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Research Article

The epidermal growth factor receptor and human
topoisomerases represent potential cellular targets
of oligomeric procyanidins
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Oligomeric procyanidins were found to inhibit the protein tyrosine kinase activity of the epidermal
growth factor receptor (EGFR). The inhibitory potency was found to increase with the degree of oli-
gomerisation (PA2 > PC1 >> PB1 = PB2 = PB3 = PB4 >> (—)-epicatechin). To address the question
whether the interference with the activity of isolated EGFR preparations also plays a role within intact
cells, effects on the phosphorylation status of the EGFR, as a measure of its activity, were determined
in human colon carcinoma cells. Treatment of HT29 cells with the trimeric procyanidin PC1 resulted
in a decrease of the EGFR autophosphorylation already at low micromolar concentrations. A respec-
tive procyanidin tetramer (PA2) failed to affect substantially the receptor phosphorylation status by
up to 50 uM, indicating that the effectiveness of oligomeric procyanidins against EGFR activity
within intact cells might be limited with increasing degree of polymerisation. Nevertheless, oligome-
ric procyanidins were identified as potential inhibitors of the EGFR, which might be of interest with
respect to chemoprevention. However, PC1 and PA2 were also identified as potent inhibitors of the
catalytic activity of human topoisomerase I and I, demanding further studies to elucidate whether the
interference of procyanidins with topoisomerases might impair DNA integrity, thus limiting their use-
fulness in terms of chemoprevention.
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1 Introduction

Oligomeric procyanidins have been associated with a multi-
tude of beneficial health effects including anti-inflamma-
tory, antiatherosclerotic, antidiabetic and anticarcinogenic
properties [1-6]. Even the promotion of hair growth has
been repeatedly reported [7]. However, the underlying
mechanisms of action have not been fully elucidated yet.
We previously reported that a polyphenol-rich extract of a
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consumer-relevant apple juice blend potently inhibited the
protein kinase activity of isolated epidermal growth factor
receptor (EGFR) [8]. Activity-guided fractionation of the
extract indicated that oligomeric procyanidins might contri-
bute to the EGFR-inhibitory properties of the apple juice
extract. From the apple constituents characterised so far,
the procyanidin dimers Bl (PB1) and B2 (PB2) have
already been identified as potential inhibitors of isolated
EGFR preparations [8]. In the present study we addressed
the question whether higher oligomeric procyanidins also
affect EGFR activity and whether the interference with the
receptor is of relevance within intact cells. Effective inhibi-
tion of the EGFR activity is expected to suppress the activa-
tion of the subsequent mitogen-activated protein kinase
(MAPK) cascade, one of the key pathways in the regulation
of cell growth. Thus, targeting of the EGFR is not only of
interest in terms of chemotherapy, but might also be
regarded as a promising mechanism of action with respect
to chemoprevention. Several polyphenols of different
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classes have already been described as EGFR inhibitors [9,
10, 11-13]. Evaluating the usefulness of such polyphenols
in the prevention of carcinogenesis, the question has to be
addressed whether enhanced intake of these polyphenols
might also be associated with undesired health effects.
Many polyphenols, potentially inhibiting EGFR activity,
have concomitantly been reported to interfere with human
topoisomerases [14—16]. Depending on the mode of inter-
action with the target enzyme, effective inhibition of topoi-
somerases might impair the maintenance of DNA integrity
[14, 15]. Within the class of procyanidins PB2 has already
been identified as a potent inhibitor of the catalytic activity
of topoisomerase II [17]. Thus, in the present study we
addressed the question whether, in addition to effects on the
EGFR, higher oligomeric procyanidins also affect the activ-
ity of human topoisomerases.

2 Materials and methods

2.1 Chemicals

The EGFR specific inhibitor tyrphostin AG1478 was
obtained from Sigma—Aldrich (Taufkirchen, Germany). For
all assays, the compound solutions were freshly prepared in
DMSO directly before starting the experiment. The grape
seed extract (P100) that was used for the isolation of pro-
cyanidins was obtained from Breko (Bremen, Germany).

2.2 Cell culture

The human vulva carcinoma cell line A431 was cultured in
minimum essential medium (MEM; Sigma) containing
L-glutamine (4.5 g/L). The human colon carcinoma cell
line (HT29) was cultivated in DMEM (DMEM with
4500 mg/L glucose, without sodium-pyruvate; Invitrogen™
Life Technologies, Karlsruhe, Germany) in a humidified
incubator (37°C, 5% CO,). Both cell culture media were
supplemented with 10% fetal calf serum (FCS) and 1%
penicillin/streptomycin.

2.3 Tyrosine kinase assay

The EGFR was isolated from A431 cells and purified by
affinity chromatography using wheat germ lectin agarose
(Pharmacia Biotech, Uppsala, Sweden) according to [10].
The ELISA was carried out as described previously [8—10].

2.4 Western blot analysis

An aliquot of 1.0 x 10° HT29 cells were seeded per Petri
dish and allowed to grow for 48 h. Thereafter, cells were
serum-reduced (1% FCS) for 24 h and incubated with the
respective compound for 45 min in serum free medium.
The EGFR of HT29 cells was stimulated with EGF
(100 ng/mL) within the last 15 min of incubation. Cells
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were abraded at 4°C in 0.2 mL RIPA buffer (50 mM Tris/
HCI], pH 7.4, 250 mM NaCl 1 mM EDTA, 1 mM NaF, 1%
v/v Igepal; 1 mM PMSE, 1 mM sodium orthovanadate and
2% v/v protease inhibitor cocktail (Roche Diagnostics,
Mannheim, Germany) were freshly added to RIPA buffer).
Thereafter, the lysate was homogenised thoroughly and
subsequently centrifuged for 10 min (20 000 g, 4°C). The
supernatant was separated by SDS-PAGE (7% polyacryl-
amide gel) and the proteins were transferred onto a nitro-
cellulose membrane. Western blot was performed using
mouse monoclonal antibodies against human EGFR and
phospho-EGFR Tyr 1173 (175 kDa; Cell Signaling Tech-
nology, Beverly, MA, USA) and an antimouse IgG peroxi-
dase conjugate (Santa Cruz, Heidelberg, Germany) as a
secondary antibody. Alpha-tubulin was used as a loading
control. The respective chemoluminescent signals (Lumi-
GLO, Cell Signaling Technology) were analysed using the
LAS 3000 system with the AIDA Image Analyzer 3.52
software for quantification (Raytest, Straubenhardt, Ger-
many). Arbitrary Light Units were plotted as test over con-
trol (T/C) (%).

2.5 Preparation of nucleic extract

Human MCF-7 cells (3.0 x 107) were resuspended in
7.5 mL of lysis-buffer (0.3 M sucrose; 0.5 mM EGTA
pH 8.0; 60 mM KCl, 15 mM NaCl; 15 mM HEPES pH 7.5;
150 uM spermine; 50 uM spermidine) and 0.5 mL of lysis
buffer with Triton X-100 (13.5:1 v/v) was added. The cells
were lysed on ice for 15 min. After centrifugation (150 g,
10 min), the supernatant was removed and the pellet was
resuspended in extraction buffer (100 mM NaCl; 5 mM
KH,PO4 pH 7.5; 1 mM PMSF, 1 uL/mL B-mercaptoetha-
nol) to 3.0 x 107 nuclei per mL. 10% volume of 5 M NaCl
was carefully added to precipitate the DNA on ice for
20 min. After centrifugation, the supernatant was collected,
1.5 x volume of glycerol was added and aliquots were
stored at —20°C until use in relaxation assays.

2.6 Topoisomerase activity

2.6.1 Topoisomerase |

For the detection of catalytic topoisomerase I activity a
plasmid relaxation assay was carried out. Plasmid DNA
(250 ng pUC18) was incubated in a final volume of 30 uL
(containing 0.3 pL nucleic extract; 10 mM Tris pH 7.9;
100 mM KCl; 10 mM MgCl,; 0.5mM DTT; 0.5 mM
EDTA and 0.03 mg/mL BSA) for 30 min at 37°C. The reac-
tion was stopped by the addition of 1/10 volume of 5% w/v
SDS. The samples were incubated with 1 mg/mL proteinase
K at 37°C for 30 min. Gel electrophoresis was performed at
4.5 V/em in 1% w/v agarose gels with Tris acetate/EDTA
buffer (40 mM Tris, ] mM EDTA pH 8.5, 20 mM acetic
acid). Subsequently, the gel was stained in 10 pg/mL ethi-
dium bromide solution for 20 min. The fluorescence of
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PB1: Ry = OH, R, = H
PB2: Ry = H, R; = OH

PC1: EC-4p>8-EC-4p>8-EC

PB3: Ry = OH, R, = H
PB4: Ry = H, R, = OH

PA2: Cinnamtannin A2
EC-43->8-EC-43>8-EC-43>8-EC

Figure 1. Structures of di-, tri- and tetrameric procyanidins.

ethidium bromide was documented with the LAS 3000 sys-
tem (Raytest, Straubenhardt, Germany).

2.6.2 Topoisomeraselll

Effects on the catalytic activity of topoisomerase Il were
determined using a decatenation assay. Human recombinant
topoisomerase IIf} was prepared as described previously
[15]. Catenated kinetoplast DNA (200 ng, TopoGEN, Ohio)
was used as a substrate. Kinetoplast DNA (kDNA) is an
aggregate of interlocked DNA minicircles (mostly 2.5 kb),
which can be released by topoisomerase II. The kinetoplast
DNA was incubated in a final volume of 30 pL (containing
40 ng topoisomerase II; 50 mM Tris pH 7.9; 120 mM KCl,
10 mM MgCl,; 1 mM ATP, 0.5 mM DTT, 0.5 mM EDTA
and 0.03 mg/mL BSA) at 37°C for 60 min. The reaction
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was stopped by the addition of 1/10 volume of 1 mg/mL
proteinase K in 10% w/v SDS and incubation at 37°C for
further 30 min. Gel electrophoresis and detection were per-
formed as described above.

3 Results

3.1 Isolation and structure elucidation

The procyanidins (Fig. 1) were isolated from grape seed
extracts by the all-liquid chromatographic technique of
countercurrent chromatography (CCC). A CCC-1000 appa-
ratus (Pharma-Tech Research, Baltimore USA) was used to
obtain strongly enriched fractions of dimeric procyanidins
B1 (PB1), B2 (PB2), B3 (PB3), B4 (PB4), the trimeric pro-
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cyanidin C1 (PC1) and procyanidin tetrameric cinnamtan-
nin A2 (PA2), using the solvent system ethyl acetate/n-buta-
nol/water (14:1:15 v/v/v). These fractions were further pur-
ified by preparative HPLC. All structure molecular weights
were determined by LC-MS experiments using ESI in the
negative ionisation mode [18]. Structure elucidation was
carried out by NMR and acid catalysed degradation with
phloroglucinol [19, 20]. The structures of the procyanidins
B1-4 (PB1-PB4) were confirmed by 2-D NMR techniques
("H-NMR, "*C-NMR, HMBC, HMQC) and were compared
with the literature [21-24]. Additionally, acid catalysed
degradation of the compounds PB1-PB4 confirmed the
absolute configurations of the flavan-3-ols within PB1-4
[19].

The structures of the trimer PC1 and the tetramer PA2
(Fig. 1) were confirmed by acid catalysed degradation.
A full degradation produced flavan-3-ol-phloroglucinols
and flavan-3-ols containing only 2,3-cis configurations.
Therefore, PC1 and PA2 consist only of (—)-epicatechin
units. According to [19, 25], a partial degradation con-
firmed the interflavanoid linkage. A fast cleavage and the
determination of partially cleaved molecule fragments
unambiguously proved only 4—8 connections within the
molecules.

3.2 Inhibition of the protein tyrosine kinase (PTK)
activity of the isolated EGFR

Effects on the PTK activity of isolated EGFR were deter-
mined using ELISA. We tested the isolated procyanidins
representing different degrees of oligomerisation. The
dimeric procyanidins (PB1—4) inhibited 50% of the enzyme
activity at a concentration of about 10 uM, with no signifi-
cant difference in effectiveness between the four different
stereoisomers (Fig. 2A). Trimeric (PC1) and tetrameric
(PA2) procyanidin inhibited the activity of isolated EGFR
with ICso-values of 1.3 + 0.4 pM and 0.2 = 0.06 uM, respec-
tively (Fig. 2B). Based on the ICsp-values the potency of pro-
cyanidins for the PTK inhibition of isolated EGFR can be
summarised as PA2 >PC1 >>PB1 =PB2=PB3 =PB4.

3.3 Modulation of EGFR autophosphorylation

We further addressed the question whether the inhibitory
effects of procyanidins against the PTK activity of the
EGFR are limited to the isolated receptor preparation in the
ELISA or are also of relevance within intact colon tumour
cells. Activation of the EGFR by respective ligands is mir-
rored by its autophosphorylation status. The effect of pro-
cyanidins on the phosphorylation status of the EGFR in
HT29 cells was determined by Western blot analysis. With
respect to their effectiveness against isolated EGFR pre-
parations, the trimeric (PC1) and tetrameric (PA2) procya-
nidin were selected for testing. PC1 was found to effectively
inhibit the EGFR-autophosphorylation (Figs. 3A and B)
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Figure 2. Inhibition of the tyrosine kinase activity of the EGF-
receptor by (A) dimeric and (B) tri- and tetrameric procyani-
dins. Phosphorylation of tyrosine residues of a peptide poly(-
Glu/Tyr) was determined by ELISA using an antiphosphotyro-
sine antibody linked to peroxidase. The data presented are the
mean = SD of at least two independent experiments, each per-
formed in triplicate.

with an ICsp-value of 35 + 15 uM. In contrast, PA2 failed to
significantly affect the phosphorylation status of the EGFR
up to 50 uM (Figs. 3C and D).

3.4 Interference with human topoisomerases

The catalytic activity of human topoisomerase I was deter-
mined as the relaxation of supercoiled pUC18 plasmid
DNA by MCF-7 nucleic extract in the absence of ATP.
Starting at a concentration of 0.5 uM, PC1 and PA2 were
found to inhibit the relaxation of pUC18 (Fig. 4). In the pre-
sence of 1 pM of PC1 or PA2 the catalytic activity of topoi-
somerase [ was substantially suppressed.
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Figure 3. Western blot analysis of EGFR protein and phosphorylated EGFR (pEGFR) in HT29 cells stimulated by EGF (100 ng/mL)
after 45 min treatment with (A) PC1 and (C) PA2. As a loading control a-tubulin was included in the test. The data presented are the
mean = SD of three independent experiments with similar outcome. The significances indicated refer to the comparison of the
respective procyanidin concentration with the solvent control. *p <0.05, ***p <0.005; (C) solvent control (1% DMSO as final concen-
tration); tyrphostin AG1478, EGFR specific inhibitor (5 uM). (B, D) Western blot of representative experiments.

To examine whether PC1 and PA2 have similar effects on
human topoisomerase II, we determined the catalytic activ-
ity of recombinant human topoisomerase II in a decatena-
tion assay. In the catenated form, kDNA cannot enter an
agarose gel, whereas single circles released by catalytic
active topoisomerase II from the catenated network will
migrate into the gel (Fig. 5, compare lane 1 with 2).

PC1 was found to inhibit the catalytic activity of topoi-
somerase IIf at concentrations exceeding 0.1 uM. At
10 uM PC1 the catalytic activity of topoisomerase IIf} was
found to be completely blocked (Fig. 5, lane 6). PA2 even
showed substantial inhibition of topoisomerase II activity
already at 0.1 uM (Fig. 5, lane 7). At a concentration of
1 uM PA2 the catalytic activity of topoisomerase IIf was
completely blocked (Fig. 5, lane 9).

4 Discussion
Oligomeric procyanidins have been identified as a promis-

ing class of bioactive food constituents with respect to che-
moprevention. Procyanidin-rich extracts have been
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reported to inhibit tumour cell growth in vitro and in vivo
[5, 26, 27]. However, the underlying mechanism of action
has not been fully elucidated yet. Furthermore, due to the
limited availability of single procyanidin oligomers with
defined structure, little is known so far about structure—
activity relationships. In the present study, we demonstrated
the isolation and structural characterisation of four stereo-
isomeric PB1-4 (PB1-PB4), the trimer PC1 and the tetra-
mer PA2 from grape seed extract (Fig. 1). Using an ELISA-
based approach, we showed that oligomeric procyanidins
represent potential inhibitors of the EGFR. In a cell-free
system the inhibitory potency of procyanidins was found to
increase with the degree of oligomerisation (Figs. 2A and
B). In previous studies, we showed that a respective mono-
meric flavan-3-ol, (—)-epicatechin, inhibits EGFR activity
at concentrations >300 pM [8]. In contrast, the ICs, values
of the dimeric procyanidins PB1-PB4 were localised at
about 15 uM, with no significant differences in the effec-
tiveness between the four different stereoisomers. The step
from the procyanidin dimer to the trimer was found to
further improve EGFR inhibition by an order of magnitude
(compare Figs. 2A and B). The tetramer PA2 showed by far
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Figure 4. Catalytic activity of topoisomerase | measured by DNA relaxation. Supercoiled pUC18 plasmid DNA (lane 1) was incu-
bated for 30 min at 37°C with nucleic extract from MCF-7 cells (lanes 2—-12) in the absence (lane 2) or presence of increasing
amounts of PC1 (lanes 3-8) or PA2 (lanes 9-11). Reaction was stopped with 1% SDS and after digestion with proteinase K, sam-
ples were subjected to submarine 1% agarose gel electrophoresis. UV-transilluminated gels were documented by digital photogra-
phy. Active topoisomerase | converts the supercoiled pUC18 plasmid DNA into the relaxed form (see arrows). Shown is a represen-
tative gel out of two identical experiments with similar outcome.
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Figure 5. Topoisomerase I3 catalytic activity (recombinant enzyme) was determined as the decatenation of kDNA from Crithidia
fasciculata. Recombinant topoisomerase 113 (40 ng) was added and reactions were carried out for 60 min at 37°C in the absence
(lane 2) or presence of increasing amounts of PC1 (lanes 3-6) or PA2 (lanes 7—10). Reaction was stopped with 1% SDS and after
digestion with proteinase K samples were subjected to submarine 1% agarose gel electrophoresis. UV-transilluminated gels were
documented by digital photography. Lane 1 shows substrate not reacted with enzyme (catenated kDNA, see arrow). Only active
topoisomerase Il can release single DNA-circles from the catenated DNA-network (free DNA circles, see arrow). Shown is a repre-
sentative gel of two independent experiments with similar outcome.

the strongest EGFR-inhibitory properties in the cell-free
system (Fig. 2B). With respect to the inhibition of the PTK
activity of isolated EGFR the inhibitory effectiveness of
procyanidins can be summarised as PA2 > PC1 >> PB1 =
PB2 = PB3 = PB4 >> (—)-epicatechin.

However, considering the increasing molecular weight,
the question had to be addressed, whether these oligomeric
procyanidins indeed affect the receptor activity within
intact cells. The activity of the EGFR in intact cells is mir-
rored by its autophosphorylation status, which is crucial for
the interaction with downstream elements of the MAPK
cascade [28, 29]. The inhibition of the autophosphorylation
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of the EGFR has been already shown for several flavonoids
such as the green tee catechin (—)epigallocatechin-3-gallate
(EGCQG), the flavonol quercetin or the flavone luteolin [12,
13, 30]. In the present study we showed that PC1 effectively
suppressed the phosphorylation of the EGFR in HT29 cells
(Figs. 3A and B). In contrast, studies with PA2 demon-
strated up to 50 pM no significant effect on the phosphory-
lation status of the EGFR (Figs. 3C and D). These data indi-
cate that the effectiveness of oligomeric procyanidins on
the EGFR in intact cells might be limited upon increasing
molecular weight. Thus, based on these results in cell cul-
ture only dimeric and trimeric analogues would be expected
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to substantially contribute to the EGFR-inhibitory proper-
ties of complex procyanidin-containing mixtures such as
e.g. apple extracts [8].

Considering the role of the EGFR in the regulation of
cell growth, it is tempting to speculate that the inhibition of
EGFR activity by procyanidins might be of relevance for
the growth inhibitory effects of procyanidin-rich extracts.
These results are in line with data from Gosse et al. [5]
showing exclusively procyanidin-rich fractions of an apple
juice extract to inhibit the growth of human colon carci-
noma cells. Furthermore, procyanidins have been reported
to mediate the onset of apoptosis [31, 32].

In the present study, we identified oligomeric procyani-
dins as potent EGFR inhibitors, thus presumably interfering
with signalling cascades crucial for the regulation of cell
proliferation. With respect to a risk/benefit assessment
these effects on proliferation-associated signalling cascades
might be taken into account as potentially beneficial, espe-
cially in terms of chemoprevention. However, as a poten-
tially undesired effect with respect to the prevention of car-
cinogenesis, many flavonoids have been reported to inter-
fere with human topoisomerases [14—16, 33—38]. Depend-
ing on the mode of interaction with the target enzyme, this
effect might be of relevance for DNA integrity [15, 34-36,
38]. DNA topoisomerases are a group of enzymes that solve
the topological problems caused by transcription, replica-
tion, chromosome condensation and segregation, and DNA
repair [39, 40]. These enzymes change DNA topology by
introducing transient breaks in the phosphodiester back-
bone of the DNA, enabling release of torsion stress. In
mammals, two major classes of topoisomerases are
expressed: topoisomerase I and II. Topoisomerase I intro-
duces a transient single strand break in the DNA double
helix by the formation of a covalent DNA-topoisomerase-
intermediate, the so-called cleavable complex. Then torsion
stress is released by strand rotation, followed by religation
of the cleaved strand [41]. In contrast, topoisomerase II, an
ATP-dependent enzyme, inserts a transient double strand
break, through which a second DNA double helix is passed
[42, 43]. The mode of interaction with the respective target
enzyme is crucial with respect to potential consequences
for DNA integrity. Catalytic inhibitors bind to the enzyme
prior to DNA-binding, thus inhibiting the formation of the
cleavable complex. However, the majority of topoisomerase
targeting compounds does not interfere with the cleavable
complex formation, but binds to and stabilises the DNA-
topoisomerase-intermediate after it has formed, thus prohi-
biting the release and the resealing of the DNA strand. As a
consequence, DNA double strand breaks are generated
within cells due to collisions of the stabilised cleavable
complexes with the replication forks [44—46]. With respect
to the potential DNA damaging properties, those com-
pounds are considered as topoisomerase poisons. Many fla-
vonoids of different structural classes have been reported to
target human topoisomerases, several of these acting as a
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topoisomerase poison [14—16, 33—38]. From the class of
procyanidins PB2 has been already reported to inhibit the
catalytic activity of topoisomerase II [17]. However, it has
not been elucidated yet whether PB2 acts as a topoisome-
rase poison.

The majority of flavonoids targeting topoisomerases
have been described to affect both topoisomerase I and II.
Among the flavonoids EGCG and quercetin are some of the
most potent compounds, exhibiting ICsy-values in the low
micromolar range [15, 16, 36, 37]. Within the class of flavo-
noids vicinal hydroxy groups at the B-ring have been
reported as an important structural element for efficient
topoisomerase II targeting [15, 16]. These data are in line
with the potent inhibition of topoisomerase activity
mediated by PC1 and PA2 (Figs. 4 and 5). As the majority
of flavonoids, PC1 and PA2 were found to affect both topoi-
somerase [ and I1. The inhibitory properties of PC1 and PA2
were comparable to EGCG and quercetin, some of the most
potent flavonoids with respect to topoisomerase inhibition.
Due to limitations in the availability of the isolated procya-
nidins the experiments had to be focussed on one topoi-
somerase I isoform. However, selectivity between the two
different topoisomerase isoforms a and f is extremely rare
and has not been reported so far for any flavonoids.

The potent inhibition of catalytic topoisomerase I and II
activity by PC1 and PA2 in cell-free systems demands
further studies on the underlying mechanism of action to
elucidate whether oligomeric procyanidins might act as
topoisomerase poisons. Furthermore, the question needs to
be addressed whether the interference with topoisomerases
is indeed of relevance in intact cells. These studies are cru-
cial to clarify whether the targeting of topoisomerases by
oligomeric procyanidins might impair the maintenance of
DNA integrity, thus potentially limiting the usefulness of
this class of compounds in terms of chemoprevention.

The potent bioactive properties of oligomeric procyani-
dins elucidated so far raises the question whether in vivo
relevant substance concentrations might be achieved. How-
ever, studies on the bioavailability of oligomeric procyani-
dins are extremely limited. Experiments with human colo-
nic carcinoma cells (Caco-2) showed that radiolabelled
PB1-4 and trimers are absorbed to a similar extent as
(+)-catechin. Furthermore, it has been reported that the
absorption of oligomeric procyanidins depends on the M,
[47]. Because of their relatively high molecular weight, pro-
cyanidin oligomers are not easily absorbed in the small
intestine. Evidence showing the absorption of procyanidins
through the gut barrier is still scare.

In summary, oligomeric procyanidins were identified as
potent inhibitors of the EGFR. In intact cells, however, the
effectiveness of oligomeric procyanidins against EGFR
activity appears to be limited upon increasing molecular
weight. A procyanidin trimer (PC1) and tetramer (PA2)
were found to potently inhibit the catalytic activity of
human topoisomerase I and II in cell-free systems, demand-
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ing further studies to determine whether the interference
with topoisomerases might impair DNA integrity.

The study was performed as a part of the NutritionNet
(www.nutrition-net.org), funded by the German Ministry of
Research and Education (01EA0508). We thank F Boege
for generously providing us recombinant human topoisome-
rase IIf. W. Lorsch (Breko, Bremen, Germany) is gratefully
thanked for the contribution of the grape seed extract.
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