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Fig 2. Effect of OATP1B1 haplotype on pharmacokinetics of valsartan. Plasma concentration—time
profiles of valsartan after oral administration of 40 mg vaisartan in OATPIBI*la/*la subjects
(squares, n = 5) and *1b/*1b subjects (inverted tnangles, n =7 (A)'and in *la/15 subjects
(triangles. n = 6) and *1b/x15 subjects (diamonds, n = 5) (B). C:,“’de-whisker plot of AUC of

OATP1BI and PK of pravu:mti;z, vdlsdégn; and temocapril
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valsartan in each haplotype group.

Table I. AUC,_,, and CL, of pravastatin and its metabolite (RMS-416), valsartan, and temocapril and its actiVe

metabolite (temocaprilat) in each haplotype group

*la/xla(n=15) *Ib/xlb(n =7) *la/x15 (n = 6) *Ib/*15 (n = 5)

Pravastatin ‘

AUC, ,, (ng - h/mL) 732+ 2315 47.4 * 19.9¢ 69.2 £ 234 382 + 15.9%

CL, (L/h) 151227 186 7.6 126 £ 25 170+ 35
Pravastatin plus RMS416 : )

AUC,.,, (ng - WmL) 112+ 25 76.1 = 20.4 143 + 40 95.1 * 33.6%

CL, (L/h) 12520 16.0 x 8.5 110*15 135+24
Valsartan

AUC, .~ (g - h/mL) 123+ 46 9.01 *+ 3.33 940 = 4.34 6.31 = 3.64

CL, (L/h) 0.450 = 0.063 0.482 = 0.049 0.489 = 0.109 0.477 = 0.096
Temocaprilat ‘ .

AUC,_,4 (ng - h/mL) 426 * 91 371 £ 100 429 * 4) 380 = 77

CL, (L/h) 1.41 = 0.06 1.29 + 0.26 131 012 1.32 = 0.15
Temocapril

AUC,,.,, (ng - W/mL) 185177 124 = 4.1 19.0 4.1 164+ 5.0

CL, (L/h) 0.818 + 0476 1.82 + 1.16 1.21 + 0.52 214+ 1.77

Data are presented as awan * SD.

AUC,, 5., Arca under plasma concentratiop—time curve from 0 to 24 hours; CL,, renal clesrance.
1Significantly different from values in *1a/+1a subjects as determined by ANOVA with Fisher least significant difference test (P < .05).
1Significanily different from values in *1a/+15 subjects as determined by ANOVA with Fisher least significant difference test (P < .05).

Effect of OATP1BI haplotype on pharmacokinetics
of temocapril and temocaprilat. After oral administra-
tion of temocapril. temocapril was rapidly eliminated
_ from the blood, and the concentration of temocapril was
‘undetectable at | to 2 hours after administration as a result
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of the rapid conversion of temocapril to the active metab-
olite temocaprilat by carboxylesterase. Temocaprilat was
then detected at 0.25 hour, and its plasma concentration
reached a maximum at 0.75 to 2 hours after intake of
temocapril (Fig 3, A and B). The plasma concentration of
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Flg 3. Effect of OATPlBl haplotype on pharmacokmencs of temocaprilat. Plasma concentration—
time proﬁles of temocapnlat after oral administration of 2 mg temocapril in OATPIBI+la/sla
subjects (squares, n = 5) and *1b/*1b subjects (inverted triangles, n = 7) (A) and in *Ja/*15

subjects (mangles, n = 6) and */b/*15 subjects {(diamonds, n =
AUC of temocaprilat in each haplotype group.

temocaprilat showed a similar pattern in OATPIBI*1b/
*/b and */afxla subjects (Fig 3, A) and *Ib/*15 and
*la/+15 subjects (Fig 3, B). The mean AUC, ,, of temo-
caprilat in- *1b/1b subjects was not significantly very
different from that in */a/*a subjects (87% of *Jas+]1a),
and the AUC,,, in */b/]5 subjects was not different
from that in *]a/*15 subjects (91% of *1a/*15) (Fig 3, C
and Table I). The OATPIBI1*15 allele did not affect the
AUGC;,, of temocaprilat. The CL, of temocaprilat was
almost the same in each haplotype group (Table I). On the
other hand, the plasma concentration of temocapril in
OATPIBI+%1b/+1b subjects tended to be lower than that in
*la/x1a subjects (Fig 4, A), and the plasma concentration
in *1b/*15 subjects tended to be lower than that in *]a/
*15 subjects (Fig 4, B). Although not statistically signif-
icant, the AUC, ,, of temocapril in *1b/ b carriers was
lower than that in *Ja/*1a carriers (67% of *1a/*1a) and
the AUC,,, in *1b/15 carriers was lower than that in
*Ia/x15 carriers (86% of *]a/*15) (Fig 4, C, and Table I),
and the CL, of temocapril in each haplotype group was not
significantly different (Table I).

Correlation between AUC of pravastatin, valsartan,
temocaprilat, and temocapril in each subject. The
AUC values of valsartan in each subject were signif-
icantly correlated with those of pravastatin (R =
0.630, P < .01) (Fig 5, A). The AUC values of
temocapril in each subject were also significantly

5) (B). C, Box-whisker plot of

- correlated with those of pravastatin (R = 0.602, P <
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.01) (Fig 5, C). However, the AUC values of temo-
caprilat were not significantly correlated with those
of pravastatin (R = 0.229) (Fig S, B).
OATP1BIl-mediated uptake of valsartan and temo-
caprilat in expression system. The time-dependent
uptake of valsartan and temocaprilat in OATP1BI-

. expressing HEK293 cells was significantly higher

than that in vector-transfected control cells (Fig 6).
OATPI1BI1-/MRP2-mediated transcellular of temo-
capril and RMS-416 in OATP1B1/MRP2 double-
transfected MDCKII cells. As a positive control, we
ascertained that the vectorial basal-to-apical trans-
cellular transport of estradiol-17B-glucuronide
(OATP1B1/MRP2 bisubstrate) was clearly observed
in OATP1BI/MRP2 double-transfected cells (Fig 7,
C), whereas symmetric transport was observed in
OATPIB1 single-transfected cells and vector-
transfected control cells (Fig 7, A and B) as shown in
the previous report.'* Under the same condition,
basal-to-apical transport of temocapril and RMS-416
was significantly larger than that in the opposite
direction in OATPIB1/MRP2 double-transfected
cells (Fig 7, F and I), whereas their vectonal trans-
port was not observed in . OATP1B1 single-
transfected cells (Fig 7, E and H) and vector-
transfected control cells (Fig 7, D and G).
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Flg 4. Effect of OATPIBI haplotype on pharmacolcmeu ; of &emocapnl Plasma concentration— -
time profiles of temocapril after oral adm:mstrauon .of: 2. mg temocapril in OATPIBl«xlaf*la
subjects (squares, n = 5) and *1b/%1b subjects. (mverted Inangles. n =.7) (A) and in s]a15
subjects (triangles, n = 6) and l'=Ib/t‘15 subjects (dlamonds n =5) (B). C. Box-whisker plot of
AUC of temocapril in each haplotype group.
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Fig 5. Correlation between AUC of pravastatin and valsartan (A), AUC of pravastatin and
temocaprilat (B), and AUC of pravastatin and temocapril (C). Each point represents data for each
subject. Solid lines represent fitted lines calculated by linear regression analysis, and dotted lines
represent 95% confidence intervals of correlations.

DISCUSSION . pravastatin, valsartan, and temocapril, in healthy volunteers.
We investigated the impact of the OATPIB1 haplotype, We also investigated whether the pharmacokinetics of each
especially */b, on the pharmacokinetics of 3 anionic drugs, drug was correlated with that of other drugs in each subject.
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Fig 6. Time-dependent uptake of valsartan (A) and temocaprilat (B) in OATP1B1-expressing cells
and control cells. The uptake of valsartan and temocaprilat by OATPIBI-transfected human
embryonic kidney (HEK) 293 cells was examined at 37°C. Triangles and squares represent uptake
by OATP1B1- and vector-transfected cells, respectively. Each pomt represents mean * SE (n = 3).
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Fig 7. Time profiles for transcellular transport of estradiol-178-glucuronide (A, B, and C),
temocapril (D, E, and F). and RMS-416 (G, H. and 1) across Madin-Darby canine kidney T
(MDCK1) monolayers. Transcellular transport of estradiol-178-glucuronide (1 pmol/L), temocapril
(I pmol/L), and RMS-416 (10 wmol/L) across MDCKII monolayers expressing OATP1B1 (B, E,
and H) and both OATP1B1 and multidrug resistance associated protein 2 (MRP2) (C.F. and I) was
compared with that across the control MDCKHF monolayer (A, D, and G). Triangles and squares
represent trunscellular transport in apical-to-basal direction and basal-to-apical direction, respec-
tively. Each point and vertical bars represent mean * SE of 3 determinations. Where vertical bars
are not shown. the SE was contained within the limits of the symbol.

Pravastatin, valsartan, and temocaprilat are mainly macokinetic theory is considered, given the assumption
excreted into the bile without extensive metabolism. that total clearance is accounted for by hepatic clear- -
and the involvement of transporters is needed to explain - ance, the AUC after oral administration of drugs (AU-
their efficient accumulation in the liver. When the phar- C..ra) can be expressed by equation 1:
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in which F is the fraction of the dose absorbed into and
through the gastrointestinal membranes, fp is the blood
unbound fraction, and CL;, is the hepatic intrinsic
clearance. In addition, CL,,, can be expressed by equa-
tion 2: .

CLex + CLmtlab
Cch + Cmeuh + CL‘cff

CL, int CLupuh (2)
where CL, ks CLlexs CLipeian and CL,y represent the
intrinsic clearances for hepatic uptake. biliary excre-
tion, metabolism, and sinusoidal efflux, respec-
tively.® When equations 1 and 2 arc considered,
Cl,,mkc directly affects the AUC after oral administra-
tion in any situation.’

We especially focused on the impact of the
OATPI1BI*1b allele on the pharmacokinetics of the 3
drugs. The allele frequency of OATPIBI»lIb is rela-
tively high in some ethnic groups: 0.30 in white Amer-
icans, 0.74 in black Americans, and 0.63 in Japanese
subjects.” !¢

Pravastatin has been reported to be a substrate of
OATP1BL1." %% We demonstrated that valsartan and
temocaprilat could also be recognized by OATP1B1 as
substrates (Fig 6).

The OATPIBI*1b allele significantly reduced the
AUC of pravastatin compared with *]a, which is con-
sistent with a previous report.'? The CL, of pravastatin
was not affected by =1b, suggesting that the
OATPI1BI1#1b variant apparently enhances the hepatic
uptake activity of pravastatin. On the other hand, the
OATPI1BI*15 allele did not remarkably affect the AUC
of pravastatin in our study, which apparently differs
from findings in earlier reports showing that the *15
allele results in a significant increase in the AUC of
pravastatin.'®'" After oral administration, a significant
amount of pravastatin was converted to RMS-416 (3'a-
isopravastatin), mainly in the stomach, by a chemical
reaction rather than by enzymatic metabolism, because
pravastatin is unstable in acidic solution.?’ In our study
the interindividual difference in the AUC of RMS-416
was about 50-fold (2.37-120 ng - h/mL; mean, 48.8 ng

- h/mL). It is generally accepted that the pH values in
the stomach exhibit large interindividual differences.
We hypothesized that these differences might affect the

conversion rate to RMS-416, which could mask the.

effect of OATPIBI*15 on the pharmacokinetics of
pravastatin in our cases. RMS-416 is an epimer of
pravastatin, and only the position of 1 hydroxyl group
was different. We confirmed that RMS-416 is also a

OATPIBI and PK ofpmmmun,"
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ferent from that .of RMS-416because
chemical - structures, 'a -:genetic ; polymorplus
OATPIB1 would affect the: pharmacokmetxcs the
sum of pravastatin and RMS-416 more markedly than -
that of pravastatin itself. In our study we could seé the *
expected tendency showing that the #1b allele reduced
the AUC of the sum of pravastatin and RMS-416 com-
pared with */a, whereas the #15 allelé increased the
AUC (Table I). Recent studies have demonstrated that
the Vall74Ala mutation in OATP1B1 could alter the
cholesterol-lowering effect of pravastatin.??2* Because
RMS-416 is not pharmacologically active, our study
suggests that the conversion rate to RMS-416, as well
as the genetic polymorphism in OATP1B1, may have
an effect on the pharmacokinetics and pharmacologlc
action of pravastatin.

In the case of valsartan the *1b allele showed a reduc-
tion in the AUC of valsartan, but the */5 allele did not
show any increase in the AUC, which is almost the same
as pravastatin. Unfortunately, the difference in its AUC
between */a and *1b did not show statistical sxgmﬁcance,
probably because of the lack of statistical power, and we
believe that a greater number of subjects will be needed to
show the significant dlffa'ence Valsartan was panly me-
tabolized to the 4-hydmxylated foom (M-2) by
CYP2C9,** but a previous report indicated that, after oral
administration of ['*C)-valsartan, this metabolite ac-
counted for only 10% of the total radioactivity in the feces
and urine.?* Therefore the interindividual difference in
CYP2C9 activity plays only a minor role in the pharma-
cokinetics of valsartan, The solubility of valsartan is dras-

. tically affected by the pH, and it is possible that an

interindividual difference in the pH value in the gastroin-
testinal tract may affect its solubility and the subsequent
amount of valsartan absorbed.”® However, 1 report dem-
onstrated that coadministration of cimetidine increased the
AUC only by 7%.%° Thus the exact reason why the *15
allele did not affect the pharmacokinetics of valsartan
remains to be clarified.

The AUC of temocapril and temocaprilat was not
changed significantly in each haplotype group. How-
ever, there was a trend suggesting that the *1b allele
reduced the AUC of temocapril and temocaprilat and
that the #15 allele showed a slight increase in the AUC.

- We determined that temocapril is also a substrate of -
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OATPIB1 (Fig 7). The difference in the AUC of te-
mocaprilat in each haplotype group was relanvely small
compared with that of the other drugs.

We also compared the pharmacokinetics of the 3
drugs in each subject, and the AUC of pravastatin was
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significantly correlated with that of valsartan and temo-
capril, but not temocaprilat (Fig 5). This result sug-
gested that the clearance mechanism of pravastatin may
be shared with that of valsartan and temocapril and that
the relative contribution of OATP1B1 to the hepatic
uptake of pravastatin may be similar to that of valsartan
and temocapril but larger than that of temocaprilat.
Some in vitro studies have indicated that the trans-
port activity of several compounds including pravasta-
tin in the OATP]BI*1b variant was almost comparable
to that of OATPIB1*1a."-*2" However, this study dem-
onstrated that OATPIBI+1b subjects showed an in-
crease in hepatic clearance compared with that of
OATP1BI*la subjects. We hypothesized that this ap-
parent discrepancy may be explained by the higher
expression level of OATP1B1*1b in the liver compared
with that of OATPIBI*la. This can be proven by
investigating the relative expression level of
OATPIBI*1a and *Ib in several batches of human
hepatocytes that are genotyped in advance. Moreover,
we must pay attention to several pharmacokinetic is-
sues such as the different proportion of hepatic clear-
ance to total clearance, the different- contribution of
OATPI1BL1 to overall hepatic uptake, and the substrate
specificity of the effect of genetic polymorphisms in
OATPIBI1. The percentage of hepatic clearance with
regard to total clearance has been estimated to be about
53% for pravastatin, 71% for valsartan, and 62% for
temocaprilat in humans?*** (drug information for te-
mocaprilat provided by Sankyo). Previous reports sug-
gest that the de-esterification of temocapril mainly oc-
curs in the liver (drug information published by
Sankyo). The urinary excretion of temocapril as a per-
centage of the administered dose is about 1.1% in this
study. We believe that it is possible that temocapril is
efficiently taken up into hepatocytes, followed by con-
version to temocaprilat, and its hepatic clearance is
much higher than its CL,. That may be the reason why
the AUC of temocapril showed a better correlation with
that of pravastatin than with that of temocaprilat. Re-
garding the contribution of individual transporters, our
preliminary study suggested that all 3 compounds are
substrates of OATP1B3, as well as OATP1B1 (Hirano
M, Maeda K, Sugiyama Y, unpublished data, Aug 25,
:2004). The previous studies suggested that pravastatin
is thought to be mainly taken up via OATP1B1.% From
the result of the present study, we speculated that the
relative importance of OATP1B1 with regard to hepatic
clearance is in the following order: pravastatin greater
than valsartan and temocapril greater than temocaprilat.
We have established the method for estimating the
contribution of OATP1B1 and OATPIB3 to overall
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hepatic uptake by using expression systems and human
hepatocytes.> With this information being taken into
consideration, the prediction of the effect of genetic
polymorphisms in OATP1B1 on the pharmacokinetics
of drugs from in vitro data will be the subject of further
investigation.

In conclusion, our study indicated that the
OATP1BI*1b allele increases the hepatic clearance of
pravastatin compared with that of the */q allele, and
valsartan and temocapril showed a similar tendency. In
addition, the AUC of pravastatin correlates well with that
of valsartan and temocapril, suggesting that pravastatin,
valsartan, and temocapril may share the same elimination
pathway.
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["CHHabeled and unlabeled temocaprilat, temocapril, RMS-416, and
R-122798 and Novartis Pharma for providing Diovan tablets and tritium-
labeled and unlabeled valsartan. We are grateful to Dr Kiyoshi Kawabata
(Sankyo) for teaching us the method for the quantification of pravastatin,
RMS-416, temocapril, and temocaprilat. We are also grateful to Drs
Ryosei Kawai and Yuko Tsukamoto, Novartis Pharma, and Drs Toshi-

- hiko Ikeda, Yasushi Orihashi, and Hideo Naganuma, Sankyo, for sup-
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We have previously published a study on warfarin-treated
Japanese patients showing that CYP2C9*3 and variability
in some vitamin K-dependent protein genes contribute to
the large interpatient variability in the warfarin dose-effect
relationship. Warfarin sensitivity was independently as-
sociated with ~402G>A (factor VII gene), (CAA repeat),
[y-glutamy! carboxylase (GGC)], CYP2C9*3, and
g.494C>T (factor II), which accounted for 50% of the
variance [1]. Recently, the vitamin K epoxide reductase
complex subunit 1 gene (VKORC1) was identified, and
polymorphisms in this gene have been shown to play a
significant role in the individual variability of warfarin
dose requirements [2—4]. To date, numerous single nu-
cleotide polymorphisms (SNPs) have been identified in the
VKORCI gene. Among these SNPs, VKORC! g.1173C>T
in intron 1 has been reported to be associated with warfarin
dose [2—-6). In addition, patients carrying the apolipoprotein
E (ApoE) e-4 allele were reported to require a higher daily
dose of warfarin [7]. Apolipoprotein E serves as a ligand
for receptors that mediate the uptake of vitamin K into
cells. The major isoforms of ApoE alleles are -2, £-3 and
€4. Kohnke et al. [7] reported that Swedish patients
homozygous for e-4 require higher warfarin doses than
those carrying other alleles because individuals carrying
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‘the e-4 allele have more rapid uptake of vitamin K1,

leading to the enhanced availability of reduced vitamin K
for the activation of clotting factors and proteins in the
liver. Here, we describe VKORC! g.1173C>T and ApoE
(e-2, e-3 and e-4) polymorphisms, and re-evaluate the
1mpact of these candidate variants on the pharmacody-

_namic outcomes of warfarin therapy.

The investigation was approved by the Review Board of
Tottori University Hospxtal and all subjects gave informed
consent to participate in this study. Details of patient
characteristics, gene screening, and data treatment have
been published previously [1]. We used the electronic
medical database available in the hospital to obtain precise
information on the.international normalized ratio (INR),
the warfarin daily dose, type of prescribed drugs, and
bleeding events. We collected these data prospectively for
each patient for at least 6 months from the day the sample
was collected. A single nonfasting blood sample was
obtained from each patient, just before the morning dose of
warfarin, and was used to measure trough concentrations of
warfarin enantiomers in plasma (Cp, ug/ml) [8], to -
determine INR and to extract DNA for genotyping. We.
calculated the INR response per warfarin plasma concen-
tration, termed the warfarin sensitivity index (INR/Cp,
ml/pg). In this study, all samples were genotyped for
VKORC1 g.1173C>T using Tagman primers and probes on
the Sequence Detection System (ABI PRISM 7000;
Applied Biosystems, Foster, CA). The following primers
and probes were used: forward primer, CCCGGTGCCAG
GAGATC; reverse primer, CACCTGGGCTATCCTCTG
TTC; probe 1 C allele);, VIC-CCTAGTCCAAGGGTC
GAT; probe 2 (t allele), FAM-CTAGTCCAAGAGTCGAT.
ApoE isoforms were diagnosed by the Hha 1 restriction
approach according to previously described methods [9].

Among 45 patlents 1 was homozygous and 6 were
heterozygous carriers of the VKORCI 1173C allele. The
genotype results of the ApoE gene were as follows: e-2/e-2
(i.e., homozygous carriers for the -2 allele, n=1), e-2/e-3
(n=8), €-3/e-3 (n=28), and e-3/e-4 (n=8). Allelic frequen-
cies of VKORCI and ApoE were well consistent with those
in previous reports [4, 10].
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In the VKORCI gene, the time course of change in the

mean INR value did not differ between the VKORCI
genotypes, but the daily dose of warfarin was higher in
patients carrying the 1173C allele than in patients homo-
zygous for the 1173T allele; mean (SD) warfarin daily
doses in C/C, C/T, and T/T patients were 7.5, 6.2 (1.9), and
3.3 (1.3) mg, respectively (Fig. 1). The mean INR/Cp
values in C/C, C/T, and T/T patients were 1.58, 1.85 (0.35),
and 3.42 (1.05), respectively. All patients were stabilized
on warfarin therapy before the observation period. In
contrast, there were no remarkable differences in the
warfarin daily dose and INR/Cp among the 4poE geno-
typic groups. The frequency of the ApoE e-4 allele is
reported to be different among racial populations; for
example, the frequency of this allele in Swedes is
approximately two times higher than in Japanese [7, 10].
- Since no homozygosity for the e-4 allele was observed in
our small sample study, the net in vivo effect of the ApoE
polymorphism remains obscure.

Forward stepwise linear multiple regression analysis
demonstrated that only the g.1173C>T SNP in the
VKORC! gene was independently and significantly
. (P<0.05) associated with warfarin sensitivity (i.e., INR/
Cp) among the studied polymorphisms, causing up to 50%
of the variance. In a multiple regression analysis including
the following five variants, the partial ¥ values were
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Fig. 1 Polymorphisms of the VKORCI gene (g.1173C>T) and
pharmacodynamic outcomes of warfarin. Time course of changes in
warfarin daily dose and international normalized ratio (INR) values
during the observation period (6 months) in patients with and
without VKORCI g.1173C>T polymorphism.- Individual mean
warfarin daily doses are also presented for the three VKORCI

genotype groups

follows: g.1173C>T in'the VKORC1 gene (partial =0.50,
P<0.05), —402G>A in the factor VII gene (partial =0.11),
CYP2C9*3 (partial 7=0.02), g.494C>T in the factor II
gene (¥=0.01), and (CAA repeat), in the GGC gene
(*=0.01), all together accounted for approximately 65% of
variance (multiple 7=0.81). It seems that the significance of
the associations with factor VII, factor II and GGC
polymorphisms that were found in our previous study [1]
may have been overestimated. '
Determination of the VKORCI g.1173 C>T polymor-
phism enhanced the predictive capability of inter-patient
variability in warfarin sensitivity, accounting for approxi-
mately 50% [1] to 65% in our series. Similar improvement
has been recognized in other studies {3, 5, 11]. Although
prospective clinical studies are essential for confirmation,
our results suggest that individual warfarin sensitivity can
be predicted when we consider polymorphisms in
VKORCI, CYP2C9, and vitamin K-dependent protein
genes, especially at the initiation of therapy. Among the
factors proposed, the VKORC! genotype explains 50% of
the variability, demonstrating the major role of this gene in
the anticoagulant response. Our observations are in good
agreement with those reported by Reider et al. [4] who.
indicated that variations in the VKORC]1 gene have a larger
effect on warfarin dose than in the CYP2C9 gene. In the
present study, we treated the sum concentration of R- and
S-warfarin as “Cp” although S-warfarin is about 3-5 times
more active than R-warfarin, and CYP2C9 is involved in
the metabolism of S-warfarin but not of R-warfarin. Thus,
the contribution of CYP2C9*3 to the variability in warfarin
sensitivity was smaller than the contribution shown
previously by others, probably because of the different
phenotypic variable (INR/Cp ratio) used and the low
frequency of the *3 allele in the Japanese population.
Ethnicity appears to be an important factor in the deter-
mination of warfarin therapy. Reider et al. [4] identified five
major haplotypes (H1, H2, H7, H8 and H9) in Caucasian
and Asian populations; the H1 or H2 haplotypes (both camry
the VKORC1 1173T allele) predicted the low-warfarin-dose
phenotype and were relatively common. in the Asian
population. Takahashi et al. [12] also described that the-
higher warfarin dose requirements in African-Americans
may possibly reflect the higher frequency of the VKORCI
1173C allele compared to Japanese and Caucasians, with
corresponding values of 91%, 11% and 58%, respectively.
Thus, collective evidence suggests that the VKORC! poly-
morphism is involved in both inter-individual and inter-
ethnic differences in warfarin therapy. VKORCI genotyping
is therefore essential at the beginning of warfarin therapy.
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ABSTRACT:

Diphenhydramine is widely used as an over-the-counter antihista-
mine. However, the specific human cytochrome P450 (P450)
isozymes that mediate the metabolism of diphenhydramine in the
range of clinically. relevant concentrations (0.14-0.77 M) remain
unclear. Therefore, P450 isozymes involved in N-demethylation, a
main metabolic pathway of diphenhydramine, were identified by a
liquid chromatography-mass spectrometry method developed in
our laboratory. Among 14 recombinant P450 isozymes, CYP2D6
showed the highest activity of diphenhydramine N-demethylation
{0.69 pmol/min/pmol P450) at 0.5 M. CYP2D6 catalyzed diphen-

hydramine N-demethylation as a high-affinity P450 isozyme, the

K, value of which was 1.12 £+ 021 uM. In addition, CYP1A2,
CYP2C9, and CYP2C19 were identified as low-affinity components.
In human liver microsomes, involvement of CYP2D6, CYP1A2,

Received July 17, 2006; accepted September 29, 2006

CYP2C9, and CYP2C19 in diphenhydramine N-demethylation was
confirmed by using P450 isozyme-specific inhibitors. In addition,
contributions of these P450 isozymes estimated by the relative
activity factor were in good agreement with the results of inhibition
studies. Although an inhibitory effect of diphenhydramine on the
metabolic activity of CYP2D6 has been reported previously, the
results of the present study suggest that it is not only a potent
inhibitor but also a high-affinity substrate of CYP2D6. Therefore, it
is worth mentioning that the sedative effect of diphenhydramine
might be caused by coadministration of CYP2D6 substrate(s)/in-
hibitor{s). In addition, large differences in the metabolic activities
of CYP2D6 and those of CYP1A2, CYP2C9, and CYP2C19 could
cause the individual differences in anti-allergic efficacy and the-
sedative effect of diphenhydramine.

Histamine H1 receptor antagonists (antihistaminés) are useful in the
treatment of various allergic diseases such as allergic rhxmhs, con-
junctivitis, atopic dermatitis, urticaria, asthma, and anaphylaxis (Mi-
zushima, 2006). Recently, there has been increasing interest in the
metabolism and pharmacodynamic effects of classic antihistamines
because of severe deleterious cytochrome P450 (P450)-based drug-
drug interactions observed with second-generation antihistamines
such as teifenadine (Monahan et al., 1950; Paakkari, 2002). Diphen-
- hydramine is a first-generation antihistamine synthesized in the 1940s

(Loew et al., 1946) and has been. widely used as an over-the-counter

drug (Kay and Quig, 2001; Food and Drug Admxmstrauon, 2002).
Since this antihistamine is available without prescription, itis possible
that it is taken with various drugs, so that an interdction may occur
when the same P450 isozyme(s) is involved in the major metabolic
processes of diphenhydramine and concomitant drug(s).
Dlphenhydramme is extensively metabolized by demethylation to
N:demethyl diphenhydramine, followed by rapid demethylation to
N ,N-didemethy] diphenhydramine. N ,N- Didemethyl diphenhydramine
is further metabolized by oxidative deamination to diphenylmethoxy-
acetic acid. These metabolic pathways are thought to be major path-

Article, publication date, and citation inforiation can be found at
http://dmd.aspetjournals.org.
doi:10.1124/dmd. 106.012088.

ways in humans (Chang et al., 1974; Blyden et al., 1986), although
little is known about the enzymes involved in these metabolic path-
ways of diphenhydramine because of the limited requirements for
pharmacokinetics/metabolism data before marketing classic antihista-
mines. However, the metabolism of classic antihistamines seems to be
mediated by CYP2D6 because of the similar structural characteristics
of many CYP2D6 substrates and inhibitors (Koymans et al., 1992;
Smith and Jones, 1992; de Groot et al., 1997). In fact, several classic
antihistamines, such as chlorpheniramine, mequitazine, and prometh-
azine, have been shown to be metabolized by CYP2D6 (Nakamura et
al., 1996, 1998; Yasuda et al., 2001). In addition, previous studies
revealed that diphenhydramine inhibited the metabolism of several

‘CYP2D6 substrates in vivo and in vitro (Hamelin et al., 1998, 2000;

Lessard et al., 2001; He et al., 2002). These findings suggest that the
metabolism of diphenhydramine is also mediated by CYP2D6.
However, Lessard et al. (2001) repcrted that the clearance of
diphenhydramine to its N-demethylated metabolite (2-benzhydryloxy-
N-methyl-ethanamine) is not different in extensive and poor metabo-
lizer phenotypes of CYP2D6 and suggested that diphenhydramine is
not extensively metabolized by this P450 isozyme. In addition, mul-
tiple P450 isozymes, CYP1A2, CYP2C18; CYP2C19, CYP2D6, and
CYP2B6, have been reported to be involved in the N-demethylation of
diphenhydramine at 20 uM (Hamelin et al., 2001; Sharma and Hame-

- ABBREVIATIONS: P450 cytochrome P450; LC/MS, ||qu|d chromatography/mass spectrometry; RAF “rolative- acnvny factor; SKF-525A,

proad ifen.
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P450 ISOZYMES INVOLVED IN DIPHENHYDRAMINE N-DEMETHYLATION

1in, 2003). Nonetheless, it remains unclear whether these P450

isozymes also catalyze the N-demethylation of diphenhydramine at

clinically relevant concentrations, which are 37 to 83 ng/mi (0.14—
0.33 pM) in plasma after oral administration, and 99 to 196 ng/ml
(038-0.77 uM) in plasma after intravenous injection of 50 mg of
diphenhydramine hydrochloride (Carruthers et al., 1978; Blyden et al.,
1986).

Therefore, the aim of this study was to identify the P450 isozymes
Jinvolved in N-demethylation of diphenhydramine using recombinant
P450 isozymes and human liver microsomes at a clinically relevant
concentration (0.5 uM) of ‘dipheénihydramine by-a liquid chromatog-
raphy-mass spectrometry (LLC/MS) method developed in our labora-
tory. Contributions of multiple P450 isozymes to human liver micro-
somal N-demethylation of diphenhydramine were also estimated by
application of the relative activity factor (RAF) (Crespi, 1995) and
were verified by the results of inhibition studies using P450 isozyme-
specific inhibitors.

Materials and Methods

Chemicals and Reagenls. Diphenhydramine hydrochloride, qmmdme sul-
fate, furafylline, sulfaphenazole, and omeprazole were purchased from Sigma
(St. Louis, MO). Orphenadrine hydrochloride was purchased from MP Bio-
medicals (Irvine, CA). SKF-525A .was purchased from Toronto Research
Chemicals (North York, ON, Canada). Glucose 6-phosphate, glucose-6-phos-
phate dehydrogenase, and NADP™ were purchased from Oriental Yeast Co.
(Tokyo, Japan). 2-Benzhy dryloxy-N-methyl- ethanamine (N-demethyl diphen-
hydramine) was synthesized by Wako Pure Chemical Industries (Osaka, Ja-
pan).- Human liver microsomes (HG3; 6, 23, 30, 42, 43, 56, 66,70, 89, 93, 112,
and pooled) and microsomes prepared from baculovirus-infected insect cells
expressing CYPIAIL, CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9,
CYP2C18, CYP2C19, CYP2D6, CYP2E], CYP3A4, and CYP4A11 individ-
ually were obtained from BD Gentest (Wobum, MA). All recombinant P450s
had been coexpressed with NADPH P450 oxidoreductase. Recombinant

CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2E1, and CYP3A4 -

were also coexpressed with cytochrome bs. Microsomal protein expressing
NADPH P450 oxidoreductase and cytochrome by was used as a control. Other
chemicals and tea,,ents used in this study were research-grade purchased from
Wako.

Diphenhydramine N-Demethylanon Assay. The basic incubation mixture
contained recombinant P450 isozyme (5 pmol of P450/ml) or human liver
microsomes (0.1 mg/ml), 0.1 mM EDTA, 100 mM potassium phosphate buffer
(pH 7.4), and 0.5 M diphenhydramine in a final incubation volume of 250 ul
The reaction was initiated by the addition of an NADPH-genemting system
(0.5 mM NADP™, 2.0 mM glucose 6-phosphate, 1 U/m} glucose-6-phosphate
dehydrogenase, and 4 mM MgCly). Incubation was performed for 20 min for
recombinant P450 isozyme or 60 min for humnan liver microsomes at 37°C and
terminated by the addition of 250 wl.of 0.1 M HCL. Orphenadrme was added
as an internal standard at a final concentration of 0.2 uM. The reaction was
performed in a linear range with respect to the protein concentration and the

_incubation time for each recombinant P450 isozyme and pooled hurnan liver
microson:es. Under the incubation conditions of the present study, negligible
metabolism of N-demethyl diphenhydramine to N,N-didemethyl diphenhydra-
mine was confirmed by single ion monitoring at m/z 228, using the pseudo-
molecular ion of N,N-didemethyl diphenhydramine. For calibration standards,
incubation was performied without diphenhydramine and terminated by the
addition of 250 ul of 0.1 M HCL Then, N-démethyl diphenhydramine was
added to.the reaction mixture at final concentrations of S aM'to 5 M. The
correlation coefficient (r) for the calibration curve calculated by the least-
squares regression method was r > 0.99 at fina) concentrations of SnM to §
uM. The coefficient of variation for the assay in the present study was 9.7%
(n = 5). All procedures were performed in siliconized glass tubes to avoid
adsorption of the microsomes, substrate, and metabolites.

Solid-Phase Extraction. Solid-phase extraction was performed by the
method of Miyaguchi et al. (2006) with slight modifications. The iricubation
mixture was applied to a mix-mode solid-phase extraetion éartridge*(Oasis
MCX cartridge; Waters, Milford, MA). The carﬁidge was conditioned with 1
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Fi6. 1. Mass chromamgrams of 2-bmzhydryloxy-N-methyl-ethanamme (N-dem-
ethyl diphenhydramine) (A), diphenhydramine (B), and orphenadrine derived from
an incubation mixture of human liver microsomes (C). Psendomolecular ions of -
N-demethyl diphenbydramine, diphenhydramine, and orphenadrine were monitored
at m/z 242, 256, and 270, respectively. The retention times of N-demethy] diphen- -
hydramine, diphenhydramine, and orphenadrine in this analytical condition were .
5.5, 6.6, and 9.0 min, respectively.

ml each of acetonitrile and distilled water before use. After application of the
reaction mixture, the cartridge was washed with 1 ml each of 0.1 M HCl and
acetonitrile and then eluted with 1 ml of 5% ammonium hydroxide in aceto-
nitrile. In this solid-phase extraction method, lipophilic basic compounds were
selectively eluted. The eluate was dried under a gentle stream of nitrogen at
45°C and reconstituted by 100 ul of distilled water/acetonitrile (50:50 v/v).
Ten microliters of the reconstituted sample was applied to an LC/MS system. .
In this extraction procedure, the recovery rates of N- -demethyl d:phenhydra-
mine were calculated by three or four independent analyses to be 100.0 +
2.2% at 50 nM and 95.0 = 2.2% at 5 uM. Coefficients of variation of this
solid-phase extraction method were 2.2% at 50 nM and 2.3% at S.uM.

LC/MS Conditions. Determination of diphenhydramine and its N-demeth-
ylated metabolite was carried out using an LC/MS system. The LC system
consisted of an Alliance 2695 separation module (Waters) and an XTerra MS'
C18 column (particle size of 3.5 um, 2.1 mm i.d: X 100 mm; Waters). The
mobile phase consisted of 0.1% ammonia in water/acetonitrile (50:50 v/v) ata
flow rate of 0.25 ml/min. The column temperature was maintained at 40°C.
This LC system was connected to an ion trap MS system (Micromass ZQ;
Waters) with an electron spray ionization probe. The compounds were detected
in the positive-ion electron spray ionization mode. For maximal sensitivity, the
ion source temperature and cone voltage were optimized at 120°C and 20 V,
respectively. Nitrogen was used for desolvation at a flow rate of 500 h. The
desolvation temperature was 350°C. For quantitation, monitoring of single ions
was performed at m/z of pseudomolecular jons of N-demethyl diphenhydra-
mine (m/z 242), diphenhydramine (m/z 256), and orphenadrine (m/z 270).
N-Demethyl diphenhydramine, diphenhydramine, and orphenadrine were iden-
tified by matching the retention time and m/z of pseudomolecular ions with
those of authentic materials. The retention times of N-demethyl diphenhydra-
mine, diphenhydramine, and orphenadrine i in this analytical condition were 5.5
min, 6.6 min, and 9.0 ruin, respectively (Flg 1). Limits of quantification in the
agsays with recombinant P450s and with human liver microsomes are final
concentrations of 2.0 nM and 2.8 nM, respectively, calculated as s:gna]-m-
noise ratios of more than 10.

Kinetics of Diphenhydramine N-Demethylation in Pooled Human Liver
Microsomes. Kinetics of diphenhydramine N-demethylation in pooled human
liver microsomes were determined from formation rates of N-demethyl di-
phenhydramine at diphenhydramine concentrations ranging from 0.5 to 500
pM. Involvement of multiple enzymes was assessed by Eadie-Hofstee plots.
When the Eadie-Hofstee plot was not linear, the Kinetic parameters of high-
and low-affinity components (K, and V., for the high-affinity component
and K., and V,,, for the low-affinity component) were estimated by graphic
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analysis of the two-component Michaelis-Menten- model calculated by using

DeltaGraph 4.5 (Nippon Polaroid, Tokyo, Japan).

Correlation Study. Correlation coefficients between diphenhydramine N-
demethylation activity at 0.5 uM and other P450 isozyme-specific activities
were calcnlated in humsn liver microsomes from 12 individual donors. Data of
activities of phenacetin O-deethylation for CYP1A2, coumarin 7-hydroxyla-

tion for CYP2AG, (S)-mephenytoin N-demethylation for CYP2B6, paclitaxel

6a-hydroxylation for CYP2CS8, diclofenac 4'-hydroxylation for CYP2C9, (S)-
mephenytoin 4'-hydroxylation for CYP2C19, bufuralol 1’-hydroxylation for
CYP2D6, chlorzoxazone 6-hydroxylation for CYP2E], testosterone 68-hy-
droxylation for CYP3A4, and lauric acid 12-hydroxylation for CYP4A were
provided by BD Gentest.

Cheinical Inhibition Study. The effects of P450 mozynxe—speczﬁc inhibj-
tors on d:phenhydratmnc N-demethylation activity were investigated in human
liver microsomes. Human liver microsomal protein (0.1 mg/ml!) was incubated
with 0.5 uM diphenhydramine in the presence of 1 pM quinidine (a selective
CYP2D6 inhibitor) at 37°C for 60 min. Correlation- coefficients between the
residual diphenhydramine N-demethylation activity in the presence of 1 uM
quinidine and other P450 lsozynw-s?ecmc activities were calculated in human
liver microsomes from 12 individual donors. Thhibition studies with 10 uM
furafylline for CYP1A2, 10 uM salfaphenazole for CYP2C9, and 10 uM
. omeprazole for CYP2C19 in individual human liver microsomes HG30,
HG66, HG89, and HG112 and in pooled human liver microsomes were also
performed. These human liver microsomes from individual donors were se-
lected because they showed characteristic activities of CYP2D6, CYP1A2,
CYP2C9, and CYP2C19- and comparable activities of diphenhydramine N-
demethylation. The concentrations of specific inhibitors were verified by
inhibition of the specific activities of coresponding P450 isozymes in human
liver microsomes (Bourrie et al., 1996; Kobayashi et al., 1999; Giraud et al.,
2004).

Kinetics of Diphenhydramine N-Demethylation in Recombinant P450°
Isozymes. Kinetics of diphenhydramine N-demethylation in recombinant
CYP1A2, CYP2C9, CYP2C19, and CYP2D6 were determined from formation
rates of N-demethyl diphenhydramine at diphenhydramine concentrations’
ranging from 0.05 to 20 uM for CYP2D6 and from 0.5 to 500 uM for
CYP1A2, CYP2C9, and CYP2C19. The kinetic parameters (K, Vi, and

V..ol K..) were estimated by graphic analysis of the one-oomponem Michaelis-
Menten model calculated by using DeltaGraph 4.5.

Contribution of Each P450 Isozyme to Diphenhydramine N-Demethyl-
ation in Human Liver Microsomes. The percentage contribution of each
P450 isozyme to dlphmhydratmne N-demethylation in human' liver micro-

somes was estimated by application of the RAF (Crespi, 1995). The RAF for -

CYP1A2 was determined as the ratio of the activity of plienacetin O-deethy-
lation, a specific metabolic reaction of CYP1A2, in human liver microsomes to
that of zecombinant CYP1A2. Similarly, diclofenac 4'-hydroxylation, (S)-
mephenytoin 4’-hydroxylation, and bufuralol I‘-hydroxylation were used for
calculations of the RAFs of CYP2C9, CYP2C19, and CYP2D6, respectively.
The clearance of each P450 isozyme in human liver microsomes is represented
by the cleatance of each recombinant P450 isozyme multiplied by the RAF.
Clearances of human liver microsomes are shown as the sum of the clearances
of P450 isozymes in human liver microsomes. The contribution of each P450
isozyme to diphenhydramine N-demethylation in human liver microsomes is
represented by the percentage of clearance of human liver microsomes. The
percentages of contribution of P450 isozymes to diphenhydramine N-demeth-

.ylation in human liver microsomes estimated by application of the RAF
were compared with the percentages.of inhibition by P450 isozyme-specific
inhibitors. ’

Results

Dlphenhydramme N-Demethylation Activity in Recombinant
P450 Isozymies. Diphenhydramine N-demethylation activities at 0.5
M in microsomes of baculovirus-infected insect cells expressing 14
individual P450 isozymes were determined (Fig. 2). CYP2D6 showed
the highest activity of diphenhydramine N-demethylation (0.69 pmol/
min/pmol P450). The activity of recombinaat CYP2C19 was. 0.071
‘pmol/min/pmol P450, the second highest. Recombinant CYP1A2,

CYP2B6, and CYP2CI8 also showed diphenhydramine N-demethyl-
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Fu. 2. Diphenhydramine N-demethylation activity at 0.5 uM in microsomes of
baculovirus-infected insect cells expressing 14 different P450 isozymes individu- -
ally. Five pmol/m} recombinant P450 isozyme was incubated with 0.5 uM diphen-
hydramine at 37°C for 20 min. The incubation was performed in the presence of
NADPH. Recombinant P450 isozymes used in the present study were coexpressed
with cytochrome P450 oxidoreductase and/or cytochrome b;. The amounts of
cytochrome P450 oxidoreductase and cytochrome b, of the recombinant P450
isozymes used in the present study were 250 to 4900 nmol/min/mg protein and 200
to 1000 pmol/mg protein, respectively. Each column represents the mean of two
independent analyses. b3, cytochrome by: OR, cytochrome P450 oxidoreductase.

ation activities (0.043, 0.023, and 0.036 pmol/min/pmol P450, respec-
tively), whereas CYP1A1, CYP2C9, and CYP3A4 showed detectable
but Jow activity (0.010, 0.0082, and 0.0084 pmol/min/pmol P450,
respectively). ‘

Kinetics of Diphenhydramine N-Demethylation Activity in
Pooled Human Liver Microsomes. The Eadie-Hofstee plot for di-
phenhydramine N-demethylation activity in pooled human liver mi-
crosomes showed a biphasic pattern (data not shown). Vo, and K,
kinetic parameters for the high-affinity component, were calculated to.
be 30.2 pmol/min/mg protein and 13.3 uM, respectively. V.., and
K., kinetic parameters for the low-affinity component, were calcu-
lated to be 551 pmol/min/mg protein and 401 pM, respectively. Each
parameter was calculated by the mean of three independent analyses.

Diphenhydramine N-Demethylation Activity in Individual Hu-
man Liver Microsomes. As shown in Fig. 3, diphenhydramine N-
demethylation activities at 0.5 uM varied 4.5-fold (0.87-3. 89 pmol/
min/mg protein) among 12 human liver microsomes tested.
Diphenhydramine N-demethylation activity in human liver micro-
somes was completely inhibited by SKF-525A (1 mM), a typical P450
inhibitor, which was incubated concomitantly with diphenhydramine
and was not detected in the absence of the NADPH generating system
(data not shown).

" Correlations between Dlphenhydramme N-Demethylahon Ac-
tivity in the Presence or Absence of Quinidine and Specific Ac-
tivities of Other P450 Isozymes in Human Liver Microsomes. As
shown in Table 1, correlation coefficients between diphenhydramine
N-demethylation activities in the presence or absence of 1 uM quin-
idine and specific activities of other P450 isozymes were calculated in
human liver microsomes from 12 individual donors. In the absence of
quinidine, diphenhydramine N-demethylation activity was si ignifi-
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F16. 3. Diphenhydramine N-demethylation activity at 0.5 pM in human liver
microsomes from 12 individual donors. Human liver microsomal protein (0.1
mg/ml) was incubated with 0.5 uM diphenhydramine at 37°C for 60 min. The
incubation was performed in the presence of NADPH. The amounts of cytochrome
P450 oxidoreductase and cytochrome b of the human liver microsomes used in the
present study were 241 to 415 nmol/min/mg protein and 445 to 754 pmol/mg
protein, respectively. Each column represents the mean S.D. of five independent

analyses.

TABLE 1
'Correlations of diphenhydramine N-demethylation activity in the presence or
absence of quinidine with P450 isozyme-specific activities in human liver
microsomes from 12 individual donors

The correlation coefficients (r) were calculated by the least-squares regression method.

r

P450 Isozyme Specific _,‘_\cuvuy Without Wi ﬂ:
CYP1A2 Phenacetin O-deethylation 0.468 0.721%*
CYP2A6 Coumarin 7-hydroxylation 0.127 0.177
CYP2B6 (S)-Mephenytoin N-demethylation 0.099 0.345
CYP2C8 Paclitaxel 6a-hydroxylation 0.143 0.468
CYP2C9 Diclofenac 4'-hydroxylation 0.346 0.822%*
CYP2C19 (S)y-Mephenytoin 4'-hydroxylation 0.027 0.542
CYP2D6 Bufuralol 1'-hydroxylation 0.672* —
CYP2E1 Chlorzoxazone 6-hydroxylation 0.310 0.050
CYP3A4 Testosterone 63-hydroxylation 0.072 0.546
CYP4A Lauric acid 12-hydroxylation 0.404

0.616%

*p < 0.05, * p < 0.01 (statistical significance for 7).
—, not calculated.

cantly correlated with bufuralol 1'-hydroxylation activity (r = 0.672,

p < 0.05) and lauric acid 12-hydroxylation activity (r = 0.616,p <
0.05). On the other hand, when CYP2DG6 activities were inhibited by
quinidine, phenacetin O-deethylation activity (r = 0.721, p < 0.01)
and diclofenac 4’-hydroxylation activity (r = 0.822, p'< 0.01) were
significantly correlated with residual diphenhydramine N-demethyl-
ation activity. Percentages of inhibition of diphenhydramine N-de-
methylation by quinidine in human liver microsomes from 12 indi-
vidual donors were.4.8 to 76.1%

Inhibition Studies with Furafyllme, Sulfaphenazole, and Ome-
prazole in Individual and Pooled Human Liver Mlcrosomes Di-
phenhydramine N- demethylatlon activities in the presence of furafyl-
line, su]faphenazole or omeprazole (each 10 pM) were determined in

s

Yooof CTL:

L+ (E)Poolked

Fic. 4. Effects of furafylline, sulfaphenazole, omeprazole, and quinidine on di-
phenhydramine N-demethylation in individual and pooled human liver microsomes.
Individual human liver microsomes (HG33, 66, 89, and 112) and pooled human
liver microsomes were incubated with 0.5 uM diphenhydramine and P450 isozyme-
specific inhibitors (10 uM furafylline, sulfaphenazole, or omeprazole or 1 uM
quinidine) at 37°C for 60 min. Each value is the percentage of residual activity
compared with the control sample (containing no inhibitor). The control activities of
diphenhydramine N-demiethylation of individual (HG30, 66, 89, and 112} and
pooled human liver microsomes were 3.34 + 0.44, 2.24 = 0.19, 1.87 = 0.15,
2.17 = 0.39, and 1.41 = 0.13 pmoVmin/mg protein; respectively. Each column
expresses the mean * S.D. of three or four independent analyses. CTL, control;
FFL, furafylline; SPZ, sulfaphmazole; OPZ, omeprazole; QND, quinidine.

four individual samples and one pooled sample of human liver mi-
crosomes. The inhibitory effects of these inhibitors and qmmdme on
diphenhydramine N-demethylation activity are shown in Fig. 4. As
shown in Fig. 4B, diphenhydramine N-demethylation of HG66, hav-

ing a high bufuralol 1’-hydroxylation activity, was hardly inhibited by

furafylline (5.9%), sulfaphenazole (5.8%), or omeprazole (6.2%). In
HG30, having no detectable bufuralol 1’-hydroxylation activity and
high phenacetin O-deethylation and diclofenac 4'-hydroxylation ac-
tivity, diphenhydrarnine N-demethylation was inhibited by furafylline
(53.1%), sulfaphenazole (39.2%), and omeprazole (46.7%) (Fig. 4A).
In HG89, having a low bufuralol 1’-hydroxylation activity and me-
dium phenacetin O-deethylation, diclofenac 4'-hydroxylation and (S)-
mephenytoin 4'-hydroxylation activity, diphenhydramine N-demeth-
ylation was inhibited by furafylline (56.0%), sulfaphenazole (25.8%),
and omeprazole (37.0%) (Fig. 4C). In HG112, having low bufuralo]
1'-hydroxylation and phenacetin O-deethylation activity and high
diclofenac 4'-hydroxylation and (S)-mephenytoin 4'-hydroxylation
activity, diphenhydramine N-demethylition was inhibited by furafyl-
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TABLE 2

Michaelis-Menten Kinetic paramelers of diphenhydramine-N-demethytation in
baculovirus-infected insect cells expressing CYPIA2, CYP2C9, CYP2CI09, or

CYP2D6
Data represent mean-* S.D. of three independent snalyses. )
P450 Isozyme Vo Kn VoK
pmolfminjpmol P450 oM p/minjpmol P450
CYP1A2 14023 295 = 46 0.047
CYP2C9 443 £ 028 134 = 32 0.033
CYP2C19 11.0 £ 2.6 557 *6.5 0.198
CYP2D6 238 =024 1.12+0.21 213

line (11.8%), sulfaphenazole (34.8%), and omeprazole (54.1%) (Fig.
4D). In pooled human liver microsomes, diphenhydramine N-demeth-
ylation was inhibited by furafylline (23.0%), sulfaphenazole (19.7%),
and omeprazole (11.2%) (Fig. 4E). ‘ ‘

Kinetics of Diphenhydramine N-Demethylation in Recombi-
nant CYP1A2, CYP2C9, CYP2C19, and CYP2D6. Concentration-
activity relationships for diphenhydramine N-demethylation activities
of recombinant CYP1A2, CYP2C9, CYP2C19, and CYP2D6 were
able to be fitted by a Michaelis-Menten equation. The kinetic param-
eters in recombinant CYP1A2, CYP2C9, CYP2C19, and CYP2D6 are
listed in Table 2. The V,,,, value of recombinant CYP2D6 was 2.38 +
0.24 pmol/min/pmol P450: Recombinant CYP2D6 showed the lowest
K, value (1.12 = 021 pM). V., values of CYP1A2, CYP2C9, and
CYP2C19 were 14.0 * 2.3, 443 + 0.28, and 11.0 *+ 2.6 pmoV/min/
pmol P450, respectively. K., values of CYP1A2, CYP2C9, and
CYP2C19 were 295 * 46, 134 £ 32, and 55.7 = 6.5 uM, respec- ’
tively. . -

Contributions of CYP1A2, CYP2C9, CYP2C19, and CYP2D6
to Diphenhydramine N-Demethylation in Human Liver Micro-
somes. Contributions of CYP2D6, CYPIA2, CYP2C9, and CYP2C19
to diphenhydramine N-demethylation in four individua! samples and
one pooled sample of human_ liver microsomes estimated by the
application of RAFs are shown in'Fig. SA. In HG66, which showed a
high level of bufuralol 1’-hydroxylation activity, the contribution of

. CYP2D6 to diphenhydramine N-demethylation was estimated to be
up to 80%, whereas the contributions of CYP1A2, CYP2C9, and
CYP2C19 were low. In HG30, HG89, and HG112, which showed no
detectable or low levels of bufuralol 1’-hydroxylation activity, the
contribution of CYP2D6 to diphenhydramine N-demethylation was
estimated to be negligible or low (0-12.1%). On the other hand,
contributions of CYP1A2, CYP2C9, and CYP2C19 in these micro-
somes were estimated to be relatively high (around 30%) for each
isozyme except for CYP1A2 in HG112 (4.2%), which showed a low
phenacetin O-deethylation activity. In pooled human liver micro-
somes, the contribution of CYP2D6 was estimated to be half of the
total activity of diphenhydramine N-demethylation. '

Contributions of CYP1A2, CYP2C9, CYP2C19, and CYP2D6 to
diphenhydramine -N-demethylation, estimated by the application of
RAFs and by the results of inhibition studies, were compared in Fig.
5, A and B. Contributions of these P450 isozymes to diphenhydramine
N-demethylation estimated by the application of RAFs (Fig. 5A) were
in good agreement with those estimated by inhibition studies using
P450 isozyme-specific inhibitors in four individual samples and one
pooled sample of human liver microsomes (Fig. 5B). )

Discussion

In the present study, the highest level of activity of diphenhydra-
mine N-demethylation was found in recombinant CYP2D6 at a clin-
ically relevant concentration (0.5'uM) by an LC/MS ‘method devel-
oped in our laboratory (Fig. 2). A significant correlation was also
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‘Human liver-ficrosofrias .
Fie. 5. Comparisons of the contributions of CYP1A2, CYP2C9, CYP2CI19, and
CYP2D6 to diphenhydraroine N-demethylation estimated by the application of
RAFs and by the results of inhibition studies. Contributions of P450 isozymes to
diphenhydramine N-demethylation estimated by the application of RAFs (A) and by
the resulis of inhibition studies (B) are shown. Data represent predicted contribution
of each P450 isozyme to the total activity of each individual and pooled sample of
human liver microsomes. Contributions of CYP1A2, CYP2C9, CYP2C19, and
CYP2D6 estimated by the application of RAFs in individual and pooled human liver
microsomes are as follows: 31.6, 45.9, 22.5, and 0%, respectively, in HG30; 4.1,
13.4, 1.2, and 81.3%, respectively, in HG66; 36.0, 32.1, 27.4, and 4.6%, respec-
tively, in HG89; 4.2, 35.8,47.9, and 12.1%, respectively, in HG112: and 142, 275,
9.9, and 48.4%, respectively, in pooled human liver microsomes.

found between diphenhydramine N-demethylation activity and bu-
furalol 1'-hydroxylation activity (r = 0.672, p < 0.05) in human liver
microsomes from 12 individual donors (Table 1). Moreover, diphen-
hydramine N-demethylation was strongly inhibited by quinidine in
human liver microsomes having a high level of CYP2D6 activity
@#G66, Fig. 4B). Furthermore, the K, vaiue for diphenhydramine
N-demethylation of recombinant CYP2D6 is the lowest (1.12 £ 021
M) among P450 isozymes tested (Table 2). These results indicate
that N-demethylation of diphenhydramine is mainly catalyzed by
CYP2D6 as a high-affinity P450 isozyme in vitro. In a previous case
report, the half-life of diphenhydramine was 2-fold greater than the
usual value in an elderly woman who had a prolonged half-life of
imipramnine (Glassman et al., 1985), which is mainly metabolized by
CYP2D6 (Koyama et al., 1997), suggesting that diphenhydramine is
a substrate of CYP2D6 in vivo. In addition, diphenhydramine is
known to inhibit the metabolism of several other CYP2D6 substrates
in vitro and in vivo (Hamelin et al., 1998, 2000; Lessard et al., 2001;
He et al., 2002). These findings, coupled with the results of the present
study, suggest that diphenhydramine is not only a potent inhibitor of
CYP2D6 but also a high-affinity substrate of CYP2D6 in vitro and in
vivo. .

Since an Fadie-Hofstee plot in pooled human liver- microsomes
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showed a biphasic pattern, mulnple P450 isozymes are thought to be
involved in N-demethylation of diphenhydramine in addition to
CYP2D6. In the present study, we obtained several results supporting
the involvement of CYP1A2, CYP2C9, and CYP2C19 in N-demeth-
ylation of diphenhydramine as low-affinity components. In previous
studies (Hamelin et al.; 2001; Sharma and Hamelin, 2003), N-demeth-
ylation of diphenhydramine was reported to be mediated by multiple
P450 isozymes, CYP1A2, CYP2C18, CYP2C19, CYP2D6, and
CYP2B6, at 20 pM. This finding is consistent with the results of the
present study showing that CYP1A2 and CYP2C19 are involved in
diphenhydramine N-demethylation as low-affinity components,

whereas it is inconsistent with the finding in the present study that-

CYP2C9 is involved as one of the low-affinity enzymes in diphen-
hydramine N-demethylation. However, the results of the present study
showed that diclofenac 4'-hydroxylation was significantly correlated
with diphenhydramine N-demethylation activity (r = 0.822, p <0.01)
in human liver microsomes from 12 individual donors when CYP2D6
activity was inhibited by quinidine (Table 1). Furthermore, an inhib-
itory effect of sulfaphenazole on N-demethylation of diphenhydra-
mine was seen in human liver microsomes having low levels of or no
detectable activity of CYP2D6 (Fig. 4) and was in good agreement
with the contribution of CYP2C9 estimated by application of the RAF
(Fig.-S). Therefore, diphenhydramine N-demethylation seems to be
mediated by CYP2C9 in addition to CYP1A2 and CYP2C19 as
low-affinity components in human liver microsorhes. In the ‘present
study, although a significant correlation was also found between lauric
acid 12-hydroxylation and diphenhydramine N-demethylation activity
(Table 1), involvement of CYP4A was not examined because a
correlation was not found when CYP2D6 was inhibited by quinidine
(Table 1) and diphenhydramine N-demethylation activity was not
detectable in recombinant CYP4A11 (Fig. 2). In addition, involve-
ment of CYP2C18 and CYP2B6 was not examined in the present
study because the results of inhibition studies using P450 isozyme-
specific inhibitors in individual and pooled human liver microsomes
showed that low-affinity components involved in N-demethylanon of
diphenhydramine. are almost completely explamed by CYP1A2,
CYP2C9 and CYP2C19 (Flg 4).

The main adverse effects of classic antihistamines are effects on the
central nervous system such as sedation, and impairment of cognitive
function and psychomotor performance (Hindmarch and Shamsi,
1999; Welch and Meltzer, 2002). The sedative effect of diphenhydra-
mine has been reported to be correlated with its plasma concentration
(Carruthers et al., 1978). Thérefore; when the major metabolic process
of diphenhydramine and a concomitant drug(s) is mediated by the

same P450 isozyme(s), a sedative effect may be induced by an

increase in the plasma concentration of diphenhydramine. The results
of the present study mdlcate that d1phenhydramme is mainly metab-
olized bv CYP2DS6, which is known to catalyze the oxidative metab-
olism of various clinically important drugs (Zanger et al,, 2004). In
_ addition, since diphenhydramine is available without prescription
(Food and Drug Administration, 2002), it is possible that it is taken
with various drugs. Therefore, it should be emphasized that the
plasma concentration of diphenhydramine may be increased and a
sedative effect may be induced by coadministration of .CYP2D6
substratesfinhibitors. Besides, in the case of poor metabolizer pheno-
types of CYP2D6, drug-drug interaction may occur between diphen-
hydramipe and substrates/inhibitorsfinducers of CYP1A2, CYP2CY,
and CYP2C19, because N-deméthylation of diphenhydramine seems
to be mediated by these P450 isozymes as low-affinity components.
" In the present study, diphenhydramine N-demethylation activities at
0.5 uM varied 4.5-fold (0.87-3.89. pmol/min/mg protein) among
human liver microsomes tested (Fig. 5). In addition, the results of the
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present study indicate that diphenhydramine N-demethylation is
mainly catalyzed by CYP2D6. Therefore, the plasma concentration of
diphenhydramine is thought to be influenced by the metabolic activity
of CYP2D6, which varies extensively-among individuals who can be
categorized on the basis of their CYP2D6 activity as ultrarapid,
extensive, intermediate, and poor metabolizers, which are reflected by
CYP2DG6 genetic polymorphism (Zanger et al., 2004). However, a
previous study showed that the clearance of diphenhydramine to its
N-demethylated metabolite was not different in extensive and poor
metabolizer phenotypes of CYP2D6 (Lessard et al., 2001). Although
the reason for this discrepancy is unclear, in the case of poor metabo-
lizer phenotypes of CYP2D6, individual differences in plasma con-
centration of diphenhydramine could be caused by large differences in
metabolic activities of CYP1A2, CYP2C9, and CYP2C19 (Chiba,
1998; Furuta et al., 2005; Kirchheiner and Brockmoller, 2005). Fur-
thermore, CYP1A2 is known to be a P450 isozyme inducible by
environmental factors such as polycyclic aromatic hydrocarbons.
(Sherson et al., 1992; Pelkorien et al., 1998). Therefore, the effects of
genetic polymorphisms of CYP2D6 on the disposition of diphenhy-
dramine may be masked by the interindividual differences in the
metabolic éapacity of these P450 isozymes. Further studies are needed
to clarify the involvement of CYP2DG6 in the metabolism of diphen-
hydramine N-demethylation as a major enzyme in vivo. Such study is
now under way in our laboratory.

In conclusion, N-demethylation of diphenhydrémine is mainly cat-
alyzed by CYP2D6 as a high-affinity P450 isozyme at a clinically
relevant concentration. Therefore, it seems that diphenhydramine is
not only a potent inhibitor of CYP2D6 but also a high-affinity sub-
strate of CYP2D6. It should be noted that the.sedative effect of
diphenhydramine might be caused by an increase in the plasmna
concentration of diphenhydramine by concomitant use of CYP2D6
substrates/inhibitors. In addition, CYP1A2, CYP2C9, and CYP2C19
are involved in the metabolism of diphenhydramine as low-affinity
P450 isozymes. Therefore, it should also be noted that diphenhydra-
mine might interact with substrates/inhibitorsfinducers of these P450
isozymes in the case of poor or intermediate metabohzer phenotype of
CYP2D6.
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Abstract Organic cation transporters (OCTs) are .

responsible for the hepatic and renal transport of
metformin. In this study we analyzed variants of
OCTI and OCT2 genes in 33 patients (24 responders
and nine non-responders) based on the hypothesis that
polymorphisms in both genes contribute to large inter-
patient variability in the clinical efficacy of metformin.
The sequences of the 5’-flanking and coding regions of
the two genes of interest were screened by single-
strand conformation polymorphism (SSCP) analysis.
To compare the causative factors between responders
and non-responders, we performed stepwise discrimi-
nant functional analysis. Age, body mass index (BMI)
and treatment with lipid-lowering agents were dem-
onstrated as positive predictors, and two mutations in
the OCTI gene, -43T>G in intronl and
408Met > Val (1222A > G) in exon 7, were negative
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and positivc' predictors, respectively, for the efficacy

. of metformin; the predictive accuracy was 55.5%

(P < 0.05). Subsequent study indicated that OCT1
mRNA levels tended to be lower in human livers with
the 408Met (1222A) variant, though the differences
did not reach the level of significance. In this study it is
suggested that OCT1 and OCT2 gene polymorphisms
have little contribution to the clinical efﬁcacy of
metformin. :

Keywords Metformin - OCT1 - OCT2 -
Polymorphisms - Pharmacokinetics -
Pharmacodynamics

Introduction

Metformin is one of the most commonly used drugs for
the treatment of type 2 diabetes, but we sometimes
encounter patients who do not respond sufficiently,
even under approved dosage conditions (e.g., 500-

‘750 mg/day in Japan). Although the effects of met-

formin on glycemic control and lipids have been
reported to” be dose dependent, recent pharmacoge-
nomic studies indicate that genetic polymorphisms
of drug-metabolizing enzymes and transporters should
be taken into consideration when large inter-patient
variability in the intensity and duration of both drug
effects and side effects is observed. Among various
pharmacokinetic-related genes, since renal secretion,
not hepatic metabolism, is the major route of elimi-
nation of metformin, the contribution of genetic vari-
ations in drug transporters is of interest.

‘Human organic cation transporters (OCTs; OCT 1—-3)
are poly-specific transporters of small and hydrophilic
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organic cations, including toxic substances, endogenous
compounds (e.g., dopamine and serotonin), and clini-
cally used drugs (e.g., procainamide and amantadine)
(Jonker and Schinkel 2004). Among the OCT family,
OCT1 is expressed predominantly in the basolateral
membrane of hepatocytes, and mouse Octl, which is
homologically and functionally similar to OCT1, is
responsible for the hepatic uptake of metformin (Wang
et al. 2002, 2003). Although the precise mechanism of
the action of metformin remains unclear, it is believed
that hepatic uptake is an essential step in reducing
hepatic glucose production as well as the occurrence of
life-threatening side effects such as lactic acidosis
(Hundal et al. 2000; Stumvoll et al. 1995; Wang et al.
2002). Recently, a number of single nucleotide poly-
morphisms (SNPs) has been identified in the OCTI
gene. Some of these SNPs have been found to be
associated with altered in vitro transport activity
- (Hundal et al. 2000; Sakata et al. 2003; Shu et al. 2003;
" Takeuchi et al. 2003).

In the kidney, OCT?2, another subfamily of the OCT
family, is expressed on the basolateral membrane of
the proximal tubule epithelium and is involved in the
uptake of many xenobiotics from the bloodstream into
renal epithelial cells (Jonker and Schinkel 2004).
Kimura et al. (2005) demonstrated that metformin is a
good substrate for OCT2, using HEK293 cells
expressing OCT2. Similar to those in the OCTI gene,
functionally different variants have been identified in
the OCT2 gene (Leabman et al. 2002).

We hypothesized that large inter-patient variability
in the clinical efficacy of metformin may occur as a
result of variations in OCTI and/or OCT2. In this re-
port we evaluated the functional significance of genetic
polymorphisms of OCTI and OCT2 genes with regard
to the efficacy of metformin in patients with type 2
diabetes. To date, no study has addressed the geno-
type-phenotype relationship in light of OCT in
humans.

Materials and methods
Study subjects

Thirty-three patients (nine men and 24 women; mean
age 60 years, range 29-73 years) treated with metfor-
min for at least 1 month were enrolled. We excluded
patients who discontinued metformin because of ad-
verse effects (e.g., diarrhea and headache). There are
no generally accepted criteria in the clinical cut-off
point to divide patients into responders and non-
responders. Thus, we selected the criteria empirically,

@ Springer
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(Takei et al. 200F) as follows: (1) responders [n = 24;
mean age 62 years, range 29-73 years; mean body mass
index (BMI)*25.4 kg/m’, range 20.4-34.5 kg/m’}; i..,
those whose HbA . levels had decreased by more than
0.5% from the baseline within 3 months of metformin
therapy and had remained low for more than 3 months;
and (2) non-responders (n =9; mean age 56 years,
range 34-69 years; mean BMI 25.1 kg/mz, range 17.8-
30.6 kg/m?), i.e., those for whom either metformin
therapy had been discontinued within 3 months and/or
after another hypoglycemic drug (e.g., sulfonylurea)
had been added to the therapy because of insufficient
improvement in HbA,;. levels. Eighteen of the
responders and six of the non-responders were treated
with the maximum approved daily dose in Japan (i.e.,
750 mg/day). Eight of the responders and four of the
non-responders received metformin monotherapy, and
others were co-medicated with sulfonylurea, a-glyco-
sidase inhibitor or insulin. This study was approved by
the Ethics Review Board of the Faculty of Medicine,
Tottori University, and all subjects gave informed
consent before participating.

Identification of variants in OCT! and OCT2 genes

Genomlc DNA was extracted from penpheral blood.
The primer design was based on the sequence of the
5’-flanking region and the intron/exon junction of
OCTI and OCT2 genes (GenBank accession number
AL353625 for OCTI1, AL162582 for OCT2). Primers
were designed to divide all 11 exons of each gene into
fragments of approximately 350 bp so that mutations
could be screened by subsequent single-strand con-
formation polymorphism (SSCP) analysis. Polymerase
chain reaction (PCR) products were sequenced either
directly or after subcloning on an ABI 3100 automatic
sequencer (Applied Biosystems, Foster City, VA,
USA). -

Quantitative real-time PCR

Total RNA was extracted with an RNAeasy kit
(Qiagen, Hilden, Germany) from 58 human liver
samples (33 Caucasian and 25 Japanese non-diabetic
donors), and reverse transcribed into cDNA using
oligo dT primers and reverse transcriptase. OCT1
mRNA was quantified by real-time PCR using an ABI
PRISM 7700 sequence detector (Applied Biosystems)
with SYBR-green detection of reaction products.
Primers for OCT1 mRNA were directed at a sequence
that spans the junction of exons 9. and 10, corre-
sponding to open reading frame 1437-1509; 5-:CAC
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CCCCTTCATAGTCTTCAG-3 (forward) and 5’-GCC
CAACACCGCAAACAAAAT-Y (reverse). The copy
number of the transcript was measured against the
copy-number standard curve of cloned target templates
consisting of serial tenfold dilution points. f,-micro-
globlin mRNA was used as the reference gene for
OCT1 mRNA. ’

Statistical analysis

The significance of differences in allelic frequency
was calculated by y? analysis using 2 x 2 contingency
tables. Statistical differences among the data for each
group were determined by analysis of variance
(ANOVA), followed by the Fisher least significant
difference test. To compare the causative factors be-
tween responders and non-responders, we performed
stepwise discriminant functional analysis. At each
step, improvement in the xz and the P values was
used to check whether the variable entered at that
step significantly improved the discrimination. The
independent variables were as follows: polymor-
phisms, gender, age, duration of disease, types and
numbers of co-medicated anti-hyperglycemic drugs,
daily dose of metformin, BMI, aspartate amino-
transferase, alanine aminotransferase, total choles-
terol, high-density lipoprotein (HDL) and treatment
with lipid-lowering agents (statins and fibrates). Data
are shown as means + SDs. A P value <0.05 was
considered to be significant.

Results

Although the time course of change in the mean daily
dose of metformin (milligrams per kilogram per day)
and the initial level of HbA,. did not differ between
the two groups, the mean HbA, level was significantly
lower in the responder group than in the non-re-
sponder group during metformin therapy (Fig. 1).

To identify polymorphisms, we performed PCR-
SSCP analysis of all 11 exons of the two genes of interest
(OCTI and OCT2), using DNA obtained from all
patients, and the allelic frequency was compared
between the responder and non-responder groups. In the
OCTI1 gene, 11 polymorphisms were detected by SSCP
analysis and identified by subsequent sequencing; none
were novel polymorphisms (Table 1). Of these, five
SNPs resulted in the following amino acid substitutions:
123C > G (41Phe > Leu), 350C > T (117Pro > Leu),
480C > G (160Phe > Leu), 1022C > T (341Pro > Leu),
and 1222A > G (408Met > Val). Although 480C > G,
1022C > T, and 1222A > G variants had a relatively
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Fig. 1 Time course of changes in HbA;. and metformin daily
dose during the' observation period in responders and non-
responders

high incidence, 123C > G and 350C > T were observed
in one patient as heterozygosity. In the OCT2 gene, two
non-synonymous variants were observed: 602C > T
(201Thr > Met) and 808G > T (270Ala > Ser). Alto-
gether, there were no remarkable differences in the
prevalence of any mutation between responders and
non-responders.

The result of discriminant functional analysis is
shown in Table 2. Variables selected by the discrimi-
nant process were age, BMI, treatment with lipid-
lowering agents and two mutations in the OCTI gene
(43T > G and 1222A > G). Other variables, such as
duration of disease, daily dose of metformin, and types
of co-medicated anti-hyperglycemic drugs, had no sig-
nificant effect on the discrimination. Although age,
BMI and treatment with lipid-lowering agents were °
demonstrated as positive predictors, 43T > G and
1222A > G (408Met > Val) were negative and positive
predictors, respectively, for the efficacy of metformin.
Total predictive accuracy using these factors was
55.5% (x* = 5.59, P < 0.05).

As shown in Table 1, since the frequency of the
408Met allele tended to be higher in non-responders
than in responders (0.28 vs 0.19), and since the non-
synonymous 408Met > Val variant was selected as a
positive predictor, we next examined the association of
the 408Met > Val (1222A > G) variant with the
expression of OCT1 mRNA in the human liver sam-
ples (Fig. 2). Of 58 samples, we analyzed 31 that were
homozygotes for the 43T variant (-43T/T). The mean
(z SD) hepatic expression level of OCT1 in homo-
zygotes for 408Met (1222A/1222A), heterozygotes for
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