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Abstract—In NADPH-supplied rat liver microsomes irreversible protein and lipid binding of “C-CCl,-
metabolites continuously increase with decreasing oxygen concentrations. In aerobic suspensions of rat
liver microsomes and NADPH the catechol steroid 2-hydroxyestfadiol-178 effectively inhibits not only
CCl,-initiated lipid peroxidation but also protein and lipid binding of "“C-CCl-metabolites. With
decreasing oxygen concentrations the inhibitory potency of 2-hydroxyestradiol-178 on all three par-
ameters connected with activation of CCl, is reduced. In order to obtain the same inhibitory effect
more catechol compound is needed under low than under high oxygen tensions. Anaerobically, 2-
hydroxyestradiol-178 was found not to inhibit irreversible protein and lipid binding, and lipid peroxi-
dation was not detectable in absence of oxygen. An oxidized catechol metabolite rather than the
catechol molecule itself may be responsible for the enzymatic inhibition of the activation step of CCl,
or may interfere with reactions of the -CClyradicals formed.

Several compounds protect the organism from the
deleterious action of toxic chemicals like carbon
tetrachloride {(CCly; for review see [1, 2]). It has been
suggested [1-3] that some of these protective agents
act by inhibiting the metabolic activation step of
CCl, by the cytochrome P-450 enzyme system of the
endoplasmic reticulum of cells, especially hepato-
cytes, because an interrelationship between metab-
olism and toxicity of CCl, has already been estab-
lished [1-4]. However, the so called antioxidants are
presumably additionally interfering with the CCl,-
induced lipid peroxidation reaction which could be
the real mechanism responsible for CCl,-toxicity.

Catechol compounds belong to this ‘antioxidant’
group and are potent inhibitors of CCls,-induced lipid
peroxidation reactions in vitro and in vivo [1,2,5-
7]. But the real molecular mechanism by which these
compounds prevent toxicity is unclear. Catechols are
substrates of a NADPH-dependent enzyme system
of the endoplasmic reticulum of the liver, presumably
the cytochrome P-450 reductase [8-15]. Their oxi-
dation by hepatic microsomes results in the forma-
tion of semiquinones or quinones and hydrogen per-
oxide [15], probably due to superoxide anion radicals
[11-15}. In order to find out how catechol compounds
could prevent CCl,-induced hepatotoxicity we inves-
tigated whether their oxidation occurring in hepatic
microsomes in the presence of NADPH and oxygen
is responsible for their inhibitory effect on the metab-
olic activation of CCl,.
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We selected the irreversible protein and lipid bind-
ing of CCl,-metabolites as well as the lipid peroxi-
dation as parameters of CCl,-activation. We used
several oxygen concentrations during incubation. 2-
Hydroxyestradiol-178 was selected as a model
catechol compound, because it has been demon-
strated in our previous work that it is a very potent
inhibitor of hepatic lipid peroxidation induced by
CCl, or CBrCl, [5, 6], its efficiency probably being
due to the lipophilicity of the steroid ring [5].

We found that the inhibitory potency of 2-
hydroxyestradiol-17f on irreversible protein and
lipid binding as well as on lipid peroxidation depends
on the actual concentration of oxygen in liver micro-
somes. This indicates that the oxygen concentration
in the hepatocytes could influence the ‘antioxidant’
activity of catechol compounds and of other hydro-
quinone and quinone molecules.

MATERIALS AND METHODS

Materials. All chemical compounds including non-
radioactive CCl, were of analytical grade and were
obtained from Merck, Darmstadt, Germany. All
biochemicals were of the purest grade available and
were from Boehringer, Mannheim, Germany. "C-
CCly; was purchased from Amersham Buchler,
Braunschweig, Germany. Its specific radioactivity
was 6.94 mCi/mmole, the purity being higher than
98 per cent. Unlabelled CCl; was mixed with the
radioactive one to appropriate specific radio-
activities.
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2-Hydroxyestradiol-178  (Estra-1.3.5(10)-triep-
2,3,17f-triol} was a gift from Schering. Berlin.
Germany.

Microsomal incubations. Hepatic microsomes
were freshly isolated according to standard pro-
cedures [5] from male Wistar rats of 180-220 g body
weight which had free access to food (Altromin®)
and tap water until the experiment. Microsomes
(2 mg protein/ml) were incubated in KCI-Tris buffer
with “C-CCl, (1 gl/ml; approx. 10 umoles/ml) and
with a NADPH-regenerating system in presence or
absence of 2-hydroxyestradiol-178 as already
described [5]. The special gas-tight incubation flask
used during the present experiments which was com-
prised of 5 ml incubation fluid and 15 ml gas volume
is described elsewhere in detail [16]. The methods
of the incubations under different oxygen concen-
trations at 37° as well as the procedures to initiate
and terminate the microsomal reactions are also
given in this recent report [16].

Assays. Some samples withdrawn from the micro-
somal incubation were precipitated in ethanol (final
concentration 70%), rehomogenized and washed
with 70% ethanol four times (once with boiling 70%
ethanol), similarly as described for the irreversible
protein binding of imipramine [17]. The washed pro-
teins were dissolved as described previously {17].
and the irreversibly protein-bound radioactivity was
counted by scintillation spectrophotometry [17].

The determination of irreversible binding of CCl,-
metabolites to lipids was identical to that described
by Uehleke and co-workers [18. 19].

Malondialdehyde was estimated by the thiobar-
bituric acid method in the supernatant obtained after
precipitation of the microsomal protein by trichloro-
acetic acid as described elsewhere [5].
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Incubations were followed for 50 min. For every
parameter measured at least 5 samples were with-
drawn from the incubation mixture at different times.
Control incubations were performed without
NADPH. The rates of irreversible binding of CCl,-
metabolites or of MDA-formation were calculated
from the linear phases of the time curves and
expressed as nmoles CCl,-metabolite irreversibly
bound to protein and lipid or nmoles MDA formed
per min. When experiments in the presence of the
inhibitor 2-hydroxyestradiol-178 were performed,
the different rates observed with different inhibitor
concentrations were transformed into a Dixon-dia-
gram as described previously [5]. From the Dixon-
diagram obtained the inhibitor concentration (is,)
was calculated which inhibited the reaction to 50 per
cent. The term Ig is used instead of the K;-value
which is not applicable to heterogenous enzyme sys-
tems [3].

RESULTS

Figure 1 shows how irreversible lipid and protein
binding of CCl,-metabolites formed by the action of
hepatic microsomal enzymes depends on oxygen sup-
ply. As already pointed out [16] our system allows
the examination of CCl;-metabolism under defined
conditions. The experimental design guarantees that
constant amounts of CCl; are present in the micro-
somal suspensions as well as in the gaseous phases
above [16]. No considerable changes of the oxygen
concentrations present in the liquid phases have been
observed, although during incubation some oxygen
is used up by the microsomal activity [16]. With all
oxygen concentrations applied the irreversible bind-
ing of CCl,-metabolites both to proteins and lipids
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Fig. 1. Oxygen dependence of irreversible protein (O———O) and lipid (@——@) binding of CCl,-
metabolites after 50 min incubation with rat liver microsomes in the presence of NADPH. Irreversible
binding to the total lipid isolated from microsomes containing 1 mg protein is given.
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Fig. 2. Dixon-diagram of the inhibitory effect of 2-hydroxyestradiol-178 (2-OH-E,) on irreversible

binding of CCls-metabolites to proteins (@——@) and lipids (O——CO) after incubation with rat liver

microsomes in the presence of NADPH. Each point representing the rate of binding was obtained from

the linear phase of a time curve with at least 5 points. Irreversible binding to the total lipid isolated

from microsomes containing 1 mg protein is given. The diagram shows results from incubations in the
presence of 4% oxygen and is representative for all other oxygen concentrations.

strongly depended on NADPH as evidenced by the
lack of binding during incubations without NADPH
(data not shown). This indicates that only metab-
olites of CCl, are irreversibly bound as already shown
by others [19-21].

As expected from previous anaerobic studies [21-
23] the irreversible binding increases continuously
with decreasing oxygen concentrations (Fig. 1). This
is not self-evident, because we recently found that
microsomal CCl,-induced malondialdehyde forma-
tion which was taken as a measure for lipid perox-
idation showed an atypical oxygen dependency with
a maximum at about 7% O, and a minimum at about
15% O, [16]. Binding of CCl,-metabolites to the
total lipid present in microsomes containing 1mg

protein is higher at low oxygen concentrations and
slightly lower at high oxygen concentrations than
irreversible binding to protein (Fig. 1). Because the
protein/lipid ratio of our microsomes varied from 0.8
to 1.2, we related irreversible lipid binding to a
certain amount of microsomal protein (Figs 1 and
2, Table 1). This seems reasonable as lipid binding
of CCl, depends on its metabolism by enzymes which
are present in definite amounts in the microsomal
protein fraction.

Table 1 shows the results of irreversible protein
and lipid binding of CCl,-metabolites and of lipid
peroxidation arising from microsomal incubations of
CCl, with 2-hydroxyestradiol-178under 0% and 10%
oxygen. Binding to proteins and lipids and lipid

Table 1. Inhibitory effect of 2-hydroxyestradiol-178 (2-OH-E,) on irreversible binding of
CCl,-metabolites to proteins and lipids and on MDA-formation after incubation with rat liver
microsomes in the presence of NADPH, as influenced by the presence of oxygen*

nmoles/mg microsomal protein/50 min

0% 0,

without

2-OH-E, (30 uM)

10% O,
without with
2-OH-E, (30 uM)

with

Irreversible
binding of CCl,-
metabolites:
To protein
To lipidt
Lipid peroxidation:
MDA-formation i.a.

12.9 7.5 3.7
394 34 i.a.
i.a. 28.0 i.a.

* The data are obtained from time curves with at least 5 points.
+ Irreversible binding to the total lipid isolated from microsomes containing I mg protein is
given. MDA = malondialdehyde. i.a. = insignificant amounts.
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peroxidation are inhibited to 50-100 per cent by this
catechol steroid in presence of 10% oxygen (Table
1} and also with higher oxygen concentrations (data
not shown in Table 1). whereas at least binding is
not influenced in absence of oxygen (Table I. 0%
0,). Because lipid peroxidation is very low at 0%
O, (Table 1), an inhibitory effect of 2-
hydroxyestradiol-17f is not measurable.

To further evaluate the effect of oxygen on the
inhibitory effect of 2-hydroxyestradiol-17 we car-
ried out incubations with different oxygen and
catechol steroid concentrations. The data obtained
with 49 oxygen are shown in Fig. 2 which is a
representative Dixon-diagram of irreversible binding
of CCl-metabolites to proteins and lipids measured
after incubation in the presence of different concen-
trations of the inhibitor 2-hydroxvestradiol-17f.
These data clearly demonstrate that binding is
inhibited by this catechol steroid and that it inhibits
irreversible lipid binding to a higher extent than
irreversible protein binding (Fig. 2, 15-values of
10 x 107 M) compared to 32 x 107" M.

With 4% O, the potency of 2-hydroxyestradiol-
178 on inhibition of lipid peroxidation as measured
by malondialdehyde formation is in the range of the
value obtained for irreversible lipid binding of CCl-
metabolites (Fig. 3). Furthermore. Figure 3 dem-
onstrates that in the presence of higher oxygen con-
centrations 2-hydroxvestradiol-17f ts a good inhib-
itor of malondialdehvde formation and irreversible
lipid binding of CCl-metabolites (isy-values of 1-
10 x 107°M). whereas it shows a weaker effect on
irreversible protein binding. Concerning microsomal
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malondialdehyde formation induced by CCl, we have
previously observed an iy-value of about 0.9 X
107% M for 2-hydroxyestradiol-178 in the presence
of 20% oxygen [5]. However, the exact inhibitory
effect of 2-hydroxyestradiol-17f on irreversible pro-
tein and lipid binding could not be calculated with
oxygen concentrations higher than 10 per cent (Fig.
3), because already the absolute amount of CCl;-
metabolites irreversibly bound during the unin-
hibited reaction was relatively low (see Fig. 1).

It can be seen from Fig. 3 that the inhibitory
potency of 2-hydroxyestradiol-17f on malondialde-
hyde formation as well as on irreversible lipid and
protein binding decreases continuously with decreas-
ing oxygen concentrations. With oxygen concentra-
tions lower than one per cent the 1y-values increased
very much (Fig. 3) and could not be calculated from
the data obtained during incubations with less than
0.2% oxygen. In the absence of oxygen the rcactions
were not inhibited even in the presence of relatively
high concentrations of 2-hydroxyestradiol-17f3 (see
Table 1).

DISCUSSION

Our experimental design guaranteed saturation of
the microsomal enzymes with CCl, during the whole
incubation [16]. Furthermore, the NADPH in the
regenerating system used cannot become a rate-
limiting factor because of the excess of this pyridine
nucleotide. This is tmportant because Slater and
Sawyer had recently shown that the metabolic acti-
vation of CCl, can cause a loss of NADPH {24].
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Fig. 3. Oxygen dependence of the inhibitory effect of 2-hydroxyestradiol-17 (2-OH-E,) on irreversible

binding of CCl,-metabolites to proteins (A

A) and lipids (O——CO) and on malondialdehyde

formation (@——@) in rat liver microsomes incubated in the presence of NADPH. Each point

representing the corresponding 15-value was calculated from a separate Dixon-diagram with at least 4

concentrations of the inhibitor (2-OH-E.) as described in Fig. 2 for the rate of irreversible binding or

as described by Kappus et al. [5] for the rate of malondialdehyde formation. 15, (2-OH-E,) implies the

concentration of 2-hydroxyestradiol-178 which is necessary to inhibit the reaction to 50% under the
present conditions.
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probably due to irreversible binding of reactive CCl,-
metabolites to this molecule [40]. In addition, we
were able to adjust the exact oxygen concentration
in the microsomal mixture as controlled by an oxygen
electrode [16]. With this system we measured the
irreversible binding of CCl,;-metabolites to proteins
and lipids over a wide concentration range of oxygen.

Although many other studies examined the irre-
versible binding in aerobic and anaerobic hepatic
microsomes (4, 18-23], we report here for the first
time a continuous increase of CCl,-metabolites irre-
versibly bound to proteins and lipids with decreasing
oxygen concentrations (Fig. 1). The curves obtained
indicate that binding to lipids increases much more
in presence of 10% oxygen and less, than binding
to proteins.

The experiments on the inhibition of irreversible
binding of CCl,-metabolites to proteins and lipids
clearly demonstrate that the catechol compound used
is not only able to inhibit lipid peroxidation as has
been shown previously [5], but can also efficiently
inhibit this binding reaction in presence of oxygen
(Table 1, Fig. 2). However, whereas the inhibitory
potency (1sy) of 2-hydroxyestradiol-17f on lipid bind-
ing is in the range of the values observed on lipid
peroxidation, the effect on protein binding is smaller
(Fig. 3).

A number of possibilities have been discussed in
order to explain the irreversible protein and lipid
binding of CCl,-metabolites and the lipid peroxi-
dation occurring in presence of CCl; metabolism.
Most likely -CCly-radicals [1-4, 18-27] or CCl,-rad-
icals [29] are involved, although there is still no real
proof for their formation [28]. Other new theories
deal with the formation and reaction of CL,COOH
[30,31] or phosgene [32-35]. But both compounds
cannot be formed anaerobically and are therefore
not responsible for the irreversible protein and lipid
binding in absence of oxygen.

It has been suggested by several authors [1-3, 18-
23] that chemical compounds inhibit metabolic acti-
vation of CCl, to -CCl;-radicals, thereby modifying
irreversible protein and lipid binding as well as lipid
peroxidation. This cannot be the case in our experi-
ments, because anaerobically the catechol compound
does not inhibit the parameters measured, although
CCl, is activated maximally. However, Slater and
co-workers [2] discriminate between unspecific
inhibitors and typical free radical scavengers, the
latter group being also represented by 2-hydroxyes-
tradiol-178[5]. They conclude from their results that
for inhibition of the activation step of CCl, to -CCl;-
radicals 10-100 times the amount of chemical is
necessary compared to the amount needed for inhi-
bition of lipid peroxidation. They further suggest
that free radical scavengers react directly either with
the -CCl;-radical itself or with lipid radicals or lipid
peroxides formed by the action of -CCl;-radicals.

Our data give no evidence in favour of this hypo-
thesis for the following reasons: From the theoretical
standpoint it can be assumed that the more -CCl;-
radicals are formed the more free radical scavengers
are necessary to trap them. This fact could simply
explain our data on oxygen dependency of the inhibi-
tory potency of 2-hydroxyestradiol-178. But the for-
mation of free radicals originating from CCl,
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increases only tenfold (Fig. 1), whereas the inhibitory
potency of 2-hydroxyestradiol-178 is lowered to a
much greater extent resulting in a total lack of
inhibition in absence of oxygen (Table 1) where the
-CCls-radical formation is maximal and should be
decreased by the catechol compound. The same facts
argue against the interaction of the catechol molecule
with lipid radicals, their amount being fully depen-
dent on the amount of -CCl;-radicals.

On the other hand, the hypothesis that catechols
interfere with CCl,-induced lipid peroxides, as
already suggested [1,2,5], is not favoured by the
present findings because very low oxygen concen-
trations should give minor amounts of lipid peroxides
[16], which could be easily trapped by small amounts
of this scavenger. In contrast, in the presence of low
oxygen concentrations more catechol compound is
needed to get the same inhibitory effect on CCl,-
induced lipid peroxidation than in the presence of
higher oxygen concentrations (Fig. 3).

From our data we suggest that in hepatic micro-
somes metabolizing CCl, catechols neither react
directly with -CCls-radicals nor interfere with lipid
radicals or with lipid peroxides. Three mechanisms
could explain the results obtained: (a) Previous stud-
ies have shown that phenols and catechols interfere
with the microsomal electron transport chain of
cytochrome P-450 leading to a so-called uncoupling
of mixed function oxidase reaction [L0-12]. This
might occur by the reaction of the catechol with
superoxide anion (O3) formed in microsomes. Dur-
ing this reaction step hydrogen peroxide (H,0,) and
the semiquinone of the catechol are formed under
the conditions described [8-15], the latter being
reduced to the parent catechol compound. This
‘uncoupling’ would withdraw electrons from the
electron transport chain of cytochrome P-450 which
then are not available for the reduction of CCl, to
+CCl;. The inhibition of microsomal cytochrome P-
450 reduction by 2-hydroxyestradiol-17f [12] and
also by catecholamines [11] has been observed pre-
viously and has been ascribed to the action of catech-
ols on cytochrome P-450 reductase. (b) During
microsomal oxidation of catechols, e.g. 2-hydroxy-
estradiol-17p, reactive intermediates, probably the
semiquinone or quinone molecules, are formed
which bind irreversibly to proteins to a high extent
19, 36-39]. They could compete with -CCl;-radicals
at the protein or lipid binding site, although lipid
binding of catechols has not yet been investigated.
This competition could only occur aerobically, fully
explaining all of the results obtained, because minor
amounts of catechol-metabolites are formed in the
absence of oxygen [36-39]. (c) If it were not the
catechol itself but only the semiquinone molecule
which reacts with -CCly-radicals, oxygen must be
present to form the semiquinone, whereas anaerobic
conditions would favour the reduction to the parent
catechol by NADPH-dependent reductases [11-15].
Chloroform (CHCl;) and the quinone compound
would result from this reaction. However, the effect
of catecho! compounds on CHCI, formation has not
yet been studied under different oxygen concentra-
tions. Such an oxidation reduction cycle is very
efficient in trapping free oxygen radicals and is quite
similar to the reaction mechanism involved during
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inhibition of lipid peroxidation induced by iron ions
in hepatic microsomes. It differs from the mechanism
suggested by Slater and co-workers [2] only to the
extent that it is not the catechol itself but its oxidized
metabolite which is the real radical scavenger.

Regardless of the mechanism responsible, our
results indicate that oxygen concentration is an
important factor during the inhibitory activity of
catechols on irreversible protein and lipid binding
as well as on lipid peroxidation. Low oxygen tension
in cells in vivo, as observed in the centrolobular area
of the liver where CCl,-induced necrosis starts [1-
4], might be responsible for minor inhibitory effects
of some catechol compounds and of other free radical
scavengers on metabolic effects of CCl,. If toxicity
is related to these parameters and if a-tocopherol
would behave similarly, low oxygen concentrations
concomitant with a low activity of this radical scav-
enger could contribute to the CCl,-induced hepato-
toxicity in vivo.
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