PHARM

aspet.’

0026-895X/92/050943-07$03.00/0

Copyright © by The American Society for Pharmacology and Experi | Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 41:943-949

Free Radical Metabolism of Halothane /n Vivo: Radical Adducts

Detected in Bile

KATHRYN T. KNECHT, JANICE A. DeGRAY, and RONALD P. MASON

Curriculum in Toxicology, The University of North Carolina, Chapel Hill, North Carolina 27599 (K.T.K., J.A.D., R.P.M.), and Laboratory of Molecular
Biophysics, National Institute of Environmental Health Sciences, National Institutes of Health, Research Triangle Park, North Carolina 27709 (K.T.K.,

RP.M.)
Received August 15, 1991; Accepted January 31, 1992

SUMMARY

Two radical adduct species have been detected in the bile of
living rats treated with halothane and phenyl-N-t-butyinitrone
(PBN). The treatment of rats with 12% oxygen was required for
radical adduct detection. Analysis of the corresponding EPR
spectra obtained when deuterated PBN and deuterated halo-
thane or [2-'*C]halothane was used shows that these two spe-
cies result from the spin trapping of two halothane-derived free
radicals. Coupling constants were a" = 15.72 G, af = 2.09 G,
a!=0.79 G, and & = 0.63 G(3F) and a" = 15.16 G, a}f = 4.14
G, a7 = 0.48 G, and a" = 0.3 G(3F) for the two species. Two

radical adducts with similar coupling constants were detected
when halothane was reduced by zinc dust in the presence of
PBN, suggesting that the formation of these two distinct species
from halothane can be attributed to the one-electron reduction
of halothane and the formation of diastereomeric radical adducts.
The identification of both radical adducts as halothane-derived
species indicates that there is no in vivo EPR evidence for lipid
radical formation during halothane intoxication, as had previously
been reported.

The volatile anesthetic halothane (2-bromo-2-chloro-1,1,1-
trifluoroethane) has been implicated in metabolism-dependent
human hepatotoxicity. Oxidative metabolism, haptenation, and
an idiosyncratic immune response are considered responsible
for the more severe but less common form of this toxicity.
However, as many as 20% of patients suffer a mild hepatotoxic-
ity, which has been related to reductive metabolism (1).

Animal studies have shown that hepatotoxicity develops in
phenobarbital-pretreated rats administered halothane under
hypoxic conditions (2). Hypoxia in rats enhances reductive
metabolism by cytochrome P-450. Both phenobarbital treat-
ment and hypoxia are necessary for the development of toxicity,
implicating a reduced metabolite in the toxic action of halo-
thane. It should be noted, however, that hypoxia itself is
hepatotoxic (3) and that the interaction may, therefore, be
merely additive.

A free radical metabolite from halothane was detected in
microsomes, in hepatocyte systems, and in vivo by the EPR
spectroscopy technique of spin trapping (4-8). This metabolite
arises from the reductive debromination of halothane, as con-
firmed by mass spectrometry of in vitro incubations (7).

Reactive free radicals arising from halothane could bind
covalently to critical cellular proteins or to lipids, in which case
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lipid peroxidation might ensue. These destructive processes
have been considered to play a role in the development of
carbon tetrachloride toxicity. A number of studies have re-
ported increases in lipid peroxidation after treatment with
halothane, although it has also been suggested that lipid per-
oxidation is a consequence and not a precursor of cell death
(9). Janzen et al. (7) have detected two lipid-derived radicals
formed from the action of halothane in vitro and in vivo. When
partially deuterated PBN was used as a spin trap in halothane-
containing microsomal incubations, the resolution of the EPR
spectrum was greatly increased. With one species, two identical
v-hydrogen atoms could be discerned, suggesting that the
trapped carbon-centered radical was an alkyl (-CH:R) frag-
ment of a polyunsaturated fatty acid. The second species was
assigned as a radical adduct of LO..

Recently, radical adducts derived from carbon tetrachloride,
bromotrichloromethane, bromoform, and ethanol (10-12) have
been measured in the bile of living rodents. Radical adducts
have also been detected but not identified in the bile of rats
treated with halothane (8). The same technique was used here
to detect radical adducts from halothane and the spin trap PBN
in the bile of anesthetized rats, with the deuterated form of
PBN being used in order to improve spectral resolution. Deu-
terated or '*C-substituted halothane was used in order to de-
termine the origin of the two radical adduct species that were
detected. Two PBN radical adducts of halothane were also

ABBREVIATION: PBN, phenyl-N-t-butyinitrone.
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detected when halothane was reduced in a purely chemical
system, indicating that these radical adducts are diastereomers.

Materials and Methods

Adult male CD rats (350400 g) were used for this study. Some
animals were pretreated with sodium phenobarbital (80 mg/kg, intra-
peritoneally) for 3 days. Surgery and collection, treatment, and analysis
of samples were as described earlier (10, 12). Animals received 936 ug/
kg halothane (Sigma Chemical Co., St. Louis, MO) or an equal volume
of [1-*C]- or [2-'*C]halothane (Cambridge Isotopes, Woburn MA) or
of [2-*H]halothane (MSD Isotopes, St. Louis, MO) intraduodenally
and 50 mg/kg PBN (Sigma) or PBN-d,, (all positions deuterated except
the nitrone hydrogen; MSD Isotopes, St. Louis, MO), in deionized
water, by intraperitoneal injection. Some animals were administered
halothane via a fluothane vaporizer, with O,, compressed air, or an air/
N. mixture as the carrier gas. The same radical adducts were detected
with this system as with intraduodenal administration, so the simpler
method of intraduodenal administration was used. For initial studies,
hypoxia was accomplished by using a plastic rebreathing bag filled with
nitrogen. In later studies, a 3 liter/min flow of a compressed air/N,
mixture at 12% O, concentration was used, with essentially the same
results.

EPR spectra were obtained with a quartz flat cell and a Varian E-
109 EPR spectrometer fitted with a TM,,, cavity. Data were collected
and computer simulations were performed with either a Hewlett-
Packard or an IBM-type computer interfaced to the spectrometer. The
fit of simulations to experimental data was quantitated by Spearman’s
nonparametric rank correlation coefficient.

For in vitro studies, halothane or [2-?H]halothane was degassed with
nitrogen for at least 12 min, and 0.5 ml was added to zinc dust (1 M)
and PBN-d,, (0.14 M), in a cylindrical quartz EPR tube (3-mm inner
diameter, 4-mm outer diameter) containing a spin bar. Samples were
bubbled with N,, with stirring, for 30 min or less. The magnet was
removed, and samples were degassed again and kept under a gentle
stream of N; during EPR analysis. EPR measurements were made as
described above.

Resulits

The administration of halothane and PBN to rats under
hypoxic conditions resulted in an intense EPR spectrum of two
radical adduct species in bile (Fig. 1A). Hyperfine coupling
constants for the two species were a® = 15.78 and a = 2.30 for
species I and a¥ = 15.22 and a} = 4.33 for species II. The two
species (Fig. 1, C and D) in the composite spectrum (Fig. 1B)
saturated similarly with microwave power, decayed at the same
rate, and did not vary significantly, in ratio, from animal to
animal. Without 12% oxygen treatment of the rats, no radical
adduct spectrum was detected (Fig. 1E). Broadening of the
high-field lines was probably due to the partial immobilization
of the radical adduct in the biliary micelles. This effect can be
seen more strikingly in Figs. 3-6.

Pretreatment of animals with phenobarbital did not alter the
intensity of the radical adduct spectrum (data not shown),
although phenobarbital pretreatment did increase the radical
adduct detected in the bile of rats treated with CCl, (12). These
results suggest that some factor other than cytochrome P-450
was rate-limiting for the detection of halothane-derived radical
adducts in bile. LaCagnin et al. (13) suggested that NADPH
might be rate-limiting in CCl, and CBrCl; metabolism in the
perfused liver. The results shown here (Fig. 1, A and E) suggest
that oxygen tension is the most important factor in halothane
reduction.

The use of partially deuterated PBN (7) (Fig. 2) provided
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Fig. 1. EPR spectra of bile from rats administered PBN and halothane.
Bile was collected 30-45 min after treatment of rats with PBN (50 mg/
kg, intraperitoneally) and halothane (936 ng/kg, intragastrically). Rats
were made hypoxic at 15-30 min after administration of PBN and
halothane. EPR parameters: 20-mW power, 100-kHz modulation fre-
quency, 0.53-G modulation amplitude, 80 G/1-hr scan, 4-sec time con-
stant. A, EPR spectrum from bile of rat treated as described above. B,
Composite computer simulation of spectrum in A. C, Unidentified first
component of composite computer simulation of spectrum in B (species
1). D, Unidentified second component of composite computer simulation
of spectrum in B (species ll). E, EPR spectrum from bile of rat treated
as described above but with no hypoxia.
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Fig. 2. Structure of partially deuterated PBN.
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increased spectral resolution, due to decreased linewidths of
the spectra (Fig. 3), and allowed additional coupling constants
to be determined (Table 1). The composite computer simulation
of the spectrum obtained in bile when partially deuterated PBN
was used is shown overlaying the experimental spectrum in Fig.
3, with its component spectra (species I and II) displayed below.
Coupling constants are reported in Table 1.

When partially deuterated PBN was used, the spectrum of
species I contained splittings from four additional nuclei of
spin 1/2, three of which were equivalent. These nuclei are most
likely the hydrogen and the three fluorines from the halothane
molecule. Janzen et al. (7) also resolved three identical fluorine
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Fig. 3. EPR spectrum of bile from rats administered partially deuterated
PBN and halothane, with computer simulation. Animal treatments and
EPR instrument settings were as in Fig. 1, except that deuterated PBN
and 0.17-G modulation amplitude were used. —, EPR spectrum from
bile of rat treated as described above. - - —, Composite computer
simulation of the spectrum composed of species | (24 resolved lines) and
species Il (six lines).

TABLE 1

Radical Adducts of Halothane 945

couplings from the spectrum of apparently the same halothane-
derived radical adduct.

Similarly, use of the partially deuterated PBN allowed the
determination of four additional hyperfine couplings for species
II. These additional hyperfine couplings were not resolved but
caused changes in line shape that affected the positioning of
other peaks. The omission of any of these couplings caused a
detectable decrease in the quality of the simulation.

An excellent fit to the experimental spectrum could be ob-
tained when an entirely different set of parameters was used in
computer simulation, as had been reported earlier in a prelim-
inary communication (14). The experimental spectrum of Fig.
3 is repeated in Fig. 4, with the composite simulation and its
components shown as in Fig. 3. Coupling constants for species
II were the same for this simulation as in Fig. 3, but species I
had 18 resolved lines, instead of 24 (Table 1). For this species,
at! = 0.69 (2H), as would be expected for an alkyl 8-scission
fragment, as had been proposed by Janzen et al. (7). However,
these parameters could not be used or adapted to make a good
simulation of the spectrum generated with deuterated halo-
thane.

The replacement of halothane with deuterated halothane
(Fig. 5) resulted in spectral changes consistent with the replace-
ment of a hydrogen with a deuterium atom in both radical
adduct species (Table 1). Deuterium has a spin of 1 and, thus,
splits each line of the spectrum into three rather than two lines.
However, the associated hyperfine coupling constant would be
approximately one-sixth that of an identically placed hydrogen
atom, making the resulting value of the deuterium hyperfine
coupling constant too far below the linewidth to be realistically
included in the computer simulation. The effect of deuterium
substitution on species II was difficult to detect when the
spectrum of this species was plotted by itself (Fig. 5), but the
fit of the composite spectrum that resulted when the hydrogen
nucleus remained in the computer simulation was noticeably
poorer. The detection of a deuterium effect in both radical
adduct spectra demonstrated that both radical adducts are
derived from halothane and that both retain the hydrogen atom
of the parent compound.

Use of [1-*C]halothane resulted in no detectable difference
in the radical adduct spectrum (data not shown), indicating
that neither radical adduct was centered at the 1-position of
halothane. The use of [2-'*C]halothane, however, resulted in
an additional hyperfine coupling from a nucleus with spin 1/2,
for both radical adduct species (Fig. 6; Table 1), proving that

Hyperfine coupling constants (in Gauss) of halothane-derived radical adduct spectra detected in bile

Treatment of animals, collection of samples, EPR spectroscopy, and computer simulation of spectra were as described in Materials and Methods. Sets of hyperfine
coupling constants labeled Halothane and False solution derived from different computer simulations of the same EPR spectrum.

Halothane (Fig. 3) False solution (Fig. 4) [2-*HHalothane (Fig. 5) [2-"*Craothane Fig. 6)

Species | Species Il Species | Species Species | Species I Species | Species I
a" 15.72 15.16 15.74 15.21 15.74 15.18 15.77 15.29
a" (PBN) 2.09 4.14 2.10 413 2.1 418 2.09 417
a" 0.79 0.48 0.69 0.52 0.84 0.48
a'% 418 3.37
a (3F) 0.63 0.30 0.70 0.30 063 0.30
AG (Gauss) 0.058 0.026 0.050 0.047
Species amount (%) 55.2 448 47.1 529 55.2 448 416 58.4
Linewidth (Gauss) 0.320 0.465 0.398 0.541 0.340 0.419 0.320 0.498
Lorentzian (%) 56 96 100 80 225 99 60.5 100
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Fig. 4. EPR spectrum of bile from rats administered partially deuterated
PBN and halothane, with alternative computer simulation. Same experi-
mental spectrum as Fig. 3, but different hyperfine coupling constants
were used in the computer simulation. —, EPR spectrum from bile of
rat treated as described above. - — -, Composite computer simulation
of the spectrum composed of species | (18 lines) and species Il (six
lines).

both radical adduct species are produced from carbon 2-cen-
tered halothane-derived radicals.

Two radical adducts were also obtained from the reduction
of halothane by zinc dust, in a purely chemical system. Halo-
thane, PBN, and zinc dust, the reducing agent, were mixed
under nitrogen, as described in Materials and Methods. The
most likely chemical reaction is the reductive debromination
of halothane, giving the carbon-centered free radical and bro-
mide. The resulting EPR spectrum and its computer simulation
are shown in Fig. 7. The spectrum was stable for hours at room
temperature, and the relative ratio of the two species did not
change with time. Hyperfine coupling constants (Table 2) are
similar in number, kind, and relative intensity to those of the
radical adducts detected in bile (Table 1), suggesting that the
radical adducts detected in bile are the same as those detected
in vitro. Differences in absolute values of these coupling con-
stants are most likely due to the difference in solvent, which
can cause dramatic changes in the hyperfine coupling constants
of radical adducts of PBN (15). The change in spectra for both
species as a result of deuteration (Fig. 8; Table 2) is further
evidence that both are derived from halothane and that the
computer simulations of the spectra are valid.

The detection of nearly equal amounts of each species and
the stability of both radical adducts over time suggest that both
radical adducts form at the same time and that one radical or
radical adduct is not formed from another. Indeed, it is not
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Fig. 5. EPR spectrum of bile from rats administered partially deuterated
PBN and deuterated halothane, with computer simulation. Animal treat-
ments and EPR instrument settings were as in Fig. 3, except that
deuterated halothane was used. —, EPR spectrum from bile of rat
treated as described above. - - -, Composite computer simulation of
the spectrum composed of species | (21 resolved lines) and species I
(six lines).

necessary to postulate such reactions in order to account for
the formation of two radical adducts. A simpler explanation is
that these two radical adduct species are diastereomers.

In the radical adduct formed by the trapping of -CHCICF,
by PBN, carbon 2 from halothane and the carbon o to the
phenyl ring are both chiral. Thus, four distinct stereochemical
isomers (RR, SS, SR, and RS) of this radical adduct are possible
(Fig. 9). Because the RR isomer is the mirror image of the SS
isomer, they are enantiomers and have identical hyperfine
coupling constants and, thus, identical EPR spectra. The same
is true for the RS and the SR isomers. However, because the
RR/SS isomers are not mirror images of the RS/SR isomers,
the hyperfine coupling constants may differ and give rise to
nonidentical spectra. Thus, the two 8-H coupling constants of
RR/SS and RS/SR depend on their respective dihedral angles
(), in the normal manner (16). That is, the hyperfine coupling
constant of the §-H is related to the dihedral angle (i.e., the
angle that the 8-H subtends with the N-2p, orbital) (Fig. 10)
by the following relationship:

al! = B cos®*) (1)

The dihedral angle 6 is influenced not only by the nature
and positioning of the trapped radical species but also by the
solvent in which the radical adduct is dissolved. The fact that
diastereomeric pairs of radical adducts can have markedly
different dihedral angles and, hence, different hyperfine cou-
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m of bile from rats administered partially deuterated
PBN and [2-"*C]halothane. Animal treatments and EPR instrument set-
tings were as in Fig. 3, except that [2-'*C]halothane was used. —,
EPR spectrum from bile of rat treated as described above. -~ - -,
Composite computer simulation of the spectrum composed of species |
(42 resolved lines) and species Il (nine lines).

P
<

100 Gauss
Fig. 6. EPR

pling constants was demonstrated by Kotake et al. (17), who
trapped radicals from a series of alcohols with the spin trap
5,5-dimethyl-1-pyrroline N-oxide to form radical adducts with
chiral centers. These researchers found that each radical adduct
produced a pair of radical adduct spectra with widely differing
ai! values and even slightly differing a® values. Similar results
were later obtained when radicals from ethers, amines (18), and
alcohols (19) were trapped with PBN. The importance of the
solvent system used was shown in the former study (17) by the
disappearance of differences in hyperfine coupling constants
when the radical adducts were dissolved in toluene rather than
in a corresponding alcohol. Thus, differences between the cou-
pling constants for species I and species II, whether this pair
of radical adducts were detected in bile or in vitro, can be
accounted for by the chirality of these radical adducts. The fact
that coupling constants for either species in bile are different
from those obtained in an in vitro system can be accounted for
by the effects of the different environments. This effect is
largest on a percentage basis for a"' (PBN) of species II.

Discussion

Free radical metabolism of halothane has been detected in
vitro and in vivo and has been credited with a role in experi-
mental hepatotoxicity due to this compound. We have detected
two radical adduct species in the bile of living rats given
halothane and the spin trap PBN.

Other workers have reported that hypoxia is a necessary
factor in the production of hepatotoxicity in kalothane-treated
rats (2, 20). In a similar fashion, treatment with 12% O, was
necessary for radical adduct detection in our studies, as would
be expected if free radical metabolism were important in halo-

Radical Adducts of Halothane 947
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Fig. 7. EPR spectrum of a mixture of partially deuterated PBN, halothane,
and zinc dust. Incubation was performed as described in Materials and
Methods. EPR parameters: 20-mW power, 0.21-G modulation amplitude,
40-G/1-hr scan, 0.5-sec time constant. —, spectrum
obtained as described above. - — -, Composite computer simulation of
the spectrum composed of species | (24 resolved lines) and species I
(six lines).

TABLE 2

Hyperfine coupling constants (in Gauss) of halothane-derived
radical adduct spectra produced by the chemical reduction of
halothane

Preparation of samples, EPR spectroscopy, and computer simulation of spectra
were as described in Materials and Methods.

Halothane (Fig. 7) [2-*HHalothane (Fig. 8)

Species | Species i Species | Species |
a" 14.71 14.59 14.80 14.72
a" (PBN) 1.98 242 1.98 2.38
a" (Hal) 0.78 0.38
a" (3F) 0.61 0.30 0.71 0.30
AG (Gauss) 0.046 0.046
Species amount (%)  50.2 49.8 52.5 475
Linewidth (Gauss) 0.240 0.428 0.261 0.428
Lorentzian (%) 100 14 38 0

thane hepatotoxicity. However, phenobarbital treatment was
not required for radical adduct detection in bile, although it is
required for toxicity (2, 20). Furthermore, the amplitudes of
the radical adduct spectra in bile were not affected by pheno-
barbital treatment. These results are consistent with the find-
ings of Plummer et al. (5), who found no increase in the radical
adduct content of liver upon phenobarbital pretreatment. It is
possible that the free radical metabolites of halothane are
unrelated to its toxicity, that phenobarbital induction alone
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Fig. 8. EPR spectrum of a mixture of partially deuterated PBN, deuter-
ated halothane, and zinc dust. Incubation conditions and EPR parameters
were as in Fig. 7, except that [2-?H]halothane was used in the incubation,
with 40-G/16-min scan and 0.128-sec time constant. ——, Experimental

obtained as described above. - - -, Composite computer
simulation of the spectrum composed of species | (21 resolved lines) and
species Il (six lines).

-
o \.IOF‘

N\ ¢
AR .
CH, "C,‘ H H S\
3 s %

cnf oy HiC

R (hal), S (hal), R
Fig. 9. Stereochemical isomers of halothane radical adduct.

has its own effects on hepatotoxicity, which are additive with
those produced by halothane, or that phenobarbital induction
enhances radical adduct destruction as well as free radical
production, thus masking a phenobarbital-induced increase in
free radical metabolism (11).

Both radical adduct species detected in the bile derive from

z axis 0 is measured
in the xz plane
0
H
X axis
2p, of N in plane C-N bond at origin
of paper cicF, L to paper

Fig. 10. Dihedral angle in radical adduct.

carbon 2-centered halothane radicals. Species I has four hyper-
fine coupling constants from nuclei of halothane with spin 1/
2. Three of these nuclei are equivalent and must, therefore, be
the three fluorine atoms at carbon 1 of halothane. The fourth
nucleus must then be the hydrogen on carbon 2. Deuteration
of halothane replaced this hydrogen nucleus of spin I = 1/2
with a deuterium nucleus. A **C coupling constant was detected
when [2-'3C]halothane but not [1-'*C]halothane was used,
proving that both radical adducts are due to carbon 2-centered
radicals from halothane.

For species II, hyperfine coupling constants of hydrogen and
fluorine were similarly detected, although distinct lines were
not resolved and assignments are thus far less definitive than
with species I. The hydrogen coupling also appeared to be
replaced by a deuterium coupling when deuterated halothane
was used, although, again, this assignment is less clear. *C
substitution reveals that this radical adduct species also derives
from a carbon 2-centered halothane radical.

A good simulation of the EPR spectrum can also be obtained
when two identical hydrogens are substituted for the hydrogen
and fluorines of species I. A radical adduct with this structure
could result from the trapping of a -CH:R fragment, such as
would arise from lipid peroxidation, but experiments with [**C]
halothane show that both radical adducts are derived from
halothane and not from lipid. Thus, even a good computer
simulation of a radical adduct spectrum is not sufficient as
proof of structure, emphasizing the need for supplemental
techniques such as mass spectroscopy or isotopic substitution.

Both of the radical adducts detected in bile arise from the
reductive debromination of halothane. In organic extracts of
microsomal incubations and in vivo, Janzen et al. (7) have
detected a radical adduct with three equivalent fluorine atoms.
The structure of this radical adduct has been confirmed by
mass spectrometry as that due to the trapping of the debromi-
nated, carbon-centered, halothane-derived radical. Presumably,
this radical adduct is the same as our radical adduct I, where
fluorine hyperfine coupling is resolved. Similarly, when free
radicals formed from halothane by UV irradiation (21) or by a
reconstituted cytochrome P-450 system (22) were trapped by
oleic acid, mass spectrometry of the purified stable products
showed that debromination rather than dechlorination had
taken place.

The present studies with a chemical system containing only
halothane, PBN, and zinc dust have shown that two diaster-
eomeric radical adducts are produced. The two radical adducts
are present in roughly equal concentrations and their ratio does
not change with time, so a conversion of one radical or radical
adduct into another is unlikely. The detection of two radical
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adduct species in a purely chemical system shows that biological
processes such as lipid peroxidation, resulting in the formation
of radical adducts of L. and LO-, need not be proposed in the
interpretation of these spectra, as has been done in related
work (7). In contrast to results with ethanol (11, 23), lipid-
derived radicals have not been detected after halothane expo-
sure in vivo.

In conclusion, two radical adducts derived from halothane

have been detected in the bile of rats treated with halothane
and spin trap. Treatment with 12% oxygen but not with phe-
nobarbital was necessary for the detection of signal, in contrast
to toxicity studies, which show that both of these factors are
required for the development of hepatotoxicity. The appearance
of two distinct radical adduct species resulted from the chirality
of the debrominated halothane-derived radical adducts and is
not due to the trapping of lipid-derived radicals.

Acknowledgments

The authors wish to thank Mr. David Duling for the use of his computer

programs for simulation of spectra and for expert advice, Ms. Sandra Jordan for
skilled technical assistance, and Dr. Robert Floyd for helpful discussion.

References

1.

Satoh, H., J. R. Gillette, T. Takemura, V. J. Ferrans, S. E. Jelenich, J. G.
Kenna, J. Neuberger, and L. R. Pohl. Investigation of the immunological
basis of halothane-induced hepatotoxicity, in Biological Reactive Intermedi-
ates. I1I. Mechanism of Action in Animal Models and Human Disease (J. J.
Kocsis, D. J. Jollow, C. M. Witmer, J. O. Nelson, and R. Snyder, eds.).
Plenum Press, New York, 657-673 (1986).

. McLain, G. E,, L. G. Sipes, and B. R. Brown. An animal model of halothane

hepatotoxicity: roles of enzyme induction and hypoxia. Anesthesiology
51:321-326 (1979).

. Shingu, K., E. L. Eger I, and B. H. Johnson. Hypoxia per se can produce

hepatic damage without death in rats. Anesth. Analg. 61:820-823 (1982).

. Poyer, J. L., P. B. McCay, C. C. Weddle, and P. E. Downs. In vivo spin-

trapping of radicals formed during halothane metabolism. Biochem. Phar-
macol. 30:1517-1519 (1981).

. Plummer, J. L., A. L. J. Beckwith, F. N. Bastin, J. F. Adams, M. J. Cousins,

and P. Hall. Free radical formation in vivo and hepatotoxicity due to anes-
thesia with halothane. Anesthesiology 57:160-166 (1982).

. Fujii, K., M. Morio, H. Kikuchi, S. Ishihara, M. Okida, and F. Ficor. In vivo

spin-trap study on anaerobic dehalogenation of halothane. Life Sci. 35:463-
468 (1984).

. Janzen, E. G., R. A. Towner, P. H. Krygsman, D. L. Haire, and J. L. Poyer.

Structure identification of free radicals by ESR and GC/MS of PBN spin
adducts from the in vitro and in vivo rat liver metabolism of halothane. Free
Radicals Res. Commun. 9:343-351 (1990).

Radical Adducts of Halothane 949

8. Hughes, H. M., I. M. George, J. C. Evans, C. C. Rowlands, G. M. Powell, and
C. G. Curtis. The role of the liver in the production of free radicals during
halothane anesthesia in bile. Biochem. J. 277:795-800 (1991).

9. Knights, K. M., G. K. Gourlay, R. A. Gibson, and M. J. Cousins. Halothane-
induced hepatic is in rats: the role of in vivo lipid peroxidation.
Pharmacol. Toxicol. 63:327-32 (1988).

10. Knecht, K. T., and R. P. Mason. In vivo radical trapping and biliary secretion
of radical adducts of carbon tetrachloride-derived free radical metabolites.
Drug. Metab. Dispos. 16:813-817 (1988).

11. Knecht, K. T., B. U. Bradford, R. P. Mason, and R. G. Thurman. In vivo
formation of a free radical metabolite of ethanol. Mol Pharmacol. 38:26-30
(1990).

12. Knecht, K. T., and R. P. Mason. The detection of halocarbon-derived radical
adducts in bile and liver of rats. Drug Metab. Dispos. 19:325-331 (1991).

13. LaCagnin, L. B,, H. D. Connor, R. P. Mason, and R. G. Thurman. The
carbon dioxide anion radical adduct in the perfused rat liver: relationship to
halocarbon-induced toxicity. Mol. Pharmacol. 33:351-357 (1988).

14. Knecht, K. T., and R. P. Mason. Free radical metabolism of halothane in
vivo: detection of radical adducts in bile. Free Radicals Biol. Med. ® (Suppl.
1):40 (1990).

15. Janzen, E. G., G. A. Coulter, U. M. Oehler, and J. P. Bergsma. Solvent effects
on the nitrogen and S-hydrogen hyperfine splitting constants of aminoxyl
radicals obtained in spin trapping experiments. Can. J. Chem. 60:2725-2733
(1982).

16. Maender, O. W., and E. G. Janzen. Electron spin resonance of trityl alkyl
nitroxides: spin-labelled amino acids. J. Org. Chem. 34:4072-4082 (1969).

17. Kotake, Y., K. Kuwata, and E. G. Janzen. Electron spin resonance spectra
of diastereomeric nitroxyls produced by spin trapping hydroalkyl radicals. J.
Phys. Chem. 83:3024-3029 (1979).

18. Kotake, Y., and K. Kuwata. Electron spin resonance study on the difference
of structure in diastereomeric nitroxyl radicals. Bull. Chem. Soc. Jpn. 54:394-
398 (1981).

19. Kotake, Y., and K. Kuwata. Formation of intramolecular hydrogen bond in
hydroxy-substituted nitroxide radicals as evidenced by electron spin reso-
nance. Bull. Chem. Soc. Jpn. 55:3686-3689 (1982).

20. Ross, W. T., Jr., B. P. Daggy, and R. R. Cardell, Jr. Hepatic necrosis caused
by halothane and hypoxia in phenobarbital-treated rats. Anesthesiology
51:327-333 (1979).

21. Bosterling, B., A. J. Trevor, and J. R. Trudell. Binding of halothane free
radicals to fatty acids following UV irradiation. Anesthesiology 56:380-384
(1982).

22. Trudell, J. R., B. Bosterling, and A. J. Trevor. Reductive metabolism of
halothane by human and rabbit cytochrome P-450: binding of 1-chloro-2,2,2-
trifluoroethyl radical to phospholipids. Mol. Pharmacol. 21:710-717 (1982).

23. Reinke, L. A., Y. Kotake, P. B. McCay, and E. G. Janzen. Spin-trapping
studies of hepatic free radicals formed following the acute administration of
ethanol to rats: in vivo detection of 1-hydroxyethyl radicals with PBN. Free
Radicals Biol. Med. 11:31-39 (1991).

Send reprint requests to: Kathryn T. Knecht, Laboratory of Molecular Bio-
physics, National Institute of Environmental Health Sciences, National Insti-
tutes of Health, MD 4-01, PO Box 12233, Research Triangle Park, NC 27709.

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



