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Summary

Toxicity, including genotoxicity of chemicals, is frequently affected by 
metabolic conversion of the chemicals by the host, leading to inactive deriva­
tives. Inactivation mechanisms can be overcome by high doses of a chemical 
resulting in a greatly altered dost—effect relationship and drastically increased 
toxicity. This is exemplified by the dose<iependent effect of chloroform and 
1,1-dichloroethylene in animals, by investigations on the glutathione-dependent 
mutagenicity of chlorodinttrobenzene in the Ames test, and by the effects
resulting from inhibited metabolic inactivation of naphthalene in isolated 
hepatocytes.

At tow doses genotoxic effects of chemicals may be prevented by meta­
bolic inactivation, e.g. chloroprene is mutugonic in vitro but not carcinogenic, 
possibly due to glutathione conjugation. Moreover, disputable data on muta­
genicity or carcinogenicity of styrene must be judged in that its mutagenic 
metabolite styrene oxide is inactivated by efficient cellular epoxide hydrolase 
activity in vivo.

Hepatic monoxygenase activity creates mutagenic hydrogen peroxide which 
is trapped in vivo by catalase and glutathione peroxidase. Thus, information on 
the mechanism and extent of inactivation is essential for extrapolation from 
high dosee of chemicals used in toxicity studies in animals to low doses that are 
relevant to human exposure.

Introduction

For risk estimeiion of man's exposure to carcinogenic chemicals it is cus­
tomary to extrape ate from high doses at which tumor induction is observed in 
animals to low doses in the human environment. However, there is increasing 
evidence that several carcinogens induce other biological responses at low doses 
than those at high doses. Furthermore, species differences in the metabolic acti­
vation and inactivation processes may also question a linear dose—effect 
relationship.
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An evaluation of these facts is essential because one has to be aware that 
man is continuously exposed to small amounts of mutagens and carcinogens. 
Commoner et al. (1978) reported the presence of mutagens in broiled ham* 
burgers; the presence of mutagenic activity in charred fish and beef was pre­
viously reported by Nsgao et al. (1977) and Sugimuraet al. (1977). Such muta­
gens apparently stem from pyrolisation of the amino acids tryptophan and 
glutamic acid (Sugimura, 1978). Nitrosamines present in food (Spiegtlhalder 
et al., 1979; Scanlan et al., 1960) are constantly formed in the human stomach 
when secondary and tertiary amines axe ingested together with nitrite (Lljinsky, 
1977; Tannenbaum, 1980). Chloroform has been used for many yean in tooth 
pastes and in cough syrup formulations and it is a drinking-water contaminant 
whenever chlorine ia added for hygienic reasons (Fishbein, 1979; Stockinger, 
1977). Sugimura recently evaluated that by the age of 50 a penon has eaten 
approx. 10 tons dry weight of food (Sugimura, 1978). Even though concen­
trations of environmental contaminants in food arc very low, their continuous 
intake could be sufficient to cause genetic damage possibly resulting in the 
appearance of cancer.

Models to extrapolate from high to low doses and between species

Animal studies to investigate the potential hazards of such chemicals are 
usually performed at relatively high levels of exposure (Crump et al., 1976; 
Cornfield, 1977; Scientific Committee, 1978; Maugh, 1978; Tomatis, 1979; 
Carter, 1979; Interagency Regulatory Liaison Group, 1979). In general, human 
risk is determined by extrapolating from the high doses used in the animal 
experiments to the much lower levels to which man is actually exposed assuming 
that no threshold exists. This is bused on the concept that cancer Is induced 
after the reaction of a single or several molecules with DNA or other macro­
molecules in a cell. Once such a reaction has occurred the cell is damaged 
irreversibly and initiates a new disorganized cell line which finally produces the 
tumor. This mechanism implies that there will be a certain tumor incidence in a 
population no matter how long the dose of the carcinogen has been. In this 
case, cancer incidence at low doses will be a linear function of the high doses.

The formula generally applied in extrapolation from high lo low doses is 
(Reitz et al., 1978): Linear P ■ & X d where P is the fractional incidence of 
excess tumors, d the average daily dose in mg/kg and 0 is a dimensionless 
parameter to be estimated from the experimental data. Additionally, a species 
correction factor can be applied to ff which has been chosen as the cube root 
of the ratio of the body weights to calculate the dose per surface area. This 
always implies that man is considered to be more sensitive to a carcinogen 
than mice or rats. Rail (1960) established this correlation with 18 anti-neo­
plastic agents. They produced, however, direct toxicity, and Rail stated that 
these compounds are not Involved in the various drug-metabolizing systems. 
However, there is ample evidence that most of the environmental chemicals 
undergo metabolism by the host, and it becomes evident from this that the rate 
of metabolism must be included into the process of risk estimation.

Reitz et al. (1973) suggested therefore that the relative rates of production 
of toxic metabolites be introduced into risk estimation. And, indeed, relative
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carcinogenicity of chloroform, vinylidene chloride, 2-acetylaminoQuorene end 
trichloroethylene In rats and mice correlated well with the relative rate of 
metabolic activation to a reactive intermediate of each of these chemicals.

The resolution of these approaches by animal experiment* teems to be 
impossible. To decide which of the correction factors is correct would mean 
that data on the response to low doses of the chemical concerned would have 
to be collected. But this would moan measuring low incidences of cancer in 
animal populations, say 0—16%, and these low incidences can only be dis­
tinguished with any degree of statistical certainty from the natural rate of 
cancer in animals by trials involving impossibly large numbers of both control 
and treated animals. Thus, in practice, only relatively high doses can yield satis* 
tically significant data. But in many cases such high doses may produce cancer 
simply because their very quantity overwhelms the biochemical pathways that 
would detoxify smaller, more realistic doses.

Since no conclusive solution of the problem can be obtained from the 
standard carcinogenicity or mutagenicity test procedures the only approach to 
solve the problem should be the evaluation of mechanisms which may affect the 
Lumor inciUoneu at low and high doses of carcinogens. This may provide a more 
solid basis for the presently highly speculative end uncertain quantitative risk 
assessment.

In general several mechanisms are considered to be involved in the inacti­
vation of chemical carcinogens. Important contributors to these mechanisms 
are membranes that may not permit potential carcinogens to come into contact 
with DNA and enzyme systems for repair of damage to DMA. Some evidence 
also suggests that the immune system can identify and destroy many kinds of 
operant ceils produced by chemicals that slip through the other defenses.

Moreover, enzyme systems for metabolic toxification and detoxification 
modify the biological impact of chemicals and have to be considered in the 
course of risk estimation.

This is explained in moru detail by discussing the following points:
(1) Is there any indication of threshold doses of carcinogenic chemicals in 

man due to metabolism?
(2) Arc the high doses of carcinogens used in animal studies generally repre­

sentative for the low doses to which man is exposed?
(3) Does metabolism result in qualitative and quantitative differences in the 

susceptibility of different species to carcinogens?

Indication of threshold doses due to metabolic inactivation

(a) Carcinogenicity of ettrone
The hormone estrone, for example, has been shown by several investigators 

to be carcinogenic when given to laboratory animals in large doses (IACR, 
1974). However eotrone is present in very small concentrations in all humans, 
yet without demonstrable evidence of harm. It is present in much higher con­
centration* in women than in men which might bo at least part of the cause of 
the much greater incidence of breast cancer in women.

Moreover, glucuronidation of estrogens seems to be a significant inactivating 
mechanism. A recent report by Fishman et al. (1979) indicates a correlation
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between low glucuronidation capacity and the occurrence of breast cancer in 
women. These authors studied steroid excretion In the urine of 30 young 
women who by genetic analysis were at risk for familial breast cancer as com* 
pared to a carefully matched control group. Highly significant differences were 
observed in the excretion of giucuronides of estrone and estradiol with the 
high-risk women exhibiting lower values than the controls. Besides the finding 
of a potential discriminant for identifying women at high risk for breast cancer, 
tills observation strongly indicates that the status of inactivation mechanisms 
affects susceptibility to potential carcinogens.

(b) Increased DNA-repalr by reactive oxygen species
Recently, we demonstrated that reactive oxygen species, which are formed 

during monooxygentse-mediated metabolism of chemicals, induce DNA-repair 
activity in the human lymphoblaatoid cell line NC37 BaEV (Andiae and Greim, 
1979). This was observed in the course of measuring the induction of DNA- 
repair replication by mutagens requiring metabolic activation (Fig. 1). Mute.

Wit. 1. IMpair rtpUcalton in NC37 htv ««Us. Cultutaa wort (Mitoatad la to* prttaaaa aX l mM 4-Quoio* 
eaa*yurtdifia and 10 MM Mtemodaoxyuridlna tor 1 H. Aflar addiliaa of 2.5 mM hydrosyurta tall* warn 
ImuImM for 3 h wtUi At NADVUi Ui 0,0 m Uvar mlBnawMiw of Ctapkan A SO pnUiitiX
rats r NAUfU; C- Uvar miemomn * NADPK * IViiU b*nt«UlpyNMiI)! UvwaitMMm *• NADfH 
*■ 45 min mM dimathytaitroaaiatoa. and labtlad for 4.5 h with 10 mCJ (*H)thynidina (iOCi/mmola). 
Call* rtn Irate to 0.M MdiuadodaayUtydrotanaulfaU, diftatad with ptotatoam K (50 w(ml) and *adJ- 
manted in alkaUna CaO-cradtanu (Aadna and Crain. 1979). Ttia location of ['Xldabal at aamal danaliy 
(eo>neid»ttt with too ohaorbaaeo p««k) w indicativa tor repair reputation,

o « to » *0 « » M 40 M
Xrattwn
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gen* luch as benzo [a] pyrene end dimethylnitrosamine induce repair activity. 
However, in control experiment* without the mutagen a marked incorporation 
of repair label was observed. The incubate was comprised of washed micro- 
some* of phenobarbital-treated mice, NADPH and hydroxyurea which is used 
to suppress semiconservative DNA synthesis. When this inhibitor was omitted, 
no repair replication occurred. Hydroxyurea-induced repair was dependant on 
the presence of microtomes and NADPH, and was reduced to 60% by the meta­
bolic inhibitor SKF 626-A. This highly indicates that hydroxyurea-induced 
repair is a consequence of microsomal monooaygenase-mediated metabolism. 
Since addition of glutathione (GSIi) and superoxide dlsmutase reduced and 
catalase prevented hydroxyurea-induced DNA repair, hydrogen peroxide 
(HjO,) or reactive oxygen species deriving from H,Oa axe likely to be the 
genotoxic agents. As HjOj production generally occurs during monooxygenase 
function (llildcbrundt and lloots, 1975; Jones ct al., 1978) wo investigated tho 
effect of ethylmorphine. Accordingly, ethylmorphine induced DNA repair in 
tho test system but the effect was prevented in the presence of catalase (Fig. 2). 
Other in vitro coll systoms, c.g. human A649 lung tumor cells, apparently have 
a sufficient HjOi-inactivation capability as these systems did not show 
enhanced repair activity.

The precise mechanisms by which reactive oxygen species are trapped in 
vivo remain unknown. GSH peroxidase is likely to be involved. It is evident 
that efficient HiOi-inactivation must be present in vivo La prevent ruuelivu 
oxygen species from exceeding a no-effect concentration and thus preventing 
genotoxic effects.

(c) Chloroprene: Mutagenicity but no carcinogenicity
Further evidence for no-effect levels due to metabolic inactivation is given 

by toxicity studies on chloroprene (2-chloro-l,3-butadiene).

Ettymorphrva (r»M)

Kit. 1. K4t>ii tapttaatiM In NC37 BaEV Mila Uv Ova pcaaanea p{ llvai mictoaomaa iaolstaS teem pbano- 
barlMUi-imMd miaa. NAUXH and aUtylmoipttna. Fat tlauila in lasaad to FI*. 1.
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Chloroprene is a reactive chemical which is widely used in the manufacturing 
of the synthetic rubber neoprene. Chloroprene has been suggested to be respon­
sible for the increased incidence of skin and lung cancer in workers exposed to 
the chemical. However, the data are questionable and no carcinogenic effects of 
chloroprene have been noted in animal studies to date (Fishbein, 1979; 
Ponemarkov and Tomatis, 1980). Bartsch et aJL (1975, 1979) have demon* 
strated a slight mutagenicity of chloroprene in Salmonella typhimurium strains 
without metabolic activation. Mutagenicity was increased about 3*foLd in the 
presence of S9 fractions. These observations were considered to reflect the 
probable formation of an epoxide intermediate of chloroprene.

Why was chloroprene shown to be mutagenic but not carcinogenic? In 
analogy to vinylchloride and 1,1-dichloroethyIene, a subsequent detoxification 
of the chloroprene by conjugation with glutathione has been suggested (Haley, 
1978; Plugge and Jaeger, 1979). Since in vitro mutagenicity test procedures do 
not include sufficient glutathione (Summer et al., 1980), the apparent dis­
crepancy of mutagenicity in vitro without producing carcinogenicity in the 
animal may be explainable. We tested the possible involvement of glutathione 
in inactivation in isolated rat hepatocytea and in the whole animal (Summer 
and Greim, 1980).

Similar to the rat Uvur, cellular glutathione decreased in isolated rat hepato- 
cytes to about 50% of die control values within 15 min in the presence of 
3 mM chloroprene (Fig. 8). l*his depletion was concentration-dependent and 
increased with time. In hepatocytes of animals pretreated with phenobarbital 
or Clophen A50, 3 mM of chloroprene almost completely depleted glutathione 
within 30 min.

This strongly indicates that a Phase I reaction, presumably epoxide for-

Fig. 3. OluUlhion* dopfetion la bobud tat tupatoertot by ohleroproae. Dote an from 1 ropr**«nuUv« 
«*poiiiB«nt out of 3 wttfe different e«ti propaationa. Conuol l*v«l of wlliilw OSH imnunfd to 1.9.9 * 
1.1 (uaolMfois ctu ptotoia. CIom4 symbol*; H«patocytti (S mg e«U ptoMkaJoU) of unu««t«d 
iomtawd with 0.S mM (•>. 1.0 mM (t) and 3.0 mM (*) ehloroprtn*. Op«n tyrnfelis HipiMeCM from 
eithtr pkwnaburbiUI- (0) or Cloptwn A SO* (a) promoted onimab ifkcuboteil wttb 3 mM obkosoprona.
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mation which U enhanced after Clophen A50- or phenobarbital-prs treatment, 
precedes glutathione conjugation.

Glutathione-dependent detoxification in the animal was further verified by 
determining urinary thioether excretion comprised of GSH conjugates and 
mercapturic acids. Chloroprene administration to rats resulted In a dose-depen- 
dent increase in the excretion of urinary thioolhen (Fig. 4). This increase was 
reversible and completed within 24 h at ail dose levels administered. At dose 
levels of 50 and 100 mg chloroprene/kg, the additional excretion of urinary 
thioethers was almost 200 and 450 amoles/kg daily, respectively.

It is to be noted that no linear dote—response relationship was observed in 
thioether excretion, Indicating that at higher doses of chloroprene the availa­
bility of cellular glutathione becomes rate-limiting.

Thus, a dose level at which high concentrations of chloroprene overcome 
GSll-inacUvation is suggested. Only sufficiently high doses are expected to 
induce carcinogenicity. They have not been used so far in carcinogenicity 
studies.

Effect* of high doses on metabolism

(a) Overwhelmed metabolic inactivation
The latter observation suggests that high doses of a chemical may have 

other biological effects than lower doses by overcoming metabolic inactivation 
mechanisms.

VLnyiidene chloride (1,1-dichloroethylene) is also conjugated to glutathione. 
In the rat, glutathione is depleted by exposure to high levels of 1,1-dichloro-
ethylene (Jaeger «t al.» 1974). Fasting of rats prior to 1,1-dichloroethylene 
exposure further depleted the glutathione and, at the same time, dramatically 
increased the hepatotoxicity of the chemical. Furthermore, McKenna et al. 
(1977) reported that a sudden disproportionate increase in macromoJocular 
binding of 1,1-dichluroethylene metabolites occurred when glutathione was 
depleted by more than 30%. These observations are strongly in favour of the 
protective function of such inactivating systems.

Fit. 4. CMoropzM*e*p«nd«nt as*r*u«n »f thlo«Ut«r» la tha urtn* of nu. Chloreprao* vu •dmlaiaund 
in oiiv« oil by itomaclt tub*. Data msmmiH nnit t J.O. from 4 animal*.
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(2) Naphthaline: Protein binding and conjugation
Isolated hepatocytes metabolized naphthalene to water-soluble compounds 

(Schwarz et el., 1980). Metabolism of the hydrocarbon was linear for 1 h 
reaching a plateau after 2 h. During biotransformation of naphthalene reactive 
intermediates were formed which became irreversibly bound to cellular protein. 
Binding almost paralleled the increase in the formation of metabolite*. For­
mation of water-soluble compounds and binding was due to metabolism since 
frozen-thawed cells in the presence of 1 mM SKF 52&-A showed neither 
formation of water-soluble compounds nor binding to cellular macromolecules.

Conjugation with UDP-gIucuronic acid and sulfate is one of the main path­
ways of naphthalene metabolism in hepatocytes (Bock et ai., 1976). We In­
hibited these conjugation mechanisms by interfering with the synthesis of their 
respective co-factors. Addition of D-galactoaamine reduces levels of uridine- 
diphosphoglucuronic acid by trapping uridine-triphosphate and by inhibiting 
UDPG dehydrogenase activity (Bauer and Reutter, 1973). Sulfation is inhibited 
by incubation of the cells in sulfate-free medium which decreases synthesis of 
3'-phosphoadenoslne-S-phosphosuIfate (PAPS) and, thereby, sulfation 
(Schwarz, 1980). Incubation of hepatocytes in a sulfate-free medium in the 
presence of 3 mM D-galactosamine did not affect formation Of water-soluble 
metabolites from naphthalene. However, a drastic increase in covalently bound 
metabolites was demonstrated (Fig. 6).

U is evident from this thul cellular formation of reactive and toxic species 
of chemicals is frequently counteracted by metabolic detoxification. A dis­
proportionate increase in the toxic effects can occur when high concentrations
of • chemical are present which overcome inactivation processes.

In toxicology, such threshold levels on the basis of overwhelmed inactivation 
have long been established. For example, furosamide, a diuretic, is excreted 
predominantly unaltered in the urine when low therapeutic doses are given. 
Administration of high doses, however, overwhelm renal clearance and cause 
a disproportionate increase in toxic metabolites which react with macro- 
molecules. Moreover, bromobenzene is metabolized in the liver to the reactive 
3,4-bromobenzene oxide. This molecule Is detoxified by glutathione con­

ns. S. ItfMt or S mM I>sslattM*miAS (D*) and suifaie dtpIrUM oa Imvtttible blading «( ['*01 
MptailM*. HipiiMfW won pitputi Cron 200 ■ Hpiagiie Qawlar mu by is tUu pnluiiPi Wits 
eoUaieitaee. RiptMVtM (1.28 X 10* eeBa) were incubated is Weymouth US T8*sl medium in iplmn 
flask*. Mttaboil kb we* ttooped with tcwdold 4-ftauM.i-WaUr soluble metabolite*" of aapblbaleae 
were quantified by Liquid-ec in UlUtioa counting ol the water pktaae piu* nattUaUscd NaOH eatract ot the 
orgaaiq Phase containing the pknali.1 product*. To determine izreve table binding ol “C radioactivity. 
O.S ml of the eeU luapendon waa tonified twice wltb 0.9 mi ethanol. The niheequent tclveat estraetions 
were performed aa previously described {Kerne et at., 1970.
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jugation. Whan high doses of bromobenzene are given, glutathione is depleted 
and the reactive metabolites interact with cellular macromolecules (Gillette, 
197-la, b). Other chemicals for which there is evidence that high doses cause a 
disproportionate increase in toxicity and possibly carcinogenicity are aspirine, 
salicyiamide, acetaminophen, styrene, ethylene glycol and aniline (Gehrlng et 
al., 1976),

(b) Impaired metabolic actuation
On the other hand, potential carcinogens not only overwhelm inactivating 

capabilities but also inhibit metabolic activation reactions. The animal bio* 
assay results on vinylchloride of Maltoni (1977), Lee et el, (1978) and Viola 
et al. (1971) suggest that inhalation beyond 150 ppm results in a smaller 
increase in carcinogenic response in rodents than that predicted from a linear 
extrapolation of the responses in the dose range of 0—150 ppm. Recent 
pharmacokinetic studies indicate that at high doses of vinyl chloride the mecha* 
nisms which metabolically activate this chemical axe saturated. Bolt et al, 
(1980) observed no further increase of DNA and protein-bound vinyl chloride 
metabolites in rats beyond a certain level of exposure. A similar effect is 
reported with carb-™ hy Ugazio et aL (1972). A preceding low
dose of CClnignificanuy increased the LDt» of rats when a high dose was given 
thereafter.

Modification due to species differences in metabolism

Moreover, species differences in the metabolic activation and inactivation 
systems further complicate extrapolation from high doses given in animal 
studies to the low doses to which man is exposed.

Several well-established examples indicate qualitative and quantitative 
species differences in the activating and inactivating metabolism interfering 
with the capability of the reactive intermediates to bind to the genetic material.

(a) Species differences in metabolic activation

(i) X'AcelyUttni iofluoretia
For example, & strong hepatocarcinogen in

male rats, is without effect in guinea pigs. 2-AAF is an indirect carcinogen. 
It requires aromatic iV-hydroxylatlon forming the iV-hydroxy-2-AAF (Miller 
ut oi., 1961). Since guinea pigs do not have this enzyme this species is insensi­
tive to the carcinogen although they develop tumors when the N-hydroxy 
product is given (Miller et al., 1964).

Other species differences in the carcinogenicity of 2-AAF cannot be related 
lo this activating mechanism. However, carcinogenicity of 2-AAF is also 
dependent on the formation of a sulfo-derivative. This reaction is catalysed by 
a .V-sulfotransferase which differs quantitatively in several animal species. 
DeBaun et ai. (1970a, b) determined the activity of this enzyme and were able 
to explain further the species differences of 2*AFF carcinogenicity (Table 1). 
Male rats, which axe highly sensitive to this carcinogen, possess a high sulfo- 
transferase activity. It is low in female rats and in mice of both sexes which are



139

TABUS l
HEFATOCaXCIHOGENICITY OF 3-AC3TYLAMINGFLUOIIENC AS ACLATKO TO 1ULFO-TXANS- 
FERASE ACTIVITIES IN SEVERAL. SPECIES 
Du IMvn el al„ 1 I10as b.

H«t»iwiwlMiwtoUy iHUfitutinm Mtivity1
Rat M +++ 71.0

F ♦ 4.0

Mowie M 04
r * 04 .. nfW’

OulnM pig M _ 04 ■ As*mMbf. ~
... . • _j' s.«« ** • *'-?.*

Rabbit . U — xo

* itmelu/0-04 at wfeuiMt ft tO min.

less susceptible than the male rat. The other species tested which have moderate 
or lower sulfotransferase activities are not known to produce hepatocarcinoma 
due to 2-AAF.

(2) Chloroform
Moreover, not only qualitative but also quantitative differences in the meta­

bolizing rate exist between the different animal species and man. Several inves­
tigators have studied the metabolism of chloroform in rats and mice and have 
concluded that mice metabolize chloroform more rapidly than do rats (Fohl, 
11)79). Thu most -unipiulu studios are thosu of liruwn cl ui. (1974) who 
administered a 60 mg/kg dose of chloroform orally to rats, squirrel monkeys 
and 3 strains of mice (Table 2). Very little unmetabolixed chloroform was 
rovovuruU from the mice, in Uw rut, 3 times us much unmvlabolixed chloro­
form was found, while in the monkey 13 times as much unaltered chloroform 
was exhaled. Fry et al. (1972) administered chloroform to human volun­
teers and found that 17—66% of the material' was exhaled unchanged. However, 
the dose of chloroform used in these investigations was only 7 mg/kg. Thus, the 
relative amount of chloroform that would be metabolized at the higher doses 
used in the animal experiments may even have been overestimated. Based on 
these investigations, Reitz et al. (1978) suggested man to be the least sensitive 
of the species to the carcinogenic action of chloroform. This is also based on 
the data of Weiss et al. (1977) who observed that man normally metabolises

TAHLSS*

iNTcasvtcucs differences in chloroform metabolism as determined ky urinary 
excretion or the unchanged chemical

Onldnaa
(ag/kt)

Unchanged CHO, axmwd 
(O of 40«)

Mouaa SO •
Hat 00 SO
Monkay •0 fl
Man T iT-«e

• Modlfiad teas Riiu n *1. U*tS).

/
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material* much more slowly than the small laboratory animals such as mice or 
rau. Consequently, a direct extrapolation from carcinogenicity teste on chloro­
form in mice or rats would overestimate the risk of man to this potential 
carcinogen.

(3) Halogenated ethylene*
In addition to chloroform, there are several other examples where the rela­

tive carcinogenicity of chemicals correlates well with their rate of activation 
to a reactive species. 1,1-Dichloroethylene is metabolized more extensively in 
the mouse than In the rat (McKenna et al., 1977). Correspondingly, tumors 
have been observed in mice exposed to 1,1-dichloroethylene (Maltoni, 1977), 
whereas in rats, although conflicting results appeared, no tumor formation 
seems to be related to this chemical (Fishbein, 1979; Maltoni, 1977; Rampey 
et al., 1977; Maltoni et al., 1977).

Trichloroethylene is carcinogenic in B6C3F1 mice but not in Osborn-** 
Mendel rats (Natl. Cancer Inst., 1976). This again correlated with the greater 
uupaclty of mouse raicrosome* to catalyze binding of trichloroethylene 
metabolites to DNA (Bannezjee and van Duuren, 1978).

These data indicate that the status of metabolic activation systems in the 
different species significantly affects susceptibility to carcinogens in the animal 
and explain species differences.

(b) Species difference* in metabolic inactivation

(1) Afiatozin B,
In addition, there is also evidence that species differences of inactivating 

mechanisms such as binding of the reactive intermediates with glutathione 
modify adverse effects of chemicals. The hepatotoxic and carcinogenic effects of 
aflaloxin Bi are attributed to the reactions of metaboiically formed AP 
oxide (Croy et al„ 1978). The marked species differences in susceptibility to 
carcinogenicity could not be related so far to the different ability to generate 
the epoxide. Recently, Degen and Neumann (1978) found that AF B(-epoxide 
is inactivated by conjugation with glutathione. Degen (1979) has since reported 
that mouse-liver preparations most effectively catalysed the formation of the 
glutathione conjugate. These result* support the view that the lower suscepti­
bility of mice is not a result of leu effective activation but rather of more 
effective inactivation of the reactive AF Bi intermediate due to the formation 
of glutathione conjugates.

(2) Styrene epoxide hydrolase
Oesch (1980), Oesch et ai. (1978, 1974) and Jerina et al. (1977), studying 

the effects of microsomal epoxide hydrolase activity, further stressed the 
importance of considering species differences in metabolic inactivation. The 
hydrolase generally converts reactive epoxides into more stable dihydrodiols 
(Jerina et al., 1977) which are frequently further conjugated with glucuronic 
acid (Oesch, 1980). For example hydrolase activity is involved in the bio- 
transformation of styrene (Leibman, 1975). It is highly suggested that hydro­
lase activity being present in the S9 fraction prevents styrene from being muta-
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genic in the pUite*incorporation assay (Greim et aL, 1977) although styrene 
oxide, the metabolite which is formed during metabolic activation of styrene, 
is a potent mutagen in this test (Miiy and Garro, 1976).

Epoxide hydrolase generally plays an important role in the inactivation of 
many aromatic and oleflnic compounds of industrial interest. Since man hu 
a much higher hydrolase activity than most of the investigated laboratory 
animals (Oesch at aj., 1974) it is to be expected that man is the least eensitive 
to such compounds. iv >■

We can oonclude the following from the experimental data priftsnted:M«t- 
abolism plays an important role in the carcinogenic ox mutagenic acuity of 
chemicals. It is species-dependent, can be influenced by the doseof t&tchemi- 
cal administered, and thus has to be considered hi extrapolationfromdm high 
doses given to the experimental animal to the low doses to which man is 
exposed.

Regarding metabolism, roughly 4 groups of chemicals can be differentiated:
(1) Compounds which undergo neither metabolic activation nor significant 

inactivation, e.g. methyl methanesulfonate.
(2) Compounds which only undergo metabolic activation, •£. dimethyl- 

or diethyl-nitrosamine.
(3) Compounds which only undergo metabolic inactivation, e.g. tf-methyl- 

//'-nitroW-nitro so guanidine.
(4) Compounds which undergo both metabolic activation and inactivation, 

e.g. vinyl chloride or chloroform.
For risk estimation, it is apparent that linear extrapolation from high to low 

doses and from tne animal species to another is only possible for compounds 
of Group One which require neither metabolic activation nor inactivation.

Apparent species differences in the metabolic activation and inactivation
system have to be considered concerning compounds of Groups Two to Four. 
Extrapolation can be further complicated when high doses of the chemical 
inhibit or overcome metabolic activation or inactivation.

Carcinogen* acting by socontlary mechanisms

Another group of compounds induces tumors by secondary mechanisms, 
for example, by suppressing production of hormones or by inducing necrosis 
at high doses whioh finally results in tumor formation.

Several chemioda inhibit function of the thyroid gland. These goitrogeru 
induce tumors by a secondary mechanism. Thiourea blocks thyroxin synthesis 
by specific inhibition of iodine peroxydation {Davidson et aL, 1979). As a 
consequence, insufficient amounts of thyroxin are produced by the thyroid 
gland leading to an Increased hormonal stimulation of the thyroid by the 
hypophysis. This results in a hypertrophy of the thyroid, and after continuous 
exposure, thyroid adenoma appears (1ARC, 1974). Finally, carcinomas of the 
thyroid are observed. At the lower doses of thiourea when no hypertrophy of 
the thyroid is observable, carcinomas of this organ have not been detected.

Carcinomas of the thyroid have been detected in rats and mice receiving 
a diet of 0.26% thiourea (Purves and Griesbach, 1947). This dose is equivalent 
to approx. 100 mg/kg daily. When administered as a drug, repeated daily intake
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of approx. 10 mg/kg was goitrogenic. Presently, thiourea is used as an industrial 
chemical only and sufficient measures to protect man at his working place 
have to be provided (Fishbein, 1979). However, workers would not be 
endangered by thiourea exposure unless exposed to concentrations affecting 
thyroid functions which can cosily be detected.

Nitriiotriacedc acid and chiorothalonll, both excreted almost quantitatively 
via the kidney, induce urinary-tract tumors which have been preceded by 
tubular necrosis (Natl. Cancer last., 1977; Anderson and Kanerva, 1978; 
WHO, 1975; FAO, 1978; Hicks et al., 1975). Due to the almost 200-fold con­
centration of the glomerular filtrate in the tubular system, high intratubular 
concentrations of both compounds occur. When high doses are given to an 
animal, intratubular supersaturation of the chemicals with the consequences of 
precipitation and cristalluria appear. This frequently is associated with hema­
turia. Both symptoms, cristalluria and hematuria, have been observed when 
high concentrations of such chemicals are given. During long-term feeding of 
high doses to animals, tubular necrosis preceded renal-tumor formation 
(Anderson and Kanerva, 1978). At lower doses which do not induce tubular 
necrosis, neither cristalluria nor hematuria, renal necrosis or kidney tumors 
have been observed.

One might also refer to the tumor-inducing capability of saccharin and cycla- 
mate. Both compounds have been shown to induce renal tumors at high doses 
(Hicks tt al., 1975; Oser et aL, 1975). Both substances, when given in large 
quantities to animals, increase the urinary pH substantially. This gives rise, at 
least in the case of saccharin as well as nitrflotriacetic acid, to subepithelial 
microcaiculi (Anderson and Kanerva, 1978; Armstrong, 1977).

It has been demonstrated with other carcinogens that alkalization of the
urine acts in a cocarcinogenic fashion, thus increasing tumor incidence. There­
fore, the tumor inducing effect of such compounds may be a physicochemical 
one which is related to their alkalizing properties. Now if this is true, then this 
is a dose-related phenomenon. The doses humans would take or would be 
exposed to in the case of other similarly acting chemicals, would be virtually 
insignificant in that tho buffer systems in the organism and in the urine would 
maintain the physiological pH of the urine. Again, extremely high doses given 
to animals are irrelevant to human exposure in such cases.

This sort of consideration requires more basic research than is presently 
available and, if true, we would be dealing with at least 2 classes of carcinogens. 
One group Includes the classical type of the electrophilic reactants which react 
with target nudeoptilles resulting in mutagenic or carcinogenic effects. For 
these mechanisms sc* far there is no clear evidence for a threshold. Another 
group of compounds which indirectly induce tumors by other mechanisms 
associated with extremely high doses are likely to have a threshold dose. These 
considerations have been taken into account only marginally so far. If this 
hypothesis can be clearly established, then it would be possible to deal with 
different classes of chemicals that induce tumors and one can start to deal 
with questions of acceptable dose levels. This would also imply that high doses 
of such compounds used in animal studies would be irrelevant to human 
exposure.
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Effect of contaminants at high doses

finally, the problem of Uui pruscncc of impurities in chemicals being sub­
jected to mutagenicity or carcinogenicity testing is pointed out as exempli­
fied by trichloroethylene. This chemical has been reported to produce high 
incidence of hepatocellular carcinoma in both male and female mice but not 
in rats offer high daily oral doses. (Memorandum, HEW, 1975). Pure trichloro­
ethylene has been found to be slightly mutagenic in a modified bacterial liquid 
incubation system (Greim et el., 1975) and noncarcinogerdc in mice and 
hamsters (Henschler et al., 1980). Technical-grade trichloroethylene,; however, 
contains several impurities. Using gas-chromatogrephie mass-spectroscopic 
analysis, Henschler et al. (1977) recently found 10 different compounds in 
trichloroethylene which amounted to 0.6695 of the sample. Two of these, 
namely epichlorohydrin arid epoxybutane, constitute strong alkylating agents 
which have been shown to be mutagenic (Henschler et al., 1977; Pishbein, 
1976) and carcinogenic (IARC, 1976; van Duuren and Banerjee, 1976). It has 
been concluded that the carcinogenic effect of technical trichloroethylene is 
most probably due to these epoxide# which arc' added to several brands for 
stabilization.

This is supported by the observations that hepatocellular carcinomas were 
produced in mice but not in rats (IARC, 1976). Mice show a relatively lower 
activity of epoxide hydrolase, the anzyre* which detoxifies epoxides such as 
epichlorohydrin and epoxybutane fCMffjTl 110<Ta> T” the carcinogenicity studies, 
the animals vere exposed to high nf tri^hiorttAthvlana with concomitant 
high dose of the contaminants. Thus, when only high doses of • chemical
become mutagenic or carcinogenic, possible contamination by impurities has to 
be considered as well.

Conclusions

Firat
Interspecies extrapolation and high to low doses extrapolation of chemicals 

undergoing metabolic activation and inactivation is most complicated. One has 
to consider: (1) Specie* differences in metabolic activation; (2) Species 
differences in metabolic inactivation; (3) Sufficient inactivating capacity may 
almost completely prevent interaction of reactive intermediates with the 
genetic mate'ial; (4) High amounts of a chemical may overwhelm inactivating 
processes with the consequence of disproportionately Increased interaction 
with genetic material.

Second
Several chemicals act by secondary mechanisms which only become effective 

at doses much higher than those to which man is exposed by the chemical.

Third
When only high doses result in toxic effects including mutagenicity or 

carcinogenicity, contribution of impurities have to be considered as well.
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