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The substitution pattern of anthocyanidins affects
different cellular signaling cascades regulating cell
proliferation
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The aglycons of the most abundant anthocyanins in food, cyanidin (cy) and delphinidin (del), repre-
sent potent inhibitors of the epidermal growth factor receptor (EGFR). Structure-activity studies show
that the presence of vicinal hydroxy substituents at the phenyl ring at the 2-position (B-ring) is crucial
for target interaction. The presence of a single hydroxy group or introduction of methoxy substituents
at the B-ring results in a substantial loss of inhibitory properties. However, biological activity is not
exclusively limited to compounds bearing vicinal hydroxy groups. A contradictory structure-activity
relationship is observed for the inhibition of cAMP-specific phosphodiesterases (PDEs). Of the
anthocyanidins tested, malvidin, bearing methoxy substituents in the 39- and 59-positions, most effecti-
vely inhibited cAMP hydrolysis. The absence of methoxy groups and/or replacement by hydroxy sub-
stituents was found to strongly diminish PDE-inhibitory properties. We found that either effective
EGFR inhibition or effective PDE inhibition is required to achieve a shut-down of the central mito-
gen-activated protein kinase (MAPK) pathway, a signaling cascade crucial for the regulation of cell
growth. This is consistent with the finding that efficient reduction of cell growth is limited to antho-
cyanidins that are potent EGFR- or PDE-inhibitors including cy and del or malvidin (mv), respecti-
vely. In summary, depending on the substitution pattern at the B-ring, anthocyanidins interfere with
different signaling cascades involved in the regulation of cell growth.
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1 Introduction

In the last decades the public interest in questions of health
and life quality has steadily increased. Products promising
wellness and longevity have developed into a huge, still
growing market. One class of preparations available as food
supplements are anthocyanin-rich fruit extracts. Anthocya-
nins are natural food colorants, widely-found in food of
plant origin. Depending on pH and the presence of chelat-
ing metal ions, anthocyanins are intensely colored blue,
violet or red, contributing substantially to the natural color-
ing of a multitude of foods, such as berries, grapes or cher-

ries. Glycosides of the aglycons cyanidin (cy) and delphini-
din (del) (Table 1) represent the most abundant anthocya-
nins in fruits [1]. The glycosides of malvidin (mv) are char-
acteristic for grapes and grape products [2]. Anthocyanins
and anthocyanidins have been associated with a broad spec-
trum of potentially positive health effects ranging from the
treatment of diabetic retinopathy and various microcircular
diseases to potential anti-inflammatory and chemoprotec-
tive properties [3–5]. The daily intake of anthocyanins in
Germany was estimated to average 2.7 mg/person daily in
2002, and varied between 0–76 mg/person daily [6]. Espe-
cially the increasing popularity of food supplements and the
developing market for functional foods might contribute
substantially to a rise in daily intake levels among the
respective consumer groups. However, despite the relatively
high possible intake in humans, information on potential
cellular mechanisms of these compounds is rather limited.
Like the majority of flavonoids, anthocyanins and their
aglycons have repeatedly been reported to possess antioxi-
dative properties in vitro [7–11]. Recently, we showed that
aglycons of the most abundant anthocyanins in food, cy and
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del, as well as the grape-typical mv, in the micromolar range
inhibit the growth of human tumor cells in vitro [12]. Inves-
tigating the potential mechanism of action, we focused on
central signaling cascades crucial for the regulation of cell
growth.

The extracellular-signal-regulated/mitogen-activated pro-
tein kinase (ERK/MAPK) pathway (Fig. 1) represents one
of the major intracellular signaling cascades regulating cell
proliferation [13, 14]. Activation of a respective cell surface
receptor, such as the epidermal growth factor receptor
(EGFR), initiates an exchange of GDP versusGTP at the G-
protein Ras. GTP-loaded Ras recruits the serine/threonine
kinase Raf-1 from the cytosol to the cell membrane, result-
ing in the activation of kinase activity. Raf-1, as an interface
between cell surface receptors and nuclear transcription, is
the entry point to the ERK/MAPK pathway. Effective inhi-
bition of the upstream located EGFR results in a shutdown
of the subsequent kinase cascade, leading to the inhibition
of cell growth [12, 15–18].

Recently, we showed that the anthocyanidins cy and del are
highly potent inhibitors of the tyrosine kinase activity of the
EGFR that effectively down-regulate subsequent MAPK
cascade activity [12]. mv, however, lacking substantial
EGFR inhibitory properties, also affects MAPK activity
[12], suggesting that other upstream signaling elements
than EGFR are targeted.

The MAP kinase cascade is connected to several other sig-
naling pathways in a complex network. One important regu-

latory factor is the deactivating phosphorylation of the ser-
ine/threonine kinase Raf-1 by protein kinase A (PKA), a
key enzyme in the cAMP-pathway (Fig. 1) [19–21]. The
superfamily of cAMP-hydrolyzing phosphodiesterases
(PDEs) comprise a central element regulating cAMP
homeostasis. So far, 11 PDE isoenzyme families have been
discovered and characterized by their gene homology, sub-
strate specificity, kinetic characteristics, and susceptibility
to selective modulators [22–24]. We showed previously
that the cAMP-specific isoenzyme family PDE4 is respon-
sible for the highest cAMP-hydrolyzing activity in many
human tumor cells [25]. PDE4 belongs to the class of the
so-called “low KM-PDEs”, contributing substantially to
cAMP-homeostasis at physiological intracellular cAMP-
levels. Inhibition of PDE4 in these cells results in a down-
regulation of MAPK activity, presumably by PKA-
mediated deactivating phosphorylation of the upstream
located Raf-1 [25]. Treatment of these cells with a potent
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Table 1. Structure of anthocyanidins and in vitro growth inhi-
bitory properties (HT29 cells)a)

Anthocyanidin R1 R2 Growth inhibi-
tion IC50 (lM)a)

Delphinidin (del) OH OH 35 l 5
Cyanidin (cy) OH H 57 l 3
Pelargonidin (pg) H H 213 l 66
Paeonidin (pn) OCH3 H 90 l 21
Malvidin (mv) OCH3 OCH3 35 l 6

a) Inhibition of cell growth was determined by the sulforhod-
amine B assay [30]. HT29 cells were treated for 72 h with the
respective compound. The data presented are the mean l SD
of at least three independent experiments each performed in
quadruplicate. The IC50 value (concentration inhibiting cell
growth to 50% of the control) was calculated by linear regres-
sion.

Figure 1. Simplified scheme of the crosstalk between the
MAPK cascade and the cAMP pathway. EGF, epidermal
growth factor; EGFR, epidermal growth factor receptor; PTK,
protein tyrosine kinase; Ras, GTP-binding protein; Raf-1, ser-
ine/threonine kinase; MAPKK, mitogen-activated protein
kinase kinase; Elk-1, Ets-like kinase (transcription factor); L,
ligand; R, receptor; G, GTP-binding protein; AC, adenylyl
cyclase; cAMP, cyclic adenosine monophosphate; PKA, pro-
tein kinase A (R = regulatory subunit, C= catalytic subunit);
CREB, cAMP-responsive element binding protein; 1transcrip-
tion factors of the CREB/ATF-family.
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PDE4 inhibitor leads to effective inhibition of tumor cell
growth. The cells arrest in the G1-phase of the cell cycle and
subsequently undergo apoptosis [25–28].

In the present study, we investigatedwhether anthocyanidins
not only affect the EGF-receptor activity, but whether they
also interfere with the cAMP-signaling pathway. Further-
more, we determined the structural requirements of antho-
cyanidins that effectively inhibit the protein tyrosine kinase
activity of theEGFRand/or that inhibit cAMP-hydrolysis.

2 Materials andmethods

2.1 Chemicals

The anthocyanidins were obtained from Roth (Karlsruhe,
Germany). For all assays freshly prepared solutions of the
compounds were used. Purity and stability of the anthocya-
nidins were determined by HPLC with UV detection
(540 nm), using a LiChrospher 100 RP18 column (250 mm/
4 mm/5 lm; Merck Eurolab, Darmstadt, Germany) and A =
H2O/formic acid (90/10), B = MeOH + 0.1% HCl mixed
A/B = 60/40 as mobile phase. The anthocyanidins were dis-
solved in DMSO for assays and diluted with B to an ade-
quate concentration for HPLC analysis. Rolipram (4-[3-
cyclopentyloxy-4-methoxy-4methoxyphenyl]-2-pyrroli-
done) was kindly provided by Schering (Berlin, Germany).

2.2 Cell culture

The human vulva carcinoma cell line A431 [29] was cul-
tured in MEM medium supplemented with 1% L-glutamine
and the human colon carcinoma cell line HT29 was cultured
in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing high glucose, both with 10% fetal calf serum (FCS) and
1% penicillin/streptomycin in humidified incubators
(378C, 5% CO2). Both cell lines were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). Cell culture medium
and supplements were obtained from Invitrogen (Karlsruhe,
Germany). The cells were used for testing in passages
between 10 to 30 after recultivation from –808C stocks.
Cells were routinely tested and found to be negative for
mycoplasm contamination.

2.3 Sulforhodamine B assay

Effects on cell growth were determined according to the
method of Skehan et al. [30] with slight modifications.
Briefly, HT29 cells (4000 cells per well) were spread into
24-well plates and allowed to grow for 24 h before treat-
ment. Thereafter, cells were incubated with the respective

drug for 3 days in serum-containing medium, with a maxi-
mal solvent concentration of 1% dimethylsulfoxide. Incu-
bation was stopped by addition of trichloroacetic acid (50%
solution). After 1 h at 48C, plates were washed four times
with water. The plates were dried at room temperature over
night or for 1 h at 378C and were stained with a 0.4% solu-
tion of sulforhodamine B for 30 min in the dark. The excess
of staining solution was washed out with 1% acetic acid.
The dye was eluted with Tris-buffer (10 mM, pH 10.5) and
quantified photometrically at 570 nm. Cytotoxicity was
determined as percent survival, determined by the number
of treated (T) over control (C) cells6100 (% T/C).

2.4 Tyrosine kinase assay

The EGFR was isolated from A431 cells. Forty Petri-dishes
(145 cm2) with 3.66106 cells per plate were cultivated for
four days. The cell layer was washed thoroughly with PBS
and the cells were harvested by trypsin/EDTA treatment.
After centrifugation (20006g, 8 min) the cells were resus-
pended in 10 mL KMP-buffer (20 mM PIPES6NaOH,
1 mMMgCl2, 5 mM KCl, 0.2 mM PMSF) and lysed by ultra-
sonic treatment (3610 s) on ice. The soluble EGFR was
cleared from crude membrane particles by centrifugation
(4618 min, 150006g, 48C) with each centrifugation step
in 10mLKMP-buffer. Intracellular membranes were aggre-
gated by CaCl2 treatment (10 mM, 15 min) and removed by
centrifugation (30 min, 70006g, 48C). The EGFR-contain-
ingmembrane fractionwas subsequently sedimented by cen-
trifugation at 1000006g (60min, 48C) and stored at –808C.
Further purification was achieved by affinity chromatogra-
phy. The receptor-containing membrane pellet was solubi-
lized in 10 mL KMP-buffer including 100 lLTriton X-100.
The suspension was stirred on ice for 1 h. After centrifuga-
tion (1000006g, 60min, 48C) to remove insolubleparticles,
the supernatant was applied to a wheat germ lectin agarose
column (Pharmacia Biotech, Uppsala, Sweden). After thor-
oughly rinsing (ca. 200 mL) with washing buffer (40 mM

HEPES6NaOH, 500mMNaCl, 1mMPMSF, 10% glycerol,
0.05% Triton X-100) elution of the EGFR protein was
achieved by 0.3 M N-acetylglucosamine in washing buffer.
Fractions of 4.5mLwere collected,mixedwith dithiothreitol
(final concentration 1 mM) and directly applied to the tyro-
sine kinase assay. The most active fractions were pooled and
stored until further testing in aliquots at –808C. 96-well
plates with high capacity for protein binding (Greiner Bio-
One, Frickenhausen, Germany), were coated by incubation
overnight at 378Cwith 100lLperwell 0.1mg/mLof the tyr-
osine kinase substrate poly (Glu : Tyr) 4 :1 sodium salt in
PBS. Excess poly (Glu :Tyr) 4:1 was removed by aspiration,
and the plates were washed with PBS containing 0.1%
Tween-20. Prior to the kinase reaction, 40 lL of purified
membrane fraction was incubated with 10 lL of the test
compound (in 10%DMSO to give a final DMSO concentra-

320

i 2004WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.mnf-journal.de



Mol. Nutr. Food Res. 2004, 48, 318–325 Anthocyanidins affecting cell signaling cascades

tion of 1%) for 10 min. The kinase reaction was initiated by
adding 50 lL of prewarmed (378C) ATP-solution (50 mM

HEPES, pH 7.2, 10 mM MgCl2, 2 mM MnCl2, 200 lM ATP)
and proceeded at 378C for 30 min. The kinase reaction was
terminated by aspiration of the reactionmixture and the plate
was washed with PBS containing 0.1%Tween 20. The phos-
phorylation of tyrosine residues was determined using
an antiphosphotyrosine-peroxidase conjugated antibody
(Roche, Mannheim, Germany), 0.6 U/mL in 1% BSA/PBS,
75 lL per well (at 378C, 60 min). Excess antibody was
removed by aspiration, the platewaswashed again with PBS
containing 0.1% Tween-20, and the peroxidase reaction was
started by addition of 100 lL ABTSm (Roche, Mannheim,
Germany) perwell. The absorbancewasmeasured at 405 nm
15 to 60min after incubation at 378C.

2.5 Inhibition of phosphodiesterase activity

HT29 cells (36106 per plate) were spread in 10-cm Petri
dishes (about 16 dishes per test) and harvested at a cell den-
sity of 60–70%. Before harvesting, medium was removed
and cellswerewashedwith 5mLPBS.Harvesting and lysate
preparation was performed at 48C. Cells were harvested by
scraping in buffer A (50 mM Tris-HCl, pH 7.4, 10 mM

MgCl2, 0.1 mM EDTA, 0.1 mM EGTA, 4 mM benzamidine
hydrochloride, 0.5 lM trypsin inhibitor from soy beans,
0.1 mM phenylmethylsulfonylfluoride, 1 mM b-mercap-
toethanol, 0.1 mM N-a-p-tosyl-L-lysine chloromethyl
ketone, 1 lM pepstatin, 1 lM leupeptin) and homogenized
with 40 strokes in a Wheaton homogenizer (tight pestle).
After centrifugation (1000006g, 50 min), the supernatant
(cytosol) was carefully removed and directly subjected to the
PDE assay. PDE activity was determined according to the
method of P�ch [31] with slight modifications. PDE-con-
taining samples were incubated at 378C in the presence or
absence of test compounds with a mixture of cAMP and
[3H]-cAMP in a buffer containing 50 mM Tris-HCl, pH 7.4,
10 mM MgCl2, and 1 mM AMP, resulting in a final cAMP
concentration in the assay of 1lM.Reactionwas stopped at a
maximal cAMP turnover of about 20% by adding ZnSO4.
[3H]-59-AMP was precipitated by addition of Ba(OH)2 and
separated by centrifugation at 100006g for 5 min. Nonhy-
drolyzed [3H]-cAMP was determined by liquid scintillation
counting of the supernatant. PDE activity of each sample
was determined in triplicate. The entire experiment was per-
formed three times.

3 Results

3.1 Effect on cell growth

Growth inhibitory properties of anthocyanidins were deter-
mined by using the sulforhodamine B (SRB) assay. HT29

colon carcinoma cells were treated for 72 h with the respec-
tive compound in the presence of serum. Del and mv exhib-
ited the highest potency for growth inhibition of HT29 cells,
followed by cy (Table 1, Fig. 2). Pelargonidin (pg) exhibited
the lowest growth inhibitory potential, one order of magni-
tude less than that for del and mv. The growth inhibition
potency of paeonidin (pn) was intermediate to those of pg
and cy (Fig. 2).

3.2 EGFR

The EGFR was isolated from A431 cells (human vulva car-
cinoma cells) by affinity chromatography. Effects of test
compounds on EFGR protein tyrosine kinase activity were
determined using an enzyme-linked immunosorbent assay
(ELISA) adopted to 96-well plate format. As previously
reported, cy and del are potent inhibitors of EGFR activity
[12]. Pg, pn, and mv were found to be less potent EGFR
inhibitors by several orders of magnitude compared to cy
and del (Fig. 3). The structure-activity relationship charac-
terizing the relative strength of inhibitory effect of antho-
cyanidins on EGFR protein tyrosine kinase activity can be
summarized as cyL delS pg A pn Amv.

3.3 Cyclic AMP-specific PDEs

The cytosolic PDEs of HT29 cells were found to hydrolyze
134.4 l 18.8 pmol cAMP/(min6mg protein). Addition of
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Figure 2. Inhibition of in vitro tumor cell growth by anthocya-
nidins. Growth inhibition was determined using the sulforhod-
amine B assay [30]. HT29 cells were incubated for 72 h with
the respective compound. Growth inhibition was calculated as
survival of treated cells over control cells (treated with the
vehicle 0.1% DMSO)6100 [T/C%]. The values given are the
mean l SD of at least three independent experiments, each
performed in quadruplicate.
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rolipram (10 lM), a selective inhibitor of the cAMP-speci-
fic isoenzyme family PDE4, to the cytosol of HT29 cells in
the PDE assay diminished cAMP-hydrolysis by 74 l 4%,
showing that PDE4 is the predominantly expressed PDE
isoenzyme family in these cells. Mv was found to effec-
tively inhibit the cytosolic cAMP-hydrolyzing activity of
HT29 cells with an IC50-value of 23 l 5 lM, thus exhibiting

the highest PDE-inhibitory activity among the anthocyani-
dins tested (Fig. 4). The structure-activity on the inhibition
of cytosolic PDE-activity of HT29 cells by anthocyanidins
can be summarized as mv A pn A pgL cy A del.

3.4 Effects on cell signaling and growth inhibition

Comparing the IC50-values for the different endpoints (inhi-
bition of cAMP hydrolysis, EGFR activity and cell growth)
clearly shows an inverse structure-activity relationship for
inhibition of PDE activity compared to inhibition of the
EGF receptor (Fig. 5). Effective inhibition of tumor cell
growth was found to be either associated with potent inhibi-
tion of the EGFR activity (del and cy) or PDE-inhibition
(pn and mv). The monohydroxylated pg only marginally
affected both potential targets, showing the smallest effect
on tumor cell growth in HT29 cells (Fig. 5).

4 Discussion

In the present study we show that the anthocyanidins del,
cy, and mv potently inhibit the growth of the human colon
carcinoma cell line HT29 (Table 1, Fig. 2). Flavonoids of
different structural classes are known to possess antiproli-
ferative properties and have been reported to inhibit the pro-
liferation of colon carcinoma cells [35–37]. For del and cy,
the data presented in this study are comparable to the results
of earlier studies on the inhibition of the proliferation of a
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Figure 3. Inhibition of the tyrosine kinase activity of the
EGF-receptor. The phosphorylation of tyrosine residues of a
peptide poly (Glu/Tyr) was determined by ELISA using an anti-
phosphotyrosine antibody linked to a peroxidase. The data
presented are the mean l SD of three independent experi-
ments, each performed in quadruplicate.

Figure 4. Inhibition of PDE activity. The inhibition of cAMP
hydrolysis of cytosolic PDE from HT29 cells was determined
according to the method of Poech [31]. The data presented
are the mean lSD of at least three independent experiments,
each performed in triplicate.

Figure 5. Comparison of the structure-activity relationship
for the effect of anthocyanidins on different biological end-
points by the respective IC50-values. Growth inhibitory effects
on HT29 cells were determined using the sulforhodamine B
assay (Fig. 2). The inhibition of tyrosine kinase activity of the
EGFR was assessed by ELISA (Fig. 3). Effects on the PDE
activity were determined as inhibition of the cAMP hydrolysis
by cytosolic PDE originating from HT29 cells (Fig. 4). From the
data presented in Figs. 2–4 the IC50-values were calculated
by linear regression.
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human large cell lung carcinoma (LXFL529L), a vulva car-
cinoma cell line (A431) [12], and the human colon carci-
noma cell line HCT115 [37]. From the cell lines tested so
far, HT29 showed the highest sensitivity to the growth inhi-
bitory properties of mv. In HT29 cells mv was found to be
equipotent to del (Table 1, Fig. 2), whereas in LXFL529L
cells, a substantial difference in effectiveness was observed
[12]. For LXFL529L cells, del is a potent inhibitor of tumor
cell growth; mv, however, induces only marginal growth
inhibitory effects with an IC50-value above 100 lM [12].
These data indicate cell line specificity for the growth inhi-
bitory properties of the different anthocyanidins.

Considering the growth inhibitory effect of del, cy, and mv
on HT29 cells (Fig. 2), we focused further studies on the
underlying mechanism of action and structural require-
ments for effecting growth inhibition. The MAP kinase
pathway represents one of the major signaling cascades reg-
ulating cell proliferation. Effective inhibition of the
upstream located EGFR leads to inactivation of the down-
stream kinase cascade, thus inhibiting cell growth. Many
tumor cell lines have been shown to overexpress the EGFR
as compared with nonmalignant cell lines, thus suggesting
a promising target for anticarcinogenic compounds. Growth
of HT29 cells is potently inhibited by the specific synthetic
EGFR inhibitor tyrphostin AG1478 (data not shown), indi-
cating substantial expression of the receptor in these cells.

We reported previously that the anthocyanidins del and cy
represent highly potent inhibitors of EGFR tyrosine kinase
activity [12]. The present structure-activity study clearly
shows that the presence of vicinal hydroxy substituents on
the B-ring is crucial for the interaction with the EGFR. Sub-
stantial inhibitory properties are limited to compounds
bearing a catechol structure element, such as cy and del.
The presence of a single hydroxy group, as for pg, is not
sufficient for effective target interaction. The presence of
methoxy substituents on pn and mv almost completely
negates EGFR inhibitory properties (Fig. 3).

In intact cells the efficient EGFR inhibitors cy and del have
been shown to affect the downstream signaling cascades.
Cy and del inhibit MAPK activity, as measured by phos-
phorylation of the transcription factor Elk-1 in the concen-
tration range where growth inhibition is observed [12].
Thus, the anthocyanidins cy and del act as potent inhibitors
of the EGFR, down-regulating the activity of the down-
stream mitogen-activated signaling cascade. It is likely that
this effect on cellular signaling contributes substantially to
the growth-inhibitory potential of cy and del. However, mv,
which lacks potent EGFR-inhibitory properties in HT29
cells (Fig. 3), exhibited growth inhibitory properties com-
parable to cy and del (Fig. 2). These results suggest that, at

least in the case of mv, other cellular targets than the EGFR
must be affected. As we previously showed, treatment of
A431 cells with mv results in a similar reduction of MAPK
activity as for the activity reduction induced by the potent
EGFR inhibitor cy [12]. We conclude from these results
that mv affects a signaling element upstream of Elk-1, but
downstream of the EGFR.

The MAPK cascade interacts with several other signaling
pathways in a complex network of crosstalks. One impor-
tant regulatory factor is the deactivating phosphorylation of
the serine/threonine kinase Raf-1 by PKA, a downstream
element of the cAMP-pathway. One of the major factors
affecting cAMP homeostasis is the expression and activity
of cAMP-hydrolyzing PDEs. Several flavonoids of differ-
ent classes have been reported to inhibit PDE activity [32–
34].

We could show that anthocyanidins bearing methoxy resi-
dues at the B-ring (mv, pn) inhibit cAMP hydrolysis in
HT29 cells (Fig. 4). Rolipram, a selective inhibitor of the
cAMP-specific isoenzyme family PDE4, is commonly used
to determine the presence and to quantify PDE4 activity. At
a concentration of 10 lM rolipram, 74% of the cAMP-
hydrolyzing activity in the cytosol of HT29 cells was inhib-
ited, indicating that PDE4 is the predominantly active PDE
isoenzyme family. The extent of PDE inhibition by mv or
pn did not exceed 74% of the total cAMP hydrolysis. Thus,
there is no indication that other PDE isoenzyme families
than PDE4 are targeted by these compounds. PDE4 has
been shown to be the predominantly expressed cAMP-
hydrolyzing isoenzyme family in many human tumor cells
[25]. Therefore, effective inhibition of PDE4 by food con-
stituents might be of interest for chemoprevention.

Compared to the results obtained for the inhibition of
EGFR activity, an opposite structure-activity relationship is
observed for the inhibition of PDE4 activity by anthocyani-
dins (Fig. 5). The substitution pattern of mv, bearing meth-
oxy residues in 39- and 59-positions on the B-ring, together
with the hydroxy group in 49-position, common among all
anthocyanidins, appears to represent an effective motif for
target-enzyme interaction. In contrast to EGFR inhibition, a
loss of methoxy groups and/or the presence of vicinal
hydroxy groups strongly decreases PDE4 inhibitory proper-
ties. The effective inhibition of PDE4 activity by mv might
explain the effect of the compound on Elk-1 phosphoryla-
tion without requiring EGFR-inhibitory properties.

In summary, several anthocyanidins were shown to inhibit
the growth of human tumor cells in vitro. However, depend-
ing on their specific structures, anthocyanidins affect differ-
ent cellular signaling elements that are crucial for the regu-
lation of cell proliferation. Considering the roles of the
different cellular targets of anthocyanidins thus far identi-
fied as important to carcinogenesis and growth control,
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these results imply that potential use of anthocyanidins
might be of interest in terms of designing future chemopre-
vention strategies.

The study was performed as a part of the FlavoNet, supported
by the grant MA1659/4-1 of the Deutsche Forschungsge-
meinschaft.

5 References

[1] Mazza, G., Miniati, E. (Eds.), Anthocyanins in Fruits, Vegeta-
bles, and Grains. CRC Press, Boca Raton, FL 1993, pp. 1–
28.

[2] Mazza, G., Anthocyanins in grapes and grape products. Crit.
Rev. Food Sci. Nutr. 1995, 35, 341–371.

[3] Renaud, S., de Lorgeril, M., Wine, alcohol, platelets, and the
French paradox for coronary heart disease. Lancet 1992, 339,
1523–1526.

[4] Morazzoni, P., Bombardelli, E., Vaccinium myrtillus L. Fito-
terapia 1996, 67, 3–29.

[5] Wang, H., Nair, M. G., Strasburg, G. M., Chang, Y.-C., Boo-
ren, A. M., et al.,Antioxidant and antiinflammatory activities
of anthocyanins and their aglycon, cyanidin, from tart cher-
ries. J. Nat. Prod. 1999, 62, 294–296.

[6] Watzl, B., Briviba, K., Rechkemmer, G., Anthocyane. Ern�h-
rungs-Umschau 2002, 49, 148–150.

[7] Wang, H., Cao, G., Prior, R. L., Oxygen radical absorbing
capacity of anthocyanins. J. Agric. Food Chem. 1997, 45,
304–309.

[8] Tsuda, T., Watanabe, M., Ohshima, K., Norinobu, S., et al.,
Antioxidative activity of the anthocyanin pigments cyanidin
3-O-b-D-glucoside and cyanidin. J. Agric. Food Chem. 1994,
42, 2407–2410.

[9] Matsumoto, H., Nakamura, Y., Hirayama, M., Yoshiki, Y.,
Okubo, K., Antioxidant activity of black currant anthocyanin
aglycons and their glycosides measured by chemilumines-
cence in a neutral pH region and in human plasma. J. Agric.
Food Chem. 2002, 50, 5034–5037.

[10] Pool-Zobel, B. L., Bub, A., Schroder, N., Rechkemmer, G.,
Anthocyanins are potent antioxidants in model systems but
do not reduce endogenous oxidative DNA damage in human
colon cells. Eur. J. Nutr. 1999, 38, 227–234.

[11] Tsuda, T., Shiga, K., Kawakishi, S., Osawa, T., Inhibition of
lipid peroxidation and the active oxygen radical scavenging
effect of anthocyanin pigments isolated from Phaseolus vul-
garis L. Biochem. Pharmacol. 1996, 52, 1033–1039.

[12] Meiers, S., Kem�ny, M., Weyand, U., Gastpar, R., et al., The
anthocyanidins cyanidin and delphinidin are potent inhibitors
of the epidermal growth factor receptor. J. Agric. Food Chem.
2001, 49, 958–962.

[13] Lewis, T. S., Shapiro, P. S., Ahn, N. G., Signal transduction
through MAP kinase cascades. Adv. Cancer Res. 1998, 74,
49–139.

[14] Marais, R., Marshall, C. J., Control of the ERK MAP kinase
cascade by Ras and Raf. Cancer Surv. 1996, 27, 101–125.

[15] Sharif, T., Sharif, M., A high throughput system for the eva-
luation of protein kinase C inhibitors based on Elk-1 tran-
scriptional activation in human astrocytoma cells. Int. J.
Oncol. 1999, 14, 327–335.

[16] Shen, S. C., Ko, C. H., Hsu, K. C., Chen, Y. C., 3-OH flavone
inhibition of epidermal growth factor-induced proliferation
through blocking prostaglandin E2 production. Int. J. Cancer
2004, 108, 502–510.

[17] Rao, V. N., Reddy, E. S., Elk-1 proteins are phosphoproteins
and activators of mitogen-activated protein kinase. Cancer
Res. 1993, 53, 3449–3454.

[18] Zhao, H., Tian, W., Xu, H., Cohen, D. M., Urea signaling to
immediate-early gene transcription in renal medullary cells
requires transactivation of the epidermal growth factor recep-
tor. Biochem. J. 2003, 370, 479–487.

[19] Dhillon, A. S., Pollock, C., Steen, H., Shaw, P. E., et al., Cyc-
lic AMP-dependent kinase regulates Raf-1 kinase mainly by
phosphorylation of serine 259. Mol. Cell. Biol. 2002, 22,
3237–3246.

[20] Cook, S. J., McCormick, F., Inhibition by cAMPof ras-depen-
dent activation of Raf. Science 1993, 262, 1069–1072.

[21] Wu, J., Dent, P., Jelinek, T., Wolfman, A., et al., Inhibition of
the EGF-activated MAP kinase signaling pathway by adeno-
sine 39,59-monophosphate. Science 1993, 262, 1065–1069.

[22] Conti, M., Jin, S.-L., C., The molecular biology of cyclic
nucleotide phosphodiesterases. Prog. Nucleic Acid Res. Mol.
Biol. 1999, 63, 1–38.

[23] Soderling, S. H., Bayuga, S. J., Beavo, J. A., Isolation and
characterization of a dual-substrate phosphodiesterases gene
family: PDE10A. Proc. Natl. Acad. Sci. USA 1999, 96,
7071–7076.

[24] Yuasa, K., Ohgaru, T., Asahina, M., Omori, K., Identification
of rat cyclic nucleotide phosphodiesterase 11A (PDE11A):
comparison of rat and human PDE11A splicing variants. Eur.
J. Biochem. 2001, 268, 4440–4448.

[25] Marko, D., Pahlke, G., Merz, K. H., Eisenbrand, G., Cyclic
39,59-nucleotide phosphodiesterases: potential targets for
anticancer therapy. Chem. Res. Toxicol. 2000, 13, 944–948.

[26] Marko, D., Romanakis, K., Zankl, H., F�rstenberger, G., et
al., Induction of apoptosis by an inhibitor of cAMP-specific
PDE in malignant murine carcinoma cells overexpressing
PDE activity in comparison to their nonmalignant counter-
parts. Cell Biochem. Biophys. 1998, 28, 75–101.

[27] Merz, K.-H., Marko, D., Regiert, T., Reiss, G., et al., Synth-
esis of 7-benzylamino-6-chloro-2-piperazino-4-pyrrolidinop-
teridine and novel derivatives free of positional isomers.
Potent inhibitors of cAMP-specific phosphodiesterases and
of malignant tumor cell growth. J. Med. Chem. 1998, 41,
4733–4743.

[28] Ogawa, R., Streiff, M. B., Bugayenko, A., Kato, G. J., Inhibi-
tion of PDE4 phosphodiesterase activity induces growth sup-
pression, apoptosis, glucocorticoid sensitivity, p53 and
p21(WAF1/CIP1) proteins in human acute lymphoblastic leu-
kemia cells. Blood 2002, 99, 3390–3397.

[29] Giard, D. J., Aaronson, S. A., Todaro, G. J., Arnstein, P., et al.,
In vitro cultivation of human tumors: establishment of cell
lines derived from a series of solid tumors. J. Natl. Cancer
Inst. 1973, 51, 1417–1423.

[30] Skehan, P., Storeng, R., Scudiero, D., Monks, A., et al., New
colorimetric assay for anticancer-drug screening. J. Natl.
Cancer Inst. 1990, 82, 1107–1112.

[31] Poech, G., Assay of phosphodiesterases with radioactively
labeled cyclic 39,59-cAMP as substrate. Naunyn-Schmiede-
berg’s Arch. Pharmacol. 1971, 286, 272–299.

[32] Kuppusamy, U. R., Das, N. P., Effects of flavonoids on cyclic
AMP phosphodiesterase and lipid mobilization in rat adipo-
cytes. Biochem. Pharmacol. 1992, 44, 1307–1315.

324

i 2004WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.mnf-journal.de



Mol. Nutr. Food Res. 2004, 48, 318–325 Anthocyanidins affecting cell signaling cascades

[33] Nikaido, T., Ohmoto, T., Kinoshita, T., Sankawa, U., et al.,
Inhibition of adenosine 39,59-cyclic monophosphate phospho-
diesterase by flavonoids. III. Chem. Pharm. Bull. (Tokyo)
1989, 37, 1392–1395.

[34] Kusano, A., Nikaido, T., Kuge, T., Ohmoto, T., et al., Inhibi-
tion of adenosine 39,59-cyclic monophosphate phosphodies-
terases by flavonoids from licorice roots and 4-arylcoumar-
ins.Chem. Pharm. Bull. 1991, 39, 930–933.

[35] Kuntz, S., Wenzel, U., Daniel, H., Comparative analysis of
the effects fo flavonoids on proliferation, cytotoxicity, and
apoptosis in human colon cancer cell lines. Eur. J. Nutr. 1999,
38, 133–142.

[36] Briviba, K., Pan, L., Rechkemmer, G., Red wine polyphenols
inhibit the growth of colon carcinoma cells and modulate the
activation pattern of mitogen-activated protein kinases. J.
Nutr. 2002, 132, 2814–2818.

[37] Kamei, H., Kojima, T., Hasegawa, M., Koide, T., et al., Sup-
pression of tumor cell growth by anthocyanins in vitro. Can-
cer Invest. 1995, 13, 590–594.

325

i 2004WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.mnf-journal.de


