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Olive Oil and Red Wine Antioxidant Polyphenols Inhibit
Endothelial Activation
Antiatherogenic Properties of Mediterranean Diet Phytochemicals

Maria Annunziata Carluccio, Luisa Siculella, Maria Assunta Ancora, Marika Massaro, Egeria Scoditti,
Carlo Storelli, Francesco Visioli, Alessandro Distante, Raffaele De Caterina

Objective—Epidemiology suggests that Mediterranean diets are associated with reduced risk of cardiovascular disease.
Because monocyte adhesion to the endothelium is crucial in early atherogenesis, we evaluated whether typical olive ail
and red wine polyphenols affect endothelial-eukocyte adhesion molecule expression and monocyte adhesion.

Methods and Results—Phytochemicals in olive oil and red wine, including oleuropein, hydroxytyrosol, tyrosol, elenolic
acid, and resveratrol, with or without antioxidant activity, were incubated with human umbilical vein endothelial cells
for 30 minutes, followed by co-incubation with bacterial lipopolysaccharide or cytokines to trigger adhesion molecule
expression. At nutritionally relevant concentrations, only oleuropein, hydroxytyrosol, and resveratrol, possessing a
marked antioxidant activity, reduced monocytoid cell adhesion to stimulated endothelium, as well as vascular cell
adhesion molecule-1 (VCAM-1) mRNA and protein by Northern analysis and cell surface enzyme immunoassay.
Reporter gene assays with deletional VCAM-1 promoter constructs indicated the relevance of nuclear factor-«B,
activator protein-1, and possibly GATA binding sitesin mediating VCAM-1 transcriptional inhibition. The involvement
of nuclear factor-«B and activator protein-1 was finally demonstrated at electrophoretic mobility shift assays.

Conclusions—Olive oil and red wine antioxidant polyphenols at nutritionally relevant concentrations transcriptionally
inhibit endothelial adhesion molecule expression, thus partialy explaining atheroprotection from Mediterranean diets.

(Arterioscler Thromb Vasc Biol. 2003;23:622-629.)
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iet is a cornerstone of cardiovascular disease prevention.t

Mediterranean diets are associated with alow incidence of
aherosclerotic disease23 but data about the specific dietary
condtituents involved and mechanisms conferring cardioprotec-
tion are still sparse. There is consistent evidence for an antiox-
idant activity of some selected phenolic compounds from olives
and grapes both in vitro*® and in vivo.” Trans-resveratrol is a
congtituent of the skin of grapes, its concentration reaches 1.5 to
7 mg/L in red wine:2 Oleuropein and hydroxytyrosol are present
in a particularly high concentration in extra virgin olive il (50
to 800 mg/kg)® and in alives (about 2 g/100g of dry weight).1°
Hydroxytyrosol is present aso in the byproducts of odlive oil
production, where it may show biological properties preventing
passive smoking-induced oxidative stress.it These compounds
show severa antiatherogenic activities, such as the inhibition of
LDL oxidation,*2-14 platelet aggregation,’>16 and the endothelial
expression of tissue factor.’” Moreover, dlive oil polyphenols
(600 ppm) added to virgin olive oil show protective effects in
inflammeation modelsin vivo,8 and red wine polyphenolsinhibit

vascular smooth muscle cell migration'® and enhance the ex-
pression and activity of endothelia nitric oxide synthase2°
Loca leukocyte recruitment into the vessel wall is an early
step in atherogenesisand it is largely explained by the increased
expresson of endothelia leukocyte adhesion molecules2! Be-
cause the transcriptiona activation of adhesion molecules is
sensitive to theintracellular redox status,?223 we investigated the
effects of olive oil and red wine polyphenols on monocyte
adhesion and the expression of endothelia leukocyte adhesion
molecules as well as some potential mechanisms involved.

M ethods

Reagents

Hydroxytyrosol was synthesized according to Capasso et al.24
Oleuropein aglycone was obtained from oleuropein glycoside after
enzymatic digestion.25 Tyrosol was purchased from Sigma. Elenolic
acid was isolated from extra-virgin olive oil by reverse-phase high
performance liquid chromatography.26 Oleuropein glycoside was
obtained from Extrasynthese (Genay, France), and resveratrol from
Sigma (Figure 1). Resveratrol, hydroxytyrosol, tyrosol, and elenolic
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acid were dissolved in ethanol; oleuropein aglycone in methanol or
ethanol; and oleuropein glycoside in water.

Interleukin (IL)-18 and tumor necrosis factor (TNF)-a were
obtained from Genzyme, Cambridge, MA. Lipopolysaccharide
(LPS) and phorbol 12-myristate 13-acetate (PMA) were purchased
from Sigma, as well as al other reagents when not otherwise
specified.

Endothelial Cell Cultures
Human umbilical vein endothelial cells (HUVECS) and bovine aortic
endothelial cells (BAECs) were harvested and maintained as de-
scribed previously.2”22 HUVECs and BAECs were grown in the
presence of 10% fetal bovine serum and formed a confluent
monolayer of polygona cells expressing von Willebrand factor, as
determined by their content of immunoreactive protein. Once grown
to confluence, HUVECs and BAECs were replated on 1.5% gelatin-
coated flasks at 20, 000 cells'em?, and used within passage 4.
Before treatments, confluent cells were shifted to media contain-
ing 4% fetal bovine serum, incubated in the absence (vehicle) or
presence of varying concentrations (0 to 100 umol/L) of each
polyphenol for O to 2 hours, and then co-incubated with vehicle or
polyphenoals in the presence of LPS, cytokines (IL-18, TNF-«), or
PMA for additional 4 to 16 hours.

Detection of Cell Surface Molecules

Assays of cell surface molecules were conducted by cell surface
enzyme immunoassay (EIA), using primary mouse antihuman mono-

clonal antibodies against VCAM-1 (Ab E1/6), E-selectin (Ab H18/
7), intercellular adhesion molecule-1 (ICAM-1; HU5/3), or the
monoclona antibody E1/1, recognizing a constitutive and noncyto-
kine-inducible endothelial cell antigen,2® as previously described.2”
Primary antibodies were obtained from hybridoma supernatants,
kindly provided by Michael A. Gimbrone (Harvard Medical School,
Boston, MA).

Assessment of Cell Number and Viability

Cell number was assessed by direct cell counting of adherent cells,
after trypsine detachment, in a Neubauer hemocytometer (VWR
Scientifics), and stained by Trypan blue. The percentage of cells
excluding Trypan blue was taken as a measure of cell viability.

Monocytoid Cell Adhesion Assays

Monocytoid U937 cells were obtained through American Tissue
Culture Collection (Rockville, MD) and grown in RPMI medium
1640 (Gibco BRL, Gaithersburg, MD) containing 10% FCS. For the
adhesion assays, HUV ECs were grown to confluence in 6-well tissue
culture plates, after which LPS or TNF-a was added for an additional
16 hours to induce the expression of VCAM-1, in the presence or
absence of polyphenols (1 to 100 wmol/L). For control, some
monolayers were treated with a mouse antihuman monoclona
antibody (E1/6) against VCAM-1. Adhesion assays were performed
by adding 1 mL of the concentrated U937 cell suspension to each
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monolayer under rotating conditions (63 rpm) at 21°C, as
described.?”

Isolation of RNA and Northern Analysis

Endothelial cells were pretreated for 30 minutes with polyphenols
followed by a 4-hour stimulation with LPS (1 wg/mL) or TNF-« (10
ng/mL). Northern analysis was performed as described.28

Transfection Assays

Human VCAM-1 promoter constructs containing the chloramphen-
icol acetyltransferase (CAT) reporter gene were described previously
by Neish et a .3° Bovine aortic endothelia cells were transfected with
each reporter plasmid (20 wg) using the calcium phosphate precip-
itation method. As an interna control for transfection efficiency,
pRSV B-galactosidase (B-GAL) plasmid (5 ng) was co-transfected
in al experiments. Cells (60% to 70% confluent) were stimulated 48
hours after transfection with LPS (1 pwg/mL) or TNF-a (10 ng/mL)
with or without pretreatment with polyphenols (15 wmol/L for 30
minutes), and cellular extracts prepared 15 hours later. Transfections
and assays for CAT and B-GAL were performed as described
previously.28

Preparation of Nuclear Extract and
Electrophoretic Mobility Shift Assay (EMSA)
Oligonucleotides containing binding sequences for nuclear factor-«B
(NF-«B) and activator protein- 1 (AP-1) present in the VCAM-1
promoter and corresponding oligonucleotide mutants were from
Gibco BRL, and poly(dl-dC) from Pharmacia Biotech (Piscataway,
NJ). Reagents for polyacrylamide gel electrophoresis were from
Bio-Rad Laboratories (Melville, NY).

Confluent HUVECs were pretreated for 30 minutes with 0 to 100
wmol/L polyphenols and then exposed to LPS (1 uwg/mL) or TNF-« (10
ng/mL) for 1 hour. Cellswere scraped mechanically and nuclear extracts
prepared as described.28 Wild-type oligonucleotide probes from the
human VCAM-1 promoter were synthesized to encompass the two
NF-«B binding sites (underlined) described at coordinates —77 and
—63 (5'-CTGCCCTGGGTTTCCCCTTGAAGGGATTTCCCTCC-3)
and the AP-1 binding site (underlined) located a —490 from the
transcription starting site (5'-TTCCGGCTGACTCATCAAGCG-3').20

Oligonucleotides probes were radiolabeled by Klenow filling-in as
described.?” The DNA binding reaction was performed at 30°C for
15 minutes in a volume of 20 ulL containing 8 wg of nuclear
extracts.28 Samples were subjected to electrophoresis on native 5%
0.5X TRIS-borate—polyacrylamide gels. Specificity of the assay
was determined by including a 50- to 100-fold excess of unlabeled
competing wild-type or mutant sequences in the binding mixture.
The mutant oligonucleotides for NF-kB (5'-CTGC-
CCTGAGTCACGCCTTGAAGAGACATCACTCC-3') and AP-1
(5" TGGCGGCTCCATGGTCAAGCG-3') contain four nucleotide
mutations in each binding site. After electrophoresis, gels were dried
and directly autoradiographed using Kodak X-AR films.

Statistics

Two-group comparisons were performed by the Student t test for
unpaired values. Comparisons of means of =3 groups were per-
formed by ANOVA, and the existence of individua differences, in
case of significant F values at ANOVA, tested by Scheffé's multiple
contrasts.

Results

Structurally Unrelated Polyphenols Inhibit
Stimulated VCAM-1 Expression

Among olive oil and red wine polyphenols tested, oleuropein,
hydroxytyrosol, and resveratrol significantly inhibited LPS-
stimulated expression of VCAM-1 in a concentration-
dependent fashion as assessed by cell surface EIA (Figure
2A). The 1Cs, was around 30 wmol/L for resveratrol and 15
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Figure 2. Structurally unrelated polyphenols inhibit LPS-
stimulated VCAM-1 expression at protein and mRNA levels. A,
Olive oil and red wine antioxidant polyphenols concentration-
dependently inhibit LPS-stimulated VCAM-1 expression in
HUVECs, as assessed by cell surface EIA. Compounds were
added to tissue culture medium for 30 minutes at various con-
centrations, as indicated, after which VCAM-1 expression was
induced by the addition of LPS at 1 ug/mL for a further 16
hours. All data have been plotted as percentage of maximum
control response (% of stimulated response without polyphe-
nols). Control vehicles (ethanol 0.05% vol/vol or methanol
0.005% vol/vol) had no effect on the stimulated expression of
VCAM-1. Data are based on 6 different experiments, each con-
sisting of =8 repeats for each condition. *P<0.05 and **P<0.01
versus LPS alone. B, Polyphenols decrease steady-state
VCAM-1 mRNA levels at low concentrations (15 umol/L).
HUVECs were treated with polyphenols for 30 minutes, followed
by stimulation with LPS for 4 hours. Isolated total RNAs (20
ng/lane) were examined by Northern analysis for VCAM-1
mRNA. The bottom panel shows 28S rRNA, stained by ethidium
bromide, as a control for equal loading of lanes. Northern analy-
sis is shown in the middle panel. Quantitative analysis by densi-
tometry of specific bands is shown in the top panel, where the
intensity of each band is expressed as percent of maximum
control response to LPS. This blot is representative of a series
of 4 similar ones (4 separate experiments) run in similar
conditions.

umol/L for oleuropein aglycone, this last being more effec-
tive than its corresponding glycoside analogue. No significant
effects on adhesion molecule expression were obtained, in
our experimental system, with the two other tested phyto-
chemicals from olive oil, elenolic acid, and tyrosol. The
efficacy of oleuropein, hydroxytyrosol, and resveratrol ap-
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Figure 3. Effects of olive oil and red wine
antioxidant polyphenols on VCAM-1
expression are independent of stimuli
used to elicit endothelial activation. Olive
oil and wine antioxidant polyphenols
similarly reduce VCAM-1 expression
induced by LPS, TNF-a, or PMA in
HUVECs as assessed by cell surface
EIA. Antioxidants were all added 30 min-
utes before the addition of the stimulus.
The antioxidant NAC was devoid of any
effect at 30 umol/L whereas it signifi-
cantly inhibited VCAM-1 expression at
30 mmol/L. OD mU denotes milliunits of
optical density. Data are based on 4 dif-
ferent experiments, each consisting of
=8 repeats for each condition. *P<0.05
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pears strictly related with their antioxidant activity, tyrosol or
elenolic acid being devoid of antioxidant activity (Figure 1).

The phytochemicals tested at concentrations used (<100
wmol/L) did not produce cellular toxicity, as assessed by cell
number and viability (ie, morphology and Trypan blue
exclusion), and were specific for proteins expressed during
endothelial activation because they did not affect the expres-
sion of the constitutive endothelial surface antigen E1/1 (data
not shown).

Olive Oil and Red Wine Antioxidant Polyphenols
Decrease VCAM-1 mRNA Levels
To obtain some preliminary insight on the mechanism(s) by
which olive oil and red wine antioxidant phytochemicals
affect endothelial activation, we investigated their effects on
LPS-stimulated VCAM-1 mRNA steady-stete levels. North-
ern analysis demonstrated a clear decrease in VCAM-1
mRNA levels on incubation with phenolic compounds pos-
sessing activity on VCAM-1 protein expression (Figure 2B).
Densitometric analysis of autoradiographic bands showed a
reduction of around 60%, 40%, and 25% versus LPS aone
for oleuropein aglycone, resveratrol, and hydroxytyrosol,
respectively. These results are in good agreement with the
reduction in protein expression (Figure 2A) and indicate that
reduction of LPS-stimulated VCAM-1 expression by tested
compounds occurs at a pretrandational level. Effects of
antioxidant polyphenols on VCAM-1 expression are indepen-
dent of stimuli used to elicit endothelial activation

We assessed and compared polyphenol inhibition of
VCAM-1 expression in response to structurally unrelated
agonists such as LPS, TNF-«, and PMA, this last used as a
stimulus for endothelial activation that bypasses membrane
receptors. Antioxidant polyphenols inhibited VCAM-1 ex-
pression to the same extent with all stimuli and independent
of the relative potency of stimuli (Figure 3). Similar results
were obtained using IL-18 (not shown). Because of this
proven similarity of effects with various stimuli for endothe-
lial activation, LPS was used in most experiments performed.

We aso compared the inhibitory effect of antioxidant
phytochemicals with the inhibitory effect of N-acetyl cysteine
(NAC), a well-known antioxidant reported to efficiently
reduce the expression of several endothelia adhesion mole-

and *P<0.01 vs LPS, TNF-«, or PMA

PMA 6.3 ng/mL alone.

cules.z3 NAC suppressed VCAM-1 expression at 30 mmol/L
in response to various stimuli but was unable to significantly
modulate the expression of VCAM-1 at concentrations 1000
times lower, a which olive oil and red wine antioxidant
polyphenols were active (Figure 3).

Olive Oil and Red Wine Antioxidant Polyphenols
Suppress VCAM-1 Promoter Activity and the
Activation of Transcription Factors NF-kB
and AP-1
To determine whether olive oil and red wine antioxidant poly-
phenols regulate VCAM-1 promoter and to identify promoter
regions involved, we transfected BAECs with deletional
VCAM-1 promoter constructs linked to the chloramphenicol
acetyltransferase reporter gene3® FO.CAT is the functiona
VCAM-1 promoter containing AP-1, GATA, and two tandem
kB sites (Figure 4A). F3.CAT contains the NF-«B binding sites
without GATA or AP-1 (Figure 4A). FA.CAT only contains a
TATA box (Figure 4A). TNF-« increased FO.CAT activity by
8-fold and F3.CAT activity by 4-fold compared with unstimu-
lated cells (Figure 4B), indicating the relevance of the AP-1 and
GATA sitesin potentiating the two tandem NF-«B sitesto dlicit
TNF-a—induced transcription. Pretrestment with olive oil and
red wine antioxidant polyphenols (15 wmol/L, 30 minutes),
inhibited TNF-a—stimulated promoter activity by 70% to 80%in
FO.CAT and by 40 %to 50% in F3.CAT transfections (Figure
4B). Similar results were obtained using LPS as the stimulus
(not shown). These results suggest that inhibition of VCAM-1
expression by olive oil and red wine polyphenols is transcrip-
tiona and likely the result of amodulation of different transcrip-
tion factors, mainly NF-«B, but also AP-1 and possibly GATA.
Because transcription factors NF-kB and AP-1, which
contain binding sites in the 5'-flanking regions of the
VCAM-1 promoter, are known to be redox sensitive because
their activation is inhibited by antioxidants,22-31-33 we sought
to determine whether olive and red wine antioxidant poly-
phenols actualy inhibit the activation of these transcription
factors, thus providing a likely explanation for the inhibition
of VCAM-1 transcription. To this purpose, we performed gel
shift assays using radiolabeled oligonucleotides correspond-
ing to the tandem «B and AP-1 sites on the VCAM-1
promoter. We observed that polyphenols possessing antioxi-
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Figure 4. Effects of olive oil and red wine
antioxidant polyphenols on VCAM-1 pro-
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dant activity, at 15 wmol/L, decrease the amount of the
shifted complex induced by LPS, corresponding to NF-«B
(Figure 5A). Densitometric analysis indicated that oleuropein
aglycone, trans-resveratrol, and hydroxytyrosol inhibit the
activation of NF-kB by 70%, 60%, and 50%, respectively.

Treatment with olive oil and wine antioxidant polyphenols
also affected the induced activation of AP-1. The intensity of
shifted band was decreased by 50%, 40%, and 30% by
oleuropein aglycone, hydroxytyrosol, and trans-resveratrol,
respectively (Figure 5B).

Olive Oil and Red Wine Antioxidant Polyphenols
Are Global Inhibitors of Endothelial Activation
We investigated the effects of polyphenols on other LPS-
inducible endothelial leukocyte adhesion molecules, such as
E-selectin and ICAM-1. Similarly to VCAM-1, the induced
expression of E-selectin (Figure 6A) and ICAM-1 (Figure
6B) was also reduced by all tested polyphenols in a

{
l_

ones with identical results.

concentration-dependent fashion. Oleuropein aglycone was
again the most active polyphenoal in inhibiting the stimulated
expression of both adhesion molecules, already at concentra-
tions of 5 wmol/L. These results indicate a generalized effect
of these natural polyphenols on endothelial activation.

Olive Oil and Red Wine Antioxidant Polyphenols

Decrease Monocytoid Cell Adhesion to HUVECs

To evaluate the functional consequences of olive oil and red
wine polyphenol-induced reduction in the expression of
adhesion molecules, we tested whether their incubation with
HUVECs affected the adherence of human monocytoid U937
cells to HUVECs. Monocytoid cells did not adhere to
unstimulated HUVEC monolayers (control) but adhered to a
great extent to LPS-stimulated HUVECs (Figure 7). This
stimulated adhesion was clearly inhibited (by >50%) by the
anti-VCAM-1 monoclonal antibody E1/6 (not shown). To a
degree comparable to the inhibition of endothelial leukocyte

Figure 5. Olive oil and red wine antioxi-
S dant polyphenols inhibit LPS-triggered
§§" 3*3 * § & NF-kB and AP-1 activation at EMSA. A,
Antioxidant polyphenols decrease NF-xB
activation. Compared with lane 1, with

&
> + 6"'*9:.‘? o°\§ “-5}\
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S nuclear extracts obtained in control,
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: 32P-labeled oligonucleotide containing

the VCAM-1 NF-«B sequence is seen in
lane 2, obtained with nuclear extracts
from cells stimulated with LPS, indicating
the formation of DNA-protein complexes.
The intensity of this band, proportional to
the amount of transcription factor trans-
located into the nucleus and binding to
DNA, is strongly reduced on treatment of
- endothelial cells with antioxidant poly-
il phenols (15 wmol/L) before stimulation

o (lanes 3 to 5). Equal amounts of nuclear
proteins (4 to 6 ng) were used for the
binding assay. Specificity of the retarded

1 2 345 6 78 band for NF-kB, not present in nuclear

extracts in unstimulated conditions and

B only appearing in stimulated conditions,

is demonstrated by its total abolition with

a 100-fold molar excess of cold wild-type oligonucleotide (lane 6), and its preservation with a similar excess of mutant oligonucleotide
(lane 7). This EMSA is representative of a series of 3 similar ones. B, Antioxidant polyphenols decrease AP-1 activation. The EMSA
shows a reduced activation of AP-1 by antioxidant polyphenols (15 wmol/L) in HUVECs stimulated with LPS (1 wg/mL) for 1 hour (lanes
4 to 6) versus HUVECGCs stimulated with LPS alone (lane 3). Specificity of the shifted band for AP-1 is confirmed by its total abolition
with a 100-fold molar excess of cold wild-type oligonucleotide (lane 8), and its preservation with a similar excess of mutant oligonucle-
otide (lane 7). This EMSA is representative of a series of 3 similar ones.
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Figure 6. Olive oil and red wine antioxidant polyphenols are
global inhibitors of endothelial activation, affecting the expres-
sion of various adhesion molecules. HUVECs were treated with
different concentration of polyphenols for 30 minutes and then
stimulated with LPS. Adhesion molecule expression was
assessed by cell-surface EIA by specific monoclonal antibodies,
as described in text. Data are based on 5 different experiments,
each based on =8 repeats for each condition. *P<0.05 and
**P<0.01 vs LPS alone.

adhesion molecule expression, treatment of HUVECs with
antioxidant polyphenols (15 wmol/L) significantly inhibited
LPS-induced monocyte adhesion (Figure 7).

Discussion

This study shows the anti-inflammatory and therefore possi-
bly antiatherogenic activity of some phenolic compounds
from olive oil and red wine. We demonstrated the inhibition
of both the stimulated expression of VCAM-1 and of mono-
cyte adhesion to human vascular endothelial cells. The effects
of antioxidant polyphenols also apply to E-selectin and
ICAM-1, suggesting an action on a common intracellular
pathway of endothelial activation. Most relevant, such effects
occurred at low micromolar concentrations within the con-
centration range expected after nutritional intake from Med-
iterranean diets*4. It is likely that such beneficial effects
would be amplified in vivo because of the continuous
exposure of vascular endothelia to these compounds and a
possible additive or more than additive effect of various
co-administrated compounds. Preliminary experiments of
ours indeed suggest at least additive effects for their co-
administration, but this issue clearly deserves further
investigation.

Among the tested molecules, oleuropein aglycone and
hydroxytyrosol were the most potent phytochemicals in

Antiatherogenic Properties of Mediterranean Diet Phytochemicals 627

LPS+R

LPS + HT
439 31+9 23+6

LPS + OE

Figure 7. Olive oil and red wine antioxidant polyphenols
decrease monocytoid cell adhesion to HUVECs. U937 cells,
added in suspension to HUVECs as described in the Methods
section, do not normally adhere to unstimulated monolayers,
and are easily removed with washing (control, no stimulation),
whereas adhesion is dramatically increased by the addition of
LPS (1 umol/L). Polyphenols (all at 15 umol/L) decrease U937
cell adhesion by >50% (lower panels). Labels below the photo-
graphs show cell counts (mean+SD, n=6 for each condition)
within a grid area at high power field (0.16 mm?2). This experi-
ment was repeated 4 times with similar results. HT, hydroxyty-
rosol; R, resveratrol; OE, oleuropein aglycone.

reducing the expression of adhesion molecules. This is
consistent with their orthodiphenolic structure, which confers
strong antioxidant properties.3> A more efficient anti-
inflammatory role of the aglyconic, compared with the
glycosidic, form of oleuropein possibly derives from the
greater lipophilicity of the former, a property that should
alow better cell membrane incorporation and/or interaction
with other lipids.2¢ Also of interest, however, is the evidence
that, in comparison with other effective and well-known
antioxidants, such as NAC, the tested antioxidant polyphe-
nols achieved the same extent of inhibition at concentrations
about 1000-fold lower. Such comparisons are revealing an
unexpected heterogeneity among different antioxidants with
respect to endothelial activation, which deserves further
investigation.

The inhibition by antioxidant polyphenols of VCAM-1
expression induced by different agonists (including PMA)
strongly argues that antioxidant polyphenols act downstream
of any membrane receptor, at a step common to all agents.
Being the gene of VCAM-1 transcriptionally regulated,3” we
first examined the activity of effective polyphenols on steady-
state VCAM-1 mRNA, which was reduced to an extent
paralleling protein expression. This indicates that a pretrans-
lational action of these compounds fully explains the inhibi-
tion of VCAM-1 expression and its functional consequences
on monocytoid cell adhesion.

The VCAM-1 promoter contains various binding sites for
transcription factors, such as NF-«kB, AP-1, and GATA.30
Transfection studies using various VCAM-1 gene promoter
constructs showed that antioxidant polyphenols from olive oil
and red wine repressed VCAM-1 gene transcription. Because
inhibition of promoter activity was decreased by deletion of
binding sites for AP-1 and GATA and totally abrogated by


http://atvb.ahajournals.org/

270z ‘8T AInr uo 18nb Aq /Bio'seuinofeye-gare//:dny woly pspeojumoq

628 Arterioscler Thromb Vasc Biol. April 2003

deletion of the two kB sites, an interference by antioxidant
polyphenols with redox-sensitive nuclear transcription factors
NF-kB and AP-13738 was logically suspected. This was
confirmed by specific EMSA, showing reduced activation of
both NF-«B and AP-1, the interaction of which is known to
amplify VCAM-1 promoter activation.®® It seems therefore
most likely that their simultaneous inhibition results in at
least additive atheroprotective effects.

Although our results are the first to quantitatively compare
the effects of various antioxidant dietary polyphenols on
endothelial leukocyte adhesion molecules, they are in agree-
ment with previous reports on resveratrol-induced effects on
endothelial activation,*4t including suppression of TNF-a—
induced activation of NF-kB and AP-1.42 Here, an interfer-
ence by resveratrol with TNF-a—induced activation of
mitogen-activated protein kinase kinase and c-Jun N-terminal
protein kinase was shown, interpreted as a consequence of the
reduced generation of reactive oxygen species and lipid
peroxidation.42 Whether this also occurs for other antioxidant
polyphenols and with respect to inhibition of adhesion mol-
ecule expression remains to be demonstrated.

In conclusion, our findings reveal new molecular mecha
nisms by which several quantitatively minor components of
the Mediterranean diet may prevent early atherogenesis.
Together with fatty acids,2”43 they are among the first
examples of how selected nutrients may directly regulate the
expression on proinflammatory/proatherogenic genes.

Acknowledgments

This work was supported by the National Research Council (CNR)
and the Italian Ministero dell’ Universita e della Ricerca Scientificae
Tecnologica (MURST) Piani di Potenziamento della rete scientifica
e Tecnologica-Progetto CLUSTER, Piano Biomedicina (to the CNR
Institute of Clinical Physiology, Lecce), and by a funding for the
Center of Excellence on Aging (CEA) to the Laboratory of Throm-
bosis and Vascular Research at the Chair of Cardiology, the
University of Chieti (to RDC). The authors express gratitude to the
Division of Obstetrics and Gynecology at the Vito Fazzi Hospital in
Lecce for the supply of umbilical cords and to Guido Lazzerini for
the hybridoma amplifications and the preparation of antibodies. The
kind donation of monoclonal antibody—producing hybridomas by
Michael A. Gimbrone, Jr, and of the VCAM-1 promoter constructs
by Andrew S. Neish is also gratefully acknowledged.

References

1. Kris-Etherton P, Eckel RH, Howard BV, St Jeor S, Bazzarre TL. Lyon
Diet Heart Study: Benefits of a Mediterranean-Style, National Cholesterol
Education Program/American Heart Association Step | Dietary Pattern on
Cardiovascular Disease. Ciculation. 2001;103:1823-1825.

2. Keys A, Menotti A, Karvonen MJ, Aravanis C, Blackburn H, Buzina R,
Djordjevic BS, Dontas AS, Fidanza F, Keys MH, Kromhout D,
Nedeljkovic S, Punsar S, Seccareccia F, ToshimaH. The diet and 15-year
death rate in the seven countries study. Am J Epidemiol. 1986;124:
903-915.

3. de Lorgeril M, Salen P, Martin JL, Monjaud |, Delaye J, Mamelle N.
Mediterranean diet, traditional risk factors, and the rate of cardiovascular
complications after myocardial infarction: final report of the Lyon Diet
Heart Study. Circulation. 1999;99:779-785.

4. Visioli F, Bellomo G, Galli C. Free radical-scavenging properties of olive
oil polyphenols. Biochem Biophys Res Commun. 1998;247:60—64.

5. Miller NJ, Rice-Evans CA. Antioxidant activity of resveratrol in red wine.
Clin Chem. 1995;41:1789-1794.

6. Visioli F, Caruso D, Plasmati E. Hydroxytyrosol, as acomponent of olive,
mill waste water, is dose-dependently absorbed and increase the anti-
oxidant capacity of rat plasma. Free Rad Res. 2001;34:301-305.

10.

11.

12.

13.

14.

15.

16.

17.

18.

10.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

. Bertelli A, Bertelli AA, Gozzini A, Giovannini L. Plasma and tissue

resveratrol concentrations and pharmacological activity. Drugs Exp Clin
Res. 1998;24:133-138.

. Bertelli AA, Gozzini A, Stradi R, Stella S, Bertelli A. Stability of

resveratrol over time and in the various stages of grape transformation.
Drugs Exp Clin Res. 1998;24:207-211.

. Visioli F, Borsani L, Galli C. Diet and prevention of coronary heart disease:

the potential role of phytochemicals. Cardiovasc Res. 2000;47:419—-425.
Marsilio V, Campestre C, Lanza B. Phenolic compounds change during
California-style ripe olive processing. Food Chem. 2001;74:55-60.
Visioli F, Galli C, Plasmati E, Hernandez A, Colombo C, Sala A. Olive
phenol hydroxytyrosol prevents passive smoking-induced oxidative
stress. Circulation. 2000;102:2169-2171.

Frankel E, Waterhouse A, Kinsella J. Inhibition of human LDL oxidation
by resveratrol. Lancet. 1993;341:1103-1104.

Visioli F, Bellomo G, Montedoro G, Galli C. Low density lipoprotein
oxidation is inhibited in vitro by olive oil constituents. Atherosclerosis.
1995;117:25-32.

Fang JG, Lu M, Chen ZH, Zhu HH, Li Y, Yang L, Wu LM, Liu ZL.
Antioxidant effects of resveratrol and its analogues against the free-
radical-induced peroxidation of linoleic acid in micelles. Chemistry.
2002;8:4191-4198.

Petroni A, Blasevich M, Sdami M, Papini N, Montedoro GF, Galli C.
Inhibition of platelet aggregation and eicosanoid production by phenolic
components of olive oil. Thromb Res. 1995;78:151-160.

Pace-Asciak CR, Rounova O, Hahn SE, Diamandis EP, Goldberg DM.
Wines and grape juices as modulators of platelet aggregation in healthy
human subjects. Clin Chim Acta. 1996;246:163-182.

Pendurthi UR, Williams JT, Rao LV. Resveratrol, a polyphenolic
compound found in wine, inhibits tissue factor expression in vascular
cells: a possible mechanism for the cardiovascular benefits associated
with moderate consumption of wine. Arterioscler Thromb Vasc Biol.
1999;19:419-426.

Martinez-Domingues E, de la Puerta R, Ruiz-Gutierrez V. Protective
effects upon experimental inflammation models of a polyphenol-
supplemented virgin olive oil diet. Inflamm Res. 2001;50:102-106.
lijima K, Yoshizumi M, Hashimoto M, Akishita M, Kozaki K, Ako J,
Watanabe T, Ohike Y, Son B, Yu J, Nakahara K, Ouchi Y. Red wine
polyphenols inhibit vascular smooth muscle cell migration through two
distinct signaling pathways. Circulation. 2002;105:2404-2410.
Wallerath T, Deckert G, Ternes T, Anderson H, Li H, Witte K, For-
stermann U. Resveratrol, a polyphenolic phytoalexin present in red wine,
enhances expression and activity of endothelia nitric oxide synthase.
Circulation. 2002;106:1652—-1658.

Lusis AJ. Atherosclerosis. Nature. 2000;407:233-241.

Sen CK, Paker L. Antioxidant and redox regulation of gene transcription.
FASEB J. 1996;10:709—720.

Farugi RM, Poptic EJ, Farugi TR, De LaMotte C, DiCorleto PE. Distinct
mechanisms for N-acetylcysteine inhibition of cytokine-induced
E-selectin and VCAM-1 expression. Am J Physiol. 1997;273:
H817-H826.

Capasso R, Evidente A, Avolio S, SollaF. A highly convenient synthesis
of hydroxytyrosol and its recovery from agricultural waste waters. J Agric
Food Chem. 1999;47:1745-1748.

Limiroli R, Consogni R, Ottolina G, Marsilio V, Bianchi G, Zetta L. *H
and *C NMR characterization of new oleuropein aglycones. J Chem Soc
Perkin Trans. 1995;1:1519-1523.

Montedoro GF, Servili M, Baldioli M, Miniati E. Simple and hydro-
lyzable phenolic compounds in virgin olive oil: |: their extraction, sepa-
ration, and quantitative and semiquantitative evaluation by HPLC. J Agric
Food Chem. 1992;40:1571-1578.

Carluccio MA, Massaro M, Bonfrate C, SiculellaL, MaffiaM, Nicolardi
G, Distante A, Storelli C, De Caterina R. Oleic acid inhibits endothelial
activation: a direct vascular antiatherogenic mechanism of a nutritional
component in the Mediterranean diet. Arterioscler Thromb Vasc Biol.
1999;19:220-228.

De Caterina R, Libby P, Peng HB, Thannicka VJ, Ragavashisth TB,
Gimbrone MA Jr, Shin WS, Liao JK. Nitric oxide decreases cytokine-
induced endothelia activation: nitric oxide selectively reduces endothe-
lial expression of adhesion molecules and pro-inflammatory cytokines.
J Clin Invest. 1995;96:60—68.

Pober J, Gimbrone MJ, Lapierre L, Mendrick DL, Fiers W, Rothlein R,
Springer TA. Overlapping patterns of activation of human endothelial
cells by interleukin 1, tumor necrosis factor, and immune interferon.
J Immunol. 1986;137:1893-1896.


http://atvb.ahajournals.org/

270z ‘8T AInr uo 18nb Aq /Bio'seuinofeye-gare//:dny woly pspeojumoq

30.

31

32.

35.

36.

37.

Carluccio et al

Neish AS, Williams AJ, Palmer HJ, Whitley MZ, Collins T. Functional
analysis of the human vascular cell adhesion molecule 1 promoter. J Exp
Med. 1992;176:1583-1593.

Erl W, Weber C, Wardemann C, Weber PC. Alpha-tocopherol succinate
inhibits monocytic cell adhesion to endothelial cells by suppressing
NF-«B mobilization. Am J Physiol. 1997;273:H634—-H640.

Bowie AG, O'Neill LAJ. Vitamin C inhibits NF-kB activation by TNF
via the activation of p38 mitogen-activated protein kinase. J Immunol.
2000;165:7180—7188.

. Zhang WJ, Frei B. Alpha-lipoic acid inhibits TNF-alpha-induced NF-«B

activation and adhesion molecule expression in human aortic endothelial
cells. FASEB J. 2001;15:2423-2432.

. Visioli F, Galli C, Bornet F, Mattei A, Patelli R, Galli G, Caruso D. Olive

oil phenolics are dose-dependently absorbed in humans. FEBS Lett.
2000;468:159-160.

Gali C, Visioli F. Antioxidant and other activities of phenolics in
olives/alive ail, typical components of the Mediterranean diet. Lipids.
1999;34:523-S26.

Saija A, Trombetta D, Tomaino A. In vitro evaluation of the antioxidant
activity and biomembrane interaction of the plant phenols oleuropein and
hydroxytyrosol. Int J Pharm. 1998;166:123-133.

Marui N, Offermann MK, Swerlick R, Kunsch C, Rosen CA, Ahmad M,
Alexander RW, Medford RM. Vascular cell adhesion molecule-1

39.

41.

42.

Antiatherogenic Properties of Mediterranean Diet Phytochemicals 629

(VCAM-1) gene transcription and expression are regulated through an
antioxidant-sensitive mechanism in human vascular endothelial cells.
J Clin Invest. 1993;92:1866-1874.

. Collins T, Read MA, Neish AS, Whitley MZ, Thanos D, Maniatis T.

Transcriptional regulation of endothelial cell adhesion molecule: NF-«xB
and cytokine-inducible enhancer. FASEB J. 1995;9:899-909.
Ahmad M, Theofanidis P, Medford RM. Role of activating protein-1 in
the regulation of vascular cell adhesion molecule-1 gene expression by
tumor necrosis factor-a.. J Biol Chem. 1998;273:4616—4621.

. Bertelli AA, Baccdini R, Battaglia E, Falchi M, Ferrero ME. Resveratrol

inhibits TNF alpha-induced endothelial cell activation. Therapie. 2001;
56:613-616.

Pendurthi UR, Rao LV. Resveratrol suppresses agonist-induced
monocyte adhesion to cultured human endothelia cells. Thromb Res.
2002;106:243-248.

Manna SK, Mukhopadhyay A, Aggarwal BB. Resveratrol suppresses
TNF-induced activation of nuclear transcription factors NF-«B, activator
protein-1, and apoptosis: potential role of reactive oxygen intermediates
and lipid peroxidation. J Immunol. 2000;164:6509—6519.

. De Caterina R, Liao JK, Libby P. Fatty acid modulation of endothelial

activation. Am J Clin Nutr. 2000;71(suppl 1):213S-23S.


http://atvb.ahajournals.org/

/702 ‘8T AInc uo 159n6 Aq /Bio'sfeuinofeye gate//:dny wouy pepeojumoq

Arteriosclerosis, O =
Th_rombOSI.S, and Association.
Vascular Biology

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Olive Oil and Red Wine Antioxidant Polyphenols Inhibit Endothelial Activation:
Antiather ogenic Properties of M editerranean Diet Phytochemicals
Maria Annunziata Carluccio, Luisa Siculella, Maria Assunta Ancora, Marika Massaro, Egeria
Scoditti, Carlo Storelli, Francesco Visioli, Alessandro Distante and Raffaele De Caterina

Arterioscler Thromb Vasc Biol. 2003;23:622-629; originally published online February 20,
2003;

doi: 10.1161/01.ATV.0000062884.69432.A0
Arteriosclerosis, Thrombosis, and Vascular Biology is published by the American Heart Association, 7272
Greenville Avenue, Dallas, TX 75231
Copyright © 2003 American Heart Association, Inc. All rights reserved.
Print ISSN: 1079-5642. Online |SSN: 1524-4636

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://atvb.ahajournal s.org/content/23/4/622

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Arteriosclerosis, Thrombosis, and Vascular Biology can be obtained via RightsLink, a service of the
Copyright Clearance Center, not the Editorial Office. Once the online version of the published article for
which permission is being requested is located, click Request Permissions in the middle column of the Web
page under Services. Further information about this process is available in the Permissions and Rights
Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.Ilww.com/reprints

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular Biology is online

at:
http://atvb.ahagjournal s.org//subscriptions/



http://atvb.ahajournals.org/content/23/4/622
http://www.ahajournals.org/site/rights/
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://atvb.ahajournals.org//subscriptions/
http://atvb.ahajournals.org/

