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Abstract-Trichloroethylene was metabolized to chloral hydrate, trichloroethanol and trichloroacetic 
acid in vitro. The three metabolites in the incubation mixture were determined by gas-liquid chroma- 
tography using an electron capture detector. The kinetics of the individual steps of the metabolism of 
trichloroethylene were investigated in rat liver subcellular fractions or recombined fractions. The general 
features of trichloroethylene metabolism in vitro were demonstrated by the conversion of trichloro- 
ethyleme to the three metabolites (6 per cent total yield) by the 700 s supernatanl fraction of rat liver 
in 2 hr. Oxidation of trichloroethylene to chloral hydrate occurred only in the microsomal fraction of 
rat liver. as previously reported by Byington and Leibman [5]. (This step was rate-limiting and was 
stimulated by both phenobarbital and 3-methylcholanthrene pretreatment.) Reduction of chloral hydrate 
to trichloroethanol occurred in the cytosol of rat liver. This activity was separated into at least three 
fractions by a DEAE cellulose column-one of them was NADH-dependent and the others were 
NADPH-dependent.) The formation of trichloroacetic acid from chloral hydrate required cytosol or 
mitochondria with NAD. 

Numerous reports about trichloroethylene (Tri) 
have been published in the field of industrial health 
or toxicology [ 1,2]. In addition, several biochemical 
investigations concerning Tri have been carried out. 
Since Barrett and Johnston [3] in 1939 first detected 
trichloroacetic acid (TCA) in the urine of dogs that 
had inhaled Tri vapor, the identification or the quan- 
titative analysis of Tri metabolites in blood or urine 
has been performed using animals exposed to Tri 
vapor. In 1949, Butler [4] first reported the excretion 
of trichloroethanol (TCE) in the urine of dogs. He 
postulated a mechanism of metabolic conversion of 
Tri and suggested a pathway from Tri to TCE or 
TCA via chloral hydrate (CH), although he failed 
to identify CH experimentally [4]. CH was later 
isolated by Byington and Leibman [5] as 2,4-dini- 
trophenylhydrazone in an in vitro experiment. Dan- 
iel [6] postulated that trichloroethylene oxide is an 
intermediate from Tri to CH. Characteristics of Tri 
metabolism in vitro were first described by Leibman 
[7] and Leibman and McAllister [S]. CH is thought 
to be reduced to TCE by liver alcohol dehydrogenase 
(91 or oxidized to TCA by the NAD-dependent 
enzyme from rabbit liver [lo]. 

On reviewing these reports, we felt that the indi- 
vidual steps and general features of the metabolic 
pathway of Tri in vitro had not been experimentally 
clarified. 

Here we describe a simple method for quantitative 
determination of CH, TCE or TCA in homogenates 
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or subcellular fractions of rat liver using a gas chro- 
matograph equipped with an electron capture detec- 
tor. Using this method, the kinetics of the individual 
steps of Tri metabolism were studied in rat liver 
subcellular fractions or recombined fractions. 

EXPERIMENTAL 

Reagents 

Tri and TCE were obtained from the Kanto Chem- 
ical Co. (Tokyo) and were redistilled before use. 
NAD(H), NADP(H), G-6-P and G-6-P dehydro- 
genase (yeast) were purchased from the Oriental 
Yeast Co. Ltd. (Tokyo). Other reagents were 
obtained from the Wako Pure Chemicals Industries 
Co. Ltd. (Osaka), and were analytical grade except 
the organic solvents used for extraction which were 
fine quality for gas chromatography. DEAE-cellu- 
lose (DE-52) was purchased from the Whatman Co. 
Ltd. (Maidstone, U.K.). 

Preparation of enzyme source 

Livers of Wistar strain albino rats (male, 20& 
300g) were used as the enzyme source. Rats were 
decapitated and the livers were removed immedi- 
ately, washed in a medium containing 0.25 M 
sucrose, 3 mM potassium phosphate buffer (KPB, 
pH7.4) and 0.1 mM EDTA, and homogenized in 
9 vol. of the medium using a Potter-Elvehjem hom- 
ogenizer with a Teflon pestle. After centrifugation 
at 700 g for 10 min, the supernatant fraction was 
strained through cheesecloth. Subcellular fractions 
were prepared in the usual fashion. Briefly, the 700 g 
supernatant fraction was centrifuged at 5OOOg for 
10 min. The pellet was washed twice with a medium 
containing 0.25 M sucrose and 3 mM KPB (pH 7.4), 
and is referred to as the mitochondrial fraction. After 
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ccntrifu~ation of the SOOOg supernatant fraction at 
9000 g for 10 min. the supernatant fluid was pipetted 
and is referred to as the 9000 R supernatant fraction. 
The 9000 g supernatant fraction was further centri- 
fuged at l~~S,OOO~ for 6~~min. The pellet thus 
obtained was used for most experiments in the pres- 
ent study and is referred to as the unwashed micro- 
somai fraction. The pellet, washed once in the above 
medium and once in 1.15% KU, is referred to as 
the washed nlicrosomal fraction. The iOS.~OO g 
supernatant fluid is designated the cytosoiic fraction. 

Crude aldehyde dehydrogenase from mitochon- 
drial fraction was prepared by sonication according 
to the method described by Tabakoff et 01. [ 1 I]. All 
procedures were performed between 0 and JO. 

lncuhation conditions 

Warburg flasks (15 ml) were used as incubation 
vessels. The incubation mixture was intr(~duced into 
the main chamber of the flask. The complete incu- 
bation mixture consisted of 3.0 ml of an enzyme 
source corresponding to 0.3 g wet weight of liver, 
0.25 ymoies each of NAD and NADP, 60 mmoies 
G-S-P, 75 mmoies M&I?, SO mmoies llicotinarnide 
and 0.1 ml of 1 M KPB (pH 7.4) with a total volume 
of 3.6ml. Tri (0.1 ml) was placed in the center well 
of the flask as substrate. After enclosing 0: gas. the 
mixture was incubated at 37” for 1 hr with shaking. 
When G-6-P dehydrogenase was used in the experi- 
ment, 12.5 units were added to the incubation mix- 
ture; when CH or TCE was used as substrate, 0.1 mi 
of aqueous solution of CH (30 mM) or TCE (30 mM) 
was added. The mixtures were incubated under the 
same conditions as described above, but using Z-ml 
Erienmeyer flasks as open incubation vessels. 
Immediately after incubation, the flasks were cooled 
in an ice bath. The reaction mixtures wcrc trans- 
ferred to lo-ml test tubes and stored frozen until 
analysis. 

The oxidation of CH to TCA by mitochondrial 
crude aldehyde dehydrogenase was also assayed 
spectrophotometri~aiiv in the presence of NAD or 
NADP. The incubation mixture was constituted 
according to Tabakoff et ai. [ 111 with a total volume 
of 1 .O ml. The increase of absorbance at 330 nm was 
followed on a Hitachi 124 spectroph~~tometer 
equipped with a recorder. 

Determination of L’H, TC’E. trnd TCA 

TCEanalysis. The reaction mixture (l-100 (11) and 
0.1 ml of 0.1 M KPB (pH 5.X) were placed in a IO- 
ml test tube. tr-Hexane (1-3 ml) was added to the 
mixture, and the test tube was stirred vigorously in 
a Vortex mixer. An aliquot (2 (d) of the rr-hexane 
layer was injected into the gas chrom~~tograph. as 
described below. 

A calibration curve (concentration versus peak 
height) was prepared using TCE aqueous solution 
in the same manner as described above. 

TN arrd X,4 ff~zu~~~s~.~. CH was assayed using a 
modified method of Wells and Cimbura [ i2]; TCA 
was assayed using the method of Helboisheimer and 
Funk 1131. The reaction mixture (0.1.--I.0 ml) was 
evaporated to dryness under reduced pressure to 
remove Tri and TCE completely. The residue was 
suspended in the originai volume of 0.1 M KPB (pH 

S.8), and haif the volume (O.OS-0.S ml) of the sus- 
pension was introduced into a S-ml ready-made 
ampule. CH in the ampule was extracted with ethyl 
ether (2 ml), which was diluted twice with benzene. 
and an aiiquot (2 ~1) was injected into the gas chro- 
matograph after appropriate dilution with benzene- 
ether (I : 1). The organic layer containing CH in the 
ampule was removed by aspiration. and the aqueous 
layer was washed with ethyl ether (2 ml x 3) in order 
to remove CH th~)r(~ugfliy. Ethyl ether was then 
thoroughly removed from the aqueous layer in the 
ampule under a gentle stream of N1 gas. Benzene 
(1 .O ml) was added to the washed aqueous solution, 
and the ampule was sealed and heated at ‘35-08” for 
2 hr. After cooling, the ampule was opened. and an 
aiiquot (2 ~1) of the benzene layer was injected into 
the gas chromatograph. 

A calibration curve (concentration v. peak 
height) was prepared using a CH or a TCA aqueous 
standard solution in the same manner ax described 
above, except that the evaporation procedure was 
omitted. 

A Hitachi gas chromatograph. model 163. with a 
nickel 63 eiectron capture detector was used. The 
glass column (2m x 3 mm) was packed with 5% 
Silicone GE SE-311 on Chromosorb W (AWDMCS). 
80-100 mesh. The electron capture detector was 
maintained at 200” for the analysis of TCE. at 170” 
for CH. and at 140” for chloroform formed from 
TCA through heating, and the column at 140”. 80” 
and 60” respectively. The injector block was adjusted 
to the detector temperature. The flow rate of carrier 
gas (nitrogen) was 20-40 miimin. The electron cap- 
ture detector was operated at pulse intervals of 
100 psec, and the electrometer setting was kept con- 
tinuousiy at range IO’. attenuati~~n 32. 

Protein determitrrition 

An aliquot (0.05 to 0.2 ml) of liver homogenate 
was analyzed by the biuret method [ 141. 

The recovery of CH added to liver homogenate 
was 96.7 -t- 4.0 per cent (N = 3). 

On TCE analysis. a coefficient of variation of 2.6 
per cent was obtained from triplicate determinations 
of the same sample. 

On TCA analysis, CH must be thoroughi~ 
removed, since CH is also converted to chloroform 
under the same reaction conditions. The recovery 
of TCA, added to liver homogenate. was (38.7 I_t -1.X 
per cent (N = 3). The yield of the conversion of 
TCA into chloroform was calculated to be 81.9 Ifr 
4.2 per cent (N = 4). from the standard curve of 
chloroform. 

Efjcects of incubatiott time and crttzowt of’rrzqvmr, To 
clarify the overall profile of Tri metabolism. expcri- 
ments using the 700 g supernatant fraction as the 
enzyme source were performed. Figure la shows the 
effect of incubation time on the foril~~~tion of CH. 
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Fig. 1. Effect of incubation time and amount of enzyme source on overall Tri metabolism. In panel a, 
Tri (0.1 ml) was incubated with 3.0 ml of the 7001: supernatant fraction of the rat liver in the complete 
system described under Incubation Conditions at 37” for 15. 30. 60, 120 or 18Omin. In panel b, Tri 
(0.1 ml) was incubated with various amounts of the 700 g supernatant fraction from 0.5 ml (about 6 me 
protein) to 3.0ml in the complete system at 37” for 6Omin. In both panels, O--D represents the 

formation of CH, C - + that of TCE. and O,‘.O that of TCA. 

TCE, and TCA, and on the rates of their formation, 
revealing that TCA reaches a plateau after 120 min, 
and CH and TCE after 180 min. In this experiment, 
about 6 per cent of the amount of Tri added had 
been metabolized to the three metabolites after 
120 min of incubation. Figure 1 b shows the depen- 
dency of the amount of the ‘7OOg supernatant fraction 
on the formation of the three metabo!ites. If the 
total activity is expressed as the sum of the amounts 
of the three metabolites formed in the flask, the sum 
leveled off at 200 nmoles (corresponding to about 
4 per cent yield based on Tri remaining in the reaction 
mixture) in a flask that contained 2.0 ml of the 
enzyme source. 

Requirements of cofactors. Cofactor requirements 
for overall Tri metabolism were examined using 
dialyzed 9000 g supernatant fraction [against the 

homogenizing medium (2 1. x 3) for 5 hrs] as the 
enzyme source. The results are shown in Table 1. 
Omission of any one of the five cofactors from the 
complete system caused a unique decrease in the 
sum of the three metabolites. Nicotinamide, NAD, 
and NADP were indispensable cofactors for Tri 
metabolism. The cofactors required for the forma- 
tion of TCA from Tri cannot be clearly assessed 
from the data in Table 1, but the data suggest that 
NAD rather than NADP may be required for the 
formation of TCA. 

hdividual steps of Tri metabolism 

Intracellular localization and role of subcellular 
fractiorzs. Tri metabolism was studied in the subcell- 
ular fractions of rat liver using Tri and CH as sub- 
strates. The results are summarized in Tables 2 and 

Table 1. Requirements of cofactors for Tri metabolism by the dialyzed YOOOg supernatant fraction of rat liver* 

Additions 
G-6-P NADP NAD Nicotinamidc Mg” 

Amounts of metabolites (nmolesimg protein) 
CH TCE TCA Sum 

+ + + + + 0.4Y8 2 0.044 4.87 t 0.12 0.338 k 0.034 7.70 0.12 r 

_ + -t f + 1.03 t 0.05 5.02 ?I 0.17 0.302 It 0.03s 6.35 + 0.27 

+ - + + + 1 .X6 t 0.20 3.21 t 0.14 0.291 O.OiX k 5.36 0.57 Lt 

+ + _ + + 0.9x5 t 0.054 3.65 I?I 0.23 0.151 t 0.015 4.79 0.28 rt 

+ + + - + 0.9’)s f 0.002 2.61 + 0.16 0.232 ? U.02X 3.84 U. 14 rt 

+ + + -t _ 0.5Yl 2 0.044 6.11 rt 0.25 0.237 2 0.008 6.94 rt 0.25 

- - - _ 0.104: NW 0.170 0.274 

* Tri (0.1 ml) was incubated with the 900Og supernatant fraction in each incubation system at 37” for 60 min. 
tN=2. 
k Not detectable. 
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Table 2. Formation of CH. ‘I’CE, and TCA from Tri in sut~ccli~~l~~r fractions ot rat Itvc! 
_--- 

Amount\ of metaholiteh (nmoles~mg protein. N - .J) 

Expt. Fraction <‘H ‘I‘C’E I’(‘/% SL1111 

1 700 Supernatant g O.SlO i 11.061 5.52 ” 0.25 O.h.ii + 0.05’) h ‘JS ! (I.?7 
2 9000 Supernatant g 0.657 i 0.050 7.53 Z!Z 0. I5 O.hJO 2 0.015 s.77 +: 11.0s 
3 2+3 0.652 t- 0.03 1 5.80 rf 0.21 (1.176 ‘. (1 02h 0,s: 1 Il.” 
4 Mitnchondrial 0..%?4 -+ 0.078 ND.; O.l53 t 0.0.5l 0 71; + 0 r1-1 

5a Microsomal (unwashed) X.3 % 0.4 O.hO i 0.03 ND 10.‘) / Il.5 
Sh Microhomal (washed) I .S8 rt 0.07 N 13 hl> I ss * 0.117 

SC Microsomal (washecl)$ 12.3 -t 0.j 0.253 2: o.ooc) KI> IL.0 ! I)..3 
6 Cytosolic ND 0.053 rt 0.003 0. 18h * O.Oi.? 11.2-l ? r1.o.l 
7 -I + ih 7.W -t 0.29 0.097 -t 0.005 0.623 -t 0. I 15 _‘ 7s -0 i).CJ 
8 Ji-h ND 0.333 t 0.00s O.Jl.: t (1.0’73 (I.75 ’ l).O.i 

9 5b t 6 0.7% i 0.0(17 7.21 -i 0.10 11.3% f tt.01 I S.i’, 2): I). lli 
10 %“3+6 0.611 2 0.057 5.34 t 0..39 O.-u5 t O.OSF h.iS * It..:0 

* Tri (If. 1 ml) was incubated with each suhcellular traction in the complctc s!%tcm ai 37 ll~r 01) WIII. 
t Not detectable. 
f G-6-P dehydrqcnasc ( 12.5 units) was added to the incubation mixture. 

3. Table 2 shows that CH is the major compound 
produced from Tri by the unwashed microsomal 
fraction or the washed microsomal fraction in the 
presence of G-6-P dehydrogenase (Expts. 5a and 
5~). The washed microsomal fraction. however. 
showed 9.3 per cent of the activity level of the 
unwashed fraction, indicating that G-6-P dehydro- 
genase might be adsorbed on the unwashed fraction. 
TCE was the major compound formed from CH in 
the cytosolic fraction (compare Expts. 6 and 9 in 
Table 2, and Expt. 6 in Table 3). As for the formation 
of TCA from CH, the mitochondrial fraction had 
the highest specific activity (Expt. 4 in Table 3) and 
the cytosolic fraction catalyzed the oxidation of CH 
to TCA (Expt. 6 in Table 3) but. the microsomal 
fraction contributed little to the formation of TCA. 

Tri-and CH-metabolizing activities were completely 
reconstituted from each subcellular fraction rcspcc- 
tively (compare Expt. 1 with IO and 2 with 0 in both 
tables). 

Proper&v of the nctil+ty irl tlw if~fiisi&~id sftys (4 
Tri ~ef~bo~js~z. Since intracellular l~~~~~liz~~ti(~i~ of 
each activity and the role of the sub~ellul~r fractions 
were demonstrated, the details of the indivi~iu~ll steps 
of Tri metabolism were examined. 

(a) Formation of CH by the rat liver m~crosomal 
fraction. Effects of incubation time and amount of 
enzyme on the first step oxygenation of T‘ri wcrc 
examined using the unwashed microsomal fraction. 
The results, shown in Fig. 2, indicate that the level 
of CH reached a plateau after 180 min. and that the 
formation of CH was linear with microsomal protein 

Tahlc 3. Formation of TCE and TCA from CH in subcellular tractions of rat li\cr* 

Enzyme sources 

Expt. Fractions 

Ainoun~s of mctah(~litcs (nn;~~lcs~~~lsk or mg prorcin) 
TCE ‘l-CA 

Total Specific Yield+ ‘I-Olill Spccilic >?cid ‘I oial 
activity activity (‘; ) activit!, actisirl (‘i 1 !-iclti 

1 

2 

3 
4 

5 

6 
7 

8 

9 

10 

700 g 
Supernatant 

9000 g 
Supernatant 

2+3 
Mitochondrial 
Microsomal 

(washed) 

Cytosoiic 
4t5 

4+6 

5+6 

4+s+tl 

1260 i 10 

1373 t 31 

1320 r IO 
10.6 + 2.3 

“1.X r 0.h 

35.x 2 0.8 
’ ’ + 0.5 L._ ~ 

4.0 t 0.1 

45.2 -i- 1.4 

43.0 
0.1 

0.7 

* CH (3 itmoles) was incubated with each subcellular Iraction in the complete \y%tcm at 37 lor (~0 min. 
t Total activity of each metabolite/CH added (3 ~tmolcsiflask) )i IOO. 
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Fig. 2. Properties of the formation of CH from Tri in the unwashed microsomal fraction. Panel a shows 
the time course of the CH formation by the unwashed microsomal fraction from 15 to 180 min in the 
complete system as described under “Incubation Conditions”. In panel b, Tri (0.1 ml) was incubated 

with various concentrations of the microsomal protein at 37” for 60 min. 
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Fig. 3. Properties of the formation of TCE and TCA from CH in the cytosolic fraction. Panel a shows 
the time course of the formation of TCE and TCA from CH by the cvtosolic fraction from 15 to 180 min 
in the complete system as described under ‘*Incubation Conditions.‘. In panel b, CH (3 pmoles) was 
incubated with various concentrations of the cytosolic fraction at 37” for 60 min. Key: C - -0 represents 

the formation of TCE. and O...O that of TCA. 

Y 

/*_--- 
_--- 

:: t ’ 



2988 M. lKED.4 r’l al. 

+++ I I 

I I I I I 

I I I I 

++++ 

++++ I 

++ I + 

+ I ++ 

++ii 

up to about 5 mg. The formation of CH from Tri by 
the unwashed microsomal fraction was studied at 
various pH values: a pH optimum of 7.4 t 1.5 
(KPB), was observed which corresponds to that 
reported by Leibman 171. In a separate experiment. 
an apparent K,,, value for Tri was determined in the 
unwashed microsomal fraction; it was 1.75 mM. In 
this experiment, various concentrations of Tri ace- 
tone solution (0.1 ml) were added directly to the 
incubation mixtures. In all other experiments. Tri 
was catabolized as vapor, as described in “Incubation 
Conditions”. A difference was found in the yield of 
CH between the two incubation systems, namely 
one-third of the CH in the latter system was formed 
in the former. In this experiment. the addition of 
acetone (0.1 ml) did not interfere at all with Tri 
metabolism. Leibman and McAllister 181 reported 
an apparent K,,, value of Y X IO ‘M for Tri in the 
incubation system containing Tri-oil~polysorbate 
emulsion. 

Requirements of cofactors for the formation of 
CH are summarized in Table 4. All the data support 
the findings reported by Leibman 171. Thi\ \tcp 
requires the NADPH-generating system or 
NADPH, and NAD(H) appears to play :I supple- 
mentary role in the oxygenation. 

(b) Formation of TCE and TCA from CH by the 
rat liver cytosolic fraction. Properties of the reaction 
involving the formation of TCE and TCA from CH 
were also studied, using the cytosolic fraction as 
enzyme source. The results are shown in Fig. 3. The 
reaction rates of TCE and TCA formation markedly 
increased within the first 15 min and reached plateau\ 
after 120 min and 30 min respectively. In ii separate 
experiment. an apparent K,,, value of 6.0 mM wax 
obtained for the formation of TCE from c‘f I. but 
the value for the TCA formation could not be 
calculated. 

Table 5 summarizes the cofactor requirements for 
the formation of TCE and TCA by the cytosolic 
fraction. It shows that both NADH and NADPH or 
the NADPH-generating system were required for 
the reduction of CH to TCE. and NAD. but not 
NADP, was required for the oxidation of CH to 
TCA. The latter finding was reported by Cooper and 
Friedman [ 10): the NADPH-dependent reduction of 
CH to TCE was also postulated by Tabakoff o/ trl. 
[ 151. Characterization of the Cfl-reducing acticity 
will be discussed later. 

(c) Formation of TCA front CH by the mitochon- 
drial fraction. The mitochondrial fraction showed 
the highest specific activity for the oxidation of C‘H 
to TCA. The oxidative activity of the intact mito- 
chondrial fraction was 33.Y jI 3.8 nmoles. hr ” (mg 
protein) ’ in the complete system as shown in Table 
3. whereas the activity was X.3 nmoles’hr ” (mg 
protein) ’ (N = 2) in the system containing no cofac- 
tors. These data suggest that the endopenous cofac- 
tors present in the intact mitochondrial fraction were 
sufficient for the oxidation of Cli. For these reasons. 
we prepared crude aldehyde dehydrogenase from 
the mitochondrial fraction by sonication. according 
to the method of Tabakoff ct al. [ 1 I]. and examined 
cofactor requirements and affinity of CH to the 
enzyme. NAD, but not NADP. was required for the 
oxidation of CFI. and an apparent K,,, wlw of 
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Table 5. Requirements of cofactors for the formation of TCE and TCA from CH hy the cytosolic fraction of rat liver* 

Additions 
Amounts of metabolitesf (nmoles/mg 

Expt. G-6-P NADP NAD Nicotinamide Mg’+ NADPH NADH 
protein) 

TCE TCA Sum 

: 
+ + + 
_ + + 

3 + _ + 
4 + + _ 

5 - _ + 
6 - + _ 

I _ _ _ 

8 _ _ 

9 - _ _ 

10 _ _ _ 

+ + _ 
+ + _ 
+ + _ 
+ + _ 
+ + _ 
+ + _ 
+ + _ 
_ _ _ 
+ + + 
+ + _ 

_ 90.0 + 1.4 5. I 2 0.2 95.1 2 1.5 
_ 86.3-r-9.4 11.9+ 1.4 98.2 + 9.2 

84.2 +- 4.5 x.4 + 0.4 92.6 +- 4.3 
96.6 t 6.9 2.1 k 0.1 98.7 2 3.7 

_ 73.6 2 3.7 15.x ? 2.0 89.4 Ik 3.4 
_ 91.8 2 3.6 2.1 + 0.4 93.9 k 3.3 
_ 42.9 2 0.8 1.2 -t 1.1 47.1 + 1.0 
_ 33.4 * 1.1 4.2 ? 0.8 37.6 +- 0.9 

93.0 + 2.3 2.5 + 0.7 95.5 -+ 2.3 
+ 88.7 r 3.3 15.5 2 0.x lCLl.2 t- 4.0 

* CH (3 pmoles) was incubated with the cytosolic fraction in each incubation system at 37” for 60 min. 
i- Each value is the mean f S.D. (N = 3). 

62.5 mM was obtained for CH at 25”. Details will be 
presented in a subsequent paper. 

Effect of pretreatment of ruts with phenobarbital or 
3-methylcholanthrene on the formation of CH from 
Tri 

The influence of PB pretreatment of the rats on 
Tri metabolism has been reported by several inves- 
tigators in vitro and in vivo [X, 161. Here, the effect 
of 3-MC pretreatment on the metabolism of Tri was 
investigated using the unwashed microsomal frac- 
tion, and the activity was compared with that of the 
PB-pretreated microsomes. As shown in Table 6, 
both PB and 3-MC caused about a 3-fold increase 
in the oxidation of Tri to CH in the complete system. 

Table 6. Effect of PB or 3-MC pretreatment on the for- 
mation of CH from Tri by the microsomal fraction of rat 

liver* 

Pretreatment [nmoles. hr-‘y(ig protein)-‘] Ratio 

Control 18.6 _f 2.9t 1.0 
PB 58.3 t 4.4 3.1 
3-MC 54.0 t 6.1 2.9 

* Tri was incubated with the unwashed microsomal frac- 
tion with or without pretreatment in the complete system 
at 37” for 60 min. 

t Mean 2 S.D. (N = 3). 

Oxidation of TCE to CH 

To understand how TCE is oxidized to CH, the 
reverse of the reaction mentioned above, TCE was 
incubated with the 700 g supernatant fraction of the 
rat liver as described under “Incubation Condi- 
tions”. The formation of CH and of TCA from TCE 

(60.6nmoles/mg protein) was 0.90 -+ 0.07 (1.6 per 
cent yield) and 0.27 ? 0.05 nmole/mg protein (0.44 
per cent). The overall metabolism of TCE in the 
700g supernatant fraction was much smaller than 
that of CH to TCE (42.0 per cent yield) and to TCA 
(4.0 per cent) as shown in Table 3. Furthermore, we 
incubated TCE with the unwashed microsomal frac- 
tion in the complete system to obtain information 
on the oxidation of TCE to CH because methanol 
and ethanol are known to be oxidized to the cor- 
responding aldehydes not only in the cytosol but also 
in microsomes using NADPH and oxygen(l7-191. 
In the experiment on the oxidation of TCE to CH. 
7.7 nmoles of CH . hr-’ . (mg microsomal protein)-’ 
were formed from TCE. whereas 18.6nmoles of 
CH.hr-“(mg microsomal protein)--’ were formed 
from Tri under the same conditions. 

Separation of enzymes involving the reduction of CH 
to TCE 

As shown in Table 5, enzymes reducing CH to 
TCE with NADH or NADPH existed in the cytosolic 
fraction of the rat liver. As for the enzyme that 
required NADH as a cofactor, alcohol dehydrogen- 
ase was reported by Friedman and Cooper [9]. Table 
5 shows that NADPH-dependent reduction occurred 
to a degree equal to that of NADH-dependent 
reduction, although Friedman and Cooper [9] found 
the former to be smaller than the latter. Separation 
of the CH-reducing enzymes was thus attempted by 
DE-52 column chromatography, as a preliminary 
experiment. The precipitate from 4@70% 
ammonium sulfate saturation of the cytosol. corre- 
sponding to 8 g liver, was applied to a DE-52 column 
(1.6 x 45 cm). CH reducing activity separated into 
at least three fractions. peaks I. II and III (see Fig. 

4). Peak 1 showed NADH dependency and sensitivity 
to pyrazole, a typical inhibitor of alcohol dehydro- 
genase. Peaks II and III showed NADPH depen- 
dency; the latter peak also utilized NADH to a lesser 

extent. 
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Fig. 4. Elution profile of CH reducing enzymes from a DE-52 column. ‘rhc gradient iv;15 stal-ted at 
Fraction 41 and consisted of 5 mM Tris-phosphate buffer (pH 8.0) containing 5 mM 2-mercaptocthanol 
(150 ml) and the buffer containing 0.1 M NaCl (150 ml). Protein was approximated b!, absorption at 
280nm ( -) and enzyme activity was determined by measuring the decrease in ahsorhance at 
340 nm. The assay system consisted of 50 mM KPB (pH 7.0).0.16 mM NADH or NADPH. 5 mM CH. 
and enzyme source with a total volume of 1.0 ml. Key: t - -0 represent\ an NADH-dependent 
activity of CH reduction, and O...O NADPH-dependent activities. Each fraction consisicd of 4.0 ml. 

Fig. 5. Metabolic scheme of Tri in the rat liver. 
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DISCUSSION 

Determination of the metabolites of Tri has been 
carried out using a calorimetric method based on the 
Fujiwara reaction [ZC-221, by which studies of Tri 
metabolism in vitro have been performed [5,7, 8,161. 
The calorimetric method was much less sensitive and 
specific for each metabolite than the method pre- 
sented here. We have established a determination 
for small amounts of the metabohtes of Tri applicable 
to in vitro experiments. 

the literature [25-291. In the present paper, at least 
two NADPH-dependent enzymes capable of reduc- 
ing CH were demonstrated to be present in rat liver 
cytosol. Purification and characterization of these 
enzymes are in progress. 

The data presented here support a metabolic 
scheme for Tri in the rat liver, as shown in Fig. 5. 
In this scheme, the formation of urochloralic acid 
(TCE glucuronide) is not given because little uroch- 
loralic acid was formed from Tri or CH in the com- 
plete system using the 700 g supernatant fraction. 

The first step, the oxidation of Tri to CH, is known 
to be catalyzed by the microsomal mixed function 
monooxidases. The finding that both PB and 3-MC 
pretreatment stimulated this step indicates that both 
cytochrome P-450 and P-448 take part in this step. 
Pelkonen and Vainio [23] reported spectral inter- 
actions of chlorinated ethylenes with cytochrome P- 
450 of liver microsomes from variously treated rats, 
and showed that the more chlorine atoms in the 
molecule the larger the type I spectral change and 
the smaller the spectral dissociation constant. They 
also demonstrated that treatment of rats with 3-MC 
decreased the magnitude of the type I spectral 
change, whereas PB increased it. However, they did 
not examine metabolite (CH) formation. In our own 
experiment, dichloroethylenes (1 ,l-, cis-1.2- and 
trans-1,2-), Tri or tetrachloroethylene was incubated 
with the unwashed microsomal fraction in the com- 
plete system as described under “Incubation Con- 
ditions”, and the respective stable metabohtes, dich- 
loroacetaldehyde, CH and TCA, were assayed gas 
chromatographically. First step oxygenation activity 
increased in ascending order from tetrachloroethyl- 
ene, truns-dichloroethylene, l,l-dichloroethylene 
cis-dichloroethylene to Tri. * The data suggests that 
stereoselectivity affects the actual interaction of a 
compound with microsomal cytochrome P-450 and 
is contradictory to the findings reported by Pelkonen 
and Vainio [23]. Recently, Moslen etal. [24] reported 
the enhancement of the metabolism of Tri and tetra- 
chloroethylene by variously treated rats in vivo, and 
also showed that 3-MC did not cause as much 
enhancement as PB, judged by trichlorinated urinary 
metabolites (pmolesi24 hrs per animal). The effect 
of 3-MC pretreatment on the metabolism of Tri 
should be studied in more detail; such studies are 
now in progress. 

In studies of the oxidative step of CH to TCA. an 
NAD-dependent enzyme was partially purified from 
rabbit liver cytosol by Cooper and Friedman [lo]. 
They also reported that the activity oxidizing CH 
was completely recoverable in the soluble fraction 
of rabbit liver; the activity in other subcellular levels 
was not studied. As shown in Table 3, the mito- 
chondrial fraction alone, as well as the cytosolic 
fraction alone, catalyzes the oxidation of CH. The 
recombination of mitochondria with cytosol, how- 
ever, decreased the oxidative activity, because 
reduction of CH to TCE by cytosol predominates 
over oxidation. In addition, the apparent oxidative 
activity was recoverable in the recombined fraction 
of microsomes and cytosol (compare Expt. 2 with 
9). The role of mitochondrial aldehyde dehydrogen- 
ase (EC 1.2.1.3) [30] in the oxidation of CH remains 
to be clarified. 
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