Vallcaneras et al. , Reproductive Biology
Reproductive Biology and Endocrinology (2022) 20:19

https://doi.org/10.1186/512958-022-00894-6 d nd Endocrl n0|0gy

RESEARCH Open Access

e ®
Interplay between nitric oxide sl

and gonadotrophin-releasing hormone
in the neuromodulation of the corpus luteum
during late pregnancy in the rat

Sandra Vallcaneras', Laura Morales', Marfa Belén Delsouc', Dario Ramirez?, Verénica Filippa®?,
Marina Ferndndez®, Carlos M. Telleria® ® and Marilina Casais'"

Abstract

Background: Nitric oxide and GnRH are biological factors that participate in the regulation of reproductive functions.
To our knowledge, there are no studies that link NO and GnRH in the sympathetic ganglia. Thus, the aim of the pre-
sent work was to investigate the influence of NO on GnRH release from the coeliac ganglion and its effect on luteal
regression at the end of pregnancy in the rat.

Methods: The ex vivo system composed by the coeliac ganglion, the superior ovarian nerve, and the ovary of rats

on day 21 of pregnancy was incubated for 180 min with the addition, into the ganglionic compartment, of L-N®-nitro
arginine methyl ester (L-NAME), a non-selective NO synthase inhibitor. The control group consisted in untreated organ
systems.

Results: The addition of L-NAME in the coeliac ganglion compartment decreased NO as well as GnRH release from
the coeliac ganglion. In the ovarian compartment, and with respect to the control group, we observed a reduced
release of GnRH, NO, and noradrenaline, but an increased production of progesterone, estradiol, and expression of
their limiting biosynthetic enzymes, 33-HSD and P450 aromatase, respectively. The inhibition of NO production by
L-NAME in the coeliac ganglion compartment also reduced luteal apoptosis, lipid peroxidation, and nitrotyrosine,
whereas it increased the total antioxidant capacity within the corpora lutea.

Conclusion: Collectively, the results indicate that NO production by the coeliac ganglion modulates the physiology
of the ovary and luteal regression during late pregnancy in rats.
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and reactive oxygen species (ROS), among others [1].
At the end of pregnancy in the rat, the CL undergoes a
regression process characterized by decreased function-
ality and structural involution [2]. Given the importance
of this process for the homeostasis of the ovarian tissue,
and to ensure the successful delivery of the fetuses, a
series of autocrine and paracrine signals participate in its
regulation.

Nitric oxide (NO) is a key cellular signaling factor in
reproductive physiology. Several studies have demon-
strated that NO participates in the control of gonadotro-
phin-releasing hormone (GnRH) production modulating
the hypothalamo-pituitary-ovary axis. Chachlaki et al. [3]
showed that the administration in vitro of a NO donor
to hypothalamic explants stimulated GnRH release in
a dose-dependent manner. Meanwhile, the local and
in vivo inhibition of hypothalamic neural nitric oxide
synthase (nNOS) activity led to disruption in the rat oes-
trus cyclicity. In addition to long-term regulation by the
hypothalamic-pituitary axis, autonomic innervation rep-
resents a form of rapid and direct regulation of ovarian
function that can be an important adaptation of female
reproductive function to internal or external environ-
mental changes [4]. In rats, the main source of noradren-
aline (NA) in the ovary is the superior ovarian nerve
(SON); its fibers originate from the coeliac ganglion (CG)
and are associated with follicular development and ster-
oid secretion from the ovary [5, 6]. Recent findings sup-
port the view that these ganglia are complex integrative
centers that receive inputs from central and peripheral
sources with an abundance of neurochemical mediators,
including NO [7]. Specifically, the nNOS enzyme has
been detected in fibers that innervate the CG (7, 8], and
it has been reported that NO plays a role as a neurotrans-
mitter and neuromodulator of synaptic transmission [9,
10]. In adition, the presence of the GnRH receptor was
observed in coeliac and superior mesenteric ganglia of
goats [11]. Our group has already stardardized an inte-
grated ex vivo system composed of the coeliac ganglion-
superior ovarian nerve-ovary (CG-SON-Ovary), which
mimics well the in vivo condition. This allows studying
the interrelation of neural and endocrine phenomena
on the physiology of the ovary. Using this model system,
we reported that the CG is able to respond to different
stimuli that modify the ovarian physiology through the
SON in different reproductive states of the rat [10, 12—
15]. Recently, we demonstrated the presence of GnRH/
GnRH-receptor system in the CG and provided evidence
for the fact that GnRH from the CG may trigger neuronal
signals that promote luteal regression in late pregnant
rats [16]. However, to the best of our knowledge, there
are no references about the relatioship between NO and
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GnRH affecting the function of the sympathetic ganglia.
Herein, an ex-vivo CG-SON-Ovary model obtained from
rats on day 21 of pregnancy was used to test whether
the inhibition of NO synthesis in the CG compartment
affects the release of GnRH from the CG, thus modulat-
ing the physiology of the ovary at the end of pregnancy.

Materials and methods

Animals

Virgin Holtzman strain female rats weighing 250+50¢g
were used on day 21 of pregnancy. They were kept in the
bioterium of the National University of San Luis (San
Luis, Argentina) under rigorous light conditions (12h
light, 07:00-19:00, and 12h darkness), controlled tem-
perature (22+2°C), with water and food ad libitum. The
procedure used to induce gestation was described previ-
ously in detail [17]. Animals were handled according to
the procedures approved in the UFAW Handbook on
the Care and Management of Laboratory Animals. The
experimental protocol was approved by the Institutional
Animal Care and Use Committee of the National Univer-
sity of San Luis (protocol number B-264/17).

Surgical and experimental procedures

The surgical procedure to remove the CG-SON-Ovary
system and the incubation conditions were conducted
according to Casais et al. [17]. The animals were anaesthe-
tized with 80 mg/kg of ketamine (Holliday Scott, Buenos
Aires, Argentina) and 10mg/kg of xylazine (Richmond,
Buenos Aires, Argentina), intraperitoneally injected. The
fetuses were removed and killed in an atmosphere of car-
bon dioxide. The CG-SON-Ovary system was extracted,
and the mothers were sacrificed by decapitation. The
entire CG-SON-Ovary system was removed by surgery,
avoiding contact between the surgical instruments and
the nerve fibers in order to prevent spontaneous nerve
depolarization. The pieces of tissues removed consisted
of the left ovary, the fibers that constituted the SON
inserted in the suspensory ligament, and the CG accom-
panied by some small ganglia surrounding it. The entire
surgical procedure was completed in 1-2min. The CG-
SON-Ovary system was placed in a cuvette with two iso-
lated compartments, one for the CG and the other for the
Ovary, both joined by the SON. The incubation medium
used was Krebs-Ringer-bicarbonate buffer, with a pH of
7.4 with the addition of 0.1 mg/mL glucose and 0.1 mg/
mL albumin at 37°C, in an atmosphere composed of 95%
0O, and 5% CO,. A schematic diagram of the experimen-
tal model was included in Fig.1. The ex vivo system was
pre-incubated for 30 min, and the end of this period was
considered incubation time 0. After this time, the buffer
was replaced in both compartments, and 0.1 mg/mL
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Fig. 1 Schematic diagram of experimental model. A Schematic representation of the neural pathway of the superior ovarian nerve (SON) and
the anatomical relationship with the coeliac ganglion (CG) and the ovary. The dashed lines indicate sites where the CG-SON-Ovary system
was dissected out. B Cuvette used for the incubation of the ex vivo CG-SON-Ovary system with addition of L-NAME (100 uM) in the ganglionic
compartment and main parameters analyzed. AG, adrenal gland; L-NAME, L-NG-nitro arginine methyl ester; NA, noradrenaline; 33-HSD,

3(3-hydroxysteroid dehydrogenase; P450arom, P450 aromatase

ascorbic acid was added to the ganglion compartment as
an antioxidant agent. The experimental group consisted
in the addition in the ganglionic compartment of L-NS-
nitro arginine methyl ester (L-NAME; Sigma-Aldrich, St.
Louis, MO, USA), a non-selective NOS inhibitor, which
was dissolved in 1ml of Krebs-Ringer buffer at a final
concentration of 100uM [18]. The control group con-
sisted of CG-SON-Ovary systems that were untreated.
The incubation was performed for 180 min. At the end of
this period, the ganglionic and ovarian incubation liquids
were extracted and kept at — 20°C until the measurement
of NO and GnRH. Also, NA, progesterone, and estra-
diol were measured in the ovarian incubation liquids.
Whole ovaries were weighed, and the corpora lutea were
separated and stored at —80°C until protein extraction.
Whole ovaries were also fixed in Bouin liquid for further
analysis by a terminal deoxynucleotidyl transferase dUTP
nick-end labelling (TUNEL) assay.

Nitrite assay

Levels of nitrites, water-soluble metabolites of NO, were
measured spectrophotometrically in the ganglionic
and ovarian incubation liquids. Samples were imme-
diately mixed with Griess reagent (sulfanilamide with
N-1-naphthyl-ethylendiamine—-HCL). After a 10min

incubation period at room temperature, the optical read-
ings at 540nm were measured and the nmol of nitrite
were determined using a standard curve. The assay sen-
sitivity was <2.5nmol/mL. The intraassay coefficients of
variation for all the assays were <10.0%. The results were
expressed as nmol of nitrite per milligram of ovarian tis-
sue (nmol/mg ovary).

Radioimmunoassay (RIA)

GnRH in ganglionic and ovarian incubation liquids was
measured by RIA. Intra- and inter-assay coefficients
of variation were 7.1 and 11.6%, respectively, and the
standard curve maintained linearity up to 100 pg/tube of
GnRH.

Progesterone and estradiol levels were measured in
the ovarian incubation liquid using a RIA kit (Beckman
Coulter and DIAsource, respectively, DiagnosMed SRL,
Buenos Aires, Argentina) following the manufacturer’s
instructions. The inter-and intra-assay coefficients of var-
iation in all the assays were < 10.0%.

Catecholamine assay

Levels of NA in ovarian incubation liquids were meas-
ured by high performance liquid chromatography (HPLC;
Prominence, Shimadzu, Japan) with electrochemical
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detection (Coulochem III, ESA, MA, USA) at IACA Lab-
oratorios (Buenos Aires, Argentina).

Enzyme-linked immunosorbent assay (ELISA)

Protein extracts were obtained using radioimmunopre-
cipitation assay buffer (RIPA buffer). The total protein
concentration in corpora lutea homogenates was meas-
ured by the Bradford method.

The luteal expression of 33-hydroxysteroid dehydroge-
nase (3p-HSD), an enzyme involved in progesterone syn-
thesis, P450 aromatase (P450arom), involved in estradiol
synthesis, and nitrotyrosine, a biomarker for the damage
induced by NO-derived reactive nitrogen intermedi-
ates, were all analysed by enzyme-linked immunosorbent
assay (ELISA). Aliquots containing 30 pg of total proteins
for 3p-HSD, 20ug of total proteins for P450arom, and
15 ug of total proteins for nitrotyrosine, were mixed with
0.1 M bicarbonate buffer with a pH of 9.6, in clear 96-well
microplates (Corning Incorporated, Corning, NY, USA)
and incubated for 1h at 37°C. After washing the sample
with 0.05% (v/v) Tween 20 in phosphate buffered saline
(PBS), and blocking it with 5% (w/v) non-fat dry milk in
PBS with 0.05% (v/v) Tween 20 for 1 h at 37 °C, the micro-
plates were incubated overnight at 4°C with 100puL of
goat polyclonal anti-33-HSD, 100 uL of rabbit polyclonal
anti-P450arom (1:500; sc-30,820 and sc-30,086, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA), and
100 uL of rabbit polyclonal anti-nitrotyrosine antibody
(1:1000; Sigma, St. Louis, MO, USA), respectively. After
three washes, 100 uL of donkey anti-goat IgG peroxidase-
linked antibody (1:500; sc-2020, Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, USA), 100 uL of goat anti-rabbit
IgG-horse-radish peroxidase (HRP) conjugate (1:5000;
sc-2004, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), and 50puL of goat anti-rabbit IgG-HRP conjugate
(1:4000 dilution; Jackson Immuno Research Laboratories,
West Grove, PA, USA) were added to each well and incu-
bated for 1h at 37°C. Finally, immunocomplexes were
quantified using 3,3',5,5'-Tetramethylbenzidine (TMB).
The oxidation reaction of the substrate was terminated
with 2M sulfuric acid, and the optical density at 450 nm
was measured using a TECAN microplate reader (Infi-
nite M200 PRO, Research Triangle Park, NC, USA). The
results were expressed in arbitrary units.

TUNEL assay

The ovaries were processed for conventional opti-
cal microscopy; fixed in Bouin liquid, dehydrated
in ethyl alcohol of increasing concentration, rinsed
in xylol and included in paraffin. Four microm-
eter thick sections were generated with a Microm
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HM325 rotation microtome. Histological ovarian sec-
tions were processed for in situ localization of nuclei
that exhibited DNA fragmentation using the In Situ
Cell Death Detection Kit POD TUNEL assay (Cat N°
11,684,817,910 Roche, Basel, Switzerland), accord-
ing to the manufacturer’s instructions. Apoptotic cells
were visualized as immunolabelled intense brown
structures after reaction with chromogen 3-3 ‘diam-
inobenzidine (DAB). Negative controls included
omission of TdT. The positive control sections were
incubated with 10IU/mL DNase II (Sigma-Aldrich, St.
Louis, MO, USA) in 50 mM Tris-HCL pH?7.5, 10 mM
Mg,Cl, and 1 mg/mL BSA for 10 min at room tempera-
ture. Finally, the sections were counterstained with
hematoxylin. The morphometric analysis of the histo-
logical sections processed with the TUNEL technique
was performed using an Olympus BX40 optical micro-
scope. Images were captured with a Sony SSC-DC50A
color camera and processed using the Image-Pro Plus
5.0 software. Three regularly spaced serial tissue sec-
tions (100 um each) of corpora lutea corresponding
to control and L-NAME groups were used and micro-
scopic fields were examined under a 40X objective.
In each section, 20 microscopic fields were randomly
selected for each CL. The percentage of labeled cells
was determined using the formula A/ (A+B) x 100,
where A is the number of immunoreactive cells and B
is the total number of unlabeled nuclei in the image.
At least 1-hundred cells by field were counted by two
independent observers, blinded to the experimental
conditions. The results were expressed as a percentage
of TUNEL positive cells, which was calculated per rat.
All percentages were used to obtain the mean value

per group.

Measurement of lipid peroxidation

The thiobarbituric acid reactive substances (TBARS)
assay measures malondialdehyde (MDA) production
from lipid hydroperoxides. A calibration curve was per-
formed using 1,1,3,3-tetramethoxypropane as standard.
TBARS were determined by the absorbance at 535nm
and were expressed as pmol of MDA per milligram of
total proteins (umol MDA/mg protein).

Total antioxidant capacity

Total antioxidant capacity (TAC) was measured by an
improved method of bleaching of the 2,2’-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid) radical cation
(ABTS®") by both lipophilic and hydrophilic antioxi-
dants present in the protein extracts. The ABTS®" was
generated by oxidation of 7mM ABTS with 2.45mM
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potassium persulfate. The TAC was expressed as the
percentage of reduction in the absorbance due to the
ABTS®*, and it was determined as follows: % inhibi-
tion=[(A0-Af)/ AO] x 100, where A0 and Af are the
absorbances at 734nm of the reaction mixtures meas-
ured at t=0 and after 5min of sample addition, respec-
tively. All measurements were performed in duplicate for
each sample.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism (Version 5, GraphPad Software Inc. San Diego,
CA, USA). All data are presented as the mean values £
standard error of the mean (S.E.M) in each group. Differ-
ences between two groups were analysed with Student’s
unpaired ¢ test. To analyze the percentage of positive
TUNEL, a non-parametric (Mann—Whitney) test was
used. A value of p<0.05 was considered statistically sig-
nificant. When comparing more than two groups, we
used either one-way ANOVA followed by the Tukey’s
multiple comparison test, or two-way ANOVA followed
by the Bonferroni’s multiple comparison test.

Results

Nitric oxide and GnRH ganglionic levels

In order to determine a possible role for NO in the
release of GnRH in the CG, we first confirmed the NO
release in the ganglionic compartment of CG-SON-
Ovary organ complexes of control pregnant rats. Then,
the addition of the NO synthesis blocker L-NAME to
the ganglionic incubation medium effectively decreased
the levels of nitrites (p<0.01) (Fig. 2A), as well as GnRH
(p<0.05), compared to the control group (Fig. 2B), which
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suggests that NO may play a role in the release of GnRH
in the CG.

Nitric oxide, GnRH and NA ovarian levels

NO, GnRH, and NA are neurotransmitters that par-
ticipate in the modulation of ovarian physiology. The
presence of L-NAME in the ganglion compartment sig-
nificantly decreased the ovarian release of these neuro-
transmitters with respect to the control group (p<0.05)
(Fig. 3A-C).

Ovarian levels of progesterone and luteal expression

of 3-HSD

Given the previous findings by our group concern-
ing the luteolytic effect of GnRH released from the CG
on the pregnant rat ovary, we analysed the levels of the
main luteal ovarian steroid—progesterone—and the
luteal expression of its biosynthetic enzyme (3B-HSD).
We observed that blocking NO synthesis in the CG com-
partment caused an increased release of progesterone
in the ovarian compartment (p<0.001) (Fig. 4A), while
increased the expression of luteal 3B-HSD (p<0.01)
(Fig. 4B).

Ovarian levels of estradiol and luteal expression

of P450arom

Estradiol is another key hormone regulating reproduc-
tive processes when acting on the CL. The addition of
L-NAME in the ganglionic compartment increased the
estradiol released in the ovarian compartment (P<0.01)
(Fig. 5A), as well as the expression of its limiting biosyn-
thetic enzyme, P450arom, when compared to the control
group (P<0.05) (Fig. 5B).

(A)

4-
) —_—
(&) 3
o
£
-
g 21
-
7
£ - -

0 T

CONTROL L-NAME

P<0.01; (*) P<0.05
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Fig. 4 Ganglionic effect of L-NAME on progesterone ovarian levels and luteal expression of 33-HSD. A Ovarian progesterone release, expressed in
ng/mg ovary. B Protein expression of the progesterone synthesis enzyme, 33-HSD, expressed in arbitrary units. The progesterone release values
represent the mean = S.E.M. of 6 animals per experimental group and 3 animals per experimental group for 33-HSD expression. Student’s unpaired t
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Luteal apoptosis systems incubated with the addition of L-NAME in the
After analyzing luteal steroidogenesis markers, we evalu-  ganglionic compartment showed a lower percentage of
ated apoptosis as a marker of luteal structural regression.  apoptotic cells in the ovarian compartment than the con-
The corpora lutea isolated from the CG-SON-Ovary trol group (p <0.05) (Fig. 6).
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Oxidative status

We further analysed oxidative/nitrosative stress markers
in the CL. The addition of L-NAME into the CG com-
partment significantly decreased the levels of TBARS
(p<0.05) (Fig. 7A), as well as nitrotyrosine (p<0.01)
(Fig. 7B). In addition, there was a significant increase in
the TAC when compared to the control group (p <0.05)
(Fig. 7C).

Discussion

GnRH and NO are signaling mediators that participate in
the regulation of reproductive functions. Herein, by using
an ex-vivo CG-SON-Ovary system we studied whether
blocking NO synthesis in the CG affects the release of
GnRH from the CG, and the impact on the physiology of
the ovary at the end of pregnancy. Previous results from
our research group demonstrated that the addition of
the GnRH antagonist cetrorelix (CTX) to the ganglionic
compartment of the CG-SON-Ovary system increased
the ganglionic GnRH levels, indicating the presence of
a functional GnRH system in the CG [16]. Surprisingly,
in that study we also found an increase in the levels of
NO in the ganglionic compartment. Such increase could
be a compensatory mechanism due to the blockage of
the GnRH receptors and suggested a potential relation-
ship between NO and GnRH release in the sympathetic
ganglia.

Previous studies have suggested that NO is a key mod-
ulator of GnRH secretion from the hypothalamus, a
necessary process for normal ovarian function and repro-
ductive cyclicity [19, 20]. In sympathetic ganglia, the
presence of the NO/NOS system has been established

[7, 8]. Furthermore, the use of drugs that block NO syn-
thesis, such as L-NAME, have shown that endogenously
released NO can modulate synaptic transmission [9]. In
the present study, the addition of L-NAME decreased
NO and GnRH levels in the ganglionic compartment.
Therefore, these data suggest that NO affects the release
of GnRH in the CG. Furthermore, we studied whether
the joint blockage of the action of GnRH and the produc-
tion of NO in the CG, through the combined addition of
L-NAME and CTX in the ganglionic compartment, mod-
ifies the accumulation of GnRH. The results obtained
indicate that the joint addition of L-NAME and CTX
in the CG decreased the levels of GnRH in the ganglion
(Supplementary Fig. 1A) and ovarian (Supplementary
Fig. 1B) compartments compared to the control group.
A comparative statistical analysis between the differ-
ent experimental groups indicates the prevalence of the
effect of L-NAME over CTX, reinforcing the role that
NO plays in the accumulation of GnRH in the ganglionic
compartment.

The inhibition of NO production in the CG compart-
ment with L-NAME decreased the release of the gase-
ous neutrotransmitter in the ovarian compartment. This
agrees with results showing a time-dependent decrease
in nitrites levels upon 100 uM L-NAME treatment using
the same multiorgan system in cycling rats (Supplemen-
tary Fig. 2). In addition to blocking the accumulation
of GnRH in the ganglionic compartment, the addition
of L-NAME in the CG compartment led to a decreased
release of GnRH in the ovarian compartment. Taken
together, these data suggest a link between NO and
GnRH at the ganglionic and ovarian levels and, given
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the presence of GnRH and NO systems in the ovary, an
intraovarian regulatory mechanism should not be ruled
out.

Several studies have shown that GnRH may be an
important regulator of the regression of the CL. Thus, the
administration of GnRH agonists inhibits progesterone
production and induces apoptosis in the CL of pregnant
rats; such anti-steroidogenic effect may be due to the
inhibitory effect on the enzymes involved in the steroi-
dogenic pathway [21, 22]. In addition, an in vitro study
showed a suppressive effect of a GnRH agonist on ovar-
ian progesterone synthesis associated with decreased
3B-HSD in the ovary of mice [23]. In agreement with this
study, we demostrated that the increased progesterone

biosynthesis in the CL was accompanied by an increase
in the luteal expression of its limiting biosynthesis
enzyme, 33-HSD.

NA is a neurotransmitter that regulates ovarian ster-
oidogenesis. Stimulatory or inhibitory effects of NA on
steroid hormone secretion were reported, depending on
what type of adrenoreceptors is activated in the ovary
[24]. The decrease in the release of NA from the ovary
upon blocking NO synthesis in the CG indicates that, in
addition to GnRH, NA may be one of the transmitters
involved in the increase of progesterone production. In
agreement with our results, Ramirez Herndndez et al.
[25] showed that sectioning of the SON reduces the levels
of NA in the ovary, and that this effect is accompanied by
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an increase in the biosynthesis of progesterone. Regard-
ing estradiol, Sridaran and Mahesh [26] demonstrated
that GnRH has no effect on its luteal synthesis. However,
it was demonstrated that the synthesis of estradiol is
regulated negatively by NO in cells obtained from lutein-
ized ovaries [27]. Therefore, the decrease in ovarian NO
production by L-NAME in the CG compartment may
be responsible for the increase in estradiol biosynthesis
and P450arom expression in the CL. These results were
accompanied by a decrease in GnRH levels. This neuro-
peptide has not been detected in ovarian nerve endings
so far. However, the presence of a GnRH system in the
ovary is known, which is negatively regulated by estradiol
[15, 28]. Therefore, in the present study, NO may regulate
ovarian GnRH release through estradiol.

Apoptosis is one of the main mechanisms of celular
death involved in the regression of the CL [2, 29]. Some
reports indicate that the structural luteal regression
begins before the functional luteal regression is complete
[30, 31]. In addition, a modest number of apoptotic cells
are present during the late luteal stage, which increases in
the early postpartum period [32, 33]. Several studies sup-
port the protective role of progesterone in the function

and survival of the CL, since it can locally stimulate its
own production to protect the CL from cell death [2,
34, 35]. By contrast, GnRH may facilitate apoptosis and
CL regression [16, 36, 37]. The reduced apoptotic levels
found in the CL in the current study are consistent with
an increase in the release of progesterone and a decrease
in the release of GnRH into the medium of ovarian incu-
bation of L-NAME-treated systems in the CG. In turn,
the release of NA decreased in this experimental group.
In addition, there is evidence that NA is involved in the
regulation of ovarian apoptosis [15, 38]. Previous results
from our laboratory indicate that on diestrus II, a stage
in which the CL undergoes regression, the addition of
NA in the ovarian incubation medium regulates ovarian
steroidogenesis by modulating the release of GnRH, thus
favoring apoptosis [15].

During luteal regression, the generation of ROS,
which may be attributed to both accelerated genera-
tion and inefficient removal, has been associated with
decreased progesterone production and induction of
cell death [39-41]. In the present study, a decrease
in the lipid peroxidation products and the nitroty-
rosine concentration, together with low levels of NO,
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was observed in ovaries from systems incubated with
L-NAME in the CG compartment. Regarding NO,
both luteotrophic and luteolytic effects have been
attributed to this molecule [42-44]. Furthermore, it
has been suggested that the effect of NO on cellular
processes depends on its concentration and the pres-
ence of other free radicals. Thus, the proapoptotic
effect of NO is mainly associated with high concen-
trations [45, 46]. Therefore, the low levels of ovarian
NO would contribute to the low percentage of apop-
totic cells seen in the L-NAME group. Nitrotyrosine is
indicative of formation and activity of the NO-derived
oxidant peroxynitrite; therefore, it serves as a marker
of NO metabolism [47]; it should be noted that its con-
centration also decreased in this experimental group.

Regarding lipid peroxidation, several studies indi-
cate that its increase inhibits progesterone production
in luteal cells and is a trigger for luteal regression [39,
48]. In the present study, in addition to the decrease in
the levels of these oxidative/nitrosative damage mark-
ers, an increase in the TAC was found in the corpora
lutea isolated from the CG-SON-Ovary systems incu-
bated with L-NAME in the CG compartment. The
ovarian tissue contains enzymatic and non-enzymatic
antioxidant systems, responsible for eliminating the
excess of ROS, which could be the subject of endocrine
regulation [49, 50]. It should be noted that the afore-
mentioned results occurred with an increase in estra-
diol levels, to which several studies have attributed
antioxidant properties in the luteal cells [51, 52]. For
example, Vega et al. [53] reported that the addition of
estradiol to human luteal cells incubated in vitro led to
a decrease in TBARS levels.

It is not yet well established which factors have the
greatest contribution to the inhibition of progester-
one synthesis, activation of the signaling pathway of
apoptosis, and regression of the CL. However, it was
suggested by other authors that the end of luteal func-
tionality depends on the balance among several factors
[1, 48]. In a previous study, we provided evidence that
GnRH released from in the CG might trigger neuronal
signals that promote luteal regression in late preg-
nancy [16]. In the present study, we showed that NO
affects GnRH release from the CG and the consequent
impacts on the physiology of the ovary. Together, these
findings highlight the functional role of these factors
through the peripheral innervation in the regulation of
ovarian function. Given that the modulation of the NO
system can be a useful tool in the process of induction
of labor, in addition to the known effect on the uterus,
the contribution of the peripheral neural pathway and
its influence on ovarian steroid hormone production
should be taken into account.
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Conclusions

The inhibition of NO production by L-NAME in the
GC lead to a reduction in ganglionic GnRH release and
caused changes that promoted luteal wellbeing, asso-
ciated with a decrease in ovarian levels of NO, GnRH
and NA, possible neurotransmitters involved in the
observed effects. These observations suggest that the
production of NO by the CG modulates the physiology
of the ovary and the regression of the CL during late
pregnancy in rats.
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