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increased expression of enterocyte CYP3A4, in the analysis
of three separate cohorts (n=20, 27, and 10, respectively).
However, their intestinal study populations were too small to
detect differences among the MDRI polymorphisms by
gender. Because the remarkable gender differences have
been reported in the expression of CYPs and transporters
(15,16), we hypothesized that the expression of CYP3A4
associated with MDRI genotypes would differ by gender. In
the present study, we showed that MDRI G2677T/A-C3435T
haplotypes significantly influenced the intestinal expression in
women (Fig. 1). These results suggest that the MDRI
haplotype may be a useful predictor of the inter-individual
variability of the intestinal expression of CYP3A4 and the
extent of some CYP3A4-mediated drug interactions in
women.

The exact mechanism by which MDRI G2677T/
A-C3435T haplotypes influence CYP3A4 expression in
women remains unknown. In our results, we observed no
significant difference in MDR1 mRNA expression among
MDRI1 G2677T/A-C3435T haplotypes (Fig. 1 a), but it has
been shown that “silent” polymorphisms (in particular,
C3435T) in the MDRI gene can alter Pgp conformation and
substrate specificity, especially when no change in MDRI1
mRNA and protein levels has been reported (23). Further-
more, in vitro studies showed that G2677T/A-C3435T hap-
lotypes can reduce the activity of Pgp (14). Therefore,
reduced function of Pgp could possibly lead to high intracellular
concentrations of endogenous regulators such as sex-steroid
hormones, regulating the expression of CYP3A4 (24-27). In
contrast, we found no significant differences in the hepatic
expression of CYP3A4 among MDRI haplotypes for G2677T/
A-C3435T in women. These opposing cffects of the same
haplotypes on hepatic and intestinal mRNA expressions of
CYP3A4 in women could be partly due to differences in the
underlying mechanism between the two types of organ.

Furthermore, we found that intestinal MDRI haplotypes
had no effects on the C/D ratio of tacrolimus in LDLT
patients (Table IV). Some studies have reported that 2677T
or 3435T alleles affected the pharmacokinetics of tacrolimus
in Caucasians (9,28,29), while others demonstrated contrary
results in Asians (7,30). Similar discrepancies have been
observed for digoxin (31). These might reflect disparities in
different frequencies of MDRI haplotypes in different
ethnicities (32,33). The 2677TT-3435TT haplotype is found
in 42% of Caucasians and 8% of African-Americans (34),
while 15.9% in the present Japanese population (Table III).
Based on the present results and these previous findings, the
MDRI haplotype is suggested to have a minor effect on the
pharmacokinetics of tacrolimus in Asians compared with
Caucasians.

CONCLUSION

In conclusion, the MDRI haplotype derived from
G2677T/A and C3435T was significantly associated with
intestinal CYP3A4 mRNA expression in women, but not in
men, suggesting that it could be a good marker to predict the
basal mRNA level of intestinal CYP3A4 in women. However,
this cffect was not observed for the pharmacokinetics of
tacrolimus in LDLT patients. Therefore, extensive clinical
pharmacokinetic studies are necessary to elucidate this effect

Hosohata er al.

on other drugs which are CYP3A4 substrates, in consider-
ation of gender-differences in pharmacokinetics.
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ABSTRACT:

To assess the effects of intestinal cytochrome P450 2C19 on the
interaction between tacrolimus and proton pump inhibitors, we
examined the concentration/dose ratio [(ng/ml)/(mg/day)] of ta-
crolimus coadministered with omeprazole (20 mg) or lansoprazole
(30 mg) to 89 adult living-donor liver transplant patients on post-
operative days 22 to 28, considering the CYP2C19 genotypes of the
native intestine and the graft liver, separately. The concentration/
dose ratio of tacrolimus coadministered with omeprazole was sig-
nificantly higher in patients with two variants (*2 or *3) for intestinal
CYP2C19 (median, 6.38; range, 1.55-22.9) than intestinal wild-type
homozygotes (median, 2.11; range, 1.04-2.54) and heterozygotes
(median, 2.11; range, 0.52-4.33) (P = 0.010), but the extent of the
increase was attenuated by carrying the wild-type allele in the graft
liver even when patients were CYP3A5*1 noncarriers. Conversely,

the CYP2C19 polymorphisms both in the native intestine and in the
graft liver little influenced the interaction between tacrolimus and
lansoprazole, but CYP3A5*1 noncarriers showed higher tacrolimus
concentration/dose ratio than CYP3A5*1 carriers. Furthermore,
our experiments in vitro revealed that lansoprazole had a stronger
inhibitory effect on the CYP3A5-mediated metabolism of tacroli-
mus than omeprazole, although not significantly (IC5, = 19.9 = 13.8
1M for lansoprazole, 53.7 + 6.1 uM for omeprazole). Our findings
suggest that intestinal and graft liver CYP2C19 plays a relatively
greater role in the metabolism of omeprazole than it does for
lansoprazole, so that the effects of CYP3AS5 on the metabolism of
tacrolimus might be masked by the interaction with omeprazole
associated with the CYP2C19 genotype.

The immunosuppressant tacrolimus is characterized by a narrow
therapeutic index and remarkable intraindividual and interindividual
variability in its pharmacokinetics (Venkataramanan et al., 1995;
Kahan et al., 2002). This variability can be attributed to factors such
as poor absorption (Masuda and Inui, 2006), extensive first-pass
metabolism (Lampen et al., 1995; Wilkinson, 2005), and drug-drug
interactions (Christians et al., 2002). Tacrolimus is mainly metabo-
lized by cytochrome P450 (P450) 3A4 and CYP3AS in the small
intestine and liver (Shiraga et al., 1994; Hesselink et al., 2003). In
particular, CYP3AS plays a key role in the pharmacokinetics of
tacrolimus (Kamdem et al., 2005; Dai et al., 2006). Several studies of
heart (Zheng et al., 2003), lung (Wang et al., 2006), kidney (Haufroid
et al., 2004, 2006; Macphee et al., 2005; Kuypers et al., 2007), and
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grant-in-aid from the Japan Health Sciences Foundation for “Research on Health
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liver (Goto et al., 2004; Masuda et al., 2006; Uesugi et al., 2006;
Fukudo ct al., 2008) transplant patients treated with- tacrolimus have
shown a significant association between the CYP3AS5 polymorphisms
and tacrolimus dose-adjusted trough blood levels.

Clinically relevant drug-drug interactions have been observed be-
tween tacrolimus and proton pump inhibitors (PPIs) in those with
CYP2C19 gene variants, poor metabolizers (PMs) and intermediate
metabolizers (IMs), compared with those with no variants, extensive
metabolizers (EMs) (Itagaki et al., 2004; Miura et al., 2007). Because
CYP2C19 and CYP3A4/5 are mainly responsible for the metabolism
of PPIs (Andersson, 1996), PPIs themselves inhibit the metabolism of
tacrolimus via CYP3A4/5 in patients carrying variant alleles of
CYP2C1I9, thereby increasing the blood concentrations of tacrolimus.
Furthermore, the magnitude of CYP2C19-mediated metabolism of
omeprazole is greater than that of lansoprazole. We have recently
reported the interaction between tacrolimus and lansoprazole in a
living-donor liver transplant (LDLT) patient with the CYP2C19%2/*3
and CYP3A5*3/*3 genotypes both in the native intestine and in the
graft liver (Hosohata et al., 2008). In liver transplantation, the genetic
backgrounds of the native intestine (recipient) and the graft liver
(donor) are different in many cases. Furthermore, several studies have
assessed the expression or catalytic activity of intestinal CYP2C19

ABBREVIATIONS: P450, cytochrome P450; PPI, proton pump inhibitor; PM, poor metabolizer; IM, intermediate metabolizer; EM, extensive
metabolizer; LDLT, living-donor liver transplantation; C/D, concentration/dose; M-I, 13-O-demethy! tacrolimus.

821

— 200 —

6002 ‘€2 YyoIepy uo Aysiaalun 0joAy je Bio'sjeuinofjadse pwp wolj papeojumoq



Aspet® DRUG METABOLISM A DISPOSITION

822

HOSOHATA ET AL.

TABLE 1

Characteristics of patients (n = 89)

Data are expressed as number or mean * S.D.

Treatment with PPIs

Variables Whole (n = 89)
Omeprazole (n = 35) Lansoprazole (n = 54)

Age, years 519+ 103 524+ 8.8 516 =112
Gender (male/female), n 46/43 19/16 27127
Body weight, kg 60.0 = 10.0 59.8 £10.2 60.1 £9.9
Graft-to-recipient weight ratio, % 1.14 £ 0.30 1.15 £ 0.29 1.13 £ 0.30
ABO blood group match (identical/compatible/incompatible), n 60/12/17 24/4/7 36/8/10
Primary disease, n

Cirrhosis 70 30 40

Primary biliary cirrhosis 7 2 5

Fulminant hepatic failure 3 1 2

Others 9a 2 7
Donor age, years 450+ 132 46.0 £ 12.6 443 *+13.6
Donor gender (male/female), n 50/39 18/17 32/22

“ The primary discase was biliary atresia, Budd-Chiari syndrome, nonalcoholic steatohepatitis, and primary sclerosing cholangitis.

(Obach et al., 2001; Lapple et al., 2003; Paine et al., 2006). Based on
these backgrounds, we hypothesized that intestinal CYP2C19 would
affect the interaction between tacrolimus and PPIs in liver transplant
patients.

In the present study, we examined the impact of the CYP3AS5 and
CYP2CI9 genotypes in the small intestine on the interaction between
tacrolimus and PPIs in LDLT patients, considering the genotypes of the
native intestine and the graft liver, separately. Furthermore, the inhibitory
effects of the PPIs on the CYP3AS-mediated metabolism of tacrolimus
were examined using recombinant microsomal preparations.

Materials and Methods

Patients. Between February 2004 and January 2008, 89 de novo adult
LDLT patients and their 89 corresponding donors were enrolled in this study,
having first provided their written informed consent. Patients (all Japanese)
who were receiving tacrolimus with either omeprazole (n = 35) (Omepral;
AstraZeneca Co. Ltd., Osaka, Japan) at 20 mg/day or lansoprazole (n = 54)
(Takepron; Takeda Pharmaceutical Co. Ltd., Osaka, Japan) at 30 mg/day were
studied on days 22 to 28 post-transplantation (Table 1). This study was
conducted in accordance with the Declaration of Helsinki and its amendments
and was approved by the Kyoto University Graduate School and Faculty of
Medicine Ethics Committee.

Dosage Regimen of Tacrolimus and Measurement of Tacrolimus Con-
centrations. The basic immunosuppression regimen consisted of tacrolimus
with low-dose steroids (Inomata et al., 1996). Tacrolimus was administered
orally at a dose of 0.075 mg/kg every 12 h from the evening of postoperative
day 1 (Yasuhara et al., 1995; Inomata et al., 1996). The target of the whole-
blood trough concentration of tacrolimus was set at between 10 and 15 ng/ml
during the first 2 weeks. Steroid treatment was started at graft reperfusion at a
dose of 10 mg/kg, with a gradual reduction from 2 to 0.3 mg/kg/day during the
first 2 weeks after surgery. The dosage of tacrolimus was adjusted based on
whole-blood trough concentrations measured approximately 12 h after the
evening dosage every day using a semiautomated microparticle enzyme im-
munoassay (Imx; Abbott, Tokyo, Japan) (Yasuhara et al., 1995).

Evaluation of Drug Interactions between Tacrolimus and PPIs. Because
the oral administration of PPIs started approximately 2 weeks after surgery, we
evaluated data on postoperative days 22 to 28. The clinical course of all the
patients enrolled in this study was stable. The average of dose-normalized
blood concentration of tacrolimus during this observation period then was
assessed as concentration/dose (C/D) ratio [(ng/ml)/(mg/day)] of tacrolimus
for each patient and used for the analysis. We excluded data obtained during
treatment with a temporal high-dose steroid injection against acute cellular
rejection because of induction of the intestinal expression of CYP3A4 (Masuda
et al., 2004).

Genotyping. Genomic DNA was extracted from the peripheral blood of
transplant patients or donors with a Wizard Genomic DNA Purification kit
(Promega, Madison, WI). Because two CYP2C/9 variant alleles, CYP2C19%2

and CYP2C19%3, account for the poor metabolizer phenotype in Japanese
subjects (De Morais et al., 1994a), the detection of the wild-type allele (*/) and
these two variant alleles was performed using a polymerase chain reaction-
restriction fragment length polymorphism method (De Morais et al., 1994a,b).
The genotyping of CYP3A5 was performed as described previously (Goto et
al., 2004; Uesugi et al., 2006; Fukudo et al., 2008).

Classification of Patients. The patients themselves and their corresponding
donors were separately classified into three groups based on the CYP2C/9 geno-
type as follows: CYP2C19*1/*1 (EMs), CYP2C19*1/*2 or CYP2C19*1/*3 (IMs),
and CYP2C19*2/%2, CYP2C19*3/*3, or CYP2CI19*2/*3 (PMs) (ltagaki et al.,
2004). As for the CYP3AS genotype, patients were allocated to two groups as
follows: CYP3AS5*1/*] or CYP3AS5*1/*3 (*I carriers) and CYP3AS5*3/*3 (*]
noncarriers).

In Vitro Inhibition of CYP3A4/5-Dependent Tacrolimus Metabolism by
PPIs. To evaluate the inhibitory effects of omeprazole and lansoprazole on the
metabolism of tacrolimus, we performed experiments in vitro using recombi-
nant microsomes, as reported previously with slight modifications (Li et al.,
2004; Dai et al., 2006). In brief, omeprazole and lansoprazole were serially
diluted with methanol to yield final concentrations ranging from 1 to 300 uM
and 1 to 200 uM, respectively. The reaction was started with 50 ul of 1.5 mM
NADP (Nacalai Tesque, Kyoto, Japan) and was stopped with 1 ml of 6.25%
ZnSO,. The reaction mixture consisted of 400 nM tacrolimus, 12 mM glucose
6-phosphate, 0.25 TU of glucose 6-phosphate dehydrogenase, 6 mM MgCl,,
and 0.07 mg/ml microsomal protein for P450 (heterologous baculovirus-insect
cell-expressed human CYP3A4 or human CYP3AS in P450 reductase and
cytochrome bs) (BD Gentest, Woburn, MA) in 100 mM potassium phosphate
buffer, pH 7.4, with or without PPIs, in a final volume of 500 wl. The final
methanol concentration in the incubation mixture was less than 1%, with
minimal impact on enzymatic activity (Li et al., 2004). The incubation con-
ditions for CYP3A4 and CYP3AS activities were 5 min at 37°C. The concen-
tration of 13-O-demethyl tacrolimus (M-I) (a gift from Astellas Pharma Inc.,
Tokyo, Japan), the primary metabolite, was quantified by liquid chromatog-
raphy/tandem mass spectrometry method (Shimomura et al., 2008). ICs,
values were estimated using a nonlinear regression analysis of competition
curves with one compartment, and the following equation: V = (100 X
IC50)/(ICs, + [1]) + A, where V is production of M-I, which accounts for
most of the metabolic clearance of tacrolimus (% of control), [I] is the
concentration of each PPI, and A is the nonspecific metabolism of tacrolimus
(% of control).

Statistical Analysis. The C/D ratio of tacrolimus coadministered with PPIs
was compared using the U test for two genotype groups or the Kruskal-Wallis
test, followed by the Dunn post hoc test for multiple comparisons for more than
two genotype groups. Data are expressed as the median and range or mean *
S.D., depending on data type. For all the analyses, two-tailed P < 0.05 was
considered statistically significant. All the statistical analyses were conducted
using GraphPad Prism, version 4 (GraphPad Software Inc., San Diego, CA).
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TABLE 2

Effects of intestinal and graft liver CYP2C19 genotypes on the C/D ratio of tacrolimus coadministered with omeprazole (n = 35) or lansoprazole (n = 54)

Data are expressed as median (range). CYP3A5*] noncarriers, CYP3A5*3/*3. P values are for the differences among the genotype groups, using the Kruskal-Wallis test, followed by the

Dunn post hoc test for multiple comparisons.

CYP2C19 Genotype (CYP3A5*] Noncarriers)

PPI Variables P
EMs IMs PMs
Omeprazole Native intestine
n 11(9) 15(9) 9(9)
Tacrolimus C/D ratio 2.11 (1.04-2.54) 2.11(0.52-4.33) 6.38*" (1.55-22.9) 0.010
Graft liver
n 10 (6) 13 (8) 12(7)
Tacrolimus C/D ratio 1.83 (1.04-6.38) 2.31(0.52-7.10) 3.27* (1.9-22.9) 0.022
Lansoprazole Native intestine
n 16 (11) 27 (21) 11(4)
Tacrolimus C/D ratio 2.34 (1.16-12.8) 2.83 (0.72-13.4) 2.27 (0.98-11.7) 0.52
Graft liver
n 15(9) 30(22) 9(7)
Tacrolimus C/D ratio 2.47 (1.13-10.6) 2.76 (1.10-12.8) 2.20(0.72-13.4) 0.82

* P < 0.05, EMs versus PMs; T P < 0.05, IMs versus PMs.

Results

Effects of Intestinal and Graft Liver CYP2C19 Genotypes on
the Interaction between Tacrolimus and PPIs. For the CYP2C19
genotype, */, *2, and *3 alleles were found in 52.2, 32.6, and 15.2%
in the graft liver and 53.9, 35.4, and 10.7% in the native intestine,
respectively. The EMs (*1/*]), IMs (*1/*2 and *I/*3), and PMs
(*2/%2, *2/*3, and *3/*3) of CYP2CI19 then were found in 28.1%
(n = 25),48.3% (n = 43), and 23.6% (n = 21) in the graft liver and
30.3% (n = 27), 47.2% (n = 42), and 22.5% (n = 20) in the native
intestine, respectively. For the CYP3A5 genotype, */ and *3 alleles
were found in 19.1 and 80.9% in the graft liver and 20.8 and 79.2%
in the native intestine, respectively. Then, the frequencies of
CYP3A5*] carriers (*1/*] and *1/*3) and CYP3A5*] noncarriers
(*3/*3) were 33.7% (n = 30) and 66.3% (n = 59) in the graft liver
and 32.6% (n = 29) and 67.4% (n = 60) in the native intestine,
respectively.

To investigate whether intestinal CYP2C19 polymorphisms af-
fected the interaction between tacrolimus and PPIs, patients were
divided based on the CYP2CI9 genotype of transplant recipients
(Table 2). The C/D ratio of tacrolimus coadministered with omepra-
zole was significantly higher in patients with two variant alleles for
intestinal CYP2C19 than those with the wild-type homozygote
(CYP2C19*1/*1) or heterozygote (CYP2CI19*1/%2 or CYP2CI19*1/
*3) (P = 0.010). Likewise, patients with an engrafted liver carrying
two variant alleles for CYP2C19 showed significantly higher C/D
ratio than the other groups (P = 0.022). Furthermore, the distribution
of CYP3A5*] noncarriers did not vary between the different
CYP2C19 genotype groups (Table 2). In contrast, the C/D ratio of
tacrolimus coadministered with lansoprazole was not associated with
CYP2C19 polymorphisms in the native intestine (P = 0.52) or the
graft liver (P = 0.82).

The tacrolimus C/D ratio between CYP2C19 EMs and IMs was
found comparable (Table 2), so that the analyses were carried out
between the EMs/IMs versus PMs. In patients receiving omeprazole,
the C/D ratio of tacrolimus was significantly increased in PMs com-
pared with EMs/IMs (P = 0.005 for native intestine, P = 0.018 for
graft liver).

Effects of Intestinal and Graft Liver CYP3A5 Genotypes on the
Interaction between Tacrolimus and PPIs. Because we have re-
ported that the CYP3AS5 genotypes of both recipients and donors are
important for the oral clearance of tacrolimus in liver transplant
recipients (Goto et al., 2004; Fukudo et al., 2006, 2008; Uesugi et al.,
2006; Hosohata et al., 2008), we examined the effects of CYP3AS on

the interaction between tacrolimus and PPIs (Table 3). In patients
receiving omeprazole, the C/D ratio of tacrolimus was significantly
higher in patients with an engrafted liver carrying the CYP3A5*3/*3
genotype (*/ noncarriers) than the other group (*/ carriers) (P =
0.034). Similar trends were observed, although not statistically sig-
nificant, for the intestinal CYP3A5 genotype (P = 0.47). In patients
receiving lansoprazole, */ noncarriers conferred significantly higher
C/D ratio of tacrolimus than */ carriers (P = 0.015 for native
intestine, P = 0.049 for graft liver).

Effects of the Combination of Intestinal and Graft Liver Ge-
notypes on the Interaction between Tacrolimus and PPIs. As a
feature of liver transplantation, the genotypes of recipients (native
intestine) are different from those of donors (graft liver) in many
cases. Focusing on this feature, we assessed the effects of the com-
bination of intestinal and graft liver CYP2CI9 genotypes on the
interaction between tacrolimus and PPIs.

As shown in Fig. 1A, carriers of at least one CYP2CI9 wild-type
allele in both the native intestine and the graft liver (EMs/IMs for
native intestine and graft liver) showed the lowest values for the
tacrolimus C/D ratio (reference group). Compared with the reference
group, carriers of at least one CYP2C19 wild-type allele either in the
native intestine or in the graft liver showed almost the same values for
the C/D ratio of tacrolimus. However, two CYP2C19 variant alleles
both in the native intestine and in the graft liver (PMs for native
intestine and graft liver) conferred a significantly higher (6.9-fold)
C/D ratio of tacrolimus than the other groups (P = 0.0032). Further-
more, within CYP3A5*] noncarriers both in the native intestine and in
the graft liver (closed circles, n = 18), the C/D ratio was significantly
higher in those who also carried two CYP2C19 variant alleles than any
other group (P = 0.017), whereas there was no difference among the
genotypes carrying at least one CYP2C19 wild-type allele either in the
native intestine or in the graft liver. Conversely, the combination of
intestinal and graft liver CYP2C19 genotypes little affected the C/D
ratio of tacrolimus in patients receiving lansoprazole (Fig. 1B).

Experiments in Vitro. Next, we examined the inhibitory effects of
PPIs on the metabolism of tacrolimus by CYP3A4 and CYP3AS5 using
recombinant microsomal preparations. Figure 2 shows representative
data among three separate experiments. The apparent inhibition con-
stant (ICs) values (mean = S.D.) for omeprazole and lansoprazole
were 51.9 = 15.9 and 44.5 = 18.0 uM for CYP3A4 and 53.7 * 6.1
and 19.9 = 13.8 uM for CYP3AS, respectively (P > 0.05, omepra-
zole versus lansoprazole for CYP3A4 and CYP3AS).
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TABLE 3

Effects of intestinal and graft liver CYP3AS genotypes on the C/D ratio of tacrolimus coadministered with omeprazole (n = 35) or lansoprazole (n = 54)
Data are expressed as median (range). */ carriers, CYP3AS*I/*] or*1/*3; *I noncarriers, CYP3A5*3/*3.

CYP3AS Genotype

PPI Variables P
*] Carriers *] Noncarriers
Omeprazole Native intestine
n 11 24
Tacrolimus C/D ratio 1.96 (1.04-7.10) 2.34 (0.52-22.9) 0.47
Graft liver
n 14 21
Tacrolimus C/D ratio 1.93 (0.52-7.10) 2.54* (1.55-22.9) 0.034
Lansoprazole Native intestine
n 18 36
Tacrolimus C/D ratio 1.97 (0.98-11.7) 3.85*% (0.72-13.4) 0.015
Graft liver
n 16 38
Tacrolimus C/D ratio 1.73 (0.72-11.1) 2.85% (0.98-113.4) 0.049

* P < 0.05, *1 carriers versus *1 noncarriers (U test).

A Omeprazole B Lansoprazole
'g 25 L 251
L ]
g’ Fig. 1. Effects of the combination of intestinal
= 20 20 and graft liver CYP2C19 genotypes on the C/D
-l ratio of tacrolimus coadministered with ome-
[ prazole (A) or lansoprazole (B). Patients were
E’ 15 L 151 categorized based on the intestinal and graft
f * ° liver CYP2C19 genotypes (EMs, CYP2C19*1/
3 ° L] *], *1/*2, and *1/*3; IMs, CYP2C19*1/*2 and
£ % 9 *1/*3; PMs, CYP2C19¥2/%2, *2/*3, and *3/
g 10 10 ™ ° *3). The closed circles indicate the CYP3A5*]
8 ®eee noncarriers (CYP3A5%3/*3) both in the native
S Oo intestine and in the graft liver, and open circles
esr & 51 o%® LR indicate the CYP3AS*] carriers (CYP3AS*1/*]
.E Oe O g TGO — or *1/*3). Each bar indicates the median values.
‘8%‘9‘ €000 ..O w OOO 00,,0° P values were determined by the Kruskal-Wal-
8 oL O P=0.0032 0| 0 © o lis :esl. followed by the Dunn post hoc test for
multiple comparisons.
Intestinal CYP2C19 EMs/iMs  EMs/iMs  PMs PMs EMsiMs  EMs/iMs  PMs PMs
Graft liver CYP2C19 EMs/IMs PMs EMs/iMs PMs EMsAMs PMs EMs/IMs PMs
{n=17} (n=8) {n=6) {n=3) {n=37) {n=6) {n=8) {n=3}
Discussion of CYP2C19-mediated metabolism among PPIs. The contribution of

There has been growing recognition that intestinal and hepatic
metabolism of orally administered drugs can play a significant role in
the first-pass effects (Floren et al., 1997; Hebert, 1997). Despite
evaluation of the expressions or catalytic activity of intestinal
CYP2C19 (Obach et al., 2001; Lapple et al., 2003; Paine et al., 2006),
no studies have assessed the effects of intestinal CYP2C19 on the oral
clearance of drugs. The interaction between tacrolimus and PPIs in
CYP2CI19 PMs are based on indirect effects of PPIs as CYP3A4/5
inhibitors because the main metabolic pathway of PPIs is CYP3A4/5
in CYP2C19 PMs. Furthermore, the direct effects of CYP2C19 on
tacrolimus biotransformation can be negligible because tacrolimus
never interacts with any P450 drug metabolism enzymes in addition to
CYP3A4/5 (Lecointre et al., 2002). Therefore, we focused on the
indirect interaction between tacrolimus and PPIs via CYP3A4/5 in pa-
tients with the CYP2C19 polymorphisms, considering the CYP2C19
genotypes of the native intestine and the graft liver, separately. Our
results revealed that LDLT patients with two CYP2C/9 variants in the
native intestine and graft liver seemed susceptible to the inhibitory
effects of omeprazole, rather than lansoprazole, on the metabolism of
tacrolimus (Table 2; Fig. 1). This varying degree of interaction of
omeprazole and lansoprazole with tacrolimus in CYP2C19 PMs com-
pared with EMs might be partly because of the different magnitudes

CYP2C19 in the metabolism of omeprazole is greater than that of
lansoprazole (Ishizaki and Horai, 1999). To the best of our knowl-
edge, this is the first study indicating the pharmacokinetic significance
of intestinal CYP2C19 in humans in vivo.

In liver transplantation, the genotypes of drug metabolism enzymes
between recipients (native intestine) and donors (graft liver) are
generally different. Thus, the different genotypes of intestinal and
hepatic P450s could regulate the clearance of tacrolimus. In the
present study, the C/D ratio of tacrolimus coadministered with ome-
prazole was significantly high only in cases in which the recipients
themselves and their corresponding donors had two variant alleles for
CYP2CI19 (Fig. 1A). However, the extent of the increase was atten-
uated by carrying at least one CYP2C19 wild-type allele either in the
native intestine or in the graft liver, indicating that intestinal and
hepatic CYP2C19 could compensate for the functional loss caused by
the CYP2CI9 variants in the interaction between tacrolimus and
omeprazole in LDLT patients. Considering the relatively high fre-
quency of CYP2C19 PMs in the Japanese population (approximately
20%) (De Morais et al., 1994a), the interaction between tacrolimus
and omeprazole is more relevant in Japanese than Caucasian popula-
tions. However, this study has clarified that there is a low probability
of a strong tacrolimus-omeprazole interaction in liver transplant pa-

— 203 —

6002 ‘€Z Yole\ uo AysiaAlun 0joAy je Bio'sjeuinofjadse’ pwp wolj papeojumoq



Z
Q
P~
%
0
¥
-
8
>
79
=
0
<
{—4
kel
pS
:
z
a
.
i

0

INTESTINAL CYP2C19 IN TACROLIMUS-PPI INTERACTION 825
A CYP3A4 B CYP3A5
a  Control & Control
120 e lLansoprazole 120 F e Lansoprazole
O Omeprazole O Omeprazole
— ~ x
100 100 1
£ Hoe 8 | .
8 FiG. 2. Concentration-dependent inhibition of
80 80 | the formation of M-I by omeprazole and lanso-
s 'S prazole for CYP3A4 (A) and CYP3A5 (B).
xR 3 Each symbol represents the mean * S.E. for
‘c' 60 =60 b three independent experiments. The apparent
% § inhibition constant (IC,) values for omepra-
zole and lansoprazole were 51.9 = 15.9 and
S 40 E 40 445 * 18.0 uM for CYP3A4 and 53.7 = 6.1
and 19.9 = 13.8 uM for CYP3AS, respectively.
oy =t
s 2 s 0t
me
_?)_7/ 1 10 100 1000

Concentration of proton pump inhibitors (uM)

tients because of the extremely small concordance rate of PM geno-
types of the recipients with those of their corresponding donors.

We previously reported that intestinal CYP3AS was significantly
associated with the oral clearance of tacrolimus in liver transplant
patients (Uesugi et al., 2006). In the present study, CYP3A5 also
affected the interaction between tacrolimus and PPIs (Table 3), which
is consistent with our experiments in vitro using recombinant micro-
somes, showing that omeprazole and lansoprazole inhibited the me-
tabolism of tacrolimus via CYP3A4 and CYP3AS5 (Fig. 2). Our
findings suggest that intestinal and hepatic CYP3AS5 is responsible for
the interaction between tacrolimus and PPIs. However, even if pa-
tients had the CYP3A5%3/*3 genotype both in the native intestine and
in the graft liver (Fig. 1A, closed circles), the C/D ratio of tacrolimus
coadministered with omeprazole showed low values when carrying at
least one CYP2C19 wild-type allele either in the native intestine or in
the graft liver. These results suggest that the CYP2C19 has a greater
effect on overall metabolism of omeprazole than that of CYP3AS.
Therefore, in patients receiving omeprazole, carriers of two CYP2CI9
variant alleles both in the native intestine and in the graft liver
(PMs/PMs) showed the greatest increased C/D ratio of tacrolimus, and
the variability in the metabolism of omeprazole caused by CYP2C19
polymorphisms is more likely to mask the effects of the CYP3AS5
genotype on the metabolism of tacrolimus. Conversely, in patients
receiving lansoprazole, there was no significant difference among the
CYP2C19 genotypes (Table 2), but the CYP3A5*] noncarriers con-
ferred a higher tacrolimus C/D ratio than CYP3A5*] carriers (Table
3). Our experiments in vitro showed that lansoprazole had a stronger
inhibitory effect on the CYP3AS5-mediated metabolism of tacrolimus
than omeprazole, although not significantly (IC5, = 19.9 + 13.8 uM
for lansoprazole, 53.7 £ 6.1 uM for omeprazole) (Fig. 2). The present
results are in good agreement with the previous reports that the
relative contribution of CYP2C19 against CYP3A4/5 in omeprazole is
greater than that in lansoprazole (Ishizaki and Horai, 1999). In addi-
tion, our data are also consistent with lansoprazole being a poorer
inhibitor of CYP3A4, as suggested by Li et al. (2004).

The present study must be interpreted within the context of its
potential limitations. First, we did not have a control group (patients
treated with tacrolimus not receiving PPIs). Second, medications
including inducers or inhibitors of CYP3A4 were not strictly con-
trolled in both transplant patients and their corresponding donors.

In conclusion, we first showed that the CYP2C19 defective geno-
type in the native intestine affected the interaction between tacrolimus
and omeprazole in LDLT patients, but the effect was attenuated by the
wild-type genotype in the graft liver even when patients had the
CYP3AS5*3/*3 genotype in both the native intestine and the graft liver.
On the other hand, CYP3AS5 rather than CYP2C19 was associated
with the interaction between tacrolimus and lansoprazole in liver
transplantation. The present findings suggest that the genotyping of
CYP2C19 and CYP3AS5 both in the native intestine and in the graft
liver might contribute to safer dosing and monitoring of tacrolimus
coadministered with omeprazole and lansoprazole early on after liver
transplantation.
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The pharmacokinetics of vancomycin was retrospectively examined based on trough concentrations ob-
tained during routine therapeutic drug monitoring to examine possible pharmacokinetic differences between
adult Japanese cancer and non-cancer patients with various degrees of renal function. A total of 231 data points
from 65 cancer patients and 41 non-cancer patients were collected, and patients’ background, vancomycin dose,
and vancomycin clearance estimated by an empirical Bayesian method were summarized. Regarding the
patients’ characteristics and clinical laboratory test data, no clear differences were found between the two
groups. The relationship between vancomycin clearance and creatinine clearance were similar between the
groups, suggesting little effect of malignancy on vancomycin clearance. After the sub-group comparisons regard-
ing fluid retention and cancer type, no clear differences were found in the vancomycin clearance versus creati-
nine clearance relationship. We conclude that the initial dose of vancomycin should not necessarily be adjusted
for cancer patients. For individualized vancomycin-based therapy, dose adjustment at the appropriate time is im-
portant according to information from routine therapeutic drug monitoring and clinical laboratory tests, and to

99

observations of the efficacy, nephrotoxicity, and other conditions in each patient.

Key words vancomycin; pharmacokinetics; cancer patient; therapeutic drug monitoring; malignant; methicillin-resistant

Staphylococcus aureus

Methicillin-resistant Staphylococcus aureus (MRSA) is
known to cause diseases especially in individuals with less
resistance to infectious bacteria, such as elderly, immunosup-
pressive, or postoperative patients, or patients with total par-
enteral nutrition (TPN), with trachea catheter or any passage
in the trachea, premature infants and newborns, and wound
patients. In cancer patients, the risk rate for MRSA infection
is generally high because of depressed immunocompetence,
a side effect of anticancer agents, and nosocomial infections
by MRSA have been reported."

Vancomycin, a glycopeptide antibiotic, has been used to
treat MRSA infections, and it requires effective therapeutic
drug monitoring (TDM) during treatment period especially
to reduce the incidences of nephrotoxicity by controlling its
serum concentration within the therapeutic range.>— The
pharmacokinetics of vancomycin in MRSA-infected patients
has been studied,”~'” and population pharmacokinetic pa-
rameters were reported in adult Japanese patients.'" More re-
cently, an empirical Bayesian method has been widely ap-
plied to TDM data,'” and the predictability of the Bayesian
forecasting methodology for vancomycin with the population
pharmacokinetic parameters in Japanese patients was exam-
ined.!>!¥

Vancomycin is mainly eliminated into urine, and most of
the pharmacokinetic variability can be explained by the de-
gree of renal function.'” However, there have been several
reports of a difference in vancomycin pharmacokinetics
between malignant and non-malignant adult’'” and pedi-
atric'®'® patients, suggesting malignant state to be a covari-
ate of the pharmacokinetic variability. Le Normand et al.”

* To whom correspondence should be addressed.

e-mail: inui@kuhp.kyoto-u.ac.jp

reported a larger distribution volume and shorter elimination
half-life in neutropenic adult patients and they suggested the
need of new therapeutic regimen. Fernandez de Gatta ef al.'”)
reported a significant effect of malignancy on clearance in
patients with hematologic malignancies and proposed a
nomogram for dose setting in cancer patients. Teramachi et
al." reported that the clearance was significantly greater in
the malignancy group (0.077%0.029 I/h/kg) than non-malig-
nancy group (0.056=0.018 I/h/kg) in Japanese patients. They
also found a significant difference in distribution volume at
steady state (1.29+0.41l/kg in malignancy group, 1.05+
0.34 I/kg in non-malignancy group). However, it is also true
that in their report many patients in the malignancy group
showed similar values of clearance and distribution volume
to those in the non-malignancy group. Based on these find-
ings, it seems that the strategy for dose setting in cancer
patients seems confusing for vancomycin, and even if the
mean differences in the pharmacokinetic parameters exist,
we considered that dosage individualization based on ob-
served drug concentration data should be much more impor-
tant as Fernandez de Gatta et al.'” commented, because the
inter-individual variability of vancomycin pharmacokinetics
is still extensive. Thus in this report, we aimed to clarify the
possible impact of such pharmacokinetic differences on the
routine vancomycin therapy and performed a retrospective
study regarding the pharmacokinetics of vancomycin based
on clinical data which were taken in the routine therapeutic
drug monitoring in Kyoto University Hospital.

© 2009 Pharmaceutical Society of Japan
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MATERIALS AND METHODS

Data Source and Patients Characteristics The data
from patients treated with vancomycin and monitored as to
its serum concentration during hospitalization in Kyoto Uni-
versity Hospital (Kyoto, Japan) were collected retrospec-
tively. The investigation period was from November 2005 to
September 2006. Patients under 14 years old or patients with
hemodialysis were excluded. The total number of patients
was 106, including 65 cancer patients and 41 non-cancer pa-
tients. This study was conducted in accordance with the Dec-
laration of Helsinki and its amendments, and the protocol
was approved by the Ethics Committee of Kyoto University
Graduate School and Faculty of Medicine.

All data were retrospectively collected from the electronic
charts, and patient characteristics and results of clinical labo-
ratory tests such as serum creatinine (Scr), blood urea ni-
trogen (BUN), aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and serum albumin (ALB) levels
were summarized. Main diagnosis, vancomycin dose, dosing
interval, and trough concentration data at steady state were
also collected. Serum concentrations were measured by fluo-
rescence polarization immunoassay (FPIA) using a TDxFLx®
analyzer (Abbott Japan, Tokyo, Japan) in the Department of
Pharmacy, Kyoto University Hospital. Only the trough data at
more than 3 d after the initiation of vancomycin therapy were
used for the data at steady state. In addition, a steady state
condition was confirmed for each patient by visually check-
ing the simulated concentration-time profiles by the Bayesian
method described below. In some patients, more than two
data points were obtained on different dosing days, and fi-
nally, the number of trough concentration values was 145 in
cancer patients and 86 in non-cancer patients. In some pa-
tients, doses were also changed during treatment, and so we
picked the dose and concentration data at typical sampling
times, i.e. the sampling time when the steady state trough
concentration was first measured (referred to as the ‘first
sampling point’) and the sampling time when the concentra-
tion data were last measured (‘last sampling point’). For
daily dose and trough concentration, data were summarized
at each of these sampling points. For clinical laboratory tests,
values at only the last sampling point were used for further
comparison.

Data Analysis The relationships of the observed trough
concentration with dose, values of clinical laboratory tests,
and patients’ other characteristics were examined, and statis-
tical comparisons between the cancer and non-cancer pa-
tients were performed accordingly for these observed values.
Especially for relationships of the trough concentrations with
daily dose, dosing interval, calculated creatinine clearance
(CLecr) by the Cockcroft-Gault method,”” and ALT and ALB
were examined by multiple linear regression analysis.

Using the observed trough concentration data, an empiri-
cal Bayesian method”" was applied to obtain the individual
estimates of vancomycin clearance (CL). In this study, we
obtained the Bayesian estimates for distribution volume but
we did not use them for further discussion because only the
trough concentration data were available for most patients.
Bayesian estimation was carried out using the software pack-
age VCM-TDM (Ver. 2.03, Shionogi & Co., Ltd., Osaka,
Japan)® based on a linear two-compartment model. A popu-
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lation pharmacokinetic parameter set for Japanese adult pa-
tients'" was adopted, where calculated creatinine clearance
(CLcr) by the Cockeroft-Gault method®” was used. That is,
in case the calculated CLcr is greater than 85 ml/min, the
population average clearance was set to 3.51 I/h, otherwise an
equation CL (1/h)=0.0478 XCLcr (ml/min) was adopted. All
the available trough concentration data in each patient were
simultaneously used for the Bayesian estimation. In the pa-
tients whose Scr changed more than 0.5 mg/dl, the Bayesian
estimates obtained from only the data before the Scr change
were used for the following evaluation.

Bayesian predictability was evaluated by a correlation
analysis of the observed and predicted values of vancomycin
concentration, and mean prediction error (ME) and root
mean squared error (RMSE) were used as indices of bias and
prediction, respectively™;

ME=%£(CFM—CMS) (@)}
i=1
n
RMSE = \]l 3 G @
L

In Egs. 1 and 2, n is number of concentration data, C,,, is
predicted drug concentration and C,, is observed drug con-
centration.

The cancer patients were divided into sub-groups accord-
ing to the presence of fluid retention or cancer type, and
comparisons of vancomycin clearance were made based on
statistical analyses or visual inspection. Type of fluid reten-
tion such as ascites and pleural effusion was diagnosed by
physicians based on the imaging test, and edema was also di-
agnosed by physicians by referencing increase of body
weight.

Statistical Analysis Mean difference of the patients’
characteristics including the results of clinical laboratory
tests, vancomycin dose, observed trough concentration, and
estimated clearance were tested between the cancer and non-
cancer patients. Statistical comparisons were made for the
sub-group data, if appropriate, by Student’s #-test or Welch’s
t-test according to results of an F-test for equal variance,
with a 5% level of significance. Statistical tests and regres-
sion analyses were carried out with Microsoft Excel® (Mi-
crosoft, WA, U.S.A.) or Dr. SPSS (SPSS Japan Inc., Tokyo,
Japan).

RESULTS

Comparison of Patients’ Characteristics The patients’
characteristics are summarized in Table 1. No significant dif-
ferences were found between the two groups for age, body
weight, Scr, BUN, AST, ALT, ALB and CLcr. The cancer
type and clinical stage in the cancer patients are summarized
in Table 2. Most patients were in stage III or I'V.

Comparison of Vancomycin Dose and Observed
Trough Concentration A summary of the vancomycin
dose and observed trough concentration is given in Table 1.
In some patients, doses were changed during the treatment,
and thus dose and trough concentration at both the first and
the last sampling point as defined in the previous section
were compared. In the case of the first sampling point, the
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Table 1. Summary of Patients’ Characteristics
Cancer Non-cancer

Number of patients 65 (male 43, female 22) 41 (male 24, female 17)
Age (years old) 574+14.4 (24—81) 62.6+15.6 (27—92) N.S.
Body weight (kg) 52.6+11.3 (35.3—94.8) 53.1%+10.5 (31.4—78.7) N.S.
Scr (mg/dl) 0.8+0.8 (0.3—6.1) 0.8+0.4 (0.3—2.2) N.S.
BUN (mg/dl) 15.8+12.8 (3—76) 18.3+13.6 (3—55) N.S.
AST (1U/1) 27.9%21.6 (6—129) 35.0+33.1 (8—182) N.S.
ALT (IU/1) 34.0+32.2 (3—194) 34.5+41.0 (6—245) N.S.
ALB (g/dl) 3.1+0.5 (1.8—4.5) 3.2%+0.6 (1.8—44) N.S.
CLer (ml/min/kg)” 1.69+0.75 (0.21—3.61) 1.62+0.83 (0.42—3.70) N.S.
CLcr (ml/min)® 88.1+£40.3 (8.7—181.2) 86.0£46.5 (17.8—203.8) N.S.
Number of trough measurements 145 86
Daily dose (mg/kg)? 35.5+11.9 (10.5—78.5) 28.5+8.9 (12.2—46.7) p<0.01
Daily dose (mg/kg)” 31.4%12.5(11.8—78.5) 30.4%11.1 (12.2—53.4) N.S.
Vancomycin conc. (ug/ml)? 11.5£5.4(24—29.7) 10.8+5.2 (2.1—24.2) N.S.
Vancomycin conc. (ug/ml)* 11.5%£5.0 (2.1—29.7) 12.8+6.4 (2.1—36.6) N.S.

Values are the mean+S.D. (minimum—maximum). N.S.: Not significantly different. a) Calculated by Cockcroft-Gault formula. b) At the first sampling point. c) At the last

sampling point.

Table 2. Cancer Type and Number of Patients in Each Clinical Stage

Stage
Cancer type Total
1 1l 11 v
Acute myelocytic leukemia Not defined 9
Lung cancer 5 3 8
Esophageal cancer 1 3 2 6
Bladder cancer 2 1 3 6
Malignant lymphoma 1 1 1 2 5
Lymphocytic leukemia Not defined 4
Pharyngeal cancer 1 1 1 3
Hepatocellular carcinoma 3 3
Soft tissue tumor Not defined 3
Cervical cancer 1 1 2
Tongue cancer 1 1 2
Multiple myeloma 1 1 2
Pancreatic cancer 1 1 2
Osteosarcoma Not defined 2
Testicular cancer 1 1
Duodenal neoplasm 1 1
Gastric cancer 1 1
Gallbladder cancer 1 1
Brain tumor Not defined 1
Adult T-cell leukemia Not defined 1
Chronic myelocytic leukemia Not defined 1
Myelodysplastic syndrome Not defined 1

Not defined: clinical stage is not defined because of non-solid cancer.

dose was 35.5*+11.9 mg/kg (mean=S.D.) and 28.5*+8.9 mg/
kg in the cancer and non-cancer patients, respectively, which
were significantly different (p<<0.01), but the trough concen-
tration was not significantly different (11.5+5.4 ug/ml in the
cancer patients and 10.8%5.2 ug/ml in the non-cancer pa-
tients). In the case of the last sampling point, no significant
differences were found in dose (31.4*=12.5mg/kg vs. 30.4=*
11.1 mg/kg) or trough concentration (11.5%5.0 ug/ml vs.
12.8*6.4 ug/ml).

Figures 1 and 2 show the relationship of trough concentra-
tion with daily dose (Fig. 1), CLcr (Fig. 2a), ALT as a marker
of hepatic function (Fig. 2b), and ALB (Fig. 2c). Multiple
linear regression analysis with a stepwise method showed
that the trough concentration depends on daily dose (p<<
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Fig. 1. Relationship of Trough Concentration with Daily Dose

Open circles: cancer patients, open triangles: non-cancer patients. Mean values for
each dose are plotted with horizontal bars.

0.001) and CLer (p<<0.001), and was independent of dosing
interval, ALT, ALB and cancer type.

Comparison of Bayesian Estimated Vancomycin Clear-
ance Figure 3 shows a correlation between the observed
and the Bayesian predicted vancomycin trough concentra-
tions. The indices ME and RMSE were 0.49 and 2.91, re-
spectively for the cancer patients, and 0.37 and 2.00 for the
non-cancer patients. According to these results, Bayesian
predictability seems generally acceptable. The accuracy of
Bayesian estimation depends on sampling times,>* % and it
is reported that the estimation error for distribution volume is
large but that for clearance is relatively small in case using
only trough data.’® Therefore, we did not compare distribu-
tion volume by the Bayesian method between the cancer and
non-cancer patients as only trough concentration data were
available.

The predicted vancomycin clearance was (mean*S.D.,
minimum—maximum) 3.73+1.39 (0.912—5.97)/h for the
cancer patients, and 3.48+1.56 (0.545—6.87)1/h for the
non-cancer patients, and when adjusted for body weight,
clearance was 0.072+0.028 (0.022—0.140) /h/kg for the
cancer patients, and 0.065+0.026 (0.017—0.127) I/h/kg for
the non-cancer patients. Although average clearance did not
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Fig. 4. Correlation of Bayesian Estimated Clearance (CL) and Creatinine
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Circles: data from cancer patients, Triangles: data from non-cancer patients. Data
from patients with fluid retention are plotted with closed circles (cancer) or closed tri-
angles (non-cancer). The predictive range given by the mean*2XS.D. of inter-individ-
ual variability of the population parameters was given by dotted lines. The lines are dis-
continuous because the original population profile is discontinuous.

differ significantly between the groups, this does not suggest
that there is no effect of malignancy on vancomycin clear-
ance because clearance depends on creatinine clearance, and
creatinine clearance varies between patients in the present
data set. Therefore visual checking and a comparison of the
correlation plots of vancomycin clearance and creatinine
clearance in both groups would be a better approach. Figure
4 shows the correlation plots in both groups. The scatters of
the data in both groups were similar, suggesting no differ-
ence in elimination processes. The similarity of the current
data with the previous population data set can be confirmed
by comparing the data with a predictive range of CL vs. CLcr
relationship calculated by ‘population mean*2XS.D. of
inter-individual variability’ as shown in Fig. 4.

Vancomycin distributes abdominal dropsy,?” and thus we
examined the possible difference of vancomycin clearance in
patients with fluid retention. A scatter plot of the clearance
against creatinine clearance for each sub-group is given in
Fig. 4 with closed symbols for those with fluid retention. By
visual inspection of Fig. 4, vancomycin clearance in patients
with fluid retention was within the range of that in patients
without fluid retention.

Estimates of vancomycin clearance were compared among
different cancer types. The relationship between clearance
(I/h) and creatinine clearance (ml/min) were plotted for each
cancer type in Fig. 5. Data for different cancer types with
more than 3 patients were plotted separately. Regarding the
patients backgrounds, no statistical comparisons were per-
formed because we considered that the numbers of data sets
were too small to be used for multiple comparisons, however,
mean values for age, body weight, and results of clinical lab-
oratory tests were similar among the cancer types. As shown
in Fig. 5, no clear pattern showing the difference by cancer
type was found.

DISCUSSION

In this study, the pharmacokinetics of vancomycin was ret-
rospectively examined based on steady state trough concen-
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Fig. 5. Correlation of Bayesian Estimated Clearance (CL) and Creatinine
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Cancer types in the cancer patients are; 1: acute myelocytic leukemia, 2: lung cancer,
3: esophageal cancer, 4: bladder cancer, 5: malignant lymphoma, 6: lymphocytic
leukemia, 7: pharyngeal cancer, 8: soft tissue tumor, 9: hepatocellular carcinoma, and
10: others.

trations in routine therapeutic drug monitoring. Although
some patients had values outside the recommended concen-
tration range, the trough levels were generally well con-
trolled. As shown in Table 1, average trough concentrations
were around 12 pg/ml and were not significantly different be-
tween the cancer and non-cancer patients for either the first
or last sampling points. Regarding the body weight-normal-
ized dose, the cancer group showed significantly higher val-
ues at the first sampling point, however, the doses were not
significantly different at the last sampling point. There was
one patient with a soft tissue tumor who received a relatively
high dose per body weight (38.2kg body weight, 62 years
old, daily dose: 3000 mg/d, 78.5 mg/kg/d). If we exclude this
patient, doses did not differ between the two groups. In this
patient, body weight was extremely low because of weight
loss (15kg was lost) due to excision of the femoral region
and anorexia as a side effect of radiation therapy, and such
low body weight resulted in high calculated daily dose per
body weight. Based on our present data, vancomycin doses
as well as trough concentrations at steady state in routine
therapy did not differ between the cancer and non-cancer pa-
tients.

From the results of the statistical comparison (Table 1) and
visual check of the plot of clearance versus creatinine clear-
ance (Fig. 4), there was no clear difference in the estimated
clearance between the cancer and non-cancer patients, al-
though there are some reports of a significant pharmacokinetic
difference between cancer and non-cancer patients,”'®16—1%)
In the report by Teramachi et al.,'” they selected patients
with normal renal function, and they did not have to consider
the effect of renal function on their data. In such a well con-
trolled data set, they found some patients that showed greater
clearance and distribution volume, however in their report,
some individual plots showed similar values of clearance and
distribution volume between the malignancy group and non-
malignancy group. Based on these findings, we consider that
pharmacokinetics of vancomycin may change in some cancer
patients but dosage should be individualized based on other
covariates such as patients’ condition and on observed drug
concentration data considering that the inter-individual vari-
ability of vancomycin pharmacokinetics is still extensive. In
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this work, we could not discuss the possible changes in distri-
bution volume because we used only trough concentration
data, but as complementary information, we found fluid re-
tention did not affect the vancomycin clearance, and the re-
sults suggested no need of dose adjustment for patients with
fluid retention to control trough concentration.

Regarding the initial dose adjustment for cancer patients,
it is also reported that vancomycin dose should be higher in
pediatric cancer patients due to changes of pharmacokinetic
parameters.'~'® However, malignancy state is not the sole
covariate affecting vancomycin pharmacokinetics,'” and also
considering a large inter-individual variability in clearance
after correcting by each patient’s renal function, we should
not discuss dosage adjustment in cancer patients based on
only average differences between cancer and non-cancer pa-
tients. We would suggest that initial dose should not neces-
sarily be increased in cancer patients, but we still should be
careful of the possibility that vancomycin concentrations
might be lower than expected in cancer patients due to an in-
crease in clearance and/or distribution volume. We consider
that peak concentration monitoring is not necessary in rou-
tine therapeutic drug monitoring because the side effect can
be monitored based on trough levels, and efficacy is related
to a ratio of the area under the concentration vs. time curve to
minimum inhibitory concentration (AUC/MIC),**® where
AUC is a function of clearance that can be calculated by the
Bayesian method using only trough data.

There are a few reports regarding the effects of cancer
type on vancomycin pharmacokinetics in Japanese patients.
Teramachi er al.'® reported significant increase in clearance
and distribution volume in patients with breast cancer and
Hodgikin’s lymphoma (n=3 or 4). In our study, we have
no data for breast cancer and 5 patients with malignant
lymphoma. For the latter, vancomycin dose and clearance
showed similar values as shown in Fig. 5 although the num-
bers of cases are small. In other cancer groups, although it is
difficult to compare the pharmacokinetics precisely, by visu-
ally checking the plots, no clear dependence on cancer type
was found for clearance.

In our present analysis, we found no clear difference in
vancomycin clearance between the cancer and non-cancer
patients, and therefore we conclude that initial dose should
not necessarily be adjusted (increased) for cancer patients. In
dosage adjustment in routine therapeutic drug monitoring ac-
cording to a Bayesian prediction, one trough concentration is
usually enough to establish an individualized dosage.'*** Of
course in all patients, dose adjustment at the appropriate time
is important according to information from routine therapeu-
tic drug monitoring and clinical laboratory tests, and should
be based also on observations of efficacy, nephrotoxicity and
other conditions in each patient.
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ABSTRACT

In human proximal tubules, organic cations are taken up from
blood into cells by human organic cation transporter 2 [hOCT2/
solute carrier (SLC) 22A2] and then eliminated into the lumen by
apical H"/organic cation antiporters, human multidrug and toxin
extrusion 1 (hMATE1/SLC47A1) and hMATE2-K (SLC47A2). To
evaluate drug interactions of cationic drugs in the secretion pro-
cess, epithelial cells engineered to express both hOCT2 and
hMATE transporters are required to simultaneously evaluate drug
interactions with renal basolateral and apical organic cation trans-
porters. In the present study, therefore, we assessed the drug
interaction between cimetidine and metformin with double-trans-
fected Madin-Darby canine kidney cells stably expressing both
hOCT2 and hMATE1 as an in vitro model of the proximal tubular
epithelial cells. The basolateral-to-apical transport and intracellular

accumulation of ['“C]metformin by a double transfectant were
markedly inhibited by 1 mM cimetidine at the basolateral side. On
the other hand, 1 uM cimetidine at the basolateral side moderately
decreased the basolateral-to-apical transport of [“C]metformin
and significantly increased the intracellular accumulation of
["“C]metformin from the basolateral side, suggesting that cimeti-
dine at a low concentration inhibits apical hMATE1, rather than
basolateral hOCT2. Actually, in concentration-dependent inhibi-
tion studies by a single transporter expression system, such as
human embryonic kidney 293 stably expressing hMATE1,
hMATE2-K, or hOCT2, cimetidine showed higher affinity for
hMATEs than for hOCT2. These results suggest that apical
hMATE1 is involved in drug interactions between cimetidine and
cationic compounds in the proximal tubular epithelial cells.

Drug interactions involving metabolism and/or excretion
cause marked changes in plasma and intracellular concen-
trations of the affected drug. Such interactions can lead to
severe adverse effects or unexpected pharmacological effects.
Recent studies have shown that many transporters play im-
portant roles in the uptake and subsequent secretion of drugs
in the liver and kidney, and several specific transporter pro-
teins involved in drug interactions have been reported (Sh-
itara et al., 2005; Endres et al., 2006; Li et al., 2006). How-
ever, most of these reports examined the involvement of
either apical or basolateral transporters. To reproduce drug
interactions via renal transporters in vivo, analyses by the
epithelial cells with transcellular transport systems are
needed.
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In human proximal tubules, organic cations are taken up
from blood into cells by human organic cation transporter 2
(hOCT2/SLC22A2) and then eliminated into the lumen by
apical H"'/organic cation antiporters, human multidrug and
toxin extrusion 1 (hMATE1/SLC47A1) and hMATE2-K
(SLC47A2). hMATE1 and hMATE2-K have been identified
recently (Otsuka et al., 2005; Masuda et al., 2006), and we
have characterized both transporters in terms of tissue dis-
tribution, membrane localization, transcriptional regulation,
and transport characteristics (Terada and Inui, 2008). How-
ever, there has been little systematic comparison of substrate
affinity among hMATE1, hMATEZ2-K, and hOCT2. Compar-
isons of substrate affinity for hMATEs and hOCT2 would
enable us to predict where drug interactions between cationic
drugs are likely to occur in the renal secretion process in vivo.
It is important to predict where on the membrane drug
interaction will occur because the intracellular accumulation
of drugs at the proximal tubules may be involved in drug-
induced nephrotoxicity.

Here, for a systematic comparison of substrate affinity

ABBREVIATIONS: h, human; OCT, organic cation transporter; SLC, solute carrier; MATE, multidrug and toxin extrusion; MDCK, Madin-Darby
canine kidney; TEA, tetraethylammonium; HEK, human embryonic kidney; r, rat.
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among hMATE1, hMATE2-K, and hOCT2, the affinity of
various drugs for hMATE1 and hMATE2-K was elucidated.
Then, based on a comparison of the affinity for the hLMATE
family and hOCT2, the involvement of hMATEL in the drug
interaction between cimetidine and metformin was evalu-
ated by using double-transfected Madin-Darby canine kidney
(MDCK) cells stably expressing both hOCT2 and hMATE1
(MDCK-hOCT2/hMATE1 cells). Recently, we have estab-
lished this double transfectant, and demonstrated that
MDCK-hOCT2/hMATEL1 cells are an appropriate in vitro
model of human tubular epithelial cells to evaluate the tran-
scellular transport of cationic drugs (Sato et al., 2008).

Tsuda et al.

Materials and Methods

Materials. Pramipexole dihydrochloride monohydrate and tali-
pexole hydrochloride were kindly provided by Nippon Boehringer
Ingelheim (Tokyo, Japan). [**C]Tetraethylammonium (TEA) (2.035
GBg/mmol) was purchased from American Radiolabeled Chemicals
(St. Louis, MO). [**C]Metformin (962 MBg/mmol) and D-[**C]manni-
tol (2 GBg/mmol) were purchased from Moravek Biochemicals (Brea,
CA). [N-Methyl-*H]cimetidine (470 GBg/mmol) was obtained from
GE Healthcare (Chalfont St. Giles, UK). D-[1-H(N)]mannitol (525.4
GBg/mmol) was acquired from PerkinElmer Life and Analytical Sci-
ences (Boston, MA). Quinidine sulfate, verapamil hydrochloride,
imipramine hydrochloride, diphenhydramine hydrochloride, (*)-
chlorpheniramine maleate, and cimetidine were purchased from Na-
calai Tesque (Kyoto, Japan). Metformin hydrochloride, diltiazem
hydrochloride, procainamide hydrochloride, ranitidine hydrochlo-
ride, and amantadine hydrochloride were obtained from Sigma-Al-
drich (St. Louis, MO). Disopyramide, desipramine hydrochloride and
famotidine were acquired from Wako Pure Chemicals (Osaka, Ja-
pan). Cetirizine was obtained from LKT Labs (St. Paul, MN). All
other chemicals used were of the highest purity available.

Cell Culture. According to our previous report (Tanihara et al.,
2007), HEK293 cells stably expressing hMATE1 (HEK-hMATE1
cells) or hMATE2-K (HEK-hMATEZ2-K cells) were cultured in com-
plete medium consisting of Dulbecco’s modified Eagle’s medium (Sig-
ma-Aldrich) with 10% fetal bovine serum (Invitrogen, Carlsbad, CA)
and hygromycin B (0.2 mg/ml; Invitrogen) in an atmosphere of 5%
CO,/95% air at 37°C. The double-transfected MDCK-hOCT2/
hMATE] cells were previously established in our laboratory (Sato et
al., 2008). MDCK-hOCT2/hMATEL1 cells were cultured in complete
medium consisting of Dulbecco’s modified Eagle’s medium with 10%
fetal bovine serum, hygromycin B (0.2 mg/ml), and G-418 (0.5 mg/ml;
Nacalai Tesque) in an atmosphere of 5% C0O,/95% air at 37°C. In the
previous study, we demonstrated that hOCT2 and hMATE1 were
localized on the basolateral and apical membrane, respectively, in
MDCK-hOCT2/hMATE1 cells by immunofluorescence microscopy
(Sato et al., 2008). HEK293 cells stably expressing hOCT2 (HEK-
hOCT2 cells) were cultured according to a previous report (Urakami
et al., 2004).

Preparation of Membrane Vesicles from HEK-hMATE1 and
HEK-hMATE2-K Cells. HEK-hMATE1 or HEK-hMATE2-K cells
were seeded on 100-mm plastic dishes (5 X 10° cells/dish), with 25
dishes used in a single preparation. Then, plasma membrane vesi-
cles were prepared according to our previous report (Tsuda et al.,
2007).

Transport Experiments by Membrane Vesicles. The uptake
of ["*CITEA by membrane vesicles from HEK-hMATE1 or HEK-
hMATE2-K cells was measured using a rapid filtration technique
according to our previous report (Tsuda et al., 2007). Nonspecific
absorption was determined by the addition of [**C]TEA to 1 ml of
ice-cold stop solution containing 20 pl of membrane vesicles. This
value was subtracted from the total uptake data. The protein content
was determined by the method of Bradford (1976) using a Bio-Rad

Protein Assay Kit (Bio-Rad, Hercules, CA) with bovine y-globulin as
a standard.

Transport Experiments by Transfectants. The cellular up-
take of radiolabeled compounds was performed as reported previ-
ously (Urakami et al., 2004; Tanihara et al., 2007). The transcellular
transport experiments with radiolabeled compounds were performed
as described previously (Sato et al., 2008). In brief, MDCK-hOCT2/
hMATET1 cells were seeded on microporous membrane filters (3.0-pm
pores, 4.7-cm? growth area) inside a Transwell cell culture chamber
(Corning Life Sciences, Lowell, MA) at a density of 18 X 10° cells/
well. On the 7th day after the seeding, the cells were used for
transcellular transport experiments. The composition of the incuba-
tion medium was as follows: 145 mM NaCl, 3 mM KCl, 1 mM CaCl,,
0.5 mM MgCl,, 5 mM D-glucose, and 5 mM HEPES, pH 7.4, or MES,
pH 6.0. After the removal of the culture medium from both sides of
the monolayers, the cell monolayers were preincubated with 2 ml of
incubation medium, pH 7.4, on each side for 10 min at 37°C. Then, 2
ml of incubation medium, pH 7.4, containing both a radiolabeled
compound and radiolabeled mannitol was added to the basolateral
side, and 2 ml of nonradioactive incubation medium, pH 6.0, was
added to the apical side. The monolayers were incubated for specified
periods of time at 37°C. Radiolabeled mannitol, a compound that is
not transported by the cells, was used to calculate paracellular flux
and the extracellular trapping of substrates. For transport measure-
ments, an aliquot (100 pl) of the incubation medium on the apical
side was taken at specified times, and the radioactivity was deter-
mined in 5 ml of ACSII by liquid scintillation counting. For accumu-
lation studies, the medium was removed by aspiration at the end of
the incubation period, and the monolayers were rapidly washed
twice with 2 ml of ice-cold incubation medium, pH 7.4, on each side.
The filters were detached from the chambers, the cells on the filters
were solubilized with 0.5 ml of 0.5 N NaOH, and the radioactivity in
aliquots (300 pl) was determined in 3 ml of ACSII by liquid scintil-
lation counting. The protein content of the solubilized cells was
determined using a Bio-Rad Protein Assay Kit with bovine y-globulin
as a standard (Bradford, 1976).

Measurement of Intracellular Volume. The equilibrium up-
take of sulfanilamide was determined according to standard proce-
dures for transcellular transport experiments with a slight modifi-
cation. In brief, after the preincubation, 2 ml of incubation medium,
pH 7.4, containing both 10 mM sulfanilamide and p-[’H]mannitol
was added to both sides. The intracellular volume was calculated
from the equilibrium uptake (60 min) and external concentration of
sulfanilamide. Sulfanilamide was diazotized and coupled with
2-DEAE-1-naphthylamine oxalate, and the amount of colored mate-
rial was determined spectrophotometrically at 550 nm (Saito et al.,
1986).

Data Analysis. Data were expressed as the means + S.D. Two or
three experiments were conducted, and representative results were
shown. Apparent K, values were expressed as the means *+ S.E. and
analyzed statistically using the unpaired Student’s ¢ test. Data from
transport experiments were analyzed statistically with the one-way
analysis of variance followed by Dunnett’s test.

Results

Determination of the Driving Force of hMATE1 and
hMATE2-K with Membrane Vesicles from HEK-hMATE1
and HEK-hMATE2-K Cells. At first, to validate the driving
force of hMATE1 and hMATE2-K, we carried out [**C]TEA
uptake studies with membrane vesicles from HEK-hMATE1 or
HEK-hMATE2-K cells. In the presence of an outwardly directed
H* gradient, a marked stimulation of [**C]TEA uptake (over-
shoot phenomenon) was observed in membrane vesicles from
HEK-hMATE1 and HEK-hMATE2-K cells (Fig. 1, A and B).
Furthermore, ['*C]TEA uptake by hMATE1 and hMATE2-K
was not altered by the presence of valinomycin with or without
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Fig. 1. Determination of the driving force of the hMATE family with membrane vesicles from HEK-hMATE1 (A and C) and HEK-hMATE2-K (B and
D) cells. A and B, effects of various H* gradients on ['*C]TEA uptake. Membrane vesicles were prepared in the experimental buffer at pH 6.0 (O and
A)or 7.5 (@ and A). The uptake of ['*CITEA was examined in the experimental buffer containing 31.25 pM [**C]TEA and 100 mM KCl at pH 6.0 (A
and A) or 7.5 (O and @). C and D, effects of valinomycin on [**C]TEA uptake with or without a H* gradient. Membrane vesicles were prepared in the
experimental buffer at pH 6.0 (O and ®) or 7.5 (A and A). The uptake of ['*C]ITEA was examined in the experimental buffer containing 31.25 pM
[*“C]TEA and 100 mM CsCl at pH 7.5 in the absence (O and A) or presence (® and A) of 8 pM valinomycin. Valinomycin, a K* ionophore, was employed
to produce an inside-negative membrane potential in the presence of outward K* gradient. Each point represents the mean * S.D. for three
determinations. These figures are representative of two separate experiments. pH, , intravesicular pH; pH,,, extravesicular pH.

the H" gradient (Fig. 1, C and D). These findings indicated that
both transporters utilized an oppositely directed H™ gradient as
a driving force. Subsequent experiments were carried out in the
presence of an outwardly directed H* gradient to evaluate the
transport characteristics of the MATE family.

Comparison of Substrate Affinity for hMATE],
hMATE2-K, and hOCT2. To compare the substrate affinity
for hAMATE1 and hMATEZ2-K, the apparent K; values of var-
ious cationic drugs for the uptake of [**C]TEA were deter-
mined. Cationic drugs inhibited ['*C]TEA uptake via
hMATE1 and hMATE2-K in a dose-dependent manner. Fig-
ures 2 and 3 show representative inhibition curves of hista-
mine H, receptor antagonists and antiparkinsonian agents,
respectively. Table 1 provides a summary of the apparent K,
values of various drugs for hMATE1 and hMATE2-K. Hista-
mine H, receptor antagonists such as cimetidine and famo-
tidine showed high affinity for hMATE1 and hMATE2-K as
compared with other drugs. Although many drugs tended to
have higher affinity for hMATE1 than for hMATE2-K, only
pramipexole, an antiparkinsonian agent, exhibited higher

affinity for h(MATE2-K than for hMATE1. Table 2 shows the
affinity for hMATE1, hMATE2-K, and OCT2 of various com-
pounds excreted from the kidney. K, values of hOCT2 and
rat (r) OCT2 were cited from previous papers (Urakami et al.,
2001; Ishiguro et al., 2005; Koepsell et al., 2007). Most drugs
showed higher affinity for OCT2 than for hMATEs.

Effects of Cimetidine on Transcellular Transport of
[**C]Metformin in MDCK-hOCT2/hMATE1 Cells. It is
interesting that histamine H, receptor antagonists such as
cimetidine showed higher affinity for hMATEs than for
hOCT2 (Table 2). Furthermore, recent clinical pharmacoki-
netic and pharmacogenomic analyses of metformin have paid
attention to the renal secretion process (Shikata et al., 2007;
Song et al., 2008; Takane et al., 2008; Wang et al., 2008).
Therefore, we examined the effect of different concentrations
of cimetidine on the basolateral-to-apical transport and in-
tracellular accumulation of [**Clmetformin in MDCK-
hOCT2/hMATE]1 cells. We have demonstrated recently that
MDCK-hOCT2/hMATE1 showed the vectorial transcellular
transport of organic cations, such as TEA and metformin
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Fig. 2. Effects of histamine H,, receptor antagonists on [**C]TEA uptake
by HEK-hMATE1 (A) and HEK-hMATEZ2-K (B) cells. HEK-hMATE1 and
HEK-hMATE2-K cells were preincubated with 30 mM NH,Cl, pH 7.4, for
20 min. Then, the preincubation medium was removed, and the cells were
incubated with 5 uM [**C]TEA in the presence of cimetidine (O), famo-
tidine (@), or ranitidine (A) for 1 min at 37°C (pH 7.4). After the incuba-
tion, the radioactivity of solubilized cells was measured. Each point
represents the mean * S.D. for three monolayers. These figures are
representative of three separate experiments.

(Sato et al., 2008). As shown in Fig. 4A, the transcellular
transport of [**Clmetformin was moderately inhibited by the
presence of 1 pM cimetidine and almost completely inhibited
by the presence of 1 mM cimetidine. The cellular accumula-
tion of [**C]metformin was inhibited by 1 mM cimetidine but
increased by 1 uM cimetidine (Fig. 4B). Furthermore, we
examined the inhibitory effects of cimetidine on the uptake of
[**C]metformin by hOCT2. Cimetidine had little effect at 1
kM but inhibited the uptake at 1 mM (Fig. 5). The apparent
K, value of cimetidine for hOCT2 was calculated to be 147.1 +
11.0 M. These results suggest that 1 mM cimetidine com-
petitively inhibits the uptake of [**C]metformin by hOCT2,
resulting in a drastic decrease in both the transcellular
transport and the intracellular accumulation of [**Clmet-
formin. On the other hand, 1 pM cimetidine inhibits the
apical efflux of [**C]metformin via hMATE1, but not the
uptake by hOCTZ2, causing a marked increase in its cellular
accumulation.

Intracellular Concentration of [*H]Cimetidine in
MDCK-hOCT2/hMATE]1 Cells. To confirm that hMATEL is
specifically inhibited by intracellular cimetidine taken up
from the basolateral side, the intracellular concentration of
cimetidine was determined. The amount of intracellular ci-

metidine after 60 min of incubation was demonstrated to be
10.0 = 0.5 pmol/mg protein. We then measured the intracel-
lular volume of MDCK-hOCT2/hMATE]1 cells with the equi-
librium uptake of sulfanilamide and found that it was 2.2 *
0.4 pl/mg protein. Based on these findings, the intracellular
concentration of cimetidine was calculated as 4.5 * 0.4 uM.
Considering the K; values of cimetidine for hMATE1 and
hOCT2, this intracellular concentration suggests that the
transport of cationic drugs via hMATE] is specifically inhib-
ited by intracellular cimetidine, but transport via hOCT2 is
little inhibited by intracellular cimetidine (Fig. 6).

Discussion

We reported that hMATE1 and hMATE2-K have a similar
substrate specificity for many endogenous organic cations
and cationic drugs and that several substrates have higher
affinity for hMATE1 than for hMATE2-K (Tanihara et al.,
2007). In the present study, four cationic drugs had similar
affinity for hMATE1 and for hMATE2-K, and 12 cationic
drugs were found to have higher affinity for h(MATE1 than
for h(MATE2-K (Table 1). This would suggest that hMATE1
and hMATE2-K have complementary roles in the renal se-
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Fig. 3. Effects of antiparkinsonian agents on [**CITEA uptake by HEK-
hMATEL1 (A) and HEK-hMATE2-K (B) cells. HEK-hMATE1 and HEK-
hMATE2-K cells were preincubated with 30 mM NH,CIl, pH 7.4, for 20
min. Then, the preincubation medium was removed, and the cells were
incubated with 5 pM ["*C]TEA in the presence of amantadine (O),
pramipexole (@), or talipexole (A) for 1 min at 37°C, pH 7.4. After the
incubation, the radioactivity of solubilized cells was measured. Each
point represents the mean + S.D. for three monolayers. These figures are
representative of three separate experiments.
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TABLE 1

189

The apparent K; values of various drugs for ['*C]TEA uptake by hMATE1 and hMATE2-K

Each value represents the mean + S.E. for three independent experiments.

Apparent K; Values for ['*C]TEA Uptake

Drug Ratio of K; Values (hMATE1/hMATE2-K)
hMATE1 hMATE2-K
wM

Antidiabetic drug

Metformin 666.9 + 30.2 6515.7 + 792.4 0.10
Antiarrhythmic drugs

Diltiazem 12.56 £ 0.7 117.0 = 2.7° 0.11

Disopyramide 83.8 +5.8 291.6 + 38.3* 0.29

Procainamide 217.0 £ 11.6 178.1 £ 19.3 1.22

Quinidine 29.2 + 3.1 23.1+45 1.26

Verapamil 275+ 3.6 32.1+44 0.85
Antidepressant drugs

Desipramine 55.7 * 14.5 283.0 = 53.5" 0.19

Imipramine 42.0 £ 9.0 182.9 = 31.0* 0.23
Histamine H, receptor antagonists

Cetirizine 371.2 + 42.7 817.6 + 103.6" 0.45

Chlorpheniramine 87.6 * 8.5 191.2 = 33.6* 0.46

Diphenhydramine 87.0 = 4.0 266.5 + 53.4" 0.33
Histamine H, receptor antagonists

Cimetidine 1.1+0.3 7307 0.15

Famotidine 0.6 0.2 9.7+ 04" 0.06

Ranitidine 254 + 2.1 25.0 0.8 1.02
Antiparkinsonian agents

Amantadine 111.8 £ 5.9 1167.0 + 100.5" 0.10

Pramipexole 141.4 + 24.2 24.1 + 3.4* 5.86

Talipexole 66.0 = 3.7 119.5 * 15.3" 0.55

* P < 0.05, significantly different from the apparent K; value of hMATE1.

cretion of organic cations. It is interesting that only
pramipexole showed markedly higher affinity for hMATE2-K
than for hLMATEL1 (Fig. 3; Table 1). It has been reported that
pramipexole is transported by rOCT1 and rOCT2 (Ishiguro et
al., 2005), but it is unclear whether pramipexole is trans-
ported by the hMATE family and hOCT2. Pramipexole may
be a good probe to distinguish the molecular mechanisms by
which the hMATE family recognizes substrates.

In the present study, most drugs showed higher affinity for
OCT2 than for hMATEs (Table 2). Histamine H, receptor
antagonists such as cimetidine and famotidine, however,

TABLE 2

showed higher affinity for hMATEs than for hOCT2. In par-
ticular, the K; values of cimetidine for hMATE1 and for
hOCT2 were 1.1 and 8.6 to 73 pM (Koepsell et al., 2007),
respectively. Taking into consideration the effective blood
concentration of cimetidine (2.0-3.6 uM) (Benet et al., 1996),
it is assumed that hOCT2 is little inhibited by cimetidine at
clinical doses, but hMATE] is inhibited by cimetidine taken
up from blood into cells. To verify this hypothesis, we per-
formed transcellular transport studies with a double trans-
fectant composed of basolateral hOCT2 and apical hAMATE1.
We found that 1 uM cimetidine was taken up from the

Comparison of affinity for h(MATE1, hMATE2-K, and hOCT2 (rOCT2) of organic cations and various drugs excreted from kidney

K or K; Values for

[™C]TEA Uptake

Effective Plasma

Compounds Af?rnol;yggévlilggazrggg}‘m Comparison of Affinity Concentiation®
hMATE1 hMATE2-K
M M

Organic cations

TEA 380 760 48-270 MATE < OCT

1-Methyl-4-phenylpyridinium 100 110 19-78 MATE < OCT
Antidiabetic drug

Metformin 667 6516 339-1700 MATE < OCT 4.1
Antiarrhythmic drugs

Disopyramide 84 292 (64) MATE < OCT >4.4

Procainamide 217 178 50-58 MATE < OCT 11-52

Quinidine 29 23 (19) MATE < OCT 6-18
Histamine H, receptor antagonist

Cetirizine 371 818 No data 0.55
Histamine H, receptor antagonists

Cimetidine 1.1 7.3 8.6-73 MATE > OCT 2.0-3.6

Famotidine 0.6 9.7 111-204 MATE > OCT 0.04

Ranitidine 25 25 40-265 MATE > OCT 0.28
Antiparkinsonian agents

Amantadine 112 1167 20-28 MATE < OCT 1.6

Pramipexole 141 24 a7 MATE < OCT 0.001

Talipexole 66 120 No data 0.002

“ The K, values obtained from a previous paper (Tanihara et al., 2007).

b The affinity for OCT2 obtained from previous work (Urakami et al., 2001; Ishiguro et al., 2005; Koepsell et al., 2007).

¢ The effective plasma concentration obtained from the data of Benet et al. (1996).
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Fig. 4. Effects of cimetidine on transcellular transport (A) and intracel-
lular accumulation (B) of [**Clmetformin by MDCK-hOCT2/hMATE1
cells. The cell monolayers were incubated at 37°C with 2 ml of incubation
medium, pH 7.4, containing ['*C]metformin (10.6 pM) and p-[*Hlmanni-
tol (0.079 nM) added to the basolateral side in the absence (Control, O) or
presence of either 1 pM cimetidine (@) or 1 mM cimetidine (A), and 2 ml
of nonradioactive incubation medium, pH 6.0, was added to the apical
side. After the incubation, the radioactivity on the apical side and intra-
cellular accumulation were measured. Transcellular transport of
[**C]metformin was calculated by subtracting the flux of [*H]mannitol
from the net flux of [**C]metformin. After 60 min of incubation, the cell
monolayers were washed twice with ice-cold incubation medium, and the
radioactivity of solubilized cells was determined. Each point and column
represent the mean * S.D. for three monolayers. When error bars are not
shown, they are smaller than the symbols. These figures are representa-
tive of two separate experiments. *, P < 0.05; *+, P < 0.01, significantly
different from control.

basolateral side without an inhibitory effect on metformin
transport via hOCT2, and intracellular cimetidine inhibited
the transport of metformin via hMATE1 (Figs. 4—6). These
results suggest that hMATEL1 is responsible for the drug
interaction between cimetidine and metformin. In fact, it has
been reported that cimetidine significantly increased the
area under the curve of metformin by an average of 50% and
reduced its renal clearance over 24 h by 27% in human
subjects (Somogyi et al., 1987). Cimetidine has been shown to
be an inhibitor of the active tubular secretion of many cat-
ionic drugs, including procainamide (Somogyi et al., 1983;
Christian et al., 1984), N-acetylprocainamide (Somogyi et al.,
1983), ranitidine (van Crugten et al., 1986), triamterene
(Muirhead et al., 1986), pilsicainide (Shiga et al., 2000), and
varenicline (Feng et al., 2008). These drug interactions could
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Fig. 5. Effects of cimetidine on [**Clmetformin uptake by HEK-hOCT2
cells. HEK-hOCT?2 cells were preincubated with incubation medium, pH
7.4, for 10 min. The preincubation medium was removed, and the cells
were incubated with 10.6 uM [**C]metformin in the presence of cimeti-
dine for 2 min at 37°C, pH 7.4. The radioactivity of solubilized cells was
then measured. Each point represents the mean + S.D. for three mono-
layers. This figure is representative of three separate experiments.

be partially mediated by hMATE1 at the apical membrane in
the proximal tubules.

Recently, it was reported that the 808G>T polymorphism
of hOCT2 is associated with a reduced tubular secretion
clearance of metformin, and the inhibition by cimetidine also
seemed to be dependent on this mutation (Wang et al., 2008).
These results suggested that the drug interaction between
cimetidine and metformin was affected by accumulation of
metformin in the renal epithelial cells. This report would
support our notion that the hMATE family plays an impor-
tant role in the cimetidine-metformin interaction in vivo.

It has been reported that cisplatin, an anticancer platinum
agent, was accumulated in the kidney via hOCT2 and in-
duced nephrotoxicity. On the other hand, oxaliplatin was
transported by hMATE2-K and hOCT2; therefore, its renal
cellular concentration was lowered, suggesting that oxalipla-
tin did not induce nephrotoxicity (Yonezawa et al., 2006;

MDCK-hOCT2Z/hMATE1 cell
Brush-border membrane Basolateral membrane
Ki of Cimetidine Ki of Cl‘metidlne
1.1 147 pM

Metformin

@ Metformin
*

1 uM Cimetidine

el

4.5 uM Cimetidine

blood

Fig. 6. Scheme of drug interaction between cimetidine and metformin in
MDCK-hOCT2/hMATEL1 cells. K, values of cimetidine for hMATE1 and
hOCT2 were calculated as 1.1 and 147 pM, respectively. When cimetidine
at 1 .M was added to the basolateral side, intracellular concentration of
cimetidine after 60 min incubation was calculated as 4.5 + 0.4 pM.
Considering K, values and intracellular concentration of cimetidine, 1 p.M
cimetidine at the basolateral side did not inhibit metformin transport via
hOCT2. However, intracellular cimetidine at 4.5 pM was enough to
inhibit the metformin transport via hMATE1. These findings suggested
that apical h(MATE1 mainly contributed to the drug interaction between
cimetidine and metformin.

lumen
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