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A B S T R A C T   

Nitrate and nitrite supplement deficient endogenous nitric oxide (NO) formation. While these anions may 
generate NO, recent studies have shown that circulating nitrite levels do not necessarily correlate with the 
antihypertensive effect of oral nitrite administration and that formation of nitrosylated species (RXNO) in the 
stomach is critically involved in this effect. This study examined the possibility that RXNO formed in the stomach 
after oral nitrite administration promotes target protein nitrosylation in the vasculature, inhibits vasoconstriction 
and the hypertensive responses to angiotensin II. Our results show that oral nitrite treatment enhances circu
lating RXNO concentrations (measured by ozone-based chemiluminescence methods), increases aortic protein 
kinase C (PKC) nitrosylation (measured by resin-assisted capture SNO-RAC method), and reduces both angio
tensin II-induced vasoconstriction (isolated aortic ring preparation) and hypertensive (in vivo invasive blood 
pressure measurements) effects implicating PKC nitrosylation as a key mechanism for the responses to oral ni
trite. Treatment of rats with the nitrosylating compound S-nitrosoglutathione (GSNO) resulted in the same effects 
described for oral nitrite. Moreover, partial depletion of thiols with buthionine sulfoximine prevented PKC 
nitrosylation and the blood pressure effects of oral nitrite. Further confirming a role for PKC nitrosylation, 
preincubation of aortas with GSNO attenuated the responses to both angiotensin II and to a direct PKC activator, 
and this effect was attenuated by ascorbate (reverses GSNO-induced nitrosylation). GSNO-induced nitrosylation 
also inhibited the increases in Ca2+ mobilization in angiotensin II-stimulated HEK293T cells expressing 
angiotensin type 1 receptor. Together, these results are consistent with the idea that PKC nitrosylation in the 
vasculature may underlie oral nitrite treatment-induced reduction in the vascular and hypertensive responses to 
angiotensin II.   

1. Introduction 

The cardiovascular effects of nitrate and nitrite have been exten
sively validated in the last decades and include antihypertensive re
sponses, which were shown both in animal models and in humans [1–4]. 
Most studies suggest that such antihypertensive effect is directly asso
ciated with increased systemic formation of nitric oxide (NO) [5,6]. In 
fact, nitrite may generate NO by enzymatic activity of xanthine oxide 
reductase [7,8] or by nitrite reductase activity of deoxyhemoglobin [5]. 
In addition, nitrite may form NO in the acid environment of the stomach 
[9] and elicit systemic effects [10–13]. In last few years, our group has 
shown that increased plasma levels of nitrite do not necessarily correlate 
with the decreases in blood pressure after oral nitrite administration and 

that low gastric pH is critical to this response [3,13,14]. Our results 
suggest that oral nitrite administration increases the formation of 
nitrosylated species in the acidic environment of the stomach, which 
then reduce blood pressure [3,13,14].Other groups suggest that nitrite 
could form S-nitrosothiols directly in red blood cells under particular 
conditions [15]. Together, these previous studies suggest that S-nitro
sothiols formation appears to be central to the vascular effects of nitrite. 
This mechanism may explain how a single dose of nitrite may decrease 
the blood pressure for up to 24 h, when circulating nitrite levels have 
long been normalized [16], and suggests that this effect may not depend 
exclusively on nitrite-derived NO formation and may in fact involve 
protein nitrosylation. 

S-nitrosothiols are potent vasodilators [10,17] that may promote 
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transnitrosylation reactions [18] resulting in nitrosylation of target 
proteins and important changes in protein function with persistent ef
fects. An important example is nitrosylation of protein kinase C (PKC), 
which plays a critical role in the regulation of the vascular function. PKC 
nitrosylation results in inhibited enzyme activity, less protein phos
phorylation and inhibition of vasoconstriction [17]. Given that PKC 
plays a central role in vascular signaling and that PKC nitrosylation 
could inhibit angiotensin type 1 receptors (AT1R) activation by angio
tensin II or other receptors (adrenergic α1) mediating vasoconstriction, 
we hypothesized that treatment with oral nitrite could increase the 
circulating levels of S-nitrosylated species and promote vascular PKC 
nitrosylation, thus decreasing its activity. This mechanism could atten
uate the vascular responses to angiotensin II and explain the blood 
pressure responses to oral nitrite treatment. 

The present study addressed this possibility and provides further 
evidence supporting this mechanism by showing that oral nitrite treat
ment results in vascular responses that are very similar to those found 
with the use of S-nitrosoglutathione (GSNO), which also promotes 
vascular PKC nitrosylation and decreases the in vivo and ex vivo re
sponses to angiotensin II. 

2. Materials and methods 

2.1. Animals 

This study complied with guidelines of Ribeirao Preto Medical 
School, University of Sao Paulo, and the animals were handled accord
ing to the guiding principles published in the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals. Male Wistar 
rats (200–250 g) obtained from the colony at University of São Paulo 
were maintained on a 12-h light/dark cycle at room temperature 
(22–25 ◦C) with free access to standard rat chow and water. 

2.2. Assessment of mean arterial pressure (MAP) in unanesthetized 
freely-moving rats 

Invasive mean arterial blood pressure (MAP) was assessed in the 
present study. The animals were anesthetized with ketamine and xyla
zine (100 mg/kg and 10 mg/Kg i.p.) and the femoral artery and vein was 
cannulated (2 cm segment of a PE-10 tube connected to 14 cm of a PE-50 
tubing; Clay Adams, Parsippany, NJ, USA). The catheters were tunneled 
subcutaneously and exteriorized through the back of the neck. After 
surgery, the nonsteroidal anti-inflammatory flunixine meglumine (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 Win
dows). Before collecting data, we allowed at least 15 min of stabilization 
[11]. The catheter connected to femoral vein was used to infuse drugs. 

2.3. Assessment of vascular reactivity 

The rats were anesthetized with tribromoethanol (250 mg/kg i.p.) 
and their thoracic aortas were carefully isolated and cleaned of con
nective tissue and fat. Aortic rings, 4 mm in length, were cut and 
mounted for isometric tension recording as previously described [19]. 
The rings were placed in bath chambers (10 ml) for isolated organs 
containing modified Krebs salt solution with the following composition 
(mM): NaCl 130, CaCl2 1.6, MgSO4 1.2, KH2PO4 1.2, KCl 4.7, NaHCO3 
14.9, glucose 5.5. The solution was kept at 37 ◦C, pH 7.4, and bubbled 
with 95% O2 and 5% CO2. The system was connected to an isometric 
force displacement transducer (Harvard Apparatus, Holliston, MA, USA) 
and the responses were recorded on a computer system using the Lab
Chart version 4.0, PowerLab ADInstruments (2000) program. The aortic 
rings were subjected to a basal tension of 1.0 g during the 60 min 

equilibration period and endothelial integrity was examined by assess
ing the responses to acetylcholine (10− 6 mol/l) under contractile tone 
induced by phenylephrine (10− 7 mol/l). We used aortic rings with 
relaxing responses corresponding to at least 80% of the contraction 
induced by phenylephrine. 

2.4. Effects of oral nitrite pretreatment on the acute responses to 
angiotensin II 

A first series of experiments was designed to examine the effects of 
oral nitrite treatment on the blood pressure responses to intravenous 
infusions of angiotensin II. Therefore, the animals were randomly 
divided into two groups: normotensive rats that were treated for five 
days with sodium nitrite (0.2 mmol/kg by gavage) [3] and control rats 
(treated with water). On the fifth day, the rats were cannulated, as 
described above, and 6 h after the surgery, the arterial cannula was 
connected to a pressure transducer and MAP was recorded. After 15 min 
of stabilization, both groups of the animals received intravenous in
fusions of angiotensin II (0.03, 0.1, 0.3, 1.0, and 3.0 μg/kg) [20] and 
MAP was recorded. 

Ten minutes after the last angiotensin II infusion, the animals were 
euthanized with an overdose of anesthetic and blood samples and aortic 
tissue were collected and stored at − 70 ◦C. To preserve S-nitrosothiols, 
blood was centrifuged at 1000 g, and the plasma samples were stabilized 
with a solution containing N-ethylmaleimide (NEM) 10 mmol/l and 
diethylenetriaminepentaacetic acid (DTPA) 2 mmol/l [21]. Plasma 
samples were stored at − 70 ◦C until used to measure their nitrite, ni
trate, and nitrosylated species (RXNO) concentrations. 

An independent group of rats treated with oral nitrite (or water) was 
used to assess the effects of oral nitrite treatment on the vascular reac
tivity to angiotensin II using that aortic reactivity assay described above. 
Aortic rings from rats treated with oral nitrite (or water) were incubated 
with angiotensin II (from 10− 10 to 10− 7 mol/l) and concentration-effect 
curves were compared between the two experimental groups. 

2.5. Effects of oral S-nitrosogluthatione (GSNO) pretreatment on the 
acute responses to angiotensin II 

A second series of experiments was designed to examine whether the 
oral treatment with S-nitrosogluthatione (GSNO) at equimolar dose 
relative to that of sodium nitrite could reproduce the blood pressure 
changes and the modifications in vascular reactivity induced by oral 
nitrite in the responses to angiotensin II. 

Two groups of rats were used to test this possibility: normotensive 
rats that were treated for five days with GSNO (0.2 mmol/kg, by gavage) 
and control rats (treated with water). On the fifth day, the same pro
cedures described above for animals treated with nitrite were repeated 
with these rats. They received the same angiontensin II infusions and 
MAP was recorded. Ten minutes after the last angiotensin II infusion, 
blood samples and aortic tissue were collected as described above and 
stored at − 70 ◦C until used. 

2.6. Assessment of how partial thiol depletion modifies the effects of oral 
nitrite pretreatment on the acute responses to angiotensin II 

Given that nitrite-induced formation of S-nitrosothiols may mediate 
many of the effects associated with oral nitrite treatment, another series 
of experiments was designed to examine whether partial thiol depletion 
could attenuate the responses found with oral nitrite treatment. There
fore, we repeated the same blood pressure response experiments 
described in the first series of experiments using rats pretreated with oral 
nitrite (0.2 mmol/kg or vehicle for five days, by gavage) and the glu
thathione synthase inhibitor buthionine sulfoximine (BSO) 1.4 mmol/kg 
every 12 h, i.p [22]. After five days of treatment, the same procedures 
described in the first series of experiments were carried out. Again, 10 
min after the last angiotensin II infusion, blood samples and aortic tissue 
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were collected as described above and stored at − 70 ◦C until used. 

2.7. Measurement of plasma nitrite and nitrosylated species 
concentrations 

Plasma aliquots were analyzed in duplicate for their nitrite and 
nitrosylated species contents using an ozone-based reductive chem
iluminescence assay as previously described [13,21]. 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 
analyzer; Boulder, CO, USA). To measure nitroso compounds (RXNO) 
concentrations, 500 μl of plasma samples were treated with acid sulfa
nilamide (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. 

2.8. Assessment of total protein nitrosylation and PKC nitrosylation by 
resin-assisted capture (SNO-RAC) method 

Total nitrosylated proteins and PKC nitrosylation were determined 
using the SNO-RAC method [3,23] 20–21 with modifications. Proteins 
were extracted from aortic tissue and HEK293T cells 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 (Sigmafasttm Sigma) 
and centrifuged at 12,000 g 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 
methylmethanethiosulfonate) 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 2000 g 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 nitro
sylated proteins were quantified (Amersham Image 600, GE Healthcare, 
Little Chalfont, Buckinghamshire, UK) using the ImageJ Program (NIH, 
USA). Given the low protein concentration in the output samples, we 
loaded two times higher protein concentration for output samples as 
compared to input samples. The percentage of protein S-nitrosylation 
was calculated as 100% x 2(i)/(o). To quantify PKC nitrosylation, a 
western blotting analysis of PKC was run with the control (input) and the 
output samples obtained from SNO-RAC. 

2.9. Western blotting analysis of PKC 

Western blotting analysis of vascular PKC expression was carried out 
to assess PKC expression and to quantify PKC S-nitrosylation in aortic 
samples processed by SNO-RAC technique as described above. Briefly, 
input samples corresponding to 10 μg of protein extracts and output 
samples corresponding to three times as much as the input volume were 
separated by SDS-PAGE using an 10% polyacrylamide gel. The proteins 
were transferred to nitrocellulose membranes (GE Healthcare, Madison, 
WI, USA). After blocking with 3% BSA, the membranes were incubated 
overnight at 4 ◦C with primary antibody directed against PKC (1:500; sc- 
937). Then the membranes were incubated with horseradish peroxidase 
(HRP)-secondary goat anti-rabbit antibody (1:2000; Millipore) and 
revealed with ECL chemiluminescence kit (GE Healthcare). PKC 

expression was normalized with respect to β-actin expression (1:1000; 
Millipore). Total nitrosylated PKC were calculated as 100% x 3(i)/(o). 

2.10. Assessment of how GSNO-induced nitrosylation affects the vascular 
responses to PKC activation by angiotensin II or by a direct PKC activator 

Given that both oral nitrite or GSNO increased vascular protein 
nitrosylation and PKC nitrosylation, a series of experiments using the 
vascular reactivity assay described above was carried out to examine 
whether incubation of aortic rings with GSNO could attenuate the 
vascular responses to angiotensin II and to the direct PKC activator 
Phorbol 12,13-dibutyrate (PDBu). Therefore aortic rings from normo
tensive rats were preincubated for 5 min with GSNO 1 mmol/l (or 
vehicle) and then washed out with modified Krebs salt solution to 
eliminate any residual GSNO. This procedure avoided residual effects of 
GSNO (NO release) in the bath chamber during the vascular reactivity 
assay. Then the responses to cumulative concentrations of angiotensin II 
(10− 10 to 10− 7 mol/l) or Phorbol 12,13-dibutyrate (PDBu, (10− 9 to 10− 5 

mol/l) were measured to construct concentration–response curves. The 
curves were fitted using a nonlinear interactive fitting program 
(GraphPad Prism 5.0; GraphPad Software, Inc.). 

In addition to the experiments carried out with aortic rings pre
incubated with GSNO (or vehicle) for 5 min, another similar series of 
experiments was carried out with aortic rings preincubated with GSNO 
(or vehicle) and ascorbate 5 mmol/l (or vehicle) for additional 15 min. 
This approach was used to destroy any GSNO-induced protein nitro
sylation during the GSNO incubation. 

Control experiments identical to those described above with GSNO 
were carried out using aortic rings preincubated for 5 min with sodium 
nitrite 1 mmol/l (or vehicle) instead of GSNO, and then washed out with 
modified Krebs salt solution to eliminate any residual nitrite. These 
experiments were carried out to examine whether incubation of aortic 
rings with nitrite could attenuate the vascular responses to angiotensin II 
or to the direct PKC activator PDBu. 

2.11. Effects of GSNO on angiotensin II-mediated intracellular Ca2+

mobilization 

Given that angiotensin II promotes vasoconstriction by activating 
cellular mechanisms involving increasing Ca2+ mobilization, we exam
ined whether GSNO-induced nitrosylation could inhibit this mechanism 
in angiotensin II-stimulated HEK293T cells expressing the angiotensin 
type 1 receptor (AT1R). Intracellular calcium mobilization was deter
mined in HEK293T cells (previously transfected with the AT1R), which 
were loaded with a Ca2+-sensitive dye (FLIPR® Calcium 5 Assay Kit – 
Molecular Devices, Sunnyvale, CA, USA) as previously decribed [24]. 
Briefly, 48 h after transfection with plasmids encoding AT1R or oxytocin 
receptor (control experiments), HEK293T cells seeded in 96-well 
clear-bottom black plates (Cellstar – Greiner Bio-One, Monroe, NC, 
USA) were washed with PBS and loaded with Ca2+ sensitive dye con
taining 2.5 mM probenecid and incubated for 1 h at 37 ◦C and 5%CO2. 
The plates were incubated for 15 min with GSNO 1 mM + cysteine 0.1 
mM or vehicle (PBS pH 7.4). Then the plates were transferred to a 
FlexStation 3 microplate reader (Molecular Devices) and stimulated 
with a complete dose-response curve with angiotensin II or oxytocin and 
fluorescence was measured at excitation and emission wavelengths of 
485 nm and 525 nm, respectively. Three or four independent experi
ments were performed with each drug. 

2.12. 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. 
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2.13. Statistical analysis 

The results are expressed as means ± S.E.M. The comparisons be
tween groups were assessed by one-way or two-way analysis of variance 
followed by the Tukey test. A probability value P < 0.05 was considered 
signficant. 

3. Results 

3.1. Oral nitrite treatment enhances circulating S-nitrosylated species 
concentrations and attenuates the responses to angiotensin II by 
mechanisms associated with vascular PKC nitrosylation 

Rats were pretreated with oral nitrite for five days to examine 
whether this treatment affects the responses to angiotensin II. The blood 
pressure responses to angiotensin II infusions are shown in Fig. 1A, 
which clearly shows that pretreatment with oral nitrite attenuates the 
increases in MAP after the lower doses of angiotensin II (MAP increased 
by 9 ± 2 versus 20 ± 3 mmHg in controls after angiotensin II 0.03 μg/kg; 
by 24 ± 2 versus 34 ± 2 mmHg after angiotensin II 0.01 μg/kg in 

controls; and by 33 ± 2 versus 40 ± 2 mmHg after angiotensin II 0.3 μg/ 
kg in controls; all P < 0.05; Fig. 1A). This in vivo evidence showing an 
effect of oral nitrite was confirmed by vascular reactivity experiments ex 
vivo. As shown in Fig. 1B, C and 1D, pretreatment with nitrite attenuated 
the maximum effect of angiotensin II by >44% (maximum effect = 1.6 
± 0.1 in controls versus 0.9 ± 0.1 g in aortic rings from nitrite-treated 
animals; P < 0.05). 

In order to show a mechanism involved in the effects of oral nitrite on 
MAP and vascular reactivity, we assessed circulating and vascular con
centrations on nitrosylated species and measured vascular S-nitro
sylation of PKC, which is a key mechanism attenuating vasoconstriction 
[17]. Fig. 2A and B show that oral nitrite treatment increased both 
plasma nitrite (0.7 ± 0.1 μmol/l in controls and 1.7 ± 0.2 μmol/l in 
nitrite-treated rats) and nitrosylated species (RXNO; 27 ± 1 nmol/l in 
controls and 35 ± 2 nmol/l in nitrite-treated rats), respectively (both P 
< 0.05). The increases in circulating RXNO concentrations were also 
associated with increased total protein nitrosylation in the aortic tissue 
(by >25%; Fig. 2C; P < 0.05). Whereas oral nitrite treatment had no 
effect on vascular PKC expression (Fig. 2D and E), aortic PKC nitro
sylation increased from 16 ± 4% to 46 ± 9% in nitrite-treated animals 

Fig. 1. Pretreatment with nitrite attenuates the blood pressure responses to angiotensin II in vivo and decreases angiontensin II-induced vascular 
contraction ex vivo. Panel A shows the increases in mean arterial blood pressure (MAP) after infusion of angiotensin II (0.03, 0.1, 0.3, 1.0 and 3.0 μg/kg, i.v.) in rats 
pretreated with oral nitrite (15 mg/kg) or vehicle for five days. Panel B shows the concentration-effect curves in response to angiotensin II (from 10− 10 to 10− 7 mol/l) 
using aortas from rats pretreated with oral nitrite (15 mg/kg) or vehicle for five days. Panels C and D show the maximum effect and the pD2 values (the negative 
logarithm of the concentration producing half maximum effect), respectively. Data are shown as mean ± S.E.M. (n = 8–10/group for Panel A, and n = 6/group for 
Panels B,C and D). *P < 0.05 versus Vehicle. #P < 0.05 versus Vehicle for the concentration-effect curve. 
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(Fig. 2E); P < 0.05). 

3.2. GSNO treatment also enhances circulating S-nitrosylated species 
concentrations and attenuates the responses to angiotensin II by 
mechanisms associated with vascular PKC nitrosylation 

Given than many effects associated with oral nitrite treatment were 
associated with nitrosylation mechanisms, rats were pretreated with 
oral GSNO to examine whether this treatment could result in functional 
and biochemical changes similar to those found with oral nitrite treat
ment. Again, Fig. 3A shows that the blood pressure responses to 
angiotensin II infusions were attenuated by the pretreatment with GSNO 
when the lower doses of angiotensin II were used (MAP increased by 14 
± 1 versus 26 ± 3 mmHg in controls after angiotensin II 0.03 μg/kg; by 
30 ± 2 versus 37 ± 2 mmHg after angiotensin II 0.01 μg/kg in controls; 
and by 34 ± 3 versus 44 ± 1 mmHg after angiotensin II 0.3 μg/kg in 
controls; all P < 0.05; Fig. 3A). 

Consistently, this in vivo effect of GSNO on the responses to angio
tensin II were associated with increased plasma nitrite (0.7 ± 0.1 μmol/l 
in controls and 0.9 ± 0.1 μmol/l in GSNO-treated rats) and nitrosylated 
species (RXNO; 23 ± 1 nmol/l in controls and 36 ± 2 nmol/l in GSNO- 

treated rats), as shown in Fig. 3B and C, respectively (both P < 0.05). 
The increases in circulating RXNO concentrations were also associated 
with increased total protein nitrosylation in the aortic tissue (by >35%; 
Fig. 3D; P < 0.05). Whereas GSNO treatment had no effect on vascular 
PKC expression (Fig. 3E), aortic PKC nitrosylation increased from 16 ±
4% to 34 ± 10% in GSNO-treated animals (Fig. 3E and F; P < 0.05). 

3.3. Partial thiol depletion prevents the effects of oral nitrite on blood 
pressure and vascular PKC nitrosylation 

The effects of oral nitrite shown in the present study were very 
similar to those found with GSNO and apparently involve the formation 
of RXNO and nitrosylation mechanisms. To further validate this hy
pothesis, the effects of same oral nitrite treatment were studied in rats 
treated with BSO to cause partial thiol depletion, which could attenuate 
nitrite-induced increases in plasma RXNO concentrations and vascular 
protein nitrosylation. Interestingly, Fig. 4A shows that, in the context of 
partial thiol depletion with BSO, treatment with oral nitrite does not 
modify the blood pressure responses to angiotensin II (P > 0.05). 

Fig. 4B and C show plasma nitrite and RXNO concentrations in the 
four groups of animals. Fig. 4B clearly shows similar increases in plasma 

Fig. 2. Pretreatment with nitrite increases the concentrations of nitrosylated species (RXNO) in plasma, and enhances total protein and PKC nitrosylation 
in the vessels. Panels A and B show the concentrations of nitrite and nitrosylated species (RXNO), respectively, in plasma from rats pretreated with oral nitrite (15 
mg/kg) or vehicle for five days. Panel C shows a representative SDS/PAGE gel stained with Coomassie Blue to quantify total protein nitrosylation in aortic samples 
from nitrite or vehicle-treated animals using the SNO-RAC method (“I” corresponds to input: total protein; “o” corresponds to output: nitrosylated protein). The bar 
graphic shows the quantification of total nitrosylated proteins in the aortic samples. Panel D shows the quantification of PKC expression in the aortas from nitrite or 
vehicle-treated animals using Western blotting analysis. Panels E show a representative western blotting marking to quantification of PKC nitrosylation in aortic 
samples from nitrite or vehicle-treated animals. Data are shown as mean ± S.E.M. (n = 5–10/group). *P < 0.05 versus Vehicle. . (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of this article.) 
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nitrite concentrations after nitrite treatment in controls and in BSO- 
treated animals (P > 0.05). In contrast, nitrite treatment increased 
RXNO concentrations by approximately 40% in controls, whereas no 
significant increases in RXNO were found in animals treated with BSO. 
These results indicate that BSO prevented nitrite from increasing RXNO 
concentrations. 

In agreement with these results, the quantification of vascular pro
tein nitrosylation showed that nitrite treatment increased this 
biochemical parameter by approximately 35% in control animals (P <
0.05), whereas no significant increases in vascular protein nitrosylation 
were found in animals treated with BSO (P > 0.05; Fig. 4D). In parallel 
with total protein nitrosylation, the quantification of vascular PKC 
nitrosylation showed similar results. Treatment with oral nitrite or BSO 
did not affect the vascular expression of PKC (Fig. 4E, P > 0.05). How
ever, nitrite treatment more than doubled PKC nitrosylation in control 
rats (P < 0.05), whereas no significant changes were found in BSO 
treated animals (P > 0.05, Fig. 4E and F). These results indicate that BSO 
prevented nitrite from increasing total protein and PKC nitrosylation in 
the aorta. 

3.4. GSNO-induced nitrosylation attenuates the vascular responses to 
angiotensin II and to a direct PKC activator 

Treatment with oral nitrite or GSNO increased total protein and PKC 
nitrosylation in the vessels in association with decreased responsiveness 
to angiotensin II. Therefore, vascular reactivity experiments were 
designed to assess whether incubation of aortic rings with GSNO could 
attenuate the vascular responses to angiotensin II and to a direct PKC 
activator (PDBu), and whether this effect is reversible by ascorbate, 
which reverses GSNO-induced protein nitrosylation during the GSNO 
incubation. Fig. 5A, 5B, and 5C show that preincubation with GSNO 
attenuated the maximum contraction in response to angiotensin II by 
approximately 80% (P < 0.05). Whereas ascorbate alone had no effects, 
ascorbate prevented approximately 70% of GSNO-induced effects (P <
0.05). Similar results were found when the direct PKC activator PDBu 
was used (Fig. 5D, 5E, and 5F). Whereas GSNO attenuated the maximum 
contraction in response to angiotensin II by approximately 50% (P <
0.05), ascorbate totally prevented GSNO-induced effects (P < 0.05). 
Together, these results are consistent with the idea that PKC nitro
sylation may underlie the reduced responses to angiotensin II. 

Fig. 3. Pretreatment with S-nitrosogluthatione (GSNO) increases the concentrations of nitrosylated species (RXNO) in plasma, enhances total protein and 
PKC nitrosylation in the vessels and attenuates the blood pressure responses to angiotensin II in vivo. Panel A shows the increases in mean arterial blood 
pressure (MAP) after infusion of angiotensin II (0.03, 0.1, 0.3, 1.0 and 3.0 μg/kg, i.v.) in rats pretreated with oral GSNO (0.2 mmol/kg) or vehicle for five days. Panels 
B and C show the concentrations of nitrite and nitrosylated species (RXNO), respectively, in plasma from rats pretreated with oral GSNO or vehicle. Panel D shows a 
representative SDS/PAGE gel stained with Coomassie Blue to quantify total protein nitrosylation in aortic samples from GSNO or vehicle-treated animals using the 
SNO-RAC method (“I” corresponds to input: total protein; “o” corresponds to output: nitrosylated protein). The bar graphic shows the quantification of total 
nitrosylated proteins in the aortic samples. Panel E shows the quantification of PKC expression in the aortas using Western blotting analysis and show a representative 
marking to quantify PKC nitrosylation. Panel F show the quantification of PKC nitrosylation in aortic samples from GSNO or vehicle-treated animals. Data are shown 
as mean ± S.E.M. (n = 5–10/group). *P < 0.05 versus Vehicle. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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Control experiments carried out to examine the possibility that 
vascular incubation with sodium nitrite could attenuate the vascular 
responses to angiotensin II or to the direct PKC activator PDBu showed 
no effects of nitrite (Fig. 6; all P > 0.05). 

3.5. GSNO-induced nitrosylation attenuates angiotensin II-mediated 
intracellular Ca2+ mobilization 

To further explore critical cellular mechanisms involved in AT1R 
signaling and vasoconstriction that could be modulated by nitrosylation, 
we examined whether GSNO-induced nitrosylation inhibits the in
creases in Ca2+ mobilization in angiotensin II-stimulated HEK293T cells 
expressing the AT1R. Interestingly, preincubation with GSNO 1 mM 
reduced calcium mobilization after stimulation with angiotensin II by 
approximately 25%, as shown in Fig. 7A (P < 0.05). This GSNO-induced 
effect was not found in control experiments examining the effects of 
oxytocin in HEK293T cells expressing the oxytocin receptor (Fig. 7B; P 

> 0.05), which shares with the AT1R the same intracellular machinery. 
These results suggest that GSNO impairs AT1R function by mechanisms 
probably involving nitrosylation. In fact, GSNO incubation increased 
total protein nitrosylation from 23 ± 4% in vehicle-treated cells to 33 ±
3% in GSNO-pretreated cells (P < 0.05; Fig. 7C). 

4. Discussion 

This study shows for the first time that treatment with oral nitrite 
attenuates the vasoconstriction and the hypertensive responses to 
angiotensin II by mechanisms promoting S-nitrosylation of vascular 
proteins, in particular of PKC, which is critically involved in cellular 
signaling after activation of AT1R, and this effect may help to explain 
the blood pressure effects of oral nitrite administration. 

Recent data from our group suggest that oral nitrite treatment in
creases circulating S-nitrosothiols concentrations and restores the pro
tein nitrosylation levels in aorta from 2K1C hypertensive rats, which 

Fig. 4. Partial thiol depletion prevents oral nitrite from attenuating the blood pressure responses to angiotensin II and blunts oral nitrite-induced in
creases in plasma concentrations of nitrosylated species, in total protein and PKC nitrosylation in the vessels. Panel A shows the increases in mean arterial 
blood pressure (MAP) after infusion of angiotensin II (0.03, 0.1, 0.3, 1.0 and 3.0 μg/kg, i.v.) in rats pretreated with the glutathione synthase inhibitor buthionine 
sulfoximine (BSO) 1.4 mmol/kg every 12 h, i.p., and with oral nitrite (15 mg/kg) or vehicle for five days. BSO pretreatment blunted the effects of oral nitrite, which 
were found in control animals treated with vehicle instead of BSO and are shown in Fig. 1A). Panels B and C show the concentrations of nitrite and nitrosylated 
species (RXNO), respectively, in plasma from rats pretreated with vehicle or nitrite, and with BSO or BSO and nitrite for five days. Panel D shows a representative 
SDS/PAGE gel stained with Coomassie Blue to quantify total protein nitrosylation in aortic samples from the four experimental groups using the SNO-RAC method 
(“I” corresponds to input: total protein; “o” corresponds to output: nitrosylated protein). The bar graphic shows the quantification of total nitrosylated proteins in the 
aortic samples. Panel E shows the quantification of PKC expression in the aortas from the four experimental groups using Western blotting analysis and show a 
representative marking to quantify PKC nitrosylation. Panel F show the quantification of PKC nitrosylation in aortic samples from the four experimental groups. Data 
are shown as mean ± S.E.M. (n = 5–10/group). *P < 0.05 versus Vehicle. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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become hypertensive after primary activation of the renin-angiotensin 
axis, particularly during the initial weeks of hypertension [25]. This is 
important because the vascular redox environment of the vessels in 
2K1C hypertension usually shows pro-oxidant modifications resulting of 
increased angiotensin II activity and decreased protein nitrosylation, as 
we have described before [10]. In the present study, the initial experi
ments demonstrated that oral nitrite treatment results in increased 
circulating levels of nitrosylated species and attenuates the vascular and 
blood pressure responses to angiotensin II in association with increased 
vascular PKC nitrosylation. This initial evidence implicating PKC 
nitrosylation as a mediator of the blood pressure effects of oral nitrite is 
consistent with the critical role played by PKC in controlling the vascular 
tone and a decrease in PKC activity when this enzyme is nitrosylated 

[17]. These results may help to explain the mechanisms contributing to 
the antihypertensive effects of both nitrate and nitrite anions [1–3,26]. 
In fact, oral nitrite treatment increased PKC nitrosylation and prevented 
the vasoconstriction and the pressor effects of angiotensin II, and 
therefore, although it was not the focus of the present study, it is highly 
probable that similar attenuation of the effects caused by other media
tors including vasoconstrictor catecholamines would be found. Inter
estingly, the effects reported here are consistent with previous findings 
showing that oral nitrite administration resulted in antihypertensive 
effects lasting >24 h after a single daily nitrite administration which 
increased protein nitrosylation in the aortas from hypertensive animals 
[3]. In fact, this response was also found with nitrate administration and 
significantly attenuated by the use of oral mouthwash, which impaired 

Fig. 5. Incubation with S-nitrosogluthatione (GSNO) impairs the vascular contraction induced by angiotensin II or by the PKC activator PDBu and this 
effect is prevented by ascorbate. Panel A shows the vasoconstriction induced by angiotensin II (10− 10 to 10− 7 mol/l) in aortic ring preparations. The aortic rings 
were preincubated for 5 min with GSNO 1 mmol/l (or vehicle) in the bath chambers and washed out extensively with modified Krebs salt solution. After eliminating 
residual GSNO from the bath chambers, the aortic rings were further incubated with ascorbate 5 mmol/l (or vehicle) for additional 15 min and then the 
concentration-response curves in response to angiotensin II were constructed. Panels B and C show the corresponding pD2 values (the negative logarithm of the 
concentration producing half maximum effect) and maximum effect, respectively. Panel D shows the vasoconstriction induced by the PKC activator PDBu (10− 9 to 
10− 5 mol/l) in aortic ring preparations preincubated with GSNO (or vehicle) and ascorbate (or vehicle) as described above. Panels E and F show the corresponding 
pD2 values (the negative logarithm of the concentration producing half maximum effect) and maximum effect, respectively. Data are shown as mean ± S.E.M. (n = 6/ 
group). *P < 0.05 versus respective Vehicle group. #P < 0.05 versus Control group. $ P < 0.05 versus GSNO group. 
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the enterosalivary cycle of nitrate and prevented nitrate from being 
reduced to nitrite, thus reducing the increases in circulating S-nitro
sothiols and vascular protein nitrosylation [3,10,11]. Several recent 
studies by other groups have described vascular effects of nitrite that are 
not necessarily associated with increased NO production [27–29], thus 
strongly suggesting the involvement of other pathways such as catalase 
inhibition [28] or increased S-nitrosylation26 as possible mechanisms 
activated by nitrite. 

To strengthen the hypothesis of PKC S-nitrosylation results in 
decreased response to angiotensin II, animals were treated with the 
nitrosylating agent GSNO [18,30] and similar experiments were carried 
out. GSNO treatment resulted in blood pressure responses very similar to 
those found with oral nitrite. Again, vascular protein nitrosylation, in 
particular PKC nitrosylation, was probably implicated in the functional 
effects described here. Further supporting this hypothesis, we found that 
partial thiol depletion with BSO prevented the increases in circulating 
RXNO concentrations, which may explain the blunting of the increases 
in total protein and PKC nitrosylation caused by oral nitrite treatment, 
thus resulting in attenuation of its blood pressure effects. These results 

are consistent with previous findings showing that treatment with BSO 
blunts the effects of oral nitrite treatment [10]. 

Next, to confirm that PKC nitrosylation may be a critical mechanism 
explaining the effects of oral nitrite treatment, vascular reactivity ex
periments were carried out to show how incubation with GSNO modifies 
the vascular responses to angiotensin II and to PDBu (PKC activator). 
Interestingly, GSNO-induced nitrosylation attenuated the vascular re
sponses to angiotensin II and to PBDu, and this effect was significantly 
prevented by ascorbate, which reverses GSNO-induced protein nitro
sylation. Given that there was no GSNO in the bath chambers during 
vascular reactivity experiments, these results are consistent with the 
idea that PKC nitrosylation, and not NO released from nitrosothiols [31], 
is involved in the attenuation of the vascular responses to angiotensin II 
or to PDBu. These results are consistent with the notion that PKC 
S-nitrosylation down-regulates vasoconstriction [17]. 

Despite Increased vascular PKC nitrosylation, other molecules could 
be nitrosylated in AT1R pathway and should result in attenuation of 
angiotensin II-mediated Ca2+ mobilization. To test this hypothesis, we 
studied the effects of GSNO on the increases in Ca2+ mobilization in 

Fig. 6. Incubation with sodium nitrite 
does not affect the vascular contraction 
induced by angiotensin II or by the PKC 
activator PDBu. Panel A shows the vaso
constriction induced by angiotensin II (10− 10 

to 10− 7 mol/l) in aortic ring preparations. 
The aortic rings were preincubated for 5 min 
with sodium nitrite 1 mmol/l (or vehicle) in 
the bath chambers and washed out exten
sively with modified Krebs salt solution. 
After eliminating residual sodium nitrite 
from the bath chambers, concentration- 
response curves in response to angiotensin 
II were constructed. Panels B and C show the 
corresponding pD2 values (the negative 
logarithm of the concentration producing 
half maximum effect) and maximum effect, 
respectively. Panel D shows the vasocon
striction induced by the PKC activator PDBu 
(10− 9 to 10− 5 mol/l) in aortic ring prepara
tions preincubated with sodium nitrite (or 
vehicle) as described above. Panels E and F 
show the corresponding pD2 values (the 
negative logarithm of the concentration 
producing half maximum effect) and 
maximum effect, respectively. Data are 
shown as mean ± S.E.M. (n = 6/group).   
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angiotensin II-stimulated HEK293T cells expressing the AT1R. GSNO 
reduced Ca2+ mobilization significantly in cells with increased protein 
nitrosylation induced by GSNO incubation. The same was not true in 
control experiments using oxytocin to stimulate HEK293T cells 
expressing the oxytocin receptor, thus suggesting that nitrosylation 
affected AT1R, reducing the response to angiotensin II. Supporting this 
observation, AT1R nitrosylation was described and resulted in impaired 
binding of angiotensin II to AT1R [32]. 

This work focused on the possibility that oral nitrite could promote 
PKC nitrosylation as an important mechanism to attenuate vascular 
responsiveness to vasoconstrictors, as previously shown by others as a 
mechanism clearly decreasing PKC activity [17]. However, several other 
proteins involved in vasoconstriction and increased blood pressure 
could also be nitrosylated and also mediate the decrease in blood pres
sure after nitrite treatment. Indeed, AT1R [32], α1-adrenergic receptors 
[33], and NADPH oxidase [34] are among possible targets for oral nitrite 
treatment-induced protein nitrosylation. While our findings do not rule 
out the possible contribution of other nitrosylation targets in addition to 
PKC, they provide strong evidence that this mechanism directly linked 
to AT1R activation and intracellular calcium mobilization is involved in 
the blood pressure responses to oral nitrite administration. In addition, 
despite the fact that we have not addressed the contribution of cycle 

GMP (cGMP) to the effects of sodium nitrite in the present study, several 
previous reports have showed evidence supporting the participation of 
cGMP in various biological responses to nitrite under different condi
tions [35,36], and our data not exclude this possibility. 

In conclusion, our results show that oral nitrite treatment increases 
the formation of nitrosylating species concentrations, thus promoting 
vascular protein nitrosylation including PKC as a target. As a result of 
these biochemical modifications, the responses to angiotensin II are 
attenuated. These findings may have several implications in the therapy 
of hypertension and other cardiovascular diseases resulting of abnormal 
activation of the renin-angiotensin system. 
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Fig. 7. Incubation of HEK293T cells expressing angiotensin II type 1 receptors (AT1R) with GSNO impairs angiotensin II (but not oxytocin)-stimulated intracellular 
calcium mobilization. Panel A shows intracellular Ca2+ mobilization in HEK293T cells expressing AT1R and loaded with a Ca2+-sensitive dye and stimulated with 
angiotensin II (10− 12 to 10− 6 mol/l) after treatment with GSNO (1 mM) or vehicle for 15 min. Panel B shows control experiments using the same cells expressing 
oxytocin receptor, which were stimulated with oxytocin (10− 12 to 10− 7 mol/l) after treatment with GSNO (1 mM) or vehicle for 15 min. Panel C shows a repre
sentative SDS/PAGE gel stained with Coomassie Blue to quantify total protein nitrosylation in HEK293T cells (treated with from GSNO or vehicle) using the SNO-RAC 
method (“I” corresponds to input: total protein; “o” corresponds to output: nitrosylated protein). The bar graphic shows the quantification of total nitrosylated 
proteins. Data are shown as mean ± S.E.M. (n = 3–4/group). *P < 0.05 versus Vehicle. . (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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