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Inhibitory Effects of Red Wine Extracts on EndothelialDependent Adhesive Interactions with Monocytes
Induced by Oxysterols
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ABSTRACT

Red wine polyphenolic compounds have been demonstrated to possess antioxidant properties, and several
studies have suggested that they might constitute a relevant dietary factor in the protection from coronary
heart disease. The aim of the present study is to examine whether red wine extracts (RWE) can ameliorate
oxysterol-induced endothelial response, and whether inhibition of adhesion molecule expression is involved
in monocyte adhesion to endothelial cells. Surface expression and mRNA levels of adhesion molecules
(intercellular adhesion molecule 1 and vascular cell adhesion molecule 1) were determined by ELISA and RTPCR performed on human aortic endothelial cells (HAEC) monolayers stimulated with 7β-hydroxycholesterol
or 25-hydroxycholesterol. Incubation of HAEC with oxysterols (10 µM) increased expression of adhesion
molecules in a time-dependent manner. Pretreatment of HAEC with RWE at final concentrations of 1, 10, and
100 ng/ml significantly inhibited the increase of surface protein expression and mRNA levels. Adherence of
monocytes to oxysterol-stimulated HAEC was increased compared to that of unstimulated cells. Treatment of
HAEC with RWE significantly inhibited adherence of monocytes. These results suggest that RWE works as
an anti-atherogenic agent through the inhibition of endothelial-dependent adhesive interactions with
monocytes induced by oxysterols.
Key words: Adhesion molecule, monocyte-endothelial cell interaction, oxysterol, red wine extract.
Abbreviations: Chol: cholesterol; EIA: enzyme immunoassay; HAEC: human aortic endothelial cells; ICAM1: intracellular cell adhesion molecule-1; IL-1β: interleukin-1β; M-CSF: macrophage-colony stimulating
factor; oxLDL: oxidized low density lipoprotein; RWE: red wine extract; TNF-α: tumor necrosis factor-α;
VCAM-1: vascular cell adhesion molecule-1; VLA: very late antigen.

INTRODUCTION

The adherence of monocytes to vascular
endothelial cells and their migration into the
extravascular space are essential to the early
process of atherogenesis. Monocytes are
initially attracted to lesion-prone sites by
cell-adhesion molecules expressed on
activated endothelial cells. The initial
adhesion involves selectins, which mediate a
rolling interaction, that is followed by firmer
attachment by means of integrins. Adherent
monocytes migrate into the subendothelial

space under the influence of chemoattractant
molecules. Vascular cell adhesion molecule1 (VCAM-1) or intracellular cell adhesion
molecule-1 (ICAM-1) may be candidates for
the initial recruitment of macrophages, given
their up-regulation in cultured endothelial
cells in the presence of oxidized low density
lipoprotein (oxLDL) (1). The significant role
of adhesion molecules or macrophages in the
process of atherosclerosis was recently
confirmed by molecular biological
techniques, in which knockout of ICAM-1
gene (2) or administration with monoclonal
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antibody against the receptor of
macrophage-colony stimulating factor (MCSF) (3) significantly inhibited the
progression of atherosclerosis in
apolipoprotein E-deficient mice, which
develop spontaneous lesions in the arterial
vasculature with advanced lesions
morphologically similar to those seen in
humans, when fed a regular chow, high-fat,
or high-cholesterol diet. These results
indicate that inflammatory response,
including the expression of adhesion
molecules and the production of cytokines,
plays a crucial role in the initial development
of atherosclerosis.
A significantly reduced incidence of
coronary heart disease despite a high-fat
diet, little exercise, and wide-spread
cigarette smoking in certain areas of France,
has led to the concept of “French paradox”
(4). This phenomenon was attributed to a
higher intake of alcohol and, in particular, of
red wine in France. Although several
observations support a protective effect of
red wine, there is no clear-cut evidence
showing whether red wine is more beneficial
than other forms of alcohol. Recently, it has
been demonstrated that red wine polyphenols
have various antiatherogenic effects (5),
such as antioxidation of LDL-cholesterol (6,
7), inhibition of adhesion molecule
expression in cytokine-stimulated vascular
endothelial cells (8), inhibition of platelet
aggregation (9), induction of nitric oxide
release, and vasorelaxation (10).
Oxidation of LDL, produced by a variety
of chemical and biochemical processes, is
believed to be the major basis of
atherogenicity of LDL (1). OxLDL contains
several lipid-derived bioactive molecules
such as oxysterols, phospholipids, and fatty
acid peroxides. Among these, the major
oxysterols have been identified as 7βhydroxycholesterol and 7-ketocholesterol.
The objectives of the present study were to
examine whether model compounds for
oxysterol can increase the expression of
ICAM-1 and VCAM-1 on human aortic
endothelial cells, and to determine in vitro
effects of red wine extracts on the
expression of these adhesion molecules and
on monocyte adherence to endothelial cells
induced by oxysterols.

METHODS

Reagents
Monoclonal antibodies for ICAM-1 and
VCAM-1 were purchased from Becton
Dickson (San Jose, CA). Red wine extract
(RWE) was donated by Sunstar Co. Ltd.
(Osaka, Japan), and contains a mixture
shown in Table I.
TABLE I

Polyphenols Content of Red Wine Extract
– Total polyphenols: 5%
– Catechins:
– Epigallocatechin:
– Epicatechingallate:
– Epigallocatechingallate:
– Gallocatechin:
– Quercetin:
– Resveratrol
– cis-resveratrol:
– trans-resveratrol:
– Anthocyanins
– Cyanidine-chloride:
– Delphinidine-chloride:
– Peonidine-chloride:

68 mg/100g
<5mg/100g
<5 mg/100g
<5 mg/100g
5.5 mg/100g
15 mg/100g
75 µM
52 µM
41 mg/100g
6.2 mg/100g
0.6 mg/100g

Endothelial cells
Human aortic endothelial cells (HAEC)
were obtained from Clonetics (San Diego,
CA) and were cultured with endothelial cell
growth medium (Clonetics) at 37°C in a
humidified 95 % air-5 % CO2 atmosphere.
After detaching confluent HAEC from the
flasks with 0.025 % trypsin, the cells were
plated in 48- or 96-well tissue culture plates
(Nunc). Cells were used in the experiments
described below after three to four
passages. Human monocytic U937 cells
were purchased from the American Type
Culture Collection (Rockville, MD) and
grown in RPMI 1640 medium (Sigma
Chemical Co., St Louis, MO) containing 10
% fetal calf serum, 100 µg/ml streptomycin,
100 IU/ml penicillin, 250 ng/ml fungizone
at 37˚C in a humidified 95 % air-5 % CO2
atmosphere.
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Enzyme immunoassay
Enzyme immunoassay (EIA) was used to
assess the adhesion molecule expression on
the human aortic endothelial cells (HAEC)
monolayer. Confluent HAEC monolayers
were pretreated with and without RWE for 10
h, and then HAEC were stimulated with TNFα, IL-1β, 7β-hydroxycholesterol, or 25hydroxycholesterol. After stimulation, HAEC
were fixed, washed with PBS, and incubated
in 2 % bovine serum albumin. After removing
bovine albumin, monoclonal antibodies
directed against ICAM-1 or VCAM-1 were
added and incubated at 37°C for 60 min.
RT-PCR
After 3-hour incubation with stimulants, total
RNA was isolated with the acid guanidiniumphenol-chloroform method using an Isogen kit
(Nippon Gene, Tokyo, Japan). The
concentration of RNA was determined by
absorbance at 260 nm in relation to absorbance
at 280 nm. RNA was stored at -70°C until RT
was performed. One microliter of reverse
transcription product was added to 3 mM
concentration of primers for ICAM-1, VCAM1, GAPDH (as an internal standard), in a
solution containing 0.5 U of Taq DNA
polymerase (Takara Biochemicals, Shiga,
Japan) in a final volume of 50 µl. Primers were
as follows: for ICAM-1, sense 5’- AACCGGA
AGGTGTATGAACTG -3’, and antisense 5’CGAGGTGT TCTCAAACAGCTC -3’; for
VCAM-1 sense 5’- CCAGAATCTA
GATATCTTGCTC -3’ and antisense 5’CAGCCTGT CAAATGGGTATAC -3’; and
for
GAPDH,
sense
5’GGGGAGCCAAAAGGGTCATCATCT -3’,
and
antisense
5’GAGGGGCCATCCACAGTCTTCT -3’. The
mixture was subjected to PCR amplification
for 25 cycles (30 sec at 94°C, 30 sec at 55°C,
and 1 min at 72°C). Reaction products were
separated electrophoretically on a 2.5 %
agarose gel and stained with ethidium bromide.
Monocyte adhesion assay
HAEC confluent monolayers prepared in 48well plates were stimulated with TNF- α (20
ng/ml), 7β-hydroxycholesterol (10 µM), or
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25-hydroxycholesterol (10 µM) for 4 h in the
presence or absence of RWE. Subsequently,
HAEC were washed with HBSS, and
monocytes (U937 cells) were added to each
well and incubated at 37°C for 30 min. The
plates were washed 3 times with HBSS and
fixed in 1% paraformaldehyde in PBS. The
number of adherent cells was counted in
twenty microscopic fields defined by an
eyepiece and each experiment was
performed in triplicate.
Statistical analysis
Results were presented as the mean ± SE.
Data were analyzed using two-way analysis
of variance (ANOVA) followed by
Scheffe’s test and p<0.05 was taken to
indicate statistical significance.

RESULTS

Effect of RWE on the expression of
adhesion molecules
The incubation of HAECs with RWE for 24
hours resulted in more than 96 % viable cells,
which indicates that RWE at concentrations
from 1 to 100 ng/ml does not decrease cell
viability. Figure 1 shows time course of
surface expression of ICAM-1 and VCAM-1
on HAEC exposed to 7β-hydroxycholesterol
or 25-hydroxycholesterol. Expression of both
ICAM-1 and VCAM-1 increased 6 h to 18 h
after stimulation of these oxysterols. Figures
2 and 3 show the effects of RWE on surface
expression of ICAM-1 and VCAM-1 on
HAEC induced by pro-inflammatory
cytokines or oxysterols. These stimulants
significantly enhanced the surface expression
of CAMs on HAEC 6 hours after stimulation.
Pretreatment of HAEC with RWE at final
concentrations of 1, 10, and 100 ng/ml for 10
hours significantly inhibited these
enhancements of surface expression. The
increased expression of CAMs by TNF-α or
IL-1β was inhibited by about 30 - 50 % by the
pretreatment of RWE at a concentration of
100 ng/ml; in contrast, the increase produced
by oxysterols was completely reversed to the
level prior stimulation by the pretreatment
with RWE at a concentration of 10 ng/ml. To
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Figure 1. Time course of surface expression of intercellular adhesion molecule-1 (ICAM-1, Fig 1a)
and vascular cell adhesion molecule-1 (VCAM-1, Fig 1b) on human aortic endothelial cells
(HAEC) exposed to 7β-hydroxycholesterol and 25-hydroxycholesterol.
Data are expressed as mean ± SE of three experiments performed in duplicate.
#p<0.05 and ##p<0.01 vs. before stimulation.
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Figure 2. Effects of red wine extract (RWE) on intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) on human aortic endothelial cells (HAEC) exposed to
tumor necrosis factor-α (TNF-α) or interleukin 1β (IL-1 β).
Confluent HAEC were incubated with TNF-α (20 ng/ml) or IL-1β (28 U/ml) in the absence or
presence of RWE at 37°C for 6 h. The expression of ICAM-1 and VCAM-1 on the cell surface was
measured using EIA. *p<0.05 vs. unstimulated group, and #p<0.05 and ##p<0.01 vs. stimulated
group without RWE.
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Figure 3. Effects of red wine extract (RWE) on intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesion molecule-1 (VCAM-1) on human aortic endothelial cells (HAEC) exposed to
7β-hydroxycholesterol (7β-OH-Chol) or 25-hydroxycholesterol (25-OH-Chol).
Confluent HAEC were incubated with 7β-OH-Chol (10 µM) or 25-OH-Chol (10 µM) in the absence
or presence of RWE at 37°C for 6 h. The expression of ICAM-1 and VCAM-1 on the cell surface
was measured using EIA. *p<0.05 vs. unstimulated group, and #p<0.01 vs. stimulated group
without RWE.

further analyze effects of RWE on the
expression of adhesion molecules, we
assessed mRNA expression for ICAM-1 and
VCAM-1 using RT-PCR yielding 390-, 354, and 235-base pair products to identify
ICAM-1, VCAM-1, and GAPDH gene
expression, respectively. As shown in Figure
4, we found ICAM-1 and VCAM-1 gene
expression in HAEC before stimulation to be
negligible or faint. In contrast, the
expression of ICAM-1 and VCAM-1 genes
was up-regulated after stimulation. These
increases in mRNA expression were
inhibited by the treatment with RWE at a
concentration of 10 µM.
Effect of RWE on monocyte adhesion to
endothelial cells
The adherence of monocytes to HAEC
exposed to TNF-α, 7β-hydroxycholesterol,
and 25-hydroxycholesterol significantly
increased compared to that of unstimulated

HAEC. Figure 5 shows the effect of RWE
on the adherence of monocytes to TNF- α,
7β-hydroxycholesterol-,
or
25hydroxycholesterol-stimulated HAEC.
Pretreatment of HAEC with RWE
significantly reduced the adherence of
monocytes on HAEC.

DISCUSSION

Clinical studies and animal experiments
have demonstrated that oxLDL and
oxysterols play important roles in
atherogenesis. Yasunobu et al. (11) have
demonstrated that serum concentration of
oxysterols is significantly increased in
patients with coronary heart disease.
Oxysterols have also been found in
atherosclerotic lesions in both human and
animal models (12, 13). Oxysterols are
biologically active molecules that promote
atherosclerosis: 7β-hydroxycholesterol and
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7-ketocholesterol
induce
nuclear
condensation and/or fragmentation,
internucleosomal DNA fragmentation, and
IL-1β secretion (14); 25-hydroxylcholesterol
induces apoptosis in monocyte-macrophages
(15); oxysterols may have a regulatory effect
on IL-8 production from macrophages in
oxLDL (16); and 7β-hydroxycholesterol and
7-ketocholesterol have dual cytotoxic effects
on the cells of the vascular wall by their
ability to induce apoptosis in endothelial and
smooth muscle cells and necrosis in
fibroblasts (17). We recently found that 7ketocholesterol and 7β-hydroxycholesterol
induced apoptosis in human umbilical vein
endothelial cells and this cytotoxicity was
reduced by treatment with α -tocopherol
(18). The present study confirmed the
increased expression of ICAM-1 and

1
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VCAM-1 on the surface of aortic endothelial
cells stimulated with 7β-hydroxycholesterol
and 25-hydroxycholesterol, and also showed
that RWE significantly inhibited these
increases. To assess the mechanism of the
inhibitory effect of RWE, we investigated
the expression of mRNA of ICAM-1 and
VCAM-1 genes after stimulation by
oxysterols using RT-PCR. The expression of
these genes was also significantly inhibited
by the treatment with RWE, supporting the
hypothesis that RWE attenuates oxysterolinduced expression of adhesion molecules by
inhibiting the up-regulation of mRNA of
these genes. However, the intracellular
pathway by which RWE causes inhibition of
ICAM-1/VCAM-1 expression is not fully
understood. The precise mechanism is now
under investigation.
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Figure 4. Effects of red wine extract (RWE) on mRNA expression for intercellular adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) exposed to tumor necrosis
factor-α (TNF-α), 7β-hydroxycholesterol (7β-OH-Chol), or 25-hydroxycholesterol (25-OH-Chol).
Confluent HAEC were incubated with each stimulant in the absence or presence of RWE at 37°C
for 3 h.
A representative 2 % agarose gel of RT-PCR products is shown, including mRNA for unstimulated
cells treated with vehicle (lane 1) and RWE (lane 2), TNF-α-stimulated cells treated with vehicle
(lane 3) and RWE (lane 6), 7β-hydroxycholesterol-stimulated cells treated with vehicle (lane 4) and
RWE (lane 7), and 25-hydroxycholesterol-stimulated cells treated with vehicle (lane 5) and RWE
(lane 8).
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Figure 5. Effects of red wine extract (RWE) on
monocyte adhesion on HAEC exposed to tumor
necrosis
factor-α
(TNF-α),
7βhydroxycholesterol (7β-OH-Chol), or 25hydroxycholesterol (25-OH-Chol).
HAEC stimulated with TNF-α (20 ng/ml), 7βOH-Chol (10 µM), or 25-OH-Chol (10 µM) for
4 h was incubated with non-stimulated
monocytes (U937) for 30 min. *p<0.01 vs.
unstimulated group, and #p<0.01 vs. stimulated
group without RWE.

Our previous study demonstrated that
the adhesion of monocytes to endothelial
cells exposed to oxLDL involved CD18/
ICAM-1 dependent pathway or both CD18/
ICAM-1 and VLA-4/VCAM-1 dependent
interactions, respectively (19). Monoclonal
antibodies against ICAM-1, VCAM-1,
CD18, or very late antigen (VLA)-4
significantly reduced monocyte adherence
to oxLDL-stimulated HUVEC, indicating
that the interaction between monocyte and
oxLDL-stimulated endothelial cells
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involves both CD18/ICAM-1- and VLA-4/
VCAM-1-dependent pathways. Kammana
et al. (20) have shown the activation of
glomerular endothelial cells with oxLDL,
prepared by incubating LDL with CuSO4,
stimulated ICAM-1 mRNA transcripts and
protein synthesis and enhanced the
adhesion of monocytes to endothelial cells.
In the present study, RWE reduced
monocyte adhesion to the same levels as
inhibition of ICAM-1 and VCAM-1
expression. These results suggest that
reduction of monocyte adhesion by RWE
may be attributed to decreased adhesion
molecule expression. Of high interest is the
identification of the constituents that may
be responsible for the observed RWE
effect. Red wine extract contains
polyphenolic compounds such as catechins,
quercetin, resveratrol, anthocyanins,
flavanols, and flavonols. Of these,
resveratrol (21), anthocyanins (22), and
gallates (8) have been suggested to inhibit
the up-regulation of adhesion molecule
expression on endothelial cells stimulated
with TNF-α and lipopolysaccharide. The
resveratrol and anthocyanin content in the
RWE we used was moderately high, as
shown in Table I. However, no data from
HAEC stimulated with oxysterol have been
presented. Further investigation is needed
to determine the bioavailability and
pharmacokinetics of polyphenols and to
identify ingredients of red wine components
that may mediate red wine antiinflammatory activity.
Recent studies show that dietary
consumption of red wine (0.5 mL/day per
mouse) by apolipoprotein-deficient mice
significantly attenuates the development of
atherosclerotic lesions (23). This antiatherosclerotic effect is, in part, associated
with the inhibition of monocyte-endothelial
interaction induced by oxLDL. In
conclusion, oxysterol induces the
monocyte-endothelial interaction in vitro
via increased expression of adhesion
molecules on HAEC. The inhibitory effects
of RWE on expression of adhesion
molecules and monocyte adhesion to
endothelial cells may protect blood vessels
from atherosclerotic processes associated
with oxysterol-induced injury.
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