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SUMMARY

TUNEK, ANDERS, PLATT, KARL, BENTLEY, PHILIP & OESCH, FRANZ (1978) Micro-
somal metabolism of benzene to species irreversibly binding to microsomal protein
and effects of modifications of this metabolism. Mol. Pharmacol., 14, 920-929.

It has been shown that when [‘4C]benzene is incubated with rat liver microsomes in the
presence of a NADPH-generating system, metabolites which irreversibly bind to bio-
macromolecules are formed. This binding occurs mainly to microsomal protein rather

than ribonucleic acids. The addition of 2 mM reduced glutathione or cysteine to the
incubation mixture prevented 90-95% of the binding but had only a small effect on the
formation of phenol, the main metabolite of benzene and rearrangement product of the

putative reactive intermediate benzene oxide. The rate of phenol formation was approx-
imately the same when fully deuterated benzene and normal benzene were used as

substrates. This is compatible with phenol formation via benzene oxide and not possible
if the C-H cleaving of a direct insertion reaction were the rate-limiting step. The decrease
in binding in presence of reduced glutathione was accompanied by a corresponding
increase in the amount of water soluble metabolites. In contrast to the situation with
metabolically activated benzene, the putative reactive metabolite benzene oxide led to
negligible binding and reduced glutathione had no effect on the formation of water soluble
metabolites, i.e., the spontaneous conjugation of benzene oxide and reduced glutathione
was practically zero at the physiological pH of the experiments. However, when [3H]-
phenol was incubated with rat liver microsomes and a NADPH-generating system, effects
similar to those with benzene were observed in that marked irreversible binding occurred

and this binding was prevented by reduced glutathione. The extent of binding was much
greater when using phenol. These results are compatible with the assumption that an
immediate metabolite of phenol rather than of benzene is responsible for the binding.
This assumption is supported by the fact that addition of uridine-diphosphate-glucuronic
acid to incubations with [‘4C]benzene decreased the amount of both phenol and the
irreversibly bound metabolites. Metabolism of benzene to 1,2-dihydro-1,2-dihydroxyben-
zene was observable, but only when pure epoxide hydratase was added in amounts greatly
exceeding those already present in the microsomes. Increased formation of this diol upon
addition of homogeneous epoxide hydratase is unequivocal proof for the metabolic
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formation of benzene oxide, which has so far eluded isolation. The observations (i) prove
that reactive metabolite(s) which irreversibly bind to microsomal protein are formed
during microsomal metabolism of benzene and that this binding is prevented by low
molecular weight nucleophiles such as glutathione or cysteine; (ii) exclude benzene oxide
as the metabolite predominantly responsible for this binding; and (iii) strongly indicate
that a secondary metabolite of benzene, namely a metabolite of phenol, is mainly
responsible for this binding.

INTRODUCTION

Benzene is one of the most widely dis-
tributed environmental pollutants, mainly
because it is a constituent of most motor
fuels. For many decades, it has been known

that chronic exposure to benzene may lead
to bone marrow damage. The current con-

cepts of benzene toxicology and metabolism
have recently been thoroughly reviewed
(1).

It has been shown that benzene is oxi-
dized by a microsomal cytochrome P-450-
dependent monooxygenase (2). The princi-

pal metabolite is phenol, which is excreted
via the urine either in the free form or as
sulfate and/or glucuronic acid conjugates
(3, 4). In vivo a number of other metabolites
have been detected in small quantities: CO2,
hydroquinone, catechol, hydroxyhydroqui-

none, trans-trans-muconic acid, L-phenyl

mercapturic acid (3, 5) and benzene dihy-
drodiol2 (6). In experiments with isolated
microsomes, only phenol (2, 7) and to a
small extent benzyl alcohol (8) have been
reported as metabolites of benzene.

Some evidence exists to support the idea
that a metabolite of benzene is responsible

for the adverse effects of benzene on bone
marrow (9). Polycycic aromatic hydrocar-
bons have been shown to be metabolically

oxidized via epoxides, and epoxides are be-
lieved to be the ultimate toxic and carci-
nogemc derivatives of these compounds
(10-14). In analogy, benzene oxide has been

suspected to be the ultimate toxic agent of
benzene. This concept was supported by
the finding that in vitro metabolism of ben-
zene oxide gave the same main groups of
metabolites as the in vivo metabolism of
benzene (15). If benzene were metabolized

2 Abbreviations used are: benzene dihydrodiol,

trans-1,2-dihydro-1,2-dihydroxy benzene; GSH, re-

duced glutathione; TCA, trichioroacetic acid;

UDPGA, uridine-diphosphate-glucuronic acid.

via an electrophiic intermediate, e. g., an
epoxide, it would be expected to bind co-
valently to nucleophiic centers in bio-
macromolecules. Protection against this

binding by competing nucleophiles such as
GSH2 would be expected. If so, it would
also be expected that changes in the con-
centration of GSH would lead to changes
in the pattern of benzene metabolites. Re-
action of GSH with a number of electro-
philic agents (16) has been reported. Of
special interest is that it has been shown to
react with benzene oxide enzymaticaily and
also to a certain extent spontaneously (15).
However, attempts to prove metabolism of
benzene to benzene oxide using radiotracer
trapping technique were unsuccessful (15).

In this study we have investigated the

possibility that benzene metabolites be-
come irreversibly bound to microsomal
macromolecules during metabolism of ben-

zene by rat liver microsomes and the influ-
ence of modulators of metabolism on the
distribution of benzene metabolites be-

tween irreversibly bound, water soluble and
ethyl acetate-soluble metabolites. Our find-

ings show that benzene metabolites do bind
irreversibly to microsomal proteins during
incubation in the presence of a NADPH-

generating system, exclude benzene oxide
as the metabolite predominantly responsi-
ble for this binding and indicate that the
metabolite that causes the main portion of
the binding is a secondary metabolite of
benzene, namely a metabolite of phenol.

MATERIALS AND METHODS

Compounds. All chemicals, obtained
from commercial sources, were of analytical
grade. [‘4C]Benzene from the Radiochemi-
cal Centre, Amersham, had a specific activ-
ity of 107 mCi/mmol, and was >99% radi-
ochemically pure. The standards needed for
the recovery study were obtained from ben-

zene oxide-[3,6-3H] which was synthesized
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as described (17) and had a specific radio-
activity of 0.08 mCi/mmol..

[3H]phenol was prepared by adding
about 2 x 106 dpm [3H]benzene oxide dis-
solved in 25 �tl acetonitrile, to 1 ml 5 M
HC1. After two extractions with 4 ml ethyl

acetate, the pooled organic phases were
dried over Na2SO4 and evaporated. The
residue was dissolved in 200 �tl ethyl acetate
and applied as a band to a thin layer plate
which was developed in system 1 (see be-
low) together with unlabeled commercial
phenol as a reference. The phenol band was

scraped off and eluted with ethyl acetate.
After filtration and evaporation the remain-

der was dissolved in acetone to give 1.44 x

i#{248}�dpm/1O �d. The identity of the [3H]-
phenol was confirmed by thin layer chro-
matography in system 2 and 3 (see below)
and the purity was found to be >99%.

[3HJbenzene dihydrodiol was prepared by
incubating overnight at 5#{176}C approximately
6 x 106 dpm [3H]benzene oxide with rat
liver microsomes (3 mg protein) in 2 ml 0.5
M tris buffer pH 9.0 containing 1.25% ace-

tonitrile. After incubation the [3H]benzene
dihydrodiol was isolated by thin layer chro-
matography as described above for [3H]-
phenol but using ethyl acetate as solvent.

Unlabeled benzene dihydrodiol used as ref-
erence was synthesized as described (18).

The product was dissolved in acetone to
give 27,000 dpm/10 �tl. The identity of the
diol was confirmed by thin layer chroma-
tography in system 3 (see below) and the
purity was found to be >97%.

Thin layer chromatography. Thin layer
chromatography was carried out on pre-
coated glass plates, silica gel, 60 F-254,
Merck. The plates were developed with

benzene:chloroform:ethyl acetate (1:1:1)
(system 1), ethyl acetate (system 2) or ben-

zene:dioxane:acetic acid (19:5:1) (system 3).

Phenol had R� values of 0.48, 0.65, and 0.60,
respectively and benzene-dihydrodiol 0,
0.27 and 0.21, respectively, in the three
systems.

Preparation of microsomes. Male
Sprague-Dawley rats, weighing about 250

g, were killed by decapitation. The livers
were removed, washed in ice cold 50 mM
tris buffer, pH 7.5, containing 0.25 M su-

crose and homogenized in a Potter-El-
vehjem homogenizer in four volumes of the

same buffer. This homogenate was centri-
fuged for 10 mm at 10,000 g, and the super-

natant fraction centrifuged for 60 mm at
105,000 g. These pellets were suspended in
0. 15 M KC1, 4 ml/g liver wet weight, and

centrifuged for 30 mm at 105,000 g. The
pellets were then suspended in 50 mM tris
buffer, pH 7.5 containing 0.25 M sucrose, to
yield a protein concentration of 15 mg/mi,
estimated using the method of Lowry et al.
(19) with bovine serum albumin as stan-
dard.

Incubations. The standard incubations
contained: 1.5 ml of buffer A (100 mM tris

pH 7.5, 10 mM MgCl2 and 10 �tM MnCl2),
a NADPH-generating system (3 mg glu-

cose-6-phosphate, 2 mg NADP and 4 �tg
(0.56 U) glucose-6-phosphate dehydrogen-
ase (Boehringer, Mannheim)) and 0.2 ml
microsomal suspension (3 mg protein) in a
total volume of 3 ml. The substrates, 21.5
nmoles [‘4C]benzene, 812 nmoles [3H]-
phenol or 14.1 .tmoles [3H]benzene oxide
were added dissolved in 10 � acetone. In-
cubations were started by adding the sub-

strate to incubation mixtures which had
been preincubated for 2 mm. All incuba-
tions were performed at 37#{176}Cin stoppered
glass tubes. Incubation time was 1 hr, unless
otherwise stated.

In two series of experiments the standard

incubations were modified: When epoxide
hydratase, purified as described (20), was
added to the incuti�tion mixtures, these
were reduced to one sixth the volume de-
scribed above in order to reduce the amount
of enzyme needed. The epoxide hydratase
was added in 100 jd of buffer A diluted with
one volume of water. One hundred micro-
liters of enzyme-free diluted buffer A was

added to the controls. Substrate [‘4CJben-
zene (4.0 nmoles) was added in 2 �l acetone.
After stopping the incubations as described
below, 0.2 ml heat-denatured microsomal
suspension and 2.0 ml buffer A diluted with

one volume of water was added in order to
reduce the relative loss of protein during
the wash and extraction procedure de-
scribed below.

The second modification of the incuba-
tion mixtures was in the determination of

isotope effect on the phenol formation,
where the amounts and volumes of the

standard incubations were doubled and the
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incubation time was reduced to 30 mm. One
�.tl of normal or of fully deuteriated benzene
dissolved in 9 � acetone was added as sub-
strate. Thus the substrate concentration in
this experiment was 2.0 mM.

Separation of metabolites into different
groups. The incubations were stopped by
addition of 5 ml ethyl acetate and shaking

on a rotoshake (K#{252}hner AG, Basel) for 5

mm at 40 rpm. The samples were then

centrifuged at 1800 g for 10 mm, and the
organic phases transferred to other tubes.
The ethyl acetate extraction was repeated
twice more and the organic phases from
each sample were combined and treated as
described below. Three ml ethanol were

� added to the water phases to precipitate
the proteins and the samples were vigor-
ously shaken and centrifuged for 15 mm at
1800 g. One ml of the resulting supernatant

fraction was then added to 10 ml Unisolve
(Koch-Light Laboratories, Colnbrooks
Bucks, England) followed by determination
of radioactivity by scintillation spectrome-
try. This fraction is termed water-soluble
metabolites.

The remainder of the water-ethanol su-
pernatant fraction was decanted off, and
the precipitated microsomal pellets were
washed with 5 ml acetone/hexane (25:10)
and 5 in! methanol, by shaking on a Vortex
shaker with a stainless-steel spatula in-

serted in the tube to facilitate mixing as
described by Jollow et al. (21). The pellets
were then dissolved in 2 ml 1 M NaOH at

80#{176}Cfor 30 mm. After neutralization with
2 ml 1 M HC1, an aliquot of 1 ml was added
to 10 ml Unisolve and the radioactivity
estimated by scintifiation spectrometry.

This fraction is called irreversibly bound
metabolites.

The irreversibly bound nature of these
metabolites was checked by further wash-

ing the pellets with hexane, chloroform,
ethyl ether, acetone, ethanol, methanol and
10% TCA2. Our method of preparing h-re-
versibly bound metabolites was also com-

pared with that described by Jollow et al.

(21).
The ethyl acetate phases were evapo-

rated to dryness on a rotation evaporator.
This process was carefully observed and
stopped as soon as all the solvent had evap-
orated. The remainder was dissolved in 1

nil ethyl acetate. An aliquot of 200 jzl was
then applied as a band on thin layer chro-

matography plates using unlabeled phenol
and/or benzene dihydrodiol as reference.
The plates were developed in one of the
three solvent systems described above, and
in each experiment the identity of the me-
tabolites in one incubation mixture was
confirmed by using also the other two sys-

tems. The phenol and benzene-dihydrodiol
bands were scraped off and the silica gel
added to 6 ml 0.6% Butyl-PBD (Koch Light

Laboratories, Colnbrooks Bucks, England)
and counted for radioactivity after standing
15 hr in a refrigerator.

In the study of the isotope effect on
phenol formation, a different method was

used to quantitate phenol. The incubation
mixtures, modified as described above, were
extracted three times with 10 ml ethyl ac-
etate and the organic phases thereafter
evaporated to dryness. The residue was
dissolved in 100 �d acetone and 2 �tl was

injected into a gas chromatograph (Packard
model 427) using a column of 2.5% SE 52
on 80-120 mesh Chromosorb W and a flame

ionization detector. The carrier gas was ni-
trogen and the temperatures of the column,
the injector and the detector were 70#{176},170#{176}

and 250#{176}C, respectively. The area of the
phenol peak was determined using an inte-
grator (Packard model 603).

RNase and protease treatment. Stan-
dard incubations were performed as de-
scribed. The incubations were stopped by

boiling for 5 mm. After cooling, the micro-
somes were rehomogenized and treated for
24 hr at 37#{176}Cwith 6000 units Ribonuclease
T1 (Boehringer Mannheim) or 80 units Pro-
tease Type VI(Sigma), dissolved in 100 �tl
buffer A diluted with one volume of water.
Irreversibly bound metabolites were then
separated from radioactivity associated
with low molecular weight material as de-
scribed above.

Recovery studies. Recovery studies were
performed for [3Hjphenol and [3H]benzene
dihydrodiol in the above described extrac-

tion scheme. Standard incubations lacking
the NADPH-generating system were per-

formed with 10 �tl of the acetone solutions
described under Compounds.

Calibration. The results from the scintil-
lation spectrometry were transformed to
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dpm by the use of the external standard of
the instrument. This procedure was occa-
sionally checked by the use of [14C]toluene,
[3H]toluene or [3H]water as an internal
standard. In all experiments zero time in-
cubations were run, and the results from
these were subtracted from all other results,

except in Figs. 2 and 4 where results are
compared to such blanks.

Since the ortho-tritium of the 2,5-ditritio-
phenol used may be exchanged, the tritium
loss during the standard incubation was
monitored. This loss was only 5-9% and the
results are not corrected for this loss. Mo-
larities and specific radioactivities given re-
fer to amount of phenol determined spec-
trophotometrically and the radioactivity
determined by scintillation spectrometry.

RESULTS

Recovery study. The recovery of phenol
and benzene dihydrodiol was estimated by
extracting the [3HJ-labeled compounds in
the normal manner from incubation mix-
tures lacking a NADPH generating system.
The recovery of phenol from the thin-layer

chromatography plates was 64 ± 5% (n =

5). Phenol contamination of the water
phase and the irreversibly bound metabo-
lites were estimated to be 3 ± 1% and 2 ±

1%, respectively. The recovery of benzene

dihydrodiol was 50% ± 5% (n = 3). Benzene
dihydrodiol did not contaminate the h-re-
versibly bound fraction, but 15% ofthe corn-
pound was found in the water phase. How-

ever, as shown below, benzene dihydrodiol
was not formed under standard conditions
and thus this possible contamination of the
water phase was unimportant for the pur-
poses of this study.

Time course studies. The results of the
time course studies are shown in Fig. 1. The

formation of water soluble and irreversibly
bound rnetabolites was practically linear for
at least 30 mm, while phenol formation was

only linear for 10 mm. GSH inhibited the
formation of irreversibly bound metabo-
lites, and increased the production of water
soluble compounds about fourfold. The

phenol formation was less affected. The
sum of recovered metabolites in the pres-

ence of GSH was 81% of the sum in the
absence of this cofactor, reflecting either a
slight inhibition of the metabolism or a

T

INCUBATION T!ME (mm)

FIG. 1. Formation of microsomal metabolites de-

rived from benzene as a function of the incubation

time

a. Metabolites irreversibly bound to microsomes, b.

water soluble metabolites, c. phenol. Incubations were

performed in the absence (- - -U) or presence

(A-A) of GSH (2 mM). All values are based on

three determinations, and zero time results have been

subtracted. Except for the irreversibly bound metab-

olites in the presence of GSH and the water soluble

metabolites without GSH, the radioactivity recovered

in the different phases from zero time incubations, as

well as from 1 hr-incubations lacking a NADPH-gen-

erating system, was always less than 5% of the radio-

activity recovered from the standard 1 hr-incubations.

slight deviation to more volatile metabo-
lites.

After 1 hr incubation in the absence of
GSH 555 pmole metabolites were formed

per incubation mixture (3 mg protein), i.e.,
2.6% of the [‘4C]benzene had been metab-

olized. Of these metabolites 20% became
irreversibly bound to the macromolecules.
This time point was chosen for the further

studies described in this paper.
We were unable to show the formation of

benzene dihydrodiol. If at all formed under
normal conditions, the diol amounts to less

than 1% of the amount of phenol, i.e., less
than 0.03% of the incubated benzene.
Phenol always accounted for at least 95%
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of the radioactivity above background re-
covered from the thin layer plates.

� Further studies on the irreversible bind-

� ing. In order to gain some insight into the
characteristics of the binding of benzene

metabolites the experiments summarized in
Fig. 2 were performed.

� The method of washing the microsomes
� to remove free and reversibly bound metab-

� olites described by Jollow et al. (21) gave
20% higher values of the binding (II) than
our method (I). Further washing after our

� standard washing procedure did not de-
crease the binding to any significant degree

� (V). The radioactivity in the fraction of
� irreversibly bound metabolites was not sig-

nificantly higher than zero time incubations

(III) after incubation with boiled micro-
somes (XI) or with active microsomes with-

out NADPH (IV). After protease treatment

Standard incubations with [‘4C]benzene as de-

scribed under MATERIALS AND METHODS. I. Irrevers-

ibly bound fraction when washed as described in MA-

TERIALS AND METHODS; II. irreversibly bound fraction

when washed as described by Jollow et al. (21); III.

zero-time incubations; IV. 1-hr-incubations lacking a

NADPH-generating system; V. effect of further

washes with hexane, chloroform, ethyl ether, acetone,

ethanol, methanol and 10% TCA as described; VI.

effect of protease treatment; VII. effect of RNase

treatment; VIII. effect of 2 mM GSH; IX. effect of 2

mM cysteine; X. effect of 2 mM GSH added 5 min

before the end of incubation; and XI. incubation with

boiled microsomes. I and II were determined in 5

experiments and standard deviations are indicated.

III-XI were performed duplicates and the ranges are

indicated. Zero-time incubations (III) have been sub-

tracted as blank values from all values reported in this

paper except those of this figure and figure 4.

only 10% of the binding remained (VI),

while RNase treatment had little effect

(VII). Both GSH (VIII) and cysteine (IX)
inhibited the binding by about 90%. GSH
added 5 nun before the end of 1 hr incuba-
tion had no detectable effect (X), indicating
that GSH did not cleave the bound material
but prevented the binding.

Effects of different concentrations of

GSH on the irreversible binding and

phenol formation. The effect of different
concentrations of GSH on phenol formation
and on the irreversible binding in standard

incubations is shown in Fig. 3. While the
inhibition of the binding is dose dependent
reaching 95% inhibition, the effect on

phenol formation is weak, the ranges reach-
ing maximally 30% inhibition. Between 500
and 5000 �LM GSH, where inhibition of

binding is still strictly dose-dependent, no
further inhibition of phenol formation was

visible. The increase in the amount of water
soluble metabolites approximately corre-
sponded to the decrease in binding (data
from 0-1 mM not shown; for a concentra-
tion of 2 mM GSH see Fig. 1).

Determination of the isotope effect on

the rate of phenol formation. Incubations
were performed as described and phenol
was isolated and analyzed by gas chroma-

tography. Using normal benzene the rate of
phenol formation was 13.2 ± 0.84 nmole/30
mm (n = 5) while from fully deuterated

benzene the rate of phenol formation was
12.0 ± 1.16 nmole/30 mm (n = 5). Thus
KH/KD 1.10 ± 0.13, which shows that the
rate of hydroxylation of benzene to phenol
is not subject to a significant isotope effect.

Determination of irreversible binding
and spontaneous GSH conjugation of

[3H]benzene oxide. When standard incu-
bations lacking a NADPH generating sys-

tern were performed using [3Hjbenzene ox-
ide as substrate very little radioactivity was
recovered in the irreversibly bound fraction
(0.3-0.4%). Addition of 2 mM GSH to the
incubation mixtures had no effect on this
binding. The amount of radioactivity re-
covered in the water phase was 2-3%. This
was also unaffected by addition of GSH.

Incubations with [�H]phenol. Figure 4

shows that metabolites which could bind
irreversibly to macromolecules were
formed from [3Hjphenol and that this bind-
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U “5 50 500

GSH (pM)

FIG. 3. Formation of phenol (� U) and irre-

versible binding (A- - -A) at different concentrations

of GSH

Standard incubations with [‘4C}benzene and isola-

tion of metabolites were performed as described in

MATERIALS AND METHODS. As controLs standard in-

cubations without GSH were used. The amount of

products formed in these was defined as 100%. Means

and standard deviations of four experiments are

shown.

ing was prevented by GSH. However, while
only 0.6% of the administered dose of ben-
zene bound as shown above, almost 10% of
the phenol dose administered in this exper-
iment bound, although about 40-fold more

phenol than benzene was given.
Incubations with microsomes and pun-

fled epoxide hydnatase. Incubations were
performed in the presence of different
amounts of epoxide hydratase. As stated
above we could not show the formation of
benzene-dihydrodiol during standard incu-

bation conditions. Fig. 5 shows that the diol
could be detected if relatively large
amounts of purified epoxide hydratase were
added.3 At the highest amount of epoxide
hydratase the formation of diol was about
20% of the phenol formation. This large
amount of purified epoxide hydratase
(about 40-fold that present in the micro-
somes used for this experiment) inhibited
the irreversible binding during benzene me-

tabolism by about 40%. This does not re-
fleet epoxide hydratase activity, however,

3 The point of the graph at 0 units epoxide hydra-

ts.se added (i. e. in presence of the 3-4 units present in

the microsomes used) represents the duplicate sample

of the individual experiment shown. However, many

(>10) similar experiment showed no or similar trace

amounts of diol.

since the same degree of inhibition was
observed using the same amount of boiled
epoxide hydratase. Destruction of enzyme

activity during boiling was proven by ab-
sence of diol formation. It is unlikely that
free sulphhydryl groups of the denatured

FIG. 4. Formation of water soluble and irrevers-

ibly bound metabolites from [�HJphenol and the de-

pendence of this formation on the NADPH-generat-

ing system and GSH
I. Standard incubations lacking a NADPH-gener-

ating system, II. standard incubations and III. stan-

dard incubations with 2 mM GSH. As substrate 812

nmoles [3Hjphenol was used. Two experiments were

performed and means and ranges are indicated.

UflhlS epoxide hydratase

FIG. 5. Formation of benzene-dihydrodiol on ad-

dition ofpurified epoxide hydratase

Isolation and identification of the diol and modifi-

cation of incubation mixtures are described in MATE-

RIALS AND METHODS. In incubations containing the

largest amount of hydratase, the amount of diol mea-

sured by scintillation spectrometry, was 6-fold higher

than in blank incubations lacking the NADPH-gen-

erating system or zero-time incubation. Incubations

were performed in duplicate, and means and ranges
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enzyme are reponsible for the inhibition of

binding, since bovine serum albumin (up to
twice the amount of epoxide hydratase
used) did not show this effect.

Effect of UDPGA2. Standard incubations

using [‘4C]benzene as substrate and with
concentrations of UDPGA ranging between

0 and 30 mM, were performed. The results
for phenol and irreversibly bound metabo-

lites are shown in Fig. 6. As expected,
UDPGA lowered the amount of phenol re-
covered. However, the effect on the h-re-
versible binding was even stronger. The
formation of water soluble metabolites in-
creased on addition of UDPGA in such a

way that the total metabolism up to 10 mM
UDPGA concentration was constant or
slightly (�.-10%) elevated. At 30 mM
UDPGA, however, the total metabolism
was only 80% of that observed without the
cofactor.

DISCUSSION

The method of detecting irreversibly
bound metabolites, developed for the pur-
pose of this study, enabled us to measure
the formation of phenol, benzene dihydro-

diol, water soluble metabolites and irre-
versibly bound metabolites in the same in-

cubation mixture. Although we have not

UDPGI4 (mM)

FIG. 6. The effect of UDPGA on the amount of

phenol (#{149} U) and irreversibly bound metabolites

(A- - -A)

Standard incubations with [‘4Cjbenzene as sub-

strate were performed in duplicate and means and

ranges are indicated. As controls standard incubations

without UDPGA were used. The amount of products

formed in these was defined as 100%.

isolated and identified any water soluble
metabolites in this study, we felt it was
essential to determine their total amount,
in order to see whether the different modi-

fications to the incubation conditions sim-

ply inhibited (or activated) benzene metab-
olism. The results of the recovery study

show that the possible contaminating com-
pounds phenol and benzene dihydrodiol do
not significantly contaminate the irrevers-

ibly bound fraction. From Fig. 2 it is clear

that the contamination by unmetabolized
benzene is quite small (III, IV and XI), that
the irreversible binding occurs to proteins
rather than to ribosomal RNA (VI and VII)

and that nucleophiic agents such as GSH
and cysteine effectively inhibit the binding
(VIII and IX).

These findings are consistent with the
hypothesis that benzene is hydroxylated via
an epoxide intermediate and that this in-

termediate is responsible for the binding.
The results presented in Fig. 3, however,
are difficult to explain on the basis of this
hypothesis. The effect of GSH on phenol
formation is very weak (<20% inhibition,
the ranges ofthe effects reaching maximally

30%) and the effect does not increase sig-
nificantly between 50 iM and 5 mM. The

effect of GSH on the binding at these con-
centrations is, however, clearly dose-de-
pendent and reaches 95% inhibition at 5

mM.
We therefore decided to investigate

whether phenol was formed via a route

which did not involve any electrophilic in-
termediates, e.g., by direct insertion. The
rate of hydroxylations that proceed via di-

rect insertion show an isotope effect
(KH/KD) of 1.3-1.7 (except where a step
other than C-H cleaving is rate limiting,

e.g., binding of the substrate to the en-
zyme), while the rate of hydroxylation via

epoxide formation followed by NIH-shift

30 shows no isotope effect (22). Thus, since no

isotope effect was found, phenol is most
probably formed (at least predominately)
via the arene oxide route (23). This is fur-

ther supported by the findings presented in
Fig. 5. It is shown that benzene dihydrodiol
is formed upon addition of epoxide hydra-
tase to incubation mixtures with [‘4C]ben-
zene as substrate. The activity of epoxide
hydratase occurring in rat liver microsomes
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is 7-9 units4/mg protein (20). Thus 3-4
units were present in the microsomes used
in these modified incubations, while 35-104
units purified enzyme were added in the

experiment depicted in Fig. 5. This need for
high epoxide hydratase addition agrees
with the instability of benzene oxide and its

high apparent Km (about 30 mM) in the
hydration reaction.5

Traces of benzene dihydrodiol have been
reported to occur in rabbit urine after a
heavy dose of benzene (6). It has also been
suggested that the catechol excreted by
rabbits after dosage with benzene possibly
originates from a dihydrodiol (3, 5), al-

though in these studies the diol itself could
not be detected. However, since these were

studies in whole animals, a contribution

from intestinal bacteria is always possible
and multistep reactions leading to dihydro-
diol not via an epoxide can less readily be
excluded than in the presence of liver mi-
crosomal fraction. The findings presented
in this study constitute the first evidence
that benzene dihydrodiol is formed from
benzene in vitro. This in combination with
the fact that benzene was converted to ob-

servable quantities of benzene dihydrodiol
only after addition of homogeneous epoxide
hydratase constitutes unequivocal proof of
the metabolic formation of benzene oxide.
Moreover, the fact that the diol formation,
in the presence of large amounts of epoxide
hydratase, is about 20% of the phenol for-

mation shows that a considerable portion
of benzene hydroxylation proceeds via the

epoxide intermediate.
Benzene oxide, when incubated with �-

crosomes under standard conditions, did
not (or at most minimally) bind irreversibly

to macromolecules, nor did it form water
soluble conjugates with GSH. These obser-
vations are in contrast to those when ben-
zene was used as substrate. Experiments
with benzene oxide should always be inter-
preted with caution, due to the instability
of the compound. However, the half-life of
benzene oxide in water pH 7.0 is estimated

to be about 2 mm (11), and since the bind-

4 One unit epoxide hydratase is defmed as the

amount of enzyme producing 1 nmole styrene glycol

per min from styrene oxide (26).

5 M. Golan, P. Bentley, K. Platt and F. Oesch,

publication in progress.

ing of an electrophilically reactive metabo-
lite can be expected to proceed non-enzym-
ically, a proportionality with respect to the
concentration of the reactive species may

be assumed. Thus, these observations ex-
dude benzene oxide as the agent predomi-
nantly responsible for the binding observed.

We further showed that 10% of the dose
of phenol added bound irreversibly upon
incubation and that this binding, as in in-
cubations with benzene, was prevented by
GSH (Fig. 4). In incubations with benzene
only 0.6% of the dose bound. Thus, al-
though the dose of phenol was 40-fold
higher than that of benzene, a 20-fold

higher portion of the phenol dose bound.
This is consistent with the interpretation of

phenol being a metabolite more proximate

to the binding species than benzene. Addi-
tion of UDPGA to incubation mixtures with
[‘4C]benzene as substrate, decreased the
amount of irreversibly bound metabolites
as well as the amount of phenol (Fig.6). An
enzyme, UDP-glucuronyl transferase, is
present in the microsomal fraction, which
catalyzes the conjugation of UDPGA with
acceptors of different sorts (24) including
phenolic hydroxyl groups. Recently exten-
sive conjugation was also found with
benzo(a)pyrene-4,5-oxide and 7,8-oxide
(25). The conjugation of the 4,5-oxide is
thought to proceed via the diol and the
conjugation with 7,8-oxide mainly by isom-
erization to 7-OH-benzpyrene before con-
jugation. Thus, to our present knowledge,
the addition of UDPGA should have no
effect on the irreversible binding if benzene
oxide were the binding agent, while such an

effect should be seen if a further metabolite
of phenol bound. In Fig. 6 it appears as if
UDPGA at low concentrations decreased
the binding without significantly affecting

the amount of phenol. A possible explana-
tion for this is that at low UDPGA-concen-

trations the conjugation capacity is only
enough to reduce the local concentration of
phenol in the membranes, the critical corn-
partment for the further enzymatic activa-
tion of phenol. At higher concentrations of
UDPGA, the conjugation is so fast that an
effect on the overall amount of phenol also
is clearly seen.

On the basis of the findings described in
this paper it can be concluded that benzene
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oxide is metabolically formed from benzene,
since addition of homogeneous epoxide hy-

� dratase led to easily quantifiable amounts
� of benzene dihydrodiol. The data are corn-

patible with the concept that phenol for-
mation occurs by isomerization of benzene

oxide and not by direct insertion of oxygen.
On the other hand the data show that ben-
zene oxide is not trapped by glutathione
under the conditions used (pH 7.5; absence
of cytoplasmic fraction which contains glu-

tathione S-transferases) and is not the me-
tabolite responsible for the majority of the
irreversible binding to macromolecules.
What binds is instead an unknown product
of the further oxidation of phenol. Whether

or not these findings are of significance for

the toxicity of benzene must be investigated
in further studies, where the metabolism of
benzene in the bone marrow and levels of

different enzyme activities in this organ will
be determined. If a metabolite of phenol is
also the binding agent in bone marrow it

could be that a deficient conjugating system
in this organ is responsible for the peculiar
organ specificity of benzene toxicity.
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