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Nitropyrenes are widespread in the environment due to mainly diesel engine emissions.

. Dinitropyrenes (DNPs), especially 1,8-dinitropyrene (1,8-DNP) and 1,6-dinitropyrene (1,6-DNP),

are much more potent mutagens than other nitropyrenes. The carcinogenicity of 1,8-DNP and
1,6-DNP is stronger than 1,3-dinitropyrene (1,3-DNP). It is considered that adduct formation
after metabolic activation plays an important role in the expression of carcinogenicity of
nitropyrenes. However, Djuric et al. [(1993) Cancer Lett.] reported that oxidative DNA damage
was also found as well as adduct formation in rats treated with 1,6-DNP. We investigated
oxidative DNA damage by DNPs in the presence of NAD(P)H-cytochrome P450 reductase using
32P_5’-end-labeled DNA. After P450 reductase treatment, DNPs induced Cu(II)-mediated DNA
damage in the presence of NAD(P)H. The intensity of DNA damage by 1,8-DNP or 1,6-DNP
was stronger than 1,3-DNP. We also examined synthetic 1-nitro-8-nitrosopyrene (1,8-NNOP)
and 1-nitro-6-nitrosopyrene (1,6-NNOP) as one of the metabolites of 1,8-DNP and 1,6-DNP,
respectively, to find that 1,8-NNOP and 1,6-NNOP induced Cu(II)-mediated DNA damage in
the presence of NAD(P)H but untreated DNPs did not. In both cases of P450 reductase-treated
DNPs and NNOPs, catalase and a Cu(]) specific chelator attenuated DNA damage, indicating
the involvement of H202 and Cu(I). Using a Clarke oxygen electrode, oxygen consumption by
the reaction of NNOPs with NAD{P)H and Cu(IlI) was measured to find that NNOP was
nonenzymatically reduced by NAD(P)H and that the addition of Cu(II) promoted the redox
cycle. Therefore, these results suggest that DNPs are enzymatically reduced to NNOPs via
nitro radical anion and that NNOPs are further reduced nonenzymatically by NAD(PYH.
Subsequently, autoxidation of nitro radical anion and the reduced form of NNOP occurs,
resulting in O;~ generation and DNA damage. We conclude that oxidative DNA damage in
addition to DNA adduct formation may play important roles in the carcinogenesis of DNPs

via their metabolites.

Introduction

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

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

treated with 1,6-DNP (8). Furthermore, we previously
revealed the role of a nitroso derivative of 1-nitropyrene
on causing oxidative DNA damage (9). It has been
reported that nitro-nitroso derivatives are metabolic
intermediates of DNPs during metabolic activation,
which are more mutagenic than their parent DNPs {10).
These indicate that oxidative DNA damage by DNPs
after metabolic activation plays a role in carcinogenesis,

In this study, we investigated oxidative DNA damage
induced by DNPs in the presence of NAIXP)H-cytochrome
P450 reductase (P450 reductase), using 3?P-5'-end-labeled
DNA fragments obtained from the human p53 and p16
tumor suppressor genes and the c-Ha-ras-1 protoonco-
gene. We also examined synthetic nitro-nitrosopyrenes
(NNCP), 1-nitro-8-nitrosopyrene (1,8-NNOP), and 1-ni-
tro-6-nitrosopyrene (1,6-NNOP) as nitroso metabolites of
DNP. The chemical structures of DNPs and synthetic
NNOPs used in this study are shown in Figure 1. We
also analyzed B-oxo-7,8-dihydro-2°-deoxyguanosine (8-
oxod@G) formation in calf thymus DNA.

Materials and Methods

Materials, 1,6-NNOP and 1,8-NNOP were synthesized by
oxidation of 1-nitro-6-aminopyrene and 1-nitro-8-aminopyrene,
respectively, according to the method by the reference (21). The
nitroaminopyrene used in the synthesis was carried out until
none of the undesired isomer could be detected by 'H NMR
spectroscopy. To & solution of the purified aminonitropyrene
dissolved in CH3Cl, a solution of m-CPBA in CH;Cl was added
dropwise over 20 min and the reaction was carried out at 5 °C
for 4 h. The mixture was washed with saturated NaHCO; and
brine, and the organic phase was dried over anhydrous Nas-
S0,4. Following evaporation in vacuo, the product was obtained
by column chromatography on silica pel using n-hexanes—ethyl
acetate as the eluent and further recrystallization from n-hex-
anes—ethyl acetate to produce light orange crystals. The purity
of each compound was >99% as assessed by 'H NMR spectros-
copy.

1. 1,6-NNOP. 'H NMR (400 MHz DMSO-dg): 4 7.04 (1H, d,
J = 8.8 Hz), 8.49(1H, d, J = 8.8 Hz), 8.64 (11, d, J = 9.2 Hz),
8.84 (1H, d, J = 8.4 H2), 892 (1H, d, J = 8.4 Hz), 897 (1H, 4,
J =9.6 Hz),9.00(1H, d, J = 9.2 Hz), 10.42 (1H, d, J = 9.6 Hz),
mp 244 °C (decomp.) (lit. (1) >233 °C (decomp.)}.

2. 1,8-NNOP. 'H NMR (400 MHz DMSO-dg): 6 7.03 (1H, 4,
J = 8.4 Hz), 8.49(1H, d, J = 8.4 Hz), 8.55 (1H, d, J = 8.8 Hz),
8.71 (1H, d, J = 8.8 Hz), 8.75 (1H, d, J = 8.8 Hz), 8.92 (111, d,
J=8.8Hz),9.21 (1H, d, J = 9.6 Hz), 10.45 (1H, 4, J = 9.6 Hz),
mp 268 °C (decomp.) [lit. (11) >245 °C (decomp.)].

Restriction enzymes (Hind I11, Sty I, Apa I, Ava 1, and Xba
I) and Ty pelynucleotide kinase were purchased from New
England Biolabs (Beverty, MA). [y-3?P]ATP (222 TBg/mmol) was
obtained from New England Nuclear. Alkaline phosphatase from

calf intestine was purchased from Roche Molecular Biochemicals
{(Mannheim, Germany). 1,8-DNP, 1,6-DNP, and 1,3-DNP were -
purchased from Aldrich Chemical Co. (Milwaukee, IL; the
purities were 98, 98, and 99%, respectively). P450 reductase
from rat microsome was a kind gift from Prof. Y. Kumagai
(Tsukuba University). Piperidine was purchased from Wako
Chemical Industries Ltd. (Osaka, Japan). Copper(II} chloride
dihydrate was purchased from Nacalai Tesque, Ine, (Kyoto,
Japan). Diethylenetriamine-V NN N N”-pentaacetic acid
(DTPA) and bathocuproinedisulfonic acid were purchased from
Dojin Chemicals Co. (Kumamoto, Japan). Calf thymus DNA,
superoxide dismutase (SOD) (3000 units'mg from bovine eryth-
rocytes), and catalase (45000 units/mg from bovine liver) were
purchased from Sigma Chemical Co. (St. Louis, MO). Nuclease
P: (400 units/mg) was purchased from Yamasa Shoyu Co.
(Chiba, Japan).

Preparation of 32P.5-End-Labeled DNA Fragments
Obtained from the p53 Gene, the pI6 Gene, and the c-Ha-
ras-1 Gene. DNA fragments were obtained from the human
P53 and p16 turmor suppressor gene (12, 13) and the ¢-Ha-ras-1
pretooncogene (14). A singly 3P-5"-end-labeled double-stranded
443 bp fragment (Apa I 14179-Eco RI* 14621} from the p53 gene
was prepared from the pUC18 plasmid according to & method
described previously (15). A singly labeled 328 bp fragment
(EcoRI*5841-Mrol 6168) of the pi16 gene was prepared from
pGEM-T Easy Vector (Promega Corporation) as described
previously (16). A 261 bp fragment (Ava I* 1645-Xba I 1905)
and a 341 bp fragment (Xbal 1906-Avel* 2246) from the ¢-Ha-
ras-1 gene were prepared from plasmid pbeNI, which carries a
6.6 kb BamH 1 chromosomal DNA restriction fragment as
described previously (17). The asterisk indicates *2P labeling.

Detection of DNA Damage. A standard reaction mixture
(in a microtube; 1.5 mL) contained CuClz:, NAD(PH, NNOP,
32p.5".end-labeled double-stranded DNA fragments, and calf
thymus DNA in 200 4L of 10 mM sodium phosphate buffer (pH
7.8). For nitroreduction, DNP, 100 M NADPH, and P450
reductase were preincubated at 25 °C for 30 min in 20 mM
potassium phosphate buffer (pH 7.4). After the preincubation,
¥P.]abeled DNA fragments, calf thymus DNA, and CuCl; were
added to the mixtures (total 200 L), followed by the incubation.
After incubation at 37 °C for 1 h, DNA fragments were treated
in 10% (v/v) piperidine at 90 °C for 20 min or treated with 6
units of Fpg protein in reaction buffer [10 mM HEPES-KOH
(pH 7.4), 160 mM KCl, 10 mM EDTA, and 0.1 mg/mL BSA] at
37 °C for 2 h, as described previously (18). The treated DNA
fragments were electrophoresed on an 8% polyacrylamide/8 M
urea gel, and an autoradiogram was obtained by exposing X-ray
film to the gel. To make the dose of DNA constant, we used calf
thymus DNA (20-50 4M) at an excessive dose as compared with
2p-labeled DNA (legs than pM) that can be negligible, because
the required dose of 32P-labeled DNA, for detection of DNA
damage, varies according to the decaying radioactivity (2P; Ty
= 14 days). The preferred cleavage sites were determined by
direct comparison of the positiens of the oligonuclectides with
those produced by the chemical reactions of the Maxam—Gilbert
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Figure 2. Autoradiogram of ¥P-labeled DNA fragment treated
with DNPs and their nitro-nitroso derivatives. (A) The reaction
mixtures containing the indicated concentrations of DNPs, 100
#M NADPH, and 2.1 ug/ml, P450 reductase were preincubated
at 25 °C for 30 min in potassium phosphate buffer (pH 7.4).
After preincubation, a 2P-5’-end-labeled 328 bp DNA fragment,
calf thymus DNA (20 uM/base), and 20 uM CuCl; were added
to the mixtures. (B) The reaction mixture contained a ¥P-5'-
end-labeled 341 bp DNA fragment, calf thymus DNA (50 uM/
base), the indicated concentrations of 1,8 NNOP or 1,66 NNOP,
100 uM NADH, and 20 uM CuCl; in sedium phosphate buffer
(pH 7.8). The reaction mixtures were incubated at 37 °C for 1
h, followed by piperidine treatment, as described in the Materi-
als and Methods. The DNA fragments were electrophoresed on
an 8% polyacrylamide/8 M urea gel, and an autoradiogram was
obtained by exposing an X-ray film to the gel.

procedure {I9) using a DNA sequencing system (LKB 2010
Macrophor). A laser densitometer (LKB 2222 UltroScan XL) was
used for the measurement of the relative amounts of oliponucleo-
tides from the treated DNA fragments.

Analysis of 8-0x0dG Formation by DNPs and NNOPs.
The calf thymus DNA fragment was incubated with NNOP or
treated DNP, NAD(P)H, and CuCl;. After ethancl precipitation,
DNA was digested to its component nucleosides with nuclease
P; and calf intestine phosphatase and analyzed by HPLC-
electrochemical detector (ECD), as described previously (20).

Measurement of Oxygen Consumption. Oxygen consump-
tion by the reaction of NNOPs with NADH and CuCl; was
measured using a Clarke oxygen electrode (Electronic Stirrer
model 300, Rank Brothers Ltd., Bottisham Cambridge, United
Kingdom). The reactions were performed in a mixture contain-
ing NNOP, NADH, and CuCl; in 2 mL of 10 mM phosphate
buffer (pH 7.8) containing 2.5 4uM DTPA at 37 °C. Catalase was
added in order to detect H:0:; generation due to oxygen
consumpticn.
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Figure 3. Effects of scavengers and bathocupreine en Cu(I1Y/
NAD(P)H-mediated DNA damage induced by P450 reductase-
catalyzed 1,8-DNP and 1,8-NNOP. (A) The reaction mixtures
containing 0.5 uM 1,8-DNP, 100 xM NADPH, ard 2.1 ug/mL
P450 reductase were preincubated at 25 °C for 30 min in
potassium phosphate buffer (pH 7.4). After preincubation, a 32P-
5"-end-labeled 309 bp DNA fragment, calf thymus DNA (20 uM/
base), 20 uM CuCly, and a scavenger were added to the mixtures.
(B) The reaction mixture contained a 3?P-5"-end-labeled 261 bp
DNA fragment, calf thymus DNA (20 uM/base), 0.2 uM 18-
NNOP, 20 uM CuCl;, and a scavenger in sodium phosphate
buffer (pH 7.8). The reaction mixtures were incubated at 37 °C
for 1 h, followed by piperidine treatment. The DNA fragments
were analyzed as described in the legend to Figure 2. The
concentrations of scavengers and bathocuproine were as fol-
lows: 0.1 M mannitol, 0.1 M sodium formate, 30 units of SOD,
30 units of catalase, and 50 xM bathocuproine.

Results

Damage to ?P-Labeled DNA. Figure 2 shows an
autoradiogram of a DNA fragment treated with DNPs
and NNOPs. Oligonucleotides were detected on the
autoradiogram as a result of DNA damage. DNPs did not
cause DNA damage in the presence of NAD{P)H and Cu-
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Figure 4. Site specificity of DNA cleavage induced by P450 reductase-treated 1,8-DNP and 1,8-NNOP in the presence of NADPH
and Cu(Il). The reaction mixtures containing 0.5 4M 1,8-NNOP (A, B) or 0.5 uM 1,8-DNP (C, D}, 100 uM NADPH with (C, D) or
without (A, B) 2.1 ug/mL P450 reductase were preincubated at 25 °C for 30 min in potassium phosphate buffer (pH 7.4). After
preincubation, a 32P-5"-end-labeled 443 bp DNA fragment, calf thymus DNA (20 gM/base), and 20 xM CuCl; were added to the
mixtures. The reaction mixtures were incubated at 37 °C for 1 h, followed by piperidine treatment (A, C) or Fpg treatment (B, D).
The horizontal axis shows the nucleotide number of the human p53 tumor suppressor gene, and underscoring shows the complementary

sequence to codon 273 (nucleotides 14486—14488).

(II) (data not shown). When P450 reductase was added,
DNPs induced Cu{II>mediated DNA damage (Figure 2A).
1,8-DNP and 1,6-DNP induced DNA damage more ef-
ficiently than 1,3-DNP did.

NNOPs, nitro-reduced metabolites of DNPs, were
synthesized in order to compare with parent DNP. 1,8-
NNOP and 1,6-NNOP induced DNA damage without
P450 reductase (Figure 2B). These NNOPs induced DNA
damage in the presence of NAD{P)H and Cu(II). In the
absence of either NAD{P)H or Cu{ll), NNOPs did not
cause DNA damage. NNOPs alone did not cause DNA
damage (data not shown).

Effects of Scavengers and Bathocuproine on

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

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

Site Specificity of DNA Damage by 1,8-DNP with
P450 Reductase and 1,8-NNOP. An autoradiogram
was scanned with a laser densitometer to measure the
relative intensities of DNA cleavage products from the
human p53 tumor suppressor gene. 1,8-NNOP and P450
reductase-treated 1,8-DNP induced piperidine labile sites
relatively at thymine and cytosine residues in the pres-
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Figure 5. Formation of 8-oxodG by P450 reductase-treated
DNPs and NNOPs in the presence of NADPH and Cu(II). For
DNPs, the reaction mixtures containing 0.5 uM DNPs, 100 uM
NADPH, and 2.1 pg/mL P450 reductase were preincubated at
25 °C for 30 min in potassium phosphate buffer (pH 7.4). After
preincubation, calf thymus DNA (100 uM/base) and 20 uM CuCl:
were added to the mixtures, followed by the incubation of 37
*C for 1 h. For NNOPs, the reaction mixtures containing calf
thymus DNA (100 xM/ase), 0.5 uM NNOPs (A), or the indicated
concentrations of NNOPs (B), 100 uM NADPH, and 20 M CuCl;
were incubated at 37 °C for 1 h in potassium phosphate buffer
(pH T7.4). After ethanol precipitation, DNA was enzymatically
digested to individual nucleosides, and the 8-0x0dG content was
measured by HPLC-ECD as described in the Materials and
Methods. Results are expressed as means and SD of values
obtained from three independent experiments. Symbols indicate
a significant difference as compared with contrel (*P < 0.05;

**P < 0.01) and significant difference among DNPs (#P < 0.05)
by t-test.

ence of Cu(Il) and NAD(P)H (Figure 4A,C). With Fpg
treatment, DNA cleavage occurred mainly at guanine and
cytosine residues (Figure 4B,D). 1,8-NNOP and 1,8-DNP
caused piperidine labile and Fpg sensitive lesions at CG
in the 5-ACG-3’ sequence, a well-known hotspot (21) of
the p53 gene.

Formation of 8-OxodG in Calf Thymus DNA.
Using HPLC-ECD, we measured the 8-ox0dG content of
calf thymus DNA incubated with NNOPs and P450
reductase-treated DNPs (Figure 5A). P450 reductase-
treated DNPs significantly increased the amount of
8-0x0dG as compared with the control (1,8-DNP, P <
0.01; 1,6-DNP, P < 0.01; 1,3-DNP, P < 0.05). The order
of 8-oxodG content was as follows: 1,8-DNP, 1,6-DNP >
1,3-DNP > control. 1,8-DNP and 1,6-DNP induced 8-
oxodG formation more efficiently than 1,3-DNP (P < 0.01
and P < 0.05, respectively). There was no significant
difference in 8-0xodG formation between 1,8-DNP and
1,6-DNP, after P450 reductase treatment. 1,8-NNOP and

Murata et al.

A 100 . 1,8-NNOP

B-NNOP+NADPH

1,8-NNOP+NADPH
+Cu(ll)

Dissolved oxygen (X)

Time (min)

NADH+Culll}

Dissolved oxygen (X}

+1,5-NROP

saIll'll
6 2 4 6 & 1

Time (min}

Figure 6. Oxygen consumption by the interaction of NNOPs
with NAD(P)H and Cu(ll). (A} Reaction mixtures contain 100
#M 1,8-NNOP, 2 mM NADPH, and/or 100 xM CuCl; in 2 mL of
10 mM phosphate buffer (pH 7.4) at 37 °C. (B) Reaction mixtures
contain 100 M NNOP, 2 mM NADH, and/or 100 M CuCl; in
2 mL of 10 mM phosphate buffer (pH 7.8) at 37 °C. To detect
H;0: generation during oxygen consumption, 100 units of
catalase were added at 10 min (indicated by an arrow).

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

1,8-NNOP significantly induced Cu(ll/NAD(P)H-medi-
ated 8-oxodG formation in a dose-dependent manner
{Figure 5B). 1,8-DNP induced no significant increase of
8-ox0dG formation without P450 reductase. In the case
of 1,6-NNOP, similar results were obtained (data not
shown),

Oxygen Consumption during the Reaction of
NNOP in the Presence of NADH and Cu(ID. Oxygen
consumption was observed in the reaction of 1,8-NNOP
with NADH and Cu(1I) (Figure 6). In the case of 1,8-
NNOP alone, a little amount of oxygen consumption was
observed. The addition of NADH increased oxygen con-
sumption to some extent. In the reaction of 1,8-NNOP
with NADH and Cu(Il), a large amount of oxygen was
consumed (Figure 6A). Figure 6B shows oxygen consump-
tion by 1,8-NNOP and 1,6-NNOP in the presence of
NADH and Cu(lIi). In the reaction of NADH and Cu(II),
a little amount of oxygen consumption was observed. 1,8-
NNOP induced oxygen consumption a little more ef-
ficiently than 1,6-NNOP. The addition of catalase in-
creased dissolved oxygen, suggesting the generation of
Hz0; that was decomposed by catalase to yield oxygen.

Discussion

The present study demonstrated the abilities of oxida-
tive DNA damage by DNPs and their nitroso metabolites.
NNOPs caused oxidative DNA damage in the presence



DNA Damage by Dinitropyrenes via Nitroreduction

0N é NOz
Dini!mw-m
Foiesase || NADEP)H
|
02N 02"
o

Nitro radiesl
ﬂ anion

Oxldaﬁve
C:N i 0 DNA damaqe
Nitro-hitrosopyrens
NAD(P)Hl
r 0;" [0}
O o
Hydnnwidl
~=go- O-Esterification DNA adduct
formation
Nlun-ﬂ-hydmw

Figure 7. Proposed mechanism of oxidative DNA damage
induced by DNPs in the presence of P450 reductase, NAIXP)H,
and Cu(II}.

of NAD(P)H and Cu(II), but DNPs did not. Afier the
treatment of P450 reductase, DNPs, especially 1,8-DNP
and 1,6-DNP, induced Cu(Il)}-mediated DNA damage.
Both catalase and bathecuproine were found te reduce
the DNA damage, indicating the involvement of H20» and
Cu(I). These results suggested that NNOP was nonen-
zymatically reduced by NAD(P)H and autoxidized again
by reacting with molecular oxygen to generate superoxide
{O27), and the addition of Cu(II} promoted the redox cycle.
On the basis of these results, a possible mechanism could
be proposed as follows (Figure 7). P450 reductase cata-
lyzes one or more electron reduction of DNP to nitro
radical anion and/or further reduced forms. Autoxidation
of the reduced form yields O;~. NNOP can be reduced by
an endogenous reductant NAD(P)H, to a reactive inter-
mediate, which is probably a hydronitroxide radical.
Autoxidation of this intermediate to NNOP occurs,
coupled with the generation of Os~. Oz is dismutated to
H;0; and reduces Cu(II) to Cu(l). HzOz, in turn, interacts
with Cu(I) to form a reactive oxygen species, which causes
DNA damage. Study using a Clarke oxygen electrode
confirmed oxygen consumption by the reaction of NNOPs
with NADH and Cu{Il). The addition of catalase in-
creased the level of dissolved oxygen by the decomposition
of HxO; to oxygen. It is suggested that the dissolved
oxygen in the reaction mixture is converted to O;™ by the
reduced forms of DNPs and NNOPs. Collectively, NNOP
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and P450 reductase-treated DNP significantly induce
DNA damage including 8-oxedG formation through NAD-
(P)H-dependent redox cycles. The amounts of 8-0x0dG
induced by DNPs and NNOPs (0.5 #M) through the redox
cycles corresponded to those induced by 30—60 uM H,0,
in the presence of Cu(lIl). The concentration of NAD(PYH
in certain tissue has been estimated to be as high as 100—
200 M (22). The biological importance of NADH and
NADPH as nuclear reductants (23) has been demon-
strated before (24, 25). P450 reductase and other enzymes
with nitroreduction activity, such as NATKPYH:quinone
oxidoreductase and xanthine oxidase (26, 27), may par-
ticipate in activation of DNPs in vivo.

We showed that DNPs with P450 reductase treatment
induced DNA damage including 8-0x0dG formation in the
intensity of 1,8-DNP, 1,6-DNP > 1,3-DNP. Consistently,
among three DNP isomers, 1,3-DNP appears to be a
weaker carcinogen (1) and mutagen (3, 4). 1,6-DNP and
1,8-DNP are more efficiently nitro-reduced by liver
cytosol and microsomes than 1,3-DNP (28). Similarly,
Djuric {29) demonstrated that NADPH-mediated reduc-
tion of 1,3-NNOP to intermediates was slower than that
of 1,6-NNOP. These differences in rates of enzyme
efficacy to DNPs are considered to be one factor contrib-
uting to the differences of DNA damaging ability. This
may explain the lower carcinogenic potential of 1,3-DNP
as compared to 1,6-DNP and 1,8-DNP. Our results have
suggested that DNPs are enzymatically reduced to
NNOPs and are subsequently followed by the autoxida-
tion of nitro radical anion and NAD(P)H-dependent
reduction of NNOPs, resulting in Cu(Il)-dependent redox
cycle formation and DNA damage. This oxidative DNA
damage may be supported by the report of Djuric et al.
showing not only DNA adducts but also oxidative DNA
damage in rats treated with 1,6-DNP (8).

Kohara et al. (30) showed that DNPs treatment
inereased the incidence of G — T transversions in mice.
In this study, P450 reductase-treated DNPs induced Fpg
sensitive sites preferentially at guanine residues and
increased 8-0xodG formation. Shibutani et al. (31) have
reported that 8-oxodG causes DNA misreplication, which
can lead to mutation, particularly G — T substitutions.
In addition, the bacterial mutation assay (32) revealed
that DNPs exerted frequent base substitution mutations
at cytosine residues. We demonstrated that NNOPs and
P450 reductase-treated DNPs induced DNA cleavage
sites preferentially at cytosine residues. Furthermore,
piperidine and Fpg treatment detected cytosine and
guanine damage of the ACG sequence complementary to
codon 273, a well-known hotspot (21} of the p53 gene.
The occurrence of mutational hotspots may be partly
explained by our observations. It is concluded that
oxidative DNA damage, in addition to DNA adduct
formation, may play important roles in the carcinogenesis
of DNPs via metabolic activation on nitro group.
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1-Amino-4-phenyl-1,2,3,6-tetrahydropyridine
and 1-Amino-4-phenylpyridinium Salt, the 1-Amino
Analogues of Neurotoxins, MPTP and MPP+, Induce Apoptosis
in PC12 Cells: Detection of Apoptotic Cells by Comet Assay
and Flow Cytometric Analysis

YASUHIRO NODA, TOMOE SUMINOQ, YUKI FUJISAWA,
NAOKI MIYATA, TOYO KAIYA and KOHFUKU KOHDA

Graduate School of Pharmaceutical Sciences, Nagoya City University,
Tanabedori, Mizuho-ku, Nagoya 467-8603, Japan

Abstract. I-Methyl-4-phenyl-1,2 3,6-tetrahydropyridine (MPTP)
is known to induce parkinsonism in humans when it is oxidized
to the I-methyl-4-phenylpyridinium salt (MPP*). We previously
reported the syntheses of l-amino-4-phenyl-1,2,3,6-tetrahydro-
pyridine (APTP) and 1-amino-4-phertyl-pyridinium salt (APP*),
the I-amino analogues of the dopaminergic neurotoxins, MPTP
and MPP?, respectively, and demonstrated that both APTP and
APP* are cytotoxic to PC12 cells. In this study, we found that
both APTP and APPY induce apoptotic cell death in PCI2 cells.
Apoptosis was determined by the Comet assay and flow
cytometric analysis. Prior to using the Comet assay for detection
of apoptotic PCI2 cells, Comet images of apoptotic and necrotic
cells were first distinguished by using several standards. Comet
images were classified into four groups (A to D) according to
their shapes. Class D consisted of the apoptotic cells and was
easily distinguished. We also demonsirated that apoptotic and
necrotic PC12 cells can be easily differentiated and quantified
using the convenient Comet assay.

1-Methyl-4-phenyl-1,2,3 6-tetrahydropyridine (MPTP) is
known to induce parkinsonism in humans when it is oxidized to
the 1-methyl4-phenylpyridinium salt (MPP*) (1). (Figure 1).
We previously  synthesized  1-amino-4-phenyl-1,2,3,6-
tetrahydropyridine (APTP) and 1-amino-4-phenylpyridinium
salt (APP'), the l-amino analogues of the dopaminergic
neurotoxins, MPTP and MPP*, respectively, and reported that
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Key Words: PCL2 cells, neurotoxin, MPP+, APP+, apoptosis,
Comet assay.

0258-851X/2004 $2.00+.40

both APTP and APP* were cytotoxic to PC12 cells, while only
MPP* was cytotoxic in the methyl analogue (2). These
differences were supported by the fact that APTP is oxidized to
the active form, APP*, by MAO-A in PC12 cells, while MPTP
can be oxidized to the active form MPP* by MAO-B, which
does not exist in these cclls (3). It is reported that the cytotoxic
effect of MPP™ is cansed by the induction of apoptosis (4),
however, no studics have been done on APTP and APPY,
We conducted this investigation to determine whether
apoptosis is involved in the cell death induced by APTP and
APPT, as it is with MPP*_ For detection of apoptosis, both
the Comet assay and flow cytometric analysis were
employed. The Comet assay is a convenient and useful
method for detecting DNA degradation and apoptosis (5-
8), however, only a few reports have been published
describing DNA damage in PC12 cells (9, 10) and none
describing the detection of apoptosis. In this study, we first
determined the Comet image of apoptotic cells in order to
establish the method. Using this system together with flow
cytometric analysis, we confirmed that both APTP and
APP* induce apoptosis in PC12 cells, as does MPP™.

Materials and Methods

Materials. Propidium iodide, 4°,6-diamidino-2-phenylindole
{DAPI), trypsin and RNase A were purchased from Sigma
Chemical Co., Ltd. (St. Louis, MO, USA), aparose pel was from
Nacalai Tesque, Inc. (Kyoto, Japan), proteinase K, Tris, EDTA
and sodium laurylsarcosinate were from Wako Pure Chemical
Industries, Ltd. {Osaka, Japan), ethidium bromide was from
Aldrich Chemical Co., Inc. (Tokyo, Japan), and the Annexin V-
FITC kit was from Trevigen, Inc. {Gaithersburg, MD, USA). The
phosphate-buffered saline (PBS) uscd was Dulbecco’s PBS. Flow
cytometric analysis was carried out with a FACSort (Becton
Dickinson, USA). )
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Figure 1. Structures of MPTP, MPP+, APTP and APP+,

Cell culture. Rat phenochromocytoma PC12 cells were cultured in
Dulbecco’s modified Eagle medium (Nissui Pharmaceutical Co.,
Ltd., Tokyo, Japan} supplemented with 10% horse serum (Nacalai
Tesque Inc., Kyoto, Japan), 5% fetal bovine serum (Summit
Biotechnology Co., Lid., Fort Collins, CO, USA) and 0.1 mg/ml
kanamycin (Meiji Scika Co., Lud., Tokyo, Japan) under a
humidificd atmosphere of 5% €O, in air at 37°C.

Flow cytemetric analysis of cells in the sub-G1 region. We used a
previously reported method with a slight modification (11). Cells (2
x 106) were seeded in a 50-mm plastic dish containing 5 ml medium
and pre-cultured for 24 h. The test compound (50 pl) dissolved in
DMSO was added and the cells were incubated for a specified time.
The medium was then remaoved and the cells were washed with 2 m)
of 0.02% EDTA in PBS. After the cells had been detached with
1 ml of 0.125% trypsin selution {0.02% EDTA in PBS), 5 ml of
medium was added and the cells were collected by centrifugation.
They were then washed with 1 ml of PBS, resuspended in 1 ml of
cold 70% ethanol and refrigerated for 30 min. Cells were collected
by centrifugation and washed with 1 ml of PBS. The cell pellet was
treated with 50 ul of RNase A solution (1 mg/ml PBS) and 500 ul of
disodium hydrogenphosphate-citric acid buffer (prepared by mixing
192 ml of 0.2 M Na,HPO, and 8 m} of 0.1 M citric acid), and the
mixture was incubated at 37°C for 30 min. Then, the cells were
stained for 30 min at room temperature in the dark, after addition
of 2 further 500 u! of disodium hydrogenphosphate-citric acid buffer
and 50 p! of propidium iodide solution (1mg/m! H,0). This cell
suspension was passed through a nylon mesh and subjected to flow
cytometric analysis of the sub-G1 region.

Flow cytomerric analysis of cells in early apoptosis. An Annexin V-
FITC kit was used according to the manufacturer’s instructions.
After the cells were treated with the test compound for 30 b, they
were collected as described above. To the cell pellet (1 x 106 cells)
was added 100 wl of Annexin V incubation reagent (which contains
Annexin V conjugate and propidium iodide, prepared according to
the manufacturer's instructions), and the cells were incubated for
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15 min at room temperature in the dark. After 2 binding buffer (400 )
had been added, the cell suspension was passed through a nylon mesh
and subjected 10 flow cytometric analysis.

Comet assay. OQur previously reported method was used (12-14).
Cells were collected by ceatrifugation, washed with PBS and
resuspended in 500 ul of PBS. Twenty ul of the cell suspension was
then mixed with 140 pl of 1% low melting temperature agarose gel.
A hundred pl aliquot of this mixture was rapidly pipetted onto
frosted microscope slides and allewed to gel at 4°C for 10 min. The
slides were then immersed in lysis solution (2.5 M NaCl, 100 mM
EDTA, 10 mM Tris-HCl buffer (pH 10), 1% sodium sarcosinate
with 1% Triton X-100 and 10% DMSO) at 4°C for 1 b, then placed
in a high pH electropheresis buffer (1 mM EDTA, 300 mM NaOH)
at 4°C for 20 min before electrophoresis. Electrophoresis was
conducicd at 4°C for 20 min at 25 V and 300 mA. The slides were
then immersed twice in 0.4 M Tris-HC1 buffer (pH 7.5) for S min
cach time, stained with DAPI (1 ug/ml) and covered with coverslips.
Comet images were observed at more than 200x magnification with
a fluorescence microscope (BX60, Olympus Co., Tokyo, Japan)
attached to a video camera (CCD X-2, Shimadzu Rika
Instruments, Tokyo, Japan) connected to a display screen. Fify
imapes were randomly sciected from each sample and their Comet
lengths were measured on the screen and classified as A to D. The
extent of DNA strand breakage was evaluated by comparing the
population of class A to D to that of the control cells.

DNA gel electrophoresis. DNA fragmentation was monitored by
agarose gel electrophoresis. A previously reported method was used
with a slight modification (15). Cells (I x 105) were washed with
cold PBS, centrifuged at 4°C and resuspended in 20 pl of 50 mM
Tris-HC1 (pH 8.0} containing 10 mM EDTA, 0.5% (w/v) sodium
lavrylsarcosinate and 0.5 mg/ml proteinase K. After 1-h incubation
at 50°C, 10 ul of 0.5 mg/m! RNase A was added. Encubation at 50°C
was continued for an additional hour followed by heating to 70°C.
The cell suspension was then mixed with 10 ul of 10 mM EDTA
(pH 8.0) containing 1% (wiv) low melting temperature agarose,
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Figure 2. Gel electrophorexiy of PC12 cells starved for 3, 6, 16 and 24 h.

0.25% (wiv) bromophenol blue and 40% (wiv) sucrose, and loaded
into wells prepared on a 12% (w/v) bigh melting temperature
agarose gel plate. Electrophoresis was carried out at a voltage of
100 V in 2 mM EDTA-89 mM Tris-borate (pH 8.0) until the
marker dye had migrated a distance of 3~ 4 cm. The agarose gel
was then stained for 10 min with 0.1 pg/mi ethidium bromide.

Results and Discussion

The Comet assay (5-8), a microetectrophoresis technique,
is a useful method for detecting DNA fragmentation in
cells and widely used for the detection of DNA damage
caused by mutagens/carcinogens. Qur decision 10 use this
method to analyze apoptotic PC12 cells was based on the
fact that it proved satisfactory in our previous study (12-
14). However, no report has been published on the
detection of apoptosis in PC12 cells using the Comet assay.
In this assay, Comet-like images with a head and tail can
be observed, while the extent of DNA migration depends
on the degree of DNA fragmentation. The DNA of
apoptotic cells is fragmented by endonuclease, however, it
was not clear which Comet image corresponded to the
apoptotic cells. In order to ascertain this, apoptotic PC12
cells were prepared by a method in which the cells were
cultured in a serum-deprived medium (16). To verify that
apoptosis had been initiated, starved cells were analyzed by
both agarose gel electrophoresis and flow cytometry and
the induction of apoptosis was confirmed by the
appearance of the ladder pattern (Figure 2) and the sub-
G1 peak (Figure 3), respectively, which are characteristic

Counts

Propidium iodide

Figure 3. Flow cytomerry of PCI2 cells starved for 3, 6, 16, 24 and 48 h.
Detection of cells in the sub-G 1 region. 5.G1 shown in figure denotes the
sub-G I region.

of apoptotic cells. Starved cells were then subjected to the
Comet assay. In order to compare these images with the
typical Comet images induced by non-apoptotic cell death,
cells treated with N-methyl-N-nitrosourea (MNU) were
also subjected to the Comet assay (8). The Comet images
observed with PC12 cells after starvation and treatment
with MNU under several types of conditions were classified
into four groups (A to D) as shown in Figure 4. Comet
length was measured as the full length of the Comet,
including the nucleus {the head portion) and tail, after
electrophoresis. For comparison, the size of the Comet was
expressed as the ratio of the full Comet length relative to
the diameter of a normal nucleus. Figure 4-A shows the
Comet image of control cells in which no, or a very small,
tail can be observed, the size of the Comet being less than
1.2. Figure 4-B shows the appearance of 2 distinct tail and
reduced nucleus, the size of the Comet being from 1.2 to
2.5. Figure 4-C shows a Comet with a big tail and a size of
more than 2.5. The Comet images shown in Figures 4-B
and 4-C were particularly characteristic of PC12 cells
treated with MNU, as described later. Figure 4-D shows a
highly diffused elliptical Comet tail and regression of the
nucleus that may have been caused by extensive DNA
degradation. This is a typical Comet image obtained with
starved cells, and the celis in class D were determined to be
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Figure 4. Comet images classified as A 1o D. E is
a Comet image of apoptotic PC12 cells analyzed
without electrophoresis.

apoptotic. Although the brightness of the Comet images of  observed, as shown in Figure 4-E, in which small DNA
class D was weaker than that of the images of Figures 4-A to  fragments are scattered around a small nucleus. This type of
4-C because of the high diffusion of the DNA fragments, image was similar to that observed in the diffusion assay used
these images are easily distinguishable from the Comet images by Singh (17) for the estimation of apoptotic cells.

of other cells with higher magnification (more than 200x). Using this classification system, the population of cells was
Furthermore, when the Comet assay was carried out without  placed into class A to D after starvation and MNU treatment.
electrophoresis, a more typical image of apoptotic cells was  Figure 5 shows the results of cells starved for 0 to 24 h. The
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Figure 5. Population of PCI2 cell classified as A to D afier cells were
starved for the indicated times.

population of cells in class D increased with time up to 6 h,
then slightly decreased with further starvation. When the
Comet assay was performed without elcctrophoresis, very
clear results were obtained; only cells in class A (only the
nucleus was seen) and class E were observed, and the
population of cells in class E increased while that in class A
decreased with ongoing starvation (Figure 6). Results for cells
treated with MNU for 24 h are shown in Figure 7. Cells in
class B became most numerous with 2 mM MNU treatment,
while cells in class C increased with increasing MNU doses,
reaching their highest level with the 4 mM dose. Cells in class
D increased with an increasing dose, however, their numbers
were very low. In the case of MNU-treated cells, when the
Comet assay was carried out without electrophoresis, it was
difficult to distinguish cells in class E from cells in other
classes. Therefore, for detection of apoptotic cells, the Comet
assay with electrophoresis is preferred.

Using this system, induction of apoptosis by APP* and
APTP was analyzed together with induction by MPP*. Figure
8 shows the results obtained with PC12 cells treated with
MPP*, APP* and APTP for 24 h. In every case, only the
population of cells in class D increased with an increasing dose,
For APTP, a high dose was required to give a population
similar to that of cells treated with MPP* and APP*. These
results corresponded to those of our previous report showing
that the cytotoxic effect of APTP on PC12 cells is weaker than
that of APP* using a shorter treatment time (2).

For induction of apoptosis by MPP*, APP* and APTP,
other detection methods, such as flow cytometric analysis,

Figure 6. Population of PC12 cells classified as A to C and D afier cells
were starved for the indicated times. The Comet assay was carvied out
without electrophoresis.

Figure 7. Population of PCI2 cells classified as A to D after cells were
treated with MNU (1, 2, and 4 mM) for 24 k.

were also applied. After cells had been treated with APP*
or APTP at doses of 0.125, 0.5 and 1 mM, induction of
apoptotic cell death was analyzed by flow cytometry. Two
methods were used; analyses of cells i} in the sub-G1 region
using propidium iodide and ii) in early apoptosis using an
Annexin V-FITC kit. As a positive control, MPP* was also
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used. Flow cytometric data for the sub-G1 region after 48 h
of treatment are shown in Figure 9. The percentages of cells
in the sub-G1 region were calculated and summarized in
Table I. With the MPP* treatment, the fractions of cells in
the sub-G1 repion increased with an increasing dose.
Results of APP* and APTP were quite similar to those for
MPP*. This indicates that induction of apoptosis occurs
with APP* and APTP as it does with MPP*. Flow
cytometric data on cells in early apoptosis after 30-h
treatment are shown in Figure 10. With MPP*, the cell
population shifted from the lower left (LL) to lower right
(LR), the state of early apoptosis, with an increasing
treatment dose, and it then shifted further to the upper
right (UR), the state of late apoptosis. The cell population
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Figure 8. Population of PCI2 cells classified as A io D after cells were treated
with several concentrations of MPPY, APP* and APTP for 24 h.

shifted similarly with APP* and APTP. Cell populations in
LL, LR and UR quadrants at each dose are summarized in
Table II. With APP*, the population shifted from LL to LR
with an increasing dose, however, it required a very high
dose to give a cytometric pattern similar to that of APTP.
These results corresponded to those of our previous report
showing that the cytotoxicity of APTP towards PC12 cells is
stronger than that of APP* with a jonger treatment time
{2). From these results, we concluded that both APP* and
APTP induce apoptosis in PC12 cells as does MPP*,

In the Comet assay, apoptotic cells could be detected at
24 h after cells were treated with MPPY, APP* or APTP as
shown in Figure 8, while with flow cytometric analysis using
an Annexin V-FITC kit, early apoptotic cells were observed



Noda et al: Induction of Apoptosis by APP* and Comet Assay

MPP

+
APP

APTP

200

liassbasgslazaabessalings

Liasalasaalsanslaaaziaga

0 mM

aaalassatassalassalass

200 o

walaasadasaalass

Lacsatasaslaasadass

0.125 mM

200 0

ITUPTYTI ITSVINTTY

Counts

0.5 mM

‘I 'G1
0 1000 ©

Propidium iodide
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5.G1 shown in figure denotes the sub-G1 region.

only in the case of MPP*. For APP* and APTP, early
apoptotic cells were not observed at 24 h of treatment but
did appear after 30 h, as shown in Figure 10. These results
indicated that the Comet assay is a more sensitive method
for detecting cells in eatly apoptosis than is flow cytmetric
analysis using an Annexin V-FITC kit.

Apoptosis, programmed cell death, can be detected by
several methods such as flow cytometric analysis (11),
agarose gel electrophoresis (15), the TUNEL assay (18) and
others. The Comet assay is also known to be a convenient

Table 1. Fraction of cells in the sub-G1 region®.

%o
Conc
(uM) MPP+ APP* APTP
Q 1.0 1.7 1.8
125 124 108 14.1
500 754 61.2 65.1
1,000 66.7 84.6 771

*Cells were treated with MPP+, APP* or APTP for 48h
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aromatic ring, while those at positions 1, 5, 8, 9, and 10
were almost perpendicular. On the other hand, primary rat
hepatocytes prepared from SD rats efficiently induced
8-oxodeoxyguanine (8-oxo-Gua) of 4-nitroquinoline
N-oxide (4-NQO), a mutagen and carcinogen. 8-oxo-Gua
formed due to oxidative damage was dose dependent at
levels from 1.0 to 5.0 nM of 4-NQO. 8-oxo-Gua formation
of NPhs and NAPhs in primary rat hepatocytes was
determined, and the results significantly correlated with the
first reduction potentials (r = 0.906) and LUMO energy

(r = 0.874) of these derivatives. It was concluded that the
nitro group of Phs and APhs were metabolized by the
NADPH-cytochrome p450 enzyme in primary rat
hepatocytes, and a radical anion of NPhs was induced.
Finally, the hydroxyl radicals induced promoted
hydroxylation at the 8 position of the guanine residue. It
was found that these metabolic pathways were closely
associated with the first reduction potentials, and the
LUMO energy of NPhs and NAPhs, as well as 8-oxo-Gua
formation were related to these chemical properties.

Keywords nitroazaphenanthrenes, nitrophenanthrenes.  8-oxodeoxy-
guanosine

Many investigators have discussed the association between the muta-
~ genicity of nitrated polycyclic aromatic hydrocarbons (nPAHs) and their
chemical structure (1-9). Nitrophenanthrene derivatives are ubiquitous
mutagens in the environment, and distribute widely in diesel exhaust
particulates (10). We have already reported that there was a relationship
between Salmonella mutagenicity and orientation of nitrophenanthrenes
(9) and nitroazaphenanthrenes (11). For Salmonella mutagenicity of ni-
trophenanthrenes (NPhs), nitro substituents that were almost coplanar in
aromatic rings enhanced mutagenicity while those which were perpen-
dicular in the rings reduced this activity (9-11). It was revealed that the
mutagenic activity of NPhs was closely associated with reduction po-
tentials and the dihedral angles of the nitro substituent for intercalation
of chemicals into DNA (9, 11).

On the other hand, 8-hydroxyguanosine has been used as a
biomarker of oxidative DNA damage in human lung tissue (12, 13),
human leukocytes (14), and in the urinary tract (15). Furthermore, it
was found that environmental substances such as diesel particles formed
8-hydroxyguanine in an in vivo test in mice, and that they were involved
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in the generation of oxygen and hydroxyl radicals through phagocytosis
of particles in macrophages (16).

In this study, it was demonstrated that there was a correlation between
8-oxodeoxyguanosine (8-oxo-Gua) formed in primary rat hepatocytes
and the chemical properties of NPhs and their related compounds. It was
found that the first reduction potentials and LUMO energy of nPAHs
may be involved with 8-oxo-Gua formation through radical reactions in
metabolic pathways.

MATERIALS AND METHODS

Chemicals

Nitrophenanthrenes (NPhs) used were 1-, 3-, and 9-NPhs; 1,5-, 1,6-,
1,10-,2,6-,2,9-,2,10-,3,5-,3,6-,3,10-,4,9-,and 4,10-diNPhs; and 1,5,9-,
1,5,10-, and 3,6,9-triNPhs as reported previously (9). Nitroazaphenan-
threnes (NAPhs) used were 8-nitro-1-azaphenanthrene (8-N-1-APh), 6-
and 8-N-4-APhs, 4-, 5-, 6-, and 7-N-9-APhs, 5-, 6-, and 8-N-1-APh
N-oxide (5-, 6-, and 8-N-1-APhQ), 5-, 6-, and 8-N-4-APhOs, 1-, 2-,
3- and 5-N-9-APhOs, and 1,5- and 1,8-dinitro-4-APhOs (1,5- and 1,8-
diN-4-APhOQs) as reported previously (11, 17). 4-Nitroquinolin-N-oxide
(4-NQO) was obtained from Sigma Chemical Company.

Electrochemical Reduction by Cyclic Voltammetry
and Electronic Descriptors

The electronic descriptor and LUMO energy levels of chemicals
were calculated by MOPAC 2002 (AM1), which is based on the MOPAC
of the Toray System Center, using the AM1 method. The initial ge-
ometries were constructed from standard bond lengths and angles. The
geometrics were then completely optimized using algorithms in the
MOPAC program. Electrochemical reduction by cyclic voltammetry was
measured by the method described in a previous report (9, 11).

Preparation of Primary Rat Hepatocytes

Primary rat hepatocytes were isolated from male specific pathogen-
free Sprague-Dawley rats, weighing 200 to 250 g (8 to 10 weeks of age),
and plated on a collagen substratum of 12 well plates with Dulbecco’s
Modified Eagle Media (Ginco Co. Ltd.) supplemented with fetal calf
serum (5%), insulin (6.25 png/mL), penicillin (50 u/mL), streptomycin
(50 j1g/mL), and dexamethasone (1M) at a density of 3 x 10% viable
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cells/dish. The cells were preincubated in the 5% CO, at 37°C for 20 h,
exposed to chemicals for 24 h, and then cultured for a further 20 h in fresh
medium. Cell viability was assessed by Trypan blue. The concentration
of dimethylsulfoxide (DMSO) or distilled water was below 0.5% to avoid
any cytotoxic influence. DNA was isolated from cells lysed with 2%
sodium dodecyl sulfate at 37°C for 30 min. Portions of DNA materials
were dissolved in a 10 mM sodium acetate buffer (pH 4.8) digested with
20 mg nuclease P1 at 37°C for 30 min, and then treated with 1.3 units of
Escherichia coli alkaline phosphomonoesterase in 0.1M Tris-HCI buffer
(pH 7.5) for 1 h.

Determination of 8-Oxoguanine (8-0xo0-Gua)

Determination of 8-oxo-Gua was performed using the method re-
ported previously (11, 13). After rat hepatocytes were stored at —80°C
for 2 h, the materials were fused for 30 min in a CO; incubator and
homogenized in a lysis solution with a Pozter-type homogenizer. The
DNA was isolated from rat hepatocytes using a DNA extractor WB kit
according to the method reported by Inoue et al. (12). All procedures
were performed in a stream of nitrogen to prevent any artifacts during
the DNA extraction. An authentic 8-oxo-Gua sample added to the cells
consistently yielded in the range of 92% to 94%. The extracted DNA was
dissolved in 100 uL of 1 mM EDTA and digested with 4 4L of nuclease
P1 (5 mg/mL) and 2 L of acid phosphatase (47 mg/mL) suspension in
1.8 M (NH4),S04 in the presence of 20 mM sodium acetate buffer at pH
4.5. After incubation at 37°C, the mixture was treated with 10 uL of ton
exchange resin, Muromac (Muromachi Kagaku Kogyo, Tokyo, suspen-
sion, 50 mg/mL), and centrifuged at 15,000 x g for 5 min. The supernant
was transferred to afilter tube (Millipore, Bedford, Massachusetts, USA;
Samprep C; 0.2 m) and centrifuged at 5,000 x g for 5 min. Then, the
filtrate was injected into a high-pressure liquid chromatography column
(HPLC). The 8-oxo-Gua concentration was determined using the HPLC-
electrochemical detector (ECD) method, and the level was measured as
the mean value repeated in triplicate two times.

RESULTS

Reduction Potential, LUMO Energy Levels,
and Dihedral Angles of NPhs and NAPhs

Figure 1 illustrates the chemical structures of phenanthrene (Ph),
1-, 4-, 9-APhs, and 1-, 4-, and 9-APhOs. In this study, 22 NPhs and



