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SUMMARY

NORDQVIST, M., D. R. THAKKER, W. LEVIN, H. YacI, D. E. Ryan, P. E. THOMas, A.
H. CoNNEY, AND D. M. JERINA. The highly tumorigenic 3,4-dihydrodiol is a principal
metabolite formed from dibenzo[a,h]anthracene by liver enzymes. Mol. Pharmacol.,
16: 643-655 (1979).

Pretreatment of rats with 3-methylcholanthrene or Aroclor-1254 caused a 2- to 3-fold
enhancement in the rate of metabolism of ['“C]-dibenzo[a,h]Janthracene (DBA) by liver
microsomes and altered the relative amounts of some of the metabolites formed compared
to metabolism by microsomes from untreated rats. These changes consisted mainly of a
decrease in phenols and an increase in unidentified minor metabolites. Pretreatment of
rats with phenobarbital caused less marked changes in the profile of metabolites formed
from DBA, and the rate of metabolism of DBA was significantly reduced per nmol of
cytochrome P-450 compared to microsomes from untreated rats. Under all incubation
conditions, DBA 3,4-dihydrodiol was the major dihydrodiol metabolite which accounted
for 24-28% of the total metabolites. Less than half this amount of the 1,2-dihydrodiol was
formed, and only trace amounts of the K-region 5,6-dihydrodiol could be detected. Two
major phenolic metabolite fractions were detected. After 3-methylcholanthrene- or Aro-
clor-pretreatment, metabolites more polar than the dihydrodiols were also formed. In the
absence of epoxide hydrase, DBA was converted primarily into phenols by a purified and
reconstituted cytochrome P-448 monooxygenase system. Addition of highly purified
epoxide hydrase resulted in the formation of DBA 1,2- and 3,4-dihydrodiols as well as
more polar metabolites with a concomitant decrease in the amounts of phenolic metab-
olites. The predominance of DBA 3,4-dihydrodiol as a metabolite on incubation of DBA
either with rat liver microsomes or with the highly purified, reconstituted monooxygenase
system in the presence of epoxide hydrase is of considerable importance since this is the
most potent carcinogenic metabolite of DBA presently known. The 3,4-dihydrodiol
formed from DBA by liver microsomes from 3-methylcholanthrene-treated rats was found
to be 60% optically pure. Evidence is presented which indicates that bay region diol
epoxides are formed from racemic DBA 3,4-dihydrodiol.

INTRODUCTION cepted that DBA and other polycyclic aro-

Dibenzo[a,h]Janthracene was the first matic hydrocarbons require metabolic

chemically pure substance reported to in- transformation to highly reactive metabo-

duce neoplasia (1). It is now generally ac- lites (ultimate carcinogens) before they co-
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valently bind to cellular macromolecules
and cause cancer (2-5). In an attempt to
explain and predict the carcinogenicity of
polycyclic aromatic hydrocarbons, a hy-
pothesis termed the ‘“bay-region” theory
has been formulated (6-9). The theory pre-
dicts that the most tumorigenic dihydrodiol
(proximate carcinogen) of a given hydro-
carbon will be on an angular benzo-ring and
will have a bay-region double bond. Meta-
bolic epoxidation of this double bond pro-
duces a bay-region diol epoxide, the pro-
posed ultimate carcinogenic metabolite.
Recent studies on the metabolic activa-
tion of DBA' and its dihydrodiols to bac-
terial mutagens (10) established that DBA
3,4-dihydrodiol, which has a bay-region 1,2-
double bond (Fig. 1), caused a higher mu-
tagenic response in S. typhimurium than
did DBA or its 1,2- and 5,6-dihydrodiols.
Since DBA H,-3,4-diol, a compound in

' Abbreviations used: DBA, dibenzofa,h]anthra-
cene; DBA 1,2-dihydrodiol, ¢rans-1,2-dihydroxy-1,2-
dihydrodibenzo{a,h]anthracene; DBA 3,4- and 5,6-di-
hydrodiols, other trans dihydrodiols of DBA; DBA
H,-3,4-diol, trans-3,4-dihydroxy-1,2,3,4-tetrahydro-
dibenzo[a,h]anthracene; 4-hydroxy-H.-DBA, 4-
hydroxy-1,2,3,4-tetrahydrodibenzo[a,h]anthracene;
HODBA, phenols of DBA; DBA 5,6-oxide, di-
benzo[ a,h ]anthracene 5,6-oxide; DBA 5,6-quinone,
dibenzo[a,h]anthracene 5,6-quinone; DBA 7,14-qui-
none, dibenzo[a,h]anthracene 7,14-quinone; BA,
benzo{alanthracene; BP, benzo[a]pyrene; HPLC, high
pressure liquid chromatography.

which the bay-region 1,2-double bond of
the 3,4-dihydrodiol is saturated, was poorly
activated, a bay-region 3,4-diol-1,2-epoxide
is the probable metabolite responsible for
the high mutagenicity on activation of the
3,4-dihydrodiol. For reasons which are pres-
ently unclear, the K-region 5,6-dihydrodiol
can also be metabolically activated to prod-
ucts which are highly mutagenic but only
when high enzyme or high substrate con-
centrations are used in the mutagenesis
assay.

Metabolism of DBA has been studied
previously in whole animals (11-13), liver
homogenates (14, 15) and microsomal prep-
arations (15-17) by thin-layer chromatog-
raphy and uv analysis. Although evidence
has been presented for all three possible
dihydrodiols as metabolites of DBA (15),
only the 5,6-dihydrodiol was available as a
synthetic standard. Arene oxides are
thought to be the precursors of all these
dihydrodiols (3, 16-18).

The principal aim of the present investi-
gation has been to establish the extent to
which DBA is converted to the 3,4-dihydro-
diol by liver microsomes from control or
induced rats as well as by a highly purified
and reconstituted monooxygenase system.
It is important to determine the amount of
this dihydrodiol formed since the bay-re-
gion theory predicts that the 3,4-diol-1,2-
epoxide(s) of the weak carcinogen benzo-
[aJanthracene (BA) should be more reac-
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tive than those of DBA (6-9). Yet, DBA is
known to be a much more potent carcino-
gen than BA (19). Since the theory makes
no attempt to take into account the extent
of metabolism at a particular position of a
hydrocarbon, a possible explanation for the
inversion in predicted carcinogenic activity
is that BA is very poorly converted into a
bay region 3,4-diol-1,2-epoxide(s) while this
is a major route of metabolism for DBA.
Recent studies have shown that the 3,4-
dihydrodiol of BA is indeed a very minor
metabolite of this hydrocarbon (20), while
earlier results suggested that the 3,4-dihy-
drodiol of DBA might be a major metabo-
lite (15).

MATERIALS AND METHODS

Chemicals. ['*C]-DBA (Fig. 1) was ob-
tained from Amersham-Searle. When ana-
lyzed by HPLC, the material had <0.6%
radiochemical impurity in the metabolite
region and was free of uv-detectable impur-
ities. The compound was used at a specific
activity of 11.6 mCi/mmol. DBA 1,2- and
3,4-dihydrodiols (Fig. 1) were prepared as
previously described (21). DBA 5,6-dihy-
drodiol and DBA 5,6-oxide were synthe-
sized by modifications of the methods out-
lined for K-region arene oxides (22). DBA
5,6- and 7,14-quinone were prepared by es-
tablished procedures (23, 24). A presumed
mixture of 5- and/or 6-HODBA was ob-
tained by acid catalyzed dehydration of the
K-region 5,6-dihydrodiol (25). Aroclor-1254
(lot KC-12-638) was obtained from Mon-
santo Chemical Co., St. Louis, MO.

Incubations. Incubation mixtures with
liver microsomes contained 0.25 to 2.00 mg
of microsomal protein, 200 umol of potas-
sium phosphate buffer (pH 7.4), 6 umol of
MgCls, 2 umol of NADPH, and 100 nmol of
[“C]-DBA (in 100 pl of acetone) in a total
volume of 2.00 ml. For incubations with the
reconstituted monooxygenase system (cf.
26, 27) with and without addition of purified
epoxide hydrase (42 to 334 units)?, micro-
somes were replaced by 0.10 to 0.20 nmol of
cytochrome P-448, 1500 units of purified

2 One unit of epoxide hydrase activity is defined as
1 nmol of styrene glycol formed per min. One unit of
cytochrome c reductase is defined as 1 nmol of cyto-
chrome c reduced per min at 22°.
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cytochrome c reductase” and 60 ug of dilau-
royl phosphatidylcholine, and the pH of the
potassium phosphate buffer was 7.0. All
incubations with DBA were at 37° for 10
min except for one experiment, in which
the incubation time was 30 min. Incuba-
tions of unlabelled DBA 3,4-dihydrodiol
(3.2 umol) were done at 37° for 15 min with
20 mg microsomal protein from 3-methyl-
cholanthrene-treated rats, 5.0 mmol of po-
tassium phosphate buffer (pH 7.4), 0.15
mmol of MgCl; and 0.05 mmol of NADPH
in a total volume of 50 ml. Unconverted
substrates and metabolites were extracted
into ethyl acetate:acetone (2:1) after incu-
bation. The organic phase was dried over
anhydrous sodium sulphate and evaporated
under nitrogen. Residues were dissolved in
150 pl of methanol (DBA metabolites) or
250 ul of tetrahydrofuran (DBA 3,4-dihy-
drodiol metabolites) and analyzed by
HPLC.

Liver microsomes were prepared from
immature (50-60 g) male rats of the Long-
Evans strain (28). The cytochrome P-450
content of the microsomes from control-,
phenobarbital-, 3-methylcholanthrene- and
Aroclor-pretreated animals was 0.87, 2.10,
1.69 and 3.50 nmol/mg of protein, respec-
tively, determined as described by Omura
and Sato (29). Highly purified cytochrome
P-448 (26), NADPH-cytochrome ¢ reduc-
tase (30) and homogeneous epoxide hydrase
(31) were prepared by established proce-
dures.

Analysis of metabolites. Synthetic refer-
ence compounds and metabolites of DBA
were chromatographed on a DuPont Zor-
bax ODS (octadecylsilane) column (6.2 mm
X 25 cm). A linear gradient (1.2 ml/min)
from 70% methanol in water to 100% meth-
anol was used at a rate of gradient change
of 1%/min after an initial delay of 1 min
(Spectra Physics, model 3500B). The ef-
fluent was monitored at 280 nm. Fractions
were collected every 0.3 min throughout
the metabolite profile except for the sub-
strate peak, which was collected as a single
fraction. Radioactivity of the fractions was
determined by scintillation spectrometry
(Aquasol, Packard Tricarb Model B2450).
Results obtained from the microsomal and
the reconstituted monooxygenase system
were corrected for zero-time experiments,
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analyzed as described above. For prepara-
tive isolation of DBA 3,4-dihydrodiol me-
tabolites, a linear gradient (1.2 ml/min) of
50% methanol in water to 100% methanol
was used at a rate of change of 1%/min.

Both retention times on HPLC and flu-
orescence spectra were used to establish
the identities of the metabolites of DBA.
Metabolite fractions were collected from
the HPLC column and diluted with meth-
anol prior to spectroscopic analysis. The
1,2- and 3,4-dihydrodiol fractions had fluo-
rescence emission and excitation spectra
identical to those of the authentic synthetic
standards (21); emission maxima at 410 nm
for the 1,2-dihydrodiol and at 407 and 430
nm for the 3,4-dihydrodiol (excitation at
277 nm). The amount of radioactive metab-
olite which was cochromatographic with
synthetic 5,6-dihydrodiol (emission max-
ima at 370 and 390 nm) was generally too
small to allow confirmation of its presence
by fluorescence. Two radioactive metabo-
lite fractions were detected in the phenol
region of the chromatograms. These metab-
olite fractions (phenol-1 and -2 fractions)
were established to be phenolic by the
marked spectral changes which occurred on
addition of sodium methoxide. The original
spectra returned upon acidification with
ammonium chloride. If DBA 3,4-dihydro-
diol is metabolized to 3,4-diol-1,2-epoxides,
benzo-ring tetraols, triols, and a keto diol
could be detected as break-down products
since such diol epoxides are predicted to be
highly reactive (6-9). For this reason, the
fluorescence spectra of the metabolites of
DBA and of DBA 3,4-dihydrodiol were
compared to that of 4-hydroxy-H,-DBA
(21), which also has an 8,9-dialkyl substi-
tuted BA chromophore (see RESULTS). Flu-
orescence spectra were measured with a
Perkin-Elmer Spectrofluorimeter, model
MPF-3L.

Enantiomeric purity of metabolically
formed DBA 34-dihydrodiol. Racemic
DBA 3,4-dihydrodiol was allowed to react
with the acid chloride of (—)-a-methoxy-a-
trifluoromethylphenylacetic acid in dry
pyridine. The resulting pair of diastereo-
meric bis esters (32, 36) were separated by
chromatography on the ODS column with
a gradient of 80% to 100% methanol in water
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at a rate of change of 1%/min and a flow
rate of 1.2 ml/min; retention times 20.0 min
and 20.7 min. The two diastereomer peaks
were of equal size and had uv maxima
nearly identical to authentic dihydrodiol.
Radioactive 3,4-dihydrodiol formed from
[“C)-DBA by liver microsomes from 3-
methylcholanthrene-treated rats was di-
luted with racemic DBA 3,4-dihydrodiol,
converted to the diastereomeric bis esters
and chromatographed as above to deter-
mine enantiomeric purity radiochemically.

RESULTS

Chromatographic properties of synthetic
derivatives of DBA. The three metabol-
ically probable trans dihydrodiols of DBA
were well separated from each other, as
well as from phenols and quinones of DBA,
by HPLC on a reverse phase ODS column
(Fig. 2A). The bay-region 1,2-dihydrodiol
emerged first from the ODS column, fol-
lowed by the K-region 5,6-dihydrodiol and
finally by the 3,4-dihydrodiol. The order of
elution of these dihydrodiols is predictable
based on considerations of conformation
and polarity (32). The K-region phenols (5/
6-HODBA), the 5,6-oxide and 5,6-quinone
emerged as one peak designated as phenol
fraction-1. Ultraviolet spectra before and
after chromatography established that
DBA 5,6-oxide survived the HPLC column
intact. The DBA 1,2- and 3,4-dihydrodiols
were dehydrated with a 1:1 mixture of 6 N
HCl:methanol at room temperature for 0.5
hr to produce two phenolic products in each
case. Based on absorbance at 280 nm, about
80% of the phenol produced from the 1,2-
dihydrodiol and 40% of the phenol pro-
duced from the 3,4-dihydrodiol chromato-
graphed in phenol fraction-1 (cf. Fig. 2B).
The major dehydration product from the
3,4-dihydrodiol (60%) eluted in phenol frac-
tion-2. Mass spectra of these three major
dehydration products (M* = 294) con-
firmed that they were phenols. A minor
dehydration product (~20%) of the 1,2-di-
hydrodiol chromatographed between the
phenol-1 and -2 fractions. By analogy to
isomeric phenols of other hydrocarbons
(32), 2- and 3-HODBA might be expected
to chromatograph in the phenol-1 fraction
while 4- and possibly 1-HODBA should
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F16. 2. Chromatographic separation of DBA metabolites on HPLC

Synthetic derivatives (A) and radioactive metabolites formed by microsomes from Aroclor-pretreated rats
(B) or by the purified cytochrome P-448 system in the absence (C) and presence (D) of epoxide hydrase.
Incubation and chromatographic conditions are described in MATERIALS AND METHODS. The gradient used was
70% to 100% methanol in water at a rate of change of 1% per min.

chromatograph with the phenol-2 fraction.
DBA 7,14-quinone eluted after the parent
hydrocarbon. The low polarity of this qui-
none may partly be explained by the high
symmetry of the molecule in that both of
the quinone oxygen atoms form part of a
hindered bay region. Although no evidence
was found for the formation of the 7,14-
quinone, its close proximity to the substrate
made detection of this potential metabolite
difficult.

Effect of inducers on liver microsomal
metabolism of DBA. Results obtained from
incubations of [“C]-DBA (50 nmol/ml)
with various microsomal preparations un-
der conditions which gave constant turn-
over (nmol products/nmol hemeprotein/
min) with respect to the protein concentra-
tions used are given in Table 1. Liver mi-

crosomes from 3-methylcholanthrene-pre-
treated rats metabolized DBA at a 2.5- to
3-fold higher rate than microsomes from
untreated rats. Aroclor-pretreatment simi-
larly resulted in a 2-fold higher rate of
conversion. Phenobarbital-pretreatment
caused a significant decrease in the rate of
metabolism of DBA compared with control
microsomes when the data were expressed
per nmol cytochrome P-450. Comparison of
the rate of metabolism of DBA with that of
BA and BP by liver microsomes from con-
trol, phenobarbital-treated, or 3-methyl-
cholanthrene-treated animals shows that
DBA is metabolized at only ' to % the rate
of the other two hydrocarbons by these
enzyme preparations (Table 2).

The profile of radioactive metabolites
formed by liver microsomes from Aroclor-
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pre-treated rats is shown in Fig. 2B. Micro-
somes from phenobarbital-treated, 3-meth-
ylcholanthrene-treated and untreated rats
produced qualitatively similar metabolite
profiles. DBA 3,4-dihydrodiol was found to
be a major metabolite (24-28% of the total
metabolites) formed by all microsomal
preparations (see Table 1). The 1,2-dihy-
drodiol was formed to less than half this
extent (8-13%) by the microsomal enzyme
preparations. The amount of radioactive
metabolites which cochromatographed
with the 5,6-dihydrodiol was quite small (2-
5% of the total metabolites), with the max-
imum amount being formed by microsomes
from phenobarbital-pretreated rats. In the

NORDQVIST ET AL.

case of metabolism by microsomes from
phenobarbital-pretreated rats, fluorescence
spectroscopy confirmed that at least some
of the radioactivity which cochromato-
graphed with the 5,6-dihydrodiol was in-
deed associated with this dihydrodiol. The
(peaks a-k, Table 1 and Fig. 2B) in varying
amounts which total as much as 32% of the
overall metabolism. These are presumed to
be mainly secondary oxidative metabolites.
They are most extensively formed in incu-
bations which result in a high percent con-
version of substrate to its metabolites. The
sum of the polar peaks a-c (cf, Fig. 2B), for
example, account for 8-10% of the metab-
olites formed by microsomes from Aroclor-

TaBLE 1
Metabolites of DBA obtained with rat liver microsomes and a purified and reconstituted system containing
cytochrome P-448
Protein® Metabolites” Total con- Recovery
version
1,2-Diol 5,6-Diol 3,4-Diol Phenol-1 Phenol-2 Total un-
known
metabo-
lite
peaks”
Microsomes (control) 8.3 19 26 33 14 17 48 87
(0.04) (0.01) (0.13) (0.16) (0.07) (0.08) (0.55)
Microsomes (pheno- 11 45 28 30 11 15 44 87
barbital) (0.02) (0.01) (0.05) (0.06) (0.02) (0.03) (0.21)
Microsomes (3- 13 1.7 24 18 15 28 24.8 80
methyl-cholan- (0.15) (0.02) (0.28) (0.21) (0.18) (0.33) (1.47)
threne)
Microsomes (Aroclor) 88 1.6 25 19 14 32 16.7 82
(0.07) (0.01) (0.20) (0.15) (0.11) (0.25) (0.95)
Cytochrome P-448 + 11 1.6 17 22 8.0 40 12.2 78
epoxide hydrase® (0.54) (0.08) (0.80) (1.07) (0.38) (2.07) (6.1)
Cytochrome P-4487 1.7 1.3 49 41 23 28 10.3 73
(0.06) (0.05) (0.19) (1.55) (0.89) (1.05) (5.2)

“ The upper row of numbers represents the percent of each metabolite (as a % of total metabolites) formed,
and the lower row represents nmols of product formed per nmol of hemeprotein per min. Total conversion was
calculated from the total radioactivity above blank which emerged from the column prior to DBA. Recovery is
the percentage of radioactivity emerging before DBA in discrete metabolite peaks.

*The incubations with microsomes from control, phenobarbital- and 3-methylcholanthrene-treated rats
contained 0.5 mg protein/ml, whereas the incubation with Aroclor-induced microsomes contained 0.256 mg
protein/ml. The concentration of the cytochrome P-448 in the reconstituted system was 0.1 nmol/ml. Heme-
protein contents of the microsomal preparations are given in the MATERIALS AND METHODS.

 The incubation medium contained 42 units of epoxide hydrase.

4 Since the reconstituted monooxygenase system is free of epoxide hydrase as measured both by SDS-gel
electrophoresis and catalytic activity with several arene oxides as substrates, the radioactivity in the three
dihydrodiol regions must either arise by spontaneous hydrolysis of their arene oxide precursors or be minor
secondary oxidative metabolites which chromatograph in these regions. As yet, spontaneous hydrolysis has not
been detected for non-K-region arene oxides.

¢ This entry comprises the total of the minor metabolite peaks a-k (cf. Fig. 2B) which were formed (generally
>1% each) by all enzyme preparations. Generally peaks a and k individually accounted for 20-40% of these
minor metabolites with peaks d and i often being the next largest.
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TABLE 2
Comparison of the rate of metabolism (nmol
products/nmol hemeprotein/min) of DBA, BA, and
BP by liver microsomes from control and pretreated

rats
Substrate Microeomes % active
(50 nmol/ dihydro-
ml) Con- Pheno- 3-Methyl- diol”
trol  barbital cholan-
threne
DBA 0.5 0.2 1.5 24-28%
BA® ~2 14 7 1.5-4%
BP 14 1.1 5 5-12%

“ This entry refers to the biologically most active of
the metabolically possible dihydrodiols from each hy-
drocarbon, the DBA 3,4-, BA 3,4-, and BP 7,8-dihy-
drodiols.

® Data taken from reference 20.

“ Data taken from reference 27.

and 3-methylcholanthrene-pretreated rats
(17-25% conversion of substrate, Table 1).
The effects of extent of metabolism of
DBA by liver microsomes from 3-methyl-
cholanthrene-pretreated rats on the profile
of metabolites are shown in Fig. 3. Several
marked changes were observed when the
extent of conversion was varied from 16%
to 69% by increasing both the concentration
of protein and the incubation time (see
legend, Fig. 3). The minor metabolites a-c
(cf, Fig. 2B) increased 3.5-fold to 20% of the
total metabolites, and the phenol-1 fraction
was decreased by 70%. Notably, the phenol-
1 fraction constitutes 27% of the total me-
tabolites at low conversion of substrate, but
only 8% at high conversion. DBA 3,4-dihy-
drodiol is also a major metabolite (25%) at
low conversion, but is not significantly re-
duced at high conversion (22% of the total
metabolites). Thus, metabolites in the
phenol-1 fraction appear to be the best
substrates for further metabolism.
Metabolism of DBA 34-dihydrodiol.
Since DBA 3,4-dihydrodiol is the most mu-
tagenic (10) and tumorigenic (33) metabo-
lite known for DBA, further metabolism of
the synthetic dihydrodiol was examined
(Fig. 4). Five metabolite peaks (arrows, Fig.
4) were detected which had fluorescence
spectra that were virtually identical to that
of 4-hydroxy-H,-DBA, indicating a substi-
tuted BA chromophore (Fig. 5). Since the
pair of diastereomeric 3,4-diol-1,2-epoxides
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could form four tetraols, two triols, and a
keto diol (34-37), as many as seven such
peaks are possible. Metabolites such as phe-
nolic dihydrodiols (35, 36) could account for
some of the other products shown in Fig. 4.
The number and amounts of metabolites of
the 3,4-dihydrodiol which have the substi-
tuted BA chromophore clearly indicate that
extensive conversion to 3,4-diol-1,2-epox-
ides had occurred. When the metabolites in
peaks 1-5 (Fig. 4) were isolated and rechro-
matographed on the gradient profile used
to separate metabolites of DBA (Fig. 2),
peaks 1 and 2 chromatographed in the 1,2-
dihydrodiol region, peak 3 with peak f, peak
4 with peak g, and peak 5 with the 5,6-
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F1G. 3. Effect of extent of metabolism on the
HPLC profile of metabolites of 50 uM DBA by liver
microsomes from 3-methylcholanthrene-pretreated
rats

(A) 16% conversion on 10 min incubation with 0.25
mg protein/ml, (B) 69% conversion on 30 min incu-
bation with 1.0 mg protein/ml.
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dihydrodiol. Fluorescence spectra of DBA
metabolites ¢, d, f, and g indicated that
these peaks were largely composed of com-
pounds which exhibited a 1,2,3,4-H,-DBA
chromophore identical to that of 4-hy-
droxy-H,-DBA. These results indicate that
at least some DBA 3,4-diol-1,2-epoxide is
formed from DBA under our incubation
conditions.

For both BP and BA, the more tumori-
genic (—)-[R,R]-enantiomers of their 7,8-
and 3,4-dihydrodiols, respectively, are the
predominant enantiomers formed from the
parent hydrocarbons®. In each case, the
diester of the (—)-dihydrodiol with (—)-
a-methoxy-a-trifluorophenylacetic  acid
elutes first from ODS columns. Although
absolute stereochemistry has yet to be as-
signed to the (+)- and (—)-enantiomers of
DBA 3,4-dihydrodiol, the early eluting dia-
stereomeric bis ester was found to be four
times as radioactive as the late eluting bis
ester. Thus DBA 3,4-dihydrodiol formed
from ['“C]-DBA by liver microsomes from
3-methylcholanthrene-treated rats is about
60% optically pure.

Effects of epoxide hydrase on the metab-
olism of DBA by a highly purified cyto-
chrome P-448-containing system. The
HPLC profiles of the metabolites of ['*C]-
DBA (50 nmol/ml) obtained after incuba-
tion with purified cytochrome P-448 (0.1
nmol/ml) in the absence and presence of
epoxide hydrase are shown in Fig. 2. In the
absence of epoxide hydrase, mainly three
radioactive fractions were obtained;
phenol-1, phenol-2 and peak k (Fig. 2C,
Table 1). Analysis of phenol-1 and phenol-
2 by base-induced shifts of fluorescence
bands in neutral and basic media verified
their phenolic nature. In the presence of
epoxide hydrase (42 units) dihydrodiol
peaks appeared and the phenol fractions
became less prominent (Fig. 2D). Phenol-1
was still the major radioactive peak (Table
1) but the proportions of DBA 1,2- and 3,4-
dihydrodiol had increased substantially,
while the formation of DBA 5,6-dihydrodiol

*D. R. Thakker, W. Levin, H. Yagi, S. Turujman,
D. Kapadia, A. H. Conney, and D. M. Jerina, Absolute
stereochemistry of the trans dihydrodiols formed from
benzo[alanthracene by liver microsomes. Chem.-Biol.
Interact., in press.
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Fi1G. 4. HPLC profile of metabolites obtained from
DBA 3,4-dihydrodiol with liver microsomes from 3-
methylcholanthrene pretreated rats

For details see MATERIALS AND METHODS. The uv
peaks indicated with arrows gave fluorescence spectra
identical to 4-hydroxy-H,-DBA. A gradient of 50% to
100% methanol in water at a rate of change of 1% per
min was used. Peak 2 cochromatographs with the 1,2-
dihydrodiol and peak 5 cochromatographs with the
5,6-dihydrodiol in this system.

could not clearly be established. With epox-
ide hydrase the polar fractions a-c also
appeared.

Results from experiments with different
amounts of added epoxide hydrase (42-334
units) are illustrated in Fig. 6. The total
amount of DBA 1,2-dihydrodiol continued
to increase with increasing amounts of
epoxide hydrase, while the formation of
DBA 3,4-dihydrodiol maximized with the
addition of 42 units of epoxide hydrase. The
small amount of the DBA 5,6-dihydrodiol
fraction remained fairly constant. The
phenol-1 and -2 fractions were reduced by
53% and 60%, respectively. Phenol-2
showed a maximal decrease with the addi-
tion of 42 units of epoxide hydrase, while
further addition of this enzyme resulted in
a continued decrease of phenol-1. The con-
tinued increase in the 1,2-dihydrodiol and
decrease in the phenol-1 fraction with in-
creasing amounts of epoxide hydrase argues
that DBA 1,2-oxide isomerizes mainly to 2-
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F1G. 5. Comparison of the fluorescence emission and excitation spectra (methanol) of the least polar of the
DBA 3,4-dihydrodiol metabolites (- - -, peak 5 in Fig. 4) with that of 4-hydroxy-H,-DBA
The other four peaks indicated with arrows gave identical spectra. The uv spectra of the five metabolites

were also identical to the reference compound.

HODBA (phenol 1-fraction), and that DBA
1,2-oxide is not a particularly good sub-
strate for epoxide hydrase. The presumed
2-HODBA was the major dehydration
product of the 1,2-dihydrodiol (see MATE-
RIALS AND METHODS). Since the total
amounts of metabolites of DBA formed by
0.05 nmol/ml of cytochrome P-448 were
slightly increased by the addition of epoxide
hydrase (Fig. 6), there was some indication
that phenols may inhibit the metabolism of
DBA. Previously phenols of BA were
shown to inhibit the metabolism of BA (20).

DISCUSSION

A substantial body of evidence has now
accumulated which either implicates or in
some cases proves that bay-region diol
epoxides are ultimate carcinogenic metab-
olites of the hydrocarbons BP (38, 39), BA
(40, 41), DBA (33), 7-methyl BA (42), 7,12-
dimethyl BA (43-46), 3-methylcholan-
threne (47-50), chrysene (51), and 5-meth-
ylchrysene (52). Based on quantum me-
chanical calculations, the bay-region theory
predicted that 3,4-diol-1,2-epoxides of BA
should be chemically more reactive than
those of DBA and would presumably have
higher biological activity. Yet, DBA is more
carcinogenic than BA. Presumably, a
higher percentage of the critical 3,4-diol-
1,2-epoxides are formed from DBA than

from BA, a factor which the theory makes
no attempt to take into account. The pres-
ent study explores this possibility through
an examination of the metabolism of DBA.

As has been the case for other polycyclic
aromatic hydrocarbons, pretreatment of
animals with either 3-methylcholanthrene
or Aroclor results in a 2- to 3-fold stimula-
tion in the overall rate of metabolism of
DBA per nmol of cytochrome P-450. Pre-
treatment of rats with phenobarbital results
in a marked reduction (50%) in the rate of
metabolism (nmol product formed/nmol
cytochrome P-450/min) compared to mi-
crosomes from untreated animals. This
contrasts with much smaller decreases in
rate of metabolism of BP (27) and BA (20)
upon phenobarbital-pretreatment. The
profile of metabolites from DBA obtained
with microsomes from control or pretreated
animals consists of 36-43% dihydrodiols,
33-47% phenols, and a total of 15-32% of
several minor secondary oxidative metab-
olites (Table 1, Fig. 2). No significant
amount of 7,14-quinone could be detected.
The most unusual feature of the metabo-
lism of DBA is the substantial amount of
secondary oxidative metabolites (15-17%)
formed at very low (5%) substrate conver-
sion (Table 1). In contrast to the metabo-
lism of BP and BA where 10-40% of the
total metabolites represent K-region dihy-
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F1G. 6. Effect of epoxide hydrase on the metabolism of DBA by a purified cytochrome P-448 containing

system

DBA (50 um) was incubated for 10 min with a reconstituted system containing 0, 42, 83, 209 and 334 units of
epoxide hydrase, respectively. Metabolites were quantitated from the radioactivity associated with the corre-
sponding HPLC peaks. Total metabolism was calculated from the proportion of radioactivity above blank which

eluted before DBA from the column.

drodiols (20, 27), only trace to minor
amounts (<5% after phenobarbital-pre-
treatment) of the K-region DBA 5,6-dihy-
drodiol are formed. _

In an attempt to establish the nature and
origin of the secondary oxidative metabo-
lites, both extensive metabolism of DBA
(Fig. 3) and metabolism of the predominant
3,4-dihydrodiol (Fig. 4) were examined. At
very high percent conversion of DBA to its
metabolites, substantial depletion of phe-
nols accompanied mainly by increases in
the polar metabolites which chromato-
graph prior to the 1,2-dihydrodiol and peak
) (cf. Fig. 2B) occurred. Although the per-
centage of the 3,4-dihydrodiol was only
slightly decreased (from 25% to 22%), evi-
dence is presented in the RESULTS section
which indicates that 3,4-diol-1,2-epoxides
are formed when either the 3,4-dihydrodiol
or DBA is used as the substrate.

Examination of the metabolism of DBA
by a highly purified and reconstituted sys-
tem containing cytochrome P-448 in the
presence of epoxide hydrase indicated a
50% increase in the total unknown minor
metabolites formed, compared to incuba-
tions in the absence of epoxide hydrase
(Fig. 2C and 2D). These results suggest that
dihydrodiols are precursors for a significant
portion of these unidentified minor metab-

olites. Since 5% of the metabolites, in the
absence of epoxide hydrase (Table 1),
emerge in the region of the 3,4-dihydrodiol,
the amount of this metabolite from micro-
somes may be slightly overestimated due to
contamination by this material. As was the
case for the metabolism of BP (27), addition
of very large amounts of epoxide hydrase to
the reconstituted system failed to com-
pletely deplete the phenol fractions (Fig. 6).
Since the amount of 3,4-dihydrodiol re-
mained constant from low to very high
epoxide hydrase levels, the 3,4-oxide ap-
pears to be a good substrate for epoxide
hydrase. The 1,2-oxide appears to be a rel-
atively poor substrate since the amount of
1,2-dihydrodiol continued to increase and
actually exceeded the 3,4-dihydrodiol with
large amounts of added epoxide hydrase.
DBA 5,6-oxide is at best only a very trace
metabolite in this system. Although this
arene oxide is a poor substrate for epoxide
hydrase (53, 54), as much as 40 nmol of 5,6-
dihydrodiol/10 min could have been pro-
duced (53) compared to the 0.6 nmol found
(Fig. 6) with the 220 units of enzyme used.

The specific activity of both control and
induced microsomes is several fold lower
toward DBA compared with BA and BP
(Table 2). This does not necessarily argue
for lower carcinogenicity of DBA, since
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most of the administered hydrocarbon is
probably metabolized at the low doses used
in tumor experiments. The high regio-
specificity of the cytochrome P-450 system
at the 3,4-position of DBA and the good
activity of epoxide hydrase toward the 3,4-
oxide combine to produce from 6 to 20
times more of the critical 3,4-dihydrodiol
with the bay-region 1,2-double bond than is
produced from the very weak carcinogen
BA. For the potent carcinogens BP (36)
and DBA (present study), evidence for the
formation of bay-region diol epoxides is
present in metabolism profiles at high con-
version of substrate which would normally
occur in vivo. Such bay-region diol epoxide
metabolites of BA could not be detected
(20, 55) due to the very low level of BA 3,4-
dihydrodiol formed from BA at high con-
version. Taken together, these metabolism
studies amply explain why DBA is much
more tumorigenic than BA despite the pre-
diction (6-9) that the 3,4-diol-1,2-epoxides
of BA would be somewhat more reactive
than those of DBA.
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