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INTRODUCTION

IFor mote than four decades cyto-
chrome P450 (CYP) has been the subject of
intense investigation, largely as a resull of
its catalytic diversity. Not only 1s CYP
responsible for the metabolism of tens of
thousands of xenobiotics (e.g. drugs,
industrial chemicals, environmental pollu-
tants, plant products and toxins), but the
enzyme 1s essential also for the biosynthesis
and catabolism of a broad range of endo-
genous compounds, including bile acids,
biogenic amines, eicosanoids, falty acids
and steroid v 1ones.

Of greatest relevance to this reveiw

article. however, is the rele of CYP in

xenobiolic metabolism.  Humans are ex-
posed to an array of xenobiotics capable of
exerting a broad range of pharmacological
and toxicological cffects. In most instances
CYP-mediated biotransforimation serves as
a detoxification mechanism since the
metabolites formed generally possess less
biological activity than the parent
compound, CYP-mediated biotranstorma-
tion additionally facilitates the elimination
of typically lipophilic xenobiotics and the
newly introduced (unctional group may
serve as an acceplor for conjugating en-
zymes (e.g. UDP-glucuronosyltransferase,
sulphotranslerase, glutathione transferasc),

enhancing renal clearance further.
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Although metabolism of xenobio-
tics by CYP is normally associated with
mactivation of the parent compound, it is
now recognised that certain compounds
may be converted to highly recactive
intermediates which are capable of
interacting with cellular macromolecules.
Indeed, considerable research over the last
two decades has demonstrated that CYD-
catalysed met: »lie actlivation is a
prerequisite for the toxicity, mutagenicity
and carcinogenicity of many forcign
compounds.  Thus, interindividual
variability in CYP activity assumes
importance as both a determinant of phar-
n  okinetics al 1 clinically-
used drugs and in the development of

carcinogenesis or other toxicities following

exposure fo environmental chemicals.

C al aspects of cytochrome P450
CYP has been shown to be ubi-
quitous, being found in all living organisms

and a | tissues, Mammalian CYP
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can be classified simply into two classcs
based on intracellular location: microsomal
CYP, which is bound to the mecmbrane of
the cndoplasmic reticulum, and mito-
chondrial CYP, which is located on the
inner mitochondrial membranc.
Mitochondrial CYP is quite distinct from its
microsomal counterpart in that it utilises an
iron sulphur protein (adrenodexin) and a
flavoprotein, NADPH-adrenodoxin
reductase, as the clectron donor enzymes.
Unlike microsontal CYP, the mito-
chondrial enzyme is fanly selective in the
choice of substrates, bcing involved
primarily in steroid synthesis. Although
CYP biotransformation results from the
insertion of a single atom of atmospheric
oxygen, different reactions may arisc
depe 7 on the nature of the substrates
and the intermediates ft 1ed.  These
reactions include hydroxylation, epo-
xidation, demmination, dealkylation, sulph-
oxidation, dehalogenation, and occasionally

reduction .
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[t is now well established that CYp
is not a single cnzyme, but in fact exists as
a gene superfamily where each gene
encodes a scparate isoform. The multi-
plicity of CYP was first postulated on the
basis of species differences in metabolism
and the seleetive induction of drug
metabolism by a range of xenobiotics." >
Subscquent evidence, including selective
inhibition of drug mectabolism by certain
chemieals, differing patterns of perinatal
development in drug metabolism, and
genetically detenmined deficiencies in the
metabolism of some substrates, all sup-
ported the existence of multiple fonmns of

(3}

CYP. Advances in chromatographic
techniques greatly facilitated the isolation
and purification of individual CYP isoforms
from animal and hur tissues providing
direct evidence of enzyme heterogeneity.m

r, 1w .edge of C multiplicity,

function and regulation h  expanded
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enormously over the last decade or so with
the application of recombinant DNA
techniques. Since the first complementary
dcoxyribonucleic acid (cDNA) for a
phenobarbitone-inducible rat CYP was
isolated by Fujii-Kuriyama in 1982,” more
than 480 CYP gencs have been described.
Of 74 gene families so far described, 14
families exist in all mammals, The
mammalian enzymes within the CYP{,
CYP2 and CYP3 gene familics are
responsible primarily for the metabolism of
xenobiotics. Members of the CYP4 family
are responsible mainly for the metabolism
of fatty + Is while other many  ian CYP
gene lamilies cncode enzymes which are
involved in steroid biosynthesis. Human
CYP isoforms in families one to four are
shown in Table 1. Tt is this multiplicity
which is responsible for the extremely

d : _ characteristic of

CYP.
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Table 1.1 (cont).
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Gene Tissue Chromosomal Selected model
Symbot location substrate
CYP2FI luny 19 3-methylindole
CYP3A3 liver 7q22.1 aflatexin B1, alfentanil, androsteine-
and gastrointestinal dione, benzo[a]pyrene, cyclosporine,
CYP3A4 tract erythromycin, estradiol, nifedipine,
quinidine, (estosterone, triazolam,
terfenadine
CYP3AS liver Tq22.1 cyclosporine, nifedipine, testosterone
placenta
CYP347 liver 7q22.1 aflatoxin B1, testosterone, progesterone
{fetal) 3-sulphate
CYP4AD 1 fatty acids
CYPAATT kidney 1
cYpP4Bi lung ipi2-p34
Structure and membrane topology enzyme system and metabolism of

Individual eukaryo P iso-
forms are Integral to the endoplasmic
reticulum or the mitochondrial membrane.
The mtegral men iture CYPpP
isoforms is important for both effective

cleetron traisfer mom thie elecuon donor

lipophilic subslirates.  Microsomal CYP

isoforms are synthesised pr arily

membrane-bound polyribosomes before

insertion into the lipid Dbilayer of the

endoplasmic reticulum.  The insertion of

“YPa "olher " rinsic membrane proteins
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requires highly specific cellular
mechanisms.  Although nore than 220
pritnary structures have been reported, there
is structural homology of certain segments
of all members of the CYP gene super-
family.  Such homologous segments
include the heme-binding cysteine residue
near the carboxy-tenminal and, in the case
of the microsomal enzymes, a highly
hydrophobic segment at the amino-terminal
region.”'s) The hydrophobic amino-terminal
region of CYP isoforms is generally
accepted as a signal recognition site that not
only direets insertion of these proteins into

the membrane | also 7 ictions "halt-
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transfer signal" which anchors the enzyme
to the membrane. The remainder of the
enzyme resides on the cytoplasmic side of
the membrane.”"" 1t remains controversial
whether the amino-terminal segiment exists
in a hair-pin loop configuration {model A,
Fig.1) or as a single membrane-spanning
region (model B, Fig.1). However, the
available data tends to support model B in
which CYP is anchored to the membrane by
a single amino-terminal transmembrane
helix of 20-30 amino acids with the
globular part of the protein, where the

substrate and the clectron donor enzyme

bit 1 dit intl cytosol,

Figure 1 Proposcd mcmbrane lopologics for microsomal cytechromes P450.

~ Fig. 1 Proposed membrane topologics for microsomal cytochromes P450,
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A major goal of CYP structure
determination is to elucidate thc substrate
binding domain(s) which in twn should
allow direct prediction of substrate
specificity. Several approaches have been
applied to CYP sfructure determination,
including chemical modification with
substrate analogues or mechamism based
inhibitors, site-directed mutagenesis,
molecular modelling and sequence
alignment with the crystal structure of
CYP10I. However, a consensus view for
the substrate binding sites of mammalian
CYP isoforms has not yet been established.
A major impediment to CYP structure
elucidation is the lack of a crystal structure
for any eukaryotic CYP isoforis. Most of
the three-dimensional models for
mammalian CYP rcly the structure of
bacterial CYP101, the only tertiary CYP

ructure  ai 1t fact that
therc is only 1 imal sequence identity

between CYP101 and mammalian CYP and

this  bacterial enzyme is not membrane
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bound. The crystal structure of bacterial
CYP102 has also Dbeen determined
1'ecemly“2) and this enzyme cxhibits greater
sequence homology to mamunalian CYP
than does CYP101. 1t is possible that the
three-dimensional structure of CYP102 may
provide a better model for the mammalian

enzyimes.

Approaches used for assessment of
cytochrome P450 function and activity

It is now well established that
various CYP isoforins differ in terms of
substrate specificity and regulation.
Differenc  in the ivities and  : relative
proportion of individual isoforms therefore
become important determinants of
interindividual differences in  pharmaco-
logical cffects of drugs, susceptibility to
adverse drug reactions and probably
ch cal Tcation and
characterisation of the substrate specificity

and regulation of individual CYP isoforins

is essential for the clucidaiion of the
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biological processes underlying such
relationships.  In the case of new drgs,
drug intcractions and other factors
influencing drug plasma concentrations can
be predicted readily if the major isoforms
responsible for the metabolism of thosc
drugs have been identified.  Several
approaches have been employed to
determine the contribution of individual
isoforms in the metabelism of drugs,
toxicants and carcinogens.  These
approaches range from biochemical,
immmumological, chemical and heterologous
eDNA cxpression techniques. Given that
each technique has advantages and dis-
advantages, the most reliable conclusions
should be derived on the basis of data
obtamed from a battery of approaches, not a

single one.

l ‘ ‘nfi f f
eviochrome P450 isoforms
The purification of CYP isoforms

from amimals and human tissues and
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reconstitution of activity of these purificd
proteins has provided valuable information
concerning the catalytic specificity of some
isoforms.  This approach has been used
successfully to characterise the substrate
speeificities of human CYP1A2, CYP2E],
CYP2A6, CYP3A3/4, and CYP2D6. """
However, the use of purified proteins for
studying CYP has a number of limitations.
Purification of CYP isoforms is difficult as
they are membrane bound protcins;
isolation of these proteins requires the usc
of detergent. Removal of excess detergent
from the purified protein prior to analysis of
the catalytic activity is  itical sin
coupling of the electron donor enzyme with
CYP is markedly inhibited by the presence
of detergent. Purity of protein is sometimes
difficult to demonstrate as distinct 1sofc s
of CYP often display marked similarity on
olyacrylamide ¢ ctrophoresis.
Indeed, many CYP isoforms ditler by only
a few amino acids but, as indicated earlier,

those differences can have a profound
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effect on catalytic activities. It is also
noteworthy that a nwnber of CYP isoforms
do nol appear to retain full activity

. . . (4. 18) .
following purification. Thus, while of
use in defining substrate specificity,

problems are association with the use of

purified enzymes.

(b) Immunological approaches

Antibodies dirccted against
purificd CYP isoforms have provided
invaluable information concerning CYPD.
The immunorelatedness of CYP is
suggestive of structural similaritics of
cnzymes,  lmmuncinhibition studies
provide information on the functional role
of CYP 1soforms since the extent to which a
specific CYP isoform contributes to (he
tolal rcaction in microsomes can be
predicted from the degree of inhibition
observed with a particular antibody.
Antibodies can also be used in isolating the

cDNAs encoding specific CYP isoforims by

recombinant DNA techniques. A varicty of
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immunological tcchniques including
immunoblot analysis {(Wesicrn  bloetting),
immuno-diffusion assays, enzyme-linked
immunosorbent assays (ELISA)} and
immunohistochemistry permit deter-
mination of ecxpression, distribution and
content of a specific isoform or subfamily
of CYP in a tissue or organ.(m Specificity
appears to be a major problem confronting
the use of antibedies. Given the high
similarity of primary structure within some
CYP subfamilies, an antibody raised against
one 1soform is likely to cross-react with
other isoforms regardless of the purity of
the ¥y :used for immunisation. Cross-
reactivity may also occur between different
CYP subfamilies. For example, a mono-
clonal antibody raised against fish CYP1AI
has been demonstrated recently to cross-

react with human CYPZEI,{ZD)

Generation
of anti-peptide  antibod’ te  to
specific regions of CYP isoforms is one .

the approaches used to circumvent the

problem of cross-reactivity,  Anti-peptide
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antibodies which cause inhibition of the
enzyme activity are also of value for the
identification of functionally important

regions of CYP. ey

(c) Chemical approaciies

The use of chemicals as selective
substrates or selcctive inhibitors of CYP
offers an advantage over other approaches
given potential applications both in_vitro

and In vivo. Regulation of CYP activity n

humans by environmental and genetic
factors can be investigated by adminis-
ration of a substrate selective for a
particular CYP isofonn. Inhibitor | bes
are particutarly useful for determining the
contribution of a particular CYP isoform to
a reaction under consideration. Clearly,
xenobiotic inhibitors have advantages over
antibodies in terms of availability. Selective
s.._slrates ni- D serve as competitive
inhihito  of the metabolism of another

compound by the same isoform. Competi-

tive inhibition of xenobiotic metabolism by

THAI J. Pharmacol. Vol 18, 1996

a seleclive substrate frequently provides
information about isoform(s) potentially
involved in that reaction. However, the
competitive inhibition of a reaction by
another xenobiotic does not necessarily
indicate that the reaction is catalysed by the
same isoforin which responsible for the
metabolism of that xenobiotic.  For
example, quinidine is a potent inhibitor of
CYP2D6 although it is, in fact, metabotised
by isoforms of CYP3A subfamily.(m Once
an isoform-specific substrate has been
identificd comrelation studies between the
activity under consideration with the

tivities of selective substrates across a
bank of hwman liver microsomal samples
can additionally be used to indicate the
isoform(s) potentially invoived in fhat
reaction.

A number of compounds have been
proposed as sclective substrates or selective
inhibitors of CYP isoforms (or subfamilies)
{Table 2) and many of these compounds

may be used as substrales to study the
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in vivo activity of human CYP. However,
some {c.g. amino-pyrine, antipyrine,
metronidazole etc.) are not isoform (or
subfamily) specific and therefore the
predictive value of these probes for the
metabolism of other drugs is limited. When
xenobiotics arc uscd in vivo it is essential
that administration (usually oral) should be
simple and the compounds and their
metabolites are free of serious adverse
effects. Ideally sampling techniques should
be simple {e.g. urine or blood collection).
Intrinsic metabolic clecarance of the
substrate probe should be used as the in
vivo measure of enzyme aclivity, although
other measures (e.g. urinary metabolie ratio,
CO, breath test) may be used if they
corrclate with intrinsic clearance.
Obviously, the interpretation of data
obtained from substrate and inhibitor
studies is dependent upon the specificity of
the chemical probes. Thus, it i1s essential
that the selectivity of chemical probes need

to be established unambiguously,
(d) Heterologous c¢DNA-

expression

THAL J. Pharmacol. Vol. 18, 1996

Recent advances in recombinant

DNA techniques have enabled the isolation
of genes or cDNAs encoding particular
CYP isoforms and their expression in
heterologous host cells. Heterologous DNA
cxpression systems have proved to be
useful tools for both the characterisation of
substrate  specificity of individual CYP
isoforms and for structure-function
relationship analysis based on chimeric
proteins,  These systems eliminate the
necessity for the laborious purification of
CYP from animal and human tissues and
have the obvious advantage of being able to
1 pwity of 11 proteins, particularly
members of closely related genes which are
difficult to isolate by classical protein
purification procedures.  IHeterologous
expression systems also provide a sourcc of
conslitutive CYP isoforms of low
wession  systems

dev “sped so far include bacteria, yeast,

inscel and mammalian cells. Each system

has advantages and disadvantages. Choice
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of an expression system depends on the
purposes of the research, amount of the
expressed protein reguired and personal
experience. Although high levels of CYP
can be obtained from bacterial and yeast
expression systems with relatively low cost,
the catalytic activity of expressed proteins
may be limited by insufficient levels of
endogenous NADPH-cytochrome P450
oxidoreductase or cytochrome bj.(m For
example, CYP can be obtained at high
levels from insect cells using the
baculovirus expression system but the
efficiency of this system is limited by an
insutficiency of de nove syntbesis of heme
in the insect cells, This problem may,
however, be eircumvented by using fresh
cells and growing cells in a hemin
supplemented culture medium.”” Stable or
transient expression of CYP in mammalian

s¢ s c:adva ge of expression in a
higher eukaryotic cell which aliows more
meaningful investigation of post-

transcriptional regulation.  However,
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marumalian cell systems are difficult to
scale-up and permit only low or moderate
production of CYP. Mammalian
promutagen testing systems containing
stably expressed CYP isoforms have been
developed recently. @ Integration of a
gene or a cDNA of CYP into the cellular
DNA of the target cell allows the desired
genotoxic end-points to be measured
directly. Thesc systeins provide advantages
over the use of exogenous CYP since a
longer exposure titne and a lower dose of
thc test chemical penerally simulates

normal environmental human exposure

levels.

Role of cytochromes P450 in drug
response, drug toxicity, chemical
carcinogenesis and cancer.

It is now clear that interindividual
variation in activitics, partieularty
those subject to genetic polyme s, will

lead to variation in dmg response and

toxicity in humans. Individuals who
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metabolise drugs at a slower rate than
normal may suffer from adverse effecis due
to accumulation of the parent drug and/or
production of toxic metabolites by
alternative pathways. For cxample, it was
found that of twenty patients who
developed irreversible peripheral
ncuropathy while being treated with
perhexiline, ten were poor metabolisers of
debrisoquine.(w Less commonly, defects in
drug metabolising enzymes could also be
responsible for poor drug response if a
pharmacologicatly active metabolite cannot
be formed. This seems to be the case with
codeine where the O-d " ylat
metabolite, morphine, has a much more
pronounced analgesic cffecct than does
codeine itself. ©"

A role of CYP + develop-
ment of human cancer is intuitively obvious
given wostall i  1w0g s w ot
per se  but elicit their effect after
bicactivation by CYP to electrophilie

intermedtates which can modify cellular
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macromolecules. However, in conirast to
experimental animals, an association of
cancer risk with changes in CYP
composition has been established less
rigorously in humans. Initial evidence for
such an association in humans emerged
from the work of Kellermann ef al. ™ 1In
these studies, individuals were classified
into a trimodal distribution based on their
CYP1A1 inducibility in mitogen-activated
lymphocyte cultures. Smokers of the high
CYPIAL inducibility phenotype were more
prone to develop lung cancer than low
inducibility individuals,  Although these

.o £29-31)
results were controversial,

the
assoctation between CYPIA1 inducibility
and human lung cancer was subsequently
confirmed.”™ The induction of CYPIAIL
mRNA in lm by cigarette smoke and the
increz;se in formation of benzo[a]pyrene
DNA a K

from ¢ rette smokers all support the

view that the level of CYPIAI expression

in human lung is important in the etiology
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of  iung cancer. Hence, interindividual
differences in the regulation and expression
of the CYPIA/  gene may result in
differences in cancer susceptibility,

Several CYPIAI RFLPs have becn
reported. Of these RFLPs, Msp T RFLP,
a polymorphism in the 3'-flanking region of
the CYPIAIl gene, has generated
considerable interested.  Genotyping of
CYPIA! alleles associated with the
presence or absence of the Msp I site in the
3-region is carried out by PCR followed by
digestion with Msp 1. Genotype A is a
predominant homozygote where the Adsp [
site is absent, genotype C is a homozygous
rare allele having a Msp 1 site derived from
one base substitution of thymidine with
cytbsine and genotype B is the heterozygote
with both alleles. Kawajiri et al.®?
demonstrated an apparent association
between genotype . at  an increascd
incidence of lung cancer in a Japanese
Consistent with these

population.

observalions, a recent three gencration
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family study of Eastern Mediterraneans
revealed that the high CYPIA1 inducibility
phenotype cosegregated with the Msp 1
polymorphism in the CYPI4] gene.u” In
contrast, studies carried out in Norwegians,
Caucasian Americans and Black Americans
showed no correlation between the Msp |
polymorphism in the CYPIA] gene and
lung cancer.” Ethnic differences in allelic
frequency of the Msp [ polymorphism were
observed. The susceptible genotype (i.e.
genotype ) was about 10 times less
frequent in Caucasians than in Japanese.m'
) Recent studies carried out in a Japanese
population also demonstrated that the Msp 1
polymorphism is strongly associated with a
nucleotide mutation which gives rise to an
amino acid substitution (viz. replacement of
isoleucine by valine) _acent to the heme-
binding site of CYP1Al and this mutant
allele bas also been shown to to
lung cancer susceptibility.m' ' Further
cDNA-expression studies revealed that the

valine-substituted CYP1AI1 wvariant
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exhibited about two-fold higher activity and
mutagenicity towards benzo[alpyrene
compared to that of the isoleucine-

substituted CYP1A1.°"

However,
additional studies involving larger and
additional ethnic populations will be
required before any firm conclusions
regarding the assoctation of lung cancer and
the Msp 1 polymorphism can be drawn.
Furthermore, expression of the CYPIAl
gene is regulated by interactions between
the cis-acting elements in the 5'-flanking
region and scveral trans-acting factors,
including the ligand binding subunit of the
Ah receptor and Amt protein. Induction of
CVY~P1A1 therefore involves the products of
a number of different genes and
characterisation of all of these genes is
neccssary for understanding the relationship
between CYPLA! inducibility and hwuinan
canccr.

There have been several studies in

which attempts were made to demonstrate

associations between CYP2D6 phenotype

THAI J. Pharmacol. Vol. 18, 1996
and human cancers. Ayesh et al "
demonstratcd that the extensive
debrisoquine metaboliser phenotype could
be associated with an increased incidence of
bronchiogenic lung carcinomas in smokers.
In agreement with this finding, a 6- to 11-
fold increased risk of lung cancer in the
extensive debrisogquine metaboliser
phenotype has been demonstrated in a
recent case-control study carricd out in
Blacks and Caucasians.”" However,
conflicting results have been rcported
where only slightly or non-statistically
significant increascd risks in extensive
metaboliser phenotype subjects  zre

(42-44)
observed.

The development of
CYP2D6 pgenotyping assays allows more
precise classification of individuals
compared to phenotyping, which cannot
distinguish precisely the heterozygotes from
omozygotes amongst the extensive
metaboliser group. No difference in

genotype frequencies between lung cancer

patients and a control group was reported
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“ but in this study only one mutant allele
was screened and matched controls were
not included. Recent studies which
screened all known CYP2D6 inactivating
mutations demonstrated that the frequency
of the poor metaboliser genotype is
decreased among lung cancer palienls.m}
Although there is some evidence for an
association of the debrisoquine
polymorphism with lung cancer, the
experimental cvidence to establish
biological plausibility for such an
association is limited. A recent 1'<:port(‘m
which demonstrated that ¢DNA-expressed
CYP2D6 is capable of activating a
procarcinogen found in tobacco smoke, 4-
(methylnitrosoamino)-1-(3-pyridyl)-1-
butanone (NNK), has provided some new
suppart. It is unlikely, however, that
CYP2D6 is the major enzyme involved in
the metabolism of this compound. An
association between  adder cancer and the

debrisoquine extensive metaboliser
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phenotype has also been proposed,{"SJ but

coroborative evidence is again lacking.
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