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Biotransformation of Drugs Used in Anesthesia

H. F. Cascorbi, M.D., Ph.D.*

WriTIxG about biotransformation of drugs pre-
sents a dilemma. On one hand, the material
is clinically important because some breakdown
products of drugs are themselves pharmaco-
logically active or even toxic; on the other
hand, complicated techniques and chemical
terms that describe events in biotransformation
discourage the clinical anesthesiologist who
needs this information in his daily work. The
present review, therefore, will look at the sub-
ject from the point of view of a clinical con-
sultant with the objective of making the mate-
rial more meaningful to the clinical practice of
anesthesiology. To avoid repetition, the dis-
cussion will not emphasize information covered
in the 196S review by Greene* or the 1971
review by Cohen.?

Assume a patient had a cholecystectomy under
general anesthesia four days ago. He now has
a mild fever, and vague complaints of general
malaise and nausea. \Work-up includes 2 de-
tailed urinalysis. The clinical chemist (using
analvtical methods not generally available to
us) reports that the urine shows elevated levels
of chlorides, bromides, and fluorides, as well as
the presence of methoxydifluoroacetic acid,
dichloroacetic acids, trifluoroacetic acid, oxalic
acid, trifluoroethanol glucuronide, 2-amino-3
methylbenzoic acid, 4-hydroxy-2,6-xylidine,
nor-fentanyl, desproprionol-fentanyl, and a glu-
curonide form of tropanyl tropate. A clinical
consultant called in on such a case would at-
tempt to reconstruct the drug history of this
patient, concentrating on the last four or five
days, since preoperative urinalysis revealed no
abnormal levels of any substance.

The Tons

Chloride occurs abundantly in nature, and
short of employing a specifically labeled chlo-
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rine, it would be impossible to trace its origin.
Fluoride and bromide, however, are not pres-
ent in any significant degree in normal urine.
These halogens will let us immediately think
of halogenated anesthetics, and we should, for
the sake of thoroughness, start with the discus-
sion of simple agents such as chloroform,
CCI;H, and carbon tetrachloride, CCl,.
Although chloroform had been used as a
major volatile anesthetic for more than 120
years, it was not until 1963 that Paul and
Rubenstein 2 reported on the biotransformation
of chloroform in animals. They showed that
chloroform is converted to CO. in rats. How-
ever, data concerning the metabolic fate of
chloroform in man have been lacking until
quite recently. Fry et al.4 investigated the fate
of chloroform in nine volunteers. The chloro-
form was labeled with the nonradioactive iso-
tope, 1°C, and given orally in gelatin capsules.
For eight hours thereafter the subjects exhaled
through 2 gas mask, with the expired gases
measured and assaved for chloroform and CO.
at 10-minute intervals. In addition, blood
samples were drawn and urine collected for 24
hours after the administration of chloroform.
Eighteen to 67 per cent of the chloroform was
exhaled in eight hours. Although chloroform
could be detected in the breath of some of the
subjects 24 hours after dosing, the concentra-
tion was below quantitative measurable limits
and most of the chloroform excreted through
the lungs was expelled in eight hours. The
pulmonary excretion of *CO, was measured
in two subjects. The maximum **CO, concen-
tration appeared 75-220 minutes after adminis-
tration of the capsule. Forty-nine per cent of
the dose appeared as exhaled CO, in one
woman, 51 per cent in one man, and it was
concluded that about half of the ingested dose
of the chloroform was broken down to carbon
dioxide and excreted through the lungs. The
authors postulated the following biotransforma-
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tion of chloroform in man:

CHCI; (chloroform) + H.O + O —
CO, -+ 3 HCI (hydrochloric acid)

This is an overall reaction. The authors
thought it unlikely that the initial reaction was
homolytic fission of the C—Cl bond with forma-
tion of chlorine radicals, since reaction prod-
ucts like methylenedichloride and 1,1,2,2,-tetra-
chloroethane could not be found by very sensi-
tive gas chromographic methods in any of their
experiments. This is in contrast to Butler’s
finding of methylene chloride in mouse livers
in citro.® Yet, the chlorines must be disposed
of during the biotransformation of chloroform
to CO. and could appear in urine as inorganic

chloride.

> Oxalic acid

Methoxyflurane \
Formaldehyde — CO-

x Fluoride F-
Chloride

Fic. 2.
and its metabolites.

Carbon tetrachloride is also metabolized in
the liver. Its carbon-chlorine bond cleavage is
of interest because it seems to result in lipid
peroxidation which has been linked with the
chemical events leading to hepatic cellular
necrosis.®?,

The other urinary metabolites in our ficti-
tious case cannot help us in deciding whether
our patient had been exposed to chloroform or
carbon tetrachloride.

The presence of bromide in the urine of our
patient suggests the ingestion of bromides. For
many yvears bromides were used as sedatives,
but they have now largely disappeared from
the medical armamentarium. Bromine, of
course, can be part of the molecule of a volatile
anesthetic, and the list of metabolites will have
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to be examined for other clues indicating a
brominated inhalation anesthetic.

Fluorides occur in toothpaste, in water, and
in several solid drugs, but in such low con-
centrations that noticeably elevated urinary
fluoride levels should be alarming. Again, sev-
eral inhalation anesthetics and the convulsant
flurothy] (Indoklon) contain fluorine, and so
the other metabolites in the patient’s urine will
have to be examined to see which hydrocar-
bons or ethers might have served as sources of
this halogen.

The Acids

Several of the acids listed as being found in
the urine of this patient invite close scrutiny,
particularly in light of a general rule that the
biotransformation of ethers and hydrocarbons
often leads to formation of organic acids.

Trifluoroacetic acid: There is little likelihood
that the body would have fixed three fluorines

Probable cnzymes
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to a single carbon in the process of interme-
diary metabolism of a drug. Indeed, it is very
difficult for intermediary metabolism to remove
a fluorine from a carbon that carries three
fuorines.’® Trifluorocarbons are biostable,
whereas difluorocarbon bonds can break in the
body. The CF; radical found in the urine of
the present patient must, therefore, be listed
as a constituent molecule of one of the drugs to
which the patient was exposed.

Dichloroacetic acid: It is unlikely that the
body chlorinated an acetic acid radical, but it
is possible that the parent drug carried two or
more chlorines on a carbon.

Methoxydifluoroacetic acid: We have already
seen that the parent substance for this particular
acid could not have been a compound contain-
ing a trifluorocarbon because of the stability of
CF;~. Furthermore, the methoxydifluorocar-
bon configuration (CH;—O—CF,) shows an
oxygen bridge of an ether.

Inhibitors
CO:

CF:CH-—0—CH=CH:

Fluroxene

P450 System

Carbon tetrachloride

to Glucuronide

e

CF;CH-OH
Trifluorcethanol
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Catalase
CF,COH
Trifluoroacetaldehyde

Acetaldehydeoxidase Disulfiram

CF,;COOH

Trifluoroacetic acid

Fc. 3.

I2ostulated pathways of fl

biot fi jon

20z ludy 0z uo 3senb Aq jpd'$0000-00080€ L6 L-Z¥S0000/0E LEBTZ/S | L/Z/6E/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



118

Ozxalic acid: This acid has been postulated
as a potential metabolite of methoxyflurane
and is said to contribute to the nephrotoxicity
of methoxyflurane, which will be discussed
later.

At this point it is time to sketch the com-
monly used inhalation anesthetics that contain
bromine, chlorine, and fuorine, and list their
products of biotransformation 1-** (see figs. 1,
2, and 3). Methoxyflurane (Penthrane), halo-
thane (Fluothane), and fluroxene (Fluoromar)
are agents that might explain the acids and
jons already discussed.

Metabolism of Anesthetics in General

At first glance it is surprising that volatile
anesthetics which are taken up by the lung and
to a large degree leave the body by the same
route can be transformed into nonvolatile
products as well as into volatile CO.. The
nonvolatile products are excreted in the urine,
bile and feces.** The most important avenue
for excretion, however, is the kidney, and non-
volatile metabolites of inhalation anesthetics
can be found for many days in the urine of
patients after a single exposure.

The long delay in excretion may be caused
not only by limitations in renal transport of
these metabolites, but also by the fact that anes-
thetics are fat-soluble and are, therefore, stored
in body compartments for many days. These
compartments slowly feed anesthetic into the
metabolic biotransformation process, which de-
posits its end-products in the urine. Thus, ra-
dioactivity, presumably labeled trifluoroacetic
acid, a halothane metabolite, was found in the
urine 24 days after a single exposure to halo-
thane.®* With refined methodology, trace
amounts of anesthetic metabolites might be de-
tected for even longer periods.

FacTtors INFLUENCING METABOLISM OF
VOLATILE ANESTHETICS

It has been suggested that anesthetics might
inhibit their own metabolism, i.c., the more
volatile anesthetic present, the less metabolism
should take place.?>2¢ This was based on
studies in miniature swine in which the amount
of anesthetic taken up by the liver was as-
sumed to be equal to the amount metabolized.
Several other observations, however, indicate
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that the rate of metabolism of volatile anes-
thetics is not decreased during anesthesia.
Topham et al.,** for example, have shown in
mice that the rate of halothane metabolism is
highest during halothane anesthesia and de-
clines progressively after anesthesia. Yet, the
amount of metabolites excreted during halo-~
thane anesthesia may be small in comparison
with the amount excreted after anesthesia, the
latter presumably derived from metabolism of
halothane released from body depots.

In experiments on ourselves, we injected
very small amounts of radioactive halothane in-
travenously (about one ten-thousandth of an
anesthetic dose) and measured the amounts of
radioactive metabolite in the urine. At a suit-
able time later we repeated the experiment
after being anesthetized with halothane. The
difference between labeled metabolite produc-
tion two hours after injection of tracer was
surprisingly small.>3 Furthermore, E. Cohen
reported the appearance of nonvolatile metab-
olites almost immediately after onset of anes-
thesia in mice.*s: 2* Finally, we studied the ef-
fect of fluroxene anesthesia on postanesthetic
mortality in mice and found that postanesthetic
death occurred earlier and more frequently
when the mice had been pretreated with
phenobarbital, which increases the production
of a toxic metabolite (vide infra). If anes-
thesia suppresses fluroxene metabolism, mice
should not die more frequently during anes-
thesia. e, therefore, took two groups of
mice, one pretreated and one nontreated, and
anesthetized them for four hours with fluroxene.
The pretreated mice (fast metabolizers) died
during anesthesia, whereas the nontreated mice
(slow metabolizers) recovered from anesthesia
and died later.?®

GExETIC FacToRs IN METABOLISM

The center of metabolism is the liver, and
particularly its P-450 system, a nonspecific
drug-metabolizing enzyme system. The activ-
ity of this system is dependent on two factors,
i.e., environmental and genetic influences.

The metabolism of halothane is powerfully
influenced by the genetic make-up of an indi-
vidual, but is probably also affected by the
environment. Genetic studies in man are se-
verely limited by the techniques available to-

20z ludy 0z uo 3senb Aq jpd'$0000-00080€ L6 L-Z¥S0000/0E LEBTZ/S | L/Z/6E/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Aunesthesiology.
v’ 39, No 2, Aug 1973

BIOTRANSFORMATION OF DRUGS

119

H
|
-~ x
X @
O Z
7
CH H
| |
e
\/.\-—c<
(T >
/
a4 / —OH
Cl C=N
@
Dinzepam Oxazepam
CH;
!
S
X 2
% S
A 7

Fic. 4. Chemical structure of diazepam and major metabolites.

day. One can really study this only in iden-
tical twins who have identical genes. If drug
metabolism of identical twins in different en-
vironments is always identical, but large dif-
ferences exist between sets of twins, genetic
factors must be assumed to control drug me-
tabolism. This is numerically expressed by the

h factor, which can vary from 0.0 to 1.0. An
h factor of 1.0 means complete genetic control,
and a factor of 0.0, no genetic control, of the
modality under study. For halothane, the h
factor is 0.89.31 This means that almost 90
per cent of halothane metabolism in identical
twins is controlled by genetic factors. The

20z ludy 0z uo 3senb Aq jpd'$0000-00080€ L6 L-Z¥S0000/0E LEBTZ/S | L/Z/6E/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



. Aesthesi
120 H. F. CASCORBI v 39, No ;',5:55")1'3%
CH: EC:Hs
-NH-CO-CH:-N
CHa C:Hs
Lidocaine

m-hydroxylidocaine

Monoethylglycinexylidide

m-hydroxymono-
ethylglyvcinexylidide

N-ethylglycine

2-amino-3 methylbenzoic acid

Fic. 5.

genetic make-up of an individual may also de-
termine the degree to which biotransformation
can be influenced by the environment.?*3*
Some evidence ** indicates that anesthesiol-
ogists metabolize more halothane than persons
not exposed to this anesthetic. Environmental
factors facilitate or inhibit metabolism, and the
effects vary from individual to individual, pre-
sumably because of genetic differences.

Toxicity of the Metabolites
of Volatile Anesthetics

NoxspeciFic Toxicrry

Strong organic acids tend to be bound to
plasma proteins. This creates opportunities for
drug interaction, because organic acids may
displace other protein-bound drugs from their
binding sites. Recently much has been said
about drug interactions in general and protein
binding in particular, and many examples in
which the displacement of a protein-bound

Acetaldehyde
4

Glycinexylide

2,6-xylidine

4-hydroxy-2,6-xylidine

1-hydroxy 2,6 dimethylanaline]

Lidocaine and major metabolites.

drug from its binding site can lead to adverse
drug reactions have been cited.** Whether
the concentrations of organic acids derived
from volatile anesthetics are sufficient for clin-
ically demonstrable drug reactions to occur on
this basis remains to be seen.

Seeciric Toxic EFrecTs

Afore important than this type of nonspecific
toxicity are fairly specific toxic effects produced
by metabolites. We have already mentioned
the toxic effects of the metabolites of carbon
tetrachloride, a model extensively used in stud-
ies of hepatotoxicity produced by halogenated
hydrocarbons. Carbon tetrachloride, however,
may be a unique example, and the toxicity seen
with the more complex halogenated hydrocar-
bons and ethers may not be based on the
carbon tetrachloride mechanism.33

Recently, Johnston 3¢ reported that four
hours of anesthesia with fluroxene kills dogs
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Fic. 6. Mepivacaine and
two metabolites.

after anesthesia. This led us 37 to investigate
the pharmacology and toxicology of fluroxene
and its products of biotransformation in mice.
We found that mice which had recovered from
four hours of light fluroxene anesthesia invari-
ably died within a day in a characteristic
crouching position, with an unusually early
onset of rigor mortis. Since fluroxene is trans-
formed to trifluoroethanol in mice ** and tri-
fluorcethanol is quite toxic,3%*® we suspected
trifluoroethanol (fig. 3) as the offending
agent. To test this, we manipulated the me-
tabolism of mice by pretreating them with
drugs that either increase or decrease the me-
tabolizing enzymes in the liver. We found
that more mice died when hepatic enzymes
had been increased. Suppression of hepatic
enzymic activity protected the animals against
death after fluroxene anesthesia. This strongly
supports the thesis that biotransformation of
volatile anesthetics occurs and that the ability
of the organism to metabolize these anesthet-
ics is variable and subject to manipulation.
Most important, however, is the emerging con-
cept that the metabolites may be toxic.
Trifluoroethanol fulfills all requirements of
a toxic substance: it is toxic regularly and pre-
dictably, which is not the case with agents
causing sensitivity reactions, and there is a re-
lationship between dose and toxic effect.®
Today it is accepted that the renal damage
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after methoxyflurane anesthesia is a reproduc-
ible, dose-dependent phenomenon related di-
rectly to the levels of inorganic fluoride in the
patient’s serum.i°-4¢ The critical serum thresh-
old for fluoride is between 80 and 100 pM/L
At these levels one can expect laboratory evi-
dence of renal dysfunction. \When fluoride
levels rise higher than 150/200 xM/I, clinical
evidence of renal dysfunction occurs. This
may suggest that small amounts of methoxy-
flurane can be employed safely because only
low concentrations of fluoride will be pro-
duced. However, patients who are capable of
metabolizing methoxyflurane faster than nor-
mal because of genetic and environmental in-
fluences and whose renal tubular cells are un-
usually sensitive to fluoride could suffer renal
damage from methoxyflurane in doses that are
innocuous to most people.

Trace Amounts of Anesthetics

Continuously improving methods for demon-
strating trace amounts of anesthetics and their
metabolites have provided data indicating
that operating room personnel frequently have
minute amounts of anesthetics in their expired
air and trace amounts of metabolites in their
urine.#% 46 4 If such occupational exposures
to traces of anesthetics in the operating room
lead to measurable amounts of urinary metabo-
lites, slight contamination of soda lime canis-
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ters from previous anesthetics or a leaky vapor-
jzer can also contaminate a patient’s air and
may lead to “inexplicable” metabolites in his
urine.

The Other Metabolites

The diazepam and oxazepam discovered in
the urine of our hypothetical patient are, of
course, easily traced to the ingestion of diaze-
pam (Valium), which the patient presumably
received because of anxiety. The metabolism
of agents of this nature {fig. 4) can follow vari-
ous pathways,$-53 including demethylation and
hydrosylation, which in turn result in metabo-
lites which become hydroxylated-demethylated
to form oxazepam. The formulas suggest that
the less polar diazepam is converted to a more
polar, more water-soluble form, and is there-
fore more easily excreted in the urine. The
changes in structure are slight, and conse-
quently there are only minor changes in bio-
logic activity. All diazepam metabolites are
active CNS depressants, oxazepam being about
half as active as diazepam on a molar basis.*$
Most of diazepam is excreted in the urine,
some of it in the feces and the saliva.5* The
half-life of diazepam, between 7 and 10 hours,
is the result of a combination of the activities
of all metabolites. After four hours de Jong 3¢
found a slight increase in diazepam activity
(bioassayed by measuring protection against
convulsions in cats), which he attributed to
peaking of oxazepam levels.

Other substances in our patient’s urine, such
as 2-amino-methylbenzoic acid and 4-hydroxy-

Fentanyl and two possible metabolites.

2 6-xvlidine, are the principal breakdown prod-
ucts of lidocaine (Xvlocaine) (fig. 3).55-%2
There are other pathways for the metabolism
of lidocaine, but they are of minor importance
in most individuals. One can speculate whether
there are patients who metabolize lidocaine by
onc of the unusual pathways and whether this
might have adverse effects on them. Since the
amount of lidocaine metabolism depends on
the activity of the microsomal hepatic en-
zvmes,* large differences in quantities of lido-
caine metabolites are to be expected in man.

One of the intermediary metabolites of lido-
caine, monoethylglycinexylidide, has marked
antiarrhythmic activity in mice and dogs, and
it has been postulated that this metabolite may
contribute to or be responsible for the anti-
arrhythmic action of lidocaine.s®

The formula of mepivacaine (Carbocaine) is
shown in figure 6. The metabolites of mepivi-
caine, once again, are demethylation and hy-
droxylation products, which make the com-
pounds more polar and easier to excrete in the
urine.®0% 6t

The demonstration of breakdown products
of fentanyl (Sublimaze) and atropine in urine
of our patient four days postoperatively sug-
gests that the patient had these drugs only re-
cently, because these drugs are given in small
doses and have short half-lives and current
assays for them are not highly sensitive. In-
deed, study of the metabolism of fentanyl in
man is at present almost impossible because of
its high degree of biologic activity. Studies in
rats indicate two possible metabolic end prod-
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Fic. 8. Atropine with two dif-
ferent ¥C labels. ©= N-methyl
label; ° = 2,4-tropine label.

ucts—one produced by hydrolysis of the side
chain leading to desproprionolfentany], and the
other by oxygenation at the nitrogen, forming
nor-fentany] (see fig. 7).°2 In either case, the
biologic half-life of fentanyl in man is con-
siderably shorter than the half-life of any other
opioid drug.®® The major route of excretion of
fentanyl and its metabolites is undoubtedly
the urine.

Atropine is usually depicted by a formula
that shows the tropine moiety as a rectangle.
Figure 9 shows a structure that is somewhat
closer to reality, a peculiarly formed ring. A
very thorough study of radioactively labeled
atropine in man showed that 77-93 per cent
of injected atropine is excreted in the urine.®- %
The investigators used two labels, one at the
methy] connected to the nitrogen in the ring,
the other at the two carbons adjacent to the
oxygen in the ring. Only the methyl label was
excreted as CO., indicating that demethylation
at this point is one pathway of metabolic dis-
position of atropine in man. About 3 per cent
of the label was exhaled as CO, in three hours.
The bulk of the metabolite was excreted in the
urine, mostly as a glucuronide. Urinary excre-
tion of atropine occurs at two rates, which
seems to indicate that there are at least two
different metabolic events, one slower than the
other.5 66 It is also interesting that the blood
levels of atropine could be related to its phar-
macologic activity.® Low blood levels slow
the heart rate and high blood levels increase it.

Conclusion

What anesthetics did the patient receive?
The elevation of urinary fluorides together with
methoxydifluoroacetic acid and dichloroacetic
acid suggests methoxyflurane. Trifluoroethanol
is a breakdown product of fluroxene.®® Tri-
fluoroacetate can be derived from either flur-
oxene or halothane.?t 1If the latter two com-
pounds are present in trace quantities only,
and if they are not listed on the anesthetic
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(’JH:OH
0—CO—CH—

record, contamination of soda lime or rubber
equipment is their most likely source. The
other metabolites can be explained by pre-
medicants and postoperative analgesic drugs.
However, we cannot say whether the patient’s
symptoms are related to drug intake and to the
potential toxicity of metabolites. Much remains
to be learned about the symptomatology pro-
duced by metabolites of inhalation anesthetics
and other drugs extensively used in medi-
c"ne'ﬂf, 63

References

1. Greene NM: The metabolism of drugs em-
ploved in anesthesia. Part I. ANESTHESIOL-
ocy 29:127-144, 1968. Part II. ANEs-
TuesioLocy 29:327-360, 1968

Cohen EN: Metabolism of the volatile anes-
thetics. ANESTHESIOLOGY 33:193-202, 1971

. Paul BB, Rubinstein D: Metabolism of car-

bon tetrachloride and chloroform by the rat.
J Pharmacol Exp Ther 141:141-148, 1963
4. Fry BJ, Taylor T, Hathaway DE: Pulmonary
elimination of chloroform and its metabolite
in man. Arch Int Pharmacodyn Ther 196:
96-111, March 1972
Butler TC: Reduction of carbon tetrachloride
in vivo and reduction of carbon tetrachloride
and chloroform in vitro by tissues and tissue
constituents. J Pharmacol Exp Ther 134:
311-319, 1961
. Hashimoto S, Glende EA, Recknagel RO:
Hepatic lipid peroxidation in acute fatal hu-
man carbon tetrachloride poisoning. N Engl
J Med 279:1082, 1968

. Survanarayana R, Recknagel RO: Early onsct
of lipoperoxidation in rat liver after carbon
tetrachloride administration. Exp Mol Pathol
9:271, 1968

8. Suryanarayana R, Recknagel RO: Early incor-
poration of carbon-labeled carbon tetrachlo-
ride into rat liver particulate lipids and pro-
teins. Exp Mol Pathol 10:219, 1969

Glende EA, Reck 1 RO: Biochemical basis
for the in citro pro-oxidant action of earbon
tetrachloride. Exp Mol Pathol 11:172, 1969

10. Van Dyke R4, Chenoweth MB: The metab-

olism of volatile anesthetics. II. In citro
metabolism of methoxyflurane and halothane
in rat liver slices and cell fractions. Biochem
Pharmacol 14:603-609, 1965

[

(=]

w

(=]

=~

©

20z ludy 0z uo 3senb Aq jpd'$0000-00080€ L6 L-Z¥S0000/0E LEBTZ/S | L/Z/6E/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



124

1

—
19

13.

14,

16.

17

18.

~

Holaday DA, Rudofsky S, Treuhaft PS: The
metabolic degradation of methoxyflurane in
man. ANESTHESIOLoOGY 33:579-593, 1970

. Fiscrova-Bergerova V: Effects of drug pretreat-

ment on fluorine levels in bones following
methoxyflurane and ethrane anesthesia. Ab-
stract 36, ASA Meeting, New York, New
York, 1970

Blake DA, Barry JO, Cascorbi HF: Qualitative
analysis of halothane metabolites in man.
ANEsTHESIOLOGY 36:152-154, 1972

Geddes JC: Metabolism and distribution of
halothane=82 Br. Laval Med 42:574-381,
1971

5. Rehder K, Forbes J, Alter H, et al: Halothane

biotransformation in man: A quantitative
study. ANEsTHEstoLoGy 28:711-715, 1967

Stier A: Trifluoroacetic acid as metabolite of
halothane. Biochem Phammacol 13:1544,
1964

Stier A: Zur frage der stabilitiit von halothan
(2-brom-2-chlor-1,1-trifluroathan) im stoff-
wechsel.  Natunwissenschaften 51:65, 1964

Stier A, Alter H, Hessler O, et al: Urinary
excretion of bromide in halothane anesthesia.
Anesth Analg 43:723-728, 1964

. Stier A, Alter H: Stoffwechselprodukte des

halothan in urin. Anaesthetist 15:154-153,

1966

20. Stier A: The biotransformation of halothane.

a7,

ANEsTHEsIoLoGY 29:388-390, 1968

. Blake DA, Cascorbi HF: A note on the bio-

T

H. F. CASCORBI

Anesthesiology
V 39, No 2, Aug 1973

perature autoradiography to studies of the
uptake and metabolism of volatile anesthetics
in the mouse: 1II. Halothane. ANEsTHE-
stoLocy 31:353-559, 1969

30. Cascorbi HF: Unpublished

31. Cascorbi HF, Vesell ES, Blake DA, et al:
Genetic and environmental influence on halo-
thane metabolism in twins. Clin Pharmacol
Ther 12:50-55, 1971

32, Vesell ES, Page JG: Genetic control of the
phenobarbital-induced shortening of plasma
antipyrine half-lives in man. J Clin Invest
48:2202-2209, 1969

33. Vesell ES: Genetic and environmental factors
affecting drug response in man. Fed Proc
31:1253-1269, 1972

34. Sellers EM, Koch-Weser J: Kinetics and clin-
ical importance of displacement of warfarin
from albumin by acidic drugs. Ann NY
Acad Sci 179:213-225, 1971

33. Klaassen CD, Plaa GL: Comparison of the
biochemical alterations elicited in livers from
rats treated with carbon tetrachloride, chloro-
form, 1,1,2-trichloroethane and 1,1,1-tri-
chloroethane. Biochem Pharmacol 18:2019-
2027, 1969

36. Johnston RR, Thomas JA: Toxicity of fluroxene.
Abstract, Annual Meeting American Society
of Anesthesiologists, Atlanta, 1971, 153-154

37. Cascorbi HF, Singh-Amaranath AV: Fluroxene
tosicity in mice. ANESTHEsIoLoGY 37:480-
482, 1972

38. Airaksi MM, T: T: Toxic actions of

transformation of fl in two v
ANESTHEsIOLOGY 32:560, 1970

23, Blake DA, Rozman RS, Cascorbi HF, et al:

Anesthesia LXXIV: Biotransformation of flur-
oxene 1. Metabolism in mice and dogs in
vito. Biochem Pharmacol 16:1237-1248,
1967

23. Cascorbi HF, Blake DA, Helrich M: Differ-

ences in the biotransformation of halothane
in man. AxEsTHEsoLocy 32:119-123, 1970

24, Cascorbi HF, Blake DA: Trifluorocthanol and

halothane biotransformation in man. ANEs-

THESIOLOGY 35:493-495, 1971

95, Sawver DC, Eger EI II, Bahlman SH, et al:

Concentration dependence of hepatic halo-
thane metabolism. ANEsTHESIOLOGY 34:230—
235, 1971

. Halsey MJ, Sawyer DC, Eger EI II, et al:

Hepatic metabolism of halothane, methoxy-
flurane, cyclopropane, Ethrane and Forane in
miniature swine, ANESTHESIOLOGY 33:43—47,
1971

Topham JC, Longshaw S: Studies with halo-
thane: I. The distribution and excretion of
halothane metabolites in animals. ANEs-
rHEsIoLocy 37:311-323, 1972

. Green K, Cohen EN: On the metabolism of

14-C diethyl ether in the mouse. Biochem
Pharmacol 20:393-399, 1971

. Cohen EN, Hood H: Application of low-tem-

the metabolites of halothane: LD* and some
metabolic effects of trifluoroethanol and tri-
fluoroacetic acid in mice and guinea pigs.
Ann Med Exp Fenn 46:242-248, 1968
39. Blake DA, Cascorbi HF, Rozman RS, et al:
Animal toxicity of 2,2,2-triffuoroethanol.
Toxicol Appl Pharmacol 15:83-91, 1969
40. Mazze RI, Shue GL, Jackson SH: Renal dys-
function associated with methoxyflurane an-
esthesia: A randomized prospective clinical
study. JAMA 216:278-288, 1971
. Holaday DA, Yoshimura N, Fiserova-Bergerova
V, et al: Relationship between methoxy-
flurane metabolites and renal concentration
ability. Abstract, Annual Meeting, American
Society of Anesthesiologists, Boston, 1972,
4142
2, Varela F, Menes C, Lowe HJ, et al: Correla-
tion between methoxyflurane dose, serum in-
organic fluoride and remal function. Ab-
stract, Annual Meeting, American Society of
Anesthesiologists, Boston, 1972, 4748
. Creasser C, Stoelting RK: Serum inorganic
fluoride concentrations after methoxyflurane
anesthesia in man. Abstract, Annual Meet-
ing American Society of Anesthesiologists,
Boston, 1972, 248
44. Cousins MJ, Mazze RI: Dose-related nephro-
toxicity due to methoxyflurane anesthesia in

4

=

M
]

oa
(=]

20z ludy 0z uo 3senb Aq jpd'$0000-00080€ L6 L-Z¥S0000/0E LEBTZ/S | L/Z/6E/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Anesthesiology

V 39, No 2, Aug 1973

46.

M
=1

48.

4

©

A

o0,

man. Abstract, Annual Mecting, American
Society of Anesthesiologists, Boston, 1972,
243

. Whitcher CE, Cohen EN, Trudell JR: Chronic

Exposure to ancsthetic gases in the operating
room. ANESTHEsIOLOGY 35:348-353, 1971
Hallen B, Ehmer-Samuel H, Thomason M:
Measurements of halothane in the atmosphere
of an operating theatre and in expired air
and blood of personnel during routine anaes-
thetic work. Acta Anaesth Scand 14:17-27,

1970

. Gotell P, Sundell L: Anaesthetists” exposure to

halothane. Lancet II: August 26, 1972, 424

Randall LO, Scheckel CL, B: RF: Phar-
macology of the metabolites of chlordiazep-
oxide and diazepam. Curr Ther Res 7:590~
609, 1965

. DeSilva AF, Koechlin BA, Bader G: Blood

level distribution patterns of diazepam and
its major metabolite in man. J Pharm Sci
35:692-702, 1966

. Schwartz MA, Koechlin BA, Postma E, et al:

Metabolism of diazepam in rat, dog and
man. J Pharmacol Exp Ther 149:423-435,
1965

. Kleijn E van der: Kinetics of distribution of

metabolites of diazepam in animals and hu-
mans. Arch Int Pharmacodyn 182:433-436,
1969

2. Coutinho CB, Cheripko JA, Carbone JJ: Corre-

lation between the duration of the anticon-
vulsant activity of diazepam and its physio-
logical disposition in mice. Biochem Phar-
macol 19:363-379, 1970

. Marcucei F, Guaitani A, Fanclli R, et al:

Metabolism and anticonvulsant activity of
diazepam in guinca pigs. Biochem Phar-
macol 20:1711-1713, 1971

. de Jong RH, Heavner JE: Time course of

diazepam protection from Iocal anesthetic
convulsions.  Abstract, Annual Meeting,
American Society of Anesthesiologists, Bos-
ton, 1972, 225-226

Keenaghan JB, Boyes RN: The tissue distribu-
tion, metabolism and excretion of lidocaine
in rats, guinea pigs, dogs and man.
Pharmacol Exp Ther 180:454—463, 1972

. DiFazio CA, Brown RE: Lidocaine metabolism

BIOTRANSFORMATION OF DRUGS

6l.

<D
9

66.

]

125

in normal and phenobarbital-pretreated dogs.
ANESTHESIOLOGY 36:238-243, 1972

. Akerman B, Astrom A, Ross S, et al: Studies

on the absorption, distribution and metab-
olism of labelled prilocaine and lidocaire in
some animal species. Acta Pharmacol Toxicol
24:389-£03, 1966

. Lund PC, Cwik JC: A correlation of the dif-

ferential penctration and the systemic toxicity
of lidocaine, mepivicaine and prilocaine in
man. Acta Anaesth Scand supp! 23:475-
482, 1966

. Smith ER, Duce BR: The acute antiarrhythmic

and toxic effects in mice and dogs of 2-ethyl-
amino-2’, 6%-acetoxylidine (L-86), a metab-
olite of lidocaine. J Pharmacol Exp Ther
179:580-5835, 1971

Hansson E, Hoffmann P, Kristerson L: Fate of
mepivicaine in the body: II. Excretion and
biotransformation.  Acta Pharmacol Toxicol
(Kbh) 22:213-223, 1965

Kristerson L, Hoffmann P, Hansson E: Fate of
mepivicaine in the body: I. Whole-body
autoradiographic studies of the distribution of
HC-labelled mepivicaine in mice. Acta Phar-
macol Toxicol (Kbh) 22:2035-212, 1965

2. Maruyama Y, Hosoya E: Studies on the fate

of fentanyl. Keio J Med 18: 59-70, 1969

Downes JJ, Kemp RA, Lambertsen CJ: The
magnitude and duration of respiratory de-
pression due to fentanyl and meperidine in
man, J Pharmacol Exp Ther 158:416-120,
1967

Kalser SC, McLain PL: Atropine metabolism
in man. Clin Pharmacol Ther 11:214-227,
1970

. Kalser SC: The fate of atropine in man. Ann

NY Acad Sci 179:667-683, 1971

Wemer G: Metabolism analysis and autoradio-
graphic demonstration of atropine, scopolo-
mine (C-14, H3) and of their metabolites in
various mammals. Strahlentherapie [Sonderb]
67:365-375, 1968

. Reynolds ES, Brown BR, Vandam LD: Mas-

sive hepatic necrosis after fluroxene anes-
thesin—case of drug interaction? N Engl J
AMed 286:5330-531, 1972

. Cluff LE, Thomnton G, Seidl L, et al: Epi-

demiological study of adverse dmg reactions.
Trans Assoc Am Physicians 78:255-268, 1965

20z ludy 0z uo 3senb Aq jpd'$0000-00080€ L6 L-Z¥S0000/0E LEBTZ/S | L/Z/6E/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



