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Abstract 

Teimekes, H.A. (1979) The relationship between microsomal enzyme induction and liver 
tumour formation - A study on the effects of xenobiotic and naturally occurring microsomal 
enzyme inducers on livers of male CF-1 mice. Agric. Res. Rep. (Versl. landbouwk. Onderz.) 
890, ISBN 90 220 0707 3, (viii) + 127 p., 5 figs, 69 tables, 193 refs. 
Also: Doctoral thesis, Wageningen. 

The effects of naturally occurring microsomal enzyme inducers on important hepato­
cellular pathways for the metabolism of foreign compounds (xenobiotics) and also upon the 
incidence of liver tumours in CF-1 mice treated or not with 10 mg dieldrin.kg diet were 
investigated using animals maintained on semi-synthetic diet and filter paper bedding as 
controls. The results of the study indicate that dieldrin administration to mice results 
in a generalized liver enlargement predominantly due to hyperplasia. Liver enlargement in 
dieldrin-treated mice was followed by the appearance of nodular liver tumours, first 
observed at the age of 43 weeks. Conventional rodent diet and sawdust bedding were shown 
to contain agents that induce the microsomal mono-oxygenase system of mouse liver. However, 
the extent of mono-oxygenase induction by these factors was less pronounced than that 
caused by dieldrin. In contrast to the effects of dieldrin, conventional diet and sawdust 
bedding did not cause any significant induction of secondary drug-metabolizing enzyme 
systems, e.g. epoxide hydratase, glutathione S-epoxide transferase and UDP-glucuronyl 
transferase. Histopathological examination of livers demonstrated a low incidence of 
tumours in the livers of mice not treated with dieldrin. These tumours were generally 
benign in character although a few showed morphological characteristics associated with 
malignant liver cell tumours. The overall incidence of liver tumours was significantly 
increased in dieldrin-treated animals. Both benign and malignant liver tumours were found 
in dieldrin-treated mice; the latter type of lesion showing evidence of lung metastasis. 
Conventional diet and sawdust bedding did not exert any obvious influence on the develop­
ment of 'spontaneous' tumours in the livers of male CF-1 mice. 

It is concluded that microsomal enzyme inducers such as dieldrin act by facilitating 
the expression of a pre-existing oncogenic factor, probably by inducing hyperplasia. 

Free descriptors: liver enlargement, environmental components, dieldrin, drug-metabolizing 
enzymes. 
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Abbreviations 

AAF 2-acetylaminofluorene 

BHC benzenehexachloride (all isomers) = HCH 

BHT butylated hydroxytoluene 

CD conventional rodent diet 

CPA cyproterone acetate 

D 10 mg dieldrin.kg diet 

DDT dichlorodiphenyltrichloroethane 

DNA deoxyribonucleic acid 

DTNB 5,5'-dithiobis-(2-nitrobenzoic) acid 

F filter paper bedding 

G-6-Pase glucose-6-phosphatase 

G-6-PDH glucose-6-phosphate dehydrogenase 

GSH glutathione 

Y-GT Y-glutamyltranspeptidase 

HCB hexachlorobenzene 

HCH hexachlorocyclohexane (all isomers) = BHC 

HEOD dieldrin 

3-MC 3-methylcholanthrene 

NADPH nicotinamide-adenine dinucleotide phosphate 

NS not significant 

PCA perchloric acid 

PCB polychlorinated biphenyl(s) 

PCN pregnelonone-16a-carbonitrile 

RLW relative liver weight, i.e. liver weight.100 g bodyweight 

RNA ribosenucleic acid 

S sawdust bedding 

SER smooth, i.e. ribosome-free endoplasmic reticulum 

SSD semi-synthetic diet 

TCA trichloroacetic acid 

TCDD 2,3,7,8,-tetrachlorodibenzo-p-dioxin 

TX-100 octylphenoxypolyethoxyethanol 

UDPGA uridine-diphosphoglucuronic acid 



1 Introduction 

1.1 OBJECTIVES OF THE STUDY 

A variety of xenobiotic compounds are known to induce characteristic changes in the 

livers of laboratory animals. These changes include lhf&r enlargement (hepatomegaly), 

usually as a result of cell enlargement (hypertrophy) or cell replication (hyperplasia), 

induction of drug metabolising enzymes, and proliferation of the smooth endoplasmic 

reticulum (SER). Such changes may not be accompanied by evidence of liver damage and in 

such cases are reversible upon withdrawal and elimination of the compound (Schulte-Hermann 

et al., 1971; Schulte-Hermann, 1974a; Wright et al., 1972, 1977; Depierre & Ernster, 1976; 

Bolender & Weibel, 1973; Böhm & Moser, 1976).Consequently, most authors regard this pheno­

menon as an adaptive response of the organ to increased functional demands. However, chro­

nic exposure of various strains of mice to dieldrin (HEOD), phenobarbitone, DDT and a-, 

B- and Y- stereoisomers of hexachlorocyclohexane (HCH, also known as benzenehexachloride, 

BHC) may lead to the development of liver tumours (Davis & Fitzhugh, 1962; Walker et al., 

1973; Thorpe & Walker, 1973; Tomatis et al., 1972, 1974; Turosov et al., 1973; Terracini 

et al., 1973a, 1973b; Peraino et al., 1973a; Ponomarkov and Tomatis, 1976; Nagasaki et 

al., 1971, 1972; Ito et al., 1973). 

There is no apparent relationship in chemical structure between these compounds 

(Figure 1). Their main common features are that they are lipophilic at a physiological 

pH and induce the microscmal mono-oxygenase system of mammalian liver (Conney, 1967). 

This latter feature has led to the suggestion that a common property of microsomal enzyme 

inducers may be to enhance the incidence of liver tumours in susceptible animal species 

(Wright et al., 1972, 1977). 

Present experimental evidence supports the hypothesis that these compounds act by 

facilitating or exacerbating the expression of pre-existing oncogenic factors in 

susceptible animal species. Reports that microsomal enzyme inducers, such as phénobarbi­

tal, DDT, ot-HCH and butylated hydroxytoluene (BHT) may also promote the formation of rat 

liver tumours from lesions previously initiated by liver carcinogens (Peraino et al., 

1971, 1973b, 1975, 1977; Schulte-Hermann, 1978) are consistent with this hypothesis. 

The contention that xenobiotic microsomal enzyme inducers may promote rather than 

initiate liver tumourigenesis is also supported by the observation that strains of mouse 

with a spontaneous incidence of liver tumours, e.g. CF-1 and C3H mice, are particularly 

susceptible to the tumourigenic effects of microscmal enzyme inducers (Walker et al., 

1973; Thorpe & Walker, 1973; Thorpe & Hunt, 1975; Tomatis et al., 1972, 1974; Turosov et 

al., 1973; Peraino et al., 1973a). 

Several reports (Ferguson, 1966; Vessel, 1967; Loub et al., 1975; Babish & Stoesand, 

1975, 1977) indicate that diets and bedding employed in toxicological studies with rodents 
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Fig. 1. Chemical formula, nomenclature and trade name(s) of microsomal enzyme inducers 
shown to be tumourigenic in mouse liver. 

may contain naturally occurring and, possible, adventitious microsomal enzyme inducers.If 

apparently unrelated xenobiotic microsomal enzyme inducers can enhance the incidence of 

liver tumours in various strains of mice, similar effects might be expected as a consequen­

ce of exposure to such naturally occurring or adventitious microsomal enzyme inducers in 

the animals' environment. Accordingly, the principal objectives of the current study were 

to determine the capacity of diets and bedding employed in this laboratory, to induce mi­

crosomal mono-oxygenases and related enzyme systems and to study the relationships between 

these effects and tumour incidence in the livers and other tissues of a susceptible strain 

of mouse, CF-1. 

The effects of a conventional rodent diet (CD) and of bedding material, e.g. soft­

wood sawdust (S), were studied using animals maintained on semi-synthetic diet (SSD) and 

filter paper bedding (F) as controls. The administration of 10 mg dieldrin.kg diet to 

some of the experimental treatment groups served as a positive control, i.e. a potent 

microsomal enzyme inducer with tumourigenic properties in various strains of mouse. 

In addition, commercial diet may contain traces of carcinogenic agents, e.g. nitro-

samines and aflatoxin B , (Schoental, 1974) and softwood sawdust is frequently contamina­

ted with certain wood preservatives, e.g. pentachlorophenol, dieldrin, HCB, DDT or endrin 

(Baldwin, unpublished observations). The presence of highly toxic and carcinogenic substan-



ces in the animals' environment might be a major cause of the development of 'spontaneous' 

liver tumours in tumour-susceptible strains of mouse. As a result, the administration of 

a purified semi-synthetic diet and maintenance on purified bedding, such as shredded 

filter paper, might significantly reduce the initiation of liver carcinogenesis in tumour-

susceptible strains of mouse. It was also decided to study the possible implications of 

such effects in mice treated with a potent microsomal enzyme inducer (dieldrin). The 

studies with this latter compound served as both a positive control and as an aid to 

perspective. The experiments entailed both biochemical investigations of the liver and 

histopathological assessment of the incidence of liver tumours in the various treatment 

groups. 

1.2 INDUCTION OF LIVER ENLARGEMENT BY XENOBIOTIC AGENTS 

Many drugs, insecticides, food additives and other chemicals are known to induce 

liver enlargement (Barka & Popper, 1967; Schulte-Hermann, 1974a). The chemical structures 

of the substances that induce liver enlargement vary widely and their only common feature 

is their lipid solubility at a physiological pH. Furthermore, many inducers of liver 

enlargement are substrates of the microsomal mono-oxygenase system of mammalian liver and 

are able to induce the activity of these enzymes (Conney, 1967; Schulte-Hermann, 1974a; 

Wright et al., 1977). 

The quantities of xenobiotic inducers required to produce a measurable enlargement 

of the liver vary widely. Threshold doses observed with some compounds are shown in Table 

1. It should be noted that a considerable variation of liver sensitivity has been 

observed from one study to the other (Hodge et al., 1967). In most of the studies reported 

so far, the increment of liver weight ranged from 10% to approximately 501, but increases 

of 1001 or more have been reported (Fitzhugh & Nelson, 1947; Fitzhugh et al., 1950; Kunz 

et al., 1966a; Schlicht et al., 1968; Schulte-Hermann et al., 1974b). The capacity of a 

compound to induce liver enlargement is related to the rate of its elimination from the 

body. Kunz and co-workers (1966a) showed that hexobarbital, which is rapidly metabolized 

and excreted, produced only a small gain in liver weight, whereas the long-acting 

barbiturates phénobarbital and N-methylphenobarbital led to striking increases in relative 

liver weight (i.e. liver weight per 100 g bodyweight, RLW). 

In the course of liver enlargement, the proportions of the main cell constituents wa­

ter, protein, lipid, glycogen and RNA appear to remain unchanged. This has been shown in 

experiments in rats and mice treated with phénobarbital (Conney et al., 1960; Kunz et al., 

1966b; Schlicht et al., 1968; Agryris & Magnus, 1968), halothane (Kunz et al., 1966b), 

thiourea (Doljanski et al., 1956), a-HCH (Schlicht et al., 1968), pyrethrum (Springfield 

et al., 1973), BHT (Pascal et al., 1970), or polycyclic aromatic hydrocarbons (Arcos et 

al., 1961; Argyris & Layman, 1969). 

Enzymic profiles during the course of xenobiotic-induced hepatomegaly have also been 

studied. Stier et al. (1972) and Kunz & Schnieders (1970) measured the activities of 

several mitochondrial, microsomal and hyaloplasmic enzymes during the course of liver 

enlargement in rats exposed to barbiturates and halothane. Most enzymes catalysing inter­

mediary metabolism increased in proportion to liver size. However, microsomal NADPH-oxidase 



was more than proportionally increased after phénobarbital treatment and this finding was 

considered indicative of stimulation of drug-metabolising enzymes. 

The cellular composition of the enlarged liver was analysed by quantitative histolo­

gical procedures. Kunz et al. (1966b) and Preis et al. (1966) observed that parenchymal 

space increased from 82 to 87% and that the extra-parenchymal space was reduced from 

18 to 13°s in the livers of phenobarbital-treated mice. Likewise, rat liver also showed 

decreases in extrahepatocytic space after phénobarbital treatment (Stäubli et al.,1969). 

These studies indicate that the parenchymal fraction contributed to a predominant extent 

to the enlargement of the liver by the compounds tested. 

Several inducers of liver enlargement have been shown to induce disproportionate 

increases of certain hepatocyte organelles. Remmer & Merker (1963) demonstrated that the 

exposure of rats to phénobarbital leads to a considerable augmentation of the smooth, 

i.e. ribosome-free, membranes of the endoplasmic reticulum (SER). Subsequent studies re­

vealed that hepatocellular SER was increased by many of the compounds that induce liver 

growth, including a-HCH (Koransky et al., 1966), DDT (Ortega, 1966), chlordane (Fouts & 

Rogers, 1965), BHT (Lane and Lieber, 1967; Botham et al., 1970), dieldrin (Wright et al., 

1972), and others (Meldolesi, 1967). In some studies (Ortega, 1966; Meldolesi, 1967; 

Wright et al., 1972) formation of concentric whorls of SER was observed. A quantitative 

electron microscopic analysis of the liver of phenobarbital-treated rats, performed by 

Stäubli et al. (1969), revealed the quantitative importance of cytoplasmic changes in 

liver enlargement with endoplasmic reticulum accounting for more than half of the in­

crease in cytoplasmic volume. 

1.2.1 Hyperplasia and hypertrophy 

Liver enlargement may involve an increase in cell size or cell number or a combina­

tion of the two. The terms 'hypertrophy' and 'hyperplasia' are commonly used to describe 

these events. Conventionally, 'hypertrophy' means an increase in cell volume and 'hyper­

plasia' an increase in cell number. However, this morphological definition has limited 

usefulness in the liver, which contains cells of different ploidy (Barka & Popper, 1967; 

Epstein et al., 1967). Enlargement of a cell, without changes in cell ploidy, clearly 

represents hypertrophy. However, when cell enlargement is associated with an increase 

in cell ploidy - which requires DNA replication - there is no change in the ratio of 

nuclear volume to cytoplasmic volume and the only deviation from conventional hyperplasia 

is the absence of cell division, i.e. an increase in ploidy may be regarded as an arrested 

form of cell replication. 

For this reason, Barka & Popper (1967) have defined hypertrophy as an increase in 

cell size without an increase of cell ploidy and hyperplasia as any increase in genetic 

material of the liver, whether derived from an increase in cell ploidy or from cell 

division. This definition simplifies the description of liver enlargement. In morphologic 

terms, the characteristic of hypertrophy is a decrease in the ratio of nuclear volume to 

cellular volume; in biochemical terms it is a relatively decreased DNA concentration per 

cell. Hyperplasia per se, on the other hand, is characterised by a constant ratio of nu­

clear and cellular volume and a constant DNA concentration. 



The relative contribution of hypertrophy and hyperplasia to chemically induced liver 

enlargement appears to depend on various factors, such as the dose and properties of the 

inducer, and species and strain of the animals. In studies with rats, dieldrin and phéno­

barbital are reported to induce predominantly liver cell hypertrophy, while a-HCH and BHT 

elicited predominantly hyperplasia (Wright et al., 1972; Schulte-Hermann, 1971, 1974a, 

1974b, 1979). The results of studies with dieldrin and phenobarbitone in various species 

(Wright et al., 1972, 1977, 1978) indicated that liver cell hypertrophy occurred in rats, 

mice and dogs exposed to these compounds. In the case of dieldrin-treated rhesus monkeys, 

only the first indications of hepatocellular hypertrophy, as evinced by marginal increases 

in microsomal protein were present in the absence of obvious liver enlargement. No in­

creases in the DNA content of the liver were detected in rats or dogs when these animals 

were exposed to high doses of dieldrin or phénobarbital, indicating that hyperplasia does 

not make a significant contribution to the dieldrin- or phenobarbitone-induced liver en­

largement in these species. Total liver DNA. was also unaltered in rhesus monkeys fed 

dieldrin at concentrations of up to 5 mg.kg-1 for 6.5 years (Wright et al., 1978). In the 

mouse, however, liver DNA content was increased from the outset of exposure to both 

dieldrin and phénobarbital. Hyperplasia and hypertrophy were reported to make a similar 

contribution to the overall enlargement of the liver. 

1. 2.2 Intralobular différences 

Fitzhugh and his associates (1947, 1950) reported that administration to rats of DDT 

or a-HCH led to marked enlargement of centrilobular hepatocytes while periportal cells 

were not enlarged. Similar observations were made later in studies with DDT (Ortega, 1966; 

Thorpe & Walker, 1973), other chlorinated hydrocarbon insecticides (Ortega et al.,1957) 

and phénobarbital (Kunz et al., 1966b). Increases in diameter or number of nuclei were 

not observed in the centrilobular cells (Fitzhugh & Nelson, 1947; Fitzhugh et al., 1950; 

Kunz et al., 1966b) indicating that hypertrophy was the cause of enlargement rather than 

increased ploidy. • 

Electron microscopic analysis revealed that proliferation of SER occurred predomi­

nantly in the vicinity of the central vein of the liver lobule (Burger & Herdson, 1966; 

Becker & Lane, 1968). These observations support findings (Stäubli et al., 1969) indi­

cating that SER multiplication is an important factor in cell hypertrophy after phéno­

barbital administration. 

While hypertrophy predominates in the centrilobular area, proliferating cells have 

been found in all parts of the lobule, but preferentially in the periportal and midzonal 

areas (Grisham, 1973). 

1.2.3 Dose-dependence 

The extent'of liver enlargement clearly depends on the dose of the inducer used. 

This relationship has been demonstrated in studies with barbiturates (Kunz et al., 1966a), 

pyrethrum (Springfield et al., 1973), a-HCH (Schulte-Hermann et al., 1974b), DDT (Hoff­

man et al., 1970), BHT (Gilbert & Golberg, 1965) and dieldrin (Wright et al., 1972). 



Above the range of the respective threshold doses, a linear relationship appears to 

exist between the increase of liver mass and the logarithm of the dose. This relationship 

appears valid when the inducing compound is administered only once (Schulte-Hermann et 

al., 1974b) but also upon daily administration for several days or weeks (Kunz et al., 

1966a; Hoffman et al., 1970; Gilbert & Golberg, 1965). Likewise, hepatic DNA is increased 

in proportion to the logarithm of the dose (Schulte-Hermann, 1974b). Toxic effects of 

the inducers have limited attempts to determine maxima of the growth responses of the 

liver (Kunz et al., 1966a; Hoffman et al., 1970; Schulte-Hermann et al., 1974b). Studies 

with a-HCH (Schlicht et al., 1968; Schulte-Hermann et al., 1974b) revealed that this 

compound can increase RLW by more than 100%. An even higher increase in RLW, i.e. almost 

200%, was observed in rats bearing pituitary tumours that excreted excessive amounts of 

pituitary hormones (Epstein et al., 1967; Milkovic et al., 1964). 

1.2.4 Reversibility of liver enlargement 

Liver weight returns to normal when the administration of the inducing substance 

ceases. This observation was made in studies with barbiturates (Kunz et al., 1966a; 

Schlicht et al., 1968; Owen et al., 1971), pyrethrum (Springfield et al., 1973), a-HCH 

(Schlicht et al., 1968; Schulte-Hermann et al., 1971), DDT (Fitzhugh & Nelson, 1947), 

dieldrin (Ferrigan et al., 1965) and BHT (Schulte-Hermann et al., 1971; Gilbert & Gol­

berg, 1967). 

The rate at which liver enlargement recedes seems to be closely related to the rate 

of elimination of the inducer. Hence, liver weights in rat and mouse return to normal 

levels within a few days when compounds with relatively short biological half-lives, 

such as phénobarbital (Kunz et al., 1966a; Schlicht et al., 1968) or BHT (Gilbert & Gol­

berg, 1967) are used. A return to normal liver weight may take weeks when chlorinated 

hydrocarbons such as DDT (Fitzhugh & Nelson, 1947) or a-HCH (Schlicht et al., 1968) are 

used. 

The increased amount of endoplasmic reticulum also returns to normal when administra­

tion of the inducer is discontinued (Bolender & Weibel, 1973). Excess membranes, induced 

by phénobarbital treatment, were removed within S days after the end of treatment. During 

the regression phase an increase in the number of autophagic vacuoles occurred which 

suggests that, in addition to a biochemical turnover, specific cellular mechnisms may be 

responsible for the bulk-removal of phenobarbital-induced membranes (Bolender & Weibel, 

1973). 

Conflicting results have been reported on the fate of the excess of liver cells (due 

to hyperplasia) in the regression period. After discontinuation of phénobarbital treat­

ment of rats, the increased number of nuclei was found to be reduced (Argyris & Magnus, 

1968). In contrast, experiments with a-HCH and BHT indicated that the elevation of the 

total DNA content persisted throughout the period of regression of the increased liver 

size (Schulte-Hermann et al., 1971). Schulte-Hermann (1974a) suggested that the apparent 

reduction in the differences between the liver DNA content of control and experimental 

animals, observed in some studies, might be due to developmental growth of control livers 

during the regression period. It would seem that, in contrast to other changes in the li-



ver, there is no certainty at present about the fate of the induced excess of liver cells 

during regression. 

1.3 ENZYME INDUCTION BY XENOBIOTIC COMPOUNDS 

1,3.1 Mono-oxygenase 

The oxidative catabolism of lipophilic substrates is catalysed by an enzyme system 

which requires both NADPH and molecular oxygen and is designated mono-oxygenase(s) or 

mixed-function oxidase(s). This membrane-bound system is one of the most versatile enzyme 

complexes known. It metabolizes not only endogenous substrates such as steroids and fatty 

acids but also a variety of foreign compounds, e.g. drugs, insecticides, and carcinogens. 

Reactions catalysed include aromatic and aliphatic hydroxylation, N-, 0-, and S- dealkyla-

tion, sulfoxidation, deamination, epoxidation, desulfuration and dehalogenation (Conney, 

1967; Gillette et al., 1972). 

The system consists of a flavoprotein referred to as NADPH •*• cytochrome c-reductase 

and a hemoprotein (cytochrome); in addition phosphatidyl-choline is required for catalytic 

activity (Lu et al., 1969; Lu & Levin, 1974). Substrate specificity resides in the hemo­

protein moiety, and it has been found that at least six different forms of these cyto­

chromes exist in the liver which differ in catalytic activity towards various substrates 

as well as in molecular weight and in immunological and spectral properties (Thomas et al., 

1976). On the basis of spectral properties the hemoproteins fere frequently referred to as 

cytochrome P-450 or cytochrome P-448. It is quite likely that the activity of each of the 

various hemoproteins is under different genetic control and may, therefore, be influenced 

differently by various groups of xenobiotic inducers. 

The concentration of cytochrome P-450 exceeds that of the mitochondrial cytochromes 

(Estabrook et al., 1971) and comprises approximately H of the total liver proteins 

(Schulte-Hermann, 1974a). Cytochrome P-450 may increase several-fold after treatment with 

xenobiotic compounds (Conney, 1967). 

There are two 'classical' groups of xenobiotic inducers of hepatic mono-oxygenases. 

The first group, represented by phénobarbital, stimulates the degradation of many sub­

strates (e.g. ff-demethylation of aminopyrine, ethylmorphine, benzphetamine), the second, 

exemplified by 3-methylcholanthrene (3-MC), stimulates the hydroxylation of benzpyrene 

but has little or no effect on most other oxidative pathways (Conney, 1967; Gillette et 

al., 1972). These observations have now been explained by the preferential synthesis of 

catalytically different cytochromes (P-450 and P-448) induced by the two groups of in­

ducers (Haugen & Coon, 1976a; Haugen et al., 1976b; Thomas et al., 1976). 

tore recent evidence suggests that there are probably more than two groups of micro­

somal enzyme inducers. Thus, ethanol was found to stimulate microsomal mono-oxygenase(s) . 

with a high capacity for aniline hydroxylation (Villeneuve et al., 1976). Pregnelenone-

16a-carbonitrile' (PCN) and other steroids may represent another group of enzyme inducers 

(Lu et al., 1972) and polychlorinated biphenyls (PCB) and hexachlorobenzene (HCB) produce 

a pattern of induction that resembles a mixture of the changes produced by phénobarbital 

and 3-MC (Alvares et al., 1973; Stonard & Greig, 1976). 



1.3.2 Epoxide hydratase, glutathione transferase and UDP-glucuronyl transferase 

Induction of hepatic mono-oxygenases is frequently associated with increased activi­

ties of other enzyme systems, which also serve to metabolise lipophilic substrates. 

Epoxide hydratase catalyses the hydration of epoxides, highly reactive and toxic 

intermediates which may arise from aromatic hydrocarbons and other substrates by mono-

oxygenase action. Hepatic epoxide hydratase activity is elevated substantially by pre-

treatment of rats and mice with phenobarbitone and to a lesser extent by pre-treatment 

with 3-MC (Oesch et al., 1971, 1973). PCN has also been reported to induce a slight in­

crease in hepatic epoxide hydratase activity (Oesch, 1975). 

The glutathione transferases which employ glutathione (GSH) as a co-substrate also 

play a prominant role in the inactivation of toxic intermediates. A broad spectrum of 

structural types may undergo spontaneous or enzyme-mediated conjugation with glutathione 

in vivo leading ultimately to the formation of ff-acetyl cysteine conjugates (mercapturic 

acids) which may be excreted via the bile or as urinary metabolites (Boyland & Chasseaud, 

1969; Chasseaud, 1973, 1976). Rat liver cytosol contains at least 6 different GSH trans­

ferases of broad and overlapping specificities, including the anion-binding ligandin or 

transferase B (Jakoby et al., 1976). 

Glutathione transferases are inducible by common inducers of hepatic mono-oxygenases, 

such as phénobarbital, TCDD (2,3,7,8-tetra chlorodibenzo-p-dioxin) and PCN (Klassen & 

Plaa, 1968; Darby and Grundy, 1975; Kaplowitz et al., 1975; Jenna & Bend, 1977). 

The liver microsomal UDP-glucuronyl transferase system constitutes another group of 

enzymes which can be induced by treatment with foreign compounds. Glucuronidation is a 

major pathway by which the body inactivates and eliminates a wide variety of lipid-soluble 

endogenous and exogenous compounds such as phenols, carboxylic acids, aliphatic and aroma­

tic alcohols and certain aromatic amines (Dutton, 1966). There is accumulating evidence 

for the existence of a number of UDP-glucuronyl transferases each possessing different sub­

strate specificities. These enzymes can be selectively induced by different types of indu­

cing agents. For example, treatment of rats with phénobarbital induces the glucuronidation 

of chloramphenicol and bilirubin whereas pretreatment of the animals with 3-MC induces 

the glucuronidation of 1-naphthol and p-nitrophenol (Dutton, 1966; Bock et al., 1973). 

Interpretation of these data is somewhat complicated by the latency of the enzymes, i.e. 

glucuronyl transferases can be activated up to 10-fold in vitro by addition of detergents 

(Bock & White , 1974). Latency may be due to conformational restraints within the intact 

endoplasmic reticulum. 

1.4 INDUCTION OF LIVER TUMOURS BY MICROSOMAL ENZYME INDUCERS 

1.4.1 Carcinogenicity studies in mice 

The first carcinogenicity studies conducted in mice exposed to a microsomal enzyme 

inducer (dieldrin) were reported by Davis & Fitzhugh (1962). The results of this study 

were inconclusive because the majority of animals were not available for pathological 

examination. However, in a second study, the feeding of 10 mg dieldrin.kg" diet shortened 



the life-span of C3HeB/Fe mice by 2 months and increased the incidence of liver tumours. 

It should be noted, however, that the latter study showed a very poor survival time 

(average survival time: 51.4 weeks in treated mice compared with 59.8 weeks in controls) 

and that a substantial proportion of the animals was discarded at autopsy: 70/218 dieldrin-

treated mice and 83/217 control animals. Thus, these experiments failed to provide conclu­

sive evidence on the tumourigenicity of the compound in this species. 

Another series of experiments with dieldrin in the CF-1 mouse were reported by Walker 

et al. (1973) and Thorpe & Walker (1973). In the main experiment, 87 - 297 mice of each 

sex were fed diets containing either 0, 0.1, 1.0 or 10.0 mg dieldrin.kg-1 for 132 

weeks (Table 2). Fifty percent mortality was reached at 15 months among mice fed 10 mg 

dieldrin.kg diet and at 20 months in the other groups. The liver tumour incidence (Table 

2) was enhanced in all of the three dieldrin treatment groups. The highest incidence of li­

ver tumours was observed in mice exposed to 10 mg dieldrin.kg diet: 941 in males and 

92'» in females. CF-1 mice fed on 0.1 and 1.0 mg dieldrin.kg" diet showed a similar inci­

dence of liver tumours (25-35% in both males and females). The results of a second dose-

response study, in which exposure lasted for 128 weeks, showed that the incidence of liver 

tumours was enhanced in all of the five dieldrin treatment groups (1.25, 2.5, 5.0, 10.0 

and 20.0 mg dieldrin.kg-1 diet, both in male and female CF-1 mice). 

Neither of these studies with dieldrin in the CF-1 mouse produced a clear-cut dose-

response relationship. However, it was clearly demonstrated that high doses of dieldrin 

invariably induced a high incidence of liver tumours. Furthermore, clear dose-response 

relationships may never be established when the survival of the animals is adversely 

affected by continuous exposure of mice to high doses of the test compound. On the other 

hand, it is interesting to note that, in the main experiment (Table 2), dieldrin enhanced 

the incidence of liver tumours when ingested at a dietary Concentration of 0.1 mg kg . 

This concentration is below the reported threshold dose for the induction of liver enlar­

gement (Fitzhugh et al., 1964; Walker et al., 1969). 

It would seem, therefore, that even though high doses of dieldrin are required to 

produce a maximum increase of the incidence of liver tumours in CF-1 mice, this compound 

may exert tumourigenic effects in livers of this strain of mouse at very low levels of 

exposure. 

In a subsequent study (Walker et al., 1973), groups of male CF-1 mice were fed on 

10 mg dieldrin.kg diet for up to 64 weeks and allowed to live until 104 weeks. The re­

sults of this study (Table 3) show that short-term exposure of mice to dieldrin, e.g. 

8 weeks, produced a highly significant increase in the incidence of liver tumours (40t 

in treated mice versus 11% in controls). However, the highest incidence of liver tumours 

(1001) was found in mice receiving the compound for the longest period of time (64 weeks). 

In an unpublished experiment (Thorpe & Hunt, 1975) a study was made of the patholo­

gical changes in three strains of mice (CF-1, LACG and CF-1 x LACG ) following chronic 

dieldrin administration (10 mg.kg-1 in the diet). The results of this study (Table 4) 

suggest considerable strain differences in susceptibility to the tumourigenic effects of 

dieldrin. Hybrid (LACG x CF-1) mice responded with liver tumour formation in a somewhat 

similar fashion to CF-1 mice, but fewer liver tumours were found in treated LACG mice 

and in males the increased risk was only marginally significant. 



Among several hundred mice with liver tumours, metastases were found in only 15. 

Unpublished studies (Thorpe, 1973) showed that liver cell tumours from mice that had 

received prolonged oral exposure to dieldrin were capable of autonomous growth as sub­

cutaneous transplants without recourse to the use of immuno-suppressive agents. This 

latter finding was highly suggestive of the malignant character of the liver tumours. 

In recent years, a number of reports have been published showing that certain other 

microsomal enzyme inducers also exerted tumourigenic effects on mouse liver. 

A 2-generation dose-response study on the feeding of DDT to CF-1 mice involving a 

total of 881 treated and 224 control mice was reported by Tomatis et al. (1972). Dietary 

concentrations of 2, 10, 50 and 250 mg technical DDT.kg-1 were administered for life­

span. In both parent (P) and Fj generation mice an increased incidence of liver tumours 

was observed in all males exposed to DDT particularly in those exposed to the highest 

concentration (Table 5). The administration of 2 and 10 mg DDT.kg diet to parent and 

Fi generation female mice, however, did not result in a significant excess over control 

levels of liver-cell tumours. An incidence of 131 was observed in (P + Fi) females given 

50 mg DDT.kg diet (significant at the 51 level only). A high incidence of liver tumours 

was observed in females of both generations exposed to 250 mg DDT.kg diet (631 in P and 

711 in Fj). A later study by the same group of workers, reporting on the effects of DDT 

on 6 consecutive generations of CF-1 mice (Turosov et al., 1973), confirmed these results. 

The results of both studies with DDT in the CF-1 mouse (Tomatis et al., 1972; Turo­

sov et al., 1973) suggest that the tumourigenic potential of this compound is more easily 

expressed in males than in females. However, it is interesting to note that in these ex­

periments females showed a lower background incidence of liver tumours. In experiments 

with CF-1 mice showing no clear sex difference in spontaneous liver tumour incidence 

(Walker et al., 1973; Thorpe & Walker, 1973), the tumourigenic effects of DDT were found 

to be similar in males and females. 

A 2-generation study with DDT involving a total of 515 female and 431 male BALB/c 

mice was reported by Terracini et al. (1973a, 1973b). DDT was administered at dietary 

concentrations of 2, 20 or 250 mg.kg-1 for life-span. A comparison of the results from 

this study with those from studies conducted with DDT in the CF-1 strain of mouse (Toma­

tis et al., 1972; Turosov et al., 1973; Walker et al., 1973; Thorpe & Walker, 1973) 

strongly suggests that the latter strain, which generally exhibits a relatively high in­

cidence of spontaneous liver tumours, is more susceptible to the tumourigenice effects 

of DDT than BALB/c mice. The occurrence of spontaneous liver tumours in BALB/c mice is 

rare (Andervont & Dunn, 1948; Deringer, 1965; Madison et al., 1968; Smith & Pilgrim, 

1971; Terracini et al., 1973a). 

In more recent experiment, reported by Tomatis et al. (1974), groups of 60 male and 

60 female CF-1 mice were given 250 mg DDT.kg" diet for 15 or 30 weeks after which the 

mice were killed at different time intervals (at 65, 95 and 120 weeks after initiation of 

the experiment. The results of this study are similar to those reported by Walker et al. 

(1973) on the tumourigenicity of dieldrin in the CF-1 mouse and suggest that a limited 

period of exposure to microsomal enzyme inducers results in an increased appearance of 

liver tumours similar to that caused by life-span exposure. The shorter the period of ex-
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pösure the lower the incidence of liver tumours. In this context, it is interesting to no­

te that life-span exposure of CF-1 mice to 250 mg DDT.kg- diet resulted in a higher inci-

cence of liver tumours than 30-weeks exposure. 

Several recent carcinogenicity studies with phenobarbitone have shown that this 

'classical' microsomal enzyme inducer may also enhance the incidence of liver tumours 

in mice (Table 6 ) . This effect has been demonstrated in strains of mice that are known 

to be susceptible to 'spontaneous' development of liver tumours, e.g. CF-1 mice (Thorpe 

& Walker, 1973; Ponomarkov et al., 1976) and C3H mice (Peraino et al., 1973a). 

Similarly, several stereo-isomers of HCH have now been found to possess tumourigenic 

potential in mice (Table 7). The results of two studies by Ito and co-workers indicate 

that a-HCH may induce liver tumours in male dd mice within 6 months of exposure (Nagasaki 

et al, 1971, 1972; Ito et al., 1973). This group found no evidence for tumourigenic 

potential of other stereo-isomers. However, a study by Thorpe & Walker (1973) showed 

that ß- and y-HCH may enhance the incidence of liver tumours in CF-1 mice. 

CONCLUSIONS 

The carcinogenicity studies discussed above have clearly established that various 

microsomal enzyme inducers, such as dieldrin, DDT, phenobarbitone, a, $ and y HCH are 

tumourigenic in livers of various strains of mouse. 

The tumourigenic effects of microsomal enzyme inducers have been shown to be pronoun­

ced in strains of mouse that show a relatively high incidence of spontaneous liver tumours 

(Thorpe & Walker, 1973; Walker et al., 1973; Tomatis et al., 1972; Turosov et al., 1973; 

Peraino et al., 1973a; Ponomarkov et al., 1976) whereas strains of mouse with a low 

background incidence of liver tumours appear to be less susceptible (Thorpe & Hunt, 1975; 

Terracini et al., 1973a, 1973b). 

The tumourigenic effects of the inducer were most pronounced when high doses of the 

compound were used. Moreover, a positive relationship appears to exist between the 

duration of treatment with an inducer and the incidence of liver tumours (Walker et al., 

1973; Tomatis et al., 1974). On the other hand, it has been demonstrated that microsomal 

enzyme inducers may enhance the incidence of liver tumours at exposure levels below the 

threshold doses for the induction of liver enlargement (Walker et al., 1973; Turosov et 

al., 1973; Tomatis et al., 1972). 

Therefore it would seem that some compounds exert tumourigenic effects at very low 

levels of exposure, even though maximum enhancement of the incidence of liver tumours in 

susceptible strains of mouse may require protracted treatment with high doses of a micro­

somal enzyme inducer. 

1. 4.2 Carcinogenicity studies in rats 

The first chronic feeding study with a microsomal enzyme inducer (DDT) in rats was 

published by Fitzhugh et al. (1947). A total of 228 animals (Osborne-Mendel Strain) re­

ceived diets containing technical DDT at concentrations of 0, 100, 200, 400, 600 and 800 

mg.kg . The mortality in DDT-treated groups was very high and of the initial 192 rats ex-
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posed to the compound only 81 survived at least 18 months. After 18-24 months of feeding, 

four rats were reported to have 'low-grade' hepatic cell carcinomas and eleven rats showed 

nodular adenomatoid hyperplasia (nodules measuring up to 3 mm). Although no liver tumours 

were found in control rats, hepatic-cell tumours have been reported to occur spontaneously 

in H of the rats in this colony (Fitzhugh et al., 1947). The authors concluded that 'DDT 

showed a minimal tendency to cause formation of hepatic cell tumours'. 

A second carcinogenicity study with DDT in Osborne-Mendel rats was reported by 

Radomski et al. (1965) and Deichmann et al. (1970). Thirty males and 30 females were 

exposed for 24-27 months to either 80 or 200 mg DDT.kg diet and compared with two con­

trol groups of 30 animals of each sex. Two liver tumours were found in the experiment: 

one occurred in a control female and the other in a female given 200 mg DDT.kg diet. 

Incidences of other tumours were similar in control and treated rats. 

Weisburger & Weisburger (1968) reported an experiment in which a group of 15 male 

and 15 female Fisher rats were given a dose of 10 mg DDT per rat by stomach tube, 5 times 

a week starting at weaning. Treatment lasted one year, and survivors were observed for 

a further 6 months. No liver tumours were found. However, the duration of this study was 

too short and the number of rats per treatment group too small to warrant any firm con­

clusion. 

Recently Rossi et al. (1977) reported an experiment in which 37 male and 35 female 

Wistar rats were fed on diets containing 500 mg DDT.kg for life-span (Table 8), Thirty-

six male and 35 female rats served as controls. Of the animals that survived the time at 

which the first liver nodule was observed in a DDT-treated female (at 80 weeks), 9 out of 

26 treated males (34.61) and 15 out of 27 females (55.U) were found to bear liver nodules 

at death. No liver nodules occurred in controls. There was no evidence of metastases to 

the lungs or any other organ. The authors classified these lesions as neoplastic nodules 

even though there was no evidence of invasive properties. Furthermore, the observed nodu­

les occurred - very late in life - in the presence of liver damage including centrilobular 

necrosis and fatty degeneration. The occurrence of nodular hyperplasia in rats chronically 

exposed to very high doses of DDT could thus represent a form of regenerative liver growth. 

Consequently, this study provides no convincing evidence for the tumourigenicity of DDT in 

rats. 

Rossi et al. (1977) also investigated the effects of chronic treatment of Wistar 

rats with another potent microsomal enzyme inducer, phenobarbital-Na (Table 8). The 

compound was administered at a concentration of 500 mg/1 in the drinking water to 36 

male and 34 female seven-week-old Wistar rats for life-span. Twenty-two males and 28 

females were still alive when the first liver nodule was reported at about 99 weeks. At 

the termination of this experiment, when the animals had reached an age of 152 weeks, 

13 males and 9 females had developed hepatic nodules. No hepatic nodules were observed 

in a group of 36 male and 35 female control rats. The incidences of non-hepatic neo­

plasms were comparable in the test and control groups of rats. The effects of phenobar-

bitone were thus similar to those observed with DDT. 

In a recent study reported by Butler (1978), male inbred Fisher rats were fed on 

diets containing 1000 mg phenobarbitone-Na.kg"1 for 103 weeks. Of 33 treated rats survi­

ving 80 weeks and more, 11 showed foci of nodular hyperplasia in the liver. The foci 
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were usually small, but one rat killed at 102 weeks had a lesion of 0.7S cm diameter, 

which compressed the surrounding liver. In no case was evidence of local invasion or meta­

stasis found. Thus this experiment provided no evidence to suggest that phenobarbitone-

Na induced neoplasms in rat liver. 

The studies by Rossi et al. (1977) and Butler (1978) both failed to establish that 

phénobarbital-induced liver nodules possessed invasive properties, even though the 

observation period in one of these studies (Rossi et al., 1977) lasted nearly 3 years. 

Consequently, it would seem incorrect to classify these lesions as neoplastic growth. As 

both studies yielded evidence of liver damage in phénobarbital-treated rats, it is not 

unlikely that the observed liver nodules represent a hyperplastic response to compound-

induced liver necrosis. 

Several carcinogenicity studies with dieldrin in the rat have been published in the 

last 15 years (Table 9 ) . Fitzhugh et al. (1964) reported an experiment in which groups 

of 12 male and 12 female Osborne-Mendel rats were fed on diets containing 0, 0.5, 2, 10, 

50, 100 or 150 mg dieldrin.kg" for two years. Survival rates were decreased at 50 mg 

dieldrin.kg- and higher doses and the tumour incidences in these groups have little com­

parative value. In groups of rats given 0.5, 2 or 10 mg dieldrin.kg , the number of tu­

mour-bearing (= all tumours) animals were 8/22, 8/23 and 4/18 at 0.5, 2 and 10 mg dieldrin. 

kg , respectively, compared with 3/17 in the controls (Table 9). In these groups, the 

survival rate was comparable with that in the controls (75% at 18 months). The authors 

claimed that there was evidence of 'some general type of effect that increased tumour pro­

duction, without causing any single type of tumour to predominate'. However, the diffe­

rence between 20/63 tumour-bearing rats in the treated groups and 3/17 in the controls is 

not significant (x2= 0.71, P ̂  0.05). The authors did not observe any liver tumours in 

this study. 

A subsequent carcinogenicity study performed by Walker et al. (1969) also failed 

to demonstrate an increased overall tumour incidence in rats exposed to dieldrin (Table 9 ) . 

Diets containing 0.1, 1.0 and 10.0 mg dieldrin.kg"x were administrated to groups of 25 

male and 25 female CFE rats for two years. A group of 45 males and 45 females served as 

controls. The authors reported that 3 female rats on 10 mg dieldrin.kg" and one control 

female rat showed focal proliferation of liver parenchymal cells to form microscopic no­

dules. Liver tumours were not observed. 

Two studies with dieldrin in rats were published recently (National Cancer Institute, 

1978a) (Table 9). In the first study, dieldrin was administered to groups of 50 Osborne-

Mendel rats of each sex at either a low or a high dieldrin concentration. Time-weighted 

average doses were 29 (low dose) or 65 mg dieldrin.kg" diet (high dose). Low-dose rats 

were treated for 80 weeks, followed by 30-31 weeks of observation. Treatment of high-dose 

rats was terminated after 59 weeks and followed by an observation period of 51-52 weeks. 

Matched controls consisted of groups of 10 untreated rats of each sex. Pooled controls 

consisting of the matched control groups combined with untreated animals from similar bio-

assays of other chemicals (58 male and 60 female rats) were used for statistical evalua­

tion. All surviving rats were killed at 110-111 weeks. A low incidence of hepatocellular 

carcinomata was observed with no increased frequency for treated groups over controls 

(males: one control and one 'high-dose' animal; females: one 'low-dose' and one 'high-
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dose' animal). 

In the second study (National Cancer Institute, 1978b) groups of 24 Fisher 344 rats 

of each sex were administered either 0, 2, 10 or 500 mg dieldrin.kg diet for 104-105 

weeks (table 9). Survival was not adversely affected by treatment. A variety of neoplasms 

occurred in control and treated rats, but incidence was not related to treatment. No 

liver tumours were observed. However, 2 control males (8°s) and four males on 50 mg dieldrin 

.kg diet showed evidence of nodular hyperplasia. These lesions were classified as non­

neoplastic. 

The four studies with dieldrin described above have thus failed to demonstrate 

tumourigenic effects of the compound on rat liver. 

The results of an early study with the a-,e-and y-stereoisomers of hexachlorocyclo-

hexane (HCH), published by Fitzhugh et al. (1950), indicated that these compounds were 

not tumourigenic in the rat. However, the validity of this study is questionable. The 

experimental group sizes were small (10 male and 10 female rats per group) and the survi­

val rates were very poor: mean age was 58 weeks in a group of 40 controls and 33-70 weeks 

in experimental groups. 

Recently, Ito et al. (1975) observed hepatocellular carcinomas in a few Wistar rats 

fed on a diet containing 1,000 or 1,500 mg a-HCH.kg"1 for 72 weeks (Table 10). There 

was also a high incidence of nodular hyperplasia in these treatment groups. Other isomers 

of HCH were tested for periods up to 48 weeks, which is far too short to warrant any 

conclusions on the (non-)tumourigenicity of these compounds in rats. 

CONCLUSIONS 

Long-term studies in rats with DDT, phénobarbital and dieldrin have provided no evi­

dence of carcinogenicity of these compounds in this species (Fitzhugh et al., 1964; 

Walker et al., 1969; NCI studies, 1978a, 1978b; Radomski et al., 1965; Deichmann et al., 

1970; Rossi et al., 1977; Butler, 1978). 

The apparent non-tumourigenicity of these microsomal enzyme inducers in rats has 

led to the opinion that the tumourigenic effects of these agents on mouse liver constitute 

species-specific events and may consequently bear no relevance to other mammalian spe­

cies, including man (van Raalte, 1973). This has resulted in a considerable controversy 

regarding the use of the laboratory mouse in carcinogenicity testing (Tomatis et al., 1973; 

Grasso & Crampton, 1972). In the case of a-HCH, however, there are indications that this 

compound may possess tumourigenic potential in mice (Nagasaki et al., 1971, 1972; Ito 

et al., 1973) and rats (Ito et al., 1975). Consequently, the contention that the tumouri­

genic effects of microsomal enzyme inducers in various strains of mouse are species-

specific events per se may not be a valid generalization. On the other hand, there can 

be little doubt that some strains of mouse are highly sensitive to the tumourigenic effects 

of these compounds. 
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1.4.3 Carcinogenicity studies in other mammalian species 

To date, there are only a few long-term studies with microsomal enzyme inducers in 

mammalian species other than rats and mice. 

Two long-term feeding studies with DDT were conducted in hamsters by Agthe et al. 

(1970) and Graillot et al. (1975), respectively. The results of these studies provided no 

evidence of tumourigenicity of DDT in this species. 

Agthe et al. (1970) fed groups of 30 male and 30 female Syrian Golden Hamsters on 

diets containing 500 or 1000 mg DDT.kg-1 for 44 weeks. Survivors at 50 weeks were 70/115 

treated versus 59/79 control animals. All treated animals and 62/79 controls had died 

by the 90th week. Eleven treated hamsters developed tumours at different sites (including 

one liver tumour) as did 8 controls. 

Graillot et al. (1975) fed groups of 30 male and 40 female hamsters on diets con­

taining 0, 250, 500 or 1000 mg DDT.kg" for a period of 78 weeks and observed no lesions 

which could be attributed to DDT-treatment. 

A study with DDT in the dog was published by Lehmann (1965). A total of 22 animals 

approximately equally divided by sex were fed either 0 (2 dogs), 400 (2 dogs), 2000 (4 

dogs) or 3200 (14 dogs) mg DDT.kg" diet. Only the control dogs, the 2 dogs given 400 mg 

DDT.kg" and 2 of the dogs receiving 2000 mg DDT.kg" survived until they were killed 

(39-49 months). This study, in which no liver tumours were observed in any of the dogs, 

was clearly too short to warrant any conclusions on the chronic toxicity of the compound. 

Similarly, a chronic study reported by Walker et al. (1969) with dieldrin (daily 

oral doses of 0, 0.005 and 0.05 mg.kg-1 body weight) in dogs was terminated after only 

two years - no liver tumours were found - and provides no indications on the tumourigeni­

city of dieldrin in the dog. 

In a study reported by Wright et al. (1978) Rhesus monkeys were fed on diets contai­

ning 0 mg dieldrin.kg*1 (5 animals), 0.01 mg dieldrin.kg"1 (4 animals), 0.1 mg dieldrin. 

kg-1 (5 animals), 0.5 mg dieldrin.kg-1 (5 animals), 1.0 mg dieldrin.kg-1 (4 animals), 

1.75 mg dieldrin.kg-1 (2 animals) and 5.0 mg dieldrin.kg-1 (1 animal) for periods up to 

6.5 years. Although at the end of this period no obvious alteration in general structure, 

colour or texture was observed in the livers of dieldrin-treated animals, this study can­

not be regarded as a valid carcinogenicity study in a primate species. 

CONCLUSIONS 

The results of two chronic feeding studies with DDT in hamsters indicate that this 

compound is not tumourigenic in this species (Agthe et al., 1970; Graillot et al., 1975). 

However, non-rodent studies conducted to date with dieldrin (Walker et al., 1969; 

Wright et al., 1978) and DDT (Lehmann, 1965) cannot be regarded as valid carcinogenicity 

studies and warrant no conclusions on the tumourigenicity of these agents in these spe­

cies. 
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1.4.4 Epidemiological observations in man 

Microsomal enzyme inducers such as phenobarbitone (an anti-convulsant drug used in 

the treatment of epilepsy), DDT (agricultural pesticide, also successfully applied in 

anti-malaria programs) and dieldrin (agricultural pesticide) have been in use for more 

than three decades and retrospective epidemiological studies may thus provide evidence 

on the hazards of these compounds to man. 

The first study on plant workers exposed to DDT was reported by Ortelee (1958). 

Forty men engaged in the manufacture or formulation of DDT were medically examined. 

Twenty-eight of the men were under 39 years of age, 7 between 40 and 49, and 5 over 50. 

The length of exposure at the time of the study was less than 1 year for 2 workers, 1-4 

years for 21 workers and 5-8 years for 17 workers. The clinical and laboratory studies 

conducted (history, physical and neurological examination, blood counts and haemoglobin, 

sulfobromophtalein, Cholinesterase, urinary excretion of DDA) revealed no ill effects 

attributable to DDT. No evidence of neoplasia was found among the 40 workers at the time 

of investigation. However, this study cannot, for a variety of reasons, provide evidence 

on the tumourigenicity of DDT in man. The experimental group was small and the majority 

of the patients were at an age at which the occurrence of human cancer would not be ex­

pected. Furthermore, the observation period was limited to 8 years at maximum, which 

would seem far too short. 

In 1966 a study was made of 35 plant workers with 11-19 years (average 15 years) of 

exposure to high concentrations of DDT (Laws et al., 1967). The ages of these workers 

ranged between 30 and 63 years (mean: 43 years). Findings from medical history, physical 

examination, routine clinical laboratory tests, and chest X-ray film did not reveal ill 

effects attributable to exposure to DDT. No cancer was reported in any of the workers. 

A follow-up study on liver function utilizing the same group of men was initiated in 1972 

(Laws et al., 1973). By that time the duration of exposure to DDT ranged from 16-25 years 

with a mean and median of 21 years. No clinical indications of hepatotoxicity, hepatic 

enlargement or liver dysfunction were observed. The results of serum a-fetoprotein analy­

ses were negative in all 20 of the men for whom the test was performed. This study was 

also based on a small group of occupationally exposed workers. The fate of workers who 

had left the industry was not investigated. Liver cancer is relatively rare in the Western 

world and a study of a small group of occupationally exposed workers does not constitute 

a sufficiently sound basis for the prediction of safety of the compound in the human si­

tuation. 

Dieldrin has been manufactured since 1954 in a plant of Shell Nederland Chemie N.V. 

at Pernis (Rotterdam). Several doctors from the plant industrial medical department have 

reported on the health condition of a total of 826 workers involved in the handling of 

dieldrin and other pesticides. The results of their studies indicate that occupational 

exposures to high concentrations of dieldrin for periods up to 17.5 years did not result 

in any persistent adverse effect on the health of these workers (Hoogendam et al., 1962; 

Hoogendam et al., 1965; Jager, 1970; Versteeg & Jager, 1973). In Jager's publication 

(1970) a group of 233 workers with occupational insecticide exposures of more than four 

years (4-13.3 years, average 7.6 years) was studied. One hundred and eighty-one workers 



were still employed by the firm at the time of the study, and their average age was 41 

years (range 22-64). Only 2 deaths had occurred, and one had been caused by stomach can­

cer. Fifty-two workers who had left the company have been the subject of a subsequent re­

port (Versteeg & Jager, 1973). The average age of this group was 47.4 (range 29-72) years, 

average occupational exposure was 6.6 years (4.0-12.3) and average time since the end of 

exposure was 7.4 years (4.5-16). Only one death was recorded, and this had not been caused 

by cancer. 

The results of these studies - so far - indicate that dieldrin causes no liver tu­

mours in occupationally exposed workers. Again, the size of the experimental group is 

relatively small for a thorough epidemiological study (233 patients) and the occurrence 

of only one case of liver cancer would result in serious problems of interpretation. 

The carcinogenicity of anti-convulsant drugs (including phénobarbital) in man was 

studied by Clemmesen et al. (1974) in a retrospective investigation conducted on 9,136 pa­

tients admitted to the Danish epilepsy centre "Filadelfia" between 1933 and 1962. The 

patients were treated with phénobarbital (100-300 mg), phenytoin (100-400 mg) or primi­

done (500-1500 mg) daily. In patients treated for up to 10 years, the incidence at all 

sites except the liver was the same as or lower than that expected when compared with the 

incidence of the general population in Denmark. In patients treated for more than 10 

years, 3 cases of liver cancer were observed in males, whereas 1.1 were expected, and 1 

liver cancer was observed in a female where 0.7 was expected. In males, treated for less 

than 10 years, 1 liver cancer was observed where 0.4 was expected. Clemmesen et al. (1974) 

reported that one man with liver cancer had been treated with thorotrast, a known liver-

carcinogen, 18 years before death. In patients treated for more than 10 years, tumours of 

brain and nervous system were observed in 10 males (expected 3.5) and 6 females (expec­

ted 2.9). 

Schneidermann (1974) reconsidered these results with respect to liver tumours and 

suggested that the cases of liver cancer might represent an increased incidence, but 

Clemmesen (1975) reported that 3 out of the 4 liver cancers seen in male patients had pre­

viously been treated with thorotrast which is known to induce liver tumours in man 

(Kiely et al., 1973; Macmahon et al., 1947; Mann et al., 1976 ; Smoron et al., 1972). 

CONCLUSIONS 

The epidemiological evidence obtained with dieldrin and DDT is not sufficiently 

strong to indicate safety of these compounds in the human situation (Ortelee, 1958; Laws 

et al., 1967, 1973; Hoogendam et al., 1962, 1965; Jager, 1970; Versteeg & Jager, 1973). 

In contrast, the epidemiological studies conducted by Clemmesen and his associates 

(1974, 1975) with phénobarbital have established that pharmacological doses of the cam-

pound have no adverse effect on human health. The epidemiological evidence obtained with 

phénobarbital, which was shown to be tumourigenic in mice (Walker et al., 1973; Peraino 

et al., 1973a; Ponomarkov et al. 1976), supports the contention that 'no toxic effect 

levels' of xenobiotic inducers in humans exist. 

17 



1.5 MECHANISTIC ASPECTS OF LIVER TUMOUR FORMATION BY MICROSOMAL ENZYME INDUCERS 

Several mechanisms can be envisaged by which xenobiotic enzyme inducers may exert 

tumourigenic effects in mammalian liver. 

1. Homeostatic mechanisms might gradually be deranged by chronic treatment with xeno­

biotic inducers. It has been suggested that prolonged exposure to excessive functional 

demands favours the development of tumours and there is evidence from studies with va­

rious organs to support this concept (Becker, 1971). If this were so in the case of micro­

somal enzyme inducers, one would expect to find signs of autonomy of growth and enzyme 

production in mammalian liver during protracted treatment with these compounds. Present 

evidence from several studies indicates that the short-term increases in liver size, DNA 

synthesis and enzyme activities produced by a-HCH (Schulte-Hermann, 1979), phénobarbi­

tal (Crampton et al., 1977), BHT (Crampton et al., 1977) or dieldrin (Wright et al., 1972, 

1977) did not increase any further by protracted treatment with these enzyme inducers. 

Even after 80 weeks, the changes induced by phénobarbital in rat liver were reversible on 

cessation of treatment and re-induced by phénobarbital to the same extent as by the 

initial treatment (Crampton et al., 1977). 

2. Microsomal enzyme inducers or their metabolites might induce somatic mutations, 

i.e. alterations in the nucleotide sequence in the DNA genome. Such alterations may re­

sult from covalent attacks of ultimate carcinogens on DNA or conceivably from indirect 

mechanisms involving covalent binding to RNA or specific proteins (Miller, 1970). This 

concept of chemical carcinogenesis assumes that somatic mutations are primary events in 

carcinogenesis and, therefore, ultimate carcinogens are considered to be mutagens. 

The possibility that dieldrin or one of its metabolic products exerts its tumouri­

genic action on mouse liver by a direct interaction with DNA has been explored by study­

ing the extent of binding of radioactivity to the liver DNA of rodents exposed to I^CJ-

dieldrin in vivo (Wright et al., 1977). The results of these studies indicated that very 

small amounts of an unidentified biotransformation product of dieldrin became tightly 

bound to the liver DNA of the CFE rat, the CF-1 mouse and the LACG mouse (Table 11). The 

extent of binding correlated with the rate of dieldrin metabolism in these animals (Hutson, 

1976); the more rapid the metabolism the greater the binding. Thus, binding was highest 

in the CFE rat, intermediate in the CF-1 mouse and lowest in the male LACG mouse. However, 

the CFE rat has been reported to be resistent to the induction of liver tumours by diel­

drin (Walker et al., 1969) and consequently, there would seem to be no correlation be­

tween the extent of binding to liver DNA and susceptibility to liver tumour formation. 

The possibility that in vivo exposure to dieldrin might cause DNA strand breakage 

has been investigated in the livers of rats and mice. No single strand breakage was detec­

ted in the livers of either species after acute exposure to high doses of dieldrin 

(Wright et al., 1977). 

Dieldrin has also been evaluated for mutagenic activity in a variety of test systems. 

The compound gave negative results in the Salmonella-microsome test system (Bidwell et 

al., 1975). Dominant lethal assays and host-mediated assays with dieldrin on male CF-1 



mice have also yielded negative results (Dean & Doak, 1975). A mutagenic event due to in­

tercalation can be ruled out because of the globular structure of dieldrin. It would thus 

seem that dieldrin is devoid of mutagenic activity or potential, which makes it unlikely 

that an interaction between the compound and liver DNA could be responsible for the liver 

tumours. 

3. The induction of hepatic mono-oxygenases by microsomal enzyme inducers could render 

the liver more susceptible to tumour formation as a result of an increased capability 

to synthesise proximate or ultimate carcinogenic forms of exogenous or endogenous pre-

carcinogens. 

In many instances, co-administration of carcinogens with microsomal enzyme inducers 

has been reported to result in reduced rather than in enhanced carcinogenesis (Kunz et 

al., 1969; Peraino et al., 1971). These reports suggest that other cellular factors may 

also influence the generation of carcinogenic reactivity from pre-carcinogens. These 

factors could include rates and modes of transport to the enzyme(s), levels and affini­

ties of physiological and foreign substrates, e.g. inducer, and activities of enzyme sys-

stems which catalyse the subsequent metabolism of the primary products of mono-oxygenase 

action, e.g. epoxide hydratase, glutathione s-epoxide transferase and UDP-glucuronyl 

transferase. An assessment of the relative contributions of these factors to the overall 

rate of in vivo activation of pre-carcinogens is very difficult, which may explain some 

of the contradictory results which have been obtained to date. 

The relationship between microsomal enzyme induction and liver tumour formation is 

a central theme of this thesis and will be subject of further discussion in Chapter 4. 

4. The induction of cell replication sensitises liver cells to initiating effects 

of carcinogenic chemicals. Increased susceptibility of dividing cells to experimentally 

administered carcinogens appears well documented (Pound & Lawson, 1975; Craddock, 1975; 

Delia Porta & Terracini, 1969). However, the relevance of this mechanism for situations 

in which no carcinogen is deliberately administered is difficult to assess (Schulte-

Hermann, 1979). 

5. Microsomal enzyme inducers promote the expression of a pre-existing oncogenic 

factor in susceptible animal species. The high incidence of 'spontaneous' liver tumours 

in some strains of mice (Walker et al., 1973; Thorpe & Walker, 1973; Tomatis et al., 

1972; Turosov et al., 1973; Tomatis et al., 1974; Peraino et al., 1973a; Ponomarkov & 

Tomatis, 1976) strongly suggests the existence of such a factor in these animals. Promo­

ting effects by xenobiotic inducers on hepatocarcinogenesis have, in fact, been demon­

strated. The administration of phénobarbital to rats previously treated with 2-acetylamino-

fluorene, a known liver carcinogen, accelerated the appearance of liver tumours and in­

creased the number and growth rate of tumor foci' (Peraino et al., 1971, 1973b, 1975, 1977). 

The promoting effect of phénobarbital on liver tumour formation was confirmed using 

diethyl-nitrosamine (DENA) as a tumour-initiating agent (Weisburger et al., 1975). 

Several other microsomal enzyme inducers including DDT (Peraino et al., 1975), 

BHT (Peraino et al., 1975), PCB (Kimura et al., 1976) and a-HCH (Schulte-Hermann, 1978) 
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were also found to promote the formation of liver tumours from previously induced lesions 

by hepatocarcinogens. 

CONCLUSIONS 

There is no evidence at present to indicate that microsomal enzyme inducers have muta­

genic activity or potential (Wright et al., 1977; Bidwell et al., 1975; Dean & Doak, 1975) 

and it appears unlikely that an interaction between microsomal enzyme inducers and liver 

DNA could be responsible for the induction of liver tumours in various strains of mouse. 

However, microsomal enzyme inducers, such as phénobarbital, DDT, BHT, PCBs and a-HCH, 

were found to promote the formation of liver tumours in rats previously treated with liver 

carcinogens such as 2-AAF or DENA (Peraino et al., 1971, 1973b, 1975, 1977; Weisburger 

et al., 1975; Kimura et al., 1976 Schulte-Hermann, 1978). 

This experimental evidence suggests that the tumourigenic effects of various micro­

somal enzyme inducers in susceptible strains of mouse could be due to promotion of the 

expression of pre-existing oncogenic potential in these animals. This hypothesis is 

supported by the observation that susceptible strains of mouse possess a background inci­

dence of 'spontaneous' liver tumours (see Section 1.4.1). 

1.6 RATIONALE OF EXPERIMENTATION 

Experimental evidence indicates that the susceptibility of various strains of mouse 

to the tumourigenic effects of microsomal enzyme inducers could well be related to the 

presence of pre-existing oncogenic potential in these animals: firstly, susceptible 

strains of mouse, e.g. CF-1 and C3H mice, show a relatively high incidence of 'spontaneous' 

liver tumours (see Section 1.4.1) and, secondly, there is evidence to indicate that va­

rious microsomal enzyme inducers promote the development of liver tumours in rats pre­

viously treated with liver carcinogens such as 2-AAF or DENA (see Section 1.5). 

Consequently, the formation of liver tumours in mice exposed to microsomal enzyme 

inducers could well be due to promotion of the expression of pre-existing oncogenic fac­

tor (s) in these animals. 

The aim of the present study was to investigate the effects which environmental 

factors, e.g. the animal diet and bedding, might have on the 'spontaneous' incidence of 

liver tumours in a tumour-susceptible strain of mouse (CF-1). Both environmental factors 

are known to contain naturally occurring microsomal enzyme inducers (Ferguson, 1966; Ves-

sell, 1967; Loub et al., 1975; Babish & Stoewsand, 1975, 1977). Additionally, commercial 

diet (CD) may contain traces of carcinogenic agents, e.g. nitrosamines or aflatoxin B-^ 

(Schoental, 1974) and softwood sawdust (S) is frequently contaminated with 'moth proofing' 

wood preservatives, e.g. pentachlorophenol, dieldrin, HCB, DDT or endrin (Baldwin, un­

published publications). 

One consideration was that if apparently unrelated xenobiotic microsomal enzyme in­

ducers could enhance the incidence of liver tumours in various strains of mouse, similar 

effects might be expected from naturally occurring microsomal enzyme inducers in the 

mouse's environment. 
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In addition, the presence of carcinogenic substances in the animal's environment 

might be a major cause of the development of 'spontaneous' liver tumours in tumour-

susceptible strains of mouse. The administration of a purified semi-synthetic diet and 

maintenance on purified bedding, such as shredded filter paper, might, therefore, signi­

ficantly reduce the initiation of liver carcinogenesis in tumour-susceptible strains of 

mouse. It was decided to study the possible implications of such effects in mice treated 

with a potent microsomal enzyme inducer (dieldrin). 

1.7 SELECTION OF PARAMETERS FOR BIOCHEMICAL INVESTIGATIONS IN MOUSE LIVER 

One of the main objects of the present study was to investigate the relationship 

between microsomal enzyme induction (by naturally occurring agents in diet and bedding 

and by a xenobiotic inducer) and liver tumour formation in a susceptible strain of mouse 

(CF-1). The activities of four drug-metabolizing enzyme systems were selected for assay: 

1. Mono-oxygenase p-Nitroanisole O-demethylation was used as an index of liver mono-

oxygenase activity. As was described in Section 1.3.1, several substrates should ideally 

be used to achieve proper perspective in the type of mono-oxygenase induction caused by 

the various experimental factors. However, practical considerations i.e. that such assays 

could be conducted only at the expense of assays of other drug-metabolizing enzyme systems, 

imposed limitations on the number of substrates used for the determination of liver mono-

oxygenase activity. 

2. Epoxide hydratase This enzyme catalyses the hydration of epoxides, highly reac­

tive and toxic intermediates which may arise from aromatic hydrocarbons and other sub­

strates by mono-oxygenase action (see Section 1.3.2). Epoxide hydratase may be induced 

by classical inducers, such as phenobarbitone and 3-MC. Enhancement of the enzyme activity 

by experimental factors could affect the generation of proximate and ultimate carcinogenic 

forms of environmental pre-carcinogens. Interaction between epoxide hydratase and diel­

drin was considered likely because of the epoxide ring in the dieldrin molecule. 

3. Glutathione S-epoxide transferase This enzyme system also plays a prominant role 

in the inactivation of toxic intermediates formed by mono-oxygenase action and may, simi­

lar to the activity of epoxide hydratase, affect the formation of proximate and ultimate 

carcinogens. The enzyme activity is inducible by microsomal enzyme inducers such as phéno­

barbital (see Section 1.3.2). 

4. UDP-Glucia>onyl transferase This enzyme system is implicated in the metabolism 

of dieldrin in mammals (Hutson, 1976). In addition, glucuronidation constitutes a major 

pathway by which the body inactivates a wide variety of llpid-soluble endogenous and exo­

genous compounds. The activity of these enzymes may, therefore, be relevant to the fate 

of reactive metabolites formed by mono-oxygenase action. The enzyme(s) are inducible by 

common microsomal enzyme inducers such as phénobarbital and 3-MC. (see Section 1.3.2). 
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