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Abstract

Eugenol used as a flavor has potential carcinogenicity. DNA adduct formation via 2,3-epoxidation pathway has been thought
to be a major mechanism of DNA damage by carcinogenic allylbenzene analogs including eugenol. We examined whether
eugenol can induce oxidative DNA damage in the presence of cytochrome P450 using [32P]-5′-end-labeled DNA fragments
obtained from human genes relevant to cancer. Eugenol induced Cu(II)-mediated DNA damage in the presence of cytochrome
P450 (CYP)1A1, 1A2, 2C9, 2D6, or 2E1. CYP2D6 mediated eugenol-dependent DNA damage most efficiently. Piperidine
and formamidopyrimidine-DNA glycosylase treatment induced cleavage sites mainly at T and G residues of the 5′-TG-3′

sequence, respectively. Interestingly, CYP2D6-treated eugenol strongly damaged C and G of the 5′-ACG-3′ sequence com-
p e lesions.
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lementary to codon 273 of thep53gene. These results suggest that CYP2D6-treated eugenol can cause double bas
NA damage was inhibited by both catalase and bathocuproine, suggesting that H2O2 and Cu(I) are involved. These resu
uggest that Cu(I)–hydroperoxo complex is primary reactive species causing DNA damage. Formation of 8-oxo-7,8
′-deoxyguanosine was significantly increased by CYP2D6-treated eugenol in the presence of Cu(II). Time-of-fli
pectrometry demonstrated that CYP2D6 catalyzedO-demethylation of eugenol to produce hydroxychavicol, capable of

ng DNA damage. Therefore, it is concluded that eugenol may express carcinogenicity through oxidative DNA dama
etabolite.
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1. Introduction

Eugenol (4-allyl-2-methoxy phenol) is a naturally
occurring compound that has been used extensively
as a flavoring agent and fragrance. Human exposure
to eugenol also occurs through its use as an anal-
gesic and from clove cigarettes[1,2]. Eugenol has
anti-inflammation activity and might be a plausible lead
candidate for further development of the COX-2 in-
hibitor [3]. In addition, eugenol has antimutagenic and
anticarcinogenic potential[3–6]. Thus, eugenol is ex-
pected to act as a potential chemopreventive agent.

On the other hand, the US National Toxicology Pro-
gram (NTP) showed that animals had an increased
incidence of hepatocelluar carcinomas in male mice
at low dose of eugenol. Eugenol is believed to have
some mutagenic capacity in mice and should be evalu-
ated for further toxicological effects[7]. Eugenol in-
duced chromosomal aberrations in Chinese hamster
ovary cells[8]. In animal studies, methyleugenol, a
natural constituent of many plant essential oils, with
structure similar to eugenol given orally to rats in-
duced liver and stomach tumors in both sexs and
kidney, mammary gland, and skin tumors in males
[9]. DNA adduct formation via 2,3-epoxidation path-
way is thought to be a major cause of DNA dam-
age by carcinogenic allylbenzene analogs including
eugenol and methyleugenol[10]. In addition to DNA
adduct formation, eugenol also forms of 8-oxo-7,8-
dihydro-2′-deoxyguanosine (8-oxodG), a DNA lesion
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erated by the treatment with CYP.

2. Materials and methods

2.1. Materials

The restriction enzymes (SmaI, BssHII, EcoRI,
ApaI and StyI) and glucose 6-phosphate dehydro-
genase (G-6-PDH) were purchased from Boehringer
Mannheim GmbH (Germany). The restriction en-
zymes (HindIII and XbaI) and T4 polynucleotide
kinase were obtained from New England Bio-
labs (Beverly, MA). [�-32P]ATP (222 TBq/mmol)
was acquired from New England Nuclear (Boston,
MA). Diethylenetriamine-N,N,N′,N′′,N′′-pentaacetic
acid (DTPA) and bathocuproine disulfonic acid were
procured from Dojin Chemical Co. (Kumamoto,
Japan). Acrylamide, piperidine, dimethyl sulfoxide
(DMSO), bisacrylamide,�-nicotinamide adenine din-
ucleotide phosphate (oxidized form) (NADP+) and glu-
cose 6-phosphate monosodium salt (G-6-P) were pur-
chased from Wako (Osaka, Japan). CYP isozymes
from human microsomes (1A1, 1A2, 2C9, 2D6
and 2E1) and CYP reductase (10.0 mg/ml protein
from human microsomes) were purchased from Gen-
test Corporation (Woburn, MA). CuCl2, ethanol,d-
mannitol and sodium formate were acquired from
Nacalai Tesque (Kyoto, Japan). Calf thymus DNA,
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In this study, to clarify a mechanism other th
NA adduct formation, we have investigated whe
xidative DNA damage is induced by eugenol in
resence of cytochrome P450 (CYP) using [32P]-5′-
nd-labeled DNA fragments obtained from the hum
16andp53tumor suppressor genes and the c-Ha-ras-1
rotooncogene. These genes are suitable for stu

he mechanisms of chemical carcinogenesis bec
hey are known to be targets for chemical carcinog
12,13]. We also analyzed the formation of 8-oxo
sing an electrochemical detector coupled to a h
erformance liquid chromatography (HPLC–ECD)
larify the ultimate carcinogen causing DNA dama
e utilized time-of-flight-mass spectrometry (TO
alf intestine phosphatase (CIP), superoxide dis
ase (SOD, 3000 units/mg from bovine erythrocyt
-cyano-4-hydroxycinnamic acid, eugenol and c

ase (45,000 units/mg from bovine liver) were obtai
rom Sigma Chemical Co. (St. Louis, MO). Nuclea
1 (400 units/mg) was purchased from Yamasa Sh
o. (Chiba, Japan).E.coliformamidopyrimidine-DNA
lycosylase (Fpg) was obtained from Trevigen
Gaithersburg, MD).

.2. Preparation of [32P]-5′-end-labeled DNA
ragments

Exon-containing DNA fragments were obtain
rom the humanp53 [14] and p16 [15] tumor sup
ressor genes and the c-Ha-ras-1 protooncogene[16].
NA fragment of thep53 tumor suppressor ge
as prepared from pUC18 plasmid, ligated fragm
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containing exons of thep53gene amplified by the poly-
merase chain reaction (PCR) method. The singly32P-
5′-end-labeled 443 bp fragment (ApaI 14179–EcoRI*
14621) was obtained according to the method described
previously[17]. DNA fragment of the human c-Ha-ras-
1 protooncogene was prepared from plasmid pbcNI,
which carries a 6.6 kbBamHI chromosomal DNA seg-
ment containing the c-Ha-ras-1 gene. The singly la-
beled 337 bp fragment (PstI 2345–AvaI* 2681) was
obtained according to the method described previously
[18]. Nucleotide numbering starts with theBamHI site
[16]. Exon-containing DNA fragments were also ob-
tained from the humanp16tumor suppressor gene[15];
these fragments were subcloned into the pGEM®-T
Easy Vector (Promega Corporation). The 484 bp frag-
ment was further digested withBssHII to obtain a singly
labeled 156 bp fragment (BssHII 9794–EcoRI* 9949)
and a 324 bp fragment (EcoRI* 9466–BssHII 9789).
The asterisk indicates32P-labeling.

2.3. Detection of DNA damage by eugenol treated
with CYP in the presence of metal ion

Standard reaction mixtures (in a 1.5 ml Eppen-
dorf microtube) containing eugenol, various concentra-
tions of CYP isozyme and NADPH-generating system
(200�M NADP+, 500�M G-6-P, 0.07 units G-6-PDH
and 500�M MgCl2) in 200�L of 10 mM sodium phos-
phate buffer (pH 7.8) containing 5�M DTPA were
preincubated for 1 h at 37◦C. After preincubation,
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tive amounts of oligonucleotides from the treated DNA
fragments.

2.4. Analysis of 8-oxodG formation in calf thymus
DNA by eugenol treated with CYP2D6

The quantity of 8-oxodG was measured utilizing a
modification of the method described by Kasai et al.
[24]. Standard reaction mixtures (in a 2.0 ml Eppendorf
microtube) containing eugenol, 0.25 nM CYP2D6,
200�M NADP+, 500�M G-6-P, 0.20 units G-6-PDH
and 500�M MgCl2 in 400�L of 4 mM sodium phos-
phate buffer (pH 7.8) containing 5�M DTPA were
preincubated for 1 h at 37◦C. And then, calf thymus
DNA (100�M/base) and 20�M CuCl2were added to
the mixtures, followed by the incubation for 1 h at
37◦C. Following ethanol precipitation, the DNA frag-
ments were digested into the nucleosides with nuclease
P1 and calf intestine phosphatase, and then analyzed by
HPLC–ECD, as described previously[25].

2.5. TOF-MS analysis

TOF-MS analysis was performed on a Voyager
B-RP (PerSeptive Biosystems, Framingham, MA)
equipped with a nitrogen laser (337 nm, 3 ns pulse) to
determine the molecular weight of eugenol metabolites
generated by CYP2D6 treatment. Reaction mixture,
containing 50 mM eugenol, 2.8 nM CYP2D6, 200�M
NADP+, 2.5 mM G-6-P, 2.0 units G-6-PDH and 5 mM
M er
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ures, followed by the incubation for 1 h at 37◦C. Sub-
equently, the DNA was treated with 1 M piperidine
0 min at 90◦C or 10 units of Fpg protein in the rea

ion buffer (10 mM HEPES–KOH (pH 7.4), 100 m
Cl, 10 mM EDTA and 0.1 mg/mL BSA) for 2 h a
7◦C. Fpg protein catalyzes the excision of 8-oxo
s well as Fapy residues[19–21]. After ethanol precip

tation, the DNA fragments were electrophoresed
he autoradiogram was obtained by exposing X-ray
o the gel as described previously[22]. The preferre
leavage sites were determined by direct compa
f the positions of the oligonucleotides with those p
uced by the chemical reactions of the Maxam–Gil
rocedure[23] using a DNA-sequencing system (LK
010 Macrophor). A laser densitometer (LKB 2222

roScan XL) was used for the measurement of the
gCl2 in 100�L of 10 mM sodium phosphate buff
pH 7.8) were incubated for 1 h at 37◦C, and then
ir-dried on a stainless-steel probe tip.�-Cyano-4-
ydroxycinnamic acid solution was added to the s
le.

. Results

.1. Damage to [32P]-labeled DNA fragments by
ugenol treated with various CYP isozymes in the
resence of metal ions

Eugenol treated with CYP induced Cu(II)-media
NA damage (Fig. 1). CYP2D6 mediated eugeno

nduced DNA damage more efficiently than C
A1, 1A2, 2C9 and 2E1 (Fig. 1A). CYP2D6-treate
ugenol induced an increase of DNA damage
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Fig. 1. Autoradiogram of32P-labeled DNA fragments incubated with CYP-treated eugenol plus Cu(II). (A) The reaction mixtures containing
indicated no or 100�M eugenol, 0.25 nM CYP 1A1, 1A2, 2C9, 2D6 or 2E1 and NADPH-generating system (200�M NADP+, 500�M G-6-P,
0.07 units G-6-PDH and 500�M MgCl2) in 200�L of 10 mM sodium phosphate buffer (pH 7.8) containing 5�M DTPA were preincubated
for 1 h at 37◦C. After preincubation,32P-5′-end labeled DNA fragments, calf thymus DNA (20�M/base) and 20�M CuCl2 were added to the
preincubated mixtures. (B) The reaction mixtures containing indicated concentrations of eugenol and NADPH-generating system in 200�L of
10 mM sodium phosphate buffer (pH 7.8) containing 5�M DTPA were preincubated for 1 h at 37◦C. After preincubation,32P-5′-end labeled
DNA fragments, calf thymus DNA (20�M/base) and 20�M CuCl2 were added to the mixtures, followed by the incubation for 1 h at 37◦C.
Subsequently, DNA fragments were treated with 1 M piperidine for 20 min at 90◦C, then electrophoresed on an 8% polyacrylamide/8 M urea
gel. The autoradiogram was visualized by exposing an X-ray film to the gel.

dose-dependent manner (Fig. 1B). DNA damage was
enhanced by piperidine treatment, suggesting that
eugenol caused not only DNA strand breakage but also
base modification (data not shown). Without CYP treat-
ment, eugenol did not induce DNA damage (Fig. 1B).
The treated eugenol did not induce DNA damage in the
presence of other metal ions, including Co(II), Ni(II),
Mn(II), Mn(III), Fe(II), Fe(III) or Fe(III)EDTA (data
not shown).

3.2. Effects of scavengers and a metal chelator on
DNA damage induced by eugenol treated with
CYP2D6

Fig. 2 shows the effects of scavengers and a metal
chelator on Cu(II)-mediated DNA damage induced by
eugenol in the presence of CYP2D6. Catalase and
bathocuproine inhibited DNA damage, suggesting the
involvement of H2O2 and Cu(I). Free hydroxyl radical

(•OH) scavengers, such as ethanol, mannitol, sodium
formate and DMSO, showed little or no inhibitory ef-
fect on DNA damage. Methional, which is capable of
scavenging both•OH and species with weaker reac-
tivity such as Cu(I)–hydroperoxo complex[26], inhib-
ited DNA damage. SOD showed no inhibitory effect
on DNA damage.

3.3. Site specificity of DNA cleavage by eugenol
treated with CYP2D6

The patterns of DNA cleavage induced by eugenol
in the presence of Cu(II) and CYP2D6 were determined
by the Maxam–Gilbert procedure[23]. An autoradio-
gram was obtained and scanned with a laser densitome-
ter to measure relative intensity of DNA cleavage in the
humanp53tumor suppressor gene (Fig. 3A and B). The
treated eugenol caused piperidine-labile and Fpg sen-
sitive lesions at C and G in the 5′-ACG-3′ sequence,
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Fig. 2. Effects of scavengers and bathocuproine on DNA damage in-
duced by eugenol treated with CYP2D6 in the presence of Cu(II). Re-
action mixtures contained the32P-5′-end-labeled 211-bp DNA frag-
ment, 20�M/base of calf thymus DNA, 20�M eugenol treated with
0.25 nM CYP2D6 and 20�M CuCl2 in 200�L of 10 mM sodium
phosphate buffer (pH 7.8) containing 5�M DTPA. Reaction mix-
tures were incubated for 1 h at 37◦C. DNA fragments were treated
with 1 M piperidine for 20 min at 90◦C, then electrophoresed on an
8% polyacrylamide/8 M urea gel. The autoradiogram was visualized
by exposing an X-ray film to the gel.

a well-known hotspot of thep53 gene, respectively
(Fig. 3A). With Fpg treatment, the DNA cleavage oc-
curred mainly at guanine and cytosine residues. In ad-
dition, tandem two bases of 5′-TG-3′ site were often
damaged together with Fpg and piperidine treatment
(Fig. 3B). From these results, it is considered that the
treated eugenol can cause double base lesions at 5′-TG-
3′ and 5′-CG-3′ sequences at high frequency.

3.4. Formation of 8-oxodG in calf thymus DNA by
eugenol treated with CYP2D6 in the presence of
Cu(II)

Using an HPLC–ECD, we measured the quantity of
8-oxodG, an indicator of oxidative base damage[24], in
calf thymus DNA treated with eugenol in the presence
of Cu(II) and CYP2D6. The treated eugenol induced

an increase of 8-oxodG formation in a dose dependent
manner (Fig. 4). Heat-inactivated CYP2D6 did not in-
crease the eugenol-dependent 8-oxodG formation.

3.5. Production of O-demethyl eugenol from
eugenol treated with CYP2D6

Fig. 5 shows mass spectra of eugenol without (A)
and with (B) CYP2D6 treatment. Without treatment,
eugenol showed the mass spectrum with molecular ion
atm/e164 (M) (Fig. 5A). The metabolite obtained from
the reaction mixture of eugenol and CYP2D6 showed
the mass spectrum with molecular ion atm/e151 (M +
1), which is assigned toO-hydroxychavicol (Fig. 5B).
This result suggests that CYP2D6 catalyzesO-
demethylation of eugenol to produce hydroxychavicol.

4. Discussion

Since there are a lot of CYPs in liver, we inves-
tigated the possibility that eugenol is metabolized
to ultimate carcinogen causing DNA damage in
the liver. The present study has demonstrated that
CYP2D6 mediates eugenol-dependent DNA damage
in the presence of Cu(II). When CYP1A1, CYP1A2
and CYP2E1 were added instead of CYP2D6, DNA
damage was similarly observed to a lesser extent.
Experiments with piperidine or Fpg treatment revealed
that C and G of the 5′-ACG-3′ sequence, the com-
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arcinogenesis, because clustered damage, whic
e demonstrated in living cells, is poorly repaired[33].
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Fig. 3. Site specificity of DNA cleavage induced by eugenol treated with CYP2D6 in the presence of Cu(II). Reaction mixtures contained either
the32P-5′-end-labeled 443 bp fragment (ApaI 14179–EcoRI* 14621) (A) or the 211 bp fragment (HindIII* 13972–ApaI 14182) (B) derived from
thep53tumor suppressor gene, 20�M/base of calf thymus DNA, 200�M eugenol treated with 0.25 nM CYP2D6 and 20�M CuCl2 in 200�L
of 10 mM sodium phosphate buffer (pH 7.8) containing 5�M DTPA. Reaction mixtures were incubated for 1 h at 37◦C. Following piperidine or
Fpg treatment, the DNA fragments were analyzed as described inFig. 1(legend). The relative quantities of oligonucleotides were measured by
scanning the autoradiogram with a laser densitometer (LKB 2222 UltroScan XL, Pharmacia Biotech). Underlined bases represent double-base
lesions detected by the treatment with piperidine and Fpg protein.

In addition, time-of-flight-mass spectrometry
demonstrated that CYP2D6 catalyzed theO-demet-
hylation of eugenol to produce hydroxychavicol. Hy-
droxychavicol appears to be the ultimate carcinogen,
capable of causing DNA damage. This result is sup-
ported by reports that CYP2D6 as well as CYP 1A1,
CYP1A2 and CYP2E1 can catalyzeO-demethylation
reactions[34–36].

To clarify what kind of the reactive species involved
in DNA damage by eugenol treated with CYP2D6,
we examined the effects of scavengers on DNA dam-
age. The inhibitory effect of catalase suggests the
involvement of H2O2. The observed protective ef-
fect of bathocuproine suggests that Cu(I) is required
for DNA damage. This is supported by reports that

bathocuproine inhibits the activation of H2O2 by stabi-
lizing Cu(I) [37,38]. Typical •OH scavengers demon-
strated little or no inhibitory effect, whereas methional
inhibited DNA damage. This result suggests the in-
volvement of reactive species with a similar reactivity
to •OH [26]. Therefore, it is considered that reactive
species such as Cu(I)–hydroperoxo complex obtained
with H2O2 and Cu(I) are involved in DNA damage
by CYP2D6-treated eugenol. However,•OH may par-
ticipate in DNA damage through the formation of
the DNA–Cu(I)–hydroperoxo complex, which releases
•OH to attack the adjacent DNA constituents prior to
being scavenged by•OH scavengers[39].

On the basis of these data, we propose a possible
mechanism by which eugenol induces Cu(II)-mediated
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Fig. 4. Formation of 8-oxodG by eugenol treated with CYP2D6
in the presence of Cu(II). Standard reaction mixtures containing
eugenol, 0.25 nM CYP2D6 and NADPH-generating system (200�M
NADP+, 500�M G-6-P, 0.07 units G-6-PDH and 500�M MgCl2) in
400�L of 4 mM sodium phosphate buffer (pH 7.8) containing 5�M
DTPA were preincubated for 2 h at 37◦C. And then, calf thymus
DNA (100�M/base) and 20�M CuCl2were added to the mixtures.
Following incubation for 1 h at 37◦C, 0.2 mM DTPA was added to
stop the reaction and then the DNA was precipitated in ethanol. In
certain experiments, CYP2D6 and NADPH-generating system were
heated at 90◦C for 30 min for inactivation before the preincubation.
The DNA was subjected to enzymatic digestion and analyzed by
HPLC–ECD.

DNA damage (Fig. 6). Eugenol undergoes certain
CYPs-catalyzedO-demethylation to hydroxychavicol,
a catechol derivative. Hydroxychavicol is then autoxi-
dized into the semiquinone radical, leading to the pro-
duction of the correspondingo-quinone form. Cu(II)
is reduced to Cu(I) during the autoxidation, and O2

−
is concomitantly generated, followed by dismutation
to H2O2. It has been also reported that hydroxychavi-
col produces superoxide radicals and H2O2 [40]. H2O2
interacts with Cu(I) to form the Cu(I)–hydroperoxo
complex, capable of inducing DNA damage[41].
Several studies indicate that NAD(P)H may non-
enzymatically reduceo-quinones to catechols through
two-electron reduction[42]. Tissue concentrations
of NAD(P)H can be as high as 100�M [43,44].
Thus, the NADH-dependent redox cycle of hydroxy-
chavicol may continuously generate reactive oxygen
species and mediate enhancement of oxidative DNA
damage.

In summary, we have demonstrated that a eugenol
metabolite, hydroxychavicol, can cause oxidative DNA
damage, probably double base lesions at 5′-CG-3′ and
5′-TG-3′ sequences. G residue in these sequences was

Fig. 5. Production ofO-demethyleugenol from eugenol treated with
CYP2D6. Reaction mixture, containing 50 mM eugenol, 2.8 nM
CYP2D6, 200�M NADP+, 2.5 mM G-6-P, 2.0 units G-6-PDH and
5 mM MgCl2 in 200�L of 10 mM sodium phosphate buffer (pH 7.8)
were incubated for 1 h at 37◦C, and then air-dried on a stainless-steel
probe tip.�-Cyano-4-hydroxycinnamic acid solution was added to
the sample. TOF-MS analysis was performed on a Voyager B-RP
(PerSeptive Biosystems, Framingham, MA) equipped with a nitro-
gen laser (337 nm, 3 ns pulse). (A) No treated eugenol; (B) CYP2D6-
treated eugenol.

oxidized to 8-oxodG, which might lead to mutation
(G:C→ T:A transversion) through the misreplication
of DNA [45–47]. Finally, eugenol and methyleugenol
may cause carcinogenesis through oxidative DNA
damage in addition to DNA adduct. Further study on
safety should be required when eugenol and its deriva-
tives is used for a flavoring agent, fragrance and an
analgesic.
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Fig. 6. A possible mechanism for Cu(II)-mediated DNA damage induced by eugenol in the presence of CYP2D6.
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