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Delphinidin inhibits endothelial cell proliferation and cell cycle
progression through a transient activation of ERK-1/-2

Sophie Martin, Laure Favot, Rachel Matz, Claire Lugnier, Ramaroson Andriantsitohaina”

Pharmacologie et Physico-Chimie des Interactions Cellulaires et Moléculaires, UMR CNRS 7034, Faculté de Pharmacie,
Université Louis Pasteur, 74 route du Rhin, BP 24, 67401 Illkirch, France

Received 30 August 2002; accepted 23 October 2002

Abstract

Epidemiological studies have shown that a diet rich in fruits and vegetables might reduce the risk of cardiovascular diseases and protect
against cancer by mechanisms that have not been elucidated yet. This study was aimed to define the effect of delphinidin, a vasoactive
polyphenol belonging to the class of anthocyanin, on bovine aortic endothelial cells (BAECs) proliferation. Delphinidin inhibited serum-
and vascular endothelium growth factor-induced BAECs proliferation. This antiproliferative effect of delphinidin, is triggered by ERK-1/-
2 activation, independent of nitric oxide pathway and is correlated with suppression of cell progression by blocking the cell cycle in Go/G
phase. Furthermore, suppression of cell cycle progression is associated with the modulation of the mitogenic signaling transduction
cascade. This includes over-expression of caveolin-1 and p21VAF“P! and down-expression of Ras and cyclin D1. In conclusion, the
antiproliferative effect of delphinidin may be of importance in preventing both plaque development and stability in atherosclerosis and

tumor dissemination in cancer.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Anthocyanins are a subclass of polyphenols that are
widely spread in food of vegetal origin. In long overdue
studies, it was shown that such compounds may have
potentially beneficial effects on various pathologies by
reducing the risk of cardiovascular diseases, by possessing
anti-inflammatory and chemoprotective properties [1]. The
exact mechanism(s) by which they act has not been totally
elucidated but may be related to their ability to suppress
cell proliferation and migration, tumor cell invasion or
angiogenesis [2—4]. They have also been reported to
scavenge reactive oxygen species, inhibit oxidation of
low-density lipoprotein, prevent platelet aggregation,
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and interact with the nitric oxide (NO) generating pathway
[5-7]. Delphinidin is a polyphenol belonging to the group
of anthocyanin. Previous studies from our laboratory have
clearly shown that delphinidin elicits an endothelium-
dependent relaxant effect [6]. This action depends on
the ability of delphinidin to stimulate NO production
through an increase in cytosolic calcium, independently
of its anti-oxidant property [8]. In addition, delphinidin has
been recently reported to inhibit the growth of human
tumor cell line by shutting off the epidermal growth-factor
receptor downstream signaling cascade [9]. Thus, delphi-
nidin may represent a promising class of compound in a
view of chemoprevention.

Under physiological state, endothelial cells normally
remain quiescent, show a low turnover rate and rarely
proliferate [10]. Once they received an appropriate stimu-
lus, endothelial cells rapidly proliferate and form new
blood vessels by a process called angiogenesis [11].
Although proliferation of vascular endothelial cells plays
a critical role in normal biological processes such as
embryonic development or wound healing [12], uncon-
trolled proliferation and subsequent angiogenesis is found
in pathological conditions such as atherosclerosis or tumor
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formation [12]. These data are supported by the fact that
increased endothelial cell proliferation and neovascular-
ization may increase endothelium permeability which not
only promote atherogenesis, but also accelerate plaque
progression and maintain tumor growth [13,14]. Therefore,
regulation of endothelial cell proliferation may be an
alternative therapeutic option for the treatment of certain
cardiovascular diseases or cancers.

Homeostasis of the vascular endothelium, both in terms
of metabolic and physiological activities, is subjected to
a fine tuning by individual nutriments or their derivatives.
We therefore investigated the effects of delphinidin on
proliferation, cell cycle progression and related signaling
pathways in cultured bovine aortic endothelial cells
(BAECs). We found that delphinidin reduced both serum-
and vascular endothelial growth factor (VEGF)-induced
endothelial cell proliferation by perturbing progression
through Gy/G; to S phase of the cell cycle. This anti-
proliferative effect of delphinidin is independent of the
NO pathway but required the activation of ERK-1/-2
pathway. Furthermore, during the suppression of cell
cycle progression upon treatment with delphinidin,
endothelial cells displayed changes in protein expression
of the mitogenic signaling transduction cascade. Indeed,
delphinidin treatment elicited over-expression of caveo-
lin-1 and p21WAFVCIPL and down-expression of Ras and
cyclin DI.

2. Materials and methods
2.1. Cell culture conditions

BAECs were grown as described previously [8]. Briefly,
cells were cultured at 37° in 5% CO, atmosphere in plastic
flasks (Nunc) precoated with type I collagen (0.06 mg/mL)
in a mixture of DMEM and Ham’s F12 (1:1, v/v) contain-
ing 10% fetal bovine serum (FBS), 2 mM L-glutamine,
100 mg/mL heparin, antibiotics (100 U/mL penicillin and
100 U/mL streptomycin), 2.5 pg/mL fungizone and 10 uM
Vitamin C (BioWhittaker). Cultures were used up to fifth
passages. For western blot, cells were subcultured in
60 mm Petri dishes (Nunc).

2.2. Cell proliferation assay

BAECs were seeded in 96-well plates coated with type I
collagen (0.06 mg/mL) at low density to avoid contact
inhibition during the experiment (3000 cells per well). Four
hours after plating, cells were arrested by culturing for
24 hr in absence of FBS, which was sufficient to accumu-
late cells in Go/G; phase. BAECs were then incubated 24,
48 or 72 hr with the experimental medium containing 2%
FBS. Cell number was determined by a colorimetric assay
using CellTiter 96 AQ,cous One Solution Cell Proliferation
Assay from Promega.

2.3. Cell cycle analysis

BAECs were seeded in 35 mm Petri dishes (Nunc) at
90,000 cells per well in total culture medium. Four hours
after plating, cells were arrested by culturing them in
absence of FBS for 24 hr. Growth arrested BAECs were
stimulated with 2% FBS-containing medium alone or in
the presence of delphinidin during 18 hr. This period of
incubation has been chosen to arrest cells before the time
needed for a complete cell cycle period. After treatment,
cells were fixed in 70% ethanol during at least 1 hr at 4°.
Cells were washed in Hank’s balanced salt solution before
resuspension in a solution containing type I RNase A
(0.1 mg/mL) and were incubated for 10 min at 37°. Pro-
pidium iodide (PI, 0.5 mg/mL) was then added and sam-
ples were allowed to stand 30 min in the dark at room
temperature before flow cytometry analysis using CELL-
Quest software (Becton Dickinson).

2.4. Western blot analysis

After treatment, cells were harvested and lysed for 1 hr
in 200 pL of ice-cold lysis buffer (in mM: 50 Tris, 250
NaCl, 8 MgCl,, 5 EDTA, 0.5 EGTA, 100 NaF, 2 sodium
orthovanadate, 1 PMSF supplemented with 1% Triton X-
100 and 10 pg/mL of aprotinin, leupeptin and pepstatin).
After quantification by the Bradford method, 50 ng pro-
teins was resuspended in Laemmli’s buffer, separated on 7
or 12% SDS-PAGE. Blots were probed with e-NOS (1/
2000), caveolin-1 (1/10,000), Ras (1/2000), phophory-
lated-ERK-1/-2 (1/10,000), cyclin D1 (1/250), p21WAFY
Cipl (1/250), followed by the horseradish peroxidase-con-
jugated antibody (1/50,000). Blots were treated with
enhanced chemiluminescence reagents for 10 min and
exposed to CL-Xposure films (Kodak). Films were scanned
and densitometric analysis was realized on the scanning
images using Scion Image-Release Beta 4.02 software
(http://www.scioncorp.com). Results were expressed as
the percentage of protein staining vs. basal expression in
control cells. The sample loading was verified by staining
membranes with Ponceau red and amido black, and reprob-
ing it with B-actin (1/50,000) (data not shown).

2.5. Statistical analysis

Results are expressed as mean & SEM of N separate
experiments. Analysis of variance (ANOVA) or unpaired
Student’s #-test were used for statistical analysis with
P < 0.05 being considered significant.

2.6. Reagents

The following reagents were used: delphinidin chloride
(Extrasynthese), VEGF (Cell concept), PD98059 (Tocris),
N®-nitro-L-arginine (Sigma), U0126 (Calbiochem). The
following antibodies were used: endothelial nitric oxide
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synthase (e-NOS), caveolin-1 and cyclin D1 (clone 3, clone
2297 and clone DCS-6, respectively, BD Biosciences), Ras
(clone RAS10, Upstate Biotechnology), phophorylated-
ERK-1/-2 and B-actin (clone MAPK-YT, Sigma),
pZIWAF”Cipl (clone C-19, Santa Cruz Biotechnology)
and horseradish peroxidase (HRP)-conjugated antibody
(Promega).

3. Results

3.1. Delphinidin reduces serum- and VEGF-induced
proliferation of BAECs

Preliminary studies showed that delphinidin was able to
reduce in concentration- and time-dependent manner basal
BAECSs proliferation. The effect of delphinidin was max-
imal at 10~ g/L and 72 hr of treatment for the concentra-
tion and the incubation period, respectively (not shown).
However, for the following studies, delphinidin was used at
1072 g/L, a maximally active concentration that promote
endothelium-dependent relaxation of rat aortic rings [6],
the increase in [Ca2+]l~ in endothelial cells [8], the protec-
tion of endothelial cells against apoptosis [15] and the
inhibition of epidermal growth-factor receptor in human
vulva carcinoma cell line A431 [9]. As illustrated in Fig. 1,
exposure of BAECs to 102 g/L delphinidin during 72 hr
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Fig. 1. Delphinidin impairs proliferation of BAECs. Cells were exposed to
either control medium (containing 2% FBS), 1072 g/L delphinidin (Del) or
50 ng/mL of VEGF alone or in combination with delphinidin. Values are
the mean £ SEM of 12 experiments. Proliferation rate was determined as
indicated in Section 2. (xx) P < 0.01 and (x%x) P < 0.001 significantly
different to control.

induced a significant inhibition of basal endothelial cell
proliferation in the presence 2% FBS (i.e. 18 &£ 2% reduc-
tion, N = 16, Fig. 1).

Incubation of BAECs with 50 ng/mL VEGF, induced a
time dependent increase of endothelial cell proliferation
with a maximal of 25 + 7% being reached after 72 hr of
treatment. The stimulating effect of VEGF was completely
prevented by delphinidin (N = 12, Fig. 1).
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Fig. 2. Delphinidin impairs cell cycle progression of BAECs. Cells were exposed to either control medium (containing 2% FBS) and 10~ g/L of delphinidin
during 18 hr and treated as indicated in Section 2. (A) Representative cytometric profiles showing cells in the Go/G, S and G,/M phases of the cell cycle. (B)
Histograms show the percentage of cells in the Go/G;, S and G/M phases determined by flow cytometric analysis. (x*) P < 0.01 and (x*x) P < 0.001

significantly different to control.
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3.2. Delphinidin impairs cell cycle progression through
blocking G;/S transition

To investigate whether delphinidin-induced cell growth
inhibition might be related to alterations in cell cycle, the
effect of delphinidin on cell cycle distribution was
evaluated. Cytometric profile showed (Fig. 2A) that
delphinidin induced an accumulation of BAECs in G/
G, phase associated with a diminution of the S phase
without an alteration of the M phase of the cell cycle.
Histograms showed an increase of 37.9 & 10.5% of cells
in G¢/G; and a concomitant reduction of 67.4 + 9.3 and
18.5 £ 12.0%, of cells in S and G,/M, respectively
(N =17, Fig. 2B). It should be noted that the alteration
of cell cycle progression induced by delphindin was
independent of apoptosis induction in BAECs
(2.3 £ 0.6 and 3.2 +0.8% apoptosis in control and del-
phinidin-treated cells, respectively, N = 7). The lack of
apoptosis induction by delphinidin in BAECs has also
previously been reported using TUNEL assay and cas-
pase-3 activity measurements [15].

3.3. Delphinidin inhibits BAECs proliferation through
NO-independent and ERK-1/-2 kinase-dependent
pathways

NO and MAP kinases, especially ERK-1/-2, pathways
have been shown to play a role in the regulation of
endothelial cell proliferation [16,17].

The nonselective NO-synthase inhibitor, N®-nitro-L-
arginine (L-NA, 200 uM) had no effect on endothelial cell
proliferation and did not modify the inhibitory effect of
delphinidin (N = 7, Fig. 3). Identical results were observed
with another nonselective NO-synthase inhibitor, N”-nitro-
L-argine-methyl ester (100 and 200 uM, not shown).

Turning to ERK-1/-2 pathway, treatment of cells with
the specific inhibitor of MEK-ERK pathway, U0126
(10 uM), at a concentration at which it had no effect by
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Fig. 3. Delphinidin inhibit BAECs proliferation through NO-independent
pathway. BAECs were exposed to either 1072 g/L of delphinidin, 200 uM
L-NA or a combination of delphinidin and L-NA. Values are the
mean + SEM of seven experiments. Proliferation rate was determined as
indicated in Section 2. (x*) P < 0.01 significantly different to control.
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Fig. 4. Delphinidin inhibit BAECs proliferation through MAP kinase-
dependent pathway. (A) BAECs were exposed to either 1072 g/L of
delphinidin, 10 uM UO0126 or delphinidin plus U1026. Proliferation rate
was determined as indicated in Section 2. Histograms show the percentage
of proliferation induced by delphinidin in absence and in presence of the
inhibitors. Values are the mean = SEM of nine experiments. Proliferation
rate was determined as indicated in Section 2. (x*) P < 0.01 significantly
different to control. (B) Western blot of phospho-ERK-1/-2 in BAECs
exposed to either control medium (containing 2% FBS) or 1072 g/L. of
delphinidin during indicated time. Histograms show densitometric analysis
of phospho-ERK-1/-2 expression. Data represent the mean + SEM of 3-12
separate experiments. (x) P < 0.05 significantly different to control.

itself, totally abolished the antiproliferative effect of del-
phinidin (N =9, Fig. 4A). Similar effects were observed
with another specific inhibitor of MEK-ERK pathway,
PD98059 (not shown).

In order to confirm the involvement of the ERK-1/-2
pathway in the antiproliferative effect of delphinidin, a
time course of ERK-1/-2 activation has been assessed by
western blot. As shown in Fig. 4B, delphinidin activated
ERK-1/-2 after 10 min of stimulation, but it significantly
inhibited basal ERK-1/-2 activity at 1, 6 and 24 hr of
stimulation (N = 3, Fig. 4B). Finally, delphinidin failed
to alter ERK-1/-2 activity after 48 and 72 hr treatments.
These results suggest that early activation of ERK-1/-2
may play a trigger role for the antiproliferative effect of
delphinidin in BAECs.
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Fig. 5. Delphinidin modulate signaling transduction cascade molecules. BAECs were exposed to either control medium (containing 2% FBS) or 1072 g/L of

delphinidin during 24 hr and western blotted to reveal the expression of (A) Ras, (B) caveolin-1, (C) p2

| WAFI/CiPL “and (D) cyclin D1. Histograms show

densitometric analysis of protein expression. Data represent the mean £ SEM of 3-15 separate experiments. () P < 0.05 and (x*) P < 0.01 significantly

different to control.

3.4. Delphinidin reduces the expression of Ras and
induces an over-expression of caveolin-1

We also investigated the expression of two proteins
implicated in the primary transduction cascade of the
mitogenic signal, Ras and caveolin-1 [18]. Western blot
analysis showed that treatment of BAECs during 24 hr with
delphinidin induced a significant reduction of Ras expres-
sion from 36.4 £7.9% (N = 4, Fig. 5A).

Conversely, treatment of BAECs with delphinidin
induced a time dependent increase of caveolin-1 expres-
sion being 44.5 £ 10.1 and 93.7 £ 10.8% at 24 and 48 hr
treatment, respectively (N = 3-15, Fig. 5B).

3.5. Delphinidin elicits a down-regulation of cyclin D1
expression and an over-expression of p21 WAF1/Cipl

We also assessed the effect of delphinidin treatment on
the regulation and the expression of one of the major cyclin
operative in G,/S transition by western blotting p21™VAF"
CiP and cyclin D1. Analysis revealed that incubation of
BAECs with delphinidin during 24 hr, induced an increase
of p21 WAFVCIPT expression (18.8 + 1.6%, N = 3, Fig. 5C),
and a significant inhibition of cyclin D1 expression

(79.9 £7.7% of inhibition vs. control cells, N = 3,
Fig. 5D). The inhibitory effect of delphinidin on cyclin
D1 expression has also been detected earlier (18 £ 0.9% of
inhibition vs. control cells after 1 hr of stimulation by
delphinidin, N = 3, not shown).

4. Discussion

The present study was designed to test whether delphi-
nidin, a polyphenol present in human diet, may exert
cardioprotection and chemoprotective properties. Here
we reported that delphinidin inhibits both serum- and
VEGF-induced proliferation of BAECs, by cell cycle
progression arrest in Go/G; phase. The antiproliferative
effect was independent of the NO pathway but was trig-
gered by the activation of ERK-1/-2 pathway. We also
reported alterations of the mitogenic signal transduction
reflected by an inhibition of Ras expression, an over-
expression of caveolin-1, an induction of p21WAFI/Cipl
expression and finally the down-regulation of cyclin D1.
Altogether, the antiproliferative effects of delphinidin
represent potential mechanisms for prevention of cardio-
vascular diseases and cancers, in which endothelial cell
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proliferation favors atherosclerotic plaque development
and/or fragility and tumor metastasis.

As revealed by flow cytometry, the antiproliferative
effect of delphinidin is associated with an accumulation
of cells in Go/G; phase of the cycle. Because there was no
evidence of apoptosis induction during treatment of
BAECs by this compound, the observed accumulation in
Gy/G; reflected a specific effect of delphinidin on cell cycle
progression rather than a decrease of cell number due to
apoptosis. We therefore hypothesized that the antiproli-
ferative properties of delphinidin are causally related to the
modulation of signaling cascade involved in cell cycle
progression and proliferation.

Although several angiogenic activators, including
growth factors which are present in serum, are known to
induce cell proliferation by activating ERK-1/-2 pathway
[19], such kinases may also exert cell growth inhibitory
properties as described recently by Sipeki et al. [17]. These
authors reported that the antiproliferative effect of phorbol
esters is abolished in presence of specific inhibitors of ERK
pathway. In accordance with these findings, inhibition of
serum-induced BAECs proliferation by delphinidin is
totally abolished in presence of U0126. It should be noted
that U0126 at used concentration, had no effect on
endothelial cell proliferation suggesting that it specifically
inhibited the antiproliferative effect of delphinidin. Since
delphindin induced the activation of ERK-1/-2 only at
10 min but not a longer time exposure, this pathway
may play a triggering role in inhibiting BAECs prolifera-
tion.

Recently, we have reported that delphinidin can activate
ERK-1/-2 pathway resulting in an over-expression of e-
NOS expression leading to protection of BAECs against
apoptosis [15]. Also, such an increase in e-NOS expression
has been reported to be able to inhibit cell proliferation
[20], we reported here that NO synthase inhibitors heigh-
tened the antiproliferative effect of delphinidin. The invol-
vement of NO in endothelial cells proliferation has already
been observed in response of VEGF or substance P [21,22].
In accordance with these studies, our results suggest that
the NO pathway, activated either by serum or delphinidin
itself, as reported previously [6], acts as a proliferative
agent. Thus, inhibition of NO pathway unmasks the anti-
proliferative effect of delphinidin and reveals an NO-
independent antiproliferative pathway of delphinidin.
These results also shed light divergent downstream targets
after ERK-1/-2 activation by delphinidin in BAECs. On
one hand, ERK-1/-2 pathway is linked to over-expression
of e-NOS and thus NO production in the anti-apoptotic
effect of delphindin [15], on the other hand ERK-1/-2
independently of NO is involved for the antiproliferative
of this compound.

In endothelial cells, lipid-modified signaling molecules
such as src-like kinases, H-Ras, endothelial NO-synthase
and MAP kinases, are concentrated within caveolae mem-
branes [23]. The direct interaction of caveolin family

members with signaling molecules leads to their inactiva-
tion [23]. Engelman and coworkers [18,24] have pre-
viously shown that the induction of caveolin-1
expression blocks cell proliferation by directly inhibiting
the Ras/ERK-1/-2 signaling cascade in NIH-3T3 cells.
This negative regulatory effect of caveolin-1 on prolifera-
tion was also reported in endothelial cells [25]. In accor-
dance with this study, we found that treatment of cells with
delphinidin induced a down-regulation of Ras expression
and an induction of caveolin-1 expression. It should be
noted that the enhanced expression of caveolin-1 was
observed at a time at which delphinidin rather decreased
than increased ERK-1/-2 activation (i.e. 24 hr). These
results suggest that endothelial cell proliferation might
be regulated in a sequential manner. Thus, ERK-1/-2
activation as a trigger is involved at the early stage whereas
enhanced expression of caveolin-1 took place at late stage
of the regulation of endothelial cell proliferation. However,
further studies are needed to better understand the precise
link between ERK-1/-2 and caveolin-1 expressions. Never-
theless, delphinidin can modulate both ERK-1/-2 activity
and Ras and caveolin-1 expressions in BAECs.

Finally in eukaryotes, the passage through the cell cycle
is orchestrated by the function of a family of protein kinase
composed of a catalytic subunit, the cdk and its essential
activating partner, the cyclin [26]. Under normal condi-
tions, these complexes are activated at specific intervals
through a series of events which results in progression of
cells through different phases of cell cycle. During the
progression in cell cycle, the cdk—cyclin complexes are
inhibited via the binding to ckis (inhibitors of cdk) such as
the Cip/kip family of proteins [27]. We focused on the
effect of delphinidin on cell cycle regulatory molecules
operative in G| phase and during the G,/S transition. The
results showed that delphinidin induced a significant up-
regulation of pZIWAFUCipl expression and a dramatic
decrease of cyclin D1 expression, the major cyclin opera-
tive in G,/S transition. Inhibition of cell cycle progression
through the induction of p53 and p21“P™P has been
reported to be under control of both ERK-1/-2 and caveo-
lin-1 [17,28,29]. It may be possible that delphinidin
through Ras/ERK-1/-2 and caveolin-1 may affect the
regulatory components of cell cycle such as p21"VAFV/CiP!
and cyclin-1. Modulation of these regulatory molecules
leads to cell cycle progression arrest in Gy/G; phase and
thus inhibition of BAECs proliferation.

In conclusion, delphinidin exerts antiproliferative effect
on basal and VEGF-induced proliferation of BAECs. This
beneficial property of delphinidin may be of importance
in atherosclerosis in which proliferation is an important
determinant of atherosclerotic plaque development and
stability. As proliferation is also a major step in angiogen-
esis, it can facilitate tumor dissemination and growth.
Therefore, these results give also credence to the notion
that delphinidin may be a potential cancer chemopreven-
tive agent.
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