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Abstract-The metabolism in uiuo of several volatile anesthetics has been determined 
in the rat. The anesthetics studied were ether, chloroform, methoxyflurane, and halo- 
thane, all of which have been obtained isotopically labeled with chlorine-36 or carbon- 
14. The extent of conversion of these anesthetics to WO, and urinary metabolities 
labeled with 14C or 3BC1 is presented as a percentage of the amount of anesthetic 
administered. 

THE volatile anesthetics have been placed in a group of materials considered to be, 
ad hoc, biochemically inert. This classification has been based on work which has 
lacked the proper sensitivity to detect transformations as they occur. The use of 
radioactive isotopes as tracers, as currently employed, has the proper sensitivity 
for metabolic studies of this nature and has enabled several investigators to determine 
the metabolism of various materials previously thought not to be metabolized. 

Recent publications have shown that chloroform is metabolized in both in vitro 

and in vivo systems.l-3 Although not a material one would care to use for clinical 
anesthesia, carbon tetrachloride is an extremely potent anesthetic,* and it has been 
found to be metabolized by several groups of investigators.2, 3y 5 It was recognized 
quite early that trichloroethylene is very extensively metabolized. This was originally 
reported by Barrett and Johnson6 and more recently by Daniel.7 

Methyl chloroform, l,l,l-trichloroethane, was found to be a potent anesthetic 
in man by Dornette and Jones,* and its biotransformation in the rat was reported by 
Hake et al.” This paper presents evidence that diethyl ether, chloroform, metoxy- 
flurane,: and halothanes are metabolized. 

METHODS 

The anesthetic agents were obtained isotopically labeled as follow s : 14C-chloroform 
and diethylG%-ether purchased from New England Nuclear Corp. ; I%-methoxy- 
flurane labeled in the methyl group prepared for us by Dr. E. Larsen of the Halogens 
Research Laboratory, The Dow Chemical Co. ; WZl-methoxyflurane and halothane 
prepared by New England Nuclear Corp. by the chlorine-36 chlorination of inter- 
mediates supplied by the Halogens Laboratory; Wl-chloroform purchased from 
Volk Radiochemical Co. All materials were purified by vapor-phase chromatography. 

$ 2,2-Dichloro-l,l-difluoroethylmethyl ether, 
3: 1 , 1, I -Trifluoro-2-chloro-2-bromoethane. 
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Vapor phase-chromatography with an electron capture and a hydrogen flame 
detector on a Wilkins Aerograph Hy-Fi model 600-C showed that detectable impurities 
in the 3~Cl-halothane were 0.50% and the detectable impurities in the t4C and 3%X 
methoxyflurane were 0.18 y,. There were no detectable impurities in thel4C chloroform 
and l*C-diethyl ether. 

The anesthetics had the following isotopic activity per 0.1 ml: t”C-chloroform, 
I.06 x IO7 disintegrations/min (dpm); diethyi-I-t,rC-ether, I.84 \ 107 dpm; r%Y- 
Ineth(~xyffurane, 9.8 :; IO” dpm; ““Cl-lncthoxyflurane, I.29 x’ 107 dpm; ssCl- 
ll~ilothane, 2.13 x 107 dpm. 

The entire study to date has been carried out in rats not selected on the basis of sex 
but chosen on a weight basis (200 _+ 15 g). Administration of the anesthetics was by 
intraperitoneal injection of 0.1 ml doses. Immediately after the injection the animals 
were placed in an all-glass metabolism cage as previously described by Hake et n/.,9 
which was designed to atlow the recovery of the expired gases and separate collection 
of urine and feces. The animals remained in these containers for periods up to 96 hr 
and were given access to food and water. 

The air entering the system was dry and COs-free, and was drawn through the 
metabolism cage and then through a series of scrubbing towers which allowed the 
recovery of either the metabolically produced COs or the anesthetic, or both, from the 
expired air of the animai, depending on the solution in the towers. The COa was 
collected in 2 N NaOH, and the anesthetic was collected in xylene. All the anesthetics 
studied were stable in basic solution with the exception of chloroform. To determine 
this, a sample of each of the anesthetics was placed in the empty metabolism cage. 
Collections in NaOH were made as they would be if an animal were in the cage. Only 
in the case of chloroform was any isotopic activity detectable in the NaOH. 

The special precaution of removing the chloroforIn from the expired air prior to the 
removal of the COs therefore had to be accomplished, or falsely high results were 
obtained. The chloroform was removed by passing the expired air through xylene 
before the passage through the sodium hydroxide. This was also how the methoxy- 
flurane and halothane were removed from the expired air of the rats. It was determined, 
however, that there was no difference in either total or hourly excretion of 14COs 
if the xylene was not included in the collection train. Aliquots of the xylene solution 
were taken for counting in the Packard Tri-Carb scintillation spcctrometcr. 

The CO2 which was collected in the sodium hydroxide was regenerated in a 
closed system containing a vial of 5 ml I M p-(diisobutyl-cresoxy ethoxyethyl)dimethyl 
benzylammonium hydroxide (hydroxide of Hyamine). The method is described by 
Possman et d.10 To the 5 ml of hydroxide of Hyaminc solution ~oiit~~il~ii~g the CO2 
was added 15 ml of a toluene-alcohol scintillation fluid prepared with 660 ml toluene, 

300 ml absolute ethanol, and 40 ml toluene containing 4 g PPO (2,5-diphenyloxazole) 
and 50 ml POPOP (p-bis(2-[5-phenyloxazolyl])benzene. The mixture was then counted 
in the scintillation counter. Because of the high volatility and water solubility of 
diethyl ether the r4COs collected in NaOH from these animals was precipitated as 
the barium salt. The COs was then regenerated from the BaCOs in the above system. 
This method was also performed as a check on the “CO~ recovery from the other 
anesthetics. 

The urine was collected while the animal was in the metabolism cage and was 
removed for analysis for isotopic content. The urine samples were taken to dryness 
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by means of a vacuum and then resuspended in water for counting. This was done to 

ensure that the isotopic activity in the urine was not a volatile material. 
As a rule the animals were narcotized by the anesthetic injection; however, it was 

difficult to assess the level of anesthesia since even a normal animal was inactive when 
placed in the metabolism cage. 

The rats which had been injected i.p. with 0.1 ml of l-‘XI-dicthyl ether were narco- 

tized for periods up to 2 hr. However, after their initial arousal from anesthesia, they 
remained almost as inactive in the cage as during anesthesia. The results from five 
animals of the hourly r”COs exhalation are presented in Fig. 1. The total radioactivity 

6 

TIME. HOURS 

FIG I. The pattern of the “COi exhalation after a single dose of diethyl-I-‘“C ether 

administered to 5 rats. 

in the CO2 collected in a 24 hr period was 4 ‘A of the amount injected. The urine was 
collected over the 24-hr period and contained 2% of the injected radioactivity, none 
of which was volatile, since the samples were taken to dryness before being counted. 

Chloroform 

The chloroform used in this study was labeled isotopically with either carbon-14 
or chlorine-36. Since chloroform is base unstable, care was taken to exclude the 
possibility that any of the Cl402 collected had arisen from anything except the bio- 
transformation of chloroform. The total amount of 14COs collected was 4-5x of 
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the total W-chloroform injected. In this case the anesthesia produced by a 0.1~ml 
injection of chloroform was variable, since in some cases the animals slept for 4 hr 
and in other cases the animals were barely anesthetized, sleeping for only a few minutes. 
The results of the hourly COS collection are presented in Fig. 2. Because of the variation 
in sleeping times and total conversion to COZ, the data from 30 animals were used in 

this figure. 
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FIG. 2. The pattern of WO, exhalation by 30 rats after a single dose of W-chloroform. 

Because of the variation in appearance of the I%-labeled metabolites in the urine, 
no valid average per cent urinary metabolite can be assigned. The range of per cent 
urinary metabolites varied from zero to as high as 20/;: of the injected dose. 

The possibility that some of the administered anesthetic might be transported into 
the intestinal tract and metabolized by the intestinal microorganisms was considered. 
In order to exclude this possibility, rats were treated orally with neomycin (2’j: of Ihc 
diet) for one week, and their metabolism of chloroform was then determined. The 
same amount of metabolism was found with these rats as was found previously, 
and the same variation in metabolism was noted. 

The WZl-labeled chloroform was used to assess the total amount of chloride removed 
from the chloroform molecule and to determine whether the urinary chloride was in 
the organic form or organically bound. However, the same problem of individual 
variation was noted with 36Cl-labeled chloroform as was found with the 14C-labeled 
material. The Wl which did appear in the urine was 73 % in the inorganic form; 
the remaining 27 % which was not precipitable as Ag36Cl has not been further 
identified. It is important to keep in mind that the 3WI removed from the chloroform 
molecule is not preferentially excreted but mixes with the body chloride pool, and thus 
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Fro. 3. The pattern of the appearance of VI-halothane in the expired air of 9 rats after 
the administration of a single dose of 3BC1-halothane. 
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FIG. 4. The pattern of the daily appearance of total SBCl in the urine of an individual rat 
after the administration of 36Cl-halothane. 

the radioactivity is diluted to the extent of the chloride pool. This leads to low re- 
coveries of WI unless the urine is collected over a period of weeks or the total body 

chloride is determined and its radioactivity assessed (see Fig. 4). 

Hdothane (CF3CBrCIH) 
The only isotopically labeled halothane available to us at this time is WI-halothane. 

As was the case with several of the other anesthetics, the injection of 0.1 ml of halo- 
thane produced anesthesia which lasted in some cases up to 2 hr. 
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The recovery of halothane from the expired air of nine animals is presented graphi- 
cally in Fig. 3. It is interesting to note that of the halothane expired in 30 hr, 70% is 
expired in the first 2 hr. The total VI recovered in 30 hr was 85-90 ‘A of the admini- 
stered dose in four animals. 

Figure 4 represents the appearance of a6CI in the urine. If the halothane molecule 
were dechlorinated it would be expected that the chloride would appear in the urine 
for long periods of time. As indicated, this was the cast. At the end of I4 days the 
“VI was still appearing in the urine as inorgunic chloride and at the time amounted 

to 2-9 :!;:, of the injected dose. 

Methoxyflurane was injected in O*I-ml quantiks labeled either with l?C in the 
methoxyl group or with 3GCI. Having been injected with this amount of methoxy- 
flurane, the animals were anesthetized for periods up to 3 hr. 

The total amount of COa arising from a single injection of 14C-l~lctlioxyflurane 

was variable. As a percentage, the values ranged from 0.5% with the majority of the 
animals yielding a l-27/, conversion. With the same animals, the amount of 14C- 
metabolites appearing in the urine was 3-5 % of that injected. 
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F~ti. 5. The pattern of the hourly exhalation of 14C0, from 51 rats after the administration 
of ‘*C-methoxyflurane. 

The hourly exhalation of rgCO:! produced metabolically from methoxyflurane is 
presented graphically in Fig. 5. This represents the average of 51 animals. The average 
hourly exhalation of ~4C-methoxyflurane from seven rats is presented graphically 
in Fig. 6. The total amount of unchanged methoxyflurane exhaled in 30 hr was 
85-90 “/: of the injected dose. This was repeated in four rats with seCl-methoxyflurane 
and found to be the same. In addition, 1.1 x, of the injected atiC1 appeared in the urine 
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in 48 hr. The urine was not collected for an extended period as was the case with 
WY-halothane, but it is presumed the pattern would be similar. 

DISCUSSION 

The studies in z~ico of the conversion of chloroform, ether, and methoxyflurane 
to CO2 have revealed that these anesthetics are not so biochemically inert as they were 
previously considered to bc. Halothane was also found to undergo a biotransformation, 
since the occurrence of urinary inorganic WZI indicated dehaIogcn~ition. 
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FIG. 6. The pattern of the hourly exhalation of 14C-methoxyflurane after the administration 
of a single dose of W-methoxyflurane. 

In the figures depicting the exhalation of l*COz from animals given WZ-labeled 
ether, chloroform, or methoxyflurane, it is noticed that there is a bimodal pattern. 
This point has not as yet been investigated thoroughly. However, it has been noticed 
that except for the initial peak, which corresponds with the time that the maxima1 
concentration of anesthetic is present in the animal, the other peaks generally corre- 
sponded with an increased activity of the animal. 

The dose of anesthetic as given in this study yields a variable sleeping time. Some 
animals sleep for 200 min while others, given the same anesthetic, were anesthetized for 
5-10 min. It is possibIy this fact which has caused such great hourly variation of 
14C02 exhalation between animals. 

Diethyl ether has not been studied with techniques employing isotopically labeled 
material. Haggard,11 Krantz,l3 and Onchi and Asao*” have all studied the recovery 
of diethyl ether from the expired air of animals given a certain dose of the anesthetic 
and have reported that 87-90 ‘A, of the absorbed diethyl ether can be accounted for as 
unchanged diethyl ether. The remaining 10-l 3 ‘A has not been traced to determine 
whether any has been metabolized to COz. That ethers are cleaved is not a new fact. 
Axehod’” and Bray et crl.l” have shown that 0-dealkylation OCCUIS under the catalysis 
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of an enzyme found in microsomes. It remains to be seen if this same enzymatic 
system is responsible for the cleavage of an ether such as diethyl ether. 

The evidence for enzymatic dehalogenation occurring in the intact animal has been 
reviewed by Chenoweth and McCarty. 16 Specific evidence has been presented by 

Heppel and Porterfield for the existence of a halidase that catalyzes the removal 
of a halogen from a number of compounds. More recently, Paul and Rubenstein” 
have shown that chloroform and carbon tctrachloridc are enzymatically converted to 
carbon dioxide irt ~i/ru as well as itr t+u. Their irr Go data with chloroform agree 
very closely with a previous report from this laboratory.1 The work presented in this 
paper provides evidence for the removal of halogens from even more complex 
molecules and the subsequent oxidation of the remaining carbon skeleton. 

Inherent in any metabolism studies in P~L’O are at least two prime factors which 
control the extent of metabolism of materials foreign to the organism. In the first 
place, an enzyme must be present to catalyze the transformation of the material. 
The present study presents no direct evidence that the biotransforI~ation of the anes- 
thetics has occurred under enzymatic control. Indirect evidence, such as the variations 

noted between individuals, permits the surmise that this biotransformation is, indeed, 
enzymatic. 

The second factor is the necessity for a large enough concentration of material to be 
available to the enzyme to achieve conversion to a metabotite in sufiicient concentra- 
tion that the metabolite may be detected. The fact is extremely important in the 
present study, since we are dealing with volatile anesthetics. Chenoweth et ~1.18 
studied the rate of uptake and clearance of the anesthetics from dogs and found that 
most anesthetics are comparatively rapidly cleared from the body when admini- 
stration is terminated. This means that the Iength of time a single injection of the 
anesthetic is available for biotransformation is relatively short. 

A subgroup inder this ‘second factor’ involves the distribution of the anesthetics 
throughout the body as reported by Chenoweth et al. 19 In these studies we found that 
the liver contained a relatively low concentration of the anesthetic compared to other 
organs. Presumably, however, this is the organ that is responsible for the greatest 
amount of the biotransformation which is noted.sp r7 

Therefore, on the basis of the distribution studies and the clearance time of these 

anesthetics, the values reported here for the metabolism probably indicate that there 
is a considerable capacity for metabolism. It must be recalled that these results are 
based on a single dose and thus no equilibrium was established except what might 
occur by the slow release of the anesthetic from the body lipid. A portion of the 
administered ether, chloroform, or methoxyffurane is stored in the fat and released 
slowly. This is particularly true of methoxyflurane. Therefore, as this slow release 
occurs, the amount in the animal is maintained at a constant, although low, level 
which allows the metabolism of the anesthetics under the conditions of the experiments 
here reported. Thus, extrapolating this argument further, we predict that during the 
actual clinical usage of these anesthetics, where a steady state is maintained for a 
few hours, the level of biotransformation would be greater than that found in this 
study. 

The intermediates arising in the conversion of these anesthetics to COz, when identi- 
fied, should reveal interesting information concerning the pathway of metabolism 
of these and other similar materials. These intermediates may also be important for 
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the toxicological differentation of these anesthetics, particularly with respect to the 
halogenated compounds. In addition, the intolerance of certain individuals may be 
indicative of their lack of ability to metabolize completely the intermediates formed. 
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