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Sumumary

¥
Toxicity, including genotoxicity of chemicals, is lrequently affected by 3£>'
metabolic conversion of the chemicals by the host, leading to inactive deriva- j) M
tives. Inactivation mechanisms can be overcome by high doses of a chemical ?_,
resuiting in a greatly aliered dosv—eflect relationship und drustically increased 4’7
toxicity. This is exemplified by the dose-dependent effect of chloroform and &
1,1dichloroethylene in animals, by investigations on the glutathione-dependent
mutagenicity of chlorodinitrobenzene in the Ames test, and by the effects
resulting from inhibited metabolic inactivation of naphthalene in isolated
hepatocytes.
At ltow doses genotoxic effects of chemicals may be prevented by meta-.
belic inaciivation, e.g. chloroprene is mutagenic in vitro bul not curcinogenic,
possibly due to giutathione 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 ceilular epoxide hydrolase
activity in vivo.
Hepatic monoxygenase activity creates mutagenic hydrogen peroxide which
is trapped in vivo by catalase and glutathione peroxidose, Thua, information on
the mechanism and extent of inactivation is essential for extrapolation from
high doses of chemicals used in toxicity situdies in animais to low doses that are
relevant to human exposure.

Introduction

Fop risk cstimoiion of man's exposure o carcinogenic chemicals it is cus-
tomary to exirapc 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 gquestion a linear dose—elfect
relationship.
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An evaluation of these [acts is essential becuuse 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 prosence of mulagenic aclivily in charred fish and beef was pro-
viously reported by Nagao et al. (1977) and Sugimura et al. (1977). Such muta.
gens apparently stem from pyrolisation of the amino acids tryptophan and
glutamic acid (Sugimura, 1978). Nitrosamines present in food (Spiegelhalder
et al., 1979; Scanlan et al., 1980) are constantly formed in the human stomach
when secondary and tertiary amines are ingested together with nitrite {Lijinsky,
1977; Tannenbaum, 1980). Chloroform has been used for many years in tooth
pastes and in cough syrup formulations and it is a drinking-water contaminant
whenever chlorine is added for hygienic reasons (Fishbein, 1979; Stockinger,
1977). Sugimura recently evaluated that by the age of 50 a person has eaten
approx. 10 tons dry weight of food (Sugimurs, 1978). Even though concen-
trations of environmental contaminants in food are very low, their continuous
intake could be sufficient ta cause genetic damage posgibly resulting in the
appearance of cancer.

Models Lo extrapoiate from high to low doses and between specios

Animal studies L0 investigute Lthe potential husards of such chemicaly are
usually performed at relatively high levels of exposure (Crump et al., 1976;
Cornfield, 1977; Scientific Commiltee, 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. ‘I'his is bused on the concept that cancer is induced
after the reaction of a single or several molecules with DNA or other macro-
meolecules 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 ir~plies 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 incidance at low dosas will be a linear function of the high doses,

The formula generally applied in extrupolution {rom high L0 low doses is
(Reitz et al., 1978): Linear £ = 8 X d where P is the fractional incidence of
excess tumors, d the average daily dose in mg/kg and § is a dimensionless
parameter to be estimated from the experimental data. Additionally, a species
cerrection factor can be applied to § 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 {o a carcinogen
than mice or rats. Rall (1960) established this correlation with 18 anti-neo-
plastic agents. They produced, however, direct toxicily, and Rall stated that
these compounds are not invoived 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
ol metubolism must be included into the process of risk estimation,

Reitz ot al. (1978) 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-acetylaminofiuorene and
{richlorocthylene in rats and mice correlated well with the reiative rate of
melabolic activation to a reactive intermediate of each of these chemicals.

The resolution of these spproaches by animal experiments sesems (0 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
Lo be collected. But this would moean measuring low incidences of cancer in
animal populations, say 0—15%, and thess low incidences can only be dis-
tinguished with any degree of statistical certainty from the natural rate of
cancer in animais by trials involving impossibly large numbers of both control
and treated animals. Thus, in practice, only reistively 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 svaluation of mechanisms which may affect the
tumor incidence al low and high doses of carcinogens. This may provide a more
solid basis for the presently highly speculative and unceriain quantitative risk
assessment.

In general several mechanisms are considered to be involved in the inacti-
valion 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 DNA. Some evidence
aléo suggesis that the immune systera can identily 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
vourse of risk estimation.

‘This is explained in more detail by discussing the following points:

(1) Is there any indication of threshoki doses of carcinogenic chemicals in
man due to metabolism?

(2) Are 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 guantitative differences in the
susceptibility of different species to carcinogens?

Indication of threshold doses due to metabolic inactivaiion

(a) Carcinogenicity of estrone

The hormone estrone, for examnple, has been shown by several investigators
to be carcinogeni® when given to laboratory animals in large doses (IACR,
1974). However ewrone is present in very small concentrations in all humans,
vet without demosstrable evidence of harm. It is present in much higher con-
centrations in women than in men which might be at lcast 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 & correlation
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between low glucuronidation capacity and the cccurrence of breast cancer in
women. These authors siudied 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 glucuronides of estrone and estradicl with the
high-risk women exhibiting lower values than the controis. Besides the [inding
of a potantial discriminant [or identifying women at high risk for breast cancer,
this observation strongly indicates that the status of inactivation mechanisms
affects susceptibility to potential carcinogens.

{b) Increased DN A-repair by reactive oxygen species

Recently, we demonstrated that reactive oxygen species, which are formed
dwring monooxygensse-mediated metabolism of chemicals, induce DNA-repair
activity in the human lymphoblastoid cell line NC37 BaEV {Andras and Greim,
1879). This was observed in the course of measuring the induction of DNA.
repair replication by mutagens requiring metabolic activation (Fig. 1). Muta-
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Fig. 1. Repair replication in NC37 SalV edils. C waere (ncubated in she p ot 3 uM Buczos
deoxyuridine and 10 M 3bromodeoxytiidine for 1 h, Aller addilina of 2.8 mM hydroxyures eslls vnu
Inculinted for 3 t with A: NADRYI B: 0.0 g protsin/ml tiver mi of clophen A 63 p

rats + NADFH; C: liver mmmmn » NADPK + 40 uM benzois | pyrene; D: lver miarcsomes + NADFH
+ 4% min mM dimethyl ine, and labelad 0T 4.5 h with 10 uCi [°H)thymidine (40Ci/mmola).
Cails wery lysed in 0.3% sodiumdodesyiny sulfate, di ¢ with p i K (50 ug/ral) and sedi-
m-nud in alkaline CsCl-xradiencs (Andras and Greim, 1979), The loestion of [*H]1-abal st nozmal danaity

11 with the sheorb peak) s indicative Jor reparr ion.
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gens juch as benzo(a]lpyrene and dimethylnitrosamine induce repair activity.
However, in control experiments without the mutagen a marked incorporation
of repair label was observed. The incubate was comprised of washed micro-
somes 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 depandent on
the presence of microsomes and NADPH, and was reduced to 50% by the meta-
bolie inhibitor SKF 625-A. This highly indicates that hydroxyurea-induced
repair is a consequence of microsomal monooxygenasa-mediated metabolism,
Since addition of glutathione (GSH) and superoxide dismutase reduced and
catalage prevented hydroxyureasnduced DNA repair, hydrogen peroxide
{(Hs0,;) or reactive oxygen species deriving from H,0. are likely to be the
genotoxic agents, As H,0, production generally occurs during monooxygenase
function (Ilildebrundt and Roots, 1975;Jones ct al., 1978) we investigated the
effect of ethylmorphine. Accordingly, ethylmorphine induced DNA repair in
the test system but the effact was prevented in the presence of catalass (Fig, 2).
Other in vitra cell systoms, c.g. human A549 lung tumor cells, apparently have
a sufficient H,Q;-inactivation capability as these sysiems 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 H,Os-inactivation must be present in vive Lo preveni ruaclive
oxygen species from exceading a no-effect concentration and thus preventing
genotoxic effects.

(¢} Chloroprene: Mutagenicity but nc carcinogenicity
Further evidence for no-effect levals due to metabolic inactivation is given
by toxicity studies on chloroprene (2-chloro-1,3-butadiene).
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0

AP00010636




131

Chloroprene is a resctive 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;
Ponemsrkov and Tomatis, 1980). Bartsch et al. (1975, 1979) have demon-
strated a slight mutagenicity of chioroprene in Salmoneils typhimurium strains
without metabolic activation. Mutagenicity was increased about 3.fold in the
presence of SO 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-dichloroethylene, 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 igolated rat hepatocytes and in the whole animal (Summer
and Greim, 1980),

Similar to the rat liver, cellular glutathione decreased in isolated rat hepato-
cytes to about 50% of the control values within 15 min in the presence of
3 mM chloroprene (Fig. 8). This depletion was concentration«lependent and
increased with time. In hepatocytes of animals pretreated with phenobarbital
or Clophen AS0, 3 mM of chloroprene almost completely depleted glutsthione
within 30 min.

This strongly indicates that a Phase ] reaction, presumably epoxide for.
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mation which is enhanced after Clophen A50- ar phenobarbital-pretreatment,
procedes glutaithione conjugation.

Glutathione-dependent detoxification in the animal was further verified by
determining urinary thicether excretion comprised of GSH conjugates and
mercapturic acids. Chlotoprene administration to rats resulted in s dose-depen-
dent increase in the exerelion of urinary thioothers (Vig. 4). "This increase was
reversible and completed within 24 h at all dose levels administered. At dose
levels of 50 and 100 mg chloroprene/kg, the additional excretion of urinary
thioethers was almost 200 and 450 umoles/kg daily, respectively.

It is to be noted that no linear dose—response relationship was observed in
thicether excretion, indicating that at higher doses of chioroprane the svaila-
bility of cellular glutathione becomes rate-limiting.

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

L{locls of high doses on metabolism

(a) Qverwhelmed metabolic inactivation

The latter obsecvation suggests that high doses of a chemical may have
othier biologicul effecls than lower doses by overcoming metabolic inactivation
mechanisms.

Vinylidene chioride {1,1dichlorcethylene) is also conjugated to glutathione.
in the rat, glutathione iz depleted by exposure to high levels of 1,1-dichloro-
ethylene (Jaeger et a&l., 1974). Festing 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) ceported that a sudden disproportionate inercuse in macromolecular
binding of 1,1-dichioroctiiylene metabolites occurred when glutathione was
depleled by more than 30%. These observations are strongly in favour of Lhe
protective function of such inactivating systems.
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Fig. . Chloropzene-dependent sxaretion of thiowihers (n the urine of rats, Chiorop. was i red
in olive ol by stomach tube. Duls Iepresant meang ¢ $.D. from 4 arumais.
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(2) Naphthalene: Protein binding and conjugation

Isolated hepatocytes metabolized naphthalens to water-soluble compounds
(Schwarz et al., 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 metabolites. For-
mation of water.soluble compounds and binding was due to metabolism since
frozen-thawed cells in the presence of 1 mM SKF 525.A showed neither
formation of water-soluble compounds nor binding to cellular macromoleculas.

Conjugation with UDP-glucuronic acid and sulfate is one of the main path-
ways of naphthalene metabolism in hepatocytes (Bock et al,, 1876)., We in-
hibited these conjugetion mechanisms by interfering with the synthesis of their
respective co-factors. Addition of D-galactosamine 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'.phosphoadenocsine-S-phosphosulfate (PAPS) and, thereby, sulfation
(Schwarz, 1980). Incubation of hepatocytes in & sulfate-free medium in the
presence of 3 mM D-galactosamine did not affect formation of water-soluble
metabolites from naphthalene. Howavaer, a drastic increase in covalently bound
metabolites was demonstrated (Fig. ).

fL is ovident from this thut cellular formution of reaclive and toxic specics
of chemicals is {requently counteracted by metabolic detoxification. A dis-
propertionate increase in the toxic effects can occur when high concentrations
ol » 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 ithe urine when low therapeutic doses are given.
Administration of high doses, however, overwhelm renal clearance and cause
a disproportionate incresse in toxic metabolites which rouct with macro-
molecules. Moreover, bromobenzene is metabolized in the liver to the reactive
3.4-bromobenzene oxide. This molecule is detoxified by glutathione con-
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Fig. 6. Lllfeet of 3 mM D-gelastosamine (Degs) und sulf iepleti om Lre biading af {1*C}
naphibaleae, Hepatocytas were ppured fom 200 3 lpnau—nnvuy mis by ia situ perfusion with
eall R tes (1.28 X 10° salls) were Ineubated in Waymouth MB 752:1 medium in spinner
fusks, Malabolism wes 30DDMM with fcecold A-hexane.“Weler soluble metabolites” of naphihiniens
waere quantified by liquid-scintliation amuunu of the water plu- pl\u lzed NaOH extract of Lhe
orzani¢ phase coplaining the phsnoll. To le binding o) 'C radicactivity,

0.5 mil of the cell suspension was sonifiad twice with 0.3 mi ethanol, The
wure performed as previously described {Hesss et ol., 19T8).
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jugation. When high doses of bromobanzene are given, glutathione is depleted
and the reactive metabolites interact with cellular macromolecules (Gillette,
1974a, b). Other chemicais for which there is evidence that high doses cause a
disproportionate incresse in toxicity and peossibly carcinogenicily are aspirine,
salicylamide, acetaminophen, styrene, ethylens glycol and aniline (Gehring at
al,, 1978),

(b) Impaired metabolic activation

On the other hand, potential carcinogens not only overwhelm inactivating
capabilities but aiso inhibit metabolic sctivation reactions. The animal bio-
assay results on vinylchloride of Maltoni {1977), Lee et al, (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 are saturated. Bolt et al,
(1980) observed no further increase of DNA and protein-bound vinyl chloride
melabolites in rats beyond a certain level of exposure. A similar effect is

reported ml;‘h_fé&%wm Uguzio el al. (1972). A preceding low
?< dose of CC ilicantly increased the LD;, of rats when a high dose was given

thereafter.
Modification due to species differences in metabolism

Morvover, species diflerences in the metabolic activation and inactivation
systems [urther complicate extrapolation from high doses given in animal
studies to the low doses t¢ which man is exposed.

Severa! well-established examples indicate qualitative and quantitative
species differences in the activating and inactivating metabolism interfering
wilh the cupability of the reactive intermediutes to bind to the genetic material.

(a) Species differences in metabolic activation

(1) 2-Acetylami ofluorena

For example, E{"lsmumimﬂumm&). a strong hepatocarcinogen in
male rats, is withcut effect in guinea pigs. 2-AAF is an indirect carcinogen,
It requires aromatic N-hydroxylation forming the N-hydroxy-2-AAF (Miiler
et al,, 1961). Since guinea pigs do nol have this cnzyme this species is inscnsi-
tive to the carcinogen although they develop tumors when the N-hydroxy
product is given (Miller ot al., 1964).

Othur species differences in the carcinogenicity of 2-AAF canaot be related
Lo this activaling mechanism. Howcver, carcinogenicity of 2-AAY is also
dependent on the formation of a sulfo-derivative. This reaction is catalysed by
a Nogulfotransferase which differs quantitatively in saveral animal species.
DeBaun et al. {1970a, b) datarmined the activity of thiz enzyme and were able
to explain further the species dilferences of 2-AFF curcinogenicity (Table 1),
Male rats, which are highly sensitive to this carcinogen, possess a high sulfo-
transferase activity. It is low in fernale rats and in mice of both sexes which are
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TABLE L

HEPATOCARCINOGENICITY OF 3-ACITYLAMINOFLUORENE AS RELATED TO SULFO-THANS-.
FERASKE ACTIVITIES IN SEVERAL SPECIES

v Baun ot al,, 15708, b,

—

= N et Eat farass setivity®

Rat M -+t 3.0
F + 40 )

Muouse ] + 0.5 .
r + os

Guines pig M - 0.3

T .0

* Gmeles /0.04 ml yup pet 20 min.

less nuceptlblc than the male ilt. The other spacies tested which have moderate
or lower sulfotrsnsferase activities are not known to produce hepatocarcinoma
due to 2-AAF,

(2) Chioroform
Morcover, not only qualitative but also quantitutive dilferences in the meta-
bolizing rate exist between the different animal species and man. Several inves.
tigutors have siudied the metabolism of chloroform in rats and mice and have
concluded that mice metabolize chloroform more rapidly than do rats (Pohl,
1979). The most rompicle sludics are those of Brown et ul. (1874) who
administered a 60 mg/kg dose of chloroform orally to rats, squirrel monkeys
and 3 strains of mice (Table 2). Very little unmetabolized chloroform was
recovared from the mice. la the rut, 3 limes us much unmelabolized chioro-
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 thesc investigations was only T mg/kg. Thus, the
relutive amount of chlorolorm 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 ¢ al, {1877) who observed that man normally metabolizes

TAMLE t*

INTERSPECIES DIFFIRENCES IN CHLOROCFORM METABOLISM AS DETERMINID EY URINARY
EXCARTION OF THE UNCEANGED CHEMICAL

Qral doee Unchanged CHCL, oxereiod
{mg/kg) ." of dom)

Mouse 0 1 ]

Rat 0 30

Mankey [ ] bl |

Man T 11—48

2 Moditied trom Reiws ot al, (1978).
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materials much more slowly than the small laboratory animals such as mics or
ruts. Consequently, a direct extrapolation from carcinogenicity lesis on chioro-
form in mice or rats would overestimate the risk of man to this potential
carcinogen.

(3) Halogenated cthylenes

In addition to chloroform, there are several other exampies where the rela-
tive carcinogenicity of chemicals correlates well with their rate of activation
to a reactive species. 1,1-Dichloroethylene is metabolized mors extansively in
the mouse than tn the rat (McKenna et al., 1977). Correspondingly, tumors
have been observed in mice exposed to 1,l-dichlorosthylene (Maltoni, 1977),
wheress in rats, sithough conflicting resulits sppeared, 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 BEC3F1l mice but not in Osbom—
Mendel rats (Natl. Cancer Inst., 1978). This again correlated with the greatar
cupacily of mouse microsomes (o catalyze binding of urichloroethylene
metabolites to DNA (Bannerjee 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 differancas in metadbolie ingetivation

(1} Aflatozin B,

In addition, there is also evidence that species differences ol inactivating
mechanisms such as binding of the reactive intermediates with glutathione
modify adverse effects of chemicals. The hepatotoxic and carcinogenic effects of
afluloxin B, are attributed Lo the reactions of metabolically formed AF B,-2,3-
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. Recenlly, Degen and Neumann (1978) lound that AF B, -cpoxide
is inactivated by conjugation with giutathione, Degen (1979) haa since reported
that mouse-liver preparations most effectively catalysed the formation of the
glutathione conjugat:. These results support the view that the lower suscepti-
bility of mice is not & result of less effective aclivation but rather of more
effective inactivation of the reactive AF B, intermediate due to the formation
of glutathione conjugatas.

(2) Styrene epoxide hydrolose

Oesch (1980}, Oesch et al. (1973, 1974) and Jerina et al. {1977), studying
the effects of microsomeal epoxide hydrolase activity, further stressed the
importance of cansidering species dilferences in metaholic inactivation. The
hydrolase generally converts reactive epoxides into more stable dihydrodiols
(Jerina et al., 1877) which are frequently further conjugated with glucuronic
acid (Oesch, 1980). For example hydrolase activity is invelved in the bio-
transformation of styrene (Laibman, 1975), It is highly suggested that hydro-
lase activity being prusent in the 89 fraction prevents styrene [rom being muta-
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genic in the plate<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 (Mily and Garro, 1976),

Epoxide hydrolase generally plays an important role in the inactivation of
many aromatic and olefinic compounds of industrisl interest. Since man has
2 much higher hydrolase activity than most of the investigated lsboratory
animais (Oesch et al., 1974) it is to be expected that man is the lult unntwe
to such compaunds. o

Wae can oconclude the following from the experimental dats prihu i3 Mct—
abolism plays an important role in the carcinogenic or mutagenic nf\rlty of
chemicals. It is species-dependent, can be influenced by the dose of tie chemi-
- cal administered, and thus has to be considered in extrapolation froni the high
dou;.gvon to the experimental umnd to the low Qdoies to which man is

Regarding metabolism, roughly 4. uoupo of chemicah can be differentiated:

{1) Compounds which undergo neither metabolic activation nor significant
{nactivation, e.g. mathyl methanesuifonata.

(2) Compounds which only undergo metabolic activation, e.g. dimethyl-
or disthyl-nitrosamine.

(3) Compounds which only undergo metabolic inactivation, e.g. N-methyi-
N'-nitro-N-nitrosoguanidine.

{4) Compounds which undergo hoth metabolic activation and inactivation,
«.g. viny! chloride or chioroform,

For risk estimalion, it is sppurent that linear extrapolation from high to low
doses and from cme animal species to another is only possible for compounds
of Group One which require neither metabolic activation nor inactivation.

Apparent spacies differsnces in the metabolic activation and inactivation
systam have t0 be considered conceming compounds of Groups ‘Two to Four.
Extrapolation can be further complicated when high doses of the chemical
inhibit or overcome mutabolic activation or inactivation.

"11

Carcinnogens acling by secondary mechanivms

Another group of compounds induces tumors by secondary mechanisms,
for axamplo, by suppressing production of hormones or by inducing necrosis
at high dosas which finally resuits in tumor formation.

Several chemicals inhibit function of the thyroid gland. These goitrogens
induce tumors by’ a secondary mechanism. Thiourea blocks thyroxin synthesis
by specific inhitition of iodine peroxydation {Davidson et al., 1979). As a
conssquence, insufficient amounts of thyroxin are produced by the thyroid
gland leading to an Increassed hormonal stimulation of the thyroid by the
hypophysis. This results in a hypertrophy of the thyroid, and after continuous
exposure, thyroid adenoma appears (LARC, 1974). Finally, carcinomas of the
thyroid are observed. At the lower doses of thioures 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 0.25% thiourea (Purves and Griesbach, 1947). This dose is equivalent
to approx. 100 mg/kg daily. When administered as a drug, repeated daily intake

it
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of approx. 10 mg/kg was gaitrogenic. Presently, thiourea is used as an industrial
chemical only and sullicient measures to protect man ual 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 casily be delected.

Nitrilotriacetic acid and chlorothalonil, both axcreted almost quantitatively
via the kidney, induce urinary-tract tumors which have besen preceded- by
tubular necrosis (Natl. Cancer Inst.,, 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 coccur. When higlh 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-
turis. Both symptoms, cristaliuria and hematuria, have been abserved when
high concentrations of such chemicals are given. During long-term feeding of
high doses to animals, tubular necrosis preceded renmal-tumor formation
(Anderson and Kanerva, 1878). At lower doses which do not induce tubular
necrosis, neither cristalluria nor hematuria, renal necrosis or kidney tumors
have been cbserved.

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 ot al,, 1975; Oser et al.,, 1975). Both substances, when given in large
quantities to animals, increase the urinary pH substantiaily. This gives rise, at
least in the case of saccharin as well as nitrilotriacetic acid, to subepithelial
microcaiculi { Anderson and Kanerva, 1978; Armstrong, 1977).

It has been demuastrated 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 4 dosge-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 the buffer systems in the ozganism and in the urinu 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 considerution requires more basic research than is presently
available and, if true, we would be dealing with at leust 2 classes of carcinogens.
One group includes the classical type of the electrophilic reactants which react
with target nucleoptdles resulting in mutagenic or carcinogenic effects. For
these mechanisms sc¢ far there it no clear avidence for a threshold. Another
group of compounds which indirectly induce tumors by other mechanisms
associated with extremely high doses are likely to have a threshoid dose. These
considerations have been taken into account only marginally so fsr. If this
hypothesis can be clearly established, then it would be possibie to deal with
different classes of chemicals that induce tumors und one can start to deal
with guestions of acceptable dose levels. This would also imply that high doses
of such compounds used in animal studies would be irrelevant to human
expasure.
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Effect of contaminants ai high doses

Finally, the problem ol the preseace 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 after high daily oral doscs. (Memorandum, HHEW, 1978), Pury irichloro-
ethylene has been found to be slightly mutagenic in & modified bacterial liquid
incubation system (Greim et al., 1975) and noncarcinogenic in tix, mice and
hamsters (Henschler ot al., 1980). Technical-grade tﬁehlomthyhnn. ‘however,
contairis several impuritm Using gas-chromatogrsphic mm-upbctrowopic
analysis, .Henschler et al. (1977) recently found 10 different compounds in
trichloroethylene which armounted to 0.85% of ths sample. Two of these,
numely epichlorohydrin and epoxybutane, constituts strong alkylating agents
which have been shown to be mulagenic (lHenschier ct al., 1977; Fishbein,
19768) and carcinogenic {(IARC, 1976; van Duuren and Banerjee, 1976). It has
been concluded that the carcinogenic effect of technical trichloroethylene is
most probubly due Lo these epouxides which are’ added W several brunds for
stabilization.

This is supported by the cbsarvalions that hepatocellular earcinomas were
produced in mice but not in rats (LARC, 1976). Mice show a relatively lower
activity of apoxide hydrolase, the enzyme which detoxifies epoxides such as
epichlorohydrin and epoxybutane the carcinogenicity studies,

the animals s ere exposad to high of trichlorcethvlane with concomitant
high dose of the contaminants. Thus, wheh only high doses of @ chemicsl

become mutagenic or carcinogenic, possible contamination by impurities has to
be considered as weil.

Conclusions
First

Interspecies extrapolation and high to low doses extrapolation of chemicals
undoerggoing motabolic activation and inactivation is most complicated. One has
to consider: (1) Species differences in metabolic activation; (2) Species
differences in metabolic inactivation; (3) Sufficlent inactivating capacity may
almost completely prevent interaction of reactive intermedistes with the
genetic mata-ial; (4) High amounts of a2 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 effactive
at doses much highar 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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