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Abstract—The excretion and biotransformation of [“C]trichloroethylene (Tri) has been studied in
female rats and mice. Seventy-two hours after a single oral dose of 200 mg/kg, rats exhaled 52% and
mice 11% of the recovered radioactivity as unchanged Tri, and 1.9% and 6%, respectively, as “CO,.
Rats excreted 41.2% of the recovered radioactivity in the urine, in contrast to mice where urinary
activity amounted to 76%. The isolation of urinary metabolites was accomplished by reversed-phase
HPLC, using a water—methanol gradient. After chemical derivatization, a combination of radio-GC and
GC/MS was used for identification. The metabolites identified in rat urine were: trichloroacetic acid
(15.3%); trichloroethanol, free (11.7%) and as the glucuronide (61.9%); dichloroacetic acid (2.0%);
oxalic acid (1.3%) and N-(hydroxyacetyl)-aminoethanol (HAAE) (7.2%). In mice, trichloroethanol
(free and in several conjugated forms) is the main metabolite of Tri (94.3%), but small amounts of
HAAE (4.1%) and oxalic acid (0.7%) are also excreted. Only traces of dichloro- and trichloroacetic
acids were found in this species. In human male subjects, HAAE was also identified as a urinary
metabolite of Tri after exposure of two volunteers to 200 ppm Tri for 6 hr. The identification of HAAE
and oxalic acid as metabolites indicates hydrolytic dechlorination reactions in the metabolism of Tri.
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1,1,2-Trichloroethylene (Tri)T has been widely used
as an industrial solvent for the past 50 years; an
estimated 3.5 million workers are presently exposed
to Tri. Suspicion that Tri exerts a tumorigenic effect
was aroused by the results of several long-term car-
cinogenicity studies [1-3]. However, these data are
considered to be inadequate for a conclusive deter-
mination of a carcinogenic effect exerted by Tri [4].
Numerous studies on the mutagenicity of Tri after
metabolic activation in different strains of bacteria
have been conducted, revealing that Tri is either
non-mutagenic or only weakly mutagenic [4, 5].

All data available on the metabolism show that
Tri is metabolically converted by cytochrome P-
450 dependent monooxygenases to an intermediate
electrophilic epoxide [6], which may rearrange to
chloral. All metabolic end-products of Tri identified
under normal exposure conditions are explained
by this rearrangement [7]. So far, trichloroethanol,
its glucuronide and trichloroacetic acid have been
identified. This rearrangement to non-toxic 1,1,1-
trichloro compounds, if complete conversion of the
epoxide is achieved, may be considered to be a
deactivation reaction, since no intermediate elec-
trophile would be available for the alkylation of
cellular macromolecules. In mice, Hathaway [8§]
detected traces of dichloroacetic acid only after oral
application of very high doses; this author proposes
a ‘spill over’ model, whereby an excess of tri-

* Preliminary communications have been published in:
Toxic. Letters 18 (Suppl. 1), 121 (1983); Naunyn-
Schmiedeberg’s Archs Pharmac. 319 (Suppl. 1), 16 (1982).

+ Abbreviations: HAAE, N-(hydroxyacetyl)-
aminoethanol; TCE, 1,1,1-trichloroethanol; Tri, 1,1,2-
trichloroethylene.

chlorooxirane would saturate the above-mentioned
deactivation mechanism and thus become available
for reactions outside the microsomal system. The
epoxide is also suggested to be responsible for the
covalent binding of radioactivity to lipids after
application of [“C]Tri both in vivo and in vitro
[9-11]. CO, was recently reported to be a metabolite
of Tri in mice and rats. A very slight interaction of
[“C]Tri with DNA in vivo was reported by several
authors, but no indication of the formation of specific
DNA adducts was obtained after hydrolysis of the
DNA [12-14]. These results indicate that the meta-
bolic fate of Tri intermediates is still unsettled. In
the present study, we have re-evaluated the metab-
olism of Tri in different species using more advanced
methodology in order to identify previously un-
known metabolites, which might shed light on the
conditions for the possible carcinogenic effect of Tri.

MATERIALS AND METHODS

Chemicals. 1,2-['Cltrichloroethylene was pur-
chased from New England Nuclear (Dreieich,
F.R.G.). The sample received contained several
radioactive impurities and was diluted with pure Tri
to a sp. act. of 0.1 mCi/mmole.

Purification of the sample by preparative GC (30%
Squalane on Chromosorb WAW 60/80, Carlo Erba
Fractovap) yielded Tri with a radiochemical purity
of >99.9% as checked by radio-GC: N-(Hydroxy-
acetyl)-aminoethanol (HAAE) was prepared as
follows: 2-aminoethanol was added dropwise to mol-
ten glycolic acid. After 1hr at 80°, the reaction
mixture was allowed to cool and the resulting col-
ourless needles were recrystallized from isopro-
panol-water (5:1, v/v). Its identity was confirmed
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by GC/MS and 'H NMR. All other chemicals used
were obtained from EGA-Chemic (Steinheim,
F.R.G.).

Animals and treatment. Female Wistar rats (220—
260 g) and female NMRI-mice (24-27 g) (Institut fir
Versuchstierkunde, Hannover, F.R.G.) were used.
Single doses of 200 mg/kg [**C]Tri in corn oil (2.5 ¢/
kg) were administered by stomach tube between 9
and 10 a.m. The animals were transferred to an all-
glass metabolic cage immediately after application.
Dry air was drawn through the cage at a constan:
rate (400 ml/min). Standard diet (Altromin®) and
water were supplied ad libitum.

Sampling and measurement of radioactivity.
Excreted *C-activity was monitored for 72 hr. Urine
and faeces were collected at 6 hr intervals, the cage
being rinsed each time with a total volume of 50 ml
of water in several portions. Exhaled [**C]Tri and
14CO, were collected by drawing the air from the
metabolic cage through a series of four consecutive
traps. Before entering the traps, moisture in the
air was removed with Drierite (W. H. Hammond,
Drierite Co., Xenia, U.S.A.). The first two traps
each contained 100 ml of hexane maintained at —78°
in a dry-ice bath. Each of the two remaining traps
was filled with a solution of 100 ml of diethanolamine
and water (1:1, v/v) for absorption of *CO,, and
was maintained at room temperature. Samples
from the traps and the urine were transferred into
Quickszint 112 (Zinsser, Frankfurt, F.R.G.) and
counted in a liquid scintillation counter (Packard,
Downers Grove, U.S.A., Tricarb 2650). The carcass
was digested in methanolic KOH. Portions of the
digest were also dissolved in Quickszint.

Separation of urinary metabolites. Aliquots of the
urine were injected directly into a Waters (Milford,
U.S.A.) liquid chromatography system, consisting
of two M 6000A pumps, a U6K injector and a Model
660 solvent programmer. Separation of urinary
metabolites was achieved by running a linear gra-
dient with an initial concentration of 5% methanol
in redistilled water (acidified by the addition of 1 per
ml v/v formic acid) and a final concentration of 95%
methanol (v/v). The columns (25cm x 0.8cm i.d.)
were filled with LiChrosorb® C 18 (Merck, Darm-
stadt, F.R.G.) of a particle size of 10 um. The two
most polar fractions eluting from the HPLC column
were further separated for quantification of metab-
olites by ion-pair chromatography (PIC A, Waters,
in water—-methanol, 70:30, v/v, LiChrosorb® C 18).
Aliquots of the fractions (1.5 ml out of 3 ml) were
dissolved in 10 ml Quickszint. To check the separ-
ation efficiency, the eluate was also monitored by
u.v. spectroscopy at 225 nm.

Derivatization of urinary metabolites and reference
compounds. Silylation of the respective metabolites
and reference compounds was performed by treating
the samples with bis-trimethylsilyl acetamide (BSA)
and heating the mixture to 80° for 2 hr. For ester-
ification of carboxylic acids, the samples were dis-
solved in BClz-methanol or BFs—propanol according
to Brian [15].

Identification of urinary metabolites. The radio-
active fractions obtained by HPLC were divided into
two parts for derivatization followed by radio-GC.
Esterified metabolites were separated on 6 ft glass
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columns filled either with 20% OV-101 on Chro-
mosorb WHP 100-120 or 30% Carbowax 20 M on
Chromosorb WAW 80-100. Silylated metabolites
were also separated on 6 ft columns (3% OV-101 or
3% OV-225 on Chromosorb WAW 100-120). A
Packard Instruments Model 427 gas chromatograph
connected with a Packard Instruments Model 894
proportional counter was used for detection and
separation of radioactive peaks.

GC/MS was performed on a Finnigan (San Jose,
U.S.A) 4510 GC/MS system. Mass spectrometric
data were processed by a Finnigan Incos MAT 2100
data system. Mass spectra were recorded at 70 eV.

Identification of N-(hydroxyacetyl)-aminoethanol
(HAAE) as a metabolite of Tri in man. Two healthy
male volunteers were exposed for 6 hr to 200 ppm of
pure Triin a dynamic exposure chamber as described
previously [16]. Urine was collected for 48 hr from
the beginning of the exposure. The 24 hr urine was
concentrated to a small volume under reduced
pressure and extracted with methanol. The meth-
anolic extract was then subjected to preparative
HPLC (Lichroprep® C 18, 50 cm X 3.2 ¢m i.d.) and
fractionated. The fractions with retention volumes
from 60 to 160 ml were collected. A second purifi-
cation step by HPLC (LiChrosorb® C 8,
25cm X 0.8 cm i.d., 10% methanol in water) was
conducted and the fractions with retention volumes
of 10~17 ml were pooled. The bis-trimethylsilyl-ether
was prepared by treating the dry residue with bis-
trimethylsilyl acetamide for 2 hr at 80°. HAAE was
identified by GC/MS using different capillary col-
umns (OV-1 and Se-54). Quantification was done
with the silylated metabolite by GC comparison
with the synthetic reference compound (Packard
Instruments, Model 430, 6ft 20% OV-101 on
Chromosorb WAW).,

RESULTS

Elimination pathways of *C-radioactivity after oral
administration of trichloroethylene to rats and mice

The amounts of “C-radioactivity eliminated by
different routes 72hr after a single oral dose of
labelled Tri (200 mg/kg) in corn oil to rats and mice
are compiled in Table 1. No volatile radioactive

Table 1. Elimination routes of *C-radioactivity in rats (n =

2) and mice (n = 3) after administration of ["*C]Tri (data

represent % of recovered activity, which was 93-98% of
the administered radioactivity)

Time
Sample (hr) Rats Mice
Exhaled air
[“C]Tri 0-72 52.0 11.0
“CO, 0-72 1.9 6.0
Total 53.9 17.0
Urine 0-12 22.0 30.0
12-24 17.0 39.0
24-48 2.0 6.0
48-72 0.2 1.
Total 41.2 76.2
Faeces 0-72 1.8 4.9
Carcass, tissues 2.9 2.0
Final cage rinse 0.2 0.1




Novel metabolites of trichloroethylene

compounds other than [**C]Tri and “*CO; could be
detected by radio-GC in the exhalates. In contrast
to rats, which exhaled about half of the dose as
unchanged [**C]Tri, mice, with their higher micro-
somal enzyme activity and capacity, metabolized
89% of the recovered radioactivity. In mice, a greater
proportion of C-radioactivity was converted to
CO,; this indicates that the biotransformation of Tri-
metabolites progresses further in this species than in
rats.

Isolation and identification of urinary metabolites in
rats and mice

The HPLC chromatogram of the total 72 hr urine
from rats revealed four clearly separated radioactive
peaks, as shown in Fig. 1la. All the radioactive com-
pounds were isolated through repeated chromato-
graphic runs. When aliquots of peaks 1 and 2 were
subjected to ion-pair chromatography, peaks 1 and
2 each subdivided further into two radioactive com-
pounds. Radio-GC showed that one of the radio-
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active metabolites in peak 1 cochromatographed,
after treatment with BCly-methanol or bis-tri-
methylsilyl acetamide, with the methyl and tri-
methylsilyl esters of oxalic acid, respectively. The
mass spectrum of the other active compound after
silylation indicated that the active material was
HAAE. Therefore the reference compound was syn-
thesized (see Materials and Methods). The synthetic
substance and the metabolite had identical retention
times on GLC columns with different stationary
phases (OV-225 and OV-101). Moreover, the mass
spectra of the metabolite and the synthetic reference
compound, after derivatization to the bis-TMS-
ether, were in good agreement with respect to typical
fragments (see Fig. 2). Thus the proposed structure
can be assigned unequivocally to this metabolite.
Peak 2 was also subdivided into two radioactive
compounds by ion-pair chromatography: one com-
ponent eluted with dichloroacetic acid, which was
run as a reference; the other eluted with tri-
chloroacetic acid. Moreover, the mass spectra of the
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Fig. 1. HPLC radioactivity elution profile of pooled 72 hr urine from two rats (a) and three mice (b)
after oral administration of [“C]Tri. For peak numbers, see text.
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Fig. 2. Mass spectra of synthetic HAAE and the metabolite after sitylation.

two radioactive metabolites, after methylation or
propylation, proved to be identical to those of the
authentic methyl- and propyl esters of dichloro- and
trichloroacetic acids. This indicates that the metab-
olites in peak 2 are dichloro- and trichloroacetic
acids.

Hints about the chemical nature of HPLC peaks
3 and 4 (Fig. 1) were obtained when an aliquot of
the urine was treated with p-glucuronidase—aryl-
sulfatase. In the HPLC chromatogram of the enzym-
atically treated urine, peak 3 was markedly decreased
and peak 4 increased, suggesting that peak 3 contains
a conjugate of the metabolite in peak 4. The metab-
olite represented by peak 4 was subsequently ident-
ified as trichloroethanol (TCE) by GC/MS after
extraction from the urine with hexane.

When the metabolite in peak 3 was silylated and
analysed by GC/MS, a mass spectrum with typical
fragments of silylated polyhydroxy compounds and
a fragment of a 1,1,1-trichloromethyl group was
obtained. Upon cleavage of peak 3 with BCl;-meth-
anol, TCE was released and identified by GC/MS.
These data indicate that the metabolite in peak 3 is
TCE glucuronide.

HPLC separation of mice urine, collected after a

single oral dose of 200 mg/kg Tri, revealed five peaks
of radioactivity (Fig. 1a; two of these differed in their
retention volumes, however, from those seen in rat
urine). In peak 1, a small amount of oxalic acid was
detected by ion-pair chromatography and identified
by GC/MS as the TMS ester and the methyl ester.
The main *C-labelled compound in peak 1 was ident-
ified as HAAE by GS/MS after treatment with bis-
trimethylsilyl-acetamide. Less than 0.1% of the total
urinary radioactivity was eluted in the retention vol-
umes expected for dichloro- and trichloroacetic
acids. The next two major metabolites of Tri (peaks
2 and 3) in mice (Ry = 30 ml and Ry = 51 ml) were
dissolved in BCl;-methanol. After this treatment,
TCE was identified by GC/MS and radio-GLC as the
only volatile “C-labelled compound in both frac-
tions, indicating that the active substances consist
of acid-labile conjugates of TCE rather than the
glucuronide. No volatile radioactive material was
detected by radio-GC after attempted silylation of
the adducts, thus the exact nature of the conjugates
could not be determined. TCE and its glucuronide
(peaks 5 and 4) were identified as described in the
experiment with rats. Table 2 summarizes the ident-
ified urinary metabolites of Tri in rats and mice.

Table 2. Identified urinary metabolites of Tri in two and three mice
and their relative portions of *C-radioactivity in pooled 72 hr urine

% of urinary activity in

Metabolite rats mice
Oxalic acid 1.3 0.7
Dichloroacetic acid 2.0 0.1
N-(Hydroxyacetyl)-

aminoethanol (HAAE) 7.2 4.1
Trichloroacetic acid 15.3 0.1
Trichloroethanol (free) 11.7 0.1
Trichloroethanol (conjugated) 61.9 94.2
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Identification of N-(hydroxyacetyl}-aminoethanol as
a metabolite of Tri in man

Two volunteers (W.D. and D.H.) were exposed
for 6 hr to 200 ppm of Tri by inhalation. Urine was
collected as described in Materials and Methods.
The fractions obtained after HPLC of the 24 hr urine,
presumably containing HAAE, were pooled and the
resulting residue was then dissolved in bis-tri-
methylsilyl acetamide for transformation of HAAE
to the volatile bis-trimethylsilyl ether and was ana-
lysed by GC/MS, using an OV-1 capillary column for
separation. Typical fragments of authentic silylated
HAAE (m/z = 248,173, 160, Fig. 2) were monitored
during the gas chromatographic run and their relative
intensities in the recorded mass spectra were plotted
(Fig. 3).

The plots clearly revealed a high abundance of
typical mass fragments with the retention time of
authentic HAAE. The mass spectra recorded and
processed from these scans were identical to that of
the reference. The same procedure was also carried
out on a Se-54 capillary column, thus proving the
identity of HAAE as a metabolite of Tri in man.
GC of the urinary fraction and comparison of the
integrated areas permitted calculation of the total
amount of HAAE excreted with the 24 hr urine, i.e.
43.6 mg (14.3 mg/l).

DISCUSSION

Species differences in metabolic conversion rates of
Tri between rats and mice

The differences between rats and mice in meta-
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bolic transformation of a single oral dose of [*“C]Tri
found in this study are in good agreement with the
results obtained by several other authors ({12, 14];
C. R. Elcombe, personal communication) after oral
or intraperitoneal administration, or exposure by
inhalation to various concentrations of Tri. In mice,
the much higher biotransformation rate of Tri, which
shows no saturation kinetics up to doses of 2.4 g/
kg, and the observed hepatotoxicity after prolonged
administration of high Tri doses may contribute to
the different response of this species in contrast
to rats to a possible carcinogenic potential of the
compound [14]. The higher sensitivity of mice to a
possible carcinogenic effect of Tri has been claimed
to be due to an epigenetic mechanism exerted by Tri
or one of its metabolites, trichloroacetic acid (C. R.
Elcombe, personal communication; [17]).

Detection of new metabolites of Tri

In addition to 1,1,1-trichloro compounds, which
are the main end-products of Tri biotransformation,
three other metabolites have been identified, indi-
cating that at least four different pathways are oper-
ative in the metabolism of Tri (Fig. 5). The formation
of 1,1,1-trichloro compounds may well be explained
by a rearrangement of the putative primary oxidative
metabolite, 1,1,2-trichlorooxirane (1) (see Fig. 4),
to chloral (2). This reaction fails to occur in thermal
rearrangement of synthetic trichlorooxirane in vitro
in the absence of metals; under such conditions,
dichloroacetyl chloride (6) is the only rearrangement
product [17]. On the other hand, electrophilic com-
pounds (Lewis acids, e.g. AlCl;, FeCl;) may easily

750 Scan number
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relative
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‘——M\‘/\A"' Urine sample
173
’_/\___J\ov——v—‘/L’\v\ 160
%0 750 %0 70
relative
intensity
248
M 70 160 TN
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Fig. 3. Intensities of typical fragments of silylated HAAE and silylated human urine fraction under
identical chromatographic conditions.
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Fig. 4. Metabolic pathways of Tri (identified metabolites are underlined). 1, Trichlorooxirane; 2, chloral;

3, trichloroacetic acid; 4, trichloroethanol; §, trichloroethanol glucuronide; 6, dichloroacetyl chloride;

7, dichloroacetic acid; 8, 1,2,2-trichloro-1,2-dihydroxyethane; 9, glyoxylic acid chloride; 10, oxalic acid;
11, N-(hydroxyacetyl)-aminoethanol. Suggested pathways are indicated by dashed lines.

induce a conversion of the epoxide to chloral in vitro
[17]. To elucidate this marked difference, it has been
postulated that under in vivo conditions the trivalent
iron in cytochrome P-450 may act as a Lewis acid
and catalyse the transformation of the epoxide to
chloral; this would explain the almost exclusive form-
ation of the final excretion products trichloroacetic
acid (3). trichloroethanol (4) and its glucuronide
(5).

The very small quantities of trichloroacetic acid
found in the experiments with mice may be due to an
intense enterohepatic recirculation of trichloroacetic
acid as an alkali-labile conjugate in this species.
Trichloroacetic acid also forms a coenzyme A con-
jugate in the mouse, which is slowly excreted with
the faeces [18].

Dichloroacetic acid (7), which at the given dose
was found in substantial amounts only in rats,
obviously stems from an overpowering of the deacti-
vation system, which is catalysing the formation of
chloral. Rearrangement of the epoxide outside the
hydrophobic premise of cytochrome P-450 without

interaction of metals is expected to yield
\ -
N
ICl MG Gt
- —_— —
H cli

HN—CH,—CH,—0—phosph.

dichloroacetyl chloride (6). This compound reacts
readily with water to form dichloroacetic acid. CO,,
the formation of which [12] is confirmed in this study,
may be the product of decarboxylation of di- or
trichloroacetic acid [19].

Oxalic acid (10) may be formed as the end-product
of enzymatic or non-enzymatic cleavage of the epox-
ide. This hydrolytic ring-opening produces a highly
unstable vicinal diol (8), which is expected to
undergo spontaneous elimination of two molecules
of HCL. The glyoxylic acid chloride (9) formed may
easily react with water and the glyoxylic acid will be
further oxidized to oxalic acid.

N-(Hydroxyacetyl)-aminoethanol (11), the other
chlorine-free metabolite, was identified in three
species as a major biotransformation product of Tri.
Mechanisms of its formation cannot yet be satis-
factorily explained. One hypothesis proposes the
reaction of Tri-derived oxidative intermediates
either with ethanolamine itself or with phosphat-
idylethanolamine, a major constituent of mem-
branes, and the ensuing metabolic breakdown of
the alkylated lipids. The lipid alkylation could be

Oy cL
>'—< NH—CH,—CH,~0- phosph.
H Ct

Fig. 5. Suggested mechanism of phospholipid alkylation: enhancement of reactivity at C-1 towards
nucleophiles by the interaction of a Lewis acid with the oxidative intermediates of Tri.
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favoured by an electron shift induced by a Lewis
acid (e.g. cytochrome P-450), forming a species with
enhanced reactivity towards nucleophiles, as shown
in Fig. 5.

Similar ethanolamine adducts have been identified
as end-products of biotransformation of 1,1-
dichloroethylene [20] and halothane [21]. In hal-
othane metabolism, trifluoroacetylated microsomal
lipids have also been identified in in vivo and in
vitro experiments [22]. Another possibility could be
nucleophilic attack of an endocyclic amino group of
the haem moiety in cytochrome P-450, resulting in a
‘suicidal’ inactivation of the microsomal mono-
oxygenase system right after the accomplished
oxidation of the Tri molecule. Compounds con-
taining double and triple carbon—carbon bonds are
known to destroy the porphyrin ring system of cyto-
chrome P-450 during oxidative metabolism, as
demonstrated for vinyl chloride [23] and a variety
of olefinic and acetylenic compounds [24]. Further
metabolic breakdown of the alkylated haems could
also result in the ethanolamine adduct in urine.

Further investigations to confirm or reject these
hypotheses are under way in these laboratories.

The results of this study show that inactivation
of Tri or its electrophilic metabolic intermediates,
respectively, occurs in vivo along at least four dif-
ferent pathways. The identified metabolites, the
mechanisms of their formation and their proportions
of total urinary activity reveal that only a very small
percentage if any at all, of the reactive intermediates
formed during biotransformation of Tri may reach
the critical target molecules in the organism. These
results may be an explanation for the questionable
carcinogenic and mutagenic properties exhibited by
trichloroethylene in vivo and in vitro and do not
favour the concept of a direct genotoxic effect of this
chlorinated ethylene.
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