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Ochratoxin A (OTA) is a mycotoxin and a nephrotoxic
carcinogen. The mechanism by which it stimulates lipid
peroxidation was investigated in a reconstituted system
consisting of phospholipid vesicles (liposomes), flavoprotein
NADPH-cytochrome P-450 reductase, EDTA, Fe’* ions, and NADPH.
Lipid peroxidation, measured either as malondialdehyde formed

or by oxygen uptake, was greatly stimulated in the presence

of OTA. omission of EDTA lowered the extent of 1lipid
peroxidation but did not eliminate it. Fluorometric and
ic studies ated the formation of a 1:1

Fe’-OTA complex. The rate of reduction of Fe to Fe®' was
greatly enhanced in the presence of OTA and there was a
further increase in the rate when EDTA was also included.
Cytocrrome P-450 (an enzyme normally present in microsomes)
-ias found to effectively replace EDTA in the reconstituted
« 'stem and its role in microsomal lipid peroxidation was also
implicated suggesting that this hemoprotein could play an
important role in OTA-stimulated lipid peroxidation in vivo.

ESR studies showed that the Fe’-OTA complex produced
hydroxyl radicals in the presence of NADPH and NADPH-
cytochrome P-450 reductase. The lack of any diminution of
lipid peroxidation by catalase and several hydroxyl radical
scavengers suggests that hydroxyl radical production by the

Fe¥'-OTA complex may not be a significant factor in the lipid
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peroxidation in vitro, but these results do not preclude
hydroxyl radicals produced by the Fe*-OTA complex from playing
an important role in the toxicity of OTA.

Structure-activity relationship studies indicated that
the presence of a free carboxyl group and chlorine atom as
well as the L-Phe moiety on OTA contributed significantly to
the stimulatory effect on lipid peroxidation. Earlier studies
had shown an absoluia requirement for a free phenolic hydroxyl
group on OTA.

My results indicate that OTA stimulates 1lipid
peroxidation by complexi-g with Fe’ and facilitating its
reduction. Subsequent to oxygen binding, an iron-oxygen
complex of undetermined nature initiates lipid peroxidation.
The extent of OTA-dependent lipid peroxidation in vivo and

its role in the toxicity of OTA remain to be determined.
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CHAPTER 1

INTRODUCTION

1.1 OCHRATOXIN A

1.1.1 Occurrence and human exposure

Ochratoxin A (OTA) is a mycotoxin produced by
Aspergillus ochraceus, Penicillium viridicatum and other
fungal species. It was discovered in 1965 by De Scott (1)
as the toxic metabolite in a culture medium of Aspergillus
ochraceus Wilh, and chemically characterized by Van der
Merwe et al. (2) and Steyn and Holzapfel (3,4). Its
chemical structure consists of a 5-chloro-8-hydroxy-3,4-
dihydro-3-methyl ic<ocoumarin moiety linked by an amide bond
to L-f-phenylalanine (Fig. 1). The toxigenic molds known to

produce the tox - (5) are the following species:

Aspergillus ochraceus Penicillium viridicatum

A. ostianus P. cyclopium
A. melleus P. commune

A. petrakii P. palitans

A. sclerotiorum P._purpurescens
A. sulphureus P. variabile

The occurrence of OTA in food and feed is widespread.
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Figure 1. Chkemical structure of ochratoxin A.
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It is present as a contaminant in plant products, especially
cereals, beans and peanuts (5). OTA is also found in meats,
dried fish and nuts (6) as well as in the kidney, liver, and
blood of slaughtered pigs (7). In a recent analysis of 1200
blood samples obtained from pigs slaughtered in Western
Canada, Marquardt et al. (8) found that 76% had detectable
levels of OTA, 11.3% had OTA levels > 10 ng/ml with the
highest being 229 ng/ml. Scott et al. (9) detected OTA in
concentrations of up to 27 pg/ml in 18 out of 29 samples of
heated grain from Saskatchewan farms (Canada), whereas the
highest observed concentration of residues in animal
products (bacon from pigs) is 0.067 wg/ml (10). The
potential for human exposure exists because of the direct
consumption of contaminated cereals and the consumption of
animals that retain OTA in their tissues after being fed
contaminated feed (Fig. 2).

Ochratoxin A is suspected of being the main etiological
agent responsible for Balkan endemic nephropathy (BEN) and
associated urinary tract tumors, diseases which affect
multiple members of families residing in particular areas of
Bulgaria, Romania and Yugoslavia (11) . BEN and porcine
nephropathy (a disease with morphological and clinical
symptoms similar to those of BEN) are found in areas where
home-grown cereals are contaminated with OTA (12,13).
Galtier et al. (14) have shown that OTA persists longer in

pigs than in other species, which suggests that problems of
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Figure 2. Factors influencing the occurrence of mycotoxins

in human food and animal feed (175).
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OTA residues in the human food chain may be greater when

pork rather than other meats is consumed.

1.1.2 Toxicity

Ochratoxin-A is toxic to many test animals including
chickens, dogs, ducklings, mice, rats, hens, sheep, swine
and rainbow trout (15,16). The toxic effect of OTA is
displayed initially on the nephron, and the proximal tubule
is the prirary target site (6). Later, the glomeruli as
well as the interstitia may be involved. The changes of
renal function in OTA-exposed rats and pigs are
characterized by an increase in polyuria, glucosuria,
proteinuria and blood urea nitrogen, and a decrease in urine
osmolarity, glomerular filtration rate (GFR) and inulin
clearance (17) . The changes in renal structure in pigs are
characterized by degeneration of th: proximal tubules,
leading to tubular atropy accompanied by interstitial
fibrosis. Later, hyalinization of the glomeruli may occur
(26,27) . In rats oral doses of OTA led to reduced plasma
fibrinogen, factors II, VII and X and thrombocyte and
megakaryocyte counts (28). In chickens lymphocytopenia
developed at every dose level tested (29), and
concentrations of serum immunoglobulins (IgA, IgG and IgM)
were reduced to 57-66% of normal values in the toxin-exposed

groups (30). In mice, myelotoxicity was observed resulting
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in bone marrow hypocellularity, decreased marrow pluripotent
stem cells, and granulocyte-macrophage progenitors (31).
The treatment of pregnant mice and rats i.p. with OTA
resulted in increased prenatal mortality, decreased fetal
weight, and various fetal malformations (32). In chickens
fed diets containing 0, 1, 5 and 10 mg OTA/kg over a four-
week period, the rate of growth and relative weight of the
bursa of Fabricius were depressed, and the relative weights
of the liver, kidney, pancreas and various sections of the
gastrointestinal tract were increased, but there was no
effect on the heart and spleen (33). The transport of
p-aminchippurate (PAH) and tetraethyl ammonium (TEA) by
renal slices was also found to be inhibited by OTA (18).

Kane et al. (19) observed a particularly good
correlation between the increase in urinary excretion and a
decrease in renal activities of y-glutamyl transferase (y-
GT), alkaline phosphatase (ALP) and leucine aminopeptidase
(LAP) within a week of the oral administration of 145 ug
OTA/kg body weight/day for 12 weeks. An inhibition of
gluconeogenesis was also observed in kidney slices from rats
which had been fed with ? mg/kg body weight for 2 days (20),
and renal phosphoenol pyruvate carboxykinase (PEPCK) was
selectively lowered by 50%. Suzuki et al. (21) observed a
60% decrease in hepatic glycogen levels and a concomitant
increase in serum glucose and blood and liver lactate levels

in the rat after daily administration of OTA (5 mg/kg) for 3
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days. Administration of OTA to mice inhibited protein
synthesis (22). The degree of inhibition of protein
synthesis 5 hr after administration of 1 mg OTA/kg was 26%
in liver, 68% in kidney and 75% in spleen. Phenylalanine
(100 mg/kg) injected together with OTA (10 mg/kg) prevented
the in“ibition of protein synthesis in all of these organs.
OTA is thought to inhibit protein synthesis through
competition with phenylalanine in the reaction catalyzed by
phenylalanyl t-RNA synthetase.

In vitro studies showed that OTA inhibited liver
mitochondrial respiration primarily by altering the membrane
permeability (23,24). Recently, Rahimtula and associates
(25) reported that OTA disrupted microsomal calcium
homeostasis by impairment of the endoplasmic reticulum
membrane, probably via enhanced lipid peroxidation.

The LD50 values of OTA in various species are listed

below (material safety data sheet (MSDS), Sigma Chemical

Co., 1989):

Species Route of Administration LD50
Rat Oral 20.0 mg/Kg
Rat i.p. 12.6 mg/Kg
Rat i.v. 12.7 mg/Kg
Mouse Oral 46.0 mg/Kg
Mouse i.p. 22.0 mg/Kg
Mouse Leve 25.7 mg/Kg
Dog Oral 0.2 mg/Kg
Pig oral 1.0 mg/Kg

Chicken oral 3.3 mg/Kg
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1.1.3 Carcinogenicity and wutagenicity

Bendele et al. (34) found that 40 ppm OTA fed to
(C57BL/6J x C3H)Fl mice for up to 24 months induced renal
neoplasms in males only. Female mice had a slight increase
in hepatocellular neoplasms. Earlier, Kanesawa and Suzuki
(35) had observed an increased incidence of both hepatic and
renal tumors in male DDY mice fed 40 ppm OTA. In a recent
study conducted by the U.S. National Toxicology Program
(NTP) (186), OTA in corn oil was administered by gavage to
group of male and female F344/N rats for up to 2 years.
There was clear evidence of an increased incidence of
uncommon tubular cell adenomas and carcinomas of the kidney
in both sexes. In addition, female rats had an increased
incidence and multiplicity of fibrcadenomas of the mammary
gland. Other non-neoplastic renal changes observed included
tubular cell hyperplasia, tubular cell proliferation,
cytoplasmic alterations, karyomegaly, and degeneration of
the renal tubular epithelium.

OTA did not produce genetic or related effects in a
variety of short term tests (36,37). From the same NTP
study, OTA was not mutagenic in four strains of Salmonella
typhimurium (TA 97, TA 98, TA 100, or TA 1535) when tested
both with and without exogenous metabolic activation. Also
OTA did not significantly increase the number of chromosomal

aberrations in cultured chinese hamster ovary cells. OTA
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induced sister chromatid exchanges in the presence, but not
in the absence, of metabolic activation (186). OTA has also
been shown to cause single-strand breaks in DNA isolated
from livers and kidneys of rats that had been fed the

equivalent of 4 ppm OTA for 12 weeks (38).

1.1.4 Absorption and metabolism

The primary site of OTA absorption is thought to be in
the small intestine. When OTA was injected into the lumen
of the stomach, small intestine, caecum, or colon of male
Wistar rats, the highest absorption was in the proximal
jejunum (39). In mice, when OTA was given orally, the site
of highest absorption was the duodenum (40). In the latter
study, immunohistochemical staining revealed that the
highest concentration of OTA was in the intestine, with
decreasing levels in the kidney and liver (40).

Many environmental carcirogens and toxins require
oxidative metabolism, wost often by the cytochrome P-450-
dependent monoxygenase system, in order to exert their toxic
or carcinogenic effects (41). OTA is known to be
metabolized by rat liver microsomes to (4S)=-4-hydroxy-GTA
and (4R)-4-hydroxy-OTA (42), while with rabbit liver
microsomes an additional metabolite, 10-hydroxy-OTA, is

formed (43). In vivo, OTA metabolites detected in the urine

of rats include ochratoxin a and 4-hydroxy-OTA (44). In
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rats intubated with labelled OTA (‘H in Phe), three other
metabolites have been detected in liver extracts, but these

have not been identified (38).

1.2 LIPID PEROXIDATION

1.2.1 Definition

In eukaryotes, membrane fluidity is maintained by the
incorporation of polyunsaturated fatty acid (PUFA) chains
into membrane lipids. Most of these PUFA chains occur on
the 2-C position of the glycerol moiety of phospholipids,
particularly phosphatidyl choline and phosphatidyl
ethanolamine, although some also occur in neutral lipids.
In the membranes of rat liver microsomes, the most abundant
PUFAs (expressed as percentage of total fatty acids) are
shown in Fig. 3. The presence of an adjacent double bond
weakens the carbon-allylic hydrogen bonds. These allylic
hydrogens, especially those on the carbon atom between
double bonds, can be abstracted by reactive species
containing one or more unpaired electrons (free radicals).
The lipid radical thus formed will then react with molecular
oxygen, and the ensuing chain reaction results in the
breakdown of the PUFA. This reaction sequence is known as
1lipid peroxidation. Lipid peroxidation propagates by col-

lision of a radical molecule with a non-radical molecule and
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Figure 3. The major polyunsaturated fatty acids in rat liver

microsomes (176).
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terminates when two radicals collide each other. The
reactions of lipid peroxidation may be classified into three
main steps: 1) initiation, 2) propagation and 3) termination

(Fig. 4).

1.2.2 Measurement

The products of lipid peroxidation include lipid
epoxides, hydroperoxides, epoxy alcohols, and the short-
chain compounds such as malondialdehyde (MDA), ethane,
pentane, and 4-hydroxy alkenals (45-48). Lipid peroxidation
has been measur:d by the detection of conjugated dienes
formed during the early phase of the peroxidation reaction
sequence (49-51), and less commonly by measurement of lipid
hydroperoxides (52,53). The most common procedures are
based on the measurement of the products of lipid
hydroperoxide breakdown such as MDA (Fig. 5). This is the
most widely used method because of its simplicity and
sensitivity. This substance (MDA) has been commonly
detected by the thiobarbituric acid (TBA) reaction (54-57).
In addition, lipid peroxidation has been assayed recently by
the evolution of short-chain alkanes (ethane and pentane)
both in vivo and in vitro (58-61).

In my studies, different parameters were measured as
indices of lipid peroxidation to study the role of OTA in

stimulating lipid peroxidation. The classic TBA reaction to
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Figure 4. Simplified reactions of the process of lipid

peroxidation (177).
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Figure 5. Scheme demonstrating the formation of
malondialdehyde (MDA) during lipid peroxidation
induced by ferrous-oxygen complexes or by hydroxyl

radicals (134).
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Figure 6. The complex formed between thiobarbituric acid
(TBA) and malondialdehyde (MDA). The complex can
be measured at 535 nm as an index of lipid

peroxidation.
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measure MDA as an MDA-TBA adduct (Fig. 6) was the first
index to be measured (as described in the Methods section).
It has been reported that MDA itself is reactive and forme
Schiff bases with amino groups of various biomolecules, e.g
amino acids and proteins, nucleic acids and amino sugars
(62-65), and such reactions would decrease the MDA available
for reaction with TBA. On the other hand, the acidic
conditions used during “.L2 TBA reaction may hydrolyse the
Schiff bases and maximize MDA measurement. Recently,
Pompella et al. (66) investigated whether some of the
commonly used methods to detect lipid peroxidation in vivo
correlate with each other. They tested and compared the
following methods: i) measurement of MDA formation; ii)
detection of diene ccnjugation; iii) measurement of the loss
of PUFA; and iv) determination of carbonyl functions formed

in acyl residues of holipds. Correlations

among the values they obtained with these methods showed
high statistical significance, indicating that the
procedures measure lipid peroxidation in vivo with
comparable reliability. Analogously, the four methods also
appeareu to correlate when applied to in vitro microsomal
lipid peroxidation, reaffirming confidence in these
procedures.

Oxygen uptake was the second method to be used as a
measure of lipid peroxidation (described in the methods

section). It is also an acceptable method but it is not as
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widely used as the MDA-TBA reaction. It is known that lipid
peroxidation is accompanied by uptake of oxygen in the
formation of peroxy radicals and in subsequent decomposition
reactions. It is worth mentioning that (from my results)
the amount of oxygen uptake is about 60 fold the amount of
MDA formed over the same period of time. That is because
oxygen uptake represents a measure for the whole lipid
peroxidation process plus a direct reduction or oxygen to
superoxide anions and H,0,, while MDA is only one of several
components resulting from the breakdown of the peroxidized
lipid. In addition, measurement of MDA formation cannot
account for peroxidized lipids that have not yet been broken
down, whereas oxygen uptake does include this amount.

It is generally accepted that iron plays an important
role in lipid peroxidation. Ferrcus iron is able to produce
hydroxyl radicals via the Fenton reaction, and it can also
participate in the initiation of lipid peroxidation by
interacting with unsaturated 1lipid (LH) undergoing lipid
peroxidation to form lipid radical (L'). The rate of
reduction of ferric to ferrous iron is a useful measurement
(described in the Methods section) which was also used to
confirm the role of OTA in facilitating ferric reduction

subsequent to forming a complex with it.
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1.2.3 Enzymatic lipid peroxidation systems

Enzymatically induced microsomal lipid peroxidation was
first described by Hochstein and Ernster in 1963, who
demonstrated the requirement for nicotinamide adenine
dinucleotide phosphate, reduced form (NADPH) and adenosine
5'-diphosphate (ADP) and the enzymatic nature of the process
(67) . In a subsequent study they showed the necessity for
iron (68) which had been a contaminant of their original ADP
solutions. Later, Pederson and Aust (69) characterized the
enzymatic nature of lipid peroxidation further by
demonstrating that NADPH-cytochrome P-450 reductase (Fp) was
the enzyme linking NADPH oxidation to the ADP-Fe-dependent
peroxidation of microsomal membranes (69). They also
developed a reconstituted lipid peroxidation system
consisting of phospholipid vesicles (liposomes), purified
Fp, ferric chelates and NADPH. In their reconstituted
system, a second ferric chelate, EDTA-Fe’* (in addition to
ADP-Fe*) was also required (69). Therefore, Aust et al.
(69) suggested that there may be a microsomal component(s)
that directly reduces ADP-Fe®' (for which EDTA-Fe’' can
substitute) in the reconstituted lipid peroxidation system.
In support of this, Hochstein and Ernster (70) suggested
that cytochrome P-450 may be involved. Later, Aust et al.
(71) demonstrated that when cytochrome P-450 was

incorporated into phospholipid vesicles, EDTA-Fe’ was not
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required.

1.2.4 Physiological sources of iron

Because of the important role of iron in promoting
1ipid peroxidation, it is worth giving a brief description
of its physiological sources. Iron is transported in the
plasma and extracellular fluids by transferrin, a
glycoprotein with two Fe®* binding sites per molecule.
Intracellularly iron is stored in ferritin (72). This is
the major physiological store of iron. It is a large
protein of 440000 molecular weight which can store up to
4500 mol of iron per mol of protein, although it is usually
not saturated (73). In aerated aqueous solutions iron
exists predominantly as Fe™. At physiological pH values,
the chemistry of ferric ion is mainly that of hydrolysis to
yield insoluble ferric hydroxides and oxyhydroxides (74).
For this reason, low molecular weight cherlators of iron are
required to exchange iron in both directions between
transferrin and ferritin and between ferritin and
intracellular iron-containing compounds (75). Heme
proteins, mostly hemoglobin and myoglobin, can also serve as

other sources of intracellular iron (76).
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1.2.5 TInitiation

Lipid peroxidaticn is sometimes a major mechanism of
cellular injury in organisms subjected to oxidative stress
(reviewed 77-79). Surprisingly little is known, however,
about the chemistry of initiation of peroxidation in
membrane systems such as liposomes or microsomes. The
nature of the free radical species ultimately responsible
for the initiation of iron-dependent lipid peroxidation has
been the subject of considerable debate. The principal
candidates suggested for this role are the hydroxyl radical
(OH') and the ferrous dioxygen complex (perferryl ion). The
hydroxyl radical is an extremely reactive species, reacting
very rapidly with most organic molecules (80). Hydroxyl
radicals can be formed via the Fenton reaction as follows:

Fe* + HO0, -----> Fe’* + OH + OH

The superoxide radical (0, -) is produced at a number of
intracellular sites (81-83) and H,0, can then be formed
readily from the nonenzymic or superoxide dismutase-
catalyzed dismutation of 0, (83). Subsequently, chelated
iron can yield OH' in the Fenton reaction as above. An
alternative hypothesis for the initiating species is that

ferrous ion, in undergoing autoxidation to ferric ion,

passes through an intermediate (Fe'---0, ¢---3 Fe®'-—-
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state (ferrous dioxygen complex). Upon the discovery of
ADP-Fe*-initiated microsomal lipid peroxidation, Hochstein
and Ernster (68) postulated the involvement of an ADP-Fe’'--
-0, complex. Furthermore, Aust's group has pursued the idea
that an ADP-ferrous dioxygen complex initiates lipid
peroxidation (84,85). The concept of a ferrous dioxygen
complex has been criticized on the grounds that the complex
is insufficiently reactive towards PUFA (86). The highly-
reactive hydroxyl radical can often be detected in
microsomal or liposomal lipid peroxidation systems (87-90).
The hydroxyl radical is known to be capable of initiating
lipid peroxidation by abstracting a hydrogen atom from fatty
acid side chains (91,92). H,0,-degrading enzymes or
scavengers of OH', however, rarely inhibit iron-dependent
peroxidation in microsomal or liposomal systems (87-90). It
has been proposed that the ferryl ion (see below) is the
true Fenton reagent rather than OH', and this would not be
available for scavenging by conventional OH scavengers
(95,96) .
2+

Fe®' + H,0, -57 Fe’*-0H Y [Fe’-0" ¢-> Fe*'-0] ---3 Fe* + OH'

OH™ H ferryl ion
Superoxide radicals may play a minor role in initiating
lipid peroxidation uner conditions in which they act to

reduce Fe' to Fe?* (97,98). Recently, Aust et al. (99-100)
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have proposed that a specific Fe?*-0,-Fe’* complex, or at
least a 1:1 ratio of Fe* to Fe™, acts as an initiator of
peroxidation in liposomal and microsomal systems, but some
doubts have been raised aboul this complex as a specific
initiator of peroxidation. Attempts to isolate such a
complex have failed (99,101). The Fe*/Fe” ratios required
for maximal stimulation of peroxidation have been reported
to vary from 1:1 to 1:7 in different experiments (102),
perhaps suggesting that a specific stoichiometric complex is
not required. It must be concluded that the identity of the
initiating species of lipid peroxidation produced by ferrcus

iron is still an open question.

1.2.6 Cellular toxicity

The peroxidative breakdown of PUFA has been implicated
in the pathogenesis of many types of injury and especially
in the hepatic damage induced by several toxic substances.
Among these toxic substances are the haloalkanes, carbon
tetrachloride (103-105), trichlorobromomethane (103,106),
chloroform (107), 1,2-dibromoethane (108) and halothane
(109). 1In addition, paracetamol (110), bromobenzene (111),
iron (112), bipyridyl compounds (113), allyl alcohol (114)
and in some instances, ethanol (79,115,116) nave been shown
to stimulate lipid peroxidation. The peroxidation of PUFA

within biological membranes results in a complex series of
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biochemical and biophysical events which lead to
inactivation of enzymatic functions in several subcellular
organelles (103,104,117-119). These alterations include
changes in the physical properties of the lipid bilayer,
reactions between acylperoxyl radicals and membrane proteins
and formation of reactive products originating from the
degradation of peroxidized fatty acids (117-119).

The stimulation of lipid peroxidation in either
artificial membranes of liposomes or in subcellular
organelles has been shown to increase membrane rigidity
(120,121) . such a loss of fluidity does not seem to be
dependent upon an increase in the ratio between cholesterol
and phospholipids (120), kut is rather an effect of the
formation of cross-linking between acyl chains (122) and of
the depletion of long chain PUFA (120). In addition to the
changes in fluidity, lipid peroxidation causes an increase
in the ionic permeability and affects the surface potentials
of the membranes (118). In the liver, the membranes of the
mitochondria and endoplasmic reticulum contain unsaturated
fatty acids in high proportion and therefore are vulnerable
to peroxidative attack. At the same time they contain
enzymes of the electron transport systems which make them
capable of producing free radical species (103,104,118,119).
The consequences for the cell of lipid peroxidation
reactions and products are many. Microsomal membranes

undergoing peroxidation in vitro show fragmentation and
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turbidity changes, destruction of cytochrome P-450 (123),
and loss of latency and activity of glucose-6-phosphate and
UDP-glucuronyl transferase (123-125). The plasma membrane
Ca*-ATPase is inactivated because of oxidation of essential
sulfhydryl groups in the enzyme (126), resulting in
defective control of cytosolic calcium. Ribosomes become
detached from the endoplasmic reticulum during 1lipid
peroxidation (127). In mitochondria, peroxidation causes
membrane swelling, deterioration of electron transport, and
organelle lysis (128,129). Lipid peroxidation of lysosomes
canses lysis and enzyme release (130,131), and the
erythrocyte plasma membrane responds in a similar manner
(132) .

Cephaloridine, a beta-lactam antibiotic of the
cephalosporin type, causes renal injury in humans and in
laboratory animals. Like OTA, its main toxic effect is
considered to be on the proximal tubules (178,179). Several
biochemical mechanisms have been proposed to explain the
nephrotoxic effects of cephaloridine (182,180,181). The
most recent hypothesis suggests an involvement of lipid
peroxidation initiated by reactive oxygen species (181,183} .
Recent studies showed that the formation of cephaloridine-
inducod reactive oxygen species and peroxidation of renal
cortical membrane lipids was inhibited by radical scavengers

and antioxidants (182,184).
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1.3 Objective of the thesis

Lipid peroxidation has been proposed as the mechanism
of toxicity of a wide and ever—increasing range of compounds
(134,135). Recently, Rahimtula et al. (133) reported that
the addition of OTA to rat liver or kidney microsomes, or
the administration of OTA to rats enhanced lipid
peroxidation.

The major objective of my studies was to investigate
the mechanism by which ochratoxin A stimulated lipid
peroxidation. For this purpose, I used a reconstituted
system consisting of phospholipid vesicles (liposomes), the
flavoprotein NADPH-cytochrome P-450 reductase, OTA, EDTA,
Fe' and NADPH.

The role of purified cytochrome P-450 as a possible
substitute in vivo for EDTA was also examined in the
reconstituted system.

Using ESR I attempted to characterize the free radicals
formed in the reconstituted system in the presence or OTA.

Finally, I examined several OTA analogues in a study of
structure-activity relationships to characterize the
components effectively contributing to the stimulatory

effect of OTA on lipid peroxidation.
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CHAPTER 2
BIOSYNTHESIS OF OCHRATOXIN A

OTA is available commercially from a few chemical
companies, but it is very expensive (100 mg cost about $
2,000). I therefore considered the production of the toxin
in our laboratory. The OTA produced was characterized by
thin layer chromatography (TLC), high pressure liquid
chromatography (HPLC), UV absorption and fluorescence
spectroscopy, and was found to be identical to that
purchased from Sigma Chemical Co. The early part of my
research (lipid peroxidation) was done with OTA purchased
from Sigma Chemical Co. In most of the later work I used

OTA produced in our laboratory.

2.1 Organism

Aspergillus ochraceus NRRL-3174, obtained from Dr. S.W.
Peterson, Northern Regional Research Center, U.S. Dept. of
Agriculture, Peoria, Illinois, was used for OTA production.
Cultures were maintained at 5°C on modified Czapek agar*
(see section 2.2) with 20% sucrose supplemented with 0.7%

yeast extract.



2.2 Culture

Flasks (250 ml) containing 100 ml of modified Czapek
liquid medium** with 4% sucrose and 2% yeast extract, were
stoppered with cotton plugs and autoclaved at 121°C for 15
min (136). Media were inoculated with a spore suspension of
A. ochraceus and incubated at 25°C for 12 days without
agitation. The initial pH of the media was about 6.7, and

the final pH was about 6.4.

*Modified Czapek agar medium **Modified Czapek liguid

medium

(for fungus preservation) (for OTA production)

Sucrose 200 gm Sucrose 40 gm
NaNo, 3 gn NaNo, 3 gn
K,HPO, 1 gm KHPO, 1 gnm
MgSO, . 7H,0 500 ng Mgso, 7H,0 500 mg
Kcl 500 ng Kel 500 mg
FeSO0,. 7H,0 10 ng FeS0,. 7H,0 10 ng
Yeast extr=:zt 7 gm Yeast extract 20 gm

(Difco) (Difco)
Agar 15 gn Dist.H,0 1L

Dist.H,0 1L

Since OTA contains a chlorine atom, the effect of

different Cl° concentrations in the culture medium on OTA
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production was investigated. Chloride concentrations of 0,
25, 100, 250 and 500 mg/L were tried, and it was found that
the maximum toxin yield was achieved at 100 mg/L Cl'.
Hence, this concentration was used in the regular medium for
OTA production instead of 500 mg/L that was used before. An
added advantage of lower Cl™ concentration is that it can be
used to produce *°cl-labelled OTA of higher specific
activity. Others hav» also recommended that a lower Cl~
concentration be used (137).

Because OTA contains a phenylalanine (Phe) moiety, the
effect of adding exogenous Phe to the regular medium was
investigated. It was found that the yield of OTA increased
by about 25% when Phe (10 mM) was included in the culture
medium.

Cultures were incubated for different periods of time
(from 3 days up to 30 days prior to harvesting). The
highest toxin production was found to be between 10 and 12
days of incubation, and so this time period was used for all
further experiments. It was also of interest to determine
the toxin concentration in the fungal mycelium and in the
culture filtrate. Twelve point seven percent of the total
toxin yield was found in the culture filtrate which is in
good agreement with values in the literature (10-12%). The

remaining toxin (87.3%) was in the mycelium.
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2.3 Ochratoxin A extraction

After measuring the final pH, the culture medium was
acidified to pH 2.0 with .onc. HCl and then thoroughly
homogenized using a Polytron homogenizer (Brinkman
Instruments) for 3-5 min at 30,000 rpm to break all fungal
hyphae. To 1 L of homogenate about 10 ml of saturated Nacl
solution was added, and the mixture was extracted with 1L of
chloroform. After vigorous shaking, the mixture was
centrifuged at 2000 rpm for 5 min. Three separate layers
were obtained : an upper aqueous layer, a lower chloroform
layer and a fluffy layer in between containing cell debris.
Both the chloroform layer and the agueous layer were
chronatographed by TLC (KSF silica gel, layer thickness 250
1, Whatman) and chromatograms were examined under UV. OTA
purchased from Sigma Chemical Co. was used as a standard.
The solvent sy=. s used were: benzene, methanol, acetic

acid (95:

:5 v/v) (solvent A); benzene, acetic acid (8:1
v/v) (solvent B); benzene, acetic acid (4:1 v/v) (solvent
C). OTA was not detected in the extracted aqueous solution
after a sample (50 ul) had been chromatographed, and so the
aqueous layer was discarded. The chloroform layer contained
material chromatographically identical with OTA. The
chloroform layer (about 800 ml) was dried over anhydrous
sodium sulfate (30-40 gm) and then reduced under vacuum to

about 25 ml.
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2.4 oOchratoxin A purification

To the reduced volume of OTA in chloroform, an equal
volume of NaHCO, solution (0.5 M) was added (138). After
vigorous shaking the mixture was centrifuged at 4000 rpm for
10 min. The chloroform layer was extracted again with an
equal volume of fresh bicarbonate solution. Tae combined
bicarbonate extracts and the residual chloroform layer were
tested for OTA by TLC as previously described, and OTA was
not detected in the chloroform layer. The combined
bicarbonate layers were acidified cautiously to pH 2.0 with
conc. HC1 and then the toxin was re-extracted with
chloroform (3 x 70 ml). Again, the chloroform extracts and
the residual bicarbonate layer were tested for OTA by TLC,
and no toxin was detected in the bicarbonate layer. The
chloroform layer that conta: «d the OTA (about 200 ml) was
dried over anhydrous sodium sulfate (20-25 gm) and the
volume was reduced to about 10 ml.

For further purification, a silica gel column was used
(138). Silica gel 60 (mesh 230-400) was dried at 110°C for
1 hr, suspended in benzene and packed into a 500 x 38 mm
column. Some of the benzene was allowed to drain to aid
settling of the silica gel. When the silica gel had
settled, a thin layer of anhydrous sodium sulfate was added
to the top of the column. The benzene was then drained just

to the top of the sodium sulfate layer. The reduced volume
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of OTa in chloroform was applied to the column which was
then eluted with the solvent benzene:acetic acid, 94:6 (v/v)
at a flow rate of 1.5 ml/min. Fractions of 15 ml each were
collected. Progress of OTA through the column could be
observed by shining a UV light at the column. OTA was
eluted between fractions 31-54. Only those fractions that
showed a single spot of OTA on TLC were combined. Fungal
pigments and other contaminants of OTA stayed behind while
OTA was eluted as a separate band. The collected OTA was
pure (judged by TLC at this step), colourless and had a blue

fluorescence under a UV lamp.

2.5 Ochratoxin A crystallization

From 6 L of culture medium, 380 mg of pure OTA was
obtained. The purified OTA was dissolved in hot benzene (ca i
25 nl) and filtered. The filtrate was evaporated in a steam ;
bath until crystals started to form and then cooled to room :
temperature (138). The crystals were collected by i
filtration, washed with cold benzene and dried (yield 359

mg). According to Nesheim (138), the crystalline OTA

contains 1 mol of benzene of crystallization, and so after
subtraction of 1 mol of benzene of crystallization, the net

toxin yield was about 302 mg.

]
!
i
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2.6 Determination of OTA purity

TLC on silica gel plates containing a UV fluorescent
indicator was used as a simple, rapid and reliable method
for checking the purity of the toxin especially during the
isolation procedure. The produced toxin gave a single spot
on TLC which had the same R, value as commercial OTA in 3
solvent systems A , B and C (Table 1). HPLC was also used
to determine the purity of the produced OTA. The toxin gave
a sharp clean peak that came out in the same position as
that of standard OTA and both peak area percentages were
comparable (Fig. 7).

OTA was further characterized spectrophotometrically
between 400 and 200 nm. It showed 2 main peaks at 332 and
214 nm identical to the maxima for standard OTA (Fig. 8).
The molar absorption coefficient of OTA at 332 nm (6330 cm’
M!) was used to calculate the OTA concentration (139). The
produced OTA was also scanned fluorometrically using an
excitation wavelength of 340 nm and scanning the
fluorescence between 500 and 300 nm (Fig. 9).

Using the above techniques, it was clear that the
produced toxin was comparable in purity and spectral
characteristics to standard OTA purchased from Sigma

Chemical Co.
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Table 1: The R, values of ochratoxin A.

Solvent system Sigma OTA" Isolated OTA"
Benzene, acetic acid 0.68 0.68
(4:1, v/v)

Benzene, acetic acid 0.41 0.41
(8:1, v/v)

Benzene, acetic acid, methanol 0.45 0.45

(95:5:5, v/v/v)

“3ul of 25 mM were spotted on TLC plates with fluorescent

indicator.
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Figure 7. The HPLC profile of OTA.

A.

B.

OTA preparation

Standard OTA from Sigma Chemical Co.

Both samples were injected in methanol (10 pl
of a 2.5 mM solution) into a Perkin Elmer
Series 4 Liquid Chromatograph. The column
used was Partisil 10 ODS-2. The solvent
system consisted of a mixture of a)
acetonitrile:methanol (500:500, v/v) 65% and
b) 5 mM sodium acetate:acetic acid (500:14,
v/v) 35%. The flow rate was 1.5 ml/min and
the photometric detection was performed at

332 nm.
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Figure 8. The UV spectrum of OTA.

The continuous line represents standard OTA from
Sigma Chemical Co. (—), while the broken line
represents my OTA preparation (--). Both samples
are at a concentration of 25 pM OTA in 3 ml
methanol. The instrument (Perkin Elmer Lambda 3B
spectrophotometer) settings were: wavelength scan
400-200 nm, chart speed 60 mm/min and scan speed

60 nm/min.
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Figure 9. The fluorescence spectrum of OTA.
The continuous line represents standard OTA from

Sigma Chemical Co. (—), while the broken line

represents my OTA preparation (

. Both samples
are at a concentration of 50 uM OTA in 3 ml
methanol. The instrument (Perkin Elmer LS-5
spectrofluorimeter) settings were as follows:
Excitation wavelength 340 nm, while emission was
scanned from 300 to 500 nm. The Ex/Em slits were
set at 5/3 nm, chart speed 60 mm/min and scan

speed 120 nm/min.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

3.1.1 Chemicals

2',5'-ADP agarose, bathophenanthroline disulfonic acid
(BPS), butylated hydroxyanisole (BHA), butylated
hydroxytoluene (BHT), catalase, Chaps (3-[cholamidopropyl)-
dimethyl ammonio]-l-propanesulfonate), cholic acid,
cytochrome ¢, DMPO (5,5-dimethyl-l-pyrroline-l-oxide), EDTA
(ethylenediamine tetracetic acid-disodium salt), glycerol,
Lubrol PX, NADPH, OTA, Renex 690, superoxide dismutase and
2-thiobarbituric acid (TBA) were purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A). Anhydrous ferric
chloride, ferric nitrate and ferrous chloride were obtained
from BDH Chemicals, Dartmouth, Nova Scotia, Canada. DEAE-
Sephacel was purchased from Pharmacia, Dorval, Quebec,
Canada. All other chemicals were of the highest grade

commercially available.



3.2 Methods

3.2.1 Preparation of microsomes

Male Sprague-Dawley rats (200-220 g) were obtained from
Charles River Canada, La Prairie, Quebec and were allowed
free access to standard laboratory rat chow and water.
Untreated rats or rats pretreated with sodium phenobariital
(PB) (0.1% PB in drinking water for 5 days) were fasted
overnight prior to use. Liver microsomes were isolated by
differential centrifugation as described earlier (140).
Livers were excised and pooled (6 livers = ~100 gm wet
weight) in ice-cold 50 mM Tris-HCl buffer (pH 7.4)
containing 1.0 mM EDTA, 1.15% KCl, and 20 uM BHT. The
livers were chopped into pieces, homogenized in 3 parts (300
ml) of the above buffer to one part liver (wet wt) using a
Teflon/glass homogenizer, and then centrifuged at 10,000 x g
for 15 min. Following filtration through cheeseclcth,
microsomes were isolated from the 10,000 x g supernatant by
centrifugation at 110,000 x g for 60 min. The microsomal
pellets were resuspended in 100 mM sodium pyrophosphate (pH
7.4) (about 200 ml) containing 1.0 mM EDTA and 20 puM BHT and

again centrifuged at 110,000 x g for 60 min. The final

microsomal pellets were in 10 mM te buffer
(PH 7.4) (35 ml) containing 0.25 M sucrose at a protein

concentration of 50 mg/ml and stored at -80°C until used.
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Protein was determined by the method of Lowry et al. (141).
Microsomes prepared as described above were used for the
purification of the flavoprotein NADPH-cytochrome P-450

r When mi were for lipid

extraction, BHT was excluded from the buffers and the final
microsomal pellets were suspended in 10 mM Tris-HCl buffer
(pH 7.4) (16 ml from 2 rats) at a protein concentration of

40 mg/ml.

3.2.2 > P-450 (Fp)

3.2.2.1 Fp Purification

The flavoprotein NADPH-cy P-450 (Fp)
was purified from liver microsomes isolated from PB-
pretreated rats essentially as described by Murray Ardies et
al. for hamster microsomes (140) . The following procedures
were all performed at 4°C. Microsomes (50 mg protein/ml)
were diluted to 10 mg protein/ml with 100 mM Tris-HCl buffer
(pH 7.7) containing 1.0 mM EDTA, 1.0 mM dithiothreitol
(DTT), 20 pM BHT, 5 uM flavin mononucleotide (FMN), and 30%
glycerol (buffer A). Immediately prior to use, CHAPS (3-

( (cholamidopropyl)-dimethylammonio]-1-propanesulfonate) was
diluted 1:1 (v/v) with buffer A. A solution of 10% CHAPS
(in buffer A) was added slowly dropwise with stirring to a

final concentration of 1% (w/v; 1.1 mg CHAPS/mg protein) and



49
the mixture was stirred for 30 min. Then, a 1.5% solution
of protamine sulfate was added dropwise to a final
concentration of 0.07% (w/v). After stirring for an
additional 20 min, the mixture was centrifuged at 110,000 x
g for 60 min. The supernatant was removed and the resulting
gray-colored, tightly packed pellet was resuspended in
buffer A with the aid of a Teflon/glass homogenizer to a
protein concentration of 50 mg/ml. A 10% (w/v) solution of
sodium cholate in water was then added dropwise with
stirring to a final detergent:protein ratio of 3 mg/mg. Ten
minutes later, a 20% (v/v) solution of Lubrol PX (ethylene
oxide condensate of fatty alcohols, Sigma Chemical Co., MO,
USA) in water was added dropwise to a final concentration of
0.5% (w/v) and the mixture was stirred for an additional 30
min. The detergent-treated fraction was again centrifuged
at 110,000 x g for 60 min and the resulting supernatant was
applied directly to a 2',5'-ADP agarose column (2.5 x 4.0
cm) at a flow rate of 1 ml/min. The cffinity column had
been equilibrated previously with 100 mM phosphate buffer
(pH 7.7) containing 0.4% cholate, 0.1 mM EDTA, 0.1 mM DTT,
20 pM BHT, 5 pM FMN, and 20% glycerol. Once loaded, the
resin was washed with 15 column volumes of equilibration
buffer, 12 column volumes of 100 mM phosphate buffer (pH
7.7) containing 1.0% Chaps, 0.5% Lubrol PX, 0.1 mM EDTA, 0.1
mM DTT, 20 uM BHT, 5 uM FMN, and 20% glycerol, and again

with 15 column volumes of equilibration buffer. All washes
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were performed at a flow rate of a 1 ml/min. Fp was then
eluted from the affinity resin with a small volume (about 25
ml) of equilibration buffer to which 10 mM NADP' had been
added (flow rate = 0.5 ml/min). The peak Fp-containing
fractions were pooled and dialyzed twice with 2 liters of 50
mM phosphate buffer (pH 7.4) containing 0.1 mM DTT and 20%
glycerol for a total of 28 ar. The purified Fp was then
stored in small aliquots (0.5 ml each) at -80°C. The
purified Fp showed a single band on sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (Fig. 10).

3.2.2.2 Fp assay

The enzyme was assayed as described by Lake (142) using
cytochrome ¢ as the electron acceptor. Briefly, 1 ml of
0.125 mM cytochrome c solution in 0.1 M phosphate buffer, pH
7.0, and 0.2 ml of 15 mM KCN in water were pipetted into

each of a two 3 ml spectrop er . Ten

microliters of Fp were pipetted into each cuvette and
phosphate buffer was added to the test and reference cuvette
contents to bring the volumes up to 2.4 and 2.5 ml,
respectively. After mixing, the cuvettes were placed in
their cell compartments of the spectrophotometer

(thermostatted to 22°C), and after 3 min the reaction was



Figure 10.

S1

Gel electrophoresis analysis of the purified

native Y P~-450 (Fp)
(0.177 pg protein, lanes 2-4) along with
Pharmacia low molecular weight standard
(lanes 1,5). The Fp was judged to be
electrophoretically homogeneous and its

molecular weight was determined to be 76000.
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initiated by adding 0.1 ml of 10 mM NADPH to the test
cuvette only. The contents were again mixed and the
increase in absorbance with time was recorded at 550 nm.
Using an extinction coefficient for the reduced cytochrome c
at £50 nm of 0.021 cm® uM!, the specific activity of the
flavoprotein was calculated to be 18,000 units/mg protein
(142). One unit of enzyme activity is defined as that
amount which catalyzes the reduction of 1 nmol cytochrome

c/min.

3.2.3 Cytochrome P-450

3.2.3.1 Cytochrome P-450 purification

Cytochrome P-450 was purified from liver microsomes
isolated from PB-pretreated rats as described by Guengerich
(143). Microsomes were suspended to 2 mg protein/ml in 0.1
M potassium phosphate buffer (pH 7.25) containing 20%
glycerol, 1mM EDTA, and 20 uM BHT. Sodium cholate
(recrystallized from 50% agueous ethanol) was added dropwise
(from a separatory funnel) to the stirring suspension over
20 min to give a final concentration of 0.6% (wt/vol).

After stirring for an additional 30 min, the clarified
solution was centrifuged at 100,000 x g for 1 hr. An amount

of the supernatant equivalent to 2,000 nmoles of cytochrome
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P-450 was applied to an w-amino-octyl agarose column (2.5 x
50 cm) previously equilibrated with 300 ml of 0.1 M
potassium phosphate buffer (pH 7.25) containing 1 mM EDTA,
20% glycerol, and 0.6% (wt/vol) sodium cholate at a flow
rate of 1 ml/min. The cytochrome P-450, a reddish brown
protein, was bound to the top one-third of the column. For
the first column, all steps were carried out at 4°C and the
sodium cholate used was recrystallized. The column was
washed with 800 ml of 0.1 M potassium phosphate buffer (pH
7.25) containing 1 mM EDTA, 20% glycerol, and 0.42% (wt/vol)
sodium cholate. Cytochrome P-450 was eluted using about
1,500 ml of 0.1 M potassium phosphate buffer containing 1 mM
EDTA, 20% glycerol, 0.33% (wt/vol) sodium cholate, and 0.06%
(wt/vol) Renex 690 (polyoxyethylene (10) nonyl phenol ether,
ICI Americas Inc., WA, USA). The eluted fractions were
monitored for cytochrome P-450 (A,;;). The Ay, peak
fractions were pooled and concentrated to about 50 ml using
an Amicon ultrafiltration apparatus and a PM-30 membrane.
The concentrated solution was dialyzed against 1 L of a 20%
glycerol-0.1% mM EDTA solution (about 3 hr) and then versus
1 L of 10 mM potassium phosphate buffer (pH 7.7) containing
0.1 mM EDTA, 20% glycerol, 0.1% (wt/vol) Lubrol PX, and 0.2%
(wt/vol) sodium cholate (not recrystallized) (about 3 hr).

The cytochrome P-450 was further purified by DEAE-
cellulose chromatography at room temperature (about 22°C) .

The dialyzed cytochrome P-450 solution was applied to a 2.5



55
x 50 cm column of Pharmacia DEAE-Sephacel previously
equilibrated with 1 L of 10 mM potassium phosphate buffer
(pH 7.7) containing 0.1 mM EDTA, 20% glycerol, 0.1% (wt/vol)
Lubrol PX, and 0.2% (wt/vol) sodium cholate (not
recrystallized). The column was washed with 700 ml of the
equilibration buffer and then eluted with 2 L of the
equilibration buffer in which the concentration of NaCl
increased linearly to 0.25 M. The last major A, peak
contains the bulk of the cytochrome P-450. The peak
fractions were pooled and concentrated to about 20 ml with
an Amicon ultrafiltration apparatus using a PM-30 membrane.
The concentrated solution was stirred with Bio-Beads SM-2
(Bio-Rad Labs; 0.2 gm/mg protein) for 3 hr to remove excess
detergent and then filtered through glass wool. Finally,
the enzyme preparation was dialyzed overnight against 50
volumes of 10 mM Tris-acetate buffer (pH 7.4) containing 0.1
mM EDTA and 20% glycerol. The dialyzed enzyme was stored in
aliquots (0.25 ml each) at - 80°C. SDS-gel electrophoresis

revealed the presence of a single protein band (Fig. 11).

3.2.3.2 Cytochrome P-450 assay

Cytochrome P-450 was assayed as described by Guengerich

(143) using an extinction coefficient of 91 cm mM.

Briefly, 6 mg microsomal protein or 0.6 mg protein of the
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8DS-gel electrophoretic analysis of the
purified cytochrome P-450 (lanes 3, 4 and 5;
0.25, 0.5 and 1.0 ug protein, respectively)
along with Pharmacia low molecular weight
standards (lanes 6,7) (from top to bottom
94000, 67000, 43000,30000,20000 and 14000)
and microsome standard (lanes 1 and 2; 2 pg
protein). The cytochrome P-450 molecular

weight was determined to be 54000.
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cytochrome preparation was suspended in 6 ml of 0.1 M
potassium phosphate buffer (pH 7.4) and a few small crystals
of sodium dithionite were added to it. After mixing, the
contents were divided between 2 matched cuvettes (3 ml in
each) and scanned from 500-400 nm (scan speed 120 nm/min,
chart speed 30 mm/min) to obtain a baseline. The sample
cuvette was bubbled for about 30 sec to 1 min with CO gas
and then re-scanned to get the characteristic peak for the
cytochrome P-450 at 450 nm.

The specific activity of my cytochrome P-450 (8.25
nmol/mg protein) was lower than expected, but it showed a
complete absence of NADPH cytochrome P-450 reductase
activity (Fp). Aust and his group (71) satisfactorily used
cytochrome P-450 preparations with specific activities

between 10 and 14 nmol/mg protein.

3.2.4 Preparation of microsomes from cobalt

protoporphyrin IX-treated rats

Treated rats recieved 2 doses (50 umol/Kg each) of
cobalt protoporphyrin IX 9 days and 2 days prior to killing,
while control rats received the vehicle saline at the same
time as the treated rats. Cobalt protoporphyrin IX (24.8
mg) was dissolved in 0.4 ml of 0.1 M NaOH, the pH was
adjusted to 7.4 and the solution was made up to 4 ml with

normal saline (final concentration of cobalt protoporphyrin
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IX, 10 mM). The freshly prepared cobalt protoporphyrin
solution was administered subcutaneously to rats at a dose
of 0.5 m1/100 gm body weight. After the time period for
treatment had elapsed, microsomes were prepared from the rat
livers as described under 3.2.1.

Cobalt protoporphyrin pretreatment has been shown to
drastically reduce both cytochrome P-450 and NADPH-cytochrom
P-450 reductase (Fp), by 80% and 75%, respectively. To
avoid the possible effect of reduced Fp, these microsomes
were fortified by incubating them with purified Fp.
Microsomes (2 mg protein) were incubated with Fp (640 nmol)
for 1 hr at 22°C and then centrifuged at 110,000g as in
section 3.2.1. The microsomes were resuspended in buffer
and assayed for Fp content as described in section 3.2.2.2.
Fortified microsomes were found to have an Fp content of 70
nmol/mg protein as compared to 20 nmol/mg protein in non-

fortified microsomes.

3.2.5 synthesis of OTA analogues

3.2.5.1 Ochratoxin a

Ochratoxin a (Oa) (see page 115 for structure) was

obtained by refluxing OTA with 6N HCl for 30 hr as described

by Van Der Merwe et al. (2). Briefly, OTA (210 mg) was

suspended in 6N HCLl (100 ml) and heated under reflux for 30
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hr. After cooling, the mixture was extracted with
chloroform (2x20 ml). The combined chloroform extracts were
dried over anhydrous sodium sulfate and then evaporated
under reduced pressure to yield Oa. The Oa thus obtained
was dried to a constant weight in a freeze dryer. VYield =
120 mg (90%). Oa thus obtained was judged to be pure on

TLC and HPLC.

3.2.5.2 Ochratoxin B

Ochratoxin B (OB) (see page 115 for structure) was a
gift from Dr. M. Castegnaro, International Agency for

Research on Cancer, Lyon, France.

3.2.5.3 Ochratoxin C

Ochratoxin C (OC) (see page 115 for structure) was
prepared by estrification of the carboxyl group of OTA in
the presence of 14% boron trifluoride (BF,) in metha ol
according to a method described by Nesheim (138) . Briefly,
OTA (45 mg) was dissolved in 5 ml of 14% BF, in methanol
(w/v). The solution was heated in a steam bath for 5 min.
After 15 ml of water was added, the solution was extracted
three times with chloroform (5 ml each). The combined
chloroform extracts were washed once with 5 ml and twice

with 2.5 ml of 0.5 N NaHCO,, and four times with 2.5 ml
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water. The chloroform was evaporated in the steam bath and
the residue was dried to constant weight under reduced

pressure. Yield = 43 mg (89.4%).

3.2.5.4 Replacement of L-Phe moiety in OTA by different

amino acids

To replace the L-Phe moiety in OTA by other amino
acids, the method described by Steyn and Holzapfel (144) was
followed. Briefly, Oz (14 mg) was heated under reflux
(anhydrous conditions) with thionyl chloride (SOCl,) (4.0
ml) for 2 hr. The SO0Cl, was evaporated under reduced
pressure and the acid chloride was taken up in dry pyridine
(0.35 ml), cooled to 0°C, and then dimethyl formamide (0.2
ml) was added. Sodium azide (5 mg) was slowly added to the
solution at 0°C and the mixture was shaken for 30 min. Water
(0.1 ml) was then added and the mixture shaken for an
additional 30 min. The solution was extracted twice with
ethyl acetate (1.5 ml) and the organic phase was added to a
solution of either L-Ser, L-Pro or L-Glu (10.5, 11.5 or
14.7 mg, respectively) in water (0.5 ml) containing
triethylamine (15 ul). The solution was shaken at 5°C for
55 hr and subsequently treated with 1 N NaOH (0.5 ml). The
mixture was separated into two layers; the aqueous phase was
extracted with ethyl acetate, acidified with acetic acid,

and extracted with chloroform. The chloroform solution was
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concentrated under reduce: pressure and the product was
separated by TLC with 4:1 (v/v) benzene-acetic acid as
mobile phase. The R. values (Table Al) for the new
compounds (see page 115 for structure) were comparable to
those reported by Steyn et al. (145). HPLC profiles for
these new compounds in comparison to OTA and O are also

given in Fig. Al.

3.2.6 Lipid ion and p on of ipia

vesicles

Total lipid was extraccted from untreated rat liver
microsomes by the method of Folch et al. (146), with care
being taken to flush all solvents with nitrogen and to
perform all operations under nitrogen at 0-4°C to minimize
autoxidation of polyunsaturated lipids. Microsomes (11 ml;
40 mg protein/ml) were homogenized using 220 ml of
chloroform:methanol (2:1, v/v). The homogenate was filtered
through a number 1 filter paper (Whatman) into a glass
stoppered bottle. The crude lipid extract was vigorously
mixed with 32 ml of salt solution (upper phase of the
mixture chloroform:methanol:0.58 % NaCl solution, 8:4:3,
v/v/v). The mixture was allowed to separate (by standing)
into two layers (2 phases). As much of the upper phase as
possible was removed by siphoning and removal of the upper

phase solutes was completed by rinsing the surface of the
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lower phase three times with small amounts (about 5 ml each
time) of pure solvents upper phase without disturbing the
lower phase. Lower phase and the remaining rinsing solution
were made into one phase by adding few Jrops of methanol.
The extracted lipid in chloroform:methanol (2:1) was stored
under nitrogen in 10 ml aliquots at -80°C.

Total lipid phosphorus was determined as described by
Bartlett (147) and modified by Marinetti (148) . Different
sample volumes (25, 50 and 100 pl) of extracted lipid were
placed in digestion test tubes and evaporated to dryness.
Appropriate blanks were set up without lipid. To each tube,
1 ml perchloric acid (70 %) and 3-5 boiling stones were
added and all samples were digested in an electron digestor
for 12 min. After the tubes had cooled, 8 ml of distilled
water, 0.5 ml of 5 % ammonium molybdate and 0.5 nl of ANSA
(1-amino-2-naphthol-4~sulfonic acid) (1 gm/6.3 ml H,0, Sigma
Chemical Co.) were added to each tube which was then
vortexed. All tubes were placed in a boiling water bath for
12 min and then allowed to cool before measuring the
absorbance at 815 nm. A standard curve was constructed
using different concentrations of inorganic phosphorus P (as
phosphate) from 0 up to 5 ug P/ml. The same procedures were
followed as above except for the digestion step. A linear
relation “etween absorbance at 815 nm and the amount of Pi
was observed. This standard curve was used to determine the

unknown sample phosphorous concentration. The 1lipid extract
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had a phosphorus concentration of 2.0 umol/ml.

Phospholipid vesicles were prepared fresh daily by
sonication of the extracted lipid under anaerobic conditions
as described in (149). Briefly, an aliquot of the
phospholipid solution was evaporated to dryness in a plastic
tube under nitrogen, and nitrogen-saturated Tris-HC1 buffer
(0.25 M; pH 6.8) was added to give a final lipid phosphorus
concentration of 10 pmol/ml. The tube was flushed with
nitrogen, capped and placed in a glass beaker filled with a
mixture of ice and water. Phospholipid vesicles were
obtained by placing the probe of a Branson sonifier (model
W185) in the beaker and applying a power of 50 wacts for §

min.

3.2.7 Lipid peroxidation assays

Incubations were carried out in triplicate at 37°C in
0.25 M Tris-HCl buffer (pH 6.8)/0.25 M NaCl. The complete
system contained phospholipid vesicles, Fp, OTA, EDTA, Fe'
and NADPH. Final concentrations of the various components
are given in the figure and table legends. Lipid
peroxidation was initiated by addition of NADPH, and
terminated by transferring 0.5 ml aliquots of the reaction
mix into tubes containing 50 ul of 2% BHT in ethanol and 500
ul of 30% trichloroacetic acid (TCA). The tubes were

covered with marbles and heated in a boiling water bath for
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15 min, cooled, centrifuged and the absorbance of the MDA-
TBA adduct (Fig. 6) was read at 535 nm (150). Various
agents, when included in the incubation mix, were added

before initiation of lipid peroxidation.

Spectrophotometric measurements were conducted at 25°C
using either a Shimadzu UV-260 or a Perkin-Elmer Lambda 3B
double beam spectrophotometer in 1 cm cells. Fluorescence
measurements were carried out in a Perkin-Elmer LS-5
spectrofluorimeter in 1 cm cells. The fluorimeter settings
were (unless otherwise specified) as follows: Ex./Em. slits

of 5/3 nm and XA g/ A g of 355/465 nm .

3.2.9 Reduction of Fe™ to Fe

Reduction of Fe" to Fe® was measured
spectrophotometrically by recording the time-dependent
increase in absorbance at 535 nm (E = 22.14 mM'cm') due to
formation of the colored water soluble bathophenanthroline
disulfonic acid-Fe* complex (151). The reaction mixture
contained per ml: 110 uM Fe®, 250 uM OTA, 10 uM EDTA, 3.2
units Fp, 400 uM BPS and 200 yM NADPH. The reaction was

started by addition of NADPH.
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3.2.10 Oxygen uptake studies

Oxygen uptake was measured polarographically with a
Clark electrode (152). The reaction mixture (total volume
of 1.5 ml) cortained: 0.25 M Tris-HCl (pH 6.8),
phospholipid vesicles (1.5 pmoles lipid P), 4.8 units Fp,
varying concentrations of OTA (0-1000 uM), 110 uM Fe'', 25
M EDTA and 200 pM NADPH. Appropriate controls were
performed omitting one or the other of the various
components. Rates of oxygen consumption showed significant
variation from day to day presumably due to the free radical
nature of the reaction. However, the relative rates of
oxygen uptake under the various conditions were always

consistent although the absolute values differed.

3.2.11 Fatty acid analysis in microsomes

Total lipids were extracted from both control
microsomes as well as microsomes from cobalt protoporphyrin
IX-pretreated rats according to the method of Bligh and Dyer
(185). Briefly, 400 ug microsomal protein were suspended in
250 pl of 0.1 M potassium phosphate buffer, pH 7.4 and a
mixture of m~thanol:chloroform (2:1 v/v) (750 pl) was added
to it. The mixture was vortexed and left for 1 hr at 4°C
before centrifugation in an Eppendorf centrifuge for 2 min

to get rid of the protein precipitate. The clear
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supernatant was washed with 500 ul of a chloroform:water
mixture (1:1, v/v), and then the supernatant was centrifuged
again. The chloroform layer was taken (lipid extract),
dried under nitrogen and resuspended in 100 ul of
chloroform. Different lipid fractions were separated by TLC
on Silica Gel G (layer thickness 250 u, Whatman), using a
solvent system of n-hexane:ether:acetic acid (170:30:4,
v/v/v). The various fractions were identified with the aid
of known standards, exposed to iodine vapor and the
phospholipid band was scraped off.

Fatty o-id methyl esters were prepared by refluxing the
phospholipid fraction with 2 ml of a mixture of
methanol:conc H,S0, (23.5:1.5, v/v) overnight at 70°C. The
mixture also contained a few crystals of the antioxidant
hydroquinone, and 5 pg of C17 fatty acid as standard. After
the addition of 1 ml water, the methyl esters were extracted
twice with n-hexane (1.5 ml each). The hexane extract was
dried with anhydrous sodium sulfate, evaporated under
nitrogen and the residue was dissolved in carbon disulfide
(25 pl). Gas chromatography was performed with a Hewlett
Packard apparatus equipped with 30 m Supelcowax 10 wide bore
capillary column (0.75 mm i.d., Supelco Canada, Ltd.,
Oakville, Ontario), and a flame ionization detector. The
following separation protocol was used: carrier gas, helium
at 15 ml/min, isothermal at 195°C. Quantitative analysis of
chromatograms were completed using Hewlett Packard 3365

Chem-Station software.
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3.2.12 ESR studies

The spin trap DMPO was purified over charcoal and
assayed as described in (153). The ESR spectra were
measured (by Dr. Brian B. Hasinoff, Chemistry Dept.,
Memorial University of Newfoundland) in 20 mM Tris-HCl
buffer (pH 8.5). The reddish-brown Fe’*-OTA complex was pre-
formed by adding FeCl, dissolved in methanol to OTA also in
methanol. To this was added aqueous air-saturated buffer, 2
mol of NaOH per mol of OTA (to react with the two
dissociable protons on OTA), catalase (when included), Fp,
NADPH and DMPO. Due to the high concentrations of OTA and
Fe” present, a small amount of the reddish-brown
precipitate was present in the ESR tube. Methanol from
FeCl, and OTA stock solutions was also present, generally in
the order of 5% (v/v) and was shown to have no significant
effect on the ESR spectra. The ESR spectra were recorded at
room temperature in identical quartz capillary tubes on an
X-band Bruker ESP-300 spectrometer using a 100 kHz
modulation frequency. The spectra shown are the arithmetic
sum of 5 consecutive spectra collected over a total time of

3.5 min.
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CHAPTER 4

RESULTS

4.1 Role of various components in lipid peroxidation

Inclusion of OTA in a reconstituted enzyme system
significantly enhanced the rate of lipid peroxidation.
Figure 12 shows the time course of this lipid peroxidation.
The rate of MDA formation was approximately linear, but
showed a slight lag phase. Abouc 9 nmol of MDA were formed
at the end of 60 min when the complete system contained
phospholipid, Fp, OTA, EDTA, Fe®, and NADPH (Fig. 12). Fe®"
was essential since its absence led to no MDA formation
(Fig. 12B). Very little MDA was formed (< 1 nmol) at the
end of 1 hr in the absence of OTA (Fig. 12B). Deletion of
either EDTA, Fp or NADPH from the incubation system resulted
in lower rates of MDA formation (about 3.5-5.0 nmol/hr).
The rate of MDA formation increased with increasing OTA
concentration (Fig. 13). Concentrations higher than 1 mM
OTA were not tested due to insolubility. Results
essentially similar to those in Figs. 12 and 13 were
obtained when oxygen uptake instead of MDA formation was
measured as an index of lipid peroxidation (Figs. 14 and

15).
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Effect of various components of the
reconstituted system on OTA stimulated MDA
formation.
Incubations were carried out at 37°C for O,
20, 40 and 60 min in 0.25 M Tris-HCl buffer
(PH 6.8)/0.25 M NaCl. The complete system
contained per ml: phospholipid vesicles (1
pmole F), 177 ng Fp (3.2 units), 500 nmol
OTA, 50 nmol EDTA, 110 nmol Fe’ and 200 nmol
NADPH. Other details are as described in
section 3.2.7. The effect of omitting Fp or
NADPH is shown in A while the omission of
OTA, EDTA or Fe'+ is shown in B. Experiments
in A and B were carried out separately. Each
point represents the mean * SD of triplicate
incubations from one experiment typical of

two.
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Figure 13.
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Effect of OTA concentration on MDA formation.
Incubations were carried out at 37°C for o,
20, 40 & 60 min in 0.25 M Tris-HCl buffer, pH
6.8/0.25 M NaCl and contained per ml:
phospholipid vesicles (1 umol P), 177 ng Fp
(3.2 units), varying amounts of OTA (0-1000
4M), 25 nmol EDTA, 110 nmol Fe’ and 200 nmol
NADPH. Each point represents the mean + SD
of triplicate incubations from one experiment

typical of three.
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Figure 14.
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Effect of various components on OTA
stimulated oxygen uptake.
Oxygen consumption was measured
polarographically with a Clark electrode as
described in section 3.2.10. The reaction
was carried out at 37°C in 0.25 M Tris-HCl
buffer, pH 6.8/0.25 M NaCl and contained per
ml: phospholipid vesicles (1 umol P), 177 ng
Fp (3.2 units), 250 nmol OTA, 25 nmol EDTA,
110 nmol Fe® and 200 nmol NADPH. B
represents a control in which NADPH was
omitted. Two experiments gave essertially

identical results, one set of which is given.
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Figure 15.
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Effect of OTA concentration on oxygen uptake.
Oxygen consumption was measured
polarographically with a Clark electrode.
The reaction was carried out at 37°C in 0.25
M Tris-HCl buffer, pH 6.8/0.25 M NaCl and
contained per ml: phosoholipid vesicles (1
umol P), 177 ng Fp (3.Z units), varying
amounts of OTA (0-1000 uM), 25 nmol EDTA, 110
nmol Fe’* and 200 nmol NADPH. B represents a
control in which NADFH was omitted. The
results represent one experiment typical of

two.
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Table 2. Effect of various agents on OTA-stimulated lipid

peroxidation.
addition to system MDA-formed"
(nmoles)

None 10.47 + 0.71 (100)
SOD (6 ug/ml) 8.10 + 0.42 (77)
catalase (36 pg/ml) 11.20 + 0.70 (108)
Sodium formate (11 mM) 11.81 + 0.81 (113)
Mannitol (11 mM) 13.74 + 0.94 (131)
BHA (50 pg/ml) 0.73 + 0.01 (7)

"Incubations were carried out in triplicate for 40 min at
37°C in 0.25 M Tris-HCl buffer, pH 6.8/0.25 M NaCl and
contained (per ml): phospholipid vesicles (1 umole P), 177
ng Fp (3.2 units), 25 nmol EDTA, 110 nmol Fe™, 200 nmol
NADPH and 500 nmol OTA. All concentrations indicated ares
final concentrations in the reaction medium. MDA values
obtained are means * SD of triplicate incubations from one
experiment typical of three. The numbers in parenthesis

represent percentage activity relative to "None" as 100%.
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4.2 Effect of free radical scavengers on lipid peroxidation

As expected, the antioxidant BHA completely inhibited
lipid peroxidation (Table 2). But, the hydroxyl radical
scavengers mannitol and sodium formate, as well as
catalase, which decomposes hydrogen peroxide, showed no
protective effect against lipid peroxidation. A slight
inhibition (23%) was observed in the presence of superoxide
dismutase. These results are consistent with earlier

studies (87-90).

4.3 Effect of varyinc the concentration of individual

components on lipid peroxidation

4.3.1 Varying the EDTA concentration

Since EDTA was required for maximum lipid peroxidation
(Figs. 12B and 14), I examined the effect of varying the
EDTA concentration on MDA levels keeping the concentratic-
of Fe* fixed at 110 uM. A broad bell-shaped curve was
obtained with maximum stimulation of 4 to 5-fold at an EDTA
concentration of 25 pM (Fig. 16). However, the amount of
EDTA required appeared not to be critical since 5 pM EDTA
was almost as effective. Increasing the EDTA concentration
to 75 uM and beyond .ed to a total inhibition of lipid

peroxidation presumably due to excessive Fe’ chelation.



Figure 16.

Effect of EDTA concentration on OTA
stimulated 1lipid peroxidation.

Incubations were carried out at 37°C for 20
and 60 min in 0.25 M Tris-HCl buffer, pH
6.8/0.25 M NaCl and contained per ml:
phospholipid vesicles (1 umol P), 177 ng Fp
(3.2 units), 500 nmol OTA, varying amounts of
EDTA (0-75 uM), 110 nmol Fe** and 200 nmol
NADPH. Each point represents the mean + SD
of triplicate incubations from one experiment

typical of three.
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4.3.2 Varying Fp concentration

The effect of Fp concentration on the rate of MDA
formation is shown in Fig. 17. 1In the absence of Fp, a
lower rate of MDA formation was observed indicating that
NADPH is directly able to reduce Fe* to Fe*. However,
addition of Fp substantially increased the rate of MDA
formation especially at earlier time points. Thus, after 5
min, the MDA level in the absence of Fp was 0.22 nmol and
this increased 3-fold (0.60 nmol), 4.5-fold (0.99 nmol) and
11-fold (2.52 nmol) in the presence of 3.2 units, 6.4 units
and 16.0 units of Fp respectively (Fig. 17). After 60 min,
the relative differences were much less and increases of
42%, 73% and 110% over the basal rate were observed in the
presence of 3.2 units, 6.4 units and 16.0 units of Fp

respectively (Fig. 17).

4.3.3 varying the pH

The pH optimum for the lipid peroxidation was found to
be around neutrality, and slightly acidic (pH 6.0) or
alkaline (pH 9.0) conditions were substantially inhibitory
(Fig. 18). Thus, all incubations were carried out at a pH

of 6.8.



Figure 17.
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Effect of Fp concentration on OTA stimulated
lipid peroxidation.
Incubations were carried out at 37°C for 5,
20 & 60 min in 0.25 M Tris-HCl buffer, pH
6.8/0.25 M NaCl and contained per ml:
Phospholipid vesicles (1 pmol P), varying
amounts of Fp (0-16 units; 0-885 ng), 250
nmol OTA, 25 nmol EDTA, 110 nmol Fe’* and 200
nmol NADPH. Each bar represents the mean #
SD of triplicate incubations from one

experiment typical of two.
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Figure 18.
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Effect of pH on OTA stimulated lipid
peroxidation.
Incubations were carried out at 37°C for 15 &
60 min in 0.25 M Tris-HCl buffer of different
PH (6.0 - 9.0)/0.25 M NaCl in the presence of
(per ml): phospholipid vesicles (1 umol P),
177 ng Fp (3.2 units), 250 nmol OTA, 25 nmol
EDTA, 110 nmol Fe and 270 nmol NADPH. Each
point represents the mean + SD of triplicate
incubations from one experiment typical of

two.
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4.4 Involvement of cytochrome P-450 in lipid peroxidation

4.4.1 Effect of varying cy P-450 on

It was suggested by Ernster and Hochstein (70) as well
as by Aust (69) that there may be a microsomal component

that replaces EDTA in vivo. Later this microsomal component

was to be cyt P-450 (normally present in
liver endoplasmic reticulum). Recently, Aust (71)
demonstrated that when cytochrome P-450 was incorporated
into phospholipid vesicles, EDTA-Fe’ was not required. For
the above mentioned reasons, I purified cytochrome P-450
from liver microsomes to investigate its involvement in the
OTA-stimulated liposomal lipid peroxidation system.
Concentrations up to 1.0 nmol cytochrome P-450/ml were
tested for their effect on lipid peroxidation in a
reconstituted system consisting of phospholipid vesicles,
Fp, OTA, cytochrome P-450, Fe®, and NADPH (no EDTA). The
rate of MDA formation increased with inc-easing cytochrome
P-450 concentration up to 0.20 nmol/ml (Fig. 19). Above
this level, the rate of MDA formation d2creased. The reason
for decreased MDA formation at high concentrations of

cytochrome P-450 is not clear at the moment.



Figure 19.
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Effect of cy P-450 ion on
OTA stinulated lipid peroxidation.
Incubations were carried out at 37°C for 20
and 40 min in 0.25 M Tris-HC1 buffer, pH
6.8/0.25 M NaCl and contained per ml:
phospholipid vesicles (1 pmol P), 177 ng Fp
(3.2 units), 500 nmol OTA, varying amounts of
cytochrome P-450 (0-1 nmol), 110 nmol Fe®*
and 200 nmol NADPH. Each point represents
the mean + SD of duplicate incubations from

one experiment typical of two.
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4.4.2 Effect of inhibiting cytochrome P-450

Cobalt phyrin IX pretr of rats has been
shown to dramatically lower hepatic cytochrome P-450 levels

(187). I thus liver mi from rats

and Co-protoporphyrin 1¥-pretrea.ed rats for their ability
to promote OTA-induced lipid peroxidation. Cobalt
protoporphyrin IX drastically inhibited both cytochrome P-
450 and cytochrome P-450 reductase (Fp), by 80% and 75%
respectively. To avoid the possible effect of a lowered Fp
content, microsomes from cobalt protoporphyrin-treated rats
were fortified by incubating the' with purified Fp. Fatty
acid analysis of both kinds of microsomes using gas
chromatography (GC) showed no significant differences (Fig.
20A and B). These precautions substantially reduced the
possibility of other factors being involved and strongly
suggested that the limiting factor in the lipid peroxidation
reaction was cytochrome P-450. The results indicated that
Co-protoporphyrin microsomes were only 50% as efficient as
control microsomes in promoting OTA-stimulated lipid

peroxidation (Fig. 21).

4.5 Role of OTA and EDTA in reduction of Fe to Fe®

The reduction of Fe’ to Fe*" was followed over a 15 min

period by r ing the il in at 535 nm due



Figure 20.
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Fatty acid analysis of microsomal lipids

extracted from: A) control and B) cobalt

P! yrin IX rats.
Individual fatty acid methyl esters were
separated by a Hewlett Packard Gas
Chromatograph equipped with 30 m Supelcowax

10 wide bore capillary column, 0.75 mm i.d.

(Supelco Canada Ltd., Oa lle Ontario), and
a flame ionization detector. The following
separation protocol was used: carrier gas, He
at 15 ml/min., isothermal at 195 °C.
Individual fatty acids are indicated on the

chromatograms.
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Figure 21.
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The effect of reducing cytochrome P-450
content on OTA stimulated lipid peroxidation.
Incubations were carried out at 37°C for o,
5, 20 and 40 min in 100 mM phosphate buffer,
pH 7.4 and contained per ml: 2 mg microsomal
protein (control or treated, 2.9 & 0.6 nmol
cytochrome P-450/mg protein, respectively)
and 125 nmol OTA. The reaction was initiated
with 1 mM NADPH (final concentration).
Microsomes from rats pretreated with cobalt
protoporphyrin (before use in lipid
peroxidation) were first fortified for Fp by
incubating them with the purified enzyme
preparation (as described in section 3.2.4.
The results represent one experiment typical

of two.
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to formation of the Fe’*-BPS complex (Fig. 22). No
reduction of Fe’ was observed in the absence of NADPH while
the maximum rate of reduction was observed in the complete
system which included both OTA and EDTA (11.7 nmol/min).
Omission of EDTA led to a 21% reduction in the rate of Fe™
formation (9.2 nmol/min), while deletion of OTA reduced the
rate by 70% (3.5 nmol/min). In the absence of both EDTA
and OTA the rate of Fe?* formation was only 2.7 nmol/min
(Fig. 22). The data clearly show that OTA by itself
substantially increases the rate of Fe’ reduction, and that

addition of EDTA further enhances this effect.
4.6 Formation of Fe’'-OTA complex

When anhydrous FeCl,, dissolved in metha.iol, is added
to OTA in methanol, a reddish-brown complex is formed with a
Ame @t 342 and 483 nm (Fig. 23A). The spectrum of the Fe''-
OTA complex in aqueous pH 8.6 Tris buffer (Fig. 23B) was
similar to that found in methanol except that the peak at
48 nm was converted into a shoulder. The
spectrophotometric titration of 190 uM OTA with FeCl, (Fig.
24) indicated that in methanol a 1:1 Fe''-OTA complex was
formed, though formation of the complex may not be complete
even with five fold molar excess of Fe''. Attempts to
perform similar spectrophotometric titrations in either pH

7.0 or 8.6 aqueous Tris buffers were unsuccessful due to



Figure 22.
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Eff‘ect of various components on iron
reduction.
The rate of Fe'* reduction was followed
spectrophotometrically by measuring the rate
of Fe’*-bathophenanthroline-disulfonic acid
formation at 535 nm. The reaction was
carried out at 37°C in 0.25 M Tris-HCl
buffer, pH 6.8/0.25 M Nacl in a 3 ml
spectrophotometer cuvette and contained per
ml: 110 nmol Fe®, 250 nmol OTA, 177 ng Fp
(3.2 units), 10 nmol EDTA, 400 nmol
bathophenanthroline-disulfonic acid and 200
nmol NADPH. Details are as described in
section 3.2.9. The results represent one

experiment typical of two.
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Figure 23.

a:
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Spectrum of the Fe’*-0TA complex formed
in methanol.
The concentrations of Fe’* and OTA were
both 200 pM. Arrows point at the
corresponding absorbance scales.
Spectrum of Fe®-0TA complex in Tris
buffer.
FeCl; and OTA, both dissolved in
methanol, were mixed together and then
diluted into the buffer (pH 8.6). The
Fe’ and the OTA concentrations were,
after dilution, 330 and 1000 uM,
respectively. A small amount of
precipitate was observed in the cell
aftel dilution of Fe*-0TA complex into

the buff2r. The broken line

is the s, :ctrum of OTA alone and the
continuous line (—) tha= of the Fe*'-

OTA complex.
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Figure 24.

100
Titration of OTA by FeCl,.
Spectrophotometric titration at 490 nm of 190
uM OTA by FeCly. The solvent used was
methanol. The intersection of the two least
squares calculated straight lines (through
the lowest 5 and the highest 3 data points,
respectively) intersect at a mole ratio of
1.0 indicating that a 1:1 complex is formed

under these conditions.
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insolubility problems with both OTA and the Fe®-0TA
complex.

The binding of Fe™ to OTA in methanol was also
followed fluorometrically (Ex,, 340 nm; Em,, 465 nm) (Fig.
25A and B). Experiments at a constant OTA concentration of

5 uM and in the of i i of FecCl,,

showed that the fluorescence was about one-half juenched at
a 6-fold excess of FeCl, (Fig. 25B) and completely quenched
at a 40-fold excess of FeCl;. Assuming an equilibrium of

the type:

Fe” + HL := Fel” + H'

= [FeL”)] [H"]

(Fe™ J(AL]

it can be calculated from the titration data of Fig. 25a,
which was carried out in the presence of 100 uM HCl, and

from an additional titration conducted under the same

conditions but at a FeCl, ation of 1 pM,

that K has a value of 19+6 (n = 11) (L  and HL are the

phenolate anion and phenol forms of OTA, respectively). 1In

order to calculate the related association constant, K,, for
Fe™ + L == Fer’*

Kuo = [Pal]

[Fe™](L7)



Figure 25.
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ing of OTA £ by Fe®*.
Change in fluorescence when OTA is added
to a solution containing no (0) and 5 uM
FeCl, (®), respectively. The solvent
was methanolic HCL (100 uM).
Change in fluorescence when FeCl, (in 10
mM HCl) is added to 5 uM OTA in

methanol.
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it is necessary to know the pK, of HL (assumed to be that of
the phenolic group). While this value is unknown in
methanol, assuming that it is the same as it is in water
(pK, 7.05 [159]), K, can then be calculated to be
approximately 2 x 10° M'. While this K, can be considered
to be only an order-of-magnitude estimate of the value that
might be obtained in aqueous solution, its magnitude does
indicate that OTA is capable of forming a relatively strong
complex with Fe, even in the micromolar concentration

range.

4.7 Detaction of hydroxyl radical formation by ESR and

effect of various components on free radical formation

4.7.1 Effect of Fp

The ESR spectrum shown in Fig. 26 has the
characteristic 1:2:2:1 4-line spectrum found for DMPO-OH
(154). Fig. 26A represents a complete reaction system
containing Fe®, OTA, Fp, NADPH and DMPO. The hyperfine
splitting constants were measured from Fig. 26A to be Ay = Ay
= 14.9 G, which is identical to that reported by Finkelstein
et al. (154). In the absence of NADPH-cytochrome P-450
reductase (Fig. 26B), the amount of DMPO-OH produced is
significantly reduced, indicating that the reductase is

largely responsible for the production of DMPO-OH.



Figure 26.

A:
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ESR spectrum recorded at room
temperature after Fe*-0TA (1 mM Fe®*, 3
mM OTA) in Tris buffer (pH 8.5) was
incubated for 55 min with NADPH-
cytochrome P-450 reductase (7.5 ug
protein/ml), NADPH (1 mM) and DMPO (90
mM). The instrument settings were as
follows: microwave frequency 9.8 GHz,
microwave power 6.3 mW, modulation

amplitude 2G, and receiver gain 4 x 105.

As in A above, but in the absence of the

reductase.
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4.7.2 Effect of ethanol

While the 4-line spectrum shown in Fig. 26A of DMPO-OH
is known to be produced from the reaction of hydroxyl
radical wil DMPO, it is also known that DMPO-0,”, formed
from the reaction of 0, with DMPO, decays rapidly to DMPO-
OH' (154). Thus, in order to distinguish hydroxyl radical
production from 0, production, experiments were also
carried out in the presence of the hydroxyl radical
scavenger ethanol. The hydroxyl radical rapidly reacts with
ethanol to form an alkoxyl radical, which then reacts with
DMPO to form a 1:1:1:1:1:1 6-line spectrum produced by the
carbon-centered DMPO-CH(OH)-CH, adduct (154). As shown in
Fig. 27 (A, B and C), when the concentration of ethanol is
increased (0%, 3% and 5% (v/v), respectively), the 4-line
DMPO-OH spectrum is gradually replaced by increasing amounts
of a 6-line spectrum which demonstrates that the 6-line
spectrum is ethanol-derived. The hyperfine splitting
constants of the 6-line spectrum were measured to be Ay =
15.9 G and Ay = 23.1 G which are very close to previously
reported values (154-156) for the carbon-centered DMPO-
CH(OH)-CH, radical. The results shown in Figs. 26 and 27
thus confirm the production of hydroxyl radicals in the

reaction system.



Figure 27.
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ESR spectra recorded after 20 min in the
presence of increasing amounts of ethanol.
A: No added ethanol; B: 3% (v/v) ethanol; C:
5% (v/v) ethanol. Except as noted above, the
reaction mixture and the instrument settings

were identical to those in Figure 26A.
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4.7.3 Effect of OTA, Fe™ and catalase

Fig. 28A shows the 6-line spectrum for a complete
reaction system containing Fe’*, OTA, Fp, NADPH and DMPO, in
addition to 5% (v/v) ethanol. As shown in Fig. 28B in the
absence of either any added Fe’* or OTA, a significant
amount of 4-line spectrum due to DMPO-OH' is produced.

Since the NADPH-cytochrome P-450 reductase system is kn-wn
to produce 0, on its own (157,158), the DMPO-OH' is likely
being produced either from decomposition of DMPO-O, or from
DMPO-OH' (154), or from both. The addition of catalase
(which catalyzes the decomposition of H,0, to O, and H;0) to
the complete reaction system almost completely abolished the
production of the hydroxyl-radical derived 6-line spectrum
(Fig. 28C). 1In fact, upon the addition of catalase, a
visible evolution of a gas which was assumed to be 0,
occurred. These results indicate that H,0, is required for
the production of hydroxyl radical. When OTA was omitted
from the complete system (Fig. 28D) in a control experiment,
very little 6-line spectrum was observed. This result
demonstrates that complexation of Fe’ by OTA is necessary

for hydroxyl radical production.

4.8 Structure-activity relationship studies

Different OTA analogues were tested for their ability



Figure 28.
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ESR spectra recorded after a 20 min
incubation of the reaction system described
in the caption to Figure 27C except as noted:
A. complete reaction system; B. absence of
added Fe™ or OTA: C. added catalase at a
firal concentration of 0.1 mg/ml; D. absence

of OTA.
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to stimulate lipid peroxidation in the reconstituted system.
Besides OTA, ochratoxin B (OB), ochratoxin C (0C) and
ochratoxin a (Oa) were used to characterize the importance
of the chlorine atom, the free carboxyl group and the Phe
moiety, respectively (Fig. 29). In addition, the L-Phe
moiety was replaced by different amino acids (L-Ser, L-Pro
and L-Glu) for further characterization of the importance of
the L-Phe moiety (Fig. 29). Fig. 30 shows the effect of
OTA, OB, 0C, Oa (all at 250 uM) on the rate of lipid
peroxidation measured as MDA formation. As expected OTA gave
the highest stimulation of lipid peroxidation (about 9 nmol
MDA/hr) ; this was followed by OC (about 4.5 nmol MDA/hr).
Oa and OB were the least effective (about 2.3 and 1.3 nmol
MDA/hr, respectively), while the lack of any added toxin
resulted in virtually no lipid peroxidation.

The rate of ferric reduction was also measured in the
presence of each of these compounds (OTA, OB, OC and Oa, all
250 pM) (Fig. 31). The highest reduction rate was achieved
in the presence of OTA (- 13.0 nmol Fe® formed/min). 1In
the presence of OB or OC the reduction rate of Fe’ was 5.8
and 4.7 nmol/min, respectively. Oa resulted in a Fe®
reduction rate of 1.7 nmol/min which is even slower than
control (3.5 nmol/min with no added toxin). As expected, in
the absence of the reductant NADPH no reduction was seen.

In Fig. 32 the results obtained with Ser-Oa, Pro-Oa,

Glu-Ox and Oa are compared to OTA (500 pM each). OTA was
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the most etiective of all (about 18 nmol MDA formed in 1
hr), while the rest of the tested compounds resulted in the
formation of MDA in the range between about 3.5 to 5.5 nmol

in 1 hr.
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Btructures of OTA analogues

Figure 29.
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Figure 30.
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Effect of various ochratoxins on MDA
formation.
Incubations were carried out at 37°C for 20,
40 & 60 min in 0.25 M Tris-HCl buffer, pH
6.8/0.25 M NaCl and contained per ml:
phospholipid vesicles (1 wmol P), 177 ng Fp
(3.2 units), various toxins (OTA, OC, OB, Oa
and no toxin; all toxins were used at a
concentration of 250 uM), 25 nmol EDTA, 110
nmol Fe®* and 200 nmol NADPH. Each point
represents the mean + SD of duplicate
incubations from one experiment typical of

two.
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Figure 31.
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Effect of various ochratoxins on iron
reduction.
Incubations were carried out at 37°C in 0.25
M Tris-HC1l buffer, pH 6.8/0.25 M NaCl in a 3
nl spectrophotometer cuvette and contained
per ml: 250 nmol of various toxins (OTA, OB,
0C, Oa or no toxin), 110 nmol Fe®™ 177 ng Fp
(3.2 units), 10 nmol EDTA, 400 nmol
bathophenanthroline-disulfonic acid and 200
nmol NADPH. The results represent one

experiment typical of two.
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Figure 32. Effect of various OTA analogues on MDA
formation.
Incubations were carried out at 37°C for 0,
20, 40 & 60 min in 0.25 M Tris-HCl buffer, pH
6.8/0.25 M NaCl and contained per ml:
phospholipid vesicles (1 pmol P), 177 ng Fp
(3.2 units), various toxins (OTA, Oa, Ser-
Oa, Glu-Oa , Pro-Oa or no toxin, all at a
concentration of 500 uM), 25 nmol EDTA, 110
nmol Fe’ and 200 nmol NADPH. Each point
represents the mean + SD of duplicate
incubations from one experiment typical of

two.
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CHAPTER 5

DISCUSSION

Membrane lipid peroxidation is an important part of
oxidative tissue injury and can be an effect as well as a
cause of reactions culminating in cytotoxicity (160). A
wide and ever-increasing range of compounds have been shown
to induce lipid peroxidation both in vitro and in vivo
(134,135 for reviews). Xenobiotics may enhance lipid
peroxidation in one of several ways. Haloalkanes such as
carbon tetrachloride initiate lipid peroxidation subsequent
to cytochrome P-450-dependent reductive activation to the
trichloromethyl radical (161). A variety of other agents
such as paraquat (162), mitomycin c and nitrofurantoin (163)
can redox cycle, resulting in oxygen radical formation which
can stimulate lipid peroxidation. Yet other compounds such
as acetaminophen and bromobenzene initiate lipid
peroxidation through depletion of cellular glutathione
(164). Finally, compounds such as ADP can chelate iron, and
the resulting ADP-iron complex can undergo enhanced redox
cycling thus stimulating lipid peroxidation (67). By using
a reconstituted system, I was able to show that OTA
stimulates lipid peroxidation by the last mentioned
mechanism. Consistent with this is the observation that
HPLC analysis did not reveal any appreciable

biotransformation of OTA.
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The data clearly indicate that a reconstituted system
consisting of phospholipid vesicles, purified reductase,
OTA, EDTA, Fe® and NADPH is efficient in carrying out lipid
peroxidation, measured either as MDA formation (Fig. 12) or
by oxygen uptake (Fig. 14). Omission of OTA gave rise to
very little peroxidation (< 10%) while deletion of EDTA
reduced the extent of MDA formation by 70% (Fig. 12).
Pederson and Aust (69) first characterized such a lipid
peroxidation system using ADP instead of the OTA used here.
In their reconstituted system, EDTA was required as well
since no peroxidation occurred in its absence (69). Fe®
ions rapidly precipitate out of neutral aerobic solutions to
form insoluble ferric hydroxides and it was recognized some
time ago that complexing iron with ligands such as ADP and
EDTA overcame this problem (67). OTA could thus be playing
a similar role. Spectrophotometric and fluorometric
evidence for the formation of an Fe’’-OTA complex is in
support of this (Figs. 23-25).

It is generally accepted (67,134,135) that reduction of
the various Fe® chelates capable of initiating lipid
peroxidation proceeds via NADPH-cytochrome P-450 reductase
(Fp). The ability of Fp to reduce Fe’-EDTA but not Fe’-ADP
(165) is in agreement with the iron chelate requirements of
the reconstituted system used by Pederson and Aust (69). 1In
the present case, EDTA significantly enhanced the rate of

OTA dependent lipid peroxidation, but was not absolutely
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essential (Fig. 12) . This is consistent with the fact that
Fp is able to reduce Fe’'-OTA, albeit more slowly, in the
abseice of Fe®-EDTA. It has been suggested that in
microsomes another carrier could mediate the transfer of
electrons from NADPH to Fe®-ADP (69). This has led to the
demonstration that in a reconstituted system, cytochrome P-
450 (normally present in liver endoplasmic reticulum) can
replace Fe"-EDTA in stimuioting lipid peroxidation
(71,166) . OTA-stimulated microsomal lipid peroxidation also
does not require EDTA (133), and so cytochrome P-450 could
play a similar role in the reconstituted system. This was
confirmed when purified cytochrome P-450 was shown to
effectively replace EDTA in enhancing MDA formation. The
rate of MDA formation increased with increasing cytochrome
P-450 concentration up to 0.2 nmol/ml (Fig. 19) which is in
good agreement with what Aust et al. (71) observed when they
used cytochrome P-450 in their ADP-stimulated lipid
peroxidation system. Above a cytochrome P-450 concentration
of 0.2 nmol/ml, the rate of MDA formation decreased, but the
reasons for this are not clear at the moment.

Another piece of evidence for the participation of
cytochrome P-450 in microsomal lipid peroxidaticn in vitro
and possibly in vivo comes from the use of microsomes
isolated from cobalt protoporphyrin IX-pretreated rats. The
rate of MDA formation was decreased by 50% in cobalt

protoporphyrin IX microsomes as compared to control
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microsomes, even though the former were fortified with
purified Fp. This difference is likely due to lower
cytochrome P-450 levels in cobalt protoporphyrin IX
microsomes. Earlier, Rahimtula et al. (unpublished data)
showed that ethane exhalation was drastically reduced in
cobalt protoporphyrin IX pretreated rats as compared to
controls on OTA administration, Cobalt protoporphyrin IX
pretreatment has been shown not to significantly alter the
microsomal fatty acid compos_tion (Fig. 20), thus ruling out
such a change as the cause of reduced lipid peroxidation.

Data presented in Figs. 23-25 demonstrate the binding
of Fe* to OTA, both in methanol and in acueous solution.

The cardiotoxic anthracyclic quinone antitumor drug
doxorubicin also has a phenolic group beta to a carbonyl
group, and likewise forms a strong complex with Fe®' (167).
An iron-based oxidative stress produced through an enzymatic
reductive activation is thought to be partly responsible for
doxorubicin-induced cardiotoxicity.

Ernster, Hochstein and co-workers (70) have
investigated the role of iron and iron chelators in the
initiation of microsomal lipid percxidation. Their studies
showed that in ~rder to enzymatically initiate microsomal
1ipid peroxidaton an Fe¥ chelate has to fulfill three
criteria: (i) reducibility by NADPH; (ii) reactivity of the

2+

Fe”" chelate w'th oxygen; and (iii) formation of a

relatively stable perferryl radical. They demonstrated
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reduction of the various Fe’* chelates by NADPH oxidation.
I have shown that Fe”-OTA is reduced by measuring the
formation of Fe* with bathophenanthroline disulfonate (Fig.
22). They demonstrated with the oxygen electrode botl the
interaction of the various Fe?' chelates with oxygen, and
the formation of relatively stable perferryl chelates (70).
These tests were performed in the absence of microsomes,
simply by adding Fe” to the respective chelators in a
buffer (0.1 M Tris-HCl, pH 7.5) and recording oxygen
consumption. The slow uptake of oxygen (with ADP, ATP,
oxalate or malonate) as opposed to no uptake (with cyanide
or o-phenanthroline), or instantaneous uptake (with EDTA or
pyropiaosphate) was interpreted as interaction of the Fe?'
chelate with oxygen and the formation of a relatively stable
perferryl complex. This experiment was repeated with OTA
and Fe?", and it was found that the chelate interacts slowly
with oxygen (Fig. 33). Thus, the Fe™-OTA fulfills the
three criteria set forth by Ernster and coworkers (70).

In my studies, no attempt was made to distinguish
between the various species involved in initiating lipid
peroxidation. The precise nature of the initiating species
is not known and is currently the focus of active research.
Several workers (70,98,168) have implicated the perferryl
ion as the initiating species, but its ability to extract a
methylene hydrogen has been questioned (86). Recently,

Koppenol (169) has proposed that the more reactive ferryl



Figure 33.
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Autoxidation of ferrous chelates. Oxygen

ion was polar ically

with a Clark electrode. The reaction mixture
contained 0.1 M Tris-HCl, pH 7.5 and 0.15 M
KCl and either EDTA 210 uM, ADP 7 mM or OTA
250 pM. The concentration of EDTA, ADP and
FeCl2 were those used by Ernster and
coworkers (70). The reaction was started by

the addition of 180 nmol of FeCl,.
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ion be considered as an alternative. Aust and coworkers
(170) have suggested that a Fe''-0,-Fe’' complex may be the
initiating species but this has recently been disputed
(171). Hydroxyl radicals can initiate lipid peroxidation in
homogeneous reaction systems (172), but the use of
scavengers has unequivocally failed to show any significant
involvement of hydroxyl radiczls in microsomal or 1iposomal
peroxidation systems (87). My results, showing the lack of
inhibitory effect of hydroxyl radical scavengers (Table 2),
are consistent with earlier studies (87-90). The slight
inhibition observed in the presence of SOD (23 %) could be
due to its metal binding ability and/or to its ability to
inhibit the superoxide-dependent reduction of the Fe™-0TA
complex.

A variety of toxic compounds, such as doxorubicin,
carbon tetrachloride and ethyl hydrazine, have been su.own by
ESR spin trapping experiments to produce hydroxyl radicals
in microsomal systems (155-157,167). The NADPH-cytochrome
P-450 reductase system in the presence of iron and EDTA has
also been shown by ESR spin--trapping experiments to resulti
in the production of hydroxyl radicals (157). This result
was confirmed by us in an experiment conducted as showr in
Fig. 28A in which OTA was omitted but which contained 0.25
mM EDTA (157). It therfore seems likely that the hydroxyl
radical is produced by an iron-based Fenton-type chemistry

in which Fe®-OTA reduces H,0,. Thus, in a mechanism similar
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to that described in (157), hydroxyl radical is ultimately

produced by the following reactions:

E, + NADPH ——— E.s + NADP* (1)
Epg + O e E, + 0, (2)
20, + 2H" ———> H,0, + O, (3)
Fe”-OTA + O, ————> Fe®-0TA + O, (4)
Fe¥-OTA + H,0, ————> Fe¥-OTA + OH + OH (5)

in which E, and E,, are the oxidized and reduced forms
respectively of NADPH-cytochrome P-450 reductase. The
direct reduction of Fe*-0TA by E,, may also be occurring
simultaneously with reaction [4]. The overall mechanism for
the role of OTA in free radical production and stimulation
of 1ipid peroxidation is summarized as a simplified scheme
which is given in Fig. 34.

While we have shown that 1lipid peroxidation induced by
OTA is strongly iron dependent (133,174), the lack of any
protection offered by catalase and several hydroxyl radical
scavengers (Table 2) suggests that hydroxyl radical
production through reaction [5] may not be a significant
factor in the in vitro lipid peroxidation. On the other
hand, it can be argued that catalase is not an effective
scavenger of low concentrations of H,0, (93). Similarly, if
iron is bound tightly to the membrane, and the hydroxyl

radicals are so reactive that they will react almost
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Figure 34. Bcheme representing the overall suggested
mechanism of OTA stimulated lipid

peroxidation.
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instantaneously at their point of origin, then water-soluble
scavengers such as mannitol, formate and benzoate may not
gain access to the hydroxyl radicais and hence may fail to
inhibit lipid peroxidation (94). Therefore, these results
do not preclude hydroxyl radical production by the Fe-OTA
complex, as demonstrated by ESR studies, from having an
important role in the toxicity of OTA.

Sugioka et al. (173) examined the adriamycin stimulated
Fe’*-ADP dependent unsaturated phospholipid decomposition in
a model system that included microsomal phospholipid, NADPH
and Fp. They provided evidence that a ternary complex of
Fe**-ADP-adriamycin was the active species. It is unlikely
that a similar Fe?’-EDTA-OTA ternary complex is formed since
the two systems are not comparable. EDTA binds Fe®' many
times more strongly that OTA (Kgy, = 10%°). Thus, the

equilibrium for the reaction:

Fe’-OTA + EDTA ———> Fe’'-EDTA + OTA

lies very far to the right. Also, since EDTA is a hexa
coordinate ligand, the Fe™-OTA-EDTA complex is unlikely to
form. In contrast, ADP forms a weak complex with Fe’ thus
permitting the formation of a Fe’*-ADP-adriamycin complex.
From structure-activity relationship studies (Figs. 30-
32), it can be concluded that OTA is the most effective of

all the compounds tested in stimulating lipid peroxidation.
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OC was next best with about hal€f the activity of OTA (Fig.
30). Oa, OB, L-Ser-Oa, L-Pro-Oa and L-Glu-Oaz were very poor
in stimulating lipid peroxidation (Figs. 30 and 32). The
ability of these compounds to stimulate lipid peroxidation
roughly paralleled their ability to reduce Fe™* (Fig. 31).
Thus, in addition to OTA, OC may fulfill the criteria
outlined by Ernster and coworkers (70) for stimulation of
lipid peroxidation. These results are in good agreement
with what Rahimtula et al. (133) observed using the
microsomal lipid peroxidation system.

From the above studies, it can be inferred that the
presence of a free carboxyl group is important since its
blockage by esterification, as in 0C, substantially reduced
the stimulatory effect on lipid peroxidation. The very low
potency of OB in stimulating lipid peroxidation is likely
due to the absence of the chlorire atom. L-Phe also appears
to be important since its replacement by other awino acids
(L-Ser, L-Pro or L-Glu) almost abolished the stimulatory
effect of lipid peroxidation observed with OTA. Earlier
studies had shown an absolute requirement for the free
phenolic hydroxyl group on OTA. The correlation between the
ability of these compounds to stimulate lipid peroxidation

and their toxicity has yet to be determined.
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CHAPTER 6
CONCLUSION

The objective of this study was to investigate the

mechanism and structural requirements of OTA-stimulated

lipid peroxidation. The results indicate the following.

1)

4)

OTA stimulates 1lipid peroxidation by a mechanism that
involves the formation of a 1:1 complex with iron. The
resulting Fe¥-OTA complex is rapidly reduced to Fe2'-
OTA which, after binding to molecular oxygen, is
transformed to a reactive species that initiates lipid
peroxidation.

In the reconstituted system, maximum lipid peroxidation
was observed in the presence of phospholipid vesicles
(liposomes) ,iron, the flavoprotein NADPH-cytochrome P-
450 reductase (Fp), EDTA and NADPH as well as OTA.

Purified cytochrome P-450 could effectively replace

EDTA ing that this ein could play an
important role in OTA-stimulated lipid peroxidation in
microsomes, liposomes and possibly also in vivo.
However, the role of lipid peroxidation in OTA toxicity
remains to be determined.

Structure-activity relationship studies indicated that
the presence of a free carboxyl group and chlorine atom
as well as L-Phe on OTA contributed significantly to

the stimulatory effect on lipid peroxidation. Earlier
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studies had shown an absolute requirement for the free
phenolic hydroxyl group on OTA.
ESR studies demonstrated the formation of the highly
reactive hydroxyl radicals in the presence of OTA.
These hydroxyl radicals appeared not to participate in
lipid peroxidation, but they could contribute to the

toxic effect of OTA.
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APPENDIX

OTA analogues were analyzed by TLC and HPLC in
comparison to OTA. The R, values obtained differ a little
in absolute values from those published by Steyn et al.
(145). However, the order of the R, values is the same.
Difference in R, values are presumably due to the different
TLC plates used.

The various analogues were also checked for their
purity by HPLC. Ser-Oa, Pro-Oa and Glu-Oe were judged to be

96.0%, 97.5% and 91.5% pure.
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Table Al: R, value of OTA and its analogues

Sample’ R value
oTA 0.55
Oa 0.16
Ser-0a 0.12
Pro-oa 0.34
Glu-Oa 0.26

" samples (5 pl of 25 mM) were applied on TLC plates with

fluorescent indicator.



Figure Al.

159
The HPLC profile of LTA and its analogues.
A. OTA (2.5 mM) B. Oa (25 mM)
C. Ser-Oa {25 mM) D. Pro-0a (7 mM)
E. Glu-Oa (7 mM)
All samples were injected in methanol (5 ul
of each indicated concentration) into a
Perkin Elmer Series 4 Liquid Chromatograph.
The column used was Partisil 10 ODS-2. The
solvent system consisted of a mixture of a)
acetonitrile: methanol (500:500, v/v) 55%
and b) 5 mM sodium acetate:acetic acid
(500:14, v/v) 45%. The flow rate was 1.5
ml/min and the spectrophotometric detection

was performed at 332 nm.
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