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Plant polyphenols mobilize endogenous copper in human
peripheral lymphocytes leading to oxidative DNA breakage:

A putative mechanism for anticancer properties

Asfar Sohail Azmi, Showket Hussain Bhat, Sarmad Hanif, S.M. Hadi*

Department of Biochemistry, Faculty of Life Sciences, A.M.U., Aligarh 202002, UP, India

Received 21 November 2005; revised 14 December 2005; accepted 19 December 2005

Available online 28 December 2005

Edited by Barry Halliwell
Abstract Plant polyphenols are important components of hu-
man diet and a number of them are considered to possess che-
mopreventive and therapeutic properties against cancer. They
are recognized as naturally occurring antioxidants but also
act as prooxidants catalyzing DNA degradation in the presence
of transition metal ions such as copper. Using human peripheral
lymphocytes and Comet assay we have previously confirmed
that resveratrol–Cu(II) is indeed capable of causing DNA deg-
radation in cells. In this paper we show that the polyphenols
alone (in the absence of added copper) are also capable of caus-
ing DNA breakage in cells. Incubation of lymphocytes with
neocuproine inhibited the DNA degradation confirming that
Cu(I) is an intermediate in the DNA cleavage reaction. Fur-
ther, we have also shown that polyphenols generate oxidative
stress in lymphocytes which is inhibited by scavengers of reac-
tive oxygen species and neocuproine. These results are in fur-
ther support of our hypothesis that anticancer mechanism of
plant polyphenols involves mobilization of endogenous copper,
possibly chromatin bound copper, and the consequent prooxi-
dant action.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Plant polyphenols; Comet assay; Endogenous
copper; Prooxidant action
1. Introduction

Plant-derived polyphenolic compounds such as flavonoids,

tannins, curcumin and the stilbene 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 antioxidants and have

been implicated as anticancer compounds [1]. In recent years,

several reports have documented that plant polyphenolics,

including curcumin, resveratrol and gallocatechins such as

gallic acid, epigallocatechin, epicatechin-3-gallate, and epigal-

locatechin-3-gallate (EGCG), induce apoptosis in various

cancer cell lines [2–5]. Gallocatechins are constituents of

green tea, the consumption of which is considered to reduce
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the risk of various cancers such as those of bladder, pros-

trate, oesophagus and stomach [5]. Resveratrol is present in

human dietary material such as peanuts, grapes, mulberries

and beverages such as red wine. Of particular interest is the

observation that a number of these polyphenols including

epigallocatechin-3-gallate, gallic acid and resveratrol induce

apoptotic cell death in various cancer cell lines but not in

normal cells [3–5].

Studies in our laboratory have shown that flavonoids [6],

tannic acid and its structural constituent gallic acid [7], cur-

cumin [8], gallocatechins [9] and resveratrol [10] cause oxida-

tive strand breakage in DNA either alone or in the presence

of transition metal ions such as copper. Copper is an impor-

tant metal ion present in chromatin and is closely associated

with DNA bases particularly guanine [11]. It is also one of

the most redox active of the various metal ions present in

cells. Most of the pharmacological properties of plant poly-

phenols are considered to reflect their ability to scavenge

endogenously generated oxygen radicals or those free radi-

cals formed by various xenobiotics, radiation etc. However,

some data in the literature suggests that antioxidant proper-

ties of the polyphenolic compounds may not fully account

for their chemopreventive effects [12,13]. Most of the plant

polyphenols possess both antioxidant as well as prooxidant

properties [4,6] and we have earlier proposed that the proox-

idant action of polyphenolics may be an important mecha-

nism of their anticancer and apoptosis inducing properties

[13]. Such a mechanism for the cytotoxic action of these

compounds against cancer cells would involve mobilization

of endogenous copper ions and the consequent prooxidant

action. Using a cellular system of peripheral lymphocytes

isolated from human blood and alkaline single cell gel elec-

trophoresis (Comet assay), we have confirmed that resvera-

trol in the presence of Cu(II) is indeed capable of causing

DNA degradation in cells. Further, such DNA degradation

in lymphocytes is inhibited by scavengers of reactive oxygen

and neocuproine, a Cu(I) specific sequestering agent, indicat-

ing that the DNA breakage is caused by reactive oxygen spe-

cies generated through the reduction of Cu(II)–Cu(I) by the

polyphenols [14].

As a further confirmation of our hypothesis, in this paper we

show that several plant polyphenols alone (in the absence of

added Cu(II)) are also capable of lymphocyte DNA degrada-

tion and that such degradation is mediated through mobiliza-

tion of endogenous copper ions.
blished by Elsevier B.V. All rights reserved.
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2. Materials and methods

2.1. Materials
Resveratrol, piceatannol, trans-stilbene, gallic acid, syringic acid,

neocuproine, superoxide dismutase (SOD), agarose, low melting point
agarose (LMPA), RPMI 1640, Triton X-100, Trypan blue, Histopaque
1077 and phosphate buffered saline (PBS) Ca++ and Mg++ free were
purchased from Sigma, (St. Louis, USA). All other chemicals were of
analytical grade. Resveratrol, piceatannol and trans-stilbene were dis-
solved 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 the concentrations
used, all the polyphenols used remained in solution. The volumes of
stock solutions added did not lead to any appreciable change in the
pH of reaction mixtures.

2.2. Isolation of lymphocytes
Heparinized blood samples (2 ml) from healthy donors were ob-

tained 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.

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 [15].

2.4. Lymphocyte treatment
Lymphocytes (1 · 105 cells) were exposed to different concentrations

of polyphenols in a total reaction volume of 1 ml (400 ll RPMI, PBS
Ca2+ and Mg2+ free and indicated concentrations of polyphenols).
Incubation was performed at 37 �C for 2 h or as specified. In some
experiments, scavengers of active oxygen were added at the final con-
Fig. 1. Single cell gel electrophoresis of human peripheral lymphocytes sho
resveratrol, (A) untreated, (B) resveratrol (50 lM), (C) resveratrol (100 lM)
centrations indicated. After the incubation, the mixture was centri-
fuged at 4000 rpm, the supernatant was discarded and pelleted
lymphocytes were resuspended in 100 ll of PBS (Ca++ and Mg++ free)
and processed further for Comet assay.

2.5. Comet assay
Comet assay was performed under alkaline conditions essentially

according to the procedure of Singh et al. [16] and is described by us
in detail previously [14].

2.6. Statistics
The statistical analysis was performed as described by Tice et al. [17]

and is expressed as ±S.E.M. of three experiments. A student’s t-test
was used to examine statistically significant differences. Analysis of
variance was performed using ANOVA. P values < 0.05 were consid-
ered statistically significant.

2.7. Determination of TBARS and H2O2

Thiobarbituric acid reactive substance was determined according to
the method of Ramanathan et al. [18]. A cell suspension (1 · 105/ml)
was incubated with different polyphenols (0–400 lM) at 37 �C for
1 h and then centrifuged at 1000 rpm. In some experiments the cells
were pre-incubated with fixed concentrations of neocuproine and thio-
urea. The cell pellet was washed twice with phosphate buffered saline
(Ca++ and Mg++ free) and suspended in 0.1 N NaOH. This cell suspen-
sion (1.4 ml) was further treated with 10% TCA and 0.6 M TBA (thio-
barbituric acid) in boiling water bath for 10 min. The absorbance was
read at 532 nm. H2O2 was determined in the incubation medium by
FOX assay as described by Long et al. [19]. The reaction mixture
was the same as mentioned in 2.4 above but without cells. After incu-
bation for 2 h at 37 �C an aliquot of 100 ll was analyzed for H2O2

formation.
wing Comets (100X) after treatment with different concentrations of
and (D) resveratrol (200 lM).



Neocuproine (µM)
0 100 200 300 400 500

C
o

m
et

 T
ai

l L
en

g
th

 (
µm

)

12

14

16

18

20

22

24

26

28

30

Fig. 3. Effect of increasing concentrations of neocuproine on resve-
ratrol induced DNA breakage in human lymphocytes. Values reported
are ±S.E.M. of three independent experiments.
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3. Results

3.1. DNA breakage by resveratrol in lymphocytes as measured

by Comet assay

Increasing concentrations of resveratrol (50, 100, 200 lM)

were tested for DNA breakage in isolated lymphocytes using

the Comet assay. Photographs of Comets seen on treatment

with these concentrations are shown in Fig 1. At 50 and

100 lM concentrations resveratrol did not damage the lym-

phocyte DNA to any significant extent whereas at 200 lM
concentration a Comet with a tail indicative of DNA breakage

was observed. In Fig. 2. the tail lengths obtained from the

same experiment are plotted as a function of resveratrol con-

centration. The results clearly establish that resveratrol alone

is capable of DNA breakage in lymphocytes. However, the

minimum concentration required for such breakage (100–

200 lM) is considerably greater than when resveratrol

(10 lM) is used along with Cu(II) as was shown in our previ-

ous publication [14].

3.2. Effect of neocuproine, a Cu(I) specific sequestering agent,

on resveratrol induced DNA breakage in lymphocytes

In the previous study [14] we had shown that the resveratrol–

Cu(II) mediated degradation of lymphocyte DNA is inhibited

by neocuproine which is a Cu(I) specific chelating agent and is

membrane permeable [20]. Fig. 3 gives the results of an exper-

iment where three progressively increasing concentrations of

neocuproine were tested on resveratrol induced DNA break-

age in lymphocytes. A progressive decrease in the tail length

as a function of increasing neocuproine concentration was

seen. From the results we can conclude that the DNA break-

age by the polyphenol involves endogenous copper ions and

that Cu(I) is an intermediate in the pathway that leads to

DNA breakage.

3.3. Effect of active oxygen scavengers on resveratrol induced

DNA breakage in lymphocytes

We have previously shown [14] that resveratrol–Cu(II) med-

iated degradation of lymphocyte DNA is inhibited to signifi-

cant degrees by various scavengers of reactive oxygen
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Fig. 2. Effect of increasing concentrations of resveratrol on DNA
breakage in lymphocytes. The viability of cells after incubation was
found to be greater than 93%. Values reported are ±S.E.M. of three
independent experiments.
species. Table 1 gives the results of an experiment where three

such scavengers have been tested, namely: superoxide dismu-

tase (SOD) and catalase which remove superoxide, and

H2O2, respectively, and thiourea which is a scavenger of sev-

eral reactive oxygen species. All three cause significant inhibi-

tion of DNA breakage as evidenced by decreased tail lengths.

We conclude that superoxide anion and H2O2 are essential

components in the pathway that leads to the formation of hy-

droxyl radical and other species which would be the proximal

DNA cleaving agents. These results along with the results of

Fig. 4 suggest that resveratrol–Cu(II) induced lymphocyte

DNA breakage and DNA breakage by resveratrol alone are

likely the result of the same mechanism.

3.4. Comparison of lymphocyte DNA breakage by various

polyphenols

According to our hypothesis [13] mobilization of endoge-

nous copper and the consequent degradation of cellular

DNA is a general mechanism for anticancer properties of plant

polyphenols. However, depending on the structure of the mol-

ecule there would be differences of efficiency between various

polyphenols. We have therefore compared the lymphocyte

DNA breakage efficiency of various polyphenols with different

structures. Fig. 4 shows Comet tail lengths obtained using

increasing concentrations of resveratrol and piceatannol whose

parent compound trans-stilbene which does not have any hy-

droxyl group and gallic acid which is a structural constituent

of tannins [7]. Syringic acid is a derivative of gallic acid where

two of the hydroxyl groups are present as methoxy groups. It
Table 1
Effect of scavengers of active oxygen species on resveratrol induced
lymphocyte DNA breakage

Dose Tail length (lm) % Inhibition

Untreated 1.22 ± 0.08 a –
Resveratrol 200 lM 20.84 ± 1.28 –
+SOD 100 lg/ml 7.05 ± 0.25* 66%
+Catalase 100 lg/ml 8.86 ± 0.29 * 57%
+Thiourea 1 mM 11.93 ± 1.01* 45%

aAll values represent S.E.M. of three independent experiments.
*P value < 0.05 when compared to control.
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Fig. 4. Comparison of various polyphenols on the induction of DNA
breakage in human lymphocytes. (d) gallic acid, (s) piceatannol, (.)
resveratrol, (n) trans-stilbene, (j) syringic acid. The viability of cells
after treatment was found to be greater than 93%. Values reported are
±S.E.M. of three independent experiments.
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Fig. 5. Effect of pre-incubation of lymphocytes with neocuproine and
thiourea on TBARS generated by increasing concentrations of resve-
ratrol (A) and gallic acid (B). (A) Resveratrol alone (d), resvera-
trol + neocuproine (1 mM) (s), resveratrol + thiourea (1 mM) (.). (B)
Gallic acid alone (d), gallic acid + neocuproine (1 mM) (s), gallic
acid + thiourea (1 mM) (.). The isolated cells (1 · 105) suspended in
RPMI 1640 were preincubated with the indicated concentrations of
neocuproine and thiourea for 30 min at 37 �C. After pelleting the cells
were washed twice with PBS (Ca2+ and Mg2+ free) before resuspension
in RPMI and further incubation for 1 h in the presence of increasing
polyphenol concentrations. Viability of lymphocytes after preincuba-
tion with neocuproine and thiourea was more than 90%. Values
reported are ±S.E.M. of three independent experiments.
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is seen that except trans-stilbene and syringic acid all the other

polyphenols are able to induce DNA breakage up to various

degrees. It is worth mentioning that trans-stilbene and syringic

acid are also ineffective as DNA cleaving agent in vitro [9] or

lymphocyte DNA breakage in the presence of Cu(II) [14].

3.5. Determination of TBARS as a measure of oxidative stress in

lymphocytes by resveratrol and gallic acid in the presence of

neocuproine and thiourea

As mentioned above we presume that lymphocyte DNA

breakage is the result of the generation of hydroxyl radicals

and other reactive oxygen species in situ. Oxygen radical dam-

age to deoxyribose or DNA is considered to give rise to TBA

reactive material [21,22] We have therefore determined the for-

mation of TBA reactive substance (TBARS) as a measure of

oxidative stress in lymphocytes with increasing concentrations

of resveratrol and gallic acid. The effect of preincubating the

cells with neocuproine and thiourea was also studied. Results

given in Fig. 5(A) and (B) show that there is a dose dependant

increase in the formation of TBA reactive substance in lym-

phocytes. However, when cells were preincubated with neo-

cuproine and thiourea there was a considerable decrease in

the rate of formation of TBA reactive substance by both resve-

ratrol as well as gallic acid. These results indicate that both

DNA breakage and oxidative stress in cells is inhibited by

Cu(I) chelation and scavenging of reactive oxygen. Thus it

can be safely concluded that the formation of reactive oxygen

species by polyphenols in lymphocytes involves their interac-

tion with intracellular copper as well as its reduction to Cu(I).
4. Discussion

As already mentioned, over the last several years, we have

extensively characterized a DNA cleavage reaction mediated

by a number of polyphenols in the presence of copper ions

[6–9]. Subsequently, using human peripheral lymphocytes

and Comet assay we confirmed that the polyphenol resveratrol

in the presence of Cu(II) is indeed capable of DNA degrada-

tion in a cellular system [14]. Based on our own observations
and those of others in the literature we have proposed a mech-

anism for the cytotoxic action of plant polyphenolics against

cancer cells that involves mobilization of endogenous copper

and the consequent generation of reactive oxygen species par-

ticularly the hydroxyl radical [13]. These other observations in

the literature include the fact that copper is the major metal

ion present in the nucleus [23]. Further it has been shown that

serum [24] and tissue [25,26] concentrations of copper are

greatly increased in various malignancies. Copper ions from

chromatin can be mobilized by metal chelating agents giving

rise to internucleosomal DNA fragmentation a hallmark prop-

erty of cells undergoing apoptosis [27]. Further, it has been

proposed that most clinically used anticancer drugs can acti-

vate late events of apoptosis (DNA degradation and morpho-

logical changes) and the essential signaling pathways differ

between pharmacological cell death and physiological induc-

tion of cell death [28].
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Thus, we suggest that the conclusion of the present study is

that polyphenols possessing anticancer or apoptosis inducing

activity are able to mobilize endogenous copper ions possibly

the copper bound to chromatin. It is realized that the above re-

sults do not categorically prove that lymphocyte DNA degra-

dation described above involves mobilization of chromatin

bound copper. However, there are a number of observations

which suggest that this is indeed the case. The generation of

hydroxyl radicals in the proximity of DNA is well established

as a cause of strand scission. It is generally recognized that

such reaction with DNA is preceded by the association of a li-

gand with DNA followed by the formation of hydroxyl radi-

cals at that site. Among the oxygen radicals the hydroxyl

radical is the most electrophilic with high reactivity and there-

fore possesses a small diffusion radius. Thus in order to cleave

DNA it must be produced in the vicinity of the DNA [29]. The

location of redox-active metals is of utmost importance for the

ultimate effect because the hydroxyl radical, due to its extreme

reactivity, interacts exclusively in the vicinity of the bound me-

tal [30]. Indeed we have earlier shown that flavonoids are able

to form a ternary complex with DNA and Cu(II) where Cu(II)

is reduced to Cu(I) [31]. Polyphenols are known to reduce

molecular oxygen to superoxide anion, an event that may oc-

cur even outside the cell, leading to the formation of H2O2

[6]. Superoxide can also be formed by reoxidation of Cu(I)–

Cu(II) in the ternary complex [31]. Chromatin bound copper

is understood to be present in the reduced form (Cu(I)) [32]

and thus would be available for reoxidation to Cu(II) by

H2O2 in the Fenton type reaction and binding to polyphenols

and recycling. It is well known that polyphenols autooxidize in

cell culture media to generate H2O2 and quinones that can en-

ter cells causing damage to various macromolecules [19,33,34].

This may lead to extracellular production of reactive oxygen

species that could account for lymphocytes DNA breakage.

However, this does not appear to be the case in our system

since we have previously shown that no lymphocyte DNA

breakage is observed on preincubating the cells with resvera-

trol alone up to a concentration of 50 lM. DNA breakage

could only be seen after incubating the pre-treated cells further

in the presence of Cu(II) [14]. Further, we could not detect any

H2O2 formation on incubating resveratrol (up to a concentra-

tion of 300 lM) in RPMI medium (results not shown).

Evidence suggests that polyphenolic compounds such as tan-

nins and resveratrol are able to traverse cell membranes and

may enter the cytoplasmic or nuclear space. Resveratrol is suf-

ficiently hydrophobic and has been shown to be present in tis-

sues such as heart, liver and kidney [35]. The question of

bioavailability of polyphenols in mammalian systems also

needs to be addressed. Relatively recent work by Asensi et al.

[36] with resveratrol indicates that it may have a relatively

low bioavailability due to its biotransformation and rapid elim-

ination. It was reported that the highest concentration of resve-

ratrol in plasma was reached within the first 5 min (2.6 ± 1 lM)

after receiving 20 mg res/kg.b.w orally [36]. Nevertheless these

authors further report that 5 lM resveratrol completely inhib-

ited the growth of B-16 M murine melanoma cells. Because of

higher intracellular copper levels it may be predicted that such

concentrations of resveratrol for cytotoxic action against can-

cer cells would be considerably lower. Indeed it has been shown

that ascorbate which also acts as a prooxidant in the presence

of copper ions is cytotoxic to a leukemic cell line at a lower con-

centration than normal lymphocytes [37]. Most studies on anti-
cancer mechanisms of plant polyphenols invoke the induction

of cell cycle arrest at the S/G2 phase transition brought about

by an increase in cyclins A and E and inactivation of cdc 2.

Other mechanisms have also been proposed [36]. Based on

our work we would like to propose that mobilization of endog-

enous copper ions by polyphenols and the consequent prooxi-

dant action could be one of the important mechanisms for

their anticancer and chemopreventive properties. Indeed such

a common mechanism would better explain the anticancer ef-

fects of polyphenols with diverse chemical structures as also

the preferential cytotoxicity towards cancer cells.
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