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ABSTRACT

Hepatic A/-oxidation and aryl ring oxidation are generally re

garded as critical activation and detoxification pathways for
arylamine carcinogenesis. In this study, we examined the in vitro
hepatic metabolism of the carcinogens, 2-aminofluorene (2-AF)
and 2-naphthylamine (2-NA), and the suspected carcinogen, 1-
naphthylamine (1-NA), using high-pressure liquid chromatogra-

phy. Hepatic microsomes from rats, dogs, and humans were
shown to catalyze the A/oxidation of 2-AF and of 2-NA, but not
of 1-NA; and the rates of 2-AF A/oxidation were 2- to 3-fold
greater than the rates of 2-NA A/-oxidation. In each species,
rates of 1-hydroxylation of 2-NA and 2-hydroxylation of 1-NA
were comparable and were 2- to 5-fold greater than 6-hydrox-
ylation of 2-NA or 5- and 7-hydroxylation of 2-AF. Purified rat
hepatic monooxygenases, cytochromes P-450ur-A, P-450ur-H,
P-450pB-B, P-450.PB-D,P-45Ã›BNF-B,and P-450ISF/BNF-Gbut not P-
450pB-cor P-450.PB/PCN-E,catalyzed several ring oxidations as well
as the W-oxidation of 2-AF. Cytochromes P-450pB-B,P-450BNF-B,
and P-450isF/BNF-Gwere most active; however, only cytochrome
P-45ÃœISF/BNF-G,the isosafrole-induced isozyme, catalyzed the A/
oxidation of 2-NA. The purified porcine hepatic flavin-containing
monooxygenase, which was known to carry out the A/-oxidation
of 2-AF, was found to catalyze only ring oxidation of 1-NA and
2-NA. No activity for 1-NA A/-oxidation was found with any of
the purified enzymes. These data support the hypothesis that 1-
NA is probably not carcinogenic. Furthermore, carcinogenic ar-
ylamines appear to be metabolized similarly in humans and
experimental animals and perhaps selectively by a specific form
of hepatic cytochrome P-450. Enzyme mechanisms accounting

for the observed product distributions were evaluated by HÃ¼ckel
molecular orbital calculations on neutral, free radical, and cation
intermediates. A reaction pathway is proposed that involves two
consecutive one-electron oxidations to form a paired substrate
cation-enzyme hydroxyl aniÃ³nintermediate that collapses to ring
and A/-hydroxy products.

INTRODUCTION

Primary arylamines were among the first chemicals to be
identified as carcinogens in humans and experimental animals
(1, 2). For example, 2-NA,3 which has been used industrially and
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is present in cigarette smoke (3) and in synthetic fuels (4), induces
primarily carcinomas of the urinary bladder in humans, dogs, and
rats (1, 2); while 2-AF, also present in synthetic fuels (4), is

carcinogenic to the liver, urinary bladder, and other tissues of a
variety of species (1,2,5). In contrast, 1-NA has not been shown
to be carcinogenic in animals (6); and, although epidemiological
studies have implicated 1-NA as a human carcinogen, there was
always concomitant exposure to 2-NA (1, 2, 6).

Since A/-oxidation has long been considered an obligatory step

in arylamine carcinogenesis (7), the identification and quantitation
of N-OH arylamine and nitrosoarene metabolites have received
considerable attention (8-15). From these studies, it has been
postulated that differences in the rates of A/-oxidation may ac
count for compound and species specificity. In contrast, ring
oxidation of arylamines has been proposed to be a critical
detoxification process. The enzymatic mechanisms for the A/
and ring oxidation of certain primary arylamines have been
examined in several species, and the data suggest the involve
ment of hepatic cytochrome P-450 monooxygenases, the hepatic
FMO, and PHS which is widely distributed in extrahepatic tissues
(reviewed in Ref. 16). 2-AF, for example, has been shown to be
A/-oxidized by rat, dog, guinea pig, hamster, and human liver

microsomes; by the purified porcine hepatic FMO; by purified rat
hepatic cytochrome P-450BNF-B;and by PHS from ram seminal
vesicles (12, 13, 17, 18). In contrast, evidence for the in vitro A/
oxidation of 2-NA is limited. However, the data have suggested

the involvement of FMO (19), PHS (17), and hepatic (rat, pig) and
bladder (bovine) microsomal monooxygenases (15, 20). Similar
experiments with 1-NA have been inconclusive. However, the N-
OH derivative of 1-NA is a potent direct-acting carcinogen and
mutagen and is about 10 times more carcinogenic than is N-OH-
2-NA (reviewed in Ref. 21).

In the present study, we have examined the oxidative metab
olism of 2-NA and 1-NA by hepatic microsomal preparations from

rats, from dogs, and from 10 individual human liver samples. To
allow comparisons to be made with previous data, the A/- and
ring oxidation of 2-AF was also determined. In addition, the
nature of these hydroxylating activities was assessed using the
purified porcine liver FMO (10) and 8 different cytochrome P-450
isozymes purified from rat liver (22). The results demonstrate
that A/-oxidation of 2-AF and ring oxidation of 2-NA and 1-NA

are catalyzed by several monooxygenases while A/oxidation of

napnthol; N-OH, N-hydroxy; P-450, hepatic microsomal cytochrome P-450; FMO,
flavin-containing monooxygenase; PHS, prostaglandin H synthase; PB, phÃ©nobar
bital; BNF, (i-naphthoflavone; ISF, isosafrole; PCN, pregnenolone-16a-carbonitrile;
UT, untreated; HPLC, high-pressure liquid chromatography; DPEA, 2-[(2,4-dichloro-
6-phenyl)phenoxy]ethylamine. The nomenclature of individual forms of cytochrome
P-450 and comparisons with preparations from other laboratories are described
elsewhere (22).
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METABOLIC OXIDATION OF CARCINOGENIC ARYLAMINES

2-NA is selectively carried out by the high-spin form of cyto-
chrome P-450iSF/BNF-e-A/-Oxidation of 1-NA was not detected in

any of these preparations, which supports the hypothesis that
1-NA is not carcinogenic because of its inability to form an NI

GH metabolite.

MATERIALS AND METHODS

Chemicals. [3-3H]-1-NA (38 mCi/mmol), [5,6,7,8-3H]-2-NA (47 mCi/
mmol), and [5,6,7,8-3H]-2-AF (55 mCi/mmol) were obtained from Dr. R.

Roth, Midwest Research Institute, Kansas City, MO. The following
materials were purchased: NADPH, dilauroyl-L-a-phosphatidylcholine,

and carboxylesterase (types I and II) from Sigma Chemical Co., St. Louis,
MO; 1-OH-2-NA hydrochloride from Pfaltz and Bauer, Inc., Stamford,
CT; 2-OH-1-NA, 1-amino-4-naphthol, and 2-amino-3-naphthol hydrochlo-
rides, 1,2-naphthoquinone, and 2-amino-1,4-naphthoquinone from Al-

drich Chemical Co., Milwaukee, Wl; and desferrioxamine mesylate from
Ciba Pharmaceuticals, Summit, NJ.

The following compounds were synthesized using published proce
dures: N-OH-2-NA and N-OH-1-NA (23); 2-nitrosonaphthalene and 1-
nitrosonaphthalene (24); N-OH-2-AF and 2-nitrosofluorene (25); and 6-
OH-2-NA (26). 1-OH, 3-OH-, 5-OH-, and 7-OH-2-AF were prepared from
the corresponding ring hydroxy derivatives of 2-acetylaminofluorene

(obtained from Illinois Institute of Technology Research Institute, Chi
cago, IL) by deacetylation with carboxylesterase (27). They were purified
by ethyl acetate extraction and subsequent HPLC. Each of the synthetic
compounds was analyzed for purity by HPLC and was routinely found
to be >95%, and their identity was confirmed by electron impact mass
spectrometry. All other reagents were of analytical grade.

Tissues and Enzyme Preparations. Human liver samples 21 (63-
year-old male), 23 (24-year-old male), 25 (21-year-old male); 26 (24-year-
old male), 27 (38-year-old female), 28 (13-year-old male), 29 (49-year-old
male), 35 (28-year-old male), 36 (32-year-old male), and 37 (15-year-old

female) were surgical samples obtained from organ donors immediately
after death (28).

Mature male beagles were obtained from Marshall Research Animals,
Inc., North Rose, NY. Male Sprague-Dawley rats (100 to 175 g) were

purchased from the Charles River Breeding Laboratories, Inc., Wilming
ton, MA, or from HarÃanIndustries, Indianapolis, IN. Human (29), dog,
and rat (22) liver microsomes were prepared as described previously and
stored at -70Â°C. No difference in metabolic activity could be detected

between fresh microsomes and those stored by this method. Protein
concentrations were measured by the biuret reaction (30).

FMO, purified from porcine liver microsomes, was generously provided
by Dr. D. M. Ziegler, University of Texas, Austin, TX. NADPH-cytochrome
c (P-450) reducÃase was prepared from rat liver as described by Yasu-

kochi and Masters (31) and modified elsewhere (22). Human hepatic
cytochromes P-450 were prepared from 3 livers and designated P-4502,
P-4504, and P-4508 (28, 29). Dog liver P-450 fractions were prepared by
column chromatography on n-octylamino-Sepharose 4B (22). The ma

terial eluted with buffer containing 0.06% Lubrol PX was pooled and
designated Fraction 1, and the material subsequently eluted with buffer
containing 0.3% Lubrol PX was pooled and designated Fraction 2. Both
fractions were dialyzed extensively to remove sodium cholate, treated
with Bio-Beads (Bio-Rad, Richmond, CA) to remove excess Lubrol PX,
and concentrated using Amicon PM-30 Ultrafiltration (Amicon Corp.,
Lexington, MS). Fractions 1 and 2 contained 11.6 and 9.8 nmol P-450/
mg protein, respectively. Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis showed the presence of several polypeptides (silver
staining), but further attempts at purification were not made. The prep
arations were stored at -70Â°C in 10 mM Tris-acetate-1 mw EDTA-20%

glycerol (pH 7.4). Eight distinct isozymes of rat hepatic cytochrome
P-450, designated P-450W.A, P-450ur-H, P-450pB/PCN-E,P-450PB*, P-
450pB^, P-450pao, P-45Ã›BNF-B,and P-450isF/BNF-o,were purified as de

scribed previously (22). Each of the purified cytochromes (0.25 to 2.0

nmol) were reconstituted immediately prior to enzyme assays by mixing
with 0.5 to 4.0 nmol purified rat liver reductase (2-fold molar excess over
P-450) and 30 ^g dilauryl-L-Â«-phosphatidylcholine in 10 mw sodium
phosphate buffer (pH 7.4) for 3 min at 37Â°C.P-450 concentrations were

estimated by the method of Omura and Sato (32).
Enzyme Assays. Incubation mixtures (1 ml) to determine the N- and

ring oxidation of arylamines consisted of 10 mw sodium phosphate buffer
(pH 7.4), 1 mM NADPH, and 0.1 mM 3H-labeled 2-AF, 2-NA, or 1-NA

(added in 10 n\ ethanol) and either (a) 0.5 to 1.5 mg hepatic microsomal
protein, (o) 0.1 to 0.8 nmol purified porcine hepatic microsomal FMO, or
(c) 0.25 to 2.0 nmol purified cytochrome P-450 reconstituted as described
above. The assays were conducted in open 10-ml Erienmeyer flasks and
were preincubated at 37Â°C for 2 to 3 min. The reactions were then
started by addition of NADPH. After incubation at 37Â°Cfor 3 to 5 min,

the reactions were terminated by extraction with 0.5 ml of water-

saturated ethyl acetate. Aliquots (50 pi) of the organic extracts were
immediately analyzed by HPLC. These incubation conditions were se
lected because they were found to be optimal for the purified cytochrome
P-450 monooxygenases and the rates could be directly compared with
microsomal preparations. In the latter case, rates of 2-AF A/oxidation by

hepatic microsomes and purified FMO were lower than previously re
ported (12) which was due to the use of NADPH (versus an NADPH-,
NADH-generating system) and of lower substrate concentrations (0.1

versus 0.5 mM). However, for the purified monooxygenases and the
microsomes of each species, reaction rates were linear with time and
were directly proportional to the protein or enzyme concentrations used.

Analytical Methods. Instrumentation consisted of a Beckman/Altex
Model 322 MP gradient HPLC system with a Radiomatic Flo-One Model
HP radioactivity flow detector and a Hewlett-Packard HP 1040A high

speed spectrophotometric detector. Separation was achieved on an
Altex ODS-3 column (4.6 mm x 25 cm) using a 20-min linear gradient of

20 to 100% methanol with a flow rate of 1 ml/min. The water contained
0.02% desferrioxamine mesylate to improve Chromatographie properties
and to minimize further oxidation of W- and ring-hydroxymetabolites (cf.

Refs. 33 to 35).
The various metabolites were identified from both their UV spectra

and their HPLC retention times (as compared with standards). Retention
times (min) for the arylamine substrates and their N- and ring-oxidized
metabolites are listed as follows: 2-NA (18.7); N-OH-2-NA (17.6); 2-
nitrosonaphthalene (22.5); 1-OH-2-NA (14.9); 2-amino-1,4-naphthoqui
none (16.8); 6-OH-2-NA (12.6); 1-NA (18.8); 2-OH-1-NA (16.8); 1.2-
naphthoquinone (14.9); 2-AF (21.2); N-OH-2-AF (20.1); 2-nitrosofluorene
(24.1); 5-OH-2-AF (17.5); and 7-OH-2-AF (16.0). 2-Amino-3-naphthol
(16.8), N-OH-1-NA(17.7), 1-nitrosonaphthalene(22.7), 1-OH-2-AF(20.0),
3-OH-2-AF (18.4), and 1-amino-4-naphthol (13.4) were also analyzed by

HPLC but were not detected as metabolites.
Quantitation of these metabolites was obtained directly using the

radioactivity flow detector by measuring the percentage of total radio
activity eluting with each standard. Thus, rates were calculated as (% of
total 3H in each peak + 100) x (arylamine substrate concentration) â€¢*â€¢

(time) -a-(protein concentration) and were expressed as pmol/min/mg.
For the Af-oxidation products of 2-AF and 2-NA, the relative proportions
of N-OH-arylamine and nitrosoarene were variable; and greater amounts

of the nitrosoarene product were observed with higher concentrations
of products in the ethyl acetate extract and with increased use of the
HPLC column. However, the rates of total A/oxidation, as calculated
from the combined amounts of N-OH and nitroso products observed,

were nearly constant for each enzyme preparation. Furthermore, recov
ery experiments showed that radiolabeled N-OH-AF, N-OH-2-NA, or N-
OH-1-NA (10 to 50 /Â¿M)could be extracted from the microsomal incuba

tions and analyzed by HPLC with 80 to 90% of the added radioactivity
eluting with the N-OH and nitroso derivatives. Similar observations were
made for (a) 1-OH-2-NA, a ring-oxidation product of 2-NA, which readily
oxidized to 2-amino-1,4-naphthoquinone, and (o) 2-OH-1-NA, a ring
oxidation product of 1-NA, which readily oxidized to 1,2-naphthoquinone.
Therefore, total N-oxidation rates and ring oxidation rates are reported.
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METABOLIC OXIDATION OF CARCINOGENIC ARYLAMINES

RESULTS

Rat, Dog, and Human Liver Microsomal-catalyzed Oxidation
of 2-NA, 1-NA, and 2-AF

Since metabolic N- and ring oxidation are generally regarded

as critical activation and detoxification pathways for arylamine
carcinogenesis, the comparative metabolism of 2-NA, 1-NA, and
2-AF was assessed using rat, dog, and human liver microsomes.
These data are summarized in Table 1. For the carcinogen 2-
NA, the microsomal-catalyzed reactions involved primarily ring
oxidation at C-1 (1-OH-2-NA and 2-amino-1,4-naphthoquinone
formation) followed by A/oxidation (N-OH-2-NA and 2-nitroso-
naphthalene formation). 6-OH-2-NA was also observed as a

minor metabolite. These results are consistent with previous
data on the in vivo metabolism of 2-NA in each of these species
(reviewed in Ref. 26). In contrast, the oxidation of 1-NA appeared
to proceed entirely through ring oxidation to form 2-OH-1-NA
(and 1,2-naphthoquinone). Neither N-OH-1-NA nor 1-nitroso-

naphthalene could be detected as a metabolite in rat, dog, or
human liver microsomes. By comparison, 2-AF, a potent muta-
gen and carcinogen, was found to undergo A/-oxidation almost
exclusively, with ring oxidation at C-5 and C-7 occurring to only
a minor extent. For dogs, the rates of arylamine A/-oxidation and
ring oxidation were about 2-fold higher than in rats and generally

higher than most human liver samples.
The human liver microsomal preparations varied appreciably

in their absolute activity toward the different arylamine substrates
(Table 1). Since each human liver sample was obtained under
similar conditions, the differences in metabolic activities may be
the result of biochemical differences among individuals, perhaps
as a result of induction of different monooxygenases through
diet or life-style. For example, the rates of human microsomal 2-
NA A/-oxidation expressed per nmol P-450 varied at least 10-
fold, while total cytochrome P-450 levels varied only 2 to 3-fold

(Table 2). Furthermore, there was no correlation between total
P-450 content and rate of 2-NA A/-oxidation.

N- and Ring Oxidation of 2-NA, 1-NA, and 2-AF by Purified

Hepatic Monooxygenases

To assess the involvement of the different constitutive and
inducible monooxygenases in arylamine oxidation, several puri
fied enzyme preparations were examined.

Involvement of the Hepatic FMO in the Ring Oxidation of 2-
NA and 1-NA. In our previous study (12), we reported that
purified porcine hepatic FMO catalyzed the A/oxidation of 2-AF.
Using DPEA, a specific P-450 inhibitor, and methimazole, a

competitive inhibitor of FMO, we presented data which sug
gested that 2-AF A/oxidation involved both FMO and cytochrome
P-450 in human and pig liver microsomes, but only cytochrome
P-450 in rat or dog liver microsomes. We now report that addition
of 0.5 HIM DPEA completely inhibits the A/-oxidation of 2-NA by
rat, dog, and human liver microsomes (Table 1). In contrast, 1-
hydroxylation of 2-NA and 2-hydroxylation of 1-NA was inhibited

only 40 to 60% by DPEA, which suggests the partial involvement
of FMO or other oxygenases in arylamine ring oxidation. This
was investigated further using the purified porcine hepatic FMO
(Table 3). Arylamine A/oxidation was detected only with 2-AF;

however, the purified FMO catalyzed the ring oxidation of both
2-NA and 1-NA. These reactions were insensitive to inhibition by

DPEA, catalase (1 mg/ml), orbutylatedhydroxytoluene(0.1 ITIM).
Role of Hepatic Cytochrome P-450 Monooxygenases. As

mentioned above, evidence for the participation of cytochrome
P-450 monooxygenases in 2-AF A/-oxidation was previously

obtained with rat, dog, and human liver microsomes; and purified
rat hepatic P-450BNF-ewas shown to catalyze this reaction at a

rate comparable to that of purified porcine FMO (12). In the
present study, we examined the metabolic oxidation of 2-NA, 1-
NA, and 2-AF by 8 rat liver P-450s (22) as well as by several

partially purified preparations from human and dog liver. As
shown in Table 3, the rat cytochrome P-450ur-A, a major consti

tutive form in untreated animals, had low activity toward ring
oxidation of 2-NA and 1-NA and A/oxidation of 2-AF. Cytochrome
P-450uT.H,an additional major constitutive isozyme, did not oxi
dize 2-NA but had low activity toward ring oxidation of 1-NA,

Table 1

Rafes of metabolic oxidation of arylamines by rat, dog, and human liver microsomes
Rates are shown as the mean Â±SD or as individual determinations. Column headings (N-OH, 1-OH, etc.) signify total N- or ring oxidation rates

as described in "Materials and Methods."

Rates (pmol/min/mg protein)

2-NA 1-NA AF
Species/

individualRat"Dog6Human-21Human-23Human-25Human-26Human-27Human-28Human-29Human-35Human-36Human-37N-OH116Â±31C242Â±13C<1

0151C4044Â°633521611091381511-OH232

Â±36"473
Â±48"<10130"246129d111308131146110996-OH

N-OH28
Â±6Â° <10<10

<1049
<1069C
<1093

<1033C
<1016

<10<10
<10<10

<1022
<1034
<1020

<102-OH245

Â±46e383
Â±14e233182e1194358e144281113160104170N-OH340

Â±94'606

Â±7T<10214'256213'495192341843191505-OH62Â±16C50Â±4C<1017e<10<10<1019<103526377-OH37

Â±14Â°<10<1016C<10<10<1014<10<10<10<10

â€¢/7= 5.

c No activity was detectable (<10 pmol/min/mg) in the presence of 0.5 muÂ»DPEA.
" Inhibited 30 to 50% by DPEA.
8 Inhibited 60 to 70% by DPEA.
' Inhibited 70 to 90% by DPEA.
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METABOLIC OXIDATION OF CARCINOGENIC ARYLAMINES

and ring- and /V-oxidation of 2-AF. Two isozymes induced by PB
(P-450pB<;) and by PCN or PB (P-450pB/PCN-E)had no detectable
activity toward any of the arylamine substrates, while cyto-
chromes P-450PB-Band P-450pB-Dwere quite effective in catalyz
ing the ring oxidation of 2-NA and 1-NA and had some activity
for 2-AF A/-oxidation. The most active monooxygenases for 2-
AF A/oxidation and 2-NA and 1-NA ring oxidations were P-
45Ã›BNF-Band P-450|SF/BNF-G-Furthermore, the latter isozyme,
which is a high-spin form of P-450 (22, 36, 37), was the only
purified monooxygenase which catalyzed the A/-oxidation of 2-

NA.
The ability of partially purified dog and purified human liver P-

450s to oxidize the arylamine substrates was also examined. P-
450 Fractions 1 and 2 from dog liver were able to W-hydroxylate
2-AF but only to ring oxidize 1-NA and 2-NA (Table 3). Human
P-4502 did not show activity toward any of the substrates, while
human cytochromes P-4504 and P-4508 catalyzed only the ring
oxidation of 1-NA. Additional studies will be required to determine
if human or dog liver contains P-450 isozymes comparable to rat
P-45Ã›BNF-Band P-450|SF/BNF-G,since these enzymes may have

been inactivated or lost during purification.

Table 2
Human hepatic cytochrome P-450 levels and rates of 2-NA N-oxidation

Human liver
microsomes21372635232928362725Cytochrome

P-450
(nmol/mgprotein)0.360.360.380.380.400.410.410.420.440.922-NA

N-oxidation'

(pmol/nmolP-450)<3041911628737839385932914343

* These values were calculated by dividing the rate data in Table 1 by the P-450

concentrations indicated above.

DISCUSSION

Since the liver is usually considered to be the major site of
drug and carcinogen biotransformation, comparative studies on
metabolic activation and detoxification by hepatic microsomes
of different species can provide important data on relative toxicity
and carcinogenicity (reviewed in Ref. 38). For carcinogenic aryl-
amines, microsomal A/-oxidation results in the formation of highly
reactive and mutagenic N-OH derivatives. Further oxidation

yields nitrosoarenes, which can bind to proteins and glutathione
but which can also be readily reduced back to N-OH-arylamines

by reductases or ascorbic acid (reviewed in Ref. 39). In contrast,
ring oxidation generally results in phenolic metabolites that are
efficiently conjugated and excreted.

In previous studies on the metabolism of the carcinogen 2-NA,
evidence for the in vivo formation of both N- and ring oxidation

products has been obtained by analysis of urine from rats, dogs,
monkeys, and humans (26, 40-42). With 1-NA, the results have
been equivocal. Small quantities of N-OH-1-NA and 1-nitroso-

naphthalene have been reported in the urine of some dogs given
varying doses of 1-NA; however, only ring oxidation products

appear to have been consistently detected (2, 6). Studies of the
in vitro metabolism of 1-NA and 2-NA are also conflicting. Uehleke

(43), Poulsen ef al. (44), and Brill and Radomski (45) suggested
that hepatic microsomes /V-oxidized 2-NA but not 1-NA; how
ever, more recently, Poupko er al. (15) did not detect W-oxidation
of 2-NA and 1-NA by dog or bovine liver microsomes or by dog

bladder epithelial microsomes, but activity for both substrates
(2-NA > 1-NA) was seen with bovine bladder epithelial micro

somes. Using electron spin resonance methods, Nakayama ef
al. (20) detected free radicals derived from N-OH-2-NA and 1-
OH-2-NA in 2-NA incubations with rat liver microsomes; with 1-
NA, a free radical tentatively identified as that derived from 2-
OH-1-NA was also observed. In contrast, considerable evidence
for the hepatic microsomal W-oxidation of 2-AF (but not ring

Table3
flafes of arylamine oxidation by purified monooxygenases

Assay procedures are as described in 'Materials and Methods." The values are an average of duplicate determinations

which were within 15% of each other. The limit of detection in these assays was considered to be 0.1% of the total eluted
radioactivity and was equivalent to 100 pmol/min/nmol enzyme for the pig FMO experiments and 50 pmol/min/nmol
enzyme for the purified cytochromes P-450. Column headings signify total N- or ring oxidation products.

Rates (pmol/min/nmolenzyme)Purified

monooxygenasePig

FMO8Rat

P-450uâ„¢Rat
P-450ur-nRat
P-450m/PmfRat
P-450pÂ»cRat
P-45Ã›PMRat
P-450pw>Rat
P-450BNF.BRat
P-450SF/BNF-GDog

P-450-IDog
P-450-IIHuman

P-4502Human
P-4504Human

P-4508N-OH<100<50<50<50<50<50<50<502517<50<50<50<50<502-NA1-OH1505152<50<50<5077358225442589210175<50<50<501-NA6-OH<100<50<50<50<50<50<50360911<50<50<50<50<50N-OH<100<50<50<50<50<50<50<50<50<50<50<50<50<502-OH1070274201<50<502150166139103851274327<501
60250N-OH757543442<50<50106245652447421377756<50<50<50AF5-OH<100<50107<50<50<50<502002318<50<50<50<50<507-OH<100<50248<50<50<50<50560520<50<50<50<50<50

' Assays conducted at 0.5 mM substrate (versus 0.1 mw) gave initial rates which were 4- to 5-fold higher.
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METABOLIC OXIDATION OF CARCINOGENIC ARYLAMINES

oxidation) has been obtained in several laboratories using a
variety of species (12, 13, 46).

In the present report, the N- and ring oxidation of 2-NA, 1-NA,
and 2-AF were determined by a direct HPLC method which
simultaneously permitted quantification of these metabolites and
their identification by spectral and Chromatographie criteria. The
results demonstrated that rat, dog, and human liver microsomes
are able to ring oxidize all 3 arylamines and A/-oxidize 2-NA and
2-AF but not 1-NA. In general, the rates of microsomal metabo
lism were in the order: 2-AF W-oxidation and 1-NA ring oxidation
> 2-NA ring oxidation > 2-NA W-oxidation > 2-AF ring oxidation.
Considering the importance of these pathways in the metabolic
activation-detoxification for various species, the results are quite
consistent with comparative mutagenicity data (47) for these
arylamines in the S9-mediated (uninduced) Salmonella typhimu-
rium assay; i.e., 2-AF was a more potent mutagen than was 2-

NA, and very little species differences were noted for rat, pig,
mouse, and human hepatic preparations. 1-NA, on the other

hand, has not been reported as a mutagen. Although the relative
carcinogenicity of arylamines is influenced by numerous biologi
cal variables including metabolic conjugation reactions (reviewed
in Refs. 26, 48, and 49), the data presented here are also
consistent with the known carcinogenic activity of 2-NA and 2-
AF and with the failure of 1-NA to induce tumors in experimental

animals. One caveat, however, should be noted. PHS, which has
recently been found to be present in the urinary bladder (16),
can catalyze the N- and ring oxidation of 2-NA and the oxidation
of 2-AF to DNA-bound products (17,18). For 2-NA, this pathway

is estimated to account for about 30% of the DNA binding in the
dog urinary bladder, while the remainder can be attributed to
hepatic W-oxidation and transport of proximate carcinogenic W-
hydroxy-W-glucuronides (15, 26, 50). Thus, comparable studies
with 1-NA and dog and human bladder PHS will be required to
determine if 1-NA can be A/-hydroxylated to an ultimate carcin

ogen by this metabolic pathway.
The critical involvement of hepatic monooxygenases in carcin

ogen metabolism and the possibility of genetic polymorphism in
humans has stimulated considerable research interest in identi
fication of the specific enzymes that catalyze activation and
detoxification reactions (12, 14, 28, 51-53). In this study, high
rates of 2-AF W-oxidation and ring oxidation of 1-NA and 2-NA
were observed with purified P-450iSF/BNF-Gand P-450BNF-B,fol
lowed by P-450pB-Band P-450PB-D.Also effective for these path

ways was the purified pig hepatic FMO, although substrate
concentrations were nonsaturating. However, the only hepatic
monooxygenase that was active for 2-NA A/-oxidation was the
ISF-induced, high-spin form of cytochrome P-450,SF/BNF-G.The
high selectivity of this isozyme for arylamine A/-oxidation has
been noted previously for 4-aminobiphenyl and for several mu-

tagenic heterocyclic arylamines, although an isozyme corre
sponding to P-450BNF-Bwas also active (54). These findings are

consistent with preliminary studies in our laboratory on the
effects of enzyme inducers on 2-NA, 1-NA, and 2-AF metabolism
by rat liver microsomes. Accordingly, 2-AF A/-oxidation and ring
oxidation of 1-NA and 2-NA were increased by 2- to 5-fold by
pretreatment with PB, BNF, or ISF, but not PCN; while 2-NA A/
oxidation is increased only by ISF (10-fold) and BNF (3-fold).4

Furthermore, the catalytic selectivities of the different rat mono-

* Y. Yamazoe. G. J. Mammons, and F. F. Kadlubar, unpublished data.

oxygenases were consistent with the hypothesis that the differ
ences in oxidative metabolism with the human liver samples,
even when expressed per nmol P-450 (Table 2), may be a

function of enzyme induction and/or genetic polymorphism.
The mechanisms of enzymatic oxidation of arylamines by P-

450s, FMO, and PHS pose an interesting and important problem.
All 3 enzyme systems are known to catalyze the W-oxidation of
2-AF and ring oxidation of 2-NA and 1-NA, while 2-NA W-
oxidation is mediated only by cytochrome P-450|SF/BNF-Gand by

extrahepatic PHS. For each of these enzymes, numerous studies
have demonstrated that an activated oxygen species functions
at the catalytic site to oxidize a variety of substrates (55-57).

For nitrogen and carbon hydroxylation, 3 general mechanisms
(Chart 1) have received the most attention: Mechanism a, an
"addition-rearrangement" (58-61 ); Mechanism b, a "one-electron
transfer" (57-59, 62-64); and Mechanism c, a 2-electron trans
fer" (61, 62, 65). In addition, the catalytic efficiency of substrate

oxidation is also considered to reflect the conformational con
straints imposed by enzyme-substrate active sites, the oxidation

potential of the substrate (57, 58, 66) or enzyme (67), and the
thermodynamic stabilities of intermediates or products (61).
However, the relative distribution of W-hydroxylated or ring-

hydroxylated products should be dictated by the type of inter
mediate formed (Chart 1) just prior to substrate-oxygen bond

formation and by the electronic charge distribution of the nitrogen
or carbon atom being hydroxylated. For an "addition-rearrange
ment" mechanism, the product distribution would reflect the

electron density (nucleophilicity) at the nitrogen and ring-carbon
atoms of the parent arylamine; while in the "one- and 2-electron
transfer" mechanisms, the product distribution would reflect the

positive charge (electrophilicity) localization at nitrogen and ring-

carbon atoms in the neutral radical and cation intermediates,
respectively.

The charge distribution in each of these species can be esti
mated from HÃ¼ckelmolecular orbital calculations (68, 69), the
results of which are shown in Table 4. In the parent arylamines,
the greatest positive charge resides on the amine nitrogens, with
a relative ordering of 1-NA > 2-AF > 2-NA. Since the "addition-
rearrangement" mechanism (Chart 1a) involves an activated

oxygen attacking an electron-rich center, these results predict

that substitution would not occur at the nitrogens, but rather
only on the ring carbons, which does not correspond to our
experimental observations for 2-NA and 2-AF (Tables 1 and 3).
In the "one-electron transfer" model (Chart 1o), an activated

oxygen will react preferentially with electron-deficient atoms.

Since the HÃ¼ckelcalculations indicate that the nitrogens in the
radical intermediates are electron rich (Table 4), this mechanism
is also inconsistent with any W-oxidation of these arylamines. In
the "2-electron transfer" mechanism (Chart 1c), a hydroxide

aniÃ³n will combine with the most electron-deficient centers of
the nitrenium-carbenium cation intermediates. As shown in Table

4, the charge densities for the substrate cations obtained from
the HÃ¼ckelcalculations correspond reasonably well with the
experimental observation; i.e., the amine nitrogens of the cations
of 2-NA and 2-AF are more electrophilic than the nitrogen in the
1-NA cation which agrees with the finding that W-oxidation occurs
with 2-NA and 2-AF but not with 1-NA. With the cation of 2-AF,
the most electron-deficient centers are carbon 4a and the nitro

gen; thus, oxidation should occur at both these positions. Oxi
dation products were not detected at carbon 4a, but this is
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METABOLIC OXIDATION OF CARCINOGENIC ARYLAMINES

a) Addition/rearrangement:

Enz~0

NH2

b) One-electron transfer:

NH2 + Enz~O

NH2

OH

NH2

radical cation radical

c) Two-electron transfer:

NH2 Enz~0

NH?

cation
Chart 1. Proposed mechanisms for enzymatic oxidation of arylamines: addition-rearrangement (a); one-electron transfer (b); and 2-electron transfer (c). Â£nz~0 signifies

enzyme-activated oxygen complex.

presumably due to thermodynamic control of the transition state
which would be highly unfavorable due to loss of aromaticity. In
this regard, a 4-hydroxy product is observed upon solvolysis of
W-acetoxy-2-acetylaminofluorene which proceeds by way of a
kinetically controlled nitrenium-carbenium ion transition state (70,
71). The most electron-deficient centers in the 1-NA cation are

at C-2 and C-4. Since oxidation occurred only at C-2, this may
indicate the existence of steric constraints in the enzyme-sub
strate complex. For the 2-NA cation, C-1 was the most electron-
deficient atom; and with the exception of rat P-450|SF/BNF-e,the

only site of oxidation occurred at this position. It is possible,
however, that this isozyme could form an additional ligand with
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METABOLIC OXIDATION OF CARCINOGENIC ARYLAMINES

Table4
Chargedistribution' in the parent arylaminesand their neutral radical and cation derivatives

Atom"N11a2344a55a6788a1-NA0.1410.084-0.036-0.1020.007-0.0770.001-0.0140.003-0.0180.011Arylamine2-NA0.129-0.1040.0030.070-0.0450.007-0.0260.003-0.0190.000-0.018Neutral

radical2-AFc0.131-0.0700.0060.072-0.0700.006-0.049-0.0100.0030.000-0.0090.000-0.0101-NA-0.2960.090-0.0050.0370.0130.0730.0010.0320.0080.0210.0242-

NA-0.2640.0800.0040.076-0.0140.0200.0140.0120.0330.0010.0382-AFc-0.2630.0200.0120.0780.0200.0120.0520.0180.0080.0010.0220.0010.0181-NA0.0810.1210.0390.2330.0200.2850.0010.0940.0120.0760.038Cation2-NA0.1870.3320.0050.1030.0310.0330.0720.0210.1030.0020.1112-AFc0.1800.1460.0190.1070.1460.0190.1920.0570.0130.0020.0630.0020.057

8 Calculations were performed using the simple HÃ¼ckelmethod. The parameters for n of the diagonal elements (68),
a+ nÃŸ,viere: C(H)= 0; N(H)= 0.5; N(H2)= 1.5. The parameters for m of the nondiagonalelements (68),mÃŸ,were: Câ€”C
= 1.0; Câ€”N= 1.0.

The numberingsystem used is:

NH2

NH2

In these approximations, C-9 of 2-AF is not explicitly considered, but rather the calculations were performed on a 4-
aminobiphenyl-asystem. We have shown previously(69) that this approximationgives reasonablevalues for the reactivity
of analogous compounds.

the substrate nitrogen or otherwise result in an altered electron
distribution (increased positive charge on the nitrogen) with a
concomitant altering of the ratio of oxidized products.

From these data and theoretical considerations, we suggest
an overall "2-electron transfer" mechanism for the metabolic

oxidation of these arylamines to A/-hydroxylated and ring-hydrox-
ylated products. For cytochrome P-450 and PHS, this pathway
may involve consecutive "one-electron transfers" prior to the

oxygen rebound.
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