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Red wine-dependent reduction of nitrite to nitric oxide in the stomach
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Abstract

Nitrite may be a source for nitric oxide (UNO), particularly in highly acidic environments, such as the stomach. Diet products contribute also
with reductants that dramatically increase the production of UNO from nitrite. Red wine has been attributed health promoting properties largely on
basis of the reductive antioxidant properties of its polyphenolic fraction. We show in vitro that wine, wine anthocyanin fraction and wine catechol
(caffeic acid) dose- and pH-dependently promote the formation of UNO when mixed with nitrite, as measured electrochemically. The production ofUNO promoted by wine from nitrite was substantiated in vivo in healthy volunteers by measuring UNO in the air expelled from the stomach,
following consumption of wine, as measured by chemiluminescence. Mechanistically, the reaction involves the univalent reduction of nitrite, as
suggested by the formation of UNO and by the appearance of EPR spectra assigned to wine phenolic radicals. Ascorbic and caffeic acids cooperate
in the reduction of nitrite to UNO. Moreover, reduction of nitrite is critically dependent on the phenolic structure and nitro-derivatives of phenols
are also formed, as suggested by caffeic acid UV spectral modifications. The reduction of nitrite may reveal previously unrecognized physiologic
effects of red wine in connection with UNO bioactivity.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Nitric oxide (UNO), an endogenous diffusible free radical, is
an important mediator in a wide range of physiological and
pathological events. UNO is produced in vivo by several iso-
forms of nitric oxide synthase (NOS), either constitutively or
inducibly expressed (for review see ref. [1]). Independently of
NOS, accumulating evidence suggest that heme proteins,
xanthine oxidoreductase and thiol-containing enzymes may
convert nitrite into UNO [2] during ischemic or hypoxic events
[3–5]. These observations, among others showing that nitrite
may regulate cell functions via protein modifications at heme
and sulfhydryl sites, have spot nitrite as an endogenous
molecule involved in the physiology and therapeutics of the
cardiovascular system [6]. In particular, the chemical reduction
of inorganic nitrite to UNO has been initially uncovered as a
new biologically-relevant mechanism in acidic environments,
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notably the gastric compartment [7,8]. In the body, nitrite
derives from nutritional sources, from reduction of ingested
nitrate by commensal bacteria and from oxidation of
endogenous UNO [9]. Major dietary sources of nitrite include
cured meat and cereals but about 90% of ingested nitrite by
humans is accounted for by the reduction of nitrate (present in
high content in green leafy vegetables such as lettuce and
spinach) in the oral cavity via the action of nitrate reductase
expressed by microorganisms present in the surface of the
mouth [10–12]. Ingested nitrate is readily absorbed in the
upper small intestine [13] and equilibrates with body fluids but
25% is actively secreted by the salivary glands back to the
mouth [14].

At the acidic pH of the stomach, nitrite yields UNO and NO-
derived species that locally may have biological impact in
terms of antimicrobial effects, blood flow, mucus secretion and
gastric motility (for review see ref. [15]). At the gastric pH
nitrite exists in a complex equilibrium with nitrous acid and
several reactive nitrogen oxides (reactions 1–5). When taking
place in the liquid phase of the stomach, because the chemical
system is not closed, it is expected that UNO due to its limited
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solubility in water will leave the aqueous phase being present
in the expelled air.

NO2
− þ Hþ ⇆HNO2 ð1Þ

2 HNO2 ⇆
U
NO þ UNO2 þ H2O ð2Þ

U
NOþ UNO2 ⇆N2O3 ð3Þ

N2O3 þ H2O ⇆2HNO2 ð4Þ

4
U
NOþ O2 þ 2 H2O ⇆4NO−

2 þ 4Hþ ð5Þ

Whereas the production of UNO via reactions 1 and 2 may occur
at low fluxes, it can be envisage that the production of UNO from
acidic nitrite in the stomach can be dramatically enhanced,
providing that compounds endowed with adequate thermo-
dynamic and kinetic properties are available to univalently
reduce nitrite. Ascorbic acid, exhibiting a low redox potential
(0.28 V) and actively secreted in the gastric juice is an obvious
candidate [16,17]. Yet, dietary polyphenols that, depending on
its structure, have been shown to redox interact with oxidant
radicals, thus preventing oxidative reactions, may be present in
large amounts in the stomach in a diet-dependent way and likely
promote UNO formation at high fluxes. Accordingly, it has been
demonstrated that chlorogenic acid and quercetin enhance the
production of UNO from nitrite at acidic pH [18,19].

Red wine is a beverage with a high content in polyphenols,
comprising flavonoids and nonflavonoid compounds [20] known
for its ability to reduce a variety of oxidant free radicals, thus
acting as antioxidants [21]. Further considering that wine poly-
phenols may be abundantly found in the stomach it is likely that
at this location may interact with nitrite yielding UNO. We aimed
at ascertaining the potential activity of red wine as a catalyst ofUNO formation in the stomach in vivo in healthy volunteers and
establish the mechanism of such interaction in in vitro expe-
riments. On basis of electrochemical, chemiluminescence, UV
and electron paramagnetic resonance (EPR) spectroscopies, data
suggest that ingestion of red wine is associated with an increase
of UNO in the stomach. The mechanism of UNO formation in-
volves the one-electron reduction of nitrite, a phenomenon
dependent on the structure of phenols present in the wine and that
is cooperative with physiological nitrite reductants, namely as-
corbic acid. In addition to oxidation, nitrosation and nitration of
the phenols may also occur. Of significance, these results estab-
lish a new pathway for the known impact of wine consumption in
human health by way of UNO-dependent physiological and
pathophysiological events, at least in the gastric compartment.

Materials and methods

Chemicals and wine

Caffeic (3,4-Dihydroxycinnamic acid), p-coumaric (4-Hydro-
xycinnamic acid) and ascorbic acids were purchased from Fluka
Biochemika. Solid sodium nitrite (NaNO2) and sodium nitrate
(NaNO2) were purchased from Merck. Portuguese red wine was
from Douro region (1997). All other chemicals were of analytical
grade.

Nitric oxide measurement

In in vitro experiments UNOwas measured electrochemically
using the ISO-NO Mark II UNO meter and sensor (World
Precision Instruments, LTD, Hertfordshire, UK). The electrode
was calibrated in KI-H2SO4 (0.1 M) with stock solutions of
nitrite, according to the manufacturer.

In in vivo experiments UNO was measured in the expelled air
from stomach using a chemiluminescence analyzer (Aerocrine
AB, Stockholm, Sweden). The instrument's detection limit forUNO was 1 ppb. Calibration of the instrument was performed
with UNO gas (10 ppm UNO in nitrogen; AGA AB, Lidingö,
Sweden).

Production of nitric oxide from nitrite at low pH in vitro

Stock solutions of caffeic, p-coumaric and ascorbic acids
were prepared daily in ultra pure water saturated with argon.
The solutions were protected from light under an argon atmos-
phere, at room temperature.

A phenolic wine extract was prepared according to pre-
viously described methodologies [22,23] with some changes.
Briefly, dealcoholized wine was applied to a column Sep-Pak
C18, 10 g (Waters) previously conditioned with methanol
5 ml/min for 20 min followed by water:formic acid (95:5)
5 ml/min for additional 20 min. A first fraction was eluted
with water:formic acid (95:5) 2 ml/min for 4 hours and,
afterwards, a second fraction, consisting of anthocyanins was
eluted with a mixture water:acetonitrile:formic acid (65:30:5)
2 ml/min for 40 min. The fractions were concentrated by
evaporation under reduced pressure at 45°C to the original
volume of red wine.

Caffeic acid, p-coumaric acid, ascorbic acid, red wine and
anthocyanin extract from red wine, were assayed for nitrite
reducing ability. Nitrite was added at time 0 to a solution of each
compound tested at the defined pH. The assays were performed
in simulated gastric juice (SGJ) prepared according to the
United States Pharmacopeia (Vol. 25) without pepsin. In all the
experiments pH was rigorously controlled before the addition of
nitrite.

in vivo studies

Three healthy fasting volunteers consumed 125 ml of red
wine following ingestion of a solution of 5 mg sodium nitrate/
kg body weight in 100 ml of water to simulate intake of nitrate-
containing green vegetables, according to previously described
and safely established conditions [24,25]. UNO was measured
in the expelled air from the stomach sequentially at different
times according to the following plan: 1) under fasting
conditions, 2) ingestion of nitrate solution and measurement
45 min later to permit absorption and secretion of nitrate in



Fig. 1. Production of UNO from nitrite in the presence of different dilutions of red
wine at pH 1.5 (—) and pH 2.0 (- - -). (A) Time courses of UNO production upon
addition of 10 μM nitrite (arrow) in the absence (lines 1) and in the presence of
red wine diluted 1000 (lines 2), 100 (lines 3) and 10 fold (lines 4). (B) Peak ofUNO concentration at pH 1.5 (—) and pH 2.0 (- - -) versus wine dilution. Inset:
wine free radical (arrow), sitting in the middle of the Mn2+ spectrum, obtained
upon mixing wine with nitrite solution in a mixing cell before being pumped to
EPR cavity. In (B) values are means±SEM (n=3).
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saliva from plasma, 3) ingestion of red wine and measurements
15 and 30 min later. The air expelled from the stomach was
collected into gas-tight bags by voluntary regurgitation at the
different times and UNO concentrations were determine by
chemiluminescence [24].

Spectrophotometric measurements

Caffeic acid spectral modifications were followed between
230 to 450 nm by recording a spectrum every 3 min during
2 hours, following the addition of nitrite in a Lambda 45 UV/
VIS spectrophotometer (Perkin-Elmer Ltd., UK). The time
course of caffeic acid oxidation was followed by the decrease in
the absorbance at 310 nm in a Lambda 6 UV/VIS spectro-
photometer (Perkin-Elmer Ltd, UK) at room temperature in the
presence of O2. Nitrite was added at time 0 and left to react with
caffeic acid for 25 min.

EPR measurements

EPR spectra were recorded with a Bruker EMX spec-
trometer at room temperature in a continuous-flow system
using open Pasteur pipette (or the Aqua X cell from Bruker)
inserted in the EPR cavity and directly connected to a 1-ml
mixing cell.

In the case of caffeic acid, its mixture with nitrite contained
200 mM Mg2+ and in some experiments the mixture was added
of 50 mM NaOH in a second mixing cell, before being pumped
(8 ml/min) to the cavity, in order to stabilize the semiquinone
radical. Appropriate controls without nitrite were run in order to
subtract the contribution of caffeic acid autoxidation at the
alkaline pH.

The instrument settings for caffeic and ascorbic acid mix-
tures with nitrite (1:1) were: microwave frequency, 9.7 GHz,
microwave power, 20 mW, modulation amplitude, 1 G; time
constant, 0.65 s.

For the measurement of radicals in wine, the beverage was
mixed (1:1) with a solution of 4 mM nitrite in a mixing cell
located before the cavity. The instruments settings were as
before except that modulation amplitude was 2 G and time
constant 20 ms.

Results

Production of nitric oxide from nitrite promoted by red wine
in vitro

Fig. 1A shows the time course of UNO production from
10 μM nitrite, at pH 2.0 and pH 1.5 in the presence of red wine
added at different dilutions and under normal atmosphere. The
weakest the dilution of the wine, highest the production of UNO,
as shown in Fig. 1B. It is apparent that 5.8±0.2 and 8.0±0.1 μMUNO is maximally produced at pH 2 and 1.5, respectively, in the
presence of a 10 fold dilution of the wine (Fig. 1A, lines 4),
being 0.8±0.0 and 1.2±0.0 μM for a 1000 fold dilution (Fig. 1A,
lines 2). Ten fold is the expected dilution of wine in the stomach
following an intake of a 80 ml glass after a full meal [26,27].
The total amount of UNO produced is dependent on the pH; for
instance, a 100 fold dilution of red wine corresponds to a
decrease of 44.6±1.1% and 48.9±0.2% in the maximal
production of UNO for pH 2.0 and 1.5 respectively (Fig. 1B).
When the wine is diluted ten fold, the addition of nitrite induces
a peak of UNO at the 2.0±0.0 min and 1.1±0.0 min for pH 2.0
and pH 1.5, respectively. That is, the pH and the dilution of wine
also affect the initial rate of UNO production (not shown). The
rate increases when: a) the pH decreases and b) the concentra-
tion of wine increases.

At pH 7.4 the wine-dependent production of UNO is
meaningless (not shown).



Table 1
Production of

U
NO from nitrite promoted by red wine anthocyanin fraction

Sample (10 fold dilution)
U
NO Peak (μM) T80 (s)

Anthocyanin fraction 6.60±0.20 32.00±1.73
Red wine 7.47±0.16 33.33±2.33
Control a 0.17±0.02 11.67±1.76

Values are means±SEM (n=3).
a Without any phenol.
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Inset in Fig. 1B shows the wine free radical (arrow), obtained
upon mixing the wine with nitrite solution, sitting in the middle
of the Mn2+ spectrum found in the wine. The wine signal is
ascribed to its phenolic fraction [28].

Production of nitric oxide from nitrite promoted by red wine
in vivo

Fig. 2 shows the content of UNO in the expelled air from the
stomach of fasting volunteers consuming nitrate and red wine.
The controlled ingestion of nitrate to simulate the consumption
of green vegetables [24,25] permitted to detect 45 min later an
increase of UNO (12133±1067 ppb) in the air, as compared with
fasting conditions (1196±571 ppb). This is the time required to
establish maximum salivary nitrite, following the entero-
salivary recirculation of nitrate and its reduction to nitrite by
mouth commensal bacteria [25]. Following consumption of
wine the UNO in the air expelled from the stomach peaks at
15 min (30215±4399 ppb), decreasing afterwards (30 min,
20638±4939 ppb).

In the absence of exogenous nitrate consumption the total
amount of UNO produced by wine consumption was less than
20% as compared with nitrate plus wine (not shown).

Production of nitric oxide from nitrite promoted by red wine
phenolics in vitro

Preliminary experiments have shown that relevant phenolic
fractions obtained from the wine, namely the anthocyanins,
exhibited the capacity to produce UNO from nitrite at low pH
Fig. 2. In vivo peak
U
NO values (ppb) in expelled air from the stomach.

Measurements where made at 4 time points. First after overnight fasting (A),
then 45 minutes after drinking a solution of nitrate 5 mg/kg of body weight (B)
and 15 (C) and 30min (D) after drinking 125ml of redwine. Values aremeans±SED
(n=3), *pb0.05, **pb0.01.
(Table 1). In order to mechanistically address the underlying
reaction we have selected a wine catechol known for its
reducing ability (caffeic acid) and the structurally related
monophenol (p-coumaric acid) [29].

Fig. 3A shows the time course of UNO production upon
addition of 50 μM nitrite to caffeic acid solutions (10, 25, 50,
100, 200 and 1000 μM) at pH 2.0. Within the range of the
caffeic acid concentrations tested, the production of UNO
increases with the concentration of the wine phenolic
compound. The maximal production of UNO occurs 0.6 min
after the addition of nitrite, peaking at approx. 11.5 μM for
1000 μM caffeic acid. Also, the production of UNO increases
with the concentration of nitrite (Fig. 3B). However, whereas
the rate of UNO decay is insensitive to the concentration of
nitrite (Fig. 3B), the concentration of caffeic acid affects the rate
of UNO decay (Fig. 3A); the higher the concentration, the faster
the decay, thus suggesting that UNO and NO-derived species
may further react with the phenolic acid. For instance, for
1000 μM caffeic acid, UNO decays 50% in approx. 2.6 min, but
it takes 15 min to decay by approx. 30% in the presence of
10 μM caffeic acid.

Fig. 3A also shows that, at the stomach pH, in the absence of
the wine phenolic compound the decomposition of HNO2

yielding the production of UNO (line 1) is negligible as
compared with that promoted by caffeic acid (lines 2–7).

The monophenolic analogue of caffeic acid, p-coumaric
acid, under the same experimental conditions, induced UNO
production at concentrations one order magnitude lower than
those obtained with caffeic acid (Fig. 3C). The addition of
50 μM nitrite to 1000 μM p-coumaric acid resulted in approx.
0.5 μM UNO (Fig. 3C, line 3) and, for the same concentration of
caffeic acid, a peak of approx. 11.5 μM UNO was observed (Fig.
3A, line 7). In fact, the UNO levels obtained with p-coumaric are
not significantly different from those obtained by the sponta-
neous decomposition of HNO2 to

UNO (Fig. 3A, line 1).

Combined effect of ascorbic and caffeic acids on nitric oxide
production in vitro

Ascorbic acid is actively secreted in the stomach [17,30] and
has the capacity to reduce HNO2 to

UNO and inhibit the local
formation of N-nitrosamines [31,32]. Thus, caffeic acid and
other wine phenols have to compete with ascorbic acid, an
intrinsic reductant of gastric juice, for nitrite. A mixture of the
phenolic and ascorbic acids was used to look for possible
interactions in the production of UNO.

Fig. 4 shows that the addition of 10 μMnitrite to SGJ, devoid
of pepsin at pH 2.0 containing either 10 μM of caffeic acid or
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10 μM ascorbic acid, resulted in a maximal production of
approx. 0.8 (line 3) and 0.55 μM UNO (line 2), respectively.
When nitrite is added to a mixture of 10 μM caffeic acid and
Fig. 4. Time courses of UNO production from nitrite in the presence of caffeic
acid and ascorbic acid at pH 2.0. UNO production upon addition (arrow) of
10 μM nitrite in the absence (line 1), and in the presence of 10 μM ascorbic acid
(line 2), 10 μM caffeic acid (line 3), 10 μMascorbic acid plus 10 μMcaffeic acid
(line 4). Line 5 corresponds to the mathematical sum of lines 2 and 3.
10 μM ascorbic acid the maximal production of UNO is approx.
1.25 μM (line 4), that is, an effect similar to the sum of the
effects of caffeic acid and ascorbic acid (line 5), suggesting that,
for identical concentrations, the phenol efficiently competes
with ascorbic acid and contributes independently for the
production of UNO.

Structural modifications of ascorbic and caffeic acids
monitored by EPR and UV spectroscopies.

It has been reported that ascorbic acid (pK1=4.1), upon
interaction with nitrite, is oxidized to dehydroascorbate and
intermediary radicals are expected to be formed [7,17,32,33].
Similarly to ascorbic acid, caffeic acid is known as an
antioxidant which in view of its redox properties is capable to
reduce several compounds, including vitamin E radical [34].
Considering that the reduction potential of nitrite (≈0.9 V) is
higher than that of vitamin E radical (0.48 V), it is expected that
the production of UNO from nitrite involves a redox reaction,
encompassing the univalent reduction of nitrite and the
oxidation of caffeic acid to the corresponding o-semiquinone
radical. EPR and UV spectroscopies allowed us to follow the
formation of the one-electron oxidation intermediates and the
stable products of caffeic acid upon reaction with nitrite,
respectively (Fig. 5). Fig. 5A (line 2) shows the typical doublet
spectra (aH=1.8 G) of ascorbate radical obtained by EPR under
Fig. 3. Time courses of UNO production from nitrite in the presence of caffeic
acid and p-coumaric acid at pH 2.0. UNO production upon addition (arrow) of:
(A) 50 μM nitrite, in the absence (line 1) and in the presence of 10, 25, 50, 100,
200 and 1000 μM caffeic acid (lines 2 to 7, respectively); (B) 25, 50 and 100 μM
nitrite in the presence of 50 μM caffeic acid (lines 1 to 3, respectively); (C)
50 μM nitrite, in the absence (line 1) and in the presence of 10 and 1000 μM
p-coumaric acid (lines 2 and 3, respectively).



Fig. 5. EPR and UV spectral modifications of caffeic acid and ascorbic acid in the presence of nitrite. (A) EPR signal of ascorbate radical (line 2) and caffeic acid
o-semiquinone radical (line 4) obtained under flow conditions upon mixing 2 mM of the compounds with 4 mM of nitrite at pH 2.0. Line 1 is the control with the
reductants but without nitrite and line 3 is the mixture of caffeic acid with nitrite alkalinized immediately before being pumped to the EPR cavity, as described under
methods. Spectrum 3 is obtained by the difference between the spectrum of caffeic acid plus nitrite and caffeic acid alone, thus avoiding caffeic acid autoxidation at the
alkaline pH. The conditions for line 5 are identical to those of line 4 but without nitrite. EPR instrumental settings are as described under methods but sweep width and
receiver gain were adjusted for plotting the spectra. (B) UV spectral changes of 25 μM caffeic acid at pH 1.5 during the reaction with 50 μM nitrite: before addition of
nitrite (- - -), every 3 min (—) and after 2 hours (— ·—) of incubation. Downward and upward arrows indicate decrease and increase in absorbance as the reaction
proceeds. Leftward arrow indicates shifting to the left; (C) Time course of oxidation of 25 μM caffeic acid at pH 1.5 followed by the decay in absorbance at 310 nm
upon addition of 25, 50 and 100 μM nitrite (lines 1 to 3, respectively). Inset: Relationship between oxidation of 25 μM caffeic acid (line a) and UNO production (line b)
upon addition of 50 μM nitrite.
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flow conditions (8 ml/min) of a mixture of ascorbic acid with
nitrite at pH 2.0 in a mixing cell. Likewise, Fig. 5A (lines 3 and
4) shows the EPR spectra assigned to caffeic acid o-semiquinone
radical [34], the one-electron oxidation product of caffeic acid,
obtained upon mixing the phenolic acid with nitrite. Caffeic acid
was let to react with nitrite at pH 2.0 in a mixing cell and then
transferred to the cavity at a flow of 8ml/min (line 4). In a second
experiment and in an attempt to stabilize the radical, after the
mixing at pH 2.0 and just before reaching the EPR cavity, the
reaction mixture was alkalinized. The EPR spectrum was then
recorded and subtracted by that acquired in a control experiment
under the same experimental conditions but in the absence of
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nitrite (i.e., autoxidation of caffeic acid at identical alkaline pH).
The resulting spectrum is shown in line 3. The formation of the
o-semiquinone radical, corresponding to the one-electron
oxidation of the parent phenol is in accordance with results by
others, showing the formation of chlorogenic and quercetin
radicals upon reaction with acidic nitrite [18,19].

The spectral changes of caffeic acid in the UV promoted by
nitrite at pH 1.5 are depicted in Fig. 5B. Upon the addition of
50 μM nitrite to 25 μM caffeic acid, the original phenolic
spectrum (dashed line) suffered a decrease of absorbance
intensity along the time (Fig. 5B). The spectral changes suggest
the decay of the o-semiquinone radical to the corresponding o-
quinone, for isosbestic points at 265 and 365 nm can be early
noticed during the spectral transitions [29]. The rate of caffeic
acid oxidation is dependent on the concentration of nitrite. This
may be appreciated from the reaction time courses followed at
310 nm (Fig. 5C). Inset panel illustrates the relationship
between UNO production and caffeic acid oxidation followed at
310 nm. It is also apparent from Fig. 5B that with time species
other than the o-quinone accumulate, as the isosbestic points are
missed. This conclusion can also be inferred from the increase
in the absorbance at 310 nm (Fig. 5C, line 3) for later times of
the reaction.

Discussion

The production of UNO independent of the UNO synthases
has been reported under conditions of gastric acidity [24,35,36],
in acidified urine [37], on the skin surface [38,39] and in the oral
cavity [11]. This nonenzymatic production of UNO has been
attributed to the chemical reduction of nitrite in acidic
environments [7,8]. Under certain conditions of hypoxia,
heme proteins (notably myoglobin and hemoglobin), xanthine
oxidoreductase and thiol-containing enzymes may also favour
the conversion of nitrite to UNO [2].

The acidic reduction encompasses, as the first step, the
conversion of nitrite to HNO2. The relatively low pKa of nitrite
(3.36) (reaction 1) narrows the physiological relevance for the
reaction, being the stomach and ischemic tissues as the most
likely environments for the acidic reduction of nitrite to UNO.
Accordingly, in 1994, Lundberg et al. [24] showed that
following consumption of lettuce, a nitrate-rich vegetable
(nitrate is reduced to nitrite in the mouth by local flora), by
healthy subjects the levels of UNO in the expelled air from their
stomach were increased fourfold.

The second required step is the one-electron reduction. HNO2

exists in a complex equilibrium with N2O3 (reactions 2–4) [40].
However, in the presence of reductants, the equilibrium may be
displaced and a direct electron-transfer reaction may occur with
production of UNO fromHNO2. In this regard, one may note that
polyphenols consumed in the diet (including flavonoids and
phenolic acids) exhibit antioxidant activity largely supported by
a reductive ability which, in turn, is highly dependent on their
structure [29,41]. Therefore, these compounds are likely
candidates to undergo a redox reaction with nitrite during
digestion, yielding UNO. Accordingly, chlorogenic acid and
quercetin (phenolics exhibiting a catechol moiety) were shown
to enhance the production of UNO from nitrite at acidic pH
[18,19]. On the other hand, ascorbic acid, a compound that
exhibits a low redox potential, and actively secreted in the
stomach, has also been shown to be an efficient one-electron
reductant of nitrite [42,43].

Red wine has been attributed health promoting properties
largely based on antioxidant properties of its high polyphenolic
content [44]. Thus, considering the reductive activity of wine
polyphenols it was tempting to look for a possible red wine-
dependent UNO production from nitrite in the stomach. In vitro
experiments were carried out to validate the hypothesis and to
mechanistically address the nitrite-wine interaction. In addition,
in vivo experiments in healthy volunteers confirmed the
physiologic relevance of the process.

Accordingly, in vitro experiments (Fig. 1) show that red
wine dose- and pH-dependently promotes the formation of UNO
when mixed with nitrite. For a wine dilution in the range
expected to be found in the stomach during a meal, up to 80% of
nitrite is converted to UNO in a molar basis at pH 1.5 (Fig. 1A,
solid line 4). Considering that food intake increases the stomach
pH it is shown that alkalinization (from 1.5 to 2.0) is associated
with a decrease of the capacity of red wine to produce UNO
(Fig. 1A).

To substantiate the production of UNO promoted by wine
from nitrite in vivo it is shown that the intake of red wine by
human volunteers that had previously ingested a solution
containing nitrate in proportions similar to those found in
vegetables, resulted in the increased formation of UNO, detected
by chemiluminescence in the expelled air from stomach (Fig. 2).
The ingestion of nitrate simulated the intake of nitrate-
containing vegetables with the purpose to increase the
availability of nitrite in the stomach [24, 25]. Due to its content
in polyphenols vegetables were not used to avoid competition
reaction with polyphenols from red wine.

Overall, data suggest that the production of UNO is
dependent on the phenolic (Ph) content of red wine and
involves the one-electron reduction of nitrite (in the form of
HNO2):

Ph� OHþ HNO2→ Ph� O
Uþ U

NOþ H2O: ð6Þ

This conclusion is supported by the following observations: (1)
Anthocyanin fraction obtained from red wine reproduces the
effects of the original wine, as shown in Table 1. Quantitatively, the
anthocyanin fraction closely mimics the effect of wine; (2) During
the reaction of the wine with nitrite, simultaneously with UNO
formation, an EPR signal in the phenolic fraction is noticed (inset
in Fig. 1B), thus pointing to a univalent redox interaction as the
first step (3) a phenolic compound present in high quantities in red
wine (for example in a Cabernet from 1998 its concentration was
around 9 mg/L [45]) and used as an example of wine catechol
reductant, caffeic acid, undergoes a redox transition with nitrite that
involves the one-electron reduction product of nitrite, UNO (Fig. 3)
and the corresponding one-electron oxidation product of the
phenol, the caffeic acid o-semiquinone radical (Fig. 5A). Mean-
ingful, the time courses of caffeic acid oxidation and UNO
production coincide (inset Fig. 5C). The results with caffeic acid,
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as compared with those of p-coumaric acid, suggest that the
reduction of nitrite by wine phenolics is highly dependent on the
phenolic structure because, expectedly, the monophenol derivative
of caffeic acid, p-coumaric acid, exhibiting a higher redox
potential as compared with the catechol parent, was ineffective
in promoting the reduction of nitrite to UNO (Fig. 3C).

Moreover, the spectral modifications of caffeic acid upon
interaction with nitrite (Fig. 5B) are compatible with the
reaction 6 proposed for the interaction, as the semiquinone
radical may decay to the corresponding quinone by autoxidation
or by a further interaction with nitrite.

To further substantiate the potential physiological impact of
the wine phenolics in reducing nitrite we assayed caffeic acid
in the presence of ascorbic acid (a compound which is secreted
in the gastric juice and is able to reduce nitrite to UNO). We
showed that for the concentrations of nitrite and ascorbic acid
compatible with an in vivo situation, the reductive effect of
caffeic acid added to that of ascorbic acid (Fig. 4). This
suggests that wine phenolics cooperate with ascorbic acid in
the reduction of nitrite to UNO, providing enough nitrite is
available.

It should be noted that the reduction of nitrite, encompassing
the formation of the o-semiquinone radical and the correspond-
ing o-quinone (Fig. 5), does not rule out other possible
competition reactions, including nitrosation and nitration of
the phenols. The quinone itself may undergo further reactions at
low pH, yielding polymeric products [46]. For instance, N2O3

formed via decomposition of HNO2 (reactions 2 and 3) can be
used to nitrosate caffeic acid [47] and several other wine
phenolics, including p-coumaric acid [48]. In fact, caffeic acid
and its esters have been shown to be efficient inhibitors of
nitrosation reactions [46,49,60], thus acting as blockers of
carcinogenic nitrosamines formation [47,50,51]. Several obser-
vations shown in this study suggest an interaction of caffeic acid
with UNO and NO-derived species, namely: the increase in the
rate of UNO decay with the increase of caffeic acid concentra-
tion (Fig. 3A), the spectral shift of the UV spectrum (Fig. 5B)
and the increase of absorbance at 310 nm (Fig. 5C, line 3) for
later times of reaction. The nitration of caffeic acid followed at
444 nm has also been observed before [60] in the presence of
nitrite under acidic conditions but at such wavelength no
appreciable spectral modifications were noticed in this study
(Fig. 5B).

Moreover, the o-semiquinone radicals formed may undergo a
free radical coupling with NO2 radical, yielding nitrated products,
as has been shown for catecholic neurotransmitters [52]. The
complexity of the mixture formed is further illustrated by the
observation that the NO2 radical reacts fast with caffeic acid
(k=8.6×108 M−1.s−1) yielding the o-semiquinone radical [53].
However, this reaction is not likely to contribute in a great extent to
the phenol radical formation in our experiments in view of the
competition of NO2 radical with nitrite at microM level for caffeic
acid and, also, because HNO2 used in reaction 2, spontaneously
yielding NO2 radical, will be displaced by reaction 6 with caffeic
acid.

During a meal the stomach acts like a chemical reactor,
leading to the production of several different compounds which
may exert local pathophysiological actions. The reduction of
nitrite to UNO is particularly relevant due to the dual biological
role of UNO as a ubiquitous regulator involved in physiological
processes or as a mediator of toxic processes. Therefore, the
efficient reduction of nitrite by wine phenolics in the stomach
shown here, increasing the bioavailability of UNO, may have
strong pathophysiological impact. It has been proposed that the
rapid rate of generation of UNO at the gastric-esophageal
junction will expose this region to a high local nitrosative stress
witch may be involved in the high incidence of epithelial
mutagenesis and cancer at this anatomical site [54,55]. On the
other hand, beneficial effects include host defense against gut
pathogens that have the capacity to survive in acidic medium
[56] and regulation of gastric mucosal blood flow, increasing
mucous thickness [57,58] and gastric motility [59]. Further
considering that wine phenolics may compete for nitration and
nitrosation reactions with other molecules during digestion
avoiding the formation of toxic compounds (notably carcino-
genic nitrosamines), the reduction of nitrite shown here may
reveal health-promoting effects of red wine in connection withUNO bioactivity previously unrecognized.
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