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Abstract

Hyperhomocysteinemia, or abnormally high plasma homocysteine (Hcy) concentration, has often been associated with vascular thrombosis
and the development of premature atherosclerosis. Many studies have shown that moderate wine consumption has potential beneficial effects
related to the prevention of atherosclerosis, in part attributed to the biological properties of polyphenolic components, mainly flavonoids. The
aim of the present study is to determine the effects of a red wine polyphenolic extract (PE) administration on hyperhomocysteinemia due to
cystathionine β-synthase (CBS) deficiency and on the associated biochemical markers of hepatic and endothelial dysfunctions in mice. Red
wine PE was added for 4 weeks to the drinking water of heterozygous CBS-deficient mice fed a high-methionine diet, a murine model of
hyperhomocysteinemia. Red wine PE supplementation at low dose significantly reduced plasma Hcy levels and restored the hepatic and
plasma-decreased paraoxonase-1 activity induced by chronic hyperhomocysteinemia. Moreover, aortic expression of proinflammatory
cytokines and adhesion molecules and levels of soluble lectin-like oxidized low-density lipoprotein receptor-1 were reduced in
hyperhomocysteinemic mice fed the red wine PE supplementation. These findings suggest that red wine PE administration in low quantities
has beneficial effects on biochemical markers of endothelial dysfunction due to hyperhomocysteinemia.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Homocysteine (Hcy) is a thiol-containing amino acid
produced during methionine metabolism. Once Hcy is
formed, it may be recycled to methionine after remethylation
or also undergo condensation with serine to form cystathio-
nine. Conversion of Hcy to cystathionine is catalyzed by the
vitamin B6-dependent enzyme cystathionine β-synthase
(CBS), the first enzyme involved in the transsulfuration
pathway [1]. Normal concentrations of total Hcy (tHcy) in
plasma range from 5 to 15 μM, and an elevated plasma Hcy
level is denoted hyperhomocysteinemia. An inborn error of
metabolism, CBS deficiency, results in elevated levels of
Hcy in plasma [2].
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Elevated plasma Hcy level is now recognized as an
important vascular risk factor for atherosclerosis in the
coronary, cerebrovascular and peripheral arterial circulation
[3–5], even if the degree of hyperhomocysteinemia is
moderate. Experimental evidence suggests that hyperhomo-
cysteinemia leads to endothelial dysfunction [6], which plays
a crucial role in the pathogenesis of atherothrombotic
vascular disease, both as a target and as a mediator of the
disease process. Animal models of moderate and intermedi-
ate hyperhomocysteinemia induced by the combination of
genetic and dietary approaches, heterozygous CBS-deficient
mice [7] fed a methionine-enriched diet, show that a mild
increase in Hcy alone is sufficient to induce endothelial
dysfunction [8,9].

Moderate wine consumption appears to have potential
beneficial effects related to the prevention of atherosclero-
sis [10]. This is in part attributed to the biological
properties of polyphenolic compounds, mainly flavonoids
and resveratrol [10,11]. It has been demonstrated that some
flavonoids, like quercetin and catechin, increase serum
paraoxonase-1 (PON1) activity in mice [12], due to their
antioxidant properties. PON1 is synthesized in the liver and
secreted into the serum as a high-density lipoprotein
(HDL)-associated protein and plays a major role in the
protective role of HDL against coronary artery disease
[13]. In the vessel lumen, PON1 hydrolyzes oxidized
cholesteryl esters and phospholipids in oxidized lipopro-
teins, thereby inhibiting the lipid peroxidation products
from binding the low-density lipoproteins (LDLs) [14,15].
As we have found a reduced activity of PON1 associated
with a reduced gene expression in liver of CBS-deficient
mice [16,17], we have recently studied the effects of
quercetin and catechin on the impaired PON1 gene
expression induced by hyperhomocysteinemia in vivo.
We showed that catechin, but not quercetin, counteracts
Hcy-induced impairment of PON1 gene expression and
activity in liver of hyperhomocysteinemic mice due to CBS
deficiency [18]. Moreover, catechin administration to CBS-
deficient mice reduced plasma Hcy level [18]. However,
since food products contain different polyphenols, it seems
to be relevant to continue our study with a natural source
of polyphenols.

The aim of the present study was to analyze the effects of
a red wine polyphenolic extract (PE), which contains,
notably, catechin [19], on hyperhomocysteinemia and on
the associated biochemical markers of hepatic dysfunction
and biochemical markers of endothelial dysfunctions in
mice. We applied mice model of hyperhomocysteinemia and
triggered hyperhomocysteinemia by combination of genetic
(heterozygous CBS-deficient mice) and dietary (feeding with
high-methionine diet) approaches. Then, we have investi-
gated outcomes of PE administration on Hcy level, on CBS
and PON1 activities and on the expression level of markers
of endothelial dysfunction, adhesion molecules, proinflam-
matory cytokines and the lectin-like oxidized LDL (OxLDL)
receptor-1 (LOX-1).
2. Methods and materials

2.1. Mice, genotyping and experimental protocol

Mice were maintained in a controlled environment with
unlimited access to food and water on a 12-h light/dark
cycle. All procedures were carried out in accordance with
internal guidelines of the French Agriculture Ministry for
animal handing. Number of mice and suffering were
minimized as possible. Mice heterozygous for targeted
disruption of the Cbs gene [Cbs (+/−)] were generously
donated by Dr. N. Maeda (Department of Pathology,
University of North Carolina, Chapel Hill, NC, USA) [7].
Cbs (+/−) mice, on a C57BL/6 background, were obtained
by mating male Cbs (+/−) mice with female wild-type
C57BL/6 [Cbs (+/+)] mice. DNA isolated from 4-week-aged
mice tail biopsies was subjected to genotyping of the targeted
CBS allele using polymerase chain reaction assay [7].

Mice were fed a standard laboratory diet (A03, Safe-
UAR, Augy, France) ad libitum. Three-month-old Cbs (+/
−) mice from the same litter were divided into four groups
and maintained for 3 months on the following diets before
the experiments: (a) control diet (control), consisting of the
standard A03 rodent diet; (b) high-methionine diet (Met),
consisting of a control diet supplemented with 0.5% L-
methionine (Sigma-Aldrich, France) in drinking water for 3
months; (c) high-methionine diet with PE for the last
month; (d) control diet with PE for the last month. The PE
dry powder (provided by the Faculté d'oenologie, Talence,
France) represents the polyphenolic compounds isolated
from red wine and involves 8.6 mg g−1 catechin, 8.7 mg
g−1 epicatechin, dimers (B1: 6.9 mg g−1, B2: 8.0 mg g−1,
B3: 20.7 mg g−1 and B4: 0.7 mg g−1), anthocyanins
(malvidin-3-glucoside: 11.7 mg g−1, peonidin-3-glucoside:
0.66 mg g−1 and cyanidin-3-glucoside: 0.06 mg g−1) and
phenolic acids (gallic acid: 5.0 mg g−1, caffeic acid: 2.5
mg g−1 and caftaric acid: 12.5 mg g−1) [19]. For mice fed
the standard diet, the daily methionine intake is 21 mg, and
for mice fed the high-methionine diet, it is 36 mg. Animals
were given fresh portion of supplemented diet twice a
week. Dietary supplementation did not affect the growth or
food consumption of the mice during the experimental
feeding period.

2.2. Preparation of serum samples, tissue collection and
plasma assays

At the time of sacrifice, blood samples were collected into
tubes containing a 1/10 volume of 3.8% sodium citrate,
placed on ice immediately. Plasma was isolated by
centrifugation at 2500×g for 15 min at 4°C. Liver and
aorta were harvested, snap-frozen and stored at −80°C until
use. Plasma tHcy was assayed by using the fluorimetric high-
performance liquid chromatography method described by
Fortin and Genest [20]. Levels of LOX-1 were determined
using an ELISA from R&D Systems Inc. (R&D Systems
Europe, Lille, France).
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2.3. Determination of CBS activity

CBS activity assay was performed on 400 μg of total
proteins obtained from liver samples, determined byBradford
method, as previously described [21]. Proteins were incu-
bated for 1 h at 37°C with 1 mM of propargylglycine (Sigma-
Aldrich), 0.2mMof pyridoxal 5′-phosphate (Sigma-Aldrich),
10 mM of L-serine (Sigma-Aldrich), 10 mM of DL-Hcy
(Sigma-Aldrich) and 0.4 mM of S-adenosylmethionine
(Sigma-Aldrich), using 5,5′-dithiobis-(2-nitrobenzoic acid)-
based assay (Sigma-Aldrich).

2.4. Determination of PON1 activity

PON1 activity assay was performed on 200 μg of total
proteins obtained from liver samples or 5 μL of plasma.
PON1 arylesterase activity toward phenyl acetate was
quantified spectrophotometrically using 20 mM of Tris–
HCl, pH 8.3, with 1 mM of CaCl2 and 10 mM of phenyl
acetate (Sigma-Aldrich). The reaction was performed at
room temperature for 1 min by measuring the appearance of
phenol at 270 nm with the use of a continuous and automated
recording spectrophotometer. All values were corrected for
nonenzymatic hydrolysis.

2.5. RNA extraction and determination of mRNA levels

mRNA was prepared from liver or aorta with the Micro-
FastTrack mRNA isolation kit (Invitrogen, Cergy-Pontoise).
The quantity and purity of the RNA were assessed by
measuring absorbance at 260 and 280 nm. Reverse
transcription was carried out on 150 ng mRNA as described
by the manufacturer (Ambion, UK). The mRNA levels of
individual mice were assessed by real-time quantitative
reverse transcription-polymerase chain reaction (Q-PCR).
cDNA (0.4 μL) was diluted with PCR mix (Light Cycler
FastStart DNA Master SYBR Green I Kit, Roche Diag-
nostics) containing a final concentration of 3 mMMgCl2 and
0.5 μM of primers in a final volume of 10 μL. The primers
were designed by Primer 3 software. The primer pairs were
selected to yield a single amplicon based on dissociation
curves. The mouse superoxide dismutase-1 (Sod1) and the
fasciculation and elongation protein zeta 1 (Fez-1) mRNA
were used as endogenous controls. Primer sequences are
Table 1
Primer sequences for Q-PCR

Gene Left primer

E-selectin AGCTACCCATGGAACACGAC
Fez-1 CCAGCTGCAGGTGTTCAGT
Icam-1 GAGTTTTACCAGCTATTTATTGAGTAC
IL-6 CCACGGCCTTCCCTACTTCA
Lox-1 GACTGGCTCTGGCATAAAGA
Pon1 TCCAGGCTTACTGGGATCGAAA
Tnf-α CGGTGCCTATGTCTCAGCCTCT
Vcam-1 TTAAAGTCTGTGGATGGCTCGTAC
Sod1 TGGGGACAATACACAAGGCTGT

All primers are listed 5′ to 3′.
given in Table 1. The thermal cycler parameters were as
follows: hold for 8 min at 95°C for one cycle followed by
amplification of cDNA for 40 cycles with melting for 5 s at
95°C, annealing for 5 s at 65°C and extension for 10 s at
72°C. Each reaction was performed in duplicate. ΔΔCp
analysis of the results allows to assess the ratio of the target
mRNA versus control mRNA [22].

2.6. Lipid peroxidation

The lipid peroxidation content of liver homogenates and
plasma was estimated by assessing the malondialdehyde
(MDA) level using a Lipid Hydroperoxide Assay kit
(Cayman, USA).

2.7. Data analysis

Statistical analysis was done with one-way ANOVA
followed by Student's unpaired t test using Statview
software. The results are expressed as mean±S.E.M. Data
were considered significant when Pb.05.
3. Results

3.1. Effects of low and high doses of red wine PE
administration on plasma tHcy level and hepatic PON1
activity in wild-type mice

In order to determine the proper dose that will show the
most beneficial effect in mice, we have applied two different
concentrations of PE based on the catechin content. The daily
intake was 3 mg of polyphenols for low PE (LPE), which
contains 25 μg of catechin, and 12mg of polyphenols for high
PE (HPE), which contains 100 μg of catechin. In order to
determine tHcy levels in male and female wild-type [Cbs
(+/+)] mice fed the diet supplemented with LPE or HPE in the
drinking water, we analyzed the serum. Even if the tHcy level
in male Cbs (+/+) mice was lower than that in female Cbs
(+/+) mice, we found the same effect with the LPE or HPE
supplementation in male and female Cbs (+/+) mice. Cbs
(+/+) mice fed the diet supplemented with LPE showed a
nonsignificant decrease of plasma tHcy levels (Fig. 1A),
while Cbs (+/+) mice fed the diet supplemented with HPE
showed a significant increase of plasma tHcy levels (Fig. 1B).
Right primer

CGCAAGTTCTCCAGCTGTT
TCGCTGGCCTTAGTGTTCACC

CC CTCTCACAGCATCTGCAGCAG
TGCAAGTGCATCATCGTTGTTC
CCTTCTTCTGACATATGCTG
CCTCGTGGGACTGGTGTTGG
CACTCCAGCTGCTCCTCCACTT
CTTAATTGTCAGCCAACTTCAGTCTT
TTTCCACCTTTGCCCAAGTCA



Fig. 1. Plasma tHcy levels (A andB) and hepatic PON1 activity (C andD) inwild-type [Cbs (+/+)]mice fed the control diet supplementedwith low (LPE) (A andC)
or high (HPE) (B and D) red wine PE. The hepatic activity values are mean±S.E.M. of n mice normalized to the mean of Cbs (+/+) mice fed the control diet.
Statistical analysis was done with one-way ANOVA followed by Student's unpaired t tests.

ig. 2. Comparison of relative hepatic CBS activity obtained from female
eterozygous [Cbs (+/−)] mice fed the control diet supplemented with (LPE)
r without (control) low red wine PE or a high-methionine diet
pplemented with (Met/LPE) or without (Met) low red wine PE. The
alues are mean±S.E.M. of n mice normalized to the mean of Cbs (+/−)
ice fed the control diet. Statistical analysis was done with one-way
NOVA followed by Student's unpaired t tests.
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As we have previously demonstrated that PON1 activity was
negatively correlated with plasma tHcy levels in mice
[16,23], we assayed the effect of diet supplemented with
LPE and HPE on hepatic PON1 activity in hyperhomocys-
teinemic mice.Cbs (+/+) mice fed the diet supplemented with
LPE showed a significant increase of hepatic PON1 activity
(Fig. 1C), whileCbs (+/+) mice fed the diet with HPE showed
a significant decrease of hepatic PON1 activity (Fig. 1D). As
we found a deleterious effect of HPE and a beneficial effect of
LPE in Cbs (+/+) mice, we then used LPE in order to
investigate the beneficial effects of PE administration
on hyperhomocysteinemia.

3.2. Effects of low red wine PE administration on Hcy
metabolism in hyperhomocysteinemic mice

We have found that chronic administration of catechin
significantly reduced plasma tHcy level in hyperhomocys-
teinemic mice by increasing the rate of catabolism of Hcy
[18]. Therefore, we also determined if LPE administration
has the same effect on hyperhomocysteinemia in mice. As
expected, Cbs (+/−) mice fed the high-methionine diet (Met)
showed a significant decrease of CBS activity (Fig. 2) and a
significant increase in plasma tHcy level (Table 2) when
compared with Cbs (+/−) mice fed the control diet (control),
suggesting that the low activity of CBS might be associated,
at least in part, with the hyperhomocysteinemia in Cbs (+/−)
mice fed the high-methionine diet. LPE administration
augmented the hepatic activity of CBS (Fig. 2) and
F
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Table 2
Plasma tHcy levels in female heterozygous CBS-deficient mice fed the
control diet supplemented with (LPE) or without low red wine PE (control)
or high-methionine diet supplemented with (Met/LPE) or without low red
wine PE (Met)

Diet tHcy (μM), mean±S.E.M. (range)

Control (n=6) 10.1±1.4 (5.6–14.3)
Met (n=5) 30±4.3⁎⁎ (18.3–45)
Met/LPE (n=4) 19.6±1.8⁎,† (14.7–23.1)
Control/LPE (n=9) 11.3±1.1††,‡ (6.3–15.5)

Statistical analysis was done with one-way ANOVA followed by Student's
unpaired t tests.

⁎ Pb.003 (vs. control diet).
⁎⁎ Pb.001 (vs. control diet).
† Pb.08 (vs. Met diet).
†† Pb.0002 (vs. Met diet).
‡ Pb.002 (vs. Met/LPE diet).
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diminished the plasma tHcy level (Table 2) in Cbs (+/−)
mice fed the high-methionine diet (Met/LPE, Fig. 2), even if
the decrease is statistically nonsignificant. However, the
plasma tHcy levels remained statistically elevated as
compared with Cbs (+/−) mice fed the control diet (control,
Table 2). We also found that LPE administration alone did
not influence CBS activity (Fig. 2) and plasma tHcy level
(Table 2) in Cbs (+/−) mice fed the control diet (control/
LPE). These results show a beneficial effect of LPE
supplementation on Hcy metabolism in hyperhomocystei-
nemic mice.

3.3. Effects of low red wine PE administration on hepatic
activity and gene expression of PON1 in
hyperhomocysteinemic mice

We showed that catechin supplementation counteracts
Hcy-induced impairment of PON1 gene expression and
activity in liver of hyperhomocysteinemic mice due to CBS
deficiency [18]. Therefore, to investigate whether LPE
supplementation can counteract decrease in PON1 activity
Fig. 3. Comparison of relative hepatic PON1 activity (A) and relative hepatic ex
heterozygous [Cbs (+/−)] mice fed the control diet supplemented with (LPE) or wit
(Met/LPE) or without (Met) low red wine PE. The values are mean±S.E.M. of n m
analysis was done with one-way ANOVA followed by Student's unpaired t tests.
triggered by hyperhomocysteinemia, we analyzed the
hepatic enzyme activity and gene expression of PON1. The
mean hepatic activity of PON1 in Cbs (+/−) mice fed the
high-methionine diet (Met, Fig. 3A) was approximately 40%
lower than that in Cbs (+/−) mice fed the control diet
(control, Fig. 3A). Even if the LPE-supplemented diet
(control/LPE, Fig. 3A) did not show statistical difference
with the control diet (control, Fig. 3A), PE administration
significantly augmented the hepatic activity of PON1 in Cbs
(+/−) mice fed the high-methionine diet (Met/LPE, Fig. 3A).
To determine the effect of diet supplemented with LPE on
Pon1 mRNA expression in liver of hyperhomocysteinemic
mice, we isolated mRNA from livers from the four groups of
Cbs (+/−) mice and we assayed mRNA expression of Pon1
using Q-PCR (Fig. 3B). The Sod1 mRNA was used as
endogenous control [16,17]. Commensurate with the
difference in hepatic PON1 activity, the Cbs (+/−) mice
fed the high-methionine diet (Met, Fig. 3B) showed a 40%
reduction of Pon1 mRNA level as compared with the group
of Cbs (+/−) mice fed the control diet (control, Fig. 3B). LPE
administration to the high-methionine diet (Met/LPE,
Fig. 3B) up-regulated the Pon1 mRNA expression by
45%, as compared with the methionine-alone group (Met;
Fig. 3B). Moreover, even if the difference is not statistically
significant, LPE administration alone (LPE, Fig. 3B) up-
regulated the Pon1 mRNA expression as compared with the
control group (control; Fig. 3B).

3.4. Effects of low red wine PE administration on hepatic
oxidative modifications in hyperhomocysteinemic mice

Previous results showed an enhanced lipid peroxidation
due to oxidative stress in liver of CBS-deficient mice [24].
Interaction of free radical species with polyunsaturated fatty
acids results in the production of a variety of aldehydes, such
as MDA, thus providing a convenient index of lipid
peroxidation. As we found a beneficial effect of LPE
supplementation on hepatic PON1 activity, an enzyme that
pression of Pon1 gene based upon Q-PCR data (B) obtained from female
hout (control) low red wine PE or a high-methionine diet supplemented with
ice normalized to the mean of Cbs (+/−) mice fed the control diet. Statistical



Fig. 4. Comparison of hepatic MDA levels obtained from female heterozygous [Cbs (+/−)] mice fed the control diet supplemented with (LPE) or without
(control) low red wine PE or a high-methionine diet supplemented with (Met/LPE) or without (Met) low red wine PE. The values are mean±S.E.M. of n mice
normalized to the mean of Cbs (+/−) mice fed the control diet. Statistical analysis was done with one-way ANOVA followed by Student's unpaired t tests.
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has antioxidant properties, we then analyzed the effect of
LPE supplementation on MDA levels in liver of hyperho-
mocysteinemic mice. As expected, the levels of MDA in
Fig. 5. Comparison of relative plasma PON1 activity (A), aortic expression of Lo
(C) obtained from female heterozygous [Cbs (+/−)] mice fed the control diet su
methionine diet supplemented with (Met/LPE) or without (Met) low red wine PE. T
mice fed the control diet. Statistical analysis was done with one-way ANOVA fo
liver of Cbs (+/−) mice fed the high-methionine diet (Met,
Fig. 4) were 45% higher than that in liver of Cbs (+/−) mice
fed the control diet (control, Fig. 4). Even if LPE
x-1 gene based upon Q-PCR data (B) and plasma levels of soluble LOX-1
pplemented with (LPE) or without (control) low red wine PE or a high-
he values are mean±S.E.M. of n mice normalized to the mean of Cbs (+/−)
llowed by Student's unpaired t tests. ND, not determined.
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administration alone (control/LPE, Fig. 4) did not influence
the MDA levels in Cbs (+/−) mice fed the control diet
(control, Fig. 4), LPE supplementation diminished the
hepatic MDA levels by 20% in Cbs (+/−) mice fed the
high-methionine diet (Met/LPE, Fig. 4).

3.5. Effects of low red wine PE administration on plasma
levels of soluble LOX-1 and PON1 activity and on the aortic
expression of LOX-1 in hyperhomocysteinemic mice

The decreased levels of the antioxidant enzyme PON1 in
the liver of CBS-deficient mice associated with an oxidative
stress indicate a possible mechanism of enhanced generation
of OxLDLs in hyperhomocysteinemic mice. PON1 not only
is synthesized in the liver but is secreted into the serum as
well [13]. Therefore, activity of plasma PON1 and aortic
LOX-1 expression, a receptor for OxLDLs on endothelial
cells [25], were also examined in serum of Cbs (+/−) mice
fed the high-methionine diet with or without LPE
supplementation. The mouse Sod1 and the Fez-1 mRNA
were used as endogenous controls for aortic mRNA
expression. As expected, Cbs (+/−) mice fed the high-
methionine diet (Met, Fig. 5A) showed a significant
decrease of plasma PON1 activity compared to mice fed
Fig. 6. Comparison of relative aortic expression of Vcam-1 (A), Icam-1 (B) and E-se
[Cbs (+/−)] mice fed the control diet supplemented with (LPE) or without (control)
without (Met) low red wine PE. The values are mean±S.E.M. of n mice normalize
done with one-way ANOVA followed by Student's unpaired t tests.
the control diet (control, Fig. 5A). Commensurate with the
decreased plasma PON1 activity, aorta from Cbs (+/−) mice
fed the high-methionine diet (Met, Fig. 5B) showed a 1.5-
fold overexpression of Lox-l mRNA as compared to aorta
from Cbs (+/−) mice fed the control diet (control, Fig. 5B).
Even if LPE supplementation alone (control/LPE, Fig. 5A)
did not influence the plasma PON1 activity in Cbs (+/−)
mice fed the control diet (control, Fig. 5A), it greatly
diminished the aortic Lox-l mRNA expression that it was
not quantifiable (Fig. 5B). Moreover, LPE supplementation
(Met/LPE) to the high-methionine diet (Met) not only
increased the plasma PON1 activity, also not significantly
(Fig. 5A), but also decreased Lox-l mRNA expression
(Fig. 5B). In addition, levels of plasma-soluble LOX-1 in
Cbs (+/−) mice fed the high-methionine diet (Met) were
twofold increased compared to Cbs (+/−) mice fed the
control diet (control, Fig. 5C). However, even if no
difference was found between Cbs (+/−) mice fed the LPE
supplementation alone (control/LPE, Fig. 5C) and Cbs (+/−)
mice fed the control diet (control, Fig. 5C), the levels of
plasma-soluble LOX-1 were decreased by the LPE supple-
mentation to the high-methionine diet (Met/LPE, Fig. 5C)
compared to Cbs (+/−) mice fed the high-methionine diet
(Met, Fig. 5C).
lectin (C) genes based upon Q-PCR data obtained from female heterozygous
low red wine PE or a high-methionine diet supplemented with (Met/LPE) or
d to the mean of Cbs (+/−) mice fed the control diet. Statistical analysis was



Fig. 7. Comparison of relative aortic expression of Tnf-α (A) and Il-6 (B) genes based upon Q-PCR data obtained from female heterozygous [Cbs (+/−)] mice fed
the control diet supplemented with (LPE) or without (control) low red wine PE or a high-methionine diet supplemented with (Met/LPE) or without (Met) low red
wine PE. The values are mean±S.E.M. of n mice normalized to the mean of Cbs (+/−) mice fed the control diet. Statistical analysis was done with one-way
ANOVA followed by Student's unpaired t tests.
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3.6. Effects of low red wine PE administration on the aortic
expression of biochemical markers of endothelial dysfunc-
tion in hyperhomocysteinemic mice

It has been demonstrated that activation of LOX-1 by
OxLDLs induces an up-regulation of adhesion molecules like
intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) expression [26], which
are known to be characteristic of endothelial dysfunction.
Therefore, we have investigated the effects of LPE admin-
istration on the expression of biochemical markers of
endothelial dysfunction in aorta of hyperhomocysteinemic
mice. Cbs (+/−) mice fed the high-methionine diet (Met,
Fig. 6) showed a twofold increase of Vcam-1 (Fig. 6A),
Icam-1 (Fig. 6B) and E-selectin (Fig. 6C) mRNA level as
compared with the group of Cbs (+/−) mice fed the control
diet (control, Fig. 6). LPE administration to the high-
methionine diet (Met/LPE, Fig. 6) down-regulated the
Vcam-1 (Fig. 6A), Icam-1 (Fig. 6B) and E-selectin
(Fig. 6C) mRNA expression as compared with the methio-
nine-alone group (Met, Fig. 6). However, the difference was
not statistically significant for E-selectin mRNA expression.
Moreover, LPE administration alone (control/LPE, Fig. 6A)
down-regulated Vcam-1 mRNA expression as compared
with the control group (control, Fig. 6A).

3.7. Effects of low red wine PE administration on the aortic
expression of proinflammatory cytokines in hyperhomocys-
teinemic mice

Overexpression of adhesion molecules (VCAM-1,
ICAM-1, E-selectin) results in enhanced recruitment of
inflammatory cells to the endothelium surface, which are
known to release proinflammatory cytokines like tumor
necrosis factor-α (TNF-α) and interleukin-6 (IL-6) [27]. We
then investigated the effects of LPE administration on the
expression of proinflammatory cytokines in aorta of
hyperhomocysteinemic mice. The Cbs (+/−) mice fed the
high-methionine diet (Met, Fig. 7) showed a 1.7-fold
increase of Tnf-α (Fig. 7A) and Il-6 (Fig. 7B) mRNA level
as compared with the group of Cbs (+/−) mice fed the
control diet (control, Fig. 7). LPE administration to the high-
methionine diet (Met/LPE, Fig. 7) down-regulated the Tnf-α
(Fig. 7A) and Il-6 (Fig. 7B) mRNA expression as compared
with the methionine-alone group (Met, Fig. 7). LPE
administration alone (control/LPE, Fig. 7B) down-regulated
the Il-6 mRNA expression as compared with the control
group (control, Fig. 7B).
4. Discussion

Hyperhomocysteinemia is now considered to be an
independent risk factor for cardiovascular disease, even if
the level is moderate [3]. Heterozygous CBS-deficient mice
fed a high-methionine diet showed an increase of plasma
tHcy level, frommoderate to intermediate, which is sufficient
to induce endothelial dysfunction [8,9]. We previously
demonstrated that a supplementation of catechin, a poly-
phenol found in red wine, could reduce the concentration of
plasma tHcy via action on hepatic CBS activity [18]. In view
of this result, we decided to examine the influence of PE, a
natural extract of polyphenols that notably contains catechin,
on hyperhomocysteinemia due to CBS deficiency and on
biochemical markers of the associated endothelial dysfunc-
tion. Homozygous CBS deficiency induces a decrease in
glutathione level [28] resulting from the complete blockade
of the transsulfuration pathway. Therefore, we used hetero-
zygous Cbs-deficient mice, an intermediate model in which
Hcy-independent perturbations are minimal. Moreover, as
heterozygous CBS-deficient mice fed a methionine-enriched
diet present a plasma thiol compounds profile more closely
related to human than that of wild-type mice fed a
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methionine-enriched diet [29], we decided to study the effects
of PE on Hcy level in this combined genetic and dietary
model of hyperhomocysteinemia.

We first determined the dose that shows the most
beneficial effect on Hcy level in mice and found a deleterious
effect of HPE and a beneficial effect of LPE in wild-type
mice. Our results are similar to those obtained with
antioxidant vitamin supplementation studies. Although the
antioxidant effects of vitamin E have been well documented,
high-dose vitamin E supplementation may possess proox-
idant effects. This may be in part due to vitamin E displacing
other fat-soluble antioxidants at such doses [30]. Moreover,
the PE contains not only catechin but also caffeic acid, a
common coffee polyphenol [19]. Since high coffee con-
sumption raises plasma tHcy level [31,32], our results
emphasize the dose–effect relationship with polyphenolic
components on hyperhomocysteinemia.

We then used LPE and found that LPE administration
significantly diminished plasma tHcy level that was increased
under methionine treatment, as catechin supplementation
alone [18]. Moreover, LPE supplementation, like catechin
supplementation, can normalize impairment of hepatic CBS
activity by the high-methionine diet, which is consistent with
plasma tHcy concentration measurement. In order to show if
LPE administration can protect liver from Hcy toxicity,
PON1 activity and lipid peroxidation were analyzed in liver
of mice fed the high-methionine diet supplemented with LPE.
We observed a significant reduction in Pon1 expression and
PON1 activity in hyperhomocysteinemic mice liver and an
increase of MDA levels, in agreement with previous reports
[16,17,24]. LPE administration normalized the hepatic
decreased expression and activity of PON1 to control level
and attenuated the lipid peroxidation in liver of mice fed the
high-methionine diet. Our results are in agreement with the
observed Pon1 expression and PON1 activity under catechin
treatment [18]. However, we have not tested the other PE
polyphenolic compounds.

We can put forward the hypothesis that enhancing hepatic
PON1 activity may be one of the mechanisms by which
polyphenols act as antioxidative agents and protect liver
against damage under hyperhomocysteinemia. However, the
data obtained for the hepatic MDA levels, also found in
plasma (data not shown), do not significantly support
antioxidant properties of PE, but rather the variation of Hcy
levels. In this sense, we did not find any variations of plasma
superoxide anion levels (data not shown). LPE administra-
tion not only augmented the hepatic activity of PON1 in
mice fed the high-methionine diet but also attenuated the
decreased plasma PON1 activity. Previous results also
reported correction of plasma PON1 activity under red
wine extract supplementation in apolipoprotein E-deficient
mice [33]. Previous studies on apolipoprotein E-deficient
mice revealed that consumption of red wine flavonoids
preserves plasma PON1 hydrolytic activity towards lipid
peroxides in OxLDLs [12]. Oxidative hypothesis of
atherosclerosis assumes that OxLDL generation is necessary
for the foam cells and atherosclerotic plaque formation. It is
known that to enter the cell barrier, OxLDLs have to attach
to a specific receptor, LOX-1. LOX-1 exists in activated
vascular endothelial and smooth muscle cells as well as in
macrophages, and its expression can be induced by oxLDLs
as well as proinflammatory cytokines [34,35]. Thus, LOX-1
can be viewed as a mediator of endothelial dysfunction. We
then analyzed whether LPE administration influences
expression of Lox-1 in aorta of hyperhomocysteinemic
mice. We found that under high-methionine diet, not only
Lox-1 expression but also plasma levels of soluble LOX-1
were about twofold higher, when compared to mice fed the
control diet. Previous results found that hyperhomocystei-
nemic subjects have enhanced expression of LOX-1 in
mononuclear cells [36]. Moreover, it has been demonstrated
that Hcy enhanced Lox-1 mRNA expression in cultured
aortic endothelial cells [37]. Here, we found that LPE
supplementation decreased not only Lox-l mRNA expres-
sion in aorta of mice fed the high-methionine diet but also
plasma levels of soluble LOX-1, suggesting diminished
uptake of OxLDLs by endothelial cells. Other results in
apolipoprotein E-deficient mice revealed that administration
of red wine reduces the cellular LDL uptake by macro-
phages [32].

Lox-1 gene expression is notably regulated by cytokines.
In resting vascular tissues, LOX-1 mRNA and protein levels
are low. However, they increased under proinflammatory
disease states [38]. Endothelial dysfunction, oxidative stress
and chronic inflammation were proposed as mechanisms by
which Hcy promotes atherosclerosis [39]. Then, we have
also analyzed the effects of LPE administration on the
expression of proinflammatory cytokines and biochemical
markers of endothelial dysfunction in aorta of hyperhomo-
cysteinemic mice. As expected, Vcam-1, Icam-1, E-selectin,
Tnf-α, and Il-6 mRNA expressions were found to be higher
in aorta of mice fed the high-methionine diet when compared
to mice fed the control diet, which confirms previous results
by immunostaining of aortic sections and ELISA [9,40–42].
Moreover, LPE supplementation to high-methionine diet
caused a decrease in these genes' expressions. Previous
study also found a beneficial effect of the same PE with a
similar dose on induced hypertension and endothelial
dysfunction in rats [43].

LPE supplementation led to a diminution of plasma Hcy
levels accompanied by a reduction in aortic expression of
proinflammatory cytokines, as well as biochemical markers
of endothelial dysfunction in mice fed a high-methionine
diet. However, as LPE supplementation to the control diet
did not influence plasma Hcy level but diminished the aortic
expression of Lox-1, Vcam-1 and Il-6 in Cbs (+/−) mice, we
can also expect a direct effect of LPE administration on
expression of biochemical markers of endothelial dysfunc-
tion. In this sense, two recent studies have found a down-
regulation of inflammatory markers of atherosclerosis after
moderate red wine consumption, without changes in plasma
tHcy levels [44,45].
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In conclusion, PE administration in low quantities to CBS-
deficient mice is able to block the rise of plasma tHcy levels
and has beneficial effects on biochemical markers of hepatic
and endothelial dysfunction due to hyperhomocysteinemia.
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