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Anthocyanidins decrease endothelin-1 production
and increase endothelial nitric oxide synthase in
human endothelial cells
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Epidemiological and intervention studies correlate anthocyanin-rich beverages and a low incidence of
coronary heart diseases. Since endothelin-1 (ET-1) and nitric oxide (NO) produced by endothelial NO
synthase (eNOS) are vascular tension regulators secreted by endothelial cells, we studied the
influence of two anthocyanidins, namely cyanidin (CY) and delphinidin (DP), on the regulation of
ET-1 and eNOS in cultured human umbilical vein endothelial cells (HUVECs). Aglycon anthocyani-
din forms, such as CYand DP, may be present in vivo after the first deglycosylation step occurring in
the jejunum and in the liver. DP showed a major action compared to CY inducing a significant dose-
dependent inhibitory effect on both protein and mRNA levels of ET-1. CYand DP both increased the
protein level of eNOS, but DP showed the major effect raising eNOS protein in a dose-dependent
manner. To correlate the vasoprotective effect of CYand DP with their antioxidant activity, we analy-
sed also the antioxidant effect of anthocyanidins both in vitro and in HUVECs. In particular, we
examined the effect of anthocyanidins on endothelial heme oxygenase-1 (HO-1), an inducible stress
protein. In all tests, DP showed a higher antioxidant activity than CY. Finally, the antiproliferative
effect induced by DP was detected in HUVECs. DP and CY differ in the number and position of
hydroxyl groups in their structure; therefore, the greater biological activity by DP, compared with CY,
seems to be due to the presence of the three hydroxyl groups on the B ring in the molecular structure
of DP.
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1 Introduction

Epidemiological evidence suggests that cardiovascular dis-
eases such as atherosclerosis and hypertension can be
decreased by moderate consumption of red wine due to its
high content of phenolic compounds [1, 2]. Anthocyanins

are polyphenols widely distributed in vegetables, fruits,
beverages such as wine, tea or bilberry extract, and there
are several reports supporting their beneficial effects [3, 4].
The common aglycon forms, anthocyanidins, are cyanidin,
delphinidin, peonidin, petunidin, malvidin and pelargoni-
din. They differ from each other by having different substi-
tuents in the B ring. In plants, anthocyanidins occur as the
glycosylated forms, anthocyanins and the prevalent sugar
moieties are glucose, rhamnose, galactose and fructose [5].
Some studies regarding metabolism of flavonoids show that
also the aglycon forms may be present in vivo, because they
could be produced from the glycosylated forms by b-gluco-
sidase reactions in the intestine [6, 7].

It has been suggested that anthocyanins play an important
role in the prevention of human diseases associated with
oxidative stress, e.g., coronary heart disease and cancer [8].
The antioxidant properties of anthocyanins have been
demonstrated by both in vitro and in vivo experiments [5,
9–14].
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It is well known that the vasomotor functions of endothe-
lium are impaired during the course of vascular disorders
including atherosclerosis and hypertension [15]. Key regu-
lators of vasomotor function are the vasocostrictor endothe-
lin (ET) and the vasodilator nitric oxide (NO). Endothelins
are 21-amino acid isopeptides (ET-1, ET-2 and ET-3), which
has been identified in a variety of tissues, including lung,
kidney, brain, pituitary gland and peripheral endocrine tis-
sues as well placenta [16]. ET-1, in contrast to ET-2 and ET-
3, is also produced by endothelial cells and is probably the
major isoform in the cardiovascular system [17, 18]. NO is
a diatomic free radical produced from L-arginine by consti-
tutive and inducible NO synthases in numerous mammalian
cells and tissues. The constitutive endothelial NO synthase
(eNOS) is present in endothelium and it is known to play an
important role in the dynamic control of the vascular tone
[19].

Numerous studies have shown that oxidative stress inter-
feres with vascular function, so that it appears to be causally
linked to the pathogenesis of atherosclerosis [20, 21]. The
depletion of bioavailable NO [22] and regulation of ET-1
[23] are one of the mechanism by which oxidative stress
seems to influence vascular function.

We have previously demonstrated that the two aglycon
anthocyanins, delphinidin (DP) and cyanidin (CY) exert a
higher protective activity against oxidative DNA damage
than glycosylated anthocyanins [10]. This is in accord with
data reported by Youdim et al. [24], who demonstrated that
sugar moiety impairs cellular bioavailability. An antiproli-
ferative effect induced by DP and CY in normal human
fibroblasts and a pro-apoptotic effect in human tumour cell
lines was also detected [25].

In the present work, we studied the effect of CYand DP on
ET-1 and eNOS expression in human umbilical vein
endothelial cells (HUVECs). We analysed also the antioxi-
dant effect of anthocyanidins in order to correlate the vaso-
protective effect of CYand DP with their antioxidant activ-
ity. In particular, we examined the antioxidant activity of
anthocyanidins in vitro by the 2,2-diphenyl-1-picrylhydra-
zyl radical (DPPH) method [26] and the citronellal thermo-
oxidation inhibition test [27]. In addition, antioxidant activ-
ity was assessed in HUVECs by measuring lipid peroxida-
tion inhibition after Fe2+/ascorbate treatment and by evalua-
tion of endothelial heme oxygenase-1 (HO-1), an inducible
stress protein that degrades heme to the vasoactive mole-
cule carbon monoxide and the antioxidant biliverdin [28].

Finally, the antiproliferative effect of these two compounds
was evaluated.

2 Materials andmethods

2.1 Chemicals

DP and CY were obtained from Extrasynthese (Genay,
France). All chemicals used, were purchased from Sigma
(St. Louis, MO), unless otherwise specified.

Anthocyanidins were dissolved in DMSO for the cell treat-
ments, in methanol for the DPPH reduction assay, or in
DMF for the citronellal thermo-oxidation method.

2.2 Cell culture and treatment

HUVECs, kindly provided by Dr. Jeanette A. M. Maier
[29], were cultured in M199 containing 5 U/mL heparin
(Roche), 5 lg/mL endothelial cell growth factor (Roche),
10% foetal bovine serum, 1 mM L-glutamine, 100 IU/mL
penicillin and 100 lg/mL streptomycin (all from Gibco-
Invitrogen).

Cells were grown at 378C in a humidified atmosphere con-
taining 5% CO2. The treatments were performed for 24 h
with different concentrations of DP or CY with the concen-
tration of DMSO never exceeding 0.4%. Negative controls
consisted of untreated cells and cells that received the sol-
vent alone.

2.3 Cell viability

Cells were plated in 24-well tissue culture plates at the con-
centration of 26105 cells/well, treated for 24 h with DP or
CYat the concentrations of 50, 100, 200 lM and cell viabi-
lity was determined by the 3-[4,5-dimethylthiazolil-2yl]-
2,5-diphenyl-tetrazoliumbromide colorimetric assay [30],
as reported previously.

2.4 Measurement of ET-1 concentration

Cells were plated in 6-well tissue culture plates at a concen-
tration of 56105/well. Confluent cultures were treated for
24 h with CY and DP (50 and 100 lM, respectively) in
serum-free medium. At the end of the incubation period,
cell supernates were collected and subjected to the ET-1
ELISA quantitative assay (Biomedica) following the manu-
facturer’s instructions and using a microtiter plate reader
(Bio-Rad-Mod.550) for the absorption measurements at
450 nm.

2.5 RT-PCR expression of ET-1 and b-actin

Total RNAwas extracted using Qiagen RNeasy kit (Qiagen)
as instructed by the manufacturer. The first strand cDNA
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was synthesized using AMV-RT (Eurobio). For the semi-
quantitative PCR the Multiplex PCR (Qiagen) was used
according to the manufacturer’s instructions. The sequence
for the b-actin primers is as follows: 59-TTGCCGATCC-
GCCGCCCGTCCACA-39 and 59TAAGGTGTGCACTTT-
TATTCAACT-39; for the ET-1: 59TTGCCGGATATCATG-
GATTATTTGCTCATGATTTTCTCT-39 and 59GAATT-
CCCTAGGTCACCAATGTGCTCGGTTGTGGGTCACA-
TA-39.

The PCR products were electrophoresed on a 2% agarose
gel, and bands corresponding to RT-PCR products were
visualized by UV light. Gene Ruler 1-kb DNA Ladder
(MBI Fermentas) was used as size marker. Digitalized
images of the bands were acquired by UMAX power Look
IITM scanner (UMAX Data System) and the densitometric
analysis was performed on a Macintosh computer using the
public domain NIH-Image program (developed at the US
National Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image) with the aid of the
bundled gel plotting macros.

2.6 Western blot analysis of eNOS protein

For the determination of eNOS protein expression, total
protein was isolated from confluent HUVECs treated with
anthocyanidins (50 and 100 lM) for 24 h. Briefly, cell
lysate was prepared in cell lysis buffer containing 10 mM
Tris-HCl, pH 7.5, MgCl2 2.5 mM, 0.5% NP-40, 1 mM
PMSF, protease inhibitor cocktail (Complete, EDTA-free;
Roche) and by sonication on ice twice for 20 s (60 W). The
protein content of the lysate was determined using the Brad-
ford protein assay. After heating the samples for 3 min at
908C, 80 lg of protein was loaded and run in 7.5% SDS-
PAGE and transferred to PVDF membranes in a semidry
apparatus. The membranes were blocked in 5% milk in
PBS containing 0.2% Tween-20 for 1 h at room temperature
and then incubated overnight with anti-eNOS rabbit poly-
clonal antibody (NOS3-C-20; Santa Cruz Biotechnology,
CA) diluted 1:1000 in PBS containing 0.2% Tween-20.
After several washes in PBS containing 0.2% Tween-20, the
membrane was incubated for 30 min in the presence of don-
key anti-rabbit biotinylated IgG (Amersham) diluted
1:2000 in PBS containing 0.2% Tween-20. The membrane
was then washed in PBS containing 0.2% Tween-20 and
finally incubated for 30 min with streptavidine conjugated
to horseradish peroxidase (Amersham) diluted 1 :2000 in
PBS containing 0.2% Tween-20. Visualization of immunor-
eactive bands was performed by an ECL system (Amer-
sham). The eNOS protein bands were normalized using the
respective actin protein bands. Actin was detected by an
mAb (1:500) and an anti-mouse IgG antibody conjugated
to horseradish peroxidase (1:2000, Amersham).

2.7 Antioxidant activity

2.7.1 General remarks

The antioxidant activity of anthocyanidins was evaluated in
vitro by the DPPH method [26] and the citronellal thermo-
oxidation inhibition test [27]. In addition, antioxidant activ-
ity was assessed in HUVECs by measuring lipid peroxida-
tion inhibition after Fe2+/ascorbate treatment and by
endothelial HO-1 evaluation.

2.7.2 DPPH reductionmethod

Antioxidant solution in methanol (50 lL) was added to
2950 lL of a 0.1 mM DPPH solution in methanol [26]. The
exact initial DPPH concentration in the reaction medium
was calculated from a calibration curve. The decrease in
absorbance was determined at 515 nm at 0 min, at 30 s,
every 1 min for 15 min, and every 2 min until the reaction
reached a plateau (about 30 min). Antiradical activity was
expressed as the antioxidant concentration necessary to
decrease the initial amount of DPPH by 50% (EC50).

2.7.3 Citronellal thermo-oxidationmethod

In this test, the aldehyde (–)-citronellal is used as the oxida-
tion substrate. It is subjected to heating and intensive oxy-
genation in chlorobenzene, and its disappearance with the
consequent formation of its degradation products are moni-
tored by GC [27]. Fifteen mililiters of a chlorobenzene solu-
tion, containing 150 lL of dodecane and 150 lL of tride-
cane as internal standard, was poured into a two-necked
flask equipped with a condenser to prevent evaporation.
Anthocyanidins dissolved in DMF, were added to the chlor-
obenzene solution to reach final concentrations ranging
from 30 to 120 lM. The mixture was then heated at 808C
and intensively oxygenated by bubbling in O2 at a flow rate
of 10 mL/min. At time 0, 300 lL of (–)-citronellal (Fluka)
were added to the reaction medium. Immediately and at per-
iodic intervals, 1-lL samples were withdrawn and analysed
by GC. The antioxidant power of anthocyanidins was meas-
ured by determining the efficient quantity (EQ), i. e., the
concentration required each compound to double the half-
life with respect to control reaction (citronellal without anti-
oxidant).

2.7.4 Lipid peroxidation assay

Five million cells were preincubated for 2 h with anthocya-
nidins at the concentration of 100 lM and then treated for
2 h with 200 lM/1 mM Fe2+/ascorbate in order to induce
lipid peroxidation. After treatment, lipid peroxidation was
measured by a fluorometric method for the determination
of hexanal in supernates using 1,3-cyclohexanedione
reagent and HPLC according to Yoshino et al. [31] and
Cabr� et al. [32].
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2.7.5 Assay for endothelial heme oxygenase
quantification

Heme oxygenase was determined with the StressXpress
Human HO-1 ELISA kit (Stressgen). At the end of 24-h
treatment with DP or CY (50 and 100 lM), confluent cells
were harvested and cell lysate was prepared and subjected
to the ELISA kit according to the manufacturer’ instruc-
tions. For the final absorption measurements at 450 nm, a
microtiter plate reader (Bio-Rad-Mod.550) was used.

2.8 Cell-cycle analysis

Cell-cycle distribution was assessed by determining bromo-
deoxyuridine (BrdU) incorporation versus DNA content.
HUVECs were incubated with 30 lM BrdU during the last
hour of 24-h treatment with 100 or 200 lM anthocyanidins,
harvested and fixed in cold 70% ethanol. Fixed cells were
washed in PBS, resuspended in 2 N HCl for 30 min at room
temperature, pelletted, and then resuspended in 0.1 N
sodium tetraborate for 15 min. The samples were washed in
PBS, incubated for 15 min in PBS containing 1% BSA and
0.2% Tween-20 (PBT), and then for 60 min in 100 lL of
anti-BrdU mAb (Becton Dickinson) diluted 1:20 in PBT.
After twowashes with PBT, cells were incubated for 30 min
with 100 lL of FITC-conjugated anti-mouse antibody
(Amersham) diluted 1:100 in PBT, then washed twice and
resuspended in PBS containing 5 lg/mL propidium iodide
and 1 mg/mL of RNase A. Cells were analysed with a Coul-
ter Epics XL (Coulter Corp.) flow cytometer. Ten thousand
cells were measured for each sample. Computer statistical
analysis of mean fluorescence intensity and graphic repre-
sentation were performed with the XL2 software (Coulter).

To verify the reversibility of the effect on cell cycle, cells
were treated with anthocyanidins for 24 h, washed in PBS
and fresh medium was added for 24 or 48 h.

2.9 Statistical analysis

Results are expressed as mean lSD. Statistical significance
was calculated in all experimental sets using the Student's
t-test.

3 Results

3.1 General observations

Preliminary experiments were carried out to determine the
cytotoxicity of CY and DP on HUVECs by the 3-[4,5-
dimethylthiazolil-2yl]-2,5-diphenyl-tetrazoliumbromide
test. Up to the concentration of 200 lM anthocyanidins did
not affect cell viability (data not shown).

3.2 Effect of anthocyanidins on ET-1 secretion and
expression

The effect of CY and DP on the vasoconstrictor ET-1 was
studied analysing both protein secretion and gene expres-
sion.

On the protein level, ET-1 expression was monitored by
ELISA. Figure 1 shows that DP at both 50 and 100 lM con-
centrations significantly decreased ET-1 secretion by about
46 and 70%, respectively. In contrast, CY exerted a lesser
effect reducing the ET-1 secretion by about 38% only at
100 lMconcentration.

Anthocyanidins exerted the same effect also on the m-RNA
level: DP induced a significant reduction of prepro-ET-1 m-
RNA expression by about 45 and 52% after the treatment
with 50 and 100 lM, respectively; CY reduced prepro-ET
mRNA expression only by 17% at 100 lM concentration
(Fig. 2).

3.3 Effect of anthocyanidins on eNOS protein

To examine whether CY and DP activate eNOS in
HUVECs, we analysed the expression of this protein by
Western blot. DP showed a higher effect significantly
increasing eNOS protein by 58 and 78% at concentrations
of 50 and 100 lM, respectively. In contrast, in cells treated
with CY, eNOS protein increased by 46% only at 100 lM
concentration (Fig. 3).

3.4 Antioxidant activity of anthocyanidins

The antioxidant activity of anthocyanidins was evaluated in
vitro by the DPPHmethod and the citronellal thermo-oxida-
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Figure 1. Effect of anthocyanidins on ET-1 release from
HUVECs. Results (means l SD) are expressed as a percen-
tage of basal release from three independent experiments. *
Significantly different compared to control (p a 0.05 by Stu-
dent's t-test).



M. C. Lazz� et al. Mol. Nutr. Food Res. 2006, 50, 44–51

tion inhibition test and in HUVECs by measuring lipid per-
oxidation inhibition and endothelial heme oxygenase
induction.

Table 1 reports the results expressed as the EC50 (DPPH
assay) or EQ (citronellal test) of each compound used: the
stronger the antioxidant, the smaller the EC50 or EQ value.
In both tests, DP showed a higher antioxidant activity than
CY.

Figure 4 shows the effects of DP and CYon hexanal produc-
tion induced by Fe2+/ascorbate in HUVECs. Incubation of
the cells for 2 h in the presence of 200 lM/1 mM Fe2+/
ascorbate significantly increased membrane lipid peroxida-
tion, raising the hexanal production to 145.4 nmol/56106

cells, from the level of 15 nmol/56106 cells measured in
untreated control samples. DP and CY at 100 lM concen-
tration inhibited the hexanal production by about 43.4 (p a

0.05) and 14%, respectively.

Induction of HO-1 by anthocyanidins in HUVECs was ana-
lysed at protein level by ELISA. Figure 5 shows that DP at
both concentrations significantly induced HO-1 (1.5-fold
increase). In contrast, induction of HO-1 protein by CY was
significant only at 100 lM concentration (1.2-fold
increase).
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Figure 2. Effect of anthocyanidins on prepro-ET mRNA
expression. (A) The blot shown is representative of three inde-
pendent experiments with similar results. b-Actin RNA was
used to normalize the RNA applied in each lane. (B) The panel
shows densitometric analysis of three different blots. Results
(means l SD) are expressed as a percentage of basal expres-
sion from three independent experiments. *Significantly differ-
ent compared to control (p a 0.05 by Student's t-test).

Table 1. Antioxidant activities of CY and DP. The antioxidant
power is expressed by EC50 and EQ as described in Section 2.
Each value is the mean of three independent experiments l
SD

Compound DPPH
EC50 (lM)

Citronellal
EQ (lM)

CY 17.8 l 1.1 77 l 4.3
DP 12.7 l 1.2 50 l 3.2

Figure 3. Effect of anthocyanidins on eNOS protein in
HUVECs. Western blot analysis was performed using a poly-
clonal anti-eNOS antibody and an anti-actin mAb, for normal-
ization. The blot shown in the upper panel is representative of
three independent experiments with similar results. The lower
panel shows densitometric analysis of three different blots.
Bars represent mean l SD. *Significantly different compared
to control (p a 0.05 by Student’s t-test).

Figure 4. Effect of preincubation with 100 lM anthocyanidins
on Fe2+/ascorbate-induced lipid peroxidation, evaluated as the
production of hexanal in HUVECs. Results are mean values of
independently reproduced experiments; p a 0.05 with respect
to cells treated with Fe2+/ascorbate alone.
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3.5 Effect of anthocyanidins on cell cycle

To investigate the effect of anthocyanidins on cell prolifera-
tion, the distribution in each phase of the cell cycle was ana-
lysed by determining the DNA content with flow cytometry.

As reported in Fig. 6, a significant reduction (p a 0.05) of
cells in S phase and an accumulation in the G2/M phase
were observed in HUVECs treated with 200 lMDP. In con-
trast, no significant effect was detected in HUVECs treated
with 100 lMDP and with CYat both concentrations.

The reduction by about 30% of the number of cells in S
phase induced by DP at the highest concentration was con-
firmed by cytometric evaluation of BrdU incorporation.
However, the results showed that DNA synthesis was not
affected (Fig. 7). The inhibitory effect on cell growth
induced by DP was reversible, as 48 h after removal of the
compound, the percentage of cells in S phase returned to
the control value (data not shown).

4 Discussion

A high intake of polyphenolic compounds present in fruits,
vegetables or red wine is reported to have beneficial effects
on the cardiovascular system [33, 34]. As ET-1 and NO pro-
duced by eNOS are vascular tension regulators secreted by
endothelial cells, we focused on whether two polyphenolic
micronutrients, the anthocyanidins DP and CY, could influ-
ence the regulation of ET-1 and eNOS in cultured
HUVECs.

Recent studies demonstrated that ethanol-free red wine
extracts, and in particular trans-resveratrol, a polyphenolic
phytoalexin present in this beverage, strongly decrease ET-
1 synthesis in cultured aortic endothelial cells by suppres-
sing transcription of the ET-1 gene [35, 36]. In the present
study, we provide the experimental evidence that also
anthocyanidins, i. e., the aglycon forms of anthocyanins
contained in red wine, are able to reduce ET-1 expression.
In particular, DP showed a major action compared to CY
inducing a significant dose-dependent inhibitory effect on
ET-1 both on protein and on mRNA level.

Many studies suggest that resveratrol can increase eNOS
protein expression and the subsequent NO production [37,
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Figure 5. Effect of anthocyanidins on heme oxygenase pro-
tein expression in HUVECs. Results are mean values of inde-
pendently reproduced experiments; *Significantly different
compared to control (p a 0.05 by Student's t-test).

Figure 6. Cell-cycle analysis of HUVECs treated with antho-
cyanidins for 24 h. Cell-cycle distribution was determined in
samples stained with propidium iodide and measured by flow
cytometry, as described in Section 2. Mean values of the per-
centage of cells in each phase of cell cycle were obtained from
three independent experiments. * Significantly different com-
pared to control (p a 0.05 by Student’s t-test).

Figure 7. Effect of anthocyani-
dins on DNA synthesis in
HUVECs. Two-parameter dot
blots of BrdU incorporation ver-
sus DNA content in control cells
and in samples treated with
200 lM DP for 24 h. Results
shown are from one out of three
independent experiments. Con-
trol cells (A) and HUVECs trea-
ted with 200 lM DP for 24 h (B).
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38]. In contrast, there are still conflicting opinions about the
effect of anthocyanidins. Leikart et al. [39] demonstrated
that, with the exception of resveratrol, none of the com-
pounds of a red wine polyphenol extract (including antho-
cyanidins) showed any influence on eNOS. In contrast,
recent studies showed that anthocyanidins such as CY and
its glycoside derivative cyanidin-3-glucoside are able to
enhance eNOS expression in endothelial cell lines [38, 40].
Data presented here indicate that both CYand DP increased
the protein level of eNOS: particularly DP showed the
major effect raising eNOS protein in a dose-dependent
manner.

Previously, we reported that anthocyanidins protect against
DNA damage induced by oxidative agents in rat smooth
muscle and hepatoma cells [10]. In the present study we
confirmed the antioxidant action of CYand DP both in vitro
(by DPPH and citronellal assays) and in HUVECs. In all
these experiments DP showed a major antioxidant action
compared to CY. To study the antioxidant activity of trans-
resveratrol as well, Stivala et al. [41] used the DPPH and
citronellal assays. Comparison of the EC50 and EQ values
indicates clearly that anthocyanidins show a higher antioxi-
dant activity than trans-resveratrol. As the mechanism by
which oxidative stress influences vascular function seems
to be the depletion of bioavailable NO [22] and regulation
of ET-1 [23], we can suppose that the mechanism by which
polyphenols, such as anthocyanidins, exert their protective
action against cardiovascular diseases is related to their sig-
nificant antioxidant properties. In particular, the inhibition
of hexanal production by anthocyanidins showed here could
be protective against the atherosclerotic lesion, as Cabr� et
al. [32] demonstrated that the induction of tissue factor by
aldehydes produced during lipid peroxidation might contri-
bute to the severity of atherogenesis.

Furthermore, we demonstrated that anthocyanidins (in par-
ticular DP) could significantly induce HO-1 protein.
Recently, numerous studies have shown that the induction
of HO-1 is an important cellular protective mechanism
against oxidative injury [42]. Physiological concentrations
of bilirubin, the production of which follows HO-1 stimula-
tion, have been shown to protect endothelial cells against
hydrogen peroxide-mediated injury and prevent protein
oxidation in human blood plasma [43]. Therefore, we can
hypothesize that the cardiovascular protection mechanism
of anthocyanidins can also be associated with HO-1 induc-
tion.

Finally, we showed that DP, at the highest concentration
used, namely 200 lM, has a reversible antiproliferative
effect in HUVECs. We have previously demonstrated an
inhibitory effect of anthocyanidins on cell cycle also in
different normal and tumour human cell lines [25] and in
rat smooth muscle cells (unpublished observations). Since

both endothelial and smooth muscle cells are involved in
the formation of the atherosclerotic plaques [44], also these
effects may contribute to a cardiovascular protective action
of anthocyanidins.

In agreement with our recent studies [10, 25], in all experi-
ments DP showed a stronger effect compared to CY, con-
firming that the presence of three hydroxyl groups on the B
ring in its structure may be important for its greater biologi-
cal activity.

Anthocyanidins are present in nature as glycosylated forms
and have been found to be absorbed unmodified from the
diet [45, 46]. The biological relevance of the aglycon forms
comes from experimental findings supporting the hypoth-
esis that deglycosylation is a rate-limiting step for absorp-
tion of dietary flavonoid glycosides in the small intestine
[7]. These authors demonstrate that human b-glucosidases
present in the epithelial cells of the small intestine are able
to deglycosylate flavonoid glycosides during passage across
the gut wall. Moreover, a study in rats fed with cyanidin-3-
glucoside (C3G) showed that in the intestines C3G is prob-
ably hydrolysed by b-glucosidase to CY which is in fact
detected in jejunum [6].

Depending on the nutrition habits, the daily intake of antho-
cyanins in humans has been estimated to be 180–215 mg/
day [47]. According to the fact that the absorption rate of
anthocyanins was about 1% after oral administration [48],
the concentrations of DP and CYadopted in our study, cor-
responding to 17–34 lg/mL, should be reached in vivo.
More recently, Kroon et al. [49] stated that the polyphenol
concentrations tested in vitro should be of the same order as
the maximum plasma concentrations attained after a poly-
phenol-rich meal, which are in the range of 0.1–10 lM.
Altogether, this suggests that the concentration of anthocya-
nidins used in our study might be reached in plasma after
dietary ingestion of an anthocyanin-enriched meal or with
anthocyanin dietary supplementation.

In conclusion, the results of this study demonstrate that (i)
DP and, at a lesser extent, CY decrease ET-1 production and
induce eNOS protein in HUVECs; (ii) DP and, at a lesser
extent, CY have an important antioxidant activity as
demonstrated by DPPH and citronellal tests, inhibition of
lipid peroxidation, and HO-1 induction; (iii) all these find-
ings may explain the mechanism by which anthocyanidins
could protect against cardiovascular disease.

Altogether, our data suggest that anthocyanidins might play
a role in the protection from cardiovascular diseases attribu-
ted to red wine components and other anthocyanin rich
vegetables and fruits and may prove helpful in the develop-
ment of new natural drugs to improve endothelial function
and thereby prevent hypertension and coronary athero-
sclerosis.
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