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Abstract

W hen hepatocytes are cultured under conventional conditions they
undergo a rapid decline in the expression of many of the enzymes
responsible for xenobiotic metabolism, most markedly members of the
cytochrome P450 (CYP) superfamily. Members of the subfamily CYP2B
are no longer inducible by the anti-epileptic drug phénobarbital.
However, when rat hepatocytes are co-cultured with rat liver epithelial
cells they survive for up to two months in culture and maintain the
expression of CYP2B1/2 for up to 14 days in culture. Both CYP2B1/2
mRNA and protein amounts are elevated by treatment with phénobarbital.
Using RNase protection assays with antisense RNA probes designed to
distinguish between CYP2B1 and CYP2B2 mRNAs, the ratio of
abundance and inducibility of the two mRNA species was found to be
similar to that observed in vivo. Another anti-epileptic drug, valproic
acid, was shown to be a stronger inducer of both CYP2B1 and 2 and their
proteins in vitro but a poor inducer in vivo .
Two other components of the mixed function mono-oxygenase, namely
P450 reductase and cytochrome b^are also maintained in co-culture and
their levels of expression elevated by both drugs in vivo and in vitro. In
contrast to phénobarbital, valproate is found to be a strong inducer of the
CYP4A family and in this case the induction is observed in vivo as well as
in the cultured hepatocytes. The induction of CYP4A1, CYP4A2 and
CYP4A3 mRNA species by valproate, was also observed in vivo and in
vitro using an RNase protection assay and antisense probes that were
designed to discriminate between them. Valproate was also found to
decrease the expression of GST 3/4 subunits in vitro. The expression of
HNF-4 was increased by phénobarbital, in vivo and in vitro, and by
valproate, only in vitro.
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1.1 C ytochrom e P450
Cytochromes P450 are the terminal oxidase components of an electron transfer system,
the mixed function monooxygenase (MFO), present primarily in the membranes of the
endoplasmic reticulum. The MFO system plays an important role in the metabolism of
endogenous substrates, such as steroids, prostaglandins, leukotrienes and fatty acids.
The MFCs have also been found to metabolise a wide array of carcinogens including
polycyclic aromatic hydrocarbons and nitrosamines, and drugs such as phénobarbital,
mephenytoin and clofibrate. The ability of the MFO system to metabolise such a diverse
selection of endogenous and exogenous compound is due to the existence of multiple
forms of cytochrome P450 (reviewed in Gonzalez, 1989; Guengerich, 1987).

1.1.1 H istorical background
The discovery of cytochrome P450 was made by Williams and Klingenberg in 1958 who
noticed an intense absorption band at 450 nm when carbon monoxide was bubbled into
an NADH-reduced liver microsomal suspension. This work was followed up by Omura
and Sato who determined the haemoprotein nature of the pigment and coined the name
P450 indicating "a pigment with and absorption at 450 nm" (Omura et aL, 1964 and
reviewed in Omura, 1993).

Over the years many cytochromes P450 have been purified, although this was not an
easy task, as these haemoproteins are membrane-bound. The explosion in cytochrome
P450 literature and the creation of phylogenetic trees (Nebert et al., 1987b), to study their
evolution, has come with the application of genetic and recombinant DNA techniques
since the early 1980s to the present day. This has enabled cytochrome P450 researchers
to create a nomenclature system to help overcome the confusion previously created by
assigning various names to the same cytochromes P450 isolated in different laboratories.

1.1.2 The cytochrom e P450 nom enclature system
To date, the cytochrome P450 superfamily comprises over 221 P450 genes and these

33

genes are divided into 36 families based on the divergent evolution of the superfamily.
The nomenclature system has been through various revisions with the fast-moving
discovery of novel cytochromes P450 and is based on amino acid sequence similarity
(Nebert et aL, 1987a; Nebert et al., 1989; Nebert et al., 1991a; Nelson et al., 1993). The
latest nomenclature system is as follows: the prefix "CYP” (derived from cytochrome
P450) is used to denote all protein and mRNA products, and this prefix is italicised
“CTP” to denote the gene or cDNA encoding the protein. Murine cytochromes P450 are
differentiated by using lower case letters “Gyp” and ''C y p ” for protein and gene
respectively. The CYP prefix is followed by an Arabic numeral denoting the family, a
letter designating the subfamily (if two or more exist) and an Arabic numeral denoting the
indivual component. Individual cytochrome P450 isozymes are classified into subfamilies
according to their amino acid sequence similarity. Members of the same family (e.g.
CYP2) are defined as having > 40% amino acid similarity to each other. Whereas
cytochromes P450 belonging to the same subfamily (e.g. CYP2B) have > 59% amino
acid sequence similarity. For Example, "CYP2B1" is a P450 belonging to the family "2",
subfamily ”B ” and was the first member of that subfamily to be isolated. This protein
(CYP2B1) is encoded by the gene ”C YP 2B r.

1.1.3 Evolution of the cytochrome P450 superfam ily
To date, cytochromes P450 have been found in 31 eukaryotic and 11 prokaryotic species
(Nelson et aL, 1993). Their genes are thought to have evolved from a common ancestral
gene that existed over about one billion years ago (Gonzalez et aL, 1990; Nelson et aL,
1993). Based on the evolutionary data, it was proposed that early cytochromes P450 may
have evolved to metabolise cholesterol and its derivatives. The oldest cytochromes P450
known are the mitochondrial cholesterol-metabolising enzymes in the CYPl 1 family, that
are also related to the CYP4 lauric acid hydroxylases. Members of these two families may
have been involved in the maintenance of membrane integrity of early eukaryotes. The
next evolutionary step was the evolution of endogenous and steroid synthesising
cytochromes P450 (CYP17, CYP19 and CYP21) about 900 million years ago. The latter
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group of cytochromes P450 diverged into the major drug- and carcinogen-metabolising
enzymes of the CYPl and CYP2 families. This theory was proposed by Gonzalez and
Nebert (1990) to explain the diversity and evolution of the P450 superfamily as a way for
animals to detoxify the substances produced by plants and the continuous evolution of
new enzymes to deal with the toxins produced by land vegetables.

1.1.4 Function in phase I xenobiotic biotransform ation
Xenobiotic metabolism, including that of drugs and environmental chemicals, is generally
divided into two parts, phase I and phase II biotransformations. Phase I pathways are
those reactions that make the xenobiotic molecule more reaetive (functionalisation) by
such reactions as oxidation, reduction and hydrolysis. The phase I pathways prepare the
way for the major detoxification of xenobiotics that are carried out by phase II enzymes
(conjugation). Conjugation reactions produce the bulk of excreted and deactivated
metabolites by glucuronidation, sulfation and glutathione conjugation (reviewed in
Gibson and Skett, 1994). The addition of a polar group by phase II enzymes, to the
reactive site generated by the phase I enzymes, renders the resulting metabolites more
soluble than the parent molecule, and readily excretable into bile or urine.

As well as playing major roles in the biosynthesis and degradation of endogenous
compounds cytochromes P450 are classed as one of the most im portant phase I
biotransformation enzymes. Cytochromes P450 are mainly found embedded in the
endoplasmic reticulum of cells in various organs but some cytochromes P450 are present
in the mitochondria. The majority of cytochromes P450 are mainly expressed in the liver
but are also found in other tissues such as kidney, lung, intestines and adrenal glands. All
reactions carried out by these enzymes involve the initial insertion of a single atom of
molecular oxygen into the substrate.
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The general MFO reaction is as follows:

NADPH + O,2 4- RH

Cvtochrome P450L
NADP*' + H^,0 + ROM
' ™

Where RH represents the oxidisable substrate and ROH the hydroxylated metabolite.
Although the reactions carried out by cytochrome P450 are predominantly those of
hydroxylation, other reactions are also catalysed by this system, such as N-, 0 -, and Sdealkylation of various xenobiotics (reviewed in G ibson and Skett, 1994),

Reactions catalysed by cytochrome P450 also require NADPH as well as other
components of the MFO system (fig. 1.1), such as cytochrome P450 reductase and lipid,
and to a lesser extent, cytochrome bs and c>1ochrome bs reductase. Whereas cytochrome
P450 reductase is an essential part of the electron flow from NADPH to cytochrome
P450 for drug oxidation, cytochrome bs and cytochrome bs reductase participate in
NADH supported oxidation of some but not all drugs (reviewed in Takemori et al.,
1993).

Unfortunately, the role of the MFO system and cytochrome P450 in particular is not
always a benevolent one, as this defense mechanism can sometimes convert certain
xenobiotics to intermediates that attack the cellular DNA, RNA and proteins leading to
toxicity, cell death, mutations and cell transformations (reviewed in Gonzalez, 1989;
Guengerich, 1987; Takemori et aL, 1993). The conflicting roles of this monooxygenase
system only emphasise the importance of studies into the specific reactions, catalysed by
these enzymes and the endogenous and exogenous factors that modulate their expression
and function.

Studies using purified forms of cytochrome P450 reconstituted with lipid and cytochrome
P450 reductase have shown that individual forms of cytochrome P450 exhibit broad, but
overlapping substrate specificities. The same substrate can be metabolised by more than
one cytochrome P450 with varying degrees of activity. It has also been shown that
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Figure 1.1: The functional components of the hepatic mixed function oxidase system
(adapted from Gibson and Skett, 1994).

Apoprotein

Table 1; The effects of xenobiotics on the expression of some cytochromes P450
F A M IL Y

S U B F A M IL Y

IN D U C E R

M A IN IN D U C T IO N M E C H A N IS M

P450 1

C Y PlA l

Polycyclic hydrocarbons,dioxins

Transcriptional activation by ligand activated Ah receptor

CYP1A2

Polycyclic hydrocarbons,
dioxins, isosafarole

mRNA stabilisation by 3-methylcholanthrene

CYP2A1

Inducers of CYPl A 1

CYP2B1

Barbituates, chlorinated
hydrocarbons, aromatic substances

P450 2

Trancriptional gene activation,

CYP2B2

P450 3

P450 4

20-fold induction by PB

CYP2C6

Steroids, barbituates

Transcriptional activation by PB and DEX (3-4 fold) in
hepatoma cell-lines. Possibly through a steroid receptor

CYP2C7

Barbituates and ethanol

20-fold induction by PB, 2-fold after puberty

CYP2C11

Growth hormone, barbituates

mRNA but not protein induced (2-fold) by phénobarbital

CYP2E1

Ethanol, isoniazid, acetone

Protein stabilisation (in part)

CYP3A1

PCN, Steroids, macrolide
antibiotics

Transcriptional activation by DEX, 2:10-fold induction by PB
Protein stabilisation (in part), by macrolide antibiotics

CYP3A2

PC N , barbituates

^10-fold induction by PB

Clofibrate, peroxisome
proliforators

Transcriptional activation mediated by peroxisome proliferator
activated receptor (PPAR)

CYP4A1
CYP4A2
CYP4A3

î ) e x =•

Transciiptionals gene activai ton, ^50-100 fold induction by PB

cytochromes P450 have specificities for a position in the same substrate. For example
certain cytochromes P450 are active in hydroxylating testosterone in a stereospecific
manner at one or more ring positions. This profile of hydroxylation products produced is
a useful marker for measuring the activities of individual cytochromes P450 (Utesch et
al., 1991).

1.1.5 Protein structure
Cytochromes P450 are haemoproteins with molecular weights varying between 45,000
and 55,000 Da. The haem moiety is bound to the protein through a cysteine residue that
is conserved in a variety of organisms from bacteria to man (reviewed in Gibson and
Skett, 1994). A comparision of the amino acid sequence of the various cytochromes
P450 helped in the localisation of the membrane insertion domain, the identification of
binding domains for cytochrome bj and cytochrome P450 reductase, and other sites that
are relatively conserved between various forms of cytochrom es P450 and other
hypervariable regions that are determinants of substrate specificity (reviewed in Waxman
el aL, 1992).

1.1.6 Induction of cytochromes P450 by xenobiotics
It has been known for over 30 years that some compounds (e.g. phénobarbital) increase
the total content of cytochrome P450 in the liver (Conney, 1967). The induction of drug
metabolising enzymes has been the subject of intense studies because of the implication
of these responses in pharmacokinetics. The co-administration of certain combinations of
drugs could possibly lead to the formation of toxic, or carcinogenic metabolites and/or the
disruption o f endogenous ligand circulation, such as hormones. Induction of
biotransformation enzymes is clinically important, as the administration of one drug can
potentiate the action or diminish the efficacy of another drug which is subsequently- or
co-administered. Many of these studies have concentrated on the induction of
cytochromes P450 by xenobiotics because of the broad ranging substrate specificities of
these enzymes. The data shown in table 1 displays the wide range, of inducers that affect
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members of the cytochrome P450 superfamily, especially those in the families that
metabolise xenobiotics, namely members of families 1-4. Cytochrome P450 reductase
and cytochrome bs are also induced in the liver by treatm ent of rats with various
compounds. For example, phénobarbital increases cytochrome P450 reductase protein
and mRNA about 3-fold (Shephard et a l, 1983; Shephard et a l, 1982).

1.1.7 The phenobarbital-induced CYP2B subfam ily
Phénobarbital is one of the classical inducers of cytochrome P450 that also affects other
phase I and even phase II drug metabolising enzymes (reviewed in W axman et a l,
1992). The induction by phénobarbital of cytochromes P450 and other enzymes is also
accompanied by other changes, such as the proliferation of the smooth endoplasmic
reticulum, increase in liver weight, tumour promotion and stabilisation of microsomal
hver proteins (reviewed in Waxman et û/.,

Although phénobarbital induces a number

of drug metabolising enzymes, inducing several cytochromes P450, the major P450
isoforms induced by it are CYP2B1 (>50-100 fold) and, to lesser degree, CYP2B2
(>20-fold) (reviewed in Waxman et a l , 1992). Other known members o f the CYP2B
family are either induced to a lesser extent, such as CYP2B8 (Giachelli et a l, 1989) or
are not induced at all by phénobarbital, as is the case with CYP2B3 (Affolter et a l, 1986;
Labbé et a l, 1988). CYP2B1 and CYP2B2 bave very similar amino acid sequences
(97%) and nucleotide coding sequences (99%). In fact the two isoforms only show an
overall difference of 14/491 amino acids (Mizukami e t a l , 1983; Suwa et a l , 1985).
Therefore, it is not surprising that these two proteins are im m unochem ically
indistinguishable, although they can be separated by SDS/PAGE (Ryan e t a l , 1982). As
well as being the major phenobarbital-inducible isoform, CYP2B1 is also catalytically
more active than is CYP2B2 and it hydroxylates a wide range of lipophilic drugs and
endogenous steroids, including androstenedione and testosterone. Both steroids are
subject to hydroxylation at the 16 P position by CYP2B1 and CYP2B2 in a regioselective
manner (Utesch e ta l, 1991; Waxman e ta l, 1988).
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1.1.7a T issu e-sp ecific expression
The expression of CYP2B1 and CYP2B2 are regulated differently in the liver and also in
extrahepatic tissue. While CYP2B1 is undetectable in the liver of untreated animals,
CYP2B2 expression is detectable, although in low quantities. The induction of CYP2B1
and CY P2B2in the acinus, the functional unit of the liver, is discussed in section 1.4.1.
In contrast to the liver, CYP2B1 is constitutively expressed in exrahepatic tissue, such as
lung, kidney and testes but it is not inducible by phénobarbital in these tissue (Friedberg
et a l ., 1990; Omiecinski, 1986). In the small intestine CYP2B1 is expressed
constitutively and induced by phénobarbital-treatment (4-6 fold), albeit to lower amounts
than its induction in the liver (Traber et at., 1990). The expression of CYP2B1 and its
induction by phénobarbital in this organ diminishes from the proximal to undetectable
levels in the distal region of the small intestine. CYP2B2 is neither expressed nor induced
in this tissue (Elia et at., 1994). CYP2B1/2 protein is also induced by phénobarbital in
the adrenal, but to 5% of the amount induced in liver (reviewed in Waxman et at., 1992).

Another member of the CYP2B subfamily, CYP2B8, is expressed in the rat liver, lung,
kidney and testis. CYÇp8 is also inducible in the liver by phénobarbital (6-fold)
(Giachelli et al., 1989). Another CYP2B isoform, designated CYP2B12, was found to
be highly expressed in the preputial gland (a gland with steroid metabolising activities)
and not in the liver (Adesnik et al., 1986; Fiiedberg et al., 1992).

1.1.7b H orm onal and developmental regulation
The expression of both CYP2B1 and CYP2B2 mRNAs have been detected in foetal rat
and mouse liver from 15 days of gestation onwards (Chianale et a l, 1988; Omiecinski et
a l, 1990). Both mRNA species are expressed in very low amounts, detectable only by a
senstive PCR method, that is reported to discriminate between the two mRNAs
(Omiecinski et al., 1990). CYP2B1 and CYP2B2 mRNAs are expressed in the
centrilobular region and are responsive to phénobarbital induction in the the same region
(Omiecinski et a l , 1990). In the liver of foetal mice CYP2B1/2 expression is higher in
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the left hepatic lobule, which may have have some biological significance. The left foetal
hepatic lobe receives the main blood flow through the umbilical viens, rich in endogenous
substances coming across from the placental barrier (Chianale el al., 1988).

The developmental patterns of both CYP2B1 and CYP2B2 are regulated by growth
hormone, as the expression of these two isoforms is seen to decline with the onset of
puberty (reviewed in K ato el al., 1993). The suppressive effect of this hormone on
CYP2B1 and

CYP2B2 expression, and the induction o f these proteins by

phénobarbital,was shown in experiments using hypophysectomised rats (Murayama el
at., 1991; Yamazoe et al., 1990) or cultured hepatocytes (Waxman et al., 1990). It was
also shown that the addition of growth hormone, to primary cultures of hepatocytes,
completely blocked the induction of CYP2B1/2 mRNAs at the level of gene transcription
(S chuetz et al., 1990). This effect of growth hormone was specific for CYP2B1/2
induction, as it did not affect the phenobarbital-induction of other genes, such as
cytochrome P450 reductase.

The negative influence that growth hormone exerts on CYP2B1 and CYP2B2 expression
is in contrast to its effect on other phenobarbital-inducible cytochromes P450, such as
CYP2C6, CYP2C7 and CYP2C11, which are 'switched on' in puberty with the onset of
growth hormone circulation. The control of the CYP2C genes is more complicated.
Intermittent injections of growth hormone (male pattern secretion) increase CYP2C11
expression and continuously elevated levels of the hormone (female pattern secretion)
inhibit its expression (Lund et al., 1992). The thyroid hormone, Tg, also suppresses the
expression of CYP2B1 and CYP2B2, with a much stronger effect on CYP2B2
expression (M urayama et al., 1991; Waxman et al., 1990). In fact, Tg, also exerts a
negative influence on the phenobarbital-induction of CYP2B1 and CYP2B2. However,
Tg, induces the expression of CYP2C. Glucocoricoids also affect the expression of
v ario u s

cytochrom es P450. A dm inistration o f the synthetic glucocorticoid,

dexamethasone, to primary cultures of hepatocytes increases the expression of
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CYP2B1/2, CYP3A1/2, CYP2C6 and CYP2C7 mRNAs (Kocareker a i, 1993).

Ageing is also seen to exert its effect on the expression of cytochromes P450. The
expression of CYP2B1/2, and their induction by phénobarbital is diminished, at the level
of gene transcription, with age (Rath et a i, 1988). Expression of CYP2B1 and CYP2B2
proteins is only slightly higher in male rats compared to untreated female rats, and no
marked sex-related differences are observed in the expression of these two proteins (Kato
et al., 1993 and reviewed in Ryan et a i, 1990). Endogenous factors, such as the
cytokines, produced in states of inflammation and infection, downregulate the expression
of some cytochromes P450 (Abdel-Razzak et at., 1993; Gonzalez et at., 1986). For
example, in adult human hepatocytes primary cultures, treted with various cytokines,
CYP1A2, CYP2C, CYP2E1 and CYP3A were decreased. This is an important
consideration when chemotherapeutic drugs, metabolised by cytochromes P450, are
given to cancer patients in conjunction with immunosupressive agents when a variety of
these agents the decline of total cytochrome P450 levels to 30-60% (Gonzalez et at.,
1986).

1.1.7c C Y P 2 B 1 a n d C Y P 2 B 2 gene stru c tu re
Molecular cloning and sequence analysis of cDNAs and genomic fragments encoding
CYP2B1 and CYP2B2 has led to a greater understanding of their structure (Atchison et
at., 1983b; Fujii-Kuriyama et at., 1982; Kumar et al., 1983; Phillips et al., 1983b; Suwa
et al., 1985). Members of the CYP2B subfamily have been isolated from human, mouse,
dog, guinea pig, and sheep (reviewed in Nelson eta l., 1993). CYP2B genes have been
mapped to one distinct chromosomal locus, chromosomes 1, 19 and 7 in rat, human and
mouse respectively (Rampersaud et al., 1987; Santisteban et al., 1988; Simmons et al.,
1983).

The CYP2B1 gene is 23 kb long and consists of 9 introns, which are seperated by 8
intervening sequences (Suwa et al., 1985). The CYP2B2 gene has a similar gene
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structure, except for the differences in the first intron. This intron is much longer in
CYP2B1 (-1 2 kb) than in CYP2B2 (3.2 kb) (Suwa et al., 1985). There are 9 distinct
genes which hybridise to either CYP2B1 or CYP2B2 (Adesnik et at., 1986).

Although the mRNA species encoded by CYP2B1 and CYP2B2 are very similar, they
can be differentiated using oligonucleotide specific probes and northern blotting
experiments (Omiecinski, 1986) or RT/PCR (O m iecinski et at., 1990) or RNase
protection assays (Palmer, 1991; Friedberg et at., 1990). In exons 6 and 7 of the
corresponding genes the overall similarity in nucleotide sequence drops to ~90%(Adesnik
et at., 1986). Probes used to differentiate between the two mRNAs are encoded by this
section of their genes. Even so there is still a very high degree of similarity between the
nucleotide coding sequences, even in this hypervariable region, which renders the
differentiation between the mRNA species of these two isoforms a difficult task
(discussed in section 3.2.2c).

l.l.T d CYP2B1 and CYP2B2 induction by phénobarbital
The increase in CYP2B1/2 by phénobarbital was shown to be due to de novo protein
synthesis, resulting from an increase of their corresponding mRNA species (Adesnik et
a t., 1981; Phillips gf a/., 1981; Shephard e ta l., 1983 ; Shephard e ta l., 1982). The
increase of CYP2B1/2 mRNA was subsequently shown to be due to transcriptional
activation by phénobarbital (Atchison e ta l., 1983a; Hardwick

al., 1983; Pike et al.,

1985). However, because of the high nucleotide sequence similarity between CYP2B1
and CYP2B2 mRNAs, the cDNA probe used in the 'run-on’ transcription assay
hybridises to both CYP2B1 and CYP2B2 mRNA transcripts. It is not therefore known
whether both CYP2B1 and CYP2B2 mRNA species are increased at the transcriptional
level by phénobarbital (reviewed in Waxman et a i, 1992).

The nucleotide sequences upstream of the transcription initiation sites of the CYP2B1 and
CYP2B2 are very similar (Suwa et al., 1985). Both genes have a modified TATA box
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(GATAAAA), about 20 bases upstream of their initiation sites. A major difference in the
upstream sequences of the two genes is in the number of 'CA repeats' located at -250.
There are five in the CYP2B1 gene and 19 in the CYP2B2 gene (Suwa et al,, 1985). A
glucocorticoid responsive element (ORE) and CCAAT sequence have been identified
between -1339 and -1357 (Jaiswal et al., 1987). Together these elements may constitute a
glucocoricoid responsive unit (CRU) (reviewed in Grange et al., 1991). The presence of
this putative GRU could possibly explain the increase of CYP2B1 and CYP2B2 mRNAs
following dexamethasone administration. In a study by Shaw et al. (1994), it was also
shown that the antiglucocorticoid drug, RU486, totally blocked the activity of CYP2B1
and

C Y P 2 B 2 prom oter constructs transfected into hepatom a cells, following

phénobarbital or dexamethasone treatment. The induction of CYP2B1 and CYP2B2 by
dexamethasone, raises the possibility that a steroid receptor might be involved in the
phenobarbital-induction of these two genes.

The induction mechanisms of members of two other cytochrome P450 subfamilies,
C Y P lA l and CYP4As, have been shown to be mediated by receptors. C Y P lA l
expression is regulated by the aryl hydrocarbon hydroxylase (Ah) receptor (Reviewed in
Sw anson et al., 1993). Members of the CYP4A family are induced by peroxisome
proliferaters through the action of the PPAR receptor (Issem ann et al., 1990, and
discussed in section 1.1.8d). A receptor mediated induction of CYP2B1 and CYP2B2
gene expression by phénobarbital has been suggested. However, the difficulties in
establishing a cell culture system that mirrors the in vivo response of hepatocytes to
inducers, such as phénobarbital, and preserves the expression of C YP2B genes
(discussed in section 1.4.5) has hampered studies on the regulation of these two genes.
Such a cell system would allow transfection experiments using CYP2B1 and CYP2B2
promoter constucts to be carried out.

In the absence of a suitable phenobarbital-responsive system the identification of the 5'
flanking regions, that contribute to enhance or repress phenobarbital-induction, has been
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achieved in our laboratory using nuclear extracts from the livers of untreated and
phenobarbi tal-treated rats and coupled with a cell-free in vitro transcription system, gel
retardation assays and DNase I footprinting (Shephard et al., 1994). This study showed
that two regions in the upstream promoter of the CYP2B2 gene (-183 to -199 and -31 to
-72) bind nuclear proteins which are either more abundant or activated in the livers of
phenobarbi tal-treated rats. The study also showed that the amount of protein bound from
the liver nuclear extracts isolated from phénobarbital treated animals are approximately
4-fold that observed with those from untreated animals. This is nearly the same degree of
induction observed in

the

CYP2B2

mRNA

isolated from

the

livers o f

phenobarbi tal - treated rats (Akrawi et a i, 1993a; Omiecinski, 1986). A different approach
has also been tried using transgenic mice with various rat CY2B2 5' flanking regions
(Omiecinski et a l, 1993). This study showed that the group of mice whose transgene the
whole CYP2B2 gene, but only SOO bp of the 5' proximal sequence, were not inducible in
transgenic mouse liver or extrahepatic tissues.

Although the above experiments and others have shown that there are certain regions
within the 5' flanking regions of the CYP2B1 and CYP2B2 genes important for their
basal and phenobarbital-induced expression, there is still no definite explanation of the
induction phenomena (reviewed in Waxman etal., 1992). A receptor-mediated induction
theory, whether it is a phenobarbital-specific or steroid receptor, is still not substantiated
by any experimental evidence.

1,1.8 T he c lo fib ra te -in d u c ib le CYP4A su b fam ily
Members of the CYP4A subfamily are known as lauric acid co-hydroxylases because of
their specificity in hydroxylating long or medium length fatty acids at the co and co-1
positions. For example, CYP4A1 hydroxylates laurate, palmitate and arachidonate, with
a preference for hydroxylation at the co position (Bains et a l, 1985; CaJacob et a l, 1988;
Gibson e t a l , 1982; Hardwick e ta l, 1987;Tamburini e t a l , 1984). These proteins also
carry out the co-hydroxylation of prostaglandins and leukotrienes (reviewed in Kusunose,
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1993).

Members of this subfamily are induced by hypolipidaemic drugs, such as clofibrate
(Gibson etal.^ 1982; K im ura^/^/., 1989a; Kimura eta l., 1989b; Kusunose, 1993), and
other structurally diverse xenobiotics that are all classed as peroxisome proliféra tors. As
well as producing hepatomegaly, hyperplasia and peroxisome proliferation in rat liver,
these compounds also induce enzymes of peroxisomal 6-oxidation, such as as acyl CoA
oxidase and, to a lesser extent, mitochondrial 6-oxidation. The effects produced by
peroxisome proliféra tors is also mirrored by pathophysiological states, such as, high fat
diets, diabetes or starvation (reviewed in Berge

a/., 1994; Gibson, 1989; Green, 1992;

Green et al., 1994; Kusunose, 1993). Classical inducers of other cytochromes P450,
such as phénobarbital, dexamethasone or 3-methycholanthrene were shown to have no
effect on increasing the activity, mRNA concentration or protein content of the rat
CYP4As in the liver (Bergen/ al., 1994; Gibson, 1989; Green, 1992; Green e ta l., 1994;
Kusunose, 1993).

None of the inducing xenobiotics has been reported to be a substrate for the CYP4As,
therefore, the induction of CYP4A activity has been measured by the production of 11hydroxy: 12-hydroxy (co-l:o)) metabolites, mainly using lauric acid as a substrate. The
ratio of its œ-Tco activity is usually more favourable towards producing the co-hydroxy
metabolite (1:17). This in contrast to other cytochromes P450, such as CYP2B1, which
produces a ratio of 8:1 of the same m etabolites, but at a slow er rate than
CYP4As (CaJacob et al., 1988).

1.1.8a Tissue-specific expression and species differences
CYP4A1 was first isolated, in a purified form, from rat liver (Tamburini et al., 1984),
followed by the cloning of its cDNA (Eamshaw et a i, 1988; Hardwick et al., 1987).
Western blot analysis using anti-CYP4Al antisera revealed the presence of two separate
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protein bands on SDS/PAGE gels with M rO Ï 51,500 and 52,000 in microsomes of
untreated rats. Both proteins were inducible by clofibrate, and the lower band comigrated
with purified CYP4A1 (CaJacob et al., 1988; Hardwick el at., 1987). The absolute
identity of this band is still unknown, although it is thought to represent another member
of the CYP4A subfamily. The CYP4A subfamily is now known to consist of several
members, whose cDNAs or genes, have been cloned (a total of 13 in various species).
The genes encoding CYP4As have been isolated from rat {CYP4A1-3 & CYP4A8),
rabbit (CYP4A4-7), mouse {Cyp4a-10Sc Cyp4a-12), human {CYP4A9 & CYP411) and
Guinea pig (CYP4A13) (reviewed in Nelson et al., 1993). CYP4As are expressed mainly
in the liver and kidney, but have also been detected and isolated from the lung, and small
intestine (reviewed in Gibson, 1994; Nelson et al., 1993).

Kimura etal. (1989b) expressed a CYP4A3 cDNA, in a bacterial system and produced a
protein with a Mr of 52,500, that was recognised by an anti-CYP4Al antibody. This
led these investigators to suggest that this protein might be the lower band detected, by the
same antibody, in the western blot carried out by Hardwick, etal. (1987). However, the
same study by Kimura et al. also mentions the isolation of a CYP4A3 protein from
clofibrate treated rats. The expression of this protein is quite low in the liver of untreated
rats and is induced diabetec or starved animals. The M r 52,000 protein is definitely
expressed in liver microsomes of untreated rats in substantial amounts and it seems
unlikely to be the CYP4A3 protein.

CYP4A1, CYP4A2 and CYP4A3 mRNAS are differentially regulated (Kimura et al.,
1989b and reviewed in Kusunose, 1993). All three mRNA species were shown to be
expressed in the liver and induced by clofibrate in the liver and kidney. Only CYP4A2
mRNA is constitutively expressed at high concentrations in kidneys of untreated male rats
(Kimura et al., 1989b). In the liver, immunohistochemical studies have shown that
CYP4A1 is mainly induced in the centrilobular region (Bell et al., 1991), similar to what
is observed for CYP2B1/2 mRNA (discussed in section 1.4.1). All three mRNA species
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are induced in a dose-dependent manner in rat liver (Bell et al., 1991; Kimura et at.,
1989b).

CYP4A2 and CYP4A3 and CYP4A8 mRNAs have also been detected in various regions
of the rat brain in low abundance, using a sensitive PCR method (Stromstedt et at.,
1994). In the same study, CYP4A protein was detected in the brain, using an
anti-CYP4A antisera. Although the amounts were calculated by the authors to be only
0.1% of the CYP4 detected in rat liver. However, further studies need to be carried out to
characterise and quantify brain CYP4As, to find out w hether they represent new
members of this subfamily, and to define their substrate specificities and if they represent
functional proteins. It would also be interesting to see whether the expression of
CYP4A2 and CYP4A3 in the brain is regulated in a similar manner to that observed in
other tissues and whether their expression is affected by pituitary hormones or classical
xenobiotic inducers of the CYP4A subfamily. CYP4A4, is expressed in rabbit lung, liver
and uterus and is induced in these tissues by progesterone treatment and during
pregnancy. This rabbit lung isoform has a substrate specificity for w-hydroxylating
prostaglandins but not lauric acid. It is not inducible by peroxisome proliferating
compounds, and shows that the CYP4A forms induced in the liver and kidney are
regulated differently from CYP4A4 (reviewed in Gibson, 1994; Gonzalez, 1989;
Kusunose, 1993; Stromstedt e/ at., 1994). The human liver CYP4A isoform isolated by
Kawashima et al. (1994) shows substrate specificity for the w-hydroxylation of laurate
and other fatty acids, but not of palmitate, arachidonate or PGAi. However, the presence
o f two distinct bands following western blot analysis {Mr 52,000 and Mr 50,(X)0) in
human microsomal preparations, and evidence of œ-hydroxylation activity of PGAi in
these microsomal membranes, led the authors to believe that there must be another human
liver CYP4A capable of w-hydroxylating PGAi (Kawashima et al., 1994).

1.1.8b Hormonal and developmental regulation
Hormonal and developmental studies were carried out on the expression of mouse
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Cyp4as expressed in the liver and kidney (H enderson et a l., 1994). U sing an
anti-C Y P4A l antibody, three proteins were detected in mouse liver microsomal
membranes but only two of the proteins were found in mouse kidney microsomal
membranes. The expression of the hepatic and renal Cyp4as develop gradually from
birth. Growth hormone and testosterone regulate the expression and induction of these
Cyp4as in the liver and kidney, respectively (Henderson e ta l., 1994). As well as being
induced by clofibrate treatment in both the liver and kidney, a liver Cyp4a was also
induced by dexamethasone and phénobarbital in hypophysectomised mice. Although the
latter two inducers did not increase the mRNA encoding Cyp4a-10. It is not clear whether
phénobarbital and dexamethasone merely stabilise the protein product and/or interfere
with growth hormone secretion. The effects of these xenobiotics and growth hormone
could be individually tested on mouse hepatocytes in culture to further clarify their effects
on CYP4A expression. Similar experiments have been carried out on CYP2B and
CYP2C proteins in rat hepatocytes (discussed in section 1.1.7b). Sexual differentiation
has also been shown for the rat CYP4As, where CYP4A1 and CYP4A3 are induced by
clofibrate in the livers of male rats to higher concentrations than in female rat livers. The
expression of CYP4A2 in the rat kidney is male-specific (reviewed in Gibson, 1994).

The regulation of the different members of the CYP4A subfamily appears to be under
complex hormonal influence and they exhibit tissue-specific expression and induction
patterns reminiscent of the variations observed for other subfamilies such as CYP2B.
Elucidation of the promoters and upstream sequences of the genes encoding the CYP4As
and studies on the c/j-elements and /ra/w-acting factors with which these sequences
interact, could possibly help to explain the differences observed in the regulation of these
genes.

1.1.8c C Y P 4 A 1 , CYP4A2 and CYP4A3 Gene structure:
On the basis of amino acid sequence the CYP4A family is one of the oldest gene families,
thought to have diverged from a common ancestor more that 1.25 billion years ago
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(Ncbcit etoL, 1987b). Nucleotide sequencing of the isolated CYP4A genes revealed that
the CYP4A1 gene contains 13 exons, and the CYP4A2 gene, 12 exons. Comparison of
tlie upstream nucleotides, showed that neither gene has a TATA box in the usual position.
Other features in common between tlie CYP4A1 and the CYP4A2 genes are the presence
of a highly conserved 19-bp box, with 18 nucleotides in common, and a conserved
GATTTA sequence between positions -20 and -25. The CYP4A genes were mapped to
chromosome 4 in mouse and hamster (Kimura et al, 1989a) and to chromosome 1 in
man (reviewed in Nelson e t a l , 1993).
1

CYP4A1 (%)

CYP4A2 (%)

|C Y P 4 A 1

72

|cY P 4 A 2

66

|cY P 4 A 3

65

CYP4A3 (%)
72
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T able 2: The percentage of similarity in nucleotide (unshaded cells) and amino acid
(shaded cells) sequences between members of the rat CYP4A gene subfamily
(adapted from Kimura et al 1989a)
1.1.8d R eceptor-m ediated peroxisom e p ro liferatio n
The increase in CYP4A1 mRNA by clofibrate is, at least in part, due to transcriptional
activation (Hardwick et al., 1987). CYP4A1 mRNA was shown to be induced prior to
that of acyl-CoA oxidase, a key marker of peroxisomal proliferator action (Bell et al,
1991). Others have shown that the induction of CYP4A1 and acyl-CoA oxidase mRNAs
are parallel events, and can be detected as early as 2 hours after treatment with
peroxisome proliferators (reviewed in Green, 1992). The latter observation was
confinned by Berge and Hvattum (1994), using the peroxisome proliferators 3-thia fatty
acids. These workers also demonstrated that the induction kinetics of the two mRNA
species correlated well with the potency of the inducers as peroxisome proliferators
(reviewed in Berge e t a l , 1994). Peroxisome proliferators have been known to induce
tumours in rodents, the mechanism of which is still unknown. Reddy et a l (1980) have
proposed that oxidative stress, could play a role in tumour development, in that excessive
production of hydrogen peroxide, by the increased peroxisomal fatty acid 6-oxidation,
leads to DNA damage and tumour initiation (Reddy et a l , 1980 and reviewed in Green,
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1992). No direct initiation of tumours by peroxisome proliferating compounds has been
demonstrated, but evidence of tumour promotion has been shown (reviewed in Berge et
a i, 1994; Green, 1992; G reene/ aL, 1994).
A receptor, belonging to the nuclear hormone, family was first isolated from mouse liver
and found to be activated by a variety of peroxisome proliferators (Issemann el al.,
1990). The receptor was named PPAR (Peroxisome Proliferator Activated Receptor). A
good correlation was observed between the ability of the compounds to activate the
receptor and their potency as peroxisome proliferators. The tissue-specific expression of
the PPAR also correlated well with the response to peroxisome proliferation, with the
highest levels of expression detected in the liver (Issemann et al., 1990). The PPAR is
also expressed in various other organs where CYP4As and acyl-CoA oxidase are induced
by peroxisome proliferators (Issemann etal., 1990 and reviewed in Green, 1992; Green
et al., 1994; Issemann et al., 1990).

Peroxisome proliferators are a structurally diverse group of compounds, the only features
in common being the frequent presence of a carboxylic group and a hydrophobic
backbone (> 6 carbon atoms). It has therefore been postulated that the ligand to the PPAR
is an endogenous substance, such as steroids, cholesterol metabolites and fatty acids, or
their CoA esters, which many peroxisome proliferators are metabolised to. In fact,
Gottlicher et al. (Gottlicher et al., 1992) showed that fatty acids activate the rat PPAR, the
minimum requirement being a chain length of > 6 carbon atoms. Banner et al. (Banner e/
a l, 1993) purified endogenous activators for the rat PPAR from lipophilic components of
human plasma that, when analysed, were found to be a complex mixture of fatty acids
(palmitic, oleic, linoleic and arachidonic acids). It is interesting to note that some
peroxisome proliferators interact with liver fatty acid binding protein (FABP), and as a
result, displace some fatty acids, possibly increasing the level o f intracellular fatty acids
(reviewed in Berge et al., 1994; Green, 1992; Green et al., 1994).
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Recently, Gottlicher et al. (1993) showed that w-3 unsaturated fatty acids were potent
activators of the PPAR. Analysis of the upstream sequence of the acyl-CoA gene has
revealed the presence of c/j-acting regulatory DNA sequences that are similar to those that
bind other receptors of the nuclear hormone family (Osumi et at., 1991). These
sequences (named Peroxisome Proliferator Responsive Elements, PPRE) were shown to
bind to the PPAR (Green, 1992). Response elements closley related to the PPREs,
identified in the acyl-CoA gene, have been identified upstream of the rabbit CYP4A6
gene (Muerhoff e ta l, 1992), the rat CYP4A1 gene (Palmer er a/., 1994). Examination of
the published upstream sequences of the rat CYP4A genes, using Mac Vector

software,

also revealed the presence of some of these sequences (TGACCT or TGAACT) in
CYP4A1 and CYP4A2 genes.

The PPAR has also been shown to heterodimerise with other receptors from the steroid
horm one receptor family. Bogazzi e ta l. (1994) showed that the mouse PPAR
heterodimerises with a thyroid hormone receptor and has a positive or negative influence
on the latter receptor. Palmer gf al. (1994) have shown that the mouse PPARa binds to a
proximal PPRE, upstream of the CYP4A6 gene, which also binds R X R aand ARP-1.
The R X R a receptor acts synergistically with the P P A R a whereas the ARP-1 acts
antagonistically. A similar PPRE, found in the rat CYP4A1 promoter, did not bind any of
the three receptors (Palmer et al., 1994). Co-transfection experiments using PPARa and
R X R a have shown that the binding of PPARa to promoter elements of the acyl-CoA
oxidase or CYP4A6 is always dependent on the presence of RXRa (reviewed in Palmer
et al., 1994). Other forms of the PPAR genes have recently been cloned (PPARy and
PPARô) in a study that suggested that the tissue specific response to peroxisome
proliferators could be due, in part, to the differential expression of PPAR isoforms with
distinct responses to pharmacological stimuli (Kliewer et al., 1994). There are also
regions of similarity between the upstream promoters of the PPAR genes and that of the
acyl-CoA oxidase. These genes however remain to be examined and tested for binding of
putative transcription factors.
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Preliminary results have recently shown that a heterodimer of the mouse PPAR-a and the
mouse R X R -a bind to two enhancer sequences over 4300 bases upstream of the
CYP4A1 transcription site. These two enhancer sequences were shown to be involvedL
although not very strongly, in positively mediating the induction of the rat CYP4A1 gene
by peroxisome proliferators, (Aldridge etal., 1995). All three PPAR receptor isoforms,
using mouse cDNAs as hybridisation probes, were shown to be expressed in various rat
tissues. It is therefore possibile that binding of PPAR to the rat PPREs might require
different binding conditions than those used in the rabbit CYP4A gene. It also remains to
be seen whether the PPAR isolated from rat will bind to the sequences presently
identified as rat PPREs.

None of the studies carried out, to date, present direct evidence that any of the
peroxisome proliferators tested bind directly to the PPAR. This, combined with the fact
that PPARs seem to regulate several genes, the products of which are involved in several
key metabolic pathways, suggests a role for the PPARs in regulating metabolic and
nutritional control of gene expression. This hypothesis is suggested by Lemberger. et
<7/.(I994), and is supported by the observation of a 10-fold variation in the interindividual
expression of PPA R a mRNA concentration in adult rat liver. These investigators
suggested a role for hormones, such as glucocorticoids, in regulating PPAR gene
expression. They went on to prove this theory by using a specific glucocorticoid
antagonist, RU 486, to block the induction of PPARa mRNA by glucocorticoids, in
cultured primary hepatocytes. Nuclear 'run-on' analysis showed that PPA Ra gene is
controlled by glucocorticoids at the level of transcription. This induction was also shown
to be mediated by preexisiting glucocorticoid receptor, as cycloheximide treatment of the
hepatocytes did not prevent it. The results of this study might also explain the hormonal
regulation of mouse Cyp4a expression and the induction o f these proteins by
dexamethasone and phénobarbital discussed earier (Henderson e ta l., 1994). Keeping in
mind that RU486 also blocks the induction of CYP2B genes by phénobarbital (Shaw et
al., 1993), it would be interesting to speculate whether, if a phenobarbi tal-activated
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receptor were isolated, its expression would also be regulated by the glucocorticoid
receptor.

1.2 Glutathione 5-tran sferases
1.2.1 Introduction
Glutathione 5-transferases (GSTs) are a family of isoenzymes that catalyse the
conjugation of glutathione to electrophilic compounds. In this capacity, GSTs act as
phase II drug metabolising enzymes when they catalyse the conjugation of glutathione to
xenobiotics, functionalised to strong electrophiles by phase I drug metabolism reactions,
to form conjugates that are non-toxic (in most cases). Therefore, GSTs are recognised as
vital in the intracellular detoxification of mutagens, carcinogens and other toxic
compounds. GST isoenzymes are found in a wide range of species, from animals to
plants, insects, parasites, yeast, fungi and bacteria. In mammals GSTs are mainly found
in the liver cytosol but have also been identified in the cytosol of other tissues, such as
lung, kidney and gut (reviewed in Daniel, 1993; Gibson and Skett, 1994).

Investigations of the cytosolic forms identified in rat human and mouse tissues consist of
homodimers or heterodimers of subunits. The rat cytosolic forms have been classified
into four groups: Alpha, Mu, Pi and Theta In the liver cytosol the major subunits are 1
and 2 (Alpha family), subunits 3 and 4 ( Mu family) and subunit 7 (Pi family).

1.2.2 Expression of GSTs in cultured hepatocytes
The main hepatic subunits (1 ,2 , 3 and 4) are expressed in greater amounts in male rat
livers than in the female (Rogiers et al., 1991). Subunit? is found in foetal hepatocytes
and not in adult parenchymal liver cells (reviewed in Vandenberghe et al., 1992).
However, when adult hepatocytes are placed in culture, there is a marked drop in the
expression of GST 1 and 2 subunits, a rise in the expression of subunit 3, stabilisation of
subunit 4 and de novo synthesis of subunit 7 after few days in culture (Vandenberghe et
al., 1990a). These changes in GST expression are the indication of the Toetalisation' of
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hepatocytes in culture and were shown to occur at the level of gene transcription
(Vandenberghe et al., 1990b). Subunit 7 has also been detected in livers, in the early
stages of hepatocarcinogenesis (reviewed in Daniel, 1993).

The decrease in transcription levels of subunits 1 and 2 was shown to be delayed, and in
fact reversed, when factors such as nicotinamide or DMSO were added to the culture
media and also when hepatocytes were co-cultured with epithelial cells (Vandenberghe et
at., 1992). Subunit 7 was expressed de novo in both conventionally cultured and, to a
lesser degree, co-cultured hepatocytes and was slightly decreased by the addition of
DMSO in both culture systems (Vandenberghe et at., 1990a). However, by analysing
each cell type separately, following co-culture, it was discovered that most of the subunit
7 mRNA detected was contributed by the helper epithelial cells and not the hepatocytes in
the co-culture system. Using subunit 7 as a marker of differentiation in culture it was
therefore concluded that co-cultured hepatocytes maintain their differentiated state far
better than those cultured conventionally (Vandenberghe et al., 1992). In long-term
co-culture it was observed that the expression of subunits 1 and 2 was maintained for up
to 16 days. On the whole, the various changes to culture media composition was seen to
affect the expression of various GST mRNAs to a lesser degree in the co-cultures than in
conventional cultures. Further demonstrating the stabilisation of adult liver expression
patterns in the co-cultured hapatocytes, without the need for external factors to stabilise
them (Vandenberghe et al., 1992).

1.2.3 Effects of phénobarbital on GSTs
Treatment of rats with phénobarbital increased the expression of subunits 1/2 and 3 /4
mRNA species in the liver. Subunit 7 mRNA was not detected in vivo even after
treatment with phénobarbital (Rogiers e/ al., 1991). In vitro, phénobarbital increases the
expression of subunits 1, 3, and 7 more than 2 and 4. Only the mRNAs encoding
subunits 1/2 and 7 were increased after phénobarbital addition to cultured hepatocytes
(Vandenberghe et al., 1989). Nuclear run-on experiments showed that the increases in
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GST mRNAs observed in cultured hepatocytes following exposure to phénobarbital was
in fact due to and increased rate of transcription of the corresponding GST genes
(Vandenberghe et al., 1991).

1.3 HNF-4 : A liver-enriched transcription factor
1.3.1 Introduction
Liver-enriched transcription factors are nuclear proteins that contribute to regulation of
liver gene transcription. These proteins are located in the nucleii of hepatocytes, although
not exclusively, because they have also been detected in many other cell types in various
tissues (reviewed in Lai et at., 1991). However, they are expressed in higher
concentrations in hepatocytes than any other cell type. These transcription factors have
been shown to contribute to enhance the transcription of liver genes, such as the albumin
gene by binding to the enhancer and proximal sequences upstream of the transcription
start-site (Angrand et a t., 1992; Cereghini et a t., 1988). The four main types of
liver-enriched transcription factors are: C/EBP (a and p), H N F-l(a and p), HNF-3 (a, p
and y) and HNF-4 (Lai et al., 1991).

The regulation and function of these transcription factors have mainly been studied in
hepatoma cell lines such as the rat hepatoma cell lines derived from Reuber H35
hepatoma (Angrand et al., 1992; Cereghini et al., 1988; Kuo et al., 1992). In studies
using a dedifferentiated hepatoma derived from that cell line (called C2), it was shown
that the expression of both HNF- la and HNF-4 was correlated with the loss of liver
phenotype and liver-specific mRNAs (reviewed in Kuo et al., 1992). However, in a
revertant cell line, Rev7, hepatocyte morphology was restored along with the expression
of liver-specific genes. In Rev7, if was shown that the expression of both H N F - la and
HNF-4 mRNAs and DNA-binding activity was restored, implicating these two factors in
the expression of liver specific gene expression (Kuo etal., 1992). In the latter study, a
genetic hierarchy was also established, by which the presence of HNF-4 could induce the
expression of HNF- la in cell lines deficient in HN F- la expression. Whereas, the
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HNF-1 proteins belong to the family of POU-Homedomain proteins, HNF-4 is a
m em ber of the steroid-thyroid reeeptor superfamily. H N F-4 has no recognised
DNA-binding motif in promoter sequences. Like many other transcription factors in its
superfamily, such as the PPAR, HNF-4 has no recognised ligand, and is therefore called
an orphan receptor (Lai et a i, 1991).

1.3.2 R eg u latio n of C Y P 2 C

expression by H N F-4

Apart from the association with differentiated liver phenotype and the contribution to the
regulation of H N F -la expression, HNF-4 was recently shown to bind to a
transcriptional regulatory element in a CYP2C gene (Chen et al., 1994). Chen et al.
suggested that HNF-4 might therefore be involved in the regulation of various CYP2
genes. DNase I footprint analyses and gel retadation experiments showed that HNF-4
was a primary positive regulatory factor in the basal expression of the CYP2C gene in the
liver and kidney. However, DNase I footprinting experiments, showed that no increase
in protein binding to the promoter of the gene was observed with nuclear extracts isolated
from phe nobarbi tal -treated animals than those isolated from untreated animals (Chen et
a l , 1994).

This involvement in the possible regulation of cytochrome P450 gene expression and in
the expression of differentiated liver phenotype led to the interest of examining HNF-4
mRNA expression in co-cultured rat hepatocytes and to compare its expression in
conventionally cultured hepatocytes. The study would help to show if the co-eulture of
hepatocytes with the epithelial cells would indeed sustain the expression of HNF-4
mRNA for a longer time and how its expression in the two cell culture systems compare
to that observed in vivo. It would be interesting to study whether the steady-state mRNA
concentration of HNF-4 in cultured hepatocytes, parallels those of the cytochrome P450
genes examined in the scope of this thesis. Furthermore, since HNF-4 is found to be
involved in the regulation of the phenobarbital-inducible C YP2C genes, it would be
interesting to see if the steady-state concentrations of HNF-4 mRNA is affected by the
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administration of phénobarbital in vivo and in vitro.

1.4 The Liver
The liver is a complex organ acting as a guardian between the digestive tract (and the
spleen) and the rest of the body. One aspect of this function is the handling of large
am ounts of nutrient amino acids, carbohydrates, lipids, vitamins and pollutant
xenobiotics that enter the body in food and water. A major hepatic function involves
effective uptake of substrates from the intestine and their subsequent storage, metabolism
and distribution to blood and bile. Another function of the liver is the biotransformation
of xenobiotic pollutants, drugs and endogenous metabolites. These processes occur in the
cytosol, endoplasmic reticulum and nuclear envelope. Although oxidative and
non-oxidative biotransformation systems are present in other organs, particularly,
kidney, small intestine and several endocrine glands, these systems are quantitatively
most active in the liver and have been best studied in this organ. The liver is also
responsible for the synthesis of bile acids, urea and most plasma proteins (such as
albumin) (Arias et al, 1988).

1.4.1 Distribution of cytochromes P450 in the liver acinus
The liver acinus is considered to be the structural and functional unit of the liver. This
structure is a three-dimensional organisation of parenchymal cells known as hepatocytes
in which all cells are perfused by the same system, a terminal portal venule and terminal
hepatic arteriole (fig. 1.2). Hepatocytes surrounding the terminal portal venule, which
receives blood with the highest concentration of incoming solutes, are called zone 1
hepatocytes. In contrast, those cells surrounding the hepatic venules are called zone 3
hepatocytes, and between the two are zone 2 hepatocytes (reviewed in Gumcio et at.,
1988). Some forms of cytochromes P450, such as C Y P lA l/2 and CYP2B1/2 are
expressed in a zone-specific manner. The methylcholanthrene inducible cytochromes
P450 (C Y P lA l/2) were shown to be predominantly located in zone 3 hepatocytes. The
expression of CYP2B1/2 seems to be concentrated in perivenous hepatocytes (zone 3) in
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Figure 1,2: Diagram showing the position of the hepatocytes in the three-dimensional
organisation of the liver.
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untreated rats, the expression pattern is different in the livers of phenobarbi tal-treated
rats. In the induced animals there is greater abundance of CYP2B1/2 expression in zone
1, zone 2 and zone 3 hepatocytes, slightly different to the expression patterns of CYP2C6
and CYP3AI (only zone 1) in the induced animals (Biihler et a l, 1992; Omiecinski et a l,
1990; Traber el a l, 1989). Bars and El combe (1991a) demonstrated that acinar induction
of cytochromes P450 in rat liver is dose-dependent. They showed that the induction of
C Y P lA l and CYP2B1/2 was not dependent on the acinar location of hepatocytes when
the inducers were administered in high doses. On the whole, these results show that
alm ost all hepatocytes, regardless of their position in the acinus, are potentially
responsive to phénobarbital. This is in agreement with previous a study by Traber et. a l
(1989) in which rat hepatocytes were transplanted into the spleen and still retained high
amounts of CYP2B1/2 (protein and mRNA) expression and induction by phenobarbtial.
This study suggested that once hepatocytes have gained the necessary requirements for
the expression of these two proteins and their induction by phénobarbital in the acinar
environment, they retain this ability regardless of the acinar organisation and the
sinusoidal microenvironment found in the intact liver.
The induction of various phenobarbi tal-responsive cytochromes P450 seems to be
regulated in a zone-specific manner across the hepatic lobule, exhibiting variations in their
zonal response to phénobarbital. In contrast to the per ivenous expression of
cytochromes P450 in untreated rat, the mRNA expression pattern of albumin was shown
to be periportal (Traber et al., 1989).

1.4.2 Hepatocytes and other liver cell types
Hepatocytes constitute 65% of the cells in the liver. These cells have a three dimensional
polyhedral structure and are considered the main functional units of hepatic parenchyma.
Hepatocytes are the major sites for energy metabolism, urea synthesis, lipoprotein
metabolism, xenobiotic biotransformation, haem and bile pigment metabolism and
metabolism of various vitamins (e.g. vitamins A and D) (Arias et a l, 1988). Hepatocytes
produce a set of basement components, in their quiescent state, including proteoglycans
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(heparin sulphate and heparin), glycoproteins (fibronectin) and collagen species (type III
and type VI). These components are different when hepatocytes are in their regenerative
state. In this state hepatocytes produce laminin and type IV collagen (reviewed in Reid et
al., 1988).

Hepatocytes surround bile canaliculi (fig. 1.2), which are the main source of bile released
into the duodenum. The bile canaliculi are connected to ductules and ducts which form
the biliary passages. This system is lined by uniformly shaped epithelial cells that lack
almost all hepatocyte-specific functions but produce a distinct basement membrane
including proteoglycans (mainly heparin sulphate), adhesion glycoproteins (laminin) and
collagen species (e.g. type V). Hepatocytes are also in contact with other liver cell types
such as sinusoidal cells. These cells are of several cell types: Kupffer cells, endothelial
cells, fat storing cells (Ito cells) and Pit cells (Brouwer gf at., 1988). The main function
of sinusoidal cells is to create a barrier between parenchymal cells and blood. The most
effective of the sinusoidal cells in creating this barrier are endothelial cells because of their
lack of basement membrane, a property that facilitates the exchange between blood and
hepatocytes. The sinusoidal cells account for about 30% of the cells that make up the
liver. Another cell type present in the liver are fibroblasts, which are not in direct contact
with hepatocytes in vivo (Guguen-Guillouzo, 1986).

1.4.3 Hepatocytes in culture
Complex regulatory processes, involving both endogenous and exogenous factors are
exerted on hepatic metabolism in vivo and therefore, a number of investigators have
turned to simpler in vitro experimental models for studying drug metabolism and toxicity.
In addition, ethical and economical reasons have made in vitro models important as tools
for pharmacological and toxicological research. Most of these studies have been carried
out on rodent models. However, in view of the qualitative and quantitative interspecies
differences that commonly exist in hepatic metabolism of xenobiotics, interpretation of
the data must be done with caution (reviewed in Rogiers, 1993). Since the liver is the
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most important organ in the biotransformation of xenobiotics, the search for an in vitro
model has been especially focused on this tissue. Among the various models which
include perfused isolated liver, tissue slices, microsomes, isolated and cultured cells,
only the latter offers the opportunity to perform long-term studies in a well-defined
environment.

Primary monolayer culture of collagenase-prepared hepatocytes represent a homogeneous
cell preparation. This preparation lacks non-parenchymal liver cells, interstitial matrix and
other elements of the intact liver. Thus, it serves indirectly as a system for examining the
role of these factors in supporting normal hepatocellular function. The use of cell cultures
allows one to control numerous variables that affect the phenomena under specific
investigation and thus to analyse multiple parameters in the same experiment. In the past
the empirical value of cell culture was limited as only certain cell types (e.g. fibroblasts
and tumour cells) survive under classical culture conditions (reviewed in

Reid et al.,

1988). The cells that survive and grow exhibit patterns of gene expression that are more
similar to pathological states in vivo. The limitations in cell culture technology have been
eliminated, to some extent, with the knowledge that culture conditions must incorporate
the signals (hormones, and extracellular matrix components) derived from cell-cell
interactions and normally present in vivo. These various factors will be discussed in
detail with respect to their effect on liver-specific gene expression and on the maintenance
of biotransformation capacities of hepatocytes.

1.4.4 Loss of liver-specific gene expression
It has long been recognised that liver-specific protein synthesis often declines during the
first week of hepatocyte culture, but it was not until the work of Clayton and Darnell
(1983) that it was recognised that there is a sharp decline in liver-specific mRNA
transcripts (80-99% decrease). This decline in liver-specific gene transcription is in
complete contrast to general protein and RNA synthesis. A later study (Clayton et at.,
1985a) showed that the transcription of liver-specific genes depended on tissue
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organisation. They compared cultured mouse hepatocytes to liver slices and showed that
a high level of liver-specific transcription (20-100%) requires that hepatocytes be
organised in mature, intact tissue. The hepatocytes in the liver slices continued to
transcribe liver-specific mRNA at high rate in culture medium lacking added honnones or
serum for the 24-hour period obser\'ed. The study confirmed previous results (Jefferson
et al., 1984) which showed that although maintenance of high levels of liver-specific
mRNAs was possible in rat hepatocytes (cultured in serum-free, hormonally-defined
media), this was only due to increase stabilisation of the liver-specific mRNA. Thus it
was evident from these results that although hormones, serum and other soluble factors,
present in the culture media might sustain high levels of liver-specific mRNAs by
stabilisation of the transcripts, it was mainly cell-cell contact that produced higher
transcripts of liver-specific mRNA.

1.4.5 Loss of cytochromes P450 in cultured hepatocytes
Cultured hepatocytes represent an ideal tool enabling researchers to study the
biotransformation of various drugs, chemicals and hormones and their effect on phase I
and phase II biotransformation pathways. However, a major drawback to this method
was the finding that the amount of total cytochrome P450 (measured spectrally as
CO-binding haemoprotein) in hepatocytes, isolated from untreated rats, declines rapidly
during the first 24 hours of incubation with conventional culture media (Guzelian eta l.,
1977). Total cytochrome P450 was shown to decline by 68% during the first 72 hours in
culture (Steward et a l., 1985). Considering the potential usefulness of metabolically
competent liver cells, intensive efforts have been made over the last two decades to
establish a system by which cultured hepatocytes retain the expression and function of
their biotransformation capabilities, along with the morphology of nonproliferating adult
liver cells. The rate of loss of cytochrome P450 expression differs between hepatocytes
isolated from various species (reviewed in Schwarz et al., 1993). Human hepatocytes
retain about 50% of the initial cytochrome P450 content after 8 days in culture (Guillouzo
et al., 1985). However, the difficulties in obtaining human donors have led most
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researchers to concentrate their efforts into culturing rodent cells, mainly rats.

The overall changes in hepatic cytochrome P450 content actually reflects a number of
changes in the amount of several cytochromes P450. Early studies measured only total
cytochrome P450 content (Guzelian et a/., 1977; Paine et a l, 1980; Paine et a l, 1982;
Paine et a l, 1979; Paine et a l, 1978). Steward et a l (1985) were the first to quantify
various isoforms of cytochrome P450 in cultured rat hepatocytes. The latter study not
only documented the differential decline of distinct isoforms in cultured hepatocytes, but
also the maintenance of these isoforms and their response to well-known inducers in
various culture media. These researchers used antibodies to detect the following
cytochrome P450 isoforms: CYP2C11, CYP2A1, CYP2B1/2, CYP2C6, CYP3A1,
C Y P lA l and CYP1A2. Their results showed that although total cytochrome P450
content (as measured spectrally by CO-binding to haemoprotein) declined by 68% in
hepatocyes, over the first 72 hours in culture, the sum of immunoreactive cytochromes
P450 declined only 24%. Of course the antisera used did not measure the total amount of
P450 present, which might account for the discrepancy. Other researchers suggested that
the differences observed in the rates of decline in im m unochem ically and
spectrometrically determined levels of cytochrome P450 could be due to the dénaturation
of cytochrome P450 to P420 (Grant et a l, 1985). The study by Steward et a l (1985)
showed that under standard conditions of cell culture the concentrations of the individual
isoforms of cytochrome P450 decline at distinctly differing rates. CYP2C11 actually
increased as a function of time in culture, whereas CYP3A1 and CYP2C6 concentrations
changed very little over 72 hours. Other constitutive forms like CYP2A1 declined rapidly
to almost 12% of its initial value after 24 hours. Isoforms that were not detectable in
untreated hepatocytes were studied in hepatocytes isolated from rats treated with either
phénobarbital or 3-methylcholanthrene. In the cells isolated from phénobarbital -treated
rats, CYP2B1/2 protein was shown to decline to ~10% of its initial concentration after 4
days of culture and to ~5% by the fifth day. These two isoforms were shown to have one
of the fastest rates of decline, in hepatocytes cultured under conventional conditions.
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The reasons for the decrease of various cytochromes P450 in cultured hepatocytes are
still not clear. Changes in the metabolism of haem have been implicated (Engelmann et
al., 1985). However, the loss of cytochromes P450 in culture is also mirrored by the
progressive dedifferentiation of hepatocytes in culture (Guzelian el at., 1989). The
expression of cytochromes P450 and the decline in their activities are also accompanied
by a lack of response to common in vivo inducers of certain isoforms. While increased
production of C Y P lA l is still evident in primary cultures of hepatocytes exposed to
polycyclic aromatic hydrocarbons (Guzelian et al., 1977), the hepatocytes failed to
respond to phénobarbital by increasing production of CYP2B1 and CYP2B2. Fahl etal.
(1979) showed in an early study that although cultured hepatocytes responded to
phénobarbital by the increase in production of a certain isoform of cytochrome P450, the
isoform increased (known then as P448, now as C Y P lA l/2) was different in acitivity
and size to the forms induced in rat liver by this compound (CYP2B1/2).

The other major components of the mono-oxygenase system, namely cytochrome bs,
cytochrome bg reductase, cytochrome P450 reductase are maintained better in cultured
hepatocytes than are many cytochromes P450. The activities of these proteins were
shown to be at 100%, 35%, and 52% respectively after 72 hours in hepatocytes cultured
under conventional conditions (Grant et al., 1985).

1.4.6 Variant P450 expression in hepatoma cell lines:
The transcription rate in differentated clones of the Reuber H35 rat hepatoma cell line of
liver specific mRNAs are generally 1-30% of what is observed in vivo (Clayton et al.,
1985b). Although differentiated clones, like Fao express many cytochromes P450, the
expression of certain isoforms is different to the ratios found in adult liver. CYP2B1
mRNA is highly expressed and CYP2C6 mRNA is not, contrary to what is observed in
vivo (C orcos et al., 1990; Corcos et al., 1988). The induction of these two mRNA
species by phénobarbital is also contrary to the situation found in vivo , with CYP2B1
induced to lower amounts (2-fold) than CYP2C6 (14-fold). Phénobarbital induction does
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not seem to be specific in these cells, as C Y PlA l mRNA is also increased (Corcos et al.,
1988). Therefore, it is evident that permanent liver cell lines fail to mimic the quantitaitve
and qualitative expression patterns found in adult hepatocytes (reviewed in Schwarz zZ
a t., 1993). Even though these cells do not seem have relevance in xenobiotic
biotransformation studies, they are valuable tools in the study of liver differentiation and
the regulation of many liver-specific genes (Kuo et a i, 1992; Ott et al., 1984; Rollier et
al., 1993; S chw arz^/a/., 1993;Troncheef j/., 1990).

1 .4 .7

C o n d ition s

for

m aintaining

cytochrom es

P450

in

cultu red

hepatocytes
To reduce and prevent the loss of cytochromes P450 in cultured hepatocytes, various
approaches have been made to create an environment under which hepatocytes maintain
most of their liver-specific functions. These efforts have mainly been concerned with
changes in the culture media, plating the hepatocytes on various extracellular matrix
com ponents, transplanting them to other organs, or co-culturing them with
non-parenchymal cells. The general aims of all these studies has been to define the factors
responsible for the loss of cytochromes P450 in cultured hepatocytes and to reintroduce
them in a way that would not interfere with pharmacotoxicological or gene expression
studies. Ideally, the factors that help to maintain cytochromes P450 in culture should not
themselves be ligands and/or inducers of the enzymes. Some attempts carried out in this
field are discussed below.

1.4.7a Composition of culture media
A large number of culture media have been developed and tested for their ability to
maintain survival, morphology and function of hepatocytes in a differentiated state,
similar to their properties in the adult liver. The main concern for pharmacotoxicological
studies is that the response of cytochrome P450 isoforms to xenobiotics is similar to the
profiles observed in vivo in order to make extrapolations of in vitro to in vivo data more
accurate. These media were also tested for their ability to maintain these proteins in
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cultured hepatocytes. Grant et a l (1985) tested 6 different culture media for their effects
on the concentration and activities of various cytochromes P450, cytochrome
cytochrome

reductase, and cytochrome P450 reductase. Modified Earl's media was

shown to be the best media for maintenance of all the mono-oxygenase proteins
measured. Later studies were more d etailed in investigating the expression and activity of
various cytochrome P450 isoforms known to be lost in cultured hepatocytes (Turner el
a L , 1988). This study compared three commercially available culture media (T
L eibovitz [L-15], and Waymouth 752/1 [W ay]) regarding their contribution to
maintaining the expression and activities of C Y P lA l, CYP2B1 and CYP2B2 in cultured
rat hepatocytes. CYP2B1 was induced by phénobarbital in T% and to a lesser extent in
Way, whereas the constitutive expression of CYP2B2 was maintained equally well in Ti
and Way. It is interesting that the ratios of CYP2B1/CYP2B2 following phénobarbital
treatm ent w ere not the same as

is observed in

hepatocytes isolated from

phénobarbital-treated rats. CYP2B1 is induced to a lesser degree than CYP2B2 in Way
and in Ti the two isoforms are induced to the same degree. This is contrary to the
situation found in vivo, in which CYP2B1 is induced to a greater extent than is CYP2B2
in the livers of with phe nobar bi tal - treated rats (Omiecinski, 1986). Other anomalies
shown with the three media mentioned above was that a major 3-methylcholanthrene
inducible form, C Y P lA l, was present in untreated cultures in greater amounts than
expected and was induced by phénobarbital. CHEE's medium has also been found to be
effective in maintaining high amounts of CYP2B1 and CYP2B2, following their
induction by phénobarbital, in hepatocytes cultured on Vitrogen (type I collagen,
discussed below) for up to 20 days (Waxman et al., 1990). However, the ratio of
thesetwo isoforms did not mirror ratios observed in vivo following drug treatment.
Neither of the studies investigated the expression of the mRNAs encoding these two
proteins nor their expression after treatment of the cells with phénobarbital.

Various additions to the culture media have been tested for their effect on constitutive and
induced cytochromes P450. These can be classed into three categories:
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o Components of intermediary metabolism
Ascorbic acid (Bissell el al., 1979), d-laevulinic acid (Paine et aL, 1980), and haem
(Engelmann eta l., 1985) have all been shown to cause stabilisation of cytochrome P450
content. An increase of total cytochrome P450 content was observed when cystine and
cystein were excluded from culture media supplemented with 6-laevulinic acid (Paine et
at., 1980; Paine et at., 1982). Another amino acid, tryptophan, was shown to enhance
C Y P lA l mRNA expression (K ocarek et a L , 1993). Because no cytochrome
P450-dependent activity data was presented in these studies, it is not possible to say
whether any of these additions enhanced the production of functional cytochromes P450.
Little or no data was presented as to how these additions affected mRNA encoding
various cytochrome P450 isoforms,

o Hormones and serum requirements:
The limitations in cell culture technology have been to some extent eliminated with the
realisation that culture conditions must incorporate the signals present in the liver in vivo.
One of the most important requirements in maintaining hepatocyte differentiation and
liver-specific gene expression in culture is the use of hormonally defined media, which
involves the use of defined and purified honnones, growth factors and other soluble
signals (Enat et aL, 1984, reviewed in Reid et aL, 1988). Most of the studies reviewed
by Reid et aL (1988) showed that serum-free, hormonally defined media resulted in
substantial improvement of tissue-specific functions. This 'cocktail' of hormones
included: insulin, glucagon, epidermal growth factor (EGF), human growth factor
(HGF), prolactin and linoleic acid (reviewed in Guillouzo, 1986; Reid et aL, 1988). This
has led most researchers to use serum-free media to elicit an induction of CYP2B1 and
CYP2B2 by phénobarbital treatment (Elshourbagy et aL, 1981; Guzelian et aL, 1989;
Newman et aL, 1982) and it was later shown that, in hepatocytes cultured on Vitrogen,
the inclusion of 10% serum inhibits induction of of these two cytochrome P450 isoforms
by phénobarbital (Waxman et aL, 1990).
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However, the inclusion of Hydrocortisone was shown to sustain cytochromes P450 in
cultures of rat hepatocytes, in spite of the presence of serum in the media (Baffet eta l.,
1982). With such a combination, Michalopoulos and coworkers (Fahl el at., 1979;
Michalopoulos el at., 1975) demonstrated induction of total cytochrome P450 content by
phénobarbital and 3-methylcholanthrene in hepatocytes cultured on floating collagen
membranes. The addition of dexamethasone to cultured hepatocytes was shown to
enhance their ability to respond to phenobarbital-treatment by increasing CYP2B1/2
production (Waxman etal., 1990).

In contrast, the addition of growth hormone, has been shown to have an inhibitory effect
of >85% on CYP2B1/2 induction by phénobarbital in hepatocytes cultured on Vitrogen
(W axman gZ al., 1990). This hormone completely blocks the synthesis of CYP2B1/2
mRNAs in hepatocytes cultured on Matrigel (Schuetz et al., 1990). This effect was
shown by Schuetz et al. (1990) to be specific for the xenobiotic induction of CYP2B1/2
gene transcription and not for that of other liver-specific genes analysed.

The requirement for hormones and sera seems to differ, depending on the substrata that
the cells are cultured on. It has been established that the supplementation of media with
bovine serum is most inhibitory to the expression of liver-specific functions in cultures
seeded at low density on tissue culture plastic. The effect is slightly less when cultures
are seeded at high density on plastic, and even less on cultures seeded, at any density,
onto collagen gels or biomatrix substrata (Enat et al., 1984). These findings demonstrate
that the degree of inhibition exerted on cytochrome P450 gene expression by serum is
dependent on cell-cell and or cell-matrix interractions.

» Ligands of cytochrome P450 and chemical modulators
Compounds such as metyrapone and nicotinamide bind to cytochromes P450 and hence
inhibit their degradation. Metyrapone and other pyridines were shown to prevent the loss
of total cytochrome P450 content in cultured hepatocytes, and to enhance the effect of
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inducers such as phenobaibital on increasing total cytochrome P450 content (Paine el al.,
1982). However, caution must be used in assessing data related to compounds such as
metyrapone, which also functions as an inducer of cytochrome P450 (Steward el at.,
1985). Nicotinamide was also shown to prevent loss of cytochrome P450 in culture
(Paine el al., 1979). Similarly DMSO, a well-known solvent for lipophilic agents, has
been reported to prolong hepatocyte life-span and maintain hepatocyte differentiation in
culture (Isom el al., 1985). DMSO has often been included in culture media to prevent
loss of total cytochrome P450 (Michalopoulos el al., 1976a; Rogiers et al., 1990a).
However, the addition of 2% DMSO, combined with EGF, to culture media was shown
to have an inhibitory effect on the expression of CYP2B1/2 mRNAs (Guzelian et al.,
1988). Trace metals such as selenium alone (Newman et al., 1982) or combined with
exogenous haem (Engelmann et al., 1985) have also been found to stimulate the rate of
de novo synthesis of cytochrome P450 in hepatocytes treated with phénobarbital. These
studies displayed the importance of the addition of trace elements to the media that are
essential for the induction of cytochrome P450 in vitro. In the study by Steward et al.
(1985) it was shown that the addition to, or omission from the media, of some of the
substances mentioned above maintained the expression of some forms of immunoreactive
cytochromes P450 but not of others. The results were as follows: metyrapone maintained
CYP3A1 and C Y P lA l, cysteine-free media maintained CYP2A1 and nicotinamide was
the best for maintaining C Y PlA l.

Over the past two decades it has become clear that many media requirements relevant for
the maintenance of hepatocyte differentiation in monolayer cultures (Reid et al., 1988) are
occasionally inhibitory to cytochrome P450 maintenance and to the cell's response to
xenobiotics. The maintenance of liver-specific mRNAs in serum-free, hormonally
defined media, was shown to be predominantly, if not entirely, due to stabilisation of the
mRNA
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transcripts (Jefferson et al., 1984). Of the media components discussed above none was
determined to be involved in maintaining liver-specific gene transcription in cultured
hepatocytes. None of the compounds found to prevent cytochrome P450 loss in culture
was found to enhance gene transcription. It is evident that in hepatocytes plated onto
tissue culture plastic the predominant form of regulation of gene expression, whether of
housekeeping genes or of liver-specific genes, is by posttranscriptional mechanisms
(Jefferson et al., 1984). Therefore, there is a need for a culture system which can
maintain both differentiated liver functions and in vivo response patterns to xenobiotics.
This led researchers to re-examine the factors arising from cell-cell interractions in the
intact liver and to realise the importance of recreating an enviroment in culture for
hepatocytes, similar to that found in vivo.

1.4.7b Extracellular matrix components in culture
The extracellular matrix is an insoluble mixture of molecules found between and around
cells. Matrix components synthesised by the array of liver cells are divided into Collagen
(types I-VI), anchorage proteins (fibronectin or laminin) and proteoglycans (e.g. heparin
sulphate and heparin). It has been known for many years that matrix components are
essential for differentiation and maintenance of liver-secific functions (reviewed in Reid et
al., 1988).

o Collagen (type I)
Michalopoulos and Pi tot (Michalopoulos et al., 1975) were the first to place hepatocytes
in culture on floating gels of type I collagen, prepared from rat tails, and collagen-coated
culture dishes. The culture of hepatocytes on collagen, particularly on floating gels,
prolonged their viability in culture (up to 1 month) and sustained liver-specific gene
expression for 2-3 weeks. These cultures, however, undergo a dedifferentiation process
in which they start to express foetal liver proteins (Schuetz et al., 1988 and reviewed in
Reid et al., 1988). Total cytochrome P450 content was increased (determined by spectral
measurements) by either phénobarbital or 3-methylcholanthrene in hepatocytes cultured
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with type I collagen, in hormonally defined media supplemented with serum, DMSO and
hydrocortisone (M ichalopoulos e / «/., 1976b). Paine et al. (1979) showed that
cytochrome P450 content and function were equally well maintained in hepatocytes plated
on dishes coated with either type 1 collagen or polylysine. The latter study also suggested
a synergistic interraction between hormones and the mentioned substrata in maintaining
cytochrome P450 in culture. Hepatocytes cultured in the absence of hormones on the
substrata were unable to maintain cytochrome P450 and vice versa. Culture in
hormonally defined media on plastic dishes produces a similar decline of cytochrome
P450 in hepatocytes. On closer examination of the system it was established that the
major forms of cytochrome P450 induced by phénobarbital were different from those
observed in differentiated adult liver cells in vivo (Fahl et a l, 1979). There seemed to be
some similarity with the profile of P450 induction by phénobarbital in hepatoma cell
lines. This is consistent with the dedifferentiation observed. A 3-fold induction of
cytochrome P450 reductase by phénobarbital, similar to that found in v ivo , was
observed (Fahl et at., 1979).

Other researchers have used Vitrogen, a commercially available form of type I collagen,
with varied success. Waxman et al. (1990) reported phénobarbital induction of
CY P2B1/2 (>50-fold) in hepatocytes cultured on Vitrogen for 20 days in CHEE's media.
Others have shown that this induction is strongly inhibited by the presence of serum in
the media (discussed above). However, these workers did not examine the response of
CYP2B21/2 mRNA to phénobarbital. The ratio which the two proteins are increased by
phenobarbtial was not similar to that observed in vivo. Work carried out in our laboratory
has shown that CYP2B1/2 mRNAs are increased 60-fold in primary rat hepatocyte and
30-fold in Faza 967 cells (a differentiated H35 clone) when cultured on Vitrogen-coated
dishes in Williams' E and serum-free media containing phénobarbital (Ciaramella et al.,
1994).

Hepatocytes cultured on Vitrogen have been shown to lose their spherical shape and to
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become flattened and cuboidal in appearance. They are also reported to lose albumin
expression and express "foetal" aldolase activity (i.e. aldolase A as opposed to aldolase
B, the form expressed in adult liver), a marker of dedifferentiation (Schuetz et al., 1988).
Although, culturing hepatocytes on collagen-coated culture dishes or with floating gels of
collagen (type I) prolongs hepatocytes viability, it does not stop the dedifferention of
these cells to a foetal state. This is not completely surprising as hepatocytes themselves
do not produce type I collagen in the intact liver, nor are they in contact with other cell
types that produce it in vivo (fibroblasts and kupfer cells) (reviewed in Reid et al., 1988).

@ M atrigel, a basement membrane matrix
Extracts of the murine Engelbreth-Holm-Swarm sarcoma were shown to form a gel-like
basement membrane matrix containing type IV collagen, laminin and heparan sulfate
(Kleinman et al., 1986). The extract of this tumour, which is passaged in mice for -1 0
weeks, was called 'Matrigel' and was used to coat culture dishes onto which hepatocytes
were plated (Schuetz et al., 1988). The authors discuss the superior qualities of Matrigel,
compared to Vitrogen, as suitable substrata for maintaining liver-specific gene expression
in cultured hepatocytes.The media used in both cases was Waymouth-752, with insulin
as the only added hormone.

However, although the cells cultured on Matrigel retain their spherical shape and viability
for 8 days in culture, they rapidly lose their liver-specific gene expression with time.
Albumin activity rapidly declines to 40% of its original value after 8 days, a trend
mirrored by the expression of its corresponding mRNA species. Another point mentioned
is the ratio of 'foetal:adult' aldolase acitivity, which is maintained at a better ratio on
Matrigel than on Vitrogen, but still tends toward foetalisation. Total cytochrome P450
content was not measured, and cytochrome P450 reductase activity declined by 50% after
8 days of culture, while the activity of cytochrome bs was not discussed, except in that it
is maintained better on Matrigel than on Vitrogen.
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The authors conclude that "these results indicate Matrigel exerts little influence on the
well-known loss of cytochromes P450 in hepatocyte culture". However, they go on to
demonstrate the inducibility of CYP2B1 and CYP2B2 by phénobarbital. The basal
amounts of CYP2B1 and CYP2B2 mRNAs are almost undetectable after 5 days of
culture, and the amount of the two mRNA species is increased 16-fold by
phenobarbital-treatment. H ow ever, the two mRNA

species are increased by

phénobarbital in the opposite ratio than is observed in vivo. The amounts of CYP2B2 are
higher than those observed for CYP2B1 after phénobarbital treatment in hepatocytes
cultured on Matrigel (Kocarek

al., 1991; Schuetz 6 /a/., 1988). There is no other data

to indicate that this a true induction of these two mRNA species and not simply
stabilisation of the mRNA transcripts. Another classical cytochrome P450 inducer m
vivo, 3-methylcholanthrene (mainly of C Y PlA l and CYP1A2) is only shown to increase
C Y P lA l and not CYP1A2 mRNA species in cells cultured on Matrigel (Schuetz et al.,
1988). A later report shows that the induction of CYP2B1/2 immunoreactive protein and
related activities by phénobarbital is maintained equally well on either Matrigel or
Vitrogen when the media was changed to Williams E (Sinclair el al., 1990). Therefore the
effect of the Matrigel on hepatocytes is apparently highly dependent on the culture media
used and was further improved by using other media.

By culturing hepatocytes on Matrigel using Medium 199 (a hormonally-enriched
medium) 70-80% of albumin mRNA was maintained after 5 days in culture, compared
with initial values (Bissell et al., 1990). Another study investigated the effect of a
Matrigel overlay onto hepatocytes cultured on Collagen I in three different media and in
the presence or absence of dexamethasone. The results showed that Williams' E was
more effective than either CHEE'S or Waymouth's media in all the functions tested. The
addition of the Matrigel overlay was also shown to improve the response of CYP2B1 and
CYP2B2 mRNAs to phénobarbital for up to 4 days in culture (Sidhu et al., 1993). The
addition of dexamethasone to the culture enhanced the phénobarbital response of
CYP2B1 mRNA species in William's E or CHEE'S media, while CYP2B2 induction
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was only enhanced by dexamethasone in CHEE'S media. The addition of Matrigel did
not stop the decline, with time, of CYP2B2 mRNA increased by phénobarbital
administration . In contrast, Matrigel delayed the decline of both CYP2B1 and CYP3A1
mRNAs in hepatocytes cultured for 6 days (Sidhu el al., 1993). However, the authors
pointed out that CHEE'S media produced results in cytochrome P450 activity which do
not correlate with m vivo observations. C Y P lA l activity is increased by phénobarbital
addition to the media, with a corresponding rise in C Y PlA l mRNA species.

Therefore it seems that the culture of hepatocytes on Matrigel maintains the viability of
hepatocytes and part of their liver-specific functions only slightly better than those
cultured on Vitrogen alone. However, the Matrigel sytem does not enhance any of the
functions reported so far by more than 5-7 days in culture and produces some
un-physiological responses. The increase of CYP2B1 and CYP2B2 mRNAs by
phénobarbital is still possible, albeit in opposite ratios to that observed in vivo, and the
increase of C Y P lA l and CYP1A2 mRNAs is very different from the observed in vivo
responses. It is also difficult to see how such a system, designed to decrease the in vivo
testing of xenobiotics would be easy to use, or indeed become an ethical alternative to
animal use when it involves producing a tumour in one species to reduce the use of
another. The commercial version of this Matrigel, produced by the same m ethod
(GIBCO-BRL), has not proven to be successful. It is also clear that Matrigel does not
support hepatocyte viability for very long. Hepatocytes cultured conventionally survive
for 4-6 days in culture and Matrigel does not enhance their longevity much longer than
that. All the data obtained for the response of CYP2B1/2 is from hepatocytes cultured on
Matrigel for only 5 days (Schuetz el al., 1988; Sidhu et al., 1993) and as such, this
system only seems to have a short-term effect on stabilising RNA induced by
phénobarbital in culture. Since it has been shown that different media can have different
effects on the stabilisation of CYP2B1 and CYP2B2 transcripts induced by phénobarbital
(Sidhu et al., 1993), this could explain the anomolous results obtained with Matrigel with
respect to the ratio of these two transcripts.
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Therefore, it is fair to conclude that none of the systems discussed above have shown a
com plete set of requirem ents for a successful in vitro alternative to in vivo
experimentation on liver biotransformation or liver-specific gene studies. However these
studies have all contributed to our knowledge of the factors essential for maintenance of
liver-specific gene expression and function and have shaped the way that media and
culture conditions are used in the present day. These findings stress the requirement for
appropriate medium and substrates for culturing adult hepatocytes and suggest that
environmental conditions close to those existing in the intact liver must be created to
avoid alterations of hepatocyte phenotype in vitro.

1.4.7c The im portance of cell-cell interactions
T he importance of cell-cell contact, between hepatocytes in culture, has been
demonstrated to be critical for the maintenance of liver-specific characteristics and
arrested proliferation in culture. Nakamura gf a/. (1983) showed that hepatocytes plated at
higher cell densities maintained these characteristics better than those plated at low
densities. Cells plated at low densities maintained high levels of growth functions, further
stimulated by insulin and EGF than those cultured at high density. It was also shown that
the modulation of these differentiated characteristics could be regulated in cells plated at
low densities by the addition of a purified plasma membrane preparation. This led the
authors to conclude that the regulation of growth-related functions and liver-specific
functions were regulated by cell density through a cell-surface component of the plasma
membrane via direct cell-cell contact

Another study showed that culturing hepatocytes on crude membrane liver fractions
preserved liver-specific functions for more than 1 week, and also maintained cytochrome
P450, ECOD, and AE activities better than hepatocytes cultured on collagen membranes
(S a 'a d et al., 1993). Rat hepatocytes have also been shown to m aintain their
differentiated function and morphology, as well as expression of CYP2B1 and CYP2B2
and their response to phénobarbital, when transplanted into the spleen (Traber et al..
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1989). A nother study show ed that intrasplenically-transplanted hepatocytes m aintained
their dirfeientiated functions and m orphology o f adult hepatocytes with the characteristic
spherical shape and the presence o f bile canaliculi. The exp ression o f C Y F ^ B l/2 was
a lso m aintained, as w ell as high levels o f induction (2 0 -3 0 fo ld ) o f their m R N A s by
phénobarbital, for a period o f 15 months (M aganto et al., 1990). T h e results o f these
studies demonstrate the need for eell-cell contact, with neighbouring hepatextes as well as
other cell types, for hepatocytes to maintain their differentiated state. Thus the question
arises as to whether the matrices used to date as substrata for hepatocyte culture are
adequate, since their preparation involves the action o f denaturing agents. It cannot be
ruled out also that com plex cells such as hepatocytes will require a much more com plex
m icroenvironm ent than that obtained with an organic substrate for m aintenance o f the
differentiated state. Therefore attempts at culturing hepatocytes with other cell types were
undertaken.

1.4.8 H epatocyte co-culture with other cell types
H epatocyte co-culture has been attempted with various primary cell types and cell lines.
T h ese feeder cells have included human liver fibroblasts, liver endothelial and K upffer
cells (review ed in G uguen-G uillouzo, 1986). Other methods have involved the culture o f
hepatocytes on a feeder layer o f mouse 3T3 cells (a transformed m ouse em bryo fibroblast
cell line) (Kuri-Harcueh et al., 1989). The survival period o f the cultures was increased
to 8 d ays, but the ce lls later underwent partial dedifferentiation and becam e flattened.
T h ese observations w ere not surprising in vitro, since on ly o n e cell type has direct
contact with hepatocytes in vivo. These are the epithelial cells, w hich fom i the transitional
canals o f Herring through w hich bile is transported from bile canaliculi to ductules and
d ucts

W illiam s etal. (1 9 7 1 ) d evelop ed a m eth od for iso la tin g and

subculturing pure populations o f rat liver epithelial cells, thought to be o f biliary origin.

1.4.9 C o-culture of ra t hepatocytes with ra t liver ep ith elial cells
T he pioneering work o f the G uillouzos has brought about the d evelopm ent o f long-term
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maintenance of liver-specific functions in hepatocytes through their co-culture with an
untransformed rat liver epithelial cell line. They showed, for the first time, that the
viability of hepatocytes could be maintained for more than 2 months when co-cultured
with these epithelial cells. The hepatocytes remained attached to the plastic, in close
contact with the epithelial cells, retained their rounded morphology and they formed bile
canaliculi (Guguen-Guillouzo, 1986). Liver-specific functions, such as album in
secretion, was maintained at high levels for the whole culture period (Guguen-Guillouzo,
1986; Guguen-Guillouzo et al., 1983). It was also shown that the loss of albumin
secretion, in mono-layer cultures, could be reversed by the addition of epithelial cells
(fig. 1.3). Albumin was also shown to be present in all the co-cultured hepatocytes, not
being restriced to the ones in direct contact with the epithelial cells. It is interesting to note
that the creation of an extracellular matrix was optimal by the 7th to 8th day of co-culture,
also the time point for regained albumin secretion. It was therefore concluded that the
presence of the epithelial cells created the cell-cell contact with another cell type and
stimulated the production of an extracellular matrix vital for hepatocyte survival in culture
(Guguen-Guillouzo

at., 1983).

Later studies showed that the mRNA species for adult liver-specific proteins, such as
albumin and aldolase B were much better maintained in co-cultured hepatocytes (Fraslin
et at., 1985). These researchers went on to show, for the first time, that the increase in
these specific mRNA species was accompained by an increased rate of transcription. This
experiment also showed that the decreased transcription of liver-specific genes could also
be reversed in the monolayer cultures by the addition of epithelial cells (Fraslin et at,,
1985). These results were also confirmed by Vandenberghe et al. (1992), by showing
that the transcription of albumin mRNA was maintained at high levels in co-cultured
hepatocytes and that this rate of high transcription was further increased by the addition
of nicotinamide or DMSO and the eliminations of foetal calf serum from the culture
media.
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Figure 1.3; Chart showing the secretion of albumin in rat co-cultures.
Figure and legend taken from G uguen-G uillouzo, (1986).
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An extremely important point to be considered when comparing results obtained from cocultured hepatocytes to freshly isolated or conventionally cultured hepatocytes is the
amount of epithelial cells present in the culture flask. The method employed in the
laboratories of the Guillouzos or Rogiers is the separation of the two cell types by
collagenase treatment (section 2.1.6) and measurement of the relevant parameters in each
cell type individually. If this is not done, then the total protein/RNA content obtained
from the culture flask has to take into account that the epithelial cells account for 40-60%
of the cells in the flask. If the size of the hepatocyte compared to that of the epithelial cell
is taken into acount, this would provide a rough estimate of 30-50% of the total cell
protein/RNA in the flask being attributed to the epithelial cells. There have been incidents
o f other researchers ignoring this fact and therefore producing data which is not
representative of the two cell types (Niemann et al., 1991). Any parameter which is tested
on co-cultures, must also be tested in epithelial cell monocultures to find out if there is
any contribution of this cell type to the data produced from the co-cultures. Another
question that has been raised, is whether the epithelial cells aquire any phase I
biotransformation capabilities after being in co-culture with the hepatocyte. The epithelial
cells, used in the scope of this thesis, have been separated after co-culture and tested
rigorously for all the relevant phase I enzyme activities (AE, EROD, ECOD, PROD and
FMO) and cytochrome P450 content. The results were negative for all the parameters
mentioned above, even following treatment of the cells with either phénobarbital (2 mM)
or valproate (200 //g/ml) for 7 days in co-culture (Rogiers et at., 1990b and V. Rogiers,
personnal communication).

The term co-cultures shall henceforth be used to refer to the system in which rat
hepatocytes are co-cultured together with rat liver epithelial cells. The term conventional
cultures will refer to monolayers of hepatocytes, cultured using the same media and
dishes as the co-cultures. The conditions for both culture systems are described in section

2 . 1.
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1.4.10 M aintenance of phase I drug metabolism in co-cultures
Since the development of the co-culture system in 1983 by the Guillouzos many other
research laboratories have set up this techniques in their own laboratories. The method is
not, however, in widespread use, mainly because the isolation and subculture of an
epithelial cell line has presented a daunting task. This cell line has to be free of
contaminating fibroblast-like cells (fig. 2.1 A), which can take up to 6 months to develop.
However, once these cells are prepared, they can be stored in liquid nitrogen, and thawed
when required (sections 2.1.4a and 2.1.4b). The maintenance o f liver-specific
morphology and function in these co-culture have made this system a possible target for
studying long-term effects of drugs, toxins and carcinogens. Therefore it was first
imperative to establish the maintenance of phase I and phase II drug metabolising
enzymes in co-cultured hepatocytes, and also to detemine whether the epithelial cells
themselves possess (or aquire) any biotransformation capabilities when in co-culture with
the hepatocytes. If this were not the case, it would certainly make the results obtained
from this system difficult to interpret.

As expected, the maintenance of cytochrome P450 expression and function was better
maintained in co-cultures than in cells cultured conventionally. It has been shown that in
the conventionally cultured hepatocytes the amount of spectrally-measured cytochrome
P450 declines to about 30% of the original value in hepatocytes cultured conventionally
for 4 days. In contrast, the amount of cytochrome P450 is at 100% of its original value in
co-cultured hepatocytes at this time. This concentration of cytochrome P450 is maintained
at that level for up to 10 days in co-cultured hepatocytes (Bégué et al., 1984). Although
the amount of spectrally-measured cytochrome P450 is always better maintained in
co-cultured hepatocytes, other reasercher using the same system have measured it at
around 30-50% of the starting value and found that the amount of cytochrome P450 is
increased between 2-3 fold, by phénobarbital, for up to 14 days in co-culture (fig.l.7B
and Rogiers et at., 1990b). The activity of AE was decreased to about 15% after 4 days
in culture and remained very low thereafter. The induction of AE activity by
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phénobarbital was also sustained by the co-cultured hepatocytes. Other researcher have
also reported that AE activity could be maintained for up to 17 days at 25% of that
observed in the starting culture, reaching a maximum of 30-40% , in co-cultured
hepatocytes (Maier, 1988). In the same paper, the work of others was reviewed and
showed that AE activity was well maintained, in hepatocytes co-cultured by other groups,
and no significant AE activity was found in the epithelial cells (reviewed in Maier, 1988).
Aldrin epoxidation is a P450-dependedent activity, which was determined by Wolff and
Guengerich (1987) to be higher in certain cytochrome P450 isoforms compared with
others. The isoenzymes capable of significant aldrin epoxi dation were determined to be:
CYP2C11, CYP2C6, CYP2D1, CYP2B1, CYP3A2 and CYP2A1. However, the
highest acitivities were attributed to CYP2C11 and CYP2C6. In fact using an antibody
raised against CYP2C11, the total activity of aldrin epoxidation was reduced by 50%
(W olff e /a /., 1987).

It was later determined by Guillouzo and co-workers that immunologically detectable
C Y P2C11 is completely lost in culture and this isozyme is not recovered in co-cultured
hepatocytes (Perrot et al., 1991). The other cytochrome P450 isoforms included in the
study (CYP2E1, C Y P lA l, CYP1A2, CYP3A1/2) and epoxide hydrolase were well
maintained in co-cultures, and responded well to classical cytochrome P450 inducers
such as ethanol and clofibrate. It was still not known w hether the two main
phenobarbital-inducible forms of cytochrome P450, namely CYP2B1 and CYP2B2,
were maintained in co-cultured hepatocytes and if indeed the deterioration of AE activity
could be because of the possible loss of these two isoforms.

Laurie acid hydroxylase (CYP4A1) activity was found to be very well maintained at 6
days of co-culture (61%) and was increased by treatment with either ethanol (2-fold) or
clofibrate (9.5-fold) (Perrot fZ a/., 1991). The stable maintenance of CYP4A1 was
observed to be far superior in hepatocytes co-cultured with rat liver epithelial cells than
with other cell lines studied (James et al., 1992). In this study, bovine endothelial cells
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were also been shown to exhibit promising qualities for co-culture with hepatocytes. The
induction of CYP4A1 by the peroxisome proforator, nafenopin, was maintained in
hepatocytes co-cultured with these cells for 4 weeks (15-20 fold). Immunocytochemical
analysis showed heterogeneity of response to the inducer by hepatocytes, with some cells
staining more than others. Although, no CYP4A1 induction was detected in treated or
untreated epithelial cells, some was detected in treated bovine endothelial cells. In the
same study, hepatocytes co-cultured with the epithelial cells also displayed peroxisome
proliferation in response to nafenopin treatment.

The epithelial cell line used by James et al. (1992) is different to the one established by
the Guillouzos in that it is not a pure culture of epithelial cells and contains some
endothelial liver cells. The authors add that this might be an improvement, since the
response to nafenopin of CYP4A1 is close to in vivo observations using their cell line.
The contribution of the endothelial cells might have an effect on the maintenance of
cytochrome P450 in cultured hepatocytes, as demonstrated by co-culture with a bovine
comeal endothelial cell line. Other groups have described the induction of peroxisome
proliferation in hepatocytes transplanted to the eye as a 'model' system for hepatocyte
maintenance (Rao et a i, 1986) and maintenance of CYP2B1/2 induction by phénobarbital
in intrasplenically transplanted hepatocytes (M ag an to et a i, 1990). The transplant
systems demonstrate the need for hepatocytes to be in close contact with other cell types
for long-term maintenance of their differentiated functions. However, these systems are
neither practical nor ethical, nor are they of any use in controlled biotransformation or
gene-expression studies on hepatocytes.

Stabilisation of certain cytochrome P450 isoforms was demonstrated in co-cultures of rat
hepatocytes with rat liver epithelial cells, in preference to monocultures or co-culture of
the hepatocytes with mouse embryo fibroblasts (Utesch et al., 1991). This study was
based on identifying the maintenance of specific isoform activities by the cytochrome
P450-dependent hydroxylation of testosterone. These authors concluded that the activities
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of CYP3A1 and C Y PlA l were well preserved, whereas that of CYP2A1 was not. Both
the activity of CYP2C11 (Utesch eta l., 1991) and immunodetecatable protein (Perrot6/
a t., 1991) are totally lost in culture. The metabolite that is produced by two CYP2B
isoforms is also formed by CYP2C7, CYP2C13 and CYP2C11 which makes the specific
activities of CYP2B1 and CYP2B2 difficult to determine.

The investigation of the maintenance of specific isoforms of cytochrome P450, in the co
culture system used in this thesis had so far all depended on enzymatic actvity studies and
no conclusive studies had been attempted to ascertain the maintenance of liver-specific
cytochrome P450 isoforms and the pattern of their induction by classical inducers, such
as phénobarbital. If this system is to be of any use in pharmacotoxicological and
carcinogenesis studies, it has to be shown to sustain the expression of mRNAs and
proteins of the MFO, and their responses to inducers. These responses should reflect
those observed in vivo. We have therefore attempted to study the expression of CYP2B1,
CYP2B2, cytochrome b^ and cytochrome P450 reductase in hepatocytes co-cultured for
4, 7 and 14 days and monitored their basal expression levels and response to
phénobarbital induction in comparision with conventional cultures (chapter 3). The
results obtained from mRNA and immunochemical analysis, and presented in chapters 3,
4, and 5, complement the results published, on phase I and Phase II biotransformation
activities, by Prof. Rogiers laboratory in Brussels. The work has formed the basis for a 5
year collaboration with the Belgian group. After having established the maintenance and
in vivoAike responses obtained for the proteins described above (Akrawi et al., 1993a),
we went on to study a novel inducer of the P450 system, sodium valproate (discussed
below) and the influence of this anticonvulsant drug on the expression of CYP2B1 and
CYP2B2 (chapters 4 and 5 and Akrawi et at., 1994a; Akrawi et al., 1994b; Akrawi et at.,
1993b; Rogiers et al., 1992b; Rogiers et al.. Submitted; Rogiers et al., 1992a).

Co-cultured hepatocytes have been shown to be an ideal in vitro system for the study of
CYP4A response to various peroxisome proliferators (discussed above). The
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experiments described in this study were carried out to test the response o f the rat
CYP4A1, CYP4A2 and CYP4A3 genes to valproic acid, a peroxisome proliferator.
RNase protection assays were developed to distinguish between the 3 mRNA species
(chapter 6 and Akrawi et al., 1994a), The co-culture system tested could prove to be ideal
for further study of the regulation of CYP4A gene expression and the response of these
genes to peroxisome proliferators as well as pharmacological activities o f the rat
CYP4As. The long-maintenance of hepatocytes co-cultured with rat liver epithelial cells
has already proven to be an ideal system for studying drug toxicity (M aier, 1988),
tumour promoting activies of phénobarbital (Mesnil el at., 1993) and non-genotoxic
carcinogenesis (James et a i, 1992).

1.5 Valproic acid, an anti-epileptic drug
1.5.1 D efinition of epilepsy
"The term epilepsy refers to all pathological states or diseases which are characterised by
recurrent epileptic seizures. These seizures are characterised by paroxysmal changes in
the sensory system, motor system, subjective well-being, and objective behaviour caused
by a sudden, excessive, rapid discharge of gray matter of some part of the brain. The
wide range of symptoms of epileptic seizures reflects the manifold functions of the brain
in a pathologically distorted manner" (Janz, 1985).

1.5.2

E pidem iology

From the results of several studies, the assumption that 5% of all people will have an
epileptic seizure in the course of their lives does not seem to be an exaggeration, since
3-4% alone (33/1000, in a careful study), have febrile seizures in the first 5 years of life
(reviewed in Janz, 1985). Other types of seizures, called stress convulsions are not
widely known, but certainly are not rare. These types of seizures can occur after
withdrawal of alcohol, barbiturates and other drugs or in certain toxic conditions resulting
from kidney failure, such as uremia or eclampsia.
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1.5.3

C lassification

Epilepsies can be classified by a variety of criteria creating "distinctions that provide
pointers to the nature and cause of seizures and to the prognosis of course and therapy
(Janz, 1985). In fact "the greatest step towards the rational treatment of epilepsy was the
understanding that the action of antiepileptic drugs depends on the type o f epileptic
seizure and not the type of epilepsy" (Janz, 1985). Epileptic seizures can be divided into
major seizures (grand mal) or minor seizures (petit mal) which can further be classified as
focal or generalised onset seizures (fig. 1.5). Some syndromes of epilepsy have been
defined in the past 2-3 decades on the basis of clinical observations as regarding the type
of seizure, age of onset, electroencaphalographic abnormalities and prognosis. One such
syndrome is the Lennox-Gastaut Syndrome, an age related epilepsy syndrome beginning
in early childhood (from the 9th month to the 9th year) and characterised by certain types
o f generalised seizures and signs of mental retardation amongst other symptoms
(reviewed in Janz, 1985).

1.5.4 Established anticonvulsant drugs
Anticonvulsant drugs are the mainstay of epilepsy management and may have to be taken
for life. Over the past two decades increasing information on the risk-benefit ratios of
individual antiepileptic agents has influenced therapeutic strategies. The results of many
studies have shown the increasing risks associated with poly therapy of certain drug
combinations. The pharmacokinetics of the various drugs are complex and sometimes
result in a combination where a drug induces its own metabolism and/or that of other
drugs or endogenous substances. The aim of our study was to clarify some of these
interactions at a molecular level. The following section introduces some antiepileptic
drugs, their uses and effects on the mixed function monooxygenase and on valproic acid
metabolism, in poly therapy.
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Figure 1.5: Correlation between type of seizure and potenially effective antiepileptic
drugs. Broken lines indicate that the response of the type of epilepsy to
the drug is inconsistent (adapted from Eadie, 1985).

1.5.4a C arbam azapine
A tricyclic compound effective for the treatment of generalised tonic-clonic seizures and
partial seizures (fig. 1.5) (reviewed in Brodie, 1990a; Rogaw ski et al., 1990).
Carbamazapine is a major inducer of hepatic mixed function mono-oxygenase activity,
resulting in autoinduction metabolism. This drug is also known to have complex
pharmacokinetic interactions with other antiepileptics . Carbamazapine increases the
clearance of valproate and benzodiazapines. Sodium valproate in turn inhibits the
breakdown of carbamazapine (Brodie, 1990a; Levy et at., 1990).

1.5.4b Phenytoin:
A hydantoin compound effective for the treatment of partial and generalised tonic-clonic
seizures (fig. l.Q . This drug has a wide array of toxic effects, although it was initially
developed as a nonsedative alternative to phénobarbital (reviewed in Rogawski et at.,
1990). Phenytoin is an inducer of drug metabolising enzymes and reduces the efficacy of
many other drugs, including valproate in polytherapy (Brodie, 1990a).

1.5.4c

E thosuxim ide

A succinimide widely used for the treatment of absence seizures (fig. 1.5), especially in
infants, because of the risk of fatal hepatotoxicity associated with valproate therapy
(Brodie, 1990a). Acute toxicity associated with ethosuximide is dose-related. This drug
is not an inducer or inhibitor of drug metabolism, but its serum levels are decreased by
carbamazapine and increased by valproate (reviewed in Brodie, 1990a).

1.5.4d Phénobarbital
A six-membered heterocyclic compound, phénobarbital has been clinically used as an
anticonvulsant since 1912. In general, barbituates produce a sedative effect and were
clinically used as sedatives and hypnotics. They were eventually replaced in therapy by
benzodiazepines (Rogaw ski et at., 1990). Phénobarbital exerts maximal anti-seizure
activity below sedative/hypnotic doses, which makes it clinically useful for epilepsy
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therapy (reviewed in Rogawski et a l, 1990). Phénobarbital is as effective as phenytoin
and carbamazapine in treating partial and generalised tonic-clonic seizures. Its main
draw back is its adverse effect on cognition and behaviour. Although prolonged
administration of the drug produces tolerance to these side effects, which are
unfortunately accompanied by diminished tolerance to its anticonvulsant activities
(Brodie, 1990a). Phénobarbital has a half life ranging between 50-170 h in adults
(Perruca et a l, 1985). This has important therapeutic implications, making it easy to use
without concentration monitoring. This factor, coupled with its cheapness and ready
availability makes it a popular drug of choice in developing countries (Brodie, 1990b).
Polytherapy of phénobarbital with valproic acid produces changes in the metabolism
and/or clearance of both anticonvulsants, which will be discussed in further detail in
sections 1.5.11 and 1.5.5d.

1.5.5 V alproic acid
1.5.5a Chem ical properties
Valproic acid (2-propy^ntanoic acid) is a simple branched chain carboxylic acid (fig.
1.5) that differs markedly in structure from other antiepileptic drugs. It was first
synthesised by Burton in 1881, although its anticonvulsant activity was not discovered
until 1963. In this year. Meunier et al. noted that several compounds dissolved in
valproic acid protected mice and rabbits from chemically-induced seizures (Meunier et al.,
1963 and reviewed in Loscher, 1985). Valproic acid is usually used as its sodium salt,
which is a white powder that dissolves readily in polar solvents (e.g. water or methanol),
and poorly in solvents of lower polarity (e.g. acetone or chloroform). Valproic acid and
its metabolites are usually detected by gas chromatography-mass spectrometry (reviewed
in Loscher, 1985).
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Figure 1.4 ; Structural formula of valproic acid.

1 .5 .5 b

M echanism of a n tic o n v u lsa n t actio n ; T h e ro le o f G A B A as an

in h ib ito ry n e u ro tra n s m itte r
Several investigations into the mechanism of anticonvulsant action of valproate have been
carried out (reviewed in Loscher, 1985) and have shown valproate to prevent seizures
induced by specific antagonists of GABA in the brain. These results hinted at the role of
GABA in the mediation of the anticonvulsant effect of valproic acid. The anticonvulsant
mechanism of action of valproic acid appears to be through raising the GABA brain
synaptosomal concentrations. This is achieved by the inhibition of the GABA-degrading
enzymes, GABA-transaminase (reviewed in Eadi et a l, 1988).

4-aminobutyric acid (GABA) is a ubiquitous amino acid and is the major inhibitory
neurotransmitter in the mammalian brain (reviewed in Meldrum, 1985; Ticku, 1983).
Neutral amino acids that act as neurotransmitters, such as GABA and glycine, are present
in a large number of neurons and act as inhibitors of neuronal firing (reviewed in
Meldrum, 1985). They are both naturally occurring substances in the mammalian brain.
“GABA provides intrinsic inhibition in the cortex, hippocampus, thalamus and
cerebellum and therefore plays a critical role in several aspects of epileptogenesis. It
follows that any sizeable interference with GABA-mediated postsynaptic inhibition in the
cortex or hippocampus leads to local or generalised seizure activity. Enhancement o f
GABA-mediated inhibition produces anticonvulsant effects in a wide range of animal
models of epilepsy” (Meldrum, 1985). The anticonvulsant activity of both, phénobarbital
and valproic acid, is mediated by enhancing the inhibitory effect of GABA (reviewed in
Meldrum, 1985). Valproic acid has a wide spectrum of anticonvulsant activity, and has
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therefore been suggested to exert its effect through a combination of several mechanisms
(reviewed in Loscher, 1993). In this review by Loscher the evidence suggests that:
1) “Valproate increases GABA turnover and thereby potentiates GABAergic functions in
specific brain regions (like the substantia nigra) thought to be involved in the control
of seizure generation and propagation”.
2) Valproate seems to reduce the release of epileptogenic amino acids to block cell firing
induced by excitory amino acids.
3) “Valproate also exerts a direct effect on ion channels, and thereby sustained repetative
neuronal firing”.

GABA combines with an oligmeric complex to produce its responses (reviewed in Ticku,
1983). This comples is made up of three parts: The GABA receptor (recognition site),
benzodiazepine binding sites and a-dihydropicrotoxinin (DHP) binding sites.

1.5.5c C linical Use
Valproate first came into clinical use in France in 1976, and was approved for use in
epilepsy in the US in 1978. It has proved to be an effective antiepileptic agent,
particularly for the treatment of absence seizures and to a lesser extent in the management
of partial and generalised tonic-clonic seizures (fig. 1.5). In general, valproate displays a
broad range of moderate activity against several types of chemically or electrically
induced convulsions in a variety of species (reviewed in Eadi et al., 1988; Rogawski et
al., 1990). Valproate has the advantage that it produces less drowsiness than any other
antiepileptic drug.

Valproic acid is

especially valuable in treating childhood

Lennox-Gas taut myoclonic epilepsy where it has been found to be the most effective
antiepileptic. However, valproate has not proved to be as effective in the treatment of
partial seizures as in generalised seizures and therefore has nearly always been combined
with other antiepileptic drugs such as phénobarbital, carbamazapine or phenytoin. There
are, however, pharmacokinetic interactions between the other antiepileptics and valproate,
in polytherapy, especially between valproate and phénobarbital. Valproate is known to
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produce raised plasma phénobarbital levels (V akil et al., 1975) and therefore, in
poly therapy with phénobarbital, its effectiveness in managing partial seizures is not due
to its own anticonvulsant action but to increasing the effects of phénobarbital (Eadie,
1985).

1.5.5d Elim ination half life
The elimination half lives of sodium valproate varies immensely between species. For
example, in man it is 8-15 h (Schobben et at., 1975) or 8-10 h (Loiseau et a i, 1975), and
in rat, 11-14 min (Dickinson et al., 1979) or 17.5 min (Heinmeyer et al., 1985). It is
interesting to note that in patients treated with valproate in combination with other
anti epileptic drugs, such as phenytoin or phénobarbital, the half lives of valproic acid is
much shorter than in normal volunteers (Richens et al., 1976). In this study, the half
lives of sodium valproate were reduced from 9 h, in volunteers taking valproate alone, to
values of under 6 h for epileptic patients receiving phénobarbital or phenytoin in
polytherapy.

1.5.6 A dverse side effects of valproate
1.5.6a G eneral side effects
The most common side effects observed with the clinical use of sodium valproate are
transient gastrointestinal symptoms, such as anorexia, nausea and vomiting (reviewed in
Loscher, 1985). The drug also has fewer side effects involving the CNS than many other
antiepileptics, namely sedation, ataxia, and incoordination. It has long been thought that
the general toxicity associated with the clinical use of valproic acid is quite low compared
to other antiepileptic drugs. Some cases of pancreatitis have also been attributed to the
effects of valproic acid and also inhibition of the secondary phase of platelet aggregation,
which may be reflected in increased bleeding times (reviewed in Nau et al., 1992).
Valproic acid has also been reported to cause teratogenic effects where the most dramatic
valproate-induced malformation are neural-tube defects, such as spina bifida (Nau,
1994).
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1.5.6b Valproate-associated hepatotoxicity
Clinical use of valproate in epileptic therapy has led to reports of rare but sometimes fatal
cases of hepatic failure (reviewed in Eadi el al., 1988). One of the first cases of fatality
produced by valproate treatment was reported in 1979 (Gerber ef al., 1979), a year after
its introduction to the US anticonvulsant market. This case (discussed in section 1.5.9)
alerted the attention of many clinicians to the side effects of valproate treatment. Since
hepatic injury only occurred in rare cases of valproate therapy, high risk groups were not
properly identified until the 'retrospective review' by Dreifuss et al. (1987). This review
pointed out that in the 36 out of 37 cases of fatalities coincident with valproate therapy
"the patient had other medical conditions, such as mental retardation, developmental
delay, congenital abnormalities and other neurological diseases". The other high risk
groups that the report pointed out was the 0-2 year old group of patients receiving
valproate treatment and patients on poly therapy with valproate. The rate of hepatic
fatalities in patients in the highest risk group (0-2 years old and on poly therapy) was
-1 /5 00 (compared to 1/7,000 in the same age group on monotherapy). Hepatic fatality
was shown to be more prevalent in patients receiving co-medication with valproate
andother antiepileptic drugs, such as phenytoin (17/36 patients), phénobarbital (16/36
patients), clonazepam (10/36 patients) and carbamazapine (8/36 patients). The risk of
hepatic injury declined with age, and in fact, no hepatic fatalities occurred in the case
studies in patients over 10 years of age receiving valproate in monotherapy.

The histopathological observations, of the diseased livers, were consistent with previous
reports (G erber et al., 1979; Zimmerman et al., 1982) and showed microvesicular
steatosis (infiltration of hepatocytes by lipid droplets and swollen or ruptured
mitochonria), usually accompanied by necrosis. These histological features are not typical
o f drug-induced hepatic toxicity, but more consistent with abnormalities in the
metabolism of the drug (Gerber et al., 1979). The similarities with histological features
noted in cases of 'Jamaican vomiting sickness' suggested that it could be a toxic
metabolite of valproate (section 1.5.9), and not the parent compound, that is the causative
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agent o f valproate-associated hepatic fatalities.

Valproate-induced hepatotoxicity has been reported to occur in two main forms. The
more frequent is the reversible kind. This liver abnormality is dose-related and manifests
itself in abnormal liver enzyme patterns, without clinical symptoms (Loscher, 1985). In
this kind of hepatotoxicity, enzyme patterns return to normal upon reduction in dosage or
complete withdrawal of valproate. However the cases reviewed in the report by Dreifuss
e t al. (1987) are of the rare form which is irreversible hepatic failure that is not
dose-dependent and appears to be idiosyncratic (Dreifuss etal., 1987; Zimmerman e/a/.,
1982). Following the reports reviewed in this section, further investigations were carried
out to learn more about the metabolism of valproate and to elucidate possible mechanisms
o f its hepatotoxic action (or those of its respective metabolites). These advances and
theories are discussed below, keeping in mind that a definite mechanism for valproate
hepatic failure still has to be determined.

1.5.7

M ajor routes of metabolism of valproic acid (conjugation and B, <o

and o)-l oxidation)
Valproic acid is metabolised in the liver by biotransformation reactions mainly in the inner
mitochondrial membrane. The two major pathways of valproic acid metabolism are by
conjugation (Granneman et at., 1984) to D-glucuronic acid (which accounts for 50% of
valproate clearance) and 6-oxidation (24 %) (fig. 1.6) (Pisani, 1992). Two other major
pathways also exist, these are w (15%) and co-l (10%) oxidation. Although the latter two
pathways are important steps in the elimination of valproic acid, they are less important
than the main 6-oxidation pathway (Hulsman, 1992). Based on studies performed by
Bjorge and Baillie and others (reviewed in Baillie, 1992) it is now evident that valproic
acid enters the mitochondrion where it is converted to its co-enzyme A thioester and then
undergoes metabolism by 6-oxidation.
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1.5.9 Inhibition of B-oxidation
From the observations discussed above it can be seen that valproic acid has the potential
for interfering with the 6-oxidation of endogenous fatty acids in the liver mitochondria.
This can happen either by competition for, one or more of, the 6-oxidation enzymes by
the corresponding metabolites of valproic acid and fatty acid and/or competition for the
essential co-factors for 6-oxidation, such as carnitine and co-enzyme A (Kesterson et al.,
1984, reviewed in Baillie, 1992; Eadi el at., 1988). The isolation of intramitochondrial
CoA would lead to the inhibition of the B-oxidation of endogenous fatty acids. It is also
important to note that several co-enzyme A thioesters are known to be toxic species
themselves. Whether the co-enzyme derivatives of valproic acid are toxic species still
remains to be investigated (Baillie, 1992). Valproic acid itself and its metabolite
A4-valproate (a result of 6-dehydrogenation, fig. 1.6) are potent inhibitors of B-oxidation
of medium chain fatty acids (Bjorge et at., 1985; Kesterson el at., 1984). The result of
decreased capacity for B-oxidation, resulting from valproate intake is associated with
increased metabolism of these fatty acids by the alternate pathway of co-oxidation.

1.5.9 A4-valpoate, the cause of valproic acid hepatotoxicity ?
Interest in desaturated metabolites of valproic acid, namely A^-valproate (2-/i-propyl-4pentanoic acid), was stimulated by a report implicating A4-valproate as a possible cause
of hepatotoxicity that developed in patients taking valproic acid therapy (Gerber et at.,
1979). This was followed by others implicating A4-valproate in the hepatotoxicic
response observed in some cases of valproic acid therapy (Bjorge eta l., 1985; Kingsley
et al., 1983; Schafer et al., 1984; Zimmerman et al., 1982). The report by Gerber etal.
( 1979) pointed to fatty infiltration of the liver and hepatocellular necrosis in a fatal case of
a 12-year old patient receiving valproic acid in polytherapy with phénobarbital and
phenytoin. These features are consistent with the diagnosis of 'Reye syndrome', which
was shown to develop in a rat model by administration of A4-valproate (reviewed in
Gerber et al., 1979). The diagnosis of the Gerber case is also similar to the features of

159

'Jamaican vomiting sickness', which is known to be caused by the CoA thioester of
methylenecyclopropyl acetic acid (MCPA). This chemical is similar in structure to the
CoA thioester of A4-valproate (Stephens, 1992), These chemical structures, similar to
that of pentanoic acid, a potent inliibitor of fatly acid oxidation, no doubt contribute to the
fatty degeneration of the liver. In fact, both A4-valproate and its primary metabolite
A2.4-valproate (fig. 1.6) were found to be inducers of microvesicular steatosis and
inhibitors of 6-oxidation (Granneman et a i, 1984; Kesterson et aL, 1984). Kingsley et
al. (1983) showed that valproic acid and A4-valproate both produce dose-related
hepatotoxicty in cultured hepatocytes. Microvesicular steatosis and cellular necrosis are
the most common features observed in nonreversible forms of hepatic toxicity (Baillie et
al., 1992; Dreifuss eM /., 1987; Gerber e /a/., 1979; Levy ef oZ., 1990; Stephen e /a /.,
1992; Zimmerman et al., 1982).

The optimisation of conditions for detecting intact metabolites of valproic acid in serum
and urine has helped to identify abnormalities of metabolite patterns in affected patients,
and have shown abnormal levels of A4-valproate in such cases (Fisher et al., 1992a,
reviewed in Nau et al., 1992). The effect of high doses of valproic acid in therapy has
also been shown to produce higher levels of A4-valproate in a dose-dependent manner
(Anderson et al., 1992), and is another factor in the pathogenesis of hepatotoxicty that
must be considered.

1 .5 .1 0

Cytochrom e P450-dependent desaturation o f valproic acid to A4-

valproate:
The substantial evidence implicating A4-valproate in hepatotoxicity led investigators to
exam ine the pathway of valproic acid desaturation leading to the formation of
A4-valproate (Granneman et at., 1984; Rettie et al., 1987). A4-valproate is by far the most
potent, among Valproic acid metabolites identified so far, in inducing microvesicular
steatosis (Grannemanef al., 1984; Levy ef al., 1990). Most researchers investigating the
toxicity of valproate metabolites had until then, thought that A4-valproate and
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A2.4-valproate were results of the w and co-1 hydroxylation pathways. However, it was
later shown that A4-valproate is not the product of an œ oxidation pathway, but in fact a
product of ô-dehydrogenation (fig. 1.6). The latter route is only a minor pathway of
valproic acid metabolism and only accounts for 0.3% of valproic acid elimination (Pisani,
1992; Stephens et al., 1992).

A4-valproate was shown to be produced, as a genuine metabolite of valproic acid, via a
cytochrome P450-dependent desaturating pathway. It was observed that valproic acid
was only metabolised to A4-valproate in microsomes isolated from phenobarbital-treated
rat (R ettie et at., 1987). Rettie et a l. (1987) went on to purify the main
phenobarbital-inducible isoform of cytochrome P450, namely CYP2B1, and proved its
role as an enzyme responsible for the desaturation of valproic acid to A4-valproate.
(B aillie, 1988). This finding was pertinent to the fact that many cases o f
valproate-associated hepatotoxicty was when the drug was used in polytherapy with
phénobarbital (Dreifuss et al., 1987; Kondo et al., 1992). Cytochrome P450 reductase
was also shown to be crucial for the formation of A4-valproate. Further in vitro
investigations (Rettie etal., 1988) also showed species variation in the substrate turnover
of A4-valproate in microsomal preparations, with rabbits having the highest turnover,
followed by humans, mouse and rat in descending order. The same in vitro study proved
that phénobarbital is a more potent inducer of A4-valproate formation than either
phenytoin or carbamazapine.

1.5.11 Influence of polytherapy on the metabolite pattern o f valproic acid
Previous reports have suggested an increased risk of the hepatotoxicity of valproic acid
when used in polytherapy with other drugs (Dreifuss et al., 1987; Gerber et al., 1979;
Kondo et al., 1992). Despite its simple chemical structure, valproic acid undergoes a very
complex metabolic fate, with 50 metabolites identified to date (Pisani, 1992). From the
discussion above, evidently some of these metabolites contribute significantly to the
toxic, and possibly anticonvulsant, effects of valproic acid. Therefore, it is extremely
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important to identify the effect that the other drugs, used in co-medication with valproate
could have on its metabolite pattern (fig. 1.6).

Several groups have reported decreased steady-state plasma levels of valproic acid when
combined with such drugs as phénobarbital and clofibrate (Heinmeyer et al., 1981;
Kondo et al., 1992; Richens et al., 1976) and phenytoin and carbamazapine and (Levy et
al., 1990). Therefore, higher doses of valproic acid were prescribed in many cases of
polytherapy, causing acute hepatic injury in some case and fatalities in others, especially
in children under 2 years of age (Dreifuss et a l, 1987),

Another study not only showed a 2-fold increase of A4-valproate formation in the plasma
and urine of patients on carbamazapine and phenytoin (as well as valproic acid) but also a
32% reduction of A4-valproate formation in polytherapy with stiripentol, an antiepileptic
drug that inhibits cytochrome P450 activity (Levy et al., 1990). The authors of this and
other reports strongly recommend that valproic acid should be not administered in
polytherapy with inducers of cytochrome P450. Valproic acid clearance would also be
influenced by drugs such as phénobarbital and phenytoin because of their affect
glucurodination (a major clearance pathway for valproic acid). Other drugs that affect the
6-oxidation pathway should be avoided, such as salicylate and clofibrate. The latter is
also a well-known inducer of CYP4A1, the major isoenzyme responsible for co and w-l
oxidations in liver microsomal membranes (section 1.5.7), another pathway of valproic
acid clearance.

1.5.12

Valproate is an inducer of phase I- and an inhibitor of phase II

biotransform ation enzymes in the liver
1.5.12a In vivo
The previous sections have dealt with reports on how other drugs can induce the
metabolism of valproate and reduce its half life, but not whether valproate has the
capacity to influence its own metabolism. Although there have been extensive reviews
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dealing with hepatotoxicity of valproic acid, there are great discrepancies in the literature
about the inducing capacities of valproic acid on phase I xenobiotic biotransformation
systems (reviewed in Rogiers et al., 1992a) in man (Perruca e/ a t., 1984) and in
experimental animals (Granneman et al., 1984; Jordan et al., 1975). The latter two
reports both indicated the lack of induction by sodium valproate of cytochrome P450 and
cytochrome bs (Jordan et al., 1975).

Therefore Professor Rogiers' group at the V.U.B., Brussels set out to study the effects
of valproate on Phase I and phase II biotransformation enzymes in rat hepatocytes in vivo
(Rogiers et al., 1988a) and in vitro (Rogiers et al., 1988b). The reductions in the half-life
of sodium valproate by co-administration with phénobarbital was also demonstrated in
vitro. The half-life of valproate was measured at 74 minutes when hepatocytes isolated
from phenobarbi tal-treated rats were incubated with sodium valproate. The value obtained
using hepatocytes isolated from untreated animals was 152 minutes (Rogiers et al.,
1988c). This study also showed that the main metabolites of valproic acid, when it was
incubated with freshly isolated rat hepatocytes were the same as those measured in vivo,
in both man and rodents. The study that Rogiers et al. (1988a) conducted to study the
effects of valproate in vivo was the first to directly measure the increase in the activities of
cytochrome P450 and cytochrome b^ This was made possible by a slight modification in
the administration of sodium valproate to the animals.

Previous studies had followed conventional regimens of administrations (i.p. injections
of sodium valproate to the rats for 10 days). However, this method did not allow for the
fact that sodium valproate is metabolised more rapidly in rat, compared to man (section
1.5.5d). Therefore, the concentrations causing hepatotoxicity in man would never be
reached in rats. The novel technique used by Rogiers et al. (1988a) involved the
administration of sodium valproate via subcutaneously implanted osmotic pumps
(described in section 2.11.1), thereby establishing a constant serum concentration of the
drug. A concentration-dependent induction of both cytochrome P450 and bs was
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observed.

Administration of valproate by pumps also induced 7-ethoxycoumarin-O-deethylase
activity. The activity of this phase I enzyme depending mainly on C Y P lA l, CYP2B1,
CYP2A1, and CYP2B2 (Edwards et oL, 1984). In the report by Rogiers et al. (1988a)
valproate administration by pumps also had the opposite effect, of inhibiting the activity
of another phase I enzyme, aldrin epoxidase. The activity of glutathione ^'-transferase
(total activity and not of specific isoenzymes), a phase II biotransformation enzyme was
also significantly inhibited. In contrast, the administration of valproate via i.p. injection
had the opposite effect on both glutathione 5-transferase (isoenzymes 3-3 and 3-4) and
aldrin epoxidase activities, which were significantly induced.

1.5.12b In vitro
An in vitro approach was also used by Rogiers et al. (1988b) to test the effect of
valproate on phase I biotransformation enzymes. This involved the use of rat hepatocytes
cultured conventionally and co-cultured with liver epithelial cells. The group had
previously shown that the biotransformation of valproate in isolated rat hepatocytes
produces metabolite of similar profiles as those measured in both rat and man (Rogiers et
al., 1988c). The study with the cell cultures showed an induction of total cytochrome
P450 content (fig. 1.7) and 7-ethoxycoumarin-0-deethylase activity (fig. 1.8) in both
conventionally and co-cultured hepatocytes and inhibition of both aldrin epoxidase and
glutathione 5-transferase (fig. 1.9) activities in either of the culture models. These results
were all in agreement with those obtained in vivo (Rogiers et al., 1988a).

1.5.13 The effect of valproate on specific cytochrome P450 isozym es
The studies reviewed above showed that a phenobarbital-induced cytochrome P450 is
implicated in the metabolism of valproate. It was shown that CYP2B1 is the responsible
isozyme for the desaturation of valproate to its hepatotoxic metabolite A"*-valproate (Rettie
et al., 1987). Therefore it is possible that, by avoiding co-medication of phénobarbital, a
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potent inducer of CYP2B1 in vivo (Akrawi et al., 1993a; Friedberg er at., 1990;
Omiecinski, 1986) and in vitro (Akrawi etal., 1993a), valproate-associated hepatotoxicty
could be averted. The fact the valproate might be itself an inducer of this isozyme, and
possibly other proteins, had never been suggested so far. Valproate could also be capable
of inducing its own metabolism by inducing enzymes involved in one or more of its
clearance pathways.

Valproate has already been shown to be an inducer of CYP4A activity (Dirven et al.,
1992) and could therefore influence its w and w-l pathways, which together account for
25% of its metabolism (Pisani, 1992). Valproate has already been shown to a peroxisome
proliferator (Horie et al., 1985). The study by Dirven et al. (1992) showed that valproate,
like other peroxisome proliféra tors, induces the co-hydroxylase activity of CYP4A1 in rat
liver. This cytochrome P450-dependent pathway of valproate clearance has been shown
to increase, following the inhibition of B-oxidation by valproate. Although the metabolites
produced by o> and w-l (5 -OH-valproate and 4--OH-valproate respectively) are not as
toxic as that produced by ô-dehydrogenation (A'*-valproate), they still exert some toxic
effect on hepatocytes (Kingsley et al., 1983; Rogiers et al., 1985).

So far the studies on the effect of valproate on P450 isoenzymes have all been centered
on the activities of the enzymes. This is a very important aspect of the role of valproate,
and its metabolites in the the development of hepatotoxicity. However, the effects of
valproate on the mRNA and protein expression of phase I and phase II enzymes in the
liver have not been explored. The aim of this study (chapters 4, 5 and 6 ) was: (i) to
investigate the effects of valproate on the expression of cytochromes P450, cytochrome
P450 reductase, cytochrome bs and glutathione 5-transferases, using western blotting
analyses and (ii) to identify the effect of valproate (in vivo and in vitro) on the mRNAs
encoding specific cytochrome P450 isozymes using northern blotting and RNase
protection assays.
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1 .7 : Total Cytochrome P450 content of conventionally cultured (A) or
co-cultured (B) rat hepatocytes treated with different concentrations of
valproate (VP) and 2 mM phénobarbital (PB). For each time interval the
total cytochrome P450 content of untreated cells were taken as the 100%
value and the results for the treated cells are expressed against these. At
the start of the experiment the total cytochrome P450 content of freshly
isolated hepatocytes was 0.2204 nmol/mg protein ± 0.0254 (n=5) for
(A) and 0.2150 nmol/mg protein ± 0.0090 (n=4) for (B). Tlie figure and
legend are reproduced with pennission from Prof. Vera Rogiers.
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1.8: 7-Ethoxycoumarin O-deethylase (ECOD) activity of rat hepatocytes,
cultured conventionally (A), or co-cultured with epithelial cells (B). The
cells were either untreated, treated with 2 mM phénobarbital (PB) or
different concentrations of vaplroate (VP). For each time interval, the
values measured for the untreated cells are taken as 100%. The values
measured for the treated cells are expressed against the untreated cell
results. At the start of the experiments, the ECOD activity of freshly
isolated hepatocytes was 559 ± 92 pmol OH-coumarin/mg protein (n=4).
N.B: The figure and legend are reproduced with permission from Prof.
Vera Rogiers.
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1.9: Glutathione 5-transferase (GST) activity of rat hepatocytes cultured
conventionally (A) or co-cultured with epithelial cells (B). The cells were
either untreated, treated with 2 mM phénobarbital or different
concentrations of vaplroate. For each time interval, the values measured
for the untreated cells are taken as 100%. The values measured for the
treated cells are expressed against the untreated cell results. At the start of
the experiments, the GST activity of freshly isolated hepatocytes was
0.90±0.13 U/mg protein (n=3). N.B: The figure and legend
reproduced with pemiission from Prof. Vera Rogiers.
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Chapter 2

Materials and methods
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2.1 Isolation of and culture of rat hepatocytes^
2.1.2 Animals
Hepatocytes were isolated from three month-old outbred male Sprague-Dawley rats
(Iffa-Credo, Belgium) weighing 200-250g. The animals were given free access to food
and water.

2.1.3 Isolation of Hepatocytes
Hepatocytes were isolated by Prof. Vera Rogiers or Andre Callaerts at the VUB,
Brussels. For preliminary experiments (chapter 3, Akrawi et al., 1993a), cells were
isolated and cultured by Dr. Yves Vandenberge, except those used for the experiment
described in figs. 3.4 and 3.5. The isolation method used is described in a previous
publication (Rogiers et at., 1984) and is essentially a modification of the perfusion
method of Berry and Friend (1969). The average yield of hepatocytes was between 2-4
X

10® cells/liver. Cell integrity was tested by trypan blue exclusion. Cell integrity was

usually between 85-93% and the isolated hepatocytes were morphologically intact: they
had a spherical shape, showed microvilli, and a normal structure and distribution of
internal organelles. Gluconeogenesis activity was linear for at least 2 hours.

2.1.4a Isolation of epithelial cells
Epithelial cells were isolated by trypsinisation of 10-day old Sprague-Dawley rat livers
according to the method of Williams et al. (1979). The cells were purified from
contaminating fibroblasts (fig. 2.1 A) and maintained by serial subculture in ECM
medium. Since these cells undergo spontaneous transformation (fig. 2. IB), they were
used at early passages (between the 15th and 26th passage). The cell lines obtained by
this method were stored in liquid nitrogen until use.

t All solutions used for cell culture were made up using double distilled water purified though a
Milli-Q water filtration system (Millipore UK Ltd.). The solutions were then sterilised by
filtration through a 0.2 //m Millipore filter unless otherwise indicated.
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F igure 2.1: A) Rat liver epithelial cells at the 25th passage. The photograph was taken
after the cells were thawed and allowed to grow to the confluency required
for their use in co-culture with hepatocytes. The photograph shows a
prepation of rat liver epithelial cells, free from contaminating fibroblasts,
which is essential for the use o f the epithelial cells in co-culture with
hepatocytes. B) Rat liver epithelial cells after the 25th passsage, in
co-culture with rat hepatocytes. The epithelial cells have started to undergo
spontaneous transformations and are therefore not suitable for use in
co-culture.
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2.1.4b Preparation of the epithelial cells for co-culture
Solutions:
PBS
NaCl

40g

KCl

1g

NazHPO^

15.5 g

KH2PO4

1g

The pH of the solution was adjusted to pH 7.65 and the volume of the solution then
adjusted to 5 L with Water.

NaHCOa:
NaHCOa (22 g) was dissolved in 1 L of water.

Antibiotic stock solutions:
-Glutamine, Kanamycin and Streptomycin (Sigma): 2.5 g/500 ml PBS.
-Penicillin (Continental Pharma): 1 x 106 u/3 ml PBS. This solution was then diluted to
make up the stock solution (1.1 ml/500 ml PBS).
-Ampicillin (Pentrexil, Bristol): 0.5 g/500 ml PBS.
The antibiotic stock solutions were each divided into aliquots o f 25 ml and stored at
-20'C.

Com m ercial culture media:
Williams E (without glutamine), M199 and MEM and trypsin-EDTA and foetal calf
serum were all purchased from Gibco (St. Louis, MO, USA).

H orm onal medium (HM):
M 199

13.9 g

MEM

40.15 g

Albumin

5 g (bovine. Sigma)
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Insulin

0.025 g (I, Sigma)

The pH of the solution was adjusted to pH 5.2 and the volume of the solution made to
4.5 L with water. The solution was stored at -20“C.

Epithelial cell medium (ECM):
Williams E

450 ml

Glutamine

10 ml

Streptomycin

5 ml

Penicillin

5 ml

Foetal Calf Serum (PCS)

50 ml

TO Hepatocyte media:
HM

450 ml

PCS

50 mi

NaHCOs

50 ml

Ampicillin

5 ml

Kanamycin

5 ml

Streptomycin

5 ml

Hydrocortisone solution:
Hydrocortisone hemisuccinate (100 mg, liophilised IV, Roussel, Paris, Prance) was
dissolved in 4 ml PBS and stored at 4°C.

Valproate and phénobarbital stock solutions for culture
Sodium Valproate (a kind gift of Sanofi-Labaz, Belgium) was dissolved in PBS (200
mg/20 ml PBS). Sodium phénobarbital (1.017 g, Bios) was also dissolved in 20 ml
PBS.
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T4 Conventional culture and co-culture media
This solution was made up by the addition of hydrocortisone solution (500 }x\ for the
conventional cultures and 50 }4\ for the co-cultures) to the TO hepatocyte media (450
ml) bringing the final concentration of hydrocortisone to 7 x 10"^ M and 7 x 10^ M
respectively. For the cultures treated with either valproate or phénobarbital, 100 ml of
both co-culture or conventional culture T4 solutions was supplemented with either 2 ml
of valproate stock solution or I ml of phénobarbital stock solution (resulting in 200
}4 g/m\ and 2 mM final drug concentrations respectively).

Method
The cells were thawed for use and allowed to grow to confluence in a humidified
atmosphere of 95% O 2 and 5% CO 2 at 3 T C (usually about 9 days) and split into fresh
flasks as follows: The flasks containing the confluent cells were turned upside down
and the media discarded. The cells were then washed with PBS (5 ml, at 37“C) and then
replaced in the incubator after the addition of 4-5 ml trypsin/EDTA solution
(prewarmed to 37°C) for exactly 3 minutes. The solution was then discarded and the
cells placed back in the incubator for 15-20 minutes. The cells were loosened from the
flask by vigorous shaking. The detachment of the cells was checked under the
microscope until most of the epithelial cells had detached. ECM medium (20 ml) was
added to each flask and the cells dispersed evenly in the fresh media by gentle shaking.
The contents of each flask were split into two fresh 75 cm^ flasks (Costar). After the
initial splitting the cells were washed with PBS and placed in fresh ECM media and
split again every 2-3 days, otherwise they would coagulate. While the epithelial cells
were growing in flasks it was essential not to tighten the flask stoppers so that the cells
would benefit from the controlled O 2/CO 2 atmosphere of the incubator. When the cells
were ready to be seeded for mono-culture the ECM (25 ml) medium was added to each
flask after detachment and the contents of the whole flask transferred to a petri dish
(about 2.5

X

10^ cells in

a

175 cm^ dish). The medium was checked for contaminating

yeast and bacteria by checking its colour (the media turned from dark pink to orange if
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contaminated) and under the microscope. The media was renewed every other day. For
every co-culture experiment a batch of epithelial cell mono-cultures grown under the
same conditions and tested for the same parameters The cells were grown in the
relevant T4 media (either T4 alone or supplemented with the relevant dose of valproate
or phénobarbital).

2.1.5 Seeding of the conventionally cultured and co-cultured hepatocytes
Hepatocytes were seeded at a density of 1.5 x 10^ cells/28 cm^ petri dish (Costar) in 4
ml of TO media. The medium was renewed 4 hours after cell seeding (with T4 media)
and every day thereafter. Co-cultures of hepatocytes with rat liver epithelial cells were
set up according to the method developed by Guguen-Guillouzo and co-workers
(Guguen-Guillouzo et a i, 1983). This was done by adding 1.4 x 10^ epithelial cells to
the hepatocytes, 4 hours after the hepatocytes were seeded. At this amount, the cells
reached confluency within 24 hours. The epithelial cells added to the hepatocytes were
already resuspended in the relevant culture media (T4 media alone or supplemented
with either phénobarbital or valproate).

2.1.6 Determination of cytochrome P450 content
Cytochrome P450 content was measured in the microsomal fraction of the isolated
hepatocytes and in the intact liver (results shown in figs. 1.7 and 5 .IB respectively) of
control, phénobarbital- or valproate-treated rats, according to the method of Schoene
al. (1972). The microsomal cytochrome P450 content o f the freshly isolated
hepatocytes was also measured and is usually about 85% of the in vivo value (fig. 1.7).
The determination of cytochrome P450 content of the mono-cultured cells was carried
as follows: The media was first removed and the cells washed with PBS. The cells were
then scraped off with a rubber policeman and homogenised. Cytochrome P450 content
was determined according to the method of Omura and Sato (1964) in 10,000 g
supernatants using the conditions described by Paine et a/. (1979). The co-cultures were
first treated with collagenase to separate the hepatocytes from the epithelial cells as
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The majority of the techniques used in bacterial and DNA work (pages: 193-231) are
described in Sambrook et al, 1988.

follows: The cultures were first washed twice with 4 ml PBS. Collagenase solution (7
mg collagenase/10 ml PBS) was added to each co-culture dish (4 ml collagenase
solution at 37°C/1.5 x 10^ cells originally seeded). Dissociation of the two cell types
was followed by observing the dishes through the microscope. Two fractions were seen
to emerge, the upper fraction containing the detached hepatocytes and the low er
fraction, the epithelial cells. The two fractions were separated carefully and the upper
fraction then centrifuged for 1 minute (50 g) and washed twice with PBS. The final cell
pellets were dissolved in 4 ml PBS and the cytochrome P450 content of the hepatocytes
measured in the final solution. Epithelial cells were washed twice with PBS and the
cells dissolved in 4 ml PBS before measuring the cytochrome P450 content in this
solution. Total protein content (in cell pellet and supernatant) was also measured using
a protein assay kit (Bio-Rad, Germany). The co-cultures sent to our laboratory for use
in western blot and northern blot analysis and RNase protection assays contained both
epithelial cells and hepatocytes. Co-cultures and conventional cultures carried out by
myself were used for studies on the CYP4As (chapter 6 ).

2.1.7 Enzymatic assays
ECOD and A Eand activities in freshly isolated hepatocytes and the cultured cells were
determined as descibed previously (Rogiers e ta l., 1986; Rogiers e ta l., 1988c; Rogiers
et al., 1988b).

2.2 Growth of bacterial cultures^
The following bacterial strain of Escherichia Coli (E.Coli) was used throughout this
investigation:

2 For the RNA, DNA and protein work; Deionized, distilled water was used throughout All
glassware, measuring cylinders, pipette tips, and water were autoclaved (15 lb/inch 2 at 121“C)
for Ihour prior to use. Water used for the storage of RNA samples and enzymatic reactions
involving RNA samples was DEPC-treated (Stratagene).
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JM109: recA l, endA l, gyrA96, thi, hsdrl7 (rk-mk+), supE44, re llA l, A(lac-proAB),
[FtraD36, proAB, lacF A (lac Z), M15].

Solutions
LB M edium :
Bactotryptone (10 g), Bactoyeast extract (5 g) and NaCl (10 g) were dissolved in water.
The pH of the solution was adjusted to pH 7.5, the final volume made up to 1 L in water
and the solution autoclaved.

Ampicillin (Amp):
A stock solution of the sodium salt of Amp (Beecham) was made up in a concentration
of 5 mg/ml in water, sterilised by filtration through a 0.2 /<m filter (Millipore), aliquoted
and stored at -20“C.

LB /agar plates:
LB medium was prepared as above and Bactoagar added to it (15 g/L). The agar was
dissolved by heating and stirring the solution. The solution was autoclaved and left to
cool to -50"C, the appropriate antibiotic added, the plates poured and left to set. The
plates were sealed with Nescofilm"^^ and could then be stored at 4"C for up to 1-2
weeks.

C om m ercial Bacterial M edia:

(oUsc/flbe^i ÙK

Commercial, pre-mixed, LB-Medium, LB-A gar and SOB^were also used in capsule
form (B lO lO l, La Jolla, California). The solutions were made up by mixing the
capsules with water, autoclaving and storied as above.
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M ethod:
LB medium (100 ml) containing Ampicillin (50 /<g/ml) was inoculated with 0.1 ml of
bacteria from a glycerol stock culture (containing a plasmid with the required DNA
insert) in a 250 ml conical flask with a sponge stopper (to allow the bacteria to grow
aerobically). The culture was incubated overnight, at 3 T C , in an orbital shaker. The
growth of the Bacteria was monitered by measuring the A540 of the culture. The
density of the culture was not allowed to exceed 10^ cells/ml medium.

2.3 Isolation of Plasmid DNA
Isolation of plasmid DNA was carried out according to the method of Bimboim and
Doly (1979), modified by Ish-Horowicz (1981).

Solutions:
STE
10 mM Tris-HCl (pH 8.0)
100 mM NaCl
1 mM EDTA (pH 8.0)

Solution I:
50 mM glucose
10 mM EDTA (pH 8.0)
25 mM Tris-HCl (pH 8.0)
The solution was autoclaved and stored at 4°C.

Solution II:
0.2M NaOH
1% SDS
The solution was made up fresh before use from stock solutions of 10 N NaOH and
10% SDS.
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Solution III:
Potassium acetate solution (pH 4.8) was made by mixing 60 ml o f 5 M potassium
acetate, 11.5 ml glacial acetic acid and 28.5 ml water. The solution was stored at 4’C.

TE:
10 mM Tris-HCl (pH 8.0)
1 mM EDTA (pH 8.0)
Method:
2.3.1 Large scale plasmid preparation
The bacterial culture (section 2.2) was centrifuged at 4 “C, 4,000 RPM (M SB 18
centrifuge) for 10 minutes, the bacterial pellets washed in 15 ml of ice-cold STE, and
re-centrifuged. The pellets were then resuspended in 4 ml of ice-cold solution I and left
at room temperature for 5 minutes. Solution II (3 ml) was added and the samples left on
ice for 5 minutes. Solution III (2.25 ml) was then added and the samples left on ice for
30-60 minutes. The samples were transferred to 50 ml capped polypropylene tube and
centrifuged for 10,000 RPM (MSB 18) for 10 minutes at 4*C. The supernatant was the
transferred to a corex tube (DuPont), isopropanol (0.6 volumes) was added to it, and the
samples left at room temperature for 15 minutes. The samples were centrifuged at 9,000
RPM (MSB 18) for 30 minutes, the pellets washed in 70% ethanol and dried under
vacuum. The pellets were then resuspended in 1.25 ml TB, transferred to Bppendorf
tubes and subjected to RNase A digestion by adding 49 /<1 of 4 M NaCl, 25 /d of RNase
A (10

Beohringer) and incubating the reaction at 37°C for 1 hour. The samples

were subjected to one extraction with an equal volume of phenol (pH 8.0), one with an
equal volume of phenol: chloroform:! A A (25:24:1) and once with an equal volume of
chloroform:IAA (24:1). The two phases were separated by centrifugation and the DNA
was then precipitated by the addition of 2 volumes of absolute ethanol to the last
aqueous phase and the samples incubated at -78°C for 30 minutes. The plasmid DNA
was pelleted by centrifugation for 15 minutes and the pellets washed in 70% ethanol.
The plasmid DNA was dried under vacuum and resuspended in 100 ;/l TB. The DNA
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was then incubated at 65°C to inactivate any endogenous nucleases. The concentration
of dsDNA was determined from the A260 follows:

A260 X 50 = /^g/ml concentration

The DNA was stored at -20°C.

2.3.2 Small scale plasmid praparation
LB medium (5 ml) containing Amp (50 /<g/ml) was inoculated with a single bacterial
colony and incubated at 37°C overnight, in 20 ml glass universal bottles, with vigorous
shaking. The culture was aliquoted into 1.5 ml Eppendorf tubes, centrifuged for 1
minute in an Eppendorf centrifuge^. The medium was aspirated and the bacterial pellets
left as dry as possible. The pellets were then re-suspended in ice-cold solution I (100 }4\
solution 1/pellet from 1.5 ml of original culture). The suspension was allowed to stand
at room temperature for 5 minutes with the tops of the tubes open. The tubes were
closed and the contents of the tubes mixed by inverting the tubes rapidly a few times
and then incubated on ice for 5 minutes. Solution III was then added (150 /d), the tubes
vortexed gently in an inverted position for 10 seconds, stored on ice for 5 minutes and
centrifuged for 5 minutes in an Eppendorf centrifuge. The supernatant was then
transferred into fresh tubes and 0.5 volume of phenol (pH 8 ) added, the tubes vortexed
for 20 seconds and 0.5 volume of chloroform:IAA (24:1), the vortexing repeated and
the tubes microfuged for 2 minutes. The supernatant was then transferred into a fresh
tube, 2 volumes of ethanol added, the contents mixed by vortexing the tubes which
were then left to stand at room temperature for 2 m inutes. The tubes were
re-centrifuged as above, the supernatant removed and the tubes inverted on tissue paper
to drain away the remaining fluid. The pellets were washed with 1 ml of 70% ethanol,
re-centrifuged and the supernatant discarded. The pellets were briefly dried under

3 The term 'microfuging' will be used to refer to centrifugation using and Eppendorf
microcentrifuge at 14,000 RPM.
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vacuum with the tops of the tubes open but covered with perforated parafilm. The
pellets were then resuspended in 10/^1 of TE and heated at 65“C for 5 minutes to
inactivate any endogenous nucleases and stored at -20*C.

2.3.3 Isolation of supercoiled plasmid DNA using PEG
The standard small scale preparation of plasmid DNA was followed essentially as
above and RNase A (2 /<1 of a 10 ml/ml solution) was added, before the
phenol/chloroform extraction stage, and the samples incubated at 2>TC for 40 minutes
and the phenol/chloroform extraction carried out as described above. The samples were
precipitated as above, each pellet resuspended in 16.8

of water and mixed with 3.2 pi\

of NaCl (5 M), 20 pi\ of PEG (13% v/v, MW 80(X)) and left on ice for 20 minutes. The
samples were microfuged for 10 minutes, the pellets washed with 200 /<1 of ethanol
(70%) and re-centrifuged for 10 minutes. The pellets were resuspended in 15-20 }â\ of
water and stored at -20°C. This method was also used to purify supercoiled DNA from a
large scale preparation of DNA by adjusting the volumes with respect to that of the
starting culture.

2.4 R estriction endonuclease digestion of DNA
Solutions^:
10 X Low salt

b u ffe r :

100 mM Tris-HCl (pH 7.5)
100 mM MgClz

lO m M D T T

10 X M edium salt buffer:
Same as above but with 500 mM NaCl

4 All the digestion buffers above were stored at -20°C.
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10

X

High salt bufTer:

Same as the low salt buffer but with 1 M NaCl

2

X

Digestion buffer:

1 mg/ml BSA ( Pen tax fraction V, nuclease-free, Miles Scientific)
40 mM Spermidine
10 mM DTT
1 X Low, Medium or High

sa lt

buffer

100 /<g/ml RNase A
Method:
DNA samples were digested with the appropriate restriction enzymes by incubating
10-100 }4g of DNA with 1 x digestion buffer and 5 units of the enzyme in a final
volume of 50-100 /d (made up with water, depending on the amount of the DNA) . The
reaction mixture was incubated at 37°C for a minimum of 1 hour. An aliquot of the
digestion mixture was then electrophoresed through an agarose gel for verification of a
successful digestion.

2.5 Agarose gel electrophoresis of DNA
Solutions:

lOxTBE:
Tris base

108 g

Boric acid

55 g

EDTA

9.3 g

The solution was made up to a final volume of 1 L with water and the final pH was -p H
8.3.
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Ethidiuin bromide solution:
The solution was made up in concentrations of 10 /<g//^l (used in the agarose gels for
DNA samples and running buffers), or 1

(added directly to the RNA samples for

visualisation under UV light). The solutions were made up in water and stored in the
dark at 4°C. Great care was taken to avoid contact with ethidium bromide solutions due
to its mutagenic properties.

10 X DNA loading buffer:
,0.25% (w/v) Bromophenol blue
40% (v/v) Glycerol

Method:
2.5.1 Preparation of the agarose gels
Agarose gels were prepared by dissolving the required amount of agarose (Sigma)
(0.8-2.5% w/v, depending on the length of the DNA fragments) in 1 x TBE. The
mixture was heated until the agarose dissolved and then allowed to cool to -55"C, with
stirring. Ethidium bromide was then added (0.5 /^/ml), mixed well and the solution
poured onto the desired template containing a well form ing com b (or combs),
appropriate for the well size and sample volume. The gel was allowed to solidify at
room temperature for 30-40 minutes and then placed in a horizontal electrophoresis
tank immersed in 1 x TBE containing 0.5 }4glm\ ethidium bromide.

2.5.2 Electrophoresis of the DNA samples
DNA samples were loaded (in 1 x DNA loading buffer) into the wells and
electrophoresed at the appropriate voltage depending on the length of the gel/the
apparatus used and the required speed of electrophoresis. The samples were visualised
by placing the gels on a UV transilluminator (302 nm) and photographed through a red
filter using 'Polaroid 55' film and a Polaroid Land camera. The length of the DNA
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fragments were estimated by comparison to an adjacent track of 1 kb DNA Ladder
(GIBCO-BRL).

2.5.3 Isolation of DNA fragments from agarose gels
Following the digestion of DNA the whole digestion mixture was electrophoresed
through an agarose gel. The DNA bands were visualised by UV irradiation and the
piece of agarose containing the band in question was excised from the gel using a sterile
scalpel. The agarose piece was cut into smaller fragments and the DNA extracted from
the agarose by one of the two following methods;

2.5.3a The 'Spinnex^^' tube method
The agarose pieces were placed in a 2 ml 'Spinnex'^” ' tube (Costar). The tube was
microfuged for 10 minutes. The liquid obtained was extracted with phenol/chloroform
as described above. The DNA was then precipitated by the addition of an equal volume
of 4 M ammonium acetate and 4 volumes o f absolute ethanol and storing at -20“C
overnight or -78°C for 1 hour. The DNA pellets were washed with 80% ethanol,
microfuged for 5 minutes, the supernatant discarded and the pellets dried at 65“C for 10
minutes. The DNA was resuspended in a suitable volume of TE, incubated at 65"C for 5
minutes and stored at -20“C. The DNA was electrophoresed through an agarose gel to
check the integrity and quantity of the fragment excised. The Spinnex tube containing
the agarose was frozen at -20°C after the addition of more TE and recentrifuged if the
recovery of DNA was not efficient.

2.5.3b The glass wool method
A 0.5 ml microfuge tube was pierced at the bottom with a red hot needle and filled with
sterile glass wool. The agarose pieces were placed in the tube and the tube snap frozen
in liquid nitrogen. The first tube was then placed inside a 1.5 ml Eppendorf tube and
microfuged for 10 minutes. The small tube was placed into a clean 1.5 ml tube with
1/10 vol of 4 M LiCl and microfuged for 10 minutes.TE (50 }A) was added to the
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sam ple

and

the

sam ple recentrifuged. The sam ples w ere

extracted with

phenol/chloroform and the DNA precipitated as above

2.6 Purification of oligonucleotides
The preparation of the solutions and the purification were all performed in the fume
hood, wearing a face mask and safety goggles.
Solutions:
0.1 M Triethylam inoacetate (TE A A):
1 M TEAA (500 ml) was prepared by adding 69.7 ml of 1 M triethylamine and 29.1 ml
glacial acetic acid (HAc) to 100 ml of water. The solution was mixed and the volume
adjusted to 400 ml with water. The pH of the solution was adjusted to pH 7.0 with HAc
and then the final volume to 500 ml with water.

0.5% T riflouroacetic acid (TEA) :
1 ml of TFA was added to 200 ml of water and the solution handled with care as TFA is
highly toxic.

Acetonitrile (C H 3CN) /TEAA [pH 7]:
Acetonitrile solution (HPLC grade, BDH) was mixed with 0.1 M TEAA (1:9).

Method:
Oligonucleotides are synthesised and stored in an aquous ammonium solution (BDH) at
-20"C. The trityl groups were left on, attached to the 5' end, to protect the
oligonucleotide from chemical attack and degradation. The trityl groups were removed
by using NENSORB PREP™ cartridges and a peristaltic pump with a variable
flow-rate. The column was first flushed with:
1) 2

X

5 ml of methanol

2) 2

X

2.5 ml of 0.1 M TEAA

211

The oligonucleotide preparation was then loaded onto the NENSORB column. The tube
that had contained the oligonucleotide was rinsed with 1 ml of 0. IM TEAA and also
loaded onto the column. The column was then washed sequentially with:
3) 4 x 1 ml of 0.1 M TEAA
4) 2 X 5 ml

of CH 3CN/TEAA (shortsequences of oligoswere eluted afterthis wash)

5) 4 X 5 ml

0.5% TFA

6 ) 2 X 5 ml

0.1 M TEAA

W hen all the liquid was eluted through 2 x 5 ml 35% methanol was added

to elute the

oligonucleotide and the fractions collected in 1 ml aliquots. The optical density, at
A260, was read from a 20 x dilution and the concentration of the solution determined
using the following equations:
A260 X 37 = |xg/ml concentration

,, ,
pmo

y^g/ml X 1000
2QÇ X oligo length

Full-length oligonucleotides were usually eluted in fractions 4 and 5. The samples were
then dried under vacuum and resuspended in water to the desired concentration.

2.7 Reverse transcription of cDNA from total RNA
Total RNA was isolated as described below in section 2.11. Total RNA (10-15 /d) was
mixed with 1 /il (5 pmole) of the appropriate oligonucleotide primer and the volume
adjusted to 34 jû with water. The RNA was denatured by heating the mix at 65°C for 5
minutes and chilled on ice for 1 minute prior to the addition of the following reaction
components:
5 }i\ of 10 X reaction buffer
5 }4 \ dNTP mix (5 mM with respect to each dNTP)
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2

RNase Block 11^^^ (Stratagene)

4 jxl MMTV Reverse Transcriptase

The reaction was incubated at 37°C for 90 minutes and then at 95°C for 5 minutes. The
cDNA was precipitated by the addition of 0.1 volume of 3 M ammonium acetate and 2
volumes of ethanol and placed at -70°C for 1 hour or -20°C for 12-16 hours. The
samples were microfuged for 10 minutes and resuspended in 50 pd of water.

2.8 PCR of the amplified cDNA
2.8.1 Calculation Of Primer Annealing Temperature For PCR
For each oligonucleotide primer used, the annealing temperature varied according to the
G/C content and the length of the oligonucleotide. The annealing temperature was
calculated using the following equation:

(69.3 X 0.41 X (G + C)%) -

650
length of oligonudeotide '

temperature

The annealing temperature was thus calculated for each primer, the two temperatures
averaged, and 12°C then subtracted to obtain the final annealing temperature.

2.8.2 Amplification of a specific DNA region by PCR
Solutions:
2 X PCR buffer:
20 mM Tris (pH 8.0)
30 mM (NH 4)2S 04
4 mM MgCl2
0.1% NP-40
0.1% Tween-20 (Bio-Rad)
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In this reaction a specific region of DNA was amplified using the RNA-DNA hybrid
prepared as described above. The following components were mixed in a 0.5 ml
Eppendorf tube:
10.5 J4\ cDNA product
25 /d 2 X PCR buffer
8 f4\ dNTP solution (5 mM)

3 /^1 3' primer solution (5 pmole/;.<l)
3 pi\ 5' primer solution (5 pmoleZ/^l)

The reaction components were heated at 95°C, to denature the template DNA,
centrifuged briefly and 2.5 pi\ of Biotaq enzyme (Bioline, U.K.) added to each reaction
and the reaction mix overlaid with 1 volume (50 /<1) of liquid paraffin. The PCR
reaction was programmed to proceed with the following cycles. The annealing
temperatures shown below are those used with the CYP4A1/2 oligonucleotide primers:
1) 5 cycles of:
Dénaturation

94“C

1 minute

Annealing

42"C

1 minute

Elongation

irc

1 minute

2) 25 cycles of :
Dénaturation

94"C

1 minute

Annealing

58"C

1 minute

Elongation

irc

1 minute

Dénaturation

94"C

1 minute

Annealing

58°C

1 minute

Elongation

72°C

7 minutes

3) 1 cycle of:
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A control experiment was also set up exactly as the reaction above, substituting the
DNA sample with water, to check for external DNA contamination of the PCR
procedure. An aliquot of the PCR reaction products was analysed by electrophoresis
through an agarose gel (fig. 6.7).

2.8.3 Purification of the PCR products by Proteinase K digestion
The PCR products were purified by digestion with Proteinase K (Boehringer
Mannheim) to remove traces of the Biotaq enzyme and prepare the DNA for digestion
with restriction enzymes. The following reagents were added to 40 /d of PCR reaction
products:
2.5 }x\ 100 mM EDTA (pH 8.0)
2.5 }x\ 10% SDS
3 }i\ Proteinase K (20 pig/}^\)
T he reaction was incubated at 3 7 “C for 2 hours and then subjected to a
phenol/chloroform/IAA extraction. The DNA was precipitated as described previously
and each sample resuspended in 20 //I of water.

2.8.4 Preparation of PCR products and vector for 'sticky-end' ligation
The plasmid DNA (5 }4g) and purified PCR products (10 /d) were first digested with
one of the restriction endonucleases and then an aliquot of the plasmid DNA digestion
reaction electrophoresed through an agarose gel to determine the success of the
digestion. The second restriction endonuclease was then added to the existing reaction
tubes (given that the two enzyme activities are optimal in the same reaction conditions)
and in a separate tube, a pilot reaction with 1 /<g of plasmid DNA, was incubated for the
same time. The success of the second enzyme digestion was determined by analysing an
aliquot of the 'pilot reaction' by agarose gel electrophoresis. The enzyme reactions were
then terminated by the addition of EDTA and SDS to final concentrations of 20 mM
and 0.1% respectively. The digested DNA samples were subjected to one phenol
extraction (1 vol) and one chloroformilAA (24:1) extraction (1 vol). The volume of the
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aqueous phase was measured and 1 volume of 4 M ammonium acetate/4 volumes of
ethanol added and the samples placed on dry ice for 15 minutes. The samples were then
gently thawed to room temperature, centrifuged for 10 minutes and the pellets carefully
washed in 75% ethanol. The pellets were dried under vacuum. The Plasmid DNA was
resuspended in w ater at a

concentration of 10 ng//^l. The PCR products were

resuspended in 5 pi\ of water.

2.9 Subcloning of PCR products into pBluescript™ by 'sticky-end’ ligation

Solutions:
10 X Ligation buffer:
0.5 M Tris (pH 7.5)
100 mM MgCl2
This buffer was made just before use.
M ethod:
The ratio of vector:insert is ideally set at 1:10 (an important consideration for a
successful ligation). The reaction was set up as follows:
\ pi\ 10 X ligation buffer
1

plasmid DNA (10 ng)

5 n \ PCR products
1 pi\ 10 mM ATP
1

100 mM DTT

1 y \ T 4 DNA ligase (1 u)

The reaction was allowed to proceed at room temperature for a minimum of 2-3 hours.
The ligated sample was subjected to one phenol extraction and two extractions (1
volume each) with ether. The final aqueous phase was then heated at 65"C, with the lid
open, to remove all traces of ether and stored at -20°C until the transformation reaction.
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The extraction with phenol/ether increases the number of transformants obtained when
frozen competent cells are used.

2.9.1 T ransform ation of plasmid DNA into E.Coli
2.9.1a P reparation of Frozen 'C om petent' E. Coli
Solutions:
SOB:
Bactotryptone (20 g), Bactoyeast extract (5 g), NaCl (0.5 g) and KCl (0.19 g) were
dissolved in water. The pH of the solution was adjusted to pH7.0 with 5N NaOH and
the volume was made up to 1 L. The solution autoclaved for 20 minutes and stored at
4°C.

SO B /M g^:
A 2 M stock of Mg^^ (IM MgCl2, IM MgSO^) was prepared and sterilized by filtration
through a 0.45 }im filter (Millipore). This solution was added to autoclaved SOB
medium just before use, to a final concentration of 20 mM Mg^+.
SOC:
A 2 M stock of glucose was prepared using water and sterilized by filtration through
0.45 }4m filter (Millipore). This was added to autoclaved SOB medium just before use,
to a final concentration of 20 mM to make up the SOC solution.

FSB:
10 mM Potassium acetate (pH 7.5)
45 mM MnCl2.4 H 2O
10 mM CaCl2.2 H 2O
100 mM KCl
3 mM Hexaminocobalt chloride
10%(v/v) Glycerol
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M ethod
Using a sterile platinum wire E. Coli (JM109) were streaked directly from a frozen
stock (stored at -70°C) onto the surface of an SOB agar plate and incubated at 3 T C for
16 hours. Four or five well-isolated colonies were picked and transferred into 1 ml of
SOB/Mg^^. The tube was vortexed at a moderate speed and the culture diluted in 50 ml
of SOB/Mg^^ in a 1 L flask. The cells were allowed to grow in a shaking waterbath at
37°C for 2.5-3.0 hours (until the A600 was 0.45-0.55). The following procedures were
all done aseptically: The cells were transferred to sterile 50 ml polypropylene tubes
(Falcon 2070) and chilled on ice for 10 minutes. The cells were recovered by
centrifugation at 40(X) rpm for 10 minutes at 4 “C (M SE 18 rotor). The supernatant was
discarded and the pellets drained by inverting the tubes on tissue paper for 10 minutes
The pellets were then resuspended in ice-cold FSB buffer (-2 0 ml FSB/50 ml tube) and
stored on ice for 10 minutes. The cells were centrifuged as above, drained and
resuspended in ice-cold FSB (4 ml/tube). DMSO was added to the suspension (140 ;^l/4
ml of resuspended cells), mixed gently and the suspension stored on ice for 15 minutes.
A further 140 ptl was added to each suspension, mixed gently and incubated on ice. The
suspension was then quickly aliquoted (100 //1/tube) into chilled, Eppendorf tubes and
immediately snap-frozen in liquid nitrogen and stored at -70“C until needed.

2.9.1b Transformation of plasmid DNA
The frozen competent cells were removed from the -70“C and thawed by holding them
in the hand and then transferring to an ice bath for 10 minutes. The cells were then
aseptically pipetted to chilled polypropylene tubes (Falcon 2059) and stored on ice. The
plasmid DNA was then added to the cells (no more than -1 ng of plasmid DNA/50 /d
of competent cell suspension), the tubes swirled gently and stored on ice for 30 minutes.
The tubes were placed in a rack and incubated at 42°C for 90 seconds. The tubes were
then quickly chilled on iee for 1-2 minutes and 800 //I of SOC media (containing 20
mM Glucose) added to each tube. The cultures were then warmed to 37°C, transferred
to a shaking waterbath at 37°C and incubated for 45 minutes. An aliquot of the cell
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suspension (200 //I) was then transferred to 90 mm plates of SOB agar eontaining 20
mM MgSO^ and Amp. The transformed ceils were spread onto the SOB/agar plates
with sterile glass rods and the plates left at room temperature until the liquid had been
absorbed. The plates were inverted and incubated at 37°C for 12-16 hours. The plates
were spread with a mixture of equal volumes of X-GAL and IPTG (40 /<l/plate) to
enable the transform ed colonies of plasm id DNA containing inserts to be
distinguished from those colonies of plasmids lacking DNA inserts. An original sample
of uncut plasmid DNA was included as a positive control for the transformation The
white bacterial colonies were aseptically transferred into 20 ml tubes containing 5 ml of
LB media and Amp (50

and grown in a shaking waterbath at 37°C forl2-16

hours.

2.10 Double stranded DNA sequencing
2.10.1 Dénaturation of template DNA
DNA (10 pt\) from the small scale plasmid PEG purification (section 2.3.3) was mixed,
by vortexing, with 2 pi\ of 2M NaOH and incubated for 10 minutes at room temperature.
The alkali was neutralised by the addition of 8 /^1 of 5 M ammonium acetate and the
DNA precipitated by adding 112 }4\ of chilled ethanol and incubating the sample on dry
ice for 10 minutes. The DNA was recovered by microfugation for 10 minutes, the
pellets were washed in 70% ethanol and recentrifuged. The samples were dried briefly
and resuspended in 10 //I of water. The DNA at this stage is immediately annealed with
the relevant primers or stored at -20 "C for future use.

2.10.2 Annealing of template DNA with sequencing primers
The appropriate sequencing primers were annealed to the denatured DNA template in
the following reaction:
10 ;^1 template DNA
2 }4\ primer solution (5 ng)
2 pi\ annealing buffer (Pharmacia sequencing kit)
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The reaction components were mixed and the mixture incubated at 37“C for 20 minutes
and then allowed to stand at room temperature for at least 10 minutes before proceeding
to the sequencing reactions.

2.10.3 The sequencing reaction
For each sequencing reaction performed four Eppendorf tubes were labelled T, C, G
and A and 2.5 ptl of the appropriate dideoxynucleotide solution added to each tube
(Pharmacia sequencing kit). In a separate tube the following reaction components were
mixed:

The annealed reaction from above
3 }4\ labelling mix (Phannacia sequencing kit)
1 /d of [a-^^S] dATP (lOOOCi/mmole supplied by NEN, Dupont)
0.5

T7 DNA Polymerase (Pharmacia sequencing kit)

While the labelling reaction was allowed to continue at room temperature for 5 minutes,
the four tubes containing the dideoxynucleotide solutions were warmed to 37’C. At the
end of the 5 minutes the labelling reaction was aliquoted to each of the four tubes (4.5
/<l/tube), the tubes incubated at 3 T C for 5 minutes and the reactions then terminated by
the addition of 5 ptl of the 'stop solution' (Pharmacia Kit) to each tube. Samples were
denatured by boiling for 3 minutes prior to electrophoresis.

2.10.4 Preparation of the polyacrylamide gel for sequencing
The sequencing reactions were electrophoresed through an 8 % polyacrylamide gel that
was

prepared using premixed polyacrylam ide/urea/TBE solutions (Sequagel™ ,

National Diagnostics, U.K.) as follows:
32 ml of Sequagel concentrate
58 ml of Sequagel diluent
10 ml Sequagel buffer
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The solutions were mixed well and then polymerised by the addition of 40 //I TEMED
and 800 }à\ of a 10% ammonium persulphate solution. The gel was left to polymerise
for 1 hour and electrophoresed in 1 x TBE prior to the sequencing run. The wells were
flushed with the running buffer prior to loading the samples. Electrophoresis was at a
constant current of 30 mA, for the required length of time. The gels were transfeiTcd
onto Whatmann 3MM paper, covered with Saran Wrap^^^ and dried under vacuum. The
gels were exposed to X-ray film (Fuji-RX) at room temperature.

2.11 Isolation of total RNA from tissues and frozen cell cultures
RNA was isolated accordong to the method of Cathala et al. (1983)

2.11.1 Animals
The animals used in this study were male Sprague-Dawley rats (Iffa-Credo, Belgium),
w eighing 200-300 g, bred at The Vrije Uni vers iteit Brussels' animal facilities.
Microsomes were also isolated from the livers of the same animals (section 2.14.1), and
tissue samples from the same livers were used to obtain the RNA samples as described
below.The animals were treated as follows:

C ontrol rats
Em pty Alzet® pumps were subcutaneously implanted in rats under anasthesia as
described below.

Valproate-treated rats
a) By pum ps: Rats were treated for 2 weeks with sodium valproate via subcutaneously
implanted Alzet® pumps giving a mean concentration of 86±38 pgim \. Two pumps
were used with 400 mg/sodium valproate/ml in water. After one week they were
replaced by two replenished pumps. Alzet® pumps, type 2 M L l, volume 2 ml,
delivering 10 pM\i for 1 week, were obtained from Scientific Marketing Assosciates,
London. They were inserted into subcutaneous pockets on the backs of the rats under
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short anaslhaesia with diethylether. In some rats, a moderate oedema developed around
the pumps. This work was carried out by Professor Rogiers' group at the V.U.B.,
Belgium.

b) By i.p. injection: Rats were treated with sodium valproate by intraperitoneal
injection (100 mg/kg, once a day) for 2 weeks.

Phenobarbital-treated rats
Rats were treated with sodium phénobarbital by intraperitoneal injection (87 mg/kg,
once a day) for 3 days.

2.11.2 RNA isolation
Solutions:
RNA lysis buffer:
Guanidine thiocyanate (59.08 g) was dissolved in 20-30 ml of water at 5 0 'C and 5 ml 1
M Tris-HCl (pH 7.5), 2 ml 0.5 M EDTA (pH 8.0) were added and the solution was
made up to a final volume of 92 ml with water. The solution was sterilised by filtration
through a 0.2 /^m filter (Costar) and stored at room temperature. Just before use 8 %
(v/v) 6 -mercaptoethanol was added, in the fume hood, to the solution.

RNA solubilisation buffer:
SDS solution (1 ml of a 10% solution, sterilised using a 0.2 //m Millipore filter), 200 pi\
0.5 M EDTA (pH 8.0), 1 ml 1 M TRIS-HCI (pH 7.5) were mixed and the solution made
up to 100 ml with water. The solution was aliquoted in 20 ml glass Universal bottles,
autoclaved for 45 minutes and stored at room temperature.

3 M an d 4 M LiCl solutions:
Stock solutions of 3 M and 4 M LiCl were made up with water, autoclaved for 45
minutes.
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2 M LICI : 4 M Urea:
Urea (30.05 g) was added to 250 ml 4 M LiCl and the solution made up to 500 ml with
water. The solution was then sterilised using a 0.2

filter (Costar) and stored at room

temperature.

Saturated ammonium acetate solution:
Ammonium acetate (5 g) was dissolved in 10 ml water. Additional salt was added until
the solution was saturated. The solution was sterilised with a 0.2 /^m filter (Millipore).

Phenol (equilibrated to pH 6):
Phenol crystals were melted at 60“C, a few granules of 8 -hydroxyquinoline were added
and the phenol was equilibrated by addition of 1 mM EDTA (pH 8.0), 50 mM Tris-HCl
(pH 7.5). The phenol was aliquoted into 50 ml tubes (Steriline). The tubes were
wrapped in aluminium foil and stored at -20°C.

Method:
a) From rat tissue:
Total RNA was isolated from rat liver tissues (frozen or fresh). The lysis buffer was
added to the frozen samples (3.5 ml/g of tissue) and the tubes left to thaw on iee. Fresh
tissue samples were weighed and the lysis buffer added to them immediately after
isolation. The samples were homogenised using a polytron blender (on speed 8 ) and the
homogenate transferred to autoclaved, siliconised, 30 ml corex tubes (Du Pont). LiCl
solution was added (5 ml 4M LiCl : 1 ml homogenate) and the tubes were left at 4“C for
15-20 hours. The samples were centrifuged at 4°C, (9,500 RPM in an MSB 18
centrifuge) for 90 minutes. The supernatant was discarded and the pellets resuspended
in 3 M LiCl. The samples were centrifuged, as above, for 60 minutes and the resulting
pellets were washed with a solution of 2 M LiCl/4 M Urea and recentrifuged.
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b) From frozen cell pellets;
Total RNA was isolated from frozen cell pellets essentially as described above. The
lysis buffer was added to the frozen cell samples (3.5 ml;ml of packed cells) and the
samples homogenised and treated exactly as above.

The pellets (from a or b) were resuspended with the RNA solubilisation buffer by
subjecting them to cycles of freeze/thawing until a clear solution was obtained. The
solution was transferred into 50 ml Bluemax™ tubes (Falcon), one volume o f phenol
(pH 6 ) was added, the sample vortexed, one volume of chloroformilAA (24:1) added
and the sample vortexed and then centrifuged for 10 minutes at 2,800 RPM (MSE
bench centrifuge). A white interphase should appear between the aqueous and organic
phases. If this white band was not well packed then the tubes were left at -20"C
overnight. The samples were thawed and centrifuged as above, the aqueous phase was
carefully transferred to a fresh tube, subjected to a phenol/ chloroform extraction (as
described above), followed by one extraction with one volume of chloroformilAA. The
aqueous phase was transferred to siliconised, corex tubes and the RNA precipitated
with 0.05 volume of saturated ammonium acetate solution and 2 volumes of absolute
ethanol at -20°C overnight or -70°C for Ihour. The samples were centrifuged at -10"C,
9,500 RPM (MSE 18 centrifuge) for 90 minutes and the pellets were washed with 80%
chilled ethanol and transferred to 1.5 ml Eppendorf tubes and centrifuged at 14,000
RPM in a cooled microcentrifuge. The supernatant was discarded carefully and the
pellets were dried under vacuum, taking care not to dry them completely. The pellets
were dissolved in 1 mM EDTA and the tubes left on ice for 30 minutes. The optical
density of the samples was read at 260 nm and 280 nm in a quartz cuvette. The ratio of
A260/A280 should be 1.8-2.0 for a good RNA preparation. The concentration of the
RNA was calculated from the A260 by using the following formula:

A 260 X 40 = m g/m l concentration
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2.12 N orthern Blot H ybridisation
Northern Blot hybridisation was carried out according to the method of Foumey et al.
(1988).

Solutions:
10 X MOPS/EDTA:
0.2 M MOPS
50 mM Sodium acetate
10 mM EDTA (pH 8.0)
The pH of the solution was adjusted to pH 7 with 6 N KOH, the solution was sterilised
using a 0.2 pim filter (Costar) and stored in the dark at room temperature.

RNA Loading Buffer:
750 pi\ formamide
150//I 10 X MOPS/EDTA
240 }à\ formaldehyde

100 }x\ H2O
100 pc\ glycerol
8 0 10% (w/v) Bromophenol blue
The loading buffer was filtered through a 0.2 pim filter (Millipore), aliquoted, and
stored at -20°C.

20 X SSC:
3 M NaCl
0.3 M Sodium citrate
The pH of the solution was adjusted to pH 7 and the solution autoclaved.
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20

X

SSPE:

3.6 M NaCl
0.2 M NaH2P04.2H20
0.02 M EDTA
The pH of the solution was adjusted to pH 7.4 and the solution autoclaved.

50

X

Denhardts:

1% Ficoll
1% Polyvinyl pyrrolidine
1% BSA

Salmon sperm DNA:
Salmon sperm DNA (Sigma) was denatured and prepared as described in section 9.49
of Sambrook et. al. (1989). The final concentration of the solution was 10 mg/ml, which
was aliquoted into Eppendorf tubes and stored ared -20*C.

Deionised formamide:
Formamide solution (BDH) was deionised by adding analytical grade mixed bed resin
(AG-501-X8 (D) 20-50 mesh) and stining the solution for 30 minutes or until the blue
beads did not turn to gold. The solution was then filtered once through a scintered glass
filter and then through a 0.45 /^m filter (Millipore), aliquoted and stored at -20°C.

Prehybridisation solution:
50% (v/v) Formamide
5

X

SSPE

5

X

Denhardts’ solution

0.1% SDS
200 }4gl ml Salmon sperm DNA (denatured at 100°C for 3-5 minutes, chilled on ice, and
added to the solution just before use).
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Hybridisation Solution:
50% (v/v) Form amide
5 X SSPE
2 X Denhardts Solution
0.1% SDS
0.9 (w/v) Dextran Sulphate
100 /^g/ml Salmon sperm DNA (as above)

Method:
2.12.1 Gel preparation
Agarose 1.3 g (Sigma) was dissolved in 10 ml of 10 x MOPS/EDTA and 87 ml water,
by heating in a microwave oven, the solution was allowed to cool to 50*C and 5.1 ml
formaldehyde added to the solution in the fume hood. The gel was poured onto a
suitable casting plate in the fume hood and allowed to set for 1 hour. A mask and
goggles must be worn when handling formaldehyde.

2.12.2 Sample preparation and electrophoresis
A volume of total RNA equivalent to 12 pig was liophilised. The pellets were
resuspcnded in 5 pd water and EDTA/SDS were added to a final concentration of 25 m
ED T A /0.1% SDS. RNA loading buffer was added (5 pi\) to each sample and the
samples denatured at 65°C for 15 minutes and then chilled on ice for 5 minutes. For
better visualisation of the samples ethidium bromide was added prior to the
dénaturation of the RNA (Hanumanth etal., 1989). The ethidium bromide was added to
the loading buffer (1 pig/25 pi\ of loading buffer).

The gel was placed in a gel box (previously cleaned with absolute alcohol) and the
wells were flushed with the electrophoresis buffer (1 x MOPS/EDTA). The samples
were loaded and electrophoresed at 50-60 V for 3-31/2 hours. The integrity o f the 18S
and 28S rRNA bands were checked by placing the gel on an ultraviolet transilluminator
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(302 nm) and the gel photographed with a Polaroid Land camera by exposing the film
(Polaroid 55) for 1-2 minutes using a yellow filler (fig. 2.2).

2.12.3 Q uick Analysis of RNA samples
Prior to northern blot analysis RNA samples were checked for the integrity of the
ribosomal 18S and 28S bands by electrophoresing the samples through a 0.8-1%
agarose gel using 1 x TBE (section 2.5) as a running buffer (pH 8.5) (BRL focus 7:1
p5). The RNA was denatured as above, chilled on ice, the RNA loading buffer added
before electrophoresis and the samples electrophoresed at 80-KX) V for l-2hours. The
gel was stained in a solution of 1 //g ethidium bromide/ ml TB E and visualised as
above.

2.12.4 Gel blotting
The formaldehyde/agarose gel was placed with the wells facing down onto 2 layers of
W hatmann 3MM chromatography paper that had been previously wetted with 20 x
SSC. The hybridisation membrane (Hybond-N™, Amersham) was cut to the gel size,
placed on the gel and the air bubbles excluded by rolling a glass pipette over the filter.
The gel was capillary-blotted overnight. The Quickdraw™ pads (Sigma) were changed
and the gel blotted for a further 2 hours. RNA was fi.xed onto the blotting membrane
according to the manufacturers’ instructions. In the case of using UV to fix the RNA, a
separate experiment was set up to calibrate the UV transilluminator for the optimum
exposure time. This was carried out as follows: Identical am ounts o f the one
RNAsample was loaded in each well and the gel was blotted as above. Individual filter
strips were exposed for varying amounts of time (between 0.5-5 minutes). The filters
were hybridised, washed, and exposed to X-ray film as described below. The filter
which gave the most intense signal was taken to represent the optimal time for UV
fixation. This experiment should be repeated every few months unless the UV
Illuminator bulbs are changed regularly.
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Figure 2.2: Electrophoresis of total RNA in a formaldehyde/agarose gel. Track a
contained RNA molecular weight markers. The numbers on the left refer
to the size of the markers in kilobases. The integri^ of the 18S and 28S
RNA species are shown. Each track contained 12 /<g of total RNA
isolated from rat livers (tracks b-g), from hepatocytes cultured
conventionally for 4 days (tracks h-j) and from hepatocytes co-cultured
for 7 days (tracks k-m). RNA samples shown in tracks c-g and k-1 are
were usud in the northern blot experiment shown in figure 4.1.
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2.12,5 Preparation of

labelled cDNA probe

The cDNA probes were labelled with

according to the method described by

Fcinberg and Vogelstein (1984).

Solutions:
Solution O: 1.25 M Tiis-HCl(pH 8.0)/0.125 M MgCl]
Solution A: 1 ml solution 0/18 }à\ 6-mercaptoethanol/5 }À dATP/5 yi\ dTTP/5 //I dGTP
(each triphosphate previously dissolved in 3 mM Tris-HCl (pH 1.0)10.2 mM EDTA at a
concentration of 0.1 mM)
Solution B: 2 M HEPES (pH 6.0 with 4 M NaOH)
Solution C: Hexadeoxyribonucleotides evenly suspended in 3 mM Tris-HCl (pH
1.0)10.2 mM EDTA (pH 8.0) at 90 CD units/ml
OLE (Oligolabelling buffer): Solutions A: B: C were mixed in a ratio of 100: 250: 150
and stored at -20 "C.

A sample of the cDNA (1 /^g) was aliquoted and the volume made up to 10 pi\ with
water. The tube was boiled for 3-5 minutes to denature the DNA and immediately
placed on ice to quick-cool. The labelling reaction was carried out by adding the
following components to the DNA, in the stated order.
\0}4\ OLB
2 /<1 BSA (10 mg/ ml)
H 2O (to a final volume of 50 }4\)
3 pi\ [a-^^PJ-dCTP (New England Nuclear; 3000 Ci/mmol, 10 }4Ci/}4\)
5 units of Klenow fragment of E.CoUDNA Polymerase I.

The reaction was left at room temperature for 3-16 hours. The efficiency of
incorporation of radioactivity was determined using W hatmann DE81 paper as
described in section E19of Sam brook et al. (1989). 1 /^1 of the reaction mixture was
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spotted, in duplicate, onto 1 cm^ pieces of DE81 paper. One piece was used to
determine total counts, the second to determine incorporated counts. The incorporated
counts were assayed by washing the filter paper as follows:

Number of washes

Time/minutes

Solution

6

5

0.5M Na2HP04

2

1

H 2O

2

1

absolute ethanol

Both filters were dried under an infra-red lamp. Radioactivity on the filters was
determined by liquid scintillation spectrophotometry (Phillips model 4700 scintillation
counter) in 4 ml of Ecoscint™ (New England Nuclear). Incorporation of the
radioactivity was generally in the range of 60-90%. DNA samples were labelled to a
specific activity of 3x10^- lxl0^cpm//<g. Unincorporated deoxyribonucleotides were
removed from the labelled DNA using NucTrap™ Probe Purification Columns
(Stratagene). The following components were pushed through the column slowly
(allowing 25-30 seconds to complete each push):
1) 70 }4\ STE (to hydrate the columns).
2) The radiolabelled probe (50 pi\ reaction volume 4- 20 pi\ STE ).
3) 70 j4\ STE (to flush out the probe remaining in the column).
The concentration of DNA probe in the eluted solution was determined by liquid
scintillation spectrophotometry. The total amount of probe eluted was usually 70-90%
of the starting material.

2.12.6 H ybridisation of blots with

labelled cDNA probe

The blotted membrane was placed in a sealed nylon bag with the prehybridisation
solution (100 }4\/cm^ of membrane) and incubated at 42 “C for 3-31/2 hours. The
prehybridisation solution was drained, replaced by hybridisation solution (50 }4\lcm^ of
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membrane), and the membrane incubated for 1 hour at 42°C. An aliquot o f the
labelled cDNA probe (10 ng/ ml hybridisation solution) was denatured at lOO'C for 3-5
minutes and incubated with the membrane for 16 hours at 42°C. The membrane was
then placed in a covered plastic box and subjected to the following washes, while
shaking:

Number of washes

Time/ minutes

Solution

Temperature

2

15

2

2

15

2xSSPE,0.1% SLS

50°C

2

15

0.1

50'C

X

SSPE, 0.1%SLS

X

SSPE, 0.1%SLS

RT

In order to avoid background on the filters the washing solutions for steps 2 and 3 were
kept in a waterbath at 50“C until needed, the solution for step 1 was warmed until the
SLS was in solution before use and the membranes were always kept moist between
washes and before storage. Attempts were made to strip the hybridised probes off the
membranes, according to the manufacturer's instructions, and they all resulted in
stripping away the RNA from the membrane. Therefore it was only possible to use each
blot once.

2.13 RNase Protection assay
The RNase protection assays were carried out according to the method described by
Myers et al. (1985). A schematic diagram of the assay is shown in figure 2.3.
Solutions:
8Murea/6% polyacrylamide gel:
21 g Urea
7.5 ml of 40% Acrylamide solution
5 ml of 10 X TBE
20 ml H 2O

300 pi\ of 10% Ammonium persulphate solution and 50 }i\ TEMED
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pBluescript KS

^ P

digestion with
restriction enzyme El to
linearize the plasmid

5’

transcription of antisenée
RNA

Total RNA

Hybrisidation of total
RNA and labelled
antisenese probe ^

Digestion with RNase
enzyme, gel
electrophoresis
and autoradiography

Figure 2.3: Diagram describing the RNase protection assay steps. El and E2 represent
hypothetical restriction enzyme sites. Red lines indicate mRNA species
and those with green dots indicate radiolabelled RNA transcripts. The
autoradiograph shows the result of a typical gel with radiolabelled DNA
molecular weight markers (a), a track of fully digested tRNA sample (b),
undigested probe (c) and total RNA isolated from an untreated sample (d)
or an induced sample (e). The arrows on the plasmid indicate T3 or T7
RNA polymerase promoter sequences.
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P rob e elu tion solution:
0 .5 M A m m onium acclale
10 mM E D T A (pH 8)
]% (\v/v)S D S
4

o f R N asc B lock

(Stratagene)/ml of buffer

T he so lu tio n was filtered through a 2 /o n filter (M illip ore), aliqu oted, and stored at
-20'C .

R N a se H y b r id isa tio n buffer:
4 0 mM PIPES (pH 6.4)
0 .4 M NaCl
1 mM E D T A (pH 8.0)
80% E onnam ide
The solution was aliquoted and stored at -20°C.

T h e R N a se A solution:
4 0 }4g/ ml R N ase A (Bochringer, from bovine pancreas)
l O m M Tris-H Cl (pH 7.5)
1 mM E DTA (pH 8.0)
0 .2 M NaCl
100 mM Li Cl
T he R N ase A solution was stored at 4°C for 1-4 days and an aliquot denatured, by
boiling for 5 minutes, and chilled on ice just before use.

40% A cry la m id e:
A crylam ide (2 9 g) and BIS (1 g) were dissolved in water to a final volum e o f 100 ml.
A m b erlite beads (5 g) were stirred in the solu tion for 3 0 m in utes and the solution
filtered. The acrylam ide solution was stored, in the dark, at 4°C.
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10% Ammonium persulphate solution;
0.1 g ammonium persulphate was dissolved in 1 ml of water just before setting the gel.

The RNA loading buffer:
10 mM EDTA (pH 8.0)
97% Formamide
0.1% Bromophenol blue
The solution was filtered through a 0.2 /<m filter (Millipore), and stored in aliquots at
-20°C.

Gel-fixing solution:
7% Acetic acid
10% Methanol

5 X T7 DNA Polymerase buffer:
200 mM Tris (pH 7.5)
50 mM MgCl2
25 mM DTT
250 ;^g/ml BSA (nuclease free, Pharmacia)

Method:
2.13.1a Linearisation of plasmid DNA
Plasmid DNA (10 n%) was digested with 50 units of enzyme in a total volume of 100 /d
with water. The digest was checked on a 0.6% agarose gel. The linearised construct was
then treated with 20

of Proteinase K (Boehringer)/10 y \ of 10% SDS for 30 minutes

at 37“C and then subjected to 2 phenol/chloroform (1:1, v/v) extractions. The DNA was
precipitated by adding 11.2 /<1 of 3 M Sodium acetate/224 pi\ absolute ethanol and the
mixture left on dry ice for 30 minutes. The DNA was centrifuged at 14,000 RPM in a
microfuge for 10 minutes, the supernatant discarded and the pellet washed twice with
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8 0 % ethan ol. T h e D N A pellet was rcsusjx^ndcd in w a te r to a final co n c e n tra tio n o f 0.1
;^g//rl. an d stored at -20°C. In o rd e r to elim inate tra n s c rip ts o f lo n g e r leng th than the
re q u ire d p ro b e , th e linearisa tio n of the plasm id D N A m u s t be c o m p le te d . T h e DNA
t e m p la te used in the tran scription reaction was p re p a re d u s in g the P E G purification
m e th o d (sectio n 2.3.3). T h e v o lu m e o f solutions u sed at the P E G precip ita tio n stage
w e re in cre ased in propo rtio n to the larger volum e o f startin g c u ltu re used (5 ml for a
sm all-sca le plasm id preparation : 100 ml for a large-pi asm id preparation).

2 .1 3 ,1 b T r a n s c r i p t i o n o f
L in earised D N A

labelled an ti-se n s e R N A p r o b e

t e m p la te w as tra n s c rib e d u s in g th e

'in v i t r o t r a n s c rip tio n kit'

(S tratag e n e) to p ro d u c e a ^^P labelled anti-sense R N A p ro b e as follows:
1 fig L in earised D N A template^ in

a volum e of

10 fi\)

5 fi\ 5 \ T ra n s c rip tio n buffer (2 0 0 m M T ris-pH 8.0, 4 0 m M M gC l], 10 m M S p erm id in e,
2 5 0 m M N a C l)
1 f(\ 0 .7 5 M D T T
1 fi\ l O m M r A T P
1 fi\ l O m M r G T P
1 ; d 10 m M rC T P
1 ; d 1 m M rU T P
2 5 units of R N asc B lo ck II™ (R N ase inhibitor, Stratagene)
5 0 //C i [a-^^P] D T P (400-80 0 C i/m m ol, A m eish am international)
10 units o f R N A p o ly m e ra se (T3, T 7 o r S P 6 d e p e n d in g o n the o rientatio n o f the c D N A
clone in the plasm id)
H 2 O to a final volum e of 25 //I

T h e reaction w as p e rfo rm e d at 3 T C for 1 hour an d the % in c o rp o ra tio n and sj)ccific
a c tiv ity c o u n te d o n D E81 (W h a tm a n n ) paper as d e s c rib e d p re v io u s ly (section 2.12 .5 )
T h e specific activity was generally between 1-10 x 107//g. R N asc -frc e D N a se
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(Stratagene) was added (1 //I) to digest the DNA template and the reaction left at 37°C
for 15 minutes. The RNA probe was precipitated by adding 65

DEPC treated water,

10 /^1 3 M sodium acetate, 300 /<1 100% ethanol and left at -80“C for 1 hour. The RNA
was microfuged for 5 minutes, the supernatant decanted and pellet resuspended in 4 /^1
of RNA loading buffer.

2.13.1c Transcription of

labelled sense RNA probe

Sense RNA transcripts were synthesised essentially as above with the following
exceptions:
-1 mM rCTP, 10 mM rUTP were used (instead of 10 mM rCTP and 1 mM rUTP)
-50 }4Ci of [a-35S]-rCTP(1364 Ci/mmol)

2.13.Id Radiolabelling of 1 kb DNA ladder v>ith
The 1 kb DNA ladder (GIBCO-BRL) was radiolabelled using the enzyme T7 DNA
polymerase (Stratagene). The reaction was set up as follows:
1 /d (0.2-1.2 }4g) DNA ladder (made up to a volume of 5 /d with H2O)
6 /^1 of 5 X T7 DNA Polymerase buffer
4 /^I 2 mM dGTP
4 /^1 2 mM dTTP

4 pi\ 2 mM dCTP

4 14\ H2O
3 pi\ (30 piCi) [3^S] dATP(800 Ci/mmol)
10 units of T7 DNA polymerase
The reaction was incubated at 37°C for 10 minutes and then 4 /.d of 2 mM dATP was
added and the reaction incubated at 37"C for a further 10 minutes. The sample was
stored at -20°C and 2 pi\ of the reaction was denatured and electrophoresed with 4/^1 of
RNA loading buffer in the same way as the RNase protection assay samples.
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2.13.If Purification of the RNA transcript
The probe was denatured at 80“C for 2 minutes and electrophoresed through a 0.5 mm
thick 8 M urea/6% polyacrylamide gel (Mighty Sm alF^, Hoeffer) at 6W in TBE buffer
(the gel was pre-run in TBE for 30 minutes) until the bromophenol blue dye was 1 cm
away from the bottom of the gel. The wet gel was exposed to an X-ray film (Fuji-RX)
for 1-3 minutes, the film was developed and superimposed onto the gel to indicate the
exact position of the full length transcript and the band containing the transcript was cut
out of the gel. This is a crucial step in determining the purity of the assays as any short
transcripts cut out, along with the full length fragment, will also hybridise to the total
RNA, reducing the accuracy of the assay. The RNA probe was eluted by cutting the gel
piece into smaller fragments, placing them in 1 ml of elution buffer, and shaking for 2
hours at 3TC . The remaining RNA in the polyacrylamide was extracted by microfuging
the remaining pieces of polyacrylamide and elution buffer through a Spinnex-100 filter
(Costar) for 10 minutes and the RNA precipitated by adding 30 //g o f tRNA
(Boehringer) as carrier, 990 pi\ 100% ethanol and left at -20“C overnight or -BO'C for 1
hour. The probe was pelleted by microfuging for 5 minutes and resuspended in RNase
protection hybridisation buffer to a final concentration of I0"^cpm//<1 (the probe was
diluted in order to prevent radiolysis), aliquoted and stored at -20*C.

The sense transcripts were synthesised on the same day as the anti-sense probes and
each sense probe electrophoresed next to its corresponding anti-sense probe. This
allowed the sense probes to be purified from the gel as it was difficult to visualise them
on a short exposure of the X-ray film. The sense transcripts were purified in the same
way as the anti-sense probes and their specific activity calculated on channel 2 of the
scintillation counter (between a lower limit of 0.4 and and upper limit of 150).

265

2.13.2 Hybridisation of sense and anti-sense probes
The amount of sense probe was calculated after elution of the probes and 20 ng of sense
probe was added to 1 x loVof anti-sense probe. tRNA (20 /<g) was also included in the
hybridisation reaction and the reaction volume adjusted to 30 /d with the RNase
hybridisation buffer. One hybridisation was set up to include 30 ]Ag of tRNA and only
the anti-sense transcript. The hybridisation mixtures were denatured at 80“C for 10
minutes and incubated at 45°C overnight. The digestion of the probes were carried out
as described below.

2.13.3 H ybridisation of probe to total RNA
Total RNA (5-20 /<g) was hybridised to 1-10 x lO^^cpm of radiolabelled antisense RNA
probe in a total of volume of 30

(adjusted with RNase hybridisation buffer). The total

am ount of RNA hybridised was adjusted to 40 pig with tRNA (Boehringer). One
hybridisation was set up with 40 pig of tRNA and the probe to check the complete
digestion of the tRNA (as a control for non-specific hybridisation). The hybridisation
mixtures were denatured at 80°C for 10 minutes and incubated at 45°C overnight.

2.13.4a Digestion With RNase A
The Hybridisation mixtures were subjected to digestion with RNase A in order to digest
any single stranded RNA molecules which have not bound to the complementary
sequence in the probe. RNase A solution was added (350 pi\) and the digestion left to
proceed at 30°C for 1 hour. The RNase A digestion was terminated by the addition of
10 pi\ of 10% SDS /lOO pig of Proteinase K and incubated at 37°C for 45 minutes. The
RNase A/Proteinase K were extracted with an equal volume o f phenol/chloroform
mixture (1:1, v/v) and the RNA precipitated with 2 volumes o f absolute ethanol at
-78°C for 1 hour. The RNA was pelleted by spinning the tube in a microfuge for 10
<r

minutes and then diseasing the ethanol supemantant very carefully.
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The noithem blot analysis, RNase protection experiments and western blots were earned
out on samples isolated from at least two different animals. In the analysis of the cultured
cells, the cells were isolated from two different animals (unless otherwise indicated), and
then the cell preparation from each animal seeded onto at least three cultured dishes. Each
sample was analysed with the same probe/antibody in three separate experiments. The
results from each experiment were analysed by densitometric analysis at least three times
and average reading taken which was then used to plot the graphs represented in this
thesis. In the case of the RNase protection assays, where absolute measurements were
made, various exposures of each experiment were scanned, to make sure that each
sample was quantified within the linear range of the X-ray film. This was judged by
scanning the standard curve, of the relevant undigested antisense riboprobe, which was
exposed with each gel. Variations in the number of samples used are indicated at the end
of each results chapter.

2.13.4b Digestion With RNase A and RNaseTl
Hybridisation mixtures were subjected to digestion with a mixture of RNase A and T1
to provide a more discriminate digestion. RNase T i (Boehringer, from Aspergillus
Orizae) was added to the RNase A solution (2 u///l ). The digestion was allowed to
proceeed for Ihour and 45 minutes. More SDS solution was added, before the
phenol/choloroform extraction, to dissolve the extra protein (20 pi\ 10% SDS in total).
T he RNase A/T 1/Proteinase K were exctracted as above, with an additional
phenol/chloroform extraction.

2.13.5 Electrophoresis of the protected RNA fragments
The RNA pellets were resuspended in 4

of RNA loading buffer and denatured at

80°C for 5 minutes. The samples were then electrophoresed through a 0.75 mm 8 M
Urea/6% polyacrylamide gel in TBE at 6 W until the Bromophenol blue dye reached
the bottom of the gel. A sample of the probe alone, equal to the amount used in the
hybridisation, was run alongside the hybrids as well as an ^^S labelled DNA molecular
weight marker. The gels were fixed for 20-30 minutes, dried onto Whatmann 3 MM
paper, and autoradiographed at -80°C with 2 intensifying screens (DuPont).

2.13.6 Quantification of the mRNA
In order to quantify the amounts of protected RNA the probe was diluted (in RNase
hybridisation buffer) between 1000-10 cpm (including 20 j4g of tRNA in each sample)
and electrophoresed as above. The gel of the standard curve was then exposed to the
same film and under the same conditions as the assay to be quantified. The gels were
exposed to film for varying lengths of time to make sure that all the bands were visible
in the same range as the standard curve. The film was then scanned using a VIDS V
image analyser (Analytical measuring systems, Cambridge, UK.) for the experiments
described in chapter 3 and an Image densitometer (Bio-Rad Model GS-670) for
chapters 5 and 6. Different exposures of each film were scanned and averaged for
greater accuracy, which were not necessarily the exposures used in the figures.
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presented in this thesis or the related publications, A graph was then plotted of the
standard curve to give the final reading in molecules/cell (Little et at., 1987).

2.14 Western blotting of microsomal proteins and whole cell extracts
2.14.1 Preparation of Microsomal membranes
Microsomes were prepared from the livers of the male rats (section 2.11.1) according to
the method of Hales and Neims (1977). The isolation of microsomal membranes was
carried out by the laboratory of Prof. Rogiers the V.U.B., Brussels. Microsomal
membrane samples were snap-frozen in liquid nitrogen, transported to our laboratory on
dry ice and stored at -70“C.

2.14.2 Prepapration of cell homogenates
Solutions:
Microsomal membrane resuspension buffer (MRB):
10 mM potassium phosphate solution (pH 7.25)^
1 mM EDTA (pH 8.0)
20% (v/v) glycerol
The solution was filtered through a 0.2 }im filter (Millipore) and autoclaved. PMSF
(dissolved in ethanol) was added to a final concentration of 2 mM to the frozen
samples.

SDS/PAGE loading buffer:
1% (w/v) SDS
10 mM EDTA pH (8.0)
10 mM potassium phosphate buffer (pH 7.0)^
1% p-mercaptoethanol

5 (Potassium phosphate solution was prepared by adding K 2 HPO4 solution to a solution of
KH 2 PO4 until the required pH was achieved).
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15% (v/v) glycerol

0.01% (w/v) bromophenol blue dye
2 mM PMSF.
The buffer was filtered (0.2 /^m "Millex-HA", Millipore), aliquoted and stored at -20°C.
Method:
Frozen cell pellets, in Bluemax™ tubes (Falcon), were thawed by placing the tubes on
ice. Cold MRB (0.5 ml MRB/1 x 10^ cells) was added to the samples while they were
thawing. The pellets were disrupted by vortexing and the cells were gently
homogenised in sterile glass homogenisers. PMSF was added to all homogenates at a
final concentration of 2 mM. The samples were then aliquoted and stored at -70°C.

2.14.3 Protein content determination
Protein content determination was carried out according to the method described by
Lowry et a/. (1951)
Solutions:
Reagent A;
(1) 2% Potassium sodium tartarate
(2) 1% Copper sulphate
(3) 2% Sodium carbonate in 0.1 N NaOH.
Solutions (1) and (2) were mixed first, and solution (3) subsequently added in a ratio of
1:1:100 (v/v) respectively.

Reagent B:
Folin Ciocalteau's phenol reagent (BDH) was diluted in water by a factor of 2.5.
Method:
A two point assay of each sample was carried out for greater accuracy (for example 10
and 20 }A aliquots were analysed from the cell homogenates). The volume of the 10 //I
samples was first adjusted to 20 }A with MRB (see below). All the sample volumes
were adjusted to 200 }A with water and then 1 ml of reagent A was added and the
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samples mixed. Samples were left for 20 minutes at room temperature and 100 /^1 of
reagent B was then added. The tubes were mixed immediately and the colour reaction
left to develop, in the dark, for 45 minutes. Absorbance of the samples was then
determined at 700 nm. Protein content was calculated from the standard curve obtained
by plotting the absorbance values against the protein concentration (;^g//^l) of samples
of known protein concentration (BSA, pre weighed from Bio-Rad)

2.14.4 SDS/PAGE gel electrophoresis
SDS/PAGE gel electrophoresis was carried out as described previously (Phillips^/

a /.,

1981).

Solutions:
30% Acrylamide:
Acrylamide (29.2 g) and BIS (0.8 g, Bio-Rad) were dissolved in water to a final volume
of 100 ml. Amberlite beads (5 g) were mixed with the solution, using a magnetic stirrer,
for 30 minutes and the solution then filtered through a 0.45 /<m filter (Millipore). The
acrylamide solution was stored, in the dark, at 4°C.

3% Ammonium persulphate solution:
Ammonium persulphate (0.3 g) was dissolved in 10 ml of water.
The solution was freshly prepared before use.

Separating gel:
7.5-13% Acrylamide (using the 30% stock solution)
10 ml of 1.5 M Tris/0.4% SDS (pH 8.6)
H 2O (up to a final volume of 30 ml)
40 pi\ TEMED
3 ml of (3%) ammonium persulphate solution
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stacking gel:
2 ml of (30%) acrylamide solution
5 ml 0.5 M Tris/0.4% SDS (pH 6.8)
11 ml H 2O
40 }4\ TEMED
3 ml of (3%) ammonium persulphate solution

The transfer buffer:
28.28 g Glycine (BDH)
6.06 g Tris (electrophoresis grade, Bio-Rad)
400 ml Methanol
The volume of the solution was adjusted to 2 L with water and the solution was freshly
prepared before use.

2.14.4a Preparation of samples for electrophoresis
Suitable volumes of microsomal membranes or cell hom ogenate stocks were
resuspended in SDS/PAGE loading buffer to final concentrations of 2 and 5
respectively. The concentration of PMSF, in the samples, was adjusted to keep it at 2
mM. These aliquots were stored at -20°C, ready for electrophoresis. Volumes
containing 60 /<g of total protein of hepatocyte cell homogenates, 40 }4g of epithelial
cell homogenates and 10 pig of solubilised microsomal memebrane proteins were
normally loaded onto the SDS/PAGE gels. Any variations in the amount of protein
loaded are indicated in figure legends.

2.14.4b Gel casting
Separating gels were cast using the multi-casting chamber of the Mighty Small™
apparatus (Heoffer), following the manufacturer's instructions. The percentage of
acrylamide used in each gel was altered according to the size of the proteins to be
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analysed and the degree of separation required. The following percentages (underlined)
were used to analyse the proteins below:
-CYP2B1/2, P450 reductase and CYP4A1: 7.5-10%
-Cytochrome bg: 13%
-GST 1/2, GST3/4 and GST 7: 15%
The gels were cast as follows: when the separating gel was poured, 1 ml of 0.1% SDS
solution was gently overlaid onto each gel. This was done to ensure that the top of the
gel was level and to prevent the gel from diying ouL The gels were covered with Saran
Wrap"^^ and allowed to set for 2-16h. The SDS solution was poured off and the gel
casting chamber was tilted for 15 minutes to drain off excess SDS solution. When the
upper gel surface was dry, the stacking gel was poured on, the appropriate combs (1.5
mm thick) slotted into position, and the gel allowed to set for 1-2 hours. When the gels
had set the electrophoresis buffer was added to the upper and lower chambers of the
running apparatus and the combs then gently removed.

2.14.4c Gel loading and electrophoresis
Protein samples were thawed on ice and the appropriate volumes transferred to
Eppendorf tubes. The samples were boiled for 3 minutes and 2 }4\ of p-mercaptoethanol
was added to each sample (in the fume hood, while wearing safety glasses and a face
mask). The samples were centrifuged at 14,000 rpm in a microcentrifuge for a few
seconds and loaded onto the gels. The samples were initially electrophoresed at a
constant current of 15 mA/gel until the tracking dye reached the boundary between the
stacking and the separating gels. The current was then increased to 30 mA/gel.
Electrophoresis was continued until the bromophenol dye reached the bottom of the gel.
M olecular weight markers (Pharmacia) were resuspended in the SDS/PAGE loading
buffer (100 /^l/vial) and 5

of the resulting solution was electrophoresed alongside the

protein samples. The markers were blotted onto the same filter as the other samples but
the track was then cut off and stained using ami do black dye (described below).

279

2.14.4d Electroblotting
Proteins were transferred onto nitrocellulose mem branes (H ybond C-extra™,
Amersham). The membranes, 3MM paper and blotting pads were soaked for 10 minutes
in transfer buffer prior to blotting. Air bubbles, between the gel and the membrane,
were excluded by rolling a glass pipette over the membrane. Gels were electroblotted
overnight, in the transfer buffer, using a Bio-Rad Transblot™ apparatus and a current of
100 mA. The following morning the current was increased to 200 mA for 1-2 hours.

2.14.5 Staining of proteins in SDS/PAGE gels
Proteins were stained, after separation in the SDS/PAGE gels, to check the integrity of
protein samples and to detect the success of transfering the proteins after western
blotting. The proteins were stained with Coomasie Brilliant Blue dye dissolved in
water, methanol and acetic acid in a ratio of 45:45:10 (v/v). Staining was carried out in
a closed container in the fume hood, overnight. Gels were destained in a solution of
water, methanol and acetic acid in a ratio of 6:3:1 (v/v) respectively. The gels were
rinsed with water and then placed in the destaining solution while shaking. The
destaining solution was frequently changed to start with (every 20 minutes) and then
only when saturated with dye. The gels were fixed and stored in a solution of 7% acetic
acid (see fig 2.4 for example).

2.14.6 Amido Black staining of the molecular weight markers
The protein molecular weight markers, immobilised on the nitrocellulose filter, were
stained using amido black dye. The dye (1.25 g) was dissolved in 50 ml of acetic acid,
125 ml of isopropanol and 325 ml of water. Strips containing markers were destained in
a solution of 50 ml acetic acid, 125 ml isopropanol and 325 ml water.
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Figure 2.4:

SDS/PAGE of solubilised microsomal membrane proteins from the livers
of control rats (tracks b and f), rats treated with phénobarbital (tracks c
and g), rats treated with valproate by i.p. injection (track d) or by pumps
(track h) and rats treated with both valproate and phénobarbital (tracks e
and i) as described in section 2.11.1. Samples were electrophoresed on a
7.5% PAG containing SDS. Tracks b-i contained 20 pig of solubilised
microsomal membrane protein and track a contained 10 pi\ o f molecular
weight markers, described in section 2.14.4c. Numbers indicated the
molecular weight of the marker proteins in kilo dal tons. The arrow
indicates the approximate size of proteins induced by phénobarbital
and/or valproate (50,000-53,000 molecular weight). The microsomal
membranes isolated from animals treated with valproate contain induced
proteins of simi lar size to the phénobarbital-treated samples, as well as
other proteins of higher molecular weight. The gel was stained with
Coomasie brilliant blue dye as described in section 2.14.5.
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2,14.7 Detection of antigens
Solutions:
10 X TBS (Tris buffered saline)
0.2 M Tris (Electrophoresis purity reagent, Bio-Rad)
5 M NaCl
The pH of the solution was adjusted to pH7.5 with 12 N HCl

Blocking solution:
3% (w/v) Gelatine (EIA grade, BDH) was dissolved in TTBS at 37°C.

Pure proteins and antisera:
Purified proteins and their respective antisera were prepared follows:
1) CYP2B: (Phillips^/a/., 1981)
2) Cytochrome

(Phillips^/ aA, 1985)

3) P450 reductase: (Phillips^/fl/., 1983a)
4) CYP4A1: (CaJacobe/a/., 1988)
5) GST 1/2, GST3/4 and GST 7 antibodies were purchased from Biotin, Ireland.

1st antibody solution:

An appropriate dilution of each antisera was prepared in a solution of 1% (w/v) gelatine
(disolved in TTBS, as described above).

2 nd antibody solution:

Goat anti-Rabbit IgG (H+L) conjugated with horseradish peroxidase (Bio-Rad) was
used as a 0.1% solution (v/v) in TBS.

285

Method:
2.14.7a Immunodetection of the antigens
The nitrocellulose membrane was separated from the gels and washed in 1 x TBS for 10
minutes. After the track containing the protein molecular weight markers was cut off
and the rest of the membrane was subjected to the following washes:

N um ber of washes

Time/minutes

Solution

1

60

3% gelatineATTBS

1

120

1st antibody solution

1

10

water

2

10

TTBS

1

60

2 nd antibody solution

2

10

TTBS

1

10

water

2.14.7b Colour development reaction
The two following solutions were mixed (immediately before use) and applied to the
membranes until the desired shade of purple was obtained:
1) 60 }i\ ice-cold 30% H 2O 2 in 100 ml TBS.

2) 60 mg 4-chloro-1-naphthol (Bio-Rad) in 20 ml methanol.

The membranes were then rinsed in several changes of water, stored between 3MM
paper and aluminium foil until they were photographed. The results of the blots were
analysed by densitometric scanning using the equipment described in section 2.13.6.
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Chapter 3

Some of the results described in this chapter have been published in:

M aintenance and Induction in co-cultured rat hepatocytes o f com ponents
of the cytochrom e P450 m ediated m ono-oxygenase

M. Akrawi, V. Rogiers, Y. Vandenberghe, C. N. A. Palmer, A. Vercruysse, E. A.
Shephard and I. R. Phillips.
Biochemical Pharmacology (1993a), 45:1583-1591
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3.1 H epatocyte cell cultures
Figs. 3.1 and 3.2 show photographs of representative conventional and co-cuitured rat
hepatocytes. Fig. 3.1 A shows the spherical shape of hepatocytes cultured alone
(conventionally) on the first day and fig. 3 .IB shows the finger-like projections
characteristic of conventionally cultured hepatocytes after 4 days in culture. After 4 days
of conventional culture, the hepatocytes started to deteriorate and no further study was
possible. The moiphology of the 4 day cultures is indicative of the 'foetalisation' process
that is accompanied by the loss of differentiated adult hepatocyte function. In contrast rat
hepatocytes co-cultured with rat liver epithelial cells maintain their spherical shape (fig.
3.2) in co-culture and retain their most differentiated liver functions. The epithelial cells
used in this co-culture (fig. 3.2) are free from contaminating fibroblasts and do not at any
point start to overgrow the hepatocytes in the co-culture.

3.2 Expression o f CYP2B mRNAs and induction by phénobarbital
3.2.1 N orthern blot analysis
The expression of members of the CYP2B family was investigated in rat hepatocytes
cultured either conventionally for 4 days or co-cultured with rat liver epithelial cells for 4,
7 or 14 days. Freshly isolated hepatocytes were used to compare the expression of
CYP2Bs in these cells to that in the liver. Initially, northern blot hybridisation was
performed using a ^ z p labelled CYP2B2 cDNA that also recognises CYP2B1 and
possibly CYP2B8. However, from the results obtained using our CYP2B2 probe in this
and other northern blots (shown in chapter 4) it is clear that our probe does not detect
CYP2B8 mRNA (Giachelli e ta l, 1989). The size of the mRNA transcript for CYP2B8
is 4.3 kb (compared to 2 kb for CYP2B1 and CYP2B2), which is absent in all our blots,
even in the samples treated with inducers (fig. 4.1).

To analyse CYP2B expression, total RNA isolated from untreated hepatocytes and cells
treated with phénobarbital at a concentration of 3.2 mM was electrophoresed through
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A)

B)

Figure 3.1: Photographs of rat hepatocytes (x 100) cultured conventionally: day 1 (A)
and day 4 (B). After days 4 in 'conventional culture' hepatocytes tend to
lose their spherical shape obvserved on day 1 and develop the finger-like
projections, indicative of a ‘foetalisation’process which is also
accompanied by loss of differentiated liver functions.
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Figure 3.2: Photograph of rat hepatocytes after 3 days in co-culture with rat liver
epithelial cells (xlOO). The cells were either untreated (A), treated with 2
mM phénobarbital (B) or 200 pig/ml valproate. The hepatocytes are
indicated by the letter ‘H’ and the epithelial cells by the letter ‘E ’.
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3.3: Time course of CYP2B mRNA expression. The relative absorbance
readings were obtained by densitometric scanning of the X-ray film
shown in fig. 3.4. The numbers on the x-axis = days in culture, coc.= cocultured samples, conv.= conventionally cultured samples, U = untreated
and P = phenobarbi tal-treated samples.
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Figure 3.4: Northern blot hybridization of mRNAs encoding CYP2B. Total RNA was
isolated from liver epithelial cells (a, b), freshly isolated hepatocytes (c),
hepatocytes cultured under conventional conditions for 4 days (d, e), and
hepatocytes co-cultured for 4 days (f, g), 7 days (h, i) or 14 day& RNA (j, h)
samples in tracks b, e, g, i and k were isolated from cultures treated with
3.2 mM phénobarbital. Each track contained 12 pig of RNA. Filters were
hybridized with a rat cDNA clone encoding CYP2B2.
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formaldehyde/agarose gels and blotted as described in section 2.12. The result of the blot
(figs. 3.3 and 3.4) showed that CYP2B1/2 mRNA species are barely detectable in
untreated hepatocytes cultured conventionally for 4 days (fig. 3.4, track d). However,
there is an increase in CYP2B1/2 mRNA expression after treatment of the cells with
phénobarbital (fig. 3.4, track e). When hepatocytes were co-cultured for 4 days
expression of CYP2B1/2 mRNAs was detectable in RNA samples isolated from
untreated cells (fig. 3.4, track f). Phénobarbital treatment (3.2 mM) increased these
mRNAs 3-fold (fig. 3.4, track g). However, subsequent time course experiments
showed that the constitutive expression of CYP2B1/2 mRNA peaked at 7 days of co
culture (fig. 3.4, track h) and that phénobarbital administration at this time point, elevated
the amount of the CYP2B1/2 mRNA 2.5-fold (fig. 3.4, track i). Although CYP2B1/2
mRNA expression was undetectable in untreated cells after 14 days of co-culture (fig.
3.4, track j ) these mRNAs were elevated by phenobarbital-treatment (fig. 3.4, track k),
albeit to a lesser extent than that observed at 7 days. Total RNA isolated from untreated
and phenobarbital-treated rat liver epithelial cells (fig. 3.4, tracks a and b respectively)
was also included in this experiment. CYP2B1/2 mRNAs were not expressed nor were
they induced by phénobarbital in these helper cells. The results of the time-course of
C Y P2B 1/2 mRNA expression in untreated or phenobarbital-treated co-cultured
hepatocytes is shown in fig. 3.3A. Fig. 3.3B compares the amounts of CYP2B1/2
mRNA present in freshly isolated hepatocytes to that in conventionally and co-cultured
hepatocytes after 4 days of culture in the presence or absence of phénobarbital.

The results of the northern blot experiment revealed the relative pattern of CYP2B mRNA
expression and their induction by phénobarbital. However, a more precise method was
required to quantify the absolute amounts of CYP2B mRNAs and in particular those
encoding CYP2B1 and CYP2B2. This was not possible as the probe used for the
northern blot (a CYP2B2 cDNA clone) shares enough similarity in nucleotide sequence to
CYP2B1 (this cross-hybrid isation between members of cytochrome P450 subfamily, that
have the same size of mRNA transcripts, will only show up as a single band in the
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northern blot hybridisation).

The other reason why northern blotting fails to be accurate in quantifying mRNA species
is that samples in the formaldehyde gel would not be transferred to the supporting
membrane in equal amounts and some RNA might be removed while washing the
membranes. Any hybridisation involving RNA bound to a solid support (e.g. the nylon
membrane) is certain to limit accessibility of the RNA sample to the probe as part of the
sample will be bound to the solid support.

An attempt was also made to use oligonucleotide probes specifc for either CYP2B1 or
[doio, nob Glmmu)
CYP2B2 to quantify these two mRNAs. This, however, was not successful^" Most
experiments using oligonucleotide probes in northern blotting require poly (A)^ RNA
(Omiecinski et al., 1986) and this was difficult to obtain, as the yield of poly (A)^ RNA
from a dish of cultured cells (of about 1 x 10^ cells) is minimal. Small probes (up to 25
bp) are used in this method and therefore the detection of specific mRNA species would
only be based on a short stretch of nucleotides. These conditions might not be stringent
enough to detect differences between genes sharing a high degree of similarity in their
nucleotide sequences. A longer probe would cover a larger stretch of nucleotides,
increasing the probability of discrimination between highly similar mRNA species. An
important consideration, particularly when dealing with a multigene family, such as the
CYP2B family (Friedberg, 1990). To overcome these problems and to perform a more
accurate analysis of mRNA expression of members of the CYP2B sub-family another
method, the RNase protection assay, was used to further investigate and quantify
CYP2B1/2 mRNA species in the samples under study.

3.2.2 T he R N ase p ro te c tio n assay
3.2.2a I n tr o d u c tio n
The RNase protection assay is an extremely sensitive technique, used for the detection
and quantification of mRNA species in a complex mixture of total cellular RNA. This
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method involves using a radioactively-labelled anti-sense RNA probe (riboprobe)
complementary to the part of the target RNA to be analysed. These probes are usually
less than 400 nucleotides long, as there is a risk of radiolysis when longer probes are
stored for more than a week. The probes are prepared by inserting the required fragment
into a transcription vector containing a bacteriophage promoter (such as T3, T7 or SP 6 )
and using the corresponding RNA polymerase to synthesise an anti-sense riboprobe (fig.
2.3). The probes are then mixed with a sample of total RNA and hybridised under
conditions that favour hybridisation of complementary transcripts. Specific RNase
enzymes, or a mixture of these, are then used to digest any single stranded transcripts.
The conditions for digestion can be adjusted to the level of specificity required to
differentiate between RNA species that share nucleotide sequence similarity.

The samples are resolved by electrophoresis through a urea/polyacrylamide gel and
visualised by autoradiography. The amount of probe is always adjusted so that it is
present in molar excess over the target fragment in the hybridisation reaction and
therefore the intensity of the protected fragment will be directly proportional to the
amount of complementary RNA in the sample mixture. This method allows detection of
mRNA species that are in extremely low abundance and the degree of sensitivity attained
means that only small amounts of total RNA are needed for hybridisation. The latter fact
was a very a valuable asset in investigating RNA expression in cultured cells, as the yield
obtained from cell cultures is not as great as that obtained from whole animal organs, and
therefore allowed me to make maximum use of the samples available. Another advantage
in this technique is that the probes used are generally shorter than the mRNA species
being detected and therefore the resulting bands are not affected by slight degradation in
the samples under study. The same sample would produce a smeared band when used in
northern blot hybridisation with a cDNA probe.
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3.2.2b Expression of CYP2B1/2 mRNA
RNase protection assays were cairied out on total RNA using an anti-sense riboprobe
derived from a region of a CYP2B2 cDNA clone that is identical in sequence to the
CYP2B1 cDNA. Therefore, this probe will recognise mRNAs encoding CYP2B1 and
CYP2B2 but not those of CYP2B3. It is also probable that this probe does not recognise
CYP2B8 mRNA, as it was not detected by the CYP2B2 probe in northern blot
hybridisation, which is a much less stringent method than RNase protection assays.

A fragment (235 bp long) of the rat CYP2B2 cDNA clone (Phillips et al., 1983b) was
digested with the enzymes Bam HI and Bat I and inserted between the Bam HI/Eco RI
sites of a Bluescript KS plasmid (Akrawi et a!., 1993a). The resulting construct was
named pBS2B. This construct was prepared in our laboratories by Dr. C. Palmer. The
construct was linearised with Bam HI and an anti-sense probe was produced using T3
RNA polymerase. The sense probe was produced by first linearising the plasmid with
Eco RJ (section 2.13. la) and then using T7 RNA Polymerase in the transcription reaction
(section 2.13. lb).

By using the anti-sense CYP2B RNA probe described above, an RNase protection assay
was carried out using total RNA extracted from hepatocytes cultured either in the absence
or presence of phénobarbital at a concentration of 3.2 mM. Results of this assay are
shown in fig. 3.5. CYP2B1/2 mRNA expression in untreated co-cultured hepatocytes
remained quite constant (3-3.5 molecules/cell) between 4 and 14 days of culture (fig. 3.5,
tracks e, g and i). When hepatocytes were incubated in the presence of phénobarbital, the
amount of CYP2B1/2 mRNAs was elevated to 4.5 (molecules/cell) at 4 days of culture
(fig. 3.5, track f), 10.5 at 7 days (fig. 3.5, track h) and 5.25 after 14 days (fig. 3.5, track
j). No expression of CYP2B1/2 mRNAs was detected in rat liver epithelial cells cultured
in the presence or absence of phénobarbital (fig. 3.11 ) confirming that the CYP2B1/2
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F ig u re 3.5: RNase protection assays of CYP2B1/2B2 mRNAs. Total RNA was
extracted from freshly isolated hepatocytes (b), hepatocytes cultured
under conventional conditions for 4 days (c, d) and hepatocytes
co-cultured for 4 days (e, f), 7 days (g, h) and 14 days (i, j). RNA
samples in tracks d, f, h and j were isolated from cultures treated with
3.2 mM sodium phénobarbital. Each hybridization reaction contained 10
}4g of total RNA, 20 pig of tRNA and 1 x 1Œ cpm of radiolabelled
anti sense RNA complementary to both CYP2B1 and 2B2 mRNAs.
Track a shows molecular weight standards (Ikb DNA ladder GIBCOBRL). The arrow indicates the fully protected 235 nucleotide fragment.
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niR NA species delected in the co-cultured cells were present in the hepatocytes but not
the epithelial heljxr cells. This was an extremely important factor as it allowed us to use
the co-culture system in further studies. Epithelial cell sam ples were included where
possible in the exjxrim ents but had to be used sparingly as the yield o f RNA from these
cells was small in comparison to that from hepatocytes.

A s a com parison, the expression and induction o f C Y P 2B 1/2 m R N A s w ere also
exam ined in hepatocytes cultured conx entionally. This was only possible for cells kept in
culture for to 4 days as the hepatocytes start to deteriorate after this tim e w hen cultured
con ven tion ally (fig. 3. IB). At 4 days o f culture C Y P2B 1/2 m R N A s were undetectable,
(< 0 .5 m o lecu les/cell) (fig. 3.5, track c). In cultures treated with phénobarbital, the
am ount o f C Y P 2B 1/2 m R N A s was increased to 4.7 5 m olecules/cell (fig. 3 .5 , track d).
T h is value is sim ilar to that observed in the 4 day co-culture sam p les treated with
phénobarbital but is lower than that obtained in cells co-cultured for 7 days. Because the
induction o f C Y P 2B 1/2 m RN As by phénobarbital was greatest when hepatocytes were
CO-cultured with epithelial cells for 7 days the majority of experiments to be described in
this thesis were carried out using 7 day old co-cultures. Although C Y P 2B 1/2 m R N A s
were increased in the co-cultured cells by phenolwbital the fold induction at 7 days was
on ly 3 -fo ld . This increase in C Y P2B 1/2 m RN As is very low com pared to the in vivo
situation (-4 0 -5 0 fold, Phillips et o/., 1983b).

B ecause the content o f cytochrom es P450 in microsomal membranes isolated from cocultured cells was shown to be greater when cells are treated with 2 mM rather than with
3 .2 mM phénobarbital (fig. 3.6, V. Rogiers personal communication)^ t h e expression of
CY P2B m R N A s was investigated in cells co-cultured for 7 days in the presence o f 2 mM
phénobarbital. Total RNA isolated from both treated and untreated cells w as analysed
using the CYP2B anti-sense RNA probe descnbed above. The low er concentration o f
phénobarbital increased the amount o f CYP2B m R N A s to 50 m olecu les/cell (fig . 3.7
track d) nearly 5 times the amount observed in cultures treated with 3.2 mM
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F ig u re 3.6; Cytochrome P450 content of conventionally cultured or co-cultured rat
hepatocytes treated with different concentrations of phénobarbital (PB).
Total cytochrome P450 content was measured after 4 days of culture
(n=3). Hepatocytes and epithelial cells treated with phénobarbital at 5 mM
upwards showed severe degradation, observed using light microscopy.
The Figure and legend were reproduced with permission from Prof. Vera
Rogiers.
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F ig u re 3.7: Induction of CYP2B1/2B2 mRNAs in co-cultured hepatocytes. Total
RNA was isolated from freshly isolated hepatocytes (b), hepatocytes
co-cultured for 7 days in the absence (c) or presence (d) of 2mM
phénobarbital. Each hybridisation reactions contained 10 ]Ag of total RNA,
20 }Ag of tRNA and 1 x 10^ cpm of
labelled anti sense RNA
comlimentary to both CYP2B1 and CYP2B2. Track a shows
labelled
molecular weight standards (1 kb DNA ladder, GIBCO-BRL). The
arrowhead indicates the fully protected 235 nucleotide fragment.
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phénobarbital (fig. 3.5, track h). All subsequent experiments on cell culture were carried
out using phénobarbital at a concentration of 2 mM.

The result of the above experiments show that CYP2B mRNAs are induced in both
conventionally and co-cultured hepatocytes. However, a comparison of the results
obtained by northern blot hybridisation and RNase protection assay differed in that
northern blot analysis showed that the amounts of CYP2B1/2 mRNAs expressed, in the
untreated cells, is greater than was shown by RNase protection assays. This was true for
all the time points analysed, including the 4 day primary hepatocyte cultures where
CYP2B1/2 mRNAs were undetectable in the untreated cells, using the RNase protection
assay. It is possible that northern blot analysis detected other members of the CYP2B
subfamily, such as CYP2B3, which is expressed in rat livers but not induced by
treatment of the animals with phénobarbital. The CY2B1/2 RNase protection assay probe
was designed bearing in mind the similarity, in nucleotide sequence, of these three
members of the CYP2B subfamily and was chosen to span a region where CYP2B1 and
CYP2B2 differ from CYP2B3 in nucleotide sequence.

3.2.2c In d u c tio n of CYP2B1 and CY P2B2 mRNAs by p h é n o b a rb ita l
The expression of CYP2B1 and CYP2B2 mRNA species is differentially regulated in the
liver in vivo (Omiecinski et al, 1986). CYP2BI mRNA is barely detectable in the liver of
untreated animals whereas CYP2B2 mRNA is expressed, albeit at a low concentration
(fig. 3.8, tracks e and k respectivley). It is well known that both CYP2B1 and CYP2B2
mRNA species are increased in vivo in response to phénobarbital. Previous studies on
liver cells in vivo have involved the analysis of CYP2B1 and CYP2B2 mRNAs by
northern blot analysis using oligonucleotide probes (Omiecinski et al,, 1986) and RNase
protection assays (Friedberg et at., 1990). CYP2B1 was found to be more inducible by
phénobarbital than CYP2B2 (fig. 3.8, tracks f and 1 respectively).
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Figure 3.8: RNase protection assays using probes specific for mRNAs coding for
either CYP2B1 or CYP2B2. Anti sense RNA probes specific for either
CYP2B1 (a-f) or CYP2B2 (g-1) mRNAs were hybridized to 20/4g of
tRNA (tracks b and h), 100 ng of DNA template coding for CYP2B1 (c
and i), or CYP2B2 (d and j), 10 pig of total RNA from the livers of
untreated rats (e and k), or phénobarbital treated rats (f and 1). Tracks a
and g contain undigested CYP2B1 and 2B2 probes, respectively. The
positions of undigested probes (220 nucleotides) and fully protected
fragments (180 nucleotides) are indicated by arrows. The probes were in
use with the RNase protection assays shown in figs. 3.11 and 5.8.
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Other studies on the expression of CYP2B1 and CYP2B2, and their responses to
phénobarbital, in cultured hepatocytes has been an analysis of these proteins by western
blotting (Guzelian etal., 1989; Schuetze/ al., 1988). In the 1989 paper the authors also
carried out northern blot analysis using oligonucleotide probes specific for CYP2B1 and
CYP2B2. Their results showed that neither mRNA species was detectable in untreated
hepatocytes, cultured on matrigel, nor in the livers of untreated animals. Their in vivo
data clearly shows that CYF^Bl mRNA is increased by phénobarbital treatment to a
greater extent than is CYP2B2 mRNA, whereas their in vitro data shows the opposite
effect. Failure to detect constitutively expressed CYP2B2 mRNA, even in vivo, shows
that the method used was not sensitive enough.

To study the constitutive expression of the two genes and to determine if both CYP2B1
and CYP2B2 mRNAs are increased in cultured hepatocytes, in response to treatment with
phénobarbital, an RNase protection assay was designed to discriminate between CYP2B1
and CYP2B2 mRNAs.

Two RNA probes were synthesised to the sequence encompassing exons 6 and 7 of
either CYP2B1 or CYP2B2 genes (fig. 3.9). In this region the two mRNAs exhibit
maximum nucleotide sequence differences (17 out of 180 nucleotides). Oligonucleotide
primers were used to amplify a 180 bp region from either CYP2B1 or CYP2B2 cDNAs
using the polymerase chain reaction (PCR). CYP2B1 (D. R. Bell, E. A. Shephard and I.
R. Phillips unpublished) and CYP2B2 (Phillips et at., 1983b) cDNAs have an overall
nucleotide sequence similarity of 97%, but in the region amplified they exhibit only a
90.5% similarity (fig. 3.9). The two cDNAs, however, are'^identical in the regions that
the primers correspond with. Therefore, the same set of oligonucleotide primers was
used to amplify CYP2B1 and CYP2B2 sequences from their respective cDNA templates.
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Pos. 965.
XXB2
XXBl

A GATTO ATCAQ GTQAT TGGCT CTCAC AGGCC ACCAT CCCTT GATGA
* ***** * * * * * ***** c**** *A*** C***T ****A ***** *****

TCGTA CCAAA ATGCC ATACA CTGAT GCAGT CATCC ACGAG ATTCA GAGAT TTGCA
C**C* GT*** ***** ***** ***** ***** T**** ***** ***** ***G* **T**

GATCT TGCCC CAATT GGTTT ACCAC ACAGA GTCAC CAAAG ACACC ATGTT CCGAG
***** **i>** *T*** **AG* ***** ***** ***** ***** ***** ***** *****
P os.1145.
GGTAC CTGCT CCCCA AG
* * * * *

* * * * *

T * * * *

* *

F ig ure 3.9: Comparision of thecDNA sequences of CYP2B1 (IIB l) and CYP2B2
IIB2) inserts used to generate the probes shown in fig, 3.8. The numbers
indicate the position of the CYP2B1 clone in published sequence (FujiiKuriyama, 1982). The top sequence represents the portion of the CYP2B2
cDNA that was amplified and the bottom sequence represents nucleotides
common to both CYP2B1 and CYP2B2 with an asterisk. The differences
in CYP2BI nucleotide sequence is indicated. Bold and underlined
sequence represent the hybridisation regions of the PCR primers.
Figure and legend taken with permission from Dr. C. Palm er’s Ph. D.
thesis (1991).
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The oligonucleotide primer sequences were as follows:
i)
5' TAATACGACTCACTATAGATCGATCAGGTGATCGGCTCACAC

3’

This sequence contains the nucleotides coding for a T7 promoter (underlined), followed
by 26 nucleotides from position 965-990 of the coding sequence of CYP2B2 mRNA.

Ü)
ATTTAGGTGACACTATAGAATCTTGGGAAGCAGGTACCCTCGGA

3’

This sequence contains nucleotides coding for an SP 6 promoter (underlined), followed
by 23 nucleotides from position 1145-1123 of the coding sequence of CYP2B2 mRNA.

The PCR was carried out as described previously (Akrawi et a l , 1993a). Anti-sense
riboprobes specific for CYP2B1 or CYP2B2 were transcribed from the appropriate DNA
template using SP 6 RNA Polymerase (Stratagene). The specificity of the assay was
tested by Dr. C. Palmer, as described in section 2.13.2. The probes were shown to
discriminate absolutely between nucleotide sequences encoding CYP2B1 and CYP2B2
(fig. 3.8).

W hen using the probes described above it was shown that RNA samples isolated from
untreated hepatocytes co-cultured for 7 days contained no detectable quantity of CYP2B1
m RNA (fig. 3.11 A, track c) even after long exposures o f the gels to X -ray film.
However this mRNA species was increased substantially in phenobarbital-treated cultures
(6.2 molecules/cell, fig. 3.11 A, track d). Expression of CYP2B2 mRNA was detectable,
although at very low concentrations (1 molecule/cell), in the untreated co-cultures (fig.
3.1 IB , track c) and was inducible by phénobarbital (2.7 molecules/cell, fig. 3.1 IB, track
d). The induction of the CYP2B2 mRNA by phénobarbital was markedly lower (only a
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CYP2B1

□ CYP2B2

CYP2B1/2

7d. coc (P)

7d. coc (U)

Figure 3.10: Histogram of the results of the RNase protection experiments shown in
fig 3.11 demonstrating the amounts of CYP2B1 and CYP2B2 mRNAs
and the effect of phénobarbital treatment on these mRNAs. The three
different probes were hybridised with total RNA isolated from the
samebatch of untreated (U) or phenobarbital-treated (P) hepatocytes cocultured for 7 days.
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A)

B)

a b e d

F igure 3.11:

a b e d

RNase protection assays of mRNAs coding for CYP2B1 (A) and
CYP2B2 (B). Total RNA was isolated from liver epithelial cells (a, b)
and hepatocytes co-cultured for 7 days (c, d). RNA samples in tracks b
and d were isolated from cultures treated with 2 mM phénobarbital. Each
hybridization reaction contained 10 ptg of total RNA, 20 }4g of tRNA and
1 X 10"^ cpm of radiolabelled anti sense probe complementary to either
CYP2B1 (A) or CYP2B2 (B) mRNAs. The arrowheads indicate the fully
protected, 180 nucleotide, fragments.
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3-fold induction) than that noted for the CYP2B1 mRNA. The total of the two mRNA
species, after phénobarbital treatment, comes to 9 molecules/cell which is close to the 10
molecules /cell detected when the CYP2B1/2 probe was used on the same samples (fig.
3.10). This is of course much lower than the 50 molecules/cell previously mentioned
(fig. 3.7) but is a difference noted between cultures of hepatocytes isolated from different
animals (see fig. 5.6C).

A control experiment was also carried out using the same probes on RNA samples
isolated from the helper epithelial cells cultured for 7 days either in the presence or
absence of phénobarbital. Neither CYP2B1 nor CYP2B2 mRNA species were detectable
nor were they inducible by phénobarbital treatment (fig. 3. IIA and B, tracks a and b).
Even exposure of the autoradiographs for up to 6 weeks failed to detect CYP2B1 or
CYP2B2 mRNAs in the epithelial cells. An important finding was that the ratios of
CYP2B1 and CYP2B2 mRNA in the co-cultured hepatocytes are similar to that observed
in vivo (fig. 3.8, tracks e, f, k, and 1 and fig. 5.7). Moreover, CYP2B1 was more
inducible by phénobarbital in vitro than is CYP2B2. The identical situation is also found
in vivo , as shown in fig. 3.8, and also mentioned previously (Friedberg et aL, 1990;
Omiecinski et al., 1986).

3.3 E xpression of CY P2B p ro te in s
W estern blot analysis was carried out on whole cell homogenates prepared from
conventionally or co-cultured hepatocytes (fig. 3.12) to investigate the expression of
CYP2B proteins and the effect of phénobarbital treatment (2 mM) on these proteins. This
would also allow a comparison to be made with the data obtained for the amounts of
CYP2B1/2 mRNAs in these cells. CYP2B1/2 protein was detected using an anti-CYP2B
anti-serum that recognises both CYP2B1 and CYP2B2 (Phillips et at., 1981). The results
o f western blot analysis showed that the amount of CYP2B1/2 proteins decreases
substantially in hepatocytes cultured either conventionally (fig. 3.12, track b) or cocultured (fig. 3.12, track e) when compared to freshly isolated hepatocytes (fig. 3.12,
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Figure 3.12: Western blot analysis of total homogenates isolated from hepatocytes
cultured conventionally for 4 days (tracks b and c) or co-cultured for 4
days (tracks d and e), 7 days (tracks f and g) or 14 days (tracks h and
i), or from rat liver epithelial cells (tracks j and k). Homogenates from
freshly isolated hepatocytes were included in track a. The samples in
tracks c, e, g, i and k were from cells treated with 2 mM phénobarbital.
Tracks a-i contained 75 pig protein, and tracks j and k 50 pig of protein.
CYP2B protein was detected using an anti-CYP2B serum.
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track a). CYP2B1/2 proteins were induced by phénobarbital treatment of hepatocytes
cultured under either condition (fig. 3.12, tracks c, e, g, and i). The maximum induction
was observed in hepatocytes co-cultured for 7 and 14 days (17-18 fold, fig. 3.12, tracks
g and i). The induction pattern of CYP2B protein, by phénobarbital treatment, in both
conventionally and co-cultured hepatocytes, mimics that observed for CYP2B mRNAs in
that the basal expression of CYP2B1/2 protein decreases in cultured hepatocytes and is
seen to rise again after 7 days of co-culture with epithelial cells. Whole cell homogenates
prepared from untreated and phenobarbital-treated epithelial cells were also analysed in
the same experiment. The results showed that no CYP2B protein was detectable in
untreated (fig. 3.12, track j) or phenobarbital-treated (fig. 3.12, track k) epithelial cells.

Therefore, the CYP2B1/2 protein detected in untreated and phenobarbi tal - treated co
cultures is due to the expression of these proteins in the hepatocytes and not in the helper
epithelial cells. It has to be considered that 40-60% of the co-cultured cells, in anyone
dish, are made up of epithelial cells. Therefore the values observed for conventional
cultures are sometimes higher than those observed for co-cultures. These experiments
were performed using equal amounts of whole cell homogenates for all samples and are
therefore not meant to be quantitative, but were done to show the maintenance of the
proteins in culture and the response of the cells to phénobarbital treatment. This factor has
been taken into account when plotting the various charts comparing the two culture
systems.

3.4 Expression of cytochrome bg and cytochrome P450 reductase mRNA
The expression of other components of the mixed function mono-oxygenase, namely
cytochrome P450 reductase and cytochrome bg, was also investigated. The aim of this
experiment was to find out whether the expression of the mRNAs for these proteins is
maintained in cultured hepatocytes and whether the mRNAs are increased by treatment
with phénobarbital as is the case in vivo (Shephard et al., 1982, E.A.S and I.R.P
personal communication). Northern blot hybridisation analysis was carried out on total
C. A . S . ^ E - A .

l.ie.?. = I.R .
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cellular RNA isolated from untreated or phenobarbital-treated hepatocytes either cultured
conventionally or co-cultured with epithelial cells. The amount of cytochrome b^mRNA
expression was similar in hepatocytes cultured conventionally or co-cultured for 4 days
(fig. 3.13, tracks d and f). The concentration of cytoclirome bg mRNA in untreated cells
remained unaltered in hepatocytes co-cultured for 7 days (fig. 3.13, track h) and the
quantity of cytochrome bj mRNAs was increased (2-4 fold) in hepatocytes following
treatment with phénobarbital. This increase was observed in hepatocytes cultured
conventionally or co-cultured. Although a very small amount of eytochrome b^ mRNA
was detected in the untreated epithelial cells it was not inducible by treatment with
phénobarbital (fig. 3.13, tracks a and b). This, however, was not the major source of
cytochrome bg mRNA in the co-cultures as the amounts of cytochrome bg mRNA
detected in the pure hepatocyte cultures was quite substantial (fig 3.13, tracks c-e).

The investigation of eytochrome P450 reductase mRNA expression and induction by
phénobarbital in hepatocytes, cultured under either condition, and in the epithelial cells
(fig. 3.14) showed a comparable trend to that of cytochrome b^ mRNA. The amount of
cytochrome P450 reductase mRNA was very low in the freshly isolated hepatocytes,
unlike bg which was present in large amounts. Cytochrome P450 reductase mRNA was
detectable in substantial quantities in the untreated hepatocytes at 4 days of pure culture
(fig. 3.14, track d), but more so in hepatocytes co-cultured for 4 days (fig. 3.14, track
e), reaching even higher expression levels at 7 days of co-culture (fig. 3.14, track h). The
effect of phénobarbital treatment was similar to that observed in vivo, in that cytochrome
P450 reductase mRNA was induced by 2-4 fold (fig. 3.14, tracks e, g, and i). A slight
expression of cytochrome P450 reductase mRNA was detected in the epithelial cells (fig.
3.14, track a) which was not increased when the cells were treated with phénobarbital
(fig. 3.14, track b).
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g h i

Figure 3.13: Northern blot hybridization of cytochrome bs. Total RNA was isolated
from liver epithelial cells (a, b), freshly isolated hepatocytes (c),
hepatocytes cultured under conventional conditions for 4 days (d, e), and
hepatocytes co-cultured for 4 days (f, g) or 7 days (h, i). RNA samples
in tracks b, e, g and i were isolated from cultures treated with 2 mM
phénobarbital. Each track contained 12 |ig of RNA. Filters were
hybridized with a rat cDNA clone encoding cytochrome bg.
e ic J
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Figure 3.14: Northern blot hybridization of mRNAs encoding cytochrome P450
reducatse Total RNA was isolated from liver epithelial cells (a, b),
freshly isolated hepatocytes (c), hepatocytes cultured under conventional
conditions for 4 days (d, e), and hepatocytes co-cultured for 4 days (f,
g), 7 days (h, i) or 14 days (j, k). RNA samples in tracks b, e, g, i and k
were isolated from cultures treated with 2 mM phénobarbital. Each track
contained 12 /^g of RNA. Filters were hybridized with a rat cDNA clone
encoding cytochrome P450 reducatse.
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3.5 Expression of cytochrome P450 reductase and cytochrome bg proteins
Western blot analysis was perfonned on rat liver microsomes and whole cell extracts of
co-cultured and conventionally cultured hepatocytes. After having verified that the
mRNAs of cytochrome P450 reductase and cytochrome bs are expressed in the cocultured hepatocytes,and induced by phénobarbital, it remained to be seen whether their
corresponding proteins were also increased by this compound. The expression of the two
proteins was detected using either anti-cytochrome P450 reductase or anti-cytochrome b^
sera respectively. The western blots shown in figs. 5.11 and 5.13 were analysed by
densitometric scanning and figs. 3.15 and 3.16 and show the relative amounts of each
protein expressed in the cultured cells.

The expression of cytochrome P450 reductase protein is detectable in untreated
hepatocytes cultured conventionally. The concentration o f the protein stays relatively
constant in hepatocytes co-cultured for 4, 7 and 14 days and is increased in hepatocytes
treated with phénobarbital (between 2-3 fold, fig 3.15). As is the case for cytochrome
P450 reductase mRNA the increase in the protein is very similar in both conventionally
cultured and co-cultured hepatocytes. Unlike CYP2Bs, cytochrome P450 reductase is
expressed in the helper epithelial cells (fig. 5.11) but is not inducible by phénobarbital- or
vaplroate-treatment in these cells.

Cytochrome bg protein was detected in untreated hepatocytes cultured conventionally and
its expression was slightly higher in hepatocytes co-cultured for the same time (4 days,
fig. 3.16). The amount of the protein is higher in untreated hepatocytes co-cultured for 7
days but decreases in untreated hepatocytes co-cultured for 14 days. Cytochrome bj
protein was induced in both culture systems by phénobarbital. The fold induction (2-5
fold) was similar at all time points analysed. No expression o f cytochrome b^ was
detectable in homogenates prepared from untreated epithelial cells and the protein was not
increased in cells treated with phénobarbital. This result mirrors the lack of cytochrome bj
mRNA induction in the helper epithelial cells.
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Cytochrome P450 Reductase
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F igure 3.15: A) Time course of cytochrome P450 reductase expression and induction
by phénobarbital in rat hepatocytes co-cultured with rat liver epithelial
cells (coc.). U= untreated cells and P= cells teated with 2 mM
phénobarbital. B) Histogram comparing cytochrome P450 reductase
expression and induction in the co-cultures with hepatocytes cultured
convetionally (conv.). The relative values were obtained by densitometric
scanning of the cytochrome P450 reductase western blot shown in fig.
5.11.
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Unlike CYP2Bs, the expression of cytochrome P450 reductase and cytochrome

does

not decline dramatically, when hepatocytes are placed in culture (figs. 3.15 and 3.16),
and the induction of the two proteins and their mRNA species by phénobarbital in vitro is
very similar to what is observed in vivo.
The results of the cultured hepatocytes shown in this chapter were earned out on cultures
of hepatocytes isolated from two animals for each time point. Then each experiment was
earned out at least three times and the separate blots scanned (3 times each, of various
intensities of exposures). An average was then taken of the scan and this the point
represented in the graphs of the northern blots in relative absorbance units. In the RNase
protection assays, the quantification was made by a two point assay of each sample ( for
example using lOpg of total RNA in one experiment and 20pg in the other) and then each
point quantified by scanning a relevant exposure of the gel on X-ray film. Each RNase
protection sample (in two point assays) was hybridised to the same probe in at least three
separate experiments to reduce eiTors arising from experimental procedures.

343

Chapter 4

Experiments described in this chapter have been published in:
Effects of valproate on xenobiotic biotransform ation in rat liver;
In vivo and in vitro experim ents
V. Rogiers, A. Callaerts, A. Vercruysse, M. Akrawi, E. Shephard and I. Phillips.
Pharmaceutisch Weekblad Scientific edition, 14{3A), p: 127-131, 1992

345

4.1 Background:
The aim of the following experiments was to investigate the effect of valproic acid
(valproate) on the expression of specific cytochrome P450 isoforms, and their mRNAs in
vivo and in vitro. The metabolism of valproate has been reported to increase, in the
microsomes of animals administered with phénobarbital, and poly therapy of these two
antiepileptic drugs has been known to increase the toxic effect of valproate treatment
(section 1.5.11). We used phénobarbital as a positive control in all the experiments to be
described, as the effect of this drug on the expression of various cytochrome P450
isoforms has been well studied and documented. The in vivo system used in our
experiments (described in section 2 . 11 . 1) was a rat model consisting of untreated rats,
rats treated with valproate by i.p. injection, rats treated with valproate by subcutaneously
implanted osmotic pumps, rats treated with phénobarbital, and rats treated with both
valproate (by pumps) and phénobarbital (by injection). The reason for valproate
administration by pumps is the large difference in the half lives of sodium valproate
between man, 8-15 h (Schobben et aL, 1975) or 8-10 h (Loiseau et al., 1975) and rat,
11-14 min (Dickinson et al., 1979) or 17.5 min (Heinmeyer gZ al., 1985). This pump
model is seen to maintain a constant serum concentration of valproate for as long as 2
weeks. In some rats a serum concentration of 103±5 /^g/ml was reached, in others a
concentration of 52±9 /^g/ml. This is very different from the serum levels in rats
administered sodium valproate by i.p. injection where the serum concentrations of
valproate declined from the maximum of 330±27 /<g/ml (reached after 17±2 min) to only
10 /^g/ml after 4 h. (Rogiers et al., 1988a).

There are many discrepancies in the literature concerning the inducing capacities of
valproate on phase I biotransformation systems of xenobiotics both in man and in
experimental animals. To date, none of the studies on valproate have involved the study
of its effect on specific isoforms of cytochrome P450. Most of the literature reviewed in
the introduction (section 1.5) involved studies on the metabolite formation of valproate
and some on the effect it exerts on the cytochrome P450 system as a whole.
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The in vitro models used consisted of rat hepatocytes either cultured conventionally or cocultured with biliary epithelial cells. The metabolite profiles of valproate in cultured rat
hepatocytes is similar to that obtained from in vivo experiments with rats (Rogiers eta l.,
1988c). We have shown previously that members of the mixed function mono-oxygenase
system are well maintained in cultures of rat hepatocytes co-cultured with rat liver
epithelial cells liver (chapter 3, Akrawi et at., 1993a). In this chapter the effects of
valproate on CYP2B1/2 are investigated and compared with those of phénobarbital.

4.2 T he effects of v alp ro ate on CYP2B1/2 m R N A :
4.2.1 In vivo:
Northern blot analysis was initially carried out using a cDNA probe encoding rat
CYP2B2 (Phillips et aL, 1983b) to investigate the effect of valproate on CYP2B1/2
mRNA expression. Total RNA was isolated from livers of untreated rats, animals treated
with valproate by 2 pumps, animals treated with valproate by i.p. injection and animals
treated with valproate (by pumps) and phénobarbital (by i.p. injection) together. The
results are shown in fig. 4.1. No increase of CYP2B1/2 mRNA was observed when
valproate was administered by i.p. injection (fig. 4.1, track g). However, an increase of
about 2-fold in CYP2B1/2 mRNA expression is observed when valproate is administered
by pump (fig. 4.1, track g). RNA isolated from phénobarbital-treated rats was used as
positive control (fig. 4.1, track e). The effect of treatment with both drugs (fig. 4.1, track
h) showed an increase in CYP2B1/2 mRNA expression similar to that observed in the
samples treated with phénobarbital alone.

These results showed, for the first time, that valproate had an inducing effect on the
mRNA species of specific members of the CYP2B family, one of which has been
implicated in playing a major role in its metabolism (section 1.5.9). The results also
showed that this induction effect could only be achieved in rats by applying a constant
serum concentration of valproate via osmotic pumps.
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a

In vitro

g

h

In vivo

F igure 4.1: Northern blot hybridisation analysis of CYP2B mRNAs. Total RNA was
extracted either from hepatocytes co-cultured in the absence of drugs (a),
inthe presence of 2 mM phénobarbital (b) and in the presence of 200
/^g/mlvalpraote (c), or from the livers of control rats (d), rats treated
withphenobarbital (e), valproate by i.p. injection (0 , valproate by pumps
(g) or simultaneously with phénobarbital by i.p. injection and valproate
by pumps (h). The amount of RNA loaded on each track was 12 ptg. The
membrane was hybridised with a 32P-iabelled CYP2B2 cDNA prol^.
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The effect observed for valproate induction of CYP2B mRNA in vivo was minimal,
compared to that exerted by phénobarbital.

4 .2 .2 In vitro:
Previous experiments have shown that cultured rat hepatocytes, especially those
co-cultured with epithelial cells, provide an excellent in vitro model to study the phase I
and phase II biotransformation of phénobarbital (Rogiers el al., 1990b) and valproate
(Rogiers et al., 1988b). Northern blot analysis was carried out on total RNA isolated
from rat hepatocytes co-cultured with rat liver epithelial cells for 7 days. The co-cultures
were either untreated, treated with phénobarbital (2 mM) or valproate (200 pig/m\). The
results are shown in fig. 4.1. It is evident from this experiment that valproate has a
substantial inducing effect on CYP2B mRNA expression in vitro (fig. 4.1, track c). This
effect is even greater than that observed in the phénobarbital-treated samples (fig. 4.1,
track b). The northern blot analysis demonstrated that members of the major
phénobarbital inducible subfamily, namely CYP2B, are increased by valproate.
The Noithem blot experiment shown in fig. 4.1 was earned out on RNA samples derived
from total RNA isolated from the livers of 2 animals, for each treatment, (only one set is
shown is the figure) for the in vivo samples. As for the in vitro samples, the RNA was
isolated from culture dishes of hepatocytes derived from two different animals. The cells
from each animal were seeded separately onto different cultures dishes that were then
treated with the relevant media (again) only one set is shown in the figure). The northern
blot analysis was earned out three times on the samples mentioned above.
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Chapter 5

Some of the results presented in this chapter have been included in the two publications
cited below:

E ffects of phénobarbital and valprotae on the expression o f cytochrom e
P450 in co-cultured rat hepatocytes
M. Akrawi, E. A. Shephard, I. R. Phillips, A. Vercruysse and V. Rogiers
Toxicology In Vitro (1993b), 7; 477-480
and
E ffects o f the anticonvulsant, valproate, on the expression o f com ponents
o f the cytochrom e P450 mono-oxygenase system and glutathione
5-transferases
V. Rogiers, M. Akrawi, A. Vercruysse, I. R. Phillips and E. A. Shephard
(Submitted to the European Journal of Biochemistry)
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The following experiments were carried out to investigate the effect of valproate on the
expression of the mRNA species encoding specific isoforms of the CYP2B subfamily {in
vivo and in vitro) and other components of the mono-oxygenase system, namely
cytochrome bs and cytochrome P450 reductase. The effects of valproate on the phase II
enzymes, GST 1-2, 3-4 and 7, were also studied to investigate whether the inhibiting
effects observed on total GST activity by valproate could be attributed to decreases in the
expression of all or only individual GST subunits. These effects were also compared to
those that phénobarbital exerts on the GSTs, which have been studied more thoroughly.
In section 5.6 the mRNA expression of the liver-enriched transcription factor, HNF-4, is
discussed {in vivo and in vitro) as well as the effects that phénobarbital or valproate have
on it.

5.1 The effects of valproate on CYP2B1/2 expression in vivo
5.1.1 C Y P2B1/2 protein
The effects of valproate on the amount of CYP2B1 and CYP2B2 were studied in
microsomal membranes isolated from control rats, rats treated with valproate by i.p.
injection, rats treated with valproate by pumps and rats treated with both valproate (by
pumps) and phénobarbital (by i.p. injection) together. Microsomal membranes from rats
treated with phénobarbital (by i.p. injection) were also included as a positive control.
Western blotting was carried out on the above microsomal proteins (fig. 5.1 and fig. 5.2)
using antibodies raised against rat CYP2B1/2 (Phillips et a i, 1983a).

The antiserum recognises both CYP2B1 and CYP2B2. The results show that CYP2B1/2
is present in very small amounts in the microsomes isolated from control animals (fig.
5.2, track f). Administration of valproate by i.p. injection shows a very slight increase in
CYP2B1/2 protein (fig. 5.2, track e). However, a more noticeable increase in the
abundance of these proteins is observed in microsomes isolated from rats treated with
valproate by pumps (fig. 5.2, track d).
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Fig 5.1: H istogram of A) The western blot experiment in fig. 5.2. B) Total
cytochrome P450 content of the microsomal membranes isolated from the
livers of the same animals used in the western blot shown in fig. 5 .2 .
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a b c d e f

Figure 5.2:.Western blot analysis of CYP2B1/2 in rat liver microsomal membranes.
Microsomal membranes were isolated from rats that were either untreated
(track f) or treated with valproate by i.p. injection (track e) or by
subcutaneous pumps (track d), phénobarbital by i.p. injection (track c) or
phénobarbital by i.p. injection plus valproate by subcutaneous pumps
(track b). Tracks b-f contained 20 pg of microsomal membrane protein and
track a contained 0.5 pg purified CYP2B2. Proteins were separated by
SDS/polyacrylamide gel electrophoresis and transferred to a nitrocellulose
filter. CYP2B1/2 was detected by western blotting with an anti-CYP2B
serum.
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This increase of C Y P 2B l/2by valproate is still only a fraction of that attained with
phénobarbital treatment (fig. 5.2, track c), which is over 40-fold. The effects of
administering both valproate and phénobarbital together did not increase CYP2B1/2
proteins any more than was observed with phénobarbital alone (fig. 5.2, track b). These
results are consistent with those obtained previously for the mRNAs encoding CYP2B
(chapter 4). It is also interesting to note that the total cytochrome P450 content is
increased in the microsomal membranes isolated from valproate-treated rats, even when
administered by i.p. injection (fig. 5.3). Total cytochrome P450 is even higher in the
m icrosom al membranes of animals administered valproate by pumps. Valproate
treatment, combined with phénobarbital increases cytochrome P450 content even more
than phénobarbital alone does. These results suggest that valproate, in vivo, exerts a
strong effect on other cytochromes P450, apart from the CYP2Bs, which were poorly
induced by the drug in vivo. The studies in this chapter concentrated on identifying and
quantifying the CYP2B mRNA species induced by valproate.
5 .1 .2 C Y P 2B 1/2 m R N A :
CYP2B1/2 mRNAs were quantified by RNase protection assays. The anti-sense probe
used (described in section 3.2.2b and Akrawi et at., 1993a) recognises mRNA species
encoding CYP2B1 and CYP2B2. The concentration of CYP2B1/2 mRNA present in
liver samples of control rats is 6 molecules/cell (fig.b. %, track a). Valproate administration
by i.p. injection only slightly increases CYP2B1/2 mRNAs in rat liver (fig. 5.3, track c),
whereas valproate administered by pump induces CYP2B1/2 mRNAs about 3-fold to 16
molecules/cell (fig. 5.3, track d). This induction of CYP2B1/2 mRNAs by valproate in
vivo is very small compared to that observed by phénobarbital treatment. CYP2B1/2
mRNAs are induced about 17-fold to 99 molecules/cell by treatment with phénobarbital
(fig. 5.3, track b). Co-administration of the two anticonvulsants to the rats (fig. 5.3,
track e) showed no further increase to that observed with phénobarbital alone. These
results confirmed those obtained by northern blot and western blot analysis. The RNase
protection also showed that valproate has an inducing effect on CYP2B1/2 mRNAs
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Figure 5.3: RNase protection assay of CYP2B1/2 mRNAs in rat liver.
Total RNA was extracted from untreated rats (track a) or from rats treated
with phénobarbital by i.p. injection (track b), valproate by i.p. injection
(track c), valproate administered by subcutaneous pumps (track d) or
phénobarbital by i.p. injection plus valproate by subcutaneous pumps
(track e). Each hybridization reaction contained 1 x 10 ^ cpm of a
radiolabeled CYP2B1/2 antisense RNA and 10 }4g of total RNA.
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specifically and that the induction detected in the northern blot and western blot analysis
was not due to another member of the CYP2B subfamily. The protein and mRNA data
show that although a slight induction of CYP2B1/2 is observed when serum levels of
valproate are kept constant in the rat, this effect is still very small compared to that shown
following phénobarbital treatment of the rats.

The reasons that valproate might be a poor inducer of CYP2B1/2 in vivo may be largely
because valproate has a short half-life in the rat as discussed above. Therefore, we chose
to further study the effect of this drug, in an in vitro environment in which valproate
concentrations are constant, to gain an insight into its effect on enzymes of phase I and
phase II drug metabolism.

5.2 The effect of valproate on CYP2B1/2 expression in vitro
5.2.1 C Y P2B1/2 protein
The effects of valproate on CYP2B1/2 proteins in vitro was investigated by western blot
analysis (fig. 5.4 and fig. 5.5) as described above. Cell homogenates were prepared from
co-cultures of hepatocytes and epithelial cells. The co-cultures were either treated with
valproate (200 }4g/m\) or phénobarbital (2 mM) or remained untreated for up to 14 days in
culture. Homogenates were also prepared from pure cultures of hepatocytes, cultured
conventionally for 4 days, that were treated with the same drug concentrations as the
co-cultures or remained untreated (fig. 5.4).

The effects of valproate on CYP2B1/2 proteins are evident after 4 days of co-culture.
CYP2B1/2 proteins are induced 4-fold after 4 days (fig. 5.5, tracks 7 and 9). At 7 days
o f co-culture CYP2B1/2 proteins were increased 27-fold (fig. 5.5, tracks 4 and 6 ).

Phenobarbital-treated cultures from the same animals were treated for the same amount of
time and used as a positive control for CYP2B1/2 induction. Treatment of the cultures
with phénobarbital resulted in an increase of 4- and 17-fold in CYP2B1/2 protein
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F igure 5.5: Western blot analysis of CYP2B1/2 in co-cultures of rat hepatocytes. The
cultures were either treated with valproate (V) (tracks 1, 4, 7) or with
phénobarbital (P) (tracks 2, 5, 8 ), or were untreated (U) (tracks 3, 6 , 9).
Cells were harvested at 4, 7 and 14 days of treatment, as indicated. Each
track contained 75 pg of total cellular protein.
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abundance at 4 and 7 days of co-culture respectively (fig. 5.5, tracks 8 and 9 and tracks 5
and 6 ). Expression of CYP2B1/2 proteins in the untreated cells decreased gradually, as a
function of time in culture (fig. 5.5, tracks 9 and 6 ), reaching a minimum at 14 days of
co-culture (fig. 5.5, track 3). This however, did not affect the induction of CYP2B1/2
proteins by valproate or phénobarbital, which is shown to increase between 4 and 7 days
of culture (fig. 5.5, tracks 7 and 8 and tracks 4 and 5), reaching a maximum at 14 days of
co-culture (fig. 5.5, tracks 1 and 2). This data supports the finding by Prof. Rogiers'
group on the effects of valproate and phénobarbital on total P450 content in the
co-cultures as function of time (fig. 1.7).

These results show that although the amounts of CYP2B1/2 expressed in the co-cultured
hepatocytes are decreased between 4 and 14 days of co-culture, these proteins are still
induced by treatment with phénobarbital or valproate. The amounts of CYP2B1/2 in
hepatocytes co-cultured for 4 day are slightly higher than those cultured conventionally
for 4 days. The effect of phénobarbital on increasing CYP2B l/2s in co-cultures is also
greater than that observed in the pure cultures.

When comparing the same amounts of protein in pure and co-cultured hepatocytes, it
must be considered that 40-60% of protein mass of the co-cultured cells is that of the
helper epithelial cells. We have previously proved, by rigorous methods, that these helper
cells do not express either CYP2B1 or CYP2B2 mRNAs or protein (even following
treatment with phénobarbital). The presence of the epithelial cell protein or mRNA in our
co-culture sample will 'dilute out' the expression data on the CYP2Bs in the hepatocyte
cells. Therefore, the bar graphs in fig. 5.4 have been corrected for the presence of the
epithelial cells. The values have been similarly corrected for the cytochrome P450
reductase and cytochrome b^ results below (section 5.4). The bar graph in fig. 5.4 shows
a comparision of valproate induction of CYP2B1/2 proteins in the two culture systems
after 4 days. Valproate treatment of the co-cultures increases CY P2Bl/2s slightly more
than in than is observed in the pure hepatocyte cultures. Valproate is also shown here to
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be a more potent inducer of CYF^Bl/2 than is phénobarbital in vitro, at 7 and 14 days of
co-culture, in contrast to what is observed in vivo.

5.2.2 C Y P 2B 1/2 m R N A
The effects of valproate on the expression of CYP2B1/2 mRNA species was investigated
to establish whether the inducing effects exerted by valproate on CYP2B1/2 proteins in
vitro was mediated by an increase in their corresponding mRNAs. The mRNAs were
quantified by RNase protection using an anti-sense RNA probe that recognises both
CYP2B1 and CYP2B2 as described in section 3.2.2b. RNA samples were isolated from
hepatocytes co-cultured with epithelial cells for 7 days and treated with either valproate
(200 /^g/ml) or phénobarbital (2 mM) or left untreated. Valproate treatment was found to
increase CYP2B1/2 mRNA species from 2 to 69 molecules/cell (fig. 5.6A, tracks 1 and
3). The co-cultures treated with phénobarbital showed an increase of CYP2B1/2 mRNAs
to 44 molecules/cell (fig. 5.6A, tracks 1 and 2), similar to amounts observed in previous
experiments (Akrawi et al., 1993a and section 3.1.2b). Thus, the effects of valproate on
CYP2B1/2 mRNAs are comparable to that observed for their protein species in vitro.
RNase protection data shows clearly that valproate is a more potent inducer of CYP2B1/2
mRNAs, than is phénobarbital in vitro and not of other members of the CYP2B family. A
result that could not have been verified by northern blot or western blot analysis alone.
RNA was prepared and tested from hepatocytes isolated from the same animals and
cultured separately, or isolated from different animals and cultured separately. All
experiments were carried out on samples of cells isolated from at least two different
animals. Although the absolute amounts of CYP2Bl/2s differed between cultures isolated
from different animals, the induction by valproate of both mRNA and protein species
remained within the range of 25- to 35-fold.

Cultures of pure hepatocytes were also tested, as a comparision, for the effects of
valproate on CYP2B1/2 mRNA expression. Previous studies (chapter 3, Akrawi et at.,
1993a) showed that these untreated mono-cultures do not maintain the expression of
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Figure 5.6: RNase protection assay of CYP2B1/2 mRNAs in cultured hepatocytes.
Total RNA was extracted from hepatocytes cultured with biliary epithelial
cells for 7 days (A) or from hepatocytes cultured under conventional
conditions for 4 days (B). Cells were either untreated (tracks 1), or treated
with phénobarbital (tracks 2), or valproate (tracks 3). Each hybridization
reaction contained 1 x 10"* cpm of ^^P-labeled CYP2B1/2 antisense RNA
and 10 ^tg of total RNA. (C) Shows the result of several RNase protection
assays of CYP2B1/2 mRNAs in hepatocytes co-cultured for 7 days (n= 6 ).
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CYP2B1/2 mRNAs after 4 days of culture (fig. 5.6B, track 1). However, valproate
treatment of the cells resulted in an increase of CYP2B1/2 mRNAs to 5 molecules/cell
(fig. 5.6B, track 3), and phénobarbital treatment to 2 molecules /cell (fig. 5.6B, track 2).
Although the effects of both phénobarbital and valproate on CYP2B1/2 mRNAs are still
evident in these cultures, the amounts of CYP2B1/2 mRNAs induced by phénobarbital or
valproate in pure hepatocyte cultures are much less than when hepatocytes are co-cultured
with liver epithelial cells.

5.3 C Y P2B1 an d C Y P2B 2 m RN A s
Previous studies have shown that desaturation of valproic acid to its hepatotoxic
unsaturated metabolite, 2-/z-propyl-4-pentanoic acid (4-ene-valproate, A'^-VPA), was
mediated by cytochrome P450. Phénobarbital treatment of rats led to enhanced fonnation
of this toxic metabolite. CYP2B1 was purified from the livers of phenobarbital-treated
rats and was shown to be responsible for this desaturation (Rettie et al., 1988; Rettie et
al., 1987). It was interesting then to find out whether both CYP2B1 and CYP2B2
mRNAs were induced by valproate, and if this induction pattern followed that of
phénobarbital, in vivo and in vitro.

5.3.1 In

vivo

RNA samples were isolated from livers of control rats, rats treated with valproate by
pumps and rats treated with phénobarbital, as described earlier. The probes used in this
experiment to distinguish between CYP2B1 and CYP2B2 mRNAs were cloned in our
laboratory by Andrew E lia The cDNA templates for the riboprobes were constructed by
digesting either a CYP2B1 or CYP2B2 cDNA clone with the restriction enzymes BgA I
and ¥sp I and the resulting fragments (274 bp each) were cloned into the Batn Hl/Sma I
sites o f pBluescript. The resulting constructs were named pBS2B 1(274) and
pBS2B2(274) respectively. Anti-sense RNA transcripts were produced by digesting the
constructs with Eco RI and using the enzyme T7 RNA polymerase. Sense RNA
transcripts were transcribed by digesting the constructs with X ba I and using T3 RNA
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Figure 5.7: RNase protection assays of CYP2B1 and CYP2B2 mRNAs in rat liver.
Total RNA was isolated from the liver of control rats (track 2), rats treated
with phénobarbital (track 3) or rats treated with valproate by pumps (track
4). Hybridization reactions contained 1 x 10^ cpm of either CYP2B1 or
CYP2B2 ^^P-labeled antisense RNA probe, as indicated, and 10 /^g (track
3) or 20 /<g (tracks 2 and 4) of RN A sample. Track 1 contained the
anti sense probe and 30 pig of tRNA. The autoradiogramme was exposed to
X-ray film for 5 weeks. tRNA was added to the samples in tracks 2-4 to
adjust the amount of RNA to a total of 30 pig.
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polymerase. The resulting riboprobes protected 274 nucleotides of RNA, corresponding
to nucleotides 810 to 1084 of the CYP2B1 or CYP2B2 mRNA. The RNase protection
assay was carried out by Andrew Elia in our laboratory (fig 5.7). These probes were
shown to discriminate between the two mRNAs coding for the two genes (A. Elia,
personal communication). It was not possible to quantify the absolute amounts of RNA
molecules/cell in each sample (even after 5 weeks of exposure). The results are therefore
presented in relative absorbance units obtained by densitometric scanning of the X-ray
film.

The results show that CYP2B1 mRNA is undetectable in livers of untreated rats (fig. 5.7,
track 2), confirming the results obtained with the probe used in section 3.2.2c. mRNA
isolated from the liver of rats treated with phénobarbital was used as a positive control.
CYP2B1 mRNA is increased in phénobarbital treated livers (fig. 5.7, track 3) to a much
higher degree than in valproate treated livers in vivo. Therefore, the amounts of total
RNA used was adjusted in order to visualise the effects of the two anticonvulsants on the
same autoradiograph. CYP2B1 mRNA is expressed at barely detectable levels in the liver
of animals treated with valproate (fig. 5.7, track 4). As expected, CYP2B2 mRNA was
expressed in the livers of untreated rats (fig. 5.7, track 2) and was increased by
phénobarbital administration (fig. 5.7, track 3). Valproate treatment of the rats slightly
increased CYP2B2 mRNA expression in the liver (fig. 5.7, track 4). These results are
not surprising, since valproate was shown to be an extremely poor inducer, in rat livers,
o f CYP2B1/2S and the mRNA species encoding them. The in v ivo data obtained
previously (section 5.1.2), using an anti-sense probe that recognises both mRNA
species, shows a slight increase in CYP2B1/2 mRNA. Although the induction was not
great (only 3 -fold) it shows that there is a slight difference between the mRNA species
that is detected by the various probes used.

5.3.2 In

vitro

RNA samples were isolated from 7 day co-cultures treated with valproate (200 /<g/ml) or
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phénobarbital (2 mM) or untreated. The anti-sense probes used to distinguish between
CYP2B1 and CYP2B2 are as described earlier (Akrawi e ta l. , 1993a, section 3.2.2c). In
RNA isolated from untreated cells, CYP2B1 mRNA species was undetectable, even on
prolonged exposure to the X-ray film (fig. 5.9a, track d). CYP2B2 mRNA was
detectable at a concentration of 1 molecule/cell (fig 5.9b, track d). CYP2B1 and CYP2B2
mRNA species were both induced by valproate (fig. 5.9a and 5.9b respectively, tracks
f). The concentrations of CYP2B1 and CYP2B2 mRNAs were increased by valproate to
12 and 3 molecules/cell. It is interesting that valproate induces CYP2B1 mRNA to higher
concentrations than that of CYP2B2, mirroring the effect of phénobarbital on the ratio of
these two mRNAs.

Treatment with phénobarbital, of the same batch of co-cultures, increased CYP2B1 and
CYP2B2 mRNAs to 6 and 3 molecules/cell respectively (fig. 5.9a and 5.9b, tracks e).
The ratio of CYP2B1:CYP2B2 mRNAs is 4:1 following valproate treatment and 2:1 after
treatment with phénobarbital (fig. 5.8). RNA isolated from epithelial cells cultured alone
for 7 days, was tested for the presence of either CYP2B1 or CYP2B2 mRNA species.
Neither mRNA species was present in the untreated epithelial cells (fig. 5.9a and 5.9b,
tracks a), nor was either of them induced by valproate (fig. 5.9a and 5.9b, tracks c) or
phénobarbital (fig. 5.9a and 5.9b, tracks b). The gels were exposed to X-ray film for 8-9
weeks. These results show that valproate treatment of the co-cultures, in vitroy induces
both CYP2B1 and CYP2B2 mRNA species in hepatocytes, the former to higher
concentrations (as is the case with phénobarbital). Valproate is also shown to be a more
potent inducer of the mRNA species coding for CYP2B1 and CYP2B2 in vitro than is
phénobarbital.

5.4 The effect of valproate on cytochrome P450 reductase and cytochrome
bs
5.4.1 Background
The effects of valproate on two other components of the mixed function
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Figure 5.8: Histogram showing the expression of CYP2B1 or CYP2B2 mRNAs
detected using the probes in an RNase protection assay shown in fig.
5.9. The results of using the CYP2B1/2 RNase probe on the same RNA
samples (fig. 5.6) are also shown. The three assays were carried out on
total RNA isolated form the same batch of co-cultures.
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Figure 5.9: RNase protection assays of CYP2B1 and CYP2B2 mRNAs in co-cultured
rat heptocytes. Total RNA was isolated from biliary epithelial cells
(tracks a-c) or co-cultured hepatocytes (tracks d-f) Cells were either
untreated (tracks a, d), or treated with either phénobarbital (tracks b, e )o r
valproate (tracks c, f) for 7 days. Hybridization reactions contained 1 x 10"^
cpm of either CYP2B1 or CYP2B2 ^^P-labeled antisense RNA probe, as
indicated, and 10 |ig of the appropriate RNA sample.
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mono-oxygenase, cytochrome P450 reductase and cytochrom e 65 , were studied.
Cytochrome P450 reductase has already been shown to be an essential cofactor in the
cytochrome P450-catalysed desaturation of valproate in a reconstituted enzyme system
(Rettie et al., 1987). The addition of purified cytochrome b^ to such a system did not
result in a significant increase in metabolite formation (Rettie el at., 1988). However,
cytochrome b^ concentrations in rat livers have been shown to increase significantly
when valproate is adminstered to the animals by pumps. The amounts of this protein
were shown to increase in a concentration-dependent manner, especially when the serum
levels of the drug remained around 100 /<g/ml (Rogiers et at., 1988a). With that result in
mind, we wanted to find out whether valproate treatments of hepatocytes in co-culture,
would have an effect on cytochrome P450 reductase and cytochrome bg. The mRNA
species encoding these two proteins have previously been shown to remain expressed in
the co-cultured hepatocytes and to retain the ability to be induced by phénobarbital
(Akrawi et at., 1993a). It remained to be seen whether valproate would affect the
expression of the two proteins and their respective mRNA species.

5.4.2 C ytochrom e P450 Reductase and Cytochrome bg p r o te in s
Western blot analysis was carried on homogenates of co-cultured hepatocytes as
described previously. The expression of the two proteins was detected with antibodies
raised against either rat cytochrome P450 reductase or cytochrome bg. The expression of
cytochrome P450 reductase in the untreated co-cultures was maintained at constant
amounts up to 14 days of co-culture (fig. 5.11, tracks 1,4, and 7). Valproate induced the
expression of this protein in the co-cultures by 1.5-fold at 4 and 14 days of co-culture
(fig. 5.11, tracks 1 and 3, and tracks 7 and 9), reaching a maximum of 2.4-fold after 7
days of co-culture (fig. 5.11, tracks 4 and 6 ). The same batch o f co-cultures was also
treated with phénobarbital, separately, as a positive control. The effect of phénobarbital
on cytochrome P450 reductase expression was comparable to that of valproate, but was
slightly more pronounced at 4 and 7 days of co-culture (fig. 5.11, tracks 1 and 2, and
tracks 4 and 5). Phénobarbital treatment induces cytochrome P450 reductase protein by
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Figure 5.10; A) Time course of the expression of cytochrome P450 reductase in
hepatocytes co-cultured for 4, 7 and 14 days. B) Chart comparing the
expression of cytochrome P450 reductase protein in hepatocytes
cultured conventionally and co-cultured with epithelial cells.
Abbreviations are as before.
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Figure 5.11: Western blot analysis of cytochrome P450 reductase in biliary epithelial
cells and co-cultures of rat hepatocytes. Cells were either untreated
(tracks 1, 4, 7, 10) or treated with phénobarbital (tracks 2, 5, 8 , 11) or
valproate (tracks 3, 6 ,9 , 12). Tracks 1-9 represent co-cultured cells and
tracks 10-12 biliary epithelial cells. Co-cultured cells were harvested
after 4, 7 and 14 days of treatment, as indicated, and the biliary epithelial
cells after treatment for 7 days. Tracks 1-9 contained 75 }ig, and tracks
10-12 50|ig, of total cellular protein.
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2.2- and 2 .8 -fold at those time points, respectively. In contrast to CYP2B1/2,
cytochrome P450 reductase is expressed in the untreated epithelial cells cultured alone for
7 days (fig. 5.11, track 10). The densitometric analysis values obtained from the epthelial
cell tracks were subtracted from the values obtained with co-cultures of similar drug
treatment (fig. 5.10). Neither phénobarbital nor valproate treatment increases the
expression of cytochrome P450 reductase in these helper cells (fig. 5.11, tracks 11 and
12 respectively). Cytochrome b^ is also induced by valproate in the co-cultures between
1.5- and 3.6-fold (fig. 5.13, tracks 9, 6 , and 3). The increase in cytochrome bs by
phénobarbital is again, slightly higher with inductions of 2- (at 4 and 7days) and 4.7-fold
(at 14 days) (fig. 5.13, tracks 8 , 5 and 2). The expression of this protein and its
maximum induction levels by either drug reaches a maximum after 14 days of culture.
Cytochrome b^ was not detected in untreated epithelial cell cultures (fig. 5.13, track 10)
even after treatment with either phénobarbital (fig. 5.13, track 11) or valproate (fig. 5.13,
track 12). Fig. 5.12 shows the result of the densitometric scanning of the western blot,
comparing the expression of cytochrome bs in the cultured hepatocytes treated with either
phénobarbital or valproate. The effects of valproate is seen to increase the amount of both
proteins in vitro, though to a slightly lesser degree than the increase noted after treatment
with phénobarbital.

5.4.3 Cytochrome P450 Reductase and Cytochrome b g m R N A
The effects of valproate treatment on cytochrome P450 reductase and cytochrome bs
mRNA species, in 7 day co-cultures, were investigated by northern blot analysis (fig.
5.14). Valproate treatment of the hepatocytes increased the expression of both mRNA
species. Valproate treatment of the cultures increased cytochrome P450 reductase mRNA
to the same extent as phénobarbital (2-fold). The increase of cytochrome bs mRNA by
valproate (1.5-fold) was slightly less than that observed by phénobarbital treatment
(2-fold). The relative inductions of valproate and phénobarbital of the two mRNA species
mirrors the results obtained in vitro for their respective proteins by western blot analysis.
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5.13: Western blot analysis of cytochrome b$ in biliary epithelial cells and
co-cultures of rat hepatocytes. The cultures were either untreated
(tracks 1, 4 , 7, 10), or treated with phénobarbital (tracks 2, 5, 8 , 11) or
valproate (tracks 3, 6 , 9, 12). Tracks 1-9 represent co-cultured cells and
tracks 10-12 biliary epithelial cells. Co-cultured cells were harvested
after 4, 7 and 14 days of treatment, as indicated, and biliary epithelial
cells after 7 days. Tracks 1-9 contained 75 }ig, and tracks 10-12
contained 50 jj,g, of total cellular protein.
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F ig u re 5.14: Northern blot hybridization analysis of mRNAs encoding cytochrome bs
(a) and cytochrome P450 reductase (b). Total RNA was extracted from
freshly isolated hepatocytes (track a), hepatocytes co-cultured for 7 days
in the presence of 2 mM phénobarbital (track c), or 200 ftg/ml valproate
(d) or untreated (track b). RNA was subjected to electrophoresis and
analysed by northern blot hybridization with ^^P-labeled cDNAs
encoding cytochrome bs(a) or cytochrome P450 reductase (b).
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5.5 The effects of valproate on glutathione 5-transferase (G ST) su b u n its
5.5.1

Background

Previous studies have been carried out on the mRNA expression of the various GST
subunits in eo-cultured rat hepatocytes and the effect of phénobarbital treatment on these
mRNAs. The mRNAs encoding the GST subunits 1/2, 3/4 are expressed in freshly
isolated adult rat hepatocytes whereas GST 7 mRNA is not. mRNA encoding subunits
3/4 and 7 are expressed in untreated eo-cultured hepatocytes in larger quantities that of
subunits 1/2. The expression of all the GST subunits is increased by phénobarbital
treatment (Vandenberghe et al., 1991). Other studies have shown that valproate
administration inhibits GST activity m vivo (Rogiers eta l., 1988a) and in vitro (Rogiers
et al., 1988b). However, no information was available to date of the effect of valproate
on the expression of the various GST subunits.
5.5.2 GST protein expression in vitro
The expression of various GST Subunits was investigated in hepatocytes co-cultured for
7 days, and in mono-cultures of epithelial cells cultured for the same time period. The
cells were either untreated or treated with valproate or phénobarbital. Whole cell
homogenates were prepared form the above cultures and the expression of the various
GST subunits was detected by western blot analysis. Three antisera were used to detect
the GST subunits, the first detects both subunits 1 and 2. The second detects subunits 3
and 4 and the third detects only subunit 7.

GST subunits 1/2 were detected in freshly isolated hepatocytes (fig. 5.15). The
expression of subunits 1/2 decreased in untreated hepatocytes co-cultured for 7 days (fig.
5.16, track 4) and was slighlty increased by phénobarbital (fig. 5.16, track 5). Valproate
treatment had no effect on the expression of subunits 1/2 in the co-cultures (fig. 5.16,
track 6 ).

An antibody that detects GST subunits 3/4 showed that these two subunits are detected in
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Figure 5.16: Western blot analysis of glutathione S-transferases in biliary epithelial
cells and co-cultured hepatocytes.The cultures were either untreated (U)
(tracks 1 and 4), or treated with phénobarbital (P) (tracks 2 and 5) or
valproate (V) (tracks 3 and 6 ). Tracks 1-3 represent biliary epithelial
cells and tracks 4-6 co-cultured cells. Cells were harvested after 7 days
of treatment. Each track contained 30 |^g of total cellular protein.
Proteins were analysed by western blotting using antibodies against
GST subunits 1/2, 3/4 or 7, as indicated.
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freshly isolated hepatocytes (fig. 5.15). The expression of these two subunits also
decreases in untreated co-cultured hepatocytes, but to a lesser extent than subunits 1/2
(fig. 5.16, track 4). The increase in amounts of subunits 3/4 by phénobarbital (fig. 5.16,
track 5) is also higher than that observed in subunits 1/2. Valproate treatment of the
co-cultures decreases the amount of subunits 3/4 expressed by about 35% (fig. 5.16,
track 6 ).

The expression of subunit 7 follows a different pattern to that of subunits 1/2 and 3/4. In
contrast to subunits 1/2 and 3/4, GST 7 is hardly detected in freshly isolated hepatocytes
(fig. 5.15), but is then re-expressed in the untreated 7 day co-cultures (fig. 5.16, track
4). The amount of GST 7 is elevated by phénobarbital treatment (fig. 5.16, track 5) but
not by treatment with valproate (fig. 5.16, track 6 ).

It is interesting to note that neither GSTs 1/2 nor 3/4 are detected in the epithelial cells,
even after treatment with either phénobarbital (fig. 5.16, track 2) or valproate (fig. 5.16,
track 3). In contrast expression of subunit 7 is detected in these non-parenchymal cells
and is slightly reduced by treatment with phénobarbital. This data supports earler findings
on the basal mRNA transcription of this subunit in epithelial cells, and the fact that this
expression is not increased by phénobarbital treatment (Vandenberghe ef a/., 1991). The
same report also mentions the detection of of GST 3/4 mRNA transcripts in the untreated
epithelial cells, which are not affected by phénobarbital treatment. We, however did not
detect subunit 3/4 proteins in the epithelial cells in our western blot experiments. The
western blot experiments show that the expression of these subunits are not regulated in a
similar manner. This finding supports the data on the mRNAs expression pattern
encoding the various GST subunits, in vitro. It is also evident that phénobarbital and
valproate do not have the same affects on the expression of these enzymes, as they do on
some enzymes of the mixed function mono-oxygenase system.
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5.6

The effect of phénobarbital and valproate on the expression o f the

liver-enriched transcription factor, HNF-4, in vivo and in vitro
5.6.1

Background

HNF-4 is a liver-enriched transcription factor that is a member of the steroid receptor
super-family, although its ligands are as yet unknown (Sladek gr a/., 1990). Previous
studies have shown that HNF-4 mRNA is highly expressed in the adult rat liver and also
in a panel of differentiated hepatoma cell lines (Kuo ef al., 1992). This transcription
factor was implicated in directly influencing the transcription of the gene encoding
H N F -la , another liver-enriched transcription factor, in a hierarchy that is operative in
differentiated hepatocytes (Kuo et al., 1992). Recently HNF-4 was also implicate in the
liver-specific expression of C Y P 2 C genes (C h en el a t., 1994). It was therefore
interesting to investigate the expression of HNF-4 mRNA in the co-cultured hepatocytes
and compare its concentration in these cells with that in conventionally cultured
hepatocytes and liver cells in vivo. Having been implicated in the liver-specific regulation
of CYP2C gene expression, it was also intriguing to find out whether the expression of
HNF-4 itself, is affected by either phénobarbital or valproate.

5.6.2 H N F-4 mRNA expression in vivo and in vitro
The expression of HNF-4 was investigated in hepatocytes, in vivo and in vitro, using an
RNase protection assay. The cDNA clone used to make the anti-sense probe was a
generous gift of J. E. Darnell Jr. (The Rockerfeller University, NY). The HNF-4 cDNA
clone contained 3 kb of the HNF-4 cDNA inserted between the Xba I and Xlio I of sites
of the plasmid pBluescript (SK) and is called pf7. This construct was digested with the
restriction enzyme Hind III and the resulting fragment (of about 400 bp) was then cloned
into the Hind III site of pBluescript KS+ (this work was done in our laboratory by Dr.
Frances Mulaa and Giuseppe Ciaramella). I then went on to characterise this clone to
determine the orientation of the cDNA insert. The map of this plasmid is shown in fig.
5.17. After having determined the direction of the clone with respect to the T3 and T7
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F igure 5.17: Map of the plasmid pTF4 used to generate the RNase protection probe
specific for HNF-4. The original pT7 plasmid was digested with Hindlll
and a fragment was released which included 400 bp of cDNA coding for
HNF-4 mRNA (blue) plus a 45 bp fragment of the multiple cloning site
of pf7 (between YJba I and Hind III, in red).This fragment was cloned
into the Hind III restriction site of pBluescript and the resulting plasmid
named pTF4. Anti-sense RNA transcripts were generated by linearising
pTF4 was with Nco I and then using T3 RNA polymerase.
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RNA polymerase binding sites, I carried out number of restriction enzyme digestions
using two enzymes at a time. The enzymes used were: Eco RI and either of S / m I, Xho I,
Bgl II or Nco I (the latter 4 enzymes do not cut pBluescript), This was done to find a
suitable restriction enzyme to linearise the construct, and to produce an anti-sense
riboprobe of the right size for an RNase protection assay (between 100 and 400 bp).
Digestion with Eco RI/Nco I released the smallest fragment from the plasmid (-350 bp)
and thus Nco I was chosen to linearise the plasmid. This would produce an anti-sense
probe of 430 bp (which would protect 362 nucleotides of RNA). This is slightly larger
than preferred for a radioactive riboprobe but there is no other suitable restriction enzyme
cutting site. An anti-sense RNA probe was then transcribed using T7 RNA polymerase.

An RNase protection assay was carried out using total RNA isolated from hepatocytes
co-cultured with epithelial cells for 4 and 14 days or cultured conventionally for 4 days.
The cells were either untreated or treated with valproate or phénobarbital as described
previously. RNA was also extracted from freshly isolated hepatocytes and intact rat
livers. The livers were either those from control animals, animals treated with valproate
by pumps or with phénobarbital by i.p. injection (section 2.11.1). The results are shown
in figs. 5.19. The results could not be quantified in molecules/cell as the nucleotide
sequence of the clone from J. E. Darnell's group was not available to us. Therefore, the
results are displayed in relative absorbance units following densitometric analysis of the
autoradiograph (fig 5.18). The expression of steady-state HNF-4 mRNA is barely
detectable in the untreated hepatocyes cultured conventionally for 4 days (fig. 5.19).
HNF-4 mRNA is expressed in higher amounts in the untreated hepatocytes co-cultured
for the same time (fig 5.18) . This expression decreases after 14 days of co-culture (fig.
5.19 track e), but is still higher than the amounts expressed in the pure hepatocyte
cultures (fig. 5.18). HNF-4 mRNA is expressed in high quantities in the liver of control
adult rats (fig. 5.19 track h), but to a slightly lesser degree than is observed in the freshly
isolated hepatocytes.(fig. 5.19 track d). This is not unusual as the total RNA isolated
from rat liver contains RNA from cell types other than hepatocytes.
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Figure 5.18: Histogram showing the expression of HNF4 mRNA in vivo and in vitro.
The results were obtained by scanning the autoradiogram shown in fig.
5.19.
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Figure 5.19: RNase protection assay of HNF-4 mRNA in rat liver and co-cultured
hepatocytes. Total RNA was extracted from hepatocytes co-cultured
with biliary epithelial cells for 4 days (tracks k-m), 14 days (tracks e-g),
from rat liver (tracks h-j) or freshly isolated hepatocytes from untreated
rats (track a). Cells were either untreated (tracks e and k), or treated
with either phénobarbital (tracks f and 1) or valproate (tracks g and m).
Each hybridization reaction contained 1 x 10"^ cpm of ^^P-labeled
HNF-4 anti sense RNA and either 10 //g (tracks d-g and k-m), 20 //g
(tracks h-j) of total RNA or 40 pig of tRNA (track c). Track a contained
an ^^S-labeled molecular wieght DNA standards. Arrowheads indicate
the size of the undigested probe (track b) of 430 nucleotides and the
digested transcripts (tracks d-m) of 362 nucleotides.
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W estern blots:
In

vivo

:

These were carried out on microsomal membranes isolated from two different

animals for each treatment (only one set is shown in figure 5.2). The experiment was
callied out three times on each sample, and then each blot was scanned three times.
In vitro: These experiments were carried out on whole cell extracts of cultured cells
isolated from two different animals and then cultured on separate dishes (only one set is
shown in figs. 5.5, 5.11 and 5.13). Each sample was analysed in three separate
experiments with each antibody, and then each blot scanned three times to obtain the
average reading shown in the charts.

RNase protection assays:
In vivo: These were earned out on RNA samples isolated from the livers of 2 animals
(for each treatment). Only one set is shown in figs. 5.3 and 5.7.
In vitro : These were carried out on RNA isolated from cultures of hepatocytes isolated
from 2 different animals and cultured in separate dishes. An exception is found in figure
5.6C, which shows the quantification of CYP2B1/2 mRNA in cultures isolated form 6
different animals. Each sample was analysed in three separate experiments, using the
same probe, and the samples quantified by scanning the relevant exposures of each gel
three times and an average reading taken and calculated from the standard curve. Two

Interestingly, the RNA isolated from the liver of phénobarbital-treated animals contained
increased amounts of HNF-4 mRNA (fig. 5.19 track i, 5-fold). This mRNA was
increased in all the cultures treated with phénobarbital (fig. 5.19 tracks f, i and I).
Valproate treatment did not increase HNF-4 mRNA in vivo (fig. 5.19, track j). This is
not surprising, as valproate has proved to be a weak inducer in rats (sections 4.2.1, 5.1
and 5.3.1). However, this compound slightly increased HNF-4 mRNA in vitro in both
culture systems (fig. 5.18) especially after 14 days of co-culture (fig. 5.19, track g). The
expression of HNF-4 mRNA was not detected in epithelial cell cultures, even after
treatment of the cells with either of the anticonvulsants. These experiments show that
steady-state expression of HNF-4 mRNA is decreased when hepatocytes are detached
from the liver environment and placed in culture. However, like other differentiated liver
functions, HNF-4 mRNA expression is better maintained in co-cultured hepatocyes than
it is in hepatocytes cultured conventionally. These show, for the first time, that the
mRNA encoding this transcription factor is induced in hepatocytes by phénobarbital
treatment in vivo and in vitro, Wliereas valproate only increases the amounts of HNF-4
mRNA in vitro.
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Chapter 6

Effects of valproate on the expression of rat liver CYP4As
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Figure 6.1: H isto g ra m sh o w in g the effects o f valp ro ate treatm ent on C Y P 4A protein
ex pression in rat liver m icrosom al m em branes. T he results w ere obtained
by scan n in g the w estern blot show n in fig. 6.3.
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6.1 CYP4A protein
Previous studies have shown that valproate belongs to a class of hypolipidaemic drugs
known as peroxisome proliferators. Peroxisome proliferating drugs, such as clofibrate,
are known to induce CYP4A1 in the rodent liver. Valproate has already been shown to
increase CYP4A activity (Dirven et al., 1992) in the liver. The aim of the following
experiments was to investigate the effect of valproate on the expression o f CYP4A
proteins in liver microsomal membranes and in cultured hepatocytes.

6.1.1 in vivo
Western blots were carried out using rat liver microsomes isolated from control animals,
animals treated with valproate by injection (Vinj) and animals treated with valproate by
subcutaneously implanted pumps (Vpumps). The values of CYP4A expression are
shown in relative absorbance units (fig. 6 . 1) obtained from densitometric scanning of the
western blot shown in fig.6.3. CYP4A protein is expressed in the microsomes from
control animals (fig. 6.3, track m). In a darker exposure of the photograph a second band
below that of the CYP4A1 protein is barely visible. Microsomes treated with valproic
acid by i.p. injection show a dramatic increase in CYP4A protein concentration (32-fold,
fig. 6.3, track n). Thus valproate is a more effective inducer of CYP4A proteins, when
administered via i.p. injection, than of CYP2B1/2 proteins (fig. 5.2, track e ). An even
higher induction of CYP4A was observed in microsomes isolated from rats treated with
valproate, which was administered via a subcutaneously implanted pump (42-fold, fig
6.3, track o).

The dramatic increase in CYP4A expression by valproate-treatment in vivo , when
administered by i.p. injection, could explain the large increase in total cytochrome P450
content observed in the microsomal membranes of valproate-treated rats (fig. 5. IB).
Analysis of CYP2B expression of the same samples barely show any increase of this
protein when valproate was administered by i.p. injection.
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F ig u r e 6.3: Western blot analysis of CYP4A in homogenates of cultured rat hepatocytes and in rat liver microsomal membranes.The
cultureswere either treated with valproate (V) (tracks c, e, g, i and 1) or were untreated (U)(tracks b, d, f, h and). Co-cultures
were harvested at4(tracks d and e), 7 (tracks f and g) and 14 days of treatment (tracks h and i). Tracks a-i contained 75 pig of
total cellular protein andtracks m- o contained 10 pig of microsomal membrane protein. Tracks k and 1 contained 50 pig of total
cellular protein isolated frommonolayers of rat liver epithelial cells and track a contained freshly isolated hepatocytes from
untreated rats. Microsomal membranes were isolated from rats that were either untreated (track m) or treated with valproate by
i.p. injection (track n) or by subcutaneouspumps (track o). Track j (> <) contained 0.7 pig purified CY PIA I. Proteins were
separated by SDS/polyacrylamide gel electrophoresisand transferred to a nitrocellulose filter. CYP4A was detected by western
blotting with an anti-CYP4A 1 serum.

6.1.2 in vitro
Previous studies have attempted to find a cell line suitable for the study of CYP4A
proteins and their niRNAs. Kimura et al (1989b) studied the expression of CYP4A
mRNA in the rat hepatoma cell lines McA-RH7777 and H4-I1-E-C3. They found both to
be lacking in constitutively expressed mRNAs encoding CYP4A1, CYP4A2 and
CYP4A3. However, the McA-RH7777 cell line sustained induction of all three mRNA
species by clofibrate, although in differing ratios to that observed in vivo (CYP4A3 was
induced by clofibrate, in vitro, to a higher degree than CYP4A2, opposite to the situation
observed in vivo). The H4-II-E-C3 cell line did not show detectable levels of CYP4A3
mRNAs following clofibrate treatment. Thus, neither cell line seems appropriate for
studying the regulation of CYP4A proteins and their mRNAs by various compounds in
vitro.

Previous experiments have shown that eo-cultured hepatocytes is a good model to study
cytochromes P450 and their induction by foreign substances. Indeed all the experiments
(discussed in chapters 3, 4 and 5) involving phénobarbital and valproate, in vitro,
showed excellent concordance with the results observed in vivo. Valproate is cleared
quite rapidly in the rodent, compared to its rate of clearance in man (section 1.5.5d),
therefore an in vitro model seemed to be the ideal choice to study the effects of this
compound on CYP4As. Co-cultured hepatocytes have been previously shown to be
superior to conventionally cultured hepatocytes in maintaining CYP4A expression and the
induction of its protein and its activity by known peroxisome proliferators (James etal.,
1992; Perrot et al., 1991). Valproate was shown to be a peroxisome proliferator (Horie et
a l, 1985) and an inducer of CYP4A1 activity (Dirven et al., 1992) Therefore, it remained
to be seen whether the co-cultured hepatocytes would prove to be a good in vitro model
to study the expression of CYP4As and their induction by valproate in vitro.

Western blot analysis was carried out using cell homogenates prepared from untreated,
phenobarbital-treated or valproate-treated hepatocytes (fig. 6.2 and fig. 6.3). Hepatocytes
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were either cultured conventionally for 4 days or co-cultured for 4, 7 or 14 days as
described previously. CYP4A protein was detected using antisera raised against
CYP4A1, that would probably detect CYP4A2 and CYP4A3 as well. Initial experiments
confirmed that hepatocytes treated with phénobarbital {in vivo and in vitro) show no
increase in the amounts of CYP4A protein. The lack of induction of CYP4A protein by
phénobarbital agrees with previous experiments (Dirven et al., 1992; Kimura et al.,
1989b) where this drug and common inducers of other cytochromes P450 failed to
induce CYP4A mRNAs in hepatocytes in vivo. Results shown in figs. 6.1 and 6.2
represent the relative amounts of CYP4A protein detected by the antisera. CYP4A protein
is expressed in the freshly isolated hepatocytes (FIH) (fig. 6.3, track a). However, the
amount of CYP4A is decreased in cultured hepatocytes and is barely detectable in
untreated hepatocytes cultured conventionally (fig. 6.3, track b) or co-cultured (fig. 6.3,
track d) for 4 days. CYP4A protein expression rises slightly in untreated hepatocytes
co-cultured for 7 days (fig. 6.3, track f) and 14 days (fig. 6.3, track h). CYP4A protein
expression is increased in valproate-treated hepatoc>1es cultured conventionally ( 1.8 -fold,
fig. 6.3, tracks b and c). The amount of the protein is increased to greater extent in
co-cultured hepatocytes treated with valproate and between (8 and 18-fold, figs. 6.2 and
6.3). There was no expression of CYP4A protein in the untreated epithelial cells, nor in
the cells treated with valproate (fig. 6.3, tracks k and 1 respectively).
In the co-cultures treated with valproate (fig. 6.3 , tracks c, e, g and j) a band (with an
estimated M^of a 51,500) is clearly darker than that present in the untreated samples (fig.
6.3, tracks a, b, d, f and h) of the same M^. The 51,500 dal ton protein, in the untreated
cells, present in very small amounts and is only detectable in a dark exposure of the
western blot photograph. However, it is clear from all the western blots done on the cell
homogenates that another CYP4A protein is present in the microsomal membranes and in
all the cell homogenates. This protein seems to have a higher Mj than 51,500. Amounts
of this protein are present in freshly isolated hepatocytes and decrease in the untreated,
conventionally cultured, hepatocytes. The expression of this protein rises slightly as a
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function of time in the co-cultured hepatocytes, reaching a maximum at 14 days after
co-culture. In samples treated with valproate there is a slight increase in the expression of
this smaller protein (1.5-2 fold). To substantiate the identity of the darker band (with the
), a sample of purified CYP4A1 protein {Mj 51,500) was included in the

higher

western blot (fig. 6.3, track j). The result showed that the darker band has identical
electrophoretic mobility to the CYP4A1 protein {M^ 51,500). The identity of the smaller
band remains to be investigated. A second band was also detected, in the liver, by other
researchers using anti-CYP4Al antisera (Hardwick et al). The protein was however
induced in liver microsomes by treatment with clofibrate to a similar degree as the
CYP4A1 protein. Their second band seems to have a higher

than that of purified

CYP4A1 protein and is expressed (and induced by clofibrate) in large quantities in vivo.
In our experiment only 10 //g of microsomal protein was analysed in the western blot and
the second band is not very visible in vivo. A possible identity for our second band could
of be another member of the CYP4A family namely CYP4A2 or CYP4A3, that the
anti-CYP4Al antisera has recognised. It was therefore necessary to further investigate the
regulation, in the liver of, the three gene members of the CYP4A subfamily. Our aim was
to study the precise pattern of CYP4A steady-state mRNA expression a n ith e effect that
valproate would have on that.
6.2 Effects of v a lp ro a te on the expression o f CYP4A m RN A in vivo an d
in vitro
6.2.1

B ac k g ro u n d

The expression of members of the CYP4A family was investigated in rat hepatocytes to
study the amount of constitutive expression of CYP4A1, CYP4A2 and CYP4A3 mRNAs
and the effect that sodium valproate treatment has on each member of this family. The
only method that would accurately, and unambiguously, differentiate between the three
known members of the CYP4A subfamily, expressed in the liver, is the RNase protection
assay. This experiment has an advantage over using specific oligonucleotides in Northern
blotting in that the probes used cover a larger stretch of nucleotides (discussed in section
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3.2.2). Previous studies investigating the expression of C Y P4A 1, 4A2 and 4A3 mRNAs
was cajried out using oligonucleotide probes (Kimura et al., 1989b). Another experiment
was also described using one probe in an RNase protection assay similar in nucleotide
sequence to CYP4A1 (Bell et al., 1991). No experiments, to date, have been carried out
using RNase protection probes that distinguish between CYP4A1, CYP4A2 and
CYP4A3 mRNA species.

6.2.2 D eveloping the RNase p rotectio n assays
RNase protection assays were carried out using total cellular RNA isolated from control
and valproate-treated rats (by pumps) and from untreated or valproate-treated
hepatocytes, co-cultured for 7 days.
Three probes were synthesised for use in an RNase protection assay, each specific for
either CYP4A1, CYP4A2 or CYP4A3 mRNAs. Using RT/PCR CYP4A1, CYP4A2
andCYP4A3 sequences were amplified from a region where the three mRNAs exhibit
greatest dissimilarity in nucleotide sequence (exons 1-2). The oligonucleotide primers
were designed from the published sequences of the cDNAs encoding these three P450s
(Hardwick et a i, 1987; Kimura gr a/., 1989a; Kimura et a l , 1989b). A region of 181
nucleotides in exons 1 and 2 was amplified for each of the three CYPs from total RNA
isolated from co-cultured hepatocytes, treated with valproate. In this region CYP4A1 and
4A2 nucleotide coding sequences contain 50 mismatches (fig. 6.4), while CYP4A2 and
CYP4A3 nucleotide coding sequences contain 4 mismatches (fig. 6.5). CYP4A1 and
CYP4A2 exhibit an overall nucleotide similarity of 66 %, whereas CYP4A2 and CYP4A3
show a similarity of 97% in their nucleotide sequence (Kimurae/ at., 1989b). Therefore,
one set of primers was synthesised which are identical in nucleotide sequence to the
CYP4A1 published nucleotide sequence and one set identical to the CYP4A2 and
CYP4A3 sequences (fig. 6 .6 ). The primers were designed to contain a restriction enzyme
recognition site for either VUtid 111 or ?st 1 flanked by 6 'stuffer' nucleotides at the 5' end
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r a tC Y P 4 A 2

ttc tg T g a g t

cGAGAgCTCA G C tC ccC T G T CACCTTCCCa GATGGaCGtT C caTACCCAA

ra tC Y P 4 A l

AGGCATTGTC

AGAGAACTCA GCACATCTGT GACCTTCCCT GATGGGCGCT CTTTACCCAA

aG G T A T C agA

G T C A C A aT tT taA PTT A T G G T C T tC A tC A t A A C C C a A g tt acTGGCCAAA

GGGTATCCAA

GTCACACTCT CCATTTATGG TCTCCACCAC AACC03AAGG TGTGGCCAAA

CCCAaAGGTG

TTTGACCCcT C t A 3 a T T c t C ACCAGAtTCT C C tC G cC A tA G C C A tg C tT a t

CCCAGAGGTG

TTTGACCCTT CCA3GTTTGC ACCA3ACTCT CCCCGACACA GCCACTCATTC

Figure 6.4: Comparision of the cDNA sequences of the CYP4A2 (blue) and CYP4A1
(black). The differences in nucleotide sequence are indicated by (-)
between the two lines of sequence and are printed in lower case letters in
the CYP4A2 sequence. There are 50/181 differences in nucleotide
sequence in this region.The sequences are taken from the published
sequences of CYP4A2 (Kimura et al. 1989a) and CYP4A1 (Hardwick et
al. 1987) in the regions used for the RNase protection probes (figs. 6.9
and 6 .8 ).
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r a ; C 'T -iA J

TTCTGTGA GTCGAGAGCT CAGCTCCCCT GTCACCTTCC CAGATGGACG TTCCATACCC

r a tC Y P 4 A 2

TTCTGTGA GTCGAGAGCT CAGCTCCCCT GTCACCTTCC CAGATGGACG TTCCATACCC
fAAGGTATCA cAacCACAAT

TTTAATTTAT GGcCITC A TC ATAACCCAAG TTACTGGCCA

AAAGGTATCA GAGTCACAAT

TTTAATTTAT GGTCTTCATC ATAACCCAAG TTACTGGCCA

AAC:'CAAAG(J TGTTTGACCC

■CT-CT'AGATTCTCACCA3ATT CTCCTCGCCA TAGCCATGCT

AACCCAAAGG TOTTTGACCC

CTCTAGATTC TCACCAGATT CTCCTCGCCA TAGCCATGCT

TATCTGCCAT TC

F igure 6.5: Comparision of the cDNA sequences of CYP4A3 (pink) and CYP4A2
(black). The differences in nucleotide sequence are indicated by (-)
between the two lines of sequence and are printed in lower case letters in
the CYP4A3 sequence. There are 4/181 differences in nucleotide sequence
in this region. The sequences are taken from the published sequences of
CYP4A2 (Kimura e ta l 1989a) and CYP4A3 (Kimurag/ a l 1989b) in the
regions used for the RNase protection probes (figs. 6.9 and 6 .10).
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C Y P4A 1

P stI

-1161-1178

a)

GCGACG CTGCAG AGGCATIGTCAGAGAACT

b)

1325-1341
Hind III
GGACTG AAGCTT GAATGAGTGGCTGTGTCG

C Y P 4 A 2 /3
a)

b)

P stI
1141-1158GCGACG CTGCAG TTCTGTGAGTCGAGAGCT
Hind III
1305-1321
GGACTG AAGCTT ATAAGCATGGCTATGGCG

F ig u re . 6 .6 : The oligonucleotide primer sequence used to amplify CYP4A1, CYP4A2
and CYP4A3. a) denotes the sequence of the 3’ primers and b) the 5'
primers. The boxed sequence is that of the restriction enzyme written
above it. The arrows span the sequence identical to the appropriate
CYP4A cDNA and numbers above the sequence show the num ber of
bases included with reference to the published nucleotide sequence. The
first set of primers are numbered according to the CYP4A1 published
sequence (Hardwick et al., 1987). The second set of primers correspond
to the CYP4A2 published sequence (Kimura et a i, 1989a).
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(for a more efficient digestion by the restriction enzymes). The restriction site was
followed by 18 nucleotides identical to either CYP4A1 or CYP4A2 cDNAs.

The oligonucleotide primers were purified (section 2.6) and then the 3' primers used in a
reverse transcription reaction to synthesise cDNA from total RNA isolated from
hepatocytes co-cultured for 7 days and treated with sodium valproate (section 2.7).
Another separate reaction was also set up using random hexamer primers (Phamnacia) to
synthesise cDNA. The cDNA, from each of the three reactions, was then used,
separately, as a template in a polymerase chain reaction (PCR) utilising the CYP4A1 and
CYP4A2/3 primers to amplify the required regions of the cDNA (section 2.8). The
amplified DNA products are shown in fig. 6.7 and the cDNA products were digested
with the enzymes Hind III and Pjf I and then cloned into the Hind Ill/P jf I sites of
pBluescript (KS). The plasmids were transformed into E.Coli (JM109) competent cells
and DNA prepared from 65 colonies resulting from the transformation. DNA inserts were
sequenced and the sequences analysed by the sequence analysis computer programme
(Mac Vector™).

Clones isolated from the CYP4A1 PCR amplification reaction were identical to the
published nucleotide sequence of CYP4A1 (fig. 6 .8 ). Clones isolated from the
CYP4A2/3 PCR reaction, shown in fig. 6.7, were found to be identical in sequence to
either CYP4A2 (fig. 6.9) or CYP4A3 (fig. 6.10). The three plasmids containing
CYP4A1, CYP4A2 and CYP4A3 were named pM 4Al, pM4A2 and pM4A3 respectively.
The constructs were linearised with P^r I and antisense RNA probes were produced using
T3 RNA Polymerase. Sense RNA transcripts were produced by first linearising the
plasmids with Hind III and then using T7 RNA Polymerase in the transcription reaction.

A control experiment was carried out to verify the specificity of the three probes for their
respective mRNA species. Sense RNA was transcribed from each of the three plasmids
and lightly-labelled with ^^S (section 2.13.1c). Transcripts of each probe were purified
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Figure

6 . 7 : Agarose gel electrophoresis of the amplification products described in

section(6.2.2). Track a contained DNA molecular weight markers (Ikb
DNA ladder, GIBCO-BRL). Track b contained the amplification products
obtained using the CYP4A1 primers and CYP4A1 cDNA, as described in
section 2.8. Track c contained the products obtained using random
hexamer primers and CYP4A1 cDNA. Track d contained the products
using the CYP4A1 primers and water instead of cDNA. Track e contained
the amplification products obtained using the CYP4A2/3 primers and
CYP4A2/3 cDNA. Track f contained the amplification product obtained
using random hexamers as primers and CYP42/3 cDNA. Track g
contained the products of using the CYP4A2/3 primers and water instead
of cDNA. The arrowhead indicates the size of the amplified DNA
products (-180 bp).
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A)

ra t CYP4A1 cDNA

+ 1341

+ 1161

B)
pM 4A i

in s e r t

r a tC Y P 4 A l

AGGCATTGTC AGAGAACTCA G CACATCTGT

CACCTTCCCT

AGGCATTGTC AGAGAACTCA GCACATCTGT

CACCTTCCCT

I

I

I

1170

1180

1190

1200

GATGGGCGCT C T TTA C C C AA GGGTATCCAA GTCACA.CTCT

CCATTTATGG

TCTCCACCAC

GATGGGCGCT

C T TTA C C C AA

I

I

1210

1220

GGGTATCCAA G TCACACTCT

I
1230

AACCCGAAGG TGTGGCCAAA
AACCCGAAGG TGTGGCCAAA

I

I

1270

1280

I
1290

CCCCGACACA G C C ACTCATT

C

1330

1340

1250

I
1260

CCAGGTTTGC ACCAGACTCT

CCCAGAGGTG T T T G A C C C TT

C

I

I

1240

CCCAGAGGTG T T T G A C C C TT CCAGGTTTGC ACCAGACTCT

CCCCGACACA G C C ACTCATT

I

CCATTTATGG TC TCCACCAC

I

I
1300

I

I

1310

1320

Figure 6 .8 : (A) Diagram of the plasmid pM4Al with the CYP4A1 cDNA in se rt.
The numbers indicated at either end of the insert correspond to the published
CYP4A1 cDNA nucleotide sequence (Hardwick et. al. 1987). (B) The nucleotide
sequence of the cDNA insert (in turquoise) compared to the published nucleotide
sequence of CYP4A1 cDNA (in black).
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A)

ra t CYP4A2 cDNA

+ 1321

+ 1141

B)
C M 4A2

in sert

ratCYP4A2

T T C T G T G A GTCGAGAGCT CAGCTCCCCT GTCACCTTCC

CAGATGGACG TTC C A TA C CC

TTC T G T G A GTCGAGAGCT CAGCTCCCCT GTCACCTTCC CAGATGGACG TTC C A TA C CC
1
1
11
1
1
1
1200
1190
1170
1180
1150
1160
AAAGGTATCA GAGTCACAAT T T T A A T T T A T

GGTCTTCATC ATAACCCAAG TTACTGGCCA

AAAGGTATCA GAGTCACAAT T T T A A T T T A T
1
1
1
1
1220
1230
1210

GGTCTTCATC ATAACCCAAG TTACTGGCCA
11
11
1260
1250
1240

AACCCAAAGG TGTTTG A C C C CTCTAGATTC TC ACCAGATT C TCCTCGCCA TAGCCATGCT
AACCCAAAGG TG TTTGACCC CTCTAGATTC TCACCAGATT CTCCTCGCCA TAGCCATGCT
11
11
11
11
1
1320
1310
1290
1300
1280
1270

TA
TA

Figure 6.9: (A) Diagram of the plasmid pM4A2 with the CYP4A2 cDNA insert.
The numbers indicated at either end of the insert correspond to the published
CYP4A2 cDNA nucleotide sequence (Kimura et. al. 1989a). (B) The nucleotide
sequence of the cDNA insert (in blue) compared to the published nucleotide
sequence of CYP4A2 cDNA (in black).
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A)

rat CYP4A3 cDNA
+ 1330

+ 1150

B)

TTCTGTGAG TCGAGAGCTC AGCTCCCCTG T C AC C TTC CC AGATGGACGT

ratCYP4A3

I

I

I

I

I

1160

1170

1180

1190

1200

TC CA T A C C C A AAGGTATCAC

I

I

1210

1220

TACTGGCCAA ACCCAAAGGT

I

I

1270

1280

AA C C AC A A TT T TA A T T T A T G G C C TTC A TC A TAACCCAAGT

I
1230

I

I
1 12 25 50 0

1240

I
1260

G TTTGACCCC T C TA G A T T C T CACCAGATTC TCCTCGCCAT

I
1290

I
1300

I
1310

I
1320

A GCCATGCTT A

I
1330

Figure 6.10: (A) Diagram of the plasmid pM4A3 with the CYP4A3 cDNA insert.
The numbers indicated at either end of the insert correspond to the published
CYP4A3 cDNA nucleotide sequence (Kimura et. al. 1989b). (B) The nucleotide
sequence of the cDNA insert (in pink) compared to the published nucleotide
sequence of CYP4A3 cDNA (in black).
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Figure 6.11: RNase protection assay of CYP4A1 (A), CYP4A2 (B) and CYP4A3 (C)
mRNAs in rat liver and co-cultured rat hepatocytes. Total RNA was
extracted from hepatocytes co-cultured with biliary epithelial cells for 7
days (tracks e-h), from epithelial cells cultured for 7days and from
freshly isolated hepatocytes of control rats (track d), or rats treated with
valproate via pumps (track c). Cultured cells were either untreated (tracks
f, h and j) or treatedwith 200 |ig/ml of valproate. Hybridisation reactions
contained 1 x lO'* cpm of ^^P-labelledantisense RNA and 10 |ig of total
RNA (tracks c-j) with 20 p,g of tRNA or 30 |ig of tRNAalone (track b).
The reactions were digested with RNase A as described in section
2.13.4a.Track a contains the undigested probe. The positions o f the
undigested probes (231 nucleotides) and fully protected fragments (181
nucleotides) are indicated by arrowheads.
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A)

a b c d e f g h i j

B)

a b c d e f g h i j
<

•
C)

4

a b c d e f g h i j
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abcde

>

abcde
>

C)

abcde
>

w

Figure 6.12: RNase protection assays using probes specific for mRNAs coding for either CYP4A1, CYP4A2 or CYP4A3. ^^P-labelled
antisense RNA probes (1 x 10"* cpm) specific for either CYP4A1 (A), CYP4A2 (B), or CYP4A3 (C) mRNAs were hybridised
to 20 |ig of total RNA isolated from the liver of control rats (track a), rats treated with valproate via pumps (track b), l(X)ng ng
of ^^S-labelled sense RNA transcripts coding for CYP4A1 (track c), CYP4A2 (track d) or CYP4A3 (track e). Each
hybridisation also included 20 ^ig of tRNA. The hybrids were subjected to digestion with RNase A asdescribed in section
2.14.4a. The X-Ray film was developed after an exposure of 6 weeks.

X

6

3
jg 4
"S
E
<
Z

peS

7d. coc/2

7d. coc/1

Liver

Figure 6.15: Quantification of CYP4A1 mRNA in total RNA isolated from hepatocyes
co-cultured for 7 days and from the liver of untreated rats or rats treated
with valproate by pumps, coc/1 and coc/2 refer to separate co-cultured
hepatocytes isolated from different animals. The RNA was quantified
from the RNase protection experiment shown in fig. 6.14A
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and hybridised to each of the three other ^^P-labelled anti-sense RNA probes (section
2.13.2). The CYP4AI antisense probe was shown to be specific to its own mRNA
species and easily distinguished from CYP4A2 and CYP4A3 sense RNA transcripts,
when RNase A was used to digest the hybrids as described in section 2.13.4a.
Preliminary results showed that the CYP4A2 and CYP4A3 anti sense probes were
specific only for their own sense mRNA. However, on a longer exposure of the gels to
X-ray film it was evident that the two antisense probes, although not hybridising to
CYP4A1 sense mRNA, were annealing to both CYP4A2 and CYP4A3 mRNAs (figs.
6.11 and 6.12). This result was not surprising as there are only 4 mismatches in the
nucleotide coding sequence between the two mRNAs in the region used for the probes.
To overcome this problem RNase Ti was used in combination with RNase A in the
digestion of hybrids (section 2.13.4b). The more stringent conditions for digestion
demonstrated that each probe was specific for its own mRNA species, even on long
exposures of the X-ray film (fig. 6.13).

6.2.3 Q u a n tific a tio n of C Y P4A lm R N A
The results of the RNase protection assays (figs. 6 .14A and 6.15) showed that CYP4A1
mRNA is expressed in freshly isolated hepatocytes (fig. 6 .14A, track b). This amount is
seen to increase slightly, in the untreated hepatocytes after 7 days of co-culture (fig.
6.14A, tracks c and e). There is an increase of CYP4A1 mRNA in co-cultures treated
with valproate ( 6-8 fold, fig. 6.14A, tracks d and f). The amount of CYP4A1 mRNA
expressed in livers of untreated rats (fig. 6 .14A, track g) is slightly lower than that
detected in freshly isolated hepatocytes. This is again expected, as the liver sample
contains RNA from other cell types. CYP4A1 mRNA is increased in the liver of animals
treated with valproate by pumps (1.8-fold, fig. 6 .14A, track h). Figure 6.15 shows the
amounts of CYP4A1 mRNA present in vivo and in vitro following treatment with
valproate.
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B)

A)

abc

C)

abc

a b

#

Figure 6.13: RNase protection assays using probes specific for mRNAs coding for either CYP4A1, CYP4A2 or CYP4A3. ^^P-labelled
anti sense RNA probes (1 x lO'^ cpm) specific for either CYP4A1 (A), CYP4A2 (B), or CYP4A3 (C) mRNAs were hybridised
to 20 ng of
labelled sense RNA transcripts coding for CYP4A1 (track a), CYP4A2 (track b) or CYP4A3 (track c). Each
hybridisation reaction also included 20 /<g of tRNA. The hybrids were subjected to digestion with RNase A and RNase T %as
described in the section (2.14.4b). The x-ray film was developed after an exposure of 6 weeks.

A)

a b c d e f g h

B)

a b c d e f g h

C)

a b c d e f g h

>

I

Figure 6.14: RNase protection assay of CYP4A1 (A), CYP4A2 (B) and CYP4A3 (C) mRNAs in rat liver and co-cultured hepatocytes. Total
RNA was extracted from hepatocytes cultured with biliary epithelial cells for 7 days (tracks b-e), from the liver of untreated rats
(track g) or rats treated with valproate via pumps(track h) or freshly isolated hepatocytes from untreated rats (track a). Cells
were either untreated (tracks b, c and e), or treated with valproate (tracks d, and f). Each hybridization reaction contained 1 x
10"^ cpm of ^^P-labeled antisense RNA and either 10 pig (tracks b-f), 20 pig (tracks g and h) of total RNA or 30 pig of tRNA
(track b).

6.2.4 Q uantification o f C Y P 4 A 2 m R N A
C Y P 4 A 2 mRNA was expressed in freshly isolated hepatocytes (fig. 6. M B , track b).
Similar to the expression o f CYP4A1 mRNA, C Y P 4A 2 mRNA expression is slightly
higher in hepatocytes after 7 days of co-culture (fig. 6. M B, tracks c and e) compared to
that found in the freshly isolated hepatocytes. C Y P4A 2 mRN A was induced 5-fold by
valproate treatment in the co-cultures (fig. 6 . 14B, tracks d and f). C Y P 4 A 2 m R N A , like
C Y P 4A 1 m R N A , was present in lower amounts in the RNA isolated from liver o f
untreated animals (fig. 6 . 14B, track g) ^ind is also induced in the li\ er o f valproate treated
animals (3.5-fold , fig. 6 . 14B, track h). On the whole the eonstitiitivc expression o f
C Y P 4 A 2 is less than that of CYP4A1 in vivo and in vitro (fig.6.15 and fig. 6.16).

7d, coc/1

7d. coc/2

Liver

F i g u r e 6 .1 6 : Quantification of CYP4A2 mRNA in total RNA isolated from hepatocytes
co-cultured for 7 days and from from the liver o f untreated rats or rats
treated with valproate by pumps, coc/1 and c o c /2 refer to separate
eo-cultured hepatocytes isolated from different anim als.The R N A was
quantified from the RNase protection experiment shown in fig. 6 . 14B.
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6.2.5 Quantification of CYP4A3 mRNA
CYP4A3 mRNA was expressed in barely detectable amounts in freshly isolated
hepatocytes (fig. 6 .14C, track b) (detected only after lengthy exposures of the gel to
sensitive Kodak, X-ray film). CYP4A3 mRNA species was undetectable in RNA isolated
from untreated hepatocytes co-cultured for 7 days (fig. 6 .14C, tracks c and e) and
untreated rat liver (fig. 6 .14C, track g). CYP4A3 mRNA was, however, present in
samples treated with valproate in vivo (fig. 6 .14C, track h) and in vitro (fig. 6 .14C,
tracks d and f). It was not possible to calculate fold induction due to the lack of
constitutive expression. CYP4A3 mRNA is only found with an abundance of -0.1
molecule/cell the samples treated with valproate (fig. 6.17).

y 0.12-

7d. coc/1

7d. coc/2

Liver

F igure 6.17: Quantification of CYP4A3 mRNA in total RNA isolated from hepatocytes
co-cultured for 7 days and from from the liver of untreated rats or rats
treated with valproate by pumps, coc/1 and coc /2 refer to hepatocytes
from different animals. The RNA was quantified from the RNase
protection experiment shown in fig. 6 .14C.

453

RNA sample

C Y P4A 1

C Y P 4A 2

C Y P4A 3

F IH

0.586

0.155

0.014

Coc/1 (U)

0.805

0.504

n.d.

Coc/1 (V)

4.980

2.570

0.129

C oc/2 (U)

0.778

0.139

n.d.

C o c/1 (V)

6.260

4.610

0.103

L iv er (U)

0.375

0.073

n.d.

L iver (V)

0.681

0.255

0.139

T able 3: Table summarising the results of CYP4A1, CYP4A2 and CYP4A3 mRNA
quantification in vivo and in vitro shown in figures 6.15. 6.16 and 6.17
respectively. The results are expressed in molecules of RNA/cell. n.d.= not
detectable, U=untreated, V=val proa te-treated sample.

RNA sample

C Y P4A 1

C Y P 4A 2

C Y P4A 3

1

n.d.

C oc/1 (U)

1.6

Coc/1 (V)

38.6

19.9

1

C oc/2 (U)

5.6

1

n.d.

C oc/2 (V)

60.8

44.8

1

L iv e r (U)

5

1

n.d.

L iv er (V)

5

2

1

T able 4: Table showing the ratios of CYP4A1, CYP4A2 and CYP4A3 mRNAs in the
absence (U) and presence of valproate (V) in vivo and in vitro. The ratios
were calculated from the results shown in table 3. The abbreviations are as in
table 3.
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These result show that the constitutive amount of CYP4A1 mRNA is always higher than
that of CYP4A2 in vivo and in vitro. The expression of both CYP4A1 and CYP4A2
mRNAs is higher in the freshly isolated hepalocytes, compared with that observed in
liver tissues. This is to be expected as the liver tissue contains other cell types, in which
these mRNAs are probably not expressed. Following treatment with valproate, CYP4A1
mRNA is also increased more than that of CYP4A2, in vivo and in vitro. The amounts of
the mRNAs induced is higher in the samples that had higher constitutive expression of
these two mRNAs, but CYP4A1 mRNA is still 1.4-2 fold more than CYP4A2 mRNA in
the valproate treated cells. CYP4A3 mRNA was undetectable in the absence of valproate
in vivo and in vitro. These are in conflict with that of Kimura el al. (1989b), where
amounts of CYP4A3 mRNA were detected in great abundance in livers of untreated rats.
The detection was achieved by using an oligonucleotide (20 bp long) as a probe in a
northern blotting. It is highly likely that this oligonucleotide probe detected another
member of the CYP4A subfamily that is similar in nucleotide sequence to CYP4A3 in that
20 bp region. The probe used in our RNase protection experiment spans a region of 181
bp and the RNase digestion conditions are stringent enough to detect single base
mismatches betweem mRNA species. It is therefore much more acurate as a detection
method for CYP4A3 mRNA, which shares a high degree of similarity to CYP4A2 than
20 bp oligonucleotide probe, used in a northern blotting hybridisation. It is also possible
that a great interindividual variation in the constitutive expression of CYP4A3 exists, as is
the case with members of the CYP2B family, in man and rat (Palmer, 1991; Palmer ef
a l, 1990a; Palmer et a i, 1990b; Yamano et a l, 1989).

The ratios of CYP4A1:CYP4A2:CYP4A3 mRNAs following valproate treatment of the
cells are 39:20:1 respectively in coc/1 and 61:45:1 in coc/2 (table 4). In vivo the ratios are
somewhat less dramatic (5:2:1) From these experiments it is clear that the pattern of
CYP4A3 expression in the liver is regulated differently than those of CYP4A1 and
CYP4A2, which are expressed in low, but detectable, amounts in untreated hepatocytes.
Valproate, in vivo and in vitro, is a less potent inducer of CYP4A3 mRNA than either
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CYP4A1 or CYP4A2 (tables 3 and 4). It is also noteworthy that the magnitude of
CYP4A1 and CYP4A2 mRNA induction by valproate treament is higher in vitro than in
vivo (figs. 6.15 and 6.16).
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Chapter 7

Summary and concluding remarks
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In this study, we have shown that rat liver epithelial cells, in co-culture, dramatically
enhance the long-tenn survival and maintenance of liver-specific responses to xenobiotics
of adult rat hepatocytes. One major function that hepatocytes lose upon isolation and
culture is the expression of cytochromes P450. These enzymes were well maintained in
the co-culture system. The expression of CYP2B1 and CYP2B2 is lost almost
immediately in conventional culture conditions. In chapter 3 I

showed that CYP2B1/2

expression and that of its mRNA species is maintained better in co-cultured hepatoc>1es
and are inducible by phénobarbital for up to 14 days in co-culture.

We also used a sensitive RNase protection method to distinguish between CYP2B1 and
CYP2B2 mRNA species in 7 day co-cultures. For the first time, in a culture system, it
was shown that these two mRNAs are regulated similarly to what is observed in vivo.
Only CYP2B2 mRNA was detected in the untreated cells and CYP2B1 mRNAs were
more abundant in the phénobarbital-treated cells than were CYP2B2 mRNAs. Neither
hepatocytes cultured on vitrogen (collagen 1) nor those cultured on Matrigel show this in
vitroHn vivo correlation (Kocarek et a i, 1991; Schuetz et at., 1988; Sidhu et al., 1993).
The expression of other members of the MFC, cytochrome P450 reductase and
cytochrome b^, were also shown to be well maintained in co-cultured hepatocytes for up
to 14 days in culture. The induction of these two proteins (2-4 fold) by phénobarbital and
their mRNA species was also seen to correlate with what is observed in vivo.

In the studies carried out in this thesis, the epithelial cells were not separated from the
hepatocytes before mRNA or protein analysis. Therefore, it was imperative to test these
cells rigorously for all the parameters studied in this thesis. The expression of CYP2B1
and CYP2B2, mRNAs was not detected in the helper epithelial cells, even following
treatment with phénobarbital or valproate. Cytochrome P450 reductase and cytochrome
b 5 mRNAs were detected in these cells as was cytochrome P450 reductase protein.
However, neither protein nor their corresponding mRNA species were inducible by either
phénobarbital or valproate. These observations complement the finding that epithelial
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cells, used in this study do not possess biotransfonnation capabilities, even when treated
with inducers of eytochrome P450 (V. Rogiers, personal communication).

When rat hepatocytes are separated from their microenvironment in the intact liver, they
have been known to lose their most differentiated funetions. Transcription of
liver-specific genes, as opposed to basie housekeeping funetions, deteriorate following
their isolation from the liver (Clayton er a/., 1983; Clayton et al., 1985a) as does
expression of eytochrome P450 (Guzelian et a l, 1977; Steward el at., 1985), essential
for biotransformation reaetions. Considering the value that these cells have in
pharmacotoxicological, gene expression and developmental studies, attempts have been
made to develop suitable eulture conditions that support adult liver functions in vitro. The
development of serum-free hormonally defined media and the inclusion of cell matrix
components was seen to greatly improve the eondition of cells in eulture and helped to
prolong the maintenance of adult liver functions (Jefferson et al., 1984). However, eells
cultured on either eollagen I, or matrigel eventually tend towards ‘foetalisation’ in their
morphology and produetion of foetal proteins (Guzelian et al., 1989; Miehalopoulos et
a l., 1975; Reid et al., 1988) and are not suitable for long-term studies of xenobiotie
metabolism.

Cell-cell eontact of hepatoeytes to eaeh other (Nakamura et al., 1983) and to other liver
cell types (Guguen-Guillouzo, 1986; Kuri-Harcueh et al., 1989; M agantoe/ al., 1990;
Traber et al., 1989) are erueial for long-term functional capacities of adult parenchymal
cells. One of the most sueeessful models developed to fulfill these requirements has been
the use of rat biliary liver epithelial eells in eo-culture with human (reviewed in
Guillouzo, 1986; Rogiers, 1993) or rat hepatocytes (Guguen-Guillouzo et al., 1983).
This co-culture system has been shown to prolong the viability of adult rat hepatocytes
for up to two months and they maintain their eharaeteristie morphology and seeretion
patterns of adult liver proteins such as albumin, due in part, to newly synthesised
transcripts (F rasline/a/., 1985).
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In our experiments, the re-expression of the 'lost' CYP2B1/2 mRNA and its increase by
phénobarbital both peaked at 7 days of co-culture, as did the CYP2B1/2 protein. This
was also true for the expression of the other components of the MFO tested. This
time-point is also crucial for the constitutive expression of albumin in co-cultured
hepatocytes (Guguen-Guillouzo, 1986). Detailed studies of the cultures revealed that the
creation of an extracellular matrix was optimal at around the 7th to 8 th day of culture. The
deposits of this matrix were much more abundant around the hepatocytes than the
epithelial cells. These results show that interaction between the hepatocyte and
components of the sunounding extracellular matrix contributes greatly to maintaining
liver-specific gene expression.

It has been shown previously that hepatocytes maintain their differentiated state in culture
when in culture with crude liver extracts or extracts of hepatic plasma membranes. A
plasm a membrane protein was later isolated from rat liver

epithelial cells (Liver

Regulatory Protein, 'LRP')(Corlu et al., 1991), but is also present in hepatocytes (Corlu
et at., 1994). This protein has been implicated in maintaining hepatocyte differentiation in
co-culture (Corlu^Z a l, 1991). Antibodies raised against this protein inhibit the deposition
of extracellular matrix components in co-cultures, and cause the dedifferentiation of
hepatocytes. This protein was also present in haemopoietic tissues {Coûwet at., 1994),
w hich could explain why intrasplenicaly transplanted hepatocytes remained well
differentiated and maintained induction of CYP2B1 and CYP2B2 for a few months
(Magantoef a i, 1990; Trabere/ at., 1989). The LRP was not found to modify hepatocyte
attachment to individual matrix components or to matrigel (Corlue/ at., 1991). The
discovery of this protein reinforces the fact that matrix components alone cannot maintain
the differentiated state of adult hepatocytes in culture, although it is possible that the LRP
participates in controlling the extracellular matrix components in co-culture and indirectly
in maintaining, liver-specific gene transcription. It would be interesting to test the effects
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of this antibody in maintaining the expression of CYP2B genes in co-culture as the
expression and induction of these genes is often used as a marker for hepatocyte
differentiation (Guzeliane/n/., 1989).

Of course the study of human hepatocytes is the most ideal for pharmacotoxicological
considerations and, also, they maintain their biotransformation capacities far better than
the rat hepatocytes in culture (reviewed in Guillouzo, 1986; Rogiers, 1993). However,
ethical and legislative difficulties still exist in obtaining human liver tissue for research.
This is compounded by worry about viral infections and the fact that many donor patients
receive drugs whieh might affect biotransformation studies of their liver tissues.
Therefore, rodent hepatocyte culture is one of the most practical models available in the
study of drug biotransformation

After having established the suitability of the co-eultures for the study of in vitro
biotransformations, we then studied the effeets of valproate on the expression of phase I
and phase II biotransformation enzymes in vitro and compared them to the in vivo
situation.

Although valproate is still widely used to control certain forms of epilepsy in children
(Eadie, 1985; Rogawski et al., 1990), it has been the subject of controversial debates.
Rare cases of hepatotoxicity and sometime death have been reported, which are more
prevalent in ehildren under 10 (especially 0-2 years old), and even more so in the case of
polytherapy with other antiepileptic drugs (Dreifuss et at., 1987; Gerber et at., 1979).
One way this could happen is the interference of valproate or one of its metabolites in the
6 -oxidation of endogenous fatty acids. This might be done by competition of the drug

and/or metabolite for essential cofactors like carnitine and co-enzyme A (Kesterson et at.,
1984 and reviewed in Baillie, 1992; Eadi et at., 1988). Certain studies have implicated
A4-valproate, a m etabolite of valproate, or its CoA ester as the cause of
valproate-associated hepatotoxicity (Bjorge et al., 1985; Gerberef al., 1979; Kingsley et
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al., 1983; Schafer et al., 1984; Stephens et al., 1992; Zimmerman et al., 1982). The
discovery that this metabolite was synthesised by a CYP2B1-dependent desaturation
pathway (Baillie, 1988; Rettie et al., 1987) correlated well with the increased incidence of
valproate-associated hepatotoxicity in patients receiving valproate with phénobarbital.
This could possibly be explained by the fact that phénobarbital would induce CYP2B1 in
the liver that would lead to an increase in the formation of A^-valproate. In fact it was
shown that the urine of valproate patients in polytherapy with phenobaibital contained
increased amounts of A^-valproate (Fisher

al., 1992a and reviewed in Nau et al.,

1992). It is still not clear why this drug is still hepatotoxic in monotherapy.

Because of its fast clearance rate in rats compared to man (reviewed in section 1.5.6d),
valproate had long been thought not to have an inducing effect on cytochrome P450.
Therefore a system was developed in which serum concentrations of the drug,
comparable to therapeutic levels, were kept constant in rats. T his was done by
administering valproate using subcutaneously implanted osmotic pumps (Rogiers et al.,
1988a). Using this model it was previously shown that valproate is an inducer of total
P450 content and cytochrome b^ (Rogiers^r al., 1988a). In this thesis we attempted to
study the effects of this anticonvulsant on specific members of the CYP2B subfamily
(chapters 4 and 5). We showed that valproate is an inducer of CYP2B protein (Akrawi et
a l., 1993b; Rogiers et al.. Submitted) and CYP2B1/2 mRNAs (Akrawie/ al., 1993b;
Rogiers et al., 1992a) in the livers of rats administered the drug by pumps. However, the
effect of valproate on CYP2B1/2 is very weak in vivo compared to the induction of these
proteins and their mRNAs by phénobarbital. To establish a model that provided a slower
clearance rate for valproate, more comparable to the situation in man, we turned to in
vitro studies.

When hepatocytes, in culture (conventional or co-culture), were treated with valproate it
was then evident that the effects of valproate on CYP2B1/2 were about 1.5-2 fold more
than the induction observed with phénobarbital in the same batch of cultures (Akrawi et
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al., 1994a; Akrawi e/ al., 1994b; Akrawie/ al., 1993b; Rogiers

al., 1992b; Rogiers^/

al.. Submitted; Rogiers^/ al., 1992a). By performing RNase protection assays developed
to distinguish between CYP2B1 and CYP2B2 it was revealed that valproate induces both
mRNA species in 7 day co-cultures to greater amounts than does phénobarbital (AkrawieZ
al., 1994a; Rogicrsel a l. Submitted). However, it was interesting to note that valproate,
like phénobarbital induces CYP2B1 more than CYP2B2 mRNA. The ratios of valproate
induction of CYP2B1:CYP2B2 mRNAs in vitro also correlated exactly with its effect on
these two mRNA species in vivo.

The fact that valproate, or one of its metabolites, are inducers of C Y lè l could prove to
play an important role in understanding the development of its rare but fatal hepatotoxic
effect in monotherapy. There is a wide range of interindividual variation in the expression
of rat CYP2B1 and human CYP2B4, although in humans it is difficult to determine
exactly what medication the donor/patient was under which, in turn, might induce the
expression of this isoform (Palmer g/ a l., 1990; Yamano eZ al., 1989).The basal
expression of this isozyme is under complex hormonal influence, as is its induction by
phénobarbital. Both are repressed by the presence of growth hormone. In fact the basal
expression of CYP2B1 is detectable in neonatal rat livers but decreases steadily with age
until it reaches nearly undetectable levels following the onset of puberty. It was as also
shown that the induction of CYP2B1 and CYP2B2 by phénobarbital decreases with age,
at the level of transcription. This might also be true of their induction by valproate, if it
were that the two drugs increase CYP2B1 and CYP2B expression via the same
receptors/transcription factors. If the CYP2B1 isozyme is indeed a contributing factor in
valproate-associated hepatotoxicity then the decline of its expression with age might
explain why adults are less susceptible to these hepatotoxic effects. It would also be
interesting to study the effect of valproate treatment (with and without phénobarbital) on
CYP2B expression in co-cultures of human hepatocytes
different ages.
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prepared from donors of

Valproate also belongs to the class of peroxisome proliferating compounds (Horie eta l.,
1985). These compounds are typical inducers of the acyl-coA oxidase and members of
the CYP4A subfamily (Reviewed in Berge el al., 1994; Gibson, 1989). Valproate had
also been previously shown to induce CYP4A activity in rats (Dirv^en et al., 1992). In
chapter 6 , we showed that valproate is a potent inducer of CYP4A protein, even when
administered via i.p. injection. This was in contrast to its poor induction of CYP2B
protein in vivo. This still needs further investigation, to find out whether valproate, one
or more of its metabolites, or a coA esters of either are responsible for the induction of
members of the CYP2B and CYP4A subfamilies.

We then went on to develop RNase protection assays that differentiate between CYP4A1,
CYP4A2, CYP4A3 mRNA species. The expression of the three mRNAs was regulated
differently, as was their induction by valproate. Constitutive expression of CYP4A1
mRNA was the highest, followed by CYP4A2. The mRNA encoding CYP4A3 was
undetectable in the untreated hepatocytes, which is expected as this species is usually
only expressed in rat livers during starvation or diabetes. The effects of valproate
treatment was greatest on CYP4A1 mRNA, in vivo and in vitro, followed by CYP4A2
and CYP4A3 in decreasing order. As seen earlier with its effect on CYP2B expression,
valproate was a better inducer of the CYP4As in vitro. However, on quantification of the
RNA species it was evident that valproate did not induce any o f these mRNAs to
comparable amounts in the same batch of cultures, as CYP2B mRNAs. Even if all three
CYP4A mRNAs were added, it would still bring the total to -11 molecules of RNA/cell.
This is a fraction of the 69-105 molecules/cell of CYP2B mRNA induced by valproate in
the same cells. The induction of CYP4A protein by valproate was much higher than was
shown at the mRNA level. This is true both in vivo and in vitro. It is possible that the
anti-CYP4Al anitsera used in the western blot recognised other members of the CYP4A
subfamily, that are yet uncharacterised or that CYP4A mRNAs have a long half life.
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Induction of the rat CYP4A1 by peroxisome proliferators is mediated by the action of the
PPAR (Issemann et al., 1990). The rat and mouse PPARs are activated by peroxisome
proliferators and endogenous fatty acids (Banner et at., 1993; Muerhoff et at., 1992) It
would be interesting to see if valproate directly activated the PPAR in mediating CYP4A1
induction. However, it could also be a metabolite of valproate or a CoA ester derivative
that might be the true activator of increased CYP4A gene transcription. Although the
metabolites produced by the œ and co-1 pathways are not as toxic as the A4-valproate
m etabolite produced by CYP2B1, they have been shown to

interfere with

gluconeogenesis (Rogiers et at., 1985) and cause hepatotoxicity in vitro (Kingsley^/a/.,
1983). Therefore, it would be interesting to carry out further research on the action of
valproate and a panel of its metabolites and/or their coA esters to find out their effects on
CYP2B1 and CYP4A expression.

2 -ene-valproate has already been suggested as an alternative for valproate in the treatment

of epilepsy (Loscher, 1992). This metabolite was shown to be as effective as valproate in
its anticonvulsant actions and not to have the hepatotoxic side effects that valproate
produces. Testing the effects of this metabolite in the co-culture system could help to find
out its effect on the expression of various phase 1 and phase 11 enzymes.

Valproate was also known to inhibit GST activity in vivo (Rogierse/ at., 1988a) and in
vitro (Rogiers et al., 1988b). By western blot analysis we found that valproate actually
has an effect in decreasing the expression of subunits 3/4 and not to have any effect on
the expression of subunits 1/2 or 7. The effect on the expression of subunits 3/4 could
partly explain the decreases in overall GST activity caused by administration of valproate
in vivo and in vivo. However, phénobarbital has and inducing effects on the expression
subunits 3/4 (Rogiers et al., 1990b) and their mRNA level (Yves 89 febs). It has been
suggested that peroxisome proliferators exert a negative effect the transcription of GST
genes through the PPAR (Coecke, 1994). Since Valproate is a peroxisome proliferator, it
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might be affecting GST gene transcription through the PPAR.

It was also interesting to study the expression of HNF-4 in culture. The expression of
HNF-4 declined in culture, but was better maintained in the 4 day co-cultures than 4 day
conventional cultures. HNF-4 mRNA was maintained even after 14 days of co-culture.
While phénobarbital had a strong inducing effect on the expression of HNF-4 mRNA in
vivo and in vitro, valproate only induced HNF-4 mRNA in vitro. This could also be due
to the fast rate of clearance of valproate in rat. HNF-4 was already shown to regulate the
expression of a CYP2C gene. The induction of HNF-4 mRNA by phénobarbital could
have important implications in understanding its action on members of the CYP2 family.
Although HNF-4 is implicated in regulating the expression of HNF-1 (Kuo et al., 1992),
its own expression has not been studied as extensively The expression o f this liver
enriched transcription factor should be studied to see if it were under hormonal influence.
This was also the case for the PPAR, also member of the same family as HNF-4 the
thyroid hormone family.

In conclusion, we have shown that the co-culture is superior in maintaining hepatocyte
differentiation to conventionally cultured hepatocytes or those cultured on Matrigel or
Vitrogen. The excellent m vivo/in vfYro correlations shown using the co-cultures suggest
that this is a valuable system, for pharmacotoxicological studies. The co-cultures could
also be used to elucidate the mechanism by which xenobiotics and endogenous
substances, such as hormones, induce phase 1 and phase 11 biotransformation enzymes,
reducing the number of animas used in this field, in view of the increasing ethical
restrictions coming to force.
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