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Abstract—Nitrated polycyclic aromatic hydrocarbons (PAHs) are environmental contaminants that
result from various incomplete combustion processes. We have examined the activity of hepatic
microsomal enzymes in rats pretreated with a series of environmentally occurring nitrated PAHs
including: 1- and 4-nitropyrene, 1,3-, 1,6- and 1,8-dinitropyrene, 6-nitrochrysene, 7-nitrobenz-
[a]anthracene, 3-nitrofluoranthene, and 1-, 3-, and 6-nitrobenzo[a]pyrene. None of the compounds
increased the cytochrome P-450 content more than 2-fold. 1,8-Dinitropyrene, 6-nitrochrysene, and 1-
and 3-nitrobenzo[a]pyrene significantly increased arylhydrocarbon hydroxylase activity 2- to 8-fold
higher than solvent-treated controls. The induction of 7-ethoxycoumarin O-deethylase activity paralleled
that found with arylhydrocarbon hydroxylase. The maximum induction of aminopyrine N-demethylase
was only 1.5-fold, and none of the nitrated PAHs caused significant increases in epoxide hydrase or
NADPH-cytochrome c¢ reductase. 1-Nitropyrene reductase activity was induced by each of the com-
pounds with the exception of 6-nitrobenzo[a]pyrene. The greatest increase was caused by 1-
nitrobenzo[a]pyrene followed by 1,3-dinitropyrene, 3-nitrobenzo[a]pyrene and 6-nitrochrysene. These
data suggest that nitrated PAHs may potentiate the effects of subsequent exposures to various chemical
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carcinogens.

Hepatic microsomal monooxygenases, including
cytochromes P-450, are the principal enzymes
responsible for the metabolic detoxification of
foreign compounds, although some chemicals are
converted into mutagenic and carcinogenic deriva-
tives [1]. These enzymes can be induced by a variety
of drugs, insecticides, and other xenobiotics, in par-
ticular by polycyclic aromatic hydrocarbons (PAHs)#
[2]- Recently, nitrated derivatives of PAHs have
been detected as contaminants in airborne particu-
lates, coal fly ash, and diesel emission [2, 3]. Since
nitrated PAHs are structurally related to PAHs, they
may also induce hepatic microsomal enzymes. In this
study, we have examined several hepatic microsomal
monooxygenase and reductase activities in rats pre-
treated with a series of environmentally occurring
nitrated PAHs including: 1- and 4-nitropyrene, 1,3-
1,6- and 1,8-dinitropyrene, 6-nitrochrysene, 7-nitro-
benz[a]anthracene, 3-nitrofluoranthene, and 1-, 3-,
and 6-nitrobenzo[a]pyrene (Fig. 1). The activities
assayed were aryl hydrocarbon hydroxylase (AHH),
7-ethoxycoumarin O-deethylase, epoxide hydrolase,
NADPH-cytochrome c reductase and 1-nitropyrene
reductase. In addition to establishing the effects of
the individual nitrated PAHs, these results have been
compared to those obtained with their parent PAHs
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in order to determine the effect of nitro substitution
upon enzyme induction.

MATERIALS AND METHODS

Materials. Benzo[a]pyrene, pyrene, chrysene,
benz[a]anthracene, 1l-nitropyrene, l-aminopyrene,
3-nitrofluoranthene, aminopyrine, 7-ethoxycou-
marin and 7-hydroxycoumarin were purchased from
the Aldrich Chemical Co., Milwaukee, WI. 1,3-,1,6-
and 1,8-Dinitropyrene were obtained from Midwest
Research Institute, Kansas City, MO. 1-, 3-, and 6-
Nitrobenzo[a]pyrene were synthesized as previously
described [4]. 6-Nitrochrysene was prepared by the
nitration of chrysene using the method of Newman
and Cathcart [5]. 7-Nitrobenz[a}anthracene was syn-
thesized according to the procedure of Fieser and
Hershberg [6], while 4-nitropyrene was prepared as
described by Bavin [7]. 1-Nitropyrene was purified
as previously described [8]. All of the nitrated PAHs
were examined by HPLC and were >99% pure. 1-
Nitropyrene and the dinitropyrenes were also exam-
ined by gas chromatography to ensure that there was
no isomeric contamination. Each of the PAHs was
purified by chromatography on silica gel by eluting
with hexane. Pyrene 4,5-oxide and pyrene trans-4,5-
dihydrodiol were prepared as described by Harvey
et al. [9,10]. Horse heart cytochrome ¢, NADP*,
glucose-6-phosphate, and  glucose-6-phosphate
dehydrogenase (type XII) were purchased from the
Sigma Co., St. Louis, MO. All other solvents were
HPLC grade.
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Fig. 1. Structures of the nitrated PAHs used in the induction of hepatic microsomal enzymes.
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Animals. Young male Sprague-Dawley rats

(CD23) (150 + 20 g) were obtained from our breed-
ing colony. For three consecutive days, groups of
three rats were injected with the inducing agents
dissolved in corn oil at a dose of 2.5, 5, or 25 mg per
kg body weight. Control animals received corn oil
daily. All animals received standard diet and water
ad lib.

Preparation of microsomes. The rats were killed
by cervical dislocation 1 day after the last injection,
and their livers were perfused with ice-cold 1.15%
KCl via the portal vein. Each liver was homogenized
separately with ice-cold 50 mM Tris-acetate buffer,
pH 7.4, containing 100 mM KCI and 1 mM EDTA.
Microsomes were isolated by differential centrifu-
gation, as previously described [11], and were sus-
pended in 10 mM Tris—acetate buffer, pH 7.4, con-
taining 1 mM EDTA and 20% (w/v) glycerol at a
concentration of 10-15 mg protein/ml. Protein con-
centrations were measured by the method of Lowry
et al. [12]. The microsomes were stored at —70° until
use.

Enzyme assays. AHH activity was assayed
fluorometrically by measuring the formation of 3-
hydroxybenzo[a]pyrene as outlined by Nebert and
Gelboin [13]. Cytochrome P-450 content was
measured in dithionite-reduced microsomes by the
method of Omura and Sato [14]. Aminopyrine
demethylase activity was determined by measuring
formaldehyde formation as described by Matsubara
et al. [15]. 7-Ethoxycoumarin O-deethylase activity
was assayed fluorometrically by measuring the enzy-
matic formation of 6-hydroxycoumarin by the
method of Greenlee and Poland [16].

Epoxide hydrolase activity was determined by
quantifying the catalytic hydration of pyrene 4,5-
oxide using a procedure modified after Dansette et al.
[17]. The reaction was initiated by adding 100 nmol
pyrene 4,5-oxide in 40 yl methanol to 1 ml of 50 mM

Tris—-HC! buffer, pH 8.7, containing 50 pug micro-
somal protein. Following a 10-min incubation at 37°,
the reaction was extracted with 2 ml of ethyl acetate.
The pyrene trans-4,5-dihydrodiol was separated by
reversed phase HPLC using a Du Pont ODS column
(9.4 x 250 mm) and eluting isocratically with 95%
methanol. The concentration of the dihydrodiol was
calculated with a Hewlett—Packard 3390A integrator
through comparison to a synthetic standard.

NADPH-cytochrome c¢ reductase activity was
measured according to the methods of Phillips and
Langdon [18]. 1-Nitropyrene reductase activity was
determined by assaying the formation of 1-amino-
pyrene in anaerobic incubations by a procedure
modified after Saito et al. [19]. One milliliter of
50mM potassium phosphate buffer, pH 7.4, con-
taining 10 ymol glucose-6-phosphate, 0.5 umol
NADP?, 25 nmol flavin mononucleotide, 1 unit of
glucose-6-phosphate dehydrogenase and 0.2 mg of
microsomal protein, was purged with a stream of
argon through a rubber septum for S min at 0°. 1-
Nitropyrene (8 nmol in 40 ul methanol) was then
added to the mixture with a microsyringe, and the
solution was incubated under argon at 37° for 20 min.
The reaction was quenched by the addition of 1 ml
of acetone, and then 3ml of hexane was added.
The tube was vortexed for 2 min and centrifuged at
1000 rpm for 5 min. The fluorescence in the hexane
layer was determined using an excitation wavelength
of 365 nm and an emission wavelength of 405 nm. In
control experiments, the recovery of 1-aminopyrene
was >99%. Similar results were obtained with HPLC
analyses.

All the enzyme activities were linear with protein
concentration up to 0.6 mg/ml and incubation time
up to 20 min. Comparisons between groups were
made by Student’s #test [20].

Instrumentation. Ultraviolet-visible spectra were
recorded with a Varian Cary 219. Fluorescence was
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Table 1. Cytochrome P-450 content and aryl hydrocarbon hydroxylase (AHH) activity in hepatic microsomes of rats
pretreated with nitrated polycyclic aromatic hydrocarbons*

Dose Cytochrome P-450 AHH
Compound (mg/kg) (nmol/mg protein) Ratiof  (pmol/mg protein/min)  Ratiot
Control 0.70 1.0 353+6.2 1.0
Pyrene 2.5 0.99 1.4 37.2+10.8 1.1
1-Nitropyrene 2.5 1.12 1.6 39.6 £3.2 1.1
25 0.74 1.1 449*11.1 1.3
4-Nitropyrene 25 0.59 0.8 28.0+5.9 0.8
1,3-Dinitropyrene 2.5 1.56 22 42.1+6.2 1.2
1,6-Dinitropyrene 2.5 1.02 1.5 32.7+51 0.9
1,8-Dinitropyrene 2.5 1.33 1.9 519+ 1.1%8 1.5
Chrysene 2.5 1.14 1.6 60.0 = 5.0% 1.7
5.0 0.62 0.9 62.9+7.1% 1.8
6-Nitrochrysene 2.5 1.33 1.9 157.7 = 49.94| 4.5
5.0 111 1.6 269.6 = 10.1%]) 7.6
7-Nitrobenz[a]anthracene 25 0.68 1.0 38.1+3.5 1.1
3-Nitrofluoranthene 25 0.54 0.8 31.7+22 0.9
Benzo{a]pyrene 2.5 1.07 1.5 44.1+3.6 12
5.0 0.84 1.2 1153 =+ 5.4% 33
25 1.13 1.6 346.2 £ 10.3% 9.8
1-Nitrobenzo[a]pyrene 2.5 1.46 2.1 279.8 = 68.4%| 7.9
5.0 1.06 1.5 307.1 + 1.54] 8.7
3-Nitrobenzo[a]pyrene 2.5 1.17 1.7 184.6 + 56.61] 52
5.0 1.33 1.9 334.8 = 22.84] 9.5
6-Nitrobenzo[a]pyrene 2.5 0.56 0.8 29.0 = 2.1)1v 0.8
5.0 0.48 0.7 55.3 = 4.0y 1.6
3-Methylcholanthrene 5.0 1.38 2.0 279.6 = 3.9% 7.9

* Young male Sprague-Dawley rats were treated, i.p., for three consecutive days with the nitrated PAH at the dose
indicated. One day after the last dose, the animals were killed, hepatic microsomes were prepared, and the cytochrome
P-450 content and AHH activity were determined, as described in Materials and Methods. The AHH data represent the
average * SD of triplicate assays on each of three animals. Comparisons between groups were made by Student’s r-test

[20].

t The ratio is the activity of the experimental animal divided by that of the control.
i Significantly different from solvent-treated control (P < 0.05).
§ Significantly different from 1-nitropyrene and 1,6-dinitropyrene (P < 0.05).

|| Significantly different from parent PAH (P < 0.05).

§ Significantly different from 1- and 3-benzo[a]pyrene (P < 0.05).

measured with an Aminco-Bowman spectropho-
tofluorometer. Reversed phase HPLC was con-
ducted with a Waters Associates system consisting
of two 6000A pumps, a 660 solvent programmer, and
a 440 absorbance monitor adjusted to 254 nm.

RESULTS

The effects of the nitrated PAHs and their parent
PAHs on the cytochrome P-450 content and AHH
activity of hepatic microsomes are summarized in
Table 1. Due to the low solubility of the nitrated
PAHs in corn oil, only two low doses of 2.5 and
5.0 mg/kg were used with 6-nitrochrysene and the
nitrobenzo[a]pyrenes, and 2.5 mg/kg was used with
the dinitropyrenes. For comparison, an additional
group was treated with 3-methylcholanthrene.

None of the nitrated PAHs increased the cyto-
chrome P-450 content more than 2-fold (Table 1).
In contrast, there were marked differences in the
induction of AHH activity (Table 1). When admin-
istered at a dose of 2.5 mg/kg, 1,8-dinitropyrene,
6-nitrochrysene, and 1- and 3-nitrobenzo[a}pyrene
significantly increased AHH activity compared to
solvent-treated controls, whereas 6-nitro-benzo-
[alpyrene caused a significant increase only at 5 mg/
kg. Furthermore, 6-nitrochrysene and 1- and 3-nitro-
benzo[a]pyrene were significantly more active than

their parent PAHs, chrysene and benzo[a]pyrene.
However, 6-nitrobenzo[a]pyrene was significantly
less active than benzo[a]pyrene as well as the other
two nitrobenzo[a]pyrenes. When tested at doses up
to 25mg/kg, 1- and 4-nitropyrene, 7-nitrobenz-
[a]anthracene, and 3-nitrofluoranthene did not cause
induction of AHH activity.

The effects of the nitrated PAHs administered at
2.5mg/kg on 7-ethoxycoumarin O-deethylase,
aminopyrine N-demethylase, and epoxide hydrolase
activity are shown in Table 2. The induction of 7-
ethoxycoumarin O-deethylase activity by these com-
pounds paralleled that of AHH activity. Thus, 1,8-
dinitropyrene, 6-nitrochrysene, and 1- and 3-nitro-
benzo[a]pyrene caused significant increases com-
pared to solvent-treated controls, with the latter
two compounds showing the greatest induction. 6-
Nitrochrysene and 1- and 3-nitrobenzo[a]pyrene also
induced 7-ethoxycoumarin O-deethylase to a greater
extent than their parent PAHs. The maximum induc-
tion of aminopyrine N-demethylase compared to
control animals was caused by 1,8-dinitropyrene, but
this was only 1.5-fold (Table 2). None of the nitrated
PAHs increased epoxide hydrolase activity, although
benzo[a]pyrene did result in a statistically significant
reduction in this activity (Table 2).

With the exception of 6-nitrobenzo[a]pyrene, each
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Table 2. 7-Ethoxycoumarin O-deethylase, aminopyrine N-demethylase, and epoxide hydrolase activity in hepatic
microsomes of rats pretreated with nitrated polycyclic aromatic hydrocarbons*

Enzyme activity

(nmol/mg/min)
7-Ethoxycoumarin Aminopyrine Epoxide
Compound O-deethylase Ratiot N-demethylase Ratiot hydrolase Ratiot
Control 1.44+0.29 1.0 3.11+0.88 1.0 19.80 + 1.40 1.0
Pyrene 1.61 +0.78 1.1 3.52£0.55 1.1 21.55+1.85 1.1
1-Nitropyrene 1.99 +0.25 1.4 3.98 = 0.60 1.3 18.77 £ 2.70 0.9
1,3-Dinitropyrene 1.65 +0.14 1.1 4.37+0.29 1.4 15.20 + 3.41 0.8
1,6-Dinitropyrene 2.03+0.23 1.4 3.91+0.39 1.3 16.23 +2.80 0.8
1,8-Dinitropyrene 2.03 = 0.20% 1.4 4.60 = 0.26% 1.5 18.15+0.55 0.9
Chrysene 2.08x0.17¢ 1.4 3.76 = 0.50 1.2 17.27 +1.89 0.8
6-Nitrochrysene 4.49 + 1.144§ 31 3.86 £ 0.31 13 24.50 £3.40 1.2
Benzo[a]pyrene 1.73 = 0.16 1.2 4.28+0.19 1.4 12.00 + 1.63% 0.6
1-Nitrobenzo[a]pyrene 10.26 = 1.914§ 7.1 3.97 £ 0.30 1.3 26.30 = 7.308 1.1
3-Nitrobenzo[a]pyrene 9.36 * 0.831§ 6.5 3.70 £ 0.31 1.2 20.87 + 5.21§ 1.1
6-Nitrobenzo[a]pyrene 1.57 = 0.04) 1.1 3.45+0.29 1.1 17.03 = 4.09 0.9

* Young male Sprague-Dawley rats were treated with 2.5 mg/kg of the nitrated PAHSs, and hepatic microsomes were
prepared as described in Table 1. The data represent the average + SD of triplicate assays on each of three animals.
Statistical analyses were performed as described in Table 1.

+ The ratio is the activity of the experimental animal divided by that of the control.
1 Significantly different from solvent-treated control (P < 0.05).

§ Significantly different from parent PAH (P < 0.05).

|| Significantly different from 1- and 3-nitrobenzo[a]pyrene (P < 0.05).

Table 3. 1-Nitropyrene reductase and NADPH-cytochrome ¢ reductase activity in hepatic
microsomes of rats pretreated with nitrated polycyclic aromatic hydrocarbons*

1-Nitropyrene

Cytochrome ¢

reductase reductase
Compound (pmol/mg/min) Ratiot (nmol/mg/min) Ratiot
Control 38.7+x12.4 1.0 213.5+12.7 1.0
Pyrene 77.6 = 35.8% 2.0 197.8 £ 31.7 0.9
1-Nitropyrene 67.6 = 6.1% 1.7 233.2+242 1.1
1,3-Dinitropyrene 148.0 = 27.638§ 38 226.5 £ 28.7 1.1
1,6-Dinitropyrene 97.6 + 10,238 2.5 222230 1.0
1,8-Dinitropyrene 112.7 £ 22748 2.9 243.2 +31.1 1.1
Chrysene 73.5 £ 6.1% 1.9 224.7+23.6 1.1
6-Nitrochrysene 122.1 = 15.94 32 231.8+33.6 1.1
Benzo[a]pyrene 112.5 + 25.8% 2.9 2279x5.7 1.1
1-Nitrobenzo{a]pyrene 163.9 £ 22.6% 4.2 296.0 +21.2% 1.4
3-Nitrobenzo[a]pyrene 134.4 £ 32.5¢ 3.5 250.7 = 44.8 1.2
6-Nitrobenzo[a|pyrene 55.5 £ 36.5** 1.4 234.0 = 20.1 1.1

* Young male Sprague-Dawley rats were treated with 2.5 mg/kg of the nitrated PAHs, and
hepatic microsomes were prepared as described in Table 1. The data represent the average + SD
of triplicate assays on each of three animals. Statistical analyses were performed as described in

Table 1.

+ The ratio is the activity of the experimental animal divided by that of the control.
i Significantly different from solvent-treated control (P < 0.05).

§ Significantly different from 1-nitropyrene (P < 0.05).

|| Significantly different from 1,3-dinitropyrene (P < 0.05).

1 Significantly different from parent PAH (P < 0.05).

** Significantly different from 1- and 3-nitrobenzo[a]pyrene (P < 0.05).

of the compounds, administered at 2.5 mg/kg
induced a significant increase in 1-nitropyrene
reductase activity compared to solvent-treated con-
trols (Table 3). The greatest induction was observed
with 1-nitrobenzo[a]pyrene, followed by 1,3-dini-
tropyrene, 3-nitrobenzo[a]pyrene and 6-nitrochrys-
ene. Each of the dinitropyrenes was more active
at inducing 1-nitropyrene reductase activity than 1-

nitropyrene. 6-Nitrochrysene was significantly more
active than chrysene, whereas the other nitro PAHs
were not significantly more active than their parent
PAHs. The maximum induction of NADPH-cyto-
chrome ¢ reductase was observed with 1-
nitrobenzo[a]pyrene. None of the other compounds
caused a significant increase in the activity of this
enzyme (Table 3).
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DISCUSSION

The results of this study demonstrate that nitrated
PAHs can induce various hepatic microsomal
enzymes, with the magnitude of induction depending
on the particular compound being examined. In gen-
eral, the nitrated PAHs induced AHH, 7-ethoxy-
coumarin O-deethylase, and I-nitropyrene nitro-
reductase, but not aminopyrine N-demethylase,
epoxide hydrolase and NADPH-cytochrome ¢
reductase. 1- and 3-Nitrobenzo[a]pyrene caused the
greatest increase followed by 6-nitrochrysene and
1,8-dinitropyrene. The pattern of high induction of
AHH activity and low induction of aminopyrine N-
demethylase, NADPH-cytochrome ¢ reductase and
epoxide hydrolase is similar to what has been
observed for 3-methylcholanthrene, which induces
high levels of cytochrome P-450c {21]. A similar
finding has been reported recently by Asokan et al.
[22] who applied mixtures of dinitropyrenes topically
to newborn rats and assayed cutaneous and hepatic
microsomal activities. Cytochrome P-450c catalyzes
the N-oxidation of certain aromatic amine carcino-
gens, and it is also the major P-450 isozyme respon-
sible for the metabolic activation of carcinogenic
PAHs [23]. Thus, our data suggest that nitrated
PAHs can potentiate the effects of subsequent
exposures to various chemical carcinogens.

PAHs, in particular benz[g]anthracene and
benzo[a]pyrene, are potent hepatic microsomal
enzyme inducers [1, 13]. Depending upon the site of
substitution, nitration had a dramatic effect upon
this activity. For example, when administered at
5 mg/kg, benzola]pyrene caused a 3.3-fold increase
in AHH activity (Table 1); this increase was 9-fold
after administration of its 1- and 3-nitro derivatives.
In contrast, only a slight increase in AHH induction
was observed with 6-nitrobenzo[a]pyrene. Similarly,
while benz[a]anthracene causes substantial increases
in AHH activity [13], 7-nitrobenz[a]anthracene was
devoid of this capability even when administered at
25 mg/kg. Pyrene, chrysene and fluoranthene were
weak inducers of AHH activity (Table 1; see also
Refs. 13 and 24). Among the nitro-derivatives, 3-
nitrofluoranthene did not cause a significant induc-
tion, while of the nitrated pyrenes, only 1,8-dinitro-
pyrene showed a significant capability. By com-
parison, 6-nitrochrysene was found to be a potent
inducer of AHH activity. It is perhaps significant
that the nitro groups of 7-nitrobenz[a]anthracene
and 6-nitrobenzo[a]pyrene are orientated perpen-
dicular to the aromatic ring system, while the nitro
moieties in 1- and 3-nitrobenzolalpyrene are
coplanar to the aromatic ring [25]. This per-
pendicular orientation may inhibit the interaction of
these compounds with the Ak receptor. Some other
biochemical activities of nitroarenes, such as binding
with 2,3,7,8-tetrachlorodibenzo-p-dioxin receptor
sites, may also-be associated with the orientation of
the substituted nitro-groups [26].

Nitro PAHs can undergo sequential reduction to
nitroso, N-hydroxy amino, and amino derivatives,
and this nitroreduction has been implicated in the
activation of certain of these compounds to mutagens
and carcinogens {3, 27]. In the case of 1-nitropyrene
and 1,8-dinitropyrene, DNA adducts have been
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characterized both in vitro and in mutagenesis assays
that are indicative of the reaction of their N-hydroxy
amino derivatives with C8 of deoxyguanosine [8, 28~
30]. Similar DNA adducts have been detected in
vivo in rats administered 1-nitropyrene [31, 32] and
1,6-dinitropyrene (Z. Djurié, Y. Yamazoe and F. A.
Beland, manuscript in preparation), and these may
be involved in the tumorigenic response reported for
these nitrated PAHs. In the present study we found
that, in addition to inducing AHH and 7-ethoxy-
coumarin deethylase, certain of the nitrated PAHs
caused significant increases in 1l-nitropyrene
reductase activity. Since nitroreduction appears to
be important in the metabolic activation of nitrated
pyrenes, this suggests that chronic exposure to
nitrated PAHs may result in increased DNA adduct
formation which, in turn, could result in increased
fumor yields.
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