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Abstract Nitrate and nitrite have emerged as an important
novel source of nitric oxide (NO). We have previously dem-
onstrated that sodium nitrite is an antihypertensive compound
that exerts antioxidant effects in experimental hypertension.
These unpredicted antioxidant effects of nitrite raised the
question whether the beneficial effects found were caused by
its conversion to NO or simply due to reversal of endothelial
dysfunction as a consequence of its antioxidant effects. Here,
we evaluated the antihypertensive effects of a daily dose of
sodium nitrite for 4 weeks in L-NAME-induced hypertension
in rats. We studied the effects of nitrite on markers of NO
bioavailability, vascular oxidative stress, and expression of
xanthine oxidoreductase. Moreover, we tested if xanthine
oxidoreductase inhibition could attenuate the acute hypoten-
sive effects of sodium nitrite in L-NAME hypertensive rats.
We found that a single pharmacological dose of sodium nitrite
exerts antihypertensive effects in L-NAME-induced hyperten-
sion.While the beneficial antihypertensive properties of nitrite
were associated with increased levels of NO metabolites,
hypertension increased vascular xanthine oxidoreductase ex-
pression by approximately 40 %, with minor increases in
vascular superoxide production. The inhibition of xanthine
oxidoreductase by oxypurinol attenuated the acute hypoten-
sive effects of nitrite. Taken together, our results show that
nitrite exerts antihypertensive effects in L-NAME hyperten-
sive rats and provide evidence that xanthine oxidoreductase
plays an important role in this antihypertensive effect.
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Introduction

Nitrate and nitrite have emerged as an important novel source
of nitric oxide (NO) (Lundberg and Weitzberg 2013). After
initial misconceptions regarding the lack of biological effects
(Moncada and Higgs 1993; Lauer et al. 2001) and association
with some types of cancer (McKnight et al. 1999), there is
now a strong evidence that the nitrate/nitrite-derived NO is
part of an alternative pathway for NO formation, which is
complementary to the classical NO formation mediated by
NO synthases (Lundberg et al. 2008, 2009).

Two main mechanisms have been described for NO forma-
tion from nitrite. The first involves enzymatic reduction of
nitrite anion to NO by several enzymes and heme-containing
metalloproteins including (but not limited to) deoxyhemoglobin
and deoxymyoglobin (Cosby et al. 2003; Rassaf et al. 2007),
cytochromes P450 (Kozlov et al. 2003), enzymes of the mito-
chondrial respiratory chain (Kozlov et al. 1999), guanylate
cyclase (Alzawahra et al. 2008), and xanthine oxidoreductase
(Tripatara et al. 2007; Webb et al. 2004). The second mecha-
nism involves the enterosalivary circulation of nitrate and ni-
trite. The diet is an important source of nitrate/nitrite that once
ingested, enters to the enterosalivary circulation (Lundberg
et al. 2004). While part of nitrite is promptly reduced to NO
and other N-oxides products at the low pH of stomach, most of
ingested nitrate/nitrite is reabsorbed and concentrated at the
salivary glands that secrete saliva containing nitrate that is
reduced by commensal bacteria of the mouth to nitrite
(McKnight et al. 1997). When the saliva is swallowed, the
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nitrite is reduced again to NO at low gastric pH, completing the
enterosalivary cycle (Lundberg et al. 2004).

Although these two possible mechanisms explain NO pro-
duction from nitrite, the relevance of each pathway and the
role of nitrite in hypertensive disorders are still poorly under-
stood (Montenegro et al. 2011). For example, the plasma
levels of nitrite are lower in experimental and clinical hyper-
tensive disorders such as hypertension and preeclampsia as
compared to normotensive controls (Gomes et al. 2013;
Montenegro et al. 2010, 2011; Sandrim et al. 2010). This
difference in plasma nitrite levels is ascribed mostly to endo-
thelial dysfunction or to increased production to reactive
oxygen species associated with hypertensive diseases, which
decrease the NO bioavailability (Cai and Harrison 2000). In
this regard, we have previously demonstrated that oral treat-
ment with sodium nitrite restores plasma nitrite levels and
exerts antihypertensive and antioxidant effects in experimen-
tal renovascular hypertension (Montenegro et al. 2011, 2012).
The unexpected antioxidant effects induced by nitrite in this
model of hypertension raises the question whether the bene-
ficial effects of nitrite were due to the activation of nitrate-
nitrite-NO pathway fed by exogenously administrated nitrite
or by reversal of endothelial dysfunction as a consequence of
antioxidant effects of nitrite (Montenegro et al. 2011).

In the present study, we decided to evaluate the antihyper-
tensive effects of sodium nitrite in an experimental model of
hypertension caused by the NO synthase inhibitor Nω-nitro-L-
arginine methyl ester (L-NAME) because the antioxidant ef-
fects of nitrite cannot revert L-NAME-induced NO synthases
inhibition, which causes endothelial dysfunction. Therefore,
the goal of the current study was to examine whether restoring
nitrite levels by exogenous nitrite administration could atten-
uate the hypertension induced by L-NAME. We have also
studied the effects of sodium nitrite treatment on NO metab-
olites levels, vascular reactive oxygen species production, and
xanthine oxidoreductase expression. Finally, we tested the
effects of xanthine oxidoreductase inhibition on the acute
hypotensive effects exerted by sodium nitrite.

Methods

Animals and treatments

This study complied with guidelines of the Faculty of
Medicine of Ribeirao Preto, University of Sao Paulo, and
the animals were handled according to the guiding principles
published by the National Institutes of Health Guide for the
care and use of laboratory animals. Male Wistar rats (180–
200 g) obtained from the colony at the University of Sao Paulo
(Ribeirao Preto Campus, Brazil) were maintained on a 12-h
light/dark cycle at room temperature (22–25 °C) with free
access to standard rat chow and water.

The rats were randomly divided into four experimental
groups (n=10/group): control + vehicle (animals who re-
ceived only tap water and daily gavage of vehicle), control +
nitrite (animals who received tap water and daily gavage of
nitrite), L-NAME + vehicle (animals who received Nω-nitro-
L-arginine methyl ester (L-NAME; 1 g/l) in their drinking
water and daily gavage of vehicle), and L-NAME + nitrite
(animals who received L-NAME (1 g/l) in their drinking water
and daily gavage of nitrite). After 2 weeks of treatment with
tap water (control groups) or L-NAME (L-NAME hyperten-
sive groups), the animals received a daily gavage of vehicle or
sodium nitrite (15 mg/kg) for four additional weeks. This dose
of sodium nitrite was chosen with basis on our previous
studies showing antihypertensive effects of nitrite
(Montenegro et al. 2011, 2012).

Body weight and tail systolic blood pressure (SBP) were
assessed weekly by tail-cuff plethysmography. Aiming to
minimize the effects of stress induced by this method on blood
pressure measurement, the animals were trained for a week
before the protocol started.

Arterial blood samples were collected in tubes containing
heparin and immediately centrifuged at 1,000×g for 10 min.
Plasma aliquots were stored at −70 °C until analyzed.

Measurement of plasma nitrite concentrations

Plasma aliquots were analyzed in duplicate for their nitrite
content using an ozone-based reductive chemiluminescence
assay as previously described (Feelisch et al. 2002;
Montenegro et al. 2011). Briefly, to assess nitrite content in
plasma, 200μl of plasma samples were injected into a solution
of acidified triiodide, purged with nitrogen in-line with a gas-
phase chemiluminescence NO analyzer (Sievers Model 280
NO analyzer, Boulder, CO, USA). Approximately 8 ml of
triiodide solution (2 g potassium iodide and 1.3 g iodine
dissolved in 40 ml water with 140 ml acetic acid) was placed
in the purge vessel into which plasma samples were injected.
The triiodide solution reduces nitrites to NO gas, which is
detected by the NO analyzer. The data were analyzed using
the software Origin Lab 8.5.

Measurement of plasma nitrate concentrations

The plasma nitrate concentrations were determined in dupli-
cate by using the Griess reaction as we described previously
(Montenegro et al. 2009; Sandrim et al. 2010). Briefly, 40 μl
of plasma were incubated with the same volume of nitrate
reductase buffer (0.1 M potassium phosphate, pH 7.5, con-
taining 1 mM beta nicotinamide adenine dinucleotide phos-
phate, and 2 units of nitrate reductase/ml) in individual wells
of a 96-well plate. Samples were allowed to incubate over-
night at 37 °C in the dark. Eighty microliters of freshly
prepared Griess reagent (1 % sulphanilamide, 0.1 %
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naphthylethylenediamine dihydrochloride in 5 % phosphoric
acid) were added to each well and the plate was incubated
for an additional 15 min at room temperature. A stan-
dard nitrate curve was obtained by incubating sodium
nitrate (0.2–200 μM) with the same reductase buffer. The
absorbance was measured at 540 nm, using a microplate
reader.

Measurement of vascular reactive oxygen species production

Reactive oxygen species (ROS) production in the aortas were
measured by dihydroethidium (DHE), a ROS-sensitive fluores-
cent dye. The aortic cryosections (5-μm thick) were incubated at
room temperature with DHE (10 μmol/l) for 30 min. Sections
were examined by fluorescence microscopy (Leica Imaging
Systems Ltd., Cambridge, England), and the image was cap-
tured at ×400. Red fluorescence from 20 fields around the vessel
was evaluated using image software ImageJ (http://rsbweb.nih.
gov/ij/), as described before (Montenegro et al. 2010).

Western blotting analysis for xanthine oxidoreductase

We evaluated the vascular expression of xanthine oxidoreduc-
tase in aortic samples from all animals at the end of treatments.
Western blotting analysis was performed as we described
previously (Montenegro et al. 2011) with primary antibodies
(1:500) directed against xanthine oxidoreductase (code sc-
20991, Santa Cruz Inc., Santa Cruz, CA, USA), and the
expression was corrected by β-actin expression (dilution
1:10,000, code MAB1501, Millipore, Temecula, CA, USA).

Assessment of mean arterial pressure in unanesthetized freely
moving rats

One day before mean arterial pressure (MAP) assessment, the
animals were anesthetized with tribromoethanol (250 mg/kg,
i.p.) and both the femoral artery and vein were cannulated
(3-cm segment of a PE-10 tube connected to 14 cm of a
PE-50 tubing; Clay Adams, Parsippany, NJ, USA). The
catheter were then tunneled subcutaneously and exteriorized
through the back of the neck. After surgery, the nonsteroidal
anti-inflammatory flunixin meglumine (2.5 mg/kg, s.c.,

postoperative analgesia. Following 12 h of fasting, the arterial
cannula was connected to a pressure transducer and the
MAP was recorded in freely moving rats using a data
acquisition system (MP150CE; Biopac Systems Inc. CA,
USA) connected to a computer (Acknowledge 3.2, for
Windows). Before collecting the data, we allowed at least
15 min of stabilization.

Effects of xanthine oxidoreductase inhibition on the acute
hypotensive responses to intravenous administration
of sodium nitrite

We studied the role of xanthine oxidoreductase in the hypoten-
sive effects of intravenously administered sodium nitrite in L-
NAME hypertensive rats by examining the hypotensive re-
sponses to this anion in the presence or in the absence of
oxypurinol (a xanthine oxidoreductase inhibitor). The rats re-
ceived a single gavage of L-NAME (100mg/kg) to increase the
MAP by approximately 40 mmHg, as described previously
(Amaral et al. 2013; Pinheiro et al. 2012). MAP data recording
started 30min after L-NAME treatment andwas stable for at least
10 min. Thereafter, the rats received infusions of vehicle (NaOH
0.15 mol/l; 25 μl/min) or oxypurinol (25 mg/kg; 25 μl/min) for
10 min, and 15 min later the rats received cumulative doses of
sodium nitrite (1, 3, 10, 30, and 100 μmol/kg) or saline intrave-
nously. Nitrite dose were injected every 15 min, and the
maximum changes in MAP were evaluated.

Drugs and solutions

All drugs and reagents were purchased from Sigma Chemical
Co. (St Louis, MO, USA), and solutions were prepared
immediately before use.

Statistical analysis

The results are expressed as means ± SEM. The comparisons
between groups were assessed by two-way analysis of vari-
ance using Bonferroni correction or one-way analysis of var-
iance followed by Dunnett’s multiple comparison tests. A
probability value <0.05 was considered significant.

Results

Sodium nitrite exerts antihypertensive effect in L-NAME
hypertension

Baseline systolic blood pressure (SBP) and body weight were
similar in the four experimental groups (Fig. 1a, b). We found
no significant changes in SBP in the control + vehicle and
control + nitrite groups throughout the experimental protocol.
The L-NAME treatment induced a sustained increase in SBP
after the first and second week of treatment (Fig. 1a). While
the SBP increased in the L-NAME + vehicle group and peaked
at week 4, a daily gavage with sodium nitrite (15 mg/kg)
significantly decreased SBP in the L-NAME + nitrite group
(Fig. 1a; P<0.05). We found no significant differences in
body weight between the control groups (Fig. 1b, P>0.05).
However, L-NAME-treated animals gained less weight than
the control groups (Fig. 1b, P<0.05).
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Effects of sodium nitrite treatment on plasma nitrite, nitrate,
and NOx (nitrate + nitrite) levels

We evaluated NO formation by measuring plasma nitrite and
plasma nitrate concentrations using reductive chemilumi-
nescence and Griess reagent, respectively. We found
significant lower nitrite plasma levels in L-NAME +
vehicle group compared with those found in the control
+ vehicle group (P<0.05; Fig. 2a). Treatment with
sodium nitrite enhanced the plasma nitrite concentra-
tions in both control and L-NAME nitrite-treated groups
(P<0.05; Fig. 2a). No changes were found in plasma
nitrate or NOx concentrations in the L-NAME + vehicle
group when compared to the control + vehicle group,
but the treatment with sodium nitrite enhanced both
plasma nitrate and NOx concentrations in both the control
and L-NAME nitrite-treated groups (P<0.05; Fig. 2b, c,
respectively).

Effects of sodium nitrite treatment on vascular ROS
production

We assessed ROS production by using the sensitive fluores-
cent dye dihydroethidine (DHE) in aortic slices from the
animals. While DHE oxidation was significantly increased
in the L-NAME + vehicle group when compared to the control
+ vehicle group (P<0.05, Fig. 3a, b), nitrite treatment exerted
no significant effects on DHE oxidation, suggesting that the
treatment with nitrite does not affect L-NAME-induced
oxidative stress (P>0.05, Fig. 3a, b).

Effects of sodium nitrite on aortic xanthine oxidoreductase
expression

The analysis of xanthine oxidoreductase expression in the
aortas showed significant increases in xanthine oxidoreduc-
tase expression in the L-NAME hypertensive rats when
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compared to the control + vehicle group (P<0.05; Fig. 4a, b).
The treatment with nitrite exerted no significant effects on
xanthine oxidoreductase expression (P>0.05; Fig. 4a, b).

Xanthine oxidoreductase contributes for acute hypotensive
effects of sodium nitrite

Because we found increased xanthine oxidoreductase expres-
sion in aortic tissues from L-NAME hypertensive rats, we
decided to evaluate if oxypurinol (a xanthine oxidoreductase
inhibitor) could attenuate the hypotensive effects of sodium
nitrite. The infusion of vehicle or oxypurinol (25 mg/kg) alone
for 10 min induced no significant changes in MAP (MAP
before and after infusions: 142±6 and 142±7 mmHg, respec-
tively, for vehicle-treated, and 138±5 and 140±6 mmHg,
respectively, for oxypurinol-treated; both P>0.05). Sodium
nitrite infused 15 min after vehicle induced significant, dose-
dependent hypotension in unanesthetized freely moving rats

(P<0.05; Fig. 5). The hypotensive responses to sodium nitrite
were significantly attenuated when sodium nitrite was infused
15 min after oxypurinol (P<0.05; Fig. 5).

Discussion

In this study, we demonstrated that (1) a single pharmacolog-
ical dose of sodium nitrite exerts antihypertensive effects in L-
NAME hypertensive rats. (2) This antihypertensive effect was
associated with increased concentrations of NO metabolites,
and minor changes in vascular xanthine oxidoreductase ex-
pression and superoxide production. (3) The inhibition of
xanthine oxidoreductase by oxypurinol attenuated the acute
hypotensive effects of nitrite. Together, our data suggest that
nitrite exerts antihypertensive effects in L-NAME hyperten-
sive rats and provide evidence that xanthine oxidoreductase
plays an important role in this effect.
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Fig. 3 Effects of nitrite treatment on in situ vascular O2
•− production

measured by dihydroethidium (DHE) fluorescence. Panel a shows the
fluorescence intensity in each experimental group at the end of period of
treatment. Panel b shows representative photomicrographs (×400) of

aortic arteries incubated with the O2
•−-sensitive dye DHE, which pro-

duces red fluorescence when oxidized. Data are shown as mean ± SEM
(n=5 per group). *P<0.05 versus control + vehicle group
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Nitrite has been described as an important alternative to
NO formation in vivo, and as a result, this molecule became a
potential candidate in the management of hypertension.
Indeed, we have demonstrated that treatment with sodium
nitrite restores NO metabolites in renovascular hypertension
and exerts important antihypertensive and antioxidant effects
(Montenegro et al. 2011, 2012). Carlström et al. reported
similar findings using nitrate instead of nitrite in a salt-
induced hypertension model (Carlström et al. 2011). In the
present study, we expanded these previous findings and eval-
uated if nitrite treatment would revert the hypertension in-
duced by L-NAME. We found significant antihypertensive
effects after the first week of treatment with a single oral dose
of nitrite, and this effect improved with time. Nitrite treatment
was started 2 weeks after hypertension was induced, so that
we would make sure that the animals were really hypertensive
before the nitrite treatment was started. These findings are
consistent with a previous report by Tsuchiya et al. showing

that supplementation of drinking water with nitrite attenuated
the increases in blood pressure caused by L-NAME (Tsuchiya
et al. 2005). These beneficial antihypertensive effects were
associated with increased concentrations of markers of NO
bioavailability. While no changes were found in plasma NOx
(nitrite + nitrate) in the L-NAME hypertensive rats, plasma
nitrite levels were significantly lower than the controls, con-
sistent with endothelial dysfunction induced by NO synthase
inhibition by L-NAME. As expected, the nitrite treatment
induced a significant increase in both plasma NOx and plasma
nitrite levels.

The NO deprivation caused by L-NAME treatment in-
creased the in situ production of reactive oxygen species in
aortas, consistent with the alterations found in hypertension
models. However, these alterations were not reverted by nitrite
treatment, suggesting that nitrite exerted minor antioxidant
effects (if any) in L-NAME-induced hypertension. This find-
ing contrasts with those reported in the renovascular hyper-
tension model (two kidney, one clip), which showed revers-
ible oxidative stress after nitrite treatment (Montenegro et al.
2012). Indeed, the antioxidant effects of nitrite involve
NADPH oxidase inhibition, which is upregulated in the reno-
vascular hypertension model (Montenegro et al. 2011).

We found increased xanthine oxidoreductase expression in
the aortas from L-NAME hypertensive rats, which were not
reverted by nitrite treatment. This particular finding prompted
us to believe that xanthine oxidoreductase could be using
nitrite as a substrate for NO production, rather than simply
being a source or reactive oxygen species. Indeed, previous
studies reported that xanthine oxidoreductase uses nitrite as a
substrate under ischemia/reperfusion conditions (Tripatara
et al. 2007; Webb et al. 2004, 2008). Moreover, Gosh et al.
have recently reported that the beneficial effects of nitrite are
associated with elevated erythrocytic xanthine oxidoreductase
expression and xanthine oxidoreductase-dependent nitrite re-
ductase activity (Ghosh et al. 2013). Therefore, we decided to
examine whether oxypurinol, a xanthine oxidoreductase in-
hibitor, would attenuate the hypotensive effects elicited by

Fig. 4 L-NAME-induced
hypertension increases aortic
expression of xanthine
oxidoreductase (XOR). Panel a
shows a graph with the
densitometric analysis for
xanthine oxidoreductase
normalized by β-actin content.
Panel b shows a representative
western blotting gel showing the
aortic expression of xanthine oxi-
doreductase at the end of treat-
ment. Data are shown as mean ±
SEM (n=6–7 per group) *P<0.05
versus control + vehicle group
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sodium nitrite. The rats received L-NAME (100 mg/kg, by gavage) to
increase MAP by approximately 40 mmHg, followed 30 min later by
vehicle or oxypurinol (25 mg/kg; i.v.). Then 15 min later, the changes in
MAP in response to intravenous injections of vehicle (saline) or increas-
ing doses of sodium nitrite (1, 3, 10, 30, and 100 μmol/kg) were recorded.
Data are shown as mean ± SEM (n=4–6 per group). *P<0.001 for
oxypurinol versus vehicle at each and every dose of sodium nitrite
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intravenous administration of sodium nitrite in L-NAME hy-
pertensive rats. While sodium nitrite induced dose-dependent
hypotensive responses in control animals, pretreatment with
oxypurinol significantly attenuated the hypotensive responses
to nitrite, suggesting that xanthine oxidoreductase plays an
important role in the hypotensive responses to sodium nitrite.
Our findings agree with previous studies showing that xan-
thine oxidoreductase is responsible for the metabolism of
nitrite to NO within the lung, and therefore explains the
protective effect of nitrite against the development of pulmo-
nary arterial hypertension (Zuckerbraun et al. 2010).

Although acute affects do not necessarily correspond
to chronic effects, our findings corroborate previous
studies showing increased vascular expression of xan-
thine oxidoreductase in hypertension (Ghosh et al.
2013). Together, these results support the idea that in-
creased xanthine oxidoreductase activity may be a com-
pensatory mechanism to enhance the responses to nitrite
and increase NO bioactivity in hypertension, rather than
only promoting deleterious effects.

Some details of this study deserve some comments. First,
we found that treatment with the NO synthase inhibitor L-
NAME decreased plasma nitrite concentrations by more than
60%, whereas no significant decreases (<10%) were found in
plasma nitrate concentrations. These results are consistent
with the idea that nitrate concentration does not reflect NO
synthase activity and depends on a variety of factors.
Conversely, nitrite concentrations, rather than nitrate concen-
trations, reflect endogenous NO formation in vivo
(Kleinbongard et al. 2003; Metzger et al. 2006). Second, the
antihypertensive effects of sodium nitrite in L-NAME-induced
hypertension were shown in previous studies (Amin et al.
2012; Kanematsu et al. 2008). However, sodium nitrite treat-
ment started before the animals really became hypertensive in
those studies, whereas we started sodium nitrite after the
animals were clearly hypertensive, and therefore our results
show a therapeutic effect of sodium nitrite. Third, we used
oxypurinol, the major active product of allopurinol, to inhibit
xanthine oxidoreductase in the present study in order to test
how the acute inhibition of xanthine oxidoreductase affects
the responses to sodium nitrite. In parallel with allopurinol,
this drug may inhibit other enzymes involved in purine and
pyrimidine metabolism (Takano et al. 2005) and therefore
exerts nonspecific biological effects that have not been exam-
ined in the present study. However, we used oxypurinol only
to examine acute effects, and therefore nonspecific effects
may be less relevant under the conditions using oxypurinol.
Moreover, a number of previous studies have used oxypurinol
or allopurinol to examine the role of xanthine oxidoreductase
in the formation of NO from nitrite (Zuckerbraun et al. 2010;
Ghosh et al. 2013).

In conclusion, our results show that nitrite exerts antihy-
pertensive effects in L-NAME hypertensive rats and provide

evidence that xanthine oxidoreductase participates in this
beneficial antihypertensive effects.
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