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Abstract

In vivo assa,ys for genotoúcity have beel used as tests for evaluating the carcino-

genic potential of chenicals anrl as methods for estimating risk frorn occupational

exposure. Three commonly assessed elLd-points are the forrnation of sister-chromatid

exchanges (SCtrs), micronuclci (l\IN) ancl abnolmal sperm. Usilrg a potent (CP) and

a rveak (ST) rnetabolically activated genotoún, the scnsitivity of the lymphocyte

SCE, bone ma ¡ow l\,IN ancl spelm morphology (Slt{) assays were âssessed in the

mouse and rat.

The rat was tnoïe sensitive than the ntouse to the genotoxicity of CP in aII

three assays, rvhile the opposite \vas the case for ST. Bach assay in either species

was able to cletect both genotoxins. Of tlie three assays the SCE assay rvas the

moïe respolsive and thc S\'I assay was the least responsive. Only with CP in the

SCB assay rvas the tlireshold close fol detection of a genotoxic response below the

threshold. d.ose for the <letection of any form of cytotoxicity in any of the three target

tissues.

The effect of PB- or' llNF-inrlqcecl alterecl rnetabolism on CP and ST genotoxicity

was also assessed il both species. PB potentiated the genotoxicity of CP in the

mouse lvIN assay. The same inclucel a,lso influencecl the timing of the maximal

response to CP in the rat \,IN assay s'ith no effect on the nragnitude of the response.

No other effects of PB or BNI- rvere ol¡selvecl on the responses to either genotoxin,

though they were able to altel the level of abnormal sperm ìn both species'

An atternpt rvas made to cletelnine the metabolic capacìty of the target tis-

sue of the in vivo assays a,ncl that of thc liver, rvith and rvithott enzyrne inducers

(phelobarbital, PB; beta-lraphthofla,r'one, BNF). This allorved us to investigate the

correlation between altered rnetabolisur in the target tissues (or tire liver) rvith the

sensitivity of tlie target tissues to the metabolically activated cornpounds (CP and

ST). lvlicrosornal mixed fulction oxidase activity (\,IN{FO), 7- etltoxycournarin O-

deethylase and 2,5-diphenyloxazole h¡'clroxylase, rvas not detectable in tlie S9 mix

of the target tissues. Epoxide hydlolase (EI{) and glutathione S-transferase (GST)
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were detectable i1 all tissues and furthermorc, wcle inducible by PB or BNF in some

of the target tissues.

PB was able to increase the hepatic a.ctivity of each enzyme in both species' PB

also inducecl EII in rat testes and GST in rnottse spleen. BNF induced PPO-OHase,

Z-ECOD a1d EII in rat liver but only GST ancl BII in mouse liver. BNF also induced

GST in mouse testes ancl spleen and EII in rnouse and rat testes. Except for the

poteltiation of CP-ircluced l\[NPCDs in rnice by PB, there did not appear to be any

relationship between observed changes in metabolic enzyme activity with changes

(or lack of changes) in the genotoxicity of CP and ST.

The study inclicatecl that the three in vivo assays \vere irtsensitive in rodents,

even in the presence of enzyme inclucers, and may be eclually insensitive as methods

for monitoring exposure to man. \lore sensitive methods to monitor occupational

exposure, such as cluantitating Dl{A adducts, a,re discussed along with their role in

future research into occupational monitoring and carcinogenicity testing.
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Chapter 1

General Introduction
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Quantitatively, approximately 35-40% of all cancers are thought to be due to

exposure to chemicals through smoking, occupation and/or other environmenta,l

factors, although many scientists believe this figure to be much higher (Farber,

1987). Consequently, there has been a great need to identify and control these

agents in order to reduce cancer incidence. Testing of compounds for carcinogenìcity

rely upon human epidemiological studies and prolonged life-time feeding studies

in rodents, in which cancer incidence is determined histopathologically. With the

current production rate of hundreds of nerv chemical substances annually, the task of

carrying out long-term feeding studies becomes very diffcult, if no impossible. This

is due, in part, to their high costs, recluirement of large animal numbers (500-1000

rodents per chemical) and the time involved (2-4 years per chemical)(Purchase

& Ashby, 1982). Limitations associated with epidemiological studies include the

fact that they are also extremely time consuming, not very sensitive and usually

retrospective (Forni k Bertazzi, 1987).

1.1 Short-term Tests for the Detection of Genotoxic
Carcinogens

It is now a widely accepted view that the carcinogenic process, for most chemically-

induced tumots, involves an initial genetic change giving rise to heritably altered

cells with an increased selective advantage over normal cells (Norvell, 1976). Recent

evidence suggests that neoplastic development, at least in part, is the result of the

abnormal activation of a small set of cellular genes (Stowers et al. 1987). These

genes, often termed proto-oncogenes, are expressed during normal growth and de-

velopmental processes. The conversion of proto-oncogenes to activated oncogenes,

by genetic alterations results in altered levels of expression of the normal protein

product, or in normal or altered levels of expression of an abnormal protein. The na-
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ture of these genetic ch.anges include point and frameshift mutations, chromosomal

rea rangements, gene amplification and aneuploidy (Barrett & Shelby, 1986). With

the advent of techniques to detect such genetic alterations (or genotoxic events) in

various whole animal, cellular or bacterial systems, short-term tests were developed

in an attempt to screen chemicals for carcinogenic potential. The initial advan-

tages of the tests, over the life-time feeding studies, are their simplicity, speed and

economical use of biological materials.

In the early 70's, Ames developed a test based on the detection of mutations rn

bacteria, capable of recognising chemicals with mutagenic properties (Ames et al.

1971; Ames et al. 1973a; Ames et al. 1973b). The types of genetic damage detected

by the different bacteria strains employed are point and frameshift mutations. Early

work with the Ames test, found the correlation between carcinogenicity and muta-

genicity in the test to be as high as g0% (Purchase et al. 1978; McCann et al. 1975).

It was subsequently employed as a screening procedure for carcinogens and today is

the most widely used in vitro genotoxicity assay. In the last few years it has become

increasingly clear it is possible to select a group of chemicals in such a way as to

produce excellent or poor results from a validation study. More recent assessment

of the Ames test and the in vivo cancet bioassays, by the United States National

Toxicology Program (NTP), has establislied a current view that the sensitivity of

the former assay, to l-30 carcinogeus and equivocal carcinogens defined by the NTP,

could be as low as 53% (Ashby & Purchase, 1988).

Conditions in vitro are very different from the whole animal (or in vivo) situa-

tion. Bacterial or mammalian cell assays are sometimes rendered more susceptible

to genotoxins by various methods including switching off DNA repair, turning on

error-prone DNA repair or by putting the cells in contact with metabolic activation

systems often derived from livers of induced animals (Tassignon, 1985). Further-

more, the ability of a chemical, genotoxic in in vitro test systems, to induce a similar

effect in vivo may depend on dispositional factors such as route of exposure, dis-

tribution, metabolism (activation/deactivation), excretion and cellular DNA-repair

mechanisms. These factors may ultimately determine a chemical's species- and

tissue-specific genotoxic potential (Ashby, 1983).
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Many in vivo short-term tests have been available for as long as most in vitro

tests but only over the last decade have they become more widely used as methods

of genotoxicity testing. Some of the in vivo genotoxicity tests, able to detect various

genotoxic endpoints include;

Mouse Spot Test

Micronucleus Assay

Mouse Speciflc Locus Test

Dominant Lethal

Sperm Morphology Assay

Sister Chromatid Exchange Assay

Russell and Majors, 1957.

Heddle, 1973.

Russell, 1951.

Bateman, 1966.

\Myrobek and Bruce, 1975

Allen and Latt, 1976.

These assays are generally carried out in rodents such as rats, mice and hamsters.

In vivo tests, Iike the micronucleus (MN) and sister chromatid exchange (SCE)

assays, can be used as in vitro test, provided the target cells can be cultured. The

MN and SCE tests are very commonly used as they are relatively simple procedures

where a number of target tissues can be used, making possible the assessment of
tissue differences in susceptibility to a genotoxic agent. The following tissues have

been used in the micronucleus test: liver, bone marrow, germ cells and lymphocytes

(Tates et al. 1983; Toppari et al. 1986; schlegel et al. 1986; schmid, 1975), white

liver, bone marrow, germ cells, spleen-derived and peripheral blood lymphocytes

have been used for the SCE test (Ifligerman et al. 1985; Krishna et al. 1988; Schreck

et al. L979).

The development of many of the in vivo tests took place with the use of a single

species. This lead to a situation where a species often became synonymous with
a particular test with little or no development of other animal models. This has

occurred, to varying degrees, with the Mouse Specific Locus, Mouse Spot, Micronu-

cleus and the Sperm Morphology tests, where the mouse has been almost exclusively

used. One of the difficulties associated with assessing genotoxic potentiai in vivo is
that the response to genotoxic compounds may vary in different mammalian species.

4



Another area, in which in vivo tests for genotoxicity are finding an increased

usefulness, is in biological monitoring. Where the target tissue is readily accessible

(lymphocytes, sperm), the tests are being employed as a means of surveying human

populations exposed to potentially genotoxic chemicals (Forni k Bertazzi, 1987), in

order to prevent the occurrence ofundesirable effects. Despite the increased applica-

tion of cytogenetic monitoring of occupationally exposed populations, the recreation

of such exposures in the laboratory has been difÊcu1t as exposure can often be to a

mixture of chemicals, where complex interactions between the chemicals can occur.

Some interactions may involve exposure-mediated changes in xenobiotic metabolism,

altering the potential genotoxicity and cytotoxicity of other compounds also involved

with the exposure. These interactions are diff.cult to isolate and examine in human

studies.

L.2 Metabolisrn and Genotoxic Cornpounds

Many genotoúc compounds recluire activation to the toxic metabolite, by both

Phase I, and to a limited extent, Phase II enzymes (Wright, 1980; Dipple et al. 1985).

The reactive metabolites, which can take the form of nucleophiles or electrophiles,

are then able to attack cellular macromolecules such as proteins and DNA. Vari-

ations in drug metabolism from one species to another may appear as qualitative

differences in the actual pathways present and/or quantitative differences in the level

of activity of pathways common to several species (Lorenz et al. 1984; I(ato, 1979).

These species differences may account for the marked species-specifrc toxicities often

encountered, even in species as closely related as rats, mice and hamsters (Madle et

al. 1986b; Tee et al. 1986). The distribution of various detoxifying enzymes, such

as glutathione S-transferase, epoxide hydrolase and glucuronyl transferase, are as

important as activating enzymes in determining species-speciflc toxicities (Oesch et

al. 1977b; Bock et al. 1987). There also exist species differences in the activity and

distribution of xenobiotic metabolising enzymes in various tissues, of which the üver
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generally contains the highest concentration'

with the ad.vent of more sensitive assays, Phase I and Phase II metaboljc en-

zymes have been detected in a large number of other olgalls including the lung,

kid.ney, placenta, testes, skin, spleen, bone maïrow' pancreas and ovaries (Bend &

serabjit-singh, 1984; Gram et al. 1986). since many genotoxic carcinogens are able

to ind.uce tumors extrahepatically, tissue-specific differences in oxidative and con-

jugative enzymes (and the consequent balance between activating and deactivating

pathways) can be major d.eterminants in the principle site of action of many geno-

toxins, as activation would. occur in close proximity to possible target tissues. This

has been demonstrated by Gelboin et al. (1969),I{inoshita and Gelboin (1972) and

trVattenberg and Leong (1968) where they showed a direct correlation between the

susceptibility of certain tissues to polycyclic aromatic hydrocarbon (PAH)-induced

tumors, the formation of PAH-DNA adducts within those tissues and their ability

to metabolically activate polycyclic aromatic hydrocarbons.

There are hundreds of chemicals in our envitonment known to stimulate the ac-

tivity of xenobiotic-metabolising enzymes (conney, 1982)' Exposure to these com-

pounds may occul occupationally, iatrogenically or by self-administration (smoking,

diet). These compounds have diverse structural and chemical characteristics inclui-

ing hypnotics and sedatives (phenobarbital, PB), polycyclic aromatic hydrocarbons

(3-methylcholanthrene, 3-MC and B-naphthoflavone, BNF), insecticides, analgesics,

antihistamines, anti-inflammatory drugs, hypoglycaemic agents, tranquillizers and

various organic solvents. studies concerned with the effects of compounds on drug-

metabolising enzymes have dealt predominantly with the induction of the microso-

mal mixed-function oxidases (MMFO)'

In mammals the MMFO system is made up of a number of isozymes of the

cytochrome P-450 haemoprotein. The isozymes have differing and sometimes over-

lapping substrate specificities, each of whicir display differential inducibility profiles

with various ind.ucing agents. They are often grouped according to the class of

compound they are ind.uced by. There are at least four such classes of isozymes:

the pB inducible, 3-MC inducible, steroid inducible and the pituitary hormone in-
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ducible (Whitlock, 1986). Most of the studies investigating induction of xenobiotic

metabolism have concentrated on the effects of PB and 3-MC (or BNF), as their

respective isozymes are responsible for the biotransformation of many exogenous

compounds. As well as Phase I metaboüsm, various Phase II enzymes are also in-

ducible by different compounds. They include glutathione S-transferases, epoxide

hydrolase and glucuronyl transferases (De Pierre et al. 1984; Burchell et al. 1984;

Bock et aI. 1987).

Enzyme induction may alter a compound's genotoxic potential in a number of

ways. For a genotoxin not requiring activation and whose metabolism renders it non-

genotoxic, induction of its biotransformation will reduce its DNA-damaging capac-

ity. On the other hand, for a genotoxin requiring metabolic activation, where there

is competition between activating and deactivating pathways, the extent to which

the competing enzymes are induced will determine whether the balance changes in

favour ofincreased or decreased toxicity. Species differences in the induction ofxeno-

biotic metabolism has been demonstrated on a number of occasions (Litterst et al.

1977; Bilimoria & Ecobichon, 1980). Moreover, the induction profrle of compounds

like PB and 3-MC display tissue specificity. Burke and Orrenius (1979) showed

3-MC was able to induce 3,4-dimethylaminoazobenzene N-demethylation 7-fold in

rat lung microsomes, wtrile only detecting a 2-fold increase in rat liver microsomes.

Similar results were also observed by Ciaccio and De Vera (1976),looking at aryl hy-

dr.ocarbon hydroxylase (AHH) induction by benzo[a]pyrene in various tissues and by

Guengerich and Mason (1979) measuring 7-ethoxycoumarin O-deethylase and AHH

induction with PB and 3-lvIC. It is, therefore, conceivable that enzyme induction

may alter the balance betrveen activation and deactivation in a tissue-speciflc man-

ner. This may lead to a shift in the primary site of insult of a particular genotoxin

from one tissue to another. Ultimately, where the genotoxic event may be involved

in tumour initiation and/or prornotion, enzyme induction has the potential to alter

the primary sites of tumour formation.

Short-term in vivo genotoxicity tests provide a convenient and apppropriate

method with which to assess the ability of enzyme-inducing pretreatments to mod-

ify a chemical's genotoxic responses. The bone marrow MN, sperm morphology

7



(SM) and the splenocyte SCE tests were utilised in this study using PB and BNF

pretreatment as methods of enzyme induction. Although 3-MC is a more potent

in¿ucer than BNF of aromatic hydrocarbon hydroxylases (Boobis et al. 1977), the

latter was used in preference in this study, since 3-MC is carcinogenic and there-

fore a ha.zard, when used on a continuous basis. Furthermore, 3-MC is found to

be positive in the MN and SM assays (Wyrobek & Bruce, 1975; Jenssen & Ramel,

1980), although the in vivo genotoxicity of BNF is not known. This genotoxic prop-

erty of 3-MC would make assessment of enzyme induction by this chemical, on the

genotoxicity of test compounds, extremely difrcult.

The sensitivity of these in vivo tests to metabolically activated genotoxic com-

pounds is determined by a number of factors. Firstly, the ability of the target tissue

to activate or deactivate the compound locally. Secondly, where the compound is

not activated at the target tissue, the genotoxic metabolite may or may not be read-

ily accessible to that tissue. Thirdly, the ability of the active metabolite, once in

the target tissue, to induce the genotoxic endpoint being measured. This may be

dependent on the effi.ciency with which the DNA repair mechanisms in that tissue

are able to correct the damage before it is detected by the assay.

Studies a e not available, which allow a compariso^r of the sensitivity of the

three in vivo genotoxicity assays, although Madle et al. (1-980a, 1980b) have com-

pared species differences in the sensitivity of the SCE and MN tests in the rat and.

mouse. Assessing cyclophosphamide-induced genotoxicity, they found the mouse to

be less sensitive than the rat in both test systems. Furthermore, the SCE assay

gave more explicit responses than the MN test in both species. The same group also

investigated aflatoxin B1 mutagenicity in a similar manner and again found the rat

to have greater sensitivity. In this case, comparison of the two test systems showed

the compound to be a better inducer of micronuclei than SCE's. These studies

suggest the sensitivity of in vivo assays may vary depending on the test compound

being examined and its ability to produce tb.e appropriate lesions responsible for

the endpoints being measured. This study will also attempt to compare the sensi-

tivity of the three in vivo assays and the effects of enzyme-inducing pretreatments

on genotoxic responses in the rat and mouse.
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1-.3 In Vivo GenotoxicitY AssaYs

1.3.1 Rodent Bone Marrow Micronucleus Assay

A micronucleus (MN), as the name implies, is a fragment of genetic material

distinct from the main nucleus and usually no larger than I the size of the main

nucleus. Micronuclei are induced by agents that can cause chromosomal breakage or

act as spindle poisons. The nature of the lesion(s) responsible for production of mi-

cronuclei is unclear. Bvidence for a relationship between chromosomal breakage and

carcinogenesis comes from studies with individuals suffering from diseases associated

with increased susceptibility to chromosomal breakage, Iike Bloom's Syndrome, who

also have a predisposition toward cancer (German, 1974). Compounds which are ei-

ther carcinogenic or non-ca cinogenic in rodent cancer bioassays, have been used to

assess the predictivity of the MN assay for carcinogenicity of chemicals" The assay is

found to have a high rate of correctly classing knorvn non-carcinogens (specifrcity),

while its ability to correctly class knorvn carcinogens (sensitivity) is low. Conse-

quently, it is commonly used as a conf.rmatory assay in chemical carcinogenicity

testing.

Two independent investigators, Schmid (1975) and Heddle (1973), developed

a protocol using rodent femoral bone marrow. In the bone marrow MN test, the

polychromatic erythrocyte (PCE) population is assessed for micronucleus frequency.

Although they are not the target cell, they represent a convenient stage, derived from

the affected erythropoietic blast cells, at which to assess chromosomal damage. The

test relies on the ability of the affected cells to undergo cellular division in vivo. In

anaphase of the last mitosis of the erythroblast, any induced acentric chromatids or

chromosomal fragments lag behind wb.en the chromosomes move toward the spindle

poles. At telophase of cell division any lagging elements are not integrated into the

daughter nuclei and remain in the cytoplasm of the daughter cells as micronuclei.

After the last mitosis, the erythroblasts expel their main nucleus and become PCEs,
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with characteristic basophilic staining. For reasons not known, micronuclei present

in the blast cells are not expelled along with the main nucleus. After a period

of time, the PCEs lose their basophilic staining property and are then classed as

normochromatic erythrocytes or red blood cells (RBC). By using a combination

of a Romanowsky-type stain to distinguish between PCEs and RBCs and a DNA-

specific stain, micronuclei can be visualised in PCEs and, with a lower frequency,

in RBCs. This process is described diagrammatically in Figure 1.1. Although the

micronucleus test has been conducted in a number of target cells from plants and

animals, the mammaljan method, using bone marrow, has become the standard

system for this assay.

The time of sampling of bone marrow for assessment of genotoxicity, is critical

to tl-Le sensitivity of the assay. Ideally, the chemical induction of micronuclei should

only be assessed in PCEs derived from unecluivocally exposed erythroblasts. The

time to sample the bone marrow after treatment would be equivalent to the time

taken from the last mitosis to the end of the PCE stage. This represents the time

required for maximal accumulation of PCEs derived from exposed erythroblasts,

which is the ealliest time that a maximal response will appear. Various studies us-

ing mathematical models or 3H-TdR incorporation, have estimated duration times

ranging from 3-10 hrs for tne time between the last cell division and nuclear expul-

sion and 10-33 hrs for the duration of the PCB stage (Tarbutt & Blackett, 1968;

Mary et al. 1980; Cole et al. 1981; Jenssen & Ramel, 1978). Bxperimentally, the du-

ration frorn the last mitosis to the end of the PCE stage, is observed to be between

24-30 hrs (Salamone & Heddle, 1983).

Several factors may influence the timing of the maximal response. Pharmacoki-

netic factors including the rate of absorption, metabolism (activation/deactivation)

and transport to the target tissue may contribute to a delayed response. Since the

assay depends on the ability of the affected cells to divide, any treatment rvhich

is cytotoxic wiII delay the cell cycle kinetics and consecluently the timing of the

maximal response. Hence the test is usually conducted with multiple sampling of

the bone marïow after dosing to maximise the likelihood of detecting a genotoxic

response. Salamone and Heddle (1983) compared the time of peak MN frequency
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for 15 different compound.s and found it to range from 18-72 hrs post-dosing. They

went on to suggest the interval between sampling times should not exceed the time

from blast division to the end of the PCE stage (24-30 hrs) and sampling need not

be carried out for longer than 96 hrs.

A number of studies have assessed numerous treatment regimens for this assay

where one, two, three, four and frve dosing-treatment protocols were adopted. Stud-

ies involving protocols of three or more treatments have been inconclusive. Sala-

mone et al. (1980) demonstrated that some compounds when administered more

than twice were toxic to the bone marrow, to the extent of interfering with the

assay by severely suppressing the PCE formation. In some cases' the assay failed

to detect the genotoxic activity of chemicals, known to induce micronuclei, when

one- or two-d.ose protocols were employed. In other cases' comparing single-dose

and five-dose regimens have shown the multi-dose regimen to produce a greater re-

sponse thar a singie dose (Yamamoto & Kikuchi, 1981)' Typically, when testing

a compound.'s genotoxicity, the highest dose administered should be the maximum

tolerated d.ose. MacGregor et al. (1987) proposed the following criteria for deter-

mining the highest dose: (1) It should cause a marked and significant ìncrease in

the micronucleus frequency in the target cell, (2) It should produce a significant

suppression in the number of PCEs, or (3) It should carlse compound-related signs

of toxicity or significantly reduced survival.

The basal level of micronucleus frecluency is very low in rats and mice, rang-

ing from 1-3 micronucleated PCEs (MNPCEs) in 1000 PCEs. A statistically valid

assessment of a chemical's genotoxic potential, would therefore require counting of

at least 1000 PCEs per animal in order to establish a measurable baseline (Mac-

Gregor et a]. 1987; Asliby & Mohammed, 1986). In addition to the frequency of

micronucleated PCEs, the ratio of PCEs to RBCs can be determined. This ratio is

usually approúmately 1:1 and 2:3 in mice and rats, respectively. A chemically in-

duced change of this ratio in favour of RBCs is an indication of cytotoxicity, causing

impaired haemopoiesis.

11



The susceptibilìty of the bone marrow to a genotoxic chemical may be dependent

on its ability to metabolically activate and/or deactivate the chemical locally. Unfor-

tunately, there is a paucity of data on the metabolising capacity of the bone marrorv.

Dresner et al. (1981) investigated the activity of Phase I and Phase II in rat bone

marrow. Using microsomal preparations, they were able to detect aminopyrene-N-

demethylase activity which was inducible by 3-MC, while UDP-glucuronyl trans-

ferase was only detectable after 3-MC induction. Other investigators have detected

glutathione S-transferase activity in mouse bone marrow (Adams et al. 1985) and

7-ethoxycoumarin O-deethylase and 3-MC-inducible benzo[a]pyrene hydroxylase in

rabbit bone marrow (Andrews et al. 1976; Gollmer et al. 1984). These studies show

that bone ma ro\M does have the abiìity to metabolise xenobiotics by both Phase I

and Phase II enzymes, albeit at a very low rate.

L.3.2 Rodent Sperrn Morphology Assay

The Sperm Morphology (SM) assay is based on visually scoring the percent-

age of sperm with abnormal head shapes, in sperm smears from the epididymis or

vas deferens after treatment. Although the test is applicable to any animal, most

of the knowled.ge and data available has been derived from experiments in mice.

In 1g75, Wyrobek and Bruce proposed a system whereby the induction of abnor-

mal sperm-head shapes could be used as an index of genotoxicity, after showing an

increased production of abnormal sperm from mice exposed to mutagens and car-

cinogens. There are a number of lines of evidence supporting this original concept.

Firstly, studies have indicated that sperm-head shape is genetically controlled by

both autosomal and sex-linked genes (I(rzanowska, 1976). Secondly, the level and

types of sperm-head shape are characteristic of strains and the heritability of their

dimensìons in mice is very high (Illison, 1969). Thirdly, almost all germ-cell muta-

gens tested are able to induce sperm abnormalities in mice and this effect has been

shown to be heritable (Topham, 1980a; Topham, 1980b).

12



It is not clear if or how a change in the proportion of abnormal sperm is related

to carcinogenesis. Investigation of the ability of the sperm morphology test to assess

a compound's carcinogenicity, has indicated it to have low sensitivity and very high

speciflcity, when the results are compa ed to those of cancer bioassays (\Myrobek

et al. 1983a; Purchase & Ashby, 1982). Like the MN test, a positive result in this

assay may be helpful in assessing carcinogenic potential, while no conclusion can be

drawn from a negative result.

One of the problems associated with this assay is the ease with which the basal

level of abnormal sperm is altered by factors thought to be non-mutagenic. I{o-

matsu et aI. (1982) demonstrated an increased production of abnormal sperm with

dietary restrictions. A reduction in food intake may be brought about through i11-

ness induced by the chemical being tested for genotoxicity. Such an effect would

make interpretation of results at toxic dose leveLs difficult. A change in the animal's

body temperature has also been demonstrated to increase the production of abnor-

mal sperm in rodents (Cairnie & Leach, 1980). Factors such as infection, ischaemia,

anaesthesia and endocrine dysfunction are also knorvn to afect abnormal sperm pro-

duction (Topham, 1983). A study by Sega and Orvens (1978) showed EMS-induced

dominant lethality at various stages of germ-cell development. They demonstrated

that the stages of greatest sensitivity did not correlate with the timing of maximal

DNA alkylation, but correlated with tlie timing of maximal protamine alkylation

at cysteine-sulphydryls by EMS. As protamine disulphide bond formation is im-

portant in chromatin condensation in spermiogenesis. Impairment of this process,

rather than a genotoxic event, may lead to abnormally-shaped sperm.

Two important factors, regarding the physiology and histology of the testis as

a target organ, should be considered. Firstly, it has a tissue permeability bar-

rier known as the blood testis-barrier (BTB), similar in structure to other barriers

found in organs such as the brain and thymus (Neaves, 1977). Apart from its role in

maintaining a special aqueous environment favourable to spermatogenesis, it is also

thought to act as a protective screen against a variety of toxic agents. Okumura

et aI. (1975) demonstrated the ability of the BTB to restrict the access of certain

xenobiotics into the testicular environment. A chemical's ability to cross this bar-
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rier was found to depend on its molecular size and lipophilicity. This factor must

be considered when assessing a chemical's genotoxicity to germ-cells. Secondly, the

seminiferous tubules within the testes contain germ-cells at various stages of sper-

matogenesis as well as interstitial cells, all of which differ in their metabolic and

DNA-damage repairing ability (sega, 1982; Dixon & Lee, 1980). Therefore, germ-

cells may vary in their sensitivity to genotoxic chemicals depending on their stage of

development. Furthermore, it is possible to assess the susceptibility of the different

stages of spermatogenesis to DNA damage and its persistence by samplìng sperm

at certain times after exposure to a chemical.

Spermatogenesis consists of 3 distinct phases. The first stage contains sper-

matogonia, which continually divide to give rise to spermatocytes and to renew

their numbers. The second phase consists of primary and secondary spermatocytes,

which und.ergo meiotic division to become spermatids. The last phase (spermiogen-

esis) involves the spermatids going through a complex cytological transformation

developing into spermatozoa (Clermont, 1972). A number of studies have been

conducted to estimate the time taken for a spermatogonial cell to mature into sper-

matozoa and eventually reach the vasa deferentia (Leblond & Clermont, 1952; Oak-

berg, 1956; MacMillan & Harrison, 1955). Based on these reports it is estimated

thar, it would take an early spermatid, early primary spermatocyte and the earliest

spermatogonium approximately 3, 5 and 7 and 5, 8 and 11 weeks to reach the vasa

deferentia in the rnouse and rat, respectively. Studies investigating the persistence

of induced increases in abnormal are limited. Wyrobek and Bruce (1975), sampling

sperm at 1,4 and 10 weeks following completion of dosing over five consecutive days,

found 3,4-benzpyrene, METEPA, THIOTEPA and mitomycin C induced changes

that persisted for up to 10 weeks. Out of 25 chemicals they tested, the 4 rveek

sample was more sensitive to induced abnormal sperm. Based on these results the

sperm morphology test is usually conducted with a sampJing time at 5 weeks from

commencement of dosing.

With the advent of reproductive toxicity testing, there has been much research

concerned with testicular metabolism of xenobiotics. Mukhtar et al. (1978) mea-

sured glutathione S-transferase, epoxide hydrolase, AHH and cytochrome P-450 con-
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tent in rat testes. AHH had approximately 5% of the specific activity in liver while

the Phase II enzymes were in the range of 10-50% of their hepatic counterparts.

They also observed a differential distribution of these enzymes. Phase I enzymes

were higher in the interstitial cells compared to germ-cells, while the opposite was

true for phase II enzymes, suggesting a very high capacity to detoxify potentially

toxic compounds. Oesch et al. (1977b), investigating species differences in the distri-

bution and activity of epoxide hydrolase, found the microsomal activity to be twice

as high in the testes of mice compared to liver. In contrast the activity in rat testes

was only I tnat of the liver. The inducibility of testicular xenobiotic-metabolising

enzymes is variable. Lake et a1. (1973) showed 3-MC induced benzpyrene hydrox-

ylase by 50% in rats, while Mattison and Thorgeirsson (1978) found 3-MC was

able to induce AHH by 200-300% in 3 out of 3 rat strains and 1 out of 2 mouse

strains. Stripp et al. (1974) looking at hormone metabolism, observed no induction

of testosterone hydroxylation or cytochrome P-450 content by PB or BNF.

1.3.3 Splenocyte Sister Chrornatid Exchange Assay

Sister-chromatid exchanges (SCtr), as defined by Latt et al. (1977), represent

the interchange of DNA between repiìcation products at apparently homologous

loci. SCEs can be induced by physical agents such as ionizing and UV-radiation

and many genotoxic chemicals. It is therefore reasonable to assume, they are the

direct result of modification or damage to DNA.

Although a number of mechanisms for SCE formation have been considered, the

exact mechanism is yet to be determined with DNA breakage and reunion during

S-phase of the cell cycle being the most favoured. Shafer ( 1979) put forward a repli-

cation bypass model for SCE formation; bidirectional replication forks approach a

segment of modified DNA, the resultant stress near the modified DNA causes breaks

or incisions on opposite parental strands and the SCE is formed by incorrect rejoin-

ing of the opposite free ends. The modified DNA can take the form of crosslinks,
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single-strand breaks or the site of some unrepaired or partiaily repaired DNA lesion.

Painter (1980) suggested a similar mechanism whereby agents, which damage DNA

in such a way as to block chain elongation, will often cause DNA in replication clus-

ters to remain partially unreplicated for unusually long periods. In this situation the

probability of a double-strand break at the junction between a replicated and par-

tially replicated strand of DNA is increased. Incorrect recombination of the induced

¿ouble-strand breaks at replication forks completes the chromatid exchange. This

hypothesis may also explain the high number of spontaneous SCEs observed in cells

from individuals with Bloom's syndrome, where it has been shown that the average

rate of DNA replication-fork progression is about 30% slower than in normal cells

(Chaganti et al. 1974; Hand & German, 1975).

Studies comparing the sensitivity of SCE induction with various oth.er genotoxic

endpoints, have found it to be as sensitive, if not more sensitive, than other tests

for DNA damage. Perry and Evans (1975), when comparing the SCE test with

induction of chromosomal aberrations, showed that in most of the 14 compounds

tested the SCE test was more sensitive. Kaina (1985) using MNU and MNNG, found

the SCE test to be more sensitive than mammalian cell mutation and chromosomal

aberration tests. As a predictor of carcinogenicity, the SCE test correctly classes

chemicals, which are rodent carcinogens or non-carcinogens according to cancer

bioassays, approxirnately 50 and 100% of the time, respectively (Latt et al. 1981;

Purchase & Ashby 1982). Popescu and coworkers (1984, 1985) showed a strong

correlation between SCE induction and the morphological transformation of Syrian

hamster foetal cells. Hence, they proposed that lesions involved in SCE formation

may be important in the initiation of neoplastic development.

SCBs can be observed on chromosomes during metaphase of mitosis. The vi-

sua[sation of the exchanges relies on the ability to differentially stain two sister-

chromatids. The staining is based on a process rvhich alters the DNA strand proper-

ties by incorporating base analogues (usually 5-bromodeoxyuridine, BrdU) followed

by aprocedure enabling the visual discrimination of the sister chromatids. The pro-'

cess recluires the target cells undergo two cell cycles, provided either the first or both

cycles are in the presence of the DNA base analogue. After that time one chromatid
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will contain a greater proportion of the base analogue than its sister-chromatid.

The cells are then arrested at metaphase of the ceil cycle by spindle poisons such as

colcemid, fixed, placed on slides and visualised by various means.

Kato (1974) originally used 3H-thymidine incorporation for the first of two cell

cycles followed by autoradiography to visualise the sister-chromatids. This proce-

dure proved to be inadequate when assessing chemicals that produced a large num-

ber of SCEs, due to the low resolution obtained. The use of BrdU-incorporation

over two cell cycles was later employed (Zakharov & Egolina, L972), which gave

greater resolving power for closely spaced SCEs. The differential appearance of the

sister-chromatids is based on the inability of the more substituted chromatid to take

up various dyes and hence stain less intensely than the less substituted chromatid

(Figure 1.2).

Sister-chromatid differentiation can be carried out by a number of methods.

The more commonly employed techniques consist of either staining with the DNA-
binding fl.uorescent dye 33258 Hoechst and visualising by fluorescence microscopy

(Latt, 1973) or following the staining with 33258 Hoechst, the chromosomes are

exposed to UV light then stained with Giemsa and visualised with a light microscope

(Perry & tvolff, 7974). The latter method, of which there exist many variants

(Block, 1982), is preferred due to the permanent nature of the stain. The slides can

be assessed and then stored for future reference.

The SCB test can be carried out entirely in vivo or by an in vivo/in vitro method.

The former involves exposing the anirnal to the test compound, followed by admin-

istration of BrdU and subsequently colcemid (to arrest cells at metaphase). The

animal is then sacrifrced and the target tissue removed, the celis are fixed, placed

on slides and stained (Allen et al. 7977). In the alternative method, animals are

exposed to the compound, sacrificed after a predetermined period of time, the tar-
get tissue removed and the cells cultured in the presence of BrdU. Some important
factors must be known before the folmer method can be used. Firstly, the tar-
get cells must be a continuously dividing population and a knowledge of the cell

repìication rate is required in order to obtain significant numbers of second division
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metaphases. Secondly, suffi.cient BrdU must reach the target tissue to permit difer-

ential staining. Finally, the BrdU concentration must not severely inhibit cellular

proliferation of the target tissue as this would reduce the number of second division

metaphases (Schneider & Kram, 1982). Some non-dividing cell populations, such

as lymphocytes, may be stimulated to divide ex vivo after in vivo exposure. For

this reason, the in vivo/in vitro procedure of SCE analysis is less restrictive in the

choice of target tissue and consequently is the more frequently used technique.

The baseline SCE frequency is consistently lower for in vivo than for in vivo/in

vitro methods, nevertheless, they are found to be equally sensitive to genotoxic

chemicals (Krishna et al. 1987; I(ram et al. 1979). I(ligerman et al. (1982) investi-

gated the optimum culture conditions of lymphocytes for the assay and discovered

the baseline SCE frequency to be dependent on such factors as the inoculum vol-

ume, cellular concentration and the BrdU concentration used. Traditionally, the

peripheral blood lymphocytes aïe used as the target tissue since they are a slowly

d.ividing cell population and hence may accumulate DNA damage, increasing their

sensitivity to genotoxic compounds. More recently spleen-derived lymphocytes have

been employed, which are also a slow dividing cell population. Sp1een-derived lym-

phocytes were used in experiments described in this tiresis in order to take advan-

tage of the potentially greater yield of lymphocytes compared with the low yield

of blood.-derived lymphocytes from a small species like the mouse. As well as as-

sessing genotoxicity by the induced SCE frecluency of SCEs, the cytotoxicity of the

test chemical can also be determined. A shift in the proportion of first, second

and third division metaphases, distinguishable by the staining characteristics of the

chromatids, in favour of first division metaphases indicates a reduced proliferating

abiJity, suggestive of a cytotoxic efect of the test chemical'

Like the bone marrow there is little available data on the ability of the spleen to

activate/deactivate genotoxins localiy. A comprehensive study, estimating styrene

monooxygenase and styrene oxide hydrolase activity in various tissues, found the

spleen to have 13-1ó% the hepatic microsomal activity of these enzymes in both the

rat and mouse (Cantoni et aJ. 1978). The ratio of hydrolase/monooxygenase activity

in the spleen was 4.79 and 1.62 in the rat and mouse, respectively, suggesting a
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greater capacity of the rat to detoxify potentially toxic reactive epoxides formed'

In contrast, Oesch et aJ. (1977a) investigating the activity of benzo[a]pyrene-4'5-

oxide hydrolase in d.ifferent rat tissues showed the spleen to have only 2% of the

microsomal activity of the liver. schacter and Mason (1974) assessed the inducibility

of MMFO activity and. cytochrome P-450 content in rat spleens. PB induction was

found to have no effect on monooxygenase activity, while 3-MC and 3,4-benzpyrene

red.uced. this by 50 and 63%, respectively. Only 3,4-benzpylene caused an increase

in cytohrome P-450 content by 240%'

t.4 cyclophospharnide and styrene as Models of Meta-
bolically Activated Genotoxic Compoun'ds

In vivo short-term genotoxicity assays have two main applications in toxicol-

ogy. Firstly, they are used to assess the genotoxicity of chemicais and secondly,

they are used in the biological monitoring of occupational exposur-e to genotoxic

chemicals. \Me were interested in assessing the sensitivity and variability of such

assays in determining exposure of rodents to genotoxic chemicals by using suitable

probe compound,s. Cyclophosphamide (CP) and styrene (ST) are two examples of

potentially genotoxic compounds, to which humans may be exposed occupationally'

CP, a chemotherapeutic agent for the control of neoplasias, has been detected in

the urine of nurses hand.ling cytostatic drugs (Evelo et al. 1986). Styrene exposure

of workers in the rubber, polymer and fibreglass industries has also been reported

(Lof et al. 1986; Stock, 1983).

CP is a very potent genotoxic agent in both in vivo systems and in vitro systems,

requiring metabolic activation by MMFO to a genotoxic metabolite (Hales, 1983).

As it is a well characterised. genotoxin, it is a useful tool in establishing that the

assays are functioning correctly. For comparative pulposes, ST will also be used as

a test compound. requiring metabolic activation to a genotoxic metabolite (Watabe
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et al. 1978). Unlike CP, its ability to induce genotoxic responses in short-term

tests is variable and consequently it is often described as an equivocal genotoxic

agent. Since CP and ST are known to produce differential genotoxic efects in

various target tissues (Madle et al. 1986a; Krishna et al. 1-988; Salomaa et al. 1985;

Conner et al. 1979; Sharief et al. 1986), they were suitable probes to determine

whether induction of xenobiotic metabolism is able to alter the genotoxic proflle of

a compound, thereby, possibly changing the primary site for its detection.

1.5 Airns of the Study

In order to establish metabolic factors, which may influence the general utility
of methods for monitoring occupational exposure to genotoxins, a controlJed study

was undertaken using suitable animal models by:

1. Establishing the relationship betrveen the administered dose and the genotoúc

response to CP and ST in 3 short-term in vivo assays, and !f possible to

determine a threshold dose.

2. Assessing species variation in the dose/response relationships in the target

tissues.

3. Investigating whether the above genotoxic profiles may be altered in a species-

and/or tissue-specific manner by pretreatment with broad-spectrum (PB) or

specific (BNF) enzyme inducers.

4. Establishing whether any changes in genotoxicity in target tissues correlates

with inducer-related changes in the activating and/or deactivating metabolic

pathways.
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All chemicals purchased were of reagent (AR) or pharmaceutical grade quality.

The sources of the chemicals used are outlined in appendix A. Male LACA Swiss

mice (20-30 g) and male Porton rats (300-500 g), supplied by the University's

Central Animal House, were used throughout the study. They were allowed f.ood ad

libitum and kept in a controlled environment with 12 hours light. Rats and mice were

placed into appropriate cages and allowed to acclimatise for a minimum of 7 days

prior to their use in all experiments. 4-12 animals were used per dose group, at each

time point. All treatments were carried out between 8-10 a.m. of the dosing day to

minimise any diurnal variation in metabolic enzyme activity and cellular glutathione

(GSH) levels (White et al. 1987; Radzialowski & Bousquet, 1968; Davies et aI. 1983).

The dose volume for all compounds administered by i.p. toute was 4 ml/kg body

weight. CP and triethylenemelamine (TEM) were made up in normal saline for i.p.

injections, while BNF and styrene were dissolved in peanut oil. All solutions were

prepared daily or stored at 40 C for no longer than 24 hrs.

2.L Procedures for the In Vivo Genotoxicity Assays

2.L.7 Bone Marrow Micronucleus Assay

2.t.L.L Dosing Regirnen

Treatment of the animals involved a single i.p. injection of the test compound

or a comparable volume of the vehicle for control animals. Test compounds were

assessed at aminimum of three dose levels, with the highest dose determined by the

criteria set down by MacGregor et al. (1987) listed in section 1.3.1. Doses were lorver

by incremental factors of å - | from the highest dose. Induction of the microsomal

oxygenase system was ê,ffected by maintaining animals for 7 days on phenobarbitai
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(PB) in drinking water (1 mg/ml) or using a single i.p. injection of BNF (100 mg/kg)

48 hrs prior to dosing with the genotoxins. The PB and BNF pretreatment regimens

employed in these experiments have been shown, both in our own laboratory and

by other investigators, to be able to induce microsomal enzymes (Cooling, 1"981;

Boobis et aI. 1977).

2,L.L.2 llarvesting and Preparation of Bone Marrow Smears

Femoral bone marrow was sampled from treated animals at 30 and 48 hrs post-

dosing as recommended by Salamone and Heddle (1983), and in some experiments

bone marrow was also sampled at 72 hrs. From freshly killed animals both femora

were removed in toto by cutting through the pelvis and tibia. Each femur was freed

of muscle by gentLy removing the distal epiphyseal portion together with the tibia.

The proximal end of the femur was carefully cut to reveal a small opening to the

marrow canal. Using a 26G needle, 0.2 m1 of phosphate buffered saline (PBS) was

used to perfuse each femur, collecting the perfusate into a test-tube. One drop of

this cell suspension was appJied to a coded slide and spread across the slide. Two

slides were prepared per animal.

The slides were air-dried overnight, after which they were stained using a modi-

fied procedure of Schmid (1975): Fixed for 10 min. in anhydrous methanol; stained

for 5 min. in undiluted Wright's solution (Wright's stain, 2.5 mglrnl in methanol);

stained for 2 min. in \Mright's solution diluted 1:4 in 55 mM phosphate buffer, pH

6.4; stained for 10 min. in Giemsa solution (7.6 mg/ml in 1:1 methanol/glycerine)

diluted 1:19 with water; rinsed for 10 min. in distilled water and a further 30

min. in fresh distilled water; air-dried, cleared for 2 min. in a histological clearing

agent (Histoclear, National Diagnostics, USA) and mounted with Depex mounting

medium and a coverslip.

23



Coded slides were assessed in a blind fashion at 1000x magniflcation under oil-

immersion using a KB-4 filter. The frequency of MNPCEs was determined by exam-

ining 1000 PCEs. The PCE/RBC ratio was determined from 500 total erythrocytes

assessed.

2.L.2 Sperrn Morphology Assay

2.1.2,1 Dosing Regimen

The procedure employed for these studies was in accordance with the recom-

mendations of the report of the U.S. EPA Gene-Tox Program with modifications

(Wyrobek et al. 1983a). Treatment of rats and mice with the test compounds re-

quired single i.p. injections on five consecutive days at three to four dose levels.

There were additional groups for a negative and positive control. Control, PB and

BNF pretreated animals, for each genotoxin, were received in a single batch and

dosed at the same time (see Appendix B). The genotoxins were administered at 4

dose levels including positive and negative controls. The procedure for the pretreat-

ment with the enzyme-inducers was a modifi.cation of that used for the MN assay;

PB pretreatment commenced 7 days prior to dosing with the genotoxin, and was

maintained over the 5-day dosing period. BNF pretreatment involved 3 i.p. doses

at 48 hour intervals, with the first injection 48 hrs before genotoxin treatment was

initiated.

2.L.2.2 Sperrn Sarnpling and Evaluation

Animals were sacrificed at 3, 5 and 7 weeks and 5, 8 and 11 weeks from com-

mencement of dosing for mice and rats, respectively. The vasa deferentia from each
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animal were removed and their contents carefully expelled into 4 ml of PBS. Two

drops of the sperm suspension were placed onto coded slides and air-dried overnight

(two slides per animal). Sperm smea s were stained as follows: 15 min. h 0.4T0

Harris's llaematoxylin; 1 min. in 0.1% Eosin Y; rinsed in absolute ethanol; cleared

in Histoclear and mounted with a coverglass using Depex mounting medium. Sperm

slides were examined in a blind fashion under a light microscope at 400x magnifl-

cation using a KB-4 filter. For each animal 1000 sperm heads were assessed for

morphological abnormalities (Figure 2.1).

2.L.3 Splenocyte Sister-Chrornatid Exchange Assay

2.L.3.t Dosing Regimen

In the pilot experiments animals rvere treated with a single i.p. injection of the

test compounds at a dose which produced a signif.cant increase in SCB frequency or

was the highest dose possible without causing lethality. Two animals were sacrif.ced

at 4, 8, 12,24, 48, 72, and g6 hrs post-injection ar.d a time/response proflle was

established to determine the timing of the maximal response.

Subsequent to the pilot study, animals were injected at various doses, the highest

being that which produced either a marked significant increase in SCE frequency or

compound-related signs of toxicity or mortality. Doses were lower by incremental

factors of two. Control animals received an appropriate volume of the vehicle. The

procedure for the treatment with enzyme inducers was the same as that used for the

MN assay (Section 2.1.1.1). Animals were sacrificed at a time post-dosing, found to

give a mafmal response in the pilot studies.
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FEDcBA

Figure 2.1: Normal (A) and abnorm.al (B-F) sperm head shapes frequently en-

counted in the rat (top) and mouse (bottom). Komatsu et al. (1982), Bruce et al.
1974) and Lock and Soares, (1980).



2.L.3.2 Splenocyte Isolation and Culture Conditions

The isolation and culture of splenocytes from exposed animals followed a mod-

ified procedure of Krishna et al. (1988). Spleens were removed from animals under

aseptic conditions and were placed into a sterile petri-dish containing 5 mI sterile

PBS. The spleen was mashed using surgical tweezers, the debris was removed and

the resultant cell suspension was placed into a centrifuge tube. The suspension was

carefully underlayed with ice-cold Ficoll-paque and centrifuged (1000 rpm for 10

min.), isolating the splenocytes at the interface of the two phases. The isolated cells

were washed a further two times with sterile PBS followed by centrifugation at 1000

rpm for 5 min. After the last wash, cells were resuspended in complete medium to a

volume of 1 ml. The complete mediurn consisted of RPMI 1640 supplemented with
24 mM NaHCOs, 10 mM HEPES, 2 mM L-glutamine, l0To heat-inactivated FCS,

100 U/ml penicillin-G, 1,00 ¡,r.gf ml streptomycin sulphate, 20 pM BrdU, 5 p,glrnl

concanavalin A and 5 plvl 2-mercaptoethanol.

The number of viable cells isolated from each animal was determined by exclusion

of the vital dye Trypan Blue. Isolated lymphocytes were continued through to
culture only if cell viability was greater than g5%. An appropriate volume of the

cell suspension was then aliquotted into complete media to give a flnal concentration

of 3x106 viable ce11s/ml in 1 ml total volume or 1x106 viable cells/ml in 4 ml total
volume for mouse or rat splenocytes, respectively. Cells were incubated in the dark

at 370 in a 5To CO2 environment. Colcemid (10 ¡rM flnal concentration) was added

at 40 and 62 hrs to mouse and rat splenocyte cultures, respectively, harvesting the

cells 3 hrs later.
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2.1.3.3 CeIl Harvesting, Staining and Scoring

Harvested cells were centrifuged at 2000 rpm for 5 min., the supernatant was

then removed and the pellet resuspended in 6 ml of 75 mM KCI for 1b min. at BZo

C. The suspension was then centrifuged at 1000 rpm for 5 min., the supernatant

was removed without disturbing the pellet, to which was added fresh fixative (3:1,

methanol/acetic acid) for 30 min. Fixed cells were resuspended, washed a further
two times in fresh fixative and stored overnight at 40 C. For slide preparation, cells

were placed in fresh fixative and two drops of the suspension was applied to coded

slides, flame-dried and left for 24 hrs prior to staining.

Slides were stained by a modified method of Perry and Wolff (1gza): They were

immersed in citrate buffer (40 mM trisodium citrate, 160 mM sodium dihydrogen-

phosphate, pH 7.a) and exposed to UV-light of 254 and 336 nm at a distance of 5

cm for B min.; rinsed in distilled water and incubated for 30 min. at 600 in 2xSSC

(0.3 M NaCl, 0.03 M trisodium citrate); stained for 4 min. in 6% Giemsa, pH 2.0.

Slides were mounted with a coverglass using Depex mounting medium.

SCE frequency per animal was determined by analysing 20 metaphase spreads

containing a minimum of 38 sister chromatids. The replicative index (RI), which is

thefrequency of first, second and third division metaphases, was determined in 100

metaphases. The RI was calculated as follows;

o, _IMr+21\12+3M3,,,, - 

- 
100

where Mr, Mz and M3 represent percentages of first, second and third division

metaphases, respectively (I{rishna et al. 1985).
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2.2 Effects of PB and BNF on Various Metabolic Path-
ways in Liver, Testes, Spleen and Bone Marrow

2.2.L Treatment of Animals

Rats and mice were treated with either PB in drinking water (1 mg/ml) and

sacrificed at 7 and 12 days or BNF by i.p.injection (100 mg/ml/a8 hrs) and sacrificed

at 48, 72 and 120 hrs after the first injection. Control animals were treated with

eitlrer 3 i.p. injections of peanut oil at 48 hour intervals and tissues sampled 24 hrs

after the last dose or were untreated.

2.2.2 Tissue Preparation

All solutions for the enzyme assays were prepared fresh daily prior to their use.

All tissues were prepared by the same procedure and all steps were carried out at

40 C prior to incubation. Animals were sacriflced (3 per treatment group) at the

appropriate times and their liver, testes, spleen and both femora were removed.

Bone marrow 'ù/as collected by the same procedure used for the preparation of bone

ma row smears in the MN test. Tissues were weighed and homogenised in 100 mM
phosphate buffer, pH 7 .4, to give a final tissue concentration of 80 mg/ml. In the case

of mice, spleens and femoral bone marrow from a number of treated animals were

pooled to give enough tissue for the enzyme assays. The homogenate was centrifuged

at 9,000 g for 15 min. and the supernatant (S9) collected for determination of enzyme

activities. The protein content of each tissue supernatant was determined by the

colorimetric method of Lowry et al. (1951).
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2.2.3 Assessrnent of Enzyrne Activities

2.2.3.L 7-Ethoxycournarin O-Deethylase Activity

The enzyme activity was determined using a modifled method of Greenlee and

Poland (1978). Reactions were carried out in duplicate in 10 ml flat-bottomed

tubes in a total volume of 1 ml. The reaction mix contained 100 mM phosphate

buffer, pH 7.4,15 mM MgCI2, 5 mM glucose-6-phosphate, 0.5 mM NADP, 2IU lml
glucose-6-phosphate dehydrogenase and 50 ¡rl of S9. The reaction was started, after

a 2 min. preincubation at g7o C, by the addition of 25 pl of substrate (20 mM 7-

ethoxycoumarin in 50% methanol) and incubated for 10 min. at 370 C with shaking.

The reaction was stopped by the addition of 125 p) of 20% trichloroacetic acid. Blank

tubes consisted of the complete reaction mix, to which was added 125 p'I prior to

the addition of substrate.

The reaction tubes were extracted with 2 mI of chloroform by vigorous shaking

for 10 min. at room temperature (RT). A 1 ml portion of the organic phase was

back-extracted into 2.5 mt of 10 mM NaOH/1 M NaCl with further shaking for 10

min. at RT. The fluorescence of the aclueous phase was measured at an excitation

wavelength of 368 nm and an emission wavelength of 456 nm, using a Perkin Elmer

LS-5 ]uminescence spectrometer (Perkin Elmer, Buckinghamshire, England). The

amount of product formed was determined from the 7-hydroxycoumarin standard

curve (Appendix B), which was carried through the same extraction procedure as

the reaction tubes. The enzyme activity was expressed as nmol productlmin.fmg

tissue protein.
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2.2.3.2 2,5-Diphenyloxazole Hydroxylase (PPo-oHase) Activity

PPO-OHase has been used as a surrogate enzyme for assessing AHH activity

(Philippides et al. 1983). The enzyme activity was determined using a modified

procedure of Philippides et al. (1983), which measures the hydroxylation of 2,5-di-

phenyloxazole (PPO) to 2-phenyl-5-(p-hydroxyphenyl)-oxazole (PPO-OH). Dupli-

cate reactions were carried out in 10 ml flat-bottomed tubes with a total volume

of 1 ml. The reaction mix contained, 100 mM phosphate buffer, pH 7.4, 15 mM

MgCl2, 5 mM glucose-6-ph.osphate, 0.5 mM NADP, 2IU lmI glucose-6-phosphate

d.ehydrogenase and. 25 p) of S9. After a 2 min. preincubation at 37o C, the reaction

was started by the addition of.25 p,l of 2 mM PPO in acetone and incubated for a

further 10 min. at 370 C with shaking. The reaction was quenched with 1 ml ice-cold

acetone and the tubes were placed on ice. Blank tubes consisted of the reaction mix

quenched prior to the addition of substlate.

The tubes were then extracted rvitir 3 mI of n-hexane with shaking for 10 min'

at RT. 1 ml of the organic ph,ase was back-extracted into 2.5 mI of 1 M NaOH with

shaking for 10 min. at RT. Tlie fluorescence of the aqueous phase was determined at

excitation and emission wavelengths of 355 and 505 nm, respectively, usir.g a Perkin

Elmer LS-5 luminescence spectrometer. The amount of product formed was read

off the standard curve of authentic PPO-OH (Appendix B). Enzyme activity was

expressed as nmol product/min./mg tissue protein.

2.2.3.3 Glutathione S-tansferase Activity

A modified procedure of Habig et a1. (1974) was employed to assess the enzyme

activity. Measurement of the enzyme activity involved monitoring the rate of change

in absorbance of a reaction mix at 340 nm using a Unicam SP1800 (Pye-Unicarn
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Ltd., Cambridge, England), at 37o C against a blank cuvette containing the complete

reaction mix without substrate.

The assay was conducted in 100 mM phosphate buffer, pH 6.5, containing enough

reduced GSH to give a final. concentration of 1 mM. To 825 ¡ri of the GSH solution,

prewarmed to 370 C, was added 100 ¡rl of Sg diluted ft for liver or S for atl

otlrer tissues. 25 ¡L,l of 40 mM 1-chloro-2,4-dinitrobenzene in ethanol was added

with rapid mixing and the change in absorbance over a maximum of 1 min. was

recorded. The amount of product formed rvas determined from a standard curve of

the conjugate, S-2,4-dinitrophenyl glutathione (DNP-GS) (Appendix B). Enzyme

activity was expressed as nmol product/min./mg tissue protein.

2.2.3.4 Epoxide Hydrolase Activity

A gas chromatographic assay was developed to estimate the activity of epoxide

hydrolase by measuring the conversion of styrene oxide to styrene glycol. The corn-

,lete reaction mix (1 ml total volume) contained 100 mM phosphate buffer, pH 7.4

and 500 pl of S10 (or 100 ¡;l of S9 for estimation in liver). After a 2 min. preincuba-

tion at 37o C, the reaction was started by adding 50 ¡.r.1 of substrate (a0 mM styrene

oxide in acetone) and incubated for 60 min. at 370 C. These conditions gave reaction

rates that were linear with respect to time and tissue concentration (Appendix B).

The reaction was stopped with l ml of ice-cold ethyl acetate containing 0.5 mM

benzyl alcohol as the internal standard for the assay. The tube r¡,'as then vortexed

for 10 min. and the organic phase was collected after centrifugation at 3500 rprn

for 5 min. A standard curve was prepared by adding knorvn amounts of styrene

glycol to quenched reaction tubes, which were also carried through the extraction

procedure.

Samples were analysed gas chromatographically using a Varian Gas Chromato-

graph ModeÌ 3400, ecluipped with a flame-ionisation detector (FID), using a SGB
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fused-silica capillary column (15 m x0.22mm ID) coated with BP-1 (nonpolar) sta-

tionary phase to a thickness of 0.25 microns. The gas chromatograph was coupled to

a Varian In-built Data Handling System to integrate tesponses. 3 ¡¿l of the organic

phase was injected at a column temperature of 600 C which was rapidly raised to

2600 C at 500/min. followed by a 2 min. hold time. Injector and detector tempera-

tures were 2700 and 2800 C, respectively. The flowrate of carrier gas (helium) was

1 ml/min. at a split ratio of 1:26'

A detection limit of 40 nmot/ml styrene glycol was found with the FID and,

the witlrin-day and day-to-day reproducibility error was 2.8 ar.d 4.1To, respectively'

Enzyme activity was expressed as nmol product/min./mg tissue protein, which was

determined from tb.e standard curve of styrene glycol (Appendix B).

2.2.3,5 Estirnation of Tissue Glutathione Content

Reduced GSH was determined by a modifled procedure of Hissin and Hilf (1976).

Rats and mice were sacrificed a,t 8 a.m. and the liver, testes, spleen and femoral

bone marrow wele collected and kept on ice. To 100 mg of each tissue, 400 p,I

of.25% metaphosphoric acid and 1.5 ml of phosphate-EDTA buffer (0.1 M sodium

phosphate,5 mM EDTA, pH S.0) was added and homogenised at 40 C. For smaller

quantities of tissue, additions of acid and buffer solutions were adjusted accordingly.

The homogenate was centrifuged at 5,000 g at 40 C for 10 min. To 0.5 ml of the

resultant supernatant was added 4.5 ml of phosphate-EDTA buffer and mixed. To a

100 ¡zl aliquot of the diluted tissue supernatant was added afurther 1.8 ml of buffer

and 100 pl of o-phthalaldehyde solution (1 mg/ml in methanol) and mixed thor-

oughly. Following a 15 min. incubation, the fluorescence at 420 nm \ryaÞ cletermined

rvith excitation at 350 nm on a Perkin Elmer LS-5 luminescence spectrometer. The

level of tissue GSH rvas determined from the GSII standard curve in Appendix B.
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2.2.3,6 Estimation of Protein Content in 91000 g Supernatants

The protein content was determined by the method of Lowry et al. (1951).

Solution A was prepared by mixing the following;2% NazCOa in 0.1 M NaOH, 1%

CuSO¿ ar'd 2Yo sodium tartrate in the proportions 100:1:1, respectively. Solution

B was prepared by diluting Folin & Ciocalteau's Reagent 1:1 with distilled water.

Bovine serum albumin (BSA) was used as the standard with a concentration range

of 0-100 p1lmI.

The 9,000 g tissue supernatants, were diluted with 100 mM phosphate buffer,

pH 7.4, to give a final concentration of B mg tissue/ml. To a 100 pl aliquot of

the diluted supernatants (or standards) was added 5 ml of solution A and mixed.

After standing at RT for exactly 10 min., 500 pl of solution B was added and

mixed thoroughly. The solutions were incubated at RT for a further 30 min., after

which their absorbance was read at 750 nm using a Bausch and Lomb Spectronic

20 spectrophotometer. The tissue protein content was determined from the BSA

standard curve (Appendix B).

2.3 Data Presentation and Statistical Analyses

The results of experiments were presented as the mean t sem. The number

of animals representing each data point was at least n:4, unless otherrvise stated.

Statistical analyses of the generated data were performed, using the GIIM System

(Baker, 1985) to establish the signiflcance of the results. For a1l analyses p<0.05

was set as the critical level of significance.

The genotoxicity data for the MN and SM assays followed a binomial distribution

and was, therefore, analysed using Analysis of Deviance (see Appendix C for a
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description of the analysis), examining the efects of and the interactions between

the variables; dose of the genotoxin, time of sampling, species (where appropriate)

and the presence of PB or BNF pretreatment on the extent of genotoxicity. The SCE

data did not fit a binomial distribution. Hence, the data was analysed using a 2-

Way ANOVA. In order to meet the recluired assumptions of the statistical procedure

used to assess the effects of PB or BNF pretreatment on CP- and ST-induced SCBs,

the d.ata was transformed using the Angular Transformation, X' = arcsin fi as

recommended by Gad and Weil (1986).

The cytotoxicity data from the SCE and MN experiments were analysed using

Multifactorial ANOVA to assess the influence of species and time of sampling (where

appropriate) and the presence of PB or BNF pretreatrnent on the cytotoxic potential

of CP and ST. Where appropriate a logarithrnic transformation of the data was used

in order to meet the recluired assurnptions of the statistical procedure. The results

of these statistical analyses are presented in Appendix C.

Where the previous analyses indicated a significant dose-related effect, each

dose/response curve was compared to its orvn control, using multiple-comparison

testing. This included Tukey's Multiple-Comparison Test (Byrkit, 1987) for the

data analysed using Multifactorial ANOVA and Asymptotic Tests (McCullagh &

Nelder, 1983) for the binomial data. The multiple comparison tests were used to

estimate a threshold dose for each compound in each assay system. Due to the

large number of comparisons conducted, the power of such statistical analyses were

reduced, compared to the ANOVA and Analysis of Deviance tests. Therefore they

were only used to support the ANOVA or Analysis of Deviance analyses. Any sig-

nificant effects detected by the multiple comparisons were indicated by an asterisl<

or a dagger (l) in the histograms or tables, respectively.

The enzyme activity data from Chapter 5, were analysed by a 1-way ANOVA,

followed by Tukey's Multiple-Comparison Test, for any effect of PB or BNF on

erÌzyme activity. The PB and BNF effects were compared directly with the untreated

and peanut oil-treated controls, respectively. Significant efects were indicated by a

dagger (t) for PB or a double-dagger (+) for BNF pretreatment.
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3.L Introduction

CP is a member of the nitrogen mustard class of alkylating compounds, used as

a chemotherapeutic agent in neoplastic diseases. It is a known human carcinogen

and has been implicated as the cause of a number of second tumours in cancer

patients (Taylor & \Made, 1984). CP itself has weak alkylating ability and must

be metabolically activated to exert its biological effect (Hales, 1983). The current

knowledge on the major metabolic pathways of CP is summarised in Figure 3.1. The

first step in the activation of CP is catalysed by the MMFO to form 4-hydroxy-CP,

thought to exist in equilibrium with aldophosphamide. 4-Hydroxy-CP is then fur-

ther metabolised to 4-keto-CP. Tire aldehyde tautomer can either be metabolised by

aldehyde dehydrogenase to form carboxyphosphamide or may spontaneously break

down to acrolein and phosphoramide mustard (PM). PM is further metabolised

to nornitrogen mustard, however, it is not known whether this is spontaneous or

enzymatic. Acrolein undergoes conjugation with GSH to a non-toxic metabolite.

The reported half-life for the clearance of CP in mice and rats has varied from

5-20 and 19-40 milutes, respectively (Torkelson et al. 1974; Garattini et a1. 1974).

A study, which used serum alkylating activity as a measure of t¡tal metaboüte

levels in serum, found their half-life to be 17 and 39 rninutes in mice and rats,

respectively. A more recent study investigating the kinetics of CP and its metabolites

in mice (Struck & Alberts, 1984), observed half-lives of 13, L3,37 and.24 minutes

for CP, 4-hydroxy-CP, aldophosphamide and PM, respectively. The primary site

of metabolism in both species is the liver. Activation of CP in the rat, has been

measured in kidney and lung tissue, albeit at $ the rate of the liver (Torkelson et

aI. 797a). No such activity was detected in spleen, testes, adrenal cortex or muscle.

Hemminki (1985) assessed the levels of DNA adducts in CP-treated mice, and found

they were highest in lung, kidney and liver, suggesting that the major sites of CP

activation are similar in the rat and mouse. Approximately 10% of a CP dose is

renally excreted unchanged in mice, while figures reported for the rat range from

20-50% (Torkelson et a1. 1974).
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The effect of enzyme inducers on the oxidative metabolism of CP was assessed

by measuring CP-induced depletion of NADPH in microsomal incubates (De Raat,

1977). Its metabolism was found to be inducible 5-6 fold by PB and aroclor 1254,

whereas 3-MC had no effect, suggesting the involvement of PB- rather than 3-MC-

inducible isozymes of cytochrome P-450. Similar results with PB induction were

observed by Alberts et al. (1978) and Field et al. (1972). Garattini et aI. (1974) have

shown PB is also able to increase tl'Le clearance of CP-derived alkylating metabolites

from mouse and rat plasma. As well as activating pathways, a possible deactivating

pathway, catalysed by aldehyde dehydrogenase, is also inducible by PB in rats and

mice (Dietrich et al.1972).

A common characteristic of CP and other chemotherapeutic agents is their abil-

ity, under physiological conditions, to alkylate vital macromolecules such as DNA.

In vitro studies, in which CP was incubated with DNA and a metabolising system,

showed evidence of nornitrogen mustard adducts at the N7-position of guanine, in

the form of monoalkylated or crosslinked adducts (Colvin et al. 1976; Hemminki,

1985). CP, 4-hydroxy-CP, carboxyphosphamide, 4-keto-CP and nornitrogen mus-

tard are poor alkylators of DNA at physiological pH (Ellenberger & \{ohn, 1977)

and as PM is a potent alkyiator, it is believed to be the putative genotoxic metabo-

Iite. Acrolein is a poor alkylator of DNA but a good alkylator of protein and has

been implicated as a mediator of the cytotoxicity associated with CP administr ation

(Gurtoo et aI. 1981; Crook et al. 1986). Domeyer and Sladek (1980) proposed that

4-hydroxy-CP and its tautomer serve as transport forms of the ultimate cytotoxic

and genotoxic metabolites, as they could reach appreciable levels in the circuiation of

mice administered CP, while their bleakdorvn products were not detectable. Their

conclusions were later supported by Boyd et a1. (1986), who used 3lP-NMR and

ceI1 perfusion techniques to show that 4-hydroxy-CP and aldophosphamide readily

crossed cell membranes, while PM could not, due to it being almost completely

ionised at physiological pH.

CP is a potent genotoxin able to elicit responses in various in vitro and in vivo

short-term tests. Although Balbinder et al. (1981) found CP not to be mutagenic in

the Ames test, Hales and Jain (1980a) showed it was weakly mutagenic in the same
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system and were able to increase its mutagenicity by the addition of an 59 mix. In

the rodent MN test CP is a potent clastogen in both rats and mice (Madle et al.

1986a), with the rat being more sensitive than the mouse at comparable doses. CP

is also able to increase the frequency of rnicronuclei in developing rat spermatocytes

(Tates et al. 1987).

CP is able to cross the blood-testis-barrier. It was detected in the seminal vesicle

f.uid of rats 10 min. after an IV bolus and was equilibrated with plasma levels within

30 min. (Hales et aI. 1986). Bruce and Heddle (1979) and Wyrobek and Bruce (1975)

demonstrated an ability of CP to increase the proportion of abnormal sperm after

subchronic administration to mice of 50 mg/kg daily for 5 days. This dose was lethal

to some of the mice. The maximal increase in sperm abnormalities was observed 4

weeks after dosing, corresponding to exposure of the primary spermatocyte. Vigil

and Bustos-Obregon (1985), with a single i.p. dose of 200 mg/kg, also found the

primary spermatocyte to be the most sensitive stage. In their study, effects on

sperm morphology were observed as early as four days after dosing, in the form of

abnormal flagellar. Studies investigating the heritability of CP-induced abnormal

sperm are inconclusive. Male mice exposed to CP (20 and 80 mg/kg/d, over 5 days)

were mated with unexposed females at 1, 5 and B weeks after dosing and their F1

male progeny showed no increase in abnormal sperm (Topham, 1980a). In contrast,

Sotomayor (1979) observed a signif.cant elevation in deformed sperm in F1 progeny

sired from exposed males (200 mg/kg) and unexposed females, mated 3 weeks after

dosing.

Comparing the SCE inducing ability of CP in different tissues, I(rishna et al.

(1988) and Dearfield et al. (1985), found the peripheral and spleen-derived lympho-

cytes were eclually susceptible, whereas the bone marrow was less sensitive. l\{adie

et al. (1986a) looking at CP-induced SCEs in rat and mouse bone marrow, observed

the rat to be more sensitive. With regards to human exposure, Bochkov et a1. ( 1986)

demonstrated an elevated frequency of SCEs in peripheral lymphocytes of cancer

patients after treatment with CP. Reports shorving that occupational exposure to

CP is associated with increased SCE levels are equivocal (Stucker et al. 1986; Barale

et al. 1985; Norppa et al. 1980).
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Studies looking at the effects of enzyme inducers on the genotoxicity of CP are

limited. Hales and Jain (1980a, 1980b) were able to show increased mutagenicity

in the Ames test in the presence of PB induction, while BNF produced a decrease

in its mutagenicity. This supports the curtent knowledge of CP oxidation, which is

believed to be rnediated by PB-inducible rather than 3-MC-inducible isozymes of

cytochrome P-450. Furthermore, the effect of BNF pretreatment is consistent with

its reported ability to produce a decrease in the activity of PB-inducible isozymes

(Guengerich et al. 1982). Schreck et al. (1982), investigating the response to PB

pretreatment on CP-mediated increases in SCEs, found there to be no change in

its genotoxic potential in spermatocytes and regenerating hepatocytes, even though

P-450 activity (p-chloromethylaniline demethylase) was increased 6-fold.

The specific aim of the experiments reported in this chapter rvas to compare

the dose/response relationships of CP in the micronucleusT sperm morphology and

sister-chromatid exchange assays in the rat and mouse ald to determine whether

these would be altered by pretreatment with the microsomal enzyme inducers PB

and BNF.

3.2 Materials 8¿ Methods

3.2.L Micronucleus Assay

CP dissolved in 0.9% saline, was administered by a single i.p. injection to rats and

mice, at doses of 0, I.25, 2.5, 5, 10 and 20 mg/kg. Bone marrow was sampled

at 30, 48 and 72 hrs post-dosing for cor.trol animals or 30 and 48 hrs for inducer

pretreated groups. Enzyme-inducing pretreatments consisted of PB (1 mg/ml) in
drinking water for 7 days or BNF (100 mg/kg in peanut oil) 48 hrs prior to CP

dosing. Bone marrow smears prepared following the method in section 2.1.7.2,were

air-dried immediately and left overnight before staining witir Wright's stain and

Giemsa. Slides were analysed in a blind fashion for the incidence of micronucleated

PCEs (MNPCB) and the PCB/RBC ratio.
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3.2.2 Sperrn Morphology Assay

Rats and mice were given single i.p. daily doses of CP at 0, 5, 10, 20 and a0 mg/kg

over 5 consecutive days. Positive control animals were treated with a single i.p.

dose of triethylenemelamine (TBM, 1 mg/kg) on the first day of dosing. Mice were

sacrifrced at 3, 5 and 7 wks from commencement of dosing and rats at 5, 8 and 11

wks. Sperm smears prepared by the procedure in section 2.I.2.2, were analysed in

a blind fashion for incidence of abnormal sperm heads. Pretreatment with enzyme

inducers was similar to the MN test, with an extended dosing regimen. PB (1

mg/ml) was administered via the drinking water for 7 days prior to dosing and

extended for the duration of the dosing period. BNF was injected i.p. at 100 mg/kg

48 hrs before the administration of CP followed by two further doses repeated at 48

hour intervals.

3.2.3 Splenocyte SCE Assay

The pilot studies involved a single i.p. dose of CP at 5 and 40 mg/kg in rats and mice,

respectively. The optimum sampling time for each species, was chosen as the time at

which the induced SCtr frequency was maximal. This was then used as the sampling

time in the main body of the study. In the main study, rats were given a single i.p.

injection of CP at 0, 0.31, 0.62, 1.25 and 2.5 mS/kS and mice received doses of 0,

0.62,7.25,2.5 and 5 mg/kg. Splenocytes were isolated from treated animals at a

time post-dosing, determined by the pilot studies. The enzyme-inducing treatments

were the same as those for the MN test. The removal of the spleens, culturing and

harvesting of cells, and the preparation and assessment of slides followed the method

described in section 2.I.3.3, for both the pilot and main experiments.
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3.3 Results

CP was found to be strongly genotoxic in 2 of the 3 in vivo assays. In the MN

assay CP produced a significant, dose-related increase in the incidence of MNPCEs

(x2:38.70, p<0.001, Appendix C) in both species, whose response differed between

the two species (Figures 3.2). Although the Asymptotic tests indicated the thresh-

old dose for CP-induced MNPCEs to be 2.5 mS/kS in both species, the level of

the response was greater in the rat at comparable doses. There was also a signifl-

cant interaction term involving time (¡2:38.70, p(0.001), which indicated that the

species-dependent response to CP varied signiflcantly with the time of sampling. At

all doses in the mouse, the response was greatest at 30 hrs and returned to baseline

by 72 hrs. In the rat the timing of the maximal response varied in a dose-dependent

manner. At low doses the genotoxic effect was greater at 30 hrs and as the dose was

increased, the maximal response was more delayed. Like the mouse, the MNPCE

frequency at 72hrs had returned to baseline levels. Since a genotoxic effect of CP in

both species was not observed at 72 hrs, experiments with PB or BNF pretreatment

were conducted with 30 and 48 hrs samples only.

Analysis of the effects of PB or BNF on the genotoxic response in the MN assay,

showed that dose, PB pretreatment, time of sampling and species were related in a

complex manner (Appendix C). The interaction involving all 4 variables approached

significance (X2:10.27,0.05<p<0.10), while the 3-way interactions involving them

were highly signiflcant (Appendix C). That is, PB pretreatment significantly altered

the response to CP in a species-specific manner (X2:16.15,, p<0.01). Furthermore,

the effect of PB on the response to CP was also influenced by the time of sampling

(X2:24.02, p<0.001). In figure 3.3, the response to CP in mice was potentiated by

PB, where the threshold dose for CP-induced MNPCEs in mice was lowered from

2.5 to 1.25 mg/kg and 10 to 2.5 mS/kS at 30 and 48 hrs, respectively. The efect of

PB in the rat was restricted to the top doses, where the magnitude of the response

was reduced at 48 hrs and increased at 30 hrs (Figure 3.4). In neither species was

any effect of BNF pretreatment on the genotoxicity of CP detected (X2:2.72 an|
3.6e).
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CP Dose
(mg/kg)

PCE/RBC Ratio
30hrs 48hrs 72hrs

Cont.
L.25

2.5

5.0

10.0
20.0

1.00+0.01
1.06+0.03
1.09+0.04
1.11+0.03
1.07+0.10
1.06+0.07

1.00+0.01
1.05+0.04
1.09+0.07
1.03+0.05
0.90+0.07
0.81+0.10

1.00t0.01
1.00+0.05
1.00+0.05
0.87+0.05
0.86+0.05t
0.54t0.06t

Table 3.1: Effect of CP (0-20 mg/kg) on the PCE/RBC ratio in control mice,
n:5-10. t indicates significant difference from respective controls, p<0.05.

CP Dose
(me/ke)

PCE/RBC Ratio
PB BNF

30hrs 48hrs 30hrs 48hrs

Cont
t.25
2.5
5.0
10.0

20.0

1.03+0.07
1.52+0.18
0.83+0.14
0.72+0.07
0.95+0.12
0.97+0.09

1.03*0.07
0.97+0.16
0.67+0.06
r.27+0.23
1.48+0.24
0.84+0.07

0.93+0.06
L.1.4+0.22

0.82+0.08
0.65t0.08
0.8410.11
0.90+0.19

0.93+0.06
0.73+0.08
0.62+0.11
0.76*0.13
0.72t0.07
0.65+0.07

Table 3.2: Efect of CP (0-20 mg/kg) on the PCE/RBC ratio in PB and BNF
pretreated mice, n=5-10.



CP Dose
('ns/ks)

P B R¿tio
30hrs 48hrs 72hrs '

Cont
t.25
2.5
5.0

10.0

20.0

0.61*0.04
0.39+0.04
0.47+0.05
0.39+0.02t
0.32t0.03t
0.27+0.041

0.61+0.04
0.50+0.12
0.55+0.12
0.24+0.15t
0.19t0.01t
0.11+0.02t

0.61f0.04
0.55+0.03
0.52+0.05
0.35+0.01t
0.26f0.02t
0.19+0.04t

Table 3.3: Effect of CP (0-20 mg/kg) on the PCB/RBC ratio in control rats, n:4-10
t indicates significant difference from respective controls, p<0.05.

CP Dose
(*s/ks)

PCE/RBC Ratio
PB

30hrs

BNF
30hrs 48hrs

Cont
r.25
2.5
5.0
10.0

20.0

0 05

0.61+0.08
0.82+0.11
0.96*0.09
0.58+0.07
0.19+0.02t

0.52+0.11
0.68+0.05
0.76+0.14
0.47+0.07
0.38+0.08
0.30t0.03t

0.66+0.08
0.63*0.07
0.57t0.03
0.6010.15
0.42+0.03
0.33+0.05t

0.52+0.11
0.48+0.05
0.64+0.15
0.52+0.08
0.28t0.07t
0.08+0.01t

Table 3.4: Effect of CP (0-20 mg/kg) on the PCE/RBC ratio in PB and BNF
pretreated rats, n=4-10. t indicates significant difference from respective controls,
p<0.05.



The PCE/RBC ratio, where a decrease indicates cytotoxicity, was signifi.cantly

reduced by CP in both species (F=2.77, p<0.01), the effect of which was influenced

by the species used and the time of sampling (Appendix C). Tukey's test detected

a signiflcant effect (p<0.05) of CP in rats down to 5 mg/kg at all time points

(Table 3.3). In contrast, the response in the mouse was signiflcant (p<0.05) at 10

and 20 mg/ke only after 72hrs (Table 3.1).

PB and BNF pretreatments significantly altered the cytotoxicity of CP (Ap-

pendix C). Their effect was shown to be influenced significantly by the species used

(F:5.30 (BNF), F:4.25 (PB), p<0.01) and the sarnpling time (F:3.09 (BNF),

F:6.97 (PB), p<0.01). Tukey's test did not detect a signif.cant (p<0.05) effect of

PB or BNF on the cytotoxicity of CP in mice (Tables 3.1 and 3.2), although there

appeared to be an inconsistent efect of PB and a consistent reduction in the cyto-

toxicity of CP with BNF. However, the same analysis in the rat, showed that both

enzyme-inducing pretreatments reduced the cytotoxicity of CP (Tables 3.3 and 3.4).

This effect appeared to be more pronounced with PB than BNF.

CP produced a significant dose-related increase in sperm abnormalities (Fig-

ures 3.5 and 3.6). Furthermore, the statistical analyses indicated that the effect

of CP was influenced by the sampling time and the species (X2:65.07, p<0.001),

Appendix C). The interaction betrveen dose and sampling time was illustrated by

the responses in both species being greater at the intermediate sample time (5 wks,

mouse); 8 wks, rat) with smaller responses at the last and first sample times, in

decreasing order. The interaction involving species and dose was evident at the in-

termediate and last sample times, where the responses in the rat were greater than

in the mouse at comparable doses. This was also supported by the Asymptotic tests,

which showed a consistently lower threshold dose for CP in rats compared to mice.

PB and BNF were found to have no significant effect (X2:I.32 ar'd y2=9.4,

respectively) on CP-induced abnormal sperm in both species. However, they did

have a significant additive effect on the level of abnormal sperm, in both species

(X2:4.42, p<0.05 (PB) and x2=7.34, p<0.01 (BNF)). CP was lethal to 13 and 80%

of rats at 20 and a0 mglkgld, respectively (Table 3.7). BNF increased, while PB
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Figure 3.6: Percentage of abnormal spern after treatment rvith cP (0-40 mg/kg/d)

in co'trol, pB a^d BïF pretreatecl rats. 1=4-5, except in the followi'g treatment

groups;

* indicates significant

NS-No survivors.

difference from respective controls, p(0'05

 0 mg/kg/d CP at 8 rvks, n=3;

 0 mg/kg/d CP plus PB at 5, 8 and 11 wks' n=3'

20 mg/kg/d CP plus BNF at 5, 8 and 11 wks' n=3'

Asterlske lndicate dose threehol'd for effacts'
see p. 7l-J4 and þpendix C for dctails of statlsticsl ane)-ysis'
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reduced, the CP-induced mortality. In the mouse, CP-induced mortality was 7, 14

ar'd 7To in control, PB and BNF pretreated animals, respectively (Table 3.7).

The positive control (TtrM) produced a significant (X2:168.9, p<0.001) geno-

toxic response in both species (Figures 3.7 and 3.8). The magnitude of the response

was significantly greater (p<0.001) in the mouse compared to the rat. Furthernore,

the response varied with time of sampling in a species-speciflc manner, that is, the

magnitude of the response in the mouse was greatest at the last time point and de-

creased toward the first time point, while the opposite was observed in the rat. The

Asymptotic tests detected a significant (p<0.05) effect of TEM at all time points in

both species.

In the pilot SCE experiments the maximal response to CP (a0 mg/kg mouse,

5 mg/kg rat) was observed at 4 and 8 hrs after dosing in mice and rats, respec-

tively (Figure 3.9). In the main experiments, where splenocytes were sampled at

the optimum times of 4 (mouse) and 8 (rat) hrs after treatment, CP signiflcantly

increased the SCE frecluency (F:798.34, p<0.001, mouse; F:337.69, p(0.001, rat)

in a dose-related manner in both species (Figures 3.10 and 3.11). The genotoxic-

ity of CP was not significantly modified by PB (F:1.33, mouse; F=0.70, rat) or

BNF (F:0.09, mouse; F:0.85, rat). The response was greater in the rat than the

mouse at comparable doses. This was illustrated by Tukey's test, where the limit of

detection for a genotoxic response was 1.25 and 0.63 mg/kg in the mouse and rat,

respectively. The abiüty of splenocytes to divide in culture (replicative index, RI)

was not compromised by in vivo exposure to CP in the mouse (F:1.58), whereas a

significant (F:15.15, p<0.001) efect on the RI rvas observed in the rat (Tables 3.5

and 3.6). Tukey's test was not able to discern at which dose of CP the cytotoxic

effect was significant (p<0.05). In both species PB (F:0.18, mouse; F=3.56, rat)

and BNF (F=0.09, mouse; F:0.51, rat) did not alter these responses.
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CP Dose
(-s/ks)

cative Index
Control BNF

Cont
0.63
1.25
2.5

5.0

Table J.5: Effect of CP o¡ the replicative index (RI) of cultured splenocytes from

control, PB and BNF pretreated mice, n=5.

CP Dose
(mg/ks)

Replicative Index
Control PB BNF

Cont
0.31
0.62
r.25
2.50

2.46t0.09
2.43+0.05
2.40+0.07
2.34+0.06
2.25+0.08

Table 3.6: Effect of CP on the replicative index (RI) of cultured splenocytes from

control, PB and BNF pretreated rats, n=5.



Assay/Species
No. of deaths/No. treated

CP Dose Control PB BNF

MN Assay
0-20 mg/
0-20 mg/

kg
kg

a0 mslksld, Llß 2lr5 rlL4

20 mg/kg/d
a0 ms/kg/d

2lr5
121t5

rl
6l

15 6115
15 15/15

0-5 mg/kg
0-2.5

Mouse
Rat

SM Assay
Mouse

Rat

SCE Assay
Mouse

Rat

Table 3.7: CP-induced mortality in the 3 in vivo assays. For clarity, only doses at
which mortality rvas observed are represented. With all other doses no mortality
was observed.



3.4 Discussion

The genotoxicity of CP, as evidenced by the MN assay, was consistent with other

investigators, who also found the rat to be more sensitive than the mouse, when

given the same doses (Madle et al. 1986b). Although a greater proportion of CP

is excreted unchanged in the rat compared to the mouse (Torkelson et al. 1974),

the rat was more sensitive, which may be due to the higher peak serum level of CP

attainable and the 3x slower rate of clearance of alkylating metabolites observed in

rats compared to mice (Garattini et al. 1974).

The importance of multiple sampling for the MN assay was demonstrated in

the rat, where at 30 hrs there was a disproportionately low level of CP-induced

genotoxicity at higher doses and a disproportionately large increase at the same doses

at 48 hrs. This apparent delay of the genotoxic response, with increasing doses, could

be the result of two possible mechanisms. Firstiy, a saturation of CP metabolism

at higher doses may have produced the effect. This seems unlikely in view of the

very short half-life and the level of drug excreted unchanged in rats (Torkelson et al.

1974). The alternative mechanism involves tb.e cytotoxic property of CP in rats. The

marked inhibition of haemopoiesis (Table 3.3) can delay progression of the damaged

erythroblast to the PCB stage and hence delay the appearance of the MNPCEs

(Section 1.3.1). These effects of CP in the rat have previously been observed by

other investigators (Madle et al. 1986b; Goetz et al. 1975). A similar delay in the

response to high doses of CP was not observed in the mouse, which is consistent

with the relative lack of cytotoxicity at those doses.

The maximal response to CP appeared earlier in PB pretreated rats compared

to controls. The concomitant reduction in CP-induced cytotoxicity with PB is

consistent with the suggestion that the delayed response at higher doses was due

to inhibition of bone marrow proJiferation. The reduced cytotoxicity with PB may

be due to an increased clearance of alkylating metabolites, which has been reported

previously (Garattini et al. 1974). The possible increased clearance of the alkylating

metabolites of CP, with PB pretreatment, may also have contributed to the reduced
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lethality of CP in rats in the SM assay (Table 3.7). BNF produced a small reduction

in cytotoxicity, but did not affect the timing of the response. Although PB altered

the tirning of the response in rats, the magnitude of the responses over the sampling

period were comparable between the control and PB pretreated rats. Therefore, PB

may not have changed the amount of genotoxic metabolite formed over that period

of time.

The fact that the cytotoxic and genotoúc effects of CP were differentially altered

by PB suggests that they may be due to separate mechanisms. This is supported by

a number of investigators who ptopose that acrolein and PM are responsible for the

cytotoxic and genotoxic effects of CP, respectively (Gurtoo et al. 1981; Crook et al.

1gg6; Hemminki, 1gB5). Notwithstanding, one should not discount the possibility

that the genotoxic lesponse to CP may be influenced in part, by the cytotoxic

response or vice versa. The consistent potentiation, and the consequent reduction

in the threshold dose of cP genotoxicity in mice with PB may be caused by an

increased activation and/or d.ecreased deactivation of CP. Like the rat, the lack of

correlation between the effects of PB on CP-induced genotoxicity and cytotoxicity

in the mouse, further supports the suggestion of different mediators for each event.

A faster rate of metabolism of CP in mice compared to rats (Torkeison et

aI. Ig74) may account for the earlier expression of the maximal increase in SCE

frequency in mice observed in the preliminary SCE experiments' The multiple-

comparison tests indicated that the SCE assay is more sensitive than the MN assay

to Cp-induced genotoxicity. This may be due to tissue differences in the ability to

locally activate and/or deactivate toxic metabolites or the ability of the tissues to

repair DNA d.amage. Alternatively, any difference in assay sensitivity might sim-

ply be a function of differences in the ability of genotoxin-induced DNA damage to

induce the eldpoint being assessed. For example, a specific chemical-DNA adduct

might induce SCEs, but not MNPCEs.

A ¡umber of extrinsic factors ale knorvn to be capable of influencing the incidence

of ablormal sperm (Appendix E). Therefore, in order to determine rvhether the

sensitivity of the animal models to genotoxins changed over time, and therefore
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compromised comparison of the CP and ST experiments, a positive control was

used to standardise the SM assay. Furthermore, since the test compounds (ST and

CP) are thought to be only weak inducers of abnormal sperm production (Wyrobek

and Bruce, 1975; Salomaa et al. 1985), the TEM data provided confldence that

the assay was functioning properly. TEM signifrcantly increased the proportion of

abnormal sperm in both species and this effect was the same in the CP and ST

experiments, which suggests that the animal model was consistent between the trvo

experiments. The effect of enzyme inducers on TEM was not assessed as TEM

does not require metabolic activation. CP is a potent inducer of MNPCEs and

SCEs (Madle et al. 1986b) and has been used as a positive control in the both the

MN and SCE assays. Therefore, it was not considered necessary to use a different

chemical as a positive control with these two in vivo assays.

Compared to the MN and SCE assays, the SM assay was insensitive. CP was

only able to produce an efect at lethal or near lethal doses in both species. In view

of the susceptibility of the production of abnormal sperm to various non-mutagenìc

factors (Section 1.3.1), it is conceivable that the responses may be an indirect result

of systemic toxicity induced by CP, rather than a true genotoxic effect. The MN

assay results show that CP exerts toúcity at lorver dose rates than those used in

the SM assay, where there was significant bone marrow degeneration. Therefore,

it is possible that animals treated with such high doses of CP over 5 days, may

have become suffi.ciently anaemic for this to have affected normal sperm matura-

tion. The proportion of abnormal sperm after CP exposure was greatest at 5 and 8

weeks in mice and rats, respectively, suggesting primary spermatocytes as the more

sensitive stage of spermatogenesis to CP exposure in both species. Similar results,

with respect to mice treated with CP, were also observed by Wyrobek and Bruce,

(1975). The additive effect of PB and BNF on CP-induced sperm abnormalities

inclicates that the enzyme-inducing pretreatments are themselves altering the level

of abnormal sperm production.

The inability of BNF to signiflcantly modify the genotoxic potential of CP in

the three in vivo assays is consistent with observations made by other investigators,

where P-448 isozymes were not found to be involved in the oxidative metabolism
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of CP (De Raat, L977; Hales & Jain, 1980a; Hales & Jain, 1980b). Since BNF was

able to alter the cytotoxicity of CP in rats suggests that it may have affected the

clearance of the cytotoxic metabolites of CP.

The fact that, (A) PB pretreatment was able to alter the genotoxicity and cy-

totoxicity of CP in mice and rats, respectively, in the MN assay, and (B) the same

pretreatment had. no significant effect on CP genotoxicity in the other two systems,

suggests that the bone marrow, in both species, may respond differently to enzyme-

inducing pretreatments, from the other two target tissues. This tissue-specific effect

of PB caused the bone marror¡/ to be a more important site of CP-induced DNA

damage in mice. In order to more thoroughly assess the concept of tissue- and

species-specifi.c induction profiles being responsible for these observations, an as-

sessment of the xenobiotic metabolising capacity of the 3 target tissues and the

liver, with and without PB or BNF pretreatments, was conducted in Chapter 5.
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Chapter 4

The Genotoxicity of Styrene in
Three In Vivo Assays, in the
Presence and Absence of PB
and BNF Pretreatrnent.
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4.t Introduction

Styrene (phenylethylene) is a commercially important chemical, widely used in the

production of polymers, copolymers and reinforced plastics. ST is a suspected hu-

man carcinogen. According to a review by Valic, (1982), there llave been case reports

of neoplasias of the lymphatic and haemopoietic system amongst workers exposed

to ST, while many similar studies found no such effects. Lifetime carcinogenicity

testing of ST in rats and mice are also contradictory (Ponomarkov & Tomatis, 1978;

Valic, 1982). Evidence for the carcinogeuicity of styrene oxide (SO), the oxidative

metabolite of ST, is less equivocal. It has been shown to be a direct acting car-

cinogen in rats and mice, of both sexes, producing squamous cell carcinomas or

papillomas of the forestomach when given orally (Ponomarkov et a1. 1984; Lijinsky,

1e86).

The metabolism of ST is well characterised involving both Phase I and Phase

II enzymes (Figure 4.1). The flrst step is the oxidation of a double bond, to form

an epoxide at either the aliphatic side-chain (styrene-7,8-oxide, SO) or on the ben-

zene ring (styrene-3,4-oxide). The formation of SO is predominantly mediated by

cytochrome P450 dependent qnzymes (Vainio et al. 1984). It is also formed by non-

P450 dependent enzymes including oxyhaemoglobin and xanthine oxidase (Belvedere

& Tursi, 1983; Ortiz de Montellano & Catalano, 1985), although their total contri-

bution to styrene oxidation is very small. SO is the major product of oxidation and

is further metabolised by two pathways. One pathway involving epoxide hydrolase,

converts SO to styrene glycol. Styrene glycol can either form the glucuronide con-

jugate or is metabolised to mandelic acid, phenylglyoxylic acid, benzoic acid and

hippuric acid. The alternate pathway for SO is the formation of glutathione (GSH)

conjugates via glutathione S-transferases. These conjugates are further metabolised

to mercapturates (Steele et al. 1981; Ryan & Bend, 1977). Previous work in our orvn

Iaboratory (Stock, 1983) has shown a ST-related increase in urinary thioether output

in rats after ST dosing (0.43-2.8 mmol/kg) and in occupationally exposed rvorkers.

Exposure to SO has also been shown to significantly reduce hepatic GSH levels in

rats (Chakrabarti & Brodeur, 1981). Stock et al. (1986) proposed an alternative
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mechanism for the formation of sT-GSH conjugates mediated by prostaglandin-

H-synthetase involving the production of glutathionyi radicals, rather than SO' as

intermediates.

Withey and Collins (1977) investigated the pharmacokinetics of ST in rats and

found the elimination rate to be dose dependent. At a dose of 1'337 mg/kg the

kinetics could be described using a 2-compartment model with elimination half-

lives of 4.68 and 26.6 hrs for the rapid and slow phases, respectively. When 9'359

mg/k* of ST was ad.ministered a 1-compartment model was observed with a half-life

of.74.4 hrs. They suggested a saturation of ST metabolism occurring at high dose'

Similar results were obtained with rats exposed to ST by inhalation (Ramsey &

Young, 1978; WitheY, 1978).

Rats pretreated with PB showed a 3-5 fold increase in the clearance of ST within

2 hrs after administration of ST. A similar stimulatory effect was not observed for

the clearance of SO, styrene glycol, mandelic acid or phenylglyoxylic acid (Ohtsuji

& Ikeda, 1971). Garattini et al. (1981), using rat liver microsomes and nuclear

preparations, wele able to show that styrene Inonooxygenase and epoxide hydrolase

activities increased 3-fold with PB iuduction. In the same study BNF pretreatment

had a similar inductive effect on styrene monooxygenase, while epoxide hydrolase

was only induced g0-40%. Parkki et al. (1976) observed that sT (500 mg/kg/d over

J or 6 days) was able to double the activity of hepatic microsomal p-nitroaniline

O-demethylase, epoxide hydrolase and UDP-glucuronyl transferase. In the same

study SO decreased the activity of benzo[a]pyrene hydroxylase and p-nitroaniline

O-demethylase a1d. P-450 conter.t of liver, while styrene glycol had no effect on the

activities of the enzymes assessed. Vainio et ai. (1979) found inhalational expo-

sure to ST (300 ppm, 6 hrs/day, 5 days/wk) enhanced the activities of both drug

hydroxylating (ethoxycoumarin O-deethylase, cytochrome P450) and conjugating

(epoxide hydrolase, UDP-glucuronyl transferase) enzymes in liver and kidneys of

male rats. This indicated that ST was able to induce enzymes involved in its orvn

metabolism. In contrast, unpublished data from our own laboratory (Stock, 1983)

showed a lack of induction of thioether output in rats after chronic ST dosing (1.a4

arrd2.4 mmol/kg/day; 5 days/wk) for up to 3 wks.
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A number of studies have assessed the ability of ST and SO to covalently bind

to DNA. Nordqvist et al. (1985) found ST and SO to be equally effective as DNA-

alkylating agents in vivo. The binding capacity of ST to DNA was saturable at

higher doses, while its binding to haemoglobin was disproportionately higher at

high doses. The covalent binding of SO to DNA is characterised by the alkylation

at the C"-, N'- and O6-positions of deoxyguanosine and the Na-and O2-positions of

deoxycytosine as the main sites of covalent binding (Savela et al. 1986).

The ability of ST to induce genotoxic responses in in vitro and in vivo short-

term tests has been variable. ST is mutagenic in the Ames test in the presence of a

metabolising system (De Meester et a1. 1977; Stoltz ar.d Withey, Lg77). Watabe et

al. (1978) was only able to induce mutations in the Ames test when the microsomaJ.

system used was derived from a PB or 3MC-induced rodent üver. In the same

study they showed that the addition of 3,3,3-trichloropropene oxide, an inhibitor

of epoxide hydrolase, potentiated the mutagenicity of ST, implicating SO as the

putative genotoxic metabolite. In in vitro mammalian cell culture systems, both

ST (when metabolically activated) and SO, are potent inducers of chromosomal

aberrations, micronuclei and SCEs. In contrast, the in vivo genotoxicity of ST is

inconclusive. In the bone marrow MN test it was negative in Chinese hamsters at

doses up to 1 g/kg (Pentilla et al. 1980), while giving a positive response in mice at

250 and 1000 mg/kg (Norppa, 1981).

Similar contradictory results have been reported with induction of SCEs by

ST. Conner et al. (1979) demonstrated an increased number of SCEs in mouse

bone marrow and regenerating liver after exposure by inhalation (87-220 ppm ovel

4 days), whereas, Sharief et al. (1986) could not show a similar effect of styrene

in mouse bone marrow, up to 1000 mg/kg. Increases in the freclucncy of SCEs,

in lymphocytes of humans occupationally exposed to low levels of ST, have been

reported in two separate studies where the mean atmospheric concentrations of ST

were 13 and 24 ppm (Hogstedt et al. 1983; Nordenson & Beckman, 1984). On

the other hand Maki-Paakanen (1987), examining lymphocytes of workers exposed

to comparable levels of ST (23 ppm), was not able to show a positive genotoxic

response in the chromosomal aberration, MN or SCB assays. Investigation of the
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genotoxicity of ST in germ cells is limited and only one study has involved the sperm

morphology assay. Salomaa et aI. (1985), exposing mice by inhalation (150 and 300

ppm; 6 hr/day; 5 days) or intraperitoneally (175, 350 and 700 mg/kg/d; 5 days),

found no increase in the frequency of abnormal sperm at 3 and 5 weeks after dosing.

The aim of this chapter was to establish the dose/response relationships of

styrene in the 3 in vivo assays (micronucleus, sperm morphology and sister-chromatid

exchange assays) and to assess the effects of pretreatment with PB and BNF on its

genotoxic potential. In addition a comparison between the rat and the mouse \¡r'as

conducted.

4.2 Materials & Methods

4.2.L Micronucleus Assay

Mice and rats were given a single i.p. injection of ST (dissolved in peanut oil) at

0, 150, 300, 450, 600 mg/kg and 0, 300, 750, 1500, 3000 mg/kg, respectively. Bone

marrow was sampled at 30, 48 and 72 hrs after dosing, from control animals and

30 and 48 hrs from inducer-pretreated animals. Induction of microsomal enzyme

activity was affected using PB (1 mg/ml) in drinking water for 7 days or BNF (100

mg/kg in peanut oit) aB hrs prior to dosing with ST. Bone marrow snl-ears prepared

following the procedure set out in section 2.1.1.2, were air-dried immediately and

left overnight before staining with Wright's.stain and Giemsa. Slides were assessed

in a blind fashion for MNPCB frecluency and cytotoxicity (PCE/RBC ratio).

4.2.2 Sperrn Morphology Assay

Mice and rats were treated with ST by single daily i.p. injections over 5 days at 0,

50, 100, 200, 400 mg/kg and 0, 250, 500, 1000, 2000 mg/kg, respectively. Positive

control animals were treated with a single i.p. injection of TBM (1 mg/kg) on the first

day of dosing. Mice were sacrificed at 3, 5 and 7 wks from commencement of dosing
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and rats at 5, 8 and 11 wks. Pretreatment with PB and BNF was similar to the MN

test with the treatments extending for the length of the styrene dosing period. BNF

pretreatment required a singie i.p. dose of 100 mg/kg 48 hrs before treatment with

ST followed by two further doses at 48 hour intervals. PB (1 mg/ml in drinking

water) was commenced 7 days prior to dosing and maintained for the duration of

the 5-day dosing period. Sperm smears prepared according to the procedure in

section 2.7.2.2, were analysed in a blind fashiol for the incidence of abnormaÌ sperm

heads.

4.2.3 Splenocyte SCE AssaY

In the pilot studies mice and rats were given a single i.p. dose of ST at 450 and

1500 mg/kg, respectively. The timing of the maximal response was determined for

each species and used as the sampling time for the main study. In the main study

mice dosed at 0, 75, 150,300, a50 mg/kg and rats dosed at 0, 375,750, 1500,3000

mg/kg, were sacrificed at the appropriate time post-dosing, determined by the pilot

study. The enzyme-inducing treatments were the same as those for the MN test

(Section 4.2.1).In the pilot and main studies, the removal of the spleens, culturing

and harvesting cf cells and the preparation and assessment of slides was performed

according to the method described in sections 2.7.3.2 and 2.1.3.3.

4.3 Results

Styrene produced a weak but significant, dose-related increase (X2:11.89, p<0'05)

in the incidence of MNPCEs in treated mice (Figure 4.2). At low doses the re-

sponses were similar in magnitude at 30 and 48 hrs, wliile at the top doses, which

produced lethality in treated mice (Table 4.7), the responses were greater at 48 than

30 hrs post-dosing. The statistical analysis also indicated a significant additive ef-

fect (X2:32.29, p<0.001) due to time of sampling a1one. That is, the dose/response

curves for ST change in a parallel fashion from one time point to another. The

Asymptotic test indicated a signif.cant effect (p<0.05) at the top dose, at 48 hrs

53



only. In contrast, ST was not genotoxic in the rat (X2:7.92) up to lethal doses

(Figure 4.2, Table 4.7).

Analysis of the effects of PB or BNF on ST-induced MNPCEs in mice (Fig-

ure 4.3), found no significant interaction (¡2:1.66, PB; X2:8.84, BNF). A similar

analysis in the rat (Figure 4.4) showed a significant effect of ST (X2:11.08, p<0.05)

on the MNPCE frequency. Like the mouse the response to ST was not significantly

altered by PB (X2:5.90) or BNF (X2:7.94). PB had a significant (X2:7.5+, p<0.01)

additive efect on the dose/response curve to ST, that is, PB itself significantly al-

tered the MNPCE frecluency.

In control mice, the vehicle alone (peanut oil) was not genotoxic, but did produce

a fall in the PCE/RBC ratio at 30 hrs, which recovered by 48 hrs. Appendix D de-

scribes an experiment which confirmed this effect to be reproducible and signif.cant

(p<0.05). A similar effect was not observed in the rat. ST did not have a signif.-

cant effect on haemopoiesis (F:1.86) in mice (Table 4.1), although the PCE/RBC

dose/response curves did differ signiflcantly (F:20.97, p<0.05) with time of sam-

püng in a parallel manner. ST was significantly cytotoxic (F:2.18, p<0.05) to rat

bone marrow, which was signiflcantly influenced by the time of sampling (Table 4.3).

The influence of sampling time on the appear-ance of the cytotoxic tesponse to ST

in rats, was also indicated by Tukey's test. The multiple-comparison test indicated

a significant response dorvn to 750 mg/kg at 72 hrs. No cytotoxicity was detected at

48 hrs, with only the top dose showing siginificant cytotoxicity at 30 hrs (p<0.05).

In the rat, there was a significant interaction (F:5.6, p<0.001) between BNF

and the cytotoxicity of ST, while PB (F:1.44) had no effect (Tables 4.3 and reft-

4.4). Tukey's test indicated that the top dose at 30 and 48 hrs was significantly

cytotoúc (p<0.05) in the presence of BNF, compared to at 30 hrs only in control

rats. PB significantly altered the PCE/RBC ratio (F:10.18, p<0.001) in treated

mice (Tables 4.1 and 4.2), with no significant effect on ST-induced cytotoxicity

(F:0.70). The analysis also indicated a significant interaction (F:8.28, p<0.001)

between dose and time, which was not observed by the analysis of the data in

table 4.1. BNF had no significant effect (F:1.75) in the same system.
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Figure 4.2: Effect of ST on the frequency of MNPCEs in the mouse (0-600 mS/kS)

and rat (0-3000 mg/kg). n=5-10 (rnouse) and n:4-8 (rat). * indicates a signiflcant

difference florn the corlcs¡>onding conttol grouP' p<0'05.

MOUSE

,fi

UJ
O
CL

ooo
LU

o
À

=

5.0

4.0

3.0

2.0

1.0

0.0

5.0

4.0

3.0

2.O

1.0

0.0
00 7s0

ST Dose (mg/kg)

f 500 3000

Tirne of

Sarnp[ng (hrs)

030
ø48
ø72



\ræ

CONTROL

I 50 300 450
ST Dose (mg/kg)

0 1 50 300 450 600
Sl Doso (mg/kg)

BNF

30hrs

¡l8hrs

0 1 s0 300 450 600
ST Dosc (mg/kg)

PB

30h rs 30h¡s

48hrs

TIJ

O(\

ooo
r!
O
À

t¡J
o
À

ooo
UJ
o(!
z
=

50

40

30

2.O

1.0

00

**
48hrs

5.0

40

3.0

2.O

1.0

0.0
0 600

Figure 4.3: Effect of PB and BNF pletleatment on ST-induced MNPCEs in the

mouse. n=5-10. + indicatcs a signifi.cant difference frorn the corresponding coutrol

group, P<0.05.

Asterisks indicate dose threshold for effects.
see p. 3J-74 and þpendix C for details of statistical analysis.

..i.: ::":,r ::

.:.:.lj
:.!:.



1 -*¡1 -.ft. +;æ-

t!
o
À

ooo
uJ
O
o-
z

t¡J
o
À

ooo
u/
o
o.z
¿

4

1

¿

U

4

30hrs

48 hrs

CONTROL

300 750 1 500 3000
ST Doso (mg/kg)

30hrs

48h¡s

PB

300 750 1 500 3000
ST Dose (mg/kg)

30hrs

48hrs

BNF

300 750 1 s00
ST Dosc (mg/kg)

3

2

0
0 0 3000

Figure 4.4: Ðffect of PB and BNF pletleatnìent on ST-induced MNPCEs in the rat

n=4-8.



ST Dose
(^s/ks) 30hrs

PCE RBC Ratio
48 72hrs

Cont
150

300
450
600

0.58+0.04
0.67+0.07
0.66+0.04
0.69+0.04
0.73*0.11

0.96+0.06
0.78+0.07
0.89+0.06
0.63+0.09
0.69+0.08

1.07+0.07
0.89+0.05
1.0.1+0.04
0.93+0.04
0.86+0.r2

Table 4.1: Effect of ST (0-600 ms/kg) on the PCE/RBC ratio in control mice.
n=4-10.

ST Dose
(ms/ke)

PCE/RBC Ratio
PB BNF

30hrs 48hrs 30hrs 48hrs

Cont
150

300

450
600

0.58t0,03
0.80+0.05
0.90+0.05
0.86+0.10
1.01+0.10t

1.09+0.15
1.06*0.06
0.83+0.11
0.65+0.07t
0.7 .05

0.67+0.07
0.79+0.11
0.56+0.05
0.56*0s7
0.77+0.11

0.90+0.15
0.95+0.09
0.69*0.12
0.58+0.08
0.72+0.16

Table 4.2: Eflect of ST (0-600 ms/ks) on the PCE/RBC ratio in pB and BNF
pretreated mice. n:5-10. t indicates a significant difference frÞm the corresponding
control group, p<0.05.
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ST Dose
('ns/ke)

PCE C Ratio
72 S30

Cont
'300

750

1500

3000

0.70+0.05
0.72+0.03
0.6i+0.08
0.48t0.03
0.4210.09t

0.70t0.05
0.53+0.08
0.75+0.07
0.63+0.09
0.51+0.13

0.70+0.04
0.74+0.05
0.3710.05t
0.42+0.09t
0.22+0.03t

Table 4.3: Effect of ST (0-3000 mg/kg) on the PCE/RBC ratio in control rats.
n=4-8. t indicates a significant difference from the corresponding control group,
p<0.05.
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Table 4.4: Effect of ST
pretreated rats. n;4-8.
control group, p<0.05.

(
t
0-3000 mg/kg) on the PCE/RBC ratio in PB and BNF
indicates a signifrcant difference from the corresponding

ST Dose
(*s/ke)

PCB RBC Ratio
PB BNF

30hrs 48hrs 30hrs 48hrs

Cont.
300

750

1500

3000

0.60+0.06
0.68t0.06
0.96+0.16
0.62+0.10
0.52+0.03

0.60+0.06
0.68+0.07
0.65+0.16
0.62+0.14
0.53*0.14

0.72+0.03
0.96+0.15
0.59+0.05
0.67+0.10
0.21Ì0.03t

0.73+0.03
1.01+0.08
0.56*0.12
0.53*0.04
0.16+0.027



Tukey's test was able to detect a significant decrease (p<0.05) in the PCE/RBC

ratio in PB pretreated mice only. This was observed at 600 mg/kg at 30 hrs and

at 450 mg/kg at 48 hrs. The data in tables 4.1 and 4.2 indicated a trend where

the pCE/RBC ratio increased with increasing ST dose at 30 hrs, whereas it had a

tend.ency to decrease with increasing ST dose at 48 hrs'

ST produced a significant increase (x2:116'70' p<0'001) in the production of

abnormal sperm in mice (Figure 4.5). There was no significant difference (x2=3.94)

in the responses between the sampling times. Analysis of the effects of PB and BNF

(Appendix c), showed they did not significantly alter sT genotoxicity (72:11.27,

pB; y2:14.24, BNF). They were able to alter abnormal sperm production them-

selves, which was signiflcantly dependent on the time of sampling (y2-22 '2+,p<0'001,

pB; 12=13.48, p<0.01, BNF). ST was not lethal in control mice, but in the presence

of pB an¿ BNF pretreatment, the highest dose rvas lethal to 10 and 9% of treated

mice, respectivelY (Table 4-7).

ST prod.ucecl a genotoxic respor,se in the rat SM assay (X2-732'27), which was

weaker than in the mouse (Figure 4.6). There was no statistically significant influ-

ence of PB (y2=7.75) on the response to sT in the rat. Furthermore, it had no

signifrcant effect (y2-1.67) of its own in the rat SM assay. Although BNF appeared

to increase the genotoxic response to ST at the top doses, due to the limited number

of survivors at the top dose (Table 4.7), their contribution to the overall analysis

was small. Hence, the apparent interaction between BNF and dose was not found

to be signif.cant (¡2:6.78). On the other hand, BNF was found to significantly in-

cïease (x2:2I.02, p<0.001) the level of abnormal sperm. The Analysis of Deviance

table (Appendix c) also indicated a signiflcant effect (¡2-40.07, p<0'001) due to

sampling time alone, that is, the dose response curves varied in a parallel manner'

ST was lethal to 14 of 15 treated rats at 2000 mg/kg/d in both control and

pB pretreated animals (Table 4.7). BNF pretreatment reduced the mortality rate

to 6 of 15. Four deaths had occurred within minutes of a ST injection. The four

animals were immediately examined, where there was evidence of abdominal bleed-

ing. Their deaths were therefore, attributed to injection artifact. Treatment with
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Figure 4.5: Percentage of abnormal sperm aftel tleatment with ST (0-400 mg/kg/d)
inìontrol, PB and BNF pretreated mice. n=4-8. * indicates a significant difference
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Figure 4.6: Percentage of abnornral sperm after trcatment with ST (0-2000

mg/kg/d) in control, PB and BNF pretreated rats. n=4-5, except for the following

groupsi

2000 mg/kg/d ST alone at I rvks, n = l,

2000 mg/kg/d ST Plus PB at 8 wks, n = 1,

2000 mg/kg/d ST plus BNF at 5, 8 and 11 wks, n=2.

,¡ indicates a signilìcant diference from respective control groups, p<0.05.

NS-No survivors.

Asterlsks indicate doee threshold for effects.
see p. )1-11+ and Appendix C for details of atatistical analysls
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Figure 4.7: Effect of TEM (1 mg/kg) on the frequency of abnormal sperm in mice
at 3, 5 and 7 wks (n=5). * indicates a significant difference from the corresponding
control group, p<0.05.
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Figure 4.8: Effect of TEM (1 mg/kg) on the frequency of abnormal sperm in rats at

5,-g and 11 rvks (n=5). + indicates a signiflcant difference from the corresponding

control group, p<0.05.
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ST Dose
('ns/kg)

Re ative Index
trol PB BNF

Cont
75

150

300

450

2.00+0.03
2.00+0.01
1.98+0.02
1.99+0.04
2.06+0.03

1.99+0.02
1.97+0.06
2.00+0.04
2.00t0.03
2.05+0.02

2.01+0.02
2.04+0.03
2.02+0.01
1.99+0.02
1.91+0.02

Table 4.5: Effect of ST on the replicative index (RI) of cultured splenocytes from
control, PB and BNF pretreated mice, n=4-5.

ST Dose
(*e/ke)

ative Index
Control PB BNF

Cont.
375

750
1500

3000

2.37L0.07
2.37+0.08
2.30+0.11
2.32+0.03

2.54

2.36+0.09
2.33+0.06
2.28+0.11
2.34+0.11

2.24

2.31*0.09
2.33+0.05
2.25+0.06
2.20+.0.r2

2.75

Table 4.6: Effect of ST on the replicative index (RI) of cultured splenocytes from
control, PB and BNF pretreated rats. n=5, except at 3000 mg/kg in control, PB

and BNF pretreated rats rvhere n=1.



Assay/Species
o o.

ST Dose Control PB BNF

MN Assay
450 mg/kg
600 mg/kg

1500 mg/kg
3000 mg/kg

200 ms/kg/d
a00 mg/ks/d

1000 mg/kg/d
2000 ms/kg/d

a50 mg/kg

3000 mg/kg

2123
1412e

rl2r
Lrl24 1 rl23

2122
L4/33

tlrs
LL/24 el23

rl14
2120 2122

rlLs
'' 4/r5 I741 15 /rs$

u5

415415 415

Mouse

Rat

SM Assay
Mouse

Rat

SCE Assay
Mouse

Rat

Table 4.7: ST-induced mortality in the 3 in vivo assays. For clarity only doses at
which mortality was observed are represented. With aJl other doses no mortality
was observed. $ indicates that 4 of the I deaths were due to injection artifact.



the positive control (TEM) produced a signiflcant (X2:L52.8, p<0.001) increase in

abnormal sperm production in both species, which was remarkably consistent with

the response to TEM observed in the previous chapter (Figures 3.7 and 3.8).

ST produced a small increase in SCE frequency in the preliminary experiments,

which was maximal at 24 hrs (Figure 4.9). A more impressive response was observed

in the rat reaching a maximum at 48 hrs (Figure a.9). In the main experiments,

ST induced a small but significant increase in the SCE frequency in the mouse

(F:22.25, p<0.001), which was not significantly altered by PB (F:0.55) or BNF

(F:0.73) pretreatment (Figure 4.10). Tukey's test indicated that only the top dose

of ST was genotoxic to the mouse splenocytes. ST significantly (F:123.28, p<0.001)

increased the SCB frequency in rat splenocytes (Figure 4.11), which was also not

influenced by either enzyme-inducing pretreatments (F:1.95, PB; F:1.69, BNF).

PB itself was able to significantly alter the level of SCEs in the cultured splenocytes

in the rat (F:4.68, p<0.05). At the top dose of ST in rats, 4 out of 5 died in all

pretreatment groups (Table 4.7).

ST was not cytotoxic to the splenocytes in the rat (F:0.45, Figure 4.5). PB

(F:0.35) and BNF (F:0.45) had no signiflcant effect on the cytotoxicity of ST in

rat splenocytes. While PB did not alter the cytotoxicity of ST to mouse splenocytes

(F:0.55), BNF was able to significantly inf.uence the cytotoxic response to ST

(F:4.69, p<0.01). Tukey's test was not able to establish which dose of ST was

cytotoxic to the cultured splenocytes in mice.

4.4 Discussion

ST was weakly genotoxic in the MN assay in the mouse at dose levels approaching

lethality. The weak response of ST in mice is consistent with the observations of

Norppa (1981), who also found a weak positive response in mice at 250 and 1000

mg/kg. The apparently delayed appearance of the maximal response to ST to 48

hrs at the top doses, does not seem to be associated with any effect of ST on
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haemopoiesis. The inhibition of bone marrow proliferation by the vehicle in the

mouse, may be a more important factor influencing the timing of the maximal effect

of ST in the mouse MN assay. Saturation of ST metabolism has been documented

in rats exposed to much lower doses of ST (\Mithey and Collins,t977; Ramsey and

Young, 1978; Withey, 1978). This does not appear to be a factor in the delayed

response, as PB and BNP, both known to induce ST and SO clearance (Garattini

et al. 1981), did not alter the timing of the respoLse to ST in mice.

The fact that ST was not found to be genotoxic in one analysis (Figure 4.2,

X2:7.92), and then found to be genotoxic when the effects of PB and BNF were

assessed statistically (Figure 4.4, x2-l1- 0B, p<0.05), may be due to the very weak

effect of ST in rats. That is, the response to ST was so small, an effect was only

statistically veriflable when a larger number of treatment groups were analysed.

This may have been the cause for the similar response observed with ST-induced

cytotoxicity in the mouse MN assay.

The observed inhibition of haemopoiesis in mice at 30 hrs, was most likely due

to the vehicle, as the PCE/RBC ratio decreased with increasing dose of ST (or de-

creasing dose of peanut oii). The dose-related decrease in the PCE/RBC ratio at

48 hrs may be due to a cytotoxic effect of ST. These observations were consistent

regardless of the presence or absence of PB or BNF and were found to be signiflcant

only when the effects of PB and BNF were assessed (Appendix C). Appendix D

describes an experiment, in which the genotoxicity and cytotoxicity of peanut, sun-

flower seed and olive oils were compared in the MN assay. While all 3 oils were not

genotoxic, they each significantly reduced the PCE/RBC ratio. Peanut oil produced

the weakest effect and its use as a vehicle for ST dosing was therefore maintained.

Exposure to ST in mice in the SM assay induced an increased production of

abnormal sperm. The positive response to ST observed, is in contrast to work by

Salomaa et aI. (1985), who dosed mice with ST up to 700 mg/kg and found no

signif.cant increase in abnormal sperm production when sampling at 3 and 5 wks

after dosing. The apparently larger response at 7 wks was not statistically verifiable,

possibly due to the small sample sizes and the large variance within the treatment
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groltps. The weaker efiect of ST in the rat compared to the mouse' is consistent with

its weaker response in the MN assay. The abiì-ity of PB and BNF to alter the level

of abnormal spetm in mice is consistent with the results of the previous chapter for

the mouse SM assay. A similar effect was also observed in rats, but for BNF only'

In the scE assay, both species were found to be susceptible to the genotoxrc

effects of sT. A weak, but signif.cant response in the mouse was only detectable at

450 mg/kg. Higher d.oses were not administered, as the MN experiments revealed a 8

and 50% mortality rate at 450 and 600 mg/kg ST, respectively, in mice (Table 4'7)'

This result is not in agreement with sharief et aI. (1986), who failed to detect a

significant increase in SCEs in the bone marrow of mice treated with a single i'p'

dose of sT up to 1 g/kg. on the other hand, conner et aI. (1979) using inhalation

as the route of exposure (565+15.8 PPm, 6 hr/day, 4 days), observed a signifrcant

increase in the frequency of SCEs in bone marrow cells. Although the threshold

dose for the increase in SCE frequency in the rat was higher than the mouse, the

responses in the rat were more pronounced'

The relative insensitivity of the rat compared to mice in the MN and sM assays,

could be due to a greater ability of the rat to detoxify the genotoxic metabolite

formed. This result is supported, by the 3-fold higher ratro between epoxide hydrolase

and. mono-oxygenase activity in the rat liver compared to the mouse (Cantoni et

al. 1g78). The decrease in the PCE/RBC ratio observed in rats after ST exposure,

suggests that a lack of accessibility of ST to bone ma row did not contribute to the

insensitivity of that species in the MN assay.

ST itself can act as a CNS depressant (Valic, 1982), and this may have con-

tributed to the mortality at higher doses. If exposure to BNF was able to increase

the clearance of ST and its metabolites, you migb.t expect effects on survìval. This

was observed. i1 ST-treated. rats in the SM assay. The lack of protection by BNF in

the MN and SCE assays is difficult to interpret due to the different dosing regimens

employed. The fact that BNF protected against the acute toxicity of ST in the SM

assay, while having no effect on its genotoxicity, suggests that each effect may have

been mediated by different mechanisms'
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The fact that ST in rats was strongly genotoxic in the SCE assay but relatively

weak in the SM and MN assays, indicates that no one assay is capable of assessing

the full genotoxic potential of all chemicals. Therefore caution must be taken when

interpreting genotoxicity d.ata from results of a single assay. Activation and/or

deactivation loca1 to the target tissue can be an important factor in determining

a tissue's susceptibility to metabolically activated genotoxic compounds (Kinoshita

& Gelboin, Lg72). Apart from the pharmacokinetic factors which can determine

the sensitivity of the 3 in vivo assays, different DNA lesions could give rise to a

restricted number of endpoints. For instance, agents which are known to produce

DNA-damage (X-rays, bleomycin) can be very poor inducers of SCEs (\Molff, 1982).
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Chapter 5

The Activity of Various
Metabolic E,nzyrnes in the
Liver, Test€s: Spleen and Bone
Marro\^¡ of Rats and Mice, it
the Presence and Absence of
PB and BNF Pretreatrnent.
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S. L Intro duction

Many genotoxic cornpounds requile meta,bolic activation to exert their DNA-damag-

ing effects. Where this activation is tissue specilic, differential susceptibility to the

DNA damaging properties of a chemical from one tissue to another, m.ay exist.

Enzyme induction can mo<lify rneta,bolic activity in a tissue- and species-specific

malnel' (Burke & Orrenius, 1979; Ciaccio ,S¿ De \¡era, 1976; Guengerich & Mason,

1g7g), which may produce a shift in the primary site of action of a genotoxin.

The PB- ald 3r\IC-in<lucible isozymes of cytochromes P450 are involved in the

biotransfor¡ration of a, lalge uurubcr of xenobiotics, hence PB and 3lvIC (or BNF)

a¡e oftel usecl as inclucers of metabolic enz¡rmes. PB induces cytochrome P450

activity by stimulating the rate of transcription of the genes coding for the PB-

ilclucible isozymes. This causes arr increa,sed accumulation of the specific P450

haemoproteius (Omiecinslii et aI. 1985). The nrechanism by rvhich PB increases the

rate of gene tr.a,nscription is unknorvn. hl cortra,st, tlte steps involved with 3lVIC-like

ilductiol is well charactelised. The inclucer binds to an intracellular protein, the

i¡cllcer/receptor complex then interacts rvith a nuclcar regulatoly element to stim-

ulate transcr.iption of the specific P450 isozymcs (Whitlock, 1986) 'This meclianism

is thought to be clistinct frorn that of PB, as it aflects the activity of a restricted

gloup of enz¡rmes, often telmed cytochrorne P'148'

Phase I e¡zyrnes such as etlioxycourua,rin O-deetltylase, antipyrine hydroxylase,

ethylmorpliine N-dernethyla,se ancl bcnzo[a]pyrene hydroxylase have been used to

assess the incluction of P.150 isozyrnes by PB or BNF (Greenlee & Polarid, 1978;

Baklie et al. 1974; Guengerich, 1988). The ability of PB and BNF to modify the

activity of Phase II enzymes such as glutathione S-transferasc (CìST) and epoxide

hydroiase (ElI), usually associated rvith cleactivation of toxic compounds, is variable.

PB is a potent inducel of both enz)'mes. \\¡hile BNF and BNF-Iike cornpounds are

comparable inducers of GST, they have been shorvn to have little cffect on EII

(Seidegard & De Pielre, 1983; I(a.plorvitz et al. 1975; Glatt & Oesch, 1987; Salmona

et al. 1976; Ilammock & Ota, 1983).
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The activity of certa,in mctabolic path.ways, lilie GST, are lirnited by the avail-

ability of cofactors (GSII) r'ather than enzyme kinetics. Although GSII can be found

in large clua,ntities in many tissues (GrilÊth & Nleister, 1979), its availabiì-ity for con-

jugatioÌ is readily reclucecl clue to the lorv cellular levels of cystei[e recluired for its

synthesis. consequently, ma,ny toxic rnetaboì.ites, wliich undergo GSH conjugation

and, are able to depletc cellular GSII, rnay not produce toxicity [ntil the GSI] levels

are recluced to a poi[t rvhere the mctabolite cau no longer be detoxified'

In orcler to cstimate the activity of toxicologically important metabolic path-

ways involvecL in CP ancl ST biotransformatioÌ, the development of a large number

of assays lvoulcl ltave been recluirecl. Fultherrnore, to colduct all the necessary in-

cubations a vety large nurnber of aLirnals lvoulcl have been needed' Therefore, the

activities of various phase I aild Phase II etzyrnes wel'e used as a non-specific mea-

sure of the metabolic capacity of the target tissues relativc to th'e liver' As these

estirnates rfr,ele arì. indirect assessment of the activity of enzyrnes recluired for the

activatio' a.d. cleactivation of ST and CP, they rvere only ttsed as a guide to de-

termine the ilclucibility of the rnetabolisrn of the gelotoxins in the liver and target

tissues. Ethoxycournaril O-deethl'lase (7-ECOD) aÌd PPO-OIIase activities were

used. as probes for P450 activity iil the targct tissues. trII and GST activities, using

styrene oxide a¡¿ 1-chloro-2,4-clinitrobcnzene (CDNB) as sul>strates, respectively,

and. tissue GSII cortent rveLe also estimated. GST an<l BII are irnportant enzymes

for detoxifyirg styrene, rvhile GST is iÌr'olvecl iri cP metabolisrn.

The aim of the experiments reportccl in tlLis chapter was to deterrnine the

metabolic capacity of the target tissues in rats and mice, relative to tl-re liver and

to assess the eflects of pretreatment rvith PB and BNF on xenobiotic metabolism in

the tissues.
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5.2 Materials & Methods

Animals were given PB (1 mg/ml) in their clrinking rvater and 3 animals per species

were sacrif.ced after 7 aud 12 days. Control a,nimals for PB pretreatment were

untreated. In the ca,se of BNrt, anirnals were given 3 i.p. injections at 100 mg/kg

at 48 hour intervals. 3 ra,ts and rnice rvere sacrificed at 48,72 and 120 hrs from the

first dose. Contlol animals, fol BNF pretreatmettt, tvete given 3 i.p. doses of peanut

oìl at 48 hour intervals ancl tissues were salnpled 24 hrs after the last dose. The

Iiver, testes, spleeu ancl fenoral bone rnarl'ow were Ìemoved at the time of sacrifìce.

The tissues wcre then prepa,recl ancl the erì.zym.e activities and GSI{ content were

estirna,ted by the methocl described in scction 2.2. Tlte data. rvas analysed by a 1-Way

ANOVA, follorved by'Iuliey's l,Iultiple-Comparison test as described in section 2.3.

5.3 Results

Activity of 7-ECOD and PPO-OIIa,se rvas detectable in the liver (Tables 5.1 and 5.2),

but not detectable in the testes, spleen or bone maLrow rvith the techniclues em-

ployed. GST a.nd EII rvere rnea,sulable in all tissues assessetl, rvith the highest

activity in liver, follorvccl by testes, nÌan'ow and spleen in descending order (Ta-

bles 5.3 and 5.4). The mouse had a higher basal hepatic activity than the rat for

all four enzymes. The testicular activity of BII rvas also higher in mice than rats,

while the GST activity rvas the same in both species. The splenic activity of EH

and GST was higher in the nrouse, rvhile there was llo difference betrveen the species

in femoral bone marlotv activity.

PB pretreatment signìficantly inclucetl hepatic PPO-OI{ase activity (p<0.05) in

both rats and mice (Table 5.1). The rnaguitude of the induction was greater in

tl'Le lat. Although BNF also induced the enzyrne in the rat, its effect in the mouse

was rvea,k ancl significant at only oue tine point. PB significantly (p<0.05) induced

7-ECOD comparably ir-r both species (Tzrble 5.2). BNF induced the enzyme in the

rat olly, to a similar extent a,s thc PB pretreatment. The incluced levels of activity
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It'f ouse
Itat

Species

0.48t0.08
0.21+0.04

0.50+0,06
0.24+,0.02

0.80+0.0
0,49t0.13+

tiepatic P P o o t{ase Activtty nmol pro duct rotein

trol Peanut Oil PBr PBz NFr t IINFs

0.65+0.03I
0.38+0.08t

0.65*0.15
0.96+0.031

0.80+0.147
0.84t0.18t

0.66+0.18
0.95+0.03t

Table 5.1: Activity of PPO-OiIase in liver of mice and rats with and without

pretreatment with PB and BNF, n:3. t or t inclicates a significant difference from

the respective contlol gloup' p<0'05'

Contlol: Untreated.

Peanut oil: 3 i.p. <Ioses (4 ml/kg), sacrilice 24 hrs after the last dose

PB1: PB (1 rng/ml) in drinking rvatel for 7 days'

PB2: PB (1 mg/ml) in drinking water for 12 days'

BNF1: Single i.p. close (100 mg/kg), sacrilìce after 48 hrs'

BNF2: 2 i.p. closes every 48 hrs, sacrifice 24 hrs after the last dose.

BNF3: 3 i.p. closes every 48 lus, sacrilìce 24 hrs aftel the last dose'



Species

Mouse
lìat

I Control Peanut il
0.36+0.05
0.18+0.09

0.39+0.02
0.24+0.05

2.67t0.56I
1.16+0.37t

NFz NFsP I 1

2.82+1.56+
0.89t0.221

D Activi nmol productatic 7-

0.54+0.13
0.92+0.03t

0.60+0.10
0.83+0.15t

protein)min/

0.45t0.11
0.89+0.01t

Table 5.2: Activity 7-ethoxycoumarin O-ileethylase in liver of mice and rats with

and without PR and BNF pretreatment, tt=3. t or I indicates a significant difference

from the lespective contlol grouP' p<0'05'

Control: Untreated.

peanutoil:3i.p.doscs(aml/kg),sacrilìce24hrsafterthela.stdose'

PB1: PB (1 mg/ml) in drinking rvater.for 7 days'

PB2: PB (1 mg/ml) in drinking 'tvater for 12 days'

BNFl: Single i'p. dose (100 mg/kg), sacriflce after 48 hrs'

BNF2: 2 i.p. doses every 48 hrs, sacrifice 24 hrs after the last dose.

BNF3: 3 i.p. doses every 48 lus, sacrifice 24 l'rrs after the last dose.



Liver
Testes

Spleen

Marrorv

lì.at

Liver
Testes

Spleen

Marrorv

lvlouse

GST Activity (nmol product/rnin/rng protein)

796t94
420+2r
38+1
52t32

1069+206
390+46
67t6

ró2t32

Clontrol

844+55
427+23
37+5
40L2

1059+129
383+54

64+.7

62+9

I'canut Oil

1800+1591
401+.34

33+5
45+15

3353*1519f
503I27
62LTL
61t6

I'IJ r

1625rn2|
470+39
36f 7
36*5

3761+1455+
491+15
61+29
89t4

Pßz

973f 89

3r4I20
33+5
32+4

1759*256t
289+26
48+4
58+6

BNI¡r

963+50
551+34t

43+5
38+2

1745+2nI
588+119Ì

96+2t
130+131

BN[2

978+158
449+45
37+3
38+2

1841+176t
528+26t

69t4
119È18t

IIN[¡

Table 5.3: Activity of glutathione S-transferase in liver, testes, spleen and bone
marrow of mice and rats, rvith and without PB and BNF pretreatment, n=3. t orl indicates a significant difference from th,e respective control group, p<0.05.

Control: Untreated.

Peanut Oil: 3 i.p. doses (a ml/kg), sacrilìce 24 hrs after tlie last dose.

PB1: PB (1 mg/ml) in drinking rvater for 7 days.

PB2: PB (1 mg/ml) in drinking watel for 12 days.

BNFl: Single i.p. dose (100 mg/kg), sacriflce after 48 hrs.

BNF2: 2 i.p. doses every 48 hrs, sacrifice 24 hrs after the last dose.

BNF3: 3 i.p. doses every 48 hls, sacrifice 24 hrs after the last dose.



EII Activity nmol product tein)

Table 5.4: Activity of epoxide hydrolase in liver, testes, spleen and bone marrow of

mice and rats with and without PB and BNF pretreatment, n=3. t or I indicates a

significant difference from the respective control group' p<0'05'

Control: Untreated.

Peanut oil: 3 i.p. doses (a ml/kg), sacrifice 24 hrs after tlre last dose.

PB1: PB (1 mg/ml) in drinking water for 7 days'

PB2: PB (1 mg/ml) in drinking water for 12 days'

BNFl: Single i.p. dose (100 mg/kg), sacrifi'ce after 48 hrs'

BNF2: 2 i.p. doses every 48 hrs, sacriflce 24 hrs afte¡ the last dose.

BNF3: 3 i.p. doses every 48 hrs, sacrilîce 24 lrre after tlre last dose.

Rat
Liver
Testes

Spleen

Marrorv

I Control

1.06t0.26
0,50t0.02
0.19+0.02
0.44*0.05

Peanut Oil

Testes
Spleen

Marrow

2.18t0.30
0.06t0.06
0.25f 0.03

0.45f 0.05

2.33X0.22
0.60+0.04
0.27X0.02
0.44+0.05

3.19t0.21r
0.68t0.08
0.26+0.05
0,55+0.051

ver
Mouse

1.73f 0.29

0.53+0.02
0.19t0.01
0.47*0.03

PBr PBz

8.00i0.591
0.57+0.031
0.23t0.03
0.50+0.05

2.87t0.53f
0.65+0.02
0.25+0.03
0.55+0.011

8.61t1.391
0,57t0.04r
0,22*0.02
0.52+0.05

3.32+0.52t
1.07+0.04t
0.28+0.02
0.53t0.00

2.87+0,44Ì
0.70t0.04t
0.25+0.03t
0.42t0.04

BNF2 BNF3F1

3.27+0.66t
1.18+0.251
0.27+0.01
0.56+0,14

2.93+0.63t
0.09+0.09t
0.22+0.02
0.61i0.17

2.91*0.18t
1.13+0.19t
0.30+0.03
0.7010.04t

3.LL+o.221
0.04+0.06t
0.24t0.03
0,57+0.08



Species

GSH Concentration tissue
Liver Testes Spleen Marrow

Mouse
Rat

3.63+0.70
3.51t0.10

2.94+0.08
2.10+0.11

1.27+0.09
0.87+0.10

1.94+0.12
1.54+0.07

Table 5.5: Glutathione content in liver, testes, spleen and bone marrow of rats and
mice, n=3.



for both enzymes rvas maintailecl across the 5-day sampling period for both PB and

BNF. The induction of PPO-OIIase in mice and rats did drop with PB from day 7

lo 12, but was still significantly higher than control rnice'

GST was significantly in<lucecl by PB and BNF in rnouse liver (p<0.05), while

in rats o¡ly PB siguificantly raised hepatic GST activity (Table 5.3)' GST activity

in all three target tissues of both species rvas unaffectecl by PB. The enzyrne was

induced by BNF in mice in all 3 ta,rget tissues, after at least trvo doses of BNF. Iu

the rat only the testicular activity rvas signilicantly affected by BNF, at the second

time point only.

I.Iepatic trI{ activity wa,s signilLcantly ilduced (p<0.05) by PB and BNF pre-

treatmelt dur.ilg the 5-day san-rpling peliocl in both species (Table 5.4). The effect

of PB rvas greater in the rat tha,n in the lnouse, rvhile BNF had a sirnilal effect in

both species. The enzyne rvas signilìcantly induced by PB and BNF in rat testes

but olly by BNF in mouse testes. The effect of BNF on testicula.r BI{ activity

was rnore pronouncecl in the rnouse. There was llo cousistent induction of EI{ in

the spleen of rats or rnice, whcreas the boue nralrow activity rvas induced by BNF

(after trvo closes) ard PB in mice. Although the DI{ activity in rat bone marrorv

was raised at the last trvo tirne points tvith llNF and ¿t both time poirrts rvith PB,

they rvere 1rot founcL to be siglificantly different from their respective controls.

11 botli species the tissue CiSII content of the 4 tissues in descencling order rvas

liver, testes, ¡1arrow alcl spleen (Table 5.5). The hepatic GSI{ content was sirnilar

for rats a1<J. mice, rvhilc in the 3 target tissues it was consisteltly higher in the

mouse than the rat.

5.4 Discussion

Although there rvas very little cff'ect on CP or ST gelotoxicity by PB and BNF in

the 3 in vivo assays, an assessrììent of the metabolic capacity of target tissues and

liver, rvith alcl without enzyme induction, rvas undertalien nonetheless. Firstly, this
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allorved us to establish that the enzyme-inclucing pretreatment regimens were, in

fact, induci¡g Phase I ancl Phase II elzyme activity and tliat this increased level of

activity rvas naintainecl for the 5-clay dosing period in the SM assay' Secondly, we

were able to ilfer rvhether the changes, or lack of changes, may have been due to

altered metabolisrn (activation/cleactivation) or rvhether they rvere due to other as

yet unlinown mechanisrns.

pB an<1 BNF pretreatment ïegimens rvere able to produce a sustained induction

level of hepatic activity, of all four erÌzynes in both species, over the 5 days. Using

the techniques employecl, thc activity of the oxidative enzyrnes was not detectable

in the thr.ee tissues, regarclecl as target tissucs for the genotoxic responses assessed

in Cirapters 3 ancl 4. Mleight for rveight of miclosornes, the 3 targct tissues cail

have as little as l% of hepatic \fl\{FO activity (Lake et al. 1973; Gollmer et al.

1gB4; N{attisor & Thorgicrsson, 1978). \\¡eight for rveight of tissue protein, the 7-

ECOD ancl PPO-OIIase assays rvoulcl be able to detect as üttle as 0.5-1.0% hepatic

activity. The selsitivity of the assays usecl could be incleased by using microsomal

prepa,ratious, rather- than S10 supernatants, but the lnicrosomal content of the 3

tissues is very srnall such that a la,rge number of animals rvould need to be used

i1 orcler to colcluct a1l the estirnations of enzyme activities. On the other hand,

EI{ ancl GST rvere rneasura.ble in the 3 target tissues, suggesting that they at least

have a capacity to cletoxify reactive nctabolites. More importantly, they showed

evidence of an effect due to indncing pretleattnents.

The mouse gelerally hacl a higher activity of metabolic enzyrnes in the tissues

of both ulir-Lducecl ancl incluced (except trH in rats rvith BNF), rvhich is consis-

tent rvith other stuclies comlta,Lilg actii'itv in various specics (C'llatt & Oesch, 1987;

Lorelz et al. 1984). t'he induction of cnzyrnes bv PIJ alcl BNF shorved tissue- and

species-specificity. Firstl.y, BNF incluced 7-lìCOD in the rat liver rvhile having no

sig¡ifica¡t effect on that enzymc in ruorLse liver'. Secondly, PB and BNF increased

EII activity irL rat livcr and testes but dicl not alter its activity in bone marrow ol

spleel. These results a,re similar to othcl iuvestigators rvho have also shorvn tissue

differences in i¡ducibilìtv of enzynr,es (Burlte & Olrelius, 19?9; Ciaccio & De Vera,

1976; Guengelich & Àdasou, 1979).
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The lack of any markecl induction of PPO-OIIase by BNF in mice, while pro-

duci¡g alalge increase in PPO-OIIase activity in ra,ts, suggests that this particular

enzyme may lot be an applopriate inclicator of P-448 activity il this strain of rnice.

The fact that BNF was also a weali ilducer of 7-ECOD in the mouse liver indicates

that this lack of ilcluctiol of lvI\{FO by BNF in mouse liver may be due to the

dose of BNF being too small. On the other hand, Boobis et al. (1977) rvere able to

clemonstrate a 3-fo1d incluction of P-448 activity in mouse liver rvith a single dose

of 100 ng/kg of BNF. This discrcparìcy may be due to tlie diffelent strain of mouse

used in this study.

The inability to measure PPO-Ollase and 7-ECOD in the testes, spleen and bone

marrow rnacle ¿1y atternpt to corlelate PB- or BNF-induced changes in activating

an¿ deactivati¡g pathrvays rvith changes in genotoxicity and cytotoxicity of ST and

CP impossible. The potentiatiol of the CP-mediated inclease in \{NPCEs rvith PB

is consistent rvith its incluction of oxidative metabolism observed in the liver of mice

(Tables 5.1 a1cl 5.2). The lacli of effect of PB iu the rat in the NlN assay, or its lack of

el1ect i1 both species in the other trvo assays, is urore dillìcult to reconcile rvith from

these results. l'he activity and inclucibility of possible detoxifying pathrvays, such

as alclehyde dehycLrogenasc, rvhich nra,y reduce the folrnation of P\[ and acrolein

from aldophosphamiclc, coulcl explain the inaltility of PB to increasc genotoúcity in

the rat, while still incrcasing l\,flt{FO activity. Despite the very large ch,anges in the

activity of enzynes involved in ST and SO n-retabolisrn, ST genotoúcity was not

affected by enzyrle ilduction.

GSII content in the ta,r'get tissues rvas highest in the testes, and thcrefore' may

have a greater capacity to mainta,in dctoxilìcation of reactive metabolites by GSH

conjugatiol tha¡ the other trvo target tissues. N'Ioreover, N'Iukhtar et al. (1978)

shorvecl that spc¡na,togonia,l cclls had a high ca,pacity to cletoxify xenobiotics but

a very lorv ca,pacity to erctivate thcm. This rnay explain the fact that the doses

recluired to elicit a response in the SI\f assay, for both genotoúns' were much higlier

than in the other in vivo assa)'s.
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Since the substrates usecl to assess erzyme activities were surrogates to determine

the metabolism of CP ancl ST with and rvithout induction, this indirect approach

may account for the lacli of correlation betrveen the marked induction of enzymes

and the relative lack of moclification of genotoxicity. In order to properly investigate

the influence of inducer.-rnodifìed metabolisrn on in vivo genotoxicity' a mole direct

assessment of the changes in the metabolism of the substrates to potentially geno-

toúc and non-genotoxic metabolites, in both the liver and target tissues, is recluired.

A useful approach rvoulcl be to assess the pharmacokinetics of the parent drug and

the relevant metabolites in the rvhole animal. This would. have been a project in

itself.
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Chapter 6

General Conclusions
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\Mith the current awa eness of the limitations of short-term in vitro assays for car-

cinogenicity (Ashby & Purchase, 19BB), there has been a renewed interest in assess-

ing the capabilities of in vivo short-term tests. There are two major reasons for

this diverted interest to in vivo genotoxicity assays. Firstly, although early studies

showed a high correlation between mutagenicity in the Ames test and bioassay car-

cinogenicity (McCann et aL 1975), a broader assessment has shown this correlation

to be as low as 50% (Ashby & Purchase, 1988). Secondly, the carcinogenicity of a

compound may uitimately depend on dispositional factors such as the route of expo-

sure, distribution, metabolism and excretion. All these factors are more appìicable

to in vivo rather than in vitro systems.

The renewed interest in in vivo assays has encompassed both their use as tests

for carcinogenicity and as methods for screening workers occupationally exposed

to various potentially genotoxic chemicals. Occupational exposure often involves a

number of chemicals at the same time (Forni k Bettazzi, 1987). Therefore there

exists the potential for interactions between chemicals. One interaction of interest is

that of chemical-induced altered metabolism affecting the potential toúcity of other

chemicals. One of the advantages of the in vivo assays commonly employed is that

the end-points being assessed can be derived from a number of different types of

DNA damage. This a,llows an assessment of exposure to mixtures of chemicals.

A problem associated with occupational monitoring is the importance placed

on a test result from an individual worker. Commonly used in vivo assays such as

the SCE and MN assays, have a basal level of detectable genotoxicity. This basal

level may be influenced by a number of factors, which may not involve occupational

exposure. Therefore, in a cross-sectional study it is difficult to establish a causal

relationship between occupational exposure and an apparently abnormal response

in an in vivo genotoxicity test detected in an individual, without knowledge of

the pre-exposure baseline. In a cross-sectional study, providing the sample size

is sufficiently large, monitoring of a population makes it possible to establish a

causal relationship between exposure and increased genotoxicity, for the cohort only.

Hence, a longitudinal study, which monitors an individual over a period of time,

would more readily detect a cause/effect relationship in that individual acting as
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their own control.

This study was an attempt to compare and contrast the sensitivity of three

commonly used in vivo genotoxicity assays and their ability to detect exposure to a

relatively potent genotoxin (CP) and a relatively weak genotoxin (ST). Furthermore,

the project aimed to assess response diferences between rats and mice, the two most

commonly used species for these tests, and to determine whether the sensitivity of

the tests could be influenced by microsomal enzyme inducers, capable of altering

the metabolic activation of the genotoxins.

Of the 3 assays, the SCE assay was found to be the most responsive. The

SCE assay detected the potent genotoxin (CP) in both species. It detected the

weak genotoxin (ST) in both species. It was less affected by chemically-induced

cytotoxicity in target cells for the genotoxic responses. Its sensitivity was unaffected

by enzyme inducers.

In contrast the SM was the least responsive. Although it was able to detect

both the potent and the weak genotoxin, the doses required to produce a response

were at least 2x (ST) to  Ox (CP) compared to the SCE assay. Consecluently, lethal

or near lethal doses were required to produce a response for both genotoxins. The

responses were also unaffected by enzyme-inducing pretreatments, though PB and

BNF did have an effect of their own in both species.

The MN assay was interrnediate in sensitivity. Like the other assays it was

able to detect both potent and weak genotoxins. The doses required to produce

a response were 2-4x those for the SCE assay. The target tissue (bone marrow)

was very sensitive to the cytotoxic effects of the genotoxins. Except for the PB

potentiation of CP-induced MNPCEs in mice, neither enzyme inducer altered the

responses in both species.

The rat was found to be more sensitive than the mouse to the genotoxicity of CP

in all three assays. This is in agreement with the results obtained by Madle et al.

(1986a), who observed similar sensitivities with respect to the MN and SCE assays
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in rats and. mice. Moreover the disproportionately low response to 20 mg/kg of CP

in rats in the MN assay was also observed by Madte et al. (1986a). This difference

in species sensitivity illustrates the difficulty with choice of species to best assess a

chemical's genotoxic potential. The response of CP-treated mice in the SM assay

was consistent with \Myrobek and Bruce, (1975), who also required lethal doses of 50

mg/kg/day of CP to produce a significant response. Like the MN and SCB assays,

the rat was mole sensitive than the monse to CP-induced abnormal sperm.

The species sensitivity was reversed in the case of ST in each assay. The results

obtained for the MN assay agreed with those obtained by Norppa (1981) in mice,

but not with Pentilla et al. (1980) in Chinese hamsters (Section 4.4). The lack of

consistency between the results in the different studies may be due to the use of

different species. As discussed in section 4.4, there was a disagreement between the

positive response of ST in the SM assay in my study and the negative response

reported by Salomaa et al. (1985). This may have been due to them not sampling

sperm at 7 wks after dosing, given that the more pronounced effect of ST in my

study was at 7 wks. The difference in the results obtained in the SCE assay in my

study, compared. with those of Sharief et al. (1986) and Conner et al. (1979), may

have been due to the faact that different routes of exposure and different target

tissues were involved.

The relative insensitivity of the SM assay suggests that it may not be an ap-

propriate system to estimate risk from occupational exposure. A contrary position

is taken by Wyrobek et al. (1982) and \Myrobek et al. (1983b), who propose that

since the method of samplilg and assessment is simple and non-invasive, it may

be a useful techniclue for monitoring occupational exposure. Humans have been

monitored for occupational exposure by this method. Some positive results have

been found. For example, Lancranjan et al. (1975) found elevated levels of abnor-

mal sperm in men exposed to lead and also shorved a strong negative correlation

between the level of abnormal sperm and fertility, and da Cunha et at. (1982) found

elevated levels of abnormal speïm in cancer patients treated with AMSA (4'-(9-

acridinylamino )methanesulfon-m- anisi di de) .
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One of the major problems attending the use of this end-point, is that little

is known of the exact mechanism by which genotoxic chemicals induce abnormal

sperm prod.uction (Wyrobek et al. 1983a). Even less is understood of the differential

sensitivity of spermatogenic stages to genotoxic chemicals. Experiments in the thesis

using CP found it to have the greatest effect at the primary spermatocyte stage in

both species (Figures 3.5 and 3.6). ST's response in both species did not vary

significantly acloss the 3 time points (Figures 4.5 and 4.6), indicating that CP and

ST may pro¿uce different DNA lesions. Until it is fuliy understood why one stage

of spermatogenesis should be more sensitive than another, multiple spelm sampling

as opposed to single-point sampling, would appear to be mandatory in order to

maximise d.etection of a response. This approacb. would be difficult to adopt in

humals as they are exposed more intermittently and usually over extended periods,

rather than the controlled one-off exposules used in rodents.

One of the limitations of all three assays is their reliance on the ability of the

affected cell-type to divide in order for any lesion produced to manifest itself in the

{orm of a detectable end-point (MN, SCtr or abnormal sperm). The situation may

arise where a test compound. is so cytotoxic that the affected cells die before the

genotoxic end.-point can be assessed. Marked bone marrow cytotoxicity is known to

interfere with ihe MN assay (salamone et al. 1980), hence it has been recommended

that single- or double-d.osing regimens be employed as standard practice in the MN

assay (Salalnone & Heddle, 1983). The importance of multipie-sampling protocols

to allow for any d.elayed onset of response due to cytotoxicity was iÌlustrated with

Cp in the rat. In this case the maximal response was observed at 48 hrs for 20

mg/kg of CP rather than 30 hrs as with the lower doses'

The greater sensitivity of the SCE assay may be due to the spleen-derived lym-

phocytes being a slowly dividing cell population (I(rishna et al. 1988). Bone marrorv

cells are continually dividing and therefore' as target cells may only be exposed to

a genotoxic metabolite for a limited length of time, particularly for slowly activated

compounds. In contrast, splenocytes (and peripheral blood lymphocytes) can be

exposed to genotoxic metabolites for greater lengths of time, which may lead to

accumulated damage. This may explain the marked induction of SCEs by ST in
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rats with very little induction of MNPCEs at comparable doses

This can not explain the greater sensitivity of the SCE assay than the MN assay

for CP in both species, for two leasons. Firstly, the timing of the maximal effect

of Cp in the SCE assay was less than the life-span of a dividing erythroblast in

bone marrow (æ10 hrs). Secondly, the very short half-life of CP in rodents, < 40

min. (Torkelson et al. 1974). other factors such as the disposition of the parent

compound and its metabolites, the DNA repair characteristics of different tissues

and the end-points being assessed may play a role in determining assay sensitivity'

The methods employed in Chapter 5 to establish the metabolic capacity of the

liver, testis, spleen and bone mallow' were not sensitive enough to detect any MMFO

activity in the latter three tissues. This may have been due to the use of an s9

fraction rather than microsomal preparations to determine enzyme activity. Never-

theless, GST and EH activities were detected in the 59 fractions from all tissues and

these activities were inducible by PB or BNF. The mouse had a higher basal level

than the rat of all four enzyme activities and this finding is consistent with other

studies (Glatt & oesch, 1987). Apart from PPO-OHase and 7-ECOD in mouse

liver, both inducing pretreatments were able to produce a sustained induction of all

four enzymes in the liver of both species' over the 5 days'

As a broad-spectrum inducer, PB was able to increase the hepatic activity of

each enzyme in both species. Of the other tissues, PB only induced BH activity in

rat testes and GST activity in mouse spleen. BNF induced the activity of PPO-

Oflase, 7-BCOD and, EH in rat üver and GST and EH in mouse liver' BNF also

induced BH activity in rat and mouse testes and GST in mouse testes and spleen.

The ilabiüty of BNF to induce PPO-OHase in the mouse liver is difficult to

interpret, since the enzyme has been shown to be a good indicator of P-448 activity

(Philippides et aI. 1983). Moteovet, the same dose of BNF (100 mg/kg) was able to

induce benzo[a]pyrene hydroxylase, a putative indicator of P-448 enzyme activity, in

mouse and. rat liver by 3-fold (Boobis et al. 1977). A difference between mouse strains

in their sensitivity to BNF pretreatment may account for this discrepancy. Since
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PB was only able to produce a small induction of the same enzyme, an alternative

explanation may be that the basal P-448 activity was already high as a result of

exposure to some obscure environmental factor.

An effect of either enzyme inducer on the genotoxicity of CP or ST was only

observed with PB, which potentiated CP-induced increased MNPCE frequency in

mice. The subsequent decrease in the threshold dose of CP in the mouse MN assay,

at 30 and 48 hrs, made that tissue a more important site of CP-induced genotoxicity.

Another effect of PB induction was observed in the rat lvIN assay. PB caused the

maximal response of CP to be detected at 30 rather than 48 hrs. This was thought

to be due to the PB-rnediated decrease in the cytotoxicity of CP to bone ma row.

Tliis effect further supports the need for multiple sampling in the MN assay as very

different conclusions would have been drawn depending on the time of sampling.

The only other consistent effect of PB and BNF was their ability to alter the level

of abnormal sperm in both species.

It is clear from this study that the influences of altered metabolism on in vivo

genotoxicity are complex and that the effects of PB and BNF may not be restricted to

activating metabolic enzyme activity. Since surrogate substrates were used to assess

possible changes in the biotransformation of CP and ST, a rnore direct determination

of changes in their metabolism and clearance in the whole animal may be needed to

fully understand the impact of altered metabolism on in vivo genotoxicity.

In a study, which also aimed to assess the effects of enzyme induction on geno-

toxin activation, Schreck and Latt (1980) reported a lack of correlation between PB

and 3MC-induced changes in benzo[a]pyrene genotoxicity in the liver and bone mar-

rorv and its activation in the same tissues, even though they used a direct method

to estimate the activation of the genotoxin. They concluded that detoxifying path-

ways, such as epoxide hydrolase, may be as important as activating pathways in

determining the ultimate genotoxicity of a compound.

An assay for the assessment of risk to occupational exposure, in both humans

subjects and animal models, should be one which is able to detect an effect on
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DNA at an exposure level below that associated with systemic toxicity or other

obvious adverse effects. The MN and SM assays employed in this study were not

sensitive enough to do this in rodents, even in the presence of enzyme inducers,

and presumably wili be similarly insensitive ir. man. The SCB assay was able to

detect a genotoxic response at doses an order of magnitude lower than those causing

cytotoxicity, but only for the potent genotoxin. Since these assays are so insensitive,

they may only be capable of detecting gross changes in genotoxic activity'

The use of lymphocytes as a target tissue has additional advantages. Firstly

lymphocytes are easily isolated from blood in humans and rodents, tb.erefore, a

more direct comparison of the effects on the same target tissue can be made between

rodents and humans. Secondly, as they seldom divide in vivo, they may be used to

assess the long-term (or accumulated) effects of occupational exposure.

Compounds such as CP and ST can produce a range of different types of DNA

ad.ducts (Savela et al. 1986; Hemminki, 1987), wliich in turn, may have different

implications for the integlity of the DNA. It has been shorvn that all adducts are

not capable of prod.ucing SCEs as a single detectable end-point (Kaina et al. 1983;

Day et al. 1gB7). Hence, it is conceivable that the three in vivo assays adopted in

this study may have underestimated the effects of ST and CP on DNA. This may

be a factor in their apparent insensitivity. A more direct approach, that of using

highly sensitive immunochemical and other techniclues to cluantitate the levels of

DNA adducts after exposure to specific chemicals, is gaining credence as a more

suitable method of monitoring occupational exposule to genotoxins.

A number of techniclues have been devised to detect DNA adducts, including

HPLC, RIA, SFS (synchronous fluorescence spectrophotometry) and 32P-postlabel-

li1g (Farmer et al. 1987). The major advantages of these systems is (1) their sensi-

tivity, therefore, giving a moïe accurate estimate of the 'target dose' (i.e. the dose

actually reaching the DNA), and (2) the potentiai, through mass spectrometry, to

determine the structure of the adduct. The flrst three methods can detect as little as

1 adduct per 107 bases (Hsu et al. 1981; Rahn et aI. 1982; Vahakangas et al.. 1985).

The S2P-postlabelling method is the most sensitive (Randerath et al. 1985), able
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to detect l adduct per 108-1010 bases, which is almost l adduct per cell (1.2x1010

bases). Very high sensitivity is essential if the method is to be useful for detecting

low levels of chemical exPosure.

One of the difrculties associated with the HPLC, RIA and SFS methods is that

they require a prior knowledge of the structure of the adducts formed. This informa-

tion may 1ot always be available. Though techniclues, using polyclonal antibodies,

have been developed. able to detect a group of structurally related compounds. 32P-

postlabelling does not suffer from the same problem, as it only needs to quantitate

the intensity of spots on an autoradiograph from 32P, after 32P-labeiled bases have

been sep arated chromatographically.

The use of these techniclues to monitor occupationally exposed workers, is under

active exploration by other workers. For example, they have been applied to detect

DNA adducts resulting from exposure to such. compounds as cis-diamminedichloro-

platinum (Poirier et al. 1985), benzo[alpylene (Santella et al. 1985; Harris et al'

1g8b) and mitomycin C (I(ato et al. 1988) and from cigarette srnoking (Everson

et aI. 1g86). The detection limits for adduct formation can be one to three orders

of magnitude lower than is recluired to monitor exposures corresponding to those

used in the low dose range for animal carcinogenicity studies. This poses a critical

question: What significance can be attached to the finding of such adducts?

A review by Wogan and Gorelick, (1985) stated that the correlation between the

level of DNA adducts produced by a compound and its carcinogenicity has not been

shown to be consistent for all compounds. Most research has involved the assessment

of total add.uct formation, while an investigation of the correlation between specif-c

ad.ducts and carcinogenesis may provide more answers. Furthermore the persistence

of add,ucts may also play an important role in determining a compound's carcino-

genic potential. This was illustrated by Daniel and Joyce, (1984), who showed that

although higher levels of DMBA adducts were formed in the rat liver (non-target

organ) compared to the mammaly gland (target organ), 70% of DMBA adducts

were removed from liver DNA but essentially all DMBA adducts persisted in the

mamma y g1and. Until the significance of the formation and persistence of speciflc
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DNA adducts to carcinogenicity is determined, the usefulness of quantitating DNA

adduct formation as a test for carcinogenic potential will be limited.

Monitoring of occupational exposure has not been restricted to effects on the

genome. There exist equally sensitive GC-MS and RIA methods which can detect

alkylation of protein at particular amino acids. Haemoglobin (Hb) has been the

protein of choice, as it can be obtained very easily (Farmer et aI. 1987; Neumann,

1gB4). The relevance of alkylation of protein to human risk is not known, although

a correlation between protein and DNA adduct formation has been demonstrated

f.or trans- -dimethylaminostilbene (Neumann, 1980). \Mhether this correlation exist

for some or all chemicals is not known.

This technique has successfully detected Hb adducts in animals exposed to as

little as 35 ¡-r.glkg MMS (Murthy et al. 1984), 4-aminobiphenyl through exposule

to cigarette smoke (Green et al. 1984), gasoline and diesel exhausts (Tornclvist et

al. 19BB) and, humans exposed. to ethylene oxide and propylene oxide (Farmer et al.

1gg6; Osterman-Golkar et al. 1984). An advantage of assessing Hb adducts over

DNA ad.ducts, which can be repaired, is that Hb adducts are longer-lived, hence the

timing of blood is not critical. Moreover, accumulated exposure can be monitored.

One of the limitations of all forms of biomonitoring utilising accessible tissue

(peripheral blood lymphocytes), is that they may not give a true indication of the

efiect of exposure on other less accessible tissues. Por example, it has been shown

that 2-acetylaminofluorene (2-AAF) will not produce detectable AAF-adducts in

lymphocytes, even after very large doses, giving no indication of the extent of expo-

sure to the target organ, the liver (Baan et al. 1985). Therefore research involving

the use of animal models rvill always be necessary to provide such information.

Given the sensitivìty of the techniclues measuring DNA adducts, future research

in animals investigating the effects of IvIMFO induction on in vivo genotoxicity may

prove more fruitful than the use of more non-specif.c and less sensitive methods as

SCtr and MN formation. Firstly, quantitation of very lorv levels of DNA adducts

would make it possible to detect smaller changes in the extent of DNA damage with
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changes in metabolic capacity of various tissues. Secondly, with the potential to

d.etermine the structure of adducts, it may be possible to monitor changes in the

Ievel of different adducts with changes in MMFO activity and therefore, establish

which adducts may be more toxicologically relevant. Thirdly, as a consequence of

the fi.rst two points, the correlation between a tissue's capacity to activate and/or

deactivate a chemical and its susceptibility to DNA damage can be assessed more

accurately.
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Appendix A

Sources of Drugs and
Chernic ls

All chemica,ls used. during the course of these studies were of reagent (AR) or phar-

maceutical grad,e quality. Suppliers, including representative lot numbers are set

out below.

CHEMICAL

Benzyl alcohol

5-Bromodeoxyuridine

Bovine Serum Albumen

1- Chloro-2,4-dinitro-

benzene

Colcemid

Concanavalin A

Cyclophosphamide

2,5-Diphenyloxazole

S-2,4-Dinitrophenyl-

glutathione

SOURCE

Ajax Chemicals

Sigma

Sigma

Sigma

Calbiochem

Sigma

Bristol Labs

BDH

Gift from

Dr. M. Whitehouse

LOT No.

82712

62F-0447

80F-0630

82F-0036

20t475

113F-73501

1267rl

4792520G
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Eosin Y
7-Ethoxycoumarin

Ficoll-paque

Foetal Calf Serum

Folin & Ciocalteau's

Solution

Giemsa

Glucose-6-phosphate

Glucose-6-phosphate

dehydrogenase

i-Glutamine

Glutathione (reduced)

Harris's Haematoxylin

HEPES

7-Hydroxycoumarin

2-Mercaptoethanol

NADP

B-Naphthoflavone

Penicillin G

Phenobarbital

2- Phenyl- 5- (p-hydroxy-

phenyl)oxazole

o-Phthalaldehyde

RPMI 1640

Streptomycin sulphate

Styrene

Styrene glycol

Styrene oxide

Triethylenemelamine

Trypan Blue

Wright's stain

BDH

Sigma

Pharmacia

Commonwealth Serum

Laboratories

Ajax Chemicals

BDH

Sigma

Sigma

Sigma

Sigma

BDH

Sigma

Sigma

Sigma

Sigma

Sigma

Sigma

FH Faulding

Gift from

Dr. J. Ahokas

Sigma

Florv Laboratories

Sigma

Ajax Chemicals

Aldrich

Aldrich

Polysciences

Hopkins & Williams

Sigma

64F-3698

7133

971.t9-382-2

977.79-342-2

107033

4643450G

129C-3918

22F-8030

64F-8065

20F-0024

52F-0116

4525920G

2BF-5627

58C-0536

31F-0462

88C-7610

106F-t695

109C-0248

7085152

28C-0017

037169

4BF-0402

703617

08310LP

1215CJ

45772

7r326

103F-3656

BO



Appendix B

Standard Curves

Styrene Glycol Standard Curve

The activity of epoxide liydrolase was assessed by gas chrornatographically measur-

ing tlre formatiol of styrene glycol from stylene oxide, as described in section 2.2.3.4.

A typical chromatogram is shown in Figure 8.1a. The styrene glycol standard curve

is displayed in Figure 8.1b. The coefficient of variation (cv) rvas 2.I%.

S-2,4-dinitrophenyl glutathione (DNP-GS) Standard Curve

The glutathione conjugate of CDNB was rneasured spectrophotornetrically by a

modified plocedure of IIabig et al. (1974). The standard curve of DNP-GS is sholvn

in Figure 8.2. CV : L\To.

Standard Curve of Reduced Glutathione

The glutathione (GSI{) standarcls were prepared fresh daily in phosphate-EDTA

buffer, pH 8.0 and measured fluorometrically by the method of llissin and }Iilf

(1976). The standard curve of GSII versus fluorescence of o-phthalaldehydederiva-

tised GSII is represented in Figule 8.3. C\¡ = 2.7To.
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7-Hydroxycoutnarin Standard Curve

The 7-hydroxycoumarin (7-ItC) standards were measured fluorometrically by the

moclified procedure of Greenlee and Poland (1978). The graph of fluorescence units

versus 7-HC concentration is shown in Figure 8.4. CV : t'\yo'

2-phenyl-5-(p-trydroxyphenyl)oxazole (PPO-OH) Standard curve

The pPO-OH staldard.s were assayecl fluorornetrically follorving the method of

philippides et aI. (1983). The standard curve is represented in Figure B.5. CV

= 1.9%.

Bovine Serum Alburnin (BSA) Standard Curve

The BSA stan{ards were pïepared fresh daily and the protein content rvas deter-

mined by the spectrophotometric method of Lowry et al. (1951). Figure 8.6' CV

= 2.5To.

Epoxide Hydrolase Activity Versus Incubation Tirr-^ e

Styrele oxide (2 mlt{) rvas incubated, follorving the procedure described in sec-

tiot2.2.3.4, with a tissue concentration of 8 mg/rnl over various times. The enzyme

activity rvas found. to be linear between 30 to 120 min. incubation time. Figure 8.7.

Epoxide Hydrolase Activity versus Tissue concentration

Styrele oxicle (2 m\{) was incubated for 60 min. at 370 C rvith varying S10 corìcen-

trations (8-80 mg tissue/rnl). Enzyrne activity rvas linear over the tissue colcentta-

tion range examined. Figule B.8.
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Figure B.1a

A = BENZYL ALCOHOL (lnternal Standard)

B = STYRENE OXIDE

C = STYRENE GLYCOL
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Figure B.1b: SG Standard Curve
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Figure 8.2: DNP-GS Standard Curve
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Figure 8.3: GSH Standard Curve
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Figure 8.4: 7-OH Coumarin Standard Curve
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Figure B.5: PPO-OH Standard Curve
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Figure 8.6: BSA Standard Curve
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Figure 8.7: Epoxide Hydrolase Activity
Vs lncubation time.
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Appendix C

Method of Statistical Analysis
for the Binornial Data of the
MN and SM Assays.

C.1- Analysis of Deviance

Analysis of variance forms the standard approach for the analysis of continuous

data from designed experirnents. Consider a simple 2-factor experiment, where the

dosage of a drug is factor d (with 5 doses) and the time of sampling is factor t (rvith

3timepoints). IfY¡xisthek1åresponsetothedrugatleveliof dancllevel jof t,

the usual statistical model is

Yjx : tt' t 6¿ + ,¡ *'l¡j * €¿jt (c.1)

where;

ó¿ is tl-re dose effect for level z',

r¡ is the time effect f'or level j,

7;¡ is the interaction effect for level i of dose and level j of time.
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The term €ij,c represents the unexplained variation. The usual assumptions are

€ijk - N(0, ø2) (C.2)

that is, the variation follows a normal distribution with zero mean and constant

variance o2. These assumptions need to be checked in all analysis.

The ad,ditive model, equation C.1, may not always be applicable. Indeed often

logarithms (or some other transformations) are required to allow an additive model

with equation C.2 to be used. If ecluations C.1 and C.2 are reasonable, the mean or

average Y¿¡¡r is

E(Y¡x): þ;tt" -- tt' + 6¿ * r¡ * l;i (C'3)

and the mean is the appropriate characteristic of Y¿¡¡ to model. In some of the exper-

iments in this thesis, the response consists of a count of the frequency of abnormal

cells in 1000 cells counted. The data was therefore discrete and not continuous.

If we consider the factors above, and let Y¿¡¡ be the number of abnormal cells, it

follows a binomial distribution

Yix - B¿(1000,P¿¡)

where p;¡ is the probability a cell is abnormal. As indicated by the subscripts, this

probability may depend on the dose level i and the time of sampling j. Notice that

while for normally distributed data the mean is of interest, for the binomial it is the

effect of the factors, ó and r, on the probability which is of interest.

It can be shown that the natural function of p¿¡ is the logarithm of the odds of

an abnormal cell, ie.

log
pij

l-pij

Thus we model T;¡ as in equation C.3;

'nij : tI * ó¿ * r¡ |l;i (C.4)

and interpretation of results must, at least initially, be made in terms of the log of

the odds. Note that

Pi¡=-enii^
L ¡ ¿n;i

Tij
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which ensures 0 < pij < 1. This is how a probability should behave. Modelling p¿¡

and not T;¡, as in equation C.4, can lead to negative probabilities or probabilities

greater than 1, which are difficult to interpret.

Two more differences between binomial and normal data, are that the variance

of binomial data is a function of the mean and furthermore exact tests of hypotheses

are not available. The first means the estimation process is iterative and the second

means we rely on likelihood ratios or chi-square tests (similar to Pearson chi-square

tests). As each model is fitted, a deviance and degrees of freedom are produced.

The difference between two models is measured by the difference in deviance and

the difference in degrees of freedom. The difference in deviance is approximately

chi-square distributed on the difference in degrees of freedom if the null hypothesis

is true. Thus many of the tables presented in section C.2 are simply these chi-scluare

tests.

Finally, we note that to test for interactions, I/6: 'y;¡:0 in equation C.4 we flt

p' I 6; + Tj + 7;¡, deviance = D, d.f. : d'

þ16; * r¡, deviance : Ds, d.f. : d,s

and D6 - D x X2(do - d) under.Fl6. If the interaction is not significant it is

appropriate to test for ó¿ - 0 and rj = 0. We do this by fitting

Pi6;*r¡
tr+rj Hs:6¡:Q

and
F*ù*r¡
pt6; Hs:r¡-0

Leaving the ¿l factor present is necessary if we have a non-orthogonal design, that
is, if the number of observations per treatment group are not equal. The following

articles may be referred to for further clarification of the analysis of binomial data;

\Milliams, (1975) and Williams, (1982).
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C.1.1 Additive Effects

If trvo factors such as dose and time do not interact, so that ?;¡ = g in ecluation C.1

or eclualion C.4, the effects of dose and time are a.dditive. In the case of analysis of
variance (Bquation C.1), this implies that the average responses for different doses

are parallel rvhen examined for the time factor. Diagrammatically the situation is

given in the follorving diagram:

Time 3

Time 1

Time 2

0
0.0 1.0 2.o 3.0

Dose

4.O 5.0

This is also true of ecluation C.4, for binomial data but for the logarithm of the

odds, not the proportion itself. Thus

?;¡=¡o*#*=lL+6;*ri

but,
¿Þ*6;!a¡

p¿i = T Ul+a,+1
and on the original scale the parallelisrn is lost. Notice, however that p;¡ can be

rvritten as

3

2

1

o
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c,
o
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o
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wlrere lf = eþ,6i -- ¿6;r ri = e', antl tlrus tltcre is a multipìicative relationship

present in 2r;¡. This is much ntorc clifficult to le¡>rescut in a table or graph of the

original data, rvltelc thcre rìlay appear to be an iuteraction as in the figure belorv.

Thus these tables a,nd graphs necd to bc e.rarlrincd very carefully.

Time 3

Time 1

Tíme 2

0

0.0 1.0 2.O 3.0

Dose

4.0 5.0

C.2 Results of the Statistical Analyses of the Data
fromChapters3&4.

The results of the statistical analyses arc prescnted in the following tables. The

tables have a short-hand rnethod of describing the presence of significant eflects and

the presence of intetactions bctrvceu 2 or more varial-lles. For example, "Source"

represents the source of the X2- ol F-sta.tistic. r\ "d.PB.t**" in the 'source' column

is interpreted as follorvs; thcre is a signifìcant (p<0.01) dose-related effect due to

the genotoxic compouncl, rvhich is siguificruttl¡' influenced by the presence of PB

pretreatment and the time, aftel tlosing, at rvhich the effect is assessed. The results

of Tukey's \,{ultiple-Cornparison Tcst antl thc Asymptotic Test (Section 2.3) used

for conducting thc mrrltiple courpalisous a,rc not represcnted in the follorving tables.
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This legend contains symbols and abbreviations, which are used in the tables

that summarise the results of the statistical analyses for Chapters 3 and 4:

d : dose of the genotoxic compound

t : time of sampling

s = species

PB : PB pretreatrnent

BNF : BNF pretreatment

* : significant to p<0.05

*,*, : significant to p<0.01

* + * : significant to p<0.001
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C.z.L Analyses of Data from Chapter 3.

¡ CP Genotoxicity Data from the I\4N .Assay.

1. Assessment of effects of CP dose, time of sampling and species used, on

the MNPCE frecluency:

Source X2-statistic d.f.
cl.t.s 38.70*** 10

2. Assessment of the effects of CP dose, time of sampling, species and the

pteselìce of either PB or BNF pretreatment, on the MNPCE frecluency;

Source X2-statistic d.f.
1.81
10.21
3.69

24.02"**
2.72

1 6.1 5**
41.55***
23.80"**

0.36

o CP Cvtotoicitv Data from the \{N Assay

1. Assessment of the effects of CP dose, tirne of sampling and species, on

the PCE/RBC ratio:

Source F-statistic d.f.
d.t.s 2.77** 10;208

d.BNF.t.s
d.PB.t.s
d.BNF.t
d.PB.t

d.BNF.s
d.PB.s
d.t.s

PB.t.s
BNF.t.s

5

5

5

5

5

5

5

1

1
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2. Assessment of the effects of CP dose, time of sampling, species and the

presence of PB or BNF pretreatment, on the PCE/RBC ratio in bone

maÌrow

Source F-statistic d.f.
0.68
0.59

3.09"*
6.97*"
5.30*"
4-25**
6.20**
3.22**

-0.00

¡ CP Genotoxicity Data frorn the SNiI Assay.

1. Assessrnent of the effects CP dose, tirne of sarrrpling, species and the pres-

ence of PB or BNF pretreatment, on the frequcncy of abnormal sperm:

Source -statistic d.f.

d.BNF.t.s
d.Pll.t.s
d.BNF.t
d.PB.t

d.BNF.s
d.PB.s
d.t.s

PB.t.s
BNF.t.s

5;376
5;376
5;376
5;376
5;376
5;376
5;376
1;376
1;376

cl.BNF.t.s
d.Pll.t.s
BNF.t.s
PB.t.s

d.BNF.s
d.PB.s
d.t.s
PB.s

BNF.s
d.BNF
d.PB
PB

]]NF

L6.42
11.48
6.84
3.48
4.93
2.69

65.07***
0.01
0.32
6.40
1.32

4.42"
7.34"*

14
'14

4

4

3

4
t2
1

L

4
4
1

1

2. Assessmelt of the effect of TtrM dose and tirne of sampling on the fre-

quency of abnormal sperrn in rats ancl mice:

Source X2-statistic d.f.
rl.t.s 168.9*** 2
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. CP Genotoxicity Data from the SCE Assay

1. Assessment of the effects of CP dose and the presence of PB or BNF

pretreatment, on the SCE frecluency in mouse splenocytes:

Source F-statistic d.f.

lf

Þ".

I

¡

it

ll

I
{,

I

I

I

d.BNF
d.PB

d
BNF
PB

0.16
1.19

798.34***
0.09
1.33

4;60
4;60
4;60
1;60
1;60

2. Assessment of the effects of CP dose and the plesence of PB or BNF

pretreatment, orì the SCE frecluency in rat splenocytes:

Source F-statistic d.f.
0.27
2.67

337.69***
0.85
0.70

3. Assessrnent of the effects of CP dose and the presence of PB or BNF

pretreatment, on the replicative index of cultuled tnouse splenocytes:

Source F-statistic d.f.
d.BNF
d.PB

d

BNF
PB

4. Assessment of the effects of CP dose and the presence of PB or BNF
pretreatment, on the replicative index of cultuled rat splenocytes:

Soulce F-statistic d.f.

d.BNF
d.PB

d

BNF
PB

4;60
4;60
4;60
1;60
1;60

0.16
0.83
1.58

0.09
0.18

4;60
4;60
4;60
1;60
1;60

l
[,
tl

I
r

l
I

!

d.BNF
d.PB

d

BNF
PB

0.39
0.4,1

15.15***
0.51
3.5ô

4;60
4;60
¿l;60

1;60
1;60
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C.2.2 Analyses of Data from Chapter 4.

r $T Genotoxicity Data from the h{N Assay

1. Assessment of the effects of ST dose ancl time of sampling on the incidence

of \4NPCEs in mouse bone rnarLorv:

Source ¡2-statistic d.f.

2. Assessment of the eff'ects of ST dose ¿md time of sampling on the incidence

of MNPCBs in rat bone rnarlorv:

Sourcc X2-statistic d.f.
d.r 2.2r 8

d 1.92 4
r 1.28 2

3. Assessrnent of th.e effects of ST dose, tirne of sarnpling and the presence

of PB ol BNF pletreatrnent, on tlie iucidence of N{NPCEs in mouse bone

marl'ow

Source ¡2-statistic d.f.

d.t
d

t

8

4
2

d.BNF.t
d.PI].t
d.Pu

d.BNF
BNF.t
PB.t
d.t
d

PB
BNF

t

8.84
1.66
2.49
2.43
1.t2
2.49
3.32

41.42***
0.03
1.30

4.52*

4

4

4

4

1

1

4
4
1

1

I
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4. Assessment of the effects of ST dose, time of sarnpling and the presence

of PB or BNF pletleatment, on the incidence of \INPCEs in rat bone

malro\\¡:
Source ¡2-statistic d.f.

d.llNF.t
d.PB.t
d.PB

d.BNF
BNI-.t
PB.t
d.t
d

PB
BNF

t

0. 13

0.12
5.90
1.94

0.001
0.65
0.90

11.09*
7.54**
0.16
3.46

{
4
4
4

1

1

4

4
1

1

1

¡ ST Cytotoxicitv Data from the l\.IN -É\ssav.

1. Assessmerrt of the effects ol'S'I close and tirue of sampling on the PCE/RBC

ratio in lnouse bone malLorv:

Soulce F-statistic d.f.

cl

1.59
1.86

20.97"**

2. Assessment of the effects of ST close, time of sampling and the presence of

PB or BNF pretre¿r.tureut on the PCD/IìBC ratio il nrouse bone marrorv:

Source F-statistic d.f.

td. 8;142
4;742
2;142t

d.BNF.t
d.PB.t
BNF.t
PB.t
d.t

ct.IlNF
d.PB
PB

BNF

0.36
1.51

0.03
1.34

8.28*"*
'1.75

0.71
10.18"*"

0.06

4;207
4;207
Li207
I;207
4;207
4;207
4;207
I;207
7;207

3. Assessment of the effects of S'I close a,nd the tirne of sarnpling on the

PCB/RBC ratio in rat bone rnarro\\¡:

Source I'-statistic d.f.
d.r 2.'18* 8;73
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4. Assessment of the effects of ST dose, time of sarnpling and the presence

of PB or BNF pretreatment on the PCB/RBC latio in rat bone nalrow:

Soulce F-statistic d.f.
d.BNF.t
d.PB.t
BNtr..t
PB.t
d.t

d.BNIl
d.PB
PÌ-ì

t

1.13
1.65
1.11

2.12
0.27

5.6r1***

r.44
0.88
0.26

4;745
4;145
1;145
I;L45
4;145
41145

4;I45
J.;1.15

1;145

¡ ST Genotoxicitv Da,ta, liorn tlte S\{ Assay

1. Assessment of the effects of ST dose, timc of sampling and the presence

of PB or BNIì pretrea,tment on thc frecluency of abnormal sperm il mice:

Source 1'2-statistic d.f.
d.BNtr.t
d.I,ìl.r
llNIr.r
Pll.t
d.t

d.PB
d.BNF

d

l'tr.74
tI.27

13.48**
27.24*""

3.49'
1.91-

2.99
110.7***

8

8

2

2

8

4

4
4

2. Assessment of the efl'ects of ST closc, tine of sampling and the preserìce

of PB or BNF pretreatnrent on the frecluency of abnormal sperrl in rats:

Soulce -statistic d.f.
.BNF.t
d.PIl.t
IlNl¡.t
PR.t
d.t

d.RNF
d.PB

t
BNF
PB
d

9.36
4.06
r.73
0.56
12.31

6.78
7.75

40.07***
21.02***

1.67
I32.27"*"

6
(i

2

2

I
4

4

2

1

1

4
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3. Assessment of the eflect of TtrM dose and tirne of sampling on the fre-

quency of abnonnal spelrn in mice and rats:

Source X2-statistic d.f.
d.t.s 157.8*** 2

¡ ST Genotoxicity Data frorn the SCB Assay

1. Assessrnent of the elfects of ST dose and the presence of PB oI BNF

pretreatmert on the SCE frcquency in il.ouse splenocytes:

Source tr'-statistic d.f.
d.PI}

d.uNr'
d

PB
BNF

0.55
0.73

22.25*""
2.8:l
2.38

4;59
4;59
4;59
1;59
1;59

2. Assessment of the effects of ST dose and the presence of PB or BNF

pretreatment on the SCtr frecluency in rat splenocytes:

Source F-statistic d.f.
d.PB

d.BNF
d

PB
ItNt'

o ST Cytotoxicìtv Data fi'orn the SCll Ass ay

1. Assessrnent of tl-Le effects of ST closc and the plesence of PB or BNF

pretreatmelt on the replica,tive index of cultured nìouse splenocytes:

Source F-statistic d.f.
.1.69*'

0.55
0.18

2. Assessrnent of the effects of ST dose and the presence of PB ald BNF

pretreatrnent on the leplicative index of cultured rat splenocytes:

Source F-statistic d.f.

1.95
1.69

123.28*"*
,1.68*

0.24

4;48
4;48
4;48
1;48
1;48

d.BNF
d.PB
PB

4;59
,L;59

1;59

d.Pu
d.BNl'

d

PB
BNF

0.35
0.45
0.45
0.26
2.38

4;48
4;48
1;48
1;48
1;48

95



Appendix D

The Influence of Various
Vegetable Oils; âs Vehicles in
the MD{ Assâyr on Bone
Marrow Proliferation.

Introduction

Interpretation of genotoxicit;r data recluires that the vehicle used to administer

the test compound should have no effect of its orvn in the assay system employed.
'Preliminary experirnents assessing ST's activity in the l\,IN assay, found the vehicle

being usecl rvas able to lorver the PCE/RBC ratio. The vehicle used to deliver the ST

was conlnercial grade peanut oi1. A decrease in the PCE/RBC ratio rvas observed

rvith peanut oil contr-ols at the 30 hour sarnple, rvhich returned to coltrol levels

at 48 ancl 72 hrs after dosing (Table 4.1). A similar resporrse rvas not detected in
rats dosed rvith peanut oil (Table a.3). An experiment rvas therefore conducted to
conlilm this inhibitory effect of peanut oil on rnurine bone rnarrorv ploliferation. For

cornparison, tu,o other commelcially available oils (olive and sunfÌorver seed) rvere

also testecl.
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Materials and Methods

5 mice per group were given a single i.p. injection of each vegetable oil at a
dose of 4 rnl/kg. Femoral bone marrow was sampled at 30, 48 and z2 hrs post-

dosing. Control mice rvere untreated. Bone marrow smears were prepared by the

procedure described in section 2.7.1.2. The cytotoxicity data was analysed using a

1-\4tay ANOVA follorved by Tukey's ltfultiple-Comparison Test to determine signif-

icance. Significant differences from the untreated controls (p<0.05) was indicated

by a dagger (i) in Table D.1. The genotoxicity data was analysed by the Analysis

of Deviance method described in Appendix C.

Results

None of the thrce oils significantly altered (¡2=1.76, d.f.=6) the frequency

of N{NPCEs in mice (Table D.2). Iu contrast, there was a significant reduction

(p<0.05) in the PCE/RBC ratio, at 30 hrs rvith exposure to each oil (Table D.t).
Bone mar¡orv front mice exposed to peanut oil recovered by 48 hrs, while the effects

of olive and sunflorver oils persisted until4S hrs (p<0.05). The effect on haemopoiesis

was greater rvith olive oil. Peanut and suuflorver seed oils produced similar inhibitory
effects, although the duration of the response was longer u'ith sunflower seed oil.

Discussion

The results demonstrated the ability of all 3 vegetable oils to inhibit haemopoiesis

in mouse fenoral bone marrorv. The contribution of the differential composition of

fatty acids in the three vegetable oils (Ililditch & lVilliams, 1964), to their differring

cytotoxic responses is not knorvn. Although interpletation of the cytotoxicity data

rvould be made difficult by this effect, the lack of genotoxicity suggests they may

still be useful as velticles fot the À{N test, plovided the extent of their cytotoxicity

in knou'n at all time points being assessed. Based on these results and the fact that
preliminary experimeuts were conclucted rvith peanut oil as the vehicle, its use was

continued for the entire study.
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Oils
PCE Ratio

30hrs 48hrs 72hrs

Control
Peanut
OIive

Sunflorver

1.01+0.04
0.65+0.08t
0.55+0.091
0.64+0.05t

1.00+0.03
0.92+0.06
0.86+0.10t
0.85+0.08t

1.02+0.03
1.00+0.06
0.99+0.09
0.97+0.06

Table D.1: The effect of peanut , olive and sunflower seed oil on the P CE/RB C ratio
in mouse bone marrow, at 30,48 and ?2 hrs. I indicates a significant difference from
the respective controls, p<0.05.

Oils
NPCE 1OOO PCE

3

Control
Peanut
Olive

Sunfl.orver

1.00+0.32
1.00+0.32
1.20+0.20
0.80+0.37

1.00+0.32
1.40+0.51
1.60+0.24
1.00+0.32

1.20t0.49
1.25+0.63
1.20+0.37
1.00+0.45

Table D.2: The effect of peanut, olive and sunflower seed oil on the frequency of
MNPCEs in mouse bone marrorv, at 30, 48 and 72 hrs.



Appendix E

The Susceptibility of the SM
Assay to Changes in Sensitivity
to the Genotoxicity of CP over
Tirne.

Introduction

The susceptibility of the abnormal sperm frequency to factors thought to be

non-mutagenic is well documented. They include youth (Krzanowska, 1gB1), di-

etary restrictions (I(omatsu et al. 1982) and increased body temperatures (Cairnie

and Leach, 1980). Since these factors alter the basal levels ofthe incidence of abnor-

mal sperm, they may also modify the sensitivity of the assay to genotoxin-induced

increases in sperm abnormalities. Preliminary experiments with the SM assay, con-

ducted on CP-treated mice, displayed differing results over a one year period.

Materials and Methods

In two separate experiments, performed approximately one year apart, 5 mice

per dose group were treated with CP at 0, 10,20 and 40 mg/kg/d over 5 days. Sperm

rvas sampled from the vasa deferentia at 5 weeks from commencement of dosing and
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slides were prepared and assessed by the method described in section 2.1.2.2. The

data was analysed by the Analysis of Deviance (Appendix C) for the inf.uence of

time on the dose/response curve to CP.

Results

The response of the mice to CP in the earlier experiment was a doubling of the

percentage of abnormal sperm at the top dose (Figure 8.1). When the experiment

was repeated a year later, the mice were significantly (p<0.01) more sensitive to
CP-induced sperm abnormalities. The mortality rate was 20%o at the top dose on

both occasions.

Discussion

Since the mortality rates were the same on both occasions an error in dosing is

unlikely to have been the cause of the anomalous results. Unknown extrinsic factors

may have induced the differential responses to CP. Although the mice used were

an outbred strain, it was conflrmed by the Adelaide University's Central Animal

House that no new mice were introduced into the breeding stock over the last 10

years. Therefore, a change in the gene pool did not appear to be responsible for the

unusual results. Interestingly, in the period between the two experiments the mice

were transferred from a specific-pathogen free (SPF) environment to a non-SPF one.

Whilst there is no evidence that the change in environment was the cause, it may

have been a contributing factor.

As it was not possible to isolate the cause of the change in sensitivity over

time, in order to eliminate the influence of the extrinsic factors, all mice and rats

were received and acclirnatised as a single batch. For each species treated with the

particulal genotoxin, control, PB and BNF pretreated gtollps were dosed at the

same time, to ensure a valid comparison betlveen induced and uninduced animals.

The experiments of Chapters 3 and 4 were conducted bet',veen Nov. 1987-May 1988.

One sh.ould note that the response to CP did not appear to change appreciably

between Sept. L986 and Nov. 1987. Furthermore, the responses to the positive
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control (TDM) was remarkably consistent over that period of time (Figures 3.7. 3

4.7 and 4.8).

These results illustrate the susceptibility of this assay system to extrinsic var!
ables and, therefore, stresses the importance of the use of positive control groups

to monitor any change in rodent sensitivity to chemical-induced abnormal spetm

over time. Any change in the sensitivity of an animal model, to the positive control

between experiments, would make any valid comparison of results betlveen experi-

ments impossible.
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