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ABSTRACT

NADPH-fortified human liver microsomes were examined with regard

to ability to detoxicate several chemicals that do not require enzymatic
oxidation to elicit a genotoxic response in a Salmonella typhimurium
TA1535/pSK1002 system where umu response is used as an indicator of
DNA damage. Microsomes did not affect the response seen with dauno-
mycin, mitomycin C, 2,4,7-trinitro-9-fluorene, 1-nitropyrene, doxorubi-
cin, l-methyl-3-nitro-I-nitrosoguanidine, 2-nitrofluorene, or l-ethyl-3-
nitro-l-nitrosoguanidine (cited in order of decreasing umu response per
mol). Human and rat liver microsomes did inactivate 1,3-. 1.6-, and 1,8-
dinitropyrene; with human liver microsomes the activity of 1,3-dinitro-
pyrene was most strongly inhibited, while with rat liver microsomes the
genotoxicities of all three dinitropyrenes Â»ere inhibited to a similar
extent. NADPH-cytochrome P-450 reducÃasewas demonstrated to in
activate 1,6- and 1,8-dinitropyrene but not 1,3-dinitropyrene. Both rat
cytochrome P-45(W-.B (P-450 IA1) and P-450,st.<; (P-450 IA2) inacti
vated 1,3-dinitropyrene, with the former being more effective. Correlation
studies done with liver microsomes prepared from variously treated rats
and immunoinhibition studies suggest that cytochrome I'-l^ll %,â€ž¿�and P-
â€¢¿�J5IV.I,, are both involved in the detoxication of all three of the dinitro

pyrenes in rat liver microsomes. In a series of assays done with various
human liver microsomal preparations, the inactivation of the three dini
tropyrenes was not correlated to each other at all. Correlation analysis
and inhibition studies with 7,8-benzoflavone and antibodies indicate that
human cytochrome P-450 enzymes in the IA family are most effective in
detoxicating this compound; the contribution of cytochrome P-450PA(P-
450 IA2, the phenacetin O-deethylase) is deemed more important, but a
role for the small amount of cytochrome I',-45(1 (P-450 IA1) in the liver

cannot be ruled out. In contrast to the case of 1,3-dinitropyrene, the
inactivation of 1.6-dinitropyrene is well correlated with levels of cyto
chrome l'-45(K.i (P-450 IIIA4, nifedipine oxidase) and its catalytic activ
ities. The inactivation of 1,8-dinitropyrene was not correlated with any
of the above parameters and only correlated with the conversion of
benzo(a)pyrene to its 3-hydroxy and 4,5-dihydrodiol products, for which
the principal enzymes involved in human liver are unknown. Thus, distinct
human cytochrome P-450 enzymes are involved in the detoxication of
different dinitropyrene congeners, and the situation appears to contrast
with that in rat liver.

INTRODUCTION

Many chemical carcinogens require bioactivation to exert
their effects as tumor initiators, and some tumor promoters
also require bioactivation (1, 2). This concept of enzymatic
activation of procarcinogens to proximate and ultimate carcin
ogens has a strong basis in both in vitro and in vivo studies,
even though some of the biological mechanisms remain elusive
(3). Oxidation is probably the most common mechanism for
activating a procarcinogen to a reactive electrophile (4), but
most of the conjugating enzymes can be implicated in one or
more pathways of bioactivation as well (5, 6).
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The P-4504 enzymes have been the object of considerable

study with regard to their abilities to oxidize (and sometimes
reduce) procarcinogens to reactive species that might be impli
cated in tumorigenesis (2, 7). These enzymes show large inter-
individual variations among people, and a number of epidemi-
ological studies suggest that individuals who express unusually
high or low levels of particular P-450 enzymes may be at either
increased or decreased risk from certain chemical carcinogens
(8-10). However attractive these paradigms are, these must be

regarded as hypotheses and not fact until mechanistic relation
ships are understood (7). Considerable effort has gone into
implicating individual P-450 enzymes in the bioactivation of
particular carcinogens, for ultimately such information is vital
in understanding the role or roles that metabolism plays in
chemical carcinogenesis. Many studies have been done in both
i/i vivo and in vitro systems involving experimental animals,
and a considerable literature has accrued (4). Efforts in our own
laboratories have concentrated upon using in vitro approaches
to identify the human P-450 enzymes involved in the activation
of particular carcinogens, and recently we have identified the
major human liver P-450s primarily responsible for the bioac
tivation of a series of aflatoxins and derivatives, aromatic
amines, dihydrodiol derivatives of polycyclic hydrocarbons, ni-
trosamines, and some other procarcinogens (11-15). These
studies provide a reference base for molecular epidemiology
and other approaches that can be used to address hypotheses
regarding the significance of variations in metabolism as a
component in cancer risk assessment.

P-450 enzymes play roles in detoxication as well as bioacti
vation (16). This point has been well appreciated in the field of
drug metabolism and pharmacology. Detoxication is a matter
of interest in the case of drugs used for cancer therapy, where
the parent materials are often genotoxic without further acti-

' The abbreviations used are: P-450. liver microsomal cytochrome P-450; IgG.
Â¡mmunoglobulin G (fraction of serum): DNP, dinitropyrene: B(u)P, benzo-
(o)pyrene; 3-OH B(a)P. 3-hydroxybenzo(a)pyrene; B(a)P-4.5-diol, trans-4,5-
dihydroxy-4.5-dihydrobenzo(a)pyrene; B(a)P-7.8-diol, /rans-7,8-dihydroxy-7,8-
dihydrobenzo(a)pyrene; 4-ABP. 4-aminobiphenyl; rfNF. /J-naphthoflavone (5,6-
benzoflavone); ISF. isosafrole; CPF, ciprofibrate; PCN, pregnenolone 16Â«-car-
bonitrile: INH. isoniazid; Glu P-l. 2-amino-6-methyldipyrido[1.2-a:3',2'-i/]-
imidazole: Trp P-l. 3-amino-1.4-dimethyl-5//-pyrido[4.3-A]indole; IQ. 2-amino-
3-methylimidazo[4,5-/]quinoline; MelQ, 2-amino-3,5-dimethylimidazo[4.5-/]-
quinoline; MNNG, l-methyl-3-niIro-l-nitrosoguanidine; ENNG, l-ethyl-3-nitro-
I-nitrosoguanidine.

Reference to rat and human P-450 preparations is made using both the original
nomenclature (40. 65. 66) and the system of Nebert et al. (56). To reiterate the
assignments presented in "Materials and Methods," P,-450 (67) and P-450tfNF.B
(40) are the respective human and rat P-450 IA1 proteins. P-450PA (38) and P-
450iSK-u(40) are the respective human and rat P-450 IA2 proteins, and P-450j
(37) is the term applied to both the rat and human P-450 IIE1 proteins. The
proteins catalyzing 5-mephenytoin 4'-hydroxylation are termed P-450Mp (36);
evidence is presented elsewhere that these are highly related to the P-450 1IC8.
IIC9, and I1C10 proteins, but none of these sequences is thought to be the true
mephenytoin 4'-hydroxylase(s) (68, 69). Human P-450NVis considered to be the

nifedipine oxidase (35, 70); a complementary DNA clone related to the protein
(P-450 IIIA4) has been expressed and found to have activity (71), although
another closely related protein (P-450 IIIA5) has also been found to have
nifedipine oxidase activity (72). Two other proteins have also been reported. The
P-450 1IIA6 complementary DNA was isolated from a fetal liver library (73). and
the extent of its expression in adult liver is unknown. P-450 IIIA3 (74, 75) is very
closely related to P-450 IIIA4 but appears not to be readily expressed in most
adult human livers (76). The antibodies and catalytic activities used in this work
would probably not discriminate among the potential gene products in this family,
and the appropriate caveats should be regarded until the complete identification
of activities of the various gene products is achieved.
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vation (3, 7). In addition to such drugs, other compounds in
the environment can be genotoxic without oxidation, or reac
tions other than oxidation may be involved in bioactivation,
with the action of P-450s serving to detoxicate these materials.
We have examined a number of these compounds that cause
DNA damage in bacteria (mutation or induction of the so-
called "SOS" response) without the need for additional bioac

tivation. The studies were focused on DNPs, which are of
interest because of their strong genotoxicity, their ability to
cause tumors, and their presence in the environment as products
of diverse combustion reactions (17-33) (Fig. 1). The three
prototype DNPs (1,3-, 1,6-, and 1,8-DNP) were found to differ
in the catalytic specificity which P-450s have for their detoxi-
cation, and inferences about the rat and human P-450s involved
in the processes can be made from these results.

MATERIALS AND METHODS

Chemicals. 1,3-, 1,6-, and 1,8-DNP, 1-nitropyrene, doxorubicin hy-
drochloride, daunomycin, mitomycin C, MNNG, and ENNG were
obtained from Sigma Chemical Co. (St. Louis, MO). 2-Nitrofluorene,
2,4,7-trinitro-9-fluorene, and 7,8-benzoflavone were purchased from
Aldrich Chemical Co. (Milwaukee, WI). Bleomycin B was a gift of Dr.
S. Hecht, University of Virginia. All other chemicals and reagents were
as described previously (12).

Enzyme Preparations and Antibodies. Human liver samples were
obtained from organ donors through the Nashville Regional Organ
Procurement Agency (Nashville, TN), and microsomal fractions were
prepared as described elsewhere (34). Human P-450NF (P-450 1IIA4)
(35), P-450MP., (related to P-450 IIC8. 9, and 10) (36), P-450J (P-450
IIE1) (37), and P-450PA (P-450 IA2) (38) were purified as described,
and antibodies were elicited in rabbits against purified proteins (39).
Rat P-450,SF.G(P-450 IA2) and P-450Ã•NF.B(P-450 IA1) and antibodies
to these proteins were also obtained (40). Rabbit NADPH-P-450 re-
ductase was prepared using general procedures described elsewhere
(41).

Assay for Bioactivation of Procarcinogens by P-450. The basis pro
cedure involving Salmonella typhimurium TA1535/pSK1002 is de
scribed elsewhere (12, 42-46). Microsomal samples were generally
added to give a final concentration of 0.01 to 0.05 pM P-450 in the
presence of the bacteria. Reconstituted P-450 systems used to replace
microsomes) included 0.001 to 0.025 /Â¿Mpurified P-450, 0.05 ^M
NADPH-P-450 reducÃase,and 7.5 MML-Â«-l,2-dilauroyl-sn-glycero-3-
phosphocholine. In all cases the buffer was 50 HIMpotassium phosphate
(pH 7.4). Incubations with procarcinogens were carried out for 120
min, and expressed /i-galactosidase activity was determined by the
method of Miller (47). The induction of umu gene expression by

1,3-Dinitropyrene
N02
1,6-Dinilropyrcne

activated carcinogens is generally presented as units of fi-galactosidase
activity/min/nmol of P-450 (or mg of protein) or as total units in
situations where activation did not occur.

Assay for Metabolic Deactivation of Mutagens by Liver Microsomes.
Incubation mixtures (final volume. 0.25 ml) contained 100 mM potas
sium phosphate buffer (pH 7.4), 0.04 to 0.2 /KMequivalent of microso
mal P-450, 0.4 to 1.2 /IM mutagen dissolved in (CH,)2SO, and an
NADPH-generating system consisting of 0.25 m\i NADP*, 5 mM

glucose-6-phosphate, and 2 IU of yeast glucose-6-phosphate dehydrog-
enase/ml. After incubation at 37'C for 1 h, reactions were terminated
by heating at 100Â°Cfor 2 min (the heating process did not alter the

inactivation results presented here). The induction of umu gene expres
sion was determined after adding 0.75 ml of the bacterial solution
described above.

Other Assays. Protein concentrations were estimated using the Pierce
bincinchonic acid procedure as described by the manufacturer (Pierce
Chemical Co., Rockford, IL). P-450 concentrations were determined
by the method of Omura and Sato (48). Concentrations of specific P-
450 enzymes in human liver microsomal samples were estimated by
coupled sodium dodecyl sulfate-polyacrylamide gel electrophoresis/
immunochemical development (49). Microsomal phenacetin O-deeth-
ylation (38), 5-mephenytoin 4'-hydroxylation (36), and nifedipine oxi

dation (35) were determined as described previously. Analysis of the
enzymatic formation of 3-OH B(a)P, B(a)P-4.5-diol. and B(a)P-7,8-
diol from B(a)P by human liver microsomes was carried out using
high-performance liquid chromatography of radioactive materials as
described elsewhere ( 13, 50).

RESULTS

Inactivation of DNPs by Human Liver Microsomes. 1,3-DNP
was incubated with human liver microsomes (Sample HL99) in
the presence of an NADPH-generating system, and the remain
ing genotoxic activity of the compound and its metabolites was
determined by measuring the umu response using S. typhimu
rium TA1535/pSK1002 as described previously. When boiled
(inactivated) microsomes were used with 1,3-DNP, the umu
gene expression increased with the concentration of the sub
strate in the reaction mixture (Fig. 2). Incubation of 1,3-DNP
with intact NADPH-fortified microsomes, on the other hand,
caused an almost complete loss of the genotoxic activity of 1,3-
DNP.

The decrease in genotoxic activity was also found to be
dependent upon the concentration of P-450 in human liver
microsomes (Fig. 3). Using the same liver microsomal prepa-

1000

500

1,8-Dinitropyrene

Fig. 1. Structures of DNPs.

0.15 0.30

1,3-Dinitropyrene (uM)

Fig. 2. Inactivation of 1,3-DNP by human liver microsomes. 1,3-DNP was
incubated with boiled microsomes (O) or intact microsomes (â€¢)(Sample HL99)
at 37'C for l h in the presence of an NADPH-generating system. The remaining
genotoxic activity of 1,3-DNP and its metabolites was determined in S. typhi
murium TA 1535/pSK 1002 as described in "Materials and Methods."
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100'

0.05 0.10

Microsomal P-450 (nmol)

Fig. 3. Inactivation of 1,3-, 1,6-, and 1,8-DNP by human liver microsomes
(Sample HL99). Details of the experiments are similar to those presented in the
legend to Fig. 2: 1,3-DNP (â€¢);1,6-DNP (A); 1,8-DNP (A). Results are presented
as means of duplicate experiments, and the deviation of the duplicate values was
<15% in all cases.

Table 1 Inactivation of 1,3-, 1,6-, and 1,8-DNP by II human liver
microsomal samples

umu gene expression(units)Denatured

microsomes1,3-DNP*
694 Â±38f

1,6-DNP^ 643 Â±47
LS-DNP* 712 Â±33umuIntact

mi
crosomes399

Â±177
363 Â±56
594 Â±62response

with intact%

of inact:
vation"42

4417microsomeslv

L umu response with denatured microsomesj

100.
4 1,3-DNP (0.05 nmol, 0.2 Â¡i\\final concentration) was incubated with 0.01

nmol of human liver microsomal P-450 (0.04 Â¡J.Mfinal concentration).
' Mean Â±SD of values measured with 11 samples.
d 1,6- or 1.8-DNP (0.05 nmol, 0.2 Â»JMfinal concentration) was incubated with

0.05 nmol of human liver microsomal P-450 (0.2 JIMfinal concentration).

ration (HL99), we found that 1,6-DNP and 1,8-DNP were also
inactivated by metabolism, but the inactivation of these geno-
toxins required higher concentrations of microsomal P-450 in
the incubation mixture than in the case of 1,3-DNP.

The extents of metabolic inactivation of 1,3-, 1,6-, and 1,8-
DNP by 11 human liver microsomal preparations are presented
in Table 1. Although the substrate concentration used was 0.2
Â¿Â¿mol(final concentration) in all three cases, the concentration
of liver microsomal P-450 added to the incubation mixture was
0.04 Â¿imolin the case of 1,3-DNP and 0.2 //mol when 1,6- and
1,8-DNP were used. With the three genotoxins examined, the
genotoxic activity was decreased by 17 to 44% after metabolism
by human liver microsomes, and the variation in the metabolic
inactivation in the 11 human samples was the greatest in the
case of 1,3-DNP.

Correlation of Metabolic Inactivation of DNP with the Activ
ities and Contents of Microsomal Components in 11 Human
Liver Microsomal Preparations. In order to discern the roles of
individual P-450 enzymes in the metabolic inactivation of the
three DNPs, we compared the microsomal inactivation of
DNPs with other monooxygenase activities and components in
11 human liver microsomal preparations. The extent of inacti
vation of 1,3-DNP was highly correlated with the metabolic
activation of 4-ABP (r = 0.93), with phenacetin O-deethylation
(r = 0.88), and with the amount of P-450PA (r = 0.88) in 11
human samples (Fig. 4). On the other hand, the inactivation of
1,6-DNP correlated well with the metabolic activation of 6-
aminochrysene and the amounts of P-450NF (r = 0.87) and total
P-450 (r = 0.93) in human liver microsomes (Fig. 5).
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Inactivation of 1,3-DNP (%)
Fig. 4. Correlations between rates of inactivation of 1,3-DNP and other

parameters in human liver microsomes. Metabolic activation of 4-ABP (A),
phenacetin O-deethylation (A), and immunochemically determined P-450PA (C)
is plotted versus 1.3-DNP inactivation for II human liver microsomal prepara
tions.
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Fig. 5. Correlations between inactivation of 1,6-DNP and other parameters
in human liver microsomes. Rates of metabolic activation of 6-aminochrysene
(6-AC, A), immunochemically determined amounts of P-450NF (A), and total P-
450 (C) are plotted versiÂ«1,6-DNP inactivation for 11 human liver microsomal
preparations.

The relationship between inactivation of DNPs and the mi
crosomal components in 11 human liver samples is summarized
in Table 2. The results clearly indicate that inactivation of 1,3-
DNP correlates well with P-450PA and the activities of P-450PA-
dependent reactions (phenacetin O-deethylation and the acti-
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Table 2 Correlation of rales of metabolic deactivation ofDNPs with activity of
monooxygenases and amounts ofmicrosomal components

Correlation coefficient (r)

2-Aminoanthracene6Glu-P-1*4-ABP*Aflatoxin

B,*B(o)P-7,8-diol*6-Aminochrysene*B(a)P-4,5-diolcB(a)P-7,8-diolc3-OH

B(a)PrMephenytoin

4'-hydroxylation"'Phenacetin
O-deethylation''Nifedipine
oxidation*1P-450P/P-450NF'Total

P-450'1,3-DNP"1,6-DNP"1,3-DNP"0.850.880.93-0.270.200.080.630.840.610.080.88-0.480.88-0.180.181,6-DNP"-0.35-0.230.030.800.770.860.580.300.630.050.180.750.000.870.930.101,8-DNP"0.190.170.060.190.210.320.860.280.790.160.490.150.430.340.540.100.44

Â°Inactivation of DNP by liver microsomes (percentage inactivated/mg of

protein).
* Metabolic activation of procarcinogens by liver microsomes (umu units/min/

mg of protein).
' Formation of metabolites of B(a)P by liver microsomes (nmol of product

formed/min/mg of protein).
* Monooxygenase activity of liver microsomes (nmol of product formed/min/

mg of protein).
' P-450 measured immunochemically (nmol/mg of protein).

Table 3 Effects of antibodies on 1,3-DNP-induced genotoxicity in
human liver microsomes

1,3-DNP-induced genotoxicity"

BoiledmicrosomesIntact
microsomes0+Anti-P-450,SF.G
(3.0)'+Anti-P-450aNF.B

(3.6)+Anti-P-450PA
(4.4)+Anti-P-450NF
(9)-t-Anti-P-450MP

( 11)+Anti-P-450Â¡(18)umu

response
(units)446

Â±34*106

Â±6183403213108118375222193290

35%

of control
value(100)24419048242720

" 1,3-DNP (0.2 /IM final concentration) was incubated with 0.01 nmol of
human liver microsomal P-450 (0.04 pmol. Sample HL99) at 37Â°Cfor l h in the
presence or absence ("intact") of antibodies.

* Mean Â±SD of triplicate determinations.
' When antibodies were added, the (optimal) concentration is indicated (in

parentheses) as mg of anti-P-450 IgG/nmol of P-450.

vation of 2-aminoanthracene, Glu P-l, and 4-ABP), and inac-
tivation of 1,6-DNP by liver microsomes is correlated to P-
45Ã›NFand the P-450NF-linked monooxygenase reactions (nife-
dipine oxidation and the activation of aflatoxin BI, B(a)P-7,8-
diol, and 6-aminochrysene) (11-13, 51, 52). On the other hand,
inactivation of 1,8-DNP by human liver microsomes did not
show good correlation with other microsomal activities except
for the enzymatic formation of 3-OH B(a)P and B(a)P-4,5-
diol from B(a)P in human liver microsomes.

Effects of Antibodies against Human and Rat P-450 Enzymes
on the Inactivation of 1,3-DNP by Human Liver Microsomes.
These results suggest that, in human liver microsomes, P-450PA,
(the phenacetin 0-deethylase) catalyzes the inactivation of 1,3-
DNP. In order to discern the roles of P-450 enzymes in the
inactivation process, we examined the effects of antibodies
raised against individual forms of human and rat P-450. Rabbit
anti-human P-450PA partially blocked the inactivation of 1,3-
DNP in human liver microsomes, and anti-rat P-450ISF-c also
inhibited the inactivation of this genotoxin (Table 3). We also
found that anti-rat P-450,iNF.Bstrongly blocked the inactivation

of 1,3-DNP catalyzed by human liver microsomes. Antibodies
raised against human P-450N1., P-450M|>, and P-450J had no
effect on the reaction.

Very recently we have found, in collaboration with Dr. P.
Beaune, that anti-liver microsomal autoantibodies in patients
with dihydralazine-induced hepatitis specifically inhibit the P-
450|.A-linked monooxygenase activities, namely phenacetin O-
deethylase and ethoxyresorufin 0-deethylase, in human liver
microsomes.5 We examined the effects of these autoantibodies
(generously provided by Dr. Beaune) on the inactivation of 1,3-
DNP in human liver microsomes. These autoantibodies inhib
ited the inactivation of 1,3-DNP as well as the bioactivation of
MelQ and IQ, two compounds known to be activated by P-
450|Â»Ain human liver microsomes (12, 51) (Fig. 6).

Attempts were also made to examine the effects of antibodies
raised against other P-450s on the inactivation of other DNPs
(1,6- and 1,8-DNP) in human liver microsomes. Unfortunately,
these two reactions require higher concentrations of P-450 in
the reaction mixture (Fig. 3), and it was not possible to deter
mine the effects of the antibodies because the control levels of
inactivation of 1,6- and 1,8-DNP in the umu assay changed
with the higher concentration of total protein in the mixture.

Effect of 7,8-Benzoflavone. We have previously shown that
P-450pA-linked monooxygenase activities are strongly inhibited
by 7,8-benzoflavone in human liver microsomes (12, 14, 15).
Addition of low concentrations of 7,8-benzoflavone to the re
action mixture caused a complete loss of inactivation of 1,3-
DNP by human liver microsomes (Fig. 7).

Reconstitution of Inactivation by DNPs with Purified En
zymes. We attempted to reconstitute the DNP-inactivating
reaction in systems containing purified P-450s. The data indi
cated that NADPH-P-450 reducÃaseitself can also catalyze the
inactivation of DNPs. Purified rabbit liver NADPH-P-450
reducÃasecatalyzed the inactivation of 1,6-DNP and 1,8-DNP
(Fig. 8). 1,3-DNP, on the other hand, was not readily inacti
vated by NADPH-P-450 reducÃase.

Two forms of polycyclic hydrocarbon-inducible (IA1 family)
P-450, P-450,sK-G and P-450,,NI.â€ž¿�,efficiently inactivaled 1,3-
DNP; Ihe latter was more active in the reconstituted monoox
ygenase system (Table 4).

Inactivation of 1,3-, 1,6-, and 1,8-DNP by Rat Liver Micro
somes. The results presented above suggested that polycyclic

6, 10
Z
D

50

012

Human serum (ul)
Fig. 6. Effects of autoimmune antibodies raised against human P-450PA un

the deactivation of 1,3-DNP and metabolic activation of McIQ and IQ by human
liver microsomes. Autoimmune antisera (â€¢):control (human) serum (O). Control
activities (Liver Sample HL99) were as follows: A, inactivation of 1,3-DNP (76%
inactivation in 0.01 nmol of P-450 in liver microsomes); B. metabolic activation
of MelQ (759 umu units/min/nmol of P-450); and C metabolic activation of IQ
(681 umu units/min/nmol of P-450).

' M. limitili. D. Larrey, J. Nataf, J. Bernuau. D. Pessayre, M. Iwasaki. F. P.
Guengerich, and P. H. Beaune. Anti-liver endoplasmic reticulum autoantibodies
are directed against human cytochrome P-450IA2: a specific marker of dihydral
azine-induced hepatitis, submitted for publication.
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Z
D

100'

50

O 25 50

7,8-Benzoflavone (uM)

Fig. 7. Effect of 7,8-bcnzoflavone on the deactivation of 1.3-DNP by human
liver microsomes. More details of the procedures for the assay (done using Liver
Sample HL99) are cited in the legend to Fig. 2.

30 60
NADPH-P-450 reducÃase (pmol)

Fig. 8. Inactivation of 1,3-, 1,6-, and 1,8-DNP by rabbit liver NADPH-P-450
reducÃase.The indicated amount of the reducÃasewas mixed with 30 nM L-a-1,2-
dilauroyl-Ãn-glycero-3-phosphocholine. and the activity of inactivation of DNPs
was determined in the presence of an NADPH-generaling syslem. The conirol
(100%) values of 1.3-DNP (D), 1,6-DNP (O), and 1,8-DNP (â€¢)were 889 Â±97
(SD). 491 Â±11, and 664 Â±12 units, respectively.

Table 4 Reconstitution of rat P-450 monooxygenase systems
1,3-DNP-inducedgenotoxicily"Conirol

(boiledenzyme)P-450.SF.GP-4SO.NF..umu

response
(units)571

Â±80*

306 Â±86
71 Â±11%

ofcontrol(100)

54
12

Â°1,3-DNP (0.2 , moli was incubaled with a reconstituled monooxygenase
syslem containing 5 pmol of purified P-450 (0.02 ^mol) and other components
at 37'C for 1 h. The genotoxic activity of the 1,3-DNP and ils metabolites was
determined as described in "Materials and Methods."

* Mean Â±SD.

Table 5 Inactivation of 1,3-, 1,6-, and 1,8-DNP by rat liver microsomes
1,3-, 1,6-, or 1,8-DNP (0.2 JJMfinal concentralion) was incubaled wilh liver

microsomes of unirealed and variously prelrealed rats as described previously.

hydrocarbon-inducible forms of P-450 might be involved in the
metabolic inactivation of 1,3-DNP in rat liver microsomes.
Table 5 shows the metabolic inactivation of 1,3-DNP catalyzed
by liver microsomes prepared from variously treated rats. 1,3-
DNP was most readily inactivated by liver microsomes prepared
from /SNF-treated rats, followed by those prepared from ISF-
and CPF-treated rats. 1,6-DNP inactivation, on the other hand,
was most extensive with liver microsomes prepared from ISF-
treated rats; liver microsomes from /SNF-treated rats were not
as proficient in inactivation. Liver microsomes prepared from
CPF-treated rats were also found to inactivate 1,6-DNP. Inac
tivation of 1,8-DNP was also catalyzed strongly by liver micro
somes prepared from ISF-treated rats, but the inactivation of
1,8-DNP by rat liver microsomes was relatively weak as com
pared with that seen with 1,3- and 1,6-DNP.

The correlation between inactivation of 1,3-, 1,6-, and 1,8-
DNP and other monooxygenase activities of various liver mi
crosomes is shown in Table 6. Evidence has been presented
elsewhere that metabolic activation of IQ and Trp-P-1 is mainly
catalyzed by P-450,sfx; (53-55), and metabolic activation of
aflatoxin B, is by P-450uT-A, P-450n-.,, and other P-450 en
zymes (46). Inactivation of 1,3-DNP was highly correlated with
the metabolic activation of B(a)P-7,8-diol in microsomes pre
pared from variously treated rats (Table 6). Inactivation of 1,6-
DNP, on the other hand, was related to the rates of bioactiva-
tion of IQ and Trp-P-1. In the case of 1,8-DNP inactivation,
the activities were relatively well correlated with the metabolic
activation of IQ, Trp-P-1, and B(a)P-7,8-diol. The effects of
antibodies on the inactivation of 1,3-DNP by liver microsomes
from ISF- and 0NF-treated rats are shown in Table 7. In
liver microsomes prepared from ISF-treated rats, both anti-P-
450isF-t; and anti-P-450,,NF.B inhibited the inactivation of 1,3-
DNP. Anti-P-450isi o was somewhat more effective in blocking
1,3-DNP inactivation than was anti-P-450^NF.B in liver micro
somes prepared from fiNF-treated rats.

Table 6 Correlation of activities of inactivation of DNPs and monooxygenase
activities in different rat liver microsomal preparations

Correlation coefficient(r)aIQCTrp

P-l'
B(a)P-7.8-diolf
Aflaloxin B,c
1,3-DNP*
1,6-DNP*1,3-DNP*0.38

0.38
0.90

-0.551,6-DNP*0.82

0.80
0.45
0.48
0.291,8-DNP*0.76

0.73
0.75

-0.08
0.70
0.62

Â°Liver microsomes and general conditions used for Ihese assays are as in Table

5.
* Inaclivalion of DNPs by liver microsomes (percenlage of inactivation/nmol

of P-450).
' Bioaclivalion of procarcinogens by liver microsomes (umu unils/min/nmol

of P-450).

1,3-DNP-induced 1,6-DNP-induced 1
genotoxicity,8-DNP-inducedgenotoxicilyTable

7 Effects ofanti-P-450,SFa and anti-P-450axFB preparations on 1,3-DNP-
induced genotoxicity in rat livermicrosomesumu

response umu response umuresponseInlacl

microsomesUT*
maleUT

femalePB
male(JNF
maleISF
malePCN
malePCN
femaleINH
maleCPF

male20830124097144310263290160+

29Â°Â±60Â±28Â±

17Â±33Â±30+

9Â±28+

81Â±
5(100)47685422327059653636023420734526350247207171104(100)655896731469584829434252299300253166396311268263(100)5869695838917262611

1 r\MD ' A,tresponseMicrosomal

preparalionÂ° Unils%Unirealed

male (boiled) 371Â±ISF-lreated

ral+Anli-P-450,SF^+Anli-P-450SNFBfiNF-treated

rat+Anli-P-450,SFG+Anli-P-450â€žNF.BÂ°

The experimental condilions77

Â±210
+188
Â±66

Â±109
Â±212

+35*355916162226are

similar lo Ihose described(100)215751182957inine legend to
0 Mean Â±SD of triplicale or duplicate (no variance estimales) delerminalions

made wilh pooled microsomes prepared from six individual rals.
* UT. untreated: PB. phÃ©nobarbital.

Table 3. Rabbil anli-rat P-450|SF.(; and anti-ral P-450dNF_Bwere used al ratios of
13 and 36 mg of IgG protein/nmol of microsomal P-450, respectively.

* Mean Â±SD.
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INACTIVATION OF MUTAGENS BY P-450

Effects of Human Liver Microsomes on the umu Gene Re
sponse Caused by Other Genotoxins. In order to investigate the
possible roles of human P-450 enzymes in the detoxication of
other mutagens, we examined the possible metabolic inactiva-
tion of 1-nitropyrene, daunomycin, mitomycin C, doxorubicin,
2-nitrofluorene, 2,4,7-trinitro-9-fluorene, MNNG, and ENNG
by human liver microsomes. The genotoxic effects of these
compounds in the umu assay are shown in Fig. 9. The effects
of human liver microsomes on the genotoxic activities of these
eight mutagens are shown in Table 8. The data collectively
indicate that these eight promutagens are not readily inactivated
by human liver microsomes. In other studies which are not
presented, the genotoxicity of bleomycin was not altered by the
presence of human liver microsomes.

DISCUSSION

A series of compounds that are known to be genotoxic in
bacteria without oxidative bioactivation was examined with
regard to the ability of human liver P-450s to catalyze inacti-
vation. Most of the compounds were not appreciably inacti
vated, with the exception of the DNPs. 1,3-, 1,6-, and 1,8-DNP
were all inactivated by human P-450s, although in the case of
1,3-DNP the effect was much more dramatic (Figs. 2 and 3).
In rat liver microsomes the inactivation of all three of the DNPs
appears to be catalyzed by the two P-450s in the P-450 IA
family (56), P-450,,NF.Band P-450,SF-G.The inactivation of these
compounds by these two P-450s is consistent with the work of
Kawano et al. (57). The analysis of catalytic specificity in the
case of these compounds is not straightforward, due to the
nature of the experimental protocol (in that inhibition of gen
otoxicity is being measured) and the observation that some of

Mutagen (uM)

Fig. 9. Induction of umu gene response by eight promutagens in S. typhimu-
rium TA1535/pSK1002. The chemicals were incubated with the test bacteria in
the absence of liver microsomes at 37'C for 2 h. and the expressed fi-galactosidase

activity was measured. Results are shown for daunomycin (â€¢).mitomycin C (A).
2,4,7-trinitro-9-fluorene (â€¢).doxorubicin (O), 1-nitropyrene (+). 2-nitrofluorene
(A), MNNG (TJ),and ENNG (x).

Table 8 Effects of human liver microsomes on the genotoxicity
of several mutagens

umu response(units)0Concentration

Boiledmi-Compound2-Nitrofluorene2,4,7-Trinitro-9-fluoreneDoxorubicinDaunorubicinMitomycin

CMNNGENNG1-NitropyreneGIM)205205520205crosomes382

Â±28*585

Â±711123
Â±62744

Â±40628
Â±60195

Â±28335
Â±17272
Â±15Intact

mi
crosomes411+42593

Â±421276Â±
25828

Â±17657
Â±50215
Â±25348
Â±28302
Â±19

Â°The promutagens were incubated with S. typhimurium TA 1535/pSK 1002 at
the indicated concentrations at 37"C for 2 h in the presence of the microsomes

and NADPH, and the induced umu gene expression was determined by measuring
0-galactosidase activity.

* Mean Â±SD.

the DNPs can be inactivated by NADPH-P-450 reducÃasein
the absence of P-450 (Fig. 8). However, the inactivation of 1,3-
DNP by the two enzymes could be clearly demonstrated (Table
4). When a series of rat liver microsomal preparations was
examined (Table 5), the preparations derived from either /3NF-
or ISF-treated rats were consistently most effective in the
inactivation of all three of the DNPs. A tendency for correlation
of inactivation of all three of the DNPs with activities associated
with P-450,JNF.Band P-450|SF-c was observed, although in some
cases (e.g., 1,6-DNP) the pattern was not so clear (Table 6).
The difficulty may lie in the small range of inactivation used in
the correlative analysis, which is necessitated by the need to
obtain a significant decrease in the genotoxicity while not
inactivating so much material as to cause the assay to depart
from linearity (based upon time and protein concentration).
The correlative analysis may also be obscured by the consider
able amount of inactivation measured in the microsomes pre
pared from the CPF-treated rats.

In the case of the human liver samples the situation is more
definitive than with the rats. The studies clearly indicate that
three different enzymes are involved in the inactivation of
1,3-, 1,6-, and 1,8-DNP. The role of P-450,.A in the inactivation
of 1,3-DNP is indicated by the strong inhibition seen in the
presence of 7,8-benzoflavone (Fig. 7) and antibodies produced
in rabbits (Table 7) and humans (Fig. 6). High correlation
coefficients were also found when 1,3-DNP inactivation was
compared with parameters associated with P-450|.A in human
livers (Fig. 4; Table 2). The results are interpreted in terms of
a role for P-450PA, the P-450 IA2 gene product, in human liver.
However, it should be noted that the potential contribution of
Pi-450, the P-450 IA1 gene product, cannot be discounted, for
the absolute specificity of the antibodies for P-450|>\ has not
been demonstrated. Difficulty lies in the fact that the P ,-450
protein has never been purified, and currently the only access
to the standard is through vector-based expression methods,
which have only recently been initiated in this laboratory.
However, several lines of investigation strongly suggest that the
level of P|-450 in most human livers is very low. For instance,
cigarette smoking is known to induce phenacetin O-deethylase
activity in human liver, but activities involved in the oxidation
of benzo(a)pyrene are not affected, and monoclonal antibodies
that recognize what appears to be induced P,-450 in extrahe-
patic tissues do not detect substantial levels of the enzyme in
human liver samples (58, 59). Further, Cresteil et al. (60) were
unable to detect the corresponding mRNA in liver samples
obtained from smokers or nonsmokers. The bioactivation of
B(a)P-7,8-diol in human liver microsomes is catalyzed princi
pally by P-450NF and not by P,-450, as clearly demonstrated by
the response seen to antibodies and 7,8-benzoflavone (13).
Nevertheless, we have previously come to the conclusion that
the small amount of hepatic P,-450 may be important in some
cases (13) and cannot rule out some contribution in the case of
1,3-DNP.

The inactivation of 1,6-DNP in human liver microsomes
could not be attributed to P-450|,A and instead, appears to be
related to P-450NF or a protein under similar regulation. This
conclusion was reached on the basis of correlation studies (Fig.
5; Table 2), for the amount of antibody needed to block inacti
vation preincluded immunoinhibition studies because of non
specific effects in the attempts that were made, and the extent
of NADPH-P-450 reductase-catalyzed inactivation (Fig. 8) and
notoriously low activity of the purified P-450N, protein (35)
precluded further analysis. The Â¡nactivation of 1,8-DNP was
not correlated to the inactivation of 1,3- or 1,6-DNP or any
other parameters except the oxidation of B(a)P to B(a)P-4,5-
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INACTIVATION OF MUTAGENS BY P-450

diol and 3-OH B(a)P (Table 2). The human liver P-450s
involved in these processes are unknown. P,-450 is almost
certainly not the principal enzyme involved in either of the two
activities, for both activities can be stimulated with 7,8-benzo-
flavone and are refractory to antibodies that might be expected
to inhibit P,-450 (13). Overall, the results show the clear
distinction among the three DNPs with regard to the human
liver P-45Ã›Sinvolved in inactivation.

1-Nitropyrene is one of the main components present in
diesel exhaust, and 1,6-DNP is thought to be one of the more
tumorigenic materials present (33). The genotoxicity of the
DNPs is accepted to be at least two orders of magnitude greater
than for the mononitropyrenes, at least as judged by the re
sponses observed in bacteria. Questions can be raised about the
exact steps involved in the activation and detoxication of the
DNPs. Beland and his associates have demonstrated that the
DNA adduct /V-(deoxyguanosin-8-yl)-l-amino-6-nilropyrene
can be formed from 1,6-DNP (33), apparently by the reduction
and putative acetylation of the parent compound (26). The
literature (61, 62) indicates that the inactivation seen with P-
450s and NADPH-P-450 reducÃase involves reduction to the
amino/nitropyrenes, which are rather inactive and not readily
oxidized to hydroxylamino/nitropyrenes [both amino/nitropyr
enes and nitroso/nitropyrenes can be recovered from microso-
mal incubations (63)]. To date no evidence is available to
support the view that DNPs are extensively oxidized. Appar
ently bacterial nitroreductases reduce the nitro groups to the
nitroso/nitropyrenes, amino/nitropyrenes, and hydroxylam
ino/nitropyrenes. The latter compounds are O-acetylated and
then react readily with DNA (30). At this time it is not totally
clear why reduction is a detoxicating process under some con
ditions and not others. The hypothesis can be considered that
selective reduction to the amino level takes place under some
conditions, but the possibility also exists that, under the exper
imental conditions, continuous production of reactive species
close to the target is essential in the bacterial response. Re
cently, we have also investigated the inactivation of furylfur-
amide, a nitrofuran derivative that is rapidly inactivated by
either NADPH-P-450 reducÃaseor P-450PA (64). The chemistry
in that instance is unclear, although ine possibilily of ring
opening has been considered.

In summary, il should be poinled oui that, as observed in
other silualions, a single P-450 enzyme can have both detri-
menlal and beneficial effecls (7). P-450PA has been implicated
in the bioaclivalion of a number of procarcinogens, including
most of the arylamine derivatives derived from pyrrolysis of
foods (12, 15, 51, 52). Here we see that the same enzyme may
have a beneficial role (allhough ihis has noi yet been demon-
slraled in vivo) in prolecling againsl Ihe mutagenic effects of a
DNP. Further, P-450NF aclivales aflaloxins, polycyclic hydro
carbon dihydrodiols, and olher compounds such as lris(2,3-
dibromopropyl)phosphale and 6-aminochrysene (12, 13) bul
may also deloxicale 1,6-DNP.
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