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Abstract-The interaction of tetrachloroethylene with hepatic microsomal cytochromes P-450 has been 
investigated using male Long-Evans rats. The spectral binding of tetrachloroethylenc to cytochromes 
P-450 in hepatic microsomes from uninduced rata was characterized by a K, of 0.4 mM. The K, was not 
affected by phenobarbital induction, but was increased following pregnenolone-lhol-carbonitrlle induc- 
tion. The K,M of 1.1 mM, calculated for the conversion of tetrachloroethylene to total chlorinated 
metabolites by the hepatic microsomal cytochromc P-450 system. was decreased by phenobarbital 
induction and increased by pregnenolone-lha-carbonitrile induction. The maximum extent5 of binding 
(AA,,,,) and metabolism (V,,,) of tetrachlorocthylene were increased by both phenobarbital and 
pregnenolone-16u-carbonitrile induction. Induction with 13.naphthotlavone wa\ lvithout effect on an] 
of the above parameters. The effects of the inducing agents on tetrachloroethylene-stimulated CO- 
inhibitable hepatic microsomal NADPH oxidation followed the same trend as their effects on V,,,,, for 
the metabolism of tetrachloroethylene. although in all cases the extent of NADPH oxidation was 5. to 
25-fold greater than the extent of metabolite production. The inhibitors of cytochromes P-4511. viz. 
mctyrapone, SKF 525-A, and CO. inhibited the hepatic mlcrosomal binding and metabolism of 
tetrachloroethylene. Free trichloroacetic acid was found to be the major metabolite of tetrachloro- 
ethylene from the hepatic microsomal cytochrome P-450 system. Neither _._._ 3 ’ ‘-trichlorocthanol nor 
chloral hydrate was produced in measurable amounts from tetrachloroethylenc. A minor hut significant 
metabolite of tetrachloroethylene by cytochrome P-450 was the trichloroacetyl moiety covalcntly hound 
to components of the hepatic microsomes. Incubation of tctrachlorocthylene. an NADPH-gcncrating 
system. EDTA and hepatic microsomes was without effect on the levels of microsomal cytochromes 
P-450, cytochrome bi. heme. and NADPH-cytochrome c reducta$e. It IS concluded that hcpatic 
microsomal cytochromes P-450 bind and metabolize tetrachloroethylene. The maior product of this 
interaction is trichloroacetlc acid, which is also the major urinary metabolitc of tetrachlorocthvlene in 
viva. The forms of cytochrome P-450 that bind and mctabolizc tetrachloroethylenc include those induced 
by pregnenolone-16u-carbonitrile and by phenobarbital. Cvtochrome P-44X. which was induced in rat 
liver by p-naphthoflavone. does not appear to spectrally bmd or metabolize tetrachlorocthylenc. The 
metabolism and toxicity of tetrachloroethylene are considered In relation to other chlorinated cthylcnes. 

Tetrachloroethylene (CI,C==CCll) is widely used 
industrially. primarily as a dry-cleaning, fabric tin- 
ishing, and metal degreasing agent [I, 21. As a conse- 
quence of its non-inflammability and lower vapor 
pressure, tetrachloroethylene is often utilized indus- 
trially in preference to trichloroethylene [2, 31. A 
further advantage of tetrachloroethylene is its appar- 
ent lack of mutagenic potential. in contrast to tri- 
chloroethylene, which is mutagenic in the modified 
Ames’ test [4, 51. Although tetrachloroethylene is 
generally regarded as being of low toxicity. toxic 
effects such as liver impairment, central nervous 
system depression, and disturbances of the periph- 
eral nervous system have been reported in humans 
following exposure to tetrachloroethylene [ 1, 21. 
Tetrachloroethylene has also been found to be 
weakly carcinogenic in some mammalian species 

[I, 61. 
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Tetrachloroethviene is retained unchanged within 
the body for relat&ely long periods of time: the half- 
life of tetrachloroethylene in humans is approxi- 
mately 144 hr. whereas that of trichloroethylene is 
44 hr [7]. The longer retention time of tetra- 
chloroethylene in the body presumably arises. in 
part, from the inability of mammalian species to 
extensively and rapidly metabolize this lipophilic 
compound; in rats, 98 per cent of the dose of tetra- 
chloroethylene is excreted unchanged. whereas only 
72-85 per cent of the dosage of trichloroethylene 
administered is excreted unchanged [8]. Similarly, 
in isolated, perfused rat liver, only 1G15 per cent 
of the total tetrachloroethylene taken up by the liver 
is metabolized, whereas 82-100 per cent of the tri- 
chloroethylene taken up is metabolized. even though 
the uptake of trichloroethylene is 7-fold greater than 
that of tetrachloroethylene [Y]. 

The major urinary metabolites of tetra- 
chloroethvlene irk taint have been shown to be tri- 
chloroacetic acid and chloride, with 1 1 7-trichlo- -,1,- 
roethanol being a minor metaholite 13. 8. IO, 11). 
Free trichloroacetate is also the major metabolite of 
tetrachloroethylenc in perfused liver. with the minor 
metabolites (cu. 25 per cent) being the trichloroacetyl 
moiety covalently bound to cellular constituents [Y]. 
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The currently accepted pathway for the production 
of trichloroacetic acid from tetrachloroethylenc is 
shown in Scheme 1. This pathway was initially pro- 
posed by Powell in 1945 1121 and was subsequently 
supported by the results of Daniel [H] and others 

14,91: 
0 

A 
ir 

C12C=CC12+ Cl? ‘- ‘Cl,+ Cl,CCCl z C’I;CCO,H 

Scheme 1. Proposed pathway for the conversion of tetra- 

chloroethylene to trichloroacetic acid. 

The first step in this pathway appears to be catalyzed 
by the hepatic cytochrome P-450 system. Tetrach- 
loroethylene is known to bind to the substrate bind- 
ing site of hepatic microsomal cytochromes P-450 in 
vitro, and a direct relation has been demonstrated 
between the level of hepatic microsomal cyto- 
chromes P-450 and the extent of metabolism of 
tetrachloroethylene in viva [ 11. 131. Also suggestive 
of a role for hepatic cytochromes P-450 in the metab- 
olism of tetrachloroethylene is the ability of this 
enzyme system to metabolize analogues of tetra- 
chloroethylene. viz. vinyl chloride and tri- 
chloroethylene [14-19). 

In the present investigation we have attempted to 
determine whether hepatic microsomal cytochromes 
P-450 bind and metabolize tetrachloroethylene and 
to examine in detail the interaction of 
tetrachloroethylene with several forms of cyto- 
chromes P-450, namely, those induced by pheno- 
barbital, /?-naphthoflavone and pregnenolone-lha- 
carbonitrile. This study is one avenue in an ongoing 
investigation of the metabolism and toxicity of the 
chlorinated ethylenes. 

METHODS 

Materials. Sodium phenobarbital and (3. 
naphthoflavone were obtained from Maybakcr. Port 
Elizabeth, R.S.A.. and the Aldrich Chemical Co., 
Milwaukee, WI, U.S.A., respectively. NADPH and 
NADH were purchased from Miles Laboratories. 
Cape Town. R.S.A. Tetrachloroethylene. trichloro- 
acetic acid, and 2.2.2~trichloroethanol were pur- 
chased from Merck Chemicals, Darmstadt. F.R.G. 
Horse liver alcohol dehydrogenase was from the 
Sigma Chemical Co.. St. Louis. MO. U.S.A. Cyl- 
inders of CO and 0: were supplied by Afrox Ltd.. 
Cape Town, R.S.A. Pregnenolone-lha-carbonitrile 
was a gift from Searle Laboratories, Chicago. IL, 
U.S.A. SKF-52SA (2-diethylaminoethyl-2.2. 
diphenylvalerate) and metyrapone [‘-methyl- 1.2- 
bis(3-pyridyl)-l-propanone] were gifts from Smith. 
Klein & French Ltd., Isando. Transvaal. R.S.A.. 
and from Ciba-Geigy Ltd.. Baste. Switzerland. 
respectively. All other chemicals were analytical 
grade reagents. Water was distilled and deionized. 

Animals. Male Long-Evans rats weighing IX& 
200 g (obtained from the University of Cape Town 

Medical School animal house) were used in all 

experiments. Animals were permitted free access 

to Epol laboratory chow (protein min. 20c’r. fat 
2.5%, fibre max. 6%. calcium 1.4“i-. phosphorus 
0.7%; obtained from Epol Ltd.. Goodwood. C.P.. 
R.S.A.) and water, unless otherwise indicated. p- 
Naphthoflavone was given as ;I single injection of 

80 mg/kg in corn oil 36 hr prior to killing the animals 
[20]. Pregnenolone- 16cu-carbonitrile and phenohar- 
bital were administered i.p. at doses of 50 mgikg in 
corn oil and of X0 mgikg in O.Y% sterile sahne. 
respectively, on each of 3 consecutive days (211. The 
rats were starved overnight after the last injection 
and were killed the following morning. IIepatic 
microsomes were isolated by differential centrifu- 
gation [22]. For all experiments. microsomal xus- 
pensions of 2 mg protein/ml in 0.02 M Tris-IICI. pH 
7.4, were used. 

Differe,zce spectra. Three milliliters of hepatic 
microsomal suspension (2 mg protein/ml) was placed 
in each of two cuvettes of 1 cm pathlength. Tetra- 
chloroethylene was delivered to the sample cuvette 
below the surface of the microsomal suspension with 
a Hamilton Syringe. The cuvette was immediately 
stoppered and vortex mixed for 90 sec. Vortex mixing 
for shorter time intervals did not result in the full 

production of the difference spectrum. Reference 
cuvettes contained microsomal suspension only and 
were not vortex mixed. The magnitude of the result- 
ant difference spectrum for tetrachloroethylenc was 

measured as the difference in absorbance between 
the peak at 386 nm and the trough at -tlH nm. The 
reported magnitude of the difference spectrum has 
been corrected for any intrinsic difference in absorh- 
ante at these wavelengths between the reference 
cuvette that contained microsomal suspension and 

the sample cuvette that was vortex mixed for YO \ec. 
but with no added tetrachtoroethylene. In no case 

was any sample vortex mixed for more than YO \ec. 
NADPH oxidation. An estimation of the rate of 

metabolism of tetrnchloroethylene by the hepatic 
microsomal cytochrome P-450 system was obtained 
by monitoring the oxidation of NADPII at 3-10 nm 
in the presence of hepatic microsomes and tctra- 
chloroethylene, with and without CO : Cl1 (SO : 3): 
v/v) as described earlier (231. except that tetr:l- 
chloroethylene was dispersed by vortex mixing for 
90 sec. 

Ident$cation of the major r~~cttrholitr of trtrtr- 
chloroethylene. Probable metabolitcs of tetra- 
chlorocthylene wcrc assayed in. and isolated from. 
incubation mixtures constituted of tetrachlorocthy- 
lene (3.3 mM). an NADPH-generating system [24]. 
EDTA (0.2 mM). and hepatic microsome\ (2 mg 
protein/ml). in 0.02 M Tris-IICI. pII 7.4. unless 
otherwise indicated. Incubations were at 30 \+ith 
shaking at 60 cyclesimin for 30 min. The level5 ot 
the chlorinated mctabolites of tctr~lchlorocthyteiic 
in these reaction mixtures were determined spcc- 
trally using the modified Fujiwara assay of Leibman 
and Hindman [2S]. except that after centrifugation 
the supernatant fraction W;IS bubbled with medical 
air for 10 min to displace residual tetrachlvroethy- 
lene. The presence of trichloroacetic acid in incu- 
bation mixtures was ascertained using proccdurc~ A 

and B of this method. 2,2.7-Trichlorocthanc,l \\\;Is 
measured by the method of Friedman and C‘oopci 
1261 and by gas-liquid chromatogr~tphvi~ on ;I P!e- 
Unicam GCV ga+liquid chromatogi-aph with a Ilamc 

ionization detector. using a 2 m X h mm c~oppL’r col- 
umn of IO”; di-iso-decylphth~~l~lte on acid-wa\hccl 
Chromosorb P. Column. detector and injector tcn- 
peratures were 130”. 230” and 750”. rqcctivelc. 
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Tetrachloroethylene and 2.2,2-trichloroethanol 
eluted from the column at 150 and 580 sec. 
respectively. 

Two methods were used for the isolation of tri- 
chloroacetic acid from incubation mixtures. In the 
first method, H$O, plus Na2WOA [2S] was added 
to precipitate protein, and the precipitant was 
removed by centrifugation at 1000 g for IO min. The 
resulting supernatant fraction was thrice extracted 
with diethyl ether. In the second method, protein 
was precipitated with HCI (2 N, final concentration), 
and the precipitate was removed as in the first 
method. The supernatant fraction was extracted 
thrice with diethyl ether. The ether layer was sub- 
sequently extracted with 0.1 N NaOH. The aqueous 
alkaline extracts were pooled, acidified to pH 2 with 
7.5 M HCl, and extracted repeatedly with diethyl 
ether. The ether was evaporated at 25” under a 
stream of NZ. 

The isolated reaction products and authentic 
samples of trichloroacetic acid that had been treated 
exactly as were the reaction products either were 
dissolved in Ccl, and analyzed by infrared spec- 
troscopy on a Perkin-Elmer model 700 infrared spec- 
trometer or were methylated with diazomethane at 
room temperature. The resulting methyl trichlo- 
roacetate was determined quantitatively on a Pack- 
ard 428 gas-liquid chromatograph with an electron 
capture detector, using a 2 m x 6 mm glass column 
of Chromosorb 101 [27]. Column, detector and 
injector temperatures were 200, 250 and 220”. 
respectively. The retention time of methyl trichlo- 
roacetate under these conditions was 800 sec. The 
areas of peaks on the chromatograms were calculated 
by a Pye-unicam DP 88 mini-integrator. 

Assays for rnicrosomal components. Incubations 
for determining the effects of tetrachloroethylene on 
the levels of hepatic microsomal components were 
performed with hepatic microsomes from variously 
pretreated rats as described above, with an incu- 
bation time of 30 min. Assays on hepatic microsomal 
incubation mixtures were performed as follows. The 
levels of hepatic microsomal cytochromes P-450 were 
determined from the difference spectrum of CO- 
ferrocytochrome P-450 vs ferrocytochrome P-450 
according to the method of Omura and Sato [2X]. 
An extinction coefficient of 91 mM_’ cm-’ for the 
difference in absorbance between 450 and 490 nm 
was used [28]. The levels of cytochrome h, were 

measured spectrally as the difference in absorbance 
at 424 and 409 nm of ferrocytochrome hi vs ferri- 

cytochrome b5 (~2~~~~~~ 185 mM_’ cm-‘) [29]. The 
activity of NADPH-cytochrome c reductase was 
determined from the increase in absorbance of fer- 
rocytochrome c at 550 nm (E~~~,~,,, 21.1 mM_’ cm-‘) 
according to the method of Omura and Takesue 1291. 
Microsomal heme was determined spectrally as the 
reduced pyridine hemochrome (E~~,-~,~ ,,,,, 32.4 
mM_’ cm-‘) according to Omura and Sato [28]. Glu- 
case-6-phosphatase was assayed by the method of 
Nordlie and Arion [30]. Inorganic phosphate was 
determined by the method of King [31], using a 
Gilford single beam spectrophotometer. 

For all spectral studies, unless otherwise indicated. 
a Pye-Unicam SP 1800 spectrophotometer was used. 
The thermostatically controlled compartment adja- 
cent to the photomultiplier, designed to accommo- 
date turbid samples, was used for all microsomal 
samples. 

Calculations and statistical analysis. Binding (K,) 
and Michaelis (K,) constants. maximal extents of 
binding (AA,,,), and maximal rates of metabolism 
(V,,,,,) were calculated from Hanes and Eadie-Hof- 
stee plots. Student’s t-test for unpaired data was 
utilized to calculate significant differences between 
means. A difference was considered significant when 
P < 0.01. Reported values are means t- standard 
deviations. 

RF,SULTS 

Spectral binding of tetrachloroethylene. Tetrach- 
loroethylene bound to hepatic microsomal cyto- 
chromes P-450 resulting in the production of a Type 
I difference spectrum (A,,, 386 nm; h,,, 418 nm), as 
described earlier by Pelkonen and Vainio [ 131, The 
effect of induction of different forms of cytochrome 
P-450 on the spectral binding constant (K,J and the 
maximum extents of binding (AA,,,,) of tetrachlo- 
roethylene are presented in Table 1. It can be seen 
that induction of different forms of cytochrome P- 
450 by p-naphthoflavone and phenobarbital did not 
affect K,, whereas induction with pregnenolone-lha- 
carbonitrile significantly increased K,. The maximum 
extent of spectral binding of tetrachloroethylene was 
increased by both pregnenolone-16a-carbonitrile 
and phenobarbital, with the latter compound having 
the greater effect. 

Table 1. Effect of induction on the binding of tetrachloroethylene by hcpatic microsomal qto- 
chromes P-450* 

Inducing agent 

Cytochromes P-450 
(nmolesimg microsomal 

protein) 

None 0.75 + 0.05 0.43 -c 0.05 0.058 + 0.008 
B-Naphathofavone 1.01 -+ 0.03 0.39 k 0.03 0.045 -+ 0.006 
PregAenolone-lha- 

carbonitrile 
Phenobarbital 

1.56 t- 0.16 I .03 + 0.10: 0.077 -t 0.006 
2.53 t 0.28 0.43 2 0.03 0.114 + 0.009: 

* Values are means k S.D. for experiments performed in triplicate with three or more different 
preparations of hepatic microsomes. Experimental conditions are as described in Methods. 

t Differs significantly from value for uninduced microsomes, P < 0.01. 
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Table 2. Effect of induction on the metabolism of tetrnchlorocthylcne hy the hcpatic lmicrowmal qtochromc P-45(1 
s\i\tem* 

Inducing agent 

Cytochromcs P-45(1 
(nmolesimg microsomal 

protein) 

1’ ,,,,I\ 
[nmolc\ TCA. min ’ NADPH oxidation-: 

KU (nmolc cytochrome 
(mM) P-450) ’ 1 

[nmolcs. min-’ nmolc 
cytochrome P-450) ’ 

None 0.x’) 5 0.06 I.1 -t 0.X 11.046 i O.(IOJ 1.7 -+ (1.1 
P-Naphthoflavone 1.03 -c 0.01 0.5 -+ 0.5 0.055 2 O.(llJ 0,s -t 0.2 
Pregnenolone-lhol-carbonitrilc I .50 + 0. I I 2.4 + (I.fS:i: 0.16 i- O.(W):.: (1.S !_ 0.2 
Phenobarbital 2.32 f 0.32 0.7 i (I. l$ 0. I’1 5 0.(12:,: 7.5 t 0.5:[ 

* Values are means ? SD. for experiments performed in triplicate \+lth three or more ditfcrent preparation\ of hcpatic 
microsomes. Experimental conditions are described in hlcthods. TC‘A. trichloroacctic acid. 

t Measured in the presence of 3.3 mM perchtoroethylene. 
$ Differs significantly from value for uninduced micro<omes. P < 0.01. 

Hepatic microsornal NADPH oxidation and 
metabolism of tetruchloroethylene. The carbon mon- 

oxide inhibitable oxidation of NADPH by hepatic 
microsomes was stimulated by tetrachloroethylene 
(3.3 mM). The rates of tetrachloroethylene-s&mu- 
lated NADPH oxidation reported in Table 2 have 
been corrected for the background rates of NADPH 
oxidation observed in the presence of 
tetrachloroethylene plus CO : OL (80 : 20: v/v), in an 
attempt to correct for non-cytochrome P-450 depen- 
dent oxidation of NADPH by hepatic microsomes 
[30]. Induction with phenobarbital resulted in a 
marked increase in tetrachloroethylene-stimulated 
CO-inhibitable NADPH oxidation. whereas induc- 
tion with P-naphthoflavone or pregnenolone-lha- 
carbonitrile had no effect on this process. 

Using procedure A of the modified Fujiwara assay 
of Leibman and Hindman 1251. the conversion of’ 
tetrachloroethylene to chlorinated metabolites was 
linear for 30 min for microsomes from uninduced 
rats. Using microsomes from P-naphthoflavone-. 
pregnenolone-16a-carbonitrile- and phenobarbital- 

induced rats, the metabolism of tetrachlorocthyle~~c 
was linear for IS. 20 and 7 min. respectively (Fig. 
1). These incubation times were used for all subse- 
quent experiments in which the metabolism of 
tetrachloroethylene was assessed by the method of 
Leibman and Hindman 1251. 

The effects of agents that induce different forms 
of cytochrome P-450 on the Michaelis constant\ (K,,) 
and the maximum rates of metabolism (V,,,,,,) of 
tetrachloroethylene as assessed by the modified 
Fujiwara assay, are shown in Table 2. The K,, for 
tetrachloroethylene was decreased following phen- 
obarbital induction of the cytochromc P-450 svstem 
and was increased following induction with prcp- 
nenolone-16a-carbonitrile. Neither Kll nor l’,,,., 
changed significantly following induction bv I:- 
naphthoflavone. The V ,,,,,, wils increased following 
induction of the \vstem by pregnenolone- I hn-car- 
bonitrile and phenobarbital. For all types of induc- 
tion, V,,,, for the metabolism of tetrachloroeth~lene 
was S- to 2%fold lower than the rate of tetrachlo- 
roethylene-stimulated CO-inhibitable NADPI I 

10 20 30 

TIME (min) 

Fig. I, Production of trichloroacctic acid from tetrachlorocthylenc 1’~ hcpatic micl-osomc\ fl-om dlllcr- 
ently pretreated rats as a function of time. Incubation mixture< contalncd In 0.02 M Tris-H<‘I (pH 7.4). 
tetrachloroethylene (3.3 mM). NADPH-generating systems, EDTA (0.2 mM). and hcpatlc microwmc\ 
(2 mg protein/ml) from uninduccd (A). [5naphthoHavone+nduccd (4). 17rcencnolonc-lha-c~~rl~o~~ltl~lc 
(W) and phenobarbital-induced (0) male Long-Evans rat\. Reaction mwturcs wcrc shahen at 60 

cyclcs/min at 30”. 
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oxidation (Table 2), indicating that tetra- 
chloroethylene may be a partial uncoupler of micro- 
somal electron transfer. 

Identification of the major rnetabolite of tetra 
chloroethylene. No appreciable amounts of 2,2,2-tri- 
chloroethanol were detected in incubation mixtures 
by the method of Friedman and Cooper [26] (limit 
of detection at 440 nm, ca. 0.5 nmoleiml). Further- 
more, assaying by gas-liquid chromatography failed 
to demonstrate measurable levels of volatile metab- 
olites, including2,2,2-trichloroethanol, with the limit 
of detection of the latter compound being below 
0.5 nmoleiml. 

To assay for chloral hydrate, reaction mixtures 
were incubated for 30 min as described in Methods. 
At the end of the incubation period, horse liver 
alcohol dehydrogenase (0.33 unit/ml) and NADH 
(1 mM) were added to the reaction mixture, which 
was then incubated for a further 30 min. Final incu- 
bation mixtures were assayed by gas-liquid chroma- 
tography for 2,2,2-trichloroethanol, which would 
have been formed from the reduction of chloral 
hydrate by alcohol dehydrogenase. Under these con- 
ditions, no appreciable trichloroethanol (< 0.5 
nmoleiml) was found. 

Trichloroacetic acid, assayed by method B of Leib- 
man and Hindman, appeared not to be present in 
the incubation mixtures. It was subsequently 
observed that the NADPH-generating system inter- 
fered with method B (but not with method A) of 
this assay with incubation mixtures or with authentic 
samples of trichloroacetic acid (data not shown). 

The major product of tetrachloroethylene was 
shown to be trichloroacetic acid by infrared spec- 
troscopy and gas-liquid chromatography. The infra- 
red spectrum of the reaction product isolated from 
incubation mixtures was identical to that of an 
authentic sample of trichloroacetic acid that had 
been taken through the same extraction procedure. 
Notably, the distinctive peaks characteristic of car- 
boxylic acids (3300 cm-‘) and of the carbonyl group 
(1740 cm-‘) were present in both spectra. 

Methyl trichloroacetate was found to be present 
in methylated extracts of incubation mixtures by 
gas-liquid chromatography. The amounts of 

methyl trichloroacetate produced from pheno- 
barbital-induced microsomes of 0.26 i 0.01 
nmole. min-’ (mg microsomal protein)-’ compare 
well with the value of 0.19 * 0.05 nmole tri- 
chloroacetic acid. min-‘(mg microsomal protein) ’ 
produced in incubation mixtures using the modified 
Fujiwara assay of Leibman and Hindman [251. 

Assay for the covalently bound trichloroacetxl 
moiety. The treatment of reaction mixtures (con- 
taining tetrachloroethylene. NADPH-generating 
system, EDTA, and hepatic microsomes from 
phenobarbital-induced rats) that had been incubated 
previously at 30” for 30 min with HZSOA (20% H$O, 
at 80” for 6 hr) [9] resulted in significantly (P < 0.001) 
increased levels of trichloroacetic acid. The levels 
of trichloroacetate before and after incubation with 
H$O, were 1.01 + 0.04 and 1.81 -t 0.19 nmoles tri- 
chloroacetic acid. 30 min-’ (nmole cytochrome P- 

450)-l. 
Effects of inhibitors on the binding and metabolism 

of tetrachloroethylene. The effects of three inhibitors 
of the cytochrome P-450 system on the binding and 
metabolism of tetrachloroethylene are presented in 
Table 3. Metyrapone. CO, and SKF-525A inhibited 
the binding, NADPH oxidation. and metabolism of 
tetrachloroethylene in the presence of hepatic micro- 
somes. Metyrapone and CO were equivalent as 
inhibitors of these processes. whereas SKF 525A was 
much less effective. Each inhibitor inhibited the 
three processes to approximately the same extent. 

Effects of tetrachloroethylene on hepatic, rnicro- 
somal enzymes and herne. Incubation of the 
NADPH-generating system, EDTA and tetrachlo- 
roethylene and hepatic microsomes from rats 
treated, or not. with pregnenolone-16cM-carbonitrile 
or phenobarbital, did not result in appreciable alter- 
ation in the levels of hepatic microsomal cytochromes 
P-450, cytochrome bi. heme, NADPH-cytochrome 

c reductase, or glucose-6-phosphatase (data not 
shown). 

The results presented here indicate that tetra- 
chloroethylene is metabolized by the hepatic micro- 

Table 3. Effect of inhibitors on the interaction of tetrachlorocthylene with the hepatic 
microsomal cytochrome P-450 system* 

Additions 

None 
SKF 525A (200 mM) 
Metyrapone (2.33 mM) 
co : 02 (80 : 20: v/v) 

Spectral 
binding 

(%) 

100 
81 +3 
20 + 4 

ND 

NADPH oxidation 
( c: ) 

100 
ND+ 

35 2 6 
25 2 12 

Trlchloroacetate 
production 

cc+) 

100 
67 -t x 
25 2 7 
25 f IO 

* Means + S. D. are reported for experiments performed in triplicate with two to three 
different preparations of hepatic microsomcs from phenobarbital-trcatcd rats. Experiments 
were performed as described in Methods and in Table 2. In each case. the inhihitor was 
added before the tetrachloroethylene (3.3 mM, final concentration). For binding studies. the 
inhibitor was added to both the sample and the reference cuvettes. Values in the absence 
of inhibitors were as follows: binding, Airihnm-A4,Xmn, 
oxidation, 2.04 nmoles. min-’ 

0. IWnmole cytochrome P-350: NADPH 

0.113 nmole. min-’ 
(nmole cytochrome P-450)- ‘; trichloroacetate production. 

(nmole cytochrome P-450)-‘. 
t ND. not determined. 



somal cytochrome P-450 system in tlitro. First it was 
confirmed that tetrachloroethylene binds to the 
active site of the enzyme system, as evidenced by 
the production of a Type I difference spectrum 
(Table 1) (131. Tetrachloroethylene also stimulated 
CO-inhibitable NADPH oxidatron by hepatic micro- 
somes (Table 2). which is characteristic of cyto- 
chrome P-450 dependent reactions (321. Further- 
more, chlorinated metabolites of tetrachloro- 
ethylene were produced during the aerobic incuba- 
tion of hepatic microsomes. NADPH and tetra- 
chloroethylene, with all components having been 
required for the reaction to proceed (see Results). 
Finally, the inhibitors of cytochrome P-450, viz. 
metyrapone, SKF 525-A and CO [X. 341. inhibited 
the hepatic microsomal spectral binding and metab- 
olism of tetrachloroethylene (Table 3). 

The different forms of cytochrome P-450 appear 
to bind and metabolize tctrachloroethylene to dif- 
fering extents. Cytochrome P-448 does not appear 
to bind or metabolize tetrachloroethylene measur- 
ably, inasmuch as induction with fi-naphthoflavone 
did not affect the values of K,. K,,. AA,,,,, or V ,,!, ‘1 for 
tetrachloroethylene (Tables 1 and 2). In addition. 
SKF 525-A. which is an effective inhibitor of cyto- 
chrome P-448 1351. was a relatively poor inhibitor 
of the spectral binding and metabolism of tetra- 
chloroethylene (Table 3). 

At least two distinct forms of cytochrome P-450- 
those induced by pregnenolonc-lha-carbonitrile and 
by phenobarbita-do appear to bind and metabolize 
tetrachloroethylene. Induction by either of these 
agents resulted in alterations in K, and/or K,, and in 
increased All,,,,,, and/or V,,,,,, values for the binding 
and metabolism of tetrnchloroethylene (Tables 1 and 
2). Furthermore. mctyrapone. Lvhich is a relatively 
specific inhibitor of the phenobarbital-induced form 
of cytochrome P-450 [35]. was an effective inhibitor 
of the spectral binding and metabolism of tetra- 
chloroethylcne by hepatic microsomes from pheno- 
barbital-induced rats (Table 3). 

Cytochromc P-150 induced by phenobarbital 
appears to mct;~boIirc tetr~tchloroethIclene more 
effectively than any other form of the cnzymc. 
Although phenobarbital and pregnenolonc-lh&-car- 
bonitrile enhanced c’,,,,,, (per nmole cytochrome P- 
150) for the metabolism of tetrachloroethylene to 
similar extents. the K,, for tetrachloroethylene was 
IO-fold lower following phenobarbital induction, 
than following prcgncnolonc-If%-carhonitrilc induc- 
tion (Table 2). 

The major product of the interaction of tetra- 
chloroethylene with the hepatic microsomal cyto- 
chrome P-350 system irz r’itro was trichloroacctic 
acid. which is also the major metabolite of tetrach- 
loroethylenr irr t,irao and with perfused liver i/l .sitrr 
13. 7-101. The interaction of tetrachlorocthylenc with 
the hepatic microsomal cytochrome P-43) system 
Axe resulted in the production of trichloroacetyl 
derivative(s) of cellular constituents, as shown earlier 
for the metabolism of tetrachloroethylene in per- 
fused liver [Y]. Inasmuch as 2,2.?-trichloroethanol 
was not produced in appreciable amounts from 
tetrachloroethylene in the presence of hcpatic micro- 
somes, it appeal-s that the cytochrome P-350 system 
is not directly in\,oIved in the production of this 

minor metabolite of tetrachloroethylene in lxil~ I-31. 
In terms of the proposed metabolic pathway for 

tetrachloroethylene (Scheme I). it appears that the 
cytochrome P-450 enzyme system may be the sole 
enzyme system involved in the conversion of tetra- 
chloroethylene to free trichloroacetate and to the 
trichloroacetyl moiety covalently bound to cellular 
constituents. The covalently bound trichloroacetyl 
group is probably in ester or amide linkage to alcohol 
or amino functional groups of cellular constituents 
and presumably arises in a non-enzymic reaction of 
the epoxide or acyl chloride derivatives of tetra- 
chloroethylene with cellular constituents. Thus. the 
cytochrome P-450 system appears to catalyze the 
metabolic activation of tetrachloroethylene to reac- 
tive species that may mediate the toxic effects of the 
parent compound. 

There are many similarities between the hepatic 
microsomal metabolism of tetrachloroethylene and 
of another chlorinated ethylene, viz. trichloroeth- 
ylene. which is also thought to be metabolically 
activated by hepatic cytochrome P-450. The equilib- 
rium constants for the binding and metabolism of 
tetrachloroethylene by hepatic microsomal cyto- 
chromes P-450 (Tables 1 and 2j are similar to those 
reported for the interaction of trichloroethylene with 
this enzyme system (CU. 0.4 mM) [ 191. In addition. 
tetrachloroethylene and trichloroethvlene stimulate 
hepatic microsomal NADPH oxidation to similar 
extents (Table 2) [ 191. The maximum rates of metab- 
olism (if,,,,,) of tetrachloroethylene by the cyto- 
chrome P-450 system in hepatic microsomes f&m 
differently induced rats are. however. approximately 
Xl-fold lower than the corresponding maximum rates 
of metabolism of trichloroethylenc (Table 2) [ IY]. 

The relative rates of metabolism of tetra- 
chloroethylene and trichloroethylene by hepatic 
microsomes in ~?tro correlate well with the respccti1.c 
extents of metabolism of these two compounds irl 
I’~LW. Tctrachlorocthylene. which is metabolized at 
a much slower rate than is trichloroethylene irl vitro. 
is metabolized to a much smaller extent irl 1.i~ and 
has a much longer biological half-life than tri- 
chloroethylene (Table 2) [3, 7. 8. IY. 36). Further- 
more, the relative extents of metabolism of tctra- 
chloroethylene and trichloroethylene correlate with 
the extents of their deleterious effects on cellular 
constituents. For example, tetrachloroethylene does 
not affect the levels of micro\omal cytochromes P- 
450 and heme irz ~‘itro (yee Results). whereas tri- 
chloroethylene (and another asymmetrical halo- 
ethylene. vinyl chloride) degrade the hcme of hepatic 
microsomal cytochromes P-450 irl l?~o and ill L,~W 
[14. IS, 19, 371. In addition. in the presence of 
microsomal activating enzymes, tetrachloro- 
ethylene is non-mutagenic. whereas trichlorcl- 
ethylene is mutagenic 14. 51. 

The lower chemical reactivity of tetrachloroethy- 
lene compared to that of trichloroethylene (and 
vinyl chloride) may not. however, be only a consc- 
quence of the relatively low rate of metabolism of 
tetrachloroethylene. It has been proposed that the 
reactive metabolite of tetrachloroethylene. \iz. 
tetrachloroethylene oxide, is much less reactive than 
the epoxides of unsymmetrically substituted chlori- 
nated ethylenes. such as trichloroethqlene and vinyl 
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chloride 191. Consequently, the less severe deleteri- 
ous effects of tetrachloroethylene as opposed to 
those of trichloroethylenc and vinyl chloride may 
reflect both a lower rate of metabolism of tetra- 
chloroethylene and its conversion to a relatively less 
toxic metabolic intermediate. 
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