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Abstract--The binding of 1,1-dichloroethane (1,1-DCE) to the substrate binding site of hepatic micro- 
somal cytochrome P-450, and the stimulation of hepatic microsomal CO-inhibitable NADPH oxidation 
by 1,1-DCE and 1,2-dichloroethane (1,2-DCE) were enhanced by induction with phenobarbital but not 
with /3-naphthoflavone. Incubation of the dichloroethanes with hepatic microsomes from 
phenobarbital-treated rats, NADPH-generating system and EDTA resulted in the conversion of 1,1- 
DCE to acetic acid and to a lesser extent to 2,2-dichloroethanol and probably also mono- and 
dichloroacetic acid and the conversion of 1,2-DCE to chloroacetaldehyde and to a lesser extent to 
chloroacetic acid and probably 2-chloroethanol. In addition, reaction mixtures constituted as described 
above resulted in slight but significant losses (ca. 13%) of hepatic microsomal cytochrome P-450. The 
omission of dichloroethane or the NADPH-generating system from incubation mixtures eliminated the 
above effects, and SKF-525A or CO diminished or eliminated the effects. Pathways for the metabolism 
of 1,1-DCE and 1,2-DCE are proposed. 

Chlorinated hydrocarbons are widely used in many 
spheres, including agriculture and industry. 1,1- 
Dichloroethane (C12HCCH3) (1,1-DCE) is utilized 
in relatively small quantities, primarily in the chem- 
ical, agricultural and petroleum industries. 1,2-Dich- 
loroethane (C1H2CCHzCI) (1,2-DCE) is utilized as 
a solvent, pesticide, fumigant and gasoline additive, 
but its primary industrial application is in the syn- 
thesis of vinyl chloride and other chlorinated hydro- 
carbons [1-3]. 1,2-DCE is one of the most widely 
produced halocarbons, several million tons being 
synthesized annually on a global basis [2, 3]. The 
estimated numbers of workers exposed to 1,1-DCE 
and 1,2-DCE are approximately five thousand and 
two million respectively [3]. It has been proposed 
that seventy-four kg of 1,2-DCE was released into 
ambient air in one year in the United States alone 
[11. 

Both 1,1-DCE and 1,2-DCE have been shown to 
be toxic to laboratory animals and man, eliciting 
primarily hepatoxic and neurologic effects [3]. By 
most criteria, 1,1-DCE is less toxic than is 1,2-DCE 
[4--6]. Studies of the possible mutagenicity and car- 
cinogenicity of 1,1-DCE have been negative or 
inconclusive [7, 8], but it has been recommended by 
the National Institutes of Health (U.S.A.)  that 
1,1-DCE be treated with caution in the workplace 
[3]. In contrast, 1,2-DCE is carcinogenic in rats and 
mice and mutagenic in several test systems, particu- 
larly in the presence of activating enzymes, such as 
the hepatic GSH transferases and to a lesser extent 
the hepatic microsomal cytochrome P-450 enzyme 
system [1, 3, 6, 9-14]. 

* This research was supported by grants from the Medical 
Research Council, the University of Cape Town Staff 
Research Fund, and the National Cancer Association. 

t Author to whom correspondence should be addressed. 

The metabolism of 1,1-DCE has not been char- 
acterized extensively. This compound, however, has 
been shown to bind to the substrate binding site of 
hepatic cytochrome P-450 [15] and to be dechlorin- 
ated by this enzyme system, although the products 
of this interaction have not been identified [16]. 

1,2-DCE has been shown to be metabolized in 
vitro and in vivo by two distinct pathways. The 
conjugation of 1,2-DCE with glutathione leads to 
the formation of ethylene [17] and glutathione con- 
jugates, including the mutagenic species 2-chloro- 
ethyl glutathione [18]. The interaction of 1,2-DCE 
with hepatic microsomal cytochrome P-450 in vitro 
leads to the production of 2-chloroethanol, non-vol- 
atile metabolites, and reactive species (proposed at 
least in part to be 2-chloroacetaldehyde) which bind 
to cellular protein or added DNA [18]. The urinary 
metabolites of 1,2-DCE in vivo have been reported 
to be 2-chloroethanol and chloroacetic acid [19, 20]. 

An investigation of the interaction of 1,1-DCE 
and 1,2-DCE with multiple forms of rat liver cyto- 
chrome P-450 with special reference to the identi- 
fication of metabolites is reported herein. The rel- 
evance of the hepatic microsomal cytochrome P-450 
dependent metabolism of the dichlorinated ethanes 
to their potential carcinogenicity and mutagenicity 
is assessed. 

EXPERIMENTAL 

Materials. 1,1-DCE, 1,2-DCE, acetic acid and 
methyl acetate were reagent grade from Merck 
Chemicals, Darmstadt,  West Germany./3-Naphtho- 
flavone and sodium phenobarbital were obtained 
from the Aldrich Chemical Co., Milwaukee, WI, 
U.S.A. ,  and Maybaker,  Port Elizabeth, R.S.A. ,  
respectively. SKF-525A (fl-diethylaminoethyl-2,2- 
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diphenylvalerate) was a gift from Smith, Kline & 
French Ltd., Isando, Transvaal, R.S.A. Cylinders 
of compressed gases were obtained from Afrox Ltd., 
Cape Town, R.S,A. NADPH and NADH were pur- 
chased from Miles Laboratories, Cape Town, R.S,A. 
Other reagents were analytical grade and were 
obtained as described previously [21, 22]. Water was 
distilled and deionized. 

Treatment of animals. Male Long-Evans rats 
(200 + 10 g) were used in all experiments. Animals 
were permitted free access to Epol Laboratory Chow 
(protein rain. 20%, fat 2.5%, fibre max. 6%, calcium 
1.4%, phosphorus 0.7%) obtained from Epol Ltd., 
Goodwood, Cape Town, R.S.A., and water. 
fl-Naphthoflavone and phenobarbital were admin- 
istered by intraperitoneal injection as described by 
Nebert et al. [23] and Ivanetich et al. [24]. Animals 
were starved overnight (16 hr) prior to being killed. 

Preparation of hepatic microsomes. Hepatic micro- 
somes were isolated by differential ultracentrifuga- 
tion [25] and were suspended in 0.02 M Tris-HC1, 
pH 7.4, at a concentration of 2 mg protein/ml for 
spectral assays and at 4 mg protein/ml for assays of 
metabolite production. The microsomal protein con- 
centration was determined by the method of Lowry 
et al. [26] as modified by Chaykin ]27]. 

Addition of compounds. 1,1-DCE and 1,2-DCE 
were added below the surface of the hepatic micro- 
somal suspension with a Hamilton /,1 syringe, and 
the suspension was vortex mixed for 30 sec. 

Spectral assays. Difference spectra of hepatic 
microsomes (3 ml) plus dichlorinated ethane versus 
hepatic microsomes were recorded at 25 °. The dif- 
ference in absorbance between the absorbance peak 
at 385 nm and the trough at 415 nm was taken as the 
magnitude of the difference spectrum (AA). 

Rates of NADPH oxidation of reaction mixtures 
containing hepatic microsomes, NADPH 
(0.12 raM), and dichlorinated ethane (25 raM) were 
monitored spectrally at 340 nm at 25 °. The reported 
rates are corrected for non-cytochrome P-450 depen- 
dent NADPH oxidation, measured as above but in 
samples saturated with CO:O2 (80:20, v/v) [28]. 

The effect of the dichloroethanes on the levels of 
hepatic microsomal cytochrome P-450 was assayed 
in incubation mixtures containing hepatic micro- 
somes (2 mg protein/ml), NADPH-generating sys- 
tem [29], EDTA (0.2raM), and dichloroethane 
(25 mM). Reaction mixtures were incubated at 30 ° 
for 15 min with shaking at 60 cycles/rain. Cytochrome 
P-450 concentrations were determined from 
measurements of the difference spectrum of CO- 
ferrocytochrome P-450 versus ferrocytochrome 
P-450 according to the method of Omura and Sato 
(e450nm~.90nm 91cm ~mM -*) [30]. A Beckman 5230 
recording spectrophotometer was used for all spec- 
tral studies. 

Identification of metabolites of the dichloroethanes. 
Reaction mixtures containing the dichloroethane 
(40 mM)*, NADPH-generating system [29], EDTA 

* These concentrations of the DCEs did not affect the 
microsomal suspension (assessed visibly) or convert cyto- 
chrome P-450 to cytochrome P-420 (assessed spectrally 
[30]). 

(0.2 mM) and hepatic microsomes (3-18 ml at 4 rng 
protein/ml) in 0.02 M Tris-HC1, pH 7.4, were incu- 
bated at 30 ° with shaking at 60 cycles/rain for 20 rain. 
Protein was precipitated by the addition of HzSO~ 
plus Na2SO~, and the precipitate was removed by 
centrifugation at 1000 g for 10 rain [31]. The resulting 
supernatant fraction was extracted with 4 or 5 ml of 
diethyl ether, for determination of acetic acid and 
the mono- and dichloroacetaldehydes and acetic 
acids; or with 4 or 5ml of ethyl acetate, for the 
determination of chlorinated ethanols. The organic 
phase was removed, dried over anhydrous Na2SO~, 
and analyzed by gas-liquid chromatography. Stan- 
dards were prepared by adding authentic samples of 
acetic acid or chlorinated ethanols, aldehydes and 
acetic acids to hepatic microsomes, precipitating the 
protein, and extracting as described above. 

Carboxylic acids were methylated with diazo- 
methane under nitrogen. Chlorinated aldehydes and 
methyl esters of chlorinated carboxylic acids were 
routinely assayed using column I, a 1 m x 6 mm glass 
column of Chromosorb 101 [32]. Column, detector, 
and injector temperatures were 200 ° , 250 ° , and 200 ° 
respectively. Mono- and dichlorinated ethanols were 
routinely measured on column II, a 3 m x 6 mm glass 
column of 10% Carbowax 20 M oil Chromosorb W 
(AW). Column, detector, and injector temperatures 
were 170 ° , 230 ° , and 200 ° respectively [33]. Methyl 
acetate was assayed using the latter column with 
injector, oven, and detector temperatures of 120 ° , 
70 °, and 140 ° respectively. 

A Packard 428 gas-liquid chromatograph was util- 
ized for the identification of volatile metabolites. 
Chlorinated metabolites were detected with an elec- 
tron capture detector, while non-halogenated metab- 
olites were detected with a flame ionization detector. 
Peak areas were calculated by a Pye-Unicam DP88 
computing mini-integrator. 

Calculations and statistical analysis. Binding con- 
stants (K,) and maximum extents of binding (AAma~) 
were calculated from Hanes plots. Student's t-test 
for unpaired data was used to calculate significant 
differences between means. A significant difference 
was taken as P < 0.01, with P < 0.05 being probably 
significant. Reported values are means + standard 
deviations for, at least, duplicate assays on two or 
more separate microsomal preparations, unless 
otherwise specified. 

RESULTS 

Binding to hepatic microsomal cytochrome P-450. 
Both 1,1-DCE and 1,2-DCE [27] bound to cyto- 
chrome P-450 in hepatic microsomes from induced 
and uninduced rats, resulting in the production of 
a type 1 difference spectrum (Zmax = 385 nm, Z,~n = 
415 rim). The effect of induction of different forms 
of cytochrome P-450 on the spectral binding con- 
stants (K,) and the maximum extents of binding 
(AA~ax) of 1,1-DCE are presented in Table 1. The 
parameters for the binding of 1,1-DCE were not 
affected by induction with fl-naphthoflavone. How- 
ever, induction with phenobarbital significantly 
decreased K, and increased AAma× and AAmax per 
nmole cytochrome P-450. The K,. for the binding of 
1,2-DCE to cytochrome P-450 in microsomes from 
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Table 1. Binding and metabolism of dichloroethanes by hepatic microsomal cytochrome P-450" 
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Compound 

Binding NADPH oxidation 

AAmax 
nmoles/min/mg 

per nmole microsomal nmoles/min/nmo|e 
Induction Ks (mM) cytochrome P-450 protein cytochrome P-450 

1,1-DCE None 3.1 +- 0.2 0.042 --- 0.008 0.024 +- 0.004 1.7 +-- 0.8 1.3 +- 0.6 
fl-Naphthoflavone 3.0 +- 0.1 0.038 +- 0.006 0.030 +- 0.008 1.2 ~ 0.5 0.9 -+ 0.3 
Phenobarbital 2.3 +- OAt 0.148 --- 0.014+ 0.054 ± 0.02+ 4.5 -+ 0.2t 1.9 -+ 0.25 

1,2-DCE None 1.7 ± 0.4 1.6 +- 0.6 
~Naphthoflavone 1.1 - 0.5 0.8 +- 0.3+ 
Phenobarbital 2.35§ 0.068§ 0.034§ 3.7 +- 0.7t 1.7 ± 0.6 

* Values are means --- S.D. for experiments performed in triplicate with three or more preparations of hepatic 
microsomes. Experimental conditions are described in the Experimental section. 

t Differs significantly from corresponding value for microsomes from uninduced rats, P < 0.01. 
$ Probably differs significantly from corresponding value for microsomes from uninduced rats, P < 0.05. 
§ Represents results from a single preparation of hepatic microsomes. 

phenobarbital-treated rats (Table 1) compares with 
that reported by Ivanetich et al. [34]. 

Hepatic microsornal NADPH oxidation. The 
CO-inhibitable oxidation of NADPH by hepatic 
microsomes was stimulated by both 1,1-DCE 
(25 mM) and 1,2-DCE (25 raM) (Table 1). The rates 
of 1,1-DCE and 1,2-DCE stimulated CO-inhibitable 
NADPH oxidation per mg microsomal protein were 
unaffected by/3-naphthoflavone induction but were 
generally increased following phenobarbital induc- 
tion. In contrast, the rates of NADPH oxidation per 
nmole cytochrome P-450 were not affected signifi- 
cantly by these inducing agents, except that the rate 
in the presence of 1,2-DCE was decreased signifi- 
cantly following/3-naphthofiavone induction. 

Identification of metabolites of dichloroethanes. 
The metabolism of the dichlorinated ethanes was 
assessed in reaction mixtures containing microsomes 
from phenobarbital-induced rats, NADPH-gener-  
ating system, E D T A  and 1,1-DCE (40mM) or 
1,2-DCE (40 mM). Metabolites have been identified 
as described below. The amounts of metabolites 
produced over 20 min have been corrected for the 
levels of metabolites found in reaction mixtures com- 
prised as above, but not incubated (Table 2). 

Following incubation of 1,1-DCE with the com- 
plete reaction mixture, no 2-chloroethanol was 
detected (limit of detection, 0.1 nmole per mg pro- 
tein per 20 min), but measurable amounts were 
detected on column II of a metabolite which chro- 
matographed as did 2,2-dichloroethanol (retention 
time, 270 sec). Incubation of 1,2-DCE with the com- 
plete reaction mixture led to the production of a 
metabolite which chromatographed identically to 
2-chloroethanol on column II (retention time, 
137sec), whereas 2,2-dichloroethanol (limit of 
detection, 0.05 nmole per mg protein per 20 min) 
was not detected on any occasion (Table 2). The 
identity of mono- and dichloroethanol as metabolites 
of 1,2-DCE and 1,1-DCE, respectively, was con- 
firmed as follows. Both metabolites were detected 
by the electron capture detector, which indicates 
that the metabolites are halogenated. The presence 

of the alcohol functional group in the two metabolites 
was confirmed by incubation of ethyl acetate extracts 
(5 ml) of the incubated reaction mixtures with 0.5 ml 
acetyl chloride for I hr at 50 °, which resulted in the 
peaks of authentic standards of mono- and dichloro- 
ethanol and the peaks from reaction mixtures being 
no longer detectable by gas-liquid chromatography. 
The metabolite proposed to be 2,2-dichloroethanol 
had an identical retention time to an authentic 
sample of 2,2-dichloroethanol (420 sec) on a second 
gas-liquid chromatography column (column I), but 
it was not possible to confirm the identity of 2-chloro- 
ethanol on this column because of the insensitivity 
of the electron capture detector to this compound 
and the very small amounts produced. 

1,2-DCE was converted by the hepatic microsomal 
reaction mixtures to a metabolite which chromato- 
graphed identically to chloroacetaldehyde on column 
I (retention time, 145 sec), while 1,1-DCE was not 
(limit of detection, 0.05 nmole per mg protein per 
20 rain) (Table 2). The identity of the metabolite 
proposed to be chloroacetaldehyde was confirmed 
as follows. The chromatographic peak which was 
attributed to chloroacetaldehyde was eliminated by 
the application of the Fehling's test to extracts of 
incubation mixtures. Furthermore, the oxidation of 
the metabolite with alkaline potassium permanga- 
nate [35], under conditions which oxidize chloro- 
acetaldehyde to chloroacetic acid, resulted in the 
conversion of the metabolite to a product, which 
when methylated with diazomethane (see Experi- 
mental section) chromatographed identically to 
methyl chloroacetate (column I, retention time, 
360 sec). Dichloroacetaldehyde was not produced in 
measurable amounts (limit of detection < 0.05 nmole 
per mg protein per 20 min) from 1,1- or 1,2-DCE. 

Incubation of 1,1-DCE in the complete reaction 
mixture led to the production of metabolites which, 
following methylation with diazomethane, chroma- 
tographed on column I identically to methyl mono- 
chloroacetate and methyl dichloroacetate (retention 
times of 360 and 550 sec respectively). Following the 
incubation of 1,2-DCE with the complete reaction 
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mixture, a product was formed which, following 
methylation, chromatographed on column I, ident- 
ically to methyl chloroacetate: however, no peak 
was detected corresponding to methyl dichloroace- 
tate. The methylated samples were detected by the 
electron capture detector, which indicates that they 
are halogenated compounds. Either the omission of 
the diazomethane treatment or the neutralization of 
reaction mixtures prior to extraction eliminated the 
peaks from the chromatograms, confirming that the 
metabolites contain the carboxylic acid functional 
group. In view of the low levels of these metabolites 
that were produced from ] ,I-DCE, it was not pos- 
sible to further confirm their structure. However. 
the metabolite of 1,2-DCE which was proposed to 
be methyl chloroacetate was shown to chromato- 
graph identically to an authentic sample of methyl 
chloroacetate on column II (retention time, 75 see). 

In view of the relatively low levels of the chlori- 
nated metabolites produced per 20 rain from I,I- 
DCE, the effect of redistillation of commercially 
available reagent grade 1,1-DCE on the levels of 
metabolite production was assessed. In no case were 
the levels of production of the metabolites per 20 
min decreased by this treatment, relative to the data 
given in Table 2. In extracts of complete incubation 
mixtures, which had been treated with diazo- 
methane, a peak chromatographing identically to 
methyl acetate was produced from 1,1-DCE but not 
from 1,2-DCE (retention time, 110 sec on column 
II with injector, oven, and detector temperatures at 
120 °, 70 °, and 140 ° respectively). When extracts of 
reaction mixtures containing the metabolite pro- 
posed to be acetic acid were treated with benzyldi- 
methylphenylammonium chloride according to the 
method of Richards et al. [361, a peak appeared at 
the retention time of benzyl acetate (225 sec on col- 
umn II) corresponding to 174--+ 15 nmoles benzyl 
acetate produced per mg microsomal protein per 20 
rain. 

Following incubation of hepatic microsomes from 
phenobarbital-induced rats, NADPH-generating 
system and EDTA, or of hepatic microsomes from 
phenobarbital-induced rats, EDTA and either 1,1- 
DCE or 1,2-DCE, no chlorinated metabolites or 
acetic acid were produced in measurable amounts 
(Table 2). The inhibitors of cytochromc P-450-~CO 
and SKF-525A [371--significantly decreased the 
metabolism of 1,I-DCE to mono- and dichloroace- 
tare and the conversion of 1,2-DCE to chloroace- 
taldehyde and chloroacetic acid (Table 2). CO and 
metyrapone decreased the conversion of 1,I-DCE 
to acetic acid, with negligible levels of acetic acid 
(< 6 nmoles per mg protein per 20 rain) being pro- 
duced in the presence of the latter inhibitor (Table 
2). 

Effect of  dichloroethanes on the levels of  hepatic 
microsomal cytochrome P-450. The effects of the 
dichloroethanes on the levels of hepatic microsomal 
cytochrome P-450 are presented in Table 3. Incu- 
bation of 1,1-DCE or 1,2-DCE with hepatic micro- 
somes from untreated or [3-naphthoftavone-induced 
rats in the presence or absence of NADPH-gener- 
ating system resulted in no detectable change in 
cytochrome P-450 levels. However, incubation of 
1,1-DCE or 1,2-DCE with hepatic microsomes from 
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Table 3. Effects of dichloroethanes on the levels of hepatic microsomal cytochrome P-450 in vitro* 
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1,1-DCE 

Loss of cytochrome P-450 

1,2-DCE 

Loss of cytochrome P-450 

nmoles/mg nmoles/mg 
Pretreatment of rat Additions protein % protein % 

None GS < 0.01 < 0.1 < 0.01 < 0.1 
DCE < 0.01 < 0.1 0.02 - 0.01 2,6 -+ 0.7 
DCE + GS < 0.01 < 0.1 0.03 ± 0.03 3.4 ± 3.4 

3-Naphthoflavone GS < 0.01 < 0.1 0.03 ± 0,03 3.1 -+ 3.1 
DCE < 0.01 < 0.1 < 0.01 < 0.1 
DCE + GS < 0.01 < 0.1 < 0.01 < 0.1 

Phenobarbital GS 0.03 -+- 0.03 1.3 ± 0.9 0.03 ± 0.01 0.7 ± 0.2 
DCE 0.01 -+ 0.01 1.9 -+- 1.9 < 0.01 < 0.1 
DCE + GS 0.32 - 0.10t 12.2 ± 2.4+ 0.31 ± 0.09+ 13.3 ± 1.6t 
DCE + GS + CO:O2 0.11+-0.055 3.7 ~ 1.55 0.04 +- 0 .045  1.7-+1.75 

* Reported values are means-+ S.D. for determinations in triplicate on three or more preparations of hepatic 
microsomes. Incubation mixtures contained hepatic microsomes (2 mg protein/ml), EDTA, and additions as indicated. 
Experimental details are given in the Experimental section. Abbreviation: GS, NADPH-generating system. 

t Differs significantly from corresponding value for GS or DCE, P < 0,01. 
$ Differs significantly from corresponding value for GS plus DCE in absence of inhibitor, P < 0.01. 

phenobarbital-induced rats, in the presence of 
EDTA and an NADPH-generating system, resulted 
in significantly decreased levels of cytochrome 
P-450. The decreases in the levels of cytochrome 
P-450 did not occur in the absence of the 
NADPH-generating system or the dichloroethane 
and were diminished by CO. 

DISCUSSION 

The results presented herein demonstrate that 
1,1-DCE is metabolized by hepatic microsomal 
cytochrome P-450 in vitro and confirm that 1,2-DCE 
is also metabolized by this enzyme system [18], First, 
both 1,1-DCE and 1,2-DCE bound to the active site 
of cytoehrome P-450, as assessed by their abilities 
to produce a Type 1 difference spectrum (see 
Results) [15, 34, 38]. Both compounds stimulated 
hepatic microsomal CO-inhibitable NADPH oxi- 
dation (Table 1), which can provide a measure of 
cytochrome P-450 dependent metabolism [28]. Fur- 
thermore, the metabolism of 1,1- and 1,2-DCE and 
their metabolic activation to species capable of 
decreasing the levels of hepatic cytochrome P-450 
required hepatic microsomes and an NADPH-gen- 
erating system and was inhibited by CO and/or 
SKF-525A (Tables 2 and 3), which are effective 
inhibitors of cytochrome P-450 [37], 

The form of cytochrome P-450 elevated by 
3-naphthofiavone, viz. cytochrome P-448, does not 
appear to bind or metabolize 1,1-DCE or 1,2-DCE. 
Elevation of the levels of cytochrome P-448 by prior 
induction with fl-naphthoflavone did not affect the 
extent of binding of 1,1-DCE to hepatic microsomal 
cytochrome P-450 or the stimulation of the rate of 
hepatic microsomal CO-inhibitable NADPH oxi- 
dation by 1,1-DCE and 1,2-DCE (Table 1), and it 
did not result in measurable metabolic activation of 
either compound to species capable of decreasing 
the levels of cytochrome P-450 (Table 3). 

In contrast, the form of cytochrome P-450 induced 
by phenobarbital appears to bind and metabolize 
both 1,1-DCE and 1,2-DCE. Elevation of this form 
of cytochrome P-450 increased AAmax and &Am~x per 
nmole cytochrome P-450 for the binding of 1,1-DCE 
to cytochrome P-450. Furthermore, elevation of the 
phenobarbital inducible form of cytochrome P-450 
slightly increased the affinity of the enzyme for 
1,1-DCE and resulted in increased rates of 1,1- and 
1,2-DCE stimulated CO-inhibitable NADPH oxi- 
dation per mg microsomal protein (Table 1), and in 
measurable metabolic activation of 1,1- and 1,2-DCE 
to reactive species capable of decreasing the levels 
of hepatic microsomal cytochrome P-450 (Table 3). 
The report of Guengrich et al. that the hepatic micro- 
somal conversion of 1,2-DCE to unidentified non- 
volatile metabolites is decreased following induction 
with polycyclic hydrocarbons and increased follow- 
ing induction with phenobarbital [18] is consistent 
with the above proposals. 

The metabolism of 1,1-DCE by hepatic micro- 
somal cytochrome P-450 resulted in the production 
of acetic acid as the major metabolite and 2,2-di- 
chloroethanol and probably also mono- and 
dichloroacetic acids as minor metabolite(s) (see 
Results) (Table 2). On the basis of these results, 
pathways for the metabolism of 1,1-DCE are pro- 
posed (Fig. 1). The initial steps in the metabolism 
of 1,1-DCE are proposed to involve cytochrome 
P-450 dependent hydroxylations (probably via oxy- 
gen insertion, see Ref. 39) at either C-1 or C-2. 
Hydroxylation at C-1 results in the production of an 
unstable o~-haloalcohol which can lose HC1 to form 
acetyl chloride or, in a much less favorable reaction, 
undergo a chlorine shift to yield chloroacetyl chlor- 
ide. Both of these acyl chlorides are expected to 
react with water to yield the free acids or to be able 
to react with cellular constituents. Hydroxylation at 
C-2 produces 2,2-dichloroethanol, which can be fur- 
ther oxidized to dichloroacetaldehyde and dichloro- 
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[CH3COCL] He0 * , CH3CCL2 H 
-HCL 

Fig. 1. Proposed pathways for the metabolism of 1,1-DCE. Key: (+) Identified metabolite from 
the hepatic microsomal cytochrome P-450 enzyme system (see Results). Brackets enclose unstable 

species. 

acetic acid. It is anticipated that the oxidation of 
2,2-dichloroethanol may be catalyzed by the cyto- 
chrome P-450 enzyme system or by alcohol and 
aldehyde dehydrogenase contaminants of hepatic 
microsomal preparations. 

The proposed pathways for the metabolism of 
1,2-DCE are supported by the identification of 2- 
chloroethanol and chloroacetic acid as urinary 
metabolites of 1,2-DCE [19, 20], of glutathione con- 
jugates and ethylene as products of the interaction 
of 1,2-DCE with GSH and GSH transferascs 
[17, 18], and of 2-chloroethanol /18], chloroacetal- 
dehyde and chloroacetic acid as metabolites of 1,2- 
DCE from the hepatic microsomal cytochrome P- 
450 enzyme system in vitro (see Results) (Table 2). 
It is proposed that hepatic cytochrome P-450 may 
hydroxylate 1,2-DCE with the loss of chlorine to 
yield 2-chloroethanol or may catalyze an oxygen 
insertion at either of the two equivalent carbon atoms 
to yield an unstable ol-haloalcohol which rearranges 
non-enzymically to chloroacetaldehyde. In view of 
the observation that the rate of production of chloro- 
acetaldehyde greatly exceeds the rates of production 
of 2-chloroethanol and chloroacetate (Table 2) and 
the report  that N A D P H  plus hepatic microsomes 
catalyzes the conversion of chloroacetaldehyde to 
2-chloroethanol, but not the reverse reaction [18], 
it is anticipated that the oxygen insertion reaction 

proceeds at a far greater rate than the oxidative 
dehalogenation of 1,2-DCE. It would appear that 
metabolism of 1,2-DCE by cytochrome P-450 may 
be the rate-limiting step in the metabolism of this 
compound in vivo, since the inhibition of this enzyme 
in vivo with CC14 decreases metabolism of 1,2-DCE, 
while induction of this enzyme with phenobarbital 
in vivo increases the metabolism of 1,2-DCE [40]. 

The extent of dechlorination of 1,1-DCE was cal- 
culated from the data presented in Table 2 to be 
10-fold greater than that of 1,2-DCE. This result 
compares with the report of Van Dyke and Wineman 
[16] that 36CI-1,l-DCE was dechlorinated by hepatic 
microsomes at an approximately 25-fold greater rate 
than was 1,2-DCE. 

If the metabolism of the DCEs is assumed to be 
linear for 20 min, the rates of metabolite production 
would be 8.9 and 1.7 nmoles per mg microsomal 
protein per min (Table 2) from 1,1- and 1,2-DCE 
respectively. If the extents of metabolite production 
in the presence of CO : O2 are subtracted from these 
values, the apparent rates of CO-inhibitable metab- 
olite production from 1,1- and 1,2-DCE are calcu- 
lated to be 3.9 and 0.9 nmoles per mg microsomal 
protein per min (Table 2). The latter rate for 1,1- 
DCE compares to the rate of 1,1-DCE stimulated 
CO-inhibitable NADPH oxidation, while that for 
1,2-DCE is approximately one-quarter of the rate 

@SH t ransferases 

GSH 
CLCH2C H2G SH ÷ 

(end other 
conjugates) 

- CHz= CH 2 

CLH~CCH2CL 

Cytochrome 
P-450 

CLH?CCH2OH* 

Cytochrome 
P-450 

Non-enzymic 
[CLHzCCHOHCL ] CLH2CCHO +- . CLH2CCO2H* rearrangement 

Fig. 2. Proposed pathways for the metabolism of 1,2-DCE. Key: (>) Identified metabolites. Brackets 
enclose unstable species. 
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of 1,2-DCE stimulated NADPH oxidation. It is 
therefore possible that 1,2-DCE, but not 1,1-DCE, 
is a partial uncoupler of hepatic cytochrome P-450. 

It would appear that the metabolism of 1,1-DCE 
and 1,2-DCE by cytochrome P-450 is important in 
mediating the toxic effects of these compounds. 
1,1-DCE and 1,2-DCE are converted by cytochrome 
P-450 to a variety of chlorinated metabolites, some 
of which (e.g. chloroacetaldehyde and acetyl chlor- 
ide) are reactive species which would be expected 
to be more toxic than the parent compounds. 

In addition, cytochrome P-450 may also play a 
role in the activation of 1,1- and 1,2-DCE to muta- 
genic species. The proposed metabolic pathways for 
both compounds contain several reactive species, 
including chloroacetaldehyde which is thought in 
part to mediate the mutagenic and carcinogenic 
effects of vinyl chloride (see, for example, Ref. 41) 
and unstable reactive species such as ol-haloalcohols 
and acyl chlorides (Figs. i and 2). Furthermore, both 
1,1- and 1,2-DCE are converted by cytochrome 
P-450 to reactive species which can inactivate the 
enzyme, apparently by modifying its heme group 
(Table 3). 

The relatively greater rate of metabolism of 1,1- 
DCE relative to 1,2-DCE by the hepatic microsomal 
cytochrome P-450 system is not consistent with the 
relatively greater toxicity, mutagenicity and carcin- 
ogenicity of 1,2-DCE. Therefore, it would appear 
that both the hepatic cytochrome P-450 enzyme sys- 
tem and the hepatic GSH transferases play an 
important role in the activation of 1,2-DCE to 
mutagenic and carcinogenic species (see, for exam- 
ple, Refs. 11, 12 and 14). 
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