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Abstract

Validation of a liver cell model for studies on the effects of micro-food components
on antioxidant defense.

Helen Cantwell, School of Biotechnology, Dublin City University, Dublin 9

The development of 7» vitro models for toxicity testing of food components 1s
dependent on the availabihity of standardized methods of cell 1solation, preparation and
culture Many groups isolate and use rat hepatocytes for a variety of purposes but the
methods used for 1solation vary greatly Differences in 1solation technique have been
1dentified as a possible source of varation 1n the results obtained This 1ssue has led the
European Centre for the Validation of Alternative Methods (ECVAM), following
discussion with experts n the field of hepatocyte research, to recommend a standard
hepatocyte 1solation procedure This project focused on the validation of a cell model
consisting of short-term suspension cultures of rat hepatocytes 1solated using the method
recommended by ECVAM Characterisation of the hepatocytes with respect to structural
and biochemical integrity and the retention of liver function was carried out via the
assessment of dye uptake, cytosolic enzyme leakage, DNA, protemn and ATP content,
gluconeogenesis, cholesterogenesis and protein synthesis Hepatocytes were found to be
structurally and biochemically intact and to retain hver function The effects of four
micro-food components, 7-ketocholesterol, cholestanetriol, Covi-ox and conjugated
linoleic acid, on biochemical functionality and on the antioxidant defense system were
then studied The antioxidant defense system was studied through assessment of the
extent of lipid peroxidation and the activity of the enzymes superoxide dismutase,
catalase and glutathione peroxidase 7-Ketocholesterol and cholestanetriol increased the
activity of some or all of the antioxidant enzymes measured but did not induce lipid
peroxidation Coincubation of oxysterols with either Covi-ox or CLA decreased the
activity of the antioxidant enzymes to levels close to or below control Lipid peroxidation
in cells treated with CLA or Covi-ox alone or in combination with 7-ketocholesterol or
cholestanetriol was not found to be significantly different to control This study provides
indirect evidence that none of the test substances, at the concentrations studied, exerted
prooxidant effects such as to induce lipid peroxidation in rat hepatocytes
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CHAPTER 1

Introduction



11 Liver
Structure

In man, the liver 1s the largest internal organ weighing approximately 1 5 kg It 1s
situated in the abdominal cavity, see Fig 1 1 1, where 1t 1s attached to the diaphragm and
protected by the ribs, see Fig 112 The human liver 1s a single organ although the
different blood supplies to the liver have been used to divide the liver into lobes In some
animals, such as the rat, the liver 1s composed of lobes that are physically separate from
each other The liver 1s covered by a two-layered capsule The outer smooth layer 1s
composed of peritoneum whereas the inner layer, known as Glisson’s capsule, is
composed of a fibrous material which 1s also the structural material which supports the
shape of the liver (Horner Andrews, 1979) The basic unit in the liver 1s the liver lobule
which 1s cylindrical, several mm long and 0 8 to 2 mm 1n diameter A diagrammatic
representation of a liver lobule 1s shown in Fig 1 13 The lobule resembles a wheel with
a vein at the center and hepatic plates as the spokes of the wheel Hepatic plates consist of
bile canaliculi flanked on each side by a layer of hepatocytes, one cell thick These bile
canahculi empty into bile ducts A sinusoid (a small blood vessel) separates each plate
and 1s connected to the portal vein These sinusoids carry portal blood to the hepatic
plates Unlike other organs, the liver has two blood supplies, portal and arteral
Oxygenated blood 1s carried from the hepatic artery, some supplies the septal tissue
(tissue separating adjacent lobules) and some empties into the sinusoids The sinusoids
are lined with Kupffer cells and endothehal cells and these are separated from the hepatic
plates by the Space of Disse (also known as the pensinusoidal space) This space

prevents damage to the microvilli of hepatocytes by plasma contents that can pass



Fig 111 Site of the human hver
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through large pores present in the endothelial lining of the sinusoids The Space of Disse

1s connected to lymphatic vessels and 1s involved 1n the drainage of excess fluid

Blood Supply

As stated previously, the liver 1s unique 1n that 1t recerves two blood supplies
Portal blood makes up about three-quarters of this supply (approximately 1100 ml per
minute) and carries most oxygen and absorbed food to hepatocytes If thus supply 1s
stopped leaving only the arterial supply, hepatocytes degenerate The hepatic artery
supplies the liver with about 350 ml of blood per minute In the absence of stress, very
little arterial blood 1s needed However, if the arterial supply 1s stopped, death results It
1s thought that this may be due to an increase i1n the concentrations of anaerobic bactena
following cessation of the supply of oxygenated blood, as administration of antibiotics
can be life saving (Horner Andrews, 1979) The liver may also act as a blood reservorr
Normally 1t holds about 450 ml of blood but can expand if necessary and hold up to 1
litre This can be necessary in the case of cardiac failure, where an increase i fluid
retention and total body volume enhances venous return which may compensate for the

heart’s diminished puthping ability (Guyton and Hall, 1996)

Cells
Kupffer Cells  These are also known as reticuloendothelial cells and are not specific to
the liver They function as macrophages and cleanse the portal blood of the intestinal

bacteria that 1t contains on entering the liver They remove more than 99% of this bacteria

and also old erythrocytes from which they liberate and release unconjugated bilirubin
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Endothelial Cells  Hepatic endothelial cells are similar to other endothelial cells except
for the presence of the pores These pores are very large, up to 1 um, and allow the
passage of plasma components into the Space of Disse The presence of these pores
means that there 1s a large quantity of lymph produced in the liver Under resting
conditions nearly 50% of lymph is produced by the liver Hepatic lymph has a high
protein concentration, almost as high as that of plasma

Both endothelial and Kupffer cells contain cytochrome P450 enzymes and peroxidases
and therefore can be involved in biotransformation They also release mediators that
regulate the function of hepatocytes and non-parenchymal cells

Also connected with the sinusoid are fat storage cells, pit cells and bile duct epithehal
cells These sinusoidal cells make up about 30% of total liver cells and 20% of total liver

volume

Hepatocytes  These cells which comprise about 70% of total liver cells and 60% of total
liver volume are also known as liver parenchymal cells, liver cells and polygonal cells
These cells are usually smooth although their shape 1s variable They have a larger
proportion of mitochondria, lysosomes and endoplasmic reticulum than most other cells
An electrical potential exists across the cell membrane, the interior usually being -40 mV
with respect to the exterior This resting potential can be altered by substances that affect
glucose metabolism such as adrenaline, noradrenaline and glucagon

All cells have shightly different properties depending on their position in the liver

Periportal cells receive most oxygen whereas those near the center of the lobe receive



least Periportal hepatocytes have higher levels of glutathione and a higher capacity for
bile acid uptake while centrilobular hepatocytes have a higher concentration of
cytochrome P450 enzymes Hepatocytes seem to interact via humoral and nervous signals
and also with the biomatrix 1n order to maintain glucose, ammomnia and bicarbonate levels

(Vickers, 1997)

Functions of the Liver

Hepatic cells are a large chemically reactant pool that have a high rate of
metabolism, sharing substrates and energy from one metabolic system to another
(Guyton and Hall, 1996) Metabohcally, the liver 1s involved with carbohydrates, lipids
and proteins It 1s a storage site for carbohydrates, vitamins and iron Some
carbohydrates, proteins, lipoproteins, phospholipids and blood components are
sytithesized 1n the liver It 1s the site of detoxification of drugs and toxins and also can
contnibute to body heat under extreme conditions The liver therefore has very many

varied functions

Carbohydrate Metabolism  Saccharides, following ingestion are converted firstly to
glucose, and then to glycogen for storage Glycogen s a highly branched homopolymer
of glucose with branc}{es occurring every 8 to 10 glucose units In this form glucose ts
stored 1n the liver until there 1s a decrease 1n the blood glucose level when glucagon will
stimulate the breakdown of glycogen and therefore the release of glucose In doing so, the
liver ensures a constant blood glutose concentration and maintains a “glucose buffer

function” (see Fig 1 14) Stored glycogen can maintain the blood glucose level for 24



Fig 1.1.4 The Glucose buffer function of the hver
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hours 1n the absence of food after which other sources, such as the breakdown of lipids,
are employed (Horner Andrews, 1979) Gluconeogenesis may also occur This s the
production of glucose from non-sugar components such as lactate or amino acids In the
fed state, approximately 160 g glucose 1s required per day to supply tissues such as the
brain and haemopoietic tissues The brain can adapt to using ketone bodies as an
alternative energy source to glucose, during prolonged starvation In these cases the

requirement for glucose 1s approximately 40 g per day (Souhami and Moxham, 1997)

Lipid Synthests, Transport and Metabolism A high rate of B oxidation of fatty acids
occurs 1n the liver Duning this oxidation, which takes place mainly in the mitochondria,
acetyl Co A 1s formed which becomes part of the tricarboxylic acid (TCA) cycle The
liver cannot use all the acetyl Co A 1t produces and so 1t can be used for the production of
ketone bodies This production takes place only in the mitochondrial matrix of liver cells
and leads to the formation of acetoacetate, B-hydroxybutyrate and acetone Acetoacetate
and B-hydroxybutyrate diffuse into the blood where they are transported to other tissues
where they are converted back to acetyl CoA Liver cells do not possess one of the
enzymes required to convert these ketone bodies back to acetyl CoA so the ketone bodies
are produced 1n the liver but utilised elsewhere Ketone bodies are used to supply acetyl
CoA for fatty acid and cholesterol synthesis and are an important source of energy for the
brain during prolonged starvation (Guyton and Hall, 1996)

The first step in fatty acid synthesis 1s the conversion of acetyl Co A to malonyl
CoA The acetyl CoA 1s provided by the liver as the end product of glycolysis or in the

form of ketone bodies as explained above, assigning to the liver an important role 1n fatty



acid synthesis Cholesterol 1s also synthesized in the liver It 1s formed from acetyl CoA
which 1s converted via hydroxymethylglutaryl coenzyme A (HMG CoA) to the
1soprenoid precursor mevalonate This 1s then converted via intermediates to squalene
and finally to cholesterol Cholesterol 1s then packed into hipoprotens for transport to
other tissues

Although the chylomicrons are synthesized 1n the intestine, all other lipoproteins
originate in the liver Very low density lipoprotens (VLDL) are formed in the
endoplasmic reticulum (ER) of hepatocytes The hipoprotein 1s globular with a core of
hydrophobic lipids such as tracylglycerol or cholesterol ester surrounded by
phospholipid protetns and cholesterol, oriented so that the polar parts are turned outwards
and come 1n contact with the plasma An apoprotein, formed in the ribosomes, 1s
combined with the VLDL and then 1t is further processed in the Golg1 complex where the
apoprotein 1s glycosylated and the lipoprotein 1s membrane encapsulated to enable
secretion into the plasma following fusion of the membrane capsule with the cellular
membrane The apoprotein that the newly secreted lipoprotein contains 1s apoB100 In
the plasma the VLDL receives further apoproteins from high density hipoproteins (HDL)
and starts to degrade when 1t recetves apoCII This protein can activate lipoprotein lipase
which hydrolyses the core triglycerides to fatty acids and glycerol which are taken up by
HDL The size of the lipoprotein therefore starts to decrease leading to the formation of
intermediate density lipoproteins (IDL) In humans the degradation of these lipoproteins
continues to form low density lipoproteins (LDL) which deliver cholesterol to cells where
it forms part of the cell membraneés or 1s used as a precursor of steroid hormones In

species such as the rat however, this conversion to LDL does not occur and IDL are

10



removed by the hepatic remnant receptor HDL are also formed in the liver This
lipoprotein does not have a central lipid droplet but 1s thought to exist as a disc-like
bilayer composed mainly of phospholipid and protein The apoprotein associated with
this lipoprotein s apoAl (Vance and Vance, 1985)

Each day, approximately 0 5g cholesterol 1s converted into bile acids In the liver,
the two major bile acids — cholic acid and chenodeoxycholic acid are synthesized from
cholesterol and conjugated to glycine or taurine They are then secreted into the gall
bladder and from there into the small intestine The bile acids function 1n digestion by
solubilising and emulsifying lipids Bile acids are returned to the liver by an extremely
efficient recycling system However, a certain quantity, usually less than 1g a day,
escapes the recycling system This remains in the intestine where 1t 1s metabolised by
microorganisms and excreted, representing the body’s only mechamsm for the excretion
of cholesterol (Zubay, 1993) The role of the liver in lipid synthesis and metabolism 1s

shownmkig 115

Protein Synthesis and Metabolism  Amino acids must be deaminated before they can be
used for energy or metabolised to another compound This deamination takes place in the
liver where the mtrogen 1s incorporated into urea via the urea cycle The high
concentrations of ammomnia produced by the deamination of amino acids and the presence
of intestinal bacteria from portal blood would lead to hepatic coma and death if not
removed Once deaminated, the carbon backbone of the amino acid can be converted to
an intermediate of the TCA cycle and can then be degraded to carbon dioxide with the

release of energy The liver 1s the site of synthesis of approximately 90% of plasma
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proteins, up to 15 to 20 grams per day A decrease 1n the concentration of plasma proteins
in the blood leads to growth of the liver and a rapid formation and excretion of plasma

proteins until blood concentrations are back to normal

Blood Components and Vitanmins ~ Many blood components are produced in the liver,
particularly those involved 1n clotting Fibrinogen, prothrombin, accelerator globulin,
factors VII, VIII, IX and X are synthesised, for which vitamin K 1s required
Plasminogen, which 1s involved in hquefying clots, 1s also produced To avoid the
formation of blood clots in blood vessels, the liver removes clotting factors from the
blood

Vitamins A, Bz, D, E and K are stored in the liver The supply of vitamin A
would last for 10 months where as D would last 3 to 4 months and that of Bi; would last
for 1 to 3 years Minerals such as iron, copper, zinc, cobalt, selentum, vanadium and
molybdenum dre also stored in the liver Iron is stored in the form of ferritin When there
1s a high concentration of iron 1 the blood, apoferritin, a hepatic protein, combines with
the wron to form ferritin which 1t releases when the wron blood concentration 1s low

Another buffer funct%on, that of a “blood 1ron buffer” 1s therefore assigned to the liver

Biotransformation Function  Excretion 1s the end-point for biotransformation so, to
facilitate excretion by the kidneys or into the bile, more polar compounds are formed
during biotransformation The chemical structure of the parent compound 1s therefore

changed which may effect its pharmacological and toxicological effects Although
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Fig. 115 The role of the liver 1n ipid synthesis and metabolism.
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biotransformation usually serves to detoxify, this 1s not always the case and polarity and
water solubility may not always be increased

Due to the high concentration of cytochrome P-450 enzymes and its position as a
gateway to the other tissues of the body, the liver 1s the most important organ of
biotransformation although other tissues such as the gut and lung may also be involved

Biotransformation involves two types of reactions The first type of reaction,
known as phase 1, involves oxidation, reduction or hydrolysis of the parent compound
Usually this reaction introduces a functional group that will react with glucuronic acid,
sulphate, glutathione or another highly polar compound during phase 2 reactions This
conjugation ensures the entire molecule 1s highly water soluble

Phase 1 oxidations are catalysed mainly by the microsomal mono-oxygenases
This system 1s located 1n the smooth endoplasmic reticulum of cells and 1s based around
the enzymes cytochrome P-450 and NADPH cytochrome P-450 reductase There are
different i1sozymes of cytochrome P-450 which are responsible for the oxidation of
different substrates or for different types of oxidation of the same substrate (Timbrell,
1982) The cytochrome P-450 enzymes are haemoproteins that have an ron atom at the
active site In the Fe’" (oxidised) form, this iron atom binds the substrate This enzyme-
substrate complex 1s then reduced by NADPH cytochrome P-450 reductase before
reacting with molecular oxygen and being reduced again The complex splits into water,
oxidised substrate and the oxidised form of the enzyme

Oxidation reactions not camried out by microsomal enzymes include amine,
purtne, alcohol and aldehyde oxidation Monoamine oxidase, a mitochondnal enzyme

and diamine oxidase, a soluble enzyme, are involved in the deamination of primary,
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secondary and tertiary amines such as putrescine Purines seem to be oxidised by
xanthine oxidase and the most important enzyme for the oxidation of ethanol is alcohol
dehydrogenase, a soluble enzyme Alcohol dehydrogenase converts an alcohol to the
corresponding aldehyde, which is 1n turn oxidised by aldehyde dehydrogenase

The enzymes responsible for reduction reactions are found in the microsomal
fraction and the soluble cell fraction Reduction reactions include the reduction of
aldehydes, ketones, double bonds and disulphides The intestinal bacterna also play an
important role in the reduction of many azo compounds

Esters and amides are usually hydrolysed, by enzymes usually found in the
soluble part of the cell Epoxides are metabolised by epoxide hydratase This enzyme 1s
located close to the cytochrome P-450 group of enzymes where it detoxifies the epoxide
products of cytochrome P-450 mediated hydroxylation

Phase 2 reactions involve the addition of polar groups to the parent compound or
to the metabolite formed during phase 1 reactions The entire molecule is therefore more
polar and more readily excreted The polar groups added include glucurontc acid,
sulphate, glutathione, amino acids and acetyl and methyl groups In some cases, the final
metabolite 1s more toxic than the parent compound, e g the glucuromde conjugate of

acetylaminofluorene 1s a more potent carctnogen than the parent compound

12 Laver in In Vitro Research
Due to the very diverse biochemical functions of the liver and to its high
concentration of drug metabolising enzymes, the liver has been extensively used 1n

research Whole organs, tissue slices, hepatocytes and subcellular fractions have been
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employed Although there are disadvantages of in vitro systems such as the difficulty of
culturing or maintaining liver tissue and the fact that the in vifro system may not always
be representative of mature, differentiated organs, i vitro systems hold many advantages

As well as the ethical considerations, by using an mn vifro system, studies can be carried
out at a cellular and subcellular level Experimental conditions are known and the effects
of a parent compound or a metabolite can be studied by controlling the presence or
absence of liver S9 metabolising fractions The presence of the S9 fraction would mean
metabolism of the parent compound would occur and therefore effects of the metabolite
could be studied Absence of the S9 fraction means that metabolism of the compound
does not occur and effects of the parent compound only can be studied In vitro systems

are also more time and labour efficient

Perfused Whole Organ

When the whole liver 1s used, it 1s usually used 1n a perfusion system where the
recirculating medium contains test substances and the medium emerging from the liver s
tested Marques-Vidal er al/ (1994) used such a system to study the role of hepatic
trnacylglycerol lipase (H-TGL) 1in promoting the uptake of HDL cholesterol and HDL
cholesteryl ester In a recirculating system such as the perfused whole liver, the enzyme 1s
physiologically expressed and active at the vascular bed Male Wistar rats were
anesthetized with sodium pentobarbital and an . situ liver perfusion set up Following a
pre-perfusion with Hank’s Balanced Salt Solution, a recirculating perfusion was initiated
using 60-80 ml of fresh medium supplemented with 1% BSA (w/v), S mM glucose and

HDL particles (100 pg/ml) which had been labeled with '*C cholesterol and ’H
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cholesteryl ether (a non-hydrolyzable tracer of cholesteryl ester) Temperature was
maintained at 37°C and the flow rate was 10 mI/min 1 ml aliquots of the perfusate were
removed at various time intervals and measured for radioactivity H-TGL was found to
promote the uptake of HDL esterified cholesterol (Marques-Vidal, 1994) Mackinnon et
al (1986) used the perfused whole liver to study the role of the liver in the catabolism of
HDL Male English short-hair rabbits were anesthetized using pentobarbital A pre-
perfusion with Krebs-Ringer bicarbonate (KRB) solution was carried out before a
recirculating perfusion, using KRB supplemented with 0 15% (w/v) glucose and '*’I-
labeled or ’H-labeled rabbit HDL at a concentration of 10-200% of the normal
physiological concentrations of HDL 1n rabbit plasma (72 mg/dl) 100 pl aliquots of the
perfusate were removed at 5 min intervals and measured for radioactivity The study
showed that uptake of HDL cholesteryl ester by the liver occurs more rapidly than uptake
of HDL protein and that the uptake resulted in smaller HDL particles sigmficantly

depleted of core cholesteryl esters (Mackinnon ef al, 1986)

Liver Shces

Studies carried out with liver slices are usually of short duration although slices
may be maintained 1n culture for a number of days As with liver cells, there 1s no
standardised method for the preparation and maintenance of liver slices and both perfused
and nonperfused tissue from fed and fasted animals has been used, (Lake et al, 1995)
Various incubation temperatures and media have been used and different procedures for
tissue coring and embedding have been described The use of tissue slices increased

following the development of the Krumdieck Tissue Shcer and have been used to
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compare the metabolism of cyclosporine A in different species (Vickers, 1992) Species
differences 1in coumarm metabolism to 7-hydroxycoumarin have been described
(Steensma, 1994) Tissue slices have also been used to identify focal areas of imjury by
monitoring histopathological changes, (Ruegg, 1985) and to investigate the genotoxic
potency of the steroid hormones chlormadinone acetate, cyproterane acetate and
megasterol acetate by examining for the production of DNA adducts, (Baumann ef al,
1995) Baumann ef al (1995) suggested that the preparation of human tissue slices 1s less
complicated than that of human hepatocytes Many studies have been carried out using
both tissue slices and isolated hepatocytes and the results using the two methods
compared One such study was carried out by Ekins er al/ in 1995, investigating the
metabolism of various hormones They concluded that, although hepatic architecture was
maintained 1n the liver slices, the rate of uptake seems to be restricted compared to
1solated hepatocytes and suggest that 1t 1s likely that only the outer two layers of cells
either side of the slice are responsible for metabolism during incubations of up to 1 hour
Howells et al (1995) compared liver slices and hepatocyte monolayers with respect to the
levels of the xenobiotic metabolising enzymes ethoxyresorufin-o-deethylase (EROD) and
methylumbelliferyl UDP glucuronosyl-transferase (MUGT) The activities of both EROD
and MUGT were found to be consistently higher in hepatocyte monolayers than in liver

slices

Isolated Hepatocytes

The use of 1solated hepatocytes, either in suspension culture, monolayer culture or

in some form of three-dimensional culture system has been extensively described in the
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literature As xenobiotics ingested orally tend to pass exclusively into the hepatic portal
vein following absorption in the stomach and intestines, hepatocytes have been used to
study the effect of many substances found 1n the diet The toxic effects of by-products of
drinking water chlorination (e g chloroform and chloroacetates) have been studied The
effects of chloroform were studied by El-shenawy and Abdel-Rahman (1993) using
biomarkers such as leakage of the enzymes aspartate transaminase and alanine
transaminase and also levels of glutathione, glutathione peroxidase and glutathione
reductase, substances involved in antioxidant defense Mono-, di- and tnchloroacetate,
by-products of drinking water chlorination, were mvestigated for their toxic effects using
hepatocytes, (Bruschi and Bull, 1993) The garlic extracts, allicin and ajoene, were found
to inhibit the synthesis of cholesterol, (Gebhardt ef al, 1994) Hepatocytes 1solated from
male Sprague Dawley rats using a two step perfusion procedure were cultured on a layer
of collagen in 2 m! Willlams E medium contaiming 10% newborn calf serum, 2 mM
glutamine, 50 U/m! penicilhin, 50 pg/ml streptomycin and 0 1 uM dexamethasone The
cells were then incubated at 37° C, 90% humidity and 7% CO, After two hours of
incubation the medium was replaced and serum-free medium was used for further
incubation 5 mM allicin and 10 mM ajoene were prepared in Williams E medium (serum
free) and added to the cell cultures to give a final concentration 1n the range of 10° and
10° M Microsomes were prepared and HMG CoA reductase activity determimed by
measuring the conversion of '*C HMG CoA to '*C mevalonate Both compounds were
found to induce a dose-dependent decrease 1n cholesterol biosynthesis (Gebhardt et al,
1994) o-Amanitin and dl-propangylglycine from the poisonous mushroom Amanita

abrupta, although inducing a shight increase in lipid peroxidation, did not seem to be



responsible for the toxic effects of the mushroom seen  vivo, (Kawaj et al, 1990)
Contaminants of food substances have also been investigated Ichikawa ef al (1996) used
the measurement of albumin secretion in hepatocytes to determine the long term
cytotoxicities of pesticides and Ohtani ez a/ (1996) examined the effect of the cholesterol
oxide 7-ketocholesterol on hepatocyte viability and lipid peroxidation

The liver 1s an 1deal site to examine for possible side effects of orally ingested
drugs Rodniguez et al (1995) studied the antifungal agents, fluconazole and ketoconazole
(also an anticancer agent used in the treatment of prostate cancer) Using microscopy,
LDH leakage and the neutral red and MTT assays, 1t was found that ketoconazole was
more hepatotoxic than fluconazole

Hepatocytes have also been used in basic research to elucidate biochemical
pathways and to examine basic cellular functions Zaleski ef al (1977) found that the fatty
acids oleate, palmitate and octanoate are potent regulatory factors of both the rate of
glucose formation and the contribution of mitochondnial phosphoenolpyruvate
carboxykinase to gluconeogenesis Luo ef al (1995) found that, provided with a variety of
substrates, sheep hepatocytes preferentially incorporate the amide mtrogen of glutamine
1n urea synthesis and Vericel et a/ (1994) studied the effects of age and hypertension on
the antioxidant defense system and also on lipid peroxidation using hepatocytes Hepatic
antioxidant defense was found to decrease with advancing age and glutathione peroxidase
activity was found to be lower in hypertensive rats than 1n normotensive rats
Unfortunately, liver function 1s 1n some ways dependent on its anatomy and the organ

architecture 1s lost when 1solated hepatocytes are used Oxygen concentration gradients
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are therefore lost and the absence of liver lobes means that the polarty of the hepatocyte

1s also absent which largely prevents biliary secretion of drugs (Berry ef al, 1991)

Subcellular Fractions

Hepatic subcellular fractions have been used in research Rakowska et a/ (1997)
reported the use of 1solated hepatic endoplasmic reticulum membranes to study the
incorporation of aminoalcohols into phospholipids Isolated liver mitochondria were used
to study the mitochondrial antioxidant defense system, (Augustin et al, 1997)
Microsomes have been used to study antioxidant function In 1990 Kagan et a/ studied
the effect of chain length on the antioxidant function of tocopherol homologues using rat
liver microsomes and Pulla-Reddy and Lokesh (1992) used a similar system to study the
antioxidant effects of spice components such as curcumin, capsaicin and piperine For
much drug metabolism research, hepatocytes have the advantage that microsomes may
not possess the complete drug metabolising sequence and therefore for overall
metabolism of a compound 1t would be necessary to employ hepatocytes as the research
tool However, for specific components of xenobiotic metabolism microsomes may be
suttable For example, Burke et al (1985) used liver microsomes to discover the

specificity of cytochrome P450 1sozymes for different substrates

1.3 The Liver and Gene Technology

Genetic defects are responsible for many liver-based diseases including Familial

Hypercholesterolemia, Wolman’s disease and hyperlipoproteinemia Recovery from such
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diseases can only occur when such defects have been identified and corrected In recent
years, much research has been dedicated to the development of a method which will
allow the mtroduction of corrective DNA and its permanent expression Both i vivo
methods (the imjection of DNA, packaged in some form, into the host) and ex vivo
methods (the removal of the target cells, introduction of the DNA and the transplantation
of the modified cells back into the host) have been investigated The methods of
delivering the DNA include the use of retroviral vectors, adenoviral vectors, cationic
liposomes and polymer gels

Retroviral vectors have the potential to produce permanent gene expression
through integration of the viral vector into the host DNA However, 1t 1s necessary for the
target cells to proliferate so that this integration may occur Hepatocytes, the target cells
in the treatment of most of the aforementioned diseases, are usually non-proliferative and
so the use of retroviral vectors produces transient gene expression only Adenoviral
vectors can infect non-prohferative cells as they do not integrate into the host DNA but
remain 1n a stable extra-chromosomal form High percentages, approximately 100%, of
cells may be transfected but again expression 1s transient Use of both retro- and adeno-
viral vectors can elicit an immune response (Nabel, 1995)

Cationic hposomes are formed by the spontaneous reaction of a reagent, such as
DOTMA (N-[1-2,3-dioleoyloxy)propyl]-N,N,N-trimethlyammonmum chloride), with
DNA to form lipid-DNA complexes due to the ionic interactions between the positive
groups on the DOTMA and the negative groups on the DNA This method leads to a hugh
transfection efficiency but high levels of the lipids and exposure to the lipid over a

moderate period of time 1s toxic
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The most efficient 1 vivo method of transferring DNA developed so far seems to
be the use of a retroviral vector while stimulating the proliferation of hepatocytes This
can be accomplished by partial hepatectomy and was employed for the treatment of
diabetes mellitus 1n rats (Kolodka ef al, 1995) Diabetes mellitus occurs when pancreatic
B cells are destroyed and so insulin production 1s arrested It has been observed that liver
will produce insulin on the introduction of the appropnate gene After 70% partial
hepatectomy and treatment with a retroviral vector, expression of the gene was seen for at
least 6 months Although the proinsulm produced was not completely processed and so
was less biologically active, none of the conditions normally associated with severe
diabetes occurred A major drawback of this procedure 1s that diabetes was induced two
weeks after the introduction of the DNA The reason for this was that due to altered hiver
regeneration kinetics of severely diabetic rats the efficiency of transfer was very low

A method for inducing hepatocyte proliferation which does not involve
hepatectomy has been developed by Lieber et al, (1995) A combination of adenovirus
and retrovirus was used The adenovirus, incorporating the urokinase gene, infected 90%
of the hepatocytes, causing expression of urokinase and so stimulated necrosis 1n these
cells Retrovirus was then introduced and incorporated into the genome of the
hepatocytes which were now prolhiferating The hepatocytes continued to prohiferate until,
after a period of three to four weeks, the liver appeared normal again This allowed for
multiple infusions of retrovirus which, when carried out on mice yielded gene expression
five times greater than that seen using hepatectomy to stimulate proliferation The authors

suggest that the genetic effect 1s permanent
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Ex vivo gene therapy 1e the 1solation of, in this case, hepatocytes, their
transformation 1n culture and the reintroduction into the host has also been studied The
Watanabe Heritable Hyperlipidemic (WHHL) rabbit was subjected to a 30% partial
hepatectomy and the hepatocytes 1solated The hepatocytes were exposed to a retrovirus
incorporating the LDL receptor gene and then reharvested These modified cells were
injected to the spleen of the ammal A decrease of between 25 and 45% in serum
cholesterol was seen within two days and lasted for six and a half months (the duration of
the experiment) (Wilson et a/, 1990)

Raper et al (1992) used retrovirus to introduce genes encoding f-galactosidase
and the LDL receptor into human hepatocytes [3-galactosidase expression was found 1n
43 7% of cells incubated with the retrovirus Dil-LDL (LDL particles labeled with the
fluonimetric component 3, 3’-dioctadecylindocarbocyanine) uptake was used to
determine expression of the LDL receptor gene and the level of expression was found to
be dependent on plating density

Watanabe er a/ (1994) studied the use of cationic liposomes of various
composition and on hepatocytes from different species After examining DEAE-Dextran,
calcium phosphate, cation liposomes and cation multilamellar liposomes they achieved
60% transfection rates but mention that the ratio of DNA to reagent and the preincubation
of DNA and reagent to form complexes are critical and also that hugh cell density and the
presence of serum decrease the transfection rate The 60% transfection rates were
achieved 1n mouse and hamster but not in rat hepatocytes Watanabe ef a/ (1994) also

conclude that the uptake of liposomes occurs by endocytosis The nhibition of
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transfection by free LDL, EDTA (removes calcium necessary for endocytosis) and
cytochalasin B, an endocytosis inhibitor, led to this conclusion

The effective ex vivo transduction of hepatocytes would be very beneficial as
according to Gupta ef al (1995) transplanted hepatocytes are incorporated into liver

plates, developing gap junctions, bile canaliculi and retaining liver specific functions

1 4 Liver Assist Device

The possibility of using hepatocytes as part of a liver assist device has attracted a lot
of attention in recent years Hepatocytes may be directly transplanted or used 1n a hybr:d
broartificsal form The advantages of direct transplantation are that hepatocytes should
carry out all the functions of an intact functional ltver but small amounts can be donated
by relatives or one whole liver can supply many patients Direct infusion of hepatocytes
into the portal vein causes the formation of aggregates and so induces necrosts Many
other sites have been suggested as possible infusion sites but the only two that seem
promising are the spleen and the peritoneal cavity The latter means a sumpler
transplantation procedure and a larger quantity of hepatocytes transplanted, but many
researchers advocate use of the spleen as hepatocytes have been shown to survive for a
year and have differentiated function (Wang, 1995)

Hybrid bioartificial devices have both a biological and a synthetic component As

part of a hybnid bioartificial unit, hepatocytes have been used
e  With microcarriers
e In a microencapsulated form

¢ With a scaffold

25



e As part of a bioreactor

Microcarriers

These are made from collagen-coated dextran or more recently polyHEMA
(polyhydroxymethylmethacrylate) These microcarriers have a large surface area to
volume relationship and so large quantities of hepatocytes can be present in small
volumes Demetriou et al (1986) successfully used microcarriers to treat Gunn rats which
have an 1nhented deficiency of UDPGT (bilirubin-urnidine diphosphate
glucuronosyltransferase) and so cannot conjugate bilirubin and also to treat nagase
analbuminemia rats (NAR) which cannot produce albumin On examination, 1t was found
that the injected microcarriers had formed aggregates in the peritoneal cavity, within
which new blood vessels had begun to form The transplantation did not seem to be toxic
In any way but optimum results were achieved when immunosuppressants were used

Fig 14 1 shows a diagrammatic representation of microcarriers

Microencapsulation

Microencapsulation means the hepatocytes are immobilised in a 3-D collagen
matrix that may promote differentiated function The hepatocytes are encapsulated 1n an
ultra-thin, semi-permeable membrane, which, while allowing nutrient and gas exchange
pertaining to biological function, protects the hepatocytes from components of the
immune system (Dixit, 1995) Microencapsulated hepatocytes are shown in Fig 142
Wang (1995) advocates “resuscitating” hepatocytes prior to transplantation This involves

culturing the hepatocytes for three days with a hepatotrophic factor such as
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Fig 141 Hepatocytes immobilised on microcarriers
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Fig. 1 4 2 Microencapsulated hepatocytes
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insulin Hepatocytes would therefore have time to recover from the trauma suffered

during 1solation and become fully functional again

Scaffold

Cima ef al (1991) had come to this same conclusion when they described the
development of a scaffold which would be used for hepatocyte transplantation After
1isolation of hepatocytes, the cells are cultured on this scaffold for three to five days This
leaves time for the cells to recover and also extensive viability and functional assays to be
carried out At the end of thus time period the entire structure may be transplanted
Collagen, which is typically used for hepatocyte culture has poor mechanical stability and
so 1s unsuitable for the construction of such a device Cima et al/ (1991) compared
polylactic acid, polyglycolic acid, poly-co-glycolic acid and different blends of these to
find the optimal material with which to construct the scaffold Promising results were
obtained as hepatocytes cultured on these polymers maintained differentiated function

and were found to have better cell attachment rates than with collagen

Bioreactors

The use of an extracorporeal device stems from 1958 when Kiley et al described
using Kolff hemodialysis to treat five patients, four of which showed an improvement
Since then such liver support has ranged from canine and human cross circulation,
perfusion through livers from various species, charcoal hemoperfusion and blood and

plasma exchange Four types of modern bioreactors are described here
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Plate Dialyzers  Multiple plates of hepatocyte monolayer cultures are arranged so that
blood flows over the side of the plates opposite to that in which the hepatocytes are

cultured (Dixit, 1995) Very little has been published about this type of reactor

Hepatocyte Hemoperfusion This involves the direct perfusion of blood over hepatocyte
cultures The hepatocytes may be microencapsulated to avold immune reactions Because
of the resulting high surface area to volume ratio, maximum nutrient/product exchange
occurs It is thought that current microcapsules may not be strong enough to withstand
stresses accompanying high velocity flow rates (Dixit, 1995) In cats, this type of
bioreactor was capable of replacing liver function for up to 4 hours (Yanagi and Ookawa,

1989)

Packed Bed Bioreactor This bioreactor 1s composed of a glass vessel packed with glass
beads A hepatocyte suspension 1s recirculated through the vessel until attachment occurs
L1 ef al (1993) found that aggregates had formed within the spaces between the beads and
that these aggregates were all interconnected by “cords” which had also formed The cells
were described as cuboidal 1n shape, had organelles, desmosomes, glycogen granules and
peroxisomes The hepatocytes were examined for up to fifteen days and remained viable

for this period

Capillary Hollow Fiber Hepatocyte Bioreactor — The basic form of this reactor consists

of semipermeable capillary hollow fiber membranes enclosed in a plastic shell

Hepatocytes are cultured on the extenor of the membranes The membranes are perfused
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with blood The hepatocytes perform liver functions and are protected from the immune
system by the membranes
Modifications to this basic structure include the use of microcarriers with which
to attach the hepatocytes, the entrapment of the hepatocytes in a 3-D collagen gel inside
the hollow fibers- this allows the hepatocytes to be cultured in a 3-D matrix but still be
protected from the immune system as culture medwum 1s perfused through the fibers and
blood through the space outside the fibers (Shatford ef al, 1992) Finally, a system which
closely resembles the cellular orgamsation of the liver was described by Dixit tn 1995
Two different types of capillary hollow fibers are used Hepatocytes are attached to the
external surface of one through which a medium flows The other has no hepatocytes but
the blood 1s perfused through these in a counter current to the nutnient flow The toxins
and metabolites produced during hiver disease diffuse out of the capillaries and are
carried on a concentration gradient to the hepatocytes where they are acted on and the
end products are removed via the nutrient stream Essential proteins etc produced by the
hepatocytes are again carried via a concentration gradient this time to the fibers
contaiming the blood into which they diffuse A diagrammatic representation of this type
of bioreactor 1s shiown n Fig 143
Demetriou ef al (1995) present chinical data that shows promising results using a
bioartificial liver as a btidge to organ transplant The device they used consists of a

hollow fiber bioreactor as described onto which porcine hepatocytes are cultured using
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Fig 1 4 3 Capillary hollow fiber hepatocyte bioreactor
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mucrocarriers Before being introduced to the bioreactor the plasma 1s passed through an
activated cellulose coated charcoal column to protect the hepatocytes from the possible
toxic effects of hepatic failure plasma

Following transplantation, graft dysfunction occurs in about 10% of patients and
survival depends on early retransplant The aetiology has yet to be defined but
reperfusion mjury as a result of free radical generation has been considered as a possible
mechanism (Toleda-Perevra, 1991, Bzeizi et al, 1992, Connor et al, 1994) The
pharmacological manipulation of repurfusion injury will require the use of various
substances that can protect the transplanted liver from the formation of free radicals
Among these, free radical scavenger enzymes such as superoxide dismutase have been
shown to exert beneficial effects on liver grafts (Mizuta et al, 1989, Minor ef al, 1992)
The remainder of this chapter will focus on the chemistry of the major free radical
species encountered 1n cellular systems, the mechamism of free-radical mediated lipid
peroxidation and the protective effects of antioxidants and free radical scavenging

molecules

1 5 Free Radicals and Oxidation

Halliwell and Gutteridge (1989) define a free radical as “ any species capable of
independent existence that contains one or more unpaired electrons ” Free radical
sources 1n the environment include air pollutants, insecticides, herbicides and some
drugs Biologically, free radicals are formed from polyunsaturated fatty acids (PUFA),
sulthydryl compounds and quinones or quinone-like substances The most important

source of radical species in biological systems, however, 1s O (Singal et al, 1988) At

33



53 8% oxygen 1s the most prevalent element 1n the earth’s crust and, although essential
for hfe, at concentrations greater than that found in air 1t 1s known to be toxic to plants,
animals and bacteria There 1s also some evidence that at 21% there exists some slowly
manifested effects of oxygen (Halliwell and Gutteridge, 1989) The toxic effects of
oxygen include the direct or indirect inhibition of enzymes and the production of free

radicals, the toxic effects of which are shownin Fig 151

Free Radical Formation
Free radicals are formed through homolytic fisston, which 1s the breaking of a

covalent bond where one electron from each pair shared remains with each atom

A'B —» A*+B,

Heterolytic fission, where both electrons remain with one atom, results 1 1on formation

A‘B —p» AS+B'
Oxygen readily accepts electrons from other substances — 1t 1s a good oxidising agent, but
tends to accept electrons one at a time to comply with spin restrictions Oxygen therefore
reacts sluggishly with non-radicals The spin restriction 1s removed 1n singlet oxygen
(ground state oxygen has one each of its outer unpaired electrons in the 7 and ¢ orbitals
where as in singlet oxygen both electrons are in the 7 orbital) and so it has increased
reactivity There are no unpaired electrons however so 1t 1s not a radical It can be formed
in some radical reactions, however, and can tngger others Singlet oxygen yields

endoperoxides on reaction with conjugated double bonds, hydroperoxides on reaction
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with double bonds and carbonyl compounds on reaction with a double bond n

conjugation with an electron donating atom such as nitrogen or sulphur These reactions

are shown below

R
\ RH
CH I/
N\ I\
CH O CH
| + O (singlet) —» [l
CH O CH
1/ \ /
CH [\

1 R H
R

Reaction with conjugated double bond to form an endoperoxide

CH; CH;
I / \
CH CH O
( + 0, (singlet) ———» I |
CH; CH, O
\ /
H H

Reaction with a double bond to form a hydroperoxide

\/
| | N
CH HC----O [ |
I + O, (singlet) —» | | —» HC----O + H---C
CH HC----0 I
/ / o
N N
/ /

Reaction with a double bond adjacent to an electron-donating atom to form
carbonyl compounds via a dioxetane intermediate
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Formation and reactions of the superoxide radical
The addition of one electron to ground state oxygen generates the superoxide

radical

0,+e — ——» 0,

It has one unpaired electron and 1s therefore less of a radical than oxygen It shall
henceforth be denoted by O, It 1s stable in both aqueous and organic environments

although 1t’s chemical properties differ in each In aqueous solution 1t can accept a proton

and form the hydroperoxyl radical HO; but at the pH of body fluids most remains as O;

It can also undergo a dismutation reaction that results in the formation of hydrogen
peroxide It can act as both a reducing agent and a weak oxidising agent (Davies, 1995),
it 1s known to reduce cytochrome C and to oxidise 1ron II and ascorbic acid (Halliwell
and Guttenidge, 1989) The base like and reducing properties of the superoxide radical are
increased when 1t 18 1n an organic environment In organic solution, 1t also acts hike a
nucleophile 1 e 1t 1s attracted to centres of positive charge It can displace Cl from chloro

compounds and also slowly oxidises ¢ tocopherol to the tocopheryl radical as shown

below
Cl Cl
| I
Clee Co=Cl +0; — % Cle-C—-0; + Cl
| I
Cl Cl

Reaction with carbon tetrachloride to produce a peroxyl radical
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O, + tocopherol —> tocopherol ion  + HO;
HO, + tocopherol —» H,0; + tocopheryl radical’

O, + tocopherolion®™ —» O, + tocopheryl radical

Reactions with tocopherol to form the tocopheryl radical
Biologically, the most important source of the superoxide radical 1s the electron transport
chains of the mitochondria and endoplasmic reticulum The oxidation of NADH and
FADH, produced by the TCA cycle takes place via an electron transport chain that 1s
situated in the mner mitochondrial membrane and 1s described in Fig 152 NADH 1s
oxidised to NAD"' by a multi-enzyme complex, NADH-coenzyme Q reductase and two
electrons are passed to coenzyme Q The acceptance of these electrons by coenzyme Q
leads to the formation of partially reduced (semiquinone) and fully reduced quinones
The electrons are then passed via the coenzyme Q cytochrome ¢ reductase enzyme
complex to cytochrome ¢ Cytochrome ¢ can accept one electron at a time by reducing
Felll to Fell The multi-enzyme complex cytochrome ¢ oxtdase accepts electrons from
cytochrome ¢, reoxidising the cytochrome ¢ One oxygen molecule 1s fully reduced to
two molecules of water for every four electrons taken 1n by this oxidase complex The
energy released during this process 1s used to drive ATP synthesis The cytochrome c
oxidase enzyme complex keeps any radical intermediates of oxygen reduction tightly
bound but other components of the ETC such as the NADH-coenzyme Q reductase
complex and the reduced forms of coenzyme Q can leak electrons to oxygen which leads
to the formation of the superoxide radical This in turn can lead to an increase n

hydrogen peroxide concentration through dismutation of the superoxide radical by
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Fig 1.52
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Reproduced from Halliwell and Gutteridge (1989)
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MnSOD that are located in the mitochondrial membrane Hydrogen perox:de,(lf
not removed, can form the hydroxyl radical via the Fenton reaction (see below) The
hydroxyl radical 1s sufficiently reactive to abstract a hydrogen from a membrane hipid and
intiate the lipid peroxidation chain reaction (see section 1 6)

A further source of free radicals 1s the cytochrome P450 superfamily of
metabolising enzymes that are situated in large quantities in the endoplasmic reticulum of
hepatocytes due to the xenobiotic detoxification function of the liver The cytochrome
P450 enzyme complex metabolizes xenobiotics using a mixed-function oxidase reaction
that utilises molecular oxygen, adding one atom to the substrate and converting the other

to water The presence of a reducing agent 1s essential The reaction 1s as follows

AH + O, + RH; —> A'OH +R + H,0

where AH 1s the substrate and RH; 1s the reducing agent Further metabolism may then
occur (as described in section 1 1) In the liver the electrons required for cytochrome
P450 function are donated by NADPH via NADPH-cytochiome P450 reductase This
enzyme can leak electrons to oxygen, reducing 1t to form the superoxide radical which,
through formation of hydrogen peroxide and the hydroxyl radical, can mmtiate lipid
peroxidation

An additional source of superoxide in the liver may be the enzyme system
desaturase that introduces carbon-carbon double bonds into fatty acids Electrons are

transported from NAD(P)H via a flavoprotein enzyme to cytochrome bs Cytochrome bs
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in turn passes the electrons to desaturase Electrons may be leaked to oxygen from both
cytochrome bs and the flavoprotein

Further addition of an electron to oxygen leads to the formation of a peroxide 1on
This 1s not a radical With each addition of an electron the oxygen — oxygen bond 1s
weakened and the addition of two or more electrons usually leads to the dissolution of the

bond leaving two O, 1ons

Formation and reactions of the hydroxyl radical

The spin restrictions inhibiting reaction of oxygen and non-radicals can be
overcome during catalysis by transition metals These metals, as well as having unpaired
electrons, have variable valencies that make them very effective catalysts n
oxidation/reduction reactions, explaining thewr presence at the active site of many
enzymes One very important reaction mvolved in radical production 1s the Fenton
reaction, first observed by Fenton in 1894 This involves the reaction between an wron II

salt and hydrogen peroxide which, via an intermediate complex, produces the hydroxyl

radical, OH  and 1s shown below

Fe*' +H,0, ———p Fe*" +HO +HO'

OH' 1s one of the most reactive species known and reacts with almost every type of

molecule found m living cells Due to its high reactivity, any hydroxyl radical formed
will react at or very close to 1ts site of formation, and although the radicals it forms are

usually less reactive, most of the damage 1s done through further reactions of these
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radicals The damage seems to affect DNA 1n particular, causing single-strand breaks and
DNA-protein cross links (Halliwell and Guttendge, 1989) The formation of these
radicals 1s showninFig 153

Other radicals found 1n biological systems include thiyl, carbon centred, nitrogen centred

and phosphorous centred radicals
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Fig 153 The Formation of Reactive Oxygen Species

Catalase, Peroxidase

Fenton reaction
fFe 2*

Reproduced from Smgal et al (1988)
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Biological functions of free radicals

Free radicals are also produced by the body for specific purposes The superoxide
radical 1s generated in small amounts by lymphocytes and fibroblasts, possibly as a
growth regulator (Rice-Evans, 1995) 1t 1s also used as part of the defense mechanism of
phagocytes where 1t is firstly converted to hydrogen peroxide which 1s used to kill

engulfed bacteria

The role of xenobiotic metabolism mn the occurrence of oxidative siress

The biotransformation function of the hiver as described 1n section 1 1, ensures
that the liver 1s a prime site for the production of free radicals and the occurrence of
oxidative stress Oxidative stress, defined as a disturbance n the pro-oxidant —
antioxidant balance of a cell can occur, for example, when an excess of chain reaction
initiating radicals are formed During the metabolism of halogenated hydrocarbons such
as carbon tetrachloride, the abstraction of the halogen by the haem group of the
cytochrome P450 enzymes leads to the formation of carbon centered radicals that are
capable of mitiating such chain reactions Xenobiotics such as quinones can become
involved 1n cycles of oxidation-reduction reactions Cytochrome P450 reductase catalyses
the reduction of quinones by nicotinamide nucleotides The resulting semiquinone can be
either detoxified by reaction with a nucleophile such as glutathione or 1t can undergo a
one-electron oxidation back to the original quinone but with the concurrent production of
the superoxide anion The quinone can again be reduced to the semiquinone commencing
a cycle of reactions with constant production of the superoxide amon and constant

reduction 1n the concentration of the nicotinamide nucleotides (Castell ef al, 1997) Other
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