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Abstract—Exposure to benzene was reported to lower the cytochrome P450 (CYP; EC 1.14.14.1)
content in phenobarbital-pretreated (PB) rats in vivo (Gut I, Zbl Pharm 122: 1139-1161, 1983). In this
paper we followed the ability of benzene and its metabolites, phenol, catechol, hydroquinone and
benzoquinone to destroy CYP in liver microsomes from PB rats in vitro. The spectrophotometric
determinations of the total CYP content, 7-pentoxyresorufin O-depentylase and aniline hydroxylase
activities, electrophoresis and western blot analysis after incubation of PB-microsomes with benzene
or its metabolites revealed that: (1) benzene is metabolically activated to intermediates causing CYP
destruction; phenol is not responsible for this effect. (2) Quinonic metabolites of benzene cause CYP
destruction with different potency (30% CYP was destroyed by 3 mM catechol, 0.3 mM hydroquinone
and 0.03 mM benzoquinone). (3) Low concentrations of quinones are capable of protecting CYP against
reactive oxygen species produced in the CYP futile cycle. (4) Ascorbate effectively protects CYP against
quinones, apparently by maintaining them in the reduced state. (5) Quinones attack both heme and
protein of CYP. (6) CYP activities differ in the sensitivity to quinone-mediated destruction. In
conclusion, we suggest that quinones may be responsible for CYP destruction by benzene in vivo.
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aniline hydroxylase

CYP?t (EC 1.14.14.1) plays an important role in the
metabolism of various drugs, steroids, mutagens and
carcinogens [1]. It can metabolize chemicals to the
reactive intermediates binding spontaneously to
proteins, nucleic acids, lipids and to CYP itself [2].

Suicide substrates can cause CYP destruction by
irreversible binding of their metabolites to the CYP
heme like terminal olefins and acetylenes, to the
apoprotein like chloramphenicol or to both like CCl,
{3-5]. A strong, but reversible inhibition of CYP
activity may arise from the binding of the inducer,
inhibitor or its metabolite to the CYP heme
(SKF 525-A, isosafrole, polyhalogenated aromatic
hydrocarbons, triacetyloleandomycin) [6-8]. It was
postulated that CYP can be destroyed by superoxide
anion radical, H,0, or other ROS formed during
the futile cycle without substrate [9] or via ROS-
initiated lipid peroxidation [10,11]. Some CYPs
appear to be more sensitive to the effects of certain
substrates: PB-inducible forms seem to be particularly
sensitive to ethinylcyclopentanol, 17-propadienyl-
19-nortestosterone, aminobenzotriazole, allyliso-
propylacetamide, cumene hydroperoxide and m-
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xylene which all only slightly affect 3-methyl-
cholanthrene-inducible CYP forms [12-14].

Inhibition or destruction of CYP may cause
prolongation of xenobiotic action, increase or
decrease xenobiotic toxicity and could even affect
some physiological functions, e.g. steroid biosyn-
thesis [15]. Selective destruction of various CYP
forms (e.g. pulmonary CYP 2B1 activity by toluene,
m- or p-xylene) alters the activation/detoxication
ratio of procarcinogens (e.g. benzo[a]pyrene) and
thus may increase the cancer risk in conditions of
combined exposure [14, 16, 17].

Benzene is a human and animal carcinogen [18]
acting through an epigenetic mechanism. Benzene-
induced myelotoxic and carcinogenic effects are
supposed to be caused by covalent binding of
its metabolites quinones and muconaldehyde to
biomacromolecules [19, 20]. Benzene and its deriva-
tives toluene and xylenes affect the PB-inducible
CYP enzyme(s) {13, 16, 17, 21]. On the other hand,
benzene was found to induce CYP 2E1 and is
preferentially metabolized by this CYP form in rats
[22, 23] and even in humans [24]. It is suggested that
CYP 2E1 catalyses benzene oxidation at least partly
viaproducing ROS[25, 26], while benzene metabolite
hydroquinone reacts with dioxygen forming super-
oxide anion radical [27].

Our aim was to explore in vitro the role of benzene
and its metabolites in the previously reported
decrease of CYP content and its activity in PB-
pretreated rats subsequently exposed to benzene
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[21]. The determination of PROD activity a sensitive
marker for measuring of CYP 2B1 activity [13, 28]
and aniline hydroxylation for estimation of overall
CYP activity, particularly of 2E1, 2B1 and 1A2
[29,30] was used. The experiments were also
intended to show the mechanism of destruction and
methods of protecting CYP.

MATERIALS AND METHODS

Chemicals. All chemicals used were of A.R. grade.
NADPH, 7-pentoxyresorufin, resorufin, EDTA,
superoxide dismutase, EC 1.15.1.1 (3900 U/mg),
catalase EC 1.11.1.6 (9740 U/mg), a-tocopherol
acetate and ascorbate were obtained from the Sigma
Chemical Co. (St Louis, MO, U.S.A.). Desferal
was a product of CIBA-GEIGY (U.S.A.). Benzene
and its metabolites were purchased from Aldrich
(Milwaukee, WI, U.S.A.). Electrophoresis and
immunoblotting reagents were supplied by Bio-Rad
(Hercules, CA, U.S.A.). Chemicals used as
substrates were purified before use; benzene and
phenol by distillation; catechol and hydroquinone
by crystallization; benzoquinone by sublimation [31].
Specific polyclonal antibodies against CYP 2B1 were
a generous gift of Dr Magnus Ingelman-Sundberg,
Karolinska Institutet, Stockholm, Sweden.

Animals. Adult male, Wistar rats, weighing 200—
250 g (VELAZ, Praha, Czech Republic), pretreated
with sodium phenobarbital (0.1% in drinking water
for 6 days and one i.p. injection, 80 mg/kg, 24 hr
before killing) were used.

Microsomes. Microsomes were prepared according
to van der Hoeven and Coon [32], protein was
estimated according to Lowry ef al. [33] with bovine
serum albumin as a standard.

Incubations All incubations were carried out in
glass-stoppered test tubes using a shaking water bath
at 37° in the dark for 60 min (except experiments
where the periods of incubation were 5, 10, 15, 30,
60, 90 and 120 min). The incubation mixture con-
tained final concentrations of microsomal protein,
1mg/mL, NADPH-generating system (10 mM
MgCl,, 5 mM glucose-6-phosphate, 0.5 mM, NADP,
glucose-6-phosphate dehydrogenase, EC 1.1.1.49;
0.5 U per mL), 1 mM substrate (except experiments
where 0.01, 0.03, 0.1, 0.3, 1 or 5 mM concentrations
were used). A 150 mM KCl/50 mM Tris-HCI, pH 7.4
buffer was added to make 2 mL final volume. Final
concentrations of the reagents anticipated to protect
P450 were: 5mM EDTA, 0.1, 1 or SmM desferal,
superoxide dismutase (40, 200 or 400 U/mL),
catalase (100, 500 or 1000 U/mL), 0.1, 1 or 5mM
a-tocopherol acetate (diluted in methanol) and 0.1,
1 or 5mM ascorbate. After incubation, the
microsomes were centrifuged for 15 min for 22,000 g
at 4° and the pellet resuspended in KCl-Tris buffer
prior to determination of aniline hydroxylase and
electrophoretic procedures to exclude interference
of water-soluble quinones. The protein loss due to
centrifugation was <25%.

Spectrophotometric determination. The total CYP
content in microsomes before and after the
incubations was estimated according to Omura and
Sato [34].

Catalytic activities. PROD was assayed according
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Fig. 1. CYP destruction by benzene and its metabolites—
spectrophotometric evaluations. PB-microsomes were
incubated for 60 min at 37° in the absence or presence of
NADPH, without (NONE) or with 1 mM substrate (B,
benzene; P, phenol; C, catechol; HQ, hydroquinone; BQ,
benzoqunoine). Results are expressed as total CYP content
at the end of incubation (nmol/mg protein), mean + SD
of eight observations. The initial CYP content ranged
between 1.60 and 1.82 nmol/mg microsomal protein. Pro-
tective effects: #significantly different (P < 0.003) from
sample incubated without substrate in the absence of
NADPH, and ##(P < 0.001) in the presence of NADPH.
Destructive effects: significantly different from sample
incubated without substrate in the absence of NADPH;
*P <0.03, **P < 0.001, and ***(P < 0.03) in the presence
of NADPH.

to Lubet et al. [35]. Aniline-hydroxylation was
assayed according to Kato and Gillette [36] as
modified by Gram et al. [37].

Electrophoresis. Electrophoresisin polyacrylamide
gel was performed according to Laemmli [38] using
the modification of O’Farrell [39]. Gels were stained
forhemeby3,3’,5,5'-tetramethylbenzidine according
to Thomas ef al. [40] and for protein by Coomassie
Brillant Blue R250 according to Fairbanks er al. [41].
Western blotting of proteins was performed according
to Towbin et al. [42] using immunostaining with
horseradish peroxidase system.

Statistical significance. This was analysed by the
Student’s ¢-test.

RESULTS

Destruction of CYP by benzene and its metabolites
evaluated by CO-binding spectra

Microsomes were incubated for 60 min at 37°
without substrate or with 1 mM concentration of
substrate. In order to distinguish between the direct
effect of substrates and the influence of their
metabolism, the incubations were carried out in the
absence or presence of NADPH-generating mixture
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(subsequently called NADPH). The CYP content in
different batches of microsomes at the beginning of
incubation ranged from 1.60 to 1.82 nmol CYP/mg
of protein. In the absence of NADPH, benzene did
not change CYP content; phenol significantly
(P <0.003) enhanced CYP content; catechol sig-
nificantly (P < 0.003) lowered CYP level; hydro-
quinone and benzoquinone showed a more significant
(P <0.001) destruction (40 and 65% decrease) of
total CYP content, respectively (see Fig. 1). In the
presence of NADPH, a significant (P <0.001)
decrease of total CYP content (35-45%) occurred
in samples incubated both with and without
substrates, except the sample incubated with phenol,
when compared with the CYP content in a sample
incubated without substrate and NADPH. On the
other hand, in comparison with the sample incubated
without substrate but with NADPH, benzene
lowered the CYP content significantly (P < 0.03);
but quinones did not cause a significant decrease of
the CYP level and phenol significantly (P < 0.001)
protected CYP.

The effect of quinone concentration of CYP
destruction. Microsomes were incubated for 60 min
at 37° with various concentrations of quinones (0.01,
0.03, 0.1, 0.3, 1 and 5mM) in the absence or
presence of NADPH. In the absence of NADPH
(Fig. 2A), a significant decrease of CYP content was
reached by 1 mM catechol, 0.3 mM hydroquinone
and 0.01mM benzoquinone (30% decrease was
produced by 3 mM catechol, 0.3 mM hydroquinone
and 0.03mM benzoquinone). In contrast in the
presence of NADPH (Fig. 2B), low concentrations
of quinones protected CYP against the NADPH-
mediated destruction. The effective protective con-
centration ranged between 0.03 and 0.3mM for
hydroquinone and 0.03 and 0.1 mM for benzo-
quinone.

Time course of CYP destruction. Microsomes were
incubated with or without 1 mM quinones at 37° for
various periods of time (5, 10, 15, 30, 60, 90,
120 min) in the absence or presence of NADPH.
The results showed that in the absence of NADPH
(Fig. 3A), catechol lowered the CYP level slowly
with the constant rate during 0120 min. In contrast
hydroquinone and particularly benzoquinone exerted
a very rapid effect within the first 5min but after
30min the hydroquinone effect ceased. In the
presence of NADPH (Fig. 3B), CYP destruction
caused by NADPH without substrate was faster than
that caused by simultaneously added NADPH and
catechol or hydroquinone, but slower than the effect
of NADPH plus benzoquinone. On the other hand
catechol and hydroquinone protected CYP against
NADPH-mediated destruction from the start and
benzoquinone from the 30th minute of incubation.
The destructive action of benzoquinone seemed to
be completely stopped at minute 10. Both the effect
of quinone concentration and time courses confirmed
benzoquinone to be the most potent quinone,
hydroquinone being less effective and catechol the
least effective in CYP destruction.

Possible mechanisms of CYP destruction: agents
protecting CYP against the NADPH-and/or quinone-
mediated destruction. Anticipated protective agents
were included in the usual incubation mixture. A
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Fig. 2. Concentration course of the CYP destruction by
quinones—spectrophotometric evaluations. PB-micro-
somes were incubated for 60 min at 37° in the absence (A)
or presence (B) of NADPH with various concentrations of
quinones (0.01, 0.03, 0.1, 0.3, 1 or 5mM). Each point
represents the CYP content (nmol/mg protein) in duplicate
sample.

possible role of ROS or organic radicals was
estimated by the addition of 1 or 5 mM concentration
of chelators (EDTA, desferal); enzymes (40, 200 or
400 U/mL of superoxide dismutase used to dismutate
the superoxide anion radical; 100, 500 or 1000 U/
mL of catalase to eliminate H,0,); 0.1, 1 or 5 mM
a-tocopherol which traps ROS and organic radicals
and 0.1, 1 or 5mM ascorbate (maintaining the
reducing environment). The chelators produced a
significant protection of CYP against NADPH-
mediated destruction (data for EDTA are not
presented), desferal being the more effective
(P < 0.005), but both were unable to protect CYP
against quinones (Table 1). Ascorbate was the only
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Fig. 3. Time course of the CYP destruction by quinones—

spectrophotometric evaluations. PB-microsomes were

incubated at 37° in the absence (A) or presence (B) of

NADPH, without quinone (NONE) or with 1 mM quinones

for various periods of time (5, 10, 15, 30, 60, 90, 120 min).

Each point represents the CYP content (nmol/mg protein)
in duplicate sample.

agent able to protect CYP against all quinones
significantly (for level of significance see Table 1).
The effective concentrations of ascorbate were:
1 mM (protecting against hydroquinone and benzo-
quinone in the absence of NADPH) and 5mM
(protecting against all quinones). A 0.1 mM con-
centration of ascorbate was without effect (data not
presented). At 5mM concentration, ascorbate
protected CYP against NADPH-mediated destruc-
tion (P<0.005) as well. Surprisingly, 1mM
concentration of ascorbate produced a significant
(P < 0.001) decrease of CYP level in the sample
incubated without quinones in the absence of
NADPH, while 5mM ascorbate was without

P. SOUCEK, B. FiLipcova and I. Gurt

destructive effect. Presently there is no explanation
for this phenomenon. Superoxide dismutase and
catalase did not appear to protect CYP in any
concentrations used (data not presented). a-
Tocopherol protected CYP against NADPH-
mediated destruction with lower potency than
chelators (decrease to 70%) but did not provide any
significant CYP protection against quinones (data
not presented).

CYP destruction evaluated by measuring the CYP
enzyme activity.

Microsomes were preincubated for 60 min at 37°,
with or without 1 mM quinones in the absence or
presence of NADPH. For the aniline hydroxylase
activity assay it was necessary to remove the excess
of interfering quinones by centrifugation of the
sample (15 min at 22,000 g and 4°) and resuspending
the pellet in 150 mM KC1/50 mM Tris, pH 7.4 buffer.
Aliquots of microsomal protein (200 ug for PROD
and 1 mg for aniline hydroxylase) were used to assay
CYP activity. The initial activity was 1170 + 230 pmol
of resorufin formed/min/mg protein for PROD and
675 = 113 pmol of p-aminophenol formed/min/mg
protein for aniline hydroxylase. In the absence of
NADPH, catechol did not affect PROD (Fig. 4)
but it significantly (P <0.03) diminished aniline
hydroxylase activity (Fig. 5); hydroquinone and
benzoquinone significantly lowered both PROD
(P < 0.001) and aniline hydroxylation (P < 0.03). In
the presence of NADPH, catechol did not change
PROD but produced a significant depression of
aniline hydroxylation (P < 0.03); hydroquinone did
not influence either PROD or aniline hydroxylation;
benzoquinone significantly depressed PROD
(P < 0.001) but did not affect aniline hydroxylation.
There was a conspicuous difference in NADPH-
mediated CYP destruction: it significantly reduced
PROD (P < 0.001) but did not decrease aniline
hydroxylation.

CYP destruction evaluated by electrophoresis and
western blot analysis of microsomal proteins

Microsomes were preincubated for 60 min at 37°,
with or without 0.1 or 1 mM hydroquinone, 0.01,
0.1 or 1mM benzoquinone in the absence of
NADPH. After this preincubation the sample was
centrifuged (15 min at 22,000 g and 4°) and the pellet
resuspended in lysis buffer, boiled for 5Smin and
45 pg (for heme staining), 30 ug (for staining of total
protein) or 2 ug (for immunoblotting) of microsomal
protein were subjected to electrophoresis. For
western blot analysis, proteins from the gels were
transferred onto nitrocellulose paper by electro-
blotting and probed with the polyclonal CYP2B1
antibodies. Nitrocellulose was then incubated with
horseradish peroxidase-conjugated second antibody
and stained using aminoethylcarbazole as a substrate.
Staining of the gels for the heme peroxidase activity
(Fig. 6A) showed that CYP-heme was inactivated.
This occurred by preincubation with: 0.1 mM
hydroquinone and 0.01 benzoquinone (17% decrease
of CYP-heme determined by densitometry,
P < 0.03). Greater effects were seen with 0.1 mM
benzoquinone (33%, P <0.005), 1mM hydro-
quinone (55%, P < 0.005) and 1 mM benzoquinone
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Table 1. Protection against CYP destruction—spectrophotometric evaluations
Protection
Desferal Ascorbate
Quinone NADPH — 1mM 5mM 1mM 5mM

None - 97.1x7.0 103419 1041209 17.9+1.2* 95.0+1.4

+ 58.0x12.8 77.5 3.3t 75.8 £ 2.4% 482+26 97.0 3.6t
Catechol - 87.7+15.3 72123 81.2+18 85.0+2.4 85.6 52

+ 66.4 *+ 12.6 7452 1.0 59.7x7.6 78.4 £ 11.1 88.0 = 6.6%
Hydroquinone - 60.8+99 56.0 = 8.1 58.1 £33 86.4 +2.3§ 98.8 £2.18§

+ 67.3+9.0 71.5+x1.4 71.5+33 77.4£6.6| 86.3 4.2
Benzoquinone - 355%6.7 352+24 35.6 £10.2 70.1 £ 1.1 88.7+ 7.7

+ 56.2+ 8.1 66.4 = 3.0 56.1£2.3 50.4 6.1 79.4 £1,9**
N 8 4 4 4 4

Incubations were made in the same manner as in Fig. 1 and the protective agents {1 or 5 mM desferal or ascorbate)

were included.

Results are presented as percentage of initial CYP content {1.71 + 0.11 nmol/mg protein), mean = SD, N = number

of observations.

* Significantly different (P <0.001) from microsomes incubated without substrate in the absence of NADPH
(NONE—), or #(P < 0.005) in the presence of NADPH (NONE+).

1 Significantly different (P < 0.005) from microsomes incubated with catechol in the presence of NADPH.

§ Significantly different (P < 0.001) from microsomes incubated with hydroquinone in the absence of NADPH, or

(P < 0.05) in the presence of NADPH.

1 Significantly different (P < 0.001) from microsomes incubated with benzoquinone in the absence of NADPH, or

**(P < 0.001) in the presence of NADPH.
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Fig. 4. PROD activity destruction by quinones. After the
preincubation (see Fig. 1), 200 ug of microsomal protein
were taken and PROD activity assayed. Each value
represents the mean = SD of eight assays. PROD activity
in non-incubated PB-microsomes ranged between 940
and 1400 pmol of resorufin formed/min/mg protein.
*Significantly different (P < 0.001) from microsomes
preincubated without substrate in the absence of NADPH,
and **(P < 0.001) in the presence of NADPH.
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Fig. 5. Aniline hydroxylase activity destruction by quinones,
After the preincubation (see Fig. 1), microsomes were
centrifuged for 15 min at 22,000 g and 4°, the pellet resus-
pended in KCl-Tris buffer. An aliquot of 1mg of
microsomal protein was taken and aniline hydroxylase
activity assayed. Each value represents mean = SD of four
assays. Aniline hydroxylase activity in non-incubated
microsomes ranged between 562 and 788 pmol of
p-aminophenol formed/min/mg protein. *Significantly
different (P < 0.03) from microsomes preincubated without
substrate in the absence of NADPH, and **(P < 0.03) in
the presence of NADPH.

{82%, P < 0.001; for densitometry see Table 2). A
very similar trend was seen when the gels were
stained for protein by Coomassie blue (Fig. 6B).
The number of microsomal proteins in the 36.5-
58kDa range was substantially lowered after
preincubation with (.1 mM benzoquinone or 1 mM
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Fig. 6. CYP destruction by quinones in the absence of NADPH evaluated by electrophoresis. After
the preincubation (60 min, 37° in the absence of NADPH without or with 0.01, 0.1 or 1 mM quinones),
microsomes were centrifuged for 15min at 22,000 g and 4°, the pellet resuspended in sample lysis
buffer. Aliquots of 45 ug (for heme staining) or 30 ug (for protein staining) of microsomal protein were
subjected to electrophoresis and gels stained for heme (A) or protein (B). (A) Heme staining: lanes
1, 2—PB-microsomes preincubated without quinone; lanes 3, 4—PB-microsomes preincubated with
0.1 mM hydroquinone; lanes 5, 6—PB-microsomes preincubated with 1 mM hydroquinone; lanes 7,
8—PB-microsomes preincubated with 0.01 mM benzoquinone; lanes 9, 10—PB-microsomes preincubated
with 0.1 mM benzoquinone; lanes 11, 12—PB-microsomes preincubated with 1 mM benzoquinone;
lanes 13, 14—microsomes from untreated rats not preincubated; lane 15—PB-microsomes preincubated
without quinone (22.5 ug of protein per lane). (B) Protein staining: lanes 1, 10—PB-microsomes
preincubated without quinone; lanes 2, 3—PB-microsomes preincubated with 0.1 mM hydroquinone;
lane 4—PB-microsomes preincubated with 1 mM hydroquinone; lane 5—PB-microsomes preincubated
with 0.01 mM benzoquinone; lane 6—PB-microsomes preincubated with 0.1 mM benzoquinone; lanes
7, 8—PB-microsomes preincubated with 1 mM benzoquinone; lane 9—prestained molecular weight
standards, Sigma [lactic dehydrogenase (EC 1.1.1.27) 36.5kDa, fumarase (EC 4.2.1.2) 48.5kDa,
pyruvate kinase (EC 2.7.1.40) 58 kDa, 10 ug of each standard per lane].
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Table 2. CYP destruction by quinones evaluated by densitometry

Immunostaining for 2B

Quinone mM Heme N Band 1 Band 2 N
— 100 = 3.0 2 100 0 8
Hydroquinone 0.1 78.6; 88.1* 2 103.4 = 18.5 0 8
Hydroquinone 1.0 44.3; 45.61 2 27.3 = 14.6% 39.0x7.2 8
Benzoquinone 0.01 87.3; 79.8* 2 74.7 +20.1% 0 8
Benzoquinone 0.1 70.3; 65.4% 2 13.8 = 11.0¢ 354+ 15.0 12
Benzoquinone 1.0 18.6; 17.7% 2 13.1 = 14.5¢ 28.0+18.3 16

Gels and blots presented in Figs 6 and 7 were scanned with a densitometer.

Values represent the percentage of staining intensity compared with the sample preincubated
without quinone, N = number of scanned samples.

Significantly different from sample preincubated without quinone; *P < 0.03, P < 0.001,

P < 0.005.

1 2 3 4 5 6 7

9 10 11 12 13 14 15

Fig. 7. CYP protein destruction by quinones in the absence of NADPH evaluated by western blot
analysis. After the preincubation and centrifugation (see Fig. 6), 2 ug of microsomal protein were
subjected to electrophoresis, transferred to nitrocellulose paper and probed with the polyclonal CYP2B1
antibody using horseradish peroxidase conjugated second antibody. Lanes 1, 2, 15—PB-microsomes
preincubated without quinone; lanes 3, 4—PB-microsomes preincubated with 0.01 mM benzoquinene;
lanes 5, 6—PB-microsomes preincubated with 0.1 mM benzoquinone; lanes 7, 8—PB-microsomes
preincubated with 1 mM benzoquinone; lanes 9, 10—PB-microsomes preincubated with 0.1 mM
hydroquinone; lanes 11, 12—PB-microsomes preincubated with 1 mM hydroquinone; lanes 13, 14—
microsomes from untreated rats not preincubated.

hydroquinone or 1mM benzoquinone. The pre-
incubation with 0.01 mM benzoquinone or 0.1 mM
hydroquinone failed to cause disappearance of
microsomal proteins. The immunoblotting analysis
(Fig. 7) showed that preincubation with 0.1 mM
hydroquinone did not lead to a significant destruction
of CYP 2B1, while preincubation with 0.01 mM
benzoquinone lowered CYP 2B1 content significantly
(P < 0.03; see Table 2). The preincubation with
1mM hydroquinone or 0.1 mM benzoquinone
produced two bands with a highly reduced band
corresponding to CYP 2B1 (P < 0.001). At 1 mM
concentration, benzoquinone also caused a strong
reduction of both bands (P < 0.001).

Correlation analysis of CYP destruction by quinones

This revealed the highest level of correlation
between the values for the total CYP content and
CYP 2B1 destruction (r = 0.997; see Table 3). A
high level of correlation between the values for the
total CYP content and CYP-heme destruction was
also observed (r = 0.883). The correlation between
the data for CYP-heme and CYP 2B1 destruction
{r=10.753) and between CYP total content and
PROD activity destruction (r=0.707) was also
good, but on the other side the correlation between
aniline hydroxylase and PROD activity (r = 0.425)
and that between aniline hydroxylase activity and
total CYP content destruction (r = 0.383) was weak.
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Table 3. Correlation between data for CYP destruction evaluated by various methods

P450 PROD Aniline hydroxylase Heme 2B1
P450 — 0.707 0.383 0.883 0.977
PROD — 0.4255 ND ND
Aniline hydroxylase — ND ND
Heme — 0.7535
2B1 —

Correlation coefficient r presented, ND = not determined.

Thus, these data show that effects of quinones were
specific for the CYP 2B1 form. Taken together,
deleterious effects of quinones involve both the CYP
heme as well as the CYP protein.

DISCUSSION

Benzene inhalation was previously shown to lower
the total CYP content in PB-pretreated rats in vivo
[21]. In the experiments presented here we revealed
that in vitro incubation of microsomes from PB-
treated rats with benzene in the presence of NADPH
significantly diminished the total CYP content
(evaluated by the CO-binding spectra—Fig. 1),
whereas in the absence of NADPH benzene did not
decrease the CYP content. This finding suggests that
benzene is metabolically activated to reactive
intermediates which can attack either CYP heme,
protein or both. The covalent binding of benzene
metabolites to biomacromolecules has been shown
previously [19, 20, 43].

Phenot the main metabolite of benzene in
microsomes from rats treated by PB significantly
elevated the CYP content during incubation without
NADPH. This effect may occur through a disruption
of a complex between PB or its metabolite and CYP.
Phenol also protected CYP against NADPH-
mediated loss apparently by scavenging ROS
(produced in the futile cycle).

In order to identify the destructive intermediates
and the mechanism of their action we focused our
attention to the other benzene metabolites—
quinones: catechol, hydroquinone and benzo-
quinone. Quinones damaged CYP directly (in the
absence of NADPH) with anincreasing potency in the
series of catechol < hydroquinone < benzoquinone.
This trend was confirmed by the time- and
concentration-effects (Figs 2A and 3A). In the
presence of NADPH, all quinones caused almost
the same CYP loss as that mediated by NADPH
alone. Low concentrations of quinones (<0.3 mM)
were able to protect CYP against the NADPH-
mediated destruction (Figs 2B and 3B) thus
documenting the reported ROS-scavenging capacity
of quinonic substances [44, 45].

The time and concentration effects show that the
destructive effect of benzoquinone is very rapid and
significant at very low concentrations (0.03 mM). On
the other hand, the effect of hydroquinone is slower,
requires a higher concentration (>0.3 mM) and can
be mitigated by a reducing environment (ascorbate).
These observations suggest that hydroquinone must

be oxidized to benzoquinone (via semiquinone) to
cause CYP destruction. Our results agree with the
data of Lunte and Kissinger [46] who found that
hydroquinone incubated with microsomes was
oxidized to benzoquinone which resulted in an
increased rate of covalent binding. The immunoblots
stained for CYP 2B1, showing that the destruction
pattern produced by 1 mM hydroquinone is very
similar to that of 0.1 mM benzoquinone (Fig. 7),
support these observations.

Thus, it appears that ROS do not play a significant
role in the quinone-mediated CYP destruction as
superoxide dismutase and catalase failed to protect
CYP against quinones. In addition another ROS
and organic radical scavenger—a-tocopherol [47]
was also without effect.

Ascorbate maintains hydroquinone and catechol
in the reduced state [24] and it was used to inhibit
covalent binding of quinones to microsomal proteins
and DNA during metabolism of halogenated ben-
zenes [48-51]. This was apparently the way ascorb-
ate protected CYP against all quinones in our
experiments (Table 1). The effect of ascorbate
indicated that CYP destruction was caused by
covalent binding of quinones to heme and/or protein
moiety. Electrophoresis of microsomes stained for
heme and total protein supported this view (Fig. 6A
and B). The attack of quinones was directed to both
heme and protein moiety (see Table 3). A similar
mode of action was reported for CCly [4].

The substantial decrease of CYP content incubated
with 1 mM ascorbate without quinone and NADPH
is apparently caused by ROS generated from Fe?*-
ascorbate redox system which is formed in conditions
of aerobic incubation [52].

It is of interest that the sensitivity of PROD a
marker for CYP 2B1 in rat liver microsomes and
aniline hydroxylase represented preferentially by
CYP 2E1 to preincubation of microsomes with
catechol which show aniline hydroxylation damaged
and benzoquinone with NADPH (PROD activity
damaged) differed (Figs 4 and 5). Moreover, PROD
was strongly affected by the CYP futile cycle after
preincubation with NADPH, whereas aniline
hydroxylation was not. These results strongly suggest
different sensitivities of the particular CYP forms
(2B1 versus 2E1 both present in our PB-microsomes
at significant levels [23]) to quinones. In addition
there is a possibility that CYP 2E1 is considerably
less sensitive to ROS than CYP 2B1. Various reports
have shown a high sensitivity of CYP 2B1 activity
to xenobiotics. A significantly higher inhibition of
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2B1 activity than 1A activity by avarol—sesqui-
terpenoid hydroquinone and its quinone avarone
was observed [53]. A selective inhibition of PROD
activity (in contrast with 7-ethoxyresorufin O-
deethylase for 1A1) by benzene derivative m-xylene
was also evidenced [14].

The apparent split of CYP 2B1 protein into two
bands detected by immunostaining (Fig. 7) seems to
be a rather unusual way of CYP inactivation.

Results similar to ours on the effects of benzene
and its metabolites have not been reported so far.
Our data presented here enable us to draw the
following conclusions. (1) Benzene when metabolized
may destroy CYP through its metabolites—quinones,
in low concentrations (0.03—-0.3 mM). (2) The action
of benzoquinone is direct whereas catechol and
hydroquinone must undergo oxidative reactions
yielding corresponding benzoquinones. Ascorbate
inhibits these reactions and thus protects CYP
against quinones. The role of reactive intermediate
of quinone redox cycling—semiquinone radical
remains to be evaluated. (3) Both heme and protein
moiety of CYP serve as the target for the
benzoquinone action. (4) CYP2B1 seems to be very
sensitive to both ROS- and quinone-mediated
destruction. This fact is of great importance
because the detoxication/activation ratios of many
procarcinogens may be altered [14].
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