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Accumulating evidence indicates that CYP2C9 ranks amongst the most important
drug metabolizing enzymes in humans. Substrates for CYP2C9 include fluoxetine,
losartan, phenytoin, tolbutamide, torsemide, S-warfarin, and numerous NSAIDs.
CYP2C9 activity in vivo is inducible by rifampicin. Evidence suggests that CYP2C9
substrates may also be induced variably by carbamazepine, ethanol and phenobarbi-
tone. Apart from the mutual competitive inhibition which may occur between
alternate substrates, numerous other drugs have been shown to inhibit CYP2C9
activity in vivo and/or in vitro. Clinically significant inhibition may occur with
coadministration of amiodarone, fluconazole, phenylbutazone, sulphinpyrazone,
sulphaphenazole and certain other sulphonamides. Polymorphisms in the coding
region of the CYP2C9 gene produce variants at amino acid residues 144 (Arg144Cys)
and 359 (lle359Leu) of the CYP2C9 protein. Individuals homozygous for Leu359
have markedly diminished metabolic capacities for most CYP2C9 substrates,
although the frequency of this allele is relatively low. Consistent with the modulation
of enzyme activity by genetic and other factors, wide interindividual variability
occurs in the elimination and/or dosage requirements of prototypic CYP2C9
substrates. Individualisation of dose is essential for those CYP2C9 substrates with a
narrow therapeutic index.
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Introduction

Cytochrome P450 (CYP)
haemoproteins which function as the terminal oxidase of the

comprises a superfamily of

mixed function oxidase system. At least 481 CYP genes and
22 pseudogenes are known to exist across all species [1].
These CYP genes are classified into families (designated by
an Arabic numeral) and subfamilies (designated by a letter)
according to the amino acid identity of the encoded proteins.
Of the thirty-five known human CYP genes, currently
classified in families 1,2,3,4,5,7,8,11,17,19,21,24,27 and 51
[1], only the eighteen forms comprising families 1-3 appear
to substantially contribute to the metabolism of drugs and
non-drug xenobiotics [2—4]. The remainder are of importance
in the metabolism and/or biosynthesis of endogenous
compounds such as bile acids, biogenic amines, eicosanoids,
fatty acids, phytoalexins, retinoids and steroids [1].
Xenobiotic metabolising CYP isoforms typically exhibit
characteristic, but occasionally overlapping, patterns of
inhibitor profiles [2, 3].
Accordingly, the phenotype of an individual with respect to

substrate  specificities and
isoform content at any given time may influence the
metabolic clearances of drugs eliminated by CYP catalysed
biotransformation. Numerous factors are known to affect
CYP isoform activity and, being the products of discrete
genes, regulation of expression differs from one isoform to
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another. Environmental, genetic and physiological influences
not uncommonly lead to wide interindividual variability in
the pharmacokinetics and hence response of drugs metab-
olised predominantly by CYP [2-5]. Thus, characterisation
of the substrate specificities of individual CYP isoforms and
an understanding of their regulation is essential for the
prediction of likely alterations in drug metabolic clearance
in defined population groups [6, 7].

In recent years there has been increased recognition of
the importance of CYP2C9 in drug metabolism. Here we
describe features of CYP2C9 of importance to the clinical
pharmacology of drugs metabolised by this enzyme.

Structure of CYP2C9

CYP2C9 is one of four known members of the human
CYP2C subfamily, although genomic analysis suggests the
possible existence of three additional CYP2C enzymes [8].
Other known members of the human CYP2C subfamily
CYP2C8, CYP2C18 and CYP2C19. (While
CYP2C10 was originally also considered a discrete isoform,
this enzyme is now thought to be a variant of CYP2C9 [1,
9].) Cytochromes P450 2C8, 2C9, 2C18 and 2C19 share
>82% amino acid identity [9]. Despite the high level of
sequence similarity, the human CYP2C isoforms exhibit

include

relatively little overlap of substrate specificity [2, 9].
CYP2C9 protein has been purified from human liver [10,

11] and a number of variant CYP2C9 ¢DNAs have been

isolated [8, 9, 12—17]. The deduced amino acid sequences of
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the CYP2CY variants differ at only a few residues; the
significance of the existence of allelic variants on CYP2C9
activity is discussed under ‘Pharmacogenetics’. The CYP2C9
cDNAs encode proteins of 490 amino acids which all have a
calculated molecular mass of &55.6 KDa. Six substrate
recognition sites (SRSs) have been identified for CYP2C9 and
other CYP2 gene family proteins based on sequence alignments
with CYP101 (a bacterial enzyme for which X-ray cystallo-
graphic data are available) and analysis of mutations which alter
substrate specificity [18]. These SRSs, which show more non-
synonymous substitutions than other regions of the protein,
span residues 96—117, 198-205, 233—-240, 286—304, 359-369
and 470—-477 of the CYP2C9 protein. From studies with
chimeric proteins and site-directed mutagenesis it is apparent
that the ability of CYP2C9 and closely related isoforms to
metabolise a particular substrate or group of compounds may
be defined by a few critical residues or even a single amino
acid within an SRS. For example, the Ile359Leu substitution
in SRS5 of CYP2C9 markedly decreases the hydroxylation of
tolbutamide and phenytoin [15] but not that of diclofenac
[19]. Similarly, the Phel14Leu substitution (in SRS1) decreases
CYP2C9-like warfarin hydroxylation and inhibition by sulph-
aphenazole without affecting diclofenac hydroxylation [20].

Using amino acid sequence alignment data and the crystal
structure of the bacterial enzyme CYP101, a preliminary
three dimensional model of CYP2C9 has been constructed
[21]. Although potential substrate recognition sites distal to
the porphyrin were identified, the resolution of the
homology model was considered to be low and of little
value in the prediction of substrate binding. Pharmacophore
models of the CYP2C9 active site based on the structures
of known substrates and inhibitors (up to 1995) have also
been developed using molecular modelling approaches
[22-24]. Most, but not all, known drug substrates for
CYP2C9 are weak acids with pKa values in the range
3.8-8.1 and an electrostatic interaction arising from an
electronegative group on the substrate and an electropositive
group on the enzyme appears to be of major importance in
determining the affinity of these compounds. Whether
binding occurs via the charged substrate or due to hydrogen
bonding with the protonated form is yet to be established
unequivocally. An active site model predicted from three-
dimensional quantitative structure-activity relationships for
a series of coumarin and non-coumarin inhibitors of
CYP2C9 comprised the I helix, a phenyl (hydrophobic)
binding site that centres the oxidation site of the substrate
over the active oxygen species, the porphyrin, and at least
one cationic binding site [24]. Interestingly, dibenzo[a,h]-
anthracene and benzo[a]pyrene have been identified recently
as CYP2C9 substrates [25, 26]. Unlike most drug substrates
tor CYP2CD9, these neutral, highly hydrophobic compounds
do not possess an acidic functional group (or indeed any
functional group) and this is consistent with the notion that
different SRSs (and their individual amino acids) within any
CYP isoform variably contribute to the recognition and
binding of discrete classes of substrates.

Drug substrates for CYP2C9

In recent years a variety of approaches have been developed
for the identification of the human CYP isoforms involved
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in the hepatic metabolism of any given drug in vitro [6, 7].
These include: (i) investigation of correlations between the
rates of metabolism of the drug and immunoreactive CYP
isoform contents or prototypic isoform-specific activities in
a ‘panel” of human liver microsomes; (ii) comparison of the
kinetics of metabolism of the drug by human liver
microsomes and cDNA-expressed or purified isoforms; (iii)
competitive inhibition of the metabolism of isoform specific
substrates by the drug, using both human liver microsomes
and expressed isoforms, and; (iv) characterisation of the
effects of known isoform specific xenobiotic or antibody
inhibitors on the metabolism of the drug by human liver
microsomes. Although all approaches have been useful in
linking substrates to CYP2C9, there is little doubt that
application of the inhibitor sulphaphenazole has provided
the most useful single tool in defining CYP2C9 drug
substrate specificity. It has been demonstrated that sulph-
both a
K;~0.1-0.2 uM) inhibitor of human liver microsomal
CYP2C9 [27-31]. Furthermore, coadministration of sulph-
aphenazole and tolbutamide (a prototypic CYP2C9 substrate,
see below) results in almost total abolition of the metabolic

aphenazole s specific and potent (apparent

clearance component tolbutamide elimination in wvivo
[32—-34]. Thus, the extent of sulphaphenazole inhibition of
a CYP catalysed reaction provides a measure of the
contribution of CYP2C9 to that metabolic pathway.

Structures of selected known CYP2C9 drug substrates
and sites of oxidation are shown in Figure 1. Although these
compounds appear structurally diverse, many share a number
of features. As noted earlier, most, but not all, CYP2C9
substrates are weak acids with the anionic site being ~7 A
from the carbon oxidised [22, 23]. Evidence supporting the
involvement of CYP2C9 in the metabolism of prototypic
substrates and other drugs is summarised below. Since several
of the drugs (notably phenytoin, S-warfarin and tolbutamide)
metabolised by CYP2C9 have narrow therapeutic indices,
the activity of this enzyme becomes an important determi-
nant of both the clearance and response (therapeutic and
toxic) of such drugs in an individual.

Tolbutamide

In humans tolbutamide is metabolised almost exclusively
along a single pathway. Methylhydroxylation to form
hydroxytolbutamide is the initial and rate-limiting step;
subsequent oxidation of hydroxytolbutamide by alcohol and
aldehyde dehydrogenases produces carboxytolbutamide [35,
36]. Overall, this pathway accounts for up to 85% of
tolbutamide clearance in humans [32, 35]. Evidence that
CYP2C9 is essentially solely responsible for tolbutamide
hydroxylation is overwhelming and tolbutamide is accepted
widely as a prototypic substrate for the assessment of hepatic
CYP2C9 activity, both in vitro and in vivo [30].

Human hepatic tolbutamide hydroxylation in wvitro is
almost completely abolished by sulphaphenazole [27, 28]
and the tolbutamide hydroxylase activity of human liver
microsomes 1s inhibited competitively by other CYP2C9
substrates, with closely matching apparent K; and K, values
[37, 38]. cDNA-expressed CYP2C9 catalyses the hydroxyl-
ation of tolbutamide and, importantly, apparent K,, values
for the recombinant enzyme fall within the range observed
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Figure 1 Selected CYP2C9 substrates. The site(s) of oxidation of each substrate is indicated by an arrow(s).

with human liver microsomes and the profile of sulphaphena-
zole inhibition is similar for both enzyme sources (Figure 2)
[15, 29]. Although recombinant CYP2C8 and CYP2C18
additionally hydroxylate tolbutamide, affinities are consider-
ably lower than those observed for CYP2C9 [15, 39, 40].
There is also strong evidence supporting the involvement
of CYP2C9 in tolbutamide
Pretreatment of subjects with sulphaphenazole decreases the
plasma clearance of tolbutamide by 80% [32—34]. Given the

hydroxylation in wvivo.
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capacity of CYP2C9 to metabolise tolbutamide and the
structurally similar compound torasemide (see later), it is
possible that this enzyme may also contribute to the
elimination of other chemically-related first- and second-
generation oral hypoglycaemic agents.

Phenytoin

The major pathway of phenytoin metabolism is 4’ —hydroxyl-
ation to form 5-(4 p—hydroxyphenyl)-5-phenylhydantoin
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Figure 2 Sulphaphenazole inhibition of phenytoin and
tolbutamide hydroxylation in human liver microsomes (HLM)
and COS cells transfected with a CYP2C9 (wild type) cDNA.
[J—10 phenytoin, HLM; l——M phenytoin, CYP2C9;
A—A\ tolbutamide, CYP2C9; A—A tolbutamide, HLM. The
concentrations of phenytoin and tolbutamide were 150 um and
1000 uMm, respectively. Data from references 15 and 30.

(HPPH), which accounts for ~80% of phenytoin elimin-
ation [41]. Like tolbutamide, phenytoin plasma clearance is
known to be diminished markedly by sulphaphenazole
coadministration [42], indicating likely involvement of
CYP2C9 in HPPH formation. Evidence that CYP2C9 is
indeed responsible for the conversion of phenytoin to
HPPH was provided by investigations in vitro and in vivo.
Human liver microsomal HPPH formation was almost
abolished by sulphaphenazole (Figure2) and inhibited
competitively by tolbutamide, and Michaelis constants for
HPPH formation by human liver microsomes and recombi-
nant CYP2C9 were similar in value [15, 37]. Moreover,
rates of HPPH formation correlated highly with rates
of tolbutamide methylhydroxylation and S-warfarin 7-
hydroxylation (see below) in microsomes from panels of
human livers [37, 43], and plasma unbound clearances of
phenytoin and tolbutamide were coregulated in 18 healthy
subjects [44]. As is the case with tolbutamide, these data
indicate that CYP2CY activity is rate-limiting in phenytoin
metabolic clearance.

S-Warfarin

Approximately 80 to 85% of the more potent (S)-enantiomer
of warfarin is eliminated by CYP catalysed biotransformation
to 6- and 7-hydroxy (S)-warfarin, which form in vivo in
about a 1:3 ratio [45]. Thus, the activity of the isoform
responsible for the formation of these metabolites regulates
the steady-state plasma concentration of (S)-warfarin and
therefore becomes a critical factor in anticoagulant response.
It is now accepted that CYP2CY is the catalyst for the 6-
and 7-hydroxylation of (S)-warfarin at therapeutically rel-
evant substrate concentrations [43, 46, 47]. In particular,
sulphaphenazole and tolbutamide are selective inhibitors of
these pathways in human liver microsomes and recombinant
CYP2C9 (but not other isoforms) displays the same
stereoselectivity, regioselectivity and kinetic characteristics
associated with human hepatic (S)-warfarin  6- and
7-hydroxylation [46, 47]. Drug-drug interactions involving
altered metabolism of (S)-warfarin, phenytoin and tolbuta-
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mide show broad similarities (see later), consistent with the
involvement of a common isoform in the metabolic

clearance of all three drugs.

Non-steroidal anti-inflammatory drugs (NSAIDs)

There is increasing evidence that CYP2C9 is important in
the oxidative metabolism of acetic acid, propionic acid,
fenemate and oxicam NSAIDs. Sulphaphenazole and/or
tolbutamide inhibition along with kinetic studies utilising
recombinant CYP2C9 indicate that this isoform is probably
solely responsible for the human hepatic 4" —hydroxylation
of R~ and S-flurbiprofen and is the major contributor to
the 2- and 3-hydroxylations of R- and S-ibuprofen [22, 48,
49], the dominant metabolic pathways for each of these
drugs. Similar approaches have demonstrated that CYP2C9
is involved in the O-demethylation of S-naproxen and
hydroxylation of the thiophene ring of suprofen [22, 50,
51], but these pathways of secondary importance to acyl
glucuronide formation [52]. CYP1A2 was also found to
contribute to S-naproxen O-demethylation [50, 51], almost
to the same extent as CYP2CY9. This contrasts to the
apparent lack of involvement of CYP1A2 in the human
liver microsomal 2- and 3-hydroxylations of ibuprofen and
4" —hydroxylation of flurbiprofen. In wvitro studies have
similarly linked CYP2C9 to the 4’ —hydroxylations of
aceclofenac and diclofenac, the 5" —hydroxylations of
piroxicam, tenoxicam and lornoxicam (6-chlorotenoxicamy),
and the 3-hydroxylation of mefenamic acid [53-57], the
major metabolic pathways for each of these drugs.

Torasemide

Torasemide is a loop diuretic structurally related to tolbuta-
mide (Figure 1). Like tolbutamide, tolyl hydroxylation and
subsequent oxidation to form a carboxylic acid is the major
elimination pathway of torsemide in vivo and in vitro [38,
58]. A combination of in vitro procedures, including
sulphaphenazole inhibition, was employed to demonstrate
that CYP2C9 was almost solely responsible for human liver
microsomal torasemide tolyl methylhydroxylation and hence
activity of this enzyme would be expected to be rate-
limiting in torasemide elimination [38]. Given the higher
turnover of torasemide compared with tolbutamide and
(S)-warfarin, torasemide represents a useful substrate probe
for the assessment of CYP2C9 activity in vitro. Kinetic and
inhibitor studies with human liver microsomes and cDNA
expressed isoforms also showed that the major metabolic
pathway (viz 5-hydroxylation) of another diuretic (and
uricosuric agent), tienilic acid, was catalysed predominantly
by CYP2C9 [22, 59]. Furthermore, CYP2C9 converts
tienilic acid to a reactive species which alkylates CYP2C9
itself and this is the basis of the autoimmune hepatitis
observed in some patients administered this drug [59, 60].
Recent studies have mapped the autoantibody binding sites
to amino acids 314—322, 345—356 and 439—-455 of CYP2C9
[61], which are distinct to the residues involved in substrate
recognition and binding (see previous section).

Other drug substrates of CYP2C9 identified using in vitro
approaches include amitriptyline, fluoxetine, seratrodast,
losartan, A9-tetrahydrocannabinol (A9-THC) and 2-(4-t-
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butylcyclohexyl)-3-hydroxy-1,4-naphthoquinone  (code-
named 58C80). Application of human liver microsomal
kinetic and inhibitor approaches and the use of heterolog-
ously expressed CYP isoforms demonstrated that, at thera-
peutically relevant plasma concentrations, CYP2C9,
CYP2D6 and an unidentified enzyme (which was not CYP
1A2, 2C19 or 3A4) variably contribute to the N-
demethylation of amitriptyline to form nortriptyline [62].
Microsomal inhibition studies have similarly implicated
CP2C9, together with CYP3A4, in the N-demethylation
of fluoxetine [63]. Sulphaphenazole inhibited norfluoxetine
formation in vitro by more than 50%, suggesting an important
role for CYP2CY in this pathway.

The CYP catalysed metabolism of the angiotensin II
receptor antagonist losartan is somewhat unusual; the primary
alcohol side-chain attached to the imidazole ring (see
Figure 1) is oxidised via an intermediate aldehyde to produce
the pharmacologically active carboxylic acid metabolite [64].
CYP2C9 has been implicated in the oxidation of losartan
itself and in the oxidation of the aldehyde produced in the
two step reaction sequence. However, comparative inhi-
bition experiments with sulphaphenazole, gestodene and
ketoconazole demonstrated that CYP3A4 may also partly
contribute to both reactions, especially oxidation of the
intermediate aldehyde [64]. Microsomal kinetic and inhi-
bition studies and the use of cDNA-expressed enzymes has
established a significant role for CYP2C9 in the
5-hydroxylation of seratrodast, a newly developed throm-
boxane A, inhibitor [65]. Kinetic experiments further
demonstrated that seratrodast had the capacity to inhibit the
model CYP2C9 substrate tolbutamide at clinically relevant
concentrations. Immunoinhibition, isoform content corre-
lations and catalysis by purified enzyme indicate that
CYP2C9 is probably responsible for human liver microsomal
A9-THC 11-hydroxylation [66],
pathway for A9-THC in humans. Similar techniques were
used to investigate the involvement of CYP2C9 in the
hydroxylation of 58C80, an experimental antimalarial
compound. Although 58C80 was metabolised by a
CYP2C9-like protein and inhibited by an anti-CYP2C9
antibody, the correlation between 58C80 hydroxylation and

the major metabolic

tolbutamide hydroxylation activities in microsomes from 22
human livers was poor suggesting that CYP2C9 may not be
the sole isoform involved in 58C80 hydroxylation [67, 68].

Factors affecting CYP2C9 activity

Enzyme induction

The promoter region of the CYP2C9 gene contains a 15 bp
sequence which has high homology to a consensus sequence
for barbiturate-induction in CYP102, CYP2B1 and CYP2B2
[9]. There is direct evidence that phenobarbitone upregulates
isoforms of the CYP2C subfamily in non-human primates
[69], and the results of drug interaction studies in wvivo
similarly suggest that phenobarbitone, and possibly other
barbiturates, may induce CYP2C9 activity in humans, albeit
inconsistently. Administration of phenobarbitone to patients
on long term warfarin therapy decreased steady-state plasma
warfarin concentration and diminished anticoagulant effect
[70], suggestive of induction of S-warfarin metabolism.

© 1998 Blackwell Science Ltd Br | Clin Pharmacol, 45, 525-538

CYP2C9 and drug metabolism

Studies of the effect of therapeutic doses of phenobarbitone
on phenytoin kinetics have produced conflicting results
[71]. Patients stabilised on phenytoin show a decrease, no
change and even occasionally a slight increase in plasma
phenytoin concentration. A review of the literature [71]
suggested that in most instances phenobarbitone coadminis-
tration is likely at best to produce clinically insignificant
changes in the plasma concentration of phenytoin. It has,
however, been reported [72] that high dose pentobarbitone
therapy (in patients with cerebral lesions) reduces phenytoin
AUC (unbound) by more than 70%. Similar to phenytoin,
phenobarbitone treatment appears to have only a modest
effect on losartan clearance. Sub-acute administration of
phenobarbitone reduced mean losartan AUC by about 20%
[73], but whether this reflects induction of CYP2C9 or
CYP3A4, both of which contribute to losartan biotransform-
ation, is unclear.

Like phenobarbitone, investigations of the effects of
carbamazepine on phenytoin elimination have produced
conflicting results [74]. Although carbamazepine has been
reported to increase steady-state plasma phenytoin concen-
tration in some studies, most have demonstrated a trend
towards lower phenytoin concentrations during long-term
therapy. In most instances this has been attributed to
induction of HPPH formation. The clearances of phenytoin,
tolbutamide and warfarin, but not aminopyrine, have all
been reported to increase in hospitalised alcoholic subjects
in the period following ethanol withdrawal [75-77].
Notably, tolbutamide clearance was apparently more than
two-fold greater in alcoholic subjects compared with a
control group [75]. Interestingly, once tolbutamide clearance
had returned to normal in alcoholic subjects following
prolonged withdrawal, the higher clearance was difficult to
reproduce with pure ethanol. Whether the higher plasma
clearance of tolbutamide and other CYP2CY substrates is
due to induction by ethanol itself, congenors in alcoholic
beverages, or other dietary and lifestyle factors associated
with alcoholism, remains unclear.

Unlike carbamazepine and phenobarbitone, treatment
with rifampicin has been shown consistently to increase the
clearances of drugs eliminated by CYP2C9. The clearances
of losartan, phenytoin, tolbutamide and S-warfarin approxi-
mately double in healthy volunteers or patients treated with
450-1200 mg of rifampicin daily [78—81]. The magnitude
of CYP2C9 induction, and that of a number of other CYP
isoforms, due to rifampicin is clearly sufficient to give rise
to clinically significant interactions with CYP2C9 substrates.

Enzyme inhibition

Apart from the mutual competitive inhibition which might
occur between substrates for the same enzyme, a number of
drugs have been reported to inhibit the metabolism of
prototypic CYP2C9 substrates in vivo and/or in vitro and
these are listed in Table 2. Interactions of potential clinical
significance have been documented for a number of the
CYP2C9 inhibitors and the more important of these, given
current therapeutic trends, are discussed here.

There are numerous case reports documenting potenti-
ation of the anticoagulant effect of warfarin in patients
coadministered amiodarone. In a study conducted in healthy
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Table 1 Drugs reported to induce the

elimination of CYP2C9 substrates in Inducer CYP2C9Y substrate(s) affected References
vivo.
Barbiturates Losartan, phenytoin, warfarin 69-73
Carbamazepine Phenytoin 70,74
Ethanol Phenytoin, tolbutamide, warfarin 75-77
Rifampicin Losartan, phenytoin, tolbutamide, S-warfarin 78-81
Table 2 Drugs reported to inhibit the
metabolism of CYP2C9 substrates in vivo CYP2C9 Observation of inhibition
and/or in vitro. Inhibitor substrate(s) in vivo or in vitro References
Amiodarone Phenytoin in vivo 82
S-Warfarin in vivo and in vitro 83,84
Bishydroxycoumarin Phenytoin in vivo 85
Tolbutamide in vivo 85
Chloramphenicol Phenytoin in vivo 71
Cimetidine Phenytoin in vivo 71
Tolbutamide in vivo and in vitro 27,28,33
Fluconazole Losartan in vivo 90
Phenytoin in vivo 91,92
Tolbutamide in vivo and in vitro 28,92
S-Warfarin in vivo and in vitro 47,93,94
Fluvastatin Diclofenac in vivo and in vitro 99,100
Miconazole S-Warfarin in vivo and in vitro 95
Phenylbutazone Tolbutamide in vivo and in vitro 27,34
S-Warfarin in vivo 101
Sulphinpyrazone Tolbutamide in vivo and in vitro 27,102
S-Warfarin in vivo and in vitro 45,103,104
Sulphadiazine Phenytoin in vivo 106
Sulphamethizole Phenytoin in vivo 106,108
Tolbutamide in vivo and in vitro 28,108
Warfarin in vivo 108
Sulphamethoxazole Phenytoin in vivo 106
Tolbutamide in vivo and in vitro 28,107
Sulphaphenazole Phenytoin in vivo and in vitro 29,37,106
Tolbutamide in vivo and in vitro 27-34
S-Warfarin in vitro 46
Trimethoprim Phenytoin in vivo 106
Tolbutamide in vivo 107
Zafirlukast S-Warfarin in vivo 109

volunteers, pretreatment with amiodarone 400 mg/day for
3 days, was shown to reduce the mean plasma clearances of
R- and S-warfarin by 33% and 47%, respectively [83]. A
[84] that

pathways of the warfarin enantiomers, including S-warfarin

tollow-up study demonstrated all oxidation
7-hydroxylation, were inhibited by amiodarone. Human
liver microsomal studies confirmed the ability of amiodarone
to inhibit S-warfarin 6- and 7-hydroxylation [84]. Consistent
with inhibition of the CYP2C9 catalysed pathways of
S-warfarin metabolism in vivo and in wvitro, amiodarone
pretreatment (200 mg day 1) increased  phenytoin
(5 mg kgfl) AUC by an average of 40% and decreased the

rate of HPPH formation in seven healthy volunteers [85].
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Given the long half-life of amiodarone, inhibition of
CYP2C9 activity (and possibly that of other isoforms) may
persist for several weeks following withdrawal of the drug.
Cimetidine is a relatively weak inhibitor of human liver
microsomal CYP2C9 [27, 28], with an estimated apparent
K; of 327 um. Not unexpectantly, cimetidine exerts a
variable effect on the elimination of CYP2C9 substrates in
vivo. Administration of cimetidine, 1 g day_1 did not alter
the but a higher
(1.6 gday_l) decreased the systemic and metabolic clear-
ances of tolbutamide by x40% [33]. Cimetidine generally
causes only a modest reduction in the clearance of a single

disposition of tolbutamide dose

dose of phenytoin, although clinically significant increases

© 1998 Blackwell Science Ltd Br | Clin Pharmacol, 45, 525-538



in plasma phenytoin concentrations have been reported to
occur in patients receiving long term anticonvulsant therapy
[71]. As a result of the concentration-dependent metabolic
clearance of phenytoin, the effects of cimetidine, and
probably other CYP2C9 inhibitors, would be expected to
be greater at the higher plasma concentrations achieved with
chronic dosing. Pretreatment with cimetidine (1 gday_1)
was shown to reduce the plasma clearance of racemic
warfarin by over 25% in healthy volunteers and prolong
prothrombin time in patients anticoagulated with warfarin
[86]. Although cimetidine clearly has the capacity to inhibit
CYP2C9 in vivo in a dose-dependent manner, as evidenced
by the results of the studies with tolbutamide and phenytoin,
the pharmacokinetic
observed with racemic warfarin appear to arise more from
inhibition of the metabolism of R- rather than S-warfarin.

and pharmacodynamic changes

Pretreatment with cimetidine (0.8 g day_l) produced a
stereoselective reduction in the plasma clearance of the
R-enantiomer by inhibition of the formation of R-6 and
R-7-hydroxywarfarin formation [87, 88].

Fluconazole has been shown to be a potent inhibitor of a
number of CYP2C9 catalysed reactions in vitro, including
tolbutamide hydroxylation [28], diclofenac 4’ ~hydroxylation
[89], and S-warfarin 6- and 7-hydroxylation [47]. Inhibition
of S-warfarin 7-hydroxylation proceeded according to a
mixed mechanism, suggestive of a nonproductive enzyme/
substrate/inhibitor complex, with an apparent K; of 8 um.
This value is below the range of plasma concentrations
(15—60 pm) usually associated with fluconazole therapy.
Consistent with expectations based on the in wvitro data,
various studies demonstrated that fluconazole pretreatment
(100-800 mg dayil) increased the AUC values of losartan,
phenytoin, tolbutamide and S-warfarin by 153% [90],
72-75% [91, 92], 109% [92] and 184% [93], respectively.
Based on the calculation of an in wvivo apparent K, for
S-warfarin  7-hydroxylation (22 um; approximately three
times higher than that estimated in vitro [90]), a strategy has
been developed for relating fluconazole plasma concentration
to inhibition of CYP2C9 activity in vivo [94].

Apart from fluconazole, other azole antifungals have been
shown to inhibit CYP2C9 activity in vitro and/or in vivo.
Miconazole inhibits warfarin 6- and 7-hydroxylation by
human liver microsomes according to a mixed model and
by 80% [95].

Clotrimazole is similarly a potent, mixed inhibitor of human

in vivo reduces S-warfarin clearance
liver microsomal CYP2C9 with an apparent K; of 1 pum
[28]. However, since clotrimazole is used topically it is
highly unlikely that this compound will cause clinically
significant inhibition of CYP2C9 catalysed reactions in vivo.
Although ketoconazole inhibits tolbutamide hydroxylation
in vitro with an apparent K; of 8 uM, its affinity for CYP2C9
is more than 10-fold lower than that for CYP3A4 [28, 31,
96]. Ketoconazole has been reported not to affect the
clearances of losartan and phenytoin [97, 98].

Fluvastatin, unlike the related HMG-CoA reductase
inhibitors lovastatin, pravastatin and simvastatin, is a potent
inhibitor of human hepatic CYP2C9 activity in vitro [99].
Both fluvastatin enantiomers inhibit microsomal diclofenac
4’ —hydroxylase activities with an apparent K; value less than
1 um. However, in vivo fluvastatin pretreatment reduced

mean diclofenac plasma clearance and 4’ —hydroxydiclofenac
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urinary metabolic ratio to modest extents only (16% and
25%, respectively) in fourteen volunteers, with several of
the subjects showing no response to fluvastatin [100].

Phenylbutazone and oxyphenbutazone are potent inhibi-
tors of tolbutamide metabolism in vivo [34]. Although single
doses of these compounds have little or no effect on
tolbutamide elimination, pretreatment for 1 week with
either compound more than doubled the elimination half-
life of tolbutamide. Subsequent in vitro studies [27] showed
that phenylbutazone was a competitive inhibitor of human
liver microsomal CYP2C9 activity with an apparent K
close to 10 pm, which is substantially lower than concen-
trations observed following multiple-dose administration of
phenylbutazone. Phenylbutazone pretreatment similarly
reduces the clearance of S-warfarin but, at the same time,
increases R-warfarin clearance by an almost equivalent
extent [101]. Sulphinpyrazone, another pyrazolone, is also
known to be an inhibitor of CYP2C9 activity. Pretreatment
with sulphinpyrazone for one week reduced tolbutamide
plasma clearance by 40% [102]. Tolbutamide clearance was
still reduced 24 h after cessation of a 1 week period of
sulphinpyrazone treatment, even though sulphinpyrazone
was no longer detectable in plasma at the time, suggesting a
sulphinpyrazone metabolite(s) contributed to the inhibition
of tolbutamide metabolism. In a similar manner to phenylbu-
tazone, sulphinpyrazone pretreatment inhibits S-warfarin
plasma clearance (by & 40%) but increases that of R-warfarin
to about the same extent [45, 103]. The capacity of
sulphinpyrazone to inhibit human liver microsomal tolbuta-
mide hydroxylase and S-warfarin 7-hydroxylase activity was
confirmed subsequently [45, 104]. Interestingly, the respect-
ive apparent K; values for the sulphide and sulphone
metabolites of sulphinpyrazone were 13.5- and 3.2-fold
lower than the inhibitor constant for the parent drug,
confirming a major contribution of these metabolites in
CYP2C9 inhibition [104].

Thirty-five years ago, severe hypoglycaemia was observed
in patients administered both sulphaphenazole and tolbuta-
mide [105]. In the intervening years, sulphaphenazole and
certain other sulphonamides have been characterised as
CYP2C9 inhibitors. As noted earlier, sulphaphenazole is a
potent inhibitor of the human liver microsomal hydroxyl-
ations of tolbutamide, phenytoin and S-warfarin [27-31,
46], with an apparent K; of 0.1-0.2 p.M. In vivo, sulphaphena-
zole pretreatment reduces the plasma clearance of tolbuta-
mide by ~80% [32-34]. Indeed, ‘normal’ subjects may be
converted to phenotypically ‘poor’ metabolisers of tolbuta-
mide (see following section) by treatment with sulphaphena-
zole [32]. Sulphaphenazole treatment has also been shown
to cause a more than 3-fold prolongation of the half-life of
phenytoin [106]. Apparent K; values for inhibition of human
liver microsomal tolbutamide hydroxylase activity by sulph-
amethoxazole and sulphamethizole are 2-3 orders of
magnitude higher than that observed for sulphaphenazole
[28]. The lower affinity of these sulphonamides for CYP2C9
is consistent with the modest inhibition of tolbutamide,
phenytoin or warfarin elimination observed in wvivo
[106—108]. Sulphamethoxazole, sulphamethizole and sulpha-
diazine, but not sulphamethoxypyridazine, sulphadimethox-
ine or sulphamethoxydiazine, have been reported to prolong
phenytoin half-life and reduce the clearances of tolbutamide
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and racemic warfarin [106, 108]. Trimethoprim pretreatment
is also known to decrease the intrinsic clearance of
tolbutamide [107] and prolong the half-life of phenytoin
[108], indicating that inhibition of CYP2C9 activity in vivo
by cotrimoxazole is an additive effect of the two components,
sulphamethoxazole and trimethoprim [107].

Available evidence from interaction studies indicates that
B-adrenoceptor antagonists [110], dextropropoxyphene
[111], diltiazem [112], enoxacin [113], erythromycin [81,
114], metronidazole [115], olanzapine [116] and omeprazole
[117, 118] are all unlikely to inhibit CYP2C9 activity in vivo.

Pharmacogenetics

The possible genetic regulation of tolbutamide metabolism
was first reported in 1979. A study of tolbutamide
pharmacokinetics in fifty subjects showed that elimination
rate constant varied almost nine-fold; the corresponding
range of elimination half-lives was 2.9-25h [119]. The
elimination rate constant frequency data approximated a
trimodal distribution and was used to argue monogenic
control of tolbutamide metabolism in humans, with an
estimated 30% of the population being classified as poor
metabolisers. It is almost certain, however, that none of the
subjects in the original study was a true poor metaboliser of
tolbutamide [120]. An individual with tolbutamide elimin-
ation half-life of 37 h (almost five times the population
mean) and a plasma clearance only 20% of the population
mean was identified in a later study [121] and subsequently
genotyped as homozygous for the recessive (Leu359)
CYP2C9 allele [122] (see below). In contrast, another
individual with a tolbutamide half-life of 26 h [123] was not
homozygous for the recessive allele [122]. The very low
plasma clearance of tolbutamide in the phenotypically poor
metaboliser [121, 124] is suggestive of almost total abolition
of the metabolic clearance component of tolbutamide
elimination.

A survey of the tolbutamide hydroxylation capacity of
106 unrelated volunteers from the Australian population
failed to detect a single poor metaboliser [124], suggesting
that the incidence of the poor metaboliser phenotype is low.
Consistent with the tolbutamide population data, the
frequency of the poor phenytoin hydroxylation phenotype
has been estimated to be 1 in 500 based on the results of a
pedigree analysis study [125, 126]. Furthermore, in clinical
trials conducted in recent years with losartan, less than 1%
of the subjects studied showed markedly diminished conver-
sion of losartan to its active metabolite (a known CYP2C9
catalysed reaction) [127].

As noted earlier, six different CYP2C9 sequences have
been identified to date, with another sequence, CYP2C10,
originally being classified separately due to differences in the
3" —untranslated region [8, 9, 12—17]. Nine nucleotide
substitutions in the coding region of CYP2C9 account for
the various sequences reported. Genotyping studies conduc-
ted in a number of laboratories suggests, however, that only
three sequences appear to represent true CYP2CY alleles
[122,
artifacts. Polymorphisms in the coding region of the

128-130], the others presumably being cloning

CYP2C9 gene produce variants at amino acid residues 144
and 359 (Figure 3). Three alleles arising from C to T (Arg
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to Cys) and A to T (Ile to Leu) transversions at codons 416
and 1061, respectively, have been identified; Arg144/11e359,
Cys144/11e359 and Argl44/Leu359. The respective
allele frequencies for the Argl44/11e359, Cys144/11e359
and Arg144/Leu359_1 variants (sometimes referred to as
CYP2C9*1, CYP2C9*2 and CYP2C9*3, respectively) in
Caucasian populations have been reported to range from
0.79-0.86, 0.08-0.125, and 0.03-0.085 [122, 128-130].
Thus, the Argl44/11e359 allele represents the wild-type
CYP2C9. Interestingly, the Cys144 allele is not detected in
Chinese or Japanese subjects [122, 130-132]

frequency is also very low (0.01) in African-Americans

and its

[122]. In these populations there is a corresponding increase
in the frequency of the Argl144/11e359 allele to >0.95. No
individuals homozygous for the Cys144 or Leu359 alleles
were identified in the populations randomly selected for the
various genotyping studies.

Genotyping of the individual with a tolbutamide half-life
of 37 h identified in a previous in vivo study [121] confirmed
homozygosity for the Leu359 allele [122, 128]. No other
mutations were found in the coding region, intron-exon
junctions or upstream region of the CYP2C9 gene of this
subject. Sequencing of the coding region of the CYP2C9
gene of two subjects identified as poor metabolisers of
losartan similarly confirmed that both were homozygous for
the mutation causing the Ile to Leu substitution at residue
359 [127]. Somewhat surprisingly, it therefore appears that
the conserved Ile to Leu (both being structurally similar
hydrophobic amino acids) substitution gives rise to the poor
metaboliser CYP2C9 activity phenotypes. Kinetic studies
with the expressed CYP2C9 variants indicate that apparent
K, values for tolbutamide [15, 122, 128], S-warfarin [121,
133] and torsemide [J. O. Miners, D. J. Birkett, J. A.
Goldstein, unpublished results] are higher while 17, values
are similar or lower for the Arg144/Leu359 variant compared
to the wild type enzyme. Overall, intrinsic clearances
(Vimax/ K,,,) for the Argl44/Leu359 variant with these three
substrates are & 15-20% of the intrinsic clearances observed
with the wild type enzyme, consistent with the magnitude
of the decrease in tolbutamide plasma clearance (ca 20% of
the population mean) observed in the poor metaboliser with
a half-life of 37 h [121]. Phenytoin hydroxylase activity of
the Argl144/Leu359 variant has also been shown to be lower
for the wild-type enzyme [15]. Application of the Hardy-
Weinberg law to the genotyping data indicates that the
frequency of individuals homozygous for the Leu359 allele
is <1% [122], in agreement with the estimated frequencies
of the tolbutamide and phenytoin poor metaboliser pheno-
types [124, 126].

Taken together, available evidence indicates that individ-
uals homozygous for the Leu359 allele are likely to have
impaired clearances of losartan, phenytoin, tolbutamide,
torsemide, S-warfarin, and possibly other CYP2C9 sub-
strates. This is likely to have consequences for dosage
regimens, as has been illustrated recently for warfarin [134].
The warfarin maintenance dose required for anticoagulation
of a patient homozygous for the Leu359 allele was
0.5 mg day_1 or less. It has also been reported that the
regio- and stereo-selectivity of warfarin hydroxylation may
differ [122,
135]. Interestingly, however, the kinetics of diclofenac

between the Ile- and Leu-359 wvariants
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Figure 3 Sites of polymorphism in the CYP2C9 protein.

4'-hydroxylation are apparently unaffected by the isoleucine
to leucine substitution [19]. These data confirm that a single,
conserved amino acid substitution in a substrate recognition
site may drastically alter the catalytic efficiency and substrate
specificity of a CYP isoform.

Whereas homozygosity of the Leu359 allele is likely to
have important therapeutic implications, the consequences
of expression of the Cysl44 and/or Leu359 alleles in
heterozygotes is less clear. Unlike residue 359, which is
situated in SRS5 of CYP2C9, amino acid 144 does not fall
within any of the known substrate recognition sequences
and this mutation would not, therefore, be expected to
change substrate binding. Intrinsic clearances (V,,./K,,) of
the wild type CYP2C9 (Arg144/11e359) and Cys144/11e359
variants appear not to differ significantly with tolbutamide
[122, 128, 136] and torsemide [J. O. Miners, D. J. Birkett,
J. A. Goldstein, unpublished results] as substrates, but the
situation is less clear for S-warfarin. 1/,,, values of the
Cys144/11e359 variant for S-warfarin 7-hydroxylation have
been reported to be similar to [122] or lower [136, 137]
than that of the wild-type enzyme, although K, values were
the same. Different expression systems (baculovirus, COS,
lymphoblast, HepG2, yeast) were used in the various studies
investigating the activities of the CYP2C9 variants, which
could contribute to the different observations. Moreover, it
has been reported recently that the magnitude of the
difference in the V[, for S-warfarin (and possibly other
substrates) between the Arg- and Cys-144 variants in a
number of expression systems is influenced by the CYP to
cytochrome P-450 oxidoreductase ratio [137]. It appears
that Argl44 may play an important role in the interaction
between CYP2C9 and reductase, and a high reductase to
CYP2C9 ratio in expression systems is necessary to resemble
conditions in human liver microsomes. Also of possible
significance to CYP2C9 activity in individuals expressing
the Cysl144 allele is the observation of relatively greater
expression of this allele over the wild-type Argl44 allele in
heterozygotes [128].

There was no apparent correlation between genotype and
the microsomal hydroxylation of the known CYP2C9
substrates diclofenac, phenytoin, tolbutamide and torsemide
in 18 human livers [128]. Activities for a heterozygous
[1e359 liver were low, but still within the range of activities
observed for the sample population. Tolbutamide hydroxy-
lase activities have been reported not to be influenced by
expression of the Cys144 allele in livers from 45 Caucasian
subjects [130]. Similarly, tolbutamide hydroxylase activities
in livers from both Japanese and Caucasian Ile359/Leu359
heterozygotes tended to low, but were again within the
range of activities observed for livers expressing only the
wild-type enzyme. In contrast to the in vitro activity data,
comparison of the warfarin maintenance dose required for
stable anticoagulation in patients who were homozygous
wild-type and Arg144Cys heterozygotes revealed that the
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average dose was 20% lower (P=0.02) in the heterozygotes
[138]. Since CYP2CY9 is known to contribute to the
metabolism of benzo[a]pyrene [26], a possible association
between CYP2C9 genetic polymorphism and lung cancer
risk has been addressed recently [139]. No association was
found between lung cancer risk and expression of any of
the CYP2C9 alleles.

Other factors influencing CYP2C9 expression

CYP2C9 is expressed constitutively in human liver at levels
almost as high as CYP2CS8, the most abundant CYP2C
isoform in that tissue [140]. The CYP2C9 gene has been
isolated and shown to be =&55kb in size [9, 141]. The
promoter region of the gene contains a number of potential
transcription factor recognition sites, notably those for AP-1,
C/EBP, GRE and HPF-1 [141, 142]. An HPF-1 like motif
present in the CYP2C9 promoter appears to be an important
cs-acting element contributing to the liver-specific
expression of this gene. There is some evidence that CYP2C
protein, but not specifically CYP2C9, is expressed at very
low levels in human lung [143]. CYP2C9 mRNA is not
detectable in full-term placentae [144].

CYP2C9 appears not to be expressed in foetal tissue [16,
145], but CYP2C protein is detectable in neonatal liver
[146]. Like a number of other drugs metabolised by CYP,
the half-life of phenytoin is shorter and the steady-state
plasma concentration lower for a given dose per kilogram
in children [147]. Whether this reflects increased activity of
CYP2C9 remains unknown. Data concerning the pharmaco-
kinetics of CYP2C9 metabolised drugs in the elderly are
conflicting, and frequently complicated by changes in plasma
protein binding, but nevertheless tend to suggest that
CYP2C9 activity 1s not decreased by old age [148]. It has
been reported recently that the intrinsic clearance of
S-warfarin does not differ significantly between young adult
and elderly subjects, although differences were noted for the
R -enantiomer [149].

Several rat CYP2C isoforms are known to be expressed
in a sex-specific manner, but no human CYP isoforms are
expressed exclusively in males or females [3]. There appears
to be no evidence to suggest that significant gender-related
differences exist in the elimination of drugs metabolised by
CYP2C9 [150]. It 1s unclear whether ethnicity is a significant
determinant of CYP2C9 activity. The mean K,, for
phenytoin, estimated from population pharmacokinetic data,
has been reported to be lower in Chinese and Japanese than
in Europeans, although interindividual variability was sub-
stantial [151, 152]. As noted earlier, allele frequencies for
the CYP2C9 variants differ in Oriental and Caucasian
populations. The Cys144 allele is not detectable in Chinese
and Japanese and the frequency of the Leu359 allele may be
marginally lower in these populations than in Caucasians
[130-132]. It is noteworthy that rates of microsomal
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tolbutamide hydroxylation in livers from Caucasian and
Japanese subjects show wide but comparable ranges of
activities. Immunoreactive hepatic CYP2C9 contents also
appear to be similar in both races.

Conclusions

With the recent application of in vitro techniques for the
identification of the enzymes involved in the metabolism of
any given xenobiotic, it has become increasingly clear that
CYP2C9 ranks amongst the most important drug metabolis-
ing CYP isoforms present in human liver. Many CYP2C9
substrates are weak acids, but CYP2C9 also has the capacity
to metabolise neutral, highly lipophilic xenobiotics suggest-
ing substrate specificity may be broader than is currently
believed.

CYP2C9 is inducible, notably by rifampicin, and numer-
ous clinically significant inhibitory drug interactions involv-
ing CYP2C9 substrates have been described. Genetic
polymorphisms, at least one of which is known to be
associated with a dramatic change in enzyme activity, result
from two mutations in the coding region of the CYP2C9
gene. Given the modulation of CYP2C9 activity by genetic
factors, stimulatory and inhibitory interactions, and possibly
age effects (viz increased clearance in children), it is hardly
surprising that wide interindividual variability has been
reported for the elimination and/or dosage requirement of
some drugs metabolised by CYP2C9 [120, 124, 126, 134,
153]. For example, tolbutamide hydroxylation capacity
varies *20-fold in vivo and in vitro [124, 130, 154]. As is
current practice with phenytoin, tolbutamide and warfarin,
individualisation of dose is clearly necessary for those
CYP2C9 substrates with a narrow therapeutic index.
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