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Abstract

Various transporters such as H*/peptide cotransporter PEPT1 are expressed in the intestine, and play important physiological and
pharmacological roles in the body. Present study was performed to examine the expression profile of 20 kinds of transporters (PEPT1 and
2, P-glycoprotein, amino acid transporters and organic ion transporters) along the human digestive tract, especially focusing on PEPTI.
Using normal mucosal specimens, real-time polymerase chain reactions were carried out. Immunoblot analyses were also performed for
PEPT 1 expression. PEPT1 mRNA was highly expressed in the small intestine (duodenum > jejunum > ileum) compared to other tissues,
and some patients showed a significant level of expression in the stomach. The expressional pattern of PEPT1 in the stomach and
histological diagnosis indicated that gastric PEPT! originated from the intestinal metaplasia. The amino acid transporters showed unique
mRNA expression levels and distributions in the digestive tract. For example, the expression levels of BPAT1, a Na*-dependent and
chloride-independent neutral amino acid transporter, were increased from the duodenum to ileum, which pattern is completely inverted to
that for PEPT . There is little expression of organic ion transporters except for organic cation/carnitine transporter OCTN2. In conclusion,
PEPT| was abundantly expressed in the small intestine, and the reciprocal expression of PEPT1 and BPAT| may serve for the efficient

absorption of protein digestive products.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Protein absorption; Digestive tract; Transporter; PEPT1; B°AT1; OCTN2; Organic ion transporter

1. Introduction

Cellular uptake of small peptides (di- and tri-peptides) is
mediated by a H"/peptide cotransporter at the brush-border
membranes of intestinal absorptive epithelial cells [1,2].
Cloning studies have clarified the molecular nature of the
intestinal H*/peptide cotransporter (PEPT1) in various
species [2,3]. Another H*/peptide cotransporter, human
PEPT?2 is expressed mainly in the kidney, but not in the
small intestine, and has a higher affinity for most substrates
{3]. As PEPT1 has broad substrate specificity, the intestinal
absorption of several pharmacologically active drugs, such
as oral B-lactam antibiotics and the anti-viral agent vala-

* Corresponding author. Tel.: +81 75 751 3577; fax: 481 75 751 4207.
E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui).

0006-2952/$ — see front matter © 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2005.09.027

cyclovir are mediated by this transporter, and therefore,
PEPT1 also plays important roles as a drug transporter [3].

In addition to PEPTI, various amino acid transport
systems, such as L, y*, y*L, b**, A, ASC, B’, B®* and
Xac~ are expressed in the small intestinal epithelial cells.

. These systems have been classified by their ion-depen-

dence and substrate specificity [4], and the molecular
nature of each system has been identified [5,6]. For exam-
ple, system BY, which is a Na*-dependent and chloride-
independent transporter, is responsible for the uptake of
most neutral amino acids at the brush-border membranes of
intestinal epithelial cells [7,8]. Two independent groups
have recently isolated and characterized the transporter
cDNA corresponding to system B? (B°AT1), and demon-
strated that a mutation of B’AT1 results in the Hartnup
disorder [9,10].
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Although the number of peptide transporters is smaller
than that of amino acid transporters, numerous investiga-
tions have shown that the peptide transporters play a major
role in the completion of the final step of protein digestion
in the human intestine [1]. These findings led us to examine
the expression levels of each transporter along the human
digestive tract. Thus, in the present study, using normal
portions of mucosal samples from cancer patients treated
surgically, mRNA expression levels of PEPT1 and seven
amino acid transporters were qualified by real-time PCR
techniques. Furthermore, to investigate the pharmacoki-
netic aspects of PEPT1, we compared mRNA expression
level of PEPT1 with those of other drug transporters, i.e.,
organic ion transporters. We previously examined the
expression profiles of organic ion transporters in the kidney
[11], but there is little information about their expression in
the human gut.

2. Material and methods
2.1. Patients and tissue sampling

The mucosal samples from normal tissues along the
digestive tract and normal pancreatic tissue were obtained
from cancer patients during surgery at the First Department
of Surgery, Kyoto University Hospital. Normal mucosal
samples were resected at the site most distant from the
affected portions. Table 1 shows the number, sex and age of
patients for each tissue sample. No patients underwent
preoperative chemotherapy and/or radiation therapy. The
samples were frozen in liquid nitrogen and stored at
—80 °C until RNA extraction and membrane preparation.
This study was conducted in accordance with the Declara-
tion of Helsinki and its amendments, and was approved by
the Ethics Committee of Kyoto University (G-39). Written
informed consent was obtained from all patients for sur-
gery and use of their resected samples.

2.2. Isolation of total RNA
Total cellular RNA was isolated from the tissue samples

using a MagNA Pure LC RNA isolation Kit II (Roche
Diagnostic GmbH, Mannheim, Germany) according to the

Table 1 .
The number, sex and age of patients for each tissue sample

n Male Female Age (years)
Esophagus 16 13 3 593116
Stomach 31 20 11 644123
Duodenum 13 7 6 63.8+2.2
Jejunum 15 13 2 66.6 + 3.7
[leum 10 4 6 653 +5.7
Colon 15 8 7 71.6 £ 3.1
Rectum 15 11 4 64.6 £3.0
Pancreas 9 3 6 61.8 +2.8
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manufacturer’s instructions, and the concentrations of total
cellular RNA were measured by spectrophotometry. Iso-
lated total RNA was reverse-transcribed and the reaction
mixtures were used for real-time PCR.

2.3. Real-time PCR

Primers and probes for PEPT1 and 2, seven amino acid
transporters and urate transproter (URAT1) were
designed using the Primer Express® software program
(Table 2). Those for multidrug resistance 1 (MDR1) [12]
and organic ion transporters [11] were previously
designed. Oligonucleotide probes were labelled with a
fluorogenic dye, 6 carboxyfluorescein (Fam) and
quenched with 6 carboxy-tetramethylrhodamine (Tamra)
(Table 2). Real-time PCR was performed in an ABI
PRISM 7700 (Applied Biosystems, Foster, CA) and
quantification by use of standard plasmid DNA was
performed as described previously [11]. For each reac-
tion, the assay was carried out in duplicate. Glycerolal-
dehyde 3-phosphate denydrogenase (GAPDH) mRNA
was also measured as an internal control with GAPDH
control reagent (Applied Biosystems).

2.4. Antibodies

Rabbit anti-human PEPT1 antibody was prepared pre-
viously, and the specificity was already confirmed [13].
Mouse anti-Na*/K*-ATPase monoclonal antibody was
purchased from Upstate Biotechnology (Lake Placid,
NY). For immunohistochemistry, we used anti-CD10 anti-
body (Novocastra Laboratories Ltd., Newcastle upon Tyne,
UK).

2.5. Western blot analysis

Crude plasma membranes were prepared from tissue
samples taken along the digestive tract as described pre-
viously [11]. Western blot analyses using affinity-purified
anti-PEPT1 antibody [13] and mouse monoclonal Na*/K*-
ATPase antibody [11] were carried out based on our
previous reports.

2.6. Immunohistochemistry

Paraffin-embeded sections were stained for CD10 anti-
body. The sections were deparaffinized, and antigens were
retrieved by autoclave in 10 mM EDTA buffer (pH 8.0) for
15 min. Non-specific antigen was blocked by 10% normal
horse serum for 30 min at room temperature. Anti-CD10
antibody (x50) in PBS containing 1% bovine serum
albumin was applied and sections were incubated at
37 °C for 32 min. Slides were washed six times in PBS,
and then incubated with biotinylated horse anti-mouse
antibody for 40 min at room temperature. The slides were
then counterstained with hematoxylin.
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Primer sets and probes used for real-time PCR

Sequence

Nucleotide numbers Accession number

PEPTI
Forward primer
Reverse primer
TagMan probe

PEPT2
Forward primer
Reverse primer
TagMan probe

BOATI
Forward primer
Reverse primer
TagMan probe

ASCT2
Forward primer
Reverse primer
TaqMan probe

b().+ AT
Forward primer
Reverse primer
TagMan probe

LAT]
Forward primer
Reverse primer
TaqMan probe

LAT2
Forward primer
Reverse primer
TagMan probe

y*LATI
Forward primer
Reverse primer
TagMan probe

ATA2
Forward primer
Reverse primer
TagMan probe

URATI
Forward primer
Reverse primer
TagMan probe

attgtgtcgctctccattgtctac
atgacctcacagaccacaaccat
tiggacaagcagtcacctcagtaagetcca

ttaaacaaggccccagagactct
cccacttagttctggacctgett
tgceccaaccagteticaggaggaag

gtgtggacaggttcaataaggacat
ccacgtgacttgccagaagat
tcatgatcggccacaageecaa

gegagaaatatetteecttcca
gttccggtgatattcctctcttca
tgtcagcagectttcgeteatactctacca

ggcctgacgattctaggactea
ggagccagaaccaaaaacaca
atcaaggtgccegtagtcattcecgt

ggaagacacccgtggagigt
acaggacggtcgtggagaag
tggaaaaacaageccaagtggetee

tgaggagcttgttgatcectaca
gcgacattggcaaagacataca
tcccagagccatctteatctecatee

gatccatgttgagceggticac
ccacgcacaagtagatcaatge
ccagtgectictetgeteticaatggtate

gacagcagcagctacagttcca
cataatggcttttcagageagett
agcgacttcaactactectaccccaccaag

agctcttggaccccaatge
cticagagcgtgagagtcacaca
cgcagcatcttcacctccacaatcgt -

NM_005073
306-329
389-367
334-363

NM_021082
2382-2404
2463-2445
2410-2439

XM_291120
1646-1670 :
1719-1699
1676-1697

US53347
1152-1202
1266-1243
1209-1238

AF141289
1344-1365
1468-1448
1404-1429

AF104032
1421-1440
1552-1533
1498-1522

AF171669
988-1010
1080-1059
1018-1043

AF092032
1336-1356 :
1412-1391
1358-1387

AF259799
66-87
144-121
90-119

AB071863
437-455
560-582
517-542

Primers and probes used for real-time PCR. All primers and probes were designed using Primer Express software from Applied Biosystems. Primers were tested
using RT-PCR and only those yielding a single band of the expected size were used for subsequent real-time. PCR experiments.

3. Results

3.1. Quantification of PEPTI] and PEPT2 mRNA in
tissues along the digestive tract and pancreas

First, to verify the conditions and experimental techni-
ques, MDR1 mRNA expression levels were measured
(Fig. 1 right). We previously found that the level of
MDR1 mRNA in the jejunum from living-donor liver
transplantation patients was 0.41 & 1.19 amol/pg of total
RNA (mean + S.E., n=48) using a competitive PCR-
based method, and that the level of MDR1 mRNA corre-
lated well with protein level [14]. In the present study, the

MDR1 mRNA level in the jejunum was 2.73 £ 0.51 amol/
g of total RNA (mean + S.E., n=16). This value was
similar to previously reported ones [14]. Furthermore,
MDRI1 mRNA levels gradually increased from the duo-
denum to ileum, well consistent with previous findings on
the distribution of MDR1 mRNA [15] and P-glycoprotein
[16] in the human small intestine (Fig. 1 right). The
expression of MDR1 mRNA in the colon and rectum
(Fig. 1 right) also corresponded to a previous report
{17]. All these findings suggested that the conditions
and experimental techniques were reliable.

We then examined the mRNA expression of PEPT1 and
PEPT2 along the digestive tract (esophagus, stomach,
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Fig. 1. mRNA expression of PEPT1, PEPT2 and MDR1 along the digestive tract (esophagus (E), stomach (S), duodenum (D), jejunum (J), ileum (I}, colon (C),
rectum (R)) and pancreas (P). Total cellular RNA was extracted from each tissue sample, and reverse-transcribed. The mRNA levels were determined by real-

time PCR using an ABI prism 7700 sequence detector.

duodenum, jejunum, ileum, colon and rectum) and pancreas.
AsshowninFig. 1left, PEPT1 mRNA is highly expressed in
the small intestine (duodenum > jejunum > ileumn), but is
not expressed or only slightly expressed in the esophagus,
colon, rectum and pancreas. In the stomach, some patients
showed a high level of PEPT1 mRNA. The tissue which
showed the highest expression level was the duodenum
(22.0 £ 4.23 amol/pg RNA). In contrast to PEPT1 mRNA,
PEPT2 mRNA was not expressed in all tissues examined
(Fig. 1 middle).

3.2. Western blot analysis

Fig. 2 shows Western blot analyses using crude mem-
branes from each tissue. A primary band of about 80 kDa
of PEPT1 protein was detected in the stomach, duodenum,
jejunum and ileum, as observed in the mRNA analyses. In
other tissues, no PEPT1 protein was detected. In the case of
PEPT? protein, there were no detectable bands in the tissue
samples from along the digestive tracts (data not shown).
The protein band of Na*/K™-ATPase was detected in all
specimens (Fig. 2). :

3.3. PEPTI in the stomach

There is no expression of PEPT1 protein in the rat
stomach [18]. On the other hand, the present study has
demonstrated that some patients had a relatively high level
of PEPT1 in the stomach, although there were interindi-
vidual differences. To clarify the distribution of PEPT1 in
the gastric mucosa, fundus (the upper-third: U), body (the
middle-third: M) and antrum (the lower-third: L) mucosa
were assessed for PEPT1 protein expression when sections
were available from one patient. As shown in Fig. 3,

(A) UML B8)

47
& Upper third (U)
59 O Middle third (M)
76 100F O Lower third (L)
c
]
79 2 .
£E  1of
o
88 XS e °* o=
g 8 2 _
108 i
3 o
E g i o N a o
118 EE o o o o
W A
121 ol 2 A
Na*/K* R T S S~

ATPase 47 59 78 79 88 108118121

Fig. 3. PEPT1 expression in the gastric mucosa. (A) Crude membranes
were isolated from the upper-third (U), middle-third (M) and lower-third (L)
of the gastric mucosa from eight patients and subjected to Western blot
analyses (50 pg protein/lane) for PEPT1 and Na*/K*-ATPase. Conditions
for Western blotting were identical to those in Fig. 2. For Na*/K*-ATPase,
representative data are shown. A sample for the upper-third of patient 88
was not obtained. (B) Relationship between mRNA and protein expression
levels of PEPT1 in gastric mucosa. Closed symbols represent the samples
with PEPT1 protein expression. When the mRNA level was more than
2.52 amol/pg of total RNA, the band for PEPT1 protein was detected.

PEPT1 protein was expressed in the antral mucosa in most
cases, and well correlated with mRNA expression level.
When the mRNA level was more than 2.52 amol/pg of
total RNA, the band for PEPT1 protein was detected.
These expressional patterns and the histological diag-
nosis suggested that intestinal metaplasia may induce the
expression of PEPT1 in the stomach. Intestinal metaplasia
primarily affects the antrum in a patchy fashion, and the
superficial gastric epithelium is replaced by intestinal
goblet and absoiptive cells [19]. Using paraffin sections

Na*/K*+
ATPase

Fig. 2. Western blot analyses of crude membranes isolated from human tissues along the digestive tract for PEPT1 and Na*/K* ATPase. Crude membranes were
isolated from each tissue and subjected to Western blotting (50 p.g protein/lane). Abbreviations for each tissue are identical to those in Fig. 1. PEPT1 protein was
identified using affinity-purified anti-PEPT1 antibody (1:500 dilution). After the membranes were deprobed, Na*/K*-ATPase protein was detected by the mouse

monoclonal anti Na*/K*-ATPase antibody (1:10,000).
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Patient 76

Patient 108

Patient 121

Fig. 4. Localization of CD10 in the intestinal metaplasia. (A and B) CDI10 can be seen along the brush-border membranes of the luminal surface of the
epithelium in antral mucosa from patients 76 and 108 (original magnification x50). (C) Hematoxilin—eosin staining of antral mucosa from patient 121.

of antral mucosa from patients 76, 108 and 121, immu-
nostaining for CD10 was carried out. CD10, also known as
enkephalinase, has been shown to localize to the brush-
border membranes of absorptive small intestinal entero-
cytes [20]. CD10 was positively expressed along the
luminal surface of the epithelium of patients 76 and 108
(Fig. 4A and B), but not patient 121 (data not shown).
Hematoxilin—eosin staining revealed that intestinal meta-
plasia did not occurr in patient 121 (Fig. 4C).

3.4. Comparison of mRNA expression levels of PEPTI
with those of amino acid transporters in the digestive
tract

We next examined the expression profile of amino acid
transporters in the digestive tract to compare with PEPT1.
The human amino acid transporters examined here were
mainly neutral amino acid transporters and reported to be
important for intestinal epithelial transport, i.e., system B°
(BYAT1) [9,101, system ASC (ASCT2) [21], system b%*
(b%*AT) [22], system L (LAT1 [23,24] and LAT2 [25-27]),
system y*L, (y'LAT1) [28] and system A (ATA2) [29]. It
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has been demonstrated that B’AT1, ASCT2 and b>*AT
localized at the brush-border membranes of epithelial cells,
whereas LAT1, LAT?2, y+LAT1 and ATA?2 localized at the
basolateral membranes.

Fig. 5 shows the mRNA expression levels along the
digestive tract for the amino acid transporters localized to
brush-border membranes: BOATI, ASCT2 and b%*AT.

- These three transporters exhibited distinguishable expres-

sion patterns. B°AT1 mRNA levels were increased from
duodenum to ileum like MDR1 mRNA levels. ASCT2
showed little expression in the small intestine, but sig-
nificant expression in the large intestine (colon and rec-
tum). In contrast, b®*AT exhibited little expression in the
digestive tract except for the stomach.

Fig. 6 shows the mRNA expression levels along the
digestive tract for the amino acid transporters localized to
basolateral membranes: LAT1, LAT2, y'LAT1 and ATA2.
ATA?2 showed a strong expression in the tissues tested.
LAT1 was preferentially expressed in the esophagus, sto-
mach and pancreas, as compared with the small and large
intestine. The expression of LAT2 was abundant in the
stomach and rectum, and modest in the small intestine
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Fig. 5. mRNA expression of brush-border membrane-localized amino acid transporters BPAT1, ASCT2 and b®*AT along the digestive tract and pancreas.
Abbreviations for each tissue and experimerital imethods are identical to those in Fig. 1.
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Fig. 6. mRNA expression of basolateral membrane-localized amino acid transporters LAT1, LAT2, y"LAT1 and ATA2 along the dlgesnve tract and pancreas.
Abbreviations for each tissue and experimental methods are identical to those in Fig. 1.
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Fig. 7. mRNA expression of organic ion transporters along the digestive tract. Tested transporters are as follows: OCT1-3, OCTN1 and 2, OAT1-4 and URAT1.

Experimental methods are identical to those in Fig. 1.

(duodenum, jejunum and ileum). In contrast, y"LAT1 was
predominantly expressed in the small intestine (duode-
num, jejunum and ileum) with little expression in other
tissues.

PEPT1 also works as a drug transporter. To compare the
mRNA expression level of PEPT1 with other drug trans-
porters, we selected organic ion transporter family includ-
ing organic cation transporters (OCT1-3), organic cation/
carnitine transporters (OCTN1 and 2), organic anion trans-
porters (OAT1-4) and urate transporter (URAT1). These
transporters are mainly expressed in the kidney [11] and
play important roles for renal secretion of ionic drugs [30],
but some transporters were suggested to mediate the
intestinal secretion of drugs [31]. As shown in Fig. 7, there
was little expression for organic ion transporters except for
OCTN2. OCTN2 exhibited a similar expression level of
PEPT]1 in the intestine. In addition to intestine, OCTN2
exhibited abundant expression in the stomach, colon and
rectum.

4. Discussion

In the present study, we have demonstrated that the
mRNA expression level of PEPT]1 is higher in the duode-
num and jejunum than that of BPAT1, ASCT?2 and b%*AT,
" which are localized at the brush-border membranes, and is
equal to that of B°AT1 in the ileum. Previous works
showed that luminal contents after protein ingestion mostly
consist of two to six amino acids [32], and that most of the
dipeptidase activity is located in the cytoplasm of mucosal
cells [33]. Thus, higher expression levels of PEPT1 than
amino acid transporters at brush-border membranes should
support the nutritional importance of the intestinal absorp-
tion of small peptides for protein nutrition. The high
expression levels of intestinal PEPT1 also emphasize the
pharmacological implication of peptide transporters. The
peptide-like drugs transported by PEPT1 showed good oral
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bioavailability [3]. Transport abilities of PEPT1, with great
flexibility for structural modification, and high expression
of PEPT1 in the small intestine should be helpful for drug
development to improve the intestinal absorption of poorly
absorbed drugs.

The expression level of PEPT1 mRNA showed a peak in
the duodenum, and gradually decreased to the ileum.
Interestingly, the expression gradient of BYAT1 mRNA
is completely inversed to that of PEPT1. These reciprocal
axial gradients in the mRNA expression of PEPT1 and
BYAT1 well correspond to the transport activities of small
peptides {34,35] and amino acids for system B [36], and
may have physiological relevance and importance to the
maintenance of optimal protein nutrition [37]. Namely, the
ingested proteins are digested by the membrane-bound
peptidases to generate a major portion of the absorbable
products, namely, amino acids and small peptides. Though
these peptidases are present throughout the small intestine,
levels of activity are much higher in the ileum than in the
jejunum [38], indicating that the concentrations of free
amino acids in the lumen are gradually increased, while the
luminal concentration of small peptides are gradually
decreased as the luminal contents move along the intestine.
Furthermore, K, values of typical substrates for PEPT]
(glycylsarcosine) [39] and B°AT1 (leucine) [10] were
about 1 mM, suggesting that both transporters have similar
kinetic parameters. It is, therefore, suggested that the
efficient absorption of digestive products of proteins
may be achieved by a good correlation between the
expression profiles for PEPT1 and BYAT1 and the luminal
concentrations of the corresponding substrates along the
intestine.

Using- tissue biopsy samples, Gutmann et al. [40]
demonstrated that the mRNA expression of human breast
cancer resistance protein (BCRP) was maximal in the
duodenum and decreased continuously down to the rectum
{40]. This expression profile is contrast to that of MDR1
mRNA expression (Fig. 1 right), suggesting that BCRP and
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MDRI1 also complement the transport function each other .

along the digestive tract as the substrate specificity of both
transporters is partially overlapping [41]. Taken together,
reciprocal expression of functionally related membrane
transporters along the digestive tract should be responsible
for the efficient biological systems in physiology and
pharmacology.

Recently, Dave et al. {42] examined the expression of
heteromeric amino acid transporters along the murine
intestine. Their major findings related to our study were
as follows: (i) the main sites of mRNA expression of

absorptive amino acid transporters (b%*AT, LAT2 and

y*LAT1) were the jejunum and ileum; (ii) a substantial
level of LAT2 mRNA was found in the stomach, an organ
not previously recognized as a major site of amino acid
absorption and (iii) LAT1 was most abundant in brain and
weakly expressed in the intestine except for the stomach.
Most of these findings were also confirmed in the human
intestine, although the expression levels of b®*AT, LAT2
and y*LATlwere not so high in the human intestine as
compared to mouse intestine. Mutations in b®*AT lead to
the hereditary disease cystinuria [22], and characterized
by renal loss and altered intestinal absorption of cationic
amino acids and cystine. Interestingly, patients with
cystinuria do not exhibit obvious symptoms of protein
malabsorption because the affected amino acids are
absorbed adequately in the form of small peptides [43].
The much higher levels of PEPT1 than b%*AT explain this
compensation.

In the present study, PEPT1 was found to be expressed in
the stomach, induced by intestinal metaplasia. Intestinal
metaplasia is characterized by the transdifferentiation of
gastric epithelial cells to an intestinal phenotype [19].
Several intestinal-specific gene products such as trefoil
peptides [44] were reported to be expressed in the stomach
after intestinal metaplasia. CDX2, an intestine-specific
transcription factor belonging to the caudal-telated
homeobox gene family, was involved in the induction of
intestinal metaplasia of the stomachi [45]. We have recently
clarified the significant role of Spl in the basal transcrip-
tional regulation of PEPT1 [46], but the mechanisms of
intestine-specific expression of PEPT1 have not been
clarified yet. CDX2 may also be responsible for the small
intestinal and gastric expression of PEPT1.

Among organic ion transporters tested, only OCTN2
showed significant expression in the intestine, as the same
expression level of PEPT1. The physiological substrate for
OCTN2 is the carnitine, and mutations in this protein cause
the autosomal recessive systemic carnitine deficiency [47].
In addition to carnitine, OCTN2 can transport various
drugs such as verapamil [48]. This transport activity and
abundant expression in the intestine suggested the phar-
amcokinetic role of OCTN?2 for intestinal absorption like
PEPT1. Using Octl knockout mice, it was demonstrated
that Octl plays important roles for intestinal excretion of
cationic drugs [49]. But, the present expression analyses

revealed that there was little expression of OCT1 along the
digestive tract. Further studies are needed to clarify the
clinical implication of intestinal OCT1.

In conclusion, we demonstrated the expression profile of
PEPT1, amino acid transporters and organic ion transporters
along the human digestive tract. The reciprocal distribution
of PEPT1 and B’AT1 may contribute to the efficient absorp-
tion of digestive products of ingested proteins. PEPT1
expression in the stomach is caused by intestinal metaplasia.
OCTN2 is also abundantly expressed in the intestine. These
findings may provide useful information about enteral nutri-
tion, gastric pathology and pharmacology.
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Abstract

Cisplatin is an effective anticancer drug, but has its severe adverse effects, especially nephrotoxicity. The molecular mechanism of
cisplatin-induced nephrotoxicity is still not clear. In the present study, we examined the role of rat (r)OCT2, an organic cation transporter
predominantly expressed in the kidney, in the tubular toxicity of cisplatin. Using HEK293 cells stably expressing rOCT2 (HEK-rOCT?2),
we evaluated the cisplatin-induced release of lactate dehydrogenase and the uptake of cisplatin. The release of lactate dehydrogenase and
the accumulation of platinum were greater in HEK-rOCT?2 cells treated with cisplatin than in mock-transfected cells. Moreover,
cimetidine and corticosterone, OCT?2 inhibitors, inhibited the cytotoxicity and the transport of cisplatin in HEK-rOCT2 cells.
Pharmacokinetics of cisplatin was investigated in male and female rats because the renal expression level of rOCT2 was higher in
male than female rats. The renal uptake clearance of cisplatin was greater in male than female rats, while the hepatic uptake clearance was
similar between the sexes. In addition, glomerular filtration rate and liver function were unchanged, but N-acetyl-B-p-glucosaminidase
activity in the bladder urine and the urine volume were markedly increased 2 days after the administration of 2 mg/kg of cisplatin in male
rats. Moreover, cisplatin did not induce the elevation of urinary N-acetyl-f-p-glucosaminidase activity in the castrated male rats whose
renal rOCT?2 level was lower than that of the sham-operated rats. In conclusion, the present results indicated that renal rOCT?2 expression
was the major determinant of cisplatin-induced tubular toxicity.
© 2005 Elsevier Inc. All rights reserved.

Keywords: Cisplatin; Organic cation transporter 2; Nephrotoxicity; Cytotoxicity; Renal tubular epithelial cells; Pharmacokinetics

1. Introduction level [3]. Moreover, the tubular toxicity caused a decrease

in the glomerular filtration rate (GFR), resulting in acute

cis-Diamminedichloroplatinum II (CDDP, cisplatin) is
widely used to treat solid tumors of prostate, bladder,
colon, lung, testis and brain. Although cisplatin is an
effective anticancer agent, severe nephrotoxicity limits
its clinical application. It was reported that an increase
in the serum creatinine concentration was observed in 41%
of patients treated with high-dose cisplatin [1]. However,
the major site of cisplatin-induced renal injury is the
proximal tubule [2]. In addition, cisplatin induced tubular
toxicity, followed by an increase in the serum creatinine

* Corresponding author. Tel.: +81 75 751 3577; fax: +81 75 751 4207.
E-mail address: inui@kuhp.kyoto-u.ac.jp (K.-i. Inui).

0006-2952/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
doi: 10.1016/j.bcp.2005.09.020

renal failure [4]. Therefore, it was suggested that cisplatin
was toxic primarily to renal tubular epithelial cells. But, the
molecular mechanism of cisplatin-induced nephrotoxicity
is still unknown.

Safirstein et al. [5] reported that cisplatin was concen-
trated in rat renal cortical slices five-fold above the con-
centration in medium. We previously demonstrated that
cisplatin treatment from the basolateral side caused sever
toxicity compared to the apical side in the porcine derived
epithelial cell line LLC-PK, cells [6]. Recently, Ludwig
et al. [7] reported that cisplatin-induced cytotoxicity was
specifically observed from the basolateral side, and the
toxicity was ameliorated in the presence of cimetidine in
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Madin-Darby canine kidney (MDCK) cells. These
reports suggested that the uptake of cisplatin in tubular
epithelial cells was mediated by basolateral drug trans-
porter(s). Identification of the transporter(s) is essential
to understand the mechanism of cisplatin-induced
nephrotoxicity.

Human organic cation transporter 2 (hOCT?2) is the
most abundant organic cation transporter in the kidney
among an organic cation transporter family which con-
sists of hOCT1-3 (SLC22A1-3) and hOCTN1 and 2
(SLC22A4 and 5) [8,9]. Rat (r)OCT2 is expressed pre-
dominantly in the basolateral membranes of proximal
tubules and mediated the accumulation of various catio-
nic drugs into proximal tubular epithelial cells from the
circulation [10-14]. Uptake of tetraethylammonium
(TEA) by rOCT2 was suppressed by the replacement
of Na* with K*, suggesting that the transport activity
of rOCT2 was membrane potential-dependent [9,
15]. Based on such backgrounds and findings, we
hypothesized that rOCT2 was the key molecule to
clarifying the tubular accumulation and subsequent
nephrotoxicity of cisplatin.

In the present study, we investigated whether rOCT2
affected the nephrotoxicity of cisplatin in rat proximal
tubules. We examined the effect of rOCT2 expression on
the cytotoxicity of cisplatin in HEK293 transfectants and
on the pharmacokinetics of cisplatin in rats.

2. Materials and methods
2.1. Cell culture and transfection

HEK?293 cells (American Type Culture Collection CRL-
1573) were cultured in complete medium consisting of
Dulbecco’s modified Eagle’s medium (Sigma Chemical
Co., St. Louis, MO) with 10% fetal bovine serum (Whit-
taker Bioproducts Inc., St. Louis, MO) in an atmosphere of
5% CO,-95% air at 37 °C.

The construction of HEK293 cells stably expressing
rOCT2 (HEK-rOCT?2) was performed as described [14].
The transfectants were used for the experiments at 48 h
after seeding.

For a transient expression system, pBK-CMV plasmid
vector DNA (Stratagene, La Jolla, CA), containing
rOCT1 or rOCT2 cDNA, was purified using Wizard®
Plus SV Minipreps DNA Purification System (Promega,
San Luis Obispo, CA). The day before transfection,
HEK?293 cells were seeded onto poly-p-lysine-coated
24-well plates at a density of 2.0 x 10° cells per well.
The cells were transfected with 50 ng of total plasmid
DNA per well using 0.125 pl of Lipofect AMINE 2000
(Invitrogen, Carlsbad, CA) per well according to
the manufacturer’s instructions. Forty-eight hours after
the transfection, the cells were used for uptake experi-
ments.

2.2. Uptake experiment

Cellular uptake of ["*C]TEA (88.8 MBg/mmol, Perkin-
Elmer Inc., Wellesley, MA) was measured with monolayer
cultures grown on poly-D-lysine-coated 24-well plates. The
composition of the incubation buffer was as follows:
145 mM NaCl, 3 mM KCl, 1 mM CaCl,, 0.5 mM MgCl,,
5 mM p-glucose and 5 mM HEPES (pH 7.4 adjusted with
NaOH). Experimental procedures were performed as
described previously [14].

For the measurement of cisplatin uptake, seeded cells
were incubated with the medium containing cisplatin with
or without cimetidine or corticosterone for 1 h. After this
incubation, the monolayers were rapidly washed twice
with ice-cold incubation buffer containing 1% bovine
serum albumin (Nacalai Tesque, Kyoto, Japan) and then
washed three times with ice-cold incubation buffer. The
cells were solubilized in 0.5N NaOH, and the amount of
platinum was determined using inductively coupled
plasma-mass spectrometry (ICP-MS) by the Pharmacoki-
netics and Bioanalysis Center, Shin Nippon Biomedical
Laboratories, Ltd. (Wakayama, Japan).

The protein content of the cell monolayers solubilized in
0.5N NaOH was determined by the method of Bradford
with a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Richmond, CA).

2.3. Cytotoxicity experiment

The cytotoxicity of cisplatin was measured with mono-
layer cultures grown on poly-p-lysine-coated 12-well
plates. Cells were incubated with the medium containing
cisplatin with or without cimetidine or corticosterone for
2 h. After removal of the medium, drug-free medium was
added. After incubation for 24 h, the medium was col-
lected, and the lactate dehydrogenase (LDH) activity in
the medium was measured using a LDH Cytotoxicity
Detection Kit (Takara, Shiga, Japan), according to the
manufacturer’s instructions. Cytotoxicity was evaluated
by measuring LDH activity in the medium. Total LDH
activity was defined as LDH activity in the medium
containing 1% TritonX-100. LDH release represents
(LDH activity — LDH activity of control)/(total LDH
activity — LDH activity of control).

2.4. Quantification of mRNA expression

Cellular total RNA was extracted using a MagNA Pure
LC RNA isolation kit II (Roche Diagnostic GmbH, Man-
nheim, Germany) [8]. The total RNA was reverse-tran-
scribed, and the single stranded DNA was used for the
quantification of mRNA expression.

Real-time PCR was performed in a total volume of 20 .l
containing 2 pl of reverse-transcribed cDNA, 1 pM for-
ward and reverse primers, 0.2 uM TagMan probe, and
10 ul of TagMan Universal PCR Master Mix (Applied
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Biosystems, Foster City, CA). The quantification of mRNA
was performed as reported [8].

2.5. Pharmacokinetics of cisplatin

The pharmacokinetics experiment was performed using
male or female Wistar/ST rats (8 weeks), as described
previously with some modifications [16]. Cisplatin
(0.5 mg/kg) was administered as a bolus via the catheter-
ized right femoral vein. Blood samples were collected at
0.5, 1, 1.5, 2, 2.5 and 3 min from the left femoral artery.
Three minutes after the injection, the kidney and liver were
collected immediately after sacrificing the rats. The
excised tissues were gently washed, weighed and homo-
genized in 3 volumes of 0.9% NaCl. The amounts of
cisplatin were measured by ICP-MS. The animal experi-
ments were performed in accordance with the ““Guidelines
for Animal Experiments of Kyoto University”. All proto-
cols were previously approved by the Animal Research
Committee, Graduate School of Medicine, Kyoto Univer-
sity.

2.6. Western blot analysis

The crude membrane fractions were prepared from rat
kidneys as described previously [17]. The crude mem-
brane fractions (25 wg) were separated by 10% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto polyvinylidene difluor-
ide membranes (Immobilon-P%, Millipore, Bedford, MA)
by semi-dry electroblotting. The blots were blocked and
incubated overnight at 4 °C with each primary antibody
specific for rOCT2 [18], or the Na*/K*-ATPase a1 subunit
(Upstate Biotechnology Inc., Lake Placid, NY). The
bound antibody was detected on X-ray film using
enhanced chemiluminescence (ECL) with horseradish
peroxidase-conjugated secondary antibodies and cyclic
diacylhydrazides (Amersham Pharmacia Biotech,
Uppsala, Sweden).

2.7. Acute renal failure

Male Wistar/ST rats (8 weeks) were used or male rats (5
weeks) were surgically castrated 3 weeks before the
experiment. Acute renal failure was induced by intraper-
itoneal administration of 2 mg/kg of cisplatin. Rats were
maintained in metabolic cages for 24 h before the experi-
ment to determine urine output and the urinary level of
creatinine. Two days after the administration of cisplatin,
plasma and bladder urine samples were collected and then
the state of the kidneys was determined, as previously
described [19]. The liver function data were determined
using the assay kits from Wako Pure Chemical Industries
(Osaka, Japan). The concentration of testosterone was
measured using an ELISA kit (Cayman Chemical Co.,
Ann Arbor, MI).

2.8. Statistical analysis

Data are expressed as means + S.E.M. Data were ana-
lyzed statistically using the unpaired Student ¢ test. Multi-
ple comparisons were performed with Dunnett’s two-tailed
test after a one-way ANOVA. Probability values of less
than 0.05 were considered statistically significant.

3. Results

3.1. Uptake of TEA by HEK293 cells stably expressing
rOCT12

We constructed HEK293 cells stably transfected with
the pBK-CMV vector or rOCT2-containing vector (HEK-
pBK or HEK-rOCT?2). To check the function of these cells,
the cellular uptake of ['"*CJTEA by HEK-pBK cells or
HEK-rOCT2 cells was measured. The amounts of
["*C)TEA in HEK-pBK cells and HEK-rOCT? cells were
192 £40 and 317.4 £ 11.7 pmol/mg protein/2 min,
respectively. Therefore, these cells were used in the sub-
sequent experiments.

3.2. Cytotoxicity of cisplatin in HEK-pBK cells and
HEK-rOCT2 cells

We compared the sensitivities of HEK-pBK cells and
HEK-rOCT?2 cells to cisplatin (Fig. 1). When HEK-pBK
cells were treated with 30-300 uM cisplatin for 2 h and
subsequently cultured in normal medium for 24 h, the
release of LDH into the culture medium was not signifi-
cantly enhanced. Treatment with 1000 uM cisplatin pro-
moted the release of LDH in HEK-pBK cells. On the other
hand, when HEK-rOCT2 cells were treated with 30-
1000 M cisplatin, the amount of LDH released increased
in a dose-dependent manner. The release of LDH was
greater in HEK-rOCT2 cells treated with 30-1000 uM
cisplatin than in HEK-pBK cells (Fig. 1A). Further, we
investigated the effects of OCT?2 inhibitors, cimetidine and
corticosterone, on the cisplatin-induced cytotoxicity. The
cytotoxicity of cisplatin was completely inhibited in the
presence of 1 mM cimetidine or 100 M corticosterone in
HEK-rOCT?2 cells (Fig. 1B).

3.3. Transport of cisplatin by HEK-pBK cells and
HEK-rOCT2 cells

To investigate whether rOCT?2 recognizes cisplatin as its
substrate, the effect of cisplatin on the uptake of ['*CJTEA
and the accumulation of cisplatin by HEK-rOCT?2 cells
were examined (Fig. 2). Cisplatin, cimetidine and corti-
costerone had inhibitory effects on the uptake of ("“*CITEA
by HEK-rOCT?2 cells in a dose-dependent manner. The
IC5o values of cisplatin, cimetidine and corticosterone
were 2096.2 +£59.5, 216.1 £4.5 and 2.50 £ 0.02 pM,
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Fig. 1. Role of rOCT2 in the cytotoxicity of cisplatin. (A) Concentration-dependence of cytotoxicity in HEK-pBK cells (open circle) or HEK-rOCT?2 cells
(closed circle). Cells were exposed to cisplatin for 2 h, and then incubated in normal medium for 24 h. (B) Cimetidine (1 mM) or corticosterone (100 M) was
coadministrated with cisplatin (500 M) for 2 h, and then the cells were incubated in normal medium for 24 h. Each point represents the mean + S.E.M. of three
wells. “P < 0.05; **P < 0.01, significantly different from control cells.
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Fig. 2. Uptake of cisplatin by HEK-pBK cells or HEK-rOCT?2 cells. (A) HEK-rOCT2 cells were incubated with 50 pM [**C]TEA in the presence of cisplatin
(open circle), cimetidine (closed circle) or corticosterone (open triangle) at various concentrations for 2 min. The amount of ["*CITEA in HEK-rOCT?2 cells was
determined by measuring the radioactivity of solubilized cells. (B) HEK-pBK cells (MOCK) or HEK-rOCT2 cells (rOCT2) were incubated with 500 pM
cisplatin for 1 h. (C) HEK-rOCT?2 cells were incubated with 500 wM cisplatin in the presence or absence of 1 mM cimetidine or 100 1M corticosterone for 1 h.
The amount of platinum in HEK-pBK cells or HEK-rOCT?2 cells was determined by ICP-MS. Each point represents the mean + S.E.M. of three or four wells.
""P < 0.01, significantly different from MOCK cells or control cells.
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respectively (Fig. 2A). After the incubation with 500 uM
cisplatin for 1 h, the amounts of platinum in HEK-pBK
cells and HEK-rOCT2 cells were 90.0 2.8 and
447.7 £+ 5.3 ng/mg protein/h, respectively (Fig. 2B). More-
over, the accumulation of platinum by HEK-rOCT2 cells
was inhibited in the presence of 1 mM cimetidine or
100 uM corticosterone (Fig. 2C).

3.4. Transport of cisplatin by HEK293 cells transiently
expressing rOCTI and rOCT2

Following the transfection of rOCT1 or rOCT2 cDNA,
the mRNA expression levels of these transporters were
8037 £ 701 and 5834 =+ 306 amol/mg protein (mean
+ S.EM. of four monolayers), respectively. Uptake of
["*CJTEA was observed in HEK293 cells transiently
expressing rOCT1 or rOCT2 (Fig. 3A and B). However,
the amount of platinum accumulated in the HEK293 cells
transiently transfected with pBK-CMYV, rOCT1 and rOCT2
was 107.8 + 1.1, 122.4 £+ 4.0 (ns versus pBK-CMV) and
237.6 = 13.8 (P < 0.01 versus pBK-CMV) ng/mg protein/
h, respectively (Fig. 3C).

3.5. Pharmacokinetics of cisplatin in male and female
rats

We compared the pharmacokinetics of cisplatin between
male and female rats, because it was found that the
expression level of renal rOCT2, but not rOCT1, was
much higher in male rats than female rats [18]. The plasma
concentrations of platinum up to 3 min after the adminis-
tration of cisplatin as a bolus were determined (Fig. 4A).
The total clearance (CL.q) Of cisplatin, which was cal-
culated from the dose and area under the concentration-
time curve (AUC) of cisplatin for 3 min, was
35.1 3.5 ml/min and 16.8 & 1.1 ml/min in male and
female rats, respectively (Fig. 4B). The tissue uptake
clearance (CLye), Which was calculated from the AUC
of cisplatin for 3 min and the amount of cisplatin in tissue
at 3 min, was also examined. The renal CLygsye Was sig-
nificantly greater in male rats (13.2 & 1.3 ml/min) than
female rats (5.9 £ 0.4 ml/min). However, hepatic CL e
in male rats (3.7 &+ 0.3 ml/min) was not significantly dif-
ferent from that in female rats (2.6 & 0.2 ml/min)
(Fig. 4C). In addition, the male-dominant expression of
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blotting are shown.

the renal rOCT2 was confirmed by Western blotting
(Fig. 4D).

3.6. Renal functional data of male rats treated with
cisplatin

The male rats showed renal tubular toxicity 2 days after
the administration of 2 mg/kg of cisplatin. The body
weight, plasma creatinine level, creatinine clearance, blood
urea nitrogen (BUN), urinary albumin level, aspartate
aminotransferase (AST), alanine aminotransferase (ALT)
and total bilirubin level were unaffected. However, N-
acetyl-B-p-glucosaminidase (NAG) activity and urine
volume were significantly increased in the male rats treated
with cisplatin compared to the control rats (Table 1).

To confirm the contribution of renal rOCT?2 expression
on cisplatin-induced tubulotoxicity, we compared the NAG

Table 1
Biochemical parameters in male rats treated with cisplatin (2 mg/kg)
Sham Cisplatin
Body weight (g) 281+ 4 274+ 3
Urine volume (ml/24 h) 109409 224+29™
NAG (U/day) 129 + 42 317+ 47"
Pcre (mg/dl) 0.42 £ 0.02 0.50 £+ 0.03
Cer (mV/min/kg) 5.81 £0.08 5.96 & 0.06
BUN (mg/d]) 149+ 0.3 142+ 06
Urinary albumin 0.24 £ 0.06 0.44 £ 0.08
(mg/day) .
AST (1Un) 61.8+4.0 76.1 £ 6.2
ALT (1UM) 150+ 1.3 188+ 17
T-Bil (mg/dl) 0.05+£0.01 0.11+0.04

Values represent means £ S.E.M. of nine rats. NAG, N-acetyl-B-p-gluco-
saminidase; Pcre, plasma creatinine; Ccr, creatinine clearance; BUN, blood
urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotrans-
ferase; T-Bil, total bilirubin.

*" P < 0.01, significantly different from sham.
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activity in bladder urine between the sham-operated and
castrated male rats. The serum concentrations of testoster-
one were 1.5640.11 and 0.25 % 0.04 ng/ml (mean
+ S.EM. of 12 rats; P <0.01) in the sham-operated
and castrated rats, respectively. Two days after the admin-
istration of 2 mg/kg of cisplatin, NAG activity was sig-
nificantly increased in the sham-operated rats. On the other
hand, 2 mg/kg of cisplatin was not enough to increase
urinary NAG activity in the castrated rats (Fig. 5SA). The
renal rOCT?2 expression was decreased in the castrated rats
compared to the sham-operated rats (Fig. 5B).

4. Discussion

Using cultured renal epithelial cells, cisplatin was found
to be accumulated from the basolateral membranes via a
specific carrier system [6,7,20]. In OK cells, the basolateral
uptake of cisplatin was decreased in the presence of TEA
[20]. Ludwig et al. [7] reported that cisplatin-induced
cytotoxicity was ameliorated in the presence of cimetidine
in MDCK-C7 cells. Although a polyclonal antibody
against rat OCT2 (OCT2-A®, Alpha-diagnostic, San
Antonio, TX) showed two signals, 65 and 50 kDa [7],
the amino acid sequence of the antigen peptide was con-
served 76% in mouse, 66% in porcine and 57% in human
(httpi//www.4adi.com/data/oat/oct21.html). Therefore, the
65-kDa signal was speculated to be a canine OCT?2 [7], but
this should be confirmed using an actual antibody against
an appropriate antigen. In the present study, we have
demonstrated that rOCT2 mediated the uptake of cisplatin
into the stable transfectant HEK-rOCT?2 cells, and stimu-
lated cisplatin-sensitivity in comparison with the control
cells (Figs. 1 and 2). Hitherto it has not been clear which
transporter protein mediated the uptake of cisplatin in renal
tubular cells. The present study in vitro indicated that
rOCT?2 was a cisplatin transporter in the kidney.

Intracelliilarly, the two chlorides of cisplatin are rapidly
replaced by hydroxyl groups to produce a toxic agent [21].
This agerit can induce nuclear damage [22], cause mito-
chondrial damage [23] or trigger several other mechan-
isms [24], resulting in cell death. Therefore, it is
considered that the entering into the cells is the most
important step in the cytotoxicity of cisplatin. It was
reported that the deletion of copper transporter 1 (Ctrl)
resulted in resistance to cisplatin in yeast and mammal
cells, and therefore, Ctrl was suggested to be a candidate
transporter mediating cisplatin uptake. [25]. On the other
hand, copper-transporting P-type adenosine triphosphate
(ATP7B) [26-28] and ATP-binding cassette, subfamily C2
(ABCC2, known as MRP2 or cMOAT) [29,30] promoted
cisplatin efflux and had a role in cisplatin resistance.
However, these three transporters were suggested to have
a minor role in cisplatin-induced tubular toxicity, because
the tissue distribution of these transporter proteins was not
limited to the kidney, but was in the liver, intestine and
brain [31-33].

Urakami et al. [18] reported that the renal expression of
rOCT?2, but not rOCT1, was markedly higher in male than
female rats. In addition, there was a gender difference in
the uptake of TEA but not p-aminohippurate, a typical
substrate of organic anion transporter 1, in rat renal slices
[18]. Because there is no selective and non-toxic rOCT2

- antagonist, we performed the cisplatin pharmacokinetic
experiments using the gender difference in the renal
rOCT2 expression. It was expected that the renal distribu-
tion of cisplatin would be much greater in male than female
rats. As expected, the renal CLyssue Of cisplatin was sig-
nificantly greater in male rats than female rats, while
hepatic CLyjs5e did not differ between males and females.
Moreover, the renal CL;;eue Was 3.5 times higher than the
hepatic CLyssue in male rats (Fig. 4C). In addition, the
transport of cisplatin was mediated by rOCT2 predomi-
nantly expressed in kidney [10], but not rOCT1 expressed
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in liver, kidney and intestine [34] (Fig. 3C). These results
suggested that rOCT?2 played a major role in the distribu-
tion of cisplatin. As previously reported, the renal clear-
ance of cisplatin was inhibited by cationic compounds
having the potential to interact with rOCT?2 such as qui-
nidine, cimetidine and ranitidine in dogs [35]. Based on
these findings, it was suggested that rOCT2 mainly
mediated the tubular accumulation of cisplatin.

There are numerous reports suggesting that cisplatin
causes nephrotoxicity, glomerular and tubular injury
{3,19,36-38]. In these studies, cisplatin was used at dose
of more than 5 mg/kg in rats, which was severe compared to
clinical use. The peak concentration of cisplatin in humans
undergoing chemotherapy was reported to be 3.4 pg/ml
[39]. In the present study, the blood concentration of cis-
platin in rats after the administration of cisplatin (0.5 mg/kg)
as a bolus was between 1 and 3 pg/ml (Fig. 4A). When rats
were administered 2 mg/kg of cisplatin, the activity of NAG
in bladder urine and the urine volume were increased, while
plasma creatinine level, creatinine clearance, BUN, urinary
albumin level, AST, ALT and total bilirubin level were
unchanged (Table 1). These results indicated that kidney
was more sensitive to cisplatin than liver. It corresponded to
the pharmacokinetics of cisplatin (Fig. 4). Kishore et al. [38]
demonstrated that the polyuria after the cisplatin treatment
was accompanied by decreased expression levels of aqua-
porin (AQP) 1 in the proximal tubules as well as AQP2 and
AQP3 in the collecting ducts in rats. Using the specific
antibody, rOCT?2 protein was expressed in proximal tubular
cells at the basolateral membrane [12] and mRNA of rOCT2
was detected abundantly in proximal tubules and weakly in
distal convoluted tubules and collecting ducts [11]. Based on
these findings, the proximal tubules were the most sensitive
to cisplatin, because they consisted of rOCT?2-rich cells.

We previously reported that testosterone increased the
expression level of renal rOCT2 and stimulated TEA
accumulation by kidney slices [40] and that testosterone
recovered the renal rOCT2 expression and the clearance of
cimetidine in chronic renal failure rats [41]. In the present
study, to investigate the role of rOCT?2 in cisplatin-induced
tubular toxicity, we used the castrated rats as a model for
the depression of rOCT2. As a result, cisplatin induced the
increase of urinary NAG activity in the sham-operated rats,
but not in the castrated rats whose renal rOCT?2 expression
was lower than the sham-operated rats (Fig. 5). In addition,
cellular uptake and renal distribution of cisplatin depended
on rOCT?2 expression (Figs. 2B and 4). Therefore, it was
suggested that rOCT2 was the determinant of the tissue
distribution of cisplatin and cisplatin-induced tubular toxi-
city in vivo.

The tissue distribution and renal distribution of hOCT?2
in humans are similar with those of rats [8,12,13]. The
functional characteristics including substrate specificity of
hOCT2 was consistent with rOCT2 [9]. Therefore, the
present data of rOCT?2 on cisplatin-induced nephrotoxicity
may be reflected in humans. The renal toxicity of cisplatin

in humans should be confirmed in future focusing on
hOCT2.

We propose OCT2 as the transporter responsible for
cisplatin-induced renal tubular toxicity. Some OCT2-spe-
cific antagonists may prevent the nephrotoxicity of cis-
platin.
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Purpose. Our previous studies showed that the mRNA level of human organic anion transporter
(hOAT) 3 in the kidney was correlated with the rate of elimination of an anionic antibiotic cefazolin.
However, the correlation coefficient was not so high. In the present study, therefore, we enrolled more
patients to examine whether additional factors were responsible for the correlation.

Methods. hOAT mRNA levels in renal biopsy specimens were quantified using the real-time polymerase
chain reaction method. The elimination rates for the free fraction of cefazolin were determined in
patients with various renal diseases.

Resulzs. In the present study, the coefficient of correlation between the hOAT3 mRNA level and the
elimination rates for the free fraction of cefazolin was not so high in the patients overall as in our
previous study (r = 0.536). However, following the classification of renal diseases, a better correlation
was obtained in patients with mesangial proliferative glomerulonephritis (r = 0.723). In contrast, multiple
regression analyses including gender, age, and liver function did not result in any improvements in the
correlation coefficients. -

Conclusions. These resulis suggest that the hOAT3 mRNA level is a significant marker of
pharmacokinetics with which to predict the rate of elimination of cefazolin in patients with mesangial
proliferative glomerulonephritis.

KEY WORDS: organic anion transporter; human kidney; renal diseases; real-time PCR,; renal clearance.

INTRODUCTION

In patients with renal impairment, individualized dos-
ages are adjusted by using the plasma creatinine concentra-
tion or creatinine clearance (C) to avoid adverse effects (1).
Co is often used to estimate the glomerular filtration rate
(GFR), because creatinine is mainly eliminated via glomer-
ular filtration. However, C., would not reflect the true GFR,
especially in patients with renal impairment, because the
amount of tubular secretion is the negligible part of urinary
excretion of creatinine (2). Recently, organic cation trans-
porter (OCT) 2 (SLC22A2) was reported to transport
creatinine suggesting that OCT2 plays an important role in
the secretion of creatinine (3). Furthermore, accumulating
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evidence shows a poor correlation between C and the
urinary excretion of drugs (4,5), challenging the “intact
nephron hypothesis” and suggesting that the renal handling
of drugs may not decline in parallel. Therefore, it is necessary
to identify more reliable markers to predict renal function
such as the tubular secretion of drugs.

The renal handling of drugs involves three processes:
glomerular filtration, tubular secretion, and reabsorption.
Tubular secretion and reabsorption are mediated by various
transporters expressed in the apical and basolateral mem-
branes of the tubular epithelial cells (6,7). The organic anion
transporters (OATs, SLC22A) can transport many ionic
drugs and are expressed in the renal proximal tubules (8.9).
However, the pharmacokinetic significance of each trans-
porter in the clinical setting has not been fully elucidated.

Previously, we quantified the expression of hOAT1-4
mRNA and urinary excretion of the anionic antibiotic cefa-
zolin in patients with renal diseases. The mRNA level of
hOAT3, among the four anion transporters, significantly cor-
related with the rate of elimination of cefazolin (n = 42; r =
0.44, p < 0.01) (10). In addition, hOAT3 transported cefa-
zolin. The renal expression level of hOAT3 possibly affects
the renal handling of cefazolin. However, the coefficient of
correlation between the hOAT3 mRNA level and elimina-
tion rate of cefazolin was not so high. Therefore, it is
postulated that additional factors affect this coefficient.

2016

—177—



Effect of OAT3 Level on Anionic Drug Elimination

In our previous report, patients with various renal
diseases were studied without classification. Because the
cause and pathway of progression vary with the type of renal
disease (11-13), proximal tubules may be exposed to
different regulatory factors depending on the disease. In the
present study, we enrolled more patients to examine whether
the type of renal disease is a factor in the correlation between
the hOAT3 mRNA level and the rate of elimination of
cefazolin.

MATERIALS AND METHODS
Patients

A total of 75 patients were enrolled in the study (44
males and 31 females) aged 16-90 years (mean * SD, 42.4 ¢
18.5) with histopathologically confirmed renal disease. Pa-
tient profiles are described in Table I. Patients with me-
sangial proliferative GN (n = 38; 22 males and 16 females,
aged 39.8 + 184 years), which is recognized as the most
common form of primary renal disease, were categorized as
Group 1. Those with other renal diseases (n = 37; 22 males
and 15 females, aged 45.1 + 18.5 years) were categorized into
Group II. In Group II, eight patients had membranous
nephropathy, eight had minimal change nephritic syndrome,
seven had lupus nephritis, four had diabetic nephropathy,
three had membranoproliferative GN, and seven had other
renal diseases. Clinical tests, such as measurements of C,; or
120-min values of the ‘phenolsulfonphthalein (PSP) test
(PSP120’), were routinely conducted in the hospital to
evaluate renal function. This study was conducted in accor-
dance with the Declaration of Helsinki, and its amendments
and was approved by the Kyoto University Graduate School
and Faculty of Medicine, Ethics Committee. All patients
gave written informed consent to participate in the study.

Isolation of total RNA and genomic DNA

Total RNA from renal biopsy specimens and genomic
DNA from blood in a guanidinium thiocyanate solution were
isolated with a MagNA Pure LC RNA isolation Kit II and
DNA isolation Kit I (Roche Diagnostic, Mannheim, Ger-
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many), respectively. Total RNA was reverse-transcribed in
the presence of RTmate solution (Wako Pure Chemical
Industries, Osaka, Japan), and the single-stranded DNA was
used for quantification of mRNA levels.

Quantification of mRNA levels

The mRNA levels of hOATI1-4 were quantified as
described previously (14). Using single-stranded DNA
(ssDNA), a real-time polymerase chain reaction (PCR) was
performed using the ABI Prism 7700 sequence detector
(Applied Biosystems, Foster City, CA, USA). Reactions
were carried out in duplicate under identical conditions.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNA was also quantified as an internal control using
GAPDH Control Reagent (Applied Biosystems).

Measurement of Elimination Rate Constant for Free
Fraction of Cefazolin

After renal biopsy, the patients received 1 g of cefazolin
by intravenous infusion for 1 h as a prophylaxis of infection.
Collection of blood samples and measurement of cefazolin
concentrations by high-performance liquid chromatography
(HPLC) were carried out as previously described (10). The
plasma unbound fraction (fu) of cefazolin was determined by
ultrafiltration using a micropartition system (MRS-1; Ami-
con, Inc., Beverly, MA, USA) (15). Free fraction of cefazolin
was expressed as the ratio of the concentration in ultrafiltrate
to that in plasma. The apparent elimination rate constant of
the free fraction (Kegreece,) Was calculated using the free
fraction of the plasma cefazolin concentration immediately
and 1 h after cefazolin infusion.

Genotyping of the hOAT3 gene

The genotypes of the hOAT3 gene—C715T
(GIn239Stop), T779G (1le260Arg), C829T (Arg277Trp),
A913T (Ile305Phe), C929T (Ala310Val), and G1342A
(Val448lle), which were reported in the public single
nucleotide polymorphisms (SNPs) database NCBI
dbSNP—were examined via the PCR restriction enzyme

Table I. Characteristics of Patients with Renal Disease

All patients Group I Group II p Value

No. of patients 75 38 37

Sex (males/females) 44/31 22/16 22/15

Age 424 + 185 39.8 £+ 184 451 + 185 0.221
Aspartate aminotransferase (IU/L) 19.6 £+ 8.9 183 +6.9 20.9 £ 10.6 0.232
Alanine aminotransferase (IU/L) 16.7 + 10.1 14972 187 £ 12.2 0.113
Lactate dehydrogenase (mg/L) 180.5 + 52.8 1713 £ 51.6 190.3 £ 53.1 0.139
Serum creatinine (mg/dL) 11406 11+£07 1.0+£05 0.503
Uric acid (mg/dL) 63115 61+1.4 64+16 0.442
Blood urea nitrogen (mg/dL) 176 £ 111 16.4 + 8.0 18.8+13.5 0.341
Creatinine clearance (mL/min) 632+281 64.6 + 29.4 61.8 + 27.0 0.672
PSP120’ (%) 64.9 + 204 659 + 18.7 63.4 1 22.7 0.652
Kefree cez 0.74 £ 0.25 0.73 £ 0.26 0.75+ 025 0.619

Group I includes the patients with mesangial proliferative glomerulonephritis. All other patients were categorized in Group II.

Variance is indicated as the mean + SD.
p Values are for the comparison between Group I and Group II. ~
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