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ABSTRACT

6-Nitrochrysene is remarkably tumorigenic in the lung and liver of

newborn mice and approximates the activities of certain ultimate carci
nogenic metabolites of polycyclic aromatic hydrocarbons. Previous studies
have indicated that the major metabolic activation pathway of 6-nitro-

chrysene in newborn mice is initially through the formation of the prox
imate tumorigen frans-l,2-dihydro-l,2-dihydroxy-6-aminochrysene with
subsequent formation of /rans-l,2-dihydroxy-3,4-epoxy-l,2,3,4-tetrahy-
dro-6-aminochrysene. In order to provide information on the possible risk
associated with human exposure to 6-nitrochrysene, the ability of human
hepatic and pulmonary microsomes to metabolize 6-nitrochrysene was

investigated. The major metabolites identified in 11 hepatic microsomes
were frans-l,2-dihydro-l,2-dihydroxy-6-nitrochrysene, /rans-9,10-dihy-
dro-9,10-dihydroxy-6-nitrochrysene, <rans-l,2-dihydro-l,2-dihydroxy-6-
aminochrysene, 6-aminochrysene, and chrysene-5,6-quinone. Following
the incubations of 6-nitrochrysene with 11 different human pulmonary

microsomes, qualitatively similar metabolic patterns were obtained, al
though quantitative differences were evident. These results demonstrated
that human liver and lung are capable of metabolizing 6-nitrochrysene to
known potent carcinogenic metabolites via ring oxidation and nitroreduc-

tion. In an attempt to define the roles of individual human hepatic P450
involved in the metabolism of 6-nitrochrysene, the catalytic activities

known to be associated with a specific P450 were analyzed and compared
with the levels of each metabolite of 6-nitrochrysene formed with the same
microsomes. Rates of phenacetin 0-deethylation (P450 1A2) and nife-

dipine oxidation (P450 3A4) were well correlated with the rates of forma
tion of/rÂ«/i.v-1,2-dihydro- l,2-dihydroxy-6-iiitrochrysenc and 6-aminochry

sene, respectively. Inhibition studies with specific P450 inhibitors and
antibodies further support the view that P450 1A2 and P450 3A4 are the
major forms responsible for the formation of rran.v-1,2-dihydrn-1,2-dihy-
droxy-6-nitrochrysene and 6-aminochrysene, respectively, in human liver.
Further metabolism of frans-l,2-dihydro-l,2-dihydroxy-6-nUrochrysene

appears to require P450 3A4. In the human lung, P450 1A1 appears to
play a major role in the metabolism of 6-nitrochrysene to irans-l,2-dihy-
dro-l^-dihydroxy-6-nitrochrysene. These results provide some requisite
knowledge for evaluating human susceptibility to 6-nitrochrysene.

INTRODUCTION

6-NC,4 present in environmental sources, is mutagenic in bacterial

as well as mammalian systems (\-4). Furthermore, 6-NC demon

strates remarkable tumorigenic activity in the newborn mouse assay
by inducing lung and liver tumors (5-8). Its potency in this animal

model approximates that of certain ultimate carcinogenic metabolites
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of PAH. It is generally agreed that the major activation pathway of
6-NC in the bacterial system involves simple nitroreduction to the
proximate metabolite, N-hydroxy-o-AC (9, 10). However, previous
studies on the metabolism, DNA binding, and tumorigenicity of 6-NC

and its metabolites in newborn mice indicate that the major metabolic
activation of 6-NC in this animal model is through the formation of
the proximate tumorigen 1,2-DHD-Ã³-AC presumably leading to 1,2-
DHD-6-AC-3,4-epoxide (11-13), which involves a combination of

oxidative and reductive metabolism. Findings from these studies are
summarized in Fig. 1.

The P450s play a major role in the metabolic activation as well as
detoxification of a wide range of chemical carcinogens (14). The
P450s are a superfamily of genes of heme-containing enzymes with

distinct substrate specificity. A number of studies suggest that species
differences exist in catalytic activities of P450 enzymes (15-17).

Although we have previously demonstrated the ability of human bron
chus to activate 6-NC to DNA-binding species ( 18) and that multiple
forms of human P450 including P450 1A2 are involved in bioactiva-
tion of 6-NC in the umu test (19), the roles of specific human P450
enzymes in the metabolic activation of 6-NC have not been thor

oughly characterized.
Humans are known to have wide interindividual variation in the

expression of individual P450s (20). Understanding which human
P450 is involved in the activation of 6-NC will be useful in assessing

individual susceptibility to this potent carcinogen. In the present study,
we have examined the ability of human hepatic and pulmonary mi
crosomes to metabolize 6-NC to genotoxic products and the roles of
specific human P450 enzymes in the metabolic pathways of 6-NC by
the analysis of P450-linked catalytic activities and the use of chemical

inhibitors and antibodies.

MATERIALS AND METHODS

Chemicals. [3,4,9,10-3H]6-NC was purchased from Chemsyn Science

Laboratories, Inc. (Lenexa, KS) and further purified prior to use. On the basis
of HPLC analysis, the compound was determined to be >98% radiochemically
pure. [3,4,9,10-3H]l,2-DHD-6-NC was obtained from incubations of 6-NC

with liver S9 fraction (9000 X g supernatant of liver homogenate) prepared
from male F344 rats treated with 3-methylcholanthrene. All other 6-NC de
rivatives were obtained as described previously (11). 4-Methylpyrazole and
a-naphthoflavone (7,8-benzoflavone) were obtained from Aldrich Chemical

Co., Milwaukee, WI. Sulfaphenazole was acquired as a gift from the Meiji
Yakuhin Co., Ltd., Tokyo, Japan. Gestodene was a kind gift of Dr. H. KÃ¼hl,
J.-W. Goethe University, Frankfurt, Germany.

Preparation of Microsomes and Antibodies. Microsomes were prepared
from human liver, and lung samples were obtained from organ donors through
Tennessee Donor Services (Nashville, TN) and the Veteran's Administration

Medical Center (Little Rock, AR) as described elsewhere (21). Protein con
centrations were estimated using bicinchoninic acid (Pierce BCA protein assay;
Pierce Chemical Co., Rockford, IL). Rabbit antibodies to human P450 1A2
were prepared and characterized as described previously (22, 23).

Metabolism Studies. [3,4,9,10-'H]6-NC (2 UM;specific activity, 1.1 Ci/
mmol) or [3,4,9,10-3H]l,2-DHD-6-NC (2 UM;specific activity, 1.1 Ci/mmol)

was incubated in 1 ml of 50 ITIMpotassium phosphate buffer (pH 7.4) con
taining 1 mg of microsomal protein, 3 HIMMgCl2, and an NADPH-generating
system consisting of 1 mw NADP+, 4 rriMglucose 6-phosphate, and 1 unit of
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Fig. l. Proposed metabolic activation pathways of 6-NC. Adduci I, W-(deoxyguanosin-
8-yl)-6-aminochrysene; Adduci II, 5-(deoxyguanosin-JV2-yl)-6-aminochrysene; Adduci III,
W-(deoxyinosin-8-yl)-6-aminochrysene.

glucose 6-phosphate dehydrogenase. A blank was run in the presence of boiled

microsomes. Each incubation was carried out at least in duplicate unless
otherwise stated. The reaction was initiated by adding the substrate dissolved
in 5 ul of DMSO. Initially, time course studies were performed; these have
shown that the hepatic metabolism of 6-NC or 1,2-DHD-o-NC is linear up to
60 min. Thus, 60 min was selected as the incubation time at 37Â°C.The reaction

was terminated by adding ice-cold methanol, and the mixture was extracted

twice with an equal volume of a mixture of ethyl acetate and chloroform (1:1).

The organic layer was dried (Na2SO4), and the solvent was evaporated to
dryness under reduced pressure.

The organic solvent-extractable metabolites of 6-NC or 1.2-DHD-6-NC

were analyzed by HPLC (Waters Associates. Milford, MA) on a reverse-phase

Vydac octadecylsilane Cm analytical column (10 urn; 0.46 x 25 cm; Separa
tions Group, Hesperia, CA) using two different HPLC systems: System 1, a
linear gradient from We to 90% methanol in water over 100 min at a flow rate
of 1 ml/min; System 2, a linear gradient from 45% methanol in water to 100%
methanol over 100 min at a flow rate of 1.5 ml/min. The radioactivity was
monitored with a Radiomatic ÃŸ-2flow detector (Radiomatic Instruments and

Chemical Co.. Inc.. Tampa, FL). Identification of the metabolites was based on
cochromatography with the synthetic standards using the two different HPLC
systems described above.

Catalytic Assays. The following substrates were used to determine P450-

linked catalytic activities utilizing human hepatic microsomes: phenacetin
(P450 1A2); nifedipine (P450 3A4); coumarin (P450 2A6); chlorzoxazone
(P450 2E1); (S)-mephenytoin (P450 2CMP); and tolbutamide (P450 2C9).

Details of experimental protocols are presented elsewhere (Ref. 13 and refer

ences therein).
Inhibition Studies. Inhibition of 6-NC metabolism or I.2-DHD-6-NC me

tabolism was achieved by incubating human hepatic and pulmonary mi
crosomes with chemicals [a-naphthoflavone (P450s 1A2 and 1A1), sul-
faphenazole (P450 2C9), gestodene (P450 3A4), 4-methylpyrazole (P450

2E1), or quinidine (P450 2D6)]. Inhibitors that had been dissolved in DMSO
were added to the incubations at a concentration of 2, 25, or 100 U.M.Such
levels were selected on the basis of literature data since they have been shown
to inhibit >80% of the P450 activity under consideration (Ref. 14 and refer

ences therein; Ref. 24). The controls received an equal volume of DMSO
(1.2%, v/v).

In inhibition studies where antibodies were utilized, varying amounts of the
latter were preincubated with human hepatic microsomes at room temperature
for 20 min prior to the addition of an NADPH-generating system and 6-NC.

RESULTS

Metabolism of 6-NC by Human Hepatic Microsomes. A repre
sentative HPLC radiochromatogram of the organic solvent-extractable
metabolites obtained upon incubation of [3H]6-NC with human he

patic microsomes is shown in Fig. 2. Qualitatively similar metabolic
profiles were obtained with each of 11 different human hepatic mi
crosomes, although the levels of metabolites varied greatly depending

Fig. 2. A representative HPLC radiochromatogram using System 1 of
the organic solvent-extractable metabolites of 6-NC obtained following
the incubation of 6-NC with human hepatic microsomes in the presence
of an NADPH-generating system as described in "Materials and Meth
ods."
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Table I Metabolism of 6-nitrochrysene by human hepatic microsumes

pmol/mg of protein/60min'Metabolite"Metabolite

1Metabolite
2(1.2-DHD-6-AC)Metabolite

3Metabolite
4(9.IO-DHD-6-NC)Metabolite

5Metabolite
6Metabolite
7(1.2-DHD-6-NCIMetabolite

8(chrysene-5,6-quinone)Metabolite

9Metabolite
10(6-AC)Metabolite

11'R"(min)295556606467748183xs92HL

1004234121336621412HL10312231479107636714HL10479102217912217989033HL109144129311491103713HL1129NDND161491385513213HL11812234ND27363610HL127ND211094855301714HL131533104562254713HL1335127111137691514515HL13435413132929515330HLM-G1639362335101323515068

" Refer to Fig. 2.
h IH, retention time using System 1 as described in "Materials and Methods"; ND, not detected; detection limit 1 pmol/mg of protein/60 min.

' Values represent the average of two determinations, except for the HLM-G sample values thai represent the mean of three determinations.

on the liver sample used (Table 1). These results demonstrate that
human hepatic microsomes are capable of metabolizing 6-NC through
ring oxidation (1.2-DHD-6-NC and 9.10-DHD-6-NC), nitroreduction
(6-AC), and ring oxidation combined with nitroreduction (1,2-DHD-
6-AC). Chrysene-5,6-quinone was also detected; it could be derived
from 6-AC via W-hydroxy-o-AC as described previously (10). The

identity of one of the major metabolites, which Ã©lÃ»tesat 83 min in our
HPLC system (System 1; Fig. 2), has not been established. None of
the possible metabolites available to us coeluted with this metabolite.
In 7 of II cases, l,2-DHD-6-NC was the most abundant metabolite

formed.
Involvement of Human Hepatic P450 1A2 in the Formation of

1,2-DHD-o-NC. When we compared levels of each metabolite de
rived from 6-NC in 11 human hepatic microsomes with the catalytic

activities of the same microsomes, a statistically significant correla
tion (r = 0.72; P < 0.01) was obtained between phenacetin O-deeth-

ylation, a specific marker of P450 l A2 activity (22), and the formation
of 1.2-DHD-6-NC (Fig. 3A ). No significant correlation of the levels of
1.2-DHD-6-NC was found with rates of nifedipine oxidation (P450
3A4), coumarin 7-hydroxylation (P450 2A6), chlorzoxazone 6-hy-
droxylation (P450 2E1), (S)-mephenytoin 4'-hydroxylation (P450

2CMP), or tolbutamide hydroxylation (P450 2C9) (data not shown).
To confirm the involvement of P450 1A2 in the formation of

1.2-DHD-6-NC, 4 hepatic microsomes with high phenacetin O-deeth-

ylation activity were selected, and incubations were carried out in the
presence and absence of a-naphthoflavone, a strong inhibitor of hu

man P450s 1A2 and 1A1 (19, 23, 24) and a stimulator of some
reactions of P450 3A4 (19, 25, 26). a-Naphthoflavone (25 UM)inhib
ited the formation of l .2-DHD-6-NC by 45 to 70% in the 4 hepatic
microsomes (Fig. 3ÃŸ).On the other hand, the formation of 9,10-DHD-
6-NC was enhanced 1- to 3-fold in the presence of a-naphthoflavone

(data not shown). Some correlation was found between the rate of
nifedipine oxidation, known to be catalyzed by P450 3A4 (27), and
9.10-DHD-6-NC formation [r = 0.59; P < 0.05 (data not shown)].

The role of P450 1A2 in the formation of 1.2-DHD-6-NC was

further investigated by the use of antibodies raised against human
P450 IA2. Anti-human P450 1A2 inhibited the levels of 1,2-DHD-
6-NC formed in a hepatic microsomal preparation (HLM-G) in a
dose-dependent manner, while preimmune IgG had no significant

effect (Fig. 3C).
The results described above strongly suggest that human P450 l A2

is the major form responsible for the metabolism of 6-NC to 1,2-
DHD-6-NC in the liver.
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Fig. 3. A, correlation of phenacetin O-deeihylation with the formation of 1.2-DHD-
6-NC by 11 different human hepatic microsomes. The correlation coefficient (r) obtained
was 0.72 (P < O.Ol). B, effect of a-naphthoflavone on the level of 1.2-DHD-6-NC
obtained with 4 human hepatic microsomes. â€¢¿�control; Ã¤Ã¼.a-naphthoflavone (25 UM).C,
effect of anti-human P450 IA2 and preimmune IgG on the formation of 1.2-DHD-6-NC
by a human hepatic microsomal sample (HLM-G). The control sample in the absence of
IgG formed 1.2-DHD-6-NC at a rate of 108 pmol/mg of protein/60 min.
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METABOLISM OF 6-NITROCHRYSENE BY HUMAN P450

Involvement of Human Hepatic P450 3A4 in the Further Me
tabolism of l,2-DHD-6-NC. Gestodene has been shown to selec
tively inhibit human P450 3A4 (28). When gestodene (100 UM)was
added to the incubations containing 6-NC and when 4 different he

patic microsomes were selected on the basis of their high nifedipine
oxidation rates [an indicator of P450 3A4 (27)], the levels of 1,2-
DHD-6-NC were enhanced (Fig. 4). With liver sample HLM-G mi

crosomes, a statistically significant 50% increase in these levels (P <
0.001) was obtained. The same trend was observed with 3 other
microsomes, although it was not possible to statistically evaluate this
because insufficient numbers of assays were performed. An enhance
ment in the formation of 1,2-DHD-o-NC in the presence of a P450
3A4 inhibitor suggests that the further metabolism of 1,2-DHD-6-NC

is catalyzed by P450 3A4.
To examine this possibility, a single human hepatic microsomal

preparation with high nifedipine oxidation activity, HL 104, was in
cubated with [^Hjl^-DHD-o-NC in the absence or presence of

gestodene. This incubation yielded several metabolites including 1,2-
DHD-6-AC, upon HPLC analysis of the organic solvent extract (Fig.

5, Peak 3). The level (pmol/mg of protein/60 min) of the major
metabolite(s) (Peak 1; 24 to 30 min) was decreased from 210 in the
control to 80 in the gestodene-treated sample (62% inhibition). The

nature of this early eluting polar peak is unknown at the present time.
Other metabolites detected by HPLC, including l,2-DHD-6-AC, were

decreased 20 to 67% by gestodene treatment. Gestodene also reduced
water-soluble products by 28%.

250

1

HLM-G HL112 HL134 HL104

Fig. 4. Effect of gestodene on the metabolism of 6-NC to 1.2-DHD-6-NC by 4 human
hepatic microsomal samples. â€¢¿�.control; M. gestodene MIX) UM).
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Fig. 5. HPLC radiochromatogram using System I of the organic solvent-extractable
metabolites obtained following the incubation of 1.2-DHD-6-NC with a human hepatic
microsomal sample (HL 104) in the presence of an NADPH-generating system as de
scribed in "Materials and Methods."
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Fig. 6. A, correlation of nifedipine oxidation with the formation of 6-AC by 11 different
human hepatic microsomes. A correlation coefficient (r) of 0.92 (P < 0.0003) was found
between these reactions, fi. effect of gestodene on the level of 6-AC formed by 4 human

hepatic microsomal samples. â€¢¿�control; ^J. gestodene UDO UM).
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Fig. 7. A, correlation of chlor/oxazone 6-hydroxylation with the formation of 6-AC by
11 different human hepatic microsomes. A correlation coefficient (r) of 0.82 (P < 0.003)
was found between these reactions, fl, effect of 4-methylpyrazole on the level of 6-AC
formed by 3 human hepatic microsomal samples. â€¢¿�.control; B, 4-methylpyrazole (IOO

MM).

Taken together, these results demonstrate that human hepatic P450
3A4 plays a role in the conversion of l,2-DHD-6-NC to water- and
several organic solvent-soluble metabolites including l .2-DHD-6-AC.

Involvement of Human Hepatic P450 3A4 and P450 2E1 in the
Formation of 6-AC. An excellent correlation (r = 0.92; P < 0.0003)
was found between the levels of 6-AC and rates of nifedipine oxida

tion, a marker activity of P450 3A4 (Fig. 6A). To further support the
role of P450 3A4 as a significant contributor to the reductive metab
olism of 6-NC to 6-AC, we utilized gestodene, a known inhibitor of
P450 3A4 (28). Gestodene (100 UM)inhibited the formation of 6-AC

in the 4 hepatic microsomes that demonstrated high nifedipine oxi
dation activity by 86 to 97% compared with the DMSO control groups
(Fig. 6ÃŸ).A significant decrease in chrysene-5,6-quinone was also

observed in the presence of gestodene (data not shown).
The rates of chlorzoxazone 6-hydroxylation, known to be mainly

mediated by P450 2E1 (29), which were measured in 11 human
hepatic microsomes, were also highly correlated with the levels of
6-AC (r = 0.82; P < 0.003; Fig. 7A). 4-Methylpyrazole (100 UM),

known to inhibit P450 2E1 (24, 30, 31), reduced the metabolism of
6-NC to 6-AC by 66 to 80% in 3 different microsomes with high P450

2E1 activity (Fig. IB). None of the catalytic activities known to be
associated with P450 1A2, 2A6, or 2C were correlated with the levels
of 6-AC (data not shown).

Investigations on the Roles of Other Human Hepatic P450 En
zymes in the Metabolism of 6-NC. No significant correlation was
observed between rates of coumarin 7-hydroxylation [P450 2A6 (32)],
tolbutamide hydroxylation [P450 2C9 (33, 34)], or (S)-mephenytoin
4'-hydroxylation activity [P450 2CMP (35)] and the levels of any

6-NC metabolites formed by human hepatic microsomes. Sul-

faphenazole, a specific inhibitor of some P450 2C enzymes (33, 34),
and quinidine, which inhibits P450 2D6 (36), had no significant effect
on the metabolism of 6-NC (data not shown).
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Metabolism of 6-NC by Human Pulmonary Microsomes and
the Effect of a-Naphthoflavone. Since the lung has been shown to
be one of the target organs of 6-NC carcinogenicity in laboratory
animals, we examined the metabolism of 6-NC by 11 human pulmo
nary microsomal preparations. The incubation of 6-NC with human

pulmonary microsomes yielded HPLC metabolic patterns that were
qualitatively similar to those obtained with human hepatic mi
crosomes, although quantitative differences were evident (data not
shown). The potential of human pulmonary microsomes to metabolize
6-NC was 10 to 100 times lower than that observed with human
hepatic microsomes. 1.2-DHD-6-NC was the major metabolite

formed in 4 of 11 pulmonary microsome samples (Table 2). When
a-naphthoflavone, a P450 1A inhibitor, was added to the incubation
mixture containing pulmonary microsomes, the level of 1,2-DHD-
6-NC was decreased by 73% (data not shown).

DISCUSSION

This study clearly demonstrates that human hepatic as well as
pulmonary microsomes are capable of metabolizing 6-NC via ring
oxidation (1.2-DHD-6-NC and 9.10-DHD-6-NC), nitroreduction (6-
AC), and ring oxidation combined with nitroreduction (l,2-DHD-6-

AC). Some of the metabolites identified in this study are known
proximate carcinogenic forms of 6-NC in laboratory animals (11-13).

These results are consistent with those obtained previously in studying
the metabolic activation of 6-NC by expiants of human bronchus (18).

The present study and that reported previously clearly demonstrate a
wide interindividual variation in 6-NC metabolism (18). We also

provided evidence that specific forms of human P450 are responsible
for the formation of specific 6-NC metabolites.

In this study, 1,2-DHD-o-NC was the most abundant metabolite
obtained from 6-NC by human hepatic microsomes. 1,2-DHD-o-NC is
a known proximate carcinogen of 6-NC and is capable of binding to

calf thymus DNA in vitro in the presence of rat liver S9 fraction
prepared from 3-methylcholanthrene-treated rats (11-13). The current
studies clearly indicate that the formation of l .2-DHD-6-NC is mainly

catalyzed by P450 l A2 in human hepatic microsomes, as supported by
a good correlation between the rates of phenacetin O-deethylation, a
P450 lA2-dependent reaction, and the levels of l,2-DHD-6-NC in

various hepatic microsomes (Fig. 3A). These findings are strength
ened by inhibition studies using both a chemical inhibitor, a-naph
thoflavone (Fig. 3ÃŸ),and anti-human P450 1A2 (Fig. 3C). The in
volvement of P450 1A2 in the formation of 1.2-DHD-6-NC is in

agreement with the results reported by Shimada et al. (19) who dem
onstrated that P450PA (P450 1A2), purified from human liver, acti
vates 6-NC in the umu test. P450 l A2 is also known to activate other

classes of chemical carcinogens, such as aromatic amines (e.g., 4-ami-
nobiphenyl) and heterocyclic aromatic amines (e.g., 2-amino-l-me-
thyl-6-phenylimidazo[4,5-b]pyridine and 2-amino-3-methylimidazo-
[4,5-/|quinoline) through W-hydroxylation (19, 23, 37, 38). In
addition, P450 1A2 is known to catalyze 3-demethylation of caffeine

(23). This observation is important, since it can provide a biochemical
tool to measure the levels of P450 1A2 in individuals. Such informa
tion may help in understanding human susceptibility to the effects of
exposure to 6-NC. In addition to P450 1A1, which is known to

catalyze representative PAH to the proximate dihydrodiol intermedi
ates (25, 39), the present study clearly provides strong evidence for the
involvement of P450 1A2 in the hepatic activation of the nitro-sub-
stituted PAH (6-NC) to dihydrodiol intermediates.

Bay-region dihydrodiol epoxides are considered ultimate carcino

genic metabolites of PAH (39, 40). Therefore, identification of the
P450 form involved in the metabolic activation of 1.2-DHD-6-NC to
the corresponding bay-region dihydrodiol epoxides is of paramount
importance. An increase in the amount of l,2-DHD-6-NC following
incubations of 6-NC with human hepatic microsomes in the presence

of gestodene, an inhibitor of P450 3A4 (Fig. 4), could be attributed to
the inhibition of the further metabolism of 1.2-DHD-6-NC, suggesting

the involvement of P450 3A4 in the latter. On the other hand, since
P450 3A4 is also involved in catalyzing the metabolism of 6-NC to
6-AC (discussed below), inhibition of P450 3A4 activity by gestodene

may result in inhibiting the reductive pathway and, thus, shift the
metabolism toward the oxidative pathway; this may also account for
the enhancement of 1,2-DHD-6-NC formation. If the latter explana
tion holds true, one would expect that a greater increase in 1,2-DHD-
6-NC should be accompanied by a greater decrease in 6-AC formation

and vice versa. However, upon comparing Fig. 4 and Fig. 6B, it
appears that this is not the case. Further support that P450 3A4
catalyzes the further metabolism of 1.2-DHD-6-NC is based on the
inhibition by gestodene of the metabolism of l .2-DHD-6-NC to sev
eral organic solvent- and water-soluble metabolites (Fig. 5). Unfortu

nately, the nature of the early eluting metabolites (24 to 30 min; Fig.
5) is not known at the present time; however, on the basis of Chro
matographie characteristics, we hypothesize that these could be tet-
raols derived from epoxides of 1.2-DHD-6-NC and/or l,2-DHD-6-
AC, proposed ultimate metabolites of 6-NC. It is apparent that further

Table 2 Metabolism of 6-nitrochrysene by human pulmonary microsomes

pmol/mg of protein/60min'"Metabolite"Metabolite

1Metabolite
2(1.2-DHD-6-AC)Metabolite

3Metabolite
4(9.IO-DHD-6-NC)Metabolite

5Metabolite
6Metabolite
7(1.2-DHD-6-NC)Metabolite

8(chrysene-5,6-quinone)Metabolite

9Metabolite
10(6-AC)Metabolite

11(min)2955566064677481838892HPM26ND2.9NDNDNDND1.9NDNDNDNDHPM27ND1.6ND1.60.9ND19.8NDNDNDNDHPM28NDNDNDNDNDND33.2ND30.8NDNDHPM

29ND1.6NDNDNDND3.63.45.0ND2.6HPM36NDNDNDNDNDND38.4ND27.2NDNDHPM37NDNDNDNDNDND15.2ND4.82.43.1HPM38ND1.1NDNDNDNDNDND2.71.85.0HPM39NDNDNDNDNDND1.7ND4.61.82.2HPM49NDNDNDNDNDND3.4ND5.0ND2.4HPM50NDNDNDNDNDND4.6ND11.42.65.089-06-105NDNDNDNDNDND1.7ND13.71.01.6

" Refer to Fig. 2.
* IR, retention time using System 1 as described in "Materials and Methods"; HPM, human pulmonary microsomes; ND, not detected; detection limit 1

pmol/mg of protein/60 min.
' Values represent the average of two determinations except for HPM 26, 29, 49, and 50, which were analyzed once.
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studies, such as the synthesis of bay-region dihydrodiol epoxides of
6-NC and their corresponding tetraols, are required to not only con
firm our proposed scheme of the metabolic activation of 6-NC but to

provide further support of a role of P450 3A4 in the metabolic acti
vation of 6-NC. Our conclusion that the further metabolism of 1,2-
DHD-6-NC is catalyzed by P450 3A4 is also in line with the earlier
findings of Shimada et al. (25). Activation of several dihydro-
diols of PAH including ( Â±)-/ra/ii-7,8-dihydro-7,8-dihydroxybenzo-
(tf)pyrene and rrarts-3,4-dihydro-3,4-dihydroxy-7,12-dimethylbenz-

(a (anthracene assayed by the umu response has been shown to be
mediated by P450 3A4. However, recent studies indicate that the
metabolism of (-)-/raÂ«i-7,8-dihydro-7,8-dihydroxybenzo(Â«)pyrene to

the dihydrodiol epoxides can also be catalyzed, in part, by P450 1A2
in human liver and by P450 1A1 in human lung (41-43).

a-Naphthoflavone inhibits P450 l A2 and 1A1, but stimulates some

of the reactions catalyzed by P450 3A4 (19, 23, 25, 26). An increase
in the formation of 9.10-DHD-6-NC (1- to 3-fold) in the presence of
a-naphthoflavone in hepatic microsome samples therefore suggests a
possible role for P450 3A4 in 9.10-DHD-6-NC formation; such an

increase may account for the enhancement of the genotoxic response
of 6-NC in the presence of a-naphthoflavone as has been observed in

the umu assay (19). However, gestodene (an inhibitor of P450 3A4)
had no significant inhibitory effect on the levels of 9,10-DHD-6-NC
(data not shown). Carcinogenic activity of 9.10-DHD-6-NC has not
been tested, although the compound's weak mutagenicity in the pres

ence of rat liver S9 preparation (10) rules out the possibility that the
enhancement of 6-NC activation by a-naphthoflavone in the umu test
is due to an increase in 9.10-DHD-6-NC. Therefore, the role of me
tabolites other than 9.10-DHD-6-NC in 6-NC activation in the umu

assay should be investigated in future experiments.
The role of P450 enzymes in the reductive metabolism of 6-NC to

6-AC was also examined in this study. The predominant human he

patic P450 involved appears to be P450 3A4 as is clearly indicated by
a strong correlation coefficient between the levels of 6-AC and rates
of nifedipine oxidation (Fig. 6A) and a dramatic inhibition of 6-AC

formation by gestodene (Fig. 6ÃŸ).In addition, results obtained in our
inhibition studies using 4-methylpyrazole, a selective inhibitor of
P450 2E1 (Fig. 7<4), and a high correlation between 6-AC and chlor-
zoxazone 6-hydroxylation (Fig. IB) indicate a minor role for P450
2E1 in reducing 6-NC to 6-AC. Our findings of a role of P450

enzymes in reduction are not completely unexpected, based on the
available information in the literature. P450 2E1 has been shown to
reduce carbon tetrachloride to the trichloromethyl radical (44), and the
involvement of P450 enzymes in the metabolism via nitroreduction of
other nitro-PAH has also been demonstrated. Reduction of 1-nitropy-
rene and nitrobenzene to 1-aminopyrene and aniline, respectively, by
rat and rabbit hepatic P450 enzymes has been reported (45-47).

Studies with human pulmonary microsomes were not as extensive
in this report as those carried out with hepatic microsomes, primarily
because of limited quantities of lung tissues and because of its low
activity in metabolizing 6-NC. Nonetheless, our results appear to

support that the P450 1A subfamily is the major enzyme catalyzing the
conversion of 6-NC to 1.2-DHD-6-NC as can be seen by the dramatic
inhibitory effect exerted by an inhibitor of P450 1A, a-naphthofla

vone. Since P450 IA2 is notably absent in human pulmonary mi
crosomes, it is likely that P450 1A1 is the major form involved in the
formation of l .2-DHD-6-NC. Previous studies indicated the presence

of P450 1A1, as measured by aryl hydrocarbon hydroxylase activity,
but not of P450 1A2 in human lung (14, 41^43).

In summary, we have demonstrated that both human hepatic and
pulmonary microsomes are capable of metabolizing 6-NC to geno

toxic products. Human P450s 1A2 and 1A1 are the major forms
responsible for the metabolism of 6-NC to 1,2-DHD-o-NC in hepatic

and pulmonary microsomes, respectively; the further hepatic metab
olism of the latter requires P450 3A4. The reductive metabolism of
6-NC to 6-AC is primarily catalyzed by P450 3A4 and 2E1. Although
the level of 6-NC in environmental sources such as diesel exhaust

paniculate (4 ng/g) has been reported (3), methods to determine the
effective dose in biological fluids of exposed individuals are not
available. Such information combined with the results obtained in the
present study are essential to assess human susceptibility to 6-NC.

REFERENCES

1. Gamer. R. C. Stanlon. C. A.. Martin. C. N., Chow, F. L., Thomas, W.. Hubner, D., and
Herrmann. R. Bacterial mutagenicily and chemical analysis of polycyclic aromatic
hydrocarbons and some nitro derivatives in environmental samples collected in West
Germany. Environ. Mutagen.. fi: I09-117, 1986.

2. Schilhabel. J.. and Levsen. K. Identification of nitrated polycyclic hydrocarbons in
diesel paniculate extracts by negative ion chemical ionization and tandem mass
spectrometry. Fresenius Z. Anal. Chem.. 33.1: 800-805. 1989.

3. Paschke. T.. Hawthorne. S. B.. Miller. D. J., and Wenclawiak. B. Supercritical fluid
extraction of nitrated polycyclic aromatic hydrocarbons and polycyclic aromatic
hydrocarbons from diesel exhaust paniculate matter. J. Chromatogr. 609; 333-340.

1992.
4. Delclos, K. B.. and Heflich. R. H. Mutation induction and DNA adduci formation in

Chinese hamster ovary cells treated with 6-nitrochrysene. 6-aminochrysene. and their
metabolites. MutÃ¢t.Res., 279: 153-164. 1992.

5. Busby, W. F.. Jr.. Gamer, R. C, Chow, F. L.. Martin. C. N., Stevens, E. K.. Newbeme.
P. M., and Wogan. G. N. 6-Nitrochrysene is a potent tumorigen in newborn mice.
Carcinogenesis (Lond.). fi: 801-803. 1985.

6. Wislocki. P. G.. Bagan. E. S.. Lu. A. Y. H.. Dooley. K. L., Fu. P. P.. Han-Hsu. H..

Beland. F. A., and Kadlubar. F. F. Tumorigenicity of nitrated derivatives of pyrene.
benz[Ã¼|anihracene, chrysene, and benzo[u)pyrene in the newborn mouse assay. Car
cinogenesis (Lond.), 7: 1317-1322, 1986.

7. Busby. W. F.. Jr., Stevens, E. K., Kellenbach. E. R.. Comelisse, J.. and Lugtenburg,
J. Dose-response relationships of the tumorigenicity of cyclopenta[ci/|pyrene, benzo-
|u|pyrene, and 6-nitrochrysene in a newborn mouse lung adenoma bioassay. Carcino
genesis (Lond.). 9. 741-746, 1988.

8. Busby. W. F.. Jr., Stevens. E. K., Martin. C. N., Chow, F. L.. and Gamer, R. C.
Comparative lung tumorigenicity of parent and mononitro-polycyclic aromatic hy
drocarbons in the BLU:Ha newborn mouse assay. Toxicol. Appi. Pharmacol., 99.-
555-563, 1989.

9. Delclos, K. B.. Miller. D. W., Lay. J. O., Jr., Casciano, D. A.. Walker. R. P., Fu. P. P..
and Kadlubar, F. F. Identification of C8-modified deoxyinosine and N-- and C8-
modified deoxyguanosine as major products of the in vitro reaction of W-hydroxy-6-
aminochrysene with DNA and the formation of these adducts in isolated rat hepalo-
cytes treated with 6-nitrochrysene and 6-aminochrysene. Carcinogenesis (Lond.). K:
1703-1709. 1987.

10. El-Bayoumy, K., Delclos, K. B.. Heflich, R. H.. Walker, R., Shiue. G.-H.. and Hecht.
S. S. Mutagenicity. metabolism, and DNA adduci formation of 6-nitrochrysene in
Salmonella typhimurium. Mutagenesis, 4: 235-240, 1989.

11. El-Bayoumy, K.. Shiue, G.-H.. and Hecht, S. S. Comparative tumorigenicity of
6-nitrochrysene and its metabolites in newborn mice. Carcinogenesis (Lond.), 10:
369-372, 1989.

12. Delclos, K. B., El-Bayoumy. K.. Hecht, S. S.. Walker. R. P.. and Kadlubar, F. F.
Metabolism of the carcinogen pH]6-nitrochrysene in the preweanling mouse: iden
tification of 6-aminochrysene-1,2-dihydrodiol as the probable proximate carcinogenic
metabolite. Carcinogenesis (Lond.), 9: 1875-1884, 1988.

13. Delclos, K. B., Walker. R. P.. Dooley, K. L.. Fu. P. P.. and Kadlubar. F. F. Carcinogen-
DNA adduci formation in the lungs and livers of preweanling CD-I male mice
following administration of |'H|-6-nitrochrysene. l'HI-6-aminochrysene. and |'H|-
1.6-dinitropyrcne. Cancer Res., 47: 6272-6277, 1987.

14. Guengerich, F. P. Oxidation of toxic and carcinogenic chemicals by human cyto-
chrome P-450 enzymes. Chem. Res. Toxicol., 4: 391-407, 1991.

15. Howard, P. C., Aoyama. T., Bauer. S. L., Gelboin, H. V., and Gonzalez. F. J. The
metabolism of 1-nitropyrene by human cytochromes P450. Carcinogenesis (Lond.).
//: 1539-1542, 1990.

16. Howard. P. C., Flammang, T. J-, and Beland, F. A. Comparison of the in vitro and in
vivo hepatic metabolism of the carcinogen 1-nitropyrene. Carcinogenesis (Lond.), o:
243-249. 1985.

17. Howard, P. C., Reed, K. A., and Koop, D. R. Oxidative metabolism of I-nitropyrene
by rabbit liver microsomes and purified microsomal cylochrome P-450 isozymes.
Cancer Res., 48: 4261-Â»265, 1988.

18. Delclos. K. B., El-Bayoumy. K.. Casciano, D. A.. Walker. R. P.. Kadluhar. F. F. Hecht.
S. S., Shivapurkar. N., Mandai, S., and Stoner, G. D. Metabolic activation of 6-ni
trochrysene in expiants of human bronchus and in isolated rat hepatocytes. Cancer
Res., 49: 2909-2913. 1989.

19. Shimada. T, Iwasaki, M., Martin, M. V., and Guengerich, F. P. Human liver microso
mal cytochrome P-450 enzymes involved in the bioactivation of procarcinogens

detected by umu gene response in Salmonella tvphimurium TA 1535/pSK1002. Can
cer Res., 49: 3218-3228. 1989.

20. Harris. C. C. Interindividual variation among humans in carcinogen metabolism.
DNA adduci formation, and DNA repair. Carcinogenesis (Lond.), 10: 1563-1566,
1989.

21. Wang, P. P.. Beaune. P., Kaminsky, L. S., Dannan. G. A., Kadlubar, F. F., Larrey, D.,

2033

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2028/2945496/cr0530092028.pdf by guest on 19 M

ay 2023



METABOLISM OF 6-NITROCHRYSF.NE BY HUMAN P450

and Guengerich, F P. Purification and characterization of six cytochrome P-450
isozymes from human liver microsomes. Biochemistry. 22: 5375-5383, 1983.

22. Distlerath. L. M., Reilly, P. E. B.. Martin. M. V., Davis. G. G.. Wilkinson, G. R.. and
Guengerich, F. P. Purification and characterization of the human liver cytochromes
P-450 involved in debrisoquine 4-hydroxylation and phenacetin O-deethylation, two

protoiypes for genetic polymorphism in oxidative drug metabolism. J. Biol. Chem.,
260: 9057-9067. 1985.

23. Butler, M. A., Iwasaki, M.. Guengerich. F. P.. and Kadlubar. F. F. Human cytochrome
P-450pA (P450 1A2), the phenacetin O-deethylase. is primarily responsible for the
hepatic 3-demethylation of caffeine and /V-oxidation of carcinogenic arylamines.
Proc. Nail. Acad. Sci. USA. 86: 7696-7700. 1989.

24. Clejan, L. A., and Cederbaum, A. I. Oxidation of pyrazole by reconstituted systems
containing cytochrome P-450 1IE1. Biochim. Biophys. Acta, 1034: 233-237. 1990.

25. Shimada, T., Martin, M. V, Pruess-Schwartz, D., Mamett. L., and Guengerich, F. P.
Roles of individual human cytochrome P-450 enzymes in the bioactivation of benzo-
(a)pyrene, 7,8-dihydroxy-7,8-dihydrobenzo(u)pyrene, and other dihydrodiol deriva
tives of polycyclic aromatic hydrocarbons. Cancer Res.. 49: 6304-6312, 1989.

26. Brian. W. R.. Sari. M.-A.. Iwasaki. M.. Shimada. T., Kaminsky. L. S.. and Guengerich.
F P. Catalytic activities of human liver cytochrome P-450 IIIA4 expressed in Sac-
charomyces cerevisiae. Biochemistry. 29: 11280-11292. 1990.

27. Guengerich, F. P., Martin, M. V., Beaune, P. H., Kremers, P., Wolff, T., and Waxman,
D. Characterization of rat and human liver microsomal cytochrome P-450 forms
involved in nifedipine oxidation, a prototype for genetic polymorphism in oxidative
drug metabolism. J. Biol. Chem.. 261: 5051-5060. 1986.

28. Guengerich, F. P. Mechanism-based inactivation of human liver microsomal cyto
chrome P-450 II1A4 by gestodene. Chem. Res. Toxicol.. 3: 363-371, 1990.

29. Peter, R., Bocker. R. G.. Beaune. P. H.. Iwasaki. M.. Guengerich. F P.. and Yang. C.-S.

Hydroxylalion of chlorzoxazone as a specific probe for human liver cytochrome
P-450 IIEI. Chem. Res. Toxicol.. 3: 566-573. 1990.

30. Feierman. D. E., and Cederbaum. A. I. Inhibition of microsomal oxidation of ethanol
by pyrazole and 4-methylpyrazole in vitro. Biochem. J., 239: 671-677, 1986.

31. Yamazaki, H., Inui, Y, Yun, C.-H., Guengerich, F. P.. and Shimada. T. Cytochrome
P450 2EI and 2A6 enzymes as major catalysts for metabolic activation of Â¿V-nitroso-
dialkylamines and tobacco-related nitrosamines in human liver microsomes. Carcino-
genesis (Lond.). 13: 1789-1794, 1992.

32. Yamano. S., Tatsuno, J., and Gonzalez, F J. The CYP2A3 gene product catalyzes
coumarin 7-hydroxylation in human liver microsomes. Biochemistry, 29: 1322-1329,

1990.
33. Brian, W. R.. Srivastava. P. K.. Umbenhauer. D. R.. Lloyd. R. S.. and Guengerich. F.

P. Expression of a human liver cytochrome P-450 protein with tolbutamide hydrox-
ylase activity in Saccharomyces cerevisiae. Biochemistry. 28: 4993â€”*999, 1989.

34. Miners. J. O., Smith, K. J., Robson, R. A., McManus. M. E., Veronese, M. E., and
Birkett. D. J. Tolbutamide hydroxylation by human liver microsomes: kinetic char
acterization and relationship to other cytochrome P-450 dependent xenobiotic oxida

tions. Biochem. Pharmacol., 37: 1137-1144. 1988.
35. Relling. M. V., Aoyama, T., Gonzalez, F. J., and Meyer. U. A. Tolbutamide and

mephenytoin hydroxylation by human cytochrome P450s in the CYP2C subfamily. J.
Pharmacol. Exp. Ther., 252: 442^*47, 1990.

36. Inaba, T., Jurima, M.. Mahon, W. A., and Kalow. W. In vitro inhibition studies of two
isozymes of human liver cytochrome P-450: mephenytoin p-hydroxylase and
spancine monooxygenase. Drug Metab. Dispos., 13: 443^48, 1985.

37. McManus, M. E.. Burgess, W. M., Veronese. M. E.. Huggett, A., Quattrochi, L. C,
and Tukey, R. H. Metabolism of 2-acetylaminofluorene and benzo(a)pyrene and
activation of food-derived heterocyclic amine mutagens by human cytochromes
P-450. Cancer Res.. 50: 3367-3376, 1990.

38. Shimada. T.. and Guengerich. F P. Activation of amino-a-carboline, 2-amino-l-
methyl-6-phenylimidazo[4,5-i>|pyridine. and a copper phthalocyanine cellulose ex
tract of cigarette smoke condensate by cytochrome P-450 enzymes in rat and human
liver microsomes. Cancer Res., 51: 5284-5291, 1991.

39. Conney, A. H. Induction of microsomal enzymes by foreign chemicals and carcino-

genesis by polycyclic aromatic hydrocarbons: G. H. A. Clowes Memorial Lecture.
Cancer Res.. 42: 4875-4917, 1982.

40. Dipple. A., Moschel, R. C., and Bigger. C. A. H. Polynuclear aromatic carcinogens.
In: C. E. Searle (ed.). Chemical Carcinogenesis. Vol. 1, pp. 41-163. Washington. DC:

American Chemical Society; 1984. (ACS Monograph 182).
41. Scharping. C. E.. McManus, M. E., and Holder, G. M. NADPH-supported and

arachidonic acid-supported metabolism of the enantiomers of frani-7.8-dihy-
drobenzo[a]pyrene-7,8-diol by human liver microsomal samples. Carcinogenesis
(Lond.), 7: 1199-1207, 1992.

42. Rojas. M., Camus. A.-M.. Alexandrov. K.. Husgafvel-Pursiainen, K., Anttila. S..
Vainio. H., and Bartsch. H. Stereoselective metabolism of (-)-benzo[a)pyrene-7,8-

diol by human lung microsomes and peripheral blood lymphocytes: effect of smoking.
Carcinogenesis (Lond.), 13: 929-933. 1992.

43. Shimada, T., Yun. C.-H., Yamazaki, H., Gautier, J.-C., Beaune, P. H., and Guengerich,
F P. Characterization of human lung microsomal cytochrome P-450 1A1 and its role
in the oxidation of chemical carcinogens. Mol. Pharmacol., 41: 856-864, 1992.

44. Mico. B. A., and Pohl. L. R. Reductive oxygÃ©nationof carbon letrachloride: trichlo-
romethylperoxyl radical as a possible intermediate in the conversion of carbon tet-
rachloride to electrophilic chlorine. Arch. Biochem. Biophys., 225: 596-609, 1983.

45. Saito, K., Kamataki, T., and Kato, R. Participation of cytochrome P-450 in reductive
metabolism of 1-nitropyrene by rat liver microsomes. Cancer Res.. 44: 3169-3173,

1984.
46. Tatsumi, K., Kitamura. S.. and Narai, N. Reductive metabolism of aromatic nitro

compounds including carcinogens by rabbit liver preparations. Cancer Res., 46:
1089-1093, 1986.

47. Harada, N.. and Omura, T. Participation of cytochrome P-450 in the reduction of nitro
compounds by rat liver microsomes. J. Biochem., 87: 1539-1554, 1980.

2034

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/9/2028/2945496/cr0530092028.pdf by guest on 19 M

ay 2023


