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ABSTRACT. In atherosclerosis and tumor initiation, inducible nitric oxide synthase (iNOS) has been
implicated in the damage of vascular walls and DNA, respectively. Moderate consumption of red wine has been
ascribed as a preventive for coronary heart disease; however, there has been much debate over whether the
beneficial effect is from grape polyphenolic components or ethanol. We studied the interaction of grape
compounds on nitric oxide (NO) production by macrophages, mediators of blood vessel damage in atheroscle-
rosis. For the murine macrophage cell line RAW 264.7, stimulation with lipopolysaccharide and interferon-y led
to expression of the iNOS gene and production of NO. The polyphenols quercetin and resveratrol at a
micromolar range suppressed iNOS gene expression and NO production, as determined by reverse transcription—
polymerase chain reaction and nitrite assay. The polyphenols were also found to be scavengers of NO in an
acellular system using sodium nitroprusside under physiological conditions. Ethanol, at a moderate level, did not
produce any appreciable level of reduction of iNOS or NO activity. However, its presence at 0.1 to 0.75%
enhanced the effect of grape polyphenols concentration-dependently. Thus, the interaction between these
components plays a significant role in the health effects of red wine, especially with respect to their effect on the
NO pathway. BIOCHEM PHARMACOL 60;10:1539—-1548, 2000. © 2000 Elsevier Science Inc.
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NOI an active radical gas molecule, is produced by the
enzyme NOS, which exists in at least three isoforms in
mammals. The constitutively expressed, Ca’"-dependent
NOS-I and NOS-III (eNOS) are present in neuronal cells
and endothelial cells; they produce NO at a low level for
neurotransmission and vascular homeostasis, respectively.
The inducible, Ca®*-independent NOS-II, also known as
iNOS, is present in many cell types, including monocytes
and macrophages. Upon stimulation by inflammatory
agents and in the presence of cytokines (including IFNv),
iNOS gene expression is up-regulated and NO production
is sustained at a high level [1, 2].

During inflammation, NO and its metabolites, such as
peroxynitrite, are potentially cytotoxic. These molecules
are capable of injuring the invading pathogens and elimi-
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nating the altered cells and tissues. However, indiscrimi-
nate destruction of cells and tissues by NO and its reactive
nitrogen intermediates plays a significant role in the pa-
thology of many inflammatory conditions, including ath-
erosclerosis, sepsis, arthritis, and diabetes. NO and its
metabolites also may contribute to tumor formation as they
have been shown to cause DNA damage and mutations [3].
Thus, selective inhibition of the iNOS pathway is a popular
target for the attenuation of many inflammatory diseases.

NO is active in the vascular system. Under normal
conditions, endothelial cells produce NO (eNOS-medi-
ated) at a low level to control vessel dilation. Diminished
release of NO may lead to hypertension and constriction of
coronary arteries. However, in atherosclerosis, a high level
of NO has been found within early lesions and advanced
atheroma, even though expression of eNOS in endothelial
cells is reduced. At the lesions, intima of the vascular wall
is infiltrated with T lymphocytes and macrophages that
express iNOS. These macrophages are one of the major
producers of NO that causes damage to blood vessels [4].
Furthermore, an inverse relation between iNOS and eNOS
has been shown. In endothelial cells, inflammatory agents
(e.g. LPS and cytokines) induce expression of iNOS but
reduce the expression of eNOS [5].
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The French Paradox suggests that moderate wine con-
sumption is beneficial with respect to coronary heart
disease and some types of cancer [6]. Similarly, the Medi-
terranean diet, with consumption of wine with meals as one
of the salient characteristics, has been attributed the same
health benefits [7]. Epidemiological studies have shown
that although alcohol by itself may be effective, wine,
especially red wine, confers additional protection [8, 9].
Experimental studies have shown that alcohol-free red wine
solids delay tumor onset in transgenic mice [10].

The protective components in red wine and grapes
include the polyphenolic compounds quercetin, a fla-
vonoid, and resveratrol, a stilbene. Molecular mechanisms
of these compounds are current topics of interest [11-18].
With respect to NOS enzymes, quercetin and resveratrol
inhibit LPS-stimulated NO production and iNOS gene
expression in rat astrocytes, rat Kupffer cells, and murine
macrophages [19-23], but these compounds also enhance
endothelium-dependent relaxation of pre-contracted rabbit
and rat aortic rings through an increase in NO production
via eNOS [24-28]. Thus, grape components may contrib-
ute towards the balance between iNOS and eNOS.

Considering the protective effect of wine on coronary
heart disease and the importance of NO in the cardiovas-
cular system, we asked whether ethanol, and two polyphe-
nols of grapes, quercetin and resveratrol, affect the produc-
tion of NO in monocytes/tissue macrophages. Here, we
confirm that quercetin and resveratrol reduce NO produc-
tion of macrophages through scavenging of NO and reduc-
tion of iNOS gene expression. In addition, we extend the
knowledge by conclusively demonstrating the synergistic
effect between alcohol and grape polyphenols.

MATERIALS AND METHODS
Materials

Quercetin, resveratrol, MTT, and SNP were purchased
from the Sigma Chemical Co. The murine macrophage cell
line RAW 264.7 was obtained from the American Type
Culture Collection. The macrophages were cultured in
RPMI-1640 medium containing 100 U/mL of penicillin,
100 pg/mL of streptomycin, 2 mM glutamine, 0.01 mM
sodium pyruvate, 0.1 mM nonessential amino acids, 0.05
mM  2-mercaptoethanol, and 10% fetal bovine serum.
RPMI-1640 and other tissue culture reagents were from Life
Technologies, except for the serum, which was obtained
from HyClone. LPS of Salmonella typhosi was from Difco.
Recombinant murine IFNvy was provided by Dr. Sidney
Pestka of the University of Medicine and Dentistry of New
Jersey-Robert Wood Johnson Medical School. The Pure-
script RNA isolation kit was from Gentra. Reverse tran-
scriptase, RNase inhibitor, and oligo(dTs) were from
Promega. Primers for PCR were from Clontech. SYBR
Green I dye was from Molecular Probes.
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Cell Culture

The murine macrophage cell line RAW 264.7 was used to
study the inhibition of NO production, based on previous
reports with curcumin [29] and Ginkgo biloba extract EGb
761 [30]. Cells were cultured at 10®/mL in 24-well plates in
the presence of 10 U/mL of IFNy and 0.2 pg/mL of LPS
(i.e. stimulated macrophages) to induce NO production
[30-32]. For concentration-dependent analysis of quercetin
and resveratrol, various concentrations of the polyphenols
were dissolved to the appropriate concentration in absolute
ethanol. Immediately before the addition of LPS, 10 pL of
preparation was added to 1 mL of culture medium, thus
forming a final ethanol concentration of 1%. To study the
synergism between ethanol and polyphenols, the polyphe-
nol was first dissolved to the appropriate concentration in
absolute ethanol, and then 1 wL was added to 1 mL of
culture medium, thus forming an ethanol concentration of
0.1%. A final concentration of 0.25, 0.5, or 0.75% ethanol
was attained by further addition of absolute ethanol. Cells
were cultured at 37" in a CO, incubator. For analysis of
iNOS mRNA, cell samples were harvested for RNA isola-
tion after 4 hr of incubation. For analysis of NO production,
supernatants from cell samples were collected for nitrite
assay after 20 hr of incubation.

Chemical NO Production

The procedures for NO production by SNP followed those
previously reported for testing NO scavenging capacities of
the phytochemicals curcumin [33] and Ginkgo biloba extract
EGb 761 [34]. SNP was freshly prepared as a 25 mM stock
solution in PBS. Ethanol, quercetin, or resveratrol was
added to the solution. The polyphenols were first dissolved
in ethanol and then added at 10 or 15 pL, so as to obtain
the desired concentration in 3 mL of SNP-PBS. The
preparations were incubated at 25° for 180 min. Aliquots of
samples were quantified for nitrite content at the stated
time or time intervals.

Nitrite Assay

NO was quantified by the detection of nitrite, a metabolite
of NO and oxygen, using Griess reagent [35, 36]. To each
50-pL sample, an equal volume of Griess reagent (1%
sulfanilamide in water and 0.1% naphthylethylenediamide
in 2.5% phosphoric acid) was added, and the absorbance
was read at 546 nm.

MTT Assay

The experiments were set up in a manner similar to that for
the nitrite assay. After 24 hr of incubation, the cells were
washed three times to remove the polyphenols. Then the
MTT assay was performed as described previously [35, 37].
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RT-PCR

Total RNA was isolated from harvested RAW 264.7 cells
using a Purescript RNA isolation kit. RT-PCR was per-
formed according to published procedures [31, 32]. For first
strand cDNA synthesis, 1 g of RNA from each sample was
reverse transcribed using 100 U MMLYV reverse transcrip-
tase, 20 U RNase inhibitor, 0.6 mM dNTP, and 0.4 pM
random hexamers. PCR analyses were performed on ali-
quots of the cDNA preparations for detection of iNOS and
B-actin gene expression. For iNOS, the reactions occurred
in a 30 pL volume for 27 cycles, with 10 mM Tris—=HCI, pH
8.3, 50 mM KCl, 1.5 mM MgCl, 0.3 mM dNTP, 2 U of
Taq DNA polymerase, and 50 pmol of 5" and 3’ primers.
After an initial denaturation for 4 min at 94°, the ampli-
fication cycle was 94° for 45 sec, 65° for 45 sec, and 72 for
2 min. PCR conditions for the control housekeeping gene
B-actin were those recommended by the manufacturer
(Clontech). The PCR products were separated on 1.6%
agarose gel and stained with SYBR Green I dye. The
relative amount of mRNA in the samples was determined
from the intensity of the bands using a gel documentation
and analysis system (Storm, Molecular Dynamics). The
degree of inhibition was calculated as a percent of the LPS
+ IFNy control by the following formula: percent of
change = 100 X [1 — (polyphenol and ethanol-treated)/
(LPS + IFNy control)].

Statistical Analysis

For each experiment, Student’s t-test was used to determine
statistical significance between samples. A P value of <
0.05 was taken to indicate statistical significance. Each
experiment was repeated three times.

RESULTS

Synergy Between Ethanol and Quercetin or Resveratrol
in Inhibiting NO production of Stimulated Macrophages

In the presence of 1% ethanol, quercetin, from 3 to 100
M, reduced NO production in a concentration-dependent
manner by 21.8 to 99% (Fig. 1). The i1C5, value was 7.6 WM.
To examine the synergism between ethanol and quercetin,
ethanol was decreased further, titrating from 0.75 to 0.1%.
A concentration of 30 wM was at the log phase of the
quercetin inhibition curve when 0.1% ethanol was added,
and thus was selected to study whether ethanol increases
the efficacy of polyphenol (data not shown). When ethanol
was at 0.1% and quercetin at 30 wM, nitrite production was
reduced to 58% of the control (cells stimulated with LPS
and IFNvy only) (Fig. 2). When the ethanol content was
increased to 0.25, 0.50, and 0.75% in the culture, in a
concentration-dependent manner, the degree of nitrite
production was reduced further to 38, 30.7, and 20.7%,
respectively (Fig. 2).

Resveratrol, similar to quercetin, also inhibited nitrite
production by macrophages, and ethanol potentiated this
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FIG. 1. Concentration-dependent effect of quercetin on nitrite
production in LPS- and IFN+y-stimulated macrophages. Querce-
tin (circles) was prepared in ethanol and added to the cell culture
medium to achieve the final concentrations as indicated (0—-100
pM). The final ethanol concentration in all samples was 1%.
Controls included both stimulated (triangle) and unstimulated
(square) samples without ethanol or quercetin. Ethanol alone
had no effect on stimulation (triangle hidden behind circle at O
M quercetin). The amounts of NO were determined as nitrite
production using Griess reagent. From sodium nitrite standards,
an absorbance of 0.1 U was determined to correspond to 30 pM
nitrite (data not shown). Values are means = SD, N = 3.

action in a concentration-dependent manner. In the pres-
ence of 1% ethanol, resveratrol (3—100 uM) reduced NO
production by 15.6 to 94.7% (Fig. 3). It had an 1c5, value
of 23.4 pM. A higher concentration of resveratrol was
needed to achieve the same level of inhibition as quercetin.
For examining the synergism between ethanol and resvera-
trol, similar to the quercetin experiment, ethanol concen-
tration was decreased, from 0.75 to 0.1%. When 0.1%
ethanol was added, a concentration of 60 WM was at the log
phase of the resveratrol inhibition curve, and thus this
concentration was selected for determining the effect of
ethanol. Whereas 60 uM reduced nitrite production to
74% of the control (LPS- and IFN~-stimulated cells), when
ethanol were increased to 0.25, 0.50, and 0.75%, nitrite
production was reduced further to 55, 45, and 31%,
respectively (Fig. 4).

Without the polyphenols, ethanol at 0.1, 0.25, 0.5, and
0.75% only reduced the level of nitrite in the supernatants
of stimulated macrophages to 98, 89, 84, and 67%, respec-
tively (Fig. 5). Thus, although not very effective by itself,
ethanol enhanced bioactivity of the grape polyphenols,
quercetin and resveratrol, significantly and in a concentra-
tion-dependent manner. Furthermore, a viability assay,
using MTT reagent, showed that quercetin, resveratrol, and
ethanol at the experimental concentrations did not affect
cellular metabolism, thus verifying that the decrease in NO
production was not due to general toxicity. As shown in
Table 1, all values obtained using LPS- and IFNv-stimu-
lated cells treated with ethanol and the grape polyphenols
were similar. (The higher value for the unstimulated sample
indicated cell growth.)
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FIG. 2. Effect of quercetin and ethanol on nitrite production in stimulated macrophages. Quercetin stock solution was prepared in 0.1%
ethanol, and the solution was added at 1 pL to LPS and IFNy-stimulated macrophages cultured in 1 mL medium to yield a final
concentration of 30 pM quercetin. Additional ethanol was used to achieve the final 0.25 to 0.75% ethanol. All samples were incubated
for 20 hr, and aliquots were taken, in triplicate, for detecting the amounts of NO as nitrite production with Griess reagent. Values are

means = SD, N = 3.

Inhibition of iNOS Gene Expression in Stimulated
Macrophages by Quercetin and Resveratrol

To deduce the mechanism of inhibition, the effects of
ethanol, quercetin, and resveratrol on iNOS gene expres-
sion were examined. As shown by RT-PCR, the basal level
of iNOS gene expression was increased by stimulation with
LPS and IFNv (Fig. 6, lanes A1l and A6, B1 and B5, C1 and
C4). Quercetin (Fig. 6A), at 30 wM, did not reduce iNOS
expression when added with 0.1 or 0.25% ethanol. How-
ever, inhibition was obtained by increasing the ethanol
content to 0.5 and 0.75%. INOS mRNA expression was
sharply suppressed to 23 and 18%, even though ethanol by
itself did not affect the level of iNOS gene expression at

0.15

0.125 1
0.1

0.075

Absorbance

0.05

0.025

[ T T T
0 25 50 75 100

Concentration (M)

FIG. 3. Concentration-dependent effect of resveratrol on nitrite
production in stimulated macrophages. Cultures were set up and
nitrite production was determined with Griess reagent as de-
scribed in the legend to Fig. 1 except that resveratrol was used
instead of quercetin. Values are means = SD, N = 3.

these concentrations (Fig. 6C, lanes C2 and C3). As for
resveratrol, at 0.1% ethanol, a 60 uM concentration of the
polyphenol reduced iNOS mRNA expression only slightly,
to 87%. Maintaining resveratrol at 60 wM and increasing
the ethanol content to 0.25 and 0.5%, iNOS mRNA
expression was decreased further to 82 and 72%. [Student’s
t-test showed that the difference was significant (P < 0.05)
only at 0.5% ethanol.] Generally, the overall effect of
ethanol on the action of resveratrol was modest, gradual,
and concentration-dependent (Fig. 6B).

As shown, reduction in gene expressions of the cytoskel-
etal protein B-actin was not observed in any of the
treatments (Fig. 6). Thus, for all three of the red wine
components, the effects on inhibition of NO production
and iNOS gene expression were specific to the NO synthe-
sis pathway and not due to a decrease in cell viability.

Scavenging of Chemically Generated NO by Quercetin
and Resveratrol

In addition to iNOS gene expression, we studied the effect
of ethanol and grape compounds on chemically generated
NO using SNP. SNP is an NO donor that spontaneously
generates NO in aqueous solution at physiological pH.
Addition of SNP to PBS, in a course of 180 min, resulted in
the production of NO in a time-dependent manner (Fig.
7A). Addition of ethanol, by itself, reduced the amount of
nitrite only slightly. However, the addition of quercetin (30
pM) or resveratrol (30 wM) in ethanol reduced nitrite
output from SNP significantly (P < 0.05). For example, at
180 min, ethanol alone reduced NO generation by 9.4%,
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FIG. 4. Effect of resveratrol and ethanol on nitrite production in stimulated macrophages. Cultures were set up and nitrite production
was determined with Griess reagent as described in the legend to Fig. 2 except that resveratrol (at 60 pM) was used instead of quercetin.

Values are means = SD, N = 3.

whereas 30 uM quercetin and 30 uM resveratrol reduced
the nitrite level by 41.9 and 32.1%, respectively. The
polyphenols, at concentrations between 5 and 50 uM (Fig.
7B), showed a significant (P < 0.05) reduction of 47.2 to
57.5% for quercetin and 31.4 to 46.2% for resveratrol.

DISCUSSION

Alcohol is the major component of wine. Whether ethanol
or grape polyphenols confer the health benefits of red wine
has been a subject of much debate. Many favor one

component over another; however, few have looked for
interactions between the components. In this report, we
have shown that ethanol acts in synergy with quercetin and
resveratrol. We have found that the grape polyphenols
inhibit iNOS-mediated NO production of stimulated mu-
rine macrophages more effectively when given in increasing
concentrations of ethanol.

High-dose exposure to ethanol, resembling that in alco-
hol abusers, has been shown to inhibit the expression of
many genes associated with inflammation and immune
functions [38—41]. An average wine has an alcohol content

0.12
0.1 |
o 0.08 |
(3}
S
el 0.06 |
S
@
2 0.04
<
0.02 1
0
Ethanol (%) 0 0.1
LPS + IFNy + +

+ + + -

FIG. 5. Effect of ethanol on nitrite production in stimulated macrophages. Ethanol was added to RAW 264.7 cells at final
concentrations as indicated and compared with stimulated and unstimulated controls. Samples were incubated and aliquots were taken,
in triplicate, for the detection of nitrite with Griess reagent. Values are means + SD, N = 3.
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TABLE 1. Effects of ethanol, quercetin, and resveratrol on cell viability

Ethanol Absorbance

Polyphenols (%) (540 nm) SD
Unstimulated — 0 0.096 0.006
LPS + IFNvy — 0 0.037 0.004
LPS + IFNy — 0.1 0.046 0.002
LPS + IFNy — 0.25 0.044 0.002
LPS + IFNvy — 0.5 0.045 0.003
LPS + IFNy — 0.75 0.041 0.002
LPS + IFNy Quercetin (30 wM) 0.1 0.045 0.001
LPS + IFNvy Quercetin (30 wM) 0.25 0.042 0.003
LPS + IFNy Quercetin (30 pM) 0.5 0.044 0.003
LPS + IFNy Quercetin (30 wM) 0.75 0.041 0.001
LPS + IFNvy Resveratrol (60 wM) 0.1 0.041 0.002
LPS + IFNy Resveratrol (60 uM) 0.25 0.038 0.002
LPS + IFNy Resveratrol (60 pM) 0.5 0.038 0.002
LPS + IFNvy Resveratrol (60 wM) 0.75 0.036 0.006

Along with an unstimulated sample, RAW 264.7 cells were stimulated with LPS and IFNYy in the presence of different amounts of ethanol (0 to 0.75%), with or without the
grape polyphenol (30 wM quercetin or 60 wM resveratrol). After 24 hr of incubation, cells were washed and then assayed for viability using MTT tetrazolium salt with
measurement at 540 nm. Absorbance in the MTT assay is proportional to the number of viable cells. The data were representative of three similar experiments.
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FIG. 6. Effects of combining ethanol with quercetin or resveratrol on macrophage iNOS mRNA expression. Cultures were set up as
described in the legend to Fig. 2. The stimulated culture received LPS and y-IFN (lanes A1-5, B1-4, and C1-3). The unstimulated
culture did not receive LPS or y-IFN (lanes A6, B5, and C4). In panel A, quercetin was added at 30 uM, and ethanol was at final
concentrations of 0.1, 0.25, 0.5, and 0.75%. In panel B, resveratrol was added at 60 pM and ethanol was at final concentrations of
0.1, 0.25, and 0.5%. In panel C, ethanol was added at 0.5 and 0.75%. After 4 hr of incubation, the cells were harvested, RNA was
extracted, and then RT-PCR was performed for iNOS (experimental) and B-actin (control). The sizes were 496 bp for the NOS band
and 540 bp for the B-actin band. From agarose gels, relative levels of mRNA were determined by scanning the PCR products and
comparing the intensity of stained DNA bands. The error bars represent SD in optical density of the bands from triplicates of RT-PCR
reactions.
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FIG. 7. Scavenging of NO generated from SNP by quercetin and resveratrol. (A) A 10 pL volume of ethanol alone (diamonds), ethanol
with 30 pM quercetin (circles), or ethanol with 30 uM resveratrol (triangles) was added to 3 mL of PBS containing 25 mM SNP (final
ethanol concentration at 0.33%). The control was SNP in PBS without ethanol (squares). Samples were incubated and aliquots were
taken, in triplicate, at a 30-min interval for the detection of nitrite. (B) A 15 pL volume of ethanol with quercetin (0-50 pM, circles)
or ethanol with resveratrol (0-50 puM, triangles) was added to 3 mL of PBS containing 5 mM SNP (final ethanol concentration at
0.5%). Samples were incubated for 180 min and then assayed for nitrite content using Griess reagent. Each point represents the

mean = SD of the triplicates.

of 10—-13% [42]. Beneficial health effects have been attrib-
uted to moderate wine consumption at 2-3 glasses per day.
Here, we show that, under our experimental conditions, the
effect of ethanol by itself on NO production and iNOS
gene expression, is minimal.

Ethanol, however, synergistically increased the efficacy
of quercetin and resveratrol in reducing NO production by
both scavenging NO and reducing iNOS gene expression.
In a cell- and protein-free system, 0.3% ethanol was
sufficient for the polyphenols to scavenge over 50% of the
NO molecules. Interactions between quercetin and ethanol
were implicated with intact cells: quercetin needed > 0.5%
ethanol to inhibit iNOS mRNA expression; efficacy was
not detected when the ethanol content was less than 0.5%.
One possible explanation is that, as quercetin is insoluble in
water, ethanol may act as a solvent to increase its solubility.
This abrupt increase, however, was not observed when
measuring the production of NO. Hence, most likely, the
effect is not due merely to an increase in solubility. Besides,
the same pattern of enhancement did not occur with
resveratrol. A gradual and moderate enhancement by ap-
proximately 10% was observed instead, with statistically
significant reduction at 0.5% ethanol. For both compounds,
the mechanisms of synergy remain to be investigated, and

there are many possibilities. Ethanol may facilitate cellular
uptake of the polyphenols. It has been suggested that
ethanol inhibits the binding of tannins, another polyphe-
nolic component of red wine, to protein and therefore
increases tannin bioavailability [43]. Moreover, these wine
components may produce independent effects on different
regulatory pathways that in combination result in a higher
efficacy. For example, ethanol and quercetin, both scaven-
gers of free radicals, may reduce iNOS mRNA expression by
preventing oxidative stress-induced action on the transcrip-
tion factor NFkB.

Whereas we have used ethanol with quercetin and
resveratrol, DMSO was the solvent in other studies. Using
the same murine macrophage cell line RAW 264.7, Tsai et
al. [21], Kim et al. [23], and Wadsworth and Koop [22]
dissolved quercetin and resveratrol in DMSO (to final
concentrations of 0.03, 0.1, and 0.2%, respectively). By
itself, DMSO is an inhibitor of NO production and a
scavenger of free radicals [44]. Thus, similar to alcohol in
wine, it may augment the actions of the grape polyphenols.
Extending from these studies, we may speculate that a
combination of the antioxidative compounds and mole-
cules in the wine may have additive effects.

Comparing the data among the studies, we found that
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the level of efficacy correlated with the amount and nature
of the stimulants, implying that clinical efficacy may vary
with the severity of inflammation. The relative amount of
LPS used may account for the difference in efficacy. Tsai et
al. [21], using 50 ng/mL of LPS, were able to obtain more
effective inhibition of iNOS expression at the mRNA and
protein levels with resveratrol than in our study (200 ng/mL
of LPS). Wadsworth and Koop [22] used 100 ng/mL of LPS
and obtained inhibition of NO production: 24% by 100
M quercetin, and 16% by 50 wM resveratrol. These values
are similar to ours, although we had better inhibition with
quercetin. For quercetin inhibition of macrophage NO
production, Kim et al. [23] used 1 pg/mL of LPS and
obtained an 1Cs5y value of 107 wM, a much higher value
than our 7.6 pM.

Another contributing factor may be the presence of T
lymphocyte-derived cytokine, IFNvy. We used both IFNvy
(10 U/mL) and LPS to induce macrophage NO production.
The others used LPS only [21-23]. Kawada et al. [19]
examined the effect of quercetin and resveratrol with rat
Kupffer cells, and, similar to our findings, they observed
inhibition of NO production but not iNOS mRNA expres-
sion [19]. It is possible that the freshly isolated cells might
have retained cellular sources of IFNv, although it is also
possible that the regulatory controls, such as cytokine
requirements for iNOS induction in murine macrophages
and rat Kupffer cells, may differ. They detected synthesis of
iNOS at the protein level, implicating post-transcriptional
control. Nonetheless, we cannot rule out the possibility
that the variation in efficacy may be due to batch differ-
ences in the polyphenols. Moreover, unfortunately, we
were unable to evaluate the methods and solvents used to
prepare the compounds in this report.

Independent of ethanol, the mechanisms of action of
quercetin and resveratrol may act more by scavenging of
NO radicals than by inhibition of iNOS gene expression.
The rationale for this deduction is that, without a sufficient
concentration of alcohol, these compounds were not very
effective in reducing iNOS mRNA under our experimental
conditions (in 0.1% ethanol with 10 U/mL of IFN+y and
200 ng/mL of LPS). We detected scavenging of SNP-
generated NO by quercetin and resveratrol. Wadsworth and
Koop [22], however, reported enhancement. It is not
uncommon for antioxidants to be biphasic. The difference
may be due to experimental conditions and polyphenol
concentrations [45, 46].

Other naturally occurring, antioxidative, phenolic com-
pounds have been shown to scavenge NO and inhibit NO
production [47, 48]. For example, genistein, another fla-
vonoid, reduces nitrite levels of stimulated macrophages
[49]. Moreover, because quercetin is one of the flavonoids
contained in Ginkgo extract, we speculate that it may
contribute to the NO scavenging and macrophage NO
inhibitory activities that have been observed with Ginkgo
biloba extract EGb 761 [30, 34]. At the level of gene
expression, many phenolic compounds that scavenge free
radicals, such as curcumin, are inhibitors of iNOS gene
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expression in murine macrophages [29, 32, 47]. The effect
of alcohol on the bioefficacy or bioavailability of these
compounds remains to be determined.

The synergism between ethanol and the grape compo-
nents quercetin and resveratrol may have potential clinical
implications. It has been reported that quercetin enhances
eNOS-mediated relaxation of rat aortic rings [24, 26],
although quercetin inhibits the activity of eNOS enzyme in
the form of extracts from bovine aortic endothelial cells
[50]. It is interesting to note that both ethanol and
resveratrol increase eNOS expression in intact cells [51,
52]. When endothelial cells are stressed, reactive oxygen
intermediates, including superoxides, are generated coordi-
nately with NO. Superoxide anion can react with NO to
form another highly reactive intermediate, peroxynitirite,
which destroys the endothelium. Ethanol and the polyphe-
nols may scavenge NO and superoxide anion, thus prevent-
ing the destruction of eNOS-producing endothelial cells in
the endothelium of the aortic rings. Enhancement of eNOS
has been correlated with suppression of NO production by
iNOS, probably due to a decrease of peroxynitrite forma-
tion and an attenuation of endothelium destruction [53]. In
addition to scavenging NO and inhibiting iNOS gene
expression in stimulated macrophages within the inflam-
mation cascade, resveratrol has been shown to inhibit the
gene expression of cyclooxygenase-2 through its blocking of
protein kinase C and transcription factor AP-1 [18, 54, 55].
Both iNOS and cyclooxygenase-2 are therapeutic targets
for inflammatory disorders. Thus, an intake of the grape
compounds with alcohol, as in wine, may potentiate their
anti-inflammatory actions.
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