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ABSTRACT

The mycotoxin Och in A (OTA), is a widespread i of cereals,
beans and meat products. Its solubility in the aqueous phase depends on ionization of the
phenolic hydroxyl group whose pK, was found to be 7.05. Earlier rescarchers have
demonstrated the importance of the portal venous route in OTA absorption. Absorption
in the presence of lipids is of interest because lipids form a significant proportion of the
diet in countries where OTA contamination occurs. When OTA was administered 1o
conscious rats in corn oil rather than in sodium bicarbonate, the lymphatic route played
a greater role in the transport of absorbed OTA. In the absence of bile, OTA transport
in lymph was not increased even in the presence of corn oil, suggesting that OTA
handling by the lymphatic route depends on micellar solubilization in mixed bile salt/lipid
micelles. When carried in lymph, OTA reaches the general circulation without being

subjected to “first-pass" hepatic metabolism.

Key words: in A; neph in; lymphatic transport
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!ntrnduclion

The mycotoxin Ochratoxin A (OTA) is a widespread contaminant of cereals,
beans and meat products. It poses a risk to the health of animals and humans, and has
been linked to the fatal kidney disease, Balkan endemic nephropathy. This thesis
addresses the mode of absorption of OTA and the effect of pH changes on its ionization

state and solubility.

1. TIHE ROLE OF FUNGI [1,2,3]

1.1 Biology of Fungi Fungi are eukaryotic organisms which, unlike green plants, do
not possess chlorophyll. They are unable to synthesize from CO, and H,O the organic
compounds they require for growth and reproduction, and therefore depend on other
organisms to supply the nutrients they need. They establish themselves on a host, which
may be living or dead, and either absorb compounds intact (in the case of
monosaccharides or amino acids) or secrete extracellular enzymes which degrade
nutrients to simpler constituents which can then be absorbed. Fungi are composed of
threadlike tubular structures, hyphae, which form extensive anastomosing systems called
mycelia.

There are approximately 50,000 species of fungi, ranging from unicellular yeasts,
moulds, mildews, rusts and smuts to lichens and the larger fungi such as mushrooms.
Classification of fungi is not straightforward: the initial distinction is made on the basis
of presence or absence of a cell wall, and a further distinction is based on whether

reproduction is sexual or asexual. The genera Aspergillus and Penicillium fall within a
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group of Eumycota (fungi with walls) which reproduces almost entirely by means of
asexual spores, known as conidia. These structures form externally on the hyphae, or
on modified hyphal branches. Aspergillus and Penicillium are classified cither under

Deuteromycotina which only reproduce asexually by means of conidia, or under

Ascotina, which occasionally will also undergo sexual reproduction with the formation
of ‘When itions are not to a fungus, it may move into an
dormant phase, p ing dry, spore-lik called sclerotia, When

conditions improve, the sclerotia germinate and the fungus resumes active metabolism.

In the life of fungi, there are several essential stages: spore germination;

getative growth of the i p of the spore-bearing structures; and
liberation of spores. Metaholism, using organic compounds derived p from other
organisms, generates energy in the form of adenosine triphosphate (ATP); provides
reducing power for biosynthetic reactions, usually in the form of reduced co-enzymes;
and provides intermediates for a range of biosynthetic pathways. Regulation of glucose
metabolism is of major importance. It is achieved through key enzymes, in response to
the availability of nutrients and trace elements such as zinc and manganese, and by

feedback inhibition by end products.

1.2 y and ins If excess is available after

growth of the fungus has ceased due to shortage of a required nutrient (commonly a

source of nitrogen), the fungus may switch into secondary metabolism. Certain strains
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of fungi are particularly prone to make this switch. Relationships between the pathways
of primary and secondary metabolism are shown in Figure 1.1. Secondary metabolites

are derivatives of many different i I of primary ism, and can be

classified according to five major sources: glucose-derived metabolites including some

and sugar alcohols; polyketides and phenolic

compounds derived from the condensation of aceiate from acetyl-coA in the acetate-
malonate pathway of fatty acid biosynthesis; steroids and terpenes derived from the
condensation of acetate from acetyl-coA in the mevalonic acid pathway; phenolic
compounds derived from the shikimic acid pathway for the biosynthesis of aromatic
amino acids; and various other pathways of amino acid synthesis. The amino acids
involved in the synthesis of secondary metabolites originate from many stages in
glycolysis and the Krebs cycle. The shikimic acid pathway uses erythrose phosphate

from the hexose pathway and derived from

glycolysis. The function of products of secondary metabolism has been the subject of
much speculation. Some secondary metabolites play a role in the normal physiology of
the fungus, e.g. compounds in the isoprenoid group behave as hormones influencing
sexual reproduction in many fungi. It has been suggested that the secondary pathways

are safety isms which prevent ion of harmful i iates of primary

metabolism during periods of nutrient imbalance [4]. Some secondary metabolites are
active as antibiotics against bacteria; this may provide a competitive advantage to the

fungus. Many secondary metabolites possess toxic properties and are known as



Figure 1.1

Interrelati ips between p: of primary and secondary metabolism

The principle pathways of secondary metabolism are numbered (1) to (5)
(L
2

glucose-derived metabolites

acetale-malonate pathway

@3

mevalonic acid pathway

[

shikimic acid pathway

3

amino acid-derived pathways

For simplicity, many intermediates have been omitted, and arrows point in one
direction only, although many of the reactions are reversible. The incorporation
or production of CO, in some reactions is not shown but may be inferred from a

change in the number of carbon atoms.

Adapted from Deacon J.W. [2] and Griffin D.H. [3]
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mycotoxins: this term is usually reserved for toxins secreted by fungi which have
invaded feed and foodstuffs.

The word mycotoxin has an interesting derivation. [t comes rom the Greek roots
pkng, meaning mushroom, and 7ofwdg, which originally referred to a bow or arrow and
by association with arrows tipped with poison came to refer to the poison itsell. The
root "ochra" in ochratoxin comes from the Greek dxpar, meaning yellow or pale yellow,

often related to corn,

1.3 Historical Background Fungal contamination of crops has been recognized for
centuries. Mildew is mentioned several times in the Bible [5), and in the works of
classical authors such as Xenophon [6], Plato [7] and Theophrastus [8]. Opinion was
divided as to whether it was divine retribution for wrongdoing, or an accident duc to
disturbances in the motion of the stars. Pliny [9] claimed that such damage 1o crops
was only caused when there was a full moon. Plato [10] regarded mildew ' as an evil
specific to grain. Lucius Junius [11] advised that certain crops, in particular barley,
were better hoed when dry so that they would not be attacked by rust % He also

suggested that when the weather was unseasonably cold, the smoke from fires lit between

' epia iy, mildew or rust in corn.

2 Rubigo - inis (f): rust, in the agricultural sense. This word hints at a reddish quality
(a meaning transferred from the rust of iron) but includes ideas such as blight, mildew,
smut and mouldiness).
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the vines would protect against fog and mildew [12]. These references give no
information as to the effects on animals or humans of consumption of mouldy crops, and
probably referred to a whole spectrum of fungal infections.

In 1928, Larsen linked kidney disease in swine with consumption of mouldy rye
[13] and over the years "mould nephritis" has been recorded on a regular basis in
Danish slaughterhouses [14]. Balkan Endemic Nephropathy (BEN) had been known
in Bulgaria and other Balkan countries for years before Ivanov started animal experiments
in 1950 to try to shed some light on the causes of the disease [15]. In 1956 Tanchev
published the first formal description of BEN, describing the high incidence of renal
disease in northwestern Bulgaria [16]. The first report of OTA, together with its
structure and physical and chemical properties, is found in a letter to Nature in March
1965 from van der Merwe er al. [17]. They described the laboratory production of
OTA using strains of Aspergillus ochraceus grown on moist corn meal, and noted that
consumption of the mouldy meal caused rapid death in ducklings, mice and rats. Since
that time many reports have been published, confirming the association of OTA
contamination of food and animal feeds with the incidence of BEN, and noting the risks
to human and animal health in many countries, including Germany, Poland, Romania,
the former Yugoslavia, the U.S.A. and Canada. Other studies have focused on the
distribution of ingested OTA, and its metabolic handling. In spite of more than thirty
years work on this mycotoxin, its mode of action is only incompletely understood and

it continues to pose a risk to human and animal health.
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1.4 Factors which promote fungal i ions in crops Fungal i ions are a normal

occurrence in crops but the profile and severity vary from year to year according to ficld

and storage iti with complex i ions between humidity and

availability of trace elements such as zinc, iron and copper. The presence of debris in
stored grain interferes with drying, and damaged and immature seed is more susceptible
to fungal damage. Crops infected by fungi deteriorate in nutritional quality and often
become discoloured. There may be "hot spots" in stored grain, with a rise in
temperature and a fall in pH [18]. The crops may smell mouldy and animals may find

their feed less palatable.

1.5 Ochragenic Fungi Of the fungi which produce OTA, Aspergillus species tend to
predominate at lower moisture levels (16% humidity) and a higher temperature range

(8 - 37° Celsius, optimum for OTA production being 31 - 37°), whereas Penicillium
species predominate at higher moisture levels (20% humidity) but lower temperatures
(range O - 31° with maximum OTA production at 16 - 24° C) [I14]. Somctimes fungi
produce more than one mycotoxin, e.g. certain strains of Aspergillus ochracens can
produce both penicillic acid and OTA; the balance between the two depends on
temperature [19] and humidity [20], lower temperature and moisture favouring
production of penicillic acid. One laboratory study [21] comparing the mycoloxins
produced by A. alutaceus (formerly A. ochraceus) and P. verrucosum growing on

oilseeds (soybeans and peanuts) or grain crops (corn and wheat) showed that A. alutaceus
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growing on oilseeds produced more OTA than it did when growing on grain, whereas
P. verrucosum produced more OTA when it was growing on grain rather than oilseeds.
Ochratoxin B, the non-toxic dechloro form, was only produced by A. ochraceus on
oilseeds (particularly soybean) and another related mycotoxin, citrinin, was only found
in this study when P. verrucosum grew on corn or wheat. Another factor influencing
fungal growth is aeration. Fungi are aerobic organisms and alterations in levels of
atmospheric gases, such as might be found in bulk storage conditions, affect the balance
of metabolic processes. One study demonstrated relatively high levels of OTA

in an

in a static culture of A. , but no toxin p
acrated culture under otherwise identical conditions [22]. Table 1.1 lists species of

storage fungi known to produce ochratoxins [23].
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Table 1.1

Species of storage fungi known to produce Ochratoxin A

Aspergillus Penicillium
alutaceus / ochraceus * verrucosum * *
ostianus cyclopium
melleus chrysogenum
petrakii commune
sclerotium palitans
sulphureus

alliacius variable

* Common in western Canada
® Also produces citrinin
Taken from Marquadt, Frohlich and Abramson [23]



2. OCHRATOXIN A

2.1 and Cl istics of O in A. OTA is described chemically

as 7-carboxy - 5-chloro - 8-hydroxy - 3,4-dihydro - 3R methylisocoumarin

linked through the carboxyl group to L phenylalanine. The structure of OTA is
shown in Figure 2.1. Other members of the ochratoxin group include the less toxic
Ochratoxin B, which lacks the chlorine atom at position 5; Ochratoxin C, the ethyl
ester, which appears to be just as toxic as OTA; Ochratoxin a, the non-toxic
hydrolysis product of OTA, which lacks the phenylalanine moiety; and the
hydroxylated metabolites, (4R) and (4S) 4-hydroxy OTA, and 10-hydroxy OTA.
OTA, and rarely, Ochratoxin B, occur naturally in foods of plant origin. The
hydroxy metabolites and Ochratoxin « have been found in urine of animals which

have ingested OTA [24].

OTA isa crystalline of weight 403.8. When
obtained by crystallization from benzene, it has a melting point of approximately
90°C, but with drying at 60° for 1 hour, benzene of crystallization volatilizes and the
melting point is then about 170°. It is soluble in chloroform, xylene, benzene,
methanol and ethanol, and aqueous solutions at alkaline pH. The UV absorption
spectrum varies with pH and solvent polarity: in ethanol, maxima are present at
213 nm (¢ = 36.8 mM") and 332 nm (¢ = 6.4 mM"). In methanol, with excitation
at 340 nm, the fluorescence emission maximum occurs at 465 nm [25].

The pK, of the phenolic hydroxyl group at position 8 of OTA was identified as

7.1 by Pitout [26] who observed the shift in absorbance of OTA in phosphate buffer



Figure 2.1

The structure of Ochratoxin A



with changing pH. Chu [27] used OTA in KCI/HCI solution and found the pK,
of this group to be 7.04. On the other hand, Galtier et al. reported two constants,
PK, at 6.75 and pK, at 10.25, which they attributed to the carboxyl and phenolic

groups respectively [28].

2.2 Biosynthesis of OTA. The mycotoxin which is the subject of this thesis is a
secondary metabolite of strains of various species of Aspergillus and Penicillium.
The biosynthesis of OTA was studied using [“C]- and ["*C]-labeled precursors.

It was shown that [“C]-phenylalanine labelled at C; was incorporated into OTA
by cultures of A. achraceus [29]. Hydrolysis of the labeled OTA with 6N

ic acid gave the i in moiety and L-phenylalanine. All of the ["*C]

label was found in the amino acid. It was then shown that the isocoumarin moiety is
formed via the acetate-malonate pathway from one acetate and four malunate units,
and the carbony! carbon atom (C,,) is derived from the C, pool [30]. Incubation of
A. ochraceus in a medium containing [*Cl]-labeled sodium chloride resulted in the
incorporation of 0.75% of [*Cl] into OTA [31], but it is not known at what stage
the chlorine atom is introduced. An outline of the biosynthesis of OTA is shown

in Figure 2.2 [32,33].

2.3 Crops at risk from ochragenic fungi Ochragsnic fungi can infect a variety of
crops including maize [34], wheat [35] and barley [36], rye [13,37] and

sorghum [38], oil seeds, beans [39] and rice [40].
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Figure 2.2  Biosynthesis of Ochratoxin A
Adapted from Yamazaki ef al. [32] and Vlegaar and Steyn [33]



2.4 O in A ination of Sampling of foodstuffs is

unertaken in two ways: either at random, or specifically directed towards clearly
suspect items. The incidence and levels of OTA contamination reported are therefore
likely to differ depending on sample selection. Tables 2.1 and 2.2 give examples of
recent occurrences of OTA contamination in foods of plant and animal origin, with
the criteria for sample collection made clear whenever possible. It is not possible
from appearance alone to be certain that food products are free of contamination: if
pigs or chickens are given feed contaminated with OTA, they may not necessarily
exhibit symptoms of disease and there may be no obvious macroscopic lesions which
would lead to rejection by health inspectors [41]. In spite of this, meat and meat

products from these animals can contain measurable amounts of the toxin [42].

2.5 Stability of Ochratoxin A OTA is remarkably stabic whether in cereals, beans
or animal tissue, even afier prolonged storage, processing or cooking [43,44].
Cleaning and milling of wheat and barley did not remove OTA in naturally
contaminated samples [36]. Ammoniation (2% NH, at 45° for 6 weeks) effectively
decomposed OTA without affecting the nutritive value of the grain, but rats found the

grain unpalatable [45]. Although v irradiation may have some ication in food

processing to reduce OTA levels in meat products [46], protection from the toxic
effects of OTA is best achieved by preventing the damp storage conditions which
favour its production [18,19]. In Denmark, only in normal or dry years can the

level of OTA contamination in cereals be kept below 10 ug/kg [47].



Table 2.1

Recent* instances of natural occurrence of OTA in plant products

Product Country Incidence [OTAl(ng/g)  Ref.
Maize (1984 -1990)

(from area with endemic Bulgaria 89/151 0.2- 1418 148]

‘human nephropathy)

(from non-endemic area) Bulgaria 14/113 0.2-235 148
Beans (1984 -1990)

(from endemic area) Bulgaria 731147 0.05 - 264 148]

(from non-endemic area) Bulguria 13/113 0.20 - 285 148]
Wheat and barley Canadn 51440 10-51 149
Feeds and feed grain (suspect) Canuda 4151 48 - 5,900 1501
Beer France 4137 5-110 1511
Barley Germuny 10/68 0.1-206 152)
Wheat Germany 8/64 0.1-137 1521
Rousted coffee Japan 5/68 32-17 1531
Olives and olive oil Morocco 8/163 40 - 80 1541
Cereals Poland 6/100 up to 1200 155]
Wheat and rye flour Poland 481215 mean 4370 156]
Corn oil UK. k14 11-50 157)
Breakfast cereals UK. 121243 <10-50 1571
Beans (endemic area) Yugoslavia 4150 17-53 158]

* 1980 onwards



Table 2.2

Recent* instances of natural occurrence of OTA in meat and meat products

Product Country Incidence [OTAl(ng/g) Ref.
Pig kidneys (all) Denmark 0.015% of >25 1591
(1986 - 1990) 80 10°

Pig kidneys Denmark 18.4% of >25 1591
(nephropathic) (198 - 1990) 652x 10°

Black pudding Germany 201125 0.1-3.4 1601
Liver suusage Germany 197100 0.1-3.4 (60}
Pig kidneys UK. 43218 1-44 1611
Meat products UK. 7133 uptod 1621
Smoked meats and Yugoslavia 12-29% 10-920 631

sausuges

* 1980 onwards



2.6 Toxic Effects of Ochratoxin A. Toxicity of OTA depends on the presence
of the phenylalanine moiety, and on the chlorine atom at position 5 (Figure 2.1).
Ochratoxin B which lacks the CI is much less toxic than OTA, and Ochratoxin « is
not toxic. Ochratoxin C, the ethyl ester, which has not been shown to occur under
natural conditions, is as toxic as the parent OTA.

OTA, the most abundant ochratoxin, is toxic to a wide variety of organisms
from bacteria to mammals [64]. The acute toxicity to some specics is listed in

Table 2.3 [65,66]. OTA is

teratogenic and immunosuppressive [67]. It disturbs calcium homeostasis [68]

and damages membranes by lipid peroxidation [69]. After oral ingestion, OTA has
a long biological half-life in mammals, ranging from 39 hours in the mouse to 120
hours in the rat and 510 hours in the Rhesus monkey [70]. This is a conscquence
of the strong binding of OTA to plasma proteins which in mammals has been shown
to be greater than 99%. Chu [27] used equilibrium dialysis and gel filtration studies
to show that 2 moles of OTA were bound to | mole of bovine serum albumin.
Stojkovié er al. [71] have proposed that OTA binds in a non-specific low affinity
manner to serum albumin, but with much higher affinity (by several orders of 10) to

a group of low weight i y 20 kD) serum

Albumin is present in the serum in high concentration, and so acts as a large mobile
store of OTA. The serum concentration of the 20kD molecules is much lower than

that of albumin, but specific binding of OTA to these smaller macromolecules would

allow passage of bound OTA through the thus delivering OTA



Table 2.3

Acute toxicity of orally ingested Ochratoxin A

Species LD, mg/kg
mouse 46.0-58.3
rat 20.0-30.3
rat neonate 39
dog 02
pig 1.0
chicken 33

Based on literature compilations by Harwig ef al. [65] and
the National Institute of Occupational Safety and Health [66]



to its prime target organ, the kidney. OTA specifically damages the proximal
tubule of the kidney cortex, impairing the anion transport system [41]. A measure
of this damage is given by the T, / C;, ratio, which is reduced in OTA toxicity.
Tuean TEPresents tubular excretion of a typical anion, para aminohippuric acid, and
C,, represents glomerular filtration, using inulin as a standard compound which in

normal renal function is found in the filtrate, There is glycosuria, proteinuria and

ability to urine. Renal is is impaired due to

inhibition of i [72]. Inhibition of protein

synthesis by OTA is seen in bacteria as well as higher organisms. Phenylalanyl
tRNA synthetase is blocked by the OTA molecule; protein translation and synthesis

are impaired [73,74]. The ism(s) whereby OTA d immune

function are not known, but both the inhibition of protein synthesis and the
immunosuppression caused by OTA are prevented or at least minimized by the

concurrent administration of phenylalanine [75,76].

2.7 Geography of O in A ination Health for humans

are clearly seen in the Balkan countries Bulgaria (Vratza District), Romania (Banat
region) and the former Yugoslavia (particularly districts in Serbia, Bosnia and
Croatia, notably near the city of Slavonski Brod) [77,78,79] (Figure 2.3).

Affected areas are located along tributaries of the Danube; most are at relatively low
altitude (100 - 200 m) and are often flooded. Significant levels of OTA have also

been detected in food of plant and animal origin in other countries (Tables 2.1, 2.2).
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« Viatza

BULGARIA

Figure 2.3 The Balkans and the river Danube

Adapted, with permission, from American Scientist 801
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2.8 Human Exposure and evaluation of risk It is clear that humans in many
countries are exposed to OTA. Table 2.4 gives details of human scrum OTA levels
reported in recent studies in different countries including Canada. OTA has also
been found in trace amounts in human milk in Germany [81] and Italy [82], and

in human urine in Bulgaria [83]. Balkan endemic nephropathy, mentioned earlier
in this review, is strongly linked to OTA contamination of crops [39,84]. Other
mycotoxins such as citrinin may be also be involved, exerting synergistic effects
with OTA [48].

Kuiper-Goodman and Scott [85] using data from the National Toxicology
Program [86] study of carcinogenesis in rats applied a safety factor and arrived at
estimates of 0.2 - 4.2 ng/kg body weight as the tolerable daily limit of consumption
in humans. This is lower than levels identified as virtually safe with respect to
nephropathic and teratogenic effects; in 1991 the Food and Agriculture / World
Health Organization suggested a provisional weekly tolerable dose of 112 ng/kg

body weight [87].
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Table 2.4
Prevalence of OTA in human serum
Year(s) Country Detection limit  Positive Range Ref.
ngl/g samples ng/g
1984 - 1990 Bulguria: 1.0-2 28/105 2.0-39.1 188]
individuals with
B.e.n. or Lt
1984 - 1990  Bulgaria: 1.0-2.0 18/119 2.0-20.0 (8)
healthy relatives
of the ubove
1984 - 1990 Bulgaria: healthy 10-2.0 14/116 2.0-13.0 1881
people in affected
villages
1984 - 1990 Bulgaria: healthy 10-2.0 9125 2.0-15.0 188]
people in non-
endemic area
1990 Canads <05 28/69 <05->200 [89]
subjects with
renal disease
1990 Canada: <05 35190 <05->200 [89]
subjects without
renal disease
1986 - 1988 Denmark 0.1 78/144 ND- 132 190
reported 1991 France: rural 0.2 20% 0.1-6.0 o1
reported 1991 France: urban 0. 20.15% 01-13 o1
reported 1986 Germany: Bayern 0.1 56.5% 0.1-14.4 190
1983 - 1984 Poland 5.0 77/1065 ND - 40.0 1561
1989 Sweden: 03 4.0-8.0% 03-6.8 190]
urban, mainland
1989 Sweden: Vishy - 0.3 31.0% 03-6.0 190}
island community
1981- 1989 Yugoslavia 5.0 200/13797 5.0-100.0 192)

B.e.n. denotes Balkan endemic nephropathy, u.t.t., urinary tract tumours, ND - ot detected



3. ABSORPTION OF FOREIGN COMPOUNDS [93]

3.1 Routes of absorption There are three main barriers which scparate higher
animals from their environment: the skin, the lungs and the gastrointestinal tract.
To date, there have been no reports of OTA assimilation via the skin or the lungs,
although in principle absorption by either of these routes might be feasible. This
account will only consider absorption via the gastrointestinal tract. The major

function of the digestive tract is to absorb nutrients and water, but non-nutritive

compounds such as food additives, p: ives, drugs and i are

often ingested and absorbed along with the diet.

3.2 Toxic compounds in foods Toxic compounds often contaminatc animal and

human imes naturally, i by accident and sometimes by

deliberate action [94]. A few examples will be given to illustrate some of the
various ways in which toxins find their way into foodstuffs. Some plants naturally
contain toxic compounds, e.g. cassava, a tuberous root vegetable found in South
America, contains cyanide. Fungal infections of crops can result in contamination
of foodstuffs with toxic metabolites: the most well known are the aflatoxins which
are frequently found in mouldy corn and peanuts. Aflatoxin M, has been identified
in the milk of cows whose feed contained aflatoxin B,. Aquatic species such as
shellfish may contain natural toxins originating from the plankton they consume.

C ination of foodstuffs can occur acci , as with pesticide residues, or




y, e.g. the toluidi inated oil sold in Madrid in the early 1980s
[95]. Man-made pollution often contaminates food: industrial effluent discharged
into some lakes and rivers has resulted in a dangerous mix of organic chemicals and
heavy metals whose effects are seen in malformations in fish, and birth defects and

neurological disease in humans [96,97). Carcinogenic polycyclic aromatic

are ubiquitous i wherever petroleum products are used.
The surface layers of foods which have been smoked, or cooked at high temperatures
over a barbecue contain a number of carcinogenic substances. Nitrates and nitrites
used in preservation of meat products are ultimately carcinogenic, so while offering
protection against bacterial spoilage they probably pose a longer-term hazard to
health. Although generally speaking our food supply is safe and nutritious, these
examples show that xenobiotics can and do contaminate both human and animal

foodstuffs.

3.3 Absorption: general principles [98,99] Mechanisms of absorption vary

with the chemical characteristics of each compound, in particular with size and
lipophilicity. The majority of toxicants cross membranes by simple diffusion. Small
hydrophilic molecules such as ethanol and cyanide pass through aqueous pores in
membranes, and are rapidly absorbed from the stomach and intestine, but most toxic
substances are larger organic molecules with differing degrees of lipid solubility. The

more lipid-soluble a compound is, the more readily it will cross lipid membranes.
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3.3.1 Weak acids and bases Many chemicals are weak acids or bases which ionize
in solution according to their pK and the prevailing pH. This concept is cxpressed by
the Henderson-Hasselbalch equation:

for acids: pK, - pH = log [non-ionized] / [ionized]
and for bases: PK, - pH = log [ionized] / [non-ionized]

By definition, when the pH is at the pK value, the non-ionized form of a weak acid or
base is present in the same concentration as the ionized form. Depending on how far
is the prevailing pH below the pK value, a weak acid will be more or less protonated
and non-ionized; as the pH rises above its pK, it will become further ionized and
more soluble in aqueous media. The non-ionized form of weak acids and bases is to
some extent lipid soluble, allowing it to diffuse across lipid membranes. We have not
been able to find any reports concerning the solubility of OTA in lipids, but given its
solubility in organic solvents, it is likely that it is at least partially soluble.

A weak acid such as benzoic acid (pK, 4.0) diffuses more rapidly across a
membrane if the prevailing pH is acidic, whereas a weak base such as aniline (pK,
5.0) which is non-ionized above its pK, diffuses more readily from an alkaline
medium. Even so, because absorption is a dynamic process, if only 1% of a
compound is non-ionized at a a given pH (e.g. benzoic acid at pH 6.0) some of that
1% will diffuse across the lipid membrane. If the compound is removed from the

i I side of the a ion gradient will exist and diffusion

across the membrane will continue. The extent to which simple diffusion will take



place depends on surface area, ility of the the prevailing pH
and the physical characteristics of the compound. Because the small intestine has
a large surface area, benzoic acid is well absorbed, even at a pH which might be
considered unfavourable [94].

3.3.2 Other factors affecting absorption Gastrointestinal motility and the

length of time food stays in various segments of the gut also influence absorption.
‘The presence of fat in a meal delays gastric emptying; dilution of some compounds
increases toxicity, prabably because increased volume hastens gastric emptying,
resulting in more rapid delivery to the duodenum and consequent exposure to a
greater absorptive surface [100]. Laxatives may reduce absorption by speeding
intestinal transit time [101]; a high fibre diet also speeds the passage of food
through the gut. Fibre binds water, and adsorbs important minerals (calcium, iron,
magnesium and zinc) and bile salts and lipids, thus reducing their bioavailability
for absorption. This may lead to deficiencies of essential minerals and fat-soluble
vitamins, and may also reduce absorption of some toxins.

3.3.3 Specialized carrier systems The mammalian gastrointestinal tract has

carriers for the ption of i small peptides and

free amino acids. There are also specialized transport systems for the absorption
of calcium and ferrous iron. Some toxic substances may be absorbed by these
systems, e.g lead and cobalt are transported by the calcium and iron transport

systems. Most toxins however are absorbed passively.

27
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3.4 The stomach Although small molecules such as water and cthanol are

absorbed, and some important digestive processes start in the stomach,

s not
primarily an organ of absorption. A striking feature of the stomach is the regulation
of pH, which is achieved through neural and hormonal mechanisms. When HCI is
secreted in response to a meal, the pH of the gastric juice is = 1.0. Food buffers
the luminal pH, which may rise to 4.0 or even 5.0; if the pH in the distal portion of
the stomach falls below 3.0, secretion of gastric juice is reduced. If acid reaches the
upper small intestine, gastric secretion of HCI stops. Mucus provides a protective
layer for the stomach mucosa, creating with basal secretion of bicarbonate a pH
gradient between the surface mucosal cells (=pH 6.5) and the contents of the lumen.
Gastric emptying is regulated according to the composition and osmolarily of the
food mixture (known as chyme). Liquids leave the stomach first, followed by
carbohydrates, then proteins and lastly fats. Emptying is delayed in response (0 low
PH, and the presence of long-chain falty acids and their mono- and diglycerides. A

mixed meal including fats probably stays in the human stomach for about 4 hours.

3.5 Digestion and absorption in the small intestine The small intestine presents a
vast surface over which absorption takes place. It is divided arbitrarily into three
segments: the duodenum, the jejunum and the ileum. Like the digestive tube in other
regions of the gastrointestinal tract, the wall of the small intestine has four main

layers: the serosa, the muscle layer, the submucosa and the mucosa (Figure 3.1).
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3.5.1 The mucosa The mucosa will be described in detail because it is the site of
absorption. It can be divided into three layers: the muscularis mucosae (a thin sheet
of muscle), the lamina propria, and the epithelium. The mucosal epithelium consists

of columnar ptive cells known as with i g

goblet cells and endocrine cells. The surface area of the mucosa is made much
greater by circular folds (in larger mammals only), by villi (Figure 3.1) and by
microvilli (Figure 3.2). The villi project into the lumen at a density of ten to forty
per square millimetre. Each absorptive cell has between 3,000 and 7,000 microvilli
which make up the brush border seen on light microscopy. In the human, the
microvilli are approximately 1 um long and 0.1 um broad. Figures 3.3, 3.4 and 3.5
are electron micrographs showing the intestinal epithelium and the microvilli. The
plasma membrane of microvilli is a lipid bilayer, containing many specialized proteins
such as enzymes, transporters and receptors. The enzymes of the brush border are

glycoproteins, with the protein component to a greater or lesser extent embedded

into the lipid of the microvil the chains protrude into
the lumen, forming the glycocalyx (Figures 3.2, 3.5). Next to this is a protective

layer of mucus. Barriers to absorption of compounds are discussed in 3.5.11.

The of the ptive cell is thinner and more permeable

than the luminal membrane; passage across it occurs by diffusion.



Figure 3.1 Anatomy of the small intestine

The wall of the ian intestine is of four ic layers.

Three outer layers - the serosa, the muscularis (consisting of longitudinal and
circular muscle strata), and the submucosa - surround the innermost layer,

the mucosa. The surface area of the mucosal epithelium is vastly increased by
villi and microvilli, to about 300 m? in the human. Inside each villus is a
dense network of blood and lymph vessels to which nutrients are transported.
From: The Lining of the Small Intestine by Florence Moog [102].

Copyright ® November 1981 by Scientific American, Inc. All rights reserved.
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Figure 3.2 Structure of the absorptive cell

This figure shows diagramatically the important structures of the absorptive cell.

The gly yx is of the chains of enzymes embedded in
the microvillus membrane. The shape of the microvillus is maintained by protein
fibres which run throughout its length; these fibres join with the terminal web,

a mesh of fibres running parallel to the luminal surface of the cell.

From: The Lining of the Small Intestine by Florence Moog [102].

Copyright ® November 1981 by Scientific American, Inc. All rights reserved.






Figure 3.3

Electron micrograph of intestinal epithelial cells and a goblet cell
x 5000 The goblet cell (G) is packed with mucous secretory granules at the
apex. Note the Golgi apparatus between the nucleus and the mucous granules.

By permission, Springer-Verlag New York Inc. [103]






Figure 3.4

Electron micrograph of epithelial cells from the apical one third of a villus
x 10000  Note the tall columnar epithelial cells, nuclei N, brush border B,
supranuclear Golgi complex G, intra-epithelial lymphocyte I, terminal web T.

By permission, Springer-Verlag New York Inc. [104]






Figure 3.5

Electron micrograph of the apical portion of two adjacent absorptive cells during
fat absorption  x 25000 Note the surface coat (glycocalyx) S, microvilli MV,

secretory vesicle V, absorbed lipid F, mitochondrion M, and the apical pit (arrowed)
at the base of microvilli, where ferritin but not fat is absorbed.

By permission, J. B. Lippincott and Co. [104]
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3.5.2 The lamina propria The lamina propria consists mainly of connective tissuc
which supports the epithelium, and forms the core of each villus. Within the villus is
a central lymph collecting vessel, the lacteal, surrounded by a network of capillarics,
figure 3.1.  Also found in the lamina propria are small lymphocytes and lymphoid
nodules. These form part of the GALT system - the "gut-associated lymphoid tissue"
- which is a major subdivision of the immunological defences of the body.

3.5.3 Pancreatic Juice Pancrealic juice contains enzymes and clectrolytes, notably
bicarbonate. When stimulated, the pancreas secretes sufficient bicarbonate to
neutralize all the titratable acid reaching the duodenum from the stomach, thus

providing a pH suitable for the digestive enzymes active in the lumen.

3.5.4 Digestion and absorption of car Complex carbohy s arc

hydrolysed enzymatically to simple sugars which are transported by carrier-mediated

systems across the cell From the yte they pass by facilil or
passive diffusion into capillaries of the portal circulation.

3.5.5 Digestion and absorption of proteins The final products of protein digestion
are small peptides and free amino acids which are transported across the lipid
membrane by specific carrier mechanisms. Four different sodium-dependent systems
have been described, specific for the transport of neutral, dibasic and dicarboxylic
L-amino acids, and the imino acids (proline and hydroxyproline) and glycine.
Cytosolic enzymes degrade the di- and tripeptides to amino acids, which can diffuse

passively across the basolateral membrane into the portal blood.



41
3.5.6 Absorption of vitamins Water-soluble vitamins are absorbed in the
Jjejunum and ileum, by diffusion which may be facilitated or active. Fat-soluble
vitamins are primarily absorbed in the proximal small intestine by solubilization
wilh fats in bile salt micelles.

3.5.7 Bile Bile is an alkaline aqueous solution of bile acids which is secreted into

the ly ions are similar to those in plasma, with the

ption that bi whose ion in bile may be double that in plasma.
Other i of bile are ipi and small amounts of plasma
proteins. Bile may also contain lipids, steroid d-products of

of drugs and other foreign compounds, and traces of heavy metals such as lead.
Conjugated with glycine or taurine, bile acids are ionized at the pH of bile and

exist as salts of cations, e.g. Na taurocholate. The bile acid pool (about 3 g in

adult humans) circulates two or three times per meal and up to twelve times each day,
in an enterohepatic circulation, Bile salts are actively reabsorbed in the ileum and

carricd back to the liver in the portal circulation. The yellow colour of bile is due

to bilirubin, a product of in, which is conj | in the liver
with glucuronide and to a lesser extent with sulfate.

3.5.8 The gall bladder In the rat and the whale, bile drains directly into the
duodenum, but in most species, including humans, about half of the bile formed
in the liver is stored in the gall bladder. Here water and some bicarbonate and

chloride are resorbed, and so ihe pH of gall bladder bile is lower and the
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bile salt concentration is higher than that of bile fresh from the liver.

Other constituents of bile, including drugs and other foreign compounds are also
concentrated in the gall bladder, so that when gall bladder contents are cjected into
the duodenum in response to a meal, a bolus of highly concentrated chemicals is
delivered. By contrast, in animals which do not have a gall bladder, delivery of bile
and any other compounds it contains is a smoother process.

3.5.9 Digestion and absorption of fats Triglyceride digestion is initiated by
preduodenal lipase; human gastric lipase (HGL) has a pH optimum of ~ 4.5 - 5.5
[105]. Bile salts activate HGL in vitro and it is possible that preduodenal lipases

continue to act in the [106], in ion with p: ic lipase

[107]. Peristaltic action in the small intestine promotes emulsification of fats; this
is assisted by the presence of monoglycerides, fatty acids, lecithin and protein, and
is much more efficient in the duodenum than it is in the stomach. Emulsification
provides a large surface area for the action of pancreatic lipase, which can only
operate at the oil/water interface. Pure pancreatic lipase is inhibited by bile salts
[108], and in order to be active it requires the presence of colipase [109],

a small protein which anchors pancreatic lipase to the oil/water interface [110].

In vitro, the pH optimum of pancreatic lipase alone is close (o 8.0, but in the
presence of bile salts and colipase there is a downward shift to more acid values
(6.0 - 6.5) [111]. Hydrolysis of triglycerides at positions 1 and 3 by pancreatic

lipase yields diglycerides and then the 2-monoglyceride and two fatty acids.
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These products of lipolysis are removed from the interface by solubilization
in bile salt micelles (see below), allowing the reaction to continue.
3.5.10 Micelles and micellar solubilization of lipids Bile acid molecules are
amphipathic: their hydroxyl groups are arranged on one side of the molecule, and the
water-insoluble part faces the other way. Above the critical micellar concentration
(which varies from ~ 0.7 mM [112] to ~ 12 mM [113] according to the
properties of individual bile salts, the ionic composition of the medium, the
temperature, pH, and the presence or absence of lipids) bile acids in aqueous solution
tend to aggregate to form micelles. The hydrophilic aspect of each molecule faces
outward to the aqueous medium, and the nonpolar aspect faces inward. The
hydrophobic centre provides a milieu where lipid-soluble compounds such as
cholesterol can be carried. Simple micelles containing only bile salts are found in

vitro, but in vivo ipids and from bile are i forming

mixed micelles, Figure 3.6. Also incorporated into mixed micelles are the products
of digestion of dietary fats, and lipid-soluble compounds. In addition to mixed
micelles, there may also be other lipid aggregates in the aqueous phase, whose
structure will change during the course of absorption and digestion, depending on
the relative concentrations of mixed lipids and bile salts [114].

3.5.11 Barriers to the absorption of digestive products There are three barriers
that digestion products in the small intestine must cross before they pass into the

enterocyte. The first is the unstirred water layer which exists close to the absorptive
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Figure 3.6 The structure of a mixed micelle
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surface; the second is the mucus coat covering the brush border; and the thirt
is the lipid membrane and glycocalyx. The first two barriers present little difficulty

o Jubl Micellar solubilization enhances solubility of lipids

and lipid-soluble compounds in the aqueous phase by a factor of about 10°, enabling
them to cross the unstirred water layer. This layer is thought to be between

100 - 200 pm thick in highly stirred systems in vitro, and as much as 400 - 800 um
in the intestine perfused in vivo [115]; confusion has arisen because some authors
have referred to "functional thickness" of the unstirred water layer when it seems
they were including the layer of mucus overlying the brush border [116]. Mucus

is composed of mucopolysaccharide which acts as an ampholyte. It possesses many
ionizable groups of different pK, values and is therefore able to maintain the acidic
microclimate of the mucosal membrane in spite of the luminal pH, from which it may
differ by > 1.5 pH units. In the jejunum, e.g., the luminal pH is 6.8 - 7.2, while
that of the mucosal surface is about 5.4 [117]. The lower pH close to the mucosal
membrane enhances both the diffusion of micelles and their dissociation, so that
micellar contents carried across the water and mucus layers are then released in
monomeric form, adjacent to the absorptive surface [118]. Short- and medium-
chain fatty acids and their triglycerides are sufficiently soluble in the aqueous phase
that they can diffuse across the unstirred layer without being associated with micelles,
but for the long-chain fatty acids which make up 90% of ingested triglycerides,

micellar solubilization is essential. The third barrier to digestive products, the
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mucosal membrane, is a phospholipid bilayer with a high protein to lipid ratio

= 1.7:1). Some of its many proteins are enzymes; others act pecific carricrs

for the products of carbohydrate and protein digestion. Lipid and lipid-soluble

molecules move through the membrane by passive diffusion. In comparison with

many other bi i the mucosal is less fluid [119].

3.5.12 Water and electrolyte absorption Water transport in the intestine occurs
passively. It varies according to the region, depending on the blood-lumen osmotic
pressure difference and on solute transport. Sodium is conserved very cffectively
throughout the intestine by a number of mechanisms. Potassium is absorbed mainly
in the jejunum, chloride in the jejunum and ileum. Bicarbonate is secreted into the
duodenum; in the jejunum, it is rapidly reabsorbed while H* ions are secreted, giving
rise to the acid microclimate close to the jejunal mucosa. In the ilcum, bicarbonate is
secreted in exchange for chloride ions. Calcium is absorbed in the duodenum and
jejunum; magnesium is absorbed throughout the small intestine, mostly proximally.
About 90% of the fluid which enters the human large intestine is absorbed. Sodium

and chloride are conserved, while bicarbonate and usually potassium are sccreted.

3.6 Pre-systemic metabolism: Phase I and Pawase II reactions [120] The liver

is the major site of iotic bi ‘mation but bi ion also occurs
to a significant extent in the mucosal tissue of the gastrointestinal tract,

Biotransformations are classified as phase I or phase II reactions. Phase I reactions
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generally alter the structure of by P450-mediated

oxidation or hydrolysis, whereas phase II reactions involve conjugation with groups
such as glucuronide, sulfate and glutathione. Many fat-soluble compounds are to

some extent resistant to bi it i are usually

transported in the portal vein to the liver where further biotransformation can take
place, but a proportion may be exported directly from the intestinal tissue into the
gut lumen. The metabolites formed are generally more water-soluble than the parent
compounds; they bind less easily to plasma and tissue proteins, and are usually found
in lower concentrations in body storage depots. Biotransformation usually results in
metabolites which are less toxic than the parent compound, but occasionally more
toxic compounds are formed. Increased aqueous solubility facilitates excretion in bile
or urine; compounds excreted in bile may then be subject to enterohepatic circulation.
3.6.1 Modification of intestinal biotransformation Many dietary components can
alter the extent of biotransformation: indoles present in brussel sprouts and excess

cholesterol have been shown to increase the activity of enzymes of oxidation and

high intake of fats decreases the activity of enzymes of

as does i of selenium or cholesterol.

Glucuronosyl-transferase activity can be induced by oral administration of

inducing agents such as ital or 3.
3.6.2 Gastrointestinal flora [121] Both anatomically and functionally, the wall

of the gastrointestinal tract is part of an animal’s external surface. No part of the gut



is normally sterile. Acidity keeps the stomach nearly free of bacteria, but the
intestine contains large numbers of microbial organisms of which 95% are strictly
anaerobic. Bacterial counts in the human intestine range from 10? - 10%mL in the
proximal small intestine to 10'/mL in the ileum and colon. There is usually a
balance between the various bacterial species, but this can be upsct, ¢.g. by antibiotic
therapy, which can cause serious side effects. Foreign compounds are metabolized
both by body tissues and by gut flora. Cytochrome P450-mediated oxidation reactions
require oxygen, but most intestinal bacteria are anaerobic. Mammalian bio-
transformations are generally oxidation and conjugation reactions, whereas reactions

carried out by intestinal bacteria are mainly reductions and hydrolyscs.

3.7 Intracellular processing of lipid digestion products: esterification of fatty
acids Within the enterocyte, long chain fatty acids are rc-esterified into
triglycerides. A fatty acid-binding protein (FABP) [122] which preferentially

binds long-chain unsaturated fatty acids plays a major role in transporting fatty acids
to the endoplasmic reticulum where re-esterification takes place [123]. Itis

probable that binding to FABP is necessary for re-esterification. Medium-chain fatty
acids (smaller than 12 carbons) do not bind with FABP which might explain why they
are largely absorbed in the unesterified form via the portal system [124]. Two
metabolic pathways are involved in the synthesis of triglycerides in the enterocyte,

the monoglyceride pathway and the a-glycerophosphate pathway. The monoglyceride
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route is the major pathway: activated fatty acids are added to monoglyceride in the
smooth endoplasmic reticulum, in reactions catalyzed by acyl CoA acyltransferases.
The glycerophosphate pathway, which is associated with the rough endoplasmic
reticulum, normally plays a minor role in triglyceride handling, probably because in
energy terms the monoglyceride pathway is more efficient, requiring four high energy
phosphate bonds rather than the ten needed by the glycerophosphate pathway
[124]. Based on studies using intestinal microsomes and intestinal slices, some

authors have proposed that the first reaction in the glycerophosphate pathway

of glycerol 3. to idic acid, is inhibited by high levels
of monoglyceride [125]. Studies using everted sacs of rat intestinal mucosa do not
support this theory [126]. During fasting, when monoglyceride is not present in

the gut lumen, the glycerophosphate pathway becomes more important: endogenous

fatty acids, and glycerol 3. derived from i glucose
are used to ize gl ipil During fat ion, trigly
droplets, often ining esterified within the smooth

endoplasmic reticulum. The particles receive a coating of apoprotein, cholesterol and

in the rough ic reticulum and move to the Golgi apparatus

where carbohydrate moieties are added. Packaged vesicles, the lipoprotein particles
are delivered to the lateral cell membrane and released into the intercellular space.
They then pass through the basement membrane, across the lamina propria and into

the central lacteal through gaps in the endothelial lining of the lymph vessel.



3.8 Lipoprotein particles [127] Lipoproteins are complexes of lipid and protein
which transport lipids in the circulation. They are classified according to density,
which is inversely related to lipid content. Table 3.1 shows the principal lipoproteins

and their ition [128]. CI i are ized in the intestine and

carry dietary triglyceride. Very low density lipoproteins (VLDL), which are
synthesized in both liver and intestine, are the major lipoprotein found during fasting;
this suggests that the lipid they contain is largely derived from endogenous sources.
Low density lipoproteins (LDL) are derived from VLDL and deliver cholesterol to
the tissues. High density lipoproteins (HDL) are synthesized in a disc-like form in
the liver and small intestine; they scavenge excess cholesterol from chylomicron
remnants and VLDL. The inner hydrophobic core of lipoproteins contains
triglyceride and cholesterol ester plus a little unesterified cholesterol; the surface is
made up of a phospholipid monolayer with small amounts of free cholesterol and
apoproteins. Apoproteins play a crucial role in lipoprotein transport and metabolism:
some are recognized by ligands and thus target the lipoproteins to specific sites ;
others bind and activate specific enzymes, ¢.g. LCAT (lccithin-cholesterol acyl-
transferase) is activated by apo A-I. Apoprotein B is necessary for the export of

chylomicrons from the cell: in abetalipoproteinemia (the absence of apoprotein B)

lipid particles within the yte and i do not appear in

lymph.
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Table 3.1

Composition of the principle lipoprotein particles

Chylomicra VLDL LDL HDL

Density < 1.006  0.95- 1.006 1.006 - 1,063 1.063 - 1.210
Chemical
composition %
Triacylglycerol 85 50 10 4
Free cholesterol 1 7 8 2
Cholesterol ester 3 12 37 15
Phospholipid 9 18 20 24
Protein 2 10 23 55

Adapted from Kritchevsky. D. [128]



3.9 Lymph composition and flow Lymph contains all of the proteins found

in plasma, generally in lower concentrations. In the dog, the gastric lymph : plasma
ratio for total protein was found to be 0.51. Specialized transport proteins such as
ferritin are also seen in lymph. Among non-protein constituents arc low molecular
weight substances (< 10,000) such as glucose, which are found in similar
concentrations in lymph and plasma. Substances which are protein-bound in plasma

are found in lymph in i ined by the relative ions of the

binding proteins in plasma and lymph. Foreign substances transported in lymph
include toxins and bacteria. Toxins of high molecular weight are selectively carricd
in lymph, but lower molecular weight toxins are transported in both blood and lymph.
The composition of lymph is modified as fuid filters out and as the dilferent
lymphatic branches empty into the main trunk. Passage through lymph nodes allows
some exchange of small molecules between blood and Iymph, as well as the addition
of lymphocytes to lymph. The rate of formation of lymph is determined by the
amount of interstitial fluid which forms; this is a function of blood capillary
permeability and perfusion pressure. Intestinal lymph flow is strongly influenced by

digestion and i Ce ion of gut propels lymph onwards in

the central lacteals; contraction of smooth muscle fibres in the walls of medium and
large lymph vessel move the lymph on towards the thoracic duct and so to the
systemic blood circulation. Variation of thoracic pressure with respiration also

promotes lymph flow. Valves in the lymph vessels prevent the back flux of lymph.



3.10 Transport from the gut After absorption into enterocytes (the absorptive cells
of the intestinal epithelium) compounds are transported from the gut either via the
portal venous system, or if they are lipid-soluble, via the lymphatics. Some
compounds partition between the two routes. The portal vein carries compounds

to the liver where many are extensively metabolized before being excreted in bile

or cxported into the systemic circulation. This "first-pass" hepatic metabolism of

reduces the of parent reaching the

general circulation. By contrast, because the lymphatic system drains into the

jugular vein, compounds carried in lymph bypass the liver and are therefore not

subjected to first-pass i These fat-solubl p are less easily

excreted and tend to accumulate in body stores.



4. RATIONALE AND OBJECTIVES OF THIS STUDY

In many studies of OTA absorption, OTA was administered in sodium
bicarbonate [129,130,131,132,133] but under natural conditions ingestion of OTA
commonly occurs in the presence of lipids. Livestock commonly ingest OTA in
mouldy cereals such as corn and barley and therefore OTA is accompanicd by
plant fibre and a small percentage of ccreal oils, of the order of 3% [134].
Human ingestion of OTA may occur with consumption of contaminated meat
or meat products, often with a high fat content, bread or other cereal products,
beans, or even human milk. Experimental studies of the toxic effects of OTA

have i y involved inistration of the toxin by, or

dissolved in, corn oil [135,136], but details of absorption were not discussed.
The purpose of this study was to compare the effect of the vehicle

- sodium bicarbonate or corn oil - on the absorption of OTA,
and to investigate the effect of changing pH on the ionization state

of OTA and its partition between aqueous and organic media.



5. MATERIALS AND METHODS

5.1 Chemicals OTA was isolated and purified as described by Omar (137).

It was shown to be 98% pure on HPLC, using a Partisil 10 ODS column

(0.46 cm x 25cm) and a solvent system consisting of a 65:35 mixture of

(a) acetonitrile:methanol, 1:1 v/v, and (b) 5 mM sodium acetate:acetic acid,

500:14 v/v. [HJOTA * purchased from Amersham U.K. was purified by TLC,
using benzene:methanol:acetic acid, 90:5:5 v/v as running solvent, then eluting

the OTA with benzene: acetic acid, 4:1 v/v. [PHJOTA was added to unlabelled OTA
and dissolved in 50 mM sodium bicarbonate or in corn oil to give a concentration

of 180 pg/mL, 25 uCi/mL. Chemicals and solvents used were of the purest grade
available. Mazola corn oil (Best Foods Canada Inc), for culinary use, was purchased
locally and stored in the dark at 4°C. To dissolve OTA in corn oil, it was first

dissolved in a small volume of chloroform which was added to com oil and

ighly vortexed. The was removed by evaporation under vacuum for

at least 4 hours. In one set of i [“Cltrilinolein * from Dupont,

Boston MA U.S.A., was added to the corn oil, 2:3 v/v, to give 2.0 xCi/mL.

5.2 Surgical supplies Xylazine was purchased from Haver, Bayvet Division,
Chemagro Ltd., Etobicoke, Ontario. Ketamine was purchased from MTC

Pharmaceuticals, Cambridge, Ontario. Clay Adams 7401 PE 10 and 50 polyethylene

* For location of [*H] and [“C] labels, please see Appendix, pp. 153, 154.
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tubing was used for cannulation of the bile duct and intestinal lymph vessel.
A size 5 French infant nasogastric tube was used as the gastric or duodenal cannula,
5.3 Surgery Male Sprague-Dawley rats (270 - 300 g) purchased from Charles
River, Canada Ltd. were anaesthetized by intramuscular injection of a mixture of
ketamine (40 mg/kg) and xylazine (5 mg/kg up to weight 300 g, and above that
weight, up to 6 mg/kg). After midline laparotomy, the duodenal loop was reflected
to one side to expose the bile duct, which was cannulated proximal to the pancreas.
The main intestinal lymph vessel was cannulated where it runs alongside the superior
mesenteric artery, as described b, Bollman er al. [138], Figure 5.1. A cannula
was inserted into either the stomach or duodenum, for administration of 5%
glucose/saline and the single dose of OTA. Tubing was brought to the exterior
through individual stab wounds, and the incision was closed in two layers. In one
set of experiments, the bile duct was not cannulated; only lymph was collected.

After surgery, rats were restrained in Boliman cages and received 5%
glucose/saline at a rate adequate to ensure good hydration, initially 2.3 - 2.4
mL/hour. During a post surgery recovery period of 16 - 24 hours, bile was
collected from all animals with a bile duct cannula.

5.4 Bile duct cannulation Cannulation of the bile duct diverts all the bile which in

natural ci flows into the Normal absorption of medium and
long chain fatty acids depends on the presence of bile, so in order to promote normal

absorption, it is necessary to replace the bile diverted for collection. In most of the
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Figure 5.1
Dingram to show cannulation of the bile duct and main intestinat iymph vessel
Adapted from Lambert [139]



58

experiments in which the bile duct was cannulated, bile collected during the
post-surgical recovery period was mixed with glucose/saline (1 mL bile : = 5 mL
glucose/saline) and reinfused at 3.1 mL/hour via the gastric or duodenal cannula,
starting about one hour before the dose of OTA was given. The proportion of
bile : glucose/saline was calculated so that at the flow rate chosen to give adequate
hydration, sufficient bile was reinfused to replace losses, due to bile diversion,
over the time course of the experiment. Ideally, reinfused bile should in all cases
have been delivered to the duodenum, but in the experiments in which OTA was

administered intragastrically, bile was infused into the stomach. It is probable that

at the pH prevailing in the stomach, i of OTA absorption would not be

significantly affected by the presence of bile.

5.5 In vivo experiments * A summary of in vivo experiments is given in Table 5.1.
[PHIOTA was given in a single bolus dose, usually 288.8 ug/kg, 40 pCurics/kg

(in one instance, double the dose was used) in cither 50 mM sodium bicarbonate

or corn oil (1.67 mL/kg) via the gastric or duodenal cannula, (or in intact animals
by oral gavage). This dose approximated two days’ intake of OTA of rat chow
contaminated by 4 ppm OTA [140]. This is similar to concentrations sometimes

found in naturally contaminated fivestock feed [25]. In one experiment, a dosc of

4 Experiments were performed under the guidelines and with the approval of the Animal
Care Committee of Memorial University of Newfoundland.



Table 5.1 Summary of in vivo experiments

Surgery: Dose +
Cannulation uglky  Vehile  infused Route Duration  #
hile

Exp n  Bile Lymph [PHJOTA
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2 4 4 288.8 NaHCO, + intrag. 7hr byu
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{4 v v 288.8  NaHCO, + g Thr {
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4+ The bile duct was cannulated at surgery and bile was collected from then on. In most animals bile
collected during the overight recovery period was mixed with glucose/saline and reinfuscd vin the
gastric or duodenal cannula (+ infused bile) in order to replace losses due to hile diversion during the
course of the experiment. In some animals (- infused hile) no bile was reinfused. Animals were
hydrated with glucose/saline only.

& The bile duct was cannulated and tubing looped back into the duodenum, so that hite drained
without interruption into the duodenal lumen. For the lust six hours of vach experiment, the loop of
tubing was cut and bile was collected for analysis.

* pre-treated for 5 days with phenoburbital

intrag indicates that an intragastric cannula was used for hydration and for giving the test dose.
intrad indicates that an intraduodenal cannula was used for hydration and for giving the test dose.
# denotes samples collected: s denotes serum, b bile, u urine, | lymph,

o organs, kkidneys, liv liver,
gute,t gut contents and tissues
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3 mg 'HJOTA/kg body weight was given orally to intact rats. After the test dose
was given, hydration was resumed, operated animals receiving glucose/saline + bile
via the cannula, and orally-dosed rats having water ad lib.
5.5.1 In the first experiment, the bile duct was cannulated, and bile and urine
were collected over ice, protected from light, for twelve hours after intraduodenal
administration of PH]JOTA in sodium bicarbonate, to observe the appearance of ['H]
label in bile and urine and to determine an appropriate time frame for subsequent
cxperiments. In order to identify those organs in which OTA was deposited, organs
were excised, blotted and weighed, and weighed samples of liver, kidney, lungs,
pancreas, spleen and epididymal fat, and also intestinal contents and feces, were

in NCS tissue ilizer (Amersham, Canada Ltd., Oakville, Ontario)

and when dissolved, duplicate 80 uL aliquots were taken and neutralized with

glacial acetic acid before counting of radiolabel.

5.5.2 In experiment (2), liver and kidney samples were taken from four groups of
rals, six, twelve, eighteen and twenty-four hours after intraduodenal dosing with
[PH]OTA in sodium bicarbonate. The bile duct was cannulated in the usual manner
and the polyethylenc tubing was brought through the stab wound to the exterior but
then looped back into the abdominal cavity to drain into the duodenum, so that
initially bile was not collected. For the last six hours of the experiment, the
exteriorized loop of tubing was cut so that bile could be collected, e.g. in the six hour

experiment, bile was collected immediately after the dose of OTA was given, until the
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rats were sacrificed at six hours post dosing; in the twenty-four hour experiment,
bile collection started at eighteen hours.
5.5.3 In experiment (3), ["H]JOTA was administered intragastrically in cither
bicarbonate or corn oil, to see if the vehicle used affected the route of absorption.

5.5.4 This experiment involved ii i inistration of pheny inc with

OTA in bicarbonate (in a molar ratio, phenylalanine : OTA, approximately 10:1,

i.e. 4:1 by weight), to see if si inistration of phenylalanine cither
enhanced gastric absorption of OTA, as suggested by some authors [130],

or reduced it, as proposed by others [141].

5.5.5 In experiment (5), P"HIOTA was administered to three groups of rats
intraduodenally, to eliminate any differences resulting from variable timing of
gastric emptying. These rats were designated group B+ (those rats given OTA

in bicarbonate, with bile reinfused), group C+ (those rats given OTA in corn oil,
with hile reinfused) and group C- (OTA in corn oil, without reinfused bile).

5.5.6 In a subsequent experiment, the intestinal lymph vessel was cannulated but
not the bile duct; additional bile was not reinfused. [PHJOTA was administered
intraduodenally in a single dose, 288.8 pg/kg, 40 pCi/kg, in [*C]corn oil

(1.67 mL/kg, 3.33 uCi/kg). It was then possible to follow concurrently the
absorption and transport of [*C]lipid and ["HJOTA. Intestinal tissucs and contents
were extracted, in order to ascertain how much of the dose remained in the digestive

tract when each animal was sacrificed, six hours after dosing. Duplicate aliquots of
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lymph collected in this experiment were taken for counting of radioactive labels,
then the lymph collected from each rat over the first two hours and the fourth and
fifth hours was centrifuged as described in 5.6.2, to separate chylomicra and VLDL
from infranatant.

5.5.7 In experiment (7), intact rats were given PH]JOTA, 288.8 ug/kg, in bicarbonate
or corn oil 1.67 mL/kg in a single dose, by oral gavage. Four of the bicarbonate-
dosed rats were pre-treated for five days with phenobarbital, concentration 0.1% in

drinking water. Phenobarbital treatment induces the cytochrome P450 enzymes which

are ible for hydroxylation of OTA to 4 in A (4-OH-OTA).
One set of rats had free access to chow and water before and after dosing with OTA.
Other rats wcre fasted for either eighteen or twenty-four hours prior to dosing, and
for the six or twenty-four hours after dosing. All rats had water ad /ib. throughout.
Six or twenty-four hours after receiving OTA, rats were sacrificed. Blood was taken
from the abdominal aorta; weighed liver and kidney samples, and gut tissues and
contents were taken for extraction of OTA as described under 5.6.4.

5.5.8 In experiment (8), intact rats were given PHJOTA 3.0 mg/kg in bicarbonate,
by oral gavage. After dosing, urine was collected for six days, to observe the
clearance of OTA in urine. Duplicate aliquots were taken for counting of [°H] label,
and the remainder of each collection was extracted immediately in chloroform as

described in 5.6.4, or frozen at - 20°C for extraction later.



5.6 Sample Collections Pre-dose collections of urine, bile and/or lymph, and in
one experiment, blood, were made. Afier OTA administration, bile and/or lymph
were collected on ice, every 15 minutes for the first 2 hours, and at % then | hour
intervals thereafter, for 6 or 7 hours. In the experiment in which serum levels of
OTA were measured, 6 drops of blood, total volume approximately 150 - 200 pl,
were collected from a femoral arterial line at each time point. Urine was collected as
it was produced. When all bile and lymph collections had been completed, rats were
anaesthetized as described previously, the abdominal cavity was opened by midline
incision and a sample of blood was obtained by left ventricular puncturc or from the
abdominal aorta. Blood was allowed to stang at room temperature for at least one
hour, then centrifuged for 10 minutes at 250 g to give serum as the supcrnatant.
5.6.1 Counting of radioactive label [*H] and in one experiment ["C] were counted
in order to follow [*HJOTA and [“Cltrilinolein. Scintillation fluid (Scintiverse I,
Fisher Scientific) was added to duplicate aliquots of bile, lymph, urinc, serum and
solubilized or extracted gut contents and tissue samples. Where tissuc solubilizer had
been used, glacial acetic acid was added to solubilized tissue, 1 uL acid to 10 pl
sample, to neutralize the alkaline solution. After cooling overnight in the dark,
sample aliquots were counted in a Beckman LS 1801 scintillation counter.

5.6.2 Centrifugation of lymph Fresh lymph, from experiment (6) in which rats

were given [PHJOTA in [“C]com oil, was overlaid with 1.006 g/L density solution *

5 For preparation of 1.006 g/mL density solution, see Appendix, p. 154.
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and centrifuged for 40 minutes at 177,700 g (7.1 x 10°) at room temperature in
a Beckman L5 50B ultracentrifuge, to separate chylomicra. After slicing the tube,
the chylomicra were withdrawn by pipette. The remaining solution was transferred
by pipette to another centrifuge tube, overlaid with 1.006 g/L density solution,
and centrifuged again at 177,700 g for 18 hours (1.9 x 10%) to separate VLDL
from infranatant. Duplicate aliquots of chylomicrons, VLDL and the infranatant
were taken for counting of PH] and [“C].
5.6.3 Estimation of gut contents and tissues Gut contents from two rats dosed
with ["HJOTA in ["C]corn oil were collected in order to assess how much of the
dose had been absorbed during the course of the experiment. The stomach was tied
off from the ocsophagus at the level of the diaphragm, and from the small intestine,
close to the pylorus. The intestine was separated from mesentery and tied off
distally at the ileocaecal junction. The caecum and colon were excised in one piece.
After excision, the small intestine was divided by ligatures and cut into four segments
of equal length. Each gut segment was rinsed carefully three times with 0.5% sodium
taurocholate in normal saline; from the washings 500 uL was taken for counting of
{*H] and [**C] label. When gut tissues and contents from intact rats were extracted,
gut segments were excised and divided as described, but were rinsed only twice with
0.5% sodium taurocholate in normal saline, then twice with 50 mM bicarborate.
Gut contents and rinsings were then extracted as described in 5.6.4. Tissues were

chopped finely then acidified and homogenized in a Waring blender before extraction.
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5.6.4 Extraction of OTA Samples were brought to pH 2.0 by addition of HCI,

then extracted three times in chloroform. Duplicate aliquots of aqucous extracts were
taken for counting of ['H] label; chloroform extracts were dried under nitrogen and
dissolved in methanol, then aliquots were taken for counting of {*I] label. Aqueous

extracts were freeze dried then dissolved in methanol or methanol:water, 80:20.

5

.5 HPLC analysis The chloroform and aqueous extracts were filtered through

a 0.45 um HPLC filter prior to analysis by HPLC. A Perkin Elmer ISS 100

and an LS-5 P were used with a Supelcosil
LC 18 column, 3.3 cm x 4.6 mm x 3.0 pM. The solvent system uscd was
methanol:water, 80:20 or 64:36, with a flow rate of 1 mL/minute. Samples were
detected by fluorimeter, with excitation set at 340 nm and emission at 465 nm.
HPLC was used to clarify whether OTA was present in extracted samples in the

parent form or as a metabolite,

5.7 In vitro experiments

5.7.1 Partition between organic and aqueous media Partition of [PHJOTA between
chloroform and phosphate buffer, and between coin oil and phosphate buffer, was
studied at a range of pH from 2.5 to 8.5 by comparing ['H] label and by obscrving
fluorescence under ultraviolet light in the two phases. In the chloroform/phosphate
buffer experiment, PHJOTA was dissolved in potassium phosphate buffer (0.1 M) to

give a final concentration 13.3 uM (0.125 xCi/mL) and 1:1 mixturcs of chloroform
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and OTA in buffer (2 mL total) were vortexed prior to centrifugation at 1000 g
for ten minutes. In the corn oil/phosphate buffer experiment, OTA was dissolved
in corn oil to give a final concentration 13.3 uM (0.05 uCi/mL). 1:1 mixtures of
buffer and OTA in corn oil (2 mL total) were vortexed, then one of each duplicate
was shaken, and the other rotated at 22 rpm, at room temperature for 19 hours,
protected from light, prior to centrifugation and separation of phases.
5.7.2 Absorbance scan at different pH Protonation of the phenolic group at Cy
was investigated by scanning between 300 and 400 nm the absorbance of solutions
of OTA in phosphate buffer at a range of pH between 5.0 and 10.5, as described
by Pitout [26].
5.7.3 Standard curves: known amounts of OTA and Ox were run on HPLC and
the peak areas were plotted against mass in ng so that quantities of OTA and Oa in
samples could be estimated. 4(R) and 4(S) 4-OH OTA were assumed to have the

same fluorescence coefficient as OTA.

5.8 Statistical analysis Data from rats whose lymph flow was less than 3 ml during
the first 2 hours after OTA administration were not included in the statistical analysis.
In vivo data were analyzed by the Wilcoxon rank-sum test, taking an « value of 0.05

as significant.



6. RESULTS
6.1 In vivo studies
6.1.1 The aim of the first experiment was to demonstrate in general terms the
absorption, disposition and excretion of OTA, and to determine an appropriate
time frame for subsequent experiments. [PHJOTA in 50 mM sodium bicarbonate
was given intraduodenally to two rats, one receiving 288.8 ug/kg body weight,
and the second double that dose, 577.6 pg/kg. Bile and urine were collected over
the course of the experiment, and when the animals were killed twelve hours after
dosing, organ samples and intestinal contents and feces were solubilized. Duplicate
aliquots of all samples were taken for counting of ['H] label. Table 6.1 shows the
twelve hour recovery of [’H] label from the two rals, expressed as a percentage of
dose administered. Percentage recovery was similar in the (wo animals, except that
recovery in urine, intestinal contents and liver was higher in the rat given the
larger dose. Only ~ 30% of the administered dose was recovered: it is probable
that a further 10% may have been in the serum, and perhaps as much as 30% in
skin, muscle and intestinal tissues, which were not sampled. Only excreted urine
was collected: urine in the bladder was not recovered.

From the profile of *H] appearance in bile (data not shown), it was scen that
if bile was collected, i.e. withdrawn from the system, so that enterohepatic circulation
of the toxin was prevented, 65% of the twelve hour total of OTA had alrcady

appeared in six hours. Based on percentage recovery in the differcnt organs, and



Table 6.1

Twelve hour recovery of [*H] label from two rats
given PHJOTA intraduodenally in sodium bicarbonate

Dose PH]JOTA 288.8 pglkg 577.6 pglkg
Bile 20.49 20.56
Urine 5.80 8.60
Liver 2.20 3.15
Kidneys 0.48 0.50
Lungs 0.41 0.44
Pancreas 0.27 0.23
Spleen < 0.10 < 0.10
Epidydimal fat nla 0.11
Intestinal contents 0.60 1.57
Feces 0.06 0.05

['H]OTA was administered intraduodenally in 50 mM sodium
bicarbonate, 1.67 mL/kg. Recovery is expressed in terms of the
whole organ or collection, as a of dose ini
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literature reports of pathology caused by ingestion of OTA, it was decided

that in future experiments, only liver and kidneys would be harvested.
6.1.2 The second experiment was set up to observe how much of the administered

dose persisted in rat serum, liver and kidneys at 6, 12, 18 and 24 hours after

of OTA in bi and to give an idea of how
much OTA was circulating in bile.

Figure 6.1 shows that recovery of ['HI label in samples decreased with time:

twelve-hour samples had signi lower recovery of OTA than the
six-hour samples (p < 0.05 for serum, bile and liver, and p = 0.01 for kidney);
eighteen-hour serum, bile and liver samples had significantly lower levels in terms
of administered dose than the twelve-hour samples (p < 0.05). Although the total
recovery of PHJOTA from liver was greater than that from kidney, the recovery/g
tissue was higher in the kidney at each time point, as shown in Table 6.2.

6.1.3 There has been some discussion as to the importance of the stomach in the
absorption of OTA: Kumagai and Aibara isolaruy'various segmenlts of the gastro-
intestinal tract of the rat and demonstrated that the primary site of OTA absorption
is the small intestine, with the most efficient absorption occurring in the jejunum
[128]; Galtier {142] reported that gastric absorption played a major role, and Roth
(working with mice) noted rapid absorption of OTA from the stomach [129]. These
authors used OTA in sodium bicarbonate. We therefore gave OTA intragastrically to

two groups of rats, using sodium bicarbonate as the vehicle for the first group and,
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Figure 6.1 Recovery of ["HJOTA in serum, bile, liver and kidneys after
intraduodenal administration of PHJOTA in sodium bicarbonate

OTA was administered at a dose of 288.8 ug/kg. Overnight bile was reinfused.
Recovery is expressed as a percentage of dose administered.

Values shown are means &+ SD.  Calculation of OTA serum levels was made
on the basis that serum volume is 0.55 blood volume, which in turn, expressed
in mL, is 0.07 mass of the rat expressed in g; thus total serum volume is taken
as 0.0385 mass of the rat.  Bile was initially allowed to drain into the
duodenum, but for the last six hours of each experiment it was collected.

Levels in bile are plotted to show OTA recovery during the six hour collection.



Table 6.2

Recovery of PHJOTA in liver and kidney

Time in hours

Recovery of ['H] label, % dose/g tissue

Liver Kidney
6 (=4 0.18 + .02 0.28 + .05 *
12 (n=4) 0.14 + .03 0.16 + .03
18 (n=4) 0.09 + .02 0.11 £ .05
2% (=7 0.11 £ .02 0.13+.03°

[H]JOTA was administered at a dose of 288.8 pg/kg,

is

as
wet (blotted) tissue.

in 50 mM sodium bicarbonate, 1. 67 mL/kg. Recovery
of

dose, per g

Values shown are means + SD.

* * indicate significant differences p = 0.01, 0.05,
between liver and kidney in recovery of "HJ/g tissue
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recognizing that lipid is often present when OTA is ingested, corn oil for the second.
[PH] counts were seen in lymph, serum and bile within 15 minutes, and reached peak
values within 1 hour of OTA administration. Figure 6.2 shows the cumulative
recovery of [*HJOTA in lymph and bile in these animals. From 15 minutes up to 3
hours, significantly more OTA was recovered in bile when bicarbonate rather than
corn oil was used as vehicle (p = 0.01 from 30 minutes to 1% hours after dosing,
and p = 0.05 from 1% hours to 3 hours; thereafter, the difference was insignificant).
The results of this experiment are summarized in Table 6.3, which shows the
recovery of [*H] label in bile, lymph, serum and urine, expressed as a percentage of
dose administered, seven hours after dosing with PHJOTA. Recovery in bile over
seven hours was more when the vehicle was bicarbonate, (16.7 + 5.9%, n = 5),
than when corn oil was used (10.4 + 2.7%, n = 3). Less [’H] label was recovered
in lymph when OTA was given in bicarbonate (10.6 + 4.0%) rather than in corn oil
(17.7 £ 5.2 %). These differences were not significant. In this experimental
system, in which lymph was collected from the main intestinal lymphatic vessel, it
was assumed that no OTA could reach the general circulation by the lymphatic route.
OTA appearing in bile must first have been absorbed via the portal vein, transported
to the liver and thence exported into bile (and serum). Recovery of OTA in bile
therefore gives an indication of portal venous uplake, whereas OTA recovery in

lymph is a direct measure of lymphatic transport.
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Figure 6.2

Cumulative recovery of [*H] label in lymph and bile of rats
given PHJOTA i in sodium or corn oil

OTA was administered at a dose of 288 8 pglke. Uvumgm bllL was.
reinfused. Recovery is
Values shown are means + SD, when. n(lncarh) = 5 n(cum oil) =3
(*) (») denote significant differences, p = 0.01 and 0.05 respectively
between the two groups in recovery of [’H] label.




75

Table 6.3

Seven hour recovery of [*H] label after intragastric administration of PHJOTA

OTA/NaHCO, + bile OTA/corn oil + bile
n=>5 n=3
Bile 16.7 £ 5.9 10.4 + 2.7
Lymph 10.6 + 4.0 177 £5.2
Serum ! 6.8, 6.4 8.1 +4.7
(n=2)
Urine 51£08 2.0 £ 0.64 *

OTA was administercd at a dose of 288.8 ug/kg. Bile was reinfused. Recovery is
asa of dose ini Values shown are means + SD.

Key: (*) denotes a significant difference (p = 0.01)
from the group of rats given OTA in NaHCO;,

! Serum OTA was calculated by assuming that serum volume is 0.55 blood volume,
which in turn, expressed in mL, is 0.07 mass of the rat, expressed in g.
Serum volume is therefore 0.0385 mass of the rat.
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6.1.4 Roth er al. [129] also reported that gastric absorption in mice was enhanced

by si inistration of pheny ine, whereas Delacruz and Bach [138]
suggested that OTA may be transported into the absorptive cell by the Na*-dependent
carrier system specific to the L-isomers of neutral amino acids [143].

With its L-phenylalanine group, OTA might well be recognized by this system.

We ined the effect of sil y init p ine on the
appearance of OTA in lymph and bile, to determine whether phenylalanine affected
OTA absorption. Table 6.4 shows the recovery of [*H] label in bile and lymph

when OTA in bicarbonate was given intragastrically with or without phenylalanine.

of pheny ly

recovery of OTA in bile and had no effect on recovery in lymph.

6.

5 Knowing that bile is important in fat absorption, we wondered if it plays any
role in the absorption of OTA. We therefore compared the appearance of ['HIOTA
in lymph and bile when OTA in corn oil was administered cither with replacement

of bile lost as a result of bile diversion (group C+), or without rcinfused bile

(group C—). A third group of rats (group B+) received OTA in sodium bicarbonate.
To climinate differences due to variable timing of gastric emplying, the dose of OTA
was administered intraduodenally. Plots showing recovery/minute (Figure 6.3) and
cumulative recovery of label in lymph and bile (Figure 6.4) had typical profiles,
which varied according to the vehicle used. Bile flow was consistent, whereas

lymph flow was always variable (Figure 6.5).



Table 6.4

Seven hour recovery of ['H] label in bile and lymph after intraj
administration of PHJOTA in sodium bicarbonate + phenyl:

OTA/NaHCO; + Phe OTA/NaHCO, - Phe

+ bile + bile
(n = 4) n=2)
Bile 19.4 +2.2 22.0, 22.9
Lymph 134+ 1.2 14.2, 12.9

[PH]OTA was administered at a dose of 288.8 pg/kg. Phenylalanine
was given concurrently at a dose of 1.155 mg/kg, i.e. 4-fold by weight,
10-fold by molar concentration in comparison with OTA. Bile was
reinfused. Recovery is exp asa of OTA ini
Values shown are means + SD (n = 4) or individual valucs (n = 2).

R
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Figure 6.3 Recovery of [*H] label/minute in lymph and bile of twe rats after
intraduodenal administration of PHJOTA in sodium bicarbonate or corn oil

[PHIOTA was administered in bicarbonate (=), or corn oil (®), with overnight
bile reinfused, at a dose of 288.8 ug/kg body weight. Recovery/minute in
(a) lymph and (b) bile is asa of dose ini
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Figure 6.4

Cumulative recovery of [*H] label in lymph and bile after intraduodenal
administration of [PHJOTA in sodium bicarbonate or corn oil

[PHJOTA was administered in NaHCO, (®) (B+), or corn oil (*) (C+),
with overnight bile reinfused, or in corn oil without reinfusion of bile (/) (C-),
at a dose of 288.8 pg/kg body weight.

Values shown are means + SD, where n(B+) = 5, n(C+) = 8 and n(C-) = 4.

(*) (+) denote significant differences, p < 0.01 and < 0.05 respectively
between B+ and C+ in recovery of °H] label.
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Figure 6.5

Lymph and bile flow in two rats after intraduodenal
administration of PHJOTA in sodium bicarbonate or corn oil

[*H]JOTA was administered in NaHCO, (®), or corn oil (*), with
overnight bile reinfused, at a dose of 288.8 ug/kg body weight.
Lymph and bile flow is expressed in mL/minute
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Data reported in Figure 6.4 and Table 6.5 show that intraduodenal
administration of OTA in com oil (C+) enhanced uptake of OTA by the lymphatic
route, Over the first 1% hours there was no significant difference between groups
B+ and C+; thereafter, significantly more OTA was taken up in lymph in group

C+, p < 0.05. Administration in bi (B+) signi ly increased

cumulative recovery in bile, p < 0.01, at all time points, Table 6.6 shows the
relationship between lymph flow and OTA uptake in lymph. There was a significant
difference between groups B+ and C+ with respect to PHJOTA uptake/mL of
lymph. In all three groups, lymph flow increased significantly from basal levels in
response to administration of OTA; the increase was significantly greater in oil-dosed
rats than in bicarbonate-dosed animals (Table 6.7). Between groups C+ and C—,
the increase in lymph flow was not significant, but the C+ group had significantly
greater lymphatic uptake of 'HJOTA than the bile-deficient C— group (p < 0.05,
at all time points after the first 15 minutes); recovery of [H] label in bile was
essentially the same whether or not bile was reinfused. No chylomicrons were seen
unless both corn oil and bile were present. Of the rats given bile infusions, total
[*H] recovery over six hours was significantly less (p < 0.05) in the C+ group
(39.0 £ 9.7%) than in the B+ group (47.8 + 5.1%). Total recovery in the

C~ group was much less (25.7 + 6.67%), p = 0.0l by comparison with B+,

and p < 0.05 when compared with C+.



Table 6.5

Six hour recovery of ['H] label after
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intraduodenal administration of PHJOTA

B+ C+ C-
(n=35) (n=8) (n=4)

Bile 14.8 £2.5% 9.1 427 8.0 +£2.0

Lymph 107 £36* 19.8 7.7 93+3.1%

Serum 19.8 + 1.3 % 8.8 +3.2 45+05%
(n=3) (n=7)

Urine 32407 3421 2.6+ 15
(n=4)

OTA was administered at a dose of 288.8 pg/kg. Bile was reinfused.

of dose

Recovery is s a

Values shown are means + SD. (*) (*) denote a significant difference
(p < 0.01) (p < 0.05) from group C+. There is also a significant
difference (p = 0.01) in biliary recovery between groups B+ and C-.



Table 6.6

Lymph flow and lymphatic uptake of PHJOTA

Time Group n Lymph flow  OTA uptake Uptake / flow

(hr) (mL) (% dose) (% dose / mL)
o .
B+ 5 481 £ 1.46 6.93 £ 2.83 1.04 £ 0.62
0.2 o 8 4754 1.07 12,66+ 542 291+ 1.60
B+ 4 14951476 10724363 0794048
06 04§ 1s42£43 19756768 1394068
. .
C- 4 563 + 1.84 5.76 + 2.11 1.10 + 0.58
0-2
C+ 8 475 £ 1.07 12.66 + 5.42 2.91 + 1.60
c 4 nSlEsss 930" o0ssxo3i
0-6

C+ 8 1542 £ 438 19.75 + 7.68 1.39 + 0.68

OTA was administered at a dose of 288.8 pug/kg. Bilc was reinfused. Recovery
is expressed as a percentage of dose. Values shown are means + SD.
(2) (») denote a significant difference (p = 0.05) (p < 0.05) from group C+.



Table 6.7 Increase in lymph flow, and lymphatic uptake of Ochratoxin A
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Time Vehide Reinfused n  Increase in P oTA p
(r) hile lymph flow: uptake
% ahove basul in lymph
B . 5 4.7+ 2.1 3.46 & 1.42
0- i X
% 0 + 8 189490 00 aypam 08
B + 5 7.8+ 6.5 179 £ 0.6
& X 0.0
e g + 8 2.6+ 113 000 304 128 !
c + 8 189 + 9.0 633+ 2.71
- & < 0.
2 g - 4 20.7 & 4.1 2% 106 <O
c + 8 2.6+ 113 3.30 + 1.28
. c = 4 25.5 + 8.0 - 156052 < L
B + 5 47+ 2.1 346 + 142
0-2 c - 4 20.7 £ 4.1 000 st 1.06 B
B + 5 78465 1.80 £ 0.70
0-6 X -
c - 4 35280 < isezosm

Data given are for three groups of rats, B+ (bicarbonate + bile), C+ (corn oil + bile)
and C— (corn oi! — bile), for the first two hours and for the six hours after OTA
administration, ¥ OTA uptake is expressed as percentage of administered dose taken up

in lymph, per hour.



6.1.6 In order to understand more fully how the presence of lipids aftects OTA
absorption, we added [“*CJtrilinolein to corn oil, and this was used as the vehicle
for [PHJOTA. It was then possible to follow the appearance of both labels in lymph,
and after centrifugation, in chylomicra and very low density lipoproteins (VI.DL).
Extraction of gut contents enabled us to ascertain how much OTA and corn oil remained
in the digestive tract when animals were sacrificed six hours after dosing.

Figure 6.6 shows the cumulative appearance of [*H| and ["C] fabel in fymph
of five rats after intraduodenal [*H]OTA administration in ["'C| corn oil. [*H] label
was seen within fifteen minutes of dosing; most of the OTA transported in lymph was
recovered within the first two hours. By contrast, ["'C] uptake started slowly and
continued throughout the six hour experiment. Figure 6.7 shows the percentage
distribution of °H] and ["*C] label in chylomicrons, VL.DL and infranatant after
centrifugation of the lymph collected in the first two and the fourth and fifth hours after
OTA was given. These results show clearly that OTA in the lymph is not carried in
chylomicrons or VLDL. Table 6.8 shows the recovery of [*H| and ["'C| from intestinal
contents of two animals in this experiment. Approximately 30% of the dose administered
was recovered in luminal washings, mostly in the distal part of the small intestine and the
cecum and colon. Recovery of [*H] label from the distal parts of the gastrointestinal tract
does not distinguish between OTA which has not been absorbed, and OTA which has
been absorbed and subsequently excreted in bile. On the other hand, ["C| label found in
the lumen six hours after dosing mostly (because of dilution of absorbed lipid with the

endogenous lipid pool before excretion in bile) represents unabsorbed lipid.
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Figure 6.6

Cumulative recovery of [’II] and ["*C] label in lymph
of rats given PHJOTA in [“Clcorn oil intraduodenally

[*HJOTA was administered (n = 5) at a dose of 288.8 ug/kg
in [“Clcorn oil, 1.67 mL/kg. Recovery is expressed as a
percentage of dose administered.

() (+) denote significant differences in cumulative percentage
recovery of [*H] and [MCJ, p = 0.01 and 0.05 respectively.
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Figure 6.7  Percentage distribution of [*11] and [“C] label
in chylomicra, VLDL and infranatant

[PHIOTA was administered to the five rats described in Figure 6.6, in
[“Cleorn oil, 1.67 mL/kg. Lymph collected over the first two hous
the fourth and fifth hours was overlaid with 1.006 g/mL density solution,
centrifuged at 177.7 x 10° g for 40 minutes to give chylomicra, then
overlaid with more 1.006 g/mL solution, and centrifuged at 177.7 x 10° g
for 18 hours, to give VLDL and infranatant.
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Table 6.8

Recovery of [PH] and [C] Iabel from luminal contents of two rats
six hours after intraduodenal administration of PHJOTA in [“C]corn oil

Luminal Contents

rH) ¢y
Stomach 0.0,0.7 0.0, 0.1
Intestine [ 04,05 0.1, 0.1
Intestine 11 05,07 0.1, 02
Intestine M1 1.9,0.6 0.5. 0.2
Intestine IV 21.6, 3.6 5.8, 0.7
Cecum + colon 9.1,23.1 20.8.22.8
Total Recovery 33.5.29.2 21.3, 24.1

I'HIOTA was administered in [“Cleorn oil, 1.67mL/kg. Gut segments were
excised and tied off, then rinsed in 0.5% sodium taurocholate in normal
saline. Duplicate aliquots of the rinsings were taken for counting of

I*H] and [C] label. Recovery is expressed as a percentage of dose.
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These results suggested that the dose of 1.67 mL con oil/kg, given

intraduodenally, exceeded the absorptive capacity of the small intestine.

6.1.7 In intact animals, gastric emptyirg controls the amount of lipid reaching the
small intestine, hence absorptive mechanisms in the small intestine are not usually
overwhelmed even by meals rich in fat. In order to examine OTA absorption in a
situation less artificial than that of experiments (1) to (6), rats were given OTA

by oral gavage. They had free access to water but were deprived of food starting 18
or 24 hours prior to dosing. When rats starved for 18 hours were given [*H|OTA in
corn oil, most of the dose was found in the stomach six hours later (66.9, 72.8%); in
rats starved for 24 hours, less (32.6 and 20.4%) was found in the stomach, probably
because gastric emptying cccurred sooner. In four rats given OTA in bicarhonate,
whether starved for 18 or 24 hours, essentially no [*HJOTA was found in the
stomach, six hours post dose (0.15 + 0.08%). Pretreatment with phenobarbital
slowed intestinal transit; results in these rats were difficult to interpret. Figure 6.8
shows the HPLC plots of chloroform extracts of stomach contents from (a) and (b)
bicarbonate-dosed, (a) pretreated with phenobar'*ital, and (c) oil-dosed rats;

(d) is standard Oa, 4(S) and 4(R) 4-hydroxy OTA and OTA. In oil-dosed animals,
5 - 10% of iie OTA recovered from the stomach was in the form of Oc ®, most

likely formed by acid hydrolysis of OTA. Serum levels at six hours were lower in

¢ Standard curves for OTA and Oa, showing concentration against peak arca
with the HPLC system used, are given in the Appendix on p. 155.



Figure 6.8

HPLC traces showing chloroform extracts of stomach contents six hours
after rats were given OTA in sodium bicarbonate or corn oil

Rats were fasted for eighteen hours before receiving OTA, 288.8 ug/kg, by
oral gavage, in sodium bicarbonate groups (a) and (b), (a) pretreated with
phenobarbital, and group (c) in corn oil. Water was provided ad lib.
Stomach contents were extracted three times in chloroform, dried under N,,
picked up in methanol and filtered through a 0.45 pm filter prior to HPLC
analysis. A Supelcosil LC 18 column, 3.3 cm x 4.6 mm x 3.0 um was used
with a solvent system methanol:water, 80:20, and flow rate 1 mL/minute.
Samples were delected by fluorimeter, excitation 340 nm, emission 465 nm.
Trace (d) shows standard Oc, (4S) and (4R) 4-hydroxy OTA, and OTA.
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the 18-hour fasted oil-dosed rats (6.7, 5.1%) than in the 24-hour fasted oil-dosed rats
(16.5, 15.2%), or the bicarbonate-dosed rats (14.4 + 2.1%). Recovery of [*H] label
at six hours in the distal small intestine and cecum plus colon was much higher in the
bicarbonate group (17.2 + 4.9%) and the 24 hour-fasted oil-dosed rats (15.8,12.6%)
than in the oil-dosed 18-hour fasted rats (7.3, 5.7%). Figure 6.9 shows the HPLC
plots of chloroform extracts of cecum plus colon contents in these animals:

6.9(a) refers to rats pretreated with phenobarbital, (a) and (b) were given OTA in
bicarbonate, (c) were given OTA in oil; (d) shows standard OTA and metabolites.
Less than 2% of OTA recovered from cecum and colon contents was in the
hydroxylated 4-OH form. Twenty-four hours after administration of PHJOTA, less
than 1% of the dose was found in the stomach of either bicarbonate-dosed or oil-
dosed rats; less than 2% was found in contents of the small intestine. Recovery of
[H]OTA in cecum and colon contents, and in feces and urine is shown in Table 6.9.

The 24 hour recovery of OTA in cecum and colon contents, and in urine was

ly more in bi dosed than in oil-dosed rats (p = 0.05).
6.1.8  The kidney is known to be the prime target organ of OTA, although it is
not known with certainty whether OTA itself, or one or more of its metabolites is
ultimately responsible for the toxic effects seen. It therefore seemed worthwhile to
examine OTA excreted in urine, and to confirm the identity of metabolites described
by other workers. Figure 6.10 shows HPLC traces of aqueous and organic extracts

of urine from a rat given PHJOTA, 288.8 pg/kg, in sodium bicarbonate, 1.67 mL/kg.



Figure 6.9

HPLC traces showing chloroform extracts of cecum and colon contents
six hours after rats were given OTA in sodium bicarbonate or corn oil

Rats were starved for eighteen hours before receiving OTA, 288.8 ug/kg,

by oral gavage, in sodium bicarborate, groups (2) and (b), (a) pretreated
with phenobarbital, and group (c) in corn oil. Water was provided ad /ib.
Cecum and colon contents were extracted three times in chloroform, dricd
under N,, picked up in methanol and filtered through 0.45 um filters prior
to HPLC analysis. A Supelcosil LC 18 column, 3.3 cm x 4.6 mm x 3.0 gm
was used with solvent system methanol:water, 80:20, flow rate | mL/minutc.
Samples were detected by fluorimeter, excitation 340 nm, emission 465 nm.
Trace (d) shows standard Oe, (4S) and (4R) 4-hydroxy OTA, and OTA.
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Table 6.9

Recovery of PHJOTA from contents of large intestine, and from
feces and urine in the 24 hours after oral administration of OTA

[PH]OTA vehicle bicarbonate corn oil
n=3 n=4

Recovery of [*H] label
(expressed as % dose)

Cecum and colon contents 1.4+ 1.5% * 6.1 + 1.2%
Feces 8.9 +5.2% 7.3 £ 3.6%
Urine 7.6 £ 2.5% * 3.1 +09%
Total excretion in feces and urine 16.5 + 2.9% 10.4 + 4.3%

[PHIOTA was administered orally in sodium bicarbonate or corn oil, at a dos¢
of 288.8 pg/kg, ~ 2.3 uCi/kg. Contents were gently squeezed out of the cecmn
and colon, which were then rinsed x 2 with 1 mL 0.5% sodium taurocholate in
normal saline, then x 2 with 1 mL 50 mM sodium bicarbonate. Contents and
washings were homogenized, brought to pH 2.0 and extracted x 3 in chloroform.
Feces were similarly extracted. Recovery is expressed as a percentage of dosc.
Values given are means + SD.

* denotes a significant difference, p = 0.05 in recovery of [’H] label

between rats given OTA in bicarbonate and those given OTA in corn oil.



Figure 6.10

HPLC traces of organic and aqueous extracts of urine
from a rat given PHJOTA, in sodium bicarbonate

['H]OTA, 288.8 ug/kg, in sodium bicarbonate, 1.67 mL/kg, was given
intraduodenally. Overnight bile was reinfused. Urine was acidified,

then extracted three times in chloroform. The organic extract was dried
under N,, and the aqueous extract was freeze-dried. Samples were picked
up in methanol and passed through a 0.45 pm filter prior to HPLC analysis.
A Supelcosil LC 18 column, 3.3 cm x 4.6 mm x 3.0 um, was used with
solvent system methanol:water, 80:20, and flow rate 1 mL/minute.

Samples were detected by fluorimeter, excitation 340 nm, emission 465 nm.
0.5 mL fractions eluting from the fluorimeter were collected for counting of
[°H] label. ioactivity is shown —— i on the HPLC trace.
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Recovery of [*H] label from 0.5 mL fractions of the eluant from the fluorimeter is
shown superimposed on the HPLC plot. There are many fluorescent pigments in
urine, and it proved difficult to use a volume of extracted urine small enough to give
sharp peaks on HPLC while ensuring that adequate amounts of [H] label were
present in the fractions collected. Urine acidified to pH 2 was extracted three times
in chioroform: when urine was first produced, 80% of the OTA excreted was in the
form of water-soluble metabolites. If the urine was incubated at 37°C for thirty
minutes or allowed to remain at room temperature for an hour, the percentage
of water-soluble metabolites dropped to 70%, and if left at - 4°C overnight, to 60%,
presumably because conjugates of OTA underwent spontaneous hydrolysis.
Extraction and freeze-drying of aqueous samples probably resulted in some loss
of water-soluble metabolites.

Elimination of OTA occurs by excretion in urine and feces, so to quantify
the efficacy of urinary excretion in rats, a dose slightly over ten times that previously
used, was given to Wistar and Sprague-Dawley rats, two of each strain. Figure 6.11
shows the six day recovery of [PHJOTA in the urine of these animals, after receiving
a single oral dose of [PH]JOTA, 3 mg/kg, in bicarbonate 1.67 mL/kg. Approximately
2.6% was excreted in urine in the first six hours after dosing. In six days, about

13.7% of the administered dose was excreted in urine.
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Figure 6.11

Six day recovery of PHJOTA in urine of four rats given
a single dose of PHJOTA in sodium bicarbonate

Rats were given ['H]JOTA, 3 mg/mL, in sodium bicarbonate,
1.67 mL/kg, by oral gavage. Urine was collected for six days.
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6.1.9 When lymph, serum and bile samples were acidified prior to extraction,
protein, associated with H] label (= 70% in the case of lymph), precipitated at the
aqueous/organic interface. HPLC analysis of cxtracted samples showed that OTA

was carried in the parent form in lymph, Figure 6.12, and serum, Figure 6.13.

6.2 In vitro studies

6.2.1 To gain a better understanding of how OTA partitions between the aqueous and
lipid phase in gut contents, we examined partition of [PHJOTA between chloroform or
corn oil and potassium phosphate buffer, as a function of pH. The percentage of OTA
in the two phases (1 mL of each) was equal at = pH 7.1 when chloroform was used

as the organic solvent, and 6.4 when corn oil was used, Figure 6.14.

The characteristic tiuorescence of OTA under uitraviolet light was clearly seen in the

organic or aqueous phase, depending on pH. Counting of [*H] label confirmed the

partition as observed visually, and of itation 340 nm,
emission 465 nm) in the aqueous phase of the potassium phosphate buffer/corn oil
partition followed the same trend as the radioactivity measurements.

6.2.2 To confirm the pK, of the phenolic hydroxyl group at position 8, OTA
solutions in phosphate buffer were scanned between 300 and 400 nm, as shown in
Figure 6.15. The peak at 332 nm represents the protonated phenolic hydroxyl group,
and the peak at 380 nm, the unprotonated form, plotted as a function of pH. The

extinction coefficient of the unprotonated form of the phenolic hydroxy! group was
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Figure 6.12
HPLC trace of chloroform extract of lymph

Rats were given OTA intraduodenally, 288.8 jg/mL,in corn vil 1.67 mL/kg.
Lymph was brought to pH 2, and extracted three times in chloroform. It was
dried under N,, picked up in methanol and filtered throvgh a .45 pum filter
prior to HPLC analysis. An LC 18 3.3 ¢cm x 4.6 mm x 3.0 um column was
used with a solvent system of methanol:water, 80:20, flow rate ImL/minute.
Samples were detected by fluorimeier, excitation 340 nm, emission 465 nm,
(a) shows a sample of lymph from a contral rat; (b) shows lymph from the
rat given OTA,; (c) is standard OTA.
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Figure 6.13

HPLC trace of chloroform extract of serum

were given OTA by oral gavage, 288.8 ug/mL,in corn oil 1.7 mL/kg. Serum

s obtained by allowing blood drawn from the descending aorta to stand at room
temperature for one hour, then centrifuging it for 10 minutes at 250 £ o precipitate

red blood cells. Serum was then withdrawn by pipette. It was brought to pH 2, and
extracted three times in chloroform, dried under N, picked up in methanol and filtered
through .45 pum filter prior to HPLC analysis. An LC I8 3.3 cm x 4.6 mm x 3.0 gm
column was used with a solvent system of methanol:water, 80:20, flow rate 1mL/min,
Samples were detected by fluorimeter, excitation 340 nm, emission 465 nm.

(a) serum from a control rat; (b) serum from a rat given OTA; (¢) OTA standard
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Figure 6.14

Partition of PH]JOTA between aqueous and organic solvents as a function of pH

[PH]OTA was partitioned between chloroform (v) or corn oil (a) and potassium
phosphate buffer (a) at a range of pH from 2.5 t0 8.5 Details are given in Materials
and Methods. Chloroform/buffer partition is shown in 6.14.a, and corn oil/buffer partition
in 6.14.b. Values shown are [°H] counts in the aqueous and organic phases, expressed as
a percentage of total [*H] label recovered, where n = 2 at each pH value.  Fluorescence
values ---0---- (excitation 340 nm, emission 465 nm) in the aqueous phase (diluted x 5)
of the corn oil/buffer partition are shown on the ordinate on a scale of 0 - 200.
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Figure 6.15
Absorbance of OTA in phosphate buffer at 332 and 390 nm

OTA, 8.3 uM, was dissolved in potassum phosphate buffer, 0.1 M, at a range
of pH from 5.0 to 10.5. Solutions were scanned between 300 and 400 nm.
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nearly three times as great as that of the protonated form, and therefore values for
the unprotonated form, given by absorbance readings at 380 nm, were uscd to
calculate the pK. This was identified as being approximately 7.15, the pH at which
the height of the peak was half its maximum value. This value is slightly higher
than that recorded by Pitout [26], who took the pH (7.1) at which the two peaks
were of equal height, or Chu [27], who reported an average value (7.04).

6.2.3 It seemed possible that OTA in bile and urine might be conjugated with
glucuronide, so attempts were made to synthesize OTA glucuronide, using UDPGA
with UDP-glucuronosyl transferase present in liver microsomes. Although the
system worked well to glucuronidate p-nitrophenol, there was no evidence of OTA
glucuronide formation. When urine and bile were incubaled with B-glucuronidase,
no difference was seen on thin layer chromatography between extracts of samples

treated with enzyme and the control samples without enzyme. Phenolphthalein

glucuronide in the same system was readily hydrolysed to liberate



6.3.1 Summary of in vivo experiments:

Objective

To observe uptake in
organs 12 hours after
[PH]JOTA in NaHCO,
was given to rats intra-
duodenally, with bile.

To observe the time-
dependent load of
[PH]JOTA in serum,
bile, liver and kidneys
6, 12, 18 and 24 hours
after OTA in NaHCO,
was given intra-
duodenally with bile.

To observe ’H]
appearance in bile

and lymph over 7

hours after PHJOTA in
NaHCO; or corn oil was
given intragastrically.

To determine whether
phenyialanine given
intragastrically at the
same time as ["HJOTA
affects OTA absorption.

[H]OTA uptake was seen in liver (~ 2.7% of dose),
kidneys (~ 0.5%), lungs (~ 0.4%0), pancreas

(~ 0.3%) and epididymal fat (0.1%). Over the 12
hours, 7.2% of dose was excreted in urine and 20.5%
was secreted in bile.

Recovery of PH]OTA in serum and organs decreased
with time, as did the amount collected in bile over the
last 6 hours of each experiment. Although the total
amount of PHJOTA was higher in liver than in kidneys,
uptake/g tissue was higher in kidney.

[*H] label appeared in bile and lymph within 15 minutes
of PHJOTA administration, and reached peak values
within one hour. More [PHJOTA was recovered in bile
when NaHCO; was the vehicle, and conversely, more in
lymph when the vehicle was corn oil.

Recovery of [PH]OTA in bile was minimally depressed in
the presence of phenylalanine. Uptake of PHJOTA in
lymph was not affected by simultaneously administered
phenylalanine.



To note any differences
in uptake of PHJOTA
on site of
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As with (3), recovery of ’H] label in bile was higher
when the vehicle was NaHCO;; with intraduodenal
inistration, this di was signi at all time

administration (stomach
or duodenum);

to observe the effect

of vehicle (NaHCO; or
corn oil) when OTA was
given intraduodenally,
and when corn oil was
used, to investigate

the role of bile.

To observe the uptake
of [“C] and [*H] in
lymph of rats given
PH]OTA in corn oil
enriched with
[“C]trilinolein, and
following centrifugation
of lymph, to observe the
distribution of radio-
labels in chylomicrons,
VLDL and infranatant.
To ascertain how much
of the dose remains
within the digestive
tract 6 hours

after administration.

points. Similarly, recovery of [*H] label in lymph was
enhanced by administration in corn oil; the difference was
significant from 1% hours onwards. When [*"HJOTA was
given in corn oil without bile reinfusion, uptake of [*H]
label in lymph was not greater than that seen when
NaHCO, was the vehicle; there was no difference in the
appearance of [’H] label in bile when corn oil was the
vehicle whether or not bile was reinfused. The increased
uptake in lymph when corn oil was the vehicle may have
been partly due to increase in lymph flow, but micellar
solubilization in mixed bile salt/lipid micelles was most
likely the principal mechanism enhancing uptake in lymph

[*H] label appeared in lymph within 15 minutes of dosing,
and by two hours most of the ['H]OTA transported in
lymph had been recovered. [“C] uptake started slowly
and proceeded throughout the six hour experiment.
Chylomicrons appeared later than expected, at ~ onc
hour. Less than 5% of [PHJOTA was found in either
chylomicrons or VLDL: 90% was secn in the infranatant,
Approximately 60% of ['“C] was in chylomicrons, and

~ 34% was in VLDL. Usually, > 80% of unsaturated
long-chain fatty acid is found in chylomicrons, so this
unusual ratio suggests that lipid handling by the
monoglyceride pathway has been impaired. 30% of
administered [’H] and 22% of [“C] was found in the
distal gut: some of this may have been absorbed and
sccreted back into the gut, but some may have passed
through the gut without being absorbed.
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8b

To observe the effect of
corn oil on the rate of
gastric emptying of an
oral dose of PHJOTA,
and to measure
[PH]OTA in different
regions of the gut lumen
and tissues following
oral administration

of PH]OTA in either
NaHCO; or comn oil.

To examine the
excretion of OTA in
urine, and to confirm
the identity of
metabolites seen in
urine. To relate 'H]
label in chloroform and
aqueous extracts of
urine of rats given
[*H]OTA to fluorescent
peaks seen on HPLC
(excitation 340 nm,
emission 465 nm).

To quantify urinary
excretion of OTA in
Wistar and Sprague-
Dawley rats given
[*H]OTA in NaHCO®.

To examine the form in
which OTA is carried in
lymph and serum.
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Corn oil markedly delayed gastric emptying. Six hours
after dosing, no OTA remained in the stomach when
NaHCO, was the vehicle, but between 25 and 70% of the
dose remained (depending on duration of fasting prior to
dosing) when corn oil was used. In 18 hour-fasted, corn
oil rats, in whom 70% of dose was found in the stomach,
serum levels were low, suggesting that absorption from
the stomach, if it does occur, takes place slowly.
Recovery of [H] label from the distal intestine of these
rats was < ' of that seen in either 24 hour-fasted oil-
dosed rats in whom 25% of dose remained, or of the
bicarbonate-dosed rats, in whom no OTA was found in
the stomach. 5 - 10% of OTA found in stomachs of oil-
dosed animals was in the form of Oa. 24 hours after
OTA was given, no OTA was found in the stomach of
any rat. Of OTA found in CHCl, extracts of cecum and
colon contents, less than 2% was 4-OH-OTA.

When urine at pH 2 was immediately extracted in
chloroform, 80% of OTA was in the form of water-
soluble metabolites; if extraction of samples was delayed,
the percentage of OTA which appeared in the aqueous
fraction was lower, probably because OTA conjugates
underwent spontaneous hydrolysis. HPLC analysis of the
chloroform extract gave peaks corresponding with
standard OTA and 4(R) 4-OH OTA, as well as an earlier
unidentified peak. In the aqueous extract, peaks
corresponding with Oa and 4(S) and 4(R) 4-OH OTA
standards were seen, and some small unidentified peaks.
[PH] label in HPLC effluent agreed with parent OTA
peaks in organic and aqueous extracts, and with O and
4(R) 4-OH OTA standards in the aqueous extract.

There was no difference in rates of excretion of OTA
between Wistar and Sprague-Dawley rats. Approximately
2.6% of dose administered was excreted in the first six
hours, but the rate of excretion fell after that so that
cumulative excretion in urine at 6 days was 13.6%.

OTA was tightly bound to protein in both lymph and
serum. HPLC analysis showed that unbound OTA was
only found in the chloroform extract, and was only seen
in the parent form.



6.3.2 Summary of in vitro experiments

1. To examine the partition
of OTA between organic
and aqueous media as a
function of pH.

2. To observe protonation
of the phenolic group of
OTA, by scanning its
absorbance between 300
and 400 nm.

At low pH, OTA was found in the organic phase,
and as the pH rose, it was increasingly found in
the aqueous phase. The percentage of OTA was
equal in the chloroform and aqueous phases al ~
pH 7.1, and in the corn oil and aqucous phases at
~ 6.4. Fluorescence matched radioactivity.

The pK, of this group, based on half the
maximum peak height of the unprotonated form
of the phenolic hydroxy! group, was found to
be approximately 7.15.



7. DISCUSSION

The physical characteristics of OTA play a role in both absorption and
excretion. The pK,s of the phenylalanine carboxyl group and the phenol are critical
in determining the degree of ionization of OTA in the different parts of ihe
gastrointestinal tract. In vivo, pH is regulated by secretion of HCI into the stomach,
and bicarbonate into the duodenum; in the jejunum, bicarbonate is absorbed while H*
ions are pumped into the lumen of the gut. Thus pH is maintained in a dynamic
fashion at levels characteristic of each region. It was not possible to recreate this
system with HCI and bicarbonate in vitro and therefore phosphate buffer was used to
provide a stable range of pH. Such stability, while useful in demonstrating the effect
of pH, lacks the flexibility of the physiological system.

Based on the shift in the absorbance peak of OTA with varying pH, in the
experiment described in 5.7.2 and 6.3.2(2), the pK of the phenolic group of OTA
was found to be 7.15; this value is slightly higher than that found by Chu [27], who
identified the pK of this group as 7.04 (using KCl, and adjusting the pH with HCI),
and Pitout [26], who found 7.1 (using phosphate buffer). On the other hand, Galtier
et al. reported two constants, pK, at 6.75 and pK, at 10.25, which they attributed to
the carboxyl and phenol groups respectively [28]. The accepted pK value for the
carboxyl group of phenylalanine alone is 2.58 [144], and it seems improbable that
its pK in OTA could be modified by more than four pH units as a result of the

linkage of ine with

It appears more likely that
Galtier's pK, refers to the phenolic group. It may be that the pK, they described

reflects the opening of the methylisocoumarin lactone ring, which would be expected
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at high pH. Titration of OTA against acid and alkali, with the intention of
identifying the pK, of the carboxyl group, was unsuccessful. OTA is only sparingly
soluble in aqueous media at acid pH, when it is largely protonated and non-ionized.
In the experiment described in 5.7.1 and 6.3.2(1), 50% partition of OTA between
chloroform and phosphate buffer, and between corn oil and phosphate buffer,
occurred at pH 7.1 and 6.4 respectively (Figure 6.15). The partition constant at
any pH is the ratio between the protonated form dissolved in the organic phase, and
that dissolved in the aqueous phase, of which some is ionized and some protonated,
depending on the pK,.

Partition of OTA in a two-phase system such as phosphate buffer and corn
oil is relevant to its distribution in stomach contents, but less so when partition
in duodenal contents is considered. Given the pH prevailing in the stomach, OTA
in a meal which contains lipid will to a large extent be found in the oily phasc.
When food reaches the duodenum and the pH starts to rise, OTA will increasingly
partition into the aqueous phase; in the presence of bile, the aqueous phase will
contain a variety of lipid aggregates, including mixed bile salt/lipid micelles and

bilayer vesicles. Depending on the relative ions of bile saits,

and lipids, various lipid phases may co-exist, and these can be expected to change as
digestion and absorption proceed [114]. It is probable that OTA is associated with
some or all of the lipid/bile salt aggregates; we have shown that the presence of bile

enhances uptake into lymph when corn oil was used as the vehicle for OTA.

’
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In vitro, partition of polycyclic hydrocarbons in simulated intestinal contents
has been examined by adding the xenobiotics to a sonicated mixture of buffered
solutions of bile salt with triglyceride, monoglyceride, fatty acids and phospholipid.

Solubility in the aqueous phase was attributed to true micellar solubilization [145].

It would be interesting to observe the distribution of OTA in such a system.
The importance of the pk, of the phenolic hydroxyl group at Cy is related
to toxicity of the OTA molecule, which appears to be dependent on ionization of this

group [146]. The chlorine atom at C; enhances ionization of the hydroxyl group

at C, by d izing electrons of the i in ring; in B, the
which lacks the chlorine atom, is at least ten times less toxic than OTA.

The pH in the stomach is approximately 2.0, probably a little higher if
buffered by food. OTA will therefore be in the protonated form, and the main
mechanism of transfer into the absorptive cell, like that of other weak electrolytes,
is likely to be passive diffusion of the non-ionized form across the lipid membrane
[147]. Six hours post oral OTA administration, higher levels of OTA were found
in stomach tissue than in intestinal tissue (5.5.7 and 6.1.7). Higher OTA levels in
stomach tissue were also noted by Galtier [139] who concluded that gastric absorption
of OTA is of major importance. It is more likely that OTA found in gastric tissue
reflects a slow process occurring over a relatively small area; in quantitative terms
gastric absorption is probably less important than absorption through mucosa of the

small intestine. In two oil-dosed animals, given OTA by oral gavage after fasting for
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18 hours, about 70% of the dose was found in the stomach six hours after dosing;
in six hours following OTA administration in these animals, only 30% of the dose
had left the stomach, either by absorption or by gastric emptying; approximately 7%
of this was found in the distal gut lumen, and 6% was carried in the scrum. In two
oil-dosed animals starved for 24 hours before dosing, approximately 73% of the
administered dose had passed out of the stomach; 15% was recovered from the distal
lumen, and approximately 16% was found in serum. In four bicarbonate-dosed
animals, 99% of the dose had left the stomach, 17% was found in the distal lumen
and serum OTA accounted for 12.1 + 2.4%. Excretion in urine was similar in all
three groups: 1.8%, 2.1%, 2.0%. These results could be explained by slow
absorption in the stomach and faster absorp‘lion occurring over the greater surface
area of the small intestine. This would be in agreement with the findings of
Kumagai and Aibara who demonstrated that the primary site of OTA absorption is
the small intestine, with maximum absorption occurring in the jejunum [128].

Food entering the duodenum is initially acid but is soon neutralized by
bicarbonat; OTA will thus become increasingly ionized and soluble in the aqueous
phase, depending on the prevailing pH. In the proximal jejunum, the pH of the
luminal contents varies from 6.8 - 7.2, but a more acid microclimate exists close to
the mucosal surface [117], because H* ions are secreted as bicarbonale is reabsorbed.
The low pH of this region close to the mucosa is maintained by a mucopolysaccharide

coating, approximately 700 xm deep, which is secreted by epithelial cells [116].
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Kumagai showed increased uptake of OTA by the everted jejunum as the pH of
the incubation medium was reduced from 8.8 to 7.4 to 6.8 [148], suggesting that
increased protonation of OTA consequent on the fall in pH enhanced uptake in
this model. In the ileum, where bicarbonate is actively secreted into the lumen in
exchange for chloride ions and the pH is 7.0 - 8.0, OTA is ionized and therefore
not so readily absorbed across the lipid membrane.

Intestinal absorption of neutral amino acids has been shown to involve specific
carrier-mediated energy- and Na'-dependent systems, which show specificity for the

L-isomers [140]. OTA might be transported in part by this means, in which case one

might expect competitive inhibition of OTA ion by p ine, as

by Delacruz and Bach [138]. On the other hand, Roth e al [129] reported that
gastric absorption of OTA in mice was enhanced in the presence of phenylalanine.
‘The experiment described in 5.5.4 and 6.1.4 offers no evidence to support either of

these i ini i i in a molar

concentration 10 times that of OTA did not significantly affect OTA uptake in
Sprague-Dawley rats. It is possible that the low molar concentrations used in this
experiment (0.4 mM OTA and 4.0 mM phenylalanine, in 0.5 mL vehicle) did not
approach the capacity of the carrier mechanism, and therefore one cannot rule out
OTA transport by this means.

The ion of foreign is i by a number of factors,

including the rate of passage through the gut. The presence of fat markedly delays



stomach emptying: in intact rats, a dose of OTA which left the stomach fairly
quickly when it was given in bicarbonate took between 12 and 24 hours when it

was administered in com oil (5.5.7 and 6.1.7). The profiles of ['H] uptake in lymph
in operated rats hydrated at 3.1 mL/hour were similar whether OTA in corn oil was
given into the stomach or the duodenum (experiments 5.5.3 and 5.5.5, with results
described in 6.1.3 and 6.1.5, and Figures 6.4 and 6.5); it is probable that stomach

emptying occurred more rapidly in these well-hydrated rats than in orally-doscd

intact rats allowed free access to fluid.

Solubility in lipids enhances transport via the lymphatic system, particularly if
the vehicle, like corn oil, consists of triglycerides containing long chain unsaturatcd
fatty acids [149]. On the other hand, the enterocyte may modify lipid-soluble
parent compounds to produce more polar metabolites which are more readily carricd
in portal venous blood. The physical form of a compound or its vehicle may affect

both the rate and extent of absorption: many studies of fat absorption have used an

test dose, thus i i providing a large surface arca for lipase action.
OTA in the experiments described here was dissolved in non-emulsified corn oil, and
therefore lipolysis would start more slowly. Recovery of 25% of [“C] label in the
distal lumen after intraduodenal administration (5.5.6, 6.1.6 and Table 6.7) points to
the inability of the small intestine to absorb a bolus of lipid which, had it been
delivered over some hours in an emulsified form, would have presented no difficulty.

The maximum capacity of the small intestine for fatty acid absorption is about
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500 umol/hour [150], equivalent to 0.88 g trilinolein over six hours.
Of the 29% of administered [*H] label recovered in distal intestinal contents, some
had passed through the intestinal tract without being absorbed, and some had been
absorbed and then returned to the intestine by biliary excretion. Based on biliary
recovery of [°H] label from rats given PHJOTA in corn oil in experiments 5.5.3 and
5.5.5, (see Tables 6.3 and 6.5) ~ 10% of the administered dose had been excreted
in bile. In retrospect, it is clear that the administration of a1 bolus dose of OTA in
non-emulsified corn oil resulted in lower absorption of both lipid vehicle and toxin,

whereas inistration in sodium bi imi i This should

be borne in mind when recoveries of OTA are compared.

Blood flow in the portal vein is much greater than mesenteric lymph flow (by
a factor of about 500) [151], so if a substance is partitioned between portal venous
blood and lymph, as is the case with OTA, the lymphatic route is quantitatively less
important. In spite of these considerations, it is clear that the lymphatic route plays a
role in the transport of absorbed OTA. When OTA was administered intraduodenally
in bicarbonate, 11% of the dose was recovered in lymph over 6 hours, by comparison

with 20% when ini in corn oil i 5.5.5, Table 6.5).

Total recovery of label in lymph, bile, serum and urine was somewhat lower (41%
compared with 49%) when corn oil was the vehicle, but the important difference lay
in the route of absorption. The enhanced lymphatic transport of OTA when it is

administered in corn oil may be due in part to the increased lymph flow which occurs
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when lipids are ingested, but Tables 6.6 and 6.7, which show the relationship between

lymph flow and OTA uptake, suggest that other mechanisms may also be involved.

In the absence of reinfused bile, recovery of ['HJOTA in lymph was not
increased even in the presence of corn oil (Figure 6.4, Table 6.5). Thus both lipid
and bile are necessary for maximum transport of OTA in lymph. This suggests the
incorporation of OTA in mixed bile salt/lipid micelles [152] as an important
means of OTA transport to the enterocyte. The dual polar/non-polar structure of
OTA would be well suited to micellar solubilization, with the isocoumarin ring
oriented towards the hydrophobic centre of the micelle. Micelles facilitate passage of
lipid products, particularly long-chain fatty acids and cholesterol, across the unstirred

water layer adjacent to the brush border. This unstirred waler layer appears to be

part of the same as the acid mi i [117] and P

coating [116] described by Lucas and Shiau. The pH of this layer, thought to be
about 5.4, favours both micellar diffusion through the aqueous medium and micellar
dissociation as fatty acids within the micelle become more protonated and therefore
less soluble in bile salt micelles [118]. Lipid products are released close to the
membrane of the absorptive cell, and can diffuse into the membrane and so be
absorbed. If OTA is carried in mixed lipid/bile salt micelles, similar considerations
might apply. In the absence of dietary lipid, bile salts if present above the critical

micellar i with biliary ipid and to form

micelles and other similar structures smaller than the mixed bile salt/lipid micelles
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[114]; OTA is probably to some extent associated with these aggregates. in the

absence of bile, approxi ly 10% of the ini dose still appeared in lymph

(Table 6.5), so it seems that OTA can also traverse the unstirred water layer by itself,
unassociated with micelles. Micellar solubilization in mixed bile salt/lipid micelles
appears to increase the amount carried in lymph by 9 - 10%, i.e to double it, at the
expense of portal venous transport. OTA carried in association with lipid in mixed
bile salt micelles seems destined to appear in lymph. It is possible that the higher
uptake of OTA/mL of lymph when both lipid and bile are present is to some extent
due to increased efficiency of OTA transport across the unstirred water layer.

In spite of the association of OTA with lipid during absorption into the
enterocyte, it is not exported into lymph with lipid in chylomicra or VLDL, but is
clearly associated with the heavier components of lymph, presumably serum proteins
(experiment 5.5.6, results described in 6.1.6 and Figure 6.7). Probably because it
was administered in non-emulsified corn oil, OTA uptake occurred at the onset of
lipolysis, rather than during the steady state phase of lipid processing (Figure 6.6).
The profile of centrifuged lymph shows a distribution of (*Cltrilinolein in
chylomicrons and VLDL was different from that expected ( > 80% in chylomicrons
following infusion of emulsified long-chain unsaturated fatty acid) with only 55% and
65% in the (1 + 2) and (4 + 5) hour samples respectively. This may reflect to some
extent the slow onset of lipolysis when a bolus dose of non-emulsified corn oil was

given after 24 hours of fasting, with consequent prolongation of activity of the
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pathway of li in (VLDL) synthesis. Alternatively,
it may indicate that OTA impairs triglyceride handling by the monoglyceride
(chylomicron-synthesizing) pathway. The delayed chylomicron appearance time
(greater than one hour, by comparison with the 13.6 minutes noted by Tso [153])
might be in keeping with this possibility.

An indication of OTA transport via the portal vein is given by measurement

of ['H] label in bile. In the experimental preparation described here, when lymph
was collected from the main intestinal lymphatic vessel, it was assumed that no OTA

could reach the general circulation by the lymphatic route, i.e. that the contribution

of minor i ic vessels was igi ‘The only route by which OTA
could reach the liver and the general circulation was via the portal vein. Portal
venous transport can therefore be estimated by taking the sum of OTA recovery in
serum, bile and organs. Twelve hours after intraduodenal administration of OTA in
NaHCO; to bile fistula rats (experiment 5.1.1), we found approximately 2.2% of the
dose in the liver, 0.5% in the kidneys and 0.4% in the lungs, (Table 6.1). Galticr
(127] demonstrated substantial uptake of [“C] label in muscle (12.0%), skin (11.1%)
and fat (1.7%), with 2.6% in the liver, 0.6% in the kidneys and 0.6% in the lungs,
(total 28.6%) 6 hours after intravenous administration of [*CJOTA in NaHCO,. Bile
and lymph were not withdrawn from the rats in his experiments. Even allowing for
differences in experimental design, it is clear that both skin and muscle are important

depots of OTA. Organ uptake is refated to serum levels: where Galtier gave 24% as
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the six hour (plasma) OTA load, we found 19.8 and 8.8% in the B+ and C+
groups respectively (Table 6.5). A conservative estimate of OTA distributed
to organs, including muscle and skin, in our system would be ~ 20% and 10%.
When OTA was given in sodium bicarbonate 38% of [°H] label was recovered in bile,
serum and urine (Table 6.5), plus (assumed) 20% in tissues. 11% was recovered in
lymph, so that for the PHJOTA recovered (~ 70% of dose), the ratio of portal
venous to lymphatic transport was ~ 5:1. When corn oil was the vehicle, 21.5%
was recovered in bile, serum and urine, plus 10% in tissues; 20% was recovered in
lymph. Thus for the 50% of dose recovered, portal:lymphatic ratio for oil-dosed rats
was ~ 3:2. No account has been taken of unabsorbed [PHJOTA in the C+ group.

Kumagai and Aibara studied OTA absorption in rats by isolating differcnt
regions of the gut in siru, and injecting the test dose directly into the lumen [128].
‘They demonstrated that OTA absorption occurred most effectively from the jejunum.
They then studied the appearance of OTA in lymph and portal venous blood after
injection of OTA (18 - 85 g in 0.3 mL Krebs-Ringer solution) into the proximal
jejunum. At the highest dose, fifty times as much OTA was taken up in the portal
venous system as in lymph, but at the lowest dose there was only a four-fold
difference. Kumagai and Aibara concluded that the primary route of OTA absorption
is the portal vein, but the lower the luminal concentration of OTA, the greater the
role played by the lymphatic route in absorption. The amount of OTA appearing in

lymph over the first thirty minutes after OTA was given was less than 2% of the
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administered dose. Mean lymph flow in their series of 41 rats was 246 uL/10
minutes, whereas in our lymph uptake studies, rats with lymph flow less than 3.0 mL
over the first two hours (250 xL/10 minutes) were not included in analysis of data. 1t
is possible that in the experimental system used by Kumagai and Aibara lymph flow
was to some extent obstructed.

The mechanism of absorption of OTA via the portal vein is not clear, When
OTA is given in corn oil, recovery of [*H] in bile was not affected by the presence or
absence of reinfused bile (experiment 5.5.5, results reported in 6.1.5 and Table 6.5).
Thus it is probable in this case that a mechanism other than micellar solubilization is

responsible for the transport of OTA via the portal vein. it is known that a

of long-chain fatty acids is from rat
intestine in portal venous blood [154,155], particularly when absorption rates
are low. OTA might diffuse across the unstirred water layer in the ionized form,
as do short and a proportion of medium chain fatty acids. Passage across the lipid
membrane of absorptive epithelial cells would depend on the permeability coefficient
and the concentration of OTA on the two sides of the membrane, assuming this is a
passive process. It is possible (but, based on chemical structure, unlikely) that OTA
might be bound in the cell by the fatty acid binding protein [122] or a similar carrier,
or it could diffuse in the free form, to pass out of the cell into blood capillaries which
drain into the portal venous system and so to the liver. In the circulatory system,

macromolecules in the serum bind OTA very efficiently and thus create the gradient
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necessary to facilitate passage of OTA across the membrane.

Eliniination of foreign organic compounds and their metabolites occurs
through the complementary pathways of biliary and urinary excretion. In the rat,
organic anions of relatively low molecular weight (< 300) are poorly excreted in
bile (< 10% of dose), whereas those of higher molecular weight (> 500) are
predominantly excreted in bile. Organic anions of intermediate molecular weight
(350 - 450) such as OTA (m.w. 404) are excreted extensively via both pathways
[156]. In humans, appreciable biliary excretion of organic anions only occurs
when the molecular weight is above al.out 500 [157], so it is probable that OTA is
to a large extent excreted in urine, with a smaller proportion excreted in conjugated
form in bile. The general rule holds true that urinary excretion is greatest for
compounds of low molecular weight, and decreases as molecular weight rises and
biliary excretion becomes more extensive. Biliary output of OTA reflects the
amount reaching the liver; initially this is a function of portal venous transport
but subsequently, because OTA persists in the serum long after the OTA has been
absorbed, there will be continuous low-level excretion in both bile and urine,
gradually depleting the level of circulating OTA. In the normal situation, biliary

are subject to ic ci ion, so that OTA and metabolites

excreted in bile are reci ydrolysis of OTA ites by ic gut
flora in the cecum and colon would explain the high levels of parent OTA in these

samples. Recovery of PH] label from the distal parts of the gut represents both



unabsorbed OTA and OTA which has been absorbed and subsequently
excreted in bile.

The disparity of scrum OTA levels (21% or 9%) apparently dependent on
whether OTA was given in bicarbonate or corn oil is most likely a consequence of
the experimental design (5.5.5, Table 6.5). When OTA is given intraduodenally in

corn oil, the lymphatic route assumes greater importance than when OTA is

in bi and wil ing all the ic lymph rather than

allowing it to reach the circulation clearly has a marked impact on serum levels.

The signi of lymphatic transport of absorbed from the

& i inal tract is that ioti are delivered directly into the
general circulation via the thoracic duct, thus avoiding "first-pass” hepatic
metabolism. OTA binding to plasma proteins ensures a long half-life. Stojkovi¢
et al. [71] proposed that binding of OTA to low molecular weight (20,000) plasma
constituents might be a means of delivery of OTA to the primary target organ, the
kidney, because molecules of this size can pass through the glomerular membranc
where albumin could not. Busbee er al. suggested in the context of benzo[a]pyrene
metabolism that mesenteric lymph node cells and circulating lymphocytes in the

thoracic duct could be exposed to i high ions of

compounds transported in the lymphatic system [158]. This may contribute to the
immunosuppressive effects of OTA [76,159]. The increased lymphatic transport

which accompanies lipid intake may thus enhance the toxicity of OTA.



CONCLUSION
This study points out the role of fat in influencing the absorption of

Increased fat ion is iated with an increased likelihood

of developing certain cancers, e.g. of the colon and perhaps also the breast.
Ingestion of OTA in corn oil rather than sodium bicarbonate doubles the

proportion of absorbed OTA carried in lymph. This increased lymphatic transport
of OTA may contribute to the immunosuppressive effects of OTA by exposing
mesenteric lymph nodes to transiently high concentrations of the toxin. Lymphatic
transport bypasses the metabolizing enzymes of the liver, and unmetabolized OTA
is delivered directly into the circulation where it binds extremely strongly to serum
proteins, so prolonging the serum half-life. The toxicity of OTA may therefore be

enhanced by ingestion in the presence of lipid.
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APPENDIX

10.1 Species variability of absorptive mechanisms The choice of rat as
the experimental animal was dictated by its convenient size, and because of
familiarity with the anatomy.

of results and ions to other species should be made

with caution because different species may vary in their ability to absorb specific
xenobiotics. Metabolic handling [160], binding to serum proteins [70] and
sensitivity to toxic insult [161] vary from one species to another, and sometimes
from one strain to another. Activities of many enzymes vary with species [162],
strain [163], sex [164], and age [165]; these differences are often associated with
differing susceptibilities to mutagens [166]. Table 2.3, p.19 shows that pig and
dog are much more sensitive than rat to the acute effects of OTA ingested orally.
The activity of cytochrome P450 enzymes is greater in male rats, being influenced
by the balance of sex hormones. In human females, biotransforming ability can vary
during the menstrual cvcle and with use of oral contraceptives. Maturation and
ageing are associated with changes in intestinal morphology and enzyme activity
which may affect absorption of specific substances [167,168,169]. Studies

of toxicity and carcinogenesis in animals have been extrapolated to predict risk in
humans [170], but it is recognized that estimation of human risk from animal

studies is an imperfect science.

variation in itivity to iotics has been largely attributed to
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in ic handling; di in ion have received

less attention. Ina i ion of

ption of foreign

Calabrese [171] describes some of the factors underlying interspecies differences:

in anatomy and i of the i inal tract, in

circylation, and in the spectrum and extent of colonization by gut flora.

There are marked i iations in the intestinal tracts of

ruminants and monogastric animals, and between various monogastric animals such

as rat and pig. Cellular localization of some enzymes, ¢.g. preduodenal lipases

[172] and acid phosphatase [173], may vary. The pH in different regions of

the gut varies, e.g. the rabbit stomach is very acid. This affects the degree of

ionization of weak electrolytes and thus the extent to which they are lipid-solublc.
Urine and bile are complementary pathways in the excretion of organic

compounds [156]; compounds excreted primarily in bile are polar, and their molccular

weights exceed a threshold value which depends on species: 325 (rat), 400 (guinca

pig), 475 (rabbit) and 500 (human) [174]. Biotransformation by phase I and phasc

11 reactions converts many by conjugation with ide or

to metabolites which meet these i In rats, of

weight below 350 are excreted predominantly in the urine, those with molecular
weights between 350 and 450 are eliminated by both routes, and compounds with
molecular weights greater than 450 are mostly excreted in bile [156]. Biliary

excretion [175] and enterohepatic circulation of various drugs vary from onc
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species to another, and are influenced by age and sex. In a comprehensive

review of entero-hepatic ci ion of foreign Gregus and Klaassen

discuss the signi of i i iations [176). Rat, dog and hen tend to

be more efficient biliary excretors than rabbit and guinea pig; biliary excretion of

and icol is ten- and twenty-fold greater in rats than in

humans. Biliary excretion and entero-hepatic circulation of OTA are probably less
in humans than in rats, and therefore the load of OTA which must be handled by
human kidneys is likely to be greater.

Variations in intestinal flora, related to differences in pH in the intestinal

tract, and to diet, may result in di in bil ion of biliary
Glucuronides are poorly absorbed, whereas hydrolysed to the parent compound they
are more easily absorbed. B-glucuronidase activity of cecal microflora differs greatly
from one species to another, being very high in fowl, high in rat and sheep, and low
in cow, pig, cat and horse; it is higher in humans on a diet rich in meat, and
therefore high meat intake enhances reabsorption of xenobiotics excreted in bile.
High meat intake probably correlates with slower intestinal transit, whereas transit is
faster in individuals with a high percentage of fibre in the diet.

Conclusions from these studies of gastrointestinal absorption of OTA in mals
Sprague-Dawley rat are not necessarily applicable to female rats, to neonatal or old
rats, or to other strains or species, but the conclusion that a lipid-rich diet influences

the route of absorption is likely to be valid for humans as well as for rats.



10.2 Radiolabeled Ochratoxin A [PH]JOTA was purchased from Amersham UK.
Tritiated toxin was prepared by exposing OTA overnight to tritiated water in the
presence of a platinum catalyst, at approximately 80°C. This results in a general
exchange of tritium with hydrogen, which has been shown [177] to occur mainly
(81%) in the phenylalanine residue, and less (19%) in the O moicty.

The tritiated toxin appeared to be quite stable both during storage at -20°, -4° and
at room temperature over the time frame of the experiments, both in terms of its
radioactivity and chemical structure. Care was taken at all times to protect it from
light as it has been suggested that exposure to light may cause some degradation of
OTA to phenylalane and Oa.

Lymph, serum, bile, and urine collected from rats given [PH]JOTA was
extracted in chloroform, and subjected to HPLC analysis as described on p.63.
OTA in lymph and serum was only seen in the parent form; estimation of OTA
using HPLC with known standards correlated fairly well with estimation by
measurements of radioactivity. Up to 70% of the radioactivity in lymph and
serum samples was lost during extraction, much of it associated with protein which
precipitated when the samples were acidified. When extracts of bile and urine were
subjected to HPLC analysis, several fluorescent peaks were observed, corresponding
with standard samples of Oa, (L) and (R) 4-OH OTA and parent OTA. There was
good correlation between the OTA peak and radioactivity counts of HPLC effluent,

but the correlation was less clear with O« and 4-OH (see p.97).
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103 i trilinolein [“Cltrilinolei from Dupont, Boston MA

was labelled with ["'C] in the carboxyl group of the linoleic acid residues.

10.4 Preparation of 1.006 g/mL density solution: [178]
Weigh 11.4 g NaCl and 0.1 g EDTA-Na,, transfer to a 1L volumetric flask,
and add 500 mL H,0, 0.2 g Na azide and 1 mL N NaOH. Fill to IL mark, then add

3 mL H,0. [NaCl] = 0.195 M.
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10.5 O« and OTA standard curves

based on peak area reported on HPLC. Oa was obtained by refluxing OTA
with 6N HCI for 30 hours, as described by van der Merwe er al. [179].

It was extracted in chloroform, dried over anhydrous sodium sulphate, and
chloroform was removed by evaporation under reduced pressure. Dissolved
in methanol it gave a single peak on HPLC. [OTA] was calculated using the
absorption coefficient at 332 nm (6.33 mM™') [134]. Standards were made up
in methanol. A Supelcosil LC 18 column, 3.3 cm x 4.6 mm x 3.0 pm, was
used with solvent system methanol:water, 80:20, and flow ratc | mL/minute.

Samples were detected by fluorimeter, excitation 340 nm, emission 465 nm.
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