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Abstract—The compounc 4-methoxy-B-chloro styrene has been chosen as a model substrate for microsomal
monooxygenases to study the relative rates of O-demethylation, ring hydroxylation and covalent binding by
the suggested epoxide intermediate. The phenolic products were identified by g.c.—m.s. and the covalent
binding was measured as non-extractable '“C-labeled metabolites. The monooxygenation by rat liver
microsomes resulted mainly in an O-demethylation reaction and the relative extent of covalent binding was
dependent on the pretreatment of the animals with either phenobarbital or 3-methylcholanthrene. Ring
hydroxylation occurred in position 3 and was measurable only after pretreatment with 3-methylcholanthrene.
It was concluded that each cytochrome P450 has an individual pattern of detoxifying vs toxifying pathways.
The species of cytochrome P450 mainly responsible for covalent binding was very little affected by
metyrapone and had a rather low affinity for the substrate.
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Drugs and foreign compounds undergo oxidative deg-
radation reactions in the body, which are catalyzed by
an unspecific monooxygenase system localized mainly
in liver, but also in lung, small intestine or skin. It is
now believed that the monooxygenase system consists
of a flavoprotein and various cytochrome P450 en-
zymes with different but overlapping substrate specific-
ities [1-3]. This enables the system to attack almost
any lipophilic organic compound by insertion of an
oxygen atom. This leads to an increase in water solubil-
ity and hence a more rapid excretion from the body. The
position into which the oxygen atom is incorporated is
determined by chemical and stereochemical factors of
both the substrate and the enzyme and the reactivity of
the enzymic active oxygen species. In general the
monooxygenation proceeds strongly electrophilic with
preference for the weakest CH-bonds [ 4]. Alcohols and
phenols are the main stable products of the reaction,
which can be either directly excreted or after conjuga-
tion or further metabolic conversion.

From some substrates unstable and reactive prod-
ucts may be formed which can stabilize by secondary
reactions in the cell [5]. N-Hydroxy compounds, arene
oxides or carbenes can be candidates for such interme-
diates, which show an electrophilic behavior and there-
fore can further react with water or glutathione or may
even bind covalently to macromolecules of the cell. The
latter event has been suggested as the direct or indirect
cause of cell necrosis or chemical carcinogenesis [ 6, 71.
In view of the many drugs and chemicals in our envi-
ronment it seems desirable to make predictions on the

Abbreviations: t.l.c., thin layer chromatography; g.l.c., gas
liquid chromatography; DEGS, diethyleneglycolsuccinate;
n.m.r., nuclear magnetic resonance; TMS, tetramethylsilane;
3-MC, 3-methylcholanthrene.

potential metabolities and hence the toxicity of a given
compound. It seemed reasonable to study model com-
pounds first, for which all possible metabolities could
be identified and quantized. If one metabolite was
reactive towards macromolecules, it would be of inter-
est to compare the relative rates of formation of toxic
and nontoxic metabolites in different animals or in the
same species of different genetic outfit or exposed to
different environmental conditions. As such a model
drug we chose 4-methoxy-f-chloro styrene which can
undergo O-demethylation as well as ring hydroxylation
in the 2 and 3-position. In addition, since this com-
pound is an analogue of vinyl chloride and contains a
double bond, it may be epoxidized to a reactive epoxide
as has been suggested for vinyl chloride {8,9] or
trichloroethylene [9, 10].

MATERIALS AND METHODS

Chemicals. [*CMalonic acid was obtained from
New England Nuclear. Non-radioactive malonic acid.
4-methoxy cinnamic acid, 2.4-dimethoxy cinnamic
acid, 3,4-dimethoxy cinnamic acid and 3.3.3-trichloro-
propene oxide were purchased from EGA-Chemie. Me-
tyrapone (2-methyl-1,2-bis-(3-pyridyl)- 1-propanone)
was a gift of Ciba Geigy, Chemical Company, Basle.
Switzerland. L-Glutathione and L-cysteine were prod-
ucts from Boehringer Mannheim, GmbH, Germany.
Thin layer chromatography (t.l.c. was performed on
pre-coated plates (silica gel. 60 F-254, Merck,
Darmstadt).

Analytical methods. Gas chromatographic analyses
(g.l.c.) were performed in a 5700 A Hewlett—Packard
gas chromatograph with a hydrogen flame ionization
detector and a steel column (3 m x 3 mm) packed with
5% DEGS on Chromosorb G.
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For combined gas chromatography—mass spectro-
metry (g.c.—m..) a 1400 Varian Aerograph gaschro-
matograph (equipped with OV1 or OV 17 glass col-
umns) was coupled with a MAT 311 Varian mass
spectrometer and a SS 111 MS Varian Computer.

Nuclear magnetic resonance (n.m.r.) spectra were
recorded on a Varian spectrometer (EM-390, 90 Mhz)
and optical spectra on a Shimadzu UV 300
spectrophotometer.

For optical difference spectra an Aminco DW-2
spectrophotometer and 10 mm cuvettes containing
2.5 ml of a microsomal suspension in 0.1 M Tris—HCI
buffer 7.6 were used. (Details of the experimental
conditions are given in the legends to the figure.)

Synthesis of 4-methoxy-B-chloro styrene. 4-Meth-
oxy-fi-chloro styrene was obtained from 4-methoxy
cinnamic acid after treatment with an aqueous solution
of potassium hypochlorite by 0° [11],m.p. = 32°,m.p.
(lit.) = 32-33°, 565 nm = 2-25 x 10* ML, The stereo-
chemistry was clearly indicated by analysis of the
n.m.r. spectrum (CDCl,, TMS) which revealed peaks at
3.80 (S. 3H, methyl of the methoxy group), 6.45 (1,
1H. J = 14 Hz, olefinic proton), 6.77 (D, 1H,J = 14
Hz. olefinic proton), 6.83 (D, 2H, J = 9 Hz, aromatic
protons) and 7.22 p.p.m. (D, 2H, J = 9 HZ, aromatic
protons). Nevertheless small quantities of the cis-iso-
mer (3% ) could be detected by gas chromatography—
mass Spectroscopy.

The synthesis of the 'C-labeled compound was
based on a Knoevenagel synthesis with malonic acid
and 4-anisaldehyde [12] in order to get [ '*C]-4-meth-
oxy cinnamic acid. ['*C]-4-Methoxy--chloro styrene
was obtained from 4-methoxy cinnamic acid as de-
scribed above.

The product was purified by column chromatogra-
phy(Kieselgel 60, 35-70 mesh ASTM, Merck, Ger-
many ) and was shown to be more than 99 per cent pure
by the following methods: (i) t.l.c. with cyclohexane—
methylene chloride (3: 1, v/v) as a solvent followed by
scanning on a Berthold LB 2721 radiochromatogram
scanner, and (ii) g.l.c. on a 5% DEGS column as
described above. The specific activity was 1.0 mCi/m-
mole.

The possible metabolite 4-hydroxy-S-chloro styrene
was obtained from the 4-methoxy compound by treat-
ment with boron tribromide [ 13]. Characteristic ions in
the mass spectrum of this phenol were found at
m/e =156, 154 and 119.

Preparation of microsomes. Male Sprague—Dawley
rats (140— 180 g) were used. Sodium phenobarbital was
given i.p. in a daily dose of 80 mg/kg body weight for
three days. 3-Methylcholanthrene was dissolved in
corn oil and applied i.p. in a dose of 20 mg/kg for two
days. Microsomes were prepared as described previ-
ously [14] and protein was determined by the Biuret
reaction according to Gornall et al. [ 15].

Covalent binding experiments. Microsomal incu-
bations were performed in reaction vessels containing
in a final volume of. 1.0ml: 5mM MgCl,, 8 mM
D,L-Na-isocitrate, 5 ul/ml isocitrate dehydrogenase
(from pig heart) and 0.20 nM [**C}-4-methoxy-$-
chloro styrene (sp. act. 1 mCi/m-mole) in 0.1 M Tris—
HCl buffer pH 7.6. The microsomal protein content was
2 mg/ml.

After 5 min of preincubation, the microsomal en-
zyme reaction was started by addition of NADPH
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(1 mM) and the vessels were shaken at 3 7° under air for
30 min.

When the time dependence was studied the total
incubation volume was increased to 6 ml and 0.5 mi
aliquots were withdrawn at intervals and added to 1 m!
of ethanol in a 1.5 ml Eppendorf reaction vessel.

The mixture was centrifuged, the supernatant dis-
carded and 0.5ml 70% ethanol was added to the
protein pellet. The precipitate was resuspended in 70%
ethanol, using a Teflon pestle adapted to the Eppendorf
tube. The protein was centrifuged again and the extrac-
tion procedure repeated using 0.5 m] of different sol-
vents. The following extraction sequence was used:
twice with 70% ethanol, once with 0.1 M Tris—HCi
buffer (pH = 7.6), once with 70% ethanol, once with
ethanol—ethyl ether (4.1), once with acetone—ethyl
ether (4-1) and finally once with 50% ethanol.

Each supernatant was tested for radioactivity. After
the last extraction no further radioactivity could be
removed from the protein. even if other solvents were
used. The radioactivity bound to the microsomal pro-
tein remained constant after these extraction proce-
dures. It was therefore, assumed. that this extraction
method removes the original 4-methoxy-f-chloro sty-
rene as well as all metabolites reversibly bound to
protein.

For counting the microsomal protein was dissolved
in Soluene-350 (Packard) and transferred to a counting
vial. Radioactivity was determined in 10 ml of Dimi-
lune-30 (Packard) and measured in a Packard Tri-Carb
liquid scintillation counter. All values were corrected
for quenching by internal and external standardization.

Microsomal metabolism of 4-methoxy-p-chloro sty-
rene. Microsomal incubations were performed in reac-
tion vessels containing in a final volume of
50ml:5mM MgCl,, 1mM glucose-6-phosphate,
0.9 U glucose-6-phosphate dehydrogenase and 0.5 mM
4-methoxy-f-chloro styrene in 0.1 M Tris—HCI buffer
pH 7.6. The microsomal protein content was 2 mg/ml.
After 5 min of preincubation, the microsomal enzyme
reaction was started by addition of NADPH (0.3 mM)
and the vessels were shaken under air for 20 min at 30°.

Sodium chloride was then added until saturation.
This was followed by extraction with 100 ml of ethyl
ether. After evaporation of the ether phase the residue
was applied to 0.25 mm thin layer plates (silica gel 60-
F,s4» Merck, Germany) and chromatographed using
methylene chloride—methanol (99: 1,v/v) as a solvent.
Two zones, which reacted positive with Folin’s phenol
reagent were eluted with ethyl ether and prepared for
g.c.—m.s. analysis.

RESULTS

Substrate binding spectra. A first indication that an
organic compound can serve as a substrate for the
microsomal monooxygenase system is provided by the
formation of an enzyme—substrate complex. Since this
is accompanied by a large blue shift of the Soret
absorption band from 418 to 388 nm of oxidized cyto-
chrome P450 it can be conveniantly followed by opti-
cal difference spectrophotometry of a microsomal sus-
pension [16]. When a methanolic solution of 4-
methoxy-f-chloro styrene was added to liver micro-
somes from phenobarbital-pretreated rats a difference
spectrum was observed with a peak at 388 nm and a
trough at 426 nm (Fig. 1)
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Fig. 1. Difference spectrum of 4-methoxy-g-chloro styrene (saturation) in microsomes from phenobarbital

pretreated rats. Each cuvette contained 5 mg of microsomal protein (1.8 nmoles cytochrome P450/mg

protein) in 2.5 ml of 0.1 M Tris—HCI buffer pH 7.6. Eight ul of 0.1 M 4-methoxy-f-chloro styrene (in
methanol) were added to the sample cuvette.

A Lineweaver—Burk plot (not shown) of the concentra-
tion dependence of the magnitude of spectral change
revealed an apparent dissociation constant (XK;) of
2 x 107 M, which points to a relative high affinity of
the compound to cytochrome P450. Microsomes from
untreated control rats gave a similar binding spectrum
but with only half of the maximal spectral heights. The
mere existence of a substrate difference spectrum does
not prove that the compound is also monooxygenated,
since an uncoupled reaction may have been possible
[17]. Therefore, the potential metabolites of this sub-
strate were synthesized and looked for in a microsomal
incubation assay.

Phenolic metabolites of 4-methoxy-f-chloro styrene.
Lipophilic compounds with methoxy groups at an aro-
matic ring can be cleaved by microsomal monooxygen-
ases in the presence of NADPH and dioxygen to yield
formaldehyde and the corresponding phenol [ 18]. This
was also the case with 4-methoxy-g-chloro styrene as
judged from the formaldehyde determination with the
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Nash reagent [ 19]. In microsomes from untreated con-
trols 78 nmoles formaldehyde/mg microsomal protein
were formed in 20 min, whereas the corresponding
values were 53 and 142 nmoles for microsomes from 3-
methylcholanthrene- and phenobarbital-induced rats,
respectively (see also Table 2). The separation of an
ethyl ether extract of the incubation mixtures on thin
layer plates revealed a metabolite, which by its R --value
and mass spectrum could be identified as 4-hydroxy-g-
chloro styrene. Methylation with diazomethane of the
extracted material resulted in the formation of the
original substrate.

The t.l.-chromatograms from assays with micro-
somes from 3-methylcholanthrene-induced rats con-
tained a second metabolite which was indentified as 3-
hydroxy-4-methoxy-g-chloro styrene by the following
criteria: the mass spectrum exhibited peaks at 186, 184,
171 and 169, treatment with diazomethane yielded the
3.4-dimethoxy derivative which was synthesized from
3.4-dimethoxy cinnamic acid by treatment with an
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Fig. 2. Time dependence of the irreversible protein binding of | '*C |-4-methoxy-§-chloro styrene (0.20 mM)
catalyzed by liver microsomes from phenobarbital-pretreated rats in the presence of an NADPH regenerating
system.
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Fig. 3. Irreversible protein binding of [!*C]-4-methoxy-g-chloro styrene. Dependence on substrate concen-

tration. Microsomes from phenobarbital- or 3-methylcholanthrene-pretreated rats were incubated with an

NADPH-regenerating system and increasing substrate concentrations. After 30 min the assay was tested for
protein binding as described in Materials and Methods.

aqueous solution of potassium hypochlorite [ 11]. Both
compounds showed the characteristic ions at m/e
=200, 198, 185 and 183.

The total amount of the 3-hydroxylated metabolite
was about 5% of the O-demethylated product and hence
only plays a minor role in the metabolite pattern.
Incubations with phenobarbital-induced microsomes
did not yield measurable amounts of the 3-hydroxy
metabolite. In no case, was a metabolite corresponding
to 2,4-dimethoxy-S-chloro styrene which was synthe-
sized from 2,4-dimethoxy cinnamic by the usual proce-
dure [11], detected in gas chromatograms of the
methylated extracts. It was therefore assumed that 2-
hydroxylation of the ring did not occur to an appreci-
able extent in microsomal preparations from either
control or pretreated rats.

Covalent binding of [C)4-methoxy-B-chloro sty-
rene. A fourth possible metabolite could be formed by
an attack of the active oxygen of cytochrome P450 at
the double bond in the side chain. The resulting chloro
epoxide would be an extremely reactive compound. In
agreement with this assumption all our attempts failed
to synthesize this derivative by the conventional tech-
niques known for epoxide formation. It was very likely,
however, that in view of the strongly electrophilic

properties of the active oxygen complex [ 4] an interme-
diate formation of the epoxide would occur, followed
by a secondary stabilization with nucleophiles in the
medium. If a reaction with functional groups of proteins
would occur this would result in covalent binding,
which was tested by the use of the 4C-labeled substrate.
A time-dependent increase in irreversibly bound C-
activity was observed in the presence of NADPH and
dioxygen (Fig. 2). The *C-binding showed a saturation
above 3 mM substrate concentrations which was very
similar in microsomes from phenobarbital- or 3-MC-
treated rats (Fig. 3). A rough estimate of the concentra-
tion at half maximal binding gives a value of about
2 x 10 M and therefore is about an order of magni-
tude higher than the K -value.

The results of Table 1 clearly indicate that the
covalent binding process is dependent on NADPH and
dioxygen. Carbon monoxide shows the expected inhibi-
tion, but metyrapone has a surprisingly small effect.

Trichloropropene oxide as a potent inhibitor of epox-
ide hydrase {20] did not increase the covalent binding,
which would have been the case if the hydrase had
converted major amounts of the proposed epoxide in-
termediate to the dihydrodiol. In contrast sulfhydryl
compounds like cysteine and glutathione showed a

Table 1. Irreversible protein binding of ['*C]-4-methoxy-f-chloro styrene (0.20 mM)
catalyzed by liver microsomes from phenobarbital-pretreated rats in the presence of a
NADH-regenerating system after 30 min incubation

Percentage
+NADPH (control) under air 9.0+ L0 100
—NADPH under air 0.1 + 0.05 1
+NADPH under argon 0.3 +0.1 3
+NADPH under 80% CO, 20% O, 0.8 + 0.1 9
+NADPH +5 x 107* M Metyrapone 59+0.5 66
+NADPH +2 x 10°*M TCPOT 9.0+ 1.0 100
+NADPH +107°M L-cysteine 1.3 +0.2 15
+NADPH +1073*M vL-glutathione 0.7 + 0.1 8

* Protein binding is expressed as nanomoles of total metabolites irreversibly bound

to 1.0 mg of microsomal protein.
T Trichloropropene oxide.
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Table 2. Covalent binding and formaldehyde formation from 4-methoxy-f§-chloro
styrene in liver microsomes from phenobarbital (PB), 3-methylcholanthrene (3-
MC) treated and control rats

2325

Controls PB 3-MC
nmoles/mg protein
Covalent binding 5.2+0. 5.9+ 0.6 5.2+40.5
Formaldehyde 78 + 11 142 + 15 53+ 11

The incubation was carried out 20 min at 30° with a protein concentration of
2 mg/ml. Substrate concentration 0.6 mM. Each value is the average of three

determinations.

marked inhibition, suggesting that a competition of
these compounds with a reactive intermediate occurs
[21].

In view of the heterogeneity of the various cyto-
chrome P450 forms in microsomes it was interesting to
investigate the ratios of O-demethylation to covalent
binding, since this can be taken as a measure for the
detoxification versus toxification capacity of the liver
for this given compound. Table 2 shows the interesting
fact that these ratios are different when control animals
are compared with animals pretreated with phenobarbi-
tal and 3-MC.

A near doubling of the demethylation activity by
phenobarbital pretreatment is accompanied by only a
slight and not significant increase in covalent binding.
3-MC pretreatment rather decreased the demethylation
reaction without affecting or even increasing the cova-
lent binding to microsomal proteins.

DISCUSSION

The model drug 4-methoxy-g-chloro styrene can be
metabolized by cytochrome P450-dependent mono-
oxygenases to principally four metabolites as summa-
rized in the following scheme:

~Cl
MeO —@—//
ring hydroxylation

OH

[ MeO

glutathione

Me o_@_//_ cﬂ,
O-demethylation

would not be expected to accumulate since they are
known as reactive electrophilic species which, as an
example, can react with secondary amines already at
room temperature[22]. They also could be trapped by
SH-compounds and this would explain the inhibitory
effect of glutathione or cysteine on the covalent bind-
ing. The lack of a stimulatory effect of TCPO as an
inhibitor of epoxide hydrase on the covalent binding
does not disprove this hypothesis since trans-disubsti-
tuted epoxides are known not to be substrates for the
hydrase [23]. We therefore suggest that the epoxide of
4-methoxy-f-chloro styrene is the metabolite respons-
ible for the covalent binding of the substrate, but its
chemical identification requires further study. How-
ever, it cannot be excluded, that further metabolism of
4-hydroxy-f-chloro styrene might involve reactive in-
termediates as it has recently been shown in the case of
benzene [ 24]. Nevertheless, this possibility seems to us
unlikely since phenobarbital pretreatment does not sig-
nificantly increase the covalent binding although the O-
demethylation is increased almost two-fold. For the aim
of our study the exact nature of the reactive intermedi-
ate was only of secondary importance. It was more
relevant to establish that the relative amounts of cova-
lent binding. ring hydroxylation and O-demethylation

"o _@_//—Cl

1 epoxidation

\ Cl
~0
intramolecular nucleophilic
rearrangement macromolecules

CHO
Cl

e
-

glutathione- conjugate

The demethylated and the 3-hydroxy derivatives could
be clearly identified whereas the 2-hydroxy compound
was not detected, probably because of the considerable

.
7.

covalent binding

steric hindrance in the ortho-position of the vinyl chlo-
ride group. Due to its high reactivity the chloroepoxide
varied with the preparation of microsomes. Different
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pretreatments cause the formation of different cyto-
chrome P450 patterns |1, 2] which must result in
different metabolite patterns. Obviously, this becomes
important if one of the metabolites exhibits toxic prop-
erties. In a forthcoming study we will show that 4-
methoxy-f-chloro styrene indeed can cause liver necro-
sis under conditions where the cellular glutathione level
is decreased (B. Mansour, H. v Seebach and V. Ull-
rich, manuscript in preparation ).

The ultimate goal would be to identify the species of
cytochrome P450 which contributes mostly to the
formation of the toxic metabolite. It is unlikely that the
main form present in microsomes from phenobarbital-
pretreated rats causes the covalent binding since pre-
treatment by this inducer does not increase the covalent
binding although the cytochrome P450 content is more
than doubled and the O-demethylation is increased
almost two-fold. Metyrapone which blocks the mon-
ooxygenation of substrates of the phenobarbital in-
duced cytochrome P450(s) aimost completely also has
very little effect on the covalent binding at a concentra-
tion of 5 x 107° M. The half-maximal affinity for the
“C-binding is estimated about one magnitude higher
than the K, -value determined from the optical differ-
ence spectra. Since these spectra are much more intense
after phenobarbital induction they rather reflect binding
of the substrate to one or more phenobarbital-induced
forms.

On the other hand the “toxifying” species of cyto-
chrome P450 is also not identical with the form or
forms induced by 3-methylcholanthrene, since only a
slight increase in the covalent binding was observed,
whereas the monooxygenase activity towards sub-
strates like 7-ethoxycoumarin increased nearly fivefold
[25]. It must be concluded, however, that cytochrome
P448 exhibits a weak activity for covalent binding,
because it is the major form of cytochrome P450 in
these microsomes and therefore must contribute to the
observed O-demethylating, ring-hydroxylating and
covalent binding activities.

In conclusion we suggest that the main toxifying
species of cytochrome P450 occurs in liver micro-
somes of untreated animals and is not induced by
phenobarbital or 3-methylcholanthrene. This applies
however only for the substrate 4-methoxy-f-chloro
styrene and has to be reinvestigated for each toxic
compound separately.
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