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Abstract-The in vitro metabolism of halothane and methoxyflurane has been investi- 
gated. With either chlorine-36 or carbon-l4-labeled material, it has been found that 
the chlorine is enzymatically removed from both anesthetics by rat liver slices and, 
more specifically, by microsomes. In this same system, methyPV-methoxyflurane is 
converted to ‘“COZ: indicating a clenvage of the ether linkage. However, I-14C-halothane 
is not oxidized to (332. 

EVIDENCE has previously been presented from this laboratory that certain volatile 
anesthetics-chloroform, diethyl ether, halothane, and methoxyflurane-are meta- 
bolized in zh.l The end point of the metabolism of these anesthetics was shown to 
be carbon dioxide or halide ions and urinary metabolites of unknown composition. 

Among the anesthetics studied, halothane* and methoxyfluranel_ are certainly the 
most rewarding because of their widespread use in general anesthesia and their 
interesting structures. As indicated by their formulae, they contain halogens which, 
if metabolism to CO2 is to occur, must be removed either enzymatically or non- 
enzymatically. In the case of methoxyflurane, there is additionally an ether linkage, 
which must be broken in order to complete the biodegradation. 

Ether linkages have been found to be broken enzymatically by enzymes present in 
microsomes.2 Halogens are known to be removed enzymatically, since the work of 
Hcppel and Porterfields in 1948 showed evidence for the existence of a halidase which 
removed bromine and chlorine from certain halomethanes and haloethanes. They 
were able to purify partially the enzyme that was found in the supernatant fraction 
of the cell. Bray ef al.” and Butler” have shown that chlorinated hydrocarbons can 
bc nonenzymatically dehalogenated to a certain extent in the presence of sulfhydryl 

compounds. 
Recently, Paul and Rubinstein fl have reported on the metabolism of carbon 

tetrachloride and chloroform; they gave evidence for the conversion of these two 
materials to carbon dioxide. Presumably, the dehalogenation proceeded either by 
enzymatic or nonenzymatic means or both, but the oxidation of the carbon occurred 

by enzymatic means. 
It is the purpose of the present communication to report on certain aspects of the 

dechlorination of halothane and methoxytlurane by means of WI-labeled materials. 

* I, I, I -Trifluoro-2-bromochloroethane. 
t 2.2-Dichloro-I ,I-difluoroethyl methyl ether. 
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This will be compared with the conversion of those two compounds to CO? by utilizing 

1 ‘C label. 

The addition of the %ZI to the anesthetic precursors (supplied by 11s) was performed 

by New England Nuclear Corp. The final purification of the Y’l-labeled hnlothanc 

and nrethoxyflurane and the preparation of the ‘1C-methoxyflurane was carried out 

by Dr. Eric Larsen of the Halogens Research Laboratory. The Dow Chemical Co. 

The purific:ltion was performed by vapor-phase chromatography; there wcro no 

detectable impurities. The final specific activities wcrc 2s tollo\cs: :TI-metllo\)‘- 
Iluranc. I.29 lOi dpm&kt ml; :“‘CI-halothanc, 2.13 j’ IO’ dpm/O.l ml: “C- 

niethoxyfLir~inc, I.66 .’ 10; dpm/O~l ml. 

The investigations wcrc carried out in livers from adult male rats of a Wistar 

strain. Tissue slices weighing 300 mg each were sectioned in a Stndic-Riggs tihsuo 

slicer and were placed in the main compartment of a Warburg flask with 3 ml of 

buffer. The rat liver homogenates were prepared in a Potter-Elvehjem hand homcj- 

genizcr with phosphntc butfer (0.2 M) at pH 7.4; the buffer contained 50 /~m~>Ics 01 

nicotinamidc. Three ml of the homogenate was used per incubation by placing this 

amount in the main compartment of the Warburg flask. This homogenate was also 

used to prepare the mixture of microsomes and cell supcrnate according to the method 

of Axelrod.7 The homogenate was centrifuged at 9,000 I: for I5 min to remove mite- 

chondria, nuclei, and ccl1 debris. The supernate from the centrifugation. consisting 

of microsomes and cell supernatc, was ~tsed either directly for the incubation or for 

the preparation of microsomcs and the ccl1 supcrnatant fraction. This was accom- 

plished by rccentrifuging the 9,000 .:’ supernate at 105.000 <q for I .5 hr. The micro- 

somes so obtained wcrc resuspended in phosphate bufl’er (pH 7.4) to ;I volume eclu;Ll 

to the volume of the original homogenate. The cell supernatant fraction was dialy/cd 

against cold water nnd handled according to the method of Booth c/ ~1.~ 

The reduced NADP-generating system ~~sctl in czrtain incub:ltions I~:IS com- 

posed of 0.2 ,tM NADP. 5 ,‘. IO :% M glucose-O-phosph:ltc, I to 5 units of gluco+O- 

phos~hodehydrogen~is~, 25 /“moles MgCIc. The arno~~nt 01 anesthetic used wa’i 

varied; it was placed in the side arm of the Ilask either directly, in which cxc 5 -10 

,Lliter was used, or it was first dissolved in propylene glycol (25 ,Jiter ancsthctic in 

2 ml propylcnc glycol) and an aliquot (0.2 ml) of the propylcnc glycol anesthetic 

solution nddeci lo the side arm. In this tatter manner, the rate of dift‘usion of the ant+ 

thctic into the main compartment VYX reduced, 3s was the total anesthetic conccn- 

tration in the buffer. The incubations wt’rc carried out at 37” for 2 hr. In ai1 C;IX\ 

rcportcd either Tris bulrer at pH 7.4 or phosphate bull-er (0.2 M. pH 7.4) was used. 

It was determined that there was no difference in the rcaults if tither of these buIYcr\ 

or Ringer-phosph~Itc bul~cr!’ was used. 

A.w~~~ oj’ lissric s~1117pIc nclirV!,, 

If the CO:: was to bc collected and analyzed fol 1 XYO,, then NaOH solution way 

placed in the contcr wail. The N:IOH was analy7cd for I KX):! accordinr to ;I nicthod c 
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described previously.1 If dechlorination was to be studied, then WI-labeled anesthetic 
was placed in the side arm, incubated, and the incubation stopped by adding con- 
centrated HN03. The tissue slice and buffer were then analyzed for inorganic chloride. 
This was accomplished by removing the precipitated protein and washing the protein 
precipitate once with 1 ml of 0.9 “i, saline and several times with 1 ml aliquots of water. 
The saline in the wash acted as a carrier for the Wl- formed in the incubation. 
These washings were combined with the original supernate. The chloride was precipi- 
tated with silver nitrate added in excess. The silver chloride precipitate was washed 
several times with water prior to dissolving in concentrated ammonium hydroxide. 
An aliquot of this was added to a scintillation vial containing 3.5’j: Cab-o-sil in 
toluene plus Liquiflor (PPO (2,5-diphenyloxazole)) and POPOP [p-his-2 (5-phenyl- 
oxazolyl) benzene] scintillation fluid. This solution maintained the AgCl well dis- 
pcrsed for counting in the scintillation counter. 

KESU LTS 

The results of the studies in Table 1 on the metabolism of l-lC-lilcthoxyfluralie to 
CO2 in vitro demonstrate that the metabolism is dependent upon the presence of 

TABLE 1. ‘aC02 FORMATION FROM IT-METHOXYFLURANI: IN VITRO 

Tissue Atnlos. Additions 

Liver slices 
Liver slices 
Liver slices (boiled) 
None (buffer only) 
Liver slices 
Liver slices 
Liver slices 
Liver slices 
Liver slices 
Liver homogenate 
Liver slices 

none 
none 
none 

718 ~I_ 40 

0” 
none 

Citrate (lo-” M) 
Acetate (IO -2 M) 
Glucose (IO-” M) 
Malonate (IO-” M) 
N&N (IO--” M) 

none 
Dimedon (IO-” M) 

0 
x33 I II 
744 12 
941 58 
450 1 53 

78 ’ I2 
450 I IO 
110 1 5 

oxygen. It has not been determined whether the oxygen demand is for the rupture 
of the ether linkage or for the ultimate oxidation of the carbon. As would bc expected, 
the production of CO2 does not proceed in those flasks that contain the heated 
slices. The addition of citrate, acetate, and glucose to viable slices results in only a 
slight enhancement of the conversion to Cog. Malonate, NaCN, and dimedon* 
addition result in an inhibition of the conversion. The conversion of the 14C label to 
CO? is probably a multistep reaction and therefore we can not be certain whether 
the effect of the addition of malonate or NaCN is on the ether cleavage or on the 
resulting l-carbon oxidation. Dimedon addition resulted in a diminution of counts 
appearing in the COz, although this inhibition can be readily predicted; its signifi- 
cance is considered in the discussion. The low conversion of methoxyflurane to COZ 
by the whole homogenate is due in part to the inhibition by the nuclei and mito- 
chondria and in part to the more rapid and greater uptake of anesthetic by the 

* 5,5-Dimethyl-l,3-cyclohexanedione. 



homogcnatc than by the liver slice, in which case the ancsthctic may act as aI1 In- 
hibitor at the concentrations rcachcd in the homogcnatc. 

The conversion of I-‘-‘C-l~alotllane to CO? in L.~u) occurs to only II minor c~lcnt.~ 
‘l‘hercfore, the in r’itro mcasuremcnts would alao bc cxpcctcd to show little or IIO 
conversion of I-l~lC-halothane to CO?. As prcdictcd, thcrc was no production 01‘ 
CO2 from 1 V-halothane i/l ritro. 

Table 2 reveals the extent of dechlorination of :“‘CI-mcthoxyllur~lnc iir rite by 

liver slices. These data indicate that thcrc is an oxygen rcquircmcnt and that the 

‘I‘AISLli 2. /N-1f’ih’O KI:klOVAL 01 iJccI. I~ROIVI ~~‘iC‘L-hll:~I‘IIOSYI LIIRANI 

l~izsuc 

Liver slice4 
Liver hlices (hcatcd) 
Buffer only 
Liver slices 
Liver &es* 
Buffer 
Buffer 
L.iver slicca 
Liver slices 
Liver slices 

* ““-Cl-MethoxyHuranc (25 pliter) mixed with propylene glycol (2 ml) prior to 
addition of 0.1~ml aliqtiot of mixture to the Warburg side arm. 

F~AiSLli 3. IN-I;ITKO KliMOVAI> OF “iCL I-ROM 3GCL-1-lAIA) I’l IANI. 

Tissue Atmos. 
:‘Y%loride 

(cp111/300 mg wet wt.) 

Liver slices 
Liver slices (boilcd) 
Liver slices 

ES:;;; only ~ cydcinc 
Buffer glutathionc 
Liver slices* 

* Halothanc (25 pliter) mixed with1 2 ml propylene glycol 
prior to addition of 0.2 ml of thk mixture to the de arm ot 
the Warburg. 

ability to dechlorinate is heat labile. The effect of limiting the rate of dilTusion of 
anesthetic from the side arm to the incubating medium is also shown. This is refectcd 
in an increased total dechlorination. In addition, Table 2 shows the effect of certain 
stimulators and inhibitors on the dechlorination of methoxyflurane. The only sig- 
nificant effect is that of cyanide, which inhibitis the dechlorination. 

Table 3 contains the data collected in the study of the dechlorination of WZI- 
halothane: the dechlorination proceeds under the same conditions as those for the 
dechlorination of methoxyflurane; the data indicate a requirement for oxygen; the 
presence of sulfhydryl-containing compounds does not contribute to the dechlorina- 
tion as it does with chloroform.“-fi 
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We attempted to limit the rate of diffusion of halothane from the side arm to the 

incubating medium to increase the dechlorination by slices. As seen in Table 3, the 
dechlorination was not significantly altered by this. 

Table 4 indicates the dechlorination of halothane and methoxyfluranc by slices of 
some selected organ tissues. The data indicate that the liver is the most efficient organ 
for the dechlorination. 

TABLE 4. IN VITRO REMOVAL OFWL FROM WL-HALOTHANE AND 

WL-METHOXYFLURANE BY VARIOUS ORGANS OF A RAT 

“Vhloride 
(cpm/300 mg wet wt.) 

Tissue At,nos. _______~-__~____ 
:‘“CI-Halothane :‘“Cl-Methoxyflurane 

____~---~--~____~_~ ~- 
Liver slices 02 460 960 
Thymus OL? 100 100 
Kidney 02 90 400 
Brain 02 trace trace 
Buffer only 02 0 0 

Table 5 contains information on the uptake of anesthetic by the buffer with time 
and compares this with the extent of dechlorination at the same time. This has been 
performed with and without limiting the rate of diffusion of the anesthetic from the 
side arm by means of the propylene glycol. 

TAULL 5. UPTAKE OF %L-ANESTHETIC'S BY IN('UBATION MEDIUM 

AND THE DECHLORINATION WITH TIME 

Tissue 

Time of 
incubation 

(min) 

36C1-Methoxyflurane 
______ 
Total cpm YGChloride 
in aqueous liberated 

/X lo-“* (cpm) 

“%I-Halothane 

Total cpm :sVhloride 
in aqueous liberated 

Y 10-s* (cpm) 

Liver 20t 40.3 0.67 8.22 0.21 
slices W 48.5 I .06 8.49 0.39 

12ot 51.2 2.19 9.06 0.46 

Liver 30: 165.6 0.343 9.23 0.31 
slices GO: 204. I 0.462 8.64 0.50 

* Represents the total diffusion of anesthetic from the side arm of the Warburg to the main com- 
partment. 

t Anesthetic mixed with propylene glycol prior to placing in side arm (see Methods). 
: Anesthetic added directly to the side arm. 

Table 6 lists the results of the incubation of the homogenate and subcellular 
fractions. As indicated, there is a very low dechlorination by the whole homogenate. 
The incubation carried out with the 9,000-g supernate showed a greater ability to 
dechlorinate than did the whole homogenate, and this was further increased by the 
addition of a reduced NADP-generating system. The addition of the reduced glu- 
tathione to the 9,000-g supernate as well as the dialyzed 9,000-g supernate resulted 
in no increase in the dechlorination by either system. The addition of the reduced 
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glutathione to the dialyzed cell supernatant fraction also resulted in no dechlorination. 
The microsomes did, however, show an ability to dechlorinate. 

Although not shown here, the purity of these two anesthetics plays an important 
role in the results obtained. Samples of both anesthetics of impure character (98 
99x, pure) were found to be dechlorinated by heated protein as well as by cysleinc 
and glutathione. On the other hand, when the purity of both was increased to 99.9 “,). 
the nonenzymatic dechlorination decreased to zero. In all reported cxperimcnls WC 

used a heated protein blank to check the purity of the materials. 

TABLE 6. DI~~I~LOKINA~ION 01, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ANI> 

WL-HALOTILANI: 1%~ RAT LIWK CTLL IIIAC.TION~: 

Whole liver homogenate 
supernate, 9,000 g 
Supemate, 9,000 ,F 
Microsomes 
Supernate, 105,000 g 
Supernate, 105,000 I: 

NADPH 
none 
NADPH 
NADPH 
NADPH 
NADPH and 
glutathione 

Yhloridc 
(cplll~300 mg wet wt.) 
.~ ~~.~ 

from 

~“‘C’I-lllellloxyfll~allc 

* NADPH added as a NADPH-generating system (see Methods). All incubations c~~ntaincd 
nicotinamide. Incubation carried out for 2 hr at 37” in an atmosphere of oxygen. 

DISCUSSION 

Heppel and Porterfield” have previously shown that a number of chlorinated 
compounds can be dechlorinated in mammalian systems and that the cn~ymcs 

responsible for this are present in the supernatant fraction of the cell. Booth et ~1.~ 
have also reported the presence in the cell supernatant fraction of an enzyme that 
will catalyze the replacement of chlorine atoms by the sulfhydryl of glutaU~ionc, 
which results in the bonding of 3,4-dichloronitrobenzenc to glutathione and the 
release of inorganic chloride. This appears to be the case with the system rcportcd by 
Heppel and Porterfield, who found that the dechlorinating activity was also in the 
cell supernatant fraction and also required glutathione for optimal activity. Reports 
by other investigators as well indicate that other chlorinated compounds arc de- 
chlorinated in the presence of sulfhydryl-containing compounds.‘.5 

The present communication has failed to show that glutathionc is csscntiol for lhc 
dechlorination of either WI-halothane or WZl-methoxyflurane in a highly purified 
form. As stated previously in this paper, the purity of these materials determined the 
major pathway of dechlorination, that is, whether it appeared to be enzymatic or 
nonenzymatic. Relatively impure material showed a dechlorination by sulfhydryl- 
containing compounds, whereas pure material did not. It is conceivable therefore 
that the ease of dechlorination is a function of the nearest carbon substitution as 
well as other substitution on the chlorine-containing carbon. In other words, not all 
carbon-chlorine bonds exhibit the same biological stability. The strongest of these 
bonds would be refractory to everything except an enzymatic attack, and the weakeat 
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would be subject to easy replacement by sulfhydryl groups. Between these two 

extremes lies a mixture of the two. Thus it is conceivable that one could find, as did 
Booth et al.8 and Heppel and Porterfield,” that a compound is enzymatically dechlori- 
nated and at the same time this dehalogenation is enhanced by sulfydryl-containing 
compounds. This report does show, however, that the dechlorination occurs in the 
microsomes, requires reduced NADP and oxygen, and is sensitive to the substrate 
concentration. 

The fact that the conversion of l”C-methoxytlurane to ‘*CO? is not so sensitive to 
substrate concentration as is the dechlorination suggests that there are two pathways 
for the metabolism of methoxyflurane. One involves the splitting of the ether linkage 
with the methyl portion possibly being metabolized via formaldehyde, which occurs, 
presumably, in the microson1es.a Furthermore, this possibility is enhanced by the 

fact that dimedon decreases the appearance of “CO?, presumably by combining with 
the formaldehyde as it appears. An investigation of this possibility is currently under 
way. The other pathway involves the dechlorination of the molecules to yield an 
intact dechlorinated ether. In the case of methoxyflurane, therefore. it is not necessary 
for the dechlorination to precede the ether linkage split, nor is it necessary for the 
ether to be destroyed prior to dechlorination. In the case of halothane, the dechlorina- 
tion also proceeds independently of the carbon oxidation, since such an oxidation, at 
least of the l-carbon, does not occur.tO 
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