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SUMMARY

Hyperandrogenization is one of the main clinical features of the polycystic ovarian
syndrome (PCOS). Metformin (M) is a non-hormonal treatment used in PCOS even
during pregnancy. The objective was to study the effects of M on the redox balance and
the nitric oxide (NO) system in a murine model of early hyperandrogenized pregnancy.
Early pregnant Balb/ ¢ mice hyperandrogenized by dehydroepiandrosterone (DHEA) and
treated orally with M were used. Redox and NO system parameters were determined at
the implantation sites. DHEA increased oxidative stress: lipid peroxidation (TBA-RS,
p <0.01) and glutathione (Tietze; p <0.01). With DHEA + M, TBA-RS was similar to
the control and glutathione was similar to the DHEA group. The enzymes superoxide
dismutase and catalase did not show differences. DHEA caused an increase in the expression
of inducible nitric oxide synthase (iNOS) and endothelial nitric oxide synthase (eNOS)
(immunohistochemistry) and in NO (Griess; p <0.001 in all cases). With DHEA+M they
were similar to the control. We conclude that M avoids the effects of DHEA on oxidative
stress and the NO system in the implantation sites of hyperandrogenized early pregnant
Balb/c mice.
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RESUMEN

La hiperandrogenizacién es una de las caracteristicas clinicas principales del sindrome
de ovario poliquistico (SOP). La metformina (M) es un tratamiento no hormonal
utilizado en el SOP incluso durante el embarazo. El objetivo fue estudiar los efectos de M
sobre el balance redox y el sistema éxido nitrico (ON) en un modelo murino de prefiez
temprana hiperandrogenizada. Se utilizaron ratones Balb/ ¢ hiperandrogenizados por
dehidroepiandrosterona (DHEA) durante la prefez temprana y tratados oralmente con
M. Se determinaron pardmetros redox y del sistema ON en los sitios de implantacién. La
DHEA incrementd el estrés oxidativo: peroxidacién lipidica (TBA-RS; p <0.01) y glutatiéon
(Tietze; p <0.01). Con DHEA+M, TBA-RS fue similar al control y el glutation fue similar
al grupo DHEA. Las enzimas superéxido dismutasa y catalasa no mostraron diferencias. La
DHEA provocé un aumento en la expresion de 6xido nitrico sintetasa inducible (ONSi)
y 6xido nitrico sintetasa endotelial (ONSe) (inmunohistoquimica) y en ON (Griess; p
<0,001 en todos los casos). Con DHEA+M fueron similares al control. Concluimos que
M evita los efectos de DHEA sobre el estrés oxidativo y el sistema ON en los sitios de
implantacién de ratones Balb/ ¢ durante la prefiez temprana hiperandrogenizada.

Palabras clave: (DHEA), (estrés oxidativo), (ON), (Sindrome de ovario poliquistico),

(sitios de implantacién).

INTRODUCTION

An oxidative stress status is the product
of the imbalance between the antioxidant
defenses on the one side and the production
of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) on the other side. The
direct damaging result of oxidative stress is the
oxidation of lipids, proteins and DNA. ROS
are formed from the incomplete reduction
of O,. RNS are oxidative reaction products
of NO; one of them, peroxynitrite, is highly
reactive at physiological pH values. Oxidative
stress may decline nitric oxide’s bioavailability
because they are very ineffective sources for
NO. Excessive, uncontrolled, and unmanaged
oxidative stress can lead to diseases”. NO is
an essential metabolite involved in vascular
function and in numerous physiological

processes  that  maintain  homeostasis.
However, when the vascular system is
diseased, and defense mechanisms are
activated, the mediators of inflammation
induce inducible nitric oxide synthase

(iNOS), which produce large quantities of
NO in most of the cells of the vessel wall> 2,
In pregnancy, NO plays important roles in
implantation, decidualization, vasodilatation

of decidual, placental and uterine vessels and
myometrial relaxation®. It has been reported
that NO participates in the vascular invasion
by the trophoblast, and it may play a role
in maintaining uterine quiescence during
pregnancy® '®. However, NO could have a dual
action (protective or pro-oxidant) during the
corpus luteum development®. It also has a role
in complicated pregnancies with a pro-oxidant
and a pro-inflammatory status, associated with
preeclampsia, intrauterine growth restriction,
pregestational diabetes and miscarriage'® .
Besides, it was found that endothelial nitric
oxide synthase (eNOS) gene influences the
risk of pre-eclampsia and the recurrence of
negative pregnancy events''. The production
of NO is due to three isoforms of the NO
synthase: the Ca-dependent constitutively
expressed eNOS and neuronal NOS (nNOS),
and the non-responsive to calcium iNOS.
Although NO synthases INOS and eNOS have
been identified in rodent uterus via western
blot analysis and immunohistochemistry
during implantation and late gestation"*, very
few localization and quantification studies of

NOS and NO during early pregnancy have
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been performed. Dehydroepiandrosterone
(DHEA) is the most abundant androgen
found in women with polycystic ovary
syndrome (PCOS)%. This
involved in immune homeostasis and is
increased in normal pregnancy contributing
to the development of gestation*. However,
abnormally increased DHEA levels lead
to an imbalance in ovarian function and
to detrimental effects on the endometrial
function that result in low implantation
rates and miscarriage® . Simoncini et al.
2003 have reported that DHEA induces
NO synthesis by a direct effect on eNOS*.
We have previously developed a murine
model which reflects endocrine and immune
aspects of women with PCOS during early
pregnancy by hyperandrogenization with
DHEA?®"3, The biguanide insulin-sensitizing
drug M is a non-hormonal treatment for
a wide variety of diseases such as type II
diabetes mellitus’, PCOS"” and some types
of cancer 2 3 97,

hormone is

These conditions are
accomplished with a decreased antioxidant
capacity that could contribute to the known
increased risk of cardiovascular diseases like
atherosclerosis or hypertension in patients
with diabetes and PCOS'™ “. This drug
has shown to reduce oxidative stress in
numerous systems. Apparently, it exerts its
antioxidant effects directly scavenging ROS
or indirectly modulating the intracellular
ROS production®?. In women with PCOS,
it has been seen that M treatment decreases
androgen levels, improves the frequency
of menstrual cycle and ovulation* *' and
prevents abortions in early pregnant women
with PCOS™ 18 4, There is an increasing
number of women with PCOS that became
pregnant after M treatment and that maintain
treatment during pregnancy. However, some
aspects of the mechanism involved are not
completely known. The aim of this work
was to study the effects of M on the redox
balance and the nitric oxide system in a
murine model of DHEA- hyperandrogenized
early pregnancy.

MATERIALS AND METHODS
Animals
The animal model was previously

described®. Briefly, 8 to 12- week- old virgin
female BALB/c mice were paired with 8 to 12-
week- old BALB/c males. The day of appearance
of a coital plug was taken as day 0 of pregnancy.
Implantation occurs on the morning of the
5th day, therefore, on 6th and 7th days (post-
implantation) animals were divided in 4
groups: control (supplied only with vehicles),
M (treated orally by cannula with 240 mg/kg of
metformin in 0.1 ml of water), DHEA (injected
s.c. with 60 mg/kg of dehydroepiandrosterone
in 0.1 ml of sesame oil) and DHEA+M (treated
under the same conditions with DHEA and
M). On day 8 of pregnancy, animals were
euthanized by cervical dislocation. After
embryos were removed, uterine tissues from
14 animals per group were divided as follows:
7 uteri of each group were immediately
homogenized in buffer Tris-Base 20 mM, pH=
7,6 to determine redox parameters (superoxide
dismutase, catalase, lipid peroxidation,
glutathione and nitrite concentration). The
remaining 7 uteri were immediately fixed in
4 % (wlv) paraformaldehyde to carry out the
immunohistochemical determination of eNOS
and iNOS.

To test any long-term adverse effects of the
treatments 3 additional groups (10 animals
each) including control, M and DHEA+M
mice were allowed to proceed to parturition.
These animals had a normal pregnancy with a
normal number and morphology of pups. The
DHEA group was not included because the
pregnancy with this treatment did not continue
in the majority of these females.

The mice were housed under controlled
temperature (22 °C) and illumination (14 h
light, 10 h darkness; lights on at 05:00) and
were allowed to free access to Purina rat chow
and water. All procedures involving animals
were conducted in accordance with the Guide
for the Care and Use of Laboratory Animals
(National Research Council, 1996).
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Experimental procedures

Redox related parameters. Uterine tissues
without embryos were homogenized in Buffer
Tris-Base 20 mM, pH=7,6 with a Teflon-
glass homogenizer in ice. The suspension was
centrifuged at 4500 x g for 10 min at 4° C. The
supernatant was saved and stored at —20° C
for the redox determinations described ahead
and for the protein content determination
by Bradford method®. Catalase was measured
by the method described by Machly and
Chance in 1954%. Results were expressed as
catalase content in pmol catalase/ mg protein.
Superoxide dismutase (SOD) was determined
by the method described by Misra and
Fridovich in 1972%. Results were expressed
as USOD/ mg protein. Lipid peroxidation
was detected by the method of TBA reactive
species (TBA-RS), described by Buege and
Aust in 1978°. Results were expressed as
nmol MDA/ mg protein. Glutathione was
quantified by the method described by Tietze
in 1969%. Results were expressed as mmol
GSH/mg protein. Nitric oxide was valued
by nitrites (NO,) concentration by Griess
reaction'. Results were expressed as nmol
NO,/ mg protein.

Immunohistochemical localization of iNOS
and eNOS. Uterine slides were stained with
the immunoperoxidase staining kit CSA/
HRP (Dako). Briefly, uterine tissues fixed in
paraformaldehyde 4 % were embedded in
paraffin wax, consecutively cut (6 m/section)
and placed on glass slides covered by xylane
(Biobond; British Biocell International,
Cardiff). Only sections that passed through

the center of the implantation sites were

selected. Then, tissue sections were dewaxed,
rehydrated through a series of graded alcohols
and washed in PBS. Endogenous peroxidase
activity was blocked with 0.1 % (v/v) hydrogen
peroxide for 50 min and non-specific binding
sites were blocked by treating tissues with TNB
blocking reagent (NEN Life Science Products,
Boston, Ma, USA). Then, sections were
incubated overnight at 4 °C with the primary
rabbit polyclonal anti-human eNOS, and
iNOS (Cayman, USA) antibodies respectively

diluted 1:200 in blocking buffer. Control
sections were made without the primary
antibody. Sections were then incubated for 30
min with biotinylated secondary anti-rabbit
antibody, washed in PBS and treated with
streptavidin-biotin complex for 30 min. The
reaction was visualized by diaminobenzidine
(DAB staining Kit, Dako) and sections were
counterstained with hematoxylin and covered
with DPX (Sigma). A morphometric study
was carried out including the quantification of
the immune mark through a digital imaging
system of analysis (Image-Pro Plus version 4.1
software, Media Cybernetics, Silver Spring,
Md) in which marked area per measured area
was determined. Results were expressed as the
percentage of marked area/ measured area.

Statistical ~analysis.  Statistical —analyses
were carried out using the Instat program
(Graph Pad Software, San Diego, CA,
USA). One way ANOVA test (Tukey post-
test Multiple Comparison that compares
all the pairs of columns) was used for SOD,
catalase, lipid peroxidation and NO. Chi-
square test (Fisher’s exact test for differences
between columns) was used for analyzing the
proportions of marked/ total area. A P value <
0.05 was considered significant. Results were
presented as mean values + SEM.

RESULTS

Redox status

The antioxidant SOD and
catalase showed no differences in any of the
treatments (Fig. 1 A and B respectively).
Lipid peroxidation increased with DHEA
(p<0.01). This increase was avoided
by DHEA+M (Fig. 1 C). Glutathione
increased with DHEA (p<0.01) and also
with DHEA+M (p<0.01, Fig. 1 D). The
concentration of NO significantly increased
with DHEA (p<0.001), whereas DHEA+M
treatment prevented this effect (Fig. 1 E)

enzymes
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Figure 1A. Redox status in uterine homogenates. SOD activity.
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Figure 1B. Redox status in uterine homogenates. Catalase activity.
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Figure 1C. Redox status in uterine homogenates. Lipid peroxidation (*= p<0.01).
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Figure 1D. Redox status in uterine homogenates. Glutathione (*=p<0.01)
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Figure 1E. Redox status in uterine homogenates. NO concentration (*=p<0.001).

Expression of iNOS and eNOS in
implantation sites

iNOS immunoreactivity was present
in trophoblastic cells (tr). This was seen in
implantation sites from control and DHEA+M
groups (Fig. 2 A and C: tr). However, in DHEA
treated mice this enzyme showed an increased
expression on the decidual matrix when
compared to control (Fig. 2 B: mesometrial
decidua, md, and antimesometrial decidua,
amd). Image-Pro Plus quantified stained/total
area revealed a significantly increased expression

of iNOS in DHEA treated mice, avoided with
DHEA+M treatment (Fig. 2 D).

eNOs was also present in trophoblastic
cells (tr) in implantation sites from control
and DHEA+M treated animals (Fig. 3A and
C: tr). In DHEA treated mice, eNOS showed
an increased expression on the decidual matrix
(Fig. 3 B: mesometrial decidua, md, and
antimesometrial decidua, amd). Quantification
of the stained/ total area showed a significantly
increased expression of eNOS with DHEA,
completely avoided with DHEA+M (Fig. 3D).

The expression of these NOS isoforms in
tissues obtained from M treated mice showed
an appearance similar to controls (data not
shown).
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Figure 2. 2A. Expression of iNOS in implantation sites. INOS immunohistochemistry of Control group. 2B. Expression of iNOS
in implantation sites. iINOS immunohistochemistry of DHEA group. 2C. Expression of iNOS in implantation sites. iNOS
immunohistochemistry of DHEA+M. e: embryo, tr: trophoblastic cells, md: mesometrial decidua, amd: antimesometrial decidua.
2D. Expression of iNOS in implantation sites. Quantification of iNOS expression (*=p<0.01).
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Figure 3. 3A. Expression of eNOS in implantation sites. eNOS immunohistochemistry of Control group.
3B. Expression of eNOS in implantation sites. eNOS immunohistochemistry of DHEA group. Figure
3C. Expression of eNOS in implantation sites. eNOS immunohistochemistry of DHEA+M. e: embryo,
tr: trophoblastic cells, md: mesometrial decidua, amd: antimesometrial decidua. Figure 3D. Expression of
eNOS in implantation sites. Quantification of eNOS expression (*=p<0.01).
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DISCUSSION

DHEA is the most abundant androgen
in PCOS*®. It induces a pro-inflammatory
environment and triggers the synthesis of
NO?" 2 »_ Besides, it induces the loss of
luteal function and embryo resorption™#. The
present model resembles the endocrine and
immune situation of early pregnant women
with PCOS treated with M?> %, We studied
the antioxidant effects of M in this model with
a connection to the NO system. We propose
that oxidative stress has an important role in
the cascade of events triggered by DHEA
hyperandrogenization that leads to embryo
resorption. This is shown in the increased levels
of lipid peroxidation, NO, iNOS and eNOS
in DHEA-hyperandrogenized females. We
propose that DHEA has a direct effect on the
NO system, increasing the expression of NOS
and the production of NO, in agreement with
a previous report about this direct effect’’.
At this point, there probably exists a down-
regulation exerted by the overproduced NO
on the activity of this enzyme, reflected in the
decrease in NOS activity seen in a previous
work®. The regulation of NOS activity but not
of its expression has been seen in other models'”
3¢and could be due to the acute treatment used
here. In this work, unlike previous studies *
35 we see that iNOS and eNOS are located
in the trophoblastic cells, being of embryonic
origin. This localization is possibly due to the
participation of NO in the vascular invasion
by the trophoblast® '°. Besides, we found that
DHEA hyperandrogenization increases the
expression of iNOS and eNOS in these sites,
and their product, NO. As a consequence of
the NO increase, there is an oxidative stress
status in implantation sites of these mice.
This is reflected here in the high levels of lipid
peroxidation.

The treatment with M prevents oxidative
stress and the increase of NOS expression and
NO production. In previous reports, we have
seen protective effects of M in the ovaries and
uterus of DHEA-hyperandrogenized mice”
2.4 M acts here as an antioxidant, avoiding
the increase in lipid peroxidation triggered

by DHEA. Glutathione is an instantaneous
antioxidant defense, and its increased levels
could be an attempt to increase the antioxidant
defense. The antioxidant properties of M have
been shown in a variety of models* 2.

This work is a new step in the knowledge
of the mechanism of action of M during
early hyperandrogenized pregnancy. This new
contribution adds to the findings we had
previously shown using the same experimental
model where M preventsendocrineand immune
alterations induced by DHEA. All these factors
cooperate in a physiopathological path whose
final result is the continuity of pregnancy or
embryo resorption: glucose, serum estrogen and
progesterone, progesterone-induced blocking
factor (PIBF) and cyclooxygenase 2 (COX)
at implantation sites, cytokine production and
oxidative stress in the ovaries and uterine NOS
activity are altered”** and the final result is that
DHEA increases embryo resorption (88 +/- 1
%), whereas DHEA+M avoids this effect (43
+/- 3% v. 35 +/- 5% in controls)®.

CONCLUSION

DHEA induces, and M prevents, a
detrimental increase of oxidative stress and NO
in implantation sites during early pregnancy in
mice. The treatment with M seems to be a good
option for maintaining pregnancy in patients
with PCOS. Regulation of nitric oxide by M
probably favors the normal vascular function
in these patients. It could contribute to
decreasing the risk of cardiovascular diseases as
atherosclerosis or hypertension seen in patients
with diabetes and PCOS. Besides, M is a non-
hormonal treatment and did not show to be
teratogenic transforming it in a good choice for
PCOS patients. There remain some aspects to
be studied, including longtime effects of this
treatment in pregnancy.
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