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Table 1

Subsequent to definite identification of vinyl chloride as

a carcinogenic substance, both by animal experimentation
performed by the Italian groups of Viola and Maltoni, as well
as by findings of undisputed human liver-haemangiosarcomas
following high and prolonged occupational exposure, the guestion
was raised by several groups of research workers as to whether
this unique and deleteriocus effect is encountered with vinyl
chloride alone, or as well with the other members of the
chemical family of chlorinated ethylenes. Among these, tri-
chloroethylene is the most prominent, not only by virtue of
the production figures world-wide but also, or even more so,
by the amount and frequency of exposure in occupational as
well as in non-industrial areas. Trichloroethylene has been
used as a general anaesthetic in surgery and obstetrics, and
addictive states of narcosis have been produced conly too often

{("sniffing").

We ourselves were immediately suspicious of a carcinogenic
potential of trichloroethylene after the first report on the
incrimination of vinyl chloride. Our motive was, however,
different from that of other groups. We had performed extensive
studies on the pharmacokinetics and metabolism of trichloro-
ethylene in volunteers, in order to create a scientific basis

for measuring exposure of occupationally exposed people by
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Fig.

biological monitoring. Let me start my presentation with the
results of this work because it is relevant to the mechanistic

evaluation of the carcinogenic potenfial of trichloroethylene.

It has been long suspected, and confirmed by é variety of
more recent animal experiments, that trichlorocethylene (tri)

is, in most of its acute and chronic toxic effects, not active

'per se, but must undergo metabolic activation to chemically

reactive intermediates. The following scheme for the metabolic
transformation of tri has been valid for decades: trichloro-
ethylene is converted to an instable epoxide which rearranges
to chloral (or -:hloral hydrate), which then is transformed to
trichloroethanol and trichloroacetic acid. The latter is
excreted unchanged; trichloroethanol mostly after glucuroni-

dation,

We then looked into the balance of the reaction, and the
suitability of the metabolites for monitoring procedures in
blood and urine. Groups of 5-6 volunteers were exposed 6 h/day,
5 days/week, for one or two weeks, to steady state
concentrations of trichlorocethylene of 50, 100, and 200 ppm.
Metabolites were identified, and quantitatively determined

by proper gas chromateographic methods.

As can be seen from the following graph, the formation of the
two main metabolites, as well as the pattern of excretion,
differs extremely in that trichloroethanol (TCE) is formed
immediately and dependent on the actual concentration of tri,

and is excreted rather rapidly mostly in the form of its
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Fig. 3

Fig, 4

Fig. 3

Fig. %

glucufonide. Quite contrary to this, trichloroacetic acid
(TCA) is formed very slowly, the formation going on for many
hours after the end of tri exposure and the elimination
proceeding extremely slowly; the half-lives being 12 hours

for TCE, and 100 hours for TCA.

If we look at the pattern after consecutive daily exposure,

we find a tremendous accumulation of TCA from day to day up

to levels, at 50 ppm tri, of approximately 55 ug/ml, whereas
with TCE there is no accumulation at all. After two weeks of
exposure to 100 ppm tri, TCA accumulation comes to a steady
state level of 115 pg/ml. This extremely high concentration

of a foreign compound should cause considerable concern. More-
over, when checking the balance of metabolic transformation

of tri by determining_the cumulative excretion of the meta-
bolites, one encounters a deficit of 40 to 50% which cannot be

accounted for by the presently identified metabolites,

Right at that point of discussion we were confronted with the
hypcthesis that the carc¢inogenic effect of vinyl chloride

could be attributed to the metabolic formation of its epoxide.
We therefore immediately started a series of experiments on

the epoxidation of all chlorinated ethylenes, and the formation
of metabolites in vivo. The epoxides were synthesized, the
rearrangement productg identified, and the metabolites as

found in vivo compared with the thecoretically expected com-
pounds. There was confirmation with all but one, the exception
being trichloroethylene. The epoxide of this compound rearranges

thermally in vitro to dichlorcacetylchloride, whereas in vivo
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not a trace of dichloroacetic acid, the hydrolysis product
of this, can be detected. The only metabolites found are TCE

and TCA, both follow-up products of chloral.

What could be the reason for this discrepancy? We began a
theoretical consideration of the mechanism of the intramolecular
rearrangement of tri epoxide. Three possibilities exist: a simple
hydride shift which, for a variety of reasons, is unlikely to
occur; and C~O0 heterolyses which could occur in two positions.

In both cases carbenium ions are to be expected as intermediates.
If the heterolysis occurs in the position near the single chlo-
rine substitution, the ionized carbon represents a more stable
fragment than in the case of a twin chlorine substitution;

thus, the formation of dichloroacetylchloride has a higher
probability. In order to force the rearrangement the other way

for chloral formation, an electron input is required. This

speculation led us to try the inveolvement of Lewis acids as

catalysts. Indeed, FeCl3, or AlCl3 readily induce the formation

of chloral from tri epoxide, the attack possibly taking place

at the oxygen, or the single chlorine, or at both.

Now, for our further consideration it is of key importance

that the organism can provide such a Lewis-acid-like catalyst,
precisely at the site of the formation of the epoxide. This is
the haeme iron in the catalytic centre of P 450. From this, we
set up the hypothesis that this trivalent iron could, within
the hydrophobic premise of the enzyme, induce the rearrangement

of the formed epoxide completely to the non-reactive chloral
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Tab., 2

so that no portion of this reactive intermediate is left
with a chance to escape for covalent binding with macro-
molecules of the genetic material. Remember that the detec-
tion of only non-reactive metzbolites is consistent with

this hypothesis,

To test further the validity of our assumptions, we carried
out investigations on the behaviour of the epoxide under phy-
siological conditions, i.e. in buffer solutions. Much to our
surprise, the epoxide decomposes extremely rapidly mostly

to smaller molecules. Firstly, all chlorine atoms are split
off to form HC!. Secondly, carbon monoxide and formic acid
are formed so that one obtains four equivalents of acid, i.e.
three HCl and one formate. Under alkaline conditions, the yield
of CO and HCOQH zmounts to almost 100%. From these findings,
the following'mechamism of the C-C break has been proposed:
the first step is the hydrolytic formation of a diol. Geminal
substitution of one carbon atom with OH and Cl is, as has
been demonstrated with the methylene halides, very instable
and leads to rapid elimination of HCl. This process would
render glyoxylic acid chloride, the hydrolysis product of
which in fact has been detected by GC-MS technigues as a minor
reaction preoduct. The main pathway is, however, a C~C break.
Why tkhis occurs at all is unclear at present. However, we

do bave an explanation at hand of what goes on after the
break has taken place. The fission products, formyl chloride
and dichlorohydroxymethane, both render spontaneously CO,

formate and HCl.
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Fig, 11
Fig. 12
Fig. 13

If this decay of the epoxide would also occur in vivo, one
should expect the formation of carbon monoxide haemoglobin.
We have tested this. Groups of 10 rats were expcsed, for

6 hrs., to 1000 or 2000(??&, and blood samples analysed for
carboxyhaemoglobin by a most sensitive GC method. As can be
seen from the next graph, there is no ¢Q formation under
normal conditions. If we go back to our hypothesis, this has
been proven valid so far, as any escape of the epoxide from
the catalytic centre of P450 would have produced some de-
tectable CO. There is, however, a very slight increase in
the normal CO level after vigorous induction of P450 by pre-
treatment with high doses of phenobarbigal;,The ;ignificance
of this finding is uncertain; it could indicate that in the
state of strong enzyme induction a small proportion of tri
epoxide leaves the hydrophobic premise and possibly finds
access to targets susceptible for mutagenic and carcinegenic
primary lesions. The consequences of this must be defined,

of course, for practical conditions of human exposure.

Another experiment has provided additional support for aur
hypothesis. This regards the capability @f haeme iron to
catalyze the rearrangement of tri epoxide to chloral, w;

used a hseme derivative, dimethoxy-protoporphyrin, with p-
nitrophenyl sulphide as a fifth ligand to the iron. Under
certain conditions which are most delicate because @f the
instability of the epoxide as well as the low solubility of

the haceme complex, one gets a five to tenfold yield of chloral,

as compared to the spontaneous rearrangement without the

catalyst.




Tab, 3

So far, we have a variety of indications that tri might be
non~-mutagenic and non-carcinogenic due to a potent detoxi-
cation mechanism which converts the highly reactive epoxide
entirely to the non-reactive chloral. Indeed, most mutagenicity
tests performed so far have heen negative or questionable at
the most. As the more interested among you might be aware,
however, there is a report from the National Cancer Institute,
Washington, D.C., on a carcinogenic effect of trichloroethylene
in a special strain of mice. They observed, after daily gavage
of extremely high doses, an increase of hepatocellular carci-
nomas in both sexes; such tumors occur with a relatively

high spontaneous rate in this particular strain.

We have checked the same sample of technical trichloro-
ethylene as had been used in the NCI study and found, much
to our surprise, by careful GC-MS analysis, a rather wide
spectrum of contaminants, among these epoxides such as
epichlorochydrin and epoxybutane, which have been demonstrated
mutagenic by our group as well as by others. It took us a
while'to trace, in the older literature, the origin of these
compounds in technical tri. Epoxides have been used as
stabilizers, in conjunction with carboxylic acid esters. We
have concluded from this that the NCI study might have been
positive only due to these stabilizers, and not by virtue

of trichloroethylene itself. This has been confirmed, to
some extent, by Professor Loprieno of Pisa University who
performed, based on our report, various mutagenicity tests

in vitro and in vivo: pure or amine base stabilized trichloro-

ethylene proved to be negative.
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Final proof for the anticipated non-carcinogenicity can only
be based on a whole animal study with trichlorocethylene,
which should be of course stabilized by harmless compounds,
not with carcinogenic epoxides. We performed such a life-
time study in three animal species: mice, rats, and Syrian
hamsters. Exposure was in individual wire cages, to 0 ppm
(controls), 100 ppm and 500 ppm, 6 h/day, 5 days/week, for
18 months. The animals were kept until spontaneous death;
thereafter they were autopsied, and underwent a careful

histological investigation.

The results are, to cut a long story short, as follows: there
Tab, 4 is no increase in tumor formation in any sex, species or
dosing group, with one exception: in female mice there is a
dose-dependent increase in the formation of malignant lympho-
mas; 9/29 in controls, 17/30 in the 100 ppm group, and 18/28

in the 500 ppm group.

This type of tumor is, according to many reports in the
literature, due to 5pecific viruses which are inborn in
certain strains of mice. They may be activated by carcinocens
but also by non-specific stimuli. Such a non-specific stimulus
might be seen in the derangement of certain hormone mechan-
isms Dby the accumulated TCA, which interferes with the
protein binding of many substances; in derangements of
metabolic processes, and others. In essence, the increase of
this spontanecus tumor is not indicative of a carcinogenic

potential of trichlorcethylene.
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May . I conclude in stating that up to now there is convincing
evidence both by whole animal experiments and by a variety
of chemical and biochemical investigations that trichloro-
ethylene is, under normal exposure conditions, neither a
mutagen nor a carcinogen. The aforementioned biocassay per-
formed by the NCI is most probably erroneous. Technical
samples of trichloroethylene should, however, be carefully
checked for carcinogenic impurities like vinylidene chloride

and dichlorocacetylene, and for stabilizers which bear this

particular risk.
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Table 1
Warld Production of Chlorinated Aliphatic
Hydrocarbons 19731

Compound Formula 10% tons
1.2-Dichloroethane CH,C¢(-CH,Cz 19,500
Vinyl chlorida CH,=CHC? 10,500
Perchloroethylene CC4L=CC4L 1,050
Trichloroethyicne CHC¢=CClY, 1,010
1.l.1=Trichloroethane CC¢,-CH, - - 480
Carbon tetrachieride  CCy 1,000
Methylepe chloride CH,C 400
Metbyl chloride °  CH,C¢ 150
Chloroform . CHC, 245
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Tab. 2. Pormation of carbon monoxide, formate and dichloroacetic acid from
tricaloroethylene epoxide under varying pH in aqueous systems.
Incubation mixture: 100 puM in 10 ml solution, vigorously shaken,
left overnight at 4 *C. n=number of determipations

pH products  identified (% theory of CaHC130)
Medium ¥ start end CO HCOOH n CHC13—CO0H n
5,0 - 1.8 16.0%1.3 16.522.1 5 3.431.3 3
RCE 0.1 13.0 12.8  47.8%9.3  46.5%2.4 & 6.2531.7 3
NaCH 1.0 14.0 13.6 49.0%9.6 46.9%4.1 7 15.322.4 3
Tris-HC1 0.5 9.0 8.9 35.3%4.9 17.9%3.2 3 13.821.7 3
Tris-HC1l 0.5 7.4 7.2 21.71%2.0 15.221.1 8 24.8%1,7 3
HCl 0.1 1.0 1.1 14.8%1.1 12.5%1.6 4 13.5%2.4 3
HCl 1.0 0 0.2 6.320.75 6.9%1.7 4 29.435,7 3
oH OH 0 o) ) 0
ST MO, aebt-a ——  CmCC S L
- ~ P -2 HCI a H HO H
o H Clt H '

The resulting glyoxylic acid chloride will, in a final step, hydrolyse to
the free acid,

The formation of carben monoxide and formate may be formulated as follows:

o cl Y 0
N Hp0 et N OH>7 OH HO M
L~ ——e Cl~C~C—(l I V]
~ [ ¥ 4
Cl H Cl H CD+HO

.
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Table3 Contaminants of a technical grade sample of trichloroethyicne as identified by GC-MS. The
typical mass fragments were completely identical for the fractions in the sample and ar. grade samples

for comparison
Compound Main mass peaks m/e
% wiw Molecular  Base Other typical peaks

on  ©, pak 1 u m
Epichlorohydrin 02 -7 2 57 7 K} 49
Epoxibutane 020 pr; 42 3 41 - 57
Carbon tetrachionide 0.05 - 117 k1] 47 82
Chloroform 0.01 118 g3 s 47 -
1.1.1-Trichioroethane 0.035 - . 97 y 61 117
Diisobutylene 0.020 112 57 41 69 97
(2.2.4-Trimethylpentene-1) '
Ethylacetate 0.052 B8 435 29 43 .5
Pentanol-2 0.015 - 45 3 59 60
Butanol-2 0.051 4 45 k) 59 n

pereent back mulction role

Hlml top agar
Fig.14Mutagenicity in the Ames in vitro system using S. ryphimurium TA 100 (Ames et al, 1973) of
.- trichloroethyienc and contammants identified in & technical sampie. () Epichlorohydrin; (A) Epaxiby-
tane; (A) Diisobutylene; {O) Trichlorocthylene. Open symbols: withou, filled symbols: with addition of
PCB (Aroclor 1254) induced rat liver microsomes. The bacteria were grown in nutrient broth, shaken
for 125 at 37 C, and 0.1 m! was then added to the molien top agar (2 mi), with and without 0.8 mi of
=$-9-mix”. This mix contained per mil; 8 mM MgCly 33 mM KCL 5 mM glucose-6-phosphate, 4 mM
NADP, 100 mM sodium phosphate (pH 7.4) and 0.3 m! of liver homogenates (5-9) (9000 x g superna-
tnt) from male Wistar rats (of about 250 g each) which were induced by & single ip. injection of a
polychlorinaied biphenyl (PCB) mixture (Arodor 1254), diluted in corn oil to & concentration of 200
mg/ml A dosage of 500 mg/kg was given to zach rat § days before sacrifice. The solutions tested were
added directly to the top agar, Triplicste petri plates conuining Vogel-Bonner E medium were over-
layed with this mixture and incubated at 37 C, Afler 48 b the revertant colopies were counted. Sponta-
neous back mutation rate 138 + 8 (without microsomes) and 242 4 10 (with microsomes) colonies per

plate
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I Table 4 Tumors and tumor-bearing animals in mice after 18 months tryi-
1 : chloroethylene inhalation (O; 100 and 500 ppm, €h/day, 5 days/
- week), Number of tumor-bearing animals in brackets,

males females

Contr. 100 ppm 500 ppm Contr, 100 ppm 3500 ppm
e, of autopsied animals (30) (29) (30) (29) (30) (28)
zenign twors | 828) 7° () 4 @3 P 12  4f
Malignant tumors 149¢11) 12000 9t (99 14T (13) 25%(22) 23l(22)
nurker of which are .
malignant lymphomas 7 7 6 9 17 18
Tumors of undeter— .
mined class . 1™ 17 o . 4° o 2P
Tumors (total) : 23 20 .13 25 26 29

a) 1 papillary hbrenchiolo~alveolar (alv.) adencma, 1 hepatocellular adencoma, 1 myama of the
prostate, 1 adencma of the adrenal cortex, 4 renal cystadencmas,

" b) 3 pepill. Imronchiolo—alv. adencmas, 2 hepatocell. adenamas, 1 renal adencma, 1 ren.al
cystadencma, .

-8

papill, Ironchiolo—-alv, ademma, 1 adencma of the. adrenal cortex, 1 renal cystadencma,
1 cyst of the testicle,

c)

d) 3 papill. Ironchiolo-alv, ade.nmas, 3 ovarian adenamas, 1 adenoma of the adrenal éortex,

e) 1 cvarizn adencama,

L )}
—

.1 papill. ronchiolo-alv. adenama, 3 ovarian adencmas,

8]

5 papill. tronduolo-alv. carcinomas, 1 hepatocel].carcinama, 1 ademcarcm;a of the
Kidney

n) 1 spirdle cell sarcama of the skin, 3 papill. branchiclo-alv, carchnnas, 1 adenccarci-
ncma in the abdomen,

1) 1 polyvmorphic sarcoma of the skin, 1 ranchiogenic squamous cell carcinoma, 1 carcinama
of the testicle, .

3) 1 sweat gland carcinama, 1 papill. ronchiolo~alv, carcinoma, 1 ovarian adenccarcinama,
1 adenocarcinama of the uterus, 1 adenccarcinoma of the intestine,

k) 1 sweat gland carcincma, 1adenosquanous carcinoma of the skin, 3 papill, ronchiclo-alv,
carcincmas, 1 adenccarcinoma in the akbdomen, 2 ovarian adenocarcincmas.

1) 1 basal cell carcinama, 2 ovarian adenccarcinamas, 1 follicular carcinoma of the thyroid

(gland, 1 leicmycsarcoma
m) 1 trabecular hepatoma, )
n) 1 mesenchymal liver tumor,

o) 4 gramlosa cell tumors of the ovary, SL 034737




nr,ofanimals
20+

0 controls
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