Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in AURA which is unlawful e.g. breaches copyright, (either
yours or that of a third party) or any other law, including but not limited to those relating to
patent, trademark, confidentiality, data protection, obscenity, defamation, libel, then please
read our Takedown Policy and contact the service immediately




SYNTHESIS OF SULFORAPHANE AND INHIBITION OF
CYTOCHROME P450 ENZYMES AS A BASIS FOR
ANTIGENOTOXICITY

SILVIA BARCELO BATLLORI
Doctor of Philosophy

THE UNIVERSITY OF ASTON IN BIRMINGHAM
JULY 1997

This copy of the thesis has been supplied on condition that anyone who consults it is
understood to recognise that its copyright rests within its author and that no quotation from
the thesis and no information derived from it may be published without proper

acknowledgment.



THE UNIVERSITY OF ASTON IN BIRMINGHAM

SYNTHESIS OF SULFORAPHANE AND INHIBITION OF CYTOCHROME P450
ENZYMES AS A BASIS FOR ANTIGENOTOXICITY

A thesis submitted by Silvia Barceld Batllori
for the degree of Doctor of Philosophy
1997

SUMMARY

Many dietary factors have been associated with a decreased risk of developing cancer. One
potential mechanism by which these factors, chemopreventors, protect against cancer may
be via alteration of carcinogen metabolism. The broccoli constituent sulforaphane (1-
isothiocyanate-4-methylsulfinylbutane) (CH;-SO-(CH,)s~-NCS) has been isolated as a
potential inducer of phase II detoxification enzymes and also protects rodents against 9,10-
dimethyl-1,2-benz/aJanthracene-induced mammary tumours. The ability of sulforaphane to
also modulate phase 1 activation enzymes (cytochrome P450) (CYP450) was studied here.
Sulforaphane was synthesised with an overall yield of 15 %, essentially via 1-
methylsulfinylphthalimidobutane, which was oxidised to the sulfoxide moiety. Deprotective
removal of phthalimide yielded the amine, which was converted into sulforaphane by
reaction with N, N’-thionocarbonyldiimidazole. Purity (95 %) was checked by '"H-NMR, °C-
NMR and infrared and mass spectrometry. Sulforaphane was a competitive inhibitor of
CYP2E1 in acetone-induced Sprague-Dawley rat microsomes (K; 37.9 + 4.5 uM), as
measured by the p-nitrophenol hydroxylase assay. Ethoxyresorufin deethylase activity
(EROD), a measurement of CYP1A activity, was also inhibited by sulforaphane (100 pM)
but was not competitive, and a preincubation time-dependence was observed. In view of
these results, the capacity of sulforaphane to inhibit N-nitrosodimethylamine (NDMA)-
induced genotoxicity (CYP2E1-mediated) was studied using mouse liver activation systems.
Sulforaphane (>0.8 pM) inhibited the mutagenicity of NDMA (4.4 mg/plate) in Salmonella
typhimurium strain TA100 after pre-incubation for 45 min with acetone-induced liver 9000
g supernatants from Balb/c mice. Unscheduled DNA synthesis induced by NDMA (33.5
uM) in mouse hepatocytes was also reduced by sulforaphane in a concentration-dependent
manner (0.064-20 uM). Sulforaphane was not genotoxic itself in any of these systems and
cytotoxic only at high concentrations (>0.5 mM and > 40 pM respectively). The ability of
sulforaphane to modulate the orthologous human enzymes was studied using a human
epithelial liver cell line (THLE) expressing individual human CYP450 isoenzymes. Using the
Comet assay (a measurement of DNA strand breakage under alkaline conditions), NDMA
(0.01-1 pg/ml) and IQ (0.1-10 pg/ml) were used to produce strand breaks in T5-2E1 cells
(expressing human CYP2EL) and T5-1A2 cells (expressing human CYP1A2) respectively,
however no response was observed in T5-neo cells (without CYP450 cDNA transfection).
Sulforaphane inhibited both NDMA and IQ-induced DNA strand breakage in a
concentration-dependent manner (0.1-10 pM). The inhibition of metabolic activation as a
basis for the antigenotoxic action of sulforaphane in these systems (bacteria, rodent
hepatocytes and human cells) is further supported by the lack of this chemopreventor to
influence NaN; mutagenicity in S. typhimurium and H,0,-induced DNA strand breakage in
T5-neo cells. These findings suggest that inhibition of CYP2E1 and CYPIA by
sulforaphane may contribute to its chemoprotective potential.

Key words: sulforaphane/chemoprevention/cytochrome P450/N-nitrosodimethylamine/
2-amino-3-methylimidazo[4,5-f]quinoline
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N-Acetyltransferase

N-Nitrosobenzylamine

N-Nitrosodiethylamine
N-nitrosodimethylamine

3-Naphthoflavone

Net nuclear grain
4-(Methylnitrosamino)-1-(3-pyridyl)-1-butanone
Polycyclic aromatic hydrocarbon

Phosphate buffer saline
Phenetylisothyocyanate
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
Phenylhexylisotiocyanate
Phenylisothiocyanate

p-Nitrophenol

Peroxisome proliferator activated receptor
Quinone reductase

Reactive oxygen species

Single cell gel electrophoresis

Sodium superoxide dismutase
2,3,7,8-Tetrachlorodibenzo-p-dioxin
N,N’-thionocarbonyldiimidazole
Tetrahydrofuran

Human epithelial liver cells
tetradecanoyl-phorbaol-13-acetate
3-Amino-1,4-dimethyl-5H-pyrido[4,3-b]indole
Unscheduled DNA synthesis
UDP-glucurosyltransferases

Xenobiotic response element
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CHAPTER 1

General Introduction
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Cancer is currently one of the major causes of death in developed countries, and it is
estimated that at least one person in four will contract cancer during his/her lifetime. The
involvement of genetic factors and also exogenous factors in the aetiology of cancer has
been demonstrated (Doll and Peto, 1981). Exogenous factors include mainly radiation,
viruses, environmental factors and diet. In addition to early cancer diagnosis and therapy,
cancer prevention has become a priority issue during the last decades (Weinstein, 1991).
The strategies for prevention include the elucidation of mechanisms of carcinogenesis and
the identification of carcinogenic and “anticarcinogenic” factors. This project is concerned
with mechanisms of cancer prevention, in particular the modulation of metabolic activation

of carcinogens by a potential anticarcinogenic dietary factor, sulforaphane.

1.1. Chemical carcinogenesis

Cancer is a process in which a population of cells escape normal growth control to become
a malignant tumour (Vile and Morris, 1992). A malignant tumour is a group of fully
transformed cells with abnormal proliferating capacity and which can invade adjacent tissues
and spread (metastasis) to other sites in the body forming secondary tumours. Normal cells
become malignant when they are no longer able to complete the differentiation process and
grow continuously expressing the transformed phenotype (Vile and Morris, 1992, Trosko,
1989). The nature of the primary events leading to the production of abnormally

proliferating cells has been associated with various genetic changes.

1.1.1. Mutation and cancer

The “Mutational Theory of Cancer” was first introduced by Boveri in 1911 (Strauss, 1981)
and implies that there is an association between malignant transformation and genetic
changes, i.e. mutations occurring in somatic cells. Several lines of evidence support this
theory. Firstly, the majority of human and animal tumours have a clonal origin, i.e. derive
from divisions from a single transformed cell (Strauss, 1981). Secondly, a large number of
carcinogens are also mutagens. Further evidence comes from cancer-prone patients with
hereditary DNA repair deficiency, such as Xeroderma Pigmentosum (Setlow, 1978). The

recent identification of cellular (proto)-oncogenes and tumour suppressor genes provides
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additional support. Proto-oncogenes encode proteins involved in signal transduction
pathways regulating cell growth, differentiation and division, and are only expressed during
restricted periods of differentiation and organ development (Yamamoto, 1993). More than
50 families have been identified, of which c-Ha-ras, c-myc, neu and nef have been widely
studied (Stanley, 1995). Activated proto-oncogenes have been found in many human and
animal tumours (Stanley, 1995; Fearon and Vogelstein, 1991). On the other hand tumour
suppressor genes have been found to be inactivated or lost in several types of cancers
(Weinstein, 1991; Levine ef al, 1991). It is important to note in this context that activation
of proto-oncogenes and inactivation of tumour suppressor genes can result from
chromosomal rearrangements, insertion of foreign DNA sequences, deletions or point

mutations.

It thus appears that carcinogenesis is a complex process, where mutation is probably a
necessary initiating step but not sufficient, requiring further events which will ensure clonal

expansion and metastasis (Pitot and Dragan,1994).

1.1.2. Multistage carcinogenesis

The transformation of a normal cell to a malignant cancer, carcinogenesis, is a multistep
process. Animal and human cancer studies have provided evidence that cancer results from
a sequential accumulation of genetic alterations in somatic cells. For example, in mouse skin
tumour development, the transformation of normal cells to spindle cell carcinomas occurs
after three different stages (H-ras mutation, H-ras amplification and loss, and p53
inactivation; Quintanilla e al, 1986; Ruggeri ef al, 1991). In humans, studies of colorectal
cancer have demonstrated that six mutation events are necessary to transform normal
epithelium into adenomas, carcinomas and finally metastasis (Fearon and Vogelstein, 1990).
These mutations include mutations of oncogenes (FAP, and K-ras), DNA-hypomethylation,
loss of tumour suppressor genes (DCC and p53) and other undetermined alterations
(Fearon and Vogelstein, 1990). A simplified model of multistage carcinogenesis has been
proposed. Three main phases have been considered: initiation, promotion and progression

(Figure 1.a.).
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Ficure 1.a. Schematic representation of multistage carcinogenesis
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The initiation stage is an irreversible step which involves molecular changes in the structure
of DNA (mutations) in a normal stem cell. At least one cell division will be necessary to
achieve genetic fixation of the DNA damage and expression of the genotypic change (Pitot
and Dragan, 1994). These mutations usually produce changes in proto-oncogenes (and
sometimes tumour suppressor genes) which play a major role in growth control and the cell
cycle (see above), thus allowing the clonal expansion of the mutated cells in a later stage.
The mutations that activate these genes can be induced by a chemical (initiator), radiation,
viruses or may occur spontaneously possibly mediated by oxidative damage (Ames and

Gold, 1991).

The promotion step is considered to consist of clonal expansion of the initiated cells
(Melnick, 1992). It is a reversible process which does not involve direct structural genetic
changes, but may involve alterations in gene expression through perturbation of signal
transduction (Melnick, 1992). The promoting agents are believed to act via a variety of
pathways which often result in increased cellular proliferation (Schulte-Hermann ef al,
1990 see section 1.1.3.1.). The promotion stage is believed to be the rate-limiting step of

the carcinogenesis process (Pitot and Dragan, 1994; Pascale et al, 1993).

The progression stage is an irreversible stage during which cells with the malignant
phenotype are formed. Progression is characterised by independent events such as invasion,
metastatic growth, anaplasia and increased rate of growth (Pitot and Dragan, 1994). This
stage is characterised by karyotype instability. Progressor agents can induce genomic
alterations such as deletions, translocations and insertions in specific genes (Pitot and
Dragan, 1994; Pascale et al, 1993) and also inhibit DNA repair and topoisomerase activity
(Cortés et al, 1993). Tumour suppressor genes and particularly the p53 gene, are lost or
inactivated during this stage (Levine ez al, 1990; Stanley, 1995). As for the initiation stage,
progression can occur spontaneously possibly mediated by oxidative damage (Ames and

Gold, 1991).
It thus appears that carcinogenesis is a complex process requiring several successive events.

The initiation stage, where a DNA mutation is provoked by a chemical (or other agents) is a

necessary event, but not sufficient. The mutated cell needs to be clonally expanded

24



(promotion) and finally transformed into a malignant neoplasm with metastasic capacity

(progression).

1.1.3. Classification of chemical carcinogens

In view of the multistage nature of carcinogenesis, chemical carcinogens can be classified as
initiator, promoter or progressor, depending on the stage induced by the carcinogen. An
alternative classification divides carcinogens in complete and incomplete. A complete
carcinogen is able to induce all the stages of carcinogenesis, i.e induces cancer from normal
cells. An incomplete carcinogen may only induce initiation (Pitot and Dragan, 1994).
Nevertheless, the classification of chemical carcinogens as genotoxic or non-genotoxic

(epigenic) is ubiquitously used and accepted.

Genotoxic carcinogens are, by definition, chemicals that produce direct DNA damage
leading to carcinogenesis, whereas non-genotoxic carcinogens do not produce DNA
damage as a primary biological activity. A classification of genotoxic and non-genotoxic
carcinogens according to their mode of action is shown in Table 1.a.. Genotoxic

carcinogens will be described in detail in section 1.1.3.2.

1.1.3.1. Non-genotoxic carcinogens

Non-genotoxic carcinogens are non-mutagenic and do not react with DNA. Because of this
they generally are considered unable to possess initiating activity. Their mechanisms of
action are complex and numerous, but generally they are mitogenic and able to induce cell
proliferation (Green, 1991; Purchase, 1994), and might inhibit apoptosis (Schulte-Hermann
et al, 1990), which would result in a selective process, allowing the survival and growth of
initiated cells. These features suggest a role in the promotion stage, such as tetradecanoyl-
phorbol-13 acetate (TPA) and phenobarbitone ((Schulte-Hermann ef al, 1990).
Nevertheless, a number of non-genotoxic chemicals do not possess promoting activity
(Tennant, 1993), such as benzene. On the other hand some non-genotoxic carcinogens, e.g.
peroxisome proliferators may be complete carcinogens by enhancing the occurrence of

spontaneous mutations or may select cells with spontaneous tumours (Ames and Gold,



1991; Berry, 1993). Common characteristics of non-genotoxic carcinogens are the organ
and species specificity, lack of common factors in their chemical structure and a threshold

dose pattern (Berry, 1993).

The most common mechanisms by which non-genotoxic carcinogens act are briefly
described in Table 1.a. One of the major mechanisms of action of non-genotoxic
carcinogens appears to be related with the induction of cell proliferation (Purchase, 1994).
This can be achieved by regulation of the expression of growth control genes (Green,
1991), by alteration of hormonal homeostasis (Purchase, 1994) or by inhibition of apoptosis
(Schulte-Hermann ef al, 1991). Non-genotoxic carcinogens have also shown to be able to
increase expression of some oncogenes or inhibit expression of tumour suppressor genes
(Green, 1991). Possible events leading to these alterations are enhancement of signal
transduction, activation of nuclear receptors, or cytotoxic effects leading to regenerative
hyperplasia (Green, 1991; Purchase, 1994). Regulation of gap junction intercellular
communication (GJIC) is another possible mechanism of non-genotoxic carcinogens
(Yamasaki et al, 1995). It is recognised that gap junctional intercellular communications
(GJIC) may have tumour suppressor activity and thus may regulate cell proliferation and the
clonal expansion of initiated cells by holding them in a quiescent state; this protection can be
lost if a chemical is able to inhibit this function (Chipman, 1995). Several non-genotoxic
carcinogens have been found to generate reactive oxygen species, which in turn, can lead to
oxidative DNA damage, which has been correlated with both tumour initiation and to

tumour promotion (Clayson, 1994, Oberley, 1995).

1.1.3.2. Genotoxic carcinogens

Genotoxic carcinogens are chemicals which primary activity is the alteration of the
information encoded in the DNA, either directly or through the formation of a reactive
metabolite (Purchase, 1994). Because of their genotoxic activity they are usually responsible
for the initiation stage of carcinogenesis and some of them for the progression stage, during
which mutations have been implicated. Genotoxic chemicals can be classified into three
broad categories (Table 1.a.): direct acting agents, which react directly with DNA,

procarcinogens, which interfere with DNA after metabolic activation and inorganic
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chemicals, which interfere with DNA replication. The unifying characteristic of direct agents
and procarcinogens is their electrophilicity (electron-deficiency), which allows them to react
with nucleophilic sites in the DNA. Procarcinogens are not electrophilic per se, thus require
metabolic activation (possibly via an intermediate, proximate carcinogens) to a highly
reactive electrophilic form, the ultimate carcinogen. The majority of carcinogens belong to
the procarcinogens class. Figure 1.b. shows typical examples of direct agents and
procarcinogens, proximate and ultimate carcinogens. The transformation of a procarcinogen
to ultimate carcinogen often involves oxidation of the substrate (Figure 1.b.) (Phase I
reactions), but other type of reactions (Phase II reactions) can also occur. These will be

discussed in detail in the following section (1.2.).

The interaction of genotoxic carcinogens with DNA can lead to several lesions. Many
ultimate carcinogens bind nucleophilic sites in DNA to produce DNA adducts. One of the
most nucleophilic sites is the N 7 position of guanine and many carcinogens form DNA
adducts at this position (for example aflatoxin B, 2-acetylaminofluorene (Bolt, 1988).
Other common lesions are the attack of alkylating agents (such as N-nitrosodimethylamine
(NDMA)) to nucleophilic oxygen in DNA (Essigman and Wood, 1993). Free radical
intermediates, which are formed sometimes during the metabolism of chemical carcinogens,
can also induce DNA lesions, such as 8-hydroxyguanine, either directly or via the formation
of reactive oxygen species (ROS) (Floyd, 1990). DNA adducts can lead to base mispairing
(Singer, 1986) and bulky adducts can also block DNA synthesis resulting in a non-coding
lesion (Friedberg, 1992). Different adducts will lead to different types of mutation
(Essigmann and Wood, 1993). The interaction of carcinogens and DNA can also lead to
other structural changes, such as single and double DNA strand breaks (Sina ef al, 1983),

pyrimidine dimmers or DNA strand crosslinks.

The cell can respond to these changes in three different ways; Firstly, the tolerance
mechanism, where the damage is circumvented without being repaired (Friedberg, 1994)
and is error-prone, or secondly, DNA repair mechanisms can be activated. DNA lesions can
be reversed directly by removal of damaged bases by alkyltransferases (Pegg and Byers,
1992) or can be restored by excision repair. Base excision repair involves removal of the

damaged or mispaired base, cleavage of the damaged DNA strand break, removal of several
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neighbouring bases with subsequent action of DNA polymerases and lygases to yield a
complete double stranded DNA without damaged bases (Regan and Setlow, 1974). The
action of DNA polymerases introduces a potential for a mutation to occur in the form of a
mispaired base (Cheng and Loeb, 1997). This possibility of mutation is much higher in
nucleotide excision repair, where a longer base sequence is removed and repaired
(Hoeijmarkers and Bootsma, 1994). A third response to DNA damage can be the deliberate
removal of the cell by apoptosis. Extensive DNA damage can activate p53 to prime cells for

apoptosis should repair not be possible (Tlsty, 1997).

Thus, genotoxic carcinogens can induce DNA structural changes as a result of the failure of
DNA repair systems. These changes include point mutations, frameshift mutations,
insertions, deletions or changes in chromosome structure or number (Pitot and Dragan,
1996). Consequently DNA adducts, DNA strand breaks, mutations, DNA binding and
repair and chromosome aberrations have proved useful as endpoints in the identification of
genotoxic carcinogens. Short-term genotoxicity tests include the Salmonella typhimurium
reverse mutation assay, micronucleus test, unscheduled DNA synthesis and the single cell

electrophoresis assay, which will be discussed later (chapters 4 and 5).

The formation of DNA adducts, as well as mutations, depends on the reactivity of the
ultimate carcinogen and the overall metabolism of the chemical agent (see following section
1.2.) and DNA repair systems. Once a mutation has appeared during the synthesis of a new
DNA strand from a damaged template, cell replication will play a primordial role to allow
transformation of the mutated cell into a malignant tumour (see 1.1.2.). When these
mutations occur in proto-oncogenes and tumour SuUppressor genes, which play an important
role in the control of cell growth and differentiation (Pitot and Dragan, 1994, Stanley, 1995)

(see section 1.1.2.), persistence of this mutation is ensured.
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DIRECT ACTING CARCINOGENS
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PROCARCINOGENS, PROXIMATE AND ULTIMATE CARCINOGENS
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Aflatoxin B, Aflatoxin B,2,3, epoxide
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[4,5-f]quinoline (1Q) (Proximate carcinogen) (Ultimate carcinogen)
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(Procarcinogen) (Proximate carcinogen) (Ultimate carcinogen)

Figure 1.b. Chemical structures of direct and indirect genotoxic carcinogens.
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1.2. Metabolic activation and detoxification of carcinogens

The ability of carcinogens to induce DNA mutations depends mainly on the reactivity of
the parent compound or intermediate metabolites and on its overall metabolism.
Carcinogens entering a biological system undergo absorption, disposition (tissue
distribution), enzymatic and/or non enzymatic transformations and finally excretion.
Although all these processes contribute to some extent to the observed amount and/or
reactivity of the ultimate carcinogen, the biotransformation of the chemical is possibly the

most important and determining factor.

The biotransformation of xenobiotics is a mechanism to eliminate lipophilic xenobiotics by
transforming them into hydrophilic species easily excreted. Without biotransformation,
lipophilic xenobiotics would be poorly excreted, accumulating in the body and eventually
killing the organism (Parkinson, 1996). Although biotransformation is primarily a
detoxification and protective mechanism, for certain xenobiotics, namely procarcinogens,
biotransformation results in the formation of a metabolite more toxic than the parent
compound. The extent of reactive metabolite formation and its degree of toxicity is
dictated by the rates of the competing activation and deactivation pathways (Ioannides ef
al, 1995). This balance between activation and detoxification can be perturbed by several
factors (saturation of deactivation pathways, selective induction of activating enzymes,...),
thus increasing the production and accumulation of toxic and potential carcinogenic
intermediates (Ioanides et al, 1995). These factors affecting the metabolism of carcinogens

will be discussed later.

The reactions involved in the biotransformation of carcinogens and other xenobiotics are
generally divided into Phase I and Phase II reactions (Parkinson, 1996). Phase I reactions
generally introduce small functional groups (e.g. -OH, -NH,, -SH or -COOH) into the
carcinogen resulting in a small increase in hydrophilicity. Phase II reactions introduce a
polar endogenous group (glucuronic acid, sulfate, acetyl, methyl, glutathione or amino-
acids) resulting in a large increase in xenobiotic hydrophilicity, thus, promoting excretion.
Substrates of Phase II reactions are generally xenobiotics or products from Phase I

reactions (Parkinson, 1996) and Phase I reactions usually precede Phase II reactions.



Table 1.b. shows the most common Phase I and II enzymes involved in the
biotransformation of carcinogens. Only those enzymes relevant to this project are

described in detail below.

1.2.1. Cytochrome P450

Cytochrome P450 enzymes (CYP450) are the most important Phase I enzymes, due to the
number of carcinogens (and other xenobiotics) that they metabolise and due to their
catalytic versatility. They are found mainly in liver as well as in almost all tissues and they
are usually located in the endoplasmic reticulum, although some mitochondrial forms have
also been found (Guengerich, 1992). The basic and most common reaction catalysed by
CYP450 is monooxygenation. The catalytic cycle of CYP450 will be described in more
detail in the next section (1.3.1.). To date there have been identified more than 300
different forms of CYP450 and 50 different families (see section 1.3.2.) but in mammals
only 4 families are involved in the metabolism of carcinogens (Nelson et al, 1993; 1995).
The different isoenzymes have different catalytic activities and different substrate
specificities, which sometimes overlap (see section 1.3.3.). The oxidation reactions that
they catalyse are: hydroxylation of aliphatic or aromatic carbons, epoxidation of double
bonds, heteroatom oxygenations, N-hydroxylations, heteroatom dealkylations, oxidative
group transfer, clearance of esters and dehydrogenation. Some typical examples of
carcinogen activation are the epoxidation of aflatoxin B, or benzo[a]pyrene, N-oxidation
of 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), N-hydroxylation of 2-
acetylaminofluorene  or  2-amino-3-methylimidazo[4,5-f]quinoline  (IQ), and M-
demethylation of N-nitrosodimethylamine (NDMA) (Guengerich and Shimada, 1991).
CYP450 also can catalyse azo- and nitro-reductions and reductive dehalogenations.
Different factors (genetic, environmental) may affect CYP450 activity and therefore affect

the metabolic activation of carcinogens (see sections 1.3.4. and 1.3.5).

1.2.2. UDP-glucuronosyltransferases

UDP-glucuronosyltransferases (UGT) catalyse the conjugation of substrates with

glucuronic acid which results in an increase of lipophilicity and recognition by the biliary
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and renal transport systems, thus facilitating excretion. UGTs are localised in the
endoplasmic reticulum of various tissues. Substrates for glucuronidation contain functional
groups such as aliphatic alcohols and phenols, carboxylic acids, and primary and secondary
aromatic and aliphatic amines (Miners and Mackenzie, 1992). Glucuronidation results in
detoxification of most carcinogens, but in some cases, such as 2-aminonaphthalene, has
the opposite effect resulting in activation. Two gene families have been found, UGT1 and
UGT?2 (with subfamilies A and B). In humans, the multiple forms are products of either a
single UGT1 gene locus or multiple UGT2B genes (Bierly and Burchell, 1993). Some
forms of UGTs can be induced by compounds such as polycyclic aromatic hydrocarbons
(PAH), which are also inducers of the Ah receptor (see section 1.3.5) or by

monofunctional inducers of phase II enzymes (see section 1.4.4).

1.2.3. N-Acetyltransferases

N-Acetylation is a major route of metabolism for aromatic amines and hydrazines resulting
in transformation into less water soluble metabolites (amides and hydrazides respectively)
(Evans, 1992). Aromatic amines can be both activated or deactivated, depending on their
structure and whether they have previously been N-hydroxylated by CYP450 (generally
CYP1A2). N-Acetylation generally results in detoxification of aromatic amines, whereas,
O-acetylation (after P450 N-hydroxylation) results in activation of hydroxylamines to
reactive products. N-Acetyltransferases (NAT) are cytosolic enzymes found in liver and
other tissues, and two different forms have been found in humans, NATI, expressed in
most tissues, and NAT2, only expressed in liver (Vatsis ef al, 1995). The two forms have
different but overlapping substrate specificities. For example 2-aminofluorene is
metabolised both by NAT1and NAT2, whereas 1Q is preferentially metabolised by NAT2
(Kadlubar, 1994). Bicyclic and heterocyclic aromatic amines (BAA and HAA
respectively), carcinogens in bladder and colon (Kadlubar, 1994), can be both activated
(the N-hydroxyl form) or detoxified by NAT1 and NAT2 (BAA). On the other hand HAA
(the N-hydroxyl form) can be activated by NAT2 but not detoxified by any of the two
enzymes (Kadlubar, 1994). Genetic polymorphisms for NAT2 have been reported and
individuals can be classifed as slow or fast acetylators (Grant ef al, 1992). These

polymorphisms can be an important risk factor in cancer susceptibility (Kadlubar, 1994) to
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BAA and HAA due to their metabolic differences (see above). A polymorphism for NAT1

has recently been described and may be associated with increased colon cancer risk.

1.2.4. Glutathione-S-transferases

Glutathione-S-tranferases (GST) catalyse the conjugation of numerous electrophilic
xenobiotics and also endogenous compounds with glutathione (GSH). GSTs are present in
most tissues and are mainly cytosolic enzymes, although they may also be present in
microsomal fractions (Ketterer, 1988; Pickett and Lu, 1989). Substrates for GST are
hydrophobic, containing an electrophilic atom, and in some cases they react non-
enzymatically with GSH to some extent. Apart from the metabolic function of GSTs, they
can also have a role as a transport system for its conjugates (Baillie and Slatter, 1991).
Substrates of GST can be conjugated directly to GSH (for example B-propiolactone, 1,2-
dichloro-4-nitrobenzene) or transformed to an electrophilic intermediate (usually by
cytochrome P450) prior to GSH conjugation. Conjugation with GSH constitutes an
important detoxification pathway for most of the electrophilic substrates, which otherwise
would bind to DNA or other macromolecules (e.g. benzo[a]pyrene-4,5-oxide, aflatoxin
B;-8,9-oxide) (Ketterer, 1988). However, compounds such as dichloromethane or
dibromoethane are converted to reactive metabolites by GSH conjugation (Guengerich,
1994) and for bromobenzene, GSH conjugation after oxidation by CYP450 leads to the
generation of ROS.

GSTs can exist as homodimers or heterodimers and they are divided into four gene
families o, 1, © and 6. In humans the alpha class contains three different genes, hGSTAI,
A2 and A3; five genes have been identified in the mu class, hGSTMI (with three alleles A,
B and 0), M2, M3 (with two alleles A and B), M4 and MS; one gene in the pi class,
hGSTP1 (with three alleles A, B and C) and the theta class contains two genes, hGSTT1
(with two alleles A and 0) and T2 (Mannervick ef al, 1992). Some compounds can be
substrates of several classes, for example 1-chloro-2,4-dinitrobenzene (A,M and P),
whereas other chemicals may be preferentially conjugated with only one class (Ketterer,
1988). For instance, alkene oxides are substrates of the mu class, and in rodents, aflatoxin

B, 8,9-oxide is conjugated only with the Yc subunits of the alpha class. Thus, aflatoxin B,
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causes tumours in rat (low levels of GST Yc) but is much less potent in mice, which have
high levels of GST Yc (Eaton and Gallagher, 1994). A genetic polymorphism for
hGSTMI1 has been described, and individuals with the homozygote null allele seem to be
at risk for cigarette smoking induced lung cancer (Hayashi er al, 1992) and also for
adenocarcinoma and urothelial cancer (Lear et al, 1996, Katoh et al, 1995).
Polymorphisms of hGSTM3, T1 and P1 have also been identified, and their link with

various types of cancer is under study (Warwick et al, 1994; Lear et al, 1996).

The o and p class are inducible by several agents including 3-methylcholanthrene,
phenobarbitone, antioxidants and Michael acceptors in rodents (Nguyen et al, 1994) and
also by monofunctional and bifunctional inducers (Prochaska and Talalay, 1988) (see
section 1.4.4). The induction is a result of increased levels of mRNA due to
transcriptional activation (Nguyen ef al, 1994). This can be mediated by different response
elements in the enhancer regions of the GSTs genes (xenobiotic response element (XRE),
Barbie box, antioxidant response element (ARE) and/or glucocorticoid response element

(GRE)) (see section 1.4.4.).

1.2.5. Quinone reductases

Quinone reduction can be mediated by two different mechanisms. The one electron
reduction, catalysed by NADPH-cytochrome P450 reductase usually is accompanied by
formation of ROS (Parkinson, 1996). The two electron reduction, catalysed by DT-
diaphorase generally promotes deactivation of quinones, preventing their participation in
oxidative cycling and depletion of intracellular GSH (Atallah ez a/, 1987). Several forms of
the enzyme have been found in rodents and humans. In humans, two different forms have
been identified: an inducible form, NQO,; (NADPH-quinone oxidoreductase, or also
named quinone reductase (QR)), which accounts for the majority of the activity and a non
inducible form, NQO,. Polymorphims for both isoforms have been described (Rosvold ef
al, 1995; Jaiswal ef al, 1990). QR has been found to be induced by phenolic antioxidants,
planar aromatic compounds and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Favreau
and Pickett, 1995). The mechanisms of induction of QR will be discussed in detail in

section 1.4.4 (monofunctional and bifunctional inducers).
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1.2.6. Metabolic activation systems in testing for carcinogens

The majority of short-term assays used in the testing of potential carcinogens, are carried
out in bacteria or mammalian cell cultures (see section 1.1.3.1.), which lack the metabolic
capacity of intact mammals. Metabolic activation must therefore be provided to these
systems. The liver is the first organ to encounter ingested nutrients, drugs and
enviromental toxicants and functions as first-pass clearance of toxins and carcinogens
(Molsen, 1996). 1t is therefore the organ where most carcinogens will be metabolised, and
contains high levels of phase I and II enzymes, hence its widely used as a metabolic
activation system. Both post-mitochondrial supernatant (S9) and microsomes from rodent
liver are commonly used (Maron and Ames, 1983). Other tissues have also been used for
the testing of carcinogens, for example lung homogenates may be used for the testing of

cigarrette smoking derived aromatic amines (Shimada ef al/, 1992a, b).

The addition of exogenous metabolic activation systems is not always necessary; such is
the case of intact hepatocytes, which retain cytochrome P450 and phase II enzyme
activities (Madle er al, 1994) in the short term. Alternative metabolic systems have
recently been developed by the construction of cell lines that express cDNAs encoding
cytochrome P450s (see section 5.1.1 and 5.1.2.). Despite the usefulness of the above
mentioned in vifro metabolic activating systems, they do not mimic the mammalian in vivo
situation and the final balance between activation and detoxification may be different in

vivo than in vitro.
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1.3. The cytochrome P450 superfamily.

The most important enzymes involved in phase I reactions and metabolism of carcinogens
are the cytochrome P450 system (see section 1.2.1.). The cytochrome P450 enzymes
(CYP450) are a superfamily of heme-containing monooxygenases with a unique spectral
absorption at 450 nm corresponding to the Fe*-CO complex and due to the presence of a
cysteinyl thiolate fifth ligand to the iron (Ortiz de Montellano, 1989). Cytochrome P450
enzymes are monomers of about 48 to 60 kDa and the amino acid sequence that contains
the cysteine-thiolate fifth ligand is highly conserved throughout all CYP450 forms.
(Gonzalez and Gelboin, 1992). To date, over 300 CYP450 genes, belonging to prokaryotes
and eukaryotes, including mammals and plants have been recognised (Nelson et al, 1993,
Nelson, 1995). They are expressed virtually in all mammalian tissues with the exception of
erythrocytes and striated muscle, with the highest activity in the liver. Although CYP450s
have been found in several organelles, the microsomal fraction (endoplasmic reticulum)
shows the highest activity towards xenobiotics (in the text CYP450 will imply microsomal

enzyme unless otherwise stated).

CYP450s are believed to have existed for over one billion years and their main function is
considered to have been the metabolism of steroids to maintain membrane integrity.
CYP450s involved in xenobiotic metabolism appear to have evolved as a defense
mechanism against toxic substances in the food chain (mainly plants) (Gonzalez and
Gelboin, 1992). Thus, the diversity of CYP450 forms as well as species differences and
polymorphisms seems to be the result of diet changes through the species evolution

(Gonzalez and Gelboin, 1994).

1.3.1. Mechanisms of catalysis by cytochrome P450

The cytochrome P450 system consists of two hemoproteins, cytochrome P450 and
cytochrome bs, two flavoproteins, NADPH cytochrome P450 reductase and NADH
cytochrome bs reductase and employs two pyridine nucleotides, NADPH and NADH. The
enzymes are embedded in the phospholipid bilayer which facilitates their interaction. The

flavoproteins function is that of transferring electrons form NAD(P)H to the cytochrome
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P450. In general NADPH cytochrome P450 reductase donates the first electron required for
catalysis and either NADPH cytochrome P450 reductase or cytochrome bs can supply the
second electron to cytochrome P450 (Sevrioukova and Peterson, 1995). In contrast to the
multiple forms of P450s, only one form of NADPH-cytochrome P450 reductase and
cytochrome bs have been found, and they are present in a much lower ratio than cytochrome
P450. The reason of this seems to be that the flavoproteins can transfer electrons much

faster than cytochrome P450 can use them (Sevrioukova and Peterson, 1995).

The most common reactions catalysed by CYP450 were described in section 1.2.1. The
catalytic cycle of CYP450 has been described and reviewed by several authors
(Guenguerich 1995; Ortiz de Montenallo, 1995; Groves and Hang, 1995). Briefly, the
substrate binds to the heme iron which is then reduced from ferric (Fe™) to ferrous (Fe*")
with an electron from NADPH-cytochrome P450 reductase. Then, molecular oxygen binds
to the iron to give a ferrous cytochrome P450-dioxygen complex which is further reduced
by a second electron to give a peroxoiron (III) complex and which becomes FeOOH after
the addition of two protons. Finally a molecule of water is released from this complex and
the oxygen atom is transferred to the substrate, which then dissociates from the heme in its
ferric (Fe’") state. This is appropiate for most of the P450 reactions, although there are

some exceptions (Guengerich ef al, 1995).

1.3.2. Multiple forms of cytochrome P450

The cytochrome P450 superfamily can be classified into three different general categories
(Gonzalez and Gelboin, 1992): i) soluble forms found in bacteria and with high substrate
specificity, i) forms involved in highly specific steroid oxidations, some of which are
mitochrondrial, and iii) forms that are bound to the endoplasmic reticulum of the cell, with
broad substrate specifity. The cytochrome P450 isoenzymes have been classified into
families (more than 40 % amino acid sequence identity) (families 1, 2, 3, etc), and
subfamilies (at least 55% amino acid sequence identity) (2A, 2B, 2C, ..) (Nelson ef al,
1993). Aproximately 350 cytochrome P450 genes have been sequenced, belonging to 50

families and 82 subfamilies, found in vertebrates (mammals, fish and birds), invertebrates,
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plants, and bacteria (Nelson, 1995). In mammals 12 families comprising 22 subfamilies have

been identified. Table 1.c. lists most of the cytochrome P450 genes identified.

In humans (and rodents), the major gene families are 1, 2, 3, 4, 7, 11, 17, 19 and 21.
Families 7, 11, 17, 19, 21 and 27 are found extrahepatically and are involved in the
metabolism and biosynthesis of steroid hormones and other endogenous substrates
(Guenguerich, 1995). Families 1, 2, 3 and 4 (hepatic and extrahepatic) are involved in Phase
I reactions. The distribution of the different isoenzymes in the human liver, the major organ
involved in carcinogen metaboism (see section 1.2.6.) is shown in figure 1.c. However these
levels can vary considerably due to several factors (see sections 1.3.4. and 1.3.5.). The
different cytochrome P450 isoforms involved in carcinogen metabolism are described briefly

in the following section.
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Table 1.c. Cytochrome P450s.

GENE SYMBOL SPECIES

CYP1Al Human, rat, mouse, rabbit, hamster, trout

CYP1A2 Human, rat, mouse, rabbit, hamster, chicken,
Trout

CYPI1BI1 Human, mouse

CYP2A1, 2A2, 2A3 Rat

cyp2ad, 2a5 Mouse

CYP2AS6, 2A7 Human

CYP2BI1, 2B2, 2B3, 2B8 Rat

CYP2B6 Human

cyp2b9, 2b10 Mouse

CYP2C6, 2C7, 2C11, 2C12, 2C13 Rat

CYP2CS, 2C9, 2C10, 2C18, 2C19 Human

CYP2D1, 2D2, 2D3, 2D4, 2D5 Rat

CYP2D6 Human

cyp2d9, 2d10, 2d11, 2d12, 2d13 Mouse

CYP2E1

CYP2E2

CYP2F1

CYP3A1, 3A2

CYP3A3, 3A4, 3AS, 3A7
CYP3A6

CYP3A14, 3A15
CYP3A9

cyp3all, 3al6

Human, rat, mouse, rabbit, monkey
Rabbit
Human
Rat
Human
Rabbit
Guinea pig
Rat

Mouse

Cont’d...
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CYP4Al, 4A2, 4A3 Rat

CYP4A4, 4AS, 4A6, 4A7, 4A8 Rabbit

CYP4A9, 4A11 Human

cyp4all, 4al2 Mouse

CYP4B1 Human

CYPA4F3 Human

CYP5A1 Human, rat

CYP7 Human, rat, rabbit, bovine
CYP8 Bovine

CYPI11Al Human, rat, rabbit, chicken, bO\;ine, pig
CYP11B1, 11B2 Human, rat, mouse, bovine
CYP17 Human, rat, mouse, pig, chicken
CYPI19 Human, rat, mouse, pig, chicken
CYP21A2 Human

CYP21 Sheep, Pig

CYP24 Human

CYP27 Human, rat, rabbit
CYPS1-CYP69 Lower eukariotes
CYP71-CYP99 Plants
CYP101-CYP116 Bacteria

Adapted form Nelson (1995).
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1.3.3. P450s involved in the metabolism of carcinogens and their substrate specificity

The main features and substrate specificty of cytochrome P450 families involved in the
metabolism of carcinogens are described below and were extracted form several reviews
(Gonzalez and Gelboin, 1994; Guenguerich and Shimada, 1991; Ioannides et al, 1995;
Wrighton and Stevens, 1992 and Guengerich, 1995).

1.3.3.1. Cytochrome P450 family 1 (CYP1)

The human (and rodent) CYP1 family contains only 1 subfamily, A, and 2 proteins CYP1A1
and CYP1A2, which are 70 % identical in sequence. They play an important role in the
activation of carcinogens, although CYP1A2 can also inactivate some substrates (see Table
1.c.). Human CYP1Al is expressed at low levels in extrahepatic tissues (lung, placenta), but
can be induced to considerable levels both in liver and extrahepatic tissues. Human
CYP1A2 is expressed constitutively in the liver (13 %, see figure 1.c.) but not in
extrahepatic tissues and it is also an inducible enzyme. Interspecies differences on the level
of expression of these enzymes exist (see section 1.3.6.). Induction of both CYP1Al and
CYPI1A2 is regulated by the Ah locus in both human and rodents (see section 1.3.4.).
Substrates of these enzymes have generally a planar molecular configuration. CYP1Al is
responsible for the oxidation of polycyclic aromatic hydrocarbons (PAH) whereas CYP1A2

catalyses the N-hydroxylation of arylamines and heterocyclic amines (see table 1.d.).

1.3.3.2. Cytochrome P450 family 2 (CYP2)

Although this is one of the largest families, comprising a number of subfamilies, there is only
one isoenzyme with a major role in carcinogen metabolism, the CYP2E1. Nevertheless,
there are few other subfamilies which also have a minor role. CYP2A6 has been found to
activate several carcinogens (see table 1.d.), but its only present at less than 1 % in human
liver. In rodents it has also been found in extrahepatic tissues. The human isoenzyme
CYP2D6 has been found to be associated with lung cancer and other illness (see section
1.3.5.). However its role in cancer aethiology is not fully understood, since it only activates

one carcinogen (NNK) which is also activated efficiently by other CYP450s (see table 1.d.).
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The CYP2E1 isoenzyme plays a major role in the bioactivation of many small molecular
weight and generally hydrophilic carcinogens and other toxins, although it can also
inactivate certain compounds (see table 1.d.). It is responsible for the metabolism of some
nitrosamines (see 1.3 6. for species differences in their metabolism), carbon tetrachloride,
azoxymethane, vinyl chloride, and organic solvents such as acetone, dimethylsulphoxide,
benzene and alcohol and some drugs like paracetamol. CYP2EI is constitutively expressed
in liver and several extahepatic tissues (lung) and is inducible by ethanol and isoniazid in
humans and also by acetone and certain physiological states in rodents (see section

1.3.4.1.2)).

1.3.3.3. Cytochrome P450 family 3 (CYP3)

The human CYP3A subfamily contains 4 different genes, CYP3A3, 3A4, 3A5 and 3A7, of
which CYP3A4 is expressed to a greater degree than the others and also constitutes the
major fraction of the total cytochrome P450 level in human liver (see figure 1.c.). However,
in the rat two isoforms have been found: CYP3A1 and 3A2. CYP3A4 is also expressed in
extrahepatic tissues (lung, intestine). CYP3A4 can activate a broad variety of carcinogens
such as aflatoxin B;, 6-aminochrysene, and some polycyclic aromatic hydrocarbons to their
ultimate carcinogens (see table 1.d.). Deactivation of carcinogens has also been associated
with the human CYP3 family, as for aflatoxin B, and 1,6-dinitropyrene. Whereas CYP1A
and CYP2E1 substrates are quite specific (i.e. planar compounds for CYP1A and small
compounds for CYP2E1), CYP3A metabolises mainly large compounds but lacks substrate
specificity. The human enzyme is induced by barbiturates, dexamethasone and

troleandomycin.

1.3.3.4. Cytochrome P450 family 4 (CYP4)

The principal function of CYP4 is the metabolism of endogenous substrates such as fatty
acids and prostaglandins. CYP4B1, expressed in rodent lung, can activate a number of
aromatic amines, but the human protein was unable to catalyze these reactions. There is a

close link of this family with peroxisomal proliferators (non-genotoxic carcinogens in
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rodents (see section 1.1) which have shown to induce rat CYP4A1, 4A2 and 4A3 and rabbit
CYP4As.

1.3.4. Regulation of enzyme activity by induction and inhibition.

Cytochrome P450 levels and activity in the liver can vary considerably among different
individuals. These variations can be attributed to several factors. The first is human genetic
polymorphisms. These are heritable DNA changes that can lead to the synthesis of a form of
CYP450 with deficient catalytic activity or lack of inducibility. The most common human
polymorphisms will be mentioned in section 1.3.5. The second and third mechanisms are

enzyme induction and inhibition, described here.

1.3.4.1. Induction of cytochrome P450 enzymes that metabolise carcinogens.

There are a few different mechanisms by which CYP450s can be induced. Inducers of
CYP450s are often substrates themselves for the induced enzyme, so that the enzyme
activity is increased as needed. In general, the induction of cytochrome P450 enzymes is a
protective mechanism, since detoxification is the main function of these enzymes (see
section 1.2.). Nevertheless, the induction of these enzymes in certain conditions might be a
disadvantage and may enhance chemical toxicity (Ioannides and Parke, 1993). Cytochrome
P450 can activate numerous procarcinogens (section 1.3.3), therefore its induction may
result in an increase of ultimate carcinogen which can result in an increased chance of

mutations and carcinogenesis (see section 1.1.3. 1).

Inducers of cytochrome P450s can be classified into five different classes (Porter and Coon,
1991) represented by the following inducers: 3-methylcholanthrene (induces CYP1Al,
CYP1A2), phenobarbitone (rat CYP2B1 and CYP2B2), pregnenolone-16c-carbonitrile
(CYP3A1, CYP3A2), isozianid (CYP2E1) and clofibric acid (rat CYP4Al, CYP4A2,
CYP4A3). Table 1.e. summarises the mode of action of these inducers. Because of their
involvement in carcinogen activation and relevance to this project, CYP1A and CYP2E1

induction is described in detail bellow.
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1.3.4.1.1. CYP1A1 and CYP1A2 induction.

3-Methylcholanthracene, polycyclic aromatic hydrocarbons (PAHs), flavones, TCDD and
some drugs and naturally occurring compounds induce rat CYP1A1 and CYP1A2 (cigarette
smoking has shown to induce the human enzymes). The mechanism of induction has been
widely studied in experimental animals and several reviews have been published (Whitlock
and Denison, 1995; Okey ef al, 1994). The induction of CYP1AI involves activation of
transcription of the CYPJ/AI gene and message stabilization, which results in an increase of
levels of mMRNA and newly synthesised protein. When the inducers are lacking, transcription
of CYP1A1 is suppressed by a repressor protein, thus explaining the low constitutive levels
of CYP1A1 enzyme (Parkinson, 1996). The induction of CYP1A1 is mediated through the
“Ah receptor” (named from the fact that it binds and mediates the response to aromatic
hydrocarbons (Ah)). The induction of CYP1A1 transcription requires a second protein in
addition to Ah, Arnt, which is involved in the binding of the ligand-receptor to DNA
(Whitlock and Denison, 1995). The free Ah receptor appears to form an heteromer with
two heat-shock proteins (hsp90) in the cytosol. When the ligand binds to the Ah receptor,
the two hsp90 proteins dissociate from the receptor, enabling phosphorylation of Ah (via
tyrosine kinases), which then can enter into the nucleus and bind the Arnt protein. Finally
the phosphorylated complex ligand-Ah receptor-Arnt binds to regulatory sequences of
DNA enhancing transcription of the CYPIAI gene (and other genes; Okey ef al, 1994).
These regulatory sequences, located in the enhancer region of the gene are known as
xenobiotic responsive elements (XRE) and are also present in the upstream enhancer region
of CYP1A2, GST, QR, UGT and aldehyde dehydrogenase (Parkinson, 1996). Thus,
inducers of the Ah receptor and CYP1A1, will also induce CYP1A2, GST, QR, UGT and
aldehyde dehydrogenase. The implications of this induction will be of great importance,
since all these enzymes are involved in the metabolism of carcinogens (see section 1.2.) and

will be discussed in following sections (1.4.3. and 1.4.4.).
The Ah receptor has been purified and cloned in C57BL/6 mouse (Burbach et al, 1992).

Four different allelic variants of the Ah receptor have been identified, one low afinity, 44 d ,

which is responsible for the lack of Ah induction of certain mouse strains, and three high
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affinity forms, A4 b (Poland ef al, 1994). The human Ah receptor is similar to the rodents
receptor, but in general has less affinity for halogenated aromatic hydrocarbons (Okey et al,
1994). The Ah receptor may also mediate the expression of genes that regulate cell growh
and differentiation, which play a key role in the carcinogenesis process (see section 1.2.)

(Okey et al, 1994).

1.3.4.1.2. CYP2E1 induction

Rodent CYP2E1 can be induced by isoniazid, ethanol, acetone, pyrazole, fasting and
diabetes (Koop and Tiernay,1990). In general CYP2E1 inducers also can inhibit CYP2E] or
be metabolised by CYP2E1 and/or can increase serum ketone bodies. CYP2E1 is induced
by several mechanisms depending on the type of inducer. For example, compounds such as
acetone, isoniazid or ethanol act by stabilization of the protein without mRNA increase. The
CYP2E] protein is stabilised by decreasing protein degradation (probably by blocking its c-
AMP-dependent phosphorylation) (Song ef al, 1989). On the other hand fasting increases
gene transcription and diabetes induces CYP2E1 by mRNA stabilization (Whitlock and
Denison, 1995). Human CYP2E1 has been shown to be induced in patients treated with

ethanol or isoniazid (Guenguerich, 1995).
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Table 1.d. Human CYP450s involved in the metabolism of procarcinogens.

CYP450 CARCINOGEN ACTIVATION CARCINOGEN INACTIVATION

CYP1A1l Benzo[a]pyrene,
dimethylbenz[a]anthracene
CYP1A2 2-aminofluorene, 2AAF, Aflatoxin By, 1,3-dinitropyrene, 2-
Aflatoxin B;, 2-aminoanthracene, furylfuramide
IQ, MelQ, MelQx, Glu P-1, Trp
P-1, PhIP, NNK
CYP2A6 Aflatoxin B;, NNK, NDEA
CYP2D6 NNK
CYP2E1 Carbon tetrachloride, chloroform, trichloroethylene, ethylene
methylene chloride, styrene, vinyl dibromide, 1,1,1-tricholoethane

chloride, acrilonitrile, NDMA,
NDEA, NNK, N-nitroso-N-
methylbenylamine

CYP3A4 Aflatoxin By, aflatoxin Gy, 6- Aflatoxin B,, senecionine, 1,6-
aminocrysene, 1-nitropyrene, 7,8- dinitropyrene
dihydroxy-7,8-dihydrobenzo[a]-
pyrene, tris-(2,3-dibromopropyl)
phosphate, senecionine

Adapted form Guengerich and Shimada (1991), Gonzalez and Gelboin (1994) and
Guenguerich (1995).

Abreviations: 2-AAF: 2-acetylaminofluorene, IQ: 2-amino-3-methylimidazo{4,5-f]
quinoline, MelQ: 2-amino-3,4-dimethylimidazo[4,5-f]quinoline, MelQx: 2-amino-3,4-
dimethylimidazo[4,5-f]quinoxaline, Glu P-1:  2-amino-6-methyldipyrido[1,2,-a:3’,2’-
d)imidazole, Trp P-1: 3-amino-1,4-dimethyl-SH-pyrido[4,3-b]indole, PhIP: 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine, NNK:  4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone, NDEA: N-nitrosodiethylamine, NDMA: N-nitrosodimethylamine.
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Table 1.e. Inducers of cytochrome P450s involved in xenobiotic metabolism

INDUCER

CYP450 INDUCED

MECHANISM

3-methylcholanthrene, PAH*,
TCDD, flavones, smoking*,

cruciferous vegetables

phenobarbitone*, phenytoin,

butylated hydroxyanisole

pregnenolone-16a-

carbonitrile, steroids

isoniazid*, acetone, ethanol*,
pyrazone, benzene, fasting,

diabetes

clofibric acid, nafenopin,

trichloroacetic acid

rat and human CYP1A1
and CYP1A2

rat CYP2B1, 2B2, 2A1,
2C6 and 3A2
human CYP3A4

CYP3A1, CYP3A2

rat and human CYP2EI1

CYP4A1, CYP4A2, CYP4A3

Transcriptional activation
and message stabilization

Ah receptor-XRE domain

Transcriptional activation
and message stabilization

Barbie box

Transcriptional activation

Protein stabilization

Transcriptional activation
Protein stabilization
mRNA stabilization

Increased mRNA translation

Transcriptional activation

PPAR

Based on Whitlock (1995) and Parkinson (1996).
Abreviations: PAH: polyaromatic hydrocarbons, TCDD: 2,3,7,8-tetrachlorodibenzo-p-
dioxin, XRE: xenobiotic responsive element, PPAR: peroxisome proliferator activated

receptor.

* Inducers of the human isoenzyme
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1.3.4.2. Inhibition of cytochrome P450s

Cytochrome P450 inhibitors can be divided into three main categories, depending on their
mechanism of action: reversible inhibition, metabolite intermediate complexation (quasi-

irreversible) and autocatalytic inactivation (irreversible) (Murray and Reidy, 1990).

Reversible inhibitors can either bind to the ferric heme, the ferrous heme or might bind to
lipophilic regions of the protein and simultaneously to the prosthetic heme iron (Ortiz de
Montellano and Correira, 1995). The normal function of the CYP450 enzyme is restored
once the inhibitor is eliminated from the organism. The second category includes chemicals,
which are not inhibitors per se, and require metabolism by CYP450 to an intermediate
capable of inhibiting P450 isoenzymes, which sequesters the enzyme in catallitically non-
functional state (Murray and Reidy, 1990). The inhibitor forms a stable complex with
CYP450 (metabolite-intermediate (MI)-complexation), which can be displaced resulting in
reactivation of CYP450. The third class of inhibitors include compounds that are converted
by CYP450 to radical intermediates which bind the enzyme and inactivate it. This
inactivation can occur by covalent binding to the protein, covalent binding to the prosthetic
heme group (leading to loss of heme) or by covalent binding of the modified heme (due to
interaction with the inhibitor) to the protein (Ortiz de Montellano and Correira, 1995; De
Matteis, 1978). Inhibitors that bind irreversibly to CYP450 are also named suicide inhibitors
(Murray and Reidy, 1990). Restoration of CYP450 activity can only be achieved by de novo
synthesis of the enzymes. Inhibitors that are catalysis-dependent (this includes second and

third class) are also known as mechanism-based inhibitors.

Other mechanisms of inhibition have been described, such as depletion of cofactor supply,
xenobiotic down regulation of CYP450s (e.g. diallylsulfide (Kwak e al, 1994)) or alteration
of the biosynthesis of heme or apoprotein (Murray and Reidy, 1990).

Cytochrome P450 inhibitors can also be classified as non-selective inhibitors and selective
inhibitors. Non-selective inhibitors generally exert their action to most of the P450
isoenzymes. For example, carbon monoxide inhibits all CYP450 isoforms by ferrous-heme

complexation, SFK525A inhibits several isoforms by binding to the enzyme and



allylisopropylacetamine is a mechanism based inhibitor of several CYP450 forms (Correira,
1995). Selective-inhibitors inhibit selectively only a small number of isoforms. Examples of
selective inhibitors are shown in table 1.f Because of the involvement of CYP450s in
carcinogen activation, the selective inhibition of cytochrome P450 isoenzymes is thought to
have the potential to confer anticancer properties (see section 1.4.2). However, adverse
reactions may occur since CYP450s also detoxify certain carcinogens (see table 1.d.). The
inhibition of hepatic carcinogen metabolism can also result in reduced first-pass clearance of
many carcinogens, which may result in greater exposure to carcinogens in extrahepatic

tissues.



Table 1.f. Selective inhibitors of human and rat liver P450s

CYP450 INHIBITOR MECHANISM
1A1 7,8-benzoflavone reversible (competitve)
a-naphthoflavone reversible
1A2 fluroxamine reversible (competitive)
furafylline (rat and human) irreversible (mechanism-based)
a-naphthoflavone reversible
2A6 diethyldithioncarbamate* irreversible
2C9 sulfaphenazole (also rat 2C6) reversible (competitive)
2D6 quinidine reversible (heme complexation)
ajamacicine (rat 2D) reversible
2E1 4-methylpyrazole reversible (heme complexation)
disulfiram, diallylsulfide irreversible (mechanism-
based)
3A4 troleandomycin (also rat quasi-irreversible

3A1/2) irreversible (mechanism-based)
gestodene (also rat 3A1/2) MI-complexation
erythromycin

Adapted from Murray and Reidy (1990) and Correira (1995). Inhibitors in italics represent

inhibitors of rat CYP450s.
* Diethyldithionocarbamate is not a totally selective inhibitor of CYP2A6: it has been

shown to inhibit several CYP450 isoforms including 2E1.
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1.3.5. Polymorphisms linked to carcinogen metabolising cytochronie P450 enzymes

As seen in section 1.3.4. the metabolic activation of many carcinogens can be modulated by
induction and/or inhibtion of the CYPs involved in their metabolism. Genetic factors have
also been found to play a role in CYPs expression, and therefore may contribute to
carcinogen metabolism. Several cytochrome P450s, and also Phase II enzymes express
genetic polymorphisms in the population. The most common polymorphisms found to date
regarding drug metabolism enzymes are the CYP1A1l, CYP2D6, CYP2E1, GSTMI and
NAT2. GSTMI1 and NAT?2 plymorphisms have already been described (section 1.2.).

A polymorphism of the Mspl restriction site in CYP1Al gene has been linked with
CYPI1A1 inducibility in some studies and with a high risk to lung cancer in Japanese
populations (Kawajiri, 1990). Mspl polymorphism consists of three genotypes: a
predominant homozygous m! allele (genotype A), the heterozygote (genotype B) and a
homozygous rare m2 allele (genotype C). A significant correlation in a Japanese population
between susceptibility to lung cancer and m2/m2 homozygosity was found (Kawajiri, 1990).
However this association in Caucasian populations (10-fold lower frequency of m2
homozygous) is controversial (Rannung et al, 1995). A polymorphism resulting in

aminoacid substitution (Ile-Val) has also been associated with lung cancer (Val/Val

genotype).

The levels of CYP1A2 mRNA and protein have been shown to differ substantially among
individuals and they have been classified as fast and slow CYP1A2 mediated caffeine
metabolisers. However, a genetic polymorphism associated with this variability has not yet

been identified (Daly ef a/,1994; Raunio and Pelkonen, 1995; Catteau ef al, 1995).

The CYP2D6 (debrisoquine hydroxylase) polymorphism is the most studied human enzyme
deficiency. The polymorphism is characterised by the inability of a subset of the population
to metabolise debrisoquine, thus making possible a classification of individuals as poor and
extensive metabolisers (PMs and EMs respectively) (Daly ef al, 1994). The human CYP2D
consists of two genes, CYP2D6 and CYP2D7 and a pseudogene, CYP2D8P. Three most



common defective alleles are CYP2D6A (a deletion of A2637 in exon 5), 2D6B (a
transition of G1934 to A), and 2D6D (deletion of the entire gene) (Rannug ef a/, 1995).
There is evidence in favor of a correlation between the EM phenotype and an increased risk
of lung cancer (Raunnio and Pelkonen, 1995) and gastric cancer (Poulsen et al, 1993),
although a negative correlation has also been reported (Rannug ef al, 1995). The
association between CYP2D6 polymorphism and lung and gastric cancer risk is not
understood, mainly due to poor catalytic activity of CYP2D6 towards carcinogens (it is
known only to activate NNK, see table 1.d.), and because CYP2D6 is mainly expressed in
liver. Several authors speculate the possibility that other factors (oncogenes or tumour

suppresor genes) may be linked to the CYP2D6 polymorphism (Poulsen ez al, 1993).

Genetic polymorphims of CYP2E1 have been identified using the restriction enzymes Dral,
Taql, and Rsal and in Japanese populations have been associated with lung cancer risk
(Raunio et al, 1995). However, no correlation was found in other populations, with less
frequency of the polymorphic alleles (Raunio and Pelkonen, 1995). Another polymorphism
of CYP2E1 has been found in the 5’-flanking region, using Pstl and Rsal (Rannug ef al,
1995). Althougth there was no association with lung cancer risk, interethnic differences in
distribution of the rare allele Rsal- PstI+ have been observed (Raunio et a/, 1995, Rannug et
al, 1995). Recently, another polymorphism in the 3’-non coding region and the poly A tail
has been found, but no associations with cancer risk have been described yet (Seree ef al,

1995).

In summary, evidence indicates that a correlation exists between genetic polymorphisms and
cancer risk, but this may vary in different ethnic groups. It is likely that individuals with
genotypes coding for active P450 enzymes and inactive phase II enzymes might be at higher
risk to develop cancer than individuals with the opposite genotype (Rannug ef al, 1995). As
a matter of fact correlations between certain cancer types and combined polymorphisms
have been reported. For example CYP1A1 polymorphism combined with the GSTM1 null
genotype have been associated with lung cancer risk (Hayashi, 1992; Nakachi, 1993),
urothelial cancer risk (Katoh ez al, 1995) and with basal cell carcinoma risk (Lear ef al,
1996). Fast caffeine metabolisers (CYP1A2) and rapid acetylators (NAT2) were more

prevalent among colorectal/polyp cases than among controls (Kadlubar et al, 1992).
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However, more studies are needed to be able to predict an individual’s suceptibility to

chemical carcinogenesis.

1.3.6. Differences between orthologous human and rodent cytochrome P450 enzymes.

Evidence indicates that orthologous human and rodent, in particular rat, CYP450 forms
catalyse the activation (and detoxification to a lesser extent, see section 1.3.3)) of
carcinogens in a highly similar manner. Nevertheless, differences in expression, catalytic
activities and substrate specificity between rodent and human CYP450s have been observed.
In table 1.c. it can be seen that species specific CYP450 forms are found. For example,
different isoforms of the subfamilies CYP2A, CYP2B, CYP2C, CYP2D, CYP3A and
CYP4A are found in different species and in mice CYP2B and CYP2C isoforms are lacking.
Also human polymorphisms are numerous (see section 1.3.5.) but rare in rodent species.
These differences are relevant to cancer and may reflect interspecies variability in the

susceptibility to chemically induced carcinogenesis.

The distribution of CYP450s in tissues, their expression and inducibility have been found to
vary between species. For example CYP1A1 in rodents is constitutively expressed at low
levels in liver and extrahepatic tissues, but in humans it is essentially an extrahepatic enzyme
(Shimada ez al, 1992b). It is inducible in both humans and rodents. Another important
difference is that CYP3A4 is the major P450 in human liver, whereas in rats it is CYP2C11
(Paine, 1995).

Differences in substrate specificity between rodent and human CYP450s have also been
found. Human CYP3A4 has a large spectrum of carcinogen substrates (see table 1.3.3),
some of these carcinogens are metabolised by non-homologous forms in rat, such as
aflatoxins, metabolised by CYP2C isoenzymes or benzo[a]pyrene, mainly catalysed by
CYPIALI in rat and mouse (Nedelcheva and Gut, 1994). Another example is the different
isoforms involved in the metabolism of nitrosodialkylamines in humans and rats. Whereas
NDEA in rats is mainly metabolised by CYP2E1, in humans it is metabolised by various
isoforms, including CYP2A6, CYP2C, CYP2E1 and CYP3A4 (Bellec et al, 1996). Some

carcinogens are catalysed by the same CYP450 forms in human and rat, but by a different



order of magnitude (for example IQ is activated more efficiently by human CYP1A2 than
the rat homologue (Shimada and Nakamura, 1987). Inhibitors of CYP450 have also been
found to have different specificity and potency in different species (for a review see

Nedelcheva and Gut, 1994).

These interspecies variations in the metabolism of carcinogens (either due to different
substrate specificities or different level of expression of different CYP450 isoforms) are
thus, important and relevant to the response to carcinogens. Therefore, the extrapolation of
animal data to human should be cautious, and for some cases may not be possible.
Experimental approaches that might overcome these limitations include the use of human
epidemiological data, human tissues, or human CYP450-expression systems (see chapter

5.1.).

1.4. Chemoprevention of cancer

Cancer is currently the second leading cause of death worldwide, accounting for over seven
million deaths per year, and it is estimated that it might become the leading cause by the
year 2000 (Weinstein, 1991). The advances made in the treatment of cancer have resulted
in a reduction in mortality in individuals less than 65 years old, however cancer incidence
has increased substantially for all age groups (Doll, 1992, Weinstein, 1991). New

perspectives and directions of research in cancer are therefore necessary.

Evidence indicates that 50 - 80% of human cancers are potentially preventable (Weinstein,
1991). This is possibly due to the fact that the causes of cancer are mainly exogenous
factors, such as cigarrette smoking, dietary factors (10-70 % of cancers are associated with
diet), occupational and environmental chemicals, viruses and socioeconomic factors
(Weistein, 1991, Doll and Peto, 1981). One logical approach to cancer prevention is to
avoid exposure to these exogenous causes. However, this might not be always possible or
desired (e.g. occupational and environmental factors, socioeconomic factors, cigarette

smoking).
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An alternative (and/or complementary) approach to the prevention of cancer is the
potentiation of the host defence anticancer mechanisms by the intake of one or several
compounds (De Flora et al, 1995; Wattenberg, 1992). This approach is referred as
chemoprevention and was firstly introduced by Sporn when studing the chemopreventive
properties of retinoids (Sporn et al, 1976). These compounds, chemopreventors, include
naturally occurring chemicals in the diet and synthetic chemicals (often analogs of dietary

compounds).

Chemopreventors are also called anticarcinogens and are often antimutagens, because of the
close correlation between mutations and carcinogenesis (see section 1.1.), and because they
often inhibit mutations induced by carcinogens. The endpoints and methods used for
assessing carcinogens, can therefore also be used for the assessment of corresponding

chemopreventors.

1.4.1. Chemoprevention and diet

Epidemiological data have indicated that consumption of diets rich in vegetables and fruits
is associated with a low risk of certain cancers. For example an inverse relationship has been
found between diets rich in fish, vegetables and f3-carotene- and vitamin A-containing foods
and risk of skin cancer in a case control study in Australia (Kune et al, 1992). An inverse
association between vegetable and fruit consumption and lung cancer risk was found in the
Iowa women’s Health study (Steinmetz ef a/, 1993). Similar associations were found in a
follow-up study in the United States for second primary oral and pharyngeal cancers (Day ef
al, 1994). The risk of developing second primary cancers was 40-60 % lower among
individuals with high intake of vegetables, including dark yellow, cruciferous and green
leafy vegetables (Day ef al, 1994). A decreased colon cancer risk has been associated with
frequent ingestion of cruciferous vegetables (Steinmetz ef al, 1993 and Kune ef al, 1987).
As a consequence of the epidemiological evidence, international dietary guidelines have
suggested increasing the consumption of fruits, vegetables and fiber and decreasing fat

intake (Kritchersky, 1993).
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The protective effect of vegetables and fruits has been attributed, at least in part, to
micronutrients (or non-nutrients, i.e. compounds without nutritional value; Wattenberg
1983, 1992, 1996). These chemopreventors include compounds with very different chemical
structures, such as phenols, indoles, aromatic isothiocyanates, methylated flavones,
coumarins, selenium salts, protease inhibitors, ascorbic acid, tocophenols, retinol and
carotenes (Wattenberg, 1992). They are found in a wide variety of foods, including allium
vegetables, whole grains, cruciferous vegetables, leafy vegetables, coffee and tea, and citrus

fruits (Dragsted et al, 1993).

It should be realised that diet may also be a source of many carcinogens, such as
nitrosamines, polycyclic aromatic hydrocarbons or heterocyclic amines (Lindsay, 1996).
However, the overall contribution of vegetables and fruits to cancer seems to be beneficial.
The identification of chemopreventors in the diet and elucidation of their mechanisms of

action are thus necessary for a better understanding of their impact in cancer prevention.

1.4.2. Mechanisms of action and classification of chemopreventors

In view of the multistage nature of carcinogenesis (section 1.1.2.), it can be anticipated that
the mechanisms of chemoprevention will be numerous, depending on the stage at which
they inhibit the carcinogenic process, i.e. initiation, promotion or progression. The different
mechanisms of chemoprevention have been studied and reviewed by several authors

(Wattenberg, 1983, 1992, Stavric, 1994, De Flora and Ramel, 1988).

Several classifications of chemopreventors have been proposed, according to the
mechanisms of action. De Flora and Ramel (1988) classified anticarcinogens and
antimutagens in three broad categories, 1. those working by extracellular mechanisms, 2.
those working by cellular mechanisms before cancer initiation, and 3. those working by
modulation of the promotion and progression stages (Table 1.g.). Chemopreventors can
also be classified according to Wattenberg (1982, 1992) into compounds that prevent the
formation of carcinogens from their precursors, blocking agents, which prevent carcinogens
from reaching and reacting with critical target sites in the tissues, and suppressor agents,

which suppress the expression of neoplasia in cells previously exposed to carcinogen .
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The possible mechanisms of action of chemopreventors are summarised in Table 1.g.. The
inhibition by extracellular mechanisms can be represented by vegetable fibres, which have
shown to inhibit several types of cancers by absorbing the carcinogen in the gut (Dragsted
et al, 1993; Ferguson, 1994) and by ascorbic acid, which prevents formation of endogenous

nitrosamines by scavenging nitrite in the gut (Dragsted et al, 1993).

The mechanisms of inhibition of the initiation stage of carcinogenesis within the cell are
various (Table 1.g.). The inhibition of cell replication is a possible mechanism, since cell
division is important for the fixation of DNA damage (see section 1.1.3.). Several protease
inhibitors have been found to act through this mechanism (Dragsted ef al, 1993). Another
mechanism is the trapping of activated and direct carcinogens, for example chlorophyllin
inhibits mutagenesis of AFB;, B[a]P and various HAAs (Ferguson, 1994), although it also
modulates metabolism of carcinogens (Yun ef al, 1995). The scavenging of free radicals and
ROS is also potentially protective, since these species are genotoxic and induce
carcinogenesis (see section 1.1.3.). Many antioxidants, such as flavonoids, B-carotene,
vitamin A fall into this category (Stravic, 1994; Ferguson, 1994). Antioxidants can also
inhibit tumour promotion and progression, as will be discussed later. Another possible
mechanism of anticarcinogenesis is the modulation of DNA repair systems. Most mutations
arise as a result of error-prone DNA repair (see section 1.1.3.2.), therefore the increase of
fidelity of DNA replication, inhibition of error-prone repair pathways or inhibition of DNA
repair leading to death of damaged cells would inhibit the formation of critical mutations
(Ferguson, 1994). Compounds that act on repair and replication processes, such as vanillin,
have been named “biomutagens” or “true mutagens” (Ferguson, 1994; Ohta, 1993). The
protection of nucleophillic sites in DNA can prevent the reaction of the carcinogen with
DNA, and thus inhibit the formation of mutations, ellagic acid and tannins have been found
to act by this mechanism (Dragsted e al, 1993). Finally, the modulation of carcinogen
metabolism can also inhibit carcinogenesis and mutagenesis, and will be discussed in detail

in the following section.
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Table 1.¢. Mechanisms of inhibition of carcinogenesis and mutagenesis.

1. Inhibition of mutagens/carcinogens by extracellular mechanisms
1.1. Inhibition of uptake
1.2. Inhibition of endogenous formation
1.3. Complexation, dilution and/or deactivation
2. Inhibition of mutation and cancer initiation by cellular mechanisms
2.1. Inhibition of cell replication
2.2. Stimulation of trapping and detoxification in non-target cells
2.3. Modification of transmembrane transport
2.4. Modulation of metabolism
2.5. Blocking or competition with reactive molecules
2.6. Modulation of DNA repair and control gene expression
3. Inhibition of tumour promotion and progression
3.1. Scavenging of free radicals
3.2. Inhibition of proteases
3.3. Inhibition of cell proliferation
3.4. Induction of cell differention
3.5. Modulation of signal transduction
3.6. Protection of intercellular communications
3.7. Effects on growth factors, hormones, and/or immune system
3.8. Inhibition of neovascularisation

3.9. Physical,chemical or biological antineoplastic activity

Modified from De Flora and Ramel (1988) and De Flora ez al (1995).
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The promotion and progression stages of carcinogenesis are complex and many events are
involved (see section 1.1.2.), therefore the mechanisms of inhibition of these stages will be
numerous, and complex and are not fully understood yet (see Table 1.g.). Several
antioxidants, such as retinoids and carotenoids have been found to inhibit tumour promotion
and progression. Some of their mechanisms of action include increase of cell differentiation,
increase of intercellular communication, and suppression of tumour cell growth (Schwartz,
1996). Ascorbic acid has also been found to inhibit growth of leukemia and lymphoma cell

lines (Kao ef al, 1993).

Some chemopreventors may act through various of these mechanisms at the same time,
such as antioxidants (scavenging of genotoxic ROS, inhibition of promotion and
progression; Rice-Evans and Miller, 1996), chlorophyllin or ascorbic acid (see above).
Another example is that of N-acetylcysteine, which chemopreventor action includes
extracellular mechanisms, modulation of carcinogen metabolism, stimulation of DNA repair

and scavenging of ROS (Izzoti ef al, 1994, De Flora et al, 1995).

1.4.3. Mechanisms of anticarcinogenesis by modulation of carcinogen activation

In sections 1.1. and 1.2. it was pointed out that the ability of chemical carcinogens to induce
mutations was dependent on the reactivity of the ultimate carcinogen and its overall
metabolism, which is dictated by the balance between activation and detoxification
pathways. Thus, events enhancing the detoxification pathways will increase the elimination
of carcinogen, resulting in a protective effect against carcinogenesis. Both the
procarcinogen and ultimate carcinogen can be subject to detoxification, as well as direct
acting carcinogens. An alternative mechanism of protection would occur by inhibition of the
activation of procarcinogens leading to the formation of ultimate reactive carcinogenic
metabolites (Wattenberg, 1983, 1992) (De Flora and Ramel, 1988). The different
mechanisms of anticarcinogenesis by modulation of carcinogen metabolism are shown in

figure 1.d..

Chemopreventors that modulate carcinogen metabolism (or “blocking agents”) can then be

classified in three groups (Wattenberg, 1983): 1. they inhibit the activation of
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procarcinogens to their ultimate carcinogenic forms, 2. they induce carcinogen-
detoxification systems, and 3. they act by scavenging the reactive forms of carcinogens.
This last group include compounds such as chlorophyllin (section 1.4.2.) and nucleophiles
such as GSH, and compounds that increase levels of GSH (De Flora and Ramel, 1988;
Ketterer, 1988; Meister, 1994).

Since activation of carcinogens is generally mediated by cytochrome P450 enzymes and
detoxification is catalysed by phase Il enzymes (see section 1.2), it could be said that the
inhibition of cytochrome P450s and the induction of phase II enzymes are two major
mechanisms of chemoprevention. This is, however, a generalization, since some carcinogens
are actually detoxified by cytochrome P450 (section 1.3.3.) and others are activated by
phase II enzymes. The mechanisms of inhibiton of cytochrome P450 have already been
described (see section 1.3.4.2) and it has been suggested that inhibition of P450 enzymes
could be used as a target for chemoprevention of chemical carcinogens (Yang ef al, 1994).
Examples of inhibitors of CYP450 that have been shown to inhibit chemical carcinogenesis

are diallylsulfide, flavonoids, and isothiocyanates (Yang et al, 1994).

The induction of detoxification enzymes, i.e phase II enzymes such as glutathione-S-
tranferases (GST), UDP-glucuronosyltransferase (UGT) and quinone reductase (QR) can
occur coordinated with induction of microsomal monooxygenase activity (i.e. CYP450)
(bifunctional inducers) or without induction of the latter (monofunctional inducers).
Examples of bifunctional inducers are [-naphthoflavone (f3-NF), polycyclic aromatic
hydrocarbons, certain flavonoids and azo-dyes and some monofunctional inducers are
phenolic antioxidants such as tert-butyl-4-hydroxyanisole (BHA), isothiocyanates and
coumarins (Talalay, 1989). There is controversy about the beneficial action of bifunctional
inducers (Wattenberg, 1983, 1992). Althougth they seem to inhibit chemical carcinogenesis
in experimental animals, the fact that they induce CYP450 (which catalyse the activation of
many carcinogens (see section 1.3.3)) makes it possible that under certain conditions
enhancement of carcinogenesis might occur. In fact, the induction of CYPIA has been

considered as an indicator of potential carcinogenesis (Ioannides and Parke, 1993).
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Figure 1.d. Mechanisms of chemoprevention by modulation of carcinogen metabolism.

Adapted from Wattenberg (1983).
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1.4.4. Regulatory mechanisms of monofunctional and bifunctional inducers

The mechanisms of induction of cytochrome P450 activity and phase II enzymes (mainly
GST and QR) have been studied by Prochaska and Talalay (1988). By using two
experimental systems (Hepa 1¢1c7 murine hepatoma cells and their mutants defective in Ah
receptor function, and livers of mouse strains with high and low affinity Ah receptors), it
was found that the induction of quinone reductase (and GST in mice) and CYP450 activity
by bifunctional inducers was mediated througth the Ah receptor (Prochaska and Talalay,
1988) (see section 1.3.4.1.). Moreover, bifunctional inducers were incapable of inducing
either quinone reductase or AHH activity in the absence of a functional Ah receptor. On the
other hand monofuctional inducers did not require the Ah receptor to induce QR and GST
activities (Prochaska and Talalay, 1988; Talalay, 1989). The mechanisms of induction of
CYP1A1 and CYP1A2 by the Ah receptor were described in section 1.3.4.1. and it was
shown that the induction of transcription was largely regulated by the upstream enhancer

XRE, also present in Phase II enzymes.

The mechanisms of induction of Phase II enzymes by monofunctional inducers are not fully
understood yet, but have been clarified more recently by the identification of other response

elements in the upstream regions of several phase II enzymes.

The Antioxidant Response Element, ARE, has been identified recently in the 5’flanking
upstream region of rat QR (Favreau and Picket, 1995). Compounds such has B-NF, tert-
butylhydroquinone (BHQ) have been found to activate gene expression through the ARE. It
is believed that this element is responsible for both basal and inducible transcription of QR
(Favreau and Picket, 1995). Other enzymes have been found to contain ARE: rat GST Ya
(contains ARE and XRE), mouse GST Ya has an EpRE (electrophile response element,
similar to ARE only with two nucletides difference) and rat GST P, which contains a GPEI
(GST P enhancer I, similar to rat QR ARE) and rat and mouse GST Ya ARE (Parkinson,
1996). In human QR, ARE contains TRE sequences (phorbol 12-tetradecanoate 13-acetate
(TPA)-responsive elements) within the ARE, and has been found to bind AP-1 and Fos/Jun
proteins ((Li and Jaiswal, 1992). However, rat QR ARE does not bind to ¢-Fos and c-Jun.
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Recent studies have indicated that monofuctional inducers increase transcription of QR and
GST via the EpRE/ARE consensus, but not via the TRE (Prestera and Talalay, 1995). The
identity of the EpRE/ARE enhancer-binding proteins is controversial. Nevertheless, recent
findings indicate the existence of a EpRE/ARE-specific protein, yet to be identified
(Favreau and Pickett, 1995), althougth the EpRE/ARE could be induced both by the
specific protein and AP-1 protein (Prestera and Talalay, 1995). However, the response to
monofunctional inducers seems to be mediated by this specific protein rather than AP-1

(Prestera and Talalay, 1995).

1.5. Chemopreventor factors in cruciferous vegetables

Cruciferous vegetables are one of the major groups of vegetables associated with a
decreased risk of different types of cancer in humans (see section 1.4.1), such as colon,
rectum and gastric cancer (Graham, 1983, Kune ef al, 1987, Steinmetz and Potter, 1991).
Experimental data from animals also indicate a positive relationship between cruciferous
vegetables and a decrease in cancer development. Feeding rodents with Brussels sprouts,
cauliflower, cabbage decreased the tumorigenicity effect of carcinogens such as
polybrominated biphenols and aflatoxin By in the liver, and 7,12-dimethylbenz[a]anthracene
(DMBA) in rat breast (Stoewsand, 1995; Boyd et al, 1982; Dragsted ef al, 1993). It is
thought that this protective action is exerted by chemopreventor agents (non-nutrients)
present in these vegetables (Wattenberg, 1983; Dragsted er al, 1993). Several
chemopreventors have been isolated and identified from cruciferous and other vegetables.
Some examples of chemopreventors in cruciferous vegetables and their anticarcinogenic
effect are shown in table 1.h. The mechanisms by which these chemopreventors exert their
action are various. For example, oltipraz chemoprevention has been associated with the
induction of GST (phase II enzyme) and the inhibition of various cytochrome P450
isoenzymes (Langouét et al, 1995 and 1996, Primiano ef al, 1995). Penethylisothiocyanate
(PEITC) seems to protect against carcinogens by the inhibition of cytochrome P450 2EI
(Ishizaki er al, 1990; Guo et al, 1992). Benzyliosthiocyanate (BITC) chemopreventive
action has been associated with its blocking and suppressing properties towards several
carcinogens (i.e. inhibits initiation of carcinogenesis by modulation of carcinogen

metabolism and also inhibits the promotion stage; Wattenberg, 1987 and 1992).
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Table 1.h. Examples of chemopreventors in cruciferous vegetables

CHEMOPREVENTOR

TUMOUR-INDUCING
CARCINOGEN

SPECIES AND TARGET
ORGAN

Benzylisothiocyanate

Phenetylisothiocyanate

Phenylhexylisothiocyanate

B-Sitosterol

Indole-3-carbinol

Oltipraz

DMBA, B[a]P, NNK,

diethylnitrosamine

NBMA, NNK, DMBA

N-methyl-N-nitrosourea

N-nitrosodiethylamine

Aflatoxin B,, azoxymethane

rat lung, forestomach and

mammary gland

rat forestomach, lung (and

mouse) and esophagus

mouse lung

rat colon

rat liver

rat liver and colon/small

intestine

Adapted form Dragsted et al, 1993 and Wattenberg, 1992.
NBMA: N-Nitrosobenzylmethylamine
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1.5.1. Identification of a major inducer of phase II enzymes in broccoli: Sulforaphane

Induction of phase II enzymes has been used to detect the presence of blocking agents in
complex natural products (Wattenberg, 1983 and 1992). A method based on the induction
of QR in Hepa cl c¢7 murine hepatoma cells has been developed recently (Prochaska et al,
1992) and allows the identification of monofunctional phase II enzymes inducers. By using
this technique, sulforaphane [(-) 1-isothiocyanate-4(R)-methylsulfinylbutane] was identified
as the most potent inducer of phase II detoxication enzymes in broccoli (Zhang et al, 1992).
Sulforaphane at a dose of 15 pwmol/mouse/day for 5 days induced mouse liver GST 2-fold
and QR 2.5-fold (Zhang et al, 1992). Levels of GST and QR were also induced in
forestomach, glandular stomach, proximal intestine and lung (Zhang et al, 1992). Because
of the association between induction of phase II enzymes and chemoprevention (see
sections 1.4.3 and 1.4.4.), and the potent induction of QR and GST by sulforaphane, this
agent has been proposed as a potential chemopreventor. During the course of this study,
Zhang et al, (1994) have demonstrated the ability of sulforaphane to inhibit DMBA-

tumourigenicicty in rats.

1.5.2. Occurrence of isothiocyanates and sulforaphane

Isothiocyanates are found in cruciferous vegetables as their glucosinolate precursors. When
the plant tissue is disrupted during processing, glucosinolates are decomposed by the
enzyme myrosinase (or alternatively by microflora in the gastrointestinal tract) to glucose,
sulfate, and unstable aglycones (sulfur-nitrogen containing compounds) (Fenwich et al,
1982). The formation of isothiocyanates or nitriles depends mainly on the type of substrate
and the hydrolysis conditions, specially the pH (Stoewsand, 1995). At neutral pH, the
formation of isothiocyanates is favoured, whereas under acidic conditions nitriles are
formed (Figure 1l.e.). Some unstable isothiocyanates, such as indole isothiocyanates,

decompose spontaneously to give carbinols (McDanell ef al, 1988).
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Figure 1.e. Decomposition of glucosinolates into isothiocyanates.
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Glucosinates are present in seeds, roots, stems and leafs of several plants of which
cruciferous vegetables (Brassica oleracea) are the most important. This family includes
cabbage, Brussels sprouts, broccoli, cauliflower, kale, and turnip. Levels of glucosinolates
in various cruciferous have been estimated. Loft ef a/, (1992) found a glucosinate content
of 5-35 pmol/g dry weight of broccoli, of which indole glucosinates represent 60 % and
glucoiberin and glucoraphanin representing a 10% of total glucosinolates (155 pmol/g
powder). Glucoiberin and glucoraphanin are the precursors of 1-isothiocyanate-4-
methylsulfinylpropane  and sulforaphane (1-isothiocyanate-4-methylsulﬂnylbutane).
Sulforaphane has been extracted from SAGA broccoli (8.9 mg of sulforaphane from 640 g
of fresh broccoli, 0.08 pmol/g fresh weight) (Zhang ef al, 1992), and also from hoary cress
and other plants (Prochazka, 1959, Kjaer and Christensen, 1958).

1.5.3. Biochemical and biological properties of isothiocyanates and sulforaphane

The ability of isothiocynates and related compounds to induce phase II enzymes and/or
inhibit cytochrome P450, as potential mechanisms of chemoprevention, was already

discussed in sections 1.4. and 1.5.1..

Séme cruciferous vegetables have been shown to induce cytochrome P450 enzymes
(Bradfield er al, 1985; Wortelboer ef al, 1992), and certain products of glucosinolate
degradation appear to be responsible, at least in part, for this effect (Loft e al, 1992). The
possible adverse consequences of this induction have already been described (section

1.4.2).

The major metabolic pathway of isothiocyanates seems to be the reversible conjugation with
glutathione, which can occur spontaneouly or mediated by GSTs (Baillie and Slatter, 1991).
This conjugation also appears to allow the transport of conjugated isothiocyanates through
the body membranes, followed by release of the original isothiocyanate in other sites (Baillie

and Slatter, 1991).

Isothiocyanates have been known for many years for their harmful effect in animals fed

large amounts of Brassica vegetables (Stoewsand, 1995). Isothiocyanates such as
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allylisothiocyanates, benzylisothiocyanate and phenethylisothiocyanate have been shown to
be cytotoxic in several cell types (Bruggeman et al, 1986; Babich ef al, 1993). The two
latter isothiocyanates have also been found to induce chromosome damage in the SVM cell
line (Musk and Johnson, 1993). Some studies have indicated that allylisothiocyanate and
phenylhexylisothiocyanate might be mutagenic and carcinogenic (Neudecker and Henschler,
1985, Rao ef al, 1995). In reference to sulforaphane, there is no information regarding its
metabolism or cytotoxicity. It thus appears that the final chemopreventive properties of
certain isothiocyanates might be the result of the balance between beneficial

(anticarcinogenic) and harmful (toxicity) effects.

1.5.4. Aims

Several isothiocyanates have been found to inhibit the tumourigenicity of several
carcinogens in rodents (see table 1.h.), and one of their possible mechanisms of
chemoprevention was that of modulation of carcinogen metabolism by inhibition of the
activation pathways, i.e. cytochrome P450 and also by induction of detoxification pathways.
It is conceivable that sulforaphane mediates chemoprotection via more than one mechanism.
Tts effect on phase I enzymes involved in the activation of carcinogens has so far been given
scarce attention. The main purpose of this project was thus to study the ability of
sulforaphane to inhibit carcinogen activation and genotoxicity by inhibition of cytochrome

P450 enzymes.

The first objective of this project was to synthesise sulforaphane, since it was commercially
unavailable. Because related isothiocyanates inhibited particularly CYP2E1 and CYPIA
(Yang et al, 1994) and also the tumourigenesis of certain CYP2EI and CYPI1A substrates
(see table 1.h.). The effect of sulforaphane on CYP2EI and CYPIA was investigated.
CYP2E1 and CYP1A are abundantly expressed in human liver and responsible for the
metabolic activation of a range of many carcinogens, such as NDMA and 1Q respectively.
The influence of sulforaphane on the genotoxicity in vitro of these carcinogens was also
assessed, in three different systems: bacterial (Sa/monella typhimurium) using rodent
enzymes for metabolic activation, rodent hepatocytes and human cell lines expressing

human P450s.
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CHAPTER 2

Synthesis of sulforaphane
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2.1. Introduction

2.1.1. Previous reported synthesis

The synthesis of sulforaphane (1-isothiocyanato-4-(methylsulfinyl)butane) has been
described by Schmid and Karrer, (1948). The synthesis of sulforaphane was achieved
starting from 1-bromo-4-phthalimidobutane (I) by conversion to 1-methylthio-4-
phthalimidobutane (II), and subsequent oxidation, amine deprotection and finally
conversion to the isothiocyanate product, 1-isothiocyanato-4-(methylsulfinyl)butane (V)
(Schmid and Karrer, 1948) (Figure 2.a.). Specifically, the reaction between 1-bromo-3-
phthalimidobutane (I) with gaseous thiomethanol gave 1-methylthio-4-phthalimidobutane
(IX), which was then oxidised to 1-methylsulfinyl-4-phthalimidobutane (IIX) by reaction with
H,0,. Deprotection of the amine group (IV) was achieved by reaction with hydrazine
hydrate and the isothiocyanate (V) was obtained via the dithiocarbamate by reaction with

carbon disulfide and iodine (reported yield 58 %).

Zhang et al, (1992) prepared sulforaphane according to the method of Schmid and Karrer,
(1948) except that gaseous thiomethanol was replaced by sodium thiomethoxide. An
analogue of sulforaphane, sulforaphene (frans-4-methylsulphinyl-3-butenyl isothiocyanate)
was synthesized via phthalimidobutyraldehyde by addition of thiomethanol and the amine
group was transformed to the isothiocyanate also by reaction with carbon disulfide and

iodine (Balenovic ef al, 1966).

2.1.2. Alternative synthesis proposed

Alternative approaches to the synthesis of sulforaphane were proposed here (Figure 2.b.).
For the first of these, 1-bromo-3-phthalimidopropane (Ia) would be used as starting
material (in place of 1-bromo-4-phthalimidobutane) to be converted directly to 1-
methylsulfinyl-4-phthalimidobutane (III) by nucleophilic substitution reaction. Although this
synthetic route had not been described, the formation and reaction of methylsulfinyl
carbanion, the required nucleophile for this approach, with other alkyl halides (conversion

of Ia to Il in figure 2.b.) had been described (Corey and Chaykovsky, 1965).



v

Aston University

Content has been removed for copyright reasons

Figure 2.a. Synthesis of sulforaphane (Schmid and Karrer, 1948)
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Figure 2.b. Initial approach for the synthesis of sulforaphane.

1-Bromo-3-phthalimidopropane (Ia) would be converted directly to 1-methylsulfinyl-4-
phthalimidobutane (IIT).
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The main advantage of this proposed route was that it would involve one step less than the
literature method, which theoretically would improve the overall yield and reduce time and
expense. However, the route proposed by Schimd and Karrer (1948) introduces the
possibility of choosing the chirality of the sulfoxide group of sulforaphane (by
enantioselective sulfide oxidation), whereas the introduction of this fuctionality from DMSO
does not (since the two methyls are non-distinguishable in DMSO). This could be
significant, because isolated sulforaphane from plants has been identified as (R)-
sulforaphane (Figure 2.c.). However, the inducer potency (induction of phase II enzymes)
of isolated (R)-sulforaphane and synthetic (R,S)-sulforaphane were found to be closely
similar (Zhang ef al, 1992).

This first approach to the synthesis of (R,S)-sulforaphane via methylsulfinyl carbanion

(Figure 2.b.) ultimately proved unsuccesful.

The second approach proposed here was based on the method by Schmid and Karrer (1948)
and Zhang et al. (1992) (Figure 2.a.).
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Figure 2.c. Stereoisomers (enantiomers) of sulforaphane
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2.2. Methods

2.2.1. Chemicals and instruments

Standard chemicals and solvents were purchased from Aldrich Chemical Company Ltd.,
Lancaster Chemicals Company Ltd. or Sigma Chemicals Company Ltd. (UK). The
following solvents were dried by heating under reflux over the appropiate drying reagent
followed by distillation: dichloromethane (P,Os), methanol (Mg(OMe),), THF (Na,
benzophenone), toluene (Na, benzophenone), acetone (MgSO,) and acetonitrile (CaHy).

Flash column chromatography (Still ez a/, 1978) was performed using Sorbsil C60 silica gel.
TLC was performed using Kieselgel 60 silica gel plates containing a fluorescent indicator.
Spots were visualised under 254 nm UV light or with the aid of iodine or potassium

permanganate.

'H and ®C-NMR spectra were recorded on a Brucker AC 250 ('H at 250MHz, BC at 62.5
MHz, both in CDCl;, § in ppm, tetramethylsilane as the reference). Infrared spectra were
recorded on a Nicolet STIR spectrometer (KBr disk) and mass spectra were run by EPSRC
Mass Spectrometry Service Centre, Chemistry Department, University College of Swansea,
using a V.G. 7070E instrument. Gas chromatography was carried out on a PYE UNICAM-
Series 204 with a SE-°30 column.

2.2.2. Preparation of 1-bromo-3-phthalimidopropane.(Ia)

3-Amino-1-bromopropane (5 g, 22.8 mmol) was dissolved in toluene (50 ml) and phthalic
anhydride (4 g, 27.4 mmol) and triethylamine (2.3 g, 22.8 mmol) were added. The reaction
mixture was heated under reflux in a flask fitted with a water separator for 4 hours and then
cooled to room temperature, dried over MgSO, and evaporated. The crude product was
purified by flash chromatography (hexane : ethylether 3 : 1) and obtained as white crystals
(5.47 g, 90 %)

'"H-NMR: & 7.82 (m, 2H, aromatic), 7.70 (m, 2H, aromatic), 3.81 (t, 2H, J = 6.8 Hz,
N-CH»-), 3.39 (t, 2H, J = 6.7 Hz, Br-CH,-), 2.24 (m, 2H, Br-CH-CH>-).
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BC-NMR: & 168.6 (carboxyl), 134.4 aromatic), 132.3 (aromatic), 123.7 (aromatic),
37.0 (N-CH;-), 31.9 (Br-CH;-), 30.2 (Br-CH,-CH-).

2.2.3. Preparation of 1-iodo-3-phthalimidopropane (Ib)

1-Bromo-3-phthalimidopropane (1 g, 3.7 mmol) was dissolved in dried acetone (30 ml) and
to this sodium iodide (586 mg, 3.9 mmol) was added. The reaction was left stirring
overnight at room temperature and covered with foil paper to prevent decomposition of
iodide by light. '"H-NMR showed that some starting material (23 %) was still present (TLC
gave the same R¢ for reactant and product). More Nal (277 mg, 1.85 mmol) was added and
the reaction mixture was heated at 40 °C for one hour. The solution was then evaporated,
filtered through a short silica column (hexane : ethylether 1:1) and washed twice with a
saturated solution of Na,S,0s to eliminate the excess iodide. The solution was dried over

MgSO, and evaporated to give the product as white crystals (0.84 g, 83 %).

'"H-NMR: & 7.84 (m, 2H, aromatic), 7.71 (m, 2H, aromatic), 3.76 (t, 2H, J = 6.8 Hz,
N-CH,-), 3.15 (t, 2H, J= 2.1 Hz, I-CH,-).), 2.23 (m, 2H, I-CH,-CH>-).

2.2.4. Synthesis of 1-methylthio-4-phthalimidobutane (II)

1-Bromo-4-phthalimidobutane (6 g, 21.2 mmol) was dissolved in dried methanol (50 ml) by
heating under argon at 60°C, and then CH3;SNa (3 g, 42.8 mmol) was added. The reaction
mixture was heated under reflux for 3 h and solvents removed in vacuo. The crude product
dissolved in CH,Cl; MeOH 5:1 was chromatographed on flash silica gel eluting with
CH,Cl,. The solution was dried (MgSQ.) and evaporated to yield a pale yellow oil (3.61 g,

68%) that crystallized standing at room temperature.

'"H-NMR: & 7.82 (m, 2H, aromatic), 7.69 (m, 2H, aromatic), 3.69 (t, 2H, J = 7.0 Hz,
N-CH,), 2.51 (t, 2H, J = 7.1 Hz, S-CH,), 2.06 (s, 3H, S-CHs), 1.78 (m, 2H, S-CH,-CH>),
1.62 (m, 2H, N-CH,-CH>).

BC-NMR: & 168.1 (carbonyl), 133.8, 131.9, 123.0 (aromatics), 37.3 (N-CHy), 33.4 (S-
CH.,), 27.5 (S-CH,-CH,), 26.2 (N-CH»-CHy), 15.3 (S-CHs).
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2.2.5. Oxidation of 1-methylthio-4-

1-Methylthio-4-phthalimidobutane (0.53 g, 2.1 mmol) was dissolved in dried CHCl, (20
ml) and cooled under argon at 0 °C. Meta-chloroperoxybenzoic acid (m-CPBA) hydrate
(0.6 g, 1.1-1.6 mmol) was dissolved in dry dichloromethane (10 ml), dried over molecular
sieves (to remove water from the m-CPBA), cooled to 0 °C and added to the reaction
mixture. After 30 min of reaction at 0 °C, TLC showed no presence of starting material.
The solution was partially evaporated and the product was purified by flash
chromatography (500 ml CH,Cl,, CH,Cl,: MeOH 10:1). The product obtained (0.506 g, 89

%) was a mixture of sulfoxide and sulfone (2:1).
'H-NMR (sulfone (IMTa)): & 7.83(m, 2H, aromatic), 7.72 (m, 2H, aromatic), 3.73 (¢,
2H, J = 6.3 Hz, N-CH>-), 3.09 (t, 2H, J = 7.5 Hz, SO,-CH,-), 2.9 (s, 3H, SO,-CH), 1.87

(m, 4H, N-CHz-(CHz)z-).

2.2.6. Preparation of 1-methylsulfinyl-4-phthalimidobutane (I11)

The generation of sulfoxide from the sulfide was followed by gas chromatography. (GO).
An SE-°30 column was placed in a Pye Unicam-Series 204 gas chromatograph. H, and air
were used as carrier gasses and fixed at 1.0 and 0.5 kg/cm®. N, was fixed at 0.8 kg/cm’ and
was the detecting gas. Temperatures of the column, detector, and injector were set at 210,
300 and 250 °C respectively. Retention times of sulfide, sulfoxide and sulfone were 8, 2 and
20 min respectively. 1-Methylthio-4-phthalimidobutane (4.165 g, 16.7 mmol) was dissolved
in dry CH,Cl, (50 ml) and cooled under argon at 0 °C. Meta-chloroperoxybenzoic acid
dissolved in dichloromethane (0 °C) was gradually added in portions to the reaction mixture
and left to react. A 1 ml sample was taken after each addition and diluted (1 pl, 7.5 pM)
and analyzed by GC until the reaction was finished. The product was purified by flash
chromatography (700 ml CH,Cl,, CH,Cl, : MeOH 10:1) and obtained as a white solid
(3.13g, 71%).
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'"H-NMR: & 7.82 (m, 2H, aromatic), 7.62 (m, 2H, aromatic), 3.73 (t, 2H, J = 6.6 Hz,
N-CH,-), 2.74 (t, 2H, J = 7.0 Hz, SO-CH,-), 2.56 (s, 1H, SO-CHs), 1.83 (m, 4H, N-CH>-
(CHa)2-)-

BC.NMR: & 168.3 (carbonyl), 134.0, 131.9, 123.2 (aromatics), 53.7 (SO-CHy-), 38.7
(SO-CH3), 37.0 (N-CHy-), 27.6 (N-CH,-CH,-), 19.7 (SO-CH,-CH,-).

IR:  Strong peaks at 1000 cm™ (SO) and 1700 cm™ (CO-N-CO).

2.2.7 Synthesis of 1-methylsulfinylbutanamine (IV)

The protected amine (2.97 g, 11.2 mmol) was dissolved in benzene (40 ml) under argon and
heated to reflux. Hydrazine hydrate (6 ml, 12.4 mmol) was added via syringe and the
reaction was left to reflux for 30 min. The diamine appeared as a compact white precipitate.
The precipitate was filtered off and washed with CHCl;. The extracts were dried over

MgSO,, filtered and evaporated to give a yellow oil (1.51 g, 75%).

'"H-NMR: § 2.68 (m, 4H, N-CH,- and SO-CH>-), 2.53 (s, 3H, SO-CH3), 1.77 (m, 2H,
SO-CH,-CH>-), 1.56 (m, 2H, N-CH,-CH>-).

BOC.NMR: & 543 (SO-CHy-), 41.4 (N-CHy-), 38.4 (SO-CHs), 32.4 (N-CH;-CHy-),
19.9 (SO-CH,-CHy-).

IR: Strong peaks at 1000 cm™ (SO) and 1560 cm’ (NHy).

2.2.8. Reaction of 1-methylsulfinylbutanamine (IV) with carbon disulphide.

a) Triethylamine. The amine (IV) (97 mg, 0.7 mmol) was dissolved in a methanolic solution

of triethylamine (1.6ml, 2.75 M, 3.6 mmol), cooled to - 5 °C and a molar ethanolic solution
of carbon disulphide (0.7 ml) was added. After standing at 0 °C for five hours the mixture
was stirred for one hour at room temperature and then methanolic iodide (28 ml, 0.5 M, 14
mmol) was added dropwise under continuous stirring during one hour at room temperature.
The reaction mixture was cooled at - 5 °C, the precipitate filtered off, and after evaporation,
the residue was extracted with ether : chloroform 4 : 1. The extracts were washed several
times with a Na,S,03/NaCl saturated solution, dried over MgSO, and evaporated to give a

dark oil (86 mg) containing triethylamine, iodide and sulforaphane.
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b) Dimethylethylamine. The amine (174 mg, 2 mmol), a methanolic solution of

dimethylethylamine (3.7 ml, 10 mmol), a molar ethanolic solution of carbon disulfide (2 ml)
and methanolic iodide (8 ml, 4 mmol) were mixed as described in a). The residue (100 mg)
was chromatographed using CH,Cl, : MeOH (0 %, 5 %, 10 %) as eluent system. The

product (20 mg, 6 %) was obtained as an impure dark oil containing sulforaphane.

2.2.9. Synthesis of isothiocyanate-4-methylsulfinyl-butane; sulforaphane (V)

4-Methylsulfinylbutanamine (847 mg, 6.3 mmol) was dissolved in bromobenzene (30 ml),
N,N - thiocarbonyldiimidazole (1.36 g, 6.9 mol) was added and the mixture was heated at
140°C for one h. Analyses of a 5 ml sample ("H- and >C-NMR) indicated presence of final
product and an intermediate (30%). Hydrochloric acid (3 ml, 3.2 mmol) was added
dropwise and left reacting for 30 min until formation of a precipitate. After drying over
MgSO,, filtration and removal of solvent in vacuo, a pale brown oil (464 mg, 42%) was
obtained, containing 10% of an intermediary. The crude product dissolved in CHCl;: MeOH
(5%) was chromatographed on flash silica gel eluting with CHCl;: MeOH (0-5%). Two
fractions were separated, the pure product as a yellow oil (131.5 mg, 28%) and a second

fraction of product containing 10% of intermediate (136.4 mg).

'"H-NMR: & 3.59 (t, 2H, J=6.0 Hz, SCN-CH,-), 2.72 (m, 2H, SO-CH,-), 2.59 (s, 3H,
SO-CHs3), 1.90 (m, 4H, SCN-CH,-(CH>)>-).

BC.NMR: & 53.3 (SO-CHy-), 44.5 (SCN-CHy-), 38.6 (SO-CH;). 28.9 (SCN-CHz-
CH-), 20.0 (SO-CH;-CHy-).

IR:  Strong peaks at 1000 cm’ (SO) and 2100 and 2180 cm’” (N=C=S).

HRMS: calculated for C¢H;1NOS, (M'+H) 178.041, found 178.036.

"H-NMR (intermediate (Va)): & 8.50, 7.76, 7.03 (3s, 3H, imidazole), 3.81 (t, 2H, J
= 6.35 Hz, N-CHy-), 2.75 (m, 2H, SO-CHy-), 2.60 (s, 3H, SO-CHs), 1.92 (m, 4H, N-CHo-
(CH2)>).

BC-NMR (intermediate (Va)): § 137.5, 129.4, 118.1 (imidazole), 53.3 (SO-CHy-),
452 (N-CHy-), 38.3 (SO-CH3), 26.5 (N-CH,-CHy-), 20.0 (SO-CH,-CHy-).
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2.3. Results and discussion

2.3.1. Synthesis of 1-bromo-3-phthalimidopropane (Ia)

The first step in the alternative approach (Figure 2.b.), involves synthesis of 1-bromo-3-
phthalimidopropane (Ia) from 3-amino-1-bromopropane and phthalic anhydride. 3-Amino-
1-bromo-propane was chosen as starting material since bromide is a good leaving group for
subsequent displacement by sulfur. 1-Bromo-4-phthalimidopropane (Ia) was thus prepared
according to Bose et al, (1958). The amino group was protected by reaction with one
equivalent of phthalic anhydride to give 1-bromo-3-phthalimidopropane (Figure 2.d.). This
compound was clearly identified by its 'H NMR spectrum. This showed key aromatic peaks
at 7.82 ppm (2H) and 7.70 ppm (2H), a 2H triplet (/ = 6.8 Hz) at 3.81 ppm for the
methylene next to the phthalimide N, and a 2H triplet at 3.39 ppm (J = 6.7 Hz) for the

bromomethylene.

2.3.2. Attempted synthesis of 1-methylsulphinyl-4-phthalimidobutane (III) via the

methvlsulphinyl carbanion.

2.2.2.(a). Corey and Chaykovsky (1965) reported the formation of methylsulphinyl
carbanion using sodium hydride (NaH), a strong base, to deprotonate dimethylsulfoxide
(DMSO). Methylsulphinyl carbanion reacted with several aromatic compounds
(benzophenone, benzaldehyde) to give the appropiate sulfoxides in good yields. However,
our attempts to react the methylsulphinyl carbanion with 1-bromo-4-phthalimidopropane

were unsuccessful (Figure 2.e.).
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Figure 2.d. Synthesis of 1-bromo-3-phthalimidopropane (Ia).
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Figure 2.e. The attempted synthesis of 1-methylsulphinyl-4-phthalimidobutane (IIT) using
the methylsulphinyl carbanion
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The reaction between NaH and DMSO and 1-bromo-3-phthalimidopropane failed both in
DMSO and tetrahydrofuran (THF) as solvents. Hexamethylphosphoroustriamine
([(CH;3);N]sPO) (HMPA) (0.5-1 equivalent), a hydrocarbon ionisation promoter (through
ion solvation stabilization), was added to the reaction mixture. However, the product could
be neither isolated or identified, although TLC showed the formation of a material that was

not starting material.

This led to investigation of a range of strong bases for the formation of methylsulphinyl
carbanion using different solvents and temperatures, but none of these attempts were

successful. (Table 2.a. summarises the different conditions used).

2.2.2.(b). A possible explanation for the failure of the reaction described in Figure 2.e. could
be that the bromide of the group Br-CH,- might not be displaced by the methylsulphinyl
carbanion. The iodide derivate is potentially a more reactive group, since I is bigger and
more electropositive than Br, and is therefore a better leaving group and might facilitate the

reaction.

Thus, to prepare the desired iodo derivative, 1-bromo-3-phthalimidopropane was reacted
with an excess of sodium iodide in dry acetone (Figure 2.f). The product, 1-iodo-3-
phthalimidopropane (Ib) was purified by flash chromatography using hexane : ethylether (1
1) as eluent and washed with a saturated solution of Na,S,0; to eliminate the excess
iodine (83 % vyield). The product was identified by 'H-NMR, since bromine is more
electronegative than I, Br-CH,- resonates at higher field (3.39 ppm, triplet, 2H) than I-CH,-
(3.15 ppm). The methylene group next to the phthalimide N (triplet, 2H) for the iodine

derivative resonates at 3.76 ppm ( as compared with the bromide analogue at 3.81 ppm).

1-Iodo-3-phthalimidopropane was reacted with methylsulfinyl carbanion generated from
'DMSO under the same conditions described previously (section 2.2.2a. and table 2.a.), but

no reaction occurred.
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Table 2.a. Different conditions used for the reaction between DMSO and 1-bromo-3-

phthalimidopropane.
BASE SOLVENT T,* T,
NaH DMSO 70-75 °C 50-60 °C

THF 70-75 °C room temp.

reflux
THF + HMPA 70-75 °C room temp.

reflux

MeOH 70-75 °C reflux

-78 °C 0°C
LDA, LHMDS THF + HMPA 0°C room temp.

0°C reflux

n-BuLi THF 78 °C 0°C

“T, : temperature for the formation of methylsulphinyl carbanion
®T, : temperature of addition of 1-bromo-3-phthalimidopropane.
LDA: lithium diisopropylamide.

LHMDS: lithium hexamethyldisilazide.
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Figure 2.f Preparation of 1-iodo-3-phthalimidopropane (Ib).
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2.2.2.(c) In view of the failure to obtain 1-methylsulphinyl-4-phthalimidobutane (III) from
either 1-bromo-3-phthalimidopropane (Ia) or 1-iodo-3-phthalimidopropane by reaction with
methylsulfinyl carbanion, a second approach based on the methods of Schmid and Karrer
(1948) and Zhang et al, (1992) was attempted. Thus, 1-bromo-4-phthalimidobutane (I)
would be transformed into 1-methylthio-4-phthalimidobutane (II), oxidised and then
converted to the free amine (IV), which was further transformed to the isothiocyanate,

sulforaphane (V) (Figure 2.a.).

2.3.3. Synthesis of 1-methylthio-4-phthalimidobutane (I1)

1-Methylthio-4-phthalimidobutane was synthesised according to the method of Zhang et a/,
(1992) by the route shown in Figure 2.g.. One equivalent of 1-bromo-4-phthalimidobutane
was reacted with an excess of sodium thiomethoxide in methanol under reflux to yield the
product (90 %), which was purified by flash column chromatography (Still et a/, 1978).
This compound was clearly identified by its "H-NMR, showing a singlet at 2.06 (3 H) for
the methyl next to the sulfide group (S-CH3) and a 2 H triplet at 2.51 (J = 7.12 Hz) for the
methylene next to the sulfide (S-CH>-). "C-NMR showed the methyl group at 15.3 ppm
and the methylene group (S-CH>-) at 33.4 ppm.

2.3.4. Oxidation of 1-methylthio-4-phthalimidobutane

1-Methylthio-4-phthalimidobutane ~ (II) was  oxidised to  1-methylsulfinyl-4-
phthalimidobutane (III) by m-chloroperoxybenzoic acid (m-CPBA) at 0 °C in dry
dichloromethane. Commercial m-CPBA contains from 10 % to 30 % of water. The addition
of one equivalent of commercial m-CPBA to the sulfide gives as a main product the
sulfoxide, but containing up to 20 % of the original sulfide, which would be difficult to
separate due to the similarity of the structures. The addition of an excess of m-CPBA (1.5
equivalents of commercial acid) gave a mixture of sulfoxide (1-methylsulfinyl-4-
phthalimidobutane) (III) and sulfone (1-methylsulfonyl-4-phthalimidobutane) (Illa) as a

result of over-oxidation (Figure 2.h.).
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Figure 2.h. Oxidation of 1-methylthio-4-phthalimidobutane
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The sulfone was identified by "H-NMR since the hydrogens of the methyl group (CHs-SO,-)
and the methylene group (-SO,-CH>-) gave resonance at higher frequency (2.9 and 3.09
respectively) than the sulfide analogues (2.56 and 2.74 respectively).

In order to avoid formation of sulfone (IIla), the reaction was followed by gas
chromatography using a SE-°30 column placed in a Pye Unicam-Series 204 gas
chromatograph. The reaction was controlled qualitatively by following the decrease of
sulfide (Figure 2.i.). Retention times of sulfide, sulfoxide and sulfone were 8, 2 and 20 min
respectively. m-CPBA (0 °C) was gradually added in portions to the reaction mixture and
left to react for 30 min-1 h. The sulfoxide (IIT) was separated from the excess m-CPBA by
flash chromatography and obtained as a pure white solid in good yields (70-85 %).
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Figure 2.i. Oxidation of 1

Retention times are 8 min for the sulfide (IT) and 2 min for the sulfoxide (IIT). Samples

1 h reaction of the sulfide (I) with a) 0.5 equivalent m-CPBA,

were analysed after 30 min

,¢) 0.2 eq., d) 0.1 eq. and e) 0.05 eq.

b) 0.3 eq.
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2.3.5. Synthesis of 1-methylsulfinylbutylamine

The amine (IV) 1-methylsulfinylbutylamine was obtained by deprotection of the phthalimide
derivate (III) (Figure 2.j.). The method was based on that of Nicolaou ef al, (1992) but
hydrazine hydrate was used instead of methylhydrazine. One equivalent of (1-methylsulfinyl-
4-phthalimidobutane) (III) was reacted with one equivalent of hydrazine hydrate for 30 min
in benzene under reflux to give the free amine and phthaloyl hydrazide (white precipitate).
1-Methylsulfinylbutylamine (IV) was obtained in good yields (75-92%) after extraction
from the reaction mixture in chloroform. The product was identified easily by 'H-NMR
(lack of aromatic hydrogens and carbons) and by IR (1560 cm™ for the free amine
compared to 1700 cm™ for the protected amine (CO-N-CO)). Key 'H-NMR data included a
singlet at 2.53 for the methyl group (S-CHs), and peaks at 2.68 for the CH, next to the
sulfoxide and next to the amino group. >C-NMR showed the S-methyl at 38.4 ppm, and IR
showed both SO (1000 cm™) and NH, (1560 cm™) stretches.

2.3.6. Attempted synthesis of sulforaphane by reaction of the amine with carbon

disulfide and iodine.

Numerous methods for obtaining isothiocyanates have been described and reported since
the early fourties (Patai, 1977). One of the most popular methods is the reaction of an

amine with carbon disulfide and iodine, via formation of a thiocarbamate intermediate.

Schmid and Karrer (1948) synthesised sulforaphane in 58 % yield from the amine (IV) by
reaction with carbon disulfide for 3 days following addition of iodine and sodium methylate.
Balenovic ef al. (1966) used carbon disulfide, iodine and triethylamine (Et;N) to obtain

4 4’ -dimethylsulphinylbutylisothiocyanate from the appropiate amine in 68 % yield.
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Figure 2.i. Synthesis of amine 1-methylsulfinylbutylamine (IV)
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Figure 2 k. Structures of 2-pyridylthionocarbonate (DPT) and N, N -

thiocarbonyldiimidazole (TDI).
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The method of Balenovic er al, (1966) was employed in an attempt to synthesise
sulforaphane. One equivalent of carbon disulfide was added to the amine (IV) dissolved in a
methanolic solution of (Et;N) at -5 °C and left to stand for 5 h at 0 °C and then stirred for
one hour at room temperature. Iodine was added gradually over one hour at room
temperature. A small amount of sulforaphane was extracted, but this contained Et;N and

iodine which were the main components of the product obtained.
The same reaction was repeated using dimethylethylamine (Me,EtN) instead of Et;N, since

it has a lower boiling point and would be easier to remove (by evaporation). Sulforaphane

was obtained as an impure dark oil in 6 % yield.

2.3.7. Synthesis of sulforaphane.

Isothiocyanates have been obtained in good yields by reacting an amine precursor with di-2-
pyridylthionocarbonate (DPT) (Kim and Yi, 1985) or N, N’-thiocarbonyldiimidazole (TDI)
(Staab and Walker, 1962) (Figure 2.k.). Both reagents are commercially available, TDI
being considerably cheaper than DPT.

4-Methylsulphinylbutylamine (IV) was reacted with one equivalent of TDI for one hour at
room temperature. A sample of the reaction mixture was analysed by NMR prior to
purification, showing formation of the isothiocyanate (V) sulforaphane, but also that an
intermediate (Va) was present as the main product (60-70 %). Figure 2.1. shows the
mechanism of reaction between the amine and TDI and formation of the intermediate which
is transformed in a reversible reaction into sulforaphane. 'H-NMR spectra of the
intermediate (Va) and of sulforaphane (V) are shown in figure 2.m. Key peaks for the
intermediate include imidazole singlet peaks at 8.50 (1H), 7.76 (1H), and 7.03 (1H) (absent
in the spectrum of sulforaphane) and a 2H triplet (/ = 6.35 Hz) at 3.81 for the methylene
next to the imidazole N, whereas for sulforaphane the methylene next to the isothiocyanate

N appears at 3.59 (triplet, J = 6.0 Hz).
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Figure 2.1. Mechanism of reaction between 4-methylsulphinylbutylamine (IV) and TDIL.
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Figure 2.m. '"H-NMR spectra of sulforaphane (V) and intermediate (Va)

A) 30 % of sulforaphane was present when the reaction was carried out at room
temperature. B) 70 % of sulforaphane was produced when the reaction was carried out at
140 °C.
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In order to displace the reaction towards the formation of sulforaphane the reaction was
attempted at higher temperatures (140 °C) and different solvents were also used (toluene
and acetonitrile), but with little effect. Up to 70 % of sulforaphane was obtained by reaction

under reflux in bromobenzene (compared to Baxter et al, 1956) (see Figure 2.m.).

The decomposition of the thiourea intermediate (Va) proceeded to near completion (90-95
% of product) by addition of HCI as acidic catalyst (Patai, 1977). The reaction starts by
protonation (from HCI) of the imidazole nitrogen, followed by two electron migration from
nitrogen ((CHz)4-N) to form a double bond between N and C=S, leading to elimination of
imidazole, which is a stable leaving group due to its protonation. The displaced imidazole is
then protonated by HCI to form its hydrochloride.(Figure 2.n.). The mechanism thus
explains why the conversion of intermediate Va to sulforaphane is facilitated by acid

conditions.

Sulforaphane was obtained after evaporation of solvent as a pale brown oil in 42 % yield,
along with 10 % of the intermediate. Pure sulforaphane (> 95 %)was obtained after
purification by flash chromatography using CHCl; : MeOH (0-5 %) as eluent. The overall
yield of the synthesis was 15 %.

Sulforaphane was identified by NMR (see above for key peaks), IR (strong peaks at 2100

and 2180 cm™ corresponding to the isothiocyanate moiety) and mass spectrosocopy. The

values agreed with those reported by Zhang ef al. (1992).
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Figure 2.n. Conversion of thiourea intermediate (Va) to sulforaphane (V)
by addition of HCI.
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2.4. Conclusions

Sulforaphane was synthesised (Figure 2.0.) in an overall yield of 15 %. Alkylation of 1-
bromo-4-phthalimidobutane (I) with sodium thiomethoxide yielded 1-methylthio-4-
phthalimidobutane (IT). Oxidation of the sulfide group to sulfoxide (IIT) was achieved by
reaction with m-CPBA at 0 °C in dry CH,Cl, and was monitored by GC in order to avoid
over-oxidation to the sulfone analogue. Deprotection of 1-methylsulfinyl-4-
phthalimidobutane (III) to the amine 1-methylsulfinylbutylamine (IV) was accomplished by
the use of hydrazine hydrate. Finally, conversion of the amine group to the isothiocyanate
sulforaphane (V) was achieved by reaction of the amine (IV) with thiocarbonyldiimidazole
(TDI) in a HCI catalysed mechanism. '"H-NMR of sulforaphane (V) and the different
intermediates (II - IV) used for its synthesis are shown in Figure 2.p. Sulforaphane was
identified by NMR, IR and mass spectrometry,and the values were in agrement with those

reporeted previously (Zhang et al, 1992) (see 2.2.9. for actual values).
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Figure 2.0. Overall synthesis of sulforaphane.
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Figure 2.p. 'H-NMR spectra of vielded 1-methylthio-4-phthalimidobutane (II), 1-methyl-

sulfinyl-4-phthalimidobutane (III), 1-methylsulfinylbutylamine (I'V) and sulforaphane (V)
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CHAPTER 3

Inhibition by sulforaphane of rat CYP2EI and CYPIA
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3.1. Introduction

One of the possible mechanisms to prevent chemical carcinogenesis is by modulation of the
metabolic activation of carcinogens (Wattenberg, 1983, 1992: De Flora and Ramel, 1988;
and also see general introduction 1.4.3.). This may be achieved by inducing detoxification
pathways or by inhibiting activation pathways. The broccoli constituent sulforaphane has
been shown to induce phase II enzymes GST and QR (Zhang et al, 1992), and recently has
also been shown to protect rats against DMBA-induced tumourigenesis (Zhang et al, 1994).
Nevertheless, the potential of sulforaphane to inhibit the activation of carcinogens is not

known.

Since cytochrome P450 enzymes play key roles in the activation of carcinogens (see section
1.3.3.), it has been suggested that their inhibition might be an indicative of potential
chemoprevention (Yang er al, 1994). Several potential chemopreventors from brassica
vegetables are thought to modulate carcinogen activation by inhibition of CYP450s. For
example, the related isothiocyanate PEITC inhibits rat liver microsomal CYP2E1 (Ishizaki
et al, 1991) and rat CYP1A2 (Guo ef al, 1992). Other organosulfur compounds, such as
diallylsulfide (DAS), diallylsulfoxide (DASO) and diallylsulfone (DASQ,) have also shown
to inhibit rat hepatic CYP2E1 (Brady et al, 1991a). The ability of sulforaphane to inhibit
CYP2E1 and CYP1A2 was thus studied in rat liver microsomes.
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3.2. Methods

Chemicals

All chemicals used were purchased from Sigma-Aldrich, unless otherwise stated.

3.2.1. Animal husbandry and treatments

3.2.1.1. Acetone treatments

Male Sprague-Dawley rats (100 - 200 g) were obtained from Batin and Kingman Ltd. (Hull,
UK), kept in 12 hour light/dark cycles and fed with Heygates Rat and Mouse Breeding Diet
and water ab libitum (Pharmaceutical Sciences, Aston University). Treated animals were
given drinking water containing acetone (1% v/v) for two weeks. Control animals were

given drinking water.

3.2.1.2. B-Naphthoflavone treatments

Male Sprague-Dawley rats were obtained from Harlan Ltd. (Heathfield, Sussex), kept in 12
hour light/dark cycles and fed with a Rat and Mouse Maintenance Diet (Special Diet
Service, UK) and water ab libidum (BMSU, University of Birmingham). Treated animals
were administered B-naphthoflavone in corn oil (80 mg/kg body weight) and control

animals received corn oil.

3.2.2. Preparation of microsomes

Treated and control animals were killed by cervical dislocation and the livers were removed,
washed in Tris buffer (50 mM, pH 7.4) KCl solution (0.154 M) and wet weighed. Livers
were then cut into small pieces and homogenised in Tris buffer-KCl solution to give a 25 %
homogenate. The homogenate was then centrifuged at 9000g for 20 min at 4 °C and the
postmitochondrial supernatant was further centrifuged at 10° g for 1 h at 4 °C in a Beckman
1.8-60M ultracentrifuge. The microsomal pellet was suspended in Tris buffer-KCl solution,

recentrifuged at 10° g for 1 h and resuspended in phosphate buffer (50 mM, pH 7.4) to give
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a suspension equivalent to 0.5 g original liver wet weight/ml buffer. Microsomes were

stored at -70 °C and an aliquot (1 ml) was used for protein determination.

3.2.3. Protein determination

Microsomal protein content was determined according to the method of Lowry e al,
(1951).

The solutions required were:

- solution A: Na,COs; (2 % w/v) in NaOH (0.1 M)

- solution B;: CuS04.5 H>O (1 % w/v)

- solution B,: KNa tartrate (2 % w/v)

- solution C: this solution was prepared by addition of solution B, (1 % v/v) and solution B,

(1 % v/v) in solution A (100 ml)

Microsomes were diluted 1:80 in NaOH (0.05 M). Bovine serum albumin standard curve (0
- 200 pg/ml) was prepared by diluting a stock solution (I mg/ml) into NaOH (0.05 M).
Solution C (5 ml) was added to the diluted microsomes (1 ml) and albumin standards (1
ml), mixed, and left standing at room temperature for 10 min. Folins reagent diluted in
distilled water (1:1) (0.5 ml) was added to the mixture, and left for 30 min. Absorbance was

measured at 750 nm.

3.2.4. p-Nitrophenol (PNP) hydroxvlation assay

The p-nitrophenol (PNP) hydroxylation assay was based on Koop ef al, (1989). All
incubations were carried out, with duplicate samples, in 2 ml Ependorfs with shaking at
37°C. Incubations contained either control or induced rat liver microsomal preparations
(200 pl), freshly prepared NADPH (1 mM) (100 pl, 10 mM), ascorbic acid (1mM) (100 pl,
10 mM), phosphate buffer (400-500 ul, 50 mM, pH 6.8), substrate PNP (0-500 uM) (100
ul, 0.5 - 5 mM), and (when required) inhibitors sulforaphane (25-250 uM) (100 ul, 0.25 -
2.5 mM), or PEITC (10 - 100 uM) (100 pl, 0.1 - 1 mM). Incubations were prewarmed at
37°C before addition of NADPH. The reaction was terminated after 30 min by addition of
HCIO, (0.5 ml, 0.7 M). In a preliminary study linearity of generation of 4-nitrocatechol
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with time during the incubation period was established. The samples were ultracentrifuged
at 13000 rpm for 5 min and then NaOH (100 pl, 10 M) was added to 1 ml of the samples.
Absorbance was measured at 546 nm. A standard curve was prepared with 4-nitrocatechol
(5 - 100 uM) (5 - 100 ul, 1 mM stock solution). Enzyme kinetic parameters were estimated
using a enzyme kinetics computer package (Enzfit). Inhibition constant, K; (mean + SD,

n=3) was calculated from a Dixon plot (1/v vs. concentration of inhibitor).

3.2.5. Ethoxyresorufin deethylase (EROD) assay

The measurement of ethoxyresorufin deethylase (EROD) activity was based on the methods
of Pohl and Fouts, (1980) and Burke ef al, (1985) with several modifications. Preliminary
studies were performed to determine optimal assay conditions (microsomal protein
concentration and incubation time). All incubations were carried out in triplicate in
centrifuge tubes wrapped in tin foil to avoid decomposition of ethoxyresorufin and
resorufin by light. Microsomes (25 pg) (12.5 ul, 2 mg/ml), ethoxyresorufin (0-5 uM) (0-
500 ul, 0.01 mM), magnesium chloride (12.5 mM) (12.5 ul, 1M), sulforaphane when
required (100 pM) (50 ul, 2 mM) and Tris buffer (0.05 M, pH: 7.4) were preincubated for
2 min. Freshly prepared NADPH (1 mM) (10 pl, 10 mM) was added and then mixtures
were incubated for 5 min at 37 °C in a shaking water bath. The reaction was stopped by
addition of cold methanol (1 ml) and the tubes were left on ice for 10 min to allow protein
precipitation. Samples were centrifuged for 10 min at 2000 rpm and fluorescence of
supernatants was measured at 530 nm excitation / 585 nm emission in a Perkin Elmer
Luminescence Spectrometer LS50B. A standard curve was prepared with resorufin (0 - 0.6
uM) (0 -120 pl, 5 uM). Enzyme kinetic parameters were estimated using a enzyme kinetics

computer package (Grafit).

3.2.6. Spectral determination of cytochrome P450

Spectral determination of cytochrome P450 was based on the method of Omura and Sato
(1964). Control rat liver microsomes (100 pl, 4 mg protein/ml), suforaphane (100 pM) (50
ul, 2 mM) and NADPH (1 mM) (10 pl, 10 mM) when required were incubated at 37 °C for
5 min in 1 ml of Tris buffer (0.1 M, pH 7.4) containing 20 % (v/v) glycerol and then

109



transferred to glass cuvettes. A reference sample was prepared containing microsomes in
buffer. A baseline was recorded between 400 and 500 nm in a split-beam spectrometer
(Uvikon 992 Spectrophotometer, Kontron Instruments). A few grains of sodium dithionite
were added to both reference and sample cuvettes. Carbon monoxide freshly made by
addition of approximately 10 ml of sulfuric acid onto sodium formate was gently bubbled

into the sample cuvette for 1 min. The spectrum was then re-scanned from 400 to 500 nm.
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3.3. Results

3.3.1. Induction by acetone of PNP hydroxylase activity

The induction of PNP hydroxylase activity was studied in rat liver microsomes from rats
treated with acetone (see methods 3.2.1.1.). Protein content of microsomes was determined
by the Lowry method (section 3.2.3.) from a Bovine serum albumin (BSA) standard curve
(r = 0.996) (Figure 3.a.). Microsomal protein content was 6.28 and 6.41 mg/ml for control

and acetone-induced microsomes respectively.

The standard curve of 4-nitrocatechol (4-NC) (5-100 uM) is shown in Figure 3.b.. Data
correlated well with a linear regression (r = 0.997). The effect of acetone pretreatment on 4-
nitrocatechol production from PNP in rat hepatic microsomes is shown in Figure 3.c.
Acetone pretreatment clearly induced PNP hydroxylase activity as shown by an increase of
activity (4-NC production) in acetone-induced microsomes compared to control
microsomes (Figure 3.c.). PNP hydroxylase activity in control liver microsomes was
characterised by a Ky of 69.52 +7.92 uM and a Vmax of 0.53 + 0.02 nmol/mg/min. PNP
hydroxylase activity in acetone-induced microsomes was characterised by a Ky of 119.24 +
7.61 uM and a Vmax of 1.96 + 0.05 nmol/mg/min. Thus, acetone pretreatment resulted in

3.7-fold increase of Vmax in rat liver microsomes.
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Figure 3.a. Bovine serum albumin (BSA) standard curve

Protein was determined by the Lowry method (section 3.2.3.). Values are duplicates.
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Figure 3.b. 4-Nitrocatechol (4-NC) standard curve.

Perchloric acid (0.5 ml) and NaOH (100 pl) were added to the 4-NC standards
(1 ml), mixed and absorbance read at 545 nm. Values are duplicates.
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3.3.2. Inhibition of PNP hydroxylase activity by sulforaphane

The inhibition by sulforaphane of PNP hydroxylase activity was studied using acetone-
induced rat liver microsomes. Sulforaphane at four different concentrations (25 - 250 uM)
and PNP at three different concentrations (50, 100 and 500 uM) were incubated with
microsomes and cofactors as described in section 3.2 4. The concentrations of sulforaphane
were chosen from the results of a pilot study in which sulforaphane at six different

concentrations (100 nM to 1 mM) was incubated with one concentration of PNP (100 uM).

A Dixon plot (1/v versus concentration of inhibitor sulforaphane) for the above mentioned
concentrations of sulforaphane and PNP is shown in Figure 3.d.. This showed that during
the 30-min incubation period, sulforaphane behaved ag a competitive inhibitor of PNP
hydroxylase activity. K; was calculated from Dixon plots and was 375+ 4.5 uM (mean +

SD, n =3).

3.3.3. Inhibition of PNP hydroxylase activity by phenethvlisothiocvanate (PEITC)

The inhibition by PEITC of PNP hydroxylase activity was also studied using acetone-
induced microsomes. The concentrations of PEITC were chosen from the results of
preliminary studies using various concentrations (1 - 100 puM) with one concentration of
with PNP (100 uM). PEITC at four different concentrations (10 -100 uM) and PNP at

three concentrations (50, 100 and 250 uM) were used for the inhibition studies.

A Dixon plot for PEITC and PNP is shown in Figure 3.e.. PEITC was a competitive
inhibitor of PNP hydroxylase activity during the 30-min incubation period and a Kiof 13.1 +

1.1 uM (mean + SD, n = 3) was obtained from Dixon plots.
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3.3.4. Determination of EROD activity assay conditions.

EROD activity was calculated from a resorufin standard curve (Figure 3.f) which
correlated well with a linear fit (r = 0.999). Microsomal protein used in the incubations
containing control microsomes (0.1 mg/incubation) was too high when B-NF-induced
microsomes were used. EROD activity was measured in several incubations containing 25
or 50 pg of protein (B-NF-induced microsomes), 5 or 8 uM of ethoxyresorufin and
incubation time was 3, 5 or 10 min. Fluorescence readings of incubations containing 25 pg
protein (5 and 8 pM ethoxyresorufin) were all within the scale (Figure 3.h.). However
resorufin obtained from incubations containing 8 puM was slightly lower than 5 pM
(possibly due to product inhibition). Thus, 25 pg protein/incubation were used throughout
the experiments and 5 pM was the maximum concentration of ethoxyresorufin. Incubation
time was extended from 3 min to 5 min since linearity between 3 to 10 min was observed

(see Figure 3.g.)

3.3.5. Induction by B-NF of EROD activity

EROD activity was measured in B-NF-induced microsomes with ethoxyresorufin
concentrations ranging from 0 - 5 pM (Figure 3.h.). Peak activity was observed for
substrate concentration between 2 and 2.5 uM, and concentrations above decreased
activity, probably due to product inhibition. Therefore, for the following experiments, the

highest concentration of ethoxyresorufin used was 2.5 pM.

The effect of B-NF pretreatment on resorufin production in rat hepatic microsomes is shown
in Figure 3.h. An induction of EROD activity was observed for B-NF-induced microsomes
compared to control microsomes. EROD activity in control liver microsomes was
characterised by a Ky of 0.23 +0.06 pM and a Vmax of 0.35 £ 0.03 nmol/mg/min, whereas
3-NF-induced microsomes gave a Ky of 0.81 = 0.14 uM and a Vmax of 6.8 = 0.5
nmol/mg/min (ethoxyresorufin 0-2.5 uM). Thus, pretreatment of rats with B-NF resulted in

19.4-fold increase of Vmax in liver microsomes.

118



600 —

7 g}
o _
g}
S
[32)
)]
® 400 —
¥
=
8 —
8
(=)
= 200
=

04— — |
0 0.2 04

Resorufin (nM)

Figure 3.f. Resorufin standard curve

Ethanol (1 ml) was added to resorufin standards (1 ml), left standing on ice for 10 min,
and fluorescence was measured at 530 nm excitation / 585 nm emission. Values are
the mean + SD, n=3.
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Figure 3.g. Effect of protein concentration, time and ethoxyresorufin
concentration on EROD activity in B-NF-induced rat liver microsomes.

Ethoxyresorufin (5 and 8 uM), 8-NF-induced rat liver microsomes (25 and 50 pg protein)
and cofactors were incubated for 3, 5, and 10 min at 37 °C. After protein precipitation
(see methods 3.2.5.), fluorescence was measured at 530 / 585 nm. Values are from
duplicate analyses.
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3.3.6. Inhibition of EROD activity by sulforaphane

The inhibition of EROD activity by sulforaphane was studied in 3-NF-induced microsomes.
Incubations containing sulforaphane (100 pM) and ethoxyresorufin (0 - 2.5 uM) were
carried out in triplicate in three separate experiments as described in methods 3.2.5. A
decrease in EROD activity was observed for the incubations containing sulforaphane (100
pM) compared to the incubations containing only ethoxyresorufin (Figure 3.1.). Incubations
containing ethoxyresorufin alone were characterised with a Ky of 0.65 + 0.32 uM (mean +
SD, n=3) and Vmax of 6.48 + 0.54 nmol/min/mg (or Ky; = 0.48 + 0.04 uM and Vmax =
6.40 £ 0.20 nmo/min/mg for the weighted mean + SD, n=3). Incubations containing
sulforaphane (100 pM) gave a Ky of 049 + 0.10 uM and a Vmax of 4.1 + 0.56
nmol/min/mg (P<0.001)(or Ky = 0.46 + 0.05 pM and Vmax =4.19 £ 0.16 nmol/min/mg for
the weighted mean = SD, n=3). There was a significant difference between the Vmax of the
control reaction compared to that in the presence of sulforaphane, whereas Ky was not
significantly different (for both unweighted and weighted means). A decrease in Vmax and
equal Ky suggests that sulforaphane was not a competitive inhibitor of EROD activity in f3-

NF induced rat liver microsomes.

Preincubation of sulforaphane (100 pM) with microsomes in presence of NAPDH before
the addition of substrate, ethoxyresorufin (1 M), enhanced inhibition. The percentage of
inhibition varied form 15.2 % without preincubation time to 42.75 % with 12 min
preincubation and to 70.36 % with 30 min. This suggests that sulforaphane may be an

irreversible inhibitor of EROD activity.

3.3.7. Effect of sulforaphane on cytochrome P450 spectra

The ability of sulforaphane to destroy the heme iron atom was assessed by measurement of
cytochrome P450 spectra. The presence of sulforaphane (with or without NADPH) in the
incubations did not change the spectra from that of control rat liver microsomes (Figure
3].). Absorbance at 450 nm (representative of functional CYP450) and absorbance at 420
nm (representative of inactive CYP450) did not vary for incubations containing

sulforaphane compared to the control incubations.
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3.1. Discussion

The ability of sulforaphane to inhibit CYP2E1 and CYP1A2 was studied in rat liver
microsomes. Rat liver microsomes have a high content of cytochrome P450 and have been
widely used for the study of substrates and inhibitors of different P450 enzymes. However,
CYP2EI only represents about a 10 % of the total CYP450 content in the rat liver
(Johansson et al, 1987) and CYPlA is found at very low levels (undetected by
immunoblotting, Nakajima ef al, 1993). In order to increase the level of these enzymes, rats
were treated with acetone and B-NF respectively, prior to the preparation of microsomes.
CYP2EI activity (measured as PNP hydroxylase activity, see below) in rat liver microsomes
was induced by nearly 4-fold after pretreatment with acetone. This is in agreement with the
studies of Koop et al, (1989) (3-fold induction) and Johansson et al, (1987) (9-fold
induction). Acetone also induces CYP2B in rat liver (Johansson et al, 1987). However, the
activity measured here (PNP hydroxylase) is mainly due to CYP2E]I, since PNP hydroxylase
activity in acetone-induced rat liver has been shown to be inhibited by at least 85 % by the
CYP2E1-rabbit antibody, anti-3a IgG (Koop ef al, 1989). B-NF pretreatment resulted in a
19-fold increase in EROD activity, a measurement of CYP1A activity (Pohl and Fouts,
1980). This level of induction was also in agreement with the literature (Pohl and Fouts,
1980, Burke et al, 1985). B-NF induces CYP1A1 and CYP1A2 in rat livers (Oinonen et al,
1994). A third enzyme designated CYP1A1* was also induced by 3-methylcholanthrene and
ethoxyresorufin was metabolised by the three different enzymes (Weaver ef al, 1994, Burke
et al, 1994). However there is no evidence indicating that 3-NF also induces the CYP1A1*

form.

The different extent of enzyme induction by acetone and 3-NF (4- and 19-fold respectively)
might be explained in terms of the mechanisms of induction. Acetone has shown to induce
CYP2E1 enzyme mainly due to a decrease in protein degradation rate (Song et al, 1989).
On the other hand, the induction of CYP1Al and CYP1A2 by B-NF is a result of an
increase of mRNA and protein levels (Oinonen et al, 1994), and is accompanied by an
induction of QR. B-NF binds the Ah receptor via XRE (see section 1.3.4.1); CYPIAI
contains many XRE sites in the upstream region, thus explaining the high levels of induction

by this agent.
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Sulforaphane inhibited both PNP hydroxylase and EROD activity (indicators of CYP2E1
and CYP1A activities respectively (see above)) in acetone- and 3-NF-induced microsomes
respectively. Sulforaphane was a competitive inhibitor of CYP2E1, whereas for CYP1A a
competitive inhibition was not observed. CYP1A activity also decreased markedly with
increasing preincubation time, which indicates that sulforaphane is an irreversible inhibitor.
For comparison, the inhibitory potential of PEITC towards CYP2E1 was also studied.
PEITC was also a competitive inhibitor of PNP hydroxylase activity, but more potent than
sulforaphane (K; 3-fold lower). The inhibitory potential of PEITC correlated with previous
studies, although smaller values for the K; were reported, which may be attributed to the
measurement of different indicators of CYP2EI1 activity (NDMA-demethylase activity)
(Ishizaki et al, 1990). The moderate inhibitory effect of sulforaphane compared to that of
PEITC is in agreement with the recent work of Jiao et al, (1996). A comparison of the
inhibitory potential of sulforaphane between these studies is difficult, since the latter authors
calculated the ICsy values (approximately 100 pM). Furthermore, CYP2E1 activity was
measured as N-nitrosodimethylamine demethylation activity in liver microsomes from
untreated rats, and incubation times were also different. Another important point is that the
sulforaphane used in this work was synthesised as the racemic mixture (R, §) whereas
sulforaphane used by Jiao et al, (1996) was the naturally occurring R stereoisoform. It is
known that stereoisomery can be an important factor in metabolism ( Caldwell, 1996), and
thus the racemic mixture may have a different inhibitory effect than the R isoform. The
lower inhibitory potential of R-sulforaphane compared to arylalkylisothiocyanates observed
by Jiao et al, (1996) might be related to the presence of the arylgroup. PEITC and related
isothiocyanates also decreased EROD activity in rat and mouse liver and lung (Guo ef al,
1992, 1993). This inhibition was mixed, with a competitive and a non-competitive
component. Recently, PEITC was also reported to inhibit human CYP1A2 in a competitive
and suicide (irreversible) manner (Smith ef a/, 1996). Sulforaphane also showed to inhibit
irreversible CYP1A (possibly both CYP1A1 and CYP1A2 since the EROD assay measures
the activity of both enzymes, see above), although the competitive component was not seen
here. CYP2E1 metabolises chemicals of small molecular weight (Yang et al, 1990). This
supports the competitive effect observed for sulforaphane, a relatively small molecule. On

the other hand, CYP1A is known to metabolise planar molecules of relatively high
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molecular weight (Lewis et al, 1993, 1994). Considering sulforaphane structure, it is
therefore unlikely that it would be a metabolite of CYPI1A, thus supporting the non-

competitive inhibition observed here.

Sulfur containing compounds are known for their capacity to inhibit CYP450 (De Matteis,
1978, Murray and Reidy, 1990). Compounds such as carbon disulfide, the garlic component
DAS, disulfiram, diethyldithiocarbamate and isothiocyanates such as PEITC have been
shown to inhibit particularly CYP2E1 and some of them also inhibited other isoforms such
as CYP1A2. Most of these compounds appear to exert an irreversible inhibition, including
PEITC (Ishizaki et al, 1990, Smith ef al, 1996) or oltipraz, also a sulfur compound which
appears to be a competitive and irreversible inhibitor of CYP1A2 and CYP3A4 (Langouét
et al, 1995). The inactivation of CYP450 by organosulfurs can occur by several
mechanisms: loss of heme moiety, covalent binding to the apoprotein, or a combination of
both (De Matteis, 1978). It has been suggested that the inactivation by organosulfurs is
probably due to binding with the apoprotein and possibly after they are oxidatively activated
by the enzyme (Ishizaki et al, 1990, Jiao et al, 1994). 1t is thus likely that the competitive
inhibition of sulforaphane towards CYP2E1 might be accompanied by an irreversible
component, as it was observed for CYP1A inhibition. CYP450 contains many residues with
groups such as amino, hydroxy or thiol (cysteine) (see Tan ef al., 1997 for CYP2E1), it is
likely that sulforaphane might react with some of these groups. The inability of sulforaphane
to reduce heme protein in rat liver microsomes (Figure 3J.) supports the theory of
apoprotein binding. Other possible mechanisms of irreversible inhibition involve depletion of
cofactor supply, xenobiotic-down regulation of CYP450 or inhibition of heme or apoprotein
synthesis (Murray and Reidy, 1990). Whether sulforaphane also interacts with cytochrome
P450:NADPH reductase or cytochrome bs or regulates protein synthesis is not known,
although this would not be a basis in microsomal incubations. However no evidence of this

exists for other isothiocyanates.

The possibility of covalent binding between sulforaphane and residues in CYP450 could
either result form the reaction of the isothiocyanate group or the sulfoxide group with these
residues. Furthermore, the covalent interaction could occur via a metabolite of

sulforaphane, since this has shown to be competitive for the active site of CYP2EIL.
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Arylalkylisothiocyanates have shown to be suicide inhibitors (inactivation is metabolism-
dependent) of CYP2E1 (Ishizaki er a/, 1990) and CYP1A2 (Smith ef al, 1992). This has
been attibuted, at least in part, to the isothiocyanate moiety. It is therefore likely that
sulforaphane, which bears an isothiocyanate group, will also inactivate CYP2EI1 and
CYP1A2. The inactivation of CYP2E1 by DAS, DASO and DASO, has been attributed to
the sulfone group (DAS and DASO are metabolised to the sulfone) (Brady ef al, 1991,
Reicks and Crankshaw, 1996; Kwak et al, 1994). Two metabolic options are open for
sulfoxide groups, reduction to sulfide or oxidation to sulfone (Damai, 1987). For example
the antirheumatic drug sulindac undergoes sulfoxide reduction (Damai, 1987). Nevertheless
DAS and DASO are transformed to sulfones (see above). Evidence exists indicating that
sulforaphane is metabolised to its sulfide and sulfone analogues in rats (Baillie, personal
communication). It is therefore likely that the sulfone group might be partially responsible

for the inactivation, as for the allyl organosulfurs.

Sulforaphane has recently been shown to inhibit the tumourigenic effects of DMBA in rats
(Zhang et al, 1994). DMBA is activated mainly by CYP1A, although CYP2B and CYP3A
may also contribute in rat microsomes (Lambard e a/, 1991). Sulforaphane was a potent
inducer of GST and QR in several tissues of mouse (Zhang et al, 1992), thus might activate
detoxification pathways of many carcinogens. The question that arises is whether the
inhibition observed here i vitro in rat liver microsomes will also be observed in vivo, and
whether the inhibition of DMBA might be due to the induction of detoxification enzymes,
or the inhibition of CYP450, or possibly a combination of both. DMBA induced mammary
tumours in female rats, however the ability of sulforaphane to modulate CYPs in this tissue

is not known.

The inhibition of CYP450 has been proposed as a mechanism of inhibition of carcinogenesis
and mutagenesis (Wattenberg, 1989; De Flora and Rumey, 1988) and several agents that do
so, have been proposed as chemopreventors (see general discussion, chapter 6). Rat
CYP1A and CYP2EI have been shown to activate numerous carcinogens to their reactive
ultimate species. CYP1A1 is responsible for the activation of benzo[a]pyrene, and CYP1A2
for carcinogens such as 2-aminofluorene, and IQ (see Nedelcheva and Gut, 1994). CYP2E1

metabolises the potent carcinogen NDMA, and chlorinated compounds such as chloroform
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and carbon tetrachloride (Yang e al, 1990). The inhibition of these enzymes may thus result
in inhibition of these carcinogens activation. Since sulforaphane inhibits these enzymes, it is
possible that it might inhibit the activation of some of these carcinogens, and therefore their
carcinogenic effects. The ability of sulforaphane to modulate the genotoxic effect of some

of these carcinogens (NDMA and 1Q) was therefore studied (see chapter 4 and 5).
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CHAPTER 4

Inhibition by sulforaphane of N-nitrosodimethylamine

(NDMA)-genotoxicity mediated by rodent CYP450
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4.1. Introduction

4.1.1. Genotoxicity tests as predictors of carcinogenesis

It is widely accepted that mutation is a necessary event in the carcinogenesis process (see
section 1.1.1 of general introduction) and consequently, mutagenicity and genotoxicity have
been used as endpoints for the detection and screening of genotoxic carcinogens. Numerous
short-term genotoxicity tests are currently used which allow the measurement of the end
points such as induction of gene mutations, chromosomal aberrations, DNA damage and
repair, mitotic recombinations and sister chromatid exchange (Venitt and Parry, 1984,
Carere et al, 1995). The test systems used in these assays include bacteria, plants, insects
and cultured mammalian cells and also laboratory animals for in vivo assessments. Some of
the main advantages of these tests are rapidity, simplicity, reproducibility and sensitivity.
However, they also present some limitations, such as (for some assays) a lack of metabolic
activating enzymes, thus requiring the addition of an external metabolic system such as
mammalian liver homogenates. there is also a possibility for obtaining false positives or false
negatives. It should also be recognised that non-genotoxic carcinogens are not detected by
these tests. Nevertheless, short-term tests (often used in a battery) have shown a good
correlation with rodent carcinogenicity data (Ames et al, 1976; De Serres and Shelby,
1979) and also are a good prediction of human carcinogenicity, 84 % sensitivity according
to Wilbourn et al, 1986, although differences between rodent and human carcinogenicity

also exist (67 % sensitivity according to Brockman and De Marini, 1988; Bridges, 1988).

4.1.1.1. Mutagenicity: Salmonella typhimurium assay

The Salmonella typhimurium preincubation test was developed by B. Ames (Maron and
Ames, 1983) and is one of the most commonly used short-term tests. The assay can detect
reverse mutation from amino acid auxotrophy to prototrophy. The bacterial strains used in
this assay carry base substitutions or frameshift mutations in operons coding for the
histidine. The assay determines whether the test chemical can reverse this mutation by
introducing a second mutation, and thus allowing bacteria to grow to form colonies in a

histidine-deficient medium. All bacterial strains contain GC base pairs at the histidine
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mutation (except strain TA102, see table 4.a.), so they are selective for agents which react

with these bases (Venitt ef al, 1984).

In addition to the histidine mutation, bacterial tester strains contain a number of mutations
that increase their ability to detect mutagens (see table 4.a.). One mutation, rfa, increases
permeability of the cell wall to large molecules, the uvrB mutation results in deficiency in
excision repair, thus increasing the sensitivity to mutagenic and lethal effects of mutagens,
since the bacterial strains cannot excise DNA adducts (Maron and Ames, 1983). The
plasmid pKM101, present in some of the strains (see table 4.a.), carries a gene (muc”) which
participates in “SOS” DNA repair, a repair pathway induced by DNA damage which
confers increased resistance to the lethal effects of several mutagens at the expense of an

increased rate of mutability (Venitt ef al, 1983, 1984).

One of the major limitations of these bacterial strains is that they lack metabolic activation
enzymes, so that direct carcinogens can be detected but not pre-carcinogens. This is
overcome by the addition of an external metabolic system, which generally is rodent liver
homogenates (S9 fraction), which have a high content of both phase I and phase II enzymes
(Maron and Ames, 1983). To increase the sensitivity of certain mutagens, animals can be
treated animals with several agents (B-NF, Arocolor 1254) which will increase cytochrome
P450 content of S9. A considerable number of mutagens first detected by this assay have
been shown to be carcinogenic in experimental animals and approximately 60 % of known

carcinogens are mutagenic in this test (Harper ef al, 1983).

4.1.1.2. DNA repair: Unscheduled DNA synthesis

One of the mechanisms by which a cell can respond to DNA changes and damage is
excision repair (see general introduction 1.1.3.1.), which involves the excision of the
damaged DNA and its replacement by newly synthesised DNA using the undamaged strand
as a template. Nucleotide excision repair is thus an indirect measurement of DNA damage
and can be used as a genotoxic endpoint (Waters, 1984). The most widely used assay is the
measurement of unscheduled DNA synthesis (UDS) (non-semiconservative synthesis) by

monitoring the uptake of [*H]thymidine incorporated into DNA (Williams et al, 1982).
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The amount of repair detected in the UDS assay depends on the type of DNA damage
induced, the number of lesions repaired during the period of time studied and the amount of
DNA synthesis associated with the repair of each lesion. Measurement of UDS has the
disadvantage that it is time consuming and relatively expensive, however it has the

advantage of specificity for detecting chemicals that covalently bind DNA (Waters et al,

"1984). For example the non-carcinogen 9-amino-acridine is a bacterial mutagen but does

not induce UDS since it merely intercalates into DNA (Martin ez al, 1978). Quantification
of nuclear incorporation of [*H]thymidine can be done by autoradiography or liquid
scintillation counting. The former is time consuming and laborious, however allows to
distinguish between repair synthesis and semi-conservative DNA synthesis, and also allows
the identification of artefacts and cell death, whereas the latter is simpler and faster but does
not let distinguish the above mentioned distinctions. The UDS assay can be performed in
different types of cells (Martin et al, 1978, Waters, 1984) , but rat hepatocytes are the most
popular (Butterworth ez al, 1987). The advantages of using hepatocytes instead of other cell
types are that they are essentially non-dividing (lack of semiconservative replication) and
they have a high content of phase I and phase II enzymes, so that metabolism and induction
of repair occurs within the same cell (Butterworth ez al, 1987, Waters, 1984). Both in vitro
and /n vivo UDS are highly sensitive indicators of genotoxicity and is widely accepted and
recommended to be used as a complementary test to the S, typhimurium assay (Carere et al,

1995).

4.1.2. Genotoxicity tests as predictors of anticarcinogenesis

Chemopreventors can inhibit carcinogenesis through various mechanisms (see section
1.4.2.) including the inhibition of mutation and cancer initiation. The genotoxicity endpoints
and methods used for detecting carcinogens (see above) can also be valuable for the
detection of anticarcinogens and antimutagens. For example naturally occurring flavourings
(e.g. cinnamaldehyde, vanillin, coumarin) have been found to be antimutagens against 4-
nitroquinoline 1-oxide in S. typhimurium and in E. Coli (Ohta, 1993) or cyclohexanol was
also antimutagenic against NNK and NDEA in S typhinurium strain TA100 (Espinosa-
Aguirre ef al, 1993). The UDS assay has also been used for detection of chemopreventor

agents, such as the case of benzylisothiocyanate (Sugie ef al, 1993).
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This does not however imply that all anticarcinogens will be also antimutagens and
therefore be detected in genotoxicity tests, since other mechanisms of chemoprevention do
not involve the inhibition of mutations and genotoxicity (e.g. inhibition of cell proliferation,
induction of cell differentiation, etc., see table 1.g. in general introduction). Also anti-
genotoxicity might not necessarily imply inhibition of carcinogenicity, because of different

conditions and endpoints, but nevertheless shows a potential for anticarcinogenicity.

Sulforaphane has been shown to inhibit CYP2E] in rat microsomes (see 3.3.2 and 3.4.),
thus suggesting that this could be a possible mechanism of anticarcinogenesis (see 1.4.2.
and 1.4.3). Related isothiocyanates have also been found to inhibit the tumorigenicity of
nitrosamines (metabolically activated at least in part by CYP2EI, see table 1.d.) in rodents.
For example, phenethylisothiocyanate (PEITC) inhibited the tumorigenesis of 4-
methylnitrosamino-1-(3-pyridyl)-1-butanone (NNK) in rat lung (Morse ef al, 1989) and of
N-nitrosomethylbenzylamine in rat esophagus (Morse ef al, 1993). Benzylisothiocyanate
inhibited N-nitrosodiethylamine-induced neoplasms in the forestomach of A/J mice
(Wattenberg ef al, 1987). The ability of sulforaphane to modify the genotoxicity in vitro of
the CYP2E1 substrate N-nitrosodimethylamine (NDMA) was therefore assessed in the
Salmonella typhinmurium preincubation test and in the UDS assay. NDMA is a potent
hepatocarcinogen in rodents and possibly in humans (Bartsch, 1991) found in foods,
industrial products and tobacco smoke (Walker, 1981; Lakritz et al, 1982; Biaudet et al,
1994), and is metabolically activated by a-hydroxylation mainly by CYP2E] (Thomas et al,
1987, Yoo et al, 1990) to yield reactive electrophilic alkylating agents such as methyl
carbonium (see figure 1.b.). NDMA is also known to induce mutations in bacteria (Bartsch,

1981) and UDS in HeLa cells (Martin et al, 1978).



4.2. Methods

4.2.1. Salmonella typhimurium preincubation mutagenicity assay

The Salmonella typhimurium preincubation mutagenicity assay was based on Maron and

Ames (1983).

4.2.1.1. Plates and solutions

All solutions and preparations were sterilised by either autoclaving for 20 min (1 bar / 121
°C) or by filtration through a 0.45 um cellulose acetate filter (Sartorius, Gottingen,
Germany). All procedures were performed under sterile conditions in a Class II laminar flow

cytotox safety cabinet.

4.2.1.1.1. Preparation of minimal glucose plates

Bacteriological agar (15 g) was added to distilled water (930 ml) and sterilised by
autoclaving. Vogel Bonner salts (20 ml) and 40 % glucose (50 ml) were added to the hot
agar solution. The solution was gently stirred thoroughly and then stood for 3 min to allow
bubbles to disappear. Approximately 30 ml of agar solution was poured into plastic Petri
dishes (9 cm diameter) and left to set for about 30 min. Plates were dried for about 15 min
in an oven set at 40 °C. Plates were stored at 0-4 °C for no longer than 2 months. Vogel
Bonner salts were prepared by dissolving magnesium sulfate (MgSO, . 7H0, 10 g), citric
acid monohydrate (100 g), potassium phosphate dibasic anhydrous (K,HPO,, 500 g), and
sodium ammonium phosphate (NaNH, HPO, . 4H,0, 175g) to a final volume of one litre of

distilled water and then autoclaved.

42.1.1.2 Top agar

Top agar was prepared by autoclaving agar (6 g) and sodium chloride (NaCl, 5 g) in one
litre of distilled water. L-Histidine / D-biotin (0.5 mM) solution ( 10 % v/v) was added after
cooling and kept at 50 °C until use. Before use, 2 ml aliquots of top agar were placed in
polypropylene vial inserts and kept at 45 °C in a metal heating block (Grant Instruments

Ltd., Cambridge, UK.)
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4.2.1.2. Liver homogenate supernatant (S9 mix)

Control S9 was prepared according to Maron and Ames (1983) with livers from untreated
male Balb/c mice. Animals were maintained as described in 4.2.2.1.2.. Animals were killed
by dislocation of the neck and livers removed, weighted and washed with chilled KCI (0.15
M). Livers were minced and homogenised using a teflon-coated pestle in KCI (0.15 M) (3
ml/g fresh liver). The homogenate was centrifuged for 10 min at 9000 g and the supernatant
(S9 fraction) was decanted and kept on ice. S9 was frozen at -196 °C, but was not refrozen.
Control S9 mix was prepared on ice and contained distilled water, 0.1 mM sodium
phosphate buffer (pH 7.4), 4 mM NADP", 5 mM glucose 6-phosphate, 33 mM KCI, 8 mM
MgCl, and 10 % SO (see table 4.b.).

Acetone-induced S9 mix was also prepared in a similar way as the control S9 mix, but from

Balb/c mice treated with acetone (1 %) in drinking water for 7 days.
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Table 4.b. Composition of control S9 mix (10 %) emploved in S. typhimurium
mutagenicity assay.
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Taken from Maron and Ames (1983).
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4.2.1.3. Procedure for growing bacteria

Salmonella typhimurium strain TA100 and TA1535 were obtained from B.N.Ames
(Biochemistry Department, University of California, Berkeley, U.S.A.) Cultures were
prepared from frozen permanents. Using a 1 ul sterile disposable culture loop, bacteria were
taken from the thawed surface and inoculated in 2.5 % nutrient broth (Oxoid No. 2).
Ampicillin (8 mg/ml; 15.6 ul per 5 ml) was added to the strain TA100, but not to TA1535.
Cultures were incubated in a shaking water bath at 37 °C for 10 h to a density of 1-3 x 10°

viable cells per ml. The amount of culture prepared was based on 0.1 ml culture per plate.
4.2.1.4. The mutagenicity preincubation test

Mutagenicity was assessed in the Salmonella typhimurium pre-incubation reverse gene
mutation test according to the method of Maron and Ames (1983). Triplicate plates were

used for each experiment and concentration of test agent.

S9 reaction mixture prepared fresh (0.5 ml) (or phosphate buffer, pH 7.4) was delivered to
sterile capped bijou tubes (5 ml, Appleton Woods Ltd.) and placed on ice. The test
compound (NDMA (0.44 - 4400 pg/plate), sodium azide (5 pg/plate), or sulforaphane (0 -
2.5 mM) (in 10-20 pl), inhibitor (sulforaphane) (0 - 200 mM) when required and bacterial
culture (0.1 ml) were added to the solution. The negative controls contained bacteria and
S9 mixture (or phosphate buffer). The positive controls used were sodium azide (1 or 5 pug/
plate) as a direct mutagen and 2-aminofluorene (10 pg / plate) as an indirect mutagen,
requiring presence of S9. The contents of the tubes were mixed gently and incubated at 37
°C for 20 min (unless otherwise stated) in a moderate shaking water bath. The reaction was
stopped by placing the tubes on ice. Top agar held at 45 °C in a heating block in 2ml tubes
was added to the tubes. The test components were mixed by vortexing the agar for 3 sec
and then poured onto minimal glucose agar plates. Plates were left to set for 30 min and
then inverted and placed in a 37 °C incubator. After 48 h of incubation, the revertant

colonies were counted using an automatic colony counter (Gallenkamp Colonies Counter).
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The presence of an auxotrophic bacteria background lawn was confirmed on all the plates

by light microscopy.

4.2.1.5. Interpretation and evaluation of data

Results were expressed as number of histidine dependent (his") revertants induced per plate.
Bacterial background lawn (resulting from the trace of histidine in the top agar) was
routinely examined in all plates as an aid in determining the toxicity of the test chemical. A
sparse background lawn on the test plates compared to the control plates indicated toxicity.

Samples which showed at least twice the background number of revertants were considered
mutagenic and dose-response relationships were assessed and analyzed by the statistical
method of Dunnett (1955), except the inhibition of NDMA-mediated mutagenicity by
sulforaphane in Salmonella typhimurium strain TA100, which was assessed by an analysis

of variance (ANOVA).

4.2.2. In vitro Unscheduled DNA synthesis

4.2.2.1. Preparation of isolated mouse hepatocytes

Hepatocytes were isolated by the collagenase perfusion method based on Berry and Friend
(1969). All procedures, when possible, were performed under sterile conditions in a Class II

laminar flow cytotox safety cabinet.

4.2.2.1.1. Solutions
1) Ca*-free Hanks’ balanced salt solution (HBSS) (water, 10% HBSS, 5% HEPES,
NaHCOs; 4 mM, pH =7.4).

2) Collagenase solution (60 ml Ca*“free HBSS, 45 mg collagenase A, 40 mg CaCly).
Collagenase A (Clostridium histolyticunm) from Boehringer Mannheim GmbH, (Germany).
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4.2.2.1.2. Animals maintenance and anaesthesia

Male Balb/c mice (approx. 20 g, Harlan Ltd. UK.) were used for the preparation of
hepatocytes. Animals received a “Rat and Mouse maintenance diet” (Special Diet Service,
U K.). Mice were anaesthetized with a mixture of Hypnorm: Hypnovel: water (1:1:2) (1 ml
/ 100 g body weight) (0.2 ml) via i.p. injection. After a few minutes, when drowsiness was
observed, sodium pentobarbitone (Sagatal, 60 mg in 1 ml, 1 ml/kg body weight, 0.02 ml)
was delivered ip. into the animal. Full anaesthesia was achieved after a few minutes
checked by pinching tightly the tail and no response was observed. If after 5 -10 minutes the
animal was not fully anaesthetised, sodium pentobarbitone (0.005-0.01 ml) was injected

again.

4.2.2.1.3. Liver perfusion

A water bath was set approximately at 39 °C and a peristaltic pump fitted with 1.5 mm
internal diameter flow tubing exchanger (containing a bubble trap to prevent obstruction of
the portal vein during perfusion) was switched on and flush through with distilled water
until the flow rate achieved 6-7 ml/min. The apparatus was then flushed through with

calcium free HBSS avoiding air in tubes.

The animal was secured to the dissection board after being fully anaesthetised. A lamp was
placed at few cm from the mouse in order to maintain the liver warmth throughout all the
procedure. The abdomen was opened and intestines were displaced to the left of the animal.
The thorax was then opened via diaphragm and the rib-cage was cut vertically along the left
and right sides and the hepatic portal vein, heart and vena cava were exposed. A loop of
thread (non-capillary braided silk suture) was tied loosely around the vena cava and the
pump was switched on and a heparinized cannula (0.2 mm polypropylene tubing) was
placed in the same line than the vena cava. Holding the atrium with tweezers, the hepatic
portal vein was cut with fine scissors and a lateral incision was made immediately in the
atrium. A cannula was then inserted into the inferior vena cava via the atrium and was
secured in place by tightening the thread. The liver became pale and the perfusate flowed
out through the portal vein. While calcium-free HBSS perfused through the liver (10 ml),
collagenase and calcium chloride were dissolved in 60 ml of calcium-free HBSS and then

perfused through the liver. The pump was then switched off, the cannula removed from the
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vena cava and the liver was removed carefully from the carcass into a small sterile Petri
dish. The gall bladder was dissected away and a few ml of incubation medium Dulbecco’s
Modified Eagle’s Medium (DMEM) added. Cells were released by teasing the liver gently
with a sterile pipette tip and filter through a nylon mesh (approx. 150 um) with several
washes of cold incubation medium (DMEM). Cells were allowed to settle on ice for 10-15
min, supernatant was removed and cells were resuspended in cold incubation medium. The
washing procedure was repeated twice and finally cells were resuspended in 5 ml of

DMEM.

4.2.2.1.4. Cell count and viability

Cell viability and number was determined by the trypan blue exclusion method (Moldeus et
al, 1978). This method is based on the principle that viable cells do not take up the dye

trypan blue, whereas dead (non-viable) cells do.

Cell suspension (0.1 ml), incubation medium DMEM (0.8 ml) and trypan blue (0.4 % w/v)
were mixed thoroughly. A small volume of this mixture was transferred to the chamber of a
Neubauer haemocytometer by capillarity. Non-viable cells (blue) and viable cells (non
stained) were counted in the 1 mm centre square and three 1 mm corner squares. Cell count
was calculated as the average count per square x dilution factor (10) x 10* and viability was

the % of viable cells with respect to the total number of cells.
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The Unscheduled DNA synthesis assay was based on that of Williams ef a/. (1982). All the

steps involving handling of live cells were performed under sterile conditions.
4.2.2.2. Solutions

a) Medium I: Sterilised Dulbecco’s modified Eagle’s medium (DMEM) was supplemented
with 10% fetal calf serum, glutamine 2.0 mM, penicillin 50 U/ml and streptomycin 50

ug/ml.

b) Medium I (serum-free modified DMEM): Sterilised Dulbecco’s modified Eagle’s
medium (DMEM) was supplemented with glutamine 2.0 mM, penicillin 50 U/ml and
streptomycin 50 pg/ml.

¢) Aceto-orcein stain: 1 % (w/v) aceto-orcein in glacial acetic (180 ml) acid and distilled

water (220 ml).
4.2.2.3. Estimation of toxicity of the test compound

Lactate dehydrogenase leakage was used as an estimate of sulforaphane toxicity on mouse
hepatocytes. The assay was based on that of Moldeus et al. (1978). Hepatocytes (2x10°
cells/incubation) and sulforaphane (100 pl, 0.04, 0.2, 1.0 mM) were incubated in 2 ml] of
DMEM for 2 h at 37 °C. Distilled water was used as the negative control and 100 pl of
Triton X100 (10, 30 min) as the positive control. Incubations were then centrifuged and
supernatant was kept. Phosphate buffer (100 mM, pH = 7.0) pyruvate (23 mM, 50 ul),
NADH (12 mM, 10 pl) and incubations supernatants ( 20 ul) were mixed in a quartz
cuvette. LDH release was measured by measuring the change of absorbance at 340 nm at 37

°C.
4.2.2.4. Hepatocyte primary cell culture

Following liver perfusion and cell counting, 2 x10° viable cells were plated in 2.5 ml of

medium I into 35 mm 6 multiwell plates (Cel-Cult, Sterilin Ltd., Feltham, U. K.) containing
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25 mm round plastic Thermanox coverslips (Lux Scientific, Flow Laboratories, U. K.).
Cells were allowed to attached for 2 h at 37 °C in a humidified incubator gassed with 95 %
air-5 % CQO,. Cultures were then examined under a microscope to ensure attachment of
cells to coverslips. Non-viable cells (non-attached) were removed and the cell layer was

washed once with 2 ml of medium II (pre-warmed at 37 °C).
4.2.2.5. Exposure of hepatocyte cultures to the test compounds

Cultures were incubated for 20 h with test compound dissolved in distilled water (10 pl)
with 5.0 uCi of [*H]-thymidine (85 Ci/mmol, 2% ethanol in water, Amersham Life Science,
U. K), in 2 ml of medium I (serum-free DMEM) in a humidified incubator gassed with 95 %
air-5 % CO, at 37 °C. The tests compounds were sulforaphane (0.032, 0.16, 0.8, 4.0, 20.0
uM final concentration), N-nitrosodimethylamine (NDMA) (2.5 pg/ml final concentration)

as the positive control and distilled water as the negative control.

For the inhibition studies, 10 ul of distilled water containing sulforaphane (0.032, 0.16, 0.8,
4.0, 20.0 pM final concentration), 5 pl of NDMA (1.0 mg/ml) and 5.0 pCi of [*H]-
thymidine were incubated for 20 h in 2 ml of medium I. Positive and negative control were

the same as above.

4.2.2.6. Fixation of cultures for autoradiography

After incubation, medium was removed and cultures were washed with phosphate buffer
saline (PBS, pH = 7.4) to remove free radiolabel. Cells were then fixed on the coverslip by
three changes of ethanol:acetic acid (3.0 ml, 3:1) for 30 min each and then they were air-

dried on paper overnight and mounted onto glass microscope slides with DPX mountant

(BDH Chemicals Ltd., Poole, Dorset, U. K.).
4.2.2.7. Coating, development and staining of slides

All manipulations were undertaken in a dark room under safe-light conditions. Emulsion

was prepared by melting K2 Nuclear Research Emulsion : distilled water (1:1) and 1.0 %
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glycerol in a small plastic vessel in a water bath at 40 °C. Slides were coated individually by
dipping into the emulsion, drained onto paper and subsequently dried for 3 h at 30 °C.

Slides were exposed for a period of 3 days in light-proof boxes in a dessicator at + 4 °C.

Slides were developed in the dark by immersion in diluted D19 developer (Kodak, Hemel
Hempstead, U. K.) (18 % v/v) for 3 min. Development was stopped by rinsing the slides in
2 % (v/v) acetic acid for 30 sec followed by fixing in 20 % (w/v) sodium thiosulfate for 8
min and finally washing under slowly running tap water for 10 min. The slides were stained
in 1 % aceto-orcein (w/v) for 6 min, rinsed in tap water (twice) and dipped in absolute
alcohol (dehydration). The slides were allowed to dry and then were covered with a glass

coverslip (24 x 24 mm, Appleton Woods) using DPX.

4.2.2.8. Quantification of UDS

Slides were examined under a light microscope (100x objective under oil immersion), the
silver grains were visualised on a television monitor. Quantification of [*H]-thymidine
incorporation was performed by manual counting of the number of silver grains over an area
of nucleus and of the maximum number over an adjacent equivalent area of the cytoplasm.
Cells counted (50 per slide) were morphologically unaltered and were not in S-phase
(semiconservative DNA synthesis). The cytoplasmic count was subtracted from the nuclear

count to yield a net nuclear grain count (NNG) for each slide.
4.2.2.9. Interpretation and evaluation of data

A positive response is usually accepted as either an increase in UDS observed with an
increase of the dose of the test chemical or a statistically significant increase in NNG for at
least one concentration above the negative control (Waters, 1984). There is some
disagreement about what constitutes a positive result i.e. NNG>5 for Williams et a/, (1982),
NNG>3 for Casciano and Gaylor (1983). However, more recently international guidelines
have defined a cell in repair as exhibiting NNG> 0 and results were evaluated analysing

statistically significant dose-response effects, as recommended by international guidelines

145



(Kennely ef al, 1993, Madle, et al, 1994). The percentage of cells in repair was calculated
as the % of cells undergoing appreciative repair (NNG>5).
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4.3. Results

4.3.1. Lack of genotoxicity of sulforaphane

The genotoxicity of sulforaphane was assessed in the Salmonella typhimurim preincubation

mutagenicity test and in the unscheduled DNA synthesis assay.

4.3.1.1. Mutagenicity preincubation test

The mutagenic potency of sulforaphane was assessed using Salmonella typhimurium strain
TA 100 preincubation mutagenicity assay with and without metabolic activation. All the
incubations were in triplicate and results were expressed as the number of histidine

dependent (his") revertants induced per plate (mean + SD., n=3).

4.3.1.1.1. Without metabolic activation

Sulforaphane at eight different concentrations (0.032-2500 pM) and bacteria were

preincubated for 20 min prior to pouring onto agar plates.

The spontaneous reversion rate for two different analyses were 168.6 = 17.9 and 126.3 +
17.0 respectively. These values are within acceptable ranges of spontaneous reversion, 120-
200 revertants/plate, according to Maron and Ames (1983). The direct agent sodium azide
(NaNj3, 1 pg/plate) was used as a positive control and gave 1856£119 and 517+ 4 revertants
/plate for the two different analyses. Although the number of his® revertants induced by
NaNj per plate differed considerably between the two experiments, a positive response was
seen in both cases, as indicated by 11- and 4-fold above the spontaneous rate. This variation

could be due to differences in the total number of bacteria in the overnight incubates.

Sulforaphane at 0.5 and 2.5 mM was cytotoxic as evidenced by a decrease in the
background lawn of auxotrophs. Sulforaphane treatment (0.032-100 uM) failed to increase
the number of his™ revertants per plate compared to the spontaneous rate (Table 4.c.). All

values were not statistically different form controls (analysed by Dunnett’s method,
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Dunnett, 1955). This indicates lack of mutagenicity of sulforaphane in Salmonella TA100

without metabolic acitvation.

4.3.1.1.2. With metabolic activation (control S9 and acetone-induced S9)

The mutagenic potency of sulforaphane was also assessed in the presence of metabolic
activation. Uninduced mouse liver S9 and acetone-induced mouse liver S9 were used as the

metabolic activation system.

Preincubations (20 min) contained sulforaphane (0.032-2500 pM), mouse liver S9 and
bacteria. Control cultures gave a spontaneous rate of 133.0 + 24.0 and 111.0 = 13.5
revertants/plate for two different experiments. Although the value of 111.0 was slightly
lower than the recomended range by Maron and Ames (1983) (120-200 spontaneous
revertants/plate), it is within the normal range reported more recently (45-179 spontaneous
revertants/plate without S9 and 46-184 spontaneous revertants/plate with S9) (Venitt et al,
1984). 2-Aminofluorene (2AF) (10 pg/plate) was the positive control and gave 1923 + 89
and 1815 + 97 revertants/plate in each of two separate experiments respectively.
Sulforaphane at 0.5 and 2.5 mM decreased the background lawn of auxotrophs, indicating
toxicity. Sulforaphane (0.032-100 uM) in the presence of uninduced mouse liver S9 was
found to be not mutagenic, as indicated by the inability to increase his” revertants/plate as

compared to the controls (analysed by Dunnett’s method (1955)) (Table 4.d.).

The mutagenicity of sulforaphane was also assessed using acetone-induced mouse liver S9
and 45 min preincubation (this condition was also used for the inhibition studies, see section
4.3.3.). Sulforaphane (0-200 pM) was found to lack mutagenic potential. Values for his"
revertants/plate were 67.34 + 10.37, 73.50 + 10.14 and 84.17 + 1.18 (mean £SD, n=2
experiments in triplicates) for sulforaphane 20, 100 and 200 uM respectively, compared to
91.5 + 4.5 for the spontaneous rate (all values being within the recommended range 45-

179).
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Table 4.c. Effect of sulforaphane on S. typhimurium strain TA100
without metabolic activation.

Sulforaphane (UM) Number of his" revertants/plate”

0 168.6 £17.9 1263 +17.0
0.032 196.0 £ 26.9 140.0+ 4.4
0.16 206.6 +20.4 1483 +13.2
0.8 185.0£19.5 1440 £12.7
4 170.0 £ 14.1 133.0+5.2
20 140.3 £19.5 134.0 £20.0
100 163.3 £44.7 1153 +52.0

“ All values are expressed as the mean of the number of his* revertants per plate + SD (n=3)
including spontaneous revertants. All values were not statistically different from controls
(analysed by Dunnett, 1955).
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Table 4.d. Effect of sulforaphane on S. typhimurium strain TA100

with metabolic activation

Sulforaphane (uM) Number of his" revertants/plate
0 133.0£24.0 111.0+13.5
0.032 1483 +£8.0 130+ 6.6

0.16 149.0 £ 8.7 116.7 £6.7
0.8 1583 +124 115.0 £ 14.1
4 161.3+£15.0 113.6+7.38
20 126.0 £ 18.2 101.0£10.2
100 123.0 £ 24.6 1176 £ 13.0

Test compounds, mouse liver S9 and bacteria were preincubated for 20 min prior to
pouring onto agar plates. * All values are expressed as the mean of the number of His"
revertants per plate * SD (n=3) including spontaneous revertants. All values were not
statistically different from controls (analysed by Dunnett, 1955).
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4.3.1.2. Unscheduled DNA synthesis

Cytotoxicity of sulforaphane was measured by LDH release in mouse hepatocytes.
Sulforaphane was found cytotoxic at 40 uM and above (42. 86 % compared to 28.57 % for
control incubations and 100 % for the positive control TritonX 100). Thus concentrations of

20 puM and below of sulforaphane were used for all the studies with mouse hepatocytes.

Sulforaphane was tested at 5 different doses (0.032-20 uM to determine its ability to induce
unscheduled DNA synthesis (UDS) in mouse hepatocytes. A repeat of triplicate analyses

were performed as described in 4.2.2.5. section.

The cytoplasmic grain count was 14.9 + 2.8 and 21.9 + 6.5 (mean +SD, n=21 slides, 50
cells/slide) for experiment 1 and 2 respectively. The percentage of hepatocytes in S phase
(0.07 - 0.1 %) was similar throughout all experiments. The positive control, N-
nitrosodimethylamine (NDMA) (33.5 uM) gave a net nuclear grain count (NNG) of 9.5
+2.9 and 32.3 + 13.7 for experiments 1 and 2 respectively. The percentage of cells in repair

for the positive control was 84.5 % (mean of two separate hepatocytes preparations).

Sulforaphane failed to induce UDS in mouse hepatocytes. All concentrations of
sulforaphane gave NNG < 0 as shown in Table 4.e. and the percentatge of cells in repair
was minimal (<1.66 %) at any of the concentrations of sulforaphane tested (0, 0.032, 0.16,

0.8, 4, and 20 pM).



Table 4.e. Effect of sulforaphane in the UDS assay with mouse hepatocytes.

Sulforaphane (uM) Net Nuclear Grain Count (NNG)“

0 -74+£1.6 -11.9+1.5
0.032 -47+£0.5 52+1.7
0.16 -47+13 -49+0.7
0.8 -52+1.1 -58+1.5
4 -48+1.5 -6.1£0.8
20 -3.6+0.5 -7.1+£2.0

Sulforaphane and [*H]-thymidine were incubated with mouse hepatocytes for 20 h. The
positive control, NDMA (33.5 uM) gave a NNG of 9.5 + 2.9 and 32.3 + 13.7 for every
experiment respectively. “ For each experiment values given are the mean + SD, n=3 slides.
Nuclear and cytoplasmic grains were counted in 50 cells/slide.
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4.3.2. Inhibition by sulforaphane of NDMA-induced mutagenicity

4.3.2.1. NDMA mutagenicity in the standard test (control S9 + 20 min preincubation)

The mutagenicity of the carcinogen N-nitrosodimethylamine (NDMA) was assessed using
Salmonella typhimurium strain TA100 and TA1535 in a preincubation test with metabolic

activation.

NDMA at 6 concentrations (44 ng/plate - 4.4 mg/plate), mouse liver SO and Salmonella
typhimurium strain TA100 were preincubated for 20 min (Table 4.f). NDMA was not
cytotoxic at any of the concentrations tested. The spontaneous reversion rate was 159.3 +
22.4 and the spontaneous reversion rate with control S9 was 168.3 + 9.3, both within the
recomended ranges (see 4.3.1.1). The highest concentration of NMDA, 4.4 mg/plate, gave
250.0 £ 16.8 revertants per plate. Although this value is significantly different from the
control, it is not considered positive, since it is less than double than the control and no

concentration-dependent effects were observed.

NDMA at 0.044 and 4.4 mg/plate was also preincubated for 20 min with control mouse
liver S9 and Salmonella typhimurium strain TA 1535 prior to pouring onto plates. The
spontaneous reversion rate was 16.0 = 1.9 and 12.0 + 1.0 with and without S9 respectively,
which are in agreement with values reported before (3 - 18 and 2 - 21 revertants/plate
without and with S9 respectively). Although NDMA at 4.4 mg/plate gave a positive
response (34.7 + 7.1 revertants/plate) (2.2-fold), this was considered to be not high enough

to be able to appreciate potential inhibitory effects by sulforaphane.
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Table 4.f Mutagenicity of NDMA in the Salmonella typhimurium TA100
preincubation test with control mouse liver S9.

NDMA (pg/plate) his” revertants/plate
0 168.3+93
0.044 221.6+275
0.44 180.3 £28.5
44 208.6 7.5
44 229.0 £25.2
440 1856+ 127
4400 250.0+16.8

NDMA, bacteria and control mouse liver S9 were preincubated for 20 min prior to pouring
onto agar plates. Values are the mean + SD, n = triplicates. Spontaneous revertans without
S9 were 159.3 + 22.5 and the positive control 2AF (10 ug/plate) gave 2083.3 + 308.0
revertants per plate.
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4.3.2.2. NDMA mutagenicity using acetone-induced S9 as the metabolic system.

In order to obtain a positive response for NDMA in the Salmonella preincubation test,
acetone-induced mouse liver S9 was prepared as described in section 4.2.2.2. The use of
acetone induced mouse liver S9, relatively rich in CYP2E] (acetone treatment induces
levels of CYP2E] (see chapter 3)), instead of untreated mouse liver S9 was expected to

increase the mutagenic response to NDMA.

NDMA (0.44 ug/plate - 4.4 mg/plate), acetone-induced mouse liver S9 and bacteria (S,
typhimurium TA 100) were preincubated for 20 min. The results are showed in table 4.g..
An increase in the number of his* revertants per plate was observed with increasing dose of
NDMA. The number of his* revertants/plate of NDMA at 4.4 mg/plate was nearly triple the
Spontaneous rate (ratio 2.7). These results indicate that NDMA was mutagenic. No

cytotoxicity was observed in any of the concentrations tested.

155



Table 4.g. Mutagenicity of NDMA in S. typhimurium TA100 with
acetone-induced S9

NDMA (pg/plate) his” revertants/plate
0 1750+ 11.3
0.44 139.0+10.8
44 351.3+8.5
4400 4755+6.3

NDMA, acetone-induced mouse liver S9 and bacteria were preincubated for 20 min prior to
pouring into plates. Results represent the mean + SD, n =3. The spontaneous rate without
metabolic activation was 173.0 + 3.5.
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4.3.2.3. Inhibition by sulforaphane of NDMA-induced mutagenicity

The ability of sulforaphane to inhibit mutagenicity of NDMA was assessed in S.
typhinmurium strain TA100 using acetone-induced mouse liver S9. Also, in order to
maximise its response in these bacteria, the preincubation time was prolonged from 20 to 45

min.

Four separate experiments were performed, with preincubations containing NDMA (4.4
mg/plate), sulforaphane (0 - 200 uM), acetone -induced S9 and bacteria. Spontaneous
revertants (without S9) were 174.7 + 27.1, 176.3 + 13.2, 136.7 + 13.4, and 88.3 + 21.2
(mean + SD, n=3) respectively for experiments 1 to 4. Spontaneous revertants in presence
of acetone-induced S9 were slightly higher for all the experiments (186.7 4.2, 191.0 £ 2.7,
187.0 + 18.5 and 94.7 + 1.5 respectively for experiments 1-4) but within the normal range

reported by Maron and Ames (1983).

The mutagenic potential of NDMA differed considerably between experiments, but was a
clear positive in all cases (table 4.h.). The number of his" revertants were 833.3 £ 33.3,
518.7 + 44.9, 497.0 + 43.5, and 235.3 + 13.6 respectively for experiments 1-4. This
variation was likely to be due to differences in the culture numbers grown overnight on

different days, and are not unexpected.

Sulforaphane (0.032 -200 uM) on co-incubation with NDMA reduced the frequency of
revertants compared to the positive control, NDMA alone. Table 4.h. shows the effect of
sulforaphane for each of the four separate experiments with the calculated mean percentage
inhibition (n = 4 experiments). There was a clear concentration-dependent effect and a
significant linear trend with dose (analysed by ANOVA, p<0.001). Percentage of inhibition
was calculated following subtraction of the spontaneous revertants. Values were
significantly different from controls at 0.8 uM sulforaphane ( p<0.05) and above (p<0.01)
(Students #-test). At the highest concentration tested, 200 pM, sulforaphane inhibited
NDMA mutagenicity by 73.4%.
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The ability of sulforaphane to inhibit mutagenicity of NDMA was also assessed using a
lower concentration of NDMA (44 ug/plate) and under the same conditions, i.e. 45 min

preincubation and acetone-induced mouse liver S9.

Spontaneous revertants with and without S9 were 186.7 £ 4.2 and 1747 + 27.0
respectively. NDMA at 44 pg/plate was mutagenic and gave 777.0 £ 17.1 his" revertants.
The presence of sulforaphane in the incubations also reduced the frequency of revertants

compared to NDMA alone (Table 4.1.).
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Table 4.h. Inhibition of NDMA mutagenicity in S. typhimurium strain TA100

by sulforaphane

Sulforaphane
(HM)

Number His" revertants/plate *

induced by NDMA

Experiment 1

Experiment 2 Experiment 3

Experiment 4

Mean
% inhibition ¢

0.032

0.16

0.8

20

100

200

833.3£33.3

675.5+44.6

655.0+206.6

581.7+28.9

757.0+33.7

638.5+91.2°

341.0437.4

271.7£28.7

518.7+44.9

595.04£32.5

529.3+16.9

507.0+11.1

458.3+42 8

435.7440.4

379.7£36.5

300.3+20.5

497.0+43.5

426.3+£57.7

428.3+17.8

41834229

398.3+57.5

442.3+26.1

317.3£2.9

242.7423.9

235.3+13.6

185.5+0.7°

162.7+11.4

175.5+6.4°

174.3£15.5

182.0+1.7

166.7+8.4

154.7+£15.9

14.8

24.7

272

263

27.8

56.5

73.4

Sulforaphane, dimethylnitrosamine (4.4 mg/plate), acetone-induced S9 and bacteria were
preincubated for 45 min before the mixture was poured onto the agar plates. Colonies were
counted after 48 h.
“ Number of His" revertants per plate including background spontaneous rate, meant+SD,
(n=3; except * n=2). Statistics analyzed by ANOVA, significant linear trend with dose for
every experiment, p<0.01.
° % Inhibition was calculated following subtraction of the spontaneous revertants. Values
are significantly different from controls at 0.8 M sulforaphane ( p<0.05) and above
(p<0.01), Students 7-test.



Table 4.i. Inhibition of NDMA (44 pg/plate) mutagenicity in S. typhimurium strain TA100
by sulforaphane

Sulforaphane (M) Number His' revertants/plate Mean
induced by NDMA % inhibition °

0 777.0+17.1 0

0.16 769.0 +28.3° 1.4

0.8 751.7 £34.8 43

4 ' 662.0 +79.1 19.5

20 637.5+ 113.8° 23.6
100 418.7+73.4 60.7
200 2440+ 6.0 90.3

Sulforaphane, dimethylnitrosamine (4.4 mg/plate), acetone-induced S9 and bacteria were
preincubated for 45 min before the mixture was poured onto the agar plates. Colonies were
counted after 48 h.

“ Number of His" revertants per plate including background spontaneous rate, mean £ SD,
(n=3; except ® n=2). A significant linear trend with dose was observed (analyzed by
ANOVA, p<0.01).

° % Inhibition was calculated following subtraction of the spontaneous revertants. Values
are significantly different from controls at 4 uM sulforaphane ( p<0.05) and above (p<0.01),
Students #-test.
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4.3.3. Inhibition by sulforaphane of NDMA-induced unscheduled DNA synthesis

The ability of sulforaphane to inhibit NDMA-induced DNA repair was assessed in the UDS
assay in mouse hepatocytes. Mouse hepatocytes were incubated with sulforaphane (0.0064-

20 uM), NDMA (33.5 pM) and *H-thymidine for 20 h.

The cytoplasmic grain count (13.7 + 2.5, mean + SD, n=68) did not differ signicantly
throughout all the experiments. Also, no difference was observed in the number of cells in S
phase (approximately 0.1%) between control and treatment groups. The negative controls
gave a NNG of -5.0 + 0.9 (mean + SD, n = 3) and the percentage of cells in repair was 0.4
+ 0.6 (mean + SD, n = 3).

The presence of sulforaphane during treatment with NDMA reduced the NNG markedly
compared to the positive control which contained NDMA alone (Figure 4.a.). The inhibition
of NDMA-induced UDS by sulforaphane was clearly concentration-dependent for all
concentrations tested (p < 0.001). NDMA (33.5 uM) induced DNA repair and gave a NNG
of 17.6 + 0.5 (mean + SD, n = 3). NNG values varied from 10.3 + 2.2 for sulforaphane at
6.4 nM to 1.4 + 0.5 for sulforaphane at 20 uM.

The percentage of cells in repair was also reduced by the presence of sulforaphane as
compared with NMDA alone in a concentration-dependent manner (p < 0.01) (Table 4..).
The positive control NDMA (33.5 uM) gave 89.6 + 4.2 (mean +SD, n=3) % of cells in
repair, sulforaphane at the lowest concentration tested (0.0064 uM) reduced this value to
71.1 + 6.3 and for the highest concentration (20 uM) only 28.5 £0.6 % of cells were in

repair.
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Table 4.i. Effect of sulforaphane on NDMA-induced DNA repair in mouse hepatocytes.

Sulforaphane (uM) % Cells in repair”
0 89.6+42
0.0064° 71.1£63
0.032 57.0+3.2
0.16 498+9.8
0.8 444+77
4 352+0.6
20 28.5+0.6

Mouse hepatocytes were incubated with sulforaphane, NDMA 33.5 uM and [*H]-thymidine
for 20 h. Values are the mean + SD, n=3 experiments, all doses were analysed in triplicate
and 50 cells were counted manually for every slide.

“% Cells in repair were calculated as the percentatge of cells undergoing appreciative repair

(NNG > 5). *n=2.
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4.3.4. Effect of sulforaphane on sodium azide-induced mutagenicity

The effect of sulforaphane on the mutagenicity of the direct agent sodium azide (NaN3) was

assessed in S. typhimurium strain TA100 without metabolic activation.

Sulforaphane (0 - 100 uM) was preincubated with NaN; (5 pg/plate) and bacteria for 20
min. Spontaneous revertants were 147 + 33 (mean + SD, n = 2 experiments, each in
triplicates) and incubations containing only NaN; were clearly positive and gave 1367 + 15

his* revertants per plate.

Co-incubation of sulforaphane (0.032 - 100 uM) with the direct mutagen did not decrease
the number of his" revertants compared with the positive control, sodium azide alone
(Table 4.k.). Although sulforaphane at the highest concentration (100 uM) decreased
slightly the number of his® revertants per plate induced by NaN; (1164 and 1367
respectively) (P < 0.05, Students z-test), this effect was minimal and not seen at any other

concentrations tested (0.5 and 0.05 pg/plate).
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Table 4. k. Effect of sulforaphane on NaN; mutagenicity in S. fyphimurium

strain TA100

Sulforaphane (uM) His" revertants/plate induced by NaNj
0 1356 £ 53 1378 £ 65
0.032 1356 £ 58 1353 £71
0.16 1315 +£30 1363 + 125
0.8 1319 £ 22 1259+ 73
4 1418 £ 151 1361 £ 54
20 1115+ 114 1536 £211
100 1069 + 60° 1258 + 34

Sulforaphane, NaNs (5 pg/plate) and bacteria were preincubated for 20 min prior to pouring
onto agar plates. Data shown are the number of His" revertants per plate induced by NaN;
and are a repeat of triplicate analyses (mean +SD, n=3). Spontaneous revertants per plate
were 171 £22 and 123 + 7 respectively.

“ Statistically different from the control group (absence of sulforaphane) (£<0.05).
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4.4, Discussion

Several isothiocyanates have been shown to inhibit the carcinogenic effects of nitrosamines
in various tissues of rats and mice (see introduction section 4.1.2.) possibly by inhibition of
their metabolic activation and have been classified as chemopreventors (Dragsted ef al,
1993; Wattenberg, 1992). Following the recognition that sulforaphane can inhibit CYP2E1
in rat microsomes (chapter 3), the effect of sulforaphane on NDMA genotoxicity (CYP2E1

mediated) was assessed in two different short-term tests.

A number of isothiocyanates have also been shown to posses toxicological effects such as
cytotoxicity and genotoxicity (Stoewsand, 1995; Musk and Johnson, 1993; Musk et al,
1995) which could override their chemopreventive properties. For example PEITC is a
potential chemopreventor (see introduction) whereas allylisothiocyanate  and
phenylhexylisothiocyanate are mutagenic and carcinogenic (see general introduction, section
1.5.3). It thus appears that the chemoprotective activity of isothiocyanates will be the result
of the balance between the potential beneficial anticarcinogenic effects and the possible
genotoxic activity. The cytotoxicity and genotoxicity of sulforaphane was therefore studied
in Salmonella typhimurium (using mouse liver homogenates as the activation system) and
mouse hepatocytes prior to the study of its antigenotoxic potential. The reason for
employing mouse liver preparations was that for any subsequent comparative in vivo

studies, the amount of sulforaphane required would be relatively small.

4.4.1. Lack of genotoxicity of sulforaphane

Sulforaphane was found cytotoxic in Salmonella typhimurium strain TA100 at high
concentrations (0.5 and 2.5 mM) with and without metabolic activation (mouse liver S9) as
evidenced by a decrease in the background lawn of auxotrophs. This suggests that
cytotoxicity could be due to sulforaphane itself (without S9). Cytotoxicity was also
observed in mouse hepatocytes measured by release of lactate dehydrogenase (40 uM and
above). Cytotoxicity by sulforaphane was also observed in previous studies, where
sulforaphane at 18 uM reduced Hepa 1c1¢7 murine hepatoma cell growth by half (Zhang et

al, 1992). Other isothiocyanates have also been shown to be cytotoxic, such as BITC and
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PEITC in Balb/c mouse 3T3 fibroblasts with the neutral red assay (50 % toxicity at 19 and
20 uM respectively) (Babich et al, 1993). BITC and allylisothiocyanate were both cytotoxic
at 6.7 uM and 100 uM respectively in a rat liver epithelial cell line (RL-4) (Bruggeman e/
al., 1986). This toxicity may be related to the reactivity of the isothiocyanate moiety
(Drobnica and Gemeiner, 1977). Furthermore, glutathione and cysteine conjugates of
isothiocyanates appear to reduce the cytotoxicity of the parent compound, although
allylisothiocyanate conjugates gave effects similar to the parent compound (Baillie and
Slatter, 1991; Bruggeman et al, 1986). Sulforaphane conjugates with GSH in vitro both
spontaneously and enzymatically by human GST isoenzymes (mainly P1-1, Zhang et al,
1995), and it is likely that in vivo will be metabolised to glutathione derivatives (in
comparison with the metabolism of other isothiocyanates) (Mennicke ef al, 1988). Indeed,
sulforaphane is excreted in rats as its glutathione conjugates and as the sulfide and sulfone
conjugates derivatives (Baillie, personal communication). It is therefore quite likely that
glutathione conjugates of sulforaphane may be less cytotoxic than sulforaphane. In a recent
study, the dithiocarbamate analog of sulforaphane, sulforamate (4-methylsulfinyl-1-(S-
methyldithiocarbamyl)-butane was 3-fold less cytotoxic than sulforaphane (Gerhauser et al,
1997), thus further supporting the role of the isothiocyanate moiety in the toxicity of

sulforaphane.

Sulforaphane at subcytotoxic concentrations was found not mutagenic in Salmonella
typhimurium strain TA100 with or without metabolic activation (mouse liver S9 and
acetone induced mouse liver S9) as evidenced by a reversion rate similar to the spontaneous
reversion rate. A small decrease in the reversion rate was observed for sulforaphane 20 and
100 uM when using acetone-induced S9, but this was not significantly different from the
spontaneous rate either concentration dependent and no reduction of background lawn was
observed for any of the concentrations. These results contrast with the mutagenic potential
(albeit weak) found for allylisothiocyanate in S.¢yphimurium TA100 (Neudecker and
Henschler, 1985). Salmonella typhimurium strain TA100 is sensitive only to GC base pair
substitutions and therefore sulforaphane did not induce this type of mutations. However the

ability of sulforaphane to induce other type of mutations should be assessed.
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The genotoxic potential of sulforaphane was also studied in mouse liver hepatocytes using
the UDS assay. Sulforaphane at subcytotoxic concentrations failed to induce nucleotide
excision repair, semiconservative DNA synthesis (S-phase) and the percentage of cells in
repair, indicating lack of genotoxicity of sulforaphane in this assay. Some variation in the
response of negative and positive controls (vehicle and NDMA respectively) was observed
in separate hepatocyte incubations, however this variability appears to be a common factor
when using rodent hepatocytes, probably due to variation in the functional state of the cells
(Waters et al, 1984). There was a small increase in the NNG of hepatocytes exposed to
sulforaphane compared to control hepatocytes, but this was not statistically significant and
was not concentration-dependent. A high background of cytoplasmic labelling was also
observed, which is in agreement with the findings of other authors and can be accounted for
the incorporation of radiolabelled thymidine into mitochondrial DNA (Waters ef al, 1984).
The related BITC and benzylthiocyanate reduced replicative DNA synthesis (reduction of
the incidence of S-phase cells) in hepatocytes after in vivo administration to rats compared
to the control animals, which is indicative of suppression of cell proliferation (Sugie ef al.,
1993). This reduction in S-phase cells incidence was not observed for mouse hepatocytes
treated /n vifro with sulforaphane, although the possibility that in vivo treatments may affect
semiconservative synthesis can not be rejected. The lack of genotoxicity of sulforaphane in
mouse hepatocytes in vitro contrasts with the clastogenic activity of related isothiocyanates.
PEITC, PITC and BITC (aryl-containing isothiocyanate) induced chromosome aberrations
after 24 h exposure to a SV40-transformed Indian muntjac cell line (Musk and Johnson,
1993), however allylisothiocyanate (aliphatic isothiocyanate) failed to. It is thus possible
that sulforaphane, also an aliphatic isothiocyanate may not be clastogenic in this cell line.
Species differences exist in the toxicological and genotoxic effects of some chemicals
(Nedelcheva and Gut, 1994), so the genotoxicity potential of sulforaphane should also be

examined in other species.

4.4.2. Genotoxic potential of NDMA

NDMA is a potent hepatocarcinogen in a wide range of animal species (Schmahl, 1981) and
is also mutagenic in various systems including S.typhimurium (Bartsch et al, 1975). NDMA

was not found mutagenic in the Salmonella typhimurium TA100 preincubation test using
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mouse liver S9 (20 min preincubation time) and showed only weak mutagenicity in
S.typhimurium TA 1535, This result contrasts with the known ability of NDMA to induce
GC — AT (Guttenplan, 1987; Jiao et al, 1993). Nevertheless, some reports have shown
that NDMA was mutagenic only when using a high concentration of rat liver S9 (28%
compared with 10% used here) (Bartsch, 1981). NDMA mutagenicity appears to vary
depending on the species used for the preparation of metabolic activation and rabbit liver
homogenates were found to be more efficient in activating NDMA and induce mutagenicity
than rat or mouse tissues (Bartsch et al, 1975). NDMA is an indirect carcinogen that
requires metabolic activation to exert mutagenic and genotoxic effects (see figure 1.b. in
general introduction) and the main enzyme involved in its activation appears to be CYP2E]
(Yang et al, 1990). It thus appears that Balb/c mouse liver S9 might not be very efficient at
activating NDMA, although CYP2E1-dependent p-nitrophenol hydroxylation appears to be
similar for rabbit and CR-1 mouse liver microsomes (Koop et al, 1989). CYP2EI activity
can be increased by pretreatment with acetone and other agents (Koop et al, 1989) (see
1.3.3.1). The ability of NDMA to induce mutations was then assessed with acetone-
induced mouse liver S9 and a positive response was seen in S.typhimurium TA100. Similar
results were obtained with acetone-induced rat liver S9 (Ebata er al, 1993). Acetone also
induces CYP2B as well as CYP2EL in rat liver (Johansson et al, 1987). Evidence suggests
that CYP2E] is the major enzyme responsible for the low Ky NDMA demethylase activity
(a-activation leading to the formation of reactive methylcarbanion) in acetone-induced rat
liver microsomes (Yoo et al, 1990, Yang et al, 1991), although CYP2B1 might also
contribute but with less efficacy (high Ky) (Amelizad et al, 1988; Yang et al, 1990).

In the UDS assay in mouse hepatocytes NDMA was clearly genotoxic as evidenced by an
increase in nucleotide excision repair and an increase in the percentage of cells in repair.
This correlates with numerous studies using different type of cells such as HeLa cells
(Martin et al, 1978) or rat hepatocytes (Williams ef al, 1982; Shu and Hollenberg, 1996)
where similar NNG values were reported. NDMA induced UDS in rat hepatocytes of
untreated and phenobarbital-pretreated animals (induced CYP2BI) in a similar potency, but
in rat hepatocytes of pyridine-pretreated animals (induced CYP2BI1 and CYP2E1) NDMA
was 3-4-fold more potent (Shu and Hollenberg, 1996), thus indicating that CYP2E1 was

the major enzyme responsible for NDMA activation and only minor role (if any) for
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CYP2B1. In mouse liver, CYP2E1 has also been shown to be the major enzyme involved in
NDMA activation, although CYP2A5 may also contribute, but with less affinity (Camus e
al, 1993). The levels of CYP2B1 in liver of rats and mice are minimal whereas constitutive
levels of CYP2ET1 are present (Nakajima ef al, 1993); it is therefore clear that the activation
of NDMA in mouse hepatocytes used here was mainly due to CYP2EI with a possible

contribution from other forms.

The induction of UDS by NDMA appears, therefore, not to be species-specific, which
contrasts with the higher sensitive of rabbit liver homogenates in the S.typhimurium assay
(Barsch ef al, 1975), although correlates with the ability of NDMA to induce tumours in
numerous animal species. NDMA is a methylating agent which has shown to yield N'- and
O°-methylguanine. These are repaired by glycosylates leaving apurinic sites which in turn
are repaired by endonucleases and polymerases, thus inducing the unscheduled synthesis of

DNA (Guttenplan, 1987, Fan et al, 1991).

4.4.3. Inhibition by sulforaphane of NDMA genotoxicity

The effect of sulforaphane on NDMA genotoxicity was studied in both S.typhimurium and
mouse hepatocytes. The results indicate that sulforaphane inhibited both reverse gene
mutation of NDMA in S.typhimurium TA100 and UDS produced by NDMA in mouse
hepatocytes in a concentration-dependent manner. Although sulforaphane was cytotoxic at
relatively high concentrations (500 pM in bacteria and 40 pM in mouse hepatocytes), the
concentrations at which sulforaphane gave a significant inhibition of NDMA genotoxicity
were much lower (= 0.8 uM in bacteria and > 0.064 pM in hepatocytes). The inhibition by
sulforaphane of CYP2EL1 activity in rat microsomes may be a basis for the inhibition of
NDMA genotoxicity (which is mainly activated by CYP2EL, see above 4.4.2). The ability of
sulforaphane to inhibit other CYPs than CYP2E1 and CYPIA has not been reported,
although there is evidence indicating that sulforaphane is an effective inhibitor of nifedine
oxidation in human hepatocytes (an indication of CYP3A4 activity) but not of CYP1B in rat
hepatocytes (Ketterer, oral presentation at the ISSX-European Spring Workshop, 1996). It
is thus likely that the modulation by sulforaphane of NDMA activation is only due to the
CYP2EI isoform.
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Some isothiocyanates have been shown to be antimutagenic against UV and 4-
nitroquinoline-1-oxide (4-NQO) (Kawazoe and Kato, 1982), both direct acting mutagens.
These effects were observed in an excision repair proficient F.coli strain but not in the
uvr4- mutant strain, thus suggesting the enhancement of excision repair as a possible
mechanism. Furthermore, when S.&yphimurium TA100 was used as the tester strain,
isothiocyanates (BITC, PEITC, and PITC), dithiocarbamates and allylsulfide were devoid of
antimutagenicity towards 4-NQO, which was associated only with the sulfidryl functional
group (De Flora ef al, 1994). The involvement of repair mechanisms on the antimutagenic
effect of sulforaphane is thus unlikely since the bacteria strain used here, S.fyphimurium
TA100, is excision repair-deficient (Maron and Ames, 1983) and sulforaphane lacks
sulfidryl groups. Furthermore, the inhibitory effects of sulforaphane in Salmonella were not
seen with the direct acting agent sodium azide, thus supporting a critical involvement of
modulation of metabolism for the inhibition of NDMA-mutagenicity. The antimutagenicity
of cyclohexanol towards NNK and NDEA in S.#yphimurium TA100 has also been attributed
to the inhibition of their metabolism, since no effect was seen against direct acting agents
(e.g. ethyl methanesulfonate) (Espinosa-Aguirre et al, 1993). The related isothiocyanate
PEITC has also shown recently to inhibit NDMA mutagenicity in S.typhimurium TA100 ex
vivo, i.e. using rat liver S9 from PEITC pretreated animals, by inhibiting NDMA metabolic
activation (Knasmuller ef a/, 1996). In mouse hepatocytes, sulforaphane had no effect either
on the incidence of S-phase cells and did not induce UDS, thus indicating the lack of effect
of sulforaphane in repair systems and suggesting the modulation of metabolism as the major
mechanism of inhibition of NDMA-induced UDS. The inhibition of diethylnitrosamine-
induced UDS ex vivo by BITC was also associated with modulation of carcinogen
metabolism, although suppression of cell proliferation also appeared to bé involved, due to
the ability of this isothiocyanate to reduce replicative DNA synthesis (S-phase) (Sugie et al,
1993). The latter effect was not observed with sulforaphane, thus further supporting the

involvement of metabolism modulation.
It has been suggested that activation of nitrosamines might also be via N-oxidation

catalysed by monoamine oxidases, however evidence indicates that this pathway is not

involved in the initial step of the activation of nitrosamines to mutagenic species (Edmonson
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and Bruice, 1985). Another potential mechanism of inhibition of NDMA mutagenicity is by
scavenging reactive metabolites. One example of this is provided by disulfiram (Gichner and
Veleminsky, 1988), however this only represents a second pathway for its inhibitory effect,
modulation of metabolic activation was the major mechanism. Sulforaphane had no effect
on the mutagenicity of the direct acting sodium azide, thus suggesting lack of scavenging
properties. Nevertheless, the ability of sulforaphane to scavenge other reactive metabolites

is unknown.

The concentrations at which sulforaphane gave statistically significant inhibition of NDMA
genotoxicity were 0.064 uM in mouse hepatocytes and 0.8 uM in S.fyphimurium and the K;
for PNP hydroxylase activity in acetone-induced rat liver microsomes was about 37 uM.
Several explanations exist for these differences in effective concentrations. Firstly, the
inhibitory potential of sulforaphane in rat liver and mouse liver may differ. Another possible
explanation could be related to incubation times; the exposure time in the UDS assay was of
20 h compared to 45 min preincubation time in bacteria (it is known that CYP450 activity in
liver homogenates declines after 30 min incubation). Thus, the longer exposure time in
mouse hepatocytes that in bacteria may result in an increased inhibition, which would
support the hypothesis of irreversible inhibition suggested in section 3.4.. Sulforaphane was
a potent inducer of GST and QR in mouse and a murine cell line (Zhang et al, 1992). The
ability of some chemicals, such as oltipraz, to induce GSTs in cultured hepatocytes has been
reported after only 4 h of incubation (highest induction after 24 h incubation, Langouét ef
al, 1996), so it is possible that during the 20 h of exposure of mouse hepatocytes to
sulforaphane, induction of these enzymes might have occurred. Evidence has suggested that
alkylating species generated from NDMA may be conjugated by GSH via GSTs (Frei et al,
1985), so it could be that the higher inhibition observed in mouse hepatocytes may partially
be due to induction of detoxifying enzymes. The forms of GSTs induced by sulforaphane,
however require characterization, since for example, the inducible murine GST Ya Ya has

low activity towards several model substrates (McLellan and Hayes, 1989; Ketterer, 1988).
The results given here suggest that sulforaphane is unlikely to be mutagenic and that it may

afford protection against carcinogens that are activated by CYP2EI in rodent systems.

However whether this will be relevant to humans is not known, since there are considerable
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differences between human and rodents metabolic activation enzymes such as CYP450s (see
section 1.3.6.) (Nedelvecha and Gut, 1994). The study of the ability of sulforaphane to

modulate genotoxicity mediated by human CYP450s was thus necessary.
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CHAPTER 5

Inhibition by sulforaphane of NDMA- and 1Q-induced

DNA strand breaks in human cells expressing human

CYP2E]1 and CYP1A2 respectively
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5.1. Introduction

The use of homogenates and subcellular fractions from rodent organs, as well as in vivo
studies in several rodent species has provided valuable information about the metabolism
and reactive intermediates produced by pro-carcinogens. However, the metabolic fate and
reactivity of such chemicals in humans may be different, due to inter-species differences
(section 1.3.6. in introduction), thus necessitating the assessment of these chemicals in
human models. Moreover, public concern and legislation have encouraged the reduction of

animal studies and the use, where possible, of cell culture systems.

The use of primary cell culture from several human tissues has provided a valuable tool for
the extrapolation of laboratory animal studies to humans, together with epidemiological data
(Harris,1987; Abbot, 1992). Valuable in vitro data have been obtained by using microsomes
and homogenates, primary cell cultures or tissue slices. Primary human hepatocytes are of
particular interest as a model for in vitro toxicological studies and have provided a closer
insight into the metabolism of xenobiotics in the human liver (Butterworth et al, 1989;
Smith and Chipman, 1988). However, the use of human hepatocytes presents several
disadvantages. Firstly, they have a short life span, and secondly, cytochrome P450 activity
decreases considerably after 24 h (Guillouzo et al, 1985). The development of specific
culture media and the use of matrix or co-culture with several cell lines have improved and
extended the lifetime and cytochrome P450 function of cultured human hepatocytes
(Gibson-D’Ambrosio et al, 1993). However, the limited access to human tissue and
interindividual variability makes it difficult to use isolated cell culture as a model to evaluate

xenobiotics and carcinogens in humans.

5.1.1. Potential use of cell lines expressing human P450 cDNASs

Established human cell lines with an indefinite life span have developed over the last few
years and could be used as an alternative to human tissue (Harris, 1987). However, most of
these cell lines have limited or no phase I enzyme expression, therefore may not be able to
metabolically activate certain carcinogens. Such is the case of HepG2 cells, which have

CYPIA activity, and thus activate a range of carcinogens such benzo[a]pyrene or 2-
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acetylaminofluorene, however other carcinogens such as nitrosamines are not activated due
to lack of CYP2EI! activity (Rueff et a/,1996). This defect could be overcome by addition
of exogenous activation systems containing human P450s, nevertheless this also presents
further additional problems. Firstly, the use of large amounts of human tissue (containing
human P450s) and variability of P450 content in different samples (Smith and Chipman,
1988). Secondly, the use of “exogenous” activation systems does not reflect the in vivo
situation accurately, since reactive intermediate metabolites are generated outside the cell,
needing to be transferred across the plasma membrane to reach intracellular targets (Crespi
et al, 1991). In an attempt to overcome these limitations, cDNAs encoding human P450
isoenzymes have been introduced into the target cell DNA. Heterologous expression of
human P450s has successfully been accomplished in several expression systems, including
Saccharomyces cerevisiae, E. coli and in various mammalian systems (Gonzalez and
Korzekwa, 1995). Systems such as Saccharomyces cerevisiae also require the transfection

of NADPH:cytochrome P450 reductase which is needed for the activity of CYP450.

The expression of human ¢cDNAs into mammalian cells can be accomplished via several
systems. The SV40 promoter-vector has been used to express human CYP1AL, 1A2, 3A4
and 3A5 in the COS cells (Robets-Thomson et al, 1993), or rat CYPIAL, CYP1A2 and
CYP2B1 and human 2E1 in the V79 Chinese hamster cells (Ellard ef al, 1991, Schmalix ef
al, 1995). The EBV-HSVTK vector has been used to express human CYP1A1, 1A2, 2A6,
2E1, and 3A4 in a human B lymphoblastoid system (AHH-1 cells) (Crespi ef al 1993). Also,
HepG2 cells have successfully been stably transfected with human CYP1A2, 2A6, 2B6,
2C8, 2C9, 2D6, 2E1, 2F1, 3A4, 3AS5, and 4B1 using vaccine virus vectors (Waxman et al,
1991). All these systems contain endogenous NADPH:cytochrome P450 oxidoreductase
and cytochrome bs, ensuring cytochrome P450 activity and also express some of the phase

IT enzymes.

The potential use of these types of cells in drug metabolism and toxicological studies is
promising. The specific forms of cytochrome P450 responsible for the activation of a drug
or carcinogen can be easily demonstrated using a battery of cell lines expressing different
cytochrome P450 isoenzymes. In contrast, the use of human liver microsomes or

hepatocytes, which contain complex mixture forms of P450s, is a laborious study requiring
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the use of inhibitors which are often not specific. Another advantage of using cell lines
expressing individual P450 isoforms could be the identification of isoforms that may play a
role in extrahepatic tissues, but have a minor role in the liver (Crespi ef al, 1993). However,
the information obtained from single CYP450-expressing cells should be used cautiously
since they present some limitations. Looking at only one P450 isoform may be potentially
misleading, since the metabolic pathway of carcinogens might be dependent on several
routes (i.e. more than one P450 form might be involved). The use of human liver
microsomes or hepatocytes combined with the information obtained from the cell lines
would evaluate the overall metabolism. This limitation would partially be overcome by the
establishment of cell lines expressing multiple forms of human CYP450s. For example
Crespi et al. have successfully introduced four different forms of P450 and epoxide
hydrolase into a human lymphoblastoid cell line (Crespi ef al, 1991). However a limitation
of this approach is that the level of relative expression of CYPs will not resemble the level in
primary cells. Hence, the two methods combined are currently needed to assess the

relevance of drug metabolism and carcinogen activation by human CYP450s.

The determination of the specific forms of P450 involved in metabolism can also contribute
to the explanation of high interindividual variation response to drugs. Genetic
polymorphisms have been identified for several CYPs (see introduction 1.3.5), so the
identification of the isoforms involved in carcinogen metabolism may be helpful in

predicting populations at risk of developing cancer.

Cell lines expressing individual human cytochrome P450 isoenzymes can also be used to
measure a variety of toxicological endpoints (Rueff et al, 1996). Cytotoxicity can be
assessed using the neutral red assay (Schmalix ef al, 1993), leakage of cytoplasmic lactate
dehydrogenase (Mapoles et al, 1995) or cell survival. Various genotoxic endpoints have
also been measured in some of these cell lines. For example, mutagenicity was assessed by
measurement of 6-thioguanine resistance in the V79 Chinese Hamster cells expressing
CYP2E1 (Schmalix et al, 1995). Gene locus mutations at the hypoxanthine
phosphoribosyltransferase (Aprf) and thymidine kinase (k) and induction of chromosome
aberrations and micronuclei assay have been measured in the AHH-1 lymphoblastoid cell

line (Langenbach et al, 1992). Metabolic activation of carcinogens can be studied by
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analyses of DNA adducts (Crespi ef al, 1993) or measurement of DNA strand breaks
(Davies et al, 1995).

5.1.2. Human epithelial cell line expressing human P450 cDNA isoenzymes.

Human epithelial liver cells (THLE) have been established in serum-free medium (Macé et
al, 1996a; Pfeifer et al, 1993 and 1995). Immortalization of primary liver cells was achieved
using a recombinant Simian virus 40 large T antigen virus. The human epithelial liver cells
(THLE) have an indefinite life span and are non-tumourigenic. The THLE cells have typical
epithelial morphology and are hypodiploid, with most karyotypes being near-diploid (Macé
et al, 1996). They divide rapidly in culture with an average population doubling time of 24
hours and a colony-forming efficiency of about 15 %. THLE cells express various
hepatocyte-specific features, such as albumin, transferrin and fibrinogen. Cytokeratin 18,
present in human hepatocytes, was uniformly expressed in early-passage cells, whereas at
later passages all cells also expressed cytokeratin 19. Although cytokeratin 19 is not
normally associated with hepatocytes, it has been observed in primary cultures of adult liver
cells and has been linked with undifferentiated cells. These suggest that the THLE cells have

a cell phenotype in between liver stem cells and hepatocytes (Pfeifer e/ a/,1993 and 1995).

The THLE cells express mRNA of phase II enzymes such as epoxide hydrolase, glutathione
S-transferase 7, glutathione peroxidase, NADPH reductase, superoxide dismutase and
catalase (Pfeifer er al, 1993). CYP1Al expression can be induced by exposure to
benzo[a]pyrene to a similar level to that seen in HepG2 cells (Pfeifer et al, 1993, Macé et
al, 1996) but is not detectetable without induction. The cells also express CYP1A2,
however levels are at least 10 times lower than hepatocytes or genetically engineered
CYP1A2-expressing cells. CYP3A4 and CYP2C expression was also detected at low levels
by RT-PCR, but other CYPs were not detected (Macé et al; 1996).

In order to increase the metabolic activity of these cells, a panel of human P450-expressing
human epithelial liver cell lines have been established (Macé ef al, 1996). Human cDNAs
corresponding to CYP1A2, 2A6, 2B6, 2E1 and 3A4 have been introduced into the THLE
cells (Macé ef al, 1997). The procedure for establishment of THLE cells stably expressing
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human P450 isoenzymes was similar to that used for the establishment of BEAS-2B (human
bronchial epithelial cell line) cells expressing P450s (Macé ef a,/ 1994). Briefly, CYP450
cDNAs were cloned into the plasmid pCMVneo which contains the cytomegalovirus
(CMV) promoter, the neomycin (neo) gene conferring G418 resistance and the
polyadenylation site from the rabbit B-globin gene. The pCMV-CYP450 vectors were
introduced into the cells by liposome-mediated transfection. After 48 hours the cells were

selected for G418 resistance and subsequently cloned (Macé et al, 1997).

The CYP450-expressing THLE cells, like the BEAS-2B (Macé ez al, 1997), are potential
candidates for pharmaco-toxicological studies, since they have retained the characteristics
of the parental cells and express various phase I (determined by the genes inserted) and
phase II enzymes. CYP450 activities of the transfected enzymes are comparable to human
liver CYP450 activities. The activity of various CYPs is shown in Table 5.a. Several
genotoxic studies have shown promising results. For example, the activation of aflatoxin B,
has been studied in the CYP1A2, 2A6 and 3A4 cell lines by measurement of formation of
DNA adducts and induction of p53 mutations (Macé ef al, 1997).
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Table 5.a. Activity of several human CYPs transfected into THLE cells

CYP Activity measured pmol/min/mg protein
CYP1A2 Methoxyresorufin-O- 41£5
deethylase
CYP2A6 Coumarin hydroxylase 869.4 + 100
CYP2El1 Chloroxazone-6-hydroxylase 55.0+0.38
CYP3A4 Testosterone hydroxylase 260.4 + 90

From Macé et al, (1996b) and personal communication.
CYP1A2 activity in the parental THLE cells was 0.17 + 0.10 pmol/min/mg protein (Macé
et al, 1996a).
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S.1.3. DNA strand breaks as a sensitive, non-specific marker of DNA damage

Genotoxic carcinogens have been shown to induce mutations, which can result from several
types of DNA modifications (Venitt and Parry, 1984) (see section 1.1.4.). The utility of
short term tests such as mutagenicity tests (e.g. Salmonella typhymurium mutagenicity) or
DNA repair tests (e.g. UDS) for the detection of genotoxic carcinogens has already been
discussed (see section 4.1.). Another valuable endpoint in genotoxicity testing is the
measurement of DNA strand breaks, which has been used as an indicator of genetic damage
Oor mutagen exposure in several assays. Some of the most commonly used assays are based
on the alkaline elution, alkaline sucrose sedimentation, nucleoid sedimentation, single cell

electrophoresis assay or pulsed field gel assays (Hoffmann, 1996; Fairbairn ef al, 1995).

DNA strand breaks can be formed as a result of the direct interaction of a carcinogen with
DNA or may appear dufing the excision repair of DNA adducts. They may also arise from
alkali labile sites introduced into the DNA and manifested at high pH. Many genotoxic and
mutagenic chemicals have also been found to induce DNA strand breaks and a good
correlation has been found between induction of DNA strand breaks and the carcinogenic
and mutagenic potential of certain chemicals (Sina e7 a/, 1983). Some examples of model
agents that induce DNA strand breaks are H,0,, bleomycin, and radiation. Other chemicals
that may induce DNA strand breakage include reactive metabolites of NDMA (Ashby et al,
1995) and the heterocyclic amine 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) (Davies et
al, 1995). 1Q has been found to be highly mutagenic and genotoxic as assessed in various
systems (Overvik and Gustafsson, 1990) and is formed as a pyrolysis product during the

cooking of meats and fish at high temperatures (Layton, 1995).

S.1.4. The single cell gel electrophoresis assay

The single cell gel electrophoresis assay (SCGE) is a rapid and sensitive method for
measuring and analysing DNA strand breaks in mammalian cells. The (SCGE) assay was
first developed by Singh ez a/ (1988) as a modification of the Ostling and Johanson (1984)
microgel electrophoresis. This latter technique used neutral conditions during

electrophoresis to detect double-stranded DNA breaks in cells embedded in agarose gel.
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One disadvantage of this technique was that single-stranded DNA breaks could not be
detected. Singh’s modification consisted mainly in the use of alkaline conditions, thus
permitting the evaluation of single-stranded DNA breaks and alkali-labile sites. Later
modifications have been introduced by several authors and numerous protocols are
currently used (see Fairbairn et a/, 1995 and McKelvey-Martin ez al, 1993 reviews). Briefly,
cells are embedded in an agarose gel on microscope slides and lysed in a mildly alkaline
solution, containing salts and detergents, to allow denaturing of proteins and DNA
unfolding. Electrophoresis is then performed in a highly basic solution, allowing damaged
DNA to migrate towards the anode (for more details see the methods section). Cells with
increased DNA damage display increased migration of DNA from the nucleus towards the
anode. The SCGE assay is also named the “Comet assay” because the DNA that migrates
from the nuclei resembles a comet. Several parameters can be used to quantify the DNA
damage when data are analysed in a computerised system: percentage of DNA in the “tail of
the comet”, tail length (distance from the edge of the cell nuclei (head) to the end of
migrated DNA) and tail moment (product of % tail DNA and tail length). The tail length is
perhaps the most commonly used parameter, probably because it can be estimated without
the computerised system. However, tail moment and percentage of tail DNA are regarded
as the most appropriate parameters to quantify the extent of DNA damage (Fairbairn ef al,

1995).

The principle of the assay seems to be related with the organisation of DNA within the
nucleus. DNA in the nucleus occurs as supercoiled loops organised in nucleosomes, which
are further organised to form chromatin (Simpson, 1978; Macleod, 1995). After lysing with
detergents and extraction of proteins with high salt, the DNA remains in the nucleoid. The
presence of DNA strand breaks relaxes the supercoiled structure and the loops are then free
to extent outside the nucleoid when an electric field is applied (electrophoresis) (Ross ef al,
1995; McKelvey-Martin ez al, 1993). Alkaline conditions propitiate the migration of DNA
fragments from the nuclei by disrupting the DNA base-pairing, resulting in denatured and

flexible DNA in the open loops (McKelvey-Martin et al, 1993).

The Comet assay presents several advantages compared to the other techniques that detect

DNA strand breakage (see above). First of all, the Comet assay is a simple, inexpensive and
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rapid technique and results can be obtained in one day when data analyses are computerised.
Secondly and most important, DNA strand breakage is measured in individual cells, thus
allowing the detection of intercellular differences in DNA damage and repair in cell
populations. Furthermore, it can be used in virtually any cell population that can be obtained
as a single cell suspension and only a small number of cells is required (1000 - 10000).
Another major advantage is its sensitivity. Comets have been detected at one break per 10"
daltons of DNA (Collins et al, 1992). However, the Comet assay also presents some
limitations, such as possible induction of DNA damage due to cytotoxic effects (McKelvey-
Martin et al, 1993) or the activation of endonucleases by Ca*" release (McConkey et al,

1989).

Despite the recent development of the Comet assay, numerous applications in different
fields have already emerged, such as radiation biology (Olive et al., 1994), DNA damage
and repair studies (Collins et al, 1995, Speit and Hartmann, 1995) or biomonitoring of
human populations for susceptibility to oxidative damage (Anderson e al, 1994, Green et
al, 1994, Holz et al, 1995) or other agents, such as tobacco smoking (Sardas et al, 1995.).
Of particular interest to this project is its potential in genotoxicity testing. The Comet assay
has already proved useful in the detection of several genotoxic agents in different cell types
and rodents, and issues such as metabolic activation, cell-specificity, or dose-response
relationships can be studied using this technique (Fairbairn e al, 1995; Mckelvey-Martin et
al, 1993; Monteith and Vanstone, 1995; Vaghef and Hellman, 1995).

In order to assess the effect of sulforaphane on human CYP1A2 and CYP2EI, the different
cell lines T5-1A2 cl5.3 and T5-2E1 cl2 expressing human CYP1A2 and CYP2EI
respectively were used. Also a control cell line lacking transfected CYP450-cDNA, T5-neo
cl5.16 was used. The latter cell line was established by transfection with a control plasmid
containing the neomycin resistance gene but no cytochrome P450. Because of the
advantages of the Comet assay mentioned above, this was chosen for the analyses of
genotoxicity of NDMA (CYP2E] activated) and 1Q (CYP1A2 activated) and the ability of
sulforaphane to modify it in the THLE cell lines expressing human CYP cDNAs. Due to the
length of this chapter, the results sections were subdivided into Part I (cell culture) and Part

I1 (genotoxicity studies with the Comet assay).
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5..2. Methods

The chemicals used in these experiments were purchased from Sigma-Aldrich or BDH
unless otherwise stated. IQ was from Toronto Research Chemicals Inc., Ontario, Canada.

Fully frosted microscope slides were purchased form Appleton Woods, Birmingham, UK.

5.2.1. Cell culture

5.2.1.1. Solutions

All solutions were prepared under sterile conditions in a Class II laminar flow Cytotox

safety cabinet.

Coating medium

Coating medium used for precoating cell culture flasks (see 5.2.1.2.) was kindly provided by
A M. A Pfeifer, Nestlé Research Centre, Lausanne, Switzerland. LHC basal medium
(Biofluids, Rockville, USA) contained human fibronectin (0.01 mg/ml), Vitrogen 100
(purified bovine collagen for cell culture) (Collagen Corp. Palo Alto) (0.01ml/ml) and
bovine serum albumin (BSA) (Biofluids, Inc., Rockville) (0.1 mg/ml). The solution was

filtered through a 0.22 um filter.

Culture medium

The culture medium was PMFR-4 low calcium (Biofluids) and contained several additives,
as described in Table 5.b.. The solution was incubated at 37 °C for 10 minutes in order to
dissolve all the different ingredients and then filtered a 0.2 um disposable sterile bottle top

filter (Corning). The complete culture media was kept below 4 °C for up to two weeks.

Freezing medium

The cell culture freezing media was prepared by mixing equal volumes of solution A and B.
Solution A was L-15 medium containing Hepes (20 mM), FCS (20 %), 200 units penicillin
(200 units/ml) and streptomycin (200 pg/ml). Solution B was L-15 medium containing
Hepes (20 mM), DMSO (15 %) and polyvinylpyrrolidone (2 %).
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Phosphate Buffer Saline (PBS)

Sterile PBS was prepared by dissolving one tablet of phosphate buffer saline (Oxoid) in 100

ml of distilled water and then autoclaving for 20 min.

Trypsin-EDTA solution

EDTA-disodium salt (0.025 %) was dissolved overnight at 37 °C in a sterile PBS solution.
Then trypsin (0.025 %) (from Porcine pancreas, Sigma) was added to the solution and left
at 37 °C until it was dissolved. The final solution was filter-sterilised through a filter

membrane (0.2 um)

185




Table 5.b. Additives to PMFR-4 Culture medium

Compound final conc. volume stock conc.
L-glutamine (Gibco) 2mM S5ml 200 mM
Gentamycin (Gibco) 50 ng/ml 2.5ml 10 mg/ml
Insulin (Biofluids) 1.75 uM 2.5ml 0.35 mM
Hydrocortisone (Biofluids.) 0.2 uM 10 pl 10 mM
EGF' (Sigma) 5 ng/ml 0.5 ml 5 ng/ml
Transferrin (Sigma) 10 pg/ml 1.0 ml S mg/ml
P/E? (Biofluids) 50 nM 2.5 ml 0.1 mM
T5® (Biofluids) 50 nM 25 ul 1 mM
BPE’ (Sigma) 7.5 ug/ml 1.25 ml 6 mg/ml
RA’ (Sigma) 0.33 nM 50 pl 3.3 uM
FFS® (UBI) 3% 15 ml 100 %

1: Epidermal growth factors

2: Phosphoethanolamine

3: Triiodothyronine, thyroid hormone, promotes intracellular metabolism.
4: Bovine pituitary extract

5: Retinoic acid

6: Factor Free Serum (chemically denatured fetal bovine serum)

186




5.2.1.2. Cell Culture

All procedures were performed under sterile conditions in a Class II laminar flow cytotox

safety cabinet.

Cell culture flasks (Falcon, 25 cm®, 50 ml) containing coating media (1 ml) were incubated
at 37 °C for 30 min. The exceeding coating medium was kept in a new container for later

use (coating media was reused up to 3 times).

The frozen cells contained in a cryovial were left for 1 min at room temperature and then at
37 °C for 2-3 min until completely thawed. The cells were gently mixed using a 1 ml sterile
pipette and then plated into three precoated flasks, containing 3-5ml of culture media at 37
°C. The cells were grown at 37 °C and 3.5 % CO, in a CO, incubator (Sanyo, model MCO-
17A). When the cells were attached to the bottom surface of the flasks (examined under a
microscope), approximately afier two to three hours of seeding them, the culture medium
was removed and fresh medium (7 ml) prewarmed at 37 °C was added into the flasks. The
culture medium was removed when required and fresh medium was added. All flasks

containing cells were examined daily under the microscope.

The cells were subcultured when they had reached a monolayer (3 - 5 days). The culture
medium was removed and cells were washed once with prewarmed PBS (1-2 ml). One ml
of prewarmed trypsin-EDTA solution was added into the flask and was left for 5 minutes at
room temperature until most of the cells detached from the flask surface. After addition of
HBBS containing 2.5 % FCS (to stop trypsination), cells were centrifuged at low speed in a
bench centrifuge for 3 minutes. The medium was removed and the cells were either
resuspended in freezing media (1 ml) or resuspended in culture medium (1 ml) for
subculturing. The cells were split at 1:3 to 1:5. The cells were gently mixed with a 1 ml

plastic pipette and plated into precoated flasks as described above.
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5.2.2. Cell count

Cells were trypsinised as described in the previous section and resuspended in 1 ml of
culture medium or PBS. A small volume of cell suspension was transferred to the chamber
of a Neubauer haemocytometer by capillarity. For samples containing > 10° cells/flask, cell
suspension was diluted 1:10. The cells were counted in five Imm centre squares. Cell count

was calculated as the average count per square x 10* (x dilution factor when needed).

5.2.3. EROD activity and protein content in 96-well plate

EROD activity and protein content were determined in TS5-1A2 cells cultured in 96-well
plates (Packard, UK) for 24 hours. The method was based in that of Lorenzen and
Kennedy, (1993) and Kennedy and Jones, (1994) with some modifications.

Sodium phosphate buffer 50 mM, pH 7.4 was used for the determination of EROD activity.
Sodium phosphate buffer SOmM, pH 8.0 was used for the determination of protein content.
Reagents ethoxyresorufin and dicumarol were dissolved in DMSO to a final concentration
of 1 mM and then diluted to the desired concentration (50 pM and 100 pM respectively)
with sodium phosphate buffer 50 mM, pH 7.4. Fluorescamine was dissolved in acetonitrile
(300 pg/ml). Resorufin standard was dissolved in MeOH (25 pM) and BSA was dissolved
in phosphate buffer.

Cells were rinsed twice with PBS in order to eliminate traces of phenol red from the culture
medium. Cells were incubated at 37 °C with phosphate buffer 50 mM, pH 7.4,
ethoxyresorufin (0 - 20 uM), and dicumarol (10 uM) for 15, 30, 45 and 60 min. When the
reaction was concluded, media was transferred into clean 96-well plates and fluorescence
was measured at excitation and emission wavelengths of 530 and 590 nm respectively in a
plate reader (Perkin Elmer Luminiscence Spectrometer L.SS0B). A resorufin standard curve

was prepared (0 - 1 pM) in phosphate buffer 50 mM, pH 7 4.

Cells were washed with PBS and phosphate buffer 50mM, pH 8.0 and fluorescamine (100

pg/ml) were added and incubated at 37 °c for 15 min. A protein standard curve was
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prepared with BSA (0 - 75 pg/ml) to which fluorescamine was also added. Fluorescence
was measured at excitation and emission wavelengths of 400 and 460 nm respectively (slit

widths of 15 and 20 nm respectively).

In attempt to measure total resorufin produced (i.e. free-resorufin and conjugation products
of resorufin) B-glucoronidase (type H-1, Sigma) (Img/ml) dissolved in acetate buffer, 0.1
M, pH 4.5 was added to the supernatant and incubated for 2 h (Donato et al, 1993). This
was not useful since turbidity due to the enzymes interfered with fluorescence

measurements.

5.2.4. Protein Determination

Protein content of the cells was determined by the method of Bradford (1976). Biorad
solution was prepared from Bio-rad Protein assay solution and was diluted 1:5 in distilled
water and filtered. The solution was stored in the fridge for up to two weeks. Protein
standard was prepared with bovine serum albumin (BSA) (Sigma). A solution of 1mg/ml

was prepared and then diluted 1:10 to obtain a stock solution of 0.1 mg/ml

Cells were washed with PBS twice and processed for protein determination (or frozen until
needed). One ml of PBS was added to 6-well plates containing cells and the cells were
scraped with a rubber policeman. Cells were sonicated (10 s), 50 ul of cell sample was
diluted into 100 pl of PBS and 1 ml of diluted Biorad solution was added. A standard curve
was prepared from BSA 0.1 mg/ml solution (0-50 pg/ml) and 1 ml of biorad solution was
also added. Samples were rhixed and left standing for 15 min. Absorbance at 595nm was

recorded between 15 and 30 min of addition of the Biorad solution.

5.2.5. EROD activity in 6-well plates.

T5-neo and T5-1A2 cells were cultured in 35-mm (6-well) plates as described in section
5.2.1. Ethoxyresorufin deethylase activity was measured after 24 hours when cells were
nearly confluent. All solutions and reagents were warmed to 37°C prior to addition to the

cells. Phosphate buffer (50 mM, pH 7.5) was prepared by addition of a solution of
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NaH,PO, (50 mM) to a solution of Na,HPO, (50 mM) until required pH was reached.
Ethoxyresorufin and resorufin were dissolved in MeOH (1 mM) and then diluted to the
desired concentration in distilled water. Dicumarol was dissolved in DMSO (10 mM) and

then diluted in distilled water. Sulforaphane was dissolved in distilled water.

Plates were preincubated for 30 min in fresh PMFR-4 with or without 10 uM sulforaphane
(10 pl of 1 mM solution). The plates were washed twice with PBS at 37 °C to remove
phenol red (present in culture medium) and sulforaphane. The substrate, ethoxyresorufin
(10 uM) (100 pl of 100 uM solution), dicumarol (10 uM) (10 pl of 1 mM solution) and
when required 10 pM sulforaphane (10 pl of 1 mM solution) were added to the cells in 1 ml
of phosphate buffer. The reaction proceeded for 30 min at 37 °C. The reaction mixture was
removed from the plates and the cell monolayers were rinsed twice with PBS. The cells
were frozen and saved for protein determination. The supernatant was centrifuged for 2 min
at low speed in order to remove cells. The fluorescence of the resorufin product was
measured in the supernatant with an excitation wavelength of 530 and an emission
wavelength of 590 nm. A standard curve was prepared using resorufin (0 - 0.15 uM, stock

solution 5 uM).

5.2.6. PNP hvdroxvlase activity

This assay was based on that one of Koop et al (1985) previously described (see section
3.2.4), with some modifications (Gomez-Lechoén, personal communication). Activity was
measured after incubation of cells for 30 min with HEPES-saline solution (pH 7.5)
containing CaCl, (1 mM), sodium pyruvate (20 mM) ascorbic acid (1 mM), p-nitrophenol
(0.5 mM).
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S.2.7. Standard Comet assay

This was based on the method of Singh ef a/, (1988) with some modifications.

5.2.7.1. Solutions

Agarose: “Normal Melting Point” (NMP) agarose was used at the concentration of 0.5 % in
calcium and magnesium free phosphate buffer saline (PBS) (see section 5.2.1). “Low
Melting Point” (LMP) agarose was prepared at 0.5% and 0.75% in PBS. Agarose was

dissolved by heating to boiling in a microwave and stored at 4 ° C until needed.

Lysing solution: A solution of distilled H;O containing NaCl (146.1 g, 2.5 M), EDTA

disodium salt (37.2 g, 100 mM), Tris base (1.2 g, 10 mM) was prepared (concentrations are
final concentration for a volume of 1 1). The solution pH was set to 10.0 by addition of solid
NaOH (approximately 12 g). N-Lauroylsarcosinate (10 g, 1%) was added to the solution,
which was heated until the N-lauroylsarcosinate was completely dissolved. The volume was
adjusted to 1 | and then the solution was filter-sterilised (0.45 um disposable sterile bottle
top filter, Corning) and stored at 0-4 °© C. The complete lysing solution was prepared fresh
before use by adding 10 % DMSO and 1 % Triton X-100 to the lysing solution and then

refrigerated for 60min prior to slide addition.

Electrophoresis buffer: The electrophoresis buffer freshly prepared contained NaOH (75
mM) (60 ml NaOH 2.5 M) and EDTA (1 mM) (10 ml EDTA 200 mM) in UHQ water (2 1)

and was stored at less than 15 ° C until use.

Neutralising solution: The neutralising solution was 0.4 M Tris HCI, pH 7.5.

Staining solution: Ethidium bromide (20 pg/ml) was freshly prepared by diluting ethidium

bromide 200 pg/ml in UHQ water (1:10) and then filter-sterilised through a filter membrane
(0.2pm).
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5.2.7.2. Preparation of slides

Single cell suspensions (T5-neo, T5-2E1 and T5-1A2 cells) were obtained from the
monolayers either by trypsination (see section 5.2.1.) or by scraping with a rubber
policeman. Cells were centrifuged at low speed in a bench centrifuge and resuspended by

adding 10 ul of PBS.

LMP and NMP agarose were melted and kept at 37 °C and 50 °C respectively. NMP
agarose (100 pl) was added to the fully frosted microscope slide and a glass coverslip was
added carefully to minimise bubbles. The slide was placed on a metallic tray on ice and the
agarose was left to solidify for 10 min. The coverslips were gently removed and 75 pl of
LMP agarose were added to the cells, mixed gently and the mixture (~85 pl) was added to
the slides on top of the LMP agarose. The coverslips were replaced and the slides placed on
the frosted tray for 10 min. The coverslips were gently slid off and a third layer of LMP
agarose (75 ul) was added, coverslips were replaced and the slides returned to the frosted
tray for another 10 min. The coverslips were again removed and the slides were placed into

cold complete lysing solution for 1 h at 4 °C in the dark.

5.2.7.3. Electrophoresis

Slides were removed from the lysing solution and placed on the horizontal tray of the
electrophoresis tank (Pharmacia, GNA200). The tank was then filled up with cold
electrophoresis buffer (2 1). The slides were maintained in the alkaline buffer for 20 minutes

to allow unwinding of DNA at room temperature.

Electrophoresis was then run at room temperature for 20 min at 25 V and approximately
300 mA (Power Pack from Pharmacia, LKB, GPS200/400). The slides were removed
gently and washed three times with “Neutralisation solution” (5 min each wash). All these

steps were performed under yellow light.
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5.2.7.4. Staining

Slides were stained with 50 pl of freshly diluted (x10), filtered ethidium bromide (excess
was dried off) and covered with a glass coverslip. Slides were kept in a moist environment

and scored within 24-48 hours of electrophoresis.

5.2.7.5. Evaluation of DNA damage

The slides were analysed under a fluorescent microscope Axiovert 10 (Zeiss, Germany) at
250x magnification (20/0.45) with an excitation filter of 515-560 nm, from a mercury lamp

and a barrier filter of 590 nm.

Parameters of comets (% tail DNA, tail moment and tail length (um)) were automatically
analysed on a computer using a “Komet” (Kinetic Imaging Ltd.) image analysis system. The
system setup for these experiments was as follows: head threshold 5, tail threshold 10,

smoothing value 1, background height 20 and tail break length 10.

5.2.8. Modified Comet assay

5.2.8.1. Cell culture

Fully frosted microscope slides were cut to fit in a 35mm 6-well cell culture flasks and were
placed in 6-well cell culture flasks and precoated with coating media (see section 5.2.1.) for
30 min at 37 °C. Meanwhile confluent cells from T25 flasks were trypsinised (see section
5.2.1.), counted and resuspended in fresh media. Coating media was removed and slides
were washed 2-3 times with PBS in order to eliminate phenol red. Cells (1-5x10* cells/slide)
were plated on to the slides in 2ml of complete PMFR-4 media and cultured for 2-4 h. Cells
were treated with H,O, (25 pM) for the positive controls, NDMA (0.01 -1 pg/ml), IQ (0.1
-10 pg/ml), or aflatoxin (0.1- 10ng/ml) as required and sulforaphane (0.1 - 10 uM) when

required.
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5.2.8.2. Agarose slides preparation

Slides were washed 2-3 times with PBS in order to eliminate residues of phenol red from
the incubation media. LMP agarose (0.75%, 100 ul) was added to the slides and covered
with a coverslip. After 10 min on a frosted metallic tray the coverslip was removed and the
slides were placed into cold complete lysing solution for 30 min at 4 °C in the dark.

5.2.8.3. Electrophoresis, staining and evaluation of DNA damage

Electrophoresis and evaluation of DNA damage was as described previously in section

5.2.7. Slides were stained with 25 ul of diluted ethidium bromide (20pug/ml).

5.2.9. Statistical analyses

Data were analysed using parametric tests (ANOVA, two sample #-test, linear regression)
and non-parametric tests (Kruskal-Wallis and Mann-Whitney tests) using Minitab software.
Analyses were performed using n=3 and n= total cell population. In the results section,
when there is only one P value, this means that both tests gave the same results. If there

were any differences, the test used was indicated.
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5.3.1 Result Part I. The culturing of THLE cells expressing human CYPs s

5.3.1.1. Cell culture growth

T5-neo/1A2/2E1 cells were grown in monolayers as described in section 5.2.1. Cells were
plated (10° cells/flask) and attached to the flasks surface within 2 - 3 hours after seeding.
The cell growth curve for the T5-neo cells is shown in Figure 5.1.a. Cell growth was
characterised by an initial lag phase (days 0 - 1) followed by an exponential growth phase
(days 2 - 5) where the cell doubling time was approximately 24 hours, and finally reaching a
stationary phase to reach a terminal cell density of approximately 10° cells/flask. Cells in
stationary phase lasted up to one day. After this time, cells started to detach form the

surface and consequently die. Cells were then trypsinised and subcultured.

T5-2E1 cell growth curve was similar to that of T5-neo cells (Figure 5.1.b). An initial lag
phase (days O - 2) was followed by an exponential growth phase (days 3 - 5) reaching the
stationary phase by day 6 (1.2 x 10° cells/flask). T5-1A2 growth was also similar to the
above described, with cells reaching the stationary phase by day 4 - 5. During the course of
the following experiments (also chapter 6), T5-neo, 1A2 and 2E1 cells were seeded at a
higher density (2 x 10° cells/flask), so the stationary phase was reached in a shorter period

(3 -5 days).
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3.3.L.2. EROD activity of T5-1A2 cells in 96-well plates

EROD activity was measured in T5-1A2 cell cultures for 24 h in 96-well plates as described
in methods 5.2.3. A typical resorufin standard curve is shown in Figure 5.I.c.. Data
correlated well with a linear regression (r = 0.998). Protein calibration curve using BSA is
shown in Figure 51.d. and a good correlation between data and a linear fit was also

observed (r = 0.998).

Ethoxyresorufin was originally used at the concentration range of 0 - 20 uM, however
ethoxyresorufin 20 pM gave fluorescence readings much lower than the other
concentrations, and a decrease on protein content was also observed, suggesting that it was
cytotoxic. Therefore, the maximum concentration used of ethoxyresorufin was 15 uM.
EROD activity was initially studied at different incubation times (15, 30, 45 and 60 min)
(Figure 5.1.e.). Incubations at 15 and 30 min gave higher fluorescence readings (see Figure
5.1e..) than 45 and 60 min, however 15 min did not give a saturation curve as seen with the
30 min incubation and therefore determination of EROD activity was carried out with 30

min incubations.

EROD activity in T5-1A2 cells (Figure 5.1.f.) was characterised with a Vm of 28 48 + 1.36
pmol/min/mg and a Km of 4.3 + 0.72 uM (mean =+ SD, n = 2 separate experiments). These
values are consistent with those reported by Macé et al, (1996b) (methoxyresorufin O-

deethylase activity was 41 + 5 pmol/min/mg protein).
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Figure 5.1.c. Resorufin standard curve in 96-well plates

Resorufin standards were prepared in sodium phosphate buffer (50 mM, pH 7.4) in
96-well plates and fluorescence was measured using excitation and emission
wavelength 530 and 590 nm respectively. Values are the mean + SD, n=3.
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Figure 5.1.d. Protein standard curve in 96-well plates

Bovine serum albumin (BSA) standards were prepared in phosphate buffer pH 8.0 in
96-well plates and fluorescamine was added to this. Values are the mean + SD, n=3.
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Figure 5.1.f. EROD activity in T5-1A2 cells in 96-well plates

Cells were cultured for 24 h in 96-wel] plates, and then assessed for EROD activity.
Ethoxyresorufin (0 -15 HM) and dicumarol (10 HM) were incubated at 37 °C for 30
min. Activity and protein content were measured simultaneously at 530/593 and
400/460 nm respectively (methods 5 .2.3.). Values are the mean of triplicate
analyses.
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S3.3.1.3. EROD activity in TS5-1A2 cells plated in 6-well plates

T5-neo and 1A2 cells were cultured in 6-well culture plates for 24 h were analysed for
EROD activity with or without sulforaphane (10 pM). EROD activity was quantified
fluorimetrically by comparison to a calibration curve from resorufin (0 - 0.15 uM) (see
section 3.3.4.). Protein content was assessed according to the method of Bradford and was

quantified by comparison to a calibration curve from BSA (0-30 pg/ml) (Figure 5.1.g).

EROD activity in T5-1A2 cells was 17.63 + 3.8 pmol/mg/min (mean + SD, n=3) when
ethoxyresorufin (10 uM) was incubated for 30 min. EROD activity in T5-neo cells was
below the detection limit. This values were similar to those previously reported (see above
and table 5.a)) although slightly lower, possibly due to the higher specificity of
methoxyresorufin towards human CYP1A2 than ethoxyresorufin (Burke er al, 1995).
Furthermore, it is also likely that the actual activity is higher than the values reported here,
since resorufin is conjugated by several phase II enzymes, and only free-resorufin product
can be measured, unless Supernatants are incubated with deconjugating enzymes (Donato et

al, 1993).
In a preliminary study, incubations containing sulforaphane (10 uM) decreased significantly
EROD activity compared to control incubations (17.63 pmol/min/mg), giving 15.04 + 2.6

pmol/mg/min (P < 0.05, paired-/-test).

S.3.1.4. CYP2E1 activity in T5-2E1 cells

The measurement of PNP hydroxylase activity in T5-2E1 cells was attempted but was
unsuccesstul, possibly due to an incubation time not long enough (30 min) (other authors
have measured this activity in cell lines over a period of 24 h; Dai er al, 1993), or due to the
sensitivity of the technique. CYP2E] activity in T5-2E1 cells was nevertheless measured
elsewhere by measuring chlorzoxazone 6-hydroxylase activity using HPLC (55

pmol/min/mg protein) (Berthou, F., and Macg, K., personal communication).
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Figure 5.1.g. Bovine serun albumin (BSA) standard curve

Biorad solution (1 ml) was added to BSA standards, mixed and left standing for
15 min at room temperature. Absorbance was measrued at 595 nm. Values are
the mean + SD, n=2.
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5.3.1I. Results Part I1. Production of DNA strand breaks by NDMA and 10

and its inhibition by sulforaphane

S.3.1L.1. Refinement and modification of the standard Comet assay.

3.3.1L1.1. Effect of trypsination and scraping on DNA damage

The Comet assay requires a single cell suspension. Human epithelial liver cells expressing
human CYPs grow as a monolayer. The preparation of a single cell suspension from a
monolayer is usually achieved by trypsination. Trypsination however is not desirable as it
requires incubation at 37 °C and could alter the effect of previous incubations with test
compound such as allowing for repair of DNA damage. Moreover, trypsination has been
reported to induce DNA damage in the Comet assay (Singh ef al, 1991) by an unknown
mechanism. An alternative technique is scraping, which consists of physically detaching the
cells from the surface using a rubber policeman. To determine which technique was more
appropriate, the effect of trypsination and scraping on DNA damage in the Comet assay was
studied using the human epithelial liver cell line expressing human CYP1A2 (T5-1A2) and
the cell line expressing human CYP2E1 (T5-2E1).

T5-1A2 and T5-2E1 were grown as monolayers as described in section 5.2.1. Cells were
incubated in PFMR-4 medium alone for 1 h at 37 °C in 3.5 % CO,. To obtain a single cell
suspension, the cells were either scraped or trypsinised. The viability of the cells obtained by
the two methods was determined by the Trypan blue assay (see methods 422.14). Cells
were then centrifuged, resuspended in LMP agarose at 37 °C (100 pl) and processed for the

Comet assay (see section 5.2.7.).

The results are shown in Table 5.ILa. The viability of the cells (based on membrane
integrity) obtained by trypsination was much higher than those obtained by scraping in both
lines. For the TS5-2E1 cell line viability after trypsination was 99 % whereas after scraping
was 64 %. The same trend was observed for the T5-1A2 cell line (97.5 % for trypsination
compared to 54 % for scraping). On the other hand, cells obtained by trypsination exhibited

much higher DNA damage than cells obtained by scraping. The three parameters most
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commonly used in the comet assay are shown in Table 5.1La. In both cell lines, the % tail
DNA, tail moment and tail length was significantly higher for the cells obtained by
trypsination compared to scraping (P<0.05 for T5-2E1 and P<0.01 for T5-1A2 cells). For
T5-2E1 cells, % tail DNA was 26.5 + 6.3 % for trypsination compared with 20.4 + 2.1 %
for scraping and tail moment was 40.2 = 15.4 and 26.4 + 2.3 respectively for trypsination
and scraping. These differences were even more accentuated in T5-1A2 cells, in which a %
tail DNA of 38.2 + 1.7 was obtained for trypsinised cells and only 18.3 + 5.1 for scraped
cells. Tail moment and tail length followed the same trend ( 63.9 + 6.0 and 22.2 + 6.1 for

trypsination and scraping respectively).

The effect of trypsination and scraping on DNA damage in the T5-2EI cell line is shown in
Figure 5.11.a. Cells were classified into five different populations according to their degree
of damage: minimum: 0-10 % tail DNA, low: 10-25 % tail DNA, medium: 25-40 % tail
DNA, high: 40-75 % tail DNA and maximum: >75 % tail DNA. For the cells obtained by
trypsination, there were more cells that fell in the categories of high and maximum damage
compared to the cells obtained by scraping. For T5-1A2 cells obtained by trypsination
(Figure 5.ILb.), there was a relatively large number of cells in the high and maximum
damage categories with less cells in the categories with minimum and low damage, whereas

the cells obtained by scraping were mainly in the categories of minimum and low damage.

This indicates that both trypsination and scraping gave a high background of percentage of
tail DNA and tail moment in the comet assay for the cell lines used. Induction of DNA
migration in the comet assay by trypsination and scraping in a fibroblast cell line has also
been reported elsewhere (Singh ef al, 1991). The technique of scraping gave a much lower
background readings for the three parameters indicative of strand breakage than did
trypsination, but on the other hand cell viability was much lower for scraping than
trypsination and only few single cells were obtained when scraping. The establishment of
adequate sensitivity whilst maintaining a limited background value in the controls was

therefore necessary.
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Table 5.11.a. Effect of trypsination and scraping on viability (Trypan blue) and parameters in
the Comet assay in the T5-2E1 and 1A2 cell lines.

Cell line Treatment  Viability % Tail DNA Tail moment  Tail length

T5-2E1 trypsin 9.0% 265+63 402%154 99.2+20.1

scraping 64.0 % 204+£2.1 264+23 848+2.1

T5-1A2 trypsin 975% 382+1.7  639+60 1394+13.2

scraping 54.0 % 183+5.1 222+6.1 89.2+133

T5-2E1 and T5-1A2 cells were cultured as described in section 5.2.1., trypsinised or
scraped and processed for the comet assay (section 5.2.7.) Viability was determined by the
Trypan blue assay (section 4.2.2.1.4.). Values are the mean + S.D. (n=3, 100 cells analysed
in total). ~ Significantly different from T5-2E1 cells obtained by scraping, P<0.05 analysed
by two sample z-test. ~ Significantly different from T5-1A2 cells obtained by scraping,
P<0.01 analysed by two sample #-test and Mann-Whitney test.
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S.3.1L1.2. Adaptation of the comet assay method for the human liver epithelial cell

lines.

Since trypsination and scraping were problematic for obtaining a single cell suspension of
T5.CMV cells for the comet assay, it was thought that a possible alternative could be
growing the cells on a surface on which they could be treated with the test compounds and

agarose would be applied directly onto them.

Plastic coverslips (Thermanox, 15 mm) were placed into 24-well tissue culture cluster
(Costar) and incubated with coating media as described previously (section 5.2.1.). T5-1A2
cells were plated into the wells containing coverslips at the density of 5000 cells/well in 0.5
ml of culture media. After cells were attached (2 h), culture medium was changed and cells
were treated for 1 h with or without H,O, (50 -100 pM). The coverslips were then washed
with PBS, air-dried on paper for two minutes and mounted onto frosted glass microscope
slides. Coverslips were covered with two layers of LMP agarose at 37 °C (200 ul and 100
ul). Lysing, unwinding electrophoresis and slide analyses were as described for the standard

comet assay (section 5.2.7.).

Control cells still gave relatively high values of % tail DNA (approximately 20 %). For the
positive controls treated with H,O,, 50 and 100 pM, all the cells were highly cometed,
making difficult an accurate quantification of the damage. In an attempt to reduce the
background of DNA strand breakage in control cells, the effect of electrophoresis and
unwinding time was studied in control and positive treatments of T5-1A2 cells using this
method. Table 5.ILb. summarises the results obtained. For the negative controls, the
reduction of unwinding time from 20 min to 10 min produced a significant decreased in the
% tail DNA and tail moment (P< 0.05). The reduction of electrophoresis time from 20 min
to 10 min also reduced % tail DNA and tail moment of control incubations (tail DNA of 13
compared to 18 for 20 min, and tail moment of 7 compared to 18, P < 0.05). However, the
reduction of either unwinding or electrophoresis time did not significantly change the % tail
DNA and tail moment of the incubations with H,O, (50 uM). The tail length was reduced
for both control and positive treatments when reducing unwinding and electrophoresis time

(P < 0.01), indicating a dependence of the tail length on the assay conditions.
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Table 5.11.b. Effect of variation of unwinding and electrophoresis times

on the comet assay parameters

Treatment Unwinding  Electrophoresis %Tail DNA Tail Tail length
time (min) time (min) moment (um)
Control 20 20° 18.14 18.32 77.20
10 20° 14.37" 9.87" 56.82"
20 10° 12.72° 6.79 " 40.04 ™
H,0, 20 20° 39.76 46.95 108.05
10 20° 41.56 43.39 92.77"
20 104 4435 41.6 87.22"

T5-1A2 cells were grown on plastic coverslips, treated with or without H,O, (50 uM), and
then covered with L M.P. agarose. Comet assay was performed as in section 6.2.1. Values
were the mean of : “ one slide, n=50 cells; ® two slides, n=100 cells; “ one slide, n=55 cells
and ¢ one slide, n=20 cells. " Significant different from experiment performed at 20 min

unwinding time and 20 min electrophoresis time (P < 0.05, Students t-test), " P <0.01.
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lost very often before the end of the electrophoresis, and often only one (or zero) slides
were left instead of triplicates (see table 5.ILb. footnote). This modified method was

therefore not reproducible and had to be abandoned.
3.3.IL1.3. Definitive adaptation of the comet assay

A modification of the method of Singh ef al (1991) for culturing human fibroblasts onto

frosted microscope slides was attempted.

Fully frosted slides were cut to fit 35 mm 6-well cel] culture plates and were incubated for
30 min with coating media at 37 °C. T5-1A2 cells were plated into the 6-well plates (~10*
cells/well). After 4 h the slides were washed with PBS, ethidium bromide was added (5 pl,
20 pg/ml) and were analysed under the fluorescent microscope (details in section 5.2.8.).
Cells were present and attached onto the microscope slides, as evidenced by the

characteristic shape of epithelial cells. This is shown in Figure 5.I1.c.i. To make sure that the

For the comet assay, the cells plated on precoated fully frosted microscope slides were

treated after they were attached and acquired their characteristic shape of epithelial cells (2 -
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To determine whether the lysing time had any effect on the % tail DNA of control slides,
different slides were set and processed for the comet assay as described in section 5.2.8.
with a lysing time of 15, 30 and 60 min. For 60 min lysing time, control slides gave a % tail
DNA of 19.7 and for the treatments with hydrogen peroxide 68 % tail DNA. These values
did not differ significantly from the assays where lysing time was 15 min (control 18.2 and
positive 62.3) or 30 min (control 17.6 and positive 64). Since the lysing time did not have

an effect on the results, it was reduced to 30 min instead of 1 h.

Figure 5.II.d. shows the main differences between the standard comet assay and the
modified version used here. Summarising, cells were plated onto precoated fully frosted
microscope slides and left to attach for 2-4 h. An extra plate without microscope slide was
set in order to follow up attachment of cells. After treatment, slides were rinsed three times
with PBS and one layer of LMP agarose (0.75 %, 100 pul) was added and cells were lysed
for 30 min. Unwinding and electrophoresis were performed as described for the standard
comet assay, 20 min and 20 min. Since positive controls, HO, (50 uM), gave a very high
degree of damage (i.e. many cells were highly cometed and the nuclei was no longer
visible), which was difficult to analyse, and therefore not accurate, treatments were reduced

to the concentration of 25 pM H,0,.
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5.3.11.2. DNA strand breaks produced by NDMA and IQ in the human liver epithelial

cell lines expressing human CYPs.

T5-neo (parental cell line), T5-2E1 and T5-1A2 cells lines were used to evaluate the
induction of DNA strand breaks (DSB) in the comet assay by NDMA (metabolically
activated by CYP2E1) and IQ (metabolically activated by CYP1A2). The cells were grown
as described in section 5.2.1. and the modified comet assay was performed as described in

section 5.2.8.

5.3.11.2.1. Lack of DSB produced by of NDMA and IQ in the TS-neo cell line

T5-neo cells were plated onto precoated fully frosted microscope slides as described in the
methods section 5.2.8.1. and triplicate slides were treated for 1 h with culture media
containing NDMA at three different concentrations (0.01, 0.1 and 1 pg/ml) and IQ (0.1, 1
and 10 pg/ml). Control slides were incubated only with culture media (1.5 ml) and positive
controls were treated with culture media containing H,O, (25 uM). Slides were processed

for the comet assay as described before.

The effect of NDMA on the T5-neo cell line (which is devoid of transfected CYP cDNA) in
the comet assay is shown in Figure 5.11.e. There was a significant increase (P < 0.001) in
the % tail DNA between control incubations (16.56 + 1.08, mean = S.D, n=3, 50 cells
analysed per slide) and the positive treatment with H,O, (37.51 £ 3.53). For the incubations
treated with NDMA, there was no significant difference with the control at any of the three
concentrations tested, and the % tail DNA values ( 16.61 = 1.89, 17.52 £ 1.03, and 19.40 £+
2.44 respectively for NDMA 0.01, 0.1 and 1 pug/ml) were similar to the control (16.56 +
1.08) (A significant increase for NDMA at 1 ug/ml was observed when analysed using the
Mann-Whitney test, P < 0.05, n=150 cells). For the tail moment, the same trends were
observed (Figure S.Il.e). Values were 18.70 + 3.03, 19.92 £ 237, 21.31 £+ 4.0l
respectively for NDMA 0.01 - 1 pug/ml compared to 19.45 + 3.49 for the negative control
and 53.46 £ 11.37 for the positive control with H,O,.
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5.3.11.2.2. Production of DNA stand breaks by NDMA in the T5-2E1 cell line

T5-2E1 cells were treated with fresh media containing NDMA at 0, 0.01, 0.1, 1 and 10

ng/mlfor 1 hat37 °C. All treatments were triplicates and 50 cells were analysed per slide.

Typical comet images from control and NDMA (1 pg/ml) treatments are shown in Figure
S.ILi.. Figure 5.11j. shows the effect of NDMA on DNA strand breaks in the T5-2E1 cell
line. The percentage of tail DNA was markedly increased with increasing concentration of
NDMA (up to 1 ug/ml) (linear regression, P <0.01), reaching a % tail DNA as high as
73.27 £ 3.03 (mean + S.D, n=3, 150 cells analysed) compared to 13.62 + 1 77 for the
control. All concentrations of NDMA (0.01, 0.1, 1, and 10 pug/ml) were significantly
different from the control (39.40 + 7.75, 58.19 + 7.94, 73.27 + 3.03 and 58.07 + 3.11
respectively, P < 0.01 for parametric tests, P < 0.05 for non-parametric tests). Tail moment
and tail length correlated with % tail DNA and also showed a marked dose-response of
NDMA. Tail moment and tail length for the control were 1337 + 1.77 and 51.95 +2.72 pm
respectively, and for NDMA 1 png/ml these parameters reached the values of 117.96 + 2.86
for the tail moment and 154.12 + 3.58 um for the tail length. For the concentration of 10
ng/ml of NDMA there was a decrease of % tail DNA, tail moment and tail length compared
to the effect seen with 1 ng/ml, however, it was significantly different from the control and
was clearly positive. The apparent reduced effect might relate to cytotoxicity, which was
evidenced by a lower density of cells on the slides compared to the other slides (only 100
cells were analysed, compared to 150 for other slides) and by the trypan blue exclusion
assay (viability 89 %). Cytotoxicity by NDMA at the concentrations of 0.01 to 1 pg/ml
tested in T5-2E1 was not seen (viability measured by the trypan blue exclusion method was

> 98 %).

Figure 5.ILk. shows the DNA damage produced by NDMA in individual cells. For the
control treatment, most of the cells fell in the categories of minimum and low damage (85
). With increasing concentration of NDMA, the cell populations with minimum and low
damage decreased as whereas 2 % of populations with medium, high and maximum degree
of damage increased. For the concentration of 0.01 there was a reduction from 85 %

(control) to 46 % of cells with minimum and low damage. This difference in cell populations
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was even more accentuated for the concentration df 1 pg/ml, where only 2 % of cells
presented minimum or low damage and 98 % of cells where highly cometed, of which 8 %

had medium damage, 32 % high and 58 % had total damage (% tail DNA >75),

These results clearly indicate that NDMA produced DNA strand breaks in the T5-2E1 cell
line. Figure 5.I1.1. compares the results obtained for the T5-2E1 and T5-neo cell lines.
Production of DNA strand breaks (measured as % tail DNA) by NDMA was very potent
when using T5-2E1 cells (transfected with human CYP2E1), whereas when using T5-neo

cells, DNA strand breaks were not produced.
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Figure 5.\II\.1. Eﬂ‘ed of NDMA on % Tail DNA in T5-2E1 and T5-neo cells

- T5-2E1 and T5-neo cells were incubated for 1h with NDMA (0-1pg/ml) and processed
for the comet assay. Values are the mean + S.D., n=3 *Significantly different from

controls (P < 0.01, parametric tests and P < 0.05 for non-parametric tests);
**Significantly different from control (P < 0.05; Mann-Whitney test for n=150 cells)
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5.3.11.2.3. Production of DNA stand breaks by IQ and aflatoxin in T5-1A2 cells.

T5-1A2 cells were incubated for 1 h at 37 © C with IQ (0.1, 1 and 10 pg/ml) or aflatoxin
(0.1, 1 and 10 ng/ml) in 1.5 ml of culture medium. Control incubations contained only

culture medium and positive controls contained H,O, (25 uM).

Figure 5.IL.m. shows the effect of IQ on DNA damage in T5-1A2 cell line. Control
incubations gave a percentage of tail DNA of 15.12 + 3.55 % and H,O, treatment was
clearly positive, with a % tail DNA of 54.69 + 3.60 (significantly different from control, P <
0.01). The % tail DNA for 1Q at all the concentrations tested (0.1 - 10 pg/ml) was
significantly different form the control (P < 0.01) which was concentration dependent
(linear regression, P < 0.01). Values ranged form 35.59 + 4.10 % tail DNA for 1Q 0.1
pg/ml to 50.80 + 3.4 % for IQ 10 pg/ml. The tail moment correlated well with the % tail
DNA (see Figure 5.1.m.). Control and positive treatments gave a tail moment of 11.24 +
5.60 and 69.42 + 7.59 respectively and for the IQ treatments values ranged from 39.48 +
6.68 to 59.07 + 9.19 for concentrations of 0.1 and 10 pg/ml respectively. There was a
marked difference for the tail length between controls (48.69 = 14.41 um) and positive
controls (hydrogen peroxide 25 uM) (124.47 + 6.18 pm). Although the tail length for the
IQ treatments was much higher than the controls, and similar to the positive control, the
values did not increase with increasing concentration (117.25 + 20.05, 113.44 + 32.92,
116.96 + 11.54 for IQ 0.1, 1, and 10 pg/ml respectively). Nevertheless, the % tail DNA and
tail moment did increase with increasing concentration of IQ, suggesting that the tail length
reaches a maximum value which depends on the electrophoresis conditions rather the DNA
damage. The dependence between tail length and electrophoresis conditions was also seen
in section 5.3.11.1.2. Consequently, for the following experiments only the % tail DNA and
tail moment will be used as measurements of DNA strand breaks in the comet assay. No

cytotoxic effects were observed (viability for IQ 0.1 - 10 pg/ml > 96 %)

The distribution of cells in different populations according to their degree of damage is
shown in Figure 5.11.n. For the control treatments, most of the cells did not have comets (82
% of cells in minimum and low categories) whereas for H;O, treatments most of the cells

were highly cometed (82 % of cells in medium, high and maximum degree of damage
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categories). The distribution of cells treated with IQ was closer to the H,0, treatment than
to the controls. With increasing concentration of IQ there were less cells in the categories of
minimum and low damage (38 - 18 % cells for IQ 0.1 - 10 pg/ml, compared to 82 % for
controls) and an increasing number of cells in the categories of medium, high and maximum

damage ( 62 - 82 % cells, similar to 82 % for the positive control).

The results of IQ treatment on DNA strand breaks in the T5-1A2 and T5-neo cell lines are
compared in Figure 5.1L.0.. It is clear that IQ produced DNA strand breaks (measured as %
tail DNA) in the T5-1A2 cell line, whereas there was hardly any production in the T5-neo
cell line. Although there was a slight increase in the % tail DNA in the T5-neo cells with IQ
10 pg/ml (also see section 5.3.11.2.1.), this is not biologically significant, if it is compared
with the effect seen at the same concentration for TS-1A2 cells. The results indicate that IQ

induced DNA strand breaks in the T5-1A2 cell line but not in the T5-neo cell line.

The treatments with aflatoxin (0.1 - 10 ng/ml) also resulted in the induction of DNA strand
breaks in the TS5-1A2 cell line. However, aflatoxin at 1 and 10 ng/ml was cytotoxic, as
evidenced by a decrease of cells left onto the slides. The percentage of tail DNA, tail
moment and tail length for aflatoxin 0.1 ng/ml were 33.49 + 7.21 %, 39.78 £ 11.76 and
86.02 + 17.16 respectively, which were significantly different from the control (P < 0.01)
(15.12 £3.55 %, 11.24 + 5.60 and 48.69 + 14.41 respectively). These results indicate that
aflatoxin was a very potent inducer of DNA strand breaks in the T5-1A2.
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DNA Vst"ray’nd" breaks

The effect of sulforaphane on NDMA-induced DNA strand breaks was studied in the T5-
2E1 cell line. A concentration of NDMA was chosen based on the dose-response
relationships previously studied (section 5.3.I1.2.2.) such as that it induced DNA strand
breaks in the absence of cytotoxicity. The concentration of 0.1 pg/ml was chosen for the
positive control, since it produced considerable DNA damage (59 % tail DNA). T5-2E1
cells were treated with NDMA 0.1 pg/ml and then sulforaphane at different concentrations
(0, 0,1, 1, and 10 pM) (viability was > 98 % as measured by the Trypan blue exclusion
method (see chapter 4 methods 4.2.2.1.4.). Control slides were incubated with culture
media alone. All treatments were in triplicate (3 slides) and these were repeated in three

different experiments (50 cells were analysed randomly for each slide).

NDMA at 0.1 pg/ml clearly produced DNA stand breaks (Figure S.ILp.). The percentage of
tail DNA induced by NDMA was 44.11 + 1.95 (mean + SD, triplicates of n=3), which was
significantly different from the control (19.17 £ 3.08) (P < 0.01). The presence of
sulforaphane reduced the % tail DNA produced by treatment with NDMA. Sulforaphane
treatments significantly decreased the % tail DNA in a concentration-dependent manner
(sulforaphane 0-10 uM, linear regression P < 0.01). The % tail DNA values ranged from
44.11 = 1.95 for the control to 34.94 + 5.61 for sulforaphane 0.1 pM and 27.9 + 1.38 for
sulforaphane 10 pM. The effect of sulforaphane on NDMA-induced tail moment is also
represented in Figure 5.ILp.. Increasing concentrations of sulforaphane reduced markedly
the tail moment of the incubations containing NDMA alone. Tail moment values for
sulforaphane ranged from 44.76 + 9.08 to 30.47 + 4.71 for sulforaphane 0.1 to 10 pM
respectively, compared to 63.84 + 4.18 for NDMA alone (0.1 pg/ml). For the control

treatments, tail moment was 17.77 + 7.19.

These results can also be expressed as percentage of inhibition of NDMA-induced DNA
strand breaks for the % of tail DNA (see Table 5.1Lc.). The percentage of inhibition was
calculated after subtraction of the control values (treatment with culture media alone).
Sulforaphane inhibited the % of tail DNA induced by NDMA from a 36.77 % inhibition for
sulforaphane 0.1 uM up to 65.0 % inhibition for sulforaphane 10 pM (P < 0.01).
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Figure 5.I1.q. shows the distribution of cells according to DNA damage (% tail DNA).

Cells without treatment (control) were mainly distributed in the categories of minimum and
low damage (72 % of cells), whereas for the treatment with NDMA alone, only 35 % of
cells were in the minimum and low damage categories and a high population of cells had
high and maximum damage (49 %). Increasing concentration of sulforaphane increased the
number of cells in the minimum and low damage categories (44 %, 55 % and 58 % of cells
for sulforaphane 0.1, 1, and 10 pM respectively compared to 35 % for NDMA treatment).
At the same time, increasing concentrations of sulforaphane reduced the number of cells
highly cometed (high and maximum damage) giving 36 %, 27 % and 23 % of cells for
sulforaphane 0.1, 1, and 10 pM respectively compared to a 49 % of cells with high and
maximum damage for the NDMA treatments. It also can be seen in figure 5.11.q. that with
increasing concentration of sulforaphane, the pattern of the distribution of cells becomes

more similar to the distribution of the control treatment.

These results indicate that sulforaphane was able to reduce the percentage of tail DNA and
tail moment (measurements of DNA strand breaks) of cells treated with NDMA and also
increased the populations of cells with low DNA damage and decreased populations of cells
highly cometed. This indicates that sulforaphane inhibited NDMA-induced DNA strand
breaks in the T5-2E1 cell line.
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Table 5 II.c. Percentage of inhibition of NDMA mduced strand breaks
by sulforaphane in the TS—2E1 cell line

Sulforaphane (M) % inhiﬁition of % tail DNA

0

0.1 3?.3 +28.5
T | - 6.4 16.2

10 659+ 14.4

T5-2E1 cells were incubated with NDMA (. 1 ug/ml) and sulforaphane (0 10 uM) for 1 h
at 37 °C and processed for the comet assay as described in ‘methods 5.2.8. The % of
inhibition was calculated after subtraction of the control values Values are the mean + SD
of three separate experiments.
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S.3.11.4. Effect of sulforaphane on IQ-induced DNA strand breaks in the T5-1A2 cell

|E.
¢

The effect of sulforaphane on IQ-induced DNA strand breaks was studied in the T5-1A2.
T5-1A2 cells were incubated with IQ (1 pg/ml) and with sulforaphane (0, 0.1, 1, and 10
uM) for 1 h at 37 °C.

IQ at 1 pg/ml produced DNA strand breaks in the T5-1A2 cell line as evidenced by an
increase in the % of tail DNA and tail moment (40.90 and 39.54 respectively) compared to
the control (16.5 and 11.55 respectively, weighted mean of three separate experiments) (P
<0.01). Because of variation in the absolute response to IQ, results of individual
experiments are given in Table 5.IL.d. Sulforaphane (0.1-10 uM) decreased significantly
both % of tail DNA and tail moment produced by IQ in all the different experiments (linear
regression, P <0.05). The % tail DNA and tail moment values were reduced from 40.90 and
39.54 for the IQ treatment to 24.48 and 19.46 for sulforaphane 10 pM (P < 0.01 for
parametric tests or P < 0.05 for non-parametric tests for every individual experiment).
These results were also expressed as percentage of inhibition of IQ-induced DNA strand
breaks (see Table 5.11.e.). Sulforaphane inhibited the % of tail DNA induced by IQ by up to
71.7 £19.0 %.

The response of individual cells to the different treatments is shown in Figure 5.I1.r. Control
cells were mainly distributed in the categories of minimum and low damage (63.0 %),
whereas for the IQ treatments only 37.3 % of cells fell in the minimum and low categories
and a high population of cells had high and maximum damage (48.3 %). Increasing
concentration of sulforaphane increased the number of cells in the minimum and low
categories and decreased the number of cells with high and maximum damage giving 37.0,
31.8 and 19.4 % for sulforaphane 0.1, 1 and 10 uM respectively compared to 48.3 % for
the IQ treatments. Thus, with increasing concentration of sulforaphane the cell populations
distribution becomes more similar to the control treatment and less similar to the IQ
distribution (Figure 5.ILr.). The results thus indicate that sulforaphane reduced the % of tail
DNA and tail moment of T5-1A2 cells treated with IQ, indicating that sulforaphane
inhibited IQ-induced DNA strand breaks in this cell line.

238




6tC

($0°0 > ¢) swowRdxad

[[e Ul P3AISSQO SEM PUSI} TBSUIT GO0 > J WRIAIP APueogiuSis a19m sjuowiLiadxs [[e 10 §3533 I8 T 01 8 1nq 1593 Y3 uo Surpuadap
pouea N | pue 1°g 1e sueydeioyns 10 SOUSIPIP [EDUSHEIS 97T F T6'81 PUB ‘€6'€ F 1€9 8T F 0TS JO VNA Ies pue -1
sjuourLodxs 103 A[9A10adsal 66°0 F 2217 PUB 08'S F 1Y €1 ‘LET F 861 30 VNA '8 % 5ARS SUOHEqNOUI [OIIU0Y) Z=U ‘¢ JuswLIodxo
10y 1dooxs ‘g=u ‘S F uBSUI JY] JIB SAN[BA UMOUS dIB sjuowzadxa [enpiAipul 10y sjnsar O 03 asu0dsol 9N[OSGE S} Ul UONELIBA
JO osneoag “Aesse jow0)) Y} 10j passeoold pue O, L€ F8 Y 1 10 S8 TV-CL Uim pajequoul loMm sueydeloyns pue (jui/BM 1) OI

vy F150¢

06V F LI VY

SSEFI00Y

LY 91 F9€LS

SS'TF0S9I

STYF966T

€96 FT0VT

99'¢ F 16C¢

6€0F0LO

189 F¥9¢l

65°¢ FLEOSL

6€SFLEOT

SEF06TE

TTOFLL1Y

98'S F08'¢tY

8€' € F86°0¢

61 ¢ F e el

STFSPIE

86'L F £9'8C

8C € FOLSE

96'0 F 001 01
9T'€ F L6°0T 1
€9°0 F 62T 1o
61°€ F L6'ST 0

¢ Juswadxyg

7 Juownadxyg

1 uswiadxyg

¢ Juowadxyy

7 uswadxyg

1 Juswdxy

Juawow [iefg,

VNA 'L %

(AT)

sueydeiojng

SE51q PUENS YN Paonpul-O1 JO SUBdEIofis Aq UONIGIUT PII'S SIGEL




Sulforaphane (uM) % inhibition of tail DNA

D W 353+9.8

44.1 £24.6

d sulforaphane (0 -10 pM) for 1 hat 37
in methods 5.2.8. The % of inhibition
lues. Values are the mean + SD of three

T5-1A2 cells were inc ,ated w, h 1p
°C and processed for the Comet assay as d
was calculated after subtraction of the co
separate experiments.

240







5.3.1L.5. Effect of sulforaphane on H,O,-induced DNA strand breaks in the

T5-neo cell line.

The effect of sulforaphane on H;O,-induced DNA strand breaks was studied in the T5-neo
cell line. Cells were incubated with H,O, (25 uM) and sulforaphane (0-10 pM) for 1h at 37

°C in two separate experiments.

H,0, (25 pM) induced DNA damage in T5-neo cells as seen by an increase in % of tail
DNA and tail moment (42.18 + 1.51 and 64.57 + 4.48 respectively) compared to the
negative control (8.23 + 0.38 and 6.41 + 1.48 for % tail DNA and tail moment respectively)
(P < 0.01). The effect of sulforaphane on Hz0- treatments is shown in Figure 5.ILs.
Treatments containing sulforaphane (0.1-10 pM) did not significantly reduce the effect of
H,0, . Although the response to sulforaphane at 1 uM was significantly lower than the
H,0, treatment (% tail DNA and tail moment 36.13 £ 0.70 and 51. 24 + 1.91 respectively,
compared to 42.18 + 1.51 and 64.57 £ 4.48 for H;0,), the % tail DNA of sulforaphane at
any other concentration (0.1 and 10 pM) was not significantly different from the positive

control and dose-response effects were not seen (Figure 5.1Ls.).

The response of the individual cells to the different treatments is shown in Figure 5.11.t. For
the H,0, most of the cells fell in the categories of medium, high and maximum damage
(71.7 %), whereas the opposite effect was seen for the control, with most of the cells with
minimum and low damage (92.7 %). The presence of sulforaphane in the incubations did
not change the distribution of cells with respect to the H,O, treatment, with most of the
cells being cometed (medium, high and maximum degree of damage ranged from 65.8 to

70.9 for sulforaphane 0.1-10 respectively).
These results indicate that sulforaphane had no effect on the induction of % tail DNA and

tail moment (indicators of DNA strand breaks) by the direct acting compound H>0, in the

T5-neo cell line.
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Heterologous expression systems for human cytochrome P450 isoenzymes are valuable

tools to aid in extrapolation of data from laboratory animals to humans (Langenbach et a/,
1992; Ellard et al, 1991; Gonzalez and Korzekwa, 1995) and have been used to measure a
variety of genotoxic endpoints (see section 5.1.). In this study we used a human liver
epithelial cell line (THLE) expressing human CYPs to detect the activation of
procarcinogens and to assess the ability of sulforaphane to modify the production of
genotoxic metabolites. The THLE cells expressing human CYPs, in particular T5-1A2 and
T5-2E1 represent a metabolically competent system, as demonstrated by the measurement
of human CYP1A2 and CYP2E1 activities, respectively. These cells can be used for
pharmaco-toxicological studies, and have also been used for the measurement of several
genotoxic endpoints such as measurement of DNA adducts or p53 mutations (Macé et al,

1996, 1997).

One of the standard techniques to determine genotoxicity in mammalian cells is the
unscheduled DNA synthesis (UDS) assay (see chapter 4). However, most of the established
cell lines expressing human CYPs, including human CYP-THLE cells, are not suitable for
use in the UDS assay. The reason for this is that these cells divide rapidly (doubling time <
24 h), which implies that a large number of cells in a determined time are in S-phase
(undergoing semi-conservative DNA replication), thus making impossible an accurate
analysis of UDS. One possible solution to this problem would be to suppress semi-
conservative replication with hydroxyurea (Waters, 1984), however this compound has also
been shown to produce DNA damage and to inhibit DNA repair (Collins ef al, 1977). An
alternative solution is to remove S-phase cells by using a Fluorescence Activated Cell
Sorter, however this is a laborious and time consuming process, and only few cells of a sub-

population are obtained at the end of the process (Rueff et al, 1996).

An alternative genotoxicity test could be the SCGE or Comet assay, which measures DNA
strand breaks as the end point (see section 5.1.4.). Strand breakage is non-specific and can
be produced directly (e.g. uv light) or indirectly (through alkali-labile sites or excission

repair) by a wide range of genotoxic agents such as chlorobenzene (Vaghef and Hellman,
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(Speit and Hartmann, 1995). One of the several advantages of the Comet assay is that it can
be used in any nucleated cell population, independently of their position in the cell cycle
(McKelvey-Martin et al, 1993). The Comet assay has been used in several cell lines such as
murine lymphoma subline LY-R (Kruszewski ef al, 1994), HeLa cells (Collins ef al, 1995)
or human fibroblasts (Singh ez al, 1991), suggesting that it may be a useful technique for

measurement of genotoxicity in the THLE cells expressing human CYPs.

S.4.1. Adaptation of the Comet assay

The Comet assay requires isolated cells. Since T5-neo, 2E1 and 1A2 cells grow in
monolayers (see section 5.2.1 ), a single cell suspension was generated either by trypsination
or by scraping. This study indicates that these techniques were not suitable for these cells,
since both cell suspensions obtained by trypsination and scraping in two different cell types
(T5-2E1 and T5-1A2) gave a high background of percentage of tail DNA, tail moment and
tail length, parameters indicative of DNA strand breakage. Furthermore, a high percentage
of cells exhibited medium and high damage (Figures 5.11.a. and b.), particularly those cells
obtained by trypsination. These findings were in agreement with those of Singh ez al,
(1991), who reported induction of DNA damage by trypsination and scraping in human-
foreskin derived fibroblasts using the Comet assay. They also suggested that these effects
could be the result of cell membrane damage and the subsequent elevation of intracellular
free calcium which has the potential to activate endodeoxyribonucleases (Singh ez al, 1991).
However, the induction of DNA damage was not reported in other cell types, such as HeLa
cells using a mixture of trypsin-versene (Collins ef al 1995) or in human cell lines
MRCS5CV1 and xeroderma pigmentosum cell line XP12ROSV using trypsin (Speit and
Hartmann, 1995). This suggests that the enhanced migration of DNA in the Comet assay
following trypsination might depend on the type of cells used (see below). The
establishment of a method with adequate sensitivity whilst maintaining a low background
for control cells was thus required, and was achieved by using a modification of the method

by Singh et al, (1991), in which cells were grown on microscope slides.
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cells, however the sensitivity was adequate for detecting positive responses (see following
sections). Several reports have indicated that certain cell types such as human and mouse
sperm (Singh et al, 1989) or mouse kidney cells (Fairbairn et al, 1994) showed DNA
damage in the Comet assay due to the presence of alkali-labile sites (DNA damage was not
observed under neutral conditions) rather than preexisting DNA strand breaks, thus
suggesting that this background represents a functional characteristic of the chromatin in
these cell types rather than DNA damage. As part of the technique modification described
above (section 5.3.11.1.2. and table 5.1Lb), the effect of unwinding and electrophoresis time
on DNA damage in control cells was studied. The reduction of unwinding and
electrophoresis time (both under alkaline conditions) decreased significantly the percentage
of tail DNA, tail moment and tail length of control T5-1A2 cells. This suggests that the
background observed in these cells (and probably in T5-2E1 and neo cells) may (as with the
sperm and kidney cells; see above), also be a consequence of the presence of alkali-labile

sites rather than DNA damage.

5.4.2. Induction of DNA strand breaks by carcinogens

NDMA is a potent genotoxicant in rodents and possibly in humans (Bartsch, 1991) and has
been shown to be metabolically activated by human CYP2E], although other enzymes such
as CYP2A6 may also contribute to the activation with less affinity in the AHH-1 ¢cDNA
expression system (Crespi er al, 1990; Bellec et al, 1996). NDMA (0.01 - 1 ug/ml)
produced DNA strand breaks in the T5-2E1 cell line (expressing human CYP2E1) in a
concentration-dependent manner but had a minimal effect on the T5-neo cells (lacking
transfected human CYP isoenzymes). The small increase in percentage of tail DNA for
NDMA at 1 pg/ml in TS5-neo cells (only significantly different from the control when the
whole cell population was used for the statistical analyses) might be explained by a low level
of residual CYP2E1 (or CYP2AS6, although levels of both enzymes were not detected by
Western blotting, there is evidence of production of low levels of N'-methyldeoxyguanosine
adducts; Pfeifer ez al, 1993). The production of DNA strand breaks by NDMA in T5-2E1
was also clearly indicated by an increase in the percentage of cells cometed (i.e. with % tail

DNA > 40, corresponding to high and maximum categories, Figure 5.11.k.). On the other
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minimum and low damage. These results are in accord with the fact that T5-neo cells are

relatively inefficient in the metabolic activation of NDMA, whereas T5-2E1 cells activate
NDMA via CYP2E] to a reactive metabolite, and thus demonstrating the applicability of

these cells.

It has been suggested that cytotoxicity under some circumstances may increase the
parameters measured in the Comet assay (McKelvey-Martin ez al, 1993). However, in this
study NDMA was not found to be cytotoxic at the concentrations tested (0.01 - 1 pg/ml)
(measured by trypan blue exclusion) in T5-2E1 cells. NDMA at 10 pug/ml was, however,
found to be cytotoxic, which resulted in a decrease of DNA damage with respect to the
previous concentration. These results indicate that the DNA strand breakage observed after
treatment of T5-2E1 cells with NDMA (0.01- 1 pg/ml) is not secondary to cytotoxicity.
The production of DNA strand breaks by NDMA has also been observed in rat hepatocytes
using the Comet assay, although at a higher concentration than the one used here (1.85
mg/ml) (Ashby et al, 1995) and in vivo in hamster and rat hepatocytes using the alkaline
elution assay (Jorquera ef al, 1994). NDMA is a methylating agent which has shown to
yield N-, O°-methylguanine, and may yield apurinic sites during DNA repair (Guttenplan,
1987). The repair of alkylated bases involves the sequential action of an endonuclease, DNA
polymerase and ligase (see section 1.1.3.1.), during which process DNA strand breaks may
be formed (Jorquera ef al, 1994). The positive response of NDMA in the Comet assay may
therefore be a result of DNA strand breaks induced during repair and/or production of alkali
labile sites (apurinic sites). NDMA in mouse hepatocytes induced UDS at the concentration
of 2.5 pg/ml (see chapter 4), thus the sensitivity of the Comet assay was comparable to that

of other standard genotoxicity tests.

IQ is a potent mutagen in various systems (bacteria, laboratory animals) and a carcinogen in
rodents and primates (Overvik and Gustafsson, 1990), however its risk to humans is still
unclear, although it is thought that it may play a role in the aetiology of human cancers
(Overvik and Gustafsson, 1990). IQ has been found to be activated by the human CYP1A2
(Thompson et al, 1991; Aoyama et al, 1990). IQ (0.1- 10 pg/ml) produced DNA strand

breaks in a concentration-dependent manner in T5-1A2 (expressing CYP1A2) whilst no
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o cells, thus

capable of metabolic activation of IQ via CYP1A2. These results were further supported by
the fact that the percentage of TS5-1A2 cells cometed increased with increasing
concentration of IQ (Figure 5.I1.n.), whereas T5-neo cells remained with minimum and low
damage for both control and IQ treatments. A small increase in DNA damage parameters
was observed in T5-neo cells with IQ 10 pg/ml, however that was not biologically
significant if compared with the response at the same concentration in T5-1A2 cells. IQ was
not cytotoxic in T5-1A2 cells, thus indicating that production of DNA strand breaks by 1Q
was the result of genotoxicity. These results are comparable to those of Davies et al,
(1995), where IQ produced DNA strand breaks at 2.5 pM and above in V79 cells
genetically engineered to express rat CYP1A2. The mechanisms of formation of these
breaks are not fully understood, but may reflect alkali labile sites or excision repair of DNA
adducts derived from IQ. Aflatoxin B;, which has recently been shown to be metabolically
activated by human CYP1A2, CYP3A4 and CYP2A6 (CYP1A2 was the isoenzyme with
the greatest affinity) in AHH-1TK cells expressing human enzymes (Crespi ef al, 1990,
1991) and in T5 cells (Mace ef al, 1996b, c), also produced DNA strand breaks in T5-1A2
cells. Aflatoxin B; produced DNA strand breaks at the concentration of 0.1 ng/ml, which is
1000-fold lower than the concentration used for 1Q (0.1 pg/ml). Thus, T5-1A2 cells
appeared to be much more sensitive to aflatoxin B; than to IQ. This contrasts with the fact
that IQ is a more potent mutagen than aflatoxin B, in bacterial mutagenicity assays. I1Q has
shown to induce up to 400 revertants/ng in Salmonella typhymurium TA98 (Rumney et al,
1993; Overvik and Gustafson, 1990) whereas the mutagenic potential of aflatoxin B,, was
lower (18 revertants/ng in S.fyphymurium TA100, Ames et al, 1975). The different DNA
damaging potencies of aflatoxin B and IQ in T5-1A2 cells might be explained in terms of
metabolic activation of these compounds. Aflatoxin B, is activated to the highly reactive
8,9-epoxide by several human CYPs, including CYP1A2 (see above) which can then
covalently bind to DNA to form DNA adducts (Guenguerich et al, 1992) and DNA strand
breaks, presumably produced as a consequence of excision repair or alkali labile sites. 1Q is
metabolised by CYP1A2 to N-hydroxy-IQ which is further metabolised to the ultimate
reactive form IQ-NH' (see figure 1.b. for structure) via N-O-sulphatation or N-O-
acetylation (mainly by NAT2, see general introduction section 1.2.3; Overvik and

Gustafsson, 1990) which then can bind to DNA to produce N-(deoxyguanosin-8-yl)-1Q
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o oand Schut, 1991 B step

whereas IQ requires two steps (two enzymes) which could explain the relatively low
response of this compound in T5-1A2 cells. No information is available on the content of
NAT2 in T5-1A2 cells; nevertheless, IQ was effective in producing DNA damage in T5-

1A2 cells in the Comet assay.

Some controversy exists on the issue of which parameters should be used in the Comet
assay to reflect DNA strand breakage. Whereas the majority of authors have used the tail
length (or tail migration), which is easily measured, other authors have suggested that the
percentage of tail DNA (Anderson et al, 1994; Collins et al, 1995; Ashby et al 1995) or tail
moment (Vaghef and Hellman, 1995; Speit and Hartmann, 1995; Kruszewski et al, 1994;
Hellman et al, 1995) are more accurate and correlate better with the amount of DNA
damage produced (these two parameters require the use of a computerised system in order
to be quantified). In this study, a correlation of tail length with percentage of tail DNA and
tail moment was seen for NDMA in T5-2E1 cells, however for IQ treatments in T5-1A2
cells the tail length did not correlate with the other parameters. In fact, the tail length
increased for the lowest concentration of IQ compared to the control treatment, but did not
increase with increasing dose of IQ reaching a plateau. This agrees with the observations of
other authors (Fairbairn et al, 1995; McKelvey-Martin et al, 1993), who suggested that the
tail length is largely defined by the electrophoresis conditions rather than the DNA damage.
This was further supported by the results obtained in an attempt to improve the “Standard”
Comet assay for the cells used here (section 5.3.11.1.2. and table 5.ILb.). The reduction of
unwinding and electrophoresis time did not change significantly the percentage of tail DNA
and tail moment of T5-1A2 cells treated with hydrogen peroxide, however the tail length
decreased, thus clearly indicating that this parameter depends on the electrophoresis

conditions and for certain compounds may not reflect DNA damage.

Since the Comet assay measures DNA damage in individual cells, one of its advantages is
that it allows the detection of cell sub-populations with different responses to the test agent.
T5-neo, T5-2E1 and TS5-1A2 are genetically “identical” and therefore should respond to
genotoxins in an equal manner. However, cells showed heterogeneity of response to all the

different agents tested (NDMA, IQ, aflatoxin B; and hydrogen peroxide). Nevertheless, a
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g ge to high damage was o
concentrations of test compound, as indicated in T5-2E1 treated with NDMA 1 ug/ml,
where most of the cells had medium, high and maximum damage (Figure 5.ILk.). One
possible explanation for this heterogeneous response is that the cells are asynchronous, i.e.
they will be at different stages of the cell cycle (some cells may be in S-phase, G, or G»-
phase), and they might respond in a different manner to the genotoxic agent. This has been
suggested by some authors (Fairbairn et al, 1995), however others have indicated that under
alkaline conditions (as used in this work) no differences were seen, although when the assay
was performed under neutral conditions (this allows detection of double strand breaks only)
cell-cycle differences were observed (McKelvey-Martin ef al, 1993; Olive et al, 1991). The
theoretical basis behind these cell cycle differences might be that chromatin structure varies
throughout the cycle and thus may affect the formation of comets. Furthermore, DNA
repair systems may behave differently depending on the cell cycle position, which may result
in a different production of DNA strand breakage, especially for the agents used here where
excision repair may contribute to the induction of DNA strand breaks. Another possible
explanation to the observation of cell heterogeneity is that enzyme activity (CYP1A2 and
CYP2E1 for T5-1A2 and TS-2E1 cells respectively) may be affected by the stage of cell
division, although no evidence for this exists. The variable responses to hydrogen peroxide,

a direct acting genotoxicant not requiring metabolic activation, with all the different cell

types suggests that heterogeneity is not simply a feature of variation in metabolic activation.

The Comet assay has been proposed as a screen for genotoxicity testing due to its
sensitivity and non-specificity (measurement of DNA strand breaks is non-specific),
although it also presents some minor limitations (i.e. false positives due to cytotoxicity or
Ca®" release) (see introduction 5.1.4) (Fairbairn ef al, 1995, McKelvey-Martin et al, 1993).
The results shown here indicate that NDMA and 1Q-production of DNA strand breaks was
mediated by the human CYP2E1 and CYP1A2 isoenzymes respectively. These findings also
suggest that the Comet assay may also be a valuable tool to aid mechanistic work on the

role of CYP450 in the activation of chemical carcinogens.
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DMA- and I(}-:ﬂ{ft;i‘&{!

The main purpose of this chapter was to determine whether sulforaphane was able to
modulate genotoxicity of NDMA and IQ in human cells expressing human CYP2E1 and
CYP1A2 and to aid the extrapolation of data from rodent-derived metabolic activation
systems from previous chapters (chapter 4) to humans. Sulforaphane inhibited both NDMA
and I1Q-induced DNA strand breakage in T5-2E1 and T5-1A2 cells respectively. This was
evidenced by a decrease on the percentage of tail DNA and tail moment with respect to the
positive controls (NDMA and IQ) and also by a decrease of cell populations highly cometed
and increasing populations with low damage. This inhibition by sulforaphane was not
related to cytotoxicity effects, which were not evident in any of the cell lines. Sulforaphane
had previously been shown to inhibit NDMA genotoxicity using rodent enzymes for
activation (see chapter 4). The inhibition of IQ mutagenicity by several cruciferous
vegetable juices has been reported (Edenharder ef al, 1994) and sulforaphane has been
found in some of these vegetables (Zhang et al, 1992), however it might be ambitious to
link these two events, since vegetable juices contain a large number of known and probably
unknown components. Recently, Knasmuller et al, 1996 reported the inhibition of the
related amine, 2-amino-1-methyl-6-pheny1imidazo[4,S-b]pyridine (also activated by

CYP1A2) genotoxicity by PEITC in various systems.

The inhibition of genotoxicity of NDMA and IQ in T5-2E1 cells and T5-1A2 cells
respectively by sulforaphane is considered to reflect the ability of sulforaphane to inhibit
both human CYP2E! and human CYP1A2. Nevertheless it could be argued that
sulforaphane may inhibit genotoxicity via modulation of DNA repair systems or other
mechanisms or may interfere with the Comet assay itself. In order to clarify the mechanism
of inhibition of DNA strand breakage by sulforaphane, the ability of sulforaphane to
modulate genotoxicity by an indirect acting agent was assessed in T5-neo cells in the Comet
assay. Hydrogen peroxide has been shown to produce DNA strand breaks per se in
numerous cell types (Anderson ef al, 1994) and was also effective in the T5-neo cells.
Although a small decrease in DNA damage by sulforaphane was observed at the
concentration of 1 ug/ml, no effect was seen at the other concentrations and concentration-

dependent effects were not seen. Moreover, the distribution of cell populations did not
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change with respect to the hydrogen peroxide treatment. This indicates that sulforaphane

did not interfere with the Comet assay itself and did not protect against damage produced
by H,0, suggesting that sulforaphane may be devoid of antioxidant properties, although this
should be confirmed in other systems and further experiments. The lack of sulforaphane to
influence hydrogen peroxide-induced DNA strand breakage thus supports the inhibition of
metabolic activation as a basis for the ability of sulforaphane to inhibit NDMA- and 1Q-
induced DNA strand breaks in T5-2E1 and T5-1A2 cells and suggests that such inhibition is
relevant to the human forms of CYP2EI and CYP1A2.

Interspecies variability regarding CYP450 expression, substrate specificity or inhibition are
common (see section 1.3. 6). For example, furafylline is a potent inhibitor of human
CYP1A2 but is far less potent in rat. Sulforaphane inhibited rat CYP2E1 and CYP1A2
(chapter 3), and also, genotoxcity of NDMA mediated by mouse enzymes (mainly CYP2E1)
(chapter 4). The results showed here indicate that sulforaphane is also an effective inhibitor
of the human orthologous CYP2E1 and CYP1A2. It has been suggested that inhibition of
the metabolic activation (generally CYP450-mediated) of carcinogens may be a mechanism
of chemoprevention (see 3.4. and general introduction 1.4.3). Furthermore, some
chemopreventor agents that are specific inhibitors of some human CYP450 isoenzymes such
as oltipraz (inhibits human CYP1A2 and CYP3A4; Langouét et al, 1995), are currently
undergoing clinical trials (see general discussion, chapter 6). The ability of sulforaphane to
inhibit genotoxicity of NDMA and IQ mediated by human enzymes suggests that this agent

might be chemoprotective in humans.
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decreased risk of certain cancers (Steinmetz er al, 1993) (see section 1.4.1). The

epidemiological data are supported with experimental data from rodents (see 1.5.) and it has
been suggested that this protective effect may be attributed, at least in part, to certain
micronutrients (chemopreventors) (Wattenberg, 1983, 1992). Although the mechanisms of
such protection are unknown and probably multifactorial, it has been suggested that the
modulation of carcinogen metabolism may contribute (see section 1.4.3.). Sulforaphane, a
degradation product of the glucosinolate gluconaphanin present in various cruciferous
vegetables, was recently proposed as a potential chemopreventor agent, due to its ability to
suppress DMBA tumorigenicity in rats, which was attributed to the ability of sulforaphane
to induce enzymes involved in the detoxification of this carcinogen (Zhang et al, 1992,
1994). We wished to test the hypothesis that sulforaphane protection may also involve the
modulation of metabolism via inhibition of activation pathways, i.e. CYP450. Sulforaphane
inhibited rat CYP1A and CYP2E1 (chapter 3) and also inhibited the genotoxic effects of the
potent carcinogen NDMA (mainly activated by CYP2E1) mediated by mouse metabolic
activation systems (chapter 4). Furthermore, genotoxicity of NDMA and IQ mediated by
human CYP2E1 and CYP1A2 was also reduced by sulforaphane. The inhibitory effects of

sulforaphane were measurable at concentrations much lower than those found cytotoxic.

Human and rodent cytochrome P450 enzymes play a major role in the activation of
carcinogens (see section 1.3.3.). Human CYP1A2 is involved in the activation of several
carcinogenic arylamines (including IQ) and aflatoxin B; (Guengerich and Shimada, 1991,
Crespi et al, 1991), and CYP2EI activates NDMA, halogenated hydrocarbons and many
low molecular weight environmental pollutants (Yang et al, 1990). The inhibition of
CYP2EI and 1A2 is thus expected to inhibit metabolic activation of these carcinogens and
their fatal effects. Such is the case of allium organosulfides (diallylsulfide, sulfoxide and
sulfone), which inhibited DMH-induced hepatotoxicity and colon carcinogenesis in rats
(Yang ef al, 1994). The inhibition of CYP2EIl-dependent activation of DMH has been
proposed as the most likely mechanism behind this effect (Brady et al, 1991, Reicks and
Crankshaw, 1996). The inhibition of NDMA-induced hepatocarcinogenesis by the drug
disulfiram, as well as the inhibition of tumorigenicity of various nitrosamines (CYP2E]

activated, at least in part) by various isothiocyanates (see section 4.1.2.) has also been
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al, 1992, Morse et al, 1993). In addition, the inhibition of NNK lung tumorigenicity in mice

and rats by PEITC and other isothiocyanates (Morse ef al, 1989, Jiao et al, 1994) was also
associated with the inhibition of CYP1A2, responsible, at least in part for its activation
(Smith ef al, 1996, Guo et al, 1991, 1993). The inhibition of other forms of CYP450, such
as CYP3A4 by oltipraz, has been associated with the inhibition of carcinogen activation by
this enzyme (i.e. aflatoxin Bj; Langouét et al, 1995). The ability of sulforaphane to
modulate human CYP2E1 and CYP1A2 mediated genotoxicity, thus suggests that it may
afford chemoprotection against carcinogenic substrates of these two enzymes. Sulforaphane
was also a potent inducer of GST in a murine cell line and in various organs of mice (15
umol/mouse/day increased levels of GST and QR 2-3-fold; Zhang ef al, 1992), enzymes
involved mainly (see below) in the detoxification of carcinogens (see section 1.2.4. and
1.2.5)). In a recent study, sulforaphane has shown to regulate transcription of the Ya
subunit of rat GST (Fei e al, 1996) however, studies concerning other subunits have not
been reported yet. The induction of phase II enzymes and inhibition of CYP450s are
therefore complementary mechanisms, since both will contribute to blocking certain
carcinogens from reaching or reacting with cellular targets. Tumorigenicity of DMBA was
reduced by sulforaphane in rats in vivo (Zhang et al, 1994). However, it can not be
concluded whether this effect was due to the induction of phase II enzymes (GSTs and
QRs) alone (Zhang et al, 1992) or whether inhibition of rat CYP1A (chapter 3) also
contributed. The study of the inhibitory effects of sulforaphane in vivo thus requires

attention.

CYP450 enzymes are also known to metabolically detoxify certain carcinogens (see table
1.d. in general introduction). To cite some examples, 1,3-dinitropyrene and
trichloroethylene can be detoxified by CYP1A2 and CYP2EI respectively (Guengerich,
1994). On the other hand, phase II GSTs (see section 1.2.4), whose major role is to
detoxify reactive intermediates, can result in increased reactivity in some instances (e.g.
ethylene dibromide) (Guengerich, 1994). As a result of this, the inhibition of CYP450
isoenzymes, and induction of GST isoforms, may not always result in a protective effect, in
fact it could increase carcinogenicity for compounds such as the above mentioned. The

protective effects of any chemopreventor agent, including sulforaphane, towards one or
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is sufficient experimental evidence:

The chemoprotective action of a chemical can be viewed as the result of the balance
between beneficial and adverse effects. Isothiocyanates are an interesting class of
compounds that illustrate this point, since they appear to have both anticarcinogenic and
mutagenic/carcinogenic properties. The overall balance of these effects dictates their final
action; for instance, allylisothiocyanate is under certain circumstances mutagenic and
carcinogenic (Neudecker and Hernschler, 1985, Dunnick ef al, 1982), whereas PEITC and
BITC are regarded as chemopreventive agents, although they have also been found
genotoxic (Babich er al, 1993). Sulforaphane was not genotoxic itself in two different
systems (see section 4.4.1.), thus suggesting an overall beneficial balance. It is also
encouraging that no adverse effects were seen when administered to rats (50-150

umol/rat/day by gavage) previous to DMBA administration (Zhang e7 al, 1994).

Another potential adverse effect to chemoprevention might be the induction of CYP450
forms following in vivo exposure. Since CYP450s play key roles in the activation of
carcinogens (see above) (Guengerich and Shimada, 1991, Gonzalez and Gelboin, 1994), it
has been suggested that their induction may result in enhanced carcinogen activation and
carcinogenicity (Ioannides and Parke, 1993). This may be the case for indole-3-carbinol, a
glucosinolate degradation product also found in brassica vegetables which has been shown
to induce AHH activity (Loub ez al, 1975). In contrast to this, isothiocyanates derived from
glucosinolates, such as PEITC did not induce CYPIA, CYP2El or CYP3A in rats,
although increased levels of CYP2B were observed (Ishizaki ef al, 1991, Guo et al, 1992).
Nevertheless, the role of the human orthologous CYP2B6 in carcinogen activation is
minimal (Guengerich, 1995). The ability of sulforaphane to induce CYP450 is not known.
However, sulforaphane appears to be a monofunctional inducer, i.e. induces phase II
enzymes without interaction with the Ah receptor, which is responsible for the induction of
CYPIAl and CYP1A2 (see sections 1.3.4.1.1. and 1.4.4. of general introduction).
Evidence for this is provided by the induction of QR in Hepa 1c1c7 cells defective in the Ah
receptor (Zhang et al, 1992). The induction of GST and QR by sulforaphane appears to be

mediated by the ARE responsive element (Prestera and Talalay, 1995). This was confirmed
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cells transtected with the 5° regulatory region of rat QR linked to the reporter gene CAT, by

interacting with ARE, but no induction was observed with XRE (Gerhauser e al, 1997).
XRE sequences are present in the enhancer region of various phase II enzymes and also in
those of CYP1A1 and CYP1A2, whereas ARE sequences are present only in the phase II
detoxification enzymes but not in CYPIA (see 1.3.4.1.1. and 1.4.4.). The findings of
Gerhauser ef al, (1997) thus suggest further that sulforaphane does not induce CYP1A. A
more complete assessment of P450 induction has not been reported for sulforaphane but it
is of interest that the related glucosinolate hydrolysis product, 1-isothiocyanate-3-
methylsulfinylpropane gave no significant induction of phase I enzymes at up to 100
umol/kg (gavage for 7 days) in rats, while it induced GST and QR in the intestine (Kore et
al, 1993).

The potential ability of sulforaphane to modulate carcinogenesis by other mechanisms is not
known, but should not be ignored. Administration of dried broccoli to rats resulted in the
induction of antioxidant enzymes in several organs (Vang ef al, 1995). The induction of
glutathione reductase in liver and glutathione peroxidase in kidney was associated with
indole glucosinolates and glucoerucin, and the induction of SOD in liver correlated with the
glucosinolate glucoerysolin (Vang er al, 1995). Glucoerucin and glucoerysolin are the
glucosinolate precursors of 1-isothiocyanate-4-methyl-thiono-butane (CH;-S-(CH,)s-NCS)
and 1-isothiocyanate-4-methylsulfonylbutane (CH;-SO,-(CH,)s-NCS) respectively, whose
structure highly resembles that of sulforaphane (CH;-SO-(CH,)s-NCS). The induction
observed was probably due to the isothiocyanate (at least in part), since the broccoli powder
samples were incubated at pH 7.5 for 2 h, conditions known to degradate the glucosinolates
by endogenous myrosinase into isothiocyanates (see introduction 1.5.2. and figure 1.¢.)
(Vang et al, 1995). It is thus conceivable that sulforaphane might exert similar effects, due
to their related structures. Furthermore, sulforaphane has been shown to be transformed to
its sulfide and sulfone derivatives in vivo (see chapter 3 discussion 3.4.), which are in fact
the compounds mentioned above. The potential of sulforaphane as an inducer of antioxidant

enzymes is thus promising, and should therefore be investigated.
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The protective effect of chemopreventors against carcinogenesis should be analysed with

caution, since adverse effects may occur under certain conditions. One of the major
forethoughts concerns tissue specificity. The ability of a certain agent to inhibit carcinogen
activation in a particular tissue, e.g. liver, may result in greater delivery of the carcinogen to
a different organ. One example of this is the inhibition by ethanol or disulfiram of NDMA
hepatocarcinogenesis yet enhanced tumorigenicity in other tissues (Yang ef al, 1994, De
Flora and Ramel, 1988). The extrapolation of a certain protective effect should therefore be
avoided, especially when different carcinogenic agents and different tissues are involved.
The case of 6-phenylhexylisothiocyanate (PHITC) illustrates this well. This compound is a
potent chemopreventive agent of NNK tumourigenesis in the lung of mice (Jiao ef al,
1994), but it enhanced azoxymethane-induced colon tumourigenesis (Rao ef al, 1995). In
addition to the carcinogen and tissue differences within the previous studies, the sequence
of administration of the isothiocyanate may also account for the increase in tumours, since
rats were fed PHITC during the initiation and post-initiation phases of carcinogenesis (Rao
et al, 1995). Similar effects were observed with chlorophyllin, which inhibited IQ
carcinogenesis in three different organs in rats when co-administered with IQ, but increased
the number of aberrant crypts during post-initiation exposure (Bertram, 1995).
Carcinogenesis is a complex multistage process (see general introduction 1.1.2.) and
different events are involved in the initiation and promotion stage. Depending on the stage
at which chemopreventors exert their action (see section 1.4.2), the sequence of their

administration may affect the outcome of their inhibitory potential.

The ability of sulforaphane to modulate the promotion stage of carcinogenesis has so far not
been investigated. In a recent study, sulforaphane induced c-Jun transcription factor mRNA
(Fei et al, 1996). This could contribute to the induction of expression of phase II enzymes,
since AP-1 like sites are present in ARE (Fei e al, 1996), although this is controversial (see
general introduction 1.4.4.). The implications of fhis induction (c-Jun) on the possible
influence on cell proliferation have not been addressed. Nevertheless, related chemicals to
sulforaphane had an antiproliferative effect. Cysteine derivates of PEITC, BITC, and
phenypropyl-ITC (glutathione conjugate products) had in vitro selective antiproliferative
activities against human leukemia 60 (HL60) cells, but were not effective against

differentiated cells (Adesida et al, 1996). The related glucosinolate degradation products of
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glucoerucin (see above), glucocheirolin (CH;-SOQ—((EH;);-NCS), and glucoraphenin (CHs-
SO-CH=CHCH,CH>-NCS) also inhibited human erythroleukemic K562 cell proliferative
growth (Nastruzzi et al, 1996). The latter was also active towards other tumour cells, such
as human T-lymphoid cells or human cervix carcinoma cells (Nastruzzi et al, 1996). Bearing
in mind structure activity relationships (the above chemicals have a similar structure to
sulforaphane with only one difference (or two) in their structures, i.e. sulfide group, sulfone
+ three carbon chain, and double bond, respectively instead of a sulfoxide group and four
carbon chain), one could envisage a potential antiproliferative activity for sulforaphane,

although it does require study.

Figure 6 summarises the effects of sulforaphane known to date. The potential but unknown
mechanisms are marked with a question mark. It thus appears that the global effect of
sulforaphane might be that of chemoprotection, since to date, major adverse effects have

not been found.

The question that arises is whether the effects of sulforaphane seen here will be relevant to
humans. Sulforaphane is present as the glucosinolate precursor glucoraphanin in a variety of
cruciferous vegetables (see general introduction 1.5.2), which are regularly consumed in a
well balanced diet. The impact of sulforaphane in the human diet has not been assessed,
although it has been estimated that the mean content of glucoiberin in an U.S.A diet is 1
umol/kg/day (Kore ef al, 1993). In the UK, it has been estimated that up to 46 mg of
glucosinolate might be consumed daily (Sones et al, 1984). Glucoiberin and glucoraphanin
represent approximately a 10% of the total glucosinolate content in broccoli (Loft et al,
1992), and approximately 14 pg of sulforaphane was isolated from fresh broccoli
(calculated from Zhang et al, 1992), it is thus conceivable that a few mg of glucoraphanin
might be consumed daily. Both inhibition of CYP450s and induction of phase II enzymes in
vitro by sulforaphane were observed at pM concentrations, which are potentially achieved
from the human diet. Little is known regarding the stability of glucosinolates and
isothiocyanates, and its absorption in the gut, however there is evidence indicating that
glucosinolates are degraded to isothiocyanates by the microflora (see 1.5.2.) and also during

the process of cooking and vegetable processing (Johnson, 1997).
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One potential approach to chemoprevention is to promote dietary changes leading to an

increased consumption of foods rich in protective factors. Cruciferous vegetables contain a
plethora of chemicals with multiple potential effects and it is the overall balance which will
influence the human population. Some experimental data have shown that feeding animals
with cruciferous vegetables (cabbage, broccoli or Brussels sprouts) resulted in the induction
of CYPIA activity (measured as EROD or AHH activity) (Wortelboer e? al, 1992,
Ramsdell and Eaton, 1988, McDanell et al, 1989), and dietary broccoli also induced
CYP1A2 in humans (Kall e al, 1996). However, some studies have suggested that indole
glucosinolates are the major components responsible for this induction (Loub ef al, 1975,
McDanell ef al, 1989). Discrepancies exist about the “beneficial effect” of consumption of
cruciferous vegetables, due to the observed elevation of CYP450 levels in some ¢ases (see
above). Nevertheless, epidemiological evidence exists supporting correlation between its

consumption and a decreased risk of cancer.

Another potential approach is the direct intervention of human populations with putative
chemopreventor agents, of which sulforaphane might be a candidate. The advantage of
chemoprevention clinical trials is the use of a single compound with known effects rather
than a range of chemicals with multiple and possibly unknown effects. Caution should be
taken however, since some chemopreventors might produce adverse effects in the human
organism. Such is the case of the [-carotene and retinol chemoprevention study in a
population at high risk of developing lung cancer, in which the treatment actually
exacerbated the disease (Omenn et al, 1996). Chemoprevention trials are currently
restricted to high risk populations, due t0 its cost and feasibility. It is of interest that oltipraz
is currently undergoing chemoprevention trials in a population of China (Qidong) with
aflatoxin By exposure and an associated high risk of hepatocellular carcinoma (Kensler,
1996). Although the mechanisms of the action of oltipraz are not fully understood, the
inhibition of CYP450 enzymes and induction of phase II enzymes are good candidates (see

above and section 3.4).
Growing evidence indicates that modulation of carcinogen metabolism enzymes may play a

role in the aetiology of human cancers. This modulation might occur by means of an

external factor (e.g. components in the diet, environmental pollutants) or as a consequence
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of genetic factors. In fact, it is now recognised that genetic polymorphisms in carcinogen

metabolising enzymes (e.g. CYP450s, GSTs, NAT2, see 1.2 and 1.3.5) influence

susceptibility to cancer. Of particular interest are the combined polymorphisms, such as
CYP1A1 and GSTM1 related to smoking and lung cancer risk (Hayasi et al, 1992, Nakachi
et al, 1993). Also the recent findings of Lear et al, suggest that CYP2D6 EM (or CYP1Al
mlm1) and GSTM1 null genotypes for individuals with skin type 1 were correlated with a
relatively high risk of developing cutaneous basal cell carcinomas (Yengi ef al, 1996; Lear
et al, 1996). The modulation of CYP450 enzymes and GST by sulforaphane (and other
agents) could therefore be viewed in parallel to the influence of polymorphisms on

carcinogen metabolising enzymes.
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