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Abstract
There is cumulative strong evidence that diets rich in flavanols can provide certain positive health benefits, particularly with

respect to the cardiovascular system. Consequently, it has been suggested that increasing one’s dietary intake of flavanols

may be of benefit. Complicating this idea, there are reports that high intakes of certain flavonoids during pregnancy are

associated with an increased risk for acute infant leukemia due to a poison effect of select polyphenolic compounds on DNA

topoisomerase (topo) II activity that promotes aberrant chromosomal translocations. In the current study, we characterized the

effects of select flavanols (epicatechin and catechin monomers), and select flavanol dimers and longer oligomers, on topo II

activity, and on cellular toxicity in vitro. In contrast to the chemotherapeutic drug etoposide (VP16) and the flavonol quercetin,

which strongly inhibited topo II activity and increased the formation of cleavage complexes demonstrating a poison effect, the

flavanols epicatechin and catechin had little effect on topo II enzyme activity. Accordingly, several fold greater concentrations

of the flavanols were required to achieve cellular toxicity similar to that of quercetin and VP16 in cultures of myeloid and

lymphoid cells. Low cellular toxicity and limited topo II inhibition were also observed with a procyanidin-rich cocoa extract. Of

all the flavanols tested, the dimers (B2, B5 and a mix of both) exerted the greatest inhibition of topo II and inhibited cellular

proliferation rates at concentrations similar to quercetin. However, in contrast to quercetin, the dimers did not function as topo

II poisons. Collectively, our in vitro data show that cocoa-derived flavanols have limited effects on topo II activity and cellular

proliferation in cancer cell lines. We predict that these compounds are likely to have limited leukemogenic potential at

physiological concentrations.
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Introduction

Flavonoids are a large (more than 5000) group of compounds
that are present in a wide variety of plant foods. The con-
sumption of diets rich in these phytonutrients has been associ-
ated with a number of positive health effects, particularly with
respect to inflammation, vascular and cognitive functions, dia-
betes and cancer prevention.1–11 Given the putative health
benefits of flavonoids, the growing interest in alternative
medicine, the general belief that natural, herbal remedies are
safe, and the numerous new foods, beverages and sup-
plements currently being developed to contain high levels of
flavonoids, it is likely that the amount of flavonoids in the
typical diet will rise dramatically over the next decade. In
this context, one should note that the potential positive or

detrimental consequences of high flavonoid intakes during
pregnancy, for the mother or child, are largely unknown,
and to a great extent, with the exception of isoflavones, rela-
tively few in-depth reproductive toxicology studies have
been carried out.12 The above is important given reports that
suggest an association between pregnant mothers with the
highest consumption of a limited number of select foods
labeled ‘flavonoid rich’ and increased risk to giving birth to
infants that develop acute leukemia.13–15 It should be noted
however that actual intakes of flavonoids by pregnant
women have not been directly assessed in these studies.

The idea that flavonoids, which are ubiquitously distribu-
ted in diets rich in fruit, vegetables and grains, could be
associated with increased risk of acute infant leukemia is
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seemingly counter-intuitive. Indeed, the consumption of fresh
vegetables and fruits during pregnancy seemed to be protec-
tive against these cancers.15–17 The basic argument that has
been advanced to explain a link between high flavonoid
diets and leukemia is that certain flavonoids can inhibit topoi-
somerase activity in vitro at high concentrations.15,18–23 Type
II topoisomerases (topo II) are enzymes that transiently
modify the DNA topology to allow for DNA replication,
transcription and for chromosomal recombination and segre-
gation.13,24 To maintain DNA genomic integrity, topo II
unwinds supercoiled DNA by cutting and religating seg-
ments of DNA, generating transient double strand breaks in
the process.25,26 When this process is interrupted by topoi-
somerase inhibitors called poisons, cellular accumulation of
DNA strand breaks can result in cell death and this is the
desired effect of anti-cancer drugs such as etoposide; the
idea being that highly proliferating tumor cells have several
fold greater activity of the enzyme than normal cells and
are selectively killed by topo II poisons.13,27–29 Regrettably,
topo II poisons can also promote aberrant DNA recombina-
tion and illegitimate chromosomal translocations of the
mixed lineage leukemia (MLL) gene at chromosome
11q23.13,25,30–37 In turn these abnormal MLL gene rearrange-
ments result in the formation of chimeric proteins that can
disrupt hematopoieisis and cause acute lymphoid and
myeloid leukemia in neonates.31,38,39 This occurs in more
than 80% of all cases of acute leukemia in infants,13,34,36 and
is associated with a poor prognosis with fewer than half of
the infants that develop leukemia surviving beyond five
years.17 As the etiology of childhood leukemia is unknown,
the early report of a case control study showing an association
between maternal consumption of a limited number of foods
containing topo II inhibitors and infant acute myeloid leuke-
mia (AML) is of considerable interest.40

Because cocoa was included in the list of foods that was
positively associated with an increased risk for infant AML,
in the current work we determined the effects of cocoa-
derived flavonoids on topoisomerase activity. Specifically,
we tested the hypothesis that select flavanols in cocoa
(present as monomers, dimers and higher oligomers) are
not naturally occurring topoisomerase inhibitors, and that
they do not induce cellular toxicity at physiologically relevant
concentrations. These flavanols were studied for four reasons.
First, cocoa and chocolate represent two foods that can have
very high concentrations of flavanols and their oligomers, the
procyanidins.12,41 Second, the anti-topoisomerase effects of
these compounds remain largely untested. Third, these pro-
ducts are available in relatively pure forms, and flavanol
monomers and dimers have been shown to be absorbed.42

Finally, the data from a recent prospective study suggesting
that increased chocolate consumption during pregnancy
reduces the risk for preeclampsia could precipitate an
increased consumption of chocolate by pregnant women.43

Methods

Materials

Purified human topoisomerase IIa (p170 form), ATP, amsa-
crine, pRYG supercoiled plasmid, pRYG linear and relaxed

markers, kinetoplast DNA (kDNA), a high molecular
weight aggregate of interlocked (catenated) mitochondrial
DNA purified from Crithidia fasciculate, and decatenated
and linear kDNA markers were purchased from TopoGen
(TopoGen, Port Orange, FL, USA). Proteinase K was
purchased from Promega (Promega, Madison, WI, USA).
Catechin, epicatechin, quercetin, myricetin, apigenin, genis-
tein, etoposide (VP16), ethidium bromide, dithiothreitol
(DTT), catalase, apotransferrin, bovine serum albumin
(BSA), sarkosyl, bromophenol blue, glycerol and other
basic chemicals were obtained from Sigma (Sigma, St
Louis, MO, USA). Three types of dimers were supplied by
Mars Incorporated (Mars, Hackettstown, NJ, USA): (1) pro-
cyanidin dimer B2 (97% pure; isolated from cocoa); (2) pro-
cyanidin dimer B5 (97.4% pure; isolated from cocoa); and (3)
a mixture of these dimers (CD, containing B2:B5 dimers in a
ratio of 6.5:1), as well as a cocoa extract (CEP), which is
enriched in a mixture of flavanols and procyanidins
(Table 1, Mars Incorporated). The Burkitt lymphoma (Raji)
and the promyelocytic leukemia (HL-60) cell stocks were
purchased from ATCC (ATCC, Manassas, VA, USA).
RPMI and Iscove’s modified Dubelco media, fetal bovine
serum (FBS), and Hank’s buffered and phosphate buffered
saline solutions (HBSS, PBS) were from Gibco (InVitrogen,
Carlsbad, CA, USA).

Topoisomerase II activity assay

Topo II activity was measured by the ability of topo II to
decatenate a substrate (kDNA) into nicked circular (OC)
and relaxed (R) products. Baseline topo II activity was deter-
mined by incubating 2 U of the enzyme with 0.5 mg kDNA
for 30 min at 378C in a 20 mL reaction mix containing
50 mmol/L Tris-HCl (pH 8.0), 120 mmol/L KCl, 10 mmol/L

Table 1 Composition of cocoa extract powder (CEP)

Compounds Amount

Flavanol monomers (mg/mg)

Catechin 24.2

Epicatechin 115

Flavanol oligomers (mg/g)

Dimer 63.2

Trimer 47.2

Tetramer 38.5

Pentamer 30.6

Hexamer 25.0

Heptamer 10.5

Octamer 4.1

Nonamer 6.2

Decamer 1.3

Total oligomeric procyanidins 226.6

Polymers 6.0

Flavonols (mg/mg)

Quercetin-3-O-glucoside 1.0

Quercetin-3-O-arabinoside 1.0

Anthocyanins (mg/mg)

Cyanidin-3-O-galactoside Na�

Cyanidin-3-O-arabinoside Na

Alkaloids (%)

Theobromine 10.3

Caffeine 1.1

�Non available
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MgCl2, 0.5 mmol/L DTT, 0.5 mmol/L ATP and 30 mg/mL
BSA. Topo II inhibition by the flavanols (monomers, dimers
and mixture) was determined by adding increasing concen-
trations of these compounds to the reaction mixture. Stock
solutions of each of these were prepared to ensure that
equal volumes of samples were added to the reaction mix.
The inhibitory effects of etoposide, a known topo II poison
(25 mmol/L VP16), and its vehicle control (0.2% dimethyl
sulfoxide, DMSO) were also tested. The reaction was
stopped with the addition of 4 mL of loading buffer (0.025%
bromophenol blue and 25% glycerol) containing 5% sarkosyl
and the decatenated products were separated by gel electro-
phoresis (1% agarose containing 0.5 mg/mL ethidium
bromide) at 80 mV in tris-acetate-ethylenediaminetetraacetic
acid (EDTA) or TAE buffer. kDNA product markers were
included in each gel run. The amount of catenated kDNA
retained in each well (W), and the formation of decatenated
products were visualized by exposure of the gels to UV
light using a molecular imager (BioRad, Hercules, CA,
USA) and photographed. The surface area of each of these
three bands was quantified using Quantity One analysis soft-
ware (BioRad), where fluorescence pixel intensities were
assigned arbitrary units (AU). Topo II activity (expressed in
AU) was calculated as the sum of the decatenated products
divided by the total amount of DNA in each lane.
Additionally, the amount of nicked (OC) kDNA was quanti-
fied and analyzed independently.

Topoisomerase II poison assay

The potential topo II poison effect of flavanols was evalu-
ated by measuring the amount of linear DNA produced
after 15 min incubation at 378C of these compounds in a
reaction mix containing 0.150 mg of supercoiled pRYG, 6 U
of topo II, 10 mmol/L Tris-HCl (pH 7.9), 100 mmol/L KCl,
0.1 mmol/L EDTA, 5 mmol/L MgCl2, 2.5% glycerol and
1 mmol/L ATP. The reaction was terminated by adding
sodium dodecyl sulfate (SDS, 1%) and samples were
digested with proteinase K (1 mg/mL) for 30 min at 558C
to release the DNA from its enzymatic complex. Positive
controls included known topo II poisons (VP16 and amsa-
crine). The accumulation of linear DNA, an indicator of
cleavage complex formation was separated by gel electro-
phoresis and quantified as described above. The potential
poison effect of select flavanols was defined as the
amount of linear DNA produced above baseline conditions.

Cellular topoisomerase activity

Raji cells (3 � 106) were seeded in six-well plates in 5 mL of
culture medium as described above. Cells were incubated
with the test compounds for 16 h at 378C under 5% CO2.
Cells were collected on ice in 15 mL conical tubes, rinsed
and pelleted by centrifugation. For nuclei isolation, the cell
pellets were washed twice in ice-cold hypotonic buffer
(10 mmol/L Tris-HCl, pH 7.5, 1 mmol/L EDTA, 4 mmol/L
MgCl2) containing 0.15% Nonidet, 0.5 mmol/L phenylmetha-
nesulphonylfluoride (PMSF) and a protease inhibitor cocktail
(Roche Applied Science, Indianapolis, IN, USA). The cells
were lysed with a tight fitting Dounce homogenizer and

the presence of nuclei was verified by phase microscopy.
The nuclei extracts were transferred to microfuge tubes and
pelleted by centrifugation. Proteins were extracted with the
addition of a high salt buffer (10 mmol/L Tris-HCl,
1 mmol/L EDTA, 0.5 mmol/L PMSF, 1 mol/L NaCl) and
recovered by centrifugation (100,000 g for 1 h at 48C). The
protein concentration of the nuclear extracts was determined
using a BioRad assay on a microplate reader with a BSA stan-
dard curve. Topoisomerase II activity of the protein extracts
was determined as described above.

Cell toxicity

HL-60 and Raji cells were grown in T75 flasks in their
respective media (RPMI and Iscove’s modified Dubelco)
supplemented with 10–20% FBS and cytotoxicity tests
were carried out between passages 2 and 10 for both cell
lines. To evaluate the cellular toxicity of the flavanol mono-
mers, dimers and a procyanidin-rich cocoa extract, 5 � 105

cells were seeded in 3 mL of medium in 12-well plates
and incubated with graded concentrations of the flavanols
or the vehicle (50% ethanol) for 24 h at 378C under 5%
CO2. The etoposide VP-16 (25 mmol/L) and its vehicle
(DMSO) were used as positive controls. Apotransferrin
(100 ng/mL) and catalase (100 U/mL) were added to the
medium to exclude effects secondary to hydrogen peroxide
production and other oxidation products. Prior test runs
showed that these two chemicals had no influence on the
proliferation rates of the cells, or their response to the test
compounds (data not shown). As the cocoa extract also con-
tains theobromine (10%) and caffeine (1%), we tested the
effects of these substances in our cell model. Results
obtained following the addition of caffeine and theobromine
(0.1, 0.25 and 1 mg/mL) to media were similar to those
obtained for control (data not shown), thus these com-
pounds did not contribute to the effects of the cocoa extract.

The cellular toxicity associated with a 24 h exposure to the
various test compounds was evaluated using trypan blue
(TB) exclusion cell viability assay, and by tetrazolium
(MTT) reduction in triplicate. For TB exclusion, viability
was defined as the ability of cells to exclude the TB dye,
indicating normal membrane integrity. For MTT reduction
assay, the cells from each treatment were rinsed and pelleted
at 6000 g for 10 min, and incubated at 378C for 30–60 min in
300 mL of solution (25 mmol/L Hepes, 0.5 mg/mL MTT in
MEM). The reaction was stopped by the addition of cold
PBS. Following centrifugation, the formazan crystals were
solubilized in DMSO, and read at 540 and 650 nm using a
microplate reader (Wallac 1420 Multilabel counter, Perkin
Elmer, Shelton, CT, USA). Only viable cells with intact mito-
chondrial respiratory chain enzymes will reduce the MTT
compound to purple-colored formazan.

Statistical analysis

Statistical analyses were performed using SAS, version 9.0
(SAS Institute, Cary, NC, USA). Significant differences
between treatments were determined by analyses of var-
iance using generalized linear models (GLM); significant
differences between groups/doses were determined by
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least square means test. Statistical significance was set at P,
0.05. Results obtained from 3–6 different experiments are
presented as means+ standard error of the means (SEM).

Results

Topoisomerase II activity

Topo II activity was assessed by measuring the decatenation
of kDNA in a standard reaction. As is depicted in
Figures 1–3, baseline topo II activity approximated 70–80
AU under our experimental conditions. The addition of a
known topo II inhibitor (25 mmol/L VP16) to the reaction
reduced topo II activity to 47–67% of baseline (a 33–53%
inhibition), whereas an equivalent amount of the vehicle
control (0.2% DMSO) did not significantly modulate base-
line topo II activity (Figures 1b, 2b and 3b).

The addition of the flavanol monomers epicatechin and
catechin to the reaction in concentrations ranging from 5 to
100 mmol/L did not significantly affect topo II activity
(Figure 1). This is in contrast to the flavonol quercetin, for
which 10 mmol/L was sufficient to inhibit DNA topo II
activity to a greater extent than that exerted by 25 mmol/L

VP16, the positive control (Figure 1 and Table 2). Similar
robust inhibitory effects were observed with 25 mmol/L myr-
icetin and genistein (data not shown). The flavanol dimers at
concentrations ranging from 0 to 2.5 mmol/L did not modu-
late topo II activity. However, topo II activity was inhibited
by the three dimers at concentrations greater than or equal
to 5 mmol/L (Figure 2). At 5 mmol/L (�3 mg/mL), dimer B2
significantly reduced topo II activity by 40%, to 60%
whereas dimer B5 and the cocoa dimer mixture (CD) signifi-
cantly decreased topo II activity to 40% and 20% of baseline
(Figure 2). At concentrations higher than 5 mmol/L
(10–100 mmol/L), the dimers completely prevented kDNA
decatenation (data not shown). Similar to the dimers, the pro-
cyanidin mix extracted from cocoa (CEP) significantly
reduced topo II activity at concentrations higher than
2.5 mg/mL as demonstrated by the significant amount of
kDNA retained in the wells at 2.5, 5 and 10 mg/mL CEP
(Figure 3).

Topoisomerase poison effect

The poison effect of select flavonoids was evaluated and
compared with VP16 and amsacrine, two known topo II

Figure 1 Effects of epicatechin, catechin and quercetin on topo II catalytic activity. (a) Representative gel electrophoresis. Lane 1: open circular (OC) and relaxed

(R) DNA markers; in lanes 2 to 20: topo II was incubated with kDNA alone (lane 2); or with 25 and 50 mmol/L VP16 (lanes 3 and 4); 0.2% DMSO (lane 5); 5, 10, 25, 50

and 100 mmol/L epicatechin (lanes 6–10); 5, 10, 25, 50 and 100 mmol/L catechin (lanes 11–15); and 5, 10, 25, 50 and 100 mmol/L quercetin (lanes 16–20). The

position of catenated kDNA (W) is indicated. (b) Graphic representation of topo II activity expressed in arbitrary units and calculated as the proportion of dec-

atenated products over the total amount of kDNA. Bars are means+SEM of 3–5 different reactions. Bars with different superscripts represent significant differ-

ences between baseline topo II activity (TII, solid black) and the various treatments. kDNA, kinetoplast DNA; SEM, standard error of the means
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poisons. Of all flavonoids tested, quercetin and genistein
were the strongest poisons; for these compounds,
25 mmol/L resulted in significant accumulation of linear
DNA, compared with 100 mmol/L for apigenin, VP-16 and
amsacrine; myricetin showed no poison effect in our
system (Figures 4a and b). The flavanols epicatechin and
catechin were not effective poisons as 200 mmol/L concen-
trations of these monomers resulted in significantly less
linear DNA formation than the amount produced with
either the positive controls or quercetin and genistein
(Figure 4c). Similar to the monomers, the three types of
cocoa-derived dimers and procyanidins showed very
limited poison effects; as shown in Figures 5a–d, high con-
centrations of these products were not associated with the
formation of stable cleavage complexes, measured in our
assays by linear DNA.

Cellular topoisomerase activity

Prior to measuring topo II activity in Raji cells, we estab-
lished the effects of the addition of 25 mmol/L VP16 or its
vehicle to the culture medium on cell viability over a 24-h
period. Raji cell number and metabolic competence were
largely unaffected up to 12 h, while 40% of cells were
dead after a 24-h exposure to the etoposide (Figure 6).
These data suggest that by 24 h, significant topo II inhibition

had already occurred and residual topo II activity may not
have been detectable by our assay. Thus, cellular topoisome-
rase activity was evaluated at 16 h, when 80% of the cells
remained viable in the presence of 25 mmol/L VP16. In
these conditions, nuclear topo II activity tended to be
lower in cells exposed to VP16 compared with vehicle
(DMSO), but the difference between the two groups was
not statistically significant (Figure 7). Raji cells grown in
the presence of epicatechin (100 mmol/L), quercetin
(50 mmol/L), cocoa dimer mix (100 mmol/L) and two con-
centrations of cocoa extract procyanidins (100 and 250 ng/
mL) had similar nuclear topo II activities as that measured
in cells treated with the ethanol control; and all flavanoid
treatments yielded higher topo II activity than VP16
(Figure 7). Thus, none of the flavanols inhibited topo II
activity in Raji cells, at the doses tested.

Cellular toxicity

Overall, assessment of cell toxicity using the MTT
reduction assay yielded results similar to those of cell via-
bility as measured by TB exclusion for both cell lines;
hence only the cell viability data in HL-60 are presented
here (Figure 8). Exposure (24 h) to high concentrations of
epicatechin and catechin was largely non-toxic to the
cells in contrast to quercetin, which was associated with

Figure 2 Effects of the flavanol dimers on topo II activity. (a) Representative gel electrophoresis. Lane 1: kDNA decatenated (OC) and relaxed (R) markers; lane 2:

baseline topo II activity; lanes 3 and 4 show topo II inhibition of 25 and 50 mmol/L VP16, respectively, as kDNA is not decatenated and remains in the well; lane 5

shows no topo II inhibition of the 0.2% DMSO vehicle; lanes 6–10: B2 dimer at 0.25, 0.5, 1, 2.5 and 5 mmol/L; lanes 11–15: B5 dimer at 0.25, 0.5, 1, 2.5 and

5 mmol/L; lanes 16–20: cocoa dimer (CD) mixture at 0.25, 0.5, 1, 2.5 and 5 mmol/L. (b) Calculated topo II activity. Bars are means+SEM of 4–5 reaction

assays. Bars with different superscripts are significantly different from baseline topo II activity (TII solid bars). kDNA, kinetoplast DNA
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a significant reduction in cell number at lower concen-
trations. Specifically, a media concentration of 10 mmol/L
of flavanol monomers reduced cell numbers to amounts
similar to that of 25 mmol/L VP16 compared with
300 mmol/L for quercetin (Figure 8a). The inclusion of
VP16 to culture medium not only prevented the normal
rate of cell proliferation over 24 h, but also was associated
with a 44% reduction in cell viability (Figure 8a – c). These
effects may be the consequence of VP16-mediated topo II

inhibition, which strongly impairs cellular replication
and induces cell death.

HL-60 exposure to the B2, B5 and CD dimers at concen-
trations ranging from 10 to 300 mmol/L did not result in
significant loss of cell viability (Figure 8b). For the dimer
B2, supplementation of the culture medium at concen-
trations of 300 mmol/L was associated with a significant
reduction in cell number compared with the alcohol
vehicle control; although this reduction in cell viability

Figure 3 Effects of procyanidin-rich cocoa extract and VP16 on topo II activity. (a) Representative gel electrophoresis. Lane 1 shows the decatenated markers; in

lanes 2–14 topo II was incubated with kDNA alone (lane 3); or with 25 and 50 mmol/L VP16 (lanes 2 and 5); 0.2% DMSO (lane 4); or with 0.05, 0.1, 0.25, 0.5, 0.75, 1,

2.5, 5 and 10 mg/mL, cocoa extract (CE, lanes 6–14). (b) Calculated topo II activity. Bars are means+SEM of 8–12 independent assays. Bars with different super-

scripts indicate a significant difference between baseline topo II activity (TII solid black) and a given concentration of the cocoa extract. kDNA, kinetoplast DNA;

SEM, standard error of the means

Table 2 Concentrations of monomers, dimers and cocoa extract resulting in topo II inhibition similar to that of 25 mmol/L VP16

Concentration of flavonoids

that resulted in topo II inhibition

similar to VP16

Concentration of flavonoids

that resulted in topo II poison

similar to VP16

Concentration of flavonoids

that resulted in cellular toxicity

similar to VP16

Epicatechin .100 mmol/L or 29 mg/mL 200 mmol/L or 58 mg/mL 10 mmol/L or �3 mg/mL

Catechin .100 mmol/L or 29 mg/mL 100 mmol/L or 29 mg/mL 10 mmol/L or 3 mg/mL

Quercetin 10 mmol/L or �3.5 mg/mL 25 mmol/L or 9 mg/mL 300 mmol/L or 100 mg/mL

Dimer B2 .5 mmol/L or �3 mg/mL .100 mmol/L or 60 mg/mL .300 mmol/L or 90 mg/mL

Dimer B5 5 mmol/L or �3 mg/mL .100 mmol/L or 60 mg/mL .300 mmol/L or 90 mg/mL

Cocoa Dimer Mix (CD) 5 mmol/L or �3 mg/mL .100 mmol/L or 60 mg/mL .300 mmol/L or 90 mg/mL

Procyanidin-rich cocoa extract (CEP) 2.5 mg/mL 10 mg/mL .1.5 mg/mL
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(225%) was not as severe as that in response to 25 mmol/L
VP16 (250%).

With respect to the cocoa extract, HL-60 cells were not
affected by CEP at the doses tested (Figure 8c), as cell
counts were similar to the vehicle for CEP concentrations
ranging between 0.1 and 1.5 mg/mL. Moreover, at these
doses, HL-60 cell numbers were significantly higher than
the counts measured after 24-h incubation with VP16,
suggesting a low toxicity of these compounds. Consistent
with the other series of experiments, VP16 was toxic to
both cell lines, and it inhibited cell proliferation.

Discussion

The experiments described in this report were designed to
test the DNA topo II inhibitory effects of flavanol mono-
mers, and select flavanol dimers and oligomers using stan-
dard in vitro assays. Our results show that, compared with
known anti-topo II agents, cocoa-derived flavanols, particu-
larly the monomers were not effective inhibitors of topo II
activity and did not exert strong poison effect. This is in con-
trast to several other types of flavonoids, for which we and
others show significant topo II inhibition using similar

Figure 4 Poison effect of flavonoids. (a,c) Graphic representations of cleavable complex (linear DNA) formation following 15 min incubation with different flavo-

noids. (b) Representative gel electrophoresis of a reaction containing pRYG alone (lane 1); with topo II (lane 1; with topo II and VP16 and amsacrine (100–

200 mmol/L, lanes 3–6); lanes 7 and 8 show the linear (lin) and relaxed (rel) markers; lanes 9 to 20 reaction mix containing pRYG, topo II and 100 and

200 mmol/L of epicatechin (9–10), catechin (11–12), quercetin (13–14), genistein (15–16), myricetin (17–18) and apigenin (19–20). (a) Solid bars are VP16

effects; open bars are amsacrine and stippled bars are epicatechin and catechin. (c) Topo II poison effect of 100 mmol/L VP16, amsacrine (AMSA), epicatechin

(EPI), catechin (CAT), quercetin (QUE), genistein (GEN), myricetin (MYR), and apigenin (API). Bars are means+SEM of 3–6 assays. Bars with different super-

scripts indicate a significant difference (P, 0.05). SEM, standard error of the means
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Figure 5 Poison effect of flavanol dimers and oligomers. (a) Representative gel electrophoresis: pRYG (lane 1); pRYG and topo II (lane 2); with VP16 and amsa-

crine (100–200 mmol/L, lanes 3–6); lanes 7 and 8 show the linear (lin) and relaxed (rel) markers; with B2 (lanes 9–14) and B5 (lanes 15–20) at 1, 5, 10, 25, 50 and

100 mmol/L. (b–d) Graphic representations of cleavage complex formation following 15 min incubation with flavanol dimers. Solid bars are VP16 effects; open

bars are amsacrine, gray bars are dimers B2 and B5 (b); magenta bars are cocoa dimer mix (CD) (c); yellow bars are cocoa extract procyanidin oligomers (d).

Bars are means+SEM of 4–6 assays. Bars with different superscripts indicate a significant difference between VP16 and the flavanols
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in vitro conditions.18–22 For example, Strick et al.22 reported
that quercetin, fisetin, luteolin, apigenin and genistein inhib-
ited topo II activity at concentrations similar to that of the
anti-cancer drug etoposide (VP16). Thus, the type and
degree of topo II interference by flavonoids can be predicted
from the structural differences between classes of flavo-
noids.20,21,44,45 Flavanoids with a planar conformation (due
to C2–C3 unsaturation and a C4 keto group in the C
ring), and with multiple hydroxyl groups on their B ring
are effective topo II poisons in vitro.19,20,27 Flavanols, such
as epicatechin, have a fully saturated C ring and are not
fully hydroxylated, have seemingly significantly low
ability to interact or inhibit the enzyme. This is important,
given that flavanols (from tea, wine and cocoa) account
for more than 80% of the total dietary flavonoid intake of
US adults46; and relevant, given the numerous health
benefits that have been recently associated with the intake
of diets rich in these nutrients.41,47

It should also be noted that in our system, the flavanol
dimers and oligomers exerted some anti-topo II activity at
relatively low concentrations. Although the cocoa extract

contained 31% epicatechin (37% monomer), it provided
10–20-fold greater topo II inhibition than the flavanols,
suggesting a potential synergistic effect among the various
fractions of this complex mix of polyphenols. A limited
number of investigations have studied the topo II inhibitory
effects of more complex flavonoids by testing either purified
oligomers or crude plant extract samples containing a
mixture of compounds including flavonoids. These investi-
gations have reported significant topo II inhibition using a
similar in vitro enzymatic assay, or other indirect markers
of topoisomerase activity.48–50 Agents that inhibit topoi-
somerase activity are categorized as poisons or as catalytic
inhibitors. Topoisomerase poisons act by stabilizing the
cleavage complex intermediates formed during the enzy-
matic reaction and have been associated with illegitimate
rearrangements of the MLL gene and incidence of acute leu-
kemia. Our data indicate that the flavanol oligomers are not
topo II poisons. Although catechins are considered topo II
poisons by some,13,17,23 the published data show that flava-
nols are effective topo II inhibitors only as phenolic
extracts,51,52 tannins53 or gallic derivatives,18,54,55 or at very
high levels of catechin.21 The distinction cannot be over-
emphasized, given recent reports that physiological concen-
trations of flavanol monomers and dimers are associated
with positive cardiovascular effects.1,11,56,57

We also evaluated the toxicity of flavanols in myeloid and
lymphoid cancer cells and correlated these results with that
from the topo II activity assays. There was a strong concor-
dance with both sets of data (Table 2). To illustrate, the fla-
vanol monomers showed both weak topo II inhibitory
activity (30 mg/mL were needed to match VP16), and
limited functional or downstream effects (3 mg/mL were
needed to induce cell toxicity). In contrast, dimers and oli-
gomers inhibited topo II activity at lower concentrations
than the monomers (3 mg/mL) and also exerted cellular tox-
icity at lower concentrations than the monomers (90 mg/mL,
Table 2). In our cell culture experiments, the effects of the

Figure 6 Time course response to 25 mmol/L VP16. Raji cells (0.6 � 105/mL)

were cultured in medium containing 25 mmol/L VP16, or its vehicle (DMSO),

and collected at 1, 2, 4, 6, 12, 16, 24 h of treatment. Cell viability was deter-

mined by trypan blue (TB) assay and metabolic competence by MTT

reduction. Data are expressed as % of control for each time point

Figure 7 Nuclear topo II activity in Raji cells following a 16-h exposure to VP16, quercetin or flavanol monomers, dimer and oligomers. Raji cells (3 � 106) were

seeded in six-well plates containing 5 mL medium supplemented with catalase (100 U) and apotransferrin (100 mg/mL). The etoposide (25 mmol/L), quercetin

(Que, 50 mmol/L), epicatechin (Epi, 100 mmol/L), dimer mixture (CD, 100 mmol/L) and cocoa extract (CEP, 0.1–0.25 ng/mL), and their respective vehicle

(DMSO, 50% ethanol) were added to each well from frozen stocks, and cells were incubated for 16 h. Nuclear proteins were extracted as described and topo

II activity was measured on equal amounts of proteins. Values are means+SEM of 5–8 experiments, expressed in arbitrary units (AU). ANOVA: effect of treat-

ment: P, 0.08. ANOVA, analysis of variance; SEM, standard error of the means
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Figure 8 Flavanols show limited toxicity in vitro. HL-60 cells (1.5 � 105/mL) were grown for 24 h in 3 mL of media containing 25 mmol/L VP16 (white bars), or the

vehicles (50% ethanol [ETOH] and 10% DMSO, black bars) and (a) epicatechin and catechin (gray bars) or quercetin (solid bars); (b) flavanol dimers; and (c) cocoa

extract procyanidins. Bars represent cell viability measured by trypan blue exclusion assay and are means+SEM, n ¼ 3–5 replicates. Bars with different super-

scripts are significantly different from one another (P, 0.05)
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flavanols on cell proliferation and metabolic activity were
tested at mmol/L and mmol/L concentration ranges,
amounts 50–2000-fold greater than plasma epicatechin
levels (1–5 mmol/L) measured following the ingestion of a
cocoa-rich product.11,42,58 Although these experimental con-
ditions (in vitro assays of supraphysiological concentrations)
may limit our conclusions regarding potential clastogenic
effects of flavanols, a recent in vitro study also showed
that epicatechin, catechin and dimers B1 and B2 exerted
no cytotoxicity against various cancer cell lines unless they
contained galloyl groups (gallic acid).59 Thus, it is likely
that these flavanols have limited clastogenic or genotoxic
potential in vivo when consumed as part of a normal diet.

We think it is important to iterate the fact that our data were
generated using in vitro systems similar to those used by
others to evaluate effects on topo II activity and that inference
to any effects with regard to human biology and reproduction
is restricted. Moreover, we tested for effects using high concen-
trations of unmetabolized flavanols, which are likely to be
different from the effects of circulating flavanols metabolites.
Current data suggest that primarily monomers, and to a
lesser extent dimers B2 and B5, are transported intact
through the gut42,60,61; the longer oligomers are thought to
be poorly absorbed.47,62 With respect to dimer B2, the concen-
tration that inhibited topo II activity (5 mmol/L) in our study
was 100-fold higher than the average B2 plasma concentration
(50 nmol/L) that occurs following the consumption of a
flavanol-rich beverage.42 The maximal blood concentration
of monomers rarely reaches 5 mmol/L, and they are usually
present as a combination of methylated, sulfated and glucur-
onidated metabolites.47,63,64 With this in mind, and knowing
that flavanols are rapidly eliminated from plasma,11,47 the like-
lihood that significant concentrations of procyanidins reach
the nuclei of hematopoeitic progenitor cells in the fetus follow-
ing maternal consumption of chocolate is very small. Even
though the bioavailability and biotransformation of flavonoids
are not fully understood, it is unlikely that either the concen-
trations (amount) or the forms of substrates that generated leu-
kemogenic effects in vitro are achieved in the fetal tissues. For
example, Chu et al.65,66 measured picomolar amounts of epica-
techin in plasma and in certain tissues of GD 15.5 rat fetuses
following the oral dosage of dams with large amounts of
green tea extract (epigallocatechin gallate [EGCG] appeared
more readily transported to the fetal compartment).
Therefore, the risk for acute leukemia from intakes of flavanol-
rich foods would seem to be limited.

With the exception of a few specific nutrients, the contri-
bution of different nutritional factors to pregnancy outcome
is poorly understood.67 Similarly, the potential positive or
detrimental consequences of high flavonoid intakes during
pregnancy for the mother or child are largely unknown,
and to a great extent, with the exception of isoflavones, rela-
tively few in-depth reproductive toxicology studies have
been carried out. Flavonoids, as common components of a
plant food-rich diet have been reported to improve certain
aspects of health and to decrease mortality in recent epide-
miological and intervention trials.12 However, it has been
speculated that large intakes of flavonoid-rich foods during
pregnancy can increase the risk for acute infant leukemia
due to chromosomal translocations secondary to

flavonoid-induced reductions in topoisomerase activity.23

The concerns that various flavonoids might contribute to
infant leukemia are legitimate, but this area of research
clearly warrants further investigation. The list of agents
capable of inhibiting topo II in vitro is extensive but evidence
of them being a risk factor for leukemia during pregnancy is
limited and contradictory; this is partly driven by the rare
occurrence of the disorder, approximately 7.2 per 100,000
births,68 which calls for case-control studies, leading to
recall bias15,32 and the fact that the etiology of acute child-
hood leukemia remains to be fully understood. The sugges-
tion that the consumption of certain high flavanol foods
during a vulnerable period such as pregnancy may lower
the risk of preeclampsia, but increase the risk of giving
birth to a child that will develop acute leukemia sends a con-
fusing message to expecting mothers. However, while
additional studies aimed at the evaluation of the benefits
and risks of high dietary intakes of isolated flavonoids on
pregnancy outcome in whole animal models would be of
value, the results of the present study strongly argue
against the hypothesis that physiological concentrations of
flavanols, or oligomers of flavanols, pose a reproductive risk.
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