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A B S T R A C T

The nitric oxide (NO•) metabolites nitrite and nitrate exert antihypertensive effects by mechanisms that involve
gastric formation of S-nitrosothiols. However, while the use of antiseptic mouthwash (AM) is known to
attenuate the responses to nitrate by disrupting its enterosalivary cycle, there is little information about whether
AM attenuates the effects of orally administered nitrite. We hypothesized that the antihypertensive effects of
orally administered nitrite would not be prevented by AM because, in contrast to oral nitrate, oral nitrite could
promote S-nitrosothiols formation in the stomach without intereference by AM. Chronic effects of oral nitrite or
nitrate were studied in two-kidney, one-clip (2K1C) hypertensive rats (and normotensive controls) treated with
AM (or vehicle) once/day. We found that orally administered nitrite exerts antihypertensive effects that were
not affected by AM. This finding contrasts with lack of antihypertensive responses to oral nitrate in 2K1C
hypertensive rats treated with AM. Nitrite and nitrate treatments increased plasma nitrites, nitrates, and S-
nitrosothiols concentrations. However, while treatment with AM attenuated the increases in plasma nitrite
concentrations after both nitrite and nitrate treatments, AM attenuated the increases in S-nitrosothiols in
nitrate-treated rats, but not in nitrite-treated rats. Moreover, AM attenuated vascular S-nitrosylation (detected
by the SNO-RAC method) after nitrate, but not after nitrite treatment. Significant correlations were found
between the hypotensive responses and S-nitrosothiols, and vascular S-nitrosylation levels. These results show
for the first time that oral nitrite exerts antihypertensive effects notwithstanding the fact that antiseptic
mouthwash disrupts the enterosalivary circulation of nitrate. Our results support a major role for S-nitrosothiols
formation resulting in vascular S-nitrosylation as a key mechanism for the antihypertensive effects of both oral
nitrite and nitrate.

1. Introduction

Evidence accumulated in the last two decades has changed our view
of the nitric oxide (NO•) metabolites nitrite and nitrate [1–3]. Many
experimental and clinical studies now clearly show that both anions
activate biological mechanisms that protect the cardiovascular system
against pathophysiological alterations of disease conditions including
hypertension [1,4–8]. In this context, the effects of nitrate were
intrinsically associated with its enterosalivary cycle, and a new NO
synthase-independent pathway leading to NO• formation has been
acknowleged, the nitrate-nitrite-NO pathway [9,10]. The basic knowl-
edge leading to the understanding of this new pathway has been
established in studies showing that swallowed nitrite generates NO•

under the acidic conditions of the stomach [11,12]. Swallowed nitrite

in saliva derives mostly from circulating nitrate, which is actively
secreted by salivary glands and reduced to nitrite by oral commensal
bacteria [13]. The critical role of oral microbiota in reducing nitrate to
nitrite has been widely acknowledged and nitrite can be further
reduced to NO by a variety of other enzymes under particular conditons
[14,15]. Given the relevance of these findings, dietary nitrate supple-
mentation has now been suggested as an effective therapeutic approach
to lower blood pressure in hypertensive patients [6,8].

Recent studies, however, have shown that the use of antibacterial
mouthwash may challenge the blood pressure lowering effects of
nitrate. In fact, the use of antiseptic mouthwash increased blood
pressure in healthy individuals [16] and abolished the blood pressure
lowering effects of nitrate in rodents [17,18]. This deleterious effect
associated with removal of the oral commensal bacteria has been
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attributed to disruption of nitrate reduction to nitrite by oral bacteria,
thus preventing nitrite to achieve the stomach and attenuating the
increases in plasma nitrite levels after a nitrate load [19]. While there is
no doubt that circulating nitrite can promote arterial and venous
dilation under normoxic conditions after nitrite is reduced to NO• by
deoxyhemoglobin, deoxymyoglobin or other enzymes with nitrite
reductase activity [4,20,21], the mechanisms causing this effect are
not fully understood [22,23]. In this respect, the effects of orally
administered nitrite have recently been associated with increased
gastric formation of S-nitrosothiols, independently of the concentra-
tions of nitrite measured in the plasma [23]. In addition, very similar
results were found with orally administered nitrate, thus suggesting
that the antihypertensive effects of both nitrite and nitrate [23–25]
critically involve the gastric formation of S-nitrosothiols [23], and are
independent of increases in plasma nitrite concentrations [24].

In the present study, we hypothesized that treatment with oral
nitrite circumvents antiseptic mouthwash-induced disruption of en-
terosalivary circuit of nitrate and therefore promotes blood pressure
lowering effects in hypertensive rats. In addition, given that the use of
antiseptic mouthwash severely reduces nitrite concentrations in swal-
lowed saliva achiving the stomach in animals treated with nitrate, we
hypothesized that the use of antiseptic mouthwash could impair the
increases in plasma S-nitrosothiols after treatment with oral nitrate,
but not with oral nitrite. We further examined tissue protein nitrosa-
tion to examine the consequences of alterations in S-nitrosothiols levels
associated with the use of antiseptic mouthwash.

2. Material and methods

2.1. Animals and hypertension model

The animals used in the present study were handled according to
the guiding principles published in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals and the study
followed the guidelines of the Ribeirao Preto Medical School,
University of Sao Paulo. Male Wistar rats (190–210 g) were obtained
from the colony at University of São Paulo and maintained on a 12-h
light/dark cycle at room temperature (22–25 °C) with free access to
standard rat chow and water.

Two kidney, one clip (2K1C) hypertension was induced as pre-
viously described [26,27]. Briefly, the rats were anesthetized with
tribromoethanol (250 mg/kg) and had their left renal artery clipped
with a silver clip (0.2 mm). Sham-operated control rats underwent the
same surgical procedure except for the clip placement. The nonster-
oidal anti-inflammatory flunixinemeglumine (2.5 mg/kg, sc,
Banamine; Schering Plough, Brazil) was administered after surgery.
Systolic blood pressure (SBP) was assessed weekly by tail-cuff plethys-
mography [25], and the last assessment was carried out approximately
18 h after the last dose of nitrite or nitrate treatments. To minimize the
effects of stress induced by this method on blood pressure measure-
ment, the animals were trained for a week before surgery.

To confirm blood pressure measurements with the tail-cuff method,
invasive mean arterial pressure (MAP) was evaluated at the end of
study period, approximately 6 h after the last dose of nitrite or nitrate
treatment. The animals were anesthetized with tribromoethanol
(250 mg/kg, i.p.) and had their femoral artery cannulated (2 cm
segment of a PE-10 tube connected to 14 cm of a PE-50 tubing; Clay
Adams, Parsippany, NJ, USA). The catheter was tunneled subcuta-
neously and exteriorized through the back of the neck. After surgery,
the nonsteroidal anti-inflammatory flunixinemeglumine (2.5 mg/kg,
s.c., Banamine®, Schering Plough, Brazil) was administered for post-
operation analgesia. After 6 h of rest, 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 data, we allowed at least 15 min of

stabilization [28].

2.2. Nitrite or nitrate treatments and the use of antiseptic mouthwash

A first study was designed to examine the effects of antiseptic
mouthwash on the antihypertensive effects of sodium nitrite. After two
weeks of 2K1C hypertension, both hypertensive and Sham-operated
received sodium nitrite 15 mg/kg (or vehicle) daily, by gavage
[23,28,29], and had their mouths cleaned with a swab containing a
commercial antiseptic mouthwash (Periogard®, chlorhexidine 0.12% or
saline) once a day [17]. Nitrite and mouthwash (or respective vehicles)
treatments were maintained for additional four weeks in the eight
groups of animals (N=10 rats/group). Six hours after the last nitrite (or
vehicle) administration, the rats were anesthetized with tribromoetha-
nol (250 mg/kg) and arterial blood samples were collected into heparin
containing tubes and immediately centrifuged at 1000g for 4 min.
Plasma aliquots were mixed with a solution containing N-ethylmalei-
mide (10 mmol/L) and diethylenetriaminepentaacetic acid (2 mmol/L)
to preserve S-nitrosothiols and stored at −70 °C until used to analyze
nitrite, nitrate, and S-nitrosothiols concentrations. The aortas were
dissected and stored at −70 oC until used to quantify protein
nitrosylation.

A second study was designed to examine the effects of antiseptic
mouthwash on the antihypertensive effects of sodium nitrate. This
study was carried out using the same procedures used in the first study,
except that sodium nitrate 140 mg/kg [17,23] was used to replace
sodium nitrite (eight groups of animals; N=10 rats/group).

The daily doses of nitrite and nitrate used in the present study were
chosen with basis on a series of previous studies by our group showing
that these doses significantly reduce blood pressure in 2K1C [5,23,28],
L-NAME [30], and DOCA-salt [31] hypertension models. In addition,
the doses of both anions used here are the same doses used in a
previous study by another group and correspond to pharmacological
doses with effects on blood pressure that were prevented by antiseptic
mouthwash in the case of nitrate [17]. Both nitrite and nitrate were
administered by gavage (1.5 ml/kg of 10 mg/ml and 93 mg/mg,
respectively) because we wanted to make sure that all rats received
exactly the same dose/body weight.

2.3. Assessment of oral bacterial concentrations

A tongue swab was collected at the end of the study period to assess
the concentration of oral bacteria [18]. This number was estimated
with basis on the number of colony-forming units (CFU) counted after
the bacteria from the swab were smeared on an agar plate and
incubated for 18 h before counting the number of colonies.

2.4. Measurement of plasma nitrate, nitrite, and S-nitrosothiols
concentrations

Plasma aliquots were analyzed in duplicate for their nitrite and S-
nitrosothiols contents using an ozone-based reductive chemilumines-
cence assay as previously described [28,32]. Briefly, to measure nitrite
concentrations in plasma, 50 μl of plasma samples were injected into a
solution of acidified tri-iodide, purging with nitrogen in line with a gas-
phase chemiluminescence NO analyzer (Sievers Model 280 NO analy-
zer; Boulder, CO, USA). To measure nitroso compounds (RSNO)
concentrations, 500 μl of plasma samples were treated with acid
sulfanilamide (5% sulfanilamide in HCl 1 mol/L) for 5 min before
injection into the solution of acidified tri-iodide purged with nitrogen
in line with the NO analyzer.

The plasma nitrate+nitrite (NOx) concentrations were determined
in duplicate by using the Griess reaction as previously described [28],
and plasma nitrate concentrations were calculated by subtracting
plasma nitrite concentrations from NOx. Briefly, 40 μl of plasma were
incubated with the same volume of nitrate reductase buffer (0.1 mol/L
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potassium phosphate, pH 7.5, containing b-nicotinamide adenine
dinucleotide phosphate 1 mmol/L and 2U of nitrate reductase/ml) in
96-well plates. The samples were incubated overnight at 37 °C in the
dark. Eighty microliters of freshly prepared Griess reagent (1%
sulfanilamide, 0.1% naphthylethylenediaminedihydrochloride in 5%
phosphoric acid) were added to each well and the plate was incubated
for additional 15 min at room temperature. A standard nitrate curve
was obtained by incubating sodium nitrate (0.2–200 mol/L) with the
same reductase buffer.

2.5. Assessment of protein nitrosylation by resin-assited capture
(SNO-RAC) method

Because treatment with oral nitrite or nitrate increased the
circulating levels of S-nitrosothiols, which could promote nitrosylation
of tissue targets involved in the antihypertensive effects of both anions,
we quantified total protein nitrosylation in aortas from rats used in the
present study. Total nitrosylated proteins were determined using the
SNO-RAC method [33] with modifications. Proteins were extracted
from aortic tissue with a buffer (25 mM HEPES, 50 mM NaCl, 0.1 mM
EDTA, 1% NP40 and 0.1% SDS pH 7.4) supplemented with protease
inhibitor cocktail (Sigmafast™ Sigma) and centrifuged at 12000g at
4 °C for 10 min. The supernatant was added to 1.6 ml of blocking
buffer (HEN Bufer: 100 mM HEPES, 1 mM EDTA and 0.1 mM
neocuproine, pH 8.1 plus 2.5% SDS and 20 mM methylmethanethio-
sulfonate) for 20 min at 50 °C, mixing every 5 min. Then 6 ml of pre-
chilled acetone were added to precipitate the proteins for 20 min at

−20 °C. The samples were centrifuged at 2000g for 10 min at 4 °C and
the pellets were washed four times with acetone 70% and suspended in
0.5 ml of HEN buffer with 1% SDS. Then the samples were incubated
overnight at 4 °C with 20 mM ascorbate and 40 μl of thiopropyl-
sepharose 6B under rotation. All the steps were carried out in the
absence of light. The resin was washed four times with 1 ml of HEN
buffer plus 1% SDS and five times with HEN buffer diluted 1:10 with
1% SDS (HEN Buffer/10 SDS) followed by elution with HEN Buffer/10
SDS plus 2% of 2-mercaptoethanol for 1 h at room temperature. To
quantify the proportion of nitrosylated proteins, both control input (i)
and output (o) samples are run on a 5% SDS/PAGE gel combined with
a 10% 5% SDS/PAGE gel. The run was stopped when the samples
reached the 10% gel. Then the gels were stained with Coomassie Blue
0.05% and nitrosylated proteins were quantified (Amersham Image
600, GE Healtcare, Little Chalfont, Buckinghamshire, UK) using the
ImageJ Program (NIH, USA). Given the low protein concentration in
the output samples, we loaded three times higher protein concentration
for output samples as compared to input samples. The percentage of
protein S-nitrosylation was calculated as 100%×3(i)/(o).

2.6. Drugs and solutions

Thiopropyl-sepharose 6B was purchased from GE Healthcare
(Little Chalfont, Buckinghamshire, UK) and all other drugs and
reagents were purchased from Sigma Chemical Co. (St Louis, MO,
USA). All solutions were prepared immediately before use.

Fig. 1. The antihypertensive responses to sodium nitrite, but not nitrate, resist the mouthwash effects. a) Systolic blood pressure in 2K1C hypertensive and Sham-operated rats treated
with nitrite (or vehicle) and antiseptic mouthwash (or vehicle). Treatments with nitrite (or vehicle) and mouthwash started after two weeks of hypertension (arrow). b) Invasive, mean
arterial pressure (MAP) at the end of four weeks of treatments described in a). c) Systolic blood pressure in 2K1C hypertensive and Sham-operated rats treated with nitrate (or vehicle)
and antiseptic mouthwash (or vehicle). Treatments with nitrate (or vehicle) and mouthwash started after two weeks of hypertension (arrow). d) Invasive, mean arterial pressure (MAP)
at the end of treatments described in c). Data are shown as mean ± S.E.M. (n=8–10 per group). * P < 0.05 versus Sham Vehicle group. # P < 0.05 versus 2K1C Vehicle group.
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2.7. Statistical analysis

The results are expressed as means ± S.E.M. The comparisons
between groups were assessed by one-way or two-way analysis of
variance followed by the Tukey test. The Pearson correlation (r, P) was
calculated for associations between changes in nitrosylated proteins,
plasma nitrosothiol concentrations, and systolic blood pressure. A
probability value P < 0.05 was considered significant.

3. Results

3.1. The antihypertensive responses to sodium nitrite, but not nitrate,
resist the mouthwash effects

While a variety of studies has shown antihypertensive effects of
both nitrite and nitrate, there is very little information exploring how
antiseptic mouthwash affects the antihypertensive responses to nitrite
[17]. In agreement with a recent study [23], both nitrite and nitrate
decreased SBP by approximately 40 mmHg (both P < 0.05; Fig. 1).
Importantly, this study shows that the use of mouthwash completely
blunted the antihypertensive effects of nitrate (P < 0.05; Fig. 1c),
without exerting any relevant effect on the antihypertensive responses
to nitrite (Fig. 1a). The use of mouthwash alone exerted no significant
effects on blood pressure (Fig. 1; all P > 0.05).

To confirm SBP results found with the tail-cuffmethod, we assessed
invasive blood pressure. Our MAP results clearly show that both nitrite
and nitrate lowered MAP significantly (both P < 0.05; Fig. 1b and d). In
parallel with non-invasive SBP, we found that the use of mouthwash
blunted the antihypertensive effects of nitrate (Fig. 1b; P > 0.05), but
not nitrite (Fig. 1d; P < 0.05).

Fig. 2 shows the effects of mouthwash on the number of CFU found
on agar plates. This figure clearly shows that treatment with chlorhex-
idine mouthwash reduced the number of CFU assessed approximately
24 h after the last mouthwash by 50–70% in all groups as compared
with respective control groups, both in nitrite and in nitrate treated rats
(Fig. 2a and b; all P < 0.05).

3.2. Treatment with mouthwash attenuates the increases in plasma
nitrite concentrations after treatment with either sodium nitrate or
nitrite

Because the blunting of the antihypertensive effects of nitrate (but
not nitrite) by antiseptic mouthwash could be explained by lesser
increases in the concentrations of plasma nitrite being converted to
NO• in the circulation after nitrate (but not nitrite) treatment, we
measured the plasma nitrite concentrations 6 h after the last admin-
istration of both treatments. Fig. 3 shows that nitrite treatment
increased plasma nitrite concentrations in Sham-operated and in
2K1C hypertensive rats by approximately 1 µmol/L (Fig. 3a; P <
0.05), whereas nitrate treatment increased plasma nitrite concentra-
tions in Sham-operated and in 2K1C hypertensive rats by approxi-
mately 4–7 µmol/L (Fig. 3c; P < 0.05). To our surprise, antiseptic
mouthwash attenuated the increases in plasma nitrite concentrations
by approximately 25–30% in both nitrite and nitrate-treated groups of
Sham-operated and in 2K1C hypertensive rats (Fig. 3a and c; P < 0.05).
These results show that antiseptic mouthwash causes similar attenua-
tion of the increases in plasma nitrite concentrations after both nitrite
and nitrate treatment.

Fig. 3 shows the increases in plasma nitrate concentrations after
both treatments. We found that nitrite treatment increased plasma
nitrate concentrations in Sham-operated and in 2K1C hypertensive rats
by approximately 35–40 µmol/L (Fig. 3b; P < 0.05), whereas nitrate
treatment increased plasma nitrate concentrations in Sham-operated
and in 2K1C hypertensive rats by approximately 60–90 µmol/L
(Fig. 3c; P < 0.05). Antiseptic mouthwash attenuated the increases in
plasma nitrate concentrations by approximately 45% in the nitrite-
treated group (Fig. 3b; P < 0.05), whereas non significant effects were
found in nitrate-treated groups (Fig. 3d; P < 0.05).

Fig. 2. Treatment with antiseptic mouthwash decreases the number of oral bacteria. The number of colony-forming units (CFU) was counted after the bacteria from the swab were
smeared on an agar plate and incubated for 18 h. a) CFU in 2K1C hypertensive and Sham-operated rats treated with nitrite (or vehicle) and antiseptic mouthwash (or vehicle). b) CFU in
2K1C hypertensive and Sham-operated rats treated with nitrate (or vehicle) and antiseptic mouthwash (or vehicle). Data are shown as mean ± S.E.M. (n=6–9 per group). * P < 0.05
versus Sham Vehicle group.
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3.3. Treatment with mouthwash attenuates the increases in plasma
S-nitrosothiols concentrations after treatment with sodium nitrate but
not nitrite

Given that the blunting of the antihypertensive effects of nitrate
(but not nitrite) by antiseptic mouthwash are not explained by
differences in the increases in plasma nitrite levels being converted
to NO• after nitrite (versus nitrate) treatment, we decided to measure
plasma S-nitrosothiols concentrations. This is because oral nitrite
administration could circumvent antiseptic mouthwash-induced dis-
ruption of enterosalivary circuit of nitrate as a result of nitrite achieving
the stomach and promoting the formation of S-nitrosothiols, a
mechanism apparently underlying the antihypertensive effects of
sodium nitrite [23]. Interestingly, Fig. 4 shows that both nitrite and
nitrate treatments increased plasma S-nitrosothiols concentrations by
approximately 100% (Fig. 4; both P < 0.05). However, antiseptic
mouthwash completely blunted the increases in plasma S-nitrosothiols

concentrations in rats treated with nitrate (Fig. 4b; P < 0.05), but not in
rats treated with nitrite (Fig. 4a; P > 0.05). These results show that
antiseptic mouthwash interfere with the increase in plasma S-nitro-
sothiols concentrations (Fig. 4) and blunts the antihypertensive effects
(Fig. 1) of nitrite, but not nitrate treatment.

3.4. Treatment with mouthwash attenuates the increases in vascular
S-nitrosylation levels after treatment with sodium nitrate but not
nitrite

The increases in circulating S-nitrosothiols concentrations may
mediate antihypertensive effects of orally administered nitrite or
nitrate. Therefore, because antiseptic mouthwash blunted the increases
in S-nitrosothiols associated with nitrate (but not nitrite) treatment, we
examined vascular nitrosylation levels using the SNO-RAC method.
Fig. 5 shows that 2k1C hypertension decreases aortic protein nitrosyla-
tion by approximately 50% (Fig. 5b and D; both P < 0.05), and both

Fig. 3. Antiseptic mouthwash attenuates the increases in plasma nitrite concentrations after treatment with either sodium nitrate or nitrite. a) and b) Plasma nitrite and nitrate
concentrations, respectively, in 2K1C hypertensive and Sham-operated rats treated with nitrite (or vehicle) and antiseptic mouthwash (or vehicle). c) and d) Plasma nitrite and nitrate
concentrations, respectively, in 2K1C hypertensive and Sham-operated rats treated with nitrate (or vehicle) and antiseptic mouthwash (or vehicle). Data are shown as mean ± S.E.M.
(n=6–9 per group). * P < 0.05 versus Sham Vehicle group. # P < 0.05 versus 2K1C Vehicle group. ** P < 0.05 versus respective 2K1C Nitrite or Nitrate group.
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nitrite or nitrate treatments do not increase this variable in normoten-
sive Sham-operated rats (Fig. 5b and D; both P > 0.05). Interestingly,
both nitrite and nitrate treatments almost doubled protein nitrosyla-
tion in aortas from 2K1C hypertensive rats (Fig. 5a and b, and Fig. 5c
and d, respectively; all P < 0.05). However, while antiseptic mouthwash
completely prevented vascular S-nitrosylation induced by nitrate
treatment (Fig. 5c and d; P < 0.05), no significant effects were found
in rats treated with nitrite (Fig. 5a and b; P > 0.05). These findings
show that vascular S-nitrosylation levels are consistent with the S-
nitrosothiols concentrations found in plasma samples. Importantly,
while both markers increased with either nitrite or nitrate treatments
and were associated with antihypertensive effects, antiseptic
mouthwash blunted the increases in both markers and the antihyper-
tensive effects exerted by nitrate, but not by nitrite treatment.

3.5. Vascular S-nitrosylation correlates positively with plasma S-
nitrosothiol concentrations and negatively with systolic blood
pressure

To further support the notion that S-nitrosothiols formation and S-
nitrosylation are involved in the antihypertensive effects of both nitrite
and nitrate, we examined whether vascular S-nitrosylation correlates
with S-nitrosothiols concentrations in plasma and with blood pressure.
Interstingly, we found significant positive correlation between S-
nitrosothiols concentrations and vascular S-nitrosylation (Fig. 6b;
r=0.97; P=0.03) and negative correlation between vascular S-nitrosyla-
tion and blood pressure (Fig. 6a; r=−0.94; P=0.04) in nitrite-treated
animals. Similar correlations were found in nitrate-treated animals,
although the association between S-nitrosothiols concentrations and
vascular S-nitrosylation was not statistically significant (Fig. 6d;
P=0.18). These findings support the suggestion that increased con-
centrations of S-nitrosothiols after nitrite or nitrate treatments pro-

mote vascular tissue S-nitrosylation and contribute to the antihyper-
tensive effects of both anions [23]. Moreover, these results indicate that
antiseptic mouthwash blunts the antihypertensive effects of nitrate by
interfering with S-nitrosylation mechanisms that are not significantly
affected when nitrite is used to lower blood pressure.

4. Discussion

This study shows that orally administered nitrite exerts antihyper-
tensive effects in rats treated with antiseptic mouthwash, an effect that
contrasts with lack of antihypertensive responses when oral nitrate was
used in hypertensive rats treated with the same antiseptic mouthwash.
Moreover, this study shows that the antihypertensive responses to
either nitrate or nitrate are associated with vascular protein nitrosyla-
tion and increased plasma S-nitrosothiols concentrations. Importantly,
antiseptic mouthwash prevented blood pressure and nitrosylation
responses to nitrate but not to nitrite, thus showing that orally
administered nitrite decreases blood pressure independently of the
enterosalivary cycle.

Recent studies have shown a variety of protective cardiovascular
effects of nitrate and nitrite. Those effects have been explained by
nitrite being converted into NO• by several enzymes with nitrite
reductase activity including xanthine oxide reductase [30,34–37] and
other heme-containing proteins, particularly deoxy-hemoglobin
[1,4,38,39]. These mechanisms are certainly very important to gen-
erate NO• from nitrite, independent of the route used to administer
nitrite or nitrate, which generates nitrite in the oral cavity [10], and
therefore part of the antihypertensive effects of both anions are
attributable to NO• generation from nitrite. Our results show that
plasma nitrite increased after both nitrite and nitrate treatments
(Fig. 3), even though lesser increases in nitrite levels were found when
the antiseptic mouthwash was used. Interestingly, the increases in

Fig. 4. Antiseptic mouthwash attenuates the increases in plasma S-nitrosothiols concentrations after treatment with sodium nitrate but not nitrite. a) Plasma S-nitrosothiols
concentrations in 2K1C hypertensive and Sham-operated rats treated with nitrite (or vehicle) and antiseptic mouthwash (or vehicle). b) Plasma S-nitrosothiols concentrations in 2K1C
hypertensive and Sham-operated rats treated with nitrate (or vehicle) and antiseptic mouthwash (or vehicle). Data are shown as mean ± S.E.M. (n=6–9 per group). * P < 0.05 versus
Sham Vehicle group.
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plasma nitrite concentrations following nitrate-treatment has been
shown to involve xanthine oxidase activity, which reduces nitrate to
nitrite [14].

The lesser increases in plasma nitrite levels after nitrate treatment
with the use of antiseptic mouthwash could help to explain how the
antiseptic mouthwash prevented the antihypertensive effects of nitrate.
It is reasonable to assume that the antiseptic mouthwash attenuated
the increases in plasma nitrite concentrations caused by nitrate
administration (Fig. 3c), as previously shown [19], and therefore less

nitrite is available to generate NO• , resulting in attenuation or blunting
of the antihypertensive effects of nitrate. However, it is astonishing to
note that plasma nitrite increased by approximately 10-fold (from <
0.5 to 5 µmol/L) when nitrate was administered to hypertensive rats
treated with antiseptic mouthwash (Fig. 3c), and no antihypertensive
effects were found in this group (Fig. 1c and d). These findings clearly
indicate that the antihypertensive effects of oral nitrate or nitrite
involve mechanisms in addition to the simple increases in circulating
nitrite levels and reduction of nitrite to NO• by enzymes or proteins

Fig. 5. Antiseptic mouthwash attenuates the increases in vascular S-nitrosylation levels after treatment with sodium nitrate but not nitrite. a) and c) Total nitrosylation of aortic
proteins determined by the SNO-RAC method using aortas from normotensive and 2K1C hypertensive treated with nitrite (or vehicle) and antiseptic mouthwash (or vehicle), and with
nitrate (or vehicle) and antiseptic mouthwash (or vehicle), respectively. Both control input (i) and output (o) samples are run on a SDS/PAGE gel and stained with Coomassie Blue. b)
and d) Quantification of S-nitrosylation levels in aortas from Sham-operated (normotensive controls) and 2K1C hypertensive rats treated with nitrite (or vehicle) and antiseptic
mouthwash (or vehicle), and with nitrate (or vehicle) and antiseptic mouthwash (or vehicle), respectively. Data are shown as mean ± S.E.M. (n=8 per group). * P < 0.05 versus Sham
Vehicle group. # P < 0.05 versus 2K1C Vehicle group.
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with nitrite-reductase activity. Our findings are consistent with the idea
that S-nitrosylation is critically involved in the antihypertensive effects
of both anions [23], as explained below.

S-nitrosothiols are vasoactive endogenous compounds that mediate
vasodilation at relatively low concentrations [40], and increased S-
nitrosothiols formation apparently mediate the antihypertensive effects
of both orally administered nitrite and nitrate [23]. Nonenzymatic
chemical reactions take place in the acidic environment of the stomach
and generate NO• from nitrite [11,12,41]. These complex reactions
involve nitrite protonation to nitrous acid (HNO2), which generates a
variety of nitrogen oxides including NO• and NO2

• that mediate N- and
S-nitrosylation reactions [7,42–44]. Therefore, it is critical that nitrite
achieves the gastric cavity to promote these complex reactions and
lower blood pressure. In this respect, it has been previously shown that
antiseptic mouthwash prevents the reduction of nitrate to nitrite by
oral commensal bacteria, disrupts the enterosalivary cycle of nitrate,
and abolishes the hypotensive effects of nitrate [17,18]. While our
results confirm these previous results with nitrate, we now show that
the same effect is not found when nitrite is used instead of nitrate.
Indeed, the antihypertensive effects of oral nitrite resisted the deleter-
ious effects of antiseptic mouthwash and treatment with oral nitrite
lowered blood pressure independent of the use of antiseptic

mouthwash (Fig. 1). Importantly, while both nitrite and nitrate
treatments increased circulating S-nitrosothiols concentrations
(Fig. 4) and vascular S-nitrosylation levels (Fig. 5) in association with
their antihypertensive effects, these biochemical modifications were
impaired by antiseptic mouthwash only in nitrate-treated animals, and
not in nitrite-treated animals. Taken together, these results provide
strong evidence suggesting that the antihypertensive effects of both
nitrite and nitrate are probably mediated by mechanisms involving
nitrosylation, as previously suggested [23]. The use of antiseptic
mouthwash prevents nitrite formation in the oral cavity with no nitrite
entering the acidic environment of the stomach after nitrate treatment,
thus blunting chemical reactions promoting S-nitrosylation.

It is noteworthy that we found antihypertensive effects of both
nitrite and nitrate only when plasma S-nitrosothiols increased.
Enhanced gastric formation of S-nitrosothiols, in turn, promotes
nitrosylation of many vascular targets by S-transnitrosylation processes
[42,45]. In agreement with this idea, we found a direct relationship
between S-nitrosothiols concentrations in plasma and vascular S-
nitrosylation, and an inverse relationship between vascular S-nitrosy-
lation and blood pressure in nitrite or nitrate-treated animals, inde-
pendent of the use of antiseptic mouthwash (Fig. 6). These findings
suggest that antiseptic mouthwash interferes with blood pressure

Fig. 6. Vascular S-nitrosylation levels correlate positively with plasma S-nitrosothiols concentrations and negatively with systolic blood pressure. Inverse relationship between systolic
blood pressure and vascular protein nitrosylaton (panel a) and direct relationship between plasma S-nitrosothiols concentratons (RSNO) and vascular protein nitrosylaton (panel b) in
2K1C hypertensive rats treated with nitrite (or vehicle) and antiseptic mouthwash (or vehicle). Similar relationships were found in nitrate-treated rats (panels c and d). Data are shown
as mean ± S.E.M. (n=6–8 per group). r = Pearson´s correlation coefficient.
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responses by inhibiting gastric formation of S-nitrosothiols, which
mediated S-nitrosylation of vascular targets. With basis on our results,
we it is reasonable to suppose that antiseptic mouthwash prevents
nitrate from being reduced to nitrite in the oral cavity, thus preventing
nitrite from reaching the gastric cavity, where S-nitrosothiols are
generated after nitrite is reduced to NO and other NO-related species.
Although we have not determined specific S-nitrosylation targets in the
present study, it is possible that the use of antiseptic mouthwash
prevented the S-nitrosylation of angiotensin II type 1 receptors (AT1R)
after nitrate (but not nitrite) treatment. In support of this suggestion,
S-nitrosylation of AT1R has been described as a mechanism decreasing
the affinity of angiotensin II for AT1R [46], and activation of the renin-
angiotensin system is a major contributor to hypertension in the 2K1C
model of hypertension [47].

Interestingly, while S-nitrosothiols concentrations increased to a
similar extent in Sham-operated and 2K1C hypertensive rats after
treatment with nitrite or nitrate, MAP decreased only in 2K1C
hypertensive rats. This could be explained by the fact that antihyper-
tensive effects of drugs are usually proportional to baseline blood
pressure. Therefore, the lack of significant effects of nitrate or nitrite
treatments on MAP in Sham-operated animals is probably explained by
increased sensitivity to nitrite and nitrate therapy in 2K1C hypertensive
as compared to normotensive rats, as previously shown [24,28]. On the
other hand, given that 2K1C hypertension increases vascular oxidative
stress [48], modifications in vascular redox state could change both
plasma S-nitrosothiols concentrations and tissue S-nitrosylation [49].
Supporting this suggestion, we found that 2K1C hypertension signifi-
cantly reduced aortic S-nitrosylation in the present study, thus
suggesting that increased oxidative stress commonly found in this
animal model of hypertension [50] may impair physiological S-
nitrosylation mechanisms that are restored by nitrite or nitrate
treatments, as our results show. However, this study has not been
designed to address this issue, and therefore further studies are
required to clarify these mechanisms.

This study has some limitations to note. The use of antiseptic
mouthwash reduced the bacterial counts by approximately 50–70% in
the present study, which is similar to previously reported [19]. While it
is possible that chlorhexidine antiseptic mouthwash may have in-
creased oral microbiome diversity as a result of chlorhexidine-induced
disruption of the abundance of usual bacterial species allowing the
proliferation of other species [18], the use of antiseptic mouthwash
totally prevented the antihypertensive effects of nitrate. Therefore it
remains to be determined whether the use of antiseptic mouthwash
disrupts the enterosalivary circulation of nitrate as a result of reduced
or altered oral microbiome. It is also surprising that the use of
antiseptic mouthwash attenuated the increase in plasma nitrite and
nitrate concentrations in nitrite-treated animals. While we have no
data to support a more comprehensive explanation for this finding, we
could speculated that mouthwash treatment may increase nitrite and
nitrate elimination from the body by modifying their metabolism in the
gastrointestinal tract or by promoting the formation of other NO-
related species. Moreover, we have not studied oxidative stress in the
present study, even though oxidative stress plays an important role in
the pathophysiology of hypertension and both nitrite and nitrate exert
antioxidant effects [5,51]. It is possible that these NO metabolites
interfere with the responses to angiotensin II and oxidant stress
promoted by this mediator [52]. Treatment with nitrate was shown
to attenuate renal NADPH oxidase activity and decreased arteriolar
contractions caused by angiotensin II [22]. Another recent study
showed that nitrate supplementation improves age-related impairment
in endogenous NO generation by inhibiting NADPH oxidase and by
modulating the expression of angiotensin II receptors [52]. Finally, the
overall number of CFU assessed in the first study (with nitrite) was
slightly greater (approximately 40–50%) than the overall number of
CFU assessed in the second study (with nitrate)(Fig. 2). Although we do
not have a precise explanation for this difference, these two studies

were not carried out simultaneously, and therefore environmental
conditions may have affected the number of CFU.

In conclusion, this study shows that treatment with oral nitrite
circumvents the deleterious effects of antiseptic mouthwash on the
antihypertensive effects of oral nitrate, and therefore oral nitrite exerts
antihypertensive effects notwithstanding the fact that antiseptic
mouthwash disrupts the enterosalivary cicle of nitrate. Our results
further support a major role for S-nitrosothiols formation resulting in
vascular S-nitrosylation as a key mechanism for the antihypertensive
effects of both oral nitrite and nitrate. While antiseptic mouthwash
impairs this mechanism by preventing oral nitrate reduction to nitrite,
the oral administration of nitrite is not susceptible to this interference
and could offer an important alternative to enhance NO signaling [53].
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