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ABSTRACT

Since the discovery of mycotoxins in food, the thrust of biochemical and toxicological
research has been carried out on animals which has proven to be uncoordinated and not
easily extrapoIated to humans. Over the last decade, there have been increasing pressures
to review and reduce the use of animals in experimental toxicological studies.
Consequently in this study aflatoxin B; (AFB,), zearalenone (Zea) and their epoxide
derivatives have been evaluated using in vitro assays. The HepG2, A549 and Hela cell
lines were used for assessing the cytotoxicity, effects on cellular metabolism and sites of
action of AFB,, Zea and their derivatives. The cytotoxicity of these mycotoxins was
evaluated using the methylthiazol tetrazolium (MTT) reduction assay. Cells, treated with
mycotoxins were prepared for transmission electron microscopy (TEM),
immunocytochemistry (ICC), scanning electron microscopy (SEM), confocal and light
microscopy. From the cytotoxicity assay it was found that the epoxide derivatives were
more toxic than the parent toxin when exposed to HepG2 cells with no significant
differences in toxicity levels in A549 and Hela treated cells. Both epoxide derivatives
displayed a regression of hepatoma cell proliferation at high doses (25ug/ml) while lower
concentrations (<12.5ug/ml) enhanced cell growth. Microscopy analyses showed distinct
cellular alterations. When exposed to AFB; (12.5pg/ml) hepatoma cells showed
prominent ultrastructural alterations such as areas of cytoplasmic lysis and increased
numbers of secondary lysosomes while cells exposed to Zea (12.5ug/ml) displayed
numerous ovoid mitochondria and proliferation of rough endoplasmic reticulum which is
indicative of enhanced protein synthesis. The presence of label in toxin treated cells is

suggestive of the effects of these mycotoxins. Such cellular changes may lead to altered

metabolism and cell function.
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focal areas of cytoplasmic lysis.

Electron micrograph of a Zea treated cell showing slightly
swollen and vesiculated (V) rER, together with ovoid
mitochondria (M).

Electron micrograph of a Zea treated cell showing
microsegregation of the nucleolus.

Electron micrograph of a zea-epoxide treated cell showing
multi-lobed nuclei.

Electron micrograph of a Zea treated cell showing normal
ovoid mitochondria with slight disorientation of cristae

Electron micrograph of a zea-cpoxide treated cell showing the
elongation of mitochondria and a loss of membrane integrity

Electron micrograph of Zea treated cells showing the presence
of cytoplasmic blebs and desmosomes

Electron micrograph of a zea-epoxide treated cell showing
areas of cytoplasmic lysis.

Immunocytochemical electron micrograph of a Zea treated cell
showing the presence of 10nm gold probes along the nuclear
membrane and within the cytoplasm.

ICC micrograph of a Zea treated cell showing the presence of
label within the nucleolus

ICC electron micrograph of a zea-epoxide treated cell showing
the presence of label within the swollen ER.
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Figure 5.13

Figure 5.14

Figure 5.15

ICC electron micrograph of a zea-epoxide treated cell showing
the presence of label in the nucleoplasm and within the
nucleolus.

ICC electron micrograph of a zea-epoxide treated cell showing
the presence of label

ICC ‘electron micrograph of a zea-epoxide treated cell showing
the presence of label within cytoplasmic blebs.
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Chapter 1
TOXICOLOGY

1.1 INTRODUCTION

As life began to evolve, the first macromolecules occurred as complex arrays with
the basic attributes to life. This was accompanied by environmental factors that
represented disruptive forces. These forces were not only physical but chemical as well.
Chemicals exisfed in the early milieu of life that interacted with these life forms, disrupting
the delicate balances through which they maintained their integrity (deBethizy and
Hayes, 1989). Those life forms that developed protective mechanisms such as cell
membranes and the ability to store energy were able to survive. These early life forms
manufactured molecules capable of reacting with environmental chemicals and thus
decreased their biological activity (deBethizy and Hayes,1989). The next step in the
evolution of protective mechanisms may have been the development of macromolecular
catalysis to chemically alter disruptive chemicals. Today cellular mechanisms exist for
metabolising the thousands of naturally occurring and synthetic toxins to which cells and
cellular systems are exposed.‘ Certainly not all mechanisms help to protect the living
system and therefore toxicology has become an integral part of understanding the cellular

environment.

1.2 The science of toxicology

The science of toxicology is a unification of a number of scientific disciplines
(biochemistry, pharmacology and pathology) directed towards a common goal of
identification, quantification and mechanistic explanation of adverse effects between a

chemical substance and a living organism or biological system.



A major concern of individuals and societies has been and is the attainment of
sufficient food to provide a healthful and productive life. Food is a complex chemical
mixture containing nutrients and a vast diversity of other substances. Because food is of a
biologic origin, it contains molecules important to the survival of the particular plant or
animal species from which it was obtained. These molecules are xenobiotic to human
biochemistry. They are more likely to produce adverse effects in humans. This study
focuses on food-borne toxicants that are present as contaminants, secondary to microbial
invasion of foods. These toxicants are referred to as mycotoxins and are produced in food

ingredients that cause adverse biological effects when consumed in sufficient quantities.

Many adverse human health effects have been linked to the dietary contamination
of foods with mycotoxins. Despite intensive research on mycotoxins the mode of their
toxic action on humans is largely unknown. Currently there is great interest in the effects
of mycotoxins on humans , in order to assess the dangers and likely results of populations

being exposed to dietary mycotoxins in both first and third world countries.

1.3  Objectives

The three mycotoxins selected for investigation in this study were aflatoxin B,
(AFB,), aflatoxin B, (AFB;) and zearalenone (Zea). The aflatoxins which are the most
prominent mycotoxins in South Africa have been widely studied with AFB, being the
focus of interest. Its carcinogenic properties are reputed to be related to its ability to form
an epoxide in the liver. Consequently in this study the cytotoxic effects and mechanisms of
action of these mycotoxins of importance in the South African context have beeﬁ :
investigated usirig three human cell lines; namely, HepG2 (liver carcinoma cells); A549

(lung carcinoma cells) and Hela (cervical carcinoma cells).



Chapter 2

LITERATURE REVIEW

2.1 MYCOTOXINS AND MYCOTOXICOSES

2.1.1 Introduction

“Wailing and writhing men collapsed in the street; others fell over and foamed
in epileptic fits whilst some vomited and showed signs of insanity. Many of them
shouted, “ Fire! I'm burning”. It was an invisible fire that separated the flesh from
the bones and consumed it. Men, women and children died in unbearable agonising
pain.”

These were the words used by a tenth century chronicler to describe a disease which
affected many parts of Europe in 943 AD (Coker, 1995). The disease became known

as “St_Anthony’s fire” because of the burning sensation experienced by the victims,

many of whom visited the shrine of St Anthony in France in the hope of being cured
(Coker, 1995). “St Anthony’s fire” was caused by the consumption of rye
contaminated with ergot alkaloids, compounds produced by moulds as secondary

metabolites and referred to as mycotoxins (Coker, 1995).

Living organisms are continuously being exposed to an increasing number and
variety of potentially harmful toxic compounds. The exposure of humans to fungal
metabolites has become a major concern since the discovery of aflatoxins, a fungal
metabolite produced by Aspergillus flavus and A. parasiticus, common and widely
distributed food spoilage fungi (Groopman ef al, 1988).  The discovery of the
aflatoxin metabolites led to more intensive studies of mycotoxins and to the

identification of a variety of compounds linked with adverse human health effects.



2.1.2 Mycotoxins

Mycotoxins are secondary metabolites which are products of metabolism
whose formation is induced by the abnormal stress which results from limitations to
normal growth patterns in the microbial cell (Weinberg, 1971). Several hypotheses
have been postulated to explain the production of secondary metabolites in micro-
organisms. The suggestion that they have no function and are produced as a result of
the breakdown in the regulation of the cells metabolism is considered unlikely in view
of the intense pressure of natural selection which can be expected to occur. It has also
been postulated that the speciﬁé products of secondary metabolism are not important
but the process of secondary metabolism 1s of selective advantage to the organism. It is
considered to provide a mechanism by which excess intermediates can be metabolised
during adverse growth conditions. Such a mechanism would serve to maintain the cell
in a functional state during conditions which prevented growth (Bu’lock, 1975). These
adverse growth conditions occur when some environmental factor (nutrient availability,

temperature and water activity) becomes limiting (Smith and Moss, 1985).
2.1.3 Conditions promoting fungal growth

Fungi are a major cause of deterioration and spoilage in stored crops. Spoilage
fungi attack food and feed crops after harvest whenever environmental conditions
become favourable for their proliferation (Smith & Moss, 1985). Moisture content of
the seed and grain, its viability and physical state, ambient temperature, length of
storage and activity of stored product insects are the main factors that determine both
the initiation and extent of mould growth (Smith & Moss, 1985). The sources of
contamination of any food commodity varies. Often the origin of fungi in food is the
very buildings used for storage and ripening. The moulds may proliferate on the walls,
ceilings and floors of these buildings. Spoilage of a product can manifest itself after
several months of storage. Storage facilities include underground pits and storage bins.



The factors affecting fungal growth include, substrate composition,
temperature, water availability and pH. Substrates differ in their ability to support
fungal growth due to differences in their physical and chemical characteristics (Lebars
1982, as cited by Gqaleni, 1996). Physical characteristics include water activity,
oxygen availability and surface area; while chemical characteristics include
carbohydrates, fat and protein content, trace elements and amino acid composition.
Moisture determines whether microbes can colonise a substrate or not (Gqaleni, 1996).
It has been suggested that the most important factor in growth and aflatoxin production
is the moisture surrounding the natural substrate (Smith and Moss, 1985). Although
pH is usually easy to determine it is more difficult to control since the growth of fungi
change the pH of the substrate (Gqaleni, 1996). Most fungi grow over a wide range of
pH.

The proliferation of moulds on food may simply result in it having an
unacceptable appearance. Mouldy foods are consumed throughout the world during
times of famine, as a matter of taste and through ignorance of the adverse health
effects. Modern toxicology has evolved rapidly during the past hundred years. The
exponential growth of this discipline can be traced to the world war two era which
marked the increase in the production of drugs, pesticides and chemicals. The threat of
mycotoxins to human and animal health has become more important as the demand on
the available food supply increases. The presence of mycotoxins is potentially the most
serious quality problem which faces producers, manufacturers and handlers of food.
The United Nations Food and Agricultural Organisation has estimated that up to 25%
of the worlds foods are contaminated with mycotoxins (Smith and Moss, 1985). There
is therefore this urgency to minimise their presence in foods.



The following diagram illustrates the factors affecting mycotoxin production

1 2 3
Biological factors Environmental factors Harvesting factors
Susceptible crop + Temperature, moisture Crop maturity

compatible toxigenic —* Mechanical injury/fungus ———* Temperature

fungus Insect/bird damage Moisture detection

4
Storage
Temperatufe
Moisture detection

5

Distribution-Processing
Detection
Humans + Animals
Animal products
Fig 2.1 Factors affecting the occurrence of mycotoxins in the food chain (Smith

etal., 1994).

2.1.4 Mycotoxicoses

Mycotoxicoses has been defined as those illnesses of man and animals caused
by toxigenic fungi (Moreau, 1970). In most instances toxigenic moulds that grow and
proliferate on food products diffuse into it which is followed by the ingestion of these
toxin contaminated foods and subsequent toxin-related diseases in man and animals.
Mycotoxicoses are often associated with effects on the liver and kidney, and thus the

fungal toxins are frequently hepatotoxic and nephrotoxic. A mycotoxicosis is essentially



characterised by being neither contagious nor infectious but by the fact that toxins are
responsible. There exists three forms of mycotoxicoses; acute primary mycotoxicoses,

chronic primary mycotoxicoses and secondary mycotoxin diseases.
Acute primary mycotoxicoses

Animals have been found to show marked signs of disease and death. Observed
acute disease syndromes include hepatitis, haemorrhage and nephritis. Fortunately,
natural contamination levels of mycotoxins are not high to allow for acute primary
mycotoxicoses but instead promotes chronic primary mycotoxicoses (Smith et
al.,1994). Humans would normally avoid foods that are visually contaminated by
moulds and thus human health problems resulting from exposure to acutely toxic levels
are relatively rare (Smith et al.,1994).

Chronic primary mycotoxicoses

There are no clearly defined macroscopic changes in the infected individual.
Symptoms would appear in groups of animals as reduced productivity in the form of
reduced egg production and reproductive efficiency.

Secondary mycotoxin disease

The biological effects of mycotoxins are chronic due to their wide variety of
chemical structures. Some of these effects would be mutagenic, oestrogenic,
carcinogenic and embryotoxic. This may also be accompanied by suppressed
immunoresponses.  Mycotoxins may enter the human dietary system by direct or
indirect contamination of foods. Direct contamination occurs when the food becomes
infected with a toxigenic fungus and subsequently produces the toxin. On the other
hand indirect contamination occurs when an ingredient of a process is already
contaminated with a toxin-producing fungus and while the fungus may be removed
during processing, the mycotoxins still remain in the final product. The human body

copes with these toxicants via a variety of metabolic processes essential in maintaining
cell integrity.



2.1.5  Absorption, distribution and excretion of toxicants

The toxicity of any substance depends on the dose. Ultimately it is not the dose
but the concentration of the toxicant at the site(s) of action that determines
cytotoxicity. The same dose of two or more chemicals may lead to vastly different
concentrations in a particular target organ of toxicity. This differential pattern may be
due to differences in the disposition (absorption, distribution, biotransformation and
excretion) of the xenobiotics. The various factors affecting disposition are depicted in
figure 2.2 below.
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Fig.2.2 Routes of absorption, distribution and excretion of toxicants in the body
(Klaasen and Rozman, 1991).

Any or all of these factors may have a minor or major effect on the
concentration and thus the toxicity of a chemical in a target organ. If the amount of
chemical absorbed is small then it may never reach sufficiently high concentrations at a



potential site of action to cause toxicity or the biotransformation may result in the
production of a less or more toxic metabolite (Klaasen and Rozman, 1991).  All of
these processes are interrelated. The rate of excretion of a chemical may depend on its
distribution and or biotransformation. If a chemical is distributed to and stored in fat, its

elimination is likely to be slow.
Absorption

Absorption occurs when toxicants cross body membranes and enter the blood
stream. The main sites of absorption are the gastrointestinal tract (GIT), lungs and the
skin. The GIT is one of the most important sites where toxins are absorbed. Many
environmental toxicants are absorbed together with food from the GIT. This tract is
viewed as a tube traversing the body although in the body, its contents are considered
exterior to it. The mammalian GIT has specialised transport systems (carrier-mediated)
for the absorption of nutrients and electrolytes. After entering the blood, a toxicant is
available for distribution.

Distribution

The rate of distribution to organs or tissues is primarily determined by blood
flow and the rate of diffusion out of the capillary bed to the cells of the target organ
(Klaasen and Rozman, 1991). The penetration of toxicants into the cells occurs by
passive diffusion or special transport processes. Some toxicants accumulate in certain
parts of the body due to protein binding, active transport or high solubility in fat.
Several plasma proteins bind xenobiotics and some physiological constituents in the
body. Albumin, the most abundant plasma protein, binds a large number of different
compounds. Albumin serves as a depot and transport protein for both endogenous and
exogenous compounds. Transferrin , a B, -globulin is important for the transport of
iron in the body. The o and B lipoproteins are important for the transport of lipid
soluble compounds such as vitamins and steroid hormones (Klaasen and Rozman,
1991). Liver and kidney have a high capacity to bind a multitude of chemicals. Many
organic compounds are highly lipophilic and thus rapidly penetrate cell membranes and
concentrate in body fat. The binding of compounds to plasma proteins, particularly
albumin, is of special importance to toxicologists because severe toxic reactions can
arise if a toxicant is displaced from plasma proteins by another agent thus increasing the
free fraction of the former in the plasma (Klaasen and Rozman, 1991).
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Excretion

The kidney is probably the most important organ for the excretion of
xenobiotics. Many of the xenobiotics have to be biotransformed into more water
-soluble products before they can be excreted into the urine. Other routes of elimination
are via the faeces and the lungs.

Conclusion

When the rate of absorption exceeds the rate of elimination, toxic compounds
may accumulate to a critical concentration at a certain target site and toxicity may
result. Many chemicals have very low inherent toxic effects and need to be activated by
biotransformation into toxic metabolites to elicit its effects as seen in figure 2.3
(Klaasen and Rozman, 1991). On the other hand a very potent toxicant may be
detoxified rapidly by biotransformation. Thus a toxic response produced by a
xenobiotic is critically influenced by the rate of absorption, distribution,
biotransformation and excretion.

Chemical absorption

yPharmacological effect

athologic effect repair
. —
Biotransformation
DNA injury repair
. /
nontox1c ivation _ foxic Inetabolife
metabohte detoxification replication
'
excretion altered DNA
Fig23 Schematic representation of the disposition and toxic effects produced

by chemicals (Klaasen and Rozmann, 1991).
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2.1.6 Biotransformation of toxicants
2.1.6.1 Introduction

The rate at which compounds are eliminated from the body, via the kidney
depends on their water solubility. Biotransformation is the sum of the biochemical
processes involved in converting lipophilic compounds to more hydrophilic metabolites
(Sipes and Gandolfi, 1991). The metabolites produced are more hydrophilic than the
parent compound. This increased water solubility reduces the ability of the metabolite
to partition into biological membranes and therefore hinders this distribution to the
various tissues and ultimately promotes the excretion of the chemicals. Since the liver is
the most biochemically active organ in the metabolism of xenobiotics, the detoxification
of chemical substances is frequently assessed using liver derived systems. Ultimately,
the sensitivity of a biological system to toxic insult is defined and characterised by the
presence of critical molecular targets. Of these macromolecules, proteins possess highly
specific functional characteristics. In the case of nucleic acids, DNA is a critical
toxicological target, through covalent binding of reactive chemical toxicants because of
the known associations between chemical modification of DNA and mutagenicity and
carcinogenicity (Sipes and Gandolfi, 1991). The biotransformation of foreign
compounds within the liver is accomplished by its biphasic character involving several
enzyme systems.

2.1.6.2 Phase 1 and phase 2 biotransformation

Various enzymes can biotransform lipid-soluble xenobiotics into water soluble
compounds via phase 1 and phase 2 enzyme reactions. The former involves oxidation,
reduction and hydrolysis whilst the latter consists of conjugation or synthetic reactions
where the foreign compound or phase 1-derived metabolite is covalently linked to an
endogenous molecule (e.g. glucuronic acid) producing a conjugate which is more water
soluble (Sipes and Gandolfi, 1991). These conjugating moieties are added to the
endogenous products to promote their secretion. These reactions are biosynthetic and
require energy which are achieved by activating the cofactors or the substrates to high
energy intermediates (Sipes and Gandolfi, 1991).  Phase 1 reactions allow for the
addition or removal of functional groups (e.g. -OH, -SH, NH,, -COOH) (Sipes and
Gandolfi, 1991). These functional groups allow the compound to undergo phase 2
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reactions. The relationship between phase 1 and phase 2 reactions is illustrated in figure
2.4, Volatile organic compounds may be eliminated via the lungs with no
biotransformation. Those compounds with functional groups may be conjugated
directly while others undergo phase 1 reactions before conjugation. Biotransformation

is complex and integrated.

Tissue accumulation Expose/add Phasel product

functional groups/ \
No Biotransformation Xenobiotic Elimination

N

Elimination Phase 11 product

Fig2.4 The integration of phase 1 and phase 2 biotransformation reactions
(Sipes and Gandolfi, 1991).

The enzyme systems which catalyse the biotransformation of foreign
compounds are localised primarily in the liver (Sipes and Gandolfi, 1991). The liver
receives all the blood that has perfused the splanchnic area which contains nutrients and
foreign substances, and thus it has developed the capacity to extract the nutrients and
xenobiotic compounds readily from the blood and to chemically modify many of these
substances before they are stored, secreted into bile or released into circulation (Sipes
and Gandolfi, 1991). The phase 1 enzymes are located primarily in the endoplasmic
reticulum (ER) and are membrane bound (deBethizy and Hayes, 1989). This implies
that they are within a lipoprotein matrix which is essential since the lipophilic substrates
will part into the lipid membranes, the site of biotransformation.
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a) Phase 1 enzyme reactions

The most important enzyme systems involved in phase 1 reactions are the
cytochrome P-450 (CPy4so) containing monooxygenases (deBethizy and Hayes, 1989).
The CPaso system is a coupled enzyme system containing two enzymes: NADPH-CP4s0
reductase and a haem-containing enzyme, CPsso. These enzymes are embedded in the
phospholipid matrix of the ER as seen in figure 2.5) (Sipes and Gandolfi, 1991).
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Phospholip

matrix

Fig25. A schematic representation of the interaction of CP4sg
reductase and lipid (adapted from Sipes and Gandolfi, 1991).

In reactions catalysed by CPaso, the substrate combines with the oxidised form
of CP.so (Fe*") and forms a substrate-CPjso complex (deBethizy and Hayes, 1989). This
complex then accepts an electron from NADPH via NADPH CPys, reductase which
then reduces the iron in CP4s haem molecule to the Fe*' state. The reduced (Fe*")
substrate-C Pyso complex combines with molecular oxygen, which then accepts another
electron from NADPH. The resulting oxygen species is highly reactive and unstable.
One atom of this reactive oxygen is introduced into the substrate, while the other is
reduced to water. The oxygenated substrate then dissociates, regenerating the oxidised
form of CPaso as seen in figure 2.6 (Sipes and Gandolfi, 1991).
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Fig 2.6 Cytochrome Pyso electron transport and oxidation of a xenobiotic
(Sipes and Gandolfi, 1991).

The glucuronsyltransferase is the principal phase 2 enzyme. Glucuronidation
represents an important phase 2 conjugation reaction in the conversion of
monooxygenase products to form glucuronides. The general mechanism of conjugating
enzymes involves the activation of an endogenous molecule to yield a high energy form.
Subsequent reaction of this activated form of the endogenous molecule with the
xenobiotic produces the conjugate (deBethizy and Hayes, 1989). Uridine diphosphate
(UDP) glucuronosyltransferase is the enzyme that carries out the reaction. It catalyses
the interaction between the high energy nucleotide UDP-glucuronic acid and the
functional group on the acceptor molecule (substrate) (Sipes and Gandolfi, 1991).
Similar to the monooxygenase, the glucuronosyltransferase is an integral part of the ER
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and deeply embedded. Its interaction with the phospholipids of the membrane has a
strong influence on its activity (deBethizy and Hayes,1989). These enzymes also have
a low order of substrate specificity which makes them ideally suited as detoxification
enzymes.

The Glutathione S-transferase enzymes are capable of conjugating relatively
hydrophobic electrophilic molecules . This conjugate is less lipophilic, more water
soluble and likely to be excreted in the urine. The transferases facilitate the nucleophilic
attack of glutathione thiolate ion on the electron deficient atom of the relatively
hydrophobic electrophilic xenobiotic. These enzymes catalyse the initial step in the
formation of N-acetyl cysteine (mercapturic acid) derivatives of a diverse group of
xenobiotics (Sipes and Gandolfi, 1991). The cofactor for the reactions catalysed by
these enzymes is the tripeptide glutathione (GSH) which is composed of glycine,
glutamic acid and cysteine. The enzyme catalyses the reaction of the nucleophilic
sulfhydryl of glutathione with compounds containing electrophilic carbon atoms
(deBethizy and Hayes, 1989). Conjugation decreases the reaction of these compounds
with essential constituents of the cell. Much evidence indicates that glutathione
S-transferase acts to detoxify reactive intermediates produced by the CP4s system
(Sipes and Gandolfi, 1991). There is however a delicate balance between the rate of
formation of the reactive metabolites and their inactivation by GSH. Factors which
affect this balance can dramatically alter the toxic potential of chemicals that produce
toxicity via reactive intermediates.
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A literary review of zearalenone (Zea) and aflatoxin B; (AFB; )
2.2  FUSARIOTOXICOSES

2.2.1 Introduction N

Species of Fusarium cover a wi