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Abstract

It was earlier proposed that an important anti-cancer mechanism of plant polyphenols may involve mobilization of
endogenous copper ions, possibly chromatin-bound copper and the consequent pro-oxidant action. This paper shows that
plant polyphenols are able to mobilize nuclear copper in human lymphocytes, leading to degradation of cellular DNA. A
cellular system of lymphocytes isolated from human peripheral blood and comet assay was used for this purpose. Incubation
of lymphocytes with neocuproine (a cell membrane permeable copper chelator) inhibited DNA degradation in intact
lymphocytes. Bathocuproine, which is unable to permeate through the cell membrane, did not cause such inhibition. This
study has further shown that polyphenols are able to degrade DNA in cell nuclei and that such DNA degradation is inhibited
by neocuproine as well as bathocuproine (both of which are able to permeate the nuclear pore complex), suggesting that
nuclear copper is mobilized in this reaction. Pre-incubation of lymphocyte nuclei with polyphenols indicates that it is capable
of traversing the nuclear membrane. This study has also shown that polyphenols generate oxidative stress in lymphocyte
nuclei which is inhibited by scavengers of reactive oxygen species (ROS) and neocuproine. These results indicate that the
generation of ROS occurs through mobilization of nuclear copper resulting in oxidatively generated DNA breakage.
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Introduction tumour compounds [1,2]. In recent years, a number

of reports have appeared which have shown that

Plant-derived polyphenolic compounds that include
flavonoids, tannins, curcuminoids, gallocatechins
such as epigallocatechin-3-gallate (EGCGQG) and stil-
benes such as resveratrol possess a wide range of
pharmacological properties, the mechanisms of
which have been the subject of considerable interest.
They are recognized as naturally occurring antiox-
idants and have been implicated as antiviral and anti-

gallocatechins found in green tea and which include
tannic acid, gallic acid, epigallocatechin, epicatechin-
3-gallate and epigallocatechin-3-gallate (EGCGQG) in-
duce apoptosis in various cancer cell lines [3,4].
Similarly, curcumin [5] from the spice turmeric and
resveratrol [6] which is found in red grapes and red
wine have also been shown to be inducers of
apoptosis in cancer cells. The consumption of green
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tea is considered to reduce the risk of various cancers
such as that of bladder, prostate, oesophagus and
stomach [4]. Of particular interest is the observation
that EGCG was found to induce internucleosomal
DNA fragmentation in cancer cell lines such as
human epidermoid carcinoma cells, human carci-
noma keratinocytes, human prostate carcinoma cells
and mouse lymphoma cells. However, such DNA
fragmentation was not observed in normal human
epidermal keratinocytes [4]. Similarly, gallic acid
showed cytotoxicity for a number of tumour cell lines
but primary cultured rat hepatocytes and macro-
phages were found to be refractory to the cytotoxic
effect [3]. Resveratrol was also shown to induce
apoptotic cell death in HLL60 human leukaemia cell
lines but not in normal peripheral blood lymphocytes
[6].

Studies in our laboratory have shown that flavo-
noids [7], tannic acid and its structural constituent
gallic acid [8], curcumin [9], gallocatechins [10] and
resveratrol [11] cause oxidative strand breakage in
DNA ceither alone or in the presence of transition
metal ions such as copper. Copper is an important
metal ion present in chromatin and is closely asso-
ciated with DNA bases, particularly guanine [12]. It
is also 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 [3,7] and we have earlier proposed
that the pro-oxidant action of polyphenolics may be
an important mechanism of their anti-cancer and
apoptosis inducing properties [13]. In fact, some
recent interesting studies have suggested that increas-
ing reactive oxygen species generation over an estab-
lished threshold by lowering antioxidant defences
may contribute to selective killing of cancer cells
[14,15]. Such a mechanism for the cytotoxic action of
these compounds against cancer cells would involve
mobilization of endogenous copper ions, possibly
chromatin bound copper and the consequent pro-
oxidant action. Using a cellular system of peripheral
lymphocytes isolated from human blood and alkaline
single cell gel electrophoresis (Comet assay), we have
confirmed that the polyphenol resveratrol in the
presence of Cu(Il) is indeed capable of causing
oxidative DNA degradation in cells and thus this
reaction could be of biological significance [16].
Further, we have also shown that plant polyphenols
alone are capable of oxidatively degrading lympho-
cyte DNA through mobilization of cellular copper
[17].

As a further confirmation of our idea, we have used
a lysed version of the comet assay to show that plant
polyphenols are capable of mobilizing copper ions
from lymphocyte nuclei. The use of a lysed version
eliminates the cell membrane barrier and any putative
interaction of polyphenols with cytoplasmic compo-
nents. Thus, the polyphenols are able to directly

interact with the nuclei. The results are in further
support of our hypothesis that the anti-cancer me-
chanism of plant polyphenols involves mobilization of
endogenous copper, possibly chromatin-bound cop-
per and the consequent pro-oxidant action.

Materials and methods
Materials

Resveratrol, EGCG, gallic acid, caffeic acid, daidzein,
neocuproine, bathocuproine disulphonate, superox-
ide dismutase (SOD), agarose, low melting point
agarose (LMPA), RPMI 1640, Triton X-100, Trypan
blue, Histopaquel077 and phosphate buffered saline
(PBS) Cat* and Mgt * free were purchased from
Sigma (St. Louis, MO). Delphinidin was purchased
from Extra Synthese (Genay, France). All other
chemicals were of analytical grade. Resveratrol and
Delphinidin were dissolved in 3 mm NaOH before
use as a stock of 1 mm solution. All other polyphenols
were dissolved in water. Upon addition to reaction
mixtures, in the presence of buffers mentioned and at
concentrations used, all the polyphenols used re-
mained in solution. The volumes of stock solution
added did not lead to any appreciable change in the
pH of reaction mixtures.

Isolation of lymphocytes

Heparinized blood samples (2 ml) from a single
healthy donor was obtained by venepuncture and
diluted suitably in Ca®™* and Mg** free PBS.
Lymphocytes were isolated from blood using Histo-
paque 1077 (Sigma) and the cells were finally
suspended in RPMI 1640. A single donor donated
blood for all experiments (first author).

Viabilivy 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 [18].

Treatment of lymphocyte nuclet with polyphenols and
evaluation of DNA breakage by using lysed version of
comet assay

Treatment of nuclei by polyphenols was carried out
by lysing the lymphocytes embedded in agarose on
slides and subsequently treating the nuclei in such
slides by polyphenols and other agents. Such a lysed
version of the comet assay has been used to study the
direct interaction of various agents with cell nuclei as
it eliminates the effect of the cell membrane as a
barrier and the intracellular environment [19]. A
lysed version of comet assay was performed as
described by Kasamatsu et al. [20] with some
modifications. Lymphocytes isolated from 2 ml blood
were diluted to the count of 2 x 10° cells/2 ml and
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suspended in RPMI 1640. Approximately 10 000 of
these cells were mixed with 75 pl of pre-warmed
LMPA in PBS and immediately applied to a frosted
microscopic slide layered with 75 pl of 1% standard
agarose in PBS. The slides were allowed to gel at 4°C
for 10 min. Lysis of cells was then performed by
submerging the slides in a tank containing lysis
solution in the absence of light for 1 h at 4°C. The
use of a tank instead of a coplin jar allowed
simultaneous processing of a number of slides. The
lysis solution (pH 10) consisted of 2.5 M NaCl, 0.1 m
EDTA, 10 mMm Tris and 1% Triton X-100 added just
prior to use. After lysis, slides were transferred to
another tank containing 0.4 M Phosphate buffer (pH
7.5) for 10 min. Each slide was then transferred to a
rectangular dish (8 cm x 3 cm X 5 mm) which con-
tained a reaction mixture of polyphenols and other
additions as mentioned in various legends to figures
and tables. The slides with the reaction mixture was
incubated at 37°C. The slides were then washed twice
by placing in 0.4 M phosphate buffer pH 7.5 for
5 min at room temperature. DNA unwinding and
expression of alkali labile sites was done by leaving
the slides in the high pH electrophoresis buffer
(1 mm EDTA, 300 mm NaOH, pH > 13 prepared
in PBS) at 4°C for 30 min. Subsequently, the
electrophoresis, neutralization and staining of the
slides was carried out as described earlier [16].
Comet images were observed at 100 x magnification
with a fluorescence microscope (Olympus CX41) and
COHU 4910 (equipped with a 510-560 nm excita-
tion and 590 nm barrier filters) integrated CC
camera. Fifty images were randomly selected from
each sample and their lengths (diameter of the
nucleus plus migrated DNA) and % DNA in tail
were measured on the screen as automatically gener-
ated by Komet 5.5 image analysis system of Kinetic
Imaging (Liverpool, UK).

Treatment of whole lymphocytes with polyphenols and
evaluation using the standard comet assay

Treatment of whole lymphocytes with polyphenols
and the subsequent Comet assay was performed
essentially as described earlier [16]. However, since
the DNA breakage had to be compared with that in
lymphocyte nuclei, the treatment of cells with poly-
phenols was done on slides rather than in eppendorf
tubes. Further, the lysis of cells was carried out after
the polyphenol treatment. The other conditions
remained the same as described above.

Detection of H,O, generation by various polyphenols in
the incubation medium of nuclei.

The ferrous oxidation-xylenol orange (FOX) assay
[21] was adapted to detect and quantify the genera-
tion of H,O, in the incubation medium (phosphate
buffer 0.4 M, pH 7.5) by various polyphenols. The

simplified reaction sequence involves the oxidation of
ferrous (Fe? ™) to ferric (Fe® ) ions by H,O, 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 560 nm. The
reaction mixture contained the polyphenol and phos-
phate buffer (incubation medium used in the treat-
ment of nuclei). After incubation for 2 h at 37°C, an
aliquot of 200 pl was analysed for H,O, formation.

Isolation of nuclei from lymphocytes and determination of

TBARS

Nuclei were isolated from lymphocytes by following
the procedure given in Qiagen Genomic DNA Hand-
book (2001). Three millilitres of lymphocyte suspen-
sion (2 x 107 cells) was added to an equal volume of
ice cold cell lysis buffer (1.28 M Sucrose, 40 mm Tris-
Cl pH 7.5, 20 mmMm Mgcl,, 4%Triton X-100) and
three volumes of ice cold distilled water. The
suspension was mixed by inverting the tubes several
times and incubated for 10 min on ice. The buffer
lyses the cells but stabilizes and preserves the nuclei.
The lysed cells were then centrifuged at 4°C for
15 min at 1300 xg. The nuclear pellet thus obtained
was resuspended in 1.5 ml of nuclei suspension buffer
consisting of 50 mm Tris-Hcl pH 7.5, 20% Glycerol,
5 mmM Mgcl, and 0.1 mm EDTA [22].

Thiobarbituric-acid-reactive substance (TBARS)
was determined according to the method of
Ramanathan et al. [23]; 200 pl of the nuclei suspen-
sion was incubated with EGCG (0200 pum) at 37°C
in a total volume of 3 ml for 1 h. The reaction was
stopped by the addition of 30 pl of 5 N NaOH. In
some experiments nuclei were pre-incubated with a
fixed concentration of neocuproine and thiourea. To
1.5 ml of the reaction mixture was added 0.5 ml of
10% TCA and 0.5 ml of 0.6 M TBA (2-thiobarbituric
acid) and the mixture incubated in a boiling water
bath for 10 min. The absorbance was read at 532 nm
and converted into nmoles of TBA reactive substance
using the molar extinction coefficient.

Statistics

The statistical analysis was performed as described by
Tice et al. [24] and is expressed as + SEM of three
independent experiments. A student’s z-test was used
to examine statistically significant differences. Analy-
sis of variance was performed using ANOVA. P-
values < 0.05 were considered statistically significant.

Results

DNA breakage by H,O, and EGCG in whole
lymphocytes and lymphocyte nuclei as measured by comet
assay

Since in the lysed version of the Comet assay
membrane and cytoplasmic barrier is eliminated it
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would be reasonable to assume that the polyphenol is
able to directly interact with the cell nuclei. Thus,
considerably greater DNA breakage should be ob-
served in the lysed version as compared to the
standard version where intact lymphocytes are used.
H,0, is a well known DNA damaging agent and is
membrane permeable [25]. Increasing concentrations
of H,O, (5, 10, 20 um) and EGCG (25, 50, 100 pm)
were tested for DNA breakage in intact lymphocytes
(standard version of Comet assay) and compared
with that observed with lymphocyte nuclei (lysed
version). Photographs of comets obtained with 20 um
H,0, and 50 um EGCG in the standard and lysed
version of Comet assay are shown in Figure 1. In
Figure 2 the data is plotted as % DNA in tail of
comets with increasing concentration of H,O, and
EGCG. In both cases, it is seen that the rate of tail
formation is considerably greater in the case of the
lysed version, suggesting that H,O, and the poly-
phenol EGCG are able to directly interact with the
nuclei when the lysed version of comet assay is used.
Similar results have also been reported by Kasamatsu
et al. [20] using H,O, and bleomycin.

Effect of pre-incubation of lymphocyte nucler with
polyphenols on polyphenol-Cu(Il) mediated DNA
breakage

It is well known that polyphenols auto-oxidize in cell
culture media to generate H,O, and quinones that

(A) (B)
(a) (a)
(b) (b)

can enter cells/nuclei-causing damage to various
macromolecules [21,25,26]. This may lead to extra-
neous production of reactive oxygen species that
could account for cellular DNA breakage. In order
to exclude this possibility, nuclear DNA breakage was
studied by pre-incubating the nuclei with polyphenols
(resveratrol and EGCGQG) after which the nuclei were
washed with PBS and incubated further in the
presence of 5 um CuCl, (Figure 3). It may be noted
that the concentrations of polyphenols when used
alone (2, 5, 10 um) give rise to only a limited degree
of nuclear DNA breakage (2-5 pm). With either
resveratrol or with EGCG, a progressive and signifi-
cant DNA breakage could only be seen after incubat-
ing the pre-treated nuclei further in the presence Cu
(II). It is well established that the nuclear pore
complex is permeable to small molecules [27].
Thus, the nuclear DNA breakage observed in these
experiments is presumably the result of direct inter-
action of polyphenols with chromatin. For example, it
is considered that the polyphenol resveratrol affects
several aspects of DNA metabolism, i.e. DNA
replication, recombination, repair, relaxation and
telomere maintenance through its binding to cellular
DNA [28]. In Table I, we give an experiment which
further supports this idea. Nuclear DNA tail length
formation was determined for a number of polyphe-
nols at a fixed concentration of 50 um. The least
efficient among these was found to be tannic acid and
the most effective was diadzin. The differential rate of

Figure 1. Single cell gel electrophoresis of human peripheral lymphocytes (A) and lymphocyte nuclei (B) showing comets (100 x) after
treatment with H,O, (20 um) (a) and with EGCG (50 um) (b). The incubation of lymphocytes and lymphocyte nuclei with both H,O, and

EGCG was for 1 h at 37°C.
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Figure 2. A comparison of DNA breakage in intact lymphocytes
(A) and lymphocyte nuclei (O) using increasing concentrations of
H,0, (A) and EGCG (B). The data obtained in the experiment
given in Figure 1 is plotted. Values reported are +SEM of three
independent experiments.

nuclear DNA degradation by the polyphenols tested
is possibly the result of differential copper binding
and copper reducing efficiency of various polyphenols
[7] as well as their affinity for DNA binding [29].
H,0, production by the polyphenols (in the absence
of nuclei, in 0.4 M phosphate buffer, the suspension
medium of nuclei) at the same concentration was also
determined. As can be seen, tannic acid is the most
efficient generator of H,O, but is least effective as a
DNA degrading agent and no correlation exists
between the relative H,O, production and the DNA
tail length formation by the various polyphenols.

Effect of active oxygen scavengers on resveratrol-induced
DNA breakage in lymphocyte nuclei

We have previously shown [17] that resveratrol-
induced DNA breakage in intact lymphocytes is
inhibited to significant degrees by various scavengers
of reactive oxygen species. Table II gives the results of
an experiment where three scavengers (superoxide
dismutase, catalase and thiourea) were tested for their
effect on resveratrol-induced DNA breakage in lym-
phocyte nuclei using the lysed version of Comet
assay. All three caused significant inhibition of DNA
breakage as evidenced by decreased % DNA in tail
of comets. It may be mentioned that due to the
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Figure 3. Effect of pre-incubating the lymphocyte nuclei with
increasing concentrations of resveratrol (A) and EGCG (B) on
DNA breakage. The lymphocyte nuclei layered on slides (two sets)
were pre-incubated with the indicated concentrations of resveratrol
(A) and EGCG (B) for 15 min at 37°C. The slides were then
washed twice for 5 min each with PBS and further incubated for
30 min in the presence of 5 um Cu(I) (Aa). The other set which
served as control was further incubated in PBS alone (O). Values
reported are +SEM of three independent experiments.

site-specific nature of the reaction of hydroxyl radicals
with DNA it is difficult for any trapping molecules
to intercept them completely [30]. We conclude
that superoxide anion and H,O, are essential com-
ponents in the pathway that leads to the formation of
hydroxyl radical and other species which would be the

Table I. Percentage DNA in the tail and relative H,O, production
by various polyphenols in lymphocyte nuclei.

Polyphenol production

(50 um) % DNA in tail H,0, (nmoles)
Untreated 2.41+0.26" 0.00
Daidzein 61.5245.00* 1.46
Gallic acid 54.324+4.03% 1.97
Delphinidin 47.65+4.55% 0.19
EGCG 40.67 +3.82* 10.81
Caffeic acid 39.17 +£3.42% 0.69
Resveratrol 32.86+2.78% 1.65
Tannic acid 20.00+1.51% 13.35

The incubation period for the reaction mixture (lymphocyte nuclei
and polyphenols) was 1 h for 37°C.

* p <0.05 by comparison with control (#). data represent +SEM
of three independent experiments.
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Table II. Effect of scavengers of active oxygen species on
resveratrol-induced nuclear DNA breakage.

Dose % DNA in the tail % Inhibition
Untreated 2.2740.04 —
Resveratrol (50 um) 34.95+2.68% —
+SOD (100 pg/ml) 0.1140.84* 73%
+ Catalase (100 pg/ml) 10.59+0.92* 69%
+Thiourea (1 mm) 12.24+1.19* 64%

The incubation period of the reaction mixture (lymphocyte nuclei,
resveratrol and scavengers) was 1 h at 37°C.

All values represent +SEM of three independent experiments.

* p-values <0.05 when compared to control (#).

proximal DNA cleaving agents. Since the results are
similar to those seen with whole lymphocytes, it is
suggested that the same mechanism involving reactive
oxygen species is responsible for DNA breakage,
irrespective of whether intact lymphocytes or lym-
phocyte nuclei are treated with resveratrol.

Mobilizarion of nuclear copper by plant polyphenols

In a previous study [17], we have shown that
resveratrol mediated DNA degradation of lympho-
cyte DNA is inhibited by neocuproine, which is a
Cu() specific chelating agent and is membrane
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Figure 4. Effect of increasing concentrations of bathocuproine
(A)/neocuproine (O) on EGCG-induced DNA breakage in
lymphocytes (A) and lymphocyte nuclei (B). The reaction mixture
contained lymphocyte/lymphocyte nuclei, EGCG and neocu-
proine/bathocuproine. The incubation period was 1 h at 37°C.
Values reported are +SEM of three independent experiments.

permeable [31,32]. In the experiment shown in
Figure 4 we have also used bathocuproine disulpho-
nate, the water soluble membrane impermeable
analogue of neocuproine, to show that whereas
neocuproine inhibits EGCG-induced DNA breakage
in intact lymphocytes, bathocuproine as expected is
ineffective in causing such inhibition (Figure 4A).
However, when these two copper-specific chelators
were tested for DNA breakage inhibition in lympho-
cyte nuclei, both were found to inhibit DNA breakage
in a dose-dependent manner (Figure 4B). Similar
results were obtained when resveratrol instead of
EGCG was used in this experiment. In the lysed
version of Comet assay, membrane and cytoplasmic
barrier is eliminated. Further, the nuclear pore
complex is permeable to small molecules. Therefore,
we take these results to indicate that, as proposed by
us, plant polyphenols mobilize chromatin-bound
copper, leading to oxidative DNA breakage.

Determination of TBARS as a measure of oxidative stress
n nuclet by EGCG in the presence of neocuproine and
thiourea

According to our hypothesis, the DNA breakage
observed in lymphocyte nuclei is the result of the
generation of hydroxyl radicals and other reactive
oxygen species i situ. Oxygen radical damage to
deoxyribose or DNA is considered to give rise to TBA
reactive material [33,34]. We have therefore deter-
mined the formation of TBA reactive substance
(TBARS) as a measure of oxidative stress in lympho-
cyte nuclei with increasing concentrations of EGCG.
The effect of pre-incubating the nuclei with neocu-
proine and thiourea was also studied. Results given in
Figure 5 show a dose-dependent increase in the

TBARS (nanomoles)

0 50 100 150 200
EGCG (uM)

Figure 5. Effect of pre-incubation of lymphocyte nuclei with
neocuproine and thiourea on TBARS generated by increasing
concentrations of EGCG. EGCG alone (l), EGCG +neocuproine
(1 mm) (O), EGCG +thiourea (1 mm) (4 ). The nuclei suspension
was pre-incubated with fixed concentration of neocuproine and
thiourea for 30 min at 37°C after which it was further incubated for
1 h in the presence of increasing EGCG concentration. Values
reported are +SEM of three independent experiments.
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formation of TBA reactive substance in lymphocyte
nuclei by EGCG. However, a considerable decrease
in the rate of formation of TBARS was observed in
the presence of neocuproine and thiourea. The
results indicate that DNA breakage in nuclei is
inhibited by Cu (I) chelation and scavenging of
reactive oxygen. Thus it may be concluded that the
oxidative stress induced by polyphenols in lympho-
cyte nuclei is at least in part mediated by chromatin-
bound copper.

Discussion

We have earlier proposed that an important mechan-
ism for the cytotoxic action of plant-derived poly-
phenolic compounds against cancer cells could be the
mobilization of endogenous copper ions and the con-
sequent pro-oxidant action. This is based on several
lines of indirect evidence in literature and our own
studies where we have observed that apoptotic DNA
fragmentation properties of a number of plant poly-
phenols correlate with the ability to cause oxidative
DNA breakage in virro in the presence of copper ions
[35]. We have also shown that the polyphenol-Cu (II)
system is able to cause cellular DNA degradation in
isolated lymphocytes and thus is physiologically
feasible and could be of biological significance [16].
At a relatively higher concentration the polyphenols
alone are also capable of causing DNA breakage in
cells and such DNA breakage possibly involves
mobilization of endogenous copper ions. Further,
we have suggested that the preferential cytotoxicity
of plant polyphenols towards cancer cells is explained
by the observation made several decades earlier which
showed that serum [36,37], tissue [38] and intracel-
lular copper levels in cancer cells [39] are significantly
increased in various malignancies. Since cancer cells
contain elevated levels of copper, they may be more
subject to electron transfer with polyphenols [40] to
generate reactive oxygen species (ROS). Thus, be-
cause of higher intracellular copper levels in cancer
cells it may be predicted that the cytotoxic concentra-
tions of polyphenols required would be lower in these
cells as compared to normal cells. Such lower cyto-
toxic concentrations of polyphenols against cancer
cells have been demonstrated [41,42]. Indeed, plant
polyphenols have been shown to cause regression of
tumours in animal models [43—46].

Several other mechanisms have been proposed to
account for the anti-cancer properties of plant poly-
phenols. Among the various classes of polyphenols,
resveratrol has attracted the maximum attention. It is
considered that resveratrol is able to block each step
in the carcinogenesis process by inhibiting several
molecular targets such as kinases, cyclooxygenases,
ribonucleotide reductase and DNA polymerases [47].
Further, several plant polyphenols have also been

shown to induce G; phase arrest and to trigger
mitochondrial-dependent, p53-dependent, ROS-de-
pendent, bcl-2 sensitive apoptotic response in tumour
cells [47,48]. Resveratrol has been shown to induce
activation of p53 accumulation and inhibition of
NFxB. Other studies have emphasized the role of
polyphenols as topoisomerase II poisons causing
enhanced cellular DNA cleavage [49,50]. A further
evaluation of the literature would indicate that the
subject of anti-cancer mechanisms of plant polyphe-
nols is rather complicated and controversial. How-
ever, it does appear that the anti-carcinogenic
activities of plant polyphenols may be related but
not due entirely to their anti-oxidative and the above
mentioned properties. As already mentioned, a pro-
oxidant action may be important in anti-cancer and
apoptosis-inducing properties of these compounds.

According to our hypothesis, plant polyphenols
possessing anti-cancer and apoptosis-inducing prop-
erties are able to mobilize endogenous copper ions,
possibly the copper bound to chromatin, leading to
the formation of ROS such as the hydroxyl radical
close to the proximity of the site of DNA cleavage
[51,52]. Essentially, this would be an alternative,
non-enzymatic and copper-dependent pathway for
the cytotoxic action of certain anti-cancer agents that
are capable of mobilizing and reducing endogenous
copper. Indeed such a common mechanism better
explains the anti-cancer effects of polyphenols with
diverse chemical structures as also the preferential
cytotoxicity towards cancer cells. As such this would
be independent of Fas and mitochondria mediated
programmed cell death. Several studies have indi-
cated that apoptosis induction by several polyphenols
and other anti-cancer agents is independent of
caspases and mitochondria [53,54] and is accompa-
nied by an increase in the intracellular levels of ROS
[55-57]. An important component of our hypothesis
is that plant polyphenols mobilize chromatin-bound
copper which is redox cycled and which in turn leads
to the formation of ROS. This is also in concurrence
with the idea that because of its extreme reactivity the
hydroxyl radical must be produced in the vicinity of
DNA [51] in order to cause its cleavage. In the
present results we have shown that polyphenols are
able to mobilize endogenous copper ions from
lymphocyte nuclei and thus are in agreement with
this requirement. Thus, our results are an important
step in further validation of our hypothesis.
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