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A B S T R A C T

Sildenafil has shown nitric oxide (NO)-independent pleiotropic effects, however the mechanisms involved are
unclear. We investigated the protective effects of sildenafil against hypertension in pregnancy and feto-placental
growth restriction induced by NO inhibition, and if sodium nitrite-derived NO formation influences sildenafil
effects. We evaluated the plasmatic levels of NO metabolites, cyclic guanosine monophosphate (cGMP), oxi-
dative stress and myeloperoxidase, which are involved in endothelial dysfunction during hypertension in
pregnancy. Also, we performed in vitro experiments to examine cell viability and NO synthesis in human um-
bilical vein endothelial cells (HUVECs) cultures incubated with plasma from healthy or hypertensive pregnant
rats treated (or not) with both drugs, either alone or in association. Sildenafil blunted hypertension in pregnancy
and protected against feto-placental growth restriction induced by NO inhibition and these effects of sildenafil
alone were similar to those presented by its association with sodium nitrite. Protective effects of sildenafil were
observed even with low plasmatic NO levels and were not followed by increases in cGMP levels. Also, sildenafil,
but not sodium nitrite, blunted the increases in myeloperoxidase activity. Both drugs (isolated or in association)
presented antioxidant effects. Plasma from hypertensive pregnant rats treated with sildenafil, but not sodium
nitrite alone, increased the viability of HUVECs. NO synthesis in HUVECs cultures was increased with plasma
from rats treated with both drugs. We conclude that sildenafil effects are not dependent of circulating NO levels
in hypertension and feto-placental growth restriction. These findings may reflect a protection against myelo-
peroxidase and pro-oxidant activation in hypertension in pregnancy.

1. Introduction

Hypertensive disorders of gestation complicate about 5–10% of
pregnancies, including gestational hypertension that could progress to
preeclampsia (Jim and Karumanchi, 2017; Lo et al., 2013). If untreated,
these disorders are major causes of maternal and fetal morbidity and
mortality (Uzan et al., 2011). Preeclampsia is also associated with in-
trauterine fetal growth restriction, accounting for 10–15% of preterm
births (Mitani et al., 2009); however, the underlying mechanisms of this
disorder are unclear. The initiating event is widely believed to be the
impaired spiral artery remodeling that, in turn, leads to a stage of poor
placentation with posterior ischemia/hypoxia (Roberts, 2014). Is-
chemic placenta releases soluble factors into maternal circulation, re-
sulting in the secondary stage of the disorder featured by endothelial
dysfunction (Possomato-Vieira and Khalil, 2016).

Physiological blood pressure during pregnancy may rely greatly on

the vasodilatory action of nitric oxide (NO) (Leiva et al., 2016). NO also
seems to influence the cytotrophoblast invasion and mediates the spiral
artery remodeling to allow an adequate supply for the growing fetus
(Velicky et al., 2016). In fact, circulating levels of nitrite, a NO meta-
bolite, are increased in normal pregnant women compared to both
healthy non-pregnant and preeclamptic women (Cadnapaphornchai
et al., 2001). Pregnant rats develop hypertension and feto-placental
growth restriction if NO formation is pharmacologically reduced by
Nω-Nitro-L-arginine methyl ester (L-NAME), an agent that effectively
inhibits endothelial, neuronal and inducible NO synthases (Ramesar
et al., 2010).

Sildenafil is clinically used to treat erectile dysfunction
(Hatzimouratidis, 2006). The known mechanism of sildenafil's action is
the inhibition of phosphodiesterase type 5 (PDE5), which lengthens the
NO–cyclic guanosine 3′,5′-monophosphate (cGMP) signaling by pre-
venting the degradation of cGMP (Francis et al., 2010). Hence, based on
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this canonic mechanism of sildenafil in potentiating NO-induced vaso-
dilation, one may consider that as a NO-dependent drug, sildenafil
would have no potential to achieve therapeutic goals, considering there
may be reduction of NO in preeclampsia or when the endogenous NO
synthesis is reduced by L-NAME in pregnant rats (Motta et al., 2015).
However, previous studies showed that sildenafil attenuates hyperten-
sion and feto-placental growth restriction in L-NAME-treated rats
(Nassar et al., 2012; Ramesar et al., 2010) as well as in hypertensive
pregnant mice deficient in endothelial NO synthase (Roberts et al.,
2016). Together, these preclinical findings suggest that sildenafil effects
may not depend of circulating NO levels (Chrysant and Chrysant,
2012). However, mechanistic studies are needed to explain these sil-
denafil effects and to determine its potential efficacy in hypertensive
disorders of gestation complicated by fetal growth restriction (Trapani
et al., 2016), even with reduced levels of NO (Sandrim et al., 2008).

The main hypotheses tested in the present study were that sildenafil,
independently of NO levels into maternal circulation, attenuates hy-
pertension-in-pregnancy and feto-placental growth restriction and that
these effects could be associated with endothelial cells protection
against oxidative stress.

2. Materials and methods

2.1. Animals and experimental protocol

Wistar rats (200–250 g) were housed in cages at 22± 2 °C on a 12-
hr light/dark cycle and given free access to water and rat chow. Each
female rat was separately mated overnight. Day 1 of pregnancy was
defined as the day when spermatozoa were found in a vaginal smear.

On pregnancy day 14, each pregnant rat mother was first placed
into a single cage and randomized to one of the eight treatment groups
(n = 8–10 per group): Normal Pregnant (NP), Normal Pregnant +
Sildenafil (NP + S), Normal Pregnant + Nitrite (NP + N), Normal
Pregnant + Sildenafil + Nitrite (NP + S + N), Hypertensive
Pregnancy (HP), Hypertensive Pregnancy + Sildenafil (HP + S),
Hypertensive pregnancy + Nitrite (HP + N) and Hypertensive
Pregnancy + Sildenafil + Nitrite group (HP + S + N). In hypertensive
pregnant groups (HP groups), rats received intraperitoneal (i.p.) in-
jections of L-NAME (Sigma, St. Louis, MO, #5751) 60 mg/kg/daily
from 15th – 21st gestational day (Yang et al., 2011). Sildenafil citrate
(Pfizer, UK-92480-10) was administered by gavage at a dose of 10 mg/
kg/day from 15th – 21st gestational day (Baijnath et al., 2014). Sodium
nitrite was administered by gavage at dosage of 15 mg/kg/day (Sigma,
St. Louis, MO, #S2252) from 15th – 21st gestational day. The dose of
sodium nitrite was chosen with basis on previous studies showing that
this dose exerts relevant antihypertensive and antioxidant effects in rats
(Gonçalves-Rizzi et al., 2016; Montenegro et al., 2011; Pinheiro et al.,
2014, 2015).

Rats were euthanized on gestation-day 21 under overdose of iso-
flurane followed by exsanguination. Blood samples were collected in
lyophilized ethylenediamine tetraacetic acid (EDTA, Vacuntainer
Becton-Dickinson, BD, Oxford, UK), immediately centrifuged and
plasma was separated and stored at − 80 °C until use for biochemical
analysis.

All procedures for animal experimentation were approved by the
Ethics Committee, Biosciences Institute of Botucatu, São Paulo State
University (Protocol #618/2014), which is complied with international
guidelines of the European Community for the use of experimental
animals.

2.2. Blood pressure measurements

Systolic blood pressure (mmHg) was measured on gestational day
14 (baseline with absence of gavage or i.p. injections) and days 16, 18
and 20, before drugs administration, using tail-cuff plethysmography
(Insight, Ribeirao Preto, Sao Paulo, Brazil, # EFF 306). Briefly, all

pregnant rats were first acclimated in a quiet room, conditioned and
restrained for 5–10 min in a warm box (Insight, Ribeirao Preto, Sao
Paulo, Brazil, # EFF307) to the measurements for 3 days before the
pregnancy day 14 (these data were discarded) and then the baseline
systolic blood pressure was determined as the average of the cuff in-
flation-deflation 3–6) cycles by a trained operator on pregnancy day 14
(Gonçalves-Rizzi et al., 2015).

2.3. Effects on placenta and fetuses

On gestational day 21, after euthanasia, animals were placed in
supine position and cesarean section was performed. The number of
viable fetuses, litter size, fetal weight and placental weight were re-
corded. Viable fetuses were determined as those which showed no
macroscopical sign of malformation and could apparently have a
normal outcome with the progression of the pregnancy, as previously
reported (Ma et al., 2010).

2.4. Determination of myeloperoxidase activity

Myeloperoxidase activity was determined by measuring tetra-
methylbenzidine (TMB) oxidation in an end-point colorimetric assay.
For that, 30 µl of plasma (1:100) were incubated with 20 µl of phos-
phate buffer and 100 µl of liquid substrate system, composed by TMB
(Sigma, St. Louis, MO, USA) and hydrogen peroxide 0.04%, at 37 °C for
10 min, protected from light. After incubation, the reaction was stopped
with 100 µl of H2SO4 (2 N) and the absorbance at 450 nm with cor-
rection to 630 nm was read with the spectrophotometer (Synergy 4,
BIOTEK, Winooski, VT, USA). The results were expressed in
Myeloperoxidase activity (U/L) (Suzuki et al., 1983).

2.5. Measurements of plasma antioxidant capacity

The trolox equivalent antioxidant capacity (TEAC) was performed
as previously described (Erel, 2004). Briefly, a standard curve was
stablished using 100 μg of Trolox (6-hidroxy-2,5,7,8 - tetra-
methylchroman-2-carboxylic-acid, Sigma, St. Louis, MO, USA, cata-
logue# 238813) in 1 ml of sodium acetate buffer (0.4 M,
C2H3NaO2·3H2O) + glacial acetic acid (0.4 M). Firstly, 20 µl of plasma
samples were added to 200 µl of sodium acetate buffer + glacial acetic
acid and the absorbance at 660 nm was read with the spectro-
photometer (Synergy 4, BIOTEK, Winooski, VT, USA). Secondly, 20 µl
of sodium acetate buffer (0.03 M) and glacial acetic acid (0.03 M) +
H2O2 + ABTS (2,2′-azino-bis-3-ethylbenz-thiazolin-6 sulfonic acid,
Sigma A 1888) was added to the samples and incubated for 5 min. Fi-
nally, a second spectrophotometer read was performed at 660 nm. The
second reading values were subtracted from the values found in the first
reading and the antioxidant activity of the sample was expressed as
mmol of Trolox equivalent/L.

2.6. Assessment of lipid peroxidation

Plasma lipid peroxide levels were determined by measuring thio-
barbituric acid-reactive substances (TBARS) (Perico et al., 2015). In test
tubes, 100 µl of distilled water, 50 µl of 8.1% sodium dodecyl sulfate
(SDS), 375 µl of 20% acetic acid pH 3.5, and 375 µl of 0.8% 2-thio-
barbituric acid (TBA) diluted in 20% acetic acid were added to 100 µl of
sample. For the standard curve, the test tubes contained 25 µl of a
malondialdehyde solution of known concentration, 175 µl of distilled
water, 50 µl of 8.1% sodium dodecyl sulfate, 375 µl of 20% acetic acid
pH 3.5, and 375 µl of 0.8% 2-thiobarbituric acid (TBA) diluted in 20%
acetic acid. The test tubes were incubated in water bath at 95 °C for 1 h
and centrifuged at 1792 g for 10 min. A 200 µl aliquot of each sample
was transferred to a 96-well plate. The malondialdehyde formed by the
sample reacts with the TBA to produce a colorimetric reaction that was
measured using a spectrophotometer (Synergy 4, BIOTEK, Winooski,
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VT, USA) at 532 nm. The lipoperoxide levels were expressed in terms of
malondialdehyde (nmol/ml).

2.7. Measurement of plasma cyclic guanosine monophosphate (cGMP)
concentration

Arterial blood samples were drawn in tubes containing EDTA and
stored at − 80 °C until the determination of plasmatic cGMP levels
using commercial enzyme immunoassay (ELISA) kit (Cayman Chemical
no 581021). Assays were performed according to manufacturer's in-
structions. Plasmatic cGMP levels were expressed in pmol/ml.

2.8. Endothelial cell culture and plasma incubation

The human umbilical vein endothelial cells (HUVECs) were cultured
in DMEM medium (Gibco, CA, USA) supplemented with 10% (v/v) fetal
calf serum (FCS) (Gibco), 50 μg/ml penicillin, 50 μg/ml streptomycin
and 0.5 μg/ml amphotericin B (Gibco) at 37 °C in 5% CO2 incubator, as
described previously (Roberts et al., 2006). After reaching 80% con-
fluence, HUVECs were re-suspended in DMEM medium and re-plated in
96-well tissue culture plates (Corning), where they were grown to 80%
confluence for incubation experiments. Then, the medium was removed
and cells were washed twice in PBS. Cells were incubated in medium,
without FCS, with 10% (v/v) plasma from rats treated with saline (NP
group), sildenafil (NP + S group), nitrite (NP + N group), sildenafil +
nitrite (NP + S + N group), L-NAME (HP group), L-NAME + sildenafil
(HP + S group), L-NAME + nitrite (HP + N) and L-NAME + sildenafil
+ nitrite (HP + S + N) for 24 h. The cell supernatant was collected
and stored at – 80 °C to determine the nitrate + nitrite (NOx) con-
centrations.

2.9. HUVECs viability assay

The toxicity for plasma from each pregnant rat was assessed and
used to determine the cell viability by using the 3-(4,5-dimethylthiazol-
2-yl)−2,5-diphenyltetrazolium bromide (MTT) assay as described
previously (Mosmann, 1983). Briefly, after 24 h of plasma incubation in
HUVECs (line CRL 2873 obtained from American Type Culture Col-
lection, ATCC, Manassas, VA, USA), the medium was carefully removed
and cells were washed twice in PBS. Then, MTT solution (0.5 mg/ml
PBS) (Sigma-Aldrich) was added and the plate was placed in the in-
cubator (37 °C, 5% CO2). MTT is reduced to blue formazan crystals by
metabolically active cells. After 3 h, MTT-formazan crystals were dis-
solved in DMSO (Sigma-Aldrich) for 10 min and absorbance was

measured at 570 nm on a multifunctional plate reader (Synergy 4,
BIOTEK, Winooski, VT, USA). Viability was compared to control (un-
treated cells, 100% viability).

2.10. Measurement of nitrate + nitrite (NOx) concentrations

The NOx concentrations were determined in duplicate in plasma
and cell supernatant, by Griess reaction, as previously described (Dias-
Junior et al., 2010). Briefly, 50 µl of samples were incubated with the
same volume of nitrate reductase buffer (0.1 M potassium phosphate,
pH 7.5, containing 1 mM β-nicotinamide adenine dinucleotide phos-
phate and 2U of nitrate reductase/ml) in individual wells of a 96-well
plate. Samples were allowed to incubate overnight at 37 °C in the dark;
8 µl of freshly prepared Griess reagent (1% sulfanilamide, 0.1% naph-
thylethylenediamine dihydrochloride in 5% phosphoric acid) were
added to each well and the plate was incubated, for 15 additional min,
at room temperature. A standard nitrate curve was obtained by in-
cubating sodium nitrate (0.2–200 μM) with the same reductase buffer.
The NOx levels in plasma were expressed in μmol/l.

2.11. Statistical analysis

Using commercially available statistical software (Graph Pad Prism®

6.0 for Windows, San Diego, CA), a Shapiro-Wilk test was applied to
verify normality of data distribution. Systolic blood pressure measure-
ments were submitted to a two-way analysis of variance (ANOVA)
followed by Bonferroni's correction for multiple comparisons among
groups to compare measurements on pregnancy days 14, 16, 18 and 20,
or one-way ANOVA followed by Bonferroni's correction for multiple
comparisons were used to compare fetal and placental changes, and
oxidative stress analysis, NOx and cGMP levels in plasma, and viability
and NOx levels of cells. Statistical significance was considered at
P< 0.05. All values are expressed as mean± S.E.M.

3. Results

3.1. Antihypertensive effects of sildenafil citrate and sodium nitrite in
hypertensive pregnant rats

Baselines systolic blood pressures were similar in all experimental
groups 116–125±4 mmHg) on day 14 of gestation (P> 0.05, Fig. 1).
Pregnant rats from NP+ S, NP+ N and NP+ S+ N groups showed no
significant changes in systolic blood pressure values throughout the
study period, on days 16, 18 and 20 of gestation (NP + S, 120±3;

Fig. 1. Systolic blood pressure measured by tail cuff
plethysmography on days 14, 16, 18 and 20 of ge-
station in Normal Pregnant (NP), Normal Pregnant
+ Sildenafil citrate (NP + S), Normal Pregnant +
Sodium nitrite (NP + N), Normal Pregnant + sil-
denafil citrate + sodium nitrite (NP + S + N),
Hypertensive Pregnancy (HP), Hypertensive preg-
nancy + Sildenafil citrate (HP + S), Hypertensive
Pregnancy + Sodium nitrite (HP + N), and
Hypertensive Pregnancy + sildenafil citrate + so-
dium nitrite group (HP + S + N). Values represent
mean± S.E.M. Two-way ANOVA with Bonferroni's
correction for multiple comparisons among groups
was used to compare measurements on pregnancy
days 14, 16, 18 and 20. Significant increases were
observed in HP group on pregnancy days 16, 18 and
20. Treatment with sildenafil citrate, sodium nitrite
and their association reduced SBP in HP groups. *
P<0.05 versus NP group. #P<0.05 versus HP
group.
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124± 3 and 118±2.8 mmHg; NP + N, 120±3; 122± 1.8 and
122± 1.7 mmHg; NP + S + N, 125±4.5; 120±2.6 and
121± 2 mmHg; P>0.05, Fig. 1). However, pregnant rats that received
L-NAME presented elevated systolic blood pressure values on days 16,
18 and 20 of gestation (HP group, 145±5; 149±3 and
146± 4 mmHg, respectively,*P<0.05, Fig. 1). However, the pregnant
rats that received L-NAME and treated with sildenafil citrate (HP + S
group, 129±3; 128± 2.3; 129± 1 mmHg), sodium nitrite (HP + N
group, 126± 3; 131±3; 127±2 mmHg), and their combination (HP
+ S + N group, 131±2; 130±2.5; 123±5 mmHg) showed sig-
nificant and similar lower systolic blood pressure values on days 16, 18
and 20 of gestation when compared to HP group (145±5; 149± 3 and
146± 4 mmHg, respectively, #P<0.05, Fig. 1).

3.2. Sildenafil citrate, but not sodium nitrite, reversed fetal growth
restriction

The fetal weight was significantly lower in HP group (2.9±0.08 g)
when compared to normal pregnant groups: NP; NP + S; NP + N and
NP + S + N (3.6± 0.2; 3.9± 0.2; 3.6± 0.08 and 3.8± 0.04 g, re-
spectively, *P< 0.05, Fig. 2A). Sildenafil reversed fetal growth re-
striction in HP + S group (3.9± 0.2 g) and in HP + S + N group
(3.7± 0.06 g, #P<0.05, Fig. 2A). However, sodium nitrite alone
showed no significant changes in fetal weight (HP + N group,
3.4± 0.1 g; P>0.05, Fig. 2A).

Placental weight was significantly lower in HP group
(0.49±0.01 g) when compared to normal pregnant groups: NP; NP +
S; NP + N and NP + S + N (0.61± 0.02; 0.60±0.01; 0.60± 0.01
and 0.59± 0.02 g, respectively, *P< 0.05, Fig. 2B). However, treat-
ment with sildenafil citrate (HP + S), sodium nitrite (HP + N), and
their combination (HP + S + N) reversed placental growth restriction
(0.61±0.01; 0.59±0.03; and 0.63±0.02 g, respectively, #P<0.05,
Fig. 2B).

Number of pups (litter size) was significantly lower in HP group
(9.3± 0.7) when compared to normal pregnant groups: NP; NP + S;
NP + N and NP + S + N (11.9± 1; 11.1±0.6; 11.4±0.6; and
11.8±0.5, respectively, *P<0.05, Fig. 2C). Sildenafil citrate (HP + S,
12.2±0.5), sodium nitrite (HP + N, 12.1±0.5) and their combina-
tion (HP + S + N, 11.8± 0.5) improved litter size (#P<0.05,
Fig. 2C).

Lower numbers of viable fetuses (Fig. 2D) with higher number of
reabsorbed fetuses (Fig. 2E) were found only in HP group (7±0.7 and
1.3±0.29, respectively) when compared to normal pregnant groups:
NP (11±1.0 and 0.30± 0.15), NP + S (11.3±0.7 and 0.25± 0.16);
NP + N (10.5±0.7 and 0.33± 0.13) and NP + S + N (11.3± 0.6
and 0.28± 0.18, *P<0.05, Fig. 2D and E, respectively). The treatment
with sildenafil, nitrite and their combination increased viable fetuses
and concomitantly reduced number of reabsorbed fetuses in HP + S
(11.6±0.4 and 0.5±0.18), HP + N (11.6±0.6 and 0.4± 0.16) and
HP + S + N (11± 0.5 and 0.5±0.26),#P<0.05, Fig. 2D and E, re-
spectively).

Fig. 2. Fetal and placental parameters were recorded on gestational-day 21: Fetal weight
(A), placental weight (B), litter size (C), number of viable fetuses (D) and number of
resorptions (E) in Normal Pregnant (NP), Normal Pregnant + Sildenafil citrate (NP + S),
Normal Pregnant + Sodium nitrite (NP + N), Normal Pregnant + sildenafil citrate +
sodium nitrite (NP + S + N), Hypertensive Pregnancy (HP), Hypertensive pregnancy +
Sildenafil citrate (HP + S), Hypertensive Pregnancy + Sodium nitrite (HP + N), and
Hypertensive Pregnancy + sildenafil citrate + sodium nitrite group (HP + S + N).
Values represent mean± S.E.M. One-way ANOVA followed by Bonferroni's correction for
multiple comparisons were used to compare measurements among eight groups.
*P<0.05 versus NP group. #P<0.05 versus HP group.
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3.3. Sodium nitrite, but not sildenafil citrate, increases plasmatic NOx levels
in normotensive and hypertensive pregnant rats

L-NAME treatment significantly reduced NO bioavailability, which
was evaluated by measuring plasmatic NOx concentrations in HP group

(45±7 µmol/l) compared to those found in NP group (76± 9 µmol/l,
*P <0.05, Fig. 3A). As expected, pregnant rats that received (or not) L-
NAME and treated with sodium nitrite showed increases in NO bioa-
vailability (NP + N group, 118±27; NP+ S+ N group, 108±14; HP
+ N group, 124±10; HP + S + N group, 100± 12 µmol/l; *, #

P< 0.05, Fig. 3A). However, pregnant rats treated with sildenafil
showed no changes in NOx concentrations (NP + S group, 63± 3.7; HP
+ S group, 50±3.5 µmol/l; Fig. 3A).

3.4. Sildenafil citrate (or sodium nitrite) alone did not increase plasmatic
cGMP levels in hypertensive pregnant rats

Similar plasmatic cGMP levels were found in NP group (3.1± 0.32
pmol/ml) and NP + N group (3.5± 0.9 pmol/ml) and HP group
(4.7± 0.39 pmol/ml). As expected, normal pregnant rats treated with
sildenafil alone (or in association with nitrite) presented higher plas-
matic cGMP levels (NP + S, 11.9±2.3; NP + S+ N, 10.3± 2.3 pmol/
ml, respectively) compared to NP and HP groups (*, # P<0.05,
Fig. 3B). However, pregnant rats that received L-NAME and treated
with sildenafil (or nitrite) alone presented no changes in plasmatic
cGMP levels (HP + S group, 3.3± 0.7; HP + N group, 4.1± 0.45
pmol/ml, respectively) compared to NP and HP groups. The sildenafil
in association with nitrite presented higher plasmatic cGMP levels (HP
+ S + N group, 10.3± 1.9 pmol/ml) compared to NP and HP groups
(*, # P<0.05, Fig. 3B).

3.5. Sildenafil citrate, but not sodium nitrite, decreases myeloperoxidase
activity

HP and HP + N groups presented increases in myeloperoxidase
activity (16.9± 1.8 and 17±1.8 U/L, respectively, *P <0.05,
Fig. 3C) when compared to normal pregnant groups: NP (10±1 U/L),
NP + S (7.5±0.9 U/L), NP + N (9.9±2.3 U/L), and NP + S + N
(9.4± 1.5 U/L). Interestingly, sildenafil prevented increases in mye-
loperoxidase activity (HP + S group, 10.6±1.1 U/L; HP + S + N
group, 10.1±1.3 U/L, respectively, #P <0.05, Fig. 3C).

3.6. Sildenafil citrate and sodium nitrite reduce lipid peroxides levels in
hypertensive pregnant rats

To evaluate the effects of sodium nitrite and sildenafil citrate on
hypertension-in-pregnancy-induced increase in oxidative stress, lipid
peroxides levels were evaluated by thiobarbituric acid-reactive sub-
stances (expressed in malondialdehyde levels). Lipid peroxidation in HP
group was elevated (148±19 nmol/ml) compared to normal pregnant
groups: NP (88±9 nmol/ml), NP + S (80± 5 nmol/ml), NP + N
(83±3 nmol/ml), and NP + S + N (76±5 nmol/ml, *P <0.05,
Fig. 3D). The treatment with sildenafil citrate, sodium nitrite and their
combination prevented the increases in lipid peroxidation (HP + S
group, 87±7 nmol/ml; HP + N group, 103±9 nmol/ml and HP + S
+ N group, 74±6 nmol/ml, #P <0.05, Fig. 3D).

3.7. Sildenafil citrate and sodium nitrite improve antioxidant capacity

Lower antioxidant capacity was found in HP group

Fig. 3. Plasmatic NOx levels (A), plasmatic cGMP levels (B), myeloperoxidase activity in
plasma (C), malondialdehyde levels in plasma (D), plasma antioxidant capacity (TEAC, E)
in Normal Pregnant (NP), Normal Pregnant + Sildenafil citrate (NP + S), Normal
Pregnant + Sodium nitrite (NP + N), Normal Pregnant + sildenafil citrate + sodium
nitrite (NP + S + N), Hypertensive Pregnancy (HP), Hypertensive pregnancy +
Sildenafil citrate (HP + S), Hypertensive Pregnancy + Sodium nitrite (HP + N), and
Hypertensive Pregnancy + sildenafil citrate + sodium nitrite group (HP + S + N).
Values represent mean± S.E.M. One-way ANOVA followed by Bonferroni's correction for
multiple comparisons were used to compare measurements among eight groups.
*P<0.05 versus NP group. #P<0.05 versus HP group.
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(0.16±0.006 mmol of Trolox equivalent/L) when compared to normal
pregnant groups: NP (0.21±0.008 mmol of Trolox equivalent/L) and
NP + S (0.21± 0.10 mmol of Trolox equivalent/L) *P <0.05,
Fig. 3E). Although hypertensive pregnant rats treated with sildenafil
alone (HP + S group, 0.19± 0.10 mmol of Trolox equivalent/L) or
sodium nitrite alone (HP + N group, 0.20± 0.10 mmol of Trolox
equivalent/L) showed trends to reverse the reduction of the antioxidant
capacity, no statistical differences were observed. However, sildenafil
associated with sodium nitrite, surprisingly, significantly increased the
antioxidant capacity (HP + S + N group, 0.25±0.21 mmol of Trolox
equivalent/L, #P< 0.05, Fig. 3E).

3.8. Plasma from hypertensive pregnant rats treated with sildenafil citrate,
but not with sodium nitrite, increases endothelial cell viability

The HUVECs showed higher cell viability when incubated with
plasma from hypertensive pregnant rats treated with sildenafil citrate
(HP + S group, 58.6±5%; HP + S + N group, 58.1± 5%) when
compared to all other groups: NP (17± 2%), NP + S (23±5%), NP +
N (27± 3%), NP + S + N (16± 5%), HP (30±7%) and HP + N
(23± 5%),*,#P <0.05, Fig. 4A). However, hypertensive pregnant rats
treated with sodium nitrite alone (HP + N group) showed no changes
in HUVECs viability (P > 0.05, Fig. 4A).

3.9. Plasma from normotensive and hypertensive pregnant rats treated with
sildenafil citrate and sodium nitrite (alone or in association) increase NO
production in endothelial cells

The HUVECs incubated with plasma from normal pregnant rats
treated with sodium nitrite showed higher NOx concentrations in cells

supernatants (NP + N group, 78± 1; NP + S + N group,
72± 0.7 µmol/l) compared to NP group (54±0.9 µmol/l, *P <0.05,
Fig. 4B). Interestingly, HUVECs incubated with plasma from normal
pregnant rats treated with sildenafil also showed significant increases in
NOx concentrations in cells supernatants (NP + S group, 62± 1 µmol/
l) compared to NP group (53±0.9 µmol/l, *P <0.05, Fig. 4B). Also,
HUVECs incubated with plasma from hypertensive pregnant rats
treated with sildenafil, sodium nitrite isolated or in combination pre-
sented increases in the NOx concentrations in cells supernatants (HP +
S group, 58± 1; HP + N group, 61± 1; HP + S + N group,
60± 3 µmol/l) when compared to HP group (49±0.7 µmol/l,
#P <0.05, Fig. 4B).

4. Discussion

The main findings in the present study were that (1) sildenafil at-
tenuated hypertension and feto-placental growth restriction caused by
L-NAME in pregnant rats; (2) both maternal and feto-placental bene-
ficial sildenafil effects observed here were not dependent of NO and
cGMP bioavailability, because similar sildenafil effects were found in
the presence of increased or decreased circulating NO levels caused by
sodium nitrite or L-NAME, respectively; and were not dependent of
increases in cGMP levels (3) sildenafil (but not sodium nitrite) pro-
tected against fetal growth restriction as well as increases in myelo-
peroxidase activity caused by L-NAME; (4) while both drugs isolated
blunted increases in lipid peroxidation and reductions in antioxidant
capacity caused by L-NAME, only association enhanced the plasma
antioxidant capacity; (5) higher HUVECs viability was found after in-
cubation with plasma from L-NAME-induced hypertensive pregnant
rats treated with sildenafil; (6) HUVECs cultures incubated with plasma
from healthy or from L-NAME-induced hypertensive pregnant rats
treated with both drugs (either isolated or combined) showed higher
NO levels in cells supernatants compared with controls.

Studies have shown that reductions in circulating NO levels by
pharmacological inhibition of NOS synthesis with L-NAME resulted in
maternal hypertension, feto-placental growth restriction and increases
in oxidative stress, which are features of hypertension-in-pregnancy-
like state (Gonçalves-Rizzi et al., 2016; Possomato-Vieira et al., 2016;
Ramesar et al., 2010). In the present study, we found that sildenafil
treatment resulted in immediate and sustained attenuation of hy-
pertension and, sildenafil, but not sodium nitrite, also protected against
fetal growth restriction caused by L-NAME. To expand these findings
and to confirm that sildenafil effects may not depend of circulating NO
levels, we examined whether sildenafil effects could be enhanced by
sodium nitrite, a drug with the capability to increase the circulating NO
levels upon L-NAME-induced inhibition of NO synthesis in pregnant
(Gonçalves-Rizzi et al., 2016) and male rats (Kanematsu et al., 2008;
Montenegro et al., 2014; Pinheiro et al., 2014). In our hands, neither
synergistic nor additive effects of sildenafil combined with sodium ni-
trite were found. Similar effects on blood pressure and on placental
growth were found, independently if sildenafil was used isolated or
combined with sodium nitrite. Importantly, sildenafil, but not sodium
nitrite, reversed fetal growth restriction. Also, while similar circulating
NO levels were found in groups treated with sildenafil or saline, sodium
nitrite treatment (alone or combined with sildenafil) resulted in sig-
nificant increases in circulating NO levels. Therefore, these results in-
dicate that sildenafil effects are not dependent of circulating NO levels.

Particularly, sildenafil is known to prolong the effects of NO sig-
naling by inhibiting the breakdown of the second messenger of NO,
cGMP. However, NO bioavailability had not been evaluated in previous
studies reporting that sildenafil treatment ameliorates the maternal
syndrome of hypertension-in-pregnancy and rescues the fetal growth in
different animal models, including the reduced uterine perfusion pres-
sure (RUPP) rat model, Dahl salt–sensitive rat, suramin-treated rat and
catechol-O-methyl transferase knockout mouse (George et al., 2013;
Gillis et al., 2016; Stanley et al., 2012; Turgut et al., 2008).

Fig. 4. Cell viability (A) and NOx cell supernatant (B) in Normal Pregnant (NP), Normal
Pregnant + Sildenafil citrate (NP + S), Normal Pregnant + Sodium nitrite (NP + N),
Normal Pregnant + sildenafil citrate + sodium nitrite (NP + S + N), Hypertensive
Pregnancy (HP), Hypertensive pregnancy + Sildenafil citrate (HP + S), Hypertensive
Pregnancy + Sodium nitrite (HP + N), and Hypertensive Pregnancy + sildenafil citrate
+ sodium nitrite group (HP + S+ N). Values represent mean±S.E.M. One-way ANOVA
followed by Bonferroni's correction for multiple comparisons were used to compare
measurements among eight groups. *P< 0.05 versus NP group. #P< 0.05 versus HP
group.
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Our study accessed the circulating NO and cGMP levels and in-
dicated that maternal and feto-placental protective effects with silde-
nafil treatment are not dependent of circulating NO and cGMP levels,
i.e. sildenafil could present beneficial effects even under NO synthesis
inhibition with L-NAME and upon increases of NO bioavailability with
sodium nitrite.

In our hands, treatment with sildenafil alone or in combination with
nitrite increased plasmatic cGMP levels in normotensive animals, while
only combined treatment increased plasmatic cGMP levels in hy-
pertensive animals. As expected, treatment with sildenafil in normo-
tensive animals (NP + S and NP + S + N groups) increased plasmatic
cGMP levels, as this is the canonic mechanism by which sildenafil exerts
its effects (Francis et al., 2010; Hatzimouratidis, 2006). However, NO
derived from sodium nitrite did not promoted increases in plasmatic
cGMP levels (NP + N and HP + N groups). We suggest that an increase
in activity of cGMP-specific PDE5 in pregnancy (Ni et al., 2004) in-
hibited increase in cGMP in NP + N and HP + N groups.

Interestingly, beneficial effects of sildenafil alone in hypertensive
pregnant rats were not followed by increases in plasmatic cGMP levels
(HP + S group), because in the presence of reduced NO bioavailability
induced by L-NAME, there may be not sufficient NO to stimulate soluble
guanylate cyclase (sGC) and therefore to increase cGMP levels. This
supports our overall observation that sildenafil effects are not depen-
dent of circulating NO levels. Moreover, plasmatic cGMP levels were
found to be elevated in HP + S + N group, suggesting that nitrite-
derived NO stimulated sGC and increased cGMP levels, which remained
higher due to PDE5 inhibition by sildenafil citrate. Thus, increases in
the signaling of NO-cGMP pathway by nitrite in association with sil-
denafil may also be involved in the effects observed in HP + S + N
group. Taken together, these results show that the combined adminis-
tration of nitrite and sildenafil is not advantageous compared with
sildenafil alone, because sildenafil alone protected against hypertension
and fetal growth restriction without increase cGMP levels in HP + S
group, thus, suggesting that sildenafil effects in hypertension in preg-
nancy were not dependent of NO and cGMP. Thereby, our present re-
sults provide preclinical evidences to support the use of sildenafil in
women with hypertension-in-pregnancy with features of preeclampsia
(Trapani et al., 2016), even though preeclamptic women have shown
reduced NO formation compared to healthy pregnant women
(Ehsanipoor et al., 2013; Eleuterio et al., 2013; Schiessl et al., 2006;
Tranquilli et al., 2004; Wang et al., 2015).

In order to explain the findings with sildenafil, biochemical de-
terminants of oxidative stress were determined, because sildenafil has
revealed antioxidant effects (Gillis et al., 2016; Milani et al., 2005;
Ozdegirmenci et al., 2011; Semen et al., 2016; Soobryan et al., 2017).
However, this potential and beneficial pleiotropic effect of sildenafil,
that counteracts the endothelial dysfunction caused by oxidative stress
(Chrysant and Chrysant, 2012) needs to be confirmed in hypertension-
in-pregnancy. Regarding to oxidative stress, it is believed that under
stress conditions, there are elevated levels of myeloperoxidase, in-
creases in lipid peroxidation and concomitant reduction of plasma an-
tioxidant capacity in maternal circulation that may trigger or maintain
widespread maternal endothelial dysfunction in hypertensive disorders
of gestation (Gupta et al., 2009; Rocha-Penha et al., 2017). Our present
results are in line with these suggestions and we also found that sil-
denafil (but not sodium nitrite) treatment blunted the increases in
myeloperoxidase activity. Furthermore, lower lipid peroxidation (as-
sessed by TBARS) concentrations and rescues of antioxidant capacity
were found with both drugs (alone or in association). Interestingly,
synergic effects were observed in plasma antioxidant capacity when
drugs were used in association.

Given the fact that antihypertensive effects of sildenafil were asso-
ciated with reductions in both myeloperoxidase activity and TBARS
concentrations and that sildenafil restored the plasma antioxidant ca-
pacity, our data suggest that sildenafil protected the maternal vascu-
lature against the endothelium dysfunction caused by oxidative stress

induced by L-NAME. In addition, similar protective effects against lipid
peroxidation observed with both drugs (alone and combined) probably
resulted in antioxidant mechanisms shared by both drugs, as previously
reported (Amaral et al., 2015; Gillis et al., 2016; Guimarães et al., 2013;
Montenegro et al., 2011). Therefore, to clarify the pleiotropic effects of
sildenafil involving the endothelium protection, experiments in vitro
were performed.

We then assessed the cell viability in HUVECs cultures incubated
with plasma from healthy or from L-NAME-induced hypertensive
pregnant rats without treatment or treated with sildenafil and nitrite
(both alone and in association). Interestingly, higher cell viability was
found in HUVECs incubated with plasma from L-NAME-induced hy-
pertensive pregnant rats treated with sildenafil alone or combined with
nitrite compared with other groups. However, HUVECs incubated with
plasma from L-NAME-induced hypertensive pregnant rats treated with
sodium nitrite alone presented no increases in HUVECs viability.
Therefore, these findings in vitro suggest that sildenafil, but not sodium
nitrite, could protect the endothelial cells against the endogenous pro-
oxidants agents present in plasma, allowing pro-proliferative machinery
of HUVECs.

We suggest that sildenafil reduced reactive oxygen species produc-
tion, because we found that myeloperoxidase activity and lipid perox-
idation were reduced by sildenafil. Although the mechanism is not
completely elucidated, studies have shown that sildenafil has anti-
oxidant effect by increasing activity of antioxidant enzymes such as
catalase, glutathione peroxidase and superoxide dismutase (Celik et al.,
2014; Perk et al., 2008). In addition, sildenafil reduces the activity of
NADPH oxidase and vascular levels of nitrotyrosines (Guimarães et al.,
2013).

Increased myeloperoxidase activity has a role in endothelial dys-
function (Rocha-Penha et al., 2017), which is a hallmark of maternal
hypertensive syndromes (Roberts, 1998, 2014). An important fact in
gestational hypertensive disorders is ischemia/hypoxia (George et al.,
2013). During ischemic conditions there is accumulation of neutrophils
in the endothelium, in which activated neutrophils release cytotoxic
substances that interact with the endothelium and cause tissue damage
(Suzuki et al., 1993). In our hands, sildenafil, but not nitrite, reduced
myeloperoxidase activity, which is in accordance with previous studies
that reported that lower myeloperoxidase activity indicates lower
neutrophil activation (Suzuki et al., 1993) and that drugs that reduce
myeloperoxidase activity lead to increases in endothelial cell viability
(Tian et al., 2017). In line with these reports, reduction of myeloper-
oxidase activity by sildenafil may be responsible for increasing in en-
dothelial cell viability in our study.

Considering that sildenafil protects the endothelial cells in vivo and
in vitro against damages caused by oxidative stress, and that oxidative
stress impairs the NO formation by endothelial cells and further ag-
gravates endothelial dysfunction (Förstermann, 2010), we then as-
sessed the NO availability in vitro in cell supernatant of HUVECs in-
cubated with plasma from healthy or from L-NAME-induced
hypertensive pregnant rats without treatment or treated with sildenafil
and sodium nitrite (alone or combined). The NO levels in supernatant of
HUVECs cultures incubated with plasma from pregnant rats treated
with both drugs (either alone and combined) were significantly higher
compared to respective controls (pregnant rats treated with saline or L-
NAME).

Taken together, our present results are in accordance with the idea
that in vivo sildenafil treatment produces beneficial effects independent
of circulating NO levels, while in vitro sildenafil may protect the
healthy endothelial cells against possible damages caused by pro-oxi-
dants agents present in plasma, enabling the HUVECs ability to pro-
liferate, and to synthesize and to release NO. Accordingly, antioxidant
mechanisms activated by both drugs (sildenafil and sodium nitrite) may
reduce the reactive oxygen species in plasma (Amaral et al., 2015; Gillis
et al., 2016; Guimarães et al., 2013; Montenegro et al., 2011), pre-
venting the impairment of NO availability caused by oxidative stress.
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Alternatively, other mechanisms have been proposed to explain our
present results showing the increases in NO availability in HUVECs
incubated with plasma from rats treated with sildenafil. Previous re-
ports have suggested that sildenafil directly triggers a signaling cascade
in endothelial cells, through the action of kinases, resulting in the
phosphorylation of endothelial NO synthase, which provides NO
synthesis (Kukreja et al., 2004). However, it is important to make clear
that further studies are needed to clarify the mechanisms responsible by
the effects observed with sildenafil in this study.

Based on protective effects on endothelial cells observed here, we
suggest that sildenafil can be compared with soluble fms-like tyrosine
apheresis (Thadhani et al., 2016) for the treatment of preeclampsia
(Villanueva-García et al., 2007). Furthermore, the pleiotropic and
beneficial effects of sildenafil (Karasu et al., 2012) could be more ad-
vantageous in cost, access and risks than NO donors (Trapani et al.,
2016), including sodium nitrite treatment used here, which may results
in side effects such as methemoglobinemia-induced hypoxemia (DeVan
et al., 2016) and/or in peroxynitrite formation after superoxide reaction
with sodium nitrite-derived NO, leading to vasoconstriction instead of
vasodilation (Schulz et al., 2011).

Importantly, since the most commonly used antihypertensive drugs
have shown to cause systemic vasodilatation, but have no significant
clinical effects on increasing placental blood flow and protection of
fetal growth, additional trials should be conducted to address the effi-
cacy and safety of sildenafil in hypertensive pregnant women, parti-
cularly, the potential therapeutic role of sildenafil in pregnancies
complicated by intrauterine growth restriction (Trapani et al., 2016).

5. Conclusion

We concluded that sildenafil effects may not be dependent of cir-
culating NO levels in hypertension in pregnancy, because protective
sildenafil effects against hypertension and fetal growth restriction were
found in the presence of L-NAME and were independently of sodium
nitrite-derived NO. Moreover, these same sildenafil effects were not
followed by increases in plasmatic cGMP levels. Also, sildenafil may
protect endothelial cells against myeloperoxidase and pro-oxidant ac-
tivations in hypertension in pregnancy, suggesting pleiotropic sildenafil
effects. Clinical studies should be carried out to validate the beneficial
effects exerted by sildenafil during hypertension in pregnancy asso-
ciated with fetal growth restriction.
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