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SUMMARY

THAKKER, D. R., LEVIN, W,, Yacl, H,, RyaN, D., THomas, P. E., KARLE, J. M.,
LEHR, R. E, JERINA, D. M, & CoNNEY, A. H. (1979). Metabolism of benzo[a]-
anthracene to its tumorigenic 3,4-dihydrodiol. Mol. Pharmacol. 15, 138-153.

The weak carcinogenicity of benzo[a]anthracene may be due to either low amounts of the
tumorigenic 3,4-dihydrodiol formed or poor conversion of this diol to the bay-region diol
epoxides, i.e., benzo[a]anthracene 3,4-diol-1,2-epoxides. We have investigated the metab-
olism of benzo[a]anthracene with rat liver microsomes and a highly purified monooxy-
genase system reconstituted with cytochrome P-448 to determine the relative amounts of
the 3,4-dihydrodiol formed. With liver microsomes from induced and uninduced rats, as
well as with the purified and reconstituted system in the presence of epoxide hydrase,
benzo[a]anthracene was metabolized predominantly to its 5,6- and 8,9-dihydrodiols. Small
but significant amounts of the 3,4- and 10,11-dihydrodiols were also detected by chro-
matographic methods and fluorescence spectrometry. Since only trace amounts of phenols
were detected, the arene oxides of benzo[a]anthracene must be good substrates of epoxide
hydrase. With the purified and reconstituted system in the absence of epoxide hydrase,
only phenols and the K-region 5,6-oxide were found to be metabolites of benzo[a)-
anthracene. Moreover, the extent of metabolism of benzo[a]anthracene was substantially
reduced in the absence of epoxide hydrase, suggesting that phenolic metabolites are
potent inhibitors. Strong inhibition of the metabolism of benzo[a]anthracene by synthetic
5- and 6-hydroxybenzo[a]anthracenes and by a mixture of phenolic metabolites was
observed.

INTRODUCTION

Polycyclic aromatic hydrocarbons are
among those chemical carcinogens which
require metabolic transformation to highly
reactive products before they covalently
bind to tissue constituents and cause cancer
(1-4). Extensive studies on the metabolic
activation of the carcinogen benzo[a]py-
rene (BP)! have indicated that this hydro-

! Abbreviations used are: BP, benzo[a]pyrene; BA,
benzo[a]anthracene; BA 3,4-dihydrodiol, trans-3,4-di-
hydroxy-3,4-dihydrobenzo[a]anthracene; BA 1,2-,

carbon is metabolized to an ultimate carcin-
ogen (+)-78,8a-dihydroxy-9a,10a-epoxy-
7,8,9,10-tetrahydro BP through a proximate
carcinogen (-)-78,8a-dihydroxy-7,8-dihy-

5,6-, 8,9- and 10,11-dihydrodiols, other trans dihydro-
diols of BA; 8-HOBA, 8-hydroxybenzo{alanthracene;
other phenols of BA are abbreviated similarly; BA diol
epoxides, either or both of the diastereomerically re-
lated diol epoxides of benzo-ring trans dihydrodiol in
which the benzylic hydroxyl group and the epoxide
oxygen are either cis or trans;? HPLC, high pressure
liquid chromatography.
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dro BP (5-20). Based on these studies, on
existing carcinogenicity data for alkyl and
fluorine substituted polycyclic aromatic hy-
drocarbons, and on quantum mechanical
calculations, a hypothesis termed the “bay-
region” theory was formulated in an at-
tempt to explain and predict the carcino-
genicity of polycyclic aromatic hydrocar-
bons (21-24). This theory postulates that a
diol epoxide on a saturated, angular benzo-
ring in which the epoxide forms part of a
bay-region of the polycyclic hydrocarbon
should be a highly reactive metabolite
which may also be an ultimate carcinogen.
The ability of the theory to make successful
predictions of relative carcinogenicity re-
quires that the hydrocarbon be metabolized
to a dihydrodiol with a bay region double
bond which is further metabolized to a diol
epoxide.

Biological studies of the polycyclic hy-
drocarbons benzo[a]anthracene (BA)®
(25-29), dibenzo[a,h]anthracene (30), 7-
methylbenzo[a]anthracene (31, 32), 7,12-
dimethylbenzo[a]anthracene (33, 34), 3-
methylcholanthrene (34-36), and chrysene
(37, 38) have provided support for the pre-
dictions of the “bay-region” theory. Exten-
sive studies of BA and its derivatives have
shown (i) that BA 3,4-dihydrodiol, which
contains a bay-region double bond, is met-
abolically activated to potent bacterial mu-
tagens (25), and is highly tumorigenic on
mouse skin (28) and in the newborn mouse
(27) when compared with BA and its four
other isomeric dihydrodiols; (ii) that the
bay-region BA 3,4-diol-1,2-epoxides are
15-125 times more mutagenic to S. typhi-
murium strain TA 100 and Chinese hamster
V79 cells than are the other non-bay-region

* The numbering system used for benzofa]anthra-
cene is illustrated below for (+)-3a,48-dihydroxy-
la,2a-epoxy-1,2,3,4-tetrahydrobenzo[a]anthracene in
which the benzylic 4-hydroxyl group and the epoxide
oxygen are trans:
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diol epoxides of BA (26); and (iii) that these
bay-region diol epoxides show high tumor-
igenicity on mouse skin (29) and in the
newborn mouse.® The parent hydrocarbon
is, however, a weak carcinogen, possibly
due to low metabolic conversion of BA to
BA 3,4-dihydrodiol.

Qualitative analyses of the metabolism of
BA by thin-layer chromatography (39-45),
have unequivocally identified BA 5,6- and
8,9-dihydrodiols as major metabolites. With
rat liver homogenates (41) and microsomes
(45), small amounts of BA 1,2-dihydrodiol,
3- and 4-HOBA and BA 7,12-quinone were
also detected. In vivo rats, rabbits and mice
produce a mercapturic acid at the 5,6-posi-
tion of BA as the major metabolite (40).
Minor metabolites consisted of sulfates or
glucuronides of 3-, 4-, 8- and 9-HOBA as
well as BA 34-, 5,6-, 8,9- and 10,11-di-
hydrodiols. Since these earlier studies often
lacked appropriate synthetic reference
standards, the identification of BA 3,4-di-
hydrodiol must be considered as tentative.
We have studied the metabolism of BA by
rat liver microsomes and by a highly puri-
fied and reconstituted monooxygenase sys-
tem and have analyzed the products by
high pressure liquid chromatography. The
principal aim of the present investigation
has been to establish the extent to which
BA is converted to BA 3,4-dihydrodiol, a
compound which tumor studies (27, 28) in-
dicate is a proximate carcinogen of BA if
formed. Although a recent report (46)
claimed that rat liver microsomes do not
metabolize BA to its 3,4-dihydrodiol, our
results indicate that the 3,4-dihydrodiol is
indeed formed and that the small quantity
produced, together with the lower biologi-
cal activity of the BA 3,4-diol-1,2-epoxides
compared to the BP 7,8-diol-9,10-epoxides
(26), could account for the weak carcino-
genic activity of BA relative to BP.

MATERIALS AND METHODS

Chemicals. [“C]BA (20 uCi/umol),
[*H]BA (129.8 uCi/pmol), and ['“C]BP (8.1

3 In parallel with the tumor studies on the diaster-
eomeric BP 7,8-diol-9,10-epoxide, the trans diastereo-
mer of the BA 3,4-diol-1,2-epoxides’ was much more
tumorigenic than the cis diastereomer; W. Levin, et
al., manuscript in preparation.
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pCi/umol) were obtained from New Eng-
land Nuclear. [“C]BA was found to be
98.8% pure when analyzed by HPLC. [°*H]-
BA was purified by silica column chroma-
tography on elution with hexane:benzene
(19:1), and its purity was checked by HPLC.
BA 1,2-, 3,4-, 89- and 10,11-dihydrodiols
were prepared as previously described (47)
as were diol epoxides of BA (48). BA 5,6-
dihydrodiol (49), BA 5,6-oxide (50), BA 5,6-
quinone (49), 1- and 4-HOBA (51), 5- and
6-HOBA (52), 8-HOBA (53, 54), and 10-
HOBA (55, 56) were prepared by estab-
lished procedures as were 2- and 9-HOBA.
BA 7,12-quinone was obtained from East-
man-Kodak Chemical Co.

Enzyme preparations: Liver microsomes
were prepared from immature (50-60 g),
male rats of the Long-Evans strain as de-
scribed previously (57). Cytochrome P-450
content for microsomes from control rats
(0.81 nmol/mg of protein) or from pheno-
barbital-(2.30 nmol/mg of protein) or 3-
methylcholanthrene-(1.32 nmol/mg of pro-
tein) induced animals were determined as
described (58). Highly purified cytochrome
P-448 (59), NADPH-cytochrome c¢ reduc-
tase (60) and homogeneous epoxide hydrase
(61) were prepared by established proce-
dures which define units of activity.

Incubation mixtures with liver micro-
somes contained 200-1000 ug of microsomal
protein, 200 umol of potassium phosphate
buffer (pH 7.4), 6 umol of MgCl,, 1 umol of
NADPH, and 100 nmol of [*“C]BA (in 100
ul of acetone) in a total volume of 2.0 ml.
For incubations with the reconstituted sys-
tem (6, 59) microsomes were replaced by
0.005 to 0.20 nmol of cytochrome P-448,
1500 units of cytochrome c¢ reductase and
60 pug of dilauroyl phosphatidylcholine, and
the pH of the incubation mixture was ad-
justed to 7.0 instead of 7.4 since pH 7.0 is
optimal for the reconstituted system. All
incubations were at 37° for 10 min. After
this period, BA and its metabolites were
extracted into ethyl acetate:acetone (2:1),
dried (anhydrous Na,SO,), and concen-
trated as described for BP and its metabo-
lites (6, 57, 62). This procedure extracts 94
to 99 percent of the metabolites depending
upon the extent of conversion. Dried sam-
ples were dissolved in 150 ul of methanol
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and an aliquot was injected onto the col-
umn for analysis. Metabolism of BP was
analyzed as previously described (62).

Analysis of BA metabolites by high pres-
sure liqguid chromatography. Known and
potential metabolites of BA were chromat-
ographed with a Spectra Physics model
3500 B liquid chromatograph on a Du Pont
Zorbax octadecyltrimethoxysilane (ODS)
column (6.2 mm X 25 cm) with a linear
gradient (1.2 ml/min) of 70-85% methanol
in water at a rate of gradient change of
1%/min after an initial delay of 1 min. The
effluent was monitored at 280 nm (Fig. 1).
Dihydrodiols, phenols, and quinones were
all readily separated from each other. For
reasons which we have detailed elsewhere
(63), the 1,2- and 5,6-dihydrodiols emerge
from the column as separate peaks while
the 3,4-, 8,9-, and 10,11-dihydrodiols are co-
chromatographic and cannot easily be sep-
arated on ODS columns. For metabolized
samples of radioactive BA, fractions were
collected every 0.3 min throughout the me-
tabolite profile except for the peak contain-
ing BA 3,4-, 8,9- and 10,11-dihydrodiols and
for the substrate peak. Both of these peaks
were collected as single fractions, and ali-
quots were used for quantitation. Radioac-
tivity of the fractions was determined by
scintillation spectrometry.

Determination of BA 3,4-dihydrodiol by
fluorescence spectroscopy. An aliquot of
the metabolic fraction containing the 3,4-,
8,9- and 10,11-dihydrodiols in 85%
CH;0H/H;0 was used to obtain fluores-
cence emission and excitation spectra. The
emission spectra were measured by exciting
the samples at 260 nm, whereas the exci-
tation spectra were measured by monitor-
ing the emission at 439 nm which represents
an emission maximum of BA 3,4-dihydro-
diol. Thus, the characteristic vinyl anthra-
cene chromophore of the 3,4-dihydrodiol
can be readily detected by either fluores-
cence emission or excitation spectra in the
presence of the 8,9- and 10,11-dihydrodiols.
Quantitation was achieved by addition of a
known amount of BA 3,4-dihydrodiol fol-
lowed by a second determination of the
emission spectrum. All fluorescence spectra
were obtained with a Perkin-Elmer Spec-
tro-fluorimeter model MPF-3L.
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F16. 1. Chromatographic mobilities of synthetic derivatives of BA on analysis by HPLC
Chromatographic conditions are described in MATERIALS AND METHODS.

Quantitation of BA 10,11-dihydrodiol.
An aliquot of the fraction containing BA
3,4-, 89- and 10,11-dihydrodiols was in-
jected onto a Du Pont Zorbax SIL column
(6.2 mm X 25 cm) with the synthetic dihy-
drodiols of BA added as carriers. The 10,11-
dihydrodiol separated from the mixture of
the 3,4- and 8,9-dihydrodiols when the col-
umn was eluted with 1.2% ethanol and 12%
dioxane in cyclohexane at a flow rate of 5
ml/min. Effluent was monitored at 254 nm
(Fig. 2A). Fractions were collected every 10
sec in the metabolite region and every 30
sec elsewhere. Radioactivity was quanti-
tated by scintillation spectrometry.

Although the above SIL column readily
separated the 10,11-dihydrodiol from the
other two dihydrodiols, separation of the
3,4- and 8,9-dihydrodiols remained as an
extremely difficult chromatographic prob-
lem. An attempt to separate the synthetic
3,4- and 8,9-dihydrodiols by continuous re-
cycle of the peak through the column failed
to show a significant separation after 25
recycles.

Separation of BA 3,4- and 8,9-dihydro-
diols as their diacetates. An aliquot of the
metabolite fraction containing BA 3,4-, 8,9-

and 10,11-dihydrodiols with added carrier
of each dihydrodiol was chromatographed
on a Zorbax SIL column as described above
to separate BA 10,11-dihydrodiol from the
mixture. The fraction containing BA 3,4-
and 8,9-dihydrodiols was acetylated (acetic
anhydride/pyridine) and the diacetates
were injected onto the Zorbax ODS column
(6.2 mm X 25 cm) after removal of pyridine.
The diacetates were completely separated
by elution with 55% CHsCN/H;O at a flow
rate of 2.4 ml/min (Fig. 2B). The effluent
was monitored at 260 nm, and fractions
were collected every 0.3 min in the metab-
olite region and every 2 min elsewhere.
From the radioactivity in the peaks con-
taining BA 8,9-dihydrodiol diacetate and
BA 3,4-dihydrodiol diacetate (retention
times 30.0 min and 32.0 min, respectively),
the presence of BA 3,4-dihydrodiol in the
mixture was confirmed.

Inhibition of BA metabolism by phenolic
metabolites. [PH]BA (50 nmol/ml) was in-
cubated with cytochrome P-448 (0.05
nmol/ml), cytochrome c¢ reductase (750
units/ml), potassium phosphate buffer (100
pmol/ml, pH 7.0), MgCl; (3 umol/ml),
NADPH (0.5 nmol/ml), and dilauroyl phos-
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A. Separation of BA 10,11-dihydrodiol from BA 3,4- and 8,9-dihydrodiols by HPLC on a Zorbax SIL column.
The chromatographic conditions are described in Materials and Methods. Metabolites are quantitated from the
radioactivity associated with each peak. BA 5,6- and 1,2-dihydrodiols chromatograph on this system with
retention times of 4.6 and 12.4 min, respectively. B. Separation of BA 3,4- and 8,9-dihydrodiol diacetates by
HPLC on a Zorbax ODS column. The chromatographic conditions are described in MATERIALS AND METHODS.
BA 3,4- and 8,9-dihydrodiol metabolites were quantitated by the radioactivity associated with their respective

diacetates.

phatidylcholine (30 ug/ml) for 10 min at
37°. The reaction was stopped by further
incubation with a cytochrome P-448 spe-
cific antibody (20 mg of protein IgG/nmol
P-448) for 5 min (64). BA 5,6-oxide in the
reaction mixture was then converted to its
corresponding dihydrodiol by addition of
purified epoxide hydrase (17 units/ml), and
the reaction mixture was incubated for an
additional 10 min. The products were ex-
tracted, dried and the phenol-1 and -2 peaks
(see Results) from several incubations were
isolated by HPLC as described for ["*C]BA.
Incubation of [**C]BA and known amounts
of tritium labeled phenols from phenol-1
peak (1 nmol/ml) and phenol-2 peak (1 and
2.5 nmol/ml), followed by HPLC analysis
of percent metabolism of the ['*C]BA al-
lowed measurement of the amount of inhi-
bition caused by the phenolic metabolites.

RESULTS

Metabolism of [**C]BA by Purified Cy-
tochrome P-448. A saturating amount of

[*C]BA (50 nmol/ml) was incubated with
cytochrome P-448 (0.0025 to 0.1 nmol/ml)
in the presence and absence of epoxide
hydrase. The total percent of BA metabo-
lized is plotted vs. nmols of added cyto-
chrome P-448 in Figure 3. In the presence
of epoxide hydrase, metabolism is linear up
to 0.025 nmol of added cytochrome P-
448/ml (40% metabolism), whereas in the
absence of epoxide hydrase, metabolism is
at best linear only up to 0.005 nmol of added
cytochrome P-448/ml (9% metabolism).
Below 9% metabolism, conversion is inde-
pendent of the presence of epoxide hydrase.
Hence, 0.005 nmol/ml of cytochrome P-448
was used for the comparison of metabolite
profiles of BA obtained in the presence and
absence of epoxide hydrase (Table 1). The
aPparent stimulation of the metabolism of
["*C]BA in the presence of epoxide hydrase
(0.05 nmol/ml of cytochrome P-448, Fig. 3)
is not due to added protein since replace-
ment of the epoxide hydrase by an equiva-
lent amount of either bovine serum albumin



METABOLISM OF BENZO[A]JANTHRACENE

8
T

% CONVERSION OF BA
8
T

143

1 1 J

0.025

0.050

CYTOCHROME P-448 (nmol/mi)

F16. 3. Total metabolism of [**C]BA by the reconstituted system as a function of added cytochrome P-448
in the presence (O) and absence (O)) of epoxide hydrase or in the presence (@) of epoxide hydrase which had
been inactivated completely by the site directed inhibitor p-nitrophenacyl bromide

Cytochrome P-448 is the rate-limiting component in the incubation medium. Total metabolism was deter-
mined by HPLC. Incubation conditions are described in MATERIALS AND METHODS.

or by epoxide hydrase which had been spe-
cifically inactivated with p-nitrophenacyl
bromide (65, cf. Fig. 3) failed to enhance
the metabolism.

The HPLC profiles of the metabolites of
[“CIBA obtained with cytochrome P-448
in the presence and absence of epoxide
hydrase are shown in Figure 4. The uv
traces were obtained by monitoring the ef-
fluent at 280 nm without added standards,
and the radioactivity profiles were obtained
by plotting cpm vs. fraction numbers. Both
the uv and the radioactivity profiles show
that dihydrodiols are the preponderant me-
tabolites in the presence of the epoxide
hydrase with only trace amounts of phenols
formed (Fig. 4A). This is in contrast to
results obtained with BP as substrate where
large amounts of epoxide hydrase failed to
completely prevent the formation of phe-
nols (6). The two dihydrodiol peaks in Fig-
ure 4A correspond to BA 5,6-dihydrodiol
and the mixture of BA 3,4-, 8,9- and 10,11-
dihydrodiols, respectively. Neither BA 1,2-
dihydrodiol nor quinones were detected
(<1%) under these experimental conditions.

In absence of epoxide hydrase, two major
radioactive peaks (phenol-1 and -2, Fig. 4B)
were obtained. Analysis of the phenol-1
fraction by uv indicated that it contained

mainly a mixture of BA 5,6-oxide along with
5- and 6-HOBA. When BA 5,6-oxide was
chromatographed in this system, most of
the oxide emerged from the column in the
phenol-1 region along with 5- and 6-HOBA
which result by isomerization on analysis.
Addition of ammonia to the solvent blocks
this isomerization but also shortens the life-
time of the column. Minor metabolites, un-
knowns -1 (probably BA 5,6-dihydrodiol),
-2, and -3 (unknowns -2 and -3 are probably
other methanolysis and hydrolysis products
of BA 5,6-oxide), are solvolysis products of
BA 5,6-oxide (Fig. 4B) which arise even
when the pure oxide is injected on the
column. Analysis of phenol-2 fraction by uv
indicated that it contained mainly 8-
HOBA. Although no further attempts were
made to identify minor phenols in the two
metabolite fractions, synthetic 2-, 5-, 6-, 9-,
and 10-HOBA chromatograph in the region
of phenol-1 while synthetic 1-, 4-, and 8-
HOBA chromatograph in the region of
phenol-2.

BA 5,6-oxide (K-region) was found to
survive incubation with the reconstituted
system in the absence of NADPH and epox-
ide hydrase. That BA 5,6-oxide was pre-
dominantly responsible for the phenol-1
peak as well as unknowns -1, -2, and -3 was



144

THAKKER ET AL.

TABLE 1
Metabolites of BA obtained with rat liver microsomes and a purified and reconstituted system containing
cytochrome P-448
Protein Metabolites® Total Recovery
conver-
BA 5,6- BA 34-, Phenol-1 Phenol-2 sion
dihydro- 8,9- and
iol 10,11-di-
hydro-
diols

Microsomes (Control) 4.4 49.4 4.6 1.6 2.4 88

0.58 0.65 0.06 0.02 1.50
Microsomes® (Phenobarbi- 439 41.7 3.0 39 6.5 85

tal) 0.52 0.51 0.04 0.04 1.42
Microsomes®  (3-methyl- 416 53.7 39 0.9 183 91

cholanthrene) 2.72 3.52 0.27 0.06 6.94
Cytochrome P-448° + 48.7 49.9 14 0.0 8.7 81

Epoxide Hydrase 344 35.2 1.00 0.00 86.80
Cytochrome P-4487 - — 28.8 38.6 9.4 78

21.07 28.30 94.43

2 The upper row of numbers represents the percent of each metabolite formed and the lower row of numbers

represents nmols of product formed per nmol of hemeprotein per min. Total conversion was calculated from the
total radioactivity above blank which emerges from the column prior to BA. Recovery is the percentage of
radioactivity emerging before BA in discrete metabolite peaks. All microsomal incubations contained 0.1 mg
protein/ml and were linear to this protein concentration. Incubations with the reconstituted system used 0.006

nmol hemeprotein/ml.

® Under these conditions, BA 7,12-quinone constitutes 7-8% of the metabolites.

° At high conversions microsomes (0.5 mg/ml) from rats induced with 3-methylcholanthrene and the purified
and reconstituted system (0.1 nmol cytochrome P-448/ml) give more polar metabolites which chromatograph
before BA 5,6-dihydrodiol (see Fig. 4). These metabolites are formed to the extent of 11 to 13% of the total
metabolism when 75-77% of the substrate was metabolized.

4 On chromatography BA 5,6-oxide is partially decomposed into 3 broad peaks labeled as unknowns 1, 2 and
3 as well as to 5- and 6-HOBA which chromatograph in phenol-1 peak (cf. Fig. 4). Unknowns 1, 2, and 3

constitute 32.6% of the total metabolites.

shown by the following experiment: BA was
incubated with the reconstituted system for
10 min in the absence of epoxide hydrase,
oxidative metabolism was stopped by ad-
dition of specific antibody to cytochrome
P-448 (64) and incubation continued for 5
min, and the mixture was further incubated
with added epoxide hydrase for 10 min.
Analysis of the products by HPLC indi-
cated complete loss of unknowns -1, -2, and
-3 and almost complete loss (85%) of the
phenol-1 fraction along with concomitant
formation of BA 5,6-dihydrodiol. The
phenol-2 fraction remained unchanged, and
no dihydrodiols other than BA 5,6-dihydro-
diol were formed. Thus, the non-K-region
arene oxides of BA were unstable and had
isomerized to phenols prior to the addition

of epoxide hydrase. A small portion of these
combined with residual BA 5,6-oxide could
account for the radioactivity which epoxide
hydrase failed to remove from the phenol-
1 fraction.

The extent to which BA is converted into
metabolites by 0.005 nmol/ml of cyto-
chrome P-448 is unaffected by addition of
epoxide hydrase (Table 1). In the presence
of epoxide hydrase, >98% of the metabo-
lites chromatograph as two equal peaks
which correspond to BA 5,6-dihydrodiol
and the mixture of the BA 3,4-, 8,9-, and
10,11-dihydrodiols. In the absence of epox-
ide hydrase, 29% and 38% of the metabolites
appear in phenol-1 and -2 peaks, respec-
tively. The unknown peaks (33%, Fig. 4B),
which end up as BA 5,6-dihydrodiol when
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epoxide hydrase is present, account for the anthrene-treated rats at a saturating con-
balance of the metabolism. centration (50 nmol/ml). The HPLC profile

Metabolism of [**C]JBA by liver micro- of the metabolites was qualitatively similar
somes. [*C]BA was incubated with 100-500 to that obtained with cytochrome P-448
pg/ml of liver microsomes from untreated, and epoxide hydrase (Fig. 4A). Results ob-
phenobarbital-treated and 3-methylchol- tained with various microsomal prepara-

A B

BA

AZOO nm
AZBO nm

BA 3,4-,8 9, and
10, 11- dihydrodiols

BA 5, 6-
dihydrodiol

-

. e
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F16. 4. High pressure liquid chromatographic profiles of BA metabolites obtained with the purified and
reconstituted system containing 0.005 nmol/ml of cytochrome P-448 in the presence (A) and absence (B) of
epoxide hydrase

The inset to part A (both uv and radioactivity) shows polar metabolites formed at high conversion of the
substrate by cytochrome P-448 (0.1 nmol/ml) in the presence of epoxide hydrase. For the inset, peak a co-
chromatographs with BA 1,2-dihydrodiol, peak b co-chromatographs with 88,9«-dihydroxy-108,118-epoxy-
8,9,10,11-tetrahydro BA, and peak ¢ co-chromatographs with 88,9a-dihydroxy-10a,11a-epoxy-8,9,10,11-tetrahy-
dro BA. In the absence of epoxide hydrase, 0.1 nmol/ml of cytochrome P-448 gives a metabolite profile similar
to the one shown in B. The incubation conditions and the chromatographic conditions are described in
MATERIALS AND METHODS.
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tions are given in Table 1. A comparison of
the total conversion of substrate indicates
that pretreatment of the animals with 3-
methylcholanthrene results in about a 4%
fold increase in the rate at which BA is
metabolized per nmol of cytochrome P-450.
Pretreatment with phenobarbital increases
total conversion of the substrate per mg of
microsomal protein by 2% fold. However,
no increase is observed in the specific activ-
ity of the hemeprotein (nmol product
formed/nmol cytochrome P-450/min) com-
pared to microsomes from control animals.
With the purified and reconstituted mono-
oxygenase system, BA is metabolized at a
much higher rate (87 and 94 nmol product
formed per nmol hemeprotein per min, re-
spectively, in the absence and presence of
epoxide hydrase) than with microsomes
from 3-methyl-cholanthrene-treated rats.
For metabolism of BA, all microsomal
preparations form two major dihydrodiol
peaks; one consisting of the 5,6-dihydrodiol
(~43%) and the other corresponding to the
BA 3,4-, 8,9- and 10,11-dihydrodiols
(42-54%). Phenol-1 and -2 fractions are mi-
nor metabolites, each constituting no more
than 5% of the total metabolites. In addi-
tion, microsomes from phenobarbital-in-
duced animals gave small amounts (7-8%)
of BA 7,12-quinone. Microsomes from 3-
methylcholanthrene-induced rats as well as
the purified and reconstituted monooxy-
genase system in the presence of epoxide
hydrase gave polar metabolites at high con-
version (77%) of BA which emerged from
the column early in the HPLC profile (in-
sert of Fig. 4A). The radioactivity in peaks
b and c¢ co-chromatograph with 88,9a-di-
hydroxy-108,118-epoxy-8,9,10,11-tetrahy -
dro BA, and with 88,9a-dihydroxy-10a,11a-
epoxy-8,9,10,11-tetrahydro BA, respec-
tively, when the synthetic diol epoxides
were carried through the incubation and
isolation procedure. The radioactivity in
peak a co-chromatographs with BA 1,2-di-
hydrodiol. The co-chromatography of the
above reference compounds with the radio-
active metabolites in peaks a, b, and ¢ does
not in itself constitute identification of the
metabolites. At 30% conversion of BA with
liver microsomes from phenobarbital-
treated rats, HPLC of the metabolites on
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the SIL column (Fig. 2A, legend) gave a
small radioactive peak (<2%) which co-
chromatographed with the BA 1,2-dihydro-
diol. The identity of this metabolite peak
was confirmed by fluorescence studies (Fig.
5, legend).

Quantitation of BA 3,4-, 8,9- and 10,11-
dihydrodiols. Quantitative fluorescence
spectroscopy (Fig. 5) was used to measure
the amount of the BA 3,4-dihydrodiol pres-
ent in the dihydrodiol fraction from the
ODS column which contained the 3,4-,
8,9-, and 10,11-dihydrodiols. Further chro-
matography of this fraction (Fig. 2A) on the
SIL column permitted radiochemical quan-
titation of the separated 10,11-dihydrodiol.
After acetylation of the mixture of the 3,4-
and 8,9-dihydrodiols from the SIL column,
this isomeric pair of diacetates was found
to separate on the ODS column (Fig. 2B).

The percent of each of the three dihydro-
diols present in the composite peak from
the original ODS column are given in Table
2. BA 8,9-dihydrodiol constitutes 83-91% of
the total dihydrodiols in this fraction for all
enzyme preparations examined. The high-
est percent of 3,4-dihydrodiol in the com-
posite peak was found with microsomes
from control (8%) and phenobarbital-
treated (6%) animals. Only 3% of the peak
corresponds to the 3,4-dihydrodiol with
microsomes from 3-methylcholanthrene-
treated animals. Since the composite peak
represents about half of the total metabo-
lism with the various enzyme preparations
(Table 1), actual conversion of BA to its
3,4-dihydrodiol with the bay-region 1,2-
double bond ranges from 1.5-4%.

When the metabolism of the extremely
weak carcinogen BA and the potent carcin-
ogen BP were compared in the same exper-
iment, the rates of metabolism of the two
substrates were similar. With microsomes
from 3-methylcholanthrene-treated rats,
6.9 nmols of BA and 5.2 nmols of BP are
metabolized per nmol of hemeprotein per
min. With microsomes from untreated rats,
BA and BP are metabolized at rates of 1.5
and 1.4 nmol of products per nmol of heme-
protein per min. In this experiment, the
amount of the BP 7,8-dihydrodiol with the
bay-region 9,10-double bond was quanti-
tated. With microsomes from control and
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F1G. 5. Fluorescence (A), and excitation (C) spectra (85% methanol/water) of synthetic BA 3,4-, 5,6- and
8,9-dikydrodiols as well as fluorescence (B) and excitation (D) spectra of the metabolite fraction which
contains the 3,4-, 8,9- and 10,11-dihydrodiols produced by liver microsomes from phenobarbital-induced rats

The fluorescence spectra were obtained by exciting the samples at 260 nm and the excitation spectra were
obtained by monitoring the emission at 439 nm, conditions selected to maximize the fluorescence and excitation
bands of BA 3,4-dihydrodiol and to supress the signals of the other dihydrodiols. Relative amounts of the three
synthetic dihydrodiols in part A and C were selected to produce approximately equal spectrophotometric
responses. The amount of BA 3,4-dihydrodiol in a metabolite fraction can be readily quantified by the intensity
of emission at 439 nm (arrow). Fluorescence spectra of BA 1,2- and 10,11-dihydrodiols are not shown but are
similar to those of BA 3,4- and 8,9-dihydrodiols, respectively. BA 1,2-dihydrodiol gives fluorescence emission
bands at 410 and 435 nm, and BA 10,11-dihydrodiol gives fluorescence bands at 370 and 390 nm.

3-methylcholanthrene-treated animals, BP
7,8-dihydrodiol represented 8% and 14% of
the total metabolites, respectively. The pu-
rified system containing cytochrome P-448
and epoxide hydrase formed 12% of the 7,8-
dihydrodiol. Thus, BP is converted more
extensively to a proximate carcinogenic
dihydrodiol than is BA.

Inhibition of metabolism by phenols of
BA. Benzo[a]anthracene could not be me-
tabolized to more than 30% in the absence
of epoxide hydrase even at a cytochrome P-
448 concentration of 0.1 nmol/ml. In the
presence of epoxide hydrase, 77% of the
substrate was metabolized under the same
conditions (cf. Fig. 3, data not shown). Ad-

dition of purified epoxide hydrase which
had been rendered catalytically inactive by
either thermal denaturation or by an active
site directed inhibitor (65) failed to produce
the apparent stimulation observed with cat-
alytically active epoxide hydrase. These re-
sults suggest that one or more phenolic
metabolites of BA, the 5,6-oxide, or any of
the non-K-region arene oxides of BA must
be highly inhibitory toward cytochrome P-
448. Hence, BA 5,6-oxide, 5-, 6-, 8- and 9-
HOBA were tested as inhibitors of BA me-
tabolism since these compounds represent
major sites of metabolism of the hydrocar-
bon. Table 3 shows that BA 5,6-oxide is a
very poor inhibitor, 8- and 9-HOBA (26%
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TABLE 2
Percent of 3,4-, 8,9- and 10,11-dihydrodiols in the
composite diol peak containing these three diols

Protein BA BA BA
34- 8,9- 10,11-
dihy- dihy- dihy-
dro- dro- dro-
diol® diol diol®
(%) (%) (%)
Microsomes (control) 8 84 8
Microsomes  (pheno- 6 83 11
barbital)
Microsomes (3-methyl- 3 91 6
cholanthrene)
Cytochrome P-448 + 5 88 7
epoxide hydrase

? Determined by fluorescence as shown in Figure 5.
The nature of the fluorescence is such that these
values represent the maximum possible amounts.

® Determined by radioactivity in the isolated BA
10,11-dihydrodiol fraction (Fig. 2).

TABLE 3

Inhibition of monooxygenases by synthetic phenols
of BA, BA 5,6-oxide and by metabolically formed

phenols of BA
Inhibitor Conc. of % Inhibi-
Inhibitor tion®
(nmol/ml)
BA 5,6-oxide 5 10
5-HOBA + 6-HOBA 5 88
5-HOBA® 5 89
1 7
8-HOBA 5 26
1 18
9-HOBA 5 35
1 15
Phenol-1° 1 8
Phenol-2° 2.5 48

%% Inhibition was calculated with respect to the
conversion of BA (50 nmol/ml) by cytochrome P-448
(0.05 nmol/ml) in the absence of epoxide hydrase (Fig.
3).

® The sample contained predominantly 5-HOBA
and a trace amount of 6-HOBA.

“ These are the mixtures of phenolic metabolites
which chromatograph in phenol-1 and phenol-2 peaks
(cf. Fig. 4).

and 35% inhibition, respectively, at 5
nmols/ml) are moderate inhibitors, and 5-
and 6-HOBA are strong inhibitors of BA
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metabolism. Both 5-HOBA and a mixture
of 5- and 6-HOBA produced 88-89% inhi-
bition at a concentration of 5 nmols/ml,
and 5-HOBA inhibited the metabolism of
BA by 71% at a concentration of 1 nmol/ml.
Since BA 5,6-oxide survives the incubation
(boiled microsomes) and work-up condi-
tions, 5- and 6-HOBA should not be present
among the metabolites of BA in the incu-
bation medium unless they are formed by
direct hydroxylation.

To identify the specific inhibitor(s)
among metabolites of BA formed by the
reconstituted system in the absence of
epoxide hydrase, phenolic products present
in phenol-1 and -2 peaks were tested as
inhibitors of BA metabolism. After conver-
sion of BA 5,6-oxide to BA 5,6-dihydrodiol
by a postincubation with epoxide hydrase,
a greatly reduced phenol-1 peak and an
unchanged phenol-2 peak were isolated and
tested for inhibition. Metabolites in phenol-
2 peak inhibited BA metabolism by 48% at
a concentration of 2.5 nmol/ml which rep-
resents about 65% of the phenol-2 metabo-
lites generated at 20% conversion of BA (cf.
Fig. 3). The amount of 8-HOBA in the
added phenol-2 fraction is insufficient to
account for the observed inhibition. Metab-
olites in the greatly reduced phenol-1 peak,
produced after post-incubation with epox-
ide hydrase, inhibited metabolism of BA
only to the extent of 8% at a concentration
of 1 nmol/ml. Even though 5- and 6-HOBA
are potent inhibitors, their absence from
the incubation medium excludes them from
causing the product inhibition. Thus, uni-
dentified phenols or possibly non-K-region
arene oxides are responsible for the product
inhibition observed. These unidentified
phenols are necessarily minor metabolites
of the parent hydrocarbon.

DISCUSSION

The bay-region theory predicts that BA
should be a stronger carcinogen than di-
benzo[a,h]anthracene since quantum me-
chanical calculations indicate that the
bay region 3,4-diol-1,2-epoxides of BA
(AE4eioc/B = 0.766) should be more reactive
than the bay region 3,4-diol-1,2-epoxides
(AEqe0c/B = 0.738) of dibenzo[a,h]anthra-
cene (23). Benzo[a]anthracene is, however,
considered a weak carcinogen, whereas di-
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benzo[a,h]anthracene is a fairly strong car-
cinogen (66). This reversal of predicted rel-
ative carcinogenicity could be due to the
differences in the extent to which the two
hydrocarbons are converted to bay region
diol epoxides. Sims has reported semi-
quantitative data on the metabolism of di-
benzo[a,h]Janthracene by rat liver homoge-
nates which indicate that the 3,4-dihydro-
diol with a bay-region double bond is one
of the major metabolites of this hydrocar-
bon (39). If BA is metabolized to form very
low amounts of the 3,4-dihydrodiol, the low
carcinogenicity of BA relative to diben-
zo[a,h]anthracene might be explained.
Hence, we have studied the metabolism of
BA with the specific aim of quantitative
determination of the amount of BA 3,4-
dihydrodiol formed by various rat liver mi-
crosomal preparations and by a highly pu-
rified and reconstituted monooxygenase
system in the presence of epoxide hydrase.

When total metabolism of BA was stud-
ied as a function of cytochrome P-448 con-
centration in the presence and absence of
epoxide hydrase, marked product inhibition
of the cytochrome P-448 system (Fig. 3)
was observed in the absence of epoxide
hydrase. This represents the first example
of product inhibition by phenols or arene
oxides on the cytochrome P-450 system. At
1/50th of the substrate concentration 5-
and possibly 6-HOBA were potent inhibi-
tors which blocked as much as 70% of the
metabolism of BA (Table 3). Since BA 5,6-
oxide is stable to the incubation conditions
and is inactive as an inhibitor, the K-region
arene oxide and its phenolic isomerization
product are not responsible for the effect.
The next major site of metabolism of BA is
at the 8,9-double bond. However, both 8-
and 9-HOBA were only moderately inhibi-
tory. Thus, untested non-K-region phenols
which chromatograph in phenol-2 fraction
or arene oxides must cause the inhibition.
Since most of the inhibitory activity can be
accounted by the phenol-2 metabolite frac-
tion, 4- and 11-HOBA are possible candi-
dates.

In contrast to the results with BP, rat
liver microsomes metabolized BA almost
exclusively to dihydrodiols with only trace
amounts of phenols and quinones. This is
also true for the purified and reconstituted
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monooxygenase system in the presence of
epoxide hydrase. These results suggest that
the arene oxides derived from BA are more
stable to isomerization than those derived
from benzo[a]pyrene or they are more effi-
ciently hydrolyzed by epoxide hydrase than
arene oxides of BP. Kinetic studies of epox-
ide hydrase have indicated that BA 5,6-
oxide is a better substrate than four arene
oxides of BP which were tested (67, 68).

The possible dihydrodiols of BA chro-
matograph in three peaks; one which con-
tains BA 1,2-dihydrodiol, a second which
contains BA 5,6-dihydrodiol, and a third
which contains BA 3,4-, 8,9- and 10,11-di-
hydrodiols (Fig. 1). The reasons for the co-
chromatography of these three non-K-re-
gion dihydrodiols of BA have been dis-
cussed elsewhere (63). BA 5,6- and 8,9-di-
hydrodiols are the two major metabolites
(>80%) of the hydrocarbon. The 1,2-, 3,4-,
and 10,11-dihydrodiols are formed to a
much lesser extent. To quantitate BA 3,4-
dihydrodiol, advantage was taken of the
fact that this dihydrodiol has a vinyl an-
thracene chromophore in contrast to the
vinyl phenanthrene chromophore of BA
8,9- and 10,11-dihydrodiols. Hence, the
presence of BA 3,4-dihydrodiol could be
unequivocally established by the fluores-
cence emission at 413 nm and 439 nm (Fig.
5) and it could be quantitated by its fluo-
rescence emission at 439 nm with very little
interference from BA 8,9- or 10,11-dihydro-
diol. Excitation spectra of the metabolites
which chromatograph in the region of the
BA 34-, 89- and 10,11-dihydrodiols had
absorption bands at 365, 385 and 407 nm
characteristic of a vinyl anthracene chro-
mophore, thus providing additional evi-
dence for the presence of BA 3,4-dihydro-
diol among the metabolites of BA. Further-
more, BA 8,9- and 3,4-dihydrodiol diace-
tates could be separated on a Zorbax ODS
column, and the presence of BA 3,4-dihy-
drodiol among the metabolites of BA was
confirmed. Thus, the recent report by Yang
et al. (46) which concluded that BA 34-
dihydrodiol was not a liver microsomal me-
tabolite of BA is no longer tenable.

In conclusion, the low carcinogenicity of
BA may be explained at least in part by the
low percentage of the highly tumorigenic
BA 3,4-dihydrodiol formed among the me-
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tabolites of BA. Moreover, the skin tumor-
initiating ability of the (+)- and (-)-enan-
tiomers of the BA 3,4-dihydrodiol has been
tested in CD-1 mice, and the (-)-[3R,4R]-
enantiomer is approximately 5- to 15-fold
more potent as a tumor initiator than the
(+)-[3S,4S]-enantiomer (29). Hence, fur-
ther studies are in progress to determine
the absolute stereochemistry of the meta-
bolically formed dihydrodiols of BA. The
present study provides an example of how
the “bay-region” theory (21-24) and a
quantitative knowledge of metabolism pro-
files can help to explain the relative carci-
nogenicity of polycyclic aromatic hydrocar-
bons.

ACKNOWLEDGMENTS

The authors wish to thank Mrs. Janet Deyhle for
her excellent help in the preparation of this manu-
script.

Note added in proof. Since the submission of this
manuscript we have also tested 1-, 3-, 4- and 11-HOBA
as inhibitors of the metabolism of BA (69). Thus, of
all the phenols tested, 5- and 6-HOBA are the strong-
est inhibitors, 1-, 3-, 8-, and 9-HOBA are moderate
inhibitors and 4-HOBA is a weak inhibitor of the
metabolism of BA.
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