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Abstract Warfarin is one of the most widely prescribed oral anticoagulants. However,
optimal use of the drug has been hampered by its >10-fold interpatient vari-
ability in the doses required to attain therapeutic responses. Pharmacogenetic
polymorphism of cytochrome P450 (CYP)may be associatedwith impaired elim-
ination of warfarin and exaggerated anticoagulatory responses to the drug in
certain patients.
Clinically available warfarin is a racemic mixture of (R)- and (S)-warfarin,

and the (S)-enantiomer has 3 to 5 times greater anticoagulation potency than its
optical congener. Both enantiomers are eliminated extensively via hepatic meta-
bolism with low clearance relative to hepatic blood flow. CYP2C9 is almost
exclusively responsible for the metabolism of the pharmacologically more active
(S)-enantiomer.
Several human allelic variants of CYP2C9 have been cloned, designated as
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CYP2C9*1 (reference sequence orwild-type allele), CYP2C9*2,CYP2C9*3 and
CYP2C9*4, respectively. The allelic frequencies for these variants differ consid-
erably among different ethnic populations. Caucasians appear to carry the CYP
2C9*2 (8 to 20%) and CYP2C9*3 (6 to 10%) variants more frequently than do
Asians (0% and 2 to 5%, respectively).
The metabolic activities of the CYP2C9 variants have been investigated in

vitro. The catalytic activity of CYP2C9*3 expressed from cDNA was signifi-
cantly less than that of CYP2C9*1. Human liver microsomes obtained from in-
dividuals heterozygous for CYP2C9*3 showed significantly reduced (S)-warfarin
7-hydroxylation as compared with those obtained from individuals genotyped as
CYP2C9*1.
The influence of the CYP2C9*3 allele on the in vivo pharmacokinetics of

(S)-warfarin has been studied in Japanese patients. Patients with the homozygous
CYP2C9*3 genotype, as well as those with the heterozygous CYP2C9*1/*3 ge-
notype, had significantly reduced clearance of (S)-warfarin (by 90 and 60%,
respectively) compared with those with homozygous CYP2C9*1.
The maintenance dosages of warfarin required in Japanese patients with het-

erozygous and homozygous CYP2C9*3 mutations were significantly lower than
those in patients with CYP2C9*1/*1. In addition, 86% of British patients exhib-
iting adequate therapeutic responses with lower maintenance dosages of warfarin
(<1.5 mg/day) had either the CYP2C9*2 or CYP2C9*3 mutation singly or in
combination, whereas only 38% of randomly selected patients receiving warfarin
carried the correspondingmutations. Furthermore, the former group showedmore
frequent episodes of major bleeding associated with warfarin therapy.
These data indicate that the CYP2C9*3 allele may be associated with retarded

elimination of (S)-warfarin and the resulting clinical effects. However, relationships
between CYP2C9 genotype, enzyme activity, metabolism of probe substrates,
dosage requirements and bleeding complications should be interpreted with
caution, and further studies are required.

Warfarin is the most widely used oral anticoag-
ulant throughout the world despite a narrow thera-
peutic index and frequent bleeding complications
during treatment.[1] For the prevention and treatment
of thromboembolic disorders it has been recom-
mended that anticoagulation responses of an Inter-
national Normalised Ratio (INR) ranging from 2 to
3 should be considered optimal or target responses,
except for prosthetic heart valves, for which an
INR of 2.5 to 3.5 is recommended.[1] However, it
is not easy for clinicians to estimate the optimal
initial dosage of the drug to attain such a narrow
therapeutic range of INR for each patient, because
there is wide variation in the anticoagulant response
to warfarin between and even within patients.

Therefore, numerous attempts have been made to
clarify possible causative factors for the variability
of the pharmacokinetics and pharmacodynamics of
warfarin.
In this article we summarise not only in vitro but

also in vivo data that are relevant to the influence
of the pharmacogenetics of cytochrome P450 (CYP)
on warfarin elimination. We also discuss possible
pitfalls that must be considered when extrapolating
in vitro data obtained from cDNA-expressed CYP
isoform systems to in vivo pharmacokinetics. In
this context, we discuss possible reasons to explain
why in vitro studies clearly demonstrating reduced
enzyme activity of CYP2C9 variants toward certain
probe substrate might fail to predict the influence
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on the overall elimination kinetics of the corre-
sponding probe substrate in in vivo studies.

1. Pharmacokinetics of 
Warfarin Enantiomers

The clinically available form of warfarin is a
racemic mixture of equal amounts of (R)- and (S)-
enantiomers that have distinct pharmacological ac-
tivity. (S)-Warfarin has been shown to have an an-
ticoagulation effect 3 to 5 times more potent than
that of its optical congener in humans,[2,3] implying
that (S)-warfarin is largely associated with antico-
agulation responses elicited by the administration
of racemicwarfarin. Previous studies[4,5] have shown
that (S)-warfarin is metabolised mainly to its major
metabolite, (S)-7-hydroxy-warfarin, and to a much
lesser extent to (S)-6-hydroxy-warfarin; these re-
actions are mediated almost exclusively by CYP2C9
in humans. In addition, recent advances in molecular
biology have revealed that this CYP isoform has
numerous allelic variants associated possibly with
altered catalytic activities.[6] Therefore, pharmaco-
genetic polymorphism of CYP2C9 and resultant
alterations in its in vitro enzyme kinetics – maximum
rate of metabolism (Vmax), Michaelis-Menten con-
stant (Km) and intrinsic clearance (CLint) [Vmax/Km]
– have been studied extensively to elucidate the
possible effect of genetic polymorphism of CYP2C9
on the interpatient variability of (S)-warfarin elim-
ination, and ultimately on the anticoagulation re-
sponse.
Although (S)-warfarin has 3 to 5 times greater

anticoagulation effect than (R)-warfarin, caution
must be exercised in attributing the clinical response
of the drug solely to the pharmacologically more
active (S)-enantiomer. (S)-Warfarin has greater
systemic clearance (CL) and shorter elimination
half-life (t1⁄2β) than its optical congener: CL 0.31 vs
0.15 L/h/70kg (5.2 vs 2.5 ml/min/70kg) and t1⁄2β 24
vs 40 hours.[2,3] Thus, plasma concentrations of
(R)-warfarin at steady state would be on average
94% higher than those of (S)-warfarin. Assuming
that only unbound drug can reach its site of action,
the anticoagulation response to warfarin should be
considered as a function of plasma unbound (Cu),

rather than total, concentrations of warfarin en-
antiomers. Both warfarin enantiomers are exten-
sively bound to plasma protein, and no enantio-
selective differences have been observed in their
binding (plasma unbound fractions of 1%).[7] Con-
sequently, at steady state, (S)-warfarin would be
expected to be associated with 60 to 70% of overall
anticoagulation response to warfarin.
In this context, we analysed the anticoagulation

response to racemic warfarin as a function of Cu of
(S)-warfarin [i.e. Cu(S)]. According to basic phar-
macokinetic principles, the average Cu(S) at steady
state is determined by the dose rate and the un-
bound oral clearance for (S)-warfarin [i.e. CLpo,u(S)]
as follows:

Cu(S)ss = (D/2τ)/CLpo,u(S) (eq. 1)

where Cu(S)ss is the average Cu of (S)-warfarin at
steady state, D is the daily dose of racemicwarfarin
and τ is the administration interval (e.g. 24 hours).
Previous studies have shown that the bioavailabil-
ity of warfarin after oral administration is almost
complete and that more than 98% of the warfarin
dose absorbed is eliminated by hepatic metabolism
in humans.[8] Therefore, according to the physio-
logical pharmacokinetic model,[9] CLpo,u for (S)-
warfarin is largely equal to its hepatic intrinsic
clearance (CLint,h), representing the sum of the in-
dividual hepatic enzyme activities associated with
(S)-warfarinmetabolism.As a result, either CLpo,u(S)
or CLint,h(S) is the sole pharmacokinetic parameter
that determines Cu(S)ss and thereby would be re-
sponsible, at least in part, for interpatient variabil-
ity in the anticoagulant responses to racemic war-
farin. Because the metabolism of (S)-warfarin is
mediated almost exclusively by CYP2C9, in vivo
CLint,h or CLpo,u for (S)-warfarin would also be rel-
evant parameters for CYP2C9 activity. In addition,
because (S)-7-hydroxy-warfarin is excreted into
urine largely in an unchanged form (being mini-
mally glucuronidated),[10] the in vivo formation
clearance (CLf) of (S)-7-hydroxy-warfarin may
also serve as another useful and more specific in
vivo parameter for hepatic CYP2C9 activity.
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In contrast, total (bound plus unbound) plasma
concentrations of (S)-warfarin are dependent not
only on CLint,h(S) but also on the status of plasma
protein binding of the drug:

CLpo(S) = CLint,h(S) • fub (eq. 2)

where fub is the unbound fraction of (S)-warfarin in
the blood. Since Cu(S) can be related to the antico-
agulation response, total plasma concentrations of
(S)-warfarin or racemic warfarin and their clearan-
ces may not necessarily be reliable parameters for
analysing the interpatient variability of anticoagulant
effects elicited by the administration of racemic
warfarin. In this context, we discuss the pharmaco-
genetics of warfarin elimination and its clinical im-
plications as a function of Cu of (S)-warfarin or
CLpo,u(S).
Although many factors such as age, sex, race

and disease state may influence interpatient vari-
ability in the anticoagulation response to warfarin,
our premise that hepatic CYP2C9 activity is one of
the prime determinants of this variability is sup-
ported by a number of drug interaction studies in
which warfarin was involved. Previous studies[11-15]
have shown that certain anti-inflammatory agents
(e.g. phenylbutazone), uricosuric agents (e.g. sulfin-
pyrazone, benzbromarone, bucolome) and anti-
fungal agents (e.g. fluconazole) exaggerate the
anticoagulation effects of warfarin to clinically
hazardous levels via inhibition of metabolism by
(S)-warfarin. Subsequent studies[13-16] have clearly
demonstrated that these drugs are potent inhibitors
of CYP2C9. These data appear compatiblewith our
assumption that the expression of functionally de-
fective CYP2C9 variants may be associated with
apparently exaggerated sensitivity to warfarin,
whereas it would not explain the reason for certain
patients exhibiting apparent resistance to the anti-
coagulation effect of the drug.
Although the pharmacologically less active (R)-

warfarin is also metabolised extensively, the he-
patic metabolism of this enantiomer involves the
net results of catalysis of multiple isoforms of CYP
(CYP1A2, CYP2C19, CYP3A) and ketoreduct-
ases.[4,5] Therefore, reduction of the catalytic activ-

ity of one of the enzymes involved in the metabo-
lism of (R)-warfarin would lead to only a small
change in Cu of (R)-warfarin. Indeed, previous
studies have shown that coadministration of en-
oxacin,[17] cimetidine,[18] omeprazole,[19] ticlopid-
ine[20] or diazepam[21] with racemic warfarin gave
rise to an enantioselective metabolic inhibition of
(R)-warfarin metabolism and selectively elevated
Cu of (R)-warfarin, whereas no significant changes
in the anticoagulant activity were observed. These
data indicate that the influence of (R)-warfarin on
the overall anticoagulation effect of warfarin is in-
significant, if any.

2. Variants of Cytochrome P450 (CYP)
2C9 and Their Allelic Frequencies in
Different Ethnic Groups

2.1 Coding-Region Single 
Nucleotide Polymorphisms

CYP2C9 is one of the major isoforms of the
CYP2C subfamily, and accounts for about 20% of
constitutively expressed hepatic CYP in humans.[22]
This CYP isoform is principally responsible for the
metabolism of a number of clinically important
drugs, such as tolbutamide, (S)-warfarin, phenytoin,
fluoxetine, losartan, torasemide, irbesartan, sulfa-
methoxazole, glipizide, tetrahydrocannabinol and
numerous nonsteroidal anti-inflammatory drugs
(NSAIDs).[6,16,23-25]
Although gross gene deletion and single nucle-

otide deletions or changes that create aberrant
splicing or frame shifts have been reported for
other polymorphic CYP isoforms (e.g. CYP2D6
and CYP2C19),[6,26] all allelic variants reported for
CYP2C9 are single nucleotide polymorphisms
(SNPs) leading to single amino acid changes.[6,27-43]
According to a recent proposal by Nebert,[44] we
refer to SNPs located within the coding region as
cSNPs and those located inside or in the immediate
vicinity of genes as perigenic SNPs (pSNPs).
At present, 2 cSNPs have been confirmed in ran-

domly selected populations of more than 2 different
ethnic backgrounds. The Human Cytochrome P450
Allele Nomenclature Committee has assigned the
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Arg144/Ile359, Cys144/Ile359, Arg144/Leu359 and Arg144/
Thr359 alleles of CYP2C9 as CYP2C9*1 (reference
sequence or wild-type), CYP2C9*2, CYP2C9*3
and CYP2C9*4, respectively.[26] Recently, another
possible cSNP(Arg144/Glu360allele)was reported.[27]
Table I shows the allelic frequencies for the 6
unique CYP2C9 alleles reported from different
ethnic populations.[27-43] Among the distinct CYP-
2C9 variants, CYP2C9*3 has been detected in all
ethnic groups so far studied (i.e. Caucasian, African-
American and Asian), but its allelic frequencies are
quite different across the ethnic groups: 6 to 10%
in Caucasians and Canadian Native Indians, 1.7 to
5% in Asians and 0.5 to 1.5% in African-Americans.
Ethnic differences in allelic frequency have also
been observed for CYP2C9*2. The CYP2C9*2 al-
lele was detected in 8 to 19.1% of Caucasians and
1 to 3.6% of African-Americans and Canadian Na-
tive Indians, no CYP2C9*2 alleles were detected
in Asians (Chinese and Japanese).
Caution must be exercised in interpreting the

genotyping data for CYP2C9*2 and CYP2C9*3
using different methods of the polymerase chain
reaction (PCR) followed by restriction enzyme di-
gestion. Yasar et al.[37] studied the validity of 3
commonly used PCR-based genotyping methods
in 430 Swedish people and found that one of them
may give erroneous results for both CYP2C9*2
and CYP2C9*3 alleles, probably because of co-
amplification of other genes in the CYP2C locus.
The other 2 methods gave completely concordant
results with each other.
CYP2C9*4 has been detected so far in only 1

Japanese patient who was shown to have a reduced
phenytoin clearance compared with those who had
CYP2C9*1/*1.[28] The allelic frequency of this
variant in Japanese would be very low, because we
found no such variant in our Japanese study popu-
lation (n = 86; table I) [H. Takahashi, unpublished
data]. No information is available on whether this
variant has been confirmed in randomly genotyped
Caucasian or African-American populations. Al-
though another new variant, Asp/Glu360, was de-
tected in 5 of 110 African-Americans (CYP2C9*5,
2.3%),[27] it remains to be investigatedwhether this

CYP2C9 variant will also be confirmed in other
ethnic groups. At present, 7 other new CYP2C9
variant alleles (i.e., from CYP2C9*6 to CYP2C9*12)
are registered at the web site of the Human Cyto-
chrome P450 (CYP)Allele Nomenclature Commit-
tee.[26]

2.2 Noncoding-Region Single
Nucleotide Polymorphisms

Two distinct pSNPs in intron 2[36,40] and 7 pSNPs
in the 5′-noncoding region[45] of CYP2C9 have
been reported. Of the pSNPs in intron 2, one is a
T/C transition and the other is an A/T transition at
73 and 12 base pairs downstream of exon 2, respec-
tively. The former mutation was discovered in
22.8% of German Caucasians[36] but was shown to
be extremely rare in Japanese (0.4%: H. Takahashi
et al., unpublished data). The latter was reported by
Wang et al.[40] in Chinese but little is known about
its allelic frequencies in other ethnic populations.
With respect to the pSNPs in the 5′-flanking re-
gion, their functional influences are under investi-
gation.[45] It is becoming increasingly clear that
pSNPs may also have a great effect on the pheno-
type, and several established cases were summarised
in a recent review.[44] Therefore, further studies are
required to clarify whether the pSNPs of CYP2C9
might have any clinical implications.

3. Metabolic Activities of CYP2C9
Variants In Vitro

3.1 cDNA Expression Systems

Considerable interest has arisen as to whether
any single amino acid-substituted CYP2C9 vari-
ants play a significant role in interpatient variabil-
ity in the metabolic activity of (S)-warfarin and
other CYP2C9 substrates. Table II summarises the
in vitro catalytic activities of CYP2C9*2 and CYP-
2C9*3 for (S)-warfarin 7-hydroxylation as com-
pared with that of CYP2C9*1 in different cDNA
expression systems using yeast, HepG2 cells, in-
sect cells and lymphoblasts. These data indicate
that caution must be exercised in comparing the in
vitro enzyme kinetic parameters for the wild-type
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and variant CYP2C9s obtained from different ex-
pression systems andmeasured under different experi-
mental conditions. For instance, there were 7-, 3-
and 9-fold differences in Km, Vmax and Vmax/Km
(CLint) for (S)-warfarin 7-hydroxylation among the
expressed CYP2C9*1 (wild-type) reported from
different laboratories.[29,46-52]

3.1.1 CYP2C9*2
Controversial data have been reported regarding

the influence of the Cys144/Ile359 mutation (CYP-
2C9*2) on the in vitro catalytic activities of (S)-
warfarin 7-hydroxylation as compared with CYP-
2C9*1, despite the fact that comparisons were
made using comparable expression systems and
experimental conditions in various laboratories.

Rettie et al.[47,52] and Yamazaki et al.[49] demon-
strated that the Km values of CYP2C9*2 obtained
from HepG2 cells, insect cells and yeast were
largely similar to the corresponding values of CYP-
2C9*1, whereas their CLint values for (S)-warfarin
7-hydroxylation were 85, 32 and 59% less than the
corresponding values obtained from the wild-type
allele (CYP2C9*1). Yamazaki et al.[49] also showed
that the CLint of yeast-expressed CYP2C9*2 for
(S)-flurbiprofen 4′-hydroxylation and diclofenac
4′-hydroxylation were 65 and 35% lower than that
of CYP2C9*1, respectively. Tracy et al.[53] reported
that the velocity of (S)-flurbiprofen 4′-hydroxyla-
tion by CYP2C9*2 at a near-Vmax substrate concen-
tration was about 65% less than that of CYP2C9*1

Table I. Allelic frequencies of cytochrome P450 (CYP) 2C9 variants among different ethnic populations

Ethnic background CYP2C9*1
(wild-type)a

CYP2C9*2
(exon 3)

CYP2C9*3
(exon 7)

CYP2C9*4
(exon 7)

CYP2C9*5
(exon 7)

T/C
(intron 2)

American-Caucasian (n = 100)[29] 0.860 0.080 0.060 ND ND ND
American-Caucasian (n = 461)[30] 0.097 ND ND ND ND
British-Caucasian (100)[31] 0.790 0.125 0.085 ND ND ND
British (n = 94)[32] 0.191 ND ND ND ND
British (n = 561)[33] 0.841 0.106 0.053 ND ND ND
Canadian-Caucasian (n = 325)[34] 0.780 0.150 0.070 ND ND ND
German (n = 127)[35] 0.134 ND ND ND ND
German-Caucasian (n = 367)[36] 0.815 0.107 0.078 ND ND 0.228
Swedish (n = 430)[37] 0.819 0.107 0.074 ND ND ND
Turkish (n = 499)[38] 0.794 0.106 0.100 ND ND ND
Canadian Native Indian (n = 114)[34] 0.910 0.030 0.060 ND ND ND
Caucasian + African-American (n = 39)[39] 0.842 0.132 0.026 ND ND ND
African-American (n = 100)[29] 0.985 0.010 0.005 ND ND ND
African-American (n = 239)[30] 0.036 ND ND ND ND
African-American (n = 110)[27] ND 0.015 ND 0.023 ND
Taiwanese-Asian (n = 98)[29] 0.974 0 0.026 ND ND ND
Chinese-Asian (n = 135)[40] 0 ND ND ND ND
Chinese-Asian (n = 115)[40] ND 0.017 ND ND ND
Chinese-Asian (n = 102)[34] 0.950 0 0.050 ND ND ND
Japanese-Asian (n = 218)[41] 0.979 0 0.021 ND ND ND
Japanese-Asian (n = 86)[42] 0.983 0 0.017 0 0 0.004
Japanese-Asian (n = 140)[43] 0.982 0 0.018 ND ND ND
Japanese-Asian (n = 32)[28] ND ND ND (0.016)b ND ND
a Because we consider that the allelic frequency of CYP2C9*1 (wild-type) should be calculated by subtracting the sum of frequencies of

at least the 2 common variants of CYP2C9 (CYP2C9*2 and CYP2C9*3) from 1, we leave the frequency of CYP2C9*1 blank for studies
where genotyping was performed for only 1 of the variant alleles.

b The value obtained from a selected population which consisted of epileptic patients with low a plasma 5-(p-hydroxyphenyl)-5-phenyl-
hydantoin to phenytoin ratio (<0.3).

ND = not determined.
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in a HepG2 cell expression system. In contrast,
Kaminsky and Zhang[5] reported that the CYP-
2C9*2 variant affected none of the enzyme kinetics
(metabolic activity, regioselectivity and stereo-
selectivity) for multiple pathways of warfarin hydr-
oxylation in a yeast expression system. Sullivan-
Klose et al.[29] reported no remarkable differences
between CYP2C9*2 and CYP2C9*1 regarding CLint
for tolbutamide hydroxylation (another CYP2C9
substrate), and Chang et al.[54] reported similar re-
sults for the 4-hydroxylation of cyclophosphamide
and ifosfamide in a yeast expression system.
Crespi and Miller[51] found that the differences

in in vitro catalytic activity between CYP2C9*1

and CYP2C9*2 were strongly dependent on the
ratio of NADPH-CYP reductase to CYP2C9 in an
expression system using lymphoblastoid cells,
such that the difference was more pronounced at
higher ratios of NADPH-CYPreductase toCYP2C9.
In addition, they found that the expressedCYP2C9*1
exhibited a fairly comparable turnover number to
that obtained from human liver microsomes at high
ratios of NADPH-CYP reductase to CYP. As a re-
sult, they concluded that an excess of NADPH-
CYP reductase over CYP2C9 in the expression
system would be required to simulate in vivo CYP-
2C9 activity. On the basis of these findings, they
claimed that the CYP2C9*2 variant should have a

Table II. In vitro enzyme kinetic parameters for (S)-warfarin 7-hydroxylation by cDNA-expressed CYP2C9*1, CYP2C9*2 and CYP2C9*3
obtained from different expression systems

Km
(μmol/L)

Vmax
(pmol/min/nmol of P450)

Vmax/Km
(ml/min/μmol of P450)

Expression system Reference

CYP2C9*1 (Arg144/Ile359)
11.6 ± 0.9 133 ± 6 11.5 Yeast 29
6.0 ± 0.4 212 ± 7 35.0 Insect cells 46
4.1 ± 0.6 421 ± 21 102.7 HepG2 cells 47
2.6 ± 0.3 280 ± 1 108.0 Yeast 48
18.0 ± 2.0 220 ± 7 12.2 Yeast 49
5.8 ± 0.8 248 ± 18 43.7 Yeast 50
4.0 0.097a 0.024b Insect cells 51
4.0 0.35a 0.088b Lymphoblast 51
5.3 0.22a 0.042b Lymphoblast (low OR to CYP ratio) 51

CYP2C9*2 (Cys144/Ile359)
12.5 ± 0.7 166 ± 5 13.2 (↑ 10%c) Yeast 29
1.7 ± 0.3 27 ± 1 15.9 (↓ 85%c) HepG2 cells 47
22.0 ± 1.0 110 ± 3 5.0 (↓ 59%c) Yeast 49
6.0 ± 1.0 145 ± 4 24.2 (↓ 32%c) Insect cells 52
2.7 0.060a 0.022b (↓ 8.3%c) Insect cells 51
3.8 0.057a 0.015b (↓ 83%c) Lymphoblast 51
4.2 0.062a 0.015b (↓ 64%c) Lymphoblast (low OR to CYP ratio) 51

CYP2C9*3 (Arg144/Leu359)
92.3 ± 5.5 181 ± 8 2.0 (↓ 83%c) Yeast 29
30.0 ± 4.3 41 ± 4 1.3 (↓ 96%c) Insect cells 46
10.4 ± 1.7 67 ± 15 6.7 (↓ 94%c) Yeast 48
53.0 ± 5.0 67 ± 4 1.3 (↓ 89%c) Yeast 49
21.6 ± 1.5 111 ± 12 5.1 (↓ 88%c) Yeast 50
a Turnover number (min–1).
b Turnover number/Km (L/min/μmol).
c Percentage change in Vmax/Km from the control values obtained with CYP2C9*1 (wild-type).
CYP = cytochrome P450; Km = Michaelis-Menten constant; OR = NADPH-cytochrome P450 reductase; Vmax = maximum rate of metabolism;
↑ indicates increase; ↓ indicates decrease.
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markedly reduced metabolic activity in vivo. Be-
cause the ratios of NADPH-CYP reductase to
CYP2C9 might have differed among the different
expression systems used in the previous reports,
the apparent discordance regarding the effect of
CYP2C9*2 mutation on enzyme activity should be
viewed with caution.
In addition, Crespi and Miller[51] suggested that

the CYP2C9*2 mutation may disturb the interac-
tion of CYP2C9 protein with NADPH-CYP re-
ductase (i.e. Vmax and Vmax/Km) rather than that
with substrates (i.e. Km), because they found no
substantial differences in Km values between
CYP2C9*1 and CYP2C9*2. Their contention may
be compatible with a recently proposed substrate
recognition site (SRS) model for CYP2C subfamil-
ies. At present, 6 putative SRSs have been inferred
for CYP2C9 based on comparative analysis of
amino acids and coding nucleotide sequences for
human CYP2C subfamilies and for bacterial CYP
isoforms of which SRSs were identified by x-ray
crystallography.[55] According to this model, resi-
due 144 is not located at or in the vicinity of the
known SRSs.

3.1.2 CYP2C9*3
With regard to the influence of theArg144/Leu359

mutation (CYP2C9*3) on the in vitro activity of the
enzyme, all reports[29,46,48-50,52] agree that the cata-
lytic activity of cDNA-expressed CYP2C9*3 is
markedly reduced, not only for (S)-warfarin 7-
hydroxylation but also for other CYP2C9 sub-
strates (e.g. tolbutamide and phenytoin) irrespec-
tive of the expression system used (i.e. yeast and
insect cells) [table II]. CLint values for (S)-warfarin
7-hydroxylation obtained from cDNA-expressed
CYP2C9*3 were reduced to 4 to 17% of that ob-
tained from CYP2C9*1. Most of the studies demon-
strated that CYP2C9*3 had a greater Km (lesser
affinity) and a lower Vmax (lesser capacity) for (S)-
warfarin 7-hydroxylation than the corresponding
values for CYP2C9*1, indicating that both the
affinity and capacity of CYP2C9 were reduced by
the single amino acid change associated with the
CYP2C9*3 mutation.

Since residue 359 of CYP2C9 was suggested to
be located close to a putative SRS (SRS5),[55] a
single amino acid substitution at this position from
Ile to Leu appears to result in a drastic decrease in
the catalytic efficiency. Nonetheless, controversy
remains as to whether this variant of CYP2C9 would
have altered stereo- and regioselectivity for the
metabolism of warfarin enantiomers compared
with the wild-type CYP2C9*1.[5,46] A recent in
vitro study[50] using the yeast expression system
indicated that the Ile/Leu359 mutation significantly
decreased the catalytic activity for 7 chemically di-
verse CYP2C9 substrates [4 NSAIDs, phenytoin,
(S)-warfarin and tolbutamide], whereas the extent
of reduction was substrate-dependent and varied
among the substrates: Vmax/Km for diclofenac 4′-
hydroxylation was reduced 3.4-fold, but that for
piroxicam 5′-hydroxylation was reduced 34-
fold.

3.1.3 New Variants
Using site-directed mutagenesis coupled with

cDNAexpression, Ieiri et al.[56] reported that CYP2C9
with the Ile/Thr359 mutation, which was originally
cloned from a patient with a low in vivo clearance
for phenytoin,[28] had a 3- to 5-fold reduced CLint
for diclofenac 4′-hydroxylation as compared with
CYP2C9*1. The magnitude of reduction observed
in the patient with the CYP2C9 Ile/Thr359 variant
for the in vivo clearance of phenytoin[28] was largely
comparable to that observed in another patient
genotyped as having heterozygous CYP2C9*3.[57,58]
This variant was recently designated as CYP-
2C9*4.[26]
At present, there is a paucity of information re-

garding the effects of the Asp/Glu360 mutation on
the in vivo disposition of any CYP2C9 substrates.
As mentioned in section 2.2, pSNPs, as found in
intron 2 of CYP2C9, may give rise to a great effect
on the phenotype of the related genes.[44] In addi-
tion, the strategy used for cSNPs (site-directed
mutagenesis coupled with cDNA expression) may
not be applicable to pSNPs, except for splice-site
mutations. The clinical implications of pSNPs of
CYP2C9 should be studied using in vivometabolic
activity of CYP2C9 substrates as a phenotypic
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marker, or by linkage disequilibrium analysis with
other defective genes.

3.2 Human Liver Microsome Systems

Yamazaki et al.[49] recently reported the effects
of the CYP2C9*3 mutation on the in vitro catalytic
activity of human liver microsomes. They demon-
strated that human liver microsomes prepared from
3 different individuals genotyped as being hetero-
zygous for the Leu359 allele (CYP2C9*1/*3) ex-
hibited reduced catalytic rates for CYP2C9-related
reactions [racemic and (S)-warfarin 7-hydroxyla-
tion and tolbutamide methyl hydroxylation], but
not for a CYP2C19-related reaction [(S)-mephen-
ytoin 4′-hydroxylation] and a CYP3A4-related
reaction (testosterone 6β-hydroxylation) as com-
pared with individuals with the homozygous
wild-type CYP2C9*1 allele (CYP2C9*1/*1). In
contrast, they found no remarkable differences in the
catalytic activity for tolbutamide or (S)-warfarin
between microsomes obtained from individuals
with CYP2C9*1/*2 and CYP2C9*1/*1.
Conversely, Inoue et al.,[59] Bhasker et al.[60] and

Gill et al.[24] reported no appreciable differences in
the catalytic activity for tolbutamide and other
CYP2C9 substrates (i.e. phenytoin, torasemide, diclo-
fenac and sulfamethoxazole) between human liver
microsomes prepared from Caucasian liver donors
with either CYP2C9*1/*2 or CYP2C9*1/*3 and
those prepared from donors with CYP2C9*1/*1.
Such apparent discrepancies regarding the presence
or absence of a CYP2C9 variant-related gene-
dose effect in different human liver microsome
samples may be attributable to the fact that these
data[49,59,60] were not corrected for variable expres-
sion levels of CYP2C9 protein in each of the micro-
somal samples. Nonetheless, further studies are
required to draw definite conclusions on the rela-
tionship between distinct CYP2C9 genotypes and
catalytic activity in human liver microsomes.

4. Relationship of CYP2C9 Genotype to
Elimination of CYP2C9 Substrates, and
Its Clinical Implications

4.1 Warfarin

Table III summarises the effects of different
CYP2C9 genotypes on the in vivo elimination of
warfarin and other CYP2C9 substrates.
We were the first to report that patients with

heterozygous or homozygous CYP2C9*3 muta-
tions exhibited 63 to 66% and 90% reductions in
the CLpo,u for (S)-warfarin compared with those
with homozygous CYP2C9*1 (wild-type).[42,48] In
addition, we found that the CLf to (S)-7-hydroxy-
warfarin in these groups of patients was reduced
to a similar extent as the CLpo,u for (S)-warfarin.
Our data are consistent with the idea that the
CYP2C9*3 mutation might produce clinically sig-
nificant changes in anticoagulation response. In-
deed, we found that the median maintenance dos-
age of racemic warfarin (1.75 mg/day) that was
required to attain therapeutic anticoagulant effects
in 3 Japanese patients with CYP2C9*3/*1 was re-
duced by 40% compared with the corresponding
value (3 mg/day) obtained from patients with CYP-
2C9*1/*1. Furthermore, the maintenance dosage
required by a patient with the CYP2C9*3/*3 geno-
type was only 0.4 mg/day, indicating an approxi-
mately 90% reduction in warfarin dosage require-
ment.
Aithal et al.[62,63] reported data that were largely

consonant with ours. The median maintenance
dosage of racemic warfarin for 10 British patients
with the CYP2C9*1/*3 genotype (2.5mg/day) was
reduced by 40% compared with patients with the
CYP2C9*1/*1 genotype (4.25 mg/day). Steward
et al.[61] also reported that a patient who could tol-
erate no more than 0.5 mg/day of racemic warfarin
was genotyped as having homozygous CYP2C9*3.
Another study performed with British patients
showed that those with CYP2C9*1/*3 attained an
INR of 2.5 with a maintenance dosage of the drug
(3.97 mg/day) that was approximately 20% less
than that given to patients with CYP2C9*1/*1
(5.01 mg/day).[33]
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In contrast to the data on the CYP2C9*3 muta-
tion, those regarding the correlation between the
CYP2C9*2 variant and alteration in in vivo systemic
clearance of (S)-warfarin in humans are less conclu-
sive. Because the CYP2C9*2 allele has never been
detected in Asians, as we and others have reported,
we cannot comment on this issue on the basis of
our own data. However, the effects of the CYP-
2C9*2 mutation on the maintenance dosage re-
quirement for racemic warfarin have been studied by
4 groups of investigators in Caucasians and African-
Americans. Furuya et al.[32] and Taube et al.[33] re-

ported that patients with the CYP2C9*1/*2 and
CYP2C9*2/*2 genotypes required on average 15 to
20% and 40%, respectively, lower dosages of ra-
cemic warfarin than those with the CYP2C9*1/*1
genotype (wild-type). Aithal et al.[62,63] and Free-
man et al.[39] also reported that patients with the
CYP2C9*1/*2, CYP2C9*2/*2, CYP2C9*1/*3 or
CYP2A6*1/*2 genotypes required on average 15
to 30% lower maintenance dosages of racemic war-
farin than those with the CYP2C9*1/*1 genotype.
These data imply that the CYP2C9*2 variant may
be associated with reduced in vivo elimination of

Table III. Effects of genetic polymorphism of cytochrome P450 (CYP) 2C9 on the in vivo pharmacokinetics and pharmacodynamics of warfarin
and other CYP2C9 substrates

Substrate No. of
patients

Ethnic
background

Pharmacokinetic or pharmacodynamic changes Reference

Warfarin 94 British MD; 3.8 (*1/*2) vs 4.7 (*1/*1) mg/day 32
1 Not specified 7.8-fold ↑ in plasma (S)-/(R)- ratio in a patient with *3/*3 61

MD; 0.5 (*3/*3) vs 4-8 (*1/*1) mg/day
86 Japanese 63% ↓ in CLpo,u for (S)-warfarin in 3 patients with *1/*3 42
47 Japanese 90% ↓ in CLpo,u for (S)-warfarin in a patient with *3/*3 48

MD; 0.4 (*3/*3) vs 1.75 (*1/*3) vs 3.0 (*1/*1) mg/day
88 British 81% of low dose (1.5 mg/day) group had at least 1 of *3 or *2 allele

vs only 38% of control group; ↑ risks of major bleedings in the low
dose group (↑ probability of encountering difficulties in titrating
warfarin dose at induction)

62

52 British MD; 2.5 (*1/*3) vs 3.5 (*1/*2, *2/*2) vs 4.25 (*1/*1) mg/day 63
38 Caucasian and

African-American
MD; 0.307 (*1/*3, *1/*2, *2/*2, CYP2A6*1/*2) vs 0.397 (*1/*1)
mg/kg/wk

39

561 British MD; 3.97 (*1/*3) vs 4.31(*1/*2) vs 3.04 (*2/*2) vs 4.09 (*2/*3) vs
5.01 (*1/*1) mg/day

33

180 Caucasian MD; 1.8 (*2/*3) vs 3.8 (*1/*3) vs 5.2 (*1/*2, *2/*2) vs 6.7 (*1/*1)
mg/day
↑ risk of bleedings in patients with at least 1 of *3 or *2 allele (odds
ratio 2.57; 95% CI 1.16-5.73)

64

Phenytoin 44 Japanese 33% ↓ in Vmax in patients with *1/*3 57
134 Japanese 42% ↓ in Vmax in patients with *1/*3 58
101 Turkish Plasma concentration at 12h postdose: 5.65 (*1/*3) vs 5.52 (*1/*2)

vs 4.16 (*1/*1) mg/L. p-HPPH/DPH at 12h postdose; 0.02 (*3/*3) vs
0.21 (*1/*3) vs 0.14 (*2/*2) vs 0.26 (*1/*2) vs 0.43 (*1/*1)

38

1 Japanese Vmax/Km; 0.89 (Ile/Thr359) vs 1.52 (*1/*1) L/kg/day 56
Phenytoin and
glipizide

1 Caucasian 79% and 82% ↓ (*3/*3) in CLpo for phenytoin and glipizide 25

Tolbutamide 2 Not specified 78% (CYP2C9*1/*3) and 61% (CYP2C9*2/*3) ↓ in CLpo 29
Losartan 2 Not specified ↓ in the conversion of losartan to E-3170; <1% (*3/*3) vs 14% (*1/*1) 65
Diclofenac 12 Japanese No changes in formation clearance to 4′-hydroxy-diclofenac; 75.9

(*1/*3) vs 63.6 (*1/*1) ml/kg/h
66

CI = confidence interval; CLpo = oral clearance; CLpo,u = unbound oral clearance; MD = daily maintenance dosage; p-HPPH/DPH = ratio of
plasma 5-(p-hydroxyphenyl)-5-phenylhydantoin to phenytoin; Vmax = maximum rate of metabolism; Vmax/Km = intrinsic clearance.
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(S)-warfarin, albeit to a lesser extent than that elic-
ited by the CYP2C9*3 variant. At present, it re-
mains unclear whether patients with homozygous
CYP2C9*2 variant (i.e. CYP2C9*2/*2) or with
combined heterozygous variants of CYP2C9*2
and CYP2C9*3 (i.e. CYP2C9*2/*3) have a signif-
icantly altered elimination of (S)-warfarin com-
pared with those having the homozygous wild-type
CYP2C9.
Aithal et al.[62] reported that genetic polymor-

phisms of CYP2C9 are associated not only with
warfarin dosage requirement but also with the risk
of bleeding complications and the probability of
having unexpectedly elevated INR at the time of
induction of warfarin therapy. They compared the
allelic frequencies of CYP2C9*2 and CYP2C9*3,
the numbers of patients with INR greater than 4 at
the time of warfarin induction and the incidence of
bleeding complications during follow-up periods
between patients who required a daily warfarin
dosage of 1.5mg or less (the low dosage group) and
those who required a wide range of dosages (the
randomly selected control group). In all patients,
INRs were kept in the range of 2.0 to 3.0. They
found that approximately 80% of patients in the
low dosage group carried at least one of the
CYP2C9 variants (CYP2C9*2 or *3), whereas only
40% of patients in the control group did, indicating
that genotyping of CYP2C9may have the potential
to identify individuals who require lower dosages
of warfarin among the general patient population.
In addition, a greater proportion of patients in the
low dosage group (>4) had supratherapeutic INRs
at induction, and patients in the low dosage group
had a 4-fold increased frequency of major bleeding
episodes during the follow-up period as compared
with those in the control group. Margaglione et
al.[64] also reported that patients carrying CYP-
2C9*2 and/or CYP2C9*3 variants required lower
maintenance dosages of warfarin to acquire the tar-
get anticoagulation response and had a higher
bleeding complication rate than those carrying
CYP2C9*1/*1.
Because warfarin has a narrow therapeutic index,

CYP2C9*2- and/or CYP2C9*3-associated reduc-

tion in CLpo,u for (S)-warfarin might have led to a
greater variability in INR and thereby more fre-
quent bleeding episodes in these studies. The data
indicate that the pharmacogenetics of warfarin
have significant clinical implications, not only to
improve the effectiveness but also to avoid the un-
toward adverse reactions of warfarin.
On the other hand, Taube et al.[33] reported

somewhat contradictory results, despite the fact
that the study was conducted in patients who were
considered largely similar to those of Aithal et
al.[62] Although Taube et al.[33] confirmed that pa-
tients with the CYP2C9*2 or CYP2C9*3 variants
required lower maintenance dosages of warfarin
for attaining therapeutic anticoagulation response,
they found that those with the CYP2C9*2 or
CYP2C9*3 allele did not appear to have greater
odds ratios for developing severely exaggerated or
unstable anticoagulation responses during long term
therapy compared with those with CYP2C9*1/*1.
Interpatient variability of anticoagulation response
to warfarin is probably associated not only with the
CYP polymorphism-associated alteration in the
pharmacokinetics of (S)-warfarin but also with
interpatient variability in the sensitivity to the drug
(pharmacodynamics) that may be under control of
distinct genetic, racial and dietary parameters.
Therefore, further studies in different ethnic popu-
lations are necessary to clarify the relation between
bleeding complications and CYP2C9 genotypes.

4.2 Other CYP2C9 Substrates

Because a number of other therapeutically im-
portant drugs are metabolised by CYP2C9, it is of
interest to review the effects of the knownCYP2C9
variants on the in vivo disposition of these drugs.
Sullivan-Klose et al.[29] reported that 2 patients

with either CYP2C9*1/*3 or CYP2C9*3/*3 geno-
type exhibited a 60 to 80% lower in vivo CLpo for
tolbutamide than those with the CYP2C9*1/*1 ge-
notype. Their data appear fairly comparable to
those observed for (S)-warfarin in our previous
study.[42,48]With regard to phenytoin, a 30% higher
mean plasma concentration of the drug at 12 hours
after administration was observed in Turkish pa-
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tients with either heterozygous CYP2C9*3 or
CYP2C9*2 mutations than in patients with CYP-
2C9*1/*1.[38] This finding agrees with the data re-
ported previously[57,58] that Japanese epileptic pa-
tients with the heterozygous CYP2C9*3 mutation
had a 30 to 40% lower Vmax value for phenytoin
than those with the homozygous CYP2C9*1 geno-
type. Kidd et al.[25] also reported that a patient
homozygous for CYP2C9*3 had an 80% lower CLpo
for phenytoin and glipizide (both are CYP2C9 sub-
strates), but not for nifedipine (a CYP3Asubstrate)
and chlorpheniramine (a CYP2D6 substrate), as
compared with the control individuals with CYP-
2C9*1/*1.
It has been reported that a healthy individual

who had minimal to undetectable plasma concentra-
tions of the active metabolite (E-3174) of losartan
after receiving 50mg of the drug orally on 3 occa-
sions was homozygous for CYP2C9*3.[65] In vitro
studies showed that the conversion of losartan to
E-3174 is mediated partly by CYP3A4, but almost
exclusively by CYP2C9.[67] Collectively, the re-
ported studies are consistent with the idea that
CYP2C9*3, and to a lesser extent CYP2C9*2, con-
fers a significant reduction in the in vivo elimina-
tion of many CYP2C9 substrates.
In contrast to the preceding discussion, Shimamoto

et al.[66] reported no appreciable differences in
CLpo for diclofenac (a CYP2C9 substrate) and the
CLf to 4′-hydroxy-diclofenac between individuals
with CYP2C9*1/*1 and those with the heterozy-
gous CYP2C9*3 mutation. A possible explanation
for this aberrant observation is given in section 5.2.
As to the newly recognised Ile/Thr359 variant

(CYP2C9*4), Imai et al.[28] reported that a Japan-
ese epileptic patient heterozygous for this variant
had a 40% lower CLint of phenytoin than the pop-
ulation mean, using the Bayesian method applied
to a single plasma phenytoin concentration ob-
tained from the patient. The estimated CLint for the
patient was fairly similar to that obtained from pa-
tients with heterozygous CYP2C9*3 reported by
Mamiya et al.,[58] suggesting that patients with
CYP2C9*3 or CYP2C9*4 may require lower

maintenance dosages not only for phenytoin but
also for warfarin.

5. Extrapolation of CYP2C9 Enzyme
Activity In Vitro to Substrate 
Disposition In Vivo

5.1 Warfarin

Because there is evidence to suggest that the
pharmacogenetics of CYP2C9 affect in vivo elim-
ination of warfarin and thereby its therapeutic re-
sponses (section 4.1),[42,48,62,63] attempts have been
made to develop an in vitro method that would en-
able quantitative prediction of the effect associated
with the genetic polymorphisms of CYP2C9 on
the in vivo pharmacokinetics of CYP2C9 sub-
strates. Thus, we conducted a study in which the in
vitro catalytic activities of (S)-warfarin 7-hydroxyl-
ation obtained from cDNA-expressed CYP2C9*1,
CYP2C9*3 and amixture of equal amounts of CYP-
2C9*3 and CYP2C9*1 (the in vitro models for
CYP2C9*1/*1, CYP2C9*3/*3 and CYP2C9*1/*3,
respectively) were compared with the CLpo,u (i.e.
CLint,h) for (S)-warfarin obtained from patients with
the corresponding CYP2C9 genotypes.[48] The va-
lidity of our in vitro model for CYP2C9*1/*3 was
further confirmed by a study showing that the Ile359
and Leu359 variants of mRNA in 3 human livers
genotyped as CYP2C9*1/*3 were expressed in rel-
atively similar amounts.[49]
The results clearly showed that the mean in vitro

CLint (Vmax/Km) values obtained from the recom-
binant CYP2C9*3 and the mixture of CYP2C9*3
and CYP2C9*1 were 94 and 65% lower than that
obtained from the recombinant CYP2C9*1. The in
vivo study showed that the median CLpo,u values
for (S)-warfarin obtained from the patients with
CYP2C9*3/*3 and CYP2C9*1/*3 were reduced
by 90 and 66%, respectively, as compared with that
obtained from those with CYP2C9*1/*1. Conse-
quently, therewas a significant correlation between
the in vitro CLint for (S)-warfarin 7-hydroxylation
and the in vivo CLpo,u for (S)-warfarin in terms of
the effect of the CYP2C9*3 allele. To our knowl-
edge, no data are so far available for other CYP2C9
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substrates regarding the direct comparison be-
tween in vitro enzyme kinetics and in vivo drug
disposition.

5.2 Pitfalls in In Vitro-to-In Vivo Extrapolation
for Other CYP2C9 Substrates

Reductions in the in vitro catalytic activity for
a certain CYP substrate, whether with a cDNA-
expressed variant allele or with human liver micro-
somes containing the corresponding variant pro-
teins, have often been extrapolated uncritically
into in vivo clearance of the corresponding CYP
substrates. However, there are several pitfalls in
this naive extrapolation.
For an ideal in vivo probe drug for CYP2C9, fh

[hepatic clearance (CLh) expressed as a fraction of
systemic clearance] and fm (CYP2C9-mediated
clearance expressed as a fraction of CLh) should be
close to 1. In addition, the hepatic extraction ratio
(Eh), defined as CLh divided by the hepatic blood
(or plasma) flow, should be less than 0.3 if the
probe drug is to be given intravenously.[13,14] Ob-
viously, changes observed in the in vitro enzyme
activity associated with genetic polymorphism of
CYP2C9 will not be reflected in its in vivo kinetics
unless fh for the probe drug is close to 1. In addi-
tion, if Eh for a probe drug is greater than 0.3, its
hepatic clearance may be affected not only by
enzyme activity but also by blood flow rate, par-
ticularly after intravenous administration. Finally,
fm for the metabolic pathway associated with ge-

netic polymorphism should be large enough to
dominate the overall hepatic metabolism of the
probe drug.
The 5 commonly used substrates have fh values

close to 1 (100%) and have very small Eh (Eh < 0.03),
except for diclofenac, indicating that they are typ-
ical metabolically cleared drugs with capacity-
limited hepatic clearance (table IV). Furthermore,
all CYP2C9 probe substrates except diclofenac
have fm,CYP2C9 ranging from 55 to 90%,[68-71] indi-
cating that CYP2C9 is largely responsible for over-
all hepatic elimination of the respective drugs.
These data suggest that in vitro data for these
CYP2C9 substrates, except for diclofenac, may be
extrapolated to in vivo situations. In contrast, be-
cause CLh for diclofenac is much greater than for
other CYP2C9 substrates [18 L/h (300 ml/min)],
its hepatic elimination may not necessarily be de-
pendent solely on the rate of hepatic metabolism
(Eh = 0.35) if the drug is administered intrave-
nously. However, this does not pose a practical lim-
itation as long as diclofenac is given orally. Amore
serious problem for the in vitro-to-in vivo extrapo-
lation of diclofenac is that the fm,CYP2C9 value for
diclofenac 4′-hydroxylation was estimated to be
only 33%[66] (table IV), indicating that the contri-
bution of CYP2C9 to the overall CLint,h is small
and that other unidentified CYP or nonCYP iso-
form(s) dominate the CLh of diclofenac. On the
basis of these considerations, diclofenac would be
a useful CYP2C9 probe substrate to study the

Table IV. Pharmacokinetic parameters for commonly used in vitro probe substrates for cytochrome P450 (CYP) 2C9

Substrate CYP2C9-associated
metabolic pathway

F
(%)a

fh
(%)a

Clearance [L/h/70kg (ml/min/70kg)]a Eh fm,CYP2C9
(%)systemic hepatic

Warfarin 6- and 7-Hydroxylation 93 >98 0.189 (3.15) 0.186 (3.10) 0.004 55-87[68]

Phenytoin 4′-Hydroxylation 90 98 Vmax = 413 mg/day;
Km = 5.7 mg/L

2.96 (49.3) 0.06 67-88[69]

Glipizide 3-cis- and 4-trans-
Hydroxylation

95 >95 2.18 (36.4) 2.08 (34.6) 0.04 65-80[70]

Tolbutamide Methyl hydroxylation 93 100 1.01 (16.8) 1.01 (16.8) 0.02 80[71]

Diclofenac 4′-Hydroxylation 54 >99 17.6 (294) 17.5 (291) 0.35 33[66]

a From Benet et al.[72]

Eh = hepatic extraction ratio [hepatic clearance divided by hepatic plasma flow of 49.8 L/h (830 ml/min)]; F = bioavailability; fh = fraction of
the drug eliminated through hepatic metabolism; fm,CYP2C9 = contribution of CYP2C9-mediated reaction to overall hepatic metabolism [i.e.
CLf/(CLpo × F × fh), where CLf is formation clearance of metabolite(s) and CLpo is oral clearance].
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effects of CYP2C9 variants on the catalytic activity
of the enzyme in in vitro experiments performed
with a cDNA-expressed systemwhere only a single
CYP isoform is involved in the catalytic reaction,
but not necessarily so in in vivo situations where
multiple enzymes may be involved in the catalytic
reaction.
In this context, the reason why Shimamoto et

al.[66] failed to find significant differences in CLpo
of diclofenac between individuals with CYP-
2C9*1/*1 and those with CYP2C9*1/*3 might be
explained by the fact that the quantitative contribu-
tion of CYP2C9 to the overall in vivo hepatic elim-
ination of diclofenac is rather small (i.e. fm,CYP2C9
= 33%). Nevertheless, they found no significant
differences even in CLf to 4′-hydroxy-diclofenac
between the corresponding groups. Although this
finding is difficult to explain, the use of hetero-
zygous, rather than homozygous, CYP2C9*3 indi-
viduals in the in vivo pharmacokinetic study, and a
relatively smaller effect of the CYP2C9*3 muta-
tion on in vitro diclofenac 4′-hydroxylation in the
cDNA expression system as compared with other
CYP2C9 substrates,[50] or a combination of these
reasons, might have made the influence of CYP-
2C9*3 on in vivo diclofenac elimination ambiguous.

6. Conclusion

The genetic polymorphism of CYP2C9 is asso-
ciatedwith wide interpatient variability in the hepatic
metabolism of the pharmacologically more active
(S)-enantiomer of warfarin and consequently with
variable anticoagulation response. At present, 5
CYP2C9 variants [Arg144/Ile359 (CYP2C9*1, the
wild-type genotype), Cys144/Ile359 (CYP2C9*2),
Arg144/Leu359 (CYP2C9*3), Arg144/Thr359 (CYP-
2C9*4) andArg144/Asp360] have been confirmed in
randomly selected populations. Considerable inter-
ethnic differences exist in the allelic frequencies of
the respective variants; Caucasians appear to have
greater allelic frequencies than African-Americans
and Asians for CYP2C9*2 and CYP2C9*3.
The relationship between in vitro enzyme activ-

ity of cDNA-expressed CYP2C9 variants and the
in vivo disposition of warfarin has been studied

extensively. With regard to the CYP2C9*2mutation,
there remains controversy as to whether the cDNA-
expressed CYP2C9*2 (Cys144/Ile359 variant) has an
altered in vitro CLint for (S)-warfarin 7-hydroxyl-
ation compared with that of CYP2C9*1 (wild-
type),becauseVmax changes dependingon the experi-
mental conditions (i.e. the ratio of NADPH-CYP
reductase to CYP). Although no data are available
regarding the in vivo clearance of (S)- or racemic
warfarin in individuals with the CYP2C9*2 allele,
patients with CYP2C9*1/*2 reportedly require a
20% lower maintenance dosage of racemic warfarin
to attain therapeutic anticoagulation responses
compared with those with CYP2C9*1/*1. Together,
these observations suggest that the CYP2C9*2mu-
tation might confer a small reduction in the in vivo
metabolic activity of CYP2C9.
As to the CYP2C9*3 mutation, all reports con-

sistently demonstrate that this mutation, even in
heterozygous form, confers a substantial reduction
not only in in vitroCLint for (S)-warfarin 7-hydroxyl-
ation in cDNA-expressed systems and human liver
microsomes, but also in in vivo CLpo,u for (S)-
warfarin and CLf for (S)-warfarin 7-hydroxylation.
There was an excellent correlation between the in
vivo CLpo,u for (S)-warfarin in patients with CYP-
2C9*1/*1 (wild-type), CYP2C9*3/*3 and CYP-
2C9*1/*3 and the in vitro CLint for recombinant
CYP2C9*1 and CYP2C9*3 enzymes and their
mixture. It was also demonstrated that genetic
polymorphisms of CYP2C9 (CYP2C9*3 and/or
CYP2C9*2) may be associated with increased
risks of bleeding complications and with excessive
anticoagulation responses at the time of induction
of warfarin therapy. However, further studies are
necessary to confirm these observations. The clinical
implications of the newly discovered variants (CYP-
2C9*4 and CYP2C9*5) remain to be studied.
Caution must be exercised in extrapolating in

vitro data to in vivo situations in an attempt to pre-
dict the influence of CYP2C9 variants on in vivo
pharmacokinetics of alleged CYP2C9 substrates.
Among the CYP2C9 substrates discussed in this
article, diclofenac may not be a suitable substrate
for in vitro to in vivo extrapolation because the
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quantitative contribution of CYP2C9 to its overall
metabolic clearance is rather small and the effect
of the CYP2C9*3 mutation on the in vitrometabo-
lism of the drug is limited relative to that of other
CYP2C9 substrates.
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