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a b s t r a c t

Epidemiological and intervention studies have shown that the intake of certain chocolates or cocoa

products decreases blood pressure (BP) in humans. (�)-Epicatechin is the most abundant flavanol

present in cocoa seeds and its derived foods. This work investigates the effects of dietary (�)-

epicatechin on BP in rats that received No-nitro-L-arginine methyl ester (L-NAME) for 4 days. (�)-

Epicatechin administration prevented the 42 mm Hg increase in BP associated with the inhibition of NO

production in a dose-dependent manner (0.2–4.0 g/kg diet). This BP effect was associated with a

reduction in L-NAME-mediated increase in the indexes of oxidative stress (plasma TBARS and

GSSG/GSH2 ratio) and with a restoration of the NO concentration. At the vascular level, none of the

treatments modified NOS expression, but (�)-epicatechin administration avoided the L-NAME-

mediated decrease in eNOS activity and increase in both superoxide anion production and NOX

subunit p47phox expression. In summary, (�)-epicatechin was able to prevent the increase in BP and in

oxidative stress and restored NO bioavailability. The fact that (�)-epicatechin is present in several

plants usually consumed by humans gives the possibility of developing diets rich in those plants or

pharmacological strategies using that flavonoid to diminish BP in hypertensive subjects.

& 2012 Elsevier Inc. All rights reserved.
A high consumption of fruits and vegetables has been asso-
ciated with a decreased risk for cardiovascular disease in several
epidemiological studies and clinical trials [1–6]. Some studies
have associated those benefits with general flavonoid intake [7–9]
and others with specific flavonoid-containing food consumption,
i.e., cocoa or chocolate [10,11]. Regarding vascular function and
hypertension, several intervention studies have shown that the
intake of certain chocolates or cocoa products decreases blood
pressure (BP)1 in humans [12–16].

The pathophysiology of essential hypertension has been asso-
ciated with several abnormal endothelial conditions. One of them
is the impairment of the endothelium-dependent vasorelaxation
caused by a loss of nitric oxide (NO) bioavailability. Under physio-
logical conditions, most NO in the vascular wall is produced at
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the endothelial cells by the endothelial nitric oxide synthase
(eNOS) [17]. Vascular NO steady-state concentration is determined
not only by its synthesis but also by its reaction with other
chemical species, including superoxide anion. Cellular sources of
superoxide anion comprise the mitochondrial electron transport
and the activities of NADPH oxidase (NOX), xanthine oxidase,
cyclooxygenase/lipoxygenase, and cytochrome P450 [18]. Under
particular conditions uncoupled NOS can also generate superoxide
anion [19]. The relative physiological importance of the various
sources of superoxide anion is highly dependent on the different
cell types and conditions. Superoxide anion is mainly generated by
NOX activity in the vascular wall at the level of the endothelium,
the smooth muscle, and the adventitia [20].

An association between the regulation of vascular function
by flavanol-rich foods and BP has been consistently observed.
Several clinical trials showed hypotensive and/or antihyperten-
sive effects of cocoa and flavanols, associated with increases
in flow-mediated dilation (reviewed in [21]). In select studies a
decrease in BP was associated with increases in plasma markers
of NO production, i.e., S-nitrosoglutathione [22] and nitrites [23].
The administration of (�)-epicatechin, the most abundant
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flavanol present in cocoa, mimics the effects of cocoa adminis-
tration in terms of improving flow-mediated dilation and increas-
ing plasma NO metabolites [24]. Additionally, studies in cultured
endothelial cells support a role for (�)-epicatechin in the
improvement of vascular endothelial function. (�)-Epicatechin
could cause an increase in NO bioavailability through an increase
in NO generation [25] and/or a decrease in superoxide anion
production [26].

This work investigates the effects of dietary (�)-epicatechin
administration on BP in a rat model of decreased NO production
induced by the NOS inhibitor No-nitro-L-arginine methyl ester
(L-NAME). We observed that (�)-epicatechin prevented the
increase in BP associated with the inhibition of NO production,
and such prevention was associated with a reduction in oxidant
production and a restoration of NO bioavailability.
Materials and methods

Materials

Primary antibodies for eNOS (sc-654), p47phox (sc-7660), and
b-actin (sc-47778) were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Cy3-conjugated rabbit anti-goat was from
Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
g-Glutamylglutamate was obtained from MP Biomedicals Corp.
(Irvine, CA, USA). L-NAME, (�)-epicatechin, butylhydroxytoluene,
2-thiobarbituric acid, 1,1,3,3-tetramethoxypropane, b-glucuroni-
dase, sulfatase, heparin sodium salt, bathophenanthroline disulfo-
nate sodium salt, iodoacetic acid, NADPH, nitrate reductase,
glucose-6-phosphate dehydrogenase, glucose 6-phosphate, sulfa-
nilamide, N-naphthylethylenediamine, reduced glutathione (GSH),
oxidized glutathione (GSSG), N,N0-dimethyl-9,90–biacridinium
dinitrate (lucigenin), and bovine seroalbumin were from Sigma
Chemical Co. (St. Louis, MO, USA). Heptane sulfonic acid was
from Taylor Scientific (St. Louis, MO, USA). Dansyl chloride was
from Fisher Scientific (Fair Lawn, NJ, USA). L-[14C]Arginine was
from PerkinElmer Life and Analytical Sciences (Boston, MA, USA).

Animals and treatments

Male Sprague–Dawley rats (130–140 g) were individually
housed in suspended stainless steel cages in a temperature-
(23 1C) and photoperiod- (14–10 h light–dark cycle) controlled
room. Housing, handling, and experimental procedures followed
the rules written in the Guide for the Care and Use of Laboratory

Animals published by the National Institutes of Health (DHEW
Publication No. (NIH) 85-23, revised in 1996, Office of Science and
Health Reports, Division of Research Resources/NIH, Bethesda,
MD, USA) and were approved by the Laboratory Animal Use and
Care Committees of the University of California at Davis and the
University of Buenos Aires. The experiments were performed in
four sets of eight rats per experimental group. After a week of
adaptation to the diet and housing conditions, treatments were
started through the administration of L-NAME in the drinking
water (360 mg/L) [27,28] and/or (�)-epicatechin added to the
basal diet at the indicated final concentrations. Animals were
randomly assigned to three groups: one group (control) received
basal diet and water; the second group (L-NAME) received basal
diet and water containing L-NAME; the third group (EPI) received
basal diet supplemented with (�)-epicatechin and water contain-
ing L-NAME. The basal diet was prepared as described [29] and
supplemented with 0.2, 1.0, or 4.0 g/kg of (�)-epicatechin at the
expense of dextrose as necessary. For some of the experiments,
a fourth group receiving basal diet supplemented with (�)-
epicatechin (4.0 g/kg) and water was included. To prevent
oxidation and loss of antioxidants, diets were prepared 24–48 h
before their use. Animals consumed the diets and fluids ad
libitum during the period of time indicated for each experiment.
Body weight and food and water consumption were
measured daily.

Blood pressure determinations

Systolic BP (SBP) was measured in preconditioned, conscious,
prewarmed, and restrained rats by noninvasive tail-cuff plethys-
mography (SC1000; Hatteras Instruments, Cary, NC, USA).
To minimize occasional stress-induced variations in BP, all measure-
ments were taken by the same person in the same environment.

Sample collection

At the end of the experimental periods, animals were anesthe-
tized with CO2, and blood was collected by cardiac puncture.
The animals were euthanized, and hearts and aortas were excised
and cleaned of connective and adipose tissue. Blood was divided
into two aliquots, one processed for GSH/GSSG determination and
the other centrifuged at 6000g for 1 min to obtain the plasma.
Aortas were rapidly and carefully dissected, placed into Krebs
solution (20 mM Hepes buffer, pH 7.4, containing 119 mM NaCl,
4.7 mM KCl, 1 mM MgSO4, 0.4 mM NaH2PO4, 0.15 mM Na2HPO4,
5 mM NaHCO3, 1.25 mM CaCl2, 5.5 mM glucose), and cut into rings
of approximately 1 mm for subsequent immunohistochemistry or
biochemical procedures.

HPLC analysis of No-nitro-L-arginine, malondialdehyde,

(�)-epicatechin, and glutathione

HPLC measurements were carried out on an Agilent HPLC 1100
series apparatus with a quaternary pump, autosampler, sample
thermostat, and UV/Vis and fluorescence detectors (Agilent Tech-
nologies, Santa Clara, CA, USA).

No-nitro-L-arginine (L-NNA)

Plasma aliquots were filtered (Centricon filters, MWCO
30,000), and L-NNA was quantified in the filtrate by isocratic
reverse-phase HPLC on a C-8 column (mobile phase 90% (v/v)
18.5 mM heptane sulfonic acid and 10% (v/v) acidified methanol,
pH 2.7) [30].

Malondialdehyde (MDA)

Immediately after blood centrifugation, plasma samples were
supplemented with 0.2% (w/v) butylhydroxytoluene in ethanol
and 2.8% (w/v) trichloroacetic acid and the resulting suspension
was centrifuged at 4000g for 10 min. The supernatant was mixed
with 0.6% (w/v) thiobarbituric acid, heated for 45 min at 90 1C,
and then centrifuged at 4000g for 10 min at 4 1C. Derivatized
MDA was resolved and quantified by isocratic reverse-phase HPLC
on a Supelcosil LC-18 column (Supelco Analytical, Bellefonte, PA,
USA; mobile phase 65% (v/v) 50 mM KH2PO4 (pH 7.0) and 35% (v/v)
methanol). Detection was done fluorimetrically (lex¼515 nm;
lem¼555 nm). 1,1,3,3-Tetramethoxypropane was used to prepare
the MDA standard [31].

(�)–Epicatechin

Plasma samples were treated with the enzymes b-glucuroni-
dase and sulfatase and extracted as we previously described [32].
Extracted samples were resolved by reverse-phase HPLC on
a Supelcosil LC-18 column (Supelco Analytical) with fluorimetric
detection (lex¼276 nm; lem¼316 nm) [24].



Table 1
Body weight, cardiac weight index, beverage and food consumption, and No-nitro-

L-arginine and (�)-epicatechin concentrations in plasma from the treatments.

Parameter Control L-NAME EPI

Initial weight (g) 15272 15272 15273

Final weight (g) 17173 18277 17978

Heart weight/body weight 4.270.4 4.070.1 3.970.2

Beverage consumption (ml/day) 2772 2572 2472

Food consumption (g/day) 1771 1671 1472

Plasma No-nitro-L-arginine (mM) nd 3979 5077

Plasma (�)-epicatechin (mM) nd nd 7.070.9

In the EPI group (�)-epicatechin was administered at 4.0 g/kg of diet. Measure-

ments were done after 4 days of treatment. nd, value under the detection limit in

the assayed condition. Values are shown as means7SEM (n¼8 per group).
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GSH/GSSG

Immediately after drawing, blood samples were mixed with a
preservation solution (100 mM borate, pH 8.5, containing 100 mM
serine, 10 mM heparin sodium salt, 1.9 mM bathophenanthroline
disulfonate sodium salt, and 20 mM iodoacetic acid) [33]. Samples
were centrifuged at 3000g for 30 s. The supernatant was separated
and perchloric acid (5% w/v), boric acid (0.2 M), and g-glutamylglu-
tamate (10 mM) as internal standard were added to it. After deriva-
tization with dansyl chloride, the samples were resolved by HPLC
using a Supelcosil LC-NH2 column (Supelco Analytical). A two-
solvent gradient (A, 80% (v/v) methanol/water; B, acetate-buffered
methanol, pH 4.6) was generated as described [33]. Detection of GSH
and GSSG was done fluorimetrically (lex¼330 nm; lem¼530 nm).

Nitrites and nitrates

NO2
� and NO3

� content was determined by Griess colorimetric
assay, after enzymatic reduction as described [34]. Plasma sam-
ples were processed to make the determination equivalent to
GC–MS techniques [35].

Determination of vascular NOS activity

Vascular NOS activity was measured using L-[14C]arginine as
substrate in tissue slices [36]. Specific NOS activity was assessed
in the presence of 10�4 M L-NAME. Nitric oxide production
(measured as pmol of L-[14C]citrulline) in each tube was normal-
ized to the weight of the tissue slices incubated with the substrate
during equal periods of time and expressed as pmol/g min.

Determination of vascular NADPH-dependent superoxide

anion production

NADPH-dependent superoxide anion production by aorta homo-
genates was measured using the lucigenin-enhanced chemilumin-
escence assay [37]. Samples were placed in vials containing
warm (37 1C) Krebs solution and NADPH (40 mM) and lucigenin
(5 mM) were added to them. Light emission was measured
for 10 min using an LKB Wallac 1209 Rackbeta liquid scintil-
lation counter in the chemiluminescence mode, and the area
under the curve was calculated and expressed as relative units/mg
protein.

Western blots

Aorta homogenates were added with 5� solution of SDS-
sample buffer (200 mM Tris–HCl buffer, pH 6.8, containing 5%
(w/v) SDS, 50% (v/v) glycerol, 12.5% (v/v) b-mercaptoethanol,
and 0.025% (w/v) bromophenol blue), and they were then heated
at 95 1C for 2 min. Sample aliquots containing 30 or 70 mg protein
(for eNOS or p47phox, respectively) were separated by reducing 10%
(w/v) polyacrylamide gel electrophoresis and electroblotted to
polyvinylidene difluoride membranes. Colored molecular weight
standards (GE Healthcare, Piscataway, NJ, USA) were run simulta-
neously. Membranes were blotted for 2 h in 5% (w/v) nonfat milk
and incubated overnight in the presence of the corresponding
antibodies (1:500 dilution) in 5% (w/v) bovine serum albumin in
10 mM sodium phosphate, 145 mM NaCl, pH 7.6 (PBS buffer)
containing 0.1% (v/v) Tween 20. After incubation for 90 min at
room temperature in the presence of the corresponding horse-
radish peroxidase-conjugated secondary antibody, complexes were
detected using the ECL system (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). Films were scanned and densitometric
analysis was performed using ImageJ (National Institutes of
Health). Protein band densities were normalized to b-actin content.
Immunohistochemistry

Aortas were postfixed in a solution of 4% (w/v) paraformalde-
hyde in PBS for 20 min at room temperature, followed by through
washing in PBS and cryoprotection in 30% (w/v) sucrose in PBS for
24 h. Tissues were frozen at �80 1C and subsequently sectioned
(16 mm) using a Leica CM 1850 cryotome (Leica Microsystems,
Buffalo Grove, IL, USA). For immunohistochemistry, cryotome
sections were rinsed twice with PBS, followed by PBS 0.3% (v/v)
Tween 20 (PBST), and then blocked for 2 h at 37 1C with a solution
containing 5% (w/v) bovine serum albumin in PBST. Incubation
with the primary antibody for p47phox (1:50) was done overnight
at 4 1C in a humidified chamber. Sections were incubated with a
Cy3-conjugated rabbit anti-goat antibody (1:1000) for 2 h, and
cell nuclei were stained with Hoechst 33342 [38]. Microscopic
observations were done in a laser spectral confocal microscope
(Olympus FV 1000; Olympus Corp., Tokyo, Japan) provided with a
Cool-Snap digital camera, to evaluate colocalization of green
elastin autofluorescence and p47phox protein. Integrated optical
density was measured as relative to area and was determined for
each condition in five randomly selected fields. Evaluation of the
data was carried out using the ImagePro Plus version 4.5 software
(Media Cybernetics, Silver Spring, MD, USA).

Statistical analysis

Data were analyzed by one-way analysis of variance using
StatView 5.0 (SAS Institute, Cary, NC, USA). Fisher’s least signifi-
cant difference test was used to examine differences between
group means. A po0.05 was considered statistically significant.
Data are shown as means7SEM.
Results

Initial and final body weights, heart weight, cardiac weight
index, and the average amount of beverage and food consumed
during the experimental period are shown in Table 1. All these
parameters were not significantly affected by the treatments.

The amounts of L-NAME and (�)-epicatechin consumed were
calculated considering food and beverage daily consumption. Rats
in the L-NAME and EPI groups consumed 3971 and 4071 mg of
L-NAME/kg body wt/day, respectively. The plasma concentration
of the L-NAME active metabolite, L-NNA, was similar in the
L-NAME and EPI groups (Table 1). Rats that did not receive
L-NAME had no detectable levels of L-NNA in plasma. In the EPI
group the calculated amount of (�)-epicatechin consumed was
304716 mg/kg body wt/day, which resulted in a plasma (�)
-epicatechin level of 7.0 mM (sum of free (�)-epicatechin plus
sulfate and glucuronide derivatives) (Table 1). Rats that did not
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receive (�)-epicatechin had no detectable plasma (�)-epicate-
chin. To further evaluate potential interactions between L-NAME
and (�)-epicatechin, an additional experimental group of rats
received (�)-epicatechin-supplemented diet and nonsupplemen-
ted water. In this group (�)-epicatechin plasma concentration at
the end of the 4-day treatment was similar to that measured in
the EPI group (Table 1). These results show that there were no
significant interactions between L-NAME and (�)-epicatechin
absorption.

SBP was similar in the three experimental groups at the begin-
ning of the treatment and did not significantly change along the
treatment period in the control group (Fig. 1A). At the end of the
4-day treatment, the L-NAME group showed a significant increase
in SBP with respect to day 0 (140710 vs 9874 mm Hg). In the
EPI group (at a dose of 4.0 g/kg diet) the increase in SBP induced
by L-NAME was prevented, being the SBP at day 4 10677 mm Hg
(Fig. 1A). The antihypertensive effect of (�)-epicatechin on the
L-NAME-induced increase in SBP was dose-dependent (Fig. 1B).

Fig. 2 shows the effects of (�)-epicatechin removal from the
diet after treating the rats with L-NAME and (�)-epicatechin for
4 days. Under this experimental condition, two groups of rats
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Fig. 1. Effect of dietary (�)-epicatechin on systolic blood pressure (SBP).

(A) Evolution of SBP in the control (’), L-NAME (�), and EPI (J) groups. L-NAME

was administered in the drinking water and (�)-epicatechin was administered in

the diet (4.0 g/kg diet). (B) Variations in SBP (DSBP¼SBP at day 4 � SBP at day 0)

in rats treated with L-NAME and various doses of (�)-epicatechin in the diet.

Values are expressed as means7SEM (n¼8 per group). *po0.05 respect to the

control and EPI groups. #po0.05 respect to the L-NAME group.
were treated with L-NAME and fed with either a basal diet or a
(�)-epicatechin-supplemented diet (1.0 g/kg diet). As expected,
after 4 days of treatment, SBP in rats receiving simultaneously
L-NAME and (�)-epicatechin was significantly lower than in the
L-NAME group (11276 vs 13976 mm Hg, respectively, po0.01).
After cessation of (�)-epicatechin administration, SBP increased
progressively reaching, after 4 days, values similar to those of
L-NAME-treated group. These results constitute a proof of concept
that (�)-epicatechin is responsible for the observed decrease
in SBP.

Because of the lack of specificity of the oxidative stress
markers, we combined GSH and GSSG, and MDA measured by
HPLC, to appraise levels of plasma oxidation. The GSSG/GSH2 ratio
was 67% higher in the L-NAME group compared to the control
group (Fig. 3A). This higher ratio is due to increased GSSG, given
that GSH levels were not significantly affected by the treatments.
In the EPI group the GSSG/GSH2 ratio was similar to that of the
control group. Plasma MDA concentration was 31% higher in the L-
NAME group compared to the control and EPI groups (Fig. 3B).
These results indicate that the systemic oxidative stress induced
by L-NAME treatment was prevented by (�)-epicatechin dietary
administration.

NO availability was evaluated by measuring plasma NO
metabolites. The L-NAME group showed lower levels (�48%) of
NO metabolites in plasma than the control group, as expected
based on NOS inhibition by L-NAME. Plasma concentrations of NO
metabolites were similar in the control and EPI groups (Fig. 4).
To examine whether treatments affected vascular NOS, both
enzyme activity and protein levels were measured in aorta. NOS
activity was decreased in the L-NAME group compared to the
control and EPI groups (Fig. 5A), but similar eNOS expression was
observed in the three experimental groups (Fig. 5B).

The relevance of aortic NOX was studied by measuring
NADPH-driven superoxide anion-dependent lucigenin chemilu-
minescence and the expression of the p47phox NOX subunit.
NADPH-stimulated chemiluminescence was significantly higher
(56%) in the L-NAME group compared to both control and EPI
groups (Fig. 6A). The expression of p47phox was 73% higher in the
L-NAME group than in the control and EPI groups (Fig. 6B).
p47phox expression in aorta was also studied by immunohisto-
chemistry. L-NAME treatment led to a 58% increase in p47phox
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immunostaining levels in the aorta compared to the control and
EPI groups (Fig. 7A). The localization of the increased NOX protein
was observed mostly at the media layer.
Discussion

This work shows that the dietary administration of (�)-
epicatechin prevents or attenuates the increase in BP induced
by L-NAME in rats. The mechanisms associated with this effect
were investigated considering that L-NAME treatment increases
BP by causing NO deficiency and oxidative stress.

The effects of the dietary administration of flavonoids on
vascular health have been tested at various doses. In rodent
models, flavonoids have been provided with the diet at concen-
trations of up to 30 g/kg diet [39–42]. The 0.2–4.0 g of (�)-
epicatechin/kg diet used in this study is high compared with
human consumption but has no toxic actions. In this regard, the
present daily consumption provides an amount of (�)-epicate-
chin significantly lower than the NOAEL (no observed adverse
effect level) established for rats fed other flavonoids, i.e., rutin
[43] or green tea catechins [44].
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anion production and p47phox expression. (A) Superoxide anion production

measured by lucigenin chemiluminescence in aortic homogenates from control,

L-NAME, and EPI groups. (B) Western blot for p47phox in aortic homogenates from

control, L-NAME, and EPI groups. b-Actin levels were measured as loading

controls. Determinations were done after 4 days on the corresponding treatments

as described under Materials and methods. Values are expressed as means7SEM

(n¼8 per group). *po0.05 with respect to the control and EPI groups.
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Fig. 7. Localization of p47phox protein in aorta. (A) Representative images of

immunohistochemistry of p47phox protein. Left column shows p47phox protein

(red). Central column shows elastin autofluorescence (green). Right column shows

the p47phox protein (red) merged with elastin autofluorescence (green). In all the

images blue fluorescence indicates nuclear stain with Hoechst. (B) After quantita-

tion p47phox red fluorescence levels were referred to area. Determinations were

done after 4 days on the corresponding treatments as described under Materials

and methods. Values are shown as means7SEM (n¼4 per group). *po0.05 with

respect to the control and EPI groups.
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Chronic blockade of NO synthesis by L-NAME-mediated NOS
inhibition is a well-known model of hypertension. Even though
this model cannot be easily extrapolated to human hypertension
conditions, it provides the possibility of reducing the causes of
increased BP to a single factor: the decrease in NO bioavailability.
Although the doses of L-NAME used in this work are within the
range commonly used [45–47], the length of the treatment was
markedly shorter than the periods generally used (4 days vs
4–12 weeks). This short-term treatment allows a NO-dependent
increase in BP while preventing the long-term effects that can
follow a sustained NO deficit, e.g., chronic inflammation and
cardiac remodeling.

The administration of (�)-epicatechin seems to be responsible
for the prevention of L-NAME-induced increase in BP as sup-
ported by the following findings of this study: (i) the presence
of (�)-epicatechin in blood after its dietary administration,
(ii) the dose-dependent antihypertensive effect of (�)-epicatechin,
and (iii) the requirement of a sustained (�)-epicatechin presence
to prevent the development of high BP. The observed dose-
dependent action of (�)-epicatechin is consistent with the results
of a meta-regression analysis on the effects of human cocoa
consumption on BP [48]. A recent study using a 4-week treatment
with L-NAME and a low (�)-epicatechin administration (10 mg/kg
body wt/day via gavage) did not find a prevention of the increase
in BP by (�)-epicatechin [49]. However, the same (�)-epicatechin
treatment was effective in attenuating a BP increase in DOCA-salt
animals [50]. These and our present observations stress that the
approaches to inducing hypertension and/or to supplementing with
(�)-epicatechin are relevant for the results to be obtained in terms
of BP modulation.

Sufficient NO is associated with normal vasodilation and,
consequently, normal BP. Then, a failure to generate NO or an
enhanced NO consumption can lead to hypertension. In the model
currently used, the diminished NO bioavailability observed in the
L-NAME group would be mainly the result of NOS inhibition.
However, it can also result from an increased NO oxidation to
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peroxynitrite secondary to an increased production of superoxide
anion because of a higher NOX activity [51].

Thus, the mechanisms involved in the restoration by (�)-
epicatechin of appropriate NO steady-state concentrations can
include: (i) an increase in eNOS activity or expression, (ii) a direct
superoxide anion scavenging and/or prevention of NOX-mediated
oxidative stress (free radical propagation), and/or (iii) a dimin-
ished activity of NOX and/or expression. Concerning a modulation
of eNOS, the obtained results show that the reduction in vascular
NOS activity by L-NAME was reversed by (�)-epicatechin; never-
theless, its expression was not modified by the treatments.
A direct effect of (�)-epicatechin on eNOS activity by displacing
L-NNA from its binding site in eNOS would not be possible under
the studied conditions. The plasma concentrations of L-NNA were
higher than the reported IC50 (39–50 mM vs 3.5 mM), whereas
(�)-epicatechin plasma concentrations were significantly lower
than the corresponding IC50 (7 mM vs 4500 mM), precluding a
competitive effect [52,53]. An action of (�)-epicatechin regulat-
ing NOS activity by modulating NOS phosphorylation cannot be
ruled out from our experiments. Along this line, it was shown that
(�)-epicatechin increased eNOS phosphorylation at activation
sites in human coronary artery endothelial cells in culture and
mesenteric arteries ex vivo [25,54].

(�)-Epicatechin has a chemical structure that allows reaction
with superoxide anion and other radicals, e.g., hydroxyl and
peroxyl radicals. However, the (�)-epicatechin concentration
detected in plasma would not be consistent with an antioxidant
effect as free radical scavenger [55,56]. Even though those direct
antioxidant reactions are thermodynamically favored, the
observed plasma (�)-epicatechin concentration, ca. 7 mM, would
imply rates of reaction with free radicals that are relatively low
compared with those of other physiological antioxidant sub-
stances, e.g., ascorbate or GSH [57–59]. Then, indirect antioxidant
mechanisms, probably related to specific flavanol– and/or (�)-
epicatechin–protein [60,61] and (�)-epicatechin–lipid interac-
tions [62–64], can better explain the observed in vivo effects of
this compound decreasing systemic oxidative markers (plasma
GSSG/GSH2 ratio and MDA concentration).

Excessive superoxide anion production seems to be responsi-
ble for the oxidative stress observed in several rat models of
hypertension, e.g., male [65] and female [66] spontaneous hyper-
tensive (SHR), Otsuka Long-Evans Tokushima Fatty [67], DOCA-
salt [50], two-kidney two-clip hypertensive [68], Dahl salt-
sensitive [69], and stroke-prone spontaneously hypertensive
[70]. L-NAME treatments are also associated with an increase in
NOX activity and/or expression in aorta [50,71]. Even 2 weeks of
treatment with L-NAME [72] leads to an increase in NOX subunit
mRNA levels, and 7 days of treatment causes an increase in NOX
activity in aorta [71]. We observed these effects of L-NAME on
NOX activity and p47phox expression, even in the short length of
our study.

The possibility of a cross talk between the pathways of
expression/activation of eNOS and NOX is usually associated with
a superoxide anion-dependent uncoupling of NOS to produce
more superoxide anion [73–75]. The opposite situation, NO
regulating NOX activation, could be operative under the present
L-NAME-dependent conditions. It is postulated that appropriate
NO levels control superoxide anion production via NOX
S-nitrosylation [76]. Then, (�)-epicatechin administration would
promote eNOS activation, maintaining NO steady-state levels able
to control NOX activity and superoxide anion production.

As was previously observed in other models of hypertension,
L-NAME induced increases in NOX expression in smooth muscle
cells from the aorta media layer [65,77,78]. This could be of
relevance for the local and systemic production of superoxide,
given that in the vasculature the amount of smooth muscle cells is
relatively much higher than the amount of endothelial cells.
The inhibition of superoxide production by (�)-epicatechin could
be of high relevance in keeping low the vascular and systemic
oxidative stress associated with hypertension. These concepts
could be extended to other pathophysiological conditions in
which both NO and superoxide have a significant participation,
e.g., inflammatory processes and ischemia–reperfusion [79,80].

With polyphenols being a heterogeneous family that includes
thousands of different compounds, it is important to mention that
current research is oriented toward understanding specific effects
of an isolated compound. Theoretically other flavanols, e.g., tea
catechins, or other flavonoids, e.g., quercetin, can share some of
the physiological effects and/or biochemical mechanisms of
(�)-epicatechin because they share similar chemical moieties. The
structure–function research of a series of catechins, polyphenols,
and/or phytonutrients will require new and significant research
considering the possibilities of relevant molecular interactions.

In summary, (�)-epicatechin was able to prevent L-NAME-
induced increases in BP and in oxidative stress by restoring NO
bioavailability. Given that (�)-epicatechin is present in several
plants usually consumed by humans it is feasible to develop diets
rich in those plants to diminish BP in hypertensive people.
Additionally, the fact that we used pure (�)-epicatechin opens
up a pharmacological application of this compound to treat
hypertension and other vascular diseases.
Acknowledgments

This study was supported by grants from the Universidad
de Buenos Aires (UBACyT 20020090100111, 20020090100281,
20020100100659); Consejo Nacional de Investigaciones Cientı́ficas y
Tecnológicas (CONICET), PIP-830 and PIP 112–201101-00612; and
Agencia Nacional de Promoción Cientı́fica y Tecnológica (ANPCyT
BID PICT 00994). C.G.F., A.M.A., M.A.C., P.I.O., and M.G. are members
of CIC, CONICET. M.C.L. holds a CONICET fellowship and G.S.C. held a
TUBITAK fellowship. The authors acknowledge Dr. Rosana Elesgaray
for assistance with NO synthase activity determinations.

References

[1] Appel, L. J.; Moore, T. J.; Obarzanek, E.; Vollmer, W. M.; Svetkey, L. P.; Sacks, F. M.;
Bray, G. A.; Vogt, T. M.; Cutler, J. A.; Windhauser, M. M.; Lin, P. H.; Karanja, N. A
clinical trial of the effects of dietary patterns on blood pressure. DASH
Collaborative Research Group. N. Engl. J. Med. 336:1117–1124; 1997.

[2] Liu, S.; Manson, J. E.; Lee, I. M.; Cole, S. R.; Hennekens, C. H.; Willett, W. C.;
Buring, J. E. Fruit and vegetable intake and risk of cardiovascular disease: the
Women’s Health Study. Am. J. Clin. Nutr. 72:922–928; 2000.

[3] Joshipura, K. J.; Hu, F. B.; Manson, J. E.; Stampfer, M. J.; Rimm, E. B.; Speizer, F. E.;
Colditz, G.; Ascherio, A.; Rosner, B.; Spiegelman, D.; Willett, W. C. The effect of
fruit and vegetable intake on risk for coronary heart disease. Ann. Intern. Med.
134:1106–1114; 2001.

[4] Hung, H. C.; Joshipura, K. J.; Jiang, R.; Hu, F. B.; Hunter, D.; Smith-Warner, S. A.;
Colditz, G. A.; Rosner, B.; Spiegelman, D.; Willett, W. C. Fruit and vegetable
intake and risk of major chronic disease. J. Natl. Cancer Inst. 96:1577–1584;
2004.

[5] Iqbal, R.; Anand, S.; Ounpuu, S.; Islam, S.; Zhang, X.; Rangarajan, S.; Chifamba, J.;
Al-Hinai, A.; Keltai, M.; Yusuf, S. Dietary patterns and the risk of acute
myocardial infarction in 52 countries: results of the INTERHEART study.
Circulation 118:1929–1937; 2008.

[6] Do, R.; Xie, C.; Zhang, X.; Mannisto, S.; Harald, K.; Islam, S.; Bailey, S. D.;
Rangarajan, S.; McQueen, M. J.; Diaz, R.; Lisheng, L.; Wang, X.; Silander, K.;
Peltonen, L.; Yusuf, S.; Salomaa, V.; Engert, J. C.; Anand, S. S. The effect of
chromosome 9p21 variants on cardiovascular disease may be modified by
dietary intake: evidence from a case/control and a prospective study. PLoS
Med. 8:e1001106; 2011.

[7] Hertog, M. G.; Feskens, E. J.; Hollman, P. C.; Katan, M. B.; Kromhout, D. Dietary
antioxidant flavonoids and risk of coronary heart disease: the Zutphen
Elderly Study. Lancet 342:1007–1011; 1993.

[8] Mursu, J.; Voutilainen, S.; Nurmi, T.; Tuomainen, T. P.; Kurl, S.; Salonen, J. T.
Flavonoid intake and the risk of ischaemic stroke and CVD mortality in
middle-aged Finnish men: the Kuopio Ischaemic Heart Disease Risk Factor
Study. Br. J. Nutr. 100:890–895; 2008.



M.C. Litterio et al. / Free Radical Biology and Medicine 53 (2012) 1894–1902 1901
[9] McCullough, M. L.; Peterson, J. J.; Patel, R.; Jacques, P. F.; Shah, R.; Dwyer, J. T.
Flavonoid intake and cardiovascular disease mortality in a prospective cohort
of US adults. Am. J. Clin. Nutr. 95:454–464; 2012.

[10] Buijsse, B.; Feskens, E. J.; Kok, F. J.; Kromhout, D. Cocoa intake, blood pressure,
and cardiovascular mortality: the Zutphen Elderly Study. Arch. Intern. Med.
166:411–417; 2006.

[11] Curtis, P. J.; Sampson, M.; Potter, J.; Dhatariya, K.; Kroon, P. A.; Cassidy, A.
Chronic ingestion of flavan-3-ols and isoflavones improves insulin sensitivity
and lipoprotein status and attenuates estimated 10-year CVD risk in
medicated postmenopausal women with type 2 diabetes: a 1-year, double-
blind, randomized, controlled trial. Diabetes Care 35:226–232; 2012.

[12] Hooper, L.; Kroon, P. A.; Rimm, E. B.; Cohn, J. S.; Harvey, I.; Le Cornu, K. A.;
Ryder, J. J.; Hall, W. L.; Cassidy, A. Flavonoids, flavonoid-rich foods, and
cardiovascular risk: a meta-analysis of randomized controlled trials. Am. J.
Clin. Nutr. 88:38–50; 2008.

[13] Ried, K.; Sullivan, T.; Fakler, P.; Frank, O. R.; Stocks, N. P. Does chocolate
reduce blood pressure? A meta-analysis. BMC Med. 8:39; 2010.

[14] Desch, S.; Schmidt, J.; Kobler, D.; Sonnabend, M.; Eitel, I.; Sareban, M.;
Rahimi, K.; Schuler, G.; Thiele, H. Effect of cocoa products on blood pressure:
systematic review and meta-analysis. Am. J. Hypertens. 23:97–103; 2010.

[15] Shrime, M. G.; Bauer, S. R.; McDonald, A. C.; Chowdhury, N. H.; Coltart, C. E.;
Ding, E. L. Flavonoid-rich cocoa consumption affects multiple cardiovascular risk
factors in a meta-analysis of short-term studies. J. Nutr. 141:1982–1988; 2011.

[16] Hooper, L.; Kay, C.; Abdelhamid, A.; Kroon, P. A.; Cohn, J. S.; Rimm, E. B.;
Cassidy, A. Effects of chocolate, cocoa, and flavan-3-ols on cardiovascular
health: a systematic review and meta-analysis of randomized trials. Am. J.
Clin. Nutr. 95:740–751; 2012.

[17] Ignarro, L. J. Nitric oxide as a unique signaling molecule in the vascular
system: a historical overview. J. Physiol. Pharmacol. 53:503–514; 2002.

[18] Pendyala, S.; Usatyuk, P. V.; Gorshkova, I. A.; Garcia, J. G.; Natarajan, V.
Regulation of NADPH oxidase in vascular endothelium: the role of phospho-
lipases, protein kinases, and cytoskeletal proteins. Antioxid. Redox Signaling
11:841–860; 2009.

[19] Landmesser, U.; Dikalov, S.; Price, S. R.; McCann, L.; Fukai, T.; Holland, S. M.;
Mitch, W. E.; Harrison, D. G. Oxidation of tetrahydrobiopterin leads to
uncoupling of endothelial cell nitric oxide synthase in hypertension. J. Clin.
Invest. 111:1201–1209; 2003.

[20] Brandes, R. P.; Weissmann, N.; Schroder, K. NADPH oxidases in cardiovascular
disease. Free Radic. Biol. Med. 49:687–706; 2010.

[21] Galleano, M.; Pechanova, O.; Fraga, C. G. Hypertension, nitric oxide, oxidants,
and dietary plant polyphenols. Curr. Pharm. Biotechnol. 11:837–848; 2010.

[22] Taubert, D.; Roesen, R.; Lehmann, C.; Jung, N.; Schomig, E. Effects of low
habitual cocoa intake on blood pressure and bioactive nitric oxide: a
randomized controlled trial. JAMA 298:49–60; 2007.

[23] Heiss, C.; Schroeter, H.; Balzer, J.; Kleinbongard, P.; Matern, S.; Sies, H.; Kelm,
M. Endothelial function, nitric oxide, and cocoa flavanols. J. Cardiovasc.
Pharmacol. 47(Suppl. 2):S128–135; 2006.

[24] Schroeter, H.; Heiss, C.; Balzer, J.; Kleinbongard, P.; Keen, C. L.; Hollenberg, N.
K.; Sies, H.; Kwik-Uribe, C.; Schmitz, H. H.; Kelm, M. (�)-Epicatechin
mediates beneficial effects of flavanol-rich cocoa on vascular function in
humans. Proc. Natl. Acad. Sci. USA 103:1024–1029; 2006.

[25] Ramirez-Sanchez, I.; Maya, L.; Ceballos, G.; Villarreal, F. (�)-Epicatechin
activation of endothelial cell endothelial nitric oxide synthase, nitric oxide,
and related signaling pathways. Hypertension 55:1398–1405; 2010.

[26] Steffen, Y.; Schewe, T.; Sies, H. (�)-Epicatechin elevates nitric oxide in
endothelial cells via inhibition of NADPH oxidase. Biochem. Biophys. Res.
Commun. 359:828–833; 2007.

[27] Bernatova, I.; Pechanova, O.; Babal, P.; Kysela, S.; Stvrtina, S.; Andriantsito-
haina, R. Wine polyphenols improve cardiovascular remodeling and vascular
function in NO-deficient hypertension. Am. J. Physiol. Heart Circ. Physiol.
282:H942–948; 2002.

[28] Fraga, C. G.; Litterio, M. C.; Prince, P. D.; Calabro, V.; Piotrkowski, B.; Galleano,
M. Cocoa flavanols: effects on vascular nitric oxide and blood pressure. J. Clin.
Biochem. Nutr. 48:63–67; 2011.

[29] Olin, K. L.; Golub, M. S.; Gershwin, M. E.; Hendrickx, A. G.; Lonnerdal, B.;
Keen, C. L. Extracellular superoxide dismutase activity is affected by dietary
zinc intake in nonhuman primate and rodent models. Am. J. Clin. Nutr.
61:1263–1267; 1995.

[30] Tabrizi-Fard, M. A.; Fung, H. L. Reversed-phase high-performance liquid
chromatography method for the analysis of nitro-arginine in rat plasma
and urine. J. Chromatogr. B Biomed. Appl. 679:7–12; 1996.

[31] Lotito, S. B.; Fraga, C. G. (+)-Catechin prevents human plasma oxidation. Free
Radic. Biol. Med. 24:435–441; 1998.

[32] Rein, D.; Lotito, S.; Holt, R. R.; Keen, C. L.; Schmitz, H. H.; Fraga, C. G.
Epicatechin in human plasma: in vivo determination and effect of chocolate
consumption on plasma oxidation status. J. Nutr. 130:2109S–2114S;
2000.

[33] Jones, D. P.; Carlson, J. L.; Samiec, P. S.; Sternberg Jr P.; Mody Jr V. C.; Reed, R. L.;
Brown, L. A. Glutathione measurement in human plasma: evaluation of sample
collection, storage and derivatization conditions for analysis of dansyl deriva-
tives by HPLC. Clin. Chim. Acta 275:175–184; 1998.

[34] Verdon, C. P.; Burton, B. A.; Prior, R. L. Sample pretreatment with nitrate
reductase and glucose-6-phosphate dehydrogenase quantitatively reduces
nitrate while avoiding interference by NADPþ when the Griess reaction is
used to assay for nitrite. Anal. Biochem. 224:502–508; 1995.
[35] Romitelli, F.; Santini, S. A.; Chierici, E.; Pitocco, D.; Tavazzi, B.; Amorini, A. M.;
Lazzarino, G.; Di Stasio, E. Comparison of nitrite/nitrate concentration in
human plasma and serum samples measured by the enzymatic batch Griess
assay, ion-pairing HPLC and ion-trap GC–MS: the importance of a correct
removal of proteins in the Griess assay. J. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 851:257–267; 2007.

[36] Costa, M. A.; Loria, A.; Elesgaray, R.; Balaszczuk, A. M.; Arranz, C. Role of nitric
oxide pathway in hypotensive and renal effects of furosemide during
extracellular volume expansion. J. Hypertens. 22:1561–1569; 2004.

[37] Li, J. M.; Wheatcroft, S.; Fan, L. M.; Kearney, M. T.; Shah, A. M. Opposing roles
of p47phox in basal versus angiotensin II-stimulated alterations in vascular
O2
� production, vascular tone, and mitogen-activated protein kinase activa-

tion. Circulation 109:1307–1313; 2004.
[38] Oberhammer, F.; Fritsch, G.; Schmied, M.; Pavelka, M.; Printz, D.; Purchio, T.;

Lassmann, H.; Schulte-Hermann, R. Condensation of the chromatin at the
membrane of an apoptotic nucleus is not associated with activation of an
endonuclease. J. Cell Sci. 104(Pt 2):317–326; 1993.

[39] Lee, S. H.; Park, Y. B.; Bae, K. H.; Bok, S. H.; Kwon, Y. K.; Lee, E. S.; Choi, M. S.
Cholesterol-lowering activity of naringenin via inhibition of 3-hydroxy-3-
methylglutaryl coenzyme A reductase and acyl coenzyme A: cholesterol
acyltransferase in rats. Ann. Nutr. Metab. 43:173–180; 1999.

[40] Felgines, C.; Texier, O.; Morand, C.; Manach, C.; Scalbert, A.; Regerat, F.;
Remesy, C. Bioavailability of the flavanone naringenin and its glycosides in
rats. Am. J. Physiol. Gastrointest. Liver Physiol. 279:G1148–1154; 2000.

[41] Mulvihill, E. E.; Assini, J. M.; Sutherland, B. G.; DiMattia, A. S.; Khami, M.;
Koppes, J. B.; Sawyez, C. G.; Whitman, S. C.; Huff, M. W. Naringenin decreases
progression of atherosclerosis by improving dyslipidemia in high-fat-fed
low-density lipoprotein receptor-null mice. Arterioscler. Thromb. Vasc. Biol.
30:742–748; 2010.

[42] Cho, Y. M.; Onodera, H.; Ueda, M.; Imai, T.; Hirose, M. A 13-week subchronic
toxicity study of dietary administered morin in F344 rats. Food Chem. Toxicol.
44:891–897; 2006.

[43] Tamura, T.; Mitsumori, K.; Muto, S.; Kasahara, H.; Kobayashi, S.; Okuhara, Y.;
Hayashi, M.; Nagasawa, T.; Onozato, T.; Kuroda, J. Fifty-two week chronic
toxicity of enzymatically decomposed rutin in Wistar rats. Food Chem. Toxicol.
48:2312–2318; 2010.

[44] Takami, S.; Imai, T.; Hasumura, M.; Cho, Y. M.; Onose, J.; Hirose, M.
Evaluation of toxicity of green tea catechins with 90-day dietary adminis-
tration to F344 rats. Food Chem. Toxicol. 46:2224–2229; 2008.

[45] Arnal, J. F.; Warin, L.; Michel, J. B. Determinants of aortic cyclic guanosine
monophosphate in hypertension induced by chronic inhibition of nitric oxide
synthase. J. Clin. Invest. 90:647–652; 1992.

[46] Kashiwagi, M.; Shinozaki, M.; Hirakata, H.; Tamaki, K.; Hirano, T.; Tokumoto, M.;
Goto, H.; Okuda, S.; Fujishima, M. Locally activated renin–angiotensin system
associated with TGF-beta1 as a major factor for renal injury induced
by chronic inhibition of nitric oxide synthase in rats. J. Am. Soc. Nephrol.
11:616–624; 2000.

[47] Paulis, L.; Pechanova, O.; Zicha, J.; Barta, A.; Gardlik, R.; Celec, P.; Kunes, J.;
Simko, F. Melatonin interactions with blood pressure and vascular function
during L-NAME-induced hypertension. J. Pineal Res. 48:102–108; 2010.

[48] Ellinger, S.; Reusch, A.; Stehle, P.; Helfrich, H. P. Epicatechin ingested via
cocoa products reduces blood pressure in humans: a nonlinear regression
model with a Bayesian approach. Am. J. Clin. Nutr. 95:1365–1377; 2012.

[49] Gomez-Guzman, M.; Jimenez, R.; Sanchez, M.; Romero, M.; O’Valle, F.;
Lopez-Sepulveda, R.; Quintela, A. M.; Galindo, P.; Zarzuelo, M. J.; Bailon, E.;
Delpon, E.; Perez-Vizcaino, F.; Duarte, J. Chronic (�)-epicatechin improves
vascular oxidative and inflammatory status but not hypertension in chronic
nitric oxide-deficient rats. Br. J. Nutr. 106:1337–1348; 2011.

[50] Gomez-Guzman, M.; Jimenez, R.; Sanchez, M.; Zarzuelo, M. J.; Galindo, P.;
Quintela, A. M.; Lopez-Sepulveda, R.; Romero, M.; Tamargo, J.; Vargas, F.; Perez-
Vizcaino, F.; Duarte, J. Epicatechin lowers blood pressure, restores endothelial
function, and decreases oxidative stress and endothelin-1 and NADPH oxidase
activity in DOCA-salt hypertension. Free Radic. Biol. Med. 52:70–79; 2012.

[51] Lassegue, B.; Griendling, K. K. NADPH oxidases: functions and pathologies in
the vasculature. Arterioscler. Thromb. Vasc. Biol. 30:653–661; 2010.

[52] Mayer, B.; Schmid, M.; Klatt, P.; Schmidt, K. Reversible inactivation of endothe-
lial nitric oxide synthase by Ng-nitro-L-arginine. FEBS Lett. 333:203–206; 1993.

[53] Chiesi, M.; Schwaller, R. Inhibition of constitutive endothelial NO-synthase
activity by tannin and quercetin. Biochem. Pharmacol. 49:495–501; 1995.

[54] Ramirez-Sanchez, I.; Maya, L.; Ceballos, G.; Villarreal, F. (�)-Epicatechin
induces calcium and translocation independent eNOS activation in arterial
endothelial cells. Am. J. Physiol. Cell Physiol. 300:C880–887; 2011.

[55] Galleano, M.; Oteiza, P. I.; Fraga, C. G. Cocoa, chocolate, and cardiovascular
disease. J. Cardiovasc. Pharmacol. 54:483–490; 2009.

[56] Herrera, E.; Jimenez, R.; Aruoma, O. I.; Hercberg, S.; Sanchez-Garcia, I.; Fraga,
C. Aspects of antioxidant foods and supplements in health and disease. Nutr.
Rev. 67(Suppl. 1):S140–144; 2009.

[57] Fraga, C. G.; Galleano, M.; Verstraeten, S. V.; Oteiza, P. I. Basic biochemical
mechanisms behind the health benefits of polyphenols. Mol. Aspects Med.
31:435–445; 2010.

[58] Galleano, M.; Verstraeten, S. V.; Oteiza, P. I.; Fraga, C. G. Antioxidant actions
of flavonoids: thermodynamic and kinetic analysis. Arch. Biochem. Biophys.
501:23–30; 2010.

[59] Fraga, C. G.; Oteiza, P. I. Dietary flavonoids: role of (�)-epicatechin and related
procyanidins in cell signaling. Free Radic. Biol. Med. 51:813–823; 2011.



M.C. Litterio et al. / Free Radical Biology and Medicine 53 (2012) 1894–19021902
[60] Mackenzie, G. G.; Delfino, J. M.; Keen, C. L.; Fraga, C. G.; Oteiza, P. I. Dimeric
procyanidins are inhibitors of NF-kappaB–DNA binding. Biochem. Pharmacol.
78:1252–1262; 2009.

[61] Ottaviani, J. I.; Actis-Goretta, L.; Villordo, J. J.; Fraga, C. G. Procyanidin
structure defines the extent and specificity of angiotensin I converting
enzyme inhibition. Biochimie 88:359–365; 2006.

[62] Verstraeten, S. V.; Mackenzie, G. G.; Oteiza, P. I.; Fraga, C. G. (�)-Epicatechin
and related procyanidins modulate intracellular calcium and prevent oxida-
tion in Jurkat T cells. Free Radic. Res. 42:864–872; 2008.

[63] Da Silva, M.; Jaggers, G. K.; Verstraeten, S. V.; Erlejman, A. G.; Fraga, C. G.;
Oteiza, P. I. Large procyanidins prevent bile-acid-induced oxidant production
and membrane-initiated ERK1/2, p38, and Akt activation in Caco-2 cells. Free
Radic. Biol. Med. 52:151–159; 2012.

[64] Vazquez-Prieto, M.A.; Bettaieb, A.;Haj, F.G.; Fraga, C.G.; Oteiza, P.I. (�)-
Epicatechin prevents TNFa-induced activation of signaling cascades involved
in inflammation and insulin sensitivity in 3T3-L1 adipocytes. Arch. Biochem.
Biophys.; 2012. http://dx.doi.org/10.1016/j.abb.2012.02.019.

[65] Lodi, F.; Cogolludo, A.; Duarte, J.; Moreno, L.; Coviello, A.; Peral De Bruno, M.;
Vera, R.; Galisteo, M.; Jimenez, R.; Tamargo, J.; Perez-Vizcaino, F. Increased
NADPH oxidase activity mediates spontaneous aortic tone in genetically
hypertensive rats. Eur. J. Pharmacol. 544:97–103; 2006.

[66] Lopez-Sepulveda, R.; Jimenez, R.; Romero, M.; Zarzuelo, M. J.; Sanchez, M.;
Gomez-Guzman, M.; Vargas, F.; O’Valle, F.; Zarzuelo, A.; Perez-Vizcaino, F.;
Duarte, J. Wine polyphenols improve endothelial function in large vessels of
female spontaneously hypertensive rats. Hypertension 51:1088–1095; 2008.

[67] Ihm, S. H.; Lee, J. O.; Kim, S. J.; Seung, K. B.; Schini-Kerth, V. B.; Chang, K.;
Oak, M. H. Catechin prevents endothelial dysfunction in the prediabetic stage
of OLETF rats by reducing vascular NADPH oxidase activity and expression.
Atherosclerosis 206:47–53; 2009.

[68] Wang, P.; Tang, F.; Li, R.; Zhang, H.; Chen, S.; Liu, P.; Huang, H. Contribution
of different NOX homologues to cardiac remodeling in two-kidney two-clip
renovascular hypertensive rats: effect of valsartan. Pharmacol. Res. 55:
408–417; 2007.

[69] Nishiyama, A.; Yoshizumi, M.; Hitomi, H.; Kagami, S.; Kondo, S.; Miyatake, A.;
Fukunaga, M.; Tamaki, T.; Kiyomoto, H.; Kohno, M.; Shokoji, T.; Kimura, S.;
Abe, Y. The SOD mimetic tempol ameliorates glomerular injury and reduces
mitogen-activated protein kinase activity in Dahl salt-sensitive rats. J. Am.
Soc. Nephrol. 15:306–315; 2004.

[70] Akasaki, T.; Ohya, Y.; Kuroda, J.; Eto, K.; Abe, I.; Sumimoto, H.; Iida, M.
Increased expression of gp91phox homologues of NAD(P)H oxidase in the
aortic media during chronic hypertension: involvement of the renin–
angiotensin system. Hypertens. Res. 29:813–820; 2006.

[71] Usui, M.; Egashira, K.; Kitamoto, S.; Koyanagi, M.; Katoh, M.; Kataoka, C.;
Shimokawa, H.; Takeshita, A. Pathogenic role of oxidative stress in vascular
angiotensin-converting enzyme activation in long-term blockade of nitric
oxide synthesis in rats. Hypertension 34:546–551; 1999.

[72] Toba, H.; Nakagawa, Y.; Miki, S.; Shimizu, T.; Yoshimura, A.; Inoue, R.;
Asayama, J.; Kobara, M.; Nakata, T. Calcium channel blockades exhibit anti-
inflammatory and antioxidative effects by augmentation of endothelial nitric
oxide synthase and the inhibition of angiotensin converting enzyme in the
N(g)-nitro-L-arginine methyl ester-induced hypertensive rat aorta: vasopro-
tective effects beyond the blood pressure-lowering effects of amlodipine and
manidipine. Hypertens. Res 28:689–700; 2005.

[73] Lobysheva, I.; Rath, G.; Sekkali, B.; Bouzin, C.; Feron, O.; Gallez, B.; Dessy, C.;
Balligand, J. L. Moderate caveolin-1 downregulation prevents NADPH
oxidase-dependent endothelial nitric oxide synthase uncoupling by angio-
tensin II in endothelial cells. Arterioscler. Thromb. Vasc. Biol. 31:2098–2105;
2011.

[74] Dikalova, A. E.; Gongora, M. C.; Harrison, D. G.; Lambeth, J. D.; Dikalov, S.;
Griendling, K. K. Upregulation of NOX1 in vascular smooth muscle leads to
impaired endothelium-dependent relaxation via eNOS uncoupling. Am. J.
Physiol. Heart Circ. Physiol 299:H673–679; 2010.

[75] Youn, J. Y.; Gao, L.; Cai, H. The p47(phox)- and NADPH oxidase organiser 1
(NOXO1)-dependent activation of NADPH oxidase 1 (NOX1) mediates
endothelial nitric oxide synthase (eNOS) uncoupling and endothelial dys-
function in a streptozotocin-induced murine model of diabetes. Diabetologia
55:2069–2079; 2012.

[76] Qian, J.; Chen, F.; Kovalenkov, Y.; Pandey, D.; Moseley, M. A.; Foster, M. W.;
Black, S. M.; Venema, R. C.; Stepp, D. W.; Fulton, D. J. Nitric oxide reduces
NADPH oxidase 5 (NOX5) activity by reversible S-nitrosylation. Free Radic.
Biol. Med. 52:1806–1819; 2012.

[77] Sarr, M.; Chataigneau, M.; Martins, S.; Schott, C.; El Bedoui, J.; Oak, M. H.;
Muller, B.; Chataigneau, T.; Schini-Kerth, V. B. Red wine polyphenols prevent
angiotensin II-induced hypertension and endothelial dysfunction in rats: role
of NADPH oxidase. Cardiovasc. Res. 71:794–802; 2006.

[78] Sanchez, M.; Lodi, F.; Vera, R.; Villar, I. C.; Cogolludo, A.; Jimenez, R.; Moreno, L.;
Romero, M.; Tamargo, J.; Perez-Vizcaino, F.; Duarte, J. Quercetin and isorham-
netin prevent endothelial dysfunction, superoxide production, and overexpres-
sion of p47phox induced by angiotensin II in rat aorta. J. Nutr. 137:910–915;
2007.

[79] Galleano, M.; Calabro, V.; Prince, P. D.; Litterio, M. C.; Piotrkowski, B.;
Vazquez-Prieto, M. A.; Miatello, R. M.; Oteiza, P. I.; Fraga, C. G. Flavonoids
and metabolic syndrome. Ann. N. Y. Acad. Sci. 1259:87–94; 2012.

[80] Al Ghouleh, I.; Khoo, N. K.; Knaus, U. G.; Griendling, K. K.; Touyz, R. M.;
Thannickal, V. J.; Barchowsky, A.; Nauseef, W. M.; Kelley, E. E.; Bauer, P. M.;
Darley-Usmar, V.; Shiva, S.; Cifuentes-Pagano, E.; Freeman, B. A.; Gladwin, M. T.;
Pagano, P. J. Oxidases and peroxidases in cardiovascular and lung disease:
new concepts in reactive oxygen species signaling. Free Radic. Biol. Med.
51:1271–1288; 2011.

dx.doi.org/10.1016/j.abb.2012.02.019

	Blood pressure-lowering effect of dietary (-)-epicatechin administration in L-NAME-treated rats is associated with...
	Materials and methods
	Materials
	Animals and treatments
	Blood pressure determinations
	Sample collection
	HPLC analysis of Nomega-nitro-l-arginine, malondialdehyde, (-)-epicatechin, and glutathione
	Nomega-nitro-l-arginine (L-NNA)
	Malondialdehyde (MDA)
	(-)-Epicatechin
	GSH/GSSG

	Nitrites and nitrates
	Determination of vascular NOS activity
	Determination of vascular NADPH-dependent superoxide anion production
	Western blots
	Immunohistochemistry
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References




