(Brea, CA). 3,5,3'-L-triiodothyronine (T3) was purchased
from Nacalai Tesque (Kyoto, Japan). AG-1-X8 anion
exchange resin (chloride form; 200-400 mesh) was obtained
from Bio-Rad (Hercules, CA). All other chemicals were of
the highest purity available:

Cell Culture. Caco-2 cells at Passage 18 obtained from the
American Type Culture Collection (ATCC HTB-37) were
maintained by serial passage in plastic culture dishes as
described previously (12). For uptake experiments, 35-mm
plastic culture dishes were inoculated with 2x10° cells in 2 ml
of complete culture medium. The medium consisted of DMEM
(Sigma) supplemented with 10% fetal bovine serum
(Whittaker Bioproducts, Walkersville, MD) and 1% non-
essential amino acids (Invitrogen Life Technologies, Carlsbad,
CA) without antibiotics before T; treatment. Cells were used
for experiments on the 15th day after seeding. In this study,
Caco-2 cells were used between Passages 35 and 48.

Cell Treatment. A stock solution of T3 was prepared as a
1 mM solution in 0.1'M NaOH. For Tj; treatment, serum was
treated with anion exchange resin AG-1-X8 to remove the
thyroid hormone according to the method of Samuels ez al.
(13). The T3 concentration in the treated serum was below
the level of detection (<0.15 ng/ml) of an enzyme immuno-
assay method (Imx; Dainabot, Tokyo, Japan). To expose the
Caco-2 cell monolayers to T3, we used a culture medium
containing Ts-depleted serum and 100 nM Ts, T; treatment
was applied to post-confluent monolayers. The control cells
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were incubated with the same concentration of 0.1 M NaOH
in each experiment.

Measurements of Cellular Accumulation and Transcellular
Transport. The cellular accumulation and transcellular trans-
port of [PH]digoxin were measured using monolayer cultures
grown on 35-mm culture dishes and Transwell™ cell
chambers (Costar, Cambridge, MA), respectively. The
composition of the incubation medium was as follows:
145 mM NaCl, 3 mM KCl, 1 mM CaCl,, 0.5 mM MgCly,
5 mM D-glucose, and 5 mM HEPES (pH 7.4).

“The accumulation of [’H]digoxin was studied according to
the method of Ashida et al. (12). Radioactivity was measured
in 3 ml of ACS II (Amersham Pharmacia Biotech) by liquid
scintillation counting. The protein contents of cell monolayers
solubilized in 1 N NaOH were determined using a Bio-Rad
protein assay kit with bovine v -globulin as the standard.

For transcellular transport experiments, after removal of
the culture medium from both sides of the monolayers, the
cell monolayers were preincubated with 2 ml of incubation
medium at 37°C for 10 min. Then, 2 ml of incubation medium
containing [°H]digoxin and [*Clinulin was added to either
the basolateral or the apical side, with 2 ml of non-radioactive
incubation medium added to the opposite side for specified
periods at 37°C. After the incubation, aliquots (50 ul) of the
incubation medium on the other side were-taken at specified
time points, and the radioactivity of [*H]digoxin and [**C]
inulin was measured. [**Clinulin was used for the correction
of paracellular transport.
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Fig. 1. Dose-dependent effects of T3 on the expression of MDR1 mRNA in Caco-2 cells. Cells were treated with various concentrations of T
(depleted, 1 nM, 10 nM, 100 nM) for 3 days. Depleted represents treatment with the culture medium removed the thyroid hormone from serum

by anion exchange resin AG-1-X8. After treatment, total RNA was isolated and competitive PCR was performed to

determine MDR1 mRNA

levels. A Typical results of agarose gel electrophoresis of the PCR products from Ts-treated cells. B Densitometric quantification of MDR1
mRNA, corrected using the amount of GAPDH mRNA as an internal control. Each column represents the mean+SE of six monolayers.

Double asterisk, P<0.01, significantly different from the control.
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Competitive Polymerase Chain Reaction (PCR). Competitive
PCR was performed according to the method of Masuda ez al.
(14) with some modifications. Aliquots of 1 pg of total cellular
RNA, isolated from Caco-2 cells using the RNeasy Mini Kit
(Qiagen, Hilden, Germany), were reverse-transcribed in 20 pl
of diluted reaction mixture and diluted to 200 pl. Aliquots of
5 ul of diluted reaction mixture, in combination with a semi-
logarithmic serial dilution of mimic competitor DNA from
100 to 0.01 amol, were amplified by PCR according to the
following method:. 5 pM human MDR1 sense primer and
5 uM antisense primer in 20 pl were incubated according to
the following PCR profile: an initial denaturation step of 95°C
for 3 min followed by the cycling program, 95°C for 1 min, 65°
C for 1 min, and 72°C for 1 min, and a final elongation step of
72°C for 10 min. For each primer set, the number of PCR
cycles was increased under otherwise fixed conditions to
determine the point halfway through the exponential phase.
The number of cycles was. 34 for MDR1. PCR products were
then sized-fractionated by 1.5% agarose gel electrophoresis.
The amplified cellular fragments of MDR1 were 546 bp, and
the mimic competitor-was 604 bp. The amount of competitor
DNA yielding equal molar amounts of product gave that of
the target MDR1 mRNA.

Western Blot Analysis. The apical membrane fraction from
* Caco-2 cells was isolated as described previously (12). After

A

control

depleted

Pgp m-

villin s

100nM T,

blotting onto Immobilon-P membranes (Millipore, Bedford,
MA), the monoclonal antibody C219 (CIS Bio International,
Gif-sur-Yvette, France) and a polyclonal antibody to villin
(Santa Cruz Biotechnology, Santa Cruz, CA) were used to
detect the expression of P-gp and villin, respectively. The relative
densities of the bands in each lane were determined using NIH
Image 1.61 (National Institutes of Health, Bethesda, MD), and
the densitometric ratio of Pgp to that of villin was calculated.

Statistical Analysis. Data were analyzed statistically with a
non-paired ¢ test. Probability values of less than 5% were
considered significant. In the mRNA analysis by Competitive
PCR, statistical analysis was performed with the one-way
ANOVA followed by Dunnett’s post hoc testing,

RESULTS

mRNA Analysis by Competitive PCR. We used the serum
treated with anion exchange resin to deplete thyroid hormone
and then added various concentrations of Ts. Figure 1 shows
the effect of various concentrations of T3 (1 nM to 100 nM or
depletion) on the expression of MDR1 mRNA in Caco-2 cells.
The expression levels of MDR1 mRNA were increased by T3
pretreatment for 3 days in a concentration-dependent manner.

B x

RATIO TO VILLIN

Fig. 2. Western blot analysis of the apical membranes from Caco-2 cells for Pgp. Apical membranes (50 pg) from Caco-2 cells were separated
by SDS-PAGE (7.5%) and blotted onto a polyvinylidene difluoride membrane. The monoclonal antibody C219 (200 ng/ml) and a polyclonal
antibody to villin (1:1,000) were used to detect the expression of Pgp and villin as primary antibodies. A horse radish peroxidase-conjugated
anti-mouse IgG antibody and anti-goat IgG antibody were used for detection of bound antibodies, and strips of blots were visualized by
chemiluminescence on X-ray film. A Immunoblotting of apical membranes from Caco-2 cells treated with 100 1M T3 or without T5 (depleted).
B Densitometric quantification of Pgp. The level of C219 was corrected using villin as an internal standard. Each column represents the mean+
SE of three samples. Asterisk, P<0.05, significantly different from the control.
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Fig. 3. Effects of T3 on the uptake of [*H]digoxin by Caco-2 cells in the A absence or B presence of 10 uM cyclosporin A. The uptake of H]
digoxin by Caco-2 cells treated with 100 nM Tj (closed circle) or without T (open circle) for 3 days was measured for specified periods at 37°C.
Each point represents the mean=SE of nine monolayers from three separate experiments.

Western Blotting. Then Western blotting was performed to
investigate the effect of T; on the expression of Pgp in Caco-2
cells (Fig. 2). A significant increase in Pgp expression was
observed in Caco-2 cells pretreated with 100 nM T; for
3 days. In contrast, the expression level was decreased by half
on the depletion of Ts.

Effect of T3 Pretreatment on Cellular Accumulation and
Transcellular Transport of PH]digoxin in Caco-2 Cells. To
investigate whether the transport activity of Pgp was altered
by T pretreatment in Caco-2 cells, we performed [*H]digoxin
uptake experiments. As shown in Fig. 3, the uptake of digoxin
was decreased significantly by T; pretreatment. In the
presence of 10 pM cyclosporin A, an inhibitor of Pgp, the
amount of digoxin accumulated in Ts-treated cells did not
differ from that in non-pretreated cells. Figure 4 shows the
transcellular transport of digoxin across Caco-2 cell
monolayers. The transcellular transport of digoxin from the
apical to basolateral side of Caco-2 cell monolayers treated
with 100 nM T; was very low similar to the control. On the
other hand, the basolateral to apical transcellular transport of
digoxin was significantly increased across Caco-2 cell
monolayers treated with 100 nM T;. These results indicated
that T, pretreatment caused the stimulation of Pgp-mediated
transport following a significant increase in Pgp expression.

DISCUSSION

Earlier investigations suggested that the expression of
Pgp varies in response to several factors. Westphal et al. (15)
showed that treatment with rifampin resulted in an increase

in the expression of duodenal Pgp and MDR1 mRNA, and
Pgp expression significantly correlated with the systemic
clearance of intravenous talinolol. In addition, it was reported
that St John’s Wort induced intestinal Pgp expression in rats
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Fig. 4. Effects of T3 on the transcellular transport of [PH]digoxin
using Caco-2 cells. The transcellular transport of [*H]digoxin by
Caco-2 cells treated with 100 nM T (closed symbol) or without T;
(open symbol) for 3 days was measured. [*H]Digoxin was added to
either the basolateral (circle) or the apical (triangle) side of Caco-2
cells, and incubated for specified periods at 37°C. After the
incubation, the radioactivity in the medium of the opposite site was
measured. Each point represents the mean+SE of nine monolayers
from three separate experiments.
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and humans (16). Cyclosporin A treatment also induced the
expression of Pgp in the kidney and other tissues in rats (17).
We previously reported that levels of Pgp and mdrla/lb
mRNA were increased in the hyperthyroid rat kidney, liver,
and intestine (10). Western blot analysis revealed that Pgp
expression was markedly increased in the kidney and liver of
hyperthyroid rats. In contrast, it was slightly increased in the
jejunum and ileum. In the present study, however, we showed
that treatment with T; resulted in significantly increased
levels of Pgp and MDR1 mRNA in Caco-2 cells. Several
reports have indicated a cell type- or species-specific regula-
tion of mdr gene expression. Zhao et al. showed that MDR1
mRNA levels were elevated in dexamethasone-treated
HepG, cells, a human hepatoma cell line, but not in
nonhepatoma HeLa cells (18). In addition, Chin ez al
demonstrated that exposure to several drugs increased mdr
RNA levels substantially in rodent cells, but not human cells
(19). Thus, it is suggested that species differences exist in the
susceptibility to Pgp induction. Further studies are needed to
elucidate the precise mechanism of transcriptional regulation
of MDR1 mRNA by thyroid hormone.

Thyroid hormones have a diverse range of actions
including effects on differentiation and development, thermo-
genesis, and metabolism. Therefore, pathologic abnormalities
in serum thyroid hormone levels result in physiological

- changes. For example, patients with hyperthyroidism often
exhibit weight loss, a low cholesterol level, an elevated body
temperature, and tachycardia, whereas hypothyroidism pro-
vokes hypercholesterolemia, myxedema, and bradycardia
(20). It is known that thyroid hormone activates nuclear
receptors as a ligand, leading to mRNA expression and
subsequent protein synthesis. Therefore, changes in serum
thyroid hormone levels may affect the expression of proteins
that are of physiological importance.

" Previous studies have shown that thyroid hormone
affects the expression level of several membrane transporters
such as the peptide transporter PEPT1 (12,21), the glucose
transporter GLUT4 (22), the fructose transporter GLUTS
(23), the ATP-binding cassette transporter ABCA1 (24), Na™,
K*-ATPase (25), and the Na*/H* exchanger NHE1 (26). In
addition, Siegmund ez al. (11) showed that administration of
levothyroxine tended to induce the up-regulation of MDR1
mRNA and Pgp expression in healthy volunteers. However, it
did not result in major alterations in the pharmacokinetics of
talinolol because their group administered levothyroxine in
doses that did not cause thyrotoxicosis. In the present study,
we showed that in Caco-2 monolayers treated with 100 nM
T,, the accumulation of [*H]digoxin was decreased
significantly and the basal-to-apical transcellular transport of
[*H]digoxin was accelerated compared with that in control
cells. In the hypothyroid state, no change of MDR1 mRNA
expression was observed compared to the control. On the
other hand, the Pgp expression level decreased by half on
depletion of T; and the amount of [*H]digoxin accumulated
increased slightly (1.27- to 1.50-fold). Therefore, it is possible
that the mechanisms behind the regulation of Pgp expression
by Tj differ in the hyperthyroid versus hypothyroid.

In the present study, the altered expression of Pgp was
correlated with the transport activity of digoxin in Caco-2
cells. The findings correspond to clinical reports that the
blood concentration of digoxin is decreased in hyperthyroid-

ism and increased in hypothyroidism. In contrast, there are
several reports indicating the lack of pharmacokinetic alter-
ations in the hyperthyroidism (27). For example, Ochs et al
(28) reported that the kinetics of diazepam were not altered
in patients with hyperthyroidism. However, diazepam is not a
substrate for Pgp and the metabolism by CYP2C19 and
CYP3A4 are considered to be main pathways in the
elimination of diazepam from the body. Therefore, it is likely
that the kinetics of diazepam are not affected with hyperthy-
roidism. As for Pgp substrates, it was recently reported that
long-term levothyroxine treatment decreased the oral bio-
availability of cyclosporine A (29). Thus, it is reasonable to
assume that the changes in Pgp expression in the human gut
affect at least in part the alteration of the blood concentration
of digoxin. Although it is impossible to investigate the
changes in Pgp expression in other human tissues for ethical
reasons, urinary excretion of digoxin might be increased if the
expression of Pgp could be induced in the human kidney.

During the course of this study, Mitin et al. (30) reported
that levothyroxine up-regulated the expression of Pgp mRNA
and protein in vitro. Their observations were consistent with
the present finding that treatment with T resulted in the
inducible expression of Pgp and MDR1 mRNA in Caco-2
cells. In addition, we further demonstrated that the basal-to-
apical transcellular transport of [*H]digoxin was accelerated
by T treatment. However, the precise molecular mechanisms
underlying the induction of Pgp expression by Ts remain to
be clarified.

In conclusion, we demonstrated that thyroid hormone
regulates the expression and function of Pgp. It is possible
that changes in Pgp expression alter the pharmacokinetics of
Pgp substrates in patients with thyroid disorders.
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ABSTRACT:

In the proximal tubules of rat (r) kidney, the polyspecific organic
cation transporters (OCTs), rOCT1 and rOCT2, mediate the baso-
Ie;teral uptake of various organic cations, including many drugs,
-toxins, and endogenous compounds, and the apical type of H*/
organic cation antiporter, rat multidrug and toxin extrusion 1
(rMATE1), mediate the efflux of organic cations. Renal clearances
of H, receptor antagonists, including famotidine, were reported to
be decreased in patients with kidney disease. Therefore, acute
kidney injury (AKI) could influence renal excretion and disposition
of organic cations accompanied by the regulation of organic cation
transporters. The aim of this study was to investigate the pharma-
cokinetic alteration of cationic drugs and the expression of tubular
organic cation transporters, rOCT1, rOCT2, and rMATE1, in isch-

emia/reperfusion (I/R)-induced AKI rats. I/R-induced AKl increased
the plasma concentration of i.v. administrated famotidine, a sub-
strate for rOCT1 and rOCT2, or tetraethylammonium (TEA), a sub-
strate for rOCT1, rOCT2, and rMATE1. The areas under the plasma
concentration curves for famotidine and TEA were 2- and 6-fold
higher in I/R rats than in sham-operated rats, respectively. The
accumulation of TEA into renal slices was significantly decreased,
suggesting that organic cation transport activity at the basolateral
membranes was reduced in I/R rat kidney. The protein expressions
of basolateral rOCT2 and luminal rMATE1 were down-regulated in
I/R rat kidneys. These data suggest that the urinary secretion of
cationic drugs via epithelial organic cation transporters is de-
creased in AKI. '

The kidney mediates urinary excretion of a wide variety of xeno-
biotics, including drugs, toxins, and endogenous compounds. In renal
proximal tubules, several directional organic solute transport systems
facilitate active secretion of a wide range of exogenous and endoge-
nous organic ions (Pritchard and Miller, 1996; Inui et al., 2000).
Transport proteins for organic anions and cations localized specifi-
cally at the apical or basolateral membranes of the proximal tubular
cells are responsible for urinary secretion of diverse drugs (Sweet and
Pritchard, 1999; Inui et al., 2000; Sekine et al., 2000). The structures
and functions of SLC22A gene family members of organic anion
transporters (OATs) and organic cation transporters (OCTs), which
mediate transepithelial transport of various organic anions and cat-
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ions, have been characterized (Sweet and Pritchard, 1999; Inui et al.,
2000; Sekine et al., 2000). TOAT1 (Slc22a6) and rOAT3 (Slc22a8)
appear to mediate organic anjon/a-ketoglutarate exchange at the ba-
solateral membrane of the proximal tubules, including various organic
anions (Sekine et al., 1997; Sweet and Pritchard, 1999; Tojo et al,,
1999; Cha et al.,, 2001). On the other hand, rOCT1 (Sic22al) and
rOCT?2 (Slc22a2) were reported to be driven by inside-negative mem-
brane potential (Busch et al., 1996; Okuda et al.,, 1996), mediating
basolateral uptake of diverse organic cations such as tetraethylammo-
nium (TEA) and the H,-receptor antagonist cimetidine (Urakami et
al., 2001). The H*/organic cation antiporter in renal brush-border
membranes mediates active extrusion of cationic drugs or toxins out
of renal tubular cells (Ullrich, 1997). The oppositely directed H*
gradient was demonstrated to be a driving force for the transport of
organic cations such as TEA, a prototype substrate (Takano et al.,
1984). More recently, the apical type of H* /organic cation antiporter,
rat multidrug and toxin extrusion 1 (tMATE1/Slc47al), has been
identified and functionally characterized (Ohta et al., 2006; Terada et

ABBREWVIATIONS: OAT, organic anion transporter; OCT, organic cation transporter, r, rat; TEA, tetraethylammonium; MATE, multidrug and toxin
extrusion; AKI, acute kidney injury; I/R, ischemia/reperfusion; h, human; BUN, blood urea nitrogen; SCr, serum creatinine; HPLC, high performance
liquid chromatography; AUC, area under the plasma concentration curve; PCR, polymerase chain reaction; NHE, Na*/H* exchanger.
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al., 2006). IMATE]1 is expressed mainly in the kidney and placenta
and is considered to be responsible for the final step of urinary
excretion of cationic drugs (Terada et al., 2006). Therefore, the
functional and molecular variations of these transporters under renal
diseases have a great impact on renal clearance of their substrates.
Acute kidney injury (AKI) caused by ischemia/reperfusion (I/R)
is a critical syndrome associated with high mortality in humans
(Thadhani et al., 1996; Star, 1998; Schrier et al., 2004). I/R-induced
AKI is evoked by a complicated interaction among renal hemody-
namics, inflammatory cytokines, and tubular cell damages (Bonventre
and Weinberg, 2003). AKI is characterized principally by tubular
dysfunction with impaired sodium and water reabsorption, which are
associated with the shedding and excretion of renal brush-border
membranes and epithelial tubule cells into the urine (Thadhani et al.,
1996). After I/R, morphological changes occur in the proximal tu-
bules, including loss of polarity, loss of the brush border, and redis-
tribution of integrins and Na*/K*-ATPase to the apical membrane
(Molitoris et al., 1992; Thadhani et al., 1996; Schrier et al., 2004).
Therefore, renal tubular secretion of xenobiotics and endogenous
toxins could be also affected by AKI, as this important secretory
process is performed by several transporting systems localized in the
renal tubular cells. In patients with renal diseases, it was reported that
the plasma elimination and renal clearance of the H, receptor antag-
onist famotidine were decreased compared with those in healthy
volunteers (Manlucu et al., 2005). Famotidine is eliminated mainly
by the kidney as the intact form by tubular secretion in addition to
glomerular filtration (Lin, 1991). Famotidine was reported to be
transported by the rat and human OAT family members rOAT3 and
hOATS3, and the OCT family members rOCT1, rOCT2, and hOCT2
(Tahara et al., 2005). Taking these findings into consideration, we
hypothesized that decreased renal excretion of famotidine in patients
with renal diseases could be caused by the decreased expression and
function of OAT and/or OCT family members in the kidney. We
reported that renal organic anion transport activity at the basolateral
membranes was suppressed in rats with I/R-induced AKI, which was
accompanied by down-regulation of both rOATI and rOAT3 (Mat-
suzaki et al., 2007). In contrast, there is little information concerning
the regulation of renal OCT family members in AKI. Previously, it
was rteported that the transport activity of organic cations in renal
brush-border membranes was decreased in /R rats (Maeda et al,,
1993). However, there is no information regarding the expression of
luminal tMATEL in association with AKI. In the present study, we
examined the pharmacokinetics of cationic drugs and the expression
levels of tubular organic cation transporters in I/R-induced AKI rats.

Materials and Methods

Materials. [1-'*C]Tetracthylammonium bromide (118.4 MBg/mmol) and
p-[1-*H(N)]mannitol (525.4 GBg/mmol) were obtained from PerkinElmer Life
and Analytical Sciences (Boston, MA). The radiochemical purity of these
products was greater than 97% as guaranteed by the company. Famotidine was
obtained from Wako Pure Chemicals (Osaka, Japan). All other chemicals used
were of the highest purity available.

Experimental Animals. Male Sprague-Dawley rats, initially weighing 200
to 210 g (Clea Japan, Inc., Tokyo, Japan), were housed in a standard animal

maintenance facility at constant temperature (21-23°C) and humidity (50—'

70%) with a 12-h light/dark cycle for at least 1 week before the day of the
experiment. Our protocol of animal experiments was approved by the committee
of the Kumamoto University Institute of Resource Development and Analysis.

Rats were anesthetized using sodium pentobarbital (50 mg/kg ip.) and
placed on a heating plate (39°C) to maintain a constant temperature. The
kidneys were exposed via midline abdominal incisions. Renal ischemia was
induced using vascular clamps (A.S. One Company Ltd., Osaka, Japan) over
both pedicles for 30 min. After the clamps were released, the incision was
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closed in two layers with 3-O sutures. Sham-operated animals underwent
anesthesia, laparotomy, and renal pedicle dissection only. All animals received
warm saline solution instilled in the peritoneal cavity during the surgical
procedure and were then allowed to recover with ad libitum access to food and
water. All experiments were performed under surgical anesthesia at 48 h after
I/R. Twenty-two of 27 rats survived 48 h after surgery. Blood samples were
collected for measurement of blood urea nitrogen (BUN) and serum creatinine
(SCr). BUN and SCr in serum were measured at the SRL laboratory (Tokyo,
Japan).

Measurement of Plasma Concentration of Famotidine. At 48 h after IR,
famotidine was administered i.v. to rats at 20 mg/kg via the left jugular vein for
1 min. Blood samples (0.4 ml) were collected from the right jugular vein at 5,
15, 30, 60, 120, and 240 min after the injection, and plasma samples were
obtained by centrifugation. Urine was also collected for 240 min after injection
for determining urinary recovery. The concentration of famotidine in plasma
and urine was measured by high-performance liquid chromatography (HPLC).
A 100-p1 sample of plasma or urine was deproteinized by adding 0.2 ml of
methanol and 0.1 ml of the mobile phase and centrifuged at 6000g for 10 min;
10 ] of the supernatant was injected into HPLC. The HPLC system consisted
of an LC-10ADVP pump (Shimadzu, Kyoto, Japan), an SPD-10AVP ultravi-
olet spectrophotometric detector (Shimadzu), and a column of TSK-gel ODS
80TM (4.6 mm i.d., 150 mm length; Tosoh, Tokyo, Japan). The mobile phase
consisted of a mixture of 30 mM phosphate buffer (pH 7.0) and acetonitrile
(95:5, v/v), and the flow rate was 1.0 mV/min at a column temperature of 40°C.
Ultraviolet absorbance was determined at a wavelength of 280 nm. Standard
curves for famotidine were prepared over a range of 0.25 to 100 pg/ml and
shown to be linear. The coefficients of variation for the desired concentration
(2.5, 25, and 100 pg/ml) ranged from 1.4 to 3.9%. The limit of quantification
was 0.25 pg/ml. Blank plasma and urine samples showed no interference with
the peak corresponding to famotidine.

Measurement of Plasma and Kidney Concentrations of TEA. At 48 h after
/R, ['“CITEA was administered i.v. to rats at 1.0 mg/kg via the left jugular
vein for 1 min. Blood samples (0.4 ml) were collected from the right jugular
vein at 5, 15, 30, 60, 120, and 240 min after the injection, and plasma samples
were obtained by centrifugation. Urine was also collected for 240 min after
injection for determining urinary recovery. At 240 min after injection, kidneys
were collected immediately after rats were sacrificed. The excised kidneys
were gently washed and weighed. Then 100-ul homogenates of plasma, urine,
or kidney were solubilized in 0.5 ml of NCSII (GE Healthcare Bio-Sciences,
Piscataway, NJ), and the radioactivity was determined in a liquid scintillation
counter after addition of 5 ml of OCS (GE Healthcare Bio-Sciences).

Pharmacokinetic Analysis. A conventional two-compartment model was
used to analyze the plasma concentration-time profiles of famotidine and TEA
after i.v. administration in rats. The areas under the plasma concentration-time
curves (AUCs) for famotidine and TEA were determined by the trapezoidal
rule with extrapolation to infinity. Pharmacokinetic parameters calculated
using standard formulae were central volume of distribution (V,), volume of
distribution at steady state (V,;), plasma elimination rate constant (k,,), «-phase
half-life (t,,,). B-phase half-life (f,54), total body clearance (CL,y), and renal
clearance (CL_,).

Uptake by Rat Renal Slices. Uptake studies in isolated rat renal slices were
performed as described in a previous report (Matsuzaki et al., 2007). Briefly,
12 to 15 slices prepared from the whole kidney of sham-operated and ischemic
rats (n = 3) were stored in ice-cold oxygenated incubation buffer composed of
120 mM NaCl, 16.2 mM KCl, 1 mM CaCl,, 1.2 mM MgSO,, and .10 mM
NaH,PO,/Na,HPO, (pH 7.5). Renal slices were randomly selected and incu-
bated in flasks containing 6 ml of the incubation buffer with [**CJTEA (5 uM,
0.56 kBg/ml). The uptake of these compounds was measured at 37°C under an
atmosphere of 100% oxygen. [*H]Mannitol (5 uM, 1.85 kBg/ml) was used to
calculate the extracellular trapping and nonspecific uptake of ['*C]TEA as well
as to evaluate the viability of slices. After incubation for a specified period, the
incubation buffer containing radiolabeled compounds was rapidly removed
from the flask, and the renal slices were washed twice with 5 ml of ice-cold
phosphate-buffered saline, blotted on filter paper, weighed, and solubilized in
0.5 mi of NCSII. The amount of radioactivity was then determined in a liquid
scintillation counter after addition of 5 ml of OCS.

Western Blot Analysis. Kidneys (n = 3) were homogenized in homoge-
nization buffer consisting of 230 mM sucrose, S mM Tris-HCI (pH 7.5), 2 mM
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TABLE 1
Renal functional data at 48 h after I/R

Each value represents the mean * S.D. from 17 to 18 rats.

Sham R

2106 = 8.3 190.3 £ 9.2%¥*
187+ 49 188.9 + 47.1%%*
0.20 = 0.03 2.83 = 1.30%**

Body weight (g)
BUN (mg/dl)
SCr (mg/dl)

***p < 0.001 versus sham-opcra'led rats.

EDTA, 0.1 mM phenylmethanesulfonyl fluoride, 1 mg/m! leupeptin, and 1
mg/ml pepstatin A. After measurement of the protein content using bicincho-
ninic acid protein assay reagent (Pierce Chemical, Rockford, IL), each sample
(40 pg) was mixed in loading buffer 2% SDS, 125 mM Tris-HCI, 20%
glycerol, and 5% 2-mercaptoethanol) and heated at 100°C for 2 min. The
samples were separated by 7.5% SDS-polyacrylamide gel electrophoresis and
transferred onto polyvinylidene difluoride membranes (Immobilon-P; Milli-
pore Corporation, Bedford, MA) by semidry electroblotting. The blots were
blocked overnight at 4°C with 2% ECL Advance Blocking Agent (GE Health-
care Bio-Sciences) in Tris-buffered saline containing 0.3% Tween 20 (TBS-T)
and incubated for 1 h at room temperature with primary antibody specific for
rOCT1 (Ji et al.,, 2002), rOCT2 (Ji et al., 2002), rOAT1 (Matsuzaki et al.,
2007), rOAT3 (Matsuzaki et al., 2007), ’IMATE1 (Nishibara et al., 2007), or
B-actin (Sigma-Aldrich, St. Louis, MO). The blots were washed with TBS-T
and incubated with the secondary antibody [horseradish peroxidase-linked
anti-rabbit immunoglobulin F(ab), or horseradish peroxidase-linked anti-
mouse immunoglobulin F(ab),; GE Healthcare Bio-Sciences) for 1 h at room
€mperature. Immunoblots were visualized with an ECL system (ECL Advance
‘Western Blotting Detection Kit; GE Healthcare Bio-Sciences). The relative
amount of each band was determined densitometrically using Densitograph
Imaging Software (ATTO Corporation, Tokyo, Japan). Densitometric ratios
relative to sham-operated rats were used as the reference and accorded an
arbitrary value of 100.

Real-Time PCR Analysis. The isolation of mRNA from kidney and reverse
transcription were performed as described previously (Matsuzaki et al., 2007).
We performed a TagMan quantitative real-time RT-PCR using an ABI PRISM
7900 sequence detection system (Applied Biosystems, Foster City, CA) to
determine the mRNA expression level of rOCT1, rOCT2, rOATI, rOAT3,
MATE], and eukaryotic 185 rRNA. The following TagMan 18S rRNA
control reagents and products of TagMan Gene Expression Assays were
purchased from Applied Biosystems: rOCT1, Rn00562250_ml; rOCT2,
Rn00580893_m1; rOAT1, Rn00568143_ml; rOAT3, Rn00580082_ml;
rMATE], Rn01497159_m1; and 18S rRNA, 4319413E.

Statistical Analysis. Statistical significance was determined by Student’s ¢
test. P < 0.05 was considered statistically significant.

Results

Renal Functional Data for I/R-Induced AKI Rats. Renal func-
tion was first examined in rats with renal I/R. As summarized in Table
1, the body weights were slightly yet significantly decreased in I/R
rats. The levels of both BUN and SCr were significantly elevated in
I/R rats compared with sham-operated rats, indicating that AKI was
evoked by /R treatment.

Effects of I/R-Induced AKI on Famotidine Pharmacokinetics.
To examine whether the renal disposition of famotidine is decreased
in I/R rats in comparison with that in sham-operated rats, we assessed
the pharmacokinetics of famotidine. The plasma concentration-time
profile of famotidine up to 240 min after i.v. administration is shown
in Fig. 1. The plasma concentration of famotidine in I/R rats was
higher than that in sham-operated rats. Table 2 summarizes the phar-
macokinetic parameters of famotidine in sham-operated and I/R rats.
The AUC for famotidine in /R rats was 2-fold higher than that in
sham-operated rats. The CL,,, and CL,,,, values for famotidine in I/R
rats were significantly decreased to 49 and 14%, respectively, of the

- corresponding values in sham-operated rats. The ¢, of famotidine
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Fic. 1. Plasma concentration versus time profiles for famotidine in sham-operated
(O) and IR rats (@) after i.v. administration of famotidine (20 mg/kg). Each point

represents the mean * S.D. from six rats. **, p < 0.01; *+*, p < 0.001 versus
sham-operated rats.

TABLE 2
Pharmacokinetic parameters of famotidine in sham-operated and I/R rats

Each value represents the mean * S.D. from six rats.

Sham /R
67375 18.1 = 14.6%**

Dose excreted in urine (%)

AUC (pg * min/ml) 911 + 94 1925 + 406%**
V, (ml/kg) 428 * 157 424 * 109

V., (mlkg) 801 + 168 810 + 223
CL,,, (ml/min/kg) 2.1 %23 10.7 = 2.0%**
CL,., (mUmin/kg) 149 £ 24 2.1 = 1.8%*+
k., (min™") 0.058 = 0.021 0.026 * 0.007***
{12 (min) 6.7 £32 7.0 =42

1,12 (min) 38.8 + 13.2 64.0 = 19.7*

*P < 0.05 versus sham-operated rats.
*#x+p < 0.001.

was significantly prolonged in I/R.rats compared with that in sham-
operated rats, whereas there were no significant differences in the 1,
of famotidine between the sham-operated and I/R rats.

Effects of I/R-Induced AKI on TEA Pharmacokinetics. We next
examined the pharmacokinetics of TEA, a typical cationic substrate
for rOCT1 and rOCT?2. The plasma concentration-time profile of TEA
up to 240 min after i.v. administration is depicted in Fig. 2A, and the
pharmacokinetic parameters of TEA are summarized in Table 3. I/R
caused significant changes in the pharmacokinetic behavior of TEA.
The AUC for TEA was markedly elevated in I/R rats compared with
that in sham-operated rats, whereas the CL,,, for TEA was signifi-
cantly decreased in IR rats. The AUC for TEA was almost 7-fold
higher in /R rats than that in sham-operated rats. The CL,, and CL,.,,
values for TEA in I/R rats were significantly decreased to 20 and 14%,
respectively, of the values in sham-operated rats. The ¢,,,5 of TEA in
I/R rats was almost 4-fold higher than that in sham-operated rats,
whereas the #,,,, of TEA was not affected.

Figure 2, B and C, shows the kidney concentrations and tissue-to-
plasma concentration ratio (apparent Kp) for TEA in sham-operated
and I/R rats at 240 min after i.v. administration. The concentration of .
TEA in the kidney was significantly elevated in /R rats compared
with that in sham-operated rats. The Kp value in IR rat kidneys was
significantly decreased to 20% of that in sham-operated rats.

Uptake of TEA by Renal Slices. To evaluate organic cation trans-
port activity in the renal basolateral membrane, we measured the
accumulation of TEA in renal slices prepared from sham-operated and
I/R rat kidneys. As illustrated in Fig. 3, the accumulation of TEA was
significantly lower in the I/R rats at each time point. The accumulation
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Fic. 2. A, plasma concentration versus time profiles for TEA in sham-operated (O)

‘and I/R rats (@) after i.v. administration of [**CJTEA (1.0 mg/kg). Kidney concen-

tration (B) and tissue-to-plasma concentration ratio (Kp) value (C) of TEA in
sham-operated ((J) and I/R rats (M) at 240 min after i.v. administration of ['“C]TEA
(1.0 mg/kg). Each point or column represents the mean * S.D. from four rats. #, p <
0.05; **, p < 0.01 versus sham-operated rats.

TABLE 3

Pharmacokinetic parameters of TEA in sham-operated and I/R rats

Each value represents the mean * S.D. from four rats.

Sham R
Dose excreted in urine (%) 78.0 + 16.2 48.2 + 21.6
AUC (pg * min/ml) 293 +5.8 198.0 = 134.9*
V, (mlkg) 977 + 133 714 * 295
V,, (ml/kg) 2313 £ 374 1813 * 547
CL,,, (ml/min/kg) 353+ 8.1 7.1 + 4.5%*
CL,., (ml/min/kg) 276 x93 3.8 £ 3.8%*
k., (min~") 0.036 = 0.005 0.010 * 0.003***
o (min) 6.6 +0.2 5937
tynp (min) 60.1 = 8.1 221.3 * 69.1**
*P < 0.05 versus sham-operated rats.
**p < 0.01.
**+p < 0.001.

of TEA into renal slices at 60 min was significantly decreased to 36%
of those in sham-operated rats.

Protein and mRNA Expression of rOCTs in I/R-Induced AKI
Rats. To get precise information about the decreases in accumulation
of TEA in renal slices of /R rat kidney, we measured renal rOCT1
and rOCT?2 expression using Western blot analyses. As is evident in
Fig. 4, rOCT? protein expression was markedly suppressed in I/R rat
kidney compared with that in sham-operated rat kidney, whereas there
was no significant difference in the expression of rOCT1. The ex-
pressions of rOAT1 and rOAT3 protein were significantly depressed
in I/R rat kidney, consistent with our previous report (Matsuzaki et al.,
2007).

Next, we examined mRNA expression levels of organic cation
transporters, rOCT1 and rOCT?2, in the kidney (Fig. 4). Compared
with sham-operated rat kidneys, the levels of rOCT1 and rOCT2
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Fic. 3. Uptake of TEA in renal slices of sham-operated and I/R rats. Renal slices
from sham-operated (O) and I/R rats (@) were incubated at 37°C in incubation
buffer containing 5 pM [*CITEA, for the period indicated. p-[*H]Mannitol was
used to estimate the extracellular trapping and nonspecific uptake of ['“CITEA.
Each point represents the mean * S.D. for four to five slices from different rats. *,
p < 0.05; ***, p < 0.001 versus sham-operated rats.

mRNA in I/R rat kidneys were significantly depressed to 48 and 4%,
respectively.

Protein and mRNA Expression of rMATEL1 in /R-Induced AKI
Rats. The effect of I/R-induced AKI on mRNA and protein expres-
sion of IMATE1 was examined. The tMATE1 protein level was
markedly depressed in IR rat kidneys (Fig. 5). As observed for the
corresponding protein expression, the relative mRNA expression level
of IMATEL1 was significantly decreased in I/R rats (Fig. 5).

Discussion

Functional changes in renal organic ion transporters may be of
clinical relevance, particularly to the use of drugs with high toxicity or
a narrow therapeutic range. Serious kidney diseases, such as AKI,
influence renal disposition of diverse organic ions in association with
decreased glomerular filtration and-function of transport systems. Our
previous study demonstrated that the mRNA and protein expression
levels of organic anion transporters, rOAT1 and rOAT3, were mark-
edly suppressed with I/R-induced AKI, which was accompanied by
significant elevation of the serum level of indoxyl sulfate, a uremic
toxin that is a substrate of both rOAT1 and rOAT3 (Matsuzaki et al.,
2007). In this study, we investigated the change in renal organic cation
transporters, rOCT1, rOCT2, and IMATEL.

Three isoforms of organic cation transporter family members,
OCT1, OCT2, and OCT3, were identified, and their physiological
and pharmacokinetic roles have been evaluated (Inui et al., 2000;
Jonker and Schinkel, 2004). rOCT1 is expressed abundantly in the
liver and kidney (Griindemann et al., 1994), whereas rOCT2 is ex-

~ pressed predominantly in the kidney but not in the liver (Okuda et al.,

1996). These transporters are localized to the basolateral membranes
of renal proximal tubules. rOCT3 is expressed predominantly in the
placenta but also has been detected in the intestine, heart, brain, lung,
and very weakly in the kidney (Kekuda et al., 1998). In the renal
proximal tubules of rats, rOCT1 and rOCT? are considered to mediate
the basolateral uptake of various cationic compounds. Previous re-
ports suggested that the pharmacokinetics of famotidine are related to
renal function (Manlucu et al., 2005). We found that the renal excre-
tion of famotidine was significantly decreased in I/R rats (Fig. 1;
Table 2). A transport study demonstrated that famotidine was a
substrate for rOCT1, rOCT?2, and rOAT3 (Tahara et al., 2005). Ba-
solateral OCTs are known to be driven by the K*-gradient associated
with the inside-negative electrical potential difference, generated by
Na*/K*-ATPase (Wright and Dantzler, 2004). We reported that
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FIG. 4. Protein and mRNA expressions of basolateral organic ion transporters in the
kidney of sham-operated and IR rats. A, antisera specific for rOAT1, rOAT3,
rOCT1, rOCT2, or B-actin were used as primary antibodies. B, ratio of rOAT]1,
rOAT3, rOCT1, and rOCT? density to B-actin density in sham-operated (L) and I/R
(W) rats. The values for sham-operated rats were arbitrarily defined as 100%. Each
column represents the mean * S.D. from three rats. C, mRNA expressions of
basolateral organic ion transporters in the kidney of sham-operated and I/R rats.
rOATI, rOAT3, rOCT1, and rOCT2 mRNA expression levels in sham-operated [(m)}
and /R (M) rats were determined by real-time PCR analysis. The relative amounts
of tOATI, rOAT3, rOCT1, and rOCT2 mRNA were normalized to that of 18S
ribosomal RNA. Each column represents the mean * S.D. from seven to eight rats.
*+x p < 0.001 versus sham-operated rats.

Na*/K*-ATPase expression was markedly depressed in the I/R rat
kidney (Matsuzaki et al., 2007); thus, the driving force for OCTs at the
basolateral membrane could be decreased in I/R rats. As shown in
Figs. 2C and 3, organic cation transport activity at the basolateral
membranes was reduced in I/R rat kidney, as the Kp value of TEA
after i.v. administration and the accumulation of TEA into renal slices
were significantly decreased to 20 and 36% of those in sham-operated
rats, respectively. We reported previously that the transport activity of
rOAT3 in I/R rats was significantly reduced to 52% of that in
sham-operated rats, because the accumulation of estrone sulfate, a
substrate of rOAT3, was decreased in renal slices from I/R rat kidney
(Matsuzaki et al., 2007). It was reported that the Michaelis-Menten
constant (K,,) values of famotidine for rOCT1, rOCT2, and rOAT3
were 87, 61, and 345 uM, respectively (Tahara et al., 2005). In this
study, the estimated maximum plasma concentrations of famotidine in
sham-operated and I/R rats were 154 and 148 uM, respectively.
Considering the transporter affinity, decreased expression levels, and
plasma concentration of famotidine in AKI rats, the decreased renal
excretion of famotidine in I/R may be evoked mainly by the decreased
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FiG. 5. Protein and mRNA expression of luminal tMATE] in the kidney of sham-
operated and I/R rats. A, antisera specific for IMATE] or B-actin were used as
primary antibodies. B, ratio of IMATE] density to B-actin density in sham-operated
and I/R rats. The values for sham-operated rats were arbitrarily defined as 100%.
Each column represents the mean *+ S.D. from three rats. C, mRNA expression of
luminal tMATEI in the kidney of sham-operated and I/R rats. MATEl mRNA
expression levels were determined by real-time PCR analysis. The relative amount
of tMATE1 mRNA was normalized to that of 18S ribosomal RNA. Each column
represents the mean + S.D. from seven to eight rats. *p < 0.01; ***, p < 0.001
versus sham-operated rats.

organic cation transport activity of the basolateral membrane in renal
proximal tubules. Altemnatively, the serum level of indoxyl sulfate,
one of the high-affinity substrates for rOAT1 and rOAT3, was mark-
edly elevated in /R rats (Matsuzaki et al., 2007). Therefore, elevation
of serum indoxyl sulfate could inhibit rOAT3 in a competitive man-
ner, thereby decreasing renal accumulation of famotidine mediated by
rOAT3.

Western blot analysis revealed that the expression of rOCT2, but
not that of rOCTI1, was significantly suppressed in I/R rat kidneys
(Fig. 4). In addition, the mRNA expression of not only rOCT?2 but also
rOCT1 was significantly depressed (Fig. 4). The decrease in rOCT2
mRNA was remarkable compared with that in rOCT1 mRNA, sug-
gesting that rOCT2 was more sensitive to I/R-induced AKI. Recently,
it was reported that the expression of rOCT2 was decreased in rats
with chronic renal failure (Ji et al., 2002), hyperuricemia (Habu et al,,
2003), and diabetes mellitus (Thomas et al., 2004). Urakami et al.
(2000) reported that the expression of rOCT2 was up-regulated by
testosterone and down-regulated by estradiol in rats. It was also
suggested that the lowered plasma level of testosterone was respon-
sible for the decreased rOCT?2 expression (Ji et al., 2002). Testoster-
one induces the expression of rOCT2 but not that of rOCT! and
rOCT3 via the androgen receptor-mediated transcriptional pathway
(Asaka et al., 2006). However, it has been reported that there were no
significant changes in plasma testosterone and estradiol after renal
I/R-induced AKI (Park et al., 2004), although serum testosterone
levels were decreased in bilateral ureteral ligation and uranyl nitrate or
cisplatin-induced AKI (Ivic et al., 1988; Masubuchi et al., 2006).
Therefore, further study on the factor(s) and mechanisms of the
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decreased expression of rOCT?2 is required to understand its regula-
tion in AKI states.

In vivo renal clearances of famotidine and TEA were significantly
decreased in I/R rats. Renal clearance of famotidine and TEA may be
affected by organic cation transport activity not only at the basolateral
membranes but also at the brush-border membranes, as renal secretion
is performed by two transport steps in both membranes. In the rat
renal tubular brush-border membranes, rMATEI can mediate the
organic cation transport energized by an inward-directed H™* gradient,
which is mainly generated by Na*/H™ exchanger (NHE) 3 (Moe,
1999). In five-sixths nephrectomized rats, the down-regulated expres-
sion of luminal rMATE] was correlated well with the tubular secre-
tion of cimetidine, and the expression of NHE3 was markedly de-
pressed (Nishihara et al., 2007). TEA and cimetidine are substrates for
fMATE] (Ohta et al., 2006; Terada et al., 2006), although the ability
of tMATE] to recognize famotidine as a substrate is as yet unknown.
We found that the protein and mRNA expressions of tMATEI were
markedly depressed in IR rats (Fig. 5). Previously, it was reported
that NHE3 expression was markedly depressed in I/R rats (Wang et
al., 1997, Kwon et al., 2000), and the transport activity of organic
cations in renal brush-border membranes was decreased in I/R rats
(Maeda et al., 1993). Therefore, down-regulation of rMATE?! could
be involved in the decreased renal clearance of TEA in I/R rats at the
luminal membranes.

We have reported that I/R-induced AKI caused the down-regulation
of basolateral rOCT2, accompanied by decreased organic cation trans-
‘port activities at the basolateral membrane. Furthermore, luminal
tMATE1 expression was markedly depressed in I/R rats, suggesting
decreased organic cation transport activities at brush-border mem-
branes. The present results suggest that the renal expressions of
rOCT?2 and tMATE] are down-regulated and the urinary secretion of
cationic drugs is decreased in AKL Our findings provide information
for understanding the mechanisms involved in pharmacokinetic alter-
ation of drugs excreted mainly into urine under AKI, and the patho-
physiological roles of basolateral rOCTs and luminal tMATEL.
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Physiological and pharmacokinetic roles of H*/organic cation
antiporters (MATE/SLC47A)"
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ARTICLE INFO ABSTRACT
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Renal tubular secretion

Vectorial secretion of cationic compounds across tubular epithelial cells is an important
function of the kidney. This uni-directed transport is mediated by two cooperative func-
tions, which are membrane potential-dependent organic cation transporters at the baso-
lateral membranes and H*/organic cation antiporters at the brush-border membranes. More
MATE1 than 10 years ago, the basolateral organic cation transporters (OCT1-3/SLC22A1-3) were
MATE2-K isolated, and molecular understandings for the basolateral entry of cationic drugs have been
oCcT : greatly advanced. However, the molecular nature of H*/organic cation antiport systems
remains unclear. Recently, mammalian orthologues of the multidrug and toxin extrusion
(MATE) family of bacteria have been isolated and clarified to function as H*/organic cation
antiporters. In this commentary, the molecular characteristics and pharmacokinetic roles of
mammalian MATEs are critically overviewed focusing on the renal secretion of cationic
drugs.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction membranes {1-3]. A prototype substrate, tetraethylammonium

(TEA), hasbeen used for the functional characterization of these

The secretion of drugs and xenobiotics is an important
physiological function of the renal proximal tubules. Transport
studies using isolated membrane vesicles and cultured renal
epithelial cells have suggested that the renal tubular secretion
of cationic substances involves the concerted actions of two
distinct classes of organic cation transporters: one facilitated by
the transmembrane potential difference at the basolateral
membranes and the other driven by the transmembrane H*
gradient (H'/organic cation antiporter) at the brush-border

organic cation transport systems in the kidney.

The first membrane potential-dependent organic cation
transporter (OCT1) was isolated from the rat kidney in 1994 [4].
Subsequently, we isolated rat (r) OCT2 ¢cDNA [5]. Currently, there
are three isoforms (OCT1-3/SLC22A1-3), and the physiological
and pharmacokinetic roles of these transporters have been
characterized from various standpoints. There are several
excellent reviews documenting the historical developments
and recent progress in the understanding of OCT families [6-10}.

* This work was supported in part by the 21st Century Center of Excellence (COE) program “Knowledge Information Infrastructure for
Genome Science”, a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology of Japan,
and a Grant-in-Aid for Research on Advanced Medical Technology from the Ministry of Health, Labor and Welfare of Japan.

* Corresponding author. Tel.: +81 75 751 3577, fax: +81 75 751 4207.

E-mail address: inui@kuhp.kyoto-u.ac.jp (K. Inui).

Abbreviations: MATE, multidrug and toxin extrusion; MPP, 1-methyl-4-phenylpyridinium; NMN, N*-methylnicotinamide; OCT, organic
cation transporter; OCTN, novel organic cation transporter; SLC, solute carrier; SNP, single nucleotide polymorphism; TEA, tetraethy-

lammonium.
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On the other hand, the molecular identification of H*/
organic cation antiport systems has not been progressed.
Although several candidates for H"/organic cation antiporters
such as OCT2p [11], OCTN1 (SLC22A4) [12,13], and OCTN2
(SLC22A5) [14] have been proposed, all reports lacked direct
and enough evidences to support the biochemical and
physiological characteristics of H'/organic cation antiport
systems. For example, Tamai et al. [12] reported that OCTN1
may serve as a H*/organic cation antiporter, because it can
mediate the pH-dependent transport of TEA, and is localized
at the brush-border membranes of renal proximal tubules.
However, the following findings may not support that OCTN1
functions as classical H*/organic cation antiport systems: (i)
TEA transport by OCTN1 is electrogenic {13], whereas TEA
transport by classical H*/organic cation antiport systems is
electroneutral [15], (i) the renal expression level of OCTN1 is
relatively weak [16], and (iii) OCTN1 has been demonstrated to
mediate the Na*-dependent transport of the fungal antiox-
idant, ergothioneine with much greater catalytic efficiency
than for TEA [17,18]. Thus, no candidate fully satisfies the
characteristics of H'/organic cation antiport systems, and the
true molecular nature of this transporter has been veiled for a
long time.

2. Cloning of MATE/SLC47

In 1998, Tsuchiya and his colleagues [19] identified a novel
multidrug transporter in Vibrio parahaemolyticus and its
homolog in Escherichia coli, named NorM and YdhE, respec-
tively. These two transporters were assigned to a new family
of transporters designated as the multidrug and toxin
extrusion (MATE) family [20]. Although the overall properties
of the MATE family in bacteria have not been elucidated, some
transporters mediated the H'- or Na'-coupled export of
cationic drugs [20-22].

Based on these findings, Moriyama and his colleagues [23]
searched for mammalian orthologues of MATE-type trans-
porters using genomic databases, and succeeded in the
isolation of ¢cDNAs encoding orthologues of the bacterial
MATE family, i.e., human (h) MATE1 (GenBank accession no.
NP-060712), hMATE2 (NP-690872), mouse (m) MATE1
(AAH31436), and mMATE2 (XP-354611). Subsequently, we also
reported the cDNA cloning of hMATE2-K (AB250364) [24],
hMATE2-B (AB250701) [24], and rat {r) MATE1 (AB248823) [25].
Furthermore, other groups have reported the cloning of cDNAs
for IMATE1 (AAH88413) [26], rabbit (rb) MATE1 (EF120627) [27],
and tbMATE2-K (EF121852) [27]. The MATE family was
assigned as the SLC47 family (SLC47A1: MATE1, SLC47A2:
MATE2 and MATE2-K) by HUGO Gene Nomenclature Commit-

- tee in 2007.

3. Concerns for nomenclature and
classification
3.1. hMATE2, hMATE2-K, and hMATE2-B

During the course of our cloning process, the original hMATE2
¢DNA could not be isolated, alternatively cDNAs for hMATE2-K

and hMATE2-B were isolated [24]. As compared to the original
hMATE2 cDNA, the hMATE2-K cDNA lacked 108 base pair (bp)
in exon 7, and the hMATE2-B cDNA contained an insertion of
46 bp in exon 7. The open reading frame of the hMATE2-K
cDNA was 1698 bp long, coding for a 566-amino acid protein.
That of hMATE2-B was 660 bp long and encoded a 220-amino
acid protein. hMATE2-K, but not hMATE2-B, exhibited the
transport activity of TEA. Based on these findings, we
originally described hMATE2-K as a splicing variant of
hMATE2. However, subsequently, Zhang et al. [27] also
isolated rbMATE2-K cDNA instead of tbMATE2 cDNA. So far,
transport characteristics of the original hMATE2 remain
unclear, whereas those of hMATE2-K and rbMATE2-K were
clearly demonstrated [24,27,28]. Although the identification
and characterization of the original hMATE2 should be carried
out, MATE2-K is currently the only functional isoform in the
MATE2 subfamily.

3.2 mMMATE2

Moriyama’s group classified rodent MATE2 (mMATE2 and
IMATE?) as MATE3 family based on an amino acid alignment
[29,30]. Dog, opossum and chimpanzee MATE3 are also
members of MATE3 family [29,30]. This classification may
be supported by tissue expression, i.e., human and rabbit
MATE2-K are specifically expressed in the kidney, but rodent
MATE2 is predominantly expressed in the testis [30]. In
addition, based on the genomic database, it was found that
there are no rodent isoforms corresponding to hMATE2-K. In
order to avoid the misunderstanding of nomenclature, it
would be reasonable to rename mMATE2 and rMATE2 as
mMATE3 and tMATES3, respectively.

4, Structure

Human, mouse, rat, and rabbit MATE1 consists of 570, 532, 566,
and 568 amino acid residues, respectively [23,25-27]. Phylo-
genetic trees of MATE1 and MATE2-K from various species are
shown in Fig. 1A. A comparison of the multiple alignments of
these MATE1 sequences revealed a similar overall homology
except for the C-terminus of mMATE?1 (Fig. 1B). Instead of the
original mMATE1 (AAH31436, mMATE1la), another protein
with 567 amino acid residues was registered in the NCBI
database [CAI25734], which was recently reported as mMA-
TE1b [31]. mMATE1b had almost the same C-terminal amino
acid sequence as the other MATE1 proteins (Fig. 1B). In the
cDNA of mMATE1b, a nucleotide 1528 “A” of the mMATE1la
cDNA is deleted. mMATE1b has similar transport properties
with mMATE1a and is localized at the renal brush-border
membranes [31,32].

Hydropathy analysis in the original paper suggested that
the hMATE1 protein contains 12 transmembrane domains,
with both the C- and N-terminal located inside the cell. The
secondary structure of various MATEs was examined by using
transmembrane domain (TMD)-predicting programs such as
SOSUI (http://sosui.proteome.bio.tuat.ac.jp/~sosui/proteome/
sosuiframe0.html), TopPred (http://www.sbc.su.se/~erikw/
toppred2/), TMHMM (http://www.cbs.dtu.dk/services/
TMHMM-2.0/), and HMMTOP (http//www.enzim.hw/
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MMATE1a (78%)
MATE1 (79%)
NMATE1 (100%)
rOMATE1 (78%)
mMMATE2 (55%)
hMATEZ (48%)
hMATE2-K (52%)
hMATE2-B (59%)
IOMATE2-K (53%)

(B)

Cys 63

NH,

Cys 127

Glu 273

hMATE1l (NP-060712)501 LEGILTNDVGKTGEPQSDOOMROEEPLPEHPODGAKLSRRQLVLRRGLLLLGVFLILLVGILVRFYVRIQ 570

MATEL (AB248823) 497 HGE.M4T.LE.KD.I.L....N.QQA..V..K.SN...G...A....
rbMATEL (EF120627) 499 HG..VLR.ADRKEGAEINE.VHP.L...VR.E.S.H..G...A,.....

EF...VVVG.... . V.I.TE 566
ve..-I.V.ALLLKV...T. 568

mMATEla (AAH31436) 498 HGE.MMT.LE.KRRDSVGPADEPATSFAYPSKGQQ 532
mMATE1b (CAI25734) 498 HGE.MMT.LE.RD.T.L..P.N.QQA. .TR.K.SN...G...A.......... V.V.VG.....V.1I..E 567

The deletion of a nucleotide 1528 “A” of the original mMMATE1a cDNA
produces mMATE1b, which has a similar amino acid sequence to MATE1

from other species.

Fig. 1 - Structural characteristics of MATEs. (A) Phylogenetic trees of MATE1 and MATE2-K from various species. (B)
Comparison of C-terminal amino acid sequence among the various MATE1 proteins. mMATE1b protein had almost the
same C-terminal amino acid sequence as the other MATE1 proteins, but the original mMATE1a did not. (C) Secondary
structure of hMATEL. Three different transmembrane domain-predicting programs suggested that hMATE1 has 13
transmembrane domains. Essential amino acid residues were identified by the mutagenesis analyses of hMATE1 [23,42].

hmmtop/html/document.html). Most of the programs sug-
gested 13TMDs for the human, rat, and rabbit MATEL1 (Fig, 1C),
except for TopPred/hMATE1/12TMDs and SOSUI/rbMATE1/
11TMDs. Twelve and 13 TMDs were predicted for the
mMATE1a and mMATE1b, respectively. Thirteen TMDs would
mean that the C-terminus of MATE proteins is located on the
extracellular face of the membranes, and this orientation of
TbMATE1 was confirmed by evaluating the accessibility of the
antibody to a C-terminal tag using permeabilized and non-
permeabilized cells {27].

Human and rabbit MATE2-K consists of 566 and 601 amino
acid residues, respectively [24,27]. Most of the TMD-predicting
programs also suggested that these proteins possessed 13
putative transmembrane domains like the MATE1 proteins.

5. Tissue distribution and membrane
localization

"hMATE1 mRNA is primarily expressed in the kidney, and is also
expressed in the adrenal grand, testis, skeletal muscle and liver
[23,24]. Immunohistochemical analyses showed the hMATE1
protein tobelocalized at the apical region of the proximal [23,24]
and distal convoluted tubules [23] of the kidney.

IMATE1 is also strongly expressed in the kidney by
Northern blot analyses [25,26]. Real-time PCR analyses
revealed that ’IMATE1 mRNA is highly expressed in the kidney
and placenta, and slightly expressed in the pancreas, spleen,
bladder, and lung. Using micro-dissected nephron segments,
it was demonstrated that rMATE1 mRNA was primarily
expressed in the proximal convoluted tubule and proximal
straight tubule, where expression levels of OCT1 and OCT2 are

abundant. Inmunohistochemical analyses also showed that
TMATE1 was abundant in the renal cortex, and was detected at
the brush-border membranes of proximal tubules [33].
mMATE1 mRNA was predominantly expressed in the
kidney, liver, and heart as a 3.8-kb transcript by Northern
blot analysis [23], and was also detected in the brain, heart,
stomach, small intestine, urinary bladder, thyroid gland,
adrenal gland, and testis as well as kidney and liver by RT-
PCR analyses. In Western blot analysis, nMATEL1 protein was
detected as a single band of 53 kDa in the membranes of the
kidney and liver [23], and also in the heart, stomach, small
intestine, bladder, thyroid gland, adrenal gland, and testis {32].
Immunohistochemical analyses revealed that mMATE1 pro-
tein was localized not only at the apical region of proximal
convoluted tubules and the bile canaliculi but also in brain
glia-like cells and capillaries, pancreatic duct cells, urinary
bladder epithelium, adrenal gland cortex, alpha cells of the
islets of Langerhans, Leydig cells, and vitamin A-storing Ito
cells [32]. It should be noted that the antibody used in these
immunochemical analyses was raised against the C-terminus
of the original mMATE1a [23,32]. The amino acid sequence of
these regions of the original mMATE1a is completely different
from that of mMATE1b [31] described in the section of
structures. Although Hiasa et al. [32] suggested that mMATE1
mediates the transport of physiologically important cationic
transmitters, steroids, and hormones in endocrine cells, the
reevaluation of the tissue distribution and membrane locali-
zation of mMATElb may be necessary to elucidate the
physiological and pharmacokinetic roles of mMMATE family.
hMATE2-K is expressed only in the kidney, and is localized at
the brush-border membranes of the renal proximal tubules {24].
The precise tissue distribution of rbMATE2-K was notexamined,
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but the cortical expression of b MATE2-K mRNA appeared to be
approximately 7-fold that of bMATE1 mRNA [27].

As described above, rodent MATE2 is classified into the
third member of MATE family, and the sites of its expression
are clearly different from those of hMATE2-K and rbMATE2-K.
Rodent MATE2? is predominantly expressed in the testis, and is
localized to the Leydig cells [23,30].

6. - Functional aspects of MATEs
6.1.  Driving force

MATE1 exhibited the pH-dependent transport of TEA in
cellular uptake and efflux studies, and intracellular acidifica-
tion through pretreatment with NH,Cl stimulated TEA trans-
port [23,25-28,31,32], suggesting that MATE1 utilized an
oppositely directed H* gradient as a driving force. Uptake
studies using plasma membrane vesicles from rMATE1-stably
expressing cells definitively indicated that an oppositely
directed H* gradient serves as a driving force for rMATE1
[34]. Namely, the transport of TEA exhibited the overshoot
phenomenon only when there was an outwardly directed H*

. gradient, as observed in rat renal brush-border membrane
vesicles (Fig. 2). The uptake of TEA stimulated by an H*
gradient ((H'lin > [H*]ou) Was significantly reduced in the
presence of a protonophore, carbonyl cyanide p-trifluoro-
methoxyphenylhydrazone (FCCP). TEA uptake stimulated by
an H* gradient was not changed in the presence of
valinomycin-induced membrane potential, suggesting the
electroneutral antiport of H* and TEA. Since the luminal pH
is more acidic than the intracellular pHin the proximal tubules
[35], due to the Na*/H* exchanger (NHE) and/or ATP-driven H*-
pump, it is reasonable to assume that the inward H* gradient
(luminal pH < intracellular pH) can drive the secretion of
organic cations in the kidney in vivo.

6.2.  Substrate specificity
MATE1 and MATE2-K can transport typical organic cations such

as TEA [23-28,31,32,34], H,-blocker cimetidine [24-28,34], neu-
rotoxin 1-methyl-4-phenylpyridinium (MPP) [24,25,27,28,34],
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and antiarrhythmic drug procainamide {24,25,28,34], all demon-
strated to be substrates for H*/organic cation antiporters
characterized by brush-border membrane vesicles [1-3]. In
addition to these compounds, N*-methylnicotinamide (NMN),
metformin (antidiabeticdrug) and creatinine, which are cationic
compounds, were transported by these transporters
[24,25,28,34]. Zwitterionic B-lactam antibiotics such as cepha-
lexin and cephradine are effectively transported by MATE1
[25,28], consistent with the results of transport experiments
using rat renal brush-border membrane vesicles [36]. On the
other hand, a platinum anticancer agent, oxaliplatin, was a
better substrate for hMATE2-K rather than hMATE1{37,38]. The
pharmacokinetic implications of oxaliplatin transport via
hMATE2-K are discussed below (Section 8). Though there are
afew exceptions, substrate specificity of MATE1 and MATE2-K is
similarin general. Furthermore, species differencesregarding to
substrate specificity have not been reported in MATE family
among human, mouse, rat, and rabbit.

6.3.  Essential amino acid residues

In the NorM protein, the prototype of the bacterial MATE
family, three conserved acidic amino acid residues, Asp32,
Glu251, and Asp367, in the transmembrane region were
demonstrated to be involved in the Na*-dependent drug
transport process [39]. Glu273 in the human MATE1 protein,
the counterpart of Glu251 of NorM, is also conserved among
species, and Otsuka et al. [23] demonstrated that the mutation
of Glu273 reduced the transport activity.

Our studies using rat renal brush-border membrane vesicles
have suggested the functional importance of cysteine (Cys) and
histidine (His) residues of the H*/organic cation antiport system
{40,41]. As expected, IMATE1 has Cys and His residues essential
for the transport activities. Namely, among the conserved Cys
and His residues of IMATE1, Cys62, Cys126, and His385 were
identified as essential [42]. Mutation of the corresponding
residues in hMATE1 and hMATE2-K also diminished the
transport activity. The PCMBS-induced inhibition of TEA
transport was protected by an excess of various rMATE1
substrates, suggesting that Cys residues act as substrate-
binding sites. Pelis et al. [43] have recently found that Cys474
of hOCT2, suggested to be located in the 11th transmembrane
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Fig. 2 - TEA uptake by rat renal brush-border membrane vesicles (A) and plasma membrane vesicles from rat MATE1-stably
expressing cells (B). The transport of 'I'EA exhibited the overshoot phenomenon only when there was an outwardly directed

H' gradient in both systems.
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helix which participates in the formation of the hydrophilic
cleft, contributes to substrate-protein interaction. As OCTs and
MATEs have similar substrate specificity, even if their driving
forces are different, it is plausible that the same amino acid
cysteine is involved in the recognition of substrates.

7. Regulational aspects of MATEs

7.1.  Comparison with OCTs

In the case of the basolateral organic cation transporters
(OCTs), it has been reported that various factors such as
development [44], gender [45,46], chronic renal failure after 5/6
nephrectomy [47], and diabetes [48] affected the expression of
OCTs in the kidney. For example, the expression level of rat
OCT2, but not OCT1 or OCTS3, in the kidney was much higherin
males than females {45]. The treatment of male and female
rats with testosterone significantly increased rOCT2 expres-
sion in the kidney [46]. Indeed, functional reporter assays
revealed that androgen response elements in the rat OCT2
promoter region play important roles in the enhancement of
transcription by testosterone [49]. Recently, as a basal
transcriptional regulator of the hOCT2 gene, upstream
stimulatory factor 1 was identified [S0].

In contrast to OCTs, there is little information available
about the regulation of MATEs, and similar approaches for
MATEs have been carried out. A gender difference was not
observed in IMATE1 protein [33] and TbMATE1 and rbMATE2-K
mRNA [27]. The level of basolateral TOCT2 was changed in
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male nephrectomized rats, but was not changed in female
nephrectomized rats {33]. Based on these findings, female rats
were used to evaluate the roles of luminal rMATE1 in
nephrectomized rats, avoiding the influence of basolateral
side [33]. The tubular secretion of cimetidine was markedly
decreased in female nephrectomized rats. Although the
protein expression of rOCT2 was not changed, the level of
IMATE1 was significantly decreased in the remnant kidney.
The protein level of ’MATE1, but not of rOCT2, correlated well
with the tubular secretion of cimetidine. The level of NHE3 was
also markedly depressed in both the male and female
nephrectomized rats. These results suggested that the secre-
tion of cimetidine was decreased by the reduced expression of
rMATE1 but also by the functional loss of this transporter due
to a lowered H*-gradient at the brush-border membrane,
caused by a decrease in NHE3.

7.2.  Promoter and rSNP analyses of the MATE1 gene
Functional promoter analyses of the human and rat MATE1
genes were recently characterized [51]. Deletion analyses
suggested that the region spanning —65/—25 was essential for
the basal transcriptional activity of human MATEL, and this
region lacked a canonical TATA box, but possessed two
putative Spl-binding sites. The functional involvement of Sp1
was confirmed by the overexpression of Spl, a mutational
analysis of Sp1-binding sites, mithramycin A treatment, and
an electrophoretic mobility shift assay. Interestingly, a single
nucleotide polymorphism (SNP) was discovered in the Spl-
binding site (G-32A) of the hMATE1 promoter, and it was
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Fig. 3 - Organic cation transport systems in human renal proximal tubular cells and chemical structures of typical
substrates. Cellular uptake of organic cations across the basolateral membranes (BLM) is mediated by membrane potential-
dependent organic cation transporter 2 (OCT2). In human proximal tubular cells, there is little expression of other isoforms
such as OCT1 and OCT3. The exit of cellular organic cations across the brush-border membranes (BBM) is mediated
principally by H*/organic cation antiporters (MATE1 and MATE2-K). (A) Cimetidine, metformin, procainamide, and NMN
recognized by both transporters are mainly excreted into the urine. Oxaliplatin is transported by both transporters, and
could not be accumulated in the renal proximal tubular cells. (B) Cisplatin is transported by hOCT2, but not by hMATE
family. These transport properties may induce the accumulation of cisplatin in the renal proximal tubular cells and

nephrotoxicity.
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demonstrated that this substitution affects hMATE1 promoter
activity by disrupting the binding of Sp1 (an approximately
50% reduction relative to the control), suggesting that this SNP
influences the mRNA level of MATE1.

To date, many large-scale screenings of SNPs of SLC drug
transporters have been carried out to identify genetic factors
involved in the interindividual differences of pharmacoki-
netics. Recently, it has been demonstrated that OCT1 genotype
is a determinant of the therapeutic action and pharmacoki-
netics of metformin [52,53]. Because MATE1 plays pivotal roles
in the renal handling of metformin, the SNP in the promoter
region of the MATE] gene may affect the pharmacokinetic
properties of metformin. Further studies of the relationship
between gene polymorphisms of MATE1 and the pharmaco-
kinetics of MATE1 substrate drugs including metformin may
clarify the clinical implications of this SNP.

v
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8. Pharmacokinetic and toxicological roles

In general, efficient renal secretion of organic cations could be
achieved by the efficient interplay between OCT2 and MATE1
and/or MATE2-K in human renal tubular epithelial cells.
Cationic drugs such as cimetidine, metformin, and procaina-
mide, and endogenous organic cations such as NMN recog-
nized by both transporters were mainly excreted into the urine
(Fig. 3A). These transporters also control the exposure of renal
cells to nephrotoxic drugs and thereby are responsible for
xenobiotic-induced nephrotoxicity.

Cisplatin, carboplatin, oxaliplatin, and nedaplatin are
currently used to treat solid tumors. Amongthem, only cisplatin
induces nephrotoxicity with a higher accumulation in the
kidney. In vitro and in vivo studies indicated that a kidney-
specific OCT2 was the determinant of cisplatin-induced
nephrotoxicity, mediating the renal uptake of cisplatin
[37,54]. In addition, low-nephrotoxic platinum agents, carbo-
platin and nedaplatin, were not transported by OCT2. However,
oxaliplatin was revealed to be a good substrate of OCT2
although it was not nephrotoxic. We hypothesized that hMATE1
and/or hMATE2-K protect against oxaliplatin-induced nephro-
toxicity by effluxing this agent from the intracellular compart-
ment. As expected, marked transport of oxaliplatin by hMATE2-
K, but not hMATE1, was observed [37,38]. On the other hand,
cisplatin, carboplatin, and nedaplatin were not transported by
either transporter [37,38]. These results clearly account for the
relationship between the renal pharmacokinetics and nephro-
toxicity of platinum agents; (i) cisplatin was accumulated in the
kidney via hOCT2 and induced nephrotoxicity (Fig. 3B), (ii)
oxaliplatin was transported by hMATE2-K as well ashOCT2 and
therefore, its renal cellular concentration was lowered (Fig. 3A),
and (iii) carboplatin and nedaplatin were not accumulated in
the kidney via organic cation transporters. The MATE family is
proposed to play an important role in protecting the kidney
from cationic toxins.
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9. Summary and perspective

In this commentary, we described recent findings about the
MATE/SLC47A family regarding their structure, expression,

Table 1 - Characteristics of MATE family
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transport function, and regulation (Table 1). Most of the
molecular characteristics of MATEs are consistent with the
biochemical properties of renal H*/organic cation antiport
systems assessed by classical assays using in vitro brush-
border membrane vesicles and cultured renal epithelial cells.
With respect to the roles of MATEs, their pharmacokinetic
significance including renal secretion has been emphasized.
In human proximal tubular cells, the renal tubular secretion
of clinically important cationic drugs is mediated by the
interplay of basolateral OCT2 and brush-border MATEY/
MATE2-K (Fig. 3). Thus, the establishment of OCT/MATE
double transfectants could be useful for the evaluation and
prediction for the renal handling of cationic drugs, drug-drug
interactions, and drug toxicity. Although there is little
information available about the regulational aspects of
MATESs, similar evidences have been accumulated for other
renal drug transporters [55]. An understanding of the
mechanisms for the regulation of MATEs will help us to
evaluate the intra- and interindividual variability in the renal
handling of cationic drugs. Finally, regarding the classifica-
tion of the mammalian MATE family, we recommend that
mouse and rat MATE2 could be renamed mouse and rat
MATES3, respectively.
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