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ABSTRACT
The aimof this investigation was to define the in vitro conditions
necessary to support cytochrone P450-nediated metabolism in rat
cultured hepatocytes, such that this systemcould then be used as an

in vitro model in the study of cytochrome P450-nediated cytotoxicity.

Mai nt enance of P450-dependent enzyme activities in culture was not
affected by supplenentation of culture mediumwi th haem but was
markedly influenced by the age and sex of the hepatocyte donor

animal.

[ nduction in primary culture by phenobar bi t one and
beta-naphthoflavone was investigated, and found to be quantitatively
and qualitatively different to the induction observed in vao,
hepatocytes in culture being particularly refractive to induction by
phenobar bi t one. The maintenance in primary culture of a range of
enzyme activities was determned following treatnent of rats in vivo
with isoniazid and dexanethasone, in addition to phenobarbitone and
beta-naphthoflavone, and in general, there was good maintenance of
the induced activities. The activities were chosen as possible
selective substrates for the different induced isozymes, with a view
to wusing the activity profiles to characterise different classes of
i nducer; however, although selective induction was observed with
i soniazid, beta-naphthoflavone and dexanethasone, all the chosen

activities were induced by phenobarbitone

The final part of this work involved deternmining cytotoxicity 1in

vitro, following induction of P450 in vivo with phenobarbitone and
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bet a- napht hof | avone. Seven known hepatotoxins were investigated
and the results obtained agreed well with available in vitro and in

vivo literature data

In summary, a range of constitutive and induced enzyme activities

were maintained at high levels in hepatocytes cultured for

4

twenty-four hours from adult male rats, and an induction iﬂJ/
vi vo/ hepatocyte culture protocol shown to be a viable in vitro nodel
for the study of metabolism-mediated toxicity, as an alternative to

induction and detection of toxicity in vitro.



v

ACKNON.EDGEMENT

| would 1ike to thank ny supervisor, Dr Jeffrey Fry for all his help
and advice, and also ny other colleagues Mchael Garle and Julia
Fentem for many stimulating and anusing discussions and practical
assi stance. I would also like to acknow edge the help of the staff
of the Animal Unit, ny typists Janice Avery and Rose Jones, and
Maureen Berresford for all the washing up. | would also 1ike to
thank The Fund for the Replacenent of Aninmals in Medical Experinents
(FRAME) for their financial support of this project. Finally, | am
indebted to all ny friends in the Departnent of CGenetics, for "A
M dsumrer Nights Dreant and practically everything other than work,
in particular Stuart Mdrton, Mrk Shelton and Helen Smith and, |[ast
but never least, | nust thank Kim M ddl eton, wi thout whommny time in

Not ti ngham woul d have been very dull and extrenely sober.



ABBREVI ATl ONS

Al abbreviations are defined the first time that they appear in the
text, wth the exception of the follow ng, deened acceptable by the
Bi ochemi cal Jour nal (257 1-21,1989) which are wused without

definition:

AMVP adenosi ne nonophospat e

ATP adenosi ne triphosphate

CoA coenzynme A

DNA deoxyribonucleic acid

EDTA ethylenediaminetetraacetic acid

EGTA ethyleneglycol-bis (B-aminoethyl et her)
N1 N1 N N-tetraacetic acid

FAD flavin adeni ne dinucl eotide

FW flavin nononucl eoti de

HEPES N-(2-hydroxyethyl) pi perazine-N -
(2-ethanesulphonic aci d)

NAD( H) ni coti nam de adeni ne dinucl eoti de

NADP( H) ni cotinam de adeni ne dinucl eoti de phosphate

MRNA messenger ribonucleic acid

Tris tris(hydroxymethyl) aminomethane

upp uri di ne di phosphate
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CHAPTER 1
CGENERAL | NTRCDUCTI ON

The cytochrome P450 m xed-function oxygenases are involved in the
metabolism of a wvariety of endogenous substrates. However, a
consi derable number of these enzynes also have the capacity to
metabolise a wide range of structurally diverse xenobiotics
i ncl udi ng dietary constituents, envi ronnent al pol | utants,
insecticides and therapeutically admnistered drugs. Sone of these
xenobiotics are noxious to man per se, but nmany others are
biotransformed to reactive highly toxic intermediates, predomnantly
by the action of cytochrome P450 enzymes. This can lead to
cellular dysfunction, carcinogenesis and death. The function of
these enzymes is probably to activate compounds such that they can
be detoxified by the action of conjugative enzymes,- however, the
bal ance of these reactions can be disrupted by many factors. The
potential for P450 to generate toxic nmetabolites has inportant
ram fications in many areas of study e.g. occupational or accidental

exposure to industrial chemicals or environmental pollutants, and

drug devel opment and t herapy.

The cytochrome P450s have been found in nmost of the organisms in
which they have been sought. They are also found in nost mammalian
tissues, hence the literature available on these enzymes is
enormous, and this review cannot adequately cover every aspect of
P450 metabolism. The work presented here is concerned with hepatic

P450 net abolism and toxicity, and therefore npst of this
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introduction is confined to the role of cytochrome P450 in hepatic
bi otransformation, and the devel opment of toxicity in this organ

Where possible, reference is made to drug metabolism in Man;

however, nuch of our understanding of P450 nmetabolism has been
obtained from rodent studies, particularly the rabbit, rat and
nouse. This introduction is divided into four main sections; the
latter parts deal wth regulation of P450 expression and with
methods of studying hepatic drug netabolism the first part of this
review deals wth the integrated role of P450 in metabolism,

particularly in the liver.

1.1 CYTOCHROME P450

1.1.1 Background and history

Cyt ochr omres are electron carrier protei ns t hat contain
iron-porphyrin. prosthetic groups. Electron transfer is effected by
reversible valence changes of the iron during the catalytic cycle.
The iron is conplexed to the porphyrin ring by co-ordinate bonds
(the nunber of which determine the spin-state of the cytochrone).
Most cyt ochrones, including the mtochondri al respiratory
cytochrones and cytochrome P450 contain a haem (iron protoporphyrin

I X) prosthetic group (Lehninger, 1975).

In 1958 a nmenbrane-bound cytochrome was described that had an
unusual  absorption maxi num at 450nm on binding carbon rmonoxide in
liver m crosones reduced with dithionite (Garfinkle, 1958;
Kl ingenberg, 1958); this cytochrome was |ater characterized as a

haenoprotein and designated cytochrome P450 (Owra and Sato, 1962).
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P450 was later shown to be reduced by both NADH and NADPH, and was
rapidly re-oxidised in the presence of oxygen (QOwra and Sato,
1964) . [t is now known that there are nultiple isozymic forms of
P450; to date, over 50 mammalian gene products have been identified
(Nebert et al., 1989). P450s have been found in bacteria, plants
and  nost animal  phyla; manmalian P450s are located in the
endopl asmic reticulum (ER) of nost tissues (Fevold, 1983; Nebert and
Gonzal ez, 1987), and are also present in the adrenal nitochondria
(Nebert and Gonzal ez, 1987). Recent work on the topology of P450s
suggests that the amino-terminal amino acids, which are
predom nantly hydrophobi c residues, anchor the cytochrone in the ER
menbrane, the bulk of the nmolecule sitting on the cytoplasmc side
possibly wth other regions of the molecule traversing the menbrane,
and the haem group parallel to, or at a slight angle to the menbrane

surface (Nelson and Strobel, 1988; Vergéres et al., 1989).

P450 is the termnal oxidase conponent of the microsonal electron
transport system (Cooper et al., 1965) which catalyses mixed
function oxidation (MO of an extensive variety of structurally
di verse endogenous and xenobiotic conpounds (Table 1.1). These MFO
reactions serve to nake |ipophilic conpounds nore hydrophilic by the
addition of a polar functional group. This is essential in the
detoxi fication process, since the resulting wat er - sol ubl e
derivatives can then be nmetabolised by conjugative enzymes to
readily excretable conpounds. Metabolism of xenobiotics falls into

two main categories: Phase |, (oxidative or reductive) which adds a



functional group, and Phase Il which are generally the true

detoxification reactions

1.1.2 Chemistry and enzynol ogy of MO reactions

There are three essential conponents of the MO system  P450,
NADPH-cyt ochrone P450 reductase and lipid (Lu and Coon, 1968; Lu et
al., 1969). NADPH- cyt ochrome P450 reductase (P450 reductase) is a
flavoprotein containing both FAD and FMN prosthetic groups. P450
reductase is also ER nenbrane-bound and passes reducing equivalents
from NADPH to P450. P450 reductase appears to be a 'transducer'
protein, in that the reductase is a two electron acceptor whereas
P450 is a one electron acceptor. El ectrons are passed sequentially
from NADPH + H' to FAD to FW to P450. A heat-stable 1ipid
component is also required for MFO activity and appears to be
phosphatidylcholine. Reconstitution studies indicate that the fatty
acid composition is also vital for activity, suggesting that the

conmposition of the 1ipid environnent of P450 is a determning factor

for MFO activity (Rietjens et al., 1989).

The role of P450 in MFO is to bind both nol ecul ar oxygen (Cp) and
the substrate, cyclic oxidation/reduction of P450 and P450 reductase
resulting in the catalytic conversion of the substrate. Substrate
binding to the ferric formof P450 changes the absorbance spectrum
of the cytochromne. This is due to alterations in the spin

equilibrium.
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The spin state is deternmned by ligand co-ordination. In addition
to the four equatorial iron-pyrrole nitrogen bonds there are 1
(penta-co-ordinate) or 2 (hexa-co-ordinate) axial bonds to amno
acid side chains. Most  P450s exist with the spin equilibrium
predom nantly in the lowspin state (hexa-co-ordinate), and
substrate binding, usually to the protein part of the nolecule,
alters the conformation of the protein and therefore its 1ligand
interactions wth the haem group. This causes a spin-state shift
to predomnantly high-spin configurations (producing a Type |
binding spectrum . Substrate binding to a high-spin formis thought

to be via the haem iron itself producing a hexa-co-ordinated

| ow-spin haemoprotein and a Type |l binding spectrum (G bson and
Skett, 1986). Substrates were originally classified as to their
ability to elicit Type |I or Il binding spectra (Schenkman et al.,

1967), before the existence of nultiple isozynes was fully realised.

The overall stoichiometry of MFO reactions is:

NaDPH + HY + 0, + s— P20 _aop* 4 H,0 + SoH

where SH is the substrate. A sinplified version of the catalytic

cycle is shown in Figure 1.1. Briefly;

(i) Substrate binds to P450 causing a shift in spin-state and a

change in redox potential which facilitates electron acceptance.
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(ii) Two electrons are transferred from NADPH+H® to P450 reduct ase,

and one electron transferred from P450 reductase to P450.

(iii) Binding of 0, to the reduced P450 to produce a highly unstable

oxy-ferrous-substrate conplex.

(iv) Second electron reduction by P450 reductase or cytochrone b5,

oxygen insertion (via a peroxy-intermediate?) and product rel ease.

These latter steps are not well characterized, along with the role
of cytochrome b5 in the catalytic cycle. Cytochrome b5 can form a
coval ent conplex with P450 that seems to enhance binding of selected
substrates, and also the shift in spin-state equilibrium for

certain isozynes (Jansson et al., 1985).

Also, the second electron may be donated either by the reductase or
by b5, which can also be reduced by cytochrone b5 reductase, wth
NADH as the electron donor. Thése electrons are transferred to
stearyl CoA desaturase, but it now seens that they can also be
passed from b5 to P450, explaining the observed NADH synergism on

NADPH- suppor t ed metabolism (Schenknman et al., 1976).

It has also been suggested that b5 increases the 'coupling’ of the

cycle. During the catalytic cycle, there is an increase in hydrogen
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per oxi de (H?OZ) formation, since P450 also has an oxidase activity

concomi tant w th monooxygenation of substrates:
NADPH + HY + 0, NADPT + H,0
22— 272

This activity has been viewed as an ‘'uncoupling’ of electron
transfer from substrate oxidation. The binding of b5 to P450 may
result in tighter coupling due to nore efficient/faster electron
transfer. It should be noted that P450 isozymes that exist as
predominantly high—spin forms i.e. P450nEl, have high endogenous
oxi dase  activity (Gorsky et al., 1984; Ingel man-Sundberg and

Johansson, 1984).

1.1.3 Isozymc forms of P450

P450 exists as a superfamily of isozymc forns, which accounts for
the observed broad and overlapping substrate specificity. The
i sozymes have been organised into thirteen families based on the
divergent evolution of the P450 genes derived from protein primry
sequence alignnent data (Nebert et al., 1988, 1989). Famlies I-IV
contain nost of the manmalian hepatic catabolic P450s; famlies
XVIT, XX, XXI and XXIl conprise the mammalian extrahepatic P450s
involved in steroid biosynthesis while fanily X contains the
mtochondrial P450s that use adrenodoxin for electron transfer. In
addition there are the yeast (LI and LII) bacterial (A and CII) and

insect (VI) famlies (Gonzal ez, 1989).
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The isozymes have been classified into famlies and subfamlies

based on the percentage simlarity of their primary sequences. In
general, there is less than 40% simlarity between isozymes of
different famlies. Sequences within a fanmly are taken to be

greater than 40% sinilar, and greater than 59% sinilar for mammalian
subfamlies. Also, sequences that are nore than 97% simlar are
assuned to be allelic variants, unless denonstrated to be different
gene  products. This classification has enabled a standard
nonencl ature for P450s to be devised. Table 1.2 gives the standard
nonenclature for the main hepatic P450s fromfamlies | - 111,
This  nomenclature for P450 proteins (e.g. P4501 A1) and genes
g:lglAl) will be used here throughout, where possible.

Although the sequence simlarity between isozymes from bacteria and
mamals is less than 25% there is sufficient |ocalised sequence
identity to classify these isozymes as menbers of one superfamly
e.g. there is a highly conserved 2l-residue cysteinyl fragnment
associated with the haembinding pocket that is present in all
eukaryotic P450s and the prokaryotic P450 C1 (Nebert and Gonzal ez,

1987) .

There is much speculation as to why there are so many P450 isozymes.
Diversification of P450 forms probably occurred as species adapted
to new environnents. It has been suggested that changes in dietary
flora necessitated the developnent of enzyne systenms that could

detoxify and/or utilise many of the plant products. In order to be
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an evolutionary success, an organismnust be able to protect itself
from environnental poisons and survive on new energy sources

(Gonzal ez, 1989).

The P450! fanily

There are tw proteins in this famly: P4501Al is found in nost
phyla frominsects upwards to the mammuals, whereas |A2 appears to be
expressed only in the liver (Gonzal ez, 1989). However, despite the

ubiquitous nature of IAl, no endogenous substrate has  been

identified for this P450. IAl netabolises planar, aromatic
conmpounds e.g. benzo-[a]-pyrene and 7-ethoxyresorufin; | A2
metabolises predom nantly arylamines. Both genes are inducible by

polycyclic aromatic hydrocarbons e.g. tetrachlorodi benzo-(p)-dioxin

(TCDD), 3-methylcholanthrene (3-M) and beta-naphtheflavone (BNF;

Haugen et al., 1976; Thomas et al., 1983).

The P450I1 famly

The P45011 famly has five main subfamlies Ato E There are at
least three rat genes in the IIA subfamly: CYP2A1 and CYP2A2 are
expressed in the [liver, and although they exhibit 93% nucleotide
sequence simlarity, they are differentially and developmentally
regul at ed. I1IAl is a testosterone-7& -hydroxylase, and |1A2 a 154
-hydroxylase. A third gene is expressed in rat lung, although its
orthologue in the mouse is expressed in the liver and kidney

(Matsunaga et al., 1988; Gonzal ez, 1989).
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There are at least ten genes in the IIB subfamily, the rat

phenobar bi t one (PB)-inducible genes being CYP2Bl and 2, t he
prot ei ns having simlar substrate specificities e.g. for
benzphetanine and testosterone (Ryan et al., 1979). These genes

seem to have diverged from each other recently in the rat, as nost
rodents do not have orthol ogues for both these genes (Adesnik and

At chi son, 1986).

The TIIC subfamly contains nostly constitutive P450s, many of which
are developmentally/sex regulated, although sone are inducible by
PB. The rat has at least five genes and one pseudogene. These
include the nmale-specific IIC11 and 13 and the fenale-specific 11C7

and 12 isozynmes involved in steroid hydroxylations (Waxman et al.,

1983; Adesnik and Atchison, 1986). This subfamly also contains
three genes (CYP2C8-10) responsible for nephenytoin netabolism

(Nebert and Gonzal ez, 1988; Conzal ez, 1989).

The TIID subfamly is highly polymorphic in the rat and the hunan,
being involved in debrisoquine metabolism. This subfamly appears
to have a wunique lineage, being less sinlar to the other

subfamlies (Gonzalez et al., 1988; Gonzalez, 1989).

The HE subfamly contains two genes, although, to date only rabbits
have been‘shown to possess both genes, however there is differential
tissue expression (Porter et al., 1989). PA50I 1 E1 is inducible by

ethanol (Ryan etal., 1986), diabetes and fasting (Max etal., 1989)
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and acetone (Johansson et al., 1988), and substrates include
acetone, acetoacetate, hal othane and pyri di ne. This P450 may play

a role in gluconeogenesis during fasting (Conzal ez, 1989).

The P4501I1 fanily.

There are to date six genes in this famly: 2 rat, 3 hunan and 1
rabbit. C the rat genes, CYP3Al is inducible by pregnenolone-16x
-carbonitrile and dexanethasone (Dex; Heuman (ia_l., 1982), whereas
CYP3A2 is constitutive in nmale rats. Macrolide antibiotics also
induce PA50I11A proteins (Wighton et al., 1978). However, it has
been difficult to reconcile interlaboratory data with respect to the
miltiple isozymes in this famly, and thus correspondence of
different isozynes from different groups. It my be therefore,
that there are several, very closely related isozynes in this
famly, al of which have not yet been resolved (Halpert, 1988).
Both gene products appear to possess testosterone-G/a - hydr oxyl ase

activity (Nebert and Gonzal ez, 1988; Conzal ez, 1989).

The P4501V famly.

These constitutive P450s catal yse the -w-hydroxylation of Tauric
acid and arachidonic acid and are inducible by hypolipidaemic drugs
that are also rodent peroxisome proliferators e.g. clofibric acid

(Tanburini et al., 1984; Hardwi ck et al., 1987).
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1.2 REGLATION CF P450 EXPRESS ON

PA50 expression is regulated at two |evels. Physi ol ogi cal and
environnental factors alter the isozynme conpl enent of an organ by
influencing the nolecul ar mechani sns  responsible  for gene
expression, while regulation at the nolecular level can be via
control of gene transcription, nRNA and/or apoprotein stability and
haem  bi osynt hesi s/ degr adat i on. These will be discussed below
(1.2.3). Many factors have been shown to affect P450 expression:
there are conpounds that induce their own biotransformation and/or
the metabolism of other substances, in addition to physiological
conditions that affect primarily constitutive P450s. In both
cases, alterations in isozyne complement can have profound effects
on metabolism/toxicity of P450 substrates, both endogenous and
xenobi oti c. Induction and control of constitutive expression are
discussed in the following sections, and although dealt wth

separately, are not conpletely discrete processes.

1.2.1 Constitutive P450 expression
There are many factors that are known to influence constitutive
expression of P450, including genotype, hornones and |iver disease,

as well as infection, starvation and stress (Vesell, 1988).

Genotype  Species and strain differences in P450 netabolism in
experinmental aninmals have been recognised for a long tine (Kato,
1979), but it is now known that there are several exanples of genetic

pol ynmorphisns  for drug netabolism in Mn, sone wth racial
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di fferences in distribution frequency. One  of the  best
characterized is the polynorphic metabolism of the anti-hypertensive
drug, debrisoquine (DB). The 4-hydroxylation of DB shows a bi nodal
distribution between the extensive metabolisers and the poor
metabolisers (who excrete no 4-hydroxydebrisoquine), wth a low
incidence of poor metabolisers. The deficient hydroxylation of DB is
an aut osonal recessive trait, and is associated wth deficient
met abolism of several other drugs e.g. sparteine, phenytoin and
phenacetin, and is due to the absence of a single P450 isozyme:
PA5011DL  (Maghoub et  al., 1977, GConzalez et al., 1988).
Mephenytoin netabolismis also polymorphic in humans, as well as the
non- P450- medi ated N-acetylation of many drugs e.g. isoniazid (Levi

et al., 1968; GConzal ez, 1989).

Ti ssue-specific regulation  Many P450s exhibit tissue-specific

regul ati on, al though the nolecular nmechanisms responsible are
unknown. P4501 1Bl is constitutively expressed in the lung and
testis, but not in the liver of untreated rats, whereas 11B2 is only
detectable in the liver of untreated ani mals. P4501 A2 al so appears
to be liver-specific as are IIA, I1A2 and 11Al (Nebert and
Gonzal ez, 1988; Gonzalez, 1989). Recently, an olfactory-specific
P450 was identified which appears to be a nmenber of the Il gene
famly (Nef et al., 1989); the P450IV fanmily, in contrast, may be
more ubiquitous, having been found in liver, lung, kidney, placenta

intestine and | eukocytes (CGonzal ez, 1989).
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Hormonal regulation Hormonal influences on P450 expression cover a

wi de range of conditions including pregnancy and |actation, diabetes
and fasting, and is also the basis of age and sex differences in
drug nmetabolism e.g. 7-propoxycoumarin O-dealkylation (Kamataki et
al., 1980), hexachlorobenzene netabolism (R zzardini and Smith
1982), phenytoin  metabolism (Billings, 1983). Age and  sex
differences in drug metabolism are related to P450-nedi ated . steroid
met abolism which is regulated by growth hornone; the secretion and
effects of growh hornone are discussed in detail in Chapter Four
and wll only be outlined here. Briefly, nmpst P450s are not
expressed prenatally: birth, weaning and puberty each influence the
P450 profile (Waxman et al., 1985) in particular, neonatal, gonadal
androgen production inprints the adult pattern of pituitary growh
hornmone secretion, which is different in males and fenal es and which

then influences hepatic P450 expression, primarily via suppression

of P450 synthesis (extensively reviewed by Skett, 1987; 1988).

Thyroid hormones affect PA50 expression, although their exact node
of action is unclear. Thyroxi ne appears to narkedly affect the
level s of P450 reductase (Kato, 1977, Vﬁxnan.gg__gl., 1989), and
t hyroi dectony has been shown to have substrate and sex-specific
effects on P450 netabolism which can be reversed or enhanced by
subsequent adm nistration of thyroxine (Skett, 1987) . The
confusing picture of thyroid effects on P4A50 netabolismnmay be a
result of the failure in early studies to discrinmnate the actions

of thyroxine and tri-iodothyronine and/or the conpounding influence
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of age, since thyroid suppression of P450 appears to be particularly

marked for neonatally expressed P450s (Yanazoe et al., 1989).

There is a general decrease in drug metabolism in the pregnant rat,
thought to be associated with increased progestagen levels (Qd bson
and  Skett, 1986), Decreases in aniline hydroxylation and
et hyl morphi ne N-demethylation were paralleled by changes in P450
content (Kato, 1977). These changes also correlate with the reported
decr eases in total mcrosomal phospholipid content and the
phosphatidylcholine: phosphotidylethanolamine ratio in pregnancy,
along with the decreased proportion of P450 in the high- spin state
(Turcan et al., 1981; Synons et al., 1982). The lipid conposition
of reconstituted systens is known to narkedly affect P450 activity
( Yamazoe et at., 1988) . It has been  suggested t hat
sex-differentiated activities as well as the pregnancy-associated

inhibition of drug metabolismare due to specific lipid requirenents

of different isozymes (Skett, 1987).

Di abetes, although a disease state, is a hormonally-based disorder,
and its effects on P450 will thus be discussed here.
Chemically-induced or spontaneous diabetes nellitus dramatically
alters drug netabolismin the male rat, effects in the female being
less marked (Kato and Gllette, 1965a; Skett, 1987). In acute
chemically-induced diabetes, there is suppression of male-specific
and increases in fenale-specific activities in the male rat, which

can be reversed by insulin replacement treatment (Kato and Gllette,
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1965a) . This is also seen in genetically diabetic rats, where it
was also shown that diabetic males had |ower serum testosterone
levels than the control males (Warren et al., 1983). Castration and
di abetes appear to have sinilar effects on nale rats, in that
androgens, like insulin, <can partially reverse the effects of
diabetes. However, the time-courses of changes in drug netabolism
and serum testosterone levels do not correlate wth each other
(Skett, 1987). Despite this, it has been proposed that insulin and
androgens may act through a conmon mediator i.e. growth hornone,
this being a femnising factor, and insulin a masculinising factor

with respect to P450 metabolism (Skett, 1987).

In addition to effects on sex-differentiated netabolism diabetes
induces a specific PA50 isozyme, P450I1E1 (Bellward et al., 1988).
This isozyme is also induced by ethanol and isoniazid and is
associated wth aniline hydroxylase activity (Ryan et al., 1986).
Fasting and obesity also induce IIEl (Hong et al., 1987; Salazar et
al., 1988). Fasting appears to exaggerate sex differences in P450
met abol i sm with male-type metabolism being depressed, as in
di abetes (Kato and G llette, 1965b; M et al., 1989). Fasting and
di abetes, however, do not have identical effects on -P450 i sozyne
expressi on; although 11dl and IIA were decreased by both
conditions, fasting decreased and diabetes increased the PCNE
isozyme (a male-specific steroid 63 -hydroxylase); fasting also
increased total P450 whereas diabetes had no effect on the total

m crosomal P450 content (Ma et al., 1989), The induction of IIH
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in diabetes and fasting is associated with ketosis (Honn et al.,
1977; Be]lwardlgi_gl., 1988); IIH is also inducible by acetone and
acetoacetate and it has been suggested that IIE is involved in the
gl uconeogenic response to glucose deficiency (Gonzalez, 1989).
However, there are nmolecular differences in |IIEH induction by

acetone and fasting - these will be discussed in section 1.2.3.

Di sease  Many liver disorders can adversely affect drug metabolism
cirrhosis and chronic viral  hepatitis can reduce the nunber of
functional hepatocytes and any disease that affects blood flow
through the liver can affect extraction and clearance (Kato, 1977).
In general, the inpairment of drug metabolism in chronic |iver

di sease correlates with the severity of dysfunction.

Relatively 1ittle is known about the effects of the porphyrias on
drug metabolism, although clearly deficiencies in haem biosynthesis
or increased degradation will reduce the anount of P450-hol oenzyme.
Regul ati on of haem biosynthesis and degradation in relation to P450
activity is discussed in Chapter Three. However, it is known that
TCDD, oestrogens and hexachlorobenzene can induce hepatic porphyrias
in Mn and experinental animals (R zzardini and Smith, 1982), and
t hat acute intermttent porphyria selectively inpairs drug

met abol i sm (Anderson et al., 1976).
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1.2.2 Induction of P450

Conney et al. (1956) first reported the induction of am noazo dye
metabolism by 3-methylcholanthrene (3-MJ). The enzyne induced was
benzpyrene hydroxylase or aryl hydrocarbon hydroxylase (AHH), now
known to be associated with P450] Al. P4501 A1, and to a |esser
extent, [|A2 have been shown to be inducible by the polycyclic
aromatic hydrocarbons (PAH), e.g. 3-MC, BNF and TCDD, isosafrole
being nore selective for P4501 A2 induction (Conney et al., 1967,
Thomas et al., 1983). The early work on PAHinduction of P450 was
facilitated by the discovery of a polynmorphismin nmice with respect
to responsiveness to PAHinduction of AHH. PB and PCN were shown
to induce different proteins to BNF and TCDD in responsive mice
strains; in non-responsive strains there was no induction of AHH by
BNF or TCDD (Haugen et al., 1976). TCDD was shown to be a potent
tigand for a receptor whose binding affinity segregated with
AHH-r esponsi veness in mce, and subsequent | y cytosolic
receptor-bound TCDD was shown to be the factor responsible for AHH
induction; this receptor is encoded by the A_ﬁ | ocus (Pol and EtTﬂ.,
1976; Gonzal ez, 1989). The TCDD-receptor conplex appears to
translocate into the nucleus where it acts as a positive
transcriptional activation element, possibly binding to regulatory

elements that have been identified upstreamof the CYP1Al gene

(Gonzal ez, 1989).

Autoregulation of the AHocus by an endogenous repressor has been

postulated fromwork using cell lines with normal receptor |evels but
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no AHH induction. In these cell lines however there is high
constitutive expression of IAL nRNA, i.e. in the absence of inducer.
These nRNAs coded for defective proteins, and it was suggested that
the IAl enzyme metabolises an endogenous conpound to a repressor of

the Ah locus (Hankinson et al., 1985).

Several other enzymes are associated with the Ah locus including a
gl ut at hi one transferase, NAD( P) H: nenadi one  oxi dor educt ase, a
UDP-glucuronyl transferase and P4501 A2 (Nebert and Gonzal ez, 1988;
Gonzal ez, 1989), suggesting that there is co-ordinate regulation of

certain components of Phase | and || metabolism.

In contrast to PAHinduction of P450, very little is known about the
nmechanism of PB induction, other than that PB stinulates de novo
synthesis of P450, and there is no evidence for the involvenent of a
receptor (Adesnik et al., 1981). PB induces proliferation of the
ER, and in addition to induction of total P450 and P450s IIBl1 and
|1 B2, | evel s of P450 reductase, epoxide hydr ol ase and a

UDP-glucuronyl transferase are also increased (Hardwick et al.,

1983a). The P450111A1/2 proteins and al so some nenbers of the TIIC
subfamly are also inducible by PB (Gonzal ez, 1989). I nduction of
1Bl and 2 is co-ordinate, but the transcription rate is different

to that of the reductase and epoxide hydrolase (Hardwick et al.,

1983a). Ot her inducers of IIB1/2 include SKF-525A, isoniazid,

chl ordane and Arochl or 1254 (Gonzal ez, 1989).
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| soniazid, acetone and ethanol all induce P450I1ELl, which is also
inducible by fasting and diabetes (see section 1.2.1. above). The
mechani sm of induction appears to be primarily post-transcriptional

and is discussed bel ow.

PAS0s in the IIIA famly are inducible by synthetic glucocorticoids
(e.g. DEX) and synthetic steroids (e.g. PON and betanethasone) as
vel | as  hydrocortisone and corticosterone, Progest er ones,
oestrogens, androgens and mineralocorticoids do not induce these
P450s (Schuetz et al., 1984). DEX and PON both induce the sane
P450, IIIA1, DEX being the better inducer (Heuman et_ al., 1982

Hardwick et al., 1983b). DEX/PCN induce the same protein in
cultured hepatocytes as in vivo (Schuetz et al., 1984). | nduction
of P450 does not appear to be nediated by the glucocorticoid
receptor: concentrations, time-courses and rank order of potency of
the steroids are different for induction of P450 and tyrosine
am not ransf erase (Schuetz  and  Guzelian, 1984). PB and
organochlorine pesticides also induce one of the [IIIA proteins

(Heuman et al ., 1982; Schuetz et al., 1986).

Cofibrate and other hypolipidaemic agents induce peroxisomal and
mcrosonal proteins involved in fatty acid {3-0xidation, I ncl udi ng
P4501 VAL; this P450 has no immunocrossreactivity with the PAH-, PO\
or PB-inducible PA450s (Tanburini et al., 1984, Hardwick et al.,
1987).
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1.2.3 Ml ecul ar nechanisns of regulation

Transcriptional activation This is the major regulatory mechanism

during  devel oprent al Induction of P450 activities, and nost
xenobiotic inducers increase gene transcription to a greater or
| esser extent. Induction of P4501 Al by PAHs and IIB1/2 by PB is
almost  exclusively transcriptional (Adesnik and Atchison, 1986
Conzal ez, 1989). PON and DEX both transcriptionally activate the
CYP3A genes (Hardwick et ai., 1983b; Simons et al., 1987).

Post-transcriptional regulation This can involve stabilisation of

MRNA or of protein.  Transcription of P4501A2 in vivo is activated
two-fold by 3-MC but there is a 30-fold accunulation of protein

simlar results were obtained in hepatocyte cultures, suggesting a
consi derabl e post-transcriptional conponent in |A2 regulation (Pasco
et al., 1988; Silver and Krauter, 1988). DEX, in addition to
transcriptional activation of the CYP3A genes, induces P450s 1IIB1/2
and P450 reductase via nRNA stabilisation (Simons et al., 1987).
Macrolide antibiotics e.g. triacetyloleandonycin (TAO have been
shown to induce a protein in vitro, indistinguishable from a
PCN-inducible protein, in the absence of an increase in mRNA |t
was proposed that TAO bound to the P450 inhibiting its degradation,
thus stabilising (and inactivating) the PA50 (\atkins et al., 1986).

IIE expression is also induced in the absence of any
transcriptional activation. In untreated rats |IEH degradation

appears to be biphasic, whereas degradation is mnonophasic in



25
pyrazole-treated rats. D met hyl sul phoxi de and ethanol increased
[I1El  protein 2- to 7-fold, although there was no increase in nRNA
levels (Eliassonet al., 1988); in contrast, fasting increased both
protein and nRNA |evels (Honn et al., 1987). It has been suggested
that ligand binding by snall organic nolecules stabilises |IIH
protein by inhibiting degradation whereas fasting and diabetes

inhibit RNA catabolism (Eliassonet al., 1988, Gonzal ez, 1989).

1.2.4. Inhibition of P4A50  Induction and inactivation  of
steroid-inducible P450s by TAO was nentioned above. O her
compounds, particularly inhibitors of P450 netabolism interact with
the protein to inactivate it. Inhibitors such as SKF-525A, safrole
and piperonyl butoxide form stable, inactive conplexes wth P450:
the inactivation is usually reversible, and these conpounds do not
destroy the haenoprotein. This type of inactivation requires
metabolism of the inhibitor by P450 (Netter, 1980), Safrole and
alpha-naphthoflavone selectively inhibit the PAH-inducible P450s

(Del aforge et al., 1985), SKF-525A and netyrapone preferentially

inactivate PB-inducible P450s (Netter, 1980; Parkinson Jﬁ__él"

1982) . Metyrapone is a pyridine derivative, and binds at (or near)
the haemiron centre, like carbon nonoxi de, so that the haenoprotein
cannot bind oxygen (Netter, 1980). There are also suicide

substrates of P450 that are metabolised to internediates that
irreversibly alkylate the P450 haem group, resulting in haem
degradation and accumulation of porphyrins e.g. many olefins and

acetylenes like allylisopropylacetamide and ethinyloestradiol.
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Nitrosamines can also alkylate haemgroups (Otiz de Mntellano and
Correia, 1983). Met al i ons al so i nhi bit P450:
cobalt-protoporphyrins decrease total P450 and total haem and also
induce haem oxygenase (Galbraithand Jellinck, 1989); zinc, in the
form of a zinc-protoporphyrin, inhibits P450 metabolism and
decreases P450 content (Matsuura SL=2l:, 1988) and nay decrease the
ability of P450 to interact wth substrate and/or reduct ase

(Jeffery, 1982).

Recently it has been shown that P450 is a substrate for
cyclic-AMP-dependent kinase (Pyerin et al., 1984) and that
phosphorylation inhibits P450 activity: 1IB1/2 are narkedly
phosphorylated, leading to inactivation (Koch and Waxman, 1989).
Phosphorylation is also associated with an increase in  P420
(Taniguchi et al., 1985). Phosphorylation also inhibited the
b5-induced spin-state transition and b5 interaction with P450

(Epstein et al., 1989).

1.3 P450 AND XENOBI OTlI C METABCLI SM

The P450/MF0 is the mmjor contributory conponent to Phase |
xenobi otic metabolism, however, there are other oxidative enzyne
systems including the alcohol and al dehyde dehydrogenases, xanthine
oxi dase and nonoam ne oxi dase. In addition, the reductases, P450
reductase and nmenadi one: NAD(P)H oxidoreductase can contribute to
Phase | metabolism (G bson and Skett, 1986; Ziegler, 1988). There

is also a flavin monooxygenase. This flavoprotein is an integral
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m crosomal nenbrane protein with a broad substrate specificity,
active towards sul phur, phosphorus and nitrogen centres e.g.

t hi oureas, hydrazines (Ziegler, 1988),

Phase | metabolism produces intermediates which are not necessarily
less toxic than the parent conmpound, and have several possible
fates. - They can interact with cellular conponents which may cause
toxicity, or they may be further metabolised by the Phase Il
conjugation  enzymes. This wusually results in a hydrophilic,
readily excretable netabolite. These reactions involve conjugation
of reactive intermediates with a variety of nolecules e.g. sugars,
sul phate and amino acids, these cofactors wusually requiring
activation prior to reaction (Gbson and Skett, 1986). As with
Phase | activities, many endogenous conpounds are substrates for

Phase |1 metabolism (Table 1.3).

The nmajor conjugation reaction for detoxification of a range of
xenobi otic conpounds is glucuronidation. UDP-D-glucuronic acid can
be transferred to a wvariety of functional groups by the
UDP-glucuronyltransferases (UDPGIs) to form a glucuronic acid
conj ugat e. These nolecules are very polar and easily excretable.
The UDPGTs have recently been reviewed (Burchell and Coughtrie,
1989) . The liver is the most inportant site of glucuronidation for

many conpounds e.g. clofibrate and valproic acid (Howell et al.,

1986) and paracetamol (Prescott et al., 1981). The UDPGIs exist as a

famly of mcrosomal isozynes, 1ike the P450s, and there is
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differential induction of the isozynes, in Man and rats, by the
common MO inducers including PB, 3-MC and clofibrate (Thonpson et
al., 1982). Oten there is simultaneous induction of MO and

conj ugation enzymes (Hardwick et al., 1983a).

The sulphotransferases are soluble eniynes that also exist in
multiple forms, but in general, sulphation is less inportant than
glucuronidation in Man and rats, due to the linted availability of
activated sulphate (phosphoadenosine-5'-phosphosul phate; G bson and
Skett, 1986). Paracetamol and 2 -acetylaminofluorene are two of the
many drugs where sul phation is involved in the metabolism (Prescott

et al., 1981; Meerman et al., 1987).

The glutathione transferases are another famly of soluble isozymes,
t hat are also inducible by MO inducers. They catal yse
gl ut at hi one-conj ugation e.g. of par acet anol , but
gl ut at hi one (GSHycan also spontaneously bind to drugs e, g

tetracycline (Gbson and Skett, 1988). GSH-conjugates can be
further netabolised by the intestinal flora and the  kidney
C-S-lyases, to nmercapturic acids (Jakoby, 1988). dycine
conj ugati on, methylation and hydrolysis are other Phase I

reactions, but these are relatively minor pathways of netabolism

(Jakoby, 1988).

Al'though Phase | netabolismis often referred to as the activation

phase, and Phase Il netabolismas detoxification, it is nore a case
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of Phase | and Il metabolismtogether resulting in detoxification.
The interactions between the two, especially under conditions of
enzyme induction or limted cofactor availability, will deternine

the eventual fate and intracellular effects of a potential toxin

1.3.1 Factors affecting drug metabolism

The nain biochem cal factors that influence P450 activity are oxygen
supply and substrate availability. Oxygen is essential for MO
activity, and wunder normal circumstances is readily available

However in the centre of an organ 1ike the liver, and under certain
pat hol ogi cal  conditions oxygen supply nmay be liniting resulting in a
predom nance of reductive nmetabolism which may narkedly alter the
metabolic profile of a drug, e.g. halothane can be metabolised by
oxidative and reductive P450 pathways, which yield different
metabolites with different toxic potentials (Timbrell, 1983).
Intra-tissue gradients in oxygen tension may also influence
hepatocyte heterogeneity with respect to isozynme activity (see

bel ow) .

Substrate availability is also inmportant in determning P450
activity: the lipophilicity of a conpound will affect its access to
the nmenbrane-bound P450s and plasma binding wll affect its
availability to the hepatocytes. Biliary excretion and
enterohepatic recirculation, e.g. of glucuronides, can also affect

bioavailability (G bson and Skett, 1986).
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Cofactor supply can limt P450 reactions: NADPH is produced by the
pentose phosphate pathway, but is also required for fatty acid
bi osynthesis and the reduction of oxidized glutathione (Thurman and
Kauffman, 1980). Thus NADPH content is determined by prevailing
metabolic conditions and may be liniting during oxidative stress.
Cof act or supply also influences Phase [ met abolism e.g.
UDP-glucuronic acid formed from glucose-1-phosphate, which s
derived from NAD+-dependent gl ycogeni ¢ pat hways, may be depleted
during glucuronidation of xenobiotics e.g. paracetanol (Howell et
al., 1986, Helle et al., 1986). Mintenance of adequate GSH
levels is also inportant in preventing oxidative stress. The factors
that influence drug metabolism have all been extensively reviewed,

especially with respect to the liver (Thurman and Kauffman, 1980;

G bson and Skett, 1986).

The ngjor determinant of the netabolic profile of a conpound is the
P450 isozyne conplement of the organ/cell (and to a |lesser extent,
the distribution of Phase Il enzymes). Differential P450 isozyne
expressi on is probably one of the min explanations for
organ-specific toxicity although extra-hepatic toxicity may also be
strongly influenced by other factors e.g. solute concentration in
the kidney and oxygen tension in the |ung; tissue-specific
differences in isozyme expression were discussed in 1.2.1. Al though
the 1liver is the main site of MFO metabolism and a primary target
for MOgenerated toxins, there are well documented exanples of

non-hepatic MOactivated toxins e.g. the pulmnary  toxin,
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4-ipomeanol (Boyd and Burka, 1978); renal toxicity of chloroform and

benzene toxicity to bone narrow (Gamet al., 1986),

Wth respect to the liver itself, it has been proposed that there is
met abolic heterogeneity within the functional unit of the liver. The
acinus as the functional unit of the liver was first described in
1954( Rappaport et al,), and represents the cellular organisation
around the hepatic blood vessels (Figure 1.2), Blood flow is
unidirectional and sequential across the acinus from the hepatic
portal venules to the hepatic venules, and the acinus is divided
into three zones. Zone 1 is the periportal region and zone 3 the
perivenous region. Functional differences between the two are
thought to relate to conposition of the perfusing blood; periporta

hepatocytes are exposed to higher concentrations of solutes and
oxygen (CGumucio, 1989), Many metabolic processes appear to be
regulated by blood conposition e.g. the zonal sites of maxina

oxygen consunption and carbohydrate netabolism change as the
direction of perfusion is changed. Although the oxygen tension of
the sinusoidal blood mght be expected to affect MFO activity, in
fact activity seems to be unaffected by the direction of blood flow
and instead appears to be associated with perivenous hepatocytes
suggesting a heterogeneous distribution of P450 isozymes (Gunuci o,
1989) . Many hepatotoxins e.g. paracetanmol, carbon tetrachloride

cause predomnantly zone 3 necrosis i.e. perivenous, which also
suggests that P450s may not be evenly distributed within the acinus.

Alternatively, zone 3 hepatocytes may be nore susceptible to damage
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from P450-generated metabolites e.g. low levels of glutathione
peroxidase in perivenous hepatocytes have been reported (Kera et
a_]., 1987), Fromthe work that has been done to date, P450I1El,
IIB1/2 and IAl appear to be predominantly expressed in the

centril obul ar region or zone 3 (Q@nucio and Chianale, 1988;

I ngel man- Sundberg et al,, 1988).
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1.4 METHODS OF STUDYI NG HEPATI C DRUG METABOLI SM AND TOXI CI TY

1.4.1 1In vivo and perfused organ studies

There are many different techniques available for st udyi ng
P450- medi ated netabolism and toxicity including whole  aninal
studies, intact cells, wuse of subcellular fractions and purified
i sozynes. In vivo nmetabolism studies involve sanpling of urine
serum or expired air after admnistration of a drug, followed by
anal ysis of netabolites or biochemcal indicators of tissue damage.
Thus, the different nmetabolites of a radiolabelled dose of
antipyrine can be recovered from sanples, providing information on
the extent of metabolism, the relative proportions of the various
nmetabolites and their rate of production and clearance (Poulsen and
Loft, 1988), whilst the presence of liver-specific enzynes such as
aspartate and alanine aminotransferases in serum sanples are
sensitive indicators of the extent and severity of hepatic damage
(depending on whether the enzyne is cytoplasnmic or organellar;
Aninmal Cdinical Association, 1988). However, whole aninal studies
are slow and costly and unsuitable for nechanistic studies or
investigations into drug effects at the cellular level. For these
reasons investigators have turned to in vitro nmethods of studying

metabolism.

The perfused liver has been used as an alternative to in vivo
studies of drug netabolism The liver is perfused via the portal

vein, but this nust be initiated in situ to reduce the period of
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potentially deleterious anoxia (Thurman and Kaufmann, 1980). The
advantages of this system are that it is easy to sanple the
perfusate, the tissue can be freeze-clamped prior to future analysis
and conditions can be carefully controlled, with high doses of drug
being admnistered without the conplication of toxicity in a whole
ani mal . This approach has been used to investigate many aspects of
drug netabolism including neasurenent of binding spectra and redox
states of P450 (Sies and Brauser, 1970) and the biotransfornmation of
drugs (e.g. valproic acid, Rettenneier (ﬂ:_a]., 1985). However, the
viability of these perfused organs is limted to a few hours, high
flow rates nust be used for haemoglobin-free perfusates (which is
necessary since the presence of haenogl obin decreases MFO activity,
interferes wth fluorescence neasurements and results in progressive
haenol ysi s) and large volunmes of perfusate are required in

non-circul ating systens (Thurman and Kauffman, 1980).

1.4.2 In vitro techniques

Since the P450 systemis located in the ER  mcrosomal fractions
have been wused to study drug nmetabolism and toxicity at the
subcel lular |evel. The studies include nmeasurenent of spectral

changes on binding of substrate to P450 (Schenkman et al., 1967)
determination of P450-dependent enzyme kinetics (Boobis et al.,
1981); the netabolic activation of hepatotoxic conpounds (Boyd et
al., 1978; Ravindranath and Boyd, 1985); the detection of reactive
metabolites (CGarle and Fry, 1989). However, although m crosomal

fractions can generate active netabolites, no information is
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obtai ned about possible cytotoxicity of these metabolites. There
have been attenpts to conbine rodent SS9 fractions (9000g
supernatant: mcrosones and cytosol) with cultured cells to detect
cytotoxic nmetabolites e.g. the activation of bronobenzene by S9
fractions to netabolites cytotoxic to cultured Chinese hanster
fibroblast cells (Horner et___&, 1987); however, the use of this
approach is not wdespread in cytotoxicity studies, al t hough
m crosomes/S-9 fractions are routinely used as the activation system

inin vitro mutagenesis assays (Maron and Anes, 1983).

It is now possible to isolate and purify individual P450 enzynes,
from solubilised nicrosones and examine their catalytic properties
in reconstituted systens (Lu and West, 1980). P450s, like other
proteins, can be purified by gel el ectrophoresi s, al t hough
resolution of individual isozynmes by differential mobility due to
mol ecul ar weight is difficult, since the nolecular weight of nost
P450s is in the 45,000-60,000 dalton weight range. Purification and
characterization of isozymic forns has been facilitated by the use
of anti bodi es, although crossreactivity with closely related
i sozynes 7 is always possible, even wth nonoclonal anti bodi es

(Gonzal ez, 1989).

However, the wuse of antibodies, in conbination with m crosones and
purified  P450s in reconstituted systens has allowed both

quantitation of different isozymes and estimtions of isozymc
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contributions to metabolismto be made e.g. an antibody to P45011Al
t hat inhibited nore than 98% of mcrosonal testosterone -
-hydroxylase activity was used to probe the effects of age, sex and
xenobiotics on P4501 1Al expression (Arlotto and Parkinson, 1989);
anti bodi es have been wused in conjunction wth mcrosones and
reconstituted systens to identify P45011C6, 1Al and IIB as the
isozymes that are primarily responsible for the activation of
cyclophosphamide (darke and Waxman, 1989). There are di sadvantages
to the wuse of these systens: incorporation of different lipids in
the reconsituted systems can affect the nmeasured catalytic rate

(Yamazoe et al., 1988); purified P450s may exhibit activities on

reconstitution that cannot be inhibited by specific antibodies to

the isozyne and vice versa (Waxnman et al., 1985; Yamazoe et al.,

1988); there is also the problemof crossreactivity of antibody

preparations with nore than one isozyne.

There are other difficulties associated with biochemcal techniques
for isolation and purification of P450 isozynes, in that intrinsic
menbrane proteins are difficult to purify, particularly the minor
forms expressed at verylow |levels (e.g. extrahepatic P450s). There
is also the problemof honmobgeneity, since verysimlar P450s can
have identical SDS-gel mobilities, amno-termnal primary sequences
and reactions wth antibodies. These problens can be largely
overcome by the wuse of nolecular biological techniques. It is
possible to generate cDNA (compiementary DNA) libraries from nRNAs

isolated from untreated or induced animals. Cones of these cDNAs
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can then be screened with cDNA probes synthesized from the nRNAs,
This nmethod can also be used for |ow abundance nRNAs, by screening
with antibodies. The devel opnent of cDNA expression vectors has

further aided the isolation of minor P450 isozymes (Gonzal ez, 1989).

Purified P450s are particularly useful for investigating substrate
specificity and catalytic activity of individual isozynes (assum ng
that the preparation is honogeneous for a single isozynme). In
addition, purified P450s and cDNAs can be wused to analyse the
primary amno acid and nucl eotide sequences of the P450s. This has
alloned the wevolutionary and structural relationships between

different isozynmes to be explored (Nebert and Gonzal ez, 1987).

The major limtation to the use of subcellular fractions and
purified isozymes is in the effects of P450-metabolism on the intact
cell, and the assessnent of toxic potential. Intact cell systens
possess the Phase Il enzyme systens in addition to the MFO system
and since the balance between these two systens is crucial for
determining the toxicity of many compounds the devel opnent of intact
cell systems for metabolism studies has received nuch attention in

the last twenty years

1.4.3 Intact cell systens
The use of intact cells, i.e. isolated hepatocytes, cultured
hepatocytes and cell lines, has several advantages over t he

sub-cel lular preparations discussed above, including the presence of
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intact intracellular organisation, Phase | and Phase Il netabolism
and physiological levels of co-factors (Fry, 1982). In addition

hepatocytes can be isolated fromother liver cells and maintained in
a defined environment free from nervous and hormonal influences. A
preparation of phenotypically sinilar cells can be obtained, and
many paranmeters of cellular function/metabolism can be exanined
concurrently. Isolated hepatocytes have been used to study nany
aspects of drug metabolisme.g. the metabolism of nmenadione (Thor et
fl" 1982); the effect of tert-butyl hydroperoxide netabolismon the
pent ose phospate pathway (Rush and Alberts, 1985); the effect of
ascorbic acid on conjugation of 4-hydroxybiphenyl (Paterson and Fry,
1983); species differences in paracetamol toxicity (Tee et al.,
1987); the effect of induction on the covalent binding of valproic
acid (Porubek et al., 1989b). Although the cells are intact, there
is disruption of the spatial heterogeneity of the liver (Thurman and
Kauffnman, 1980); however, the major drawback to the use of isolated
hepat ocyt es is their limted life-span in suspension (severa

hours). In order to prolong the useful life span of hepatocytes for

in vitro studies, methods of primary culture were devised, and these

are discussed in the follow ng section



1.4.4 Hepatocytes in prinmary culture

In the early seventies, it was reported that a high yield of viable
hepatocytes could be isolated from adult rats by collagenase-
hyaluronidase perfusion of the liver, and that these cells could be
readily cultured (Iype, 1971; WIlians and Gunn, 1974). After an
initial burst of proliferative activity the cultures became static
and many of the cells died. Since the reports of these early
studies that established that hepatocytes could survive in primry
culture, a large volume of research has ensued to enhance the
longevity and inprove the namintenance of the phenotype  of

hepatocytes in culture

Some of the wearliest work investigated the effects of nedia
conmposition, especially the presence or absence of hornones, on cell

survival and biochenmistry. It was reported that inclusion of

foetal calf serum (FCS) in the medium gave maxi mal attachment of rat

hepatocytes at a concentration of 10% the presence of insulin
(2nUn1"1) in addition to the FCS increased attachment further wth
t he formation of confluent cultures, although there was no
improvement in cell survival in the presence of 1insulin: 75%
survival at 24 hours, around 30% survival at 48 hours (Laishes and
Wllianms, 1976a). Inclusion of DEX (1uM) maintained the norphol ogy
of the hepatocytes and increased longevity of the cultures: nore
than 80% of the cells survived for three days (Laishes and Wi ams,

1976b) . It was later reported that DEX inhibited the production of

a neutral protease, and.it was suggested that this contributed to
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the increased cell survival (Williamset al., 1978). Qther workers
reported that more than 80% of hepatocytes cultured in Williams'

6M) and DEX (10'5M)

Medium E (WE) containing 10% FCS, insulin (10~
survived for six days in culture, and that, in contrast to freshly
isolated cells, protein synthesis could be stimulated by hornones,
the induction of tyrosine amnotransferase (TAT) and ornithine

decarboxylase could be denpnstrated and there was an increase in

protein secretion into the medium It was also shown that the
polysomes,which disaggregated in freshly isolated cells, had
reaggregated after five days in culture (Tanaka et al., 1978). In

the presence of glucocorticoid, insulin and glucagon, the activities
of glucokinase, pyruvate kinase and hexoki nase were naintained for
2-3 weeks in rat hepatocyte cultures, in addition to albumn

secretion and urea synthesis (Dch et al., 1988).

However, an increase in foetal hepatic protein expression, wth a
conconmi tant decrease in adult-specific proteins has been reported in
primary cultures. As early as 1975, Quguen et al. observed that
after seven days in primary culture the predom nant form of pyruvate
kinase in the cells isolated fromadult rats was the K-type. This
form is present in foetal liver, placenta and hepatoma cells, but is
a mnor form in adult parenchynal cells, where the L-type
pr edoni nat es. This formwas detectable for five days in culture,
but then decreased. Gamma-glutamyl transpeptidase (GGT) and
dl-foetoprotein (which are not normally expressed in adults) also

increase in rat hepatocytes cultured for more than three days
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(Sirica ft_ al., 1979). GGT levels are normally very low in adult
liver and in early hepatocyte cultures, but levels are nuch higher
in foetal and neonatal liver, and in rat hepatoma cells (Edwards

1982) . Al though the presence of FCS in the nedi um suppressed the
increase in GGI, DEX actually induced GGT in primary cultures, the
effect being particularly marked at higher pH levels (i.e. 7.8;
Edwards, 1982). It is not known why this reversion to the foetal

phenotype occurs in culture, although the observed changes appear to
be associated wth |less differentiated/ proliferative cellular

states; however, these alterations in phenotype would seemto limt

the use of hepatocyte primary culture to short-term studies.

In 1977 it was reported that the drug-metabolizing capacity of rat
cultured hepatocytes was markedly reduced, conpared to the liver in
vivo (Quzelian ft__ al., 1977), The P4A50 content of
non-proliferating primary cultures was 20% of the initial fresh cell
value at 24 hours, wth 63% of the P450-reductase remaining.
Although there was this rapid decrease in P450 |evels, no increase
in P420 was detected. The mai ntenance of P450- dependent enzyme
activities after 24 hours in culture was variable: aminopyrine-N-
demet hyl ase and aniline hydroxylase activities both decreased by
more than 70% and aryl hydrocarbon hydroxylase (AHH) activity fell
by nore than 50% whereas nitroanisole denethyl ase was naintained at
85% of the initial activity. Therefore, it appeared that there was
selective loss of P450 activities (and therefore isozymes) in

cul ture. The general decline in total P450 has been reported by
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many workers and is not restricted to rat hepatocytes in culture:
P450 declines in cultures from other rodent species (Mslansky and
Wlliams, 1982), and in human cultured hepatocytes (Gant et al.,
1985), This serious phenotypic alteration is a major obstacle in
the use of hepatocytes for metabolism/toxicity studies. For this
reason, many different ways of inproving the maintenance of P450 in

culture have been investigated.

1.4.5 Maintenance of P450 in primary culture

Media conposition has received a lot of attention with respect to
mai nt enance of P450 in cultured hepatocytes, Decad et _al. (1977)
reported that medium supplenented with fatty acids, delta-amino-
| aevulinate (ALA), alpha-tocopherol and various hornmones (including
insulin, hydrocortisone and thyroxine) naintained P450 content of
rat cultured hepatocytes at 100% of the initial level for 24 hours.
A simlar nediumwas shown to significantly inprove the maintenance
of 7-ethoxycoumarin and 7-ethoxyresorufin O-dealkylases (ECOD, ERCD)
and biphenyl-4-hydroxylase activities (Dickins and Peterson, 1980),
A nore recent report suggests that hormone- supplenentation al one
cannot attenuate the loss of P450 in culture, although the presence

of DEX (1pM) stabilised the total P450 content at 65% of initial

levels for three weeks (Dich et al., 1988).

Ascorbate (4 x 10'4l\/) suppl enentation partially attenuated the early
decline in P450 content, as well as inproving the naintenance of

cytochrone b5 and P450 reductase (Bissell and Guzelian, 1979). Paine
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et al. (1979) denonstrated that the NAD content (ND*' and NADH

together) of rat hepatocytes after 24 hours in culture was 40% of
the fresh cell value, and that nicotinanm de supplenentation could
prevent the loss of NAD. In addition, unphysiological Ilevels of
nicotinamde i.e. 25nM could prevent the loss of PA50 in culture.
I sonicotinanmide was nore effective in maintaining P450 |evels, but
had no effect on NAD content. A substituted pyridine, metyrapone
(0. 5mV) was also effective in prevent‘ing the loss of total P450 in
rat hepatocyte cultures: nore than 95% of the total P450 remained

after seven days in culture, conpared to only 48% at 24 hours in

medi um |acking netyrapone (Paineet al., 1982). This medium al so

mai ntained  ethylmorphine-N-demethylase activity for four days,
together with a gradual increase in benzphetanm ne-N demethylase to
84% of the initial value over the sane tine-period. There was also
induction of both ECOD and EROD activities over the four days in
culture (Lake and Paine, 1982). Therefore, the maintenance of
activities observed in culture was not always at the same level as
in vivo. A cystine/cysteine-free nmedium containing ALA naintained
total P450 at 96% for 24 hours, however, all enzyme activities were

verylow (Lake and Paine, 1982).

Ni cotinam de, at a |ower concentration (5mV) than that reported by
Paine et al. (1979) was shown to stabilise ECD and
7-propoxycoumarin O-dealkylase (PCOD) activities in rat cultured
hepatocytes (around 50-60% of fresh cell values) simlar to DEX

al one, whereas nicotinanm de and DEX (1puM) together resulted in large
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increases in these activities. However, this effect was still
selective for certain P450 forms in that there was no effect on the
decline of 7-methoxycoumarin O deal kylase (MXOD) activity in culture

(Warren and Fry, 1988).

Steward ft  al. (1985 reported the differential decline of
i munoreactive P450 isozynmes in primary culture. It was also
observed that whereas the total imunoreactive P450 fell to 76%
after 72 hours, the total spectrally active haenoprotein was 68% of
initial levels, and it was suggested that loss of haem was
responsible for a loss of holocytochrome in culture. The sane
report showed that netyrapone attenuated the loss of inmunoreactive
P450 over 72 hours, and that nicotinamde had a selective effect

with respect to maintenance of inmunospecific P450s in cul ture.

Inclusion of exogenous haem ALA and selenium has al so been reported
to maintain total P450 for 72 hours in culture (Engelmann et al.,
1985) and 3nmM PB has been shown to narkedly enhance the |long-term
survival of hepatocytes in culture, with attenuation of the decline

intotal P450 (Myazaki et al., 1985).

Vind et al. (1988) reported that hormonal-supplementation of culture
media dinmnished the |oss of P450 over 72 hours only in hepatocytes
from adult female rats; there was no effect on hepatocytes from
adult males. Coci and WIlians (1985) observed little difference

in the % maintenance of P450, AHH and benzphetanine-N -demnet hyl ase
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activities in hepatocytes cultured for 24 hours in hepatocytes from
male and fenmale rats, with sex differences in basal activities being
maintained in culture. However, glutathione conjugation  of
|, 2-dichloro-4-nitrobenzene declined rapidly in hepatocytes from
male rats to around 20% of the fresh cell .value; hepatocytes from

female rats only lost 66%of this activity.

Thus, media supplementation can profoundly affect the maintenance of
P450 and its associated activities. Many suppl ements appear to
exert selective effects on particular isozynes, which are not
reflected in nmeasurenents of total P450, but are unnasked on
i munochem cal detection or determnation of enzyne activities.
Different effects are also observed depending on the concentration
(and possible interactions with other supplements) used. This is
particularly true for hornonal supplenentation. Many different
media are enployed, depending greatly on personal preference and the
aim of the study. However, no medium has yet been fornulated that
mai nt ai ns in vivo P450 levels in culture, qualitatively or

quantitatively.

Early work involved plating of isolated hepatocytes directly onto
plastic culture vessels (e.g. Laishes and Wl lians, 1976a and b), or
onto plastic coated with a thin layer of rat tail collagen (e.g.
Bissell and Guzelian, 1980; Dickins and Peterson, 1980) to inprove
attachment and spreading of the hepatocytes. QG her workers have

investigated the effects of extracellular natrix conponents on
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hepatocyte  function and naintenance of phenotype. Hepat ocyt es
cultured on floating collagen gels have been reported to have a
superior induction response of TAT to hydrocortisone (10'5M after
ei ght days in culture relative to cultures on the usual
collagen-coated plates (Mchalopoulos and Pitot, 1975); P450 and
cytochrone b5 were maintained at detectable levels after ten days of
culture on floating collagen gels (Mchal opoul os et _al ., 1976). In a
conparison of different extracellular matrix conponents (Sawada et
al., 1987) there were no differences in attachment, longevity or
induction of TAT, however, after two weeks in culture GGI activity
was highest in cells cultured on collagen and lowest in cells
cultured on fibronectin. Matrigel is a nouse tumour cell extract,
whi ch has been shown to be superior to collagen as a substratum for
hepatocyte culture (Schuetz et _al., 1988). More cells survived for
eight days on Matrigel than on collagen and there was increased
secretion of albumn, transferrin, haenopexin and gl ut at hi one
peroxidase on  Matrigel. Haem oxygenase and P450 reductase
gradual |y declined over the eight day culture period. However, it is
still not clear whether the observed changes in gene expression
(many of the studies on substrate effects on hepatic function have
not involved P450 activities) are sufficiently advantageous to
routinely supplant the use of collagen-coated plates, or
electrostatically-treated plates ('Prinaria’ plates, obtainable from
Falcon Plastics) which appear to be equivalent with respect to

mai nt enance of hepatocyte cul tures.
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Another method for maintenance of P450 in culture, which has
received a lot of attention in recent years is co-culture of
hepatocytes with other hepatic cells. Begue et al. (1984)
demonstrated  that in hepatocytes co-cultured wth rat liver
epithelial cells P450 was nmintained at initial levels for nine
days, together wth am nopyrine N-demethylase activity. The P450
content and denethylase activity of conventional cultures declined

to negligible levels after four days in culture

Overall, manipulation of culture media conposition appears to be the
most successful (and also the sinplest) method of maintaining P450
and its associated activities in short-termprimary cultures (less
than 72  hours) of hepatocytes, although the effects of
suppl ementation are selective for particular isozymc  forms.
Although different substrata and the presence of other cell types
can affect hepatic gene expression and biochemstry, relatively
1ittle is known about the effects of these culture conponents on the

drug-metabolizing system of cultured hepatocytes

1.4.6 Induction of P450 in culture

It was nentioned above that 3nM PB attenuated the loss of P450 in
primary cultures of rat hepatocytes; however, P45011B1, the major
PB-inducible isozyme was not immunochemically detectable in these
cells (Myazaki et al., 1985). G her workers have also reported a
reduced or negligible response of P450 to inducers in culture,

especially the response to barbiturates. Forster et al. (1986)
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reported that the aldrin epoxidase activity of rat hepatocytes
declined to 55% and 8% of initial levels at 1 and 5 days in culture
respectively, and that PB and PON treatnent resulted in
statistically insignificant increases in this activity, in contrast
to the situation in vivo. Benzant hracene and PB both induced EROD
activity in culture (12- and 8-fold respectively), this induction
being markedly reduced in the absence of DEX (present in the
medi um . It was also shown that the tinme-course of induction
depended on the nedia used, and that P4501 Al increased over five
days in control cul tures. This anomalous increase in
3-MC-~inducible, alpha-naphthoflavone-inhibitible P450s. in untreated
cultures has also been observed by others (Fry et _al., 1980; Turner
and Pitot, 1989), although the reason is unknown. PB and BNF
induction of ECOD activity is nuch reduced in culture conpared to in
vivo, even in the presence of DEX (Warren and Fry, 1988), as is the
i nduction of pentoxyresorufin O deal kyl ase by PB in
chemcally-defined media (Turner and Pitot, 1989) . Cul tured

hepatocytes have also been used to study the metabolism of

2- AAF(McManus et _al., 1987), In control cultures, 3-hydroxylation
remai ned constant for 24 hours in culture, whereas the 1-, 5-, 7-,

9- and N-hydroxylations declined rapidly. DEX (0.1uM) did not
prevent the initial decline in activity, but after 72 hours in
culture the 5- and 3-hydroxylations activities had increased over
initial levels and the 7-hydroxylation activity had increased to
initial levels (after a decline at 24 hours). There was also sone

recovery of N-hydroxylation. PON only induced 7-hydroxylation in
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vitro. It was noted that the induction response in vitro was nuch

smal ler than that seen in vivo, and also qualitatively different, 3-
and 5-hydroxylation being induced by DEX in vitro but not in vivo.
Therefore, media conposition also affects induction responses Lﬂ
vitro, although in general, P450 induction in vitro is poor, and

qualitatively as well as quantitatively different to that seen i

vivo. This will be discussed further in Chapter Five.



1.4.7 Metabolism/toxicity studies in cultured rat hepatocytes

In 1977, Decad ft_al. denonstrated that aflatoxin Bl could be
met abolised by cultured hepatocytes to aflatoxin M and various
conjugates. It was also shown that a significant amount of
radi oactivity  (after exposure to radioactive aflatoxin) was

non-extractab]e i.e. remained bound to the hepatocytes.

Rat hepatocyte cultures have also been used to denonstrate thét
substantial acetam nophen covalent binding in the cells occurs
- before any observable toxicity, and that the covalent binding is
mostly in the nicrosonmal fraction (37% and in the cytosol (25%
Acosta et al., 1987). It has al so been shown that cycl ophosphani de
can be activated to a netabolite stable enough to kill fibroblasts
co-cultured with the hepatocytes, and that the toxicity can be

i nhibited by SKF-525A (Fry and Bridges, 1977).

Cultured hepatocytes have also been used to discrimnate between
hepatotoxic and non-toxic substances, especially of a related group
of conpounds e.g. non-steroidal anti-inflammatory drugs (Sorensen
and Acosta, 1985). It was denonstrated that indonethacin was the
most toxic of the five conpounds tested, followed by benoxaprofen
and ibuprofen, and aspirin and orpanoxin were non-toxic at the
concentrations tested, as judged by viability, lactate dehydrogenase
| eakage and wurea synthesis of the cultures, A more detailed
di scussion of the parameters used to assess toxicity is given in

Chapter Seven.
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1.4.8 Human hepatocytes in primry culture

Less work has been done on drug metabolism in human cultured
hepatocytes since adult sanples are difficult to obtain and it is
much harder to get high yields of cells suitable for culture, nainly
due to the nature of the sanples. However, from the work that has
been  done, it appears that human  hepatocytes in culture
de-differentiate slower than their rodent counterparts, and also,
that the P450 content declines more slowy: 60%of the spectrally

determined P450 renmmins after four days in culture (Strom et al.,

1987). Gant ft al. (1987) denonstrated that P450-dependent
activities and glucuronidation were well maintained for 72 hours in
human cul tured hepatocytes; sulphation however decreased within the
first 24 hours, and the P450 reductase had declined to 32% after 72
hours in culture. Begue et al. (1983) investigated the metabolism
of an anti-anaphylactic, ketotifen, in human cultured hepatocytes:
the main netabolites produced in vitro correlated with the known
metabolic pathways in vivo. Also, the rate of netabolismdid not
alter significantly over the first four days of conventional
culture, or seven days for human hepatocytes co-cultured with rat
epithelial cells. Thus, human hepat ocytes would appear to have
several advantages over rodent hepatocytes with  respect to

mai nt enance of drug metabolism in vitro.

1.4.9 Use of hepatoma cell Tlines
It is still not possible to obtain substantial (and reproducible)

levels of mtotic activity in adult cultured hepatocytes. Some
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work has been done on drug netabolismin hepatoma cell lines, both
human and rodent in origin, since a dividing cell line would provide
a continuous supply of hepatocytes, obviating the need to isolate

and culture cells for every study. Wiebel et al. (1984) exani ned

the P450 activity of six differentiated rat hepatoma cell Tlines and
found that the constitutive activities were very low, and sone were
undet ect abl e. The expression of MO sensitive to antibodies to
PB-inducible P450s was present in widely differi»ng amounts in the
differentiated |ines, Benzant hrancene, PB and DEX induction of
P450 IAl and AHH activity and PB and DEX induction of P45011B1/2 and

aldrin epoxidase have also been observed in differentiated cell

lines (Webel ft__ﬂ., 1984; Corcos and Weiss, 1988). The hunan
hepatoma, Hep& has been shown to have |evels of glucuronidation and
cytochrome reductase simlar to those of freshly isolated human
hepat ocytes although levels of O-dealkylation were reduced (Gant ft
al., 1988). Athough Hep@ cells remain differentiated in culture,
their P450 content was 10-20% that of fresh human hepatocytes, and

their P450 activities were 10-fold |ower. However , medi um

conmposition altered drug netabolismactivities (Doodstdar et al.,

1988) . Hep& cells also synthesize and secrete the najor plasm
proteins, and morphologically resenble hepatocytes, although they do
possess an abnormal chromosome nunmber (50-56) with a distinctive

rearrangement of chronosome 1 (Knowleset al., 1980).
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1.4.10 Species differences in netabolism

The preceding sections referred prinmarily to the use of rodent in
Vvitro systems, oprincipally rat hepatocytes, in the study of drug
netabolisn{ and rmechanisms of toxicity. Increasingly these cells
are being wused in the devel opnent of predictive toxicity tests. In
addition to the limtations inposed by the decline of P450 and
metabolic capacity in vitro discussed above, there are also

probl ens, particularly wth toxicity testing, associated wth

extrapolation both fromin vitro to in vivo and fromrodents to Man.

Correlations between drug nmetabolism studied in vivo and in vitro
have been discussed in the previous sections (1,3.1-5) and the sane
advantages of in vitro techniques with respect to the study of drug
metabolism also extend to toxicity studies. Many conpounds e.g.
heavy metals, mneral fibres and arsenic usually test negative in
short-term nmammalian cell culture assays, despite the fact that they
are known human carcinogens (Lave and Orenn, 1988). In addition,
volatile and particulate compounds present special problems. There
is also the problem of detection of pro-toxins i.e. the test system
must be able to activate known non-toxic precursors to their
reactive internediates. The nost successful in vitro toxicity
assays to date have been those that detect genotoxins by assessing
DNA damage e.g. unschedul ed DNA synthesis (UDS) and sister chromatid
exchange (Gisham and Smith, 1984). The sensitivity of the UDS
assay has been inproved by use of rat hepatocytes cultured from

animals pre-treated with MO inducers i.e. Arochlor 1254 and PB
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(Shaddock ft al., 1989). Hepatocytes from inducer-treated aninals
have also been used as an activation systemfor the mouse |ynphona

cell nutagenicity assay (Oglesbyet al., 1989).

Even when in vitro toxicity information has been obtained, there is
still the problemof correlation with the in vivo data, as to which
measure of acute toxicity is the nost suitable conparison (Fry ft
al., 1988). The in vivo data exists in nmany forns with variations
in routes of admnistration, species tested and assessment of
toxicity. It is also difficult to make sensible extrapolations of
toxic concentrations fromstatic culture systens to organisns wth

dynam c elimination systens.

There are also many known species differences in P450 netabolism

reviewed by Kato (1979), which have inmportant inplications for (but
do not necessarily preclude) the use of experinental animals in the
assessnent of human nmetabolism and toxicity. There are species
differences with respect to rate of metabolism e.g.hexobarbitone
sleep time (Quinn et al., 1958) and the pattern of netabolites
produced froma given substrate e.g. 7-hydroxycoumarin is the ngjor
metabolite of coumarin in Man, whereas in the rat 3-hydroxylation
predom nates, wth very little 7-hydroxycounarin being produced
(Cohen, 1979). Speci es differences in P450 conposition can result
in differences in toxicity due to differing netabolite profiles e.g

the guinea pig, unlike the rat, nouse and rabbit, is

resistant to 2-AAF-induced hepatomas. The guinea pig forns very
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little N-hydroxylated-AAF, with ring hydroxylations predominating.
In contrast, N-hydroxylase activity in the other species correlated
well  with susceptibility to 2-AAF-induced carcinoma, with hansters
being the least resistant, wth the highest N and |owest

ring-hydroxylase activities (Mller et al., 1960; Kato, 1979). Thus,

differences in nmetabolite profiles could be used to predict toxicity
in susceptible species. It has also been shown that species
differences in susceptibility to paracetamol-induced necrosis
correlate with the extent of tissue covalent binding and GSH

depletion (Davies et al., 1974). There are also differences in

induction and inhibition (Kato, 1979). Another problem is that
experinental animals are highly inbred and kept wunder uniform
condi tions e.g. diet, and therefore, wunlike hunans, are very
honogeneous w th respect to response on exposure to xenobiotics
(Gegory, 1988). However, the rat is still the nmost popul ar nodel

for studying P450 metabolism and toxicity, not |east because of the
large accessible data base, and the ready availability of aninals.

Despite the differences in metabolism vast inprovenents in
predictive toxicology could be nade by increased understanding of

mechani sms  of toxicity, and routes of netabolismin susceptible and

resi stant species (Gishamand Snmith, 1984).



56

1.5 RATIONALE AND AIMS OF THI'S STUDY

The ains of this study were to develop an in vitro system for the
investigation of hepatic cytochrome P450-nediated toxicity. Cultured
rat hepatocytes have the potential for use as a prine in vitro nodel
of hepatic drug netabolismand toxicity as has been discussed above
(1.4.3 - 1.4.4). However, in order to investigate  hepatic
metabolism-mediated toxicity, the full range of biotransformation
and detoxification enzynes nust be present and active in the
cultured cells. In this respect, the inability to naintain the
P450 isozymes in cultured hepatocytes has proved to be a ngjor
drawback to their use in activation/toxicity studies. The large
body of work concerned with the naintenance of P450 in culture was
reviemed in section 1.4.5, Included in this was the effects of
media supplenentation of P450 activity in vitro. It has been shown
that DEX in particular could maintain P450 activities in primry
culture, and that DEX (1pM) and nicotinanm de (5mV) together inproved
the maintenance of P450-dependent alkoxycoumarin O deal kyl ase
activities in_vitro (Wrren et al., 1985 Warren and Fry, 1988).
However, this nmmintenance was selective in that the ECOD and PCOD
activities were well rmaintained fdr 72 hours, whilst MXOD activity
was rapidly lost in culture (Warren and Fry, 1988). In the sanme
study, reduced induction by PB and BNF in vitro conmpared to in vivo

was reported.

Mst  of the work presented here was concerned with developing the
culture conditions described above to support both the stable
mai nt enance of a wider range of P450 activities and also induction
of P450s in wvitro. The effects of induction in vivo on P450

activity and P450-nediated toxicity in vitro were also investigated.
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TABLE 1.1 .ENDOGENOUS AND XENOBIOTIC SUBSTRATES OF

CYTOCHROME Pg4s501.

SUBSTRATE

steroids
prostaglandins
leukotrienes
arachidonic acid
vitamin D

lauric acid
phenobarbitione

arachidonic acid
benzo-pyrene
bromobenzene

thyroid hormones
halothane

uroporphyrinogen 2
valproic acid3

benzphetamine
codeine
6-methyipurine
amphetamine
2-acetylaminofluorene

ethanol

azo, nitro compounds
halogenated hydrocarbons

REACTION

HYDROXYLATION
(aryl or aliphatic)

EPOXIDATION

DEHALOGENATION

DESATURATION

N-,0- and S-
DEALKYLATION
OXIDATIVE DEAMINATION
N-OXIDATION
ALCOHOL OXIDATION

REDUCTION

' information from Gibson and Skett (1986), except where indicated.

Endogenous substrates are in italics, and xenobiotic substrates in plain print.

2 Jacobs et al., 1988
3 Rettie et al., 1988



TABLE 1.2, P45 NOMENCLATURE. P45 nomenclature has now been
standardized by Nebert et a/.(1987,1989), and this is shown in the first
column below. Isozyme designations from different laboratories are shown
in subsequent columns, and are based on the summaries by Waxman (1988)
and Ryan and Levin (1990).

LEVIN GUENGERICH SCHENKMAN WAXMAN KAMATAKI

1AL c BNF-B
IA2 d ISF-G

A1  a UT-F RLM2b 3

A2 m*

IBL b PB-B PB RLMS5 PB-4

B2 e PB-D PB RLM6 PB-5

ce Kk PB-C RLM52/PBRLM4 PB-1

ncr  f RLMS5h

iiClli h UT-A RLMS5 2c male
He12 Ut fRLM4 2d female
IC13 ¢ RLM3(g)

NET RLM6

WAL

A2 PCN-E" 2a**

*  Arlotto and Parkinson, 1989.

** |t is not entirely clear which of the isozymes isolated in the different
laboratories are equivalent to P4gglllA1, and which to P45qlitA2; also,
there have been changes in nomenclature of these isozymes within
laboratories; the multiplicity of this particular gene family has been
discussed by Halpert (1988).



TABLE 1.3. ENDOGENOUS AND XENOBIOTIC SUBSTRATES OF
PHASE II METABOLISM

SUBSTRATE REACTION

steroid hormones GLUCURONIDATION
bilirubin

thyroxine

catecholamines
acetaminophen
salicylic acid
morphine

steroids SULPHATION
heparin

acetaminophen

2-acetylaminofluorene

salicylamide

histamine N-METHYLATION
catecholamines
thiouracil

serotonin ACETYLATION
Isoniazid

bile acids AMINO ACID CONJUGATION
benzoic acids

bilirubin GLUTATHIONE
steroids CONJUGATION
leukotrienes

vitamin K

bromobenzene

acetaminophen

urethane

1 information from Gibson and Skett (1986) and Ziegler(1988).
Endogenous substrates in italics, xenobiotics In plain print.
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FIGURE 1.1, THE CYTOCHROME Pg5q9 CATALYTIC CYCLE,
Based on information from several sources, including Jansson et al.,

(1985) and Gibson and Skett (1986).
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FIGURE 1.2, DIAGRAMMATIC REPRESENTATION OF THE
LIVER ACINUS. Adapted from Gumucio and Chianale (1988).
The concept of the acinus as the functional unit of the liver was
first proposed by Rappaport ef al.(1954).
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hepatic arteriole

terminal portal venule

zone 1, periportal region
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Arrows show the direction of blood flow.
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MATERI ALS AND METHODS
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CHAPTER 2

MATERI ALS AND METHODS

MATERI ALS

2.1 ANI MALS

The Wstar albino rats used in these studies were obtained from the
University of Nottingham Animal Breeding Unit. Mile and fenale rats
(70 - 180g) were allowed free access to food and water and were
housed at 22°C, with a 12 hour light/dark cycle (light: 08.00 -
20. 00), The animals were bedded from birth on the synthetic
beddi ng, Lablit (WP. Usher, London, U.K.), to nininise enzyme

i nduction fromwood shavings (Vesell, 1982; Totrb' nen et al., 1989).

2.2 CHEM CALS AND EQUI PMENT

The suppliers of the chemicals wused in these studies were as
fol | ows: de]ta—amino]aevu] inate hydrochloride, 7-nethoxycoumarin,
2-methylfuran, resorufin and selenious acid were obtained from
Aldrich Chemical Co. (Dorset, U K.); foetal calf serum gl utanine,
trypan blue and Williams' nediumE, cellulose acetate filters (pore
size 0.2pum) and plate sealers were obtained fromFlow Laboratories
(I'rvine, Scotland); collagen type | was obtained from B.C L.
(Sussex, U.K.); phenobarbitone and acetyl acetone were obtained from
B.D.H. (Dorset, U.K.); fungizone was obtained from Squi bb Surgicare
Ltd. (Hounslow, U.K.), dexanethasone (Decadron) from Merck, Sharp

and Dohne Ltd. (Hoddesdon, U.K.), insulin
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(Actrapid MC) from Novo Industri A/'S (Denmark); and gentamicin from
Roussel Laboratories Ltd. (Uxbridge, U.K.). Anmoni um  acet at e,
benzal koni um chloride, benzphetanine, beta-glucuronidase H~I (E C
3.2.1.31), beta-naphthoflavone, beta-NADP, bovine serum albumn,
butylated hydroxytoluene, collagenase type |V (EC, 3,4,24,3)
Coomassi e Brilliant Bl ue G di counar ol , 3- (4, 5-di et hyl -
thiazol-2-y1)-2,5-diphenyltetrazolium bromde (MIT), EDTA,EGTA,
eryt hronycin, glucose-6-phosphate, glucose~6-phosphate

dehydrogenase type X (EC 1.1.1.49), glutathione, henmn type 1,

HEPES, hyaluronidase type Il (EC 3.2.1,35), 7-hydroxycounarin,
isoamylalcohol, i soni azid (isonicotinic acid hydr azi de),
ni coti nam de (ni aci nam de), 4-nitrocatechol, 4-nitrophenol,
N, N-di net hyl formanmi de, o-phthalaldehyde, Percoll, precocenes | and

1, Rhodamine B, sem carbazide, 6-thiopurine (6-mercaptopurine) and
valproic acid were all obtained from Sigma Chemical Co. (Dorset,
U.K.). 4-Ipomeanol was a gift fromDr. MR Boyd, National Cancer
Institute, Bethesda, MD, U S A 7-Ethoxycoumarin, 7-propoxycounarin
and 7-ethoxyresorufin had been synthesized by the nethod of Prough

et al. (1978). "Primaria" culture dishes were obtained from Falcon

(Becton Dickinson Ltd., Oxford, UK) and 24-well nplastic culture
dishes from MNunc (Denmark). Al other reagents and organic
solvents were of analytical reagent grade and obtained from |ocal

suppliers.

Lowspeed centrifugation was carried out using an MSE Centaur bench

centrifuge or an MSE Mstral 6000 refrigerated centrifuge.
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A Stuart Tube Rotator TR-2 was used for extraction procedures. Cell
suspensions were honogenised using an MSE Soniprep.  Spectrophot o-
metric analysis was carried out using a Perkin-Elmer 550S WW-Vis
spect r ophot onet er or a Dynatech plate reader and fluoronetric

anal ysis was perforned using a Baird RC200 Ratiometric fluorineter.

METHODS

2.3 STER LI ZATI ON PROCEDURES

St andar d sterilization procedures and aseptic techniques were
practised throughout these studies, as outlined by Paul (1970) in
addition to supplementation of culture nmedia with antibiotics to
reduce the risk of mcrobiological contamnation of cell cultures.
Water baths and the water tray inside the incubator all contained

benzal koni um chloride (0.1%, and the water was changed frequently.

Dry heat
Al glassware (openings covered with alumnium foil) and glass
pi pettes (bunged with cotton wool and placed in metal canisters)

were sterilized in a Gallenkanp oven, set at 160-180°C for 2 hours.

Mbi st heat
Plastic and rubber items, wapped in aluminiumfoil, and heat stable

solutions were autoclaved in a Cabburn autoclave set at 121°C for a

25 minute cycle.
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Filtration
Non-heat  stable solutions and small volumes of liquid were
sterilized by filtration through cellulose acetate filters with a

0.2um pore size.

Aseptic technique

Al sterile procedures were performed in a lanminar flow hood
(Intermed, Mcroflow, Hants., UK) regularly swabbed with 70%
al cohol . Bottle and glassware openings and pipettes were all

regularly flanmed during use.

2.4 | SOLATION OF HEPATOCYTES
Hepat ocytes were isolated either by the slice method of Paterson and

Fry (1983) or by the |obe perfusion nmethod of Reese and Byard (1981).

Slice met hod
The wash solution was a cal cium, magnesiumfree Hanks buffer pH 7.4

(140mM NaCl, 5nM KC1, 0.4nM KH2PO4, 0. 3nM NazHPO4, 20nM HEPES,  50uM

phenol red, 20 n 1'1 0.5N NaOH), to which NaHC03, gl ucose,
met hi onine and gentamcin, at 14.8, 5.5 2nM and 50ugm1'1 (final
concentrations), were added on the day of isolation. The wash

solution was pre-gassed with air/C0, (95% 5%, by placing in a LEEC

i ncubat or throughout the isolation.

The rat was killed by cervical dislocation, the liver |obes renoved

and placed in 10ml wash sol ution. The liver was blotted dry and
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wei ghed; 3.0g was used. Subsequent mani pul ations were carried out
in a flow cabinet. I ndividual |obes were placed on a filter paper
on a Perspex sheet and thinly sliced using a degreased razor blade
(Wl kinson Sword). Slices in 10m wash solution were placed in a
sterile 250mM conical flask sealed with a sterile rubber bung in a

shaki ng wat er bat h at 37°C, for 10 mnutes at 90

oscillations/minute. The solution was then renmoved and the slices
washed tw ce nore. The cells were then washed twice with 10ml wash
solution containing 0.5mM EGTA This chelating solution was

renoved and replaced with enzyne solution (10m wash solution
containing 1000 wunits (U of collagenase Type 1V, 4250 U of
hyal uroni dase and 5nmM CaC1?). The flask was then shaken for 45-70
mnutes  until the sliceg had disintegrated. The resulting
suspension was filtered through a piece of sterile surgical gauze
into 20m wash solution in a sterile beaker. The suspension was
centrifuged for 90 seconds at 50g, and the pellet washed twice wth
fresh wash  solution. The final pellet was resuspended in

i ncubation or culture nedium (see sections 2.6 and 2.7).

Lobe perfusion nethod

The apparatus was set up as in Figure 2.1, perfusates being
circulated wusing a Watson-Marlow peristaltic punp. The water bath
was kept at 40°C to allow for the 3°C drop in tenperature between
water bath and |obe (Chenery et al., 1987). A cohol  (70% v/v,

50m ), followed by 100m sterile water was run through the apparatus

prior to perfusion of the |obes. The calcium, nagnesiumfree
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Hanks buffer containing NaHCO%, gl ucose, nethionine and gentamcin
as described above was used to make up the perfusates, which were
gassed continuously with 027/C027 (95% 5% . On changing solutions,
perfusate was run through the systemfor 30 seconds before being
re-circulated, to flush the previous solution from the system
During perfusion the |obes were.covered with a piece of sterile

gauze, soaked in Hanks buffer.

The rat was killed by cervical dislocation, and the |liver |obes
renmoved and rinsed with Hanks buffer. Care was taken not to damage
the lobes, which were cannulated with a 21G x 14" needle through a
vein on an exposed cut surface. The sane |obes were routinely
used. The lobes were perfused for several mnutes with

non-circulating Hanks buffer containing 0.5mM EGTA, to flush out the

bl ood. When the | obes were evenly blanched, fresh buffer with EGIA
was recirculated for 15-20 m nutes. The flow rate was set at 10-15
m  perfusate ninute o1 cannu]a-l. The lobes were then perfused

with re-circulating buffer containing 100 Uml'1 of collagenase Type
IV and 5nM CaC]Z, for 30 mnutes. The |obes were carefully
transferred to a beaker containing a small volune of Hanks buffer
and mnced gently wth a pair of scissors. After filtration
through a piece of sterile gauze the cell suspension was centrifuged
at 50g for 90 seconds and the pellet washed with Hanks buffer. The
cells were then resuspended in 5m culture nedium (see 2.6) which
was added to 5m  Percoll solution (Percoll diluted 1:10 with

concentrated Hanks salt solution: 1.4M NaCl, 50mM KCl, 4nM KH2P04,
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3nM NaZHP04, 55mM glucose). Centrifugation at 50g for 10 mi nutes
resulted in a separation of the viable and non-viable cells (Kreaner
et al., 1986). The pellet of viable cells was washed with culture
medium followed by centrifugation at 50g for 90 seconds, and

finally resuspended in culture medjum.

The wviability of the final cell suspension obtained from both
i solation nmethods was assessed using trypan blue exclusion (2,5,1).
Suspensions  of viability less than 85% were rejected. The
concentration of the cell suspension was then adjusted (usually to
2,0 X 106 cells ml'l) and the cells either used fresh, placed into
culture or sonicated to give an hombgenate (2, 6-2.8).

For the initial kinetic studies (2.10) hepatocytes were isolated by
the slice method. In all subsequent experiments |obe perfusion was
preferred, since, in conbination with the use of larger rats, the
yield of hepatocytes per animal was consistently increased whilst
the isolation time was decreased. Table 2.1 shows the cytochrone
P450- dependent alkoxycoumarin O deal kyl ase activities measured in
fresh hepatocytes isolated by slicing or |obe perfusion, and the
mai ntenance in culture for 24 hours of these activities. The
fresh cell activities are simlar, as are the maintenance values,

indicating that the method of isolation does not influence the P450

activities measured in fresh or cultured hepatocytes.
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2.5 ASSESSMENT OF CELL VIABILITY

2.5.1 Trypan blue exclusion

Viability of hepatocyte suspensions was determined using the trypan
blue dye exclusion test, which has been shown to be as sensitive a
parameter of viability as lactate dehydrogenase |eakage (Jauregui et
al., 1981). It is also quicker and sinpler to perform and it
enables a quick estimate of the nunmber of viable cells to be nude.
Cells with an intact plasma nenbrane will exclude the dye: these
cells are judged to be viable. Where nmenbrane integrity is
conpromised the cells take up the dye and appear blue when viewed
under a light microscope. The nunber of viable and non-viable
cells were counted by mxing 0.25m1 cell suspension with 0.1n
trypan blue (0.5% dye solution in 85% saline) and placing the

m xture onto an inproved Neubauer haenocytometer (depth 0.21mm).

The percentage viability was then cal cul at ed.

2.5.2 Reduction of MIT

In experiments where conpounds were screened for toxicity to
cultured hepatocytes the nunber of viable cells renmaining after
treatment was determned by assessnent of mitochondrial function.
The mtochondrial enzyne, succinate dehydrogenase, can reduce the
yellow tetrazolium salt, MIT, to a blue formazan product which
absorbs at 560-570nm Only cells with viable mnitochondria can
reduce the MIT and the anount of formazan produced is proportional
to the number of viable cells (Figure 2.2). The nmethod was nodified

from that of Denizot and Lang (1986), for wuse wth hepatocyte
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cul tures. VEC containing 0.2mgm1_1 MIT was placed on the cells.
After a 3 hour incubation at 37°C, the nmediumwas renoved and the
formazan that precipitated in the cells solubilised in isopropanol.
Absorbance was determined spectrophotometrically at 560nm or at

570nm using a Dynatech plate reader.

2.6 USE OF FRESH CELLS

For all enzyme assays in freshly isolated hepatocytes, «cells were
resuspended at 2.0 x 106 cells m "1 in culture nedium or Hanks
buffer (2.4) containing 20nM HEPES. I ncubations were performed in
25m  conical glass flasks shaken continuously in a 37°C water bath.
Incubation times of 20-30 minutes were routinely used, the cells

being used inmediately after i'solation. There was no loss of

viability of the cells over these tine periods.

2.7 PR MARY CULTURE OF HEPATOCYTES

2.7.1 Culture medi um

Hepatocytes were cultured in WIllianms' mediumE, the conposition of
which is shown in Table 2.2. To 445m single strength Wlliams' E
was added: glutamne 2mM fungi zone 2.5pgm'|_1, gentamcin 50ugm1'1,
foetal calf serum10%v/v, insulin 10mU m]’l, ni coti nam de 5nM and
dexanet hasone 1uM. Al concentrations are final concentrations.
This medium is referred to as WEC, and has been shown to nmaintain

certain P450-dependent activities (Warren and Fry, 1988).
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2.7.2 Procedure
Hepat ocytes were cultured either on 60mm diameter "Primaria" petri
dishes at 25 x 106 cells dish'l, or on collagen-coated plastic
24-well plates at 2.5 x 105 cells mell'l. Col l agen was diluted
down to 250ugm1'1 with sterile 0.1IM acetic acid and spread over each

wel | to give a coating of 5ugcm'2.

"Primaria" dishes are
electrostatically treated to pronote attachnment and survival of
cells. Both the "Prinmaria" dishes and the multiwell plates were
pre-incubated with MWEC, before hepatocytes were plated onto them
After allowing 1-2 hours for attachment, monolayers were rinsed with

Hanks buffer and fresh WEC was added. Medi um was repl aced every 24

hours.

2.8 PREPARATION OF CELL HOMOGENATES

Fresh cell suspensions were centrifuged at 50g for 90 seconds, and
the pellet resuspended in ice-cold Tris-sucrose-EDTA buffer, pH 7,4
(20mM - 0.25nM - 5.4nM final concentrations respectively) at
approximately 10 X 10ticells m"J. CQultured hepatocytes were
scraped fromthe culture dishes, the contents of 5 "Primaria" plates
being pooled into a final volume of 1.5mM ice-cold buffer. The

resulting suspensions were sonicated using a Soniprep probe at an

anplitude of 15 for two 15 second pulses. This achieved maxi num
disruption with mninum enzyme danage. Honbgenates were either
used fresh, or frozen in liquid nitrogen and stored until required

(always less than 1 week from preparation).



- 70 -

2.9 DETERM NATI ON OF PROTEIN

The protein content of fresh cell sanples, cultures and honpbgenates
was determned using the Bradford assay (Bradford, 1976). Sanpl es
were dissolved in 0,5N NaCH and diluted to approximtely 100ugm1'1.

NaCH extract (100ul) was mixed with 1.0m1 dye reagent (100mg
Brilliant Blue G in 50m absolute ethanol added to 100mi 85%
orthophosphoric acid, made up to 1 litrewth water) and left to
stand for 5 mnutes. Absorbance at 595nmwas determined and the

protein content derived by interpolation from a standard curve,

constructed wth bovine serum albunin. Protein content of
hepatocytes was shown to be linear with respect to cell nunber
(Figure2.3).

2.10 ALKOXYCOUMARI N O DEALKYLASE ACTI VI TI ES

2.10.1 Kinetics

The O-dealkylation of alkoxycoumarins are P450-dependent activities
that have been shown to have biphasic kinetics in rat [liver
m crosones (Boobis et al., 1981; Paterson et al., 1984), prelininary
experiments in isolated hepatocytes confirmng these observations.
The kinetics of 7-nmethoxy- and 7-ethoxycoumarin 0-dealkylation
(MCOD, ECOD), determined in freshly isolated hepatocytes are shown
in Figures 2.4 and 2.5 respectively. The kinetics were analysed
using Hanes plots (see Appendix:A2.1). The two activities are
clearly biphasic in the freshly isolated cells. Simlar Kkinetic
studies in hepatocytes cultured for 24 hours showed that whereas

ECOD remmined biphasic in culture (Figure 2.7), MXOD becane
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monophasi ¢ (Figure 2.6).

Estimations of the kinetic parameters, Kmand Vmax, are presented in
Table 2.3. The Km of MXCOD activity neasured in the cultured
hepatocytes is simlar to that of the total activity in the fresh
cells. This suggests that it is the low affinity form of the
activity that is retained, albeit at a reduced level (reduced Vmax),
whereas the high affinity formis lost conpletely. Bot h component s
of ECOD activity were present in cultured hepatocytes (simﬂar Km

val ues), although the activity was reduced (lower Vmax val ues).

This information suggests that different populations of P450 are
[ nvol ved in the high and low affinity conponents of t hese
activities, a suggestion which is reinforced by the differential
response of the substrates to P450 inducers (Matsubara (i_y__., 1983;
Ckuno et al., 1989). Therefore, the alkoxycoumarins provide a
series of substrates for the investigation of a range of P450s,
since multiple isozynes appear to be involved in the O dealkylase
activities. In the studies reported here, O deal kylase activities
have been wused in this way as markers for different populations of
P450 isozymes, those responsible for the.high and low affinity
components of each activity. For this reason, activities are
measured at two substrate concentrations: 10 or 20uM for the high
affinity form (MXD activity could not be accurately and
reproducibly determined at substrate concentrations |ower than 20uM)

and 500uM for the total activity. This two substrate concentration
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approach has been suggested previously by Boobis et al. (1986).

2.10.2 Determination of activity

Alkoxycoumarin O deal kylase activities were determned by the well

characterised method of Fry and Bridges (1980) in which the
7-hydroxycounarin  (7-HC) produced by O-dealkylation is assayed
fluorometrically. Substrate (the alkyl et her) in
N, N-di net hyl f ormani de (DW) at Zulml_l medi umwas added to freshly
isolated or cultured hepatocytes. Fresh hepatocytes were incubated
with substrate for 20 minutes at 37°C in a shaking water bath;

cultured hepatocytes were Incubated with substrate for 4 hours at
37°C. No toxicity of the substrates to the cells was observable
after these Incubations. The reaction was stopped by adding the
incubate (medium+ fresh cells or nedium alone fromthe cultures) to
4m) ice-cold water/0.2M acetate buffer (3:1 v/v). 320 U of
beta-glucuronidase H-1 (in 1m acetate buffer) was added to each
sample to deconjugate the glucuronide and sul phate derivatives of
7-HC prior to extraction and assay; Incubation with enzyne was for 2
hours or overnight at 37°C Under these conditions nore than 97%
of the conjugates were released with no hydrolysis of the sulphate
(Paterson ft al., 1984). The 7-HC was then extracted into 4n

diethylether (containing iscamylalcohol 1.5%v/v). Oganic phase
(Im) was then extracted into 4nm 0.05M glycine-NaOH buffer, pH
10.4, and the fluorescence determned at an excitation wavel ength of
370nm (ex 370nm) and an emission wavel ength of 450nm (em 450nm.

The 7-HC content was then derived by interpolation froma standard
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curve. The production of 7-HC under these conditions was shown to

be linear with respect to time and cell nunber.

2.11 DETERM NATI ON CF CYTOCHROME P450 QONTENT

The P450 content of hepatocyte honogenates was determned using the
method of Estabrook et al. (1972). Honogenates were diluted in 0.1M
Tris buffer (pH 7.4), containing 20%v/v glycerol, to the equival ent

6 wl

of 1-2 X 10~ cells ni Car bon nonoxi de was bubbl ed through the

suspension for 1 mnute, at 1-2 bubbl es second"l.

The sanple was
split equally between 2 cuvettes and scanned between 390 and 510nra
Sodium dithionite was added to one cuvette, which was mxed well,
and re-scanned. The P450 content was calculated, wusing the

absorbance difference between 450 and 490nm and the extinction

coefficient of 91nM 1 em L.

2.12 ANALYS S CF ENZYME ACTIM TIES I N CELL HOMOGENATES

Enzyme activities in cell honmogenates were determined using an
Incubation mx simlar to that described by Paterson and Fry (1983)
for mcrosonmal |ncubations. Determnation of enzyne activities in
honogenates has al so been described previously (Gant et al., 1985).
The 1Iml incubation mx contained 5MM nagnesi um sulphate, 1Um1'1
glucose-6-phosphate dehydrogenase, and cofactors (0.5nM NADP and 5nM
glucose-6-phosphate, final concentrations) in 0.2M phosphate buffer,
pH 7.4 Gl honogenates were routinely used at concentrations of

1

0.5-1.0mg protein m "~ incubation m x.
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Activities were determned from standard curves of the amunt of
product . Substrate was also included in blank and standard
sanples. Reactions were determined to be linear at the chosen
substrate concentrations over the incubation period at the required
honbgenate protein concentration, in homogenates from control and

| nducer-treated ani mals.

2.13 DETERM NATI ON OF 7- ETHOXYRESORUFI N 0-DEALKYLASE ACTIVITY

7-Ethoxyresorufin is dealkylated in microsomes to a fluorescent

product, resorufin (Pohl and Fouts, 1980). The incubation m x used
was a slight nodification of that described in 2.12, in that
honbgenate was used at 0.1 ng protein m 1 and bovine serum al bunin
(Img m "1) was included in the phosphate buffer, to prevent product

inhibition, and nmmintain linearity of the reaction respectively.
Prior to assay with substrate, dicoumarol (final concentration 10uM)
was added to the incubation m x, which was then incubated at 37°C
for 10 minutes. The dicounarol inhibits mcrosomal reductases that
can reduce the unstable resorufin (Lubet et al ., 1985) .
7-Ethoxyresoruf1n  (final concentration 1.7uM in DMSO) was then
Incubated with the sanples for 30 minutes. Wen honogenates from
BNF-treated rats were assayed, the incubation period was reduced to
10 mnutes. The reaction was ternmnated by the addition of 2n
met hanol . The fluorescence of the resorufin in the cleared
super nat ant was then deternmned. The product, resorufin, is
relatively unstable, therefore Rhodanmine B was used as a standard.

The fluorescence of Rhodamne 8 at ex 550nm and em 585nm was
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determned to be twice that of resorufin.

2.14 DETERM NATION OF NI TROPHENOL HYDROXYLASE ACTIVITY

4-Nitrophenol hydroxylase activity was assayed by determnation of
the amount of 4-nltrocatechol produced. The nethod used was
essentially that of Reinke and Myer (1985). N trophenol  (100uM
final concentration) was Incubated in Im standard incubation mx
(2.12) for 30 mnutes at 37°C.  TCA (15% 0.1m) was used to stop
the reaction. After centrifugation to remove the precipitated
protein, 0.1ImM 10N NaCH was added to the supernatant. The

absorbance of the nitrocatechol was determned at 546nm

2.15 DETERM NATI ON OF N DEMETHYLASE ACTIVITY

N-Demethylase activity was measured by determning the amount of

formal dehyde produced from benzphetamine or erythronycin (final

concentration 50uM) . The formaldehyde was trapped with
sem carbazide (10mMfinal concentration in incubation m x). Sanples
were incubated for 30 mnutes at 37°C, and then stopped with 15%
TCA Fresh  Nash reagent (30g ammonium acetate + 0.4n

acetyl acetone in 100m water, 1m) was added to 1m protein-free
supernatant, and incubated at 37°C for 45-50 minutes.  Sanples were
centrifuged if necessary to clear the supernatant. The
formal dehyde was then measured spectrophotometrically at 412nm or
fluorometrically at ex 410nm  em 510nm (Nash, 1953; Bel man,
1963).

Structures of P450-dependent enzynme substrates and products are shown

in Figure 2.8.
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2.16 DETERM NATI ON OF CELLULAR GLUTATH ONE

Cellular glutathione was determned by a nodification of the method
of Hissin and Hilf (1976), in which o-phtha]a]dehyde forms a
fluorescent  derivative wth reduced glutathione. Hepat ocyt e
suspensions were treated with 15% TCA, and 0.1m supernatant added
to 3m 0.4M K5P0, buffer, pH 8.2. o-Phthaladehyde solution (0, 1n;
Img m 1 in methanol) was added to each sanple, wth thorough
m Xxi ng. The fluorescence was then neasured exactly 15 mnutes
|ater at ex 350nm em 420nm The glutathione content was

determ ned from a standard curve.



APPENDI X
A2.1 Kinetic analysis of enzyne activity
The kinetics of enzyme-catalysed reactions can be described by the

Michaelis-Menten equation:

V= vVmex[S. . . . [1]
Km + [3]

where v is the rate of reaction at substrate concentration [S1, Vimax
is the maximumrate at saturating substrate concentrations and Kmis
t he M chael is const ant, commonly defined as t he substrate

concentration at which v = Vmax, The Kmis thus a measure of the
2.

enzyne's affinity for the substrate, and the Vmax gives an
indication of the anount of active enzyme present. Equation [1i
describes a rectangul ar hyperbola which can be linearly transformed
in several ways to enable graphical estimations of Kmand Vmax to be

made (Roberts, 1977),

The kinetics of MXOD and ECCD activities were described in 2.10 by
use of a Hanes plot, in preference to the double-reciprocal
Lineweaver-Burk plot. For a Hanes plot (Hanes, 1932) [S]}/v is

plotted against [S], re-arrangement of equation [11 giving:

[S] = 1 . [S] + Km e [22
v Vimax Vimax
A plot of [S§/v against [S] of a biphasic activity will give two

components, each described by equation [2], fromwhich the Km and

Vmax can be calculated. The conponent with the lower Km 1is the
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high affinity formand the conponent with the higher Km represents
the total activity. Subtraction of the high affinity formfrom the

total will give the contribution of the low affinity conponent.

Wth regard to estimations of the kinetic paraneters Vmax and Km
statistical consi derations indicate that of the  graphical
determi nations of Vmax and Kmnore accurate subjective estimtes can
be obtained from Hanes plots than from the Lineweaver-Burk, assum ng

a honogeneous variance of v (WIKkinson, 1961).

The Lineweaver-Burk plot becomes vastly inferior to the Hanes when
applied to unweighted linear regression lines, since the smaller
(and less accurate) determnations of v Dbecome inordinately
important in determning the position of the |ine. If the error in
V is assumed to be snmall, the Hanes plot gives reasonably reliable
estimates of Kmand Vmax for unweighted |ines. This neans that Km
and Vmax val ues éan be graphically estimated, especially if the aim
is to conpare values fromtwo similar experiments where the bias of
the unweighted data will be simlar, rather than to obtain values
for the true Vmax and Km (Dowd and Ri ggs, 1965). Thus, in the
kinetic experiments presented in 2.10, Kmand Vmax values were
estimated from the unweighted linear regression lines obtained from
Hanes plots of the data. The Km and Vmax val ues obtained from the
graphs were used to conpare the isozymic populations present in
fresh and cultured hepatocytes, and should not be taken as accurate

measures of the true values of the kinetic paraneters.



A2.2 Statistical analyses

Standard statistical tests were applied to the data presented in
this thesis, which are described in detail in general statistics
texts (Bailey, 1959). Briefly, linear regression analysis was
applied to linear, graphical data, to obtain the line of best fit.
Student's t-test was used to conpare two group neans where only one
variable was being studied; for multiple comparisons analysis of
variance (ANOVA) was enpl oyed. If the ANOVA detected differences
between groups Dunnett's test (Wner, 1971) was used to conmpare the
treated groups to the control group. The inportant point regarding
this test is that the significance level applies to the collective
data - the test is not Independent for each group v control test
(i.e. groups x and y but not group z are significantly different to
the control group at a level of p<0,05). The Mann-VWhitney Utest
(Canpbel I, 1967) is a distribution-free test which can be wused on
transformed data, e.g. culture maintenance data which is expressed
as a percentage of, or relative to, a fresh cell value. It
assesses the overlap of two population distributions, differing in

the location of their median value by ranking the data.
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TABLE 2.1a. ALKOXYCOUMARIN O-DEALKYLASE ACTIVITIES
IN HEPATOCYTES ISOLATED BY THE SLICE AND LOBE
PERFUSION METHODS,

SUBSTRATE ACTIVITY (pmol min"tmg-1)
CONCENTRATION (uM)  SLICE PERFUSION
7-MC 20 18+2 17+ 4
7-MC 500 106+10 91+ 9
7-EC 10 15+2 19+ 4
7-EC 500 293+44 309+ 9
VIABILITY 89+ 1% 91+ 1%

Values are the mean + SEM activity where n = 6 (slice) and n = 4
(perfusion).

TABLE 2.1b.MAINTENANCE OF ACTIVITIES AFTER 24 HOURS
IN CULTURE.

SUBSTRATE MAINTENANCE
CONCENTRATION (uM) SLICE PERFUSION
7-MC 20 0.17 0.21
7-MC 500 0.27 0.54
7-EC 10 0.35 0.49
7-EC 500 0.22 0.40

Activities in the fresh and cultured cells were determined in separate
experiments, therefore each value is the mean activity at 24 hours
relative to the mean fresh cell activity, which = 1.0. Slice: n = 4;
perfusion: n = 4.



TABLE 2.2. COMPOSITION OF WILLIAMS' MEDIUM '

Component mg L" 1

INORGANIC SALTS

CaCl, (anhydrous) 200.0000
CuS0 4 .5H,0 0.0001
Fe(NOg3)3.9H,0 0.0001
KCI 400.0000
MaSO 4 400.0000
MgSO4.7H,0 200.0000
MnCl,.4H,0 0.0001
NaCl 6800.0000
NaHCO4 2200.0000
NeH,PO4HL O 140.0000
ZnSO4.7H20 0.0002
AMINO ACIDS

L-Alanine 90.0000
L-Arginine 50.0000
L-Asparagine.H20 20.0000
L-Aspartic acid 30.0000
L-Cysteine 40.0000
L-Cystine 20.0000
L-Glutamic acid 50.0000
Glycine 50.0000
L-Histidine 15.0000
L-Isoleucine 50.0000
L-Leucine 75.0000
L-Lysine HCI2 87.5000
L-Methionine 15.0000
L-Phenylalanine 25.0000
L-Proline 30.0000
L-Serine 10.0000
L-Threonine 40.0000
L-Tryptophan 10.0000
L-Tyrosine 35.0000
L-Valine 50.0000

(continued over)

1 From Williams and Gunn (2974)
2 The original formula lists lysine at 70.00 mg L-1



TABLE 2.2.(continued)

VITAMINS

Ascorbic acid

Biotin
D-Ca2+pantothenate
Choline chloride
Ergocalciferol

Folic acid

i-Inositol

Menadione sodium bisulphate
Nicotinamide
Pyridoxal HCI
Riboflavin

ot Tocopherol phosphate, disodium
Thiamine HCI

Vitamin A acetate
Vitamin Bqo

OTHER COMPONENTS
D-Glucose
Glutathione

Methyl linoleate
Phenol red

Sodium pyruvate

2.00
0.50

1.00
1.50
0.10
1.00
2.00
0.01
1.00
1.00
0.10
0.01
1.00
0.10
0.20

2000.00
0.05
0.03

10.00
25.00



TABLE 2.3. ESTIMATED KINETIC PARAMETERS OF MCOD
AND ECOD ACTIVITIES,

ENZYME HIGH AFFINITY TOTAL
ACTIVITY Km! Vmax! Km2  Vmax2
MCOD  fresh 33 53 270 167
24 h - . 210 42
ECOD fresh 35 77 160 200
24h 36 33 135 77

Kinetic parameters were graphically determined (see Appendix 2.1).
1 Units of Ky are uM

2 Units of Vmax are pmol min~! mg™".
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FIGURE 2.1._ APPARATUS FOR THE PERFUSION OF

INDIVIDUAL HEPATIC LOBES.Method modified from
Reese and Byard, (1981); for details, see section 2.4.
A peristaltic pump

B 21Gx1.5" needle inserted into an exposed vein

C lobe of liver

D wire mesh, to support lobe

E 95% O2 : 5% CO»

F water bath maintained at 40°C

G re-circulated perfusate



r=0.99

miilion cells/ml

FIGURE 2.2, RELATIONSHIP OF FORMAZAN ABSORBANCE
TO HEPATOCYTE NUMBER, The absorbance of the reduced MTT at
560nm was determined in hepatocyte suspensions (n=4; SE<0.01),
as described in section 2.5.2. '




4
mg protein/ml

r=0.99

million ceils/ml

FIGURE 2.3._RELATIONSHIP OF CELL PROTEIN TO CELL
NUMBER. Protein content of hepatocyte suspensions was
determined as described in section 2.9. (X * SEM, n=5),



FIGURES 2,4-2,7, These figures show the data obtained for ECOD and
MCOD activities measured in freshly isolated and cultured hepatocytes as
Hanes plots.The details of this kinetic analysis are given in Appendix A2.1.
For all figures, [S]/iv was determined using the mean activity at each
substrate concentration of 7 separate preparations, each from a different
animal.
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O total r=1.00
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FIGURE 2.4. HANES PLOT OF MCOD ACTIVITY MEASURED
IN FRESHLY ISOLATED HEPATOCYTES.
See Appendix 2.1 for details of kinetic analysis.



2 -
[SIv
MM.mln.mg _J
®  high r=0.95
1 - B total r=1.00
0 L 1 i 1 ¢ 1
0 100 200 300
[Slpm

EFIGURE 2.5, HANES PLOT OF ECOD ACTIVITY MEASURED
IN FRESHLY ISOLATED HEPATOCYTES,
See Appendix 2.1 for details of kinetic analysis.
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FIGURE 2.6, HANES PLOT OF MCOD ACTIVITY MEASURED
IN HEPATOCYTES CULTURED FOR 24 HOURS,
See Appendix 2.1 for details of kinetic analysis.
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FIGURE 2.7. HANES PLOT OF ECOD ACTIVITY MEASURED
IN HEPATOCYTES CULTURED FOR 24 HOURS.
See Appendix 2.1 for details of kinetic analysis.



A. O-DEALKYLATION OF ALKOXYCOUMARINS. Method: 2.10.

ALKOXYCOUMARIN 7-HYDROXYCOUMARIN

RO O O HO (o)
- —_—
L Z

R= methyl, ethyl or propyl group

B, O-DEETHYLATION OF 7-ETHOXYRESORUFIN.Method: 2.13

7-ETHOXYRESORUFIN RESORUFIN

O A OC,Hs O O\ OH
— L
N" N~

CHYDROXYLATION OF P-NITROPHENOL,Method: 2.14

P-NITROPHENOL P-NITROCATECHOL
NO, NG,
—_—
CH
CH H

FIGURE 2.8, SUBSTRATES AND METABOLIC PRODUCTS
OF THE P450-DEPENDENT ASSAYS USED IN THIS
INVESTIGATION, For details of the relevant methods see
pages 70-75.



D, N-DEMETHYLATION OF BENZPHETAMINE AND ERYTHROMYCIN,
Method: 2,15.

BENZPHETAMINE

7 o
o 28 |
" NCH,CH,{CH WCH2 o.M X~ “CH,CHA{CHNCH;
> N ,_;

+ formaldehyde
ERYTHROMYCIN

23
f%
E

CH, |
\ reaction as above; arrow
CH;CH, HO oCHs CH3>< denotes site of action.

HO (CHa)z

OCH,4
HO H,C

FIGURE 2.8._CONTINUED. SUBSTRATES AND METABOLIC
PRODUCTS OF P450-DEPENDENT ACTIVITIES.
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CHAPTER 3

3.1 | NTRODUCTI ON

A variety of methods have been enployed in attenpts to attenuate the
loss of «cytochrome P450 that occurs in hepatocyte cultures,
including manipulation of culture medium conposition (reviewed in
Chapter One). In 1985 Engel mann et al. reported that addition of
exogenous haem to cul ture nedi um naintai ned the P450 content of rat
cultured hepatocytes at nore than 80% of the level in freshly
isolated cells for 72 hours; there was no effect on the haem content
of the hepatocytes. The rationale of this supplenentation centres

on haem as the prosthetic group of mammalian haemoproteins.

Haem (or iron (II)-protoporphyrin 1X) is synthesized in the
hepatocyte  for incorporation into mtochondrial cyt ochromnes,
catalase and tryptophan pyrrolase as well as the nicrosonal

cytochrones; however, on induction up to 70% of newy synthesized
haem can be incorporated into cytochrome P450s (Miller-Eberhard and
Vincent, 1985). It is known that deficiencies in haem biosynthesis
can result in selective deficiencies in drug netabolism (Anderson et
al., 1976). Al'so, Steward et al. (1985) showed that although tota

P450 declined in culture over 72 hours, there was a selective
mai ntenance of certain apoproteins. They concluded that loss of the
haem moiety was responsible for the overall loss of holoenzyne in
culture. This, coupled with the shorter turnover of haem relative
to apoprotein (Sadano and Onura, 1983), suggests that sone

deficiency, block or inhibition of haem biosynthesis is responsible
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for the loss of P450 in culture

It is thought that haemis extracted froman Intracellular haem pool

(or pools), fed both exogenously and endogenously, for synthesis of
m cr osonal haenopr ot ei ns (Muller-Eberhard and Vincent, 1985),
al though the nmechanism of regulation of this pool is uncertain

Haem itself exerts feedback repression on the nmitochondrial enzynme
delta-aminolaevulinate synthase (ALAS), which is the rate limting
enzyme in haem biosynthesis (Ganick, 1966), outlined in Figure 3.1.
Haem aiso Induces haem oxygenase which degrades free haem from P450s
to biliverdin (Kutty et al., 1988). The adnministration of
delta-aminolaevulinate (ALA) in vivo can also induce haem oxygenase
in the rat, presumably by stinulating haem synthesis, resulting in
an expansion of the haem pool (Anderson et al., 1981). However ,
Paine and Legg (1978) could find no correlation between induction of
haem oxygenase activity and loss of P450 in hepatocyte cultures,
maki ng increased degradation of haemunlikely as a cause of P450
loss. Evarts et al. (1984) reported that although the P450 content
fell rapidly within the first 24 hours, hepatic ALAS renmained
el evated throughout four days of culture; therefore the biosynthetic
pat hway does not appear to be repressed although the sustained
Increase in ALAS suggests a demand for haem in the cultured

hepat ocyt e.

Addition of exogenous haem both in vivo and in vitro, has been

shown to have a sparing effect on allylisopropylacetamide-induced
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destruction of P450, presumably by promoting incorporation of haem
into newy synthesized apoproteins (Liemet___i__a]., 1983). This
protection against degradation following allylisopropylacetamide
adm nistration appears to be specific for certain isozynes,
favouring those predoninating at the time of treatnment (De Matteis

et al., 1983; Bornheimet al., 1984), Exogenous haem al so seems to

act directly, as a positive nodulator of P450 gene transcription,

via the nucl ear haem pool (Bhat and Padmanaban, 1988).

Selenium is an essential trace elenent that is an inducer of both
ALAS and haem oxygenase (Miines and Kappas, 1976). It is not
por phyrinogenic, thus the Induction of both enzynes appears to
maintain a steady state. At concentrations greater than 0.5uM the

elenment is an |nhibitor of ALAS,

In this experinent, the effect of culture medi um supplenented wth
haem ALA and selenium on the nmintenance of P450- dependent
deal kyl ase activities was investigated, these conditions being

simlar to those described by Engel mann et al. (1985).

3.2 METHODS

Hepatocytes were isolated from 150g male rats by |obe perfusion.
MCOD and ECOD (both total and high affinity conponents) were
measured in hepatocytes cultured for 24 hours and in freshly
Isolated cells fromthe sane animals; hepatocytes were cultured on

"Primaria" dishes in either VWEC or in WEC supplenented further with
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haem (1uM), ALA (200uM) and selenious acid (Se; 0.1uM). Haem was
dissolved in a bovine serum al bumin solution (1mgm1'1 0.IN NaOH) to
enable dilution into culture medium as described by Engel mann et al.
(1985). This nediumis designated WEC+H. Protein content of fresh
cells and cultures was determned and all activities expressed as
pnol  7-HC produced mi n" 1ng protein' L Mai nt enance of activities in
culture is expressed as a percentage of the fresh cell activity, and

cal cul ated for each ani mal

3.3 RESULTS

3.3.1 Maintenance of activities in culture

Figure 3.2 shows the activities measured in fresh cells, and in
hepatocytes cultured for 24 hours in WEC or WECHH. It is clear

t hat the activities in the cultured hepatocytes are simlar

regardl ess of the nmedium The WEC+tH conferred no advantage over

the unsuppl enented WEC. However, the WEC (and also WEC+H)

appeared to be adequate for maintenance of three of the activities
neasur ed. However, total MCOD was not maintained, falling to 46%

of the fresh cell activity.

Table 3.1 presents the maintenance data for all four activities as
percentages of the fresh cell data, for both nedia. The nean
values and ranges were very sinilar for the two nedia, and although
only three aninals were used, the naintenance of total and high
affinity ECOD and high affinity MXOD is Indisputable. Thi s

mai ntenance of activity, however, is in contrast to that of the
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kinetics experinents (Chapter 2.10, Table 2.4) where none of the
four activities were nmaintained, using the same WEC nedium The
mai nt enance data fromthe two experiments are presented together in
Table 3.2 for conparison, and it is necessary to consider the
possible reasons for the inconsistency of these results. The nost
obvi ous causes of discrepancies in maintenance data are differences
in the viabilities and/or fresh cell activities of the initial fresh

cell suspensi ons.

3.3.2 Comparison of dealkylase activities and viabilities

The activities and initial viabilities of the cell preparations used
in this and the former experiments (taken from Table 2.1a) are
presented in Table 3.3. The viabilities were 1dentical (91 +
199, and the ECOD activities were very simlar. However, the MCOD
activities were very different. Total MCOD activity in this
experiment was twice that measured previously whereas the high
affinity form had around half the activity of the forner deter-
m nati on. These differences in MCOD activity, whilst requiring an
expl anat i on, do not account for the observed differences in

mai nt enance between the two experinents.

Thus supplenentation of WEC with haem ALA and Se did not inprove
mai nt enance of deal kyl ase activities over those obtained with WEC
al one, but this mamintenance in WEC of three of the four activities
over the 24 hour culture period was conpletely unexpected given the
previous maintenance data for the sane activities in simlar culture

condi tions.
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3.4 DI SCUSSI ON
The use of WEC supplenented with haem did not inprove naintenance of
P450- dependent enzyme activities in hepatocyte cultures, but then
again there was good maintenance over twenty four hours in the
unsuppiemented nmedi um There was a selective loss of MCCOD activity
in this experinent, and supplenentation of WEC with haem ALA and Se

did not prevent this |oss. Engel mann et al. (1985) reported an

overall maintenance of P450 content in contrast to a 25% loss at 24
hours in nmedi um m nus haem They used adult female rats, for which
haem suppl emrentation of nedia may have been nore effective, since

hepatocytes from fenale rats appear to be nmore susceptible to haem

loss (Evarts et al., 1984).

Total MCOD activity of hepatocytes fell by 50% during 24 hours 1in
culture and whereas this is consistent wth data from the
prelimnary Kkinetic experiments, the maintenance of the other three
activities, at nore than 90%of the fresh cell value in WEC, is not.
Also, the MCOD activities in the fresh cells were different to those
measured previously. Those experinments had ascertained that cell
preparations isolated by slice or perfusion were equivalent wth
respect to deal kylase activity and mai ntenance. A nmgjor difference
between the experinents, however, is the size, and therefore age,
of the hepatocyte donor animal. For the initial kinetics and
perfusion experinents 70g male rats were used, but in this study
larger 150g rats were wused. This nade cannulation of the |[obes

easier, as well as increasing the yield of hepatocytes per rat.
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The male Wstar rats used as donors are sexually mature at 1509 (6 -

8 weeks old) unlike the 70g rats (4 weeks ol d).

It is known that changes in sone P450-dependent activities occur
during post-natal development in the rat, especially at the onset of
puberty  (Gam et al., 1969). It is possible that MCOD activity
is dependent on a developmentally regul ated P450(s) which accounts
for the observed differences in MXCOD activity. It is also possible
that the age of the animal Influences the maintenance of P450

activities in culture.

It has been reported that the haemmoi ety of P450 undergoes biphasic
turnover (Levin et al., 1975), with both a fast and a slow
conponent . The ratio of fast : slow turnover forns decreased with
increasing age in the male rat (ratio of 4.4 in immature males and
1.9 in adult males). Parkinson et al. (1983) investigated
turnover of both the haem and apoprotein noieties for specific P450
I sozymes and reported biphasic turnover for the total apoprotein.

However, only one purified isozyme showed biphasic turnover of haem

(and of apoprotein). This was P45011 A, now known to exist as at
| east two very simlar isozymes |IIA and IIA2 which are
differentially regul ated. P4501 1 A2 is adul t mal e- speci fi c;

P4501 1Al is expressed only in fenales and pre-pubertal males
(Matsunaga et al., 1988). It is possible that the rats of
Parkinson et al., used at 4-6 weeks of age, contained both forns of

P4501 1A, and that one is a fast and one a slow turnover form
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Qther workers have only found nonophasic turnover kinetics for a
nunber of purified P450s (Shiraki and Guengerich, 1984) but it is
possible that changes in rate of turnover are associated wth the
developmentally regulated PA450s |ike P45011AL, which is a steroid
hydroxyl ase, under hornmonal control (Arlotto and Parkinson, 1989).
Also, adult females, like immture nmles, appear to have

predomnant|y fast turnover P450s (Levin et al., 1975). Thus, an

Increase in slow turnover forms of P450 at puberty in the male rat
could explain the inproved maintenance of P450-dependent activ-
ities in this experiment relative to the kinetics experinent, due to
the differences in age of the animals used for the hepatocyte
I sol ations. It could also exptain why haem supplementation of

medium had no effect on maintenance, in contrast to the results of

Engelmann et al. (1985), who used hepatocytes fromfemale rats, in

whi ch fast turnover P450 forns predomnate (Levin et al., 1975).

In summary, these results are not consistent with hepatocyte haem
deficiency being responsible for the loss of P450 activities in
cul ture. They do Indicate that hepatocytes isolated from adult
males my show better maintenance of selected activities in our
chosen medium than those fromimmture males.  The effects of age
and sex of donor animal on P450-dependent activities is examned in

nore detail in the following chapter.
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TABLE 3.1. MAINTENANCE OF ALKOXYCOUMARIN O-DEALKYLASE
ACTIVITIES IN CULTURE FOR 24 HOURS: EFFECT OF MEDIUM
SUPPLEMENTED WITH HAEM.

SUBSTRATE MAINTENANCE (% fresh cell value)
CONCENTRATION (uM) WEC WEC+H

7-MC 10 9 (57-150) 93 (91-113)

7-MC 500 46 (36-50) 51 (48-53)

7-EC 10 101 (63-126) 84 (66-111)

7-EC 500 91 (85-104) 69 (59-79)

Values are means with ranges in brackets, for 3 animals.

TABLE 3.2. MAINTENANCE OF ALKOXYCOUMARIN O-DEALKYLASE
ACTIVITIES IN CULTURE FOR 24 HOURS: COMPARISON OF DATA
FROM TWO DIFFERENT EXPERIMENTS.

SUBSTRATE MAINTENANCE IN WEC (% fresh cell value)

CONCENTRATION (pM) I I

7-MC 20 96 21
7-MC 500 46 54
7-EC 10 101 49
7-EC 500 91 40

| data from Table 3.1.
Il data from Table 2.1b.



TABLE 3.3. ALKOXYCOUMARIN O-DEALKYLASE ACTIVITIES IN
FRESHLY ISOLATED HEPATOCYTES FROM TWO DIFFERENT
EXPERIMENTS.

SUBSTRATE ACTIVITY (pmol min"1m g protein"")
CONCENTRATION (uM) 1 M

7- MC 20 10+1 1714

7-MC 500 195+43 91+9

7-EC 10 19+1 19+9

7-EC 500 27745 309+92

Viability of 91+1% 91+1%
preparation

Values are means + SEM for 3(1) or 4(ll) animals.
| data from Figure 3.1.
Il data from Table 2.1a.



FIGURE 3.1._ HAEM BIOSYNTHESIS
(adapted from Maines and Kappas, 1977)
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FIGURE 3.2. MCOD AND ECOD ACTIVITIES IN FRESHLY
ISOLATED HEPATOCYTES AND IN CELLS CULTURED
FOR 24 HOURS IN THE PRESENCE OR ABSENCE OF
EXOGENOUS HAEM. Hepatocytes were cultured for 24 hours
in either WEC medium (see 2.7.1.) or in WEC+H (see 3.2.).
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CHAPTER 4

I NFLUENCE OF DONCR AGE AND SEX ON THE ACTIVITY, AND MAI NTENANCE IN
CULTURE OF CYTOCHROME PA450- DEPENDENT ENZYME ACTI VI TI ES

4.1 | NTRODUCTI ON

To date, at least fourteen different Isozymes of cytochrome P450 are
known to exist in rat liver (Nebert and Gonzalez, 1987). The
isozyme profile changes with age in both male and fenale rats,
although the total P450 content remains relatively constant. These
changes in |Isozyme profile are reflected in changes in enzyme

activity (Gam et al., 1969; Waxman et al., 1985). MRj or

alterations  occur during post-natal devel opnent and  sexual
maturation, and again at the onset of old age, the changes being
particularly marked in nale rats. This is due to the devel opnent
of a distinct sex difference in P4A50 activities at puberty (Waxnman

et al., 1985), which disappears in older rats (Kamataki et al.,

1985), This is probably caused by changes in the levels of the

sex-specific P450 forns (Kanataki et al., 1982; Maeda et al.

1984) . These age and sex differences in P450 forms are related to
changes in constitutive steroid hydroxylase activities (Waxman et
al., 1985).

A summary of the various sex-specific P450 forms and their

associ ated activities is presented in Table 4.1.

[t is now known that these hepatic sex differences are initiated and
mai ntained by androgens and pituitary gromth hormone (extensively

reviewed by Skett, 1987; 1988). The pattern of secretion of growh
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hornmone is different in male and female rats, although the nmean
level is simlar. In males there is a pulsatile secretion wth
high peak values every 3-4 hours and a very low basal secretion
during the intervening periods, whilst in females there is a nore
continuous secretion, but at a higher baseline level (Edéh, 1979).
Hypophysectony or continuous growth hornmone (GH) infusion in male
rats essentially femnises hepatic P450 netabolism wher eas
intermttent infusion of GH in hypophysectonised aninmals restores
the nmale pattern of netabolism (Waxman, 1988), Neonatal exposure
to androgens inprints or progranmes the pattern of adult nale P450
steroid metabolism by inprinting the pulsatile pattern of growh
hormone secretion (Jansson et al., 1985,  Waxman _gt_g]_., 1985;
Waxman, 1988). This inprinting appears to function via the oestrogen
receptor (Reyes and Virgo, 1988). Androgens are also required in
adult life to maintain a male pattern of activity (Skett, 1988;
Waxman, 1988); interruption of the hypothalamic-pituitary axis by
cisplatin in adult nale rats reduces the anount of circulating
androgen, resulting in a feminisation of P450 netabolism (LeBlanc

and Waxman, 1988).

The male-specific 1Al (Nebert et al., 1989; named as PA450-2c by
VWaxman et al., 1985) is dependent on pulsatile secretion of G4 for
its expression, whilst the fenale-specific I1Cl2 form (named as 2d
by Waxman et al., 1985) requires a nore constant secretory pattern
(Waxman, 1988). The male-specific 2a formdoes not depend on

pul satile GH secretion, as it is constitutively expressed in nale
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rats, and in inmmature females (Vaxman gL_gl:, 1985) . However ,
PA50-2a appears to be repressed by high levels of Gi (Waxman et
al., 1988), and this accounts for the suppression of this form in
adult fenmales, when GH is secreted at a higher, although still
continuous, baseline Jlevel than in the immature male and female
ani mal s. It is possible that synthesis of P450-2a in the adult

mal e is continually suppressed and de-repressed as the H

concentration fluctuates (Waxman et al., 1988).

In addition to sex differences in netabolism due to direct hornonal
influences on P450 levels, it has been reported that hypophysectony
and/or continuous GH supplenmentation |lower the amount of hepatic
P450 reductase, (which is lower in female than male rats), but that
this (and steroid hydroxylase activities) can be raised again by

addition of thyroxine (Waxnman et al., 1989).

Results presented in the previous chapter suggested that hepatocytes
cultured from adult male rats may maintain P450-dependent enzyne
activities better than hepatocytes fromyounger inmmature males, and
that differences in P450 turnover may be the reason. Adult females
also have a greater proportion of rapid turnover P450s, |like
Immature nales (Levin et al., 1975), and therefore if turnover is
affecting naintenance, hepatocytes fromfemale rats should maintain
activities at a simlar level to the younger male rats. However ,

Vind et al. (1988) reported that P450 and denethylase activities

were rmaintained better in hepatocyte cultures fromfenale rats. I't
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is likely that the in vivo hormonal regulation of P450 expression,

which changes with age and sex in the rat, is disrupted or lost in
vitro, and it is this that affects the differential maintenance of
P450 in hepatocytes fromnale and fenale rats of different ages.
The maintenance of alkoxycoumarin O-dealkylase activities was
therefore investigated in hepatocytes from immature and adult mal es,
and  adul t females to assess the relative stabilities of

P450- dependent activities in hepatocyte cultures.

4.2 METHODS

The rats used in this study were immture males (IM) and young adult
male (AM and female rats (AF). The adult animals were 8 weeks old
and the inmmature males were 4 weeks old. Puberty occurs 4-6 weeks
after birth in the mle rat (Gamet_al., 1969; Levin et al., 1975).

Deal kyl ase activities were determined in fresh cells and hepatocytes
cultured for 24 and 72 hours fromeach animal. Hepatocytes were
cultured on "Primaria" dishes in WEC. In addition to MCOD and ECOD

7- propoxycoumarin 0O-depropylase (PCOD), which 1is known to be a
mal e-specific activity (Kamataki et al., 1983; 1985), was also
measured at two substrate concentrations in the same manner as ECCD
and MCOD (Chapter 2.10). Protein content of fresh cells and
cultures was also determned and all activities expressed as pnol

7-HC produced m n"lng protein'l. Statistical analysis on nmean

fresh cell activities was by unpaired t-tests. Mintenance at 24 and

72 hours was calculated as a percentage of the fresh cell value for
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each aninmal and expressed as mean + range; statistical analysis was

by the Mann-Whitney Utest.

4.3 RESULTS

Viabilities of initial cell preparations were very sinmlar: AM

93 + 1%, AF 93 + 1% IM96 + 1%

4.3.1 Dealkylase activities in hepatocytes frommale rats

Deal kyl ase activities neasured in freshly isolated cells from AM and
IM rats are presented in Table 4.2. Previous studies confirned
the biphasic nature of MCCD and ECOD in IMcells (2.10), the high
affinity conponent representing less than 25% of the total activity.
The data in Table 4.2 is consistent with these activities, as well

as PCOD, being biphasic in cells fromAMrats.

ECCD activities of IMand AMcells were very sinilar. Total PCOD
activity was significantly less in AM cells together with a
nunerical  but non-significant decrease in the activity of the high
affinity conponent relative to IM cells. Tot al MCOD  was
significantly greater and the high affinity activity significantly
less in AMcells conpared to IMcells (as observed in the previous
chapter). Therefore, total PCOD and both conponents of MCOD
activity appear to change with age in the nale rat, inplying sone

developmental regul ati on.
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4.3.2 Deal kyl ase activities in hepatocytes fromnale and female rats
The deal kyl ase activities in fresh cells from female rats, together
with those from AM rats are presented in Table 4.3. The high
affinity components of both MCOD and ECOD represented less than 25%
of the total activity, indicating that these activities are probably
also biphasic in hepatocytes fromAF rats. However, PCCD activity
measured at 10uM accounted for 60% of the total activity in AF
cells; fromthis, and the known involvenent of a nale-specific form
of P450 in POCD activity (Kanmataki et al., 1985), it is suggested
t hat PCOD is a nonophasic activity in AF cells, existing only as a
high affinity form Consequently, data on the nmaintenance of PCCD
in cultures from AF rats are reported only for the high affinity

form

Total MCOD activity was significantly less in AF cells relative to

AM cells and was very simlar to that neasured in IMcells (AF 71 +
-1 -1 -1 -1
5 pml mn nm ; IM88:17 prol mn ng ). Hgh affinity
MCOD in AF cells was not significantly different to that in AM
cells. Total ECCD was markedly and significantly less in AF cells,
whereas high affinity ECOD was slightly increased. The high
affinity PCOD activity in AF cells was not significantly different
to that of AMcells and, like total MCOD, was gery simlar to the
actiyity in IM cells (AF 24:5 prol min~ mg" ; IM25 : 6 pnol

min mg" ). Therefore, there appear to be sex differences as

wel | as age differences in several of these activities.
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4.3.3 Maintenance of activities in culture
(a) MOCD
Mai ntenance of MOD activities in culture is shown in Figure 4.1.
Both conponents of MCOD activity in IMcells declined to 50 - 60% of
the fresh cell wvalue at 24 hours. Kinetic studies (2.10)
denmonstrated that MOOD becomes nonophasic in IMcultures with |oss
of the high affinity-conponent; this explains the simlarity in the
magni tudes  of the loss of activity at the two substrate
concentrations. There was a simlar decline in cultures from AF
rats, suggesting the loss of the high affinity form The MCOD
activity declined further by 72 hours in IMand AF cells. In
contrast, MCOD renrmined biphasic in AMcultures, the high affinity
form being maintained (83%fresh activity) alongside a decline in
the total activity (44% of fresh activity). These results for the
AM rats are simlar to those reported in the previous chapter. Both
components fell to less than 20% of the fresh activity after 72

hours in cul ture.

(b) ECOD

Figure 4.2 shows the maintenance of ECOD activity in hepatocyte
cul tures. ECCD appeared to remain biphasic over the 72 hour
culture period in al three donor cell types. Hgh affinity ECD
activity was mintained for 72 hours in hepatocytes fromIMand AM
rats, whilst the activity fell to around 50% of fresh in cultures

fromAF rats.
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Total ECOD was significantly reduced at 24 hours in cultures fromIM
rats but was retained in AMcells. By 72 hours the activity had
declined to the same level as in cells fromIMrats. In cultures
from AF rats the activity fell to around 80% at 24 hours and fell

slightly further by 72 hours.

(c) PCOD

Mai nt enance of PCCD activity in culture is shown in Figure 4,3, Hgh
affinity PCOD was maintained at high levels over 72 hours in
cultures fromIMand AMrats; the equivalent activity fell to around
50% in AF cells, POCD al so remai ned biphasic in cultures frommale
rats, although, in contrast to the high affinity form total PCD
fell rapidly within 24 hours in culture, and declined further by 72

hours.

Overall, these dealkylase activities were maintained at higher
levels in cells fromAMrats than in cells fromeither IM or AF
animals. This maintenance was significantly greater for four out of
the six activities, with a further activity being maintained in both
AM and [IMcells. Al three enzynes remained biphasic in cultures
from AMrats. Al though total MCOD and total PCCD fell to less than
70% of the fresh activity after 24 hours in culture the other four
activities were maintained at high levels, with the high affinity

forms of ECOD and PCCD being maintained for 72 hours.
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4.4 DI SCUSSI ON
The results of this study have denonstrated that the maintenance in

culture of rat hepatic P450-dependent alkoxycoumarin O deal kyl ase

activities is dependent wupon the choice of coumarin used as
substrate, its concentration and the age and sex of the hepatocyte
donor ani mal . It is highly likely that selective naintenance of

particular P450 enzymes accounts for these variabilities, but the
exact nature of these forms remains to be established. The general

conclusion is one of better maintenance of activity over 24 hours in
culture in hepatocytes Isolated from AM rats, but that such
selectivity for AMcells is lost by 72 hours in culture. This is
consistent wth the idea that naintenance is linked to differential

turnover of P450, as discussed in the previous chapter. To
recapitulate briefly: AMrats have a lower fast:slow turnover ratio
for haemoproteins than IMor AF rats, which inplies a nore stable
popul ation of P450 forms in the AM rat, and also inproved
mai ntenance in culture. The lack of selectivity for AMcells after
72 hours in culture is also consistent with this, given the reported
half-1ife of 41-44 hours for the slow turnover conponent (Levin gg
al., 1975). If changes 1in turnover do influence P450 maintenance
in culture, this would suggest that total MXCD and total PCOD
activities are fast turnover forms, since they are the least well

mai ntained (at 40-60% of fresh activity at 24 hours), even in AM

cells.



- 101 -
Total MCOD activity is 50%greater in AM cells than in IM or AF
cells, ‘indicating a possible adult nale-specific conponent in this
activity. POCD activity has already been described as mal e-specific

(Kamataki et _al., 1983; 1985), and the results fromthis study inply

that it is the low affinity form's) that is male-specific, and that
this is absent in AF cells. This agrees with the work of Kamataki

et al., who also neasured PCOD activity at a 500uM substrate

concentration. However, the P450-male isozyne reported to be
responsible  for PCOD activity (Kamataki et al., 1983), and
equivalent to Waxman's P450-2c (1985), is sharply Induced (20-fold)
at puberty in the nale rat, and the PCOD activities presented here
do not fit with this pattern of expression. The total PCOD activity
measured in this study does agree with the expression of P450-PB-2a
(also known as 2a, \Waxnman et _al., 1985; 1988), which is simlar in
both AM and IMrats but suppressed in AF rats. This Isozyme has
al so been shown to catalyse nore than 85% of mcrosomal testosterone
6le-hydroxyl ase activity in the male (Waxnman et al., 1985), and
recently Yamazoe et al. (1988) denonstrated that mal e-specific
PCCD activity correlated with 6B8-hydroxylase activity in microsones.
They also showed that whereas antibodies to P450-male (P450-2c)
inhibited PCOD activity in a reconstituted system they did not
inhibit PCCD activity at all in nicrosomal preparations. Wth
regard to the maintenance of this P450, the content of P450-2a
(measured immunochemically) was not reduced during culture of AM rat
hepatocytes for 72 hours in medium containing glucocorticoid and

nicotinanmide (Steward etal., 1985), whereas the low affinity
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(total) PCCD activity neasured here, is markedly reduced by this
time in culture. These workers also proposed that loss of haem
rather than apoprotein accounted for nuch of the loss of active P450
in culture. Suppl enentation of nedia with haem reported in the
previous chapter, had no effect on nmaintenance of activities;
nevertheless, it seens that the apparent anomaly in maintenance of
PCOD activity and the putative isozymes involved can be rationalized

in ternms of selective maintenance of apoprotein, but not hol oenzyne.

It appears then that the nal e-specific PCOD activity is nediated by
the P450 involved in constitutive 6ﬂ-stero1'd hydroxylation. This
isozyme/activity is regulated by growth hornone (GH Waxman et al.,
1988; Yanazoe M., 1988), continuous high level secretion of GH
suppressing its synthesis. I't was also suggested (Waxman et al.,
1988) that the Isozyme may be suppressed in pre-pubertal males, as
well as in adult females, the same or a very simlar |sozyme being
subsequently re-introduced at puberty. This situation would be
anal ogous to that reported for PA50I1 AL and |1 A2, where P45011 A1 is
expr-essed in IMrats and I1A2 (a very closely related Isozyne) in
adult males (Matsunaga et=__a]., 1988). This would also explain the

significantly lower total PCCD activity in the AM cells in this

st udy.

It could also be argued fromthis Investigation that the devel op-
mentally regulated P450s are the nost susceptible to decline in

culture, being dependent for expression on GH and androgen |evels
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(Skett, 1988). The addition of GH to hornone-free culture medium
causes a femnisation of the P450 phenotype, similar to that seen in
hypophysectomised male rats (Guzelian et al., 1988), and recent
reports have inplicated the thyroid hornones, thyroxine and
tri-iodothyronine, in addition to the effects of GH, in suppression
of 1liver-specific P45011A2, the male-specific 6@3-hydroxylase and
the fenale-specific 7-hydroxylase (Arlotto and Parkinson, 1989;

Yanazoe et al., 1989). Both GH and thyroxine are present at

significant levels in calf serum (Honn et al., 1975), and it is

possible that these serum constituents suppress liver-specific

functions in vitro (Enat et al., 1984; Silver and Krauter, 1988),

The WEC wused also contains insulin, which can mmc the effects of
GH on the hepatocyte, but is also essential for <culture of

hepat ocyt es under most conditions (Guzelianet al., 1988).

Pulsatile secretion of GH, with peaks every 3-4 hours that suppress
sel ective P450 synthesis, could be envisaged to maintain relatively
constant levels of rapid turnover P450s (ti 6-7h, Levin et al.,
1975), wher eas slow turnover P450s (regulated by GH) would tend to
accunul ate. It is plausible (if speculative) that GH/thyroid
hormones regulate rapid turnover P450s to maintain constant |evels

of constitutive P450s, 1in the adult at |east.

It has been denonstrated in this study that donor age and sex
Influence both the activity and maintenance in culture of hepatic

P450- dependent  alkoxycoumarin O deal kyl ase activities. The best
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mai ntenance of a range of activities was achieved in hepatocytes

fromAMrats, cultured for 24 hours in WEC,
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TABLE 4.1. SEX-SPECIFIC CYTOCHROME P450 ISOZYMES AND
THEIR ASSOCIATED STEROID HYDROXYLASE ACTIVITIES.

P450 FORM 1 ACTIVITY SPECIFICITY

P45011A1 testosterone 7 &~hydroxylase? female,
immature male

P45011A2 testosterone 15 -hydroxylase3 adult male
P4501I1C11 testosterone 16 ex-hydroxylase? adult male
P4501C12 steroid 15B-hydroxylase® female,

immature male

P45011C13 progesterone 16&-68- adult male
hydroxylase®

P450I111A2 testosterone 6B-hydroxylase’ adult male,
immature male,
female

1 Nebert et al.,(1989)

2 Arlotto and Parkinson, (1989)

3 Matsunaga et al., (1988)

4 Waxman et al., (1985)

5 Waxman et al., (1985)

6 Swinney et al.,(1988)

7 \Waxman -et al,, (1985); Yamazoe et al.,(1988).



TABLE 4.2. ALKOXYCOUMARIN O-DEALKYLASE ACTIVIES IN
HEPATOCYTES ISOLATED FROM IMMATURE (IM) AND ADULT
(AM) MALE RATS.

SUBSTRATE ACTIVITY (pmol min""mg™1)
CONCENTRATION (uM) IM AM
7-MC 500 88+17 157+16* *
7-MC 20 19+2 11+ 2*
(21.6) (7.0)
7-EC 500 247+34 228+17
7-EC 10 19+4 13+ 1
(7.7) (5.7)
7-PC 500 297+32 216+ B8**
7-PC 10 25+6 15+ 1
(8.4) (7.0)

Values are meant SEM (n=4).

Figures in brackets are the mean activities at 10 or 20uM (the
high affinity form) expressed as a percentage of the mean activity
at 500uM (the total activity).

AM values significantly different to IM values at *p < 0.05 or

**p < 0.01.



TABLE 4.3. ALKOXYCOUMARIN O-DELAKYLASE ACTIVITIES
IN HEPATOCYTES ISOLATED FROM ADULT MALE (AM) AND
ADULT FEMALE (AF) RATS.

SUBSTRATE ACTIVITY
CONCENTRATION (pmol min-1 mg-1)
(LM) AM AF
7-MC 500 157416 71£ 5 **
7MC 20 11+2 16+ 2
(7.0) (22.5)
7-EC 500 228+17 67+12% * *
7EC 10 131 16+ 1 *
(5.7) (23.9)
7-PC 500 215+ 8 40+ 6 ***
7PC 10 15+1 24+ 6
(7.0) (60.0)

Values are mean + SEM (n+4).

Figures in brackets are the mean activities at 10 or 20 pM (the high
affinity form) expressed as a percentage of the mean activity at 500 pM
(the total activity).

AF values significantly different to AM values at *p < 0.05; * *p < 0.01;
* ** p < 0.001.
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FROM IM, AM AND AF RATS. Values shown are the mean
maintenance values (n=4) with the ranges.

* AM significantly different to to IM, and AF significantly
different to AM values, p<0.05 (Mann-Whitney U-test).
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FIGURE 4,2, MAINTENANCE OF ECOD ACTIVITY IN
HEPATOCYTES CULTURED FOR 24 AND 72 HOURS
FROM IM, AM AND AF RATS, Values shown are the mean
maintenance values (n=4) with the ranges.

* AM significantly different to to IM, and AF significantly
different to AM values, p<0.05 (Mann-Whitney U-test).
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FROM IM, AM AND AF RATS, Values shown are the mean
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* AM significantly different to to IM, and AF significantly
different to AM values, p<0.05 (Mann-Whitney U-test).
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CHAPTER 5

I NDUCTI ON  CF ALKOXYCOUMARI N O DEALKYLASE ACTIVITIES IN VIVO AND IN
VI TRO _—

5.1 | NTRODUCTI ON

Many xenobiotics that are metabolised by cytochrone P450 |nduce
their own biotransformation and/or the nmetabolism of ot her
conpounds, endogenous and exogenous. This induction of P450
activity can have a profound effect on the metabolism and toxicity
of xenobiotics, since increased activation as well as increased
detoxification can occur. The different classes of inducer have

al ready been discussed in Chapter One.

Induction of hepatic P450s can be studied in nicrosomes and
hepatocytes isolated from animals that have been treated with
i nducers. The changes in P450 and its associated activities can be
easily measured in these systens. The alkoxycoumarin O-dealkylases
have been wused to Investigate Induction in vivo since the enzynmes
have different induction profiles. Mcrosomal MCOD activity
(measured at 500pM) is Induced by PB, and ECOD (at 500uM) by PB and
BNF (Matsubara et al ., 1983; Paterson et al.. 1984). This pattern
of induction has also been reported for total MXCD and ECOD
activities neasured in hepatocytes Isolated from animals Induced 1in

vivo with PB and BNF (Warren and Fry, 1988). Boobis et al. (1986)

showed that the total and high affinity conponents of mcrosonal
ECCD activity were differentially Induced by 3-MC, total ECOD

activity being induced 9-fold nore than the high affinity form PB
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induced the total and high affinity forns 5- and 2-fold
respectively. The differential Induction of the conponents of this
bi phasic activity is further evidence for the Involvenent of
multiple P450 forns, meking the alkoxycoumarins good substrate

markers for a range of hepatic P450 isozymes.

More recently, researchers have tried to Induce P450 activities in
cultured hepatocytes, wth little success in reproducing the
observed in vivo induction in the in vitro situation. The
induction in vitro of total EOCOD activity by 3-MC (and 3-MC-1ike
conpounds) has been demonstrated to be simlar to that seen in
vivo (Fry et al., 1980; Edwards et al., 1984), and the Induction
and expression of PA50IAl and A2 mRNAs in response to 3-MC in
cultured hepatocytes has also been reported (Silver and Krauter,
1988) . However, the anomal ous expression of P4501Al in wuntreated
and in PB-treated cultures has been noted by several workers (Fry et
ﬂ., 1980; Steward et al., 1985 Turner and Pitot, 1989). In
contrast to the situation in vivo, total MXD activity is not
induced by PB in hepatocyte cultures (Warren and Fry, 1988), and the
poor (and altered) response of P450 in culture to PBis now a well
recogni sed phenonenon (Edwards et al., 1984; Forster et _al., 1986).
Interestingly, it is known that seleniumdeficiency leads to a
reduced induction response to barbiturates (Burk and Masters, 1975),
although the reason for this is not known; it has also been reported
that selenium 1is necessary for PB induction of P450 in cultured

hepat ocytes (Engel mann et al., 1985).
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Although the two conponents of mcrosomal ECCD activity were shown

to be differentially induced by 3-MC and PB (Boobis et al., 1986),

only the induction of total MOOD activity has been reported,
(Mat subar a e=t=_i, 1983; Warren and Fry, 1988). Also, the previous
Induction in vitro study on MXOD and ECOD was perfornmed with
substrate concentrations of 500uM, representative only of the total
activity (Warren and Fry, 1988). Therefore, in this study, the ﬂ

vitro induction of both components of MOOD and ECCD activities by PB

and BNF was determined, and conpared to that measured in fresh
hepatocytes isolated from animls Induced in vivo. The effect of

Se on PB induction of MCCD activity in vitro was also investigated.

5.2 METHODS

5.2.1 Induction in vivo

Adult male Wstar rats (150g) were injected i.p. with PB (80 mgkg'l,
saline), BNF (80 ngkg" 1, oil of arachis), saline or oil of arachis,
once a day for 3 days. Hepat ocytes were then isolated by Iobe

perfusion, and alkoxycoumarin O deal kyl ase activities determined in
the freshly Isolated cells, as described in 2.10, except that
incubation wth substrate was for 5 minutes only (over which period
the production of 7-HC was linear in cells from inducer-treated

ani mal s).
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5.2.2 Induction in vitro

Hepat ocytes from untreated adult male rats (150g) were cultured for
72 hours, in WEC, in the presence or absence of inducer, which was
added after the 2 hour attachment period. Fresh nmedi um contai ning
i nducer was placed on the cells after 24 and 48 hours in culture.
After 72 hours, Odeal kylase activities were determned as described
in 2.10 except that incubation of Inducer-treated cultures with
500pM 7-EC was for 1 hour only. MOOD activity (at 500uM su bstrate
concentration) was also determined in PB-treated hepatocytes
cultured in WEC and WEC containing haem (1luM), ALA (200mM) and Se
(0.1uyM) as described in 3.2. PBwas used at 3.0nM (dissolved in
saline) and BNF at 50uM (dissolved in DWF). These concentrations
wer e ascertai ned, from initial experiments, to give nmaxi mal
Induction in the absence of any observable toxicity (before and
after incubation of the induced cells with substrate). Cul tured
hepatocytes were exposed to inducer for 3 days to conmpare directly

the induction in vitrowith that in vivo.

5.2.3 Expression of Results

0-Dealkylase activities are expressed as pnol 7-HC  mn" 1rrg
pr ot ei n"l, and induction of activity is expressed relative to the
control activity (which 1is given the value 1.0). Statistical

anal ysis was by use of t-tests and ANOVA, as appropriate.
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5.3 RESULTS

5.3.1 Induction in vivo

The viabilities and yields of the cell preparations fromthe groups

of treated rats were conpared. These values from a group of
untreated rats were also included in the conparison. The results
are presented in Table 5.1. There were no significant differences

in yield (as judged by ANOVA), although the yield from BNFtreated
rats was lower than in the other groups. There were also no
differences in wviability. The O deal kyl ase activities of the two
control groups, saline and oil of arachis treated, were conpared
with those obtained fromuntreated aninals (data from Table 4.3).
Again, there were no significant differences between the three
groups. Thus, treatnent of animals with Injection vehicle does not
affect these activities, the cells from vehicle-treated animals

being equivalent to untreated control aninmals (Table 5.2).

I nduction of activities

The activities determined in fresh cells isolated fromthe control

and inducer-treated groups are shown in Table 5.3 PB
significantly induced al four Odealkylase activities. Bot h
components of MOCD activity were Induced to the same extent in vivo
(6.8-and 6.0-fold relative to the saline controls). Hgh affinity
and total ECOD activities were induced 12.9- and 5.3-fold
respectively relative to saline controls. BNF-treatment

resulted in a non-significant Increase in MXOD activity (3.4- and
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1.8-fold Increases relative to oil-treated controls). However ,
there was a significant induction of both conponents of ECOD
activity: 8.4- and 8.7-fold increases over control. It should be
noted that sonme of the standard errors in these activities are quite
| arge, especially amongst the PB and BNF-treated groups. This degree
of wvariability ©probably reflects differences in the success of
admi ni stration of the i.p. injections in addition to

Inter-individual variation in response to the Inducers.

5.3.2 Induction in vitro

The activities determned in hepatocytes cultured for 72 hours in
the presence or absence of inducer are shown in Table 5.4, After
72 hours in culture, all the activities in the control cultures are
low, as expected fromthe data presented in Chapter Four, In the
PB-treated cultures there is a slight increase in MXOD activity but
this is only 1,5- to 2,5-fold relative to the control cultures.
There was a significant induction of ECOD activity in culture, the
Induction of total ECOD activity relative to control being 6.7, and
of the high affinity form 3.6. In BNF treated cultures there was a
slight Increase in MXOD activity (1.5- to 2.6-fold relative to
control) and a significant induction of ECOD. Induction of the high

affinity and total activity formwas 7.2- and 20-fold respectively

relative to control. The in vitro Induction data is summarised in
Table 5.5. As was observed with the in vivo induction, there is a
wide range of response to the Inducers. Since the -culture

conditions were wuniform this nust reflect either inter-individual
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variation in response which is retained in vitro, or differences in

the cell populations obtained fromthe isolation process.

5.3.3 Comparison of induction in vivo and in vitro

The induction of activity relative to control in vivo and in vitro
by PB and BNF is shown in Figures 5.1 and 5.2. It can be seen from
Figure 5.1 that PB Induction is blunted 1n vitro, with MXOD activity
being almst totally refractory to the Inducer, in contrast to the
situation in vivo. Only total ECCD activity is induced in vitro to

the same extent as in vivo. BN did not Induce MCCD in vivo or in
vitro (Figure 5.2). Induction of high affinity ECOD in vitro was
simlar to that seen in vivo whilst the induction of total ECOD in

vitro was much greater than that seen in vivo. Therefore, there

are not only differences between induction in culture and in vivo
with respect to the magnitude of the effect, but the pattern of

I ncrease of the four chosen activities is also altered.

5.3.4 Effect of seleniumon PB induction in vitro

Table 5.6 shows the effects of haem ALA and Se supplenentation of
WEC (i.e. WEC+H) on PB Induction of total MOOD activity. VEC+H was
used as the sole control nedium since MOCD activity in WEC and WEC+H

has already been denonstrated to be equivalent (3.3.1). Total MCOD

was chosen since it is the least well nmaintained, and nost
refractory to PB induction in culture. There was a nunerical, but
non-significant, induction (3.0-fold relative to control) of MCOD

activity in PB treated cultures. The magnitude of induction was
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greater than in the previous experinent (5.3.2), but whereas the
induction in 5.3.2 represents the nean of 5 animals, in this
experinent all the cultures used were derived fromthe same animal.
This result confirms the observations on heterogeneity of response
to Inducer in_vitro. Nevertheless, the increase is only 50% of
that seen in vivo, PB induction of MCOD activity in WEC+H was not
significantly different to that in WC (3,0- and 3,5-fold
respectively). Therefore, the presence of Se (haemand ALA) in the

medi um did not Inprove PB induction of MCOD in vitro,

5.4 DI SCUSSION

The pattern of MXOD and ECCD induction was as expected: PB Induced
both MCOD and ECOD, BNF induced only ECOD activity.  \hereas both
conponents of MCOD activity were induced to the same extent in vivo,
PB induced high affinity ECCD more than the total activity and BNF
Induced the total more than the high affinity form B\NF  al so
induced only ECCD activity in vitro. PBfailed to induce MGOD in
vitro although there was good induction of total ECOD activity, and
a nodest induction of the high affinity conponent. The Inclusion of
haem  ALA and Se in the culture mediumdid not inprove PB induction
of MCOD activity in vitro. This contrasts with the work of Engel mann
et al. (1985) in which induction of P450 content by PB was only
observed in medium containing exogenous haem and Se. However ,
these workers wused PB at a concentration of 1mM, which did not
Induce O-deal kylase activity in initial experiments performed in

this study. The Se may possibly be potentiating an effect at this
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| ower concentration of inducer. It is also possible that the Se is
increasing the total P450 Induced by PB, but that these P450s are
not PB-specific |sozymes. This would explain the lack of effect of
Se on PB Induction of MCOD activity, and would be consistent with

other work on PB induction in vitro

PB-i nduci bl e P450s have been reported previously to be refractory to
induction in hepatocyte culture (Forster et al., 1986; Warren and
Fry, 1988), but it also appears that the isozymes Induced by the

conpound in vivo and in vitro are different. Edwards et al. (1984)

determned that the proportion of PB-inducible P450s that could be
inhibited by metyrapone after in vitro induction was different to
that after in vivo Induction, suggesting that the populations of
P450 Induced in the two conditions were not identical. In 1985,

Myazaki et al. observed that although PB effectively arrested the

rate of decline of total P450 in hepatocyte cultures and preserved
the cell norphol ogy, the main Isozynme induced by PB, P45011Bl, was

not detectabl e immunochemically in the cultures.

Thus, the poor induction by PB in vitro is probably a function of
altered regulation. It is known that the transcription rates of
other PB-inducible proteins are different to that of P45011B1

(Hardwick et al., 1983a), however there have been no reports on the

induction in vitro of non-P450 PB-inducible proteins. It may be
that changes in the regulation of PB induction reflect alterations

in other factors necessary for PB-inducible gene expression
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Although no receptor for PB has been identified, it appears that

protein synthesis is essential for Induced expression of the CYP2B1

and CYP2B2 genes (Chianale et al., 1988), and the Involvenent of
trans-acting regulatory factors has been suggested. Alterations in
turnover/requlation of transcription factors in vitro could result

in reduced gene expression.

Al'though PB did not induce MCOD in vitro, ECOD activity was induced,
ECCD activity nust involve a different popul ation of isozymes, since
the activity is also induced by BNF, The Induction of ECCD by PB
my Involve PB Induction of BNF-inducible P450s, The anomal ous
expression of P4501Al in untreated and PB-treated cultures has been
reported previously and seens to be nmore marked in hornone-free
culture medium (Fry M_., 1980; Turner and Pitot, 1989). Al so,
good expression of both P4501 Al and 1A2 seenms to require serumfree
medi um It is therefore possible that these P450s are normally
repressed (e.g. by a hormone) but that this repression is disrupted
in vitro. Despite the unusual expression of P4501Al in control and

PB-treated cultures, the induction of BNF-inducible forns by BNF i

vitro is simlar to that seen in vivo.

It was suggested that the vanability in response to Inducer was a
resul t of i nter-individual variation and/or variation in
adm ni stration of inducer, these variations being retained on
placing hepatocytes into culture. However, it is also known that

hepatocyte heterogeneity exists with respect to distribution of P450
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I sozymes, as well as carbohydrate netabolism (Qunucio, 1989). The
perivenous hepatocytes (in the distal part of the [liver acinus)
contain nore PB-and 3-MC-inducible isozymes in the uninduced state
and whereas PB Induction predominates in perivenous hepatocytes
(Baron et al., 1981), 3-M Induction seems to predomnate in the
periportal regions (Tazawa et al., 1988). It has been shown that the
direction of liver perfusion during hepatocyte Isolation influences
the relative proportions of proximal and distal acinar hepatocytes
obtained in the final preparation (Qunucio et al., 1986). It s
possible then, that selective isolation and/or selective survival in
culture of hepatocytes wth different P450 isozyne profiles and
different nmetabolic activities may also be a factor in altered

inducibility of P450s in vitro

In summary, the induction of alkoxycoumarin O deal kyl ase activities
in vitro by PB and B\F was not representative of the induction
observed in vivo. It is likely that P450 induction in vivo wll
only be successfully reproduced in culture when the nechanisns of
induction are fully understood. However, in the neantime, an
alternative approach for studying induced P450s in hepatocyte
cultures would be to induce the isozymes in vivo, and then culture
hepatocytes from the treated animals. The feasibility of this 1is

investigated in the follow ng chapter
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TABLE 5.1. YIELD AND VIABILITY OF CELL PREPARATIONS FROM
UNTREATED AND INDUCER-TREATED ADULT MALE RATS.

GROUP YIELD PERCENTAGE
(million cells) VIABILITY

UNTREATED 44+ 3 92+ 1

SALINE 40+ 1 911

PB 46+ 4 91+ 2

OIL OF ARACHIS 45+16 9111

BNF 18+2 92+ 2

Values are mean = SEM (n=4).
ANOVA : no significant differences between the five groups.



TABLE 5.2. ALKOXYCOUMARIN O-DEALKYLASE ACTIVITIES
IN FRESHLY ISOLATED HEPATOCYTES FROM CONTROL GROUPS
OF ADULT MALE RATS.

SUBSTRATE ACTIVITY ( pmol min"Tmg-1)
CONCENTRATION UNTREATED SALINE OIL OF ARACHIS

(M)

7- MC 20 1142 8+2 13+ 1

7-MC 500 157+16 138+16 125+ 6

7-EC 10 13+1 9+2 17+ 1

7-EC 500 228+17 294+37 314+19

Values are mean + SEM (n=4).
ANOVA : no significant differences between the three groups.
Untreated group: data taken from Table 4.3.



TABLE 5.3. ALKOXYCOUMARIN O-DEALKYLASE ACTIVITIES IN
HEPATOCYTES ISOLATED FROM CONTROL AND INDUCER-
TREATED ADULT MALE RATS: INDUCTION IN VIVO.

SUBSTRATE ACTIVITY (pmol min""mg-1)
CONCENTRATION SALINE  PB OIL OF BNF

(M) ARACHIS

7-MC 20 8+3 54+ 11* 13+ 1 44+ 7

7-MC 500 138416 834+169* 125+ 6 219+ 34

7-EC 10 942 116+ 26* 17+ 1 143+ 21**

7-EC500 204437 1554+296* 314419 2740+208* *

Values are mean + SEM (n=4).

* PB significantly different to saline control p < 0.05;

* * BNF significantly different to oil of arachis control p < 0.05;
unpaired t-tests.



TABLE 5.4._ ALKOXYCOUMARIN O-DEALKYLASE ACTIVITIES
IN HEPATOCYTES CULTURED IN THE PRESENCE OF INDUCER:
INDUCTION IN VITRO.

SUBSTRATE ACTIVITY (pmol min"tmg-1)
CONCENTRATION PB CONTROL BNF
(LM)
7-MC 20 1.710.3 0.710.2 1.810.6
7-MC 500 11.012.0 7.311.0 12.013.0
7-EC 10 7.512.0 2.110.5* 14.013.0*
7-EC 500 110138 21.0+3.0* 3641112*

Values are mean +SEM (n=5, 7-MC; n=4, 7-EC).
* control significantly different to PB and BNF significantly different
to control p< 0.05; paired t-test.



TABLE 5.5. ACTIVITY AFTER INDUCTION IN VITRO RELATIVE
TO CONTROL.

SUBSTRATE RELATIVE INDUCTION
CONCENTRATION PB BNF

(uM)

7-MC 20 2.5(1.9-3.3) 2.6 (1.0-5.2)

7-MC 500 1.5(1.1-1.9) 15 (0.8-2.3)

7-EC 10 3.6(2.8-5.2) 7.2 (3.9-11.0)

7-EC 500 6.7(1.8-13.0) 20.0 (5.6-37.0)

Induced activity relative to control was determined for each animal and
the values above are the mean induced activities relative to control,
with ranges (n=4 or 5).

TABLE 5.6. EFFECT OF MEDIUM SUPPLEMENTATION ON PB
INDUCTION OF TOTAL MCOD ACTIVITY,

MEDIUM
WEC+H WEC PB WEC+H PB
pmol min"tmg1  12¢1 36+ 7 4213
relative induction 10 3.0 35

Values are mean + SEM (n=4 plates).
WEC PB not significantly different to WEC+H; WEC+H PB not significantly
different to WEC PB; paired t-test.



20 -

RELATIVE INDUCTION ] B NvivO
[J IN VITRO
15

20pM 500puM 1o0puM 500pM

Y 7-EC
M SUBSTRATE

FIGURE 5.1. INDUCTION OF MCOD AND ECOD ACTIVITIES BY PB
IN VIVO AND IN VITRO.Activities were determined in freshly isolated
cells from inducer-treated animals, or in hepatocytes cultured for 72
hours in the presence of inducer. Activities are expressed relative to the
control activity,i.e. from the untreated cells or animals.
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EIGURE 5.2. INDUCTION OF MCOD AND ECOD ACTIVITIES BY
BNF IN VIVO AND \N VITRO. Activities were determined in freshly
isolated cells from inducer-treated animals, or in hepatocytes cultured
for 72 hours in the presence of inducer. Activities are expressed relative
to the control activity,i.e. from the untreated cells or animals.
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CHAPTER 6

| NDUCTI ON OF P450 AND ENZYME
ACTIMITIES IN VIVO AND MAI NTENANCE
I N RAT HEPATCCYTE CULTURES
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CHAPTER 6
[ NDUCTI ON OF P450 AND ENZYME ACTIVITIES IN VIVO AND MAI NTENANCE | N
RAT HEPATCCYTE CULTURES
6.1 | NTRODUCTI ON
Exposure to Inducers of P450 can profoundly alter the metabolism and
toxicity of xenobiotics by altering the isozyme  popul ation.
Different 1sozymes have different substrate specificies, which is
reflected by the differential induction of an activity on exposure
to a range of Inducers (Ckuno et al., 1989). I't shouldv be
possible, therefore, to neasure enzyne activities selective for
different isozymes, resulting in an activity/isozyme profile for
each i nducer. This has been attenpted using stereospecific
hydroxylation products of testosterone (Darby et al., 1986), and the
deal kyl ation of a series of alkoxyresorufins (Burke et al., 1985),

nmeasured in nicrosones fromanimals treated with P450 inducers.

It was therefore decided to measure several enzyme activities which
it was hoped would prove to be selective for different Induced P450
| sozymes. This was done in hepatocytes Isolated from aninals
treated in vivo wth prototypic inducers of the main P450 gene
fam|ies. The inducers chosen were (3-naphthoflavone (BNF),
phenobarbitone (PB), isoniazid (1SO and dexanethasone (DEX) which
induce P450s in the IA, 1I1B, IIE and IIIA fam'-lies respectively.
Prospective selective substrates for the different induced isozymes
were chosen. M crosomal 7-ethoxyresorufin O-deethylation (ERCD) is

selectively induced by 3-MC and BN (Burke et al., 1985);
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benzphet ani ne demethylation (BzDV) has been reported to be catal ysed
by P45011B1 (Ryan et _al., 1979); p-nitrophenol hydroxylase (PNPH) is
induced in microsones from ethanol-fed rats (Reinke and Moyer,
1985), ethanol and isoniazid both inducing the sanme isozyne
(P450I1EL) in the rat (Ryan et _al., 1986), DEX and PCN both induce

the same mcrosomal P450 (Heuman et al., 1982), DEX being a better

[ nducer. The nacrolide antibiotics also induce this famly of
i sozynes, inducing their own metabolism at the sane time (Danan et
at., 1981; Watkins et al.. 1986), and therefore erythronycin

N-demethylation (EMDM) was chosen as the fourth enzyne activity.
The enzyme/activity profile for each inducer was then exam ned and

the maintenance of the activity profile in culture determnned.

6.2 METHODS

6.2.1 Aninals

Adult male rats (6-8 weeks old) were treated i.p. wth dexamet hasone
sodi um phosphate (100 m;;kg"1 in saline) for 4 days or BNF (80 m;;kg'1
in arachis oil) for 3 days. PB and 1SO (0.1% were adnministered in

v

drinking water for 5 and 10 days respectively.

6.2.2 Procedures

Hepatocytes were isolated by |lobe perfusion, and half of the final
cell  suspension was sonicated to give an honmogenate of fresh cells
as described in Chapter 2.8. The other half of the suspension was

plated out on "Prinmaria" dishes in WEC. After 24 hours in culture



- 122 -
the nonolayers were washed with saline and honogenates prepared.
PA50, protein content and enzyme activities were determined in

the cell honogenates as described in Chapter 2.11 - 2.13.

6.2.3 Presentation of results

Enzyme activities were calculated as nmol or pnol product min'1 ny
pr ot ei n"1 (the "activity") and as nmol or pnol product min'1 nnol
P450"1 (the "specific activity"). I nduction of activity relative

to control indicated the actual change in activity, whereas changes
in specific activity relative to control indicated the involvenent
of induced P450 Isozymes in the activity. Statistical analysis was
by ANOVA and Dunnett's tests for the induction of fresh activity
relative to control, and by use of paired t-tests for t he

mai nt enance dat a.

6.3 RESULTS

6.3.1 Induction of enzyme activities

Table 6.1 shows the P450 content and enzynme activities neasured in
honogenates from hepatocytes isolated fromuntreated and treated
adul t male rats. P450 content and BZDM activity were both
significantly Induced by PB, DEX and BNF but not by ISQO EMDM was
Increased by PB and DEX; PNPH was induced by PB, DEX and |ISO  EROD
was significantly Induced only by BNF. The 5,6-fold induction by
PB was not significant; this was probably because the 320-fold

i nduction of EROD by BNF, being so much greater than that by PB (and
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the other Inducers), weighted the Dunnett's test (by vyielding a

very high estimate of the residual nmean square value in the ANOVA).

Table 5.2 shows the specific enzyne activities. PB did not
significantly increase any of the specific activities, whereas DEX
significantly induced EMDM |1SO significantly induced PNPH and BNF

significantly Induced ERCD.

6.3.2 Induction relative to control
Figures 6.1 - 6.4 show the changes in P450 content, activity and

specific activity relative to those measured in untreated rats

(controls = 1.0).

PB (Figure 6.1a) induced BZDM EMM and ERCD activities to the same
ext ent as the P450 content (7.4-, 5.9-, 5.6- and 6.6-fold
respectively), and accordingly the relative specific activities
(RSA; Figure 6.1b) of these enzymes approximated to 1.0 (1.3, 0.8
and 0.8), In contrast, PNPH activity was Induced 2.4-fold byPB
although the RSA was only 0.3. The denethylase results agree with
mcrosomal data for the PB-inducible am nopyrine denethylase, in
that the activity was Induced to the sane extent as the P450 content
(Fry, 1981). Also, the induction of PNPH and ERCD determined here
from whole cell honogenates were simlar to the Inductions of the
same activities determined 1in mcrosones (1.7-fold induction of

PNPH, Reinke and Moyer, 1985; 6-fold induction of EROD, Burke et

al ., 1985).
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DEX (Figure 6.2) induced P450 and BZDM activity 5.6-fold, the RSA of
BZDM being 1.1, as seen with PB Induction. EMDOM activity was
i nduced 11.8-fold, whereas the RSA was 2.0. Thus, only half of the
observed induction of activity could be attributed to the increase
in total P450. However, this was the only activity measured that
was selectively induced by DEX; the RSA of PNPH and EROD were |ess

than 0. 6.

Only PNPH activity was increased by 1SO as seen in Figure 6.3
(7.4-fold increase, sinlar to the 6.1-fold increase observed in
m crosomes from ethanol-fed rats, Reinke and Moyer, 1985). The RSA
was 3.9, indicating selective induction of this activity, although
the total P450 content did not increase significantly after 1SO

treat ment.

ERCD was selectively Induced by BNF (Figure 6.4; RA 320, RSA 32),
and again, this was nmuch greater than the observed induction of P450

(9-fold). The RSAs of the other enzymes were |less than 0.6.

It would appear that BNF selectively Induced EROD, SO selectively
induced PNPH and DEX selectively induced EMDM whereas. PB induced

all three denethylase activities to nore or less the sane |evel.

6.3.3 Maintenance of activities in culture
The maintenance of the activities after 24 hours in culture, in

hepatocytes from untreated and treated animals is shown in Figures
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6.5-6.09. Activity at 24 hours relative to that of the fresh
cells (RA24) and relative specific activity at 24 hours (RSA24) are
both shown. An RA24 of 1.0 and an RSA24 greater than or equal to
1.0 for a particular enzyme indicates nmaintenance of that particular
activity and loss of total P450; an RAZ24 and an RSA24 |ess than 1.0
indicates a specific loss of activity whilst the bulk of the P450 is

mai nt ai ned.

In cultures fromuntreated rats (Figure 6.5) P450 content fell by
31% there was a selective loss of BZDM (RSA24 0.46) and a |oss of
ERCD activity. The loss of EROD in culture has been reported
previously (Gant et al., 1985), as has the loss of P450 and of

certain PB-inducible activities (Warren et al., 1985).

In cultures from PB-induced rats (Figure 6.6) there was a
significant loss of P450; there was a selective loss of EMM and

mai nt enance of BZDM in contrast to the control cultures.

In cultures from DEX-induced rats (Figure 6.7) the P450 content fell
by 43% and unlike the control cultures BZDMwas nmaintained, wth
total loss of PNPH and sone |oss of EMDM activity, although the RSA

was mai nt ai ned.

In cultures from ISOtreated aninmals (Figure 6.8) both P450 and ERCD
were maintained, as well as EMDM and PNPH activities; there was a

|oss of BZDM simlar to that seen in control cultures.
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In cultures fromBNFtreated animals (Figure 6.9) the P450 content

fell by 47% and EROD activity was selectively |ost. (However, ERCD

activity in these cultures was still 7-fold greater than that
measured in control cultures). The other activities were
mai nt ai ned.

In general, P450 declined by 30-50% in hepatocytes after 24 hours in
culture and EROD activity was the |east stable. The activities
selectively induced (as determned in the fresh cell honpgenates)
were maintained in culture over 24 hours, although sonme of the other

forns were |ost.

6.4 DI SCUSSI ON

The selective induction of enzyme activities was denmonstrated in
this study, using four of the prototypic P450 inducers. SO only
Induced PNPH activity and specific activity, BNF selectively induced
ERCD (i.e. increase in RA and RSA) and DEX selectively induced
ENMDM The Tlatter two inducers also increased at |east one other
enzynme activity, but not the relevant specific activity. PB, 1in
contrast, i nduced all the activities but was conpletely

non-sel ective (for the activities nmeasured in this study).

The fold-induction of specific activities by BNF, 1SO and DEX was
greater than the fold-induction of total P450 in each case, and
there are several explanations for these apparent discrepancies.

Firstly, a small increase in an isozyme with a high affinity for the
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substrate would increase the observed activity (especially at |ow
substrate concentrations), but if the total P450 was induced or
remai ned unchanged a very |ow RSA value would be obtained. This

could explain PB induction of PNPH, where the RA was 2,4 and the RSA

only 0,3, Secondly, a constitutive isozyme present at low |levels
could be dramatically Increased on induction, but still account for
a small proportion of the total P450: this could result in an RSA

value much higher than the increase in total P450, This probably
accounts for the induction of PNPH by SO The RA and RSA of this
Induced activity were 7,4 and 3,9 respectively, but, in contrast to
the other Inducers, there was no increase in the total P450 content.
O her workers have reported 6-fold inductions of P45011EL and PNPH
in the absence of any increase in the total mcrosomal P450 (Ryan et

al., 1985).

Wth respect to substrate specificity/affinity there were problens
associated with choice of substrate in this study. There was a
problem of specificity: PB did not significantly induce any RSA
val ue. However, this may reflect the limted nunber of enzyme
activities studied and/or the choice of activities e.g. t he
i nduction of pentoxyresorufin O dealkylase (PROD), as opposed to

BZzDM my be nore specifically induced by PB (Burke et al., 1985).

In addition to the choice of substrate, it has been shown recently
that DEX but not PON (pregnenolone-16d¢- carbonitrile) induces the

main PB-inducible fornms in addition to the P450III proteins (Nankung
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et al., 1988), and also that PB can Induce the CYP3AL gene (Nebert
and Conzal ez, 1987). Al so, PCN does not induce the PB-inducible
PRCD activity (Burke et al., 1985). This probably explains the
simlar inductions of EMOM and BZDM by PB and DEX. In this study DEX
was chosen over PCN because of its greater magnitude of induction.
However, in the [light of the work by Nankung et al. (1988) PCN
woul d appear to be a nore selective Inducer of the P450111 fanily.
It is also difficult to find selective substrates for this gene
famly that are relatively easy to assay. The macrolide
antibiotics such as triacetyloleandonycin and erythronycin can
present problens, since they are capable of binding to the
cytochrome formng an Inactive conplex (Danan et=_a1., 1981). For

this reason Nankung et al. (1988) attenpted to find alternative

substrates; separation of different testosterone metabolites by HPLC
was the nost successful assay that they tried, wth respect to

selectivity.

In general, the selectively Induced enzyne activities were
maintained for 24 hours in hepatocytes cultured from the treated
rats, although the total P450 content declined by 30-50% over this
time  period. This again denonstrated selective stability of

isozymic forns, in addition to selective induction.

In hepatocytes cultured from 1SOtreated animals, there was a
general nmintenance of both P450 and enzyne activities, although

there was selective |oss of BZDM (RA24 and RSA24 of less than 0.5),



- 129 -
simlar to that seen in cultures fromuntreated rats. In these
control cultures BZDMactivity declined by nore than 70% whereas
the total P450 fell by only 31% The other activities were
mai ntained in control cultures although there was sonme [oss of ERD
activity. This activity declined to some extent in all the
cultures studied (except those from|SOtreated animls), however,
constitutive BZDM appeared to be particularly labile in hepatocyte

culture, unlike the induced activity.

It therefore appears that the induced form of BZDM and al so induced
EMDM are not identical to the constitutive forns present in control

cultures. The induced EMDM was lost nore rapidly than the
constitutive form. This is consistent with the rapid degradation of
P450s Induced by DEX (Wtkins et al., 1986), In contrast, the BZDM
Induced by PB and DEX was maintained in culture for 24 hours,

whereas the constitutive activity was lost. It has been reported
that the main PB-inducible P450 in the liver, P450I1Bl has a high
specificity for BZDM and the 16x-hydroxylation of testosterone (Ryan
et al., 1979). This latter activity is catalysed by PA5011CI1 in
untreated rat liver (\Wxman et al., 1985). It is also possible
that the poor maintenance of constitutive BZDM reflects the poor
mai ntenance of  liver-specific |sozymes, especially in medium
containing serum (Enat, 1984). This has been discussed in detail in
previous chapters. I't would appear then, that induced P450I1B1/2
| sozymes can Dbe maintained in culture for 24 hours, and this also

suggests that the inability to detect PB-induction of P45011Bl/2 in
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vitro is an induction- mechani smdefect, not a maintenance problem

This study has shown that it is possible to use selective marker
activities to nonitor changes in Isozyme profile on induction

Induced activities can be nmaintained in cultured hepatocytes for 24
hours. It should be possible to extend this approach to other
Inducing agents, and also to conpare profiles from conpounds that
induce the same P450 |sozynmes. These diagnostic profiles could
then be wused to investigate new conpounds for their ability to

i nduce P450s.

SUMVARY

In the previous four chapters an hepatocyte culture system has been
defined and characterised with respect to maintenance of P450 and
its associated enzyme activities and the induction of t hese
activities. The conditions resulting in the best maintenance of a
range of activities seemto Involve hepatocytes from young adult
male rats, cultured for 24 hours in WEC nedium At this time
point, the P450 content is 50-70%that of the freshly isolated
cells, wth a range of enzyne activities being maintained at 70% or
more of the fresh activity. The liver specific forns appear to be
less well mmintained, so there are further nodifications that could
be made to this system including re-appraisal of the use of
serumcontai ning medium It is also possible to induce activities

in vivo and maintain themfor 24 hours in the cultured hepatocytes;
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this approach was nore successful than Induction in vitro. The next
chapter reports on investigations into P450-nediated toxicity using

this culture system
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FEIGURE 6.1. INDUCTION IN VIVO OF P450 AND ENZYME ACTIVITIES
BY PB. Each value is the mean activity (A), or mean specific activity (B)
measured in freshly isolated hepatocytes from treated animals relative

to that of the untreated animals.
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FIGURE 6.2. INDUCTION IN VIVO OF P450 AND ENZYME ACTIVITIES
BY DEX. Each value is the mean activity (A), or mean specific activity (B)
measured in freshly isolated hepatocytes from treated animals relative

to that of the untreated animals.
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EIGURE 6.3. INDUCTION IN VIVO OF P450 AND ENZYME ACTIVITIES
BY ISO. Each value is the meanactivity (A), or mean specific activity (B)
measured in freshly isolated hepatocytes from treated animals relative

to that of the untreated animals.
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EIGURE 6.4. INDUCTIONIN VIVO OF P450 AND ENZYME ACTIVITIES
BY BNF. Each value is the mean activity (A), or mean specific activity (B)
measured in freshly isolated hepatocytes from treated animals relative to
that of the untreated animals.
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FIGURE 6.5. MAINTENANCE OF P450 AND ENZYME ACTIVITIES
AT 24 HOURS IN HEPATOCYTES CULTURED FROM UNTREATED .
RATS. Each value is the mean activity (A), or mean specific activity (B),
with range, relative to the fresh cell value. * p<0.05, {paired t-test).
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EIGURE 6.6. MAINTENANCE OF P450 AND ENZYME ACTIVITIES

AT 24 HOURS

RATS. Each value is the mean
with range, relative to the fresh cell value. * p<0.05, (paired t-test).
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FIGURE 6.7. MAINTENANCE OF P450 AND ENZYME ACTIVITIES
AT 24 HOURS IN HEPATOCYTES CULTURED FROM DEX-TREATED
RATS. Each value is the mean activity (A), or mean specific activity (B),
with range, relative to the fresh cell value. * p<0.05, (paired t-test).
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FIGURE 6.8. MAINTENANCE OF P450 AND ENZYME ACTIVITIES
AT 24 HOURS IN HEPATOCYTES CULTURED FROM ISO-TREATED
RATS. Each value is the mean activity (A), or mean specific activity (B),
with range, relative to the fresh cell value. * p<0.05, (paired t-test).
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FIGURE 6.9. MAINTENANCE OF P450 AND ENZYME ACTIVITIES
AT 24 HOURS IN HEPATOCYTES CULTURED FROM BNF-TREATED
RATS. Each value is the mean activity (A), or mean specific activity (B),
with range, relative to the fresh cell value. * p<0.05, (paired t-test).
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CHAPTER 7
TOXI CI TY STUDIES IN CULTURED HEPATOCYTES

7.1 | NTRODUCTI ON

The wuse of in vitro systems for toxicity testing has been reviewed
in Chapter One. In recent years, increasing use has been nade of
hepatocyte cultures in the investigation of nechanisns of toxicity.
As outlined in Chapter One, cultured hepatocytes offer severa

advantages over other cellular and subcellular preparations for this
kind of study: they are intact cells containing both Phase I and Il
biotransformati on enzynmes that can be mintained in a defined
environment free from hormonal and ot her physiological influences;
they survive longer than hepatocyte suspensions and conprise a
metabolically stable cell population, also unlike suspensions. There
is evidence that freshly isolated cells and hepatocytes that are
Initially placed into culture are in a state of netabolic flux, wth
increased catabolism but that by 24 hours in culture the cells have
recovered from alterations in netabolism sustained during isolation

and have reached a nore stable state (Tanaka et al., 1978; L6bez et

al., 1988). It has also been reported that the toxicity observed
when hepatocytes are exposed to a toxic conmpound during the first 18
hours of culture is greater than when exposure is after 24 hours in
culture; there is also greater variability in the observed toxic

response (Tolmanet al., 1989). This is probably a reflection of a

het erogeneous cell population with respect to netabolic stability in

addition to changing P450 levels. Therefore, although the P450
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content has declined to 50-70%of the fresh |evel at 24 hours
(Chapter Six), in the studies described in this chapter the

hepatocytes were cultured for 24 hours prior to exposure to the

xenobi otic.
Cultured  hepatocytes have been wused in several different
toxicological investigations. | They have been used to assess the

role of netabolic activation in the toxicity of xenobiotics (e.g.
Acosta et al., 1987); to elucidate the tenporal relationships of
bi ochenical alterations (e.g. Long and Mbore, 1988; Berger et al.,
1989); to conpare the pattern of netabolites produced in vivo and in

vitro (e.g. MMnus et al., 1987), and to investigate carcinogen

activation (e.g. Butterworth et al., 1989).

There are also a nunber of methods available for assessing the toxic
effects  of xenobi ot i cs. Determination of plasma  nenbrane

perneability is often used as an indicator of cell viability, since

damaged nmenbranes wll allow access/egress of bulky, char ged
particles. These assays Include trypan blue exclusion, fluorescein
diacetate inclusion, ion |eakage and enzyne |eakage (Tyson and

G een, 1987; Cook and Mtchell, 1989). However, menbrane danage is

not always the Initial lesion and early toxicity can thus be
under est i mat ed. Al so, loss of menbrane integrity is disastrous for
the cell and therefore not particularly sensitive. Enzyme | eakage

assays are particularly vulnerable in this respect due to problens

of compartmentalisation, high |eakage in control sanples and
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inactivation of the enzyme by the toxin (Tyson and G een, 1987).
Al'so, |eakage does not account for cells that detach from the

monol ayer (Chao et al., 1988), unless there is sone assessnent of

latency.

O her indicators of toxicity are based on determination of cellular
function e.g. DNA or protein synthesis; urea synthesis; ATP content
or nitochondrial function (Tyson and Green, 1987; Cook and Mtchell,
1989) . However, not all of these are suitable for routine use with

large nunbers of sanples, and although the assay may involve

measurement of an intrinsic cellular activity, there may still be
wi de inter-individual variations in activity. In addition, there
are cell proliferation assays that assess colony formation and

plating efficiency (Cook and Mtchell, 1989) but these cannot be

used in static nonol ayer cultures.

There are also non-specific Indicators of cell injury which can
dermonstrate a potential for toxicity. These include cellular
glutat hione content and covalent binding (Tyson and G een, 1987).
The depletion of reduced glutathione is not cytotoxic in itself and
is usually reversible. However, a sustained depletion suggests
that normal cellular regeneration/synthesis nechanisns have been
i nhi bi t ed/ over whel med. Cell proteins can bind activated nmol ecul es,
and this covalent binding is used as a neasure of toxicity although
the exact relationship of cell death to covalent binding remains to

be established. It may be that the reactive netabolites bind to
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critical cell proteins i.e. enzymes, inhibiting their function.

The above are all used as indicators or neasures of cytotoxicity,
but do not distinguish per se between directly-acting toxins and
those that require metabolic activation by P450. The latter can be
denonstrated wusing PA50 inducers and inhibitors (Mtchell et al.,
1973) and by showing a dependence on the presence of cofactors in

m crosonal incubations (Garle and Fry, 1989).

In this study, the effect of seven hepatotoxins (thought to be
activated to toxic species by cytochrone P450) on hepatocyte
viability was determ ned, using mtochondrial function (MT
reduction) as the parameter of viability (2.5.2). The effect of
induction of P450-mediated activity on the toxicity of the conpounds
was also determned, by culturing hepatocytes from inducer-treated
animals, as for the study reported in the previous chapter. A
report on acetamnophen toxicity in cultured hepatocytes (Kyle et
a_]., 1989) utilised a simlar induction approach. The seven
compounds used, with sunmaries of the available information on their
hepatotoxicity are presented in Table 7. 1. In Chapter Five it was
shown that treatnment of hepatocyte cultures wth P450 inducers
resulted in reduced and altered Induction of enzyme activities,
relative to in vivo treatnent with inducers. This suggested that
in vitro induction would alter the observed toxicity of xenobiotics
to cultured hepatocytes, and so toxicity/viability assessnments were

made after induction in vitro and conpared to the results obtained

after induction in vivo.
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7.2 METHCDS

7.2.1 In vivo Induction, and toxicity

Hepatocytes were isolated fromuntreated, and PB or BNF-treated
young adult nmale rats and placed into culture. Hepat ocytes were
cultured on 24-well plates coated with collagen (as described in

Chapter 2.7.2) for 24 hours. Qultures were then exposed to WEC

containing the test chemcal, at various concentrations, for a
further 24 hours. The nunber of viable cells remaining was then
determned using the MT assay (2.5.2). In some experiments an

inhibitor of PA50-medlated activity, SKF525-A, was added at the same

time as the test chemical.

7.2.2 In vitro induction, and toxicity

Hepat ocytes were isolated fromuntreated male rats and cultured on
collagen-coated 24-well plates for 72 hours in the presence or
absence of inducer (3mM PB or 50uM BNF, as described in Chapter
5.2.2). Exposure to the test chemcal was for a further 24 hours

foll owed by assay of viability by MIT.

7.2.3 Addition of conpounds and inhibitors

Test chemcals were diluted into VEC from IM stock solutions in
et hanol (DVBO  for 6-thiopurlne and  SKF525-A). Sol vent
concentration did not exceed 0.1% Initial dose  response
experiments were performed with 0.1-10mM concentrations. However,

with the exception of 4-iponeanol (4-IP) and 2-nethylfuran (2-MF),
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ImM was found to be the maxinum working concentration due to
increased acidity of the nedium (VPA, 5-TP) or precipitation out of
the nedium (precocenes, BHT). Plate sealers were used with 2-M to
prevent possible loss due to volatility. However, simlar results
were obtained with plates incubated with or wthout the plate
sealers, so volatility was probably not an inportant consideration.
In sonme experinents SKF525-A was added to the cultures; the maxi mum

non-toxic concentration was found to be 10uM.

7.2.4 Cellular glutathione and toxicity

Cellular glutathione (GSH) was determned (as described in 2.16) in
hepatocytes cultured on "Prinaria" dishes. GSH content at
different time-points after exposure of 24 hour hepatocytes to
precocene |l  (PII) was determined, together with the viability,

measured by MIT reduction.

7.2.5 Analysis of results

Dose-response  curves for each conpound were derived from the
viability data. The percentage survival at each dose (or time
point) was plotted, and the concentration at which 50% of the cells
survived, the |D50, was determned fromthe curve. The |1D50 was
determined for each compound in cultures from at |east four aninals,
and the nmean + range quoted in the results. The range of 1D50
values gives an indication of inter-individual wvariability in
response, which is an inportant consideration in assessing toxicity

of xenobioti cs.
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7.3 RESULTS
Figures 7.1-7.7 show representative dose-response curves for each
compound, as determined in cultured hepatocytes from control, PB
and BNF-treated rats. Table 7.2 presents the nmean 1D50 value with

the range for each compound, in each condition.

7.3.1 Toxicity to hepatocytes fromcontrol rats

VPA, BHT, Pl and PI were all npbderately toxic to hepatocytes from
untreated rats (Figures 7.1-7.4 respectively) with nmean 1050 val ues
between 516-643uM. The 1D50 range determined for BHT was very
narrow (less than 100uM), with respect to the other three conpounds
(1D50 ranges around 300uM). Also, it can be seen from the dose
response curves that there was a sharp decrease in viability from 80
to 20% a difference of around 450uM with BHT, whereas with VPA and

the precocenes the same |oss occurred over a difference of 600-800uM.

6-TP and 2-MF were less toxic to control hepatocytes (Figures 7.5
and 7.6), the wviability at 1mM being around 40% the nean |D50
values being 720 and 800uM. 4-IPwas toxic to control hepatocytes

only at high concentrations (ID50 3.4m\).

7.3.2 Toxicity to cultures from inducer-treated rats
The seven conpounds fall into three groups with respect to the

effects of induction on toxicity.
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BHT and VPA

PB treatnment enhanced the toxicity of VPA and BHT to cultured
hepatocytes (Figures 7.1 and 7.2), the nean |1D50 values being 232
and 106pM respectively, with sinmilar ID50 ranges of around 200pM
(Table 7.2). However, the loss of viability from80 to 20% is nuch
steeper with BHT, a difference of only 150uM, as opposed to around
900uM with VPA B\F did not significantly alter the toxicity of
ei t her compound (as judged by 1D50) relative to the control
cul tures, the dose-response curves being very sinmilar in the

hepatocytes from control and BNF-treated rats.

Precocenes | and I

Both PB and BNF treatnment induced the toxicity of the precocenes to
cultured hepatocytes, PB having the nost marked effect (Figures 7.3
and 7.4, Table 7.2). BNF produced a five-fold and PB a 14-fold
increase in toxicity of precocene Il and a 29-fold Increase of

precocene | toxicity, with simlar I1D50 ranges.

6-TP, 2-M and 4-1P

These three conmpounds, that had mninmal toxicity in control
cultures, were all toxic to cultures from PB- and BNF-treated
ani mal s. 6-TP and 2-MF were the nost toxic to cultures from
PB-treated rats (Figures 7.5 and 7.6) with 10- and 25-fold Increases
in response respectively. BNF and PB had sinmilar effects on 4-1P

toxicity: 13 to 14-fold Increases with 1D50 val ues around 250uM.
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Table 7.3 summarises these results. Induction of P450 had the
least effect on VPA toxicity;, BHT toxicity was potentiated by PB
which narkedly increased the toxicities of the precocenes, 2-M
4-1P and 6-TP. BNF had the greatest effect on 4-1P toxicity wth

moderate effects on 2-M-, 6-TP and the precocenes.

7.3.3 Variability in observed toxicity

In addition to the wide range of D50 values obtained for VPA,  6-TP
and 2-M~, there was also variability in response of the cells to
these conpounds, in that concentrations up to 1lmM did not always
elicit a sufficient loss of viability for an 1D50 to be determ ned

In the control cultures this may be sinply because the conpounds are
only noderately toxic, the upper range of the ID50 being around 1mM.
However, this wvariability (i.e. toxic or not toxic) was also
observed in  hepatocytes from inducer-treated animals. The
practi cal consi derations  that could be responsible i ncl ude
instability of the conpound/stock solution, volatility of 2-M and
intrinsic inter-animal differences. Use of fresh dilutions of
fresh stock solutions had no effect on the observed variability, and
the plate sealers used with 2-M were judged to function adequately
since the gradation of any effect was uniform across the plate. In
any case, volatility was probably not crucial here, since incubation
without plate sealers gave sinmilar results to sealed plates. It
has already been observed that there are i nter-individual

differences in response to Inducers (Chapter Five), and this can

affect the extent of any toxicity that is due to netabolism For
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this reason it is Inportant to use hepatocytes from different
animals, and not replicate dishes fromsingle animals, in assessing
the extent of a conpound' s effects. However, VPA, 6-TP and 2-M~ are
all more markedly toxic to Induced aninmals, and a conplete lack of
effect in some cultures is sonewhat unexpected, and is unlikely to
be due to poor induction, in which case a reduced effect would be
more probable. Therefore the possible roles of other intrinsic

factors have to be consi dered.

7.3.4 Induction in vitro and toxicity

Table 7.4 conpares 1050 data fromthe in vivo induction experinments
with those observed after induction in vitro, for PII and 4-IP.
These conpounds were chosen since there were mnarked (and easily
reproduci bl e) changes in toxicity on induction in vivo. However,
after treatnent of hepatocytes in vitro with PB and BNF there was no
toxicity of 4-1P following PB, and only a slight increase due to
BNF. PB and BNF in vitro had similar effects on PII toxicity (nean
ID50 values of 463 and 459uM respectively), but this response was
much reduced conpared to that obtained with induction in vivo.
Also, no toxicity of PIl to control hepatocytes was observed. Thi s
is probably due to the decline in P450 over the 72 hour culture
period, and suggests that the toxicity to 24 hour hepatocytes is (in
part) P-450 nediated. This failure to Induce toxicity in vitro is at
| east consistent wth the failure to Induce P450 enzyne activities
in vitro (Chapter Five) and the observed decline in sone P450

activities in 72 hour cultures (Chapter Four).



- 144 -

7.3.5 Further studies with the precocenes

Figures 7.8 and 7.9 show the effects of SKF 525-A in wvitro upon
precocene-induced toxicity in hepatocytes from control and
PB-treated rats. SKF 525-A did not inhibit precocene Il toxicity
in control cultures, although there was a slight shift in the
precocene | D50 range: Table 7.5. However, in hepatocytes from
PB-treated rats there was a marked inhibition of PIl toxicity (a
4-fold Increase in ID50 - Table 7.5), but not of Pl toxicity. This
was rather wunusual, in that the reported effects of these two
conpounds are very simlar. A further preliminary experinment
showed that exposure of hepatocytes cultured from PB-treated aninals
to Pl resulted in a depletion of cellular glutathione that was
sustained over 24 hours, and which preceded the loss of «cellular

viability, as judged by MT reduction (Figure 7.10).

7.4 DI SCUSSI ON

The results presented in this chapter denonstrate that induction of
P450 in wvivo can potentiate the toxicity of conpounds in cultured
hepat ocyt es. A certain anount of Information on the extent and

degree of toxicity can be deternmined from the data.

BHT was noderately toxic to hepatocytes from control and BNF-treated
rats and PB significantly increased the toxicity. In al cases,
the dose-response curves fell steeply between 80 ands 20% viability.
This suggests that BHT nay have one or a few very specific sites of

toxic assaul t within the cell, and that once a critical
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concentration is achieved cell death occurs rapidly. It has been
reported that the cytotoxicity of BHT in control hepatocytes at
concentrations up to 750uM is not P450-nediated, but a direct effect
upon the mitochondria. There is a rapid loss of ATP, followed by
di ssipation of the menbrane potential (Thonpson and Mo]déﬁs, 1988) .
This would account for the narrow ID50 range in controls and the
steep dose-response curve (since mtochondrial function is vital for
cell survival). It would also Indicate that BHT toxicity has a
direct effect in hepatocytes on induction with BNF. PB increased
BHT toxicity in hepatocytes. This agrees with reported data on BHT:
that PB, but not 3-MC, increased the formation of a mcrosonal

BHT-GSH conjugate (Tajimaet al., 1985) and that PB increased serum

transam nase levels in vivo, in BHI-fed rats (Nakagawa, 1987).

VPA, 1like BHT, was also toxic to hepatocytes from PB-treated rats,
the toxicity in hepatocytes fromcontrol and BNF-treated rats being
very simlar. However, in contrast to BHT, the VPA dose-response
curves were nmuch flatter, the toxic effects being manifest over a
much w der range of concentrations. This probably reflects nore
variability in inter-cellular response, and/or nore than one site of
action of VPA It is thought that there are two major, conpeting
pat hways of VPA metabolism in the hepatocyte. VPA is metabolised
by P450 to an unsaturated metabolite,A 4-VPA, and this reaction 1s
Increased by PB in vitro (Rettie et al., 1988). A4-VPA can exist
as 2 enantiomers: the (R formis metabolised further by P450 to

4,5-dihydroxy-VPA- X -lactone, and the (S) formis netabolised by
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m t ochondri al [3-oxidation to a 3-oxo derivative which can then

i nhi bi t i 3-oxldation, production of the (R enantiomer bei ng

o~ ——

favoured (Porubek et al., 1989a). The Inhibition of ﬁ-oxidation
woul d eventually be toxic to the hepatocyte, and would explain the
observed steatosis in VPA-treated rats (Kesterson et al., 1984). VPA
and Al-lVPA have both been reported to be hepatotoxic, but the data
are confusing. PB-treatment increases the overall rate of
netabolism but not the ratio of enantioner production (Porubek et
51_., 1989a); PB does not Increase VPA or A4-VPA covalent binding in
hepat ocyt es, although clofibrate, an Inducer of fatty acid
oxi dation, does (Porubek et al., 1989b); the reported toxicity of
VPA and AQ'VPA to hepatocyte cultures is unconvincing on critical
eval uation of the presented data (Kingsleyet al., 1983). Thus, it
appears that the P450 systemis not solely responsible for VPA
toxicity (and may also be Involved in detoxification reactions) and
overal |, it is probably the balance of the effects of VPA
met abolites produced by (3- oxidation and P450 that deternmine the
toxicity, and that this dual effect accounts for the br oad
concentration range of the toxic effects and the resistance of sone
animal s/cell cultures to VPA In any case, the mixed in vitro data
obtained with VPA mrrors the in vitro situation with respect to
incidence of VPA toxicity and severity of effect, which would also
be consistent with the idea that some individuals my be

physiologically nore prone to VPA toxicity, especially in

conjunction with other drugs.
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6-TP al so gave sone conflicting results. Both PB and BNF increased
6-TP toxicity, although toxicity was not always observed. PB (but
not 3-MJ) has been reported to Increase the coval ent binding of 6-TP
to microsomal protein, although PB treatment decreases 6-TP coval ent
binding in vivo (Hyslop and Jardine, 198la; 1981b). The authors
suggest that this discrepancy is due to PB induction of conjugation

enzymes, which results in Increased detoxification in vivo, which

are absent in microsomal preparations. [f this is correct, then it
inplies that the Phase Il reactions are inhibited/less active in
hepatocyte cultures. It has been reported that UDP-giucuronyl

transferases and some of the glutathione transferases are reasonably
stable over 24-72 hours of hepatocyte culture, although there was a
rapid depletion of UDP-glucuronic acid (UDPGY) during isolation
(Groci and WIIliams, 1985; Gant and Hawksworth, 1986). This nmay

account for the in vivo/in vitro discrepancy in PB Induction of 6-TP

hepatotoxicity wth regard to the variability in the 6-TP results.
It is also possible that P450 is not the only enzyme system I nvol ved
in 6-TP metabolism A mgjor route of 6-TP transformation is via
xant hine oxidase to thiouric acid; however, a xanthine oxidase
inhibitor, allopurinol, did not inhibit the coval ent binding of 6-TP
(Hyslop and Jardine, 1981a). Al so, 6-TP contains several nitrogen
atons and a sul phur group, which would make it a good substrate for
the flavin nonoxygenase system (FMO), which predominantly forns N S
and P-oxides (Gbson and Skett, 1986). The FMO appears to be
fairly stable in hepatocyte cultures (Sherratt and Damani, 1989),

but conpared to the MMO, 1ittle work has been performed on the role
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of the FMO in drug netabolismand this nakes it difficult to assess

the relative contributions of the two systens.

4-1P and 2-MF both contain a furan group, which has been inplicated
in 4-1P toxicity (Boyd et al., 1983). Both PB and BNF |ncreased
the toxicity of these furans to cultured hepatocytes. 4-1P is
anal ogous to 6-TP in that PB increases the covalent binding of 4-IP
in mcrosomes, but invivo it is reduced (Boyd and Burka, 1978; Boyd
et al., 1978). Stat ham and Boyd (1982) reported the increased
urinary excretion of a 4-IP-glucuronide on PB induction in vivo, and
therefore, as suggested above, it may be a depletion of UDPGA in
cultured hepatocytes that accounts for the discrepancies in the in

vivo and in vitro data. The increased toxicity in vitro of 4-1P on

induction with BNF is consistent with the in vivo data. PB has
been shown to increase the covalent binding of 2-M in microsones,
whereas 3-MC did not (Ravindranath M_., 1985). This does not
agree with the results presented here although 2-M- has been shown

to deplete GSH in mcrosomes fromBNF-treated rats (Garle and Fry,

1989).

Both of the precocenes were toxic in control hepatocytes, induction
markedly increasing their toxicity. The bigger increase in
toxicity was wth PB. Precocene | has been shown to deplete GSH

in vivo and lead to an increase in serumtransam nase levels (Halpin

et al., 1984; Ravindranath et al., 1987). Both precocenes can

deplete GSH, 80-90% of the dose being rapidly conjugated with GSH
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(Foureman et al., 1989). PB has been shown to Increase, and

SKF525-A to decrease, covalent binding of PIl (Hsiaet al., 1981).

This agrees with the data presented here, that SKF525-A can inhibit
Pl toxicity, and that a sustained depletion of GSH precedes |oss of
cellular viability. That GSH depletion and loss of viability do
not occur concurrently, suggests that GSH depletion is one of the
first steps in the pathology of PII toxicity. Depletion of GSH is
not in [ tself toxi c; t he inability of t he cel | to
synt hesi ze/ regenerate GSH  however would be nore  serious.
Mai ntenance of GSH levels is linked to GSSG NADPH, NADH and ATP
| evel s. It would appear that whilst a toxic dose produces a
sustained GSH depletion, a non-toxic dose results in a transient
depl etion, which suggests that GSH depletion is an early reversible
event, not the cause of toxicity, and that some other biochenical
change can precipitate a sustained |oss of GSH e.g. NADPH depl etion,

inhibition of glutathione reductase.

Overall, the approach of in vivo Induction followed by hepatocyte
culture was successful 1in this study in detection of hepatotoxicity,
the results agreeing or conplenenting the in vivo and the mcrosonal
dat a. P450 Induction has been shown to increase toxicity in
culture, and inhibition of P450 was al so denonstrated. This nethod
of investigating the role of PA450-mediated toxicity of xenobiotics
is probably nore applicable to interaction and nechanism studies
rather than to screening of compounds of unknown toxicity, since at
present the system needs constant evaluation with respect to the

toxicity i nvivo.
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TABLE 7.1, REPORTED TOXIC EFFECTS OF THE COMPOUNDS USED
IN THIS STuDY1.

VALPROATE (VPA) anticonvulsant

in vivo steatosis * necrosis; inhibition of mitochondrial B—oxidationz;

increased covalent binding‘?’.
in vitro PB increases rate of metabolism; covalent binding of VPA
4

and A4-VPA to protein in cultured hepatocytes™.
BUTYLATED HYDROXYTOLUENE (BHT) antioxidant

in vivo necrosis; PB increases serum transaminase levelss.
in vitro PB increases formation of BHT-GSH conjugate;conjugate

formation inhibited by CO,metyrapone and SKF 525-AS.

PRECOCENE II (PIl) insecticide, from Ageratum houstonianum

in vivo centrilobular necrosis;
7

in vitro PB increases covalent binding; SKF 525-A inhibits covalent binding *
PRECOCENE | (PI) insecticide, from A. houstonianum
A y
in VIVO necrosis; GSH depletion; increases in serum transaminase levels .
in vitro PB increases rate of metabolism®.
6-THIOPURINE (6-TP) antineoplastic anqoimmunosuppressive
in vivo PB increases the covalent binding

in vitro PB increases, GSH and SKF 525-A inhibit, covalent binding

11

2-METHYLFURAN {2-MF) constituent of coffee and cigarette smoke
in vitro PB increases, piperonyl butoxide inhibits, covalent binding;

metabolism to acetylacrolein12.

4-IPOMEANOL (4-1P) from Ipomea batatas infected with Fusarium solanae

in vivo PB decreases covalent binding and Iethality13;

-

in vitro PB increases the covalent binding' ~.

1 in vivo: rat liver;in vitrorat hepatic microsomes, unless stated.

2 Kesterson et al., 1984

3 Porubek et al., 1989a 9 Halpin ef al,1984

4 porubek et al., 1989b 10 Hyslop and Jardine, 1981b

S Nakagawa,1987 1 Hyslop and Jardine, 1981a

6 Tajima et al.,, 1985 12 Ravindranath and Boyd, 1985
7 Hsia et a/.,1981 13 Boyd and Burka, 1978

8 Ravindranath et al., 1987 14 Boyd et a/., 1978



TABLE 7.2.
IN VITRO.

compound

VPA

BHT

Pl

Pl

6-TP

2-MF

4-1P

EFFECT OF INDUCTION IN VIVO ON TOXICITY

mean IDgq value with range (uM)

CON

643
447-708

516
468-537

550
437-794

546
447-708

720
501-794

800
668-944

3400
1400-6300

PB

232
100-281*

106
33-224*

40
16-60*

19
7.5-38*

76
10-251*

32
10-45*

243

178-316*

BNF

704
501-1000

447
422-473

124
56-300*

114
56-168*

134
30-141*

84
10-211*

259
96-335*

Values are mean 1Dggs, with ranges, determined from dose-response

curves for 4-7 animals.
* significantly different to control, Mann-Whitney U-test, p < 0.05.



TABLE 7.3. SUMMARY TABLE OF THE EFFECTS OF INDUCTION
IN VIVO ON TOXICITY IN VITRO.

compound CONTROL" pB2 BNF2
VPA | + 3 0.9
BHT + 5 1.2
PIl + 14 5.0
Pl + 29 - 5.0
6-TP - 10 5.0
2-MF - 25 9.0
4-1P - 13 14

1 indicates toxic (+) or non-toxic () to control cells.

2 fold-induction of toxicity over control (control value = 1.0).
Values greater than 1.0 represent an induction of toxicity,
which is a decrease in IDgg.



TABLE 7.4. THE EFFECTS OF IN VIVO AND IN VITRO
INDUCTION ON THE TOXICITY OF PRECOCENE II AND
4-IPOMEANOL TO CULTURED RAT HEPATOCYTES.

condition

4-IPOMEANOL
CON

PB

BNF

PRECOCENEII
CON

PB

BNF

mean IDggq and range (uM)

in Vivo

3400

1400-6300

243
178-316

259

96-335

550

237-794

40
16-60

124
56-300

in vitre?

>1000

>1000

848
708-944

>1000

463
355-562

459
300-562

Each value is the mean 1Dgq and range of 3-5 animals.



TABLE 7.5. EFFECT OF SKF 525-A ON THE TOXICITY OF
PRECOCENE | AND Il IN HEPATOCYTES FROM CONTROL
AND PB-TREATED RATS.

condition mean [Dgqg and range (uM)
-SKF 525-A . +SKF 525-A

Pl QN 546 767
447-708 708-841

PB 39 69

4-71 56-89

Pl CON 550 701
237-794 525-708

PB 57 234
33-75 178-300*

* range is significantly different to control, p<0.05 Mann-Whitney
U-test.The values are the mean IDgq values determined for 4

animals,the toxicity in the presence and absence of inhibitor
being determined in cells from each animal.



FIGURES 7.1-7.7.Hepatocvtes were isolated from control and

inducer-treated animals and maintained in culture for 24 hours
prior to exposure to the test compound. In the following figures
the data presented are from individual, but representative rats.
The mean IDsq values are shown in Table 7.2.
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FIGURE 7.1. REPRESENTATIVE DOSE-RESPONSE
CURVES FOR VALPROIC ACID.



% viability 120
1 —®— CON
100 ' —o— pB
—%____BNF
80
60 ~
40
)
20-
o T ¥ M L v 1 N L
0 1 2 3 4
Iog[BHT],YM
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FIGURES 7.8 AND 7.9. Hepatocytes were cultured from control
and PB-treated rats. After 24 hours the cells were exposed to PII
+ SKF-525A (10uM). The curves shown are from individual, but
representative rats. Mean 1Dgq values are presented in

Table 7.5.
0 L _
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FIGURE 7.8. EFFECT OF SKF-525A ON THE TOXICITY
OF PRECOCENE Il TO CULTURED HEPATOCYTES.
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120

* VIABILITY
% of control value 7
100 4 « GH
]
80 4
60
40
.
20 -
0 L e i | S R i : [
0 4 8 12 16 20 24
time (h)

FIGURE 7.10. TIME COURSE OF GLUTATHIONE
DEPLETION AND LOSS OF VIABILITY ON EXPOSURE
TO PRECOCENE Il. Hepatocytes were cultured from
PB-treated rats and exposed to 100uM precocene |I.
Values are mean trange of 4 animals.
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CHAPTER 8

GENERAL DI SCUSSI ON

The aims of this Investigation were to develop and characterise a
system for the use of r at cul tured hepat ocyt es in
metabolism-mediated toxicity studies. This necessitates conditions
in which constitutive P450 levels/activities can be mmintained, and
in which the in vivo induction of P450 isozynes can be reproduced.
Initial studies were performed on the kinetics of alkoxycoumarin
O deal kyl ase activities to confirmthe biphasic nature of these
activities and to determne their maintenance in cultured
hepat ocyt es. These enzymes were chosen as indicators of P450
activity because they are biphasic, the separate conponents
representing different populations of P450 isozymes (Chapter 2.10).
The results of these preliminary experinents indicated that although
both MCOD and EOCXD activities were biphasic 1in freshly isolated
hepat ocytes, MCOD activity became nmonophasic in hepatocytes cul tured
for 24 hours, wth conplete loss of the high affinity form the
mai nt enance of the other activities was poor: 55%or less of the
fresh cell activities. The medi um used was WIIians' Medi um E,
devel oped specially for hepatocyte culture (WIlianms and Gunn,
1974), suppl enented further wth insulin, dexanet hasone  and
ni coti nam de. This medium (VWEC) has been shown to attenuate the

| oss of PA450 activities in primary culture (Warren and Fry, 1985).

The studies conprising this investigation were concerned initially

with inproving the maintenance of P450 activities: the effects of



- 153 -
further supplenentation of culture medium and the influence of the
age and sex of the hepatocyte donor animal were determnned
Subsequent experinents conpared induction in vitro to that seen in
)ﬂ)ﬁ} and the maintenance of induced enzynme activities was also
ascertai ned. Finally, the metabolic activation of seven known
hepat ot oxins was investigated in the rat hepatocyte cultures, under

the previously defined conditions.

8.1 AGE AND SEX OF HEPATOCYTE DONOR  P450- DEPENDENT ACTIVI TIES AND
MAI NTENANCE

It was suggested in Chapter Three that the nmaintenance of three of
the four alkoxycoumarin O deal kylase activities at 70% or nore of
their fresh activities (in contrast to the results of the initial
ki netic experiments, in which none of the activities were
mai ntai ned) was due to the increased age of the donor animals. The

results presented in Chapter Four confirmed this suggestion.

There were differences in fresh cell activities between immture and
adult male rats and between nale and fenale rats, with respect to
MCOD and PCOD activities, i ndi cating t hat there are
developmental/gender differences in the P450-isozyme conplement
and/or the regulation of these activities. The low affinity form
of PCCD activity, which is absent in adult female rats, appears to
correspond to the male-specific, steroid 6ﬁ3-hydr0xy1ase activity,
with total MOOD activity displaying an adult male-specific conponent
(Chapter Four). It is thought that these age and sex differences

in P450 metabolism are due to the effects of hornmones, especially
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growth  hormone  (and possibly the thyroid hormones), on the
hepat ocyt e. These differential hornonal effects may also be |inked
with t he | ower PA450-reductase levels in female rats, whi ch

Influences the rate of metabolism (Skett, 1988; Waxman et al., 1989).

The differences in metabolism extend to maintenance in primary
culture. A1l the activities neasured were maintained at higher
Tevels in hepatocytes cultured for 24 hours from adult male rats
with all 3 alkoxycoumarin O deal kyl ase activities remaining biphasic
in culture. Overall, this selectivity for adult male rats was | ost
by 72 hours in culture; only the high affinity forns of ECOD and
PCOD were maintained at this tine point. This is consistent with
the proposal that P450 activities are maintained in hepatocytes from
adult nmales because of the reported predom nance of slow turnover

P450s, conpared to females and Inmature males (Levin et al., 1975).

It was also observed that the least well maintained activities were
those for which developnental regulation, and therefore hornonal
regul ation, was indicated, which inplies that these P450s are the

rapid turnover forms described previously (Chapter 4.4).

Thus, although a range of P450-dependent activities were naintained
better in hepatocytes from adult male rats, the differences in
hepatic P450 netabolism and maintenance due to age and gender
demonstrated here are inportant er se, not only in mking
inter-laboratory data  conparisons  but also in assessing

inter-individual susceptibility to iatrogenic hepatic injury. | t
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is often assuned that the observed sex differences in drug
met abolism in the laboratory rat have little relevance to Man, where
sex differences are |ess marked. It is possible though that it is
just nore difficult to denonstrate any differences in Man, due to
the Influences of many varied exogenous factors. However, it is
wel | - known that neonates and young children (as well as the elderly)
are nore susceptible to drug-induced toxicity than adults (Hurwitz,

1969; Mirkin, 1970).

8.2 DI FFERENTI AL MAI NTENANCE OF P450 ACTIVITIES IN CULTURE

As described above, there was a selective loss of P450-dependent
O deal kyl ase activities in hepatocytes cultured for 24 hours. In
Chapter Six it was shown that this selectivity in maintenance
extends to other enzyne activities. In control cultures the tota

P450 fell by 31% but EMDM and PNPH activities were well maintained
over 24 hours, and EROD activity declined slightly. However, there
was a 54%Iloss of BZDM activity. In this respect BZDMis simlar
to total MCCD and PCCD activities in that it is poorly maintained in
culture. I nduced enzyme activities, however, were well maintained

for 24 hours.

It was suggested in the preceding section, and in Chapter Four, that
it is the developmentally/hormonally regul ated P450s that are the
most susceptible to decline in culture, possibly because they are
fast turnover forms of P450. It was al so suggested that the |oss

of these forms in culture could be a result of suppression of
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synthesis due to the presence of hornones in the serumthat is added

to the nedium (Chapter 4.4). Foetal calf serum contains
significant, but also variable amunts, of growh hormone and
thyroid hormones (and al so androgens and oestrogens) which are known
to have inportant regulatory effects on hepatic P450, e.g. growh
hormone and tri-iodothyronine have both been shown to suppress the
mal e-specific 6[:3-hydroxy1ase (Yamazoe et _al., 1989). Qher workers
have reported the expression of 1liver-specific P450s in vitro, only
in medium lacking serume.g. P4501 A2 (Silver and Krauter, 1988).
The presence of serum could effectively 'fenminise' the P450
metabolism of the hepatocytes, in a nmanner simlar to that seen with
growth hornone supplementation (Guzelianet al., 1988). Serum is
routinely Incorporated into cell culture medium since nmost cell
types, including hepatocytes do not attach and/or grow well without
it. However, it now appears that 'blanket' addition of hornones to
culture medium in the formof serum nmay be responsible for at
| east sone of the alterations in phenotype observed on placing cells
into culture. In order to maintain constitutive expression in
vitro it my be nece‘ssary to replace serumcontaining nedia wth
hormonally-defined nedia. The devel opnment of appropriate media wll
be facilitated by further research into the hornonal regulation of

the different P450 isozynes.

8.3 EFFECT OF EXOGENOUS HAEM ON MAI NTENANCE OF P450
Addi tion of exogenous haem ALA and Se did not affect the

mai ntenance of alkoxycoumarin O deal kyl ase activities in primary
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culture (Chapter Three). Engel mann et al. (1985 reported a
mai nt enance of total P450 in nedi um suppl enented with haem ALA and
Se, but they did not measure any P450-dependent activities. In their
unsuppl emented cultures, the P450 content fell to 75%of the fresh
cell value, equivalent to the P450 level reported in Chapter Six of
this study (70%of Initial levels in control cultures at 24 hours).

However, although the effect of haem-supplemented medium on total

P450 Ilevels was not determined in Chapter Three, it did not prevent
the selective loss of MCOD activity in culture. Thi s suggests that
exogenous haem may boost total P450 levels, but that this masks

alterations in the isozyne popul ation.

Engelmann et al. also reported that haem ALA and particularly Se
were essential for induction of P450 by PB in vitro. Again, they
measured total P450 content. In an experinent reported in Chapter
Five, no induction of total MXOD activity by PB was observed in
vitro, in nmediumcontaining haem ALA and Se, whereas this activity
is induced 6-fold by PB in vivo. The Induction of total P450 by PB
in vitro was not neasured. Therefore, it seems that although haem
ALA and Se nay increase PB induction of total P450 in vitro, this is
not necessarily an Increase in PB-specific isozynes. This also
Infers that determnation of total P450 levels, in the absence of
any activity and/or inmnochemcal data, is not particularly
informative. The results presented in Chapters Three and Five
suggest that a reduced haem supply does not «contribute to the
selective loss of P450 activity and Inducibility seen in primry

culture.
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8.4 | NDUCTI ON OF P450: METABOLISM AND TOXICITY

a. Induction in vivo

In Chapters Five, Six and Seven the induction of P450 and its
effects on netabolismand toxicity were investigated. I nduction of
the different fanilies and subfamilies of P450 was denonstrated
using four enzyne activities (Chapter Six). DEX 1SO and BNF each
produced a characteristically different profile of enzyne activities
in hepatocytes isolated fromrats treated in vivo, wth specific
Induction of EMDM PNPH and ERCD respectively. PB, lhomeven
i nduced all the chosen activities to some extent. The
non-selectivity of PB in this study was probably related to the
choice of substrates and/or inducers, as discussed in Chapter 6.4.
This approach should be refined and extended to other inducers (and
in the case of PB, other enzyne activities) to obtain diagnostic
profiles for the different <classes of inducer (and possibly
different inhibitors) which could be a wuseful tool in drug
devel opment for the prediction of possible drug interactions, as

well as identification of novel inducers/inhibitors.

The selective induction of P450 activities by different inducers
indicates the involvement of specific isozynes. These Induced
Isozynes may be responsible for changes in toxicity due to
met abol i sm The potential in vitro toxicity of seven conpounds,
reported to be hepatotoxic, after induction in vivo with PB and BN
was also investigated (Chapter Seven). O the four compounds that

were toxic to hepatocytes cultured fromuntreated rats, tw were
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more toxic to hepatocytes fromPB-treated rats and two were .more
toxic to hepatocytes fromPB- and BNF-treated rats. Treatnment with
each inducer produced significant toxicity in vitro with the three
remai ning conpounds, which were judged to be relatively non-toxic to
cultures from untreated rats. Overall, the results of the study
reported in Chapter Seven agreed well with available literature data
on the seven conpounds, although there were sone discrepancies,
particularly with respect to the in vivo data where involvenent of
non P450-nedi ated metabolism, Including Phase || metabolism, has
been inplicated as a determining factor in the toxic response. I't
was observed in Chapter Seven that for sone conpounds there were
large variations in response of the «cultured hepatocytes from
individual aninmals (e.g. VPA), and for other compounds there was
very little wvariation (e.g. BHT, in hepatocytes from control and
BNF-treated aninmals). This is not necessarily a problem since
inter-individual variability in response to inducers and drugs is an
i mportant consideration in metabolismand toxicity studies. If the
variability can be reproduced in_ vitro, the source of t he
variability can be elucidated, whether it be due to P450 isozyne
content (which varies with age, sex, Induction etc.) or conpeting
P450 and internediary metabolic pathways (VPA). Induction can also
affect Phase Il metabolism which can Influence the fate of products
of P450 netabolism (e.g. the effect of glucuronidation on 4-IP
toxicity). This study has shown that toxicity observed in_vivo
can be reproduced in an in vivo induction-hepatocyte culture system

and indicates that, despite the problens that remain to be resolved,
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hepatocyte <cultures do have an inportant role in toxicological
st udi es, particularly in mechanistic studies which are very

difficult to performin vivo.

b. Induction in vitro

Unfortunately, attenpts to induce both P450-dependent activities and
P450- medlated toxicity in culture, were unsuccessful. There were
qualitative and quantitative differences on admnistration of PB and
BNF in wvitro. BNF  did Induce ECOD activity in vitro, but the
induction of total ECOD activity was greater than that observed in
vivo (Chapter Five). In contrast, with the exception of total ECCD
activity, Induction of activities by PB in vitro was very poor.
This suggests that whereas the high affinity conponent conprises PB-
and BNF-inducible forns the isozymes Involved in total ECCD activity
may be BNF-inducible forns that can also be Induced by PB in vitro.
This would explain why total ECOD activity was the only activity
induced by PB in vitro. In Chapter Six it was shown that BZDM and
ERCD activities were induced by PB in vivo to the sane extent
(around 7- and 6-fold) but BNF only induced EROD activity. This is
also consistent with the existence of PB- and BNF-specific isozynes,

in addition to BNF-inducible |Isozynmes that also respond to PB i

vitro. It has been reported that P4501 Al, the major BNF-inducible
| sozyme, increased in untreated hepatocyte primry cultures and that

PB Induced this formfurther (Turner et al., 1988; Chapter 5.4).
Ther ef or e, an increase in P4501 Al basal levels coupled with P4501 Al

responsiveness to PB in culture, could account for PB I|nduction
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of total ECOD activity in vitro in the absence of MZOD induction by
PB, and also for the increase in BNF induction of total ECOD
activity in vitro over that seen in vivo. Al so, constitutive EROD

activity my be inducible by PB whereas P4501A1 induced in vivo

is not.

In addition to the anonal ous induction of P4501 Al in culture, it is
now known that, although total P450 can be induced in culture by PB,
there is no specific induction of P45011B1/2. Thus, the regulation
of PB induction in vitro appears to fail. New evi dence is being
accunul ated on regulation of PB induction: the hepatic |levels of
P45011B1 and 2 <can be suppressed by growh hornone and by
tri-iodothyronine (Yamazoe et al., 1989); phosphorylation of
PB-i nduci bl e P450s inhibits their activity, and phosphorylation via
CAWP is under hormonal control (Bartlomowicz et al., 1989; Koch and
Waxman, 1989). It may be that, like the reduced expression of
constitutive, Tiver-specific P450s in serumcontaining nedium the
induction of P450s II1Bl and 2 is suppressed by serum Anot her
factor could be altered regulation of transcription in vitro. The
initial decrease of protein synthesis in vitro (Tanaka et al., 1978)
may affect synthesis of transcription factors necessary for PB
i nducti on. Al so, as discussed in Chapter Five, there appear to be
intrinsic differences within the hepatocyte population with respect
to induction, and these differences are retained in cul ture

(Gunucio, 1989; Bars etal., 1989).
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Anot her problem with induction in vitro is that cultures nmust be
exposed to inducer for several days, over which tinme period the
t ot al P450 is declining. This leads to reduced nmetabolic, toxic
and Induction responses. In Chapter Seven, Induction in vitro was
Investigated for precocene Il and 4-1poneanol. However, in
contrast to 24 hour control hepatocytes, PIl was not toxic to the 72

hour control cells.

8.5 TOXICITY STUDIES IN VI TRO

Some of the problens associated with the use of cultured hepatocytes
for met aboli sm studies have been discussed in the preceding
sections. It is clear, then, that careful thought nust be given to
the devel opnent of protocols for the investigation of toxicity in

vitro.

The ~choice of time in culture prior to exposure to xenobiotic is a
crucial decision, since the nmetabolic stability of the cells must be
bal anced against the decline in P450. In this study, hepatocytes
were cultured for 24 hours prior to exposure to allow for recovery
from the isolation procedure and the establishment of a honpbgeneous
cell  popul ation. By 24 hours, all the viable cells have flattened
onto the dish, and other workers have suggested that the cells are
in a metabolically stable state (Tanawa et al., 1978; LSpez et al.,

1988) .
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It was also clear fromthe results presented in Chapters Five, Six
and Seven that inter-individual differences in toxicity and response
to inducers persist in primary culture. This inplies that cells
from a nunber of animals should be used, rather than many cultures
from the same animal, to assess the toxic effects of xenobiotics and
particularly the effects of Induction on toxicity. This 1is less
[ mportant, however, in nore mechanistic studies. It is also nore
Informative to present the results as a range of |1D50 values or

| D30-50-70 values rather than a single nunerical value

The toxicity results presented in Chapter Seven agree well with
other literature data on the seven conpounds used in this study,
whi ch suggests that an in vivo Induction-hepatocyte culture approach
is potentially very useful for the Investigation of the role of P450
in hepatotoxicity, particularly since many aspects of cell function

can be assessed concurrently e.g. viability and cellular glutathione

8.6 GENERAL CONCLUSI ONS

This study has shown that it is possible to use cultured hepatocytes
in netabolismand toxicity studies. It has been shown that:

- a range of P450 activities , both constitutive and induced

can be mmintained at high levels in hepatocytes cultured for 24
hours .

- differences in P450 activity and in maintenance of these

activities with age and sex of hepatocyte donor exist.
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- P450 activities are mmintained better in hepatocytes cultured from
adult male rats.
- P450 activities can be used to profile the different classes of
I nducer.
- induction in vivo coupled with hepatocyte culture is a useful
approach for investigating metabolism-mediated toxicity.

- toxicity in vivo can be reproduced in an hepatocyte culture system

The main problens that were identified Involve the behaviour of
hepatocytes in culture, and the alterations in phenotype that occur.
One of the nmost inportant issues that nust be addressed is the
ef fect of the wvariable (and often unphysiological) levels of
hornones that are added to culture medium in the formof serum A
more  rational use of hormonally-defined nmedia nmay enhance
mai ntenance of developmentally regulated forns, in addition to
improving both the overall naintenance of the constitutive P450
population in_ vitro and induction of P450s in vivo. Also, P450
metabolism in vVitro cannot bhe i nvesti gat ed in i sol ation,
particularly wth respect to its role in toxicity. This becane
clear fromthe results presented in Chapter Seven, in which sone of
the discrepancies with the in vivo data may be due to alterations in
Phase |l metabolism in vitro. Less is known about the behaviour
of non-MFO enzyme systens in hepatocyte culture e.g. Phase Il
net abolism  FMO. The balance of the activities of all these
systens is crucial in determning whether a conmpound is detoxified

or activated.
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Overall, cultured hepatocytes would seemto have a useful role to
play in the investigation of metabolism-mediated toxicity, in the
evaluation of potential and actual toxicity, and, particularly, in
el ucidation of nechanisns of hepatotoxicity. Further research into
the regulation of P450 Induction and of hepatic nmetabolism in
general should greatly enhance the devel opnent of a culture system
which mrrors the situation in vivo. Meanwhi I e; nuch information
can be obtained by the use of carefully planned studies wth due
consideration of the present Ilimtations governing the use of

primary hepatocyte cultures.
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