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Nitropyrenes are widespread in the envircnment due to mainly diesel engine emissions.
Dinitropyrenes (DNPs), especially 1,8-dinitropyrene (1,8-DNP) and 1,6-dinitropyrene (1,6-DNP),
are much more potent mutagens than other nitropyrenes. The carcinogenicity of 1,8-DNP and
1,6-DNP is stronger than 1,3-dinitropyrene (1,3-DNP). It is considered that adduct formation
after metabolic activation plays an important role in the expression of carcinogenicity of
nitropyrenes. However, Djuric et al. [(1993) Cancer Lett.] reported that oxidative DNA damage
was also found as well as adduct formation in rats treated with 1,6-DNP. We investigated
oxidative DNA damage by DNPs in the presence of NAD(P)H-cytochrome P450 reductase using
#P-5"-end-labeled DNA. After P450 reductase treatment, DNPs induced Cu(ID-mediated DNA
damage in the presence of NAD(P)H. The intensity of DNA damage by 1,8-DNP or 1,6-DNP
was stronger than 1,3-DNP. We also examined synthetic 1-nitro-8-nitrosopyrene (1,8-NNOP)
and I-nitro-6-nitrosopyrene (1,6-NNOP) as one of the metabolites of 1,8-DNP and 1,6-DNP,
respectively, to find that 1,8-NNOP and 1,6-NNOP induced Cu(ll}-mediated DNA damage in
the presence of NAD(P)YH but untreated DNPs did not. In both cases of P450 reductase-treated
DNPs and NNOPs, catalase and a Cu(I) specific chelator attenuated DNA damage, indicating
the involvement of H,O, and Cu(I). Using a Clarke oxygen electrode, oxygen consumption by
the reaction of NNOPs with NAD(P)H and Cn(II) was measured to find that NNOP was
nenenzymatically reduced by NAIXP)H and that the addition of Cu(I) promoted the redox
cycle. Therefore, these results suggest that DNPs are enzymatically reduced to NNOPs via
hitro radical anion and that NNOPs are further reduced nonenzymatically by NAD(P)H.
Subsequently, autoxidation of nitro radical anion and the reduced form of NNOP occurs,
resulting in O, generation and DNA damage. We conclude that oxidative DNA damage in
addition to DNA adduct formation may play important roles in the carcinogenesis of DNPs

via their metabolites.

Introduction

Nitropolycyclic arematic hydrocarbons including ni-
tropyrenes { NPs) are widespread in the environment due
te mainly diesel engine emissions (1, 2). NPs are strongly
mutagenic in the bacterial mutation assay (Ames test)
and human cell mutagenicity assay (3, 4. Dinitropyrenes
(DNPs),! especially 1.8-dinitropyrene (1,8-DNP) and 1,6-
dinitropyrene (1,6-DNP), are much more potent mu-
tagens than other nitropyrenes. DNPs induced lung
cancer and leukemia in rodents. An epidemiological study
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demonstrated that significant positive trends in lung
cancer risk were observed with increasing cumulative
exposure of diesel exhaust in male truck drivers (5). The
International Agency for Research on Cancer (IARC) has
assessed that 1,8-DNP and 1,6-DNP have been possibly
carcinogenic to humans (group 2B}, whereas 1,3-dinitro-
pyrene {1,3-DNP) has not been classifiable as to its
carcinogenicity to humans (group 3) (1.

Chemical mutagenesis is strongly affected by metabolic
activation. Cellular nitroreduetase and O-acetyltrans-
ferase activities have been shown to markedly influence
the genotoxic activity of nitro-aromatic compounds (6).
DNA adduct formation after metabolic activation has
been considered to be a major causal factor of carcino-
genesis by DNPs. DNPs undergo nitroreduction to N-
hydroxy arylamines that bind to DNA directly or after
O-esterification (). DNP adducts are identified as N-
(deoxyguanosin-8-yliamino-nitropyrene {dG-C8-1,6-ANP
and 4G-C8-1,8-ANP), leading to mutation and carcino-
genesis {1, 7). On the other hand, Djuric et al. found not
only DNA adducts but also oxidative DNA damage in rats
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Figure 1. Chemica structures of DNPs and their maetabolites wsed in this shdy.

treated with 1,G-DNP (8). Furthermore, we previously
revealed the role of a nitroso derivative of 1-nitropyrene
on causing oxidative DNA damage (9). It has been
reported that nitro-nitroso derivatives are metabolic
intermediates of DNPs during metabolic activatien,
which are more mutagenic than their parent DNPs (10).
These indicate that oxidative DNA damage by DNPs
after metabolic activation plays a role in carcinogenesis.

In this study, we investigated oxidative DNA damage
induced by DNPs in the presence of NAD(PIH-cytochrome
P450 reductase (P450 reductase), using “P-5"-end-labeled
DNA fragments obtained from the human p53 and p16
tumor suppressor genes and the c-Ha-ras-1 protoonco-
gene, We also examined synthetic nitro-nitrosopyrenes
(NNOP}, 1-nitro-8-nitrosopyrene (1,8-NNOP), and 1-ni-
tro-G-nitrosopyrene (1,6-NNOP} as nitreso metabolites of
DNP. The chemiecal structures of DNPs and synthetic
NNOPs used in this study are shown in Figure 1. We
also analyzed 8-ox0-7.8-dihydro-2’-deoxyguanoesine (8-
oxod() formation in calf thymus DNA.

Materials and Methods

Materials. | G-NNOP and LS-NNODP were synthesizsd by
axidation of L-nitro-G-aminoepyrenc anid -pitro-B-aminopyrene,
respeetively, aceording 1o the method by the refievenee (1. Thae
nitroaminopyrens need in e synthesis was earried onl antil
nene of The unddesived ssoner canld be dotected by T NMR
speelroscopy. To o selution of the puritied aminonitropyrene
dissobved in CHLCL o solalion of m-CEPBA in CHLCT was addad
dropwise over 20 min and the reaclion was eacried onl al 57C
i 4 b, The mixtore was washed wilh salurated Nalleog and
Liine, sl the organie phase was dricd over anhydrous Neg-
S04 Following evaporation in vacno, The produel was oblained
by eolumn ehronatography on siliva gob using n-hexanes cihyl
acclate s The oluent and trther reerystallization from n-hex-
anes elhylaedate o produce light orange eryvstals, The purity
of eaweh eompomnd was - 99% as assessed by TTENMER spoetros-
copy.

1. 1,6-NNOP, "II NMR (100 MUz DMSO-dak o 704 0114,
J0oBA N RO Ld o BE g, BG4 92 Hn,
REACL L 84 Hzh B2 dod RA Lz, 897 01,
408 10001000 92 Ha, 1042001, d, 7 0.6 Hz,
mp 244 Ctdecampa (G e ) =238 70 Glecompl.

2. 1L.8-NNOP. 'H NMR (100 Milz DMSO-dir 6 70001, d,
S BA Nz, BACCHHLL S BAa bz, 856000 d 88Tz
STUUM L7 88 1y, 8IS B F 8.8 Hn, 892001, 4,
J0 B8 U 2Lk d 0 96 Tz, FOARUIT d,-F 0 G Tz
mpe 268 C Gdeeomp) 3L T 0245 70 Gleeampa].

Restriction enzymes (i 1, St L Apa 1 Ava | and Xba
Iy and Ty polynucleotide Kinase were purehased from Now
Bnglanul Biolabs (Beverky, MARL [p-2PIAT P 0222 TBg/mmol } was
abitained lrom Now England Noelear. Alkaline phosphatase from

colf’ inlestine was prvehased ffom Reche Moleeular Biovhennivals
{Mannheim, Germany). 1LE-DNIP, 1LE-DND, and 1,3-DNP were
purchasald from Aldrich Chemieal Co. (Milwaukee, 11 the
purilios were 898, 98, mud Y9%, vrespectively), PARG reduelase
from pad microsome was o kind gifl frowe Prols Y, Kungai
UTsukaba University), Piperidine was porchased from Wake
Chemieal Industries Ltd, tOsaka, Japan), Coppert Ty ehliride
dihydrate was purchased from Nacalai Tesque, Ine. (Kyoelo,
Japan). Dicthylenctviamine-N NN N7 N”-pentaacelic avid
tTPAY anl bathoruproinedisidtonie acid were purchased Irom
Dajin Chemicals Co, (Komanolo, Japan). Call thymuas DNA,
superoxide dismulase (SODFE000 anits/mg frem bovine ervih-
roeylest, and eatalase (45000 units/mg from bovine liver)y were
purchased from Signia Chemical Co (S0 Louis, MO)L Nueleasae
I’} (400 units/mgl was purchased from Yamasa Shoyua Co,
(Chiba, Japan).

Preparation of #*P-5-End-Labeled DNA Fragments
Obtained from the p53 Gene, the p16 Gene, and the c-Ha-
ras-1 Gene. DNA firagmaonts woere oblained from the human
pE3and p16 Lumor suppressor gene 2, 23 and the e-lla-ras-1
protoomeagene (L A singly #P-5-cned-labeled double-stranded
A4 bp feagmenl Apee 1 TATT79-Fea BT 146820 rom the pfT gene
was proparod from The pUCTS plasmid according to aopmef el
deseritusd previously (251 A singly Talwled 328 by fragment
1Eco RI5841-Aral G168) of the g6 gene was prepared from
PGEM-T' Fasy Veelor (Promega Corpesration) as deserilued
previeusly (16L A 261 hp feagment (Aea 1% 1645-Xba 1 1905
and a 341 by fragment (Xbal 1906-Acal* 2246) from the e-lla-
ras-1 gene were prepared Trome plasmid pheNL which carries a
6.6 kb Bl 1 clwomosamal DNA - restriclion fiagment as
deseribed provionsty (173 The asterisk indicates = Lalweling.

Detection of DNA Damage. A slandard veaelion mixiure
tin a micrelube: LA mbLY conlained CuCly, NADURH, NNODP,
2P oond-labeled donble-strandad DNA - fragments, and eall’
thymus DNA in 200 41, of 10 mM sadinm phosphato buffer 1]
T8L For nttvoraduction, DNE, 100 oM NADIMIT, and 1450
reductase wore preineudatod al 26 °C for 30 min in 20 mM
potassiun phosphate buffer (hl1 7.4% Afler the preineabation,
FPfabelod DNA fragments, eall Thymos DNA, ol CaCl were
aelcledd Lo the mixtares tlotal 200 gLy, followed by The ineubation.
Alter ineubation o 37 7C for | hy DNA fragments wore (roated
in 10% tvivd piperidine al 000 e 20 min or Treated with 6
units of Fpg protein in reaction bofler 10 mM HHEPES KOl
(pl 7.0, 100 mM KCL 10 mM EDTA, and 0.1 mg/mE BSAL ol
47 °C for 2 hy as deseribed proviously 8L The treatid DNA
Iragments were eloelrophoresed onan 8% polyacrylamidess M
urea gel, and an adloradiomram was ohlained by exposing X-ray
filmy to the gel. To make the dose of DNA eomstant, wo nsedd calf
thymus DNA G20 50 M) at an exeessive dose as conrprared wilh
2P abolal DNA Qess (han pM Y that can b negligible, bocaase
the rosquired dose of FPfabelic] DNA, tor detection of DNA
damsagee, varies aveording (o the doeaying raelioaelivity £21% T,

14 days). The profiered cleavage sites were dotermined by
diveet comparison of the positions of the oligonueleotides with
those produesd by the chemieal reactions of The Maxam Gilluert
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Figure 2. Autoradiogram of #2[%-labeled DNA fragment trealod
wilh DNPs and their nitro-nilroso derivalives, (A The reaction
mix{nres condaining (the indicated concentrations of DN s, 100
HM NADPH, and 2.1 gl PABO reduciase were preineabatod
al 25 "0 for 230 min in potassiom phosphade bulTer (pl 7.4
Aller preincubation, a #P-5-end-laheled 328 bp DNA (ragment,
call' thymns DNA €20 ¢ M/Mased, and 20 gM CuCly were addisd
lo the mixtures, (83 Phe reaction mixtore containeld a #2257
erak-dabelid 341 bp DNA fragment, ealt thymus DNA (50 g8/
hased, thee indicatod conecntrations of 1L8-NNOP or |L6-NNOP,
100 g8 NADIH, amd 20 pM CuClz in sodium phosphate bufler
(b 7,83 The reaction mixtures were ineubated al 37 ©C for 1
h, folliswed by piperidine treatment, as deseribod io the Malaeri-
als and Mothods. The DNA [Fagments were eleclrophoresed on
an 8% polyacrylamindi/8 M orea gol, andan antoradiogram was
oldained by exposing an X-ray il lo the gel.

procodure {9 using a0 DNA sequencing systom (LKB 2010
Macrophor). A Baser dopsitometor (LK 2222 UlTeSean X1, was
tsend [or e measuremend of The relative amounts of oligonicleo-
Liddos trom The troated DNA Gragrmenls,

Analysis of 8-OxodG Formation by DNPs and NNOPs.
The: eall’ thymus DNA Fragmoent was ineobatoa] wilh NNOP or
trealed DNP, NAKEPHE and CuCly Afler ethanol procipitation,
DNA was digested T dls compeonment nocleosides with nuelease
Iy ool eall’ intestine phosphatase and analyzed by 1HPLC-
cleelrochemieal deteclor (BCIN, as doseribed previously (200,

Measurement of Oxygen Consumption. Oxygzen consumyp-
tiom by the reaction off NNOPs with NADH and CoCl: was
measared using o Clarke oxygeoen electrode (Electronie Stivver
manlel 3100, Rank Brothers Lul, Bottisham Cambridge, Unided
Kingdom) The reactions wore perfornued in s mixture conlain-
ing NNOP, NADH, and CuCly in 2 ml of 10 mM phosphaile
budfor (pll 7.8} conlaining 2.5 @M DTLPA al 37 “C. Catalase was
added in order 1o deteel 11O; generation due 1o oxygen
cansumplion,
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Figure 3. Ellicls ol seavengers and balhocuproine on Cut {1/
NADPH l-meliated DNA clamage indiesd by PAR0 redueclase-
valalyzod LE-DNEP and 1L,E-NNOP. (A The peaction mixlores
containing 0.5 sM 1LE-1INIP, 100 #M NADPI, and 2.1 pg/ml,
PASG reductase were preineubaled at 25 "C for 30 min in
potassivm phosphate bufTer (b1 7.4 Alter preinenbation, s 2%
5ond-labelod 309 bp DNA fragment, ealf thymus DNA (20 #M/
hase), 20 M CaCly, and a scavenger wore added to the mixbures,
(133 The reaction mixture contained a S2P-5-opd-labolod 261 by
DINA feagment, eall’ thymus DNA (20 pM/base), 0.2 pM 1,5
NNOP, 20 aM CaCls, and a scavenger in sodinme phosphale
Linter (ot 7.8). The reaction mixiures wore incubatoed at 37 "¢
for 1 h, followed by piperidine treatment. The DNA Teagments
wore analyzesl as deseribed in the legend 1o Figure 2. The
concentrations of seavengers amd bathoeaproine were as [ol-
lows: 01 M manmitol, 001 M osodinm formate, 30 nnils of S04,
30 nnits of calalase, and 50 4M balthocugroine,

Results

Damage to *P-Labeled DNA. Figure 2 shows an
autoradiogram of a DNA fragment treated with DNPs
and NNOPs. Oligonucleotides were detected on the
autoradiogram as a result of DNA damage. DNPs did not
cause DNA damage in the presence of NAD(PYH and Cu-
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(C) Piperidine treatment/ 1,8-DNP
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Figure 4. Sile specilivity of DNA eliavage indueedd by P450 reductase-treated LS-DNP amd 1L8-NNOP in the presene: ol NADIPH
and Cncln The reaction mixtures conlaining 0.5 M LENNOP (A, B) or 0.5 M L8-DNP (C, D), 100 #M NADPH with (¢, D) or
withoud tA, BY 2.1 pgfml, PABO roduedase were preineabated al 25 °C for 30 min in potassium phosphale butfor (pl] 745 Alloer
preinentation, a #P-5end-dabeled 443 by DNA fragment, call thymas DNA (20 gMibase), aml 20 M CuCly were added 1o ihe
mixtures. The reaction mixtures were incubated al 37 °C for 1 h, Blowed by piperidine (reatmoent (A, ) or Fpg treatment (B, D1
The horizonial axis shows Lhe nieleotide number of the himan pa2 tumor supprossor gene, and underscoring shows the complomentary

sequenee Lo codon 273 inueleotides 14486 14488),

(IT) (data not shown}). When P450 reductase was added,
DNPs induced Cu(I)-mediated DNA damage (Figure 2A).
1.8-DNP and 1,6-DNP induced DNA damage more ef-
ficiently than 1,3-DNP did.

NNOPs, nitro-reduced metabolites of DNPs, were
synthesized in order to compare with parent DNP. 18-
NNOP and 1,6-NNOP induced DNA damage without
P450 reductase (Figure 2B). These NNOPs induced DNA
damage in the presence of NAD(P)H and Cu(Il). In the
absence of either NADIP)H or Cu(Il), NNOPs did not
cause DNA damage. NNOPs alone did not cause DNA
damage (data not shown).

Effects of Scavengers and Bathocuproine on
DNA Damage. The effects of scavengers and bathocu-
proine on DNA damage by 1,8-DNP with P450 reductase

are shown in Figure 3A. Mannitol and sedium formate,
typical *OH scavengers, did not inhibit DNA damage.
Catalase and bathocupreine, a Cu(D) specific chelator,
inhibited DNA damage, whereas SOD did not reduce the
amount of DNA damage. Similar inhibitory effects were
chserved in the cases of 1,8-NNOP (Figure 3B). When
1,6-isomers were used instead of 1,8-isomers, similar
results were obtained (data not shown).

Site Specificity of DNA Damage by 1,8-DNP with
P450 Reductase and 1,8-NNOP. An autoradiogram
was scanned with a laser densitometer to measure the
relative intensities of DNA cleavage products from the
human p53 tumer suppressor gene, 1,8-NNOP and P450
reductase-treated 1,8-DNP induced piperidine labile sites
relatively at thymine and cytosine residues in the pres-
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Figure 5. Formalion ol 8-oxadi by P50 reduetase-troatod
DN« and NNOIs in the presenee of NADPH and CutlL) For
DNDPs, {he roaetion mixlures centaining 0.5 ¢8 DNPs, 100 oM
NADPHL sl 2.1 ggdmbs PASO redurctase wore preineubalod al
25 2 lor 20 min in polassiom phosphate ballor (pd 1740 Aloer
preineuhation, ealf thymus DNA (100 g/ lasel and 20 4 CuCl
wore anlled to the mixtures, ollowed by the ineubalion of 37

“Cofor | b For NNOPs, e roaction mixtures containing ealf

Lhvmus DNA (00 rMAkise, 0.5 M NNOPsS (A), or the indicadel
concentralions of NNODPs (B 100 uM NADPH, and 20 #M Cully
wore ineubalod al 37 "C for 1 hin potassionm phesphatae bufTer
(pH 7.0, Aller ethanal precipitation, DNA wax enzymatically
digosted to individua! nueleosidos, and the B-oxalG eontent was
measured by HPLC-FOCTY as ddeseribud] in the Malerials and
Methods, Resulls are expressed s means and 81 of valoes
oblained from throe independent experiments, Symbols indieale
a significant diflerenee as campared with eontreol (PP - 0,05;
#0001 and significant difforeace amng DNPs dEP - 0.05)
Ly #-lowl,

ence of Cu(ID and NAD(PH (Figure 4A,C). With Fpg
treatment, DNA cleavage oceurred mainly at guanine and
cytosine residues {Figure 4B.Ih. 1,8-NNOP and 1,8-DNP
caused piperidine labile and Fpg sensitive lesions at CG
in the 5-ACG-3’ sequence, a well-known hetspot (21} of
the p53 gene.

Formation of 8-0xodG in Calf Thymus DNA.
Using HPLC-ECD, we measured the 8-oxodG content of
calf thymus DNA incubated with NNOPs and P450
reductase-treated DNPs (Figure 5A). P450 reductase-
treated DNPs significantly increased the amount of
8-0x0dG as compared with the control (1.8-DNP, P =
0.01; 1,G-DNP, P < 0.01; 1,3-DNP, P < 0.05}. The order
of 8-0x0dG content was as follows: 1,8-DNP, 1,6-DNP =
1,3-DNP - contrel. 1,8DNP and 1.6-DNP induced 8-
oxodG formation more efficiently than 1,3-DNP (P < 0.01
and P - 0.05, respectively). There was no significant
difference in 8-oxodG formation between 1,8-DNP and
1,6-DNP, after P450 reductase treatment. 1,8-NNOP and

Murata et al.
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Figure 6. Oxygen consumplion hy The inleraction of NNOJs
wilh NAIDUT and Cotll (A} Reaction mixtares conlain 100
#M LS-NNOP, 2 mM NADPH, ancdfor 100 M CuClyin 2 mbLoof
10 mM phasphate buftor (ptl 743 at 37 "C. (B} Reaction mixtnres
confain 100 #M NNOP, 2 M NADIH, and/or 100 @M CuCly in
2 mL of YO mM phosphate huftor tpl1 7.8y al 37 °CL Mo deteal
H:Ou generation during oxygen consimplion, 100 units of
entalase wore added at 10 min Gndicaled by an arcow),

1,6-NNOP without reductase significantly induced 8-
oxodG formation in the presence of Cu(Il) and NAD(P)H
(Figure 5A).

1,8-NNOP significantly induced Cut IH/NAD(PYH-medi-
ated 8-oxodG formation in a dose-dependent manner
(Figure 5B). 1,8-DNP induced no significant increase of
8-0ox0dG formation without P450 reductase. In the case
of 1.6-NNOP. similar results were obtained (data not
shown). :

Oxygen Consumption during the Reaction of
NNOP in the Presence of NADH and Cu(IT). Oxygen
consumption was observed in the reaction of 1,8-NNOP
with NADH and Cw(II) (Figure G). In the case of 1,8-
NNOP alone, a little amount of oxygen consumption was
observed. The addition of NADH increased oxygen con-
sumption to some extent. In the reaction of 1,8-NNOP
with NADH and Cuill}, a large amount of oxygen was
consumed (Figure GA). Figure GB shows oxygen consump-
tion by 1.8-NNOP and 1.6-NNOP in the presence of
NADH and Cu(11}. In the reaction of NADH and Cu(II),
a little amount of oxygen consurmption was observed. 1,8-
NNOP induced oxygen consumption a little more ef-
ficiently than 1,6-NNOP. The addition of catalase in-
creased dissolved oxygen, suggesting the generation of
H,0, that was decomposed by catalase to yield oxygen.

Discussion

The present study demonstrated the abilities of oxida-
tive DNA damage by DNPs and their nitroso metabolites.
NNOPs caused oxidative DNA damage in the presence
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of NAD(PYH and CwtII), but DNPs did not. After the
treatment of P450 reductase, DNPs, especially 1,8-DNP
and 1,6-DNP, induced Cu(iD-mediated DNA damage.
Both catalase and bathocupreine were found to reduce
the DNA damage, indieating the invelvement of H,0, and
Cutl). These results suggested that NNOP was nonen-
zymatically reduced by NAIXPIH and autexidized again
by reacting with molecular oxygen to generate superoxide
10, 1, and the addition of CutII) promoted the redox cycle.
On the basis of these results, a possible mechanism could
be proposed as follows (Figure 1. P450 reductase cata-
lyzes one or more electron reduction of DNP to nitro
radical anion and/or further reduced forms. Autoxidation
of the reduced form yields O, . NNOP can be reduced by
an endogenous reductant NADIPH, to a reactive inter-
mediate, which is probably a hydronitroxide radical.
Autoxidation of this intermediate to NNOP occurs,
coupled with the generation of O, . O, is dismutated to
H.0Q. and reduces CuiID to CufIy. H,Q,, in turn, interacts
with Cu(]) to form a reactive oxygen species, which causes
DNA damage. Study using a Clarke oxygen electrode
eonfirmed oxygen consumption by the reaction of NNOPs
with NADH and Cutll). The addition of catalase in-
creased the level of dissolved oxygen by the decomposition
of H.,O, to oxygen. It is suggested that the dissolved
oxygen in the reaction mixture is converted to O, by the
reduced forms of DNPs and NNOPs. Collectively, NNOP
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and P450 reductase-treated DNP significantly induce
DNA damage including 8 oxodG formation through NAD-
(P)H-dependent redox c¢ycles. The amounts of 8-0x0dG
induced by DNPs and NNOPs (0.5 M) through the redox
cycles corresponded to those induced by 30—60 »M H,0,
in the presence of Cut1l). The concentration of NAD(P)H
in certain tissue has been estimated to be as high as 100—
200 uM (22). The biological importance of NADH and
NADPH as nuclear reductants (23) has been demon-
strated before (24, 25). P450 reductase and other enzymes
with nitroreduction activity, such as NAD(P}H:quinone
oxidoreductase and xanthine oxidase (26, 27), may par-
ticipate in activation of DNPs in vivo.

We showed that DNPs with P450 reductase treatment
induced DNA damage including 8-oxodG formation in the
intensity of 1,8-DNF, 1,6-DNP > 1,3-DNP. Consistently,
among three DNP isomers, 1,3-DNP appears to be a
weaker carcinogen (1} and mutagen (3, 4). 1,6-DNP and
1,8-DNP are more efficiently nitro-reduced by liver
cytoso] and microsomes than 1,3-DNP (28). Similarly,
Djuric (29) demonstrated that NADPH-medinted redue-
tion of 1,3-NNOP to intermediates was slower than that
of 1,6-NNOP. These differences in rates of enzyme
efficacy to DNPs are considered to be one factor contrib-
uting to the differences of DNA damaging ability. This
may explain the lower carcinogenic potential of 1,3-DNP
as compared to 1,6-DNP and 1,8-DNP. Qur results have
suggested that DNPs are enzymatically reduced to
NNOPs and are subsequently followed by the autoxida-
tion of nitro radieal anion and NAD(P)H-dependent
reduction of NNOPs, resulting in CuiIl}-dependent redox
cycle formation and DNA damage. This oxidative DNA
damage may be supported by the report of Djuric et al.
showing not enly DNA adducts but also oxidative DNA
damage in rats treated with 1,6-DNP (8).

Kohara et al. {30) showed that DNPs treatment
inereased the incidence of G - T transversions in mice.
In this study, P450 reductase-treated DNPs induced Fpg
sensitive sites preferentially at guanine residues and
increased 8-ox0dG formation. Shibutani et al. {31) have
reported that 8-0x0dG causes DNA misreplication, which
can lead to mutation, particularly G - T substitutions.
In addition. the bacterial mutation assay {32} revealed
that DNPs exerted frequent base substitution mutations
at cytosine residues. We demonstrated that NNOPs and
P450 reductase-treated DNPs induced DNA cleavage
sites preferentially nt cytosine residues. Furthermore,
piperidine and Fpg treatment detected cytosine and
guanine damage of the ACG sequence complementary to
codon 273, a well-known hotspot (21} of the p53 gene.
The occurrence of mutational hotspots may be partly
explained by our observations. It is concluded that
oxidative DNA damage, in addition to DNA adduet
formation, may play important roles in the carcinogenesis
of DNPs via metabolic activation on nitro group.
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A Planar Catechin Analogue Having a More Negative
Oxidation Potential than (+)-Catechin as an Electron
Transfer Antioxidant against a Peroxyl Radical
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The hiydrogen transfer reaction of antioxidative polyphenol with reactive oxygen species has
proved Lo be the main mechanism for radical scavenging. ‘Uhe planar catechin (PIHG). inwhich
the catechol and chroman structure in () calechin (THZ) are constrained to be planar,
undergoes efficient hydrogen atom teansfer toward galvinoxyo! radical, showing an enhaneed
protective effect against the oxidative DNA damage induced by the Fenton reaction. The present
studies were undertaken to further eharacterize the radical scavenging ability of P1H: in the
reaction with comylperoxyl radical. which is a model radical of lipid peroxyl radical for lipid
peroxidation. The kinelics of hydrogen transfer from eatechins (o cumylperoxyl radical has
been examined in propionitrile at low temperature with use of KSR, showing that the rate of
hydrogen transfer from PI1H, is significantly faster than that from 1H,. The rate was also
aceelerated by the presence of Se(OS0,CH3)a. Such anacceleration effect of inetal jon indicates
that the hydrogen transfoe reaction proceeds via metal jon prometed electron transfer from
P1H; 10 oxyl radical followed by proton transfer rather than via a one step hydrogen atom
transfer. 'I'he electruchemical ease of P1H, for the one electron oxidation investigated by second
harmonic allernating curcent voltanimetry strongly supports the two step mechanism for

hydrogen transfoer. resulting in the enhanced radical scavenging ability.
ydrog A

‘Introduction

Recently. much attentiom has been directed fo the
possibility of natural antiexidants, such as Navonoids.
vitamin C. vitamin 15, and /f carotene, as chemopreven
tive agents agalnst oxdative stress and assoclated dis
cases (J=9). The generation of free radicals. such as
hydroxyl radical (O and superoxide anion (O ). In
biological systems 1s segarded as an Important event
contributing to the oxidalive siress phenomena and one
assaciated wilth many diseases. cp. Inflammentation,
heart disease, cancer. and Alzheimer's (4—0). FFlavonoids
are plant phenolic compounds, which are widely distrib
uted in foods and beverages and are extensively stndied
for their antioxidative and eytoprotective properties in
various bivlogical models (7= 9. The antioxidative effects
ol Mavonolds are believed 1o come Trom their inhibition
of Mree radical processes ineells at three different levels:
an initiation, by scavenging of O (700 11 lipid peroxi
dation. by reaction with peroxyl or lipld peroxyl! radicals
(12 and the Tormation ol Ol L. probably by chelating fron
jons (13, Bestdes their beneliclal effects, there s also

' To whorn corvespondence shonld be addeessed. Tel: 813 3700
P Faee 81 3 3707 GuS0. 1onails lukobarae pibs. go.jp.
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considerable evidence that flavonoids themselves are
mulagenie (74, 19) or carcinogenic (10} and show IINA
damaging activity (J7. 18. Quercetin is a typical fla
vonold that has been investigaled as a potential chemo
preventive agenl against certain carcinogens (78, 200, The
chemistry of quercetin {s predictive of ts free radical
scavenging ability. owever, in blelogical systems, #t was
clearly demonstrated that quercetin could behave as both
antioxidant and prooxtdant. That is. diclary administra
tion of exeess guercetin induced renal tubule adenamas
and adenocarcinomas inomale rats (20 and induced
intestinal and bladder cancer In rats (Z2). As other
polyphenolie compounds, flavonofds may not show (he
sufficient antioxidative effects inlo the cells because of
their hydrophilic properties. which tmpede (he cell mem
brane translocation step (23 Therefore, much cansider
atfon 1o the safely shoutd be required. when a large
quantity of Mavonoid is used as medicine for cancer
chemoprevention.

In additton to the studies of natural antioxidants used
for cancer chemoprevention or nutsition supplements,
development of novel antioxidants that show hinproved
radical scavenaing activities has attracted considerable
interest to remove reactive oxygen species (ROS). such
as O and ‘Ol (24, We bave previously reported that
a planar catechin devivative (PIHG) (IFigare 1), synthe
sized in the reaction of (+) catechin (THy) with acetane

w2004 American Chemical Socicty
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Artioxidative Mecharisiy of Planar Catechin
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Figure 1. Chemital structures of planae catechin {P1H:) and
{*+) cantechiing (LH).

in the presence of BE-EO (25 20). shows an enhanced
protective effect against the oxidative DNA damage
induced by the Fenton reaction withoul Lhe prooxidant
offeet, which s usually ohserved in the case of 1H,. The
spectroscopic and kinetle studles have demonstrated thal
the rale of hydrogen transfer from P1H; to galvinoxyl
radical {(G7). a stable oxygen centered radical, is aboud
5 fold faster than that of hydrogen transfer from the
native TH, o Ge (20). We have also demonstrated thal
the Oyt generating ability of the dianion form of P1H,
generaled in the reaction of PIH; with 2 equiv of Buy
NOMe in deacrated acetonfirile (MeCN) is much lower
than that of 1Ha suggesting that P1H: may be a
promising novel antioxidant with redoced prooxidant
activity {(Z7). In addition, as compared with the hydre
phitic 1Hz. the lipophilic property of P1H.. which is very
solauble finalcobuol, ether, and tetrahydroforan, seems to

give rise to its antloxtdative activity info cell membrane.

We report herein that PIH; can alsu scavenge cumyl
peruxyl radical (PhCMe 007 more efficiently than 1H,
PhOMe (3, while muoch Jess reactive than alkoxyl
vadicals. is known o follow the same pattern of relative
reactivity with a variety ol substrates (28—.3. The effect
of & metal fon on the rate of hvdrogen transfer from P1H,
to PhOCM e (O0r was alse examined inorder t distinguish
between the one step hydrogen atom transfer and the
clectron transfer me :'hanis‘ms in the radical scavenging
reaction of P1H; (37). The one electron oxidation peien
tal {7, of 1H: as well as that of PIH: in MeCN was
determined by the second harmonic alternating current
vollammetry (SHACV). The combination of kinetic and
clectrochemical results obtained in this stady provides
confirmative bases te develop novel antioxidanis that
show improved radical scavenging aclivitles

Materials and Methods

Materials. A planan catechin devivative (PTHD) was synthe
sized aceording to the literamre procedure (26). (+) Catechin
(1H.) was purchased Trom Sigma. Di ferf hutyl peroxide was
ohiained from Nacalai Tesque Co. Lid., and puritied by chro
niatography through alumina, which removes traces of the
hydioperoxide, Cunene was purchased from Wiako Pure Cheni
cal Industies Lod.. Japan, Teta pibatylammoninn perehlorate
(IBAP) used as a supporting elechiolyte was recrystallized lrom
cthanol and dricd andes vacauin ac 313 K. MeCN and pro
ponitrile (FiCN) used as solvent were pariflicd and dried by
Hw standard proceduare (12,

Spectral and Kinetic Measurements. Kinctic mcasure
ments Tor the hydvogen transfer reactions between catechins
andd cumylperoxyl radical were perforimed on a JECH X Dad
spectrometer (1148 M1 LX) ar 203 K. Typically. photeirradiation
ol an oxygen saturated FHCN solution contaiming di terf butyl
peroxide (1.0 M) and cumene (1.0 M} with o 1000 W high
pressuare Mercuey Laporesulied o Formation of camylperoxy|
rigtical {PhCMe,O0 20 2.0156). which could be detected at
low tenperatures. The g values were calibrated by using an
Mu?* marker. Upon cutting ofT the light. thie decay of the ESR
intensity was recorded with tinne, The decay rale was aceeler
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Scheme 1
1, BUO0BY — e
" o
= BUOH

N A CMe,O0H } < Y. CME; v/

CHMe, CMEgOO —
P,

kx Hoos

P1H’

'I2(<\:/>—CM620): + 7/202 \mj/ CMe,O0H

ated by the presence of PLH: (1.0 - 10 P M), Rates of hydrogen
transior from PIH 10 PhOMe 00 were monitored by imeasur

ing the decay of the LS signal of PhCMe,00r in the presenee
of various concentrations of PIH: in FACN af 203 K. Pseudo
lirst order rate constants were deterimined by a least squares
cunrve §it using an Apple Macintosh personal comprater. The Firse

order plots of In{/ 1) vs time (fand £ are the U8R intensity
al time ¢ and the final intensity. respectively) were linear Tor
three or more hall lives with the corvelation cocfTicient, g > 0.99.
Ity each case, it was conlivmed that the rate constants devived
from at [east Tive independent measwrements agrecd within an
experimental error of 15%.

Electrochemical Measurements. The SHACY (27 38
measurements of THz and PIH: were performed on an ALS
G30A clectrochemical analyzer in deacrated MeCN containing
0.10 M TBAP as a supporting electrolyte at 298 K. The platinum
working clectrode was polished with BAS polishing aluinina
suspension and rinsed with acetone hefore use. The counter
electrode wiss platinum wire. The measured polentials were
recorded with respect to an Ag/AgNGOy (0.01 M) relerence
electrode. The one electron oxidation potentials (F0 {vs Ag/
ApNO) were convertod into those vs SCE by addition of 0.29 ¥
{2,

Results

Hydrogen Transfer from Catechins to Cumyl-
peroxyl Radical. Dircct measurements of the rates of
hydrogen transfer from a planar calechin derivalive
(P1H) to comylperoxyl radical were performed in B1CN
al 203 K by means of ISR, The photolrradiation of an
oxygen salurated FiCN salution containing di tert bu
tylperoxide (BufOOBu) and cumene with a 1000 W high
pressure mercury lamp resulis in formation (ll'(llm_yl
peroxyl radical (PhCMe005), which was readily detected
by ESR. The connylperoxyl radical is formed via a radical
chain process shown in Scheme 1 {4044,

The photoirradiation of Bu’O013a results in the ho
molytic cleavage of the Q=0 bond 1o produce Bu’Or (45—
S8, which abstracts a hydrogen from cumene (o give
cumyl radical, foltowed by the facile addition of oxygen
to cumyl radical. The cumylperoxyl radical can also
abstract a hydrogen atom from cumene in the propaga
tion step Lo vield camene hydroperoxide, accompanied by
regencralion of comyl radical (Scheme 1) (522 2%, Tn the
termination slep, cumylperoxyl radicals decay by a
bimolecatar reaction (o yield the corresponding peroxide
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Figure 2. Plots of by vs PIH: (white civeles) and vs THy (hlack
civcles) Tfor the reactions of cateching (PIH and TH,) with
camylperoxyl radical in LICN at 203 K.

and oxygen (Scheme 1) (41, 42, When the light s eul
off. the ESR signal intensity decays obeying second order
kinetics due to the bimolecnlar reaction in Scheme 1,

In the presence of P1H, however, the decay rate of
cumylperoxyl radical after cutiing ofl the light becomes
much Faster than that in the absence of PIH,. The decay
rate in the presence of PYH, (1.0 . 10 4 MY obeys pseado
firest order Kineties. ‘This decay process is ascribed lo
hydrogen transfer from P1H; 1o cumylperoxy! radical
{Scheme 1), The pseudo first order rate constants in
crease with inereasing P1H, concentration (JP1HY) to
exhitit first order dependence on JPIH] as shown in
Figure 2. Trom the slope of the linear plot of Ay, vs
concentration of P1H; s determined the scecond order
rate constant (k) for Che hydrogen transfer from P1H;
to cumylperoxyl radical as 9.7 - 1W02M Us Lo FICN a1
208 K.

Figure 2 also shows the linear plol of A, vs the
coneentration of () catechin (1H) for the reactionof 1H;
with cumylperoxyl radical in IHCN at 203 K. "The kp
value for 1H; was also determined fn the same manner
as 6.0 106 M ' s Y (3D, Thus, as in the case of
palvinoxyl radical (Z6). the hydrogen transfer rate from
P1H. to cumylperoxy! radical Is significantly laster than
that from TH,.

We have recently reported that the hydrogen transfer
from 1H: to galvinexy! or cumylperoxyl radical proceeds
via electron transfer from TH; 1o galvinoxyl or cianyl
peroxyl radical. which is accelerated by the presence of
melal fons. such as Mp?! and 8¢ followed by proton
transfer (30 Insuch a case. the coordination ol the metal
jon to the ene cleetron reduced species ol galvinoxyl or
cumylperoxyl radical may stabllize the product, resulting
I aceeleration of the electron transfer process, In this
context. the effect ol a metal fon on the & value of PTH,
was examined. As in the case of 1H, the hydrogen
transfer from PLH, 1o cumylperoxyl radical was signifi
cantly accelerated by the presence of Se(OSOCE ), as
shown (o Figure 3. Thus, the hydrogen transfer from
P1H, 1o cumylperoxy! radical also procecded via electiron
transfer from PTH, 10 comylperoxy! radical followed by
proton transfer from PIHY to one electron reduced
species camylperoxyl vadical as shown in Scheme 2.

The larger ki valie of P1IHz as compared 1o that of
1H; inay be ascribied (o the stability of the radical cation
of P1H, (P1H; '}, which is produced in (he cleciron
translor from P1H; (o cumylperoxyl radical. The electron
donating i propyl group al the B oring of P1H, may
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Figure 3. Plot of ki vs [Sc¢*' ] in the reaction of P1H, 1o
cumylperoxyl radical in the presence of Se(OS0CE)y i Tt CN
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significantly stabilize PIH,'. resulting in the aceelera
tion of the electran transfer step. Insuch a case, the one
clectron oxidatfon potendial of P1H; is expected 1o be
more negalive than that of 1H,.

One-Electron Oxidation Potential of a Planar
Catechin Analogue. To determine the one clectron
oxidation potential of PIHy. the cyclie voltammogram of
P1H,; was recorded in MeCN containing (1.1 M TBAE as
a supporting clectrolyle at 298 K. Twe irreversible
oxidation (anodic) peaks were observed at 1.22 and 1.41
V ovs SCI (data not shown). A similar cyelic voltammo
aram was obtained for 1H.. which exhibits irreversible
vxidation peaks at L16and 1.35 V vs SCE. This indicates
that radical cations of P1H: and 1H; are too unstable at
the fime seale of CV measurements. The SHACY method
is known lo provide a soperfor appreach o directly
evalualing ene cleetron redox potential in the presence
of the fullow up chemical reaction relative (o the better
known de and fundamental harmonie ac method (349, The
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Figure 4. SHACVs of (1) P1H, and (b} 1H; in deacrated MeON
containing 0.1 M TBADP at 298 K. Scan e, A mV' s - working
clectrode. Pr.

SHACY method was applied 10 determine the ane-
clectron oxidation potentials (/5.9 of P1H; and 1H; in
deacrated MeCN containing .1 M CTBAP at 208 K.
Figure 4 shows the SITACV of P1H; and 1H,. The £5.°
value of PIH; thus determined (1L.O1 V vs SCE)Y s
significantly more negative than that of TH; (118 V vs
SCL) as expected abave. Thuas, PIH, may underge one
clectron oxidation by cumylperoxyl radical more casily
than 1Hz. showing exeellent radical scavenging abilities.

Discussion

The primary goal of this project is 1o develop a novel
antioxidant, which can be positively utilized for clinical
treatmet andfor chemoprevention of diseases associated
with ROS There are two kinds ol strategy In considering
the development of synthetie antioxidants: one (s a
design of a new type of antioxidant, the siructure of
which is different from the natural antioxidant, and the
other s a modification of natural antioxidants to improve
its antoxidative capacitics. A recent (ople on the syn
thetic antioxidants is a development and ¢linical applica
tion of edaravene (3 methy! 1 phenyl 2 pyrazolin 5 ane,
MCI1 186). Ldaravone has been reported Lo show potent
(ree radical scavenging actions toward ROS, such as Oy .
1Oy and TICI), which may be involved in Hhe tissue
destructive effects of reperfusion alter ischemia (34— 56),
As a newropratective agent. edaravone has been clinically
preseribed o Japan sinee 2001 (o (reat paifents with
cerebral Ischemia. Regarding Mavonvids, there are many
reports for the synthetic derfvatives 1o exert prominent
chemopreventive effects toward oxidative siress derived
injury. However. only a few studies an the synthetic
flavunoids. which were afmed at the improved radical
scavenging ability, have been reported. Tlavopiridol is &
chlurinated derfvative of flavone, which is corrently in
clinical development for the treatment of advanced
cancer, including ovarian cancer (57, 58). Ilavopiridol is
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an inhibitorofeycline dependent kinases to modulate cedl
cycle (59, and radical scavenging mechanism is not
fnvolved in the expression of anticancer ¢ffects of (his
compound.

The planar catechin (P1H,). which has been detected
in mere trace amounts In nature (60, is casily synthe
stzed by the reactfon of 1H; and acetone (26). The ability
of P1H; 1o scavenge oxygen centered radical. such as
galvinoxyl radical. is excellent as compared to thatl of (+)
catechin and {ts complete Inhibition of oxidative [IJNA
damage induced by metat catalyzed generation of hy
droxyl radical (26). as well. Therefore, P1H, may exerl
its antloxidative capacitfes by scavenging reaclive oxygen
radicals in many types of biologically gencrating systems.
The present study was focused on the reaction of P1H,
to cumylperoxyl radical. a model radical of lipid peroxyl
radical formed tn a radical chain reactfon of lipld per
oxidation. The processes of pid peroxidation concamitam
with the formation of tipid peroxyl radicals are detrl
mental Lo the viability of the cell. The biophysical
consequences of peroxidation on membrane phospholipids
can be both extensive and highly destructive, proveking
discased stales such as atheroselerosts. heart altacks,
cancer, Ischaemia/repulsion injury. and even the aging
process as a whole (67), The ability of antioxidant (o
scavenge peroxyl radicals and block lipid peroxidation
raises the possibility that it may protect against the many
types of free radical assoclated discases. As compared
with 1Hz, P1H; showed strong radical scavenging ability
toward cunylperoxyl radical formed via a radical chain
process, as well as the predominant radical scavenging
reaction of P1H: to galvinoxyl radical. Lipid peroxyl
radical formed by the reaction between a lipid radical
and a melccalar oxygen is essential for autoxidation of
liptd. The peroxy! radical abstracts an allylic hydrogen
alom from an adjacent polyunsalurated fatty acid, re
sulting fna Hpid hydroperoxfde and a second lipid radical.
Therefore, P1H,; may act as an effoctive lerminator by
means of scavenging free radicals in awtoxidation of
lipfds.

Considering the antioxidative mechanism lo scavenge
perexyl radical, there are (wo possibilities In the mech
anism ol hydrogen (ransfer reactons. f.e.. a one step
hydrogen alom transfer or electron transfer followed by
proton transfer. The hydrogen transfer reaction from
PIH; to cumylperoxyl radical accelerated in the presceoce
af the metal jon, indicating that (he hydrogen t(ransfoer
reaction proceeded by the two step reaction. that s,
clectron transfer from P1H; to comylperoxyl radical
followed by proton transfer from PEH . Vitamin 1 is a
typleal antioxidant Lo terminate lpid peroxidation, and
the hydrogen transfer reaction proceeds via a one step
hydrogen atom transfer process, which is due to no effeel
of metal fonon the hydrogen (ransfer rale from vitamin
I analogue to galvinoxy! radical (62). On the other hand.
In the case of IHz the hydrogen transfer reaction
proceeds via electron transfer from 1H; (o oxyl radical
fotlowed by proton transfer rather than via a one step
hydrogen atom transfer (31). as the case of present
results of the PIH, The one clectron oxidation potential
Investigaled by the SHACV indicated 1hat the electroe
chemical oxidation of P1H; was casicr to progress in
comparison with 1Hz The electron transfer mechanisim
for the radical scavenging reaction of P1H, is probably
a consequence of its electrochemical case for one clectron
oxidation. Judging from the one clectron oxidation po
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tential of PIH, that is higher than the one electron
reduction potential of camylperoxy! radical (F4.,% = (.65
V ovs SCI) (63. the free encrgy changes of clectron
transfer from PIH; to comylperoxyl radical are positive
IAGH® (IneV) = (/0,0 — 19,0 = 0. where es elementary
chargel: thereby, the electron transfer step is cndergonic.
Insuch a case, the initial clectron transfer rate (k) may
be the rate determining step In the overall rate of
hydrogen transfer. which consists ol electron and proton
transfer steps. The maximum &, value Is evalualed from
the A0 value by eq 1. where it is assumed that the
activation free cnergy (AGYY) is equal o AGLY (no
additional barrier is involved). Zis the Trequency factor
taken as |1 100 M s Land &y is the Boltzmann
constant (64, 65).

k= Zoxp(=AG, Tk, T) (m

The maximam &, value is caleulated as 1.2 - 12 M !
s Lwhichis the same order ol magnitude as the observed
ki value (9.0 - 102 M s ) The larger &y value than
the Ay value indicates that the hydrogen iransfer from
PIH: 1o cumylperoxyl radical proceeds via a rate deter
mining clectron transfer with an interaction between
P1H; and cumylperoxyl radical. The formation of charge
transfer complexes between cumylperoxyl radical and a
variely ol clectron acceptors has been well docamented
in the literature (66, 67 Thus, (he hydrogen lransler
may proceed via an Inner sphere electron transfer in the
charpe transfer complex formed between PIH; and
cumylperoxy! radical. The aceeleration of the hydrogen
transler rale in the presence of Se?! (Uigure 3) is ascribed
to the promoting effect of Sc?t on the electron transfer
step due (o the strong binding of S¢*' with iy lperoxyl
anfon produced in the electron (ransfer,

In conclusion. the hydrogen transfer from P1H; to
cumylperoxyl radical generated in radical ehain reactions
proceeds via an electron transfer reaction and the rate
of hiydrogen transfer from PIH; to camylperoxy! radical
Is faster than that from 1H, The predominance of P1H,
in the hydrogen transler reaction is consistent with the
clectrochemical case for fts one clectron oxidation palen
ual. Since P1H; is very lipophilic as compared 10 (+)
catechin itsell it is proposed that P1H; interacts and
penclarales the lipid bilayer giving rise to its maximized
antioxidant capacity. Therefore, we believe (hat P1H,
may be significantly more effective not only for protecting
tHssue from the onslaught of the radical species governing
peruxidation but also for terminating the autoxidation,
which plays in provoking discased states. Studies are
underway (o investigate basic biochemical properties of
P1H; in vive. as well as to investigale its ability 1o scrve
as an antioxidant for the treatment of discases assoeiated
wilh oxidalive siress,

Acknowledgment. This work was partially sup
ported by a Grant 1n Aid for Seientifie Rescarch Priority
Area (No.o 11228205) and a Grant in Ald for Young
Scientist {B) (No. 15790032} from the Ministry of Fduca
tHon, Culture, Sports, Science and Technology. Japan,
partly by a Grant (MI7 16} from the Organization for
Pharmaceutical Safety and Rescarch, and by a Grant
in Ald for the Scientific Rescarch (No. 14141201) from
the Ministry of Health Labor and Wellare.

References

(1) Mawehjoli. R (1989 Antioxidant vitimins and prevention of
cindinovaseuliane disease: Liboratory, epidemiotogical and clinical

2

3

“

(5}
(65}

{7

{8]

[H]

(1

1

(12}

{13}

t11)

{15

(1)

un

(18}

(14

20

1}

{22)

(23}

Nakarrishi of al.

triat data. Pharmacol. Res, 400 227 238

Colic, M., and Pavelic, K 2000} Moleculir mechanisms of
anticancer activity of natural dietetic products. L Aol Med. 78,
3331 336

Willis. M. 5. and Wiams, I 1L (2003) The role of nutrition in
previenting prostite cancer: areview of Uie propesed mechanisim
of action of vawious dietary substances. Clin. Chim. Acta 330. 57
83.

Jadhav, 8. J., Nimbalkar, 8. S, Kutkarpi, A, D.. and Madfavi,
D. L. {1996) Lipid oxidation in biologicid aund food systems. In
Food Antioxidarns (Madhavi. 1), L., Deshpands, S. 5., and
Salunkhe, 13 K., Edsd pp 5 63, Deller. New York.

Sies, H. (1987) Oxiclative Stress, Academic Pross, London,
Katziman. R, and Kawas, C.{1994) The epidemiology of dementia
and Alzheimer's discase. b Alshoimor Disease (Terry, R 1),
Katzman, R and Bick, K. L. Eds) pp 103 119 Raven Press,
New York.

Cody, V.. Middleton, E. and haborne, J. B, (1986) Plam
Flavoneids in Biology cand Medicine: Dinchemicad Pharniscologl
cal arwed Structure: Activity Relationships. Alan R, Liss, New York.
Middieton, .. e, and Kandiswani, C, (19953) The impact of plant
Mavonaids on imammalian biology:  implications for inmunity,
inflanunation and cancer. In The Flinonoids: Adveatices in
Research Since 1986 (Harborne, )1, ) pp 619 652, Chapiaan
and Tlall, New York.

Rice Evance. C. A Miller No L and Paganga, G (1996) Stractoare
antioxidant activity relationships ol lavonoids and phenolie acids.
Free Rilieal Biol. Mled. 20933 956,

Jovanovie, 8. V., Steenken, S, Tosic. M. Marjanovice, 13, amd
Simiie, M. G (1994) Flavenoids as antioxidants. . Am. Chem. Sov,
116, 48406 1851,

Hu. . P Calominme, M., Lasure, A De Brayne, 1. Pieters, 1.,
Viietinek. A, and Vanden Bevghe, 1AL (1995} Stracture activity
relationships of flavonwids with superoxide scavenging ability.
Biol. race Lien. Res. 47, 327 331

Terao. 1., Piskula. M. and Yao, ). (1994) Protective olfect of
epicatechin, epicatechin gallate and quescetin on lipid peroxida
tior in phosphwlipids bilayers. Arete Biochon. Biopins. 308, 278
284

Morel, L. Lescoat, G Cogrel. PP Sevgent. (3, Pasdelonp. N
Brissor, P Cillard, P, and Ciflad, L {1993) Antioxidant ane iron
chelating activities of the Navenoids catechin, quercetin and
diosimetin on iren loads rat hepateeyie cubtures, Biochen, Phar
naecel. 45,13 19,

Sugimara, ‘T, Nagae, M., Matsushin, 1., Yahagi. 1. Seine. Y.,
Shirai. A Sawanna, M. Nateri. S, Yoshiliva. K., Fukooka, M
and Kuroyanagi. M. {1977) Mutagenicity of flavone dericatives
Proc. dpt, Avad. 1253, 104 1497,

Orhiai, M. Nagao, M. Wakabzyashi, Ko and Suginnoa, 1. (1984)
Superoxitde dismistase acls an enhancing factor for quercetin
tagenesis in vat liver eytosal by proventing its decomposition
Mutar. Res. 12919 24,

Das, A Wang. 1 1L and Lien. T. L (1994) Carcinogenicity.
mutagenicity and cancer preventing activities of Navonoids: a
strucline system activity relationship {SSAR} analysis. Prog.
Drug Res. 120133166,

Sahu, S, Coand Washington, M. C{1991) Filects of antioxidanis
on quercetin indured nuclear DNA danvage and lipid peroxidation.
Cancer Lere, 1), 254 264,

Duthie. 5. 1. Johnmon, W, and Dobson. V. L. (1997) The effect of
dietary Mavenoids on DNA dankige (strand breaks and oxidized
pyrimidines) amd growth in lnevan cells, Murae Res, 0, 141
151,

Verma, Ao K. Jolisson. J. AL Gonld, M. N and ‘Taainer, M. A.
(1988) Inhibition ol 7.32 dimethylbenzalantlecacene and N
nitrosomethylurea induced vat naniary caneer by dietary fla
vonol cuerceting Canerr Wes, 48 5754 5758,

Desehner, E.E. Ruperto, ), Wong, G and Newniark. T 1. (091}
Quercelin and mstin as inhibitors of azoxymethanol indueed
colonic neoplasia. Carcinogenesis 12, 1193 1196,

Toxicology aud Careinogenesis Studies of Quescetiny in 1348 Rats
{1942) National Toxicelogy Progeam INTPY Technical Report. NTP
TR 409, NUI Publication No. 63 147478, National [nstitates ol
ealth, Bethesdia, ML,

Tamuaken. Al M. Yalciner, S, Hateher, ) T and Bryan, G
(1980) Querceting acat intestinal and blilder carcinogen present
in bracken fern (Previditen aguilinunt. Cancer Bes. 40, 3468
3472,

Kandimwamni, C., Perkins, L. Soloniuk, . S, Drzewiecki. G, and
Middicten, E.. dv. (1991 Antiprolilerative efects of citras Mt
vonoids on a human sqoameus eotl carcinema in viteo, ¢ oneer
Fere 50 147 152




Antioxidative Mechaniistg of Planar Cateelrin

24}

{27}

{28}

{249}

{30}

{31}

1303}

(37

(38

13

[Ll4))

1)

142}

13}

{4

5

MG}

Yoshikawa. 1., Toyokuni. 5. Yammmoto, Y., and Naito, Y. (2000)
Free Radical in Chemistry. Biologyv and Meclicine, CHCA Inter
national (LK) L., London.

Cuaisoe, M., Marrp, C., and Cavarisehia, C. (20001} Isochronsans
from 2 (¥4 dihydroxyiphenylethanol. Tonsdiodron et 42, G03H
6334

Fakithara. K. Nakanshi. |, Kansoic L. Sougiyanea, .. Kimura,
M. Shimada, T, rano, 5. Yamaguehi, K. and Miyta, N (2002)
Inhaneed vadical seavenging activity of a planar catechin ana
logue. 1 A Chieann Sov 124 3002 5953,

Fokihara. K., Nakanishi. L. Shimada, T.. Ohkubo, K., Miyazaki.
K. Hakamata, W., Llrano, 5. Ozwa, T Okoda, TLL Miyata, N
Ikota, N.and Fukaami, 5 (2003) A planar catechin analogue
as o promising antioXidant with veduced prooxidant aetivity,
Chem. Res. foxicol. 16,81 86,

Russel, G AL 1973) Reactivity, selectivity, and polar eflects in
hydrogen atom transfer reactions. 1o Froe Radicads (Koehi, ). K.
Feld pp 275 331 Johin Wiley & Sons. New York.

Russel G0 A L956) The rates of oxidition of aralkyl hydroca
Bons, Polar effects in free yadical yeactions. |, Am. Chemne Soc,
751047 1054,

Howard, 1. AL Ingold. UL K. amd Synonds. M. (1968} Absolute
rate vonstants Tor hydvocarbaom oxidation V111, Reactions ol
camylperoxyl radicals. (o J Clienn, S6. 1T 1022,
Nakanishi, |, Miyazaki. K., Shimauda. I.. Ohkubo, K. Lirano, 5.
Tkota, N. Ozawa, 12, Vakizami, S, and Fukahara, K. (2002)
{ffects of metal ions distingishing between one step hytdrogen
and cleciron transler mechanisms Tor the radical scavenging
reaction of (+) catechin, L Pwvs. Chem, A JOG 11123 126
Perrin, 1. D Armarego. W Lo oL and Perving 1. R {14983}
Prurificanion of Latwratory Chomicads. Pevganon Press, Plnsford.
New York,

MeCord, 1L Gloand Smith, 1 FL (1969) Second Biarmonic s
polarography. Theorvetical predietions for systems with fivst order
chemical reactions following the clige transler step. Anal. Chen,
411423 1441,

Bond. A. M. and Smith. 12 O9740) Divert weasvironend of By,
with reversible FC electoode provesses by second harnwnic
ablternating coreent polarogeaphy and voltamnwtry. Anal Chen.
A0 18G5

Wasiclewski. M. R, amd DBreslow, 120 (1976) Fhermodynamic
measurenients on unsulstituted eyclopropenyl padical amnd anion,
Al dlerivatives by second Banmenic altermating current voltam
nwelry of eyclopropenyl eations. L Am Cliernn Sov, 981222 4229
Arnett, IFOML Amaraath, Ko Harvey, No Gl oand Clieng, L.
(1990) Determination and intereelation of o heterolysis and
homnlysis energies in solution, L A, Chenr Soc, 112,344 355,
PPaty, Mo Maye, H Maratac o and Pokozame 50 (1995) Reactions
of carbocations with 7 mcleophites: polar nechanisin aied ne
outer sphere electron rans{er provesses. Angew. Chea, e, o,
Fgl 51220 1221,

Fukwrumi. S Satoh. N Okanmto, ‘1., Yasui. K. Suenobo. T,
Seke Yo, Fajitsaka, Moand Te. (1 2001} Clhange in spin siate
and enlumeenent of redox seactivity of photoexeited states ol
aronkitic carbonyl compounds by complexation with nwial jon
salts act as Lowis awids, Lewis acid eatalyzed photoadlition
of henzylirimethylsilane and tetviethyllin via photoindoced
clectron teansfer. o Am Cheme, Soc, 1201756 T766.

Mann. C Ko and Barmes, Ko KL O470) Flectroctiemical Reactions
i Nort Aqueans Systers, Meveel Dekker, New York.

Sheldon. oA (1993) In Pl Activirtion of Dioxygen aid Homo
geneows Catafviic Oxideion (Barton, DL R Martello A EL and
Sawyer, 1)L Fdsd pp 930, Plenum Press. New York arul
London.

Papshall. G W anmd Mel, SO0 Q9492) Homogeneows Catalysis,
Zovk el Chapter 10, Wiley, New York,

Steldon, R, okl Kochi. LKL (1976} Metal cataly zed oxidations
ol ergimic compannds in the ligid phase: a mechanistic ap
proach. Adv. Cenl 25272 113

Shilov, Ao B O4984) Activation of Satarited Hvdrocarbons by
[ ransitiony Mess! Cenvprloxes. Chapter 4.1, Reidel Publishing Co.,
Dordrecht, The Netherlandks,

Bottehwer, A Bimbaume LR Day, MW Gray, T L Grinstalt,
MW and Labinger, J.o A {197 Tlow de clectranegative
substitnents make nelal complexes better catalysts Tor the
oxidation of hydiocarbons by dioxyeen? L A, Catal A 1T 229
z242.

Kochi, ). K. (1957) £ree Racicads i Solocion, John Wiley & Sons,
New York.

Kochi. J. K., Krosie, 12,0, and Faton, 120 R 969 Homoallylic
[ angenwent and electron spity resonanece of eyclopropyleinhinyl
vimhicals. Lo Ame Chen, Soc, 811877 1879,

7

(18}

19}

(5

51

{52

153

{Nt5}

o
h)

413

{549)

[{ED)]

{GH

(G2}

63

6d)

1655

{636}

{637}

Chen Res, Toxicol.. Vol 17, No. 1. 2004 31

Kochi. J. K., and Krusic, P. J. (19G8) Llectron spin rosonance of
aliphatic hysdrecarhon radicals in selution, J, Am. Chen, Soc. 30,
TI50 TI67

Kochi, J. K., and Krasic, P. . {1964) [ectron spin resonance of
organosilyl cidicals inosolution. . Am. Cliom, Soc 94, 3038 3940
Kochi, J. Ko and Knsie, P L Q9691 Electron spin resonanee
stielies of hemolytic substitution ceactions. Ovaganoboron, alu
it anel gattice componnds, o Am Clieny Sec 513042
3941,

Kochi. L. K., amd Krusic, 12,1 (19691 Displacement of alkyl groups
from organopliosphiorus compuincks studied by clectron spin
resonance. Lo Am Chem Soc 91,3944 3046,

HHowiwd, ). A aed Furinesky, 1 (19740 Flectron spin tesonanoe
stucly on U ters butylsallinyd vadieal. o o Chern 52, 555
RIS

Fukawrami. S and One, Y. (89771 Decay kineties of connylperoxyl
ratical produced Bry the decomposition ol cinwnwe lydeoperoxide.
S Chenn, Soc., Perkin Trans, 2, 622 625,

Fukaraoi, 8., anmd Ono, Y. (1977) Pleetron spin resonance and
Kimetic studies on the ligid phase autoxidation of eomene with
lezswd dioxice. S Chene, Sae, Peckin Trans, 2 784 788
Watamabhe, .. Yoki. S.. Egawa. M. and Nishi. T (T) Protective
eftects of MCI 186 on cerchral ischemia: possible iovolvement of
free radical scavenging and antioxidant actions. . Phirmeacol.
oy Ther, 208, 1597 1604,

Yeamanwte, ‘1., Yoki, 8., Watanabe 1. Mitsuya, M., and Saito,
K. (0947 Delayed nieuren death prevented by inhibition of
increased hydroxyl radical Toribation in a transient cerebral
istleenia, Brafn Res. 762,240 242,

Okatani. Y. Wakatsuki. A Fnzan, H and Miyabara, Y. (2003)
Fdlaravone protects against ischemia/reperfusion induced oxida
Live damage Lo mitorhondria in sod liver. o JJ Phirmaeol, 65,
163 170,

Thonww ) P Tutseh, Ko DL Cleswy, 1 1L Bailey. 1L 1L
Avzovnmimion, R, Alberti, 1., Simon, K. Feierabeod, C., Binger,
K.. Marnochia, R, Dresen. Al and Wililling. G, (2002} Phase |
clinical and pliarmacokinetic Al of the eyclin dependent Kinasse
inhibiter Mavvopividol. Caneer Chemother, Pharmacnd. 50, 465
472.

Kouriukis. C.°1., Beleh, AL Cramp, M., Eisenliacer, E. Gascoyne,
D0 Meyer, R Lohmana, R Lopez, P Powers. ). Turner, R,
and Connors, ). M. (2003) Flavepiridol in intreated of relapsed
mantle rell lymiphonuy: results of i phase | study of the Nationa
Caneer Institute of Canada Clinical "Trials Group. . Clin, COncol,
211740 1745

Semderowics, A M. (20020 Cyclin dependent Kinases as new
Gigels Tor the prevention and treatment of cancer. FHematol,
Chrocol. Cline. Noeth Aee 161220 1253,

Ngnokam. 1., Massiot, G, Nazillaed, J. M. and Tsam. 1. (1994)
H) 7.7 Dimethyl 5 hydaoxy 2R.38 trans pubeschin lrom Frtan
drophragnis eviideicum, Plwiochomisey 37, 529 531

Dawvis, Ko J. A (HIOG) (xidative slross: The paradox of acrobic
lile. finchea Soc. Sy 6101 31

Nakanishi. L. Fukuhara, K. Shimada. L. Ohkabo, K. Tiguka.
Y., Inami. K.. Mochizaki, M., Urane, S, Noh, S. Miyatac N and
Fukuzumi, 8. (2002) FTects of magnesiom ion on kinetic stability
ol spincdistribution of phenesyl radical derivead from o vitanmin
I ainalogues: mechanistic insight into antioxidative hydrogen
tramsler reaction of vitaanin I Chien Soes, Perkin Trans, 2
1520 1524,

Fukuzinui. 8., Shinmwosako. K., Suenobu, T, and Watanabe, Y,
{2003 Mechanism of hydrvogen . oxygen . and clectron ransfer
reactions ol comylperexy vidical. oA Chese Soc 125,907
HI82.

Itoh. 5. Kamed. T Nagatome., 5. Kitagawa, 1., aod Pokozami,
S 20010 Eftects of inetal jons on pliysicoche mical properties aind
redox reactivity of phenolotes ad phenoxyl vadicals: nwchanistie
insight into hydvogen adom abstraction by phenoxyl viudical metal
complexes. S Ann Chen, Soc 1200, 2165 2175,

Holi S Maruta, )., and Fukozomi, S, (1996} Addition eyelization
reawtion ol nitroalkans anions with o guinone derivatives via
electran teansler in the charge transter complexes. L ¢ e, Soc.,
Perkin Trans. 2, 1429 1433, ‘

Boozer, C K., and Hammond. G 5. 11954) Molecular congplex
fermation dn free racdical reartions L Any Chem Soc. 76 3861
3862,

Booger, CoEL Hammwone, G S, Hamitton, Co b oand Sen. 30N,
(1955} Air oxidation of hydrocarons. T The stoichiometry and
Lte ol inhibitors in benzene andd chlorobenzene. L Aoy e,
Soc. 7703233 3237,

TXO34131C




Chem Res. Toxicol. 2003, 16,81 86

A Planar Catechin Analogue as a Promising Antioxidant
with Reduced Prooxidant Activity
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A planar vatechin analogue (1HZ), in which catechol and chireman moieties in (+) catechin
are constrained Lo be coplanar, is an efficient radical scavenger compared Lo the native catechin,
and are nearly as offective as querceting a strong radical scavenger. The dianion (12 ) of 1H;
produced by the reaction of 1Hz with 2 equiv of tetramethylanmmenium methoxide reduced
molecular axygen (O3 1o generate superoxide anion (g ). The resulting radical anjon (1*)
from 1H; underwent intramelecular proton transfer to give an o seimiquinone radical anjon
form of 1* . which shows a characteristic ESR spectrum with g value of 2.0048. Although the
same mechanism has also been stiown for (1) cateching the rate eonstant of electron transfer
(k) rom 12 10 Oy is about a half of thal reported for (+) calechin, indicating that the eleetron
transfer from 12 1o ), is slower than that from {(+) catechin dianion to O, Together with
efficient prolection against DNA strand hreakage induced by the Fenton reaction, the small
ko value for TH; implies that, in physiolegically relevant systems. there is less of a possibility
of generating oxygen radicals responsible for prooxidant activity with 1Hz than that with (+)
catechin, ‘The strong radical scavenging ability and less efficient generation of (3,0 suggest
that the planar catechin analogue may be useful for the prevention andfor treatnient of free
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radical assoviated discasoes,

Introduction

Ilavanoids are plant plicnolic compounds that are
widely distributed in foods and beverages (7). They have
been extensively studied with regard to their antioxida
tive and cytoprotective properties in varions biologieal
madels (Z2=5). They can protect against oxidalive stress
by scavenging reactive oxygen intermediates (6-8 and
also by chelating Tron (8. Since oxidative damage (o
blomolecules, such as DNA and carbohydrate, proteins,
or polyunsaturated lTally acids s thought 1o play a
significant role in mutagenesis, cancer, aging. and other
huaman pathologies. considerable attention has been
focused on the development of antioxidants (o prevent
or lo treal discases assoclated with oxidative stress (3,
1. However. there is also some evidenee thal flavenoids
themselves are mulagenic (F1— 1) and carcinogenic (15,
16y in both bacterlal and manumalian experimental
systems. The process that damages DNA, and 1s thus
responsible for DNA alterations and genutoxicily. could
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be accelerated by (he effects of metal fons, as naturally
oceurring metal constituents of the nucleus. Indeed. while
guercetin is known to be a powerful antfoxidant that
scavenges free radicals associaled with lpid peroxddation,
the dictary administration of excessive quercetin has
been reported to Induce renal tubole adenomas and
adenocarcinomas In male rats (19). as well as intestinal
and bladder cancer in rats (76). There §s also considerable
evidence that gquereetin Induces extensive DNA damage
and forms 8 oxod( by reacting with Ca(ll) (2. There
fore. to develop an antioxidant for clinical use, a com
pouind having a strong antioxidative activity but with a
weak prooxidant effeet has heen destred.

(+) Cateehin, one of (ypical Mavonoids, widely distrib
uted in the plant kingdom is known (o be a powerful
antioxidant (5. 18 and ils blelogical and pharmacological
properties have recently received Increasing attention
(7920 lowever, there s Hitle evidenee that the
antioxidant activity of (+} catechin s sufficient for the
treatment of discases associated with oxidative stress.
I the presence of Cu(l1) and moelecular oxygen (Oz). (+)
catechin has been shown (o promote extensive [JNA
cleavage and Tatly acid perexidation (22). [n suppart of
its prooxidant activity, 1t has been reported that the
dianion of (+) catechin pruduced (0 the reaction between
{(+} eatechin and 2 equiv of tetramethylammoniam meth
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Figure 1. Chemical structures of (+) catechin and plina
caechin (TH:).

Planar Catechin (1H;)

oxide reduces Uy 1o generate superoxide anion (O ) (23,
The prooxidative activity responsible for the generation
of radicals ol several types may reduce the net offect of
the antioxidative activity in free radical assoclaled events,
Recondly, we have synthesized a novel planar catechin
analogue (THy). in which (he geometry of (+) catechin is
constrained 1o be planar Figure 1) (24, The 1H, shows
strong radical scavenging ability compared to (+) cal
cchin and efficiently prodects against DNA strand break
age induced by the Fenton reaction (24). [n (his study.
we examined the generation of O in the reaction
between the dianton (12} of 1H, and O, under basic
conditfons, The extent of Oy generation amd valoable
mechanistic details were discussed by detailed spectro
scopic and kinetic analyses. The structure of the radical
anion (1* ) formed via cleetron transfer from 12 1o (),
was also well characterized by SR analyses and theo
retical caleulations. Tis capacity for () peneration,
which s estimated to be about a hall as that of (+)
catechin, as well as its antioxidant properties, inay make
it useful for the tecahiment of free radical associated
discases.

Materials and Methods

Materials. A plana catechin snlogue (1Hz) was synthesized
via an oxa Pictet Spengler reaction using (4} catechin and
acetone with BELGo0 as a Lewis acid (25). {(4) Catechin was
purchased Trom Sigia Aldrich Chemical Co (St L ouis. MO). and
purified using silica pel colusnn chronin ography, eluting with
toluenc/acetonc/methanol (7:3:1 vAY The purity of cach com
pound was confitmed by NMR analysis to be greater than 98%
as determined by the integration of peak signals. Tetrabuiyl
ammonium hydroxide (Dw,NOI (1.0 M in methanol} was
ohiained commercially from Aldvich and used as received.
Acetonitrile (MeCUN: spectral prade) nsed as i solvent was
purchased Trony Nacalai Tesque, Tne.. Japan.

Spectral and Kinetic Measurements. Since the diation
of the planar catechin analogue (12 ) is veadily oxidized by
dioxygen, reactions weee careied out under steictly deacrated
conditions, A continous low of Ar gas was bubbled throngh a
MceUN solution containing 1H, (1.5 10 TM) ina squanre quarts
coverie (10 il Tor 10 mdn The neck of the envelie was
then sealed with a rubber septum and Parafilm ander Ar 1o
ensare that air would not leak into the cuvelte, A microsyringe
was used 1o inject 2 equiv of BgNOMe (3.0 10 P M}, which
was alse deacrated, into the eavette 1o prodoce 12 UV vis
spectral changes associated with this reaction were monitored
using # Hewlett Packard 8453 photodiode array spectropha
tometer. The reaction of 12 with s was carvied out by adding
astock solution of 12 10 an MeCN solution of (5 in the eovet te.
The eoncentration of (3 in the solution was adjusted by purging
with Av.airoor (s for 10 min prion 10 the measurements ()

0.27 10 % ar 1.3 - 107 M. eespectively). The rates of
clectron transfor ftom 12 1o O were determined by monitoring
the absorbance change at 485 n (- 1.77 0°M "en Y
duc w 1° . Pseudo fist order or second ovder rate constants
woere determined by Teast squares curve litling using an Apple
Macintosh personal computer, The Tirst order plots of In{A

Fukuhara ot af.

A} vs time (wheee A and A denote the Tinal absorhance and
the absorbanee at a given reaction time, respectively) were
linear for three or more half lives, with a correlation cocllicient
of p > 0.999,

ESR Measurements. ‘o an oxygen saturated MeCN solu
tion was added the siock MeCN solution ol 12 (1.5 - 10 M)
in a quanrtz ESR tube (4.5 nom i} and the solution was
immediately frozen by liquid nitrogen. The FSR spectra of Oy
were laken in frozen MeCN solution at 77 K with a J1301,
X band spectrometer (JES FAT00} under nonsaturating micro
wave power conditions. The g values were calilwated precisely
with 2 Mn?' marker which was used as a reference. ‘The SR
spectrum of 10, which was produced by the reaction between
12 (3.2 103 My and O (1.3 107 M} in McCN ina
LABOTEC LLC 045 ESR sample tulye was measired at 298 K.
Computer simulation of the ESR spectonim was capried out using
Calleo LSR Version 1.2 {(Calleo Scientific Publisher) on an Apple
Macintosh personal computer.

Theoretical Calculations. 'T'he semicmipivical caleulations
by the PM3 method were perforimed ona COMPAQ 1352017
computer. Final geometries and encegetics were obtained hy
optinizing the total meoleculie energy with respeet o all
structural variables. The geometries of the radicals were
optimized using the unrestricted Hartree Fock (UHE) formal
istn Tormakism as inmplemented inthe Ganssian 88 program (20),

Density Tunetional caloulations were pesformed on a COM
PAQ DSZ0L computer using the Ansterdam Density Funetional
(ADF) program version 1999.02 developed by Bacrends ¢t al.
(27, 28). The electronie configurations of the molecular systems
were deseribed by an ancontracted triple £ Slater type orbital
hasis set (ADF basis set V) with asingle polarization function
used for cach atom. Core orbitals were frozen through 1s (C,
). The caleulations were performed using (the local exchange
corvelation potential of Voske et al, {29 and the nonlocal
gradient corrections of Becke (20} and Perdew (37, 32 during
the geometry aptimizations. First order scalar relativistic cor
relations were added 1o the total energy, Final geometries and
cnergeties woere oplimized using the algorithim of Versluis and
Zicgler (37 povided in the ADE package and were considered
(o be converged when the changes in bond lengths hetween
subseqguent iterations fetl below 0,01 A,

Results

Formation of a Dianion of 1H, in the Reaction of
1H; with MeQ . When one cquivalent of methoxide
anion (McQ ) produced in the reaction between ietra p
bulylammonium hydroxide and methanol was added to
a deacrated acctonitrile (McCNY solutton of 1H,. (he
absorption band at 281 nm due to 1Hy shifted to 2949 nim
{I'gure 2). A similar spectral change was abserved upon
the addition of T equiv ol MeQ) to (+) catechin to produce
the correspanding phenclate anton in deacrated MeCN
(23, Since the first deprotonation of (+) catechin is
known Lo occur at the O group at the C 3 position on
the 13 ring {34). the reaction of 1H; with McQ  can be
described as shown in Seheme 1, where the anfon of 1H,
(1H ) is formed.

Sinee the pK, value of the Ol group al C 7 position is
very close to that of €37 O group [9.26 and 8.97,
respectively, o the case of (+) catechin (349]. 1Hz may
be I equdlibrium with an another anion species, where
the Ol growp at C 7 position ts deprotonated as shown
in Scheme 1. This is why no fsosbestic potnt is observed
n Figure 1.

The addition of 2 equiv of MeQ3 1o 1THz resulted in an
Inervase in the absorption band at 299 nm. accompsanied
by an increase in the absorbance at around 340 nm as a
shoulder (Itgure 2). The absorption band at around 340
nm is typical for the phenolate anfon of resorcinal (34),
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indicating that the second deprotanation of 1H, takes
place at the O group al C 7 on the A ring Lo produee
the dianion 1% | as in the case of (+) catechin (Scheme
2y (2.

Thus. 1H; reacts with 2 equiv of MeQ 1o form the
carresponding dianion 12 . The stoichiometry of the
reaction was confirmed by the plot of absorbance at 281
nm vs [MeO [1H,]L where 1TH, reacts with 2 cquiv ol
Mcl)  ina stepwise manner (insel in Pigure 2). The
resulting 12 s stable under anacrobic conditions.

Superoxide Anion Formation by the Reaction of
12 with O, Introduction of molecular oxygen ((03) 1o the
McCN selution of 12 resalted in an increase in the
absorplion bands al 485 and 635 nim, as shown in Figure
3

This speetral ehange suggests thal 12 4s oxidized by
O, to produce the radical anien 1 and superoxide anfon
{00 ) (29 In fact, an ISR spectrum with a g value of
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Figure 3. Spectral change observed in the ceactionol 12 (1.5
10 VMY with O (1.3 - 1G 7 M} in MeCUN at 298 K. (Inset)
Plot of ki, vs (L),
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Figure 4. (a) LSK specteam of 15 generated in the reaction

of 12 (32 - 10 "My with (0 (1.3 10 2 M) in MeCN a 208 K,

(1 Computer simulated spectrum with g 20048, a1 G.60

Goal) L1006, 11 110G A L 066G The ealedated

s values of 1° using the ADE method are #1HF) 6.6 G, 2f117)
306, 4117 35 G

2.0048 was observed in the reaction of 12 with (), in
McCN at 298 K. as shown in igure 4a.

The observed hyperfine strocture in Figure 44 s well
reproduced by the computer simedation (IFigure Ab), with
the hyperfine splitting (hfs) values of three nonequivalent
protons (664, 1.10. and 1,10 G}, In the ease of (+)
catechin, o semiquinone radicat anfon of (+) catechin is
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‘Table 1. Heats of Formation (AFf) of I* Caleulated by
the PM3 Method

1 Ally. keal mol-!
-3
HO 230.5
OH
H
-1
Ho 220.7
o
OH
-2
. 221.6
OH
H
o
-2
y 215.4
[« )8

-216.3

-219.9

generated via an clectron transfer fraom the dianion of
(+) catechin 1o () followed by Intramolecular proton
transfer in the radical anion of (+) catechin (23, There
are six possible forms of 1° . MO calealations using the
PM3 method (39) were performed fur the six possible 1¢
and The ealenlated heats of formation (AJF) are listed in
Table 1.

As in the ecase ol (+) catechin, the o semiquinone
radical anion furm ol 1 is imost stable based on its mosl

Pukabiara of al.

= 2.070
o g=2.005

gy =2.050 l

x 2500
t
50G

Figure 5. VSR spectomn of (0 gencrated in the veaction off
12 (34 . 10 *M)with (L {13 - 1807 M) in MeCN a1 298 K
and measured s 77 K.

negative Al value. On the basis of the calcalated spin
density of 10 using the Amsterdam Densilly FFunetional
(AIDE) method {see Experimental Section), we assigned
the hls values as shown In Figure 4. As tn the case of
(+) catechin (23, these resolts indicate that Intra
molecotar proton transfer takes place alter electron
transfer oxidation of O w produce the o semiguinone
radical anfon form of 1* (Seheme 3).

I1 has been reported that hfs values Tor benzylic
mnethylene protens of phenoxyl radicals can be estfmaled
by the angle dependent McConnel type retationship. as
given by eq

Ao 1 = pepdd cos? (n

where ¢ is the bfs value of methylene proton, pe)- is
the spindensity at the C1 position. J2is a constant equal
o 162 Hz, and ¢ (@ = @ 2 907 is the dihedral angle
defined in Figure 8 of Babeock™s paper (36).

Accarding 1o eq 1. a greater &y value is associated
witlva smaller . Thus. the relatively large hfs value due
o 1he beozylic proton (6.60 G) of 1* compared 1o thal of
the radical anfon ol (+) catechin (1.50 G) indicates that
1H; is planar.

The formation of (3* I the clectron transfer oxidation
of 12 hy {}; was confirmed by a low temperatlure ESR,
A characteristic ESR signal having g value of 2.070 due
lo Oy together with an ESR signal with a g valuce of
2.050 for protonated O, (110" were observed for an ),
salurated MeCN solution of THy and 2 equiv of MeQ at
77 K. as shown in Uigure 5 (36).

The Inerease inabsorbance at 485 nim due (o 10 obeyed
psends fivst order kineties under conditions where the (),
concentration was maintained at more than a 10 lold
excess refalive to the 12 concentration. The pseudo Tirst
order rate constant (k) Increases linearly with an
increase in the (0 concentration, as shown in the inset
in Figure 3. The slope of the lnear plot of &, vs |(:)
gave the second order rate constant of the clectron
transfer (k) from 12 100, 2.8 - 10 2M 's ' This k.
value is about hall of that deteemined for () catechin
(58 10EM 'y ),
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Scheme 3

Although, the direct determination of the oxidation
potential (I'.ff‘) of 12 Dby cyclic voltamimelry was pre
cluded due 1o the strong adsorption of clecirolyzed
products of 12 1he relatively small £, value indicales
that electron transfer from 12 1o Oy (I-.:'m, vs SCI =
—0.87 V) Is endergonic (AGS = el — ) > 1. where
eis the elementary charge). Thus., the fellow up reaction,
which involves an intramolecular proton transfer from
the O groupin the B ring te the phenolate anion of the
A ring. is exothermic and makes the clectron transfer
from 12 (o (), possible (o produce (3"

Discussion

The antioxidative and melal chelating elfects of fa
vonolds undoubtledly contribute 1o their antimulagenic
and chemopreventive aclivities. However, the Tact that
Mavoneids themselves have been shown 1o have anti
bacterial and baclericidal activities, as well as being
mutagenic and pro feo carcinogenic. should be constdered
when contemplating thelr elinfeal use. Their harmful
clfeets are (hought 1o be doe to thedr prooxidant activities
(B8—41). Therelure, when a new type of antoxidant is
developed, 1t 1s also very important (o cansider how jis
prooxidant properties can be reduced. The objective of
the current study was 1o examine the celative abilitics
of 1H; and native catechin lo produce superoxide anion
i response o their prooxidant activities.

In the presence of CuagEl). (+) catechin has been shown
1o damage cyloplasmic membrane, which is related todts
bactericldal activity. The () catechinfCa(ll) system In
duces oxfdative DNA damage and fatly actd peroxidation
and also shows prooxidant actvily resufting from reac
tve oxypen speeies via clecteon transler from (+) catechin
e molecular oxygen, which is mediated by Ca(l1). The
participation of Cuf{lT} may be essential for the prooxidamnt
aclivity ol () catechin and plays a part in mediating the
reductive activation of molecular oxygen by (+) catechin.
Howcever, [T a dianion of {(+} catechin is formed under
basic conditions, moelecutar oxygen is readily reduced 1o
form . Considering the pK, of (4} catechin, the di
anfon represents only abouat 11000 of (+) catechinat pll
7.0. However, the prooxidant effeet invelving the genera
tion of reactive oxygen cannol be neglected even under
physivlogical conditions. In Tact, at pll 7.4, (+) catechin
itscll can indoce DNA strand sefssion. which s atiributed
1o the peneration of pxygen radicals(data not shown).

The radical scavenging ability of 1Hz s exeellent
compared (o thalt of (+) calechin and is alimost compa
rable Jte that ol guercetin (2491, A greal advantage of 1H,,
compared with catechin or quercetin, 1s s lack of
prooxtdant activily. which proectudes the clinical applica
tion of quercetin, Indeed. the present data demonstrated
thal the dianion of 1Hy is produced in the reaction
between 1Hz and 2 cquiv of 1etramethylammoniom
mmethoxide, and (3,0 Is formed via one clectraon oxidation

of the dianion fo generate 1* | Tollowed by intramolecular
proton transfer 1o the o seinfquinone radical anionof 1° .
The same mechanism has been seen with (+) catechin.
Thal is. the rate of electron Leansfer from cach dianion
of 1Hz and catechin to molecular oxygen shows st order
dependence, indicating that one molecale of dianions
reacts with one molecule of (g respectively. FHowever,
the k. value for THz s about hall that for (+) calechin,
indicating that cleciron transfer from 12 {o O, proceeds
slowly compared to that with (+) calechin. The antioxi

dative abilities of polyphenol derivatives concomitant
with electron fransfer depend on their electron donating
properties. The clectron donating properties of poly

phenol are also responsible for the faclle prodaction of
superoxide by reduction of molecular oxygen under basic
condition. Indecd. quercetin (£ = 0.06 V vs SCE). which
is a stronger reductant than catechin (£, = (L15 V vs
SCE) (48, not only reacts faster than catechin with G*
but also casily reduces oxygen to generate large amount
of superoxide anion under basle condition (data not
shown}. The most steiking outcome of the present experd

menls is that A, value of the 12 =0, system is much
smaller than that of dianfon of catechin—0; system
thotigh the radical scavenging ability of 1H s fncreased.
While It provides efficient protection against DNA sivand
breakage induced by the Fenton reacton, the low &,
value for 1H, implics that, in physiologically relevant
systems, the ability of 1Hz 1o generate oxygen radicals
respansible for fis prooxidant activity might not be as
high as that of (+) catechin. Among naturat antioxidanis,
a locopherol and ascorbic acid are typical compounds
which are recently useflul for the treatment or prevention
of discases associated with oxidative stress. THowever,
adiministrating a large amow of such antjoxidants may
be unfavorable because of their prooxidant propertics (42,
43). such as (4) catechin or querceting Therefore. the use
of 1H,. rather than natural antioxidant such as (+)

cateching quercetin, tocopherol. ascorbic acid. ete.. might
he favorable for the treatment of diseases associaled with
oxidative stress because of the suppression of oxidant
injury as side effect arising form antoxidant itsclf.

In conclusion. 1Ha, in which the catechol and chroman
in (+) catechin are consirained to be coplanar, was lound
to be much less effective for (1 generation under basic
conditions and was a strong radical scavenger. The
undque characteristics responsible for {ts antioxidant
ability suggest that this planar calechin analogue may
be nseful for the prevention andfor treatment of lree
radical associated discases.
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Abstract

Nilmaznphcnuﬁlhrcncs {(NAphs) and their N-oxides (NAphOs} were synthesized as derivatives with nitrogen atoms
in the 1. 4, and 9 positions of phenanthrene rings, and as nitrated derivatives substituted at the 1.2.3.4. 5. 6.7, and &
positions ol phenanthrene rings. To determine the structure activily relationship of these derivatives, all 19 isomers were
bivassayed with Sedmonellu tester strains. NAphs substituted at the 4. 6, 7 and 8 positions were mutagenic for TAYS,
and 1=, 2-, and 3-N-9-AphOs, 6-N-1-AphQ) and 6-N-4-Aph() were mutagenic for TA98 and TAI00 without the 89 mix,
while 5-N-1-Aph() and 5-N-9-AphQ were non- or weakly mutagenic. Nitrated derivatives, 6-N-4-Aph, 6-N-9-Aph, 6-
N-1-AphO, and 6-N-4-AphQ. were powerful mutagens for TA9R and TAT(). Mutagenicity was enhanced by mutant
strains producing nitroreductase, such as YG1021 and 1026, and by those producing O-acetyltransferase, such as
Y1024 and 1029, Nitro derivatives substituted at positions 4 and 5 in the phenanthrene rings were perpendicular,
while those at positions 2, 3, 6 and 7 were coplanar to the phenanthrene rings. NAphs substiuted at the | and &
positions were noncoplanar due 1o steric hindranee of the aromatic proton at the peri position. On the other hand. 1.5-
and 1.8-dinitro-4-azaphenanthrenes showed high mutagenicity lor strains TA98 and TA100 in the absence of the 59
mix. and were strongly enhanced by nitroreductase and O -acetyltranslerase, over-producing mutants. Therelore, it was
found that the mutagenic potency of NAphs and NAphOs was closcly associted with the chemical properties and
oricntation of nitro substitution of aromatic rings.
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