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FIG. 2. Chromatographic separation ofDBA 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 mm.
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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 ofDBA. Results obtained from
incubations of [‘4C]-DBA (50 nmol/ml)
with various microsomal preparations un-
der conditions which gave constant turn-
over (nmol products/nmol hemeprotein/
mm) with respect to the protein concentra-
tions used are given in Table 1. Liven mi-

crosomes from 3-methylcholanthrene-pre-
treated rats metabolized DBA at a 2.5- to
3-fold higher rate than microsomes from
untreated rats. Anoclon-pretneatment simi-
larly resulted in a 2-fold higher rate of
conversion. Phenobarbital-pretneatment
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-
cholanthnene-treated animals shows that

DBA is metabolized at only � to I/� the rate
of the other two hydrocarbons by these
enzyme preparations (Table 2).

The profile of radioactive metabolites
formed by liver microsomes from Aroclon-
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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 i,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

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 u’ith rat liver microsomes and a purified and reconstituted system containing

cytochrome P.448

Protein6
�---

Metabolites’ Total con-
version

Recovery

1,2-Diol 5,6-Diol 3,4-Diol Phenol-I Phenol-2 Total un-
known

metabo-
lite

peaks’

Microsomes (control) 8.3

(0.04)

1.9

(0.01)

26 33

(0.13) (0.16)

14

(0.07)

17

(0.08)

4.8

(0.55)

87

Microsomes (pheno- 1 1 4.5 28 30 1 1 15 4.4 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) 8.8

(0.07)

1.6

(0.01)

25 19

(0.20) (0.15)

14

(0.11)

32

(0.25)

16.7

(0.95)

82

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-448” 1.7 1.3 4.9 41 23 28 10.3 73

(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 mm. 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.

S The incubations with microsomes from control, phenobarbital- and 3-methylcholanthrene-treated rats

contained 0.5 mg protein/mI, whereas the incubation with Aroclor-induced microsomes contained 0.25 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.

‘I Since the reconstituted monooxygenase system is free of epoxide hydrase as measured both by S1)S-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

>1c� 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) ofDBA, BA, and

BP by liver microsomes from control and pretreated

rats

Substrate
(50 nmol/

ml)

Microsomes % active
dihydro-

diol#{176}Con-
trol

Pheno-
barbital

3-Methyl-
cholan-
threne

DBA 0.5 0.2 1.5 24-28�

BA6 -2 1.4 7 1.5-4%�

BP’ 1.4 1.1 5 5-12%

a 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.

6 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-i 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 3,4-dihydrodiol.

Since DBA 3,4-dihydrodiol is the most mu-
tagenic (10) and tumonigenic (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-H4-DBA, indicating a substi-
tuted BA chromophore (Fig. 5). Since the
pair of diastereomeric 3,4-diol-i,2-epoxides

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-

FIG. 3. Effect of extent of metabolism on the

HPLC profile of metabolites of 50 iM DBA by liver

microsomes from 3-met hylcholant hrene-pretreated

rats

(A) 16% conversion on 10 mm incubation with 0.25

mg protein/mi, (B) 69% conversion on 30 mm incu-

bation with 1.0 mg protein/ml.
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dihydrodiol. Fluorescence spectra of DBA
metabolites c, d, f, and g indicated that

these peaks were largely composed of com-

pounds which exhibited a i,2,3,4-H4-DBA
chromophore identical to that of 4-hy-
droxy-H4-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 tumoni-
genic (-)-[R,R]-enantiomers of their 7,8-
and 3,4-dihydrodiols, respectively, are the
predominant enantiomers formed from the
parent hydrocarbonst. In each case, the

diester of the (-)-dihydrodiol with (-)-

a - methoxy - a - tnifluorophenylacetic 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-
stereomenic bis ester was found to be four
times as radioactive as the late eluting bis
ester. Thus DBA 3,4-dihydrodiol formed
from [1’tC]-DBA by liver microsomes from
3-methylcholanthrene-tneated rats is about
60% optically pure.

Effects ofepoxide hydrase on the metab-

olism of DBA by a highly purified cyto-

chrome P.448-containing system. The
HPLC profiles of the metabolites of [“tC]-
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-i, phenol-2 and peak k (Fig. 2C,

Table 1). Analysis of phenol- i 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-i
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

� I). ft Thakker, W. Levin, H. Yagi, S. Turujman,

1). Kapadia, A. H. Conney, and I). M. Jerina, Absolute

stereochemistry of the trans dihydrodiols formed from

benzo[alanthracene by liver microsomes. Chem. -Biol.

Interact. , in press.

TIME (minutes)

FIG. 4. HPLCprofile ofmetabolites obtained from

DBA 3,4.dihydrodiol with liver microsomes from 3-

methyicholanthrene 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

mm 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 i,2-dihydrodiol continued
to increase with increasing amounts of
epoxide hydrase, while the formation of
DBA 3,4-dihydrodiol maximized with the

addition of42 units ofepoxide 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-i. The con-
tinued increase in the i,2-dihydrodiol and
decrease in the phenol- 1 fraction with in-
creasing amounts of epoxide hydrase argues
that DBA 1,2-oxide isomenizes mainly to 2-
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FIG. 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 metaholites

were also identical to the reference compound.

HODBA (phenol i-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-i,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-
i,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 pen nmol of cytochrome P-450. Pre-
treatment of rats with phenobarbital results
in a marked reduction (50%) in the rate of
metabolism (nmol product fonmed/nmol
cytochrome P-450/min) compared to mi-
cnosomes 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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FIG. 6. Effect of epoxide hydrase on the metabolism of DBA by a purified cytochrome P.448 containing

system

DBA (50 RM) was incubated for 10 mm 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 ofthe 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
j (cf Fig. 2B) occurred. Although the pen-

centage of the 3,4-dihydnodiol was only
slightly decreased (from 25% to 22%), evi-
dence is presented in the RESULTS section

which indicates that 3,4-diol-i,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/lO mm 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 negio-
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-i,2-epoxides
of BA would be somewhat more reactive
than those of DBA.
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SUMMARY

BUCKER, M., M. GOLAN, H. U. SCHMASSMANN, H. R. GLATT, P. STASIECKI AND F.
OESCH. The epoxide hydratase inducer trans-stilbene oxide shifts the metabolic
epoxidation of benzo(a)pyrene from the bay- to the K-region and reduces its muta-
genicity. Mol. Pharmacol. 16: 656-666 (1979).

Trans-stilbene oxide is a potent inducer of epoxide hydratase in rat liver which does not
significantly alter cytochrome P-450 content or the specific activities of aminopynine N-
demethylase and benzo(a)pyrene monooxygenase measured by tritium release or fluores-

cence of phenols. Although three of these monooxygenase parameters are directly related
to the metabolism of benzo(a)pyrene, we now report the surprising observation that the
pattern of benzo(a)pyrene metabolites is substantially altered by trans-stilbene oxide
treatment. The formation of metabolites oxidized at the 7,8,9,iO-benzo ring was decreased
by a factor of 3 whereas the formation of 4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene was

increased 6-fold. The ratio between 7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene (dihydro-
diol bay region epoxide precursor) and 4,5-dihydroxy-4,5-dihydrobenzo(a)pyrene was
decreased more than 20-fold. We also found that ethoxycoumarin 0-deethylase activity
was increased 2.5-fold and preferentially inhibited by metyrapone. These marked effects

on monooxygenase activities severely limit the selectivity of trans-stilbene oxide as
epoxide hydratase inducer. The mutagenicity with his Salmonella typhimurium was up

to 10 times lower when benzo(a)pyrene was activated by microsomes or postmitochondrial
fraction from trans-stilbene oxide-treated as compared to control animals. Two factors
contribute to this protection: ( 1) A decreased formation of mutagenic dihydrodiol epoxides
at the 7,8,9,10-benzo ring due to the shift of the metabolism to the 4,5-position, (2) a more
efficient inactivation of the mutagenic benzo(a)pyrene 4,5-oxide due to the induction of
epoxide hydratase. Thus trans-stilbene oxide causes two effects in the rat liver, which can
synergistically reduce the harmful effects of benzo(a)pyrene. This study shows that
benzo(a)pyrene metabolite patterns and consequent biological effects can be substantially
altered without any significant change in the fluorescence intensity of the alkali extract-
able metabolites, the so called AHH (aryl hydrocarbon hydroxylase) activity.
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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-i,2-epoxides
of BA would be somewhat more reactive
than those of DBA.
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INTRODUCTION

Epoxide hydratase (epoxide hydrase) is

a key enzyme in the inactivation of many

monofunctional epoxides (1, 2). However,
with some angular polycyclic aromatic hy-

drocarbons it catalyses the production of
the precursors ofhighly mutagenic dihydro-
diol epoxides (3-8). Moreover, it has been

identified as the neoplastic antigen present
in large amounts in preneoplastic liver nod-

� ules of acetylaminofluorene-treated rats

(9). To establish the in vivo role of this
enzyme, animals different in epoxide hydra-
tase activity and equal in other respects
would be ideal. We therefore set out to

develop selective epoxide hydratase in-
ducers which do not affect functionally re-
lated enzymes. Monooxygenases especially,
which produce the substrates for epoxide

hydratase, should not be affected. A prob-
lem is that monooxygenases are easily in-
duced by many different chemicals (10, 11).

In spite of this difficulty, we found that
TSO3 induced epoxide hydratase in rat liver

up to 3-fold without significantly altering
any of the following monooxygenase pa-
rameters (12): cytochrome P-450 content

and CO-difference spectrum, benzo(a)-
pyrene monooxygenase determined by trit-
ium release on fluorescence of the phenolic
fraction and aminopynine N-demethylase.
These monooxygenase activities were cho-
sen since they are often induced differently
and therefore are under different control.

Since, in addition, monooxygenases possess
broad and overlapping substrate specifici-
ties it could be expected from these results
that many, if not all, monooxygenase activ-
ities are unaffected by the treatment with

TSO. However, several different cyto-
chrome P-450 forms are known. Nebert
even postulates the existence of a poten-
tially infinite number of different cyto-
chrome P-450’s (summarized in reference
13). Thus, unchanged monooxygenase ac-
tivity with only a few substrates does not
prove unchanged activity with others.

Indeed, in this study, we have to report
that at least two monooxygenase parame-

.) The abbreviations used are TSO, trans-stilbene

a,$-oxide; HPLC, high performance liquid chromatog-

raphy.

tens are affected by TSO: (a) 0-Deethyla-

tion of ethoxycoumarmn is increased, and

(b) most interestingly, we observed a strong

shift of the site at which benzo(a)pyrene is
oxidized, although the total production of
metabolites was not significantly changed.
We show in this study that this qualitative

alteration in the metabolism of benzo(a)-
pyrene has strong biological consequences.
This is demonstrated by the activation of

benzo(a)pyrene in vitro to mutagens for
Salmonella typhimurium.

MATERIALS AND METHODS

Chemicals. 7-Hydroxycoumanin (Merck-
Schuchardt, Hohenbrunn, Germany) as so-

dium salt was alkylated with ethyl iodide in

absolute ethanol at 80#{176}for 8 hours. The
ethanol was removed by distillation and the
unreacted starting material by extraction
with 5% sodium carbonate solution. After

two recrystallizations, 7-ethoxycoumarin
was obtained as white crystals with a melt-

ing point of 91#{176}.
Trans-stilbene oxide was obtained from

EGA-Chemie, Steinheim, Germany. It was
purified by charcoal treatment and recrys-
tallization from ether until it was pure ac-
cording to NMR-spectroscopy, melting
point and thin layer chromatography on
silica gel with ether or chloroform-petro-
leum ether (1:1).

[7-tHjstyrene oxide was prepared as de-
scribed previously (14). [‘4C]-Benzo(a)-

pyrene was purchased from Radiochemical

Centre, Amersham, England, Rotiszint 22
from Karl Roth AG, Karisruhe, Germany.

Animals. Adult male Sprague Dawley
rats, weighing 210-230 g, were obtained
from Versuchstien-Zuchtanstalt WIGA

Sulzfeld, Germany. Tnans-stilbene oxide-
treated animals received intrapenitoneal in-
jections of 2 mmole per kg body weight
trans-stilbene oxide (dissolved in 0.5 ml
sunflower oil) on three consecutive days.
Control animals received three times 0.5 ml
sunflower oil at 24 hr intervals. Animals

were sacrificed by cervical dislocation 24 hr
after the last injection.

Tissue preparations. 9000 g supernatant
and microsomes were prepared as described
previously ( 15). Protein concentrations
were determined by the method of Lowry
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et al. (16) using bovine serum albumin as
standard. The following parameters were
all determined using aliquots of the same

preparations: monooxygenase and epoxide
hydratase activities, benzo(a)pyrene me-

tabolite profile and mutagenicity. Subcel-
lular fractions from six trans-stilbene oxide-

treated and from four control animals were
prepared, preparations of two animals
being pooled. To avoid any influence of

storage they were used on the day of prep-
aration.

Enzyme assays. Monooxygenase activity
with 7-ethoxycoumanin as substrate was de-

termined by fluorescence spectrophotome-
try according to Ullrich and Weber (17)
using three diagnostic inhibitors as a crude
measure for different monooxygenase forms
(18). Epoxide hydratase activity was deter-
mined with styrene oxide as substrate using

the radiometnic extraction assay (14) but
without Tween 80.

Study of the benzo(a)pyrene metabolite

pattern by HPLC. Benzo(a)pyrene and mi-
crosomes were incubated under the follow-
ing conditions: the incubation mixture (2
ml) consisted of 50 mM K phosphate buffer

pH 7.4, 5 mM MgCl2, 0.62 m�i NADPH, 0.36
mM NADH, 8 mM glucose 6-phosphate, 0.5
Kornberg units of glucose 6-phosphate de-
hydrogenase, 1 mg bovine serum albumin

and 1.8-2.2 mg microsomal protein. The
incubation was started by addition of 0.19
imole [‘4C]-labelled benzo(a)pyrene (3.75

mCi/mmole) dissolved in 50 � ethanol.
After a 20 mm incubation at 37#{176}in the
dark, the reaction was stopped by addition
of 6 ml chilled acetone/ethylacetate (1:2 v/
v) and extraction for 10 mm, which was

followed by a second extraction. The or-
ganic layers of five parallel incubations
were pooled, dried with anhydrous MgSO4
and evaporated to dryness under an argon
stream. The products were dissolved in 100
Ii! ethanol and stored at -70#{176} prior to
HPLC analysis. This analysis was carried
out on a Spectra Physics SP 3500 B high
performance liquid chromatograph fitted
with a Sphenisorb ODS 10 z column. The
column was maintained at 30#{176}.The column
was eluted with a linear gradient of aceto-
nitnile and water with 20 to 60% acetonitnile

and a constant flow of 0.8 mi/mm. A 10 jil

sample was injected into the chromato-

graph. The elution pattern was monitored
by absorption at 280 nm. The eluate was
collected in 20 sec fractions and its radio-

activity was determined by scintillation
spectrophotometry with Rotiszint 22 as
scintillation liquid.

Mutagenicity tests. The mutagenicity ex-
peniments were performed as described by
Ames et al. (19) with minor modifications.

The histidine-dependent Salmonella typhi-

murium strains TA 1537, TA 100 and TA
98 were grown overnight in nutrient broth

(8 g Bacto Nutrient Broth (Difco) and 5 g
NaCl per liter medium).

The activating system for the mutagen-
icity experiment was prepared by mixing

one volume 9000 g supernatant (30 mg pro-
tein/ml) or microsomal fraction (10 mg pro-
tein/ml) of the liver homogenate with one
volume 24 m�i MgCl2-100 mM KC1 and one
volume NADPH generating system (12 nmi

NADP, 15 mi�i glucose 6-phosphate, 6 units
glucose 6-phosphate dehydrogenase per ml,
150 mM Na phosphate pH 7.4). Benzo-
(a)pyrene (dissolved in 10 .d dimethylsuif-
oxide), 500 jzl activating system, 100 jzl bac-

terial overnight culture (1-2 x 10N bacteria!
ml) and 2000 �il histidine-poor soft agar
(0.55% agar, 0.55% NaCI, 50 �LM histidine, 50

�tM biotin, 25 nmi Na phosphate, pH 7.4,
45#{176})were mixed in a test tube and poured

onto a petni dish with minimal agar (1.5%
agar, Vogel-Bonner E medium (20) with 2%

glucose). After incubation for two days in
the dark at 37#{176},colonies (his� revertants)
were counted.

RESULTS

Effect of TSO treatment on epoxide hy-
dratase and monooxygenase activities.
TSO treatment of the rats increased epox-
ide hydratase activity in liver microsomes
threefold (Table 1), which corresponds to

previously reported values (12). Although
in a previous study (12) it was found that
TSO did not significantly alter four mono-

oxygenase parameters, we now observed
that another monooxygenase activity, 0-
deethylation of ethoxycoumarin is mark-
edly increased (Table 1). In liver micro-
somes of TSO-treated animals this activity
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TABLE 1

Effect of trans-stilbene oxide administration on

epoxide hydratase and ethoxycoumarin 0-

deethylase activity in rat liver microsomes

Male Sprague Dawley rats (210-230 g) received

intraperitoneal injections of trans-stilbene oxide (2

mmoles per kg body weight, dissolved in 0.5 ml sun-

flower oil) or sunflower oil only 72, 48 and 24 hr before

sacrifice. Epoxide hydratase activity was determined

with styrene oxide as substrate ( 14) without Tween 80

and ethoxycoumarin 0-deethylase according to Ull-

rich and Weber (17). The values represent means ±

SD from 3 experiments with trans-stilbene oxide-

treated and from 2 experiments with control animals.

For each experiment organs from two animals were

pooled.

Treatment Epoxide hy
tase

nmoles sty-
rene gly-
col/min/

mg protein

dra-

% of
con-
trol

Ethoxycoumarmn
0-Deethylase

pmoles 7- % of
OH-cou- con�

mann/mini trol
mg protein

Sunflower oil

only 8.9 ± 0.8 100 790 ± 120 100

Trans-stil-

bene oxide 27.4 ± 2.1’ 309 1980 ± 240” 250

(I Data differ significantly from controls (p < 0.005).

was 2.5-fold higher than in microsomes of

control animals.
It is known that ethoxycoumarin can be

deethylated by several forms of monooxy-

genase. The phenobarbital-induced enzyme
activity is preferentially inhibited by me-

tyrapone, the 3-methylcholanthrene-in-
duced activity by a-naphthoflavone and the
ethanol-induced activity by tetrahydro-
furan (18). We therefore used these diag-
nostic inhibitors for characterization of the
TSO-induced ethoxycoumarmn 0-deethy-
lase activity. Figure 1 shows that the in-
duced enzyme is not significantly inhibited
by a-naphthoflavone. If the activity of con-
trol microsomes is subtracted from the ac-
tivity of TSO-induced microsomes the in-
hibition by 10_3 M tetrahydrofuran was only
7% whereas the control enzyme activity was
inhibited by 44%. The converse was found
with metyrapone which inhibited the con-

trol enzyme only slightly. A concentration
of i05 M inhibited it by 24%. At this con-
centration, microsomes from TSO-treated

animals showed exactly the same specific
enzyme activity as control microsomes.

This indicates that the newly formed en-
zyme was completely inhibited. Thus, the
induced monooxygenase resembles more
that inducible by phenobarbital than by 3-
methylcholanthrene or ethanol. However it
should be noted that phenobarbital, in con-
trast to TSO, also markedly induces cyto-
chrome P-450 and cytochrome c reductase,
aminopyrine N-demethylase and benzo-
(a)pyrene monooxygenase activity deter-
mined by tnitium release or fluorescence of

the phenolic fraction.
Effect of TSO treatment on the pattern

of benzo(a)pyrene metabolites. To investi-
gate the effect of the induction of epoxide
hydratase and alteration of the monooxy-
genases by TSO pretreatment on the pat-

tern of benzo(a)pyrene metabolites, we in-
cubated [‘4C]-benzo(a)pyrene with control

and with TSO-induced rat liven microsomes
and separated the metabolites by HPLC
(Fig. 2). Standard compounds and two dif-
ferent elution systems were used to char-
actenize the metabolites. The results pre-
sented in Fig. 2 and in Table 2 are derived
from a separation using an acetonitrile-wa-
ter gradient. Quantitatively similar results
were obtained using a methanol-water gra-

dient with the exception that the 4,5-epox-
ide peak was separated from the 3,6-qui-
none peak when the acetonitnile-water but

not when the methanol-water gradient was
used. Furthermore it was confirmed that
metabolites which were (from their mobil-
ities) tentatively identified as dihydrodiols
disappeared or were markedly reduced in
parallel incubations where the epoxide hy-
dratase inhibitor 1,1,1-trichloropropene 2,3-
oxide (21) was present (cf. Fig. 2). By these
means all of the major metabolite peaks
could be characterized. Using [‘4C]-labelled
benzo(a)pyrene as substrate these peaks
were quantitated. As seen from Table 2, the
total of the metabolites was not signifi-
cantly increased after TSO-treatment of
the rats. However a most remarkable shift
of the metabolism was observed. The quan-
tity of metabolites which were oxidized at

the benzo ring (7,8-dihydroxy-7,8-dihydro-
benzo(a)pyrene, 9, 10-dihydroxy-9,10-dihy-
drobenzo(a)pyrene, 9-hydroxybenzo(a)py-

rene) was greatly decreased, and far more
K-region metabolites (4 , 5 - dihydroxy- 4,5-




