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Abstract

Aims of the study Wine polyphenols attenuate the

development of atherosclerosis, which involves an

inflammatory process. We studied the beneficial effect of

de-alcoholised white and red wines (DWW and DRW,

respectively) on the development of atheroma plaques and

on the expression of biomarkers.

Methods We administered control or de-alcoholised

wine-rich diets to apoE-deficient mice for 12 or 20 weeks.

We then used optical microscopy or immunofluorescence

to examine atherosclerotic lesion development in the tho-

racic aorta and aortic root and assessed the presence of

cytokines and adhesion molecules by qPCR and immuno-

fluorescence in total aorta and aortic root, respectively.

Results Atherosclerotic lesions in thoracic aorta were

significantly decreased in mice supplemented with DWW

(30 %) and DRW (62 %) for 20 weeks. In addition, the

expressions of interferon-c, interleukin-1b, the monocyte

chemoattractant protein-1 and CD68 were reduced by

DRW. The adhesion molecule P-selectin, vascular cell

adhesion molecule-1 and intercellular adhesion molecule-1

were decreased by 52, 76 and 45 %, respectively, in mice

fed DRW for 12 weeks, whereas DWW reduced these

parameters in a minor extent. The NF-jB expression in

total aorta was significantly decreased in the mice treated

with de-alcoholised wines for 12 weeks.

Conclusions DRW is shown to be more effective than

DWW on cytokines and adhesion molecule expression, in

the early stages of the inflammatory events associated with

atherosclerosis development, probably due to the high

phenolic content of red wine. Downregulation of NF-jB

expression may be involved in the mechanism by which

de-alcoholised wines modulate atherosclerosis.

Keywords Atherosclerosis � Wine polyphenols �
Adhesion molecules � Cytokines � Nuclear factor-kappa B �
Inflammation

Introduction

Inflammation is recognised as a key chronic process in the

atherogenesis present in events ranging from the emer-

gence of fatty streaks and endothelial activation to

remodelling of the internal vascular environment and ves-

sel occlusion. The cells involved in atherosclerosis—

namely macrophages, T-lymphocytes, natural killer cells,

dendritic cells and smooth muscle cells—secrete cytokines,

which are crucial for the initiation and development of this

inflammatory response.

Proinflammatory cytokines, such as interferon-gamma

(IFN-c) and interleukin-1 beta (IL-1b), and chemokines

such as the monocyte chemoattractant protein-1 (MCP-1)

are involved in vascular inflammation by enhancing the

N. Martı́nez � K. Casós � M. P. Sáiz � M. T. Mitjavila (&)
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expression of adhesion molecules such as selectins, the

vascular cell adhesion molecule-1 (VCAM-1) and the

intercellular adhesion molecule-1 (ICAM-1) [1]. In addi-

tion to attracting monocytes, MCP-1 facilitates the suben-

dothelial migration of these cells by engagement with

its receptor (CCR2) [2]. Selectins bind sialylated and

fucosylated carbohydrate ligands and mediate capture,

tethering and rolling along the endothelium [3]. Endothe-

lial VCAM-1 and ICAM-1 are involved in firm binding to

the activated integrins of monocytes and favour monocyte

internalisation, the first step in the development of

atherosclerosis [4]. A common aspect of these inflamma-

tory markers is their regulation by nuclear factor-kappa B

(NF-jB), a redox-sensitive transcription factor [5].

Polyphenols are secondary metabolites of plants that

show antioxidant activity [6]. Wine polyphenols normalise

the oxidative stress associated with ageing in rats [7], exert

protective effects against atherosclerosis in apoE-deficient

mice [8], and decrease the morbidity and mortality rate of

cardiovascular diseases [9, 10]. Studies on the benefits of

polyphenols against inflammatory processes are scarce.

The existing studies have examined the activity of these

compounds in vitro [11, 12] and in vivo [13]. The

administration of a mix of some of the pure polyphenols

present in wines may modulate cell signalling by reducing

the endothelial transmigration of monocytes and thereby

contributing to the regulation of inflammation [14].

Although wine is rich in polyphenols, it also contains

alcohol, which can slow down atherosclerosis [15]. However,

the mechanisms involved after the administration of de-al-

coholised wine have been scarcely studied. Thus, in the cur-

rent paper, we study the effects of de-alcoholised white and

red wines (DWW and DRW, respectively) on the progression

of atherosclerosis in apoE-deficient mice, which spontane-

ously develop this disease [16]. We focused this research on

the effects of the de-alcoholised wines on cytokines-chemo-

kines, adhesion molecules, CD68 and NF-jB expression in

the vascular wall at the early stages of atherosclerosis to

explain the anti-inflammatory/antiatherosclerotic activities of

wine polyphenols as a novel mechanism of action.

Materials and methods

Wine analyses

Liquid chromatography–mass spectrometry analysis of

Spanish commercial white wine (WW) and red wine (RW)

were performed as described in a previous paper [13].

Wines were de-alcoholised in a rotary evaporator [17], and

a mass spectrometer (Fisons MD800, Thermo Finnigan,

Ringoes, NJ, USA) connected to a headspace gas chro-

matograph (GC8000-Top, Carlo Erba, Milan, Italy) was

used to evaluate the residual ethanol in the de-alcoholised

wines, using 2-methyl-1-propanol as standard.

Total phenols in 1/10 diluted wines were measured by the

Folin–Ciocalteau colorimetric method [18] using gallic acid

as standard. The results are expressed as mg/l gallic acid

equivalents. The reducing power of the beverages was

determined in 1/20 diluted wines using quercetin as standard

[19]. The results are expressed as mg/l quercetin equivalents.

Animals and diets

Male C57BL/6 J apoE-deficient mice (Charles River,

L’Arbresle, France) were housed in temperature (21–23 �C)

and humidity (40–60 %) controlled rooms and exposed to

12 h:12 h light–dark cycles. At 4 weeks of age, the mice

were randomly distributed into three groups of fourteen

mice and fed one of the following semi-purified diets for 12

(mice were aged 16 weeks) or 20 (mice were aged

24 weeks) weeks: a control diet, a DWW-rich diet or a

DRW-rich diet. The solid components of the diet were

mixed with 125 ml/kg of water (control diet) or with

125 ml/kg of DWW/DRW, which replaced the water in

treated mice [13]. The semi-purified diets were prepared

weekly, air-dried for 18 h and stored at -20 �C to prevent

oxidation and loss of antioxidants. Mice ingested a dose of

25 ml of de-alcoholised wine/kg body weight/day, which

was included in the diet. This is approximately equivalent to

300 ml of daily consumption for humans, as mice have a

higher surface area per unit of weight than humans [20]. All

diets also contained 0.15 % of cholesterol to accelerate the

development of atherosclerosis. The quantity of food was

restricted to 5–6 g/day to avoid differences in de-alcoholi-

sed wine and cholesterol ingestion. Food was provided and

removed daily. All the mice were weighed weekly and

examined after fasting overnight.

At the end of the treatment periods, mice were

anesthetised with 150 mg/kg ketamin:10 mg/kg xylazine

and were exsanguinated by left ventricle puncture. Eight

mice were used to evaluate the total plasma cholesterol and

the atherosclerotic lesions and the other six mice were used

to measure mRNA expression of cytokines and adhesion

molecules by qPCR. The cytokines, adhesion molecules

and CD68 expression were also determined by immuno-

fluorescence. All experimental protocols were reviewed

and approved by the University of Barcelona’s Ethics

Committee for Animal Experimentation, following Euro-

pean Union guidelines.

Plasma analyses

Plasma was obtained by blood centrifugation at 1,7709g

for 10 min at 4 �C and stored at -80 �C until the analysis

at 12 and 20 weeks after dietary treatments.
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Total cholesterol concentration in plasma was evaluated

enzymatically at 500 nm in a spectrophotometer (iEMS

Reader MF, Labsystems, Helsinki, Finland) using a com-

mercial kit (Randox, Crumlin, UK). Results are expressed

as mmol/l plasma.

Atherosclerotic lesions

The lesions in the aortic root were evaluated in serial

10-lm cross-sections of the aortic root after 20 weeks of

dietary treatments obtained from the left ventricle, where

the aortic valves were first visible, up to where the valve

cups disappeared [21].

The thoracic aorta (including the ascending aorta, the

arch fraction and the descending aorta) was isolated after

perfusion with 4 % paraformaldehyde in phosphate-buffered

saline pH 7.4. It was then cleaned of attached connective

tissue, opened longitudinally and fixed in 4 % paraformal-

dehyde overnight. The atherosclerotic lesions were visible

and clearly distinguishable from the lesion-free areas on the

luminal surface of the vessels without staining. Images were

taken with a digital camera (Olympus BX-40, Hamburg,

Germany) connected to a microscope (Olympus BH2-UMA)

and recorded in 24-bit true image format. The atheroscle-

rotic lesions of each mouse were quantified with the Anal-

ysis-Soft Imaging System (Olympus Soft Imaging Solutions

GmbH, Münster, Germany) and expressed as a percentage

of the total luminal surface.

qPCR assays

The total aorta (thoracic plus abdominal) was isolated, and

RNA extraction in homogenised tissue was carried out using

the Nucleospin Macherey–Nagel kit (Düren, Germany). The

quality of the extraction was checked in a 0.8 % agarose gel,

and it was quantified spectrophotometrically (Genesis UV,

Thermo Scientific, Waltham, MA, USA).

The reverse transcription was performed with approxi-

mately 1 lg of RNA using the Roche Diagnostics kit

(Mannheim, Germany). We designed the following primer

sequences with Primer 3 input v. 0.4.0 and tested their

presence in several exon sequences using the Ensembl

Genome Browser (Table 1). The qPCR was carried out with

a MyiQ Single-Color Real-Time PCR detection system

(Bio-Rad Laboratories, Hercules, CA, USA), and the pro-

cess was performed at a number of annealing temperatures

(53 �C for VCAM-1 and ICAM-1; 55 �C for P-selectin,

MCP-1 and NF-jB; 57 �C for IFN-c and IL-1b). The

hypoxanthine–guanine phosphoribosyltransferase gene was

used as internal standard in the reaction for normalisation.

Immunofluorescence of MCP-1, adhesion molecules

and CD68

Serial cross-sections of the aortic root after 12 and 20 weeks

of dietary treatments were used for immunofluorescence

studies, as previously described [21]. The following primary

antibodies were used: goat anti-mouse MCP-1 (2 lg/ml,

Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),

rabbit anti-mouse P-selectin (5 lg/ml, Chemicon Immuno-

stains, Hampshire, UK), rat anti-mouse VCAM-1 (20 lg/ml,

eBioscience, San Diego, CA, USA), goat anti-mouse ICAM-

1 (2 lg/ml, R&D Systems, Abingdon, UK) and rat anti-

mouse CD68 (1 lg/ml, Abcam Inc. Cambridge, MA, USA).

The corresponding secondary antibodies (4 lg/ml) were

donkey anti-rabbit 647, donkey anti-rat 488, donkey anti-

goat 546 and goat anti-rat 488 from Molecular Probes (Poort

Gebouw, The Netherlands). The images were captured on a

confocal inverted fluorescence microscope Olympus Fluo-

view 500 (IX-70), and the fluorescence was quantified in

lesion areas by MetaMorph analysis software (Universal

Imaging Corporation, San Diego, CA, USA).

Statistical analyses

Data are expressed as mean and standard error (SE). The

total phenols and reducing power of WW/DWW and RW/

DRW were compared by Hotelling’s T-square statistical

Table 1 Sequences of primers for qPCR

Gene Accession number Sense primer Anti-sense primer

MCP-1 NM 011333.2 AGGTCCCTGTCATGCTTCTG TCTGGACCCATTCCTTCTTG

IFN-c NM 008337 GCTTTGCAGCTCTTCCTCAT GTCACCATCCTTTTGCCAGT

IL-1b NM 008361 CAGGCAGGCAGTATCACTCA AGCTCATATGGGTCCGACAG

P-selectin NM 011347 GCTCACGGAGAGTTTGGTGT AAGTGGTGTTCGGACCAAAG

VCAM-1 NM 011693 ATTTTCTGGGGCAGGAAGTT ACGTCAGAACAACCGAATCC

ICAM-1 NM 010493 TCACACTGAATGCCAGCTC GTCTGCTGAGACCCCTCTTG

NF-jB NM 019408 TGACTGTGGAGCTGAAGTGG GGTGTGTTTCCAGCAAAGGT

hprt NM 013556 GTTAAGCAGTACAGCCCCAAA AGGGCATATCCAACAACAAACTT

MCP-1 monocyte chemoattractant protein-1; IFN-c interferon-c; IL-1b interleukin-1b; VCAM-1 vascular cell adhesion molecule-1; ICAM-1
intercellular adhesion molecule-1; NF-jB nuclear factor-jB; hprt hypoxanthine–guanine phosphoribosyl transferase
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analysis. Samples were independently drawn from two

independent multivariate normal distributions of two

dimensions. Comparisons between alcoholised and de-al-

coholised wines were carried out by the Student’s t test for

paired samples. The differences between groups of mice

treated with the control diet and diets supplemented with

de-alcoholised wines were analysed by one-way ANOVA

and the LSD multiple comparison test for post hoc analysis.

The differences between 12 and 20 weeks in the same

treatment group were analysed by the Student’s t test.

Differences were considered significant at p \ 0.05. All

statistical analyses were performed using SPSS 12.0 soft-

ware (SPSS, Inc., Chicago, IL, USA).

Results

Wine analyses

RW has a higher concentration of phenolic compounds

such as gallic acid, catechin, epicatechin, quercetin

and resveratrol than WW (Table 2). RW had higher total

phenol content and reducing power than WW and

de-alcoholisation did not alter these characteristics

(Table 2). The gas chromatography analysis showed that

DWW and DRW can be considered non-alcoholic bever-

ages (Table 2).

De-alcoholised wine-rich diets did not change body

weight and total plasma cholesterol

Weight gain was approximately the same for all the groups

throughout the study. Control apoE-deficient mice weighed

11.6 g ± 0.39 and 14.9 g ± 0.54 after 12 and 20 weeks of

treatment, respectively. The weight of the mice fed the

diets rich in DWW (9.9 g ± 1.56 and 16.7 g ± 1.94 after

12 and 20 weeks, respectively) and DRW (10.0 g ± 0.76

and 12.7 g ± 0.94 after 12 and 20 weeks, respectively)

showed that there were no significant differences between

the three groups at a fixed age.

No differences in plasma concentration of total choles-

terol between the three groups of mice were observed after

12 and 20 weeks of DWW and DRW intake (19.9 mmol/l

± 3.2 and 17.5 mmol/l ± 2.5 for the control group after 12

and 20 weeks of treatment, respectively; 24.0 mmol/l

± 2.3 and 23.3 mmol/l ± 2.0 for the mice fed the DWW-rich

Table 2 Phenolic compounds,

total phenols, reducing power

and alcohol degree in white

wine (WW), red wine (RW),

dealcoholized white wine

(DWW) and dealcoholized red

wine (DRW)

Data were expressed as mean

(SE), (n = 3) for phenolic

compounds (from three

different bottles, (n = 7)

separate evaluations for total

phenols and reducing power.

ND not detected

*Mean values were significantly

different comparing to the WW

or DWW (p \ 0.05)

WW RW DWW DRW

Phenolic compounds (mg/l)

Phenolic acids

Gallic acid 3.2 ± 0.03 26.7 ± 0.30*

p-Coumaric acid 0.8 ± 0.04 6.7 ± 0.05*

Caffeic acid 0.4 ± 0.01 2.5 ± 0.02*

Other phenolic acid 4.9 ± 0.06 54.0 ± 0.40*

Flavanols

Catechin 5.3 ± 0.12* 29.8 ± 0.10*

Epicatechin 1.9 ± 0.03 17.7 ± 0.20*

Flavonols

Miricetin ND 1.8 ± 0.03

Quercetin ND 51.4 ± 0.60

Anthocyanins

Pelargonidin-3-glucoside ND 3.7 ± 0.02

Cyanidin-3-glucoside ND 0.5 ± 0.01

Petunidin-3-glucoside ND 4.3 ± 0.04

Peonidin-3-glucoside ND 6.1 ± 0.07

Malvidin-3-glucoside ND 29.1 ± 0.15

Cyanidin-3-glucoside-malonyl ND 1.4 ± 0.00

Peonidin-3-glucoside-p-

coumaroyl ? malvidin-3-glucoside-p-

coumaroyl

ND 2.1 ± 0.00

Trans-resveratrol ND 3.6 ± 0.11

Reducing power (mg/l quercetin equivalents) 135 ± 12 1558 ± 58* 94 ± 7 1744 ± 137*

Total phenols (mg/l gallic acid equivalents) 257 ± 18 1434 ± 89* 269 ± 26 1633 ± 61*

Alcohol degree (%) 11.2 11.2 \0.6 \0.2
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diet for 12 and 20 weeks, respectively; 21.0 mmol/l ± 2.3

and 20.1 mmol/l ± 1.6 for the mice fed the DRW-rich diet

for 12 and 20 weeks, respectively).

De-alcoholised wine-rich diets reduced

the atherosclerotic lesions

Morphometric analysis showed that atheroma plaques in

the thoracic aorta were present mainly in the aortic arch of

apoE-deficient mice, and only very small lesions were

observed in the descending aorta. The mean percentage of

atheroma plaque area with respect to the total thoracic

aorta area was similar in the three groups of mice after

12 weeks of treatment. The lesions progressed with time in

the control and the DWW-treated mice but not in the

DRW-treated group, which suggests that DRW had a

greater protective effect. Thus, the atherosclerotic lesions

in the thoracic aorta were reduced in the DWW- and DRW-

fed mice after 20 weeks (by 30 and 62 %, respectively,

p \ 0.05) (Fig. 1a–d). Interestingly, DRW was able to

significantly reduce the aortic root lesions by about 16 %

(p \ 0.05) after 20 weeks while DWW had no effect

(Fig. 1e). We also observed a 27 % (p \ 0.05) reduction of

the presence of macrophages in DRW after 20 weeks of

dietary treatment by using CD68 (Fig. 2).

De-alcoholised wine-rich diets modulate biomarkers

of inflammation

To obtain some insights into the mechanisms by which

DWW and especially DRW may delay atherosclerosis

development in apoE-deficient mice, we investigated

whether de-alcoholised wines could decrease the inflam-

matory process associated with atherosclerosis by evalu-

ating the mRNA expression of some cytokines and

chemokines before atherosclerotic lesions were well

established. The mRNA expression of IFN-c, IL-1b and

MCP-1 at 12 weeks of treatment in total aorta, calculated

as the percentage with respect to the atherosclerotic control

group, was significantly decreased (77, 75 and 56 %,

respectively) in the DRW group. IFN-c was also signifi-

cantly reduced (52 %) in the DWW group at 12 weeks of

treatment (Fig. 3).

We also assessed and compared the effect of the two de-

alcoholised wines on endothelial signal activation, includ-

ing the enhancement of adhesion molecule expression.

Fig. 1 Effect of dietary supplementation with de-alcoholised white

wine (DWW) and de-alcoholised red wine (DRW) for 12 and

20 weeks on atheroma plaque development in the thoracic aorta

and aortic root of apoE-deficient mice. Representative images of the

thoracic aorta opened longitudinally in the control (a), DWW-treated

(b), and DRW-treated (c) apoE-deficient mice for 20 weeks. The

arrows indicate the atheroma plaques, which were mainly located in

the aortic arch. The atherosclerotic lesions were expressed as a

percentage of the total thoracic aorta luminal surface (d) and as a

percentage of the surface area of the aortic root section (e). Data are

expressed as mean (SE) (n = 8 and n = 5 for thoracic aorta and

aortic root, respectively). Mean values within the three groups that do

not share a common letter (a, b, c) were significantly different

(p \ 0.05). Differences between duration of treatment were evaluated

by the Student’s t test (x, p \ 0.05; z, p \ 0.001)
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Thus, P-selectin, VCAM-1 and ICAM-1 were expressed in

the total aorta of control apoE-deficient mice after

12 weeks of treatment. Although the mRNA expression of

P-selectin showed a 52 % decrease in the group treated

with DRW, no significant difference was observed with

respect to the control atherosclerotic group (Fig. 4a). In the

group treated with DRW, we found a greater reduction for

VCAM-1 (by 76 %) than for ICAM-1 (by 45 %) mRNA

expressions (Fig. 4b, c), while DWW only appreciably

decreased VCAM-1 mRNA expression (Fig. 4b).

In agreement with the results for the mRNA expression

of MCP-1 in total aorta, the immunofluorescence images of

the aortic root of apoE-deficient mice treated with DRW

for 12 weeks showed decreased MCP-1 protein expression

compared to the non-treated group (Fig. 5a). Figure 5b–d

presents P-selectin, VCAM-1 and ICAM-1 expression by

immunofluorescence in the endothelial layer of the ather-

oma plaques of the aortic root and that ICAM-1 was less

expressed than VCAM-1 in the control group. The images

also agree with the results obtained by the qPCR in total

aorta, essentially for VCAM-1, and they show decreasing

expression of the chemokine and adhesion molecules in the

aorta of mice fed the DRW-rich diet for 12 weeks.

As NF-jB is a transcriptional factor that regulates

cytokines and endothelial adhesion molecule expression, it

was interesting to quantify its mRNA expression in total

aorta of control apoE-deficient mice. The results indicate

that mRNA expression was lower (about 60 %) in mice fed

the DWW and DRW for 12 weeks than in the control

group (Fig. 6).

Discussion

Atherosclerosis is a multifactorial disease associated with

high levels of plasma cholesterol and oxidative stress.

Fig. 2 Effect of dietary supplementation with de-alcoholised white

wine (DWW) and de-alcoholised red wine (DRW) for 20 weeks on

CD68 expression in cross-sections of aortic root. Representative

images of immunofluorescence. The arrows indicate the fluorescence

signal of CD68 (a). The atherosclerotic lesions were expressed as a

percentage of the surface area of aortic root section (b). Data are

expressed as mean (SE) (n = 5). Mean values within the three groups

that do not share a common letter (a, b) were significantly different

(p \ 0.05)
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ApoE is an apolipoprotein that directs the transport and

metabolism of cholesterol, and an apoE deficiency favours

the formation of atheroma plaques [22]. Thus, apoE-defi-

cient mice are a highly suitable model to study the mod-

ulation of atherosclerosis by diet [16].

Wine contains several compounds such as polyphenols

that have potent antioxidant capacity and afford protection

against cardiovascular disease [8, 10, 17, 23]. Here, we

provide evidence that the daily dietary administration of

DWW or DRW to apoE-deficient mice, in a dose equiva-

lent to two cups of wine a day for humans, reduces the

development of atherosclerotic lesions and the associated

inflammation, whereas high levels of total cholesterol in

the plasma of these mice were not reduced by the de-al-

coholised wines. This finding is consistent with the results

of other studies on apoE-deficient mice fed DRW-rich diets

[8] or wine polyphenols [23].

Atherosclerotic lesions occupied more than 50 % of the

aortic root and 20 % of the thoracic aorta at 20 weeks of

dietary treatments, and lesions in the thoracic aorta were

present mainly in the aortic arch. This confirms our

Fig. 3 Effect of dietary supplementation with de-alcoholised white

wine (DWW) and de-alcoholised red wine (DRW) for 12 weeks on the

mRNA expression of interferon-gamma (IFN-c) (a), interleukin-1

beta (IL-1b) (b), and monocyte chemoattractant protein-1 (MCP-1)

(c) in total aorta of apoE-deficient mice. Percentage of mRNA

expression relative to the control group. Data were expressed as mean

(SE) (n = 6). Mean values within the three groups that do not share a

common letter (a, b) were significantly different (p \ 0.05)

Fig. 4 Effect of dietary supplementation with de-alcoholised white

wine (DWW) and de-alcoholised red wine (DRW) for 12 weeks on the

mRNA expression of P-selectin (a), vascular cell adhesion molecule-

1 (VCAM-1) (b), and intercellular adhesion molecule-1 (ICAM-1)

(c) in total aorta of apoE-deficient mice. Percentage of mRNA

expression relative to the control group. Data are expressed as mean

(SE) (n = 6). Mean values within the three groups that do not share a

common letter (a, b) were significantly different (p \ 0.05)
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previous observation [21] that the development of athero-

sclerosis initiates at the aortic root and progresses caudally.

The results are in agreement with those of Frangos et al.

[24] who proposed that atherosclerotic lesions appeared

where blood flow is disturbed as a result of haemodynamic

forces. The decreased surface area in the thoracic aorta

Fig. 5 Representative images of immunofluorescence of cross-

sections of aortic root of monocyte chemoattractant protein-1

(MCP-1) (a), P-selectin (b), vascular cell adhesion molecule-1

(VCAM-1) (c) and intercellular adhesion molecule-1 (ICAM-1)

(d) in control, de-alcoholised white wine (DWW) and de-alcoholised

red wine (DRW)-treated apoE-deficient mice for 12 weeks. The

arrows indicate the fluorescence signal of the adhesion molecules,

which were mainly located in the endothelium

744 Eur J Nutr (2013) 52:737–747

123



affected by atherosclerosis in the apoE-deficient mice fed

the DWW- and DRW-rich diets for 20 weeks suggests a

delay in atherosclerotic lesion formation, which was

greater in DRW-fed mice. Phenolic and non-phenolic

compounds, such as ascorbic acid, sulphites and fructose,

contribute to the reducing power of wines [25, 26]. The

WW had several times less reducing power than the RW.

This observation could be attributed to the low phenol and

fructose content of the WW, as ascorbic acid and sulphites

are present in similar concentrations in both wines [13].

Fructose is metabolised to uric acid in humans, which is

considered a relevant antioxidant [25]. However, rodents

have uricase and their plasma concentration of uric acid is

very low. Thus, we can rule out its contribution in the

current paper. Therefore, the distinct protective capacity

shown by the two de-alcoholised wines must be attributed

to their qualitative and quantitative differences in phenolic

composition, which could explain the higher antiathero-

genic effect of the DRW diet with its high polyphenol

content. Loke et al. [27] reported a beneficial effect on

thoracic aorta lesions in apoE-deficient mice after quercetin

treatment with 64 mg/kg body mass/day.

Atherosclerosis is associated with an inflammatory

process, and consequently, cytokines and adhesion mole-

cules play a crucial role in the initiation/development of

atherosclerosis in response to an atherogenic diet. Also, the

attraction and adhesion of leucocytes to the vascular wall is

essential for atheroma plaque formation and is controlled

by chemokines and adhesion molecules. The expression of

adhesion molecules is stimulated by early pro-inflamma-

tory cytokines, such as IFN-c and IL-1b [1, 2]. However,

the regulation of these events by polyphenols during ath-

erosclerosis remains poorly understood. Our findings show

that the mRNA expression of IFN-c and IL-1b in the total

aorta of apoE-deficient mice was reduced after 12 weeks of

dietary supplementation with de-alcoholised wines. The

differences in the expression of these cytokines in the total

aorta of mice fed DWW and DRW may be attributable to

the polyphenols ingested and to the metabolites generated

by the mice. Here, we demonstrate that DRW reduced

MCP-1 in aortic tissue of atherosclerotic mice, which is

induced by IL-1b and inhibited by resveratrol [28]. The

beneficial effect of wines may be, at least in part, attributed

to polyphenols [29] and to the synergistic effect between

polyphenols, as recently proposed in in vitro studies [30].

Leucocyte adhesion to endothelial cells and their sub-

sequent infiltration into subendothelial spaces are mediated

by chemokines such as MCP-1, and by various adhesion

molecules such as P-selectin and VCAM-1 [31]. Sacanella

et al. [32] observed that DWW and DRW were able to

reduce the expression of adhesion molecules and monocyte

adhesion to endothelial cells after intake of both types of

wine in healthy volunteers. We observed that P-selectin

and VCAM-1 mRNA expression in total aorta of apoE-

deficient mice on the DRW-rich diet was considerably

lower than that found in the control and in mice on the

DWW-rich diet. The greater effect of DRW on VCAM-1

mRNA expression than on ICAM-1 is clinically relevant if

we consider the major implication of VCAM-1 in early

atherosclerosis [33] and the fact that it is an inducible

molecule expressed mainly in predisposed lesion areas

[34]. We have to take into account that for qPCR assays we

used the total aorta (thoracic plus abdominal), and for the

immunofluorescence assays, we used the aortic root, and

although the results are not the same, they follow the same

tendency. The absence of lesions in abdominal aorta,

together with the above observation, may explain the

absence of statistical significance for ICAM-1 mRNA

expression, in spite of the 40 % decrease observed. From

our results, we can suggest that wine compounds, probably

polyphenols, may modulate cytokines expression, which in

turn will downregulate the expression of adhesion mole-

cules as was reported by resveratrol [35]. In addition, the

downregulation of MCP-1 and adhesion molecules may

lead to less monocytes/macrophages in the atherosclerotic

lesions and thus could be responsible for the reduction in

the plaque progression. This hypothesis is confirmed by the

reduced monocyte/macrophages infiltration to the vascular

wall after DRW intake observed in our experimental

model.

NF-jB is a redox-sensitive transcription factor that

plays a pivotal role in the development of chronic inflam-

matory processes by regulating the expression of cytokines

and adhesion molecules [36]. Recently, Canali et al. [37]

reported that red wine components modulate NF-jB in

endothelial cells. The present paper is the first to report the

effects of de-alcoholised-wine consumption on the NF-jB

reduction associated with the inflammatory/atherosclerosis

Fig. 6 Effect of dietary supplementation with de-alcoholised white

wine (DWW) and de-alcoholised red wine (DRW) for 12 weeks on the

mRNA expression of nuclear factor-kappa B (NF-jB) in total aorta of

apoE-deficient mice. Percentage of mRNA expression relative to the

control group. Data are expressed as mean (SE) (n = 6). Mean values

within the three groups that do not share a common letter (a, b) were

significantly different (p \ 0.05)
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response in aortic tissue, in conditions that reproduce the

pathophysiological environment found in vivo. This result

is in agreement with a study in humans that described an

acute decrease in NF-jB after ingestion of red wine, which

was attributed to an increased intake of phenolic com-

pounds [38]. Thus, the protective effect of wine polyphe-

nols in our experimental model for atherosclerosis may be

mediated, at least in part, by downregulation of the NF-jB

signalling pathway. However, considering that DWW

reduces the expression of NF-jB to the same extent as

DRW, other additional pathways, such as PI3K or MEK

activation, may therefore be associated with the more

effective action of DRW against the inflammatory process,

as observed by administering wine polyphenols on smooth

muscle cell proliferation and migration [39, 40]. Moreover,

we must consider that DWW and DRW can have a dif-

ferent effect on NF-jB activation, and even directly be

involved in cytokine and adhesion molecule expression.

In conclusion, this is the first time that the impairment of

cytokine, chemokine and adhesion molecule expression in

aortic tissue by DRW and, to a lesser extent, DWW has

been associated with the attenuation of atherosclerotic

lesion formation.
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