is mainly due to a high frequency of peri-
implantation and postimplantation developmental arrest
(Kato et al., 2000; Zhou et al., 2000), such as fetal losses
associated with placental abnormalities during the first
trimester in cattle (Hill et al., 2000; Ogura et al., 2013).
Those showed that the implantation is an important stage
and closely associates with embryos loss rates. Besides,
there are various causes for early embryo miscarriage:
uterine anatomical anomalies, endocrine infections,
decreased maternal immune tolerance (Pandey et al.,
2005), exposure to environmental stress factors (Kutteh,
1999; Sugiura-Ogasawara et al., 2002) and parental
chromosomal disorders. Environmental stress factors
could inactivate or activate catecholaminergic nerves,
which innervate most organs and play dominant roles in
organ blood flow regulation and cardiac performance. 6-
OHDA, the specific neurotoxin for catecholaminergic
neurons, was transported to induce semi-permanent
damage of terminal of sympathetic nerve by
noradrenergic receptor (Kostrzewa and Jacobovitz,
1974; Rotman, 1977; Penttilä Heikki et al., 2001).
Usually 6-OHDA was used to establish parkinson’s
disease animal model with intracerebral injection (Hu et
al., 2010), but with injection intraperitoneally was used
to explore the role of sympathetic nerve on organs
outside cranial cavity, like small intestine (Ke et al.,
2011). Furthermore, local injection of 6-OHDA into the
fatpads of popliteal and inguinal lymph nodes of rats
resulted in a significant reduction of NE content in the
lymph nodes, spleen and heart on 1, 5, and 14 days
following treatment (Lorton et al., 1996), and re-
innervation in spleen of young adult male rats proceeds
initially along the splenic artery as it enters the hilus (1-5
days), extends into the hilar region (5-10 days), and later
proceeds into the regions distal to the hilus (21-56 days)
following 6-OHDA treatment (Lorton et al., 1990,
2009). Previously, we reported that the sympathetic
nerve terminals of uterus in pregnant mice had
significantly disappeared and the number of implanted
embryos in treated mice decreased to 64.4% (at E7) after
catecholaminergic denervation by 6-OHDA (Dong et al.,
2007). Therefore, we hypothesised that catechola-
minergic nerves might regulate implantation
environment through endometrial development and
blood flow during early pregnancy.

The endometrial glands synthesise or transport and
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Table 4. Numbers of iNOS-positive cells in endometria between 6-
OHDA-treated groups and control mice during early pregnancy (unit:
number/mm2).

Groups E1 E3 E5 E7 E9

Control 585.7±28.0 169.4±3.1 3.9±0.3 20.8±1.3 10.8±0.7
6-OHDA 1032.2±38.5** 246.9±5.2** 7.0±0.5** 39.4±2.2** 17.2±1.3**

** indicates highly significant difference (P<0.01)



secrete substances that are essential for the survival and
development of the embryo or foetus (Carson et al.,
2000). Stewart has found that endometrial glands play a
crucial role during the pre-implantation period of early
pregnancy (Stewart and Cullinan, 1997). Certain
secretory components from the endometrial glands, such
as the mucin MUC-1 and glycodelin A, are taken up by
the secondary yolk sac lining the exocoelomic cavity
during pregnancy and might thereby assist in providing
foetal nutrition (Burton et al., 2002). Moreover, vascular
epithelial growth factor (VEGF) is highly expressed on
endometrial gland epithelia for uterine angiogenesis and
vascularisation and promotes the exchange of nutrients
at the maternal-foetal interface (Haouzi et al., 2009).
Thus, endometrial gland development in the uterus is
crucial to blastocyst implantation and embryo survival.
Some tube-like endometrial glands in the uterus are lined
by columnar epithelia. Generally, in the non-pregnant
uterus, the gland cavity is small in size and displays a
round or oval shape. After conception, the glands
become enlarged and elongated, presenting a contorted
or waved appearance. Histological microscopy showed
that the endometrial uterine glands developed poorly
during early pregnancy in the 6-OHDA-treated mice,
and that the gland epithelia were arranged irregularly.
Furthermore, some pathologies, such as vacuoles,
karyopykosis and plasmarrhexis, appeared in some
epithelia. Further, the percentage of uterine glands
greatly decreased during early pregnancy. Therefore,
these poorly developed endometrial glands were harmful
to the embryo. Bottalico has reported that NE transport
body (NET) mRNA is expressed on the surfaces of
uterine glandular epithelial cells and exhibits cyclical
physical changes, demonstrating the relationship
between the sympathetic nerves and uterine glands
during pregnancy (Bottalico et al., 2003). Therefore, in
this study, the destruction of catecholaminergic nerves
by 6-OHDA was considered to inhibit the development
of endometrial glands development during early
pregnancy.

Uterine glandular epithelial cells are the functional
cells of the endometrial glands. PCNA is a protein that is
expressed in the cell nuclei and reflects the state of cell
proliferation. Uterine gland epithelia displayed cell
dysplasia, vacuolation and karyopyknosis in histological
experiments. Our data indicated that the proliferation
indices of the glandular epithelium were significantly
decreased at E1 and E3 in the treated groups compared
with the control groups. These results further clarified
that the sympathetic nerves regulated the development of
the endometrial glands during early pregnancy. Another
study has reported that FasL is associated with the
maintenance of immune privilege and with ensuring the
protection and growth of placental tissues (Guvendag et
al., 2008). It was noted that FasL expression appeared
after implantation (E5, E7 and E9) in the control and
treated mice, and it was lower in the treated mice
compared with the control group on these days.
Therefore, 6-OHDA inhibited both PCNA and FasL
expression within uterine glandular epithelial cells.

However, Pan and his collaborators reported that the
expression of FasL, but not that of Fas, within the
striatum and substantia nigra pars compacta increased
after 6-OHDA lesions were created in a rat model of
Parkinson's disease (Pan et al., 2007). The reasons for
these differences may be complex. On one hand, the
mechanisms of action of 6-OHDA might be different
between peripheral organs and the brain. Neurons
exposed to 6-OHDA in the brain exhibit dopaminergic
loss, but an intraperitoneal injection of 6-OHDA results
in increased susceptibility of noradrenergic nerve
terminals to lesion formation compared with
dopaminergic and adrenergic nerves. However, FasL is
mainly present in haematopoietic cells and immune
privileged sites, such as the eyes and testes (Brint et al.,
2013). Furthermore, some reviews have found that Fas
activation also results in non-apoptotic responses, such
as cell proliferation or NF-kappaB activation (Wajant et
al., 2003; Brint et al., 2013).

In addition, the endometrial injury caused by 6-
OHDA might be related to free radicals and oxidative
cellular damage. The results of this study showed that
the level of antioxidant function was decreased and that
MDA was up-regulated by 6-OHDA. In MN9D cells
treated with 6-OHDA, apoptosis has been shown to be
closely correlated with increases in reactive oxygen
species (ROS) levels and down-regulation of SOD
expression (Zhou et al., 2003). Nitric oxide synthases
(NOSs) comprise a family of enzymes that catalyse the
production of nitric oxide (NO) from L-arginine and
induce oxidative stress (Knowles and Moncada, 1994).
NO controls programmed cell death (apoptosis) through
up-regulation of the tumour suppressor p53 and
subsequent changes in the expression of pro- and anti-
apoptotic Bcl-2 family members, cytochrome C
relocation, caspase activation, chromatin condensation,
and DNA fragmentation (Brune et al., 2000). Ota et al.
have found that both iNOS and endothelial nitric oxide
synthase (eNOS) expression increase during
endometriosis and adenomyosis and have suggested that
their expression is correlated with early embryo loss
(Ota et al., 1998). In our study, the numbers of iNOS-
positive cells increased obviously increased from E1-E9
in the treated groups compared with those in the control
groups. These results further confirmed that 6-OHDA
had an adverse impact on embryonic development by
promoting oxidative cellular damage.

In summary, our results have shown that peripheral
catecholaminergic nerve lesions induced by 6-OHDA
interfered with endometrial gland development,
including inhibition of PCNA and FasL expression. The
suppressive effects of 6-OHDA on the endometrium
indicate that iNOS expression was promoted, which
might have increased the oxidative stress level,
consequently promoting cell apoptosis. Therefore,
catecholaminergic nerves might have favourable effects
on blastocyst implantation and foetal survival and
development during early pregnancy by regulating the
oxidative state and influencing endometrial
reconstruction.
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