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Dimethylbenz (a) anthracene (IMBA), a carcinogen that requires
metabolic activation to produce active metabolites capable of
binding to INA, has been studied in the trout and other fish.
Polycyclic aromatic hydrocarbons (PAH) are of importance as they
are ubiquitous in the envirorment and their carcinogenic effects
in fish from contaminated waters are an important Aindication of
the pollution risks to man. Since such pollution risk assessment
presents the involvement of multiple agents, the study of the
modulation of PAH-INA binding produced by other agents is
important. In this study the effect, of dietary pretreatment at
500 ppm, 100 ppm and 2000 ppm, using BNF, Aroclor 1254, or
indole-3-carbinol (I3C) respectively on IMBA-DNA binding was
examined. To study the effect of age on sensitivity to DMBA-DNA
binding, adult trout and fry were used in two separate studies.

The fish were fed treatment diet for at least two weeks. Fry



were then injected with [3H] DMBA, at 22.4 uCi/3.9 x 1072
pmole/fish and adult trout at 284 uCi/1.58 mole/fish. Liver DNA
was isolated, purified and binding of radioactivity to DNA was
examined and computed as the covalent binding index (CBI). Mean
CBI for control dietary group using adult trout was 1000 fold
lower than for fry. Statistical analysis of covalent binding
index for the treatment groups revealed that a statistically
significant (p < 0.05) inhibition in DNA-IMBA binding response
in adult trout and fry was produced by the BNF dietary treatment
only.

Diethylnitrosamine (DENA), a potent hepatocarcinogen in
several animal species belongs also to the class of compounds
that require metabolic activation. Dietary treatment and
continuous exposure of trout to the carcinogen in water, have
produced hepatocellular carcinomas. The water exposure also
produced a dose related DNA ethylation of the 0% position of
guanine, believed to be the pramutagenic adduct produced after
DENA exposure. This study examines two other routes of exposure
to DENA, in vitro hepatocyte incubations and i.p. injection.
Adult trout and fry were injected with [3H] DENA. Adult fish
received 3.3, 16.5, and 33 mg/kg DENA, and fry received 10, 50
and 100 mg/kg. Hepatocyte incubation was performed with doses up
to 220 uM [3H] DENA, or 1mM unlabelled DENA. DNA from fish
livers and fram hepatocyte pellets was isolated, purified and
examined for radiocactive binding of the DENA metabolites or in
the case of the unlabelled DENA, was analyzed for 0° and N7

adduct using an HPIC technique with fluorescence detection. O6-



EtG adduct after DENA exposure, in INA of hepatocytes obtained
from trout pretreated with beta-naphthoflavone (BNF, a known
inducer of cytochrame P-450 dependent enzyme activities involved
in the activation of xencbiotics) was below the limits of
detection of the HPIC-fluorescence detection procedure used. To
examine further if the lack of INA binding and absence of the
06-EtG adduct was due to rapid repair, the persistence of 06-EtG
after exposure to 40 mM ethylnitrosourea (ENU, a direct
ethylating agent) was studied in hepatocytes at 2, 4, and 5
hours after treatment. The activity of the alkyltransferase
protein involved in the repair of alkylguanines also was
determined using liver extracts from adult rainbow trout. The
studies did not reveal a significantly high rate of repair. It
is concluded that i.p.injection and in vitro hepatocyte
incubations are not a good method for studying the kinetics of
activation and INA binding of DENA in the rainbow trout. The
i.p. route may lead to substantial loss of the dose of the
carcinogen administered and hepatocyte incubations are limited
by the toxic effects of increasing carcinogen concentration. The
reasons mentioned above, coupled with low levels of metabolism
of nitrosamines in trout results in the inability to detect and
study the appearance, persistence and repair of the OS-EtG
adduct.
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Diethylnitrosamine, Ethylnitrosocurea, And
Dimethylbenz (a) anthracene INA Binding Studies In The Rainbow
Trout

FORFWORD

"Chirurgical observations relative to the cataracts, the
polyps of the nose, the cancer of the scrotum, the different
kinds of ruptures and mortification of the toes and feet" (Pott,
1775) can be classified in the annals of carcinogenesis as the
study of the abnormal revealmg the normal. Understanding cancer
means understanding the normal cell, and the events involved in
its transformation, survival, and perpetuation against the
natural defenses present in the organism. Pott made the
pioneering leap of correlating scrotal cancer with the
occupation of chimney sweeping, thus providing the first
evidence for a role of envirormental agents in the etiology of
cancer, the first clue to the role of soot in the genesis of the
disease, ard the first preventative measure recorded against
this disease - to take daily baths in order to restrict dose of
exposure.

Modern research efforts support Boveri's “Somatic Mutation
Theory," which purports that neoplastic transformation occurs as
a result of carcinogen interaction with DNA. The damage is fixed
as a consequence of lack of effective repair, resulting in
subsequent mutation on replication of the INA. Evidence for this
theory is presented in patients of xeroderma pigmentosa, known

to have a deficient excision repair system for pyrimidine



dimers in INA of cells exposed to ultraviolet radiation
(Cleaver, 1986).

Research however has suggested that chemical induction may
not be the only means of initiating neoplasia. This was
demonstrated by studies with RNA viruses which produced cancer
in animals, indicating a viral induction (Bishop, 1982). A
symbiosis of the genetic and viral theories of cancer occurred
when it was discovered that most of the known cancer-causing
viruses in animals were not exclusively RNA viruses but could
utilize viral reverse transcriptase to produce a INA transcript
of the viral RNA. It was postulated that elements of viral RNA
could be attached to the genome of the cell and transmitted
genetically to become activated at same future time and cause
"spontaneous" cancer (Temin, 1972). In addition, retroviral
molecular biology elucidated cellular genes, termed proto-
oncogenes, that may be the critical targets for carcinogens.
Pioneering work by investigators has revealed that human cells
have proto-oncogenes that can be activated to oncogenes (Bishop,
1982, Weinberg, 1983). For example, a point mutation in the
"ras" proto-oncogene at critical regions results in activation
and subsequent neoplasia, identifying at least one target for
DNA damage and mutation.

A fault in the regulation of same oncogenes which have roles
crucial in the control of cell growth, differentiation and
embryonic develcpment can also be a cause of neoplastic

transformation. Studies have indicated that over-expression of



the proteins of these oncogenes leads to cancer (Hunter, 1984).
This can result from disturbances in the molecular mechanisms
that normally control the expression of genes or from the
amplification of such genes in INA, so that their copy number is
greatly increased. Evidence of such abnormal expression has been
shown for the "myc" gene in a mumber of human cancers (Hunter,
1984).

Beyond the mechanisms involved at the level of the
macramolecule lies the information at the level of the cell
population. Although necplasia can arise from the local
proliferation of a single cell that escapes mutation repair,
this early microtumor does not metastasize to violate other
organs or sites. The critical event occurs when the tumor cells
release tumor angiogenesis factor (TAF) to stimulate nearby
blood vessels to supply the tumor tissue (Folkman, 1976). The
inhibition or induction of TAF therefore is of therapeutic
importance. Other polypeptides, identified as components of
normal serum, also may influence growth and include polypeptides
such as fibroblast growth factor, nerve growth factor, epidermal
growth factor, and platelet derived growth factor. Possible
involvement of platelet derived growth factor in both cell
transformation and expansion of this malignant cell into a
clone can be inferred from studies with the viral oncogene
"sis." The proto-sis gene is the same as that which encodes
platelet derived growth factor, and the "sis" oncogene is

carried in the simian sarcama virus (Hunter, 1984).



Investigators have also made the exciting discovery that a
cancer cell need not be irreversibly committed. It has been
shown that malignant stem cells of teratocarcinomas implanted
into early, normal, mouse embryos results in the development of
chimeric animals, containing normal cells that originated from
the teratocarcinoma. These efforts have provided the first
evidence of neoplastic reversion (Illmensee et al., 1979).

The information derived fram these experimental studies can
be amalgamated with the model for carcinogenesis that emerges
from epidemiology. One theory postulates that each cell
possesses several independent genes controlling growth, and that
cancer develops when one or more of these genes has been
inactivated by mutation. Since mutations are random events that
acaumlate with time, those individuals most conspicucusly at
risk are older people and the incidence of the disease rises
steeply with age (Cairns, 1975). Based on this theory, the
probability of any mutation occurring thus increases with age.
For example death rates for cancer of the large intestine
increase about a thousandfold between the ages of 20 and 80
(Cairns, 1975). Studies of migrant populations have revealed
that the incidence of many common cancers is partly determined
by ocur enviromment in youth. Therefore, it follows that the
investigation of cause should not be confined to the patient's
recent past. Information cbtained from studies of immigrant
populations shows that the incidence of cancer changes with

enviromment, diet and habits such as smoking (Borek, 1986). This



presents the prospect that if the constituents of risk can be
identified, they could be avoided. Thus cancer epidemiology
tackles the prevention of the disease primarily by attempting to
identify the causes of cancer. Experimental studies txry to
analyze mechanisms in the additional hope for a cure. As the
mystery of the disease is still under intense research, the
important step is to use the two disciplines to understand the
cause and seek prevention.

One such measure involves the identification and restriction
or the removal of chemical carcinogens fram the envirorment.
Biotransformation by host enzymes can convert many chemicals to
reactive carcinogens, while others termed "direct acting" are
carcinogenic in parent form and do not require metabolic
activation. Chemical carcinogens belonging to the latter class
include alkylating agents such as the nitrosocureas. Members of
the former group, designated procarcinogens, include agents such
as polycyclic aromatic hydrocarbons (PAH) and nitrosamines.

Both types of carcinogens react covalently with cellular
macromolecules including INA. The fact that the neoplastic state
is heritable at the cellular level implicates DNA as the crucial
target for the genctoxic carcinogens mentioned above (Casarett
and Doull, 1986).

This thesis presents research utilizing three such genoctoxic
campounds, i.e., ethylnitrosourea (ENU), diethylnitrosamine

(DEN) , and dimethylbenz (a)anthracene (IMBA).



CHAPTER I.
DIMETHYT EFNZ (A) ANTHRACENE CARCINOGENESIS

IN THE RAINBOW TROUT

CHEMTCAT, CARCTNOGENESTS

The induction of cancer by chemicals proceeds through a
camplex series of reactions. Experimental evidence indicates
that a dynamic process occurs during cell transformation
involving several stages broadly divided into the categories
initiation, promotion and progression. Hence, tumor induction is
evident only after a long latency period from initial exposure.
The probability of transformation depends on cell type, species,
reactivity of the carcinogen or its metabolite, and especially
on dosage.

The initiation phase can be defined as a permanent change in
the cell after exposure to an appropriate dose of the
carcinogenic agent. This change may involve covalent binding of
carcinogen metabolites to cellular DNA. It is believed that at
least one cycle of cell replication must follow for the
initiating event to be established (Farber, 1981). Initiation
alone does not always result in tumor development. For example,
it has been shown that no tumors are produced after painting
mouse skin with a single dose of an initiating carcinogen such

as IMBA, but subsequent, repetitive, sufficiently large doses of



phorbol esters will result in papillamas over the span of a year
(Iversen et al., 1979). This post-initiation stimulation of
initiated cells towards frank tumor development is termed
promotion. Promoters like the phorbol esters can therefore be
defined as agents that increase the tumorigenic response when
applied after initiation by a subcarcinogenic dose of the
carcinogen. Application of the promoting agent months, or even a
year, after carcinogen exposure has been shown to be
tumorigenic (Van Durren, 1978). The main conclusions from such
studies are that promotion has no memory and is reversible
during the early stages, whereas initiation, though
irreversible, does not inevitably result in cancer (Pitot,
1983).

The irreversibility of initiation is demonstrated by the
fact that multiple divided doses achieve the same result as a
conmparable total dose administered at one time (Casarett and
Doull, 1986). It also has been stated that a chemical can be an
initiator, a promoter, or both (Williams and Weisburger, 1986).
Initiation-promotion studies have revealed that same chemicals
in sufficiently large doses can induce tumors without the use of
a pramoter. It has been suggested that these compounds, termed
"camplete carcinogens", promote their own initiation. At low
initiation levels, tumors do not result when promoter is applied
prior to, rather than subsequent to the initiating agent.

Examples of a few promoters of relevance to humans are phenols



(found in tobacco tars), phendbarbital, saccharin, cyclamates,
and variocus hormones, notably estrogens (Borek, 1986).

The most extensively studied promoters, the phorbol esters,
are not metabolically activated and do not bind covalently to
cellular macramolecules (Pitot et al.,1983). These agents are
known to increase cell replication, induce enzymes involved in
growth and division or retardation of terminal differentiation,
and modify membranes of cells growing in vitro (Blumberg, 1980).
Several theories have been proposed, regarding their mechanism
of action. A specific mechanism involving interaction with
protein kinase C, a multifunctional enzyme that appears to play
a central regulatory role in the control of cellular events, has
been proposed. The phorbol esters can mimic the action of
diacylglycerol, a product of inositol phospholipid hydrolysis in
membranes, required in the activation of protein kinase C
(Nishizuka, 1986).

A secornd theory proposes that promoters may activate cell
replication processes. Since the action of many promoters is
limited to specific cells and tissues, surface receptors on
target cells are postulated to play a role in promotional
mechanisms (Pitot et al., 1983). However, same promoting agents
act in a nonspecific manner and their mechanism remains
ambiquous.

The stage of pramotion is followed by progression of the
necplasm from a benign to a malignant state. It is possible that

this stage involves genes of an aberrant group of cells coding



for phenotypic properties which are more advantagecus for the
perpetuation of the tumor cell population (Folkman, 1976).

In sumary, experimental evidence indicates initiation to be
the decisive, though almost casually achieved step in chemical
carcinogenesis. In contrast, promotion may be a more exacting
step in experimentally induced necplasia. This can be inferred
from the fact that if modifiable laboratory conditions for
promoting agents, such as dose, time, and frequency of exposure,
are not met, tumors do not develop. The suggestion above, and
the fact that promotion can be reversible, leads to the
conclusion that this stage plays an important part in
determining whether latent initiated cells become expressed.
Since the possibility exists that such cells are present in all
individuals, prevention of cancer may depend on obtaining more
information about the mechanisms involved in this process, and
the identification, restriction, and removal of tumor promoters
as well as camplete carcinogens from the envirorment

(Cairns, 1986).

ENZYMATTC ACTTVATION

Procarcinogens lack biological activity until they are
enzymatically converted to electrophilic species which can bind
to nucleophilic macramolecules, INA, RNA and proteins (Miller,
1978) . In general, the enzyme systems that convert xenobiotics

to reactive and toxic campourds also serve to detoxify them.
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The mammalian microsamal cytochrame P-450 system can act in a
mixed function oxidative (MFO) or reductive manner. Oxidation
occurs with a great mumber of hydrophobic compounds. Reduction
may generate radical species and involves the transfer of one
electron from the heme protein. An example of oxidation is the
formation of epoxides from polycyclic aramatic hydrocarbons.
Reductive reactions catalysed by the P-450 enzyme camplex
include the reduction of quinocnes to semiquinone radicals
(Conney, 1982).

Several other enzymes which normally detoxify chemicals can
also be involved in the generation of electrophilic species.
Gluthatione-S-transferase catalyses the formation of an
episulfonium species from 1,2-dibromoethane which can alkylate
DNA (Guengerich and Liebler, 1985). Another enzyme, epoxide
hydrolase, forms 7,8-dihydroxy 7,8-dihydrcbenzo(a)pyrene from
the correspording epoxide. This dihydrodiol is the precursor of
a diol-epoxide, which is a putative proximate carcinogen
(Conney, 1982). Thus it is possible for an original reactive
metabolite to be converted to an even more reactive compound by
further metabolism (Wood et al., 1976).

A detailed consideration of the biochemical properties of
various enzyme systems involved in xencbiotic activation is
important. Tissue localization plays an important role in
metabolism, often providing a tissue-specific source of active
metabolite and hence site of tumor formation. However, enzymatic

studies have shown that the liver can be the source of reactive



metabolites for many extrahepatic sites (Boyd et al., 1983).
Therefore activating enzymes in the target organs are at times
not the only ones important in biocactivation of carcinogens.

The enzyme mainly implicated in xencbiotic bioactivation is
the microsamal P-450 MFO system (Conney, 1982). P-450 enzymes
have been found in almost all tissues studied thus far, with the
exception of skeletal muscle and erythrocytes. Several different
P-450 enzymes have been purified from human, rat, rabbit and
hog (Guengerich and Liebler, 1985). They are sex specific and
can be regulated by steroid hormones and numerocus other
xencbiotics. The isozymes studied from various animal sources
display different rates of metabolism for substrates. Also
single compounds can be metabolized in different ways by the
different isozymes. For example, the procarcinogen aflatoxin Bl
(AFBl) is converted to the proximate carcinogen AFBl 2,3-epoxide
by cytochrame P-450, but to a much less potent 4-hydroxylated
product aflatoxin M1, by cytochrome P-448 (Swenson et al.,

1975) . It is thus possible for a toxic chemical to be
bicactivated by one isozyme and detoxified by ancther.

Various xencbiotics have been found to induce one or more
different forms of P-450 enzymes, or decrease the level of one
isozyme relative to another. These compounds include
polychlorinated biphenyls (PCBs), beta-naphthoflavone (ENF),
dioxins,. phencbarbital and 3-methylcholanthrene. Where the
mechanism of MFO induction is concerned, PAH are the best

studied examples. They are known to enter cells, bind to

11
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cytosolic receptors, and are translocated to the nucleus,
thereby activating genes for transcription leading to increased
levels of mRNAs coding for individual P-450s (Guengerich and
Liebler, 1985). The degree of induction of individual P-450s by
a single chemical can range from less than 2 to as much as 100
fold (Dannan et al., 1983).

The flavoprotein P-450-reductase delivers electrons to
P-450, but can also reduce some chemicals directly. This enzyme
has been purified in a number of laboratories. Evidence
suggests that only one form of NADPH-P-450 reductase is present
in each species (Guengerich and Liebler, 1985). The ratio of P-
450 to NADPH reductase is 20:1 in vivo but the highest activity
observed in in vitro reconstituted systems is with an equimolar
mixture of purified P-450 and NADPH-P-450 reductase. The mode of
interaction of the two enzymes in physiological situations is
not canpletely understood.

Besides the P-450 enzyme complex, another mixed function
oxidase that can activate chemicals is the microsamal flavin-
containing monoxygenase system that oxygenates nitrogen and
sulfur atams. This enzyme system has been isolated from rat and
hog liver, exists in a single form within each species, and the
enzyme does not seem to be inducible by the classical inducing
agents. In fact, in rodents, phendbarbital and beta-
naphthoflavone actually produce enzyme attemuation (Guengerich

and Liebler, 1985). In contrast to P-450 and NADPH-P-450
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reductase, the levels of this enzyme in rodent lung and kidney
are relatively higher compared with those in liver.

In addition to biochemical properties of activation enzymes,
studies have also shown a genetic basis for variation in
response to various xencbiotics. Individuals display different
rates of metabolism for bioctransformation reactions such as
N-acetylation and oxidation (Idle et al., 1979). In studies with
inbred mice it has been established that susceptibility to
several types of PAH induced tumors is strongly associated with
Ah receptor mediated inducibility of cytochrome P;-450. It has
been suggested that genetic differences in the inducibility of
P;-450 in humans might be important in determining
susceptibility to lung cancer (Gelboin, 1983).

Complementary DNA for human cytochrame P;-450 has been
sequenced and shown to be highly hamologous to mouse cytochrome
P1-450 (Jaiswal et al., 1985). This provides a clue to relating
experimental models to human carcinogenesis. Evidence exists
that within a family slow versus fast metabolizers may be
present. The genetic model presents the involvement of a single
allele, where hamozygous recessive individuals camprise the slow
metabolizers (Evans et al., 1983). A rat model also has been
established for this system. (Al-Dabbagh et al., 1981). The
hypothesis that slow metabolizers carry a decreased risk has
been presented for aflatoxin Bl. If the parent campound is
activated to an electrophilic species, then it follows that a

slow metabolizer could be at a decreased risk of carcinogenesis.
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INFIUENCE OF CHFMICAIS ON BIOACTIVATTON OF CARCTNOGENS

1. INDOLE-3—CARBINOL

The consumption of cruciferous vegetables such as broccoli,
Brussels sprouts, ard cauliflower has been associated with a
reduced rate of cancer in several species (Haenszel et al.,
1980) . Indole~3-carbinol (I3C) found as a glucosinolate in such
vegetables, in some experimental models can cause an increased
activity of phase I enzymes, which are known to play a role in
activating as well as inactivating chemical carcinogens
(Wattenburg, 1978). An enhancement for same steps in phase II
conjugation has been revealed in rats (Sparnins et al., 1982).
Rats fed diets containing I3C at levels as low as 50 mg/Kg diet
for ten days display a six fold increase in benzopyrene
hydroxylase (BPOH) activity. The no effect level was estimated
to be 16 my/kg to 25 mg/kg (Bradfield et al., 1984). Studies in
rainbow trout, however, show no induction of MFO activities,
though the tumor incidence was found to be 4% for fish fed I3C
1000 ppm campared with 38% in AFB1 positive controls (Nixon et
al., 1984). While one phase II reaction, production of bile
carcinogen-glucuronide, was shown to be enhanced by I3C in vivo
in trout, no studies were conducted to examine induction of the
appropriate enzymes (Goeger et al., 1986). Thus the
relationship of MFO activities with i.rihibition of carcinogenesis

by I3C is not clear.
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As mentioned above, I3C is known to inhibit chemically
induced carcinogenesis. However, administration during the
initiation phase causes inhibition but post initiation intake
actually enhances carcinogenesis produced by AFBl, the tumor
enhancement being the result of an I3C dose of 2 mg/g diet of
life long daily administration (Bailey et al., 1987).
Vegetarians may consume a dose approaching that used
experimentally, but usually, in man, the dose is likely to be
mich lower and ingestion more intermittent.

Where the enhancement of tumorigenicity is concerned, rats
fed 1% I3C prior to, during, and after initiation by
dimethylhydrazine showed increased incidence of adencmas of the
intestine in comparison with rats fed control diets (Pence et
al., 1986).

Further elucidation of dose response relationships is needed
to understand the mechanism of action of this compound. A
recent study has revealed that I3C inhibition is not highly
dependent on route of AFBl administration, and that trout
pretreated with 0 ppm to 2000 ppm I3C show no alteration of
type of INA adducts formed, though there is a decrease in total
DNA binding in a dose dependant manner (Dashwood et al., 1988).
This type of carcinogen-inhibitor dose-response study has not
been conducted with other campounds, but it is known that I3C
provides protection against covalent binding of benzo(a)pyrene
(BAP) and dimethylnitrosamine (IMN) (Shetzer et al., 1984). This

information indicates a common mechanism mediated towards
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protection against DNA damage produced by these compounds. It is
not clear that the protection results from alteration in
metabolism, as no relationship has been established rega.rdmg
MFO activities or DNA binding and rate of metabolism after I3C
treatment. Hence same investigators have proposed that I3C may
protect against DNA binding by producing lipophilic~muclecphilic
metabolites in the endoplasmic reticulum, the I3C metabolites
then bind to the electrophiles produced by microsomal carcinogen
metabolism. This hypothesis explains the decrease in covalent
binding as proportional to the reactivity of each electrophile
with the muclecphilic entity formed (Shetzer et al., 1984).

Before the information provided by these experimental studies
can be applied in analyzing the significance to man, the role of
I3C and its metabolites in modifying carcinogenesis needs to be
examined further. The important conclusion is that the data
portrays carcinogenesis as a multistage process, where dose and
time of exposure to carcinogen and inhibitor are important
modulatory factors.

2. BETA-NAPHTHOFIAVONE (ENF)

BNF, a known inducer of MFO activity in several animal
models (Wattenburg, 1985) serves as an important tool in
studying the mechanisms of modulation of chemical
carcinogenesis. The induction of the MFO system can have

implications in the initiation of carcinogenesis by producing



active metabolites, as well as the conversion of metabolic
products to more hydrophilic campourds, thus facilitating
excretion.

To determine the effects on the process of neoplasia involves
identifying the types of MFO activities which are constitutive
and those which can be induced by a chemical in an experimental
model. In mammalian models, BNF stimilates P-450 mediated
benzo (a) pyrene hydroxylase while inhibiting P-448 benzo(a)pyrene
hydroxylase activity. The trout has been shown to possess P-450
activities much lower than those measured in rodent models.
Statham et al. (Statham et al., 1978) administered BNF, 3MC, and
2,3- benzanthracene by the i.p. route to identify enzyme
induction in rainbow trout. In this study the content of P-450
increased after treatment with all three campounds. BNF
treatment in vitro caused an inhibition of the benzo(a)pyrene
hydroxylase activity in control microsomes, suggesting that the
enzyme activity induced was, in contrast to rodent models, of
the P-448 type. No change in the ferrocytochrome—carbon monoxide
camplex was observed, indicating that induced and constitutive
cytochromes were the same.

Other investigations have also shown P-448 activities in
trout after BNF treatment. Elcombe et al. (Elcambe et al.,

1979) showed that induced and control protein were similar in
qualitative but not in quantitative properties. The suggestion
was made that different subpopulations of P-450 existed in

control and BNF treated trout. Later, Williams et al. (Williams

17
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et al., 1984) succeeded in isolating five P-450 isozymes from
rainbow trout after BNF induction (Williams et al. 1984). By
contrast, trout are refractory to the inducing effects of the
phencbarbital class of campounds which served to identify
certain MFO activities in rodent models (Statham et al., 1978).
The fact that trout respond to at least same inducers provides
valuable data for comparison with mammalian species in
considering the inhibition of carcinogenesis by BNF.

Dietary BNF has been shown to inhibit AFBl carcinogenesis in
the rainbow trout (Nixon et al., 1984). A pronounced change in
in vitro AFBl1 metabolism to less carcinogenic aflatoxin M1 and
reduction in toxic aflatoxicol is cbserved after ENF treatment
of trout. INA adducts decreased by 60% and metabolism of AFB1
increased (Bailey et al., 1981).

Where mechanism of action of BNF as an inhibitor is
concerned, its administration in variocus animal studies
provokes the induction of multiple enzyme activities. Since
several enzyme systems with coordinated activities are induced,
reaction with a single receptor is postulated (Wattenberyg,
1985) . Inhibitors of this type, which modify procarcinogen
activation, have been shown to be associated with inhibition of
necplasia in several experimental models (Wattenberg, 1985).
Monooxygenase activities are shown to be enhanced, as are the
conjugation enzymes, gluthathione S-transferase (GST) and
uridine diphosphate glucuronosyltransferase (UDPG). GST activity

has been shown to be enhanced in liver ard small intestine of



female ICR/Ha mice, exposed to dietary BNF (Sparnins et al.,
1982) . This has important implications in the inhibition of
chemical carcinogenesis, since one means of protection against
cancer would be to induce or enhance the activity of

detoxification systems (Sparnins et al., 1982).

3. POLYCHIORTNATED BIPHENYIS

PCBs and their degradation products are envirommental
pollutants of concern as they are toxic, stable, lipophilic and
terd to bicaccumulate. They occur in most human and animal
adipose samples, milk sediment and numerocus cother matrices and
their toxicity has led to the setting of workplace threshold
limits.

The biological effects of PCBs upon the P-450 system are of
particular importance due to the modifying effects produced on
carcinogenesis. Both promoting and inhibiting effects on
neoplasia, as well as induction of liver microsamal enzymes are
known. Effects on fish populations are used as a measure of
environmmental pollution as well as a means of gaining
information about their possible effects on human cancer
(Varanasi et al., 1987).

In the rainbow trout, control fish show low monooxygenase
activity compared to mammals, which may be a reflection of
interspecies difference in substrate specificities. Studies by

Elcombe et al. (Elcambe et al. 1979) have shown the existence
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of several different forms of P-450s in fish. There was,
however, a lack of induction of P-450-associated N-
demethylation of ethyl morphine by Aroclor 1242. This is in
contrast to manmalian species where both P-450 and P-448
activities can be induced (Goldstein et al., 1977).

Hendricks et al. (Hendricks et al., 1977) showed that
response to toxic chemicals could be altered by feeding PCBs to
rainbow trout. In this study Aroclor 1254 at 100 ppm fed for one
year was not carcinogenic and reduced the carcinogenic effects
of AFBl, and doses in the range of 100 ppm to 275 ppm Aroclor
1242 produced maximum induction of P-450. A later study (Voss
et al., 1982) showed that dietary treatment of PCBs caused a
marked increase in microsomal enzyme activity. Ethoxy resorufin-
O-deethylase activity was found to increase 77-fold from control
values. It was also found that tissue levels of PCBs did not
increase after prolonged exposure to low dietary levels while
enzyme induction reached steady state or began to decrease upon
prolonged feeding.

In addition, Stott et al., 1978 (Stott et al., 1978) found
that pretreatment of rainbow trout with various PCBs decreased
the mutagen assay response (using AFBl1 sensitive tester strain
S. typhimurium TA 1538, and trout post mitochondrial fraction,
producing an average of 5.2 x 104 revertant bacteria/uAFBl/g wet
liver) to AFBl in contrast to rat studies. Trout mutagen
response to AFB1 also decreased with increase in chlorination of

the PCBs used as pretreatment (Stott and Sinnhuber, 1978).
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A study by Egaas and Varanasi (Egaas and Varanasi, 1982)
using microsames cbtained from trout pretreated i.p with Aroclor
1254, showed that BAP binding to deproteinized salmon sperm DNA
was significantly higher than controls. This however reveals
only one portion of the effect of Aroclor 1254, its effect on
BAP metabolic activation by phase I enzymes. In vivo phase II
enzymatic effects cannot be accounted in this study. Thus
dietary exposure of rainbow trout to PCB prior to and during
AFB1 initiation results in reduction of carcinogenesis via MFO
induction, promoting metabolism to less toxic aflatoxin Ml. By
camparison, exposure to PCB after initiation has no effect on
tumor incidence (Shelton et al., 1986). This is not necessarily
true of rodents where post initiation PCB effects resulted in
significant inhibition of growth of Walker 256 carcinomas in
rats (Kerkvliet et al., 1977).

It can be summarized from the discussion of the studies
conducted on modulators of carcinogenesis, that tumor enhancers
or pramoters produce their impact on the process of neoplasia
deperding on the time of exposure, the type of carcinogen and
the dose of modulator. The response to a carcinogen in turn, in
rainbow trout, has been shown to be greatly influenced by dose
of the particular carcinogen and the age of the fish. The extent
of the resultant DNA alteration produced by the cambination of
the carcinogen and the modulator, will depend on the ultimate

kinetics thus established between metabolism and repair.



POLYCYCLIC AROMATIC HYDROCARBONS

The astute cbservations regarding the carcinogenicity of
soot made by Sir Percival Pott remained unexploited until
Yamagiwa et al. (Yamagiwa et al., 1915) succeeded in inducing
tumors on site in rabbits by repeated painting of the skin with
coal tar. This was the first study of experimentally induced
carcinogenesis. Methods were later refined to demonstrate that
carcinogenic response was species specific and varied with dose
applied. A quest for more specific information led to the
extraction, isolation and identification of the PAHs, compounds
found to be carcinogenic to animals and man (Kennaway, 1930).

Application of these campounds to the skin causes skin
cancers, subcutanecus injection produces sarcamas, and the
introduction into a particular organ results in local tumors.
The carcinogenic potency of the PAH is in turn dependent on the

proportion of active and inactive metabolites.

1. EXPOSURE AND REIEVANCE TO MAN

PAHs are camponents of tobacco tar, cigarette smoke and
smog. Industrial use has demonstrated that a differential
sensitivity to these agents exists in man. Occupational
exposure via the lungs is of particular relevance. The PAHs may

be deposited in the upper (nascpharyngeal area), middle



(trachecbronchial area), or lower (alveolar compartment) regions
of the respiratory tract (IRPC Task Group, 1966).

Benzo(a)pyrene (BAP), a known mammalian carcinogen, in 1 to
2 um aerosol particles inhaled by rats, is deposited mainly in
the upper respiratory tract (Mitchell, 1983). Metabolites can
be detected in lung, liver and kidney, shortly after exposure.
Unmetabolized BAP in the lung was found to be 20%, indicating
that BAP was metabolized in the lung prior to clearance. A
significant amount was bound to lung tissue and retained for a
much longer time than the soluble metabolites. Studies indicate
that mucocilliary clearance and subsequent swallowing of the
material can result in high PAH levels in the gastrointestinal
tract where they may be reabsorbed.

Direct contact with skin results in rapid absorption of these
lipophilic compounds. In a topical application study,
essentially all radiocactive BAP solution applied was recovered
within 16 days, indicating quantitative percutaneous absorption
of BAP (Heildelberger et al., 1951). Maximm radiocactivity was
recovered fram bile and faeces. It has also been shown that in
rats and mice, ummetabolized BAP accumulates in the mammary
gland and general body fat relative to other tissues after a
single feeding of the carcinogen. In these animals, out of the
10 my to 30 mg subcutanecusly injected BAP, 70% to 75% was
recovered in bile, while 4 to 10% was excreted urmetabolized via

urine (Kotin et al., 1959).

23



24

2. METABOLISM IN FISH

PAHs exert carcinogenic action after metabolism to highly
reactive metabolites which bind to INA, RNA, and proteins. The
P-450 enzyme camplex abundant in the liver is involved in the
oxidation of PAH campournds to active form as well as their
detoxification in mammals (Conney, 1982).

The same process is suggested to occur in fish (Melius 1986).
Both phase I and phase II enzymes have been identified in fish
(Chambers et al., 1976). Williams et al. (Williams et al.,
1984) have isolated five isozymes of liver P-450 from BNF
induced trout. Treatment of fish between one and seven days with
inducers such as Aroclor 1254, BNF or 3MC produces maximm P-450
content (James et al., 1980). The inducing agent has a great
influence on the type of MFO activity present in the microscmal
fraction of the animal.

The most widely used PAH in experimental studies of
carcinogenesis is BAP. Tumor studies in trout exposed to 1000
Ppm BAP via diet for 18 months have shown a 25% incidence of
hepatocellular carcinoma in treated fish. Monthly i.p.
injections of 1 mg BAP, produced a 50% incidence of hepatic
necplasms and MFO activity was also elevated (Hendricks et al.,
1985).

The first step in the metabolic activation of PAHs by P-450
enzymes involves production of epoxides and phenols. A second

enzyme, epoxide hydrolase (EH), converts epoxides into vicinal



diols (Melius, 1984). Biotransformed BAP, products in fish bind
to INA and proteins (Nishimoto et al., 1985). It is also evident
fram metabolic studies of BAP that incubation times of in vitro
assays are important to distinguish the action of phase I from
phase II enzymes, as at low substrate concentration and high
incubation times the metabolism of this campound is complex and
recycling of metabolites occurs (Melius, 1986).

Where metabolism in fish liver is concerned, the following
sequence can OCCur:
BAP MFO o, 7,8 epoxide EH - trans 7,8 dihydrodiol

MFO o, dihydrodiol epoxide I and II a» DNA binding,

muatation, cancer. Figure I.1 shows the scheme of metabolism of a
typical polycyclic aramatic hydrocarbon, BAP, from studies of
the activation, fate and identification of its biotransformation
products in many species of mammals including explants of human
cells from bronchus lung and colon (Conney, 1982, Casarett and
Doull, 1986).

The bay region theory, first proposed by Jerina and Daly
(Jerina et al., 1977) suggests that "bay region" (sterically
hindered) diol epoxides of PAH are prime candidates for ultimate
carcinogens. This is postulated on the basis of inhibition of
carcinogenicity by inhibition of bay region diol epoxide
formation, and higher chemical and mutagenic reactivity of PAHs
having structures that favor bay region diol epoxide formation
(Conney, 1982). BAP 7,8-diol 9,10-epoxide 2, believed to be the

most potent carcinogenic metabolite of BAP binds covalently to
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Figure I.1 Proposed Scheme For Benzo(a)pyrene Metabolism.

Reactions with P-450 MFO system yield epoxides at various
positions. Also formed are a radical cation and a phenol at the
6-position, further oxidized to several quinones. Epaxides can
react with gluthatione transferase to form water soluble
canjugates. The epoxides can also rearrange to form phenols.
Epoxide hydrases convert epoxides and phenols to diols which can

al. 1980).
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the amino groups of quanine to produce the major INA adduct
cbserved in mammalian systems (Figure I.2).

A consideration of the various metabolite profile of BAP
is important as the various metabolites may display different
abilities to bind to DNA. Microsamal preparations from fish
(scup, winter flounder and killifish) have shown marked
regioselective metabolism of total dose of BAP administered with
60% of BAP converted to 7,8-dihydrodiol, 60% to 9,10-
dihydrodiol and with the K-region metabolite, BP 4,5-dihydrodiol
being formed in undetectable amounts. Furthermore kidney, gill
and liver from scup produced the two major metabolites of BAP in
similar proportions as embryonic tissues of killifish and adult
liver microsomes (Stegeman, 1981).

In mammals, epoxide hydrolases of different species have
very different kinetics and can lead to activation or
detoxification (Conney et al., 1982). Fish studies have
indicated that epoxide hydrolases are also induced after
exposure to treatment agents (Melius, 1984). However fish
epoxide hydrolases may be ineffective modifying the K region of
BAP, as BAP 4,5-oxide was found to be stable and could be
isolated experimentally (Melius, 1984). BAP 7,8-oxide and 9,10-
oxide were confirmed by the formation of their respective diols
which indicates P-450 MFO and epoxide hydrolase activities in
fish (Mass, 1979).

In many fish species BAP phenols at 1,2,5,7,8 positions are



29

Figure I.2 Formation Of Benzo(a)pyrene Adducts Of Guanine In
DNA and RNA Of Mouse Skin.

Nucleic acid adducts of the BP 7,8-diol-9,10-epoxides formed
fram the cis ard trans addition of the 2-amino group of guanine
to the epaxide ring of the diol-epaxides are shown . The major
adduct was fram the trans addition of the 2-amino group of
guanine across the epaxide group of (+)-BP 7,8-diol-9,10-
epaxide-2 (Commey, 1982).
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derived from isomerization of epoxides (Melius, 1984). BAP 3-
phenol is produced in larger amounts than BAP 9-phenol.
The production of BAP phenols are considered as detoxification
steps because the phenols are converted to water soluble
metabolites (Melius, 1986).

Oxidation of phenols produces quinones, which are known to be
cytotoxic in rat and may also be important in terms of
interaction with DNA. It is possible that their identification
is made difficult by their ability to quench fluorescence. BAP
quinones are not found in many fish or mammals as they are
further metabolized to water soluble conjugates.

In evaluating the relative carcinogenic risk provided by
active metabolites, detoxification and repair have to be taken
into account. Therefore, lower risk of carcinogenesis in fish is
not explained by rates of repair alone, as it is known that that
fish cells have a very low rate of excision repair campared to
rodents (Walton et al., 1984). The rate of detoxification and
repair can vary among fish species as shown by the fact that
liver microsomes fram five different species of fish show
similarities in activation, with BAP 7,8-diol constituting 20-
30% of total metabolites for BAP but a wide range of covalent
binding indices (CBI) (Varanasi et al., 1987). Studies have
further shown the need for more extensive testing of PAH phase
IT metabolites. It has been shown that in mammals BAP 7,8-oxide
and BPDE (benzo(a)pyrene dihydrodiol epoxide) are GST enzyme

substrates in the order BPDE > BAP 7,8-oxide, and GSH activity
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relates inversely with DNA binding of BAP metabolites
(Jennstrom, 1985).

Where fish are concerned, it is known that the occurrence
of hepatic neoplasms in starry flounder is less than in English
sole from the same envirorment. Total GST activity in sole liver
is 900+~ 140 mmoles/mg protein/min compared with a flounder
liver GST activity of 2500 +~750 nmoles/mg protein/min
(Varanasi, 1985). Biliary conjugates fraom English sole have been
characterized and an inverse relationship between proportion of
GSH conjugates and DNA binding of BAP metabolites to DNA has
also been shown (Varanasi, 1983). This would indicate that
sensitivity to develop carcinogenesis could be related to higher
GST activity, but this concept cannot be generalized. Thus rat
and skate liver GST show s:.mllar sterioselectivity in a racemic
mixture of BAP 4,5-oxide (Hernandez, 1980), but in rat, K-
region oxides which are more stable than bay region oxides are
better substrates for GST enzymes (Jerina et al., 1976).
Therefore, though studies support the conjecture that higher
conjugation activities impart protection from covalent binding
of metabolites to INA, the effiency of GSH conjugation depends
on substrate specificities of GST isozymes and cannot be
predicted from total GST activity.

Phenols, quinones and dihydrodiols are converted to polar
sulfate conjugates by cytosolic sulfotransferases, and to
glucuronides by microsomal UDP glucoronyltransferases

(Armstrong, 1987). Glucuronide formation has been shown
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(Varanasi et al., 1987) for starry flounder and English sole.
Conjugation, however, may not always present a path for
detoxification. For example, the sulfate ester of 7-
hydroxymethyl , 12-methylbenz (a) anthracene is mutagenic to S.
typhimirium strain TA 98. Glucurcnide formation may also lead to
similar activation of substrate. During enzymatic hydrolysis of
the glucuronide of 3-hydroxy BAP, a BAP derivative is formed
that binds to INA to a far greater extent than does the 3-

hydroxy-BAP or its glucuronide (Kinoshita and Gelboin, 1978).

3. DIMETHYIBENZ (A) ANTHRACENE (DMBA)

DMBA is a potent carcinogen, several times greater in
activity than BAP. It produces skin cancer (Boyland and Sims,
1967) , mammary tumors and leukemia (Huggins, 1979) and necrotic
action on rat adrenals and testis (Hallberg and Rydstrom, 1987).
It is the most potent ovarian chemical carcinogen in rodents
(Moore et al., 1987). IMBA is also a photobiologically active
carcinogen. The hydrophobic DMBA concentrates in the cytoplasm
where binding to lysosamal membranes is initiated. DNA damage
initiated by IMBA in the presence of UV light can be repaired
but is followed by massive degradation of the INA, suggesting
extensive endonucleolytic attack by release of degradative
enzymes (Utsumi, 1987)

In a recent study, Tagacuchi et al. (Tagacuchi et al.,

1988) treated mice with 17 beta estradiol prior to gastric
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intubations of 20 mg/kg DMBA once a week for 3 weeks. The
incidence of ovarian tumors was cbserved to be much higher in
DMBA + 17 beta estradiol group than IMBA positive controls
(i.e., 14 of 18 and 5 of 15, respectively). Neonatal estrogen
treatment induced a high degree of neoplasia and tumor
development in ovaries of mice treated with DMBA. Moreover, the
results strongly suggested a direct tumor initiation effect of
DMBA on ovarian tissue, and ovarian carcinogenesis was proposed
to be initiated by activation of ovarian aryl hydrocarbon
hydroxylase (AHH) (Rydstrom, 1983).

Enzymatic activities to a great extent determine the
metabolites formed. The metabolic profile of DMBA varies
immensely in various tissues. P-450 epoxidation in skin (Boyland
and Simms, 1967) and peroxidative mechanisms in mammary gland
(Huggins, 1979) are believed to generate carcinogenic
metabolites involved in the action of IMBA. Necrotic action in
rat adrenal glands is coupled with a high rate of phenol and
dihydrodiol production. Induction produces .increased ring
hydroxylated products in liver.

Classical cytochrome P-450 inducers do not induce adrenal
AHH, rather the induction has been shown to be dependent upon
adrenocorticotropic hormone (Hallberg and Rydstrom, 1987).
Inhibitors of steroid hydroxylase and AHH, metyrapone and SU-
9055, increase adrenal toxicity, while estradiol and
testosterone increase necrosis (Hallberg and Rydstrom, 1987).

Mutagenicity tests using S9 fractions from wild and laboratory
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reared woodchucks have also suggested that natural inducers may
be involved in liver microsamal enzyme activities for activation
of IMBA (Rashid, 1988). Microsomal studies with Sudan III
indicate a regioselective shift in metabolism of control and
treated groups, leading to formation of K region diol epoxides
which are better substrates for GST (O'Dowd and Burnett, 1988).
Moreover, O’ Dowd and Burnett found that though the absolute
amount of P-450 did not increase, EOOD activity (associated with
cytochrame P-450c) increased three-fold. UDPG activity was also
found to be increased two-fold. Metabolic changes in liver were
associated with decreased accumulation of metabolites of IMBA
at other sites such as the bone marrow and also with prevention
of leukemia in Iong Evans rats treated with Sudan III.

Steriospecific metabolism of IMBA leads to the formation of
optically active epoxides which may be hydrated by epoxide
hydrolase to trans dihydrodiols (Conney, 1982). Both K region
and bay region dihydrodiols and their hydroxy methyl derivatives
have been identified using rat liver mcroscmes (Christou et
al., 1986). 7,12-IMBA-trans-3,4-dihydrodiol-1,2-epoxide (bay
region) is implicated as the carcinogenic metabolite and is
produced by further monooxygenation of the 7,12-DMBA-trans-3,4-
dihydrodiol (Figure I.3). Enantiomeric trans dihydrodiols of
PAHs exhibit markedly different biological activities including
mutagenicity and tumorigenicity (Conney, 1982).

Where metabolism of DMBA in fish is concerned, Smolarek et

al. (Smolarek, 1987) showed that rainbow trout embryonic gonad



Figure I.3 Proposed Scheme For Dimethylbenz(a)anthracene

Metabolism.

The hydrocarbon is metabolized by hydroxylation of aone or both
methyl groups to yield the 7-hydroxymethyl-12-methyl (7HOMMBEA),
12-hydroxymethyl~7-methyl (12HOMMBA) and 7,12-dihydroxymethyl
(not shown) derivatives. These derivatives, and the parent
dimethylbenz (a) anthracene (IMBA), can be oxidized by the P-450
MFO system to the corresponding 3,4-epaxides. Epoxide hydrolases
(EX) catalyse the formation of dihydrodiols fram epoxides, amd
the 3,4-dihydrodiols can be axidized further by P-450 to 3,4-
diols—-1,2-epaxides. All epoxides above are proposed to be able
to bind to macramlecules, including INA.
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cell cultures posses high metabolizing ability (97%), blue gill
fry cell cultures possesses lowest (47%) and brown bull cells
have intermediate ability (78%). In all cell types, 60% of the
campound is converted to water soluble metabolites within 24
hours. However, the relative abilities of these cells to
metabolize BAP is different from those of DMBA. Metabolism
varied with the type of PAH (IMBA and BAP) and the different
fish cells metabolized the same PAH at different rates. Hence
oxidation to bay region diol epoxides cultures was a minor
pathway of metabolism for IMBA in blue gill fry cells but
significant in brown bull cell cultures. The fish cells showed
similar metabolism rates as hamster embryo and Wistar rat embryo
cell lines (Baird et al., 1979). Water soluble metabolites in
fish cell cultures and rodent embryo cell culture were both >
80% after 24 hours of exposure. Thornton et al. (Thornton et
al., 1982) showed that fish converted metabolites to
glucurcnides and glutathione conjugates, trout cell lines
forming 50% glutathione conjugates.

Metabolic competence is not the only factor involved. Products
revealing phase II enzyme activity constitute important data.
For example it has been shown that, in contrast to rodent embryo
cells, most of the BP-7,8-diol added to the blue gill fry cells
and the rainbow trout cell cultures was converted to
glucuronides and glutathione conjugates, which may reveal a
lower risk of DNA adduction for fish campared to rodents.

Similarly, the hamster shows relative resistance to
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carcinogenesis by IMBA and BAP. Though the presence of
glucuronic acid conjugates and INA bound products reveal the
metabolic competence of the animal, sulfate conjugates in
hamster epidermal cells or mouse epidermal cells have not been
found (Digiovanni et al., 1983).

Total DNA binding cbserved in fish cell lines is in the
order BAP > IMBA, and BAP shows higher values in rat embryo
cells. Lower INA binding in fish cells however is not due to
low metabolism but due to high rates of conjugation. However,
high proportions of bay region diols by fish cell lines could
result if conjugating enzymes were inhibited.

DNA adducts of IMBA have been identified by Dipple et al.
(Dipple et al., 1984) and studies suggest that ring
hydroxylation in positions 1,2,3,4 is essential. Elution
profiles of the INA adducts shows 4 distinct peaks (Vigny,
1981) . Studies conducted with rat and human mammary cultured
cells by Moore et al. (Moore, 1987) have presented an
interspecies difference in their mutagenicity (Gould, 1980), DNA
binding and adduct formation upon BAP and IMBA treatment. Moore
et al. fourd that IMBA treatment shows similar proportions of
adducts but higher total amount in rat than in human cell
cultures. This is coupled with higher mutagenicity mediated by
rat cultured mammary cells after treatment with OMBA and BAP.

Consequently, analysis of the generation of the active
metabolites of various PAHs, the DNA binding produced, together

with a knowledge of the reactions of various conjugation



enzymes, may help to explain inter- and intra-species
susceptibility to tumor formation (Smolarek et al., 1987;

Varanasi et al., 1987).
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OBJECTIVES AND RATTONALE

PAHs are of human concern because they are ubiquitous
enviromental pollutants and have been implicated in human
cancer (Bjorseth and Becher, 1986). Though they have been the
chemicals most extensively studied in investigating the
molecular events involved in the process of neoplasia, several
aspects of their structure-activity relationships, metabolism
and biotransformation remain unclear. |

The review of existing information suggests avenues for
further exploration. For example, the study of the PAH BAP has
revealed a variation in tumor response within mammalian species,
the hamster showing relatively high resistance while others
(e.g., rat, mouse, fish) are more sensitive. At the cellular
level mammalian species vary from fish, the cells from these
models showing differences in response such as DNA binding,
production of variocus metabolites and rates of metabolism and
detoxification of BAP. The metabolic profile and the
carcinogenic potential further changes with the PAH used. It is
therefore essential for the calculation of risks to humans and
also for understanding the basis for resistance and sensitivity
to the disease of cancer to improve the database concerning the
response of various PAHs such as BAP and DMBA in several
different models, including fish. The modulation of this
response by various chemicals studied in mammalian species would

further facilitate the extrapolation of data to humans. The



study in a fish species such as rainbow trout also provides a
model for the estimation of envirormmental pollution effects of
the PAHs.

The cbjectives of this study were to ascertain the modulation
produced by dietary intake of three compournds, Aroclor 1254,
BNF, and I3C, on the DNA binding produced by i.p. [MBA exposure
in rainbow trout. To study inter-individual variation and
examine the effect of age on the dietary treatment, the
experiment was conducted using groups of fish where DNA binding
was studied per fish and then repeated with fingerling trout
where samples fram ten fish were pooled together in each DNA
analysis.
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MATERTATS AND METHODS

SAFETY PROCEDURES FOR HANDIING OF CARCTNOGENS

Refer to Apperdix I for details.

CHEMICATS

All chemicals were cbtained from Sigma Chemical Company and
were of the highest grade available. Tritiated IMBA (specific
activity, 29-50 Ci/mmole) cbtained from Amersham was checked
for purity by TIC using hexane as mcbile phase. Unlabelled DMBA

was adbtained from Aldrich Chemical Campany.

ANIMALS AND DIET

Rainbow trout, Salmo gairdneri, were spawned and raised at
the Oregon State University Toxicology And Nutrition Laboratory.
Controls were fed Oregon test diet #7, a semipurified caesin
diet (Lee et al., in press). The modulators BNF, Aroclor 1254,

or I3C were included in the diet at levels of 500 ppm, 100 ppm,

and 2000 ppm, respectively.

EXPFRTMENT 1
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In experiment 1, ten month old trout, 129-248g, were fed for
four weeks. One group of 10 fish/treatment (3 treatments, 1
control, 40 fish total) was used. Livers fram each fish in the
group were analyzed independently. Feeding was stopped 24 hours
prior to i.p. injections. Tritiated IMBA was injected at 284
uCi/1.58 umole/fish. Fish were sacrificed by severing spinal
cords 24 hours after injection, livers were removed, frozen
under liquid nitrogen and stored at -80° C.

To prepare the sample for DNA extraction, nuclei were
isolated from livers in experiment 1 by the procedure detailed
by Goeger et al. (Goeger et al., 1985). Briefly, livers were
weighed, homogenized in sucrose buffer (0.25 M sucrose, 3 mM
MgCl,, 10 mM Tris, pH 7.4) and centrifuged. The pellet was
washed twice with above buffer, resuspended in buffer plus
Triton x-100 (0.5%), washed again and the nuclear pellet stored
at -80° for DNA isolation.

DNA was isolated and purified, as detailed by Dashwood et al.
(Dashwood et al., 1988). In sumary, the nuclear pellet was
suspended in Tris buffer (0.1 M NaCl, 10 mM Tris, 1 mM EDTA; pH
7.4) and the mixture added to an equal volume of 1% sodium
dodecyl sulphate in buffer. This was followed by treatment with
RNase A plus 200 U/ml RNase Ty. Samples were then incubated with
proteinase K and extracted with solvents in the following
order: Tris saturated phenol, chloroform, Tris saturated phenol
and lastly chloroform:isocamyl alcchol (24:1). The aqueous layer

was mixed with 2.5 volumes of isopropanol and the precipitated



DNA washed with the same. Purity was routinely estimated by DNA
spectrophometric scans (210 rm to 320 rm) using 260/280 and
260/230 ratios (Maniatis et al.,1982). DNA was quantitated by
Burton's assay (Burton, 1956) and radiocactivity was determined
by using a Beckman LS 7500 liquid scintillation counter and

standard procedure. IMBA binding was calculated using the

specific activity of the compourd.
EXPERTMENT 2

In this experiment, three month old trout were fed control
and modulator diets for two weeks. Trout weighed 5-7g and ten
fish/group, four groups/treatment were used (three treatments,
one control, 160 fish total). DMBA was injected at 22.4 uCi/3.9
x 10 ~2 imole/fish. The same procedure as experiment 1 was
followed except frozen livers (ten/group) were crushed, and
powdered in a mortar and pestle using small quantities of liquid
nitrogen. The liver samples were transferred to polypropylene
tubes and suspended in Tris buffer. DNA was extracted and

analyzed as mentioned for experiment 1.
OTHER ASSAYS
NCS tissue solubilizer (Amersham) was used to solubilize

liver, bile, kidneys and intestine tissues to determine IMBA

distribution after injection. About 0.2-0.5 g of tissues were
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accurately weighed, minced in vials and 2 ml NCS was added. Gall
bladders were snipped, washed with known volume of water and
contents plus wash used in the analysis. The vials were heated
at 50° C for 20 minutes. Digests were treated with 0.4 ml of
benzoyl peroxide solution (1 g/5 ml toluene) at 50° C for 20
minutes. The samples were diluted to 20 ml with scintillation

fluor and counted to determine radiocactivity.

STATISTTCAY, ANATYSTS

Al]l statistical tests were performed using the Statgraphics
statistical graphics system (Statistical Graphics Corporation,
user's guide, 1986). Log values were employed for covalent
binding indices (CBIs) computed as {umoles IMBA/mole nucleotide)
/{millimole IMBA injected/Kg fish}. One way analysis of variance
was used to examine if mean log CBI was different for the
control and the treatment groups, using the Tukey range test,
95% confidence interval. The Kruskall-Wallis nonparametric
method of one way analysis of variance also was used to compare
the medians of all the groups. Nonparametric comparison of two
samples was then employed to compare each treatment group with
control group (Roxy and Peck, 1986).
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DMBA, a potent mammalian carcinogen, was tested in trout to
examine the extent of DNA binding response and to determine the
effect of various dietary pretreatments on this value. Two
different experiments were conducted using ten month and three
month old trout to examine the effect of age on DNA binding.
Further, fish liver samples were analyzed individually
(experiment 1) and in pooled samples of ten livers/group
(experiment 2) to reveal the extent of variation in DNA binding
among individual fish. Fish livers were removed, samples
prepared and DNA analyzed as described in Materials and
Methods. Values obtained for DNA binding were used to compute
the covalent binding indices (CBI) as follows: {umoles IMBA/mole
nmucleotide (average molecular weight = 309) }/{millimoles DMBA
injected/Kg fish}. The CBIs constituted the " response," and log
values of response were used for statistical analysis to
determine whether dietary I3C, Aroclor 1254, or BNF (described
under animals and diets in the Materials and Methods section)

groups differed from group fed control diet in each experiment.

STATISTTICAL, ANALYSTS

1. EXPERTMENT 1
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Data for DNA binding from individual livers (experiment 1)
are presented in Table I.la, I.1lb, Figure I.4, Figure I.5, and
Table I.2. Fish in experiment 1 were analysed individually in
each treatment group (three treatment and one control group)
and Table I.la lists the individual fish weight and liver
weight recorded. The BENF dietary group shows the least amount of
variation in body weight. There was no significant difference
between the liver weight/body weight ratios.

Where the DNA binding response (camputed as CBI) is
concerned, one way analysis of variance was performed to
determine if there was more variation between treatment group
means than there was within the treatment group. The collected
or pooled variation within groups was therefore used as a
standard of comparison, as it measured the inherent
aobservational variability in the data. In this way values of log
response (log CBI) were analysed using the Tukey range test,
95% confidence level (Statgraphics, software). Table I.lb gives
the means dbtained experimentally for the log of the response
variable (CBI) for control, I3C, Aroclor 1254 and BNF groups
using the Tukey range test and confidence level described above.
The mull hypothesis tested in this test, i.e. that all treatment
responses were the same, was rejected indicating that there was
a statistically significant difference in at least one response
(p = 0.001).

Figure I.4 presents the means for each factor level

(control, I3C, Aroclor 1254, and BNF) and the 95% confidence
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Table I.la. Table Of Trout Liver And Body Weights For

Treatment And Control Groups In Experiment 1.
QONTROL I3C AR1254 BNF

WEIGHT LIVER WEIGHT LIVER WEIGHT LIVER WEIGHT LIVER

(9 (9) (9) (9)

129 1.087 133 2.283 141 1.532 166
177 1.968 131 1.850 149 1.250 180
181 1.525 144 1.777 156 1.149 141
124 1.298 152 2.168 164 1.480 145
152 1.544 155 1.935 130 1.173 152
138 1.880 182 2.610 146 1.315 138
147 1.073 185 2.701 153 1.301 169
163 1.960 165 2.025 179 1.906 176
151 1.703 153 2.269 130 1.132 141
170 1.734 176 ©+ 2.335 175 1.833 161
Mean Mean Mean Mean Mean Mean Mean

153.2 1.6 157.6 2.2 152.3 1.4 156.9
s.D S.D S.D S.D S.D S.D S.D
19.5 0.3 19.1 0.3 16.8 0.3 15.5




Table I.1b Table of Means For Iog Response By Treatment.
Experiment 1.
DIET QOUNT aMEANS STANDARD ERRCR
1. OONTROL 10 4.44 0.33
2. I3C 10 3.54 0.34
3. AR1254 10 4.34 0.39
4. BNF 10 2.27 0.48

210 Response = Log Covalent Binding Index (CBI).
le micleotide (Av. molec. wt.= 309
moles IMBA injected/kg fish.
Range test: Tukey, confidence level: 95, One-Way Analysis of

Variance.
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intervals for the means using the Tukey. Considerable &alap
can be abserved between control interval and that for I3C and
Aroclor 1254, such that the means were not significantly
different. The range of the BNF group interval is distinct from
the control group but some overlap of the BNF group occurs with
that of the I3C range.

Figure I.5, shows a multiple box and whisker plot of the
cbservations at each factor level. In this graphic
representation the central box covers the middle 50% of the data
values, between the lower and upper quartiles. The whiskers
extend to the extremes (minimm and maximm values), while the
central line is at the median. Unusual values are plotted as
separate points. The whiskers extend only to the points that are
within 1.5 times the interquartile range (box length).

It can be seen in Figure I.5, as in Figure I.4, that the median
for all dietary treatment groups is below controls. Control and
I3C show two extreme values, well above the bulk of the values.
Log response values for I3C show the least amount of variation
(smaller box and least whiskers) while AR1254 and BNF values
show a much greater variation (larger box and whiskers). It is
prcbable that medians as computed in the box and whisker plot
may provide a better representation of the data than the means
as the medians are not sensitive to extreme values.

A multiple range Tukey analysis was performed after the one
way analysis of variation, which revealed that a difference in
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response from control value existed only for the BNF dietary
treatment group.

The first set of analysis, Tukey, assumed a normal data
distribution and hence the one way analysis of variance was
repeated by the non parametric method of Kruskal-Wallis, in
which each response value was assigned ranks as shown in Table
I.2. The rationale was that if the data did not follow a
Gaussian distribution, the results would only be an
approximation and could be misleading. This nonparametric method
provides the advantage of a greater range of applicability as it
assumes that cbservations occur at random after respective
treatment and that no terndency for the larger values to came
first exists. However the disadvantage is that this technique
disregards the actual scale of measurement and substitutes ranks
to campare relative magnitude, resulting in the loss of power of
sensitivity. The Kruskal-Wallis one way analysis of ranks
revealed a statistically significant difference in response was
present for at least one of the groups (p = 3.9 x 1073).

Nonparametric comparison of paired samples was also tested
in which each diet treatment group response value was compared
to control group response value. This test revealed that the
median for the I3C treatment group was significantly different
from control (p = 0.05), Aroclor 1254 was not significantly
different (p = 0.7) and BNF was significantly different

(p = 5.7 x 1073). The ultimate result of statistical analysis



Table I.2 Kruskall Wallis Analysis Of Response By Treatment

Experiment 1
IEVEL SAMPIE SIZE AVERAGE RANK
1. Control 10 27.4
2. I3C 10 18.2
3. Aroclor 1254 10 25.9

4. BNF 10 10.5




was that only the BNF group was significantly different from the
control.

2. EXPERTMENT 2

In experiment 2 statistical tests were performed in the same
manner as experiment 1, though four groups of ten, three month
old trout were used per treatment group. Table I.3a, Table I.3b,
Figure I.6 and Table I.4 present the data from experiment 2 and
are discussed in the above seguence.

Table I.3a gives body weight and liver weight data for groups
of ten fish each. Control groups consistently showed highest
mean weights and standard deviations, and Aroclor 1254 and BNF
group body weights show least standard deviation. The
differences among groups -in mean weight do not directly
influence the experiment, since the final test statistic, CBI is
expressed in dosage (Materials And Methods). Table I.3b gives a
table of means of log response values for treatment and control
groups using the range test Tukey as described for experiment 1.
Pooling of samples in groups of ten reduces the variation
within groups as can be noted by camparing the spread of the
box plots from each experiment, however values for relative
error in each experiment are not easily computed and compared as
log values of the CBIs were used in each experiment, and the
mean CBI of control groups differs considerably between

experiment 1 and 2, introducing a confounding variable.
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Table I.3a. Table Of Trout Liver And Body Weights For Treatment

And Control Groups In Experiment 2.
QONTROL 13C AR1254 BNF

WEIGHT LIVER WEIGHT LIVER WEIGHT LIVER WEIGHT LIVER
(9) (9) (9) (9)

63 0.017 62 0.011 48 0.015 48 0.016
62 0.014 52 0.013 50 0.014 51 0.020
65 0.012 48 0.012 51 0.012 54 0.016
87 0.009 53 0.013 50 0.016 50 0.01°
Mean Mean Mean Mean Mean Mean Mean Mean
69.3 0.01 53.8 0.01 49.8 0.01 50.8 0.2
S.D S.D S.D S.D S.D S.D S.D S.D
1.9 0.0 5.9 0.0 1.26 0.0 2.5 0.0

Each value for liver and body weight represents 10 individuals.



Table I.3b. Table Of Means For Iog Response By Treatment.
Experiment 2.

DIET COUNTP MEANS2 STANDARD

1. OONTROL 4 2.84 0.12

2. 13C 4 2.14 0.35

3. AR1254 4 2.09 0.25

4. BNF 4 0.78 0.27

aMFANS = (Iog CBI)x 10%

= 4 groups/treatment, ten livers/group.
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Figure I.6 gives a plot of the means for log response of each
treatment group and the 95% confidence intervals by the Tukey
test as in experiment 1. Pooling of samples did appear to
reduce overlapping intervals for BNF group values with I3C group
(as ocbserved in experiment 1) resulting in this group being
distinctly different from all other groups. I3C and Aroclor 1254
values present identical spread of interval, being partially
overlapped by the control values.

Figure I.7 presents the multiple box and whisker plot for
the three treatments and the control group. The amount of
variation in values seen for the groups is in the order control
< Aroclor 1254 < BNF < I3C, denoted by the size of the box plots
and the whiskers. Medians for all treatments are below that of
control. The BNF group emerges distinctly different from all
other groups, the spread of the box values showing no overlap
with any other treatment box. In comparison, pooling in
experiment 1 eliminated the presence of individual ocutlying data
points in these plots. As elaborated for experiment 1, Table I.4
presents the Kruskall Wallis nonparametric analysis of response
in experiment 2 as computed by the statgraphics statistical

software.

DISTRTBUTTION OF RADIOACTIVITY IN TISSUES

Table I.5 gives the in vivo distribution of radicactivity in

selected tissues of rainbow trout 24 hours after i.p. and i.c.
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Table I.4 Kruskall Wallis Analysis Of Response By Treatment.

Experiment 2.
a1 FVEL bsaMPIE STZE AVERAGE RANK
1. Comntrol 4 13.75
2. I3C 4 9.25
3. Aroclor 1254 4 8.25
4. BNF 4 2.75
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Table I.5 IMBA Distribution In Tissues Of Rainbow Trout
Expressed As Radicactivity % Total Dose Given.

BODY WT. KIINEY LIVER GALL BIADDER INTESTINE
(G)

1. 62.40 1.05 3.88 49.50 1.05
2. 76.15 0.55 2.72 19.92 0.55
3. 74.07 0.45 2.36 19.93 0.45
4. 76.15 0.69 2.93 19.8 0.68

Data Given Is For 4 Individual Fish.

#1 fish injected i.c.
2, 3, 4, i.p. injection.
Distribution Measured 24 Hours After Imjection, Solvent acetone.



injections (intracardial). Binding values obtained after i.c.
injection show about double the amount of total binding in all
tissues tested (kidney, liver, gall bladder and intestine)
ccmpared with those cbtained fram i.p. injections. Gall bladder
shows the highest amount of radiocactivity followed by the
liver, while values for kidney and intestine were approximately
the same.

VARTATION IN DNA BINDING WITH AGFE

CBIs show marked variation with age of fish. The three month
old trout show average control CBI of 1.7 x 10 5 in experiment 2
and ten month trout have average value of 1.44 x 10 2, an almost

1000 fold difference in 7 months.
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DISCUSSTON

Results show BNF dietary treatment of 500 ppm, in rainbow
trout (three months and ten months of age), produces a
statistically significant inhibition of in vivo IMBA binding to
DNA, when the carcinogen is administered by i.p injection.

Effects of the other two modulators are not as clear. Both
I3C and Aroclor 1254 have lower medians for groups than control
group. This difference however, does not register as
statistically significant due to overlap of values within groups
especially evident in experiment 1 (Figure I.5), where
individual fish DNA was analyzed to generate the data for CBI.
The spread of values in Figure 5, as dencted by the size of the
box plots is considerable, especially for Aroclor 1254. The
situation changes in experiment 2 (Figure I.7), with group
values of I3C showing most variation. This further confounds any
deductions that can be made fram the data regarding effect of
the diets.

ENF_DIETARY MODUIATION

The results acbtained in this study are consistent with those
from other experimental observations that BNF can inhibit the
carcinogenic response. It has been shown that BNF is able to
significantly inhibit tumor initiation by polycyclic aromatic

hydrocarbons such as IMBA in mice, its protective effects on
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tumor initiation being extended to the prenatal organism (NMRI
mice) (Goerttler et al., 1986). In a 58 week tumor study of
rainbow trout where carcinogenesis was initiated by AFB1, the
tumor incidence was 6% for fish treated with 500 ppm BNF, and
18% for 50 ppm BNF campared to 38% for AFB1 positive controls
(Nixon et al., 1984).

Treatment with BNF is known to cause a dramatic increase in
monooxygenase activity, the cytochrome P-448 parts of which are
known to generate bay region diol epoxides of DMBA. BNF induced
activity of trout microscmes has been shown to be of the
P-448 type (Williams and Buhler, 1984).

Trout cells have been shown to possess ability to metabolize
DMBA (Smolarek et al., 1987). One possibility is that the
inducing effect of BNF on monooxygenase activities can produce a
regioselective shift in metabolism of IMBA to less reactive
metabolites or one with a higher affinity for an isozyme
catalyzed reaction, resulting in lower binding to DNA. Christou
et al. (Christou et al., 1986) showed that in studies using 3MC
induced rat microsames, reorientation of metabolic activation
can occur via hydroxylation of the parent DMBA. Constitutive rat
enzyme P-450a favors direct activation of the parent compound,
while 3MC induced rat microsames contain P-448c. The
hydroxylated derivatives and the parent compound compete for
metabolism by P-448c, with the hydroxylated derivatives

exhibiting higher affinities. Christou et al. however found
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7-hydroxymethyl, 12-methylbenz (a) anthracene to inhibit its own
metabolism. Consequently, ratios of individual P-450s may be
crucial in determining characteristics of DNA modification.
Since in trout BNF induces P-448c, it is possible that
hydroxylation is favored, resulting in less activation of the
parent campound.

Williams et al. (Williams et al., 1983) have shown that a
major cytochrome P-448 purified from BNF induced trout, produced
a significant increase in dihydrodiol formation from AFBl. As
mentioned above, studies have already suggested that PAH
metabolism is dependent on P-448 activities. Thus a second
possibility is that BNF induction of enzymatic activities may
increase the overall rate of metabolism and detoxification,
decreasing transit time of the active metabolite of IMBA and
hence DNA binding. In support of this conjecture, it is known
that the overall rate of metabolism for AFBl is enhanced in
studies with trout hepatocytes cbtained from BNF pretreated
trout and that DNA binding is reduced in such cells (Bailey et
al., 1981). Studies here indicate that IMBA metabolism and DNA
binding values for IMBA are also altered in trout by BNF
dietary intake, suggesting that this campound may inhibit IMBA
hepatocarcinogenesis in trout.

Studies with rainbow trout cells in culture have shown an
inherent ability to metabolize PAH coupled with a high ability
to conjugate metabolites, resulting in lower DNA binding values

than rodent cells (Smolarek et al., 1987). Moreover, BNF is



known to increase the activity of phase II enzymes in mice
(Sparnins et al., 1982). It is possible that similar induction
occurs in trout. If increasing conjugating activities with BNF
treatment is possible the result would be escalation of
detoxification of IMBA, as a mechanism underlying reduced DNA
binding.

In assessing the role of BNF modulation in PAH
carcinogenesis, information is confourded by factors such as in
vitro vs in vivo studies, age, time of exposure of modulator
and carcinogen, dose of both compounds and species used. Many
enzyme studies have been conducted in vitro and may serve the
purpose of identifying some metabolites formed. However, in
vitro studies are lacking in presenting the complex array of
events occurring in an in vivo situation, of one chemical
modifying the effects of another. For example phase II enzyme
effects are ignored in many in vitro investigations, thus
presenting possibly errcnecus conclusions. Also relative amounts
of protein and substrate are important for kinetic models and
incubation times can further influence results.

In vivo, the role of BNF dietary effect in trout on PAH
carcinogenesis needs to be further defined by describing the
organic and water soluble metabolites formed. Also tumor
incidence varies with the concentration of BNF dietary exposure
(Nixon et al., 1984), and the need exists of correlating tumor
studies with INA binding and identification of metabolites

formed in vivo to give an accurate estimate of the outcome of
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phase I and phase II enzyme activities or detoxification. BNF is
known to induce both phase I and II enzymes in mammals and such
an effect can enhance as well as decrease neoplasia when
influence of ancther substrate is also present. It is of
interest to note that BNF has an inhibitory effect on AFBl1 tumor
response as well as that of a PAH like BAP when the modulator is

introduced before or during exposure to the carcinogen.

INDOLE-3—CARBINOL

As cbserved for BNF, I3C administered in diet prior to IMBA
exposure consistently reduces mean INA binding of this
carcinogen, but the reduction is not significant. It is possible
that the level of modulator in the diet, 2000 ppm, is
insufficient to produce a statistically significant inhibition
in DNA binding. The need exists to verify the effects of the
binding of IMBA to DNA with various levels of I3C dietary
exposure, to reveal kinetic patterns of I3C dietary modulation
as shown by the study of Dashwood et al. for AFB1 (Dashwood et

al., 1988).

AROCIOR 1254

In the present study, dietary pretreatment of rainbow trout

with 100 ppm Aroclor 1254 showed a mean for DNA binding response

(CBI) lower than control group but the difference in response
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was not statistically significant. Camparison of these results
with other experimental studies is made difficult as PCBs are
known to produce variable response depending upon the
carcinogen used in trout studies.

PCB treatment in other studies is known to induce MFO
activities. Voss et al., (Voss et al., 1982) in a study where
trout were exposed to Aroclor, showed that ethoxyresorufin-O-
deethylase (EROD) activity increased until at week 15 there was
an increase of 77-fold. This was noted after 100 ppm dietary
exposure to AR1254. EROD activity is characteristic of P448,
implicated in PAH metabolism and responsible for generating
dihydrodiol epoxides of IMBA, which are the carcinogenic
species. It 1s possible therefore that PCBs could actually
enhance IMBA tumor response in trout, depending on phase II
effects.

Tumor response studies in trout have indicated that cofeeding
of PCB enhances diethylnitrosamine carcinogenesis (Shelton et
al., 1984) though it reduces AFBl carcinogenicity when PCB is
fed before and during AFBl initiation. Hence fish studies with
PCB treatment have shown that depending on the dose and the
carcinogen used, the tumor response can be an enhancement or an
inhibition (Bailey et al., 1988).

Using microsamal incubations, Egass and Varanasi (Egass and
Varnasi, 1982) have demonstrated a substantial increase in PCB
induced trout microsomes of binding to deproteinized salmon

sperm DNA. The Egass study however is in vitro and cannot
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account for detoxification and repair manifested in an in vivo
situation. Furthermore, Varanasi et al. (Varanasi et al., 1987)
have seen an increase in radiocactive bile conjugates glucuronide
and sulfate and GSH, demonstrating induction of conjugation
enzymes in English sole and starry flounder.

In summary Aroclor 1254, a mixture of PCB congeners,
possesses the ability to induce MFO and phase II enzyme activity
in rainbow trout, hence the extent of INA binding may depend on
the cutcome of competing metabolic pathways determining the
amount .of active metabolite produced for IMBA. Tumor studies
with IMBA and the modulation of the tumor response by PCBs is
essential to comprehend how this modulator can influence DMBA
carcinogenesis, particularly since PAH and PCBs may be involved
similtanecusly as envirommental pollutants. It is also possible
that a higher dietary treatment dose of Aroclor 1254 may reduce

INA binding by statistically significant levels from control.

VAR'[A'I"IONWI'I‘I{D‘I'IREA'DIENI‘GMJPS

In experiment 1, biological variation was considerable
which made computation of modulator effects difficult. Although
certain fish species, e.g. Poleciliopsis lucida show no
difference in dose responsiveness between different strains,
rainbow trout demonstrate considerable tumor response variation
(11%-64%) for AFBlL between strains (Bailey et al., 1988), and

perhaps within the Mount Shasta strain.



Variation between individuals in experiment 1 was from 13% to
432% of mean value of CBI for controls. In experiment 2 where
pools of ten fish were used, various control pools showed 81 to
139.6% of mean values of CBI. The variation manifested at an
individual level can thus be decreased by pooling in some cases,
but the large difference between each fish suggests a genetic
influence on vulnerability to the effects of IMBA-INA binding.
Such effects between genera are known to exist (Somalarek et
al., 1987, Bailey et al., 1988) but have not been explored at

the level of individual fish.
SITES OF ACCUMUIATION OF ADMINISTERED DOSE

It is important to define IMBA metabolism to known
carcinogenic metabolites and the extent to which they are
produced in tissues other than liver. Stegeman et al (Stegeman
et al., 1981) provided the information that extrahepatic tissue
microsames of kidney and gill form BP metabolites remarkably
similar in profile to liver samples. Percent of total BAP
metabolized during incubations was 8.5%, 2.0%, and 0.5% for
liver, kidney, and gill respectively, during microscamal
incubations using scup microsomes in this study. It is
interesting that a similar order of magnitude exists for liver
and kidney in Table I.5 where % distribution of total

radiocactive dose of IMBA in trout is considered.
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Detoxification can also be measured in terms of conjugated
metabolites of PAH released into the gall bladder (Varanasi et
al., 1983). Varanasi et al., on analysis of BAP bile fraction
found no residual unconverted BAP or unconjugated BAP
metabolites 24 hours after oral exposure to tritiated compound
in English sole. One to two per cent of the administered
radiolabelled dose appeared in liver, and concentration in bile
was ten times higher, concentrations similar to those cbtained
for IMBA accumulation in tissues of trout (Table I.5). With this
distribution BAP conjugates in English sole contained a high
proportion of glucuronide and GSH conjugates. Trout cell
culture studies have revealed that the cells form more
glutathione conjugates than glucuronides for BAP treatment
(Somalarek et al., 1987). IMBA water soluble metabolites were
more than 68% when 96.5% of the IMBA was metabolized.

Thus if binding to tissues is a reflection of processes of
activation and detoxification of IMBA, the profile exhibited is
similar to that revealed for BAP tissue binding in English
sole. The fact that trout cells show a high ability to
metabolize IMBA to water soluble metabolites shows the ability
to decrease carcinogen induced damage to DNA. Exact conjugates

for DMBA in trout remain to be identified.
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CHAPTER I1
DIETHYINTTROSAMINE AND ETHYINTTROSOUREA CARCINOGENESTS IN THE

RAINBOW TROUT.

INTRODUCTION.

IN VITRO MODEIS

In many animal species the liver is an important site of
primary tumor formation. It posseses the latent capacity to
proliferate and is the seat of many enzymes of physiological
importance in the activation and detoxification of xencbiotics.
The growth of the liver can be induced by pregnancy, tissue
loss, surgery, physical damage and chemical injury. In vitro
tests involving the use of cultured hepatocytes, isolated
hepatocyte suspensions and liver slices are limited by the
physiological changes that may have occurred in the cells,
following removal from the liver. However they provide

canparison to evaluate processes at the organ and cell level.

HEPATOCYTES

It is difficult to interpret from in vivo studies whether a

chemical has a direct effect on the liver or whether the
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primary effects occur in same other tissue or organ. Isolated
hepatocytes provide the ability to investigate and reveal
camplex biotransformation events in a controlled in vitro
situation. By this method chemical substances can be studied
singly and their effects on the hepatocytes evaluated. Dose
response relationships such as inhibitor action on
biotransformation of drugs can be studied (Tomera et al., 1984).
The major advantage is that interrelationships between hepatic
processes can be examined without the influence of camplicating
extrahepatic factors and investigations can be carried out using
specific treatment conditions which would cause major problems
to the health of the animal. Morphological and biochemical
changes can be dbserved and used in the final analysis of
carcinogen action. However the cells are not arranged in the
same way as in the whole organ and chemicals with effects on
bile production or which affect specific zones in the liver
cannot be identified. This identification is of importance as
hepatotoxins damage specific regions in the liver and hence
indicate metabolic heterogeneity in the organ. This
heterogeneity is manifested in the multiple factors governing
the regulation of conjugation reactions, limiting the usefulness
of in vitro hepatocyte studies.

Therefore the need exists to characterize the cells
metabolically before they can be used routinely. For example,
studies have indicated that treatments with inducers of

microsamal enzymes have resulted in differing rates of
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glucuronidation in periportal (an area exposed to blood rich in
oxygen, substrates and hormones) and pericentral areas (low in
oxygen substrates and hormones) of the rat liver. Fasting was
shown to decrease the rate of glucurcnidation by 50% in both
regions (Tonada et al., 1983). Mixtures of hepatic cells
obtained from liver perfusions can be divided into parenchymal
and non parenchymal cells. The parenchymal cells, containing
the bulk 6f liver P-450 activities, are the hepatocytes. The
endothelial cells and the kupffer cells comprise the
nonparenchymal cell fraction and carry a small proportion of the
P-450 system. A knowledge of the distribution of the P-450
enzyme system in the hepatocyte preparation is important,
especially where studies with activation dependent carcinogens
are concerned. A major limitation of this model is the loss of
the P-450 activities that occurs on prolonged incubation of the
cells.

Besides these factors causing variation in response at the
level of cell population, percent viability of the cells is
also an important factor to insure quality of the hepatocyte
preparation. Cell death can be denocted by the loss of integrity
of the plasma membrane which cammonly is assayed by using trypan
blue exclusion as an indicator of membrane integrity. Its
convenience makes it the choice though leakage of cytosolic
enzymes such as lactate dehydrogenase (IIH) is quantitatively
more precise. The incapability to retain intracellular enzymes

is generally taken to be a sign of irreversible cell damage.
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A very useful feature of hepatocyte in vitro studies is that
they permit a critical evaluation of risks to humans.

Human hepatocytes can be isolated in large numbers, with a high
viability, and are used to evaluate DNA damage, repair,
mutagenesis and xencbiotic metabolism. Qualitative similarities
between results cbtained from experimental animals and human
cells, provide better surrogates for humans in carcinogen
testing (Rauckman et al., 1987).

Rainbow trout hepatocytes have also been used in
carcinogenesis studies, providing valuable data for camparative
analysis with mammalian models and hence insights into risk
assessment for humans. A knowledge of the biochemical,
physiological and repair characteristics of trout hepatocytes is
essential before such preparations can be used in carcinogen
studies. Trout hepatocytes possess an initial viability of about
95% when isolated. However, unlike rat hepatocytes, trout
hepatocytes do not attach to culture substrate. Their survival
in suspension deperds on the added serum concentration and
incubation temperature. It has been demonstrated that in this
model trout cells rarely divide or undergo INA replication
(Klauning et al., 1985). Klauning et al., showed that the level
of cytochrame P-450 decreases steadily for the first four days
of suspension type trout hepatocyte culture. With time, events
related to cell aging and cell death appear such as clumping,
muclear elongation, increase in autophagic cell vacuoles and

occurrence of bundles of filaments in the cytoplasm. As the



liver is the primary detoxification organ, it is of value to
study the effects of various carcinogens using hepatocyte
incubations.

NTTROSAMINES: RELEVANCE TO CARCTNOGENESTS

Nitrosamines have been shown to be carcinogenic in 45 animal
species, producing tumors in a wide variety of organs (Magee et
al., 1967). However each md1v1dual nitrosamine demonstrates
pronounced organotrophy in its carcinogenic action. The toxic
properties of nitrosamines have been described by many
investigators (Herron and Shank, 1980; Magee and Barnes, 1967;
Archer and Labuc, 1985) and doses of 20-40 mg/kg produce acute
liver necrosis and death in several species.

It is known that man is exposed to nitrosamines via
occupational exposure, consumption of certain food and tobacco
products, and ingestion of precursors of nitrosamines in the
gastrointestinal tract (Archer et al., 1985; Speilgelhalder and
Preussman, 1985). The nitrosamines are tissue specific and
susceptibility to a large extent depends upon the chemical
structure (Appel et al., 1979). Owing to the relative simplicity
of their structures, products of their interaction with cellular
components can be easily identified and the nitrosamines provide
an interesting and valuable series of campounds with which to
study mechanisms of the chemical induction of cancer (Myrnes et

al., 1983). They provide a valuable base for validation of
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short term screening tests for carcinogenesis such as in vitro
mutagenesis assays because a large mumber of these compounds
have been tested in experimental animals. It is known from a
case of human poisoning that DNA adducts formed by
dimethylnitrosamine (IMN) in human liver (Herron and Shank,
1980) are the same as those found in the livers of experimental
animals (Pegg, 1984).

IMN and diethylnitrosamine (DENA) are the two nitrosamines
most extensively tested, and their carcinogenic effect is well
documented by many investigators (Magee, 1967; Singer, 1986;
Singer, 1981; Reznik-Schuller and Hague, 1981)). Changes in
their structure lead to major changes in their mutagenic
effects. This provides a means for understanding carcinogenic
initiation. Information regarding their biotransformation and
interactions can be elucidated by comparing the reactions of the
activation dependent nitrosamines with direct acting nitroso
campourds such as ethylnitrosourea (ENU). The nitroso compounds
therefore are among the most useful models used in elucidating

biological events in carcinogenesis.
METABOIL.ISM

Most nitrosamines undergo oxidation of the alpha carbon
moiety (Magee, 1967). The alpha-hydroxylation reaction, usually
termed nitrosamine dealkylase activity is catalyzed by a P-450

dependent enzyme system (Jarman et al., 1986). The role of



cytochrame P-450 dependent enzymes in nitrosamine activation has
been supported by studies using purified hepatic cytochrome P-
450 isozymes. Of the isozymes tested, only cytochrame P-450j
purified from ethanol and isoniazid treated rats had high
catalytic activity towards N-demethylation of DENA at
physiologically relevant nitrosamine concentrations (Levin et
al., 1986). Dealkylase activity changes in rats with age and
sex, and nitrosamine carcinogenicity usually correlates with
changes in dealkylase activities (Lotikar et al., 1975).
Evidence also exists for formation of nitrite from cytochrome P-
450 mediated reductive denitrosation of nitrosamines, suggesting
an alternative detoxification pathway for nitrosamines (Appel et
al., 1985).

DENA is thought to extend its carcinogenic action following
metabolic conversion to a reactive ethylating agent (Appel et
al., 1979,). The exact chemical identity of the ultimate
alkylating agent has not been determined, but it is believed
that the alkylhydroxyalkylnitrosamine decomposes to an aldehyde
and a much shorter lived ultimate metabolite which is probably
an alkyl diazonium ion or an alkyl carbonium ion (Figure II.1).
Once formed, the agel;lt rapidly reacts with all nuclecphiles,
including water which yields the corresponding alcohol.
Reactions with macromolecules lead to alkylated amino acids in
proteins and alkylated bases in nucleic acids (Lawley et al.,

1976, Pegg et al., 1982; Umbenhauer and Peqgy, 1985).
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Studies have indicated that organ susceptibility is usually
determined by nitrosamine chemical structure but a preexisting
capacity for proliferation is also important. This can be seen
in the case of single dose treatments of IMN and
methylnitrosourea, which do not produce liver tumors in adult
rats but do produce tumors when given to neonatal rats or rats
in which the liver is regenerating after partial hepatectamy
(Singer, 1984). Susceptibility correlates directly with levels
of tissue metabolism, though this concept is not to be
generalized (Arcos et al., 1975). For example, administration of
IMN to adult rats produces kidney tumors, even though very low
levels of enzymatic activity are found in this organ (Nicoll et
al., 1975).

As nitrosamines require metabolic activation, the site of
action of these campounds varies from direct acting alkylating
agents such as ENU. In vitro, the reactions of direct acting
campounds such as ENU, are difficult to compare with activation
dependant campounds such as DENA, as the half life of the former
in most buffers is on the order of a few minutes, and they give
rise to a much greater amount of ultimate mutagen (Guttenplan,
1987) . The nitrosoureas, thus are unstable and damage cells in
any organ that they penetrate (Swann and Magee, 1968). The major
interest in the carcinogenic activity of ENU has centered on the
induction of tumors of the brain and nerve (Goth and Rajewsky,

1974).
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Increased production of active oxygen, organic peroxides and
radicals which also have been suggested to be involved in
carcinogenesis have not received much attention in the
metabolic action of nitrosamines. Ahotupa et al., (Ahotupa et
al., 1987) demonstrated that chronic treatment of rats with DENA
or IMN increases lipid peroxidation in vivo. This may play an
important part in the carcinogenic action of these campounds.
Lipid peroxidation was not found to relate directly with the
relative acute toxicities, the mutagenic potential, or the DNA
binding ability of the various nitrosamines. Its role in the
carcinogenic process, initiated by these compounds is ambiguous.

Recent research has focused on identifying the critical
lesions in DNA which may be related to carcinogenesis by
alkylating agents such as the nitrosamines (Hoffe et al., 1986).
At least 12 sites in INA are targets for alkylation by N-
nitroso campounds under physiological conditions (Singer, 1975;
Ergelese et al., 1985). On balance, the available evidence
strongly favors the 0% position of guanine as the critical
target in the initiation of tumors (Pegg, 1984). In addition to
05-alkylquanine ®4-alkylthymine, 0%-alkylthymidine, and 02-
alkylcytosine are presumed to be miscoding lesions and may lead
to initiation of carcinogenesis by the nitrosamines. Other
lesions may cause mutation by yielding apurinic sites (Engelese
et al., 1985).

Same investigators used the theory of hard and soft acids and

bases to explain INA adduct formation (Ho, 1977). The hard and

83



soft acids and bases principle is thought to characterize the
alkylation reactions of INA as acid base reactions, where the
strong base reacts preferentially with a strong acid, and a
weak base with a weak acid (Pearson, 1966). The acidity of
carbonium ions increases from methyl, ethyl, isopropyl to 2-
butyl. Since N7 is a weaker base than 0® in guanine, stronger
acids prefer reactions with 0% position. Oxygens in thymidines
ard in phosphate diesters are classified as strong bases. They

prefer reaction with branched carbonium ions (Coleo, 1985).

REPATR

Presumably, failure to correctly repair certain
carcinogen-induced INA lesions prior to INA replication leads to
samatic mutation. Thus tissue and cell differences in the rates
of repair of critical DNA lesions may play a central role in
determining the site of tumor formation (Goth and Rajewsky,
1974) . 0%-alkylquanine is removed from DNA by the action of an
alkyltransferase protein which mediates the transfer of the
alkyl group (Pegg, 1982). The alkyl group is transferred to a
cysteine residue on the alkyl acceptor protein. The transfer
reaction appears to be irreversible, hence the capacity of the
repair system is limited by the level of the alkyltransferase
present in the cell. The repair activity is both species and
organ specific, but does not appear to be selective for a methyl

or ethyl group on guanine. In E.coli, rat and fish the repair
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activity can be induced by the same agents that produce the
‘adduct (Nakatsuru et al., 1987). Thus rates of repair and
capacity for DNA replication are factors involved in
N-nitrosocethyl compounds produce a much greater proportion of
adducts on the oxygen atoms than N-nitrosomethyl compounds, and
ethylating agents have proven to be more effective than
methylating agents in producing hepatocellular carcinomas in
rats. Differential repair of adducts may contribute to the
superior ability of ethylating agents versus methylating agents
to accomplish this tumor response. Differing rates of removal of
ethylated purines and pyrimidines from various organs indicate
that mammals possess multiple independent repair systems (Singer
et al. 1986). Thus when examining the role of INA repair, the
relative risks of carcinogenesis must be determined for a
particular model rather than extrapolated from data on other
organisms. Repair of alkylpyrimidines has been studied and
canpared with that of alkylguanines (Richardson et al., 1985).
Most nitrosamine carcinogenesis studies have been
conducted using rats, mice and hamsters. Several fish species
have been shown to be sensitive to the carcinogenic effects of
nitrosamines (Greico et al., 1978; Bailey et al., 1987; Ashley
et al., 1968). Fish are of particular interest as many fish
species show little capacity for alkyltransferase type repairs
(Nakatsuru et al., 1987) or excision type repairs (Walton et

al., 1984). The rainbow trout has been shown to be highly
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sensitive to the carcinogenic effects of IMN and DENA (Bailey et
al., 1987) ard this model can serve to provide camparative
information which is important in defining mechanisms of action

and eventual extrapolation of results to man.
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OBJECTTVES AND RATTONATLE

Experimental studies of chemical carcinogenesis usually
involve two steps:

1. Tumor studies are performed to establish the carcinogenicity
of the compourd, a process which usually takes several months or
more than a year.

2, After tumorigenicity has been established, in vivo and in
vitro biochemical studies are conducted to relate
carcinogenicity to particular metabolites, and to the enzyme
activities which produce and detoxify the metabolites and DNA
adduct formation. Those adducts that present the prospect of
miscoding can then be identified.

DENA, a potent mammalian carcinogen, is tumorigenic in
several other classes of animals including fish. Dietary
exposure has been shown to result in hepatocellular carcincmas
in rainbow trout (Shelton et al., 1984). However the processes
of N-nitroso INA alkylation and subsequent adduct repair are not
well urderstood in the trout model. Studies with nitrosoureas,
which spontanecusly decampose in vitro at neutral pH, have shown
that 05-alkylguanine formed may be a critical product in the
initiation of cancer. Most of the alkylation occurs at N-7 of
guanine and the ratio of formation of 0f-alkylguanine to /-
alkylguanine varies with the alkylating species. The discovery
that this ratio varied directly with dose of the nitrosanu'.ne

indicated the existence of a saturable repair system for the



alkylguanine adduct (Pegg, 1982). later studies confirmed that
cell extracts could mediate the removal of 0®-methylguanine
(Naktasuru, 1987).

Studies of this nature need to be conducted for
nitrosamines in the trout model to strenghten its usefulness in
camparative carcinogenesis. Although the trout is sensitive to
DMN as well as DENA-initiated carcinogenesis, methylation of
liver INA was not detected following i.p. IMN injection (Kruger
et al., 1970). The kinetics of guanine adduct formation and
persistence can reveal information regarding metabolic
activation and mechanism of nitrosamine carcinogenic action
(Becker and Shank, 1985). Recent results in this laboratory also
indicate that DENA carcinogenesis in trout can be strongly
influenced by several dietary modulators (Hendricks et al.,
unpublished results) which may reflect modulator mediated
alterations in DNA alkylation or repair.

Therefore the aim of this study was to determine whether
carcinogenicity in trout was related to alkylation of guanine in
DNA following exposure to DENA. The specific cbjectives were:

1. The determination of the formation of ethylguanines in the
liver INA of rainbow trout treated with i.p administration of
diethylnitrosamine.

2. The investigation of the persistence of these adducts in

trout hepatocytes after exposure to DENA and ENU.
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MATERTATS AND METHODS

SAFETY PROCEDURES FOR HANDLING OF CARCTNOGENS

Refer to Appendix I, for details.

CHEMTCALS

[3H] DENA (specific activity, 248 mCi/mmole, stored in ether)
was custom synthesized by Amersham (Arlington heights, IL).
Purity of the DENA solution was tested using reverse phase HPLC
by Dr. Arthur Fong and the DENA was assessed to be of > 95%
radiopurity. Unlabelled DENA was obtained from Kodak Products
(Rochester, NY). Solutions for i.p. injection and for
incubations with hepatocyte preparations were prepared by
removing a desired aliquot of the 3H DENA stock solution,
immediately before use. The ether was evaporated under a gentle
stream of nitrogen, and the [3H] DENA was reconstituted with
millipore water and unlabelled DENA to cbtain the desired
specific activity.

All other chemicals were dbtained from Sigma Chemical
Campany (St. Louis, MO) unless otherwise mentiocned and were of
the highest grade available. ENU was cbtained in sealed vials of
one gram each, and dissolved in dimethylsulfoxide (dried) before
use. All surplus solutions were decontaminated and discarded

each time. Solutions for DENA and ENU were protected from light
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during incubations, storage and transport. Fetal calf serum was
obtained fram Aldrich Chemical Company (Milwaukee, Wis).
Authentic standards for O%-EtG (Calbiochemicals, Ia Jolla, Ca)
and N7-EtG were assayed for purity by HPIC and U.V.

spectroscopy.

ANTMATS AND DIET

Rainbow trout, Salmo gairdneri, were spawned, raised and fed
control diet as stated in Chapter I, Materials And Methods.
Fish used in hepatocyte preparations were from 200-600 g in body
weight. The BNF dietary treatment was 500 ppm (six weeks) for

fish used in hepatocyte studies.

IN VIVO STUDIES

[3H] DEN was administered i.p. and fish were killed by severing
the spinal cords. The livers and gall bladders were removed and
the livers were washed with ice-cold normal saline solution and
frozen at -80°C. Nuclei were isolated from livers and DNA
extracted from nuclear pellets. The procedures for preparation
of nuclei, DNA isolation, purification and Burton's assay for
DNA quantitation were detailed in Materials And Methods, Chapter
I. INA was quantitated using one, or a combination of the
following three procedures, indicated where applicable in the

Results section.



a. For routine check of purity, absorbance ratios of 260 rm to
280 mm and 260 M to 240 m were used. Amount of DNA was
estimated using one absorbance unit = 50 ug/ml DNA.

b. Burton's assay was used where mentioned in the Results
section (refer to Chapter I, Materials And Methaods).

c. A microfluorcametric method of DNA determination using a TKO
100 Mini Fluorcmeter and the procedure detailed in the
operating instructions for TKO 100 also was used. Briefly,
appropriate dilutions of standard calf thymus INA and sample
trout INA were treated with a dye, Hoechst 33258 and
fluorescence of the DNA-dye complex determined. The excitation

wavelength used was 365 mm and emission wavelength at 492 nM.

DETERMINATION OF DNA BINDING

Purified INA samples (from nuclear pellet or from hepatocyte
pellet, were dissolved in 1-2 ml millipore water. Equal volume
of 1 M perchloric acid (500 ul each) and sample DNA were mixed,
heated at 70°C for 20 minutes and then cooled to roam
temperature. Duplicate aliquots of 200 ul were mixed with 7 ml
of scintillation fluor and counted using a Beckman LS 7500

liquid scintillation counter and standard procedure.
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HEPATOCYTE ISOLATION

A two step perfusion method was used for the isolation of
hepatocytes from trout using the procedure described by Bailey
et al. (Bailey et al., 1982). The steps are sunmmarized and
alterations made are mentioned where applicable. The fish was
stunned with a blow to the head and heparin was injected into
the heart. The body cavity was exposed and the liver cannulated
with a blunt needle. The sinus venosus was severed to allow
drainage during the in situ perfusion. The liver was perfused
with calcium free buffer containing heparin to remove blood
cells. A secord buffer containing collagenase and hyaluronidase
was used for the next perfusion. The liver was removed with care
to avoid contact with the contents of the gall bladder, and the
tissue dispersed in pH 7.4 wash buffer. The cells were filtered
through cheese cloth, washed and centrifuged. The pellet was
washed twice, and the cells suspended in PBS buffer (KCl 0.2,
KHpPO4 0.2, NaCl 8.0, NapHPO4.7H,0 2.16, g/L) washed again and
resuspended in 4 ml of the PBS buffer. An aliquot of cells was
diluted 1:1 with trypan blue and the viability and total number
of cells determined.

STANDARD HEPATOCYTE INCUBATIONS

For incubations with ENU and DENA, hepatocytes were incubated

in Dulbecco's Modified Eagles Medium with 2% fetal calf serum.
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Total rumber of cells/incubation was 2.9 x 109-30 x 10% in the
final incubation volume of 5ml. Solutions of ENU and DENA,
prepared in dimethylsulfoxide and water respectively, were
added to each incubation flask. Each flask was gassed
contimously with 95% 0,/5% (05, and incubation was conducted
at 20°C, on a metabolic shaker. Aliquots of 100 ul from each
incubation were saved for determination of viablity by dilution
with trypan blue. Incubations were stopped by pelleting of the
cells which were washed with PBS, and rapid freezing in liquid
nitrogen. The cellular pellets were stored at - 80°C until INA
extraction.

For study of repair of O%-EtG, the cells were exposed to ENU
or to AFB1, which served as a positive control, for 30 minutes
and then washed and centrifuged at top speed in a table top
clinical centrifuge, for 30 seconds. The cells were either
frozen immediately after pelleting (zero time point) or
resuspended in 5 ml fresh incubation buffer. The incubation
flasks were then returned to the metabolic shaker and incubation

continued for two, four and five hours at 20°C. At the end of
the incubation periods the cells were pelleted, washed and
frozen as mentioned for standard incubations.

DNA from hepatocyte pellets cbtained from incubations with
ENU and DENA, was extracted and purified as mentioned in the
Materials And Methods Section, Chapter I. The INA pellet was

hydrolyzed and analyzed on the HPIC for guanine content and the

0% adduct formed was expressed/mole guanine.



DETERMINATTON OF GUANINE ADDUCTS BY CHROMATOGRAPHIC ANALYSIS OF
DNA HYDROILYSATES

1. MIID ACTID HYDROIYSATE -—-TISOCRATTC ANATLYSIS

In this method the DNA was hydrolysed in 0.1 N HCl (5mg
DNA/ml) at 70°C for 45 minutes to release purine bases.
Separation of released bases was achieved by strong cation
exchange HPIC (Whatman Partisil 10-SCX column, 25-0.45 cm) and
quantitation achieved by fluorescence spectrophotametry (286 rm
excitation wavelength with a 360 nM emission filter), as
described by Becker and Shank (Becker and Shank, 1985).
Isocratic elution employed 75 mM NH4H,PO4 buffer, pH
2.0/methanol (6-14%) . Ethylguanine concentrations were
normalized to the concentration of guanine in each sample.
Quantitation of guanines was achieved by injection of authentic
standards, calculation of peak area (peak height x width of peak

at 1/2 height) and linear regression analysis.
2. MITID ACTD HYDROLYSATE-GRADTENT ANAIYSIS
The hydrolysate obtained as described in part 1, was eluted

fram the colum using a linear gradient of 5-20% methanol over

15 mimutes.
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3. NEUTRAIL, THERMAL HYDROLYSATE- MIID ACTD HYDROLYSATE-TSOCRATTC
ANALYSTS

The INA pellet was hydrolyzed and guanines analyzed in three
steps. First, the sample was hydrolyzed by neutral thermal
hydrolysis at 100°C for cne hour, using 5 mg DNA/ml 10 mM
sodium cacodylate to preferentially release N7-EtG. The
partially apurinic DNA was precipitated by addition of 1 M HC1,
5 mg DNA/ml and ﬂle)'precipitate hydrolyzed in 0.1 M HC1 at 70°C
for 45 minutes (mild acid hydrolysis) to release the remaining
purines including 0P-EtG as free bases. Neutral thermal
hydrolysates (N7-EtG) were evaporated under reduced pressure,
redissolved in 0.1M HCl, and analyzed by isocratic analysis
using 5% methanol in the same manner as mentioned in part 1.
Mild acid hydrolysates (0®-EtG) were examined by HPIC (refer to
part 1), using buffer/14% methanol, isocratic elution. Aliquots
of 10-30 ul of the mild acid hydrolysate were fractionated by
strong cation-exchange HPIC to detect quanine by U.V. absorbance
at 274 nm and guanine concentration quantitated by the same

procedure as described in part 1.
MICROSOMAL INCUBATIONS TO STUDY PROTEIN BINDING

[3H] DENA, 5.13 uCi/umole was incubated with 5 mg of

microsomal proteins in a final volume of 1 ml/incubation. The
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microsomes (cobtained from H. Swanson) were spun at 37 K for one
hour in the ultracentrifuge to remove the glycerol buffer. The
super was discarded and the microsames suspended in KCl1 buffer,
homogenized, and aliquots of the homogenate incubated with the
DENA solution. The incubations were performed in triplicate for
30 or 60 minutes, in a metabolic shaker at 25°C. The reaction
was stopped by adding 5 ml aliquots of 10% ice-cold
trichlorocacetic acid, the precipitate washed with the same, and
the washing repeated with 80% methanol. When the methanol
supernatant showed no radioactivity, the samples were dissolved
in 1 ml of 1 M NaCH and duplicate aliquots of 200 pl were
counted. In each aliquot, protein was determined by the method
of Bradford (Bradford, 1976). Binding was expressed as pico mole

bound/mg protein.

ALKYTTRANSFERASE ASSAY

Assay for the in vitro removal of 05-alkylguanine was the
same as that described in detail by Gerson et al., and Fong et
al. (Gerson et al., 1986; Fong et al., in press). In sumary
trout liver extracts were prepared by pooling livers, mincing
and homogenizing the tissue, and sonicating the homogenate. The
homogenate was centrifuged and the protein in the supernatant
was determined by the Bradford method (Bradford, 1976).

DNA substrate was provided by Dr. Fong prepared by the method

of Lindamood et al. (Lindamood et al., 1984). The [H] methyl-N-
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nitrosourea calf thymus DNA, 0.25 mg (containing 1.33 picomoles
0% [3]H methylquanine) was incubated with 2.5 mg of liver
extract trout protein, in triplicate. Control incubations were
performed with 2.5 mg of calf thymus INA at 20°C. After one
hour, the protein was precipitated, by the addition of 1 N
HC10,. DNA was hydrolyzed in 0.1N HCl (0.5 ml/sample) at 70°C
for 45 minutes, to yield free purine bases. Purine bases were
separated by strong cation exchange HPIC as described before.
Fractions were collected, and radiocactivity determined by
liquid scintillation counting to measure the loss of 05

methylguanine from the DNA substrate.
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REACTTON OF ENU WITH PURTFTED DNA

An experiment was conducted to determine if N7-EtG and OS-EtG
adducts could be detected under the conditions of hydrolysis and
HPIC resolution used in the present study. For this study
purified calf thymus DNA was incubated with two different
concentrations of ENU (20 or 40 mM). After incubation, DNA was
purified and subjected to either mild acid hydrolysis, or to
neutral thermal hydrolysis prior to mild acid hydrolysis. DNA
hydrolysates were separated by strong cation exchange HPIC
eluted either isocratically with 6-14% methanol in 75 mM
anmonium phosphate, or using a linear gradient of 5-20%
methanol in ammonium phosphate as described in Materials and
Methods. Figure II.2 presents the elution profile of calf
thymus DNA hydrolysates showing the presence of 0®-EtG. Analysis
of INA from control incubations (which received the same
treatment as sample incubations except that the volume of ENU
solution was replaced by an equal volume of incubation buffer)
did not show similar 0P-EtG fluorescing peaks. Approximately
200-300 umol 06-EtG/mole guanine were detected after 30 minutes
ENU 20 mM exposures (Figure II.3, this Figure also shows the
09-EtG/mole quanine detected for DNA cbtained from trout
hepatocytes, after incubation with ENU and is discussed later).

The small N7-ETG peak did not resolve completely from the large
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Figure II1.2 Analysis Of Hydrolysed DNA Using A Linear Gradient
Solvent System.

INA hydrolysates from control incubation or 20 mM ENU
incubation (a) were analysed by fluorescence detection. Control
INA hydrolysate showed no peaks that eluted with authentic N7-
EtG, ar OP-EtG standards. Control INA hydrolysate spiked with
OP-EtG and N7-EtG standards is shown in chramatogram b.

Py, pyrimidine oligomicleotides; G, Guanine; A, adenine.
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Figure IT.3 0%-ethylquanine Formation In Rainbow Trout
Hepatocyte INA Or Calf Thymus INA, After Treatment With ENU.

This figure contains data fram two different studies. The first
study was the reaction of ENU with purified INA (Calf Thymus
DNA) to ascertain if OP-EtG and N7-EtG could be detected and
quantitated by the HPIC fluorescence detection method used. A
solution of the calf thymis INA was prepared in the incubation
buffer and incubated with ENU 20 nM and 40mM using the standard
incubation conditions.

The second study was performed to establish standardized
conditiaons for the detection and quantitation of ethyl-guanines
fram trout hepatocytes, incubated with the direct alkylating
agent ENU. Trout hepatocytes were incubated with concentrations
of ENU, 10-40 mM, while a volume of incubation buffer was
substituted in control incubations. At the end of the incubation
cells were pelleted, washed, and frozen. INA isolated from the
cells (trout INA) was amalysed for guanine adducts by HPIC

fluorescence detection.
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adenine peak. Though no N7-EtG was detected in the DNA from
trout hepatocytes incubated with ENU, authentic standard for
this adduct and hydrolysed DNA samples spiked with N-7 EtG
standard (as shown in Figure II.2) showed that conditions used
in the present study were suitable for the detection and the
quantitation of this INA adduct. Hence both guanine adducts 06-
EtG and N7-EtG could be determined if formed by alkylating
agents, within the limits of detection of the chromatographic
procedure of this study. The lowest level at which ethyl adduct
authentic standards could be quantitated by this method was 8

picomoles OS-EtG and 140 picomole of N7-EtG.

DETECTTON AND ON OF ETHYI~GUANINE DNA ADDUCTS FORMED

IN ISOIATED HEPATOCYTES

The purpose of the next study was to establish standardized
conditions for detection and quantitation of specific DNA
adducts induced by ethylating agents in hepatocyte
preparations. Isolated trout hepatocytes were incubated with the
direct alkylating agent ENU, under specified conditions, in
vitro (see Materials And Methods). The alkylated DNA was
purified, hydrolysed to release OS5-EtG and N7-EtG as the free
bases, and chromatographic analysis was performed for detection
and quantitation of 0®-EtG and N7-EtG as described for reaction

of ENU with purified calf thymus INA.
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Figure II.4 Analysis Of 1 INA Using An Isocratic
Solvent System.

Hepatocyte INA hydrolysates from comtrol incubation (a) or 5 mM
ENU incubation (b) were analysed by fluorescence detection.
Control DNA hydrolysate spiked with 05-EtG and N7-EtG standards

is shown in chramatogram c.
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Analysis of DNA hydrolysates by HPIC (Figure II.4) showed
that exposure to ENU at 5 mM resulted in quantifiable 0O6-EtG and
N7-EtG peaks. However the ethyl guanine adducts were not
reliably detected in all INA samples from hepatocytes exposed to
5 mM ENU. Therefore, higher concentrations of ENU were tested
(Figure II.3). An increase in O5-EtG level was found with
increase in ENU concentrations between 10 and 40 mM (R = 0.99).
Increasing the ENU concentration above 40 mM led to greater
degrees of alkylation, but hepatocyte viability, as determined
by trypan blue exclusion dropped to < 43% at 120 mM ENU (Figure
II.5). Hence the extent of effective DNA alkylation was limited
by the effect of higher ENU doses on hepatocyte viability.
Furthermore, cell viability decreased with time of incubation, a
50% viability was found in control incubations after 20 hours.
Therefore hepatocyte incubations did not exceed 8-10 hours at

which time cell viability was about 90%.

STUDY OF DENA METABOLISM AND DNA BINDING BY I.P INJECTTON AND IN

HEPATOCYTES FROM OONTROL OR BNF-—-TNDUCED TROUT.

After conditions for detection of ethylated bases were
established, experiments were conducted to determine alkylation
of trout liver DNA following i.p. [3H] DENA treatment. Adult
trout (average body weight 303.7g) and fry (average body 10 g)
were injected with 1 uCi/mg DENA solution. Adults received 3.3,

16.5, and 33 mg DENA/kg doses and fry received 10, 50, and 100
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mg DENA/kg. No covalently bound radiocactivity was detected in
purified liver INA from fry or adult trout.

DENA exposure in a short term (1-5 hour) hepatocyte
incubation was then performed. AFBl was included as a positive
control in these studies, as its metabolism and INA binding,
have been well characterized in trout hepatocytes (Bailey et
al., 1981). Hepatocytes were exposed (as described in Materials
And Methods) to [3H]) DENA (5.09 uM to 20uM) and DNA purified and
analysed for covalently bound radiocactivity. Both Burton's assay
and microfluorametric analysis of INA revealed sufficient
quantities of purified INA to be present in each hepatocyte
sample. However no covalently bound radiocactivity was detected
in DNA from hepatocytes exposed to [3H] DENA. In contrast
significant levels of radiocactivity (23.8 ug AFBl/g INA, 3.172
uCi/ug AFBl) was found in DNA from hepatocytes exposed to 3H
AFBl. Furthermore, hepatocytes incubated with 1 mM, 125 uM, 250
MM and 500 uM solutions of unlabelled DEMNA using fluorescence
detection analysis, resulted in inconsistent appearance of 06-
EtG peaks that were not quantifiable. Therefore the possible
loss of the DENA because of its volatility, was examined. Test
under hepatocyte incubation conditions using [3H] DENA showed
95-100% of the radiocactive DENA dose was present in the
incubation solution after one hour, with or without oxygen.

The ability of hepatocytes from trout treated with BNF, a
known inducer of cytochrome P-450, to activate DENA to a DNA

binding metabolite also was examined. Incubations with
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hepatocytes using high radioactive dose ([3H] DENA 4.5 to 53.8
uCi/sml) 18 uM to 220uM, for 60 minutes were performed.
Distribution of radiocactivity in the supernmatant the pellet, and
the wash solution was analysed, by collecting total volume and
counting aliquots. The first phenol and chloroform fractions
during the subsequent DNA extraction were collected and analysed
similarly. The results given in Table II.1 show that, while 59-
65% of the radicactive dose was lost in the wash solution, 32%
was associated with the pellet still, no DNA binding was
cbserved for these samples after DNA was isolated, hydrolysed
and counted. HPIC analysis of DNA hydrolysate from hepatocyte
incubations, using BNF induced fish, showed minute peaks for 0°-
EtG at 1mM concentration of DENA (chromatograms in Figure II.6)
for 30 minutes, 60 minutes and 120 minutes. Spiked samples
showed that O%-EtG and N7-EtG could be detected under the
present chramatographic conditions.

Results from these studies indicate that in the two methods
of exposure to DENA (i.p in vivo, hepatocyte incubation in
vitro) under the most extreme conditions examined, DNA
alkylation by DENA was insufficient to permit detection of
Specific adducts, or overall DNA binding.

To investigate further the lack of DNA binding seen in the
i.p. and hepatocyte exposure treatments to DENA mentioned above,
an experiment was designed to examine the ability of isolated
trout liver microsomes to activate DENA to a metabolite capable

of binding to the microsomal proteins. Microsomal incubations
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Table IT.1 Distribution Of Radicactivity In Rainbow Trout
Hepatocyte Cell Suspensiaons, Exposed To

TOTAL PER CENT RADIOACTIVITY IN FRACTION®
(Uci) Fhenol Chloroform Supernatant Pellet WashP

4.5 0.4 0.1 3.6 32.3 64.2
14.2 1.5 0.1 4.2 37.3 58.6
26.3 1.8 0.3 18.5 19.4 62.1
23.9 1.4 0.1 4.5 33.5 61.9
37.5 1.1 0.1 3.9 30.7 65.4
53.8 1.1 0.2 3.8 31.6 64.6

AFractions dbtained from 6 separate INA extraction were
collected and coumnted.

bpellet washed with 4 ml wash buffer 2x.
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treatment, or to 1 mM DEN for 2 Hours (b).



with [3H] DEMNA were performed for 30 and 60 minutes, proteins
precipitated, and hydrolysed. Aliquots of the precipitated
protein were used for protein quantitation and scintillation
counting as described in Materials And Methods. levels of
binding were low i.e. 92 and 79 picomoles DENA/mg protein

detected at 30 and 60 minutes respectively.

DETERMINATTON OF THE ETHYI~GUANINE REMOVAL ACTIVITY IN TROUT
HEPATOCYTES.

It was of interest to know the capacity of trout hepatocytes
for removal of ethyl-guanine adducts. For example, failure to
detect such adducts in some assays could be due to very rapid
removal. To examine this question, hepatocytes were incubated
with ENU. Incubations were performed using 40 mM ENU for 30
minutes. After ENU treatment, hepatocytes were transferred to
fresh incubation medium, and the levels of OP-EtG found at 2, 4
and 5 hours after the 30 minute incubation were determined. AFB1
was included as positive control. No significant changes in 0°-
EtG levels were found at four or five hours post treatment
(Figure 6) . The graph shows linear increase for each time point
studied, for AFBl. OP-EtG/quanine ratio shows small decrease
between four and five hour values. AFBl ratios show 256%
increase from two to four hours, and 31.8% increase from four to
five hours. Of-EtG ratios show 1.51% decrease from two to four

hours and a 12.8% decrease between four to five hours.
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Table IT 2. O6 Alkyl Guanine Alkyl Transferase Activity In
Rainbow Trout.

f MOLES OP-METHYIGUANINE REMOVED/MG PROTEIN.

TROUTR TROUT® SAIMONC rard
(ADULT) (FRY)

33.1 16 18.1 27.3

Aaverage body weight, 200g. Values are calculated from 3 pools
of 3 livers.

hcAverage body weight, 20-30g. values are calculated from 3
pools of 10 livers (Fong et al., in press).

dAve:age body welght 120-140g. Values are calculated from 3
individual livers (Fong et al., in press).
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An additional measure of repair capacity involved the assay
of the alkyltransferase repair protein itself. This study was a
collaborative effort with Dr. Arthur Fong. The activity of o-
alkylguanine alkyltransferase in cell extracts was measured as
the removal of the [3H] methyl adduct from the 0® position of
guanine in [3H] methyl-DNA, obtained by the reaction of calf
thymus INA with with 3H N-methylnitrosourea (refer to Materials
And Methods). As shown in Table II.2, the amount of repair
protein in trout liver ranged from 16-33 fmoles OP-methylguanine
removed/mg protein, depending on the age of the fish. By
camparison rat liver extract contained activity equivalent to 27

fmoles 06- methylguanine removed/mg protein.

INCUBATTON OF TROUT HEPATOCYTES WITH DIMETHYINTTROSAMINE, A

POTENT ATKYTATOR

Dimethylnitrosamine treatment in mammalian systems is known
to produce greater amount of guanine adducts than treatment
with DENA. Therefore, higher levels of INA alkylation may be
expected following exposure of trout hepatocytes to DMN. This
possibility was examined by analyzing DNA from monolayer
cultures of trout hepatocytes treated with 1.5 mM, 20 hours, 80-
100g trout (Fong, personal communication, Figure II.8).
Resulting chromatograms show high guanine content but very

little o%-methylquanine (Figure II.S8).
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Figure IT.8 Analysis Of DNA Hydrolysates From Hepatocytes.

Hepatocytes were exposed to 1.5mM IMN for 20 hours, and HPIC
analysis was performed using fluorescence detection. Py,
pyrimidine oligonucleotides; A, adenine; 0%-MeG, 0°-

methylguanine; G, guanine.



DISQUSSION

IN VITRO STUDIES

In this study exposure of freshly prepared trout hepatocytes
to DENA at concentrations up to 1 mM resulted in no detectable

binding to INA. Furthermore, only unquantifiable, trace amounts
of O6-EtG were found following DENA exposure of hepatocytes
isolated from BNF pretreated trout. The absence of quantifiable
DNA alkylation found under the present experimental conditions
appears not to be a problem with transport of DENA into the
hepatocytes, because the hepatocyte pellets, which had been
rinsed with 4 ml of buffer twice, after incubations, contained
19-30% of the radicactive dose. Also, detectable levels of
radicactivity 0.4-1.8% added to the incubation mixture were
found in the phenol fraction collected during DNA isolation,
indicating the presence of DENA in the hepatocytes.

The results of the present study are in agreement with the in
vitro study of Montesano et al. (Montesano, et al., 1973) which
campared the capacity of trout and rat liver slices to
metabolically activate DMN. Significantly less DNA alkylation,
measured as the production of N7-methylguanine, was found in
trout liver slices campared to rat liver slices following
incubation with DMN.

Other studies have indicated that the capacity to activate

nitrosamines to a reactive metabolite is extremely low in trout.
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Recent studies were conducted on the in vitro metabolism of
[3H] DENA by Williams (Williams, 1987, personal communication),
using microsomes isolated from control and BNF-pretreated trout.
The microsamal oxidative dealkylation of DENA was measured by
the production of aldehyde, formed when the activated
intermediate spontaneously decamposed to an alkylating species.
Liver microsomes from BNF-pretreated trout produced 0.032-0.025
rmoles of aldehyde/min/mg protein while similar incubations for
rat liver showed 3.5 rmoles of aldehyde/mimite/mg protein
(Farrelly, 1980).

P-450 activity levels have been shown to decline in isolated
mouse hepatocytes incubated more than 6 hours, such that only
35% and 24% of the initial activity remained after 16 and 21
hours, respectively (Raukman et al., 1987). Since all
hepatocyte incubations in this study lasted less than 6 hours,
depletion of P-450 activity may not have been the major cause
for the low DNA alkylation cbserved. It has been cbserved that
after exposure to the same amount of carcinogen, the extent of
alkylation of DNA is an order of magnitude less when rat
hepatocytes are incubated with DMN, compared to the DNA
alkylation produced by in vivo exposure to IMN (Umbenhauer and
Pegg, 1981). Umbenhauer and Pegg found that extensive reaction
of the alkylating species generated from DMN could occur with
extracellular INA used in the hepatocyte incubations. In the
hepatocytes, which are diluted with incubation buffer to ensure

oxygenation, a significant amount of the alkylating species can
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diffuse out of the cell and react with water or other
nucleophiles present. Further support in agreement with the
cbservations of Umbenhauer and Pegg is provided by the
induction of mutation in cells which do not metabolize DMN, when
these are cultured with isolated hepatocytes and IMN (Lagenbach
et al., 1978).

Renton and Peterson (Renton and Peterson, 1983) have
demonstrated that metabolism of xencbiotics by isolated
hepatocytes may be influenced by the milieu of the cell
population. When a mixed cell suspension of liver cells
(hepatocytes and Kuppfer cells) was used and incubated with
dextran sulfate or latex beads, cytochrame P-450-dependent
enzyme activities and drug biotransformation were depressed in
the cell mixture campared to incubations containing hepatocytes
alone. The depressed activity suggests that effects of Kuppfer
cells in hepatocyte incubation studies could primarily affect
hepatocyte function. It has been postulated that subpopulations
rather than whole organs are the targets for transformation,
therefore depending on the cell crop of hepatocytes, the
metabolism and the biotransformation may differ for a
particular carcinogen, fram one hepatocyte preparation to
ancther. Of particular importance to the present study is the
finding that the level of cytochrome P-450 in rat nonparenchymal
cells is only about 15% of that found in parenchymal cells
(Lafranconi et al., 1986). The nonparencymal cells i.e. cells

located along the sinusoids and endothelial cells, may be more
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likely released from the liver by the perfusion method employed
in the current study, the low and variable levels of INA binding
found in this study may be related to the selective but variable
concentration of nonparenchymal cells in the different trout
hepatocyte preparations.

ENU also was shown to produce low and inconsistent alkylation
in trout hepatocytes, in the present study. ENU, unlike DENA is
a direct alkylating agent. Hence low levels of INA alkylation
found after ENU are not directly related to the low nitrosamine
metabolizing activity in trout hepatocytes. ENU produces the
same alkylating species as DENA (Guttenplan, 1987) and the half
life of ENU in most buffers is about 7 minutes, the major
product being the corresponding alcohol. This alcohol is formed
fram the reaction of the alkylating species with water, which is
a weak muclecphile. The levels of DNA binding will depend upon
the amount of the reactive metabolite reaching the DNA target.
To study the effect of decreasing the volume, trout hepatocyte
incubations were performed in a total volume of 0.5 ml in
contrast to the 5 ml used for standard hepatocyte incubations.
This treatment produced a increase in the amount of 0P-EtG
adduct seen but also resulted in the appearance of this adduct
in DNA from control incubation, presenting a toxic

manifestation.
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IN VIVO STUDIES

The absence of DNA alkylation found after i.p. injection of
DEN in trout in this study, extends the dbservations of Kruger
et al. (Kruger et al., 1970) who found no methyl guanine adducts
after i.p. administration of IMN to trout. Trout have been shown
to be resistant to the acute toxicity of DMN though dietary
exposure leads to tumor occurrence (Greico et al., 1978). DENA
at 1110 ppm in the diet, for 1 year has been shown to produce
hepatocarcinomas in trout (Shelton et al., 1984). These tumor
studies show that trout display same sensitivity to the
carcinogenicity of the nitrosamines, but this response is
inconsistent with the undetectably low INA alkylation after
i.p. exposure. Montesano et al. (Montesano et al., 1973) have
investigated the excretion of an i.p. dose of IMN from
goldfish. The recovery in water after injection of 12.5 mg dose
of DMN, determined by polarography, reached 20, 46, 68.8, 88.5,
and 97.4% at 15, 30, 60, 120, and 180 mirutes respectively. At
180 minutes only 3.7% of the dose was found in the body of the
fish. This rapid elimination as shown by Montesano et al., is
probably one of the reasons why no ethylation of INA was
cbserved in the trout in the present study, and why prolonged
dietary exposures are needed to induce tumors in the trout by
DEN or DMN.

The most profound effects on INA alkylation have been

produced by a single 24 hour exposure to DEN via water. This
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method produced an 86% incidence of hepatic necplasms (Fong et
al., in press). This method of exposure has been used
successfully with other fish. In the fish Rivulus ocellatus
marmoratus, single and continuous exposures as low as 9mg/L DEN
have revealed pancreatic neoplasms (Thiyagarajah and Grizzle,
1986) . Exposure of trout by this method also has resulted in a
linear dose dependent liver INA ethylation in doses as low as
62.5 mg/L of DEN, detected by the same HPLC methods used in the
present study (Fong et al., in press). The ultimate dose of the
nitrosamine delivered by this route may therefore be much higher

than that expected from the single pulse i.p. injection.

REPATR

DNA damage resulting from the action of genotoxic carcinogens
can be repaired by several mechanisms. Tissues and cells with
low repair capacities usually are sensitive to the actions of
these carcinogens (Goth and Rajewsky, 1974). The probability of
initiation is related to the level of INA damage, the rate of
DNA replication, and the amount of INA at risk (Swenberg et al.,
1984) . The rainbow trout is very sensitive to AFBl initiated
carcinogenesis, and AFB1-DNA adducts persist in trout liver DNA
(Bailey et al., 1987). Trout appear to be deficient in excision
type repair (Collier, 1988). Results of the present study
indicate that the trout contains 05-methylguanine removal

activity, and that the activity is age dependent.
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Extracts from trout liver examined for O6-methylguanine
removal from DNA were shown in Table II.3. Age is an important
variable in carcinogen studies with necnatal carcinogen exposure
usually producing a higher tumor response. Same carcinogens
produce tumors in young animals while older ones became
refractory to them. This is especially true of liver tumors, as
rapidly growing liver tissue has a much greater chance of
producing a lesion. It may also be a function of repair
capability of the organism. Thiagarajah and Grizzle (Thiagarajah
and Grizzle, 1986) have shown that when larvae and juvenille
fish were exposed to DEN through water, benign necplasms were
produced in the fish exposed when juvenile as opposed to
adenocarcinomas in fish exposed when larvae.

Results obtained for older trout, in the present study
showing higher 05-methylguanine removal activity than younger
trout, are consistent with the cbservation of age related
decrease to carcinogen sensitivity.

Different patterns of formation and persistence in DNA
alkylation were found in hepatocytes exposed to AFB1 and ENU
(Figure II.7). While OP-EtG level decreased after ENU treatment,
the level of AFBl DNA binding increased. Removal of O6-EtG,
Figure II.7, shows that 06-ETG decreases only very slightly with
time in ENU treated hepatocytes between two and five hours.
Older fish have been shown to have substantial alkyltransferase,
yet hepatocyte studies show slow rate of removal. This is

consistent with the knowledge that the alkyltransferase protein



is inactivated by the irreversible binding of the alkyl group to
a cystiene residue of the enzyme. Since the incubation with ENU
was performed for 30 mimutes (TO) resulting in the initial
alkylation of guanine, most of the enzyme would be already
utilized and the slow removal seen may represent a resynthesis
of the protein by the hepatocytes. Furthermore, calculation of
0%-EtG/g liver at time 30 minutes (TO) and alkyltransferase
activity/g liver reveal that alkylation exceeds the enzyme
activity by > 100 times. This supports the theory that the
enzyme is consumed during the initial 30 minutes of incubation
with the carcinogen and therefore very small decrease in 0°-EtG
is cbserved between two and five hours.

AFBl1 shows an increase in INA binding, as the campound being
lipophilic, remains inl the cellular pellet, being activated to
produce the metabolite capable of binding to INA. Also the
repair of AFB1-INA adducts has been shown to be poor in trout
(Bailey et al., 1987). Hence the ENU curve results from removal
of the adduct only, in contrast the AFBl1 INA adducts are
repaired slowly, and the major factor in determining the levels
of INA binding in this study is the activation of AFB1.

In sumary, it is suggested that initial low alkylation of
DNA in trout may cause the determination of kinetics of
carcinogen-INA binding response to be difficult for N-nitroso
campourds. The two routes of exposure tested in this study, i.p.
injection and incubation with hepatocytes, did not allow a

sufficient exposure dose of the DENA to study DNA binding.
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APPENDTX T

SAFETY PROCEDURE FOR HANDLING OF CARCTNOGENS

Guidelines established by the OSU Safety Committee in the
Chemical Carcinogen Safety Marmual, were followed depending upon
the specified class of the carcinogen being used. In general, a
laboratory coat was worn at all times, all carcinogen solution
preparations were conducted in a hood and were restricted to a
designated hazard area, clearly marked with warning labels.
Protective eyewear was worn at all stages of carcinogen handling
and use. All stock solutions were transported in sealed
secondary containers, with appropriate labels declaring amount,
date of preparation, storage, and radiocactive strength. For
decontamination, the procedures outlined in the International
Agency For Research On Cancer publications number 37, 43, 55,
49, for Aflatoxin Bl, N-nitrosamines, N-nitrosamides, and

Polycyclic aromatic hydrocarbons respectively, were followed.
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