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i. ikntoDUcnoN

li (he past four dwdu there hat hem a tremendous Incmu h the 
production snd use of i wrier or hafogouted short chain hydrocarbon. 
They are used ki vast araotmli ar Industrial solvent a for drgreasing, dry* 
dewing, food processing and paint removing purposes. In addition, 
some of them are fctdncliisRy impoatant plastic monomers; others ace 
lead acaveiigera (in petrol) of nt mod on • large acale basis bi agrtatd- 
lure for a variety of purposes. Most of them compounds are refoued ki 
Incradng quenlltes hto tbe environment. Residues of techtdaSy fcn- 
portaut substances have been detected in drinking water (detailed Infor­
mation on production, we and occurrence la Included in references/I, 
2,3 ft. 1

The chemical and physical properties of hslegeastcd xenoMotfcs are 
welt documented. At can be sew from Fig. I.most of thehalogsnated 
hydrocarbons In question are Cj ea Cj compounds.

In general, their chemical reactivity h relatively low, but (unttke 
many halogenated aromatic hydrocarbon pestlddei) many of these 
compounds (Fig. I) are resdly metabolzed. Some technically bnpor- 
tant products have long been known as hepatotoxic agents. However, K 
was not until the discovery of tbs carcinogen Jetty of vinyl ddoride that 
research on the mode of action of tliese compounds was greatly stimu­
lated.

According to the present data, halogenated aliphatic hydrocarbons 
exert a variety of toxic effects which have been attributed to tbe fbrma- 
Ibn of reactive metabottc in ter mediates. Such metabolites are capable 
of alcylaltag nucleophilic sites of different cclutae comthuents, resel­
ling In “covalent binding", i.en fa chemical modification of targets, (be 
biochemical function of which may be essential for (he cel. Carnal re­
lationship between covalent bln ding of reactive hafogouted xenobkrilc 
metabolites to edhilar proteins and/or lipids and tissue necrosis has 
been suggested /4,5/. hritiatiM of paaxydative ttpid membrUM break­
down by halogenated reactive radical Mermodbtes /6/ may be respoa- 
aible for parenchymal damage observed. Mutagen tatty of liatogenated 
•Epiialfc xenobfotfca has been thoroughly bivesligated hi different 
“short term assays" p,8,9/.

With regard to DNAalkyfcHiow, the believed primary event in the 
process of chemferi CMChtogettesb. covalent binding of halogenated 
hydrocarbon metabolites to DNA has been eurained fa ritro and fa 
rfa /l 0,11/. Depletion of ccMotar glutathione hat also been investi­
gated.
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Very recently, n increased acetone exhalation by rati exposed to 
various tudogemated alkanee and slkenes bat been (dated to a content 
binding of reactive metabolic taletmedlatn of there compounds to 
celular CoASli/l 1,12/.

In addkkm, comUnationa connecting etmetores and metabolic re- 
activities of the chlorinated ethylene* have been pubMwd /13,14/. For 
most of the substance* of concent, resobi of long-term admal carctao- 
genlcby tests are now available /! ,2,3/. The oncogenic effect! of differ­
ent hafogenated ethytenes have been quantitated on the bads ofhisto- 
dtemkal examhution of preneopiastic nudeosids-S'- tripboaphstare 
(ATPase) deficient foci In rats exposed to there dhemlcds from the 
time of birth on /I4/. Furtheimore, the pharmacokinetics of there com­
pounds have been investigated /IS/. This now extendi the data bare for 
a toxicological evaluation of hatoatkanes and ha bale earn.

2. KALOALKANES

In conlrast to tbc halnalkenes C, and Cj haloaBnaes differ widely 
from each oilier in terms of mechanisms of reactive metabolite forma­
tion. and the dieaiical structure of Use reactive metabolites. Thus, these 
compounds, from s mechanistic point of dew, cannot he regarded as a 
uniform toxicological entity.

2.1. Methylene chloride fDtcMoromeihane)

The non-flammability of methylene chloride whidi b widely used in 
paint removers and as a solvent in food processing, makes this com­
pound an attractive substitute for a replacement of other, more hazar­
dous, solvents /16/. Neither nephrotoxicity nor hepstotoxklty couM be 
observed after acute i.p. dosage of methylene ebbtide to mice /17,I8/, 
and hi a one year inhalation study (3500 ppm) with lalsouly minimal 
hepatoceHular site ratio ns were reported /I9/. Hepalotoxlfc effects were 
observed in mice only withuHimately lethal doses /20/ and afler conti­
nuous inhalation of 5000 ppm.

A carcinogenicity study in aide mice by i.p. fojeclfon (It/ revealed 
no significant difference in the results from treated and control aahnab. 
No malignant tumour increase was found in a two year Inhalation study 
in male or ferule liamsters, nor tat female rats, at exposure concentra­
tion! of $00, 1,500 and 3.500 ppm (6 hours per day, 5 days a week). 

-However, an apparent exposure related ssochifon between an Incveased 
incidence of malignant salivary gland tumours in male rats and pro-
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longed exposure to 3,500 ppm methylene chloride was reported. Tilts 
observation was attributed to a viral infection of the salivary glands, 
which 1 flee ted afl ms at the age or about 2-3 months /I9/ and was not 
Interpreted as of toxicological significance in the light of the extensive 
data on toxicity of methylene ddoride. With respect to the importance 
of this compound, reverd further studies are in progress (11 /. in con­
trast to earHer observations which diowed a low teratogenic potential 
(see /23/) methylene chloride was reported to be neither embryotoxic 
nor teratogenic in mire and rati /24.2S/.

Since (he findings that exposure to methylene chloride resulted hi 
elevated carboxyhemoglobin levels /26,27/ whidi were depended on 
the dose level admlnbtered /2B/ the metaboksm of this compound has 
been extensively investigated m vitro and hr rtvo /29-34/. Various lines 
of evidence drew that (he greatest portion of absorbed methylene 
chloride Is meUbollcaMy dim mated in rats and mice via dose dependent 
(saturable) pathways /30.31/.

Mori probably, methylene chloride is mainly metabolized by a cyto­
chrome F-450 mediated oxidative reaction (see Tig. 2) to a hydroxy- 
rticNoromolhane intermediale. IICI clndmiion of the latter leads to 
formyl chloride, which decomposes, yielding the end product carbon 
monoxide.

I

NAOFH1 a -m ic-o

♦ 65H
cytosel
-ho
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n^^HCWGSH
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•ntymlc
'’-HC0QH+GSH

Hg. 2: MetsboEm of methylene chloride sccoidtaf lo Andcrr ft el (Ilf (pro­
posed reactive mctabofilei framed).

As a second metabolic pathway glutitiiioiK-transrerare-medisled nu­
cleophilic attack of glutalhione.U suggested, leading to a chtororiKtliyi- 
glutalhlone intermediale (Fig. 2). Raphl hydrolyslsof thbchloromelhyl- 
glutathione leads to S-hydroxymethyl-gluta throne whtclr, via enzymic
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(Ions fa vivo. Furthermore, metabolic activation of chloroform in isola- 
icd hepatocytes caused protein alkylation, glutathione depletion and a 
lots in the hepatocytes’ ability to repleaMi GSH from amino add pre­
cursors /43/; hi these experiments, ghitatMone depletion was foNowed 
by lipid pefoxydathm. However, (lie potency of cMorufbrat to induce 
BpM peroxydatton fn vtro, » Indicated by determinations of pentane 
production in the rat, was only about 1/10 that of carbon tetrschloc- 
fck /44/.

Although irreversfcle binding of reactive<chl*rofotm melabolUes to 
proleins clearly occurs, so far al invealigationi reported /4,10,45,46/ 
bare failed to detect any significant binding to fiver RNA nr DNA from 
rats and mice after (oral) administration of ,4C-chlofoform. {Extreme 
ly low RNA binding was observed when RNA was Incubated with Hver 
microsomes and labelled chloroform pf.\

In accordance with these results, chloroform tt not mutagenic in 
& typhinuaim, with or without mctaboRc activation PL and N was 
thought that the reactive intermediate generated la the biological sys­
tem may not reach the target (the DNA of the lest bacteria), doe to a 
very short half-life. Sodi a view is eventually supported by metaboSm 
of chloroform to gencticalty active compounds tn Saccharoinycetceiv- 
visae, an indicator organism containing a cytochrome P-450 dependent 
monooxygeaase system PI.

Wilh regard to the carcinogenic properties of chloroform, there Is 
evidence that chronic llstue injury always precedes tumour develop­
ment /45/ and that tumours do not develop after doses of chloroform 
that are not ruffle tent to cause tissue necrosis. The virtual absence of 
DNA-binding On rodents) suggests an epigenetic mechanlnnof tamoit- 
getUcily by chloroform f45f.

2.X Carbon tetrachloride

Carbon tetrachloride, which is used in the industrial production of 
fluorocatbons. and as an industrial solvent, h tlae most hepntotoxlc 
chlorinated methane /47,20/. However, Its nephrotoxic potency Is 
much less linn that of chloroform /48,49/.

As early as one hour after oral administration of a suffleteatiy high 
caibon tetrachloride dose, biochemical alterations Indicative of bepato- 
toxicity ate visible /4/. Such changes include early centrHobutar sup­
pression of gU»co5e-6-phosphatase, lipid peroxydation, triglyceride ac­
cumulation, increase of seram enzyme activities due to monbrane dam­

B
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age, fatty degeneration and ceolriiobular ueevosia (4, lb. 50/. In Ku- 
hmm, inhalation of high, but unknown levels of carbon tetrachloride 
has predominantly lad to kidney Injury, whilst oral intoifcatkms have 
resulted mainly in hepatic necroris /SI/.

Long-term admtafatratioa or high levels of carbon tetrachloride to 
mice, rats and banters result In formation of hepatocellular evdno- 
mas /3,52,53/. Two early studies In mice have demonstrated'the im­
pact of dose and dose intervals /S2,53/, and a correlation war found 
between the degree of necioda and the incidence of hepatomas ob- 
mrved /53/.

Most probably, eatbon tetrad deride is metabolized by cytochrome 
P-450 enzymes of the Uvei; an initial reductive dehdogenalioa step 
leads to a trfchioromethyl radical (see Fig. 4) /54, SS/. HOa nay be 
oxygenated by the microsomal mixed-function oxidase system to yield 
a tricldoro methanol later mediate ami, after HCMmuaalion, plwsgene 
/55/-Hydrolytic deddorinalioa of phosgene would then result hr mrbon 
dioxide formation, a major end product in carbon letmddoiide metabo- 
fism.bt vbo fS6, S7f and As ritro /57,58/.

’S

^ [a-i J ^ eojvjna

Fit. 4: HelttMha of eaibou trbulkddr according to Sail el d /SS/ (pro­
posed acadivo luelabolitaa banted).

TricMofomelhyl radicals, released during carbon telnchloride mela- 
bofirn, may cilher abstract a hydrogen atom from Iti envimnment to 
yield chloroform, combine to bexadiloroethane, or bind covalently to 
proteins and lipids/I0,55/. Confetti binding of caibon telradiloride in 
rat Hver hr rim results in about the same extent of protein alkyialbn.
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t> chloroform. However, lipid alkylation by aihoi tetrachloride It 
about three times that of chloroform; and covalent binding of CCU b 
probably unspecific towards various lipid components (4f,

It b wed known that the abstraction of a hydrogen atom from un- 
salomed lipids, e-g. by carbon tetrachloride derived radicab, initiates 
dp Id pcraxydalion, and both the CtTj-(I) and the CQj-OJ - radical (II) 
have been suggested as being reiponsftk for the llpoperoxydallve mem­
brane damage observed /SO, 5S/.

However, H b atH not clear whether the lesutUng ccd necrosis b due 
to covalent binding of the radicals) to micro sowtal proteins and lipids, 
or to radical induced peroxydatiem membrane-bound RpMs. As a
second reactive metabolite of CCIs, phosgene (III) /S5/ may be Involved 
In covalent binding to proteins and lipids.

I overt ballons on nucleic add alkylation by react be carbon Mia- 
chloride metabolites revealed Inconsistent aod contradictory results. No 
covalent bind big of radioactivity to RNA was reported after Incubation 
of 14C-caiboa tetrachloride with RNA and rat Rver ndcioaomes /I0/. 
When incubated with Rver mieioaomes from mice pretreated with 
melhylcholanlfvene, >4C-caiboa tetrachloride was covriently bound to 
various poly nucleotides and DNA. Altec chromatographic separation of 
hydrolysates of (hb DNA, two distinct peaks of radioactivity, not coin­
ciding with the efolioo of the natural bases, were described /59/.

Administration of ,4C-caibon tetrachloride to rats dfcl not result In 
significant amounts of covalent binding to nucleic adds of Hver/4/. In 
contrast, bw amounts of carbon IctracMoride derived radioactivity could 
be detected In fiver DNA of mice, after preheat merit of the anlmaii with 
melhylchobnthrene /59/ aad after administration of a toxie dore of 
non-rad Inactive carbon tetrachloride, together with the labelled coat- 
pound f60t. However, in both sell of experiments, no detectable radio­
activity was eluted on chromatographic separation of the hydrolyzed 
DNA. Also, covalent binding to cytoplasmic RNA was not detected ht 
these experiments.

This led the authors to speculate that reactive carbon tetrachloride 
mCtabofilcs, covalently blading lo DNA, may probably be generated by 
cytochrome P-450 enxymes of the nuclear envelope /60f.

Oo the basis of these Invest tuitions At riao It is difficult to decide 
whether carbon tetrachloride radkmcItvHy b h fact bound to the nu­
cleic add, or whether binding occurred to minute eo-teobted protein 
Impurities. In future experiments, proor of a deflnildy characterized 
alkylation product should be attempted.

10
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Carbon tetrachloride was non-nmtagmic in S. lyp/ihnurhim and K 
eoB, both in the presence and absence of a microsomal activation sys­
tem /3,7/. As already suggested for chloroform, carbon tetrachloride 
metabolites, generated outside of the test organisms, may a bn be loo 
short-lived lo reach the genetic material of the indicator mtero-oiganiun.

The meefranbm of tumour formation by carbon tetrachloride shows 
rimibrilies to that described for ehlorofann. Uke chloroform, carbon 
tetrachloride produces tumours only hi animals heated with doses that 
are high enough to evoke hepatocellular necrosis.

In the fight of llieae resuhi. It aeenw most likely that carbon tetra­
chloride, fin chloroform, acts at a luntorigen mainly via an epigenetic 
mechanism. which b triggered by chronic hepatic injury.

2.4 1.2-tHcNoroethatte, 1,2-Dibmmottlmte

Became of lb uae as an Mermedble in the production of vinyl 
cWoride, 1,2-dicMorocthaae is among the "top 50 chemical products" 
(ranked according to the U.S. production volume /6l/). 1,2-dibroino- 
ethane b much fesa used. Both hatoelhaoes are applied as lead scaven­
ger! In petrol and as grabs fumigants. and widespread human exposure 
has been suggested.

A large amount of work hat been done on mutagenicity, csrebiogeni- 
cby and metabolism of these two haloethanes. Recently, a detailed 
review on genetoxk effects of 1,2-dkhloroetliane and 1,2-dlbromo- 
ethane /62/, and a report on I ,2-dfchlorocthaae in book form have 
been pub fished /63/. A brief synopsis of major toxicological manlfesta- 
lions and meiakhm of die two compounds, with special reference to 
covalent binding, b given below.

The chemicals show acute hep ototoxic effects In inhalation experi­
ments with rats (order : 1,2-dibronioctlianc > 1,2-dlchlorocllianeX «*■ 
pecialy In fasted animals /64/, Chronic exposure to 1,2-dfchkwoetluiie 
caused fiver and kidney necrosis. Anti-fertility effects of 1,2-dfiironMv- 
ethane In various ^secies have been reported f€2f. Roth chemicals have 
been found carcinogenic hi laboratory animals on various routes of ad- 
adnbtration. I J-dleMoroethane was not as tumorigefiie as 1,2-dibroroo- 
etkane. 1,2-dfiHomoethaue (but not 1,2-dicMoroetfcane) produced 
tumoun at the application sites: oral administration resulted In squa­
mous ceH carcinomas of the stomach, skin appUcaltoii in dun carcino- 
am. contrast, skin application of I ,2-dichlof oelbane produced lung 
tumourt bi mice. Hemangkttarcumas In male and mammary adeno-
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carcinomas in female rats were also reported. Male mice showed some 
Increase fa hepatucdMar tumours, and both sexes developed hint tu­
mours. From the only Jnhalatkui study with mice and rats no carcino­
genic effect of 1,2-dicfiIoroethane couM be deduced.

Most probably (tie two I ,2-dihaloe thanes are melabofaed ids two 
major metabolic pathways (see Fig. 5). One of thcae involves conjuga­
tion with glutathione by cytosolic glutathione Innsferaset giving rise to 
a "half-stdphur-mutfanr' (la) which may rearrange to an episutroahim 
fcm (lb). Further attack of glutathione on the cptartfoniam ion of S- 
(2-haVtethyl) glatalhinne would lead to S^-ethylene-bbghitathlnnf or 
ethylene, whereas S-(2-hydioxyethyi) glutathione cotdd be formed by 
hydrolysis of the epfeulfonfcim ion. A second suggested pathway also 
leads to nercapiuric adds: it involves microsomal oxydatbn at one of 
the catbon atoms, to form a highly mutable gan-chlototiydria which 
would qronUneously dchydiohdogenale to the 2-haio-acrtyldehyde 
00- Both the haloaccUkldiyde and the eptailfonium Ion are eleclro-

Iu Ih

A ft *ra'*1 l Aft l sai|l} >» os-ch,-ch2-so 
* _x\w>

FIs. S: Md<M metabolic pathways of I ,2-dichbtoeUune (XH?tJ and |,}Jbn- 
laoethme <X*Xrt accardlnf to Ramus er at I62f (pmpoaed reactive 
metobottes Craned).

plittfc reactive metabolites, probably responsible for covalent blading to 
proteins and rndeic acids and for the observed mutagenicity. In general, 
lower concentrations of 1,2-dibfomoeihane, compared with 1,2-di- 
cMoroetfcane are needed for achieving hepalotoxk, mutagenic or cv- 
cinngenic effects; (his may he due to the higher reactivity of the bro­
mine- compared with chlorine- substituted compound. The direct muta­
genic effect of both haJoctlunes on £ typhtmurkm, la the absence of 
an exogenous metsboHzbtg system, has been attributed to theh aettva-
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lion to the S-iialoethyl conjugates, because these bacteria exhibit 
ghifathioiin-S-tnnsfenM activity /62f. However, for 1,2-dihromnetltane 
direct chemical alkylation of p-nrtro-benzyipyridine and considerable 
blading to microsomal protein by a non-enzymic reaction ha been re­
purled. So, In addition to Its action via reactive metabohe inlermedta lex, 
a direct reaction of 1,2-dtbromoetbane as such cannot be excluded.

Studies to deteratht whether covalent binding of the two halo- 
ethylenea is dependant on microsomal or cytosolic activation have re­
vealed contradictory results.

In the presence of microsomal preparations from mouse, stomach or 
Rver, radioactivity of >4C-l^-dlchlnro-, or i4CI,2-dlhromoe<hanewss 
covalently bound to microsomal proteins and added DMA; binding was 
not signiHeart with denatured rakresotnes /65/.

Furt her more. It was demoastrated that binding of 1,2-dfcMorocthane 
to lung microsomal proteins was significantly higher when hr rig micro- 
aomea from B6C3FI mice, a species susceptible to dichloroetltane- 
iuduced pulmonary tumorigenesis, were used, as opposed to Oshorae- 
Mendd rats which are resistant to lung tumor (genesis by dieMoroethane 
/66/. Lang cytosol did not catalyze dichlorocthane binding, and the 
addition of glutathione inhibited irreversible binding of dibromo- and 
(BcMoroethane In mtcroaomal systems of mutse Uver /66/. TNa would 
suggest that iiictosomal activation plays a prominent role in covalent 
binding of the two haloethinet. probably Ha lbe P-450 mediated meta­
bolic pathway (see Hg. 5). However, from a second study at vitm on 
covalent binding of dieMoroethane It was concluded that in the presence 
of glutathione most of the DN|k-Mndfag results via cytosolc glutathione- 
tnrtsfeme fSIf.

After administration of l4C-diuonroethanc to rats, significant 
amounts of radioactivity became covalently bound to protein RNA and 
DMA of aB major tissues, with largest amounts of bound radioactivity 
in the liver and kidneys /68/. So far, no specific react ion product of 
baloetbane metabolites with DMA or protein baa been characterized. 
However, investigations on the specific type of todoa, after treatment 
with dibromo- or dichlorocthane lit row would be valuable in ctucida- 
tluf the telatlve importance of the two major metaboHc pathways in 
haioelhane mediated toxicity and circbtogencUy.



Vol IV, Mr i, 1982 AKphttic Haiogenrtnt Xsitobioftct ,

>
oo
©
©o
Ml

25. 1,1,1 -Tridikmethau i"methyl chloroform”),
/, 1,2-tricMorvdlutiK

M.l-Tricfiloroethtne and 1,1,2-trichloroetliaae are chemical kter- 
medales In the ajnlhecb of vhiyHdcne chloride; 1,1,1 -Iriddaroethane is 
also extcnrively uaed aa an Industrial cleaning solvent /3/.

In contrast to Its boater, M.l-tikhknoethane (“methyl ctdoro- 
form'*) exhibits a very low tozle potential /3/, Hver damage occurring 
only after exposure of anhnah to nearly lethal levels. The oral LDta of
1.1.1- trichloroelhatK In rats and nice Is about It ft/kg; and death oc­
curs by central nervous depression (narcotic effect). Long-term carcino­
genicity assays with 1,1 .l-trkMoroethane have revealed no Increased In­
cidence of tumours hi ntt and mice, and also no ambryotoxicMy and 
teratogenicity was obierved In inhalation experiments with that spades. 
More than 98% of 1,1,1-trlehloroethene administered b exhaled un­
changed /(W/ and the absence of specific organ toxicity may he viewed 
along with the km metabolc rate of the compound. There are also no 
reactive metabolites in the metabolic pathway yet propoxd for 1,1,1- 
trkhloroetliane.

Most probably, l,|. NricMoroelliane Is hydroxylated by cytochrome 
P-450 enxymes to IrkhloroetlimoL followed by subsequent conjuga­
tion with glucuronic add to yield trkhloroethinoi ghtetionide, or by 
oxidation to trfchloroacetate, both being major urinary metabolites of
1.1.1- lridiloroethane fTOf,

A-slight mutagenic potential, described for 1,1,1-trichloroelhane In 
S. lyphimurium with end without metabolic activation, has beea attri­
buted to conlambialion wKh other potentially carcinogenic compounds 
PM- An elevated acetone exhalation during exposure or rats to 1,1,1- 
trkhlnroetkane, as probable proof of formation of reactive metabolites 
has not been observed fl 2/.

At present (here Is no evidence Tor mutagenic or carcinogenic effects 
of pure 1,1,1-lrlchloroetliane pi/. This b in agreement with the men­
tioned Insignificant metabolic rale and an absence of reactive metabo- 
Wet and may recommend this compound as a substitute for other 
(more loxlc) haiogenated hydrocarbons.

Compared to I JJ-trieMoroethune, the oral LDj# of l,l,2-(rlcliloro- 
ethane in rats and mice b about 10 times lower /49/.

The hepalotoxic potency of 1,1^-trkhtoruetbaiR Is considerably 
less than that of carbon tetrachloride and chloroform; however, Hk< 
chloroform. I.l^-trldiloroethane exerts marked nephrotoxic effects 
^8,49/.
14
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In fong-tetm carcinogenicity tests administration of (technical grade) 
l.l^-tricbloroethaiie has Incrcaaed lire Incidence of hepatocellular to- 

I mours and ndrenal phacoduomocytorus in mice. In rats, no signifkant
increase in tumour incidence was observed/]/. No data are available on 

i teratogenicity or embiyotoxfcjly of the compound. 1,1 ^-Trichloro-
ethane b readily metabolized so that small amounts only are ehminiied 
by exhalation of the unchanged compound /72/.

GSH corjugotkn

F|,|i Metaboliniof l^.l-tricMoroeltimeftop) and |,|,2-lrlcMotoeM»ane (bot­
tom) according le Ivanetfcli tt at /TO) (propowd wc8w laelaMw 
framed).

Several Hues of evidence suggest that 1,1,2-ltkWoroelhaiK Is meta- 
boBzed by cytochroiue-P-450 enzymes (see Fig. 6, bottom) rig a higldy 
unstable dtlorahydrle, which after spontaneous dchycboltalugenation, 
yiebfe the reactive chloroacetyichkxide(l). Ilydrolysb of chloro- 
acetykhkxMe then lends to chloranceUte, which U eliminated In mine 
or is conjugated wMh glutathione, leading to nrinaiy elimination of 
thiodlglycolic add ftOi.

The formation of a reactive acybliog metaboUte (1) b consbteni 
with the observed hepatotoxk and nephrotoxic properties of 1,1,2-tri- 
chloroethane, but so far no date are available ou covalent maciomolecu- 
lar bindfatg of thb compound. 1,1 ^-Tridilotoethane was not mutagenic 
ln£ OpMmrlM wHhand wlflioul metabolic activation f7.1/. Hepatic 
tumour formation occurred caperImentaBy with doses that also led to 
damage of the Over parenchyma. There Is some similarity in five toxl-
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«A»|ical patterns or both 1,1 ,2-tridikwoethane and chloroform; also, 
Kis suggested reactive metabolic istennedkatea both have acylallag 
properties.

2.6. /J-Dibromo-3-cbfrropropene

I ^•Dibronio-3-chlonifnopane had pined widespread acceptance as a 
nenutocfcle and was used as a soil ium%ant. It was also present as an 
impurity in lro(2,3-<tthramopmpyl)pliosphete that was nsed as a flame 
retardant additive in synthetic textiles {3f.

In 1977, employees at a chemical plant hi California, who had manu­
factured I ,24ibronK>-3-choropiopane were iaaad azoospennie or otigo- 
spermic. After subseqaenl surveys the U.S. Environmental Protection 
Agency In 1979 banned this compound for agricultural me in the USA
n 4/.

Acute end subchronk hlialitba studies with l^-dtbromoO-chlofo- 
propnne In different specks revealed toxic lesions in lung, Hvet, kidney 
and testes /76/. Severe atrophy and degeneration of the testa were ob­
served in rats, guinea |rigs and rabbits fi$f. Following repeated treat­
ment with l,2-dibromo-3-chk)ropiapane, tuanber and viability of sper­
matozoa were decreased hi male rats and oestrus was inhibited hi fe­
males/3/.

I ^-Ubromo-3-cliloropfopane has carcinogenic properties in rats and 
mice with mainly a local action. It produces squamous ceM carcinomas 
of the forestomach in both species and adenocarcinomas of the mam­
mary gland in female rats PI. Chronic inhalation studies with 1,2-di- 
bfomo-3-chloropropane resulted In carcinomas of the nasal eerily in 
rata and mice /76/. In ■ two-stage carcinogenesis assay 1,2-dibrotno-3> 
chlnroptopane was an laitlalor of skin tumour when pborbol myrbtate 
acetate was applied asa promoter f77{. However, repeated ikin appHca* 
(ion to mice resulted ska in lung and stomach tumours, Indkating lhat 
l^-dlhronio-3-chloropmpsne acts not only al the site of application
nv-

When rats were orally treated with 20mg/kgorM{M,2-dibinm>-3- 
chkiropmpane, 99% of lire dose was metabolized and the metabolites 
cHminated in urine, bHe and expired air. Radioactivity expired consisted 
mainly of '*00* /78/. As urinary metabolites the mcreapturk adds of 
S-(2,3-4)ihydroxypropyl)cystine and !,3-{bis-cystelnyJ)propan-2-ol, £- 
bromotacUte and /J-chtoroladale, have been idcnllfkd /79/. Because 
notably epkhlotohydrin (I) and eplbromoliydrin (I) produce the same

lb
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urinary metabolites, tlie epihaiohydrina were suggested as metabolic 
Intermediates of dlbcoaMxfiloropropaHe /79/.

OehyOohologefHition 
and oxyOobon

x-gv.a

Ft*. 7i MeMalw of |,2-dR>t*BK>-3-cUofopfopanc accgidhig In lone* el el 
1791 (proposed reactive melabolfie* framed).

It hu been speculated (see Fig. 7) that dehydroha k>gcnalion of di- 
bromo-chloropsopafie, followed by oxidation via monooxygenases, may 
result in reactive aliphatic cpitalohydrins (I). Opening of the epoxide 
ring by hydrolysis would produce a-hatoliydrini (II) which are known 
to undergo oxidation to fl-hakacetale and. via the respective aldehydes, 
to oxalate.

This means that four reactive metabolites, epfchlorohydrln (I), epi- 
bromohydrin (IX e-chkuotiydrin (II) and a-brotnohydrin (II) have been 
suggested/79/.

l^-Dfbfomo-3-chkHoprojsane showed llllle direct mutagenicity in 
the Salmonella test system. However, when activated to an tdlinuie 
mutagen with S-9 preparation (pine) dibioino-chlofopropeee was dear* 
ly mutagenic. Hie microsomal S-9 fraction alone wns responsible for 
metabolic activation of the compound, and glutathione Inactivated 
rather than activated tUbromochloropropane (SO), much In contrast to 
the findbip with 1,2-dtfiabetluoes (see aboveX

In addition, covalent binding of l,2-dibromo-3-chloropmpaiie to 
mkrommal protein in film Is dependent oa enzymatically active mlcro- 
somes/81/. /

3. IIALOALK£NE3

Tlie data available on metabolism of haloetiienes /9.13/ Indicate 
lhat compounds of elaas cliemkal class are uniformly btuliansformed to

17
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(lie corresponding epoxides (oxlranes) by microsomal monooxygenases, 
located ai endoplmmic membrane*. The oxkanes vndergD rearrange­
ment lo halogenated aldehydes or acyl halide*, which cm be further 
converted to halogenated acetic adds. At different metabolic tomb con* 
jngation wkh gtatathloiie may lake place, reuriting hi final excretion of 
nlphur-coatsiniitg metsboltes (see Fig. B)/l 1,116/.

According to the present data, reactive metabolic Intermediates or 
haloethenes are represented by the epoxides, and probably abo by re­
arrangement products thereof /9,13/. It Is w$B established that Indivi­
dual members of the baloctbene cbn differ widely in tcxmi of both re­
activities of their metabolites and to^lc adloni f9, II, 13/. A* toxic 
and caidnogerdc effects of individual Uodhenea have been attributed 
lo formatlou of reactive metabolic fartermedletee, difTerencea la toxkillee 
nay partly be dee torfiflerent metabofic rates of the compounds, 
pounds.

Extensive studies on phmmacoklnetlca of the habethenes In ques­
tion have now revealed that the metabolc dtrdnalion of these com- 

, pounds is a saturable, dose-dependent process /IS, 85/. When rats ire 
exposed to an atmospheric concentration of a halogenated elhene 
which exceeds "a point of saturation’', elimination h determined by * 
zero-order law. |j. Its rate Is independent of the Ibsae concentration 

' of (he compound. Below saturation, metabolic elimination it described 
by normal fittl order kinetics /15,85/. In Wbtar rats, under conditio ns 
of saturation, the metabolc rates of the dtffacnt hriocthcnes (V^, 
see Fig. 8), and hence the rates of formation of reactive metaboltea, 
range over two orders of magnitude. This clearly demonstrates that for 
quantitative toxicological cnnsldemtlons the rates of metabolic trans­
formation of these compounds must be taken into account /id, IS, B4/.

Rclfflibiiiy consMeratloRs connecting the structure or chlorinated 
ethenes and I he activities of the initial epoxide Intermediates have been 
publkhed by Ibitschlei and coworkers. These authors have suggested 
that reactivities and lienee loddUra of the Individual chtoro-oxirane 
intermediales depend on the type of ddorhte substitution, hi that sym­
metric substitution mulcts the epoxMet cetattvety stable and not muta­
genic, whilst asymmetric substitutions cause unstable and therefore 
mutagenic epoxides /13, 83/. Trichloroethylene was exempted from 
this general rule, because Its epoxide^ although asymmetrically substitu­
ted and reactive,Is immediately farther tientformed (tithecytochrome 
P-450 site) to IridiloroacetalttShyde. From this point of view, hatogena- 
ted elhenST may be divided Into two dames, the symmetrical ones

18
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(«*- and MnB*!,2-dichk>roflthylem; pefckloiodhyleiK) which form 
stable epoxides and ate nol mutagenic and the imsymmetrical com­
pounds (vinyl chloride, vinyl fluoride, vinyl bromide, vhsylklene chlor­
ide and vinyNdene fluoride), with tricldoroethylene as dn exception (sec
R*. *)• —

3. 1. Vinyl fluoride, vinyl chloride, vinyl bromide

Vinyl fluoride, vinyl chloride and vinyl bromide are used in the 
manufacture or synthetic polymers in tlie plastics industry. By contrast 
to the vinyl chloride, only small aroounttof vinyl bromide are used asa 
co-monomer in plastic fibres. Vinyl Onorkle b used in tlw indual rial 
synthesis of polymen with improved chemical and phyded stabHHiea.

These (luce hdogcoated etlienes do not show acute hepato* or 
nephrotoxicity in laboratory aahnals (except hi one study with mice) 
ft, 86/; pretreatment with selected inducers or the hepatic monooxy­
genase system being necessary for injury to become manifest /86/. 
After pretrestment with polychlorinated biphenyls the relative hepato- 
toxfc potencies of these compounds have been found similar; alto, the 
spectrum of murpiiologic changes waa the seme /86/. "

The detection of carcinogenic properties of vinyl chloride In labora­
tory animals fSIf and in man /88/ has prompted many publications 
dealing with various toxfcologfcai and biochemical aspects. Literature 
on loxfcily, mutagen Idly, metabolbm and cwdnogenlcMy of vinyl 
drioride In anlmab and humans hat been thoroughly reviewed, and 
vinyl chloride b now conridered a human and animal carcinogen, with 
liver, brain, lung and haemo-lymphopoietic tyriem being target organs. 
Furthermore, it has been suggested that vinyl chloride b mutagenic to 
human 12f. Preliminary results of an inhalation study with vinyl bro­
mide in rets reported on increased Incidences of Urn angiosarcomas and 
zymbab gland carcinomas /&/. No data are avaflable on bag-term carci­
nogenicity studies with vinyl fluoride. However, after exposure of new­
born rats to etther vinyl fluoride, vinyl chloride or vinyl bromide, (he 
potency of vinyl fluoride to induce hcpalocetkitar preneoplastic "ATP- 
we” deficient foci has been demonstrated /I4/.

Metabolic patlgyays for vinyl chloride In mao (99/ and in the rat [2f 
have been Investigated by several research groups. AM Ibe available evi­
dence shows/90/that vinyl cldortdc bepoxtdized by monooxygeuasefO 
(see Fig. 8) to diloroethylene oxide which liran rearranges lo chloro- 
acelafdehyde. Chloroacetaldehyde b oxidized lo chloroacetic add.

20
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Corrugation of these primary btermedbtes with glutathione is fol- 
lowed by modificalbn of the peptide moiely of lire glutathione conju­
gates, leading (o sulfur containing urinary excretion products.

diloroethylene oxide (i) and chforoaceUldehyde (II), both being 
reactive electrophilic Intermediates m vbyl chloride metabolism, may 
be responsible for the toxicity and carcinogenicity observed /II/. No 
details are available on the metabolic pathway of vinyl bromide subse­
quent |o cpoxidalfon, although the implication of bromoethylene oxide 
in the metabolbm of tins compound has been suggested /8/.

Several tines of evidence suggest that covalent binding of I he reactive 
mono-haboxiranes and hsloacclaldehydes might be involved In tissue 
damage observed. After exposure of rats to 14 C-vfnyl chloride, covalent 
binding of this M C radioactivity to proteins of various tissues, with pre­
ferential binding In the Bver, has been demonstrated /91,92,93/. Fur­
ther studies on protein alkylation by reactive vinyl chloride metabolites 
reveMed a preferential aBcytarion of Sttgroups of cysteine w rirro /94/ 
and the attachmeal of a 2-oxocthyl gioup to tire l-N and 3-N poritions 
of hbthllM in experiments in mice hi viro 1951.

After incubation of l4C-vinyl bromide in a ral Rvcr microsomal sys­
tem, reactive nwtabotla of vinyl bromide also became covalently 
bound to microsomal protein /96/.

Depletion of hepatocellular glutathione, most probably due to co­
valent Interaction of tbe lattei with reactive meubofoes of vinyl chlor­
ide (97/ and vinyl bromide /98/ has been reported, and eoaridcntioits 
of the mechanistic background of interaction of both compounds with 
glutathione have been pubjtehed f99/.

Exposure of rats to vinyl chloride resulted in deactivation of certain 
cytoehrooeP-450*»ectes/100pl0l/.

Very recently the pmsibHIty of covalent binding of reactive vinyl 
chloride luelabohles to coettzyme A has been proven /11/ and evidence 
was obtained for specific binding by a thfoether linkage. This, nod elec­
trochemical data on coenzyme A reactivity compared to that of gluta­
thione, lends support to the suggestion (hat coenzyme A might be an 
even hotter target for reactive hafoethene netaboMles than ghstathioae
/II/.

Both reactive vinyl chloride metabolites (diloroethylene oxide and 
cMoroacetaldehyde) react with nucleic acid moieties, leading to defined 
alkylation products /11/ (see Fig. 9). Targets for alkylation in nucleic 
adds are adenine, cytosine and guanine residua of DNA and/or KNA.

In RNA, both bi vitro and in vivo the principal alkylation products
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ate l,N* -clhenoadenosiiie and 3.N*-ethcaocylktine /102, 103/. Fur­
thermore, nril twounti of 7-oxoethylguaeine have been demonstrated 
in nt liver RNA afler exposure of the aaimals to 14C-vlnyl chloride 
/I04/.

After chemical reaction of chtarmceuldehyde with DNA, NJ3- 
etheaogiianine was formed as tlie only guanine alkylation product with­
in the nucleic acid /I05/, whereas chemical reaction of driorocthylene 
oxide with deoxyguaaoahw led to 7-(2-nxoelliyl)deoxyguanoslne (I) 
by introduction of a 2-oxoethyl group at (lie 7-N posh inn of the mole­
cule /I06/. This compound may nornully be present is 0*-7^i‘- 
hydn»yethano>deoxyguanosine(ll) /I06/, thus representing a cyclic 
hendacctal form, which affects the 7-N as well as the 0*-podtfon, an 
important aspect in view of I he often dissimilar biological roles of 0*- 
and 7-N afltylsllon of guanine.

7-(2-Oxoethyl)guaniue, the major alkylation product, I Jd*-etheno- 
deoxyadeftosine and IJi4 elheno-deoxycylMine are readily formed in 
Him on Incubation of DNA with labelled vinyl chloride and rat Hver 
ndcfommet /I04/. However, the nature of the vinyl cMorMe-DNA 
ad duds formed In vbo are stiS a mailer of controversy. Evidence for 
the occurrence of ] ft*-etbeno-deoxyadenosine and, 3Jd^-etheno- 
deoxycyUdine hi the liver DNA of cats, after receiving vinyl ditoride for 
two years in I heir drinking water, has been presented /107/. Ot hirer re­
search poupe have detected only 7-(2-oxoethyl)ft*anine in liver DNA 
of rats/104/ and mice /95/ after acute exposures of the animals to t4C- 
vinyl chloride. N*3-£theno-guaniae has not yet been identified as a 
product As afro.

The rind larky of vinyl bromide with vinyl chloilde h evident as both 
form the him ikybUoa products wMh RNA /108/, in vi/rv afterrricro- 
roraal activation, and hr afro and with DNA in vitro fi 09/.

Bxperhnenti In various systems*have been carried out /I l(M I3f to 
determine whether there adducts have miscoding properties or would 
after die processes of transcription and translation. Translation of poly 
A containing m-RNA In wheat germ celt free systems, resulted in a dif­
ferent pattern of the synthesized proteins when the m-RNA was tota­
led from livers of rata, 8 hours after exposure of the animals to vinyl 
chloride or vinyl bromide /110/. Transcription of different synthetic 
tern pines which contained l,N*-ethenoadenlne and/or 3/i4-etheno- 
eytoslne by DNA- or DNA-dependenl RNA polymerase revealed evi­
dence for mlscodlna properties of there afeyblkm produets, and it was 
suggested that the "ptomuiageoJc lesions’* evoked by l,N*-ctbenoade-
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nine and 3,N4-etl»enocytodn« residues may represent the initial steps in 
vfciyl chloride induced carcinogenesis /111/.

The available dala ou covalent binding to proteins and nucleic acids 
an consistent with the formation of haloethene oxide and hakacetai- 
dehyde as reactive metabolites of vinyl chloride end vinyl bromide. Sig­
nificant direct bacterial mutagenicity was observed with chloroeiliylene 
oxide and ehioroacetaktefcjrde, but the former was approximately 20 
limes more effective than tire aldehyde, on an equimolar baria /114/.

Subcutaneous infections of chloeoelhylene oxide to mice revealed 
local sarcomas / IIS/. Chloioethylene oxide Induced ddn tumours in an 
initiation-promotion experiment whereas ddoroacelakldiyde did not 
/IIS, 77/. Furthermore, diloroaceialdehyde-dtaceUl has been reported 
to be non-carciftogenic /116/ ml bb-chloroethylethw, a sab stance part­
ly metabolised to dibroace(aldehyde In the organism, showed no car* 
dnogenietty In rats after oral administration /117/.

Although chloroecetaldehyde haa not yet been studied in long-term 
carcinogenicity tests, the above arguments support the more or less ex­
clusive role of chloioethylene oxide as ultimate carcinogen hi vinyl 
chloride Induced carcinogenicity.

3.2. Vinylkiene fluoride, PbryUdene chloride

Vinylldene chloride it widely used for copoly me rhallon with other 
monomers. Vinylkiene fluoride hat been round suitable for industrial 
synthesis of polymers of Improved stabrtky /119/; however, sufllckat 
toxicological data on this monomer are lacking. Acute inhalation tests 
in rsts/120, 121/ are lucocuhtoat, but suggest a much lower degree of 
acute toxicity of this compooed compand to vinylldene chloride /2/. 
Tills may be partly due to the slow metaboMc rale of vfciyRdene fluo­
ride vhkh b about 1/100 that of vtnyHdene chloride in the rat /122/.

' VinyHdene chloride exerted a masked toxic effect In a series of spe­
cies which was dependent on dietary parameters (fed or fasted anhnah) 
and the hepatic gtulstliioiie content /2, 123-125/. Liver and kidney in­
jury has been reported In animals exposed to 50 ppm vbiylkkne chloride 
(fth/day, 5days/week) for several months /123/. A continuous 90-dsy 
inhalation exposure to 48 pptn produced death In monkeys and guinea 
pigs, occurrence of morphologtcd changes In livers from monkeys, dogs 
and rsts. and kidney chaages In rats /I24/. In faated tats. Mm paren­
chymal cel injury was observed tiler a 4-hour exposure to 200 ppm 
vinyldene chloride /I26/. Acute Inhalation exposure to vinylldene
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ddoride mulled In a marked decrease In liver glutathione concentre- 
Hons /I27/. No teratogenic effect of vinylldene chloride was seen In 
either rats or rabbits, end some evidence of embryotoxlcity and feto- 
toxidty was aiaocbled with maleraal loxk leveb of exposore 12,128/. 
In a long-term carcinogenicity study hi rats, after oral admbiistration of 
vinylkiene fluoride, Kposaroomas were reported /129/, the biological 
slgaifkance of which b not dear. Carcinogen Icily of vinyl id ene chloride 
has oof been observed in several long-term studies with rats/130/;but 
another study reported about hemangiusarcomas in two rats, probably 
related to Ihb compound /I3I/. VinyHdene chloride induced kidney 
tumours hew been reported in mice, with a higher sensitivity of males 
13, II/. However, vmylidenechlorideinhtdalion Induced abobroachio- 
atveolar adenomas and angiosarcomas of the liver in thb species /131/. 
Its,potency to induce preneopfastic hepatocellular ATPase deficient 
foci In the rat was about one order of magnitude higher than that of 
vinylldene fluorMe, but ranged about three orders of magnitude below 
that of vinyl ddoride /I32/.

Both aaymmetricaRy substituted 1,1-dihaloethenes are bioactivated 
.o mutagenic metabolites, but to much dff lerent extents.

In experiments with vmylidene fluoride, a borderlfcie Hver-iracro- 
some-dependent mutagenic effect was observed, whereas vmylidene 
chloride showed a marc pronounced mutagenic response In £ if phi. 
murium, espedely when activftled with liver and kidney fnctbns from 
mice /B, >3/.

Most probably, vfciyHdene chloride b raetabolketty activated vf» Ha 
epoxide (2,2-dlchlorooKirape) which rearranges to ddoroacetyichloride 
(an % 8) /|33, 13/. Hie latter compound b hydrolyzed to drioro- 
aeetlc acid, which after eombtnatkra with glutathione and further de­
putation of the glutathione reddne leads to Ihlodiacetic add as a major 
metabolic end product /134/. No data are avertable on vtnyHdene 
fluoride metahoksra. 2«2-Dkltk)rooxin(ie and chloroacetylchloride, re 
•dive Intermediates In vinyidene chloride metaboksm. hew been pro 
poeed as responsible for acute and chronic loxidly of (Ik compound 
observed in rodents. Furthermore, di loroacetlc add ww proposed to lead 
to cellular damage by a bio chemical mechanism of lethal synthesis (see 
4.2)/127/.

After inhalation exposure of rats tn 14C-vinyiidcne chloride, the 
radioactivity covalently bound to Mwr protein of the animals was great­
er in fasted than in fed rats, In parallel to the Ircpstotoxic effect, al­
though fasted animah metabolized less vinylldene chloride than did fed
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rats /I3S /. Disulfham pretreatment, which reduced (he acute lethal and 
hepalotnxic effect of inhded vhsylldcne dilorkfe, also reduced 'the le­
vels of covdenlly bound radioactivity In the liver and kidney of mice 
after i.p. administration of1 'Gvtnyhdene cl deride to the animals/IJ6/. 
This led the authors (o conclude ihsl an bciease In the covalent bind­
ing of reactive vfnytfdene chloride irHermedtales to target tissues may 
be associated with vinyNdene chloride toxidty /135,136/.

Covalent binding of the epoxide and/or Its derivatives to elhaimta- 
mlne moieties of membrane ffpfds has been suggested as being respon­
sible for the parenchymal damaging (fleet of vinyMctie chloride; and 
methyMMoacetominoetbaaol, a urinapr metabolite of rrbiyMdene chlo­
ride hi the rat, war tbooglit to be derived sis this reaction /I33/.

DN A alkylation In Bver and kidneys of rats and mice after exposure 
of lire animals to 14C-vfa»yldeoe chloride baa been reported, and a low 
level of DNA repair In the kidneys of mice exposed to vtnyHdene chlo­
ride could be measured / 130/. Furthermore, these experiments revealed 
a 25-fold increase in DNA icpMcatlns hi the kidneys of mice, probably 
due to the tissue damage observed in (he tame organs /l 30/. This led 
the author* to the conclusion that vfayKJene chloride appears to induce 
tumours primarily through epigenetic mechanisms. However, their re­
sults do tot necessariy Indicate that the tumours observed hi mice ex­
posed to tfnyIMfcMe chloride, mlghtariae through effects of (he chendcat 
on non-gene Uc components of (he cell, but may suggest that tunrorlge- 
mc doses of (lib compound could range in the urn order of magnitude, 
where tissue damage la to be expected.

3.3. da / ,2-OicMorrxthyIeme. tmo-l,2-dkhk*V€tkyletie

tram- and c«-1,2-Dtddoroethylenc are used ar industrial solvents. In 
various countries the TLV/MAK value of both homers has been set to 
200 ppm, a concentration which b baaed on earlier publications on the 
narcotic properties of these compounds /137/. Animal experiments 
have dwwn dial exposure of rata to 200 ppm mans-or ds- 1,2-dichloro- 
ethylene Inhibit* ding metabolism by (he hepatic mixed function oxi­
dase /138/. Furthermore, exposure of rats to 200 ppm kmtf-l,2-dl- 
chloroethylene for various time periods Induced filly degeneration of 
hepatoeyics mid of Kupfler cells/139/, Both hatoethenes have been re­
ported to be weakly nephrotoxic to the mouse, and rf*-l,2-dlchlor*- 
etliylene seemed to be more toxic than the tram homer /17/. Thh may
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partly be due to the higher metabolic rate of rfs-l ,2-dicliloroelhyfenc 
/15/. (See Fig, *).

Most probably, both hornets are metabolized nu primary interme­
diate oxiranes wHch rearrange to dichlotoacetaldehyde /13/. T he brier 
may them be oxidized to dkhioroaceiic acid nr reduced to dlcMom- 
edurool; both metoboHles have been identified in perfusates or an isola­
ted ret liver preparation /140/. Although a reactive metabolic taterme- 
dhte (i^-diehiorooxyranej h reggesled, no mutagenic activity of rfr- or 
MU- 1,2-dichloroethytene could be detected In E. coS K12 with and 
without metabofic activation /83/. Thh b in accordance with (he above- 
mentioned rule on structure settvky relationship /13, MO/, which pre­
dicts for those chlorinated ethenes which are metaboSred tie symsnetri- 
caly aubatltuted epoxides no mutagenic or carcinogenic activity.

3.4. TftchlorDethyfeiK

Today, (he overwhelming amount of trichloroethylene produced b 
used as a solvent, eg. for degreasing of metals or in Ibe dry cleanhg 
Industry.

Due to Ms wide applications, an extensive literature on the loxidly 
of thh compound h mBabb which has been reviewed by several 
authors (see /3/). Although acute and long-term exposure has disclosed 
some cellular damage in Bver and kidney of experimental animats /3, 
141/ no pronounced hepato- or nephrotoxicity could be attributed to 
thb compound. However, pretreatment of the animals with agents that 
induced hepatic monooxygenmes, resulted fas acute hepatic injury afler 
exposure to high IricMoroethybae conoenriatinni /I42,143/.

In a tong-term carcinogenesis assay by garage to rats and mice, irl- 
ddocoethylease waa reported lo Induce nuBgnant liver (umoun In mice 
hut not In rats /I44/. hs thb study a technical grade preparation of tri­
chloroethylene waa uaed, which contained substantial amounts of cpf- 
cWorohydrin and 1,2-epoxybutane, two weR-eslablbhed muiagens and 
carchtogCM /145/. A recent latulalory carcinogenicity study in tliree 
animal species revealed no indication for carcinogenicity of pure tri­
chloroethylene /I46/. Furthermore, trichbroethyfeiie did not Induce 
preneoplastk hepatocellular foci afler inhalation exposure to rats, from 
time of birth ostwwds/147/.

Studies In rata and mice revealed no embyrotoxic or teratogenic 
potential of the compound /3/.
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AH the available evidence Aowt that irichbroelhyleaefemetafaotfzed 
by mixed function oxydases to 2,2 J-tHcMotoethykue oxide /13,149/, 
which is farther converted to chlural /I3, 149/. CMonl is in pari re­
duced to trkiiloroelhaDol or oxidized to UfchJoroaceUc add, the major 
urinary metabolites of trichloroethylene In animals and in nun /I3,3/ 
(see l-1g. 9). Ghilathtane conjugates have not been U entitled as ntelabo- 
Hies of trichloroethylene so far /ISO/, although an hepatic glutathione 
decrease has been reported In phenobeibMone pretreated animals after 
exposure to this compound /ISO/. For the apparently exclusive rear­
rangement of irichlofoettiykne epoxide to chloral hi rko, which It in 
contrast to the expectation from the thermal rearrangement behaviour, 
an explanation has been provided /149/. Thie suggests an Immediate 
Lewis add-type catalyzed rearrangement of the reactive epoxide to the 
non-reactive chloral whhin the hydrophobic environment of the mono- 
oxygenases, which would be consistent with the lacking carcinogenic 
potential of trichloroethylene. After microsomal activation, trichloro­
ethylene is mutagenic In £ coN, S. lypMimrirm and several strains of 
Sacdimmycet cerevtsiae /3, 83/. In one study the pure compound 
rfiowed no mutagenic activity. In presence or absence of a rat liver 
microsomal activation system /MS/. On incubation of ,4C-trkhloro- 
etliyleae in liver microsomri systems from rats and mice,14Grad*oacU- 
vity was covalently bound to fiver endoplasmic protein /ISI, 152/ and 
the binding was related to the activity of hepatic monooxygenases in 
the different species /I52,153/. Binding was decreased by addition of 
inhibitors of the monooxygenase, and enhanced by Inhibition of the 
microsomal epoxide hydrolase whit (ridtloroptopcne oxide /I52/. 
Microsomal trichloroethylene metabolites were bound not only to sul- 
phydryl groups, hut also to anise groups of proteins wiiich were added 
lo lire incubation mixtureyi5l/.

After exposure of rats to 14C-lrrchhxoethyieoe vapour, radioactivity 
was hreversitly attached to hepatic proteins /I5I/. An i.p.administra­
tion of the labelled compound lo mice revealed a distinct bind big pat­
ient in the different cellular compartments, with highest values fit 
microsomal and lowest in cytosolic proteins /153/, poinihig also lo P- 
450 centred rearrangement reaction.

Incubations of '^-trichloroethylene with salmon sperm DNA in the 
presence of ndaosomnl preparations resulted in covalent binding of re­
active mHihotites to tin DNA. The amount of covalently bound radio- 
acihrily was much higher in the presence of microsomal proteies of 
male than female mice, and could be enhanced by pretreatment of the
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animals with pitcnobarbital in vivo or by addition of trichloropropene 
oxide to the incubate /IS2/. After microsomal incubation of the nucleic 
adds with MC-trfchlo*oe«hyieiK, chromatographic separation of DNA 
or fWA hydrolysates revealed some radioactive peaks, but no major al­
kylation product could be detected hi positions of the duale which 
were characteristic foe aficyUtioa products of the chemically related 
vinyl chloride/147,154/.

The possibility has been menlioned that the positive mutagenic 
results may have been partly due lo impurities in the test samples 13/ 
and that small amounts of reactive Impurities also In the commercial 
radioactive trichloroethylene preparations may have been the cause of 
"apparent” covalent binding /$/. However, purified ,4CMrichloroethy­
lene abo showed a considerable microsomal binding when incubated M 
vitro /153/. Possible structural differences of the metabolic activation 
system in vitro, compared with the in vivo situation, may have facilita­
ted the escape of tlte epoxide as such from the hydrophobic rearrange­
ment site, which may be pertly responsible for the effects observed tn 
vitro.

Very recently, small amounts of covalently bound radioactivity Itave 
been reported in rat and mice liver DNA after i.p. administration of 
l4C-lrkhforoethy1efie to the animals /155/. In fniure experiments, 
proof of a definitely characterized alkylation product should be at­
tempted.

3.5. PcTckloroethykne

Due to Its non-flammability and Hs excellent solvent properties, per- 
cfckuoethylene Is used as a dry-cleaning, fabric finishing and metal de­
pea ring agent /3/.

Perch loroethylene is absorbed mainly through the lungs and b pri­
marily elimlnaled unchanged in the expired ah. With repealed expo­
sures, U is stored partknhuly bi fatty tissues, and is retained unchanged 
within the body for prolonged periods of time /156, 157/.

In laboratory sithnah end in man. Use predominant effect of acute 
perchbraethykae exposure h depression of the central nervous system 
/158, 159/ probably due to the pre-narcotic and narcotic actionoT the 
unchanged compound /I58/. Although perchloroethylene is generally 
regarded as being of low toxicity /159/, liver and kidney damage lias 
been reported in laboratory animals after high acute dosage, f3,159/ or 
after pretreatment with polychlorinated biphenyls /160/. Daily adinin-
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Istmtion or high oral doses of percfdoroethyleiic produced an increase 
of hepatocellular carcinoma in mice. In rati, In the tame study /I6I/ 
pcrddoroelhylene was not Ivmorogenic. In addition, perchloroelhyteite 
did not induce prencoplastic hepatocellular fod after exposure of new­
born rati lo the compound/163/.

Most probably, perddotoethyleae is metabolized by microsomal 
raonooxygcnaae(s) to tetraddorooxymne /I3, 140, 157, 164/. This 
epoxide may rearrange to tricMoroacetyl-chloride, which b sabseqvent- 
ly hydrolyzed to trichloroacetic ndd /13, 164/. Another suggerted 
pathway, involving nudeopMIc attach by water, or enzymic reduction 
of the epoxide by epoxide hydrateae| wouM lend to n tetrad)lorhuted 
did intermediate. Spontaneous dehalogenalkm of the Intter and hydro­
lysis of the resulting acyl chloride would yield oxalic add /IS7/. Tri­
chloroacetic add and oxriic add have both been reported as major 
urinary mctabohtcs of pctchforoelhylene /157. 165/. No glutathione 
conjugates have been identified, and perddoroethyteue did not rhow 
glutathione depletion, which has been attributed to the very low meta­
bolic rate of the compound.

Tetrachlorooxlrane (I) and/or tricMoroacetjdchloride (II), both reac­
tive metabolic intermediates of perddoroctliylene, have been suggested 
to acylale ceftutar constituents /140, 164/. On incubation of l4C-pcr- 
chloroeihylene hi i rat or mourn Hver microsomal system, MCeadlo- 
activity was covalently bound to microsomal protein of both apedes 
/I63, 164/ and microsomal Incubations of the non-labeled compound 
revealed significant amounts of the trichloroecyl moiely bound In ester 
or amide llakaga to the microsomal protein /I64/. SmiUr results have 
been obtained In the isolated perfused rat Hver preparation, where 3-5% 
of the total uptake of peteMoroethykne waa eovdently bound to rat 
liver tissue n acyl chloride. This type of covalent binding was suggested 
to undergo spontaneous or enzyme-catalyzed hydrolytic cleavage /140/. 
After exposure of rats and mice te 1 *C-perddoroethyiene. the greater 
extent of irreversibly bound *4C-iadloactivHy in hepatic rmcoraofe- 
culei of the mouse was attributed to Ihe higher metabolic rate of the 
compound In this species /166/. PercUaroethyiene was nefthtn muta­
genic when tested in £ cofi K12/83/ or £ lyphirmrlum /§/ In the pre­
sence of liver microsomal fractions, nor active as debt tumour initiator 
in a two-stage carcinogenesis assay on mouse skin /77/. Investigations 
on an anticipated differential sensitivity of the mouse (B6C3FI) and 
the rat to percWoroethylene revealed no covalent binding of percMore- 
ctlivtene anlaboftles to purified mourn Hver DNA /f 66/. However, ap-
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proxlmately a two-(bid increase in UNA synthesis and hlstopathologicri 
changes were observed in the liver of mice but not In tats after repealed 
and exit adminittratfcMi of perchloroelliylene, at doae levels which are 
tumorigeoie to mice In lifetime studlea. Thfa led the aatltom to the con­
clusion thet the spontaneous Incidence of liver tumours (in this highly 
susceptible mouse strain) has been enhanced by recurrent cytotoxicity, 
aid that levels of perdrioroethyiene which do not induce organ toxidly 
Mve not Hkely to pose a carcinogenic ride to man”.

4. CONCLUSIONS

A comparison of the haloelkanes and hatoaftenei hi question reveals 
that these compounds, although dundcaHy closely related, differ wide­
ly In thek I ox (cities which are preferentialy directed towards Hver and 
kidney as the mahi target organs.

4.1. Specific cow/atl binding tnd cnrdnogemicity

Factors (hat hsHuence the oncogenic potential are primarily the ex­
tent of formation of seactlve metabolic intermediates and the reactivity 
or stability of Ihe seactlve metaboBte(i) within the phydotogfcal en­
vironment. For the hatooxfcanea, It has been reasonably suggested tint 
successful DNA rikylallou requhes an optimum between stability (to 
leach the DNA target) and reactivity (to react with it); from that opti­
mum a further decrease In stabWty may render the oxirane too short- 
Hved to reads the DNA. SlmHar consociations may be relevant for reac­
tive haloalcane metabolites which show a high (microsomal and cyto- 
planule) protein binding even when DNA binding h negligible or ab­
sent. In general, the fcttraceltuUr distance may become more important 
with hscsvasfog reactivity of the metabolic intermediate.

Long-term carcinogenicity assays hi rats and mice revealed liver and 
kidney at pitedp* target organs (except for compounds acting directly 
at Ihe site of application; substances for which significant and specific 
covalent binding to Km and/or kidney DNA has been demonstrated 
have also been foutid carcinogenic In these species. To-date, chemicaly 
defined adducts of DNA alkylation for vinyl chloride (and vinyl bro­
mide) only have beet identified and related to the genotoxic and car­
cinogenic properties. No, or at least questionable, covalent binding lo 
Hver DNA could be attributed to some hriocarbons which have been 
found to be hepatocardnogeaJc.
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Tills has nM (he question as to whether an “epigenetic** mechan­
ism of haloes iboa-tndticed tumour formation, possibly triggered by 
cellular Injury due to chronic administration or cylotoxic doses, does 
exist.

Recurrent cytotoxicity, lead tag to increased cell division during tb- 
sue regeneration, has been considered lo be the responsible for a pro- 
motioa of inherent or spontaneous mutettana, thus euhanehg ths 
tumor igenic process.

An “epigenetic" mechanism of tumour format ion,Malted to enhanced 
ceWidar pfollferatioa evoked by tissue Injury would imply the necessity 
for differential risk assessment procedures for “epigeactlcsily” acting 
haiocarhona compared to those causing tumours by genetic damage. 
For the "epigenetic” mechanism threshold principles dioaU apply. In 
that exposure to doses which fail to induce tissue Injury thould be un­
likely to came cancer. However, the preseally avadable data do not yet 
provide a suffiefenily sound bash for such a procedure of risk assess­
ment, but ideas In this direction are being developed /I7I/

d_2. Specific covalent binding md (acute) toxkity

la many publications on this subject toxicity of halocarbont hat 
been attr&uled lo the covalent binding of reactive mettboHc interne* 
dlates to proteins. Aa quantitative measures the radioactivity covalently 
attached to total (thane, cytoplasmic, microsomal) protein, and binding 
of reactive metabolites to free sidphydryl groups ware moat rnianxinly 
used. After Induction of balocarhon metabatbm, the enhanced toxicity 
of the tingle compounds waa paralleled by the increase in core lent bind­
ing to cellular protein constituents. However, when rehtied to the dose 
metabolized, the amount of covalent protein binding did not coincide 
with I he toxicity observed ami often, bdoorboet of low toxtrity 
showed • protein blading comparable lo that of tlie acute toxic ones. 
Titus, covalent protein binding seems to rep reseat a measure of the 
amount of reactive metaholc intermediates generated, rather than of 
toxic potencies of the latter.

Chloroform, carbon tetrachloride, 1,1 ,2t; kfcloroethaoe and vinyll- 
dene chloride are regarded as highly toxic compounds evoking ante 
tivet and kidney Injuries in experimental animals, lipid peroxidation b 
thought to be responsible Tor carbon tetrachloride-produced cellular 
damage. However, out of the substances evaluated here, only chloro­
form seems to induce, to a much lesser extent than carbon tetrad do
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ride, a lipoperoxldative mechanism. Furthermore a general refal toasfup 
between UpoperoxUathm and hepatotoxicity is not established /167/.

To explain (he vinyl id ene chloride induced ccHuiar damage, faeger 
/127/ hat suggested that chtoroacctate (as a metabolite of this com­
pound) could Mock the citric add cycle In mitochondria hy the ereeha- 
nbna of ‘'lethal synthesis”. This was hypothesized in analogy to the 
wdMmotra biochemical effect of fluoreacetate, which involves an en­
zymic "acttvalton" of the latter to ftuoroacelyl-CoA before catering 
tin citric add cycle aa Ifciordtrale and blocking cfr-aconltase (sec Fig. 
10, I) /I68/. However, the relative LDSa potency ratio of chloroace- 
ta«e/fluoroaceUte in rats It 21,6 / 169/ which points to a much lower 
extent of eozyrelc activation or a distimlsr btading mechanism of chto- 
roacetate (Fig. 10, 2a,b). Furthermore, vinylidene chloride toxicity in 
rets waa reduced by timukaneous exposure to vinyl chloride, which is 
of km acute toxicity but generates chkxoacetate as a metabolic inter- 
mod isle /64/. This raises some doubt as lo a major role of ddoroacetate 
in the mechanism of acute toxicity.

A commas) feature In the metabolism of chloroform, carbon tetra­
chloride, i ,1,2-trichkuoethane and vinylidene chloride, which they 
only share with percMoroethyteM b the generation of halogcnated acy- 
hltag tateonediales Mke phosgene and cMoroacetylctilovide.

With regard lo the theory of Jaeger /127/, these haloacylattag Inter­
mediates would be reactive enough to generate “activated" htioacyl- 
eocazymc A derivatives by direct chemical acylation (Fig. 10, 3a». 
The making hrioecyi-coensyme A derivatives, possessing a reactive 
chlorine function, would represent “active rito-dkeded ■gents’* and 
might bo able lo read) hey posit tons to the extremely Important mcti- 
bdOc ftmctiOM of “aettvated” coenzyme A derivatives. There, sped fie 
covalent btodk* mediated by the reective chlorine function may block 
metabolic reactions of vital Importance of lire ctU.

Although forming an tudoacylaliag metabolic Intermediate, per- 
ehkmeUtyleae may not share the acute toxic action of the other com­
pounds due to its vary low metabolic rale and/or the low alkylating 
potency of the tricMoromelhyl residue (Fig. 10,3c).

Recently, increasing attention was drawn to a covalent binding of re­
active metabolic toteimedlates to coenzyaie A. A iMechanistic treatise 
had arrived at the conclodoa that the sulphydryt group of ooenzyme A 
should be a preferred target for electrophilic reactive metabolites /170/. 
aad the possibility of covalent btading of reactive vinyl chloride meta­
bolites to coenzyme A (m a thioetber linkage) has been proved /II/. In-
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q ?
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P ,°
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H OH
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-s-?-a
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A
9 ?

•* CoA-s-c-c-a
a

Fl«. IOi SfecUk cmlnt bMIng »l MucrMetMlMi la aMifm A-SH (ww 
tcxtk

creased acetone ahtUUn by rata exposed to various halogenated al 
kanea and atkenea hu been (dated to a depletion of ceHtdar coeaiyme 
A by reactive metabolic Intermediate* of theae compound* /I2/.

In view of Ibex data, the hypothesis on (be involvement of a aped- 
flc coenzyme-blnding in acute toxicity of haloa(kanea and haloalkenee 
may provide ■ basis for productive further in vest Igal torn on toxidtles 
evoked by hriogeaated aliphatic xcnoblotlcs.
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NOTE ADDED IN PROOFS

During the time of editorial proceadng of the manuacript, two experi­
mental stadias on covalent binding of trichloroethylene to DNA have 
puHvhad or accepted for {attention /I72,173/.

The authoaa* report an extremely Mgh covalent binding of ndkmctl- 
vtty to proleim of the Iver nnefear pellet, after adminislmtion of14C- 
Irtchbroethylene to experimental animab /I73/. The small amount of 
radioactivity associated with liver DNA of these anlmala /I72, 173/ 
could be feather diminished by subsequent procedure* of DNA purtfka- 
Hon /I73/. Analyab in dHTercnt chromatogiaphfcsl aeparatlon systems 
of tver DNA hydro lysrtes revealed DNAearocfatad isdtoacllrity either 
an phyriotogtanNy Incorporated into the natural nucleosides (bases) or 
fat the early fractions when protein eoatandnanta of DNA were ex­
pected to elute /172, 173/. Furthermore, DNA fragmentation ki the 
tkalae sucrose gradhstl,ladkat!te of phoaphotriester formal ioe, could 
not be observed after admUsIratlon of trichloroethykne to mice /173/. 
HrisfwUwr supports the view, that there b no indication of a gmotoxk 
action of tricfdoroelhybae.
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