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Model Studies in Cytochrome P-450-
Mediated Toxicity of Halogenated
Compounds: Radical Processes
Involving Iron Porphyrins

by D. Brault*

Haloalkane toxicity originates from attack on biological targets by reactive intermediates derived from
haloalkane metabolism by a hemoprotein, cytochrome P-450. Carbon-centered radicals and their peroxyl
derivatives are most likely involved. The reactions of iron porphyrin—a model for eytochrome P-450—
with various carbon-centered and peroxyl radicals generated by pulse radiolysis are examined. Competition
between iron porphyrin and unsaturated fatty acids for attack by peroxyl radicals is pointed out. These
kinetic data are used to derive a model for toxicity of haloalkanes with particular attention to carbon
tetrachloride and halothane. The importance of local oxygen concentration and structural arrangement

of fatty acids around cytochrome P-450 is emphasized.

Introduction

Halogenated alkanes (e.g. earbon tetrachloride, chlo-
roform) are widely used in industry as solvents, com-
ponents of refrigerants, aerosol propellants, fire extin-
guishers (chlorinated and fluorinated alkanes), in
medicine as anesthetic agents (e.g. halothane,
CF;CHCIiBr), and in agriculture (7). All are toxie to
some degree and represent a severe risk to people di-
rectly exposed. Also, as contaminants of the environ-
ment, these compounds represent a general hazard to
health (7).

The major toxic effects of halogenated alkanes are
not exerted through their physical properties but rather
as a consequence of biochemical activation and inter-
actions of metabolites with cellular eomponents (2-6).
The metabolism includes oxidative and/or reductive
pathways. Carbon tetrachloride is oxidized to phosgene
(COCl,) (7,8) and carbon dioxide (9) and reduced to chlo-
roform (10,11) and hexachloroethane (11). The enzymic
degradation of halothane leads to trifluoroacetic acid
(CF3COOH) (12), chlorotrifluorcethane (CF;CH,CI)
(13) and chlorodiftuoroethytene (CF,CHCI) (18). Chlo-
roform is essentially metabolized to phosgene, a toxic
molecule which binds to proteins (14,15). However,
these final metabolites do not appear to be responsible
for acute toxicity which more likely involves reactive,
short-lived intermediates. Conclusive evidence sup-
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ports the idea that, among them, radicals derived from
haloalkanes are the most important. With the use of
spin-trapping techniques, the -CCl; and CF,CHCI rad-
icals have been detected in the course of in vivo and in
vitro metabolism of carbon tetrachloride (16) and hal-
othane (17), respectively. Subsequently, under aerobje
conditions, the peroxyl radicals CCl;0, and CF;CHCIO,
are expected to be formed (18,19). They are much more
reactive than the parent species (20,21) and are sup-
posed to abstract hydrogen atom from unsaturated fatty
acids leading, via chain reactions, to severe lipid per-
oxidation (2—6). Oxidative metabolism of carbon tetra-
chloride (but not halothane) also leads to the formation
of electrophilic chlorine reacting with biological targets
(21,22).

The biochemical activation of halogenated alkanes in-
volves a microsomal hemoprotein, cytochrome P-450,
which normally hydroxylates lipophilic substances (23).
In Figure 1, an enzymic cycle is shown that includes
the current knowledge on the hydroxylation mecha-
nism. It can also account for the activation of haloal-
kanes. The substrate is written in the general form
RR’'CHX to illustrate possible reactions at C-H or C-
X bonds (of course, the first possibility does not apply
to carbon tetrachloride). Substrate binding occurs first
(step a). It is accompanied by typical spectral changes,
transition to high spin state and increase of the redox
potential of the ferric cytochrome P-450. Electron trans-
fer (b) and oxygen binding (c) follow. After a second
reduction step (d), the oxygen molecule is split with the
postulated formation of an oxenoid intermediate (e). In-
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Ficure 1. Cytochrome P-450 enzymic cycle.

sertion of oxygen leads to the hydroxylated substrate
which is then released (f). Halogenated alkanes behave
as other substrates as far as steps a and b are concerned.
So, carbon tetrachloride (24) and halothane (24) are
bound by ferric cytochrome P-450. An alternative path-
way is possible after reduction of the iron: direct elec-
tron transfer to the halogenated alkane leading to the
alkyl radical (reductolysis) and regeneration of ferric
cytochrome P-450 (step g). The feasibility of this re-
action is supported by numerous experiments on bio-
logical systems as reported in this issue and also by
studies on iron (II) porphyrins as models of cytochrome
P-450 (25-27). In this paper we will be interested in the

fate of radicals formed via step (g). As they are produced .

at the heart of cytochrome P-450, the following ques-
tions arise: do these radicals (or derived radicals) react
with the hemoprotein and what are the reaction prod-
ucts? How can the radicals escape the hemoprotein en-
virenment and react with other biological targets? We
will examine the possibility of reaction of radicals at the
iron porphyrin locus by using iron deuteroporphyrin as
a model of eytochrome P-450. The structure of this com-
pound, very similar to the eytochrome P-450 prosthetic
group, is shown in Figure 2, Reaction of some radicals
with fatty acids and cholesterol as biclogical targets will
also be discussed. All these reactions have been inves-
tigated by using pulse radiolysis methods which are
briefly described below.

Radical Production in Solution by
Radiolysis

The interaction of high-energy ionizing radiations (X,
v, B rays) with matter is nonspecific. As a consequence,
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FiGure 2. Iron deuteroporphyrin IX.

radiolysis of moderately concentrated solutions essen-
tially affects the solvent. By the use of appropriate scav-
engers, the primary produets of solvent radiolysis can
be sequentially converted to the desired species. These
species ean be produced at appreciable concentrations
by a short pulse of radiation (usually less than 100 nsec)
delivered by a linear accelerator or other high-energy
electron generators (28). Their reactions with the solute
of interest are then followed by appropriate fast detec-
tion techniques (29). Because of their characteristic in-
lense spectra, porphyrins are particularly suited to
study by absorption spectroscopy.

The main species, present a few nanoseconds after
irradiation of aqueous 2-propanol solutions, are solvated
electrons (¢,”) and the reducing a-hydroxyisopropyl
radicals, (CH3);COH. The latter are formed by radi-
olysis of 2-propanol and also by scavenging of hydrogen
atoms (H-) and hydroxy! radical (OH-) produced by
water radiolysis. Solvated electrons originate from ra-
diolysis of both solvents. These processes are summa-
rized in Eqgs. {1)-{3):

H.0 » &, OH-, H- {1
(CH,),CHOH ~~ ¢, (CH,),COH @

OH-, H- + (CH,),CHOH — (CH,),COH + H;0, H: )]

The fate of the (CH3):COH radicals depends on pH
and on the presence of added solutes. In alkaline solu-
tions, they deprotonate leading to the more reducing form
(CH).CO™ (pK, = 12.2) (30). Both forms may react with
halogenated alkanes via eleetron transfer:

RX + (CH,.COH — R- + X~ + (CHy),CO + H” )

RX + (CHy),CO" — R- + X~ + (CHy)CO %)






