Anesthesiology
51:328-531, 1979

Pulmonary Biotransformation of Methoxyflurane:

An In-vitro Study in the Rabbit

Casey D. Blitt, M.D.,* Burnell R. Brown, Jr., M.D., Ph.D.,t Barbara J. Wright, B.S.,}
A. Jay Gandolfi, Ph.D.,§ |. Glenn Sipes, Ph.D.*

The biotransformation of methoxyflurane by rabbit pulmonary
microsomal preparations was investigated. The smooth endo-
plasmic reticulum of rabbit lung metabolized methoxyflurane to
organic and inorganic fluoride metabolites in a manner both quan-
titatively and qualitatively similar to hepatic biotransformation.
Pooled pulmonary and hepatic microsomes from 16 rabbits with
protein concentrations of 6, 12, and 24 mg/ml incubated with
methoxyflurane yielded 420 + 40 (SD), 621 + 51, and 903 + 36
pmol/min/ml of free fluoride, respectively, in the lung, and 363
+ 62, 538 = 70, and 858 = 89 pmol/min/ml of free fluoride in the
liver. Values of total fluoride obtained in the same preparations
were 941 + 67 (SD), 1,420 = 77, and 1,685 = 81 pmol/min/ml in
the lung and 888 =+ 83,1,093 + 109,and 1,838 + 111 pmol/min/ml
in the liver. NADPH cytochrome ¢ reductase was measured in
both hepatic and pulmonary microsomes. Untreated, polychloro-
biphenyl-induced and phenobarbital-induced rabbits (n = 8)
yielded 37 = 15 (SD), 43 + 16,and 36 + 6 nmol/min/mg of NADPH
cytochrome c reductase, respectively, in pulmonary microsomes.
Hepatic microsomes in the same animals yielded 34 + 8 (SD),
130 =+ 40, and 64 + 9 nmol/mg/min of NADPH cytochrome c re-
ductase, respectively. Cytochrome P-450 measured in pulmonary
and hepatic microsomes in control, polychlorobiphenyl-induced
and phenobarbital-induced rabbits (n = 8) yielded 0.16 + .02 (SD),
0.17 = .03, and 0.16 + .02 nmol/mg protein of cytochrome P-450
in the lung and 0.65 = .17 (SD), 1.9 * 0.5, and 1.3 * 0.2 nmol/mg
protein of cytochrome P-450, respectively, in the liver. Thus,
NADPH cytochrome c reductase and cytochrome P-450 were not
inducible in pulmonary microsomes by known hepatic microsomal
enzyme-inducing agents. Pulmonary microsomal biotransforma-
tion of a volatile anesthetic agent has been demonstrated, and
may be an important factor in the disposition of this class of
drugs. (Key words: Anesthetics, volatile: methoxyflurane. Bio-
transformation: microsomes; enzyme induction; fluorometabo-
lites. Lung: microsomes.)

THr LUNG is the primary route through which halo-
genated anesthetics enter and leave the body. It has
often been assumed that the lung plays a passive role
handling drugs, and that biological properties of drugs
are unaffected by passage through the airways. It has
recently been shown that the lung actively metabolizes
certain xenobiotics'? and, for some substrates, mixed-
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function oxidase systems in rabbit lung are as me-
tabolically active as corresponding systems in the liver.'?
Similar to the situation in the liver, mixed-function
oxidation is of primary importance in pulmonary bio-
transformation of lipid-soluble compounds. Pulmo-
nary mixed-function oxidase systems appear to be
concentrated within the microsomal fraction of ho-
mogenized lung. Because of the importance of this
nonrespiratory function of the lung, and because bio-
transformation of halogenated anesthetic agents by
the lung had not been studied previously, we investi-
gated the biotransformation of methoxyflurane by
the lung.

Methods

Healthy adult New Zealand rabbits of either sex
(2-4 kg) were treated with microsomal enzyme-induc-
ing drugs, using the following regimens: A single in-
Jjection of polychlorobiphenyls (PCB— Arochlor 1254),
500 mg/kg, was administered intraperitoneally to one
group, and phenobarbital, 70 mg/kg, intraperitoneally,
for four days, was given to a second group. A third
group received two hours of administration of halo-
thane, 1 per cent, and a control group received no
pharmacologic treatment. All animals were housed in
an environment free of known hepatic microsomal
enzyme-inducing agents. Four days after PCB treat-
ment, at the conclusion of phenobarbital treatment,
and 40 hours after halothane anesthesia, treated and
control animals were sacrificed and the lungs removed
intact. The parenchyma was excised, weighed, and
homogenized. The homogenate was then mixed in
0.05 M Tris and 1.15 per cent KCI, and centrifuged
at 9,000 X g for 20 min. The supernatant was then
removed and centrifuged in an IEC B/60 ultracen-
trifuge at 125,000 X g for an hour. The resultant mi-
crosomal pellet was resuspended in 0.05 M K,PO,4 and
buffered to pH 7.4. Hepatic microsomes were pre-
pared in a similar manner. The following studies were
performed on hepatic and/or pulmonary microsomal
preparations:

1) Cytochrome P-450 and NADPH cytochrome c
reductase concentrations (lung and liver) were deter-
mined in control and treated groups utilizing a spec-
trophotometric method previously described.*"*

2) Malonaldehyde formation as an index of lipo-
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peroxidation was measured following pulmonary
microsomal incubation with 3 mm methoxyflurane or
carbon tetrachloride using a method previously
described.®

3) Microsomal pellets from control animals were
resuspended to concentrations of 6, 12, and 24 mg of
microsomal protein per ml. A saturated solution of
methoxyflurane was then added to an incubation mix-
ture containing microsomes, EDTA, and an NADPH-
generating system, as described by Adler and Brown,
and the incubation flasks tightly sealed.® All incuba-
tions were performed in a shaking water bath at 37 C
for 30 min. Free fluoride, total fluoride, and organic
fluoride were measured. Free fluoride production was
measured at room temperature using an ion-specific
electrode. Total fluoride was measured by hydrolyzing
the incubation mixture overnight with concentrated
sulfuric acid, adjusting the pH to 5.5 with sodium
hydroxide, and again assaying for fluoride with the
same ion-specific electrode. Organic fluoride metabo-
lites were estimated by subtracting free fluoride from
total fluoride. Incubations and fluoride analyses using
various concentrations of methoxyflurane ranging
from 0.05 mm to a saturated solution were performed
(lung only) in a similar manner to determine the ki-
netics of the reaction.
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Fig. 1. Cytochrome P-450 contents of pulmonary and hepatic
microsomes in nmol/mg protein. Untreated animals are compared
with animals receiving PCB, 500 mg/kg, intraperitoneally (single
injection), or phenobarbital, 70 mg/kg, intraperitoneally, for four
days. The hepatic microsomal cytochrome P-450 was induced with
PCB or phenobarbital treatment, whereas pulmonary cytochrome
P-450 was not inducible. All determinations are SD. N = 8 for all
determinations. * = P < 0.01.
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Fic. 2. NADPH cytochrome c reductase contents of pulmonary
and hepatic microsomes in nmol/min/mg protein. Control animals
are compared with rats treated with PCB, 500 mg/kg, intraperi-
toneally (single dose), or phenobarbital, 70 mg/kg, intraperitoneally,
for four days. NADPH cytochrome ¢ reductase was inducible by
both drugs in hepatic microsomes but was not inducible in pul-
monary microsomes. All determinations £SD. N = 8 for all de-
terminations. * = P < 0.01,

The Student ¢ test was used for statistical compari-
son of data. A minimum of P < 0.05 was selected
to represent significant differences between means.

Results

Pulmonary microsomes of control, PCB-treated and
phenobarbital-treated animals (eight in each group)
yielded 0.16 * .02 (SD), 0.17 + .03, and 0.16 = .02
nmol/mg protein, respectively, of cytochrome P-450
(fig. 1). Hepatic microsomal P-450 values in the same
animals were 0.65 + .17 (SD), 1.9 * 0.5,and 1.3 + 0.2
nmol/mg protein, respectively. The concentration of
cytochrome P-450 was three to four times greater in
the liver than in the lung on a per-milligram-micro-
somal-protein basis. Attempts to induce cytochrome
P-450 with PCB or phenobarbital in the lungs were
not successful, but cytochrome P-450 was easily in-
ducible in the livers of the same animals. Exposure
of rabbits to halothane had no effect on pulmonary
cytochrome P-450 levels. Halothane-treated animals
yielded 0.14 = 0.5 nmol/mg protein of cytochrome
P-450 and control animals 0.15 = 0.07 nmol/mg pro-
tein of cytochrome P-450. NADPH cytochrome c re-
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ductase was measured in both pulmonary and hepatic
microsomes (fig. 2). Pulmonary microsomes in control,
PCB-induced, and phenobarbital-induced animals
yielded 37 = 15 (SD), 43 £ 16, and 36 =6 nmol/
min/mg, respectively, of NADPH cytochrome c reduc-
tase. Hepatic microsomes in the same three groups
yielded 34 = 8 (SD), 130 + 40, and 64 = 9 nmol/
min/mg of NADPH cytochrome ¢ reductase. Thus,
NADPH cytochrome ¢ reductase was also not inducible
in the lung, whereas induction was accomplished in
the liver. No malonaldehyde formation by carbon

y-intercept = 214 x 102
X intercept = -11.07
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tetrachloride or methoxyflurane was found in any pul-
monary preparation, although carbon tetrachloride
produced 50 nmol/min malonaldehyde in the non-
induced hepatic microsomal preparation.
Metabolism of methoxyflurane to Huoride was
observed at all protein concentrations (fig. 3) and
was linear throughout the incubation. Protein con-
centrations of 6, 12, and 24 mg/ml yielded 420
*+ 40 (SD), 621 = 51, 903 + 36 pmol/min/ml of free
fluoride in the pulmonary microsomes and 363 + 62
(SD), 538 = 70, and 858 = 89 pmol/min/ml of free

Fic. 4. Lineweaver-Burke double recipro-
cal plot of biotransformation of methoxy-
flurane to free fluoride ion. The Y-axis is
the reciprocal of the velocity of the reaction
in mg/ml/nmol. The X-axis is the reciprocal
of the substrate concentration (methoxy-
flurane) in mmol. N =8 for each point
plotted. Calculated Ky, (methoxyflurane
concentration) and Vg, (free fluoride pro-
duction) for the reaction were 0.09 my and
155 pmol/mg/ml/min, respectively.
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fluoride in hepatic microsomes. Total fAuoride
metabolites at the same protein concentrations were
941 x 67 (SD), 1,420 + 77,and 1,685 + 81 pmol/min/
ml, respectively, in the lung and 888 + 83 (SD),
1,093 £ 109, and 1,838 + 111 pmol/min/ml in the
liver, respectively. When compared with the hepatic
microsomal preparation, the production of free and
total fluoride was comparable in the lung. A Line-
weaver-Burke double-reciprocal plot of free fluoride
formation in pulmonary microsomes showed a Ky, of
0.09 mM and a Vi of 155 pmol/mg/ml/min (fig. 4).

Discussion

We have shown that the pulmonary endoplasmic
reticulum is capable of in-vitro biotransformation of
the halogenated anesthetic methoxyflurane. At three
different protein concentrations, pulmonary micro-
somes biotransformed methoxyflurane quantitatively,
as in the liver, on a milligram-for-milligram basis. Un-
like the situation in the liver, the pulmonary micro-
somal components that we studied (cytochrome P-450
and NADPH cytochrome c reductase) were not induci-
ble by phenobarbital, PCB, or inhalation of halothane.
The reason for this lack of inducibility is unknown,
but other investigators have confirmed the noninduci-
bility of these cytochromes as well as that of cytochrome
b;."* Because of the lack of inducibility of cytochrome
P-450 and NADPH cytochrome ¢ reductase in the
lung, we did not attempt to compare induced hepatic
microsomes with non-induced pulmonary microsomes.
Additionally, we did not perform fluoride studies in
the treated rabbits because on non-inducibility of
cytochrome P-450. .

Comparable studies of in-vitro drug metabolism by
both hepatic and extrahepatic tissues have been com-
plicated by the use of a single experimental tissue,
few animal species, and variable experimental condi-
tions. Litterst et al. analyzed liver, lung, and kidney
for microsomal enzymes? in a variety of animals. In
all species the liver was the most active organ, with
renal and pulmonary activities being 15 to 40 per cent
of those found in the liver. No single species demon-
strated total superiority in its drug-metabolizing ability.
For example, pulmonary microsomes had a very high
demethylase activity for N-demethylation of amino-
pyrine, the significance of which is currently unknown.

Cellular localization of pulmonary mixed-function
oxidase activity has met with little success. Interest in
identifying the site of biotransformation activity has
been important because of the possibility that many
chemical toxins and potential carcinogens require
mixed-function oxidase-catalyzed activation in order
to become carcinogenic. Investigators have suggested
that alveolar cells, bronchial cells, and Clara cells all
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have mixed-function oxidase activity.'® Our study has
made no attempt to delineate from what cell types the
microsomes originated. Dalbey and Bingham recently
described production of trichloroethanol from isolated
rat lung perfused with trichloroethylene.! These in-
vestigators also reported that this metabolic pathway
was capable of being induced by phenobarbital. We
have been unable to demonstrate any induction phe-
nomena in our rabbit-lung microsomal preparation.
Investigations in animals and man with the liver and
kidney as target organs have demonstrated a link be-
tween halogenated anesthetic biotransformation and
viscerotoxicity.”*~"* Additional studies are needed to
determine the pathophysiologic and clinical implica-
tions of halogenated anesthetic biotransformation by
the lung.

The authors acknowledge the consultation of Edmund 1. Eger,
I1, M.D., during the conduct of this study, and the technical help
of Joseph Soltis.
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