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Halogenated Anesthetics Increase Oxygen Consumption in

Isolated Hepatocytes from Phenobarbital-treated Rats

Gerald L. Becker, M.D.,* David J. Miletich, Ph.D.,t Ronald F. Albrecht, M.D.%

Using suspensions of hepatocytes isolated from phenobarbital-
treated and untreated rats (+PB cells and —PB cells, respectively),
the authors examined the effects of halothane, enflurane, and iso-
flurane on O; consumption (VO,), and on extracellular Po, and
energy status at steady states of O; and energy metabolism. In +PB
cells, all three agents preduced increases in VO, which were largest
at 1 MAC and progressively smaller at 2 and 3 MAC. At all three
doses, VO, increases were largest with enflurane (48% at 1 MAQ),
intermediate with halothane (24%), and smallest with isoflurane
(11%). These anesthetic-induced VO, increases were abolished by
prior addition of a cytochrome P450 inhibitor (metyrapone) to the
incubations. In —PB cells, all three agents produced slight and com-
parable decreases in VO, at 1 MAC, with further decreases at 2 and
3 MAC. In +PB cell suspensions at steady states of O, and energy
metabolism, 1 MAC enflurane or halothane, but not isoflurane,
produced significant declines in steady state Po, (from initial values
of 24 mmHg to values < 10 mmHg) and reductions in adenosine
triphosphate/adenosine diphosphate ratio (ATP/ADP). These
changes were absent in —PB cells exposed to the same conditions or
in +PB cells not exposed to anesthetic. The authors conclude that
clinical doses of enflurane and, to a lesser extent, halothane pro-
duce statistically significant increases in O, consumption, reflecting
enhanced cytochrome P450 activity, in liver cells isolated from phe-
nobarbital-treated rats. Such increases in O, demand represent a
mechanism by which anesthetic metabolism could contribute to in-
trahepatic hypoxia. Anesthetic-induced VO, increases by them-
selves are unlikely to be an important mechanism of cellular injury
in the phenobarbital-hypoxia model of anesthetic hepatotoxicity,
since enflurane showed larger VO, increases than halothane but is
considerably less hepatotoxic. (Key words: Anesthetics, volatile: en-
flurane; halothane; isoflurane. Complications: hepatotoxicity. Me-
tabolism: adenosine diphosphate; adenosine triphosphate; enzyme
induction; hypoxia; lactate formation; oxygen consumption.)

THE OCCURRENCE OF FOCAL hepatic necrosis in pheno-
barbital-pre-treated adult male rats exposed to halo-
thane in 14% O, is a widely studied animal model of
halothane hepatitis.'"”® The essential role of enhanced
halothane biotransformation in this form of hepatotox-
icity is indicated by the requirement for chronic pheno-
barbital treatment, which elevates cytochrome P450 ac-
tivity, and by the ability of acutely administered P450-
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specific inhibitors, such as metyrapone or cimetidine, to
prevent or ameliorate liver damage.*~°

The specific biochemical mechanism by which in-
creased halothane metabolism contributes to hepatocel-
lular injury remains unsettled. One current hypothesis
proposes that halothane metabolism itself causes injury
by generating halothane metabolites that react with and
damage essential cellular components.' The major ele-
ments of this mechanism are consistent with existing
experimental evidence: P450-mediated halothane me-
tabolism gives rise to reactive metabolites vi¢ an alter-
native (reductive) pathway”®; and phenobarbital pre-
treatment’ and hypoxia'®'! have both been shown to
increase the rate of halothane reductive metabolism.

Alternative pathogenetic schemes have proposed that
hypoxia is the direct cause of hepatocellular injury.'*-**
The existence of substantial intrahepatic hypoxia with
14% Oq is confirmed by the accumulation of reductive
metabolites of halothane in the liver'®; such moieties are
not formed to any substantial extent unless Po, at the
subcellular locus of P450 activity is less than 20
mmHg.“"6 However, the combination of hypoxia plus
halothane is not sufficient to produce hepatic injury in
this model when halothane metabolism is reduced or
absent*%; and hypoxia-centered proposals have so far
failed to provide evidence that halothane metabolism
could be making its essential contribution to liver cell
damage by intensifying hypoxia.

This study examines the possibility that P450-me-
diated halothane biotransformation via the Oo-depen-
dent (‘‘oxidative’’) pathway'® is a mechanism by which
halothane metabolism could contribute directly to in-
trahepatic hypoxia. Halothane oxidative metabolism
consumes two oxygen atoms for every molecule of halo-
thane metabolized, and is thought to be considerably
more rapid than halothane reductive metabolism at all
Po, levels above virtual anoxia.'"'” An acute increase in
cellular Oy demand due to halothane oxidative metabo-
lism might precipitate overt hypoxia in marginally oxy-
genated liver of hypoxemic animals. Halothane oxida-
tive metabolism would be enhanced by phenobarbital
pretreatment and diminished by P450-specific inhibi-
tors, just as would halothane reductive metabolism.

The goal of this study was, therefore, to ascertain the
occurrence and extent of increased O, consumption
arising from halothane metabolism by liver cells, and to
examine the potential of that extra O, demand to pro-

185

20z ludy 01 uo 3sanb Aq ypd°90000-00080.86 1-Z¥S0000/L29% L.€/581/2/L9/3Pd-01o1n1e/ABO|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



186 BECKER, MILETICH, AND ALBRECHT

mote hepatocellular hypoxia and energy insufficiency
under conditions relevant to the animal model. Parallel
studies were also carried out with enflurane and isoflur-
ane to ascertain whether the effects of halothane on O,
consumption were sufficiently distinctive to account for
the latter’s selective hepatotoxicity.'*!8

Methods

Adult male F344 rats, with or without prior pheno-
barbital treatment, were used for preparation of iso-
lated hepatocytes exactly as described in a previous
paper from this laboratory.'® For experimental studies,
hepatocyte suspensions in Krebs HCO; buffer + 5 mM
glucose were preincubated for 10 min in sealed round-
bottom flasks gassed with Op/CO, (95/5) in a rotating
water bath at 37° C, then incubated at the same temper-
ature with rapid magnetic stirring in a specially de-
signed 1.8 ml all-glass incubation chamber with built-in
O, electrode (Oxygraph; Gilson Medical Electronics,
Middleton, WI). Ambient extracellular Po, was regis-
tered directly from the suspension and continuously re-
corded.

With the chamber completely filled (2-4 X 108 cells/
ml) and sealed (= closed system), the rate of hepatocyte
Oy consumption (VOg) was directly measureable as the
linear slope of the Po, versus time recorder tracing. An-
esthetics were diluted in absolute ethanol as described
below, and injected into the suspension through an ad-
dition port. The amounts of the three anesthetics to be
injected in order to achieve specific and equianesthetic
doses were determined in preliminary experiments: he-
patocyte suspensions were equilibrated in sealed flasks
with O5/COq (95%/5%) containing the desired per-
centage of anesthetic vapor, and the concentration of
dissolved anesthetic in aliquots of the suspension was
then measured by gas chromatography.?® A 1% halo-
thane mixture gave rise to 10 mg% halothane in the cell
suspension; 2% enflurane gave 15 mg%, and 1.5% iso-
flurane 8 mg%. Since volumes of anesthetic to be in-
Jected were considerably less than one microliter, liquid
anesthetics were diluted 50-fold in absolute ethanol to
minimize errors of (volume) measurement. Changes in
VOq; resulting from injection of ethanol-diluted anes-
thetic were corrected for the slight decrease (averaging
2% per addition) observed in control incubations car-
ried out with injections of ethanol alone. Each anes-
thetic type was tested against a fresh aliquot of a given
hepatocyte preparation by stepwise injection of three
I-MAC increments of that agent. Intervals of 30-45 s
between injections were sufficient to allow VO to sta-
bilize. Complete testing of all concentrations of all three
agents plus an ethanol blank, a total of four separate
incubations, was thus easily completed in 15-20 min.
This design permitted assessment of VO, dependence
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on anesthetic type and on anesthetic dose over the 1-3
MAC range by use of two-way ANOVA with repeated
measures on both type and concentration.?! Within-
group differences in VO, between any individual type/
concentration of anesthetic and its corresponding zero-
MAC control (= rate measured in that same incubation
prior to any anesthetic addition) were determined by
the Student’s ¢ test for paired data. Comparison of dif-
ferences between +PB and —PB groups for the same
type/concentration of anesthetic were done with the ¢
test for unpaired data.

Incubations were also carried out in an open-system
configuration to investigate the effects of changes in O,
consumption on ambient Pq, in the context of steady
states of Og metabolism approximating the situation in
intact tissue. Details of this approach were also de-
scribed previously'?; in brief, the incubation chamber
was partially filled (1.2 ml) and left unstoppered so that
fresh Os-containing gas mixture could be circulated
continuously across the surface of the suspension.
Under such conditions, O, utilization by the suspended
hepatocytes depletes liquid-phase O faster than it can
be replaced by Oq diffusion from the gas phase, so thata
Py, gradient forms across the gas-liquid interface. A
steady state of Oy metabolism is reached when liquid-
phase Pg, drops far enough, and the Po, gradient thus
becomes large enough, to drive Oy into the suspension
exactly as fast as the hepatocytes remove it. A subse-
quent change in Oy demand alters liquid-phase Pg,,
and, thus, the magnitude of the P, gradient. Og supply
thus changes in the same direction as Oy demand, so
that, eventually, a new steady state supervenes, but at a
new value of Po,.

The status of energy metabolism in hepatocytes
under such steady-state conditions was evaluated by
acid quenching after 10 min of incubation, followed by
analysis of the extracts for lactate and adenine nucleo-
tides, as carried out previously.'® Lactate metabolism
was expressed as Alactate, the difference between lac-
tate concentrations at the beginning and end of the in-
cubation period. Adenine nucleotide metabolism was
characterized as the ratio of adenosine tri- and diphos-
phate concentrations (ATP/ADP). For such steady-
state experiments measuring changes in Pg,, ATP,
ADP, and lactate, each separate concentration of a spe-
cific anesthetic agent required a separate incubation, so
that only one or two agents could be studied at all three
concentrations in any given preparation. Specific incu-
bation sequences were always run in duplicate on suc-
cessive days, the second time in reverse order, to com-
pensate for possible changes in baseline metabolic status
in cells stored for as long as 2-3 h, the period required
to complete all incubations. The dependence of ATP/
ADP and Alactate on anesthetic concentration over the
range 1-3 MAC and on the presence/ absence of phe-
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TABLE 1. Rates of O Consumption (VOy) in Isolated Hepatocytes*

Anesthetic Dose
Treatment/Anesthetic I MAC 2MAC 3 MAC
+PB/enfluranet 148 + 67** | 134+ 117*%* | 125 & 8f**
+PB/halothanei 124 £ 79%* [ 112+ 10** 101 £ 6**
+PB/isoflurane}§ | 111 £ 7 105+ 7 95+ 8
—PB/enflurane§ 84+ 8 78+ 81 75+ 81
—PB/halothane§ 89 %2 80+ 41 73 + 51
—PB/isoflurane§ 89+6 83+ 11 81 £ 12

+ +PB = phenobarbital-treated; —PB = untreated.

* Values given are means = SEM for N = 3 preparations, expressed
as percent of control value (no anesthetic).

+1§ Significantly different groups of 1-8 MAC values are desig-
nated by different symbols.

1 Significantly different from no-anesthetic control value (100).

** Significantly different from corresponding untreated (—PB)
value.

nobarbital treatment were examined separately for
each anesthetic agent using two-way ANOVA with re-
peated measures on concentration only. For any given
agent, differences in steady state Po,, ATP/ADP, or
Alactate values between the 1-, 2-, or 3-MAC incubation
and the 0-MAC (control) incubation run with each
preparation were compared using the Student’s ¢ test
for paired data. The Bonferroni correction was applied
when multiple comparisons were made using the ¢
test.?!

All statistical evaluations performed in this study used
P < .05 or better as grounds for rejecting the null hy-
pothesis and inferring statistical significance.

Results

Table 1 shows the effects of halothane, enflurane,
and isoflurane on VO, in hepatocytes isolated from
phenobarbital treated and untreated rats (+PB cellsand
—PB cells, respectively). There was significant depen-
dence of VOy on all three of the major independent
variables—PB treatment, anesthetic type, and anes-
thetic dose. In the +PB cells, eight of nine mean VO,
values in the presence of anesthetic were equal to or
greater than VOyg in the absence of anesthetic (=100%),
whereas none of the nine VOy values in —PB cells ex-
posed to anesthetic met this criterion (P < .05 by
Fisher’s exact test). Decreases in VOj over the 1-3-
MAC anesthetic dose range were statistically significant
for all three anesthetic types in both +PB and —PB cells.
Dependence on anesthetic type was significant in +PB
cells, but not in —PB cells, as shown in table 1. Differ-
ences in VO values between any individual incubation
and the corresponding no-anesthetic control, or be-
tween corresponding +PB and —PB incubations, are
also indicated in table 1.

The potential for such anesthetic-induced changes in
hepatocyte Oy demand to control ambient extracellular
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F1G. 1. Continuous recordings of extracellular Po, in hepatocyte
suspensions following introduction of 1 MAC halothane, enflurane, or
isoflurane into the gas phase of the open incubation system at zero
time. Tracings are representative of those obtained from five different
preparations. +PB = cells from phenobarbital-treated rats; —PB
= cells from untreated rats; +MP = metyrapone added to the suspen-
sion 30-60 s prior to anesthetic introduction.

P, under simulated tissue conditions was examined at
steady states of Oy metabolism. Figure 1 shows repre-
sentative Oy electrode tracings from steady-state incu-
bations of +PB and —PB cells (N = 5 for each). With O,
supply held constant, increases in Og demand produced
by exposing +PB cells to 1-MAC anesthetic led to new
steady states that stabilized at lower values of ambient
extracellular Po,. As expected, the magnitude of Pg,
decreases in the open system roughly paralleled the ex-
tent of VO increases in the closed system shown in
table 1. Individual Pg, values attained after anesthetic
addition to the steady-state system are shown in table 2.
In all five preparations of +PB cells, -MAC enflurane
produced the lowest values of steady state ambient Pg,,
which consistently reached frankly hypoxic levels (<10
mm Hg). Isoflurane produced the smallest changes in

TABLE 2. Individual Values of Steady-State Po, (mmHg)
Attained After 10-Min Incubation

Preparation

Treatment/Anesthetic 1 2 3 4 5 Mean + SEM
—PB/isoflurane* 32 128 (24|27 ] 19| 26.0x2.2
—PB/halothane* 31 (22127382 24| 27219
—-PB/enflurane* 29 | 81 | 30| 221} 21| 27.4%x24
+PB/enflurane +MP* | 26 | 31 | 30 | 22 | 21 | 26.0+2.0
+PB /isofluranet 14 | 18 | 16 9] 14| 142%15
+PB/halothaned 81 510 3 6| 64x1.2
+PB/enflurane§ 3( 4 7 2 2 3.6+0.9

—PB = untreated; +PB = phenobarbital; MP = metyrapone.
*148§ Significantly different groups of values are designated by dif-
ferent symbols.
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TABLE 3. ATP/ADP in Isolated Hepatocytes after 10-Min
Steady-State Incubation*

Anesthetic Dose

Anesthetic Treatment 1 MAC 2 MAC 3 MAC
Enflurane | Phenobarbital | 69 + 21f | 54 + 61 | 63 + 6}
Untreated 866 62 + 5t | 61 £ 8%}

Halothane | Phenobarbital | 67 = 8+% | 53 + 5% | 47 + 5+%
Untreated 88+ 2 61 + 2% | 64 =2}
Isoflurane | Phenobarbital | 82 + 13 53 + 31 | 50 = 8%
Untreated 80 =10 62 + 8% | 63 % 3¢}

* Values given are means + SEM for N = 5 preparations, expressed
as % of control value (no anesthetic).

+ Significantly different from no-anesthetic control value (100).

¥ Significantly different from corresponding untreated value.

Po,, while the effect of halothane was intermediate in
all five preparations. In —PB cell suspensions, all three
anesthetics at 1 MAC produced slight, essentially iden-
tical increases in extracellular Pg, under steady-state
conditions, consistent with the modest inhibition of
VO, produced in the closed system by those agents.
Note that, in the presence of P450-specific inhibitor
(0.25 mM metyrapone), +PB cells exposed to anesthetic
showed responses in Oy metabolism similar to those of
—PB cells.

The effects on hepatocellular energy status that de-
veloped during the steady-state incubations described
above are shown in tables 3 and 4, for halothane, en-
flurane, and isoflurane. With all three agents, increases
in administered dose from 1 to 3 MAC were associated
with statistically significant decreases in ATP/ADP
(table 3) and shifts toward lactate formation (table 4). In
addition to anesthetic dose, the other variable studied
for its effects on metabolite levels in incubated hepato-
cytes was the presence/absence of prior phenobarbital
treatment. As a group, steady-state incubations of +PB
cells with halothane at 1, 2, and 3 MAC showed signifi-
cantly lower ATP/ADP values than did those of —PB
cells, whereas this difference between +PB and —PB
cells did not achieve statistical significance for incuba-

TABLE 4. Alactate in Isolated Hepatocytes after 10-Min
Steady-state Incubation*

Anesthetic Dose
Aunesthetic Treatment 1 MAC 2 MAC 3 MAC
Enflurane | Phenobarbitalf | —33 £ 18 | —12 + 41 97 + 51
Untreated 25227 | 124 £50 | 214 £ 47
Halothane | Phenobarbitalt 34 £22 34+25 | 104 %39
Untreated 11358 | 189+93 | 216 + 35
Isoflurane | Phenobarbital 8+ 65 68 + 63 68 + 65
Untreated 11 +63 97 £37 | 145+ 35

* Values given are means + SEM for N = 5 preparations, expressed
as difference from control value (no anesthetic).

T Significantly different from corresponding untreated group of 1,
2, and 3 MAC values.
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tions with enflurane or isoflurane. The same compari-
son with regard to lactate metabolism shows that +PB
cells demonstrated significantly less lactate production,
for the 1-, 2-, and 3-MAC doses as a group, than did
—PB cells when the agent used was either halothane or
enflurane (table 4). For individual incubations, differ-
ences between +PB and —PB cells with regard to me-
tabolite levels were significant only for ATP/ADP, and
then only with halothane at 1 or 3 MAC or enflurane at
1 MAC.

Discussion

As in a previous study from this laboratory,'® work
reported here has used isolated hepatocytes to investi-
gate hepatic actions of volatile anesthetics which are
mediated directly at the (sub)cellular level. The use of
clinically meaningful anesthetic concentrations and in-
cubation conditions enhances the relevance of observed
in vitro effects to the responses of tissue in vivo.

Halothane, enflurane, and isoflurane each signifi-
cantly increased Oy consumption in +PB cells com-
pared with —PB cells. That these VO3 increments in
+PB cells were due to enhanced cytochrome P450-me-
diated anesthetic biotransformation is based on the fol-
lowing evidence: 1) the P450-mediated metabolism of
enflurane, isoflurane, and—at Pg, levels above virtual
anoxia—halothane consumes both O, and anesthetic as
co-substrates; 2) increased VO, upon exposure to anes-
thetic was seen only in hepatocytes from rats subjected
to prior phenobarbital treatment, which enhances P450
activity; 3) the observed VO, increments in +PB cells
were abolished by a P450-specific inhibitor (metyra-
pone); and 4) similar increases in VO, have been elicited
in this system by other agents (¢.g., aminopyrine) which
are also known substrates for P450-catalyzed oxidations
(GL Becker, unpublished data).

Oxygen consumption in +PB cells appears to consist
of a P450-mediated component, which is virtually ab-
sent or much reduced in —PB cells, superimposed upon
a basal component (presumably due to mitochondrial
oxidative phosphorylation), which is similar in —PB and
+PB cells. In +PB cells, the increased VO, at 1 MAC
followed by progressive declines at 2 and 3 MAC can be
explained as the sum of P450-mediated O consump-
tion, assumed maximal at 1 MAC and roughly constant
thereafter, plus mitochondrial O consumption, the lat-
ter showing, in both +PB and —PB cells, a progressive
decline over the entire 1-3 MAC anesthetic dose range.
Such anesthetic-induced decreases in mitochondrial O,
consumption have been extensively documented else-
where.?

The results of the closed-system incubations just dis-
cussed demonstrate that, in +PB cells exposed to typical
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in vivo doses of halogenated anesthetics, VO, increases
due to enhanced anesthetic metabolism can outweigh
decreases due to reduced mitochondrial oxidative
phosphorylation. The open-system results (fig. 1) illus-
trate the tendency of such net increases in Oy demand
in +PB cells to decrease extracellular Pg, under steady-
state conditions approximating those in vivo, in which
ambient Pg, is dictated by the instantaneous balance
between Oy demand and Og supply. Since the anes-
thetic-induced increases in VOg in +PB cells were larg-
est at the lowest doses of anesthetic, the metabolic con-
sequences of those VO; increases should have been
most apparent at doses used clinically and in the pheno-
barbital-hypoxia animal model. Indeed, this prediction
was borne out in the steady-state system, where statisti-
cally significant differences in ATP/ADP between +PB
celis and —PB cells occurred at the lowest (1 MAC)
doses of halothane and enflurane (table 3). The data
also suggest that energy deficits arising from inhibition
of mitochondrial ATP production by P450-mediated
hypoxia in +PB cells may have been compounded by a
diminished glycolytic response. Table 4 shows that +PB
cells consistently showed less positive Alactate values
than did —PB cells under the same incubation condi-
tions. Thus, +PB cells showed less lactate production,
implying reduced glycolytic ATP production, despite
coexisting high energy phosphate deficits, the principal
intracellular activator of glycolysis. The mechanism for
this inhibitory effect of enhanced anesthetic biotrans-
formation on anaerobic enery metabolism cannot be
ascertained from the data of this study.

The ability of phenobarbital pretreatment to pro-
mote subcellular hypoxia in the presence of anesthetic
substrate for the P450 system was also reported in a
study which used preparations of isolated hepatic mi-
crosomes (endoplasmic reticulum).*® Microsomes iso-
lated from phenobarbital-treated animals showed evi-
dence of halothane reductive metabolism at gas phase
O, concentrations as high as 5%, whereas the critical O,
leve! for reductive metabolism in untreated mircosomes
was 2%. Although these workers did not directly mea-
sure increases in VO, arising from phenobarbital-en-
hanced oxidative metabolism of halothane, their re-
sults, like ours, reflect the occurrence of such increases.
In their steady-state system, increased VO, related to
phenobarbital treatment was evidenced by the higher
gas phase Pg, necessary to keep liquid phase Pg, con-
stant (at the threshold value for reductive metabolism);
in our system, gas phase Py, was invariant, so increased
O; consumption was manifest in the form of decreases
in liquid phase Pg,.

The extent to which P450-mediated VO, increases
and their metabolic consequences may contribute to an-
esthetic hepatotoxicity in any specific in vivo situation
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cannot be ascertained solely from the results of this in
vitre study, in which only a single biochemical mecha-
nism was monitored; other factors, such as cardiovascu-
lar responses, present in vivo and capable of altering O,
supply in accord with O, demand, were absent; and
accepted measures of hepatocellular necrosis equivalent
to those used to quantitate hepatotoxicity in vivo were
not employed. The possibility that P450-mediated hy-
poxia by itself could be a dominant mechanism of cellu-
lar injury under the specific conditions of the phenobar-
bital hypoxia model of halothane hepatotoxicity ap-
pears to be substantially diminished by one of this
study’s own findings. The data of table 1, figure 1, and
table 2 indicate that +PB cells show significantly greater
increases in VOg and decreases in steady state P, with
enflurane than with halothane at comparable anesthetic
doses, yet enflurane is not hepatotoxic in the phenobar-
bital hypoxia model. On the other hand, while unlikely
to be a primary determinant of hepatocellular injury,
P450-mediated VO, increases could enhance the effect
of other potentially pathogenic factors. Intracellular O,
depletion abetted by halothane oxidative metabolism
could promote the occurrence of halothane reductive
metabolism, which is Og-inhibited. Alternatively, P450-
mediated VOg increases could intensify intrahepatic
hypoxia created by the combination of hypoxemia plus
halothane-induced reduction of splanchnic blood
flow.'* Significant increases in hepatic blood flow in
phenobarbital-treated rats have been demonstrated
using microsphere injections.?® However, there were
comparable increases in liver mass, so that blood flow
per unit mass of liver was not increased. Our data pre-
dict that, in phenobarbital-treated (male) rats, exposure
to 1 MAC halothane or enflurane should acutely in-
crease O consumption per unit mass of liver by
20-40%. It remains to be determined whether such
acute increases in hepatic Og consumption are seen in
vivo and, if so, whether they are countered by propor-
tionate increases in Og delivery to avert intrahepatic
hypoxia.

The larger increases in VO, produced in +PB cells by
enflurane compared to halothane at equianesthetic
doses were unexpected, since halothane is known to be
the more extensively metabolized and the extent of ha-
logenated anesthetic metabolism is presumed to corre-
late strongly with the rate of hepatic biotransformation.
A major concern to be addressed here is that this find-
ing of our study may reflect artifacts in the in vitro sys-
tem. The ability of P450 inhibitor to abolish anesthetic-
induced VOs increases indicates that the latter do in-
deed reflect activity of the P450 system. ‘‘Uncoupling”
of P450-catalyzed oxidations (O utilization in excess of
substrate utilization) has been reported for certain
fluorinated hydrocarbons“; but, even if such uncou-
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pling does occur with enflurane, there is no basis for
presuming that intact hepatocytes would display it in
vitre and not in vive. It should also be mentioned that
virtually instantaneous readings of VOq in isolated +PB
cells and extended collections of anesthetic metabolites
during and after anesthesia may be quite different ways
of assessing anesthetic metabolism. Although P450-cat-
alyzed anesthetic biotransformation contributes impor-
tantly to both, estimates of halothane metabolism rela-
tive to enflurane obtained by metabolite collection in
vivo would be higher than those obtained by VO, mea-
surements in vitro for two obvious, major reasons: 1)
reductive metabolism of halothane would not have reg-
istered as changes in VO, and could have been sub-
stantial at the borderline hypoxic Po, ranges used in this
study; and 2) halothane is eliminated from the body
more slowly than enflurane, thereby increasing the op-
portunity for metabolism of the former relative to the
latter.?” Reconciliation of in vitro and in vivo measures of
anesthetic metabolism clearly will require further de-
tailed study.

The authors gratefully acknowledge the technical expertise of Au-
drey Holland and the secretarial assistance of Sherry Alonzo.
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