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Abstract—The hypothesis that the reduced spectral halothane—cytochrome P450 complex formed in rat
hepatic microsomes is a stable cytochrome P450 specific species was examined. Comparisons of the
cytochrome P450 inducers, phenobarbital (PB), pregnenolone-16a-carbonitrile (PCN) and B
naphthoflavone (§-NF) showed that PB was the most effective inducer of the halothane—cytochrome
P450 complex and the cytochrome P450 which liberates the halothane metabolites, 2-chloro-1,1-
difluoroethene (CDE) and 2-chloro-1,1,1-trifluoroethane (CTE). However, the ratio of CDE produced
to quantity of complex was found to be reduced 70-77% in these microsomes. A large portion of total
microsomal cytochrome P450 was destroyed upon halothane reduction (up to 39%), yet the complexed
cytochrome P450, particularly in microsomes from PB-treated animals, was resistant to the irreversible
inactivation mechanisms of halothane reduction. The effects of reductive halothane metabolism on
subsequent warfarin metabolism showed that 7-hydroxywarfarin formation from either (R)- or (S)-
warfarin in microsomes from PCN-treated, PB-treated or untreated rats was highly susceptible to
irreversible inhibition. In microsomes from PB-treated, but not PCN or untreated rats, the formation
of one warfarin metabolite, 4'-hydroxywarfarin from (R)-warfarin, could be shown to be increased
when complex was eliminated by photodissociation. These results suggest that PB-B is preferentially
bound as complex and resistant to inactivation because of complex stability, and that halothane

0006-2952/91 $3.00 + 0.00
© 1991. Pergamon Press plc

reduction readily destroys the cytochrome P450 form, PB-C.

In whole animals, hepatic microsomes and puri-
fied cytochrome P450 preparations, halothane
(CF,CHCIBr) is reduced to 2-chloro-1,1,1-tri-
fluoroethane (CTE) and 2-chloro-1,1-difluoroethene
(CDE) [1-5]. These metabolites arise from the
ability of halothane to accept either a single electron
or two electrons sequentially from cytochrome P450
under low oxygen conditions {1,6]. During the
course of this metabolism, a spectral complex which
absorbs light maximally at 470 nm, is formed between
halothane and cytochrome P450 [1, 6, 7], and a
portion of the cytochrome P450 is irreversibly
inactivated [8, 9]. Cytochrome P450 inactivation is
thought to be due to the release of a one electron
reduced free radical, CF;CHCI-, which reacts with
vital components of cytochrome P450, possibly the
heme moiety [8-11]. This free radical is also
responsible for the formation of CTE which occurs
when it abstracts hydrogen from cellular constituents
[6]. The complex, in contrast, has been identified as
a two electron reduced halothane carbanion species
bound to ferric heme iron (CF;CCIH™---Fe3*) which
spontaneously decays to release CDE by S
elimination of fluoride [1, 12, 13]. The latter finding
has led to the hypothesis that the spectral complex
is a steady-state precursor to CDE, and that its
magnitude is indicative of the rate of CDE formation
f1,2].

* Correspondence: Max T. Baker, Ph. D., Department
of Anesthesia, University of Iowa, Iowa City, IA 52242.
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The cytochrome P450 isozymes which carry out
halothane reduction and, furthermore, whether each
of these measures of halothane metabolism is
preferentially performed by the same isozymes
are unclear. Studies of halothane reduction in
microsomes from animals treated with a variety of
cytochrome P450 inducers, including phenobarbital,
3-methylcholanthrene and Arochlor [1], and in
several purified cytochrome P450 forms [2, 4] showed
that both CDE and CTE are produced in all
cytochrome P450 preparations, and the metabolites
are formed in similar ratios where CTE always
predominates. Of the inducers examined, pheno-
barbital treatment resulted in the formation of the
largest quantity of CDE and CTE, as well as complex
[1]. It also resulted in the greatest degree of
cytochrome P450 destruction [8]. Such evidence
indicates that complex formation and cytochrome
P450 inactivation are directly related to metabolite
production, and all measures of halothane reduction
are preferentially performed by one or more of the
major forms of cytochrome P450 induced by
phenobarbital.

While this appears to be the case, many metabolic
cytochrome P450 complexes are stable entities which
play either no role or a minor role in metabolite
formation [14-16]. Even though studies have shown
that in microsomes the halothane—cytochrome P450
complexdecaysto CDE, it has not been demonstrated
that the rate of decay of the complex is sufficient to
account for the quantity of CDE formed or that the
complexed cytochrome P450 plays a major role in
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any aspect of halothane reduction other than complex
formation. For those reasons, and the fact that
phenobarbital induces several major forms of
cytochrome P450 [17,18], it is possible that
the spectral halothane—cytochrome P450 complex
induced by phenobarbital also represents a stable
cytochrome P450 specific species which would
exclude it as playing a major role in metabolite
formation and cytochrome P450 inactivation.

The present study evaluated this hypothesis by
investigating the relationships between complex
formation and metabolite production, and cyto-
chrome P450 inhibition in hepatic microsomes. This
was done by (1) examining the involvement of
induced cytochrome P450 forms in complex and
metabolite formation, (2) determining the sus-
ceptibility of the complexed cytochrome P450 to
inactivation, and (3) by assessing the effects of
halothane reduction and complex on the metabolism
of the cytochrome P450 specific probes, (R)- and
(S)-warfarin  [19-22]. The results support the
hypothesis that the halothane complexed-cytochrome
P450is a low-turnover entity selective for cytochrome
P450.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats (180-210 g)
were purchased from Amitech Inc. (Omaha, NE).
The animals (four to five per group) were fed Teklad
rat chow and were either untreated or treated with
phenobarbital (0.2% sodium phenobarbital in the
drinking water) for 4 days; pregnenolone-16a-
carbonitrile (PCN) (75 mg/kg, i.p., in corn oil) for
3 days; or S-naphthoflavone (8-NF) (80 mg/kg, i.p.,
in corn oil) for 2 days. The animals were killed with
CO,, livers removed, and microsomes prepared by
differential centrifugation of the liver homogenates
in 1.15% KCl. Microsomes from the livers of rats in
each group were pooled and frozen at —70° until
used in a 0.1 M sodium phosphate buffer (pH 7.5)
containing 1 mM EDTA.

Chemicals. Halothane and PCN were purchased
from the Anaquest Corp. and the Upjohn Co.,
respectively. (R)- and (S)-Warfarin were gifts from
Dr. Joel Whitney of the DuPont Co. The warfarin
metabolites, 4’-hydroxy-, 6-hydroxy-, 7-hydroxy-,
and 8-hydroxywarfarin were gifts from Dr. William
Trager. Dehydrowarfarin was synthesized according
to the method described by Fasco et al. [23], and its
identity was verified by mass spectral analysis. CTE
and CDE were purchased from PCR Chemicals.

Incubations. Reductive halothane incubations
were performed in 9-mL glass hypovials sealed with
Hycar Septa. They contained 3 or 4.5mL of
microsomal protein at 5 or 3mg/mL in a 0.1M
sodium phosphate buffer, pH 7.4. Microsomal
preparations were made hypoxic by flushing each
vial containing the microsomes with prepurified
nitrogen three times for 2 min each at a flow rate of
approximately 2 L/min. Reducing equivalents for
each incubation were supplied with an NADPH-
generating system which was composed of 0.4 units
glucose-6-phosphate dehydrogenase, 5 umol NADP
and 4 umol glucose-6-phosphate. Halothane was
added in liquid form, or as nitrogen gas saturated with
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halothane vapor at room temperature. Halothane
vapor was added using a gas-tight syringe following
withdrawal of a corresponding volume of headspace.
Incubations were performed for the time periods
indicated at 37° and stopped on ice.

Halothane complexed cytochrome P450 was
assayed by measuring the absorbance difference in
microsomes between 510 and 470 nm and using the
extinction coefficient of 80cm'mM™! determined
by Ahr er al. [1]. Cytochrome P450 levels were
determined by the method of Omura and Sato [24].
Cytochrome P450 not complexed to halothane (free
cytochrome P450) was determined by placing the
chilled halothane-incubated microsomes in both the
reference and sample cuvette of the spectro-
photometer and adding dithionite and carbon
monoxide to those in the sample cuvette. These
cytochrome P450 measurements were taken within
1 min after the addition of carbon monoxide. Total
cytochrome P450 was measured following treatment
of the microsomes with 1 mM K;Fe(CN)q to eliminate
the complex.

Measurement of reductive halothane metabolites.
For the measurements of CTE and CDE formation,
1mL of hexane was injected into the sealed vials
after incubation. The vials were vortexed vigorously
and centrifuged at approximately 500 g for 10 min
to separate the phases. The vials were cooled in a
dry-ice acetone bath (—78°), and the hexane
phase was analyzed for CTE and CDE by gas
chromatographic analysis. Gas chromatography was
performed by injecting 10 uL of the hexane phase
onto a 1/8in. i.d. x 6ft. column packed with
Porapak Q. CTE and CDE were monitored with a
flame ionization detector. These metabolites were
identified and quantitated using authentic CTE and
CDE.

Assay for warfarin metabolites following halothane
reduction. To determine the effects of halothane
reduction on warfarin metabolism, microsomes
(3 mg/mL, 4.5 mL) were preincubated without and
with halothane (1 umol) under anaerobic conditions
for 10min as described above. After halothane
preincubation, halothane and its volatile metabolites,
CTE and CDE, were removed from the microsomes
by placing the microsomes (4.5 mL) in 40-mL clear
borosilicate glass hypovials which were sealed and
covered with aluminium foil. These vials were placed
in an ice bath and repeatedly evacuated and purged
with nitrogen for a 30-min period (2-min cycles)
using a Virtis lyophilizer as the vacuum source. To
those microsomal preparations incubated without
halothane, halothane was added after the incubation
period but prior to evacuation as a control. For the
microsomes in which the complex present was to be
dissociated, microsomes were placed in uncovered
vials and exposed to high-intensity white light during
the evacuation and purging process. The vials were
illuminated with a 300 W tungsten halogen lamp
installed in a Kodak 800H Carousel Projector. This
light source as used produced an irradiance of 30 W/
m? at the surface of the vials as measured with a
Yellow Springs Instrument model 65 Radiometer.

Following these treatments the microsomes (1 mL
each) were placed in 25-mL Erlenmeyer flasks to
which 0.5 mg of NADPH and (R)- or (S)-warfarin
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sodium (1 mM) were added. Incubations were
performed for 4 min at 37° under air and were
stopped by the addition of 0.5mL of acetone.
Warfarin metabolites were extracted twice with 2 mL
of ether:ethyl acetate (1:1) following the addition
of 200 uL. of 0.5M NaH,PO, [25]. Analysis of the
warfarin metabolites was performed essentially by
the HPLC method of Kaminsky et al. [20].
Metabolites were separated on an ISCO 5um Cyg
column (0.46 X 250 mm) using an isocratic solvent
system of 25% acetonitrile in water containing 1.5%
acetic acid at a pH of 4.95. The flow rate was 1.5 mL/
min and metabolites were monitored at 313 nm.
Metabolites were quantitated from standard curves
constructed with authentic standards. The metabolite
identified as 10-hydroxywarfarin by Kaminsky et al.
[26] was not available; however, its identity was
confirmed by its selective induction by PCN and by
its relative retention time. The quantity of 10-
hydroxywarfarin produced was estimated by the
absorbance of warfarin at 313 nm.

Statistical analyses. Statistical analyses were
performed by Student’s -test. P values of less than
0.05 were considered significant.

16.75

3.84
12.96
12.15

CDE/Complex

CDE/CTE
0.39
0.27
0.45
0.31

RESULTS

CTE
347 +0.27
11.50 = 0.55t
8.11 = 0.52¢
317 x0.14

The effects of the cytochrome P450 inducers, S-
NF, PCN, and phenobarbital, on the ability of
microsomes to form complex, and to liberate CDE
and CTE from halothane are shown in Table 1. 8-
Naphthoflavone was ineffective in inducing complex
formation. However, PCN and phenobarbital did
increase cytochrome P450 capable of complexing
with halothane. Phenobarbital was a much more
effective inducer of this cytochrome P450 where the
quantity of complex was nearly three times greater
than that induced by PCN and accounted for 36%
of the total cytochrome P450.

B-Naphthoflavone also did not induce metabolite
formation, but phenobarbital and PCN were potent
inducers of CDE and CTE formation and were
nearly equally as effective in doing so (Table 1).
There were some differences in the metabolite
formation, however. Microsomes from the PCN-
treated rats produced slightly greater levels of CDE
than those from phenobarbital-treated rats, but less
CTE. This is reflected in a 1.6-fold rise in the CDE
to CTE ratio for the PCN microsomes. The ratio of
CDE produced to amount of complex in microsomes
from PB-treated rats was only 23-30% of that in
microsomes from untreated, or PCN-, or 8-NF-
treated rats.

The loss of total cytochrome P450 and halothane-
complexed cytochrome P450 during the course of
halothane reduction in microsomes from pheno-
barbital-treated rats is shown in Fig. 1. Total
cytochrome P450 levels decreased to the extent of
39% during a 30-min incubation period. In contrast,
the quantity of complex remained relatively constant
decreasing only 9% from its highest level. At each
time point the amount of complexed cytochrome
P450 was approximately equal to the difference
between the total and free cytochrome P450,
confirming that the complexed cytochrome P450
remained intact during the 30-min incubation period.

(nmol/mg/15 min)

CDE
1.34 = 0.05
3.11 £ 0.18t
3.63x0.11%
0.98 + 0.05+

Complex
(nmol/mg)
0.08
0.81
0.28
0.08

P450

Table 1. Effects of cytochrome P450 inducers on halothane complex and halothane reduction in rat hepatic microsomes*
(nmol/mg)
1.03
2.24
1.59
1.75

* Incubations contained 3 mL of microsomal protein (5 mg/mL) and 16.2 umol halothane in 9-mL hypovials, and were incubated for 15 min. Values are

means (or means + SEM) of triplicate determinations.

t Significantly different (P < 0.05) from untreated animals.

Inducer
Phenobarbital

None
PCN
B-NF
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Fig. 1. Effects of halothane reduction on cytochrome P450
and halothane—cytochrome P450 complex levels in
microsomes from phenobarbital-treated rats. Incubations
contained 5mg/mL microsomal protein (4.5mL) and
16.2 umol halothane. Incubations and analyses were
performed as described in Materials and Methods.

The addition of dithionite to the microsomes
following incubation had little effect on the level of
complex, indicating that the complex was formed
maximally in all incubations.

In microsomes from untreated rats, in similar 30-
min halothane incubations, complex decreased
from 0.05 = 0.01 to 0.03 = 0.01 nmol/mg protein
(mean = SEM of triplicate determinations), while
total cytochrome P450 fell from 0.81 £0.05 to
0.70 + 0.02 nmol/mg. In microsomes from PCN-
treated rats, complex decreased from 0.22 +

0.01t00.19 *+ 0.02 (14% loss) and total cytochrome
P450 decreased from 1.16 +0.02 to 0.62 +0.10

(46% loss).
The ability of

cubseauent halothane
subsequent

halothane reduction to inhibit
halothane metabolite formation in

microsomes from the phenobarbital-treated animals
is shown in Fig. 2. While there was little effect on
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the capability of these microsomes to form CDE and
CTE was impaired by 40 and 45%, respectively.
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Fig. 2. Time course for the effects of haiothane reduction
on the capacity of microsomes from phenobarbital-treated
rats to produce CDE and CTE. Incubations contained

S mo/mI microcomal nrotain (I mIYand 1 umal halathana
> mg/mL microsomal protein (3 mL) and 1 umol halothane.

Incubations and analyses were carried out as described in
Materials and Methods.

P450 forms which complex with halothane from
those which are inactivated, and in an effort to
evaluate the possible inhibitory properties of the
complex, the effects of halothane reduction and the
presence of complex on warfarin metabolism were
determined. To accomplished this, it was necessary
to retain the complex during halothane removal, as
well as to dissociate it without impairing cytochrome
P450. This was done by evacuating and purging the
microsomes with mtrogen while on ice for 30T min,
and by photodissociating the complex with high-
mtpnqtv white light. The ctahllltv of the onmnlex

during the evacuation procedure and the effectiveness
of the light in photodissociating the complex are

shown in Fuy 3. In microsomes from phenobarbital-

treated rats, where the complex levels were the
highest, complex decayed to the extent of only 5%

during the Ahmin evacuation and nmuroing nrocecs
aunng e SU-min evacuaton ang purging process

alone. Exposure of these microsomes to high-
intensity light for 30 min, on the other hand, resulted
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microsomes from untreated and PCN-treated
animals, the high-intensity light likewise decreased
tha laccar nmnnnte Af camnlar Tha avamiating and
LI IUOD01 alllvuli vl \'UIIIPICA' 111¢ Gva\.uauus allij
purging procedure was determined to remove
halothane and its metabolites to nondetectable levels
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Materials and Methods.
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Fig. 3. Effects of evacuation and high-intensity light exposure on the halothane—cytochrome P450

complex in microsomes from untreated (UT), and phenobarbital (PB)- and pregnenolone-16a-

carbonitrile (PCN)-treated rats. Key: (A) initial total complex; (B) complex following evacuation; and
(C) complex following evacuation and light exposure.

Table 2. Effects of halothane reduction on the metabolism of (R)- and (S)-warfarin in hepatic microsomes from
phenobarbital-treated rats*

Halothane, (% Change
No halothane Halothane photodissociation from
Preincubation (nmol/mg/min) (nmol/mg/min) (% Change) (nmol/mg/min) halothane group)
(R)-Warfarin
Dehydro- 0.59 + 0.01 0.45 * 0.01 (-24) 0.41 + 0.01 (-9)
4'-Hydroxy- 0.36 * 0.01 0.15 + 0.01 (-58) 0.21 + 0.01 (+40)
6-Hydroxy- 0.51 x0.01 0.19=0.01 (—63) 0.19 = 0.01 NSt
8-Hydroxy- 0.25+0.01 0.10 = 0.01 (—60) 0.11 £ 0.01 NS
10-Hydroxy- 4.40 = 0.10 2.76 * 0.01 (-37) 2.46 £ 0.10 (-11)
7-Hydroxy- 3.24+0.04 0.39 £ 0.03 (—88) 0.33 £ 0.04 NS
(S)-Warfarin
Dehydro- 1.66 * 0.03 1.40 = 0.02 (~16) 1.22 £ 0.01 (-13)
4'-Hydroxy- 0.32 + 0.01 0.14 = 0.01 (~56) 0.16 + 0.01 NS
6-Hydroxy- 0.42 * 0.01 0.19 * 0.01 (-55) 0.19 = 0.01 NS
8-Hydroxy- 0.16 + 0.01 0.09 + 0.01 (—44) 0.09 = 0.01 NS
10-Hydroxy- 1.81 +0.02 0.88 + 0.01 (-51) 0.82 = 0.01 -7
7-Hydroxy- 0.69 = 0.03 0.07 = 0.01 (—90) 0.08 = 0.01 NS

* Incubations were performed as described in Materials and Methods. Values are means + SEM of triplicate

determinations.

+ NS, not significantly different from corresponding control group (P > 0.05).

Because microsome exposure to this light source
itself could affect cytochrome P450 activity toward
warfarin, this possibility was examined by exposing
non-preincubated microsomes from phenobarbital-
treated animals to the light for 30 min and examining
their ability to metabolize (R)-warfarin. No stat-
istically significantincreases or decreasesin formation
of any of the metabolites examined in this study
were observed due to light exposure alone (data not
shown). Ambient room light was found to have no
effect on the stability of the complex.

The effects of halothane reduction and the initial
presence and absence of complexed cytochrome
P450 on warfarin metabolism in microsomes from
phenobarbital-treated animals are shown in Table
2. Preincubation of these microsomes with halothane
for 10 min resulted in a loss of the ability of these
microsomes to metabolize (R)- and (S)-warfarin to
all monitored metabolites. However metabolite
production was influenced selectively. The least

affected was dehydrowarfarin whose formation was
decreased 24 and 16% from (R)- and (S)-warfarin,
respectively. 10-Hydroxywarfarin from (R)-warfarin
was also minimally affected (37% loss). The
metabolites, 4'-hydroxy- (58%), 6-hydroxy- (63%)
and 8-hydroxy- (60%), from R-warfarin were
intermediately susceptible to inhibition. These
metabolites from (§5)-warfarin were also affected to
about the same degree: 4’-hydroxy- (56%), 6-
hydroxy- (55%), and 8-hydroxy- (44%). 10-
Hydroxywarfarin from (S)-warfarin was inhibited to
a slightly greater degree than from (R)-warfarin,
51%. The metabolite most inhibited was 7-
hydroxywarfarin whose production was impaired 88
and 90% from (R)- and (S)-warfarin, respectively.

When complex was photodissociated prior to
warfarin incubation, the microsomes from the
phenobarbital-treated rats had an increased capacity
to form only one metabolite, 4'-hydroxywarfarin
(+40%) from (R)-warfarin. Even though the
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Table 3. Effects of halothane reduction on the metabolism of (R)- and (S)-warfarin in hepatic microsomes from untreated

rats®
Halothane, (% Change
No halothane Halothane photodissociation from

Preincubation (nmol/mg/min) (nmol/mg/min) (% Change) (nmol/mg/min) halothane group)
(R)-Warfarin

Dehydro- 0.16 + 0.01 0.13+0.01 NS+t 0.13 £ 0.01 NS

4’-Hydroxy- 0.33 £ 0.01 0.33x0.01 NS 0.29 £ 0.01 ~12)

6-Hydroxy- 0.15 + 0.02 0.14 £ 0.01 NS 0.12 = 0.01 (—14)

8-Hydroxy- 0.08 £ 0.01 0.05 + 0.01 (-38) 0.05 =+ 0.01 NS

10-Hydroxy- 0.78 £ 0.01 0.72+0.02 (-8) 0.55 = 0.02 (-24)

7-Hydroxy- 0.47 +0.03 0.27 £ 0.01 (-43) 0.10 £ 0.02 (—63)
(S)-warfarin

Dehydro- 0.40 £ 0.01 0.36 + 0.01 (-10) 0.33 £ 0.01 NS

4'-Hydroxy- 0.35 £ 0.01 0.31 + 0.02 NS 0.27 £0.01 NS

6-Hydroxy- 0.14 £ 0.01 0.13+0.01 NS 0.12 = 0.01 NS

8-Hydroxy- 0.07 £ 0.01 0.07 £ 0.01 NS 0.07 +0.01 NS

10-Hydroxy- 0.28 + 0.01 0.23 + 0.01 (—18) 0.19 = 0.01 (-17)

7-Hydroxy- 0.09 +0.01 0.06 = 0.01 (-33) 0.07 = 0.01 NS

* Incubations were performed as described in Materials and Methods. Values are means *= SEM of triplicate

determinations.

t NS, not significantly different from corresponding control group (P > 0.05).

formation of some metabolites was decreased slightly
by light exposure of these microsomes preincubated
with halothane, the production of no other
metabolites from either (R)- or (§)-warfarin was
increased by complex photolysis.

The effects of halothane preincubation on the
metabolism of warfarinin microsomes from untreated
rats are shown in Table 3. The total capacity of these
microsomes to metabolize warfarin was not impaired
to as great adegree by halothane asthe phenobarbital-
induced microsomes, and in fact not all metabolites
were decreased significantly by halothane reduction.
Halothane reduction, however, consistently
decreased 7-hydroxywarfarin formation to the
greatest degree, 43 and 33%, from (R)- and (S)-
warfarin, respectively. There were no increases in
4’-hydroxywarfarin formation or other metabolites
from either (R)- or (S§)-warfarin following light
exposure of the microsomes.

In microsomes from PCN-treated rats, 7-hyd-
roxywarfarin production from (R)-warfarin was still
impaired to the greatest degree (58%) (Table 4).
From (R)-warfarin, the warfarin isomer that is more
efficiently metabolized to 10-hydroxywarfarin [17],
10-hydroxywarfarin formation was impaired by only
25%. From (S)-warfarin, 10-hydroxywarfarin and 7-
hydroxywarfarin production were inhibited to nearly
the same extent, 49 and 47%, respectively. Like that
in the microsomes from untreated rats, no increases
in metabolite formation were observed due to
photolysis of the complex in these microsomes.

DISCUSSION

Even though studies have shown that the
microsomal halothane-cytochrome P450 complex
which absorbs light at 470 nm decays to CDE, its
participation in halothane reduction has not been
clarified. This study presents several lines of evidence

that at least a large portion of this complex is a
cytochrome P450 specific entity, which rather than
playing a major role, is involved to lesser degrees
than other cytochrome P450 forms in the processes
of halothane reduction. This is demonstrated by the
finding that the quantity of CDE liberated based on
the amount of complex was substantially lower in
microsomes from phenobarbital-treated animals
where the complex is highly induced. The complexed
cytochrome P450, particularly in microsomes from
phenobarbital-treated rats, was not irreversibly
inactivated during the course of halothane reduction
as was a large portion of the total cytochrome P450.
Lastly, the production of a specific metabolite of
warfarin, 4'-hydroxywarfarin from (R)-warfarin,
could be shown to be reversibly inhibited by complex
in the phenobarbital microsomes. Each of these
findings can be explained by the fact that the
halothane—cytochrome P450 complex, while not
being a highly stable species {1, 13], is one of a
sufficiently low turnover that it renders the bound
cytochrome P450 resistant to inactivation, blocks the
activity of the complexed cytochrome P450 even
under oxidative metabolizing conditions, and does
not allow as rapid metabolite liberation as
other cytochrome P450 forms. Previous spectral
measurements of complex decay in PB microsomes
substantiate this conclusion. Decay of the complex
to the extent of 80% from its maximum level required
approximately 20-30 min at 37° [13] which indicates
a turnover rate several times lower than that which
can account for the rate of CDE formed in this and
other microsomal studies [1, 3].

Evidence as to the cytochrome P450 forms
preferentially involved in the different aspects of
halothane reduction can be estimated from the
effects of halothane reduction and complex on
warfarin metabolism. That 4'-hydroxywarfarin for-
mation from (R)-warfarin is the only metabolite
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Table 4. Effects of halothane reduction on the metabolism of (R)- and (§)-warfarin in hepatic microsomes from PCN-
treated rats*

Halothane, (% Change
No halothane Halothane photodissociation from
Preincubation (nmol/mg/min) (nmol/mg/min) (% Change) (nmol/mg/min) halothane group)
(R)-Warfarin
Dehydro- 0.54 £ 0.03 0.44 +0.04 NSt 0.48 = 0.01 NS
4'-Hydroxy- 0.33£0.03 0.29 = 0.01 NS 0.31 £ 0.01 NS
6-Hydroxy- 0.21 £ 0.01 0.15+0.01 (-29) 0.17 £ 0.01 NS
8-Hydroxy- 0.06 + 0.01 0.06 = 0.01 NS 0.05 +0.01 (-17)
10-Hydroxy- 3.51+0.25 2.63+0.12 (-25) 2.57 £ 0.01 NS
7-Hydroxy- 0.24 £ 0.10 0.10 £ 0.02 (—58) 0.05 +0.02 (—50)
(5)-Warfarin
Dehydro- 0.95 £ 0.03 0.82 +0.03 (-14) 0.75 £ 0.01 -9
4'-Hydroxy- 0.44 = 0.02 0.32+0.01 (=27 0.33 = 0.01 NS
6-Hydroxy- 0.34 £ 0.01 0.21 £ 0.01 (-38) 0.19 +0.01 NS
8-Hydroxy- 0.12 +0.01 0.09 = 0.01 (-25) 0.09 = 0.01 NS
10-Hydroxy- 2.20 = 0.09 1.13 + 0.03 (-49) 1.00 = 0.04 (-13)
7-Hydroxy- 0.15+0.02 0.08 + 0.01 (-47) 0.06 = 0.01 NS

* Incubations were performed as described in Materials and Methods. Values are means = SEM of triplicate

determinations.

+ NS, not significantly different from corresponding control group (P > 0.05).

fromeither (R)- or (S)-warfarin inhibited by complex,
and that this reversible inhibition could only be
demonstrated in microsomes from PB-treated rats,
suggests that PB-B (P4501IB1) [27-29] is the isozyme
predominantly bound as complex. PB-B, the major
phenobarbital inducible cytochrome P450 form,
selectively catalyzes 4'-hydroxywarfarin formation
from (R)-warfarin, but not (§)-warfarin [17]. Other
support for a major role of PB-B in halothane
complex formation is from studies of complex in the
purified cytochrome P450 forms, PBRLMS (PB-B),
PBRLM4 (PB-C, P450IIC6) [18,27] and RLM2
which showed that PBRLMS formed the greatest
amount of complex; RLM2, very low quantities; and
PBRLMA4, none [2]. The isozyme(s) induced by PCN
is also excluded as the form which preferentially
binds as complex from the finding that PCN, a potent
selective inducer of PB-PCN/E [17, 29], was capable
of inducing only about 27% of the complex induced
by phenobarbital. The lesser complex induction by
PCN may be accounted for by the slight, but
significant degree of PB-B induction by PCN [17].
An inability of complex dissociation in the PCN
microsomes to result in a recovery of 4'-
hydroxywarfarin metabolism is likely due to the
lower quantities of complex in these microsomes.
The consideration that the complexed cytochrome
P450 is a stable cytochrome P450 specific metabolic
intermediate means that other phenobarbital-
inducible forms of cytochrome P450 must be
more susceptible to the irreversible inactivation
mechanisms and be responsible for a major portion
of the CDE and CTE liberated. Evidence that this
is true for cytochrome P450 inactivation is provided
by the finding that in microsomes from untreated,
PCN-treated, and PB-treated rats, the formation of
7-hydroxywarfarin from (R)- or (§)-warfarin is the
activity most susceptible to irreversible inhibition.
7-Hydroxywarfarin production from both (R)- and

(S)-warfarin is an activity attributed to the isozyme
PB-C [17].

An indication that the cytochrome P450 which
liberates a large fraction of the reductive metabolites
is distinct from that bound as complex, and also
distinct from PB-C, is shown by the ability of PCN
to effectively induce the cytochrome P450 which
liberates CDE and CTE while it weakly induces
complex. Indeed, as shown here, PCN induces
CDE production to slightly greater levels than
phenobarbital. The significance of this is that
immunological estimations of individual cytochrome
P450 forms in rat hepatic microsomes have shown
that PB is an effective inducer of the isozyme(s)
induced by PCN, PB-PCN/E; however, PCN does
not induce the phenobarbital-inducible isozymes,
PB-C and PB-D (P450IIB2), and it induces PB-B to
only very low levels [17].

The time course for the effects of halothane
reduction on halothane metabolite formation in the
PB-induced microsomes appears to correlate with
the differing roles of PB-C and PB-PCN/E in
halothane reduction. In particular, there was a
diphasic inhibition with time, especially evident for
CTE formation, where 87% of the inhibition of the
CTE formed occurred in approximately 10 min
followed by a resistant phase. These microsomes
also retained their ability to produce a majority of
the CDE (55%) and CTE (60%) initially liberated
even after 30 min. The rapid loss of metabolism is
consistent with the loss of PB-C, since 7-
hydroxywarfarin formation is inhibited nearly
completely (90%) in a 10-min incubation period.
The metabolism more resistant to loss may be due
to PB-PCN/E with some contribution by PB-B and
possibly other forms. An involvement of PB-PCN/
E in the activity resistant to inactivation is supported
not only by a major role of PB-PCN/E in metabolite
formation indicated by PCN induction, but by the
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finding that 10-hydroxywarfarin formation, the
warfarin activity preferentially carried out by PB-
PCN/E [17], is among the warfarin activities least
susceptible to inhibition by halothane reduction.
Since the other major isozyme induced by
phenobarbital, PB-D, is a low activity form of
cytochrome P450 not known to be specifically
involved in warfarin metabolism, its role in complex
formation or its susceptibility to inactivation could
not be evaluated. Studies are needed to further
clarify the specificities of the cytochrome P450
isozymes in halothane reduction especially in the
light of the fact that PCN is known to induce at least
two cytochrome P450 forms (P450I111, P450I112)
[18,29).

In conclusion, this study demonstrated that
the spectral halothane—cytochrome P450 complex
exhibits the properties of a stable, cytochrome P450
specific entity which is formed primarily with PB-B
and which plays a lesser role in halothane reduction
compared to other cytochrome P450 isozymes. For
this reason the complex is not an index of either
total halothane reduction or CDE liberation.
Furthermore, due to the inhibitory properties of the
complex, the effects of halothane reduction on
cytochrome P450 activities can be concluded to occur
by both irreversible and reversible processes selective
for cytochrome P450.
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