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STELLINGEN 

1. Celcultures geïsoleerd uit slachtmateriaal van grote landbouwhuisdieren kunnen 
een belangrijke bijdrage leveren aan het verkrijgen van essentieel inzicht in de 
aard en eigenschappen van voor de consument relevante metabolieten van 
diergeneesmiddelen. 

-dit proefschrift 

Bij het vaststellen van residutoleranties voor sulfonamides moet worden uitgegaan 
van de som van de moederstof en de N"-acetyl-metaboliet. 
-Vree et al. (1985) in Antibiotics and chemotherapy, pharmacokinetics of sulfonamides 
revisited, eds Schonfeld & Hahn, Karger, Basel, pp 5-65 

-dit proefschrift 

3. Er zijn sterke aanwijzingen dat de bijwerkingen van nitrofuranen bij zowel mens als 
dier grotendeels veroorzaakt worden door de remming van het enzymcomplex 
pyruvaat dehydrogenase. 

-Martindale, The extra pharmacopoeia (1982), The pharmaceutical press, London 
-Staley et al. (1978), Am. J. Path. 91: 531-541 
-dit proefschrift 

4. Eiwitgebonden residuen van diergeneesmiddelen kunnen niet per definitie als 
onschadelijk worden beschouwd, aangezien ook hier het venijn in de staart kan 
zitten. 

-dit proefschrift 

5. Er is onvoldoende bewijs voor de genotoxiciteit van furazolidon bij zoogdiercellen. 

-IARC monographs (1983) vol 31, pp 141-151 

6. Bij de ontwikkeling en toepassing van analysemethoden gebaseerd op immuno-
chemische technieken, kan inzicht in de biotransformatie van stoffen in belangrijke 
mate bijdragen aan het voorkomen van zowel vals-positieve als vals-negatieve 
resultaten. 

In hun onderzoek naar het lot van bolestatine, een toxine afkomstig uit de 
satansboleet (Boletus Satanas), leveren Kretz et al. onvoldoende bewijs voor de 
absorptie van het intakte eiwit in het maagdarmkanaal. 

-Kretz et al. (1991), Xenobiotica 21: 65-73 



8. Het toelatingsbeleid van pesticiden wordt door Ames et al. ten onrechte 
gebagatelliseerd. 

-Ames et al. (1990), Proc. Natl. Acad. Sei. 87: 7777-7781 

9. Bij het vaststellen van normen voor nitraat in bladgroenten moet niet worden 
uitgegaan van het N.E.L./A.D.I. principe, maar van streefwaarden die gebaseerd 
zijn op natuurlijke achtergrondswaarden. 

10. Zolang het gebruik van kunstmest in de landbouw niet afneemt, blijven alle 
pogingen om de schade aan het milieu als gevolg van het uitrijden van mest te 
verminderen, ongeloofwaardig. 

11. De rustgevende eigenschappen van waterbedden worden veelal teniet gedaan door 
het sterk opgedreven stroomverbruik. 

-Consumentengids, januari 1991 

12. ATB (All Terrain Bike) fietsers op bospaden bedreigen vooral de rust van de 
loslopende hond en zijn baas, en beschermen daardoor indirect die van het wild. 

Stellingen behorend bij het proefschrift: The use of pig hepatocytes for biotransformation 
and toxicity studies 

Laurentius A.P. Hoogenboom, 10 april 1991 
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VOORWOORD 

Zo, dit varkentje is gewassen en middels dit voorwoord wil ik nog even terugkijken 
op de wijze waarop dit is gebeurd. Daarbij wil ik de stelling verdedigen dat promoveren 
is als het met de fiets beklimmen van bergpassen. 

Wanneer je voor de eerste keer aan zo'n beklimming begint, weet je niet goed 
waaraan je begint. Je gaat af op verhalen van anderen en je wilt de uitdaging graag 
aannemen. Je weet nog niet veel over het te gebruiken verzet, laat staan over het aan 
te houden tempo. Voordat je op weg gaat verzorg je je fiets, bestudeer je het bergpro-
fiel en maak je een plan over de wijze waarop je je krachten denkt te verdelen. Je 
kiest voor jezelf een aantal mijlpalen uit, aan de hand waarvan je je gemaakte 
vorderingen wilt afmeten. Vervolgens ga je rustig aan de slag en al trappend leg je de 
eerste meters af. Na wat startproblemen gaat het steeds beter; je zit in het ritme en 
hebt dan nog alle tijd. Gaandeweg komen de eerste moeilijkheden die je nog vrij 
eenvoudig weet op te lossen, vooral als je daarbij ondersteund wordt door anderen. 
Bovendien bereik je je mijlpalen, hetgeen je motiveert om door te gaan, zeker wanneer 
je ook nog wordt aangemoedigd door andere fietsers of eventuele voorbijgangers. 
Wanneer je echter zo vlak onder de top zit, nemen de problemen toe, je komt er wat 
door te zitten. Hoe laag of hoe hoog die berg ook is, die laatste meters zijn altijd weer 
zwaar en soms vraag je je dan wel eens af waarvoor je het allemaal doet. De 
vermoeidheid is echter snel vergeten wanneer je de laatste bocht omgaat en sprintend 
het hoogste punt bereikt. En dan, onder het genot van een drankje, lijkt het al snel 
alsof het toch allemaal erg eenvoudig was en besef je dat het de moeite waard was. 

Promoveren doe je niet alleen. Daarom wil ik hierbij eenieder bedanken die op 
enigerlei wijze heeft bijgedragen aan het tot stand komen van dit proefschrift. Allereerst 
zijn dat mijn ouders die mij hebben leren fietsen en nog steeds mijn trouwste 
supporters zijn. Harry Kuiper, Louis Vroomen en het RIKILT wil ik bedanken voor de 
hulp bij het uitkiezen van een voor mij interessante bergpas en het aanleveren van het 
benodigde materiaal. Margot Huveneers-Oorsprong, Marcel Berghmans, Melle van 
Kammen en Saskia Hesse wil ik bedanken voor hun deelname in het avontuur en de 
benodigde ondersteuning. Francis Pastoor, Weimoed Clous, Antoinette van Milaan, 
Trinette van Vliet en Oreana Tomassini wil ik bedanken voor hun bijdrage aan 
bepaalde deelaspecten van het hier gepresenteerde onderzoek. Evenals Ton Ermens, 
Marcel Mengelers, Monique Ploum, Sjoerdje de Boer, Maryvon Noordam, Folke 
Dorgelo, Maike te Riele, Paulien Oosterveld, Stefania Olmo, Nicoline Fransen, Gijs 
Kleter, Olga Melis en Gera Marsman wil ik hen ook bedanken voor hun bijdrage aan 
de prettige sfeer binnen de afdeling. Francis, jouw taart staat mij nog vers in het 
geheugen. 



Bep van Veldhuizen, Bas Blaauboer, Wim Traag, Henk Keukens, Theo Polman, 
Robert Schilt, Piet Berende, Carel Funke, Walter Hazeleger en de werknemers van 
slachterij Hallers & Zonen te Ede wil ik bedanken voor de door hun ingebrachte 
deskundigheid. Professor Koeman wil ik bedanken voor zijn hulp bij het afleggen van 
de laatste meters, zowel de meters vlak voor het bereiken van de mijlpalen, de publica
ties, als die vlak voor de top, het uiteindelijke proefschrift. Ik denk dat het verhaal 
daardoor een stuk boeiender is geworden. Tenslotte wil ik nog even stil staan bij de 
bijdrage van die mensen, die zo vaak op de achtergrond blijven maar die achter de 
schermen zorgen voor het reilen en zeilen van het instituut. Zonder een goede 
infrastructuur valt er nou eenmaal weinig te fietsen. 

Karin, jou wil ik speciaal bedanken voor het begrip en het geduld dat je steeds weer 
weet op te brengen voor mijn hobbies. Zonder jouw actieve deelname en hulp zouden 
er na de laatste bocht nog vele laatste bochten gevolgd zijn. Zo, nu voorzichtig afdalen 
en op naar de volgende berg. 



CHAPTER 1 

INTRODUCTION 



INTRODUCTION 

The intensification in the breeding of food-producing animals during the last decades, 
has been accompanied by an increased use of veterinary drugs and growth-promoting 
agents. However, treatment of animals with drugs may result in residues of both the 
parent compound and its metabolites in edible products, which may imply a possible 
health risk for the consumer. Therefore, it is essential to obtain accurate information 
not only on the toxic properties of a drug, but also on its biotransformation, especially 
since there are numerous examples where metabolites have been shown to be 
responsible for the adverse effects of a compound. Since the kind of metabolites are 
often specific for a certain animal species, such information should preferentially be 
obtained from studies with target animals. However, experiments with large domestic 
animals are in general difficult to perform for reasons of costs, duration, housing 
facilities, and ethics, especially when the use of radiolabelled compounds is required in 
order to obtain the relevant information. In vitro models with hepatocytes isolated from 
livers of food-producing animals may offer a good alternative for at least part of the 
animal studies. 

In vitro models with isolated hepatocytes 

In recent years, there has been a large increase in the development and use of in 
vitro models, not only because of the demand of animal well-fare groups to reduce the 
use of laboratory animals, but also because of a number of scientific and financial 
advantages. This has e.g. resulted in the development of a large number of cell-lines, 
which can be used in short-term tests for screening compounds on their cytotoxic and 
especially genotoxic properties. A major disadvantage of these cell-lines is however the 
very limited biotransformation potential, and as a result the insensitivity of the cells for 
compounds that need to be activated in order to exert their toxic action. A possible 
though limited solution for this problem is the inclusion of liver homogenates and the 
required cofactors in the tests. 

For studying the biotransformation of compounds, purified enzymes and isolated 

11 



fractions of liver cells, like microsomes, used to be the preferred in vitro model. 
However, the disruption of the cellular structure has been shown to seriously limit the 
value of the results with respect to the in vivo situation. As pointed out below, this may 
explain the popularity of primary cultures of hepatocytes, especially since the techniques 
for their successful isolation have become available. 

Most methods used for the isolation of viable cultures of hepatocytes are based on 
the work by Howard et al. (1967), who used an enzymatic treatment of liver slices for 
the dispersion of the cells. The efficiency of the method has subsequently been 
improved by the introduction of an in situ perfusion, that is commonly used in the case 
of small laboratory animals (Berry & Friend 1969), and the perfusion of the liver with 
a buffer containing a Ca2+-chelator, like EGTA, prior to the enzymatic treatment with 
collagenase (Seglen 1976). More recently, these methods were adapted for the isolation 
of hepatocytes from liver samples obtained from larger animal species, including man 
(Reese & Byard 1981, Strom et al. 1982, Guillouzo et al. 1985). 

Advantages and disadvantages of hepatocyte cultures 

The applicability of hepatocytes for various uses has been reviewed by Fry & Bridges 
(1979), Moldéus et al. (1983), Guillouzo (1986) and Chenery (1988). In general they 
come to the major conclusions regarding the advantages and disadvantages of the 
model: 

-An important advantage of freshly isolated hepatocytes in comparison with cellular 
fractions like microsomes, is the presence of a complete set of biotransformation 
enzymes in the original cellular configuration. As a result compounds may be 
transformed by a number of subsequent metabolic steps, very sSimilar to in vivo. In 
addition, the use of expensive cofactors is superfluous, due to the intact metabolic 
functioning of the cells. 

-The intact cellular structure offers the opportunity to use hepatocytes for studying 
(toxic) effects of compounds on the functioning and viability of the cells, possibly in 
relation to the biotransformation of a compound. 

-An important advantage of hepatocytes both over the intact animal, and perfused 
organ, is that cells isolated from one liver or liver sample can be divided over a large 
number of experimental units. This is very useful for studying e.g. dose- and time-
relationships in the biotransformation or toxic effects of a compound, or for comparing 
the effects of different compounds, or for studying the interactions between a number 
of compounds. The fact that the model is easy to handle and small in volume, makes 
it very suitable for the use of radiolabelled or rare and expensive compounds. 

12 



-One of the major problems encountered with rat hepatocytes,' is the fact that the 
prolonged use of monolayer cultures is limited by a change in the activity of certain 
biotransformation enzymes during the ageing of the cells (for review see Paine 1990). 
Initially, this was shown for the very important group of cytochrome P-450 related 
enzyme activities, which often decrease to about 50% within 24 h. However, subsequent 
studies also reported changes, both increases and decreases, for other enzymes and 
enzymatic activities (Grant et al 1985, Croci & Williams 1985, Grant & Hawksworth 
1986, Vandenberghe 1988). Furthermore, the problem is not restricted to hepatocytes 
from rats, although in the case of human hepatocytes, the decrease in cytochrome P-450 
levels appears to be much slower (Guillouzo et al 1985, Mennes et al 1988). 

A possible solution for this problem, appeared to be the inclusion of certain 
hormones in the medium (Decad et al. 1977). Similar results were obtained by using 
medium containing nicotinamide or metyrapone, or medium free of cystine and cysteine, 
but supplemented with aminoleavulinic acid (Paine 1990). However, the application of 
such media has been a limited success since the apparently stable levels of cytochrome 
P-450 were accompanied by a selective change in the pattern of the different 
isoenzymes. A more promising approach appears to be the long-term cocultivation of 
hepatocytes with a rat epithelial cell-line, resulting in steady state levels of cytochrome 
P-450 after an initial decline (Bégué et al. 1984, Guillouzo 1986). However, the results 
of a recent study by Rogiers et al (1990), indicate that this technique does not offer 
a satisfying solution for the selective shift in the cytochrome P-450 isoenzyme patterns. 

Although this feature seriously limits the prolonged use of hepatocytes, it should be 
reminded that in general, a decline in enzyme activities will have consequences for the 
rate of conversion of a compound, but does not necessarily have to result in a change 
in metabolite patterns. 

-Due to the complexity of the hepatocyte model, cellular fractions are sometimes 
more suitable for studying a specific biotransformation step or for the detection of 
reactive intermediates. In addition, often larger quantities of a specific metabolite can 
be prepared, due to the possibility to speed up the rate of conversion by using high 
levels of not only the cofactors, but also the compound under investigation, levels that 
may be cytotoxic for intact cells. 

Toxicity end-points in hepatocyte cultures 

For studying the toxicity of compounds, a wide variety of end-points can be chosen, 
since in theory each function of the liver cell can be monitored like genetic 
mechanisms, morphological changes, metabolic functions, intracellular communication 
but also the wide variety of different enzymes involved in the biotransformation. 
However, a few end-points have gained a more general popularity. 
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Viable hepatocytes have been shown to contain enzymes capable of recognizing and 
removing adducts between xenobiotics and DNA. This so-called DNA-repair 
mechanism, has been used to develop a test for the screening of xenobiotics on their 
genotoxic properties (Williams 1977, Probst et al. 1981, Williams et al. 1989). 

A large number of so-called cytotoxicity tests has been developed to detect damage 
indicative of the death of the cells. Many references can be cited, using the leakage of 
the cytosolic enzyme lactate dehydrogenase (LDH) into the culture medium, a 
parameter that has been shown to correlate very well with the diffusion of the dye 
trypan-blue into cells with a damaged membrane (Jauregui et al. 1981). More recently 
there has been a tendency to select end-points that are more suitable for large scale 
screening on cytotoxicity. This underlies the success of the so-called MTT- and NR-tests 
(Borenfreund et al. 1988), that were originally introduced for cell-lines and subsequently 
adapted for the use with hepatocytes. The MTT-test determines the reduction of a 
tetrazolium-salt by the mitochondrial enzyme succinate dehydrogenase, the NR-test on 
the uptake of the vital dye neutral red by the lysozymes in the cell. 

An effect that in many cases may precede the death of the cell is the depletion of 
intracellular glutathione (GSH). This tripeptide is present at high concentrations in the 
cell and is involved in the detoxification of both reactive intermediates of compounds, 
as well as hydrogen peroxide, formed in the detoxification of superoxide (Babson et al. 
1981, Reed & Farris 1984, Eklow-Lâstbom et al. 1986, Jones et al. 1986). Therefore a 
decrease in GSH-levels as a result of the exposure to a certain compound may either 
be an indication for the increased formation of reactive oxygen species (oxidative 
stress), or for the formation of metabolites with nucleophilic properties, which might 
result in their binding to DNA and/or proteins. 

The type of toxic effects that can be detected, may be specific to the liver 
(hepatotoxicity), but also be of a more general cytotoxic nature. In vivo, a specific 
organotoxic effect might be largely due to toxicokinetic parameters such as absorption, 
distribution, and excretion (Ekwall & Ekwall 1988). 

The use of hepatocytes to study species-differences 

Both quantitative and qualitative differences have been reported in the biotrans
formation of xenobiotics by different animal species (Williams 1974, Kato 1979). Initi
ally, indications for this phenomenon came primarily from toxicity studies with small 
laboratory animals, showing species-differences in the sensitivity towards the toxic effects 
of a compound. More recently, species related differences in the biotransformation of 
compounds were shown in studies with isolated cellular fractions from livers of different 
animal species, including farmanimals (Patterson & Roberts 1970, Souhaili-El-Amri et 
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al 1986, Watkins & Klaassen 1986, Dalvi et al. 1987, Short et al. 1988). The 
development of procedures for the isolation of hepatocytes from livers of different 
species, including man, allowed the use of this model for comparative studies on the 
species related biotransformation and toxicity of xenobiotics (Table 1.1.). 

In vivo studies have revealed a large difference between rats and mice in their 
sensitivity to the hepatotoxic and carcinogenic properties of aflatoxin Bl (Croy et al. 
1983). In vitro studies showed that rat hepatocytes were more sensitive than those from 
mice, as became apparent by the death of the cells at much lower concentrations, the 
much higher levels of binding of metabolites of aflatoxin Bl to TCA-precipitable cell-
material (Decad et al. 1979, Hanigan and Laishes 1984), and the much higher levels of 
unscheduled DNA-synthesis (Steinmetz et al. 1988). Furthermore, the mycotoxin caused 
segregation of nucleolar components in rat hepatocytes, but not in cells from mice 
(Cole et al. 1986). 

In the DNA-repair study by Steinmetz et al. (1988) both monkey and mouse 
hepatocytes gave negative test-results after exposure to 2-acetyl-aminofluorene and 
benzidine, in contrast to cells from rat, hamster and man. In the case of benzo(a)-
pyrene, cells from mouse, hamster and especially the rat were shown to be relatively 
insensitive in comparison to those from the cynamolgus monkey and man. The overall 
differences in the DNA-repair response to the various test compounds as observed in 
this study between cells from monkey and man, were consistent with those obtained by 
Neis et al. (1986), using hepatocytes as activating system in the Ames test. 

With a quite different set of end-points, Blaauboer et al (1990) demonstrated a 
marked species-difference in the effect of beclofibric and clofibric acid on peroxisomal 
ß-oxidation and peroxisome proliferation, effects that could only be observed in hepa-
tocyte cultures from the rat and not in those of cynamolgus monkey and man. 

Several research groups have demonstrated that species differences in the 
biotransformation of drugs with diverse but known in vivo metabolite patterns, could 
be reproduced with hepatocytes. Gee et al. (1984) reported a good correlation between 
the results from an in vitro study and the in vivo metabolism of tolbutamide. Rat 
hepatocytes showed the highest activity but were unable to transform the sulfonylurea 
side-chain, which was the most important step performed by dog hepatocytes. In studies 
with amphetamine (Green et al. 1986), rabbit hepatocytes were shown to be much more 
active than cells from the rat, dog, monkey and man, and primarily N-hydroxylated the 
compound, whereas for rat hepatocytes the hydroxylation of the aromatic ring appeared 
to be the more important step. N-demethylation of ketitofen was shown to be the 
major metabolic route for rat and rabbit hepatocytes, in the latter case followed by 
sulfatation (Le Bigot 1987). The end-products of these steps were only found in traces 
with human hepatocytes, where the N-glucuronide and reduced ketitofen were the 
major metabolites. A similar difference was observed with diazepam (Seddon et al. 
1989), where the 4-hydroxy metabolite was observed with hepatocytes from rats, but not 
with those from monkey, dog or man, where instead N-demethylation and, with the 
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Table 1.1 List of studies using hepatocytes of different animal species to compare the biotransformation 
and/or toxicity of compounds. 

Species used 

rat, mouse 

rat, mouse 

rat, mouse, 
man 

rat, mouse, 
hamster, guinea pig 

rat, mouse, 
hamster, guinea pig 

rat, mouse, 
hamster, rabbit 

rat, mouse, hamster 
monkey, man 

monkey, man 

rat, hamster, 
guinea pig 

rat, monkey, 
man 

rat, hamster, 
rabbit, dog 

rat, rabbit, dog, 
monkey, man 

rat, rabbit, 
dog, monkey 

rat, rabbit, 
man 

rat, rabbit, dog, 
guinea pig, man 

rat, dog, 
monkey, man 

rat, dog, 
monkey, man 

Effect studied 

biotransformation 

biotransformation, 
cytotoxicity 

toxicity 

Ames test, 
DNA-repair 

biotransformation 

DNA-repair 

DNA-repair 

Metabolic activation 
Ames test 

Metabolic activation 
Ames test 

peroxisome 
proliferation 

cytotoxicity, 
biotransformation 

biotransformation 

biotransformation 

biotransformation 

biotransformation 

biotransformation 

biotransformation 

Compounds used 

aflatoxin Bl 

aflatoxin 61 

aflatoxin Bl 

2-(acetyl)-amino-
fluorene 

2-acetyl-aminofluorene 

various compounds 

various compounds 

various compounds 

benzidine, 
4-amino-biphenyl 

(be)clofibric acid 

acetaminophen 

amphetamine 

tolbutamide 

ketitofen 

diazepam 

diazepam 

temelastine 

Reference 

Decad et al 
1979 

Hanigan & 
Laishes 1984 

Cole et al 
1986 

Holme & 
S0derlund 1985 

Holme et al 
1986 

McQueen & 
Williams 1987 

Steinmetz et al 
1988 

Neis et al 
1986 

Neis et al 
1984 

Blaauboer et al 
1990 

Green et al 
1984 

Green et al. 
1986 

Gee et al 
1984 

Le Bigot et al 
1987 

Chenery et al 
1987 

Seddon et al 
1989 

Oldham et al 
1990 
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exception of the dog, 3-hydroxylation were the important steps. 
The major conclusion that can be drawn from these and other comparative studies 

listed in Table 1.1, is that in general no two animal species appear to be comparable 
in the biotransformation and sensitivity towards a toxic effect of a compound. 
Therefore, extrapolation of data obtained with cellular fractions, hepatocytes or intact 
animals from one species to another species is not possible, and stresses the need for 
the use of target-animals for risk-assessment purposes. 

Isolation and use of hepatocytes from large domestic animals 

The possible isolation and use of hepatocytes from large domestic animals has been 
subject of a number of studies. Suspension cultures of hepatocytes, isolated from liver 
samples of sheep (Démigne et al. 1986, Chow et al. 1990), goats (Aiello & Armentano 
1987a, 1987b, Aiello et al. 1989), and cows (Aiello et al. 1989), were e.g. used to study 
the gluconeogenesis from propionate and butyrate, a process that is relatively specific 
for ruminants. Monolayer cultures of pig hepatocytes, isolated by an in situ perfusion 
from livers of neonatal animals, were used to study the catabolism of lipoproteins 
(Pangburn et al. 1981, Bachorik et al. 1982), regarding the good similarity between pigs 
and men with respect to the importance of the LDL particle. In the same field of 
interest, Kwekkeboom et al. (1988, 1989) used monolayer cultures of pig hepatocytes, 
isolated from liver samples of young animals (up to 7 weeks), to investigate the 
feedback regulation of bile acid synthesis, being an important factor in the elimination 
of cholesterol from the body. Finally, suspension cultures of hepatocytes, isolated by an 
in situ perfusion from 2-15 days old piglets were used by Pegorier et al. (1982), to study 
the effects of fasting on the gluconeogenesis. 

Only recently, investigators have become aware of the opportunities to use hepato
cytes from large domestic animals for studying the possibly species-specific biotrans
formation and toxicity of compounds used in veterinary practice. Suolinna & Winberg 
(1985) studied the deethylation of 7-ethoxycoumarin and the conjugation of methyl-
umbelliferone by suspension cultures of bovine hepatocytes, isolated from liver samples 
obtained at the slaughterhouse from fetal or adult (1.5-2 years) animals. Shull et al. 
(1986), introduced the surgical removal of the caudate lobe of the bovine liver, and its 
subsequent use for the isolation of hepatocytes. Subsequently the biotransformation of 
7-ethoxycoumarin and the pesticide aldrin was studied in monolayer cultures. Mennes 
et al. (1988) included sheep hepatocytes in a study with rat, hamster, dog, monkey and 
human hepatocytes, in order to compare the decline of cytochrome P-450 levels in 
monolayer cultures. Recently Pool et al. (1990) used suspension cultures of pig hepato
cytes obtained from 12 months old animals, to study the effect of a number of nitros-
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amines on the frequency of single strand breaks in the DNA. 
These studies clearly show that it is possible to isolate viable hepatocytes from large 

domestic animals. However, the possible use of these cells for biotransformation and 
toxicity studies of compounds used in veterinary practice, has not been thoroughly 
investigated. 

Scope of the study 

The main aim of the present study was to develop a method for the isolation of 
viable hepatocytes from liver samples of adult pigs, secondly, to investigate whether 
these cells can be used for biotransformation and toxicity studies, and thirdly, to 
demonstrate the value of the model, more in particular for studies on the identity and 
properties of metabolites of veterinary drugs, that might be present as residues in 
edible products. The opportunities of the model for studying the mechanisms under
lying adverse effects in target-animals was therefore beyond the scope of this study. 

The procedure for the isolation of pig hepatocytes (Chapter 2), as well as the use 
of the cells for biotransformation (Chapters 3, 4) and toxicity studies (Chapter 5) was 
investigated in the first part of the study. For this purpose, the antibacterial drugs 
sulfadimidine and a number of nitrofurans, as well as the steroid hormone ß-nortesto-
sterone were used as model compounds. 

In the second part (Chapters 6, 7, 8), the identity and properties of metabolites of 
furazolidone were studied in more detail, as a follow-up of the studies performed in our 
laboratory by Dr Vroomen (1987). Previous in vivo studies with "C-labelled furazolid
one, revealed that this drug is extensively biotransformed in the pig, partly resulting in 
the presence of unextractable radiolabelled compounds in the protein fraction. 
Regarding the persistence of this, possibly drug-like, material, as compared to the 
parent compound and other metabolites, special attention was paid to the identity and 
possible toxic properties of these type of metabolites. The issue of bound-residues of 
furazolidone and other drugs has since long been one of most controversial and difficult 
problems in the field of residue toxicology. 
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ISOLATION AND CULTURING OF PIG HEPATOCYTES 

Materials and Methods 

Introduction 

Hepatocytes were isolated from a piece of pig liver based on a method described 
by Seglen (1976) for the isolation of rat hepatocytes, modified for liver biopsies as 
described by Strom et al. (1982). Cells are dispersed by the subsequent treatment with 
the Ca2+-chelator EGTA and the bacterial enzyme collagenase, and purified by filtration 
and centrifugation. This chapter describes in more detail the methods used for the 
isolation, culturing and use of the cells, as well as some of our experiences with the 
methods, that might be of use to other research groups. 

Materials and methods 

Chemicals 
Williams' medium E powder, Hanks' balanced salts (HBS), fetal calf serum (FCS), 

penicillin/streptomycin, Trypan Blue solution (0.4%), and HEPES buffer were purchased 
from Flow Laboratories (Rickmansworth, U.K.), bovine insulin, bovine serum albumin 
(RIA-grade) and collagenase types I and IV from Sigma (St.Louis, U.S.A.), collagenase 
type H from Boehringer (Mannheim, F.R.G.), phenol red from Serva (Heidelberg, 
F.R.G.), and NaCl, KCl, NaOH, CaCl2.2H20, NaHC03 and EGTA from Merck 
(Darmstadt, F.R.G.). Water was purified using a water purification system (Millipore 
Q UF, Etten-Leur, The Netherlands). Tissue culture dishes were obtained from Costar 
(Badhoevedorp, The Netherlands). An oxygenator as described by Moldéus et al. (1978) 
was made at the RIKILT by M.L. Karruppannan. 

Animals 
Livers were obtained from sows, both non-pregnant and pregnant (3-12 days), and 

castrated males (Dutch Landrace x Yorkshire), with an age varying between 5 and 15 
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months. Animals were kept at the Department of Animal Husbandry of the Agricultural 
University in Wageningen, and had not been treated recently with veterinary drugs. 

Preparation 
Buffer solutions and media were in general prepared one or two days before the 

perfusion. For the isolation of the cells five HEPES buffered solutions were prepared. 
Buffer I contained 8.3 g NaCl, 0.5 g KCl, 2.4 g HEPES and 0.19 g EGTA per litre, 
Buffer II 8.3 g NaCl, 0.5 g KCl and 2.4 g HEPES per litre, buffer III 3.9 g NaCl, 0.5 
g KCl, 24.0 g HEPES and 0.7 g CaCl2.2H20 per litre, buffer IV 2 g BSA, 9.91 g HBSS 
and 2.4 g HEPES per litre and buffer V 9.91 g HBSS and 4.8 g HEPES. All buffers 
were brought with 5 N NaOH to pH 7.65 (at room-temperature), sterilized by filtration 
over a 0.2 iiM Sterivex filter (Millipore) and stored at 4 °C. Occasionally, buffers were 
enriched with 10 mg phenol red per litre. A sixth solution containing 9 g NaCl per litre, 
was autoclaved at 120 °C for 20 min. All glassware and steel equipment was sterilized 
at 180 °C for 4 h, plastic material was autoclaved at 120 CC for 20 min. 

A solution of collagenase in buffer III was prepared 2 h before the perfusion (200 
mg/100 ml), filtersterilized (0.45 /xM), stored at 4 °C and diluted with 300 ml 
prewarmed buffer III shortly before use. Buffers I and II were preincubated for 2 h at 
40 °C. 

Isolation and purification of hepatocytes 
Pigs were transported to a slaughterhouse in the town of Ede and killed by 

electrocution followed by exsanguination. Subsequently a caudal lobe of the liver was 
obtained (about 150 g) and washed with 0.5 litre of icy-cold NaCl-solution via the veins 
and arteries using a 50 ml syringe. The sample was then transported to the laboratory 
in 1 litre of icy-cold NaCl. At the laboratory the weight of the sample was reduced to 
about 100 g, and the sample was placed in a large Büchner funnel covered by a large 
watchglass (Figs 2.1 and 2.2A). Small pipettips (20-200 /xl) were used to connect four 
of the larger bloodvessels of the liver sample with the oxygenator (Fig. 2.2B). The 
oxygenator was furthermore connected to a peristaltic pump (run at 120 ml/min) and 
a gascylinder with 0 2 /C02 95/5 (about 2 bubbles/sec), and was placed in a waterbath 
set at 40 °C. During the perfusion the pressure within the system was kept between 40 
and 60 cm water pressure, as controlled with the open manometer. The liver sample 
was perfused with respectively 1 litre of buffer I, 1 litre of buffer II, and finally 400 ml 
of the collagenase solution for 30 min under recirculation. During this period the liver 
swell and the surrounding connective tissue started to leak. 

Subsequently the sample was disconnected from the system and placed in a beaker. 
All further handlings were performed under sterile conditions in a laminar flow cabinet 
(Clean Air, Woerden, The Netherlands). The sample was cut into small pieces using 
a pair of scissors and the suspension filtered over respectively a Büchner funnel, to 
remove the larger parts, and a 250 /im nylon filter. The filters were washed with icy-
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Fig. 2.1 Schematic presentation of the perfusion during the recirculation step with collagenase. 
The buffer is pumped by a peristaltic pump (1) via the oxygenator (2) to the liver sample (3), 
which is placed in a Büchner funnel. Oxygen is added via the oxygenator at (4) and escapes via 
the overload (5). The pressure is monitored with the manometer (6). All vessels containing buffer 
solutions, the oxygenator and the tubing are placed in a waterbath (40 °C). 

cold buffer IV. The filtrate (about 200 ml) was poured into four 50 ml centrifuge tubes 
(Costar), cooled on ice for 5 min, and centrifuged at 100 g for 4 min at 4 °C using a 
Sorvall RC-3B centrifuge. The supernatant was removed and the pellet resuspended in 
buffer V, using a glass pipet. The cells were collected again by centrifugation and 
washed twice with buffer V. Eventually the pellets were resuspended in 100 ml 
Williams' medium E and filtered through a 250 ßm nylon filter. A sample of the filtrate 
was diluted 1/1 with a solution of trypan blue, and after 5 min used to determine both 
the concentration of cells and the fraction of trypan blue excluding cells (viability) in 
a Bürker counting chamber. 
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Fig. 2.2 Equipment used for the perfusion of a sample of pig liver (A) as well as the connection 
of the sample with the oxygenator (B). 
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Cell culturing 

Unless indicated, cell suspensions were diluted to a density of 1.25-1.5 million viable 
cells per ml of Williams' medium E, supplemented with 5% FCS, 0.5 ßg insulin per ml, 
50 IU penicillin per ml and 50 Mg streptomycin per ml. Cells were seeded in either 60 
mm dishes (2.5 ml/dish), or in 24-multiwell dishes (0.5 ml/well of a suspension 
containing 0.6-0.75 million viable cells per ml), and incubated in an incubator at 38 °C, 
5% C02 and high humidity. After 4 h the medium was replaced by new medium. 

Appraisal 

The method described above has been successfully applied on a large number of 
liver samples. About 2.5-8 million viable cells could be isolated per gram of liver, with 
93 ± 3 % of the cells being impermeable to trypan blue, as calculated over the last 40 
samples. In the majority of the cases, isolated cells attached themselves to uncoated 

Fig. 2.3 Monolayer cultures of pig hepatocytes, 48 h after seeding. 
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tissue culture dishes and stretched within 24 h, resulting in nice monolayer cultures 
(Fig. 2.3). However, occasionally cultures were obtained with a high fraction of trypan 
blue excluding cells, but with low plating efficiency, for inapparent reasons. At this point 
age, sex and early pregnancy can apparently be ruled out as factors which prevent a 
successful isolation of the cells. On the other hand it appears that the type of collagen-
ase is crucial. With collagenase type IV (Sigma), a large amount of cells, however with 
low viability, were obtained, unable of forming monolayer cultures. No improvement 
was obtained by reducing the duration of the collagenase treatment. For a while 
collagenase type H from Boehringer was successfully applied, than with a new shipment 
of the same batch the isolation failed completely, resulting in a large number of 
ruptured cells and large losses during the washing of the cells. With collagenase type I 
(Sigma), which had been used successfully at the start of the project, the problems 
disappeared immediately. When occasionally other batches of the collagenase obtained 
from Boehringer were used, the problems returned. Although no systematic comparison 
of different types of collagenase at the same time was performed, it seems that this is 
an important factor, which might however be different for livers of other animal 
species. 

Despite these occasional problems, it is evident that viable cells can be isolated from 
liver samples of pigs on a regular base and that quantities of cells are large enough for 
large scale experiments. 
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CHAPTER 3 

THE USE OF PIG HEPATOCYTES FOR 
BIOTRANSFORMATION STUDIES OF VETERINARY DRUGS 

This chapter is based mainly on the following publication: 

Hoogenboom L.A.P., Pastoor F.J.H., Clous W.E., Hesse S.E. and Kuiper H.A. (1989). The use 
of porcine hepatocytes for biotransformation studies of veterinary drugs. Xenobiotica 19: 
1207-1219. 

completed with some data from: 

Hoogenboom L.A.P., Milaan A.J. van, Hesse S.P., Vroomen L.H.M. and Kuiper H.A. The use 
of porcine hepatocytes for biotransformation and toxicity studies of veterinary drugs. In: 
Proceedings of the 4,h congress of the European Association for Veterinary Pharmacology 
and Toxicology, Budapest, Hungary 1988 (in press). 
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THE USE OF PIG HEPATOCYTES FOR 
BIOTRANSFORMATION STUDIES OF VETERINARY DRUGS 

Summary 

Cultures of porcine hepatocytes with high viability were isolated from a liver sample by a 
simple procedure. In aging monolayer cultures the cytochrome P-450 content and 7-ethoxy-
coumarin-O-deethylase activity decreased gradually while glutathione levels increased. 

The nitrofuran, furazolidone, was rapidly transformed by suspension cultures, partly resulting 
in the formation of 3-(4-cyano-2-oxobutylidene amino)-2-oxazolidinone. Acetylating and 
deacetylating activities towards sulphadimidine and its N4-acetyl metabolite were present in 
suspension cultures of porcine hepatocytes. Relative and absolute levels of these activities varied 
in different batches of hepatocytes. 

In aging monolayer cultures the biotransformation of furazolidone was relatively low during 
the first 24 h as compared to the next 72 h. The acetylation of sulfadimidine tended to increase 
with culture age whereas the deacetylation of the N4-acetyl metabolite decreased. 

No differences were seen in a number of enzyme activities measured in cytosolic and 
microsomal fractions isolated from different lobes of one liver. Differences between livers from 
different animals were marked. 

Abbreviations used: ECOD= ethoxy-coumarin-O-deethylase; LDH= lactate-dehydrogenase; 
GSH= reduced glutathione; DMSO= dimethyl-sulfoxide 
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Introduction 

Most foreign compounds are intensively metabolized upon administration to animals, 
and the outcome of the biotransformation process, e.g. the kind of metabolites formed, 
may vary from species to species and may also be influenced by factors like sex, age 
and nutrition (Smith et al. 1984, Souhaili-El-Amri et al. 1986, Watkins & Klaassen 
1986). Therefore, the toxicity and biotransformation of veterinary drugs should 
preferably be studied in target animals. Yet, food-producing animals are rarely used for 
this purpose since such studies are expensive, time-consuming, and require special 
technical facilities. This is particularly true in the case of experiments with radiolabelled 
compounds, often necessary for identification of unknown metabolites. 

The use of in vitro models such as cell fractions and cell cultures isolated from 
organs of food-producing animals may help to overcome some of these problems as 
pointed out by Shull et al. (1987). Specific biotransformation steps of a drug may be 
elucidated as well as the influence of other compounds or metabolic processes which 
occur in vivo (Vroomen et al. 1987a). Furthermore, the use of intact cells offers the 
opportunity to integrate biotransformation and toxicity studies. As described in Chapter 
1, the isolation and application of hepatocytes from food-producing animals has been 
reported for larger animal species, like cattle (Shull et al. 1986; Suolinna and Winberg 
1985), and sheep (Demigne et al. 1986). Furthermore, hepatocytes have been isolated 
from newborn or foetal pigs by an in situ perfusion technique and subsequently been 
used for studying fat and carbohydrate metabolism (Bachorik et al. 1982, Pangburn et 
al. 1981). As described in Chapter 2, we have now developed a method to isolate 
hepatocytes from liver samples of adult pigs. 

Aim of the present study was to investigate the value and properties of pig 
hepatocytes, both in suspension and monolayer cultures, using a number of different 
parameters. The cytochrome P-450 content, as well as the deethylation of 7-ethoxy-
coumarin was studied both in suspension and monolayer cultures, regarding the 
important role of cytochrome P-450 isozymes in biotransformation processes, and the 
reported decline of P-450 related enzymatic activities in monolayer cultures of 
hepatocytes from other animal species (Chapter 1). Intracellular glutathione (GSH) 
concentrations were measured, regarding its possible role in both the biotransformation 
of foreign compounds and in the protection against toxic effects. 

It should be stressed that studies with isolated models should always be validated by 
results from in vivo studies. Therefore, the biotransformation of two widely used 
veterinary drugs, sulphadimidine and furazolidone, were studied. In vivo studies with 
pigs have revealed that sulphadimidine is excreted mainly as its N"-acetyl metabolite 
(50%) (Hoogenboom et al. 1988, Vree et al. 1985). Furazolidone is thought to be 
metabolized by reduction of the nitro-group, partly resulting in the formation of an 
open chain cyano metabolite (Vroomen et al. 1987b). In addition to studies with 
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Suspension cultures, special attention was paid to the effect of ageing of monolayer 
cultures on the biotransformation of these compounds. 

Major causes of variation in metabolic potential between hepatocytes isolated from 
different livers are most likely due to individual differences between animals. 
Furthermore, in the case of rat livers it is well known that there are differences in 
enzyme activities between peri-venous and peri-portal hepatocytes originating from the 
same liver (Kera et al. 1987, Quistorff et al. 1986). Whether such differences are also 
reflected in hepatocyte cultures prepared from different lobes is unclear. We therefore 
studied several enzyme activities in cell fractions prepared from the four major lobes 
of a pig liver and, in addition, we compared the enzyme activities in cell fractions 
isolated from livers of six different animals. 

Materials & Methods 

Chemicals and solvents 
Williams' medium E, Hanks' balanced salts, HEPES buffer, foetal calf serum, 

penicillin/streptomycin, glutamine and trypan blue were purchased from Flow 
Laboratories (Rickmansworth, UK), Ethylene glycol bis(2-aminoethyl ether)-N,N,N',N'-
tetraacetic acid (EGTA) and Folin reagens from Merck (Darmstadt, FRG), insulin, 
cytochrome C, sulphatase, collagenase type I, bovine serum albumin, diethyl 4-
nitrophenol phosphate (paraoxon), fluoro-dinitrobenzene and sulphadimidine from 
Sigma (St Louis, MO, USA), resorufin, l-chloro-2,4-dinitrobenzene and hydroxy-
coumarin from Aldrich (Brussels, Belgium), NADPH, GSH, 7-ethoxycoumarin from 
Boehringer (Mannheim, FRG) and 7-ethoxyresorufin from Pierce Chemicals (Oud 
Beijerland, The Netherlands). Tissue culture dishes were purchased from Costar 
(Badhoevedorp, The Netherlands). Furazolidone was a gift from Orphahell B.V. 
(Mijdrecht, The Netherlands) and N-acetyl sulphadimidine from ILOB-TNO (Wage
ningen, The Netherlands). The open-chain cyano-metabolite of furazolidone was 
synthesized as described previously (Vroomen et al. 1987b). 

Animals 
Liver samples were obtained from seven to nine month old sows in early pregnancy 

(7-10 days), used in programmes of the Department of Animal Husbandry of the 
Agricultural University at Wageningen. Animals were not treated with veterinary drugs 
during a considerable period prior to slaughtering. The presented data are based on 
studies with hepatocytes isolated from livers of seventeen different animals. The results 
of each experiment were checked for reproducibility in at least one similar experiment 
using hepatocytes isolated from another liver. 
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Hepatocyte isolation 
Hepatocytes were isolated from a liver sample as described in Chapter 2, with one 

difference; following the treatment with collagenase, the sample was minced and the 
homogenate was diluted with 100 ml of buffer containing fresh collagenase (0.05%), 
and incubated for another 10 min at 37 °C, followed by filtration. 

Culture conditions 
For monolayer cultures, 2.5 million viable cells in 2.5 ml of medium were seeded in 

60 mm dishes. Routinely Williams E medium supplemented with 5% foetal calf serum, 
insulin (0.5 /ng/ml), glutamine (2 mM), penicillin (50 IU/ml) and streptomycin (50 
Hg/ml) was used. After four hours cells were attached and the medium was renewed. 

For suspension cultures, cells were washed and diluted to a density of 2.5 million 
viable cells per ml in Krebs/Henseleit buffer (Moldéus et al. 1978) containing 20 mM 
HEPES. Cells were preincubated for 15 minutes at 37 °C prior to the addition of the 
substrates. 

Cell-monitoring 
At various time intervals, cells in monolayer cultures were washed and removed from 

the dishes in 1 ml of either phosphate buffered saline or a specially defined P-450 
buffer, as described by Topp and van Bladeren (1986) (0.1 M sodium phosphate buffer 
pH 7.4, 0.5% (v/v) Triton X-100, 20% (v/v) glycerol, 1 mM EDTA and 1 mM dithio-
threitol). Cells collected in phosphate buffered saline were immediately frozen and 
stored in liquid nitrogen. For determination of the cytochrome P-450 content, cell 
suspensions were thawed on ice, homogenized and an aliquot of 0.4 ml was diluted with 
0.2 ml of the special P-450 buffer. The remaining cell suspension (0.6 ml) was used for 
determination of intracellular GSH. Cells collected in the special P-450 buffer were 
homogenized using a teflon pestle, and subsequently centrifuged at 14,000 g. The 
supernatant was stored in liquid nitrogen. Cytochrome P-450 levels were determined by 
the CO-difference spectrum as described by Omura and Sato (1964). No differences in 
cytochrome P-450 levels were observed due to the two methods of cell collection and 
preparation. 

Protein in cell homogenates or cellular fractions (see below) was determined by the 
method of Lowry as modified by Peterson (1977). Glutathione (GSH) was determined 
by HPLC as described by Reed et al. (1980), using an amino spheri-5 column (4.6 x 
220 mm; Brownlee, Santa Clara, USA). A 0.5 M citrate-buffer (pH 4.6) was used 
instead of the regular acetate buffer. Possible deterioration of the analytical column by 
the remaining fluoro-dinitrobenzene and its breakdown products was prevented by using 
a column switch technique in combination with an amino guard column (4.6 x 30 mm, 
Brownlee). Intracellular GSH levels were not influenced by storage of the cells in liquid 
nitrogen. 
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7-Ethoxycoumarin O-deethylase (ECOD) activity 
Cells in suspension or monolayer culture were incubated in medium containing 

different concentrations of 7-ethoxycoumarin. A concentration of 100 /LIM proved to be 
useful for monitoring monolayer cultures. Small aliquots were taken after different time 
intervals, snap-frozen and stored at -20 °C. For analysis, samples were thawed, treated 
with sulphatase/ß-glucuronidase for 1 h and diluted in glycine/NaOH buffer (pH 10.3) 
as described by Aitio (1978). Fluorescence was measured within a few minutes because 
of the instability of 7-hydroxy-coumarin at pH 10.3. All measurements were done on 
a MPF-2A fluoro-spectrophotometer (Perkin Elmer) (kex 370 nm, A.em 457 nm). The 
efficiency of the method was checked by measuring the concentrations of 7-ethoxy
coumarin under the same conditions (Xex 330 nm; kern 390 nm). 

Biotransformation of sulphadimidine, its NA_-acetyl metabolite and furazolidone 
Cell suspensions (2.7 ml), containing 2.5 million viable cells per ml, were preincub-

ated for 15 min at 37 °C in Williams' E supplemented with 20 mM HEPES. Unless 
indicated, furazolidone, sulphadimidine or N"-acetyl sulphadimidine were added in 
DMSO (final concentration 1%). After different incubation times (0, 20, 40 and 80 min) 
aliquots of 0.2 ml were taken and snap-frozen. For analysis, samples were thawed, 
diluted with 1 ml sodium acetate buffer (0.1 M, pH 5) and extracted three times with 
2 ml ethyl acetate. The extracts were analyzed by HPLC coupled to diode array 
equipment (Hewlett Packard) as described previously (Hoogenboom et al. 1987). This 
technique allowed confirmation of the identity and purity of the metabolites both by 
their chromatographic behaviour and their UV spectra. 

In the case of monolayer cultures, the incubation medium was replaced by 3 ml of 
Williams' E supplemented with furazolidone, sulfadimidine or the N"-acetyl metabolite. 
At t=0 and t=24 h samples of 0.5 ml were taken, mixed with 0.5 ml sodium acetate 
buffer (0.1 M, pH 5) and 2 ml EtAc, and stored at -20 °C until analysis, as described 
above. The amount of drug transformed was calculated by comparing the concentrations 
before and after the incubation. 

Preparation of cellular fractions 
Whole livers or parts of livers were obtained as described and transported on ice to 

the laboratory. Livers were divided by separation of the four lobes. Lobes were 
perfused with 0.9% NaCl and homogenised under nitrogen in twice their volume of a 
1.15% KCl-solution using a Braun blender mixer. Homogenates were centrifuged for 
20 min at 9000 g (4 °C). The supernatant was centrifuged for 90 min at 105,000 g 
(4 °C), the cytosolic fraction was aspirated and the pellet was resuspended in 1.15% 
KCl. Following centrifugation, the microsomes were resuspended in 0.1 M phosphate 
buffer (pH 7.4). Both microsomal and cytosolic fractions were stored in liquid nitrogen. 
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