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Cellular DNA breakage by soy isoflavone genistein
and its methylated structural analogue biochanin A
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Epidemiological studies have indicated that populations with high isoflavone intake through
soy consumption have lower rates of breast, prostate, and colon cancer. The isoflavone
polyphenol genistein in soybean is considered to be a potent chemopreventive agent against
cancer. In order to explore the chemical basis of chemopreventive activity of genistein, in this
paper we have examined the structure-activity relationship between genistein and its struc-
tural analogue biochanin A. We show that both genistein and its methylated derivative
biochanin A are able to mobilize nuclear copper in human lymphocyte, leading to degrada-
tion of cellular DNA. However, the relative rate of DNA breakage was greater in the case of
genistein. Further, the cellular DNA degradation was inhibited by copper chelator (neocu-
proine/bathocuproine) but not by compounds that specifically bind iron and zinc (desfer-
rioxamine mesylate and histidine, respectively). We also compared the antioxidant activity of
the two isoflavones against tert-butylhydroperoxide-induced oxidative breakage in lympho-
cytes. Again genistein was found to be more effective than biochanin A in providing
protection against oxidative stress induced by tert-butylhydroperoxide. It would therefore
appear that the structural features of isoflavones that are important for antioxidant properties
are also the ones that contribute to their pro-oxidant action through a mechanism that

Received: December 3, 2008
Revised: March 15, 2009
Accepted: March 15, 2009

involves redox cycling of chromatin-bound nuclear copper.
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1 Introduction

Cancer development is a dynamic and long-term process that
involves many complex factors through critical steps of
initiation, promotion, and progression, leading to an uncon-
trolled growth of cancerous cells throughout the body. It is
Dbelieved that dietary constituents derived from plant sources
have the ability to modify the process of carcinogenesis, thus
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relating the foodstuffs, beyond their basic nutritional benefits,
to disease prevention [1, 2]. Consistent with this observation
are the epidemiological findings associating high soy
consumption with lower incidences of breast, prostate, and
colon cancer in Asian countries, particularly in Japan [3-5]. It
has been suggested that the isoflavone constituents provide at
least part of the protective effect of soy food [6]. Genistein, a
predominant isoflavone present in soy, has been shown to
have potent anticancer properties both in vitro and in vivo
[7, 8]. However, genistein and some other isoflavones have
also been shown to stimulate the growth of estrogen receptor
positive breast cancer cells [9] and to induce endometrial
stromal cell proliferation in vitro [10]. The 4'-O-methyl deri-
vative of genistein, biochanin A that is a major isoflavone
constituent in red clover (Trifolium pratense), has also been
reported to possess cytotoxic properties against cancer
cells [11]. Various other polyphenolic compounds such as
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flavonoids, tannins, curcuminoids, gallocatechins, stilbenes,
and anthocyanidins have been implicated as chemopreventive
agents [12]. However, the mechanism by which these
compounds inhibit proliferation and induce apoptosis in
cancer cells has been the subject of considerable interest. In
recent years, several reports have documented that plant
polyphenolics including genistein (from soybean) induce
apoptosis in various cancer cell lines [13-18]. Of particular
interest is the observation that a number of these polyphenols
including EGCG, gallic acid, resveratrol, and genistein induce
apoptotic cell death in various cell lines but not in normal cells
[14-16, 19].

Earlier studies in our laboratory have shown that various
classes of plant polyphenols including flavonoids [20-25]
cause oxidative strand breakage in DNA either alone or in
the presence of transition metal ions such as copper. Copper
is an important metal ion present in chromatin and is
closely associated with DNA bases, particularly guanine [26].
It is one of the most redox active of the various metal ions
present in cells. Most of the plant polyphenols possess both
antioxidant as well as pro-oxidant properties [15, 20] and we
have earlier proposed that the pro-oxidant cytotoxic action of
polyphenolics may be an important mechanism of their
anticancer- and apoptosis-inducing properties [27, 28]. Such
a mechanism for the cytotoxic action of these compounds
against cancer cells would involve mobilization of endo-
genous copper ions and the consequent pro-oxidant action.

The chemopreventive properties of genistein are well
documented [7, 8, 29]. In order to explore the chemical basis of
the chemopreventive activity of genistein, in this paper, we
have examined the structure-activity relationship between
genistein and its structural analogue biochanin A (Fig. 1).
Using a cellular system of peripheral lymphocytes isolated
from human blood and alkaline single-cell gel electrophoresis
(Comet assay), we show that both genistein and biochanin A
are able to cause oxidative DNA breakage in cells, however,
with different efficiencies. Further, we also studied the anti-
oxidant potential of the two isoflavones against tert-butylhy-
droperoxide (TBHP)-induced oxidative stress. These studies
suggest that both the pro-oxidant and antioxidant properties of
isoflavones are determined by the same structural pattern.

2 Materials and methods
2.1 Materials

Genistein, biochanin A, ascorbic acid, tannic acid, neocu-
proine, bathocuproine disulphonate, superoxide dismutase
(SOD), agarose, low melting point agarose, RPMI 1640, Triton
X-100, Trypan blue, Histopaquel077, and PBS Ca’* and
Mg”" free were purchased from Sigma (St. Louis, MO). All
other chemicals were of analytical grade. Fresh solutions of
genistein and biochanin A were prepared as a stock of 2.5 mM
in absolute methanol. In all the studies (except ferrous
oxidation-xylenol orange (FOX) assay), the reaction mixture
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Figure 1. Chemical structures of isoflavone genistein and
biochanin A.

contained <2% methanol (v/v). To test any effect of solvent
on the DNA breakage and antioxidant studies, methanol
solution was added to the cells at the final concentration of 2%
v/v, which was the highest concentration of methanol used in
the isoflavone-treated reaction medium. No difference was
observed with or without methanol, indicating that the
methanol at the tested concentrations did not influence the
results. For FOX assay, the solvent control concentration
varied between 1 and 12% v/v and again no influence of the
solvent was observed on the results. On addition to reaction
mixtures, in the presence of buffers mentioned and at
concentrations used, all the polyphenols used remained in the
solution. The volumes of stock solution added did not lead to
any appreciable change in the pH of reaction mixtures.

2.2 Isolation of lymphocytes

Heparinized blood samples (2mlL) from a single healthy
donor was obtained by venepuncture and diluted suitably
in Ca®"- and Mg*"-free PBS. Lymphocytes were isolated
from blood using Histopaque 1077 (Sigma) and the
cells were finally suspended in RPMI 1640. A single donor
(M. F. Ullah) donated blood for all experiments.

2.3 Viability assessment of lymphocytes
The lymphocytes were checked for their viability before the

start and after the end of the reaction using Trypan Blue
Exclusion Test [30].
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2.4 Treatment of lymphocytes and evaluation of
DNA breakage by alkaline single-cell gel
electrophoresis (Comet assay)

Lymphocytes isolated from 2mL blood were diluted to the
count of 2 x 10° cells/2mL and suspended in RPMI 1640.
Approximately 10000 of these cells were mixed with 75 uL
of pre-warmed low melting point agarose in PBS and
immediately applied to a frosted microscopic slide layered
with 75 uL of 1% standard agarose in PBS. The slides were
allowed to gel at 4°C for 10 min. The layered lymphocytes on
slides were then subjected to treatment with isoflavones and
processed further for Comet assay as already described [31].

Treatment of lymphocytes with isoflavones was also
carried out using permeabilized cells [32]. For this purpose,
lymphocytes prior to treatment with isoflavones were
exposed to the permeabilization solution (0.5% Triton X-100
in 0.004 M Tris-HCl, pH 7.4) for 10min on ice. For treat-
ment, each slide was then transferred to a rectangular dish
(8cm x 3cm x 5mm) that contained a reaction mixture of
isoflavones and other additions as mentioned in various
legends to figures and tables. The slides with the reaction
mixture were incubated at 37°C for desired time periods (1 h
for whole cells/30 min for permeabilized cells) and were
then washed twice by placing in 0.4 M phosphate buffer pH
7.5 for 5min at room temperature before being processed
further for Comet assay.

For antioxidant study [33], the cells were preincubated
with isoflavones in eppendorf tubes in a reaction volume of
1mL. After the preincubation (for 30min at 37°C), the
reaction mixture was centrifuged at 4000rpm, the super-
natant was discarded, and the peletted lymphocytes were re-
suspended in 100uL of PBS (Ca** and Mg*" free) and
layered for further treatment with TBHP (50 uM). The
incubation period was 30min at 37°C in dark. The other
conditions remained the same as described earlier.

2.5 Stoichiometric titration of Cu(l) production

The stoichiometry of Cu(l) production was measured by
mixing the isoflavones (25 uM) in 10 mM Tris—HCI; pH 7.5,
with varying amounts of CuCl, (5-200puM) and a stock
bathocuproine solution to give a final concentration of
0.4 mM in a total volume of 3 mL. Bathocuproine complexes
with Cu(l) to form a Cu (Bathocuproine); complex, which
absorbs maximally at 480 nm. Absorbance was recorded at
480 nm after 1h incubation at 37°C in dark [34].

2.6 Detection of H,0, in the incubation medium by
FOX assay

The FOX assay [35] was adapted to detect and quantify the

generation of H,0; in the incubation medium (RPMI 1640,
phosphate buffer 0.4 M, pH 7.5) by various isoflavones. The
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simplified reaction sequence involves the oxidation of
ferrous (Fe*") to ferric (Fe’") ions by H,0, with the
subsequent binding of the Fe*" ion to the ferric-sensitive
dye xylenol orange, yielding an orange to purple complex,
which is measured at 560nm. The reaction mixture
contained the isoflavones along with the incubation
medium used in the treatment of lymphocytes. After incu-
bation for 2h at 37°C, an aliquot of 200 pL was analyzed for
H,0, formation [31].

2.7 Statistics

The statistical analysis was performed as described by Tice
et al. [36] and is expressed as + SEM of three independent
experiments. A student’s t-test was used to examine statis-
tically significant differences. Analysis of variance was
performed using ANOVA. p-Values <0.05 were considered
statistically significant.

3 Results

3.1 DNA breakage by isoflavones in cellular and
permeabilized lymphocytes as measured by
Comet assay

Single-cell gel electrophoresis (Comet assay) is a sensitive
technique to quantify DNA damage in cellular system. In the
original version of the assay, cells embedded in agarose
microscopic slides were lysed and subjected to electrophoresis
under neutral conditions enabling the detection of DNA
double-strand breaks [37]. A later modification using alkaline
conditions made it possible to detect DNA single-strand
breaks and alkaline-labile sites in DNA [38]. Further, in case
two single-strand breaks are closely opposed, they show up as
a double strand break. We have previously shown that the
various classes of polyphenols on incubation with human
peripheral lymphocytes are able to degrade cellular DNA and
that such degradation can be measured by Comet assay [25,
39]. Studies from other laboratories such as by Cemeli et al.
have also used Comet assay to demonstrate that estrogen-like
compounds such as diethylstilbestrol, daidzein, and genistein
induce DNA breakage in lymphocytes that is mediated by
reactive oxygen species (ROS) [40]. In the present experiment,
increasing concentrations of genistein and biochanin A (10,
20, and 50pM) were tested for DNA breakage in isolated
lymphocytes using alkaline single-cell gel electrophoresis
(Comet assay). As can be seen in Fig. 2A, there is a dose-
dependant increase in the DNA breakage induced by genis-
tein and biochanin A with clear tail lengths indicative of
significant breakage of cellular DNA. We further tested the
effect of these isoflavones on permeabilized lymphocytes at
the same concentrations (Fig. 2B). Use of permeabilized
lymphocytes allows the direct interaction of isoflavones with
cell nuclei at physiological pH, eliminating the need to first
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Figure 2. A comparison of DNA breakage induced by genistein
(#) and biochanin A (H) in (A) intact lymphocytes and (B)
permeabilized lymphocytes as a function of comet tail lengths.
Values reported are +SEM of three independent experiments.
p<0.01 by comparison with control (untreated cells).

lyse the cells at alkaline pH and then re-suspending them at
neutral pH as we have done previously [31]. Thus, consider-
ably greater DNA breakage should be observed in permeabi-
lized lymphocytes as compared with the intact cells. Figure 2B
in comparison to Fig. 2A shows that the rate of tail formation
induced by genistein and biochanin A is greater in the case of
permeabilized lymphocytes suggesting that isoflavones are
able to interact with the nuclei when a permeabilized system
is used. However, in both intact and permeabilized cells, the
rate of DNA breakage is greater in the case of genistein
relative to biochanin A.

3.2 Effect of reactive oxygen scavengers on the
isoflavone-induced DNA breakage in
permeabilized lymphocytes

It is previously established from our work that the plant
polyphenol-mediated DNA cleavage is inhibited to signifi-
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cant degrees by various scavengers of ROS [31, 39]. Table 1
gives the result of an experiment where the effect of catalase,
SOD, and thiourea were tested on isoflavone-induced DNA
degradation in permeabilized lymphocytes. All three caused
significant inhibition of DNA breakage as evidenced by the
decreased tail length of comets. Catalase and SOD remove
H,0, and superoxide, respectively, and thiourea removes
hydroxyl radicals. From the data, we conclude that the
isoflavone-induced cellular DNA degradation is the result of
the formation of ROS of which superoxide anion and the
hydroxyl radical are the proximal DNA damaging agents. It
is to be noted that the generation of superoxide anion may
spontaneously lead to the formation of H,0,, which in turn
causes the formation of hydroxyl radical through oxidation
of reduced transition metals such as copper (Fenton reac-
tion) [41]. However, it may be mentioned that due to the site-
specific nature of the reaction of hydroxyl radicals with
DNA, it is difficult for any trapping molecule to intercept
them completely [32].

3.3 Effect of metal-specific chelators on the
isoflavone-induced DNA breakage in cellular and
permeabilized lymphocytes

In the experiment shown in Table 2, we have used various
metal-specific chelators, which selectively bind to copper,
iron, and zinc, to study their effect on isoflavone-induced
DNA degradation in whole lymphocytes as well as in
permeabilized cells. In whole cells, a clear inhibition of
DNA degradation was observed with neocuproine (a cell
membrane-permeable Cu(I)-specific chelator). Further, no
such inhibition was seen with bathocuproine (a water-
soluble membrane-impermeable analogue of neocuproine),
desferrioxamine mesylate (an Fe(II)-specific chelator), and
histidine (a zinc-specific chelator). However, in permeabi-
lized lymphocytes, both neocuproine and bathocuproine
were found to inhibit the DNA breakage while iron and zinc

Table 1. Effect of scavengers of reactive oxygen species on isofla-
vone-induced DNA breakage in permeabilized lymphocytes

Dose Tail length (um) Inhibition (%)
Untreated 02.53+0.17

Genistein (50 uM) 35.24+2.82°

Catalase (100 pg/mL) 24.39+2.14* 30.72

SOD (100 ug/mL) 20.62+1.65* 41.48
Thiourea (1 mM) 14.67+1.18* 58.37
Biochanin A (50 uM) 27.19+2.31*

Catalase (100 ng/mL) 17.05+1.23* 37.29

SOD (100 ug/mL) 15.28+ 1.17* 43.80
Thiourea (1mM) 10.12+1.01* 62.78

*p<0.05 as compared with control (#). Data represent +SEM of
three independent experiments
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Table 2. Effect of various metal chelators on DNA degradation in lymphocytes induced by isoflavones

Dose Whole lymphocytes Permeabilized lymphocytes
Tail length % of Control Tail length % of Control
Genistein (50 uM) 26.32+2.13* - 35.76+2.67** -
Neocuproine (100 pM) 17.16+0.78 65.19+4.53 24.84+1.29 69.49+5.21
Bathocuproine (100 puM) 26.04+1.80 98.93+6.85 20.42+0.69 57.12+3.41
Histidine (100 uM) 25.59+1.63 97.26+6. 37 36.20+2.81 101.25+7.79
Desferioxamine mesylate (100 pM) 26.70+2.01 101.48+7.28 35.24+2.30 98.57+6.53
Biochanin A (50 uM) 20.76+1.82* - 26.94+2.21** -
Neocuproine (100 pM) 09.34+0.27 44.99+2.93 15.2440.56 56.57 +3.68
Bathocuproine (100 pM) 20.80+1.52 100.24 +7.32 10.58+0.32 39.30+2.98
Histidine (100 uM) 21.53+2.10 103.75+9.77 26.17 +2.00 97.17+7.65
Desferioxamine mesylate (100 pM) 20.65+1.72 99.51+8.37 26.46+2.20 98.21+8.32

The values shown represent isoflavone-induced DNA breakage in whole lymphocytes and permeabilized lymphocytes in the presence of
metal chelators measured as a percentage of the control (DNA breakage induced by isoflavone in the absence of any chelator). Data

represent +SEM of three independent experiments.

*p<0.05 as compared with untreated whole lymphocytes (tail length =2.30+0.13).
**p<0.05 as compared with untreated permeabilized lymphocytes (tail length = 2.72+0.17).

chelators were still ineffective in causing such inhibition.
Bathocuproine disulphonic acid, which is impermeable to
cell membrane, may freely traverse through permeabilized
cells to directly interact with the cell nuclei. Further, it may
be noted that the nuclear pore complex is permeable to
small molecules. Therefore, we take these results to suggest
that isoflavones mobilize chromatin-bound copper, leading
to oxidative DNA breakage.

3.4 Stoichiometry of Cu(ll) reduction by genistein
and biochanin A

It has been previously suggested that the redox cycling of
Cu(II)/Cu(I) is an essential element in the induction of
copper-assisted oxidative DNA breakage [27]. To assess the
relative efficiency of reduction of Cu(Il) by genistein and
biochanin A, stoichiometric studies were carried out. Job
plots of absorbance versus [Cu(lI)]/[Isoflavone] show that
genistein and biochanin A reduce Cu(lI) to Cu(l) with an
approximate stoichiometry of 1:5 and 1:3, respectively
(Fig. 3). It would appear from the results that both genistein
and biochanin A can bind and reduce Cu(Il). However, it
can be inferred from the figure that genistein is more effi-
cient reducer of Cu(II) than biochanin A.

3.5 H,0, generation by isoflavones in the
incubation medium

It is well known that polyphenols auto-oxidize in cell culture
media to generate H,0, and quinone that can enter cells/
nuclei causing damage to various macromolecules [42]. This
may lead to extraneous production of ROS that could also
account for cellular DNA breakage. In order to examine this

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Detection of stoichiometry of isoflavone-Cu(ll) inter-
action. The concentration of genistein (¢) and biochanin A (H)
were 25uM in the presence of 0.4mM bathocuproine. The
absorbance of samples at 480 nm is plotted versus equivalents of
Cu(ll) per molar equivalent of compounds. All points represent
triplicate samples and the mean values are plotted.

possibility we have determined the formation of H,0, by
isoflavones in the incubation medium and compared it with
a known generator of H,0,, namely tannic acid [43]. In the
results given in Fig. 4A, we show that the rate of formation
of H,O, by tannic acid in the incubation medium is
considerably greater whereas that by isoflavones is relatively
negligible. Further, we have also compared the comet tail
length formation as a function of increasing concentrations
of isoflavones and tannic acid. As seen in Fig. 4A, whereas
isoflavones show significant tail formation in a dose-
dependant manner, tannic acid is not effective in causing
DNA Dbreakage. These results indicate that cellular DNA
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Figure 4. (A) A comparison of the rate of H,O, formation by
tannic acid (M), genistein (), and biochanin A (T]) in the
incubation medium as determined by FOX assay. (B) A
comparison of DNA breakage induced by tannic acid (H),
genistein (), and biochanin A ([]) in human peripheral
lymphocytes as a function of comet tail lengths. Values reported
are +SEM of three independent experiments.

breakage by isoflavones observed in our studies is not the
result of extracellular production of H,0, as there exists no
correlation between relative H,0, production by tannic acid
and isoflavones and their ability to cause DNA breakage.

3.6 Antioxidant activity of isoflavones against
TBHP-induced oxidative stress in lymphocytes

TBHP is a well-known inducer of ROS-mediated oxidative
stress that results in DNA damage [44, 45]. In the present
study, we have evaluated the antioxidant potential of genis-
tein and biochanin A in providing protection to lymphocytes
against TBHP-induced oxidative injury. Ascorbic acid (vita-
min C), a known antioxidant, has been used as a positive
control in the experiments. Figure 5 shows that whereas all
the three were able to inhibit the TBHP-induced lymphocyte
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Figure 5. A comparison of antioxidant activities of ascorbic acid
(A), genistein (H) and biochanin A (#) as a function of
decreasing tail length of comets against TBHP-induced oxidative
DNA breakage in human peripheral lymphocytes as assessed by
Comet assay. p<0.05 by comparison with TBHP-treated positive
control. Values reported are +SEM of three independent
experiments.

DNA degradation, their relative antioxidant activities were
different and appeared in the following order; ascorbic
acid > genistein >Dbiochanin A. The results indicate that
genistein is a more effective antioxidant as compared to
biochanin A.

4 Discussion

In order to examine the significance of the structural features
of isoflavones toward their chemopreventive effects, we have
studied the structure—activity relationship between two related
isoflavones, genistein and biochanin A. As can be inferred
from our results, genistein is a more efficient pro-oxidant as
well as antioxidant relative to biochanin A. It has been
reported earlier that both the pro-oxidant and the antioxidant
activities of a flavonoid depend on the number of hydroxyl
substitutions in its backbone structure [46]. Our results are in
agreement with these findings and we believe that hydroxyl
groups are essential features responsible for the biological
activities of isoflavones. Further, it has also been shown that
modification of the hydroxyl groups may alter the biological
activity of phenolics. For example, it has been reported that
the methylation of the 3-hydroxyl group in protocatechuic acid
to form vanillic acid caused significant reduction of the radical
scavenging capacity [47]. It has also been reported that the
formation of 3,4'-dimethylether or 3,4',7-trimethylether from
kaempherol (3,4',5,7-tetrahydroxyflavone) inactivated the pro-
oxidant activity of the flavone [46]. Similarly, Liu et al. have
reported that of various synthetic structural analogues of
resveratrol, 3,5,4'-trimethoxy-trans-stilbene was ineffective in
both antioxidant as well as pro-oxidant activities [48]. The
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oxidation of flavonoid to yield stable phenoxyl radical is
facilitated through electron delocalization. It is believed that
the presence of electron donating or withdrawing groups at
the aromatic system strongly influences the redox potential of
phenols. The presence of electron-donating groups such as
methyl group makes the aromatic structure rich in electrons.
This confers a higher degree of instability to the phenoxyl
radical, which in turn reduces the redox efficiency of the
process [48, 49]. Furthermore, we have shown that apart from
inducing greater DNA breakage, genistein is also a more
efficient reducer of Cu(II) than biochanin A. The correlation
between the DNA cleavage activity and the reducing potential
of the compounds indicates that the electron transfer between
isoflavones and endogenous copper may play a crucial role in
the pro-oxidant activity of the isoflavones. This is also in
agreement with the finding where genistein was shown to
posses a lower ICs, for apoptosis induction than biochanin A
in various cancer cell lines [50]. Thus, the structural feature
responsible for a greater chemopreventive and anticancer
activity of genistein is the presence of a free 4-OH group. It
would thus appear that the structural features of isoflavones
that are important for the antioxidant activity are also the
same that contribute to their pro-oxidant potential through a
mechanism that involves redox cycling of chromatin-bound
nuclear copper.

We have earlier proposed that an important mechanism for
the cytotoxic action of plant-derived polyphenolic compounds
against cancer cells could be the mobilization of endogenous
copper ions and the consequent pro-oxidant action [27, 28]. This
is based on several lines of indirect evidence in literature and
our own studies where we have shown that plant polyphenols
are able to mobilize endogenous copper ions leading to oxida-
tive breakage of cellular DNA [31, 39]. In further support of our
hypothesis, we have used a lysed version of Comet assay and
have demonstrated the direct interaction of polyphenols with
cell nuclei that leads to oxidative DNA breakage [31]. However,
since the lysed version required the preparation of cell nuclei at
an alkaline pH, there existed a possibility that the DNA might
undergo structural changes, which may be responsible for the
enhanced DNA breakage. In order to rule out the possibility of
such a structural change in cellular DNA, we have carried out
permeabilization of cells at neutral pH [32], thereby eliminating
the need for pretreatment of cells at an alkaline pH and
allowing the isoflavones to interact with cell nuclei at physio-
logical pH. The results obtained with Cu(I)-specific chelators
(neocuproine and bathocuproine) are the same as in the
previous study [31]. Further, using either whole cells or
permeabilized cells, iron- and zinc-specific chelators did not
cause inhibition of isoflavone-induced cellular DNA degrada-
tion (Table 2). It may be mentioned that copper and zinc are
the major metal ions present in the nucleus [51]. Thus, our
result strongly indicates that genistein- and biochanin
A-induced cytotoxic action involves mobilization of nuclear
copper. We have earlier suggested that the preferential cyto-
toxicity of plant polyphenols toward cancer cells is explained by
the observation made several decades earlier which showed that
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serum [52, 53], tissue [54],] and intracellular [55] copper levels in
cancer cells are significantly enhanced in various malignancies.
Since cancer cells contain elevated levels of copper, they may be
more subject to electron transfer with polyphenols [48] to
generate ROS. Thus, because of higher intracellular copper
levels in cancer cells, it may be predicted that the cytotoxic
concentrations of polyphenols required would be lower in these
cells as compared with normal cells. Such lower cytotoxic
concentrations of polyphenols against cancer cells have been
demonstrated [56, 57]. It may be mentioned that some plant
polyphenols including genistein have been shown to cause
regression of tumors in animal models [58-60]. Thus, the
mechanism proposed by us would be an alternative, non-
enzymatic, and copper-dependent pathway for the cytotoxic
action of these compounds that are capable of mobilizing and
reducing endogenous copper. Indeed such a common
mechanism better explains the anti-cancer effects of poly-
phenols with diverse chemical structures as also the prefer-
ential cytotoxicity toward cancer cells. As such this would be
independent of Fas- and mitochondria-mediated programmed
cell death. Several studies have indicated that apoptosis induc-
tion by several polyphenols and other anti-cancer agents
is independent of caspases and mitochondria [61, 62] and is
accompanied by an increase in the intracellular levels of ROS
[63—65]. This is also consistent with our hypothesis where we
propose that plant polyphenols mobilize chromatin-bound
copper, which is redox cycled and which in turn leads to the
formation of ROS.

Further the question of bioavailability of genistein in
mammalian systems also needs to be addressed. Genistein
and its metabolites have been detected in plasma, prostatic
fluid, breast aspirate, cyst fluid, urine, and feces [66—69].
Studies have reported that the plasma levels of genistein in
people having a soy-rich diet could reach up to 5uM [66]. A
study targeting phase I pharmacokinetic and pharmacody-
namic analysis following administration of unconjugated soy
isoflavones (containing 43 and 90% genistein, respectively) to
individuals with cancer found plasma concentration of
genistein closer to concentrations associated with anticancer
activity in vitro [70]. It is to be noted that in our studies the
concentrations of genistein used (such as 10 uM in Fig. 2 and
4-12uM in Fig. 5) are fairly close to the concentrations
achieved in plasma on consumption of soy-rich diet [66].
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