
Biochemical Pharmacology. Vol. 28. pp. 3 189-3 194 
‘C Pergamon Press Ltd. 1979. Printed m Great Britain. 

METABOLISM 

0006.2952/79/ 1101-3 189 S02.00/0 

OF HALOFORMS TO CARBON 
MONOXIDE-III 

STUDIES ON THE MECHANISM OF THE REACTION * 

JAMES L. STEVENS and M. W. ANDERS 

Department of Pharmacology, University of Minnesota, Minneapolis, MN 55455, U.S.A. 

(Received 16 October 1978; accepted 28 February 1979) 

Abstract-Haloforms are metabolized to carbon monoxide by hepatic microsomal mixed function oxidases 
and this reaction is markedly stimulated by suhhydryl compounds. Maximal stimulationoccurred at 0.5 mM 
glutathione (GSH). Formation of 1 mole of carbon monoxide (CO) resulted in the disappearance of 2 moles 
of GSH and the production of 1 mole of oxidized glutathione (GSSG). Incubation of ‘%HBr,, or “CHBr, in 
the presence of r*O,, resulted in the formation of similarly enriched ‘%O or C’*O respectively. Furthermore. 
a primary isotope effect was observed when CDBr, served as the substrate. Dibromocarbonyl is an 
intermediate in the reaction since 2-oxothiazolidine-4-carboxylic acid (OTZ) was detected when CHBr, was 
incubated in the presence of cysteine. In addition, when ‘CHBr, was used. a similarly enriched l ‘IC IOTZ 
was formed. Based on these observations, the following mechanism for the conversion of haloforms to CO is 
urouosed: CHX, * COHX, + XCO: X,CO + GSH + GS(C=O)X; GS(C=O)X + GSH --t 
‘G&G + :C=O. ’ 

, i 

Haloforms have been widely used in medicine and 
industry for many years. The use of chloroform as an 
anesthetic has been discontinued, but iodoform is still 
used occasionally as an antiseptic. Chloroform has also 
been included in pharmaceutical preparations but this 
use has not been associated with toxicity [ 11. The recent 
reports that chloroform and bromoform are suspected 
carcinogens 12, 31 are of environmental importance 
since they, as well as other haloforms, have been identi- 
fied as contaminants of finished municipal drinking 
water supplies 141. This contamination apparently re- 
sults from the chlorination process, since these com- 
pounds are not found in the raw water supply. 

The metabolism and toxicity of the haloforms have 
been studied extensively, but the relationship between 
these two processes remains unclear. Zeller [ 5 1 showed. 
in 1883, that animals given chloroform excreted in- 
creased amounts of inorganic chloride. Muller 161 sug- 
gested in 19 11 that the hepatotoxicity of chloroform 
might be caused by conversion to phosgene; Graham 
I71 later attempted to correlate the toxicity of the 
haloforms with the strength of the mineral acid pro- 
duced upon dehalogenation. More recent in vitro and in 
viuo metabolic studies have shown that chloroform is 
metabolized to carbon dioxide [ 8, 91. Lavigne and 
Marchand 1 101, as well as others [ 111, produced paral- 
lel alterations in both the hepatotoxicity and the metab- 
olism of chloroform by treatment of rats with pheno- 
barbital and 3-methylcholanthrene, thus suggesting a 
relationship between metabolism and toxicity. Uehleke 
and Werner i 121 demonstrated that oxygen increased 
both the metabolism and the covalent binding of chlo- 
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roform to hepatic microsomal protein using microso- 
mal fractions from phenobarbital-treated animals. 
Toxic doses of chloroform cause marked depletion of 
hepatic GSH in phenobarbital-treatedanimals [ 13, 141. 
Pohl et al. [ 151 and Mansuy et al. [ 161 have shown that 
phosgene is an intermediate in chloroform metabolism 
and have suggested that it may be involved in the 
production of liver damage. Work done in our labora- 
tory showed that bromoform (CHBr,) and other halo- 
forms were metabolized to carbon monoxide both in 
viva and in vitro [ 17, 181. It was also shown that GSH 
stimulates the production of carbon monoxide from 
bromoform in vitro. Thus, it appears that the haloforms 
are metabolized by the hepatic mixed function oxidase 
system to both carbon monoxide and carbon dioxide. 

The objective of this study was to investigate the 
mechanism of carbon monoxide production from 
CHBr, and the role of GSH in this process. The source 
of the carbon and oxygen appearing in carbon monox- 
ide was determined as well as the effect of deuterium 
substitution. The information gained from these studies 
was used to propose a scheme for the metabolism of 
bromoform to carbon dioxide and carbon monoxide. 

MATERIALS AND METHODS 

Materials 

CDBr,, 99 atom % (Stohler Isotopes, Rutherford, 
NJ), [‘*Ol water, 99.12 atom % (Bio-Rad Laborato- 
ries, Richmond. CA), l’80loxygen, 99 atom % (Pro- 
them, Summit, NJ) and [ i3C]bromoform, 90 atom % 
(Kor Isotopes, Cambridge, MA) were used. Isocitrate 
dehydrogenase, N-ethyl maleimide, dithionitro-bis- 
benzoic acid, GSSG and GSH were obtained from the 
Sigma Chemical Co., St. Louis, MO. o-Phthalaldehyde 
was purchased from the Aldrich Chemical Co., Mil- 
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waukee, WI. All other chemicals were of reagent grade 
and were used as received. 

Male Sprague-Dawley rats, weighing 220-250 g 
were purchased from Bio-Lab Inc., White Bear Lake, 
MN. 

Methods 

Preparation of incubation mixtures. Incubation mix- 
tures, unless otherwise indicated, contained 50 pmoles 
of potassium phosphate buffer (pH 7.4) 15 pmoles of 
MgCl,, an NADPH-generating system consisting of 
IO~moles of or-isocitric acid, 1 pmole of NADP’. 
1 enzyme unit of pig heart isocitrate dehydrogenase and 
2.9 ? 0.4 mg of microsomal protein in a volume of 
0.5 ml, isolated as described previously unless specified 
otherwise [ 19 I, in a final volume of 3 ml. Bromoform 
was added without solvent and appeared to be solubi- 
lized in the incubation mixture. Incubations were con- 
ducted in 25.ml Erlenmeyer flasks, fitted with sleeve 
type serum stoppers to prevent loss of carbon monox- 
ide, for 15 min unless specified otherwise. Reactions 
were carried out at 37” with shaking and, with the 
exception of the “02 studies, were initiated by addition 
of enzyme and terminated by placing on ice. Protein 
was determined by the method of Lowry et al. 1201. 

Glutathione assays. GSSG was measured according 
to the method of Hissin and Hilf [ 2 1 I. Since there was 
fluorescent interference from the GSH contained in the 
incubation mixture, the concentration of GSH in the 
control flasks was adjusted to equal that in the sample 
flasks following incubation. Disappearance of GSH 
was quantified using the method of Sedlak and Lindsay 
[ 221. 

Preparation of gel jiltered microsomes (GFM). To 
remove glutathione reductase from microsomal frac- 
tions, gel filtered microsomes were prepared from rat 
liver homogenates by a modification of the method of 
Tangen et a/. 123). Microsomal fractions were sus- 
pended in buffer to a volume equal to 0.8 ml/g of liver, 
layered on a 30 x 1.5 cm column of Sepharose 2B-300 
(Sigma Chemical Co.) and eluted with 0.15 M KCl/ 
0.05 M potassium phosphate buffer (pH 7.5). Frac- 
tions were assayed for cytochrome P-450 by the 
method of Omura and Sato [ 241. Glutathione reductase 
activity was determined by monitoring the appearance 
of sulfbydryl groups when eluted fractions were incu- 
bated with GSSG. Pooled fractions of GFM contained 
5.6 f 0.4 mg protein/ml. 

2-Oxothiazolidine-4carboxylic acid (OTZ) assay. 
Incubation mixtures consisted of four times the 
amounts of enzyme, MgCI,, phosphate buffer and iso- 
citrate dehydrogenase specified above in a volume of 
6 ml plus 120 pmoles CHBr, and 48 mg cysteine HCI; 
no GSH was included. Both heat-inactivated microso- 
ma1 fractions and incubation mixtures without CHBr, 
served as controls. Incubation mixtures were extracted 
with 2 volumes of ethyl acetate, the phases were sepa- 
rated by centrifugation, and the ethyl acetate layer was 
discarded. The aqueous phase was adjusted to pH 1.0 
with concentrated HCl and was extracted with 
2 volumes of ethyl acetate. The ethyl acetate layer was 
separated by centrifugation and evaporated to dryness 
under vacuum at 40’. The residue was dissolved in 1 ml 
methanol, and the OTZ methyl ester was formed by 
treatment with diazomethane. The resulting solution 

was concentrated under nitrogen and the OTZ methyl 
ester was taken up in no more than 100 ~1 ethyl acetate. 
Authentic OTZ and OTZ methyl ester were prepared 
according to the method of MacClaren I25 I; OTZ m.p., 
obs. 17&173”, lit. 171-173”. The mass spectrum of 
the methyl OTZ corresponded to published spectra 
1 161. Spectra were obtained using a Finnigan model 
3200 GC-MS operating in the electron impact mode. A 
2 ft glass column packed with 3% Dexil on Gas Chrom 
Q and operated at 150” was used. Injector and detector 
temperatures were 150” and 175’ respectively. Tem- 
peratures in excess of 200’ were avoided due to pyro- 
lysis of the sample. ‘3C-Enrichments were determined 
by comparing the peaks at m/e 102 and 103 as well as 
at m/e 16 1 and 162 following subtraction of appropri- 
ate background. 

Carbon monoxide assa_w. CO was determined by 
gas chromatography as described previously 1261. 
[ 13C Icarbon monoxide (13CO) was measured using a 
Finnigan model 10 15 GC-MS operating in the electron 
impact mode. The efAuent gases from a 6 ft stainless 
steel column packed with molecular sieve 5A, and 
maintained at 160”. were passed through a reactor 
containing Hopcalite@ (Mine Safety & Appliances Co.. 
Pittsburgh, PA) which converted the carbon monoxide 
to carbon dioxide. A complete description of this 
method will appear elsewhere. Samples were intro- 
duced onto the column via a gas sampling valve and m/e 
44 and 45 were monitored; the enrichment was deter- 
mined by comparing the two peaks after subtraction of 
appropriate background. C”O and 180, were measured 
using a Finnigan model 3200 GC-MS using the same 
column and conditions described above except that the 
Hopcalite@ reactor was removed and m/e 28 and 30 as 
well as 32 and 36 were monitored to determine the 
isotopic enrichment of Cl80 and “01 respectively. ‘sOL 
was introduced into incubation flasks as described 

I 
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Fig. I. Effects of GSH on carbon monoxide production from 
CHBr,. Incubation mixtures containing 0.5 ml of microsomal 
protein, cofactors, various concentrations of GSH and 
60 pmoles of substrate were prepared and analyzed for CO by 

gas chromatography. Values are means + S.D. (n = 3). 
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Fig. 2. Time dependence of bromoform metabolism to CO in 
the presence of GSH. Reaction mixtures, prepared as de- 
scribed in Fig. 1 andcontaining 10 mM GSH, were incubated 
for various time periods and analyzed for carbon monoxide 
by gas chromatography. Values are means _+ SD. (n = 3). 

previously [27], and reactions were initiated by addi- 
tion of substrate. [isOlwater was added prior to capping 
the flask and the resulting enrichment determined ac- 
cording to volume added and purity of H,‘80. 

Computations. Enzyme kinetic constants were deter- 
mined by the method of Wilkinson [ 28 I using BASIC 
programs written in this laboratory. Significant differ- 
ences were determined at P < 0.01, using Student’s t- 
test. Samples were treated as unpaired observations of 
equal variance. Equality of variance was determined 
using the F test. 

RESULTS 

Ahmed et al. 1 181 demonstrated the dependence of 
CO production from CHBr, on GSH and NADPH. 
The objective of this study was to better understand the 
role of GSH in this reaction. The data in Fig. 1 show 
that 0.5 mM GSH produced maximal stimulation ofthe 
formation of CO from CHBr,. Figure 2 illustrates the 
time dependence of CO prodution from CHBr, under 
conditions of maximal GSH stimulation. A slight de- 
viation from linearity appeared at about 6 min. Ahmed 
ef al. [ 181 found that the production of CO from CHBr, 
was linear for 20 min in the absence of added GSH. 

Table 2. ‘“O-incorporation into carbon monoxide produced 
from bromoform * 

Experiment 
C’“0 % 

enrichment ‘“0 % enrichment 

‘80L 15.4 t_ 2.6 89.9 2 2.2 
H “0 L ND+ 24.8 

* Reaction mixtures containing 30 @moles of GSH, 0.5 ml 
of microsomal protein and 60pmoles of CHBr, were pre- 
pared, and incubations conducted for 30 min as described in 
Materials and Methods, with the exception that reactions were 
initiated by addition ofsubstrate. C’“O- and “Or-enrichments 
were determined by gas chromatography-mass spectrometry. 
Values are means t S.D. (n = 2). ND = not detectable. 

Accordingly, an incubation period of 5 min was used 
when velocites of CO production were measured in the 
presence of 10 mM GSH. 

In formulating possible reaction mechanisms, the 
production of GSSG was considered. Initial attempts to 
measure GSSG in incubation mixtures supplemented 
with 1 mM GSH were unsuccessful due to substantial 
glutathione reductase activity in the microsomal frac- 
tions. It was found that Sepharose 2B-300 chromatog- 
raphy adequately removed the glutathione reductase 
contamination. The results of experiments performed 
using gel-filtered microsomes appear in Table 1. With 
an initial concentration of 1 mM GSH, 60pmoles of 
substrate and a 30.min incubation period, stoichiome- 
tries of 2.07:l.O for (GSH decrease):(GSSG formed) 
and 1.0:1.04 for (CO formed):(GSSG formed) were 
observed. Thus, it appears that the disappearance of 
2 moles of GSH and the appearance of 1 mole of GSSG 
is an obligate step in the formation of 1 mole of carbon 
monoxide from CHBr,. 

Another objective was to determine the source of the 
carbon and oxygen atoms appearing in the CO pro- 
duced from CHBr,. Incubations were conducted in the 
presence of both i802 and H,‘80 for 30 min following 
which the per cent of ‘*O-enrichment in the carbon 
monoxide was compared to that in the head space as 
determined by gas chromatography-mass spectometry. 
The results of this study are shown in Table 2. There 
was no detectable C”O produced in incubations con- 
taining HL”O; however, an ‘80-enrichment of 
75.8 ? 2.6 atom % was seen when CHBr, was incu- 
bated in flasks containing 89.9 k 2.2 atom % ‘*01 in 
the head space. 

To determine the source of the carbon atom in the 
carbon monoxide and OTZ, 90 and 45 atom % 
lL3Clbromoform were introduced into capped incuba- 
tion flasks and incubations were conducted for 30 min 

Table 1. Stoichiometry of GSSG production during bromoform metabolism to 
carbon monoxide * 

CO formed 
(nmoles/mg protein) 

GSSG formed 
(nmoles/mg protein) 

GSH disappearance 
(nmoles/mg protein) 

145.54 + 17.15 150.80 t 27.44 3 1 1.73 _+ 21.02 

* Reaction mixtures containing 1 mM GSH were prepared using gel filtered 
microsomes and analyzed for GSH, GSSG and CO, as described in Materials 
and Methods. Values are means + S.D. (n = 3). 
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Table 3. Metabolism of I ‘Clbromoform to “CO and 
1 “C lOTZ by hepatic microsomes * 

%I Enrichment in “C 

Exp. 1 Exp. 2 

I’% lbromoform 90.0 45.0 
I ‘C lcarbon monoxide 88.2 
I’% IOTZ 45.2 

* “CO and I “C IOTZ were measured by gas chromatog- 
raphy-mass spectrometry following incubation for 30 min. 
Reaction mixtures in which I “C IOTZ was measured con- 
tained four times the usual amount of enzyme and cofactors in 
a volume of 6 ml plus 120 pmoles “CHBr,. ‘%O measure- 
ments were made using concentrations described in Fig. I. 

to determine the [ 13C l-incorporation into CO and OTZ 

respectively. An enrichment of 88.2 atom % r3C was 
observed in the CO and 45.2 atom % in the OTZ (Table 

3). 
The effect of deuterium substitution on the kinetics 

of bromoform metabolism was also studied. The deu- 
terium isotope effect was measured in both the presence 
and absence of added GSH (Table 4). There was a 
significant difference between the K, values for CDBr, 
vs CHBr, in the absence but not in the presence of 
GSH. There was no significant difference between the 
V max values in the absence of GSH: these values dif- 
fered significantly in the presence of GSH. 

The final objective was to determine the presence of 
possible toxic intermediates formed during the metabo- 
lism of CHBr,. Phosgene has been shown to react with 
cysteine to form 2-oxothiazolidine-4-carboxylic acid 
[ 15, 16, 25 I; thus, if the bromine analogue of phosgene, 
dibromocarbonyl, is an intermediate in CHBr, metabo- 
lism, a similar reaction would be expected. Figure 3A 
shows the mass spectrum of the authentic OTZ methyl 
ester; the peak seen at m/e 16 1 corresponds to the 
molecular ion. The prominent fragment ions seen at m/e 

102 and 74 correspond to the loss of formate methyl 

A 

w 

> II 161 
0 - 
60 m/e 160 

I , 161 
0 1. I 
60 m/e 160 

Fig. 3. Mass spectra of OTZ methyl ester. Figures show the 
mass spectra of authentic OTZ methyl ester (A) that formed 
following isolation from reaction mixtures containing 
“CHBr, (B) and from reaction mixtures containing 13CHBr, 

(C). 

ester and formate methyl ester plus the carbonyl, re- 
spectively. Figure 3B shows the mass spectrum of 
methyl OTZ from incubation mixtures. When 45 atom 
% CHBr, was included in the incubation mixture, the 
spectrum shown in Figure 3C was obtained. The 13C 
enrichment seen in the fragments at m/e 102 and 103 is 
45.2 atom %. As required, no increase in m/e 75 is seen 
since this fragment does not contain the labeled car- 

Table 4. Effect of deuterium substitution on the kinetics of bromoform metabolism in the 
presence and absence of glutathione * 

Substrate 
GSH 

(10mM) 
V 

(nmoles CO/~~protein/min) 

CHBr, 
CDBr, 
CHBr, 
CDBr, 

_ 1.07 & 0.29-t 1.32 t 0.17 
- 1.81 _t 0.38+ 1.06 +- 0.15 
+ 2.04 t 0.27 21.89 2 1.25;. 
i 1.98 + 0.79 11.63 F 1.14:~ 

V,/V, = 1.25 _C 0.195 (V,,/K,)/(VdK,) = 2.11 r 0.82 
(V,/V,),,/$ = 1.88 i 0.21s (V,,&)/(V JK,),,, = 1.83 i 0.80 

_ 
*Reaction mixtures containing varying amounts of CDBr, and CHBr, were prepared as 

described in Materials and Methods. Incubation times in the presence and absence of GSH 
( 10 mM) were 5 and 15 min, respectively (see text for explanation). Values subtitled GSH were 
determined in the presence of 10 mM GSH. Values are means + S.D. (n z 3). 

-t P < 0.01. 
1: P < 0.01. 
Q P < 0.01. 
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bony1 group. These results prove that the dibromocar- 
bony1 is an intermediate in CHBr, metabolism and that 
the source of the carbonyl carbon is CHBr,. 

DISCUSSION 

It is well known that haloforms are metabolized to 
carbon dioxide [ 8, 91. Following the observation of 
Fodor and Roscovanu [ 291 that haloforms are metabo- 
lized to carbon monoxide, experiments were performed 
in this laboratory to further characterize this biotrans- 
formation [ 17, 181. These studies demonstrated that 
this reaction is catalyzed by a cytochrome P-450- 
dependent mixed function oxidase requiring NADPH 
and molecular oxygen for maximal activity. Further- 
more, it was observed that several sulfhydryl com- 
pounds markedly stimulated the production of CO 
from haloforms. These observations have been ex- 
tended in the current investigation to better understand 
the detailed reaction mechanism involved in haloform 
biotransformation. 

The observation that GSH stimulates the conversion 
of CHBr, to CO confirms the earlier work of Ahmed et 
al. I 181. The 0.5 mM GSH required for maximal stimu- 
lation is far below the 5-8 mM concentration normally 
found in rat liver. Thus, it would be expected that 
CHBr, biotransformation to CO proceeds maximally 
in viva. Furthermore, stoichiometric studies showed 
that 2 moles of GSH are consumed and 1 mole of 
GSSG formed/mole of CO produced. 

Kirsch [301 states that primary kinetic isotope ef- 
fects (KIE) lie in the range of 2-10, while secondary 
KIE are approximately 1.2-1.4. In the absence of 
added GSH, the V,lV, term, which approximates the 
isotope effect on the reaction rate constant at high 
substrate concentration, is in the range of a secondary 
KIE, namely 1.25 2 0.19. In contrast, (V/K),/(V/K),, 
which approximates the isotope effect on the reaction 
rate constant at very low substrate concentration, 
shows a primary KIE. When 10 mM GSH is added, the 
V,/V, value increases to 1.88 + 0.21. while the 

(V/K),/(V/K), value of 1.83 k 0.80 does not show a 
significant change. The lack of a primary KIE on V,/V, 
when no GSH is added appears to be a function of 
sulfhydryl availability which suggests that, at very high 
substrate concentrations, sulfhydryl group availability 
becomes rate-limiting for CO production. At low sub- 
strate concentrations the available sulfhydryl groups 
can keep pace with the rate-limiting step, thereby yield- 
ing a primary KIE. As expected, the V,IV, value 
increases in the presence of 10 mM GSH while the 
(VIK),/( V/K), shows no change. Thus, it appears that 
C-H bond cleavage is the rate-limiting step in the 
biotransformation of CHBr, to CO in vitro. The obser- 
vation of Anders et al. 1 171, that animals given CDBr, 
show lower carboxyhemoglobin levels than those given 
CHBr,, suggests that C-H bond cleavage is rate- 
limiting in viva as well. The work of Pohl et al. [ 31, 321 
indicates that C-H bond cleavage is also rate-limiting 
in the production of hepatotoxicity. 

The observation that the CO produced in the pres- 
ence of lx02 was similarly enriched in C’*O proves that 
the CO produced from CHBr, is derived from molecu- 
lar oxygen; in contrast, no Cl80 was seen when H,“O 
was included in incubation mixtures. The difference 
between the headspace ‘*O and Cl80 enrichments 
presumably is due to 1602 iapped in the incubation 
medium and, thus, not reflected in the headspace “O,- 
enrichment. The difference is not due to participation of 
a hydrolytic pathway since no incorporation of “0 
from H,‘“O into carbon monoxide occurs. These data 
support the suggestion of Ahmed et al. 1 18 1 that the 
biotransformation of CHBr, is catalyzed by a cyto- 
chrome P-450-dependent oxygenase. 

In two separate experiments using 13CHBr3, it was 
observed that the ‘3C-label was incorporated into both 
“CO and [ ‘3C10TZ with an enrichment similar to the 
13CHBr3 used. Thus, in agreement with the work of 
Pohl et al. [ 15 1 and Mansuy et al. [ 161, who identified 
phosgene as an intermediate in the biotransformation of 
chloroform, dibromocarbonyl is an intermediate in 
CHBr, metabolism to CO. 

1. CHBr co1 * -HX s 
3 cyt-P-450 

&!. Q 
P X+i 

8 
2. .&Lx -2HX 

+H co 
2 

2 

+GSH 
0 

3. 
-x- 

' GS-a-j-3 
-x- 

+ :C=O t GSSG 

-2HX 
t H2N-CH-COOH F 

+H2 
SH HT--rmH 

cysteine 
Y 

2-oxothiazolidine-4-carboxylic acid 

Fig. 4. Pathways of haloform metabolism. 
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These results suggest the reaction mechanism for 
haloform metabolism shown in fig. 4. In the first step, a 
microsomal mixed function oxidase catalyzes an oxy- 
gen insertion reaction at the C-H bond, yielding the 
trihalo-methanol iCX,OHI. Nonenzymatic loss of HX 
results in the formation of dihalocarbonyl [CX,OI 
which can be hydrolyzed to carbon dioxide. Alterna- 
tively the attack of GSH on CX,O would yield glutathi- 
one-S-formyl halide [GS-C(=O)Xl and subsequent 
attack by a second GSH on the sulfur of the first would 
result in the formation of CO and GSSG. There is 
substantial precedent for the attack of sulfur on sulfur in 
disulfide exchange reactions [ 331 as well as in the 
reactions of r-carbonyl sulfides with thiolates [341. 
Initial attack by cysteine rather than GSH on dihalocar- 
bony1 would result in the formation of OTZ, as de- 
scribed previously [ 15, 16, 251, or of carbon monox- 
ide, as described here. The factors governing the ratio of 
OTZ to carbon monoxide are poorly understood. 

2. Report on Carcinogenesis Bioassay of Chloroform. Car- 
cinogenesis Program, Division of Cancer Cause and 
Prevention, National Cancer Institute, Bethesda, MD. 
March 1. 1976. 

3. V. C. Theiss. G. D. Stoner, M. B. Shimkin and b. K. 
Weisburger. Cancer Res. 31. 2117 (1977). 

4. T. A. B&ar. J. J. Lichtenberg and R. C. Kroner. Am. 
Waf. Wk. Ass. J. 66. 703 (1974). 

5. N. Zeller. Hoppe-Seyler’s’ Z. p&iol. Chem. 8. 70 
(1883). 

6. R. Muller. Z. exp. Path. Ther. 9. 103 ( 19 I 1). 
7. E. A. Graham, J. exp. Med. 22, 48 ( 19 15). 
8. R. A. Van Dyke, M. B. Chenoweth and A. Van Poznak. 

Biochem. Pharmac. 13, 139 (1964). 
9. B. B. Paul and D. Rubenstein, J. Pharmac. exp. Ther. 

141, 141 (1963). 
10. J. G. Lavigne and C. Marchand. Toxic. appl. Pharmac. 

29, 312 (1974). 

Several alternative mechanisms for haloform metab- 
olism are possible. Were oxygen inserted at a carbon- 
halogen bond, the resulting dihalomethyl ester of a 
hypohalous acid (CHX,-O-X) would be expected 
to yield formyl halide (CHXO) via a free radical 
mechanism analogous to the Hunsdeicker reaction of 
acyl hypohalites [ 35 1. The formyl halide could yield 
CO, as proposed by Kubic and Anders 1271; however, 
this mechanism does not account for the formation of 
dihalocarbonyl or the stimulation of CO production by 
GSH. The production of 13C0 from 13CHBr, elimi- 
nates the possibility that haloforms might also stimu- 
late CO production through processes such as heme 
degradation. Wolf et al. [ 361 have suggested that some 
halogenated hydrocarbons may form CO as a result of 
carbene formation at cytochrome P-450 under anaero- 
bic conditions. The failure to detect Cl80 in incuba- 
tions performed with H,lXO excludes this pathway in 
our system. 

11. K. L. Scholler. Br. J. Anaesth. 42. 603 (1970). 
12. H. Uehleke and T. Werner, Arch. Tox. 34, 289 (1975). 
13. E. L. Docks and G. Krishna. Expl molec. Path. 24. 13 

(1976). 
14. B. R. Brown, G. I. Sipes and A. M. Sogalyn, Anesthesiol- 

Og)’ 41, 554 (1974). 
15. L. R. Pohl, B. Booshan, N. F. Whittaker and G. Krishna, 

Biochem biophqfs. Res. Commun. 79. 684 (1977). 
16. D. Mansuy, P. Beauve, T. Cresteil. M. Lange and J. P. 

Leroux, Biochem. biophys. Res. Commun. 79. 5 13 
(1977). 

17. M. W. Anders, J. L. Stevens, R. W. Sprague, Z. Shaath 
and A. E. Ahmed. Drug Metab. Dispos. 6, 556 (1978). 

18. A. E. Ahmed, V. L. Kubic and M. W. Anders, Drug 
Metab. Dispos. 5, 198 (1977). 

19. M. W. Anders, Biochem. Pharmac. 27. 1098 (1978). 
20. 0. H. Lowry. N. J. Rosebrough, A. L. Farr and R. L. 

Randall. J. biol. Chem. 193. 265 (195 I). 
21. P. J. Hissin and R. Hilf. An&t. Biochem. 74, 2 14 

(1976). 
22. J. Sedlak and R. H. Lindsay. Analyl. Biochem. 25. 192 

(1968). 
23. 0. Tangen, J. Jonsson and S. Orrenius. Analyt. Biochem. 

54. 997 (1973). 

Reynolds and Yee [ 3 71 have reported that CHCl,, as 
well as other halogenated methanes, bind covalently to 
hepatic protein and lipid. The highly reactive dihalocar- 
bony1 could acylate tissue nucleophiles resulting in 
covalent binding of the form R-(C=O&X. Attack 
by a second nucleophile could result in the formation of 
crosslinked macromolecules. Indeed, the work of Nash 
and Prattle [ 381 indicates that phosgene readily reacts 
with macromolecules in aqueous solution. Thus, the 
covalent binding of chloroform may be attributed to the 
formation and subsequent reaction of the dihalocar- 
bony1 intermediate, phosgene. This covalent binding 

may be involved in the production of hepatotoxicity 

seen with chloroform. 

24. T. Omura and R. Sato.J. biol. Chem. 239. 2370 (1964). 
25. J. A. Maclaren, Auf. J. Chem. 21, 189 1 (1968). 
26. V. L. Kubic and M. W. Anders. Drug Metab. Dispos. 3. 

104 (1975). 
27. V. L. Kubic and M. W. Anders. Biochem. Pharmac. 27. 

2349 (1978). 
28. G. N. Wilkinson. Biochem. J. 80, 724 (1961). 
29. G. G. Fodor and A. Roscovanu, Zentbl. Bakt. Hyg., I 

Abt., Orig. B, 162, 34 (1976). 
30. J. F. Kirsch. in Isotope Effects on Enzyme-Catalyzed 

Reactions (Eds. W. W. Cleland. M. H. O’Leary and D. B. 
Northrup). p. 100. University Park Press. Baltimore 
(1977). 

31. L. R. Pohl, B. Booshan and G. Krishna. Toxic. appl. 
Pharmac. 45, 238 (1978). 

Acknowledgements--The authors thank Ms. Joan Sunram 
and Mr. Adrian Swanson for their excellent technical assist- 
ance and Mr. Robert Sprague for synthesis of OTZ and OTZ 
methyl ester. 

REFERENCES 

32. L. R. Pohl and G. Krishna, Lfi Sci. 23, 1067 (1978). 
33. P. C. Jocelyn. Biochemistry of the SH Group. p. I2 I. 

Academic Press. New York (1972). 
34. M. Oki. W. Funaleashi and A. Nakamura. Bull. them. 

Sot. Japan 44, 828 (1971). 
35. N. S. Isaacs, Reactive Intermediates in Organic Chemis- 

try. p. 376. John Wiley. New York (1974). 
36. C. R. Wolf, D. Mansuy, W. Nastainczyk, G. Deutschman 

and V. Ullrich, Molec. Pharmac. 13, 698 (1977). 
37. E. S. Reynolds and A. G. Yee. Lab. Invesl. 16, 591 

(1967). 
1. S. Desalva, A. Volpe, G. Leigh and T. Regan. Fd Cosmet. 38. T. Nash and R. G. Prattle. Ann. occup. Hyg. 14. 227 

Toxic. 13, 529 (1975). (1971). 


