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Table 2 Pharmacokinetic parameters of ticlopidine following the first (day 1) and seventh (day 7) doses in relation to CYP2C19 genotypic

status

Homozygous EMs (n=86) Heterozygous EMs (n=8) PMs (n=6)
Day 1
Cinax (ng/mi) 496.5+70.3 642.6+146.3 513.9+965
Trnax (D) 2.2+£05 1.5+0.2 1.5+£0.2
Tara () 103411 12.7+2.4 183+1.4
AUCgp-n4 {ng-h/ml) 1698.6+259.5 18473+ 289.1 1426.6 3479
Day 7
Comax (ng/ml) 1059.8+123.7" 81641875 - 614.4+166.8
Trnax () 1.8+0.2 20+0.4 1.7%£05
Taso (h) 12,9408 17357 16.8%3.0

AUCq_z4 (ng-h/ml)

N

3933.3+503.6"

*

3346.2:279.7

2506.9+800.9"

Ratio of day 7 to day 1 data

Crnax (ng/mi) 23403 1.7£0.6 1.1+0.1
Tmax (h) 1.0+0.2 1.6+0.4 1.2+03
Tis2 (h) 1.3£0.1 1.3+0.2 12403
AUCo_a4 (ng-h/ml) 24402 2.04£0.3 1.7+£0.1

*P<0.01 {versus day 1 data); " P<0.001 (versus day 1 data).

platelet aggregation. This relationship appeared to exist
regardless of CYP2(19 genotypic status.

Discussion

The primary objective of this study was to evaluate the
pharmacokinetics and pharmacodynamics of ticlopidine
in relation to genetically determined CYP2C19 poly-
morphism. The most important findings were that: (1) a
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significant intergenotypic change in CYP2C19 activity
(i.e., omeprazole 5-hydroxylation capability) was observed
after multiple doses of ticlopidine; (2) although statisti-
cally significant intergenotypic differences in the phar-
macokinetic parameters of ticlopidine were not observed,
the accumulation ratio of ticlopidine [i.e., the AUCy_z4
ratio of day 7 to day 1] and trough concentrations at all
observed points tended to be greater in the hmEM
subjects; and (3) the mean percentage inhibition of
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ADP-induced platelet aggregation increased with the
repeated doses, but irrespective of CYP2C19 genotypic
status. These results indicate that ticlopidine is a potent
inhibitor # wiwo and a less prominent substrate for
CYP2C19 and that the CYP2C19 polymorphic genes are
likely important in terms of the interaction profiles of
ticlopidine, but not in terms of platelet aggregation.

This study describes a substantial decrease in the
CYP2C19 activity after repeated doses of ticlopidine in
both the groups of EMs, but not in PM subjects. Our
results confirm previous human studies showing that
ticlopidineé is a potent inhibitor of CYP2C19 [18,21].
Importantly, the inhibition of the CYP2C19 activity
occurted only in the EM subjects, in whom hepatic
CYP2C19 is believed to be sufficiently expressed. Similar
genotype-dependent interactions have been reported for
certain drug combinations (CYP2C19 substrate plus
inhibitors) such as omeprazole plus moclobemide [22]
and fluvoxamine plus chloroguanide [23]. In all cases, the
pharmacokinetic parameters of substrates for CYP2C19
and their metabolites in the EM subjects changed to the

values similar to those in the PM subjects. Thus, multiple
doses of ticlopidine may be associated with a change in
phenotypic status from extensive to poor metabolizers,
so-called ‘phenocopying’ [24,25], when substrates for
CYP2C19 are co-administered to EM subjects.

Despite a long history of clinical use, there is limited
published information about the pharmacokinetics of
ticlopidine. As shown in Fig. 4, the mean trough
concentrations continued to rise over the seventh day
of dosing, suggesting that an accumulation or saturation
in the metabolism may occur during repeated dosings.
These results are well consistent with the earlier reports
that plasma ticlopidine concentrations (e.g., Cpax and
AUC) increase by three- to four-fold on repeated twice-
daily dosings over 2 to 3 weeks [10,11]. In the present
study, there was a trend toward the observation that the
accumulation of ticlopidine seemed to-be influenced by
CYP2C19 polymorphism: the accumulation ratio tended
to be greater in the hmEM subjects. Similar to the ratio,
the mean trough levels also tended to be higher in the
hmEM subjects compared with the PM subjects, and

.56-



858 Pharmacogenetics and Genomics 2005, Vol 15 No 12

Fig. 5
S 80r
5
= 70
o
foy 60 -
()]
& .. o A
5 50r
) @] O )
5 4 B O
S o o
5 o A @® ©hmEMs
5 307 o OhtEMs
£
= 1o} A A rs = 0.5078
8 P=0.031
) 0 L I ! L - L J
& Yo 1000 2000 3000 4000 5000 6000 7000

AUC,_,, {ng h/ml)

Correlation between individual % inhibition of platelet aggregation and
the AUGCq_54 of ticlopidine on the 7th day of dosing. Individual
CYP2C19 genotypes are also indicated.

the htEM subjects had the values between those in
hmEM and PM subjects throughout the study period.
Ticlopidine is rapidly oxidized by recombinant CYP2C19
with the formation of two major metabolites, the keto
tautomer of Z-hydroxyticlopidine and dimers of ticlopi-
dine §-oxide [16]. The former has actually been detected
as a metabolite of ticlopidine i wiwo [26]. Recently, Ha-
Duong er @/ [16] demonstrated that this CYP2C19-
catalyzed oxidation of ticlopidine occurs in parallel with
an inactivation of CYP2C19. Since the ticlopidine-
mediated inactivation of CYP2C19 is due to the covalent
binding of the reactive ticlopidine S§-oxide to the
CYP2C19 active site, accumulation or saturation would
be expected to more discernibly occur in the EM
subjects, especially in the hmEM subjects. However, in
addition to CYP2C19, other CYP enzymes, such as
CYP2D6, CYP3A4 [16,19] and CYP2B6 (our unpublished
microsomal experiments), may be involved in the
oxidation of ticlopidine. Furthermore, the current in-vitro
studies examined ticlopidine to undergo the principal
routes of metabolism (i.e., N-dealkylation, N-oxidation
and oxidation of the thiophene ring) by peroxidases and
monoamine exidase [19]. Thus, this multiple enzyme-
mediated metabolism may explain why there were no
significant differences in the accumulation ratio among
the three CYP2C19 genotypic groups.

In this study we used the AUGCq ;4 of ticlopidine on day 7
for the calculation of the accumulation index. For a better
understanding of the potential effects of genetic variation
on the pharmacokinetics of ticlopidine, sufficient time to
reach the steady state (i.e., 14 days) and long duration of
sampling time (i.e., 96 h) is needed. For these limitations,
the pharmacokinetics data on ticlopidine presented here
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should be viewed as the apparent values obtained during
the pseudo-steady state. Furthermore, whether and to
what extent CYP2C19 would be involved in the overall
metabolism of ticlopidine remain unanswered from this
in-vivo human study.

Despite its clinical usefulness, chronic administration of
ticlopidine results in a relatively high incidence of
hepatotoxicity [27-29]. Although the mechanisms in-
volved in the ticlopidine-induced hepatic injury remain
unknown, immune mechanisms and drug hypersensitivity
have been proposed. Previous studies indicated that
tienilic acid (a thiophene derivative and a substrate of
CYP2C9) and ticlopidine act as a selective suicide
substrate of CYP2C9 [17] and CYP2C19 [16], respec-
tively. It is well known that tienilic acid sometimes
induces immunoallergic hepatitis in a subset of patients
who produce anti-liver—kidney microsome antibody type
2 (LKM-2) autoantibodies [30-33]. Since LKM auto-
antibodies are observed in autoimmune hepatitis, in some
patients with drug-induced hepatitis, they are markers of
autotmmune hepatitis. In contrast to LKM-2 antibodies,
LKM-1 antibodies mostly target CYP2D6 [34]. In this
regard, we monitored LKM-1 and LKM-2 in the present
study. However, no changes in these antibody markers
were observed during the present short study period
(data not shown).

Although a significant positive correlation was observed
between the individual percent inhibition of platelet
aggregation and the AUCy_54 of ticlopidine on the seventh
day of dosing, a large interindividual difference in platelet
aggregation could not be explained by the CYP2CI19
polymorphism. Antiaggregant cffects were noted at 24 to
48h with a maximal effect observed after 3 to 5 days of
dosings [35,36] or after 6 to 10 days in a Chinese study
[37]. Thus, the AUCy_»4 observed on day 7 may be as a
pharmacokinetic parameter obtained at the appropriate
time of the maximal antiaggregant effect. Ticlopidine does
not inhibit ADP-induced platelet aggregation # vitro, and
hepatic conversion into active metabolite(s) is required for
drug action [38]. More than thirteen metabolites have
been described to date, but those responsible for the
antiplatelet effect have not yet been well documented.
Very recently, Yoneda et @/ [39] identified a metabolite
with a potent antiplatelet activity, UR-4501, which was
generated after incubation of 2-oxo-ticlopidine with
phenobarbital-induced rat liver homogenate. They indi-
cated that UR-4501 produced a concentration-dependent
inhibition of ADP-induced human platelet aggregation,
whereas 2-oxo-ticlopidine did not elicit inhibitory re-
sponses. Although the major CYP enzyme(s) résponsible
for the formation of UR-4501 has yet to be identified, our
results suggest that it is not CYP2C19. An in-vitro study is
definitely required for screening CYP enzyme(s) respon-
sible for the formation of the pharmacologically active
metabolite(s) such as UR-4501.



References

1

19

Jacobson AK. Platelet ADP receptor antagonists: ticlopidine and
clopidogrel. Best Pract Res Clin Haematol 2004; 17:55-64.

Gent M, Blakely JA, Easton JD, Ellis DJ, Hachinski VC, Harbison JW, et al.
The Canadian American Ticlopidine Study (CATS) in thromboembolic stroke.
Lancet 1989; 8649:1215-1220,

Hass WK, Easton JD, Adams HP Jr, Pryse-Phillips W, Molony BA, Anderson
S, et al. A randomized trial comparing ticlopidine hydrochloride with aspirin
for the prevention of stroke in high-risk patients. Ticlopidine Aspirin Stroke
Study Group. N Engl J Med 1989; 321:501-507.

Balsano F, Rizzon P, Violi F, Scrutinio D, Cimminiello C, Aguglia F, et al.
Antiplatelet treatment with ticlopidine in unstable angina. A controlled
multicenter clinical trial. Circulation 1990; 82:17-26.

Scrutinio D, Cimminiello C, Marubini E, Pitzalis MV, Di Biase M, Rizzon P.
Ticlopidine versus aspirin after myocardial infarction (STAMI) trial. J Am Coll
Cardiol 2001; 37:1259~1265.

Berggvist D, Almgren B, Dickinson JP. Reduction of requirement for leg
vascular surgery during long-term treatment of claudicant patients with
ticlopidine: results from the Swedish Ticlopidine Multicentre Study (STIMS).
Eur J Vasc Endovasc Surg 1995; 10:69-76.

Schomig A, Neumann FJ, Kastrati A, Schuhlen H, Blasini R, Hadamitzky M,
et al. A randomized comparison of antiplatelet and anticoagulant therapy
after the. placement of coronary-artery stents. N Engf J Med 1996; 334:
1084-1089,

Leon MB, Baim DS, Popma J), Gordon PC, Cutlip DE, Ho KK, et al. A
clinical trial comparing three antithrombotic-drug regimens after coronary-
artery stenting. Stent Anticoagulation Restenosis Study Investigators.

N Engl J Med 1998, 339:1665—-1671.

Bertrand ME, Legrand V, Boland J, Fleck E, Bonnier J, Emmanuelson H, et al.
Randomized multicenter comparison of conventional anticoagulation versus
antiplatelet therapy in unplanned and elective coronary stenting. The full
anticoagulation versus aspirin and ticlopidine (fantastic) study. Circulation
1998; 98:1597-1603.

Desager JP. Clinical pharmacokinetics of ticlopidine. Clin Pharmacokinet
1994, 26:347-355.

Knudsen IB, Bastain W, Sefton CM, Allen JG, Dickinson JP.
Pharmacakinetics of ticlopidine during chronic oral administration to healthy
volunteers and its effects on antipyrine pharmacokinetics. Xenobiotica.
1992; 22:579-589.

Turpeinen M, Nieminen R, Juntunen T, Taavitsainen P, Raunio H, Pelkonen O.
Selective inhibition of CYP2B6-catalyzed bupropion hydroxylation in human
liver microsomes in vitro. Drug Metab Dispos 2004; 32:626—631.

Richter T, Murdter TE, Heinkele G, Pleiss J, Tatzel S, Schwab M, et al. Potent
mechanism-based inhibition of human CYP2B6 by clopidogrel and
ticlopidine. J Pharmacol Exp Ther 2004, 308:189-197.

Turpeinen M, Tolonen A, Uusitalo J, Jalonen J, Pelkonen O, Laine K, Effect of
clopidogrel and ticlopidine on cytochrome P450 2B86 activity as measured
by bupropion hydroxylation. Clin Pharmacol Ther 2005; 77:553~559.

Ko JW, Desta Z, Soukhova NV, Tracy T, Flockhart DA, /n vitro inhibition of the
cytochrome P450 (CYP450) system by the antiplatelet drug ticlopidine:
potent effect on CYP2C19 and CYP2D6. Br J Clin Pharmacol 2000;
49:343-351.

Ha-Duong NT, Dijols S, Macherey AC, Goldstein JA, Dansette PM, Mansuy
D. Ticlopidine as a selective mechanism-based inhibitor of human
cytochrome P450 2C19. Biochemistry 2001; 40:12112-12122,
Lopez-Garcia MP, Dansette PM, Mansuy D. Thiophene derivatives as new
mechanism-based inhibitors of cytochromes P-450: inactivation of yeast-
expressed human liver cytochrome P-450 2C89 by tienilic acid. Biochemistry
1994; 33:166-175.

Tateishi T, Kumai T, Watanabe M, Nakura H, Tanaka M, Kobayashi S.
Ticlopidine decreases the in vivo activity of CYP2C19 as measured by
omeprazole metabolism. Br J Clin Pharmacol 1999; 47:454-457.

Dalvie DK, O'Connell TN. Characterization of novel dihydrothienopyridinium
and thienopyridinium metabolites of ticlopidine in vitro: role of peroxidases,
cytochromes p450, and monoamine oxidases. Drug Metab Dispos 2004;
32:49-57.

20

2%

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

_58.

Pharmacogenetics and genomics of ticlopidine leiri ef al. 859

Born GVR. Aggregation of blood platelets by adenosine diphosphate and its
reversal. Nature 1962; 194:927-029.

Donahue SR, Flockhart DA, Abernethy DR, Ko JW. Ticlopidine inhibition of
phenytoin metabolism mediated by potent inhibition of CYP2C19, Clin
Pharmacol Ther 1997; 62:572-577.

Yu K8, Yim DS, Cho JY, Park SS, Park JY, Lee KH, et al. Effect of omeprazole
on the pharmacokinetics of moclobemide according to the genetic
polymorphism of CYP2C18. Clin Pharmacol Ther 2001; 69:266-273.
Jeppesen U, Rasmussen BB, Brosen K. Fluvoxamine inhibits the CYP2C19-
catalyzed bioactivation of chloroguanide. Clin Pharmacol Ther 1997;
62:279~-286, .

Kimura M, leiri I, Wada Y, Mamiya K, Urae A, limori E, et al. Reliability of the
omeprazole hydroxylation index for CYP2C19 phenotyping: possible effect
of age, liver disease and length of therapy. Br J Clin Pharmacol 1999;
47:115-119.

leiri |, Yamada S, Seto K, Morita T, Kaneda T, Mamiya K, et al. A CYP2D6
phenotype—genotype mismatch in Japanese psychiatric patients.
Pharmacopsychiatry 2003; 36:192-196.

Picard-Fraire C. Pharmacokinetic and metabolic characteristics of
ticlopidine in relation to its inhibitory properties on platelet function. In:
Gordon JL (editors): Agents and Action Supplements, Vol. 15. Basel:
Birkhauser Verlag; 1984, pp. 68-75.

Grieco A, Vecchio FM, Greco AV, Gasbarrini G. Cholestatic hepatitis due to
ticlopidine: clinical and histological recovery after drug withdrawal. Case
report and review of the literature. Eur J Gastroentero! Hepatol 1998,
10:713-715.

Martinez Perez-Balsa A, De Arce A, Castiella A, Lopez P, Ruibal M, Ruiz
Martinez J, et al. Hepatotoxicity due to ticlopidine. Ann Pharmacother 1998;
32:1250-1251.

Zeolla MM, Carson ). Successful use of clopidogrel for cerebrovascular
accident in a patient with suspected ticlopidine-induced hepatotoxicity. Ann
Pharmacother 1999; 33:939~-941.

Homberg IC, Andre C, Abuaf N. A new anti-liver—kidney microsome
antibody (anti-LKM2) in tienilic acid-induced hepatitis. Clin Exp Immunol
1984, 55:561-570.

Lecoeur S, Bonierbale E, Challine D, Gautier JC, Valadon P, Dansette PM,
et al. Specificity of in vitro covalent binding of tienilic acid metabolites to
human liver microsomes in relationship to the type of hepatotoxicity:
comparison with two directly hepatotoxic drugs. Chem Res Toxicol 1994;
7:434-442,

Lecoeur S, Andre C, Beaune PH. Tienilic acid-induced autoimmune
hepatitis: anti-liver and -kidney microsomal type 2 autoantibodies recognize
a three-site conformational epitope on cytochrome P4602C9. Mo/
Pharmacol 19986; 50:326-333.

Beaune P, Dansette PM, Mansuy D, Kiffel L, Finck M, Amar C, Leroux JP,
et al. Human anti-endoplasmic reticulum autoantibodies appearing in a drug-
induced hepatitis are directed against a human liver cytochrome P-450 that
hydroxylates the drug. Proc Nat!/ Acad Sci U S A 1987; 84:5651-555,
Obermayer-Straub P, Manns MP. Cytochrome P450 enzymes and UDP-
glucuronosyltransferases as hepatoceliular autoantigens. Mo/ Biol Rep
1996; 23:235-242.

Ellis DJ, Roe RL, Bruno JJ, Cranston BJ, McSpadden MM, The effects of
ticlopidine hydrochloride on bleeding time and platelet function in man.
Thromb Haemost 1981; 46:1786.

Panak E, Maffrand JP, Picard-Fraire C, Vallee E, Blanchard J, Roncucci R.
Ticlopidine: a promise for the prevention and treatment of thrombosis and its
complications. Haemostasis 1983; 13(Suppl 1):1-54.

Ruan C, Destelle G, Wang Z, Wan H, He Y, Cheng D, et al. Ticlopidine in
China: comparative study on the effect of two dose levels on bleeding time
and platelet function in healthy volunteers. Haemostasis 1989; 19:94-99.
Di Minno G, Cerbone AM, Mattioli PL, Turco S, lovine C, Mancini M.
Functionally thrombasthenic state in normal platelets following the
administration of ticlopidine. J Clin Invest 1985; 75:328—338.

Yoneda K, lwamura R, Kishi H, Mizukami Y, Mogami K, Kobayashi-S.
Identification of the active metabolite of ticlopidine from rat in vitro
metabolites. Br J Pharmacol 2004; 142:651-567.



Original article 101

Different contributions of polymorphisms in VKORC1? and
CYP2C9 to intra- and inter-population differences in
maintenance dose of warfarin in Japanese, Caucasians and

African-Americans
Harumi Takahashi?,

‘Roberto Padrini”,

Objective To investigate pharmacokinetic and pharmaco-
dynamic factors associated with population differences in
warfarin doses needed to achieve anticoagulation, in
particular the possible involvement of genetic variability in
vitamin K epoxide reductase (VKOR) and CYP2C9.

Methods Warfarin maintenance dose, unbound plasma
S-warfarin concentration [Cu(S)1 and INR were determined
in 187 Caucasians, 172 Japanese, and 36 African-
Americans stably anticoagulated patients. In a subset
(n=166), fully carboxylated plasma normal prothrombin
levels (NPT) were also measured. Genotyping for seven
CYP2C9 (CYP2C9*1 through 6 and *17) and seven
VKORC1 variants were performed in 115 Caucasians and
64 lapanese patients and 66 healthy African-Americans.
Multivariate analysis was performed to identify covariates
associated with warfarin requirement.

Results The relationship between NPT and Cu(S) indicated
Japanese are more susceptible to inhibition of NPT
production by S-warfarin than the other two populations.
VKORC1 1173 C>T had a greater frequency in Japanese
(89.19%) than Caucasians (42.2%) and African-Ametricans
(8.6%). CYP2C9 variants with reduced metabolizing ability
were less frequent in Japanese compared to the other two
populations. The median warfarin dose was significantly
higher in Caucasians than Japanese patienis (5.5 versus
3.5 mg/day), however, when matched for CYP2C9*1
homozygosity, no difference in dose was observed
between VKORC1 genotype-matched groups. Furthermore,
VKORC1 1173C>T and CYP2C9 (*2/*3/*%11) genotypes,
age and weight were identified as independent covariates
contributing to interpatient variability in warfarin dosage.

Introduction

Warfarin is the mainstay of anticoagulation therapy,
worldwide. Its clinical use, however, is complicated by
the fact that it has a narrow therapeutic index with
associated adverse effects chat are potentially serious, i.e.,
bleeding, and the dosage requirement to produce a
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required degree of anticoagulation varies widely between
patients. The reason for the latrer is mulrifacrorial and
includes determinants such as age [1-3], diet [4], and
race [5-10]. Additionally, genetic factors determining the
activity of CYP2C9 have been recently demonstrated
to be important. This cytochrome P450 is “largely
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responsible for the metabolism of S-warfarin, which is the

enantiomer predominantly responsible for the drug's anti-
coagulant activity {11] — warfarin is administered as a
racenuite. In particular, two seructural varianes, GYP2029.2
and CYP2C9.3, have greatly reduced catalytic activity
compared to the wild-type enzyme, CYPZ2C9.1 [9,12], and
retrospective studies have shown associations hetween the
various genotypes and warfarin dose requirement and adverse
effects [1-3,9,12-14]. It is apparent, however, that other
factors, also possibly genetic, are important because, even
when matched according to CYP2C9 genotype, the dosing
requirements for a similar degree of anticoagulation varies
across populations and appear to be related to racial ancestry.
lor example, patients of Asian descent (Chinese [5,8,10],
Japanese [9] and Malay {8,10]) require a lower maintenance
dose of warfarin than Caucasians and Indians; by contrast, a
higher dosc is needed in African-Americans [6,7).

Warfarin’s anticoagulant activity results from inhibition of
hepatic vitamin K epoxide reductase (VKOR) that affects
the synthesis of various coagulation factors. Recently,
variants of the vitamin K epoxide reductase complex
subunit 1 gene (VKORC!) have been described to have
potentially functional consequences [15-21]. For instance,
Rieder ez of. [21] identified five major haplotypes (H1, H2,
H7, H8 and H9) based upon 10 common single nucleotide
polymorphisms (SNPs) of VKORGT in Caucasian and Asian
populations and found that those having cither U1 or 112
haplotypes required significantly lower dose of warfarin
than those having H7, H8 or H9. In addition, these
VKORC! haplotypes were correlated with the level of
expression of mRNA of VKORCY in human liver.

Collectively, genetic polymorphisms involved in both
pharmacokinetic ~ (CYP2C9) and  pharmacodynamic
(VKORCI) factors, therefore, appear to interplay in the
overall interindividual variability of warfarin doses; more-
over, the contribution of each factor may differ among
different ethnic populations. In this context, we initially
studied the pharmacokinetics and pharmacodynamics of
warfarin separately in a large number of patients having
diffcrent ethnic backgrounds to assess population differ-
ence in the pharmacokinetic and pharmacodynamic
phenotypes of warfarin among Caucasians, Japanese and
African-Americans. We then examined the contribution of
genetic polymorphisms of CYP2C9 and VKORCI in smaller
subsets of patients in order to study whether differences in
the frequencies of CYP2C9 and FVKORC! variants would
provide a possible explanation for the difference in warfarin
requirements between these populations after taking other
clinical covariates (e.g., demographics) into account.

Methods

Patients

Three hundred and sixty-five patients (157 Caucasians,
172 Japanese and 36 African-Americans) participated in
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the present study. The majority of them (140 Caucasiafiy
and 90 Japanese had been previously investigated with
regard to S-warfarin metabolism [9,12]. Further analysis
was performed in 179 patients in whom genetic informa-
tion was available for both CYP2C9 and VKORC]. Each &
patient reccived warfarin orally once daily for at least one
month with the dose being titrated to an international
nomalized ratio (INR) target value of 2.0 to 3.0 fo‘{
Caucasian and African-Americans [22] and 1.5 to 2.5 for
Japanese patients {23]. Clinical indications for anti;
coagulant therapy were prevention or treatment of
thromboembolic disease (e.g., atrial fibrillation, deep
vein  thrombosis, or prosthetic valve replacement)
Standard clinical laboratory tests indicated that all o
the patients had normal liver functon but three ha
impaired renal function (creatinine clearance rangin
from 12 to 23 mi/min). Concurrent medications wit
potential to affect S-warfarin’s metabolism include
amiodarone (#=4), NSAIDs (2=23),, cimetidine:
(n=172), thyroid hormone (#=6) and carbamazepine
(n=1).

Study protocol
Blood (5-10ml) was obtained 12 to 16 h after adminis-
tration of the last dose of warfarin, during a routine clinic
visit. Separated plasma was stored at -70°C until
analyzed whereas the buffy coat was maintained at 4°C
until extracted for DNA. The study protocol was
approved by the IRBs of the respective institutions and
written informed consent was obtained from each
patient.

Pharmacokinetics and pharmacodynamics of warfarin .
The plasma concentrations of warfarin’s enantiomers
were determined by a chiral high-pressure liquid
chromatography-based method as previously described
[24]. The extent of plasma protein binding was measured
using ultrafileration {24}, which permitted estimation of
the steady-state unbound plasma concentration [Cu(S)]

and unbound oral clearance of S-warfarin [CLpo,u(S)}
[9,25]. :

In addition to the INR value, warfarin’s anticoagulant
effect was also assessed in 166 patients (54 Caucasians,
91 Japanese and 21 African-Americans) through measure-
ment of the plasma concentration of fully carboxylated or
normal prothrombin (NPT) by the carinactivase-1
method [26]. A ‘warfarin sensitivity index’ [INR/Gu(S)]
was also estimated for all patients.

VKORC1T and CYP2C9 dgenotyping

DNA was extracted from the buffy coat of blood using a
commercially available kit (Qiagen, Tokyo, Japan).
Genotyping for variants in all coding regions and intron/
exon boundaries of VKORC! (GenBank accession number
AY587020) was performed by PCR and direct sequencing



using described primers to identify YKORCI 129C > T,
497T > G, 1173C>T,  1196G > A, 1331G > A,
3462C > T and 3730G > A [15,16,21]. In the present
study, the position of a nucleotide was numbered
according to a previously described system [16]:
the A of the ATG initiation codon of AY587020
being denoted as position 1. Thus, the positions of
381, 3673, 6484, 6853 and 7566 of the reference sequence
(AY587020) correspond to —4931, —1639, 1173, 1542 and
2255, respectively. Allelic variants of CYP2C9 (CYP2(9%]
through CYP2C9*6, and CYP2C9*11) were determined by
either RFLP analysis or direct sequencing [9,27].

Genotypes for both VKORCT and CYP2GY were available
for 179 patients (115 Caucasians and 64 Japanese).
Because no DNA samples were available from African-
American patients on warfarin, blood was commercially
obtained from 64 healthy African-American subjects
(ProMedDx, LLC, Norton, Massachusetts, USA) for
analysis of the frequencies of the two gene’s allelic
variants. The patient haplotypes and their frequencies
were estimated by PowerMarker (Ver. 3.23) and a
haplotype association test was performed according to
the method of Rieder & @/ [21], which allowed
classification of each patient into either Group A
(comprising either H1 or H2 haplotypes) or Group B
(comprising either H7, H8 or HI9 haplotypes). Because
the nucleotide at position 861 according to the Rieder’s
system  was not examined, patients with the H7
haplotype were not distinguishable from those with an
H8 haplotype. FHowever, this did not affect classification
of such individuals into Group B. A log-transformed
maintenance dose adjusted for age, sex, body weight and
CYP2C9 genotype and warfarin sensiciviey index [INR/
Cu(S)] were compared between the patient groups with
different haplotypes.

£y

Table 1 Demographic characteristics of study patients
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Statistics

Multiple comparisons between the mean values for the
pharmacokinetic, pharmacodynamic and demographic
data obtained from three populations were performed
by ANOVA followed by the Tukey—Kramer test. Relation-
ship between Cu(S) and INR in patients with different
VKORCT (1173C >'T) genotypes was examined by the
Pearson’s correlation test. Genetic data for deviation from
the Hardy-Weinberg proportions were tested using the
chi-square test. Multiple comparisons for allelic frequen-
cies of VKORC! and CYP2C'9 variants between Caucasian,
Japanese and African-American patients were performed
by the chissquare test followed by the Tukey-Kramer
test. Spearman’s rank correlation test followed by the
stepwise multiple regression analysis were performed to
assess the contribution of patients’ covariates [i.e., age,
sex, body weight, racial ancesury (Caucasian versus
Japanese) and genotypes (wild-type versus heterozygote
versus homo- or the combined homozygote) of VKORC!
and CYP2C9] to the overall variability of maintenance
doses of warfarin. Squares of the adjusted correlation
coefficient (%) and Akaike’s Information Criterion (AIC)
were employed to evaluate the goodness of model fitting.
Data are presented as means = SID or medians and the
upper and lower quartile ranges (25 and 75 percentiles)
where appropriate. A P-value of less than 0.05 was
considered statistically significant for all analyses.

Results

The Caucasian patients were slightly older than the other
two populations and there were also differences in body
weight  berween  the groups (lable 1), The  daily
maintenance dose of warfarin and its associated unbound
concentration of the S-enantiomer were higher in African-
Americans than in Caucasians who, in turn, had larger
values than the Japanese; the reverse ranking was present

Parameter

African-American Caucasian Japanese

Number of patients studied

Dose-Cu(S)~iNR relationship 36 157 172

Plasma normal prothrombin 21 54 91

Genotyping of CYP2C9 and VKORC1 (64)° 115 64
Gender (M/F) 12/24 87/70 101/
Age (years) 6111 65113 6110
Body weight {(kg) 89.5%26.4° 73.7 171 56.5+10.9™
Dose of racemic warfarin (mg/day) 53+26 4.7+24 35+1.6M
Cu(S) {ng/ml) 6.76 £ 2.97 4.09+2.08 2,194 1,26
CLpo,u(S) (ml/min) 314.7£163.1% 469.41+294.4 654.3+376.8"F
INR 2.6710.81 2.5010.89 1.8410.69™
INR/Cu(S) (mi/ng) 0.46+0.21* 0.75+0.45 1.05%058™
Normal prothrombin level (pg/mi) 54,6 £23.2 60.3+36.1 5251261

timo.

Data are mean values £ SD.

‘DNA samples were obtained from healthy subjects.

fP<0.01 between the Caucasian and Japanese groups.
1P<0.01 between the Japanese and African-American groups.
$p<0.05 between the Caucasian and African-American groups.

Abbreviations: Cu(8), plasma unbound concontration of S-warfarin; CLpo,u(S), unbound oral clearance of S-warfarin; INR, international normalized ratio of prothrombin

.61.
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in the oral clearance of unbound S-warfarin (Table 1). No
apparent differences in unbound S-warfarin’s oral clear-
ance were ohserved between patients who were given
cither amindarone (458 £ 98 ml/min, »=4) or thyroid
hormone (330 £ HE9ml/min, #»=0) with warlarin and
those were given warfarin alone. There was a significant
(P < 0.0001) correlation between the oral clearances of
S-warfarin and R-warfarin (r = 0.706).

Population differences were also apparent in the asso-
ciated measures of anticoagulation (Table 1) with INR
values in the Japanese patients being lower than in either
of the other two populations. However, the ‘warfarin
sensitivity index’ — a measure of the degree of anti-
coagulation normalized for the unbound S-warfarin
plasma concentration — was higher in Japanese compared
to Caucasians or African-Americans. No significant
differences were present in the NPT concentrations
between the populations; however, the distribution of
NPT levels in the Japanese patients relative to the
unbound plasma concentration of S-warfarin was shifted
to the left compared to that in the Caucasian and African-
American populations (Fig. 1a). On the other hand, the
relationships between the NPT level and INR value in
the three populations overlapped each other (Fig. 1b).

Seven allelic variants in the VKORC! gene were identified
and these all exhibited differences in frequency between
the populations studied (Table 2). With the exception of
the 1173C > T transition in Japanese, Hardy—Weinberg
equilibrium was present. A synonymous' 3462C >T
transition (Leul20Leu) in exon 3 was selectively present
in African-Americans and two heterozygous cases of an
exon 2 substitution (1331G > A, Val66Met) were also
found in this population. In contrast, the transitions at
129C > Tinexon 1,497T > G in intron 1 and 1196G > A
in intron 1 appeared to be present in Caucasians at a low
frequency and the allelic frequencies of the transition at
3730G > A in the 3'-downstream region was significantly
higher in African-American and Caucasians compared
with Japanese. The most common allelic variant with a
significant difference in frequency in all three popula-
tions was an 1173C > T polymorphism in intron 1 which
was found in 8.6% of African-Americans, 42.2% of
Caucasians and 89.1% of Japanese. Population differences
in the allelic frequencies of the various CYP2C9 variants
were also found (Table 2); CYP2C9 variants with reduced
metabolizing ability were present at higher frequencies
in Caucasians and African-Americans compared with
Japanese.

Low but statistically significant (P < 0.05) correlations
were present between the INR value and the unbound
plasma concentrations of S-warfarin in VKORCI 1173
C > T heterozygotes and variant homozygotes but not
homozygote wild-type in the collective results from all
patients (Fig. 2). For any given genotype, the data from
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Relationships between plasma unbound concentrations of S-warfarin
[Cu(S)] and plasma concentrations of fully carboxylated normal
prothrombin (NPT) (a) and those between plasma concentrations of
NPT and INR (b) in Caucasian {open circles), Japanese (grey or
halftone circles) and African-American (closed circles) patients.

the Caucasians and Japanese patients overlapped. Ad- .
ditionally, the slopes of the relationships were steeper in
the heterozygous and homozygous variant groups (0.163
and 0.183 ml/ng, respectively) than in the wild-type
population (0.021 ml/ng). Regarding the novel VKORCI
1196 G > A transition, all four such Caucasian patients
had an INR value greater than 2.5 at an unbound plasma
concentration of S-warfarin <5ng/ml (i.e., théy had
increased warfarin sensitivity). Three of them also carried
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Race and genetic variability affect warfarin dose Takahashi et al.

105

African-American (n=64)

Caucasian (n=115)

Japanese (n=64)

VKORC1 129 C>T (Cys43Cys, exon 1) 0 0.009 0
VKORC 497T>G (intron 1) 0.039* 0.288 o
VKORC1 1178C>T (intron 1) 0.086" 0.422 0.891%
VKORC1 1196G>A" (intron 1) 0 0.017 0
VKORC1 1331G>A (Val66Met, exon 2} 0.016 0] 0
VKORCT 3462C>T (Leu120teu, exon 3) 0.227% 0.004 ot
VKORC1 3730G > A 3'-downstream) 0.523" 0.374 0.167%
CYP2CY"1 (wild-type) (Argqqa/ Argass/ilesse) 0.953% 0.743 0.084"
CYP2C9™2 (exon 3) (Arg/Cys;44) 0¥ 0.143 of
CYP2C9"3 (exon 7) (Hle/Leuasg) 0.008* 0.109 0.016f
CYP2C9’ 4 {exon 7) (Ne/Thrase) 0 0 0
CYP2C3'5 (exon 7) (Asp/Gluaee) 0.008 0 0
CYP2C9"6 (exon 5) (818delA) 0.008 0 0
CYP2C8™ 11 (exon 7) {(Arg/Trpaas) 0.023 0.004 0

African-American DNA samples were obtained from healthy subjects.
*a novel polymorphism,

1P<0.01 between the Caucasian and Japanese.groups.

1p<0.01 between the Japanese and African-American groups.
$P<0.05 between the Caucasian and African-American groups.

Fig. 2

Genotypes of VKORC1 1173 C>T variant
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Relationships between plasma unbound concentrations (Cu) of S-warfarin and INR in Caucasian (open circles) and lapanese (grey or halftone

circles) patients with three different genotypes of VKORC1 1173C>T: those with the wild-type (C/C), heterozygote (C/T) and homozygote (T/T) are

shown sepafately. Four Caucasian patients carrying VKORCT 1196G > A are presented by black triangles. Significant (P<0.05) and apparently
eeper correlations between the two parameters were observed in the C/IT {r

=0.85) and T/T genotypes (r=0.38), respectively.

he VKORC! 1173 homozygous mutant allele (T/TY), but
ne had the 1173 wild-type genotype. No differences in
wetabolizing ability, as measured by the oral clearance of
nbound S-warfarin, were observed between the three
'KORCI 1173 C > T genotype groups in Caucasians and
apanese. However, reduced maintenance doses of
warfarin in patients carrying CYP2C9*2 and/or CYP2C9*3
vere observed in the Caucasians and Japancse patients
55%2.6, 402 1.8, 3.221.5, 2.0 L.3mg/day in Cau-
casians with CYP2C9*1/*1, *[/*2, *1/*3 versus *2/*3 or
versus *2/*2 or versus *3/*3, respectively, and 3.6 = 1.7 and
1.8+ 0.5 mg/day in Japanese with CYP2C9* 1/*1 and *1/%3
genotypes, respectively). In order to perform further
senotype: phenotype analysis (Fig. 3), patients homo-
ygous for the wild-type CYP2(C9 gene (67 Caucasian and

62 Japanese patients) were selected to exclude the
influence of population differences in the frequencies of
defective  CYP2G9%2 and  CYP209*3 allcles on the
maintenance doses.

The median daily warfarin dose in Caucasians was
significantly greater (£ < 0.01) than that in Japanese
(5.5 versus 3.5 mgfday, respectively), when the two such
pupulations  were compared  irrespective of FRORG!
genotype (ALL in lig. 3). 'There was a significant
(< 0.05) FKORG! 1173C > T gene~dose effect present
in cach population, e.g., a lower dose was obscerved in
patients carrying homozygous mutations (T/T) compared
with those with wild-type (C/C) and heterozygous
mutations (C/T) except for Japanese patients with C/C

.68-
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Fig. 3

Genotypes of VKORC1 1173 C>T variant
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Comparisons of the median maintenance doses of warfarin between Caucasian (C) and Japanese (J) patients carrying the wild-type CYP2C9 genotype.
Comparisons were made irrespective of VKORC1 1173C>T genotypes (ALL) and with regard to the VKORC? 1173C>T genotype (C/C, C/T and T/T,
respectively) between Caucasian and Japanese patients. Data are shown by box-and-whisker plots. Subdivisions of the boxes and the top and bottom lines
on the boxes represent median values and the upper and lower quartiles, respectively. The closed circles (@) are outlying values beyond the maximum
length in terms of the interquartile range. Numbers of patients in each group are shown in the parentheses. There was a significant difference in wartarin
doses between Caucasian and Japanese patients when compared irrespective of VKORCT genotype (ALL). There were also significant differences in
warfarin doses between Caucasian patients having different VKORC1 genotypes and between Japanese patnents having 1173 C/C and T/T genotypes
and between patients with 1173 C/T and T/T genotypes. **P<0.01 between the Caucasian and Japanese groups; /P<<0.01 between CaucaS|an patients
with 1173 C/C and those with C/T or T/T genotypes; *P<0.05 between Caucasmn patients with 1173 C/T and those with T/T genotypes; tp<0.01
between Japanese patients with 1173 C/C and those with T/T genotypes; YP<0.01 between Japanese patients with 1173 C/T and those with T/T

genotypes.

and C/T genotypes: the mean maintenance doses
obtained from Caucasian patients carrying C/C, C/T and
T/T genotypes were 6.9 versus 5.2 versus 3.0 mg/day,
respectively, and the corresponding values obrained from
Japanese patients were 7.0 versus 5.4 versus 3.3 mg/day.
In contrast, no significant differences were observed
between these two populations in the daily dose within
each 1173C > T genotype (Fig. 3).

Haplotype frequencies were 0.156 and 0.847 for H1,
0.256 and 0 for H2, 0.363 and 0.109 for H7/H8 and 0.200
and 0 for H9 in Caucasian and Japanese patients,
respectively. Haplotype analysis revealed no significant
differences in warfarin doses adjusted for age, sex, body
weight and (YP2C9 genotype and ‘warfarin sensitivity
index’ for S-warfarin between patients in Group A, i.e.,
with the 1 versus H2 haplotype (3.4 versus 3.5 mg/day,
and 1.0 versus 1.0ml/ng, respectively). No significant
differences were observed in the corresponding values in
Group B patients with the I7/H8 haplotype and those
with the HO haploeype (5.8 versus 5.2 mp/day, and 0.66
versus 0.58 mi/ng). Haplotype groups of A/A, A/B and B/B
completely” corresponded to the genotype groups of
VKORCI 1173 'T/T, T /C and C/C.

Univariate analysis to identify patient covariates asso-
ciated with the interindividual variability in daily wartarin
dose showed that age (r=-0.22), body weight
(r=10.29), CYP2C9 variant (r= -0.32), VKORC!

_64.

1173C>T (r= -0.58) and Japanese ancestry (r=
-0.20) were all significantly (» <0.05) correlated.
Further multivariate analysis with these covariates in
115 Caucasian and 64 Japanese patients revealed that
CYrP2¢9 and FKORCI genotypes, age and body
weight had independent and statistically significant
contributions  to  the overall  variability in warfarin
dose (Table 3). The final regression equation for
estimating maintenance doses (MD) of warfarin was
as follows: for patients with homozygous wild-type
genotype for both CYP2C9 and VKORCI: MD (mg)
=6.6-0.035 x (age, years) + 0.031 x (body weight, kg);
for those with either heterozygous or homozygous
variant of CYP2C9, the MD was reduced by 1.7 and
2.8 mg, respectively, and for those with either hetero-
zygous or homozygous variant of VKORCI 1173C > T,
the MD was further reduced by 1.3 and 2.9mg,
respectively, from those predicted by the respective
equations. Based on the standardized partial regression
coefficients, genotypes of CYP2C9 and VKORCI were
the principal covariates contributing cqually to inter-
patient variability in warfarin requirements. Collectively,
the identified covariates accounted for 57% of the
overall variability in the daily dose of warfarin. Also, a
significant correlation (r=0.76, P <0.001) without
systematic bias was observed between the actual main-
tenance doses taken by the Caucasian and Japanese
patients and those predicted from the multiple regression
model (Fig. 4).
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Table 3 Multivariate analysis for patients’ covariates that are associated with interindividual variability of warfarin doses

Covariates Partial regression coefficient £ SE

Standardized partial regression P-value
coefficient
Constant 6.666 £0.973
Age (years) -0.085+0.010 -0.252 0.000808
Body weight (kg) 0.031+0.007 0.298 0.000059
CYP2C9*2/%3/%11 {Heterozygous) -~1.706+0.290 -0.408 <0.0000005
{Homozygous variant) ~2.815:1+0.473 -0.413 <0.0000005
VKORC1 1173 C>T {Heterozygous) ~1.31610.309 -0.310 0.000034
{Homozygous variant) ~2.9411+0.310 -0.590 <0.0000005
SE, standard error of mean,
Fig. 4 these genetic variants differed among the three popula-
tions (Table 2). As a result, 70% of Caucasian, 83% of
15¢ African-American and 20% of Japanese patients were
0 found to carry pharmacokinetic (CYP2C9) and pharmaco-
_ dynamic (VKORCI) genetic factors which are associated
g with a lower and a higher requirement, respectively,
E» o resulting in the wide interindividual variation in warfarin
- 10r 00 doses.
8 ®©
o
5 & Discussion
= o r=0.76 Warfarin therapy is complicated by large interpatient
[u] . aye . . .
S P & P<0.001 variability in maintenance dose requirement and the
¢ 5p 0 € &0 associated risk of under- and over-anticoagulation. This is
2 2 the first study demonstrating that there are population
o 0§ Sk Om differences not only in pharmacokinetics but also in
@O SR P pharmacodynamics of warfarin based upon the dose-
oD 0 plasma concentration and plasma concentration-INR
o0 5' 1‘0 1‘5 relationships. The pharmacodynamics of S-warfarin eval-

Predicted daily WF dose (mg/day)

Relationship between maintenance doses of warfarin predicted from
the multiple regression model and those actually observed in the 115
Caucasian (Q) and 64 Japanese (®) patients. There is a significant
correlation between the predicted and observed doses {y=x+ 0.0008,
r=0.76, P<0.001). The solid line represents the line of identity.

Caucasian and Japanese patients who carried CYP2C9
variants possessed a lower unbound oral clearance
for S-warfarin (decreased metabolic activity), thereby
required a smaller daily dose of the drug (Fig. Sa).
In addition, those carrying the VKORCT 1173C/C
wild-type allele needed higher unbound concentrations
of S-warfarin to achieve a therapeutic anticoagulation
response (reduced sensitivity), and a greater daily dose
was required regardless of race (Fig. 5b). Forty-seven
percent of Caucasian patients possessed one of the
CYP2C9  variant  alleles  (CYP2C9*2, CYP2(9*3  or
CYP2C9*11) and 48% the VKORC! 1173 C/C wild-type
allele, respectively. The corresponding values for
African-Americans were 11% and 83%, and those for
Japanese were 3% and 17%, respectively. These
genetic polymorphisms in CYP2C9 and VKORC! were
independent to each other and allelic frequencies of

vated by its ‘warfarin sensitivity index’ showed significant
differences between African-Americans, Caucasians and
Japanese patients, although the number of African-
American patients (# = 36) participating in the study
was smaller than the Caucasians and Japanese groups
(Table 1). In addition, the sensitivity of S-warfarin to
inhibit normal or fully carboxylated prothrombin (NPT)
production was found to differ between populations and
this may play a pivotal role in the population differences
of warfarin dose requirement.

Readily determinable demographic factors such as age
and body weight have been considered as contributing
covariates [1-3], and this is confirmed in the present
study. "The age factor may be related to a reduced ability
to metabolize warfarin with aging [1]. A similar mechan-
istic explanation may also account for the body weight
covariate although a pharmacodynamic factor may also be
involved, since obese subjects have been found to have
elevated plasma levels of fibrinogen and factor VII
compared to lean individuals [28]. Nonetheless, such
demographic factors only have limited utility for optimiz-
ing the warfarin maintenance dose and it has become
increasingly appreciated that genetic factors may have an
important role. Recent focus has been upon drug
metabolizing enzymes involved in warfarin’s metabolism
that influence its plasma concentration. h

.65-
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Fig. 5
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Relationships between unbound oral clearance (ClLpo,u) for S-warfarin and daily doses of warfarin (left column, a) and those between plasma

unbound concentration (Cu) for S-warfarin and daily doses of warfarin {right column, b} in Gaucasian and Japanese patients with different genotypes
of CYP2C9 (a) and VKORC1 (b). Symbols (a): CYP2C9*1/%1 (open circles), CYP2C9*1/2 or *1/%3 or *1/*11 {grey circles) and CYP2C9*2/*2,
or *3/*3 or *2/*3 (black circles); symbols in (b): VKORC1 1173 C/C and 1196 G/G (open circles), YKORC1 1173 C/C and 1196 G/A (open
triangle), VKORC1 1173 C/Tand 1196 G/G (grey circles), VKORC1 1173 T/Tand 1196 G/G (black circles) and VKORC1 1173T/Tand 1196 G/A

(grey triangles).

Clinically available warfarin is a racemic mixture of R- and
S-enantiomers. However, S-warfarin has been shown to be
three to five times more potent than R-warfarin based
upon the anticoagulation responses elicited after the
administration of the respective enantiomers separately
in healthy subjects [11]. While plasma concentrations of
R-warfarin are, on average, approximately twice those of
S-warfarin following oral administration of the racemate,
pharmacokinetic-pharmacodynamic analysis concluded
that the anticoagulant effect is attributable almost
entirely to S-warfarin concentrations [29]. Moreover, as
noted in the present study, there was a significant
correlation between the oral clearance of unbound S-
warfarin and that.for R-warfarin (P < 0.0001), indicating
that demographic factors (e.g., body weight and age),
nutritional and certain environmental lactors hnked wich
variability in both of these parameters may also be
associated. Accordingly, it is likely that interindividual
variability in the plasma concentration of S-warfarin is
more important than that of R-warfarin when considering

.66.

the variability of anticoagulant activity following the
administration of racemic warfarin.

CYP2C9 and its allelic variants have been investigated
since the encoded enzyme is largely responsible for the
metabolism of S-warfarin. Several relatively large retro-
spective clinical studies in several different populations
have now demonstrated associations between warfarin’s
maintenance dose and adverse events, i.e., increased
bleeding complications, and the presence of CYP2CY
variants leading to markedly reduced catalytic activity of
the resulting enzyme such as CYP2C9.2 and CYP2C9.3
[1-3,9,12—14]. Collectively, the present data confirm
these previous observations that lower doses are required
in patients carrying these variant alleles especially
CYP209%3. Despite such  associations, however,  the
contribution of such genetic variability to the overall
variability in warfarin’s maintenance dose is relatively low
— less than 20% of the variance [1-3]. The present
findings based on the presence of CYP2C9*2, CYP2C9*3



and CYP209% 11 variants, all of which are associated with
reduced enzyme activity, also confirm chis small con-
tribution even when wvariant homozygosity is present.
Moreover, the difference in warfarin dosage requirement
between Japanese and Caucasians cannot be explained by
a greater frequency of CYPZC9 variants with reduced
catalytic activity in Caucasians (‘Table 2), and the former
population have higher unbound oral clearances of S-
warfarin than the latter when matched for the wild-type
genotype in the 5-flanking (up to ~2kb) and coding
regions of CYP2CY [9,27]. Therefore, the present results
strongly suggest the involvement of other factors.

The molecular target of warfarin is vitamin K epoxide
reductase, which is critically involved in the production of
funccionally active vitamin K-dependent coagulation
factors [e.g., factors II (prothrombin), VII, IX and X)]
through y-glutamyl carboxylation [30]. Subunit 1 of this
lipoprotein complex has recently been shown to exhibit
genetic polymorphisms, and several such allelic variants
have been shown to have reduced catalytic activity
that is associated with ‘warfarin-resistance’, i.e., require
substantially higher doses to achieve satisfactory anti-
coagulation [15,17]. However, only two such heterozy-
gous VKORCI 1331G > A, Val66Met, African-American
individuals were found in the present study. Other
variants reported to be associated with ‘warfarin-resis-
tance’ [15] were not detected. A number of other
nucleotide transitions including a novel VKORCI
1196G > A were, however, identified and appeared to
have selective distribution according to racial ancestry,
but their rarity made it impossible to assess whether they
have functional consequences. On the other hand, a
haplotype combination including a VKORGI 1173C>T
transition, previously reported to be present in 40%
of Buropean-Caucasians, was found to be common
with higher and lower frequencics in Japanese and
African-Americans, respectively [16-21}. This variant
was also found to be associated with a gene~dose effect
and a lower warfarin maintenance dose [16-21].
The present findings confirm this observation in Cauca-
sians and extend the relationship to Japanese. Interest-
ingly, this VKOR(G! variant appeared to affect the
relationship between the unbound concentrations of S-
warfarin and the resulting INR value — the slopes of the
regression curves of the relationship being steeper in
heterozygous and homozygous variant patients than in
those homozygous for the wild-type allele. Importantly,
the different population frequency of the VKORCI 1173T
variant allele in Japanese compared to CGaucasians,
appeared to account for the increased ‘warfarin sensitiv-
ity’ of the former group of patients, matched according to
CYP2C9 penotype, i.e., CYP209* 1 homozygous, since no
differences in dosage requirement was observed between
the populations when stratified according to VKORC/
genotype. Furthermore, multiple regression analysis
showed that the VKORGI t173G>T variant was an

Race and genetic variability affect warfarin dose Takahashi et al. 109

important covariate wich respect to the interindividual
variability in warfurin  dosage. Patients carrying  the
T allele at the position of 1173 of VKORCI gene are
classified into the Group A haplotype associated with a
lower dose requirement [21]. Fowever, this haplotype
system is no more informative than a single segregating
SNPs among those at positions 381, 3673, 6484, 6853 and
7566 of the reference sequence (GenBank aceession
number AY587020) as shown previously by others [16],
when the influence of VKORC! genotype on  the
interindividual variability in warfarin doscs is considered.
Overall, thesc results also suggest that the higher
dose requirements in African-Americans [6,7] may
possibly reflect the higher frequency of the VKORCGI
1173C allele (91%) compared to Japanese (11%) and
Caucasians (58%) (Table 2).

The 1173C > T rtransition in intron 1 of VKORC! was

recently reported to be in complete disequilibrium with

~1639G > A at a putative NF1 binding site [18],

-4931T > C, 1542G > C and 2255C>"T [21]. While

there is a controversy regarding the influence of this

VKORC! haplotype on the transcriptional activity of this

gene [16,18,19], a recent report indicates that this

haplotype was associated with lower mRNA levels in

human liver [21]. This finding suggests rthat the

1173C > T variant may be associated with the lower
levels of reduced form of vitamin K, thereby making
patients with - this variant more susceptible to the
anticoagulation effect of warfarin. In addition to the
conventional measure of anticoagulation, namely, the
INR value, the concentration of NPT was also deter-
mined in the patients. No population differences could
be discerned in the relationship between these two
biomarkers, indicating comparable functionality of the
involved fully carboxylated vitamin K-dependent factors
and fibrinogen. However, Japanese patients appeared to
be more sensitive to y-carboxylation of prothrombin in
that a comparable NPT response was achievable at
lower plasma concentrations of unbound S-warfarin
compared to Caucasians and African-Americans. The
reason for this difference is unknown but may involve
population differences in NPT’s baseline level (pre-
liminary unreported data), and furcher studies are
required to explore this possibility. In addition; the
question of whether the VKORC! haplotypes may
influence the baseline levels of VKOR and NPT remains
to be clarified. Regarding functionally related genes,
multiple variants in several vitamin K-dependent proteins
have been identified including factor H, facror VI and -
glutamyl carboxylase [20,31]. Moreover, some of these are
associated with altered ‘warfarin sensitivity’ [20,31] and
preliminary data (not shown) indicates that their allelic
frequencies differ between Caucasian and Japanese
populations. Therefore, influences of these polymorph-
isms on the overall variability in warfarin responses are
also to be clarificd. h

.67.




ettt

110 Pharmacogenetics and Genomics 2006, Vol 16 No 2

In summary, the present study shows that interindividual
variability and population differences in the maintenance
dose of warfarin required to achieve anticoagulation
involves demographic, pharmacokinctic, and pharmaco-
dynamic factors. Furthermore, genetic variability in
CYPZCO9-mediated metabolism of S-warfarin and the
drug’s molecular target, VKOR, are specific determinants.
The present study shows that 70% Caucasian and 83%
African-American patients carried either CYP2C9 or/and
VRKORG! genotype(s) which leads to either reduced
metabolic activity or attenuated sensitivity of warfarin.
In contrast, only 20% of Japanese population possesses
these genotypes. Thus, the relative contribution of the
VKORCI and GYP2C9 genotypes to the overall inter-
patient variability in warfarin doses differs between the
three populations according to racial ancestry. Moreover,
it should be of note thar the identificd demographic and
genetic covariates of warfarin doses only account for 57%
of interindividual variability. Accordingly, other currently
unknown determinants remain to be identified, and
populations other than those currently studicd need to be
investigated.
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Population Pharmacokinetic and
Pharmacodynamic Analysis of a
Class IC Antiarrhythmic, Pilsicainide,
in Patients With Cardiac Arrhythmias

Ryuichi Ogawa, MSc, Ryoji Kishi, MD, Kiyoshi Mihara, PhD, Harumi Takahashi, PhD,
Akihiko Takagi, MD, Naoki Matsumoto, MD, Keisou Masuhara, PhD, Kiyoshi Nakazawa, MD,
Fumihiko Miyake, MD, Shinichi Kobayashi, MD, and Hirotoshi Echizen, MD, PhD

Population pharmacokinetics (PK) of a sodium channel-
blocking antiarrhythmic, pilsicainide, was studied using the
nonlinear mixed-effects modeling technique in 91 patients
with cardiac arrhythmias (80 suspected Brugada syndrome
[BrS] and 11 with atrial fibrillation) who received an intrave-
nous infusion of 10 mg of the drug. Population pharmaco-
dynamic (PD) analysis was also performed using an effect
compartment model. PD responses were assessed by changes
in electrocardiogram (ECG) pattern (BrS-like elevation of ST-
segment} and conduction parameters. The final PK model
showed that gender (values were 50% lower in women than
in men) and creatinine clearance were significant (P < .01}

covariates of weight-normalized systemic clearance of
pilsicainide. Patients who showed a BrS-like ECG pattern af-
ter the drug administration also showed a significantly (P <
.01) greater prolongation in His-Purkinje conduction com-
pared to the remaining patients. In conclusion, female gen-
der, renal dysfunction, and the drug-induced BrS-like ECG
morphology may be associated with augmented ECG re-
sponses to pilsicainide.

Keywords: Pilsicainide; pharmacokinetics-pharmacodynamics;
Brugada syndrome
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ilsicainide HCL is a class IC antiarthythmic drug

widely used in the treatment of supraventricular
and ventricular tachyarrhythmias in Japan. Previous in
vitro and ‘in vivo studies have revealed its unique
pharmacokinetic {PK) and pharmacodynamic (PD)
characteristics. Electrophysiological studies™* per-
formed with isolated myocardial cells using standard
microelectrode and whole-cell clamp techniques re-
vealed that pilsicainide is a pure sodium channel
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blocker with no autonomic blocking effects and no
potassium/calcium channel-blocking properties. The
conventional PK study® of the drug performed during a
phase 1 clinical trial in healthv young male subjects
demonstrated that it is eliminated mainly into urine in
unchanged form and that an active tubular transport is
likely to be involved. The renal clearance (200-300 mL/
min) of pilsicainide surpasses the glomerular filtration
rate (100 mL/min). Since the drug is a cationic drug, an
active tubular secretion mediated by one of the organic
cation transporters (OCTs) may be associated with its
renal elimination. To our knowledge, however, few ef-
forts have been made to identify clinical covariate(s}
dominating interindividual variability of PK and/or PD
of this antiarrhythmic agent.

The necessity of a PK/PD study of pilsicainide has
been fueled by recent clinical findings indicating that
this drug may serve as a useful probe for assessing al-
tered sodium channel responsiveness in patients sus-
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pected of Brugada syndrome (BrS).* BrS is considered
to be a sodium channelopathy associated with a high
incidence of sudden death due to fatal arrhythmias de-
veloping in subjects with structurally normal hearts.
The condition is more prevalent in Asians than in
whites. Characteristic electrocardiogram (ECG) pat-
terns consisting of right bundle branch block and either
coved or saddleback-shape ST-segment elevation in
the right precordial leads (ie, V,-V,) are hallmarks of
BrS. Since the ECG findings obtained from patients
with BrS show variations over time in the same patient
(eg, either exaggeration or amelioration by autonomic
interventions),? it is difficult to arrive at a conclusive
diagnosis of BrS in patients with apparently normal or
equivocal ECG findings despite highly suspicious clin-
ical manifestations and presence of family history of
the disease. For such patients, a pharmacological prov-
ocation test with a pure sodium channel blocker such
as pilsicainide may be of value. Nevertheless, thereis a
paucity of knowledge about PK/PD covariates that con-
tribute to the interindividual variability in responsive-
ness to the drug. In this context, we decided to under-
take a population PK/PD analysis of pilsicainide in
Japanese patients with cardiac arrhythmias using non-
linear mixed-effects modeling (NONMEM)." In this ar-
ticle, we present data indicating that gender and renal
funection are the major determinants of the PK variabil-
ity of pilsicainide and that drug-induced BrS-like ST-
segment elevation in ECGs may be a phenotypic trait of
exaggerated dromotropic effects in response to the
drug.

METHODS
Patienis and Study Design

Ninety-one patients received an intravenous adminis-
tration of pilsicainide in the coronary care unit of St.
Marianna University School of Medicine Hospital in
Kawasaki, Japan. Eighty patients received the drugas a
diagnostic test for BrS, and 11 patients received the
drug for controlling paroxysmal atrial fibrillation, The
study protocol had been approved by the Institutional
Review Board of St. Marianna University School of
Medicine before the study was started. Written in-
formed consent was obtained from each patient after
the purpose of the study and possible risks and benefits
were thoroughly explained.

Each patient was given an intravenous infusion of
pilsicainide HCL at a rate of 1 mg/kg over 10 minutes
under continuous ECG monitoring.* The patients who
were given the drug for diagnosing BrS were further di-
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vided into 2 groups according to the ECG responses to
the drug. Taking the criteria proposed by Brugada et al’
into consideration, we tentatively assigned those de-
veloping drug-induced ST-segment elevation of +0.15
mV or greater from the baseline ECG tracing at ] point
(at the end of QRS complex), STy, point (at 80 millisec-
onds after the end of QRS complex), or QT,g, point (at
160 milliseconds after the beginning of QRS complex)
in the V, lead of the standard 12 leads ECG as respond-
ers to pilsicainide {group A). The remaining patients
were considered nonresponders (group  B). Plasma
pilsicainide concentrations obtained from the patients
who received the drug for treatment of atrial fibrillation
were used exclusively for the PK analysis. Blood bio-
chemistry and urinalysis were performed at the De-
partment of Clinical Chemistry, St. Marianna
University School of Medicine Hospital. .

Blood Samplings and ECG Recordings

Most blood samples {5 mL each) were obtained within
120 minutes after the end of pilsicainide infusion un-
der continuous ECG monitoring, At least 2 samples
were obtained from all but 6 of the patients during this
period. Additional blood samples were obtained there-
after up to 24 hours postdose when possible. Blood was
collected into glass tubes containing EDTA-2Na, and
plasma was separated immediately by centrifugation at
1630g for 10 minutes at 4°C and stored at —20°C until
analyzed. ' :

Continuous ECG monitoring was performed during
the study, and ECGs were recorded at a paper speed of
25 mm/s at 5 minutes before the pilsicainide infusion
was started (baseline) and at 0, 5, 10, 30, 60, 90, and 120
minutes after completion of drug infusion. The phar-
macological effects of pilsicainide un electrical con-
duction in the heart were assessed by changes in P
wave duration, PQ interval, PEQ interval, and QRS du-
ration. PEQ interval is defined as the isoelectrical re-
gion from the end of the P wave to the onset of the QRS
complex. It largely represents the period associated
with impulse propagation from the AV node to the His-
bundle and intraventricular conduction system. Mea-
surements of these parameters were made by one of the
authors (R.0.) using a digital vernier caliper (Mitsutoyo
Co, Tokyo, Japan) for at least 5 consecutive beats at each
sampling point, and the mean value was calculated.
Both within- and between-day intraobserver variabil-
ity of measurements assessed as coefficients of varia-
tion {CVs) were <2%, The respective ECG parameters
at each sampling time were expressed as degrees of
change from the corresponding baseline values.
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Pilsicainide Assay

Plasma pilsicainide assay was performed with a high-
performance liquid chromatography-ultraviolet ab-
sorption according to Shiga et al® with minor modifica-
tions. Briefly, we used quinidine (final concentration
of 1.0 ig/mL) as internal standard and areversed-phase
column (Capcel-Pak C,, 5 1tm, 250 x 4.6 mm; Shiseido
Co Ltd, Tokyo, Japan) for the analysis. The mean (+SD)
percent recovery of pilsicainide and the internal stan-
dard from extraction were 101% +4% and 105% 4%,
respectively. Calibration curves were linear over the
drug concentration range of 0.05 to 1.0 pug/mL (r >
0.999, P < .01). The within- and between-day
precisions for the assay were <5% as the CV and the ac-
curacy ranged from ~9% to +16% as percentage error
from the theoretical concentrations ranging from 0.05
to 1.0 ug/mlL.

Population PK Analysis

The population PK analysis was performed on 237
plasma concentrations of pilsicainide obtained from 91
patients by applying the NONMEM {version V, level
1.0; University of California, San Francisco).® A prelim-
inary study using not only the objective function (OB])
values but also the distribution of weighted residues to
evaluate the goodness of fit of PK models indicated that
the 2-compartment model with zero-order input and
first-order elimination from the central compartment
had a better fit than the 1-compartment model did.
Therefore, further analysis was performed by the 2-
compartment medel. The linear 2-compartment struc-
tural model was parameterized in terms of the primary
PK parameters, comprising systemic clearance (CL),
volumes of the central and peripheral compartments
(V. and V,, respectively), and intercompartmental
clearance {QQ) using a part of the NONMEM program
{PREDPP subroutines ADVAN3 and TRANSA4, the first-
order conditional estimate method). Compilation of
the program was performed with DIGITAL Visual For-
tran {Professional Edition, version 6.0A; Digital Equip-
ment Corp, Nashua, NH). A preliminary analysis per-
formed with a basic model showed that CL, V,, and V,,
but not , were dependent on body weight. Therefore
body-weight-normalized parameters were used for CL,
V,, and V, in the subsequent analyses. The reason Q
was independent of body weight remains unclear, The
choice of statistical models for the interpatient and re-
sidual (intrapatient) variability were made based on
the OBJ values and the distribution of the weighted re-
siduals as a function of patients’ individual post hoces-

PHARMACOKINETICS AND PHARMACODYNAMICS

timates of plasma pilsicainide concentrations obtained
from the different error structures (ie, proportional, ex-
ponential, or additive). Since the results indicated that
the proportional error model fitted to the data better
than the other models did, we adopted the
proportional error model for the analysis of the
interindividual and residual variances in the PK of
pilsicainide.

Then, we assessed Whether 1ncorporauon of pa-
tients’ parameters {(age, gender, serum creatinine, and
predicted creatinine clearance) as covariates of CL and
V, would reduce the interindividual variability as-
sessed by the OBJ value. Particular caution was exer-
cised to select covariates that were mutually independ-
ent. For instance, the Cockcroft-Gault equation® used
for estimating creatinine clearance depends on age and
serum creatinine concentration. Thus, creatinine clear-
ance, rather than age and serum creatinine, was se-
lected as a possible covariate for CL of pilsicainide. In
addition, because the distribution of pilsicainide oc-
cursrapidly (typically within 5 minutes after theend of
infusion) and only a limited number of data points
were available during this period, covariate analysis
was not done for V. Regarding the model selection for
continuous covariates, linear (P = 6, + 6, * Fac), recip-
rocal (P =8, + 0,/Fac), power (P = 8, + Fac™), and maxi-
mum effect (P =0, + 0, ® Fac/[8, + Fac]) equations were
tested, where P represents PK parameters (such as CL),
Fac represents the measurements of relevant
covariates, and 0, are the estimates calculated by
NONMEM. Fora categoncal covariate (such as gender),
the equation P =9, e (1 —Fac) + 0, ¢ 8, » Fac was used,
where Fac equals 0 for men and 1 for women. During
model building, a reduction in the OBJ value of at least
6.635 (o = .01) after incorporating a single covariate
was considered statistically significant. Model build-
ing was performed by a stepwise extension of the
model, adding an additional covariate at each step. The
validity of a full model was checked by a stepwise
backward elimination of each parameter. The goodness
of fit of the final population PK model was also as-
sessed by inspecting the scatter plots of population
model-predicted as well as the observed pilsicainide
concentrations and weighted residual as a function of
population model-predicted pilsicainide concentra-
tions. The accuracy and robustness of the final popula-
tion PK model were assessed by use of a bootstrap
method.” From the original data set of 91 patients, 400
bootstrap sets of 91 individuals were drawn by
resampling. For each of the 400 bootstrap sets, the pop-
ulation PK parameters were estimated and then com-
pared with those obtained in the original data set. The
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final model was considered validated if no significant
differences were observed.

Sequential Population PK/PD
Analysis With Effect Compartment

Because no measurements of intraatrial conduction
time (eg, P wave, PQ and PEQ intervals) were possible
in patients with atrial fibrillation (group C), population
PD analysis was conducted only in patients of groups A
and B. PD responses in terms of ECG parameters elic-
ited after pilsicainide infusion were plotted against the
plasma drug concentrations obtained from actual mea-
surements or individual post hoc estimates generated
by applying the NONMEM. Since visual inspection
showed that PD responses lag behind plasma drug con-
centrations (ie, counterclockwise hysteresis), the drug
concentration-effect relationship was analyzed by the
so-called effect compartment model developed by
Sheiner et al.'* According to this model, K.y, defined as
thé elimination rate constant of drug in the effect com-
partment, characterizes the time-dependent aspects of
equilibrium between plasma concentration and effect.
The sigmoid E,, model, in which the concentration is
substituted by the effect site concentration (Ce), was fit-
ted to the time course of PD responses by the
NONMEM program. The choice of the statistical model
for error structure and the analysis of patient character-
istics (age, gender, the presence or absence of ST-
segment slevation) relevant to the PD variability were
performed as outlined in the PK analysis. The model-
building process and the criteria for selecting an
optimal model are essentially similar to those for PK
analysis as described above,

Statistical Analysis

Multiple comparisons in the demographic and base-
line ECG parameters among the 3 groups were made by
ANOVA followed by the 2-sided unpaired 7 test with
Bonferroni’s correction. For comparisons of propor-
tions, sither ax* test or Fisher exact test was used where
appropriate. The least-squares regression method was
used for assessing a correlation between creatinine
clearance and systemic clearance of pilsicainide, those
between measured plasma drug concentrations and PD
responses and those predicted by the NONMEM
method. Statistical analyses were performed by the
SPSS 7.5] program (SPSS Ing, Chicago, 111). A Pvalue of
less than .05 was considered statistically significant.
Data are expressed as means + SD (range)} throughout
the study.
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RESULTS
Patients

Table I lists the demographic and clinical characteris-
tics (eg, baseline ECG parameters and complications) of
the patients who participated in the present study. The
mean age of group C was significantly (P < .05) greater
than that of group A. In addition, the mean predicted
creatinine clearance in group C was significantly (P <
.05) smaller than that in group A. In agreement with
previous reports,’”” men were predominant over
women in patients exhibiting ECG findings compatible
with or suspected of BrS (group A).

Population PK Analysis

Figure 1a and its inset show scatter plots of plasma
pilsicainide concentrations versus time. Gender and
CL,, were found to be significant (P <.01) covariates for
CL of pilsicainide in the final population PK model, as
was age for V. Table II lists the respective population
PK parameters, coefficients of covariates possessing
significant fixed (ie, systematic) effects on the PK pa-
rameters, and random effect parameters (ie, inter- and
intraindividual variance and their coefficient of varia-
tions). The final population PK model for CL and V, is
represented by the following equations:

CLyy = (6, + 8, ¢ CCR) (1 — SEX) -+ (1
(8, + 8,  CCR) © 0, * SEX,

Vorv = 84 + 85 ¢ AGE, (2)

where CLyy is the typical value (ie, population mean) of
body-weight-normalized CL of pilsicainide (L/min/
kg), CCR is the predicted CL,, (L/min/kg), SEX is the
gender parameter (ie, 0 = male, 1 = female), 8, and 6, are
the intercepts as a function of total body weight and
slope parameters for the relationship between CL,, and
CL for male patients, 8, is the coefficient of CL for
women, Vv is the typical value of peripheral volume
of distribution in liters per kilogram, AGE is the age of
patients in years, and 8, and 6; are the intercepts as a
function of total body weight and slope parameters for
the relationship between age and V. Taking the signifi-
cant patients’ covariate into account, the
interindividual variability of CL, V,, Q, and V, and the
residual  variability assessed as CVs were 14.1%,
31.8%, 41.8%, and 25.2%, respectively. There was a
good agreement between plasma pilsicainide concen-
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PILSICAINIDE IN PATIENTS WITH CARDIAC ARRHYTHMIAS

Table I Demographic and Clinical Characteristics of Patients Who Underwent the
Pilsicainide Challenge Test for the Diagnosis of Brugada Syndrome (Groups A and B) and
Those Who Received the Drug for the Treatment of Paroxysmal Atrial Fibrillation (Group C)

Patients With Suspicious Brugada Syndrome

Patients With Paroxysmal
Patient Characteristic Group A (Responders) Group B (Nonresponders}  Atrial Fibrillation (Group C)
Elevation of ST-segment® Present Absent Not applicable
Number of subjects 36 44 11
Number of plasma samples 104 109 24
Gender, M/F 32/4 35/9 7/4

Age,y

Height, cm

Body weight, kg

Body mass index, kg/m®
Renal function

48 +17 (19-79)
166 £ 8 (150-180)
62 £10 (39-84)
2213 (17-32)

56 + 14 (25-78)
165 + 8 (148-179)
62+ 11 (43-85)
23 + 3 (15-30)

66 £ 8* (57-76)
163 £7 (148-175)

86 % 9 (54-77)

25 + 3 (21-29)

Serum creatinine, mg/dL
Blood urea nitrogen, mg/dL
Predicted creatinine clearance,

0.80% 0.17 (0.52-1.10)
15% 4(9-26)

ml/min 96 + 31 (49-168)
Baseline ECG parameter
P wave, ms 105 +16 (72-137)

PQ interval, ms
PEQ interval, ms
QRS complex, ms
] point, mV
STy, point, mV
QT point, mV
Complication, no. of patients (%)

179 + 31 (122-265)

75 +24 (31-150)

90 + 16 (64-128)
0.24 £ 0.25 (-0.10-0.96)
0.25 0.16 (-0.15-0.62)
0.23£ 0.15 (-0.15-0.54)

Bradycardia 2 (6)
Ischemic heart disease 0 (0}
Cardiomyopathy 2 (6)
Diabetes mellitus 2 (6)
Thyroid disorder 1(3)
Seizure 3(8)

0.81% 0.22(0.42-1.28)
15 4 (8-24)

88 £ 28 (39-150)

0.87 £ 0,19 (0.60-1.20)
17+ 2 {12-19)

68 £ 15* (45-92)

107 +17 (68-142) NA
174 + 23 {133-236) NA
67 + 22 (32-135) NA
94 + 20 (60-148) NA
0.19 + 0.28 (-0.16-1.89) NA
0.23 + 0.13 (-0.13-0.54) NA
0.21  0.10 (-0.08-0.47) NA
6 {14) 2 (18)
4(9) 3(27)
5(11) 1(9)
3(7) 1{9)
2 (5) 2 {18)
0(0) 0(0)

a. When ST-segment elevations of 0.15 mV or greater from the baseline of ECG tracing were observed eitherat the J, ST, or QT pointin the V2 lead of the stan-
dard 12 leads, the response was considered positive. Data are presented as means + SD (range).

*P < .05 versus group A.

trations predicted by the final population PK model
and the observed concentrations {Figure 1b). In addi-
tion, when weighted residuals for pilsicainide concen-
trations predicted by the final population PK maodel
were plotted as a function of its log-transformed
plasma concentrations, the data appear to distribute
uniformly around the line of Y = 0 (Figure 1c), indicat-
ing that there is little concentration-dependent bias in
the estimation of the plasma drug concentration. The
model validation performed with bootstrapping
showed that the mean parameter estimates were within
-18% and +26% of those obtained with the original
data set. In addition, the 95% confidence intervals of
the PK parameters obtained with bootstrapping

PHARMACOKINETICS AND PHARMACODYNAMICS

spanned the corresponding parameters obtained in the
original data set. :

Sequential Population PK/PD Analysis
With Effect Compartment Model

Three patients (1 in group A and 2 in group B) were ex-
cluded from the PD analysis because they developed
atrial fibrillation after the infusion of the drug. Table III
summarizes the number of PD data points; the error
models used to describe the interindividual variance;
the improvements of the OBJ value from the basic
model; the population mean of K., estimated by the fi-
nal effect compartment PK/PD model, E,., ECs,, and
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Figure 1. [a) The plasina concentration-time plots of pilsicainide

from patients who received the intravenous infusion of the drug. For
simplicity, the data obtained after 360 minutes postdose were itrun-
cated. The inset shows the complete data set. (b) Scatter plots of the
observed plasma pilsicainide concentrations versus those predicted
by the final population pharmacokinetic {PK) model. The line repre-
sents that of unity (y = x). (c) Scatter plots of weighted residuals as a
function of the final PK model-predicted plasma drug concentra-
tions. Detailed descriptions of the population PK analysis are given in
text.
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shape parameter (y); and the interindividual and resid-
ual variabilities in each conduction parameter. Using
sequential population PK/PD analysis with the effect
compartment model, we successfully accomplished
the analysis for PK/PD data with hysteresis. Age and
the development of the ST-segment elevation were sig-
nificant covariates for the K, of AQRS, but clinical im-
plications of these findings remain unclear, While the -
correlation between the observed and predicted PD rve-
sponses was not very strong as compared with that be-
tween observed and predicted plasma drug concentra-
tions in the PK analysis, prediction of PD responses by
the population PD model was considered unbiased. As
a typical example, Figure 2 shows the relationship be-
tween the observed prolongation of PEQ interval
{APEQ) and that predicted by the model (Figure 2a} and
the weighted residual plots as a function of predicted
drug concentrations {Figure 2b). The data for other PD
parameters are shown only in numerical values (Table
D). The multivariate analysis revealed that patients de-
veloping the drug-induced ST-segment elevation (re-
sponders) would have 50% and 40% higher E_,, values
for APEQ (Figure 3) and APQ, respectively, than the
nonresponders would (P <..01). .

DISCUSSION

The present study is the first to perform a population
PK/PD analysis of the class IC antiarrhythmic agent
pilsicainide in patients with cardiac arrhythmias. The
population PK analysis demonstrates that gender and
CL,, are independent covariates of the interindividual
variability of body-weight-normalized CL of the drug.
As shown in Table II, the relationships between CL,,
and CL of pilsicainide predicted by the population PK
model in male and female patients are clearly different,
and female patients have on average 50% lower sys-
temic CL of the drug than do male patients irrespective
of body weight and CL,. There was no statistically sig-
nificant difference in patients’ background between
men and women except for body size (ie, total body
weight and height). Our data suggest that both gender
and CL,, may be important clinical covariates for indi-
vidualizing doses of pilsicainide during chronic ad-
ministration. The present study warrants further clini-
cal studies to confirm these {indings during long-term
administration of the drug.

The finding that the systernic CL of pilsicainide cor-
relates positively with predicted CL,, may be explained
by the PK characteristics of the drug. After-intravenous
administration, >90% of the dose is eliminated primar-
ily via the kidneys into urine in unchanged form in
young healthy subjects.*® The mean PK parameters (ie,
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