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A Planar Catechin Analogue Having a More Negative
Oxidation Potential than (+)-Catechin as an Electron
Transfer Antioxidant against a Peroxyl Radical
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The hydrogen transfer reaction of antioxidative pelyphenol with reactive oxygen species has
proved to be the main mechanism for radical scavenging. The planar catechin (P1Hy), in which
the catechol and chroman structure in (+)-catechin (1H;) are constrained to be planar,
undergoes efficient hydrogen atom transfer toward galvinoxyol radical, showing an enhanced
protective effect against the oxidative DNA damage induced by the Fenton reaction. The present
studies were undertaken to further characterize the radical scavenging ability of PYH; in the
reaction with cumylperoxyl radical, which is a model radical of lipid peroxyl radical for lipid
peroxidation. The kinetics of hydregen transfer from catechins to cumylperoxyl radical has
been examined in propionitrile at low temperature with use of ESR. showing that the rate of
hydrogen transfer from P1H, is significantly faster than that from 1H,. The rate was also
accelerated by the presence of Sc(OSO;CF3)s. Such an acceleration effect of metal jon indicates
that the hydregen transfer reaction proceeds via metal ion-promoted electron transfer from
P1H; to oxyl radical followed by proton transfer rather than via a one-step hydrogen atom
transfer. The electrochemical ease of PYH; for the one-electron oxidation investigated by second
harmonic alternating current voltammetry strongly supports the two step mechanism for

hydrogen transfer, resulting In the ephanced radical scavenging ability.

Introduction

Recently. much attention has been directed to the
possibility of natural antioxidants. such as flavonoids.
vitamin C. vitamin E. and f# carotene, as chemopreven
tive agents against oxdative stress and associated dis
eases (7=3). The gencradon of free radicals. such as
hydroxyl radical {OH) and superoxide anfon (027}, in
biological systems fs tegarded as an Important event
contributing to the oxidative stress phenomena and one
associated with many diseases, e.g.. inflammentation.
heart discasc. cancer. and Alzhelmer's (4—6). Flavonoids
are plant phenolle compousids. which are widely distrib
uted in foods and beverages and are extensively studied
for thedr antioxidative and cytoprotective properties in
various biological madels (7—9. The antloxidative effects
of flavonolds arc believed to come from thelr inhibition
of free radical processes in cells at three different levels:
an inftiatlon, by scavenging of Q2" (0. 11): lipid peroxi
dation. by reaction with peroxy! or lipid peroxyl radicals
(12): and the formation of *OH, probably by chelating iron
tons {1.3). Besldes their beneficial effects. there is also
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considerable cvidence that flavonolds themselves are
mutagenic (74, 15) or carcinogenic (76) and show DNA
damaging activity (17, 18). Quercetin is a typical fla
vonold that has been Investigated as a potential chemo
preventive agent against certain carcinogens (/9. 20}, The
chemistry of quercetin is predictive of its free radical
scavenging ability. However. in biological systems. it was
clearly demonstrated that quercetin could behave as both
antioxidant and prooxidant. That {s, dletary administra
tion of excess quercelin induced renal tubule adenomas
and adenocarcinomas in male rats (20) and induced
intestinal and bladder cancer in rats (Z3. As other
polyphenclic compounds. Mavonoids may not show the
sufficlent antioxidative elfects into the cells because of
thelr hydrophilic properties. which impede the cell mem
brane translocation step (23. Therefore. much conslder-
ation to the safety should be required. when a large
quantity of flavonoid is used as medicine for cancer
chemoprevention.

In addition to the studies of natural antloxidants used
for cancer chemoprevention or nutrition supplements,
developtnent of novel antioxidants that show improved
radical scavenging activities has attracted considerable
interest to remove reactive oxygen species (RQS), such
as O~ and *OH {24). We have previously reported that
a planar catechin derivatlve (P1Hp) (Figure 1). synthe-
sized in the reaction of (+)-catechin (1H) with acetone
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PiH, 1H,

Figure 1. Chemical structures of planar catechin (P1H;) and
(+)-catechin (TH3).

in the presence of BF3-Et,0 (25, 26). shows an enhanced
protective effect agalnst the oxidative DNA damage
induced by the Fenton reaction without the prooxidant
cffect, which is usually observed in the case of 1H;. The
spectroscopic and kinetic studles have demonstrated that
the rate of hydrogen transfer from P1H; to galvinoxyl
radical (G7). a stable oxygen-centered radical, is about
5-fold faster than that of hydrogen transfer from the
native 1H; to G* (26). We have also demonstrated that
the O, -generating ability of the dianion form of P1H;
generated In the reaction of P1H; with 2 equiv of Bu,
NOMe in deacrated accronitrile (MeCN) is tmuch lower
than that of 1H, suggesting that P1H; may be a
promising novel antoxidant with reduced prooxidant
activity (27). In addition, as compared with the hydro-
philic 1Hz. the Kpophilic property of P1H:, which is very
soluble in alcohol, ether, and tetrahydrofuran. seems 1o
glve rise to its antioxidative activity Into cell membrane,

We report hereln that P1H; can also scavenge cumyl-
peroxyl radical (PhCMe,00) more cfficiently than 1H,.
PhCMe,00°, while much less reactive than alkoxyl
radicals. Is known to follow the same pattern of relative
reactivity with a vadety of substrates (28—-30). The effect
of a metal fon on the rate of hydrogen transfer from P1H;
to PhCMe200" was also examined In order (o distinguish
between the enc-step hydrogen atom transfer and the
clectron transfer mechanisms in the radical scavenging
reaction of P1H; (31). The one electron oxidation poten
tial (Ex9) of 1H; as well as that of P1H; in MeCN was
determined by the second -harmonic alternating current
voltammetry (SHACV). The combination of kinetic and
electrochemical results obtained in this study provides
confirmative bases to develop novel antioxidants that
show improved radical scavenging activities.

Materials and Methods

Materials. A planar catechin derivative (PTH7) was synthe-
sized according to the literature procedure (26). (1) Catechin
(1H;) was purchased from Sigma. Di-tert butyl peroxide was
obtained from Nacalai Tesque Co., Ltd., and purified by chro-
matography through alumina, which removes traces of the
hydroperoxide, Cunwne was purchased from Wako Pure Cherni:
cal Inclusties Lid., Japan. Telra ¢ butylammoeniun perchlorate
(TBAD) uscd as a supporting electrolyte was recrystallized from
cthanol and dried under vacuum at 313 K. MeCN and pro-
pionitrile (EtCN) used as solvent were purified and dried by
the standard procedure (328).

Spectral and Kinetic Measurements. Kinctic measure-
ments for the hydrogen transfer reactions between catechins
and cumylperoxyl radical were performed on a JEOL X-band
spectrometer (JES ME-LX) at 203 K. Typically, photolrradiation
of an oxygen saturated E(CN solution containing di- tert-butyl
peroxide (10 M} and cumene (1.0 M) with a 1000 W high
pressure Mercury lamp resulted in formation of cumylperaxyl
radical (PhCMe;00 g~ 2.0156), which could be detected at
low temperatures. The g values were calibrated by using an
Mn?* marker. Upon cutting off the light. the decay of the ESR
intensity was recorded with time. The decay rate was acceler
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ated by the presence of P1Hz (1.0 - 10 1 M). Rates of hydrogen
transfer from P1H; to PhCMe; Q0 were nwnitored by measur-
ing the decay of the ESR signal of PhCMe; 00 in the presence
of various concentrations of P1H; in EACN at 203 K. Pseudo

first-order rate constants were determined by a least squares
curve fit using an Apple Macintesh personal comiputer. The first

order plots of In(f ~ L) vs time ({ and L are the ESR intensity
at time t and the final intensity. respectively} were linear for
three or more halfl lives with the correlation coeflicient. p > 0.99.
In cach case, it was confirmed that the rate constants derived
from at east five independent measurements agreed within an
experimental error of 15%.

Electrochemical Measurements. The SHACV (3338
measuremetits of 1H, and P1H; were performed on an ALS
G30A electrochemical analyzer in deaerated McCN containing
0.10 M TBAP as a supporting electrolyte at 298 K. The platinum
working clectrode was polished with BAS polishing alumina
suspension and rinsed with acetone before use, The counter
electrode was platinum wire. The measured potentials were
recorded with respect to an Ag/AgNO: (0.01 M) reference
clectrode. The one-electron oxidation potentials (.9 (vs Ag/
AgNQy) were converted into these vs SCE by addition of 0,29 V
(39.

Results

Hydrogen Transfer from Catechins to Cumyl-
peroxyl Radical. Direct measurements of the rates of
hydrogen transfer from a planar catechin derivative
(P1H_;) to cumylperoxyl radical were performed in ELCN
at 203 K by means of ESR. The photoirradiation of an
oxygen-saturated E{CN solution containing di fert bu-
tytperoxide (BuGOBu) and cumene with a 1000 W high
pressure mercury lamp results in formation of cumyl
peroxyl radical (PhCMe,004). which was readily detected
by ESR. The cumylperoxy] radical {s formed via a radical
chain process shown {n Scheme 1 {40—44).

The photoirradiation of Bu'OOBu results in the ho-
molytic ¢leavage of the O—0 bond to produce Bu'Qr (45—
51, which abstracts a hydrogen from cumene to give
cuinyl radical. followed by the facile addition of oxygen
to cumnyl radical. The cumylperoxyl radical can also
abstract a hydrogen atom from cumene in the propaga
tion step to yield cumene hydroperoxide. accompanied by
regeneration of cumyl radical (Scheme 1} (52, 53). In the
termination step. cumylperoxyl radicals decay by a
bimolecular reaction to yield the corresponding peroxtde
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Figure 2. Plots of kus vs P1H; (white cireles) and vs 1H; (black
circles) for the reactions of catechins (P1H; and 1H:) with
cumylperoxyl radical in EtCN at 203 K.

and oxygen (Scheme 1} (41, 42. When the light is cut
off. the ESR signal intensity decays obeying second -order
kinetics due to the bimolecular reaction in Scheme 1.

In the presence of P1H,. however. the decay rate of
cumylperoxyl radical after cutting off the light becomes
much faster than that in the absence of P1H;. The decay
rate in the presence of P1H; (1.0 . 1074 M) obeys pseudo
first-order kineties. Tlhis decay process is ascribed to
hydrogen transfer from P1H; to cumylperoxyl radical
(Scheme 1). The pseudo-first order rate constants in
crease with increasing P1H; concentration (IP1H;]) to
exhibit first-order dependence on [P1H,] as shown in
Figure 2. From the slope of the lincar plot of k. vs
concentration of PIH; is determined the second-order
rate constant (&7} for the hydrogen transfer from P1H;
to cumylperoxyl radical as 9.7 - 102 M ! 5! in [tCN at
203 K.

Flgure 2 also shows the linear plot of &y vs the
concentration of (+) catechin (1H,) for the reaction of 1H;
with cumyliperoxyl radical in E{CN at 203 K. The kyr
value for 1H; was also determined {n the same manner
as 6.0 . 108 M ' s' (3. Thus. as In the case of
galvinoxyl radical (20), the hydrogen transfer rate from
P1H; to cumylperoxyl radical Is significantly faster than
that from 1H,.

We have recently reported that the hydrogen transfer
from 1H; to galvinoxyl or cumylperoxyl radical proceeds
via electron transfer from 1H: to galvinoxyl or cumyl
peroxyl radical. which is accelerated by the presence of
tnetal lons, such as Mp?* and Sc?'. followed by proton
transfer (31). In such a case. the coordination of the metal
fon to the one-electron reduced species of galvinoxyl or
cumylperoxyl radical may stabilize the product. resulting
In acceleration of the electron transfer process. Tn this
context. the effect of a metal ton on the &y value of P1H,
was cxamined. As In the case of 1H, the hydrogen
transfer from P1H; to cumylperoxyl radical was signifi
cantly accelerated by the presence of Sc{050,CFj); as
shown in Figure 3. Thus. the hydrogen transfer from
P1H,; to cumylperoxyl radical also proceeded via electron
transfer from P1H; to cumylperoxyl radical followed by
proton transfer from P1H* to one clectron reduced
species cumnylperoxyl radical as shown in Scheme 2.

The larger ki value of P1H; as compared to that of
1H; may be ascribed to the stability of the radical cation
of P1H; (P1H;). which is produced in the electron
transfer from P1H; to cumylperoxyl radical. The clectron
donating fpropyl group at the B ring of P1H; may
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Figure 3. Plot of kyr vs [8¢**] in the reaction of P1H; to
cumylperoxyl radical in the presence of Sc{(0S0;CFi)z in EtCN
at 203 K.
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significantly stabilize P1Hz*'. resulting in the accelera
tion of the electron transfer step. In such a case. the one
electron oxidation potential of P1H; is expected to be
more negative than that of 1H,.

One-Electron Oxidation Potential of a Planar
Catechin Analogue. To determine the one-electron
oxidation potential of P1H,, the cyclic voltammogram of
P1H; was recorded in MeCN containing 0.1 M TBAP as
a supporting clectrolyte at 298 K. Two irreversible
oxidation (anodic} peaks were observed at 1.22 and 1.41
V vs S5CE (data not shown). A similar cyclic voltammo
gram was obtained for 1H;. which exhibits irreversible
ox{dation peaks at 1.16 and 1.35 V vs SCE. This indicates
that radical cations of P1H; and 1H, are too unstable at
the time scale of CV measurements. The STHACV method
1s known to provide a supertor approach to directly
evaluating one electron redox potential in the presence
of the follow-up chemical reaction relative to the better
known de and fundamental harmonic ac method (34). The
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Figure 4. SHACVs of (a} P1Hz and (b} 1H; in deaerated McCN
containing 0.1 M TBAD at 298 K. Scan rate, 4 mV s™1: working
clectrode. Pt.

SHACV method was applied to determine the one-
clectron oxidation potentials (Fi" of P1H: and 1H: in
deacrated MeCN containing 0.1 M TBAP at 298 K.
Figute 4 shows the SHACV of P1H; and 1H,. The E,°
value of P1H; thus determined (1.01 V vs SCE) is
significantly more negatlve than that of 1H; (1.18 V vs
SCE} as expected above. Thus. P1H; may undergo one-
electron exidation by cumylperoxyl radical more casily
than 1H;, showing excellent radical scavenging abilities.

Discussion

The primary goal of this project 1s to develop a novel
antioxidant, which can be positively utilized for clinfcal
treatment and/or chemopreventlon of discases assoclated
with ROS. There are two kinds of strategy In considering
the development of synthele antioxIdants: one Is a
design of a new type of antioxidant, the structure of
which 1s different from the natural antioxidant, and the
other is a modification of natural antloxidants to improve
its antioxidative capacities. A recent topic on the syn-
thetic antloxldants is a development and clinical applica
tion of edaravone (3 methyl 1 phenyl-2 pyrazolin 5-one.
MCI-186). Edaravone has been reported to show potent
free radical scavenging actions toward ROS. such as 07",
Hz0:. and HCIQ. which may be involved in the tissue
destructive effects of reperfusion after tschemia (54— 56).
As a neuroprotectve agent, edaravone has been clinically
preseribed in Japan since 2001 to treat patients with
cerebral ischemia. Regarding flavonolds, there are many
reports for the synthetic derivatives to exert prominent
chemopreventive effects toward oxidative stress-derived
injury. However, only a few studies on the synthetic
flavonoids, which were afined atl the improved radical
scavenging ability. have been reported. Flavopiridol Is a
chierinated dervative of flavone, which s currently in
clinfca! development for the treatment of advanced
cancer. including ovartan cancer (57. 58. Flavopiridol is
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an Inhibitor of cycline dependent kinases to modulate cel
cycle (59). and radical scavenging mechanism is not
involved in the expression of anticancer cffects of this
compound.

The planar catechin (P1HZ). which has been detected
in mere trace amounts in nature (67, is easlly synthe
sized by the reaction of 1H; and acetone (26). The ability
of P1H; to scavenge oxygen-centered radical. such as
galvinoxyl radical. Is excellent as compared o that of (+)-
catechin and its complete Inhibitlon of oxidative DNA
damage induced by metal-catalyzed generation of hy
droxyl radical (26), as well. Therefore, P1H; may exert
f1s antioxidative capacities by scavenging reactive oxygen
radicals in many types of biologically generating systems.
The present study was focused on the reaction of P1H,
to cumylperoxyl radfcal, a model radical of lipld peroxyl
radical farmed tn a radical chain rcaction of lipid per
oxidation. The processes of lipid peroxidation concomitant
with the formation of lipid peroxyl radicals are detri-
mental to the viability of the cell. The biophysical
consequences of peroxidation on snembrane phospholipids
can be both extensive and highly destructive. provoking
diseased states such as atherosclerosis. heart attacks,
cancer. ischaemia/repulsion injury. and even the aging
process as a whole (67). The ability of antioxidamt to
scavenge peroxyl radicals and block lipid peroxidation
raises the possibility that it may protect against the many
Lypes of [ree radical assocaled diseases. As compared
with 1H;, P1H; showed strong radical scavenging ability
toward curnylperoxyl radlcal formed via a radlcal chain
process, as well as the predominant radical scavenging
reaction of PIH; o galvinoxyl radical. Lipid peroxyl
radical formed by the reaction between a lipld radical
and a molecular oxygen is essential for autoxidation of
lipid. The peroxyl radical abstracts an allylic hydrogen
atom from an adjacent polyunsaturated fatty acid. re-
sulting in a lipid hydroperoxide and a second lipid radical.
Therefore, PIH; may act as an effective lerminator by
means of scavenging frec radicals in autoxidation of
lipids.

Considering the antioxidative mechanisin to scavenge
peroxyl radical, there are two possibilities in the mech:
anism of hydrogen transfer rcactions. l.e.. a one step
hydrogen atem transfer or electron transfer followed by
praton transfer. The hydrogen transfer reaction from
P1H; to cumylperoxyl radical accelerated in the presence
of the metal fon, indicating 1hat the hydrogen transfer
reaction proceeded by the two-step reaction. that is.
electron transfer from P1H; to cumylperoxyl radical
followed by proton transfer froin P1H™. Vitamin E {s a
typical antioxidant to terminate lipid peroxidation. and
the hydrogen transfer reaction proceeds via a onc-step
hydrogen atom transfer process. which Is due to no effect
of metal fon on the hydrogen transfer rate from vitamin
E analogue to galvinoxy! radical (62). On the other hand,
in the case of 1H, the hydrogen transfer reaction
proceeds via electron transfer fromn 1H; to oxyl radical
foliowed by proton transfer rather than via a one step
hydrogen atom transfer (31). as the case of present
results of the P1H;. The one-clectron oxidation potential
investigated by the SHACV indicated that the electro
chemical oxidation of P1H; was casfer to progress in
comparison with 1Hz. The electron transfer mechanism
for the radical scavenging reaction of P1H; is probably
a consequence of {is electrochemical easc for one-electron
oxidation, Judging from the onc-electron oxidation po
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tential of P1H; that {s higher than the one-electron
reduction potential of cumylperoxyl radical (F.s* = (.65
V vs SCE) (63). the free energy changes of electron
transfer from P1H: to cumylperoxyl radical are positive
IAGe® (in eV) = e{E,® — E.i®) > 0, where eis elementary
charge]; thereby. the electron transfer step is endergonic.
In such a case. the initial electron transfer rate (K} may
be the rate determining step in the overall rate of
hydrogen transfer, which consists of electron and proton
transfer steps. The maximum k. value is evaluated from
the AG.® value by cq 1. where Ir is assumed that the
activation free energy (AG,Y is equal to AGY? (o
additional barrier fs involved), Zis the frequency factor
taken as 1 - 10" M~! 57!, and kp is the Boltzmann
constant (64, 65).

k= Zexp(-AG. ks ) (1)

The maximum K., value is caleulated as 1.2 - 102 M-!
s~ !, which is the same order of magnitude as the observed
Kyt value (9.0 - 162 M~! s~1). The larger k7 value than
the k. value indicates that the hydrogen transfer from
P1H; to cumylperoxyl radical proceeds via a rate deter-
mining electron transfer with an interaction between
P1H; and cumylperoxy) radical. The formation 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 transfer
may proceed via an inner-sphere electron transfer in the
charge transfer complex formed between P1H; and
cumylperoxyl radical. The acceleration of the hydrogen
transfer rate in the presence of Se (Figure 3) is ascribed
to the promoting effect of Sc* on the electron transfer
step due to the strong binding of Sc¥! with cumylperoxyl
anfon produced in the electron transfer.

In conclusion, the hydrogen transfer from P1H; to
cumylperaxyl radical generated in radical chain reactions
proceeds via an clectron transfer reactfon and the rate
of hydrogen transfer from P1H; to cumylperoxyl radical
is faster than that fram 1H:. The predeminance of P1H:
in the hydrogen transfer reaction s consistent with the
clectrochemical case for its ene electron oxidation poten-
tial. Since P1H; is very Hpophilic as compared to (+)
catechin itself, it s proposed that P1H: interacts and
penciarates the lipid bilayer giving rise to its maximized
antioxidant capacity. 'T'herefore, we believe that P1H:
may be significantly more cffective not only for protecting
tissue from the enslaught of the radical species governing
peroxidation but also for terminating the autoxidation,
which plays in provoking diseased states. Studies are
underway to Investigate basic bjochemical properties of
P1H; in viveo, as well as to Investigate its ability to serve
as an antfoxidant for the treatment of diseases assoclated
with pxidative stress.
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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[#lquinoline (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 /acZ transgenic mouse (Muta™Mouse). BfQ and BhQ only slightly induced mutation in the liver and lung,
respectively. BfQ- and BhQ-induced c/7 mutant spectra showed no characteristics compared with that of the control. These
results suggest that the in vivo mutagenicities of BfQ 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 fike 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 arc only a few reports about the in vivo mutagenic-

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@phar.nagoya-cu.ac.jp (K.-1. Saeki).

ity of aza-arenes. We have investigated the in vitro
and in vivo mutagenicity of aza-arenes with special
attention to their metabolic activation mechanisms.
10-Azabenzo[a]pyrene, a carcinogenic aza-analog
{5] of benzo[a]lpyrene, 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,

1383-5718/5 — see front matter © 2004 Elsevier B.V. Al! rights reserved.

doi:10.1016/].mrgentox 2003.12.012
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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 JacZ 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 benzo[g]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. #y-
phimurium TA100 in the presence of a rat liver 89 frac-
tion [16-18]. Furthermore, benzo[h}quinoline (BhQ)
(Fig. 1), a positiona! isomer of BfQ, was reported to
be weakly or equivocally mutagenic in S. yyphimurium
TA100 with a rat liver S9 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 epoxide (N,d-hydrated

ab-epoxide) (Fig. 2) [18).
OH
P-450
5 e
i

snamine structure

onamine epaxide
(Utimate form)

In the present study, we undertook to investigate
the in vivo mutagenicity of BfQ, 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-D-galactoside
{P-gal) from Sigma Chemical Co. (St. 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™ Mouse

2.2.1. Animals and treatments

Seven-week-old male MutaT™Mice, supplied by
COVANCE Research Products (PA, USA), were ac-
climatized for I week before use and divided into
seven groups of four mice each. Bf), BhQ, and
1,7-Phe dissolved in olive oil (10 mi’kg body weight)
were injected intraperitoneally into two, one, 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
{BfQ-, BhQ-, 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, hing, kidney, and bone marrow were immedi-

p®: |:(‘j/°”

ldduct

Fig. 2. Proposed metabolic activation pathway for the pyridine moiety (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 ul) of TE-4 buffer
(10mM Tris-HCI at pH 8.0 containing 4 mM EDTA)
atroom temperature overnight. The DNA solution thus
prepared was stored at 4°C,

2.2.3. In vitro packaging

The lambda pti0/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 BHB2688
was prepared according to the methods of Gun-
ther et al. [22]). As the geperal procedure for han-
dling the HM extract, approximately 5 ug DNA was
mixed with 15 pl of FTL and 30 pl 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 (S50mM Tris—HCI at pH 7.5, 10mM MgSOy4,
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 /acZ 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 remaining
phage-E. coli solution was mixed with LB top agar
containing phenyl-B-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 p]ates)

total number of plaques on titer plates
% dilution factor.

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

2.2.4.2. cll mutant frequency determination. We
also examined the mutagenicity in the lambda clf
gene integrated as & lambda vector gene, which serves
as another selective marker as reported previously in
the Jac/ transgenic BigBlue mouse [24]. The positive

k1] -4
AAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGCATTTATTTGCATACATTCA

Primar 1

-1 30
ATCAATTGTTATCTAAGGAAATACTTACATATIGGTTCGTGCAAACAAACGCAACGAGGCT

] 90
CTACGAATCGAGAGTGCGTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGACAGCG

120 150
GAAGCTGTGCGGCGTTGATAAGTCGCAGATCAGCAGGT GGAAGAGGGACT GGATTCCAAAG

180 210
TTCTCAATGCTGCTTGCTGTTCTTGAATGGGGGGTCGTTGACGACGACATGGCTCGATTG

240 270
GCGCGACAAGTTGCTGCGATTCTCACCAATAAAAAACGCCCGGCGGCAACCGAGCGTTET

300 330
GAACAAATCCAGATGGAGTTCIGAGGTCATTACTTGATCTATCAACAGGAGTCATTATGA

CAAATACAGCAAAAATACTCAACTTCGG
Primer 2

Fig. 3. Sequence map of the clf gene. The primers, used for PCR ampli. cation and sequencing, are shown by amows. The PCR gives
446 bp products that involve the entire (294 bp) cll 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 + S.D.  Individual animal data Average : S.D.
No.of  No.of  MF x 10° MF x 10° No.of  No.of MF x10° MF x 10°
phages mutants phages mutants
analyzed analyzed
Liver Control 1120000 106 9.5 70+ 1.6 445400 12 2.7 21 06
{olive oil) 816000 59 7.2 938400 24 2.6
1198000 73 6.1 764400 11 14
791500 41 52 699000 11 16
BfQ 634500 ks 5.0 9.6 £ 3.1 8046500 12 1.5 38+16
590000 5t 8.6 662400 35 53
158500 20 12.6 426300 23 54
221500 27 122 883200 28 32
BhQ 442000 29 6.6 50+1.1 1188000 53 4.5 2611
677000 39 58 1134600 21 1.9
257500 11 4.3 671700 17 25
645500 46 7.1 1011000 15 1.5
1,7-Phe 272000 41 15.1 15.9 £ 0.5* 813600 44 54 41 £ 08"
183000 30 16.4 562800 19 34
263000 43 16.3 720000 25 s
184000 29 158 606000 25 41
Spleen  Control 855500 116 13.6 7336 623100 12 19 24+03
(olive oil) 533000 29 54 1502400 41 27
446500 25 56 546500 15 2.7
461000 22 48 569400 13 23
BfQ 210500 13 6.2 6.1 +06 2098200 25 1.2 35+£28
244500 16 6.5 441000 13 29
403000 27 6.7 785400 65 33
256500 13 5.1 786600 13 1.7
BhQ 297000 12 4.0 65+ 1.6 277800 10 36 29+ 06
354500 25 7.1 828300 22 27
396500 26 6.6 946200 31 33
544000 46 8.5 1608600 34 2.1
1,7-Phe 426500 34 8.0 7.0+ 1.0 967200 20 2.1 24407
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 60413 1027800 21 20 21£04
(olive oil) 1111500 60 54 738000 21 28
678000 35 5.2 1142700 20 1.8
1473000 76 52 83600 15 1.8
BfQ 553000 39 71 6.0 £ 0.6 1107600 I8 1.6 2606
332000 18 54 903300 22 24
353000 21 59 1124700 36 32
266000 15 5.6 45200 14 31
BhQ 401500 51 12.7 10.8 £ 2.4 1705500 37 22 3510
481500 54 112 1071000 33 3.1
572500 72 126 2403000 99 41
372000 25 6.7 2083200 98 4.7
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Table | (Continued)

Tissue Treatment JlacZ assay

cll assay
Individual animal data Average £ 5D, Individual 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

§,7-Phe 335500 29 3.6 103 £ 19 1103400 26 24 29£05
351000 46 13.1 1012200 27 27
244500 27 11.0 909600 34 37
211000 18 85 892200 26 29

Kidney Control 219500 15 68 68 +14 551100 21 38 274£10
(olive 0il) 190000 17 8.9 426600 16 38
349500 17 49 588000 11 19
301000 20 6.6 771000 12 1.6

BfQ 682500 46 6.7 74 11 1035000 25 24 39+09
550500 51 93 825000 36 44
474000 33 10 649800 30 46
484000 32 6.6 1599000 66 41

BhQ 920500 55 6.0 74 £ 1.2 1323600 26 20 22+ 05
622000 51 82 945000 27 29
113000 10 88 1408800 23 1.6
244500 16 6.5 1018200 23 23

1,7-Phe 486500 9 6.2 68 =05 B14800 15 1.8 33116
558000 38 6.8 660300 40 6.1
177000 12 6.8 520200 13 25
319500 24 15 1664700 48 29

Bone marrow  Control 311000 32 10.3 71 £30 644100 14 22 1306
{olive oil) 465000 27 5.8 1041000 16 1.5
70500 2 2.8 111300 1 09
96500 9 9.3 154500 1 0.6

BfQ 325500 17 5.2 6408 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

BhQ 257000 13 5.1 5705 1757100 20 1.1 1.7+ 04
617000 38 62 1349400 24 1.8
683000 41 6.0 1640400 22 21

1,7-Phe 502500 24 48 47+ 05 963600 12 12 16 + 06
397500 19 48 962400 11 1.1
622000 33 53 1341000 21 1.6
332000 13 39 916900 24 26

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

selection for ¢/ mutants was performed according to
the method of Jakubczak et al. [24] with slight modi-
. cation as previously reported [14). Brie. y, the phage
solution was absorbed to E. coli G1225 (h. ~) at room
temperature for 20-30 min. For titration, an appropri-

ately diluted phage-E. coli solution was mixed with
LB top agar (containing 10 mM MgS04), plated onto
dishes containing bottom agar, and incubated for 24h
at 37°C. The remaining phage-E. coli solution was
mixed with LB top agar and plated onto dishes con-
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Table 2
Mutant frequencies induced by BfQ and 1,7-Phe in . ve organs of Muta™Mouse for the expression time of 56 days
Tissue  Treatment JocZ assay cll assay
Individual animal data Average £ S.D.  Individual animal data Average £ 5.D.
No.of  No.of  MF x 10° MF x 10° No. of No.of MF x 105 MF x 10°
phages mutants phages mutants
analyzed analyzed
Liver Control 246500 21 85 79+13 960700 18 1.9 17402
(olive oil) 168500 12 7.1 1161000 21 1.8
636500 39 6.1 3351500 65 19
155500 15 9.6 1978500 27 1.4
BfQ 259000 24 9.3 11.5 £ 28 543600 14 26 24 £ 02"
367000 kH 9.5 2746500 60 22
714000 116 162 3693000 97 26
180500 20 111 2490600 57 23
1,7-Phe 653000 63 9.6 14.8 £ 3.7* 1468200 64 44 48 £ 1.2*
266500 35 131 1140000 36 12
497000 94 189 4469100 286 6.4
126000 22 17.5 306600 16 52
Spleen  Control 608500 47 7.7 7.8 + 04 1825800 53 29 29+ 06
(olive oil) 347500 26 15 1304400 48 7
355500 30 84 1224600 36 29
389500 29 74 1106400 22 20
BfQ 440000 38 86 84403 2245800 2 14 134+25
242500 21 8.7 860400 14 1.6
354000 30 85 1090800 83 7.6
460500 36 78 946200 24 25
1,7-Phe 567000 8 143 100 £ 25 1022400 22 22 22004
231500 18 78 976800 22 23
336000 29 B6 1059000 23 22
253500 24 9.5 865800 19 22
Lung Control 190500 25 6.4 794+ 19 657600 13 20 311+ 09
(olive oil) 218500 21 9.6 1230600 k1) 24
558500 32 53 936000 35 37
474500 47 2.9 928800 38 4.1
BfQ 332500 26 7.8 72+12 742200 19 26 37+ 19
554500 43 78 1035000 25 2.4
476000 39 82 839400 59 7.0
386000 20 52 651000 17 26
1,7-Phe 731500 56 17 7.7+ 0.9 1365600 25 1.8 3.0+ 09
412000 32 7.8 728400 29 4.0
494500 44 89 966600 26 27
519000 33 6.4 9546800 35 3.7
Kidney  Control 442500 26 59 8224 1874400 64 34 25206
(olive oil) 217000 26 120 2313600 43 19
383000 25 6.5 1139400 25 22
596500 50 84 1437600 39 2.7
BQ 552500 41 74 7110 1629600 60 37 29 07
479000 39 8.1 1360800 33 24
774500 56 7.2 1446000 50 35
698500 38 54 1277400 27 21
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Table 2 (Continued)

Tissue Treatment lacZ assay

cll assay

Individual animal data

Average + S.D. Individual animal data

Average X S.D.

No.of No.of MF x10° MF x 10° No.of No.of MF x 10° MF x 10°
phages  mutanis phages  mutants
analyzed analyzed
1,7-Phe 299500 19 6.3 7311 1201800 26 22 22403
567500 50 88 1393200 35 2.5
877500 70 8.0 1409400 35 25
513500 32 62 1060200 19 1.8
Bone marrow  Control 607500 43 71 79+12 1334700 21 1.6 1.9+ 04
{olive oil) 829000 57 6.9 1204800 25 2.1
924500 70 16 1441800 23 1.6
605500 60 99 1184400 30 25
BRQ 429000 26 6.1 69 %21 1703400 19 1.1 319441
661500 69 104 1287600 15 1.2
893000 47 53 1256400 136 10.8
791500 45 57 1249200 29 23
1,7-Phe 605500 92 15.2 90+ 38 1206600 13 1.1 1.5+ 03
447500 39 87 1700400 22 13
507000 30 59 876000 14 1.6
1188000 71 6.0 1444200 28 1.9

* 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 ¢Il mutants. The wild
type phage, recovered from Muta™Mouse, has a
cl~ phenotype, which permits plague formation with
the A ~ 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 plagues cn 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 r-test.

2.2.5. Sequencing of mutants

The entire lambda c/J 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-CCGAAGTTGAGTATTTTTGCTGT-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™ 310 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 spontanecus mutant frequencies
observed in the control group were similar for the
. ve organs in both JacZ and Il assays regardless of
the expression time {14 or 56 days), the rate ranging
from 6.0 to 8.2 x 1075 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 frequencics 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 liver in the efI -
assay, whereas the mutant frequency in the lacZ 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 ¢If 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 113 CtoT AAG TCG CAG Ser to Leu
A2 99-100 GGt TT GTG GGC GTT Gly to Cys
A3 107 AwC GTT GAT AAG Asp to Ala
Ad 57 Cte G CTT AAC AAA Asn to Lys
AS 214 CtoT GCG CGA CAA Arg to Stop
A6 181 GteT TGG GGG GTC Gly to Trp
AT 34 CtoT CTA CGA ATC Arg to Stop
AR 103 G A GGC GTT GAT Val to Ile
A9 196 Gt T GAC GAC ATG Asp to Tyr
AlO 129 GteC AGG TGG AAG Trp to Cys
All 34 CwT CTA CGA ATC Arg to Stop
Al2 25 Gt A AAC GAG GCT Glu to Lys
Al3 241-246 —-A AAAd 444 CGC Frameshift
Al4 179-184 -G TGG GGG GTC Frameshift
Als 57 CtoA CTT AAC AAA Asn to Lys
Alé6 k3] GtoT CTA CGA ATC Arg to Leu
Al7 179-184 +G TGG GGG GTC Frameshift
AlS 90-91 GGt TT GCG GAA GCT Glu to Stop
Al9 94 GtwT GAA GCT GTG Ala to Ser
A20 115 CwT TCG CAG ATC Gln to Stop
A2l 153 G A GAC GAC GAC Asp to Asn
A22 64 Gto A ATC GCA ATG Ala to Thr
A23 103 Gto A GGC GTT GAT Val to Iie
A24 104 TwwC GGC GTT GAT Val to Ala
A25 89 CtoT ACA GCG GAA Als to Val
A26* 64 Gto A ATC GCA ATG Ala to Thr
A27 175 GtoT CTT GAA TGG Ghu to Stop
A28 25 Gt A AAC GAG GCT Glu to Lys
A29 34 CtoT CTA CGA ATC Arg to Stop
A30 100 Gto A GTG GGC GTT Gly to Ser
A3l 62 TtoC AAA ATC GCA Ile to Thr
A3t 25 Gto A AAC GAG GCT Glu to Lys
A33 196 Gw A GAC GAC ATG Asp to Asn
A4 179-184 -G TGG GGG GTC Frameshift
A3S 115 Cto A TCG CAG ATC Gln to Lys
Al 134 Gt 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, Muation spectra of BfQ, BhQ, and 1,7-Phe-
induced mutations

A total of 36 Bf}-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. Iin 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 transitions
(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 cIf 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 Gito A GAC GAC ATG Asp to Asn
B2 179-184 +G TGG GGG GIC Frameshift
B3 149 AtoT CCA AAG TTC Lys to Met
B4 241-246 —-A AA4 A44 CGC Frameshift
BS 34 CtoT CTA CGA ATC Arg to Stop
B6 113 CtoT AAG TCG CAG Ser to Leu
B7 215 GtoT GCG CGA CAA Arg to Leu
B&* 34 CwT CTA CGA ATC Arg to Stop
B9 166 GtoC CTT GCT GTT Ala o Pro
B10 25 GtoA AAC GAG GCT Glu to Lys
Bll 34 CtoT CTA CGA ATC Arg to Stop
B12 62 TwwC AAA ATC GCA Ile to Thr
BI3* 34 CtoT 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 GOG CGA Ala to Val
BIT* 212 CtoT TTG GOG CGA Ala to Val
B18 113 CtwT AAG TCG CAG Ser to Leu
B1% 46 Gto C AGT GCG TTG Ala to Pro
B20 179-184 +G TGG GGG GTC Frameshift
B21 89 CtoT ACA GCG GAA Ala to Val
B2 196 Gto A GAC GAC ATG Asp to Asn
B23 190198 -~GAC GAC GAC GAC Frameshift
B24 34 CtoT CTA CGA ATC Arg to Stop
B25 205 CwT GCT CGA TTG Arg to Stop
B26 179-184 -G TGG GGG GTC Frameshift
B27 122 GtoT ATC AGC AGG Ser to Ile
B28 28 Gito A GAG GCT CTA Ala to Thr
B29 52 CtwG TTG CTT AAC Len to Val
B30 197 At G GAC GAC ATG Asp to Gly
B31 212 CtoT TTG GCG CGA Ala to Val
B32 91 GtoT GCG GAA GCT Glu to Stop
B33 205 CteT GCT OGA TTG Arg to Stop
B34 40 Gto A ATC GAG AGT Glu to Lys
B35 34 Cto T CTA CGA ATC Arg to Stop
Bis* 40 Gto A ATC GAG AGT Glu to Lys
B37 89 CtoT ACA GCG GAA Ala to Val

* Ascribable to the same mutation obtained in an identical mouse.
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Table 5
Sequences of ¢l/ mutations in the liver of 1,7-Phe-treated Muta™Mouse for the expression time of 56 days
Mutant no, Position Mutation Sequence Amino acid change
Cl 113 CtoT AAG TCG CAG Ser to Len
c2 212 CtoT TTG GCG CGA Ala to Val
C3 125 GtoC AGC AGG TGG Arg to Thr
C4 196 Gto A GAC GAC ATG Asp to Asn
C5 40 Gto A ATC GAG AGT Glu to Lys
ce* 212 CtoT TTG GCG CGA Ala to Val
Cc7 46 GwC AGT GCG TTG Ala to Pro
o] 94 GtoC GAA GCT GTG Ala to Pro
ce i34 GtoT AAG AGG GAC Arg to Met
Cl10 163 CtoT COG CTT GCT Leu to Phe
Cll 34 CtT CTA CGA ATC Arg to Stop
Cl2 179-240 —62bp Frameshift
C13 193 Gto A GAC GAC GAC Asp to Asn
C14 65 CtoT ATC GCA ATG Ala to Val
C15 164-165 -T CIT GCT GTT Frameshift
166 G A
Clé i AtG cat ATG GTT Met to Val
Cc17 224 CtoA GTT GCT GCG Ala to Asp
Cl8 196 Gto A GAC GAC ATG Asp to Asn
C19 150 GtoT CCA AAG TTC Lys to Asn
C20 113 CtoT AAG TCG CAG Ser to Len
ca 150 GtoT CCA AAG TTC Lys to Asn
c22 129 Gto A AGG TGG AAG Tip to Stop
€23 37 AtoT CGA ATC GAG Ile to Phe
C24 140-141 GG to CT GAC TGG ATT Trp to Ser
C25 89 CtoA ACA GCG GAA Ala to Glu
C26 34 CtoT CTA OGA ATC Arg to Stop
c27 212 CtoT TTG GCG CGA Ala to Val
C28 233 Tt ATT CTC ACC Leu to Pro
Cc2% - 28 Gt C GAG GCT CTA Ala to Pro
C30 95 CtoA GAA GCT GTG Ala to Asp
cn 89 CtoG ACA GCG GAA Ala to Gly
%73 100 Gt C GTG GGC GTT Gly to Arg
C33 25 Gt T AAC GAG GCT Glu to Stop
C34 39 Cto G CGA ATC GAG Tie to Met
C35 103 Gto C GGC GTT GAT Val to Len
C3i6 212 CtoT TTG GOG CGA Ala to Val
C37 64 Gto A ATC GCA ATG Ala to Thr
C38 193 GtoT GAC GAC GAC Asp to Tyr
C39 95 CtoA GAA GCT GTG Ala to Asp
C40 74 Gt C CTT GGA ACT Gly to Ala
C4l 120 CtoG CAG ATC AGC Ile to Met
car 39 CtoG CGA ATC GAG Ile to Met
Cc43* 64 Gto A ATC GCA ATG Ala to Thr

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

1,7-Phe. On the other hand, BfQ and BhQ-induced
¢ll mutant spectra showed no characteristics com-
pared with that of the control and consisted mainly
of G:C to A:T transitions (15/34 and 18/33, respec-
tively).

4, Discussion

In this study, we attempted to investigate the in
vivo mutagenicity of three tricyclic aza-arencs, BfQ,
BhQ, and 1,7-Phe. They were injected daily for 4 days



K. Yamada et al. / Mutation Research 359 (2004) 83-95 93

Table 6
Summary of cf7 mutation spectra in Muta™Mouse
Mutation class Control® (%) BfQP (%) BhQ® (%) 1,7-Phe® (%)
Total 32 (100) 34 (100) 33 (100) 39 (100)
Base substitution 28 (88) 28 (82) 28 (85) 36 (92)
Transitions
GC to AT 18 (56) 15 (44) 18 (55) 15 (38)
AT to GC 1(3) 2 (6) 3 (9) 2(5)
Transversions .
AT to TA 3 (% 0 {0) 1(3) 1(3)
AT to CG 0 (0) 103) 0 (0) 1(3)
GC to TA 5(16) 7 20) 3 (9) 7 (18)
GC to CG 1) 3(9) 3(9) 10 (26)
—1 frameshifts 13) 3(9) 2 (6) 0 (0)
+1 frameshifis 2 (6) 1(3) 2 (6) 0 (0)
Deletion 0 (0) 0 (0) NE)) 103)
Insertion 0 (©) 0 (0) 0 (0) 0 (0)
Complex 13) 2 (6) 0 (0) 2 (5)

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

® 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.
BfQ 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. BfQ has a nitrogen atom in the bay-
region and BhQQ 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 suggest 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 spontaneous 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

1n aza-arencs.
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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
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3-nitrobenzanthrone (3NBA) is an extremely po-
tent mutagen in the Salmonella reversion assay
and a suspected human carcinegen identified in
diessl exhaust and in ombient airborne parficulote
matter. To evaluate the in vive mutagenicity of
3-NBA, we analyzed the mutant frequancy (MF) in
the cll gene of various organs {lung, liver, kidney,
bladder, colon, spleen, and testis) in lambda/lacZ
transgenic mice {Muta Mouse] after intraperitoneal
treatment with 3-NBA {25 mg/kg body weight
injected once a waek for 4 weeks). Increases in MF
were found in colon, liver, and bladder, with 7.0-,
4.8, and 4.14old increases above the control
value, respectively, whereas no increcse in MF
was found in lung, kidney, spleen, and testis. Si-
multanecusly, induction of micronuclei in periph-
eral blood reticulocytes was observed. The se-
quence alterations in the cil gene recovered from
41 liver mutants from 3.NBA4reated mice were
compared with 32 spontanecus mutants from un-
treated mice. Base substitution mutations predomi-
nated for both the 3-NBAtreated {80%)] and the
unireated {81%) groups. However, the proportion
of G:C—T:A transversions In the mutants from

3-NBAdreated mice was higher {49% vs. 6%} and
the proportfion of G:C—A:T tronsitions was lower
than those from unireated mice [10% vs. 66%]. The
increase in MF in the liver was associaled with
strong DNA binding by 3-NBA, whereas in lung, in
which there was no increass in MF, a low level of
DNA binding wos observed (268.0-282.7 vs.
8.8-15.9 adducts per 10® nuclectides). DNA ad-
duct patterns with multiple adduct spots, qualite-
tively similar to those formed in vitro ofter activa-
tion of 3NBA with nitroreductases and in vivo in
rats, were observed in all fissues examined. Using
high-pressure liquid cochromatogrophic analysis,
we confirmed that oll mojor 3-NBA-DNA 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 liver). These results suggest that
G:C—T:A transversions induced by 3INBA are
caused by misreplicafion of adducied guonine res-
idues through incorporation of adenine opposite
the adduct {A+ule). Environ. Mol. Mutogen. 43:
186-193, 2004. © 2004 Wileyiss, Inc.

Key words: 3-nitrobenzanthrons; Muta Mouse; mutation spectro; cli; DNA adducts; 32P-post-
labeling; diesel exhaust; 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
stedies 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-
carbons (nitro-PAHs) are widely distributed environmental
pollutants found in airbome 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, tnc.

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