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ABSTRACT:

1,2-Dichloroethane (DCE), a solvent and byproduct of the manufac-
ture of polymers, and 1,2-dibromoethane, a soil fumigant, are known
to be metabolized by conjugation with glutathione (GSH) to yield
mercapturic acid derivatives. An alternate route of metabolism of
the GSH conjugate involves g-elimination of halide ion to form an
olefin. In the present study, ethylene production from DCE was
measured by gas chromatography in rat tissues as an index of this
latter route of metabolism. The rate of enzymic ethylene production
was linear over a 1-hr incubation time and from 1 to 8 mg of protein

per ml reaction volume. The temperature optimum for ethylene
formation from DCE was 55°C and no distinct pH optimum was
observed. DCE metabolism was highly dependent on the presence
of reduced GSH. Metabolic activity was limited to hepatic and renal
cytosolic fractions. The reaction was inhibited only by p-chloro-
mercuribenzoic acid and by diethyl maleate and methyl iodide,
which are substrates for GSH S-transferases. S-(2-Chloroethyl)-oL-
cysteinesHCl, an analog of the conjugate formed from DCE and
GSH, was nonenzymically converted to ethylene.

Vicinally substituted halogenated hydrocarbons are widely used
in a variety of industrial, commercial, and agricultural applica-
tions. The annual U. S. production of 1,2-dichloroethane (DCE)'
in 1977 was 7 x 10° kg, ranking it fifteenth among chemicals
produced in this country (1). DCE has been identified in drinking
water at concentrations up to 0.8 pg/liter (2). The use of 1,2-
dibromoethane (DBE) as a soil fumigant and gasoline additive
has led to widespread exposure of the general population 1o this
chemical. The chemical reactivity of these and other 1,2-dihalo-
substituted hydrocarbons has made them important intermediates
in many synthetic pathways.

Previous metabolic studies on vic-dihalides have shown the
formation of a variety of products. Early studies by Heppel and
Pornterfield (3) showed that both DBE and DCE were dehalogen-
ated by rat liver cytosol. The conversion of DBE to ethylene by
soil cultures has been described (4). Subsequent work has shown
that DCE is converted to chloroacetic acid and S-carboxymeth-
yleysteine (5), and urinary metabolites of DCE include mercap-
turic acid derivatives (6). The involvement of glutathione (GSH)
in the detoxification of these compounds was investigated by
Nachtomi (7) who showed that 5-(2-hydroxyethyl)glutathione and
5,8"-cthylenebisglutathione, the presumed conjugation products
of DBE with one and two molecules of GSH, respectively, were
present in hepatic and renal tissues of rats dosed with DBE.
Hepatic glutathione levels have been shown 1o be reduced follow-

This work was supported by National Institutes of Health Grant no. ES 01082.
J. C. L. 1s the reciprent of National Research Service Award no T32 GM 07397,
A prebminary report of this work was presented at the Fall Meeting of the
Amencan Socety for Pharmacology and Experimental Therapeutics, Houston,
Tex., 14-17 August 1978 {Pharmacologist 20, 187 (1978)].

' Abbreviations used are’ DCE, 1,2-dichloroethane (also known as ethylene
dichloride or EDC); DBE, 1,2-awbromoethana (also known as ethylene dibromide
or EDB); GSH, reduced glutathione; CEC, 5«(2-chloroethyl)-oL-cysteine hydro-
chionde.

Send reprint requests to; Prof M. W. Anders, University of Minnesota,
Department of Pharmacology, 105 Millard Hall, 435 Delaware St. S. E., Minne-
apals, Minn, 55455

SL 037415

ing exposure of rats to DCE (8). Recently, bromoacetaldehyde has
been identified as a metabolite of DBE in rat liver microsomes
(9). Both DCE and DBE have been shown to be mutagenic in
Salmonella typhimurium (10-12) and DBE has also been shown to
produce mutagenic effects in eukaryotic systems (13-15). Rannug
et al. (12) have shown that the mutagenic potential of DCE is
enhanced in the presence of glutathione and hepatic cytosol.
Furthermore, both DCE and DBE have been classified as carcin-
ogens by the National Cancer Institute.

Our interest in the metabolism of vic-dihalides stems from
chemical considerations concerning the stability of GSH conju-
gates possessing a good leaving group beta 10 the sulfur atom.
Such conjugates may undergo elimination reactions to yield ole-
finic metabolites. Results of investigations on the metabolism of
both DBE and DCE to ethylene in vitro are presented herein.

Materials and Methods

Chemicals. 1,2-Dibromoethane (99%), 1,2-dichloroethane (99+ %), and
p~(—)-penicillamine (99+ %) were obtained from Aldrich Chemical Co.,
Milwaukee, Wis. Reduced glutathione, L-cysteine.HCl, and cysteamine
were obtained from Sigma Chemical Co., St. Louis. Mo. d,-Dibromoe-
thane was purchased from Merck and Co./Isotopes, Los Angeles, Cal. and
contained 99 atom % deuterium. S-(2-Chloroethyl)-pL-cysteine - HCY was
prepared by the method of Carson and Wong (16). The prepared material
had a mass spectrum consistent with the expected structure. All other
reagents and chemicals were of reagent grade and were obtained from
commercial sources.

Enzyme Preparation, Male Sprague-Dawley-derived rats weighing 225-
250 g were employed. Animals were killed by decapitation and livers were
perfused in situ with 1.15% (w/v) KCL The ussue was minced, homoge-
nized in a Dounce homogenizer in 1.15% KCl, and centrifuged at 9,000g
for 20 min. The resulting supernatant fraction was centnfuged at 105,000g
for 60 mun to yield the cytosol fraction which, unless otherwise stated, was
dialyzed overmght against 0.1 M phosphate buffer, pH 7.4, at 4°C. Cyiosol
fractions of kidney, lung, brain, and muscle were sunilarly prepared but
were not dialyzed. Preparation of subcellular fractions was accomplished
by centrifuging the liver homogenate at 600g for 20 min. The pellet, when
resuspended, centrifuged again at 600g, and resuspended, constituted the
nuclear fraction. The 600g supernatant fraction was centrifuged at 9,000g
for 20 min, and the pellet, when resuspended, centrifuged again at 9,000g,
and resuspended, constituted the mitochondrial fraction. The 9.000g su-
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pernatant fraction was centrifuged at 105,000g for 60 min Lo prepare
microsomal (pellet) and cytosolic (supernatant) fractions Volumes of the
prepared fractions were adjusted to yield the equivalent of 250 mg of liver
(wet weight) when used in incubation mixtures

Incubation Mixtures. Unless otherwise stated, incubation mixtures con-
tamned 50 pmo! of phosphate buffer (pH 7.4), 30 pmol of GSH, 255 pmol
of substrate, and 6 mg of cytosol protein in a total volume of 3 ml. When
the pH dependency of the reaction was studied, 50 pmol of phosphate
buffer were used from pH 6.5-8.0 and 50 pmol of Tris-HC1 from pH 8.0-
9.0. Incubations were carried out in flasks closed with sleeve-type stoppers
with shaking at 37°C for 30 min in an atmosphere of air. The reaction was
stopped by placing the flasks on ice.

Analytical Methods. Ethylene was quantified gas chromatographically
by injecting water into the incubation flasks, thereby displacing a 1-ml
sample of the flask headspace gas into the sample loop of a gas-sampling
valve. Ethylene concentrations were not corrected for partitioning of the
gas between the medium and the headspace. However, inasmuch as the
blood/gas pantition coefficient of ethylene is 0.15 (17), only a small
underestimation of ethylene concentrations would have been incurred. A
Varian senes 1400 gas chromatograph equipped with a flame-ionization
detector was used. Ethylene was scparated from other components of the
headspace gas on a 2-mm i.d. X 1.8-m plass column packed with Carbo-
sieve-B (Supeleo, Bellefonte, Pa.), 60/80 mesh, and maintained at 140°C,
The injector and detector temperatures were 193 and 220°C, respectively.
A 100-ppm calibration standard of ethylene in N, was eluted in 1.5 min.
Protein was measured by the method of Lowry et ol (18) with bovine
serum albumin as the reference standard.

Gas Chromatography-Mass Spectrometry. A Finnigan model 3200E
gas chromatograph/mass specirometer was fitted with a 2-mm i.d. x L5-
m glass column packed with Carbosieve-B, 120/140 mesh. The column
was operated at 180°C with He as the carrier gas. A 1-ml sample of the
headspace gas was introduced onto the column by use of a gas-sampling
valve. A Finnigan FROMIM multiple-ion monitoring device was used to
monitor the intensities of ions at m/e 26 and 30. All ion-source parameters
were adjusted to yield maximum intensity peaks at the analyzed masses
consistent with instrument stability.

Resuilts

The dependence of the enzymic metabolism of DCE to ethylene
on incubation time, protein concentration, temperature, and pH
are shown in fig. 1. The reaction was linear with time for at least
1 hr and with protein concentrations vp to at least 8 mg of protein
per ml. The temperature dependency of the enzymic production
of ethylene from DCE showed a maximum at 55°C. No distinct
pH optimum for ethylene production from DCE was observed;
rather, the reaction rate increased as the pH was increased from
6.5 10 9.0. Based on these studies, the following conditions were
employed for subsequent experiments: 30-min incubation time at
37°C with 2 mg of protein per ml; pH 7.4,

The cofactor requirements for DCE metabolism to ethylene are
shown in table I, Of the several cofactors tested, only GSH
supported appreciable generation of ethylene and the presence of
a NADPH-generating system did not alter the rate of DCE
metabolism. Other thiols, including D-penicillamine and r-cys-
teine, could not substitute for GSH.

Table 2 shows the distribution of the enzymes catalyzing the
conversion of DCE to ethylene in various rat tissues. Liver cytosol
exhibited the highest activity of the tissues studied; kidney also
showed an appreciable rate of ethylene formation. Negligible
reaction rates were detected with cytosol prepared from lung,
brain, or muscle.

Subcellular fractions of liver tissue were compared for their
ability to convert DCE to ethylene (table 3). Cytosol exhibited the
highest rate of ethylene formation, whereas mitochondrial and
microsomal preparations formed only low levels of ethylene. A
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FIG. 1. Dependence of the metabolism of DCE 1o ethylene on time, protein
concentration, pH, and temperature.

Standard conditions of 30-min incubation time at 37°C with 2 mg of
protein per ml at pH 7.4 were employed, except that the parameters were
varied as indicated on the abscissa of each panel. Substrate and GSH
concentrations were 86 and 10 mM, respectively. Values are the averages
of two experitnents and are corrected for nonenzymic reaction.

ke,

TABLE {
Cofactor requirements for the metabolism of 1,2-dichloroethane to ethylene
by rat liver cytosol

Substrate and cofactors were present at final concentrations of 86 and
10 mM, respectively. The NADPH-generating system consisted of isocitric
acid (3.3 mM), NADP* (0.33 mM), and isocitrate dehydrogenase (1.0
unit). Values are the average of two experiments and are corrected for
nonenzymic reaction.

Cofactor Ethylene
pmal/min/mg
GSH 10.5
NADPH-generating system + GSH 9.8
NADPH-generating system — GSH 0.1
p-Penicillamine . HC1 0.0
L-Cysteine- HC1 0.3

TABLE 2
Metabolism of 1,2-dichloroethane to ethylene in various rai tissues
The final concentrations of DCE and GSH were 86 and 10 mM,
respectively. Cytosol prepared from the various tissues was used without
dialysis. Data represent the means £ SD of two or three animals, as

indicatcd by the numbers in parentheses, and are corrected for nonenzymic
reaction,

Tissue Ethylene
pmal/min/mg
Liver 103 £ 3.5 (3)
Kidney 52+ 19(3)
Lung 04, 1.2(2)
Brain 02,04 (2)
Muscle 0,0(2)
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METABOLISM OF vic-DIHALIDES

low but consistent activity was detected in the nuclear fraction,
which may be attributable to cytosolic contamination.

The substrate specificity of the enzymes catalyzing this reaction
was investigated by use of several vicinally subsututed ethanes
(table 4). Ethylene bis(methanesulfonate) and 2-chloroethyl
methanesulfonate showed low rates of ethylene production, and
nearly as much nonenzymic as enzymic reaction was observed. 2-
Bromoethyl acetate did not yield an appreciable amount of eth-
ylene even in the presence of paraoxon, an inhibitor of cellular
esterases (19). Reactivity within the series of vic-dihaloethanes
followed the halide order with C-—Br bond breakage occurring at
a faster rate than C—Cl bond cleavage.

The effect of potential inhibitors of the metabolism of DCE to
ethylene is shown in table 5. Metabolic inhibitors, such as cyanide,
fluoride, and EDTA, showed no inhibitory effect; in contrast, the
sulfhydryl reagent, p-chloromercuribenzoic acid, produced a pro-
nounced inhibition. The microsomal mixed-function oxidase in-
hibitor, SKF 525-A, had no effect on DCE metabolism. Among
the known substrates for glutathione S-transferases tested, both
methyl iodide and diethyl maleate inhibited DCE conversion to
cthylene.

The identity and source of the ethylene formed was investigated
by GC/MS with deuterium-labeled DBE as the substrate (fig. 2).
Single jons corresponding to known fragments of ethylene and d,-
ethylene were monitored; thus, m/e 26, corresponding to C;H," or
C,D", and m/e 30, representing only C,D;*, were measured, The
fragmentogram of the ethylene produced from unlabeled DBE
was identical to that of authentic ethylene; i.e., a peak was seen at
m/e 26 but not at m/e 30. When d-DBE served as the substrate,
the fragmentogram showed signals at both m/¢ 26 and 30, indi-
cating the formation of d.-ethylene. The literature values for the
fragmentation pattern of authentic d.-ethylene have been reported
(20). The ratio of ion abundances at m/e 30/26 is approximately

TABLE 3

1,2-Dichloroethane metabolism by subc

DCE and GSH final concentrations were 43 and 10 mM, respectively.
Each reaction mixture contained a volume of the subcellular fraction
equivalent 1o 250 mg of liver. Data represent the means + SD of three
experiments and are corrected for nonenzymic reaction.

lular fractions of rat liver

Fraction Ethylene

pmol/min

Nuclear 47+ 09
Mitochondrial 0404
Microsomal 23108
Cytosolic 859+72

TABLE 4
The bolism of vicinally-sub d eth, to cthylene by rat liver cytosol

Substrates and GSH were added to final concentrations of 25 and 10 mM.
respectively. Paraoxon was added to a final concentrauion of 10~ M. Nonenzymic
reaction was determined by performing incubanons of substrate with buffer in place
of cytosol. Enzymic reaction is the difference between total reaction and nonenzymic
reaction, Data represent the means + 5D of three expenments

Ethylene
Substrate
Nonenzymic Enzymic
pmol/min
Ethylene bis(methanesulfonate) 119 =10 B3Iz 18
2-Chloroethyl methanesulfonate 62+ L1 13647
Bromoethyl acetate 04+02 0
Bromoethyl acetate + paraoxon 0201 0403
1,2-Dichloroethane 0.6 +02 6.4 £85
1-Bromo-2-chlorocthane 5949 135.7 % 55.6
1.2-Dhbromoethane 3235 £ 1612 3050 £ 876
SL, 037417
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4. This ratio corresponds well with our experimentally determined
value of 3.75.

A presumed intermediate in the conversion of DCE to ethylene
is the GSH conjugate of DCE, S-(2-chloroethyl)glutathione. An
analog of this intermediate, S-(2-chloroethyl)-DL-cystene-HCl
(CEC), was tested for its ability to form ethylene. These results
are shown in table 6. Ethylene formation from CEC was not
dependent on the presence of enzyme but was highly dependent

TABLE 5

Effect of various enzyme inhibitors on the mewabolism of 1,2-dichloroethane
to ethylene
Incubations were carned out with final concentrations of DCE and
GSH of 43 and 10 mM, respecuively. Inhibitors were added at final
concentrations of 5 mM, except as noted, before addition of DCE. Data
represent the means + SD.

Addition N Ethylene Formation”
% of control
KCN 4 9+8
NaF 4 102 +9
Na;EDTA 4 107+ 8
p-Chloromercunbenzoic acid 4 22
Diethyl maleate 4 67x8
Methy! iodide 4 143
1,2-Dichloro-4-nitrobenzene 3 97 £ 15
1,2-Epoxy-p-nitrophenoxypropane 3 929
SKF 525-A" 4 107 + 19
Halothane 4 105 + 16
Methoxyflurane 4 93+7
Dichloromethane 4 89+ 4

“ Control rate of cthylene formation was 6.6 x 0.7 pmol/min/mg of
protein (N = 4).
* Fina) concentration was 0.1 mM.
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FiG. 2. GC/MS analysis of ethylene produced by the metaboitsm of 1,2-
dibromoethane and d,-1,2-dibromoethane.
w ~ ~, m/e 30 (CeD3), —, m/e 26 (C.H; or C:D).

ol |1




202 LIVESEY AND ANDERS

TABLE 6

The conversion of S-(2-chloroethyl)-pL-cysteine. HCl to ethylene by rat
liver cytosol

The final concentration of substrate in the reaction flasks was 10 mM.

Thiol compounds, when present, were added to a final concentration of 10
mM. Data represent the means + SD.

Ethylene
Addusons N
Cytosol absent Cytosol present

pmol/min
None 4 114 + 4 130 + 37
GSH 4 619 + 48 810 + 39
L-Cysteme- HCI 3 729 + 24 782 £ 18
p-Penicillamine . HC\ 3 2197 242+ 10
Cysteamine - HC1 2 585 + 40 594 1 64

¢ Cytosol was denatured by heating for 5 min at 100°C.

on the presence of sulfhydryl compounds, such as glutathione,
cysteine, penicillamine, or cysteamine.

Discussion

These studies show that GSH conjugates may be metabolized
by routes other than those leading to water-soluble mercapturic
acid derivatives. In particular, the enzymic conversion of DCE to
ethylene is characterized by many of the same properties as
conjugations of GSH with other electrophilic centers of foreign
compounds but leads to the formation of a volatile, unsaturated
product. The absence of a pH optimum for ethylene formation
from DCE is similar to results obtained by Johnson (21) for
iodomethane metabolism and by Ahmed and Anders (22) with
dihalomethanes. Alkaline pH values would be expecied 1o increase
the ionization of the sulfhydryl group of GSH and, thus, should
promote the reactivity of this cofactor. The cofactor requirements,
the effect of various inhibitors, as well as the tissue and subcellular
distribution of the enzymes catalyzing the conversion of DCE to
ethylene, are similar to those of the GSH S-transferases. Ethylene
production from other vicinally substituted ethanes shows a
marked specificity for halogen leaving groups on the S-carbon;
methanesulfonates showed little reactivity. However, neither of
the methanesulfonates inhibited DCE metabolism to ethylene
(data not shown). Within the series of vic-dihaloethanes, initial
conjugation with GSH appeared to be the rate-limiting step and
B-elimination of the second halide ion was accomplished rapidly.
Ethylene production from CEC suggested that this second step is
not an enzyme-mediated process, but is a chemical reaction be-
tween the GSH conjugate and a thiol.

Based on these findings, at least two reaction mechanisms may
be tentatively proposed for olefin formation from vic-dihalo-
ethanes (fig. 3). The first step in the pathway shown in fig. 34 is
a nucleophilic attack (Sn2) of GSH on the electrophilic carbon of
the vic-dihalide; this reaction is presumably catalyzed by a GSH
S-transferase. The second step of this mechanism involves the
attack of a thiol on the sulfur atom of the conjugate, S-(2-haloe-
thyl)glutathione, followed by the BA-climination of a halide ion
and the formation of a disulfide. The direct reaction of sulfur with
sulfur is thought to be involved in the chemical and enzy-
mic reduction of a a-haloketones (23,24) and in the oxidation of
GSH (25), and has been proposed as a step in the conversion
of haloforms to carbon monoxide (26). The S-(2-halo-
ethyl)glutathione intesmediate may rearrange to yield an episul-
fonium ion. The pathway shown in fig. 3B involves an E2 elimi-
nation mechanism and has been proposed by Weygand and
Zumach for the oxidation of thiols to disulfides by 1,2-diiodo-
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A GS* +X5CHp~CHy =X ——— GS ~CHy —CH,—X + X°

RS® + B5-CHytCH, X' ~— GSSR + X® + CH,p = CH,

B. 68 +X “CHz“CH,“X" ——+ GSX + X* + CHp =CH,

RS* + G5 —X-——GSSR + X*

F16. 3. Possible reaction mechanisms for the conversion of 1,2-dihaloethanes
1o ethylene.

ethane (27). In this case, a disulfide would be obtained by reaction
of the sulfenyl halide with a thiol. Although it is not possible to
choose between these proposed mechanisms, that shown in fig. 34
is supported by the identification of 8-(2-hydroxyethyl)glutathione
and §,§’-ethylenebisglutathione as metabolites of DBE (7); the
former compound could be formed by hydrolysis of the episulfon-
ium ion and the latter by attack of GSH on cither the episulfonium
ion or on $-(2-haloethyl)glutathione. The detailed mechanism of
cthylene formation from vic-dihaloethanes is currently under in-
vestigation.

The conversion of vic-dihaloethanes to ethylene may be viewed
as a detoxication reaction, inasmuch as ethylene is much less toxic
than its precursors. However, the intermediates formed in the
reaction, §-(2-haloethyl)glutathione or the episulfonium ion, may
be involved in the carcinogenic and mutagenic action of these
compounds. Indeed, Ranpug er al. (12) have shown that S-(2-
chloroethyl)cysteine is more mutagenic than DCE and does not
require the presence of an activating system. Finally, as was
indicated above, this reaction serves a detoxifying role in the case
of vic-dihaloethanes. However, when other vic-polyhalides are
involved, this would not necessarily be the result, because products
of increased toxicity may be formed. The scope of the reaction is
currently being investigated.
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