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j Abstract Background Dietary
polyphenols have been reported to
have a variety of biological ac-
tions, including anticarcinogenic
and antioxidant activities. Aim of
the study In the present study we
investigated the protective effect
of dietary polyphenols against N-
nitrosodimethylamine (NDMA),
N-nitrosopyrrolidine (NPYR) and
benzo(a)pyrene (BaP)-induced
DNA damage (strand breaks and
oxidized purines/pyrimidines) in
HepG2 cells. Methods Human
hepatocellular carcinoma (HepG2)
cells, which retain many special-
ized liver functions and drug
metabolizing enzyme activities,
were used as in vitro model for
human hepatocytes. NDMA,
NPYR and BaP were employed to
induce DNA damage. DNA dam-
age (strand breaks, oxidized
pyrimidines and oxidized purines)
was evaluated by the alkaline
single cell gel electrophoresis or
comet assay. Results None of the
polyphenols concentrations tested
in presence or absence of Fpg
(formamidopyrimidine-DNA gly-
cosylase), or Endo III (Endonu-
clease III) caused DNA damage
per se. Increasing concentrations

of BaP (25–100 lM) induced a
significant increase of DNA strand
breaks, Fpg and Endo III sensitive
sites in a dose dependent manner.
Myricetin and quercetin decreased
DNA strand breaks and oxidized
pyrimidines induced by NDMA,
but not oxidized purines. How-
ever, both flavonoids reduced
oxidized pyrimidines and purines
induced by NPYR. DNA strand
breaks induced by NPYR were
prevented by quercetin, but not by
myricetin. BaP-induced DNA
strand breaks and oxidized
pyrimidines were strongly reduced
by myricetin and quercetin,
respectively. While oxidized pur-
ines induced by BaP were reduced
by quercetin, myricetin had no
protective effect. (+)-Catechin and
())-epicatechin reduced DNA
strand breaks, oxidized pyrimi-
dines and oxidized purines in-
duced by NDMA. DNA strand
breaks, and oxidized purines in-
duced by NPYR were also pre-
vented by (+)-catechin and ())-
epicatechin, while the maximum
reduction of oxidized pyrimidines
was found by (+)-catechin and
())-epicatechin at 10 lM. (+)-
Catechin and ())-epicatechin de-

ORIGINAL CONTRIBUTION
Eur J Nutr (2008) 47:479–490
DOI 10.1007/s00394-008-0751-6

E
JN

751



creased also DNA strand breaks
and oxidized pyrimidines but not
oxidized purines induced by BaP.
Conclusions Our results clearly
indicate that polyphenols protect
human derived cells against DNA

strand breaks and oxidative DNA
damage effects of NDMA, NPYR
or BaP, three carcinogenic com-
pounds which occur in the envi-
ronment.

j Key words dietary polyphe-
nols – N-nitrosamines –
benzo(a)pyrene – DNA damage –
comet assay

Introduction

Polycyclic aromatic hydrocarbons (PAH) and N-
nitrosamines are mutagenic and carcinogenic com-
pounds widely present in the environment. PAH are
exogenous factors exposed to humans via inhalation
of industrial and automobile emissions, cigarette
smoke, and ingesting pyrolysed food products.
Benzo(a)pyrene (BaP), an important PAH, is a car-
cinogen that undergoes metabolic activation through
CYP1A1, CYP1A2, and CYP1B1. Thus, BaP is a po-
tent systemic and local carcinogen known to induce
skin, lung, and stomach tumours in animal models
[36]. Humans are exposed to N-nitrosamines from
occupational and environmental sources and
through in vivo formation of ingested precursor
amines and nitrosating agents. These compounds
have been detected in a wide variety of matrices such
as bacon, ham, frankfurters, sausages, cheese, beer,
rubber, ground water, smoked tobacco, cosmetics,
etc [9]. N-Nitrosodimethylamine (NDMA) is the
most commonly encountered volatile N-nitrosamine
in food samples and it is a potent liver, lung and
kidney carcinogen [33]. N-Nitrosopyrrolidine
(NPYR) induced mainly liver tumours in rats and is
a weak pulmonary carcinogen in mice [10]. N-
nitrosamines require metabolic activation to exert
their carcinogenic effects through cytochrome P450
(CYP2E1) [39]. The reactive intermediates of nitro-
samine metabolism also have the ability to alkylate
nucleophilic sites of DNA [34] resulting in alkali
labile adducts, which can lead to the formation of
abasic sites and DNA strand breaks. N-Nitrosamines
and PAH are focus of special interest due to their
increasing appreciation as potential human carcino-
gens. However, in balance, there are also many other
dietary agents which have been found to be benefi-
cial in promoting good health and reducing the risks
of some of these agents [31].

There was convincing evidence to suggest that fruit
and vegetable intake was inversely associated with
cancers of the lung, stomach, mouth, pharynx,
esophagus and colon [38]. Over the past two decades,
plant polyphenols increasingly attracted researchers,
food manufacturers, as well as consumers due to their
antioxidant properties. Phenolic compounds, abun-

dantly present in fruits, vegetables, and beverages
such as tea and red wine, are a large group of com-
pounds with a similar chemical structure [40]. They
could influence several important biological functions
by their free-radical scavenging ability, signal trans-
duction pathway, stimulating apoptosis, inhibiting
inflammation and inhibiting proliferation in human
cancer cell lines [30]. Since in the Mediterranean
basin, fresh fruit and vegetables as well as wine figure
prominently in the general diet, in this study has been
evaluated the protective effect of some dietary poly-
phenols, such as, (+)-catechin; (+)-trans-3,3¢,4¢,5,7-
pentahydroxyflavane, (-)-epicatechin; ())-cis-3,3¢,
4¢,5,7-pentahydroxy- flavane, quercetin; 3,3¢,4¢,5,7-
pentahydroxyflavone and myricetin; 3,3¢,4¢,5,5¢,7-
hexahydroxyflavone. These compounds are suggested
to act as chemopreventive compounds against lung,
stomach, colorectal, epithelial, kidney, uterus, and
ovary cancer [25].

The single cell gel electrophoresis (SCGE) or Co-
met assay has been considered as a useful tool for
investigating DNA damage and DNA repair in mam-
malian cells due to oxidative damage [5]. In this
study, the Comet assay was modified to permit the
detection of oxidized bases by including a step in
which DNA is digested with formamidopyrimidine-
DNA glycosylase (Fpg) or endonuclease III (Endo III)
to uncover oxidized purines and pyrimidines,
respectively. The effects of polyphenols compounds
on the formation of Fpg sites or Endo III sites were
examined.

The study of the reactions of polyphenolic con-
stituents of the diet with mutagenic nitrosating spe-
cies or benzo(a)pyrene is an area of great promise
in cancer preventive strategies. Thus, the aim of
this study was to evaluate the protective effect by
dietary polyphenols against N-nitrosodimethylamine
(NDMA), N-nitrosopyrrolidine (NPYR) and ben-
zo(a)pyrene (BaP)-induced DNA damage (strand
breaks and oxidized purines/pyrimidines) in human
hepatoma cells (HepG2), using the single-cell gel
electrophoresis (SCGE) assay. These cells retain many
specialized liver functions and drug metabolizing
enzyme activities, comparable with human hepato-
cytes, such as P450-mixed function oxidases, epoxide
hydrolase, glucuronlytransferase, and glutathione
transferase [7].
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Materials and methods

j Chemicals

N-nitrosodimethylamine (NDMA), N-nitrosopyrroli-
dine (NPYR), benzo(a)pyrene (BaP), quercetin, my-
ricetin, (+)-catechin, and ())-epicatechin, dimethyl
sulfoxide (DMSO) and low melting point agarose
(LMP) were purchased from Sigma–Aldrich (St Louis,
MO). Formamidopyrimidine-DNA glycosylase (Fpg)
and Endonuclease III (Endo III) were obtained from
Trevigen Inc. (Gaithersburg, MD). All other chemicals
and solvents were of the highest grade commercially
available. N-nitrosamines, benzo(a)pyrene, and poly-
phenols were dissolved in sterile DMSO. The stock
solutions were stored deep frozen ()80�C).

j HepG2 cells

Human hepatocellular carcinoma (HepG2) cells were
purchased from Biology Investigation Center Collec-
tion (BIC, Madrid, Spain). Only cells of passage 10–17
were used in the experiments. The cells were cultured
as monolayer in Dulbecco’s Modified Eagle Medium
supplemented with 10% v/v heat inactivated foetal
calf serum, 50 U/ml penicillin and 50 lg/ml strepto-
mycin and 1% v/v L-glutamine. Culture medium and
supplements required for the growth of the cells were
purchased from Gibco Laboratories (Life Technolo-
gies, Inc., Gaithersburg, MD 20884-9980). Cell cul-
tures were incubated at 37�C and 100% humidity in a
5% CO2 atmosphere.

j Analysis of DNA damage induced by
benzo(a)pyrene or polyphenols in the Alkaline
Comet assay

Cell viability was routinely determined by the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay in order to select non-toxic concen-
trations of chemicals. The SCGE assay was carried out
according to the protocol of Olive et al. [32] with
minor modifications. Induction of DNA damage
(strand breaks and oxidative DNA damage) by NPYR
and NDMA has been previously evaluated [1]. Results
obtained indicated that cells treated with NPYR and
NDMA, after conversion to nucleoids, and incubated
with Fpg had significant increases in DNA damage,
the lowest effective concentrations being 5 and
27 mM, respectively. However, when HepG2 cells
were treated with NPYR and NDMA and without
enzymes the concentration of NPYR and NDMA re-
quired to cause a significant increase in DNA damage

was 50 and 135 mM, respectively. For this reason this
concentration range was used in subsequent studies.

Briefly, HepG2 cells were plated on to multiwell
systems at a density of 1.5 x 105 cells/ml culture
medium. 24 h after seeding, cells were exposed to
BaP, (25–100 lM), or to quercetin (1–10 lM), or to
myricetin, (1–10 lM), or to (+)-catechin (10–50 lM)
or to ())-epicatechin (10–50 lM) or to the solvent for
another 24h at 37�C and 5% CO2. The solvent con-
centration in the incubation medium never exceeded
0.1%. After incubation, 10 ll of a suspension 1 x 105

cells were mixed with 70 ll of LMP agarose type VII
(0.75% concentration in PBS), distributed on slides
that had been pre-coated with LMP agarose type VII
(0.30% concentration in PBS), and left to set on an ice
tray. Three slides were prepared for each concentra-
tion of the compound tested, one slide for control and
the others slides to be treated with Fpg or Endo III.
After solidification, the cells were lysed in darkness
for 1 h in a high salt alkaline buffer (2.5 M NaCl,
0.1 M EDTA, 0.01 M Tris, 1% Triton X-100, pH 10).
The slides were then equilibrated 3 · 5 min in en-
zyme buffer (0.04 M HEPES, 0.1 M KCl, 0.5 mM
EDTA, 0.2 mg/ml BSA, pH 8). After this time, slides
were incubated with 30 ll of Fpg or Endo III at 1 lg/
ml in enzyme buffer for 30 min at 37�C in a humid
dark chamber. Control slides were incubated with
30 ll enzyme buffer only. Following enzyme treat-
ment, the slides were placed in electrophoresis buffer
(0.3 M NaOH, 1 mM EDTA, pH 13, cooled in a
refrigerator) in darkness for 40 min. Electrophoresis
was performed in a cold-storage room, in darkness, in
a Bio-Rad subcell GT unit containing the same buffer,
for 30 min at 25 V. After electrophoresis, the slides
were neutralized using 0.4 M Tris pH 7.5 and fixed in
methanol. Subsequently, the DNA was stained with
ethidium bromide (10 lg/ml) in Tris acetate EDTA
(TAE 1X) during 5 min and examined in a fluores-
cence microscope (OLYMPUS BH-2) connected to a
computerized image analysis system (Comet Score
1.0). Olive tail moment (OTM) as defined by Olive
et al. [32] was determined and expressed as arbitrary
units (AU). OTM = I · L, where I is the fractional
amount of DNA in the comet tail (% DNA in the tail)
and L is the distance from the centre of the comet
head to the centre of tail distribution.

j Analysis of DNA damage induced by a simultaneous
treatment of N-nitrosamines or benzo(a)pyrene
and polyphenols in the Alkaline Comet assay

HepG2 cells were plated on to multiwell systems at a
density of 1.5 x 105 cells/ml culture medium. 24 h
after seeding, the corresponding polyphenols con-
centrations were added to the wells and plates were
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incubated for 24 h at 37�C and 5% CO2. After incu-
bation, cells were simultaneously treated with: (1)
NPYR (50 mM without enzymes and 5 mM with Endo
III or FPg) [1] and quercetin (0.1–5 lM) or myricetin
(0.1–5 lM) or (+)-catechin (10–50 lM) or ())-epi-
catechin (10–50 lM). Or (2) NDMA (135 mM without
enzymes and 27 mM with Endo III or Fpg) [1] and
quercetin (0.1–5 lM) or myricetin (0.1–5 lM) or (+)-
catechin (10–50 lM) or ())-epicatechin (10–50 lM).
Or (3) BaP (50 lM with and without enzymes) and
quercetin (1–10 lM) or myricetin (1–10 lM) or (+)-
catechin (10–50 lM) or ())-epicatechin (10–50 lM).
Then plates were incubated for another 24 h at 37�C
and 5% CO2. After the treatments, the cells were
processed as described above.

j Statistical analysis

Images of 50 randomly selected cells per concen-
tration were evaluated and the test was carried out
three times. The reported OTM is the mean ± stan-
dard deviation (SD) of three independent experi-
ments. Thus, we compare three means of OTM from
three different experiments. Cultures without
N-nitrosamines or BaP or polyphenols were consid-
ered as negative controls. In all experiments the
following negative controls have been included: C0,
cells treated with solvents; C1, cells treated without
enzymes; C2, cells incubated with Endo III; C3, cells
incubated with Fpg. Induction of DNA damage by N-
nitrosamines or BaP was defined as 100% of geno-
toxicity. The Student’s t test was used for statistical

comparison between simultaneous treatments and
controls, and differences were considered significant
at P £ 0.05.

Results

j DNA damage induction by benzo(a)pyrene and
polyphenols

No cytotoxicity has been previously found at the
concentrations of polyphenols tested (data not
shown). Cell viability was always above 80% of con-
trol viability. None of the polyphenols (quercetin 0.1–
10 lM, myricetin 0.1–10 lM, (+)-catechin 10–50 lM
and ())-epicatechin 10–50 lM) concentrations
tested in presence or absence of Fpg or Endo III,
caused DNA damage per se (Fig. 1). For this reason
this concentration range was used in subsequent
studies.

As shown in Fig. 2, increasing concentrations of
BaP (25–100 lM) induced a significant increase of
DNA strand breaks, Fpg sensitive sites and Endo III
sensitive sites in a dose dependent manner. Results
revealed that HepG2 cells treated with a concentration
of 25 lM BaP slightly increased the DNA strand
breaks (Fig. 2a1, b1), whereas the Fpg sensitive sites
(Fig. 2a3, b3) and the Endo III sensitive sites were
markedly increased (Fig. 2a2, b2) in comparison with
their respective controls. The maximum increase of
DNA strand breaks, Fpg sensitive sites and Endo III
sensitive sites were exhibited by 100 lM BaP. In
subsequent simultaneous treatments with BaP and

0

2

4

6

0.1 1 5
0

2

4

6

0

2

4

6

0

2

4

6

Concentration of quercetin (µM)Concentration of myricetin (µM)a

c

b

d

O
TM

O
TM

Concentration of (-)-epicatechin (µM)Concentration of (+)-catechin (µM)

O
TM

O
TM

C0 C0 0.1 1 5

10 25 50C0 C0 10 25 50

Fig. 1 Induction of DNA strand
breaks and oxidized purines/
pirimidines by a myricetin, b
quercetin, c (+)-catechin and d ())-
epicatechin on human HepG2 cells
incubated without enzymes
(diagonally shaded bar), with Endo III
(lightly shaded bar) or Fpg (darkly
shaded bar). C0 HepG2 cells without
(+)-catechin, ())-epicatechin,
myricetin or quercetin and incubated
without enzymes (diagonally shaded
bar), with Endo III (lightly shaded
bar) or Fpg (darkly shaded bar)

482 European Journal of Nutrition (2008) Vol. 47, Number 8
� Steinkopff Verlag 2008



polyphenols, the HepG2 cells were incubated with the
concentration of 50 lM BaP for 24 h.

j DNA damage induction by a simultaneous
treatment of N-nitrosamines or benzo(a)pyrene
and polyphenols in the Alkaline Comet assay

The effect of myricetin on NDMA-induced DNA
damage in HepG2 cells is shown in Fig. 3.1 Myricetin
decreased DNA strand breaks (Fig. 3, a1) and the
formation of Endo III sensitive sites (Fig. 3, a2) in-
duced by NDMA, but not the formation of Fpg sen-
sitive sites (Fig. 3, a3). The maximum reduction of
Endo III sensitive sites (32% inhibition compared
with the control) was observed at the lowest concen-
tration (0.1 lM). Myricetin reduced the formation of

Endo III sensitive sites (1–5 lM, 16–19%) and the
formation of Fpg sensitive sites (0.1–5 lM, 30–43%)
induced by NPYR (Fig. 3, b2, b3), but not DNA strand
breaks (all the concentrations increased the genotoxic
effect of NPYR) (Fig. 3, b1). Protective effect of my-
ricetin on BaP-induced DNA damage is shown in Fig.
3, c1, c2 and c3. Myricetin (5–10 lM) weakly reduced
DNA strand breaks (20–5%) and the formation of
Endo III sensitive sites induced by BaP, but not the
formation of Fpg sensitive sites (concentrations of 5–
10 lM increased the oxidative DNA damage induced
by BaP). The maximum inhibition of Endo III sensi-
tive sites (75%) induced by BaP was found at the
lowest concentration (1 lM).

The effect of quercetin on NDMA-induced DNA
damage in HepG2 cells is shown in Fig. 3.2. None of
the quercetin concentrations tested reduced the for-
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mation of Fpg sensitive sites induced by NDMA (Fig.
3, a3). On the contrary, concentrations of 1–5 lM
increased the oxidative DNA damage induced by
NDMA. Quercetin inhibited the formation of Endo III
sensitive sites induced by NDMA (Fig. 3, a2) at all the
concentrations tested (0.1–5 lM, 26%). However,
quercetin (0.1–5 lM) reduced the formation of Fpg
sensitive sites (18–27%) induced by NPYR (Fig. 3, b3).
DNA strand breaks (0.1–1 lM, 2–10%) and the for-
mation of Endo III sensitive sites (1–5 lM, 18%) in-
duced by NPYR were also prevented by quercetin
(Fig. 3, b1, b2). Protection afforded by quercetin
towards BaP-induced DNA damage occurred in a
dose-dependent manner. Quercetin induced a dose-

dependent protective effect towards DNA strand
breaks (Fig. 3, c1). At 1 lM, BaP genotoxicity was
reduced by 6%, and the reduction reached 27% at
10 lM. The formation of Fpg sensitive sites (Fig. 3,
c3) was reduced by 8–14% (5–10 lM) and the maxi-
mum inhibition of the formation of Endo III sensitive
sites (Fig. 3, c2) was observed at 1 lM (82%).

Figure 3.3 shows the protective effect of (+)-cate-
chin on NDMA-induced DNA damage in HepG2 cells.
(+)-Catechin at the lowest concentration (10 lM)
showed the maximum reduction of DNA strand
breaks (38%), the formation of Endo III (62%) and
Fpg sensitive sites (48%) induced by NDMA (Fig. 3,
a1–a3). DNA strand breaks (12–24%) induced by
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NPYR (Fig. 3, b1) and the formation of Fpg sensitive
sites (24–48%) was also prevented by (+)-catechin
(10–50 lM, Fig. 3, b3). However, the maximum
inhibition of formation of Endo III sensitive sites
(47%) was observed at the lowest concentration
(10 lM). Figure 3, c1, c2 and c3 show the effect of (+)-
catechin on BaP-induced DNA damage. (+)-Catechin
decreased DNA strand breaks (25–50 lM, 49%, Fig. 3,
c1) and the formation of Endo III sensitive sites, but
not the formation of Fpg sensitive sites (all the con-
centrations increased oxidative DNA damage induced
by BaP, Fig. 3, c3). The maximum inhibition of Endo
III sensitive sites (82%) was found at 10 lM (Fig. 3,
c2).

Figure 3.4 shows the protective effect of ())-epi-
catechin on NDMA-induced DNA damage in HepG2
cells. ())-Epicatechin at the lowest concentration
(10 lM) showed the maximum reduction of DNA
strand breaks (34%), the formation of Endo III (55%)
and Fpg sensitive sites (40%) induced by NDMA (Fig.
3, a1–a3). Protection afforded by ())-epicatechin to-

wards NPYR-induced DNA damage is showed on Fig.
3, b1–b3.

())-Epicatechin at the lowest concentration
(10 lM) showed the maximum reduction of DNA
strand breaks (34%), the formation of Endo III (34%)
and Fpg sensitive sites (50%) induced by NPYR.
However, (-)-epicatechin (10–50 lM) reduced DNA
strand breaks induced by BaP (Fig. 3, c1) in a dose
dependent manner (27–39%). The maximum inhibi-
tion of the formation of Endo III sensitive sites (63%,
Fig. 3, c2) was found at the lowest concentration
(10 lM). The formation of Fpg sensitive sites (Fig. 3,
c3) was weakly reduced (5–10%) at 25–50 lM.

Discussion

In the present study we evaluate the protective effect of
dietary polyphenols against N-nitrosodimethylamine
(NDMA), N-nitrosopyrrolidine (NPYR) or benzo(a)-
pyrene (BaP)-induced DNA damage (strand breaks and
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oxidized purines/pyrimidines) in HepG2 cells, using
the repair enzymes Fpg and Endo III and the Comet
assay. The carcinogenic and mutagenic effects of BaP
have been extensively investigated in mammalian and
other animal cell systems [14]. Our results showed that
BaP (25–100 lM) induced a significant increase of
DNA strand breaks in a dose dependent manner.
During the metabolic process, BaP produces reactive
oxygen species (ROS) via cytochrome P4501A1
(CYP1A1) [3]. These ROS and metabolites can cause
oxidative DNA damage and form adducts with DNA. To
determine the role of oxidative DNA damage in the
observed effects of BaP, we tested whether BaP was able
to generate oxidized bases. In the present study we
showed that HepG2 cells treated with BaP induced Fpg
sensitive sites and Endo III sensitive sites, indicating
the presence of oxidized purines and pyrimidines,
respectively. This can be further evidence for oxidative
DNA damage caused by BaP.

It has been suggested that DNA alkylation and free
radical damage are in part involved in the carcino-
genic action induced by N-nitrosamines [4]. Strand
breaks or alkali labile sites, including abasic sites, may
be results of the action of reactive oxygen species that
arise during the metabolism of N-nitrosamines in the
cell. In a previous work we showed that NPYR and
NDMA were able to generate oxidized bases [1, 2].

There are a considerable number of reports of
anticarcinogenic and antimutagenic effects of poly-
phenols [15]. However, a significant increase in the
consumption of polyphenols may not be without risks
[26]. Certain flavonoids, most notably quercetin, are
genotoxic in vitro, increasing the frequency of rev-
ertants in mutagenicity assays, inducing strand
breakage in isolated rat nuclei and increasing chro-
mosomal aberrations in mammalian cells [35]. On the
contrary, our results indicate that none of the dietary
polyphenols concentrations tested caused DNA strand
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breaks, or oxidized purine or pyrimidine bases per se.
These results are in part in agreement with previous
reports, which have revealed that some polyphenols
such as (+)-catechin, or ())-epicatechin, were not
mutagenic in the Salmonella/microsomal mutagenic-
ity assay using tester strain TA102, while quercetin
was found mutagenic [27].

Myricetin (3,3¢,4¢,5,5¢,7-hexahydroxyflavone) and
quercetin (3,3¢,4¢,5,7-pentahydroxyflavone) are two of
the most frequently studied flavonoids in the class of
flavonols [16]. In the present study, quercetin pro-
tected against DNA strand breaks and oxidized
pyrimidines induced by BaP, NDMA, and NPYR,
while myricetin protected against DNA strand breaks
and oxidized pyrimidines induced by BaP and NDMA
and towards oxidized pyrimidines and purines in-
duced by NPYR. This variable effect against NPYR is
surprising given the similar chemical structure of
quercetin and myricetin. This indicates that only an
additional hydroxyl group at position 5¢ in the
chemical structure of myricetin would significantly
affect the biological activity against NPYR. In addi-

tion, the protective effect of quercetin and myricetin
was higher towards BaP than against NDMA and
NPYR. Thus, the presence and number of polyhydr-
oxyl groups in the chemical structure and/or the kind
of mutagen used to induce DNA damage has an
important role in the protective effect. Makena and
Chung [27] also reported that the position and
number of hydroxyl groups are crucial in the inhibi-
tory effects of polyphenols.

Catechins are also found in a variety of plants
and are present in particularly high amounts in tea
leaves, such as (+)-catechin and ())-epicatechin. In
the present study (+)-catechin; (+)-trans-3,3¢,4¢,
5,7-pentahydroxyflavane, and ())-epicatechin; ())-
cis-3,3¢,4¢,5,7-pentahydroxy- flavane, reduced DNA
strand breaks induced by BaP, NDMA and NPYR.
(+)-Catechin and ())-epicatechin also protected
against oxidized purines and pyrimidines induced by
NDMA and NPYR, however they only protected
against oxidized pyrimidines induced by BaP. Yen
et al. [41] reported that ())-epicatechin had protective
effect against BaP-induced DNA damage in Chang
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liver cells at concentrations of 10–100 lM. However,
Dhawan et al. [8] showed that (+)-catechin and ())-
epicatechin and their gallate esters, cannot afford
protection against DNA damage induced in human
lymphocytes by heterocyclic amine (Trp-P-2). Our
results also indicate that (+)-catechin, with similar
chemical structure to ())-epicatechin, showed a
higher protective effect than ())-epicatechin against
DNA damage induced by BaP, or NDMA, while these
compounds exhibited a similar level of protection
against NPYR. The spatial arrangement of substitu-
ents on (+)-catechin and ())-epicatechin could be
more important than the backbone alone in the pro-
tective effect and/or the mutagen tested.

Taken together our results, (+)-catechin and ())-
epicatechin showed higher protection against DNA
strand breaks induced by BaP, NDMA and NPYR than
myricetin or quercetin. In addition, they also pro-
tected against oxidized purines and pyrimidines in-
duced by NDMA, NPYR and BaP (with the exception
of (+)-catechin that increased oxidative DNA damage
induced by BaP). Quercetin and myricetin were the
most active flavonoids against oxidized pyrimidines
induced by BaP, but not against oxidized purines. On
the contrary, they increased oxidative DNA damage
induced by BaP. This effect could be attributed to the
excess of reactive oxygen species (ROS) produced by
BaP. They might cause irreparable oxidative DNA
damage [20]. In addition, phenolic compounds have
both antioxidant and prooxidant effects depending on
the experimental conditions [17]. Therefore, although
there is a general structure-activity relationship [21]
that shows that some subclasses of flavonoid can be
more potent antimutagens, these structural consid-
erations can change depending on the substitution
pattern of the molecule and/or the kind of compound
used to induce DNA damage.

The protective effect of dietary polyphenols tested
in this study, in part, could be due to the free radical
scavenging efficiency of these compounds. Flavonoids
can inhibit oxidative damage to DNA and therefore,
prevent or reduce cellular oxidative stress [22].
According to Cotelle et al. [6], the protective effect of
quercetin and myricetin may be associated with the
presence of two or three hydroxyl groups in the B ring
of its molecule. Ricardo da Silva et al. [34] also re-
ported that (+)-catechin and ())-epicatechin scav-
enge superoxide and hydroxyl radicals. Another
possibility is that flavonoids, as metal-ion-chelating
agents [37], could have chelated iron ions present in
the cells and hence depressed the Fenton reaction.
Morel et al. [28] investigated the antioxidant and iron
chelating activities of (+)-catechin, and quercetin
using cell cultures. They showed that both com-

pounds could chelate iron in vitro, and that (+)-cat-
echin was more potent antioxidant than quercetin,
which can explain, in part, the protective effect of
these flavonoids in the oxidative DNA damage-in-
duced by BaP, NDMA or NPYR.

Other mechanisms proposed to explain this protec-
tive effect might also include inhibition of phase I
metabolizing enzymes, such as cytochrome P450 (CYP),
which metabolically activates procarcinogens to reactive
intermediates that trigger carcinogenesis [11]. Flavo-
noid interactions with CYPs have been reviewed recently
[18]. Hatch et al. [19] reported that polyphenols could
diminish the production of the active metabolites of the
xenobiotic through downregulation of the relevant en-
zymes, and/or directly interfere with DNA adduct for-
mation. Finally, another mechanism claimed to be
responsible for the protective effect of flavonoids is the
induction of phase II metabolizing enzymes such as
glutathione S-transferase (GST), NAD(P)H:quinine
oxidoreductase (NQO) and UDP-glucuronyltransferase
(UGT) by which carcinogens are detoxified and there-
fore more readily eliminated from the body [12].

All the polyphenol used in our work were in lM
concentrations and several studies on bioavailability
of flavonoids, indicate that they are poorly bioavail-
able and reach only nanomolar to low micromolar
concentrations in plasma [23]. Moreover, since con-
jugation is a biologic defense mechanism serving the
objective of inactivating xenobiotics as well as
endogenous bioactive compounds and rendering wa-
ter-soluble to facilitate their excretion, the presence of
free polyphenols as unconjugated compounds from
the circulation or the urine following absorption is
almost irrelevant [13]. This does not preclude the
possibility that flavonoids may accumulate in tissues
where they might exert local antioxidant effects or
that very low concentrations of flavonoids may
modulate cell signalling, gene regulation, angiogene-
sis, and other biological processes by non-antioxidant
mechanisms, which may explain the purported health
benefits of flavonoids [29].

In conclusion, our results clearly indicate that
polyphenols protect human derived cells against DNA
strand breaks and oxidative DNA damage effects of
BaP, NDMA and NPYR, three carcinogenic com-
pounds which occur in the environment. Further
investigation is in progress to evaluate and better
understand the mechanisms by which polyphenols
exert their protective effects.
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