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Fig. 8. Histology of rat kidney coadministered cisplatin with imatinib. Kidney was obtained on the fifth day after treatment with 5 mg/kg cisplatin with (C and D) or without (A
and B) coadministration of 50 mg/kg imatinib. (A and C) PAS 100x. (B and D) PAS 400x. Scale bar: 100 wm. Kidney treated with cisplatin showed more severe tubular
degeneration (B, asterisks) than the kidney coadministered cisplatin with imatinib (D). Arrow indicates cellular infiltration (B).

tration profile of imatinib (average, 5.0 + 0.3 pg/mL(8.4 + 0.5 uM))
was comparable to clinical use and enough to prevent the cisplatin-
induced cytotoxicity and nephropathy (Figs. 3, 7 and 8) even in much
lower free imatinib concentration than ICsy values because of high
plasma protein binding rate of imatinib (about 95%; [18]) (Figs. 3,7
and 8). Although clinical trials will be needed in the future, the range
of the clinical dosage of imatinib may have a potential inhibitory
effect on the renal accumulation of cisplatin and subsequent
cisplatin-induced nephropathy, and reduce the total volume of
hydration in cisplatin-based chemotherapy.

Consistent with previous results, the expressions of hMATE1,
hMATE2-K and rMATE1 did not affect LDH release into culture
medium (Fig. 4A) [5,16]. However, it was observed a slight but
significant increase of caspase-3 and -7 activities caused by
cisplatin treatment compared to sham treatment and a
significant decrease by the presence of imatinib in HEK293
cells expressing hMATE1 and rMATE1 (Fig. 4B). It was quite a
lower magnitude compared to the results of cells expressing
OCT2 (Figs. 3B and 4B). We have previously reported that LDH
release was markedly stimulated and +y-glutamyl transferase
activity and amount of protein in the cell homogenate were
markedly decreased by basolateral, not by apical treatment with
cisplatin in LLC-PK; cell [19]. These results and reports strongly
suggested that cisplatin-induced nephrotoxicity was caused by
basolateral OCT2 and imatinib reduced cisplatin-induced
toxicity via basolateral OCT2.

Recently, several in vitro studies demonstrated that co-
treatment with cisplatin and imatinib resulted in synergistic cell
killing and/or antiproliferative effects in non-small-cell lung
cancer [20], CML [21], head and neck cancer {22,23], Ewing
sarcoma, and breast cancer {24]. Moreover, preclinical and clinical
studies indicated that combination therapy with imatinib and
cisplatin was effective in a xenograft model in nasopharyngeal
carcinoma [25], and in patients with small-cell lung carcinoma
with irinotecan [26] and non-small-cell lung cancer [27].
However, there is no description relating renal impairment after
chemotherapy in these clinical studies, and further studies are

needed to clarify whether imatinib reduces cisplatin-induced
nephrotoxicity.

In conclusion, the drug interaction between cisplatin and
imatinib via renal OCT2 was revealed to be a useful strategy
preventing cisplatin-induced nephrotoxicity in vivo due to the
inhibition of renal accumutlation of cisplatin. In addition, concomi-
tant administration of cisplatin and imatinib may show synergistic
anticancer effects because of alleviation of dose-limitation of
cisplatin and different pharmacological target of cisplatin and
imatinib. Further human studies focusing on renal function will
evaluate the effect of the concomitant administration of imatinib on
cisplatin-based chemotherapy, reducing its severe nephrotoxicity.
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Effect of Itraconazole on the Pharmacokinetics of Everolimus
Administered by Different Routes in Rats
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ABSTRACT: The effect of itraconazole on the pharmacokinetics of everolimus was investigated in
rats. Ten minutes after an intravenous or intraintestinal administration of itraconazole, everolimus
was delivered intravenously (0.2mg/kg) or intraintestinally (0.5mg/kg). Blood concentrations of
everolimus were measured up to 240min, and pharmacokinetic parameters were calculated.
Intraintestinally administered itraconazole (20mg/kg) significantly increased the area under the
concentration-time curve (AUC) of intraintestinally administered everolimus about 4.5-fold, but
even at 50mg/kg did not affect the AUC of intravenously administered everolimus. However,
intravenously administered itraconazole (50 mg/kg) increased the AUC of both intraintestinally
and intravenously administered everolimus approximately 2-fold. Using a value for hepatic blood
flow from the literature (50ml/min/kg), the apparent intestinal and hepatic extraction of
everolimus without itraconazole was calculated as about 80% and 13%, respectively. Intraintestin-
ally administered itraconazole (20 mg/kg) changed the apparent intestinal extraction by 0.26-fold
from 0.829 to 0.215, but the hepatic availability of everolimus was almost unchanged after the
intravenous or intraintestinal administration of itraconazole even at a dose of 50 mg/kg from
0.871 to 0.923 or 0.867, respectively. In conclusion, intraintestinally administered itraconazole
dramatically increased the AUC of everolimus delivered intraintestinally by inhibiting the intestinal

first-pass extraction of this drug. Copyright © 2009 John Wiley & Sons, Ltd.

Key words: everolimus; itraconazole; interaction; pharmacokinetics; first-pass extract

Introduction

Sirolimus, a prototype inhibitor of the mamma-
lian target of rapamycin (mTOR), was approved
by the Food and Drug Administration (FDA) as a
new class of immunosuppressant in 1999. To
improve the pharmacokinetic properties of sir-
olimus, new mTOR inhibitors which differ little
in terms of pharmacodynamic effects were
developed [1]. Everolimus, a derivative of sir-
olimus, exhibits greater polarity than sirolimus,
has a slightly improved bioavailability, and is
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expected to achieve a steady-state more easily
because of a shorter half-life [2]. A calcineurin
inhibitor (e.g. cyclosporine or tacrolimus) is often
used as a main immunosuppressant after organ
transplantations, but causes complications such
as renal dysfunction [3]. Since the available
evidence indicates that everolimus is less asso-
ciated with renal toxicity [4], everolimus is
expected to be safe in the point of renal function
and effective for immunosuppressive therapy
with reduced doses of calcineurin inhibitors
[5-7]. Everolimus is absorbed rapidly but its
pharmacokinetics vary, probably due to the
different activities of the hepatic and intes-
tinal cytochrome P450 (CYP) 3A subfamily and
drug efflux pump P-glycoprotein (Pgp) [2,89].
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Therefore, therapeutic drug monitoring (TDM) is
recommended to avoid the side effects of ever-
olimus {e.g. leucopenia and hyperlipemia) due to
its narrow therapeutic window [14].

Owing to immunosuppressive therapy after
organ transplantations, patients are at an in-
creased risk of developing a variety of infections,
including fungal infections. For this reason,
antifungal agents are usually used for prophy-
laxis or therapy. Azole antifungals such as
ketoconazole and itraconazole are known to
inhibit strongly both CYP3A-mediated metabo-
lism and Pgp-mediated transport [10,11], and
pharmacokinetic interactions are expected to be
clinically significant in treatment with everoli-
mus. Kovarik et al. [11] reported that during the
coadministration of ketoconazole, the maximum
concentration of everolimus increased 3.9-fold,
and its area under the concentration-time curve
(AUC) increased 15-fold in healthy subjects.
Although pharmacokinetic interactions between
itraconazole and tacrolimus or cyclosporine,
which are substrates of CYP3A and Pgp, have
been extensively reported [10], limited informa-
tion is available on interactions between ever-
olimus and intraconazole. Kovarik et al. [12]
reported in their population pharmacokinetic
evaluation of everolimus that one patient receiv-
ing itraconazole had a 74% reduction in clearance
compared with the population average in renal
transplant patients. Since itraconazole is avail-
able as oral and intravenous formulations, it is of
interest to examine how differently the adminis-
tered routes of itraconazole affect the pharmaco-
kinetics of everolimus. This study investigated
the effect of itraconazole on the pharmacokinetics
of everolimus delivered via different routes, and
quantitatively estimated the intestinal and hepa-
tic extraction of everolimus in rats with or
without itraconazole.

Materials and Methods

Materials

Everolimus was kindly provided by Novartis
Pharma AG (Basel, Switzerland). It was formu-
lated as a microemulsion preconcentrate for
oral application and a concentrate for injection.

Copyright © 2009 John Wiley & Sons, Ltd.

32-Desmethoxyrapamycin was obtained from
Wyeth (Madison, NJ). Itraconazole (Itrizole
injection 1% and Itrizole oral solution 1%) was
obtained from Janssen Pharmaceutical K.K.
(Tokyo, Japan). All other chemicals used were
of the highest purity available.

Animals

Male Wistar/ST rats weighing 220-260g (8 weeks
old) were used for the experiments in vivo. Before
the experiment, the animals were fasted overnight
but given free access to water. Animals were
anesthetized with sodium pentobarbital (50 mg/
kg i.p.), with supplemental doses administered as
required. Body temperature was maintained with
heating lamps. The experiments with animals
were performed in accordance with the Guidelines
for Animal Experiments of Kyoto University.

Pharmacokinetic analysis in rats

In each experiment, the femoral artery was
cannulated with a polyethylene tube (PE-50; BD
Biosciences, San Jose, CA) filled with heparinized
saline (50U/ml) for blood sampling. In the
experiments for intravenous administration, the
femoral vein was cannulated, and everolimus
(0.2mg/kg) and/or itraconazole were adminis-
tered via the femoral vein. In the experiments for
intraintestinal administration, the abdominal
cavity was opened via a midline incision, and
the upper site of the duodenum was exposed to
administer everolimus and/or itraconazole. To
examine the effect of the intraintestinal or
intravenous administration of itraconazole (20
or 50 mg/kg), itraconazole or saline (control) was
administered 10 min before everolimus. A 10 min
delay between administration of itraconazole and
everolimus was fixed in order to avoid pharma-
ceutical interactions of both drugs in the intes-
tine. Blood samples were collected at 5, 15, 30,
60, 120, 180 and 240min after the start of the
administration of everolimus. Samples were
placed into EDTA anticoagulant tubes.

Analytical methods

Whole blood samples (150 pl) were transferred to
13 ml tubes and spiked with an internal standard
(10 4l of 300ng/ml of 32-desmethoxyrapamycin
in blood). Concentrations of everolimus were

Biopharm. Drug Dispos. 30: 517-523 (2009)
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determined using high performance liquid chro-
matography with tandem mass spectrometry
(LC/MS/MS) [9]. The lower limit of quantifica-
tion was 0.5 ng/ml

Pharmacokinetic analysis

Pharmacokinetic parameters, AUC, apparent
clearance (CL/F) after intraintestinal administra-
tion, half-life (T /), total body clearance (CL) and
volume of distribution (Vy), were calculated by a
non-compartment analysis using the program
WinNonlin version 4.0.1 (Pharsight Co. Mountain
View, CA). Maximum blood concentration (Cppax)
and time of maximum blood concentration (T,
were obtained from the concentration-time curve
of everolimus. Hepatic extraction was calculated
with Equation (1), using a hepatic blood flow
rate (Q, 50ml/min/kg) from the literature [13].
The bioavailability (F) of everolimus administered
intraintestinally was calculated from the ratio
of dose-normalized AUC after the intraintestinal
and intravenous administration according to
Equation (2). Hepatic availability (F,) was calcu-
lated using Equation (3). Apparent intestinal avail-
ability (F,*Fg) and apparent intestinal extraction
(Ey) were calculated with Equations (4) and (5),
respectively:

En=CL/Q (1)

_ AUG;; /Doseg;;.
F= Aucilv/DOSCi.“ (2)
Fh =1- Eh (3)
F,*F, =F/Fy 4
El=1-F,*F, )

where AUC;; and AUCG;,, represent the AUC
after intraintestinal and intravenous administra-
tion, respectively. Dose;; and Dose;,, represent
the dose of everolimus after the intraintestinal
and intravenous administration, respectively. F,
and F, represent the fraction of absorption and
intestinal availability, respectively.

Statistical analysis

Values are expressed as the mean +standard
error of the mean (SE) for n experiments except

Copyright © 2009 John Wiley & Sons, Ltd.

for Tmax which is shown as the median (min-
max). Comparisons of mean blood concentra-
tions among groups were performed with the
repeated measures ANOVA. The statistical sig-
nificance of differences in mean pharmacokinetic
parameters between the two groups was ana-
lysed with a non-paired t-test provided that the
variances were similar. If this was not the case,
the Mann-Whitney test was applied. Multiple
comparisons were performed with the Dunnett
test following the ANOVA. The statistical analy-
sis of the distribution of T« was performed
using the Mann-Whitney test. A difference was
considered significant at p<0.05.

Results

When both everolimus (0.5mg/kg) and itracona-
zole (20mg/kg) were administered intraintestin-
ally, the blood concentration of everolimus was
significantly increased compared with the control
(Fig. 1A). As shown in Table 1A, the AUC was
significantly increased about 4.5 times by itracona-
zole. The Tmay tended to be delayed and the Cyax
was significantly increased about 3-fold, while the
Ti/2 of everolimus did not differ between the
control and itraconazole groups. The effect of
intraintestinal itraconazole (50mg/kg) on the
pharmacokinetics after the intraintestinal adminis-
tration of everolimus was not examined because of
the pharmaceutical interaction of both drugs in the
intestine. The uneven number of animals in Figure 1
was due to technical complications.

In a separate experiment, everolimus (0.5 mg/kg)
was administered intraintestinally 10min after
the intravenous administration of itraconazole
(50 mg/kg). The concentrations of everolimus
were increased significantly (Fig. 1B), and the
AUC was increased significantly about 2-fold,
while the Cp.x and Ty,5 did not differ signifi-
cantly between the two groups (Table 1A).

The intravenous administration of itraconazole
(50 mg/kg) tended to increase the AUC and Ty,
of everolimus delivered intravenously (Fig. 1C,
Table 1B). After the intraintestinal administration
of itraconazole (50 mg/kg), none of the pharma-
cokinetic parameters, AUC, CL, V4 or Ty, of
everolimus administered intravenously was
affected (Table 1B).

Biopharm. Drug Dispos. 30: 517-523 (2009)
DOI: 10.1002/bdd

— 162 —



A. YOKOMASU ET AL.

520

“o1uod aaydadsar ayy yim peredwod gorg>d,
‘(Xew-urur) Werpajn,

(8% /8w 05) [0ZRUOIENT JO UOREHSIURUPE SNOUBARIJUI IO [PUNSSIUIRAUT 1338 A[SHOUSARLUI paIsjsiurupe sem (y/Surz:0) snurosnay (g) “(Apanoadsas
‘d pu® y [0JUOD) ures 1o ajozeuodent jo uonensunupe (3 /8w og) snousaenur 1o (Bx/Sw (z) [eunsauIRLUL 3y 33 UTW O] A[[PUNSIUIENUT PRINSIUTWPE sem (S /W Q) SNWI0IAT (V)

€91F€CL 91 0+F0ZT GG0'0F2ET0 ¥61°0F €660 (¥ = 1) /3w g (A1) pozeUdRH]
8 0F8L¢€ SI0FHIT 120°0F 66€0 £T0°0F 9050 (g =u) 3Y/Bwog (11) s[0zeUCdRn]
190F61F 0€0F97T ZH00F98¢€0 TL00FTHS0 (¥ = u) [o3U0D
(8]/3u17°0) SNWIOIGAS JO UOHEISIUIWIPE SNOUSARII] (g)
(CIRAN) @4/DPA G194/ 1D (1798w Ny
0L0F8I¥ QTOF 10T SOLFS06 09-51) 09 C600F 8PS0 (& =) B/3w g (A1) s[ozeuodRL]
mo.oHom.m i.onm‘—. L6FT99 (0€-S1) 0¢ 9200+68C0 (6= u) g [03u0)
wm.onw.N q££0°0+985°0 smHWSN (0T1-0€) 09 qS60°0F 1680 (& = u) 3%/3w g (T1) sj0ZRUOIRL]
¢e0+8E¢ £T0F 65T ¥9+0'69 (§1-61) S1 G20°0+00Z0 F = 1) ¥ 101u0D
(84/8w g0y SNUNTOISAS JO UOTRISTIIWIPE [RUSHUIRII] (V)
W ¥ G1/9/D 4/10 (T /8u) ¥ (upa R (/43w ony
3[0ZBUODENI FNOWIIM IO YIIM SNUIT[0I2AD JO s1ajpurered dpaupjodeuLey ] ‘1 9[qe]
STTISBLERTELE 4B Y
2T NBIEER =) g
fzEEePE 2823 AE S
b REE B8P E8EEEEBE =0
A 2 e fEEglgififis’ s% i
- < - = - <« edtSI(..Hndta il [T A
N N N g € 529 MRS - B =TI
E2.°s28S, 0828 S Eg
o . - SFPERnIl E5EEEE58E S~ °
4 & 4 @ - © 8 ¥ . M =B = VoomA aarr
- - T 289 . £858gyEE_ 5 S o
= B EZ g€k 2 E€£&Ewp m.hh
£ S8 EQEGRy EXEEEQ =
o e~ 22 .2PEESE~_c.o% s gH
18 4 & 1& o teiQ.atm)mnoe<A .h.m.
. - -~ E 5%k .mdﬂ.w.m)w.*v.% il
Ll kA/wwmmdaneOa_«_ug\).m %d.mm
o o OI)Mmezclnk4% en1m
18 18 1@ STRE 289 ol g S£°38
ESRCCETDTLE E = Sl
AP SEES ST ENT e T =T S
EcEEEEESES®ERFE O
i ESfn~8g EERET ISR a e
1 Je [N e L © H&Of@a.mtnldbmm L 98
[=] =] o o o <) [SR-Eags wo S-S @ QT g shw
[=} - S — [=1 - BB s M IR-] m i 2 M =4 1%
- - - 58T 80588 £ 2
(lw/Bu) uonenUSIUOD SNWICISAT 31 9 EE @ 28 u!l B e w.w/ L £
- - ~ SEfHEBESXR2XZ .8 ¥ 5.2
z = ¢ vZEE.Sedgi®wsET £ 89
SESEYRBEEIARE_EE O% O
BT EEy ¢ o2 Eo E8 8 Q3
NEER=52BFEBSSE =

DOIL 10.1002/bdd

Biopharm. Drug Dispos. 30: 517-523 (2009)
— 163 —

Copyright © 2009 John Wiley & Sons, Ltd.




PHARMACOKINETIC INTERACTION BETWEEN EVEROLIMUS AND ITRACONAZOLE

521

Table 2. Calculated parameters of bioavailability (F), apparent intestinal and hepatic extraction (E,, Ep), apparent intestinal

availability (F,*Fp) and hepatic availability (F,) for everolimus

F (fold)® F,#F, (fold) E/, (fold)"
(A) Intraintestinal administration of everolimus (0.5 mg/kg)
Control A 0.149 0.171 0.829
Itraconazole (i.i.) 20mg/kg) 0.681 (x 4.57) 0.785% ( x 4.59) 0.215 ( x 0.259)
Control B 0.217 0.249 0.751
Itraconazole (i.v.) (50 mg/kg) 0.230 ( x 1.06) 0.249 (x 1.00) 0.751 (x 1.00)
E, (fold) Fy, (fold)
(B) Intravenous administration of everolimus (0.2mg/kg)
Control 0.129 0.871
Itraconazole (i.i.) (50mg/kg) 0.133 (x 1.03) 0.867 ( x 0.995)
Itraconazole (i.v.) (50 mg/kg) 0.077 ( x 0.597) 0.923 (x 1.06)

This value was calculated using the Fy, value in the case of itraconazole (i.i., 50 mg/kg).

This value shows the ratio compared with each control.

was 0.149 or 0.217, the E,, was 0.129, and the E’g
was 0.829 or 0.751 without itraconazole (Table 2).
After the intraintestinal administration of itraco-
nazole (20mg/ml), the E’g of everolimus was
significantly decreased from 0.829 to 0.215,
accompanied by an increased in the F value to
0.681, while the E;, of everolimus was little
changed even at a dose of 50mg/kg. The Ej, of
everolimus decreased from 0.129 to 0.077 after
the intravenous administration of itraconazole
(50 mg/kg). However, the decrease little affected
the Fy, or F of everolimus.

Discussion

Everolimus is a substrate of CYP3A and Pgp, with
a biocavailability that is relatively limited [2,8].
Itraconazole is an inhibitor of both CYP3A and
Pgp, and is administered orally and intravenously
in the clinical setting. Since CYP3A is expressed in
the gastrointestinal tract wall and the liver,
inhibition of CYP3A-mediated metabolism by
itraconazole can occur at two sites. In addition,
the dual cooperative functions of CYP3A and Pgp
in the intestine may affect the interaction between
itraconazole and everolimus. Therefore, it is of
interest to evaluate quantitatively the influence of
itraconazole on the pharmacokinetics of ever-
olimus after the intraintestinal or intravenous
administration of each drug in rats.

The AUC of everolimus administered intrain-
testinally was increased significantly about
45-fold by an intraintestinal administration of

Copyright © 2009 John Wiley & Sons, Lid.

itraconazole (20 mg/kg) and about 2-fold by an
intravenous administration (50mg/kg). From
these results, intraintestinally administered itra-
conazole more strongly affected the blood
concentrations of everolimus delivered intrain-
testinally than did intravenously administered
itraconazole. The effect of the intravenous or
intraintestinal administration of itraconazole
(50 mg/kg) on the pharmacokinetics of ever-
olimus delivered intravenously was also exam-
ined, and the hepatic extraction of everolimus
calculated using a rate of hepatic blood flow of
50 ml/min/kg [13]. The apparent intestinal extr-
action of everolimus was decreased 0.25-fold from
0.829 to 0.215 after the intestinal administration of
itraconazole (20mg/kg), but hepatic extraction
was not affected by the intestinal administration
of itraconazole even at a dose of 50 mg/kg from
0.129 to 0.133. However, the hepatic extraction of
everolimus was decreased 0.6-fold from 0.129 to
0.077 after the intravenous administration of
itraconazole (50 mg/kg). Therefore, although itra-
conazole can inhibit both the intestinal and
hepatic extraction of everolimus, intraintestinally
administered itraconazole markedly increased the
blood concentration of everolimus delivered
intraintestinally due to the inhibition of intestinal
first-pass metabolism. This may be because a
higher concentration of itraconazole is expected
in the intestinal epithelial cells than in the hepatic
cells after the intraintestinal administration
and/or because itraconazole could inhibit the
cooperative actions of CYP3A and Pgp in the
intestine. That the calculated apparent intestinal
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extraction of everolimus was not affected by the
intravenously administered itraconazole supports
the use of the hepatic blood flow rate in the
literature, since intravenously administered itra-
conazole does not exist in the intestine.

The blood concentrations of everolimus deliv-
ered intravenously were not affected by the
intraintestinal administration of itraconazole
(50 mg/kg), but were slightly increased by the
intravenous administration of itraconazole
(50 mg/kg) (Fig. 1C, Table 1). The biocavailability
of itraconazole after the administration of an oral
solution at a dose of 10mg/kg was reported as
34.9% in rats due to a considerable intestinal first-
pass effect [14]. Therefore, in the present study,
the itraconazole concentration in the liver may
have been lower after the intraintestinal admin-
istration than intravenous administration due to
the intestinal first-pass effect, and intraintestin-
ally administered itraconazole did not inhibit the
CYP3A4-mediated metabolism of everolimus in
the liver. In this study, the plasma concentration
of itraconazole (50 mg/kg) at 240min after the
administration of everolimus was preliminarily
measured by high performance liquid chromato-
graphy. The concentration of itraconazole and
its active metabolite hydroxyitraconazole was,
respectively, approximately 1500 and 700ng/ml
after the intestinal administration, and approxi-
mately 4500 and 1700 ng/ml after the intravenous
administration. The trough concentration of itra-
conazole determined after 3 days of treatment
with 200mg twice a day is recommended as
500-2000ng/ml for fungal treatment [15], which is
similar to the range of concentration in our study.

Kovarik et al. [11] reported that the AUC of
everolimus was increased by 15-fold after
the coadministration of ketoconazole (200mg)
twice daily for a total of 8 days in healthy
subjects. Ketoconazole is a potent inhibitor of
CYP3A-mediated metabolism, as well as an
inhibitor of P-gp-mediated transport [10]. As-
suming that the bioavailability of everolimus in
humans is similar to that in rats (approximately
20%), it is considered that ketoconazole inhibited
both the first-pass metabolism and the systemic
clearance of everolimus. It was reported that the
inhibitory effect of ketoconazole on the metabo-
lism of midazolam, a typical CYP3A substrate,
was stronger than that of itraconazole in human

Copyright © 2009 John Wiley & Sons, Ltd.

intestinal and liver microsomes [16]. Therefore,
the oral coadministration of itraconazole might
moderately increase the AUC of everolimus
delivered orally in humans as well as in rats
(5-fold), but would not have as great an effect as
ketoconazole (15-fold).

Several reports have been published concerning
potential drug interaction between cyclosporine
and itraconazole in transplant patients. Increases
in cyclosporine blood concentrations were repor-
ted to range from 40% to 226% [17]. Similarly,
several reports demonstrated drug interac-
tion between tacrolimus and itraconazole, with
increases in tacrolimus blood concentrations of
2- to 6.6-fold [17]. During concomitant therapy
with an oral preparation of itraconazole, doses of
cyclosporine and tacrolimus should be reduced
50-60%, and blood concentrations of the immuno-
suppressants should be monitored at the start of
treatment [10]. Leather ef al. [17] conducted an
open-label, prospective evaluation of the pharma-
cokinetic drug interaction between intravenous
itraconazole and intravenous cyclosporine or intra-
venous tacrolimus in 17 allogeneic hematopoietic
stem cell transplant recipients. They suggested
dose reductions of tacrolimus and cyclosporine in
the range of 50% to 100%, which is comparable to
the magnitude of the interaction seen with oral
itraconazole and oral cyclosporine or tacrolimus.
Although one should take species differences in
the pharmacokinetic properties of these drugs into
consideration, the magnitude of the interaction
between oral itraconazole and oral everolimus
might be greater than that between itraconazole
and cyclosporine or tacrolimus.

The concentrations of tacrolimus and cyclos-
porine delivered intravenously were significantly
increased after a switch from the intravenous to
oral administration of fluconazole in clinical
cases [18]. Therefore, the pharmacokinetic prop-
erties of inhibitory drugs for CYP3A should
be considered when switching the route of
administration. We also emphasize that since
this is a single dose experiment using everolimus
and itraconazole, extrapolation to any clinical
scenario is limited since these drugs are used as
multiple dose regimens.

In the present study, it was quantitatively
demonstrated that significant pharmacokinetic
interaction occurred between everolimus and
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itraconazole when the two drugs were adminis-
tered intraintestinally, because of the high intes-
tinal extraction. Since numerous drugs used
clinically, including calcineurin inhibitors, are
metabolized or eliminated by CYP3A4 or Pgp,
intestinal and hepatic extraction ratios and the
route of administration are important to predic-
tions of the degree of drug-drug interaction. The
findings presented here provide useful basic
information about the pharmacokinetics of
everolimus as well as a model of drug-drug
interaction for achieving the optimal usage of
pharmaceutical products.

Conclusion

The interaction of itraconazole with everolimus
was most evident when both drugs were admi-
nistered intraintestinally, because of inhibition of
the intestinal first-pass metabolism of everolimus.
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SLCO4C1 Transporter Eliminates Uremic Toxins and
Attenuates Hypertension and Renal Inflammation
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ABSTRACT

Hypertension in patients with chronic kidney disease (CKD) strongly associates with cardiovascular events.
Among patients with CKD, reducing the accumulation of uremic toxins may protect against the development
of hypertension and progression of renal damage, but there are no established therapies to accomplish this.
Here, overexpression of human kidney-specific organic anion transporter SLCO4C1 in rat kidney reduced
hypertension, cardiomegaly, and inflammation in the setting of renal failure. In addition, SLCO4C1 overex-
pression decreased plasma levels of the uremic toxins guanidino succinate, asymmetric dimethylarginine, and
the newly identified trans-aconitate. We found that xenobiotic responsive element core motifs regulate
SLCOAC1 transcription, and various statins, which act as inducers of nuclear aryl hydrocarbon receptors,
upregulate SLCOA4C1 transcription. Pravastatin, which is cardioprotective, increased the clearance of asym-
metric dimethylarginine and trans-aconitate in renal failure. These data suggest that drugs that upregulate
SLCOA4C1T may have therapeutic potential for patients with CKD.
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All individuals with an estimated GFR (eGFR) <60 ml/min per
1.73 m? are defined as having chronic kidney disease (CKD).! The
prevalence of CKD is now estimated at approximately 10% of the
population and will progress to ESRD. In patients with CKD, the
accumulation of uremic toxins causes difficulty in controlling BP,
impairs renal function, and worsens prognosis.>* So far, more
than 110 organic compounds have been identified as uremic tox-
ins.* Among these, guanidino compounds, including guanidino
succinate (GSA) and asymmetric dimethylarginine (ADMA), are
increased in patients with CKD and correlate with prognosis.>* In
particular, ADMA, an inhibitor of nitric oxide synthase, is impli-
cated in hypertension, renal damage, cardiac hypertrophy, and
cardiovascular events.s” Currently, administration of the oral ad-
sorbent AST-120 is the only therapy to remove uremic toxins in
patients with CKD and diabetic nephropathy.? Although AST-
120 removes indoxyl sulfate, other compounds are not eliminat-
ed.? Thus, a new approach that addresses this problem is urgently
needed.

Recently, we isolated a human kidney-specific organic an-
ion transporting polypeptide (OATP), termed SLCO4C1, and
functionally characterized it as a digoxin transporter.!® The
OATP family is involved in the membrane transport of bile
acids, conjugated steroids, thyroid hormone, eicosanoids, pep-
tides, cardiac glycosides (digoxin, digitoxin, and ouabain), and
numerous drugs.'® Among these, in the kidney, SLCO4Cl1
might be a first step of transport pathway of digoxin and vari-
ous compounds into urine.'® In renal failure, basolateral
SLCOA4C1 expression was decreased; however, the expression
level of MDRI1, a member of the ATP-binding cassette trans-
porter family that mediates the tubular secretion of digoxin at
the apical membrane of the proximal tubule cell, was not
changed.!® This reduction of SLCO4CI in the proximal tu-
bules may be one of the mechanisms of impaired urinary ex-

www.jasn.org | BASIC RESEARCM

cretion of digoxin and drugs in renal failure.'® In humans,
SLCOA4CI is the only organic anion transporter in the kidney,
whereas, in rodent kidney, several oatps exist at the basolateral
and apical membrane of the proximal.!® This species diversity
of the OATP family subtypes and the multiple locations in
proximal tubules make it difficult to extrapolate from experi-
mental studies of rodents to humans. To overcome this issues,
here, we generated a transgenic (TG) rat harboring human
SLCOA4CL in rat kidney and clarified physiologic and patho-
physiologic roles of human SLCO4Cl.

RESULTS

Generation of TG Rat Harboring Human SLCO4C1 in
the Kidney

TG rat harboring human SLCO4C1 in the kidney was gener-
ated using the proximal tubule—specific promoter!! (Figure 1,
A and B). In addition, to avoid unusual mRNA splicing during
overexpression, we mutated three atypical splicing donor-
adaptor sites in the coding region of SLCO4C1 without chang-
ing the amino acids (Figure 1A). As a result, the human
SLCO4C1 mRNA was exclusively expressed in the kidney, es-
pecially in the proximal tubules of TG rats (Figure 1C). Immu-
nohistochemical analysis also revealed that human SLCO4C1
protein was strongly detected at the basolateral side of the
proximal tubules (Figure 1D).

When renal mass was reduced by five-sixths nephrectomy
(Nx), BP was significantly decreased in TG(+)Nx rats com-
pared with non-TG littermate [TG(—)Nx] rats (Figure 2A).
This BP reduction was seen in two independently generated
lines. In TG(+)Nx rats, cardiac hypertrophy was also signifi-
cantly reduced (Figure 2B).
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The survival rate of TG(+)Nx rats was slightly increased
from that of TG(—)Nx rats, but the results did not reach sta-
tistical significance (Supplemental Figure 1C). In patients with
CKD, renal inflammation is also a risk factor of renal damage
and morbidity and mortality.’? Immunohistochemically,
mononuclear cell infiltration stained with the macrophage
marker CD68 was strongly detected in TG(—)Nx rat kidneys
(Figure 2C). Conversely, TG(+)Nx kidneys demonstrated less
infiltration of macrophage (Figure 2C). These data indicate
that expression of human SLCO4C1 in rat kidneys ameliorated
not only hypertension but also inflammation in renal failure.

Elimination of Uremic Toxins in TG(+) Rats

To understand the mechanism by which SLCO4C1 exerted anti-
hypertensive and anti-inflammation effects, we performed com-
prehensive quantitative metabolome analysis.!? Blood and urine
specimens were measured by capillary electrophoresis mass spec-
trometry (CE-MS) and HPLC, and 188 anions and 298 cations
were identified (Supplemental Tables 1 through 4). Among these,
we focused on 21 compounds for which concentration was signif-
icantly changed after Nx (Supplemental Figure 2). As a result, the
plasma levels of creatinine and indoxyl sulfate were increased 3 wk
after Nx as previously reported,* but the concentrations of these
compounds were not different between TG(+)Nx and TG(—)Nx
rats 3 wk after Nx (Figure 3, A and B). Conversely, although the
plasma concentration of ADMA, GSA, and trans-aconitate were
significantly increased 3 wk after N, the increments were signif-
icantly decreased in TG(+)Nx rats compared with TG(—)Nx rats
(Figure 3, C through E). These data suggest the facilitation of the
excretion of uremic toxins in TG(+) rats.
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Figure 2. Phenotype of human
SLCO4C1 TG rats. (A) BP and heart
rate of TG(—)Nx and TG(+)Nx rats.
*P < 0.05 versus TG(—)Nx rats (n =
4 to 6 per group). (B) Thickness of
the interventricular septum (IVSTd)
and left ventricular posterior wall at
end-diastole (LVPWTd) were mea-
sured by echocardiogram before
and 3 wk after five-sixths Nx. *P <
0.05; *P < 0.01 (n = 4 to 9 per
group). (C) CDé8 staining in the rat
kidney before and 3 wk after five-
sixths Nx. CD68" cell number
counts were performed before and
3 wk after five-sixths Nx. *P < 0.05
0 oW 3w versus TG(—) rats (n = 6 to 9 per
group). Bars = 100 um.

Cell coun

To exclude the possibility of the compensative or nonspe-
cific effects by overexpression of SLCO4Cl in the kidney, we
performed microarray analysis. As a result, there was NS dif-
ference in the expression levels of other rat transporters
(slco4cl, oatpl, oatp3, oatp5, abcb11, mrp2, mdrl, and mlcl).

The serum ADMA level is controlled by two pathways: (1)
Enzymatic degradation by dimethylarginine dimethylamin-
ohydrolase (DDAH) and (2) urinary excretion.! In TG(+ )Nx
rats, the DDAH1 mRNA level was not different between
TG(+)Nx and TG(—)Nx rats, and the DDAH2 mRNA level in
TG(+)Nx rats was decreased compared with TG(—)Nx rats
(Figure 3F), suggesting that the decrease of ADMA in
TG(+)Nx rats was not dependent on facilitating enzymatic
degradation. In addition, neither the plasma level of citrulline
(Figure 3G), produced from ADMA by DDAHs, nor the
mRNA level of protein arginine N-methyltransferase that gen-
erates ADMA from arginine was different between TG(—)Nx
and TG(+ )Nx rats. Because GSA excretion had not completely
correlated with creatinine clearance,'s these data further sug-
gest that the overexpression of SLCO4CI1 at the proximal tu-
bule facilitates guanidino compound excretion in renal failure.

Trans-aconitate is a competitive inhibitor of aconitase.!6
Aconitase is a key enzyme in catalyzing citrate to isocitrate via
cis-aconitate in the TCA cycle, and the accumulation of trans-
aconitate inhibits TCA cycle and respiration in tissues.!6 The
retention compounds that are biologically/biochemically ac-
tive and responsive for the uremic syndrome are called uremic
toxins.* It is widely known that he accumulation of guanidino
compounds (including ADMA and GSA) and several uremic
toxins generate oxidative stress, and it causes further renal
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To address this, we isolated the pro-

Figure 3. Metabolome analysis and characterization of uremic toxins are shown. (A through E
and G) The plasma concentration of creatinine (A), indoxyl sulfate (B), ADMA (C), GSA (D),
trans-aconitate (E), and citrulline (G) before and 3 wk after five-sixths Nx (n = 4 to 5 per group).
(F) The mRNA expression level of DDAH1 and DDAH2 in the kidney 3 wk after five-sixths Nx (n =
5 per group). (H) BP after intraperitoneal injection of trans-aconitate (400 mg/kg; n = 5 per

moter region of human SLCO4C1.
Human SLCO4C1 promoter region
has a predominant transcription
start site located 164 bp upstream

group). (I} Trans-aconitate-induced superoxide production in HK-2 cells. *P < 0.05.

damage in patients with CKD'7; however, the existence in
mammals, biologic effects, and the precise role of trans-aconi-
tate in renal failure have not been clarified. When trans-aconi-
tate was administered to rats intraperitoneally, the BP of in-
jected rats was immediately elevated compared with controls
(Figure 3H). This increase of BP was cancelled when trans-
aconitate was injected into TG(+) rats compared with TG(—)
rats, further suggesting the excretion through SLCO4C1 (Sup-
plemental Figure 1D). In addition, trans-aconitate signifi-
cantly induced superoxide production in human kidney prox-
imal tubule cells (Figure 3I).

To confirm further that not only ADMA and GSA but
also trans-aconitate exists in humans and the concentration

J Am Soc Nephrol 20: 25462555, 2009

of the ATG codon (Figure 5A).
Potential cis-acting motifs for
GATA-1, hepatocyte nuclear factor (HNF)-3a, CCAAT/en-
hancer-binding protein (C/EBP)a, C/EBPB, cAMP response
element-binding protein (CREB), and peroxisome prolifera-
tor-activated receptor a were found. We also identified tan-
dem xenobiotic-responsive element (XRE) motifs containing
the substitution-intolerant core sequence 5'-CACGC-3’ at po-
sition —126 (GGCACGCCCACGCCG). That sequence is gen-
erally recognized by AhR and AhR nuclear translocator hetero-
dimer,!® although the flanking sequences are not typical
compared with cyplal XRE motifs'®2?° (Supplemental Figure
3D). AhR binds “classical” ligands such as the environmental
pollutants halogenated aromatic hydrocarbons (e.g., dioxin,
benzo[a]pyrene, 3-methylcholanthrene [3-MC]).2!
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Human SLCO4Cl1 promoter A
activity was increased 1.49-fold
(—2064) and 1.68-fold (—129) 0.6- g
by 3-MC compared with con- S
trols (Figure 5B). The —129 con- =044 ¢ . N .’.

struct exhibited the highest ac- =03
tivity, and this segment & 0.2
contained XRE core motifs. Be- 0.1

cause AhR can also bind to a 0 30 60
eGFR (mi/min/1.73m2)

structurally divergent range of
chemicals,?! we next screened
various compounds. The hepatic
hydroxymethyl glutaryl-CoA re- rs=0.293
ductase inhibitor (statin) fluva- 0.7 P=0.063
statin (2.3-fold at 10 puM) and _ 5] %
pravastatin (1.3-fold at 30 uM)
and atypical AhR ligand flut-
amide (1.4-fold at 10 uM) up- = 0.3
regulated the SLCO4C1 pro- 9

moter activity (Figure 5C).

*

Because of the comparable mag- 0 5 10

nitude to 3-MC and its clinical
availability, we further focused
on statins. Deletion experiments
showed that all constructs ex-
erted potent promoter activa-
tion, but removal of the XRE
core segment or mutation in the
XRE core motifs abolished the response to fluvastatin (Fig-
ure 5D). Because there are various clinical reports on reno-
protective effects of statins,?2 we further examined various
statins on human SLCO4CI1 transcription. Simvastatin, lo-
vastatin, cerivastatin, itavastatin, mevastatin, atorvastatin,
rosuvastatin, and pitavastatin upregulated SLCO4C1 tran-
scription (Figure 5F).

Next, we determined the ligand-dependent recruitment
of the AhR-XRE system by chromatin immunoprecipitation
(ChIP) assay. Application of the antibody against AhR re-
sulted in a positive band for both 3-MC and fluvastatin
(Figure 5E, top). In addition, the nuclear recruitment of
AhR protein was further confirmed by Western blotting
with a strong band in the nuclear extract by 3-MC and flu-
vastatin (Figure 5E, bottom). These data suggested that st-
atins regulate SLCO4C1 transcription through the AhR-
XRE system.

Cr(mg/dl)

Statins Increase Tubular Uremic Toxin Excretion

On the basis of our results, we next examined the effect of statins
in renal failure. In human kidney proximal cells, application of
fluvastatin and pravastatin significantly potentiated the SLCO4C1
mRNA by 1.72- and 1.73-fold, respectively (Figure 6A). The up-
take of thyroid hormone T3, a representative ligand of SLCOA4CI,
wasalso significantly potentiated by fluvastatin and pravastatin by
1.3- and 1.4-fold, respectively (Figure 6B), suggesting the poten-
tiation of SLCOA4C1 function in the proximal tubules,
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Figure 4. Relation between uremic toxins and eGFR as well as plasma creatinine in 41 patients
with CKD is shown. (A through C) Correlations between eGFR and the plasma ADMA (A), GSA
(B), and trans-aconitate (C) in patients with CKD. (D through F) Concentrations between plasma
creatinine (Cr) and plasma ADMA (D), GSA (E), and trans-aconitate (F).

We next examined the effects of pravastatin in vivo. We
and other groups reported that pravastatin reduced BP.23.24
In addition, pravastatin has been reported to modulate
DDAH activity and modulate ADMA concentration.?> To
avoid the effect on BP and to eliminate other pleiotropic
effects of pravastatin, we administered low-dosage prava-
statin to Nx Wistar rats and examined renal tubular func-
tion. After administration of pravastatin, BP was not
changed but the mRNA level of rat slco4cl was significantly
increased in the kidney (Figure 7, A and B). Under this
condition, the ADMA and trans-aconitate clearance were
significantly increased in pravastatin-treated Nx rats with-
out changing creatinine clearance, although the GSA clear-
ance was not statistically significant (Figure 7, C through F).
Furthermore, the mRNA level of DDAHs, protein arginine
N-methyltransferases, or other transporters was not
changed (data not shown). These data strongly suggested
that pravastatin increased ADMA and trans-aconitate ex-
cretion in the proximal tubules. In addition, cardiac hyper-
trophy was decreased in the pravastatin-treated group (Fig-
ure 7G).

DISCUSSION

Here, we found that the plasma concentration of uremic toxins
ADMA, GSA, and trans-aconitate were significantly reduced in

4 Am Soc Nephrol 20: 25462555, 2009
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Figure 5. Transcriptional analysis and ligand screening are shown. (A) The 5’ region of human SLCO4C1. Potential cis-acting sequences are
indicated. Met, first methionine. (B) Promoter activity of human SLCO4C1. Deletion constructs of the human SLCOA4C1 promoter region were
analyzed with 3-MC (5 uM). *P < 0.05 (n = 3 to 4 per group). (C) Enhancement of promoter activity of human SLCO4C1 with various
compounds (concentration as indicated, pM). Quer, quercetin; t-BHQ, tert-butylhydroquinone; 13C, indole-3-carbinole; 1S, indoxyl sulfate;
Tauro, taurocholic acid; Prava, pravastatin; Fluva, fluvastatin. *P < 0.05 versus DMSO; #p < 0.05 versus H,O (n = 3 to 4 per group). (D) Effect
of fluvastatin (10 pM) on human SLCO4C1 transcription. Deletion constructs and loss-of-function mutation construct in XRE motifs of human
SLCO4C1 were examined. *P < 0.05 (n = 3 to 4 per group). (E) ChiP assay and Western blotting of 3-MC or fluvastatin-treated cells. (Top)
After application of 3-MC (1 uM) or fluvastatin (10 uM), fixed cell extract was analyzed by mouse cyplal XRE or human SLCO4C1 XRE PCR.
(Bottom) Western blotting of nuclear and cytoplasmic fractions from HEK293T cells were stained with antibodies against AhR, Lamin B, or
a-tubulin antibodies. Cy, cytosolic fraction; Nu, nuclear fraction. (F) Enhancement of human SLCO4C1 promoter activity with various statins

(10 uM) using the minimal promoter region (—129). *P < 0.05; #¥P < 0.01 (n = 3 to 4 per group).

TG(+)Nx rats. The guanidino compounds are a large group of
structural metabolites of arginine, and the concentrations of
GSA and ADMA are markedly increased in renal failure.2
GSA accumnulation causes various harmful effects, such as in-
hibition of platelet aggregation hemolysis and convulsions.2
Likewise, ADMA is the most specific endogenous compound
with inhibitory effects on NO synthesis, and it has also been
implicated in the development of hypertension and adverse
cardiovascular events.s” Trans-aconitate, known as anti-feed-
ant in brown plant hoppers,?” is an inhibitor of aconitase and
inhibits the TCA cycle's; however, its existence in mammals,
especially in renal failure, was not previously known. Com-
pounds that inhibit the TCA cycle are “poison.” It is also widely
known that fluoroacetate is a “suicide” substrate for aconitase.

J Am Soc Nephrol 20: 2546-2555, 2009

Acute fluoroacetate poisoning in humans mainly affects the
central nervous system, cardiovascular system, and kidney,
and the biochemical effects include TCA cycle blockade, respi-
ratory failure, and metabolic acidosis and lactate accumula-
tion.28 Trans-aconitate administration also increased BP and
generated oxidative stresses in rats. These data suggest that the
overexpression of SLCO4C! in the renal proximal tubules in
TG(+) rats causes the beneficial effect of excretion of harmful
uremic toxins such as ADMA, GSA, and trans-aconitate and
proposes a new approach to decrease uremic toxins and to
reduce the exacerbation of renal function in patients with CKD
(Figure 8).

Here we show that statins function as a nuclear receptor ligand
recruiting the AhR-XRE system and upregulating SLCO4C1 tran-
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Figure 6. Effects of statins on SLCO4C1 expression and function
in vitro. (A) Real-time PCR of SLCO4C1 in ACHN cells with fluva-
statin {10 uM) or pravastatin (100 uM; n = 3 per group). (B) The
uptake of T; by ACHN cells treated with fluvastatin (10 uM) and
pravastatin (100 uM). *P < 0.05 (n = 3).

scription to facilitate the excretion of uremic toxins like a trans-
gene phenotype. In patients with CKD, therapy with statins has
the potential not only to lower cardiovascular morbidity and
mortality but also to slow the progression of renal disease.2? The
effects are thought to be dependent on such mechanisms as a
reduction of endothelial dysfunction, inhibition of inflammatory
responses, and reduction of oxidative stress.222 Recently, the re-
lationship between statin administration and ADMA was exam-
ined in humans. The serum level of ADMA in metabolic syn-
drome was reduced by fluvastatin.3® Thus, our data provide new
scientific bases for renal protection to facilitate the excretion of
uremic toxins in patients with CKD by drugs including statins as
“transporter potentiators” (Figure 8). Because the significantly
increased levels of GSA and ADMA were reported in patients with
autosomal dominant polycystic kidney disease (ADPKD),’ our
data also support the clinical study and will be a new clue for
further protection of renal damage in patients with ADPKD.
Cytochrome P-450 (CYP) comprises a superfamily of enzymes
that catalyze oxidation of numerous xenobiotic chemicals, in-
cluding drugs, toxic chemicals, and carcinogens, as well as endobi-
otic chemicals.** Among these CYP enzymes, cyplal is important
in the metabolism of carcinogens such as dioxin and halogenated

2552 Journal of the American Society of Nephrology

aromatic hydrocarbons.?! Because of the prominently catalyzing
role, it has been believed that compounds that induce cyplal ac-
tivation are detrimental to humans and animals; however, it is also
reported that induction of cyplal is a sensitive but nonspecific
indicator of AhR binding and activity, and the induction of
cyplal and activation of AhR are not synonymous with dioxin-
like toxicity, including carcinogenesis.3? Clinically, various weak
AhR ligands, such as flutamide, omeprazole, and atorvastatin,
were identified®? but the Food and Drug Administration approves
usage of these compounds, and in fact, they do not produce diox-
in-like toxicities, including carcinogenesis in humans. Because st-
atins have been used for a long time with a high safety and toler-
ability profile, induction of SLCOA4CL by statins in the kidney in
patients with CKD and ADPKD may be a safe and new therapeu-
tic tool to excrete uremic toxins and for reduction of renal inflam-
mation.

We also found that the activation potency of the AhR-XRE
system differs between cyplal and slcodcl in thekidney. In the rat
liver, cyplal was significantly induced by flutamide (329-fold)
and omeprazole (79-fold), although renal cyplal was weakly up-
regulated by flutamide (three- fold) and omeprazole (15-fold;
Supplemental Figure 3, A and B). It is also reported that some
statins significantly induced cyplal in kidney but rather weakly in
the liver, suggesting that statins act as AhR ligands mainly in the
kidney.>? Conversely, the renal activation of slcodcl by flutamide
and omeprazole was quite weak (Supplemental Figure 3C). Thus,
further exploring for drugs that upregulate human SLCO4C1
only in the kidney much more potently than statins should be a
new clinical tool for patients with CKD and ADPKD to decelerate
renal damage and to delay initiating hemodialysis.

Metabolomics is an emerging tool that can be used to gain
insights into cellular and physiologic responses. By CE-MS, we
identified various renal failure-related compounds (Supple-
mental Figure 2, Supplemental Tables 1 through 4). In renal
failure, indoxyl sulfate, creatinine, GSA, and guanidinoacetate
were reported as uremic toxins.* Increase of citrulline and tri-
methyl N-oxide,®® 3-methylhistidine,>* N,N-dimethylgly-
cine.®> and allantoin® and decrease of carnitine,® Trp, and
Tyr38 were also reported in renal failure.

On the other hand, increase of trans-aconitate, 4-acetylbu-
tyrate, hexanoate, argininosuccinate, a-aminoadipate, and
pipecolate and decrease of desethylatrazine and methionine
sulfoxide so far have not been reported in renal failure (Sup-
plemental Figure 2). Thus, our data will be useful for clarifying
the metabolic pathway of renal failure.

CONCISE METHODS

Materials
Pravastatin was provided by Daiichi-Sankyo (Tokyo, Japan). Other

statins were purchased from Sequoia Sciences (St. Louis, MO).
Construction of Kidney-Specific TG Rats

The mutated coding region of human SLCO4C1'° was inserted into the
PGEM-sglt2-5pr-mut plasmid containing kidney-specific sglt2 pro-
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moter.1! The linear purified plasmid was injected into the pronuclei of
fertilized oocytes of Wistar rats. Pups were analyzed for the genomic
integration by Southern blotting and by PCR amplification of tail DNA
using the following primers: Forward (mouse sglt2) 5'-tccccecactictgtt-
tcccagtctatgt-3' and reverse (human SLCO4C1) 5'-acgegaictgcagaatt-
agcttgggcte-3'. Reverse transcriptase—PCR was carried out using the same
primers that can amplify the full length of human SLCO4C1 cDNA. Re-
sultant TG(+) rats showed normal breeding and development with no
obvious phenotypic abnormalities in body weight, water and food intake,
and renal functions compared with TG(~—) littermates, whose genetic
background is the same as that of TG(+) rats except for expression of

Figure 8. Uremic toxins and
SLCOAC1 transporter in renal failure.
ADMA is formed by protein arginine
N-methyltransferase (PRMT) from ar-
ginine and degrades to citrulline by
DDAH. Note that SLCOA4C1 facili-
tates the excretion of GSA, ADMA,
and trans-aconitate and that statins
increase the expression and the func-
tion of SLCOA4CH, resulting in reduc-
tions of the uremic toxins and BP.
Trans-aconitase inhibits aconitase ac-
tivity and induces reactive oxygen
species (ROS). Aco, aconitase.
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human SLCO4C1 (Supplemental Figure 1A). All animal experiments
were approved by the Tohoku University Animal Care Committee.

Immunchistochemistry
The rabbit antiserum against 107 peptides of the N-terminus of hu-

man SLCO4C1 was raised and immunopurified. Western blotting
and immunohistochemistry were performed as described previous-
ly,* and the quality was confirmed by peptide absorption (Supple-
mental Figure 1, B and D). The mouse mAb against CD68 was pur-
chased from Serotec (Martinstried, Germany).
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Nephrectomized Rat Model and BP Measurement
Five-sixths nephrectomized rats were generated as previously report-

ed.1® Briefly, male TG rats were intraperitoneally anesthetized with
ketamine (30 mg/kg) and xylazine (2 mg/kg) and subjected to five-
sixths renal ablation. At the time of surgery, rats were prepared for
telemetric monitoring of BP (Data Sciences Int., St. Paul, MN).40

Echocardiogram
Rats were anesthetized with ketamine (50 mg/kg) and xylazine (10

mg/kg) and studied with Doppler imaging by echocardiogram. The
thickness of the interventricular septum and the left ventricular pos-
terior wall at end-diastole were measured as described previously.4!

CE-MS Method for Metabolome Analysis
A comprehensive and quantitative analysis of charged metabolites by

CE-MS was performed.!? Metabolites were first separated by CE on the
basis of charge and size and then selectively detected using MS by moni-
toring over a large range of m/z values. Plasma and urine ADMA were
measured by HPLC. Anionic and cationic compounds that were in-
creased or decreased after Nx in both of the generated rat lines were
nominated as statistically significant and are summarized in Supplemen-
tal Figure 2 (all analyzed CE-MS data are in Supplemental Tables 1
through 4). In the human plasma analysis, the protocols conformed to
the ethical guidelines and approvals of both Tohoku University and Na-
gasaki University. Informed consent was obtained from each participant.
The eGFR was calculated with the formula*? eGFR (ml/min per 1.73
m?) = 175 X creatinine™'** X age™%2%* X 0,742 (if female) X 0.741.

Measurement of Reactive Oxygen Species
The free radical formation within the human kidney proximal cell line

HK-2 evoked by trans-aconitate (100 uM) was monitored by mea-
surement of the changes in fluorescence resulting from the oxidation
of dihydroethidium to ethidium as the increase of ethidium produc-
tion (U/s)** using a 505-nm dichroic mirror with the 605/55-nm
band-pass filter of an IX71 microscope (Olympus, Tokyo, Japan).

Transcriptional Assay
The human SLCO4C1 promoter DNA fragments were amplified by

PCR, and the amplified fragments were inserted into the pGL3 basic
luciferase expression vector (Promega, Madison, W1). The point muta-
tion of two XREs was generated by PCR. Two micrograms of plasmid
construct was transfected with 0.1 ug of Renilla Luciferase Reporter Vec-
tor PhRL-TK (Promega) as well as co-transfection with AhR and AhR
nuclear translocator expression vector.'8 Forty-eight hours after ligand
treatment, reporter assay was performed using Dual Luciferase Reporter
Assay Systemn (Promega). Incubation with activators of constitutive an-
drostane receptor (clotrimazole and TCPOBOP), pregnane X receptor
(rifampicin), and peroxisome proliferator—activated receptor « (bezafi-
brate, fenofibrate, clofibrate, and LTB,) did not affect the SLCO4Cl1 tran-
scription {data not shown).

ChIP Assay

ChIP assays were performed as described previously.* Briefly, cells either
untreated or exposed to 3-MC (mouse HepaC1C7 cells) or fluvastatin
(HEK293T cells) were crossed-linked with 1% formaldehyde, and pro-
tein-DNA complexes were immunoprecipitated using rabbit polyclonal
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antibody against AhR (BIOMOL, Plymouth, PA) or nonspecific anti-
rabbit IgG. The recovered DNA was then subjected to PCR using primers
that amplify regions containing the XRE elements of the human
SLCO4ClL gene (forward primer 5'-AAGGGGAGCTTATGGCCA-
GAGACTC-3' and reverse primer 5'-TCGCCTCAAGGACCAACCG-
GAAG-3') or mouse cyplal gene (forward primer 5'-CTATCTCTTA-
AACCCCACCCCAA-3' and reverse primer 5'-CTAAGTATGGT-
GGAGGAAAGGGTG-3'). Nuclear and cytoplasmic fraction extracts
were prepared and Western blotting was performed as described previ-
ously® using antibodies against AhR, Lamin B (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and a-tubulin (Sigma-Aldrich, St. Louis, MO).

Real-Time PCR Analysis
We performed real-time PCR analysis with probe sets from Applied

Biosystems (Foster City, CA).

Statistical Analysis
The data are means = SEM. We used an unpaired t test for compar-

isons between two groups. For multiple comparisons, we used two-
way ANOVA with repeated measures in Figures 2A, 3H, and 7A and
Supplemental Figure 1D and ANOVA on rank in Supplemental Fig-
ure 3, A through C. We derived P values for Supplemental Figure 1C
using log-rank test. In Figure 4, Spearman rank correlation was cal-
culated. P < 0.05 was considered to be significant.
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Absence of Influence of Concomitant Administration of Rabeprazole
on the Pharmacokinetics of Tacrolimus in Adult Living-donor
Liver Transplant Patients: A Case-Control Study
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Summary: This study assesses the effects of rabeprazole on the pharmacokinetics of tacrolimus, consider-
ing the cytochrome P450 (CYP) 2C19 and CYP3AS5 genotypes of living-donor liver transplant patients (na-
tive intestine) and their corresponding donors (graft liver). We examined the concentration/dose ratio of
tacrolimus in transplant patients treated with (n=17) or without (n=38) rabeprazole at 10 mg/day on
postoperative days 22-28. A stratified analysis revealed no significant differences between the control and
rabeprazole groups in the median (range) concentration/dose ratio of tacrolimus [(ng/mL)/(mg/day)] for
CYPZ2C19 extensive/intermediate metabolizers [2.71 {1.00-6.15) versus 2.55 (0.96-9.25); P=0.85] and
for poor metabolizers [4.92 (2.44-7.00) versus 3.82 (2.00-7.31); P=0.68], respectively. Even based on the
classification of CYP2C19 genotypes of donors, no significant difference in the concentration/dose ratio of
tacrolimus was found for the two groups (CYP2C19 extensive/intermediate metabolizers, P=0.52; poor
metabolizers, P=0.51). The same was observed for CYP3A5" 1 carriers (P=0.97 for native intestine; P=
0.87 for graft liver) and CYP3A5” 3/ * 3 carriers (P=0.89 for native intestine; P=0.56 for graft liver). These
findings suggest a safer dosing and monitoring of tacrolimus coadministered with rabeprazole early on after
liver transplantation regardless of the CYP2C19 and CYP3A5 genotypes of transplant patients and their

donors.

Keywords: CYP2C19; CYP3A4; CYP3AS5; drug interaction; proton pump inhibitor

Introduction

Upper gastrointestinal complications, particularly pep-
tic ulcers, are significant causes of morbidity and mortali-
ty following solid organ transplantation. Antiulcer
prophylaxis with proton pump inhibitors (PPIs), omepra-
zole, lansoprazole and rabeprazole and immunosuppres-
sion with tacrolimus-based regimens are often used clini-
cally.” Tacrolimus is mainly metabolized by cytochrome
P450 (CYP) 3A4 and CYP3AS5 in the small intestine and
liver.>® CYP3A5 plays a key role in the pharmacokinetics

of tacrolimus.*?

Because CYP2C19 and CYP3A4/5 are mainly responsi-
ble for the metabolism of PPIs,® PPIs themselves inhibit
the metabolism of tacrolimus via CYP3A4/5 in patients
carrying variant alleles of CYP2C19, thereby increasing
blood concentrations of tacrolimus in renal transplant
patients.7'9) Recently, we reported increased trough
tacrolimus concentrations in association with the
CYP2C19 defect genotype in living-donor liver transplant
(LDLT) patients receiving omeprazole and with the
CYP345 defect genotype in patients receiving lansopra-
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