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Biological activities of malvidin, a red wine
anthocyanidin
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Malvidin (mv) has been identified as a potential inhibitor of 3’,5'-cyclic adenosine monophosphate
(cAMP) phosphodiesterases (PDE). This study was to investigate if, as a possible consequence of
intracellular PDE inhibition, the activity of the mitogen-activated protein kinase (MAPK) cascade is
affected by mv treatment. At a concentration of 5 uM of mv a significant decrease of phosphorylated
ERK1 and ERK2 (ERK, extracellular regulated kinase) in HT29 cells was observed. However, an
increase in substance concentration led to a substantial recurrence of the phosphorylated enzymes.
Cell cycle analysis underlined that indeed G;-relevant targets are only marginally affected by mv. The
recurrence of phosphorylated ERK1/2 and the lack of effectiveness on the G;-passage up to 100 uM
indicated that the inhibition of cAMP-specific PDEs is of minor relevance for the growth-inhibitory
properties of mv in HT29 cells. In contrast, the release of cells, synchronised in the G,/M-phase of
the cell cycle by nocodazole treatment, was effectively blocked in the presence of 1 uM mv. These
results suggest that mv interferes with cellular targets relevant for G,/M-progression which have not

been identified so far.
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1 Introduction

Anthocyanins are naturally occurring coloured plant consti-
tuents, which are found in many fruits and vegetables in our
daily diet. Depending on nutrition customs, the intake of
anthocyanins in Germany was estimated in 2002 to be
2.7 mg/day, with a high interindividual variability of 0—
76 mg depending on individual food patterns [1]. Antho-
cyanins have been associated with potentially beneficial
effects on various diseases, such as diabetic retinopathy [2],
and have been suggested to possess anti-inflammatory as
well as chemopreventive properties [3]. Based on these pro-
posed health benefits, anthocyanin preparations have
gained increasing popularity on the fast-expanding market
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of food supplements within the last years. However, solid
epidemiological data on these proposed health effects are
not abundant. Some reports hint at a potential anticarcino-
genic activity, e.g. the consumption of coloured fruits and
vegetables has also been associated with a reduced risk to
develop breast cancer [4] or colorectal polyps [5]. Further-
more, anthocyanins have been suggested to contribute to
the apparent decreased risk of cardiovascular diseases
despite a high-fat diet in certain French populations, the so-
called ‘French paradox’ [6]. In several animal studies che-
mopreventive properties of anthocyanins have been postu-
lated [7-10], raising the question towards the underlying
mechanism of action. With respect to the inhibition of neo-
plastic cell survival, anthocyanidins have been shown to
possess greater potency than their glycosylated counter-
parts [11]. Among anthocyanidins, delphinidin (del) and
malvidin (mv) were found to exhibit the highest growth-
inhibitory potential [12—14], but appear to differ substan-
tially with respect to their cellular activity profile. Del, as a
potent inhibitor of the epidermal growth factor receptor
(EGFR), has been shown to affect subsequent cellular sig-
nalling cascades [11, 14] and also interferes with human
topoisomerases [15]. In contrast, these cellular targets
remain unaffected by mv, which was found to represent a
potent inhibitor of 3',5'-cyclic adenosine monophosphate
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Figure 1. Simplified scheme of the crosstalk between the
MAPK cascade and the cAMP pathway. EGFR, epidermal
growth factor receptor; PTK, protein tyrosine kinase; Ras,
GTP-binding protein; Raf-1, serine/threonine kinase; MEK,
MAPK/ERK kinase; ERK, extracellular regulated kinase; Elk-
1, Ets-like kinase (transcription factor); R, receptor; G, GTP-
binding protein; AC adenylate cyclase; cAMP, 3',5'-cyclic ade-
nosine monophosphate; PKA, protein kinase A; PDE, 3,5'-
cyclic nucleotide phosphodiesterase; CREB. cAMP-respon-
sive element binding protein.

(cAMP)-specific phosphodiesterases (PDE). PDEs are key
enzymes in the maintenance of cAMP homeostasis. Many
tumour cells have been shown to overexpress cAMP-speci-
fic PDEs [16]. Effective PDE inhibition increases the intra-
cellular cAMP level, activating the subsequent protein
kinase A (PKA). The serine/threonine kinase Raf-1 is one
of the substrates of PKA, representing a key interlink
between the cAMP- and the mitogen-activated protein
kinase (MAPK) pathway. Raf-1 is phosphorylated by PKA
in a deactivating fashion, suppressing the activation of the
subsequent MAPK cascade (Fig. 1) [11, 14]. The objective
of this study was to investigate the relevance of PDE inhibi-
tion for the growth-inhibitory properties of mv.

2 Materials and methods

2.1 Chemicals

Mv and del (Fig. 2) were purchased from Extrasynthése
(Genay, France). For all assays the compound solutions
were freshly prepared in DMSO directly before the begin-
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Figure 2. Chemical structure of mv (Ry, R; = OCH3) and del
(R1, R2 = OH)

ning of the experiment, without using stored stock solu-
tions.

2.2 Cell culture

The human colon carcinoma cell line HT29 was cultivated
in DMEM (with 4500 mg/L glucose, without sodium pyru-
vate). Cell culture medium was supplemented with 10%
fetal calf serum (FCS) and 1% penicillin/streptomycin.
DMEM and the supplements were obtained from Invitro-
gen™ Life Technologies (Karlsruhe, Germany).

2.3 Western blot analysis

HT29 cells (10°) were seeded per Petri dish in DMEM sup-
plemented with 10% FCS and 1% penicillin/streptomycin.
After 48 h, FCS was reduced from 10 to 1% for 24 h. Mv or
tyrphostin AG1478 were dissolved in DMSO and adopted
in serum-free medium to a final DMSO concentration of
1%. Cells were incubated with mv or tyrphostin AG1478
for 30 min, prior to the addition of EGF (Calbiochem,
VWR, Germany), resulting in a final EGF concentration of
1 ng/mL. After 15 min of stimulation by EGF, the medium
was removed and the cells were washed with ice-cold PBS.
Cells were abraded at 4°C with 0.2 mL lysis buffer (25 mM
Tris/HCI, pH 7.4, 3 mM EDTA, 3 mM EGTA, 50 mM NaF,
0.27 M sucrose, 10 mM Na-f-glycerophosphate, 5 mM Na-
pyrophosphate, 0.5% v/v Triton-X 100, 5 mM Na;VO,).
Protease inhibitor cocktail (2% (v/v); Roche Diagnostics,
Mannheim, Germany) and B-mercaptoethanol (0.1% v/v)
were freshly added to 2 mL lysis buffer. Thereafter the
lysate was homogenized thoroughly and subsequently cen-
trifuged for 10 min (20 000 x g, 4°C). The supernatant was
subjected to SDS-PAGE (12% polyacrylamide gel). The
proteins were transferred onto an nitrocellulose membrane.
Western blot was performed using a rabbit polyclonal anti-
body against human p42/p44 (Cell Signaling Technology,
USA) and an antirabbit IgG peroxidase conjugated second-
ary antibody (New England Biolabs, Frankfurt, Germany).
Alpha tubulin was used as loading control. The respective
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chemoluminescent signals (LumiGLO, New England Bio-
labs GmbH, Frankfurt, Germany) were analysed using the
Lumi-Imager™ with the LumiAnalyst 3.0 software for
quantification. Arbitrary light units were plotted as test
over control T/C (%).

2.4 Flow cytometry

HT29 cells (5 x 10°) were seeded into tissue culture plates
(& 6 cm) in serum containing medium and allowed to grow
for 48 h. For synchronisation, the cells were kept either for
48 h serum-deprivated or for 16 h in nocodazole-containing
medium (0.5 pg/mL) prior to drug treatment. Thereafter,
incubation with mv, delphinidin or the solvent control (1%
DMSO) was performed for 36 h in serum-containing med-
ium. Sample preparation and flow cytometry were carried
out as previously described [16].

3 Results

3.1 Modulation of ERK1/2 (ERK, extracellular
regulated kinase) phosphorylation

My was identified as a potent inhibitor of cAMP-hydrolys-
ing PDE (ICs 0of 23 + 5 uM) [14]. Effective PDE inhibition
is expected to result in the activation of PKA, enabling a
crosstalk to the MAPK cascade by a deactivating phosphor-
ylation of Raf-1. We investigated whether mv treatment
affects the activity of the subsequent MAPK cascade in
HT29 cells. The activity of this signalling pathway is
reflected by the phosphorylation status of the MAP kinases
ERK1/2 (p42/p44). Phosphorylated ERK1 and ERK2 in
HT29 cells were determined by Western blot analysis. After
45 min incubation mv was found to significantly diminish
phosphorylated ERK1 and ERK?2 already at a concentration
of 5 uM (Fig. 3). However, an increase in substance concen-
tration failed to enhance this effect, but led to the recurrence
of the phosphorylated enzymes (Fig. 3).

3.2 Effects on cell cycle distribution

The analysis of perturbations of the cell cycle passage pro-
vides a useful tool to achieve a further insight into the
impact of different targets on the fate of the cell. We there-
fore investigated the influence of mv in comparison to del
on cell cycle distribution in HT29 cells. To pronounce the
effect of the compounds on the respective cell cycle phases,
the cells were either synchronised in the G;-phase by serum
deprivation or in the G,/M-phase by nocodazole treatment.
After release from the respective block, the cells were trea-
ted with mv or del for 36 h. Treatment with del suppressed
the release of HT29 cells from G;-arrest at concentrations
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Figure 3. Western blot analysis of phosphorylated p42/p44
(ERK1/ERK2) in HT29 cells stimulated by EGF after 45 min
treatment with mv. P, positive control with tyrphostin AG1478;
C, solvent control stimulated by EGF. a-tubulin was included
in the test as a loading control. (A) Data presented are the
mean + SD of three independent experiments with similar out-
come. Significances indicated refer to the comparison of the
respective concentration with the solvent control (* = p < 0.05;
**=p<0.01; ™ = p<0.001). (B) Western blot of a represen-
tative experiment.

of 10 and 50 uM (Fig. 4A). At 100 uM of del the G;-arrest-
ing effect was lost, while concomitantly the proportion of
cells in G,/M was enhanced. In contrast, the release from
the G;-block remained mainly unaffected by mv treatment
up to 100 uM (Fig. 4B). An inverted pattern of activity was
observed for effects of the compounds on the release from
G,/M-arrest. Mv was found to effectively sustain cells syn-
chronized by nocodazole treatment in the G,/M-phase of
the cell cycle at low micromolar concentrations (=1 uM)
(Fig. 4D), whereas del treatment only slightly enhanced the
proportion of cells in Go/M (Fig. 4C).

4 Discussion

My, a characteristic red wine anthocyanidin, is known to
inhibit the growth of human tumour cells in vitro [11, 14].
Investigating the potential underlying mechanism of action,
we focused on central signalling cascades crucial for the
regulation of cell growth. The ERK/MAPK pathway
(Fig. 1) and the cAMP-signalling pathway are among the
central signalling cascades regulating cell proliferation.
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Figure 4. Flow cytometrical analysis of the effect of del (A and C) and mv (B and D) on the cell cycle distribution of HT29 cells
synchronised by serum-deprivation (A and B) or nocodazole treatment (C and D). After synchronisation, the cells were incubated
with the respective anthocyanidin or the solvent control (DMSQ) for 36 h in the presence of serum. (A)—(D) Quantitative analysis of
cell cycle distribution. Flow cytometry was performed with DAPI for DNA staining. Data presented are the mean + SD of at least
three independent experiments, each performed in duplicate. (E) Representative histograms from cell cycle analysis of HT29 cells
synchronised by nocodazole treatment and subsequently treated with mv for 36 h in the presence of serum. Normal: normal distribu-
tion of HT29 cells prior to nocodazole treatment; arrest: distribution immediately after serum deprivation or nocodazole treatment;
DMSO: distribution of synchronised cells after incubation for 36 h with the solvent control (1% DMSO).

Key elements of the MAPK cascade are ERK1 and ERK2.
Effects on the phosphorylation state of ERK1/2 reflects the
targeting of upstream elements belonging to the MAPK
cascade itself or effects mediated by crosstalks with other
pathways, e.g. the deactivating phosphorylation of Raf-1 as
a result of PKA activation [17-20]. We previously showed
that mv only marginally affects the tyrosine kinase activity
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of the EGFR [11, 14]. In contrast to the anthocyanidins
bearing vicinal hydroxy groups at the B-ring, mv was found
to effectively inhibit isolated cAMP-specific PDE, suggest-
ing an activation of PKA and probably subsequent Raf-1
mediated inhibition of ERK1/2 phosphorylation as a poten-
tial mechanism of action leading to the inhibition of cell
growth. The effect of mv on ERK1/2 phosphorylation was
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found to represent an U-shaped curve with an apparent
minimum at about 5 uM. At mv concentrations =50 uM a
significant recurrence of phosphorylated ERK1/2 was
observed (Fig. 3). The inhibition of the MAPK cascade at
low mv concentrations might indeed represent an antiproli-
ferative signal. The enhanced phosphorylation status of
ERK1/2 at concentrations =50 uM per se has to be consid-
ered as a proliferative stimulus. However, from the results
on the growth-inhibitory properties of mv in the sulforhoda-
mine B assay [11, 14], it can be concluded that this poten-
tially growth-stimulating signal apparently is not associated
with enhanced cell growth in the respective concentration
range. These results suggest that other antiproliferative fac-
tors are affected by mv, probably compensating the poten-
tially proliferative stimulation of ERK1/2 activity. With
respect to the targeting of cAMP-specific phosphodies-
terases by mv, the results show that either the PDE-inhibi-
tory effect is limited to the isolated protein preparation
without relevance within intact cells, or the effect on cellu-
lar PDE is not mediated via crosstalk on the MAPK cas-
cade, thus possibly affecting cell growth by alternative
downstream effectors. The interference with signalling cas-
cades crucial for cell proliferation such as the cAMP path-
way or the MAPK cascade is known to block the cells
mainly in the G;-phase of the cell cycle. Accordingly, treat-
ment of cells synchronised in G; with the EGFR-inhibitory
del significantly sustained cells in the G,-phase of the cell
cycle (Fig. 4A). However, despite the effective inhibition of
isolated cAMP-specific PDE, no significant effect of mv on
cell cycle progression of HT29 cells synchronised in the
G-phase (serum-deprivation) was observed (Fig. 4B). The
recurrence of phosphorylated ERK1/2 together with the
lack of effectiveness on the G;-passage up to 100 uM, led to
conclude that the inhibition of cAMP-specific PDEs is of
minor relevance for the growth-inhibitory properties of mv
in HT29 cells.

In contrast to the results on the G;-passage, mv was found
to effectively arrest synchronized HT29 in the G,/M-phase
of the cell cycle (Fig. 4D), whereas del mediated only mar-
ginal effects (Fig. 4C). We showed recently that the inhibi-
tion of topoisomerases I and II, which represents one
mechanism to be expected to interfere with Go/M-passage,
is within the class of anthocyanidins limited to analogues
bearing vicinal hydroxy groups at the B-ring, e.g. del or
cyanidin [15]. These results suggest that mv interferes with
cellular targets relevant for G,/M-progression other than
topoisomerases, which have not been identified so far.

We previously reported the affinity of anthocyanidins to
dsDNA [15]. At concentrations =50 uM mv was found to
induce DNA strand breaks [15]. In cells with an intact DNA
integrity checkpoint, such as HT29 [21], this loss of DNA
integrity might result in the accumulation of the cells in the
Gs-phase of the cell cycle. However, the effects on DNA
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integrity were determined after 1 h of incubation in serum-
free medium, whereas effects on cell cycle distribution
were measured after 36 h of incubation in the presence of
serum. Therefore, the effective concentrations are difficult
to compare. However, del, exhibiting a higher DNA-strand
breaking potential than mv and, additionally, representing a
potent topoisomerase inhibitor, showed no effect on the G,/
M-passage at a concentration of 1 uM (Fig. 4C), whereas
the effects of mv were already highly significant (Fig. 4D).
Based on this discrepancy, we propose that other, yet
unknown G,/M-relevant targets are affected by mv treat-
ment, at least contributing to the substantial G,/M-arrest.

In summary, our data indicate that the inhibition of cAMP-
specific PDEs is of minor relevance for the growth-inhibi-
tory effects of mv. The effective arrest of cells in the Go/M-
phase of the cell cycle leads to the assumption that yet
unknown cellular targets, relevant for the respective cell
cycle passage, are affected. Further studies on the cellular
mechanisms of mv are warranted to elucidate the cellular
targets responsible for the growth-inhibitory properties of
the compound.

The study was performed as a part of the FlavoNet, funded
by the Deutsche Forschungsgemeinschaft (MA 1659/4—1/

2).
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