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Identification of Cytochrome P450 2E1 as the
Predominant Enzyme Catalyzing Human Liver
Microsomal Defluorination of Sevoflurane,
Isoflurane, and Methoxyflurane

Evan D. Kharasch, M.D., Ph.D.,* Kenneth E. Thummel, Ph.D.t

Background: Renal and hepatic toxicity of the fluorinated
ether volatile anesthetics is caused by biotransformation to
toxic metabolites. Metabolism also contributes significantly
to the elimination pharmacokinetics of some volatile agents.
Although innumerable studies have explored anesthetic me-
tabolism in animals, there is little information on human vol-
atile anesthetic metabolism with respect to comparative rates
or the identity of the enzymes responsible for defluorination.
The first purpose of this investigation was to compare the
metabolism of the fluorinated ether anesthetics by human liver
microsomes. The second purpose was to test the hypothesis
that cytochrome P450 2E1 is the specific P450 isoform re-
sponsible for volatile anesthetic defluorination in humans.

Metbods: Microsomes were prepared from human livers.
Anesthetic metabolism in microsomal incubations was mea-
sured by fluoride production. The strategy for evaluating the
role of P450 2E1 in anesthetic defluorination involved three
approaches: for a series of 12 human livers, correlation of
microsomal defluorination rate with microsomal P450 2E1
content (measured by Western blot analysis), correlation of
defluorination rate with microsomal P450 2E1 catalytic activity
using marker substrates (para-nitrophenol hydroxylation and
chlorzoxazone 6-hydroxylation), and chemical inhibition by
P450 isoform-selective inhibitors.

Results: The rank order of anesthetic metabolism, assessed
by fluoride production at saturating substrate concentrations,
was methoxyflurane > sevoflurane > enflurane > isoflurane
> desflurane > 0. There was a significant linear correlation of
sevoflurane and methoxyflurane defluorination with antigenic
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P450 2E1 content (r = 0.98 and r = 0.72, respectively), but not
with either P450 1A2 or P450 3A3/4. Comparison of anesthetic
defluorination with either para-nitrophenol or chlorzoxazone
hydroxylation showed a significant correlation for sevoflur-
ane (r = 0.93, r = 0.95) and methoxyflurane (r = 0.78, r =
0.66). Sevoflurane defluorination was also highly correlated
with that of enflurane (r = 0.93), which is known to be me-
tabolized by human P450 2E1. Diethyldithiocarbamate, a se-
lective inhibitor of P450 2E1, produced a concentration-de-
pendent inhibition of sevoflurane, methoxyflurane, and iso-
flurane defluorination. No other isoform-selective inhibitor
diminished the defluorination of sevoflurane, whereas me-
thoxyflurane defluorination was inhibited by the selective
P450 inhibitors furafylline (P450 1A2), sulfaphenazole (P450
2C9/10), and quinidine (P450 2D6) but to a much lesser extent
than by diethyldithiocarbamate.

Conclusions: These results demonstrate that cytochrome
P450 2E1 is the principal, if not sole human liver microsomal
enzyme catalyzing the defluorination of sevoflurane. P450 2E1
is the principal, but not exclusive enzyme responsible for the
metabolism of methoxyflurane, which also appears to be cat-
alyzed by P450s 1A2, 2C9/10, and 2D6. The data also suggest
that P450 2E1 is responsible for a significant fraction of iso-
flurane metabolism. Identification of P450 2E1 as the major
anesthetic metabolizing enzyme in humans provides a mech-
anistic understanding of clinical fluorinated ether anesthetic
metabolism and toxicity. (Key words: Anesthetics, volatile:
desflurane; enflurane; isoflurane; methoxyflurane; sevoflur-
ane. Biotransformation: fluorometabolites. Enzyme: cyto-
chrome P450; cytochrome P450 2E1; CYP2EL. lons: fluoride.
Interactions: drug. Metabolism: drug.)

BIOTRANSFORMATION of the fluorinated ether volatile
anesthetics results in the production of fluoride me-
tabolites, capable of producing hepatic or renal tox-
icity. Inorganic fluoride ions, liberated during the me-
tabolism of certain agents, may cause subclinical neph-
rotoxicity or overt renal insufficiency at excessive
concentrations. Excessive inorganic fluoride ion pro-
duction and nephrotoxicity have limited the clinical
use of methoxyflurane,’ have been the subject of con-
siderable scrutiny in the development of sevoflur-
ane,? and are of concern in the development of any
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new fluorinated anesthetic. Organic fluoride metabo-
lites of methoxyflurane, enflurane, and isoflurane are
capable of binding to liver proteins and triggering an
idiosyncratic hepatic necrosis similar to that caused by
halothane.>¢

Despite the significant role of metabolism in volatile
anesthetic toxicity, as well as in the total body clearance
of certain volatile agents,” quantitative aspects of he-
patic anesthetic metabolism in humans are incom-
pletely understood. Metabolism of halothane, enflur-
ane, isoflurane, desflurane, and sevoflurane in humans
has been estimated indirectly, either by recovery of
urinary metabolites*®*™!! or by mass balance stud-
jes.”"!%!% Estimates of metabolism provided by these
two techniques are frequently different and sometimes
controversial.'?*'> Although there are innumerable an-
imal studies measuring hepatic anesthetic metabolism
directly using in vitro assays, there are no data com-
paring the metabolism of volatile anesthetics by human
tissues. Thus, the first purpose of this investigation was
to determine the rates of fluorinated ether anesthetic
metabolism catalyzed by human liver microsomes. We
then tested the hypothesis that the rates of hepatic an-
esthetic metabolism (estimated from the rates measured
in vitro ) predict clinical peak plasma fluoride con-
centrations in vivo.

Volatile anesthetic metabolism is catalyzed by mi-
crosomal cytochrome P450, actually a family of enzyme
isoforms with discreet but overlapping substrate spec-
ificities. To date, approximately 14 human hepatic cy-
tochrome P450 isoforms have been identified.'® Some
of these isoforms have animal orthologs with similar
substrate specificities, while other animal forms may
have no identifiable human equivalent. Animal studies
have demonstrated the involvement of ethanol- and
isoniazid-inducible cytochrome P450 2E1# in the me-
tabolism of enflurane, methoxyflurane, and sevoflur-
ane.'®!” We recently reported the involvement of P450
2E1 in the metabolism of enflurane by human liver
microsomes.?* The second purpose of this investiga-
tion, therefore, was to test the hypothesis that cyto-
chrome P450 2E1 is also responsible for the defluori-
nation of methoxyflurane, sevoflurane, and isoflurane
in humans.

% The cytochrome P450 isozymes are named here in accordance
with accepted convention.'? Cytochrome P450 2E1 previously was
known as human P450;. The orthologous P450 2E1 enzyme in rats
and rabbits previously was designated P450; and P450,3,, respec-
tively.
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Materials and Methods

Chemicals

Sevoflurane was supplied by Maruishi Pharmaceutical
Co. (Osaka, Japan). Methoxyflurane was the gift of Ab-
bott Laboratories (North Chicago, IL). Enflurane and
isoflurane were purchased from Anaquest (Madison,
WTI). Furafylline and 6-hydroxychlorzoxazone were the
gift of Dr. Kent L. Kunze, and sulfaphenazole was kindly
provided by Dr. William F. Trager, University of Wash-
ington. Unless specified, all other reagents were ob-
tained from Sigma Chemical Co. (St. Louis, MO).

Protein Preparation and Immunochemical

Techniques

All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee. All human
tissue experiments were approved by the Institutional
Human Subjects Review Committee.

Human livers were obtained from kidney donors and
stored at —80° C until used. Tissue was thawed in 10
mM potassium phosphate buffer (pH 7.4) containing
0.9% NaCl. Microsomes were prepared by homogeniz-
ing the thawed tissue in five volumes of 10 mm potas-
sium phosphate buffer (pH 7.4)/10 mm EDTA/1.15%
KCl in a Waring blender, followed by five strokes with
a glass-Teflon homogenizer. The homogenate was cen-
trifuged at 9,000 g for 25 min, and the supernatant
centrifuged at 110,000 g for 70 min. Microsomal pro-
tein was carefully separated from the glycogen pellet,
resuspended in 100 mmM sodium pyrophosphate buffer
(pH 7.4)/1 mm EDTA, and again centrifuged at 110,000
g for 70 min. The washed pellet was resuspended in
cither 50 mm potassium phosphate buffer (pH 7.4) or
Tris HCI buffer (pH 7.4) and stored at —80° C. Glyc-
erol, conventionally used in microsome preparation,
was omitted from the buffers to prevent interference
with cytochrome P450 2E1 activity.?' Microsomal pro-
tein concentrations were determined by the method of
Lowry et al. using bovine serum albumin as the stan-
dard.?? Total microsomal cytochrome P450 content was
determined from the reduced minus oxidized carbon
monoxide difference spectrum,??

Specific anti-rat cytochrome P450 2E1 IgG antibody
was prepared as described previously.?® Briefly, rat cy-
tochrome P450 2E1 was purified from hepatic micro-
somes of adult males made diabetic by a single intra-
venous injection of streptozotocin, according to the
method of Favreau et al.** IgG was purified from the
serum of rabbits immunized with the purified rat P450
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2E1. The specificity of the purified polyclonal antibody
toward human liver P450 2E1 was improved by im-
munopurification, which removed minor cross-reac-
tivity to a single lower molecular weight band.?® An-
tibody specificity for human P450 2E1 was determined
by Ouchterlony immunodiffusion analysis and Western
blot analysis.

Microsomal P450 2E1 content was determined by
Western blot analysis using anti-rat P450 2E1 as the
primary antibody. The analysis was conducted as de-
scribed by Favreau ef al®*' Immunopositive protein
bands were quantified by scanning densitometry
(Biolmage, Millipore, Ann Arbor, MI) using purified
human P450 2E1 as the reference standard. Microsomal
P450 1A2 and 3A3/4 proteins were quantified analo-
gously using immunoselective rabbit antibodies against
human cytochrome P450 3A3/4/5 and rabbit P450
1A2, except that relative blot intensities were obtained
for P450 1A2 rather than absolute P450 content.?® Ta-
ble 1 provides the microsomal content of cytochrome
P450 and P450 isoforms in the liver microsomes used.

Enzyme Assays

Volatile Anesthetics. Anesthetic defluorination was
determined in screw-capped polyethylene vials in a re-
action mixture (1.0 ml) containing 2—-5 mg microsomal
protein, 2 mMm nicotinamide adenine dinucleotide
phosphate (NADPH), and 1 ul anesthetic in 100 mm
Tris HCI buffer (pH 7.4). Reactions (37° C with recip-
rocal shaking) were initiated by the addition of anes-
thetic agent after a 5-min preincubation period and
terminated after 30 min by immersion in a boiling water
bath for 5 min. Preliminary experiments were con-
ducted to ensure that all anesthetics were present at
saturating concentrations (Z.e. , no additional defluo-
rination with 2 or 3 ul of anesthetic)§ and that fluoride
production was linear throughout the 30-min incuba-
tion period. Terminated reaction mixtures were cen-
trifuged at 13,000 g for 5 min, an aliquot of the su-
pernatant transferred to a clean polyethylene vial, and
45 ul of high ionic strength acetate buffer (5 M acetic
acid, 2.5 M NaOH) added. Fluoride concentrations were
measured with an Orion (Boston, MA) fluoride-specific
electrode.?® Standard curves were prepared each day

§ Anesthetics also were present at saturating concentrations in the
aqueous phase based on theoretical calculations. These calculations
were confirmed, for example, for isoflurane, which was present at
2.2 mm as determined by gas chromatography.
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Table 1. Cytochrome P450 Contents of Microsomes
from Human Livers

P450 Isoform Content

Liver Specific

Code Content* P450 1A2t P450 2E1% P450 3A3/4t
HL-101 0.44 18.8 73 88
HL-103 0.45 38.1 49 54
HL-104 0.40 27 288 52
HL-105 0.61 30.4 61 81
HL-106 0.42 394 157 152
HL-107 0.32 34.5 372 46
HL-108 0.49 7.9 137 53
HL-109 0.33 7.7 182 143
HL-110 0.66 31.7 95 35
HL-111 0.55 18.9 69 33
HL-113 0.49 14.9 55 49
HL-118 0.42 4.2 339 33
HL-119 0.50 16.4 108 115

* Nanomoles total P450 per milligram protein.
1 Relative band density per nanomole total P450.
} Picomole per nanomole total P450.

by adding known amounts of sodium fluoride to mi-
crosomes and analyzing as described.

Experiments using isoform-selective chemical P450
inhibitors were conducted by replacing NADPH with
an NADPH-regenerating system (1 mm NADPH, 10 mm
glucose-6-phosphate, 1 IU/ml glucose-G-phosphate
dehydrogenase, and 5 mm MgCl, ). Inhibitors were
present at the following final concentrations: 20 um
furafylline, 0.5 um sulfaphenazole, 5 pM quinidine,
100 um (except where indicated in figure legends)
diethyldithiocarbamate, and 100 um troleandomycin.
All inhibitors were added in Tris HCl buffer except
troleandomycin, which was added in methanol (1 ul
of 100-mm stock, final methanol concentration 0.1%).
Reaction mixtures containing sulfaphenazole and
quinidine were preincubated at 37° C for 5 min with-
out NADPH, and the defluorination reaction was initi-
ated by simultaneous addition of the regenerating sys-
tem and anesthetic agent (1 ul). Reaction mixtures
containing furafylline, diethyldithiocarbamate, and
troleandomycin were preincubated at 37° C for 10 min
(except where indicated) with the NADPH-regenerat-
ing system, and the defluorination reaction was initiated
by adding anesthetic agent. The defluorination reactions
were terminated after 30 min, and fluoride production
was determined as described above. Defluorination
rates in the presence of inhibitor were compared with
appropriate controls (no preincubation, 10 min prein-
cubation, or 10 min preincubation with 0.1% methanol
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Fig. 1. Human liver microsomal volatile anesthetic defluori-
nation. The main figure shows the defluorination (mean * SD
of triplicate determinations) of methoxyflurane, sevoflurane,
enflurane, isoflurane, and desflurane by one human liver (HL-
104). Fluoride formation from desflurane was less than the
limit of quantitation (0.5 nanomoles), but greater than zero,
and thus is shown as the limit of quantitation for this liver.
The inset compares the metabolism (mean + SE) of methoxy-
flurane, sevoflurane, and enflurane in 12 human livers. Fluo-
ride formation from isoflurane and desflurane was less than
the limit of quantitation for several livers, and mean values,
therefore, are not shown.

in the absence of inhibitor) and results expressed as a
percentage of the uninhibited rate.

Chlorzoxazone. The 6-hydroxylation of chlorzox-
azone was measured in a reaction mixture containing
1 mum chlorzoxazone, 0.1 nanomoles microsomal P450,
1 mm NADPH, and 100 mMm potassium phosphate buffer
(PH 7.4) in a final volume of 1.0 ml. Reactions (37°
C, 10 min) were terminated with the addition of 5 ml
methylene chloride. The internal standard pentoxifyl-
line (100 ng) was added, and extractions were per-
formed in screw-capped culture tubes with shaking for
15 min. After centrifugation, the organic layer was
transferred to a clean test tube and evaporated to dry-
ness under a nitrogen stream, and the residue was re-
dissolved in 100 ul mobile phase for high-performance
liquid chromatography analysis. The high-performance
liquid chromatography system consisted of a Hewlett
Packard (Avondale, PA) series 1050 chromatograph
with variable-wavelength detector and 30 ul sample
loop and an Econosphere reverse-phase C18 column
(4.6 X 250 mm, 5 um) with C18 guard column (All-
tech, Deerfield, IL). The mobile phase was 80% (vol/
vol) 0.15% acetic acid (p H 4.7) and 20% acetonitrile,
at a flow rate of 1.0 ml/min. Retention times of G-hy-
droxychlorzoxazone and pentoxifylline were 10.2 and
13.2 min, respectively, monitored by ultraviolet ab-
sorbance at 282 nm. Quantitation of 6-hydroxychlor-
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zoxazone was accomplished using a standard curve of
peak area ratios (6-hydroxychlorzoxazone/pentoxifyl-
line) versus 6-hydroxychlorzoxazone (250-5,000 ng/
ml), prepared using blank microsomes.
Para-nitrophenol. Microsomal para-nitrophenol
hydroxylation was determined essentially as described
by Reinke and Meyer.?” Incubations (37° C, 10 min)
contained 0.5 nanomoles microsomal P450, 200 um
para-nitrophenol, and 1 mm NADPH in 100 mM potas-
sium phosphate buffer (pH 7.4). Para-nitrocatechol
formation was measured spectrophotometrically at 546
nm and quantitated using a standard curve.
Coumarin. Microsomal coumarin 7-hydroxylase ac-
tivity was measured according to the method of Miles
et al.*® Incubations (37° C, 15 min) contained 50 ug
microsomal protein, 50 um coumarin, and 1 mm NADPH
in 25 mM potassium phosphate buffer (pH 7.2). 7-Hy-
droxycoumarin formation was measured fluor-

imetrically with excitation at 376 nm and emission at
460 nm.

Analysis

Rates of metabolism are expressed as nanomoles
product formed per nanomoles total spectral P450 per
unit time and are presented as the mean + SD unless
indicated otherwise. The relationships between micro-
somal defluorination rate and various indices of micro-
somal cytochrome P450 2E1 activity or protein content
were examined by linear least squares correlation anal-
ysis. Anesthetic fluoride production #n vitro and in vivo
was compared using Spearman’s rank correlation.

Results

Comparative Anesthetic Metabolism

The limit of fluoride quantitation in our assay was

0.5 nanomoles/ml. Defluorination of methoxyflurane,
the currently used volatile anesthetics, and those agents
currently in clinical trials, was compared in micro-
somes from one typical human liver (HL-104) in which
metabolism of all anesthetics could be quantitated (fig.
1). The rank order of activity, measured by fluoride
production at saturating substrate concentrations, was
methoxyflurane > sevoflurane > enflurane > isoflurane
> desflurane > 0. Fluoride formation from desflurane
was greater than zero but less than the limit of quan-
titation and is therefore given as the limit of quantita-
tion. Defluorination of methoxyflurane, sevoflurane,
and enflurane was also compared in a population of 12
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human livers (fig. 1, inset ). The mean rate of fluoride
formation from methoxyflurane markedly exceeded
that from sevoflurane, which in turn was almost twice
that from enflurane. Mean data were not obtained for
isoflurane and desflurane because fluoride production
from several livers was below the limit of quantitation.

Role of P450 2E1 in Anesthetic Defluorination

The strategy for evaluating the role of P450 2E1 in
anesthetic defluorination involved three approaches
using a population of human livers. First, correlation
of defluorination rates with microsomal P450 2E1 pro-
tein content. Second, correlation of defluorination rates
with microsomal P450 2E1 catalytic activity using
marker substrates. Third, use of chemical inhibitors se-
lective for certain P450 isoforms, to assess the contri-
bution of those individual P450 isoforms to total me-
tabolism.

Rates of sevoflurane and methoxyflurane defluorina-
tion were compared first with microsomal P450 isoform
content in the 12 human livers studied. Microsomal
P450 2E1 protein content was determined by Western
immunoblot experiments using anti-rat P450 2E1 an-
tibody, which cross-reacted specifically with the or-
thologous human P450 2E1. There was a significant
linear correlation between sevoflurane defluorination
and antigenic P450 2E1 content (r=0.98, P<0.001;
fig. 2, top ). The regression line passes near the origin,
suggesting that no other enzyme present in the micro-
somes had appreciable activity toward sevoflurane. An-
esthetic defluorination also was compared with the mi-
crosomal content of two other human cytochrome
P450 isoforms, P450 1A2 and P450 3A3/4. Defluori-
nation of sevoflurane did not correlate with the im-
munodetectable content of either P450 1A2 or P450
3A3/4 (r = 0.34 and r = 0.27, respectively, both non-
significant; data not shown). In contrast to sevoflurane,
methoxyflurane defluorination and P450 2E1 content
were positively correlated, but less strongly (fig. 2,
bottom ). The correlation coefficient was significant (r
=0.72, P<0.01), suggesting a role for P450 2E1, but
there was considerable scatter about the line of regres-
sion. Furthermore, the regression was displaced along
the ordinate, suggesting catalytic activity by other cy-
tochrome P450 isoforms present in the livers. Me-
thoxyflurane defluorination did not correlate signifi-
cantly, however, with the immunodetectable content
of either P450 1A2 or P450 3A3/4 (r=0.51andr =
0.06, respectively, both nonsignificant; data not
shown).
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Fig. 2. Correlation of sevoflurane and methoxyflurane de-
fluorination with microsomal cytochrome P450 2E1 content.
Results are presented for sevoflurane (zop) and methoxyflu-
rane (bottom). P450 2E1 content was determined by Western
blot analysis. Each data point represents the mean of duplicate
determinations from one human liver. For methoxyflurane
the y-intercept was significantly different from zero (P < 0.05),
and the 95% confidence interval excluded zero.

If two drug metabolism reactions are catalyzed by the
same cytochrome P450 isoform, then in a liver popu-
lation with a range of isoform activities, the two bio-
transformation rates should correlate positively. Me-
tabolism of para-nitrophenol is catalyzed predomi-
nantly by cytochrome P450 2E1 and thus has been
proposed as a specific metabolic marker for microsomal
P450 2E1 activity.?’ Comparison of anesthetic defluor-
ination and para-nitrophenol hydroxylation rates in the
series of livers studied showed a significant correlation
for both sevoflurane (r = 0.93, P < 0.001) and me-
thoxyflurane (r = 0.78, P < 0.002; fig. 3). Microsomal
P450 2E1 activity also was measured with a second
marker substrate with unambiguous P450 2E1 selec-
tivity, chlorzoxazone 6-hydroxylation.>® There was a
significant correlation between chlorzoxazone 6-hy-
droxylation and defluorination of sevoflurane (r = 0.95,
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Fig. 3. Correlation of sevoflurane and methoxyflurane de-
fluorination with microsomal cytochrome P450 2E1 catalytic
activity, measured by hydroxylation of para-nitrophenol. Re-
sults are presented for sevoflurane (fop) and methoxyflurane
(bottom). Each data point represents the mean of duplicate
determinations from one human liver.

P < 0.001) and methoxyflurane (r = 0.66, P < 0.02;
fig. 4). These data suggest that metabolism of sevoflur-
ane, methoxyflurane, para-nitrophenol, and chlorzox-
azone are catalyzed by the same enzyme, namely cy-
tochrome P450 2E1.

We have shown previously that human liver micro-
somal defluorination of enflurane is catalyzed predom-
inantly by P450 2E1.?° Sevoflurane defluorination,
therefore, was compared with that of enflurane. Rates
of sevoflurane defluorination were highly correlated
with those of enflurane (r = 0.93, P < 0.001), sug-
gesting that these two anesthetics are metabolized by
the same enzyme (fig. 5). Cytochrome P450 2A6 has
been shown to metabolize some P450 2E1 substrates.'®
Therefore, we compared rates of sevoflurane defluori-
nation with P450 2A6 activity, measured as the hy-
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droxylation of coumarin. There was no significant cor-
relation (r = 0.52, P> 0.05; data not shown) between
sevoflurane and coumarin metabolism, suggesting that
P450 2A6 is not responsible for a significant portion
of sevoflurane metabolism.

Previous investigations in animals have shown that
isoflurane can inhibit the metabolism of other volatile
anesthetics.>' If two volatile anesthetics are defluori-
nated by the same enzyme, then they are candidates to
mutually inhibit each other’s metabolism in a com-
petitive manner. We tested the hypothesis that volatile
anesthetics can influence each other’s metabolism by
human liver microsomes. Because the measured me-
tabolite, fluoride, is common to both reactions, the
more slowly metabolized anesthetic (e.g. , isoflurane)
would be seen to retard the metabolism of the more

d
IS
®

r=0.95
p ¢ 0.001
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{(nmol F-nmol P450~1.30 min—1)

0 " ] 2
0 2 4 6 8 10
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(nmol F-nmol P450~1-30 min—1)

CHLORZOXAZONE HYDROXYLATION
(nmol-nmol P450~ 1.min~1)

Fig. 4. Correlation of sevoflurane and methoxyflurane de-
fluorination with microsomal cytochrome P450 2E1 catalytic
activity, measured by chlorzoxazone 6-hydroxylation. Results
are presented for sevoflurane (fop) and methoxyflurane (bot-
tomi). Each data point represents the mean of duplicate deter-
minations from one human liver.
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Fig. 5. Correlation of enflurane and sevoflurane defluorination

by human liver microsomes. Each data point represents the
mean of duplicate determinations from one human liver,

rapidly metabolized agent (sevoflurane or methoxyflu-
rane) if the hypothesis is correct. Figure 6 shows that
isoflurane diminished the defluorination of both me-
thoxyflurane and sevoflurane. This result suggests that
isoflurane is defluorinated by the same enzyme as sev-
oflurane and methoxyflurane (P450 2E1), although
isoflurane theoretically could bind to but not be me-
tabolized by that enzyme.

Chemical inhibitors that are selective for a particular
P450 isoform may be used to probe the involvement
of that isoform in drug metabolism. Diethyldithiocar-
bamate is known to be a mechanism-based inhibitor of
cytochrome P450 2E1.%? At concentrations less than
300 um, diethyldithiocarbamate is metabolized selec-
tively by P450 2E1, which in turn is inactivated as a
consequence of the catalytic cycle. When microsomes
from a representative human liver were preincubated
with diethyldithiocarbamate and NADPH for 10 min
before anesthetic addition, there was a concentration-
dependent inhibition of sevoflurane, isoflurane, and
methoxyflurane defluorination (fig. 7). This experi-
ment was repeated at 100 um diethyldithiocarbamate
using four additional livers. Mean (£SD) rates of an-
esthetic defluorination in the presence of 100 um di-
ethyldithiocarbamate for five livers studied were 33 +
11%, 31 = 13%, and 44 £ 6% of control for sevoflurane,
methoxyflurane, and isoflurane, respectively. Inhibition
of desflurane metabolism could not be studied because
of the low basal rate of defluorination.

To assess the possible participation of other cyto-
chrome P450 isoforms in anesthetic defluorination,
microsomal defluorination activity was probed using a
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Fig. 6. Influence of isoflurane on methoxyflurane and sevo-
flurane metabolism. All anesthetics were incubated at satu-
rating concentrations using microsomes from a representative
human liver (HL-121). Results are the mean * SD of three de-
terminations.

panel of selective inhibitors (fig. 8). The inhibitors
and isoforms included furafylline (P450 1A2), sulfa-
phenazole (P450 2C9 and 2C10), quinidine (P450
2D6), and troleandomycin (P450 3A).?3 Inhibitor con-
centrations and incubation conditions were chosen to
suppress >80% of isoform activity.?® None of these se-
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Fig. 7. Inhibition of anesthetic defluorination by diethyldi-
thiocarbamate. Microsomes from a representative liver (HL-
111) were preincubated with a nicotinamide adenine dinucle-
otide phosphate-regenerating system and indicated concen-
trations of diethyldithiocarbamate for 10 min. Anesthetic was
added to initiate the defluorination reaction, and fluoride for-
mation was determined after an additional 30 min as described
in methods. Each data point represents the mean of duplicate
determinations. The uninhibited rates of fluoride production
were 4.1, 2.0, and 0.73 nanomoles-nanomoles P4507!-30
min™, respectively, for methoxyflurane, sevoflurane, and iso-
flurane. Longer preincubation times increased slightly, but
not significantly, the degree of inhibition (data not shown).
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lective inhibitors, except diethyldithiocarbamate, di-
minished the defluorination of sevoflurane. This further
suggests that none of these constitutive P450 isoforms,
other than P450 2E1, contributes significantly to the
defluorination of this anesthetic agent. In contrast, me-
thoxyflurane defluorination was inhibited by furafyl-
line, quinidine, and sulfaphenazole, but to a much
lesser extent than by diethyldithiocarbamate. Thus,
members of the P450 2C family, P450 1A2, and P450
2D6 appear to catalyze methoxyflurane defluorination
in addition to the predominant enzyme, P450 2E1.

Discussion

Comparative Anesthetic Metabolism

There are no studies comparing the rates of volatile
anesthetic defluorination in humans. Rates have only
been inferred indirectly from the extent of anesthetic
metabolism. It is important, however, to distinguish
between the rate and extent of anesthetic metabolism,
because both may bear on anesthetic toxicity. The ex-
tent of anesthetic metabolism has been measured both
by recovery of urinary metabolites*®~!! and by mass
balance studies.”'*'* The mass balance technique,
which defines metabolism as the difference between
anesthetic taken up and that recovered from exhaled
gases, is subject to inaccuracy because of extrapul-
monary anesthetic elimination, insufficient sensitivity
to detect modest metabolism, and normalization of re-
sults to that of isoflurane, which is assumed not to be
metabolized.”'? Metabolism assessments made by uri-
nary fluoride recovery may underestimate the extent
of metabolism because of incomplete metabolite re-
covery (fluoride retention in bone, formation of mul-
tiple metabolites, or nonrenal metabolite elimination)
and are usually less than those obtained by mass balance
techniques.” Furthermore, the extent of metabolism
will be governed not only by the rate of hepatic me-
tabolism but also by the metabolite excretion rate and
by anesthetic solubility (which determines the rate of
anesthetic washout).

Application of these available techniques to sevo-
flurane and desflurane has produced conflicting esti-
mates of metabolism. Shiraishi and Ikeda, using metab-
olite recovery, found that sevoflurane metabolism was
five or six times greater than that of isoflurane,3*
whereas Yasuda et al., using mass balance techniques,
concluded that the metabolism of sevoflurane did not
differ from that of isoflurane.’? Holaday and Smith?
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Fig. 8. Effect of P450 inhibitors on anesthetic metabolism. A
panel of inhibitors, each selective for a particular isoform of
human P450, was used at optimal concentrations. The inhibitor
and the isoform that it inhibits are shown on the bottom of
the graph. These included furafylline (P450 1A2), sulfaphen-
azole (P450 2C9/10), quinidine (P450 2D6), diethyldithiocar-
bamate (P450 2E1), and troleandomycin (P450 3A3/4). Shown
are results for sevoflurane (top) and methoxyflurane (bottons).
One hundred percent activity for methoxyflurane and sevo-
flurane defluorination was 8.4 and 4.5 nanomoles - nanomoles
P4507'-30 min™, respectively.

suggested that sevoflurane and enflurane were similar
with respect to biotransformation, while others found
that sevoflurane metabolism was two to five times
greater than that of enflurane.>® Desflurane appeared
not to undergo metabolism based on mass balance
studies'® and measurements of serum and urine fluoride
concentrations,'"** but increased urinary trifluoroac-
etic acid levels demonstrated a small degree of metab-
olism.%*

Our results obtained by direct in vitro measurement
of human liver metabolism clearly demonstrate that
the rank order of anesthetic defluorination rates is me-
thoxyflurane > sevoflurane > enflurane > isoflurane >
desflurane. The rate of isoflurane defluorination was
similar to that reported previously for human liver mi-
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crosomes,3¢ and the lowest rates we observed for en-
flurane metabolism were comparable to the rate re-
ported by Hitt et al.>” Because both inorganic and or-
ganic fluoride metabolites are produced in parallel,?®
the rank order for organic fluoride formation likely re-
sembles that for inorganic fluoride formation, It is clear
that desflurane undergoes metabolism, but at a rate less
than that of isoftlurane. The small degree of metabolism
observed clinically after desflurane anesthesia thus is
due to the low rate of hepatic biotransformation rather
than to sequestration or loss of metabolites, in agree-
ment with previous suggestions.>* Sevoflurane defluo-
rination occurred at twice the rate of enflurane defluo-
rination and five or six times that of isoflurane. Estimates
of sevoflurane metabolism derived from mass balance
or metabolite recovery studies may reflect the extent
of metabolism but underestimate the rate of hepatic
metabolism.

Most recent estimates of clinical anesthetic metabo-
lism were obtained during simultaneous administration
of multiple volatile agents. Simultaneous administra-
tion was thought not to influence the pharmacokinetic
behavior and metabolism of individual agents.” How-
ever, isoflurane decreases the metabolism of methoxy-
flurane and sevoflurane (fig. 6). All anesthetics metab-
olized by the same enzyme may potentially inhibit each
other’s metabolism at clinically relevant, saturating
concentrations. Thus, estimates of biotransformation
obtained from mass balance studies during multiple
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agent administration may underestimate the extent of
anesthetic metabolism, as suggested.”

Fluoride Formation, Anestbetic Metabolism, and

Solubility

It commonly has been accepted that solubility in
blood governs anesthetic metabolism.?38-1° We tested
this hypothesis that peak plasma fluoride concentra-
tions after comparable MAC-hours of anesthesia are
proportional to anesthetic solubility. Peak plasma flu-
oride concentrations, reported previously in compa-
rable clinical studies of anesthetic defluorina-
tion, 3354143 were compared with anesthetic solubil-
ity (fig. 9). The correlation between peak plasma
fluoride concentration and either oil-gas or blood-gas
partition coefficients was not statistically significant. In
contrast, there was a highly significant correlation be-
tween clinical peak plasma fluoride concentrations and
the rate of 7 vitro human liver microsomal defluori-
nation (r = 0.99, P < 0.001; fig. 10). Although the
duration and extent of anesthetic metabolism are influ-
enced by anesthetic solubility,** peak plasma fluoride
concentrations achieved clinically appear largely un-
related to anesthetic solubility. Peak plasma fluoride
concentrations, however, do appear proportional to the
rate of hepatic metabolism. These comparisons dem-
onstrate the role of hepatic metabolism in determining
in vivo anesthetic defluorination and illustrate the
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Fig. 10. Correlation of peak plasma fluoride concentration with
anesthetic metabolism. Iz vivo peak plasma fluoride concen-
trations are the same as those in figure 9. Liver microsomal
defluorination data are from figure 1. Mean values are shown
for methoxyflurane, sevoflurane, and enflurane, and single
liver values are shown for isoflurane and desflurane. Spear-
man’s rank correlation coefficient was 1.00 (P < 0.05). The
correlation coefficient determined by linear regression anal-
ysis was 0.99 (P < 0.001).

utility of human hepatic microsomal anesthetic metab-
olism Zn vitro as a model for defluorination in vivo.

Role of P450 2E1 in Anestbetic Defluorination

Results of this investigation demonstrate that cyto-
chrome P450 2E1 is the principal, if not sole human
liver microsomal enzyme catalyzing the defluorination
of sevoflurane. Cytochrome P450 2E1 also participates
prominently in the defluorination of isoflurane, and
probably desflurane as well. In addition, P450 2E1 is
the principal, although not exclusive enzyme respon-
sible for the metabolism of methoxyflurane. Selective
inhibitor data suggest that methoxyflurane metabolism
also is catalyzed by P450s 1A2, 2C9/10, and 2D6.
These results, in conjunction with previously demon-
strated P450 2E1 participation in human liver enflurane
metabolism,?® suggest that cytochrome P450 2E1 is
the predominant catalyst of human liver microsomal
biotransformation of fluorinated ether anesthetics.

These conclusions are based on the correlation of
defluorinase activity with P450 2E1 protein contents
and with the catalytic activities toward known P450
2E1 substrates, as well as the effects of isoform-selective
chemical inhibitors. For example, sevoflurane metab-
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olism could only be attributed to P450 2E1, based on:
(1) the high correlation of anesthetic defluorination
with the antigenic content of P450 2E1 but not two
other major constitutive P450 isoforms, (2) the high
correlation of sevoflurane defluorination with P450 2E1
catalytic activity (para-nitrophenol and chlorzoxazone
hydroxylation), and (3) exclusive chemical inhibition
by diethyldithiocarbamate.

The alternative explanation for the correlations ob-
served, that the various reactions are catalyzed by dif-
ferent P450 isoforms, would require coordinate
expression of the different enzymes in the heterogenous
population of livers studied, which is highly unlikely.
Although metabolism of para-nitrophenol has been
proposed as a specific metabolic marker for microsomal
P450 2E1 activity,? more recent evidence suggests that
P450 2E1 is the predominant, but not necessarily the
exclusive catalyst of para-nitrophenol metabolism in
human tissues.*> A contribution to para-nitrophenol
metabolism by a non-2E1 species of P450 would ac-
count for the slight displacement of the sevoflurane
regression line along the axis of para-nitrophenol me-
tabolism (fig. 3, top ).

Anesthetic Metabolism by P450 2E1: Clinical

Implications

Identification of cytochrome P450 2E1 as the major
enzyme responsible for defluorination of methoxyflu-
rane, sevoflurane, isoflurane, and enflurane in humans
permits reconciliation of several clinical and experi-
mental observations. These pertain to anesthetic me-
tabolism, anesthetic toxicity, and enzyme induction.

Anesthetic Metabolism. Peak plasma fluoride con-
centrations are markedly increased in obese patients
anesthetized with methoxyflurane,® enflurane,*”8 or
isoflurane?® as a result of enhanced anesthetic biotrans-
formation. Although it has been suggested that fatty
liver infiltration increases hepatic anesthetic uptake,*®
most authors agree that the mechanism of increased
hepatic anesthetic metabolism in obesity remains un-
clear.*”*® Obesity increases two- to threefold the he-
patic content and catalytic activity of P450 2E1,%5 as
well as the microsomal metabolism of enflurane.” From
this recent observation, together with our data, we
conclude that increased cytochrome P450 2E1 content
and activity may account for enhanced anesthetic de-
fluorination and elevated plasma fluoride concentra-
tions in obesity.

Anesthetic Toxicity. Identification of multiple
P450 isoforms contributing to methoxyflurane de-
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fluorination may help explain the extensive biotrans-
formation that occurs #n vitro and ¢n vivo, and thus,
in part, methoxyflurane nephrotoxicity. Clinically,
methoxyflurane is biotransformed to a greater degree
than other volatile agents. Extensive methoxyflurane
metabolism has been attributed either to sustained me-
thoxyflurane residence in the liver® or to rapid rates of
hepatic metabolism.” Results of the present investiga-
tion, demonstrating a significantly greater rate of me-
thoxyflurane defluorination relative to that of the other
agents, supports this latter hypothesis. The rate of P450
2E1-catalyzed defluorination was faster for methoxy-
flurane than for any other agent we studied. Further-
more, methoxyflurane was the only agent for which
evidence was obtained of metabolism by constitutive
P450s in addition to P450 2E1. Finally, an appreciable
portion of methoxyflurane defluorination may occur
extrahepatically.’® P450s that appear to defluorinate
methoxyflurane are found in human kidney and lung
(P450 1A), and intestine (P450 2C and 2D6),%!52 as
well as in the liver.

Differences in methoxyflurane and sevoflurane sus-
ceptibility to metabolism by P450 isoforms may influ-
ence the relative nephrotoxic potential of these agents.
Methoxyflurane nephrotoxicity is classically associated
with plasma inorganic fluoride concentrations exceed-
ing 50 uM .! Despite plasma fluoride concentrations
often exceeding 50 uM , sevoflurane anesthesia, to date,
has not been associated with nephrotoxicity.>* These
differences may relate to sustained versus brief eleva-
tions of plasma fluoride concentrations seen with me-
thoxyflurane compared to sevoflurane, due in part to
more rapid methoxyflurane metabolism by P450 2E1
and metabolism by multiple P450 isoforms. We also
raise the hypothesis that organ selectivity in anesthetic
metabolism may influence anesthetic toxicity. Me-
thoxyflurane, metabolized by several P450 isoforms,
undergoes extensive renal defluorination.*® In contrast,
sevoflurane metabolism is catalyzed predominantly, if
not exclusively, by P450 2E1. Enflurane, which, like
sevoflurane, is defluorinated exclusively by P450 2E1,
undergoes dramatically less renal defluorination,’® Be-
cause significant amounts of human renal P450 2E1
have not been found,** meaningful human renal me-
tabolism may be associated uniquely with methoxyflu-
rane. This intriguing hypothesis that renal defluorina-
tion underlies the nephrotoxicity of methoxyflurane,
but not sevoflurane, requires further investigation.

Enzyme Induction. Chronic isoniazid therapy in
humans induces the metabolism of enflurane and iso-
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flurane, markedly increasing peak plasma fluoride con-
centrations.*?*3 The finding that isoniazid induction in
humans increases cytochrome P450 2E1,'® in con-
junction with our data, now provides a mechanistic
basis for this clinical observation. In contrast with iso-
niazid, enzyme induction with barbiturates or phenyt-
oin does not increase anesthetic defluorination in hu-
mans,>¥ because these agents do not induce the major
hepatic defluorinating enzyme, P450 2E1. However,
barbiturates induce the metabolism of methoxyflurane,’
which is catalyzed by a broad spectrum of P450 iso-
forms including the barbiturate-inducible P450 2C
isoform.>%%¢

Anesthetic Metabolism: Human Versus Animal

Models

For anesthetic agents metabolized primarily by P450
2E1, there appears to be a high concordance between
inducer and inhibitor effects in animals and humans,
due to the structural and catalytic homology between
human and animal P450 2E1.'¢ For example, in rats,
like in humans, isoniazid induces P450 2E1,*S the iso-
form responsible for anesthetic defluorination in this

species,'®!® and stimulates methoxyflurane, enflurane,
sevoflurane, and isoflurane defluorination in
vivo, 425357

In contrast, data obtained from phenobarbital- or
phenytoin-induced animals cannot be extrapolated re-
liably to humans because of the dissimilarity in the
identity and intrinsic activity of enzymes induced. P450
2B, the major family of cytochrome P450 induced by
phenobarbital in rats, rabbits, and guinea pigs, is ex-
pressed minimally, if at all, in human liver.’® Other
cytochrome families that are inducible in humans by
phenobarbital, P450 34, and P450 2C,'55%%¢ appeared
not to metabolize sevoflurane. Thus, although pheno-
barbital and phenytoin induce enflurane, sevoflurane,
and isoflurane metabolism in rats and rabbits,38:57:5°
they would be expected to have negligible influence
on the metabolism of these agents in humans.** Thus,
human microsomal anesthetic metabolism in vitro
models more closely human anesthetic metabolism in
vivo and appears a preferable model compared to rat
or rabbit i vitro anesthetic metabolism.

In summary, we have demonstrated that cytochrome
P450 2E1 is the predominant, if not singular human
enzyme responsible for the defluorination of sevoflur-
ane. Several human cytochrome P450 enzymes metab-
olize methoxyflurane, in addition to the major enzyme
P450 2E1. P450 2E1 also appears to catalyze a major
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portion of isoflurane metabolism. In addition, we have
shown that peak plasma fluoride concentrations in the
perianesthetic period correlate best with the rate of
anesthetic metabolism, rather than lipid solubility.

The authors thank Jim Lillibridge for the analysis of chlorzoxazone
metabolism.
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