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Biochemical Studies on the Metabolic
Activation of Halogenated Alkanes

by Kevin H. Cheeseman,* Emanuele F. Albano,!
Aldo Tomasi,* and Trevor F. Slater*

This paper reviews recent investigations by Slater and colleagues into the metabolic activation of hal-
ogenated alkanes in general and carbon tetrachloride in particular, It is becoming increasingly accepted
that free radical intermediates are involved in the toxicity of many such compounds through mechanisms
including lipid peroxidation, covalent binding, and cofactor depletion, Here we describe the experimental
approaches that are used to establish that halogenated alkanes are metabolized in animal tissuesto reactive
free radicals. Electron spin resonance spectroscopy is used to identify free-radical products, often using
spin-trapping compounds, The generation of specific free radicals by radiolytic methods is useful in the
determination of the precise reactivity of radical intermediates postulated to be injurtous to the cell. The
enzymic mechanism of the production of such free radicals and their subsequent reactions with biological
molecules is studied with specific metabolic inhibitors and free-radical scavengers. These combined tech-
nigues provide considerable insight into the process of metabolic activation of halogenated compounds.
It is readily apparent, for instance, that the local oxygen concentration at the site of activation is of
crucial importance to the subseguent reactions; the formation of peroxy radical derivatives from the
primary free-radical product is shown to be of great significance in relation to carbon tetrachloride and
may he of general importance. However, while these studies have provided much information on the

biochemical mechanisms of halogenated alkane toxicity, it is clear that many problems remain to be

solved.

Introduction

The purpose of this paper is to review the investi-
gations carried out by this group (principally at Brunel
University) over recent years into the role of free rad-
icals in the toxicity of halogenated alkanes. Carbon tet-
rachloride (CCl,) is the prime example of an hepatotoxic
haloalkane, and the biochemical mechanisms of its toxic
effects have been intensively investigated over many
years. While CCl, is no longer a clinically important
hepatotoxin, it still has immense value as an experi-
mental model agent. The methodology developed for the
study of CCl, activation is now finding extensive appli-
cation in the study of the toxicity of other haloalkanes
and many other xenohiotics. That situation is reflected
in this paper where it will be evident that although our
principal experience has been in using CCl; we have a
growing interest in other toxic haloalkanes, Our pre-
sentation ean be broadly divided into three main sec-
tions: the demonstration of the formation of free radical
metabolites from haloalkanes, the measurement of the
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reactivity of such radieals, and the study of the enzy-
matic mechanisms of haloalkane activation. While such
a division is somewhat arbitrary, it is a convenient basis
for the following review.

Studies on the Pathways of CClI,
Metabolism: A Synopsis

Although the main histopathological features of CCl,-
induced liver injury had been fully described by 1936
(1), the biochemical mechanisms by which CCl, exerts
its hepatotoxic actions were not investigated in detail
until the 1960s, and have not been fully clarified to the
present day, Prior to the 1980s the predominant view
was that CCly might act on the liver by a simple solvent
action; early studies on the hepatoxicity of CCl, are fully
reviewed by Recknagel (2). It is now a fundamental
tenet that CCl, has to undergo metabolic activation in
order to exert its full range of toxic effects.

In 1966, two papers appeared, virtually simultane-
ously, presenting similar theories for the mechanism of
the hepatotoxicity of CCl, (3,4). Each proposed that the
mechanism depended on the metabolism of CCl; to a
free-radical product capable of initiating lipid peroxi-
dation. Emphasis was placed on the importance of lipid
peroxidation as a damaging reaction of potentially great
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significance in ¢ytotoxicity. Slater postulated that the
free-radical product was the trichloromethyl free radical
{CCl; ) and that it was formed by interaction with en-
dogenous radicals, perhaps involved in an enzymic pro-
cess in the endoplasmic reticulum, In putting forward
their proposals, Slater and Recknagel had to show why
a theory based on the metabolic activation of CCl, ac-
counted for those characteristic features of CCl, hepa-
totoxicity that could not be explained by the simple
lipid-solvent hypothesis. The principal features of the
concept of metabolic activation had previously been pro-
posed by Miller and Miller (5) for chemieal carcinogens,
but the application of the concept to CCly required a
new insight into experimental data that had already
been published. Those data included the following major
contributions:

In 1951, McCollister et al. (§) had demonstrated that
CCl, is metabolized in vivo to products including chlo-
roform, CO., and urea. Butler (7), in perhaps the most
provocative of these early papers, confirmed CCl, me-
tabolism in vivo and proposed that CCl, toxicity de-
pended on the homolytic fission of the C-Cl bond to
radical products. Reynolds (8) reported that radiola-
beled CCl, administered to rats became covalently
bound to liver protein. Rubinstein and colleagues (2,10)
demonstrated the role of the endoplasmic reticulum in
the metabolism of CCly to CHCl; and CO, in witro.
Wirtschafter and Cronyn (11) proposed that CCl, was
converted to a radical form by interaction with endog-
enous free radicals. It was shown that CCl, stimulated
lipid peroxidation in liver homogenates (12) and in mi-
crosomes plus cytosol (Z8); both of these groups rec-
ognized that the cytosolic fraction was required.

The proponents of the activation theory for CCl, (3,4)
drew these threads together and added more experi-
mental evidence in support of their propesals. Slater
suggested that the relative toxicity of the halogenated
methanes depended on their respective bond dissocia-
tion energies that would dictate the ease of homolytic
free-radical formation; this, for instance, would explain
the high toxieity of CBrCl; in which the C-Br bond is
weaker than a C-Cl bond in CCl,.

The activation theory was strengthened and essen-
tially completed by papers appearing shortly thereafter.
McLean and McLean (14) established the role of the
microsomal drug-metabolizing enzymes in determining
the toxicity of CCl, and proposed that these enzymes
were involved in the metabolism of CCly. Gregory (15)
proposed that aetivation of CCl, proceeded by a mech-
anism of electron capture, rather than homolysis and
this scheme, in which CI” radicals are not produced, is
generally accepted:

CClL s Ccy + a1

Slater (#6) demonstrated that CCl,-dependent micro-
somal lipid peroxidation required a source of NADPH.
Fowler (17) reported hexachloroethane (C;Clg) as a me-
tabolite of CCl, in vive, a result consistent with the
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FiourE 1. Pathways of metabolism of CCly. Following activation to

CCl; , subsequent steps are highly dependent on the local oxygen
concentration. Steps marked (a) show hydrogen abstraction; if RH
is a polyunsaturated faity acid then lipid peroxidation may ensue.
Steps marked (b) show covalent binding to biomolecules (repre-
sented by X). Steps marked (c) show radical dimerization; in the
case of CCl;0; this is speculative for the biological situation (113).
Step (d) shows formation of electrophilic chlorine (represented as
“Cl”) as demonstrated by Pohl et al. (23,24). Step (f) is an an-
aerobic pathway via a carbene intermediate and is probably of
minor significance (29,30).

formation and dimerization of CCl; radicals. The basis
for the activation theory was thereby established.
Since then the metabolism of CCl, has been investi-
gated intensively. The metabolites of this simple com-
pound are manifold, and the pathways by which they
arise are not yet fully understood. This situation is un-
doubtedly due to the initial product of CCl, activation
being a relatively reactive free radical. The subsequent
reactions of this intermediate can be conveniently di-
vided into aerobic and anaerobic pathways (see Fig. 1).

Aerobic Metabolism

The aerobic pathway of CCly metabolism terminates
in CO,, a product that was first detected by McCollister
et al. (6). Seawright and McLean (18) studied the me-
tabolism of CCly to CO; in rat liver microsomes and
showed that it required NADPH and was blocked by
the P-450 inhibitor SKF 525A and the radical scavenger
promethazine. It seemed likely that phosgene (COCLy)
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was the precursor of CCly-derived CO,. More recently,
Shah et al. (19) demonstrated that CCl, is metabolized
to COCl; by rat liver homogenate. Kubic and Anders
(20} showed that this was a microsomal process and that
the oxygen atom was derived from molecular oxygen,
which they took to indicate the involvement of a P-450-
catalyzed oxygenase reaction. Using a model heme sys-
tem of CCl; metabolism, Mansuy (21) considered that
COCl; could arise from interaction of O, and a P-450-
carbene or P-450-carbanion complex, or simply by the
reaction of 0, with free 0013 In fact, O, reacts ex-
tremely rapidly with CCl, to yield the trichlorome-
thylperoxy free radical (CCl;0,) as discussed later, and
it is thus unnecessary to postulate P-450-mediated ox-
ygenation in the usual sense. The rapid reaction of CCly’
with O, was measured in this department by Packer
and it was suggested at that time that COCIl, and CO,
might arise via the formation of the CCl;0, radical (22).
This hypothesis has latterly been taken up by Pohl and
colleagues, whe have further studied the aerobic me-
tabolism of CCl, through to COCl; and have reported
another product, namely “electrophilic chlorine” (23,24).

This currently unidentified product can be considered
analogous to Cl’ and may represent a further potentially
toxie metabolite of CCl,.

However, the significance of COCl, formation in CCl,
hepatoxicity is not yet clear. In comparizson with CHCls,
CCl, produces relatively small amounts of COCl,. In
wivo, CHCl; administration reduces hepatic GSH con-
siderably but CCl, administration reduces hepatic GSH
only slightly, if at all (25,26). Accordingly, digluta-
thionyl dithiocarbonate, the produet of the reaction of
COCL; and GSH, is found in the bile of CHCly-treated
rats at 25 times the level of that found in CCl,-treated
rats and its formation by microsomes in vitro with these
two substrates is in the same proportion (26). These
relatively large differences in the production of COCl;
in livers exposed to CHCl; or CCl, should be contrasted
with the much higher hepatotoxie activity of CCl, com-
pared with CHCl,. These routes of CCl, metabolism are
shown in Figure 1. The tetroxide intermediate shown
in Figure 1 is hypothetical, and it is not clear if dimer-
ization of CCl;0, radieals is likely under physiological
conditions. Similarly, the alkoxy radical derivative
(CCLO') seems a likely intermediate but has not yet
been demonstrated.

Anaerobic Metabolism

It has been clearly established (27) that CCl; is met-
abolically activated under anaerobic conditions to give
a much higher yieid of covalently bound product than
is found under corresponding aerobic conditions. This
aspect of the metabolism of CCl, is discussed in detail
later. Wolf et al. (28) showed that under anaerobic con-
ditions a small amount of CO is produced from CCi, by
liver microsomes, and they postulated that the precur-
sor of this was the dichiorocarbene-P-450 ligand, itself
the product of a carbanion intermediate (see Fig. 1). In
this ease the oxygen atom of CO comes from a water

molecule. The significance of carbene formation was fur-
ther investigated by Ahr et al. (29) who concluded that
the products of anaerobic metabolism (other than CO)
were principally derived from CCly’ and that the car-
bene intermediates were probably of little physiological
significance. Kubic and Anders (36) showed that CHCl,
formation was normally due to hydrogen abstraction by
CCly rather than protonation of the carbanion inter-
mediate, as judged by ineubating liver microsomes in
D,0 and measuring CDCl; formation. The latter route,
however, appeared to be of more significance in phen-
obarbitone-treated rats.

It is clear that CCl, metabolism can proceed through
aerobic and anaerobic routes and that the key initial
step is the production of the CCl;’ free radical. It follows
that the next major controlling factor is the local oxygen
concentration that will determine the relative flux
through each pathway. Thus, under anaerobic condi-
tions covalent binding and CHCI; production are fa-
vored; under aerobic conditions these will be reduced
in favor of COCl, and CO, production. In normal aerobic
microsomal incubations produets of both pathways are
found; probably the local Oy concentration of the mi-
croenvironment of the site of activation is critical in
determining certain features of the injurious reactions
produced by CCl,.

Demonstration of the Formation of
CCl, from CCI,

By the early 1970s it had become generally accepted
that CCl, undergoes a metabolic activation in the en-
doplasmic reticulum. However, there was no direct evi-
dence for the formation of the CCl; radical that was
postulated to be the primary metabolite. Indirect evi-
dence for its formation had been obtained; however, the
formation of C,Cl;; as a produet of CCly metabolism (17)
is most probably due to the dimerization of CCly rad-
icals. Moreover, double-label radloxsotope exgemments
measuring covalent binding of [**C]- and [**C1}-CCl,
were consistent with the binding of the CCly" radical
(31,32).

The method of choice for the detection of free-radical
species is electron spin resonance (ESR) spectroscopy.
However, attempts to detect the CCly' free radical in
whole liver or in liver fractions exposed to CCl, using
direct ESR analysis were not successful (33-36). This
is most probably due to the low steady-state eoncen-
tration of this radical species in biological systems: its
rate of formation may be rather low and its chemical
reactivity is relatively high (37). The steady-state con-
centration of CCly is therefore probably below the de-
tection limit of ESR spectroscopy (ca. 10°° M). For this
reason, the technique of spin trapping (38) has been used
to demonstrate unequivoeally the formation of the CCla’
radical. This technique utilizes & spin trap that does not
by itself give rise to an ESR signal, but which reacts
with a free radical to vield a relatively stable free-radical
adduct that progressively accumulates to concentra-
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tions readily detectable by ESR spectroscopy. Spin
traps generally possess either a nitrone or a nitroso
functional group and form nitroxyl radical adducts. The
spin traps that have been most commonly used in bio-
logical systems in the period 1975-1982 are 2-methyl-
2-nitrosopropane (MNP), phenyl-N-fert-butyl nitrone
(PBN), 4-pyridyl-N-oxide-tert-butyl nitrone (POBN),
and 5,5-dimethylpyrroline-N-oxide (DMPQ); these are
shown in Figure 2. Perhaps the most difficult aspect of
this technique is the correct assignment of the nitroxide
radical spectrum to the original radical species. The
features of the spectrum used for this are the g values
and the hyperfine splitting constants. The ESR spec-
trum of most nitroxyl spin adducts is dominated by the
triplet splitting due to the nitrogen nucleus and, in the
case of the nitrone compounds, by the supplementary
splitting of the hydrogen atom attached in the beta po-
sition relative to the nitroxyl group. In the common case
of PBN trapping a carbon-centered free radical, the
adduct is formed in the beta position, and no signifi-
cantly different spectral features are evident. Thus,
various carbon-centered radicals trapped by, for ex-
ample, PBN, will give rise to largely similar spectra
with relatively minor differences in splitting constants
and g values, and the unambiguous assignment of an
ESR spectrum to a certain free radical is rather difficult.
This problem can be eased in some cases by the use of
18C.labeled substrates (34). If a nitroxide radical adduct
is formed from a '*C-centered free radical, the **C nu-
cleus will influence the ESR spectrum and aid the une-
quivocal assignment of the spectrum. For example, if
the ¥C-gpecies gives a single-line spectrum, then the
3¢ analog will give a doublet; a mixture of the 2-C and
the '*C spin-trap adducts will thus produce a “triplet”
where the strengths of the singlet versus the doublet
will reflect the relative proportions of *C:*C (34).

The spin-trapping technique has been applied by our
group to demonstrate the production of free-radical in-
termediates during the metabolism of various xeno-
biotics.

Spin Trapping of Free Radicals
Derived from CCl,

The first attempts by this group to trap the CCl;’
radical were not completely suecessful (37). In that
study, CCl; was added to NADPH-supplemented mi-
crosomal suspensions containing the nitreso spin-trap
MNP (Fig. 2). Although a nitroxide radieal adduct was
detected only when CCl, (or CBrCly) was present, and
not with CHCl,, it was evidently not derived directly
from CCl; and it was suggested that the species
trapped was either CCl30;’ or a secondary lipid peroxy
radical.

In 1980, this group (39) and that of McCay (40) suc-
ceeded in trapping CCl; with the nitrone spin trap
PBN. The CCl;—-PBN spin adduct was found by both
groups in rat liver microsomes incubated with CCl, and
in the livers of rats dosed with CCl, and PBN in vivo.
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FiGure 2. Spin adduct formation. The three most commonly used
spin-trapping agents: MNP (top), PBN (middle) and DMPO (bot-
tom). MNP adds free radicals in an alpha position to the nitrexide,
while POBN and DMPO form the spin adduct beta to the nitroxide
after addition to the C=N double bond. In the latter two cases,
the ESR spectrum gives less information about the meolecular
structure. :

Tomasi et al. (39) also detected this product in isolated
rat hepatocytes incubated with CCl,.

The results were exciting and unambiguous: no ESR
sipnal was obtained from hepatocytes or microsomes in
the absence of CCly, a strong signal was obtained when
CCl,; was added and a clear supplementary splitting was
apparent when **C-CCl, was used (Fig. 3). Successive
papers by this group (41,42) further characterized var-
ious systems used for generating and trapping radicals
from CCl,. Physical techniques for free radical gener-
ation, such as UV- and vy-irradiation and pulse radiolysis
were used in parallel to the biological systems in order
to clarify the situation.

Irradiation experiments (42) gave the answer to the
previously unexplained results (34) obtained nsing MNP
in liver microsome suspensions. A mixture of MNP and
CCly was irradiated in the ESR spectrometer cavity
with a 400 W lamp fitted with a filter to restrict the
incident radiation to 300 to 360 nm, so avoiding the
direct photolysis of MNP. In this way the spectrum
shown in Figure 4 was obtained; this spectrum is char-
acteristic of the CCl;—MNP adduct, the features being
due to the coupling of all three chlorine nuciei (see Tabie
1 for hyperfine splitting constants). The adduct is not
stable, however, and decomposes either to nonradical
products or, in the presence of oxygen, to a product
(Fig. 4b) that almost certainly can be assigned to the
CICO-MNP adduct. The route of formation of this prod-
uct is not clear, however. It seems therefore that the
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FiGure 3. Example of a PBN spin adduct: (4} isolated rat hepa-
tocytes incubated with PBN for 30 min showing no nitroxide spec-
trum; (B} as (A) but in the presence of CCL,; (C) as above except
using ¥C.CCl,; the extra splitting due to the presence of "*C
nucleus is evident.

radicals trapped in the original microsomal experiments
(%4) were probably secondary lipid radicals arising frem
CCl,-initiated lipid peroxidation.

PBN is clearly the superior spin trap for this partic-
ular task. Using irradiation techniques it was possible
to investigate the effeet of oxygen and measure, using
competition methods (43) the rate constant for the re-
action between the spin trap PBN and the free radicals

Table 1. ESR parameters of the various radical adducts detected
by ESR spectrometry in the course of these investigations.

Hyperfine coupling constants, G

Radical Spin trap N H Other
CCl; PBN 14 L.75 3¢, 9.68
cr PBN 12.2 0.7 *Cl, 6.1
CCL0; PBN 13.5 1.6

CCl; MNP 13.1 ¢, 2.25
CIcor MNP 6.7 B¢, 5.7
" CHCL; PBN 14.7 2.37 G, 9.26
CF;CHCI PBN 14.4 2.2b

H.CBrCH; PBN 14.5 2,16 B¢, 9.2

34006

FiGuRE 4. Example of MNP spin adduets: (4) ESR spectrum ob-
tained after irradiating CCl; and MNP under hypoxie conditions.
The lines are due to the coupling of the chlorine atoms to the
nitroxide. {B) As above but in the presence of oxygen; the features
have been assigned to the CICO-MNP spin adduct.

CCly and CCL,0, formed in the absence and presence
of oxygen, respectively (39). Only CCL,0; gave a meas-
urable rate constant with PBN (5.4 x 10° M !sec™),
the reaction of CCly being too slow for measurement
in the pulse radiolysis system (< 10° M~'sec¢™). This
result was not unexpected, as the parallel studies of
Packer, Willson and Slater in this department (see later)
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had demonstrated the enhanced reactivity of the oxy-
genated radical species.

The v-irradiation of CCl, at 77°K in the presence of
PBN and the absence of oxygen enabled both CCl;" and
Cl' formed by homolysis of CCl4 to be trapped (42). In
the presence of oxygen and *C-CCl, the spectrum did
not show the characteristic hyperfine features expected
if the "*C nucleus was attached beta to the nitrogen of
PBN. The hyperfine splitting constants (Table 1) how-
ever, were slightly different from those of the CCl,
adduct, and it was propoesed (42) that the spectrum be
assigned to the CCl;0,-PBN adduct or, more likely, to
the CCiO-PBN adduet resuiting from molecular rear-
rangement of the CCl30.—-PBN species (44,45).

As expected, decreasmg the concentration of oxygen
in the incubation system increases the amount of CCly
trapped by PBN, just as it increases the amount of
covalent binding of radiolabeled CCl, to protein and
lipid. In our hepatocyte system, hypoxic conditions
were obtained by blowing humidified oxygen-free ni-
trogen over the surface of the suspension for 10 min;
the remaining oxygen (ca. 50 pM) is rapidly consumed
in less than 5 min of incubation, such that complete
anoxia is obtained. Under these cond:twns the intensity
of the signal due to the CCl,-PBN adduet is increased
fivefold and covalent binding to cellular protein in-
creases in parallel (Fig. 5). This further underlines the
crucial role of the local oxygen concentration in deter-
mining the metabolic pathways subsequent to CCl; for-
mation. Spin-trapping experiments might give an in-
direct measurement of the relative importance of these
pathways, but there are intrinsic difficulties in using
this technigune for quantitative measurements.

Spin Trapping of Radicals Derived
from Other Haloalkanes

Halothane

Halothane (2-bromo-2-chloro-1,1,1-triflucroethane) is
an anesthetic agent that produees rare and unpredictable
liver damage (46). It can be metabolized by both aerobic
and anaerobic pathways, but the latter route seems to
be more important as regards hepatotoxicity. The one-
electron reduction of halothane by the NADPH-cyto-
chrome P-450 system to a free-radical product has been
postulated, by analogy with the metabolic activation of
CCl, (46,47). The C-Br bond is the weakest in the hal-
othane molecule, and so the primary free radical product
is likely to be the 1,1,1-trifluorochloroethyl radical
{CF3C HC)) following bromide elimination. This is borne
out by the finding that 1,1,1-trifluoro-2-chlorcethane is a
major metabolite of reductive halothane metabolism (4 7).
Moreover, Trudell and co-workers have detected the 1,1,1-
trifluoro-2-chloroethyl fragment bound to lipid following
reductive halothane metabolism in reconstituted systems
containing the enzymes of the NADPH-cytochrome P-
450 system (48,49).
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Fi1GURE 5. Covalent binding and spin trapping of CCly . Parallel
increase in the covalent binding of CCly to protein and the spin
trapping of the same radieal with PBN in isclated hepatocytes.
Hepatocytes (7.5 x 10° cells/mL) were ineubated in the presence
of 0.15 mM "C-CCl, for the covalent binding experiments and
with nonradioactive CCl, and 25 mM PBN for the spin-trapping
experiments.

Using the experience gained from the aforementioned
studies with CCl,, we attempted to trap [ree-radical
products of halothane metabolism in liver microsomes
and in isolated hepatocytes; PBN was again used as the
spin trap (50). When hepatocytes were isolated from
phenobarbital-induced male rats and incubated in the
presence of halothane and PBN under hypoxie condi-
tions an ESR signal could be readily detected. The sig-
nal consisted of a triplet of doublets having nitrogen and
hydrogen hyperfine splitting constants of 14.4 and 2.25
G, respectively (Table 1). Under aerobie conditions only
a small unresolved spectrum was evident. If cells from
noninduced male rats were used, no signal was found
under either normoxic or hypoxic conditions. Isolated
hepatocytes from phenobarbital-induced female rats
gave rise to a similar ESR speectrum (but of a signifi-
cantly lower intensity) when hypoxic conditions were
used. Using liver microsomes from phenobarbital-in-
duced male and female rats, the same ESR spectrum
was found, again only under anaerobic conditions and
once more higher in male-derived microsomes.

In all cases, the signal features were not sufficiently
characteristic to permit an unambiguous identification.
The spectrum seems unlikely, however, to be due to a
PBN -lipid radical adduct, as it differs significantly from
that reported by Kalynaraman et al. (51) for such a
species. For the time being, we must assume that, based
on the indirect evidence already mentioned, this spee-
trum is due to the trapping of the CF,C"HCI radical.
These results differ from those of Poyer et al. (52), who
reported a similar spin adduct but who did not find
anaerobic conditions to be critical for its formation.

iy



ACTIVATION OF HALOALKANES 91

50 A r 15

1

4 o

B

20 A4

—
o
-
2
m
[~
=)
x

-
g
=
5
B
=
o
o
e

=
m
e

=
=
=
v
-~
=
=

E.5.R. SIGMAL [MTENSITY ¢ ARBITRARY UNITS )

un
TIME tnim)

FIGURE 6. Time course of halothane radical-PBN spin adduct for-
mation and LDH release. Hepatoeytes were isolated from phen-
obarbital-induced rats and incubated anaerobically in the presence
of 2 mM halothane. PBN was omitted from suspensions used for
LDH assays; in the absence of halothane the leakage of LDH
amounted to 8 units/mL after 60 min. The viability of the cells
after 60 min incubation was 60% in the absence and 30% in the
presence of halothane (50).

The relative intensity of the ESR signal obtained in
liver preparations from male and female rats correlates
well with the higher suseceptibility shown by male rats,
supporting the view that free radical intermediates
might be involved in halothane hepatotoxicity, Also sup-
portive of this postulate is the finding that radical adduct
formation correlates direetly with loss of cell viability
in suspensions of isolated hepatocytes (Fig. 6). In the
same experiments, halothane was found to induce lipid
peroxidation in liver cells, albeit weakly, suggesting
that this process may follow on from free radical for-
mation and contribute towards cell damage. De Groot
and Noll (53) have recently described the crucial role of
oxygen concentration in halothane-induced lipid per-
oxidation.

These results do not, however, explain the rarity of
halothane hepatotoxicity, and it seems increasingly
likely that an immune response is involved, possibly
resulting from changes in antigenic identity brought
about by covalent binding of free radical intermediates.

Dibromoethane

1,2-Dibromoethane (DBE) is a chemical that has been
used widely in industry and is stili used as a fumigant
in agrieulture. It is remarkably toxic, producing both
hepatic and renal damage, and is also carcinogenie (54).
This molecule came under our serutiny since its struc-
ture suggested the possibility that free radical inter-

mediates might be produced during its metabolism. This
possibility was studied in isolated hepatocytes and in
liver microsomes (55,56).

Two main metabolic pathways have been reported:
ohe involves a conjugation to glutathione (GSH) me-
diated by GSH transferase and eventually resulting in
the formation of mereapturic acid derivatives, the other
is based on oxidative dehalogenation by the microsomal
drug metabolizing enzymes resulting in bromoacetal-
dehyde (57,58). The latter pathway is quantitatively the
more important but it appears that the genotoxic effeet
is related to conjugation of DBE to GSH (59).

In our studies, incubation of DBE in suspensions of
isolated hepatocytes in the presence of PBN did not
give rise to any detectable spin adduet under normoxic
conditions. If the oxygen tension was reduced, however,
a well-resolved ESR spectrum was recorded (55) (Table
1). The identification of the radical so trapped was fa-
cilitated by the use of "*C-labeled sushstrate. While this
identified the radical as being derived from DBE under
reductive conditions, there are still doubts about its
precise structure; possibilities are H,CBrH,C" or
H,CHCBr', the latter derivinég from the former by mo-
lecular rearrangement. The *C-labeled DBE certainly
establishes that a radical intermediate is formed from
DBE by interaction with the P-450 gystem, and that
this has sufficient stability to be trapped by PBN. This
is somewhat unexpected since it is known that radicals
of the type Hal-CHy-C'H, quickly break down to yield
ethylenes.

This pathway to a radical intermediate may also be
important in vivo, since conditions of low oxygen tension
are also possible physiologiecally, especially in microen-
vironments of the liver (60). Spin t{rapping has thus
enabled the discovery of a novel metabolic pathway for
an important toxic compound. The contribution of this
intermediate to the toxicity and carcinogenicity of DBE
remains to be established but must be considered in any
future investigations.

Chloroform

Chloroform (CHCly) is, as with all the trihalogenated
methanes, hepatotoxic in both experimental animals
and humans (61), although much less so than CCly
CHC]; is also carcinogenic in mice and rats (62). It is
generally agreed that CHCls-induced liver damage is
dependent upon its oxidative metabolism by the
NADPH-cytochrome P-450 system to COC), which then
depletes cellular GSH and alkylates macromolecules.

In our experiments (63) with isolated hepatocytes, a
radical product could be trapped under both hypoxie
and normoxic conditions. The signal was some eightfold
larger, however, under reduced oxygen tengion. The
use of *C-CHCl; again enabled us to identify the radical
as being CHCl;-derived but it is not yet clear whether
the radical trapped is the trichloromethyl or diehloro-
methyl species. As the hyperfine features (see Table 1)
are different from those obtained using CCl, as sub-
strate, the most likely candidate seemed to be CHCl, .






