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Abstract-The benzene mono-oxygenase present in liver microsomes from untreated rats was activated 
3.5-fold by the detergent Renex 690. This is the first report of an activation of a micr~omai mono- 
oxygenase by detergent. Metyrapone also activated benzene mono-oxygenase, albeit not as strongly 
(1.5-fold). Treatment of the rats with benzene or phenobarbital induced the benzene mono-oxygenase 
activity about j-fold. The benzene-induced form was also activated by the detergent and by metyrapone. 
However, the phenobarbitaf-induced activity was inhibited by both modulators. 

When tbe mono-oxygenas~ activity was measured with 7-ethoxycoumarin as a model substrate, which 
is accepted by many microsomal mono-oxygenases, the phenobarbital-induced activity was inhibited 
strongly (- 80 per cent) by metyrapone or Renex 690; however, both the benzene-induced and the 
control activity were inhibited only weakly (- 30 per cent). 

The results provide evidence for substantialIy different properties of the phenobarbital-induced mono- 
oxygenase(s) compared to control mono-oxygenase(s). Moreover, benzene appears to be a type of 
inducer different from the known types and of special interest since, whether assayed with benzene or 
7-ethoxycoumarin as substrates, and Renex 590 or metyrapone as modulators. the benzene-induced 
mono-oxygenase activity possesses characteristics resembling the controls rather than that induced by 
phenobarbital. 

Benzene is a component of most motor fuels and 
therefore a ubiquitous environmental pollutant {I]. 
The toxicity of benzene is specifically directed 
towards the bone marrow [2,3]. Some evidence 
indicates that metabolism of benzene is required to 
prodqce the toxic effects [4]. It is thought that such 
metabolism-induced toxic effects originate from the 
formation of reactive intermediates, which are able 
to interact covalently with macromolecules, thereby 
disturbing the cellular functions. The formation of 
such reactive intermediates, especially epoxides, has 
been extensively studied for some aromatic poly- 
cyclic hydrocarbons [S-S]. 

Recently, we investigated the irreversible binding 
in vitro of benzene metabolites to microsomal pro- 
teins. We found that, although benzene oxide clearly 
is formed, it was not this epoxide but rather a sec- 
ondary metabolite, namely a metabolite of phenol, 
which was mainly responsible for this binding 191. 

In the present study we show some unusual proper- 
ties of the rat liver benzene mono-oxygenase, the 
enzyme responsible for the first step in the metabolic 
activation of benzene. This enzyme has been shown 
to be a cytochrome P-450-dependent mo~o-oxygen- 
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ase flO& and hydroxylation proceeds, at least to a 
large extent, via benzene oxide [9]. Furthermore, 
some properties of the benzene-induced mono- 
oxygenase activity are investigated and compared to 
those of PI3t induced mono-oxygenase. 

EXPERIMENTAL SECTION 

7-Ethoxycoumari~ was synthetized as described 
[ll]. Metyrapone was a gift from Ciba-Geigy, Base], 
Switzerland. All chemicals, obtained from commer- 
cial sources, were of analytical grade. [““Cl Benzene 
and [““Cl phenol from the Radiochemical Centre, 
Amersham, U.K., had specific activities of 207 and 
35 mCi/mmoIe, respectively, and were > 99 per cent 
radiochemically pure. The detergent Renex 690 was 
purchased from Atlas-Chemie, Essen, West Ger- 
many, and 7-hydroxycoumarin from EGA- Chemie, 
Steinheim, West Germany. 

Adult male Sprague-Dawley rats (180-280 g) were 
obtained from Versuchstier-Zuchtanstalt Wiga, 
St&f&d, West Germany, and kept in plastic cages 
with hardwood bedding under standardized condi- 
tions of light (light-dark cycle: 7 a.m. to 7 p.m.) and 
temperature (21-24”) for at least 4 days before treat- 
ment. They had free access to Aldromin pellets 
(Samen-Schmitt-Jakobi, Frankfurt/M., West Ger- 
many) and tap water. Care was taken to avoid any 
environmental effects such as cigarette smoke, insec- 
ticides, noise, etc. Animals were always treated 
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between 8 and 10 a.m. The PB-induced animals 
received 80 mg PB per kg body weight, dissolved in 
0.9% N&I. intraperitoneally for three consecutive 
days and were sacrificed on the fourth day. The 
benzene-induced animals received 1.1 g benzene per 
kg body weight subcutaneously 24 and 18 hr before 
being sacrificed, as described previously [lo]. Con- 
trol animals received either intraperitoneal saline 
injections at the same time as the PB-treated. or no 
injection at all. 

In this study mono-oxygenase activity with ben- 
zene and 7ethoxycoumarin as substrates, respec- 
tively. is expressed as phenol and 7-hydroxycoumarin 
formed (often referred to as “benzene hydroxylase” 
and “ethoxycoumarin de-ethylase”). The prep- 
aration of rat liver microsomes, incubations and 
measurement of phenol formation were performed 
as has been described [Y], except that the incubation 
time was reduced to 30 min and metyrapone. when 
added. was dissolved in 10 ~1 acetone (total incu- 
bation volume 3 ml). To all controls and incubations 
with detergent. 10 ~1 acetone was added. Renex 690 
and unlabeled phenol were administered dissolved 
in 100 and 50 ~1 water. respectively. The protein 
concentrations of the microsomal suspensions were 
estimated using the method of Lowry et ul. [12]. 

The mono-oxygcnase activity with ethoxycou- 
marin as substrate was measured by determination 
of the fluorescence of the dealkylated product 7- 
hydroxycoumarin [ 1 I]. The cuvette contained: 0.8 ml 
0.2 M phosphate buffer pH 7.6; 1.0 ml 2 x lo-’ M 
ethoxycoumarin: 0.2 ml NADPH-generating system 
(10 ’ M NADPLI). 3 x 10 ’ M glucose-6-phosphate 
and glucose-h-phosphate dehydrogenase (10 pIi5 ml: 
Boehringer Mannheim grade II) and 0.35-0.40 mg 
microsomal protein. Metyrapone was added dis- 
solved in 20 ~1 water to a final concentration of 
2 x lt)-’ M. The detergent Renex 690 was added 
dissolved in 10 ~1 water. The reaction was started 
by addition of the microsomes and was followed on 
a recorder for 3--1 min. During this time the rate was 
linear. The excitation and emission wave-lengths 
were 380 and 460 nm respectively. The instrument 
was calibrated by adding I pl of a solution of 16.2 mg 
7-hydroxycoumarin/lOO ml water to the cuvette (1 
nmole). 

RESULTS 

Effects of Retrex 690 and metyrr~ppone on the recovery 
and rnetuholisrn of phenol 

To evaluate the results of this study it was necess- 
ary to investigate how Renex 690 and metyrapone 
affected the recovery of phenol through the extrac- 
tion procedure and the further metabolism of this 
compound. The method used to isolate phenol has 
been described elsewhere. and was shown to have 
a recovery of 6465 per cent [9], 

Table 1 shows that Renex 690 increased the recov- 
ery of phenol from 65 to 75 per cent (due to smaller 
loss during the evaporation of the ethyl acetate 
phase). The difference of the recovery of phenol in 
presence or absence of Renex 690 appeared slightly 
(7 per cent) greater when NADPH was added to the 
incubation system. indicating a (very weak) inhibi- 

Table 1. Effect of Renex h9tl and metyraponc on the 
recovery and metabolism of phenol’ 

Amount of phenol rccovcred (pmoles) 
Incubations without Incubations with 
NADPH-generating NADPH-generating 

Modulator system ytem 

None 
Renex 690$ 
Metyrapone$. 

387 (65T)t 317 (52%) 

450 (75%‘) 3x3 (h-l!i ) 
390 (65%) 33x (Xl? ) 

* Standard incubations were preformed with 600 pmoles 
[t4C]phenol (35 mCi/mmole) as substrate. added dissolved 
in IO ~1 acetone. After incubation unmetabolized phenol 
was isolated. The determinations were done in duplicates 
which differed less than S per cent from each other. 

t Numbers in brackets indicate perccntagc of total 
amount of phenol added to the incubations. 

$ The ratio mg Renex 69Oimg microsomal protein was 
0.5 and the concentration of metyrapone was IOY’ M. 

tion of the metabolism of phenol by Renex 6YO. 
However, the overall recovery of unmetabolized 
phenol in incubations containing a NADPH-gener- 
ating system was increased from 52 per cent to only 
64 per cent. Thus, the effects of Renex 690 on the 
metabolism of benzene, shown in Fig. 2 and 
described below can only to a very minor extent be 
explained by effects on recovery and metabolism of 
phenol. 

Table 1 also shows that metyrapone had no effect 
on extraction recovery, but a small effect on metab- 
olism of phenol. Again the weak inhibition of phenol 
metabolism by metyrapone represents only a very 
minor contribution to the effects on benzene meta- 
bolism depicted in Fig. 1 and described below. 

Metyrapone CM) 

Fig. 1. The effect of metyrapone on the formation of phenol 
from [‘%Z]benzene in liver microsomes from untreated rats. 
The phenol formation in controls (incubations without 
metyrapone) was defined as 100 per cent. The specific 
activity in these controls was 79 pmoles phenolimg micro 
somal protein130 min. Indicated are means from two experi- 

ments. which differed by not more than 6 per cent 
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Fig. 2. The effect of the detergent Renex 690 on the 
formation of phenol from [‘“Clbenzene (M) and on 
the mono-oxygenase activity with ethoxycoumarin as sub- 
strate (*----*) in liver microsomes from untreated rats. 
The activities in controls (in the absence of Renex 690) are 
defined as 100 per cent. The specific activities in these 
controls were 72 pmol phenolimg microsomal 
protein130 min and 0.75 nmol 7-OH-coumarinimg micro- 
somal proteinimin. Indicated are means from two experi- 

ments, which differed by not more than 5 per cent. 

Effect of phenol on benzene metabolism 

Table 2 shows the inhibition of benzene hydrox- 
ylation by phenol, the product of this hydroxylation. 
In presence of 50 PM or more phenol, transforma- 
tion of benzene to phenol was markedly inhibited. 
However, the amount of [‘“Cl phenol formed from 
[lJC]benzene under the standard conditions used in 
this study. was around 250 pmoles, giving a phenol 
concentration of about 0.08 PM. In presence of 
1.1 PM unlabelled phenol no measurable effect on 
transformation of [14C]benzene to [‘“Cl phenol was 
observed. Thus, it seems unlikely that the amount 
of phenol formed under the standard conditions used 
would be limited by a feedback mechanism. 

Table 2. Effect of unlabelled phenol on the microsomal 
formation of [‘“Clphenol from [‘“C]benzene* 

Concentration of 
unlabelled phenol (PM) 

% inhibition of 
[‘“Cl phenol formation 

0 0 
1.1 0 

11 12 
50 51 
90 65 

* Standard incubations with [“klbenzene as substrate 
were performed. After incubation [ “C]phenol was isolated. 
In incubations without added unlabelled phenol 255 pmoles 
[‘4C]phenol was formed. Unlabelled phenol was added 
dissolved in 50 ~1 of water. The determinations were made 
in duplicates which differed less than 8 per cent from each 
other. 

Effects of metyrapone on phenol formation 

The effects of different concentrations of mety- 
rapone on the formation of phenol from 
[14C]benzene in standard incubations are shown in 
Fig. 1. It is apparent that metyrapone. in the con- 
centration range investigated. increased phenol 
formation. 

Effect of detergent Renew 690 on phenol jtirrnution 

In Fig. 2 the effect of the detergent Renex 690 on 
the phenol formation from (“‘Clbenzene in standard 
incubations and on the mono-oxygenase activity with 
ethoxycoumarin as substrate is shown. Surprisingly. 
the phenol formation greatly increased. while the 
mono-oxygenase activity measured with ethoxycou- 
marin was inhibited at all detersentiprotein ratios 
investigated. At a detergent/protem ratio of 5. where 
mono-oxygenase activit,y with ethoxycoumarin as 
substrate was totally inhIbIted, the phenol formation 
was the same as in controls (incubations without 
detergent). In presence or absence of Renex 690 
phenol was the only ethyl acetate-extractable meta- 
bolite of benzene formed in detectable amounts 
under the standard conditions of this study. This was 
checked using the TLC-systems described [Y]. 

Induction of benzene and etho.~~c~~LlnlNri~l n~ono- 
oxygenase by PB and benzene, and rr.sponsr of the 
induced acti&ties to metyrapone wtti to tlw detergent 
Renex 690 

Figure 3 shows that the benzene mono-oxygenase 
was induced about 3-fold after PI3 as well as after 
benzene treatment. As expected from the results 
presented in Figs. 1 and 2, both metyrapone and 
Renex 690 stimulated the benzene mono-oxygenase 
activity in control microsomes. However, the PB- 
induced activity was inhibited by metyrapone down 
to the level observed in metyrapone-treated controls. 
Also, in the presence of Renex 690 the activity was 
the same as in Renex 690-treated controls. The ben- 
zene-induced activity, on the other hand. was stimu- 
lated by metyrapone and Renex 690. as was the 
activity in controls. 

In Fig. 4 data on mono-oxygenase activity with 
ethoxycoumarin as substrate are shown. Both PB 
and benzene induced the activity about 3-fold. The 
controls and benzene-induced activities were 
inhibited by 30-40 per cent by metyrapone as well 
as Renex 690. The PB-induced actlvlty, on the other 
hand, was inhibited by about 80 per cent by the two 
modulators. 

DISCUSSION 

Metyrapone is known to be an inhibitor of several 
mono-oxygenase forms (see e.g. (131). The activation 
of benzene mono-oxygenase by metyrapone in con- 
trol and in benzene-induced microsomes reported 
in this paper stands in contrast to these inhibitory 
effects but is comparable to the activation (14, 1.51 
of acetanilide hydroxylation by at least some mety- 
rapone concentrations. Gonasun et al. [lO] investi- 

gated the effect of metyrapone on phenol formation 
from benzene in mouse liver microsomes. At a con- 
centration of 10-“M, where we found SO per cent 
activation in the rat, they reported ;I weak inhibition 
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no modulator 

m.3tyrapcme 

Renax 690 

PB induced 

Fig. 3. Induction of benzene hydroxylase with PB and benzene and the effects on the induced and 
control activities of Renex 690 and metyrapone. Control: The activity in micrnsomes from untreated 
rats incubated without metyrapone or detergent. The specific activity m these controls was defined as 
100 per cent and was 77 pmoie phenolimg microsomal proteini3Omin. Metyrapone was used at a 
concentration of 5 x lo-” M and the ratio mg Renex 690img microsomal protein was 0.5. Each bar 
represents the mean of independent measurements from three animals. and the standard deviations are 

indicated. 

no modulator 

metyrapone 

Renax 090 :f:;>: . ../. ..~... ::::j jj:: .*..: j:::: n ;::::: i.... :>.::: p:.: 
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induced 

Fig. 4. Induction of mono-oxygenase activity, as measured with the ethoxycoumarin assay, with PB and 

benzene, and the effects, on the induced and control activities, of metyrapone and the detergent Renex 
690. The control activity was 0.69 nmoleimg microsomal proteinimin. Metyrapone was used at a 

concentration of 2 x 10e5 M. See also legend to Fig. 3. 

(20 per cent). To decide if this discrepancy reflects 
different benzene mono-oxygenase enzymes in the 
two species, or if it is due to different experimental 
design, requires further investigation. 

The activities of some non-oxidative microsomal 
enzymes are increased by detergent treatment [16- 
19]. If an ordered spatial arrangement between 
NADPH cytochrome P-450 reductase and cyto- 
chrome P-450 (cf. [20]) is important for mono-oxy- 
genase activity, detergent treatment may decrease 
mono-oxygenase activity by loosening such an 
ordered structure. Moreover, it has been shown that 
detergents accelerate the denaturation of cyto- 

chrome P-450 to the metabolically inactive P-420 
form [Zl]. Thus it was as expected when we found 
that addition of detergent inhibited the mono-oxy- 
genase activity as measured with the ethoxycoumarin 
assay (Fig. 2). This assay is known to measure a very 
wide spectrum of mono-oxygenases [13]. To our 
surprise, however, we found a massive activation of 
the benzene mono-oxygenase activity on addition of 
the detergent (Fig. 2). At a detergent concentration, 
where the mono-oxygenase activity with ethoxycou- 
marin as substrate was totalIy inhibited, the benzene 
mono-oxygenase activity was the same as without 
the detergent. To the best of our knowledge this 



Benzene mono-oxygenase 3429 

represents the first demonstration of an activation 
of microsomal mono-oxygenase by detergent treat- 
ment. 

Since the concentration of benzene in the incu- 
bation mixtures (7 PM) was far below the solubility 
limit (11 mM), we see two possible explanations for 
the activation by the detergent: 
1. Although the results in Table 2 indicate that the 
amounts of phenol formed are much too low to 
inhibit benzene hydroxylation, it could still be that 
newly formed phenol reaches high local concentra- 
tions at its site of formation, i.e. at the cytochrome 
P-450, concentrations high enough to compete with 
unmetabolized benzene. In this case the detergent 
may increase the dissociation of the phenol from the 
cytochrome. 
2. A special form of mono-oxygenase, with the 
unusual property of being activated by detergent, 
might be responsible for the benzene mono-oxygen- 
ase activity. 

The results given in Fig. 3 favour the latter expla- 
nation. It is unlikely that some special property of 
the substrate benzene, or of the product phenol, 
would be responsible for the unusual effects of 
detergent and metyrapone on the benzene hydroxy- 
lation since these effects are not seen in PB-induced 
microsomes. The most obvious explanation of these 
findings would be instead that (1) there exists already 
in control microsomes an unknown number of mono- 
oxygenase forms which accept benzene as substrate 
and which are activated by metyrapone and by 
detergent; (2) PB induces a mono-oxygenase form 
or forms which can also accept benzene as substrate 
but which are basically different from the control 
benzene mono-oxygenase(s) in that they are not 
activated by either metyrapone or by detergent; (3) 
benzene induces the benzene mono-oxygenase 
form(s) which are already present in control 
microsomes. 

The properties of induced mono-oxygenase 
activity, as measured with the ethoxycoumarin assay, 
are shown in Fig. 4. Benzene- and PB-treatment 
both induced the activity about 3-fold. The PB- 
induced activity was massively inhibited by mety- 
rapone and detergent while the activity in controls 
and in microsomes from benzene-induced rats was 
inhibited by only 30-40 per cent. 

Thus, whether assayed with benzene or 7-ethox- 
ycoumarin as substrates, and Renex 690 or mety- 
rapone as modulators, the benzene-induced mono- 
oxygenase activity possesses characteristics resem- 
bling the controls rather than that induced by phen- 

obarbital. This observation is of interest since it is 
often assumed that PB induces mainly the control 
forms of cytochrome P-450 or forms having proper- 
ties similar to the control forms. Thus it seems 
important for future studies to investigate the 
properties of the benzene-induced mono-oxygenase 
activity further, since the induction of a mono- 
oxygenase activity, in substrate specificity and cyto- 
chrome P-450 composition as much as possible 
resembling the control forms would be of great 
interest. 
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