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Table 2 Allelic frequencies of VKORCT and CYP2C9 varlants

105

African-American (n=64)

Caucasian (7=115)

Japanese (n=64)

VKORC1 128 C>T (Cys43Cys, exon 1) 0
VKORC 497T>G (intron 1) 0.03¢9%
VKORC1 1173C>T (intron 1) 0.086°
VKORC1 1186G>A" (intron 1) 0
VKORC1 1331G>A (Val66Met, exon 2) 0.016
VKORC1 3462C>T (Leu120Leu, exon 3) 0.227%
VKORC1 3730G>A 3'-downstream) 0.523¢
CYP2C9"1 (wild-type) (Argy4s/ Argaas/liesse) 0.958¢
CYP2C9"2 (exon 3) (Arg/Cysq.44) of
CYP2C9°3 (exon 7) (lle/Leuags) 0.008%
CYP2C9°4 (exon 7) (le/Thrase) 0
CYP2C9'5 (exon 7) (Asp/Gluseo) 0.008
CYP2C9°6 (exon 5) (818delA) 0.008
CYP2C9"11 (exon 7) (Arg/Trpass) 0.023

0.009 0
0.288 ot
0.422 0.8911%
0.017 0

0 0
0.004 ot
0.374 0.187%
0.743 0.0841
0.143 ot
0.109 o.016'
0 0

o 0

0 0
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.
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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 Japanese (grey or halftone
circles) patients with three different genotypes of VKORCT 1173C>T: those with the wild-type (C/C), heterozygote (C/T) and homozygote (T/T) are
shown separately. Four Caucasian patients carrying VKORC7 1196G>A are presented by black triangles. Significant (P<0.05) and apparently
steeper correlations between the two parameters were observed in the C/T (r=0.35) and T/T genotypes (r=0.386), respectively.

the VKORC1 1173 homozygous mutant allele (T/T), but
one had the 1173 wild-type genotype. No differences in
metabolizing ability, as measured by the oral clearance of
unbound S-warfarin, were observed between the three
VKORCI 1173 G > T genotype groups in Caucasians and
Japanese. However, reduced maintenance doses of
warfarin in patients carrying CYP2C9*2 and/or CYP2(C9*3
were observed in the Caucasians and Japanese patients
(5.5%2.6, 40 1.8, 3.2+ 1.5, 2.0% 1.3 mg/day in Cau-
casians with CYP2C9*1/*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
genotype: phenotype analysis (Fig. 3), patients homo-
zygous for the wild-type CYP2C9 gene (67 Caucasian and

62 Japanese patients) were selected to exclude the
influence of population differences in the frequencies of
defective CYP2C9*2 and CYP2(09*3 alleles on the
maintenance doses.

The median daily warfarin dose in Caucasians was
significantly greater (P <0.01) than that in Japanese
(5.5 versus 3.5 mg/day, respectively), when the two such
populations were compared irrespective of VKORCI
genotype  (ALL in Fig 3). There was a significant
(P <0.05) VKORC! 1173C > T gene—dose effect present
in each population, e.g., a lower dose was observed 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
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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,

length in terms of the interquartile range. Numbers of patients in each grou

respectively. The closed circles (@) are outlying values beyond the maximum
p are shown in the parentheses. There was a significant difference in warfarin

doses between Caucasian and Japanese patients when compared imespective of VKORCT genotype (ALL). There were also significant differences in
warfarin doses between Caucasian patients having different VKORCT genotypes and between Japanese patients having 1178 C/C and T/T genotypes
and between patients with 1173 C/Tand T/T genotypes, **P<0.01 between the Caucasian and Japanese groups; "P<0.01 between Caucasian patients
with 1173 C/C and those with C/T or T/T genotypes; *P<0.05 bstween Caucasian patients with 1173 C/T and those with T/T genotypes; P<0.01
between Japanese patients with 1173 C/C and those with T/T genofypes; $P<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 3.0mg/day,
respectively, and the corresponding values obtained 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 Hi, .

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 CYP2C9 genotype and ‘warfarin sensitivity -

index’ for S-warfarin between patients in Group A, i.e.,
with the H1 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 H7/H8 haplotype and those
with the H9 haplotype (5.8 versus 5.2 mg/day, and 0.66

versus 0.58 ml/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 warfarin
dose showed that age (r= -0.22), body weight
(r=0.29), CYP2C9 wvariant (r=-0.32), VKORCI

1173CG>T (r=-0.58) and Japanese ancestry (r=
~0.20) were all significantly (r<0.05) correlated.
Further multivariate analysis with these covariates in
115 Caucasian and 64 Japanese patients revealed that
CYP2C9 and VKORCI 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 CYP2(Y9, 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 VKORGI were
the principal covariates contributing equally 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’ covarlates that are associated with interindividual variability of warfarin doses

Covariates Partial regression coefficientt SE

Standardized partial regression
coefficient

Pvalue

Constant

Age (years)

Body weight (kg)

CYP2Cg*2/*3/*11 (Heterozygous)
(Homozygous variant)

VKORC1 1173 C>T (Heterozygous)
(Homozygous variant)

6.666+0.973
~0.08610.010

0.031:+0.007
-1.706 £0.280
-2.8161£0473
-1.316+0.309
~2.94110310

-0.262

0.298
~-0.408
-0413
~-0.310
-0.500

0.000808

0.0000569
<0.0000008
<0.0000005

0.000034
<0.0000005

SE, standard error of mean.
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Relationship between maintenance doses of warfarin predicted from
the multiple regression model and those actually observed in the 115
Caucasian (O) 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 CYP2(9
variants possessed a lower unbound  oral clearance
for S-warfarin (decreased metabolic activity), thereby
required a smaller daily dose of the drug (Fig. 5a).
In" addition, those carrying the VKORCI 1173G/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, CYP2C9*3 or
CYP2C9*11) and 48% the VKORC!I 1173 C/G 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 VKORCI were
independent to each other and allelic frequencies of

these genetic variants differed among the three popula-
tions (Table 2). As a result, 70% of Caucasian, 83% of
African-American and 20% of Japanese patients were
found to carry pharmacokinetic (CYP2(C9) and pharmaco-
dynamic (VKORCI) genetic factors which are associated
with a lower and a higher requirement, respectively,
resulting in the wide interindividual variation in warfarin
doses.

Discussion

Warfarin therapy is complicated by large interpatient
variability in maintenance dose requirement and the
associated risk of under- and over-anticoagulation. This is
the first study demonstrating that there are population
differences not only in pharmacokinetics but also in
pharmacodynamics of warfarin based upon the dose-
plasma concentration and plasma concentration~-INR
relationships. The pharmacodynamics of S-warfarin eval-
uated by its ‘warfarin sensitivity index’ showed significant
differences between African-Americans, Caucasians and
Japanese patients, although the number of African-
American patients (7= 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,
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(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 factors linked with
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

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 CYP2CY9
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
CYP2C9*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 CYP2(9*2, CYP2(9*3
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and CYP2C9*11 variants, all of which are associated with
reduced enzyme activity, also confirm this small con-
tribution even when variant homozygosity is present.
Moreover, the difference in warfarin dosage requirement
between Japanese and Caucasians cannot be explained by
a greater frequency of CYP2(9 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 CYP2C9 [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
functionally 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 VKORC! 1173C>T
transition, previously reported  to be present in 40%
of European-Caucasians, was found to be common
with higher and lower frequencies 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 VKORCI 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 Caucasians,
appeared to account for the increased ‘warfarin sensitiv-
ity’ of the former group of patients, matched according to
CYP2CY9 genotype, i.e., CYP2C9*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 VKORCI 1173C>T variant was an
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important covariate with respect to the interindividual
variability in warfarin dosage. Patients carrying the
T allele at the position of 1173 of VKORC! gene are
classified into the Group A haplotype associated with a
lower dose requirement [21]. However, 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 accession
number AY587020) as shown previously by others [16],
when the influence of VKORCI genotype on the
interindividual variability in warfarin doses is considered.
Overall, these results also suggest that the higher
dose requirements in African-Americans [6,7] may
possibly reflect the higher frequency of the VKORCY
1173C allele (91%) compared to Japanese (11%) and
Caucasians (58%) (Table 2).

The 1173C > T transition in intron 1 of VKORC! was
recently reported to be in complete disequilibrium with
-1639G>A at a purtative NF1 binding site [18],
—4931T > C, 1542G>C and 2255C>T [21]. While
there is a controversy regarding the influence of this
VKORCI 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 that the
1173G > 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 further 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 11, factor VII and y-
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 clarified.
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In summary, the present study shows that interindividual
variability and population differences in the maintenance
dose of warfarin required to achieve anticoagulation
involves demographic, pharmacokinetic, and pharmaco-
dynamic factors. Furthermore, genetic variability in
CYP2C9-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 GYP2(9 or/and
VKORC1 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
VKORCGI and CYP2(C9 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 that the identified 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 studied need to be
investigated.
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TNVTZ7IVAVTL (F—7 7Y%, L
TOA7 7Y v ERR) BERICRS AL EAH
ENTVLRROFIRERECH 2537, LB
WBEERINR 2B 27O RMBELINBZ TV
77V VvERERIZ05~ 7.0mg/ B :BAOR
TI0EUEDBAENRD S, 22T, T 7
7 U vEEOMERILE B IR § SRR AT
b, IVI77 YV VREEBDBEAZRZSHT 2
IN7 7y DEYEFE (pharmacokinetics:
PK) LIV 77V VOBRSTTHBES S
YKz R¥ v FRIBERESAH (VKORC) &k
UBES FIC B 1) 5 %2 (pharmacodynamics:
PD) DEAHEEEROKE B2 INT w3,

2. 7IV7 71U PK DEABREHEHR

TROINV7 7V VEFENT 18D (SEER
&) KEREEP R B5 I THE. S
E-UN7 7 v OFBEEEEIX R-EL DD 3
~5fEWY), PK LOBBAZEERE LTk
SEINT 7 )y DERERBOBAZNEET
b3, SEINT 7Y YDORELICIZFEYR

#EERT F 70— A P450 (CYP) 2C9 ¥ @D
BISBERNICEET 3729, Z0OCYPHFE

. OEMEREETZERSREINE?, BRY

i, E9CYP2CO O BAZREHEICET
T CYP2CI BEETF DEBABIRDOEBRERIT
b, ZO/RIZT—IR—RicxtdonT
W3Y BRERATCTULVEED KNS,
CYP2C9+2 8 X TUSCYP2C9+3 D 135 & & #a
(SNP) ZEELIT CYP2C9+24 £ CERM7 L L
L EPERI CYP2C9+1 D#i% (CYP2C9+IA, B, C,
D) BRI NTWVS, CYP209%6 (7L —b3
7 VEE) ZBRVWTIRELT1IHEEEBE (SNP)
T ® 3. CYP2C9+2, CYP2C9+3, CYP2C9+6,
CYP2C9+11 BRIZ, in vitro TREIN-EBESE
BEHOEERET DAL ST, invivo TDSHE
TN7 7Y rREEEDET L REBOETIC
bRMINZEBETH LY, MOLET LI
SWTIE i vivo TV T 7 U ARBIERE & DB
HIZAEEZ DML WY, Bir, chsng
BE7PLUAREELRIL, BRACHER
CYP2CO 2 F T 5 LHEEI NS BERICB VT
HBBDTRERZRY L7 7Y ¥ PK DFEAZENE
ET B, V77 ) vy BERBOEAZIHE
b 5 REBEEROERIE CYP2C9 Vil 0 BT
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SEIRDY ) WEREERB LI L DIRERT /A
BERALAED» - B2 CYP209 D5 LiiGE
Bizik, CAR® PXR % Y ORBRALHRF O
GV A4 P BEREET 50 ZofEE0a
Z— I REEPINT 7Y v PKDEAEZEZE
B3 2 HfFN b sz,

B b M A CYP2CO ¥ /) L3RG DT I
Veenstra 5% 12 & 3 192 ZORMEEREDOHAZ
MR ELFRT, HOIECYP2CIT /7 LB
LU ZDEFEDOE - FTHB L FA v b o fER
%5t 60kb I FE D BEMIICAEAT L, 121Dk
BIREMER L RERD exon ERER® S &HE
WiasztToWBBEONTRIA TERWEL
Fo. BT, cNSDONTUTL FIZT T RAY—
I X h 6DV A —7 (14, 1B, 1C, 1D, 2,
3) KWAEINE LdarL, ZThIEEEML
CYP2C9 %' 7 LABHTIC & o T b FEBUEREEIRIC IX
CYP2C9 DHBEEBDRH ZNLTINZ 7YV

PK DEAZZBATE 32 X ) RERRHKRY

nhhotz. 777 ) VvEEEROET LBER
T3 CYP2CONT YA TEIN—T2L
N—T3TH53H, Io6nDIN—TFwin
b exon FRIRICERDP S H 6 NI BEEBED
loss of function (LOF) & TH 5 CYP2C9*2 L
CYP2C9%3 LBWEFERFHE L2 /> T iDT
Hot-.
BEERNEBA»SIE, N5 CYP2CIER
TULORHEENEETH 2. CYP2C9ER
TUNLOHBEEZIZIABEENED N, BA
1% CYP2C9+2 (13 %), *3 (7 %), *11 (1.3 %)
EHBWERT7 LLVOEENEVWOTREFZ
WMoOBEHEIZH 22, EATREETLVLOHE
EE 23 CYP2C9%2 (3.4 %), *3 (1.5 %),
%), *6 (<05%), *1I (23%) tHAX DK
$, TPT7 AN (BEANEET) Tk CYP2C9%3
(18%), &I LIEW?? fEoT, T¥TA
WEBWTIRIAL7 7 ) VEEOFEILICB VT
CYP2C9 DEBEEGEFZW2 T2ERIZAAID D
DhrnitEILIoNS, CYP2CODLOFEET
LVRETHEERZIARRT 2 -DI0ERE

%5 (1.8

FRIZV—= v 72203 EBE5Z, AA, B
AN, TYV7ADIEK, ZnLFN5A, 11 A,
56 ANTH B, fEoC, BEATONERASE
BERTIRAADSC HENLEREE L LT
EEEFNICERERE: Bbh s, BAEEIC
B2 CYP2CODY =) ¥4 ¥V FDEER
BRMER R L7850 40N REEERR
Bz kU, BARIEMICAITo T CYP209
BEFEHZ2TO7L7 7 ) v EEEOERK
2T5 L, CYP2CO DEET VL RREET 3 &
ETHRERDINR 2582 £ CORBIZHE
B7PUVIVREBELRASLTH I LBTE .
Lo L, HIBEWERORBRIIMKAR L LT CYP2C9
ER7VIVREEICS O REFSHOEREI &
D KB LERARICB 2REBBELE N
T3,

3. TIV7 7 PD DEANEZEERFDOEHK

2004 £E1Z Rost 52 I3 KEITTE > THE R E
THoINVT 7Y VOB FTHBESY S
YK IR¥Y FETEEEAHE (VKORC) &
BFO—FHEBEINS VKORCH 722w
1 (VKORCI) 2FE L7=. 5 13RI EER
72 MR EEE B ERER R (combined deficiency of
vitamin K-dependent clotting factors) 7» & 6 848
O VKORC1ISNP 2FRA L7, HL, Zhso
ERIEEANBECERERINGZWIT VEE
€, o7, Lo L, VKORCI BEFIHHE
ENsE, V77 VREEORVWEEEN
DY ) LBEP S, DWIZ D'Andrea G 59 28
VKORCI ®4 v a1 829 SNP (1173C>T)
BINT 7 N BINEEEKICERT 3
ZERBELDIILE, FOBERUS-EIIC
% { DI|EM R I N, VKORCI 1T X EHERE
BOBRICH 2% DEEVFELEL, HhTH
EEOZEE (1173C>T) 2&ATud A 73
VKORCI ® mRNAHEHEDMET EBEFEL, v
W77 ) VIREEoEmN (bBREEDET)
EBEET 5 L YL O VKORCI
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TR O4HIE, T7VAFRTAYIATIZOL
Bt AEREEND -, ¥, VKORCI
1173C>TERDOIN T 7 Y VIREE~DEE
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Y VREEBAART 7Y ARTAVAALD
HEVIEDIOEAL R T,
FramfaEss (ER) o # 2 v K redox ¥4
7 WICB{%E T 5 VKORC I3 OBy 72 =
v AP OEBRINIEERTDH 5.
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¥FXFS-FFVvAT7 25 —¥ (GST), &7
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FINTW3?, HL, mEH IZ2WTid mEH-
nmll 2wV AR EY I VRKRZZRET 3RE
2 LOFFENE WP, VKORC DY 7 2=
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RO FEBHELET 5238, VKORC 2 BE{R
3 % GST OO FREIIBE X /- VKOR JEIEEE
#£0 GSTRFIOFE 1S —RED S Z DEF
MW GSTAL 5 FRBD a7 T ADY 722y M
FEBHLTWEEDGSTADTFEEEEINT
Vw32 GSTA & mEH iR 2N ZFNEE DK
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¥z mEH 122\ CiE mEH 612T>CEENRY
V77U vt (BRERS) BEICSWH
BHENRBRINTWEY, y-F Ty I VA VR
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ABSTRACT:

CYP2C8 and CYP2C19 are clinically important drug-metabolizing
enzymes. The expression level of CYP2C9 is much higher than that
of CYP2G19, although the factor(s) responsible for the difference
between the expression levels of these genes is still unclear. it has
been reported that hepatocyte nuclear factor 4a (HNF4q) plays an
important role in regulation of the expression of iiver—enlfiched
genes, including P450 genes. Thus, we hypothesized that HNF4«
contributes to the difference between the expression levels of
these genes. Two direct repeat 1 (DR1) elements were located in
both the CYP2C9 and CYP2C19 promoters. The upsiream and
downstream elements in these promoters had the same se-
quences, and HNF4a could bind to both elements in vitro. The
transactivation levels of constructs containing two DR1 elements

of the CYP2C9 promoter were increased by HNF4a, whereas those
of the CYP2C19 promoter were not increased. The introduction of
mutations into either the upstream or downstream element in the
CYP2C9 gene abolished the responsiveness to HNF4a. We also
examined whether HNF4« could bind to the promoter regions of
the CYP2C9 and the CYP2C19 genes in vivo. The results of chro-
matin immunoprecipitation assays showed that HNF4« could bind
to the promoter region of the CYP2C9 gene but not to that of the
CYP2C19 promoter in the human liver. Taken together, our results
suggest that HNF4a is a factor responsible for the difference be-
tween the expression levels of CYP2C9 and CYP2C19 in the human
liver.

Cytochromes P450 (P450s) comprise a superfamily of metabolic
enzymes that play important roles in the oxidative metabolism of
xenobiotics and endogenous substrates (Gonzalez and Gelboin, 1994).
The human CYP2C subfamily is composed of four isoforms
(CYP2C8, CYP2C9, CYP2C18, and CYP2C19) that account for
about 20% of the total human adult liver P450 contents (Shimada et
al., 1994). Among the CYP2C subfamily isoforms, CYP2C9 and
CYP2C19 play critical roles in the metabolism of clinically used
drugs (Goldstein-and de Morais, 1994). It has been reported that the
expression level of the CYP2C9 gene in the human liver is about 20
times higher than that of the CYP2CI19 gene (Furuya et al., 1991;
Romkes et al., 1991; Inoue et al., 1997), indicating that there are some
differences between the regulatory mechanisms of CYP2C9 and
CYP2CI9 gene transcriptions. It has been reported that pregnane X
réceptor, constitutive androstane receptor, glucocorticoid receptor,
and hepatocyte nuclear factor 3y participate in the basal expression of
CYP2C9 and CYP2C19 genes (Ferguson et al.,, 2002; Gerbal-Chaloin

This work was supported by a grant-in-aid (17790112) for Young Scientists (B)
from the Ministry of Education, Culture, Sports, Scierce, and Technology, Japan,
and a grant-in-aid from the Ministry of Health, Labor, and Welfare of Japan
{Research in Regulatory Science of Pharmaceutical and Medical Devices).

A preliminary account of this work was presented at the International Society
for the Study of Xenobiotics (ISSX) meeting held on August 29 to September 2,
2004 in Vancouver, Ganada. ) i

Article, publication date, and citation information can be found at
http://dmd.aspetjournais.org.

doi:10.1124/dmd. 106.009365.

et al,, 2002; Chen et al., 2003; Bort et al., 2004). However, -the
factor(s) responsible for the difference between the expression levels
of CYP2C9 and CYP2C19 genes is still unclear.

Hepatocyte nuclear factor 4o (HNF4a) is a member of the nuclear
receptor superfamily (Sladek et al., 1990) and is expressed at high
levels in the liver, kidney, pancreas, and small intestine (Sladek et al.,
1990; Thomas et al., 2001). HNF4« appears to be an important factor
for liver differentiation and function because it is involved in regula-
tion of the expression of numerous liver-enriched genes, such as those
related to glucose or lipid metabolism (Watt et al., 2003), those related
to synthesis of blood coagulation factors (Sladek and Seidel, 2001),
and drug-metabolizing enzymes, including CYP3A4, CYP2AS,
CYP2C9, and CYP2D6 (Jover et al., 2001). It is thought that HNF4«
binds to a specific DNA sequence called a direct repeat 1 (DRI)
element as a homodimer to stimulate transcription of these genes
(Cairns et al., 1996; Tircna et al., 2003; Pitarque et al., 2005).
However, HNF4a does not always transactivate all the genes that
have a DR1 element, For example, it has been reported that a DR1
element exists in the CYP2CI8 promoter but that HNF4e does not
bind to the DR1 element of the CYP2CI8 gene and does not trans-
activate this promoter (Ibeanu and Goldstein, 1995). '

It has been reported that there are two DRI elements in the
promoter region of the CYP2C9 gene, and HNF4q can activate the
transcription of this gene via the DR1 element (Ibeanu and Goldstein,
1995; Chen et al., 2005). We also identified two DR1 elements in the
CYP2CI19 promoter, but it is not clear whether these elements are
functional. Therefore,. to clarify the mechanism determining the dif-

ABBREVIATIONS: P450, cytochrome P450; HNF4e, hepatocyte nuclear factor 4«; DR1, direct repeat 1; kb, kilobase(s); kbp, kilobase pair(s);
EMSA, electrophoretic mobility shift assay; ChiP, chromatin immunoprecipitation; PCR, polymerase chain reaction; WT, wild-type; MT, mutated.
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ference hetween the expression levels of CYP2C9 and CYP2CI9
genes, we hypothesized that HNF4a contributes to the difference
between the expression levels of CYP2C9 and CYP2C19 in the
human liver. The 5'-flanking regions from —2 kilobase pairs (kbp) to
the translation start site of these genes were analyzed by electro-
phoretic mobility shift assays (EMSAs), cotransfection assays, mu-
tagenesis, and chromatin immunoprecipitation (ChIP) assays. Our
results suggest that HNF4a participates in the regulation of CYP2C9
gene transcription but not in that of the CYP2CI9 gene despite the fact
that the same DR1 elements exist in both gene promoters. '

Materials and Methods

EMSAs and Supershift Assays. EMSAs were performed using double-
stranded DNA labeled with [v->*P]dATP (GE Healthcare Bio-Sciences, Pis-
cataway, NJ) and 10 pg of the nuclear extracts as described previously
(Furihata et al., 2004). The following is the sequence of the oligonucleotides
used as probes, wild-type, or mutated specific cold competitors: 5'-ACAA-
GACCAAAGGACATTT-3' for the DR1-A WT, 5'-ACACCCCCAAAGGA-
CATTT-3' for the DR1-A MT, 5'-AGTGGGTCAAAGTCCTTTC-3' for the
DR1-B WT, 5-AGTCCCTCAAAGTCCTTTC-3' for the DR1-B MT, 5'-
TCGAGCGCTGGGCAAAGGTCACCTGC3' for the HNF4 WT, and 5'-
TCGAGCGCTAGGCACCGGTCACCTGC-3 for the HNF4 MT. Only the
sequences of the sense strands are displayed above, and mutated nucleotides
are underlined. Nuclear extracts were prepared from HepG2 cells by using a
CefLytic Nuclear Extraction Kit (Sigma-Aldrich, St. Lonis, MO according to
the manufacturer’s protocol. After extracting nuclear contents, the protein
concentration was determined by using a Bio-Rad Dc Protein Assay Kit
(Bio-Rad Laboratories, Hercules, CA). The nuclear extracts were stored at
- 80°C until used.

For competition experiments, unlabeled competitive double-stranded DNA
was added to the binding reaction mixture at.a 50-fold excess of the probe
amount before addition of the probe. For supershift assays, either 2 pug of IgG
against HNF4a (2ZK9218H; Perseus Proteomics, ‘Tokyo, Japan) or control
mouse IgG (s¢-2025; Santa Cruz Biotech, Santa Cruz, CA) was added to the
binding reaction mixture at room temperature for 30 min before addition of the
probe.

Plasmids. The 5'-flanking regions of the CYP2C9 and CYP2CI9 genes
were isolated by polymerase chain reaction (PCR) with the common sense
primer §'-ACCTCTAGATTGCITTT CTTTGCCCTGTAT-3' (for CYP2CY
and CYPZCI9) and the antisense primer 5'-GAGGACC TGAAGCCITCICT-
TCTTGTTA-3 (for CYP2C9) or 5'-GGGGACCTGAAGCCTTICTCCTICTT-
GTTA-3' (for CYP2CI9) using human genomic DNA as a template. The
amplicons were subcloned into a pGEM-T-easy vector (Promega, Madison,
WI).- After Xbal and BamHI digestion, the fragment was ligated into a
pGL3-basic vector (Promega). These constructs are hereafter referred to as
209 —2k and 2C19 —2k, respectively. The nucleotide sequences were deter-
mined using a Dye Terminator Cycle Sequencing-Quick Start Kit (Beckinan
Coulter, Fullerton; CA) and a CEQ 2000 DNA Analysis System (Beckman
Coulter). Fourteen deletion constructs were generated by nested PCR of the
primary clone using the following sense primers: 5-TCTCTAGAGGTTAA-
TCTAAATCTAAGAATTCA-3' (2C9 —380 and 2C19 —380), 5'-ATTTCT-
AGAGCATCAGATTATTTACTTCA-3' (2C9 ~340), 5'-ATTACGCGTGC-
ATCAGATTGTTTACTTCA-3' (2C19 —340), 5'-TCTAGAGTGCTCTCAA-
TTATGATGGTG-3' (2C9 —320), 5-TCTAGACAGTGCTCTCAATTATG-
AC-3 (2C19 —320), 5'-TTTTCTAGAAATACCTAGGCT CCAACCAAG-
T-3' (2C9 —255), 5'-TCTAGAATTACCAATACCTAGGCTTCAA-3' (2C19
—255), 5'-ATACGCGTAAGGAGAACAAGACCAAAGGAC-3' (2C9 ~195
and 2C19 —195), §'-TTICIrAGATATCAGTGGGTCAAAGTCCTE-3" (2C9
--160 and 2C19 --160), and 5'-ATCTAGATTTCAGAAGGAGCATATAG-
T-3' (209 —140 and 2C19 ~140). The antisense primer used was the same as
that used in genome cloning. The obtained 5'-deletion fragments except for
209 —195, 2C19 —340, and 2C19 — 195 were transferred into the pGL3-basic
vector as described above, 2C9 --195, 2C19 —340, and 2C19 ~195 were
inserted into the pGL3-basic vector by Mlul and BamHI digestion. All the
constructs are named as shown in parentheses.

The cDNA clone of mouse HNF402 was isolated from mouse liver cDNA
by PCR amplification and was subcloned into pTARGET mammalian expres-
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sion vector (Promega) by FcoR1 digestion, resulting in pHNF4«2 as described
elsewhere (Furihata et al., 2006).

Site-Directed Mutagenesis. Site-directed mutagenesis was carried out as
described elsewhere (Fucihata et al., 2004). To introduce mutations into the
reporter plasmids, complementary prirers harboring a few mutations were
designed for each target site as follows: 5'-GGAGAACAAGACCT _ _GGA-
CATTTTATTTITTATCTGTATCAGTGGG-3' and 5'-CCCACTGATACAG-
ATAAAAATAAAATGTCCA _ _GGTCTTGTTCTCC-3' for the CYP2CH
DRI-Amt; §'-CTGTATCAGTGGGTCT _ _GTCCTTTCAGAAGGAGCAT-
ATAGTGG-3' and 5'-CCACTATATGCTCCTTCTGAAAGGACA _ _GAC-
CCACTGATACAG-?¥ for the CYP2C9 DRI-Bmt; 5'-CGAAGGAGAACA-
AGACCT _ _GGACATTTTATTTTTATCTCTATCAGTGG-3' and 5.CCA-
CTGATAGAGATAAAAATAAAATGTCCA __GGTCTTGTTCTCCTTC-
G-3' for the CYP2CI9 DR1-Amt; 5'-CTCTATCAGTGGGTCT . _GTCCTT-
TCAGAAGGAGCATATAGTGGG-3' and 5'-CCCACTATATGCTCCTTC-
TGAAAGGACA __GACCCACTGATAGAG-3' for the CYP2C19 DR1-Bmt.
The mutagenic sites are underlined, and spaces indicate deletions of 2-bp
nucleotides.

Cell Culture, Transient Transfection, and Dual Luciferase Assay. FLC7
cells (Kawada et al., 1998), a human hepatocellular carcinoma cell line, were
provided by Dr. S. Nagamori (Kyorin University, Tokyo, Japan). FLCT7 cells
were maintained at 37°C with 5% CO, in Dulbecco’s modified Eagle's
medium/F-12 (Invitrogen, Carlsbad, CA) supplemented with 10% heat-inacti-
vated fetal bovine serum and 50 U/ml penicillin and 50 pg/ml streptomycin.

FLCT cells were plated at a density of 1.8 X 10% cells/well in 24-well plates
1 day before transfection. The reporter plasmids (200 ng/well) were cotrans-
fected with pHNF4e (100 ng/well) and phRL-TK vector (Promega, 4 ng/well)
into FL.C7 cells by TransTT-LT1 (Mirus, Madison, WI). Twenty-four hours
after transfection, luciferase reporter activities were measured as described
previously (Kobayashi et al., 2004). The Renilla luciferase activity derived
from the control plasmid phRL-TK was used to normalize the results of the
firefly luciferase activity of reporter plasmids. Experiments were performed in
triplicate, and each valve is the mean X S.D. from three or four separate
assays. )

ChIP Assays. ChIP assays were performed by using a ChIP-IT kit (Active
Motif, Carlsbad, CA) according to the manufacturer’s protocol. Human liver
(from a $6-year-old Caucasian male) was supplied by the National Disease
Research Interchange (Philadelphia, PA) through HAB Research Organization
(Tokyo, Japan), and this study was approved by the Ethics Committee of Chiba
University (Chiba, Japan). The human liver tissue (24 g) was isolated and’
chopped on ice and then cross-linked by 1% formaldehyde for 12 min.
Cross-linking was stopped by the addition of glycine solution. The chromatin
was sheared by using an ultrasonic disruptor UD-201 (TOMY SEIKO, Tekyo,
Japan) at 25% power wilh 14 pulses. Nine micrograms of the sheared chro-
matin was immunoprecipitated with eithier control mouse IgG or anti-HNF4 o
1gG (2ZH1415H). After incubating for 4 hat 4°C with gentle rotation, salmen
spermn DNA/protein G agarose was added to the mixture, and it was further
incubated for 1.5 h under the same conditions. The DNA fragment was purified
and used as a template for PCR. The DNA sequences around DR1 elements of
the CYP2C9 and CYP2C19 genes were amplified by using the sense primers
5 -CAACCAAGTACAGTGAAACTG-3' (for CYP2CY) and 5'-CAGAATG-
TACAGAGTGGGCAC-3 (for CYP2C19) and the antisense primers 5'-TAA-
CACTCCATGCTAATTCGG-3 (for CYP2CY and 5'-AACACTCCAT-
GCTAATTAAGT-3' (for CYP2CI9). The specificity of the CYP2C9 and
CYP2C19 primers was verified by the lack of amplification from sheared
genomic DNA than the intended target. PCR conditions were as follows: 94°C
for 2 min, followed by 94°C for 30 s, 47°C (for CYP2CY) or 50°C (for
CYP2C19) for 30 s, and 72°C for 30 s, 40 cycles. The amplicons were
visualized by ethidium bromide staining, and the sequence of each amplicon
was confirmed by direct DNA sequence. .

Determination of mRNA Levels. To measure the CYP2C9 and CYP2C19
mRNA levels, cDNA prepared from total RNA of the same human liver used
for ChIP assays was subjected to quantitative real-time PCR with an ABI
Prism 7000 Sequence Detection System (Applied Biosystems, Foster City,
CA). The mRNA levels of CYP2CY and CYP2C19 were determined by using
Gene Fxpression Assays (Applied Biosystems) gene expression products for
CYP2C9 ‘and CYP2CI19, respectively. The mRNA levels were normalized
against glyceraldehyde-3-phosphate dehydrogenase mRNA determined by
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Fi. 1. Nucleotide sequences of the promoter regions of the CYP2C9 and CYP2CI9 genes. Nucleotides are arbitrarily numbered in negative numbers from the ATG coding

for the initiation codon (+1). Differences in nucleotide sequence are highlighted in bold letters, and putative. HNF4x binding sites (DR1-A and DR1-B) are indicated by
ATOWS. .

PreDeveloped TagMan Assay Reagents for glyceraldehyde-3-phosphate dehy-
drogenase (Applied Biosystems).

Statistical Analyses. Data are presented as mean = S.D. The p values for
each experimental comparison were determined using Student’s ¢ test.

Results

Identification of Two DR1 Elements in the CYP2C19 Gene. A
comparison of the 5'-flanking regions of the CYP2C9 and CYP2C19
genes is shown in Fig. 1. The 5'-flanking region from —2 kbp to the
translation start site of the CYP2C9 gene was 88.8% identical to that
of the CYP2CI9 gene. We searched for the DRI element in the
-CYP2C19 promoter by using a searching program for nuclear receptor
binding sites (http://www.nubiscan.unibas.ch/; Podvinec et al., 2002)
and found two putative DR1 elements {(score, =0.75). No other DR1
element was identified with this score in this region. The upstream and
downstream elements identified in the CYP2C19 promoter had the
same sequences as those of two DR1 elements of the CYP2C9
promoter to which it has been reported that HNF4« can bind (Ibeanu
and Goldstein, 1995: Chen et al., 2005). The upstream elements and
the downstream elements in both genes are hereafter referred to as the
DRI1-A element and the DR1-B element, respectively.

Binding of HNF4e« to the DR1-A and DR1-B Elements of the
CYP2C9 and CYP2CI19 Promoters in Vitro. EMSAs were per-
formed to examine whether HNF4e could bind to the DR1-A and
DR1-B elements in the CYP2C9 and CYP2CI9 promoters. We used a
nuclear extract prepared from HepG2 cells because it has been re-
ported that this cell line endogenously expressed HNF4w (Thara et al,,
2005; Furihata et al., 2006). As shown in Fig. 2A, specific protein-
DNA complexes were formed when the radiolabeled probe containing
either the DR1-A ¢lement (DR1-A WT) or the DRI1-B clement
(DR1-B WT) was incubated with HepG2 nuclear extracts (lanes 3 and
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9, respectively). These complexes migrated at the same position as
that of the one formed with the radiolabeled probe of HNF4a con-
sensus (HNF4 WT, lane 1). The formation of the complexes was
eliminated by the addition of self-competitors (DR1-A WT, lane 4;
DR1-B WT, lane 10) or unlabeled HNF4 WT (lanes 6 and 12).
However, complex formation was not inhibited in the presence of
mutatéd competitors (DR1-A MT, lane 5; DR1-B MT, lane 11; HNF4
MT, lanes 7 and 13).

To determine the proteins forming these complexes, supershift
assays were performed using IgG against HNF4w. The addition of
anti-HNF4e IgG to the mixture resulted in generation of a super-
shifted band when either DR1-A WT or DR1-B WT was used as a
probe (Fig. 2B, lanes 3 and 7, respectively). Control mouse IgG, used
as a negative control, did not affect the formation of any complexes
(lanes 4 and 8). These results indicate that HNF4« can bind to both the -
DR1-A and DR1-B elements of the CYP2C9 and CYP2C19 promot-
ers.

Effects of HNF4a on the Transcriptional Activity of the
CYP2C9 and CYP2CI9 Promoters in FLC7 Cells. Cotransfection
analyses were performed by using human hepatocarcinoma FLC7
cells to examine whether HNF4q« played different roles in the trans-
activation of the CYP2C9 and CYP2CI9 promoters. We have deter-
mined that this cell line does not express endogenous HNF4a (Furi-
hata et al., 2006). Several constructs containing various leagths of the
CYP2C9 promoter region and the HNF4a expression vector were
cotransfected into FLC7 cells (Fig. 3, left). The levels of the tran-
scriptional activities of the five constructs containing two DR1 ele-
ments (2C9 —2k, 2C9 —380, 2C9 —340, 2C9 —320, and 2C9 —255)
in the presence of HNF4a were increased to 4.9-, 2.4-, 42-, 4.0-, and
3.5-fold, respectively, compared with those in the absence of HNF4q.
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Fic. 2. Binding of HNF4 to the DR1-A and DR1-B elements of the CYP2C9 and CYP2CI9 promoters in vitro. A, EMSAs were performed using nuclear extracts prepared
from Hep(2 cells with the following probes: HNF4 WT in lane 1, DRI-A WT in lanes 2 through 7, and DR1-B WT in lanes 8 through 13. Oligonucleofide coxmpetitors
were added with 50-fold excess amounts of the following probes: DR1-A WT in lane 4, DR1-A MT in lane 5, DRI-B WT in lane 10, DR1-B MT in lane 11, HiNF4 WT
in lanes 6 and 12, and HNF4 MT in lanes 7 and 13. Symbols (+) and () indicate the presence and absence of the nuclear extracts or competitors, respectively. B, supershift
assays were performed using antibodies specific for HNF4a. Anti-HNFda IgG (2 1g) was added to the reaction mixtures in lanes 3 and 7. Control IgG (2 pg) was used
as a negative control (Janes 4 and 8). Symbols (-+) and (--) indicate the presence and absence of the nuclear extracts or IgG, tespectively. The arrow indicates suppershifted

bands.

However, the transcriptional activity of 2C9 —195 was not increased
by HNF4a despite the fact that this construct contained two DR1
elements. Deletion of the DR1-A element (2C9 —160) or both ele-
ments (2C9 —140) from the promoter region abolished its response
for transactivation by HNF4w. The same experiments were also per-
formed using eight different deletion constructs of the CYP2CI9
promoter (Fig. 3, right). In contrast to the results obtained from the
CYP2C9 constructs, the levels of the transcriptional activities of
CYP2C19 constructs were not increased in the presence of HNF4e.

Deletion of the DR1-B elements of CYP2C9 (2C9 —140) and

CYP2C19 (2C19 —140) from the promoter regions abolished the
transcriptional activities in the presence and absence of HNF 4«
Mutation analyses were performed to examine whether HINFde
required two DR1 elements for its transactivation ability (Fig . 4). As
for the CYP2CY constructs, HINF4a could stimulate the level of the
promoter activity of the wild-type construct (2C9 —2k) to approxi-
mately 4-fold, but the introduction of mutation of each DR1 element
resulted in complete loss of transactivation of the mutated CYP2C9
promoter (2C9 DR1-Amt, 2C9 DR1-Bmt) by HNF4a (Fig. 4,1 eft). On
the other hand, the levels of the transcriptional aclivities of comnstructs
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Fia. 3. Effects of HNF4e on transcriptional activity of the CYP2C9 and CYP2CI9 promoters in FLC7 cells. Deletion constrocts (200 ng) of the CYP2C9 or CYPZCI9
promoter were cotransfected with 100 ng of HNF4e: expression vector (pHNF4w, open bars) or 100 ng of an empty vector (pT, closed bars). Two HNF4a binding sites
are shown in circles. Each value is the mean * S.D. of relative activity (firefly/Renilla) for four separate experiments, each performed in triplicate. *, p < 0.05 and #*,

p < 0.01 compared with the empty vector. Luc, luciferase.
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Fic. 4. Mutation analysis for two HNF4e biuding sites of the CYP2C9 and CYP2CI9 promoters in FLC7 cells. Reporter constructs (200 ng) of the CYP2C9 or CYP2CI9
promoter were cotransfected with 100 ng of HNF4« expression vector (pHNF4w, open bars) or 100 ng of an empty vector (pT, closed bars). Two HNF4« binding sites
are shown in circles, and mutations are indicated by crosses. Each value is the mean = S.D. of relative activity (firefly/Renilla) for three separate experiments, each

performed in triplicate. *, p < 0.05 and +#, p < 0.01 compared with the empty vector. Lue, luciferase.

of the CYP2CI9 promoter (2C19 —2k, 2C19 DR1-Amt, and 2C19
DR1-Bmt) were not increased by HNF4« (Fig. 4, right). These results
indicate that HNF4a can increase the level of transcriptional activity
of the CYP2C9 promoter but not that of the CYP2CI9 promoter and
that this activation occurred only when two DR1 elements of the
CYP2C9 promoter were simultaneously functional. Introduction of
mutation of DR 1-B elements decreased transcriptional activities of the
CYP2C9 and CYP2CI9 promoters in the presence and absence of
HNF4a. ,

Binding of HNF4a to the CYP2C9 Promoter but Not to the
CYP2CI19 Promoter in Vivo. ChIP assays were performed using
human liver to examine whether HNF4« could bind to the CYP2C9
and CYP2C19 gene promoters in vivo (Fig. 5). After DNA extraction
of the immunoprecipitated chromatin, PCR was performed to detect
the occupancy of DRI elements of the CYP2CY9 and CYP2CI9 genes
by HNF4a. As for CYP2C9, the DRI elements were much more

abundant in DNA extracted from chromatin immunoprecipitated with
anti- HNF4« IgG than in that with control mouse [gG (Fig. 5, top). On
the other hand, no DNA fragment around the DR1 elements of the
CYP2CI9 gene was detected in both extracted DNA samples (Fig. S,
bottom). We also determined the expression levels of CYP2C9 and
CYP2C19 mRNA in the same Liver used for ChIP assays by using
quantitative real-time PCR. The expression level of CYP2C9 mRNA
was 82.5 times higher than that of CYP2C19 mRNA..

Discussion

The present study showed that two DR1 elements were located in
the CYP2C9 promoter (Fig. 1) and that the wanscriptional activities of
the CYP2C9 promoter were increased by exogenous HNF4a (Fig. 3).
The introduction of mutation to each DR1 element resulted in com-
plete loss of transactivation (Fig. 4). These results are consistent with
the results presented in a recent report (Chen et al., 2005). We also
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Fie. S. Binding of HNF4« to the DR1-A and DRI-E elements of the CYP2CP and CYP2CI9 promoters in vivo. ChIP assays were performed using the sheared genomic -
DNA extracted from human liver (9 g), control mouse IgG (3 ug), and anti-HNRéa TgG (3 ug). M, DNA size marker; input, coutrol sheared genomic DNA; HNF4q,
sheared genomic DNA immunoprecipitated with anti-FINF4« IgG; control, sheared genomic DNA immunoprecipitated with control mouse IgG; N.C., nontemplate control.

performed the same experiments for the CYP2CI9 protioter. In con-
trast to the case of the CYP2C9 promoter, transactivation by HNF4«
was not observed in the CYP2CI9 promoter despite the existence of
two DR1 elements (Fig. 3). In addition, HNF4« could bind to the DR1
elements located in the CYP2C9 promoter but not to those in the
CYP2C19 promoter in vivo (Fig. 5). These results suggest that
HNF4q participated in the transactivation of at least —2 kbp of the
CYP2C9 promoter but not that of the CYP2CI9 promoter.

Significant decreases in the levels of CYP3A4, CYP3AS, CYP2AS,
CYP2B6, CYP2C9, and CYP2D6 mRNA have been observed in
HNF4a-deficient human hepatocytes (Jover et al., 2001), and several
studies have shown that transcription of CYP3A4, CYP2A6, and
CYP2D6 genes are regulated by HNF4« via DR1 elements located in
their promoters (Cairns et al., 1996; Tirona et al., 2003; Pitarque et al.,
2005). Our results and the results of a recent study by Chen et al.
(2003) showed that HNF4a was involved in the expression of the
CYP2C9 gene. Therefore, these findings suggest that HNF4a plays
important roles in regulation of the expression of these P450 genes in
the human liver. On the other hand, it has been reported that HNF4a
is not involved in transactivation of the CYP2CI& promoter, although
a DR1 element is located in this promoter (Ibeanu and Goldstein,
1995). Considering the fact that the expression level of CYP2C18
mRNA in the human liver is very low compared with the expression
levels of other genes of the CYP2C subfamily (Goldstein and de
Morais, 1994), it is possible that the lack of a functional DR1 element
in the CYP2C18 promoter contributed to this low level of expression
of CYP2C18 mRNA in the human liver. Accordingly, the same idea
would also explain why the expression level of CYP2C19 is lower
than that of CYP2C9. That is, the existence of “fufictional” DR1
elements in the regulatory region of the CYP2C9 gene would be
crucial factors for its higher level of expression than that of the
CYP2C19 gene in the human liver.

The reason for the different effects of FINF4a on transactivation of
the CYP2C9 and CYP2C19 genes is currently unknown. However, the
results obtained from our study provided sorhe clues for understand-
ing this difference. HNF4a could not transactivate the CYP2C9 pro-

moter in the absence of the region from —255 to —195 bp (~235/

—195 bp), although two DRI elements were still present in the
promoter (Fig. 3), suggesting that the region —255/—195 bp of the
CYP2C9 promoter is necessary for HNF4a to up-regulate the tran-
scription of the CYP2C9 gene. One possible explanation for these
results is that other HNF4a binding sites exist in the region —255/
—195 bp.of the CYP2C9 gene, and they can help the action of HNF4«

that is recruited to the downstream elements. However, no DR1
elements were found in this region of the CYP2C9 promoter by a
seéarching program for nuclear receptor binding sites (hitp://www.
nubiscan.unibas.ch/; Podvinec et al,, 2002), and HNF4¢ could not
bind to this region in EMSA by using an oligonucleotide probe
ranging from —255 to —195 bp (data not shown). Therefore, effects
of the region —255/~ 195 bp on transcription of the CYP2CY gene are
unlikely to be mediated by the direct binding of HNF4« to this region.
Another possibility is that a certain factor, which assists with HNF4a-
mediated transactivation of the CYP2C9 promoter, specifically binds
to the region —255/—195 bp of the CYP2CY9 gene but not to the
CYP2CI9 gene. Actually, there are 8-bp differences between the
tegion —255/—195 bp of the CYP2CY promoter and the region
—257/—197 bp of the CYP2C19 promoter. The factor that binds to the
region —255/—195 bp of the CYP2C9 promoter may stabilize the
binding of HNF4« to the DR1 element of the CYP2C9 promoter, or
it may recruit cofactors that are required for furction of HNF4a.
However, no complexes were formed in EMSAs using HepG2 nuclear
extracts and an oligonucleotide probe ranging from —255 to — 195 bp
(data not shown). A searching program for transcriptional factors
could not identify any factors that fulfill these requirements. Thus,
further detailed siudy is needed to elucidate the role of the region
—255/—195 bp of the CYP2CY promoter in HNF4« function.
Deletion and mutation of DR1-B elements decreased transcrip-

tional activities of the CYP2C9 and CYP2CI19 promoters in the
presence and absence of HNF4« (Figs. 3 and 4). A putative binding

site of CCAAT enhancer-binding protein was found in the down-

stream of DR1-B elements partly overlapped. Therefore, the bind-
ing of CCAAT enhancer-binding protein to the CYP2C9 and
CYP2C19 promoters may be inhibited by deletion and mutation of
DRI1-B elements, resulting in the decrease of basal activi ties of
CYP2C9 and CYP2CI19 promoters. v

In conclusion, we showed that HNF4w is one of the important
factors regulating promoter activity of the CYP2C9 gene but riot that
of the CYP2CI9 gene in the human liver. The direct bincling of
HNF4a to two DR1 elements of the CYP2C9 promoter is esseratial for
HNF4a-mediated transactivation of the CYP2C9 promoter. [n addi-
tion, this ‘transactivation requires certain factors that facilitate the
function of HNF4e via the region from —255/—195 bp of the
CYP2C9 promoter. The results of the present study suggest that
HNF4q is one of the determinants for the difference between expres-
sion levels of CYP2CY and CYP2C19 in the human liver.
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ABSTRACT:

MKC-963, (R)-1—(1-cyclohexylethylamino)-4-phenylphthalazine, a
potent inhibitor of platelet aggregation, was synthesized and used
in clinical trials in the 1990s. In the process of clinical study, it was
found that urinary excretion ratios for 6B-hydroxycortisol and free
cortisol increased significantly in parallel with decreases in the
plasma concentrations of MKC-963 after repeated oral administra-
tion of the compound to healthy volunteers. These findings sug-
gested that MKC-963 caused autoinduction (defined as the ability
of a drug to induce enzymes that enhance its own metabolism,
resulting in dispositional tolerance) in humans, and clinical studies
using the compound were stopped. This experience prompted us
to reevaluate the effects of this compound on GYP3A4 using pri-
mary human hepatocytes and cDNA-expressed human . cyto-
chrome P450 (P450) enzymes to determine whether the autoinduc-

tion of MKC-963 metabolism in humans could have been predicted
if these in vitro systems had been used for the evaluation of
MKC-963 in the preclinical study. The results of in vitro study
showed that MKC-963 increased CYP3A4 mRNA expre’ésion level
and activity of testosterone 6p-hydroxylation to extents similar to-
those observed with rifampicin in primary human hepatocytes. In
addition, approximately 90% of the MKC-963 metabolism in human
liver microsomes was estimated to be attributable to CYP3A4.
These in vitro findings are in good agreement with the results of
clinical study, suggesting that studies using human hepatocytes
and cDNA-expressed human P450s are useful for assessing the
autoinductive nature of compounds under development before
starting clinical studies.

MEC-963, (R)-1-( 1-cyclohexylethylamino)-4-phenylphthalazine
(Fig. 1), a potent inhibitor of platelet aggregation, was synthesized and
used in clinical trials by Mitsubishi Chemical Corp. (Tokyo, Japan) in
the 1990s. In the prbcess of clinical trials, the urinary excretion of
6B-hydroxycortisol (68-OHF) and free cortisol (F) was studied after
repeated oral administration of MKC-963 in human volunteers to
determine whether this compound induces CYP3A4 or not. This was
because the compound would be used for treatment of circulatory
disorders together with drugs such as antihypertensives, antihypérlipi-
demics or antidiabetes. Many of these drugs are metabolized by
CYP3A4 (Li etal, 1995; Lehmann et al., 1998; Prueksaritanont et al.,
2003; Jerling et al., 2005), a predominant P450 enzynie foiind in the
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adult human Hver that catalyzes the oxidation of a wide variety of
exogenous compounds (Guengerich et al. 1986). In addition,
CYP3A4 had been reported to be induced by several drugs, including
rifampicin, phenytoin, and phenobarbital, that caused clinical drug-
drug interactions (Holtbecker et al., 1996; Anderson 1998; Ridtitid et
al., 2002). Moreover, measurement of the urinary ratio of 68-OHF
and F (68-OHF/F) had been regarded as a safe and simple method for
evaluating induction of CYP3A4 because it is noninvasive and does
not require administration of a probe drug to volunteers {Galteau and
Shamsa, 2003).

In this clinical study on MKC-963, we found that 6B-OHF/F
increased significantly in parallel with decreases in the plasma con-
centrations of MKC-963 after repeated oral administration of the
compound fo healthy volunteers. This finding suggested that CYP3A4
is induced by MKC-963 and that the compound itself is an autoin-
ducer in humans. Because autoinduction® was thought to reduce the
therapeutic response of MKC-963 and might cause clinical problems,

* Autoinduction is defined as the ability of a drug to induce enzymes that
enhance its own metabolism, resulting in dispositional tolerance.

ABBREVIATIONS: MKC-963, (F?)-1-(1-cyclohexyiethylamino)-4-phenylphthalazine; d5MKC-963, MKC-963 with 5 hydrogen substituted by deu-
terium in the phenyl ring; MGE, minor groove binder; AUC, area under the plasma concentration-time curve; Cy,,, maximum plasma concen-
tration; £,...,, time to reach C,,; t, 5, terminal half-life; F, cortisol; 68-OHF, 6B-hydroxycortisol; P450, cytochrome P430; CL, in vitro clearance.
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IN VITRO EVALUATION OF AUTOINDUCTION

Fig. 1. Chemical stacture of MKC-963.

the clinical study on MKC-963 was abandoned at that time. Thus, we
have recently decided to reevaluate the effects of this compound on
CYP3A4 using primary human hepatocytes and cDNA-expressing
human P450 enzymes to determine whether we could have predicted
the autoinduction of MKC-963 metabolism if we had used these in
vitro systems for the preclinical evaluation of MKC-963.

In this paper, we describe the results of the clinical study on the
pharmacokinetics of MKC-963 and its effects on the urinary excretion
ratio of 68-OHF and F after repeated oral administration of the
compound to healthy volunteers, and the results of in vitro studies on

the effects of MKC-963 on the expression and activities of CYP3A4 '

and identification of the P450 enzyme(s) responsible for the metab-
olism of MKC-963 using primary human hepatocytes and cDNA-
expressed human P450 enzymes, respectively. The results suggest that
these in vitro systems would have been useful for the prediction of the
autoinductive nature of MKC-963 in the preclinical study.

Materials and Methods

Materials. MKC-963 was provided by Mitsubishi Chemical Corp. (Tokyo,
Japan), and its chemical purity was 99.8%. Rifampicin, testosterone and
62-hydroxytestosterone were purchased from Sigma- Aldrich (St. Louis, MO),
Tokyo Kasei Kogyo Co. (Tokyo, Japan), and Sumika Chemical Analysis
Service, Lid. (Osaka, Japan), respectively. All other chemicals were of ana-
lytical reagent grade.

In Vivo Study. Subjects. Six healthy male volunteers aged between 20 and
35 years were recruited for the study. They were within £20% of their ideal
body weight and in good general health according to routine medical history
and Jaboratory data. They did not use any medications for at least 2 weeks
before and were not using any concurrent medications‘vduring the study. All of
them agreed to refrain from consumption of alcohol and grapefruit or grape-
fruit juice during the study.-Subjects whe had clinically significant abnormal-
ities on preliminary examination, those who had a history of drug or food
allergies or a history of drug or alcohol abuse, and those who had donated
blood or received an investigational drug within 4 months before the start of
this study were excluded from this study.

Study Protocol. The subjects received a single oral dose of MKC 963 on day
1 and on day 14, and two oral doses per day with a 12-h interval for 12 days
(from day 2 to day 13). Each dose was 120 mg, and the drug was supplied as
tablets (40 mg). The oral doses were administered with 100 ml of water at 9:00
AM after breakfast or at 9:00 PM after dinner. Breakfast and dinner were
standardized for all the subjects. Blood samples (each 4 ml) were collected by
venipuncture at 0, 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, and 8 h after the first administcation.
of MKC-963 on days 1 and 14 and at 0, 1, and 2 h on days 2, 5, 8, and 11. The
blood samples collected were centrifuged at 1500g for 10 min at 4°C, and plasona
* samples were separated and stored at —~20°C until analyses. Urine samples were
pooled over a pétiod of 24 h and collected at the end of designated days: the day
before and 1, 2, 5, 8, 11, and 14 days after starting drug administration. The urine
was kept cool during collection, and then the fotal volume was recorded and a
10-mi aliguot was stored at --20°C until analyses.

The study was conducted at Hohsen Clinic, Research Center for Clinical

Pharmacology, The Kitasato Institute (l‘okyo, Japan), and the protocol was
approved by the institutional review board. The study was conducted in
accordance with the guldelmx.s on good clinical practice and the cthlcal
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standards for human experimentation established by the Declaration of Hel-
sinki. Each subject gave written informed consent.

Determination of MKC-963 Concentrations in Plasma. Plasma concentra-
tions of MK(C-963 were determined by ligquid chromatography-tandem mass
spectrometry. dSMKC-963 was used as an internal standard. The plasma (0.5
ml) was mixed with 0.4 ml of Titrisol buffer (pH 9) and applied on a
solid-phase extraction column (Extrelut-1; Merck KGaA, Darmstadt, Ger-
many). The MKC-963 and internal standard were isolated from the column
with 5 ml of diethyl ether. The organic extract was dried under nitrogen and
reconstituted in 1 ml of acetonitrile. The sample was separated by a Waters
HPLC system (Waters, Milford, MA) equipped with a Capeell Pak CN column
(5 pm, 35 X 4.6 mm in internal diamster; Shiseido, Tokyo, Japan). The mobile
phase consisted of acetonitrile/water/acetic acid (90:10:1, v/v/v) and the flow
rate was maintained at 0.2 ml/min. MKC-963 and the internal standard were
detected by tandem mass spectrometry using a Finnigan TSQ7000 mass
spectrometer {Thermo Electron Corp., Waltham, MA). For mass spectral
detection, the following precursors to product ion reactions were monitored: m/z
332.1 > m/2222.1 for MKC-963 and mfz 337.0 > mf/z 227.1 for dSMKC-563. The
standard curves were linear from 0.1 ng/ml to 50 ng/ml. The interassay precision
(% CV) assessed from the blank plasina to which known concentrations of the

. analytes was added (final concentrations of 0.1 ng/ml to 50 ng/mb) ranged from

2.0% to 7.7%. The limit of sensitivity of the assay was 0.01 ng/ml.
Pharmacokinetic Parameters. The pharmacokinetic parameters of MKC-
963 were estimated by noncompartmental methods with the use of WinNonlin
V4.1 (Pharsight Corporation, Mountain View, CA). The values of Cpp and b5
were determined directly from the plasma concentration-time profiles. The area
under the plasnu concentration-time curve (AUC) from 0 0 24 h was determined
by the linear trapezoidal nile from the beginning of drug administration to the last
quantifiable data point. The value of #;, was calculated by linear regression
analysis of the last elimination phase after log transformation of the data.
Determination of Urinary 63-OHF and F. Determination of 63-OHF and F

. in urine samples was performed by using enzyrme irnmunoassay kits for urinary

6p-OHF (Stabiligen, Villers-Les-Nancy, France) and F (Biométreux, Marcy
I'Ftoile, France), respcctwu]y, according to the manufacturer’s instructions.
The cross-reactivity of these kits for urinary F and 63-OHF were 4.4 and 1.1%,
respectively.

In Vitro Study. Human Primary Hepatocytes and Trea!ment with MKC-
963. Cryopreserved human hepatocytes (lot 100, white female, 74 years old) were
obtained from In Vitro Technologies, Inc. (Baltimore, MD). Hepatocytes were
suspended in Hepatocyte Culture Medium (Cambrex, Walkersville, MD), centri-
fuged at 50g for 3 min, and resuspended in the same medium. The cells were
plated onto Matrigel-coated 24-well plates at a density of 1.5 X 10° cells/well and
were maintained in an atmosphere of 95% air and 5% CO, at 37°C. The cell
viability was more than 80% assessed by a trypan blue exclusion test. Stock
solutions of MKC-963 and rifampicin were prepared in dimethy! sulfoxide and
were dilated before each use. Treatments of hepatocytes with chemicals were
begun on the fourth day afier sceding and continued for 4 days. ‘The hepatocytes

" were treated with dimethyl sulfoxide (final concentration of 0.2%), rifampicin (10

M), a positive control, or MKC-963 (0.25 u.M). The concentration of MKC-963
used in the present study was determined considering that C, . of MK.C-963 was
0.29 1iM when 120 mg of MKC-963 was administered orally to human volunteers
(Fig. 2). The conceniration of rifampicin used in the present study also corre-
sponded nearly to Cp,,, of rifampicin after an oral administration of 450 to 600 mg
in patients with tuberculosis (Smith, 2000).

RNA Exiraction and Real-Time PCR. Total RNA was extracted using
TRIzol reagent (Invitrogen Corp., Carlsbad, CA) according to the manufac-
turer’s instructions. All samples were stored at —80°C until used for cDNA
preparation. One microgram of total RNA was reverse-transcribed into cDNA
with random hexamers using a SuperScript I Transcription system (Invitrogen
Cotp) according to the manufacturer’s instructions. The expression levels of
specific mRNAs were determined by using a quantitative real-time PCR
method. The primer and TagMan minor groove binder (MGB) probe sets were
designed by using Primer Express software (Applied Biosystems, Foster City.
CA). The sequences (5’ to 3) for the primers and probes are as follows:
CYP3A4, forward primer (GC! AGGAGGAAATTGATGCAGTT), TagMan
MGB probe [FAM (Applied Biosystems)-ATAAGGCACC ACCCACCTA-
MGB], and reverse primer (CTGAGCGTTTCATTCACCACC), B-actin,
forward primer (CCTGGCACCCAGCACAAT), fluorogenic probe [VIC
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F16. 2. Plasma concentration-time profiles of MKC-963 on day 1 (open circles) and
day 14 (closed circles) after oral administration of 120 mg to six healthy subjects.
. Data are expressed as means * SID. %, p < 0.05; %, p << 0.01.

(Applied Biosystems)-ATCATTGCTCCTCCTGAG-MGB], and reverse
primer (CCGATCCACACGGAGTACTTG). The sequence of fluorogenic
probe for CYP3A4 was one base different from that of CYP3AS, which is
recognized by MGB-probe according to the supplier’s manuals. Cycling con-
ditions of the PRISM 7900 Sequence Detection system (Applied Biosystems)
were 50°C for 2 min and 95°C for 10 min followed by 40 cycles of 95°C for
15 5 and 60°C for 1 min. CYP3A4 mRNA levels in cultured human hepato-
cytes were expressed as ratio against B-actin mRNA levels.

Determination of CYP3A4 Activities in Human Hepatocyte Culture. CYP3A4
activities were determined by the measurement of 63-hydroxylation activities
for testosterone in intact hepatocytes cultured on 24-well plates (Donato et al.,
1995). After treatment with chemicals, monolayers were incubated with tes-
tosterone (250 pM) for 30 min. Quantification of 63-hydroxytestosterone was
performed by high-performance liquid chromatography (Donato et al,, 1993).

Identification of P450 Enzyme(s) Coniributing 1o the Metabolism of MKC-963.
Recombinant P450 enzymes expressed in insect cells infected with baculovirus

conlaining human P450 and human NADPH-P450 reductase cDNA inserts .

were obtained from BD Gentest (Woburn, MA). Incubation mixtures contained
c¢DNA-expressed P450s (50 pmol/ml) in potassium phosphate buffer (pH 7.4),
an NADPH-generating system, and MKC-963. Substrate (2 uM MKC-963)
was incubated at 37°C for 0, 3, 15, and 30 min with microsomes expressing
CYP1A2, CYP2CY, CYP2C19, CYP2D6, or CYP3A4, and determined by liquid
chromatography/mass spectrornetry. The remaining percentage of MKC-963 was
calculated using the = 0 value as 100%. Then, in vitro clearance of each P450
enzyme (CL) was estimated from the following equation: CL (ul/min/pmol
P450) = —slope (1/min)/P450 concentration (pmol P450/ml) X 1000, where slope
was determined from linear regression analysis between tog percentage of MKC-

963 and incubation time (Obach, 1999), and P450 concentration was the concen-

tration of recombinant P450 enzyme in the incubation mixture. CL. was corrected
with the P450 contents in native huinan liver microsormes (Rodrigues, 1999) as
follows: Comected CL = CL X énzyme content of each P450. Therefore, the
contribution of each P450 enzyme to overall clearance was estimated from the
following equation: Contribution of each P450 enzyme (%) = corrected CL for
each P450 enzyme/sum of corrected CL X 100.

Staltistics, Statistical analysis was performed with SAS software (version
8.2; SAS Institute, Cary, NC). A P value of <(.05 was considered statistically
significant.

Results

In Vivo Study. Pharmacokinetics of MKC-963. Plasma concentra-
tion-time profiles of MKC-963 showed a dramatic change after re-
peated oral administration of the compound (120 mg) to healthy
subjects. As shown in Fig. 2, the mean (§.D.) plasma concentrations
of MKC-963 on day 14 at 1 (o & h after administration were signif-
icantly lower than those on day 1. As a result, C, and AUC values
on day 14 had decreased by 77% and 69%, respectively, compared
with the values on day 1 (Table 1). There were no notable differences
between 4,,,, and #,,, values on day 1 and those on day 14 (Table 1).

Figure 3 shows the changes in mean plasma concentrations of
MKC-963 at | and 2 h after administration from day 1 to day 14. As
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TABLE 1

Phermacekinetic parameters of MKC-963 on day 1 and day 14. after repeated
oral administration of 120 mg to six healthy subjects

Data are expressed as means = S.D. except for f,,, data, which are given as median with -
range.

Day 1 Day 14
Cruax (ng/ml) 96.2 * 46.7 22.6 = 14.8**
frsx () . 1 (1-1.5) 1(0.5-1)
AUC (h - og/ml) 206.0 = 76.5 64.8 x 31.8%*
1, (B) 72=21 109 £ 50
¥ p < 0.01.
.
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Fie. 3. Plasma concentrations of MKC-963 at 1 h and 2 h after oral administration
of the compound (120 mg) to six healthy subjects on days 1,2, 5,8, 11, and 14. Data
are expressed as means * S.D. %, p < 0.05.
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F1G. 4. Twenty-four-hour urinary excretion ratios of 6B-hydroxycortisol and free
cortisol in six healthy subjects on the day before the start of administration and on
days 1, 2, 5, 8, 11, and 14. Results are expressed as means = S.D. ##, p < 0.01.

shown in this figure, the plasma concentrations of MKC-963 at 1 h
decreased significantly (p < 0.05) from day 2 to day 14, and those at2 h
also showed significant (p < 0.05) decreases from day 5 to day 14.

Urinary 6B8-OHF/F. Figure 4 shows the mean 24-h urinary excre-
tion ratios of 68-OHF and F on the day before the start of adminis-
tration and from day 1 to day 14. The mean value of 68-OHF/F
increased significantly (p < 0.05) from day 2 to day 14 compared
with the value on the day before the start of administration, and all
subjects showed increases in the urinary excretion ratios of 68-OHF
from day 2 to day 14. )

In Vitro Study. Primary Huwman Hepatocytes. The effects of
MKC-963 (0.25 pM) on the expression of CYP3A4 mRNA and on
the activity for testosterone 68-hydroxylation were investigated using
human primary hepatocytes. The effect of rifampicin (10 pM) was
also investigated as a positive control. As shown in Fig. 5A, MKC-
963 increased the expression level of CYP3A4 mRNA by 6-fold,
comparable to the effect of rifampicin (increase of approximately
11-fold). Testosterone 6B-hydroxylation activity was also increased
by 9-fold in the presence of MKC-963, which is also comparable to
the effect of rifampicin (14-fold increase, Fig. 5B).

Identification of P450 Enzyme(s) Involved in the Metabolism of
MEKC-963. cDNA-expressed human P450s were used to estimate the





