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SUMMARY

The product of metabolism of tnichlonoethylene in rat liver microsomes has been

chanactenizedi as chlonal hydrate. In CO�1llO1l with chloral hydrate, tile metabolite is

converted to dichloroacetie acid upon reaction with basic cyanide; to ehloroglyoxal 1)is-

2,4-dinitnophenylhydnazone upon treatment with 2,4-dinitrophenylhydrazine in acid; to

tnichioroethanol by the action of liver alcohol (lehydrogenase; and to tnichloroacetuc acid

upon oxidation mediated by chloral hydrate dehydrogenase. Possible mechanisms of the
conversion of trichloroethvlene to chlonal hydrate are (liscussed.

INTRODUCTION

Tile patil\vay of conversion of tnichlono-

ethylene in mammals to its excreted meta-

bolic products, tnichloroacetic acid, tn-
chloroethanol, and the glucuronide of the

latter, has not been elucidated. Daniel (2)

has shown that these products are formed

without mixing of the chlorine atoms of tn-
chloroethylene with the body chloride 1)001.

Butler’s postulation that choral hydrate is

an intermediate in this process (3) was

based on tile similarity between the final
products of metabolism of chioral hydrate

and tnicllloroethylene. Although Butler was

unable to detect chloral hydrate after ad-

ministration of tnichiomoethylene, his as-

sumption has erroneously been presented as

iinoved fact in several malon textbooks of
pharmacology and by other authors. The

demonstration that trichloroethvlene is con-

verted to a nonvolatile polyhalogenated

1 A preliminary note of this work has appeared

(1).
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substance by liver micnosomes (4) has pro-
videdl a means of testing Butler’s hy-

pothesis.

GENERAL METHODS

Amounts of the trichioroethylene metab-

ohite sufficient for identification were
isolated fronl large volumes of tile in vitro

tnichlonoethylene metabolizing system pre-

viously reported (4). The following solu-

tions were mixed in a 2800 ml Fernbach

culture flask andl gently shaken for 2 hr at
37#{176}in a Dubnoff metabolic shaking incuba-
tor: 160 ml of a solution containing (at the
indlicated concentrations) Tris-ITCI l)uffer,

piT 7.5 (0.5�i), MgSO1 (2.5 X 10� �si), di-
sodium EDTA3 (3.0 X 10 �.i), NADP (3.0

x 10- Mi, ATP (1.5 x 10 st), nicotin-

anlide (5.0 x 102 M) and sodium fumarate

Ai)breviat iOnS use(l are EDTA, ethvlenedi-

amine tetraacetate ; NAl) and NAI)1I, oxidized

atul reduced forms, ispectively, of niiotinamide-

a(leniflc (limiliuleot ole ; NAI)P an! NA 1)PH, oxi-

dizccl and reducel fommns, mspectively, of

nicotinamimile-auleninc linuhotmde phosphate;

ATP. adenosine triphosphat ; Tris, tris(hvdroxv-

tact hvl) mmii inomet bane.
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(1.0 x 102 �l’) ; 240 ml of an emulsion of

tnichloroethylene, cottonseed oil, T�veen 80�

1)Olysorbate, and water (4 1 ; aild 80 iiil of
a suspension containing 75 nlg/ml of lyo-

phihizeci 9000 g supernatant fraction of rat
liver fnonl rats which had I)een pretneateci

witll i)ilellOi)ani)ital (5) . �flle incubated illix-

ture was titrated to pH 1 .5 with 6 N HC1

an(I steani distilled; the volume of distillate

collected was 750 11)1. After bubbling air
through the dhustuilate for 1 hr to remove tn-

chloroethylene, colomimetnic analysis usually

in(Iieated from 25 to 30 /�(g of chioral

hydrate ier nlilhihiter. A mome concentrated

solution of tile nletal)olute could be IJre-

pared by evaporating part of the water at

temliperatures less than 50#{176}undher a stream

of aim� or by extracting the nletabolite into
dietimyl ether an(I then evaporating the

ether over a small voiunle of water.

Infrane(I spectra were recorded using a

Beckman IR-5 infrared spectnophotometer

and the l�otassium bromide pellet technique.
Chioral hydrate was routinely determined

in the steam distillate by the modified Fuji-
wana reaction of Leibman and Hindman

(6) or by the quinaldine ethiodide method
of Archer and Haugas (7). Two additional
methods for chloral hydrate were briefly

studied: the reaction with alkaline phioro-

glucinol and the formation of the diphenyl-
formazan upon oxidation of the phenyihy-

drazone. Optimum conditions for these pro-
cedures were found to be as follows:

Phioroglucinol reaction. To 2 ml of
sample were added 2 ml of 1% aqueous

phloroglucinol and 0.5 ml of 1 M ammonium

hydroxide. The components were mixed,

and the mixture was allowed to stand at
room temperature for 1 hr. The absorbance
at 460 m�t was then determined, using a
reagent blank. Absorbance per micromole
of choral hydrate was 1.16.

Diph en ylformazan formation. This was
niodifled from the method described by

Kramer et al. (8) for formaldehyde, gly-

oxal, and glyoxyhic acid. A mixture of 2 ml
of sample and 2.5 ml of 1% phenyihydna-
zinc hydrochloride was heated in a boiling
water bath for 10 mm. The solution was

cooled and 2.5 1111 of concentrated HC1 was

added, followed by 2.5 ml of 1% potassium

fernicyanidle. Tile absoibance was deter-

mined at 367 mp� against a reagent blank.

Absorbance pen micromole of chloral by-

(Irate was 0.85.

PROCEDURES AND RESULTS

Colorimetric Reactions

In Table 1 are shown the results of five

different colonimetnic analytical procedures

TABLE 1

Assay of the trichioroethylene inetabolite by fi�e

colorimetric methods

References for the first three methods are indi-

cated. The lattertwo procedures are described under
General Methods.

Chioral
hydrate

Method (,�g/ml)

Fujiwara reaction (9) 52
Fujiwara-benzidine modification (6) 53
Quinaldine ethiodide method (7) 59

Phloroglucinol reaction 63
Diphenylformazan formation 67

applied to the same solution of metabolite

from the niicnosomal oxidation of tnichloro-

ethylene. Although none of these methods

are absolutely specific for chloral hydrate,

comparable quantitative results were ob-

tained. Tile Fujiwara alkaline-pynidine re-
action, and its modification, are specific for
compounds containing polyhalogenated

carbon atoms. Tile qunlaldine ethiodide
method has been suggested to be specific

for the CH (OH), group (7). The reaction
with phloroglucinol and the formation of
diphenylformazans are characteristic of

aldehydes.

Reaction of #{149}theMetabolite with Basic

Cyanide Solution

Tile trichloroethylene metabolute reacted
with a basic cyanide solution to yield di-

chloroacetic acid; tllis is a demonstrated

reaction of chioral hydrate (10). Dichloro-

acetic acid was identified by infrared spec-

troscopy and by thin layer cilrOmatOgraphy.

A 645 ml sample of a solution of the
t richloroet hylene met abohite, which con-
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tamed 22 /.Lg of chional hydrate per milli-
liter, was treated with 10 g of CaCO3 and

12 mg of NaCN. The slurry was then
ileated at 50-60#{176} for 2 hr. Most of the

water was then evaporated by increasing
the temperature and directing a stream of

air oven tile surface of the slurry. Drying
was completed on a steam bath and in an
oven at 110#{176}.Tile dry residue was thor-

oughly washed with ether, dissolved in

excess 1 N HC1 and extracted four times,

each time with one volume of ether. Tile

combined ether extracts were evaporated
to about 50 ml and extracted with dilute,

carbonate-free potassium hydroxide. The
aqueous pilase was titrated to pH 4.0 and

evaporated to dryness on the steam bath,

and the residue was dried at 110#{176}.

A reference solution of chloral hydrate

also was treated as described above. Figure
1 is a tracing of the infrared spectra of

Fin. 1. Infrared spectra of reaction product of

alkaline cyanide

(A) With the trichloroethvlene metabolite.

(B) With chloral hydrate. (C) Spectrum of the

potassium salt of dichloroacetic arid (Calhio-

diem).

l)otassiuln dichloroacetate and of tile potas-
sium salts of the compounds obtained from

the reaction of cyanide with the nletabohte
and with reference chloral hydrate.

Thin layer chromatography on silica gel

G was performed witil n-propanol: concen-
trated NHIOH (70:30 v/v). Spots were
located with bromocresol green indicator.
The R1 values (0.46) of tile products ob-

tained from the reactions of tile metabolute
and l’nown chlorai hydrate with i)asic cy-

anide ��‘ere identical to that of authentic

dichloroacetic acid. 1)ichloroacetic acid was

easily s(pdtmtttedl froni tricillolOacetic acid
(I?,. 0.53) �vith this systeni; the latter was

not found in the reaction mixtures.

Reaction of 2,4- 1)initrop/ien ylhydrazine

with the Metabolite

Chloral hydrate and 2,4-dinitrophenyl-
hy(lrazune react to yield numerous products

(11). One of these coml)ounds, chlonogly-
oxal bis-2,4-dinitmopilenylhydrazone, cm�ys-

tallizes from the reaction mixture if an
acidic solution of cil!onal hydrate (40-80

/(g/ml) is treated \Vitil two equivalents of

2,4-dinitroplleny I hydra zinc in phosphoric

acid-etllanol (.Johnson’s reagent) (12).

The steam distillates from several prepa-

rations were pooled and concentrated, by

evaporating pant of the water, to obtain

1650 nil of a solution containing about 45
p.g/ml (as chlonal hydrate) of metabolite.

This solution was made 0.3 M in PhosPhoric
acid, heated to 85#{176}and treated with 4.7 ml

of Johnson’s reagent. Tile product, a few
milligrams of orange powder, was filtered

after the solution had been cooled for 6 hr.
This material melted at 207-210#{176}. After
prolonged extraction witil two 20-mi por-

tions of ethanol at room temperature, the

ethanol-insoluble residue melted with de-
composition at 258-260#{176}. Treating a refer-

ence solution containing 40 pg/mI of chloral
hydrate in the same manner yielded a

product which melted, with decomposition,

at 25�-258#{176}. A decomposition point of 259#{176}

has been reported for chloroglyoxal bis-2,4-
dinitrophenvlhydrazone (11).

Figure 2 shows the infrared spectra of

these pro(luets. In Fig. 3 are illustrated the
absorption illaxinla at 385 and 435 rup. of
chloroform solutions of tilese compounds.

These absorption maxima are character-
istic of 1 .2-dicanbonyl-bis-2,4-dinitrophen-

ylhydrazones (13).

Reduction of the Metabolite u’ith Alcohol

Dehydrogenase and NADII

Tile reduction of chloral hydrate to tn-

cilloroethanol, fllediated by liver alcohol

dehydrogenase, has been demonstrated

(14). In this system, tile metabolite from
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in. 3. A lisa pt ion spect iu of c/i loroglyoxal bis-

2,�-rIin it rap/i en yl/i ydrazone pr(par(’(l from c/i bra!

/i 1jdiat e (A ) and from t /i e t rn/i loroet/i plc n e

?netal)ollte (B)

tnicliloroetiiylene was converted to a sub-

stance identified by gas chromatography

as trichloroethanol.
Time solution of the tnuchloroetilylene

nletabolite pi’epareel as described above
contained amounts of tnichloroethanol cle-

tectable by gas chromatography, pnesufll-

ably due to the presence of alcoilol dc-

hydrogenase in the 9000 g supernatant

fraction ; therefore. a solution of metabohte

was prepared for reduction with alcohol

dehv(lm’ogenase by incubating the tnichlono-

ethylene emulsion with isolated liver

nlirm’osonles afl(l dtd(l(�(1 N�\II)PI�I (4) . The
iiiculiiition niixture \VitSi siniular in cOillpoSi-

tiOll to that described above except that

XADP was omitted, and isolated niiero-

omiles equivalent to 4 ml of 9000 g Supem’-

natant fractioml were used p� the enzyme

source per 12 1111 of total volume. At zero

time 3.0 ,tllloles of NADPI-I was added and

a further 1 .5 ,tllloles was a(idled every 15
nlmn dum’ing tile 2-hr incul)atuon. After incu-

hation, the contents of five such flasks were

COil) i)i mled, acidi fled, steam-dhsti lied, and

bubbled free of trichloroetilylene. Tile vol-

ume of time distillate fm’om tile five flasks

was 100 ml. Of this solution, 10 ml was

reserved for gas chromatography. Tile re-

maining solution was concentrated by the
ether extraction metilod to yield 6 ml of a
solution assayed to contain 125 pg/ml of

chional hydrate. Five milliliters of tile con-

ceIltrated metabolite solution, 0.25 nil of

1 NI sodium phosphate buffer, pH 7.4, and
14 mg of equine liver alcohol dehydinogen-

ase (Worthington Chemical Co.) were in-

cubated at 37#{176}.At tile i)eginning of the

nlcubatioil, 0.6 ml of 7.5 m�r NADH was

added, and! 0.1 ml of the same solution was

added each 15 mm throughout tile incuba-

tion. After 2 hr. tile reaction mixture was

analyzed as describe(l by Garrett and Lam-

bert (15); after addition of 5 g of sodium

ehloride, the mixture was extracted with 6

1111 of benzene. and aliquots of tile extract

\\dI’C suli� ected to gas-liquid chromatog-
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Chloral

Hydrate

Metabolite

After ADH

Trichioro -

ethanol

0 2 4 6 8 0 2 14

Fic. 4. Gas c/iro inala grams illustrating conversion of t/ic t rich loroet/iplene nietabolite to tric/i bra-

ethanol by alcohol de/iydrogcnase

Tracings (from the to!)) are: choral hydrate; trichloroethylene metabolite; product of incubation

of trichloroethylene metabolite with alcohol dehydrogenase and NADH; trichloroetlianol. F&M Model
700 gas chromatograph was used with electron capture detector. Column: 4 ft stainless steel con-

taining 20% Carbowax 20M on 60-80 mesh Chromosorb W, 1300. Injection port, 120#{176}.Carrier and

purge gas flows, 60 and 140 mI/mm, respectively.

raphy. Figure 4 shows tile chromatograms

of chloral hydrate, tile microsomal tn-
chloroethylene metabolite, the product of
enzymic reduction of this metabolute, and

reference tnichlonoethanol. Tile meta boli te
showed the same retention time as did

chloral hydrate, w’hile after enzymic reduc-
tion the chnomatognaphic peak correspond-

ing to chioral hydrate was much reduced

in area, and a new peak of retention time
identical to that of tnichlonoethanol
appeared.

Oxidation of the Metabolite with Chloral

Hydrate Dehydrogenase and NAD

Cooper and Friedman (16) have de-

scribed an enzyme which ml)eduates the oxi-

elation of haloacetaldehvdes to the con-

responding haloacetic acids. The mlletabOlite

from tm’ichlorocthylene was found to act as

a substrate for this enzyme.

Tile enzyme was l)rel)al’edl from rabbit

livem’ as (lescnibed by Cooper and Friedman

(16). To a solution of metabolite estimated
to contain 13 pmoles of chioral hydrate

were added 50 mg of the lyophilized redia-

lyzed enzyme preparation and 160 pmoles

of NAI) in 0.05 NI glycunc-pvrophosphate
buffer, 1)11 9.5. Trichloroacetic acid was

estimnated by tile modified Fujiwara method

(procedure B) (6), and NADH fm’om the

absonbance at 340 m1t. After 100 mm, 3.3
pmoles of tnicilioroacetic acid and 3.0

pilloles of NADII had been formed. After
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the mixture had! stood at �OOfll temllperature

overnight, 8.2 �c1l1OleS of tnichloroacetic acid

were found in it.

DISCUSSION

The present identification of time product

of metabolismil of tnichloroethylene in liver

microsomes as cllloral hydrate justifies But-

icr’s hypothesis (3 ) . Butler was unable to
demonstrate tile iiresenee of chioral hydrate

in the i)lasma of (logs after time administra-

tion of tnichloroethylene by inhalation.

Chloral hydrate, however, has a very short
biological half-life in dogs (17, 18), mice
(19), and men (18). Thus, Marshall and
Owens could find no choral hydrate in

ilunlan plasma at intervals from 5 to 30

mm after ingestion of large hypnotic doses

(30 mg/kg) of chlonal hydrate, although
i)Otll tnichloroethanol and tnichlonoacetic

acid! were measurable in tile plasma during

this timlie. After much larger doses (250 mg/

kg) intravenously in dogs, chlonai hydrate

disappeared from the plasma with a half-

life of approximately 10 mm (16). Scan-

setti et al. (20) reported surprisingly high

(>200 mg/liter) plasma concentrations of
choral hydrate in workers exposed to tn-

chionoethylene, with a plasma half-life of

13 hr. rfllus according to tilese data, tile

blood plasma alone of these individuals

contained approximately a hypnotic dose

of chloral hydirate. It is difficult to reconcile
tilese reports. It should be noted that in all

these studies, chloral hydrate was esti-
mated by a difference in absorption between
two relatively insensitive and nonspecific

colonumetric procedures, and therefore

greatly subject to error. Using a more sen-

sitive analytic technique, McKay and

Cooper (19) found the half-life of chloral
hydrate in mouse i)nain to be 20-40 mm.

The demonstration that tile conversion

of tnuehloroethylene to chioral hydrate is

similar to a lange number of drug-metabolic

reactions requiring NADPH and oxygen

and mediated by liver mierosomes (4) leads
to interesting speculation on the pathway
of this conversion. This group of micro-

somnal enzymes have been characterized as

hydnoxylating systems (21). It woul(l ap-

pear likely, then, that trichloroethyiene

glycol or trichlomoethylene oxide, on both,

illught be intei’nle(liates 111 tile conversion of

tnichioroethylene to chloral hydrate. Both

glycols and epoxides have 1)een shown to be

products of nlicrosomal oxidiation of olefinic
COIllpOufl(lS . Thus , dihydnonaphthalene is

converted III Slicil a system to the corres-

ponding glyeol (22), and epoxides are pro-
duced from the insecticides aldrin, hepta-

chlon, and isodnin (23) . In the case of
tnichlonoethylene, both the glycol and the

epoxide would be expected to be quite un-
stable. The epoxide-carbonyl rearrangement

of tnichioroethylene oxide could give rise to

either chlonal on to dichloroacetyl chloride,

depending on whether the chlorine or hy-
drogen atom migrated. McDonald and

Schwab (24) have obtained evidence of the
preferential mllignation of tile chlorine atom

i n tile rearrangement of a-chloroepoxides.

Thus , unsymnmetnical ring-substituted a-

chlonostili)enes, on attempted epoxidation
with peracids, yielded only that a-chloro-

ketone which would have resulted from

rearrangement of the assumed intermediate
epoxide with migration of the chlorine

atom. A I)ilotoCatalytic oxygenation product

of tnicilloroetilylene, assumed to be the
epoxide, was converted under anhydrous
conditions to either chloral or dichloro-

acetyl chlori(le, depending on the catalyst
employed (25). Tetrachloroethylene oxide
rearranges to tnicilloroacetyl chloride (26),

a process requiring chlorine atom migration.
Trichloroethyiene giycol would un-

doubtedly be quite short-lived; the great
instability of a-haloalcohols has been re-

ported (27-29). In an intramolecular rear-
rangement sinlilar to the pmnacol rearrange-

mnent (30), witil migration of the chlorine

atom, chloral hydrate would be formed.
The epoxide and the glycol nligllt possibly

be interconverted by hydration and dehy-

dration.
Citing the work of Daniel (2), who

showed that there is no dilution of the
chlorine atoms of tnichloroethylene with
chlorine atoms from other body poois dur-

ing conversion to tnuchloroethanol and tn-
cilloroacetic acid, Van Dyke and Cheno-

wetil (31) have very recently rejected

Butlen’s hypotilesis, claiming that such di-

lution would be an expected consequence

of tile rearrangement of an epoxide inter-
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Cl Cl
I I O�,

Cl-C==C-H NADPH

Cl Cl

C1-�--------�----H

�H t�H

11 ± 11,0

Cl Cl

c�-_� 5-H

0

H�O

Cl OH

�l (�H

mediate. They propose instead an acid-

catalyzed rearrangement of trichioroethyl-

ene to a cyclic chloronium ion, which upon

attack by water or by glucuronic acid

forms trichloroethanol or its glucuronide,
respectively, as the first stable product.

However, the present work shows that al-
though in the presence of both microsomes
and soluble supennatant fraction of liver,

both chloral hydrate and trichioroethanol
are found after incubation with tnichloro-

ethylene, no trichloroethanol is formed

when the soluble fraction is omitted, and
NADPH is supplied directly to the micro-

somes. Any proposed mechanism for the
microsomal oxidation of tnichloroethylene

must therefore account for chloral hydrate,
not tnichloroethanoi, as the first stable

intermediate. Furthermore, migration of the
halogen atom during pinacol rearrangement

of a glycol intermediate or during epoxide-

carbonyl rearrangement of a haloepoxide,
need not involve removal of the halogen

atom as a halide ion, any more than in
the rearrangement proposed by Van Dyke
and Chenoweth. Indeed, such a chlorine

bridge may be approached as a step in the
intramolecular rearrangement of the glycol
or epoxide in a process which may be repre-
sented crudely as follows:

OH Cl

Cl-h h-H

�l f�H

Cl Cl �-�‘

I I H�
C1-C------C-H

0

Apparently the only attempt prior to the
present work to demonstrate metabolism of

trichloroethylene in vitro was made by
Fabre and Truhaut (32), who incubated

trichloroethylene with homogenates of rat
brain, liver, lung, spleen, and kidney for up

to 8 hr, and measured, by the nonspecific

Fuj iwara reaction, tile “tnichioroacetic

acid” formed. One of us has shown (4) that

only liver microsomnes form chloral hydrate
from tnichlonoethylene, and that those of
brain, spleen, lung, and kidney are inactive.
In addition, pretreatment of rats with phe-
nobarbital, wilich greatly enilances tile

ability of liver microsomnes to oxidize tn-

chioroethylene, does not cause the induc-

tion of such activity in microsomnes of other
tissues (5).

The present work, together with that of

Cooper and Friedman (14, 16), provides a
complete in vitro pathway for the comlver-
sion of tnichloroethylene to its major

flletahoiites, tnichloroethanol and tnichioro-

acetic acid.
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