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FiG. 1. hOCT3 mRNA expression in normal or cancerous tissues derived from
Japanese patients. The expression of hOCT3 mRNA in colon (A) or rectum (B) was
detected by real-time PCR. The numbers of patients with colon and rectum cancer
were 6 and 10, respectively. The horizontal bars represent the median of hOCT3
mRNA expression.

and compared the levels of OCT3 mRNA in colorectal cancer and
normal colorectum and among colorectal cancer-derived cell lines. In
addition, the cytotoxicity and platinum accumulation in cultured cells
caused by the treatment with oxaliplatin or cisplatin were examined.

Materials and Methods

Cell Culture. Human colorectal cancer-derived cell lines, T84 (CCL-248;
American Type Culture Collection, Manassas, VA), SW480 (CCL-228; Amer-
ican Type Culture Collection), HCT116 (91091005; European Collection of
Cell Cultures, Wiltshire, UK), HT29 (HTB-38; American Type Culture Col-
lection), SW837 (JCRB9115; Health Science Research Resources Bank,
Osaka, Japan), and Lovo (JCRB9083; Health Science Research Resources
Bank) were used. Human embryonic kidney (HEK)293 cells (CRL-1573;
American Type Culture Collection) were used as a host for gene transfection
(Yonezawa et al., 2006). Cell lines were cultured in an atmosphere of 5%
C0,-95% air at 37°C. Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-
Aldrich, St. Louis, MO) with 10% fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA) was used for SW480, HT29, HCT116, Lovo, and HEK293.
DMEM containing 10% FBS and 1% nonessential amino acid (Invitrogen) was
used for SW837, and a 1:1 mixture of DMEM and nutrient mixture Ham’s F12
medium (Sigma-Aldrich) with 10% FBS was used for T84. T84, HT29, and
Lovo cells were seeded onto 24-well plates or 96-well plates at a density of
40 X 10° cells/ml. SW480 and HCT116 cells were seeded at 2.0 X 10°
cells/ml, and SW837 cells were seeded at 5.0 X 10° cells/ml. Seventy-two
hours after the seeding, the cells were used for the experiments.
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FiG. 2. mRNA levels of organic cation transporters in colorectal cancer-derived
cell lines. Total RNA from the cell lines was reverse-transcribed, and the OCT1,
hOCT2, hOCT3, hMATEI, or hMATE2-K expression levels were measured by
using real-time PCR. Each column represents the mean * S.E. for three wells. The
plot of real-time PCR results for hOCT3 and glyceraldehyde-3-phosphate dehy-
drogenase is found in the supplemental data.

Transfection. For a transient expression system, pCMV6-XL4 plasmid
vector DNA (OriGene Technologies, Rockville, MD) containing hOCT3
c¢DNA was purified using an EndoFree Plasmid Mega Kit (QITAGEN GmbH,
Hilden, Germany) according to the manufacturer’s instructions (Yonezawa et
al., 2006). The day before transfection, HEK293 or SW480 cells were seeded
onto poly-D-lysine-coated and noncoated 24-well plates, respectively. The
cells were transfected with 800 ng of plasmid DNA per well in a combination
of empty vector and hOCT3 ¢DNA using 2 ul of Lipofectamine 2000 (In-
vitrogen) per well according to the manufacturer’s instructions. The amount of
hOCT3 cDNA was 800 ng except in the experiment examining the transporter
cDNA dependence. Forty-eight hours after the transfection, the cells were used
for the experiments.

Uptake Experiment. Cellular uptake of [*H]1-methyl-4-phenylpyridium
acetate (MPP) (2.7 TBg/mmol; PerkinElmer Life and Analytical Sciences,
Waltham, MA) was measured with monolayer cultures grown on 24-well
plates. The composition of the incubation buffer was as follows: 145 mM
NaCl, 3 mM KCI, 1 mM CaCl,, 0.5 mM MgCl,, 5 mM D-glucose, and 5 mM
HEPES (pH 7.4 adjusted with NaOH). As previously reported, experiments on
the uptake were performed (Urakami et al., 2004).

For measurement of the cellular accumulation of oxaliplatin or cisplatin,
cells seeded on 24-well plates were incubated with DMEM containing 10%
FBS and oxaliplatin (Wako Pure Chemical Industries, Osaka, Japan) or cis-
platin (Sigma-Aldrich) for 2 min or 1 h. After this incubation, the monolayers
were rapidly washed twice with ice-cold incubation buffer containing 3%
bovine serum albumin (Nacalai Tesque, Kyoto, Japan) and then washed three
times with ice-cold incubation buffer. The cells were solubilized in 0.5 N
NaOH, and the amount of platinum was determined using inductively coupled
plasma-mass spectrometry (ICP-MS) by the Pharmacokinetics and Bioanalysis
Center, Shin Nippon Biomedical Laboratories, Ltd. (Wakayama, Japan). The
protein content of the cell monolayers solubilized in 0.5 N NaOH was deter-
mined with a Bio-Rad Protein Assay Kit (Bio-Rad, Richmond, CA).

Cytotoxicity Assay. The cytotoxicity of oxaliplatin was measured with
cells seeded on 24-well plates for the lactate dehydrogenase (LDH) assay and
on 96-well plates for the caspase 3/7 assay. Cells were incubated with medium
containing oxaliplatin for 6 h for the LDH assay. After removal of the medium,
a drug-free medium was added to the wells. After incubation for 24 h, the
medium was collected, and the LDH activity in it was measured using a LDH
Cytotoxicity Detection Kit (Takara Bio Inc., Shiga, Japan), according to the
manufacturer’s instructions. LDH release (percent) was calculated as described
previously (Yonezawa et al., 2006). For the caspase assay, cells were incubated
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with medium containing oxaliplatin for 8 h. After the incubation, caspase 3/7
activity was determined by using a Caspase-Glo 3/7 Assay (Promega, Madi-
son, WI), according to the manufacturer’s instructions. Caspase activity (fold
increase) represents (caspase 3/7 activity in oxaliplatin-treated cells)/(caspase
3/7 activity in cells without oxaliplatin).

Isolation of Total RNA and Real-Time PCR. Total RNA was isolated
from each cell line on 24-well plates using an RNeasy Mini Kit (QIAGEN)
according to the manufacturer’s instructions, and the concentrations of total
RNA were measured by spectrophotometry. Total RNA was reverse-tran-
scribed with random hexamers using Superscript II reverse transcriptase (In-
vitrogen), followed by digestion with RNase H (Invitrogen). For the detection
of the expression of hOCT3 mRNA in cancerous or normal colon and rectum,
the same batch of cDNA samples as used by Terada et al. (2005) was subjected
to real-time PCR. Detailed information about the patients was given in the
report of Terada et al. (2005). The conditions and primer-probe sets for
real-time PCR were described previously (Motohashi et al., 2002; Masuda et
al., 2006). The glyceraldehyde-3-phosphate dehydrogenase mRNA level was
used as an internal control. 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.

Cancer Profiling Array. The cDNA cancer profiling array, Cancer Profil-
ing Array I (Clontech, Mountain View, CA) was used. It includes normalized
c¢DNAs from cancer and corresponding normal tissues from individual pa-
tients, amplified using SMART technology. Preparation of the cDNA probe for
hOCT3, hybridization to the array, and signal detection on X-ray film were
performed using the DIG High Prime DNA Labeling and Detection Starter Kit
II (Roche Ltd., Basel, Switzerland) according to the manufacturer’s instruc-
tions. The relative intensity of each dot was determined densitometrically using
ImageJ 1.38x (National Institutes of Health, Bethesda, MD).

Statistical Analysis. Data are expressed as means * S.E. Data were
analyzed statistically using the paired Student’s # test. Probability values of less
than 0.05 were considered statistically significant.

Results

Expression of hOCT3 mRNA in Normal and Cancerous Colo-
rectal Tissues. The expression of hOCT3 mRNA in colon (n = 6) or
rectal (n = 10) tissue derived from Japanese patients was measured by
real-time PCR. Figure 1 shows the difference in the expression be-
tween normal and cancerous colorectum. In cancerous colon tissue,
the level of hOCT3 mRNA was significantly higher than that in
normal tissue, and the mean increase in individuals was 9.7-fold (Fig.
1A). The median values of hOCT3 in normal and cancerous colon
tissue were 0.44 (range 0.24-1.59) and 5.59 (range 0.20-8.62)
zmol/pg of total RNA, respectively (P = 0.0247, by the paired
Student’s 7 test). hOCT3 mRNA expression in rectum tended to
increase in cancerous tissue, but the difference was not significant
(Fig. 1B). The median values of hOCT3 in normal and cancerous
rectal tissue were 0.87 (range 0.39-5.17) and 1.26 (range 0.41-17.1)
zmol/ug of total RNA, respectively (P = 0.363, by the paired Stu-
dent’s 7 test).

mRNA Expression of Organic Cation Transporters in Colorec-
tal Cancer-Derived Cell Lines. We examined the expression of
hOCT1, hOCT2, hOCT3, hMATEI, and hMATE2-K mRNA in colo-
rectal cancer-derived cell lines, T84, SW480, HCT116, HT29,
SW837, and Lovo, by real-time PCR. The hOCT3 transcript was
found in all of these cells except HCT116 and was strongly detected
in T84 and SW837 (Fig. 2). hMATE1 mRNA was only expressed in
SW480. However, the mRNA expression of hOCTI, hOCT2,
hMATEI, and hMATE2-K in these cells was almost negligible.

[PHIMPP Uptake by Colorectal Cancer-Derived Cell Lines. To
check the functional activity of hOCT3 in cultured cells, we measured
the cellular uptake of its typical substrate, [’HJMPP. The accumula-
tion of [PH]MPP was greater in T84 cells, SW480 cells expressing
hOCT3, and HEK293 cells expressing hOCT3 than in SW480 cells,
SW480 cells transfected with vector cDNA, and HEK293 cells trans-
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Fi. 3. Uptake of [*H]MPP by colorectal cancer-derived cell lines or HEK293.

After preincubation, native T84 or SW480 and SW480 cells or HEK293 cells

transiently transfected with empty vector (vector) or hOCT3 cDNA (A), or T84,

SW480, HCT116, HT29, SW837, or Lovo cells (B) were incubated with 13.7 nM

[P'HIMPP for 2 min at 37°C. Each column represents the mean * S.E. for three
wells.

fected with vector cDNA (Fig. 3A). In addition, we examined
[PHIMPP uptake in other colorectal cancer-derived cell lines,
HCT116, HT29, SW837, and Lovo. SW837 showed the highest level
of activity to transport [PH]MPP among these six cell lines (Fig. 3B).
The transport activity of the cells was confirmed, and then these cells
and expression systems were used in subsequent experiments on the
cytotoxicity and the cellular transport of platinum agents.

hOCT3 Expression and Oxaliplatin-Induced Cytotoxicity. We
examined the effect of hOCT3 expression in a colon cancer-derived
cell line, SW480. When SW480 cells transfected with 800 ng of
empty vector or hOCT3 were treated with 500 uM oxaliplatin for 6 h
and subsequently cultured in normal medium for 24 h, the release of
LDH into the culture medium was increased by the expression of
hOCT3 (Fig. 4A). In addition, we measured the amount of LDH
released by treatment with 500 uM oxaliplatin in other colorectal
cancer-derived cell lines. The amount of LDH released was greatest in
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SW837 and was also large in T84 and Lovo cells (Fig. 4B). SW480,
HCT116, and HT29 cells showed little release of LDH with oxalipla-
tin treatment.

In addition, caspase 3/7 activity induced by treatment with 50 uM
oxaliplatin was examined in these cell lines. The most potent activa-
tion of caspase 3/7 was in SW837 but T84 and Lovo cells also showed
strong caspase 3/7 activity (Fig. 4C). The results of caspase activity
were consistent with those of LDH release.

Transport of Oxaliplatin. We examined the accumulation of ox-
aliplatin with the increase of hOCT3 ¢cDNA on transfection of SW480
cells (Fig. 5A), because almost no hOCT3 mRNA was found in
SW480 cells (Fig. 2). When SW480 cells transfected with 50 to 800
ng of hOCT3 cDNA per well were treated with 1000 uM oxaliplatin
for 1 h, the level of platinum accumulated in the cells was increased,
depending on the amount of hOCT3 cDNA transfected (Fig. 5A).
Based on these results, we determined the platinum accumulation in
T84 cells, SW480 cells, and SW480 cells transfected with 800 ng of
hOCT3 cDNA. When treated with 100, 500, or 1000 uM oxaliplatin
for 1 h, T84 cells and SW480 cells expressing hOCT3 transported
oxaliplatin extensively in a concentration-dependent manner com-
pared with SW480 cells or SW480 cells transfected with empty vector
(Fig. 5B). Moreover, we examined the amount of platinum accumu-
lated after the treatment with oxaliplatin in other colorectal cancer-
derived cell lines, HCT116, HT29, SW837, and Lovo. Platinum was
most abundant in SW837 cells at all three concentrations when the
cells were incubated with the culture medium containing oxaliplatin
for 2 min (Table 1). The same tendency was observed when they were

0
FELLE S

treated for 1 h (Table 2). In HT29 and Lovo cells, the amount of
platinum accumulated was approximately half of that in SW837 cells,
and the levels in SW480 and HCT116 cells were low compared with
those in other cultured cells.

Relation among hOCT3 mRNA Expression, LDH Release,
and Platinum Accumulation. When cultured cells were treated
with 500 uM oxaliplatin, the release of LDH was increased by the
hOCT3 mRNA expression (Fig. 6A). The accumulation of platinum in
the cells after the incubation with 500 uM oxaliplatin was also
dependent on hOCT3 mRNA expression (Fig. 6B). By combining
the data from Fig. 6, A and B, the release of LDH was also com-
parable with the accumulation of platinum (Fig. 6C). On the other
hand, when cells were treated with 500 uM cisplatin, the accumula-
tion of platinum was independent of hOCT3 mRNA expression
(Fig. 6D).

Cancer Profiling Array. We examined the differences in hOCT3
expression between normal and cancerous tissues derived from Cau-
casians using dot blotting, and the density of each dot was quantified
using Imagel 1.38x (Fig. 7). In the colon, the level of hOCT3 was
significantly higher in cancerous tissues (Fig. 7A). This result was
consistent with that in Fig. 1A. A significant increase of hOCT3
expression was also observed in the rectum and stomach (Fig. 7, B
and C). Inversely, a significant decrease of hOCT3 expression in
cancerous tissue was detected in the uterus, breast, ovary, and lung
(Fig. 7, D-G). In the kidney, there was no significant difference in
hOCT3 mRNA expression between normal and cancerous tissue
(Fig. 7H).
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Fic. 5. Uptake of oxaliplatin by colorectal cancer-derived cell lines. A, SW480
cells were transfected with an amount of hOCT3 ¢cDNA and vector plasmid added
to 800 ng using 2 ul of Lipofectamine 2000. The cells were exposed to 1000 uM
oxaliplatin in the culture medium for 1 h. B, T84 cells, SW480 cells, or SW480 cells
transiently expressing empty vector or hOCT3 were treated with culture medium
containing 100, 500, or 1000 uM oxaliplatin for 1 h. After being washed, these cells
were solubilized in 0.5 N NaOH, and the amount of platinum was determined by
ICP-MS. Each point represents the mean * S.E. of four wells.

Discussion

Oxaliplatin has a much more potent anticolorectal cancer effect
than cisplatin (Grem et al., 1993; de Gramont et al., 2000). However,
the molecular mechanism(s) that cause the difference in the effect has
not been made clear. We previously determined that oxaliplatin but
not cisplatin was transported by OCT3 (Yonezawa et al., 2006; Yokoo
et al., 2007). Therefore, we hypothesized that the level of hOCT3 in
cancerous tissues contributed to the superior anticancer effect of
oxaliplatin. In the present study, the level of hOCT3 mRNA was
significantly higher in cancerous colon than in normal colon tissues
derived from Japanese patients (Fig. 1A). In addition, this tendency
was reproduced in Caucasians using a cancer profiling array (Fig. 7,
A and B). These findings indicated that the level of hOCT3 mRNA
was heightened by colorectal cancerous transformation independent
of ethnicity.

In human colorectal cancer-derived cell lines, hOCT3 mRNA ex-
pression was correlated with the release of LDH and accumulation of

TABLE 1

2303

Platinum accumulation in colorectal cancer-derived cell lines (2 min)

Colorectal cancer-derived cell lines were treated with medium containing 100, 500, or

1000 uM oxaliplatin for 2 min. After being washed, these cells were solubilized in 0.5 N
NaOH, and the amount of platinum was determined by ICP-MS. Each value represents the
mean * S.E. for four wells.

Platinum Accumulation

Cell Lines
100 uM 500 uM 1000 uM
ng/mg protein/2 min

T84 0.82 = 0.03 5.12 £ 0.06 9.77 £ 0.46
SW480 0.48 = 0.01 227 * 0.02 4.19 + 0.04
HCTI116 0.46 = 0.03 2.72 = 0.08 523 *0.26
HT29 0.64 = 0.01 3.55 £ 0.05 7.85*+0.19
SW837 1.07 = 0.02 5.77 £ 0.10 143+ 1.13
Lovo 0.61 = 0.01 3.59 £ 0.07 7.27 = 0.10

platinum induced by the treatment with oxaliplatin (Fig. 6, A and B).
These results suggested that hOCT3 expression is a candidate marker
for the efficacy of oxaliplatin treatment. Moreover, the release of
LDH and accumulation of platinum caused by the incubation with
cisplatin was independent of the hOCT3 mRNA level (Fig. 6D). This
result was consistent with the report that cisplatin was not transported
by hOCT3 (Yonezawa et al., 2006). Therefore, hOCT3 expression is
suggested to be closely associated with the anticancer activity of
oxaliplatin but not that of cisplatin.

Cisplatin plays an essential role in chemotherapy against solid
tumors of the prostate, bladder, lung, testis, liver, and brain (Ho et al.,
2003). However, the effect of cisplatin on colorectal cancer is weak.
Loehrer et al. (1988) and Grem et al. (1993) reported rates of response
of colorectal cancer to cisplatin-based chemotherapy of 22 and 19%,
respectively. On the other hand, for oxaliplatin-based chemotherapy,
de Gramont et al. (2000) reported that the response rate was 50%. The
differences in molecular mechanisms whereby cisplatin has a weak
effect but oxaliplatin has a strong effect on colorectal cancer have
been unclear. The anticancer activity and resistance to platinum agents
have been considered to be related to the DNA repair pathway,
nucleotide excision repair, base excision repair, mismatch repair, and
double-strand break repair, or the substrate specificity of copper
transporters, CTR1, ATP7A, and ATP7B (Kelland, 2007). However,
recently, we and others reported the contribution of organic cation
transporters in the cellular transport of platinum agents (Ciarimboli et
al., 2005; Yonezawa et al., 2005, 2006; Zhang et al., 2006; Yokoo et
al., 2007; Kitada et al., 2008). Zhang et al. (2006) reported that the
effect of oxaliplatin against colon cancer was related to the expression
of hOCT1 and hOCT2. Kitada et al. (2008) reported that the levels of
ATP7A and hOCT1 mRNA affect the sensitivity to oxaliplatin. How-
ever, we reported that oxaliplatin was transported by both human and

TABLE 2
Platinum accumulation in colorectal cancer-derived cell lines (1 h)

Colorectal cancer-derived cell lines were treated with medium containing 100, 500, or
1000 uM oxaliplatin for 1 h. After being washed, these cells were solubilized in 0.5 N
NaOH, and the amount of platinum was determined by ICP-MS. Each value represents the
mean * S.E. for four wells.

Platinum Accumulation

Cell Lines
100 pM 500 uM 1000 uM
ng/mg protein/hr

T84 140*=03 705+ 1.2 160.2 £39
SW480 49x0.1 25005 640+ 14
HCT116 6.0x02 32306 792228
HT29 87+0.1 478 £ 0.1 123 £ 26
SW837 16.7 £ 04 91.6 23 222 +38
Lovo 9.6 =0.0 52412 126 £ 2.1

6002 ‘€2 UsJepy uo Ayisiaaiun 0joAy je Bio'sjeuinofiadse pwp wouy papeojumoq



DMD)

Aspet® DRUG METABOLISM A DISPOSITION

2304 YOKOO ET AL.
A B
§ 20 5 1wor swas?
- Sws37 e i
r@ j —
w -
g 15} 5% e
k] s el
R Lovo ™ u§ 60 Lovo
Q (]
w 10} ° —3— <o 0
SWes0 EE ar "
o 22 |omcrie
w 5t O HT2S = S [+]
ot o 20 | swaso
- HCT118 2 FiG. 6. Relation among hOCT3 mRNA expres-
S ol N , 4 i 0 . . . . sion, LDH release, and platinum accumulation.
The data on mRNA expression are from Fig. 2,
0 4 8 12 16 0 4 8 12 16 and the data on the release of LDH and accu-
hOCT3 mRNA EXPRESSION hOCT3 mRNA EXPRESSION mulation of platinum are from Fig. 4B and Ta-
{amoliug total RNA) (amoliug total RNA) ble 2, respectively. A, hOCT3 mRNA expres-
sion versus LDH release on treatment with 500
c D uM oxaliplatin. B, hOCT3 mRNA expression
versus platinum accumulation on treatment with
-~ 500 puM oxaliplatin. C, platinum accumulation
T 100 } versus LDH release on treatment with 500 uM
3 20 é oxaliplatin. D, hOCT3 mRNA expression versus
L SV:N 5 platinum accumulation on treatment with 500
— . .
g 80 uM cisplatin.
15} 5%
] =
SW4s0
R 3 § 80} o T84
Lovo (%]
o 0 ° g 2z |o o swey
g SWiso = '5 40 [HCT11 o
o 3 o
w - HT29 HT29
[ 4 5 [e] ° F = 20+
§ HCT116 é
o - = - “ A, ° i i " 1 1
0 200 40 60 80 100 0 “ 8 12 16
PLATINUM ACCUMULATION hOCT3 mRNA EXPRESSION
(ng/mg protein/h) (amol/ug total RNA)

rat OCT2 and OCT3, but not by OCT1 (Yonezawa et al., 2006; Yokoo
et al., 2007). In the present study, only hOCT3 mRNA was found in
the six cell lines derived from colorectal cancers, and the cytotoxicity
of oxaliplatin was associated with the expression level. Based on these
findings and the present results, at least in colorectal cancer, OCT3 is
thought to be important for sensitivity to oxaliplatin.

In the six colorectal cancer-derived cell lines, hOCT3 mRNA
levels were markedly higher than hOCT1, hOCT2, hMATEI, or
hMATE2-K mRNA levels (Fig. 2). Previously, we reported that
oxaliplatin was also transported by hOCT2 (Yonezawa et al.,
2006). However, in these cell lines, the expression of hOCT2
mRNA was little detected by real-time PCR (Fig. 2). Therefore, the
contribution of hOCT2 to the anticancer effect of oxaliplatin was
suggested to be small. The transport activity of hOCT3 in these
cells was confirmed by using [PH]MPP, a typical substrate of
OCTS3 (Fig. 3). Okuda et al. (2000) reported that the cytotoxicity of
cisplatin differed at low and high doses, that is, 30 and 1000 uM
cisplatin induced apoptosis and necrosis, respectively. In the
present study, we used two indexes of cytotoxicity, LDH release
and caspase 3/7 activity, as indicators of necrosis and apoptosis,
respectively. Both LDH release and caspase activity showed a
similar tendency; that is, values were high in cell lines expressing
high levels of hOCT3 mRNA (Figs. 2 and 4, B and C). From these
results, the hOCT3-mediated cellular accumulation of oxaliplatin
might be a trigger for the subsequent cytotoxic effects.

Although the cytotoxicity of oxaliplatin in T84 cells was lower than
expected, given the expression level of hOCT3 (Fig. 6A), the LDH
release in these cells correlated quite well with the platinum accumu-
lation (Fig. 6C). These results suggest some mechanisms including an
unknown oxaliplatin efflux transporter to reduce the intracellular
platinum concentration in T84 cells compared with that in SW837
cells.

We had reported that the nephrotoxicity caused by treatment with
platinum agents was closely associated with their renal accumulation,
which is determined by the substrate specificity of the OCT and
MATE families (Yonezawa et al., 2005, 2006; Yokoo et al., 2007).
There had also been a report that the uptake of imatinib, a tyrosine
kinase inhibitor effective in the treatment of chronic myeloid leuke-
mia, was mediated by hOCT1 (Thomas et al., 2004). Recently, two
groups showed that hOCT1 was a determinant of outcome in imatinib-
treated chronic myeloid leukemia (White et al., 2007, Wang et al.,
2008). Patients with a high level of hOCT1 had a greater probability
of achieving a cytogenetic response and superior progression-free and
overall survival (Wang et al., 2008). These reports showed the par-
ticipation of hOCT1 in the clinical effects of imatinib. Therefore, the
results of this study, that the cytotoxicity of oxaliplatin depended on
hOCT3 expression, may be expanded to include effectiveness in
clinical cases.

OCTS3 is widely distributed in many tissues (Kekuda et al., 1998),
but its function has been examined mainly in the brain (Wu et al.,
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FiG. 7. The differences in hOCT3 expres-
sion between normal and cancerous tissues.
The differences in hOCT3 expression be-
tween normal and cancerous tissue were
examined by dot blotting. The density of
each dot was quantified using ImageJ 1.38x.
Figures represent the colon (A, n = 39),
rectum (B, n = 18), stomach (C, n = 23),
uterus (D, n = 42), breast (E, n = 35),
ovary (F, n = 14), lung (G, n = 20), and
kidney (H, n = 11). The bars represent
median values.
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1998; Gasser et al., 2006). The results of this study suggested a new
role for OCT3, as a determinant of the sensitivity of treatment with
oxaliplatin against colorectal cancer. At present, oxaliplatin is used for
colorectal cancer as a key drug of FOLFOX regimens (de Gramont et
al., 2000). Other combinations including oxaliplatin for colorectal
cancer or other cancers have been used in clinical trials (Goldberg et
al., 2004; Zhu et al., 2006). The level of hOCT3 in cancerous tissue
was significantly higher in colon, rectum, and stomach (Fig. 7, A-C).
Conversely, the level was significantly lower in uterus, breast, ovary,
and lung (Fig. 7, D-G). These changes in hOCT3 expression might
contribute to the sensitivity and selectivity of oxaliplatin-based che-
motherapy. Recently, there were several reports that oxaliplatin was
effective against gastric cancer in phase II trials (Lordick et al., 2005;
Park et al., 2006; Kim et al., 2008). Considering the present results,
there is a possibility that the increase of hOCT3 expression in can-
cerous tissue affects the results of clinical trials. Therefore, taking a
positive attitude to use of oxaliplatin-based chemotherapy for other
cancers that express high levels of hOCT3 compared with normal
tissue may lead to good clinical results.

In the present study, we clearly found selective induction of
hOCT3 mRNA expression in colon cancer and colorectal cancer-
derived cell lines. The cytotoxicity and accumulation of platinum
caused by the treatment with oxaliplatin but not cisplatin depended
on the expression of hOCT3 mRNA. In conclusion, the uptake of
oxaliplatin into the cancer cells via hOCT3 was suggested to be an
important mechanism for its cytotoxicity, and the expression of
hOCT3 in cancers may became a marker for including oxaliplatin
in cancer chemotherapy.
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Effect of Intestinal and Hepatic First-pass Extraction
on the Pharmacokinetics of Everolimus in Rats
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Summary: The aim of this study was to quantitatively evaluate the effects of intestinal and hepatic extraction
on the pharmacokinetics of everolimus in rats. Everolimus was administered intravenously, intraportally or in-
traintestinally in order to separately evaluate the intestinal and hepatic first-pass extraction. Cyclosporine or
tacrolimus was administered into rat intestines, and after 10 min everolimus pharmacokinetics were evaluat-
ed. The blood concentrations of everolimus were measured by the high-performance liquid chromatography
with tandem mass spectrometry. Total body clearance of everolimus was constant in the dosage from 0.2 to
1.0 mg/kg. The bioavailability after intraportal and intraintestinal administration were 48.0% and 21.2%, re-
spectively. Concomitantly administered cyclosporine (5 mg/kg) , but not tacrolimus (1 mg/kg), significantly
decreased the total body clearance of everolimus compared with the control, and also increased the
bioavailabilty of everolimus after intraintestinal administration 1.75-fold. Cyclosporine significantly increased
the area under the blood concentration-time curve of everolimus after the intraintestinal constant infusion 3-
fold, and increased that after the intraportal constant infusion only 1.35-fold. In conclusion, the intestine as
well as liver contributes to the first-pass extraction for everolimus in rats. Intestinally administered cyclosporine

inhibited the intestinal extraction of everolimus more than its hepatic extraction.

Keywords: everolimus; first-pass effect; pharmacokinetics; cyclosporine; tacrolimus; interaction

Introduction

Everolimus is an immunosuppressive macrolide bear-
ing a stable 2-hydroxyethyl chain substitution at position
40 on the sirolimus (rapamycin) structure. Both everoli-
mus and sirolimus inhibit the mammalian target of
rapamycin (mTOR) and suppress the activation of lym-
phocytes and cell proliferation.” Everolimus was devel-
oped in an attempt to improve the oral bioavailability of
sirolimus,? and is used generally with a calcineurin inhi-
bitor cyclosporine for renal or heart transplantations.3'6)
When everolimus is used together, synergistic pharmaco-
logical interactions are expected to potentiate the im-
munosuppressive effects of cyclosporine,” and the dose
of cyclosporine can be reduced and various adverse ef-
fects, such as nephrotoxicity or neurotoxicity, caused by
cyclosporine can be substantially decreased.>®

Everolimus is absorbed rapidly, but has variable phar-

macokinetics,® which is probably explained by different
activities of drug efflux pump P-glycoprotein and of
metabolism by the cytochrome P450 (CYP) 3A subfamily,
as well as cyclosporine or tacrolimus.”'" Since higher
blood concentrations of everolimus are related to the in-
cidence of adverse effects such as hypertriglycemia,
hypercholesterolemia and thrombocytopenia, blood con-
centration monitoring is required.'? Therefore, phar-
macokinetic interactions between everolimus and other
drugs that inhibit the transport by P-glycoprotein and/or
metabolism by CYP3A subfamily should be carefully con-
sidered to achieve safe therapies. It was reported that the
blood concentration of everolimus was elevated with
combination cyclosporine treatment in patients and
rats,””'” probably due to inhibition of hepatic and/or in-
testinal metabolism of everolimus by cyclosporine.
However, the quantitative contribution of intestinal and
hepatic first-pass extraction of everolimus to its phar-
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macokinetics have not been well understood, and the ef-
fect of another concomitantly administered calcineurin
inhibitor, tacrolimus, on everolimus pharmacokinetics
have not been sufficiently enough evaluated.

In this study, we administered everolimus by different
routes namely, intraintestinally, intraportally and in-
travenously, and separately evaluated the effect of intesti-
nal and hepatic extraction on the pharmacokinetics of
everolimus in rats. Next, we examined the effects of cy-
closporine and tacrolimus on the first-pass extraction of
everolimus. Although it should be noted that there are
some peculiarities of drug metabolism in rats when
bioavailability or drug-drug interactions are extrapolated
to humans, the findings presented here could be helpful
to understand the bioavailability of everolimus and inter-
action mechanisms of calcineurin inhibitors in humans,
because injectable formulation of everolimus is not on
the market and its bioavailability in humans is unknown.

Materials and Methods

Materials: Everolimus was a gift from Novartis
Pharma AG (Basel, Switzerland) and it was in microemul-
sion and injection formulations. Tacrolimus injection so-
lution (Prograf injection, 5 mg/mL) was obtained from
Astellas Pharma Inc. (Tokyo, Japan). Cyclosporine (San-
dimmun injection, 50 mg/mL) was obtained from Novar-
tis Pharma KK (Tokyo, Japan). 32-Desmethoxyrapamycin
was obtained from Wyeth (Madison, NJ). All other chem-
icals used were of the highest purity available.

Animals: Male Wistar/ST rats weighing 220 to 260
g (8 week old) were used for in the vivo study. Before the
experiment, rats were fasted overnight, but given free ac-
cess to water. Animals were anesthetized with sodium
pentobarbital (1 mg/kg i.p.). Supplemental doses of pen-
tobarbital were administered as required. Body tempera-
ture was maintained with appropriate heating lamps. The
animal experiments were performed in accordance with
the Guidelines for Animal Experiments of Kyoto Univer-
sity.

Pharmacokinetic studies in rats: In each experi-
ment, the femoral artery was cannulated with a polyethy-
lene tube (PE-50; BD Biosciences, San Jose, CA) filled
with heparinized saline (50 U/mL) for blood sampling. In
the experiments for intravenous administration, the
femoral vein was cannulated, and everolimus was ad-
ministered from the femoral vein. In separate experi-
ments for intraportal administration, portal vein was can-
nulated with a polyethylene tube (PE-10) with a 26 G nee-
dle, and everolimus was administered intraportally for 60
min using an infusion pump at a rate of 2.2 mL/hr. In
separate experiments for intraintestinal administration of
everolimus, the abdominal cavity was opened via a mid-
line incision, and the upper site of the duodenum was ex-
posed to administer everolimus. To examine effect of in-
traintestinal administration of 5 mg/kg cyclosporine or 1

mg/kg tacrolimus, the abdominal cavity was opened via a
midline incision, and the upper site of the duodenum was
exposed to administer each drug. Everolimus was ad-
ministered intravenously or intraintestinally at 10 min af-
ter intraintestinal administration of cyclosporine, tacroli-
mus or saline (control). Blood samples were collected
from the femoral artery at 5, 15, 30, 60, 120, 180 and
240 min after the start of the administration of everoli-
mus. Samples were placed into EDTA anticoagulant
tubes.

To separately evaluate the influence of calcineurin in-
hibitors on the intestinal and hepatic first-pass effects of
everolimus, cyclosporine (5 mg/kg) and tacrolimus (1
mg/kg) was intraintestinally administered 10 min before
everolimus administration, and everolimus were ad-
ministered intraportally or intraintestinally for 60 min
using an infusion pump at a rate of 2.2 mL/hr. Blood sam-
ples were collected from the femoral artery at 5, 15, 30
and 60 min after the beginning of everolimus administra-
tion. Samples ware placed into EDTA anticoagulant
tubes.

Analytical methods: Whole blood samples (150
UL) were transferred to 13 mL glass tubes and spiked
with the internal standard (10 4L of 300 ng/mL of 32-
desmethoxyrapamycin in blood). The analytical method
for everolimus from the whole blood samples was per-
formed by a previous method for sirolimus using high
performance liquid chromatography with tandem mass
spectrometry (LC/MS/MS).'Y Mass analysis was per-
formed using a triple quadrupole mass spectrometer
(API4000, Applied Biosystems Japan Ltd., Tokyo, Japan)
equipped with an electrospray ionization interface and
operated in the positive ion mode. The ion transitions
monitored were the mass-to-change ratio (m/z)
975.6—908.6 for everolimus and m/z 901.5—834.7 for
the internal standard. The lower limit of quantification
for everolimus was 0.5 ng/mL.

Pharmacokinetic analysis: The pharmacokinetic
parameters of everolimus, the area under the blood con-
centration-time curve from time zero to infinity (AUC),
total body clearance (CL), volume of distribution at
steady-state (Vds) and half-life (T,.) were calculated with
the software WinNonlin version 4.0.1 (Pharsight Co.
Mountain View, CA) using the two-compartment model
for the dose-dependent study and non-compartment
model for other studies. Maximum concentration (Crmax)
and time of maximum concentration (Tm.) were ob-
tained from concentration-time curve of everolimus. The
bioavailability after intraintestinal (F) or intraportal ad-
ministration (Fy, hepatic availability) was calculated using
the dose-normalized AUC after intraintestinal or in-
traportal administration divided by the dose-normalized
AUC after intravenous administration, respectively. The
apparent intestinal availability was obtained by dividing F
by Fs. The area under the blood concentration-time curve
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for 60 min (AUCo-e0) values of everolimus after intrapor-
tal and intraintestinal infusion were calculated by the
trapezoidal method.

Statistical analysis: Values are expressed as means
+ standard error of the mean (SE) for n experiments, ex-
cept for that Tpa, is shown as median (min-max). The
dose dependence of CL and Vd,, was examined using the
linear regression. Comparison of mean blood concentra-
tions among three groups was performed by the repeated
measures ANOVA with the post-hoc Dunnett test. The
statistical = significance of mean pharmacokinetic
parameters among three groups was performed using
Dunnett test following ANOVA. The statistical analysis
for the distribution of Tn. was performed using Kruskal-
Wallis test. Difference was considered significant at
p<0.05.

Results

Dose dependency of everolimus pharmacokinet-
ics: We first examined the dose proportionality of
everolimus after intravenous administration (0.2, 0.5 and
1 mg/kg). The everolimus concentration profile showed a
two-phase decline (Fig. 1). The CL did not correlate with
the dose (P=0.096), while Vd, significantly correlated
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Fig. 1. Time-concentration profiles of everolimus after in-
travenous administration

Blood concentrations of everolimus at a dose of 1 mg/kg (open cir-
cles; n=5), 0.5 mg/kg (open triangles; n=>5) and 0.2 mg/kg (closed
circles; n=6) were plotted. Each line shows a simulation curve fit-
ted to the two-compartment model. Each point shows the mean +
SE.

Table 1. Total body clearance (CL) and volume of distribution
at steady-state (Vdss) after intravenous administration at a
dose of 0.2, 0.5 or 1 mg/kg by the two-compartment model

with the dose from 0.2 to 1.0 mg/kg (P <0.05, Table 1).

First-pass extraction of everolimus by the intes-
tine and liver: To clarify the contribution of the intes-
tine and liver to the first-pass effect of everolimus, 0.5
mg/kg of everolimus was administered intraintestinally,
intraportally and intravenously (Fig. 2). The bioavailabil-
ity after intraportal and intraintestinal administration
were 48.0% and 21.2%, respectively, assuming that the
pharmacokinetics of everolimus was linear in this condi-
tion (Table 2). The values of intestinal and hepatic
availability were calculated as 44.2% and 48.0%, respec-
tively.

Effect of calcineurin inhibitors on the phar-
macokinetics of everolimus: The pharmacokinetics
of everolimus after intravenous and intraintestinal ad-
ministration with or without the pre-administration of
cyclosporine or tacrolimus was evaluated. After the in-
travenous administration (0.2 mg/kg), the everolimus
concentration was not significantly elevated with each
calcineurin inhibitor (Fig. 3A). The AUC and CL values
after the intravenous administration with cyclosporine
were significantly changed compared with those in the
control, and those with tacrolimus were slightly changed
(Table 3). When everolimus was administered intrain-
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Fig. 2. Time-concentration profiles of everolimus after in-
travenous, intraportal and intraintestinal administration
Blood concentration of everolimus following intraintestinal (open
circles; n=5), intraportal (closed circles; n=6) or intravenous
(open triangles; n=3) administration at a dose of 0.5 mg/kg were
plotted. Each point shows the mean £ SE.

Table 2. Area under the blood concentration-time curve (AUC)
and bioavailability following intravenous, intraportal or in-
traintestinal administration of everolimus in rats

Administration

Dose (mg/kg) AUC (mg-hr/L) Bioavailability (%)

Dose (mg/k; CL (L/hry Vd,,(L/k Route
B/Kg g
0.2 (n=6) 0.96 £0.06 3.29x0.31 Intravenous (n= 3) 0.5 0.433+0.027 100
0.5 (n=5) 1.25+0.04 5.55+0.63 Intraportal (n = 6) 0.5 0.208+0.016 48.0
1.0 (n=5) 1.19%0.11 6.03%1.12 Intraintestinal (n=15) 0.5 0.092+0.015 21.2

Each point shows the mean = SE.

Each value shows the mean % SE.



472

Akira YokoMmasu, et al.

(A) (B)
-
£ K
100 100
g2
ES§
$E
2
:
g 10 .
0 60 120 180 240 t; 610 1l20 1;30 240
Time (min) Time (min)

Fig. 3. Effect of calcineurin inhibitors on blood concentration of everolimus in rats

Blood concentrations of everolimus following intravenous (0.2 mg/kg, panel A) or intraintestinal (0.5 mg/kg, panel B) administration were
plotted. Saline (open circles; control, n=6 for panel A, n=5 for panel B), 1 mg/kg of tacrolimus (open triangles; n=5 for panel A, n=4 for
panel B) or 5 mg/kg of cyclosporine (closed circles; n=5 for panel A, n=5 for panel B) were intraintestinally administered 10 min before

everolimus administration. Each point shows the mean = SE.

Table 3. Pharmacokinetic parameters of everolimus after in-
travenous and intraintestinal administration with or without
administration of cyclosporine and tacrolimus by the non-
compartment model

Parameter Control Cyclosporine Tacrolimus
Intravenous administration (0.2 mg/kg)
n 6 5 5
AUC (mg"hr/L) 0.217+0.016 0.263£0.013" 0.226%£0.010
CL (L/hr/kg) 0.945 £0.068 0.768 £0.036" 0.892+0.038
vd,, (Lkg) 3.47+0.38 2.86+0.24 3.55+0.24
T, /(hr) 3.65+0.24 3.70£0.14 3.97£0.17
Intraintestinal administration (0.5 mg/kg)
n 5 5 4
AUC (mg-hr/L) 0.092£0.015 0.194 £0.045 0.137+0.012
T e (min) 30 (15-30) 60 (30-60) 60 (30-60)
Cpnax (ng/mL) 28.9+2.7 41.7£4.6 44.5£5.1
F (%) 16.9 29.5 243

Each value shows the mean % SE. *p<0.05 compared with the control.

testinally (0.5 mg/kg), blood concentrations -of everoli-
mus tended to elevate by pre-administration of both cy-
closporine and tacrolimus (Fig. 3B). The AUC value
with cyclosporine was doubled, but did not reach statisti-
cal significance (Table 3). The F value of everolimus was
calculated as 16.9% in the control, and increased to
29.5% and 24.3%, respectively, with pre-administration
of cyclosporine and tacrolimus (Table 3).

Effect of calcineurin inhibitors on the intestinal
and hepatic first-pass extraction of everolimus:
To further examine the effect of calcineurin inhibitors on
the intestinal and hepatic extraction of everolimus,
everolimus (0.5 mg/kg) was administered intraportally or
intraintestinally at a rate of 2.2 mL/hr for 60 min after

calcineurin inhibitors were administered intraintestinal-
ly. After the intraportal administration, blood concentra-
tions of everolimus in the cyclosporine and tacrolimus
groups were not significantly elevated compared with
that of the control (Fig. 4A). The AUCo-o values in the
cyclosporine and tacrolimus groups were not significant-
ly increased after intraportal infusion (Table 4). On one
hand, blood concentrations of everolimus after the in-
traintestinal infusion were significantly elevated in the
cyclosporine group compared with control (Fig. 4B),
and the AUC,_eo value in the cyclosporine group was sig-
nificantly increased by about 3-fold (Table 4). Blood
concentrations of everolimus and the AUCo.¢0 value in
the tacrolimus group were not significantly changed
compared with the control (Fig. 4B, Table 4).

Discussion

Everolimus is eliminated from the body by the
metabolism of CYP3A subfamily,'” and CYP3A4 as well
as CYP3AS5 are known to be expressed in human liver
and intestine.'” In adult male rats, CYP3A2, CYP3A9,
CYP3A18, CYP3A1/23 and CYP3A62 are expressed in
livers, and CYP3A62 as well as CYP3A9 and CYP3A18
are detected in the intestinal tract."® Cao et al.'”) suggest-
ed that a rat model could not be used to predict drug
metabolism or oral bioavailability in humans, since the
two species exhibit distinct expression levels and patterns
for metabolizing enzymes in the intestine. On one hand,
the bioavailability of tacrolimus and cyclosporine, typical
substrates of CYP3A subfamily, in humans are poor and
varies from 4% to 89% (mean approximately 25%) and
from < 5% to 89% (average approximately 30%, classical
formulation), respectively,''” and the reported
bioavailability in rats are similar to the mean values in hu-
mans.’*?" Everolimus has been on the market only as an
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Fig. 4. Time-concentration profile of everolimus after intraportal infusion (panel A) and intraintestinal infusion (panel B) at a dose

of 0.5 mg/kg

Saline (open circles; control, n=5 for panel A, n=3 for panel B), 1 mg/kg of tacrolimus (open triangles; n=5 for panel A, n=4 for panel B) or
5 mg/kg of cyclosporine (closed circles; n=3 for panel A, n=4 for panel B) were intraintestinally administered 10 min before everolimus ad-
ministration. Each point shows the mean+SE. *p<0.05 compared with control.

Table 4. Area under the blood concentration-time curve for 60
min (AUCq.s0, mg-hr/L) values of everolimus after intraportal
and intraintestinal infusion with or without administration of
cyclosporine and tacrolimus

Control Cyclosporine Tacrolimus
Intraportal 0.084+0.004 0.113%+0.014 0.087 £ 0.007
(n=5) n=3) (n=5)
Intraintestinal 0.012£0.001 0.034£0.005* 0.018 £0.002
(n=3) (n=4) (n=4)

Each value shows the mean+SE. * p<0.05 compared with the control.

oral formulation, and there is no information about its
bioavailability in humans. Therefore, we investigated the
effect of intestinal and hepatic first-pass extraction on the
pharmacokinetics of everolimus in rats to understand the
bioavailability in humans, although the species difference
should be taken into consideration.

To evaluate the pharmacokinetic parameters of
everolimus, we first examined its dose proportionality.
The CL was constant, but Vd,, significantly correlated
with the dose from 0.2 to 1.0 mg/kg (Table 1). Since
everolimus was reported to exhibit moderate non-linear
binding to red blood cells,” the CL as well as Vd,, may in-
crease as the blood concentrations increased. In stable
renal transplant patients, dose-normalized AUC values
were not significantly different for doses in the range
2.5-25 mg but were higher at the 0.75 mg dose.” Con-
sidering that the blood concentration profile after in-
travenous administration well fitted to the two-compart-
ment model at each dose, everolimus pharmacokinetics
can be regarded as linear in a relatively small concentra-
tion range. Since the everolimus concentration was be-
tween 10 and 100 ng/mL after intravenous administra-

tion of 0.2 mg/kg, we carried out the following experi-
ments in this concentration range, assuming the phar-
macokinetic linearity.

To quantitatively evaluate the intestinal and hepatic
first-pass extraction, everolimus was administered in-
travenously, intraportally and intraintestinally at a dose
of 0.5 mg/kg (Fig. 2). As a result, the intestinal and
hepatic availability were 44.2% and 48.0%, respectively,
showing both intestine and liver function to be absoption
barriers to everolimus. These results were consistent
with a previous report that 50% of everolimus was
metabolized in the intestinal mucosa in an in situ rat jeju-
num administration study at a dosage of 0.5 mg/kg.z)
Hashimoto et al.’® reported that the tacrolimus availabil-
ity in the small intestine and liver were 65.7% and
38.8%, respectively. Therefore, everolimus was consi-
dered to have more difficulty in permeating the small in-
testine mucosa than tacrolimus in rats.

Since the therapeutic range of cyclosporine and
tacrolimus early after liver transplantation is approxi-
mately 600-1,000 ng/mL at 2 hr post dose and 10 to 20
ng/mL at the trough point, respectively,”?¥ we set each
dose at 5 mg/kg of cyclosporine and 1 mg/kg of tacroli-
mus following previous reports.”**") Actually, in the
present study, the blood concentrations of cyclosporine
and tacrolimus after 240 min were 1,458 £ 183 ng/mL
and 3.8 £ 0.9 ng/mL (mean £ SE, n = 4-5) with a fluores-
cence polarization immunoassay method and a micropar-
ticle enzyme immunoassay method, respectively. From
our results, cyclosporine significantly decreased the CL,
and increased the F of everolimus after intraintestinal ad-
ministration, while tacrolimus showed a less potent ef-
fect than cyclosporine. It was reported that the everoli-
mus concentration was elevated in combination with cy-
closporine in rats, in which the oral dose of cyclosporine
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was 2.5 mg/kg and that of everolimus was 0.6 mg/kg.”
Therefore, the same tendency to elevate the everolimus
concentration was observed with cyclosporine in our ex-
periments. Kovarik et al. reported that the Cpn.x and AUC
of everolimus was significantly elevated by 84% and
168%, respectively, in co-administration of a microemul-
sion formulation of cyclosporine, to healthy subjects.'”
On the other hand, concomitantly administered tacroli-
mus had no significant effects on the concentrations of
everolimus in renal transplant patients.”” Cyclosporine
and tacrolimus competitively inhibited the CYP3A-
mediated nifedipine oxidation activity with the inhibition
constants of 0.36 and 1.42 M in human liver micro-
somes.”® In addition, tacrolimus stimulates the P-
glycoprotein-ATPase activity with an affinity in the 100
nM range, and cyclosporine acts as a potent competitive
inhibitor of verapamil-stimulated P-glycoprotein-ATPase
activity with an affinity constant in the 20-25nM
range.””) Taking these findings into consideration, lower
blood concentrations of tacrolimus in the clinical situa-
tion compared with its inhibition or affinity constants for
CYP3A or P-glycoprotein might have little influence on
everolimus pharmacokinetics, while the blood concentra-
tions of cyclosporine correspond to its inhibition or affin-
ity constants. On one hand, pharmacodynamic interac-
tions remain to be clarified in a future study because
both everolimus and tacrolimus bind to FK506 binding
protein (FKBP12), but the complex of everolimus and
FKBP12 has no immunosuppressant effects."*"

The F of everolimus was increased 1.75-fold with the
concomitant administration of cyclosporine, while its CL
was decreased to about 80% of the control (Table 3).
These results showed that cyclosporine inhibited the
first-pass extraction in the intestine in addition to the in-
hibition of hepatic extraction. To clarify the effects of
calcineurin inhibitors on the intestinal and hepatic ex-
traction of everolimus, we administered everolimus via
constant intestinal or intraportal infusion for 60 min
with or without calcineurin inhibitors. As a result, cy-
closporine interacted with everolimus in the intestine
more than in the liver, and tacrolimus did not show a sig-
nificant effect (Fig. 4, Table 4). Therefore, intestinal
first-pass metabolism may play an important role when
considering the interaction of everolimus with CYP3A or
P-glycoprotein-mediated inhibitors after oral administra-
tion. The difference between the interaction potency in
the liver and intestine might be related to in part the
difference in the concentration of inhibitory drugs in in-
teraction sites, namely higher concentrations in entero-
cytes than in hepatocytes after oral administration.
Thummel et al.”® suggested that enzymes of the gut wall
might represent an important and highly sensitive site of
metabolically-based interactions for orally administed
drugs, because of their unique anatomical location.

In conclusion, everolimus was extracted by the intes-

tine to a similar extent as in the liver in rats. In addition,
intraintestinally administered cyclosporine inhibited the
first-pass extraction of everolimus by the intestine, rather
than that by the liver in rats. It should be clarified in hu-
mans if the pharmacokinetic interaction between cy-
closporine and everolimus is more evident in the intesti-
nal first-pass extraction compared with the hepatic first-
pass extraction after both drugs are orally administered.

References

1) Schuler, W., Sedrani, R., Cottens, S., Haberlin, B., Schulz, M.,
Schuurman, H. J., Zenke, G., Zerwes, H. G. and Schreier, M.
H.: SDZ RAD, a new rapamycin derivative: pharmacological
properties in vitro and in vivo. Transplantation, 64: 36-42
(1997).

2) Crowe, A,, Bruelisauer, A., Duerr, L., Guntz, P. and Lemaire,
M.: Absorption and intestinal metabolism of SDZ-RAD and
rapamycin in rats. Drug Metab. Dispos., 27: 627-632 (1999).

3) Neumayer, H. H., Paradis, K., Korn, A., Jean, C., Fritsche, L.,
Budde, K., Winkler, M., Kliem, V., Pichlmayr, R., Hauser, I. A.,
Burkhardt, K., Lison, A. E., Barndt, I. and Appel-Dingemanse,
S.: Entry-into-human study with the novel immunosuppressant
SDZ RAD in stable renal transplant recipients. Br. J. Clin. Phar-
macol., 48: 694-703 (1999).

4) Pascual, J.: Everolimus in clinical practice-renal transplantation.
Nephrol. Dial. Transplant., 21 (Suppl 3): iii18-23 (2006).

5) Schweiger, M., Wasler, A., Prenner, G., Stiegler, P., Stadlbauer,
V., Schwarz, M. and Tscheliessnigg, K.: Everolimus and reduced
cyclosporine trough levels in maintenance heart transplant
recipients. Transplant. Immunol., 16: 46-51 (2006).

6) Lehmkuhl, H., Ross, H., Eisen, H. and Valantine, H.: Everolimus
(certican) in heart transplantation: optimizing renal function
through minimizing cyclosporine exposure. Transplant. Proc.,
37: 4145-4149 (2005).

7) Hausen, B., Boeke, K., Berry, G. ]., Segarra, 1., Benet, L. Z,,
Christians, U. and Morris, R. E.: Coadministration of neoral and
the novel rapamycin analog, SDZ RAD, to rat lung allograft
recipients: potentiation of immunosuppressive efficacy and im-
provement of tolerability of staggered versus simultaneous treat-
ment. Transplantation, 67: 956-962 (1999).

8) Kovarik, J. M., Kahan, B. D, Kaplan, B., Lorber, M., Winkler,
M., Rouilly, M., Gerbeau, C., Cambon, N., Boger, R., Rordorf,
C. and Everolimus Phase 2 Study Group.: Longitudinal assess-
ment of everolimus in de novo renal transplant recipients over
the first post-transplant year: pharmacokinetics, exposure-
response relationships, and influence on cyclosporine. Clin.
Pharmacol. Ther., 69: 48-56 (2001).

9) Crowe, A. and Lemaire, M.: In vitro and in situ absorption of
SDZ-RAD using a human intestinal cell line (Caco-2) and a sin-
gle pass perfusion model in rats: comparison with rapamycin.
Pharm. Res., 15: 1666-1672 (1998)

10) Jacobsen, W., Serkova, N., Hausen, B., Hausen, B., Morris R. E.,
Benet, L. Z. and Christians, U.: Comparison of the in vitro
metabolism of the macrolide immunosuppressants sirolimus and
RAD. Transplant. Proc., 33: 514-515 (2001).

11) Hebert, M. F.. Contributions of hepatic and intestinal
metabolism and P-glycoprotein to cyclosporine and tacrolimus
oral drug delivery. Adv. Drug Deliv. Rev., 27: 201-214 (1997).

12) Mabasa, V. H. and Ensom, M. H.: The role of therapeutic



13)

14)

15)

16)

17)

18)

19)

20)

21)

Pharmacokinetics and First-pass Effect of Everolimus 475

monitoring of everolimus in solid organ transplantation. Ther.
Drug Monit., 27: 666-676 (2005).

Kovarik, J. M., Kalbag, J., Figueiredo, J., Rouilly, M., Frazier, O.
L. and Rordorf, C.: Differential influence of two cyclosporine
formulations on everolimus pharmacokinetics: a clinically
relevant pharmacokinetic interaction. J. Clin. Pharmacol., 42:
95-99 (2002).

Sato, E., Shimomura, M., Masuda, S., Yano, I., Katsura, T., Mat-
sumoto, S., Okitsu, T., Iwanaga, Y., Noguchi, H., Nagata, H,,
Yonekawa, Y. and Inui, K.: Temporal decline in sirolimus elimi-
nation immediately after pancreatic islet transplantation. Drug
Metab. Pharmacokinet., 21: 492-500 (2006).

Masuda, S. and Inui, K.: An up-date review on individualized
dosage adjustment of calcineurin inhibitors in organ transplant
patients. Pharmacol. Ther., 112: 184-198 (2006).

Matsubara, T., Kim, H. J., Miyata, M., Shimada, M., Nagata, K.
and Yamazoe, Y.: Isolation and characterization of a new major
intestinal CYP3A form, CYP3A62, in the rat. J. Pharmacol. Exp.
Ther., 309: 1282-1290 (2004).

Cao, X., Gibbs, S. T., Fang, L., Miller, H. A., Landowski, C. P.,
Shin, H. C., Lennernas, H., Zhong, Y., Amidon, G.L., Yu, L. X.
and Sun, D.: Why is it challenging to predict intestinal drug ab-
sorption and oral bioavailability in human using rat model.
Pharm. Res., 23: 1675-1686 (2006).

Venkataramanan, R., Swaminathan, A., Prasad, T., Jain, A,
Zuckerman, S., Warty, V., McMichael, J., Lever, J., Burckart, G.
and Starzl, T.: Clinical pharmacokinetics of tacrolimus. Clin.
Pharmacokinet., 29: 404-430 (1995).

Ptachcinski, R. J., Venkataramanan, R. and Burckart, G. J.: Clini-
cal pharmacokinetics of cyclosporin. Clin. Pharmacokinet., 11:
107-132 (1986).

Hashimoto, Y., Sasa, H., Shimomura, M. and Inui, K.: Effects of
intestinal and hepatic metabolism on the bioavailability of
tacrolimus in rats. Pharm. Res., 15: 1609-1613 (1998).
Igarashi, T., Yano, L., Saito, H. and Inui, K.: Decreased cyclospo-
rin A concentrations in the absorption phase using microemul-

22)

23)

24)

25)

26)

27)

28)

29)

sion preconcentrate formulation in rats with cisplatin-induced
acute renal failure. Biol. Pharm. Bull., 26: 1591-1595 (2003).
Laplanche, R., Meno-Tetang, G. M. and Kawai, R.: Physiological-
ly based pharmacokinetic (PBPK) modeling of everolimus
(RADOO1) in rats involving non-linear tissue uptake. J. Phar-
macokinet. Pharmacodyn., 34: 373-400 (2007).

Fukudo, M., Yano, I., Masuda, S., Fukatsu, S., Katsura, T.,
Ogura, Y., Oike, F., Takada, Y., Tanaka, K. and Inui, K.: Phar-
macodynamic analysis of tacrolimus and cyclosporine in living-
donor liver transplant patients. Clin. Pharmacol. Ther., 78,
168-181 (2005).

Yasuhara, M., Hashida, T., Toraguchi, M., Hashimoto, Y.,
Kimura, M., Inui, K., Hori, R., Inomata, Y., Tanaka, K. and
Yamaoka, Y.: Pharmacokinetics and pharmacodynamics of
FK506 in pediatric patients receiving living-related donor liver
transplantations. Transplant. Proc., 27: 1108-1110 (1995).
Kovarik, ]J. M., Curtis, ]. J., Hricik, D. E., Pescovitz, M. D., Scan-
tlebury, V. and Vasquez, A.: Differential pharmacokinetic inter-
action of tacrolimus and cyclosporine on everolimus. Trans-
plant. Proc., 38: 3456-3458 (2006).

Niwa, T., Yamamoto, S., Saito, M., Shiraga, T. and Takagi, A.:
Effect of cyclosporine and tacrolimus on cytochrome P450 ac-
tivities in human liver microsomes. Yakugaku Zasshi., 127:
209-216 (2007).

Rao, U. S. and Scarborough, G. A.: Direct demonstration of high
affinity interactions of immunosuppressant drugs with the drug
binding site of the human P-glycoprotein. Mol. Pharmacol., 45:
773-776 (1994).

Siekierka, J. J., Staruch, M. J., Hung, S. H. and Sigal, N. H.:
FK-506, a potent novel immunosuppressive agent, binds to a
cytosolic protein which is distinct from the cyclosporin A-bind-
ing protein, cyclophilin. J. Immunol., 143: 1580-1583 (1989).
Thummel, K. E., Kunze, K. L. and Shen, D. D.: Enzyme-cata-
lyzed processes of first-pass hepatic and intestinal drug extrac-
tion. Adv. Drug Deliv. Rev., 27: 99-127 (1997).



Drug Metab. Pharmacokinet. 23 (5): 313-317 (2008).

Regular Article

Required Transient Dose Escalation of Tacrolimus
in Living-Donor Liver Transplant Recipients with
High Concentrations of a Minor Metabolite M-II in Bile
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Summary: The profiles of tacrolimus metabolites in the whole blood and bile were examined in two living-
donor liver transplant patients, who transiently required higher doses of tacrolimus. Even when the 16
mg/day or oral 10 mg/day and intravenous infusion of 0.5 mg/day of tacrolimus were administered, its
trough level in each patient did not reach over 15 ng/mL. By use of liquid chromatography-tandem mass
spectrometry/mass spectrometry methods, a minor metabolite M-Il was found to be a major metabolite both
in blood and bile in these cases. However, a primary metabolite M-I was confirmed as the majority in the bile
of other 8 control cases. Each graft liver and native intestine carried CYP3A5°1/*3 or *3/*3and "1/*3 or
*1/*3, respectively. Therefore, the CYP3A5 genotype could not explain the present phenomena. After
removing the bile drainage tube to allow the bile flow into intestine, the required doses of tacrolimus were
decreased to around 20% compared to each maximum dosage. In conclusion, a minor metabolite M-Il was
first found in the human bile, suggesting that the appearance of M-Il in bile could associate with the extensive

metabolism of tacrolimus and/or the requirement of larger oral dosage.

Keywords: FK506, metabolism, pharmacokinetics, prograf

Introduction

Tacrolimus is a 23-member macrolide lactone with po-
tent immunosuppressive properties, and has been used
clinically for the prevention of rejection in organ trans-
plantations, including living-donor liver transplantation
(LDLT)."? Tacrolimus is extensively metabolized in the
liver by the cytochrome P450 (CYP) 3A subfamily, with
little excretion of the unchanged drug in the urine, bile,
or feces, and biliary excretion is thought to be the major
route of elimination of tacrolimus metabolites.? The
chemical structure of 3 major metabolites (M-I, M-II, M-
III, Fig. 1) was determined in vitro with liver micro-
somes, however, only M-I among the three metabolites
was detected in the blood of liver transplant recipients.*”

Tacrolimus is a drug with a narrow therapeutic range
(from 5 to 20 ng/mL), and shows large variability in
bioavailability after oral administration.”® Even when the
blood concentration of tacrolimus is kept in the ther-
apeutic range, patients may experience rejection epi-
sodes or adverse effects. Therefore, the pharmacological
efficacy of tacrolimus is highly variable, and it is difficult
to optimize the dosage and target range.”

In the present case report, we have retrospectively ex-
amined the whole blood and bile concentrations of
tacrolimus and its three main metabolites in LDLT
recipients whose blood tacrolimus concentration had
been difficult to control.
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Tacrolimus

M-I

Fig. 1. Chemical structures of tacrolimus and its three metabolites.
Dotted circles indicated the positions of biotransformation.

Materials and Methods

Two LDLT patients whose tacrolimus doses were
raised transiently and eight patients whose blood tacroli-
mus concentrations were controllable enrolled in this
study after providing written informed consent. All
patients had received liver transplantation at Kyoto Uni-
versity Hospital. The genetic analysis was performed in
accordance with the Declaration of Helsinki and its
amendments, and approved by Kyoto University Gradu-
ate School and Faculty of Medicine, Ethics Committee.

The blood sampling was performed once a day in the
morning before the next administration of tacrolimus.
The daily dose of tacrolimus was adjusted by the blood
concentration of tacrolimus determined by using a semi-
automated microparticle enzyme immunoassay (MEIA)
(IMx®, Abbott Japan Co., Ltd., Tokyo, Japan). The excess
amounts of blood samples were subjected to analyze the
metabolite profile. Bile was collected from the bile
drainage tube after measurement of the bile flow rate.
The whole blood samples and bile samples (150 4L) were
transferred to 13 mm X 100 mm conic tubes and spiked
with the internal standard (25 4L, 100 ng/mL of rapamy-
cin (Sigma-Aldrich Co., St. Louis, MO, U.S.A.)). Then,
600 UL of water and 2 mL of extraction solution (methyl-
t-butyl ether/cyclohexane, 1:3 w/v) were added to the
tubes. Each tube was capped securely and mixed on a
horizontal shaker for 30 min, and centrifuged at 3000
rpm for 10 min. The organic layer was transferred to a
clean tube, and evaporated with an Automatic Environ-
mental Speed Vac® System (Savant Instruments, Inc., Far-
mingdale, NY, U.S.A.). Each tube was reconstituted with
100 UL of mobile phase and vortexed for 1 min. The con-
centrations of unchanged tacrolimus and its metabolites
(M-I, M-II and M-III) were quantified by liquid chro-
matography-tandem mass spectrometry/mass spectromet-
ry (LC-MS/MS). A 20-uL aliquot of each sample was in-
jected into the LC-MS/MS system. Briefly, the system
comprised two pumps, an analytical column (Inertsil-

Table 1. Patients’ background

Case number I 11

Sex Female Male
Age (y) 45 60
Blood type (o} (¢}
Body weight (kg) 55.8 58.8
Primary disease HCV-LC, HCC HCV-LC, HCC
CYP3A5 genotype *1/*3 173
Donor

Relation Husband Son

Age (y) 49 21

Blood type O B

CYP3A5 genotype 1'3 *3/"3
ABO blood group match Identical Incompatible
Graft lobe Right Right
GRWR (%) 1.59 1.37

HCV; hepatitis virus C, LC; liver cirrhosis, HCC; hepatocellular carcinoma,
GRWR; graft-to-recipient body weight ratio.

ODS3, 150X 2.1 mm id., GL Sciences, Inc., Tokyo,
Japan), and a MS/MS detector (API3000System, Applied
Biosystems, CA, U.S.A.). The mobile phase consisted of a
multiple gradient of solvent A (methanol/l mM ammoni-
um acetate) and solvent B (1 mM ammonium acetate).
The flow rate was set at 250 #L/min, and the eluent was
introduced directly into the electrospray ion source of
the mass spectrometer. Selected reaction monitoring
transitions monitored in the positive ion mode were m/z
821—m/z 768 for tacrolimus, m/z 807 —m/z 772 for
M-I, m/z 807 = m/z 754 for M-I, m/z 807 = m/z 754 for
M-I, and m/z 931—=m/z 864 for rapamycin (internal
standard). Tacrolimus, all metabolites, and rapamycin
were detected as ammonium adducts ions (m+NH).
Peak areas were linear from 0.5 to 50 ng/mL for tacroli-
mus and 0.5 to 20 ng/mL for metabolites.

Genomic DNA from graft liver was isolated with a
MagNAPure LC DNA isolation kit (Roche, Mannheim,
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10)

Germany).'” Genotyping of the CYP345 gene was per-
formed by the polymerase chain reaction-restriction frag-
ment length polymorphism (PCR-RFLP) method.'"'?

Case Reports

Patients’ backgrounds are shown in Table 1. Im-
munosuppression by tacrolimus was introduced with an
oral administration in case I, and with an oral administra-
tion and intravenous infusion in case II. The dosage was
modified mainly on the basis of the daily trough levels of
tacrolimus. A small amount of prednisolone was ad-
ministered for post-surgical inflammation or additional
immunosuppression in both cases. During the observa-
tion period, biochemical parameters of liver function
remained near the normal level in both cases (Figs. 2A
and 3A). By a genetic polymorphism analysis, the geno-
type of CYP3A5 in the graft liver was determined as *1/*3
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Fig. 2. Monitoring of concentrations of tacrolimus and its

metabolites in whole blood and bile in case |
(A) AST (open circle), ALT (closed circle) and total bilirubin (open

triangle) values were determined. (B) Trough tacrolimus (open cir-
cle), M-I (closed circle), M-Il (open triangle) and M-Il (closed trian-
gle) levels were quantified by the LC-MS/MS method. (C) The daily
oral doses of tacrolimus were documented. Arrows indicate the ad-
ministration of other drugs. (D) Tacrolimus (open circle), M-I
(closed circle), M-Il (open triangle) and M-11| (closed triangle) levels
in bile were quantified by the LC-MS/MS method. The arrow indi-
cates the time of the bile drainage tube removed.

in case I and *3/*3 in case II. Therefore, the patients in
cases I and II were classified as a CYP3A5 expressor and
as CYP3A5 defective in the grafted liver, respectively.
The genotype of CYP3A5 in patients was *1/*3 in both
cases, so CYP3A5 was expressed in the native intestine.

Case I:  Signs of mild acute rejection were observed
in the biopsy specimen, and mycophenolate mofetil
(MMF) was administered from the 9th postoperative day
(Fig. 2). This patient was discharged from our hospital
on the 22nd postoperative day, and was readmitted on
the 34th postoperative day with suspicion of chronic re-
jection. On the 44th postoperative day, the required dose
of tacrolimus was raised (14 mg/day) in comparison with
the mean dosage of the first 21 days post-surgery (6.5
mg/day). On the 52nd postoperative day, the bile
drainage tube was removed to allow the bile to flow into
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Fig. 3. Monitoring of concentrations of tacrolimus and its
metabolites in whole blood and bile in case Il

(A) AST (open circle), ALT (closed circle) and total bilirubin (open
triangle) values were determined. (B) Trough tacrolimus (open cir-
cle), M-1 (closed circle), M-I| (open triangle) and M-Il (closed trian-
gle) levels were quantified by the LC-MS/MS method, and tacroli-
mus concentrations (inverted open triangle) were measured by
MEIA method. (C) The daily oral and intravenous (shaded area)
doses of tacrolimus were documented. Arrows indicate the ad-
ministration of other drugs. (D) Tacrolimus (open circle), M-I
(closed circle), M-I (open triangle) and M-Il (closed triangle) levels
in bile were gquantified by the LC-MS/MS method. The arrow indi-
cates the time of the bile drainage tube removed.
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Fig. 4. Concentration of tacrolimus metabolites in the bile of 8
LDLT patients

M-I (open column), M-Il (solid column) and M-III (hatched column)
levels were quantified by the LC-MS/MS method. N.D.: not detect-
ed.

the intestine, and the required dose decreased to 3.7
mg/day, mean dosage, from the 94th to 100th postopera-
tive day.

Case II: From the 30th postoperative day, the dose
of prednisolone was decreased, and azathioprine was ad-
ministered at 50 mg/day (Fig. 3). Although the mean
dosage of tacrolimus between the 7th and 11th postoper-
ative days was 0.62 mg/day by intravenous infusion, the
required dose on the 21st postoperative day was 10
mg/day by oral administration and 0.5 mg/day by in-
travenous infusion. On the 24th postoperative day, the
bile drainage tube was removed to allow the bile to flow
into the intestine, and the required dose of tacrolimus
decreased to 3.7 mg/day by oral administration only,
mean dosage, from the 35th to 41st postoperative day.
Because the sample volume was limited, we could not
quantify the concentration of unchanged tacrolimus and
its metabolite in whole blood from the 35th to 4l1st
postoperative day. Therefore, we used the tacrolimus
concentrations measured by MEIA in this period.

Control cases: The main metabolite of tacrolimus
in the bile was M-I in five LDLT patients (patients 4, 5, 6,
7 and 9) who were well controlled, and no metabolite
was detected in three LDLT patients with cholangitis
(patients 3, 8 and 10) (Fig. 4). In all eight patients, un-
changed tacrolimus was not detected in the bile.

Discussion

In cases I and II, after the required dose of tacrolimus
was elevated in order to keep the concentration in the
therapeutic range, the main metabolite was M-II in whole
blood and bile (Figs. 2 and 3). Notably, the concentra-
tion of M-II in bile was about 10 times as high as that of

unchanged tacrolimus and the other metabolites, and the
concentration of M-Il in whole blood was higher than
that of any other metabolite. On the other hand, the
main metabolite of tacrolimus in the bile was M-I in the
well controlled patients (Fig. 4). These results indicated
that the main metabolite under normal conditions was
M-I, and that the profile of metabolites would change in
the cases involving a remarkable elevation in dose. In ad-
dition, because only M-I among the three metabolites was
reported to be in the blood,"” this is the first report in
which the main metabolite was found to be M-IL.

Tacrolimus is extensively metabolized in the liver by
CYP3A4 and CYP3AS5, and biliary excretion is thought to
be the major route of elimination of its metabolites.”
CYP3A5 shows significant differences in expression
caused by a single nucleotide polymorphism. The
CYP3A5* 3 allele with a single nucleotide polymorphism
in intron 3 causes a splicing error of CYP3A5 mRNA,
and results in a defect of protein synthesis."*'¥ We previ-
ously reported that the tacrolimus concentration/dose ra-
tio was decreased in patients engrafted with partial liver
carrying the CYP345* 1/* 1 genotype, and that intestinal
CYP3AS5 played an important role in the first-pass effect
of orally administered tacrolimus.*'"'? The genotype of
CYP3AS5 in native small intestine was *1/*3 in both cases
(Table 1). It was possible that metabolism by CYP3A5 in
the small intestine was responsible for high tacrolimus
dose. However, the doses in both cases were elevated
transiently (Figs. 2 and 3). Therefore, it is difficult to ex-
plain the reason for high tacrolimus dose only by intesti-
nal metabolism by CYP3A5.

The main bile metabolite was M-II in this study, but it
was reported that both CYP3A4 and 3A5 produced M-I
as the main metabolite of tacrolimus.'® Although M-II
and M-III were also produced by CYP3A4 and 3AS5, their »
amounts were 10 to 20-fold lower than that of M-1. In ad-
dition, the genotype of CYP345 in the graft liver was
*1/*3 in case I and *3/*3 in case II, and the high concen-
tration of M-II is assumed not to be the result of only
metabolism mediated by CYP3A5. Further study is neces-
sary to explain the profile of tacrolimus metabolism.

The highest dose in case I was 16 mg/day. That in case
Il was 10 mg/day by oral administration and 0.5 mg/day
by intravenous infusion. By removing the bile drainage
tube, the lowest dose was reduced to 3.0 and 2.2 mg/day
in cases I and II, respectively. Although it was indicated
that the metabolism of tacrolimus had changed transient-
ly in these cases, removing the bile drainage tube could
assist the reabsorption of M-II, which had immunosup-
pressive activity, from the small intestine and enhance
the immunosuppressive activity in the case of high M-II
concentrations.

In conclusion, the present case report suggested that
the transient elevation in the dosage of tacrolimus in the
two LDLT patients was associated with the extensive for-
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mation of M-II, and this is the first time the main metabo-
lite was found to be M-II. We could decrease the dose of
tacrolimus by removing the bile drainage tube. However,
further investigation of many cases of LDLT and other
transplantations is needed to clarify the relation of
metabolites to the pharmacokinetics and phar-
macodynamics of tacrolimus, because high M-II concen-
trations were observed in only two cases. In addition, it
may be necessary to study the significance of monitoring
the concentration of M-Il in blood to the phar-
macodynamics of tacrolimus.
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LC-MS/MS.
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To clarify the transcellular transport of organic cations via basolateral and apical trans-
porters, we established double-transfected Madin-Darby canine kidney (MDCK) cells
expressing both human organic cation transporter hOCT1 and hMATE1 (MDCK-hOCT1/
hMATE1), and hOCT2 and hMATE1 (MDCK-hOCT2/hMATE1) as models of human hepato-
cytes and renal epithelial cells, respectively. Using the specific antibodies, hOCT1 and
hMATE1 or hOCT2 and hMATE1 were found to be localized in the basolateral and apical
membranes of MDCK-hOCT1/hMATE1 or MDCK-hOCT2/hMATE1 cells, respectively. A
representative substrate, [**C]tetraethylammonium, was transported unidirectionally from
the basolateral to apical side in these double transfectants. The optimal pH was showed to
be 6.5 for the transcellular transport of [**C|tetraethylammonium, when the pH of the
incubation medium on the apical side was varied from 5.5 to 8.5. The basolateral-to-apical
transport also decreased in the presence of 10 mM 1-methyl-4-phenylpyridinium or 1 mM
levofloxacin on the basolateral side of both double transfectants. In MDCK-hOCT2/hMATE1
cell monolayers, but not in MDCK-hOCT1/hMATE1 cell monolayers, the accumulation of
[*C]tetraethylammonium was decreased in the presence of 10 mM 1-methyl-4-phenylpyr-
idinium, but significantly increased in the presence of 1 mM levofloxacin. The uptake of
[““C]tetraethylammonium,  [*H]1-methyl-4-phenylpyridinium, [**Clmetformin  and
[*H]cimetidine, but not of [**C]procainamide and [*H]quinidine, by HEK293 cells was sti-
mulated by expression of the hOCT1, hOCT2 or hMATE1 compared to control cells. However,
transcellular transport of [**C]procainamide and [*H]quinidine was clearly observed in both
double-transfectants. These cells could be useful for examining the routes by which
compounds are eliminated, or predicting transporter-mediated drug interaction.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

transport system, by the basolateral and brush-border
membranes revealed that transcellular transport across the

Renal tubular secretion of drugs, toxins and endogenous renal epithelial cells was mediated by basolateral uptake from
metabolites is one of the most important functions in the blood and subsequent extrusion from the cells into the lumen.
kidney. The characteristics of the transport of tetraethylam- The mechanisms of renal secretion of cationic drugs were
monium (TEA), arepresentative substrate of the organic cation examined using isolated membrane vesicles from rat kidney
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