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a b s t r a c t

Preeclampsia is a pregnancy-associated disorder characterized by hypertension with uncertain patho-
genesis. Increases in antiangiogenic soluble fms-like tyrosine kinase-1 (sFlt-1) and reductions in nitric
oxide (NO) bioavailability have been observed in preeclamptic women. However, the specific mecha-
nisms linking these detrimental changes to the hypertension-in-pregnancy are not clearly understood. In
this regard, while recent findings have suggested that nitrite-derived NO formation exerts antihyper-
tensive and antioxidant effects, no previous study has examined these responses to orally administered
nitrite in hypertension-in-pregnancy. We then hypothesized restoring NO bioavailability with sodium
nitrite in pregnant rats upon NO synthesis inhibition with N(omega)-nitro-L-arginine methyl ester (L-
NAME) attenuates hypertension and high circulating levels of sFlt-1. Number and weight of pups and
placentae were recorded to assess maternal-fetal interface. Plasma sFlt-1, vascular endothelial growth
factor (VEGF) and biochemical determinants of NO formation and of antioxidant function were
measured. We found that sodium nitrite blunts the hypertension-in-pregnancy and restores the NO
bioavailability, and concomitantly prevents the L-NAME-induced high circulating sFlt-1 and VEGF levels.
Also, our results suggest that nitrite-derived NO protected against reductions in litter size and placental
weight caused by L-NAME, improving number of viable and resorbed fetuses and antioxidant function.
Therefore, the present findings are consistent with the hypothesis that nitrite-derived NO may possibly
be the driving force behind the maternal and fetal beneficial effects observed with sodium nitrite during
hypertension-in-pregnancy. Certainly further investigations are required in preeclampsia, since coun-
teracting the damages to the mother and fetal sides resulting from hypertension and elevated sFlt-1
levels may provide a great benefit in this gestational hypertensive disease.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Preeclampsia and related hypertensive pregnancy disorders
affect 5e8% of all births in the United States, resulting in 15e20% of
maternal deaths worldwide [1]. These disorders present serious
complications to the mother and the baby, and the mechanisms
involved are not clearly understood [2]. Currently, despite intense
investigation, definitive treatment is limited to preterm delivery of
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the baby and placenta, suggesting that the causative symptoms of
preeclampsia may be dependent on the presence of the placenta
[3]. In fact, placental ischemia is thought to be an initiating event,
leading to the release of circulating biomarkers of inflammatory
response, oxidative stress and antiangiogenic factors in the
maternal circulation [4,5].

There may be an imbalance among the pro- and antiangiogenic
factors, in which the circulating antiangiogenic protein sFlt-1
(soluble fms-like tyrosine kinase-1) binds and sequesters the
vascular endothelial growth factor (VEGF), causing endothelial
dysfunction and producing preeclampsia-like symptoms [6].
Accordingly, the extracorporeal removal of circulating sFlt-1 in
preeclamptic patients may improve the symptoms [7], thus, con-
firming the key role of sFlt-1 in the maternal side of the disorder.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.niox.2016.05.004&domain=pdf
mailto:carlosjunior@ibb.unesp.br
http://crossmark.crossref.org/dialog/?doi=10.1016/j.niox.2016.05.004&domain=pdf
www.sciencedirect.com/science/journal/10898603
http://www.elsevier.com/locate/yniox
http://dx.doi.org/10.1016/j.niox.2016.05.004
http://dx.doi.org/10.1016/j.niox.2016.05.004
http://dx.doi.org/10.1016/j.niox.2016.05.004


V.H. Gonçalves-Rizzi et al. / Nitric Oxide 57 (2016) 71e7872
However, it has been shown that the high levels of circulating sFlt-1
and uteroplacental circulation are not affected by the most
commonly antihypertensive drugs used in clinic to treat pre-
eclampsia [2,4,6]. In addition, reductions on the formation of nitric
oxide (NO) may be inversely related to serum levels of sFlt-1,
highlighting that hypertension-in-pregnancy during preeclampsia
may be explained, at least in part, by reductions of NO bioavail-
ability [8e10].

Importantly, accumulated experimental evidences have showed
a potential role for the anion nitrite, being more than a simple
biomarker of NO formation. Nitrite is recycled back to NO as a
physiological alternative to NO formation independent of NO syn-
thase (NOS)-related pathways, restoring the vasodilator actions of
the NO [11e13]. In this context, recent studies have suggested that
NO generation from nitrite may occur in conditions such as hypoxia
and that sodium nitrite may selectively deliver NO to ischemic/
hypoxic tissues [12,13]. Therefore, if uteroplacental ischemia is
thought to play a major role in preeclampsia [4,5], we hypothesized
that these conditions would create the ideal biochemical environ-
ment for the in vivo reduction of nitrite to NO, thus, attenuating
hypertension (mother side) and concomitantly improving fetal
detrimental changes caused by hypertension-in-pregnancy.

In order to confirm this hypothesis, pregnant rats were treated
with N(omega)-nitro-L-arginine methyl ester (L-NAME), an inhibi-
tor of NO synthesis, during mid-to late gestation, in which hyper-
tension, reductions of litter size [14] and placental weight [15] are
manifested. We have also examined the circulating levels of sFlt-1
and VEGF, and biochemical determinants of oxidative stress [16],
and if the attenuation of hypertensionwith sodium nitritewould be
associatedwith reduced levels of sFlt-1 and antioxidant effects [11].

2. Materials and methods

2.1. Animals and experimental protocol

Wistar rats (200e250 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 0 of preg-
nancy 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 four treatment
groups (n ¼ 10 per group, total of 40 rats): Norm-Preg,
Preg þ Sodium nitrite, HTN-Preg and HTN-Preg þ Sodium nitrite
groups. Pregnant rats received daily 0.9% saline solution by gavage
and by via intraperitoneal (i.p.) in Norm-Preg group; or sodium
nitrite by gavage (Sodium nitrite; Sigma, St. Louis, MO, #S2252;
15 mg/kg/day for 7 days) and saline injections by via i.p. in
Preg þ Sodium nitrite group; or i.p. injections of N(G)-nitro-L-
arginine methyl ester (L-NAME; Sigma, St. Louis, MO, # 5751;
60 mg/kg/daily [17]) and saline solution by gavage in HTN-Preg
group; or i.p. injections of L-NAME (60 mg/kg/daily) and sodium
nitrite by gavage (15 mg/kg/day for 7 days) in HTN-Pregþ Sodium
nitrite group.

The dose of sodium nitrite (15 mg/kg or 0.217 mmol/kg; by
gavage) was chosen with basis on previous studies showing that
this dose exerts relevant antihypertensive and antioxidant effects
in rats [11,18e21].

Rats were euthanized on gestation-day 21 under overdose of
isoflurane followed by exsanguination. Blood samples were
collected in lyophilised ethylenediaminetetraacetic acid (EDTA)
(Vacuntainer Becton-Dickinson, BD, Oxford, UK) and 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, State Uni-
versity of Sao Paulo (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 13 (baseline with absence of gavage or i.p. injections) and days
14, 16, 18 and 20, 6 h after 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 5e10 min in a warm box (Insight,
Ribeirao Preto, Sao Paulo, Brazil, # EFF-307) 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 inflation-deflation (3e6) cycles by a trained
operator on pregnancy day 14 [22].

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 averages
of total number of viable fetuses, litter size, fetal weight and
placental weight of each mother were recorded. 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 [23].

2.4. Measurement of plasma NOx (nitrate þ nitrite) concentrations

The plasma NOx concentrations were determined in duplicate
by using the Griess reaction, as previously described [24]. Briefly,
40 mL of plasma were incubated with the same volume of nitrate
reductase buffer (0.1 M potassium phosphate, pH 7.5, containing
1 mM b-nicotinamide adenine dinucleotide phosphate and 2U of
nitrate reductase/mL) in individual wells of a 96-well plate. Sam-
ples were allowed to incubate overnight at 37 �C in the dark; 8 mL 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
minutes, at room temperature. A standard nitrate curve was ob-
tained by incubating sodium nitrate (0.2e200 mM) with the same
reductase buffer. The NOx levels in plasmawere expressed in mmol/
L.

2.5. Determination of sFlt-1 and VEGF

Commercial enzyme immunoassay (ELISA) kits for sFlt-1 (R&D
Systems Inc, Minneapolis, MN, USA #MVR100) and VEGF (R&D
Systems Inc, Minneapolis, MN, USA #RRV00) were used to deter-
mine plasma levels. Assays were performed according to manu-
facturer’s instructions. Plasmatic levels of sFlt-1 and VEGF were
expressed in pg/mL.

2.6. Determination of myeloperoxidase (MPO) activity

Circulating plasma levels of MPO reflect the inflammatory
response, as according to the method previously proposed by
Suzuki [25]. Briefly, 30 mL of centrifuged plasma samples received
100 mL of TMB (tetramethyl benzidine) and 0.04% of H2O2. Poste-
riorly, microplate was incubated for 10 min at 37 �C, protected from
light. The reaction was stopped with 100 mL of H2SO4 (2N) and the
absorbance at 450 nmwith correction to 630 nmwas read with the
spectrophotometer (Synergy 4, BIOTEK, Winooski, VT, USA). The
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results were expressed in DA630/min/mL).

2.7. Measurements of plasma antioxidant capacity

The trolox equivalent antioxidant capacity (TEAC) was per-
formed as previously described [26]. Briefly, a standard curve was
established using 100 mg of Trolox (6-hidroxy-2,5,7,8 - tetrame-
thylchroman-2-carboxylic-acid, Sigma, St. Louis, MO, USA, cata-
logue# 238813) in 1 mL of sodium acetate buffer (0.4 M,
C2H3NaO2.3H2O) þ glacial acetic acid (0.4 M). Firstly, 20 mL of
plasma samples were added to 200 mL of sodium acetate
buffer þ glacial acetic acid and the absorbance at 660 nmwas read
with the spectrophotometer (Synergy 4, BIOTEK, Winooski, VT,
USA). Secondly, 20 mL of sodium acetate buffer (0.03 M) and glacial
acetic acid (0.03 M) þ H2O2 þ ABTS (2,20-azino-bis(3-ethylbenz-
thiazolin-6 sulfonic acid, Sigma A 1888) was added to the samples
and incubated for 5 min. Finally, a second spectrophotometer read
was performed at 660 nm. The second reading values were sub-
tracted from the values found in the first reading and the antioxi-
dant activity of the sample was expressed as mmol of Trolox
equivalent/L.

2.8. Evaluation of the antioxidant status of plasma

Direct reductions of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), Sigma, St Louis, MO, USA) were
measured as previously described [27]. Briefly, 100 mL of plasma
were mixed with 12.5 ml of dye solution (5 mg/mL in PBS); the final
volume was adjusted to 200 ml with PBS and the mixture was
incubated for 60 min at 37 �C. The reaction was terminated by the
addition of 750 mL of 0.04 M hydrochloric acid in isopropanol. The
tubes were centrifuged for 10 min at 1000� g and the supernatant
collected and the absorbance were measured at 570 nm.

2.9. 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 measurements were submitted to a two-way analysis of
variance (ANOVA) with time and treatment defined as main effects,
followed by Bonferroni’s correction for multiple comparisons
among groups to compare measurements on pregnancy days 16, 18
and 20, or one-way ANOVA followed by Bonferroni’s correction for
multiple comparisons were used to compare fetal and placental
changes or sFlt-1, VEGF, TEAC, MPO, MTT and NOx levels. Since only
fetal weight in Norm-Preg group presented no normal distribution,
the Mann-Whitney test was used to compare the fetal weight
among the four groups. Statistical significance was considered at
P < 0.05. All values are expressed as mean ± SEM.

3. Results

There were no significant differences in the systolic blood
pressure values (116e123± 4 mmHg) among the four groups on
days 13 and 14 (P > 0.05, Fig. 1). Systolic blood pressure values were
elevated in the HTN-Preg group on days 16, 18 and 20 (145 ± 5;
149 ± 3 and 140 ± 4mmHg, respectively, *P < 0.05, Fig. 1). However,
HTN-Preg þ Sodium nitrite diminished systolic blood pressure
values were significantly observed on days 16, 18 and 20 (126 ± 3;
131 ± 3 and 127 ± 2.3 mmHg) compared to HTN-Preg group
(#P < 0.05, Fig. 1).

Number of pups (litter size) was significantly lower in HTN-Preg
(9.2 ± 0.7) if compared to Norm-Preg, Preg þ Sodium nitrite or
HTN-Preg þ Sodium nitrite groups (13 ± 1; 11 ± 0.6 or 12 ± 0.5,
respectively), *P < 0.05, Fig. 2A). Also, lower numbers of viable fe-
tuses with higher number of resorbed fetuses were found only in
HTN-Preg (7 ± 0.7 and 1.20 ± 0.29, respectively) and were
compared to Norm-Preg, Preg þ Sodium nitrite and HTN-
Pregþ Sodium nitrite groups (11 ± 1.0 and 0.30 ± 0.15; 11 ± 0.7 and
0.20 ± 0.13, and 11 ± 0.6 and 0.40 ± 0.16, respectively, *P < 0.05,
Fig. 2B and C). Surprisingly, the fetal weight was significantly higher
only in the Preg þ Sodium nitrite group (3.9 ± 0.05 g) if compared
to Norm-Preg, HTN-Preg and HTN-Preg þ Sodium nitrite groups
(2.9 ± 0.1; 3.1 ± 0.03 and 3.1 ± 0.04 g, respectively, #P < 0.05,
Fig. 2D). Lower placental weight was found only in HTN-Preg group
(0.53 ± 0.01 g) if compared to Norm-Preg, Preg þ Sodium nitrite
and HTN-Preg þ Sodium nitrite groups (0.63 ± 0.01; 0.6 ± 0.01 and
0.6 ± 0.01 g respectively, *P < 0.05, Fig. 2E).

We evaluated NO bioavailability by measuring plasma nitrite
and nitrate concentrations. We found significant lower NO
bioavailability in HTN-Preg group (49 ± 7 mmol/L) compared to
those found in the Norm-Preg group (72 ± 8 mmol/L, *P < 0.05,
Fig. 3A). However, the treatment with sodium nitrite enhanced the
NO bioavailability in both Preg þ Sodium nitrite and HTN-
Preg þ Sodium nitrite groups (138 ± 10 and 131 ± 11 mmol/L,
respectively, #P < 0.05, Fig. 3A). Also, no significant differences were
found in NO bioavailability between Preg þ Sodium nitrite and
HTN-Preg þ Sodium nitrite groups (P > 0.05, Fig. 3A).

Sodium nitrite blunted both increases in free sFlt-1 and VEGF
levels induced by L-NAME (both *P < 0.05, Fig. 3B and C). Increased-
free sFlt-1 levels were observed only in HTN-Preg group, if
compared with Norm-Preg, Preg þ Sodium nitrite and HTN-
Preg þ Sodium nitrite groups (368 ± 48; 162.2 ± 4.3; 136 ± 9 and
190 ± 22 pg/mL respectively, *P < 0.05, Fig. 3B). Higher levels of
VEGF in plasmawere found only in HTN-Preg group, if compared to
Norm-Preg, Preg þ Sodium nitrite and HTN-Preg þ Sodium nitrite
groups (77 ± 4.6; 58 ± 6; 57 ± 3 and 62 ± 1 pg/mL respectively,
*P < 0.05, Fig. 3C).

Lower anti-oxidant capacity was found only in HTN-Preg group
(0.04 ± 0.01) if compare to Norm-Preg, Preg þ Sodium nitrite or
HTN-Preg þ Sodium nitrite groups (0.11 ± 0.01; 0.13 ± 0.01 and
0.09 ± 0.01, respectively, *P < 0.05, Fig. 4A). Both Preg þ Sodium
nitrite and HTN-Preg þ Sodium nitrite groups presented increases
in antioxidant status of plasma (0.131 ± 0.002 and 0.130 ± 0.002,
respectively) if compared to control Norm-Preg and HTN-Preg
groups (0.11 ± 0.009 and 0.11 ± 0.006, respectively, #P < 0.05,
Fig. 4B).

Also, HTN-Preg and HTN-Preg þ Sodium nitrite groups pre-
sented increases in myeloperoxidase levels (2.06 ± 0.10 and
1.9 ± 0.15, respectively) if compared to Norm-Preg and
Pregþ Sodium nitrite groups (1.12 ± 0.2 and 1.13 ± 0.2, respectively,
**P < 0.05, Fig. 4C).

4. Discussion

This study shows that sodium nitrite, administered orally and
once a day, diminishes systolic blood pressure in hypertension-in-
pregnancy induced by L-NAME and concomitantly prevents the
increases in circulating plasma sFlt-1 and VEGF levels. Also, our
results suggest that increases in nitrite-derived NO has protected
against reductions in number of viable fetuses, litter size and
placental weight caused by L-NAME. In addition, we observed in-
creases in MPO levels with concomitant reductions in antioxidant
function of plasma induced by L-NAME, suggesting presence of
oxidative stress in this rat model of hypertension-in-pregnancy.
Also, sodium nitrite has maintained the antioxidant function in
hypertensive pregnant rats. Therefore, the present findings are
consistent with the idea that treatment with sodium nitrite at-
tenuates the hypertension-in-pregnancy and that nitrite-derived
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NOmay possibly be the driving force behind the maternal and fetal
beneficial effects observed here.

Pregnancy-induced hypertension results in a state of endothe-
lial dysfunction in preeclampsia [28,29], in which the exact
mechanisms leading to the hypertension remain obscure. However,
recent studies have proposed that there may be a pro/anti-
angiogenic imbalance in the pathogenesis of this disorder, sug-
gesting that high circulating levels of sFlt-1 in preeclamptic women
may be associated with hypertension [30,31]. Nevertheless, the
specific mechanisms linking high sFlt-1 levels to hypertension are
unclear. Earlier findings have shown reductions of bioavailable NO
in preeclamptic women [8,9,32e34] and that endogenous NO
production was reduced in 70% in the hypertensive response
caused by the infusion of sFlt-1 into pregnant rats [35] and other
animal models of hypertensive-pregnancy [10]. Thus, the present
findings are in accordance to the hypothesis that increased plasma
levels of sFlt-1 may be due to reductions of NO, suggesting that
there may be a crosstalk between reduced NO synthesis and in-
creases in sFlt-1 levels.

To test this hypothesis, pregnant rats were treated with the NOS
inhibitor L-NAME and received sodium nitrite (or saline) by gavage.
Upon chronic NOS inhibition, sodium nitrite reduces systolic blood
pressure and blunts the increases in circulating sFlt-1 levels. The
present results are in accordance to previous studies suggesting
that nitrite-derived NO after oral treatment with sodium nitrite
may restore the vasodilator actions of the NO, resulting in antihy-
pertensive effects in different rat models of hypertension
[11e13,18,19,22,36e39]. Thus, our data suggests that nitrite-
derived NO blunts the increases of sFlt-1 and attenuates the
hypertension-in-pregnancy induced by L-NAME.

The formation of NO from nitrite may occur by enzymatic or
non-enzimatic pathways. The enzymatic pathways involve deoxy-
haemoglobin [38], xanthine oxidase [40], myoglobin [41], aldehyde
oxidase [42], mitochondrial cytochromes [43] and carbonic anhy-
drase [44], while the non-enzymatic pathway comprises the
intragastric formation through reduction of nitrite to NO in low pH
in the stomach [13,37].

In our hands, following the treatment with sodium nitrite in
pregnant rats without L-NAME (Preg þ Sodium nitrite group) we
observed increases in NO levels with no changes in systolic blood
pressure, corroborating with previous studies that suggested
compensatory mechanisms of normal blood pressure regulation
[19,22,45]. Furthermore, we found increases in fetal weight with no
changes in placental weight in the same Preg þ Sodium nitrite
group, which suggest nitrite-derived NO may afford better fetal
maturational processes during late gestation [15,35,46].
While treatment with L-NAME (HTN-Preg group) produced re-
ductions in litter size and viable fetuses with more resorbed fetuses
and reductions in placental weights without affecting the fetal
weight, treatment with sodium nitrite was able to prevent these
detrimental changes to the fetuses and placenta. We then suggest
that the antihypertensive effects with concomitant increases in
litter size and placental weight, with more viable and less resorbed
fetuses may reflect the improvement of the uteroplacental perfu-
sion caused by nitrite-derived NO [47,48] and that NOmay promote
vasodilation of uteroplacental circulation [49,50]. Accordingly,
earlier evidence has showed that the number of pups and placental
weight are strongly correlated with uteroplacental blood flow and
that reductions in these parameters may reflect the uteroplacental
ischemia/hypoxia induced by L-NAME in rats [51]. Thus, we suggest
that ischemic uteroplacental vasculature may be the ideal
biochemical environment for the in vivo reduction of nitrite to NO.

We found higher circulating levels of VEGF in hypertension-in-
pregnancy induced by L-NAME than in normotensive pregnant rats
treated with (or without) sodium nitrite (Norm-Preg and
Preg þ Sodium nitrite groups). Supporting our results, recent re-
ports have demonstrated that increases in circulating levels of
VEGF may result in adverse maternal and fetal side effects
[31,52e55]. Accordingly, the exogenous VEGF administration in
pregnant rats caused hypertension and hypercoagulation in the
placental circulation, similar to human preeclampsia [56,57].
Additionally, mice with VEGF-overexpression revealed increases in
maternal serum levels of sFlt-1, which resulted in pregnancy losses,
placental vascular defects, increases in the number of resorption
sites and decreases in the number of viable fetuses and
preeclampsia-like symptoms including hypertension in the mother
[56]. Thus, wemay suggest that VEGF production could be elevated
due to an increase in vascular shear stress, mainly in uteroplacental
circulation [58]. Importantly, treatment of hypertensive pregnant
rats with sodium nitrite (HTN-Preg þ Sodium nitrite group)
resulted in a reduction in VEGF levels. This may occur due to the
fact that treatment with sodium nitrite may result in vasodilation
[59], leading to decreases in vascular shear stress, and consequently
reducing the production of VEGF [58], and that along with re-
ductions of sFlt-1 could be responsible for protective effects in
mother and fetal side of hypertension-in-pregnancy induced by L-
NAME.

Additionally, the antioxidant effect of sodium nitrite demon-
strated previously [11,19] is further supported by our results
showing that sodium nitrite restored the plasma antioxidant ca-
pacity (higher TEAC in HTN-Preg þ Sodium nitrite compared to
HTN-Preg group). However, although there was no reduction of
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plasma antioxidant status in HTN-Preg compared to Norm-Preg
group (presenting MTT assay with similar values), sodium nitrite
treated (Preg þ Sodium nitrite and HTN-Preg þ Sodium nitrite)
groups presented MTT assay with higher values than those ob-
tained with Norm-Preg and HTN-Preg groups. In this regard, while
we found these results with MTT assay to be intriguing, the sensi-
tivity of methods used may be related to these apparently con-
flicting data. In fact, although the MTT assay is widely used to
measure antioxidant status of plasma, the reference range and
linearity for plasma antioxidant capacity measured with TEAC
assay may be better than those found with MTT method [26,27,60].
Accordingly, a previous study showed that human plasma albumin
is responsible for only 40e60% of the total MTT reduction observed
and the platelets were not involved [27]. So, it is not entirely known
which of the remaining plasma components might be responsible
for the further direct reduction of MTT [27]. On the other hand,
TEAC assay can determine the antioxidative effects of bilirubin,
vitamin C, uric acid, polyphenols, and several proteins, including
albumin; thus, the range for plasma antioxidant capacity measured
with TEAC seems to be higher than that for the MTT method, since
the antioxidative effect of proteins is accounted for, providing more
sensitivity for determining the global antioxidant function [26].
Furthermore, it has been suggested that an oxidant/antioxidant
imbalance may be associated with pregnancy complications [61]
and that reductions of availability of endogenous NO during hy-
pertension may be due to oxidative stress [61]. In fact, reactive
oxygen species may result in the inactivation/sequestration of NO
[62]. For these reasons, we then have decided to assess the circu-
lating levels of MPO in our rat model of hypertension-in-pregnancy,
sinceMPO is a possible source of reactive oxygen species that is also
elevated in preeclamptic women [63,64]. thus, helping us to clarify
the interaction between oxidative stress and hypertension-in-
pregnancy induced by L-NAME.

We have found that L-NAME increased the circulating levels of
MPO in hypertensive pregnant rats treated with (or without) so-
dium nitrite (HTN-Preg þ Sodium nitrite and HTN-Preg groups).
This is particularly important due to the fact that MPO is an enzyme
abundantly expressed in neutrophil granulocytes and that may
become sequestered in the sub-endothelial space and accumulate
in the cell matrix, releasing reactive oxygen species into circulation
[65]. Corroborating these findings, studies have shown that mem-
bers of the family heme-peroxidases, in which MPO is prototype,
are able to consume NO, affecting its vasodilatatory response and
exacerbating endothelial dysfunction [66]. Together, the protective
(antihypertensive and antioxidant) effects of sodium nitrite treat-
ment were found even under presence of increased MPO levels
(similar levels in both HTN-Preg and HTN-Preg þ Sodium nitrite
groups), suggesting that the antioxidant effects of sodium nitrite
presented no relation with MPO; however, the protective effects
may result of inhibition of NADPH oxidase and xanthine oxidore-
ductase activities by sodium nitrite, preventing enzymes-
dependent reactive oxygen species production, as previously sug-
gested [11,19].

The oxidative stress may be a common feature, even during
healthy pregnancies, since there is an increase in the metabolic
demand requested by maternal-fetal interface, which is offset by
increases in antioxidant capacity [62,67]. However, upon
correction for multiple comparisons were used to compare measurements among four
groups. Since only fetal weight in Norm-Preg group presented no normal distribution,
the Mann-Whitney test was used to compare the fetal weight among the four groups.
*P < 0.05 for HTN-Preg vs. Norm Preg, Preg þ Sodium nitrite and HTN-Preg þ Sodium
nitrite groups. #P < 0.05 for Preg þ Sodium nitrite vs. Norm Preg, HTN-Preg and HTN-
Preg þ Sodium nitrite groups.



Fig. 3. Plasma NOx (A), circulating free sFlt-1 (B) and VEGF (C) levels in Norm Preg,
Preg þ Sodium nitrite, HTN-Preg and HTN-Preg þ Sodium nitrite groups. Values
represent mean ± SEM. One-way ANOVA followed by Bonferroni’s correction for
multiple comparisons were used to compare measurements among four groups.
*P < 0.05 for HTN-Preg vs. Norm Preg, Preg þ Sodium nitrite and HTN-Preg þ Sodium
nitrite groups. #P < 0.05 for Preg þ Sodium nitrite and HTN-Preg þ Sodium nitrite vs.
Norm Preg and HTN-Preg groups.

Fig. 4. Plasma antioxidant capacity (TEAC, A), antioxidant status (MTT, B) and MPO
activity (C) in Norm Preg, Preg þ Sodium nitrite, HTN-Preg and HTN-Preg þ Sodium
nitrite groups. Values represent mean ± SEM. One-way ANOVA followed by Bonfer-
roni’s correction for multiple comparisons were used to compare measurements
among four groups. *P < 0.05 for HTN-Preg vs. Norm Preg, Preg þ Sodium nitrite and
HTN-Preg þ Sodium nitrite groups. #P < 0.05 for Preg þ Sodium nitrite and HTN-
Preg þ Sodium nitrite vs. Norm Preg and HTN-Preg groups. **P < 0.05 for HTN-Preg
and HTN-Preg þ Sodium nitrite vs. Norm Preg and Preg þ Sodium nitrite groups.
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preeclampsia, antioxidant function has failed to prevent the dam-
age promoted by excessive oxidative stress [68]. In this sense,
maintaining antioxidant function may help in the prevention of
injuries caused by oxidative stress during hypertension-in-
pregnancy. Combined, these findings provide evidence that the
oral administration of sodium nitrite consistently decreases the
blood pressure in association with major antioxidant effects in
experimental hypertension [11,19,45], including hypertension-in-
pregnancy induced by L-NAME. Thus, the antioxidant function of
plasma maintained with sodium nitrite treatment may highlight
the importance of further investigation in preeclamptic women,
since counterbalancing the excessive oxidative damage may pro-
vide a great benefit in this related hypertensive disorders of
pregnancy.
The present study has some limitations that should be taken
into consideration. Firstly, although previous findings have shown
that 80 mg/day of sodium nitrite orally administrated was safe and
well tolerated in healthy adults with few side effects, and no dif-
ference in methemoglobin levels compared to placebo [69], the
methemoglobin levels could be a reason for concern in patients as a
result of sodium nitrite treatment, particularly when sodium nitrite
is used at high doses. Secondly, as clinical studies in obstetric pa-
tients always remain a delicate ethical issue, animal models serve
to answer specific questions regarding the pathophysiology of
preeclampsia. Moreover, comparability of data from clinical studies
and experimental models always remains speculative [70]. Thirdly,
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the fetal weight should be interpreted with caution, since many
factors may influence this parameter [71]. Finally, further studies
are necessary to address the potential therapeutic of sodium nitrite
during preeclampsia.

5. Conclusion

Taken together, our results suggest that nitrite-derived NO
prevents hypertension-in-pregnancy induced by L-NAME and
concomitantly reduces circulating plasma sFlt-1 and VEGF levels,
improving the placental weight and litter size withmore viable and
less resorbed fetuses. In addition, our findings confirm the hy-
pothesis that treatment with sodium nitrite attenuates the
hypertension-in-pregnancy and that nitrite-derived NO may
possibly be the driving force behind the maternal and fetal bene-
ficial effects observed in the present study.
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