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J-nitrobenzanthrone [3-NBA) is an extremsly po-
tent mutagen in the Salmonella reversion assay
and a suspected human carcinogen identified in
diesel exhaust and in ambient airborne particulate
matter. To evaluate the in vivo mutagenicity of
3-NBA, we analyzed the mutant frequency {MF] in
the cli gene of various organs (lung, liver, kidney,
bladder, colon, spleen, and testis) in lambda/lacZ
fransgenic mice {Muta Mouse) after intraperitoneal
freatment with 3NBA {25 mg/kg body weight
injected once a week for 4 weeks). increases in ME
ware found in colon, liver, and bladder, with 7.0,
4.8, and 4.140ld increases above the control
value, res ectively, whereas no incraase in MF
was found in lung, kidney, spleen, and testis. Si-
multaneously, induction of micronuclei in periph-
eral blood reticulocytes was observed. The se-
quence alterations in the el gene recovered from
41 liver mutants from 3-NBA-reated mice were
compared with 32 spantanesus mutants from un.
treated mice. Base substitution mutatians predomi-
nated for both the 3-NBAdJreated (80%} and the
unireated (B1% groups. However, the proportion
of G:C—T:A transversions in the mutants from

3-NBA-treated mice was higher (49% vs. 6%) and
the proportion of G:C—A:T transitions 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, whereas in lung, in
which there was no increase in MF, a low level of
ONA binding was observed {268.0-282.7 vs.
8.8~15.9 adducts per 10° nucleotides). DNA ad-
duct patterns with mulfiple adduct spots, qualita-
tively similor to those formed in vitro after active.
tion of 3-NBA with nitroreductases and in vive in
rats, were abserved in all lissues examined. Using
high-pressure liquid cochromatographic analysis,
wa confirmed that all major 3-NBA-DNA adducts
produced in vivo in mice are derived from reduc-
tive metabolites bound to purine bases (70-80%
with deoxyguancsine and 20-30% with deoxy-
adenosine in liver). These results suggest that
G:C—T:A transversions induced by 3-NBA are
caused by misreplication of adducted guanins res-
idues through incorporation of adenine opposite
the adduct {Arule]. Environ. Mol. Mutagen. 43:
186-195,2004. @ 2004 Wileyiss, Inc,
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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,
1939; Boffeta et al., 2001]. Nitropolycyclic aromatic hydro-
carbons (nitro-PAHs) are widely distributed environmental
pollutants found in airborne particulate matter, especialiy
that emitted from diesel and gasoline engines [Tokiwa and
Ohnishi, 1986; Yaffe et al., 2001]. Many members of this
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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, 1989; Tokiwa et al., 1993; Purchit and
Basu, 2000].

3-nitrobenzanthrone (3-NBA; 3-nitro-7H-benz{de}an-
thracen-7-one; Fig. 1) was recently detected in diesel ex-
haust and in airbome particulate matter and might originate
both from incomplete combustion of fossil fuels and from
reaction of the parent aromaric 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 oceu-
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-
songphouang 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
et 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; Arltet al.,
2001, 2002, 2003a, 2003b, 2003¢], 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 major 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, 2003c).

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 [Arlt et al., 20{2]. Tha
autheaticity of 3-NBA was confirmed by UV, electrospray 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 oil (2.5 mg/ml). Five mice (7- to 8-week-old, ~ 25 g
body weight) were treated with 25 mgfkg body weight once a week for 4
weeks by intraperitoneal infection (10 ml/kg), Five mice received olive oil
only at the same time and in the same manner. Mice were killed 3 days
after the last reatment, and lun g, liver, kidney, bladder, spleen, colon, and
testis tissues were collected, Tissue samples were stored at —80°C unti]
DNA isolation. DNA was extracted by a standard phenoi extraction
method,

Peripheral Blood Micronucleus Assay

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

Lambda cll Mutation Analysis

The MutaPlax cff-Select Kit (Epicentre Technelogies, Madison, wh
was used for the lambda c/f assay. The kit contained lambéa packaging
extracts and cultures of A~ Escherichia coli G1225 for both recovered
phage titer and selection of matant phages. Lambda packaging and positive
selection for cff mutants was performed according to the protocol of the
manufacturer with minor modifications as described previously [Jakubczak
etal,, 1996]. Bricfly, S00 ul of the packaged phage solution were incubated
with 1 ml of G1225 cells (ODy, = 1.0 at room temperature for 30 min,
mixed with 14 m) Luria broth top agar, and plated on five 9 cm dishes
containing 10 m! bottom agar. The plates were incubated at 25°C for 48 hr.
For total virus titer, a 5 3 pertion of the packaged phage was mixed with
200 pl of strain G1225 cells and 6 m] LB top agar, plated on two dishes,
and incubated at 37°C for 24 hr. Wild-type phage recovered from Muta
Mouse has a ¢/~ phenotype, which permitted Plaque formation on the k™
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 cll Mutants

Mutations in the lambda cff transgene were analyzed using the DNA
cycle sequencing method described previously [Suzuki et al., 2000]. The
cif 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 base pair PCR
product was purified and used for the sequencing reaction with a BigDye
Terminator Cycle Sequencing Kit {Applicd Biosystems, Tokyo, Japan),
PCR amplification and DNA sequencing was performed using a Minicycler
PTC-150-25 (MJ Research, Watertown, MA) and an ABI Prism 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].

*2p.postlabeling Analysis and High-Pressure Liquid

Chromatography {HPLC} Analysis of 32P.Labeled
3',5'-Deoxyribonuclecside Bisphosphate Adducts

**P-postlabeling analyses using nuclease P1 digestion, butanol extrac-
tion, and autoradiography were performed as described [Arlt et al., 2002].
Chromatographic conditions for thin-layer chromatography (TLC) on poly-
ethylencimine-celluloss (PEI-cellulose} were D1, 1L.OM sodium phosphate,
pH 6.0; D3, 4 M Li-formate, 7 M urea, pH 3.5, D4, 0.8 M LiC, 0.5 M T,
8.5 M urea, pH 8.0. DNA adduct levels (relative adduct labeling; RAL)
were calculated from the adduct cpm, the specific activity of [y-?PJATP
and the amount of DNA (pmol of DNA-P) used. Results were expressed as
DNA adduct/10° nucleotides. Individual adduct spots detected by the
J"’".P-!;u:»:ﬂabc!iug assay, or the origins after D1 only, were excised from the
TLC platex, extracted, and cochromatographed on HPLC with reference
bisphosphate adducts essentiall y as described previously [Arlt et al,, 2001 L

Preparation of Reference Compounds for
*2p.Postlabeling

Deoxyadenosine (dA) and deoxyguanosine {dG) 3'-monophosphates or
calf thymus DNA (4 pmol/ml; Sigma) were incubated with 3-NBA (3
mM) in a reaction containing xanthine oxidase {1 Wml; 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 [Bicler et al,, 1999;
Arlt et al., 2001, The resulting adducted deoxypurine 3"-monophosphates
were used as reference compounds in 32p-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) weatment. This result confirms data on micronucleus
formation observed in another mouse strain using the same
amount of 3-NBA [Enya et al,, 1997].

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

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

Treatment Waek 1 Week 2
Control 3nx0s 30%12
3-NBA 75 28 B4+ 30"

“Values represent the mean * SD of five animals,
"Significantly different from untreated control anjmals at P < (.05 (t-test).

TABLE II. Mutant Frequency in the cfJ Gene From: Various
Organs of Muta Mouse Treated With 3-NBA

Mean MF % 10~% + sp*

Organ Control 3-NBA
Lung 381 x244 385% 142
Liver s+ 121 1474 + 494>
Kidney 362134 3162134
Colon 367 £ 176 2587 = 106.4"
Spleen 288+96 344111
Testis 152+74 22863
Bladder 13.1¢ 54.4°

“Results represent the mean * SD of five animals.

*Significantly different from unwreated control animaly at P < 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 ¢ff MF analyses are shown in Table I {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 evaluated 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-NB A-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 IIl. 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%).
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TABLE Ill. Classification of 3-NBA-Induced and Spontaneous
clf Mutations From Liver of Muta Mouse

Spontancoys 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 -] 4 10
AT-C:G 0 0 1 2
G:C—-TA 2 6 20 49
G:C—C:G i 3 2 12
Frameshifts (—1) 2 6 5 12
Frameshifts (+ 1) 2 ] 0 0
Deletions 0 0 1 2
Insertions 0 0 0 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
¢!l gene and no apparent hot spots were observed. Statistical
analysis 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 essentially 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 [Arlt 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 contro] 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 1 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
t0 15.9 and from 268.0 to 282.7 adducts per 10° nucleotides
for total DNA adducts, respectively (Fig. SA). Leveis of
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individual adduet spots are given in Figure SB. In particular,
adduct spot 3 was the predominant adduct formed in both
tissues,

DISCUSSION

There are increasing concerns over the carcinogenic risk
of diesel exhaust. 3-NBA is a potent mutagen identified in
diesel exhaust and airborne 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 niro-PAH reported to date [Enyaetal., 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. Thercfore, 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
EBene as target sequence. Simultaneously, the clastogenicity
of 3-NBA was evaluated by the peripheral blood micropu-
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 rnover 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, ip.}, DNA binding by 3-NBA was higher in lung
compared to liver [Arlt et al,, 2003a). Moreover, prelimi-
hary 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 mode), different dosing and administration
aside,
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Fig. 2. Mutations in the liver of cff gene obtained from control and
3-NBA-treated Muta Mouse. The sequence from top o bottom represents
the amplified lambda clf region. Mutations shown above the strand were
detected in control mice, whereas those below the strands (in bold) were

butanol |

nuclease P1

fig. 3. Autoradiographic profiles of DNA adducts obtajned from digests
of liver DNA of Muta Mouse treated with 3-NBA using the nuclease P1
(A) and butano! (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 dinitropyrenes [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 apparent
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
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Fig. 4. Scparation of #2p_postlabeled 3',5"-bisphosphate adducts on a
phenyl-modified reversed-phase column. HPLC autoradiograms show di-
gests of liver DNA of Muta Mouse treated with 3.NBA using the nuclease
P1 (A) and butanol (B) enrichment versions of the 2P_postiabeling assay.
Origins after D1 only were excised and exiracted from the TLC plates,
dissolved, and injected, Chromatographic conditions are described in text,

O-acetylation catalyzed by N-acetyltransferases and/or O-
sulfonation catalyzed by sulfotransferases, seems to be the
major pathways of bicactivation for 3-NBA leading to DNA
adduct formation [Bieler et al., 1999, 2003; Borlak et al.,
2000; Arlt et al., 2001, 2002, 20032, 2003b, 2003c]. Using
the *P-postlabeling assay, we observed a similar DNA
adduct pattern in vivo in mice to those observed in vitro, in
cell culture, and in rats [Bieler et al,, 1999, 2003; Art et al,,
2001, 2002, 2003a, 2003b, 2003c]. Comparative analyses of
the major DNA adducts obtained in mice with those de-
tected in vitro and in vivo in rats revealed that these 3-NBA-
DNA adduets were chromatographically indistinguishable.
Moreover, previous work has shown that the major DNA
adducts are products derived from reductive metabolites
bound to dA (adduets 1 and 2) or dG (adducts 3, 4, and 5)
[Arltetal, 2001, 2003c]. Further structural characterization
of these 3-NBA-DNA adducts is currently being under-
taken. Preliminary data indicate that 3-NBA forms the same
DNA adducts in Salmonella typhimurium {data not shown).
Therefore, these results support the conclusion that some or
all of the major 3-NBA-DNA adducts (adducts 1-5) de-
tected in the present study in mice represent premutagenic
lesions involved in the mutagenic process, not only in
Salmonella, but also in rodents,

There were variations in MFs among animals that might
be derived from clonal {(jackpot) mutations. The possibility
of clonal mutations can be evalrated by sequencing the
mutants. Sequence analysis was performed on the mutants
recovered from liver, since the metabolic activation of
3-NBA due to hepatic enzymes has been intensely studied
using cytosolic and microsomal enzymes from both rats and
humans [Bieler et al., 1999; Arlt et al., 2002, 2003b, 2003c).
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Base substitution mutations predominated for both the
3-NBA-treated and the untreated groups {(about 80%). The
site of mutation was distributed widely along the c/f gene.
The main changes in the mutation spectrum after 3-NBA
treatment were a reduction in the proportion of G:C—>A:T
transitions (from 66% to 10%) and an increase in the pro-
portion of G:C~T:A transversions (from 6% to 49%).
Similar changes in the «ff mutation spectrum were found
after treatment with dinitropyrenes [Kohara et al., 2002a). In
the latter study, the authors concluded that the induction of
G:C—>T:A transversions correlated with the predominant
formation of DNA adducts by 1,6- and 1,8-dinitropyrene at
guanine residues, In contrast, aristolochic acid, another ni-
troaromatic compound, induces mainly A:T—T:A transver-
sion mutations and binds preferentially to adenine residues
[Kohara et al., 2002b], indicating that the mutational spec-
ificity of a compound may serve as indirect evidence for the
interaction of the mutagen with specific DNA sequences, As
was also observed with heterocyclic amines {Nagao et al,,
1996], guanine-C8 adducts induce G:C—T:A transversion
mutations probably by inserting adenine opposite to the
uninformative or apurinic sites (the A-rule) [Strauss, 1991].
3-NBA-DNA adducts at guanine residues account for
around 70-80% of total DNA binding in liver DNA. More-
over, adduct 4 formed by 3-NBA (around 15% of total DNA
binding at guanine residues in liver) is sensitive to digestion
with nuclease P1, which is indicative of a guanine-C§ -
adduct [Bieler et al,, 1999; Arlt et al,, 2001). Thus, the
induction of G:C—T:A transversion mutations due to
3-NBA may be explained by intrinsic properties of the DNA
polymerase that inserts dA opposite the lesion during DNA
replication. Site-specific mutagenesis studies may provide
new insights into the mutagenic activity of individual
3-NBA-DNA adducts.

[t is noteworthy that the only DNA, adduct derived from
3-NBA that has yet been characterized spectroscopically
was synthesized by reacting the activated ester of N-acetyl-
N-hydroxy-3-aminobenzanthrone (N-Ac-N-OH-ABA) with
dG [Enya et al,, 1998]. The adduct formed was an unusual
guanine-C8 adduct, N-acetyl-3-amino-2-(2'-deoxyguano-
sine-8-yl)benzanthrone (dG-N-Ac-ABA). Kawanishi et al.
[1998] investigated the mutagenic specificity of N-acetoxy-
N-acetyl-3-aminobenzanthrone {¥V-Aco-N-Ac-ABA) in the
supF gene in different human fibroblast cell lines. Base
sequence analysis revealed that the majority of the muta-
tions were base substitutions (around B0-90%), with
G:C—T:A transversions (40-50%) being the most frequent
mutation. In addition, a plasmid polymerase-stop assay in
the supF gene showed that N-Aco-N-Ac-ABA preferentially
bound to guanine residues [Kawanishi et al., 1998]. The
results of this in vitro study have striking similarities to the
results of the present in vivo study. However, it is important
to point out that all 3-NBA-DNA adducts detected in the
present study are dA and dG adducts that do not carry an
N-acetyl group. dG-N-Ac-ABA was not detected in vivo
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Fig. 5. RAL of total DNA adducts in liver and lung tissue of Muta Mouse {A) treated with 3-NBA. RAL of
individual DNA adducts in lung and liver tissue (B). Values represent the mean * SD of five animals, the DNA
from cach organ being postlabeied twics, n.d., not detected.

either in mice (present study) or in rats or in cell culture
[Arlt et al, 2001, 2002, 2003a, 2003c], suggesting that
acetylated 3-NBA-DNA adducts and activation pathways
reported earlier [Enya et al., 1998} based on in vimo syn-
thesis might not entirely represent the in vivo situation.
Recently, an increased MF was reported in lung of Big
Blue rats after exposure to diese] exhaust, providing impor-
tant evidence for the mutagenicity of diesel exhaust in vive
(Sato et al., 2000). A G:C—T:A transversion mutation hot
spot was found at base 211 of the lac/ gene. The surround-
ing sequence of this site (gattGgeg) is identical to the cff
sequence at position 206213, but no mutation was Tecov-
ered at the corresponding guanine after treatment with
3-NBA. Only one mutaton at this sequence site was ob-
served after treatment with dinitropyrenes [Kohara et al,,
2002a]. In addition, the major mutations induced by diesel
exhaust in the fac/ gene were A:T—G:C and G:C—A:T
transitions. Therefore, as reported previously for dinitropy-
renes [Kohara et al., 2002a], based on the present study
there was no direct evidence for a contribution of 3-NBA to
the mutagenicity of diese] exhaust, However, the different
mutation spectra between diesel exhaust and 3-NBA may be
attributed to different routes of exposure {inhalation vs.
intraperitoneal injection), dosing, or species differences. On
the other hand, transgenes may behave differently to each
other. Mutation analysis in one transgene may not permit a
precise extrapolation to other ransgenic reporter genes
[Thybaud et al., 2003]. 3-NBA induces a large variety of
different DNA adducts derived both from dG and dA. To
date, we can only speculate on the mutagenic specificity of
3-NBA in tumorigenesis and the mutagenic activity of in-
dividual 3-NBA-DNA adducts, However, preliminary data
indicate that 3-NBA is carcinogenic in rats after intratra-
cheal administration [Adachi et al., 2000]. Since 3-NBA has

been shown to induce specific 3-NBA-DNA adducts in
various rat tissues after both oral and intraperitoneal treat-
ment with 3-NBA [Arlt et al., 2001, 2003a], we suggest that
3-NBA-DNA adduct formation is not only critical for the
mechanism of 3-NBA mutagenicity (present study) but also
for its carcinogenicity.

In summary, the transgenic mouse mutation assay dem-
onstrated that 3-NBA is mutagenic in various organs. In
addition, 3-NBA induced chromosomal aberrations in blood
reticulocytes. The induction of G:C—T:A transversion mu-
tations in liver was associated with strong DNA binding by
3-NBA, predominantly at guanine residues, indicating that
these mutations are probably caused by 3-NBA through an
incorporation of dA opposite the adduct, This is important
for the estimation of 3-NBA mutagenicity (and carcinoge-
nicity) for humans. Qur present study strongly suggests a
genotoxic potential of 3-NBA for humans. To better under-
stand the potential role of 3-NBA-DNA adducts in indue-
tion of mutations and cancer, our results require confirma-
tion by larger animal studies that monitor the dose-
dependent formation and persistence of 3-NBA-DNA
adduets in susceptible target tissues.
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APPENDIX. Mutant Frequencies in the cIf Gene From Varfous Organs of Individual Muta Mouse Treated With 3-NBA Are

as Follows.
Organ Treatment D Total plaques Mutants MF x 10-¢ Mean MF * SD
Lung Control 11 523500 10 19.1
12 332250 12 36.]
12 534000 9 169
14 322500 25 715
. 15 . 441000 18 40.8 IR %244
* 31NBA k)| " 475500 13 2713
32 478500 2 58.5
33 538500 13 24.1
kTl 921000 43 467
35 307500 11 358 385+ 142
Liver Control 11 1455000 34 234
12 463000 18 385
13 576000 12 208
14 939000 45 479
15 507000 1 21.7 0.5 % 12.1
3-NBA 31 No packaging
32 111000 18 1622
33 45750 4 87.4
34 68250 14 © 205
. 35 66750 ¢ 1348 147.4 + 49.4
Kidney Control 11 627000 25 39.9
12 2175000 41 19.3
13 2445000 62 254
14 2166000 97 43
15 2199000 13 514 362 134
3-NBA, 31 1134000 66 53.2
32 . 1566000 4l 262
33 978000 41 419
k7] 1368000 35 256
35 888000 32 36.0 376134
Colon Control B § 1047000 51 48.7
12 2724000 60 22.0
13 3132000 55 17.6
14 672000 40 59.5
15 2232000 80 358 367 £ 17.6
3-NBA 31 1119000 442 395.0
32 1725000 38 1959
33 No packaging
34 2136000 333 155.9
s 1222500 352 287.9 258.7 % 106.4
Spleen Control 11 153000 51 333
12 736500 100 135.8*
13 1275000 26 204
14 1194000 48 402
15 708000 15 212 288+ 96
3NBA - a1 " 816000 30 368
32 723000 17 235
33 460500 22 47.8
kY1 2175000 49 225
35 627000 26 415 344 111

- 407 -



Mutagenic Specificity of 3-NBA in Muta Mouse 195

APPENDIX. Continued

Organ Treatment D Total plaques Mutants MF X 10-% Mean MF + SD
Testiz Control 11 1189500 23 19.3
12 1119000 7 63
13 489000 4 82
14 724500 15 0.7
15 694500 15 21.6 152+ 74
3.-NBA 31 633000 14 221
n 913500 28 30.7
33 766500 17 222
34 673500 9 134
k1 664500 17 256 22863
Bladder Control 12 1587000 27 17.0
13 273000 8 92 13.1
3-NBA 32 943500 -58 615
4 1908000 S0 472 544

*Value was excluded for mean * SD.
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