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7.1 INTRODUCTION

Many carcinogens have to be converted into ultimate carcinogenic metabolites by
biottansfonnation before they can induce tumors in animals or humans, a process
having many differences among species (Langenbach et al., 1983; Siaga, 1988).
For some compounds, such bioactivation is not required (e.g., direct-alkylating
agents, or metals), and species differences in their carcinogenic potency may be the
consequence of differences in pharmacokinetics or detoxication (i.e., in the rates of
absorption via the various portals of contact) and in their distribution in vivo.
Furthennore, ifbioactivation is required, even greater species differences may result
due to variations in enzyme activities and availability of co-factors. The effect of
these pro-carcinogens will probably be limited to the cells in which they are
activated to ultimate carcinogens, because electrophilic metabolites are often too
reactive to leave a cell and be taken up by another cell. Differences in carcinogenic
responses among species are to be expected, when the tissue or cell type in which
tumors arise occurs in one species and not in another. For example, the forestomach
and the Zymbal gland are present in rodents but not in humans.

The major factors to consider in species differences in carcinogenic responses are
the following:

I. access of a pro-carcinogen to a susceptible tissue, and its absorption into cells
of that tissue;

2. presence or absence of bioactivating enzyme(s) required to convert the
compound to the ultimate carcinogen(s) in cells in which a pro-carcinogen is
absorbed;

3. the efficiency of detoxifying systems either in competing with the
bioactivating enzymes or in trapping reactive intennediates before they can
reach the DNA.
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7.2 EXPOSURE AND PHARMACOKINETIC SCALING

The most relevant routes of exposure are ingestionand inhalation. Occasionally, test
compounds are painted on skin to determine the role of local metabolism. For only
very special purposes are other routes (e.g., intraperitoneal injection) used; in that
case, the metabolism is expected to be similar to that by oral administration, except
for that biotransformation caused by intestinal micro-organisms.

When compounds are administered orally, common laboratory animals and
humans perform similar processes. The compounds pass rapidly to the stomach,
limiting uptake and metabolism in the oral cavity. However, among species, dif-
ferences exist in stomach characteristics. For instance, the pH of gastric juice
varies from 1 in guinea pig, rabbit, and human to 7 in dog, and the time that a
compound remains in the stomach after ingestion may also vary considerably. If
a compound is acid-labile, or can react only at a (very) acidic pH (e.g., nitrosamine
formation), differences may occur at this level. Otherwise most of the dose of a
compound is released unchanged into the gastrointestinal tract. A sufficiently lipid-
soluble compound is taken up readily from the gut lumen into the mucosa cells.
Unless a compound is a suitable substrate for any of the enzymes (usually
catalyzing hydrolytic or reductive metabolism) contained in or released by bacteria,
or secreted into the gut lumen by animal cells, it is metabolized little in the gut.
However, a suitable substrate may be metabolized to an appreciable extent, and
species differences in gut flora may result in pronounced differences in the fate of
a compound. For instance, quinic acid is aromatized extensively by the gut flora
in humans and Old World monkeys (e.g., baboon), but very little by that in New
World monkeys (e.g., capuchin) (Adamson et at., 1970). If uptake occurs, the
compounds are subject to extensive (i.e., "ftrst pass") metabolism in the liver.
Species differences in ftrst pass metabolism will have a profound impact on overall
metabolism of compounds and on their bioavailability in the remainder of the body.

The physiology of the lungs plays an important role during inhalation. For
instance, whether a substance is inhaled through the nose only or through both nose
and mouth (as for humans), the nasal epithelium is substantially exposed. Because
of differences in alveolar ventilation volume between large and small animals, the
rate of accumulation may be markedly different. Alveolar ventilation per unit of
body weightis muchless in humansthan in laboratoryanimals:speciftcally,2.8
lImin per kg (human) compared with 15 llmin per kg (rat) or 33 lImin per kg
(mouse). Using a physiologically-based pharmacokinetic approach that accounts
for differences in many physiological characteristics between animal species (i.e.,
pharmacokinetic scaling; Mordenti, 1986), a large difference in the blood concen-
tration of styrene exists when rats, mice, or humans are exposed to styrene for a
short time (Ramsey and Anderson, 1984). If the solubility of a compound in blood
has been determined (e.g., as a partition coefficient between air:blood or
blood:tissue) and the extent of absorption in the lung in one species is known, then
extrapolation to other species is relatively reliable when relying on parameters of
lung physiology and lung blood flow. Even fluctuations in the concentration of a
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compound in tissues such as fat can be estimated using physiologically based phar-
macokinetics.

Drug metabolism in the lungs is generally unlikely to playa major quantitative
role. However, activation in the lung of a compound to an ultimate carcinogen that
also causes tumors in the same tissue may be quite important from a public health
standpoint. If a carcinogen is a particle (e.g., asbestos) or if chemical carcinogens
are present on the surface of a particle, species differences in the way the lungs
handle these particles will greatly affect the pathologic outcome, because duration
of contact with a particle capable of releasing bound carcinogens locally in the lung
influences directly the dose of the toxicant to the proximate tissue.

During inhalation, fIrst pass metabolism in gut and liver (normally seen after oral
exposure) is bypassed. Thus, species differences due to the effects of metabolites
generated via ingestion will be absent when the same substance is inhaled.

Physiologically based pharmacokinetic models and scaling procedures generally
make possible the prediction of body burden and, to some extent, the blood or
tissue pharmacokinetics of a compound, provided that data exist in one species.
However, if bioactivation is required for a carcinogenic effect, data on the
metabolic capacity for that substance are essential for such scaling procedures,
particularly when a specifIc route of bioactivation is considered.

7.3 ACTIVATION OF CARCINOGENS

7.3.1 REACTIVE INTERMEDIATES: RATE OF FORMATION

The present discussion deals only with those carcinogens that form DNA adducts
after activation to a reactive intermediate. All those compounds that act as
"promoters" are excluded, because promotion by itself is by defInition not a cause
of cancer. Direct-acting carcinogens (e.g., metals and certain nitrosamines), that
do not require bioactivation, can be evaluated by the physiologically based models
and scaling procedures noted above.

To make scientifIcallyvalid extrapolationsacross species, the particular activation
reaction(s) responsible for the formation of the ultimate carcinogenic metabolite(s)
must be known. In many cases, however, the ultimate carcinogen has not been
identifted with certainty. Furthermore, if a metabolite produces several DNA
adducts that mayor may not be involved in carcinogenicity, interspecies
extrapolation is further complicated. In some cases, the same adduct may be
formed by different electrophilic metabolites. For instance, the aminofluorene
adduct at C;Sof guanine may be formed from the hydroxylamine and from its
sulphate conjugate. This observation implies that two different pathways can yield
the same DNA adduct; therefore, species differences in both pathways must be
considered. Because such metabolic and mechanistic information is available on

so few chemical carcinogens, the following discussion is necessarily theoretical.
If a compound is converted to a reactive intermediate, the chemical structure of
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that intennediate detennines the degree of its biological reactivity and hence its
ability to penetrate cells and to react with vital DNA. For instance, very stable
styrene epoxide can reach many organs after inhalation or ingestion. On the other
hand, the sulphate conjugate of N-hydroxy-2-acetylaminofluorene (N-hydroxy-
2AAF) is extremely labile, and is not expected to leave the cell in which it is
formed. Whether species differences exist for the same intermediate is unknown
but unlikely.

The extent of formation of the reactive intermediate(s) is very important. A
factor that may make extrapolation very difficult is that the reactive intermediate
that also leads to the ultimate carcinogen represents only a tiny fraction of the
administered dose of the parent compound. For instance, one of the bioactivation
routes of2-acetylaminofluorene (2-AAF)requires two subsequent steps:N-hydroxy-
lation and subsequent conjugation. However, the bulk of the dose of 2-AAF is
excreted as ring-hydroxylated conjugates which have no role in its carcinogenic
action (Mohan et at., 1976). Probably an ultimate carcinogen will only rarely be
a major metabolite, as occurs after intravenous administration (an impractical route
for routine carcinogen testing) of a high dose of N-hydroxy-2AAF in the rat. At
least 20% of the dose will form the sulphate conjugate which may be responsible
for part of the hepatocarcinogenicity of 2AAF (Meerman et at., 1980).

If indeed the reactive electrophilic intermediate represents only a small fraction
of the dose, two problems have to be faced. First, its production may be
determined by the inefficiency of competing pathways, rather than by the activity
of the activating pathway per se: Only what is "left over" is available for
activation. Second, if the production is very slow, the detoxifying systems may
well be able to prevent toxicity from occurring. In only those rats "at risk," the
defense systems may fail, resulting in a tumor.

An illustration of such a situation is styrene. The major metabolite is styrene-7,8-
oxide, which itself is further metabolized by both glutathione conjugation and
epoxide hydrolase activity. Styrene is non-carcinogenic in most animal experi-
ments, after either ingestion or inhalation. As a result, the Dutch Health Council
decided to consider it a non-carcinogen. However, its main metabolite, styrene-7,8-
epoxide is highly mutagenic, and most likely carcinogenic in animals in vivo. Why
then does styrene show no carcinogenic action? The most likely reason is that the
subsequent metabolism by both glutathione transferase and epoxide hydrolase is so
efficient that the epoxide formed is instantaneously detoxified. The result is that
the steady-state concentration of the epoxide is so low that it poses virtually no risk
to the exposed individuals. Because two extremely efficient enzymes cooperate to
remove the carcinogenic metabolite, species differences are not to be expected.
That is, if one pathway is low in a species, the other pathway by itself can readily
remove the epoxide. Only when a species has very low activity in both enzymes
can one expect a carcinogenic effect. Indeed, if the exposure to the epoxide itself
is high enough, certainly DNA adducts are formed as observed in cells exposed to
the epoxide (Liu et at., 1988). Another possibility that might lead to car-
cinogenicity by styrene is that glutathione becomes depleted, e.g., as a result of
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high styrene exposure. Although epoxide hydrolase may compensate for the loss
of glutathione conjugation, the steady-state concentration of the epoxide inside the
cell might increase.

The preceding discussion implies that a small amount of a reactive intermediate
may be very difficult to estimate through means such as physiologically based
models in which metabolism is included when that small amount results from a tiny
difference between several major processes. Empirical data are needed to mitigate
assumptionsaboutVmax and~ valuesacrossspeciesboundaries.

7.3.2 BIOACTIVATION MECHANISMS: IDENTIFICATION OF ULTIMATE
CARCINOGENS

Every biotransformation reaction is capable of converting a substrate to a reactive
electrophilic metabolite; whether detoxification or toxification is the result depends
on the structure of the substrate and its product. Thus, no inherently "detoxifying"
enzymes exist. Pronounced species differences have been observed in the activities
of biotransformation enzymes.

Most xenobiotic biotransformation enzymes are actually enzyme groups,
consisting of several series of isoenzymes that have overlapping substrate specifi-
city, such as the cytochrome P450group of enzymes and the conjugating enzymes.
Previously, enzymatic conjugation was perceived to be solely detoxification;
however, this situation is defmitely not the case, since many examples of activation
by conjugation have been identified (Mulder et at., 1986). Admittedly, conjugation
reactions play an important role in the detoxification of reactive species. Indeed,
cancer may result if a conjugation fails when it should normally remove the
reactive intermediate (e.g. styrene oxide or ethylene oxide). Species differences
may be related to such differences in detoxification.

The composition of the isoenzymes of a group may demonstrate large species
differences, both qualitatively and quantitatively, as illustrated for cytochrome P450
by Guengerich et at. (1982). An example of conjugation is sulphation which is
involved in the activation of N-hydroxy-AAF to a reactive sulphate ester. The
sulphotransferase involved is only one of a family. This particular isoenzyme is
lacking in female rat liver, so that N-hydroxy-AAF is not, or very weakly,
carcinogenic in the liver of female rats (Miller et at., 1985). Other sulphotrans-
ferase isoenzymes show no such sex differences (Meerman et at., 1987). Similar
differences in isoenzyme pattern may playa role in species differences in the
hepatocarcinogenic action of N-hydroxy-AAF, implying that an assay of the overall
sulphotransferase activity is insufficient to phenotype the species; rather, the
contribution of the separate isoenzymes needs to be considered. While this effect
is widely recognized for cytochrome P450'its full impact is much less for
conjugation. An example in the cytochrome P450field is the N-hydroxylation of 2-
AAF, which is the fIrst step towards generation of hepatocarcinogenic metabolites.
The cytochrome P450isoenzyme responsible for this N-hydroxylation was claimed
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to be deficient in the guinea pig, which may explain why 2-AAF was not
hepatocarcinogenic in this species.

The only way to avoid misinterpretations is to use the relevant precarcinogenic
substance as substrate. However, this situation can only be accomplished if the
reactive intermediate responsible for the carcinogenic effects has already been
identified-knowledge which is, regrettably, often unavailable. Thus, if the reactive
intermediate is known, its precursor should be tested as the substrate for the
assessment of the activity of the activating enzymes in the extrapolation from one
species to the other. If an alternative substrate is used, one may fail to assay the
relevant isoenzyme. When the relevant isoenzyme(s) has not been identified, such
extrapolation is unreliable unless one uses the relevant precarcinogen as substrate.
For proximate carcinogens, more than one pathway (or reactive intermediate) may
be involved. For instance, for N-hydroxy-AAF, a number of potential intermediates
are known, all (or none) of which may be responsible in a particular tissue or
species. Some of them yield the same DNA adducts, which makes it even more
difficult to decide which is the ultimate carcinogenic metabolite(s).

7.4 PREDICTION OF METABOLITE PATTERN

A general summary of species differences in xenobiotic metabolism must first
consider co-factors in these reactions. Conjugation reactions require co-factors also
be used for endogenous processes, such as glutathione (GSH), UDP-glucuronic acid
or PAPS (active sulphate). Phase 1 reactions do not need a co-factor other than
NADPH, which normally is readily available. Few species differences in the avail-
ability ofthe co-factors have been described. These co-factors are synthesized from
precursors which may be in limited supply (Mulder and Krijgsheld, 1984). For
instance, glutathione and PAPS synthesis both depend on cysteine and methionine
in food as their precursor. If high doses of substrates for sulphation or glutathione
conjugation are given, these co-factors may be depleted. Thus, during ethylene
oxide inhalation, hepatic GSH decreased to 50% of control (Katoh et ai., 1989).
A relevant species difference has been reported: namely, in male guinea pigs, the
rate of GSH synthesis is very low, so that these males seem highly sensitive to
GSH depletion. Such a sex difference is not observed in rat, mouse, or hamster
(Ecobichon, 1984).

The genetically determined variation in certain biotransformation (iso-)enzymes
are more important than differences in co-factors. Species differences in the
metabolism of numerous compounds, presumably based on differences in enzyme
capacities, have been detected mainly in in vivo experiments (Williams, 1959).
Hucker (1983) provides many examples of such species differences. In recent
years, biotransformation activities and isoenzyme compositions of tissues in many
species have been reported, but the findings are dispersed throughout the literature.
Data on several carcinogens can be found in a book by Langenbach et ai. (1983)
on organ and species specificity in chemical carcinogenesis.
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In several cases, the lack of a carcinogenic response to a chemical could be
traced back to the lack of a particular isoenzyme. For instance, the lack of
hepatocarcinogenicity of 2-AAF in the guinea pig was attributed to a lack of the
cytochrome P450species that N-hydroxylates 2-AAF to N-hydroxy-2-AAF, a
bioactivation step required first (Miller, 1978). Similarly, sulphation of N-hydroxy-
AAF has been correlated with hepatocarcinogenicity of this compound. Problems
arise when one goes beyond the few extremely well studied model carcinogens,
prompting the question: Can generalizations be made about species differences in
drug metabolism?

Estimating the possible metabolites for a given compound is relatively simple.
However, predicting which of these potential pathways is followed in a particular
species at a given dose is far more difficult. Furthermore, to do so quantitatively
is virtually impossible, unless many details are known about these reactions in
animal and human tissues in vitro or in vivo.

Of course, some metabolic routes are restricted to a few species. For instance,
quaternary glucuronides are formed only in humans and Old World monkeys. In
addition, some species lack the capacity to follow certain metabolic routes, or
possess them only with extremely low activities. For instance, glucuronidation
activity of low molecular weight phenols is very low in the cat, and the dog lacks
acetylation activity towards primary amines. Many examples have been reported in
both in vivo and in vitro studies of species differences for particular compounds.
Unfortunately, simple rules are not possible to obtain, certainly when several
metabolically competitive pathways occur at the same time. A series of
amphetamine derivatives best illustrates this concept (Table 7.1). The results for
several species show not only the complexity but also that, within a series of
analogs, some prediction can be made about species differences. However, if the
structure of interest does not belong to a series of analogues for which a large
database exists, estimating the outcome of such highly competitive metabolism is
difficult. In addition, metabolite patterns often show pronounced changes when
dose is varied, if several metabolic reactions, each with its own K,.,and Vm;;x'are
competing with one another. Thus, the metabolism observed at a high, single dose
cannot be extrapolated simply to a very low level of exposure. The animal species
that seems to be most similar to humans qualitatively is the rhesus monkey
(Caldwell, 1981).

The above discussion indicates again that, for extrapolation, the pathway that
leads to the ultimate carcinogen must be known. If a particular isoenzyme
responsible for activation has been identified, its presence in the other species can
be ascertained, as can its ability to convert the substrate to the same ultimate
carcinogen. Tissue specificity of carcinogens is highly relevant in this context. In
one tissue, one metabolite may be the ultimate carcinogen, whereas another
metabolite may have that property in another tissue. Furthermore, the absence of
carcinogenicity in one species may be due to extremely efficient detoxification of
the ultimate carcinogen in that species, a process that may be deficient in the other.
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Taken from Caldwell (1981)

+ -->++++ arbitrary quantifications
0 =absent

n =the number of derivatives tested

R.l = ring hydroxylation; R.2 = N-dealkylation; R.3 = deamination (a-carbon);

R.4 = excreted unchanged

Given all these uncertainties, a rational way of extrapolation exists once the
ultimate carcinogen and competing metabolic routes are known. An example is
methylene chloride (dichloromethane),a simple structure with relatively few metab-
olites. Methylene chloride shows a high incidence of malignant tumors in lung and
liver of mice, whereas hamsters did not develop tumors at similar exposure levels.
The rat was in between; it developed no tumors at those sites, but, non-malignant
mammary tumors were observed. The findings of various studies suggest that
glutathione conjugation is responsible for the ultimate carcinogenic metabolite,
while oxidation by the mixed function oxidase system to carbon monoxide
represents an alternative pathway, leading to a non-carcinogenic metabolite. Based
on experimentally determined enzyme kinetic parameters of these two metabolic
pathways as determined in liver preparations from a number of species including
humans, the exposure of the liver and lung to the glutathione-derived metabolite in
these species could be calculatedby a physiologicallybased pharmacokinetic model
(Reitz et at., 1989). The predicted dose levels in liver and lung corresponded to
the observed carcinogenicity in the various species. Furthermore, calculations
revealed that at the very low levels of environmental methylene chloride exposure
in humans, the organ exposure to the reactive glutathione conjugate was extremely
low. The major reason was that glutathione conjugation of this substrate is very
low in human tissues. The competing oxidative metabolism, that functions as
detoxication and has a much lower K".than glutathione conjugation, prevented the
formation of an appreciable amount of the carcinogenic metabolite at low dose
levels. The results of Reitz et at. (1989) also demonstrate, however, that allometric
scaling on enzyme activities (i.e., to convert the Vmax in one species to a Vmax in an
other species just by correcting for body weight) is dangerous, and may lead to
errors of up to one order of magnitude when compared with the real enzyme

Table 7.1. Speciesvariationsin the metabolismof amphetaminederivatives

Relabve extent of pathway

Species n R,.1 R,.2 R,.3 R,.4

Rat 11 ++++ +++ + ++
Guinea pig 6 0 ++ ++++ ++
Rabbit 8 + ++ ++++ +
Marmoset 4 + + ++++
Rhesus monkey 4 +++ +++ ++
Human 13 ++ + +++ +++
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activities.
An assumption in the approach outlined above is that the metabolism of the

compound takes place only in the tissues considered. Often the liver is assumed
to be the sole metabolizing organ-an unproven and in many cases incorrect
assumption, particularly at the very low exposure levels that usually occur in real
life. In many recent publications, the metabolism of carcinogens is measured in
hepatic microsomal fractions or hepatocytes from several species (Degawa et ai.,
1987; Hsu et ai., 1987). However, generalisations presently are impossible from
such [mdings usually obtained in only two or three species. Thus, interspecies
extrapolation is impossible unless the ultimate carcinogenic metabolites, and the rate
at which they are generated in vitro in tissues from the relevant species, are known.
In addition, the rate at which these metabolites are detoxified by those tissues also
needs to be known.

7.5 PROTECTIVE SYSTEMS

Most cells possess the ability to enzymatically convert a potential carcinogen into
non-toxic metabolites. A balance between activating and deactivating reactions is
critical in a cell's defense against carcinogens. Often conjugation reactions can
detoxify. For example, glutathione conjugates aflatoxin B! epoxide that forms DNA
adducts, and prevents cancer by aflatoxin B!. Increasing glutathione conjugation
(e.g., by inducing appropriate transferases using phenobarbital pretreatment)
decreases DNA binding of aflatoxin B! dramatically (Lotlikar et ai., 1989); a
difference in DNA adduct formation in isolated hepatocytes from rat and hamster
can be explained by increased glutathione conjugation in hamster versus rat
hepatocytes (Ho et ai., 1989). Similarly, the lack of hepatocarcinogenicity of 2-
AAF in the guinea pig may be due to a rapid inactivation of the N-hydroxy-AAF
metabolite rather than a lack of its formation, because the hydroxyl amine appeared
to be formed in guinea pig liver microsomes (Takeishi et ai., 1979).

Another protective mechanism involves trapping reactive electrophilic
intermediates by nucleophiles inside or outside a cell; thiol or amine groups are
sufficiently nucleophilic to react rapidly with electrophilic metabolites. The
glutathione transferases may increase the reaction rate with the thiol of glutathione.
Also the methylthio group (e.g., in methionine) may provide protection against the
reactive sulphate ester of N-hydroxy-AAF (Van den Goorbergh et ai., 1987). Very
little research has been done to elucidate such species differences.

Clearly, species differences in these defense mechanisms may be as important as
bioactivation reactions in the final outcome of exposure to carcinogens in animals
or humans.

7.6 EXTRAPOLATION FROM LABORATORY ANIMALS TO HUMANS
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From the above discussion, the conclusion is clear that interspecies extrapolations
can be perfonned in a scientifically valid way only when the mechanism(s) of
carcinogenesis such as the bioactivating enzymes, the ultimate carcinogen(s) and
protective pathways are known. Then the relevant activities in various species
including the human can be assayed. Furthennore, the integrated metabolism of a
carcinogen with regard to DNA adduct fonnation can be measured in intact cells
or slices, a procedure that offers a decided advantage over isolated enzymes.
Isolated cell preparations from humans may also be available. For such cell
systems, however, the results reflect merely the potential of a compound and do not
provide a quantitatively reliable response.

7.7 REFERENCES

Adamson, R.H., Bridges, J.W., Evans, M.E., and Williams, R.T. (1970) Species differences
in the aromatization of quinic acid in vivo and the role of gut bacteria. Biochem. J. 116,
437-443.

Caldwell, J. (1981) The current status of attempts to predict species differences in
drugmetabolism. Drug Metab. Rev. 12,221-237.

Degawa, M., Hishinuma, T., Yoshida, H., and Hashimoto, Y. (1987) Species, sex and organ
differences in induction of a cytochrome P450isoenzyme responsible for carcinogen acti-
vation. Carcinogenesis 8, 1913-1918.

Ecobichon, D.J. (1984) Glutathione depletion and resynthesis in laboratory animals. Drug
Chern. Toxicol. 7, 345-355.

Guengerich, P.P., Wang, P., and Davidson, N.K. (1982) Estimation of isoenzymes of
microsomal cytochrome P450in rats, rabbits and humans. Biochemistry 21, 1698-1706.

Ho, L.L., Jhee, E.G., and Lotlikar, p.o. (1989) Differential effect of inhibitors on aflatoxin
B]-DNA binding and aflatoxin Bl glutathione conjugation with isolated hepatocytes from
rats and hamsters. Proc. Annual Meet. Assoc. Cancer Res. 30, A633.

Hsu, I.C., Harris, C.C., Lipsky, M.M., Snyder, S., and Trump, B.F. (1987) Cell and species
differences in metabolic activation of chemical carcinogens. Mutat. Res. 177, 1-7.

Hucker, H.B. (1983). Animal species. In: Garrett, E.R. and Hirtz, J.L. (Eds) Drug Fate and
Metabolism. Marcel Dekker: New York, Vol. 4, pp. 335-385.

Katoh, T., Higashi, K., Inoue, N., and Tanaka, I. (1989) Lipid peroxidation and the
metabolism of glutathione in rat liver and brain following ethylene oxide inhalation.
Toxicology 58, 1-9.

Langenbach, R., Nesnow, S., and Rice, J.M. (Eds) (1983) Organ and Species Specificity in
Chemical Carcinogenesis, Plenum Press: New York.

Liu, S.P., Rappaport, S.M., Rasmussen, J., and Bodell, W.J. (1988) Detection of styrene
oxide DNA adducts by 32ppostlabelling. Carcinogenesis 9, 1401-1404.

Lotlikar, p.o., Raj, H.G., Bohm, L.S., Ho, L.L., Jhee, E.C., Tsuji, K., and Gopalan, P.
(1989) A mechanism of inhibition of aflatoxin B]-DNA binding in the liver by
phenobarbital pretreatment ofrats. Cancer Res. 49, 951-957.

Meerman, J.H.N., Van Doom, A.B.D., and Mulder, G.J. (1980) Inhibition of sulphate
conjugation of N-hydroxy-2-acetylaminofluorene in isolated perfused rat liver and in the
rat in vivo by pentachlorophenol and low sulphate. Cancer Res. 40, 3772-3779.

Meerman, J.H.N., Nijland, C., and Mulder, G.J. (1987) Sex differences in sulphation and



MONITORING CYTOGENIC DAMAGE IN VIVO 93

glucuronidation in the rat in vivo. Biochem. Pharmacol. 36, 2605-2608.
Miller, E.C. (1978) Some current perspectives on chemical carcinogenesis in humans and

experimental animals. Cancer Res. 38, 1479-1496.
Miller, E.C., Miller, lA., Boberg, E.W., Delclos, K.B., Lai, C-C., Fennell, T.R., Wiseman,

R.W. and Liem, A. (1985) Sulfuric acid esters as ultimate electrophilic and carcinogenic
metabolites of some alkenylbenzenes and aromatic amines in mouse liver. In: Huberman,
E. and Barr, S-H. (Eds) Carcinogenesis. Raven Press: New York, Volume 10, pp 93-107.

Mohan, L.C., Grantham, P.H., Weisburger, E.K., Weisburger, J.H., and Idoine, J.B. (1976)
Mechanisms of the inhibitory action of p-hydroxyacetanilide on carcinogenesis by N-2-
fluorenylacetamide or N-hydroxy-N-2-fluorenylacetamide. J. Natl. Cancer Institute 56,
763-768.

Mordenti, J. (1986) Man versus beast: pharmacokinetic scaling in mammals. J. Pharmaceut.
Sci. 75, 1028-1040.

Mulder, GJ. and Krijgsheld, K.R. (1984) Availability of co-substrates as a rate limiting
factor. In: Roe, D.A. and Campbell, T.C. (Eds) Drugs and Nutrients. Marcel Dekker:
New York, pp. 119-178.

Mulder, GJ., Meerman, lH.N., and Van den Goorbergh, A.M. (1986) Bioactivation of
xenobiotics by conjugation. In: Paulson, G.D. (Ed) Xenobiotic Conjugation Chemistry.
Am. Chern. Soc. Symp. Series 299, pp. 282-300. ACS: Washington D.C..

Ramsey, J.C. and Anderson, M.E. (1984) A physiologically-based description of the
inhalation pharmacokinetics of styrene in rats and humans. Toxicol. Appl. Pharmacol. 73,
159-175.

Reitz, K.H., Mendrala, F.P. and Guengerich, F.P. (1989) In vitro metabolism of methylene
chloride in human and animal tissues: use in physiologically based pharmacokinetic
models. Toxicol. Appl. Pharmacol. 97, 230-246.

Slaga, T. (1988) Interspecies comparisons of tissue DNA damage, repair, fixation and
replication. Environ. Health Sci. 77, 73-82.

Takeishi, K., Okuno-Kaneda, S., and Seno, T. (1979) Mutagenic activation of 2-
acetylaminofluorene by guinea pig liver homogenates. Mutat. Res. 62, 425-437.

Van den Goorbergh, J.A.M., De Wit, H., Tijdens, R.B., Mulder, GJ., and Meerman, J.H.N.
(1987) Prevention by thioethers of the hepatotoxicity and covalent binding to
macromelecules of N-hydroxy-2-acetylaminofluorene and its sulphate ester in rat liver in
vivo and in vitro. Carcinogenesis 8, 275-279.

Williams, R.T. (1959) Detoxication Mechanisms, 2nd ed. Chapman Hall: London.




