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Abstract Quercetin has antioxidants properties which may
increase nitric oxide (NO) bioavailability. However, the effects
of quercetin on NO status have been poorly studied. We
evaluated whether quercetin improves the plasma levels of NO
metabolites in two-kidney one-clip (2K1C) hypertensive rats
and assessed its effect on endothelial function. Sham-operated
and 2K1C rats were treated with quercetin (10 mg−1kg−1day−1

by gavage) or vehicle for 3 weeks. Systolic blood pressure
(SBP) was monitored weekly. Vascular responses to acetyl-
choline (Ach) and sodium nitroprusside (SNP) were assessed
in hindquarter vascular bed. Plasma nitrate levels were
assessed by Griess reagent and plasma nitrite and nitroso
species (S, N-nitroso species) were assessed by ozone- based
chemiluminescence. Aortic NADPH oxidase activity and
superoxide production were evaluated. While quercetin had
no effects in control normotensive rats (P>0.05), it signifi-
cantly reduced SBP in 2K1C rats (P<0.05). At the end of
treatment, plasma nitrate levels were similar in all experi-

mental groups (P>0.05). However, plasma nitrite and the
nitroso species levels were significantly lower in 2K1C rats
when compared with controls (P<0.05). Quercetin treatment
restored plasma nitrite and nitroso species levels to those
found in the sham-vehicle group (P<0.05). While quercetin
treatment induced no significant changes in responses to SNP
(P>0.05), it restored the vascular responses to Ach.
Quercetin significantly attenuated 2K1C-hypertension-
induced increases in NADPH oxidase activity and vascular
superoxide production (P<0.05). These results suggest that
the antihypertensive effects of quercetin were associated with
increased NO formation and improved endothelial function,
which probably result from its antioxidant effects.
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Introduction

Several clinical and experimental studies have shown that
flavonoid quercetin exerts several biological effects includ-
ing improved vascular reactivity, antioxidant, and antihy-
pertensive effects (Duarte et al. 2001, 2002; Galisteo et al.
2004a; Garcia-Saura et al. 2005; Mackraj et al. 2008;
Edwards et al. 2007; Yamamoto and Oue 2006). The
mechanisms explaining the beneficial effects produced by
quercetin are attributed mainly to its antioxidants proper-
ties, which might include increases in nitric oxide (NO)
bioavailability. However, there is controversy with regards
to the role induced by quercetin on NO status. While some
studies have associated the antihypertensive effects of
quercetin with increases in plasma NOx (nitrate+nitrite)
levels (Garcia-Saura et al. 2005; Yamamoto and Oue 2006),
another study showed that quercetin paradoxically reverted
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the reduced NOx plasma levels in an experimental model of
hypertension induced by L-NAME (Duarte et al. 2002),
without altering nitric oxide synthase (NOS) activity
(Duarte et al. 2002). Moreover, Loke et al. showed that
while the ingestion of pure quercetin by normotensive
volunteers induced no changes in plasma nitrate levels
(which represent most of NOx content (Lauer et al. 2001)),
nitrite and S-nitrosothiols levels increased significantly
(Loke et al. 2008). Finally, an in vitro study suggested that
quercetin is a NO scavenger (Lopez-Lopez et al. 2004).

In order to clarify the effects of quercetin on NO status,
the present study was designed to examine the effects
induced by treatment with quercetin on markers of NO
production, such as NOx, nitrite, and nitroso species (S, N-
nitroso species) in an animal model of renovascular
hypertension. In addition, we have also evaluated the
impact of quercetin treatment on the vascular function,
which was assessed in hindquarters of rats, a relevant
vascular resistance bed. We demonstrated that quercetin
induces no changes on plasma NOx, but significantly
increases both plasma nitrite and nitroso species in
renovascular hypertension, thus improving the vascular
function.

Methods

Animals and treatments

This study complied with guidelines of the Faculty of
Medicine of Ribeirão Preto, University of São 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
University of São Paulo (Ribeirão Preto Campus, Brazil)
were maintained on a 12-h light/dark cycle at a room
temperature (22–25°C) with free access to standard rat
chow and water.

2K1C hypertension was induced by clipping the left
renal artery with a silver clip (0.2 mm)(Castro et al. 2008;
Martinez et al. 2008). Sham-operated rats underwent the
same surgical procedure except for the clip placement.
ketamine 100 mg.kg−1 and xylazine 10 mg.kg−1 i.p. were
used to anesthetize the animals. Treatment with quercetin
(or vehicle) was started 2 weeks after surgery and
maintained for 3 weeks. The rats were randomly divided
into FOUR groups (n=12/group) and were treated for
3 weeks with daily gavage of vehicle (sham and 2K1C
groups; 100 μl of dimethyl sulfoxide to both) or quercetin
(sham-quercetin and 2K1C-quercetin groups; 10 mg−1kg−1

day−1, both groups). Quercetin was dissolved in dimethyl
sulfoxide. The doses of quercetin were chosen with basis on

previous works showing significant antihypertensive effects
in different experimental models of hypertension (Duarte et
al. 2001, 2002; Galisteo et al. 2004b; Garcia-Saura et al.
2005; Perez-Vizcaino et al. 2009).

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

Measurement of cardiovascular responses

At the end of treatment, rats (500–550 g) were anesthetized
with urethane (1.25 g/kg, i.p.) and a tracheotomy was
performed using polyethylene tubing (PE200). Another
polyethylene catheter (PE50) was inserted into the left
carotid and the mean arterial pressure was recorded using a
data acquisition system (MP150CE; Biopac Systems Inc.
CA, USA) connected to a computer (Acknowledge 3.2, for
windows). Heart rate values were derived from the blood
pressure recordings and processed online. The absence of
somatic motor reflexes in response to tail pitching or
blinking in response to a low-pressure corneal stimulation
indicated deep anesthesia and analgesia. The data acquis-
itions were initiated 30 min after anesthesia onset.

Preparation of rat hindquarters vascular bed

After baseline assessment of mean arterial pressure and
heart rate, a midline abdominal incision was performed and
the aorta was cannulated above the iliac bifurcation. The
hindquarters were then perfused in situ with Krebs'
bicarbonate solution bubbled with 95% O2, 5% CO2, at
37°C, pH 7.4, containing (in mmol/L): NaCl 118; NaHCO3

25.0; KCl 4.7; KH2PO4 1.2; MgSO4 1.2; glucose 11.0;
CaCl2.2.H2O 2.5, and using a peristaltic pump (Carter-
Manostat, Barnant Com, IL, USA) at a constant rate of
16 ml−1min−1kg−1. The vena cava was sectioned to allow
the perfusate to escape. The basal perfusion pressure was
similar in all experimental groups (approximately 25–
30 mmHg). Resting perfusion pressure was adjusted to
approximately 100 mmHg by adding methoxamine (50–
100 μM) to the perfusate and remained stable throughout
the experiment. There were no significant differences
between groups in relation to the concentration of methox-
amine used in the study groups (data not shown). Because
the flow was constant, changes in perfusion pressure
reflected changes in vascular tone. After hindquarters
perfusion was initiated, the rat was killed by an intracardiac
injection of KCl 3 M, and 30 min of perfusion were then
allowed for the preparation to stabilize before responses to
vasodilators were measured. A side-arm of the perfusion
circuit, between the peristaltic pump and the aortic catheter,
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was connected to a pressure transducer, and perfusion
pressure was monitored on real-time using a data acquisition
system (MP150CE; Biopac Systems Inc. CA, USA). Dose–
response curves to acetylcholine and sodium nitroprusside
were examined. Acetylcholine (0.1, 1, 10 and 100 ng) or
sodium nitroprusside (0.01, 0.1, 1, and 10μg) were injected in
small volumes (10–100 μl) directly into the perfusion circuit,
as we described previously (Montenegro et al. 2009).

Measurement of plasma NOx concentrations

Arterial blood samples were collected in tubes containing
heparin and immediately centrifuged at 1,000×g for 3 min.
Plasma aliquots were stored at −70°C until analyzed. The
plasma NOx concentrations were determined in duplicate
by using the Griess reaction as we described previously
(Montenegro et al. 2009; Sandrim et al. 2010). Briefly,
40 μl of plasma was incubated with the same volume of
nitrate reductase buffer (0.1 M potassium phosphate,
pH 7.5, containing 1 mM beta nicotinamide adenine
dinucleotide phosphate (NADPH), and 2 units of nitrate
reductase/mL) in individual wells of a 96-well plate.
Samples were allowed to incubate overnight at 37°C in
the dark. Eighty microliters of freshly prepared Griess
reagent (1% sulphanilamide, 0.1% naphthylethylenedi-
amine dihydrochloride in 5% phosphoric acid) were added
to each well and the plate was incubated for an additional
15 min at room temperature. A standard nitrate curve was
obtained by incubating sodium nitrate (0.2–200 μM) with
the same reductase buffer. The total amount of nitrite
recovery was >98% and absorbances were measured at
540 nm using a microplate reader. The values of nitrite
were subtracted of total NOx of each sample, thus the
results are reported as micromoles (μM) per liter of nitrate.
The assay results were not significantly affected by the
presence of plasma proteins.

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; Dias-
Junior et al. 2006; Sandrim et al. 2010). Briefly, to measure
nitrite concentrations in plasma, 300 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). Approximately 8 ml of tri-iodide 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 tri-iodide
solution reduces nitrites to NO gas, which is detected by
the NO analyzer.

Measurement of plasma nitroso species concentrations

Plasma aliquots were analyzed in duplicate for their nitroso
species using an ozone-based reductive chemiluminescence
assay with tri-iodide solution described above. Briefly,
plasma samples (500 μL) were previously treated with
acidified sulfanilamide (5 wt.%; 9:1, v/v) for 3 min to
eliminate nitrite signal and injected in tri-iodine solution.
After pretreatment with acidified sulfanilamide, the result-
ing signal is corresponding to the sum of the nitroso species
(i.e., RSNO and others minor nitroso species, such as Fe-
nitrosyl, N-nitrosamine and nitrated lipids) remaining in the
sample. A standard curve was constructed by injecting
known amounts of S-nitrosoglutathione (GSNO; 0–
50 nmol) in duplicate, and GSNO (25 nmol) previously
treated with HgCl2 (5 mM final, which degrade nitro-
sothiols) were used as control. The standard curve was
constructed by plotting the area under curve and raw data
were export from the Sievers program into a second
program, origin 6.1 (Microcal Software, Inc., Northampton,
MA). Using Origin, we can denoise the data and the peaks
can be measured with greater precision and increased
accuracy (MacArthur et al. 2007).

Assessment of vascular ROS

Dihydroethidium (DHE) was used to evaluate in situ reactive
oxygen species (ROS) production by fluorescence microsco-
py as described previously (Ceron et al. 2010). The aortic
cryosections (5-μm thick) were incubated at 37°C with DHE
(1 μmol/l) or vehicle for 30 min. After triple washing with
phosphate buffer, images were obtained with a microscope
(Carl Zeiss, Axioskop, Germany) with ×40 objective lens,
equipped for fluorescence. The intensity of the fluorescent
signal was measured as arbitrary units and compared with
that found in vessels from controls rats within 30 min of
staining to avoid nonspecific signals.

Measurement of NADPH oxidase activity

NADPH-dependent superoxide production was measured in
aortic rings from all experimental groups. Aortic rings were
transferred to luminescence vials containing 1 mL of Krebs-
HEPES buffer, pH 7.4. After equilibration and background
counts, a nonredox cycling concentration of lucigenin
(5 μmol/L) and NADPH (12 μmol) were automatically
added and the luminescence counts measured continuously
for 15 min in a Berthold FB12 single tube luminometer at
37°C. Background signals from aortic rings were subtracted
from the NADPH-driven signals and the results were
normalized for the dry weight and reported as lucigenin
chemiluminescence/mg of dry tissue, as described previ-
ously (Ceron et al. 2010).
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Drugs and solutions

All drugs and reagents were purchased from Sigma
Chemical Co. (St Louis, MO, USA). Acetylcholine and
sodium nitroprusside were dissolved in saline solution
immediately before use.

Statistical analysis

The results are expressed as means±SEM. The compar-
isons between groups were assessed by one- or two way
analysis of variance followed by Dunnett's multiple
comparison tests (GraphPad Prism 3 Software, San Diego
CA). A probability value <0.05 was considered significant.

Results

Treatment with quercetin ameliorates 2K1C hypertension

Baseline SBP and body weight were similar in the four
experimental groups (Fig. 1a, b). While no significant
changes in SBP were seen in sham and sham-quercetin
groups, SBP increased in 2K1C and 2K1C-quercetin
groups after the first week of the renal artery surgery, and
additional increases in SBP were found in the 2K1C group
throughout the study period (Fig. 1a). However, quercetin
treatment induced a significant reduction in SBP in the
2K1C-quercetin group (P<0.05; Fig. 1a). We found no
significant differences of body weight among all experi-
mental groups (P>0.05; Fig. 1b).

Quercetin treatment improves vascular dysfunction
associated with 2K1C hypertension

To evaluate the vascular effects of quercetin, rat hindquar-
ters vascular beds were isolated and their functional
responses to acetylcholine and sodium nitroprusside (n=
6–8, per group) were assessed. Fig. 1a, b shows
endothelial-dependent and endothelial-independent vaso-
relaxation, respectively, induced by acetylcholine (0.1, 1,
10, and 100 ng) and sodium nitroprusside (0.01, 0.1, 1, and
10 μg), respectively, in the hindquarter vascular bed. The
2K1C group showed reduced responses to acetylcholine
when compared with the sham group (P<0.01; Fig. 2a).
Conversely, the treatment of 2K1C animals with quercetin
produced significant increases in acetylcholine-induced
relaxation (P<0.001; Fig. 2a). Finally, while quercetin
improved the endothelium-dependent responses of 2K1C
hypertensive rats, no significant differences were observed
in endothelial-independent relaxation responses to increas-
ing doses of sodium nitroprusside among the experimental
groups (P>0.05; Fig. 2b).

Quercetin treatment restores plasma nitrite and nitroso
species levels in 2K1C hypertension

We evaluated if quercetin could alter the impaired NO
formation associated with 2K1C hypertension. While no
significant differences were found in plasma NOx (the sum
of nitrate+nitrite) levels measured by Griess reagent (P>
0.05; Fig. 3), the plasma levels of both nitrite and nitroso
species were significantly reduced in the 2K1C group (P<
0.05; Figs. 4 and 5, respectively). Conversely, the treatment
of 2K1C hypertensive rats with quercetin completely
restored the plasma levels of both nitrite and nitroso species
to those found in the sham group (P<0.05 to both; Figs. 4
and 5, respectively). Fig. 4b, c) shows representative
tracings obtained during nitrite analysis. Likewise, Fig. 5b
shows a representative tracing obtained by injecting
samples from animals to study nitroso species concentra-
tions and the standard curves constructed with GSNO,
which was used to calculate the total nitroso species
concentrations (Fig. 5c). After the pretreatment of GSNO
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standards with HgCl2, which degrades nitrosothiols, the
signal produced by the NO analyzer was totally abolished
(Fig. 5c).

Quercetin treatment reduces the NADPH oxidase activity
and decreases the production of vascular ROS in 2K1C
hypertension

To assess if the increased nitric oxide levels induced by
quercetin involves a reduction in ROS production, we
evaluated ROS production by using the sensitive probe
DHE and we also measured NADPH oxidase activity in
aortic tissues from animals. We found that DHE oxidation
was significantly increased in 2K1C groups when com-
pared with the sham and sham+quercetin groups (p<0.05,
Fig. 6a). Treatment with quercetin significantly attenuated
this increase (p<0.05, Fig. 6a). Interestingly, in support of

these findings, we found that the NADPH oxidase activity
in the 2K1C group was significantly increased when
compared with the sham and sham+quercetin groups (p<
0.05, Fig. 6b, and that treatment with quercetin attenuated
this increase (p<0.05, Fig. 6b).

Discussion

The main findings of this study were: (1) quercetin
treatment restored the plasma nitrite and nitroso species
levels in 2K1C hypertensive rats, while induces no
significant changes on plasma NOx; (2) these effects
produced by quercetin on NO formation was associated
with an antihypertensive effect and improved endothelial
function; (3) quercetin treatment reduces vascular NADPH
oxidase activity and produces remarkable antioxidant
effects. These data suggest that the overall beneficial
cardiovascular effects ascribed to quercetin are likely
associated with its antioxidants properties, which improves
NO bioavailability.

Several clinical and experimental reports have ascribed
antihypertensive effects to quercetin (Duarte et al. 2001,
2002; Galisteo et al. 2004a; Garcia-Saura et al. 2005;
Mackraj et al. 2008; Edwards et al. 2007; Yamamoto and
Oue 2006). In this regard, the antioxidant properties
produced by quercetin could increase NO bioavailability
and contribute to the beneficial cardiovascular effects
produced by this drug. However, the effects of quercetin
on NO status have been poorly studied. Previous reports
have associated the antihypertensive effects of quercetin
with increases in plasma NOx levels (Garcia-Saura et al.
2005; Yamamoto and Oue 2006). Conversely, here we
found that treatment with quercetin induced no significant
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changes in plasma NOx (nitrate+nitrite), either in normo-
tensive or in hypertensive rats. In support of our findings,
Loke et al. showed that the ingestion of pure quercetin by
normotensive volunteers induced no changes in plasma
nitrate levels, which reflect most of NOx content (Lauer et
al. 2001). However, the use of NOx levels as a maker of
NO production has been criticized (Kleinbongard et al.
2003, 2006). This because plasma NOx (total of nitrate+
nitrate) reflects mostly the nitrate contents in the plasma,
which are usually found at micromolar range, whereas
nitrite levels are usually at nanomolar range, therefore at
least two orders of magnitude below that of nitrate levels.
In other words, the high levels of nitrate found in the
plasma makes it very difficult to detect minor changes in
plasma nitrate concentrations, thereby limiting the sensitiv-
ity of NOx levels as a marker of NO formation and NOS
activity (Lauer et al. 2001). For this reason, we decided to
assess the plasma levels of nitrite and nitroso compounds to
evaluate the effects of quercetin on NO formation.

The plasma levels of nitrite and nitroso compounds
(the sum of S-, N-nitroso species) have been recently
recognized, rather than plasma NOx, as an important
marker of nitric oxide formation (Metzger et al. 2006,
2007; Heiss et al. 2006; Kleinbongard et al. 2006). In the
present study, in contrast to plasma NOx levels, we found
lower nitrite and lower nitroso species concentrations in
2K1C hypertensive rats when compared with the sham
group. In this regard, we evaluated if the antioxidant
properties of quercetin were involved in the increased
nitric oxide bioavailability reported in the present study.
The vascular reactive oxygen species (ROS) production in
aortic slices was significantly reduced in 2K1C hyperten-
sive rats treated with quercetin, thus suggesting that
quercetin attenuates the oxidative stress. A key enzyme
promoting oxidative stress during hypertension is vascular
NADPH oxidase, which produces superoxide anion and
contributes to hypertension (Sedeek et al. 2009). Impor-
tantly, previous studies showed that reduced NADPH
oxidase activity downregulates superoxide anion produc-
tion and contributes to increase nitric oxide bioavailability
(Schulz et al. 2008; Sedeek et al. 2009; Harrison and
Gongora 2009). In the present study, we show higher
NADPH oxidase activity in the 2K1C group compared
with the sham and sham+quercetin groups. Treatment

with quercetin attenuated 2K1C-induced increases in
NADPH activity, thus suggesting that the antioxidant
properties of quercetin involve reduction in NADPH
oxidase activity. These findings confirm previous results
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by Sanchez et al., which support the idea that quercetin
downregulates NADPH oxidase activity (Sanchez et al.
2006, 2007). Our data expand these previous findings and
show, for the first time, that the antioxidants propeties of
quercetin may improve NO biovaiability.

The lower nitrite and nitroso species concentrations
reported in the present study were associated with impaired
vasorelaxation in response to acetylcholine. This functional
test using an endothelium-dependent agonist in a relevant
vascular resistance bed (the hindquarter vascular bed) clearly
shows endothelial-dependent dysfunction, which was con-
firmed by the reduced nitrite and nitroso species concen-
trations (Heiss et al. 2006; Kleinbongard et al. 2006).
Treatment with quercetin improved both endothelial-
dependent responses to acetylcholine and the concentrations
of relevant markers of NO formation (nitrite and nitroso
species), thus clearly indicating that quercetin produces
beneficial effects on the endothelial dysfunction associated
with 2K1C hypertension. In fact, quercetin is a well-known
antioxidant, and several studies have shown that antioxidants
can improve endothelium-dependent relaxation (Cai and
Harrison 2000; Montenegro et al. 2009). Therefore, it is
highly probable that antioxidants properties of quercetin may
have improved NO bioavailability, thus producing antihy-
pertensive effects with improved endothelial function.

Some limitations of this study should be taken into
consideration. Firstly, we have not examined the activity
and expression of endothelial nitric oxide synthase (eNOS),
an approach that could help to explain the increases of
nitrite and nitroso compounds described here. In this
regard, previous reports have shown that treatment with
quercetin at the same dose used in the present study
increases eNOS expression and NOS activity in hyperten-
sive rats (Sanchez et al. 2006; Duarte et al. 2002). In
addition, in vitro studies showed that quercetin induces
increases cGMP levels (Zhao and Gu 1996; Kuhlmann et
al. 2005), consistent with the idea that activation of NO-
cGMP pathway by nitric oxide is probably the main factor
responsible for antihypertensive effects produced by quer-

cetin. It is possible that increased eNOS expression and
NOS activity are responsible for enhancing nitrite and
nitroso species as was reported here because nitrite
concentrations in plasma reflect NO synthase activity, and
approximately 70% of plasma nitrite is derive from the NO
synthase activity in the endothelium (Kleinbongard et al.
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2003, 2006; Lauer et al. 2001). Secondly, we examined the
effects produced by quercetin in only one experimental
model of hypertension. It would be interesting to examine
the effects produced by quercetin on nitrite and nitroso
species status in other experimental models of hypertension
and in human hypertension.

In conclusion, our results provide data suggesting that
quercetin treatment induces no changes in plasma NOx
but restores plasma nitrite and nitroso species in
renovascular hypertension. In addition, quercetin signif-

icantly improved the endothelial dysfunction and attenu-
ated 2K1C hypertension. Improved NO formation,
probably resulting from antioxidant effects of quercetin
may explain, at least in part, the beneficial cardiovascular
effects ascribed to this drug.
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