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Abstract

Red wine polyphenolic compounds (RWPCs) 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 was to determine further the mechanism by which RWPCs can prevent the formation of vasoactive compounds in oxidized

LDL. RWPCs were obtained from the Cabernet-Sauvignon grape variety. Human LDL was oxidized in the presence of CuSO4 (ox-

LDL). Vascular reactivity studies were conducted on rabbit aortic rings. RWPCs significantly reduced the formation of 7b-

hydroxycholesterol and 7-ketocholesterol and in a lower extent the emergence of lysophosphatidylcholine in ox-LDL. The ability of

RWPCs to prevent cholesterol oxide formation was directly dependent on the LDL a-tocopherol content. Once the LDL a-

tocopherol has been consumed, RWPCs were no longer effective, indicating that RWPCs act by sparing endogenous a-tocopherol.

As a consequence of the preservation of the endogenous a-tocopherol content of LDL, RWPCs could prevent the inhibition of the

acetylcholine-mediated endothelium-dependent relaxation of rabbit aorta which was linked to a direct effect on NO release.

Independently of a treatment with ox-LDL, RWPC exerted a concentration-dependent and persistent inhibitory effect on the

norepinephrine-induced contraction of rabbit aorta. In conclusion, RWPCs can preserve a normal vascular reactivity by acting at

different stages of the cascade that leads to lipid oxidation, endothelium dysfunction and vasospasm. # 2002 Elsevier Science

Ireland Ltd. All rights reserved.
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1. Introduction

A number of studies indicated that oxidized low

density lipoproteins (ox-LDL) can impair endothe-

lium-dependent arterial relaxation at an early, still

reversible stage of the atherosclerotic process [1,2]. The

detailed analysis of lipid derivatives in oxidized LDL

revealed that two types of compounds, lysophosphati-

dylcholine (LPC) and cholesterol oxides, might account

for the abnormalities of the vascular tone [3�/5].

Cholesterol oxides are stable end-products of the lipid

oxidation cascade, and detectable amounts were re-

ported in plasma, arterial wall or food products (for

review [6]). In particular, cholesterol oxides were found

to be abnormally elevated in hypercholesterolemic

plasma [7] and atherosclerotic aortas [8,9], and increased

plasma levels of 7b-hydroxycholesterol were recently

associated with an increased risk of atherosclerosis in

humans [10,11]. In vitro, cholesterol oxides can disturb

several aspects of cholesterol homeostasis (including

cholesterol biosynthesis, esterification, transfer and

efflux) (for review [6]), and they have toxic effects on

the three major cell types of the artery wall [12,13]. With

regard to endothelium function and vascular tone,

cholesterol derivatives oxidized in position 7 (7b-hydro-

xycholesterol and 7-ketocholesterol) were shown to

mimic the inhibitory effect of ox-LDL on the endothe-

lium-dependent arterial relaxation [4]. In fact, recent
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studies in human umbilical vein endothelial cells (HU-

VEC) revealed that 7b-hydroxycholesterol and 7-keto-

cholesterol can reduce the histamine-activated release of

nitric oxide [14], i.e. the main endothelium-derived
relaxing factor.

A number of studies reported the beneficial role of

various antioxidants in preventing LDL oxidation and

associated vascular damages. The prevention of athero-

sclerosis by antioxidant therapy was observed in several

experimental animal models [15], and some studies

revealed an inverse correlation between dietary intake

of antioxidant vitamins (vitamin E and vitamin C) and
the risk of coronary artery disease in humans (reviewed

in [16,17]). In addition to vitamin E, vitamin C and b-

carotene, the most common and active antioxidant

compounds naturally occurring in food are flavonoids

[18�/25]. Flavonoids from red wine were shown to

prevent the oxidation of isolated LDL [18�/25], and

the physiological relevance of in vitro observations was

demonstrated by dietary interventions in healthy human
subjects [26�/30]. In particular, moderate consumption

of red wine results in a significant decrease in the

oxidability of LDL as measured either with total plasma

or isolated LDL samples [26�/30].

Whereas red wine polyphenolic compounds (RWPCs)

are known to prevent or delay the formation of

conjugated dienes, lipoperoxides, and thiobarbituric

acid reactive substances (TBARS) [18,20,24,25,29�/31],
their effect on the production of cholesterol oxides in

LDL, as well as the consequences in terms of vascular

reactivity had never been evaluated. In the first part of

the present study, the effect of RWPCs on the formation

of cholesterol oxides and LPC in isolated human LDL

was investigated in conjunction with the consumption of

a-tocopherol, the main lipophilic antioxidant in native

LDL [32,33]. In a second part of the study, the effect of
a RWPC pretreatment of oxidized LDL on their ability

to inhibit the endothelium-dependent relaxation was

determined on isolated aortic rings. Finally, in the last

part of the study, the direct effect of RWPC treatment

on the response of isolated aorta to vasoconstrictor and

vasorelaxing agents was investigated in the absence of

oxidized LDL or lipid derivative supplementations. Part

of this work was presented as a poster at the XIIth
International Symposium on Atherosclerosis (Stock-

holm, Sweden, June 2000).

2. Materials and methods

2.1. Drugs

Acetylcholine (ACh), Nvnitro-L-arginine (LNA), in-
domethacin (INDO), butylated hydroxytoluene (BHT),

ethylenediaminetetracetic acid (EDTA), (9/)-arterenol

hydrochloride (NE), epicoprostanol, phosphatidyl-

N ,N -dimethylethanolamine-dipalmitoyl, a-tocopherol-

acetate and ascorbic acid were purchased from Sigma

Chemical Co (St Louis, MO). The red wine polyphenolic

compounds (RWPCs), obtained from the Cabernet�/

Sauvignon grape variety, were provided as a dry powder

by Dr. M. Moutonnet (Institut National de la Re-

cherche Agronomique, Montpellier, France). As pre-

viously reported by Andriambeloson and coworkers

[34], the procedure for RWPC preparation involved

three steps: (i) adsorption of phenolics on a preparative

column; (ii) alcoholic desorption; and (iii) gentle eva-

poration of the alcoholic-eluent. One liter of red wine
produced 1.3 g of RWPC dry powder which contained

100 mg/g of total catechins plus proanthocyanidins

expressed as cathechin (with only 1.0% of each mono-

meric form of catechin and epicatechin), 64 mg/g of total

anthocyanins (including 36% of malvidin-3-glucoside), 5

mg/g of total flavonols and 8.7 mg/g of total phenolic

acids (including 19.5% of caftaric acid) [34].

2.2. Isolation of LDL particles

Fresh citrated plasma from five normolipidemic

donors was provided by the Centre de Transfusion

Sanguine (Hôpital du Bocage, Dijon, France). Low-

density lipoproteins (LDL) were isolated by sequential

ultracentrifugation. Densities were adjusted by the

addition of solid potassium bromide (KBr). The

1.019B/d B/1.063 g/ml fraction was prepared in a 70-
Ti rotor on an L7 ultracentrifuge (Beckman, Palo Alto,

CA) with one 15-h, 45,000-rpm run at the lowest density

and one 24-h, 45,000-rpm run at the highest density.

Isolated LDL were dialyzed overnight against a Tris-

buffered saline solution (TBS) (10 mmol/l Tris, 150

mmol/l NaCl, pH 7.4).

2.3. Oxidation of LDL

The oxidative modification of LDL was performed as

described previously [4]. Briefly, freshly prepared LDL

adjusted to 1.2 g protein/l in TBS were incubated for 24

h at 37 8C with a copper sulfate solution (final

concentration, 5 mmol/l). Oxidation was stopped by

the addition of EDTA (final concentration, 200 mmol/l)

and BHT (final concentration, 20 mmol/l). Control,
native LDL adjusted to 1.2 g protein/l were supplemen-

ted with EDTA (final concentration, 200 mmol/l) and

BHT (final concentration, 20 mmol/l), and they were

maintained at 48C. Finally, both oxidized and native

LDL preparations were dialyzed overnight against

Krebs’ buffer with the following composition (in

mmol/l): NaCl 119, KCl 4.7, KH2PO4 1.18, MgSO4

1.17, CaCl2 2.5, EDTA 0.027, glucose 11, and NaHCO3

25. The ability of LDL to affect vascular reactivity was

determined within 2 days after their preparation. For

biochemical measurements, aliquots of LDL prepara-
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tions were stored for a few weeks at �/80 8C under

nitrogen.

2.4. Quantitation of oxidation-derived compounds in

LDL

Cholesterol oxides were analyzed by capillary gas

chromatography as previously described [4,35]. Concen-

trations of cholesterol and cholesterol oxides were

determined from the ratio of the peak area correspond-

ing to one given molecule to the peak area correspond-

ing to the internal standard (epicoprostanol).
LDL phospholipids were assayed by HPLC as pre-

viously described [4,36]. The lysophosphatidylcholine

(LPC) contents were determined from the ratio of the

peak area of the sample to the peak area of the internal

standard (phosphatidyl-N ,N -dimethylethanolamine-di-

palmitoyl).

2.5. Quantitation of a-tocopherol in LDL

a-tocopherol was assayed by HPLC as described

previously [4,37]. The a-tocopherol contents were de-

termined from the ratio of the peak area of the sample to

the peak area of the internal standard (a-tocopherol-

acetate).

2.6. Determination of vascular reactivity

2.6.1. Preparation of blood vessels

Vascular reactivity studies were conducted on 3-mm

rabbit aortic rings that were mounted in organ baths as

previously described [4]. Briefly, the abdominal aorta

from 3-kg, New Zealand White rabbits (n�/18) of either

sex was rapidly removed and transferred into a Krebs’

solution bubbled with 95% O2 and 5% CO2. Aortic rings

were suspended horizontally between two wire hooks in
20-ml jacketed organ baths containing oxygenated,

37 8C Krebs’ solution, and changes in isometric tension

were continuously monitored [4]. In some experiments,

vascular endothelium was removed by gently rubbing

the lumen of the arteries [38]. The destruction of the

vascular endothelium was considered to be effective

when no more than 10% relaxation was observed after

addition of 10 mmol/l of acetylcholine on NE precon-
tracted aortic segments.

These experiments were performed under the frame-

work of the Guide for the Care and Use of Laboratory

Animals published by the US National Institutes of

Health.

2.6.2. Effect of oxidized LDL on vascular reactivity

After a 30-min equilibration period, the aortic rings
were precontracted with 0.3 mmol/l NE, a concentration

giving 75% of the maximal contraction, and they were

subsequently relaxed by cumulative addition of ACh in

the 1 nmol/l to 0.01 mmol/l concentration range. After

washout and new equilibration period, aortic rings were

incubated for 2 h with either native or oxidized LDL

that were pretreated or not with antioxidants prior to
oxidation. At the end of the 2-h incubation period,

aortic segments were washed, precontracted with NE,

and then progressively relaxed with cumulative doses of

ACh as described above.

2.6.3. Vascular effects of RWPC

In order to assess the direct relaxing effect of RWPC,

NE (0.3 mmol/l) precontracted aortic rings were relaxed

by cumulative concentrations of RWPC in the 0.001 to

10 mg/l concentration range. The relaxing effect of

RWPC was investigated on rabbit aorta in which

endothelium was removed or not by rubbing the lumen

of the artery. Arteries with functional endothelium were

incubated in the absence or in the presence of Nvnitro-L-
arginine (LNA, 10 mmol/l) or indomethacin (INDO, 10

mmol/l) for 20 min prior to the NE precontraction.

In another series of experiments, the permanence of

the effect of RWPC on vascular reactivity was evaluated

by determining the contractility of rabbit aorta to NE.

To this end, aortic rings were preincubated for 1 h at

37 8C with or without RWPC (concentrations, 0, 1, 10

and 100 mg/l), and, after washout, concentration�/

response curves to NE were obtained. In all cases, the

vascular effects of RWPC were determined on both

intact and deendothelialized arterial rings.

In a last set of experiments, the effects of LNA (10

mmol/l) and INDO (10 mmol/l) on the RWPC-induced

inhibition of NE contraction were tested. Rabbit aortas

with functional endothelium were preincubated in the

absence or in the presence of either LNA (10 mmol/l) or
INDO (10 mmol/l) for 20 min. RWPC (10 mg/l) were

subsequently added for 1 h or not. After washout, aortic

rings were contracted with cumulative concentrations of

NE.

2.6.4. Data analysis

The maximal effect (Emax) to either ACh, NE or

RWPC in rabbit aortic rings were determined from

experimental data. EC50 values, corresponding to the

agonist concentration required to produce a half max-

imal relaxing effect, were calculated after fitting each

curve according to a sigmoid equation of the form:

Y �P1�P2=(1�eP3(log X�P4))

in which Y is the agonist effect, X is the corresponding

agonist concentration; P1, the lower plateau response;

P2, the range between the lower and the maximal
plateaus of the concentration�/effect curve; P3, a

negative curvature index indicating the slope indepen-

dently of the range; and P4, log EC50 [38].
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2.7. Other analyses

Proteins were assayed with the use of bicinchoninic

acid reagent (Pierce) according to the method of Smith
et al. [39]. The assay was performed on a COBAS-

FARA centrifugal analyzer (Roche).

2.8. Statistical analysis

Data are expressed as mean9/S.E. The statistical

significance of differences between data means was
determined by using either ANOVA, Mann�/Whitney

U -test, or Wilcoxon signed rank test, as appropriate.

Coefficients of correlation were calculated by Spear-

man’s rank correlation analysis.

3. Experimental results

3.1. Effect of red wine polyphenolic compounds

(RWPCs) on the antioxidant and oxidation-derived lipid

compounds in oxidized LDL

In a first attempt to evaluate the ability of RWPCs to

inhibit the oxidation process in low density lipoproteins,
cholesterol oxides and lysophosphatidylcholine (LPC)

were quantitated in oxidized LDL that were pretreated

or not with RWPCs. Table 1 shows the amounts of 7a-

hydroxycholesterol, 7b-hydroxycholesterol, 7-ketocho-

lesterol and LPC in native and oxidized LDL at the end

of a 24-h oxidation in the presence of copper sulfate. As

compared to native LDL that were maintained at 4 8C,

oxidized LDL showed significantly higher cholesterol
oxide and LPC contents (Table 1). RWPCs were able to

significantly decrease the formation of oxidation-de-

rived compounds, with a somewhat greater inhibitory

effect on the formation of cholesterol oxides (At 20 and

40 mg/l RWPC concentrations: �/60.59/16.5 and �/909/

3.5% for 7b-hydroxycholesterol, and �/58.39/16.4 and

�/88.79/3.6 for 7-ketocholesterol, respectively) as com-

pared to LPC (At 20 and 40 mg/l RWPC concentrations:

�/37.89/25 and �/65.69/16.1%, respectively) (Table 1).

As shown in Fig. 1, both RWPCs and vitamin C were

able to prevent the formation of cholesterol oxides in a

concentration-dependent manner. All along the concen-

tration range studied (5�/80 mg/l), RWPCs were con-

sistently more efficient than vitamin C in preventing the

formation of 7-ketocholesterol (P B/0.05, n�/5; Wil-

coxon signed rank test). Unlike for vitamin C, 7-

ketocholesterol was no longer detectable in the presence

of the 40 and 80 mg/l RWPC doses (Fig. 1).

In order to bring some insights into the mechanism by

which RWPCs can prevent the formation of cholesterol

derivatives in oxidized LDL, the disappearance of

endogenous a-tocopherol and the emergence of choles-

terol oxides were monitored over a 24-h oxidation

period. As shown in Fig. 2, the incubation of control

LDL in the presence of copper sulfate caused a rapid

depletion of endogenous a-tocopherol that became no

Table 1

Effect of RWPC on the formation of oxidation-derived compounds in LDL particles

mg/g of LDL protein

7a-OH 7b-OH 7-keto LPC

Native LDL 1.1890.8 1.3490.86 1.6590.72 8.1492.59

ox-LDL 4.4891.94 104.9896.9*** 168.95931.15*** 101.54924.88*

ox-LDL (RWPC 20 mg/l) 3.8791.91 42.54918.05**, % 73.64926.22*, $ 72.95932.18

ox-LDL (RWPC 40 mg/l) 2.6791.16 10.7493.76, % 20.2097.27, % 41.38921.16

LDL particles were either maintained at 4 8C (native LDL) or preincubated for 3 h at 37 8C without addition (ox-LDL) or with RWPC (20 or 40

mg/l) before oxidation. Cholesterol oxides (7a-hydroxycholesterol (7a-OH), 7b-hydroxycholesterol (7b-OH), 7-ketocholesterol (7-keto)) and

lysophosphatidylcholine (LPC) were assayed by capillary gas chromatography and HPLC, respectively, as described in Section 2. Values correspond

to mean9S.E. of five LDL preparations.

* P B0.05, ** P B0.01, *** P B0.001 vs. native LDL.

$ P B0.01. and % P B0.001 vs. ox-LDL.

Fig. 1. Concentration-dependent effect of RWPC and vitamin C on

the formation of 7-ketocholesterol in oxidized LDL. Briefly, LDL (1.2

g protein/l) were preincubated for 3 h in the presence of either RWPC

(closed circles) or vitamin C (open circles), in the concentration range

of 0�/80 mg/l, prior to oxidation in the presence of CuSO4 (5 mmol/l for

24 h). 7-Ketocholesterol was assayed by capillary gas chromatography

as described in Section 2. Each point corresponds to duplicate

determination. Significance of the difference between ‘RWPC’ and

‘vitamin C’ curves: P B/0.05 by Wilcoxon signed rank test.
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more detectable for incubation times exceeding 2 h (Fig.

2). Concomitantly, whereas neither 7b-hydroxycholes-

terol, nor 7-ketocholesterol were detectable within a few

hours of incubation, a progressive and substantial rise in

cholesterol oxides was observed beyond 4 h of oxidation

(Fig. 2). The addition of RWPCs to the incubation

medium was able to markedly delay both the disap-

pearance of a-tocopherol and the rise in cholesterol

oxides in a concentration-dependent manner. With the

highest RWPC dose (40 mg/l), significant a-tocopherol

levels were still detected after 24 h of incubation, and no

cholesterol derivatives were formed. In contrast, when

RWPCs were added at a lower concentration (ranging

from 10 to 30 mg/l), a-tocopherol became no more

detectable at a given stage along the 24-h incubation

period. It is noteworthy that in all cases the total

disappearance of endogenous a-tocopherol was a pre-

requisite to the formation of cholesterol oxides that

became detectable when all the a-tocopherol has been

lost (Fig. 2).

In order to determine further whether RWPC could

exert its effect through the maintenance of the antiox-

idant potential of LDL, the ability of RWPCs to block

the ongoing oxidation process was investigated. To this

end, RWPCs (20 mg/l) were added either before (t�/0)

or after (from 5 to 30 min) the initiation of the 24-h

oxidation period. As shown in Fig. 3 (upper panel), a-

tocopherol was no more detectable in control LDL after

25 min of incubation in the presence of copper sulfate

Fig. 2. Concentration-dependent effect of RWPC on the formation of

cholesterol oxides (7b-hydroxycholesterol (closed triangles), 7-keto-

cholesterol (closed diamonds)) and the disappearance of endogenous

a-tocopherol (open circles) in LDL over a 24-h oxidation period. LDL

(1.2 g protein/l) were preincubated for 3 h in the presence of RWPC

(concentration range, 10�/40 mg/l) before oxidation (CuSO4; 5 mmol/l

for 24 h). Cholesterol oxides and a-tocopherol contents of LDL were

determined before and after 0, 1, 2, 4, 8, 16 and 24-h of oxidation.

Each point corresponds to duplicate determination. Significance of the

difference in vitamin E from homologous ‘control’ curves: ‘RWPC, 10

mg/l’, NS; ‘RWPC, 20 mg/l’, NS; ‘RWPC, 30 mg/l’, P B/0.05; ‘RWPC,

40 mg/l’, P B/0.05. Significance of the difference in 7b-hydroxycholes-

terol from homologous ‘control’ curves: P B/0.05 for 10, 20, 30 and 40

mg/l RWPC doses. Significance of the difference in 7-ketocholesterol

from homologous ‘control’ curves: P B/0.05 for 10, 20, 30 and 40 mg/l

RWPC doses (Wilcoxon signed rank test).

Fig. 3. Determination of the ability of RWPC to block the ongoing

oxidation process. The a-tocopherol content of LDL non-supplemen-

ted with RWPC (upper panel) was determined over a 30-min period

following the initiation of the oxidation process. RWPCs (20 mg/l)

were added to LDL (1.2 g protein/l) either before (t�/0) or after (t�/

5�/30 min) the initiation of the 24-h oxidation period in the presence of

CuSO4 (5 mmol/l for 24 h), and cholesterol derivatives, i.e. 7b-

hydroxycholesterol (middle graph) and 7-ketocholesterol (lower

graph), were assayed at the end of the 24-h oxidation period. Open

bars ‘no addition’; middle and lower graphs) show the amount of

cholesterol derivatives that were produced at the end of the 24-h

oxidation period in the absence of RWPC supplementation. 7b-

hydroxycholesterol (middle graph) and 7-ketocholesterol (lower graph)

correlated significantly with the level of endogenous a-tocopherol

(upper graph) at the time of the addition of RWPC: r�/�/1, P B/0.05

in both cases; Spearman rank correlation analysis.
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and in the absence of exogenous antioxidants. RWPCs

could be quite effective in blocking the oxidation

process, reducing up to 50% of the formation of

cholesterol oxides when added at a very early stage of
the 24-h incubation period, i.e. within 10 min after the

addition of copper sulfate. In contrast, when RWPCs

were added too late, i.e. after the a-tocopherol reserve in

control LDL has been depleted, they were no longer

effective in reducing the amount of cholesterol oxides

formed at the end of the 24-h incubation period (Fig. 3).

After 24 h of oxidation, the 7b-hydroxycholesterol and

7-ketocholesterol levels in oxidized LDL correlated
negatively with the levels of endogenous a-tocopherol

at the time of antioxidant introduction in RWPC-

treated samples (r�/�/1, P B/0.05 in both cases; Spear-

man rank correlation analysis).

3.2. Effect of RWPC pretreatment of oxidized LDL on

their ability to inhibit the endothelium-dependent

relaxation

Human plasma LDL, pretreated or not with RWPCs,
were oxidized with copper sulfate and their ability to

inhibit the endothelium-dependent relaxation was de-

termined on isolated rabbit aortic segments (see Section

2). As shown in Fig. 4, and in agreement with previous

studies [4], oxidized LDL (protein, 1 g/l) inhibited the

acetylcholine-mediated endothelium-dependent arterial

relaxation. This was accompanied by significant de-

creases in the maximal arterial relaxation (Emax) as well
as in the pD2 values that correspond to the negative

logarithm of the ACh concentration required to obtain a

half-maximal relaxing effect (EC50) (Table 2). The

preincubation of LDL with RWPCs significantly im-

proved the arterial relaxation, with a significant rise in
Emax and pD2 values (Fig. 4). With the highest RWPC

concentration studied (40 mg/l), endothelium-dependent

relaxation tended to be normalized and Emax and pD2

values determined with RWPC-pretreated, oxidized

LDL did not differ anymore from those measured

with control arterial segments (Fig. 4, Table 2).

3.3. Effect of the treatment of arterial segments with

RWPCs on vascular reactivity

In a last part of the study, the direct effect of RWPCs

on vascular reactivity was investigated on abdominal

aortic segments that were mounted in organ baths.

Fig. 5 shows the progressive relaxation of intact
precontracted aortic rings that was induced by cumula-

tive additions of RWPCs. The direct relaxing effect of

RWPCs was completely abolished by removing the

endothelium, and the RWPC-mediated relaxation of

intact aortic rings could be blocked by a pretreatment

with LNA, but not by a pretreatment with Indometha-

cin (Fig. 5).

Finally, we searched for the ability of RWPCs to
modify the contraction of aortic rings. To this end,

rabbit aortic segments were preincubated with various

concentrations of RWPCs (1, 10 and 100 mg/l), and,

after a washing step, they were contracted with cumu-

lative doses of NE. As shown in Fig. 6, RWPCs could

exert a persistent effect at the arterial wall by reducing

the sensitivity of the artery to the contractile effect of

NE. The pD2 values for NE measured for RWPC-
treated rings were significantly lower than correspond-

ing values determined with control, untreated segments

(pD2: 7.439/0.11 in control segments vs. 6.199/0.23 and

Fig. 4. Effect of the pretreatment of oxidized LDL with RWPC on

their ability to inhibit the endothelium-dependent relaxation of rabbit

aorta. The graph shows the concentration�/response curves to ACh of

rabbit aortic rings that were incubated for 2 h in the absence (open

circles) or in the presence (closed symbols) of oxidized LDL (final

concentration 1 g protein/l). Before oxidation, LDL were preincubated

in the absence of any addition (closed circles) or in the presence of

RWPC (final concentrations: 20 mg/l (closed squares) or 40 mg/l

(closed diamonds). At the end of the 2-h incubation period, aortic rings

were washed and subsequently precontracted with 0.3 mmol/l NE

before addition of ACh. Each point represent the mean9/S.E. of five

distinct experiments. Statistical analysis was performed on pD2 and

Emax values that were determined for each curve (see Table 2).

Table 2

Comparative effects of oxidized LDL and oxidized LDL pretreated

with RWPC on maximal relaxation (Emax) and sensitivity (pD2) of

rabbit aorta to ACh

pD2 (�log EC50) Emax (%)

Control 7.1390.14 94.291.9

ox-LDL 6.1490.26** 58.299.5*

ox-LDL (RWPC 20 mg/l) 6.4090.31* 56.0916.1**

ox-LDL (RWPC 40 mg/l) 6.8890.16*** 85.097.7

Aortic segments were incubated for 2 h with LDL pretreated or not

with RWPC (20 or 40 mg/l) prior to oxidation. Control segments

without LDL addition were incubated in parallel in Krebs’ buffer. At

the end of the incubation period a concentration�/response curve to

ACh was obtained on NE-precontracted aortas. The maximal relaxa-

tion (Emax) and pD2 values are mean9S.E. of five distinct experiments.

* P B0.05, ** PB 0.01 vs. ‘control’ group and *** P B0.01 vs ‘ox-

LDL’ group.
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5.889/0.20 in counterparts treated with 10 and 100 mg/l

of RWPCs, respectively; n�/4; P B/0.01 in both cases)

(Fig. 6). In contrast to Indomethacin that did not

improve the sensitivity to NE of arterial rings treated

with 10 mg/l RWPCs (pD2 after Indo: 6.029/0.07 in

RWPC-treated rings vs. 7.309/0.06 in untreated rings;

n�/3; PB/ 0.05), LNA was able to normalize the

contractile response to NE, and similar sensitivities to

NE were measured with arterial rings that were pre-

treated or not with 10 mg/l RWPCs (pD2 after LNA:

7.379/0.12 in RWPC-treated rings vs. 7.499/0.06 in

control rings; ns) (Fig. 7).

4. Discussion

The present study demonstrated that red wine poly-

phenolic compounds (RWPCs) can preserve a normal
vascular reactivity by acting at different stages of the

cascade that leads to lipoprotein oxidation, endothelium

dysfunction and vasospasm. RWPCs can delay the

consumption of a-tocopherol during oxidation of low-

density lipoproteins (LDL), reducing the concomitant

formation of oxidation-derived lipid species, including

7b-hydroxycholesterol and 7-ketocholesterol. As a con-

sequence, the acetylcholine-mediated relaxation of pre-
contracted aortic segments was normalized by the

pretreatment of oxidized LDL with RWPCs. Finally,

in addition to the direct relaxing effect of RWPCs on

precontracted arterial segments [34], the present study

brought new evidence in favour of a persistent inhibi-

tory effect of RWPCs on the vascular response to

constrictor agents. In a first part of the study, the

antioxidant potency of RWPCs, as well as their effect in
terms of generation of oxidation lipid derivatives were

characterized. The present work brought the first direct

evidence in favor of the ability of RWPCs to inhibit the

formation of cholesterol oxides (mainly 7b-hydroxycho-

lesterol and 7-ketocholesterol) and to a lesser extent the

emergence of LPC in oxidized LDL. In this respect,

RWPCs appeared to be more effective than vitamin C,

another hydrosoluble antioxidative compound. The
protective effect of RWPCs appeared to be a function

of the a-tocopherol content of LDL, and it closely

related to the decay of a-tocopherol during the first,

initiating step of the lipoprotein oxidation process.

Although an effective blockade of the production of

conjugated dienes and TBARS by a wine phenolic

extract was previously reported to persist despite the

exhaustion of vitamin E [25], other water soluble
antioxidants (including ascorbic acid, caffeic acid, and

an anthocyanoside extract from Vaccinum myrtillus )

were proven to prevent LDL oxidation mainly through

the retardation of vitamin E consumption [24,40,41]. In

fact, a number of biochemical studies evidenced that

lipid peroxidation in LDL is observed only after the

antioxidant defenses, mostly a-tocopherol, have been

lost [42,43]. The ability of water soluble antioxidants to
prevent the degradation of the LDL a-tocopherol pool

might relate either to their capacity to be oxidized

themselves in preference to a-tocopherol or to regener-

ate the a-tocopheroxyl radical [44].

It is now recognized that oxidized LDL largely

contribute to the vascular endothelium dysfunction

that occurs at an early stage of the atherosclerosis

process [1,2]. The deleterious effect of oxidized LDL has
been shown to result mainly from the accumulation of

oxidized lipid derivatives, i.e. lysophosphatidylcholine

[3] and cholesterol oxides [4,5], in the lipoprotein

structure. In particular, cholesterol derivatives oxidized

Fig. 5. Effect of Nvnitro-L-arginine and indomethacin on the con-

centration-dependent relaxation of rabbit aorta to RWPC. Cumulative

concentrations of RWPC (final concentration range, 0.001�/10 mg/l)

were added on NE-precontracted rabbit aorta in which endothelium

was removed (open circles) or not (closed symbols) by rubbing the

lumen of the artery. Arteries with functional endothelium were

incubated in the presence of 10 mmol/l of Nvnitro-L-arginine (closed

squares) or indomethacin (closed triangles) for 20 min prior to NE

precontraction. Each point represents the mean9/S.E. of three to six

distinct experiments. Significantly different from ‘�/ Endo’ arteries:
a P B/0.05; b P B/0.01.

Fig. 6. Concentration-dependent effect of RWPC on the contraction

of rabbit aorta to NE. Rabbit aortas with (panel A) or without (panel

B) functional endothelium were preincubated for 1 h in the absence

(open circle) or in the presence of RWPC (1 mg/l, closed triangles; 10

mg/l, closed circles; 100 mg/l, closed squares). After washout,

concentration�/reponse curves to NE were performed. Each point

represents the mean9/S.E. of four distinct experiments. Statistical

analysis was performed on pD2 and Emax values that were determined

for each curve (see main text of Section 3).
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in position 7, i.e. 7b-hydroxycholesterol and 7-ketocho-

lesterol, were shown to mimic the ability of oxidized

LDL to inhibit the endothelium-dependent relaxation of

rabbit aorta [4] as the result of the impairment of the

release of nitric oxide from endothelial cells [14]. The

results of the present study demonstrate for the first time

that RWPCs can prevent the deleterious effect of

oxLDL on the endothelium-dependent arterial relaxa-

tion. Since the inhibitory effect of oxidized LDL on the

arterial relaxation was previously shown to depend

mainly on their cholesterol oxide content [4], the

RWPC-mediated blockade of the formation of choles-

terol derivatives may well account, at least in part, for

the observed beneficial effect. In this experimental

context, and as described above, it must be borne in

mind that RWPCs clearly acted in concert with a-

tocopherol that constituted an essential coantioxidant in

preventing the formation of vasoactive cholesterol

oxides.

In a last part of the present study, RWPCs were

shown to be able to exert a direct beneficial effect on

vascular reactivity, independently of their ability to

prevent the formation of vasoactive lipids in oxidized

LDL. In agreement with previous studies that were

conducted with the same extract on rat aorta [34],

RWPCs could relax precontracted rabbit aortic rings in

a concentration-dependent manner. Since the direct

relaxing effect of RWPCs was completely suppressed

by endothelium removal or competitive inhibitors of

NO synthesis ([34,45], present study), it is clearly

mediated through the NO pathway. Although the

precise mechanism of action of RWPCs on vascular

endothelium remains to be clearly established, previous

studies suggested that the relaxing effect might relate to

enhanced synthesis of NO rather than to diminished NO

breakdown [34,46]. Thus, the relaxing response of

isolated rat aortic rings induced by SIN-1, i.e. an

exogenous NO and O2
� donnor, was not significantly

modified by RWPCs [34]. In fact, recent studies

indicated that RWPCs promote the endothelium-depen-

dent relaxation of aortic rings through an extracellular

Ca2�-dependent mechanism that leads to the activation

of NO synthase [46]. In the present studies, we could

demonstrate that RWPCs are also able to modify the

contraction of aortic rings to norepinephrine (NE).

Again, the alteration by a RWPC pretreatment of the

contraction response was linked to a direct effect on NO

release since the decreased sensitivity to NE of RWPC-

treated arterial segments was completely abolished in

the presence of LNA, a competitive NO synthase

inhibitor. While the latter observations on rabbit aorta

are in good agreement with previous ones on rat aorta

[45], they further demonstrated that RWPCs can exert a

long-lasting effect, and the significant inhibition of the

arterial contraction in the present study was still

observed following removal of RWPCs from the experi-

mental medium. Based on present observations with

isolated LDL, RWPCs may also spare cellular a-

tocopherol through a coantioxidant cooperativity me-

chanism. In support of the possible contribution of

endothelium a-tocopherol to the vascular effects of

RWPCs, differences in vascular a-tocopherol content

result in strikingly different susceptibilities to the

oxLDL-mediated impairment of the endothelium-de-

pendent arterial relaxation [47�/49].

The physiological relevance of ex vivo observations

on isolated arterial rings is in the scope of the present

studies. The total polyphenol content of LDL in human

plasma significantly increased after red wine consump-

tion [29,30], reaching levels similar to those of the

present ex vivo studies. Moreover, the reduced progres-

sion of atherosclerosis in apoE-deficient mice or in

cholesterol-fed rabbits following consumption of either

red wine or its major polyphenolic compounds,

Fig. 7. Effect of indomethacin and Nvnitro-L-arginine on the inhibition of NE contraction induced by RWPC in rabbit aorta. Rabbit aortas with

functional endothelium were preincubated in the absence (control) or in the presence of either indomethacin (INDO, 10 mmol/l) or Nvnitro-L-arginine

(LNA, 10 mmol/l) for 20 min. RWPC (10 mg/l) were subsequently added (closed circles) or not (open circles) for 1 h incubation period. After

washout, aortic rings were contracted with cumulative concentrations of NE. Each point represents the mean9/S.E. of four distinct experiments.

Statistical analysis was performed on pD2 and Emax values that were determined for each curve (see main text of Section 3).
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proanthocyanidins, or ginger extract is associated with a

reduced susceptibility of LDL to oxidation [50�/52].

Although human studies did not confirm unambigu-

ously a beneficial effect of vitamin E supplementation
on NO bioactivity and vascular function, the most

recent advances pointed to the key role of water soluble,

phase transfer antioxidants in acting in concert with a-

tocopherol [44]. In this respect, the present study

indicates that RWPCs might well constitute efficient

candidates in regenerating a-tocopherol both at the

lipoprotein and endothelium levels. Since the total

antioxidant capacity of red wine is likely to result
from the combined activity of a wide range of com-

pounds [24,31,53], the strongest beneficial effect of

RWPCs, as compared to vitamin C, might actually

reflect synergistic actions of different polyphenol classes.

In conclusion, the present study demonstrated that

the preservation of the LDL a-tocopherol content by

RWPCs can block the formation of vasoactive choles-

terol oxides in LDL, as well as the subsequent altera-
tions of the arterial relaxation and contractility. Since in

the present study RWPCs did not exert any beneficial

effects once a-tocopherol has been consumed, the

combination of water soluble RWPCs and hydrophobic

a-tocopherol, in preference to a-tocopherol supplemen-

tation alone, might constitute a promising approach in

the prevention of endothelium dysfunction and athero-

sclerosis in vivo.
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