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Delphinidin inhibits a broad spectrum of receptor
tyrosine kinases of the ErbB and VEGFR family
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Delphinidin has been reported to inhibit EGFR signalling. To determine whether other receptor tyro-
sine kinases (RTKs) are also influenced by delphinidin, we examined its ability to inhibit the kinase
activity of EGFR, ErbB2, VEGFR-2, VEGFR-3 and IGF1R in a cell-free test system. We found that
delphinidin strongly inhibited the protein tyrosine kinase activity of all tested RTKs at low micromo-
lar concentrations. In A431 and PAE cells, ligand-induced phosphorylation of the receptors was also
potently suppressed, with a preference for the suppression of the activity of ErbB3 (IC50 l 100 nM)
and VEGFR-3 (IC50 a 50 lM). Thus the inhibition of RTKs by delphinidin is not limited to cell-free
assays but is also of relevance in the cellular context. The results indicate that delphinidin acts as a
broad-spectrum inhibitor of RTKs. Given the crucial role of the receptors in tumour growth and meta-
stasis, we conclude that delphinidin has the potential to act directly against tumour cells as well as to
interfere with key tumour–host interactions, although the suitability of delphinidin as a drug in cancer
management may be compromised by its limited stability. Nevertheless, delphinidin may represent a
novel lead compound for the development of chemopreventative and chemotherapeutic intervention
strategies.
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1 Introduction

Anthocyanins are naturally occurring flavonoids that are
responsible for the intense colour of many fruits and vegeta-
bles [1, 2]. The average daily intake of anthocyanins is
higher than that of other flavonoids with 12.5 mg/day/per-
son in the United States [3]. In plants, only the glycosylated
forms are present. Delphinidin (DEL) and malvidin (MV),
so-called anthocyanidins, are the most abundant of these

aglycons in food (Fig. 1). Anthocyanins as well as their
aglycons have been associated with a multitude of benefi-
cial health effects. They have been reported to be antioxida-
tive and anti-inflammatory, to inhibit the proliferation of
various tumour cell lines in vitro and to possess chemopre-
ventative properties in vivo [4–9].

In previous studies, DEL was identified as a potent inhibi-
tor of the epidermal growth factor receptor (EGFR) in vitro
[5, 8, 10, 11]. EGFR belongs to the superfamily of receptor
tyrosine kinases (RTKs), which are membrane spanning cell
surface receptors with a related structure and tyrosine kinase
activity. The ErbB-family, consisting of the EGFR and the
ErbB2–4 receptors, represents an important subfamily
within the RTKs because of the role of these receptors in can-
cer development [10–16]. In many tumour types they are
overexpressed, mutated, or stimulated in an autocrine man-
ner, resulting in crucial changes within cellular signalling
pathways that regulate cell growth and differentiation. The
vascular endothelial growth factor receptors 2 and 3
(VEGFR-2, and -3) as well as insulin like growth factor 1
receptor (IGF1R) are further members of the superfamily of
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RTKs. The VEGFRs are key regulators of angiogenesis and
lymphangiogenesis, and are thereby involved in tumour
growth and metastasis [17, 18]. Suppression of the activity
of these receptors leads to the inhibition of downstream sig-
nalling cascades such as the mitogen-activated protein kin-
ase (MAPK) cascade and the phosphatidylinositol-3 kinase
(PI3K) pathway, both regulators of cell growth and apoptosis
[5, 8, 19, 20]. Their inhibition in the tumour context repre-
sents a promising therapeutic approach [21, 22].

In the present study, we investigated the inhibitory prop-
erties of DEL towards a spectrum of RTKs, with special
emphasis on the question of specificity and whether the
inhibitory effects are limited to cell-free conditions or are
also of relevance within intact cells. For comparison, the
methoxylated analogue MV was included in the assays.
Furthermore, recent studies have shown that the incubation
of cells with polyphenols might lead to the formation of
hydrogen peroxide in the cell culture medium, which could
trigger a cellular response and generate experimental arte-
facts [23–27]. Thus, in the present study, we also deter-
mined the accumulation of hydrogen peroxide within the
cell culture medium and its influence on EGFR phosphory-
lation.

2 Materials and methods

2.1 Chemicals

DEL and MV were purchased from Extrasynth�se (Genay,
France). The EGFR-specific inhibitor tyrphostin AG1478
(AG1478) and the ErbB2-specific inhibitor tyrphostin
AG879 (AG879) were purchased from Sigma–Aldrich
(Taufkirchen, Germany). For all assays the compound solu-
tions were freshly prepared directly prior to the experiment,
without the use of stored stock solutions. All compounds
and mixtures were dissolved in DMSO with a final concen-
tration in the different test systems of maximally 1% v/v.

2.2 Cell culture

The human vulva carcinoma cell line (A431) was cultivated
in minimum essential medium (MEM) (Sigma, Tauf-

kirchen, Germany). The medium was supplemented with
10% foetal calf serum (FCS), 1% L-glutamine and 1% pen-
icillin/streptomycin. MEM and all supplements were
obtained from InvitrogenTM Life Technologies (Karlsruhe,
Germany). The production, characterization and culturing
of porcine aortic endothelial (PAE) cells and their VEGFR-
2 and VEGFR-3 transfectants have been described previ-
ously [28, 29]. Where indicated, cells were treated with
100 Units/mL catalase.

2.3 Hydrogen peroxide formation

Briefly, A431 cells were seeded into 24-well plates at
16105 cells per well and allowed to grow for 48 h before
treatment. Cells were further cultivated under serum-
reduced (1% FCS) conditions for 24 h, and then incubated
with the appropriate compound for 45 min in serum-free
medium. The formation of hydrogen peroxide was subse-
quently measured using the Amplexm Red hydrogen perox-
ide assay kit from Sigma according to the manufacturer's
instructions. Hydrogen peroxide concentrations of 0, 0.5,
0.75, 1.0, 2.0, 3.0 and 4.0 lM were used to generate a stand-
ard curve.

2.4 In vitro kinase assays

The tyrosine kinase substrate (poly-Glu,Tyr)4:1 (MW:
20000–50000) was diluted in 100 mM sodium bicarbon-
ate, pH 9.6 at a concentration of 0.2 mg/mL and used to
coat 96-well microtitre plates by incubation overnight with
100 lL solution per well. The substrate solution was
removed; the plates washed twice in TBS buffer (10 mM
Tris-HCl, pH 8.1, 100 mM NaCl) and blocked by incuba-
tion with 5% w/v BSA/TBS for at least 30 min. Again, the
plates were washed twice with TBS buffer. A reaction mix
was prepared by combining the test compound dissolved in
10% DMSO with 25 lL of 46 kinase dilution buffer
(200 mM HEPES, 100 mM NaCl, 80 lM Na3VO4 and
0.04% BSA) containing recombinant glutathione S-trans-
ferase (GST)-kinase, and 25 lL 160 lM ATP (diluted in
40 mM MnCl2). GST-kinases (ProQinase, Freiburg, Ger-
many) were used in the following amounts: EGFR, 50 ng/
well; ErbB2, 200 ng/well; IGF1R, 50 ng/well; VEGFR-2,
300 ng/well; VEGFR-3, 50 ng/well. Phosphorylation was
allowed to proceed at 308C for 90 min. To stop the reaction,
30 mM EDTA solution (50 lL/well) was added, and the
plates washed twice with 0.05% v/v Tween 20/TBS buffer.
Peroxidase-conjugated anti-phosphotyrosine antibodies
(PY20-hrpo; BD Transduction LaboratoriesTM; 0.1 lg/mL)
were diluted in 0.05% v/v Tween 20/TBS buffer (supple-
mented with 0.5% w/v BSA, 0.025% w/v nonfat dried milk
powder and 100 lM Na3VO4) and added to the wells. After
incubation for 1 h at 378C, the antibody solution was
removed, and the plates were washed three times with TBS
buffer. The peroxidase reaction was initiated by addition of
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Figure 1. Structure of the anthocyanidins DEL and MV.
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ABTSm substrate. Absorbance was measured photometri-
cally at 405 nm. All data points were performed in tripli-
cate.

2.5 Western blot analysis

Aliquots of 26106 A431 cells were seeded into Petri dishes
and allowed to grow for 48 h. Thereafter, cells were further
cultivated under serum-reduced (1% FCS) conditions for
24 h and incubated with the desired compound for 45 min
in serum-free medium. Receptors were stimulated with
their respective ligand (EGF (100 ng/mL) for EGFR and
ErbB2, and heregulin (20 ng/mL) for ErbB3) for the final
15 min of incubation. Cells were lysed at 48C in 0.2 mL
RIPA buffer (50 mM Tris/HCl, pH 7.4, 250 mM NaCl,
1 mM EDTA, 1 mM NaF, 1% v/v Igepal, 1 mM PMSF,
1 mM sodium orthovanadate and 2% v/v protease inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany)).
Thereafter, the lysate was homogenized thoroughly and
subsequently centrifuged for 10 min (200006g, 48C). The
proteins were separated by SDS-PAGE (7% polyacrylamide
gel) and transferred onto a nitrocellulose membrane. West-
ern blot analyses were performed using mouse/rabbit
monoclonal antibodies against human EGFR, ErbB2,
ErbB3, phospho-EGFR (Tyr 1173), phospho-ErbB2 (Tyr
1248) (Santa Cruz, Heidelberg, Germany), or phospho-
ErbB3 (Tyr 1228) (Cell Signalling Technology, Beverly,
MA, USA). a-tubulin antibodies were employed as a load-
ing control (Santa Cruz, Heidelberg, Germany). Anti-
mouse or anti-rabbit IgG peroxidase conjugates (Santa
Cruz, Heidelberg, Germany) were used as appropriate sec-
ondary antibodies. A chemoluminescent signal was then
obtained with Lumi-GLO (Cell Signalling Technology),
which was analyzed using the LAS 3000 system and quanti-
fied with the AIDA Image Analyzer 3.52 software (Raytest,
Straubenhardt, Germany). Arbitrary light units were plotted
as test over control (T/C) [%].

2.6 Ligand-induced VEGFR phosphorylation
assays

Ligand-induced VEGFR phosphorylation assays were per-
formed as previously described [28, 29]. Briefly, PAE cells
transfected with either human VEGFR-2 or murine
VEGFR-3 were cultured in serum-free medium (supple-
mented with 0.2% BSA) for 16–24 h (PAE/VEGFR-3) or
48 h (PAE/VEGFR-2). After 30–60 min preincubation
with serum-free medium containing 1 mM Na3VO4 and the
inhibitor at the appropriate concentration, the cells were
stimulated at 378C for 5 min (VEGFR-3) or 8 min
(VEGFR-2). DNDC/VEGF-C/Cys152 fi Ser (VEGF-C-
Cys), a mutant form of VEGF-C protein that specifically
activates VEGFR-3 but not VEGFR-2, was added at
400 ng/mL to the PAE/VEGFR-3 cells. Human recombi-
nant VEGF165 (Reliatech, Braunschweig, Germany) was

added at 30 ng/mL to the PAE/VEGFR-2 cells. After
growth factor stimulation, the cells were lysed in the follow-
ing buffer: 30 mM Tris/HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.5% v/v Triton-X 100, 0.5% w/v sodium desoxy-
cholate, 1 mM phenylmethanesulphonyl fluoride,
0.1 Units/mL aprotinin and 5 mM Na3VO4. The lysates
were immunoprecipitated with 8 lg anti-VEGFR-2 (C-
1158, Santa Cruz, Heidelberg, Germany) or anti-VEGFR-3
antibody (AF743, R & D Systems) and 80 lL protein G-
Sepharose (Amersham). Half the volume of each sample
was loaded onto two SDS-Gels and Western blotted. The
blots were probed with anti-phosphotyrosine Ig (PY20-
hrpo, Becton Dickinson) or with specific anti-receptor Ig
(VEGFR-3: AFL4, eBioscience; VEGFR-2: AF357, R&D
Systems), respectively to control the loading of the sam-
ples.

3 Results

3.1 DEL induces hydrogen peroxide formation in
cell cultures

The formation of hydrogen peroxide within the cell culture
medium in response to polyphenols may account for some
of the reported cellular effects of these compounds [23–
27]. We therefore first set out to determine whether this is
also the case for DEL in cultures of A431 cells, and to
establish conditions in which specific effects of DEL on
RTK activity in these cells could be studied. Hydrogen per-
oxide production was measured using the amplex red
hydrogen peroxide assay kit after 45 min of incubation of
the cells with DEL. A concentration-dependent formation
of hydrogen peroxide was observed, with a maximum of
3.6 l 0.2 lM H2O2 being obtained with the highest DEL
concentration applied (100 lM) (Fig. 2). In the presence of
catalase (100 Units/mL), the hydrogen peroxide formation
was effectively suppressed to the level of the solvent con-
trol. Thus, in the presence of catalase only 0.7 l 0.02 lM
H2O2 were detected after 45 min of incubation with 100 lM
DEL. In further experiments, catalase was therefore always
added to cultures. Thus, nonspecific artefacts due to H2O2

production could be distinguished from specific effects of
DEL on RTK activity.

3.2 DEL inhibits the protein tyrosine kinase
activity of a panel of RTKs

The effect of DEL and its methoxylated analogue MV on
the protein tyrosine kinase activity of five different RTKs
(VEGFR-3, VEGFR-2, EGFR, ErbB2, IGF1R) was deter-
mined in cell-free in vitro tyrosine kinase assays. Signifi-
cant inhibition of the protein tyrosine kinase activity of the
EGFR, VEGFR-2 and VEGFR-3 kinase domains was only
observed at concentrations F10 lM of MV. The receptors
ErbB2 and IGF1R were significantly decreased in their pro-
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tein tyrosine kinase activity only at concentrations F50 lM
of MV. At this concentration however, no significant differ-
ences in the degree of inhibition of the protein tyrosine kin-
ase activity of the tested RTKs were observed, with all
tested RTKs being suppressed by about 50% (Fig. 3A). In
contrast, a significant inhibitory effect of DEL on protein
tyrosine kinase activity was observed at more than ten fold
lower concentrations of DEL compared to MV. An initial
decrease in the protein tyrosine kinase activity was found at
concentrations F1 lM of DEL for the VEGFR-2/3 and
EGFR. At concentrations F5 lM DEL a significant inhibi-
tion of the protein tyrosine kinase activity was observed for
all receptors. An apparent preference for the inhibition of
the protein tyrosine kinase activity of VEGFR-2
(IC50 = 2.8 l 1.3 lM) and EGFR (IC50 = 1.0 l 0.2 lM) was
seen, mirrored in their IC50 values (Fig. 3B). However, with
an increased substance concentration (10 lM DEL), the
protein tyrosine kinase activity of both IGF1R and VEGFR-
2 was not further reduced and apparently reached a steady
state.

3.3 DEL inhibits ligand-induced ErbB receptor
autophosphorylation

We next addressed the question whether the kinase inhibi-
tory effects of DEL are limited to the cell-free test system,
or are also of relevance in the cellular context. To this end,
the activity of EGFR, ErbB2 and ErbB3 after treatment
with DEL was measured as a change in the phosphorylation
status of these RTKs. The A431 that overexpresses all three
ErbB receptors was used for these experiments. Two-fold
higher concentrations of DEL were necessary to achieve
significant reduction in ligand-induced phosphorylation of
EGFR in A431 cells in the absence of catalase
(IC50 = 72 l 32 lM) [10] compared to experiments in which
catalase was added (IC50 = 33 l 14 lM) (Fig. 4A). Further-

more, DEL was found to decrease the ligand-induced auto-
phosphorylation of the ErbB2 receptor in A431 cells
(IC50 = 51 l 23 lM), albeit slightly less effectively than was
the case for EGFR (Fig. 5). Importantly, DEL was able to
inhibit heregulin-induced phosphorylation of ErbB3 much
more potently than it could suppress the EGF-stimulated
phosphorylation of EGFR and ErbB2. Inhibition of the
heregulin-stimulated phosphorylation of ErbB3 was
already observed at a concentration of 0.01 lM DEL. The
phosphorylation of the receptor was reduced by more than
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Figure 2. Hydrogen peroxide formation in cell culture medium
(MEM) by DEL in the presence or in the absence of catalase
(100 Units/mL) measured after 45 min of incubation. The data
presented are the mean l range of two independent experi-
ments, each performed in duplicate.

Figure 3. Inhibition by MV (A) and DEL (B) of the tyrosine kin-
ase activity of recombinant kinase domains derived from
VEGFR-2, VEGFR-3, EGFR, ErbB2 and IGF1R. The phos-
phorylation of tyrosine residues on a poly(Glu/Tyr)4:1 peptide
substrate by the recombinant kinase domains in the presence
or absence of DEL or MV was determined by ELISA. The data
presented are the mean l SD of at least three independent
experiments, each performed in triplicate. Statistical signifi-
cance was calculated by Student's t-test (* = p a 0.05; ** p a

0.01; *** = p a0.005).
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50% at 0.1 lM DEL (Fig. 6A). Whereas the protein levels
of the EGFR and ErbB2 receptor were not modulated by
DEL, ErbB3 protein levels were diminished by DEL in a
concentration-dependent manner at concentrations above
0.1 lM (Fig. 6A and B). The amount of ErbB3 protein was
reduced to 50% after incubation with 20 lM DEL.

3.4 DEL inhibits ligand-induced VEGFR
autophosphorylation

To evaluate whether the kinase activities of other related
RTKs such as VEGFR-2 and VEGFR-3 are also inhibited
by DEL at the cellular level, PAE cells transfected with
either VEGFR-2 or VEGFR-3 were incubated with DEL in
the presence of catalase (100 Units/mL). The activation of
these receptors by their ligands (VEGF165 and VEGF-C-
Cys, respectively) is indicated by phosphorylation of the
receptors. The effect of DEL on ligand-induced autophos-

phorylation was determined by immunoprecipitation of the
receptors followed by Western blot analysis.

Under these experimental conditions, we found that DEL
noticeably reduced the phosphorylation status of VEGFR-2
at a concentration of 5 lM. An approximately 50% inhibi-
tion was achieved with 50 lM DEL. An even more pro-
nounced effect of DEL on ligand-induced VEGFR-3 auto-
phosphorylation was observed with a complete inhibition
of phosphorylation at 50 lM DEL. DEL had no effect on
the protein levels of either VEGFR-2 or VEGFR-3 (Fig. 7).

4 Discussion

There is increasing interest in naturally occurring polyphe-
nols that are found in foodstuffs as potential regulators of
molecular processes involved in cancer, metastasis and car-
diovascular disease. Here we demonstrate that DEL, an
anthocyanidin found in a variety of fruits and vegetables, is
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Figure 4. Western blot analysis of the effect on phosphoryla-
tion and expression of EGFR protein in A431 cells after 45 min
treatment with DEL (catalase 100 Units/mL) (A). The data are
presented as a percentage of the solvent control stimulated by
100 ng/mL EGF. The presented data are the mean l SD of at
least three independent experiments with similar outcomes.
Statistical significance was calculated by Student's t-test (* = p
a 0.05; ** p a 0.01; *** = p a 0.005). (B) Representative West-
ern blot experiment. (C, solvent control (1% DMSO as final
concentration); T, AG1478 + AG879 EGFR and ErbB2 specific
inhibitors (5 lM)).

Figure 5. (A) Western blot analysis of the effect on phosphor-
ylation and expression of ErbB2 receptor protein in A431 cells
after 45 min treatment with DEL. The data are presented as%
of the solvent control stimulated by 100 ng/mL EGF. The pre-
sented data are the mean l SD of at least three independent
experiments with similar outcome. Statistical significance was
calculated by Student's t-test (* = p a 0.05; ** p a 0.01; *** = p
a 0.005). (B) Representative Western blot experiment. (C, sol-
vent control (1% DMSO as final concentration); T,
AG1478 + AG879 EGFR and ErbB2 specific inhibitors (5 lM)).
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a broad-spectrum inhibitor of RTK activity, but is a more
potent inhibitor of some RTKs compared to others. Our
data also indicate that hydrogen peroxide formation in
response to DEL may account for some of the previously
reported cellular effects of this molecule.

4.1 Hydrogen peroxide formation by polyphenols,
a potential source of artefacts

Recent studies have demonstrated that polyphenols can
induce the formation of hydrogen peroxide under cell cul-
ture conditions [23–27]. The accumulation of hydrogen
peroxide in the cell culture medium could itself trigger cel-
lular responses, but has also been shown to affect the stabil-
ity of the test compounds [7, 27]. Both of these factors
might result in the generation of experimental artefacts,
leading to misinterpretation of the bioactive properties of
the tested polyphenols. In the present study, we showed that
the anthocyanidin DEL at a concentration of F10 lM rap-
idly generated substantial amounts of hydrogen peroxide in
the cell culture medium of A431 cells. The formation of
hydrogen peroxide could be effectively suppressed by the
addition of catalase (100 Units/mL) to the cell culture

medium (Fig. 2). In the presence of catalase, the effects of
DEL on the phosphorylation status of EGFR were clearly
enhanced (IC50 33 l 14 lM) (Fig. 4A). This is in line with
the earlier findings, in which intensified suppression of
EGFR phosphorylation by apple polyphenols was observed
in the presence of catalase [7]. The mechanism by which
hydrogen peroxide is formed as a consequence of the incu-
bation cultured cells with DEL remains to be determined,
but could be dependent on a number of factors, including
medium composition or the cell type. For example, we
recently showed that the incubation of human colon carci-
noma cell lines (HT29) with DEL in DMEM leads to hydro-
gen peroxide concentrations in the cell culture medium of
up to 11 lM [27]. In contrast, the generation of hydrogen
peroxide within the MEM medium used here for cultivation
of A431 cells was three-fold lower, and could be effectively
suppressed by the addition of catalase at the level of the sol-
vent control. Together these findings indicate that care
needs to be taken to control for nonspecific effects of poly-
phenols due to the production of hydrogen peroxide in cul-
ture medium.

4.2 DEL inhibits a broad spectrum of RTKs, but
most potently ErbB3 and VEGFR-3

Cyanidin and DEL bear vicinal hydroxyl groups at the phe-
nyl ring at the 2-position (B-ring) and have been previously
characterized as potent inhibitors of the kinase activity of
EGFR. Conversely, the methoxylated analogue MV was
found to be completely inactive, even up to a concentration
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Figure 6. (A) Western blot analysis of the effect on phosphor-
ylation and expression of ErbB3 receptor protein in A431 cells
after 45 min treatment with DEL. The data are presented as a
percentage of the solvent control stimulated by 20 ng/mL here-
gulin. The presented data are the mean l SD of at least three
independent experiments with similar outcomes. Statistical
significance was calculated by Student's t-test (* = p a 0.05;
** p a 0.01; *** = p a 0.005). (B) Representative Western blot
experiment. (C, solvent control (1% DMSO as final concentra-
tion); T, AG1478 + AG879 EGFR and ErbB2 specific inhibitors
(5 lM)).

Figure 7. Effect on phosphorylation and expression of
VEGFR-2 and VEGFR-3 protein in PAE cells after 60 or
45 min treatment respectively, with DEL. The cells were stimu-
lated for 5 min with 400 ng/mL VEGF-C-Cys (VEGFR-3) or
8 min with 30 ng/mL VEGF165 (VEGFR-2). VEGFR proteins
were immunoprecipitated and Western blotted. Figures are
representatives of Western blot experiments; C, solvent con-
trol (1% DMSO as final concentration), (+) stimulated with
ligand, (– ) not stimulated cells.
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of 100 lM [5]. In line with these earlier findings, we found
that DEL inhibited the kinase activity of EGFR more
potently than did MV. Importantly, a comparable difference
in inhibitory potency between DEL and MV was observed
for all tested receptors (EGFR, ErbB2, VEGFR-2, VEGFR-
3 and IGF1R), indicating that vicinal hydroxyl groups at the
B-ring (DEL) rather than methoxy groups (MV) are
required for potent inhibition of protein tyrosine kinase
activity, not only for inhibition of EGFR but also for a
broader panel of RTKs.

In A431 cells, the EGF-stimulated phosphorylation of
both EGFR and ErbB2 was comparably suppressed by DEL
(Fig. 4 and 5), whereas the heregulin-stimulated activation
of the ErbB3 receptor was inhibited much more effectively
(Fig. 6A). The IC50 value for the reduction of ligand-
induced ErbB3 phosphorylation was in the nanomolar
range, indicating a preference of DEL towards the inhibi-
tion of the autophosphorylation of this receptor. Taken
together, the inhibitory properties of DEL towards ErbB
family members can be summarized as ErbB3 S EGFR -
L ErbB2 receptor.

In addition to suppressing ErbB3 phosphorylation, DEL
also diminished the protein level of ErbB3 in a concentra-
tion-dependent manner. In contrast, the protein content of
EGFR and ErbB2 remained unchanged (Fig. 5–7). This
suggests that DEL does not only affect the ligand-induced
autophosphorylation status of the ErbB3 receptor but might
also enhance the internalization and endocytosis of this
receptor. Of note, impaired endocytotic breakdown of
RTKs is often associated with increased and uncontrolled
signalling, associated with carcinogenesis [30]. In addition,
the endocytosis of the ErbB3 receptor has been reported to
be less efficient than EGFR endocytosis [30, 31]. A recent
publication reports the inhibition of the activity of the
EGFR by DEL [11]; however, they did not use a hydrogen
peroxide scavenging system and incubated the cells for 3 h.
This latter point is important because DEL has only limited
stability under tissue culture conditions, and is no longer
detectable by HPLC/DAD after 30 min of incubation [27].
We took these aspects into account in our study, and used a
short incubation time and included catalase in the cultures
to decrease DEL degradation and prevent experimental
artefacts by the formation of hydrogen peroxide, as reported
previously [7]. Our findings therefore now allow firm con-
clusions regarding the inhibitory effect of DEL on the
EGFR to be made.

Within the superfamily of RTKs, the receptors of the
VEGFR family are key regulators of angiogenesis and lym-
phangiogenesis [17, 18]. An inhibition of VEGFR-2 phos-
phorylation by DEL has been previously reported [32].
However, high concentrations of VEGF (100 ng/mL) were
used in this study, a concentration which is not permissive
for effective VEGFR-2 activation [33]. Furthermore, this
study did not use a hydrogen peroxide scavenging system
and employed a long incubation time of 18 h. In the present

study we used therefore a short incubation time, included
catalase and employed a physiologically relevant concen-
tration of VEGF. At a concentration of 50 lM, DEL sup-
pressed the phosphorylation of the VEGFR-2 to about 50%,
whereas at this concentration the phosphorylation of
VEGFR-3 was completely abrogated. Thus, a clear prefer-
ence for the suppression of the phosphorylation of VEGFR-
3 in cells was observed (Fig. 7).

While DEL not only inhibited RTKs in cell-free in vitro
kinase assays but also within intact cells, it is important to
note that suppression of the phosphorylation of EGFR,
ErbB2 and VEGFR-2 in intact cells occurred within a 10-
to 30-fold higher concentration range in comparison to the
inhibition of the protein tyrosine kinase activity in the cell-
free test system. This might conceivably be due in part to
limited cellular uptake and/or low stability of the test com-
pound under cell culture conditions. However, DEL had a
far more potent inhibitory effect on ErbB3 and VEGFR-3
than the other tested RTKs, with inhibitory properties in
cell culture in a concentration range comparable to those
obtained using the in vitro kinase assays. These data there-
fore underscore a preference for DEL towards these two
receptors in the cellular context.

4.3 Potential anti-cancer activities of DEL

The RTK inhibitory properties of DEL support the notion
that this molecule could have chemopreventative or chemo-
therapeutic properties. In previous studies, we have shown
that the suppression of EGFR in A431 cells is associated
with growth inhibition of the tumour cells [7, 19, 27]. In the
presence of catalase in the cell culture medium, we have
also reported potent growth inhibition by DEL at low
micromolar concentrations of HT29, although at higher
concentrations this effect was abrogated [27]. Taking into
account that the ErbB3 receptor represents a crucial
upstream activator of the PI3K pathway, the so-called sur-
vival pathway, effective inhibition of this protein represents
a possible means for preventing tumour cell survival and
carcinogenesis [15, 16]. The flavonoid isoliquiritigenin has
already been identified as an inhibitor of both ErbB3 activ-
ity as well as the downstream PI3K cascade [19].

VEGFR-2 and VEGFR-3 both play roles in the regula-
tion of angiogenesis, an important driving force behind
tumour growth. Furthermore, VEGFR-3 also plays a crucial
role in tumour-induced lymphangiogenesis, a process that
promotes tumour dissemination [29]. DEL or derivatives
thereof might therefore be of relevance as anti-angiogenesis
agents, or for the prevention of lymphogenic metastasis. In
this regard it is interesting that DEL has recently been
reported to inhibit the activity of another RTK involved in
angiogenesis, the platelet derived growth factor receptor
[34]. However, it is important to note that these experiments
were performed in the absence of a hydrogen peroxide scav-
enging system.
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4.4 Potential physiological effects of DEL as a
dietary constituent

The average daily intake of the glycosides, the anthocya-
nins, is estimated as 12.5 mg/day/person in the Unites
States [3]. In the plasma, low concentrations of DEL glyco-
sides are present as unmetabolized forms with only small
amounts of metabolites and no DEL aglycons [35]. The
anthocyanins may be deglycosylated and/or degraded by
microbes in the colon [36]. Thus, with the exception of
ErbB3 that is already inhibited by DEL in the nanomolar
range, it appears unlikely that systemic concentrations of
DEL would be reached under normal dietary intake that
would be sufficient to achieve substantial inhibition of
many RTKs. However, local concentrations of DEL within
the gastrointestinal tract might occur in the RTK inhibitory
range, and thus ErbB3 and VEGFR-3 in the intestine, for
example, could be affected by the consumption of dietary
sources of anthocyanins such as enriched functional food or
food supplements.

In summary, we have identified the anthocyanidin DEL
as an inhibitor of the activity of a spectrum of RTKs associ-
ated with carcinogenesis and tumour progression. DEL was
found to decrease the activity of the tested receptors within
living cells. Moreover, a preferred inhibition of the activity
of ErbB3 and VEGFR-3 was observed. These effects might
contribute to the chemopreventative properties of DEL,
probably interfering with the regulation of cell survival, and
may have applications in the management of cancer.
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