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ABSTRACT



THE EFFECTS OF AFLATOXIN B1 ON THE IMMUNE SYSTEM
OF THE MOUSE. LUCILLE RAINBOW.

Animals were administered oral aflatoxin B1 (AFB1) dissolved in olive oil in an initial
dose of 0.067mg and 0.135mg respectively. The dose of AFB1 was adjusted according to the
gain or loss in weight on alternate days.

The difference in mean weights from day 4 between AFB1-dosed mice (16.83+1.3g)
and controls (19.0040.63g) were found to be statistically significant (p=0.0002). The
percentage liver weight to final body weight was reduced in those animals receiving AFB1
compared to controls but was only significant (p<0.05) in those mice receiving 0.067mg B1
daily (4.8240.92% and 5.5440.88% respectively). Percentage spleen weight to final body
weight was not found to be significantly reduced.

Aflatoxin B1 and its metabolites were detected by HPLC in varying concentrations in
the livers (2488-8198pg/g B1, 46-187pg/g M1, 17-41pg/g aflatoxicol) and carcasses (555-
124583pg/g B1, 7-245pg/g M1, 38-7001pg/g aflatoxicol) of AFB1-dosed mice but not in
controls. All results were confirned by TLC. The results emphasise the individuality of
animals in their ability to metabolise and/or excrete the toxin. At lower concentrations of B1
the liver is relatively unaffected but at higher concentrations it becomes "over-loaded” and a
build-up of toxin occurs resulting in extensive liver damage.

Histological examination of liver sections stained by H&E revealed extensive fatty
infiltration of the peri-portal region in AFB1-exposed mice, which was confirmed by Oil Red
O fat staining. These changes were not evident in control animals.

Delayed (Type IV) hypersensitivity reactions as measured by contact sensitivity to
oxazolone were reduced, but increases in mean ear thickness were only statistically lower
(p<0.05) 48hrs after challenge in AFBI-dosed mice compared to controls (11 and 6 units
respectively). Histological examination revealed an increase in mononuclear cells in both
groups.

The mean IL-2 activity of stimulated lymphocytes from AFB1-exposed mice was also
significantly lower (p=0.0002) than that of control mice (5.87£1.84 units compared to
15.16+8.39 units). The production of MIF was measured from the area of macrophage
migration in control and AFBI-dosed mice. No difference in MIF production was seen
between the two groups.

Transmission electron microscopy revealed extensive mitochondrial damage in AFB1-
exposed splenic lymphocytes which was not found to be time dependent. Scanning microscopy
revealed no changes in surface topography.

Splenic lymphocytes from AFBl-dosed mice demonstrated a reduced
lymphoblastogenic proliferation to Phytohaemagglutinin, PHA, and Concanavalin A, Con A,
(2.2 and 4.6 respectively) compared to controls (11.8 and 9.6 respectively), which failed to
reach statistical significance. In vitro exposed lymphocytes demonstrated si gnificantly reduced
(p<0.05) transformation ratios to PHA and Con A (4.6 and 2.8 respectively) when compared
to controls (11.8 and 9.6 respectively).

Fluorescence activated cell-sorting (FACS) studies revealed that T cell numbers and
sub-populations (CD4+ and CD8+) remained unchanged following exposure to AFB1 showing
the toxin exerts its effect without altering cell numbers.

Primary haemagglutination titres to sheep red blood cells (SRBC) in mice receiving
0.135mg B1 (143144) were significantly increased (p=0.021) when compared to controls
(99451). In the secondary response the titres although reduced (20693 compared with
269+185) were not significantly different.

These experiments show conclusive evidence that aflatoxin B1 exerts its effects on
both cell-mediated and humoral immune responses through the T-lymphocyte.
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OBJECTIVES OF THE STUDY

The objective of this study using controlled experiments was to investigate the
effect of aflatoxin B1 in Balb/C mice on:

1. Weight gain

2 Distribution and concentration of aflatoxin B1 and metabolites in the liver and
carcass

3. Accumulation of fat in liver parenchyma

4. Contact sensitivity to oxazolone

o Liberation of Interleukin-2 from stimulated lymphocytes

6. Release of Macrophage-inhibition factor

7 Lymphocyte ultrastrucure and surface topography

8. Lymphoblastogenic proliferation to T-cell mitogens

9 T-cell numbers using immunofluorescence

10.  Haemagglutination titres to sheep red blood cells
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INTRODUCTION



INTRODUCTION

B0 | Discovery of aflatoxins

Aflatoxins are a group of secondary metabolites produced by certain strains of
Aspergillus flavus and Aspergillus parasiticus. The first recognition of aflatoxin as an
environmental hazard was its association with an outbreak of liver disease in turkey
poults aged 3-6 weeks in 1960 when an estimated loss of at least 100,000 birds
occurred in the south and east of England.

This apparently new disease was termed “Turkey X disease” (Blount, 1961)
and was characterised by loss of appetite, lethargy, subcutaneous haemorthage and
death. At post-mortem the livers were pale and fatty. Histopathological examination
revealed degeneration of the liver parenchymal cells and extensive proliferation of the
bile duct epithelial cells (Butler, 1974).

A major search for the causative agent was undertaken. One very early lead
was the geographical location of the disease. Approximately 80% of cases occurred
within an 80-100 miles radius of London. A survey revealed the feeds were produced
at a London mill. The problem was then traced to a shipment of Brazilian peanut meal
(Blount, 1961) used as a protein supplement in poultry feed. This meal, termed
"Rossetti meal” because the s.s. Rossetti landed the cargo from Brazil in 1959, was
initially investigated by the Central Veterinary Laboratory, Weybridge where it was
tested on day old ducklings (Allcroft and Carnaghan, 1960). It was proved to be toxic
and carcinogenic as well as contaminated with the toxin producing fungus Aspergillus

flavus Link ex Fries (Sargeant et al., 1961).



Despite the name attributed to it, it was soon shown that the disease was not
confined only to turkeys. Large losses of partridges, pheasants and ducklings also
occurred around this time (Asplin and Carnaghan, 1961). Furthermore, the disease was
not confined to the UK. Reports were received from Kenya and Uganda of severe
duckling losses (Haig, 1961). Autopsy revealed similar changes to those observed in
the turkey poults characterised by destruction of the hepatic parenchyma cells and
proliferation of bile duct epithelial cells (Asplin and Carnaghan, 1961; Wannop, 1961).
In the United States there was a simultaneous outbreak of trout hepatoma in a
commercial hatchery (Detroy et al., 1971) which in due course was attributed to the
same fungal toxin.

Although the biological activity of the toxin was not recognised until 1960-61
it had produced disease prior to this time. In 1952 in South Eastern USA, a liver
disease in kennel-reared dogs referred to as “Hepatitis X" was shown to be related to
a commercial diet but the toxic principle was not determined (Seibold and Bailey,
1952; Newberne et al., 1955). The problem was also experienced in the UK in 1954
when laboratory guinea-pigs died from an unexplained disease (Paget, 1954; Stalker
and McLean, 1957).

Although it was groundnut meal from Brazil that first demonstrated the toxic
properties, batches of animal feed from other countries, including Nigeria, West

Africa, Gambia and India, also showed similar properties.

1.2 Identification of aflatoxins

The study of the toxic metabolites produced by A. flavus was vigorously

continued and in 1962 a British Interdepartmental Working Party researching on



groundnut toxicity agreed on the name Aflatoxin (4. flavus toxin) for the offending
agent(s). Around this time, two groups of researchers, one in the Netherlands (De
Iongh et al., 1962), the other in the UK (Nesbitt et al., 1962), separated two
components by thin-layer chromatography which were named aflatoxin B and aflatoxin
G due to their respective blue and green fluorescence in ultra-violet light (ca 365 nm).

Hartley and colleagues (1963) isolated and characterised four major aflatoxins
and designated them B1, B2, G1, and G2 in order of their decreasing Rf values.
Aflatoxins B2 and G2 are dihydroderivatives of the parent compounds, Bl and G1
respectively. The toxins were found to have closely similar structures and form a
group of highly substituted coumarins containing a fused dihydrofurofuran moiety.

The structures of aflatoxin B1 and G1 were determined by Asao and co-
workers (1963; 1965) and that of B2 by Chang and researchers (1963). The structures
of these compounds are shown in Fig. 1.0.

The isolation, characterization and synthesis of the complex chemical
responsible for “Turkey X disease” in the short time that elapsed since its discovery

must be regarded as one of the major scientific achievements in recent times.

) i Production of aflatoxins

Aspergillus flavus Link ex Fries (Sargeant et al., 1961) is the mould most
studied and some strains are known to produce large amounts of aflatoxin. A.
parasiticus Speare, usually isolated as an insect pathogen, also gives high yields of
aflatoxins in culture (Austwick et al., 1964; Codner et al., 1963; De Vogal et al.,
1965; Ellis, 1969). Those strains capable of producing aflatoxin only synthesise two

or three aflatoxins under a given set of conditions, one of which is always BI, the



Figure 1.0

The Structures Of Aflatoxins B1, B2, G1 and G2




most potent toxin and carcinogen of the group. Other moulds eg. A. tamarii Kita
(Lalithakumari and Govindaswami, 1970) and A. wentii Wehmer (Schroeder and
Verrett, 1969), to name just two, also produce aflatoxins but only in trace amounts.
The morphological features of A. flavus are shown in Fig. 1.1.

A. flavus is a cosmopolitan organism present on organic matter in the soil, and
is found on or in living or dead plants and animals (Semeniuk, 1954). These moulds
are found all over the world except in the polar regions, but formation of aflatoxins
requires both high humidity and high temperature. Several workers (Sanders et al.,
1968; Diener and Davis, 1969; Diener and Davis, 1970) have established a moisture
content in equilibrium with a relative humidity of 85% as the lower limit for the
growth of A. flavus and for the production of aflatoxins.

A. flavus is capable of growth over the temperature range from 6-54°C
(Jackson, 1965; Tandon and Chauman, 1955). The minimum, optimum and maximum
temperatures for aflatoxin production are 12°C, 27°C and 40-42°C respectively (Davis
and Diener, 1970).

The occurence and magnitude of aflatoxin contamination in food stuffs varies
with geographical and seasonal factors and with the conditions under which the crop
is grown, harvested and stored. Crops in tropical and sub-tropical countries are more
subject to contamination since ambient temperature and humidity provide optimal
conditions for toxin formation. Although aflatoxins are found in a wide variety of food
commodities the most pronounced contamination has been encountered in ground nuts
and oil seeds particularly cotton seed and maize. The most frequently contaminated

tree nuts are Brazil nuts and pistachios.



Figure 1.1
Morphological Presentation Of Aspergillus flavus
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(a) Sporing head showing biseriate phialides.
(b) Sporing head showing uniseriate phialides.
(c¢) Conidiophore

(d) Structure of biseriate phialides.

(e) Structure of isolated phialide.



1.4  Precursors of aflatoxins

A compound considered to be a precursor of the aflatoxins, and named B3, was
isolated by Heathcote and Dutton (1969). It was shown to be an “aflatoxin-like” B1
in which the cyclopentenone ring had been replaced by an open ethanol chain and was
thus 6-methoxy-7-2-hydroxyethyldifurocoumarin. The same compound was also
identified by Stubblefield and co-workers (1969; 1970) and was called parasiticol
(Fig. 1.2).

Other researchers have suggested the mould pigment sterigmatocystin, with the
related difuroanthraquinone averufin, as a possible step in the metabolic pathway to

the aflatoxins (Hsieh et al., 1973; Lin et al., 1973).

125 Metabolites of aflatoxins

Smith and McKernon (1962) discovered at least twelve fluorescent compounds
by chromatographic studies on extracts of A. flavus. Five of these caused liver lesions
when fed to ducklings. Two fluoresced the characteristic blue-green of G1 and G2 in
ultra-violet light whilst the other three had a dark blue fluorescence indicative of
aflatoxins B1, B2, and M1.

When a single dose of aflatoxin B1 or a mixed dose of aflatoxins B1, B2, G1
and G2 was fed to cows, a toxic factor was excreted in the milk which had a similar
biological effect in day old ducklings to that of aflatoxin (Allcroft and Carnaghan,
1962; 1963).

The presence of the so-called “milk toxin” was demonstrated in the milk of
lactating rats treated with chromatographically pure aflatoxin Bl (De Iongh et al,

1964). This toxic factor in milk represented a metabolic product of aflatoxin B1 that



Figure 1.2

Structure Of Aflatoxin B3 (Parasiticol)
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retained the toxic properties of the parent compound. It appeared as a blue-violet
fluorescent substance with an Rf value much lower than that of aflatoxin B1. Butler
and Clifford (1965) found the milk toxin in the livers of rats fed purified aflatoxin B1.

Allcroft and colleagues (1966) found that administration of a single dose of
mixed aflatoxins B1l, B2, G1 and G2 to sheep, caused the “milk toxin” to be present
in the liver, kidney and urine and suggested the name aflatoxin M1 to indicate its
original isolation from milk. On closer examination of the “milk toxin” two
components were isolated and designated aflatoxin M1 and aflatoxin M2, the
subscripts denoting their chromatographic mobility (Holzapfel et al., 1966). They are
in fact hydroxylated metabolites of Bl and B2 (Masri et al., 1967; Biichi and
Weinreb, 1969). On the basis of ultra-violet, infra-red, nuclear magnetic resonance and
mass spectral data it was concluded that aflatoxin M1 was 4-hydroxyaflatoxin B1 and
M2 was 4-hydroxyaflatoxin B2 (Fig. 1.3).

Two further metabolites isolated from cultures of A. flavus were B2a and G2a
(Dutton and Heathcote, 1966). These compounds are the 2-hydroxy derivatives of
aflatoxins B2 and G2 respectively (Fig. 1.3) and may be synthesised by reduction of
the isolated double bond in the terminal dihydrofuran ring (Chari ez al., 1967). They
were found to be less toxic to ducklings than other aflatoxins (Dutton and Heathcote,
1968) even at concentrations 60 to 100 times the amount of aflatoxin B1 lethal to
ducklings. There was no significant difference in growth between dosed and control
birds, and no lesions characteristic of aflatoxin poisoning were observed.

The reductases in the cytoplasmic fraction reduce aflatoxin Bl to aflatoxicol
which is less toxic but definitely carcinogenic (Schoenhard, 1974). Aflatoxicol is

formed by the reduction of the cyclopentenone carbonyl function of aflatoxin B1 by



Figure 1.3

The Structures Of Aflatoxin M1, M2
And Hemiacetals B2a and G2a




an NADPH-cytoplasmic enzyme.

A phenolic derivative, aflatoxin P1 was discovered by Dalezois and workers
(1971), and identified as a metabolite of aflatoxin Bl. It is produced by the
O-demethylation of aflatoxin Bl and is the principal excretory product in the urine of
aflatoxin Bl-treated rhesus monkeys where it is present as glucuronide and sulphate
conjugates (Dalezois and Wogan, 1972; Dalezois et al., 1973).

Aflatoxin QI is formed from aflatoxin B1 by ring hydroxylation of the carbon
atom P to the carbonyl function of the cyclopentenone ring. It is a major in vitro
metabolite of aflatoxin B1 using monkey liver (Krieger et al., 1975; Masri et al.,
1974) and human liver microsomes (Biichi et al., 1974).

Aflatoxicol H1 is the dihydroxy derivative of aflatoxin B1 with substitutions
at the cyclopentenone carbonyl function. It is the product of the combined action of
both the microsomes and a soluble enzyme preparation from human or monkey liver
(Salhab and Hsieh, 1975).

The metabolic transformations of aflatoxin B1 showing the structure of each
metabolite is shown in Fig. 1.4.

Under in vitro conditions, aflatoxin Bl can be transformed by liver
preparations into several metabolites. The mixed function oxidases of the microsomal
fraction of the homogenized liver oxidise AFB1 to AFQ1, AFM1, AFPI, AFB2a and
the 8,9-epoxide of AFB1. Of these AFM1, AFQ1 and AFP1 are generally considered
as detoxification products although AFM1 is still toxic and carcinogenic. AFB2a and
the AFBl-epoxide are the active forms of AFBI responsible for acute toxic and
carcinogenié effects (Garner, 1976). The metabolism of aflatoxin Bl to an 8,9-oxide

by mono-oxygenase enzymes appears to be essential for its mutagenic and



Figure 1.4
The Metabolic Pathways Of Aflatoxin B1 Showing The
Individual Structures OfThe Metabolites Formed

0 PAOTLIN &D0UCTS

o s ]
Ll pH 14 Senll Dose pri fa | 9n€ o
one periaiend  FOrmouon wilh  aieiiees e )
Pomary A WA
o ock, imery Amingy

. . ‘9 oL
[R-rmzvncuo-—.n-n:cwn-nio] i

PHENOLATE 10N

PHENOLATE 10N
RESONANGE FORM

AFLATOXIN B“

RESONANCE FORM o1
i i
w, et ocn,
pH T4 B o 0 AFLATOXIN M,
“
HQ
1 OCH,

2,3-0IHYDRO-2,3-DIHYDROX Y~
AFLATOXIN B, p\

\
LATOR Glylgihione A 5 e
LA IN- Tignslerose i
SLUTATHIONE: T Zr=m = wa—— ) U v= > 23??:;7:”
CONJUGATE and 701 Direcl Sera <= e2 Rty N GLUCURONIOE
Reaclion . i acH, o OCH, % i ""\ AND
. " A - - _’
e AFLATOXIN D -2,3-0x1DC AFLATOXIN B, SULFaTE
i ; s CONJUBATCS
2t . .
il : . on
. 1
PROTLIN ADDUCTS Y ’ ] oh,
LA Nugiaptilie Centery, NUCLEIC ACID ADDUCTS : AFLATORICOL 1
£5.5 Function in Meithgring M i 1
ond Cysiene N-3 gng N-7 2 H ‘'eow l:
al Miyngine) (1] iﬁ,— ? 'g E :

e :l;Mo:n L_l_- [

. T
N ] 0o acn I
LEGEND ) «‘*ﬁh" Eole o U_ﬁ;ﬂ,m‘
“—— MICROSOMAL MIXED FUNCTION Y LIRE, 00 ocw,

OXYGENASE REACTIONS 2.3-0IHYORO-2:(N " GuaNTL ) -
<r=v=1 MICROSOMAL DERYOROGENASE .

e e Y HYDROXYAFLATOXIN 8,
«====+ QTHER ENZYMATIC REACTIONS [Mojor ONA Agaycl Formeg
oo DIRECT CHEMICAL REAGTIONS i yivg ond in yiig)
=r=r= HYPQTHETICAL REACTIONS

0 0 AFLATOXIN Q,

I
o0 on

AFLATOXIN P



carcinogenic effects. The 8,9-oxide reacts with RNA, DNA and probably protein in
vitro and in vivo and it is these reactions, particularly with DNA, which are thought

to be essential for both carcinogenicity and mutagenicity.

1.6  Metabolic effects of aflatoxins

The liver is the target organ for aflatoxin action and becomes infiltrated with
fatty deposits when sufficiently high levels of aflatoxin are administered (Newberne
and Butler, 1969). A two fold increase in total liver lipids and an eight fold increase
in liver triglycerides followed 13 hours after administration of a single dose of
aflatoxin B1 (2mg/kg) to monkeys (Rao, 1971). No change in liver cholesterol was
noted. Serum triglycerides decreased by 40% 13 hours after dosing. The accumulation
of liver lipids is thought to be due to diminished hepatic secretion possibly secondary
to the inhibition of protein synthesis.

Lipid accumulates in the liver of chickens fed contaminated groundmeal
(Carnaghan et al., 1966) and ducklings treated with multiple sub-lethal doses of the
pure toxin (Shank and Wogan, 1966). Aflatoxins exert their effects in chickens over
a period of weeks in which the chickens develop fatty livers and anaemia,
susceptibility to infection is increased and growth rate is also impaired. In cattle there

is reduced milk yield and impaired growth rate also.

1.7  Species variation

Aflatoxin is the most potent carcinogen known for some species but its toxic
and carcinogenic properties are tolerated better in some animals than in others. Sheep

are remarkably resistant to aflatoxins, the lamb is practically immune from



aflatoxicosis from the age of 3 months (Allcroft, 1965). The considerable resistance
of the sheep to aflatoxins may be explained by their ability to excrete aflatoxins
efficiently. Poultry classified in order of decreasing susceptibility are duckling>
turkey> goose> and chicken (Muller et al., 1970).

Mature animals of a given species are generally more resistant than younger
ones implying that aflatoxin transforming enzymes develop in the liver with age.
Different species transform aflatoxin in different ways (Patterson and Allcroft, 1970)
and evidence indicates that in many species a metabolite is probably concerned with
at least the acute toxic effects (Barnes, 1967). Rabbits, ducklings and guinea-pigs
constitute a “fast metabolising” group and are able to handle an LDy, dose in under
12 minutes, whereas chicks, mice, pigs and sheep fall into an intermediate group
handling an LDs, dose in a few hours. The rat is an example of a “slow metabolising”
group in which an LDy, dose could take a few hours to disappear from the liver.

Aflatoxin is converted into one or more biologically active metabolites in the
liver. Before reaching the liver cell the toxin must pass the plasma membrane, a
process possibly energy dependant, that is known to differ from species to species.
Once the toxin has entered the liver, the degree of tissue injury in a particular species
is dictated by the rate and pattern of aflatoxin metabolism. When it is metabolized
slowly untransformed aflatoxin almost certainly causes chronic liver damage. When
itis rapidly metabolized, metabolites rather than the original toxin itself are involved.

Species that metabolize aflatoxin rapidly are more vulnerable to the acute
hepatotoxic effects whilst slow metabolisers are more likely to experience chronic
liver damage. However although mouse liver metabolises aflatoxin much faster than

rat liver (Patterson and Roberts, 1971), it is probably less susceptible to acute



poisoning because the toxin is less efficiently taken up by mouse hepatocytes than by
those of the rat.

Prolonged liver toxicity of aflatoxin Bl might be due to weak but persistant
liver injury which cannot be completely compensated for by slow hepatic regeneration.
Reports of an association between human liver disease and the presence of aflatoxin
in the body tissues have been made by several workers (Becroft and Webster, 1972,
Shank et al., 1971). The detection of any aflatoxin in human tissues indicates that man
is a relatively slow metabolizer since the duckling, a “fast metaboliser”, clears an oral
dose of 500ug of the toxin from the liver in approximately 30 minutes (Patterson and

Allcroft, 1970).

1.8 Sex differences

Experimental work on rats has also revealed a sex differential in the toxic and
carcinogenic effect of aflatoxins (Butler, 1964; 1971; Wogan and Newberne, 1967).
Female rats are more resistant than males, (Wogan, 1968), this tendency was observed
even at lower dose of aflatoxin. For the weanling male Fischer rat, the oral LDy, dose
of aflatoxin B1 is 5.55mg/kg (95% confidence limits 4.92-6.27mg/kg), whilst in the
female rat it is 7.44mg/kg, (95% confidence limits 6.56-8.44mg/kg). One day old
animals are more sensitive, having an LDy, of about 1.0mg/kg (Wogan, 1965). Wistar
rats show an even greater difference between the sexes. For the male rat the oral LDs,
dose of aflatoxin Bl is 7.2mg/kg, whilst for the female the LDy, dose is 17.9mg/kg
(Butler, 1964). The difference in susceptibility may be due to the more rapid
metabolism of the female rat with the formation of aflatoxin M1 in the milk resulting,

in part, from hormonal interactions (Purchase and Steyn, 1971).
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Experiments by Wogan and Newberne (1968) have also shown that there is a
considerably longer period between the appearance of pre-cancerous lesions and

progression to liver carcinomas in females than in males.

1.9 Carcinogenic effects of aflatoxins

Cancerous lesions have been observed in the kidney, colon, lung and lacrimal
gland of various animals challenged with aflatoxin. Great variability in the
susceptibility of animals to aflatoxin has been reported by Wogan (1977), the mouse
being resistant to doses many times greater than those which produced tumours in rats.

Carcinoma of the glandular stomach was observed in 1 out of 6 rats given a
diet of groundnut meal containing 3-4mg/kg aflatoxin. Squamous cell carcinoma of
the trachea developed after 37-62 weeks in 3 out of 6 rats given an aflatoxin mixture
of Bl, B2, G1 and G2 (300pg/animal) for 30 weeks. 4 of these rats also developed
hepatomas within 49-62 weeks (Dickens et al., 1966).

Aflatoxins induce a high incidence of hepatocellular carcinoma. Tumours have
been reported in rats after a single dose of aflatoxin and subsequent normal feeds
(Carnaghan, 1976). In Wistar rats aflatoxin B1 induced carcinomas in 12 out of 19
rats (Butler and Barnes, 1968) whilst a dose as low as 0.5mg/kg fed to Fischer rats

for 3 weeks induced carcinomas in 4 out of 20 rats (Wogan and Newberne, 1968).

1.10 Other effects of aflatoxins

Body weight increases of male rats fed aflatoxin Bl for 6-7 weeks were 20%
less than control rats within 4 weeks of exposure (Ward et al., 1975). Surviving rats

showed congestion and fatty degeneration of the liver with bile duct proliferation in

11



the portal areas (Angsubhakorn er al., 1978).

Rats on low protein diets have been reported to be more sensitive to both the
acute toxic and carcinogenic effects of aflatoxin (Madhavan and Gopalan, 1968).
Severely protein deficient mice developed fatty liver, biliary proliferation and fibrosis
and died with gastro-intestinal haemorrhage within 30 days of aflatoxin treatment. A
single oral dose of aflatoxin Bl given to rats at 7mg/kg body weight was less toxic
in animals fed a high selenium diet (i.e. containing lmg/kg selenium). Rhesus
monkeys fed a low protein diet are also more susceptible to the acute toxicity of
aflatoxins (Madhavan er al., 1965a; Madhavan er al., 1965b).

It has been shown that the rat may be protected from the acute and chronic
effects of aflatoxin poisoning by phenobarbitone treatment (McLean and McLean,
1967; McLean and Marshall, 1971). Phenobarbital produces an induction of the
enzymes involved in hydroxylation reactions in the liver leading to the metabolism of
aflatoxins to non-carcinogenic products (Patterson and Roberts, 1971). Pre-treatment
of rats with phenobarbital (1mg/ml) in the drinking water in order to induce mixed
function oxidase confers protection against the effects of aflatoxins. A lower incidence
and a delayed appearance of liver tumours results when compared with rats fed
aflatoxin alone (McLean and Marshall, 1971). Phenobarbital treatment significantly
reduces the covalent binding of aflatoxin B1 to DNA, rRNA and proteins of the liver
and kidney (Garner, 1975).

Serum protein showed biphasic changes with decreases observed on day 1 and
again during days 4-7 after aflatoxin Bl administration (Yin et al, 1980). Liver
protein levels are significantly reduced at 1-2 days and liver enzymes, for example

alanine aminotransferase (ALT) and aspartate aminotransferase (AST) are depressed

12



over 7 days, but enzyme activity is recovered by day 14 (Yin ez al., 1980).
Increased prothrombin times in rats (Bababunmi and Bassir, 1969) and the calf
(Upcott, 1970) are associated with aflatoxin. Aflatoxin Bl has been shown to be
effective in prolonging the blood clotting time of rats (Bassir and Bababunmi, 1972).
Synthesis of factors II and VII in rat liver is inhibited by 4-hydroxycoumarin and
aflatoxin (Bassir and Bababunmi, 1969) the effect is reversed by vitamin K. Aflatoxin
ingested by guinea-pigs significantly reduced their complement activity and reduced
serum levels of specific globulin fractions (Thurston et al., 1972; Richard et al., 1974;

1975; 1978).

1.11 Teratogenic effects of aflatoxins

The teratogenicity of aflatoxins has been reviewed by Ong (1975). Aflatoxin
Bl is capable of crossing the placental barrier and affecting the unborn foetus. The
foetus, once removed from its dam will have an altered immune competence, as has
been demonstrated in neonatal swine (Pier et al., 1985).

Aflatoxin Bl administered to pregnant rats or during lactation transferred
enough aflatoxin or its metabolites through the placenta or milk to induce lesions and
tumours in the offspring (Grice et al., 1973). Haemorrhagic liver tumour was the
major cause of death for F344 rats fed aflatoxin Bl.

A single intra-peritoneal (i/p) injection of aflatoxin B1 at 4mg/kg body weight
(optimum teratogenic dose) administered on day 8 of pregnancy to female hamsters
resulted in a high proportion of malformed, dead or reabsorbed foetuses (Elis and Di
Paolo, 1967). Male rats whose dams had received aflatoxin B1 during their i:regnancy

gained weight at a 10% slower rate than controls (Ward et al., 1975). Chromosomal
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aberrations and DNA breakage in plant and animal cells occurs due to aflatoxin Bl

(Ong, 1975).

1.12 Effects on protein synthesis

One of the earliest effects of aflatoxin on metabolism in the rat is the inhibition
of DNA-dependant RNA synthesis in the liver cell nucleus. Since only a weak
reaction occurs between the toxin and DNA in vitro (Clifford and Rees, 1967) this
suggests that the aflatoxin is first metabolised before exerting its effect on RNA
polymerase and protein synthesis activities. The interference of gene transcription
caused by aflatoxin Bl as indicated by its inhibition of RNA polymerase activity is
presumed to be related to the covalent binding of the toxin to DNA in such a manner
as to prevent DNA-dependant RNA production (Clifford and Rees, 1966; Hsieh et al.,
1977). Aflatoxin may also interfere in the maturation process of certain forms of
ribosomal RNA (Smith et al., 1977). The covalent incorporation of aflatoxin into
nucleic acids and proteins is now considered to be an important mechanism by which
aflatoxin B1 initiates its effects. Swenson and colleagues (1974) reported that 9% of
an administered dose of tritiated CH) aflatoxin B1 was recovered covalently bound to
macromolecules in the rat liver.

Clifford and Rees (1966) have tabulated the successive stages in the biological
activity of aflatoxins on the liver cell, each step being a consequence of the previous
one.

1. Interaction with DNA and inhibition of the polymerase responsible for DNA

and RNA synthesis.

2. Suppression of DNA synthesis.
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3. Reduction of RNA synthesis and inhibition of messenger RNA.
4. Alterations of molecular morphology.

5. Reduction in protein biosynthesis.

One of the main differences between aflatoxins and most other compounds
binding with DNA, for example Actinomycin D, is that aflatoxins may also interact
with single stranded DNA. The binding is weak and easily dissociated by passage
through a Sephadex column. This interaction may explain the inhibition by aflatoxins
of DNA and RNA at one and the same time (Balis, 1968).

Marked RNA polymerase inhibition occurred in the livers of rats 90 minutes
after treatment with twice the LDy, (4mg/kg) of aflatoxin B1 (Clifford ez al., 1967).
However, the mouse which is more resistant to the effects of Bl with regards to
toxicity and carcinogenicity, is also more resistant to the effects on DNA synthesis.
It has been shown that treatment with a sublethal dose of aflatoxin B1 results in an
immediate inhibition of RNA synthesis in the liver, followed by a rapid recovery of
synthesis and even mild stimulation of protein synthesis in the liver (Moule and
Darracq, 1976). No mutagenic effects were observed in mice exposed to aflatoxin Bl
at Smg/kg body weight (Leonard et al., 1975). A dose of 2.5mg/kg aflatoxin Bl
inhibited RNA synthesis in vivo by 90% in rats after 2.5 hours whereas no inhibition
was detected in mice (Godoy and Neal, 1976).

Protein deficiency influences the in vivo binding of aflatoxin to the
macromolecules of the rat liver (Preston et al., 1976). Animals fed a low protein diet
showed a 70% decrease in the binding of the aflatoxin to such nuclear

macromolecules as chromatin protein and DNA, this being associated with an
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increased toxicity but decreased carcinogenicity of aflatoxin B1. Protein synthesis is
also inhibited by aflatoxin but the effect is not nearly so rapid or extensive as the
inhibition of DNA and RNA synthesis. Nucleolar RNA biosynthesis is inhibited 15
minutes after contact with aflatoxin by 90-95% (Floyd et al., 1968; Lafont, 1966;
Wagner and Drews, 1970). The activity of cytoplasmic RNA is totally inhibited (Sporn
et al., 1966). A precise study of the action of aflatoxin B1 on DNA metabolism in the
liver using the stimulation obtained by hepatectomy has been reported by Frayssinet
and co-workers (1964; 1965; 1966). Partial hepatectomy on a healthy individual results
in a compensatory hypertrophy which is inhibited by aflatoxin, due to an inhibition
of biosynthetic processes required for cell division. When toxin is injected
(30-60pg/day) during the first five days previous to surgical removal of two-thirds of
the liver, the animals being sacrificed 24 hrs after surgery, there is a significant
inhibition of DNA synthesis. If toxin is injected 24 hrs after partial removal of the
liver, when the many biosynthetic processes for cell regeneration have already started,
all biosynthetic processes are blocked. Autoradiographic studies show the nucleus to
be profoundly changed and although DNA may have begun to be synthesised it is
subsequently inhibited (De Recondo, 1966). A single lethal dose of aflatoxin Bl
causes a 50% suppression of precursors into total kidney RNA in 3 hours. RNA
polymerase activity is inhibited and the concentration of DNA in the nucleus decreases
2 hours after treatment. A 60 mg/kg intra-peritoneal dose of aflatoxin Bl caused a
30% inhibition of in vivo protein synthesis in mouse liver 1 hour after dosing (Sarasin
and Moule, 1976) despite the fact that RNA synthesis is unaffected (Akao et al.,
1971). Low oral doses of aflatoxin B1 (0.45 mg/kg) inhibited oxygen consumption and

phosphorylation by 50-60% in rat liver mitochondria after 48 hours (Svoboda et al.,
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