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ABSTRACT

Isolated hepatocytes are being increasingly used in drug metabolism
studies since they possess many of the attributes of both in vitrg and in
vivo systems. This paper reviews recent work on this use of isolated
hepatocytes, with particular emphasis on their value in the study of (a)
species and organ differences in xenobiotic metabolism, (b) the relation
of metabolism to toxicity and (c) the balance of Phase I/Phase II meta-
bolism. .

INTRODUCTION

A major feature of the in vivo metabolism of most drugs and other
xenobiotics is the wide range of metabolites that are produced. As our
knowledge of the mechanisms underlying the reactions involved in
these metabolic pathways has increased considerably over the last twen-
ty years, largely by use of homogenate fractions obtained from liver
(the major site of metabolism) and other organs, so a need has arisen to
“synthesize” this knowledge to investigate the factors involved in con-
trol of these various metabolic pathways and also to assay the response
of the intact cell to metabolites produced from these xenobiotics. It is
in these areas that the isolated hepatocyte system is a particularly useful
tool, as it combines both the inherent simplicity of all in vitro systems
and the ability to produce the range of metabolites normally produced
in vivo, at levels of cofactors that approximate to those found in vivo
/1/. In this respect the isolated hepatocyte model serves as a useful
“halfway house” between the homogenate fractions on the one hand
and the in vivo state on the other hand.

The first generally-accepted technique for the routine isolation of
viable mammalian hepatocytes was that of Howard and Pesch /2/ which
involved dissociation of rat liver slices with a mixture of the proteolytic
enzymes, collagenase and hyaluronidase. Subsequently, this technique
has been improved upon by a number of workers, usually by the incor-
poration of a perfusion stage to increase the cell yield /3, 4/, and the
cells isolated by this basic enzyme dissociation technique have been
used in an extremely wide range of biochemical studies /1/.

More recently, the isolated hepatocyte system has found increasing
use in drug metabolism studies. This paper will largely review these
studies published between 1977-1981 and, as such, is complementary
to a previous review by this author which covered published studies up
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to 1977 /1/. This review will be confined to xenobiotic metabolism in
freshly-isolated hepatocytes and will not cover metabolism in -cultured
isolated hepatocytes. The practical aspects of hepatocyte isolation and
of incubation techniques have recently been reviewed by this author /5/
and thus will not be discussed in this review.

REACTIONS STUDIED IN ISOLATED HEPATOCYTES

An extremely wide variety of xenobiotic metabolism reactions and
pathways has been studied in isolated hepatocytes (usually derived
from rat) and a partial list is given in Table 1. It is apparent that most
of the major pathways involved in xenobiotic metabolism have been

TABLE 1. Some Routes of Xenobiotic Metabolism Detected in Isolated

Hepatocytes
Reaction Substrate Reference
Aromatic
hydroxylation 2-Acetylaminofluorne 16/

Amphetamine 171
Antipyrine 18/
Benzo(a)pyrene 19,10/
Biphenyl 11/
Butamoxane 112/
Naphthalene /13/

Acyclic Antipyrine /8/

hydroxylation 2,4-Dinitrotoluene 114/

Epoxidation Aldrin /15/

N-Hydroxylation 2-Acetylaminofluorene 16/

0O-Dealkylation Diethyl ether /16/
7-Ethoxycoumarin 11/
Ethoxyresorufin /18/
4-Methoxybiphenyl /19/
Phenacetin 120/
4-Nitroanisole [21/

N-Dealkylation Aminopyrine 122/
Antipyrine /8/
Cocaine 123/
Dansylamide 124/
Ethylmorphine 125/
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TABLE 1 (cont)

The Metabolism of Drugs by Isolated Hepatocytes

Reaction Substrate Reference
Alcohol oxidation Ethanol /26,27,28/
Ester cleavage Methoprene 129/

Hydroprene
Deacetylation 2-Acetylaminofluorene 16/
Phenacetin 120/
Glucuronidation/ Chloramphenicol (G only) /30/
Sulphation Harmol 131/
4-Hydroxybiphenyl /11/
7-Hydroxycoumarin 117/
2-Naphthol /31/
4-Nitrophenol 121/
Paracetamol /31/
Glycine Benzoic acid 132/
conjugation Salicylic acid /33/
Acetylation Aniline 134/
Sulphonamides 135,36/
Glutathione Paracetamol 137/
conjugation

detected in isolated hepatocytes, and the obvious question that must be
asked is: how well do the enzyme activities measured in isolated
hepatocytes correlate with the activities measured in isolated homo-
genate fractions and in perfused liver or in vivo?

With regard to comparison of drug metabolism in isolated hepato-
cytes and liver microsomes it is apparent from Table 2 that this is very
dependent on the substrate being studied. Thus, the activity in cells
may be similar to, greater than or less than the activity in microsomes,
and even apparently minor alterations in the structure of the substrate,
e.g. the introduction of a chlorine atom in the para-position of N,N-
dimethylphenoxyethylamine, can alter the ratio of metabolism in cells
to that in microsomes. The reasons for these substrate-dependent differ-
ences are largely unknown. It has been suggested that some substrates
are better metabolized by the cytochrome P450-dependent mixed func-
tion oxidase (MFO) system in cells compared with microsomes because
they may be actively transported into the cytosol of intact cells /25/.
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TABLE 2. Comparison of Kinetics of Drug Metabolism in Intact Hepatocytes
and Liver Microsomes

Reactions Reference
Similarin cells  Alprenolol metabolism 138/
and microsomes Ethoxybenzamide O-deethylation 139/
@-1-Acetylmethadol N-demethylation ; N2/
d-Propoxyphene N-demethylation
N,N-Dimethylphenoxyethylamine N-demethylation
Biphenyl 4-hydroxylation 17,40/
4-Methoxybiphenyl O-demethylation 140/
4-Methylumbelliferone glucuronidation
eror |1
Harmol glucuronidation
Greaterin cells  Ethylmorphine N-demethylation /25/
compared with  Amphetamine 4-hydroxylation 17/
microsomes
Greater in Cytochrome P450-product complexation with
microsomes N-hydroxyamphetamine or norbenzphetamine 141/
compared with  N,N-Dimethyl-p-chlorophenoxyethylamine
cells N-demethylation
Ethinimate metabolism 112/

Butamoxane hydroxylation

8-Methoxybutamoxane metabolism

4-Nitroanisole 0-demethylation 17/
2-Naphthol glucuronidation /31/

This may, in turn, reflect differences in solubility of the substrates, the
more water-soluble substrates being taken up by active transport where-
as the more lipid-soluble substrates (which in general have a greater af-
finity for cytochrome P450) enter the cells by passive diffusion. This
argument was based on comparison of ethylmorphine and alprenolol
metabolism in cells and microsomes, but it is difficult to reconcile this
argument with the physical properties of some of the substrates men-
tioned in Table 2. This, however, is an interesting argument which
should be studied further. Furthermore, this argument cannot explain
why some substrates of the MFO system are better metabolized by
microsomes than by cells. Other possibilities which may be important
in this respect include: NADPH availability (which, as argued by Billings
et al. /12/, is unlikely to be very important), the presence of alternative
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pathways of metabolism in cells, the presence of endogenous inhibitors,
differences in enzymic activity between intact endoplasmic reticulum
and microsomal vesicles and differences in the extent of non-specific
protein binding in the two metabolizing systems. In the case of the
cytochrome P450-product complexations of N-hydroxyamphetamine
or norbenzphetamine, the reduced activity in intact cells was shown to
be due to the presence of active pathways of further metabolism which
are not operative in the usual microsomal incubations /41/.

Comparison of the glucuronidation pathway in cells and microsomes
has been attempted /31/ but this is a very difficult area of study due to
the known latency of the glucuronyltransferase enzyme and its possible
activation during preparation of the microsomal fraction.

Attempts have been made to compare the rates of enzyme activity in
isolated hepatocytes with those in perfused liver or in vivo. Billings et al
/7, 12/ have demonstrated that the rates of butamoxane and ampheta-
mine hydroxylation in isolated hepatocytes compare well with the acti-
vities measured in perfused liver, and Stewart and Inaba /22/ have de-
monstrated that the rate of aminopyrine N-demethylation (as judged on
a g. liver basis) is comparable in isolated hepatocytes and in vivo. Bock
et al [13/ have concluded that the rate of 1-naphthol glucuronidation is
comparable in isolated hepatocytes and perfused liver. In a slightly dif-
ferent context, many authors have concluded that the patterns of meta-
bolites produced by isolated hepatocytes resemble more closely those
seen in vivo than in homogenate fractions. This is well illustrated by the
work of Yih and van Rossum /42/ who demonstrated that in liver
homogenate fractions the end-products in the metabolism of various
barbiturates (e.g. hexobarbital, methylcyclobarbital, methylbrallobarbi-
tal) are the hydroxy metabolites while in isolated hepatocytes these
metabolites are further oxidized to keto-metabolites (a cytoplasmic
reaction) as occurs in perfused liver and in vivo. Also, Billings et al [12/
reported the discovery of a new metabolite of ethinimate on its incuba-
tion with isolated hepatocytes which was subsequently detected in
urine of ethinimate-treated rats. These studies indicate that isolated
hepatocytes may be useful in metabolic studies of new drugs particular-
ly as the detection, isolation and characterization of drug metabolites in

the cell medium is likely to be less complex than detection and isolation
of metabolites in body fluids such as blood, urine or bile.

SPECIES AND ORGAN DIFFERENCES IN XENOBIOTIC METABOLISM

One area in which isolated hepatocytes may be of particular value is
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in the assessment of species differences in drug metabolism, the obvious
hope being that such comparative studies could also include the use of
human hepatocytes so that preliminary human metabolic data would be
obtained in the early stages in the testing of a new drug. It is likely that
cell isolation techniques involving the use of non-perfusion procedures
(such as that developed by Fry and co-workers /5,43/) would be more
applicable than perfusion procedures in this context because of the re-
lative ease of adapting these techniques to different species and to biop-
sy samples.

Thus far, this use of isolated hepatocytes has received little attention
although preliminary studies by Fry, Jones and Bridges (cited in ref. 44)
indicate that the relative extent of biphenyl 2- and 4-hydroxylation is
comparable in hepatocytes and liver microsomes isolated from rat, ham-
ster and ferret, the hamster hepatocytes and liver microsomes being
more active in both reactions. More recently, it has been demonstrated
that species differences exist in the ability of isolated hepatocytes to
conjugate benzoic acid with glycine in that viable hepatocytes isolated
from omnivores (rat, hamster) possess a good ability to carry out this
reaction whereas viable hepatocytes isolated from carnivores (dog, fer-
ret) do not possess this metabolic capability /32/; this data is consistent
with previous liver homogenate and slice studies. In contrast, the
hepatocytes isolated from all four species possess the ability to conju-
gate benzoic acid with glucuronic acid. Moldeus has demonstrated dif-
ferences in paracetamol metabolism between rat and mouse hepato-
cytes /37/. The rate of glucuronidation was similar in the two species,
but the rate of sulphate conjugation was lower in the mouse hepato-
cytes whereas the rate of glutathione conjugation (which reflects the
rate of generation of the toxic intermediate) was approx. 10-fold greater
in the mouse cells. In addition, paracetamol was toxic only to the
mouse hepatocytes. These data are consistent with the known rat/
mouse differences in susceptibility to paracetamol toxicity in vivo, and
the concept that paracetamol is hepatotoxic by virtue of its metabolism
to a reactive intermediate. Also, Bolcsfoldi ez al /45/ have demonstrated
differences in the cytochrome P450-dependent MFO reactions and
various conjugation reactions in hepatocytes isolated from rat and dog;
whether these species differences are also apparent in isolated micro-
somes or in vivo was not studied by these authors.

Another area in which isolated hepatocytes may be of value is in the
study of organ differences in xenobiotic metabolism. Whilst various
authors have reported on the metabolism of xenobiotics by cells isola-
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ted from extra-hepatic tissues including kidney, intestine and lung,
there appear to be few reports of direct comparison between these cells
and liver cells. Ideally, such comparative studies should be performed
on cell preparations isolated from the same animal but this is difficult if
both cell preparations are isolated by perfusion techniques, but can be
readily accomplished by use of non-perfusion techniques as has been
demonstrated by Fry and co-workers /17, 32/. As with all cell-based
systems the advantage inherent in such comparative studies is that these
reactions can be studied in conditions approximating to those operating
in vivo. This is well illustrated if one compares the relative liver and kid-
ney activities of various metabolic pathways assayed in cells and micro-
somes (Table 3). It appears that in general the relative activities of
various cytochrome P450-dependent reactions are similar in cells and
microsomes whereas there is a big difference between cells and micro-
somes with respect to glucuronidation probably because there is a com-
peting pathway of conjugation (viz. sulphation) operative in the intact
cells.

TABLE 3. A comparison of drug metabolising capability of rat liver and kidney
as judged by microsomal and whole cell studies.

Parameter Kidney value as % of liver value
Microsomes Whole Cells

Biphenyl 4-hydroxylation 3.6 [46/ <2/17

Benzo(a)pyrene 3-hydroxylation 3.3 /47/ <1/17/

7-Ethoxycoumatin O-deethylation 2.0 /48, 49/ 3.0/17/

4-Methylumbelliferone glucuronidation 140-200 /50,51/ 41.5/17/

The references to these studies are given in / /.

With respect to a liver and kidney cell comparison it appears that, at
least in the rat, kidney cells possess a poor ability for cytochrome P450-
dependent reactions (Tables 3 and 4) and are more efficient at conjuga-
tion reactions although there are marked substrate differences in this
respect (Table 4) this perhaps suggesting the existence of different clas-
ses of conjugating enzymes in kidney. A particularly interesting ex-
ample is afforded by the organ and substrate differences in glycine con-
jugation. Thus, benzoic acid is well conjugated with glycine in rat

106

Authenticated | xajibim@mail.ru
Download Date | 6/16/12 6:47 AM



J.R. Fry Reviews on Drug Metabolism & Drug Interactions

TABLE 4. Comparison of drug metabolism in rat hepatocytes and kidney cells.

Rate of Reaction

Reaction Liver Kidney Reference
7-Ethoxycoumarin O-deethylation 135 43 ni
4-Methylumbelliferone conjugation:

as glucuronide’ 289 120 17/
as sulphate1 187 32
4-Dimethylaminophenol conjugation:
as glucuronide2 3.8 0.4 152/
as sulphate2 3.2 0.2
Paracetamol conjugation:
as glucuronide:'l 77.6 2.81
as sulphate? 48.0 1.67 /37,53/
as sulphydryl:'l 7.8 0.79
Benzoic acid conjugation:
with glycine 465 260 1/
as glucuronidel 37.5 3.0
Salicylic acid conjugation:
with glycine” 4.4 16.5 133/
as glucuronide‘ 123.5 9.3

Activities expressed as: —

L pmol product/mg cell protein/min.
nmol product/mg cell protein/h.
nmol product/ 10° cells/h.
pmol product/mg cell protein/h.

(]

3
4

hepatocytes and kidney cells, the better metabolism occurring in the
liver, whereas salicylic acid is only poorly conjugated with glycine in
liver and kidney cells, the kidneil being more active in this respect than
liver.

An interesting variation of this approach has been adopted by
Moldeus et al /54/ who demonstrated that initial cytochrome P450-
dependent oxidation and subsequent glutathione conjugation of parace-
tamol occurred in isolated hepatocytes and, by subsequent re-incubation
of the medium from hepatocyte incubation with kidney cells, that kid-
ney cells metabolized this glutathione conjugate further to the mercap-
turic acid conjugate, a major excretory product of paracetamol meta-
bolism. This study well illustrates the process of initial hepatic and sub-
sequent extrahepatic metabolism.
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Fewer studies have been performed to compare the metabolizing
capability of isolated liver and intestinal cells. In the study by Shirkey
et al [34/ it was demonstrated that both the Phase I and Phase II meta-
bolism of xenobiotics was much less apparent in rat intestinal cells
compared with rat hepatocytes, although some metabolism was detec-
ted; this is illustrated with regard to aniline metabolisri¥ in Table 5.
Similar conclusions were reached by Stohs et al /55/ and Grafstrom et
al /56/ using different substrates.

TABLE 5. Comparison of metabolic profile of [ L3 C] aniline following incubation
with rat isolated hepatocytes or intestinal cells

*
Hepatocytes (%) Intestinal cells (%)*

Aniline 0 92
N-Acetyl-p-aminophenol sulphate 20 nd
N-Acetyl-p-aminophenol glucuronide 14 nd
p-Aminophenyl sulphate 14 nd
p-Aminophenyl glucuronide 12 nd
N-Acetyl-p-aminophenol 12 ~0.1
Acetanilide 13 8

*Results expressed as % of radioactivity in the incubation mixture corresponding
to each metabolite.

nd — not detected

Data from Shirkey et al /34/.

RELATION OF METABOLISM TO TOXICITY

Whilst liver microsomal fractions have been widely used in the study
“of metabolism-mediated toxicity it is only fairly recently that isolated
hepatocytes have been used in this context. The role of isolated hepato-
cytes can be divided into two aspects: a) the generation of the active
metabolite and the toxic response both occur in the heaptocyte, and
b) the generation of the active metabolite occurs in the heaptocyte but
the toxic response is manifest in a second cell-type. These situations ap-
proximate to metabolism-mediated heaptotoxicity and extra-hepatic
toxicity respectively.
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Although a number of chemicals have been shown to exert a toxic
effect on isolated hepatocytes, there have been relatively few studies
which have attempted to relate xenobiotic toxicity to the involvement
of active metabolites. It is obviously difficult to conclusively demon-
strate metabolism-mediated hepatotoxicity by this means and it is pro-
bably for this reason that most of the attention has been focussed on
the already fairly-well documented examples of toxicity arising from
glutathione depletion subsequent to generation of an active metabolite.
The substrates that have been shown to produce hepatocyte toxicity by
this mechanism include iodoacetamide /57/, chloroform /58/, carbon
tetrachloride /59/, paracetamol /37/ and bromobenzene /60/, although
in some instances fairly drastic measures have had to be used to achieve
the desired effect e.g. use of hepatocytes from phenobarbitone — and
diethyl maleate-pretreated rats (to induce the cytochrome P450 system
and decrease the intracellular glutathione content respectively). Whilst
it has been well documented that the generation of large amounts of
active metabolite leads to depletion of glutathione and that this leads to
cell toxicity, there is a paucity of information regarding the intermedi-
ate steps from glutathione depletion to cell lysis. It is likely that de-
rangement of normal cell metabolism is important in this context and
this may involve alterations in protein synthesis /61/, glycogen syn-
thesis /62/, ATP levels or lipid peroxidation /57-59/. It is obvious that
further work is required in this area and that isolated hepatocytes
would be a useful tool to study this problem.

Isolated hepatocytes have also been used as a metabolizing com-
. ponent of a mixed-cell toxicity system. The first reported example of
this use was provided by the work of Fry and Bridges /63/ who demon-
strated that the antitumour agent cyclophosphamide (CPA) was remar-
kably non-toxic per se to cultured fibroblasts but became very toxic to
the fibroblasts if it was pre-incubated with rat isolated hepatocytes.
Both the hepatocyte-mediated toxicity of CPA and its overall metabol-
ism was decreased on co-incubation with SKF 525-A, a well-known in-
hibitor of the cytochrome P450-dependent mixed-function oxidase sys-
tem. In addition, the level of CPA that produced half maximal toxicity
in the hepatocyte-fibroblast system was very similar to that reported
for tumour cells by Cox et al /64/ when CPA was activated by a mix-
ture of liver microsomes + liver cytosol (CPA toxicity was much greater
if it was activated by microsomes alone), this confirming the impor-
tance of cytosolic pathways in the deactivation of CPA.

This work was later extended to include a study of the cytotoxicity
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of a range of carcinogenic and non-carcinogenic compounds and it was
shown that metabolism by hepatocytes greatly increased the toxicity of
most compounds tested (e.g. dimethylnitrosamine, 3'- and 2-methyl-4-
dimethylaminoazobenzene, 2- and 4-acetylaminofluorene, 2- and 6-
aminochrysene and mitomycin c) but that the toxicity of benzo(a)-
pyrene (BP) and 4-nitroquinoline N-oxide was reduced by hepatocyte
metabolism /65/. It was not possible to distinguish the carcinogens and
non-carcinogens by their effect on fibroblast growth.

This mixed-cell approach has been extended by other workers who
used suitable bacteria as the “‘tester’” cell-type and were thus able to
study the involvement of metabolism of carcinogens in their mutagenic
response. This was first reported by Green et al /66/ who demonstrated
that BP mutagenicity was reduced when the BP was activated by intact
liver cells as compared with microsomal activation and it was suggested
that this was due to the involvement of competing inactivation path-
ways of metabolism in the intact cells. These findings have been con-
firmed by Brouns et al /67/ and by Glatt et al /68/, the latter workers
also demonstrating that the bacterial mutagenicity of BP and four of its
major metabolites better correlated with animal carcinogenicity data
when the BP was activated by liver cells than by cell homogenate.
Whether this conclusion also applies to other classes of chemical car-
cinogens remains to be determined.

In some studies the mutagenic response of carcinogen metabolites
generated by hepatocytes has been compared with the ability of the
metabolites to induce DNA repair (as an index of interaction with
DNA) within the hepatocytes, and these studies have indicated that the
mutagenic response of 2-acetylaminofluorene (2-AAF) is mediated by a
deacetylation reaction to produce 2-aminofluorene, the ultimate muta-
gen probably being N-hydroxy 2-aminogluorene, whereas the DNA re-
pair is mediated via a direct N-hydroxylation of 2-AAF, the ultimate
DNA-damaging agent possibly being the sulphate ester of N-hydroxy
2-AAF /69, 70/.

Another index of metabolism-mediated DNA damage that has been
used in hepatocyte studies is that of metabolite-DNA binding /71-73/.
One interesting example of this type of study is given by the work of
Ashurst et al /71/ which demonstrated that the major type of BP
metabolite-deoxyribonucleoside adduct produced differed when liver
microsomes or intact hepatocytes were used for metabolic activation.
Thus, the major adduct produced when microsomes were incubated
with BP in the presence of exogenously-added DNA was derived from
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9-hydroxy BP. In liver cells, 9-hydroxy BP is conjugated with glucur-
onic acid and in this situation the major adduct produced in hepatocyte
DNA was due to a metabolite of 7,8-dihydro-7,8-dihydroxy BP. This
study further illustrates the importance of alternative pathways of
metabolism in regulating the production of active metabolites.

THE BALANCE OF PHASE I/PHASE II METABOLISM

It is now well recognised that many xenobiotics are metabolized in
the liver by sequential Phase I (oxidations, reductions, hydrolyses) and
Phase II (conjugation) reactions, and it is becoming increasingly appar-
ent that the balance of these two phases of metabolism may be of great
importance in determining the biological effects of a particular xeno-
biotic /74, 75/. Consequently, great interest has been centred on the
factors that may modulate the balance of Phase I and Phase II metabol-
ism, and isolated hepatocytes, for the reasons already discussed, would
seem to be an ideal model to study this problem. Most attention has
been focussed on the factors that may govern the balance of cytochrome
P450-dependent Phase I reactions and subsequent glucuronidation/
sulphation reactions, as these reactions are, quantitatively, often the
major pathways in xenobiotic metabolism. A number of substrates that
are metabolized by this reaction sequence, including biphenyl, 4-
methoxybiphenyl, harmine, 7-ethoxycoumarin, 4-nitroanisole and
benzo(a)pyrene, have been used as probes to identify those factors that
may be important in modulating the balance of these metabolic path-
ways.

The principal route of biphenyl metabolism in rat isolated hepato-
cytes is that of initial 4-hydroxylation followed by glucorinidation/
sulphation of the 4-hydroxybiphenyl Phase I metabolite. The time
course of biphenyl metabolism in rat isolated hepatocytes is illustrated
in Figure 1. It is apparent from this graph that at the later time points
the Phase I metabolism (i.e. 4-hydroxylation) is well integrated with the
subsequent conjugations in that almost all of the metabolites are pre-
sent as conjugates. Similar findings have been reported with 7-ethoxy-
coumarin, benzo(a)pyrene, harmine and 4-nitroanisole as substrates /9,
17, 31, 76/. However, there is no obligatory coupling of the two phases
of metabolism as has been suggested from microsomal studies. This is
indicated by a number of points. Firstly, large amounts of unconjuga-
ted Phase I metabolite are produced in the early stages of metabolism
(Fig. 1). Studies with benzo(a)pyrene /9/ suggest that this early peak in
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Fig. 1. Time course of metabolism of biphenyl (100 uM) in rat isolated hepatocytes.
@, Total metabolites; O, 4-hydroxybiphenyl sulphate; ®, 4-hydroxybiphenyl glu-
curonide; O, unconjugated 4-hydroxybiohenyl,

unconjugated Phase I metabolite is unlikely to represent initial passage
of this metabolite from the cells into the medium, followed by re-entry
into the cells for subsequent conjugation. Rather, it can be at least part-
ly explained in terms of a ‘lag-activation’ phenomenon involving one of
the conjugating enzymes (see later). Secondly, the conjugation reac-
tions can be inhibited by various substances (e.g. 2,4-dinitrophenol)
without influencing the activity of the Phase I reaction /77/. Finally,
when high levels of 4-hydroxybiphenyl are produced by 0-demethylation
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of 4-methoxybiphenyl, large amounts of unconjugated Phase I meta-
bolite are produced throughout a one hour incubation period (not just
during the first 10-15 minutes) but there is no corresponding sharp fall-
off in the activity of the Phase I pathway that one might expect if the
two phases of metabolism were tightly coupled /40/.

Another interesting aspect of the metabolism of biphenyl is that
there is evidence for an initial lag in the activity of the glucuronidation
pathway (see Fig. 1). It has been suggested /11/ that this indicates that
the glucuronyltransferase involved in 4-hydroxybiphenyl glucuronida-
tion becomes activated (as occurs in microsomes) probably by the sub-
strate itself. This ‘lag-activation’ phenomenon is even more apparent if
the generation of 4-hydroxybiphenyl is greatly increased as after induc-
tion of biphenyl 4-hydroxylation with phenobarbitone or 3-methyl-
cholanthrene /11/.

In cells isolated from control animals, the major metabolite of bi-
phenyl that is produced is 4-hydroxybiphenyl sulphate, whereas 4-
hydroxybiphenyl glucuronide is the major metabolite produced by
hepatocytes isolated from pre-induced animals /11/. This suggests that
the rate of generation of 4-hydroxybiphenyl is important in determining
the balance of glucuronide/sulphate conjugates produced. This has been
confirmed both by direct incubation of hepatocytes with increasing
concentrations of 4-hydroxybiphenyl /11/ and by studies in which
hepatocytes were incubated with increasing concentrations of 4-meth-
oxybiphenyl to generate 4-hydroxybiphenyl at different rates /40/.
Similar findings have been reported with other substrates /76, 78, 79/.
It is likely that the increase in glucuronidation relative to sulphation at
increasing levels of Phase I metabolite is related more to the kinetic pro-
perties of the enzymes involved in these conjugations than to limitation
of sulphation by sulphate availability as has been previously supposed
/79/. 1t is probable that the differences between 2- and 4-hydroxybi-
phenyl in the balance of their glucuronidation/sulphation by liver cells
/11/ can also be explained in terms of these enzyme kinetic parameters.

It is known that cytochrome P450 exists as a family of haemo-
proteins each of different substrate specificity, and the possibility ex-
ists that the balance of Phase I/Phase II metabolism is in part dependent
on the type of cytochrome P450 involved in the initial Phase I reaction.
In order to test this hypothesis, it is necessary to use a pair of substrates
that are metabolised by different cytochrome P450-dependent path-
ways to yield the same Phase I metabolite. Previous studies demonstra-
ted that hepatic microsomal biphenyl 4-hydroxylation and 4-methoxy-
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biphenyl O-demethylation are catalyzed by different cytochrome P450
haemoproteins even though the metabolite produced with both sub-
strates is 4-hydroxybiphenyl /80/. Accordingly, isolated hepatocytes
were incubated with concentrations of biphenyl and 4-methoxybi-
phenyl that produced both the same initial velocity of the Phase I reac-
tion and the same overall metabolism to 4-hydroxybiphenyl, and under
these conditions, there is a significant difference between the two sub-
strates in the balance of conjugated/unconjugated metabolites produced
(Table 6). These preliminary findings thus indicate that the type of
cytochrome P450 involved in the initial Phase I metabolism may in-
fluence the pattern of subsequent Phase II reactions.

TABLE 6. Comparison of metabolism of biphenyl and 4-methoxybiphenyl in
rat isolated hepatocytes.

Biphenyl 4-Methoxybiphenyl
(100 uM) (10 uM)
Initial velocity of Phase I reaction 0.200 £ 0.025 0.217 £ 0.048
(nmole product/2x1 0° cells/min)
Total metabolism 550 £ 0.54 533 * 0.48
(nmole products/2x 108 cells/h)
Unconjugated metabolites 83 * 18 16.8 * 2.0*
(% of total metabolites)
Conjugated metabolites 91.7 % 1.8 83.2  2.0*

Values are mean £ S.E.M. of 7-11 experiments.

* Values are significantly different (P <0.05) from the values obtained with
biphenyl.

The evidence presently available suggests that under normal condi-
tions cofactor availability is unlikely to be limiting in Phase I or Phase
II metabolism. However, one abnormal condition in which cofactor
availability may influence xenobiotic metabolism is that of diabetes
mellitis, since the gross impairment of carbohydrate utilization that
characterizes this disease is likely to lead to profound disturbances in
cofactor synthesis and supply. We have, therefore, recently undertaken
a study of the effect of streptozotocin-induced diabetes on hepatic drug
metabolism in female rats. In agreement with other studies, we observed
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that the diabetic state was accompanied by an increased activity of the
cytochrome P450 system (increased P450 levels and 4-methoxybi-
phenyl 0-demethylase activity) when measured in microsomes, both on
a mg. protein basis and on a g. liver basis /81/. However, this increase
was not apparent when the 0-demethylation was measured in intact
hepatocytes isolated from similar animals /19/. We interpret this as indi-
cating that the diabetes-induced increase in MFO activity observed in
microsomes is counterbalanced in the intact cells by a decreased avail-
ability of NADPH that is known to occur in diabetes /82/, probably as
a result of diminished activity of the pentose phosphate pathway of glu-
cose metabolism. Also, diabetes produced no change in the 4-hydroxy-
biphenyl glucuronyltransferase activity of isolated microsomes /81/
whereas the overall glucuronidation of 4-hydroxybiphenyl was lowered
in hepatocytes isolated from diabetic rats /19/. We interpret this as indi-
cating that the diabetic state produces a depletion of the cofactor
UDPGA, most likely due to decreased activity of the insulin-sensitive
UDPG-dehydrogenase enzyme /81/. This diabetes-induced impairment
of glucuronidation which is unrelated to any change in glucuronyl-
transferase activity is consistent with the findings of previous liver slice
studies /83, 84/. It should be noted that a similar decreased availability
of UDPGA is likely to occur in fasting, and this may explain why a de-
crease in glucuronidation has been observed in hepatocytes obtained
from diabetic rats when compared with fed controls /19/, but was not
observed when the diabetic animals were compared with fasted con-
trols /21/.

The studies outlined in the preceding paragraphs have highlighted
some of the factors that may be important in the balance of Phase I/
Phase II metabolism in isolated hepatocytes, and it is to be hoped that
more work will be carried out in this area in the near future.

CONCLUSIONS

Throughout this review considerable emphasis has been placed on
the inherent advantages to the use of isolated hepatocytes in xenobiotic
metabolism research, and the ways in which such cells may be profit-
ably used to study many aspects of xenobiotic metabolism. It is impor-
tant to realise, however, that the isolated hepatocyte system is merely
one technique, albeit an increasingly useful technique, in the armamen-
tarium of those studying xenobiotic metabolism, and that probably the
greatest value of this system arises when it is used in conjunction with
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other metabolic systems e.g. liver microsomes, as is well illustrated in
the diabetes study discussed above.

As to the future, it is obviously necessary that techniques must be
devised for the isolation of human hepatocytes from small biopsy sam-
ples and that this must be coupled to the development of assay tech-
niques sufficiently sensitive to measure metabolite production from
such small numbers of cells. Hopefully, this use of human hepatocytes
will lead to greater insight into the factors regulating the metabolism
and metabolism1nediated biological effects of drugs in the clinical situ-
ation. In particular, information is required on the role of endogenous
substrates as modulators of drug metabolism.
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