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Fig. 1. Northern blotting or Western blotting of the genes up-regulated (A), maintained (B), or down-regulated (C) in the 5/6 nephrectomized
(NR) kidney in the subtractive database. Five micrograms of total RNA of kidneys was hybridized with each probe under high stringency conditions.
The protein expressions of cathepsin B, osteopontin, OAT1, and Na™-K* ATPase a1 subunit, whose antibodies were available, were also examined
by Western blotting. The amounts of mRNA were quantified by densitometry and normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Each column represents the mean + SEM of five rats. * P < 0.05, significantly different frorm sham (Student unpaired ¢ test). Abbreviations
are: N, Northern blotting; W, Western blotting; KIM-1, kidney injury molecule-1; IGFBP-1, insulin like growth factor binding protein-1; QATI,
organic anion transporterl; AQPZ, aquaporin 2; Pah, phenylalanine hydroxylase; OCTNZ, novel organic cation transporter 2.
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Fig. 2. Northern bletting of the five unknown genes in the 5/6 nephrectomized (NR) and sham-operated (sham) kidneys. mRNA expression of up-
regulated 5/6 nephrectomized (UR-NR) #1 (4), UR-NR #2 (B}, down-regulated 5/6 nephrectomized (DR-NR) #1 (C), DR-NR #2 (D), and DR-NR
#3 (E) in the 5/6 nephrectomized and sham-operated kidneys 3 days, 1 week, and 2 weeks after the operation was examined. Five micrograms of total
RNA of kidneys was hybridized with each probe under high stringency conditions. The amounts of mRNA were quantified by densitemetry and
normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each column represents the mean + SEM of five rats. * P < 0.05, significantly
different from sham-operated (Student unpaired 7 test).
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Tahle 5. State of renal function of the 5/6 nephrectomized (NR) and sham-operated (sham) rats 3 days, 1 week, and 2 weeks after subtotal

nephrectomy
Plasma Blood urea Creatinine Urinary excretion Urinary excretion

Body creatinine nitrogen ctlearance of albumin of NAG Kidney

weight g mg/dL mgldL mL/minfkg mg/day Uiday weight g

Sham 3 days 204 +2 04£00 1410 7005 0200 156 £ 15 16100
1 week 23243 05+£00 110 5.1+ 04 04x01 232+ 19 1.7+00

2 weeks 270+ 4 05+£00 1442 52+01 0301 211+ 16 1.74+00
NR 3 days 188 £ 3* 1.4 4+0.1° 36+£2° 21403 69417 180+ 44 0300
1 week 192 + 52 1.1£0.12 4820 214012 71+22° 177+ 15 0400

2 weeks 230+ 10° 12£0.1% 59+ 67 194012 40+£22° 187+ 11 0.6 £ 0.0°

NAG is N.acetyl-B-D-glucosaminidase.

The urine and blood samples were collected a1 3 days, 1 week, and 2 weeks after the operation, Data represent the mean + SEM of five rats.

*P < 0,03, significantly different from sham (Student unpaired ¢ test).

nephropathy. The mRNA expression of DR-NR #2 and
#3 was significantly decreased in the cisplatin, but not the
vancomycin nephropathy. There were no changes in the
mRNA expression of UR-NR #2 and DR-NR #1 among
the three treated groups.

Structure of unknown genes

UR-NR #1, UR-NR #2, DR-NR #1, DR-NR #2, and
DR-NR #3 were fully isolated by the 5" RACE technique.
They were all highly homologous to the mouse or human
putative clone in which only nucleic acid sequences were
identified. Their deduced amino acid sequences were also
highly homologous to the putative proteins correspond-
ing to the putative nucleotide (Table 7). Figure 6 shows
their deduced amino acid sequences, and the conserved
domains are listed in Table 8. The topologies of these
five proteins were predicted by SOSUI system, which is
a too] for secondary structure prediction of membrane
proteins (www.sosui.proteome. bio.taut.ac.jp, Mitaku and
Hirokawa, 1999). DR-NR #3 was found to be a
membrane-bound protein. DR-NR #1 was predicted to
be a secreted protein, but the other three proteins were
thought to be soluble proteins. UR-NR #1 consisted
of 1075 bp nucleotides, and contained an open reading
frame of 117 amino acids. UR-NR #1 did not show any
significant similarity with known genes and conserved
domains (Fig. 6A). UR-NR #2 consisted of 3752 bp nu-
cleotides, and contained an open reading frame of 353
amino acids. A conserved domain search revealed that
UR-NR #2 had a Tre/Bub2/Cdc16 (TBC) domain, which
was the guanosine triphosphatase (GTPase) activator
protein of Rab-like small GTPases (Rab-GAPs), regu-
lators of intracellular vesicle trafficking (Fig. 6B) [27].
DR-NR #1 consisted of 3315 bp nucleotides, contained
an open reading frame of 297 amino acids, and had a con-
served domain of isochorismatase, a family of hydrolase
enzymes (Fig. 6C) [28]. DR-NR #2 consisted of 3032 bp
nucleotides, and contained an open reading frame of 596
amino acids (Fig. 6D). DR-NR #2 had a conserved do-
main of Rho-GAPs, which negatively regulated Rho [29,

UR-NR#1

UR-NR#2

DR-NR#1

DR-NR#2

DR-NR#3

GAPDH

Fig. 3. Detection of mRNA of the five unknown genes in rat tissues
by reverse transcription-polymerase chain reaction (RT-PCR). Total
RNA (5 pg) from the tissues indicated was reverse-transcribed, and
the ¢DNA synthesized was amplified using a set of primers specific
for each clone. The PCR products were separated by electrophoresis
through 1% agarose gels and stained with ethidium bromide. Abbrevi-
ations are; —RT, whole kidney without reverse transcriptase; UR-NR
#1, up-regulated 5/6 nephrectomized #1; UR-NR #2, up-regulated 5/6
nephrectomized #2; DR-NR #1, down-regulated 5/6 nephrectomized
#1; DR-NR #2, down-regulated 5/6 nephrectiomized #2; DR-NR #3,
down-regulated 5/6 nephrectomized #3; GADPH, glyceraldehyde-3-
phosphate dehydrogenase.

30]. DR-NR #3 consisted of 1753 bp nucleotides, and con-
tained an openreading frame of 324 amino acids (Fig. 6E).
DR-NR #3 contained a typical NADP*-binding motif
(TGxxxGxG) and a short chain dehydrogenase active site
motif (§-Y-K) [31]. In addition, 101 amino acids of DR-
NR #3, from 89 to 189, were very similar to “hypertension-
induced rat S2 protein,” which was previously reported to
be up-regulated in spontaneously hypertensive rats [32].
The similarity was approximately 98% in the matched re-
gion, totaling 31% homology (Fig. 6E). Therefore, DR-
NR #3 would be a full length of rat S2 protein.



40 Horiba et al: Subtractive database in 5/6 nephrectomized rats

A B
& &
Q @
e A K vy O AT
. R o 2 W SRR O X\
UR-NR#1 @ - : ® o
UR-NR#2 e -

DR-NR#2 a..
e W e

DR-NE#3 &=

GAPDH d’."-ﬁpu

DR-NR#1 esemangy

Fig. 4. Detection of mRNA of the five un-
known genes in nephron segments in sham
(A} and 5/6 mephrectomized (NR} kidney
(B) 2 weeks after the operation by reverse
transcription-polymerase chain reaction (RT-
PCR) and subsequent Southern blotting.
Each PCR amplification {35 cycles) was per-
formed using a part of the reverse transcrip-
tion reaction derived from 20 glomeruli or
8 mm length of renal tubule. The cDNA syn-
thesized was amplified using sets of primers
- specific for each clone. The PCR products
were separated by electrophoresis through
1.0% agarose gels. The agarose gels were
transferred onto a nglon membrane and
hybridized with the [*2P] deoxycytidimine
triphosphate (dCTP)-labeled each ¢DNA as
probes at high stringency. Abbreviations are:
Glm, glomerulus; PCT, proximal convoluted
tubule; PST, proximal straight tubule; MAL,
L medullary thick ascending limb; CAL, cor-
tical thick ascending limb; CCD, cortical
collecting duct; OMCD, outer medullary col-
lecting duct; IMCD, inner medullary collect-
ing duct; ~RT, whole kidney without reverse
transcriptase; UR-NR #1, up-regulated 5/6
nephrectomized #1; UR-NR #2, up-regulated
5/6 nephrectomized #2; DR-NR #1, down-
regulated 5/6 nephrectomized #1; DR-NR #2,
down-regulated 5/6 nephrectomized #2; DR-
NR #3, down-regulated 5/6 nephrectomized
#3; GADPH, glyceraldehyde-3-phosphate
dehydrogenase.

Table 6. State of renal function of rats treated with cisplatin or vancomycin

Body Plasma creatinine Blood urea Creatinine clearance  Urinary excretion  Urinary excretion  Kidney
weight g mg/dL nitrogen mg/dL mL/minkg of albumin mg/day of NAG U/day weight g
Vehicle 333+ 8 0.7+00 132 32+£01 08+03 277+ 32 224101
Cisplatin 268 + 58 2.7 £03* 105 £+ 152 0.5+0.12 35108 1093 + 241* 22401
Vancomycin =~ 320+ 11 08+01 28+ 47 33+04 19+08 582 + 417 29+0.22

NAG is N-acetyl-p-D-glucosarninidase,

Rats were treated with cisplatin (6 mg/kg) intraperitonealy, vancomycin (500 mg/kg) intravenously or vehicle (saline) intravencusly. Urine and blood samples were

collected 3 days after the treatments. Data represent the mean + SEM of five rats.

*P < 0.05, significantly different from vehicle (Fisher's £ test),

DISCUSSION

Large-scale cDNA expression profiling was performed
to construct the expression profiles of 5/6 nephrectomized
and sham-operated kidney. In the 5/6 nephrectomized
kidney, the expression of growth factor-related mRNA
such as for IGF, IGFBPs, and TGF-J, which are known to

directly up-regulate cell growth was increased compared -

tothatin the sham-operated kidney (Table 1) [3,6,33,34].
It is known that compensatory hypertrophy occurs at 2
weeks after nephrectomy [2]. The increase in the expres-
sion of growth factor-related genes might correspond to
the compensatory hypertrophy. The mRNA-encoded cy-
toskeletal or membrane proteins were also increased in
the 5/6 nephrectomized kidney compared to the sham-
operated kidney. The increases of these mRNAs were
thought to be due to the process of tissue repair and hy-
pertrophy. In contrast to the above genes, the mRNA ex-
pression frequency related to transporters and cofactors
of transporters such as OCTN2 and 4F2hc, was decreased

in the 5/6 nephrectomized kidney (Table 1). Our previ-
ous reports demonstrated that the mRNA of the organic
anion and the cation transporters, OAT-K and OCT2,
was down-regulated, accompanied by a decrease in the
urinary excretion of methotrexate and cimetidine, respec-
tively, in the 5/6 nephrectomized rats [9, 10]. The decrease
in transporter-related genes shown in this study might ac-
count for the reduction of urinary excretion of various
drugs in CRF. Taken together, these changes observed in
the 5/6 nephrectomized and in the sham-operated kidney
databases could account for the physiologic state of the
residual kidneys in 5/6 nephrectomized rats.

To confirm whether the in silico subtractive database
of 5/6 nephrectomized kidney reflected the actual expres-
sion of mRNA or protein, the expression of 12 genes,
which have been considered to play significant roles in
the kidney, was examined by Northern blotting or West-
ern blotting in the 5/6 nephrectomized and in the sham-
operated kidney (Table 4). The differential expression
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Fig. 5. Northern blotting of the five unknown genes in the rats treated with cisplatin or vancomycin. Expression of up-regulated 5/6 nephrectomized
(UR-NR) #1 mRNA (A), up-regulated 5/6 nephrectomized (UR-NR) #2 mRNA (B), down-regulated 5/6 nephrectomized (DR-NR) #1 mRNA
(C), down-regulated 5/6 nephrectomized (DR-NR) #2 mRNA (D}, down-regulated 5/6 pephrectomized (DR-NR) #3 (E}), and glyceraldebyde-3-
phosphate dehydrogenase (GAPDH) mRNA (F) in vehicle, cisplatin, or vancomycin-treated rat kidneys was examined. Five micrograms of total
RNA of kidneys was hybridized with each probe under high stringency conditions. The amounts of mRNA were quantified by densitometry and
normalized to GAPDH. Each column represents the mean & SEM of four rats. * P < 0.03, significantly different from vehicle-treated rats (Fisher’s

? test).

patterns of these 12 genes between the 5/6 nephrec-
tomized and sham-operated kidney databases were
comparable with the results of Northern blotting and
Western blotting (Fig. 1). Thus, the results indicated that
the frequency shown in this subtractive database was reli-

able enough to estimate actual expression of mRNA and
protein.

Digital expression profiling has been used to analyze
gene expression on a large scale [15-18]. With this tech-
nique, cDNA was digested by the restriction enzyme
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Table 7. The orthologues of the five unknown putative proteins

Accession number of orthologues

Accession
Clone ID number Gene name of orthologues Homology Nucleotide Protein
UR-NR #1 ABI108667 Mus musculus 10 days embryo putative protein 97% AK012030 BAB27984
UR-NR #2 AB108668 Mus musculus clone MGC:11983 97% BC011420 AAH11420
DR-NR #1 AB108669 Mus musculus NNSH6H tumor-related protein mRNA 99% AY035213 AAKG64607
DR-NR #2 AB108670 Homo sapiens hypothetical protein DKFZp564B1162 82% NM_031305 NP_112595
DR-NR #3 AB108671 Homo sapiens CGI-86 protein 61% XM_055115 XP.055115

The ortholog of the five unknown deduced amino acid

GENETYX-MAC, version 10.1.
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proteins differentially expressed in the 5/6 nephrectomized kidney are listed. Homology was estimated by

Fig. 6. The deduced amino acid sequences
of the five unknown genes. (A} Up-regulated
5/6 nephrectomized (UR-NR} #1 encoded
a putative protein of 117 amino acids that
are shown in the one-letter code. (B} Up-
regulated 5/6 nephrectomized (UR-NR) #2
encoded a putative protein of 353 amino acids
that are shown in the one-letter code. The
region in bold is highly homologous with
the TBC domain. (C) Down-regulated 5/6
nephrectomized (DR-NR) #1 encoded a puta-
tive protein of 298 amino acids that are shown
in the one-letter code. The region in bold is
highly homologous with the conserved do-
main of isocholismatase. (D) Down-regulated
5/6 nephrectomized (DR-NR) #2 encoded a
putative protein of 596 amino acids that are
shown in the one-letter code. The region in
bold is highly homologous with the conserved
domain of Rho-GAPs. (E) Down-regulated
5/6 nephrectomized (DR-NR) #3 encoded a
putative protein of 324 amino acids that are
shown in the one-letter code. The sequences
of TGxxxGxG (boxed with a thick line and in
bold) indicate the NADPH binding site. The
sequences of 5-Y-K (bold region) indicate the
short chain dehydrogenase active site motif.
An alignment with rat §-2 protein is also pre-
sented. Conserved residues between two pro-
teins are boxed.
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Table 8. The conserved domains of the five unknown deduced amino
acid proteins

Accession

Clone ID Region Definition E value number
UR-NR #1? — — — —
UR-NR #2 58-294 TBC domain 6.0E-42  pfam00566
DR-NR #1 109-265 Isochorismatase 1.3E-07  pfam00857

family
DR-NR #2 1-173 RhoGAP domain 2.0E-44 pfam00620
DR-NR #3 48-294  Short chain 23E-46 pfam00106

dehydrogenase

Motifs of the five unknown putative proteins were searched against the Smart
and Pfam libraries
*There was no conserved domain in UR-NR #1.

Mbol and sequenced from the 3’ end. However, in our
study, cDNA libraries were constructed without cleaving
using Mbol, and the cDNA inserts were sequenced from
the 5’ end. In many cases the sequenced region from the
5 end is different in the same genes, because full-length
¢DNAs are not always isolated. However, the identity
of two genes in which sequenced regions are different
can be easily examined by homology search, because the
number of enrolled genes in Genbank, EMBL, or DDBI
has markedly increased recently. In this study, the genes
not identified by BLAST search were further sequenced
from the 3’ end to determine their identity. So, the se-
quence from the 5 end used in this study should be suit-
able for digital expression profiling. In a previous digital
expression profiling, about 70% of mouse renal proximal
tubule genes and renal collecting duct genes were novel
genes unidentified by homology search [17, 18]. In con-
trast, only 17% of 2048 sequenced genes were novel in
the present study (Table 1). It was reported that the non-
coding regions of the 3’ end are sometimes variant among
species or tissues {35, 36]. This might be one of the rea-
sons why there were so many novel genes not identified
by BLAST search in previous studies. Consequently, the
sequence from the 5’ end appeared to be more useful for
digital expression profiling.

Although a previous report mentioned that cleaving
c¢DNA by Mbol could normalize the cloning efficien-
cies reflecting the size or base composition of cDNA
[15], we constructed cDNA libraries without cleaving
to sequence from the 5 end. Nevertheless, this sub-
tractive database of 5/6 nephrectomized kidney well re-
flected the actual expression of mRNA or protein as
mentioned above. In addition, GAPDH mRNA, which
is abundantly and ubiquitously expressed and often used
as an internal control, appeared both in the 5/6 nephrec-
tomized and sham-operated kidney databases four and
six times, respectively (Table 4). However, abundantly
appearing GAPDH was not observed in other digital ex-
pression profiles [15, 17, 18]. Although the reason for
the difference between this study and the other stud-
ies remains unknown, the results of the present study

are thought to more reasonably reflect the actual mRNA
expression.

A subtractive analysis of 5/6 nephrectomized mouse
kidney using the cDNA-RDA technique has been re-
ported by Zhang et al [19]. Several genes up-regulated in
the 5/6 nephrectomized mouse kidney were successfully
isolated, but genes previously known to increase after
5/6 nephrectomy were not isolated in their study. In con-
trast, in our study, KIM-1 and osteopontin mRNA, which
were reported to increase upon renal injury [37-39], also
increased in the 5/6 nephrectomized kidney database
(Table 2). This subtractive database reflected previ-
ous reports on the 5/6 nephrectomized rat, and might
be useful to search for the molecular mechanisms of
CRFE

We successfully isolated five unknown genes expressed
differently between in the 5/6 nephrectomized and sham-
operated kidney by in silico subtraction (Fig. 2). The ratio
of false positive clones that failed to show their up- or
down-regulated expression was 70% (13 clones out of
18), which was much lower than that of the previous re-
ports (over 80%) in which differential display was used
[19, 40, 41]. Although all five are highly homologous to
known human or mouse genes, little information is avail-
able concerning the functions and tissue distributions of
these hypothetical genes. Their expression patterns in the
earlier phase of 5/6 nephrectomized kidney and other re-
nal failure models might be useful to speculate their roles
in such conditions as hypertrophy of kidneys, tissue re-
pair, blood pressure, and albuminuria. The precise phys-
iologic roles of these five genes could not be discussed
only from these expression data and the structure. How-
ever, it could be speculated that DR-NR #3 might serve
as a biomarker for renal tubular injury by CREF, such as
KIM-1, which is a transmembrane protein of proximal
tubule and is thought to serve as a urinary marker for
acute renal tubular injury [42]. In addition, UR-NR #2
and DR-NR #1 might be involved in the pathology in-
duced by the reduction of renal mass, because the mRNA,
expression level of these two genes was maintained in the
kidneys impaired by cisplatin or vancomycin (Fig. 5B and
C). Particularly, UR-NR #2 might be involved in the com-
pensatory hypertrophy, as it was sequentially increased
in 5/6 nephrectomized kidneys in parallel to the kidney
weights. Further physiologic or pathophysiologic studies,
including the individual variations of expression levels,
are needed to elucidate the roles of these five unknown
genes in the progressive nephropathy.

Digital databases based on random sequencing reflect
the mRNA expression profiles for relatively highly ex-
pressed genes [17, 18, 20]. Although we performed in
silico subtraction only between 5/6 nephrectomized and
sham-operated kidney databases, this methodology en-
ables us to create disease-specific gene subsets using var-
ious disease models, as well as body mapping [15, 16].
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CONCLUSION

We constructed subtractive expression databases of 5/6
nephrectomized and sham-operated kidney, which re-
fiected the actual alterations of mRNA expression caused
by subtotal nephrectomy, and was suggested to be use-
ful for analysis of the molecular mechanisms of CRE.
In addition, we successfully isclated five unknown genes
expressed differently in the 5/6 nephrectomized kidney
from insilico subtraction, two of which were up-regulated
and three down-regulated. Although these five genes
might be involved in the progression and/or restoration
of CRF, further studies are needed to elucidate their roles
in the pathogenesis of CRF.
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Abstract

Histamine H; receptor antagonist famotidine and cimetidine are commonly used for treatment of gastrointestinal ulcer diseases. Inasmuch
as these drugs are mainly secreted by renal tubules, dosages have been adjusted according to renal function. Although many studies have
been performed on the molecular mechanisms of renal handling of cimetidine, little is known about that of famotidine. In this study, to
examine the recognition and transport of fameotidine by human organic anion transporters (OATs; hOAT1, hOAT3) and human organic cation
transporter (OCT; hOCT2), the uptake studies using Xenopus laevis oocytes were performed in comparison with cimetidine. The half-
maximal inhibitory concentrations of famotidine for [*H]estrone sulfate transport by hOAT3 and [**Cltetraethylammonium transport by
hOCT2 (300 pM and 1.8 mM, respectively) were higher than those of cimetidine (53 and 67 uM, respectively). While cimetidine inhibited
p-[**Claminohippurate transport by hOAT1 in a concentration dependent manner, famotidine did not affect it at 5 mM. In addition, hOAT3
mediated famotidine uptake, but hOAT] and hOCT2 did not show fametidine transport. These results indicate that there are marked
differences between famotidine and cimetidine in the recognition and transport by organic ion transporters and that BOAT3 contributes to the
renal tubular secretion of famotidine. Present findings should be useful information to understand the renal handling of famotidine and

cimetidine,
© 2004 Elsevier B.V, All rights reserved.

Keywords: Organic anion transporter; Organic cation transporter; Famotidine; Cimetidine; Renal tubular secretion

1. Introduction

A histamine H, receptor antagonist famotidine is
commonly used in the treatment for gastrointestinal ulcer
diseases. Famotidine shows beneficial characteristics,
including stronger inhibition of gastric acid secretion, longer
acting and less interaction with P-450, compared with
another histamine H; receptor antagonist cimetidine
(Howard et al., 1985; Humphries, 1987). Pharmacokinetic
studies revealed that famotidine was mainly excreted into
the urine as an unmetabolized form (Takabatake et al., 1985;
Lin et al.,, 1988; Dowling et al., 2001). Renal clearance of
famotidine exceeded the creatinine clearance about three

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

0014-299%/§ - see front matter © 2004 Elsevier B.V. All rights reserved,
doi:10.1016/j.ejphar.2004.09.032

times in subjects with normal renal function, indicating the
efficient tubular secretion of the drug. In patients with renal
insufficiency, plasma elimination and renal clearance of
famotidine were significantly decreased (Takabatake et al.,
1985; Lin et al., 1988). To avoid the accumulation and
undesirable effects, famotidine dosage should be reduced
according to the renal functions.

In this decade, organic anion transporters (OATs) and
organic cation transporters (OCTs) in the kidney were
identified, and their characteristics have been clarified.
These transporters mediate endogenous and exogenous
substances, such as uremic toxins, diuretics, methotrexate,
antibiotics, antivirals and nonsteroidal antiinflammatory
drugs, suggesting that OATs and OCTs are responsible for
the tubular secretion of these compounds (Inui et al., 2000;
Sekine et al, 2000; Dresser et al., 2001). Recently, we
quantified mRNA levels of organic ion transporters in the
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Fig. I. Chemical structures of famotidine and cimetidine.

human kidney cortex and revealed that hOAT1 (SLC22A6),
hOAT3 (SLC22A8) and hOCT2 (SLC22A2) mRNA were
higher than other organic ion transporters (Motohashi et al,,
2002). Moreover, hOATI, hOAT3 and hOCT2 protein
localized at the basolateral membrane of the renal proximal
tubules. Accordingly, these transporters play important roles
for the renal uptake of organic compounds from the
circulation.

It has been assumed that the renal tubular secretion of
famotidine and cimetidine would be mediated by OCTs due
to their cationic property at the physiological pH (Fig. 1).
Indeed, cimetidine inhibits the renal secretion of various
organic cations (Somogyi et al., 1983; Christian et al., 1984;
van Crugten et al., 1986) and Urakami et al. (2001, 2002)
indicated that rat and human organic cation transporters
rOCT1, rOCT2 and hOCT?2 transported cimetidine. How-
ever, in addition to hQCT2, hOAT1, hOAT3 and rOAT3
were shown to transport the cimetidine. (Kusuhara et al.,
1999; Cha et al,, 2001; Burckhardt et al., 2003). Therefore,
it was supposed that these three transporters were concerned
with renal secretion of cimetidine. While famotidine is more
frequently used than cimetidine because of it beneficial
characteristics, adverse effects associated with famotidine,
such as thrombocytopenia (Wade et al,, 2002) or central
nerve system reaction (Yoshimoto et al., 1994), have been
reported. Although dosage should be adjusted according to
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renal function, molecular mechanisms of renal secretion of
famotidine have not been investigated in contrast to
cimetidine. To understand the renal handling of famotidine,
it should be examined whether hOATs or hOCTs recognize
and transport famotidine.

The purpose of the present study is to clarify the
recognition and transport properties of famotidine by
hOAT]I, hOAT3 and hOCT2 in comparison with cimetidine.
We performed transport experiments of famotidine and
cimetidine using Xenopus laevis oocytes expressing these
organic ion transporters.

2. Materials and methods
2.1, Materials

p-IGlycyl-"*Claminchippurate (PAH; 1.9 GBg/mmol),
[1-'*C]tetracthylammonium bromide (TEA; 88.8 MBg/
mmol) and [6,7-*H(N)Jestrone sulfate were obtained from
Perkin-Elmer Life Science Products (Boston, MA, USA).
Famotidine and cimetidine were purchased from Wako Pure
Chemical Industries (Osaka, Japan) and Nacalai Tesque
(Kyoto, Japan), respectively. Unlabeled PAH and estrone 3-
sulfate were from Sigma (St. Louis, MO, USA). 1-Methyl-
4-phenylpyridinium {MPP) was from Research Bioche-
micals International (Natick, MA, USA). All other chem-
icals used were of the highest purity available.

2.2. Transport experiments using X. laevis oocytes express-
ing hOAT1, hOAT3 and hOCT2

Functional analyses of the organic ion transporters using
X. laevis oocytes were carried out according to our previous
report (Uwai et al,, 2000). Briefly, the capped cRNA was
transcribed from Xbal-linearized pSPORT! containing
hOAT1, hOAT3 or hOCT2 ¢DNA with T7 RNA polyme-
rase. After the injection of 50 nl of water or the cRNA (25
ng) into oocytes, the oocytes were maintained in modified
Barth’s medium (88 mM NaCl, 1 mM KC], 033 mM
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Fig. 2. Inhibitory effects of famotidine and cimetidine on organic ion uptzke by hQAT] (A)-, hOAT3 (B)- and hOCT?2 {C)-expressing oocytes. hOAT1-,
hOAT3- or hOCT2-expressing oocytes were incubated with 25 M [*CJPAH, 18.87 aM [*H]estrone sulfate or 36 pM ["CITEA, respectively, in the absence
(control) or presence of famotidine (®) or cimetidine (O) at various concentrations for 1 h. Each point represents the mean+S.EM. of 7 to 10 aocytes.
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Fig. 3. Uptake of famotidine by hOAT3-expressing cocytes. Water-injected
or hOAT3-expressing cocytes were incubated with 1 mM famotidine in the
absence (open column) or presence {dotted column) of 1 mM estrone
sulfate for 2 h. Each column represents the mean+ 3. EM. of five to eight
measurements. Four cocytes were used for each uptake measurement,
*p<().05, significantly different from the other three columns,

Ca(NOy)s, 0.4 mM CaCly, 0.8 mM MgS0,, 2.4 mM
NaHCO; and 10 mM HEPES; pH7.4) with 50 pg/ml of
gentamicin at 18 °C for 3 days. The uptake reaction of
[“CJPAH, [*H]estrone sulfate or ['*CJTEA was initiated in
a 24-well plate by incubating the oocytes in 500 pl of uptake
buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl;, 1 mM
MgCl; and 5 mM HEPES; pH7.4) in the absence or

presence of each histamine H; receptor antagonist for 1 h at

25 °C. After washing the oocytes with 2 ml of ice-cold
uptake buffer five times, each oocyte was transferred to a
scintillation vial and dissolved in 300 pl of 10% sodium
lauryl sulfate, The inhibitory effects of famotidine and
cimetidine were evaluated by measuring the radioactivity of
each solubilized cocyte in 3 m! of Aqueous Counting
Scintillant (ACS) 1T (Amersham International, Buckingham-
shire, UK). Uptake experiments of famotidine and cimeti-
dine were performed by incubating oocytes in 100 pl of the
uptake buffer with or without each transporter’s specific
inthibitor for 2 h at 25 °C in a 1.5-ml tube. After the
incubation, the oocytes were washed with 1.5 ml of ice-cold
uptake buffer three times. Two hundred microliters of
extraction solution (30 mM phosphate buffer [pH7.0] in
methanol at 1:1) was added into the tubes and sonicated.
The homogenate was centrifuged at 14,000 rpm for 20 min,
and the supernatant was filtrated through a Millipore filter
(SIGVL; 0.45 pM). Famotidine and cimetidine taken up by
oocytes were determined by high-performance liquid
chromatography.

2.3. Quantiﬁcaiion of famotidine and cimetidine by high-
performance liquid chromatography

High-performance liquid chromatograph LC-10AS (Shi-
madzu, Kyoto, Japan} equipped with a UV spectrophoto-
metric detector (SPD-10AV; Shimadzu) and an integrator
{Chromatopac C-R1A; Shimadzu) was used for the mea-
surement of famotidine and cimetidine under the following
conditions: column, TSK-gel ODS 80TM with 4.6-mm

inside diameter and 150-mm length (Tosoh, Tokyo, Japan);
mobile phase, 30 mM phosphate buffer (pH7.0) in methanol
at 82:18 for famotidine and 70:30 for cimetidine; flow rate,
0.8 ml/min; wavelength, 266 nm for famotidine and 235 nm
for cimetidine; and temperature, 40 °C. The detection limit
was 0.2 puM for famotidine and 0.1 pM for cimetidine.

2.4. Statistical analysis

Statistical analysis was performed by the one-way
analysis of variance followed by Scheffe’s test.

3. Results

3.1. Inhibitory effects of famotidine and cimetidine on
hOATI, hOAT3 and hOCT2

To assess whether famotidine interacts with hOATI,
hOAT3 and hQCT2, we examined its inhibitory effects on
organic ion transporters (Fig. 2). Famotidine at 5 mM
completely inhibited [*H]estrone sulfate transport by
hOAT3 and ['*C]TEA transport by hOCT2 but did not
affect ["*CJPAH uptake by hOATI1. To compare the
inhibitory petencies of famotidine for the transport activity
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Fig. 4. Uptake of famotidine (A) and cimetidine (B) by hOAT1-expressing
oocytes. Water-injected or hOAT 1-expressing cocytes were incubated with
famotidine or cimetidine at 2 mM in the absence (open column) or presence
(dotted column) of 1| mM PAH for 2 h. Each column represents the
mean*S.E.M. of five to eight measurements. Four cocytes were used for
each uptake measurement. *P<0.05, significantly different from the other
three columns.
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of hOAT3 and hOCT2 with those of cimetidine, half-
maximal inhibitory concentrations (ICso)} were estimated.
As shown in Fig. 2B and C, the apparent ICs, values of
famotidine were estimated to be 300 uM for hOAT3 and 1.8
mM for hOCT2. On the other hand, the apparent ICsg values
of cimetidine were 53 and 67 uM for hOAT3 and hOCT2,
respectively (Fig. 2B and C). In contrast to famotidine,
cimetidine inhibited the transport of [*CIJPAH by hOAT1 in
a concentration-dependent manner (Fig. 2A). The estimated
1Csq values of famotidine for these three transporters were
higher than those of cimetidine.

3.2. Transport of famotidine and cimetidine by hOATI,
hOAT3 and hOCT2

Famotidine transport by hOAT1, hOAT3 or hOCT2 was
examined using Xenopus oocyte expression system. As
shown in Fig. 3, famotidine uptake into the hOAT3-
expressing oocytes significantly exceeded that into water-
injected oocytes. Estrone sulfate completely inhibited the
famotidine uptake to the level of water-injected oocytes.
These findings indicate that famotidine is a substrate for
hOATS3. In contrast to hOAT3, famotidine uptake values by
hOAT1- and hOCT2-expressing oocytes were not different
from those by water-injected oocytes (Figs. 4A and 5A). In
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Fig. 5. Uptake of famotidine (A) and cimetidine (B) by hOCT2-expressing
oocytes. Water-injected or hOCT2-exptessing oocytes were incubated with
famotidine or cimetidine at 1 mM in the absence {(open column) or presence
(dotted column) of 5 mM MPP for 2 h. Each column represents the
mean+S.E.M. of five to eight measurements. Four oocytes were used for
each uptake measurement. *P<0.05, significantly different from the other
three columns.
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Fig. 6. Dixon plot for inhibitory effects of famotidine on [*H]estrone sulfate
uptake by hOAT3-expressing oocytes. hOAT3-expressing oocytes were
incubated with [*Hlestrone sulfate (20 oM, O; 40 nM, @; 80 nM, m) with
famotidine at the indicated concentrations for 1 h. The levels of [*H]estrone
sulfate uptake was determined, and figures were drawn after subtraction of
the uptake in water-injected oocytes from that in hOAT3 cRNA-injected
oocytes. Values are represented as l/uptake. Each point represents the
mean+S.EM. of 7 to 10 cocytes.

addition, we evaluated the cimetidine uptake by hOAT1 and
hOCT?2 to compare with famotidine. As shown in Figs. 4B
and 5B, injection of hOAT] and hOCT2 cRNA in oocytes
stimulated the cimetidine uptake. PAH or MPP reduced the
cimetidine accurmulation in hOAT1- or hOCT2-expressing
oocytes to those of water-injected control, respectively.

We performed Dixon plot analysis to determine the
inhibitory mode of famotidine on the hOAT3 mediated
estrone sulfate uptake, and the results were shown in Fig. 6.
Famotidne inhibited competitively, and apparent Ki value
was estimated to be 179+24 uM.

4. Discussion

In this study, we examined whether basolateral organic
ion transporters such as hOAT1, hOAT3 and hOCT2
recognized famotidine as substrate in comparison with
cimetidine. It was shown that there were marked differences
between famotidine and cimetidine in the recognition and
transport properties by renal organic ion transporters.

It was indicated that efficient tubular secretion con-
tributed to renal excretion of famotidine and cimetidine in
subjects with normal renal function. Inasmuch as these
drugs are weak bases, it has been speculated that renal
secretion of famotidine and cimetidine are mediated by
the organic cation transporter. In the case of cimetidine,
Urakami et al. (2001, 2002) demonstrated that the
cimetidine was transported by rOCT2 and hOCT2, and
similar results were obtained in this study (Fig. 5B).
Furthermore, in 5/6 nephrectomized rats, renal clearance
of cimetidine showed a significant correlation with rOCT2
expression levels in the kidney (Ji et al., 2002). Therefore,
hOCT2 may contribute to the renal secretion of cimeti-
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dine. Unexpectedly, hOCT2 did not show any famotidine
transport (Fig. 5A). Due to the detection limit of HPLC
analysis, the uptake experiments were performed at 1
mM. It is possible that saturation of the transporter make
it difficult to detect the transport of famotidine by hOCT2,
However, as expected and as opposed to famotidine,
cimetidine transport by hOCT2 was detected. Amdt et al.
{2001) reported that some organic cations, such as quinine
and tetrapentylammonium, inhibited rOCT2 but that these
compounds seemed to be not translocated via rOCT2.
Therefore, it is likely that famotidine inhibits hOCT2 but
is hardly transported by hOCT2 differently from cimeti-
dine. Recently, Lee et al. (2002) reported that famotidine
was not transported by the TEA-sensitive organic cation
transport systems across the basolateral membrane in
LLC-PK,; cells. Inasmuch as LLC-PK, cells retain baso-
lateral organic cation transporter of the kidney (Saito et
al., 1992), the report of Lee et al. (2002) is consistent
with our results, These data suggest that hOCT2 is
involved in the besolateral transport of cimetidine but
not of famotidine in the human kidney.

Recently, cimetidine was reported to be a substrate for
hOAT1 and hOATS3 in addition to hOCT2 (Cha et al., 2001;
Burckhardt et al, 2003), and our present results are
consistent with these reports. Gisclon et al. (1989) reported
that probenecid, a classic inhibitor of organic anion,
decreased the renal clearance of cimetidine. It was implied
that organic anion transporters were concerned with renal
secretion of cimetidine. However, in the report of Gisclon et
al. (1989), interaction between cimetidine and probenecid
was transient and slight. Although further studies are needed
to calculate the contribution of hQATs for cimetidine
excretion, it is speculated that organic anion transporters
play minor roles for renal secretion of cimetidine. On the
other hand, Inotsume et al, (1990) reported that probenecid
had a pronounced effect on renal tubular secretion of
famotidine. The tubular secretory clearance of famotidine
was decreased to one-tenth by coadministration of probe-
necid. As probenecid is well known as a potent inhibitor for
hQAT3, their report is consistent with our present results
that hOAT3, but not hOCT2, mediated famotidine uptake.
Therefore, it is suggested that hOCT2 plays one of the
tmportant roles for renal uptake of cimetidine and hOAT3
for famotidine uptake, respectively.

Dowling et al. (2001) showed that tubular secretion of
famotidine in human was not saturated at its unbound
plasma concentrations up to about 10 uM. In the present
study, the estimated Ki value of famotidine for hOAT3 was
179 uM (Fig. 6), suggesting that the famotidine transport by
hQAT3 was not saturated at the therapeutic levels. Boom et
al. (1996) reported that the apparent Michaelis~-Menten
constant {X1) for tubular secretion of famotidine in vivo was
76 uM using the beagle dog. The K1 value in the report of
Boom et al. is lower than the Ki value of famotidine for
hOAT3 (179 uM) in this study. At present, it is difficult to
discuss the difference between the X1 value of Boom et al.

and our Ki value because of various factors such as species
difference and experimental conditions.

It is well known that cimetidine reduces the renal
secretion of procainamide (Somogyi et al., 1983), although
famotidine had no effect on the pharmacokinetics of
procainamide (Klotz et al., 1985). In this study, we assessed
the inhibitory potency of cimetidine on hOCT2, the
candidate responsible for the renal uptake of procainamide.
The ICsy of the cimetidine for hOCT2 was around its
therapeutic plasma concentration. Therefore, cimetidine
may block the hOCT2 transport activity in vivo. On the
other hand, the inhibitory potency of famotidine for hOCT2
was weaker than that of cimetidine, and the clinical plasma
levels of famotidine (0.15+0.06 pM; Yoshimoto et al,
1994) were extremely lower than the 1Csy for hOCT2.
Therefore, famotidine cannot inhibit ROCT?2 transport in the
kidney at the therapeutic dose. In this study, the ICs; of
famotidine for hOAT3 was also much higher than the
clinical plasma concentration, and famotidine did not
interact with hOAT1. Differently from cimetidine, famoti-
dine is not likely to inhibit the tubular secretion of other
drugs via these organic ion transporters, hOAT1, hQOAT3
and hQCT2.

Several reports represented that pharmacokinetics of
famotidine was related with renal function (Takabatake et
al., 1985; Lin et al., 1988). Dosage adjustment of famotidine

. is necessary for the patients with renal insufficiency. In our

previous studies, expression levels of renal drug transporters
were altered in the impaired kidney. The expression level of
rOCT2 was decreased in the 5/6 nephrectomized rats, but
those of rOAT1, rOAT3 and rOCT1 were not influenced (Ji
et al,, 2002). Hyperuricemic rats represented the down-
regulation of rOAT1, rOAT3 and rOCT2 but not of rOCTI
{Habu et al,, 2003). Recently, we reported the alteration of
organic jon transporters in the kidney of renal disease
patients (Sakurai et al., 2004). In that report, elimination rate
of cefazolin, which is substrate for hOAT?3, was correlated
with hOAT3 mRNA level, suggesting that the expression
levels of renal drug transporter affect urinary drug excretion.
It is interesting whether renal excretion of famotidine is
affected by hOAT3 expression level in the patients with
renal insufficiency.

In conclusion, this study represented the differences
between famotidine and cimetidine in the interaction with
human renal organic ion transporters, hOAT1, hOAT3 and
hOCT2, and suggested that hOAT3 contributed to the renal
tubular secretion of famotidine. Theses findings could be
useful information to understand the renal handling of
famotidine and to make optimum dosage regimens of the
histamine H, receptor antagonists.
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Purpose. Metformin, an antihyperglycemic agent, is eliminated by tubular secretion in addition to
glomerular filtration in the human kidney. This study was performed to characterize metformin trans-
port by human organic cation transporter 2 (nOCT2), the most abundant organic cation transporter in
the basolateral membranes of the human kidney.

Methods. Accumulation of [*C]metformin was assessed by the tracer experiments in the human em-
bryonic kidney (HEK293) cells expressing hOCT2.

Resulis. The transport of [**C]metformin was markedly stimulated in hGCT2-expressing cells compared
with the vector-transfected cells. The accumulation of ['*C]metformin was concentrative and was de-
pendent on the membrane potential, showing consistency with the characteristics of hOCT2. The ap-
parent K, and V., values of ["*C]metformin transport by hOCT2-expressing HEK293 cells were
1.38 = 0.21 mM and 11.9 + 1.5 nmol mg protein™! min~!, respectively. The order of the potencies of
unlabeled biguanides to inhibit [*C]metformin transport by hOCT2 was phenformin > buformin >
metformin. Furthermore, ['*C]metformin transport was inhibited slightly or moderately by cationic
drugs such as procainamide and quinidine at respective therapeutic concentrations.

Conclusions. Metformin is transported by the basolateral organic cation transporter hOCT2 in the
human kidney. hO'CT2 could play a role in the drug interactions between metformin and some cationic
drugs.

KEY WORDS: hQCT?2; human kidney; metformin; organic cation transporter; renal tubular secretion.

INTRODUCTION

Biguanide agents have been used for the treatment of
type 2 diabetes mellitus since the late 1950s. These drugs are
useful in primary therapy for type 2 diabetes mellitus with
obesity or hyperlipidemia and can also be used for add-on
therapy in patients with diabetes uncontrolled by sulfonyl-
ureas and diet (1-2). The mechanisms of the pharmacological
action of metformin involve the decreased hepatic glucose
production without an effect on the release of insulin and the
increased glycogenesis and lactate production. The most life-
threatening adverse effect of biguanides is lactic acidosis, be-
cause there is a risk of overproduction of lactate through
inhibition of mitochondrial respiration and increased anaero-
bic glycolysis {1). A risk of decreased use of lactate through
inhibition of gluconeogenesis by biguanides has been also
documented (1). Although phenformin was removed from
the market because of its association with lactic acidosis, the
relative risk is much Jower for metformin than for phenfor-
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min. Moreover, the risk of lactic acidosis caused by metformin
is less than the risk of severe hypoglycemia induced by sulfo-
nylurea drugs (3).

Metformin is mainly excreted into urine, almost entirely
in an unchanged form. The renal clearance of metformin
(440454 ml/min) is much higher than the glomerular filtra-
tion rate in humans (4-5), suggesting a significant contribu-
tion of tubular secretion in addition to glomerular filtration.
As biguanides consist of two molecules of guanidine linked
together by the removal of an ammonia group, they are pro-
tonated at physiologic pH. Organic cation transporters have
been suggested to mediate tubular secretion of metformin
(6-7); however, the molecular mechanisms underlying the re-
nal tubular secretion of biguanides have not been clarified.

Organic cation trangporters in the kidney, liver, intestine,
brain, and placenta play essential physiologic and pharmaco-
logical roles in the handling of cationic drugs and endogenous
organic ions. Human organic cation transporter 1 (hOCT1) is
expressed primarily in the liver (8-9) and is likely responsible
for the hepatic uptake of various cationic drugs. In contrast to
hOCT]1, we demonstrated that human organic cation trans-
porter 2 (hOCT2) is the most abundant organic cation trans-
porter in the basolateral membranes of human kidney (10).
Moreover, hOCT2 as well as its orthologue in the rat
(rOCT2) were localized at the basolateral membranes of re-
nal proximal tubules and were suggested to contribute to the
secretion of organic cations, such as tetraethylammonium,

0724-8741/05/0200-0255/0 © 2005 Springer Science+Business Media, Inc.
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1-methyl-4-phenylpyridinium, cimetidine, and guanidine (10~
13). Recently, rat (r) OCT1 as well as mouse (m) OCT1 was
revealed to transport biguanides (14,15). It was also demon-
strated that tissue distribution of metformin was decreased in
the liver, duodenum, jejunum, ileum, but not in the kidney
and colon, in the mOCT1 gene-knockout mice. Moreover,
Dresser et al. (16) reported that metformin and phenformin
induced currents and trans-stimulated [*H]1-methyl-4-
phenylpyridinium uptake in Xenopus oocytes expressing
hQOCT1 and hOCT2. However, information has been limited
regarding the characteristics of metformin transport by
hOCT2 and hOCTI2-mediated drug interactions between met-
formin and concomitantly administered drugs. In the current
study, we characterized the transport of [**C]metformin using
human embryonic kidney (HEK293) cells stably expressing
hOCT2. We also assessed drug interactions between
[**Clmetformin and various cationic drugs.

MATERIALS AND METHODS

Materials

[Biguanidine-**C)metformin hydrochloride (26 mCi/
mmol) was purchased from Moravek Biochemicals, Inc.
(Brea, CA, USA). [Ethyl-1-**C]tetraethylammonium bro-
mide (55 mCi/mmol) was purchased from American Radio-
labeled Chemicals (St. Louis, MO, USA). Metformin, phen-
formin, and 1-methyl-4-phenylpyridinium iodide were ob-
tained from Sigma-Aldrich Co. (St. Louis, MO, USA).
Buformin was purchased from Wako Pure Chemicals (Osaka,
Japan). Tetraethylammonium bromide and cimetidine were
obtained from Nacalai Tesque Inc. (Kyoto, Japan). All other
compounds used were of the highest purity available.

Cell Culture and Transfection

To construct the transfectant stably expressing hOCT2,
HEK 293 cells (ATCC CRL-1573, American Type Culture
Collection, Manassas, VA, USA), a transformed cell line
derived from human embryonic kidney, were transfected
with 0.8 pg of total plasmid DNA (pCMV-XL4:pBK-CMV
vector = 2:1) per well. At 24 h after transfection, the cells
split between 1:15 and 1:30 were cultured in complete me-
dium consisting of Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum in an atmosphere of 5% CO,/95% air
at 37°C containing G418 (0.5 mg/m!) (Wako Pure Chemical
Industries, Osaka, Japan). Then, 14 to 21 days after transfec-
tion, single colonies were selected. G418-resistant colonies
were analyzed by RT-PCR for expression of hOCT2 mRNA
{17).

For uptake experiments, the cells were seeded onto poly-
Dp-lysine—coated 24-well plates at a density of 2.0 x 10° cells
per well. The cell monolayers were used at day 3 of culture for
uptake experiments. In this study, HEK293 cells between pas-
sages 70 and 83 were used.

Uptake Experiments

Cellular uptake of cationic compounds was measured
with monolayer cultures of HEK293 cells grown on poly-p-
lysine-coated 24-well plates (17). The incubation medium for
uptake experiments contained 145 mM NaCl, 3 mM K(J, 1
mM CaCl,, 0.5 mM MgClL,, 5 mM p-glucose, and 5 mM
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HEPES (pH 7.4). The composition of the high K* incubation
medium was 3 mM NaCl, 145 mM KCl, 1 mM CaCl,, 0.5 mM
MgCl,, 5 mM p-glucose, and 5 mM HEPES {pH 7.4). When
indicated, 9.2 mM BaCl, was added to the incubation me-
dium. The pH of the medium was adjusted with NaOH or
HCI. The cells were preincubated with 0.2 ml of incubation
medium for 10 min at 37°C. The medium was then removed,
and 0.2 ml of incubation medium containing [**C]metformin
or [*Cltetracthylammonium was added. The medium was
aspirated off at the end of the incubation, and the monclayers
were rapidly rinsed twice with 1 ml of ice-cold incubation
medium. The cells were solubilized in 0.5 ml of 0.5 N NaOH,
and then the radioactivity in aliquots was determined by lig-
uid scintillation counting. The protein content of the sofubi-
lized cells was determined by the method of Bradford (18),
using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Hercules, CA, USA) with bovine y-globulin as a standard.
The concentration dependence of metformin transport by
hQOCT2 was analyzed using the Michaelis-Menten equation;
V = Voo [SHK + [S]) + Ky - [S], where V is the transport
rate, V.. is the maximum transport rate, [$] is the concen-
tration of metformin, K, is the Michaelis constant, and K is
a diffusion constant. For the cis-inhibition study, the uptake
of [*C]metformin was achieved by adding various concentra-
tions of unlabeled inhibitors to the incubation medium. The
ICs, values were calculated from the inhibition plots based on
the equation, V = Vy/fl + (/ICs)"] by nonlinear least
square regression analysis with Kaleidagraph Version 3.5
(Synergy Software, Reading, PA, USA) (12). V and V, are
the uptake rates of [**C)metformin in the presence and ab-
sence of inhibitor, respectively. I is the concentration of in-
hibitor, and n is the Hill coefficient.

Stafistical Analyses

Data were analyzed statistically by one-way analysis of
variance followed by Dunnett’s test. p values of less than 0.05
were considered to be significant.

RESULTS

Concentration Dependence of [**C1Metformin Transport
by hOCT2

To examine whether metformin is transperted by
hOCT2, we evaluated the uptake of [Y*C]metformin by
HEK293 cells stably expressing hOCT2. Figure 1 illustrates
the time-course of [1*C]metformin uptake by HEK 293 cells
transfected with hOCT2 and empty vector (Fig. 1). The up-
take of [**C]metformin increased time-dependently, and was
linear for up to 2 min. Figure 2 shows the concentration de-
pendence of [M*C]metformin uptake by hOCT2-expressing
cells. The uptake of [**C]metformin by these cells was satu-
rated at high concentrations. The apparent Michaelis-Menten
constant (K,,) value of [**C]metformin uptake by hOCT2-
transfected cells, estimated by subtracting the nonsaturable
component of [*C]metformin transport in the presence of
1-methyl-4-phenylpyridinium (5 mM) was 1.38 + 0.21 mM.
The maximal uptake rate (V,,,,) value of the [**C]metformin
uptake by hOCT2-transfected cells was 11.9 = 1.5 nmol mg
protein™' min~* (mean + SE of three separate experiments
using three monolayers).
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Fig. 1. Time course of ['*C)metformin uptake by HEK293 cells stably
expressing hOCT2. HEK 293 cells transfected with hOCT2 (@) or
pCMV6-XL4 vector (O) were incubated for the specified periods (1,
2,5, and 15 min} at 37°C with 0.2 m! of 18 pM [“*C]metformin (pH
7.4). Each point represents the mean * SE of three monolayers from
a typical experiment.

Effect of Membrane Potential on the Transport of _
[*CIMetformin and [**C]Tetraethylammonium by hOCT2

Next, we examined the effect of membrane potential on
the accumulation of [**Clmetformin and [**C]tetracthylam-
monium in HEK293 cells expressing hOCT2 (Fig. 3). The
accumulation of [**C]metformin in hOCT2-expressing cells
decreased in the presence of high K* (145 mM) medium (Fig.
3A) similarly as observed for [**CJtetracthylammonium (Fig.
3B). Furthermore, the accumulation of [**C]metformin and
['“Cltetraethylammonium via hOCT2 decreased in the pres-
ence of BaZ* (9.2 mM), a nonselective blocker of K* channels.
The mean percent of control values + SE of [**C]metformin
accumulation cbtained from three separate experiments using
three monolayers were 24.8 + 2.8% and 59.0 = 9.9% for high
K* and Ba®* media, respectively (p < 0.01 vs. control). The
values + SE of [*CJtetraethylammonium accumulation were
178 = 2.7% and 39.7  9.6% for high K* and Ba®* media,
respectively (p < 0.01 vs. control).

Inhibition of hOCT2-Mediated Transport of
[**C]Metformin by Cationic Drugs

To assess the potencies of cationic drugs to cause drug-
interactions with hOCT2-mediated metformin transport, we
examined the inhibitory effects of several cationic compounds
on the uptake of [*Cjmetformin by the hOCT2-expressing
cells (Fig. 4). Then, we calculated the IC,, values of cationic
compounds from the inhibition plots as described in “Mate-
rials and Methods.” Tetraethylammonium (a typical substrate
for the renal organic cation transporter), 1-methyl-4-
phenylpyridinium (a cationic neurotoxin), procainamide and
quinidine (antiarrthythmic drugs), trimethoprim (an antibiot-
ic), and cimetidine and ranitidine (H, receptor antagonists)
inhibited the uptake of [1*C]metformin by hQCT2-expressing
cells in a dose-dependent manner. As summarized in Table I,
1-methyl-4-phenylpyridinium showed the most potent inhibi-
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Fig. 2. Concentration dependence of ['*C]metformin transport by
hOCT2. hOCT2 transfectants were incubated at 37°C for 2 min with
various concentrations of ["C]metformin (100, 250, 500, 750, 1000,
2500, and 5000 pM) in the absence (QO) or presence (@) of 5 mM
1-methyl-4-phenylpyridinium (pH 7.4). Each point represents the
mean + SE of three monolayers from a typical experiment. Inset:
Eadie-Hofstee plots of metformin uptake after correction for non-
saturable components. V, uptake rate (nmol mg protein™ min™); S,
metformin concentration (mM).

tory effect, whereas procainamide and cimetidine had mod-
erate inhibitory effects on the transport of metformin by
hOCT2. Furthermore, biguanides inhibited the transport of
[**C]metformin by hOCT2 in the following order: phenfor-
min > buformin > metformin.

DISCUSSION

In the current study, we characterized ["*C]metformin
transport using hOCT2-expressing HEK293 cells, and as-
sessed drug interactions between metformin and cationic
drugs using [*“C]metformin as a tracer. [**C]metformin up-
take was markedly enhanced in HEK293 cells stably trans-
fected with hQCT2 (Fig. 1). The uptake of [**C]metformin
was dependent on membrane potential (Fig. 3), being consis-
tent with the functional characteristics of OCT2 (13,19). To
our knowledge, this is the first demonstration showing direct
evidence of metformin transport by hOCT2. Considering that
hOCT2 is the dominant organic cation transporter expressed
in the basolateral membranes of the human renal cortex (10),
hOCT?2 should play a relevant role in the transport of met-
formin across basolateral membranes in the human kidney.

The accumulation of ['*C]metformin in hOCT2-
expressing cells was saturated at high concentrations (Fig. 2).
Although the driving force of both compounds by hOCT2
seems to be common, that is, the membrane potential (Fig, 3),
the apparent affinity of metformin to hOCT2 (K, = 1.38
mM) was much lower than that of tetracthylammonium
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Fig. 3. Effect of membrane potential on ["*C]metformin (A) and
[**Cltetraethylammonium (B) transport by hQCT2. The cells trans-
fected with hOCT2 were incubated with respective buffers at 37°C for
2 min with 10 uM ["*C]metformin (A} or 5 pM ["*C]tetracthylarn-
monium (B) (pH 7.4). Each column represents the mean = SE of
three monolayers from a typical experiment.

(K, = 431 uM) (13). Because the maximum plasma concen-
tration of metformin was reported to be 9-12 pM after a
single oral administration of metformin HCI (850 mg) in pa-
tients with type 2 diabetes mellitus (20-22) and up to 15 uM
and 25 pM in healthy elderly patients and patients with mod-
erate chronic renal impairment, respectively (23), the trans-
port of metformin by hOCT2 should not saturate at thera-
peutic concentrations. Moreover, these results seem to be
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Fig. 4. Effects of cationic compounds on [**C]metformin transport by
hOCT2. HEK 293 cells transfected with hOCT2 were incubated at
37°C for 2 min with 10 pM [**C]metformin (pH 7.4) in the presence
of {(A) 1-methyl-4-phenylpyridinium (MPP, @) or tetrasthylammoni-
um {TEA, A); (B) trimethoprim (@), procainamide (A), or quinidine
{A); (C) cimetidine (®) or ranitidine (A); (D) metformin (@), bu-
formin (A), or phenformin (A). Each point represents the mean + SE
of three to six separate experiments using three monolayers.

Table I. The Apparent IC;, Values of Various Cationic Compounds

Kimura, Okuda, and Inui

for ["*C]Metformin Uptake by hOCT2

Apparent ICs, values for

Compounds [**C]metformin uptake (LM)
MPP 299+1.15
Quinidine 17457
Phenformin 5531125
Trimethoprim 60.0 + 19.0
TEA 66.6 +23
Cimetidine 726+11.4
Ranitidine 746 +32.2
Procainamide 798+75
Buformin 203+ 63
Metformin 1840 + 370

See experimental conditions in the legend of Fig. 4. The apparent
1Cs; values were calculated from inhibition plots (Fig. 4) by nonlinear
regression analysis as described in “Materials and Methods.” The
deta represent the mean + SE of three to six separate experiments
using three monolayers. MPP, 1-methyl-4-phenylpyridinium; TEA,
tetraethylammonium.

comparable with the reports by Sambol et al (20) that renal
clearance of metformin was not changed by single dosings
between 850 mg and 2550 mg, respectively.

In the current study, we demonstrated the inhibition of
hOCT2-mediated [**C]metformin transport by various cat-
ionic drugs, and then calculated respective ICs, values
(Fig. 4 and Table I). Of the organic cations tested, quinidine
or procainamide inhibited [**C]metformin transport with ICs,
values of 17.4 pM and 798 uM, respectively, which were
comparable to the plasma concentrations of these drugs.
It is reported that the plasma concentration of N-acetyl-
procainamide, a major metabolite of procainamide, also in-
hibit renal organic cation transporters (24). Moreover, the
plasma procainamide concentration was elevated, when the
drug was administered concomitantly with cimetidine (25).
Therefore, we consider that concomitant administration of
quinidine or procainamide with metformin should decrease
the tubular secretion of metformin by interrupting hOCT2.

Somogyi et al. (7) reported the presence of drug interac-
tions between metformin and cimetidine, where renal clear-
ance of metformin was reduced by cimetidine, while cimeti-
dine disposition was not altered by concomitantly adminis-
tered metformin. According to the fact that apparent K, value
of metformin transport by hOCT2 was about 10-fold larger
than that of cimetidine (K, = 145 pM, unpublished obser-
vation), it seems to be reasonable that renal disposition of
metformin, but not of cimetidine, was decreased by the drug
interaction between these drugs. Dresser et al. (16) reported
that 1Cs; value of metformin on hOCT2-mediated [*H]cimeti-
dine transport was 1700 xM. Because the value was approxi-
mately 100-fold higher than the therapeutic concentration of
metformin, we consider that their resulis may indicate the un-
changed disposition of cimetidine by concomitant administra-
tion of metformin, which was observed by Somogyi et al. (7).

The transport of [*C]metformin was inhibited dose-
dependently by cimetidine. This phenomenon apparently
seems to be comparable to the observation by Somogyi ef al.
(7} that cimetidine inhibited the tubular secretion of metfor-
min, and thereby increased its plasma concentration, The 1Cs,
value of cimetidine for metformin transport (72.6 & 11.4 pM)
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was moderately higher than the plasma concentration of ci-
metidine, i.e., a single oral dose of 200 mg of cimetidine to the
patients with normal renal function gave C,,,, values of be-
tween 2.3 pM and 6.8 M (26). These data suggest that con-
tribution of hOCT2 in the drug interaction between metfor-
min and cimetidine would be minimum. However, it is known
that systemic clearance of cimetidine decreases in the patients
with renal dysfunction (27) and in the elderly (28), and
thereby increases plasma concentrations of cimetidine.
Therefore, the role of hOCT2 in the drug interactions be-
tween metformin and cimetidine could be relatively large in
the patients with decreased renal function.

In the current study, the order of the potencies of bigua-
nides to inhibit [**C]metformin transport was phenformin >
buformin > metformin. Dresser er al. (16) also demonstrated
that the potency of phenformin to inhibit [*H]cimetidine
transport by hOCT2 was higher than that of metformin, sug-
gesting consistency with the data in the present study. Inter-
estingly, Wang et al. (14,15) also reported the order of affinity
of biguanides to the rOCT1 was phenformin > buformin >
metformin, suggesting similar substrate spectrum between
OCT1 and OCT2. This phenomenon seems to be reasonable,
because substrate spectrums were similar between OCT1 and
OCT2 as demonstrated by us (11,12). Because the informa-
tion regarding the relationship between plasma concentration
of biguanides and blood lactose levels is limited (21), the role
of hOCT?2 in the biguanides-induced lactic acidosis should be
clarified in subsequent studies.

In conclusion, hQCT?2 is involved in the basolateral
membrane transport of metformin in the human kidney.
hOCT?2 could also play a relevant role in the drug interaction
between metformin and some cationic drugs.
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