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tentlal of P1H, (hat is higher than the one electron
reduction potential of cumylperoxyl radical (K = .65
V vs SCE)} (63). the free energy changes of electron
transfer froin P1H; to cumylperoxyl radical are positive
[AG.® (in eV} = o L,° — I5.4%) > 1), where els efementary
chargel: thereby. the electron transfer step is endergonic.,
In such a case, the initial electron transfer rate (k) inay
be the rate determining step in the overall rate of
hydrogen transfer. which consisis of electron and proton
transfer steps. The maximum ky value fs evaluated from
the AG,° value by eq 1. where It Is assumed that the
activation free energy {(AGn*) iIs equal 10 AGL® (o
additional barrier {s Involved). Z is the frequency lactor
taken as | 108 M-t 571, and & Is the Baltzmann
constant (64, 65).

ko= Zexp(-AG,Mky D) (1)

The maximum k4 value Is calculated as 1.2 -~ 102 M-
s !, which is the samc order of magnitude as the observed
Ky value (9.0 » 1R M~ 571, The larper kgt value than
the k&, value indicates that the hydrogen transfer from
P1H; to cumy!peroxyl radical proceeds via a rate deter
mining electron transfer with an interaction between
P1H; and cumylperoxyl radical. The fortnation of charge
transfer complexes between cumylperoxyl radical and a
variety of clectron acceptors has been well-documented
in the literature (66. 67). Thus. the hydrogen Lransfer
may proceed via an Inner-sphece electron transfer (o the
charpe transfer complex formed between P1H; and
cumylperoxyl radical. The acceleration of the hydrogen
transfer rate in the presence of Sc™ (Figure 3) is ascribed
to the promoting effect of Se* on the electron transfer
step due to the strong binding of Sc3* with cumylperoxyl
anion produced in the electron transfer.

In corclusion. the hydrogen transfer from P1H: to
cumylperoxyl radical generated in radical chain reactions
proceeds via an electron transfer reaction and the rate
of hydrogen transfer from P1H; to crunylperoxyl radical
Is faster than that from 1H; The predominance of P1H;
In the hydrogen transfer reaction ts consistent with the
electrochemical case for its one electron oxidation poten-
tial. Since P1H; Is very lipophilic as compared to {+)
catechin itself, it is proposed that P1H; interacts and
penctarates the lipid bilayer giving rise to Its maximized
antjoxidant capacity. Therefore. we believe that P1H;
may be significantly more effective not only for protecting
tissue from the onslaught of the radical spuecies governing
peroxidation but also for terminating the autoxidation,
which ptays in provoking discascd states. Studies are
underway to {nvestigate basic biochemical properties of
P1H; in vivo. as well as o fwestigate Uts abllity to serve
as an antioxidant for the treatment of diseases associated
with oxidatlve stress,

Acknowledgment. This work was partially sup
parted by a Grant-in Ald for Scientific Rescarch Priority
Arca (No. 11228205 and a Grantin-Ald for Young
Scientist (B) (No. 15790032) from the Ministry of Educa
tion, Culture. Sports, Science and Technology. Japan,
partly by a Grant (MF 16) from the Organization for
Pharmaceulical Safety and Rescarch, amd by a Gran
In-Ald for the Scientifle Research (No. 14141200) from
the Ministry of Health Labor and Wellare.

References

(1) Marchioli, R. (0999 Antioxidiant vitinins arkl prevention of
cavdinovascular disease: {aboratory, epidemiclogical and dinical

2,

—

3

(4)

)]
6}

T

-~

(8)

9}

(1m

(i

(12)

{13

{14}

(15

({16}

amn

(18)

aw

20

2n

22)

23}

Nakanishi et al.

wnial dala. Pharmacol. Res. 40. 227 - 238.

Colic, M., and Pavelic, K. {2000) Motecular mechanisms of
anticancer adlivity of natural dictetic products. J. Mol Med. 78,
313-316.

Willis, M. 5., and Wians. ¥. H. {2003) The role of nutrition in
preventing prostate cancer: a review of the proposed nkclianism
of action of varicus dietary substances. Ciin, Chin, Acta 330,57 -
83.

Jadhav, 8. J., Ninbalkar, 8. S, Kulkarni, A. D., and Madhavi.
D. L. {1990) Lipid oxidation in biological and food systems. In
Food Antiaxidams (Madhavi, D L., Deshpads, S 5. and
Satunkhe, D. K., Eds.} pp 5~63, Deller, Now York.

Sies, H. (1987} CQxidative Stress, Academic Press, London.
Katzman, R., and Kawas, C. (1994) The epicketniology of dementia
and Alzheimer's disease. In Alzheimer Disease (Fercy. . D,
Katzman, R.. and Bick. K. 1., Fds) pp 1031149, Raven Press.
New Yok

Cody, V., Middleton, E, and Haborne, ). B, (198G} Plans
Flavonotds in Biology and Medicine: Biochemical Pliarmacologi
al and Suracture— Activity Relationships, Alan R, Liss, New York.
Middleton, E.. Jr., and Kandaswami. C. (1993} The impact of plant
Navenoids on maimalian biology: implications for immunity,
inflammation and cancer. In The Flavonoids: Advances in
Research Since 1986 (Harborne, J. H., Ed.) pp 619-- 652, Chapman
and Hall, New York.

Rice-Evance, C. A, Miller, N. J., and Paganga, G. {1996) Structure
artioxitant activity relationships of flavencids and phenolic acids.
Free Radical Biol. Med. 20, 933-956.

Jovanovic, S. V., Sicenken, 5., Tosic, M., Marjanovic, B.. aml
Simic, M. G. {19944} Flavonoids as antioxidants. J. Am. Chemn, Soc.
16, 4846 4851,

Hu, J. P, Calomune, M., Lasure, A., De Bruyne, T, Pieters, L.,
Vliietinck, A., aml Vanden Berghe, D. A. (1995) Structure - activity
relationships of Navoneids with superoxide scavenging ability,
Biof. Trace Elem. Res. 47, 327-331.

Terao. J., Piskula, M., and Yao, 3. (1994) Protective effect of
epicatechin. epicatechin gallate and guercetin on lipid peroxida
tion in phospholipids bilayers. Arch. Biochem, Biophys. 308. 218
284,

Morel, J., Lescoat, G., Cogrel, P., Sergent, 0., Pasdeloup, N..
Brissat, P, Cillard, P.. and Cillard, 3. (1993} Antioxidant and iron-
chelating activities of the flavonoids catechin. quercetin and
diosmctin on iron loads rat hepatocyte cultures. Diochem. Phar
macol. 45, 13-19.

Sugimura, T., Nagao, M., Matsushinea, T., Yahagi, T., Scino, Y.,
Shirai, A., Sawanwa, M. Natori. 5., Yoshihira, K., Fukuoka, M.,
and Kuroyanagi, M. (1977} Mutagenicity of flavorn dericatives,
Proc, Jpn. Acad. B 53, 1Y4-191.

Ochiai, M., Nagao. M., Wakabayashi, K., and Sugtemra, T, (1984}
Superoxide dismutase acts an enhancing factor for quercetin
mutagesnesis In cal-liver cytosol by preventing its decornposition.
Mutat. Res. 129, 19-24.

Das, A, Wang. J. H.. and Lien, E. J. (1994) Carcinogenicity,
nuitagenicity and cancer preventing activities of [lavonoids: a
siructure system activity relationship (SSAR) analysis. Prog.
Drug Res. 12, 133- 166,

Sahu. §. C.. and Washington, M. C. (1991) Effects of antioxidants
on quercetin-induced nuclear DINA damnage and lipid pesoxidat jon.
Cancer Lett. 60, 259--264.

Duthie, 5. 3., Johnson, W., and Dobson, V. L. (1997} The effect of
dictary flavonoids an DNA damage tstrand breaks and oxidized
pyrimidinest and growtts in lwunan cells. Afutar. Res. 290, 141
131,

Veria, A. K., Johnson, J. A, Gould, M. N., and Tanner, M. A.
{1988) Inhibtition of 7,12dlimethylbenzjajanticacene and N
nitresomethylurea-induced val mammary cancer by dictary Nz
vonwl quercetin. Cancer Res. 48. 5754 -5758.

Descheer, B E. Ruperte, L, Wong. G and Newnvark, TL L. (1941}
Quercetin and rutin as inhibiters of axxymwethanol induced
colonic neoplasia. Carcinagenesis 12, 1193--1196.

Toxicology #nd Carcinogenesis Studies of Querveting i FF3H 4 Rats
(19492} National Toxicolegy Program (NTP) Technical Report, NTI?
TR 404, NI Publication No. 93 147478, National Institutes of
Health, Bethesda, MD.

Pamukew. A, M., Yalciner, 5., Hatcher, ). P and Beyan. G. 1.
(1980) Quercetin, a rat intestinal and bladder cavcinogen present
in beacken fern {Pleridium squtlineny. Cancer Res. 40, 3468
72

Kandaswanii. C.. Perkins. L., Soleaiuk, . ., Dizewieeki, G.. amd
Middleton. E.. Jr. (5991} Antiproliferative effeets of citoes fla
vonwids on 4 human sguamous cell carcinoma in vitre, Caneer
Forg. 56, V4T 152,



Antioxidative Mechanisnr of Planar Catechin

24}

25

(26)

@27

28)

{20}

30}

(31)

(32)

(33)

34)

33)

(36)

37

(38}

(391

4m

1

42}

3}

“1

“5

{46)

Yoshikawa. 1., Toyokuni, $., Yanamot, Y., and Naito, Y. (20001
Free Radical in Chemistry, Biology and Medicine, OICA Inter
national {LLK.} Lid., Lendon.

Guiso, M., Marra, C., and Cavarischia. C. 2001} Isechiromans
from 2 (¥ 4" dihydrexylphenylethanol. Torrafisdron Lett, 42,6531 -
6534.

Fukuhara, K., Nakanshi, 1., Kansui, H., Sugiyama, E., Kinwra,
M., Shinvada, T.. Urane, S., Yamaguchi, K., and Miyta, N. (2002)
Enhanced radical-scavenging activity of a planar catechin ana-
logue. J. An. Chem. Soc. 124, 59525953,

Fukuhara, K., Nakanishi, 1., Shinuda, T.. Olikubo, K., Miyazaki,
K., Hakanata, W., Urane, 8., Ozawa, 'T., Okuda, H.. Miyata, N.,
Tkota, N., and Fukuzuni, S. (2003} A planar catechin analogue
as a promising antioxidant with reduced prooxidant activity.
Chern. Res. Toxicol. 16, 81-86.

Russel, G. A- {1973) Reactivity, selectivity, and polar effects in
hiydregen atom transfer reactions, In Free Radicals (Kochi, J. K.,
Ed.) pp 275~ 331, Jolm Wiley & Sons, New York.

Russel, G. A. (1956) The rates of exidation of aralkyl hydrocar-
hons. Polar effects tn (ree vadical reactions, J. Am. Chemn. Sov.
78, 30471054,

Howard, J. A., Ingold, U. K., and Symonds, M. (1968} Alsolute
rate constants for hydrocarbon exidation VIII. Reactions of
camylperoxyl radicals. Can. .1 Cheni. 46, 1017~ 1022,
Nakanishi. 1., Miyazaki, K.. Shimada, T., Ohkubo, K., Urane, 5.,
Ikota, N.. Ozawa. 7., Fukuzumi, S., and Fukuhara, K. (2002}
Effects of mwtal jons distinguishing between one-step hiydrogen-
arxl electron-transfer mechanisms for the radical-scavenging
reaction of () catechin. L. Phys. Ghem. A 106, 18123-11126.
Perrin, D. B, Armarege. W. L. F., and Perrin. D. R. {1988)
Purification of Laboratory Chemicals, Perganon Press, Elmsford,
New York.

McCord, T. G, and Smith, D. E. (1969} Second harmonic a.c.
polarography. Theoretical predictions foc systems with first-order
chemical reactions fellowing Uw cluage transfer step. Anal, Chom.
47. 14231441

Bond, A. M., and Smrith. D. E. {1974} Direct measurciment of Efy
with reversible EC electrode processes by second  harmeonic
alternating current polarography and voltanwnetry. Anal. Chem.
46, 1946~ 1951,

Wasiclewski, M. R., and Breslow, R, (1976) Thermodynamic
measurentw nts on unsubstituted cyclopropenyl radical amdt anion,
and derivatives by second harmonic alternating current voltam
metry of cydopropenyl cations. L. Am. Chenr. Soc. 98, 4222- 4229,
Arnett, E. M., Amarnath, K., Harvey, N. G., and Cheng, J.-P.
(1990) Determination and interrelation of hond heterolysis and
homolysis energies in solution. /. Am. Chem. Soc. 112, 344--355.
Patz, M., Mayr, H., Maruta, 1.. and Fukuzum, S. (1995) Reactions
of cartiocations with & nucleopliles: polar isechanism and no
ouler sphere clectron-transfor processes. Angew. Chem., Irit. Ed.
Engt. 34, 1225--1221.

Fukuzumi, 8., Satoh. N., Okamote, T., Yasul, K., Suenolm, T.,
Seko Y. Fujitsuka, M.. and Tto, Q. (2001} Change in spin state
and enhancoment of redox reactivily of photoexclied states of
aromalic carbonyl conmyounds by conplexation with metal jon
salts acting as Lewis acids. Lewis acid-catalyzed photoaddition
of benzyltrimethylsilane and tetrmethyltin via photoinduced
electron transfer. J. Am. Chem, Soc, 123, 7756 - TT766.

Maun, C. K., and Bames. K. K. (1970} Eircerochemnical Reactions
i Nont Aquieous Systems, Mercel Dekker. New York.

Sheldon, R. A A1993) In 7l Activation of Dioxygen and Homo.
geneous Catalytie Oxidation Barton, D.H. R., Martell, A. E., and
Sawyer, 1. T, Lds.) pp 4930, Plomim Press, New York and
London.

Parshail, G. W., and lttel, S. 1. (1992) Honogeneons Catalysis.
214 ed., Chapler 10, Wiley, New York.

Sheldon. R, and Kochi_ J. K. (197G} Metal catalyzed oxidations
of organic compounds in the liguid phase: a mwechanistic ap-
proach. Adv. Catal 25, 2T2-413.

Shilov. A E. (1984} Activation of Saturated Hydiocarbons by
Transition Metal Complexes, Chapter 4, 1), Reidet Publishing Co..
Dontdrechit. The Netherfancds.

Baticher, A, Bimbaam, E. ., Day, M. W_, Gray. H. B3.. Grinstaff,
M. W.. and Labinger. J. A. {1997) How do clectronegative
substituents make melal complexes betler catalysts for the
oxidation of hydrocarbons by dioxygen? .J. Afol. Catal A 117,229
242.

Kuchi, J. K. (1957} Free Radicals in Solution, Joln Wiley & Sons,
Noew York.

Kochi, L. K., Krusic. I L, amd Baton, D. R 1969 Honwallylic
rearvangenwnt add eleetron spin resonanee of cyclopropylearbiny]
radicals. L A Chem. S, 91, 1877 18749,

an

(48)

{49}

(50)

(51}

(52}

(53)

(58)

{59}

{6G0)

61
652)

{63

(G4}

{66)

67)

Chem. Res. Toxicol. Vol I7. No. 1. 2004 31

Kocht, J. K., and Krusic, P. J. {1968} Electron spin resenance of
aliphatic hydrocarbon radicals in sotution, S, A Chem. Soe. 950,
TIH5~7157.

Kochi, 1. K., and Krusic, P. ). (1969) Electron spin resonance of
organosilyl radicals in solution. J. Am. Chern, Soc 11, 3938 -3940,
Kochi. 1. K., and Krusic, P. J. (1969} Electron spin sesonance
studics of hemwlytic substitution reactions. Oraganoboron. alu
ninum, and gallivm compounds. J. Am. Chem. Sor. 91, 3942
3944,

Kochi, J. K., and Krusic, P. J. (1969) Displacement of alkyl groups
fromn organioplosphorus compounds suudied by electron spin
resonance. J. Am. Chem. Soc. 91, 3044- 3946.

Howard, J. A., and Furinwky, E. (1974) Electron spin resonance
study on the fert-butylsulfinyl radical. Can. J. Chem. 52, 555-
55G.

Fukuzumi, 5., and O, Y. (1977) Decay kinetics of cumylperoxyl
radical produced by (e decompaosition of unenme hiydroperoxide.
J. Chem. Soc.. Perkin Trans. 2, 622-625.

Fukuzumi, 5., and One, Y. (1977} Clectron spin resonance and
kinetic studies on the liquid-phase autoxidation of cumene with
lead dioxide. /. Chem. Soc.. Perkin Trans. 2, 784 -788.
Watanabe, T.. Yuki, 5., Egawa, M., and Nistl, H. (1994) Protective
effeets of MCL-186 on cercbral ischemia: possible invelvement of
free radical scavenging and antioxidant actions. J. Pharmuacol.
Exp. Ther. 268, 1597 - 1604,

Yamamoto. T., Yuki, 5., Watanabe, T.. Mitsuya, M.. and Sadto.
K. (1997} Delayed neuron death prevented by inhibition of
increased hydroxyl radical formation tn a (ransiemt cerebral
ischemsia. Brain Res. 762, 240242,

Okatani, Y., Wakatsuki, A, Enzan. H., and Miyahara, Y. (2003}
Edaravone protects against ischemia/reperfusion-induced oxida
tive damage to mitochondria in rat liver. Fur. J. Phanmacol. 465,
163-170.

Thoemas J. P, Tutsch, K. [.. Cleary, J. F.. Bailey, H. 11..
Aszoevmanian, R., Albeatd, D, Simon, K., Feierabend, C., Binger,
K., Marnocha, R., Dresen, A., and Wilding, G. (2002) Phase |
dinical and pharmacokinetic trial of the cyclin-dependent kinase
inhibitor favopiridol. Cancer Chaother. Pharnmacol. W) 46G5--
472

Kouriukis, C. T., Belch, A., Crump, M., Eisenhaner, E., Gascoyne,
R. ., Meyer. R, Lolimann, R, Lopez, P., Powers, J.. Turner, R,
ang Connors, J. M. (2003) Flavepinidol in untreated of relapsed
mantle.cell lymphoma: results of a phase I study of the Nalional
Cancer Institute of Canada Clinlcal Trials Group. J. Clin. Oncol.
2f, 1740-1745.

Senderowicz, A. M. (2002) Cyclin dependent kinases as now
tarpets for the prevention and treatownt of cancer. [Hemarol
Oncof, Clin. North Am. 16, 1229-1253.

Ngnekam, D., Massiot, G., Nuzillard, J. M., and Tsamw. E. (1994}
{+) 7", 7 -Dinwethyl 5-hydroxy 2R, 35 trans-pubeschin from Furan
drophragma cvlindricunm. Phytochemistry 37, 520- 531,

Davis, K. 1. A. {1996} Oxidative stress: The paradox of acrobic
life. Liochem. Soc. Sywp. 61, 1--31.

Nakanishi, I.. Fukubara, K., Shimada, T.. Ghkabo, K., Tizuka,
Y., Inaunil, K., Mochizaki, M., Urane, S.. lioh, 5., Miyata, N., and
Fukuzumi, 5. (2002) Effects of magnesiuin ion on Kinetic stability
and spin distribution of phenoxyt radical derived from a vitamin
E analogues: mechanistic lasight inte antioxidative hydrogen
traaster reaction of vitawin E. L Chem. Soc.. Perkin Trans. 2,
1520-1524.

Fukuzami. 5., Shi ke, K.. Sueaobu, T., amd Watanabe, Y.
(2003} Mechanisay of hydiogen . oxygen.. and electran-transior
reactions of cumytperoxyl cadical. f Am. Chem. Soc. 125, 9074
w18z

ftohy, S.. Kwwued, H.. Nagatomw. S, Kitagawa, T.. and Fukuzund,
5. (2001) Effects of metal ions on physicochemical properties and
redox reactivity of phenolates and phenoxyl cadicals: mechanistic
Insight into hydiogen atom abstraction by phenoxy! radical nwtal
complexes. J. Ay Chem. Soc. 123, 2165-2175.

Itohly, 8., Manuta, J., and Fukezumi, S. (1996) Addition-cyclization
reaction of pitroalkane anions with o quinune derivatives via
electron ivansfer in the chacge-transfer complexes. J Chenr, Sone.
FPerkin Trans. 2. 1429 - 1433.

Boozer, C. E.. and Hanmnond. G. S, (1954) Molecular complex
forwation in lree radical reactions. J. Am. Chiem. Soc. 76. 3861 -

Boozer, C. [2.. tHlamond. G. S, Hamilton. C. E.. and Sen, J. N.
{1955} Air oxidation of hydrocarbons. 11. The stoichionmetry and
fate of inhildtors in beazene and chiovobenzene. L Am, Chem.
Soc. 77. 3233 -3237.

TX034134C



Available online at www.sciencedirect.com

sSCiENCE @mnzcrn

Mutation Research 559 (2004) 83-95

MR

Genetic Toxicology and
Environmental Mutagenasis

www.clsevier.com/locate/gentox
Community address: www.elsevier.com/locate/mutres

In vivo mutagenicity of benzo[f]quinoline, benzo[#]quinoline,
and 1,7-phenanthroline using the JacZ transgenic mice

Katsuya Yamada?, Takayoshi Suzuki®, Arihiro Kohara®?,
Makoto Hayashi®, Takaharu Mizutani?, Ken-Ichi Saeki®*

* Graduate School of Pharmaceutical Sciences, Nagoya City University, Tanabedori, Mizuho-ku, Nagoya 467-8603, Japan
® Division of Genetics and Mutagenesis, National Institute of Health Sciences, 1-18-1 Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan

Received 25 September 2003 ; received in revised form 26 December 2003 ; accepted 26 December 2003

Abstract

Phenanthrene, a simplest angular polycyclic aromatic hydrocarbon with a bay-region in its molecule, is reported to be
non-mutagenic, although most angular (non-linear) polycyclic aromatic hydrocarbons, such as benzo[alpyrene and chry-
sene, are known to show genotoxicity after metabolic transformation into a bay-region diol epoxide. On the other hand,
benzo[f]quinoline (BfQ), benzo[k]quinoline (BhQ), and 1,7-phenanthroline (1,7-Phe), which are all aza-analogs of phenan-
threne, are mutagenic in the Ames test using Salmonella typhimurium TA100 in the presence of a rat liver S9 fraction. In
this report, we undertook to investigate the in vivo mutagenicity of BfQ, BhQ and 1,7-Phe by an in vivo mutation assay
system using the JacZ transgenic mouse (Muta™Mouse). BfQ and BhQ) only slightly induced mutation in the liver and lung,
respectively. BfQ)- and BhQ-induced cff mutant spectra showed no characteristics compared with that of the control. These
results suggest that the in vivo mutagenicities of BRQ and BhQ were equivocal. On the other hand, 1,7-Phe induced a potent
mutation in the liver and a weak mutation in the lung. Furthermore 1,7-Phe depressed the G:C to A:T transition and increased
the G:C to C:G transversion in the liver like quinoline, a hepatomutagen possessing the partial structure of 1,7-Phe, compared
with the spontaneous mutation spectrum. These results suggest that the in vivo mutagenicity of 1,7-Phe might be caused by
the same mechanism as that of quinoline, which induced the same mutational spectrum change (G:C to C:G transversion).
© 2004 Elsevier B.V. All rights reserved.

Keywords: Tricyclic aza-arene; In vivo mutagenesis assay; Mutation spectrum '

1. Introduction of aza-arenes has not yet been elucidated, except

for that of heterocyclic amines. Furthermore, there

Carcinogenic aza-arenes are widely distributed in
the environmental pollutants such as cigarette smoke
(1] and urban air [2-4]. Although numerous studies
about the in vitro mutagenicity of aza-arenes have
been reported, the metabolic activation mechanism

* Corresponding author. Tel.: +81-52-836-3485;
fax: +81-52-834-9309.
E-mail address; sacki@pharnagoya-cu.ac.jp (K.-1. Saeki).

are only a few reports about the in vivo mutagenic-
ity of aza-arcnes. We have investigated the in vitro
and in vivo mutagenicity of aza-arenes with special
attention to their metabolic activation mechanisms.
10-Azabenzo[alpyrene, a carcinogenic aza-analog
[5] of benzo[a]pyrene, was reported to be as mu-
tagenic as benzo[a]pyrene in the Ames test using
Salmonella typhimurium TA100 in the presence of
a rat liver 89 fraction [6-8]. In our previous study,

1383-5718/S - sce front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of BfQ, BhQ and 1,7-Phe.

10-azabenzo{a]pyrene showed signi. cant mutagenic-
ity only in the liver and colon in an in vivo muta-
tion assay system using the lacZ transgenic mouse
(Muta™Mouse) [9]). We have also reported that the
total dose of 200 mg/kg (50 mg/kg per day x 4 days)
of quinoline, a hepatocarcinogenic [10,11] aza-analog
of naphthalene, showed a potent mutagenicity and
induced primarily G:C to C:G transversions in the
liver of Muta™Mouse [12-14].

Phenanthrene, a simplest angular polycyclic aro-
matic hydrocarbon with a bay-region in its molecule,
has been reported to be non-mutagenic [15], although
most angular (non-linear) polycyclic aromatic hydro-
carbons, such as benzofa]pyrene and chrysene, are
known to show genotoxicity after metabolic transfor-
mation into a bay-region diol epoxide. On the other
hand, it was reported that benzo[f]quinoline (BfQ) and
1,7-phenanthroline (1,7-Phe) (Fig. 1), which are envi-
ronmental contaminants and aza-analogs of phenan-
threne, were mutagenic in the Ames test using S. fy-
phimurium TA100 in the presence of a rat liver S9 frac-
tion {16-18). Furthermore, benzo[A]quinoline (BhQ)
(Fig. 1), a positional isomer of BfQ, was reported to
be weakly or equivocally mutagenic in S. typhimurium
TA100 with a rat liver $9 fraction [19,20]. In our pre-
vious report, it was suggested that metabolic activation
of these tricyclic aza-arenes might take place in the
pyridine moiety, like quinoline, to form the ultimate
genotoxic form, an enamine ¢poxide (N,d-hydrated

a,b-cpoxide) (Fig. 2) [18]).
OH
P-450
o |
N

=
e
N
enamina structurs

In the present study, we undertook to investigate
the in vivo mutagenicity of B3, BhQ and 1,7-Phe
by the in vivo mutation assay system using the lacZ
transgenic mouse (Muta™Mouse).

2. Materials and methods

2.1. Materials

BfQ (CAS Registry No. 85-02-9) and BhQ (CAS
Registry No. 230-27-3) were purchased from Tokyo
Kasei Kogyo Co. Ltd. (Tokyo), 1,7-Phe (CAS Registry
No. 230-46-6) from Aldrich, phenyl-B-p-galactoside
(P-gal) from Sigma Chemical Co. (S5t. Louis, MO,
USA), proteinase K and olive oil from Wako Pure
Chemicals (Osaka), and RNase from Boeringer
Mannheim.

2.2. In vivo mutagenesis assay using Muta ™ Moyse
2.2.1. Animals and treatments

Seven-weck-old male Muta™Mice, supplied by
COVANCE Research Products (PA, USA), were ac-
climatized for 1 week before use and divided into
seven groups of four mice each. BR), Bh(Q}, and
1,7-Phe dissolved in olive oil (10 ml’kg body weight)
were injected intraperitoneally into two, cne, and two
groups, respectively, at single doses of 100, 100, and
50mg/kg, respectively, for four consecutive days.
The remaining two groups were given olive oil as the
control.

2.2.2. Tissues and DNA isolation

All mice were killed by cervical dislocation 14 days
{BiQ-, Bh(Q-, 1,7-Phe- and olive oil-treated groups) or
56 days {BfQQ-, 1,7-Phe- and olive oil-treated groups)
after the last injection of a test chemical. The liver,
spleen, lung, kidney, and bone mamrow were immedi-

oH OH
X >
N
H N NpNa
enamine epoxide
(Uttimats form) DNA adduct

Fig. 2. Proposed metabolic activation pathway for the pyridine moicty (enamine epoxide theory).
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ately extirpated, frozen in liquid nitrogen, and stored at
—80°C until DNA extraction. The genomic DNA was
extracted from each tissue by the phenol/chloroform
method as previously reported [12]. The isolated DNA
was precipitated with ethanol, air-dried, and dissolved
in an appropriate volume (20-200 1) of TE-4 buffer
(10mM Tris-HCl at pH 8.0 containing 4 mM EDTA)
at room temperature overnight. The DNA solution thus
prepared was stored at 4 °C.

2.2.3. In vitro packaging

The lambda gt10/lacZ vector was ef. ciently re-
covered by the in vitro packaging reactions [21].
Our home-made (HM) packaging extract consisting
of a sonic extract (SE) of Escherichia coli NM759
and a freeze—thaw lysate (FTL) of E. coli BHB2638
was prepared according to the methods of Gun-
ther et al. [22). As the general procedure for han-
dling the HM extract, approximately 5 ug DNA was
mixed with 15l of FTL and 30wl of SE and in-
cubated at 37°C for 90min. Then the SE and FTL
were combined again and the mixture was incubated
for another 90min. The reaction was terminated
by the addition of an appropriate volume of SM
buffer (50mM Tris-HCI at pH 7.5, 10mM MgS0;,
100mM NaCl, 0.01% gelatin) and stored at 4°C.
By this procedure, the Agtl0 vector was ef. ciently

rescued from genomic DNA to form an infectious
phage.

2.2.4. Mutation assays

2.2.4.1. lacZ mutant frequency determination. The
positive selection for lacZ mutants was performed
as previously reported [12,23]. Brie. y, the phage
solution was absorbed to E. coli C (lac™ galE™) at
room temperature for 20-30min. For titration, an
aliquot of the phage-E. coli solution was mixed with
LB top agar (containing 10mM MgS04) and plated
onto dishes containing bottom agar. The rematning
phage-E. coli solution was mixed with LB top agar
containing phenyl-p-p-galactoside (P-gal) (3 mg/ml)
and plated as described above. The mutant frequency
{MF) was calculated by the following formula:

mutant frequency

__ { total number of plaques on selection plates
- total number of plaques on titer plates
x dilution factor.

The signi. cance of differences in the mutant fre-
quency between the treated and control groups was
analyzed by using Student’s z-test.

2.2.4.2. cIl mutamt frequency determination. We
also examined the mutagenicity in the lambda clf
gene integrated as a lambda vector gene, which serves
as another selective marker as reported previously in
the lacl transgenic BigBlue mouse [24]. The positive

81 -3
AAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGCATTTATTTGCATACATTCA

Primer 1

-1 30
ATCAATTGTTATCTAAGGAAATACTTACATATGGTTCGTGCAAACAAACGCAACGAGGCT

50 90
CTACGAATCGAGAGTGCGTTGCTTAACAAAAT CGCAATGCTTGGAACTGAGAAGACAGCG

120 150
GAAGCTGTGGGCGTTGATAAGTCGCAGATCAGCAGGTGGAAGAGGGACTGGATTCCAAAG

180 210
TTCTCAATGCTGCTTGCTGTTCTTGAATGGGGGGTCGTTGACGACGACATGGCTCGATTG

240 2
GCGCGACAAGTTGCTGCGATTCTCACCAATAAAAAACGCCCGGCGGCAACCGAGCGTTCT

300 330
GAACAAATCCAGATGGAGTTCIGAGGTCATTACTTGATCTATCAACAGGAGTCATTATGA

CAAATACAGCAAAAATACTCAACTTCGG

Primer 2

Fig. 3. Sequence map of the c// gene. The primers, used for PCR ampli. cation and sequencing, are shown by arows. The PCR gives
446 bp products that involve the entire (294 bp) clJ gene. Initiation and stop codons are underlined.
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Table 1
Mutant frequencies induced by BfQ, BhQ and 1,7-Phe in . ve organs of Muta™Mouse for the expression time of 14 days
Tissue  Treatment lacZ assay cll assay
Individual animal data Average £ 5.0,  Individua! animal data Average & S.D.
No.of  No.of MF x 10° MF x 10° No. of No.of MF x 10° MF x 10°
phages mutants phages mutants
analyzed analyzed
Liver Control 1120000 106 95 70+ 16 449400 12 23 21206
{olive oil) 816000 59 72 938400 24 26
1198000 73 6.1 764400 11 14
791500 41 52 699000 11 1.6
BfQ 634500 32 50 9.6 4 3.1 804600 12 1.5 38+ 16
590000 51 86 662400 35 53
158500 20 126 426300 23 54
221500 27 122 883200 28 32
BhQ 442000 29 6.6 59+ 1.1 1188000 53 4.5 26 £ 1.1
677000 39 58 1134600 21 1.9
257500 11 43 671700 17 25
645500 46 71 1011000 15 15
1,7-Phe 272000 41 15.1 159 £ 0.5* 813600 44 54 4.1 408"
183000 30 164 562800 19 14
263000 43 16.3 720000 25 35
184000 29 158 605000 25 4.1
Spleen  Control 855500 116 136 73 £36 623100 12 1.9 24103
({olive oil) 533000 29 54 1502400 41 2.7
446500 25 56 546900 15 27
461000 22 48 569400 13 23
BR) 210500 13 6.2 6.1+ 06 2098200 25 1.2 35128
244500 16 6.5 441000 13 29
403000 27 6.7 785400 65 83
256500 13 5.1 786600 13 1.7
Bh(Q 297000 12 40 65116 277800 10 36 29+ 06
354500 25 7.1 228300 22 27
396500 26 6.6 946200 31 33
544000 46 8.5 1608600 34 2.1
1,7-Phe 426500 34 8.0 70+ 10 567200 20 2.1 24+ 0.7
502500 27 54 1023000 24 23
320000 24 7.5 1026900 16 1.6
462500 34 74 905400 32 35
Lung Control 1539500 127 8.2 60 £ 13 1027800 21 20 21404
(olive 0il) 1111500 60 54 738000 21 28
678000 35 52 1142700 20 18
1473000 76 52 831600 15 1.8
BfQ 553000 19 7.1 6.0 £ 0.6 1107600 18 1.6 26+ 06
332000 18 54 903300 22 24
353000 21 59 1124700 36 32
266000 15 5.6 445200 4 31
BhQ 401500 51 12.7 10.8 £ 2.4* 1705500 37 22 35+ 1.0
481500 54 1.2 1071000 33 3.1
572500 72 126 2403000 99 4.1
372000 25 6.7 2083200 o8 4.7
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Table 1 (Continued)

Tissue Treamment lacZ assay . cll assay
Individual animal data Average &+ 5D. Individual anima! data Average + S.D.
No.of  No.of MF x 10° MF x 10° No.of  No.of MF x 10° MF x 10°
phages mutants phages mutants
anatyzed analyzed
1,7-Phe 335500 29 8.6 103 £ 19* 1103400 26 24 29+05
351000 46 13.1 1012200 27 217
244500 27 110 ' 909600 34 37
211000 18 85 892200 26 29
Kidney Contro! 219500 15 68 68 4 14 ss1100 21 18 2710
(olive oil) 190000 17 89 426600 16 38
349500 17 45 583000 11 19
301000 20 6.6 771000 12 1.6
BfQ 682500 46 6.7 7411 1035000 25 24 39+09
550500 51 9.3 825000 36 44
474000 33 70 649800 30 46
434000 32 6.6 1599000 66 41
BhQ 920500 55 6.0 74412 1323600 26 20 22405
622000 51 82 945000 27 29
113000 10 88 1408800 23 16
244500 16 6.5 1018200 23 23
1,7-Phe 486500 30 6.2 68 + 05 814800 - 15 1.8 33+ 16
553000 a8 6.8 660300 40 6.1
177000 12 6.8 520200 13 25
319500 24 1.5 1664700 48 29
Bone marrow  Control 311000 32 10.3 7130 644100 14 22 13+ 06
(olive oil) 465000 27 58 1041000 16 1.5
70500 2 28 111300 1 09
96500 9 923 154500 1 0.6
BfQ 325500 17 52 64 £ 09 1075200 16 1.5 26+ 09
256500 17 6.6 528000 12 23
326000 25 1.7 572100 22 38
708500 44 62 1144800 32 28
Bh(Q} 257000 13 5.1 5705 1757100 20 1.1 1.7 £ 04
617000 33 62 1349400 24 1.8
683000 4] 60 1040400 22 2.1
1,7-Phe 502500 24 43 47+ 0.5 963600 12 12 16 + 0.6
397500 19 43 962400 11 1.1
6220600 33 53 1341000 21 16
332000 13 39 916900 24 26

* Sigpi. cantly different from the control group, P < 0.05.
** Signi. cantly different from the control group, P < 0.01.

selection for /7 mutants was performed according to ately diluted phage-E. coli solution was mixed with
the method of Jakubczak et al. [24] with slight modi- LB top agar (containing 10 mM MgSOy), plated onto
. cation as previously reported [14]. Brie. y, the phage dishes containing bottom agar, and incubated for 24h
solution was absorbed to E. coli G1225 (h. ~) at room at 37°C. The remaining phage-E. coli solution was
temperature for 2030 min. For titration, an appropri- mixed with LB top agar and plated onto dishes con-
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Table 2
Mutant frequencies induced by Bf(Q) and 1,7-Phe in . ve organs of Muta™Mouse for the expression time of 56 days
Tissue  Treatment JacZ assay cIf assay
Individual animal data Average + S.D. Individual animal data Average + S.D.
No. of ‘No. of MF x 105 MF x 10° No. of No. of MF x 10° MF x 10°
phages mutants phages mutants
analyzed anatyzed
Liver Control 246500 21 85 79+ 1.3 960700 18 19 1.7+ 02
(olive oil) 168500 12 71 1161000 21 1.8
636500 39 6.1 3351900 65 1.9
155500 15 9.6 1978900 27 1.4
BfQ 253000 24 93 115+ 28 543600 14 26 24 +02%
367000 35 9.5 2746500 60 22
714000 116 162 3693000 97 26
180500 20 111 2450600 57 23
1,7-Phe 653000 63 9.6 148 £ 3.7 1468200 64 4.4 48 £+ 1.2*=
266500 35 13.1 1140000 36 32
497000 94 189 4469100 286 6.4
126000 22 17.5 306600 16 52
Spleen  Control 608500 47 1.1 78+ 04 1825800 53 29 29+ 06
(olive oil) 347500 26 15 1304400 48 37
355500 30 84 1224600 36 29
389500 29 74 1166400 22 20
BfQ 440000 kE 8.6 84403 2245800 32 14 33425
242500 21 8.7 860400 i4 1.6
354000 30 8.5 1090800 23 16
460500 36 78 946200 24 25
1,7-Phe 567000 8l 143 100 £ 25 1022400 22 22 22+ 004
231500 18 7.8 976800 n 23
336000 29 86 1059000 23 22
253500 24 9.5 865800 19 2.2
Lung Control 390500 25 6.4 79+ 19 657600 i3 20 3.1+09
(olive oil) 218500 21 9.6 1230600 30 24
558500 32 57 936000 35 37
474500 47 99 328800 38 4.1
BfQ 332500 26 7.8 72+12 742200 19 26 3719
554500 43 7.8 1035000 25 24
476000 19 8.2 839400 59 70
386000 20 52 651000 17 26
1,7-Phe 731500 56 77 7709 1365600 25 1.8 3.0+09
412000 32 78 728400 29 4.0
494500 44 89 966600 26 2.7
519000 33 6.4 946800 35 37
Kidney Control 442500 26 59 82424 1874400 64 34 25+ 06
{olive 0il) 217000 26 12.0 2313600 43 1.9
383000 25 6.5 1139400 25 22
596500 50 84 1437600 39 27
BfQ 552500 41 74 7110 1629600 60 37 2907
479000 39 8.1 1360800 33 24
774500 56 7.2 1446000 50 33
698500 38 5.4 1277400 27 2.1
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Table 2 (Continued)

Tissue Treatment lacZ assay

cll assay

Individual animal data

Average £ S.D. Individual animal data

Average + SD.

No.of No.of MF x10° MF x 1¢° No.of No.of MF x 10° MF x 103
phages mutants phages mutants
analyzed analyzed
1,7-Phe 259500 19 63 73+ 11 1201800 26 22 2203
567500 50 88 - 1393200 35 25
877500 70 8.0 1409400 35 25
513500 32 6.2 1060200 19 18
Bone marrow  Control 607500 43 71 79+ 12 1334700 21 18 1.9+ 04
(olive 0il) 829000 57 6.9 1204800 25 21
924500 70 7.6 1441800 23 16
605500 60 9.9 1184400 30 25
Bf} 429000 26 6.1 6.9 % 2.1 1703400 19 1.1 39+ 41
661500 69 104 1287600 15 1.2
893000 47 53 1256400 136 10.8
791500 45 5.7 1249200 29 23
1,7-Phe 605500 92 15.2 90 + 38 1206600 13 1.1 1.54+03
447500 39 87 1700400 22 1.3
507000 30 59 876000 14 16
1188000 71 6.0 1444200 28 19

* Signi. cantly different from the control group, P < 0.05.
** Signi. cantly different from the control group, P < 0.01.

taining bottom agar. The plates were incubated for
48h at 25°C for selection of ¢/f mutants. The wild
type phage, recovered from Muta™Mouse, has a
cI~ phenotype, which permits plaque formation with
the h. ~ strain at 37 °C but not at 25°C. The mutant
frequency was calculated by the following formula:

mutant frequency

_ (total number of plaques on selection plates
. total number of plaques on titer plates
x dilution factor.

The signi. cance of differences in the mutant fre-
quency between the ireated and control groups was
analyzed by using Student’s s-test.

2.2.5. Sequencing of mutants

The entire lambda clf region was ampli. ed directly
from mutant plaques by the use of Tag DNA poly-
merase (Takara Shuzo, Tokyo, Japan) with primers
Pl; 5-AAAAAGGGCATCAAATTAAACC-3', and
P2; 5-CCGAAGTTGAGTATTTITGCTGT-3' as
previously reported [14] (Fig. 3). A 446bp PCR

product was puri. ed with a microspin column (Amer-
sham Pharmacia, Tokyo, Japan) and then used for
a sequencing reaction with the Ampli Taq cycle se-
quencing kit (PE Biosystems, Tokyo, Japan) using
the primer P1. The reaction product was puri. ed
by ethanol precipitation and analyzed with the ABI
PRISM™ 1310 genetic analyzer (PE Biosystems).

3. Results
3.1. Mutant frequency of BfQ, BhQ, and 1,7-Phe

BfQ, BhQ, and 1,7-Phe (Fig. 1) were tested for
in vivo mutagenicity using lacZ transgenic mice
(Muta™Mice). The mutant frequencies observed in
the DNA preparations extracted from the . ve organs
are shown in Tables 1 and 2. Over 10 mutant plaques
were analyzed in most organs. For the bone marrow
in Table 1, the mutant frequency of one animal in the
BhQ-treated group was missing and the number of
mutants in two animals in the control group was in-
suf. cient because the isolated DNA was not enough
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to be analyzed. The spontaneous mutant frequencies
observed in the control group were similar for the
. ve organs in both lacZ and clf assays regardless of
the expression time (14 or 56 days), the rate ranging
from 6.0 to 8.2 x 10~ and from 1.3 to 3.1 x 1075,
respectively. These results were similar to those of
our previous studies [9,12-14].

Table 1 shows mutant frequencies with the test
compounds in the . ve organs 14 days after the last
injection. BfQ slightly, but not signi. cantly, increased
the mutant frequency in the liver in both assays. On
the other hand, BhQ signi. cantly increased the mu-

tant frequency in the lung in the lacZ assay. 1,7-Phe
signi. cantly increased the mutant frequency in the
liver in both assays and in the lung in the lacZ
assay.

Mutant frequencies observed in the DNA prepara-
tions extracted from the . ve organs 56 days after the
last injection are shown in Table 2. BfQ signi. cantly
increased the mutant frequency in the lver in the ¢l
assay, whereas the mutant frequency in the JacZ assay
was slightly, but not signi. cantly, increased. 1,7-Phe
signi. cantly increased the mutant frequency in the
liver in both assays like the results obtained 14 days

Table 3

Sequences of cff mutations in the liver of BfQ-treated Muta™Mouse for the expression time of 14 days

Mutant no. Position Mutation Sequence Amino acid change
Al 13 CtoT AAG TCG CAG Ser to Len
A2 99-100 GG to TT GTG GGC GTT Gly to Cys
Al 107 At C GTT GAT AAG Asp to Ala
Ad 57 Cto G CTT AAC AAA Asn to Lys
A5 214 CtT GCG OGA CAA Arg to Stop
A6 181 GwT TGG GGG GTC Gly to Trp
AT 34 CwoT CTA CGA ATC Arg to Stop
A8 103 Gto A GGC GTT GAT Val to lle
A9 196 GtoT GAC GAC ATG Asp to Tyr
AlQ 129 GwC AGG TGG AAG Trp to Cys
All 34 CtwoT CTA CGA ATC Arg to Stop
Al2 25 G A AAC GAG GCT Glu to Lys
A3 241-245 —A AdA 444 CGC Frameshift
Al4 179-184 -G TGG GGG GTC Frameshift
AlS 57 Cto A CTT AAC AAA Asn to Lys
Al6 35 GwoT CTA CGA ATC Arg to Leu
Al7 179-184 +G TGG GGG GTC Frameshift
AlB 90-91 GG TT GCG GAA GCT Glu to Stop
Al9 9% GtoT GAA GCT GTG Ala to Ser
A20 115 CtoT TCG CAG ATC Gin to Stop
Azl 193 G A GAC GAC GAC Asp to Asn
A22 64 G A ATC GCA ATG Ala to Thr
A23 103 GwA GGC GTT GAT Val to Ile
A24 104 TwC GGC GTT GAT Val to Ala
A25 89 CeoT ACA GOG GAA Ala to Val
A26* 64 Gto A ATC GCA ATG Ala to Thr
A7 175 Gto T CTT GAA TGG Glu to Stop
A28 25 Gto A AAC GAG GCT Giu to Lys
A29 34 CtoT CTA CGA ATC Arg to Stop
A30 100 Gto A GTG GGC GTT Gly to Ser
A3l 62 TwC AAA ATC GCA Ile to Thr
A3t 25 Gto A AAC GAG GCT Glu to Lys
A33 196 Gto A GAC GAC ATG Asp to Asn
A4 179-184 -G TGG GGG GTC Frameshift
A35 115 Cto A TCG CAG ATC Gln to Lys
A36 134 Gto C AAG AGG GAC Arg to Thr

* Ascribable to the same mutation obtained in an identical mouse,
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after the last injection. 1,7-Phe did not increase the

mutant frequency in the lung for the expression time
of 56 days.

3.2. Mutation spectra of BfQ, BhQ, and 1,7-Phe-
induced mutations '

A total of 36 BfQ-induced mutants in the liver for
the expression time of 14 days, 37 BhQ-induced mu-
tants in the lung for 14 days, and 43 1,7-Phe-induced
mutants in the liver for 56 days were subjected to se-

quence analysis. The mutations are characterized in
Tables 3-5, and summarized in Table 6. In Table 6, the
same mutations in an identical mouse were treated as
single events. The data of the spontaneous mutations
are from our previous report [9].

1,7-Phe-induced mutations consisted mainly of
base substitutions (36/39); G:C to A:T trapsitions
(15/39) and G:C to C:G transversions (10/39) pre-
dominated. Compared with the spontaneous mutation
spectrum, G:C to A:T transitions decreased and G:C
to C:G transversions increased in the mutations by

Table 4

Sequences of il mutations in the lung of BhQ-treated Muta™Mouse for the expression time of 14 days

Mutant no, Position Mutation Sequence Amino acid change
Bl 196 Gto A GAC GAC ATG Asp to Asn
B2 179-184 +G TGG GGG GTC Frameshift
B3 149 AT CCA AAG TTC Lys to Met
B4 241-246 —-A AAA4 A44 CGC Frameshift
BS 34 CtoT CTA OGA ATC Arg to Stop
B6 113 CwT AAG TCG CAG Ser to Leu
B7 215 GtT GCG CGA CAA Arg to Len
BS* 34 CwT CTA CGA ATC Arg to Stop
B% 166 GwC CTT GCT GTT Ala to Pro
B10 25 G A AAC GAG GCT Giu to Lys
Bl 34 CtoT CTA CGA ATC Arg to Stop
B12 62 TwC AAA ATC GCA Iie to Thr
B13* 34 CwoT CTA CGA ATC Arg to Stop
Bi4 233 TwC ATT CTC ACC Leu to Pro
B15 40 Gto A ATC GAG AGT Glu to Lys
Bl16 212 CtoT TTG GCG CGA Ala to Val
B 212 CtT TTG GCG CGA Ala to Val
BIS 113 CtoT AAG TCG CAG Ser to Leu
B19 46 GwC AGT GCG TTG Ala to Pro
B20 179-184 +G TGG GGG GTC Frameshift
B21 £9 CtoT ACA GOG GAA Ala to Val
B22 196 Gt A GAC GAC ATG Asp to Asn
B23 190-198 —GAC GAC GAC GAC Frameshift
B24 34 CtoT CTA CGA ATC Arg to Stop
B25S 205 CtoT GCT CGA TTG Arg to Stop
B26 179-184 -G TGG GGG GTC Frameshift
B27 122 GtoT ATC AGC AGG Ser to lle
B28 28 G A GAG GCT CTA Ala to Thr
B29 52 CwoG TTG CTT AAC Leu to Val
B30 197 AwG GAC GAC ATG Asp to Gly
B31 212 CtoT TTG GCG CGA Ala to Val
B32 91 GtoT GCG GAA GCT Gtlu to Stop
B33 205 CtoT GCT CGA TTG Arg to Stop
B34 40 GwA ATC GAG AGT Glu to Lys
B35 34 CtoT CTA CGA ATC Arg to Stop
Bi¢* 40 Gto A ATC GAG AGT Glu to Lys
B37 89 CwT ACA GCG GAA Ala to Val

® Ascribable to the same mutation obtained in an identical mouse.
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Table 5
Sequences of cff mutations in the liver of 1,7-Phe-treated Muta™Mouse for the expression time of 56 days
Mutant no. Position Murtation Sequence Amino acid change
Cl 113 CtoT AAG TCG CAG Ser to Leu
C2 212 CtoT TTG GCOG CGA Ala to Val
C3 125 Gt C AGC AGG TGG Arg to Thr
Cc4 196 Gto A GAC GAC ATG Asp to Asn
Cs 40 Gto A ATC GAG AGT Glu to Lys
Ce* 212 CwT TIG GOG CGA Ala to Vat
C7 46 G AGT GCG TTG Ala to Pro
ot o4 Gte C GAA GCT GTG Ala to Pro
Co 134 Gte T AAG AGG GAC Arg to Met
C10 163 CtwT COG CTT GCT Leu to Phe
Cll 34 CtoT CTA CGA ATC Arg to Stop
Cl2 179-240 —62bp Frameshift
C13 193 Gto A GAC GAC GAC Asp to Asn
Cl4 65 CtoT ATC GCA ATG Ala to Val
Cl15 164-165 -T CIT GCT GTT Frameshift
166 Gto A
Cl6 3 AwG cat ATG GTT Met to Val
C17 224 CtoA GTT GCT GCG Ala to Asp
C18 196 Gto A GAC GAC ATG Asp to Asn
Cl19 150 GtoT CCA AAG TTC Lys to Asn
C20 113 CtoT AAG TCG CAG Ser to Leu
c21* 150 GtwT CCA AAGTTC Lys to Asn
C22 129 Gto A AGG TGG AAG Trp to Stop
Cc23 37 AtoT CGA ATC GAG Ile to Phe
C24 140-141 GG 10 CT GAC TGG ATT Tip to Ser
C25 89 Cto A ACA GCG GAA Ala to Glu
C26 34 CtoT CTA CGA ATC Arg to Stop
C27 212 CtoT TTG GOG CGA Ala to Val
C28 233 TtoC i ATT CTC ACC Leu to Pro
C29 28 GtwC GAG GCT CTA Ala to Pro
Cio 95 Cto A GAA GCT GTG Ala to Asp
C31 89 CtwG ACA GCG GAA Ala to Gly
C32 100 Gl GTG GGC GTT Gly to Arg
Ci3 25 GtoT AAC GAG GCT Glu to Stop
Ci4 39 Cto G CGA ATC GAG 1le to Met
C35 103 Gt C GGC GTT GAT Val to Leu
C36 212 CtoT TTG GOG CGA Ala to Val
C37 64 Gto A ATC GCA ATG Ala to Thr
€38 193 GwT GAC GAC GAC Asp to Tyr
C39 95 Cto A GAA GCT GTG Ala to Asp
C40 74 GwC CTT GGA ACT Gly to Ala
C41 120 CwoG CAG ATC AGC Tle to Met
ca 39 CwG CGA ATC GAG Ile to Met
C43* 64 Gt A ATC GCA ATG Ala to Thr

2 Ascribable to the same mutation obtained in an identical mouse.

1,7-Phe. On the other hand, BA) and BhQ-induced 4. Discussion

oIl mutant spectra showed no characteristics com-

pared with that of the control and consisted mainly In this study, we attempted to investigate the in
of G:C to A:T transitions (15/34 and 18/33, respec- vivo mutagenicity of three tricyclic aza-arenes, BRQ,
tively). BhQ, and 1,7-Phe. They were injected daily for 4 days
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Table 6
Summary of c/f mutation spectra in Muta™Mouse

Mutation class Control® (%) BRQY (%) BhQ® (%) 1,7-Phe® (%)
Total 32 (100) 34 (100) 33 (100) 39 (100)
Base substitution 28 (8%) 28 (82) 28 (85) 36 (92)
Transitions

GC to AT 18 (56) 15 (44) 18 (55) 15 (38)

AT to GC 13 2 (6) 3 205
Transversions

AT to TA 3(9) 0 1) 1(3)

AT to CG 0 (0) 103) 0 {0) 13

GCto TA 5 (16) 7 (20) 3 7 (18)

GC o CG 1¢3) 39 3O 10 (26)
-1 frameshifts - 1 3 (9) 2 (6) 0 (0)
+1 frameshifts 2(6) 1(3) 2 (6) 0
Deletion R (0] 0 (0) 13) 1¢3)
Insertion 0 (0) 0 (0 0 (0) 0 (0)
Complex 103) 2(6) 0 (0) 2(5)

The same mutations from an identical mouse were counted as single events.
* The data of the spontancous mutations are from our previous report [9].

b Mutant plaques from the liver.
© Mutant plaques from the lung.

into Muta™Mice at the total doses of 400, 400, and
200mg/kg intraperitoneally, respectively, based on
their tolerance doses determined in preliminary tests.
Although these aza-analogs of phenanthrene were
weak mutagens in Muta™Mouse, different effects on
the target organ speci. city and mutant spectrum were
observed depending on the N-substituted position.
BR) increased the mutant frequency in the liver for
the expression times of both 14 and 56 days. On the
other hand, BhQ increased mutagenicity in the lung,
but not in the liver. Bf(Q) has a nitrogen atom in the bay-
region and BhQ in the non-bay-region. Therefore, the
difference in the nitrogen position in the benzoquino-
line molecule might alter the target organ. Quinoline
has previously shown a potent in vivo mutagenicity
in Muta™Mice [12-14]. These results sugpest that
in vivo mutagenicity is decreased by the benzene-ring
fusion on the quinoline moiety. 1,7-Phe signi. cantly
increased mutagenicity in the liver for the expression
times of both 14 and 56 days and in the lung for
the expression time of 14 days. It may be suggested
that 1,7-Phe induced mutation both in the liver and
lung because 1,7-Phe has a nitrogen atom in both the
bay- and non-bay-regions. Our previous data indicated
that metabolic activation of these phenanthrene aza-
analogs might take place in the pyridine moiety [18]

(Fig. 2). LaVoie and co-workers reported that BfQ
might be converted to the ultimate form not only by
the bay-region mechanism but also by another mech-
anism [17], supporting our opinion.

With regard to the suitable expression time in the
evaluation of in vivo mutagenicity, different tendencies
were observed between the mutagenesis of 1,7-Phe in
the liver and that in the lung. 1,7-Phe showed similar
mutagenicities in the liver after the expression time of
both 14 and 56 days. However, in the lung, 1,7-Phe
increased the mutant frequency in the lung after the
expression time of 14 days, but not after 56 days. Sun
and Heddle reported that mutation by ethylnitrosourea
in the liver was more . rmly established after about 40
days post-treatment than after 20 days [25]. It seems
that an appropriate expression time may be necessary
to evaluate the in vivo mutagenicity of chemicals in
each organ.

1,7-Phe also depressed the G:C to A:T transition and
increased the G:C to C:G transversion like quinoline
[14], a hepatomutagen possessing the partial structure
of 1,7-Phe, compared with the spontanecus mutation
spectrum. Therefore it may be suggested that the in-
crease of G:C to C:G transversions might be a com-
mon feature of the quinoline-type metabolic activation
in aza-arenes.
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Although a major question to be answered is how
the position of the nitrogen atom is responsible for
the differences in mutagenicity between these tri-
cyclic aza-arenes, the present data suggest that the
position of the nitrogen atom in the polycyclic aro-
matic ring might in, uence in vivo mutagenicity with
respect to the target organ speci. city and mutational
pattern.
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DNA Adducts and Mutagenic Specificity of
the Ubiquitous Environmental Pollutant
3-Nitrobenzanthrone in Muta Mouse

Volker M. Arlt,”* Li Zhan,2 Heinz H. Schmeiser,® Masamitsu Honma,?
Makoto Hayashi,2 David ‘H, Phillips,’ and Takayoshi Suzuki?

V Section of Molecular Carcinogenesis, Institute of Cancer Rasearch,
Surrey, United Kingdom
2 Division of Genetics and Mutagenesis, National Institute of Health Sciences,
Tokyo, Japan
* Division of Molecular Toxicology, German Cancer Research Center,
Heidelberg, Germany

3-nitrabenzanthrone (3MNBA) is an exiremely po-
tent mutagen in the Solmonslla reversion assay
and a suspected human carcinogen identified in
diesel exhaust and in ambient airborne parficulcte
matter. To evaluate the in vivo mutagenicity of
3-NBA, we analyzed the mutant frequency {MF) in
the clf gene of various organs (lung, liver, kidney,
bladder, cclon, spleen, and testis) in lambda/lacZ
transgenic mice {Muta Mouse] after intraperitoneal
treatment with 3NBA [25 mg/kg body weight
injected onca a week for 4 weeks). Increases in MF
were found in colon, liver, ond bladder, with 7.0,
4.8-, ond 4.1fold increases above the control
value, respectively, whereas no increase in MF
was found in lung, kidney, spleen, ond testis, Si-
multonecusly, induction of micronuclei in periph-
eral blood reficulocytes was observed. The se-
quence alterations in the <l gene recovered from
41 liver mutants from 3-MNBAdreated mice were
compaored with 32 spontanecus mutants from un-
treated mice. Base substilution mutations predomi-
natad for both the 3-NBAdreated {80%) and the
untreated {81%) groups. However, the proporiion
of G:C—T:A Iransversions in the mutants from

3NBA-reated mice was higher [49% vs. 6%) and
the proporfion of G:C—A:T hronsifions was lower
than those from untreated mice {10% vs. 66%). The
increase in MF in the liver was associated with
strong DNA binding by 3-NBA, whereos in lung, in
which there was no increase in MF, a low level of
DNA binding was cbserved (268.0-282.7 vs.
8.8-15.9 odducts par 10® nucleotides). DNA od-
duct patterns with multiple adduct spots, qualita-
tively similar to those formed in vitro ofter octive-
fion of 3INBA with nitroreductases and in vivo in
rats, were observed in all tissues examined. Using
high-pressure liquid cochromatogrophic analysis,
we confirmed that all major 3-NBADNA adducts
produced in vivo in mice are derived from reduc-
tive metabolites bound to purine bases (70-80%
with deoxyguanosine and 20-30% with deoxy-
adenosine in fiver). These resulls suggest that
G:C—T:A transversions induced by 3NBA ore
caused by misreplication of adducted guanine res
idues through incorporation of adenine opposite
the adduct {Arule). Environ, Mol. Mutagen. 43;
186-1935, 2004. © 2004 Wiley-liss, Inc.

Key words: I-nitrobenzanthrone; Muta Mouse; mutation spectra; oll; DNA adducts; 32P-past-
labeling; dissel exhausi; air pollution; nitropolycyclic aromatic hydrocarbon

INTRODUCTION

Air pollution from diesel exhaust is an increasing concern
as an environmental risk factor for carcinogenesis [World
Health Organization, 2003]. Diesel exhaust is known to
induce tumors in experimental animals and epidemiological
studies have shown that occupational exposure to diesel
exhaust is associated with an increased risk of lung cancer
in humans [International Agenecy for Research on Cancer,
1989; Boffeta et al., 2001]. Nitropolycyclic aromatic hydro-
catbons (nitro-PAHs) are widely distributed environmental
pollutants found in airborne particulate matter, especially
that emitted from diesel and gasoline engines [Tokiwa and
Ohnishi, 1986; Yaffe et al., 2001]. Many members of this

© 2004 Wiley-liss, inc.

class of compounds are potent mutagens and carcinogens
and their detection in the lungs of nonsmokers with lung
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Fig. 1.

Structure of 3-NBA,

cancer has led to considerable interest in assessing their
potential cancer risk to humans [International Agenecy for
Research on Cancer, 198%; Tokiwa et al., 1993; Purchit and
Basu, 2000].

3-nitrobenzanthrone (3-NBA; 3-nitro-7TH-benz{de]an-
thracen-7-one; Fig. 1) was recently detected in diesel ex-
haust and in airborne particulate matter and might originate
both from incomplete combustion of fossil fuels and from
reaction of the parent aromatic hydrocarbon with nitrogen
oxides in the atmosphere [Enya et al,, 1997; Feilberg et al.,
2002; Seidel et al., 2002; Murahashi, 2003]. As a likely
consequence of atmospheric washout, 3-NBA has also been
detected more recently in surface soil and rainwater [Mu-
rahashi et al., 2003a, 2003b; Watanabe et al., 2003]. The
uptake of 3-NBA in humans has been demonstrated by the
detection of 3-aminobenzanthrone (3-ABA), a major me-
tabolite of 3-NBA, in the urine of salt mine workers occu-
pationally exposed to diesel emissions {Seidel et al., 2002).
3-NBA is one of the most potent bacterial mutagens known
to date, inducing 0.2 and 6.3 million revertants per nmol in
Salmonella typhimurium TA98 and YG1024, respectively
(Enya et al,, 1997]. Moreover, 3-NBA, induces micronuclei
in mouse and in human cells and exhibits DNA strand-
breaking activity in human cells [Enya et al., 1997; Phou-
songphovang et al., 2000; Arlt et al.,, 2004; Lamy et al.,
2004). Furthermore, 3-NBA is also an effective mutagen in
human cells and preliminary data suggest that 3-NBA is
carcinogenic in rats [Adachi et al., 2000; Phousongphouang
ct al., 2000].

3-NBA forms specific DNA adducts in different in vitro
systems, in cells, and in vivo in rats [Bieler et al., 1999,
2003; Borlak et al., 2000; Kawanishi et al., 2000; Arlt et al,,
2001, 2002, 2003a, 2003b, 2003c], and these adducts may
play an important role in the initiation of mutagenesis and
carcinogenesis. Although the structures of the DNA adducts
remain to be characterized, the tmajor DNA adducts formed
in vitro and in rats are products derived from reductive
metabolites bound to purine bases without carrying an N-
acetyl group {Arlt et al., 2001, 2003a, 2003¢).

Despite the strong mutagenicity of 3-NBA in bacteria,
little is known about its mutagenicity in vivo. Transgenic
mutation assays are a powerful tool to study chemical

. mutagenesis in experimental animals [Suzuki et al, 2000:
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Kohara et al., 2002a, 2002b; Itoh et al., 2003]. In addition,
molecular analyses of induced mutations may reveal chem-
ical-specific mutation spectra. To evaluate the mutagenicity
of 3-NBA, a transgenic mouse model, Muta Mouse, was
used and mutations in the ¢/f gene were assessed. In addi-
tion, DNA adduct formation was investigated using 32P-
postlabeling.

MATERIALS AND METHODS
Synthesis of 3-NBA

3-NBA was synthesized as described recently {Adt et al., 2002]. The
suthenticity of 3-NBA was confirmed by UV, clectrospray mass spectra
(ES-MS}, and high-field proton nuclear magnetic resonance spectroscopy.

Animal Experiments

Male Muta Mouse animals were supplied by Covance Research Products
(Denver, PA) and were acclimatized for 1 week before use. 3-NBA was
dissolved in olive cil (2.5 mg/ml). Five mice (7- to §-week-old, ~ 25 g
body weight) were treated with 25 mg/kg body weight once & week for 4
weeks by intraperitoneal injection (10 mikg). Five mice received olive oil
only at the same time and in the same manner. Mice were killed 3 days
after the last treatment, and lung, liver, kidney, bladder, spicen, colon, and
testis tissues were collected. Tissue samples were stored at —80°C until
DNA isolation. DNA was extracied by a standard phenol extraction
method.

Peripheral Blood Micronucleus Assay

Forty-cight hours after the first (week 1) and second injection (week 2),
peripheral hlood (5 kl) was collected without anticoapulant from a tail
blood vessel, placed on an acridine orange-coated glass slide, covered with
a coverslip, and stained [Hayashi et al,, 1990). One thousand peripheral
biood reticulocytes (RETs) per animal were snalyzed by fluorescence
microscopy within a few days of slide preparation, and the number of cells
with micronuclei was recorded.

Lambda cll Mutation Analysis

The MutaPlax cll-Setect Kit (Epicentre Technologies, Madison, WI)
was vsed for the lambda clf assay, The kit contained lambda packaging
extracts and cultures of A1~ Escherichia coli G1225 for both recovered
phage titer and selection of mutant phages. Lambda packaging and positive
selection for ¢/l mutants was performed according to the protocol of the
manufacturer with minor modifications as described previously [Jakubczak
et al,, 1996]. Briefly, 500 w! of the packaged phage solution wers incubated
with 1 ml of G1225 cells (ODgg = 1.0) at room temperature for 30 min,
mixed with 14 ml Luria broth top agar, and plated on five 9 cm dishes
containing 10 ml botiom agar. The plates were incubated at 25°C for 48 hr.
For total virus titer, a 5 ul portion of the packaged phage was mixed with
200 pl of strain G1225 cells and 6 ml LB top agar, plated on two dishes,
and incubated at 37°C for 24 hr. Wild-type phage recoversd from Muta
Mouse has a ¢I™ phenotype, which permitted plaque formation on the Affi~
strain at 37°C but not at 25°C. The mutant frequency (MF) was determined
by dividing the number of mutants plaques by the total number of recov-
ered phage evaluated from each animal.
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Sequencing of il Mutants

Mutations in the lambda clf transgene were analyzed using the DNA
cycle sequencing method described previously [Suzuld et al., 2000]. The
clf gene region (294 base pairs) was PCR-amplified directly from mutant
plaques using the primer pair 5-AAAAAGGGCATCAAATTAAACC-3’
and 5-CCGAAGTTGAGTATTTTTGCTGT-3'. A 446 basc pair PCR
product was purified and used for the sequencing reaction with a BigDye
Terminator Cycle Sequencing Kit {(Applied Biosystems, Tokyo, Japan).
PCR amplification and DNA sequencing was performed using a Minicycler
PTC-150-25 (MJ] Research, Watertown, MA) and an ABI Prismn 310
Genetic Analyzer (Applied Biosystems), respectively. Statistical analysis
of the mutation spectra for differences between treated and control spectra
was conducted using the Adams-Skopek algorithm [Cariello et al., 1994].

32p.postlabeling Analysis and High-Pressure Liquid
Chromatography (HPLC) Analysis of ¥2P-Labeled
3’,5'-Deoxyribonuclecside Bisphosphate Adducts

2p.postiabeling analyses using nuclease Pl digestion, butanol extrac-
tion, and autoradiography were performed as described [Aslt et al., 2002).
Chromatographic conditions for thin-layer chromatography (TLC) on poly-
ethylencimine-cellulose (PEI<cellulose) were D1, 1.0 M sodium phosphate,
PH 6.0; D3, 4 M Li-formate, 7 M urea, pH 3.5; D4, 0.8 M LiC1, 0.5 M Tris,
85 M urea, pH 8.0. DNA adduct levels (relative adduct labeling; RAL)
were calculated from the adduct cpm, the specific activity of [y-2P]JATP
and the amount of DNA (pmol of DNA-P) used. Results were expressed as
DNA adducts/10* nucleotides. Individual adduct spots detected by the
3p.postlabeling assay, or the arigins after D1 only, were excised from the
TLC plates, extracted, and cochromatographed on HPLC with reference
bisphosphate adducts essentially as described previously [Artt et al., 2001).

Preparation of Reference Compounds for
32p_postlabeling

Deoxyadenosine (dA) and deoxyguanosine (dG) 3'-monophosphates or
calf thymus DNA (4 pmol/ml; Sigma) were incubated with 3-NBA (0.3
mM) in a reaction containing xanthine oxidase (1 U/ml; Sigma, Gilling-
ham, U.K} in 50 mM potassium phosphate buffer, pH 7.0, in the presence
of 1 mM hypoxanthine (Sigma) as described previously {Bieler et al., 1999;
Arlt et al., 2001). The resulting adducted deoxypurine 3'-monophosphates
were used as reference cornpounds in ®P-postlabeling experiments,

RESULTS

Micronucleus Induction in Peripheral Blood of Muta
Mouse

The frequencies of micronucleus formation in peripheral
blood RETs after treatment of Muta Mouse with 25 mg/kg
body weight 3-NBA are shown in Table I, Significant in-
creases in the frequency of micronucleated RETs were
observed 48 hr after the first {week 1) and the second (week
2) treatment. This result confirms data on micronucleus
formation observed in another mouse strain using the same
amount of 3-NBA [Enya et al., 1997].

TABLE 1. Micronucleus Induction in Mouse Peripheral Blood
Reticulocytes of Muata Mouse Treated With 3-NBA

Micronucleated RETs per 1,000 RETs
after the first and second i.p. injection
of 3-NBA (mean = SD)*

Treatrment Week 1 Week 2
Controf 3008 3.0+12
3-NBA 75+ 28" 84 +3.0°

*Values represent the mean * SD of five animals.
*Significantly different from untreated control animals at £ < 0.05 (t-test).

TABLE N, Mutant Frequency in the cI7 Gene From Various
Organs of Muta Mouse Treated With 3-NBA

Mean MF X 107% + SD*

Organ Control 3.NBA
Lung 381 *244 38S5+142
Liver 3052121 147.4 + 49.4*
Kidoey 36.2 134 376+ 134
Colon 367176 258.7 * 106.4%
Spleen 28896 H4x111
Testis 15274 128 +63
Bladder 13.1° 5445

*Results represent the mean + SD of five animals.

“Significantly different from umireated contrel amimals at £ < 0.001
(t-test).

“Results represent the mean of two animals only.

Mutagenic Specificity of 3-NBA in Muta Mouse

DNA was isolated from lung, liver, kidney, bladder,
colon, spleen, and testis 3 days after the last treatment. The
results of the cff MF analyses are shown in Table II (mouse-
by-mouse data are given in the Appendix). The MF was
significantly increased above spontaneous levels in colon
and liver, with 7.0- and 4.8-fold increases, respectively. A
4.1-fold increase was also seen for bladder, but because
only two control and two treated mice were evalvated for
this tissue, this difference was not tested for significance.
No increase in MF above control levels was seen in the
other tissues.

Since the metabolic activation of 3-NBA due to hepatic
enzymes has been intensively studied, the mutagenic spec-
ificity of 3-NBA was examined in liver tissue only. Forty-
one 3-NBA-induced mutants from the liver were sequenced,
together with 32 spontaneous mutants from the livers of
untreated mice. The mutation spectra are summarized in
Table II. Spontaneous mutations consisted mainly of base
substitutions (26 of 32 mutations). Among them, G:C—A:T
transitions (21 of 26 transitions) predominated and almost
all of them (18 of 21 mutations) occurred at CpG sites.
3-NBA-induced mutations also consisted mainly of base
substitutions (33 of 41 mutations). Comparing to the con-
trol, G:C— A:T transitions were decreased (10% vs. 66%)
and G:C—T:A transversions were increased (49% vs. 6%).



TABLE IN. Classification of 3-NBA-Induced and Spontancous
clf Mutations From Liver of Muta Mouse

Spontaneous 3-NBA-induced
Mutation type Number % Number %
Total 32 100 41 100
Base substitutions 26 81 33 80
Transitions 21 66 6 15
G:C—A:T (at CpG) 21¢18) 66 (56) 4(2) 10 (5)
AT-G:C 0 0 2 5
Transversions 5 16 27 66
AT-T:A 2 6 4 10
AT=C:G 0 0 1 2
G:.C—T:A 2 6 20 49
G:C=C.G 1 3 2 12
Frameshifis (~1) 2 [ 5 12
Frameshifis (+1) 2 6 0 0
Deletions 0 0 1 2
Insertions 0 0 o 0
Complex 2 6 2 5

The distribution of mutations in the liver is shown in Figure
2. 3-NBA-induced mutations were distributed over all the
cll gene and no apparent hot spots were observed. Statistical
anatysis of the mutational spectra data demonstrated that the
differences between 3-NBA-treated and control spectra
were significant (P = 0.0041),

DNA Adduct Formation of 3-NBA in Muta Mouse

DNA adduct formation in Muta Mouse was analyzed in
liver, in which MF was increased, and in lung, where no
increase in MF was observed. As shown in Figure 3, 3-NBA
induced essentialty the same DNA adduct pattern as those
observed in different in vitro activation systems, including
cytosolic nitroreductases and human liver microsomes, in
human cells, and in rats [Aslt et al., 2001, 2003a, 2003c].
Using butanol enrichment, the observed pattern consisted of
a cluster of five adducts (spots 1-5). Analyses using nucle-
ase Pl enrichment resulted in a cluster of four adducts
(spots 1-3 and 6). No DNA adducts were observed in DNA
isolated from tissues of control animals treated with vehicle
(olive oil) only (data not shown). Although the structures of
these adducts have yet to be elucidated, all adduct spots
detected in this study on TLC plates were chromatograph-
ically indistinguishable from adduct spots found in incuba-
tions with dA (adduct ! and 2) and dG 3’'-monophosphates
{adduct 3, 4, and 5) generated by 3-NBA activated by
xanthine oxidase [Arlt et al., 2001]. As a second, indepen-
dent chromatographic procedure, we also employed re-
versed-phase HPLC analysis to confirm the identities of
adduct spots formed by 3-NBA (Fig. 4). The results thus
obtained confirmed the findings from chromatography on
TLC plates. DNA binding in lung and liver ranged from 8.8
to 15.9 and from 268.0 to 282.7 adducts per 10® nucleotides
for total DNA adducts, respectively (Fig. 5A). Levels of
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individual adduct spots are given in Figure 5B. In particular,
adduct spot 3 was the predominant adduct formed in both
tissues.

DISCUSSION

There are increasing concems over the carcinogenic risk
of diesel exhaust. 3-NBA is a potent mutagen identified in
diesel exhaust and airbome particulate matter, and prelim-
inary data indicate that 3-NBA is carcinogenic in rodents
[Enya et al., 1997; Adachi et al_, 2000; Seidel et al., 2002].
3-NBA is highly mutagenic in the Salmonella typhimurium
strains TA98 and YG1024, producing mutagenic responses
comparable to those of 1,8-dinitropyrene, one of the most
mutagenic nitro-PAH reported to date {Enya et al., 1997). In
addition, previous data also indicate that 3-NBA is an effi-
cient mutagen in human lymphoblastoid-derived MCL-5
cells at the TK and HPRT loci [Phousongphouang et al.,
2000]. These observations suggest that 3-NBA may also be
mutagenic in vivo. Therefore, we investigated the in vivo
mutagenicity of 3-NBA after intraperitoneal treatment of
transgenic Muta Mouse. The mutagenicity of 3-NBA in
vivo was clearly demonstrated by this assay using the cff
gene as target sequence. Simultaneously, the clastogenicity
of 3-NBA was evaluated by the peripheral bleod micronu-
cleus assay. The assay for micronuclei showed a significant
increase in the frequency of micronucleated reticulocytes,
confirming previous data obtained in another mouse strain
and in human cells [Enya et al., 1997; Phousongphouang et
al., 2000; Arlt et al., 2004; Lamy et al., 2004].

In our study, 3-NBA increased the MF in colon, liver, and
bladder, whereas no increase in MF was observed in lung,
kidney, spleen, and testis. Human exposure to 3-NBA is
thought to occur primarily via the respiratory tract and it is
possible that the tissue-specific distributions of MF would
differ after inhalation or intratracheal treatment with
3-NBA. On the other hand, different tissues will respond at
different rates after exposure to a mutagen, rates of metab-
olism aside. Mutation fixation time may be different in
different tissues, depending on cell turnover rate in a tissue,
with colon being a rapid responder and lung being much
slower [Heddle et al., 2003; Thybaud et al., 2003). This
could explain why 3-NBA did not induce mutations in the
lung in the present study. In a recent study with rats, we
found that after a single dose of 3-NBA (2 mg/kg body
weight, i.p.), DNA binding by 3-NBA was higher in lung
compared to liver [Arlt et al,, 2003a). Moreover, prelimi-
nary results also indicate that binding by 3-NBA in rat DNA
is much higher in lung compared to liver after treatment
with a single dose of 3-NBA (2 mg/kg body weight) by
intratracheal instillation (data not shown). Therefore, the
results of the present study may suggest that tissue-specific
DNA adduct formation in mice is different to those ob-
served in the rat model, different dosing and administration
aside.
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Fig. 2. Mutations in the liver of /I gene obtained from control and
3-NBA-treated Muta Mouse. The sequence from top to bottom represents
the amplified lambda clf region. Mutations shown sbove the strand were
detected in control mice, whereas those below the strands (in bold) were

nuclease P1 butanol

fig. 3. Autoradiographic profiles of DNA adducts obtained from digests
of liver DNA of Muta Mouse treated with 3-NBA using the nuclease P1
(A} and butanol (B) enrichment versions of the 3P-postlabeling assay.

detected in 3-NBA-treated mice. The boxes represent tandem (double) or
complex mutations or deletions with undefined positions within the boxed
region.

The highest induced MF was found in the colon. A
strong increase in MF in colon has also been observed for
other mutagens, including dinitropyrencs [Kohara et al,,
2002a), suggesting that the colon is a very sensitive organ
for mutagenesis in the transgenic mouse mutation assay,
probably because of its high proliferation rate. When the
MF induced by 3-NBA in Muta Mouse is compared with
those of a mixture of dinitropyrenes administered under
similar conditions [Kohara et al., 2002a}, it is apparcnt
that 3-NBA has an approximately 10-fold higher potency
in the main target tissue, colon. However, it is notewor-
thy that enteric bacteria might also play a role in the
mutagenic activation of 3-NBA in colon by nitroreduc-
tion. This is in line with earlier reports in rats of strong
DNA adduct formation of 3-NBA in the gastrointestinal
tract, after either oral treatment or intraperitoneal injec-
tion [Arlt et al., 2001, 2003a].

Previous studies indicated that nitroreduction catalyzed
by cytosolic and microsomal nitroreductases, followed by



