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ABSTRACT

The c/s isomer of A/-nitroso-2,6-dimethylmorpholine (NNDM),

a pancreatic carcinogen for the Syrian golden hamster, is metab
olized by hamster liver microsomes to yield A/-nitroso(2-hy-
droxypropylX2-oxopropyl)amine (HPOP) as the major product.
Rabbit liver microsomes catalyze the metabolism of c/s-NNDM

to HPOP at a rate slower than that observed with hamster
microsomes, but significantly faster than that obtained with rat
microsomes. Pretreatment of rabbits with phÃ©nobarbitalresults
in a 6-fold increase in the c/s-NNDM hydroxylase activity of the

rabbit microsomes to levels equal to that observed with the
hamster; pretreatment of rabbits with other xenobiotics had no
effect on the hydroxylation of c/s-NNDM. The role of rabbit liver
microsomal cytochrome P-450 in the metabolism of the c/s

isomer of NNDM was studied in the reconstituted system con
sisting of NADPH:cytochrome P-450 reducÃase, phospholipid,
and cytochrome P-450. Cytochrome P-450LM2,which is induced

by pretreatment with phÃ©nobarbital,exhibited the highest activity
for the metabolism of c/s-NNDM. The V,â„¢*for the formation of
HPOP was 1.78 nmol/min/nmol cytochrome P-450LM2,and the
apparent Kmwas 360 MM.Cytochrome P-450LM3.also catalyzed

the metabolism of NNDM to HPOP at a significant rate (0.25
nmol/min/nmol cytochrome P-450). Of the four other Â¡sozymes
of cytochrome P-450 (forms 3b, 3c, 4, and 6) tested in the

reconstituted system, only forms 3b and 3c exhibited measurable
activities (approximately 0.04 nmol of HPOP formed/min/nmol
cytochrome P-450).

The addition of antibodies to isozyme 2 to microsomes from
phenobarbital-treated rabbits resulted in approximately 95% in

hibition of the metabolism of NNDM, while the addition of anti
bodies to LMaa inhibited NNDM metabolism by only 7%. In
microsomes from untreated rabbits, inhibition by anti-LM2 and
anti-LM3a antibodies was 50 and 64%, respectively. The addition
of antibodies to isozyme 3a to microsomes isolated from ethanol-

treated rabbits caused approximately 90% inhibition of the me
tabolism of NNDM.

These data conclusively demonstrate that several forms of
cytochrome P-450 can catalyze the metabolism of c/s-NNDM

and that isozymes 2 and 3a play important roles in the rabbit
hepatic metabolism of NNDM to HPOP, the proximate carcino
genic metabolite.

INTRODUCTION

NNDM4 exists in 2 isomerie forms with different carcinogenic

properties. In the Syrian golden hamster, the c/s isomer is a
potent pancreatic carcinogen. In contrast, the frans isomer of
NNDM is a weak carcinogen for hamsters (19), but a relatively
powerful one which induces esophageal tumors in rats (15).
Previous studies (23) have demonstrated that hamster pancreas
S-9 preparations can activate NNDM to a mutagen for Salmonella
typhimurium TA-1535. The activation exhibits an absolute re
quirement for NADPH, is inhibited by 7,8-benzoflavone and 2,5-
diphenyloxazole, and can be induced by 5,6-benzoflavone and
2,3,7,8-tetrachlorodibenzo-p-dioxin, suggesting the involvement
of a microsomal cytochrome P-450-dependent mixed-function

oxidase system (23). Subsequently, it was demonstrated that
microsomes from hamster liver and pancreas catalyze the
NADPH-dependent hydroxylation of NNDM to yield HPOP (22).

HPOP is a more potent pancreatic carcinogen than is NNDM and
is thought to be the proximate carcinogen (7, 18). Since liver
microsomes are 500 times more active than pancreas micro
somes in the formation of HPOP, it was suggested that liver may
be the major site of metabolism for NNDM to HPOP and that it
may play an important role in the activation of this compound to
a pancreatic carcinogen (10, 22). Since hepatic microsomal me
tabolism of NNDM to HPOP requires NADPH and oxygen and is
inhibited by SKF-525A, metyrapone, 5,6-benzoflavone, and 7,8-

benzoflavone, it would appear that it is catalyzed by cytochrome
P-450 (10).

Although the requirement for NADPH and oxygen and the
inhibition by cytochrome P-450-specific inhibitors provide strong

support for the metabolism of NNDM by liver microsomal cyto
chrome P-450, conclusive proof for its involvement can be most

readily obtained from studies using the reconstituted cytochrome
P-450 system. In addition, it would be of interest to determine

what percentage of the overall metabolism of NNDM can be
attributed to cytochrome P-450 and what percentage may be

attributed to other hepatic microsomal enzymes. In the present
study, we have investigated the metabolism of NNDM in the
reconstituted system using 6 different isozymes of rabbit liver
cytochrome P-450. These studies were performed with rabbit
liver Â¡sozymesof cytochrome P-450, since the purified forms are

not available from hamster liver. Kinetic parameters for the
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NNDM METABOLISM BY LIVER MICROSOMAL CYTOCHROME P-450

metabolism of NNDM were determined for cytochrome
P-450LM2,the form which exhibited the highest activity for NNDM
hydroxylation. In order to investigate possible involvement of
enzyme systems other than cytochrome P-450 in the metabolism

of NNDM, the effects of antibodies to isozymes 2 and 3a on the
hydroxylation of NNDM by liver microsomes from control,
ethanol-, or phenobarbital-treated rabbits were examined.

was measured from the disappearance of substrate. When antibody
preparations were added to the incubation mixtures, the total IgG con
centration was kept constant by the addition of the appropriate (either
sheep or goat) preimmune IgG. Protein concentrations were determined
using the method of Lowry ef al. (16), except for the concentrations of
the purified proteins, which were determined by the method of Lowry ef
al. (16) as modified by Bensadoun and Weinstein (1).

MATERIALS AND METHODS

Chemicals. NNDM and HPOP were generously supplied by Dr. William
Lijinsky of the Frederick Cancer Research Center. Isolation of the cis
isomer of NNDM was accomplished using preparative HPLC utilizing an
isocratic wateracetonitrile system (85:15). After 3 successive Chromat
ographie passes, the cis isomer was greater than 99% pure. The NADPH
was from the Sigma Chemical Co. (St. Louis, MO). Acetonitrile (Gold
Label) was purchased from Aldrich. Water used for HPLC analysis was
double distilled, adjusted to pH 7.4 with sodium bicarbonate, and filtered
through a 0.42-Mm pore size Millipore filter (Millipore Corp., Bedford,

MA). All other chemicals used were analytical reagent grade from com
mercial suppliers.

Preparation of Microsomes and Purification of Proteins. Micro-

somes were prepared as described previously (2) from rabbits given (a)
0.1% phÃ©nobarbital in their drinking water for 5 days, (b) 10% ethanol
(v/v) in their drinking water for 2 weeks, (c) a single i.p. injection of 5,6-

benzoflavone (80 mg/kg) 48 hr prior to sacrifice, or (rj) an i.p. injection of
imidazole (200 mg/kg) for 4 days prior to sacrifice.

The isozymes of rabbit liver cytochrome P-450 were purified to elec-
trophoretic homogeneity by procedures described previously (2,11-13).

The specific contents of the preparations of isozymes 2, 3a, 3b, 3c, 4,
and 6 were 19.8, 20.7,16.7,16.6,19.5, and 16.2 nmol of P-450 per mg
protein, respectively. Rabbit NADPH:cytochrome P-450 reductase was

purified as described by French and Coon (5) and catalyzed the reduction
of 54 /imol of cytochrome e per min per mg of reductase protein in the
presence of 0.3 M potassium phosphate buffer, pH 7.7, at 30Â°.

Antibody Production. Antibodies to isozymes 2 and 4 were produced
in goats as described previously (3). Antibody to isozyme 3a was
produced in sheep by essentially the same procedure as that used for
isozymes 2 and 4, except that 500 ng of purified form 3a were injected
s.c. per animal. The 7-globulin fraction from preimmune sheep or goat

serum and the immune serum was purified by ammonium sulfate precip
itation and DEAE-cellulose chromatography (3). The purified 7-globulin

fractions were specific for the corresponding antigens as determined by
Ouchterlony double-diffusion analysis and radioimmunoassay (3,11,13).

Metabolism of NNDM. The microsomal incubation mixtures contained
0.6 mM NADPH, 1 ITIMc/s-NNDM, 50 rriM potassium phosphate buffer,

pH 7.6, and microsomes in a final volume of 0.6 ml, unless otherwise
specified. The protein content was adjusted to achieve a concentration
of 1 nmol of cytochrome P-450 per assay. The reactions were initiated
by the addition of NADPH, and incubations were performed at 30Â°for

30 min in a shaking incubator. The reactions were terminated by filtering
the reaction mixture through a 22-^m Millex GS filter and freezing the
filtrates at -70Â°. The samples were thawed prior to analysis, and 25-^1

aliquots were injected onto the HPLC and analyzed as described previ
ously (10). For the studies with the purified isozymes, the P-450 isozyme
(0.12 nmol) was first mixed with NADPH:cytochrome P-450 reductase
(0.36 nmol) and dilauroylglyceryl-3-phosphorylcholine (18 Mg in a soni

cated suspension). This mixture was then diluted to a final volume of 0.6
ml by the addition of potassium phosphate buffer, pH 7.6 (30 /Â¿mol),and
NNDM (0.6 Mmol). The enzymes and substrate were preincubated for 3
min prior to the initiation of the reaction by the addition of NADPH (0.6
fimol). The reaction mixtures were incubated at 30Â° for 60 min in a

shaking water bath, and the reactions were then terminated and metab
olism determined by HPLC as described previously. Total metabolism

RESULTS

Microsomal Metabolism of c/s-NNDM. As shown in Table 1,

liver microsomes from untreated rabbits catalyze the hydroxyla
tion of c/s-NNDM to yield HPOP as the major product (approxi

mately 75% of total metabolism). In this respect, the rabbit liver
hydroxylase system resembles the microsomal mixed-function

oxidases which metabolize the cis isomer of NNDM in hamster
and rat liver. Studies on the metabolism of NNDM fully deuterated
at either the 3,3',5,5'(a-d4) or the 2,&(ÃŸ-dz)positions indicate

that the metabolism of NNDM which cannot be accounted for by
HPOP formation is due to an Â«-oxidation reaction which may

lead to the formation of an unstable carbonium Â¡onintermediate
(9). The specific activity of microsomes from untreated rabbits is
lower than that of the hamster (Table 1) but is twice as great as
that observed with rat liver microsomal preparations. Treatment
of rabbits with phÃ©nobarbitalresults in a 6.6-fold increase in the

specific activity of the microsomes for the metabolism of NNDM
when expressed per mg protein, and a 3.6-fold increase when

the specific activity for NNDM metabolism is based on the
content of cytochrome P-450. Treatment of rabbits with ethanol

results in a small, but significant increase in the specific activities
of the microsomes for the metabolism of NNDM. Other com
pounds, such as imidazole and 5,6-benzoflavone, have practi

cally no effect in the induction of NNDM hydroxylase activity in
rabbit liver microsomes.

Hydroxylation of c/s-NNDM by the Reconstituted System
Containing Different Isozymes of P-450. The results of catalytic
studies with a reconstituted system containing NADPH,

Table 1
In vitro metabolismof cis-NNDMby hamster, rat, and rabbit liver microsomes

Liver microsomes were incubated with the cis isomer of NNDM using the
conditions described in "Materials and Methods." HPOPformation and total metab
olism were determined by HPLC as described in "Materials and Methods." The

values reported are corrected for zero time controls and represent the average of
3 determinations.

Rates of productformationSource

of
micro

somesHamster

Rat
Rabbit
Rabbit"
Rabbitc
Rabbit"
Rabbit8HPOP

(nmol/min/mg
protein)0.98

Â±0.01a

0.15 Â±0.01
0.45 Â±0.01
3.02 Â±0.02
0.56 Â±0.01
0.23 Â±9.06
0.65 Â±0.02Total

product
(nmol/min/mg
protein)1.29

Â±0.10
0.21 Â±0.04
0.61 Â±0.11
4.03 Â±0.21
0.66 Â±0.14
0.30 Â±0.18
0.86 Â±0.19HPOP

(nmol/min/nmol
cytochrome P-

450)0.67

Â±0.01
0.11 Â±0.01
0.20 Â±0.00
0.74 Â±0.01
0.15 Â±0.01
0.16 Â±0.04
0.31 Â±0.01Total

product
(nmol/min/nmol
cytochrome P-
450)0.89

Â±0.07
0.15 Â±0.03
0.27 Â±0.05
0.99 Â±0.05
0.18 Â±0.04
0.20 Â±0.12
0.41 Â±0.08

" Average Â±S.E.
6 Treated with phÃ©nobarbital.
0Treated with imidazole.

Treated with 5,6-benzoflavone.
8 Ethanol treated.
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Table 2
In vitro metabolism of cis-NNDM by isozymes of cytochrome P-450 in the

reconstituted system
The incubations, sample work-up, and measurements of product formation were

performed as described in "Materials and Methods."

CytochromeP-450isozymes23a

3b
3c4

6Rates

of product formation (nmol/min/nmolP-450)HPOP1.63

Â±0.12"

0.25 Â±0.02
0.04 Â±0.01
0.04 Â±0.01

NO"

NDTotal

product2.03

Â±0.18
0.32 Â±0.03
0.06 Â±0.02
0.05 Â±0.01

ND
ND8

Average Â±S.E.
" NO, not detectable.

NADPH:cytochrome P-450 reducÃase,and phosphatidylcholine,
where the cytochrome P-450 is the rate-limiting component, are

shown in Table 2. It can be seen that 4 of the 6 isozymes
examined are able to catalyze the metabolism of NNDM. The
major metabolite in all cases is HPOP.

Isozyme 2 is the most active in metabolizing NNDM, followed
by form 3a, which has approximately 15% of the activity of form
2. Isozymes 3b and 3c are only 2 to 3% as active as form 2. No
metabolism of NNDM was detected when forms 4 and 6 were
used in the reconstituted system.

Inhibition of Microsomal Metabolism by Antibodies to Cy
tochrome P-450. Chart 1 shows the effect of antibodies to P-
450, forms 2 and 3a, on the metabolism of c/s-NNDM by liver
microsomes from phenobarbital-treated rabbits. Microsomal me

tabolism of NNDM was inhibited by 86% by the addition of 1 mg
of anti-form 2 IgG per nmol P-450 and by only 5% upon the
addition of the anti-form 3a IgG. With both IgG preparations,
maximal inhibition (94.5 and 6.5% with anti-forms 2 and 3a,

respectively) was achieved by the addition of about 2 to 3 mg of
IgG per nmol of P-450. It appears, therefore, that metabolism of
c/s-NNDM by microsomes from phenobarbital-treated rabbits is
primarily catalyzed by cytochrome P-450 form 2 and that only a

small percentage of the total metabolism can be attributed to
form 3a. As shown in Chart 2, the metabolism of NNDM by liver
microsomes from ethanol-treated rabbits is inhibited up to 90%
by addition of 4 mg of anti-form 3a IgG per nmol of P-450. These
results suggest that, in microsomes from ethanol-treated rabbits,

the metabolism of NNDM is primarily catalyzed by cytochrome
P-450 form 3a. In contrast, with microsomes from untreated

animals, maximal inhibition by IgG specific for forms 2 and 3a at
saturating levels is 50 and 64%, respectively (Chart 3). This
result suggests that in untreated rabbits, forms 2 and 3a are
contributing equally to the metabolism of NNDM to HPOP.

Kinetics of the Cytochrome P-450 Form 2-catalyzed Hy-
droxylation of c/s-NNDM. HPOP is the major product of the
microsomal hydroxylation of c/s-NNDM. Other products are also
formed, and their formation can be quantitated from the differ
ence between substrate consumed and HPOP formed. In all
cases, these products represent only a small fraction of the total
metabolism of c/s-NNDM. Since the percentage of the total

metabolism which could be accounted for by the formation of
HPOP was similar with both the microsomes and the reconsti
tuted cytochrome P-450 system, it suggests that the cytochrome
P-450 is not only responsible for the formation of HPOP in liver
preparations, but also for the formation of the additional metab-

E
S

IO

l 2 3 4 5

mg IgG/nmol cytochrome P-450

Chart 1. Inhibition of liver microsomal metabolism of NNDM by antibodies to
cylochrome P-450. Reaction mixtures (0.6 ml) contained 50 mw potassium phos
phate buffer, pH 7.6. 0.5 mm c/s-NNDM, 1 mM NADPH, liver microsomes from
phenobarbital-treatedrabbits at a concentration of 1 nmol cytochrome P-450 per
assay, and the antibodies to forms 2 (â€¢)and 3a (O) were added at the concentra
tions indicated. Total IgG concentrations were kept constant by the addition of
normalgoat or normal sheep preimmuneIgG to supplement the concentrations of
the antibodies to forms 2 and 3a, respectively. Reaction mixtures were incubated
at 30Â°for 30 min and terminated by filtration through a 22-^m Miltex-GS filter.

Bars, S.E.

olites to the same extent as the microsomal fraction.
The time course for the metabolism of c/s-NNDM to HPOP

and total product formation by isozyme 2 is shown in Chart 4.
Under the conditions used for these studies, the rates of HPOP
and total product formation were linear for at least 30 min. As
shown in Chart 5, the initial rates of HPOP and total product
formation are linear with respect to the concentration of cyto
chrome P-450 up to a final P-450 concentration of 1 UM. As can

be seen with Charts 4 and 5, the ratio of HPOP to total product
formed remains constant with increasing incubation time and
with increasing protein.

As shown in Chart 6, the initial rate of the cytochrome
P-450LM2-catalyzed metabolism of the c/s isomer of NNDM ex
hibits normal Michaelis-Menten saturation kinetics with respect
to c/s-NNDM for the formation of HPOP and for total product
formation. The double-reciprocal plots exhibit good linearity for

both HPOP and total product formation over a wide range of
substrate concentrations. The apparent Kmfor c/s-NNDM in the

formation of HPOP is approximately 362 MM,and the V,â„¢Â»is 1.78
nmol/min/nmol of cytochrome P-450. The apparent Kâ€ž,for NNDM

in total product formation is approximately 385 UM, and the Vmax
is 2.24 nmol/min/nmol of P-450. The 2 Kâ„¢values for NNDM for
either HPOP or total product formation (362 and 385 UM, re-
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Chart 2. Inhibition of liver microsomal metabolism of NNDM by antibodies to
cytochrome P-450 form 3a. Reaction conditions were as in Chart 1, except for the
substitution of microsomes from ethanol-treated rabbits at the appropriate concen
tration to give 3.33 nmol cytochrome P-450 per assay. Bars, S.E.

6
IgGtmg per nmol cytochrome P-450)

Chart 3. Inhibition of liver microsomal metabolism of NNDM by cytochrome P-
450-specific antibodies. Antibodies to form 2 (â€¢)and form 3a (O) were added at
the concentrations indicated. Reaction conditions were as described in Chart 1,
except for the substitution of microsomes from control rabbits at the appropriate
concentration to give 1 nmol cytochrome P-450 per assay. Bars, S.E.

spectively) are essentially the same. Based on the Vmaxvalues,
/3-hydroxylation accounts for approximately 74% of the total
metabolism of c/s-NNDM by form 2, the same percentage as
observed in liver microsomes from phenobarbital-pretreated rab

bits (74%; Table 1).

DISCUSSION

Differences in the metabolic processing of chemical carcino
gens have been shown to be important in determining both
species and organ sensitivity to various carcinogens (6, 17).

40

J 30

O
i 20
OÃ ÎO

O IO 20 3O 40 5O 60

INCUBATION TIME (minutes)
Chart 4. Time course for the metabolism of c/s-NNDM by cytochrome P-450 in

the reconstituted system. The reaction mixture contained 50 mu potassium phos
phate buffer, pH 7.6,1 mu c/s-NNDM, 1 mm NADPH, dilauroyl phosphatidyl choline
(30 Mg/ml), 0.33 >M cytochrome P-450ixj, and 0.98 /JMcytochrome P-450 reduc
Ãasein a final volume of 0.6 ml. The reaction was initiated by the addition of NADPH
after a 30-min premcubation at 30Â°,and the reaction mixture was incubated at the

same temperature. Aliquots were withdrawn at the times indicated and immediately
analyzed by HPLC. The formation of HPOP (O) and total metabolism (â€¢)were
measured as described in "Materials and Methods." Bars, S.E.

- IOO
M
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1 80'I

Â° 60

o
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0 0.2 0.4 0.6 0.8 1.0
Cytochrome P450(/iM)

Chart 5. Effect of the concentration of cytochrome P-450 form 2 in the recon
stituted system on the metabolism of c/s-NNDM to HPOP (O) and total metabolism
(â€¢).The reaction mixtures contained 50 mu potassium phosphate buffer, pH 7.6,
1 mM c/s-NNDM, 1 HIM NADPH, dilauroyl phosphatidyl choline (30 jig/ml), cyto
chrome P-450un at the concentrations indicated, and cytochrome P-450 reducÃase
at 3 times the concentration of the cytochrome P-45Ã›LM2ina final volume of 0.6
ml. Reactions were started by the addition of NADPH after a 30-min preincubation
at 30Â°,incubated for 30 min at 30Â°,and terminated by freezing at -70Â°. Bars, S.E.

Therefore, characterization of the pathways involved in the me
tabolism of a carcinogen as well as the definition of the events
which are involved in modulating the metabolic pathways are
essential for a comprehensive understanding of carcinogenesis
by a given compound. Since previous studies suggested that
cytochrome P-450-dependent oxidations appeared to be in

volved in the metabolic activation of NNDM, it seemed important
to demonstrate conclusively that a purified cytochrome P-450

could catalyze the metabolism of NNDM and to determine which
isozyme or isozymes might play a significant role in the hepatic
metabolism of NNDM. We had not been able to clarify these
questions in previous studies using microsomes, because of the
limited specificities of the inhibitors and inducers. Conclusive
evidence for the involvement of cytochrome P-450-dependent
mixed-function oxidases in the metabolism of NNDM by the

hamster can be obtained only from studies using purified iso
zymes of P-450 in a reconstituted system which are performed

in conjunction with studies on the inhibition of microsomal me
tabolism by antibodies specific for isozymes of P-450. Unfortu-
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Chart 6. Double-reciprocal plots of the initial rate of HPOP formation (O) and
total product formation (â€¢)with c/s-NNDM as the variable substrate. Reaction
mixtures (0.6 ml) contained 50 mw potassium phosphate buffer, pH 7.6, 1 mw
NADPH, dilauroyl phosphatidyl choline (30 Â¿ig/ml),0.33 IM cytochrome P-ASOu^,
0.98 i*M cytochrome P-450 reducÃase, and c/s-NNDM at the concentrations indi
cated. The reaction mixtures were preincubated at 30Â°for 30 min, and then, the
reactions were initiated by the addition of NADPH. They were incubated at 30Â°for
30 min, and the reactions were terminated by freezing at -70Â°. The Vâ€žâ€žvalues

were calculated from the intercepts on the ordinate, and the Km values, from the
slopes. Bars, S.E.

nately, neither the purified isozymes of P-450 from the hamster

nor the specific antibodies were available for our studies. How
ever, several different forms of rabbit liver cytochrome P-450

have been purified (2,12,14), and specific antibodies have been
developed against each of them (3, 11, 13), so that it was
feasible to investigate the metabolism of NNDM by the purified
isozymes and to evaluate the extent of participation of each
isozyme of cytochrome P-450 in the microsomal metabolism of

NNDM. Although the carcinogenicity of NNDM has not been
investigated in the rabbit, our studies demonstrate that 2 purified
forms of rabbit cytochrome P-450 will metabolize NNDM to

HPOP, the putative proximate carcinogen in hamsters and rats.
Purified rabbit liver microsomal form 2 catalyzed the metabo

lism of NNDM to HPOP when reconstituted with its flavoprotein
reductase and phospholipid. The turnover number was 1.63
nmol/min/nmol of cytochrome P-450, which is in the range of
turnover numbers for other substrates of P-450LM including
ethanol (4 nmol/min/nmol of P-450), aniline (3 nmol/min/nmol of
P-450), and p-nitroanisole (2.7 nmol/min/nmol of P-450) (12,14).
The specific activity of P-450LM2for NNDM is about 2-fold higher
than that measured in phenobarbital-induced microsomes, which

correlates well with the fact that isozyme 2 represents about
50% of the total P-450 in microsomes from phenobarbital-treated

animals (8, 21). Of the 5 other isozymes tested in the reconsti

tuted system, only isozyme 3a exhibited significant catalytic
activity for the formation of HPOP (0.25 nmol/nmol/min/nmol of
P-450).

Studies with the purified isozymes in the reconstituted system
demonstrated that several of the forms (2, 3a, 3b, and 3c) were
able to catalyze the metabolism of NNDM, and, based on the
specific activities of forms 2 and 3a, it would appear that these
forms could make significant contributions to its metabolism by
microsomal preparations. Isozyme 1 (4) and isozyme 5, which
are also present in hepatic microsomes, were not available in
purified form and could contribute to the microsomal activity.
This is especially true for form 5, which is only 10% of the total
P-450 present, but catalyzes all of the activation of aromatic

amines to mutagenic products (21). In order to clarify the contri
butions of forms 2 and 3a to the total microsomal metabolism of
NNDM, we used specific antibodies raised against these 2
isozymes of cytochrome P-450 to inhibit NNDM metabolism. The
addition of optimal amounts of anti-P-450LM2 IgG to incubation
mixtures containing liver microsomes from phenobarbital-pre-

treated rabbits inhibited approximately 95% of NNDM metabo
lism. Similar studies with anti-LMaÂ«resulted in a maximal inhibition

of approximately 7%. These results demonstrate that isozyme 2
is responsible for almost all of the metabolism of NNDM by
microsomes from phenobarbital-pretreated rabbits. The addition
of optimal amounts of anti-P-450LM3. IgG to microsomes from
ethanol-treated rabbits resulted in approximately 90% inhibition

of metabolism, suggesting that isozyme 3a is responsible for
almost all of the hepatic NNDM metabolism in rabbits which have
been induced with ethanol. In microsomes from control rabbits,
where cytochrome P-45Ã›LMJlevels are low compared to the other
isozymes (8, 21), the maximal inhibition observed with anti-LM2

IgG was only 50%. Similarly, maximal inhibition of NNDM metab
olism in liver microsomes from control rabbits by anti-LMaa IgG

was approximately 64%. These results indicate that, in control
microsomes, almost all of the metabolism of NNDM may be due
to these 2 isozymes; even though they represent a very small
percentage of the total P-450 (Refs. 8 and 21 ; Footnote 5). The
inhibition studies suggest that cytochrome P-450 plays a major

role in the initial hepatic metabolism of NNDM in all 3 cases.
Although these studies do not conclusively rule out the metab
olism of NNDM by other microsomal mixed-function oxidases

such as the amine oxidase, they demonstrate that, if such
metabolism occurs, it represents only a minute percentage.

The studies reported here demonstrate that purified isozymes
of cytochrome P-450 can catalyze the metabolism of NNDM and
that the cytochrome P-450-dependent mixed-function oxidase

system plays the predominant role in the initial metabolism of
NNDM by rabbit liver microsomes. The distribution of the various
forms of cytochrome P-450 is species and organ dependent,

and, as demonstrated here, the different forms of cytochrome
P-450 exhibit markedly different activities for NNDM metabolism.

Therefore, the characterization of the specificities of the iso
zymes of cytochrome P-450 for the metabolism of various ni-

trosamines, coupled with an increased knowledge of the differ
ences in the distributions of these isozymes, may lead to a better
understanding of the organ and species specificity of this inter
esting class of carcinogens.

" D. R. Koop, G. Nordblom, and M. J. Coon, unpublished results.
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