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5.

Oe warking van de tumor-promotor dieldrin berust op een
irreversibele versnelling van de oncogenese in de levers van
CF=1 muizen,

dit proefschrift

Dieldrin veroorzaakt een discrepantie tussen de chronologische
en biologische leeftijd van de lever; de grote gelijkenis
tussen de tijdverschuiving bij de tumor-vorming en de poly-
ploidisering duidt op een oorzakelijk verband tussen beide
fenomenen.

dit proefschrift

De bepaling van de hepatocellulaire polyploidiseringsgraad in
muizen biedt goede perspectieven voor de ontwikkeling van een
toets voor de screening van stoffen op levertumor promoverende
eigenschgppen.

dit ppoefschrift

De polyploidisering van hepatocyten ten gevolge van dieldrin
behandeling komt voornamelijk tot stand door DNA synthese en
veel minder door kernfusie.

dit preoefschrift

Tumor-promotoren zijn niet in staat in cellen of organen
nieuwe karakteristieken te introduceren; bun werking berust

op de beinvloeding van bestaande fysiologische mechanismen.

Apoptosis (controlled death) van cellen in lever foci na be-
eindeging van de behandeling met tumor-pramotoren {Bursch et
al.) kan, gezien de irreversibele effecten van zowel dieldrin
(dit proefschrift) als phenmobarbital (Peraino et al.) op de
levertumor ontuikkeling, het ogenschijnlijk verdwijnen wvan
deze foel niet verklaren.

V. Bursch, 8. Lauer, 1. Timmermann-Trosiener, G. Barthel,

J. Schuppler and R. Schulte-Hermann. Carcinogenesis 5
(1984) 453-458.

C. Peraino, R.J.M. fry, and E, Staffeld. Cancer Res. 37
(1977) 3623-3627.
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Bij het onderzoek near de mutagens werking van esn stof dient
de 59 mix bij voorkeur te worden bereid uit een met dezelfde
stof geinduceerde lever. '

De eonclusie van Silber et al. dat de genen voor L- an K-
pyruvate kinase isoenzymen niet gelijktijdig actief zijn omdat
er geen L=K hybride van dit emzym in hepatocyten voorkomt is
voorharig. ' \

D. Silber, E. Checinska, J. Rabczynski, A.A. Kasprzak and
M. Kochman. Eurcp. J. Cancer 14 (1978) 729-739,

De door de EG vastgelegde maxiwmaal toelaatbare concentratis
voor bestrijdingsmiddelen in drinkwater (0.0001 mg/l) houdt
onvoldoende rekening met de toxicologische heterogeniteit
van deze stoffen.

Het bestaen van een of meerdere z.g. Super Attracter(s)
(Dressler et al.) zou zowel de beweging van de melkweg t.o.v.
de achtergrond straling als ook het theoretische tekort aan
(waargenome) massa in het heelal kunnen verklaren.

A, Oressler, 5.M. Faber, D. Burnstein, R.L. Davies,

0. Lynden-Bell, R.J. Terlevich, and G. Wegner. Astro-
physical J. 313 (1987) 37-42.

Bij de bepaling van de "acceptable daily intake™ voor lichesams-
vreemde stoffen (1/100 van de "no observed effect level") wordt
onvoldoende rekening gehouden met mogelijke synergetische
effecten van de steeds groter wordende aantallen lichaamsvreemde
stoffen; hierdoor kunnen risico’s voor de gezondheid onderschat
worden . ' '

Astrologie oefent op vele mensen dezelfde facinerende werking

uit als "roddelbladen™ en heeft inhoudelijk dezelfde waarde.

Ben van Ravenzwaay

Mechanistic and Quantitative fAspects of Liver Tumour Promotion in Mice
13 mei 19B8B
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1. INTRODUCTION

1.1 General Intreduction and Objectives of the Study

Some features that make cancer cetls different from normal cells are:
1) Cancer cells grow and divide with 1ess restraint than normal cells in
which division is closely regulated,
2} Cancer cells are, more or less, dedifferentiated and therefore do not
perform all of their normal functions.
J} Cancer cells are immortalized and therefore do not die on schedule.
The result of these cellular characteristics is an overgrowth {tumour) of
misfunctioning cells that interferes with the activities of normal cells
and tissues.
The eukaryotic cell cycle (Fig. 1) can be divided inta 4 phases:
- Gl, as the period between mitosis and the beginning of DNA syntheses,
- 5, the period of DNA synthesis,
- G2, the premitotic interval,

- M, the period of mitosis.

ayntnens

ot

Go

\_,/ Frshing phase

Fig. 1. Eukaryotic cell cycle.

10



5, G2 and M periods are relatively constant in most cells (Pardee, 1978)
whereas the length of the Gl phase can vary considerably in different cells
(Gross, 1968). It was thus hypothesized that tumour growth would result
from a shortened G2 phase. However, it was observed that the cell cycle of
cancer cells is, generally, not shorter than that of normal cells (Braun,
1974), contradicting the aforementioned theory. Since cellular division in
cancer cells is not faster than in normal cells, tumour growth could occur
when cells divide without needing to do so. In adult animals, cells divide
only to replace other cells which were lost, in this way a tight balance
between cell loss and gain is maintained. Tumaur growth thus takes place
because cancer c¢ells divide, although there is no need for such a division.

Many studies have clearly demonstrated that numerous cellular consti-
tuents narmally present during embryonic or fetal 1ife, but absent in
tissues or organs of mature individuals, reappear in neoplastic tissues.
Among the common features of embryonic and neoplastic cells are: a-feto-
protein (Abelev, 1963), carcinoembryonic antigen (Fischman, 1976) and
several isoenzymes, such as pyruvate kinase-K (Weinhouse, 1972), lactic
dehydrogenase-M4 (Fischer, 1983) and aldolase-A (Schapera, 1973). The loss
of tissue specific functions, with a concomitant re-expression of fetal
gene products, has been found to be more pronounced inm tumours which are
more malignant (Wilis, 1967). Apparently, an inverse relationship exists
between differentiation and cellular division (Fig. 2).

The fetal characteristics of cancer cells have initiated many investi-
gations concerning the role of stem cells, i.e. ¢ells which have retainted
their proliferative capacities and which are not fully differentiated, in

carcinogenesis.
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Fig. 2. Characteristics influenced by the state of cell maturation.

From such studies on testicular teratocarcinoma {Pierce, 1967), Pierce
(1970) concluded that in carcinogenesis the target cell is the stem cell
normally present in tissues. This concept therefore excludes adult or
mature cells as possible targets for neoplastic transformation. A somewhat
different concept, along the same line of reasoning, was developed by
Potter (1969) and Potter et ai. (1972), which was formulated as: "Oncogeny
as blocked ontogeny". In their view, cancer would develop if stem cells (or
other cells with proliferative capacity) are arrested in their differentia-
tional development, and are thus forced to display a higher rate of proli-
feration (see Fig. 2). This hypothesis could explain the large diversity of
neoplasms, ranging from "minimally deviated" to highly malignant varieties,

Both the aforementioned hypotheses infer that cancer originates from
cells which were not fully differentiated. The question whether or not

differentiated cells can undergo dedifferentiation and transformation re-
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sulting in cancer, has been discussed with some controversy among cancer
biologists. There is, however, some evidence for the reversibility of diffe-
rentiation (Yamada, 1967; Burgess, 1974; Stone, 1950). Probably the best
investigated model for the reversibility of differentiation is liver re-
generation in rodents after partial hepatectomy. Bresnick (1971) summarized
several cellular morphological alterations after partial hepatectomy which
were also found in fetal hepatocytes. Most of these changes were also ob-
served in preneoplastic nodules in rats treated with the carcinogen diethyl-
nitrosamine (Bruni, 1973)., Furthermore, a step-wise dedifferentiation of
enzyme activity after partial hepatectomy has been reported (Curtin, 1983),
which resulted in a similar enzymic pattern of regenerating, fetal and neo-
plastic liver. It would thus appear that differentiation in hepatocytes is

a reversible process, wh%ch suggests that all hepatocytes could be a target
for carcinogenic action. In this context, Uriel (1969) has advanced the
thesis of "unbalanced retrodifferentiation" which holds that during the
preneoplastic phase of liver carcinogenesis, hepatocytes retrodifferentiate,
without the compensatory differentiation thereafter {Uriel, 1975).

The presented hypotheses "oncogeny as blocked ontogeny" and “unbalan-
ced retrodifferentation” do not address the guestion as to whether a change
in the genetic information (mutation) is involved in carcinogenesis or
whether persistent alterations in the expression of the genetic information
already present (i.e. an epigenetic mechanism) are sufficient to result 1in
a neoplasia. Many investigators have proven beyond doubt the importance of
mutagenic mechanisms involved in carcinogenesis. The close resemblance
between tumour cells and fetal cells, however, suggests that changes in the
expression of genetic information a1readj present in the nucleus, may also

piay an important role.
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Objectives of the Study

Many drugs, insecticides, food additives and other chemicals are known
to induce characteristic changes in the livers of laboratery animals. These
changes include liver enlargement, induction of microsomal enzyme sytems
and proliferation of the smooth epdoplasmic reticulum (Goldberg, 1966; Kunz
et al., 1966; Wright et al,, 1972). These changes are not accompanied by
evidence of liver damage and are reversible upon withdrawal and elimination
of the compound (Goldberg, 1966; Wright et al., 1972). Consequently, these
changes are likely to be adaptive responses of the liver to increased
functional demands. However, prolonged exposure of various strains of mice
to xenob%otic compounds has been shown to result in increased freguencies
of liver tumours in these mice (Peraino et al., 1973; Walker et al., 1973,
Ruebner et d].. 1981). k
Several mechanisms have been proposed to explafn the tumorigenic effects
of microsomal enzyme inducers in mouse liver:

1) Microsomal enzyme inducers may enhance or facilitate the expression of
a pre-existing oncogenic factor,

2) Microsomal enzyme inducers may be weak carcinogens themselves, and are
only detected in susceptible species,

3) The induction of microsomal enzyme systems could render the liver more
susceptible to tumour formation as a result of increased capability to
synthesise proximate or ultimate carcinogenic forms from environmental
pre-carcinogens.

The last possibility was extensively studied using dieldrin as a microsomal

enzyme inducer and CF-1 mice as experimental animals (Tennekes et al.,

1981). No difference in liver tumgur incidence were observed hetween CF-1

mice bred, reared and maintained on a semi-synthetic diet and filter-paper

bedding, and those exposed to a conventional diet and sawdust bedding.
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Dieldrin was found to he equally tumorigenic in both environments.

The dose-response characteristics for chemically induced tumour formaticn
have been elucidated by Druckrey and co-workers (Chapter 2.2), who demon-
strated that carcinogens interact irreversibly with their specific recep-
tors, and that the result of this interaction is also irreversible, re-
sulting in a time-dependent reinforcement factar "n". Since no evidence
has been found for irreversible interactions of microsomal enzyme inducers
with cellular components, it is conceivable that enhancers of carcinoge-
nesis display different dose-response characteristics.

V The first objective of this study is to establish whether dieldrin
should be considered as & weak carcinogen or as a tumour promotor. To dis-
c¢riminate between these possibilities the dose-response characteristics of
dieldrin-enhanced Tiver tumour formation in CF-1 mice had to be established.

The second objective of the present study was to establish qualitative
and quantitative 1inks between the functional pressure, polyploidization
and liver tumour formation in CF-1 mice, using dieldrin as a model compound.
Previous studies (Wright et al., 1972; Tennekes et al., 1981) have shown
that the induction of liver enlargement and of microsomal enzymes is
strictly dose-dependent and, most importantly, time-independent.

The enhancement of polypleidization of T1iver nuclei in mice exposed to
microsomal enzyme inducers may not follow this pattern. Polyploidization in
mice increases in the course of time (Shima and Sugahara, 1976) as well as
with microsomal enzyme induction (Bdhm and Noltemeyer, 1981; Schulte-
Hermann, 1979). Thus, like the formation of liver tumours, pelyploidizatien

is a dose- and time-dependent process.
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1.2 Dose-Response Relationships in Carcinpgenesis

As the quantity of experimental results threatens to obscure the
general view on the subject, the need arises to bring order into the seeming
chaos. Mathematics is the only "language" that will enable us to give an
exact representation of the subject.

For quantitative studies on the effects of xenobiottic compounds on
carcinogenesis, knowledge is required cencerning the pharmacokinetics of
the applied compound.

When an {experimental)} animal is exposed to a {foreign) compound, re-
sarption is the first process to influence the ultimate effect of the com-
pound. The second process is the distribution of the compound in the body
with concomitant excretion and metabolism. Both these processes determine
the dose which may ultimately reach the target cell (with 1ts specific re-
ceptors). The reaction of the compound with specific cellular receptors is
the third step, and the effect of the compound-receptor interaction is the
fourth, and last, step which then may result in a bialogical reaction of
the cell.

Druckrey and Kupfmiiller (1949) gave a theoretical explanation for
different dose-response relationships, based on the experiments of Clarke
(1937). According to them the biological response of the cell, when exposed
to a concentration C at the site of interaction, depends firstly on the
reversibility of the compound-receptor interaction and secondly on the re-
versibility of the effect of this interaction. Three different types of
dose-response relationships can be distinguished:

1. When the time constant Tp for the reversibility of receptor binding is
smatl, i.e. the compeund-receptor interaction is quickly reversible, and
the time constant T, for the reversibility of the effect is aiso small,

i.e. the bialogical response caused by receptor binding is quickly re-

16



versible, then the biological response is proportional to the compound
cancentration ("Kenzentrationsgift"). Therefore, the response will he
completely reversible after elimination of the compound.

{Fig. 3, curve 1)

2. When either receptor binding or the effect of receptor binding is irre-
versible, the biological response will depend on the concentration as
well as on the duration of treatment (“c-t-Gift"). In both cases the
response will be additive and irreversible.

{Fig. 3, curve 2)

3. When both receptor binding and its effect are irreversible, then a time-
associated acceleration of the bivlogical response would take place
("Verstdrkerwirkung"). Such a dose-response relationship would imply
that the effect of a low concentration of the compound, which may not
produce a significant response during the initial phases of treatment,
will be ampiified in time and result in an increasing response (Table I,

Fig. 3, curve 3}.

Table E. The theoretical basis of dose-response relationships. according o H.Druckrey and K. Kiipfmiller {1949y°

Reversibility of Recepior binding in Reversibility Effect in relation lo Effect in relation to Dose-response characieristios
receptor binding relation to compound ol the effect receptor binding compound concentration
concentration

Ty—~0 Cp=~ ¢ T,—0 E~ Cy E~ « Dose-dependent
1" Konzenirationsyilt'

Tg—0 Cp~ ¢ T,—= E-~{Cq i E-{¢ad Dose- and tink-dependent
e -Gty

Tg— Cp~|cd T,—-0 E~ Cy E~fcd Dose- and Linse-dependent
tet.-Gitl)

Tp=—oe Cr-| o T—w E-fCy & E-flc & Dosc: and 1ime-dependem

timwassociated ueceleration
¢ Verstarherwirkung 'y

Ty = time constant for the reversibility ol receptor binding: T,~ = time constant for the reversibility of the offect, ¢ = compound cofcentration. Cp =
cotcentration of receptor binding: E = ctfect.

17
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Fig. 3. Time-effect relationships for the three basic compound-receptor

interactions.

In studies concerning the carcinogenic effects of 4-dimethylamino-
azobenzene (4-DAB) on rat liver, Druckrey (1943) and Druckrey and Kupf-
miiller {1948) reported that the dose-response characteristics of this com-
pound in the range of 10-30 mg/day can be expressed as "c-t=constant”,
This indicates that (Tiver) tumour formation is associated with a constant
total tumorigenic dose. Moreover, it was concluded that this carcinegen
acts irreversibly and cumulatively. At a treatment level of 1 mg/day, how-
ever, a remarkable deviation from the ¢-t=constant relation was observed.
At this dose level (liver) tumour formation was observed after the applica-
tion of a significantly lower total tumorigenic dose, when compared with
the 10-30 mg/day treatment Yevels. In other words, the tumour induction
period was shorter than expected for a "¢-t=constant" relationship, In

later studies (Druckrey, 1951; Druckrey and Schmdhl, 1962) it was observed

18




that the effects of low-dose carcinogen treatment on tumour formation were
accelerated in time (irreversibility of both receptor binding and its
effect) and that the formulated "c-t=constant" relationship was not cor-
rect. It was merely due to the extreme low reinforcement factor of 4-DAB
that an apparent "c-t=constant" relationship was observed. In a review of
his own work and that of others Druckrey (1962) formulated the equation:
d-t" = constant (1)
where d = dose of the carcinogen, t = time period to 50 % tumour incidence
and n { 1) = a factor expressing the acceleration of carcinogenic process
in time (reinforcement factor). As can be seen in Table II, "n" varies

hetween 1.1 and 4,7 for different carcinogens and experimental animals.

Table II. Druckrey's "n" (reinforcement factor) for several carcinogens

Carcinogen Animals "p" Reference
Methyicholantrene mice 2.1 Horton and Denman {1955}
4-dimethylaminoazobenzene rats 1.1 Druckrey et al. (1943,
1948)
3,4 benzo(a)pyrene mice 4.0 Poel (1955}
3,4 benzo(a)pyrene rats 4.7 Bryan and Shimkin (1943)
1,2,5,6 dibenzanthracene rats §.7 Bryan and Shimkin (1943)
diethylnitrosamine rats 2.3 Druckrey et al. (1963a)
dimethylaminostilbene rats 3.0 Druckrey et al. {(1963b)
u.v. 1ight { 312 my) mice 2.0 Blum (1959)
diethanolnitrosamine rats 4.0 Druckrey et al. (1967)

In equation (1) a quantitative relationship between tumour formation
and the dose level of a carcinogen 15 expressed. Tumour formation can be
regarded as a process running at a certain velocity and should therefore
be measured in units of reciprocal time. In Druckrey's words: In my re-

ports I have clearly demonstrated, theoretically as well as experimentally,
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that the latency period can be regarded as an expression of the velacity of
the carcinogenic process. In the equation however, this fact is not taken
into account. Rather, log reciprocal D versus log T was chosen, because the
resulting equation appeared to be simple and expressive. These matters
were, 25 years ago, anyhow so novel, nearly shocking. The scientific
carrect expression would have been:

(1/T)" = keD (2)
which would hardly have been understood (Tennekes, personal communication
with Druckrey).

The Druckrey equation not only holds for cpronic exposures but was
also found for single-dose experiments (Druckrey, 1967).

The fact that even a single dose of a carcinogen ﬁay lead to tumour
formation emphasizes the potency of the reinforcement factor, as predicted
by Druckrey and Kupfmiiller (1949) in the event of irreversibility of both
receptor binding and its effects.

The possibility of inducing tumours with a single dose of a carcinogen
was used by Druckrey et al. (1967, 1970) to study the sensitivity of ex-
perimental animals to carcinogens in various phases of 1ife. Some of the
results obtained in these experiments are sumarized in Table III.

Table IIl. The effects of a single dese of ethyl-nitroso-urea (20 mg/ky
body weight) on rats of several ages

Age Medium Tumour Tumour Yield Tumours/Rat
{days) Induction Period (days) (%)

1 340 100 2.2
10 360 91 1.9
30 600 62 D.6

These results clearly demonstrate the decreasing sensitivity of rats

to ethyl-nitroso-urea (ENU) with age, In a different study (Ivankovic and
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Druckrey, 1968} it was demonstrated that the carcinogenic effect of ENU is
highest in embryos shortiy before birth. In these experiments most tumours
were found in the nervus trigemini, which develops its activity a few days
before birth (suckling response) and declines with increasing age. There-
fore, it was suggested that during differentiation organs may be most
sensitive to the effects of carcinogens.

It is essential to pay attention to the mathematical approach for
dose-response relattonships developed by Druckrey and Kupfmiiiler (1949}, In
their analysis the velocity of receptor binding (association) of a compound

can be expressed as:
k-C+ {Rg-CR) (3)

where k = reaction constant, C = concentration at the site of interaction,
Rp = total number of specific receptors (free receptor concentration at
the beginning of the experiment) and Cp = number of occupied specific re-

ceptors. The velocity of dissociation can be expressed as:
Cp/Tp (4)

where Tp = a time constant indicating the extent of reversibility of re-
ceptor binding. Thus, the velocity of the changes in bound-receptor concen-

tration (Cp) equals:
dCp/dt = k+C (Rg-Cp) - Cp/Tp (5)

Druckrey and Kupfmiiller {1943) assumed that the effect of receptor
binding would depend upon the relative receptor binding (Cr/Rg). Substi-
tution of Cp/Rq 1n equation (5) yields

dt

Cr/Rg (6)

= k+C+[1-Cp/Rg] -

21




With compounds that bind irreversibly to receptors no dissociation of re-
ceptar binding will occur; thus, in these cases equation (6) can be modi-
fied to:

dCr/Ry
dt

= k-C-[1-CR/Rp] 7)

In the case of chronic exposure to a constant concentration ¢ of an irre-

versibly bound agent, equation (7) can be solved by integration:

Cp/Rg = 1-e7%°C't (8)

Carcinogens are compounds which have been shown to bind irreversibly
Lo their receptors. Moreover, the result of the recepter binding is also
irreversible (thus, the neoplastic process is being accelerated with time}.
These findings are expressed in Druckrey's reinforcement factor "n". The
ameunt of relative receptor binding, Cp/Ry, may be regarded as the propor-
tion of the oncogenic road already covered, with cancer as the uitimate
destination (when Cp/Rgy = 1). Thus Cp/Ry reflects the relative carcinogenic
risk (P) of an exposed individual or population. Equatien {(8) may thus be

rewritten as:

—keC+tN
P~ 1-ekCot (9)
Carcinogenic risk can be calculated using the extended form of the Weibuil

moedel for tumour formation:

las gd )" t" (10)

where: P = probability of a tumour at time t, d = dose, t = obser-
vation time, m = shape parameter for dose, r = shape para-
meter for the time to a tumour, « = parameter measuring
the background tumour probability (Pg) with a = -1n{l1-Pq},
B = scale parameter.

Equation (10) can be shown to be consistent with the Druckrey equation:

22




In Druckrey's studies the parameter o, which measures the background tumour
probability, was virtualiy zero. For such a case, the Weibull equation can

he reduced to:

m . .r
P 1-e B0t (11)

Considering a defined risk, e.g. P = 0.5, equation (11) becomes:

m.r
0.5 = 1-¢7 B9t (12)
which can be reduced to:
1/m n
M = d.trlm = d-t = constant (13)

B
The extended form of the Weibull model for tumour risk has been shown to

have an excellent fit with the experimentally observed tumour data (Cari-
borg, 1981). Thus, even without the knowledge of molecular events involved
in carcinogenesis, Druckrey and Kupfmiiller were able to provide a theore-
tical explanation for the dose-response relationships o¢bserved in carcino-

genesis.

1.3 THE TWO STAGE MODEL

1.3.1 Introduction

One of the first theories cencerning carcincgenesis was the chronic
irritation theory (reviewed by Ewing, 1940). This theory was based on the
observations of Pott in 1775 that chimney sweeps had a high incidence of
scrotal cancer; he attributed this to their constant contact with ceal tar
and soot. That excessive exposure to sunlight led to the development of
skin cancer, following a longer period of solar dermatitis, was also re-
garded as further support for the chronic irritation theory. With increa-
sing experimental observations, however, this theory was seriously criti-

cized and had to be abandoned.
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More than half a century age it was observed that wounding or treat-
ment with chemical irritants accelerated the development of tumours in
mouse skin, pretreated with coal tar or 3,4-benzo{a)pyrene (Deelman, 1924;
Twort, 1939). A mere pronounced cocarcinegenic effect on mouse skin was
observed with croton oil {Berenblum, 1941}, which caused a rise in tumour
incidence from 0-6% in the groups receiving diluted benzo(a)pyrene alone
to 37% when croton oil, or 80% when croton resin, were added. The tumour
incidence with croten oil or ¢roton resin alene was negligible. Thus,
evidence was found that two distinct mechanisms were involved in carcino-
genesis. This evidence was extended by the experiments of Rous and co-
workers. Tar painting of rabbit ears was observed to result in the develop-
ment of papillomas, when treatment was discontinued, however, the papitlilo-
mas tended to regress. Renewed treatment after a long interval of non-
treatment produced papillomas at the exact sites where they had previously
existed (Rous, 1941). Accordingly, the concept of a tumour existing im a
sub-threshold state, requiring additional aid for progressive neoplasia
was formulated. The aforementioned experiments were repeated using methyl-
cholantrene or benzo(a)pyrene as the primary stimulus, and nen-carcinogenic
stimuli (turpentine or mechanical injury) as the secondary treatment, with
the same results (Rous, 1941; MacKenzy and Rous, 1941; Friedwald and Rous,
1944}, These results were conceptualized by postulating that "carcino-
genesis was composed of an initiating process, responsible for the conver-
sion of normal intc tatent (or dermant) tumour cells, and a promoting pre-
cess, whereby these latent tumour cells were made to develop into actual
tumours" (Friedwald and Rous, -1944)}. The two stage madel for carcinogenesis
was further refined by Mottram (1944), who applied the carcinoegen for the
initiating action onily once. A schematic summayy of the experimental crite-
ria that define the two-stage model for skin carcinrogenesis is given in

Figure 4.
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Fig. 4. Schematic summary of the experimental criteria that define skin
tumour formation by the inftiation and promotion components of the
process of carcinogenesis.

It should be noted, however, that the two-stage model cannot always be
used to explain all observations in carcincgenesis. It has been demonstrated
that plant neoplasia can be estabiished and maintained without the necessity
for any alteration of the genetic information {Lutz, 1971; Binns, 1973).
Further evidente for the involvement of epigenetic mechanisms in carcino-
genesis was obtained in studies with virus-transformed frog renal cells.
When these nuclei are transplanted into enucleated, fertilized frog eggs,
some of these will develop into normal swimming-stage larvae, or tadpoles
(King, 1965). Moreover, McKinnel et al. (1969) isolated triploid nuclei
from the frog renal carcinoma, and conducted the same experiment as de-
sc¢ribed above. However, in this study normal, triploid tadpoles developed.
The importance of these studies is the demonstration that the genetic in-
formation of a cancer nucleus is sufficient for normal development of a

fertilized egg cell and that non-nuclear factors play a critical role in

the expression of the neoplastic potential.
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1.3.2 Initiatien

According to Rous' terminology, initiation may be defined as the for-
mation of "latent" tumcur cells. Since initiatijon can be achieved with a
single application of a carcinogen (Mottram, 1944) and the thus formed
latent tumour cetls may be forced to express their transformation by tumour
promotor treatment long after initiation (Rous and Kidd, 1941), it was con-
cluded that initiation was an irreversible process. The fact that the neo-
plastic state is transferred from mother to daughter cells suggested that
the irreversible change due to the initiation was to be found in the celi's
genome.

Three processes are capable of inducing an irreversible change in the

cell's genome and functions:

1. A change in the information in the DNA (somatic mutation theory) -
resulting in the productton of "abnormal" proteins.

2. A change in the control mechanism of the genome - affecting the ex-
pression of existing information in the DNA.

3. The acquisition of new information in the DNA - e.g. viral incerpora-
tion.

The somatic mutation theory for carcincgenesis was originally proposed by

Boveri in 1914, long before the nature of carcinogenesis and the molecutar

structure of the genetic material were known. General support for the theory

that initiation is caused by mutagenic events comes from the observation

that most carcinogens are mutagens (McCann and Ames, 1975). Moreover, the

mutation theory implies that all cells of a given tumour should be the des-

cendants of a single cell, and that the cancer is clonal in origin. With

the use of inactivated polymorphic X-1inked toci in cells of women (Fiaikow,

19765 Willdams et al., 1983) it was shown that various tumours were indeed

of clonal origin.
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However, serious criticism has been raised against the mutation theory
as the sole source of initiation, It has been shown that not all known
carcinogens are mutagens (Rubin, 1976), and there i5 no good correlation
between mutagenic activity of a compound and its carcinocgenic action.

In this context it is important to note that the impact of the mutagen,
e.g. alkylation of nucteic acids {Jensen, 1978; Singer et al., 1978), is
not necessarily irreversible. It was observed that the disappearance of
B-propiolacetone and methylbenzanthracene-induced adducts from DNA was too
rapid to be explained by depurination or DNA turncver {Colburn and Bout-
well, 1968; Rayman and Dipple, 1973). Apparently active repair of DNA can
take place. Bowden et al. (1975) demonstrated excision repair of DNA lesions
induced in mouse skin by ultraviolet 1ight. Thus, when the binding level or
potency of an initiator is being considered, the rate and accuracy of re-
moval of the lesion by DNA-repair must be included in a rationaltization of
the effect of the initiator. The importance of DNA-repair mechanisms may be
demonstrated by the disease xeroderma pigmentosum (XP). XP-patients have an
impaired DNA-repair mechanism (Friedberg et al., 1878). As g resuit of this
defect XP-patients are extremely sensitive to w.v. 1ight induced mutations,
and suffer from an incidence of skin cancer that is several thousand times
higher than normal (Bridges and Strauss, 1980). Thus, the Tesion induced by
the initiator turns into a fixed mutation if it escapes DNA-repair (Trosko
and Chang, 1978). Trosko et al. (1977) proposed that DNA-repair is involved
in the initiating step of carcinogenesis, and that "error-prone" DNA-repair
or replication mechanisms are the major causes of mutagenesis.

Although there is abundant evidence that mutagenesis plays an important
role in initiating carcinogenesis, the other two pracesses capable of in-
ducing irreversible changes in the cell's genome are also associated with

neoplastic transformation. A change in the control mechanism of gene-ex-
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pression, as exemplified by the translocation of the c-myc oncogene {Dalla-
Fevra et al., 1983) or gene amplification (Benedict et al., 1975) has been
shown to be involved in carcincgenesis.

The acquisition of new genetic¢ information has been demonstrated to
play a role in virus-associated carcinogenesis. Several viruses have heen
found to induce various malignancies, including sarcomas, carcinomas and
hematopoietic tumours (Weiss et al., 1982). These viruses were shown to
have incorporated sequences derived from cellular genes {proto-onco-genes)
which gave the particular viruses the ability teo transform infected normal
cells (Bishop, 1983). The transforming capacity of retroviruses has been
demonstrated both in vivo and in vitro (Weiss et al., 1982, Aaronson,
1983).

In conclusion, a1l three processes capable of inducing irreversible
changes in the genome have bheen found to be associated with carcinogenesis

and may be regarded as mechanisms for initiation.

1.3.3 Promotion

The two-stage model for carcinogenesis was based on the results of
mouse skin carcinogenesis studies. Therefore, it is no surprise that most
studies concerning the nature of tumour promotion were focussed on mouse
skin. However, more recently, evidence was obtained that carcinogenesis is
a stepwise process in many organs.

a) Skin Tumour Promotion

The introduction of croton oil as a powerful skin tumour promotor {Beren-

blum and Shubnik, 1947) and the isolation and identification of its tumour

promotor active components, the phorbol esters (Van Duuren and Orris, 1965;
Hecker and Schmidt, 1974) enabled investigators to study two-stage carcino-

genesis under defined and controlled conditions. Usually mouse skin carcino-
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genesis is initiated with a single dose of dimethylbenzanthracene (DMBA}
followed by two applications of TPA (12-Otetradecanoylphorbol-13-acetate)
(Boutwell, 1974). In a remarkabie experiment in which tumour promotion was
performed with two different promoting agents, it was found that tumour
yield was higher when first croton ofil and later turpentine was given than
when first turpentine and later croton 0il were {Boutwell, 1964). Accor-
dingly, it was proposed that skin tumour promotion could be subdivided into
twoe different stages. This concept was confirmed and elucidated further by
Fiirstenberger et al. {1981). Stage 1 can be induced by short term treatment
with a "complete™ promotor, such as TPA. Even a single application has
turned out to be sufficient, provided the animal is subsequently treated by
chronic application of an “incomplete" promotor (stage 2), usually a growth
stimulator (Fig. 5).

Mezerein and RPA, a semi-synthetic phorbolester, are called "incom-
plete” promotors because, by themselves, they have only a very weak pro-
moting capacity (Fiirstenberger et al., 1981; Slaga et al., 1980). When
applied, however, after a short-term exposure to TPA, they are able to pro-
mote the effects of TPA, resulting in skin tumour formation.

Skin tumour promotion has been regarded as an entirely reversible pro-
cess. This concept had to be re-evaluated when Fiirstenberger et al. (1983)
demonstrated that the time interval between stage 1 and stage 2 promotion
could be increased up to at least 8 weeks, withovt a significant decrease
in tumour yield, implying irreversibility of stage 1 promotion.

The different characteristics of stage 1 and 2 promotion enabled in-
vestigators to discriminate between the various effects of TPA administra-

tion. Inflammation is a typical response of the skin after TPA treatment.
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Fig. 5. A scheme of three-stage tumorigenesis in mouse skin:

1) Initiation followed by a single (or a few} local application(s)
of a complete tumour promoter {or wounding) does not give rise
to tumour development within a time period of 12 weeks or more;

2} a large number of tumours is obtained when initiation and
1imited prcmoter treatment is followed by chronical application
of a hyperplasiogenic agent ("incomplete promoter");

3) treatment of initiated skin with an incomplete promoter alone
is not tumorigenic;

4) the effect of promoter treatment in stage 1 of premotion is
virtvally irreversible.

However, when the promoting efficacy of different irritating agents was
compared with their inflammation capacity, a relative poor correlation was
found (Gschwendt and Hecker, 1974). Associated with inflammation, epidermal
hyperpraliferation seems to play an important role in tumour promotion.
Tumour promotion was found to be completely inhibited when the TPA-induced
stimulation of DNA synthesis during stage 1 was prevented by treatment of
the animals with hydroxyurea (Kinzel et al., 1984). Thus, proliferation

plays a role in stage 1 promotion.
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Chronic treatment with incomplete promotors {stage 2) results in the
induction of sustatned epidermal hyperplasia (Sisskin et al., 1982) indi-
cating that proliferation is &lso involved in stage 2 promotion. TPA has
alsoc been demonstrated to inhibit intercellular communication between cells
(Yancey et al.,1982), an effect which has been suggested to be an impartant
determinant of malignant transformation (Enomoto and Yamasaki, 1984). Since
incomplete tumour promotors exhibit the same properties, inhibition of
intercellular communication is believed to be involved in stage 2 of skin
tumour promotion.

Studies on the molecular mechanism of skin tumour promotion have demon-
strated the existence of a phorboel-ester receptor (Drieger and Blumberg,
1980; Ashendel et al., 1983a). Further investigations revealed the existence
of a Ca2+- and phaspholipid-dependent, TPA-binding activity in the soluble
fraction of mouse tissues, which paralleled their soluble protein kinase C
activity (Ashendel et al., 1983b). The close correlation between binding
affinity and promoting efficacy has led to the conciusion that receptor
mediated activation of protein kinase C activity plays an important role in
skin tumour promotion. Since the incomplete promotors mezerein and RPA have
been found to exhibit a similar affinity to the receptor (Schmidt et al.,
1983) and to stimulate protein kinase C activity almost as powerfully as
TPA {Gschwendt et al., 1983), it may be concluded that these reactions are
related to stage 2 promotion.

As far as the molecular mechanisms involved in stage 1 promoticn are
concerned, there is evidence to suggest that TPA exhibits a specific, high-
affinity binding to ispolated nuclei and nucTear macromolecules in mouse
epidermis (Perella et al., 1982). Moreover, 1t has been demonstrated
{Dzarlieva-Petrusevska and Fusenig, 1985) that TPA induces chromosome

aberrations in mouse keratinocyte cell 1ines. In addition, Kinselia and
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Radman (1978) have shown that TPA induces sister chromatid exchanges. They
suggested that TPA treatment may lead ta genetic recombination, resuiting
in the expression of recessive genetic changes. This hypothesis would be in
aqreement with the reported irreversibility of stage i promotion.

b} Liver Tumour Promotion

The first clear demonstration that 1iver carcinocgenesis could also be
separated into stages was reported by Peraino et al. (1973a). In this study
2-acetylaminofluorene (AAF) was fed at a concentration of 0.02% for 18 days
to male albine rats to initiate carcincgenesis. Following the AAF feeding
several groups of rats were exposed to 0.05% phencbarbital (a non-carcino-
genic agent). After 180 days, the tumour yield in the group fed only AAF
was 20%; in the groups exposed to phencbarbital as well, tumour yield was
70%, even though promotor treatment was started 30 days after the initia-
tion, thus cliearly demonstrating the validity of the two-stage mcdel for
hepatocarcinogenesis. Further studies demonstrated that compounds such as
DDT {Peraino et al., 1975) or PCB's (Kimura et al., 1976) could also pro-
mote hepatocarcinogenesis. In addition, Peraino et al. (1573b) showed that
the incidence of "spontaneocus” liver tumour formation in male and female
C3H mice (50% and 10%, respectively, after one year) could be increased to
100% for both sexes when the animals were fed on a diet containing 0.05%
phencbarbital for the same period of time.

Soon after the apptication of an initiating agent, particularly in rat
Tiver, groups of altered cells, or foci, can be demonstrated since they ex-
hibit a variety of alterations (Farber and Cameron, 1980; Bannasch et al.,
1985), Very useful markers to detect these foci are the altered expressions
of several enzymes, such as ATPase, y-glutamyl transpeptidase or glucose-6-
phosphatase (Schwarz et al., 1984; Buchmann et al., 1985). Evidence has been

presented that these enzyme-altered foci are the precursors of hepatocellu-
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lar carcinomas (Watanabe and Witliams, 1978; Pitot and Sirica, 1980).
Tumour promotors such as phenobarbital have been shown to increase the
preliferation rate of enzyme-altered foci, thus expanding the population of
these altered cells (Pitot et al., 1980; Scherer and Emmelot, 1979). It has
been shown that enzyme-aitered foci respend more readily and more pro-
nouncedly to phenobarbital treatment than normal hepatocytes (Schulte-Her-
mann et al., 1986). These responses inctude enhanced DNA synthesis and the
expression of microsomal enzyme systems. It can thus be suggested that
tumour promotors alter gene expression and thus facilitate the expression
of the neoplastic potential of initiated cells {Peraino et al., 1978}.

Hepatocarcinogenesis is considered to comprise three different and
distinct stages: initiation - promotion - pregression (Pitot and Sirica,
1980). Progression, the stage in which the neoplasm becomes malignant, is
usually accompanied by karyotypic changes, oncogene activatien and biclogi-
cal alterations resulting from changes in the genome (Pitot, 1986). The
manifestation of a detectable tumocurgenic enhancement 200 days after the
cessation of & brief period of phenobarbital treatment (20 days) following
AAF initiation, has led to the suggestion that phenobarbital produces irre-
versible changes in initiated cells (Peraino et al, 1977). Based on these
and other findings, it has been put forward that liver tumour promotors, by
selectively increasing the number of precursor cells, increase the risk of
"spontaneous" progression at the genetic level, thus enhancing liver tumour
formation {Scherer and Emmelot, 1979; Van Renselaer Potter, 1981). This
view differs radically from that which is usually held for tumour pro-

motion, especially with respect to skin carcinogenesis.

2.4 MICROSOMAL ENZYME INDUCERS

2.4.1 General Aspects

A variety of xenobjotic compounds, such as phenobarbital, DDT, a-HCH,

33



butylated hydroxitoluene (BHT) and dieldrin have been reported to enhance
liver tumour formation in rats previously initiated with liver carcinogens
(Peraino et al., 1973a, 1975, 1977; Schulte-Hermann; 1978). Chronic exposure
to these compounds of various strains of mice susceptible to "spontaneous"
liver tumour formation also enhances liver tumour formation {Walker et al.,
1973: Thorpe and Walker, 1973; Tomatis et al., 1972; Perainc et al., 1973b;
Ito et al., 1873). In terms of two-stage carcinogenesis these compounds are
regarded as tumour prometors.

There is no apparent similarity in chemicail structure between these com-
pounds. Their main common features are:

1) Lipophilicity at physiologic pH,

2) Induction of liver enlargement,

3) Induction of drugtmetabolising enzymes

4) Proliferation of smooth endoplasmic reticulum (SER}.

The changes in the liver induced by xenghictics are usually not accom-
panied by evidence of liver damage and are reversible upon withdrawal and
elimination of the compound (Wright et al,, 1972, 1977; Schulte-Hermann,
1974; Depiere and Ernester, 1976; BGhm and Moser, 1976).

A characteristic change in laboratory animals exposed to xenobiotic
compounds is the induction of liver enlargement (Barka and Popper, 1967;
Schulte-Hermann, 1974). This may be attributed te hypertrophy (an increase
in cell size without an accompanying increase in DNA content), to hyper-
plasia {an increase in cell number or an increase in cell size with a con-
comitant increase in DNA content) or to a combinaticn of the two {Barka and
Popper, 1967). The process in which an increase in cell size with a propor-
tional increase in DNA content is observed is called polyploidization and
may be regarded as an arrested form of cell replication. Polyploidization

is a typical feature of the liver.
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The contribution of hypertrophy and hyperplasia to liver enlargement
seems to depend on the properties of the inducers and on the species and
strain of animal. In rats, dieldrin and phenobarbital induce predominantiy
hypertrophy, whereas «-HCH and BHT have been reported to induce mainly
hyperplasia (Wright et al., 1972; Schulte-Hermann, 1971, 1974}. In rats,
dogs and rhesus monkeys, dieldrin-induced liver enlargement was mainly due
to hypertrophy {Malker et al., 1978). In the mouse, however, both dieldrin
and phenobarbital induced liver enlargement were reported to result from
both hypertrophy and hyperplasia. Evidence has been presented that hyper-
plasia in mouse liver induced by xenobiotics can, at least partially, be
attributed to polyploidization (Béhm and Noltemeyer, 1881; Schulte-Hermann,
1879).

Inducers of liver enlargement have been found to be substrates of the
microsomal manc-oxygenase system of mammalian liver and were able to induce
the activity of these enzymes (Conney, 1967; Wright et al., 1977). The
mono-oxygenase or mixed-function oxidase systems catalyse the oxidative
catabolism of 1ipophilic substrates and require NADPH and molecular oaxygen
for their action. This membrane bound system consists of an electron
donating system (NADPH-cytochrome P-450 reductase, cytochrome b5 reductase
and cytochrome b5}, and iron-containing haemoproteins. On the basis of the
spectral properties of the haemoproteins, this system is referred to as
P-450 (Omura and Sato, 1964). The P-450 system metabolises not only endo-
genous substrates such as steroids or fatty acids but also a variety of
1ipophilic xenobiotics (Conney, 1967; Gilette et al., 1972}, Its very broad
substrate specificity can, at least partially, be explained by the existence
of many isoenzymes. In the rat liver 11 P-450 isoenzymes have been purified,
all with different activities toward a number of specific substrates
{Thomas et al., 1983; Ryan, 1984), The isoenzymes which are most frequently

induced by xencbiotic compounds are the b, ¢, d and e forms (Table IV).
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Table IV. INDUCTION OF CYTOCHROME P-450 ISOENZYMES

Inducer Total Cytochrome Isoenzymes
P-450 a b+e c d unknown
(nmo1/mg) {% of total amount of cytochrome P-450)

none 0.86 6 4 3 5 82
jsosafrole 2.33 5 17 16 38 24
3-methycholanthrene 1,83 14 1 78 24 -16
beta-naphtaflavone 1.96 9 1 71 24 -4
TCOD 2.51 13 1 60 20

arochtor 1254 3.67 7 37 27 22
gamma-chlerdane 1.88 4 46 3 1 46
phenobarbital 2.18 6 55 1 2 36
SKF 525-A 2.26 4 35 4 1 56
PCN 1.34 5 3 2 1 89

The exact nature of the relationship between microsomal enzyme induction
and liver tumour promotfion is not known. However, Poland and co-workers
have provided evidence for a receptor-mediated, 1iver tumour-promoting
effect of microsomat enzyme induction. The aryl hydrocarbon hydroxylase
(AHH) activity is generally used to determine the induction of the P-450

¢ isoenzyme by polycyclic aramatic hydrocarbons, such as benzo(a)pyrene

and methylcholantrene. One of the most potent liver tumour promotors, in-
ducing the P-450 ¢ form (Table IV), is 2,3,7,8-tetrachlorodibenzo~-p-dioxin
(TCDD) (Van Miller et al., 1977: Pitot et al., 1980). Studying the relation-
ship between different chlorinated dibenzo-p-dioxins and their efficacy in
inducing AHH activity, Poland and Gtover (1976) were able to identify a re-
ceptor for these compounds. The ability of the different chlorinated di-

benzo-p-dioxins to induce AHH activity was found to be related to their
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toxicity (Poland and Knutson, 1982). Interestingly, AHH activity (i.e. the
P-450 ¢ isoenzyme) cannot be induced in all mouse strains (Nebert and
Gielen, 1872; Thomas et al., 1972). A mutation in the structural gene for
the AH-recepter in DBA/2 mice has been shown to be responsible for the im-
paired responsiveness of these mice to microsomal enzyme induction by
polycyclic aromatic hydrocarbons (Okey et al., 1979; Weaver et al., 1980)}.
Moreover, it has been shown that these mice are also non-responsive to
tumour promotion by these compounds. Poland et al. (1982} have also demon-
strated the existence of such a receptor in mouse epidermis and the cor-
relation of the existence of this receptor with tumour promotion. It would
thus appear that Jiver tumour promotion by xenchiotic compounds may be
mediated by receptors responsible for the inductiorn of microsomal enzyme

activity.

1.4.2 Dieldrin

Dieldrin was first synthesized in the laboratory in 1948, and commer-
cial production in the USA was first reported in 1950 (Galley, 1970). The
only known use for dieldrin is as an insecticide, in 1972 it was estimated
that B0% of the USA production of dieldrin was used on corn crops and
about 10% for termite contrel (IARCmonographs, 1974).

The chemical name of dieldrin 1s: endo-exo isomer of 1,2,3,4,10,10-
hexachloro-6,7-epoxi-1,4,4a,5,6,7,8,8a-octahydro-1,4,5,8-dimethanc naphtha-
lene, its chemical structure is shown in Figure 6.

Dieldrin is a solid chemical with a melting point of 176-177°C. Its density
is 1.75 mg/ml; 1t is not soluble in water, but readily dissolves in acetone,

benzene or DMS0.
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Fig. 6. Chemical structure of dieldrin.

The effects of dieldrin on tumour formation have been stuydied in mice,
rats, degs and monkeys. In a series of experiments, reported by Walker et
al. {1973}, Thorpe and Walker (1973), and Tennekes (1979) CF-1 mice were
exposed to 0, 0.1, 1.0 or 10.0 ppm dieldrin in the diet. It was found that
dieldrin enhanced liver tumour formation in all of the treatment groups.

It should be noted however, that the CF-1 mouse strain is characterized by
a high incidence of "spontaneous" liver tumours. Several studies with
dieldrin in the rat have been published. Fitzhugh et al. (1964) reported a
non-significant increase of liver tumours in Osbourne-Mendel rats exposed
to 0.5, 2 or 10 ppm dieldrin in the diet. In female CFE rats exposed to
0.1, 1.0 or 10.0 ppm dieldrin in the diet no increase in tumour formation
was observed {Walker et al., 1969). Two studies with dieldrin in Osbourne-
Mendel rats (Naticnal Cancer Institute, 1978a) and in Fisher rats (Nationatl
Cancer Institute, 1978b) also failed to provide evidence for a carcincgenic
effect of dieldrin on raf liver.

There are few and limited data on the possible carcinogenicity of
dieldrin in mamnalian species other than rats and mice, Walker et al.
{1969) reported that a 2-year oral exposure in dogs did not result in liver
tumour formation in these animals. In another study rhesus monkeys were fed
on diets containing 0, 0.01, 0.1, 0.5, 1.0, 1.75 or 5.0 mg dieldrin/kg body
weight for periods up to 6.5 years. No obvious alterations in general struc-

ture in the livers of these animals were observed (Wright et al., 1978).
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EpidemioTogical observations on the state of health of a total of 826
workers involved in the handling of dieldrin in a plant of Shell Nederland
Chemie N.V. at Pernis (Rotterdam) have not demonstrated any persistent ad-
verse effects on the health of these workers (Hoogdam et al., 1965; Jager,

1970). No deaths due to liver cancer have been observed {Jager, 1970;
Versteeg and Jager, 1973).
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