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Figure 4. Plot of the rate constant of hydrogen transfer from 1 or 210
GY toghirry vs the free energy of electron transfer from T or 210 (7
(AL 9). The solid line shows the dependence of the calerlated rate
constant of cleetron transler (kyy on Aty based on eq 2, see text.

dircel one-step hydrogen atom tansfer® In such a case. no
effectof Mg o the &ipr values is observed ax shown in Figure
2b (while cireles). demonstrating sharp contrast with the case
of the electron-transfer reaction from 110 G The &1 value of

HO =

;[ |

N0
Tz

the 2—€3* system is much larger than the estimated K value as
shown in Figure 4 (white circle). This confirms that the
hydrogen transfer proceeds via a direel one-step hydiogen atom
transler rather than via electron transfer.

The £ value of cumylperoxy] radical determined directly
by the evelic voltammetry is focaled at 0.63 V' ve SCL. Thus.
the clectron transfer from 1 (5, vs 8CLE = 012 V) o
cumylperoxyl radical is cuergetically feasible (A7, < O). In
such a case. the acceleration of the rite of eleetron tramsker from
1 1o G* was ohserved by the presence of metal ions.

In conclusion. the hvdrogen transfer from ()-catechin to
galvinoxyl and cumylperoxyl radicals proceeds via electron
tansfer followed by proton transfer. These results stggest that
a hydrogen-transfer reaction from cateching Lo hydroxy! radical.
which is the most powerful reactive oxygen species having a

+ GH (3)

2

very high reduction potential. procecds via electron tansfer

fodlowed by proton transfer.

Acknowledgment, This work was partially supported by a
Grant-in-Aid for Scientific Rescareh Prionity Area {No. 11228203)
from the Ministry of Edueation, Culture. Sports. Science and
Technology, Japan.

Nakanishi ¢t al.

Relerences and Noles

(1} Ruch. R. i; Cheng. S.2 Klaunig, 1 K. Carcinogenesis 1989, 10,
1003,

(2} Scoot. B, C.: Butler., L Mallinell, 3. Arooma, Q. L Free Rodeal
Rex, Cennmun., 1993, 19, 231

(3} Morei, L Lescont, G Cogrei, 12 Sergent. O, Pasdeloup, N
Brissot. P.: Cillard, Pz Cillard, . Brockem, Pharnwcol. 1993, 45, 13,

() Tanasaki. Y. Ogawa, 8.2 Vokoi, 5. Free Rudical Biol, Aed, 1994,
16, 845,

(5) Zhae, B Lo N ) He R G Cheng, 8. 12 Xin, WL Cell Biophys.
1998, 14, 988].

(6) Nanjo. ¥ Goto, Ko Seto, R Suzaki, N Sakai, M B, Y. Free
Raltead Brol, Med. 1996, 21, 895,

(7 Lotito, 8. B.: Iraga, C. G, Free Radical Brol, Med. 1998, 24, 435,

(8) Kashinm, M. Chem, Phearm, Bull, 1999, 47, 279

(9) Toschi, ‘b, G.: Bordoni. AL Hrelia. S Bendini. A.: Lercker. G
Biagi. I 1. 2 Agree, Food Ches. 2000, 48, 3973,

(10) Chen, 2. Y. Chan, PUT 1o, KUY Fung, Ko Pa Wang. 4 ¢Chem,
hvs. Lipids 1996, 79, 157,

{11) Lien K. Lz Ren, S Bud, 1-H.: Wang, R, Free Redweal Bied, Med.
1999, 26. 285,

{12} Wright. 1. 5. Johnson. L. R Dilabie, G A Am, Clem, Soc.
2000, /241173,

(13) Yang. B.: Ketani. v Arai, Ko Kusu, E Chem Pharse, Bidl. 2001,
49, 147,

(1) Fokuzuami. 5. Tokwda, Y. Chiba, Yoo Grecio 1.: Cadoni. 1%
Damiani, E. 4 Chem, Sew., Chen. Commnr. 1993, 1575,

(15) Russell, (v A, Free Rudieads: Kochi, 1Ko Eds Willy & Sons:
New York. 1973: Chapler 7.

(16 Russell, G, Con L Chem. 1986, 34, 1074,

(7 Howard. L AL Ingold. K. 17 Symonds. M. Can. L. Chem. 1968,
6. 1017,

{18) Perrin, 10D Anmarego, W, T Eo Peming D, R, Parifreation of
TLabortory Chenticals: Pergamon Press: Elnsford, NY, 1988,

(19} Fukuhara, Ko Nakanishi. L: Kansui, 1L: Sugivama, 15: Kimune
ALy Shimada. T Urano, 5. Yamaguchi, Koz Miyata, N2 A, Chem. Soc,
2002, 124, 5952,

(20) (a) Nakanishi. L: Fukohara, K.: Ohkubo, K. Shimada. T Kansui.
. Kurhara, M Virmno, 50 Fukosumi, 8. Mivata, No Chem Legs, 2001,
1152, (b) Sawai, Y.: Sakaa, K. 1 Agric, Food Chen, 1998, 46, 111,

(21) Sheldon, R AL In The Activetron of Dioxygen and Homogenvons
Cetetlvtie Cxidertienr, Barton, 10 IL R. Martell, AL L, Sawyver, 13,1 Eds:
Plenum: New York and London, 1933; pp 9 30

(22) Parshall. G. W el 8. D, Homaogeneons atalvsic, 2nd ed.;
Wiley: New York. 1992: Chapter 10,

(23) Sheldon. R Kochio L K. s Cedead. 1970, 25, 72,

{24 Shilov. AL L Activation of Sutureded Hydrovarbons by Treosition
Metert Coriplexes, 1), Reidel Publishing Co.: Dordrecht. 'The Nethertands,
1984 Chapler 4.

(25) Bottcher, A Bimbaum, L. Rz Day, MW Gray, 1 B GrinstdT,
M. W Labinger, L AL Aol Catal, 1997, 117,229,

(263 Kochi. ). K. Free Ruacheals in Sedution: ). Wiley & Sons: New
York, 1957,

(27 (2) Kochio 1 Ko Krusie, P ) Eaton, 1. R Ame Chesn, Sene,
1969, 91 1877, (b) Kochi, ). K. Krusic, P L L Am. Chem, Soc, 1968, 00,
T155. (¢) Kochi, ). K. K 1N L LA, Chem, Soc. 1969, 97, 3938, ()
Kochi, F Ko Krugic, P Am, Cliem, Soc. 1969, 92, 3992, (¢) Kochi, ).
i L Ame Chem, Soe, 1969, 94, 394, (D Howard, 1. A
Can, 1 Chem, 1974, 52, 5535,

(28) Vukozumi, 8.2 Ono, Y.L Chear., Soe. Perkor Trans, 2 1977, 622,

(29) Fukneumi, 8.2 Ono, Y, L Chepr, Soc, Perkin Trans. 2 1977, 783,

(30) Tukusumi. 5.0 Ohkubo. K. Chem. Fur J. 2000, 6, 4532,

(31) hoh, 5. Kumei. 1L: Nagatomo, 5. Kitagawa, T, Fukuzumi, 8, ./,
Am Chem, Soe. 20000 124, 2165,

32y Nakanishi. 1.: {ukvhara. K.: Shimada. 1% Ohkubn, K.; lizoka, Y.
Inami, K.: Mochizuhi, M. Urine, 5. Tioh, 5. Mivata, No: Yukuzami, 8.1,
Chem. Soc., Perkin Trans, 2 2002, 1520,




JIAICIS

COMMUNICATIONS
Published on Web 05/07/2002

Enhanced Radical-Scavenging Activity of a Planar Catechin Analogue

Kiyoshi Fukuhara,*1 Ikuo Nakanishi,"* Hisao Kansui,! Etsuko Sugiyama,$ Mitsuhiro Kimura,
Tomokazu Shimada,! Shire Urano,! Kentaro Yamaguchi,' and Naoki Miyata®

Division of Organic Cheniistry, National Institite of Health Scienees. Setgaya-ku, Tokyoe [58-8501,

Redox Regulation Rescarel Group, National Institute of Radiolegical Sciences. Japan Science and Technology
Corporation (J5). nage-ku. ¢Chiba 263-8555, Showa Wemen's University, Sctagaya-ku, Tokye 1548543,
Deparanent of Applicd Chemistry, Shibawra Institute of Technology. Minata-ku. Tokyo 108-8548, Chemical Analvsis
Canter, Chiba Universite, JST, Inage-fu, Chiba 263-8522. and Graduate Schoaol of Phannacentical Sciences,
Nagove Citv University, Mizuho-kie. Nagoya 467-8603. Japan

Recewved December 20, 2001

Oxidative stress is important in the pathogencesis of neuronal ecll
death in Alzheimer's! and Parkinson’s? discase. The protective rofe
of antioxidants against such pathogens has been widely studied.
and this has promoted the development of antioxidants for the
treatment of diseases associated with oxidative stress.® 5 Vitamin
1. which is an essential nutrient in humans. may be a clinically
wseful andosidant. In fucl. g-tocopherol seduces amyloid-induced
cell death and suppresses the progression of Alzheimer’s disease.
Iavonoids such as catechin (13 and guercetin (2) are plant phenolic
pigment products that act as natural antioxidants. Quercetin, on one
hand. has been shown lo protect against oxidant inpury and cell
death® by scavenging free radicals,” protecting against lipid per-
oxidation.® and thereby terminating the chain-radical reaction.? On
the other hand. there have been only a few reports on the use of
cittechin Tor the treatment of free radical-associated discase. whereas

the mechanism Lo scavenge oxygen radical has been well-studied. '
However. its ability o scavenge free radicals must be improved,
and adequate lipophilicity is needed to penctrate the cell membrane
before it is suitable for clinical wse. The superior antiosidant ability
ol 2 results from the formation of a stable radical, due to the €2
€3 double bond and the resulting planar geometry which delocalizes
the radical throughout the entire moleeule'! Since the B ring in 1
is known to be perpendicular to the A ring.'* the radical-scavenging
ability of 1 might be improved by constraining the geometry of 1
1o be planar. In this communication. we deseribe the first sy nthesis
and characterization of the antiosidant propertics of a planar
catechin analogue (3) with respeet 1o the chroman and catechol
moieties of 1, by taking advamage of the formation of a bridge
between the 3-O11 group on ring C and 6" on ring B.

OH
OH L
alc i -
i_;;@,;_ el . oL, }.\
OH 1 OH 3

The planar catechin (3) was symhesized via an oxa-Tictel
spengler reaction® using catechin and acetone with BEyE( as
the acid. The structure was characterized by 'Hand YO NMR and
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Figure 1. X-ray structuse of tetra-2-silvlated analogue (3) of 3. showing
ellipsoids ot 507% probability.

UV visible speetroscopy. The 11 signals of the four protons of
the phenolic O groups showed that the catechol moiety on ring
B did not react with acctone. As gshown in Tigure 1. the planar
geometry ol 3 was substantiated by single-crystal N-ray crystal-
lography of a tetra-¢2-silylated analogue (4). in which the four OH
groups on the A and 13 rings arc substitnted by Bu(Me):Si0)
eroups. X-ray analysis also confirmed that the stereochemistry of
3-11 on ring ¢ was maintained throughout the reaction without any
acid-catalyzed racemization.

The radical-scavenging activities of 1 and 3 as well as that of 2
were compared using gabvinoxy! radical (€3} as an oxyl radicat
species. ™ Upon addition of 110 a deacrated MeCN solution of 6%
the absorption band at 428 nm due to G* disappeared immediately
as shown in Ligure 2. This indicates that hydrogen abstraction from
one of the Ol groups on the B ring of 1 by G”lakes place to give
catechin radical and hydvogenated G° ((G11). The decay ol the
absorbance at 428 am due 10 G* obeyed pseudo-first-order Kinetics
when the concentration of 1 was maintained at more than 10-fold
excess of the G* concentration (inset of Figure 2). The dependence
of the observed psewdo-first-order rate constant (Ru) on the
concentration of 1 ig shown in Figure 3. which demonstrates a lincar
correlation hetween k. and the concentration of 1, From the Hncar
plot of kg, v5 the catechin concentration in Figure 3, we determined
that the second-order rate constant (£) Tor hydrogen abstraction of
1 by G was 234 10° M 's | The k values for 2 and 3 were
determined in the same manner to be 1.08 F%and 112 ¥
M 's 1 respectively. Thus. the & value for planar catechin (3) is
about 3-fold Jarger than that for catechin (13, approximately the
same as that for quercetine (2).

Hydroxyl radical i the most reactive among oxy gen-derived free
vadicals responsible for aging and (ree radical-mediated injury.
Thercfore, the effects of 1. 2. and 3 on hydroxy! radical-mediated

10.1021430178259 CCC: $22.00 + 2002 American Chemical Society
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Figure 2. Speciral change in the reaction of 1 (1.5 - 10 1 N) with G*
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Figure 3. Plol of the pseudo-Tirst-order mte constant (k) vs the
concentrations of 1 (@), 2 (M. and 3 (O} for hydrogen atony transler Tom
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Figure 4. LEllcets of 1,2, and 3 on DNA breakage induced by Vet 1,
Assavs were performed in 50 wA sodium cacodylate buffer. pll 7.2,
containing 45 #M bp of pBRIZIINA. for 1 h at 37 “C. Lanes 1. 6, and
102 DNA atone. tanes 207, and 11z 10mN Ha: and 10 gM LeCl, Yanes
3 5.8 and %and 12 14 1OMA T2 and 10 pA TeClyin the presence
of 025 125 and 2.5 mM 1 (lanes 3 3) .25 and 123 ml 2. and 0.25.
125 and 2.5 mM 3.

DNA brcakage were investigated. DNA-strand seission in super-
coiled pBRI2ZINA was induced by a hydroxyl radical-generating
system wsing hydrogen peroxide in the presence of Fed! (Fenon
reaction). \s shown in Figure 4. L at & high concentration (.23
and 2.5 mAD suppressed DNA strand breakage, while at a low
concentration (0.25 mM) it exhibited pro-oxidant propertics,
consistent with the enhanced DNA eleavage in comparison with
ceavage without antioxidant. Quercetin (2) only showed pro-oxidant
effects at .25 and 125 mM. In agreement with previously
published results, ' the measured pro-oxidant effects of 1 and 2
nuy be attributed to antoxidation of the antioxidant in the presence
of transition metal, leading to the generation of primary radicals
such as hydrosy) radical. In contrast to the pro-osidant effects of
I and 2. the addition of 3 protecied DNA from Fenton reaction-
mediated damage at all of the concentrations tested, and 3 exhibited

marked hydroxyl radical-scavenging ability. which exceeded that
ol catechin. Since 3 is very lipophilic compared 0 1 (data not
shown). the high radical-scavenging ability of 3 might be very useful
for suppressing ree-radical associated events, especially in the cell
membrane,

In conclusion. we have described the first synthesis of planar
catechin 3. which was constrained by the foermation of a bridge
between the 3-O1 group on ring C and 6" on ring B. Preliminary
experiments indicated that. despite the absence of a €2 €3 double
bond, 3 showed enhanced radical-scavenging ahility comparable
to that of 2. Efficient protection against DNA strand breakage
induced by the Fenton reaction and the greater lipophilicity of 3
suggested thal the construction of a planar catechin might be a new
approach for the development of clinically useful antioxidants. The
inducing planarity of 3 may posc the preferential stabilization of
radicals through hyperconjugation hetween the 7 electrons on ring
13 and the « electrons on €2 on ring C, In fact. a large amount of
the spin density in the radical species generated via the antioxidative
reaction of 3 is accumulated at the C2 position (data not shown),
However, the effect of substitution 1o the para position from an
Ol ring on the B ring also should be considered as the essential
factor for its enhanced reactivity. The detailed mechanism as well
as the energetics of hydrogen abstraction from catechin analogues
depeading on the molecular structure is now under investigation.

Supporting Information Avablable: Experimental procedure for
the preparation of 3. Kinetic measure ments, the DNA-<¢leaving experi-
ment, and crystallographic data for 4 (DI, This material is available
free of charge via the Internet at hup:pubs.acs.org.
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Genistein and Daidzein Induce Cell Proliferation and Their Metabolites Cause

Oxidative DNA Damage in Relation to Isoflavone-Induced Cancer of
Estrogen-Sensitive Organs'

Mariko Murata,} Kaoru Midorikawa,} Masashi Koh,* Kazuo Umezawa,! and Shosuke Kawanishi*t

Received September 8, 2003; Revised Manuscript Received November 30, 2003

ABSTRACT: The soy isoflavones, genistein (5,7,4"-trihydroxyisoflavone) and daidzein (7.4’-dihydroxy-
isoflavone), are representative phytoestrogens that function as chemopreventive agents against cancers,
cardiovascular disease, and osteoporosis. However, recent studies indicated that genistein and/for daidzein
induced cancers of reproductive organs in rodents, such as the uterus and vulva. To clarify the molecular
mechanisms underlying the induction of carcinogenesis by soy isoflavones, we examined the ability of
genistein, datdzein, and their metabolites, 5,7,3",4’-tetrahydroxyisoflavone (orobol), 7,3’,4"-trihydroxy-
isoflavone (7,3",4’-OH-IF), and 6,7,4"-trihydroxyisoflavone (6,7,4’-OH-IF), to cause DNA damage and
cell proliferation. An E-screen assay revealed that genistein and daidzein enhanced proliferation of estrogen-
sensitive breast cancer MCF-7 cells, while their metabolites had little or no effect. A surface plasmon
resonance sensor showed that binding of isoflavone-liganded estrogen receptors {ER) to estrogen response
elements (ERE) was largely consistent with cell proliferative activity of isoflavones. Orobol and 7,3",4"-
OH-IF significantly increased 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodG) formation in human
mammary epithelial MCF-10A cells, while genistein, daidzein, and 6,7,4’-OH-IF did not. Experiments
using isolated DNA revealed a metal-dependent mechanism of oxidative DNA damage induced by orobol
and 7,3",4"-OH-IF. DNA damage was enhanced by the addition of endogenous reductant NADH, formed
via the redox cycle. These findings suggest that oxidative DNA damage by isoflavone metabolites plays
a role in tumor initiation and that cell proliferation by isoflavones via ER—ERE binding induces tumor

Department of Environmental and Molecular Medicine, Mie University School of Medicine, Tsu, Mie 514-8507, Japan, and
Department of Applied Chemistry, Faculty of Science and Technology, Keio University, Kohoku-Ku, Yokohama 223-8522, Japan

promotion and/or progression, resulting in cancer of estrogen-sensitive organs.

Epidemiological and experimental studies have shown that
soy products can reduce the risk of cancer (/—5) and provide
other benefits including lowering cholesterol (0, 7) and blood
pressure (8) and preventing cardiovascular diseases (I, 6)
and osteoporosis (9). The soy isoflavones, genistein (5,7,4"-
trihydroxyisoflavone) and daidzein (7,4"-dihydroxyisofla-
vone), are representative phytoestrogens (/@) and act as
chemopreventive agents against cancers, cardiovascular
disease, and osteoporosis. Due to these health benefits, the
consumption of soy food and the use of isoflavone supple-
ments have been increasing (71). However, recent studies
revealed that genistein and/or daidzein induced cancers of
reproductive organs in rodents, such as the uterus (/2) and
vulva (13). In addition, genistein was reported to have tumor-
enhancing effects on breast (/4) and colon cancer (15).
Dietary soy increased the rate of epithelial proliferation in
histologically normal human breasts in premenopausal
women (I6). A stimulatory influence of soy on breast
secretion and hyperplastic epithelial cells was also observed

t This work was supported by Grants-in-Aid for Scientific Research
on Priority Areas (A) from the Ministry of Education, Science, Sports,
and Culture of Japan (14042227).

*To whom comrespondence and requests for reprints should
be addressed. Phone/Fax: +81-59-231-5011. E-mail: kawanisi@
doc.medic.mie-u.ac.jp.

} Mie University School of Medicine.

% Keio University.

in pre- and postmenopausal women (I7). These reports led
us to consider that soy isoflavones may have a carcinogenic
effect on female reproductive organs.

Epidemiological studies and animal experiments suggest
that estrogens have carcinogenic actions in humans (18, 19).
Recent meta analyses have revealed that users of postmeno-
pausal estrogen as hormone replacement therapy have an
increased risk of breast and endometrial cancer (20). Ac-
cording to the hypothesis of estrogen-induced carcinogenesis
(21, 22), catechol estrogens, which are metabolites of
estrogen, play 2 role in tumor initiation through oxidative
DNA damage, whereas estrogen itself induces tumor promo-
tion and/or progression by enhancing cell proliferation.
Therefore, there arises the possibility that genistein, daidzein,
and their metabolites may participate in twmor initiation and
promotion by causing DNA damage and cell proliferation,
thereby leading to carcinogenesis. Like endogenous estro-
gens, genistein and daidzein may have the capacity to
produce not only beneficial actions but also adverse effects
including carcinogenesis.

To investigate whether soy isoflavones affect tumor
initiation and promotion, we investigated DNA damage and
cell proliferative activity induced by genistein, daidzein, and
their metabolites. The chemical structures of the isoflavones
and their metabolites tested are shown in Figure 1. These
metabolites have been detected as products of oxidative

10.1021/bi035613d CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/10/2004
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Genistein Daidzein
(5.7 4'4rirydroxyisofiavone) (7.4'dihydroxyisoflavone)

otz RN
Pas0n

Orobol 7.3' 4-OH-IF
(5.7.3' 4 Tewahydroxyisohavone)  (7.3,4-Trihydroxyisoflavone)

Ficure |: Chemical structures of isoflavones (genistein, daidzein)
and their metabolites used in this study.

8,7,4.0HIF
(6.7.4"-Trinydroxyisoflavane)

metabolism of genistein and daidzein, in vitro and in vivo
(23, 24). We examined the effects of these substances on
cell proliferation of estrogen-dependent MCF-7 cells, using
an E-screen assay. Furthertnore, to study interactions between
isoflavone-liganded estrogen receptors and estrogen response
elements, we measured binding affinity using a surface
plasmon resonance (SPR) sensor. Formation of 8-oxo-7,8-
dihydro-2’-deoxyguanosine (8-0xodG),! an indicator of oxi-
dative damage, in human mammary epithelial cells treated
with genistein, daidzein, and their metabolites, was measured
using an electrochemical detector coupled to HPLC (HPLC-
ECD). To elucidate the mechanism of DNA damage, we
measured 8-oxodG formation in calf thymus DNA and
examined DNA damage using 32P-5"-end-labeled DNA
fragments obtained from the human p353 and plé tumor
suppressor genes and the c-Ha-ras-1 protooncogene.

MATERIALS AND METHODS

Materials. Restriction enzymes (Smal, EcoRI, BssHII,
Apal, and Styl) and proteinase K were purchased from Roche
Molecular Biochemicals (Mannheim, Germany). Restriction
enzymes (HindIIl, Aval, and Xbal) and T, polynucleotide
kinase were purchased from New England Biolabs (Beverly,
MA). [y-?P]ATP (222 TBg/mmol) was obtained from New
England Nuclear (Boston, MA). Genistein was purchased
from Wako Chemical Co. (Osaka, Japan). We isolated orobol
(5,7,3 4-tetrahydroxyisoflavone), one of the metabolites of
genistein, from Streptomyces according to a2 method de-
scribed previously (25). 7,3',4-Trihydroxyisoflavene (7,3",4"-
OH-IF) and 6,7 4'-trihydroxyisoflavone (6,7,4-OH-IF), which
are metabolites of daidzein, were obtained from Extrasyn-
these (Genay, France). 8-Nicotinamide adenine dinucleotide
disodium salt (reduced form) (NADH) was purchased from
Kohjin Co. (Tokyo, Japan). Diethylenetriamine-N NN N.N"-
pentaacetic acid (DTPA) and bathocuproinedisulfonic acid
were obtained from Dojin Chemicals Co. (Kumamoto,
Japan). Fetal bovine serum (FBS), horse serum (HS),
epidermal growth factor (EGF), Dulbecco’s modified Eagle
medium (DMEM), and Ham’s F12 medium were purchased
from Gibco (Grand Island, NY). Daidzein, superoxide

! Abbreviations: Orobol, 5,7,3' 4 -tetrahydroxyisoflavone; 7,3',4'-
OH-IF, 7,3 4’-trihydroxyisoftavone; 6,7,4"-OH-IF, 6,74 -trihydroxy-
isoflavone; Ey, 178-estradiol; ER, estrogen receptor; ERE, estrogen
response clement; 8-oxodG, 8-oxo-7,8-dihydro-2’-deoxyguanosine;
HPLC-ECD, electrochemical detector coupled to HPLC; DTPA,
diethylenetriamine-N, NN N” N"-pentaacetic acid; SOD, superoxide
dismutase; DMEM, Dulbecco’s modified Eagle medium; F12, Ham’s
F12 medium; FBS, fetal bovine serum; HS, horse serum; -OH, hydroxyl
radical; H;O,, hydrogen peroxide; BSO, buthionine sulfoximine,
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dismutase (SOD, 3000 units/mg from bovine erythrocytes),
catalase (45000 units/mg from bovine liver), L-buthionine
(S.R)-sulfoximine (BSO), bacterial alkaline phosphatase,
RNase A, phenol red free DMEM, insulin, hydrocortisone,
and charcoal (activated) were purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Formamidopyrimidine—DNA
glycosylase (Fpg, 20000 units/mg from Escherichia coli) was
from Trevigen Inc. (Gaithersburg, MD). Lysis buffer for
DNA extraction (model 340A) was purchased from Applied
Biosystems (Foster City, CA). 178-Estradiol (E;) was
obtained from Calbiochem-Novabiochem Corp. (La Jolla,
CA). Dimethyl sulfoxide (DMSO) and kanamycin sulfate
were from Wako Chemical Co. (Osaka, Japan). L-Glutamine
was from ICN Biomedicals Inc. (Aurora, OH). Dextran T70
was from Pharmacia Biotech (Uppsala, Sweden). The BIA-
core sensor chips SA (modified with streptavidin) were
obtained from Biacore Inc. (Uppsala, Sweden). Tween 20
was from Nacalai Tesque (Kyoto, Japan). Human recombi-
nant estrogen receptor o. (ERa) and estrogen receptor 8
(ERp) were obtained from Panvera (Madison, WI).

Cell Culture. Human estrogen-sensitive breast cancer
MCF-7 cells (ATCC No. HTB 22) and nontumorigenic
mammary epithelial MCF-10A cells (ATCC No. CRL
10317) were obtained from American Type Culture Collec-
tion (Dainippon Pharmaceutical Co., Osaka, Japan). For
routine maintenance, cells were grown in seeding medium
(MCF-7 cells, DMEM supplemented with 100 ng/mL kana-
mycin and 5% FBS; MCF-10A cells, DMEM/F12 supple-
mented with 20 ng/mL EGF, 0.01 mg/mL insulin, 500 ng/
mL hydrocortisone, 100 ng/mL. kanamycin, and 5% HS) at
37 °C in a humidified atmosphere of 5% CO,. Sex steroids
in serum were removed by charcoal—dextran treatment for
experimental medium by the method reported previously
(21). Experimental medium was phenol red free medium
supplemented with 5% charcoal—dextran—serum, 100 ng/
mL kanamycin, and 4 mM L-glutamine.

Bioassay for Measuring Estrogenic Activity (E-Screen
Assay). The E-screen assay was performed by a modified
method of Soto et al. (26). Briefly, MCF-7 cells were
trypsinized and plated into 12-well plates at an initial
concentration of 3 x 10* cells per well with seeding medium.
After the cells were allowed to attach for 24 h, the seeding
medium was replaced with experimental medium. A range
of concentrations (10~19—1075 M) of the test compounds was
added. 178-Estradiol (E,) and isoflavones were dissolved in
DMSO before being tested. The final solvent concentration
in culture medium did not exceed 0.1%, as this concentration
did not affect cell yields (26). The control condition also
contained 0.1% DMSO. Cells were incubated for 6 days after
treatment with the test compounds and were then trypsinized
and harvested. Harvested cells were counted using a Coulter
counter (Beckman Coulter, Tokyo, Japan).

Preparation of the Sensor Chip and Immobilization of
ERE. The single-stranded biotinylated oligonucleotide (35mer,
HPLC grade), containing the sequence of human pS2 ERE
(27), and the complementary unbiotinylated oligonucleotide
(35mer, HPLC grade) were obtained from TaKaRa Biotech-
nology Co., Ltd. (Shiga, Japan). The sequence is 5'-
XGTCCAAAGTCAGGTCACGGTGGCCTGATCAAAGTT-
3 (X indicates biotin-labeled). Oligonucleotides were
biotinylated for immobilization to the streptavidin-treated
sensor chip. The BIAcore-biosensor system (Biacore X,
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Pharmacia Biosensor, Uppsala, Sweden) permits the moni-
tortng of macromolecular interactions in real time using a
surface plasmon resonance (SPR} sensor (28). The running
buffer used for immobilization and the binding assay
consisted of 25 mM Tricine, 160 mM KCI, 5 mM MgCl,,
and 0.05% Tween 20 (pH 7.8). Before immobilization of
biotinylated ERE, the surface of the SA (streptavidin-treated)
sensor chip was washed with five 5 uL injections of 100
mM NaOH and 50 mM HCI each with a constant flow of
running buffer of 20 yL/min. For denaturation, oligonucle-
otides were heated at 105 °C for 5 min and then chilled on
ice before immobilization. 5’-End-biotinylated single-
stranded oligonucleotides (Human pS2 ERE) diluted with
running buffer were immobilized to a flow cell (Fc2) of an
SA sensor chip at about 200 RU by serial 5 gL injection
with a constant flow of running buffer of 5 gL/min. Then,
the sensor chip surface was blocked by biotin, followed by

five washes with NaOH and HCl. The complementary .

oligonucleotide was annealed to the immobilized ERE by a
10 4L injection.

Analysis of ER—ERE Binding. Incubating at 37 °C for 5
min liganded human ERa and ERS (2 x 1077 M) with 1077
M E; or 10~% M isoflavones and their metabolites. Then,
the liganded ER was introduced by a 40 L injection over
the surfaces coated with double-stranded ERE via a sample
loop. Each binding cycle was performed with a constant flow
of buffer of 20 #L/min at 25 °C. ER protein was injected
during the “binding” phase, and running buffer was injected
across the flow cells during the “dissociating” phase for 120
s. As significant amounts of ER were still bound to the ERE
at the end of the injection, the complementary oligonucleotide
was removed with a 5 uL injection of 100 mM NaOH and
50 mM HCI, each with a constant flow of running buffer of
20 pL/min for regeneration. Data were collected as the
subtracted curve (Fcl — Fc2) at 1 Hz, The binding activity
of liganded ER to ERE was expressed as percent activity,
that is, binding response with 100 nM E; as 100% and that
without chemical (DMSO, 0.1%) as 0%. All samples
contained 0.1% DMSO.

Measurement of 8-OxodG in DNA from Cultured Human
Mammary Epithelial Cells Treated with Genistein, Daidzein,
and Their Metabolites, Human mammary epithelial cells
{MCF-10A cells and MCF-7 cells) were trypsinized, and 5
x 10° cells were plated into a 10 cm diameter dish with
seeding medium. Cells were allowed to attach and grow until
70—90% confluency for 3—4 days. Then, cells were treated
with isoflavones at 37 °C for 1 h and trypsinized and washed
three times with cold PBS. Under anaerobic conditions, DNA
was extracted using lysis buffer, RNase A, and proteinase
K. After ethanol precipitation, DNA was digested to com-
ponent nucleosides with nuclease P, and bacterial alkaline
phosphatase and then analyzed by HPLC-ECD as previously
described (29). In certain experiments, breast cancer MCF-7
cells were pretreated with an inhibitor of GSH biosynthesis
(BSO, 100 uM, 18 h) to decrease GSH levels to that of
normal mammary cells. '

Measurement of GSH Content in MCF-10A and MCF-7
Cells. Cells were washed twice with PBS, followed by
addition of 100 uL/10° cells of 5% (w/v) trichloroacetic acid
to precipitate proteins. Then, cells were homogenized for 5
s with a microhomogenizer with a Teflon-coated pestle and
centrifuged at 18500¢ for 10 min at 4 °C. The supernatant
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was diluted with 0.1 N HCI, and levels of GSH were
quantitated with an HPLC-ECD using a gold electrode
(Eicom, Kyoto, Japan), as described previously (30).

Analysis of 8-OxodG Formation in Calf Thymus DNA by
Genistein, Daidzein, and Their Metabolites in the Presence
of NADH and Cu(II). DNA fragments (100 M per base)
from calf thymus were incubated with isoflavones, Cu(Il),
and NADH at 37 °C for the indicated times. DNA fragments
were denatured by heating at 90 °C for 5 min, followed by
chilling on ice before incubation. After ethanol precipitation,
DNA was digested to the nucleosides with nuclease P, and
calf intestine phosphatase and then analyzed by HPL.C-ECD,
as described previously (29).

Preparation of ¥ P-5'-End-Lobeled DNA Fragments. Exon-
containing DNA fragments obtained from the human p53
tumor suppressor gene (31} were prepared as described
previously (32). A 5-end-labeled 650 bp fragment (HindIIT*
13972—EcoRI* 14621) was obtained by dephosphorylation
with calf intestine phosphatase and rephosphorylation with
[y->*P]JATP and T4 polynucleotide kinase (*, 3*P-label). The
650 bp fragment was further digested with Apal to obtain a

- singly labeled 443 bp fragment (Apal 14179—Eco RI*

14621) and a 211 bp fragment (HindIIl* 13972—Apal
14182). The fragment was prepared from plasmid pbeNI,
which carries a 6.6 kb BamHI chromosomal DNA segment
containing the c-Ha-ras-1 protooncogene (33). A singly
labeled 98 bp fragment (Aval* 2247—Pst] 2344) was
obtained according to the method described previously (34).
Nucleotide numbering starts with the BamHI site (33).

Detection of DNA Damage by Genistein, Daidzein, and
Their Metabolites in the Presence of NADH and Cu(ll). A
standard reaction mixture (in a 1.5 ml. Eppendorf microtube)
contained the isoflavones, Cu(Il), NADH, 32P-5"-end-labeled
DNA fragments, and calf thymus DNA (5—10 4M per base)
in 200 uL of 10 mM sodium phosphate buffer (pH 7.8)
containing 2.5 uM DTPA. After incubation at 37 °C for the
indicated times, the DNA fragments were heated at 90 °C
in 1 M piperidine for 20 min, where indicated, and treated
as described previously (353). In certain experiments, the
DNA was treated with 6 units of Fpg protein in 10 4L of
reaction buffer {10 mM HEPES—-KOH (pH 7.4}, 100 mM
KCl, 10 mM EDTA, and 0.1 mg/mL BSA} at 37 °C for 2 h.
The preferred cleavage sites were determined by direct
comparison of the labeled, cleaved oligonucleotides with a
standard 5"-end-labeled Maxam—Gilbett sequencing reaction
{36) (LKB 2010 Macrophor, LKB Pharmacia Biotechnology
Inc.). The relative amounts of oligonucleotides from the
treated DNA fragments were measured with a laser densi-
tometer (LKB 2222 UltroScan XL, LKB Pharmacia Bic-
technology Inc.).

RESULTS

Cell Proliferative Activity of Genistein and Daidzein in
MCF-7 Cells. The effects of isoflavones and their metabolites
on cell proliferation were measured by an E-screen assay.
Genistein induced maximal proliferative activity at 1076 M
(P < 0.01), with significant differences relative to solvent
control (0.1% DMSO) starting at 10~7 M (P < 0.05) (Figure
2A). The intensity of maximal estrogenic activity of genistein
was about 90% of estradiol. Orobol showed a significant
proliferative activity at 103 M (P < 0.05). Daidzein showed

-



2572 Biochemistry, Vol. 43, No. 9, 2004

A

6004

Ea

400

%Control

200+

G .l = T T T L T
3 o [-.] o =~ o w
E ©w @ 9 9 & o
I3 w w w (1] w w
o - - - - - -
© (M}

FiGure 2: Relative estrogenic activities of isoflavones and their metabolites.

%Control

Murata et al.

3]
600 - T
Daidzain
- w 'D
400- o
! 1.3 4-0H-IF
200- ' 50
MR\
6,7.4'-0OH-IF

1E-10
1E-09 1
1E-08 1

T
[
5
€
-]

Q

MCF-7 cells were incubated with genistein, orobol (A),

daidzein, 7,3".4’-OH-IF, or 6,7,4"-OH-IF (B) at 37 °C for 6 days. Cells were trypsinized, harvested, and then counted. Results are expressed
as means and SE of values obtained from six to nine mdependent experiments. Key: *, P < 0.05, and ** P < 0.01; significant difference

compared with the control by Student’s f-test.

& &
NN N %
d & XN Y N

& o & 0 & a8 o N

AN S o8

Binding activity (%)

ERax

ERp

FiGure 3: ER—ERE binding activities in the presence of isofla-
vones and their metabolites. Human ERa and ERS (20 nM) were
liganded with 100 nM E; or 10 uM phytoestrogens by incubation
at 37 °C for 5 min. Then, the liganded ER was introduced by a 40
HL injection over the sensor chip surface immobilized with double-
stranded human pS2 ERE. The binding activity of liganded ER to
ERE was expressed as percent activity, that is, binding response
with 100 nM E; as 100% and no ligand (DMSQ, 0.1%) as 0%.
Results are expressed as means and SE of percent activity obtained
from three independent experiments. Key: *, P < 0.05, and **, P
< 0.01; significant difference compared with the no ligand condition
by Student’s :-test.

maximal proliferative activity at 1073 M (P < 0.01), with
significant differences relative to controls starting at 10~7
M (P < 0.05) (Figure 2B). Daidzein exhibited an estroge-
nicity about 80% that of estradiol. 7,3",4"-OH-IF showed
significant proliferative activity at 1076 and 1075 M. 6,7,4"-
OH-IF had no significant proliferative effect.

Binding of Isoflavone-Liganded ERo. and ERS to ERE.
The binding activity of liganded ER to ERE was measured
by using an SPR sensor (Figure 3). Genistein- and daidzein-
liganded ER had significantly elevated binding activity, as
did E;. The binding activity of liganded ER# was slightly
higher than that of ER«a. Binding activity was also detected
for the metabolites, orobol and 7,3°,4’-OH-IF, but it was
lower than in the parent isoflavones. On the other hand,
6,7.4":0H-TF attenuated binding to ERE, although there was
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FIGURE 4: Intracellular 8-0x0dG formation by isoflavone metabo-
lites in MCF-10A cells. MCF-10A cells were treated with 10 #M
isoflavones or their metabolites in the experimental medium at 37
°C for 1 h. Results are expressed as means and SE of values
obtained from three independent experiments. Key: *, P < 0.05,
and **, P < (.01; significant difference compared with the control
by Student’s t-test.

no significant difference relative to nonliganded ER. Similar
results were obtained with ER« and ERS.

Induction of 8-OxodG Formation in Human Cultured
Mammary Cells Treated with Isaflavone Metabolites. Orobol
and 7,3",4’-OH-IF significantly increased 8-0xodG formation
in normal mammary epithelial MCF-10A cells, but no
significant increase was observed in cells treated with
genistein, daidzein, or 6,7,4"-OH-IF (Figure 4). In contrast,
there was no significant increase in 8-oxodG formation in
MCF-7 breast cancer cells treated with isoflavones and their
metabolites compared to controls (data not shown). The GSH
level in MCF-7 cells was 2-fold higher than in MCF-10A
cells {data not shown). The GSH level decreased to 50% in
MCF-7 cells following pretreatment with BSO, and there-
after, significant increases were observed in MCF-7 cells
treated with orobol and 7,3",4’-OH-IF (data not shown).

Formation of 8-OxodG in Calf Thymus DNA by Isoflavone
Metabolites in the Presence of Cu(ll) and NADH. Cu(ll)-
mediated 8-oxodG formation in calf thymus DNA treated
with isoflavones, in the presence and absence of NADH, was
examined using HPLC-ECD (Figure 5). In the case of
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8-oxodG were quantitated by HPLC-ECD.
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mannitol, 0.1 M sodium formate, 0.1 M methional, 150 units/mL SOD, 150 units/ml. catalase, and 50 gM bathocuproine. The mixtures
were incubated for 1 h at 37 °C. The DNA fragments were treated with 1 M piperidine for 20 min at 90 °C and then electrophoresed on

an §% polyacrylamide/$ M urea gel. The autoradiogram was obtained by exposing an X-ray film to the gel.

genistein, daidzein, and 6,7,4’-OH-IF, no increase in 8-0xodG
formation was observed, even in the presence of NADH and
Cu(ID) (data not shown). Conversely, the level of 8-oxedG
increased in parallel with concentrations of orobol (Figure
5A) and 7,3',4’-OH-IF (Figure 5B) in the presence of Cu-
(I). When a physiological concentration of NADH (200 uM)
(37) was added, 2—3-fold increases in 8-0xodG formation
were observed. The metabolites with 3’- and 4'-positions of
the hydroxy group in the B ring of the isoflavone structure
caused oxidative DNA damage.

Damage to #P-Labeled DNA Fragments by Isoflavone
Metabolites in the Presence of Cu(ll} and NADH. Figure
6A shows an autoradiogram of DNA fragments treated with
isoflavones and their metabolites in the presence and absence

of Cu(II} and NADH. Oligonucleotides were detected on the
autoradiogram following DNA cleavage. Genistein, daidzein,
and 6,7,4-OH-IF caused no DNA damage, even in the
presence of Cu(ll) and NADH. Orobol and 7,3',4™-OH-IF
caused DNA damage in the presence of Cu(Il). The intensity
of DNA damage increased with successive concentrations
of the metabolites (data not shown). When NADH was
added, Cu(IT)-mediated DNA damage was enhanced. When
Fe(IINEDTA was used in place of Cu(Il), slight DNA
damage was observed (data not shown), indicating the crucial
role of metal ions. The catechol-type metabolites caused Cu-
(II)-mediated oxidative DNA damage, whereas genistein and
daidzein did not, even in the presence of Cu(ll) and NADH,
as seen in the measurement of 8-oxodG content.
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Effects of Scavengers and Bathocuproine on DNA Damage
by Isoflavone Metabolites. Figure 6B shows the effects of
scavengers and bathocuproine, a Cu(I)-specific chelator, on
DNA damage induced by 7,3",4’-OH-IF in the presence of
Cu(ID). Inhibition of DNA damage by catalase and batho-
cuproine suggests the involvement of hydrogen peroxide
{H207) and Cu(I). Methional reduced the amount of DNA
damage, although other typical hydroxyl radical (-OH)
scavengers, ethanol, mannitol, and sodium formate did not
decrease damage. Furthermore, SOD had no effect on DNA
damage. In the case of the genistein metabolite orobol,
stmilar effects of scavengers were observed (data not shown).

Site Specificity of DNA Cleavage by Isoflavone Metabo-
lites. Tsoflavone metabolites/Cu(Il) caused little strand break-
age, as detected without treatment (Figure 7A, lane 2, and
Figure 7E). In addition, an increase in the number of
oligonucleotides following piperidine treatment suggested
that metabolites caused base modification/ liberation (Figure
7A, lane 4). Fpg treatment increased oligonucleotides,
indicating the formation of 8-0x0G and other oxidized bases
(Figure 7A, lane 6). To examine site specificity, an autora-
diogram was obtained and scanned with a laser densitometer
to measure the relative intensity of DNA cleavage in the
human ¢-Ha-ras-1 protooncogene and p53 tumor suppressor
gene. Orobol/Cu(IIYNADH induced piperidine-labile sites
preferentially at thymine residues and Fpg-sensitive sites at
guanine residues in the 5-TG-3" sequence of the ¢-Ha-ras-1
gene (Figure 7B,C). Fpg treatment induced significant
cleavage of the guanine residue of the ACG sequence
complementary to codon 273, a well-known hot spot (38,
39) in the p33 gene (Figure 7G). Piperidine treatment cleaved
cytosine and guanine residues at the ACG (Figure 7F) to
some extent. Similar results were obtained with 7,3",4’-OH-
IF (data not shown).

DISCUSSION

The present study showed that genistein and daidzein
exerted cell proliferative activity on estrogen-sensitive
MCF-7 cells, as reported previously (40, 41}, while their
metabolites had little or no activity, In accordance with the
data on cell proliferation, the SPR sensor showed that
genistein and daidzein induced higher affinity binding of ER
to ERE, while the metabolites had little or no binding activity.
Although Cheskis et al. (42) showed that SPR was available
for a binding assay of estrogen-liganded ER—ERE, we
further demonstrated that an SPR sensor could estimate the
potency of environmental estrogens. Genistein (5,7.4-
trihydroxyisoflavone) and daidzein (7,4"-trihydroxyisofla-
vone) have similar chemical structures to endogenous
estrogens. Their structoral similarity to estrogens permits
binding with ER (27). The 4"-hydroxy position on the B ring
and its spatial orientation relative to the 7-hydroxy group
onring A are primarily responsible for the estrogenic activity
of flavonoids (43). Excessive hydroxyl groups in ring B at
the 3'-position, as in orobol (5,7,3",4"-tetrahydroxyisoflavone)
and 7,3°,4"-OH-IF, is thought 10 attenuate the binding of ER
and ERE. A hydroxyl group in ring A at the 6-position, as
in 6,7,4’-OH-IF, shows a similar effect. Our results further
supported that isoflavones such-as genistein and daidzein
may induce cell proliferation through ER—ERE binding.
Kuiper et al. (44) showed that the relative binding affinity
of genistein to ERA was significantly higher (about 20-fold)
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than ERa, whereas Nikov et al. (45) demonstrated slightly
higher affinity between ERE and isoflavone-saturated ER3
than with ER «a, using fluorescence polarization. The latter
data are consistent with our results using an SPR biosensor
that showed slightly higher affinity of isoflavone-liganded
ERB than ERa to ERE. The results from the E-screen assay
and binding assay were almost coincident with little dis-
crepancy. Orobol and 7,3 ,4"-OH-IF bound relatively ef-
ficiently to both estrogen receptors but only poorly stimulated
cell proliferation in MCF-7 cells. This may be explained by
the difference between physicochemical responses and
biological systems with a threshold range. In addition, Wong

- et al. (46) have reported that nuclear receptor ligands can

be functionally selective and may differentially affect the
interaction of receptors with coactivators and/or corepressors
to initiate transcription. Endogenous estrogens cause cancer
by stimulating cell proliferation through ER—ERE binding
(47, 48). Similarly, these estrogen-like substances can be
mitogenic in estrogen-sensitive tissues such as uterus and
breast, which may contribute to tumor promotion.

Van Duursen et al. (¢9) demonstrated that constitutive
CYP1ALl activity was very low in both MCE-7 and MCF-
10A cells. In addition, Price et al. (50) showed that the
optimal time for induction of metabolism by a CYP1A
inducer was 72 h in rat hepatocytes. Therefore, metabolism
in cultured cells was negligible under our experimental design
(1 h incubation). This may explain why genistein and
daidzein themselves did not induce DNA damage. On the
other hand, the addition of the isoflavone metabolites, orobol
and 7,3’ 4"-OH-IF, caused oxidative DNA damage. Possible
mechanisms of oxidative DNA damage mediated by me-
tabolites of genistein and daidzein can be envisioned on the
basis of our results. Dihydroxy forms of the isoflavone
metabolites, orobol and 7,3",4"-OH-IF, can be autoxidized
to semiquinone radicals and further to quinone forms.
Generation of O,*~ would then occur, coupled with the
autoxidation of metabolites. Thereafter, Oy~ is dismutated
to generate HyO;. In the presence of metal jions, H,O4 causes
oxidative DNA damage. Inhibitory effects of catalase and
bathocuproine on DNA damage by the metabolites suggest
that H,O; and Cu(I) participate in DNA damage. Although
typical -OH scavengers showed no inhibitory effects on DNA
damage, methional attenuated DNA damage, suggesting the
involvement of reactive species such as Cu(I})—hydroperoxo
complexes that are less reactive than *OH (51). The addition
of NADH efficiently enhanced oxidative DNA damage by
isoflavone metabolites. This can be explained by our results
and those of our previous studies (21, 52, 53). NADH reduces
quinone forms and semiquinone radicals to dihydroxy forms,
resulting in enhanced generation of reactive oxygen species
and DNA damage through the redox cycle. It is interesting
that Fpg and piperidine treatment revealed that orobol and
7,3',4’-OH-IF can affect the cytosine and guanine of the ACG
sequence complementary to codon 273, a hot spot in the p53
gene.

Oxidative DNA damage plays an important role in
carcinogenesis (54). Orobol and 7,3",4"-OH-IF significantly
induced 8-oxodG formation in MCF-10A cells, and in
MCEF-7 cells with GSH levels decreased to 50% with BSO
treatment. Normal human breast tissue has a lower GSH
content than breast tumor (55). Therefore, the depletion of
GSH by BSO in MCF-7 cells may provide an insight into
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FIGure 7: Site specificity of DNA cleavage induced by isoflavone metabolites in the presence of Cu(Il) and NADH. The reaction mixture
contained the 32P-5'-end-Iabeled 261 bp {(Aval* 1645—Xbal 1905) (B, C) or 443 bp (Apal 14179—EcoRI* 14621 XA, D—G) DNA fragment,
20 uM/basé calf thymus DNA, 5 M orobol, 20 #M CuCl,, and 200 M NADH in 10 mM phosphate buffer (pH 7.8) containing 2.5 4M
DTPA. After incubation for 1 h at 37 °C, the DNA fragments were treated with piperidine (A, B, D, F) or Fpg protein (A, C, G} and
electrophoresed by the method described in Materials and Methods. The relative amounts of DNA fragments were measured by scanning
the autoradiogram with a laser densitometer (B—G). The horizontal axis shows the nucleotide number of the c-Ha-ras-1 protooncogene (B,
C) and the human p53 tumor suppressor gene (D—G), and underscoring shows the complementary sequence to codon 273 (nucleotide

numbers 14486—14488).

normal breast tissue condition. Several studies showed
increased formation of 8-0xodG in breast cancer tissue from
patients relative to noncancerous breast tissue from controls
(56, 57), suggesting that accumulation of 8-oxodG in DNA

is a major contributor to breast carcinogenesis. The present
results and literature thus indicate that oxidative DNA
damage by isoflavone metabolites plays a role in tumor
initiation and cell proliferation by isoflavones via ER—ERE
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binding induces tumor promotion and/or progression, result-
ing in cancer of estrogen-sensitive organs. Qur study raises
the possibility that genistein and daidzein are carcinogenic
in estrogen-sensitive organs, even though isoflavones are
generally regarded as chemopreventive agents.
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Titanium dioxide (TiOs) is a potential photosensitizer for
photodynamic therapy. In this study, the mechanism
of DNA damage catalyzed by photo-irradiated TiO, was
examined using [*’P]-5-end-labeled DNA fragments

obtained from human genes. Photo-irradiated TiO, -

(anatase and rutile) caused DNA cleavage frequently at
the guanine residue in the presence of Cu(ll) after E. colf
formamidopyrimidine-DNA glycosylase treatment, and
the thymine residue was also cleaved after piperidine
treatment. Catalase, SOD and bathocuproine, a chelator of
Cu(T), inhibited the DNA damage, suggesting the involve-
ment of hydrogen peroxide, superoxide and Cu(l). The
photocatalytic generation of Cu(l) from Cu(Il} was
decreased by the addition of SOD. These findings suggest
that the inhibitory effect of SOD on DNA damage is due to
the inhibition of the reduction of Cu(Il) by superoxide. We
also measured the formation of 8-ox0-7,8-dihydro-2/
-deoxyguanosine, an indicator of oxidative DNA damage,
and showed that anatase is more active than rutile. On the
other hand, high concentration of anatase caused DNA
damage in the absence of Cu(ll). Typical free hydroxyl
radical scavengers, such as ethanol, mannnitol, sodium
formate and DMSO, inhibited the copper-independent
DNA photodamage by anatase. In conclusion, photo-
irradiated TiQ; particles catalyze the copper-mediated site-
specific DNA damage via the formation of hydrogen
peroxide rather than that of a free hydroxyl radical. This
DNA-damaging mechanism may participate in the photo-
toxicity of TiO,.

Keywords: Titanium dioxide; Oxidative DNA damage;
Superoxide; Hydrogen peroxide; Copper; Free hydroxyl radicals

Abbreviations: TiO2, titanium dioxide; ROS, reactive oxygen
species; O, superoxide anion radical; H;O, hydrogen
peroxide; OH, free hydroxyl radical; PDT, photodynamic
therapy; 8-oxodGuo, 8-oxo-7,8-dihydro-2'-deoxyguanosine;

dGuo, 2-deoxyguanosine; HPLC-ECD, high-performance
liguid chromatography equipped with an electrochemical
detector; DTPA, diethylenetriamine—N,N,N‘,N”,N"-pentaaceh'r:
acid; Fpg, E.colf formamidopyrimidine-DNA glycosylase

INTRODUCTION

Titanium dioxide (TiO;) is a well-known photo-
catalyst.!l The crystalline forms of TiO, anatase
and rutile, are semiconductors with band gap
energies of 326 and 3.06eV, respectively. TiO,

* absorbs UVA light, catalyzing the generation of

reactive oxygen species (ROS), such as superoxide
anion radical (O} ), hydrogen peroxide (H,0,), free
hydroxyl radical ('OH;, and singlet oxygen,
in aqueous media.l'~3! Photo-irradiated “TiO,
demonstrates bactericidal effects and is widely
used for photocatalytic sterilization.!'4~%1 Recently,
the application of TiO, as a photosensitizer of
photodynamic therapy (PDT) was proposed.[*7 1%}
PDT is a relatively new treatment for certain types
of cancer, including endobronchial and esophageal
cancers."!l TiO, particles can be incorporated into
cells”??l and kill cancer cells during UVA
irradiation."”=1%12] The inhibitory effect of tumor
growth by photo-irradiated TiO, was also reported
in an animal experiment using mice."*®! The
mechanism of cytotoxicity by photocatalysis of
TiO; is accompanied by cell membrane damage.[*™!
In addition, TiQ, induces photodamage to DNA in
human -cells,™ mouse lymphoma cells!*® and
phage.’ However, the mechanism underlying

*Corresponding author. Tel.: +81-59-231-5011. Fax: +81-59-231-5011. E-mail: kawanisi@doc. medic.mie-u.acjp
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DNA damage photocatalyzed by TiO, is not
well understood.

In this study, the mechanism and the site
specificity of DNA damage by photo-irradiated
TiO, (anatase and rutitle) were examined using a
32p_5/_end-labeled DNA fragment obtained from the
human p53 and pl6 tumor suppressor genes and
the c-Ha-ras-1 protooncogene. The formation of
8-oxo0-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo),
an oxidation product of 2'-deoxyguanosine {(dGuo),
was also measured using an electrochemical detector
coupled to high-performance liquid chromato-
graphy (HPCL-ECD).

MATERIALS AND METHODS

Materials

TiQ, particles (anatase and rutile) with an average
size of 50-300nm in diameter were purchased from
Kanto Chemical Co. (Tokyo, Japan). The particles
were ultra-sonically dispersed in water. Restriction
enzymes (Aval and PstI) and T, polynucleotide

kinase were purchased from New England Biolabs:

(Beverly, MA). Restriction enzymes (Apal, BssHII,
EcoR1, Mrol and Xbal} and calf intestine phospha-
tase were from Boehringer Mannheim GmbH
(Mannheim, Germany). [y->*P]-ATP was from New
England Nuclear (Boston, MA). Diethylenetriamine-
N,N.N',N",N"-pentaacetic acid (DTPA) and batho-
cuproinedisulfonic acid were from Dojin Chemicals
Co. (Kumamoto, Japan). SOD (3000 units/mg from
bovine erythrocytes) and catalase (45,000 units/mg
from bovine liver) were from Sigma Chemical Co.
(St Louis, MO). Methional (3-methylthiopropion-
aldehyde) was from Tokyo Kaksei {Tokyo, Japan).
DMSO was from Aldrich Chemical Co. (Milwaukee,
WI). Copper(Il) chloride dihydrate was from Nacalai
Tesque, Inc. (Kyoto, Japan). E. coli formamido-
pyrimidine-DNA glycosylase (Fpg) was from Trevi-
gen Co. (Gaithersburg, MD).

Preparation of **P-5'-end-labeled DNA Fragments

DNA fragments were obtained from the human p531*7)
and p16!®! tumor suppressor genes and the c-Ha-ras-1
protooncogene.!®! The DNA fragment of the p53
tumor suppressor gene was prepared from pUC18
plasmid, ligated fragments containing exons of p33
gene. A singly 3?P-5-end-labeled double-stranded
443bp fragment (Apal 14179-EcoR1*14621) and a
211-bp fragment (HindIII* 13972-Apal 14182) were
prepared according to the method described
previously.™ Exon-containing DNA fragments were
also obtained from the human p16 tumor suppressor
gene; these fragments were subcloned into the Pgem-T
Easy Vector (Promega Corp. Madison, WI). A singly

labeled 324bp DNA fragment (EcoRI* 9466-BssH I
9789) and a 158-bp fragment (MroI 6173-Eco RI* 6330)
were prepared as described previously.?!! The DNA
fragment of the c-Ha-ras-1 protooncogene was
prepared from plasmid pbcNI, which carries a 6.6kb
BamHI chromosomal DNA segment containing the
c-Ha-ras-1 gene. A singly labeled 337 bp fragment (Pst I
2345-Aval* 2681) and a 261-bp fragment (Aval* 1645
Xbal 1905) were obtained according to a method
described previously.”?) Nucleotide numbering
starts with the BamHI site.l'®) The asterisk indicates
the **P labeling.

Detection of Damage to Isolated DNA by Photo-
irradiated TiO,

The standard reaction mixture in a microtube (1.5ml
Eppendorf) contained the *?P-DNA fragment
(<1pM) and 20 pM calf thymus DNA, indicated
amounts of TiO,, and 5 pM DTPA in a 10 mM sodium
phosphate buffer (pH 7.8). DTPA was used to remove
the contaminated metal ions. To clarify the effect of
metal ions on DNA photodamage, a 20 M metal ion,
such as CuCl, was used. The mixtures were exposed
to 10J/cm® UVA light using 10-W UV lamp
{Amax = 365nm, 1.4mW/cm?) (UVP Inc., CA). Sub-
sequently, the DNA was treated with 1M piperidine
for 20min at 90°C or 10 units of Fpg in the reaction
buffer (10 mM HEPES-KOH (pH 7.4), 100mM KCl,
10mM EDTA and 0.1mg/ml BSA) for 2h at 37°C.
The DNA fragments were subjected to electro-
phoresis on an 8M urea/8% polyacrylamide gel.
The autoradiogram was obtained by exposing an
X-ray film to the gel. The preferred cleavage sites
were determined by direct comparison of
the positions of the oligonucleotides with those
produced by the chemical reactions of the Maxam-
Gilbert procedure!! using a DNA-sequencing
system (LKB 2010 Macrophor, Pharmacia Biotech,
Uppsala, Sweden). A relative amount of DNA
fragments was measured by scanning the autoradio-
gram with a laser densitometer (LKB 2222 UltroScan
XL, Pharmacia Biotech).

Measurement of 8-OxodGuo Formation in Calf
Thymus DNA by Photo-irradiated TiO,

Formation of 8-oxodGuo was measured by a
modification of a reported method.*! The reaction
mixture in a tube (1.5ml Eppendorf) contained
indicated concentration of TiQO, (anatase or rutile),
20 uM CuCly; 100 uM/base calf thymus DNA and
5pM DTPA in 100 pl of 4mM sodium phosphate
buffer (pH 7.8). The mixtures were exposed
to 10)J/em? UVA light using 10-W UV
lamp (Amax = 365nm, 1.4mW/cm?). After ethanol
precipitation, DNA was digested to the nucleosides
with nuclease P; and calf intestine phosphatase,
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and analyzed with an HPLC-ECD, as described
previously.*!

UV -visible Spectra Measurements on Cu(Il)
Reduction Photocatalyzed by TiO,

UV-visible spectra for the reduction of Cu(II} to Cu(I)
by photo-irradiated TiOQ, were measured witha UV~
visible spectrometer (UV-2500PC, Shimadzu, Kyoto,
Japan) using bathocuproine as a Cu(l)-chelator. The
standard reaction mixture contained 8 pg/ml TiO,,
20pM CuCl; and 10puM bathocuproine in 1ml of
10mM sodium phosphate buffer (pH 7.8). The
mixtures were exposed to 2J/cm® UVA light using
10-W UV lamp (Amax = 365nm, 1.4mW/cm?). After
irradiation, TiO, particles were removed by centrifu-
gation and the absorption maximum at 480 nm of the
Cu(l)-bathocuproine complexml was measured,

RESULTS

DNA Damage by Photo-irradiated TiO,

Photo-irradiated TiQ, particles (anatase and rutile)
caused DNA damage in the presence of Cu(ll) (Fig. 1).
Mn(II), Fe(IIT), Co(IT} and Ni(Il) did not mediate DNA
damage (data not shown). Even without piperidine
treatment, oligonucleotides were slightly formed by
photo-irradiated TiO, (data not shown), indicating
the breakage of the deoxyribose phosphate backbone.
The extent of DNA damage was increased by

Anatase (rg ml-1) Rutile (ug mi-1)

AL |

16 4 8 16 16 16 4 8 16 16

L . S S
Culh - - 4+ % 4 - e 4w 4

FIGURE 1 Autoradiogram of *’P-labeled DNA fragment
irradiated with UVA light in the presence of TiQ,. The reaction
mixtures contained the 3°P-5-end-labeled 158bp DNA
fragment, 20puM/base calf thymus DNA, the indicated
concentrations of TiO;, 20 uM CuCly, and 5 pM DTPA in 100 pl of
10mM sodium phosphate buffer (pH 7.8). The reaction mixtures
were irradiated with UVA light (Amax = 365nm, 10]/cm?). Then,
the DNA fragments were treated with 1M piperidine for 20 min at
90°C and electrophoresed on an 8% polyacrylamide/8M urea gel.

piperidine treatment, suggesting that base modifi-
cations were also induced by photo-irradiated TiO, in
the presence of Cu(Il). Without irradiation, TiO,
showed no damage to DNA (Fig. 1). DNA damage
induced by anatase was stronger than that by rutile.

Effects of Scavengers and Bathocuproine on DNA
Damage by Photo-irradiated TiO,

To investigate the identity of the reactive
species involved in DNA damage, we evaluated the
inhibitory effects of scavengers of ROS and bath-
ocuproine, a chelator of Cu(I), on DNA damage (Fig. 2).
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FIGURE 2 Effects of scavengers on DNA damage induced by
photo-irradiated TiO; in the presence of Cu(Il). The reaction
mixtures contained the **P-5'-end-labeled 261bp (A) or 443 bp (B)
DNA fragment, 20 pM/base calf thymus DNA, 20pM CuCl,,
5 pM DTPA and 8 pg/ml anatase (A) or 8 pg/ml rutile (B} in 100 pl
of 10 mM sodium phosphate buffer (pH 7.8). The reaction mixtures
were irradiated with UVA light (Amax = 365nm, 10J/cm?} and
treated as described in the legend to Fig. 1. The concentrations of
scavengers and bathocuproine were as follows: 5v% ethanol, 0.1 M
mannitol, 0.1 M sodium formate, 0.1 M methional, 30 units of SOD
and 50 units of catalase.
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FIGURE 3 Site specificity of DNA damage induced by photo-irradiated TiO; in the presence of Cu(Il}. The reaction mixtures contained
the ¥P-5'-end-labeled 337 bp DNA fragment (c-Ha-ras-1 protooncogene), 20 uM/base calf thymus DNA, 20 uM CuCl,, 5 1M DTPA and
8 pg/ml anatase (A) or 8 pg/ml rutile (B} in 100 ul of 10 mM sodium phosphate buffer (pH 7.8). Mixtures were irradiated with UVA light
(Amax = 365nm, 10]/cm?). The DNA fragments were then treated with piperidine. Subsequently, the DNA was analyzed and the relative
amounts of oligonucleotides were measured by the methods described in the “Materials and methods section”. The horizontal axis shows

the nucleotide number of the human c-Ha-ras-1 proteoncogene.

DNA damage induced by photo-irradiated anatase
plus Cu(Il) was significantly inhibited by catalase,
SOD and bathocuproine (Fig. 2A). Similar scavenging
effects were observed in the case of rutile plus Cu(II)
(Fig. 2B). These results suggest the involvement of
H;O0,, O, and Cu(l). Methional also inhibited DNA
damage. Typical ‘OH scavengers, such as ethanol,
mannitol and sodium formate, could not inhibit DNA
damage. Addition of ethanol, mannitol and sodium
formate enhanced DNA photodamage by anatase plus
Cu(ll) (Fig. 2A).

Site Specificity of DNA Damage by Photo-
irradiated TiO,

The patterns of DNA damage induced by photo-
irradiated anatase was quite similar to that induced
by rutile (Fig. 3A and B). Photo-irradiated TiO,
particles formed piperidine-labile products at the
underlined bases of 5-TC (Figs. 3 and 4A) and 5-TG
(Fig. 4A) in the presence of Cu(ll). With Fpg treat-
ment, the DNA cleavage occurred frequently at the
underlined guanine residue of 5-TG, another

guanine and cytosine (Fig. 4B). Fpg mainly catalyzes
the excision of piperidine-resistant 8-oxodGuo,
an oxidative product of dGuo.””! Fpg also mediates
the cleavages of the oxidative cytosine, such as
5-hydroxycytosine.**!

Formation of 8-OxodGuo in Calf Thymus DNA by
Photo-irradiated TiO,

Photo-irradiated anatase and rutile induced
8-oxodGuo formation in the presence of Cu(ll)
(Fig. 5). The formation of 8-oxodGuo by photo-
irradiated anatase was increased in a dose-dependent
manner, whereas that by rutile plateaued when
more than 4 pg/ml TiO, was used. A comparison of
8-oxodGuo formation by anatase and rutile
suggested that the DNA-damaging ability of anatase
is stronger than that of rutile.

Reduction of Cu(ll) by Photo-irradiated TiO>

After photo-irradiation of the mixture including TiO;,
Cu(ll) and bathocuproine, a typical absorption
spectrum of Cu(l)}-bathocuproine complex®! with
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FIGURE 4 Site specificity of DNA damage induced by photo-irradiated anatase. The reaction mixtures contained the 3P-5'-end-labeled
211bp DNA fragment (p53 tumor suppressor gene), 20 WM /base calf thymus DNA, 5pM DTPA, 20 uM CuCl, and 8 pg/ml anatase in
100l of 10 mM sodium phosphate buffer (pH 7.8). Mixtures were irradiated with UVA light (An. = 365 nm, 10} /cm?). Subsequently, the
DNA fragments were treated with piperidine (A) or Fpg (B). The DNA was analyzed and the relative amounts of oligonucleotides were
measured by the methods described in the Materials and methods section. The horizontal axis shows the nucleotide numbers of the p53

tumor suppressor gene.

the maximum at 480 nm was observed and increased
depending on the concentration of TiO, (Fig. 6),
indicating the reduction of Cu(ll) to Cu(l) by the
photocatalysis of TiO,. The formation of the Cu{l)-
bathocuproine complex was decreased by SOD,
suggesting the Cu(II) reduction by O . SOD did not
completely inhibit Cu(I) generation because Cu(Il) can
be easily reduced in the presence of bathocuproine.
The formation of the Cu(l)-bathocuproine complex
was accelerated under argon (data not shown),
indicating that Cu(Il) can be directly reduced by the
electron formed in the conductive band of TiO, in the
absence of molecular oxygen.

DNA Photodamage by a High Concentration of
Anatase in the Absence of Cu(Il)

A high concentration of anatase caused DNA
damage in the absence of Cu(ll). No metal-
independent DNA photodamage was detected
when rutile was used, but as the DNA targets

employed were relatively short and therefore, cannot
detect rare damage this dose not imply that rutile is
incapable of inflicting metal-independent photo-
damage on DNA. DNA photodamage induced by
a high concentration of anatase was inhibited by OH
scavengers and methional (Fig. 7), suggesting the
involvement of ‘OH. A high concentration of anatase
induced piperidine-labile sites at every nucleobase in
the absence of Cu(ll) (Fig. 8). This cleavage pattern is
quite different from the Cu(ll)-dependent DNA
photodamage by anatase.

DISCUSSION

The present study has demonstrated that photo-
irradiated TiO, particles catalyze DNA damage in
the presence of Cu(ll). DNA damage induced by
anatase was stronger than that by rutile. The DNA
damage was enhanced by piperidine treatment,
suggesting that photo-irradiated TiO; caused
not only DNA strand breakage but also base
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FIGURES Formation of 8-oxodGuo induced by photo-irradiated
TiO; in the presence of Cu(ll). The reaction mixtures contained
100 pM/base calf thymus DNA, TiO;, 20pM CuCl; and 5pM
DTPA in 100 pl of 4mM sodium phosphate buffer (pH 7.8). After
photo-irradiation (Amax = 365nm, 10 J/em?), DNA fragment was
enzymatically digested into nucleosides, and B8-oxodGuo
formation was measured with an HPLC-ECD as described in the
Materials and methods section.

modification. Photo-irradiated TiO, formed piperi-
dine-labile lesions at the underlined bases of 5-TG
and 5-TC. Furthermore, TiO, caused DNA pho?o-
cleavage at the underlined guanine of 5-TG and the
cytosine residues in a DNA fragment treated with
Fpg, which catalyzes the excision of piperidine-

resistant 8-oxodGuo.”’! Fpg also mediated the -

cleavages of the oxidative products of cytosine,
such as 5—hydroxycyto:sine.1281 The present
study suggests that photo-irradiated TiO; induces
8-oxodGuo formation adjacent to piperidine-labile
thymine lesions. Although the present method based
on Maxam-Gilbert procedure dose not clearly show
double-base damage on the same DNA molecule,
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FIGURE 7 Effects of hydroxyl radical scavengers on DNA
damage induced by photo-irradiated anatase. The reaction
mixtures contained the *?P-5-end-labeled 324bp DNA
fragment 20pM/base calf thymus DNA, 5pM DTPA and
80pg/ml anatase in 100pd of 10mM sodium phosphate buffer
(pH 7.8). The reaction mixtures were irradiated with UVA light
(Amax = 365 nm, 10]/em?)} and treated as described in the legend of
Fig. 1. The concentrations of scavengers were as follows: 5 v%
ethanol, 0.1 M mannitol, 0.1 M sodium formate, 5 v% DMSO and
0.1 M methional.

the data from the DNA cleavage pattern stochasti-
cally suggest the involvement of a double-base
lesion. It has been appropriately postulated that
double-base lesions can be generated from one
radical hit that leads through a secondary reaction to
a tandem base modification at pyrimidine and the
adjacent residues.”® 3! Indeed, tandem mutations
in human cells can be induced by H.0, plus
Cu(ll} via vicinal or cross-linked base damage.m]
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FICURE 6 Reduction of Cu(Il) by photo-irradiated TiO,. The reaction mixtures contained 20 pM CuCl,, TiO; and 10 uM bathocubroine
in 1ml of 10mM sodium phosphate buffer (pH 7.8). After photo-irradiation (Amax = 365nm, 2]/cm?®), the concentration of formed
Cu(l)-bathocuproine complex was determined by measurement of absorbance at 480 nm.
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FIGURE 8 Site specificity of DNA damage induced by photo-irradiated anatase. The reaction mixtures contained the *2P-5'-end-labeled
443bp DNA fragment {pd3 tumor suppressor gene), 20 pM/base calf thymus DNA, 5 pM DTPA and 8 pg/ml anatase with 20 uM CuCl,
(A) or 80 pg/ml anatase without CuCl, (B) in 100 pl of 10 mM sodium phosphate buffer (pH 7.8). Mixtures were irradiated with UVA light
(Amax = 365nm, 10]/cm?). Subsequently, the DNA fragments were treated with piperidine. The DNA was analyzed and the relative
amounts of oligonucleotides were measured by the methods described in the Materials and methods section. The horizontal axis shows the

nucleotide numbers of the p53 tumor suppressor gene.

Since cluster damage in living cells is poorly
repaired,®®! such clustered damage, including
double-base lesions, appears to play an important
role in the phototoxicity of TiO,.

The effects of ROS scavengers and bathocuproine on
DNA damage suggest the participation of H,O, and
Cu(l). Typical OH scavengers showed no or little
inhibitory effects on DNA damage, although the
possibility of DNA damage by in situ-produced ‘OH
cannot be ignored. The inhibitory effect of methional

cuh o, Copper
j \~ . Hd-
cu{ll) 0" —— 1,0, ¥— Cu(NOOH + H+
" }
‘OH + H+
-
H,0 (T,G and C)
DNA damage
{G=T=C=A)

FIGURE 9 Proposed mechanism of DNA damage induced by
photo-irradiated TiO,. .

on DNA damage can be explained by the assumption
that sulfur compounds scavenge less reactive species
than ‘'OH.P* It has also been reported that ‘OH is not
the main reactive species involved in DNA damage by
H,0, and Cu(I).12>" DN A-associated Cu(l) ions may
generate other oxidants, including a copper-peroxo
intermediate, such as Cu(I)-OOH, which is generated
from the reaction of H,O, and Cu(I).33¢
The generation of these reactive species should be
involved in the formation of piperidine-labile products
and 8-oxodGuo. On the other hand, a high concentra-
tion of anatase could induce DNA photodamage in the
absence of Cu([l). The effects of typical OH scavengers
on DNA damage suggest the involvement of ‘OH.
The DNA damage induced by photo-irradiated
anatase without Cu(ll} was observed at every
nucleotides with little site specificity, supporting the
contribution of OH to DNA damage.[*!

A possible mechanism of DNA damage induced
by photo-irradiated TiO, is shown in Fig. 9. The
crystalline forms of TiO,, anatase and rutile, are
semiconductors with band gap energies of 3.26 and




446 K. HIRAKAWA et al.

3.06eV, corresponding to light of 385 and 400nm,
respectively. When a TiO, semiconductor absorbs
light with energy greater than its band gap, electrons
in the valence band are excited to the conduction
band, creating electron-hole pairs and causing
various chemical reactions."! The electron (e7) is a
reducing agent, whereas the hole (h*) is a powerful
oxidizing agent. In aqueous environments, the
electron reduces oxygen to give Oy, and the hole
oxidizes a water molecule to yield ‘'OH. Formed O,
can be dismutated into H;0,. The experimental
results of the formation of the Cu(l)-bathocuproine
complex suggest that oxygen reduction precedes the
Cu(ll) reduction in the photocatalytic reaction of
TiO, under aerobic condition, since the concentration
of dissolved oxygen is much higher than that of
Cu(Il). The Cu(l) generation can be mediated by O;".
H,0, reacts with Cu(l} to generate other oxidants,
including a copper-peroxo intermediate, resulting in
the oxidation of nucleobases. Copper, which is an
essential component of chromatin,[37'38] is found
to bind DNA with high affinity.***?! Therefore,
copper may play an important role in ROS
generation in vivo, although mammals have evolved
means of minimizing the levels of free copper ions
and most copper ions bind to protein carriers and
transporters.'*!! ‘OH formed by the reaction of water
with a hole in the valence band of TiO; also slightly
participates in DNA damage by anatase. Because
‘OH is strong oxidant, ‘'OH can damage every
nucleobase.®l This study suggested that H,O,
mainly participates in the phototoxicity of TiO, and
that the contribution of 'OH is small. Quite
appropriately, Fujishima ef al. reported the involve-
ment of peroxide generated from O in the
cytotoxicity of illuminated TiO,.M"! These findings
were also supported by the relatively small quantum
yield of OH generation*? in TiO, photocatalysis.
TiO; is a potential photosensitizer for PDT.7-1°
TiO, particles can be incorporated into cancer cells
and demonstrate cytotoxicity under photo-
irradiation.!'7 1912} Photo-irradiated TiO, catalyzes
a number of functional changes in cells including
altered permeability of cellular membranes to
potassium and calcium ions, release of RNA and
proteins and cytotoxicity.*! It has also been reported
that DNA can be a target molecule of the
photocatalysis of TiO; in vivo!**"'®l The present
study has shown that, under photo-irradiation, TiO,
particles mainly caused copper-dependent DNA
damage through HO, generation in vitro. Other
metal ions may play an important role in the
phototoxicity of TiO, in vivo. Although TiO, is not
likely to be incorporated in a cell nucleus, H,O,
generated via a photocatalytic reaction can be easily
diffused and incorporated in a cell nucleus, leading
to DNA damage. Several studies have demonstrated
that DNA can be an alternative potential target of

PDT.13# Therefore, the metal-mediated DNA
damage through the photocatalysis of TiO, may
participate in cytotoxicity by photo-irradiated TiO,.
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