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ABSTRACT

OCTNZ2 is an Na™-dependent transporter for carnitine, which is
essential for fatty acid metabolism, and its functional defect
leads to fatal systemic carnitine deficiency (SCD). It also trans-
ports the organic cation tetraethylammonium (TEA) in an Na™*-
independent manner. Here, we studied the multifunctionality of
OCTN2, by examining the transport characteristics in cells
transfected with mouse OCTN2 and in juvenile visceral steato-
sis (jvs) mice that exhibit a SCD phenotype owing to mutation of
the OCTN2 gene. The physiological significance of OCTN2 as
an organic cation transporter was confirmed by using jvs mice.
The embryonic fibroblasts from jvs mice exhibited significantly
decreased transport of ['*CJTEA. Pharmacokinetic analysis of

['“CJTEA disposition demonstrated that jvs mice showed de-
creased tissue distribution and renal secretory clearance. In
transport experiments using OCTN2-expressing cells, TEA and
carnitine showed mutual trans-stimulation effects in their trans-
port, implying a carnitine/TEA exchange mechanism. In addi-
tion, Na™ affected the affinity of carnitine for OCTN2, whereas
Na™ is unlikely to be involved in TEA transport. This is the first
molecular and physiological demonstration of the operation of
an organic cation transporter in renal apical membrane. The
results are consistent with the physiological coupling of carni-
tine reabsorption with the secretion of organic cations.

Organic cations such as tetraethylammonium (TEA) are
distributed into various tissues and excreted into urine by
specific transport systems in kidney. Previous studies sug-
gested that organic cations are excreted by potential-depen-
dent OCT transporters and by an organic cation/H™ anti-
porter across the renal epithelial basolateral and apical
membranes, respectively (Zhang et al., 1998; Koepsell et al.,
1999; Sweet and Pritchard, 1999), whereas no apically ex-
pressed transporters have been molecularly identified. We
have isolated and characterized the new family of organic
cation transporters, OCTN. The first member of the OCTN
family, OCTN1, cloned from human fetal liver, transports
organic cations such as TEA in a pH-dependent manner
(Tamai et al., 1997; Yabuuchi et al., 1999). The second mem-
ber, OCTN2, transports physiologically important carnitine
in an Na*-dependent manner, as well as organic cations in
an Na"-independent manner (Tamai et al., 1998; Wu et al.,
1998, 1999; Ohashi et al., 1999). OCTN2 is present in various
tissues, including kidney, skeletal muscle, heart, placenta,
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and others (Tamai et al., 1998). In 1988, the homozygous
mutant mice, named juvenile visceral steatosis (jus) mice,
which exhibit cardiac hypertrophy, lipid accumulation in the
liver, and hyperammonemia, (Koizumi et al., 1988; Horiuchi
et al., 1993) were found with several histological changes
(Koizumi et al., 1988; Narama et al., 1997) and alteration of
carnitine disposition (Yokogawa et al., 1999a). The signifi-
cance of OCTN2 as the carnitine transporter was clearly
demonstrated using jus mice, which exhibit the phenotype of
systemic carnitine deficiency (SCD) caused by mutation of
the OCTN2 gene (Leu352Arg) (Hashimoto et al., 1998; Lu et
al., 1998; Nezu et al., 1999; Yokogawa et al., 1999¢c). How-
ever, no precise studies on organic cation transport by mouse
OCTNZ2 have been done, and the physiological and pharma-
cological relevance of OCTN2 as an organic cation trans-
porter remains to be clarified. Furthermore, the mechanism
of the multifunctionality of OCTNZ2, transporting carnitine
and organic cations in Na"-dependent and independent man-
ners, respectively, is unclear. Because the jus mice have
genetically mutated OCTN2 and completely lack carnitine
transport activity, they are expected to be useful to evaluate
a contribution of OCTNZ2 as an organic cation transporter.

ABBREVIATIONS: TEA, tetraethylammonium; jvs, juvenile visceral steatosis; SCD, systemic carnitine deficiency; MPP, 1-methyl-4-phenylpyri-
dinium; HEK, human embryonic kidney; NMG, N-methylglucamine; GFR, glomerular filtration rate; AUC, area under plasma concentration-time
curve; CLr, renal clearance; CLs, renal secretory clearance; K, tissue-to-plasma concentration ratio.
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In the present study, we studied the multifunctionality of
OCTN2 and the significance of OCTN2-mediated tissue dis-
tribution and renal excretion of the organic cation TEA by
comparing the dispositions in wild type and jus mice, as well
as by examining transport in OCTN2-expressing cells.

Experimental Procedures

Materials. [Methyl->H]acetyl-L-carnitine hydrochloride (65 Ci/
mmol) and L-[methyl-*H]carnitine hydrochloride (85 Ci/mmol) were
purchased from Moravek Biochemicals Inc. (Brea, CA). [1-14C]Tet-
raethylammonium bromide (2.4 mCi/mmol), [N-methyl-*H]1-methyl-
4-phenylpyridinium acetate (MPP) (82 Ci/mmol), [N-methyl-
3H]verapamil hydrochloride (78.6 Ci/mmol) and I[glycyl-2-°Hlp-
aminohippurate (2.45 Ci/mmol) were from New England Nuclear
(Boston, MA). [Pyridinyl-5-*H]pyrilamine (28 Ci/mmol) was from
Amersham Pharmacia Biotech (Buckinghamshire, UK). Other re-
agents, including cefazolin sodium, were obtained from Sigma Chem-
ical Co. (St. Louis, MO), Wako Pure Chemical Industries (Osaka,
Japan), and Nacalai Tesque, Inc. (Kyoto, Japan) and used without
further purification. HEK 293 cells were obtained from Japanese
Cancer Research Resources Bank (Tokyo, Japan).

Studies of Uptake and Efflux by Fibroblasts and HEK 293
Cells Expressing Mouse OCTN2. Primary cultured fibroblasts
from homozygous jus and normal C57BL/6J embryos were prepared
and cultured as described previously (Hashimoto et al., 1998).
Briefly, the cells obtained were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 5% fetal calf serum (Life Technol-
ogies, Tokyo, Japan) on plastic disks in humidified 5% CO, at 37°C
and used for uptake experiments. In the transport measurement, the
cells cultured on plastic disks were incubated with transport medium
(Hanks’ balanced salt solution) containing a radiolabeled test com-
pound to initiate the uptake study. After an appropriate time, the
disks were washed three times with ice-cold Hanks’ balanced salt
solution, solubilized with 1 N NaOH, and the radioactivity was
measured in a liquid scintillation counter after neutralization with
HCl and addition of liquid scintillation fluid, Clear-sol I (Nacalai
Tesque).

For transport studies in HEK 293 cells expressing mouse OCTN2,
the full-length wild-type or jus mouse OCTN2 ¢cDNA, subcloned into
the BamHI sites of the expression vector pcDNA3 and the construct,
pcDNA3/mouse OCTN2, was transfected into HEK 293 cells by
means of the calcium phosphate precipitation method as described
previously (Tamai et al., 1997). The cells were cultivated in Dulbec-
co’s modified Eagle’s medium containing 10% fetal calf serum, pen-
icillin and streptomycin in a humidified incubator at 37°C under 5%
CO,. After 24-h cultivation of the cells in the 15-cm dishes, pcDNA3/
OCTN2 or pcDNAS3 vector alone (Mock) was transfected by adding 10
ng of the plasmid DNA per dish. At 48 h after transfection, the cells
were harvested with a rubber policeman, washed twice, and sus-
pended in the transport medium containing 125 mM NaCl, 4.8 mM
KCl, 5.6 mM bp-glucose, 1.2 mM CaCl,, 1.2 mM KH,PO,, 1.2 mM
MgSO,, and 256 mM HEPES, pH 7.4. In an uptake measurement, the
cell suspension was mixed with transport medium containing a ra-
diolabeled test compound to initiate the uptake study. In the trans-
stimulated uptake experiments, the cells were preloaded with TEA
for 30 min and subsequently uptake of [*H]carnitine by the cells was
measured. At appropriate times, 100- or 200-ul aliquots of the mix-
ture were withdrawn and the cells were separated from the trans-
port medium by centrifugation in a microtube containing a mixture
of silicon oil and liquid paraffin with a density of 1.03 and 3 N KOH.
The resultant cell pellets were solubilized in 3 N KOH, neutralized
with HCI, and the associated radioactivity was measured in a liquid
scintillation counter. In the ¢rans-stimulated efflux experiments, the
cells were preloaded with [**C]TEA for 30 min at 37°C. Then, the
cells were spun down (0°C, 7,000g, 8 sec), suspended in ice-cold
transport medium, and washed twice at 0°C. The cells were again
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suspended in the transport medium containing test compounds, and
efflux was initiated at 37°C. At appropriate times, 100-ul aliquots of
the mixture were withdrawn and the cell-associated radioactivity
was measured as described above. Cellular protein content was
determined according to the method of Bradford using a Bio-Rad
protein assay kit (BioRad, Hercules, CA) and bovine serum albumin
as the standard (Bradford, 1976). For Na*-free experiments, the
obtained cells were suspended in Na"-free medium, in which Na™
was replaced isotonically with N-methyl-D-glucamine (NMG).

Animal Experiments. All the animal experiments were per-
formed according to the Guidelines for the Care and Use of Labora-
tory Animals in Takara-mach Campus of Kanazawa University. Jus
mice, originally found among mice of the C3H.OH strain (Koizumi et
al., 1988), and control wild mice C3H/Hed (Japan SLC, Hamamatsu,
Japan) were used for the following studies. By mating heterozygous
male mice with heterozygous female mice, we obtained homozygous
mutants (jus/jvs). Eight-week-old jus male mice (jus/jvs) and normal
male C3H/Hej mice (+/+) were used to study the disposition of TEA
after overnight starvation. Mice were anesthetized with pentobarbi-
tal and were bolus-injected with 8.8 mg/kg of ['*C]TEA via the
jugular vein. [*H]Inulin was simultaneously injected with [*C]TEA
to evaluate glomerular filtration rate (GFR). Serial blood samples
were collected from the intraorbital venous plexus using heparinized
capillary tubes at designated time intervals in individual mice dur-
ing the experiment. Urine samples were collected by washing the
bladder with saline (0.5 ml) at designated times through a catheter.
For determination of the apparent tissue-to-plasma concentration
ratio (K,), the mice were decapitated at 4 h after a single intravenous
injection of ['*C]TEA. The tissues were quickly excised, rinsed well
with ice-cold saline, blotted to dryness, and weighed. Plasma and
urine samples were mixed with scintillation fluid for quantitation.
Tissue samples (0.05-0.2 g) were dissolved in 1 ml of Soluene-350
(Packard Inc., Meriden, CT) by incubation at 50°C for 3 h. The
dissolved samples were mixed with scintillation fluid, neutralized
with 1 N HCI, and the associated radioactivity was measured. In the
same manner with TEA, cefazolin at a dose of 20 mg/kg was intra-
venously injected to mice and the concentration of cefazolin in
plasma and urine was measured by high-performance liquid chro-
matography. The used column and mobile phase for high-perfor-
mance liquid chromatography analysis of cefazolin were TSKgel
ODS-80Ts (4.6 X 150 mm; Tosoh, Tokyo, Japan) and acetonitrile/
water containing 10 mM ammonium acetate (15:85), respectively.

Data Analysis. Uptake of [*H]carnitine or [**C]TEA by in vitro
experiments was usually expressed as the cell-to-medium concentra-
tion (C/M) ratio (in microliters per milligram of protein) obtained by
dividing the uptake amount by the concentration of test compound in
the medium. The K, values of carnitine and TEA were 22.1 uM and
215 uM (Tamai et al., 2000), respectively, and concentrations of
[*Hlcarnitine (10 nM) and [**C]TEA (50-100 M) used in each ex-
periment were low enough to be evaluated by the C/M ratio com-
pared with K, values. Pharmacokinetic parameters such as the area
under the plasma concentration-time curve (AUC), the elimination
rate constant (k,), the steady-state distribution volume (Vdss) and
the total body clearance (CL,,,) were estimated according to model-
independent moment analysis or compartment analysis using Win-
Nonlin (SCI, Cary, NC). GFR was estimated in terms of inulin
clearance. The renal clearance (CLr) and renal secretory clearance
(CLs) were calculated by using the equations CLr = X / AUC and
CLs = CLr — GFR, where X is the urinary excretion amount of
[**C]TEA. All data are expressed as mean = S.E.M. and statistical
analysis was performed by using Student’s ¢ test, with p < 0.05 as
the criterion of significance.

Results

Transport of ['*C]TEA and [*H]Carnitine in Embry-
onic Fibroblasts from Wild-Type and jvs Mice. Fig. 1, A
and B, show the uptakes of [*H]carnitine and [**C]TEA by
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embryonic fibroblasts from wild-type and jus mice. Uptake of
[**C]ITEA by fibroblasts from jus mice was significantly lower
than that by the cells from normal mice, as was also the case
for [*H]carnitine. Furthermore, after preincubation of fibro-
blasts with [**CITEA, the efflux transport of [**CITEA was
measured (Fig. 1C). The efflux rate of [**C]TEA from wild-
type fibroblasts was larger than that of jus fibroblasts. The
apparent rapid efflux of TEA from jus mice-derived fibro-
blasts at the initial stage represents release of the cell-sur-
face adsorbed [Y*C]TEA, because further decrease in cell-
associated radioactivity was not observed. These findings
demonstrated that TEA is bidirectionally transported in
mouse embryonic fibroblasts and OCTN2 plays a role in the
transport of TEA as well as carnitine.

Transport of ['*CITEA and [*H]Carnitine by Wild-
Type and juvs OCTN2-Expressing HEK 293 Cells. To com-
pare the transport activities for carnitine and TEA via mouse
OCTN2, we examined the uptakes of carnitine and TEA by
HEK 293 cells transfected with ¢cDNA of the wild-type
OCTN2 and the mutated OCTN2 found in jvs mice. In the
Jjus-derived OCTN2-expressing cells, uptake of [*'H]carnitine
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Fig. 1. Uptakes of [*H]carnitine (A) and [**CITEA (B) and efflux of
[**C]TEA (C) by embryonic fibroblasts from wild-type (O, open columns)
and jvs (@, closed columns) mice. Uptakes of [*H]carnitine (10 nM) and
[**C]TEA (50 uM) by fibroblasts were measured at 37°C and pH 7.4. In
the ["*C]TEA efflux study, cells were preloaded by incubating with 300
uM [**C]TEA for 60 min at 37°C. The effluxes of ['*C]ITEA were measured
at 37°C and pH 7.4. ¥, Significantly different from the uptake by wild-
type fibroblasts by Student’s ¢ test (p < 0.05). **, Significantly different
from the content of ["*C]TEA at 0 min by Student’s ¢ test (p < 0.05). The
results are shown as means = S.E.M. of four determinations.

and ["C]TEA were both negligible, whereas wild-type
OCTN2 exhibited significant increase of transport in usual
transport medium containing Na* (Fig. 2A). When the up-
takes by wild-type OCTN2-expressing cells were examined in
the presence and absence of Na™ (Fig. 2B), ['*CITEA uptake
was maintained in the absence of Na*, whereas [*H]carni-
tine uptake was disappeared. Accordingly, OCTN2 does not
require Na™ for the transport of TEA, and the mutation in jus
OCTN2 (Leu352Arg) commonly leads to loss of transport
activities of TEA and carnitine (Nezu et al., 1999).
Na*-Dependent Inhibition of OCTN2-Mediated
[**CITEA Uptake by Carnitine. We next examined the
inhibitory effect of various concentrations of carnitine on the
OCTN2-mediated uptake of [**C]TEA in the presence and
absence of extracellular Na* (Fig. 3). The reduction of
[**C]TEA uptake by carnitine was concentration-dependent,
being significantly greater in the presence of Na*. Accord-

(A) . TEA
607
i *
% £ 2001 SE
« 5 5 E
Exg & 407
2 £ ES
= 33
=2 2%
e S1004 =a
- ™ o
3E = £%]
83 82
4?’00* 7S ""f}o, 4’0,:. % b ”4?0, _
OCTN2 OCTN2
(8)
* *
80 7 801
= °oF%
2 g T E
& CE,ED‘ 'E Q607 .
EE 5 £
33 T2
H 5407 2 9401
=0 — ° ;
2E |7 = E —
T 5207 / 7 8 3207 7
°F ;% / / %ﬁ
Wéé : TN
o) 4. O, O, @)
0, Cp, "70,,Cy, 0a, Cr, 700,Cp
* N K N KNy,
+Na*  -Na* +Na* - Na*

Fig. 2. Uptakes of TEA and carnitine by HEK 293 cells transfected with
¢DNA of wild-type and jus-mutant OCTNZ2. Uptakes of [*H]carnitine (10
nM) and [**C]TEA (50 uM) by the cells were measured for 10 or 30 min,
respectively, at 37°C and pH 7.4. (A) Uptakes of carnitine (left) and TEA
(right) by cells transfected with the pcDNA vector alone (Mock, Z) and the
plasmid vector containing cDNA for wild-type OCTN2 ([J) and jus-mutant
OCTN2 (M) in transport buffer containing Na*. *, Significantly different
from the uptake by jus-mutant OCTN2-transfected cells by Student’s ¢
test (p < 0.05). (B) Uptakes of carnitine (left) and TEA (right) by cells
transfected with the pcDNA vector alone (Mock Z) and the plasmid vector
containing ¢cDNA for wild-type OCTN2 ([J), were measured in the ab-
sence (—Na™) or presence (+Na") of Na™ in the transport buffer. In the
absence of Na™, Na* was replaced with N-methyl-pD-glucamine. *, Signif-
icantly different from the uptake by Mock cells by Student’s ¢ test (p <
0.05). The results are shown as mean * S.E.M. of three determinations.
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ingly, Na™ seems to influence the affinity of carnitine for
OCTN2.

Mutual ¢trans-Stimulation Effects on TEA and Carni-
tine Transport by OCTN2. To examine the functional cou-
pling of the transport of TEA and carnitine, ¢rans-stimula-
tion effects via OCTN2 were measured. Based on the Na™
dependence of carnitine transport and the physiological con-
centration of Na™, trans-stimulation effects were evaluated
by measuring influx and efflux transports of carnitine and
TEA, respectively. After preloading of OCTNZ2-expressing
HEK 293 or Mock cells with TEA at 100 uM, 500 M, or 1
mM, the uptake of a tracer concentration of [*H]carnitine
was evaluated in the presence or absence of Na* (Fig. 4, A
and B). In Mock cells, a higher concentration of TEA (1 mM)
was used to keep the intracellular TEA concentration at a
level similar to that in OCTN2-expressing cells and a similar
level of TEA uptake at 500 uM, which showed significant
effect on carnitine uptake, by OCTN2-expressing cells. When
OCTN2-expressing cells were preloaded with TEA, uptake of
[*H]carnitine was significantly increased compared with that
by the cells without preloading. The extent of the increment
was dependent on the concentration of TEA preloaded, with
a higher uptake at higher concentrations of preloaded TEA
(Fig. 4A). In the absence of Na™, however, no stimulation of
the uptake of [*H]carnitine by TEA was observed (Fig. 4B).
Thus, efflux of TEA seems to facilitate the Na*-dependent
carnitine influx.

After preincubation of OCTN2-expressing and Mock cells
with ['*C]TEA, the efflux transport of [**C]TEA was mea-
sured in the presence and absence of carnitine in the extra-
cellular medium (Fig. 4C). The efflux rate of [**C]TEA was
higher in OCTN2-expressing cells than in Mock cells. In the
presence of a strong inhibitor of OCTN2, quinidine (Ohashi
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Fig. 8. Na"-dependent inhibition by carnitine of TEA uptake by OCTN2-
expressing HEK 293 cells. The uptakes of [*C]TEA (100 uwM) were
measured for 30 min at 37°C in transport buffer, pH 7.4, in the presence
of various concentrations of carnitine. The results show the expressed-
OCTN2 specific uptake obtained by subtracting the uptake by Mock cells
from that by the OCTN2-expressing cells in the presence (M) or absence
(C0) of Na™ in the transport buffer. Uptake in the absence of Na* was
determined by replacing Na® with N-methyl-D-glucamine. The results
are shown as means * S.E.M. of three determinations.
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et al., 1999; Table 2), the efflux rate of ['*C]TEA in OCTN2-
expressing cells was decreased level comparable with that in
Mock cells, confirming that ['*C]TEA is exported from the
cells via OCTN2. In the presence of 250 uM carnitine, which
is a normal urinary level (Leschke et al., 1984), in the extra-
cellular medium, significantly enhanced efflux of [**C]TEA
was observed in OCTN2-expressing cells, whereas such an
effect was not observed in the Mock cells (data not shown).
Addition of 10 mM unlabeled TEA to the extracellular efflux
medium enhanced the OCTN2-mediated efflux of [**C]TEA
at the initial 1 min, whereas 2 min after initiation of efflux,
the efflux rate of ['*C]TEA was retarded compared with the
control. This result can be explained by assuming that the
unlabeled TEA added to the extracellular efflux medium was
gradually taken up by the cells and exerted an inhibitory
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Fig. 4. Trans-stimulation of [*H]carnitine uptake (A, B) and ["*C]TEA
efflux (C) by OCTN2-expressing HEK 293 cells. In trans-stimulation of
[®*H]carnitine uptake, OCTN2-expressing (shown as OCTN2) or Mock
(shown as Mock) cells were preloaded with 0, 100, 500 uM or 1 mM TEA
for 30 min. Subsequently, uptakes of 10 nM [*H]carnitine were measured
in the presence (A) or absence (B) of Na* in the transport buffer. In
trans-stimulation of [**C]TEA efflux, cells were preloaded by incubating
with 100 (OCTN2-expressing cells, solid lines) or 200 uM (Mock, broken
line) [**CITEA for 30 min at 37°C (C). The effluxes of [**CITEA were
measured in the absence ([J as control) or presence of 250 uM carnitine
(O), 10 mM TEA (A) or 1 mM quinidine (E). The results are shown as
means * S.E.M. of three determinations. *, Significantly different from
control of OCTN2-mediated uptake by Student’s ¢-test (p < 0.05). **,
Significantly different from control of OCTN2-mediated efflux by Stu-
dent’s ¢ test (p < 0.05).
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effect on [**C]TEA efflux in the same manner as observed in
the case of quinidine. Accordingly, these results suggest that
OCTN2-mediated TEA efflux is linked with influx of carni-
tine, as well as TEA itself, by an exchange transport mech-
anism.

Pharmacokinetic Analysis of ['*C]TEA in Wild-Type
and jus Mice. Pharmacokinetic characteristics of TEA after
intravenous administration to wild-type and jus mice were
compared. The time profiles of plasma concentration and
cumulative urinary excretion of radioactivity of ['*C]TEA are
shown in Fig. 5, A and B. The radioactivities in plasma and
urine can largely be ascribed to intact [**C]TEA, because
Mintun et al. (1980) reported that 96% of [**C]TEA was
excreted in urine as an intact form after i.v. administration
in rats. Marked difference in plasma concentration-time
curves at the elimination phase (i.e., 30 min and after) were
observed between the two types of mice (Fig. 5A). By the
compartment analysis, the rate constant of elimination
phase in jus mice was significantly decreased compared with
wild-type mice (wild-type, 0.116 + 0.01 min~%; jus, 0.059 +
0.006 min~'; p < 0.05), whereas the rate constants of distri-
bution phase were not changed between wild-type and jus
mice (wild-type, 0.195 = 0.105 min~!; jus, 0.229 + 0.040
min~!, p > 0.05). The difference of the slopes at the linear
terminal phase suggested that jus mice have a lower elimi-
nation rate than wild-type mice. The cumulative urinary
excretion of radioactivity in jus mice was significantly lower
than that of wild-type mice from 60 min after administration
(Fig. 5B). Pharmacokinetic parameters of [1*C]TEA were cal-
culated from these results. The AUC from time 0 to infinity
for jus mice (919 * 86 pg/min/ml) was significantly increased
in comparison with that of wild-type mice (553 * 43 ug/min/
ml, p < 0.05). GFR, which was estimated from inulin clear-
ance, and the renal clearance (CLr) of TEA were 9.78 + 0.86
ml/min/kg and 16.0 = 0.8 ml/min/kg in wild-type mice and
6.34 + 0.68 ml/min/kg and 9.77 * 1.19 ml/min/kg for jus mice,
respectively. Based on these values, the renal secretory clear-
ances (CLs), which represent the renal capability for active
secretion of TEA, were evaluated to be 6.22 *+ 0.42 ml/min/kg
and 3.43 = 0.77 ml/min/kg for wild-type and jus mice, respec-
tively, showing a 45% decrease in jus mice compared with
wild-type mice. GFR in jus mice was lower than that in wild
mice, so the renal function of jus mice was partially impaired.
To evaluate the alteration of other epithelial function than
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Fig. 5. Plasma concentration (A) and cumulative urinary excretion (B) of
[**C]TEA after intravenous administration to wild and jus mice. ['*C]TEA
was intravenously administered at a dose of 8.8 mg/kg to wild-type (O)
and jus mice (@). *, Significantly different from wild-type mice by Stu-
dent’s ¢ test (p < 0.05). The results are shown as means + S.E.M. of four
to five mice.

OCTN2 in jus mice, the pharmacokinetic characteristics of
cefazolin were evaluated after intravenous administration to
wild-type and jus mice. Cefazolin is an anionic cephalosporin
antibiotic that is not metabolized in the body and mainly
excreted into the urine (Brogard et al., 1978; Yamazaki et al.,
1981; Tsuji et al., 1983). Furthermore, the mechanisms re-
sponsible for the excretion of cefazolin are glomerular filtra-
tion and active tubular secretion, which is mediated by or-
ganic anion transport system in humans and several
animals, including mice (Nightingale et al., 1975; Tsuchiya et
al., 1978; Kasher et al., 1983; Tsuji et al., 1985; Takano et al.,
1989; Hori et al., 1993). The time profiles of plasma concen-
tration and cumulative urinary excretion of intact cefazolin
are shown in Figs. 6A and 6B and they were very similar
between the two types of mice. Furthermore, pharmacoki-
netic parameters of cefazolin calculated were comparable
without significant differences between wild-type and jus
mice. For example, the AUC from time 0 to infinity for wild-
type and jus mice were 4151 * 443 ug/min/ml and 3586 *+ 216
pg/min/ml, respectively. The CLr and CLs values of cefazolin
were 4.39 = 0.71 ml/min/kg and 2.83 = 0.49 ml/min/kg,
respectively, in wild-type mice and 5.31 *= 0.34 ml/min/kg
and 4.41 *= 0.37 ml/min/kg, respectively, for jus mice. Based
on these observations, renal secretory transport activity of
organic anions seemed to be maintained in jus mice. Accord-
ingly, the observed decrease in CLs of TEA in jus mice should
be ascribed mainly to the loss of specific secretory activity by
OCTN2 for TEA.

Tissue Distribution of ['*C]TEA in Wild-Type and jvs
Mice. We examined the tissue distribution of TEA in vivo.
The values of tissue-to-plasma concentration ratio (K,) of
[**CITEA at 4 h after intravenous administration in wild-
type and jus mice are summarized in Table 1 and compared
with those of carnitine that have been reported previously
(Yokogawa et al., 1999a). The K, values of TEA in brain,
lung, liver, and spleen in jus mice were significantly lower
than those in wild-type mice. In kidney, however, the K,
value of jus mice (25.0 = 4.6) was significantly higher than
that of wild-type mice (9.89 = 1.16). The K, values of other
tissues were not significantly changed between wild-type and
Jvs mice. The specific increase of K, values in kidney may be
explained by the decrease of renal apical secretory transport
activity and the decrease of K, values in other tissues may be
explained by the decreased tissue uptake activities.
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Fig. 6. Plasma concentration (A) and cumulative urinary excretion (B) of
cefazolin after intravenous administration to wild and jvs mice. Cefazolin
was intravenously administered at a dose of 20 mg/kg to wild-type (O)
and jus mice (@). The results are shown as means = S.E.M. of three to
four mice.
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Inhibition and Transport of Various Compounds in
OCTN2-Expressing HEK 293 Cells. To confirm the speci-
ficity of OCTNZ2, the inhibitory effects of various endogenous
compounds and xenobiotics on L-[*H]carnitine uptake by
OCTN2-expressing cells were examined (Table 2). Endoge-
nous cations such as choline, acetylcholine, serotonin, dopa-
mine, norepinephrine, and thiamine showed significant in-
hibitory effects (p < 0.05), whereas guanidine, N*-
methylnicotinamide, epinephrine and histamine, and such
organic anions as a-ketoglutarate and p-aminohippuric acid
were not inhibitory. Furthermore, cationic xenobiotics such
as MPP, acetyl-B-methylcholine, pyrilamine, diphenhydra-
mine, procainamide, lidocaine, quinidine, and verapamil
demonstrated significant inhibitory effects.

To explore the possible substrates of OCTN2, we measured
uptakes of several compounds by OCTN2-expressing cells.
Uptakes were measured at 5 or 30 min, depending on the
tested compounds. As shown in Table 3, [*H]carnitine and its
acyl-derivative [*H]acetyl-L-carnitine were good substrates
for OCTN2. Although the background uptake observed in
Mock cells was rather high, [*'H]verapamil, which is a potent
inhibitor of carnitine uptake by OCTN2 (Table 2), exhibited
significantly increased uptake in OCTN2-expressing cells.
[®*H]Pyrilamine, a moderate inhibitor of carnitine transport,
was also transported by OCTN2. Furthermore, uptake of
[PHIMPP, which is a weak inhibitor of OCTN2-mediated
carnitine uptake, was slightly but significantly increased,
whereas the organic anion [*H]p-aminohippuric acid, which
had no inhibitory effect on carnitine transport, was not trans-
ported.

Discussion

Cationic xenobiotics and endogenous metabolic products
are eliminated through kidney, liver, and intestine by trans-
porters that exhibit broad substrate specificity (Pritchard
and Miller, 1993; Oude Elferink et al., 1995; Hunter and
Hirst, 1997). In renal epithelial cells, membrane potential-
dependent organic cation transporters (OCTs) are functional
at basolateral membrane (Zhang et al., 1998; Koepsell et al.,
1999; Sweet and Pritchard, 1999), but the apical membrane

TABLE 1

Tissue-to-plasma concentration ratio (K,)) of [**C]TEA in wild-type and
Jus mice

Kp values were obtained 4 h after intravenous administration of [**C]TEA at a dose

of 8.8 mg/kg in wild-type and jus mice. Each value represents the mean + S.E.M. of
four or five mice.

TEA Carnitine”

Tissue

Wild-type Jus Wild-type Jus
Brain 0.0809 = 0.0116 0.0392 * 0.0043* 1.14 0.80%
Lung 5.29 + 0.38 3.70 = 0.41% 20.7 9.50%
Heart 0.961 + 0.084 1.35 = 0.17 24 .4 1.22%
Liver 16.7 = 2.2 4.55 + 0.82% 29.5 8.34%
Kidney 9.89 = 1.16 25.0 + 4.6%* 31.6 10.8*
Spleen 5.90 £ 0.95 2.47 + 0.26* 31.6 5.07*
Gut 6.32 + 0.41 5.70 = 0.83 15.8 5.37*%
Testis 0.526 = 0.073 0.531 + 0.207 b b
Muscle 0.843 £ 0.111 0.783 £ 0.334 2.16 0.54%
Fat 1.09 = 0.25 0.657 = 0.167 b b

* Significantly decreased compared with the wild-type mice by Student’s t-test
(p < 0.05).
**, Significantly increased compared with the wild-type mice by Student’s t-test
(p < 0.05).
“ Yokogawa et al. (1999).
® Results are not available.

OCTN2-Mediated Transport of Organic Cation 363

transporters, which were suggested to be proton or organic
cation/organic cation exchange transporter(s), have not been
clearly identified. We found that OCTN1, which shows low
structural similarity with OCTs, is strongly expressed in
kidney and transports cationic compounds (Tamai et al.,
1997; Yabuuchi et al., 1999). Subsequently, we (Tamai et al.,
1998; Ohashi et al., 1999) and Wu et al. (1998, 1999) have
isolated and characterized OCTNZ2 as an organic cation and
high-affinity Na™-dependent carnitine transporter in human
and rat. Because OCTNs transport organic cations as well as
carnitine, they may contribute in part to the tissue distribu-
tion and renal excretion of organic cations (Wu et al., 1998).
However, the relevance of OCTNs to organic cation transport
remains uncertain, because of the absence of an in vivo
evaluation of them. In jus mice, which show the SCD pheno-
type (Koizumi et al., 1988), there is a functional defect of
OCTN2 owing to a single mutated amino acid residue
(L352R) of OCTNZ2, and the physiological significance of
OCTN2 as the carnitine transporter was clearly demon-
strated in vivo (Lu et al., 1998; Nezu et al., 1999). In the
present study, we studied the role of OCTN2 in the transport
of organic cations and the relationship of this with carnitine
transport, by means of molecular and in vivo pharmacoki-
netical analyses using jus mice.

The uptake and efflux of ['*C]ITEA by embryonic fibro-

TABLE 2

Inhibitory effects of several endogenous compounds and xenobiotics on
carnitine uptake by OCTN2-expressing HEK 293 cells

The uptake of [®H]carnitine was measured for 3 min at 37°C in Na*-containing
transport buffer, pH 7.4, containing each compound. Each value represents the
mean *= S.E.M. of three determinations. The data represent the difference in uptakes
by Mock and OCTN2-expressing HEK293 cells.

Inhibitor Concentration Relative Uptake
uM % of Control
Control 100
Endogenous Compounds
L-Carnitine 5 83.1 = 1.14*
Guanidine 500 91.3 £ 4.49
N*'-methylnicoti- 500 99.3 = 2.94
namide
Choline 500 74.6 = 4.59%
Acetylcholine 500 79.1 = 1.22%
Acetylcholine 5000 34.2 = 0.33*
Serotonin 500 81.4 +4.79
Serotonin 5000 51.3 = 0.46%
Dopamine 500 81.3 + 0.85%
Dopamine 5000 70.9 *+ 0.46*
Epinephrine 500 1059 = 2.11
Epinephrine 5000 106.1 = 2.65
Norepinephrine 500 93.9 = 5.77
Norepinephrine 5000 70.9 = 0.46*
Histamine 5000 100.0 = 3.26
Thiamine 500 774 + 2.25%
Thiamine 5000 65.9 = 0.58*
a-Ketoglutarate 500 96.4 + 1.58
PAH 500 100.4 + 1.23
Xenobiotics
TEA 50 67.8 £ 0.37*
TEA 500 15.4 = 0.73*
MPP 500 72.9 = 1.79%
Acetyl-8-methylcho- 500 82.5 = 1.54%*
line
Pyrilamine 500 36.3 = 0.63*
Diphenhydramine 500 43.6 = 1.74%
Procainamide 500 81.3 + 1.87*
Lidocaine 500 57.1 = 1.14*
Quinidine 500 6.1 + 0.40%
Verapamil 500 1.3 = 0.12*

* Significantly different from the control uptake by Student’s t test (p < 0.05).
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blasts from jus mice were decreased compared with those by
wild mice (Fig. 1). Furthermore, the mutated OCTN2 found
in jus mice lacked transport activity for TEA as well as
carnitine (Fig. 2A). These results suggest that OCTN2 trans-
ports TEA bidirectionally and that jus mice are suitable to
evaluate the OCTN2-mediated organic cation transport. Be-
cause it was reported that P478L and Y211F mutations of
human and rat OCTN2 affected carnitine transport without
change in TEA transport activity (Seth et al., 1999), the
functional site for carnitine on OCTN2 is presumed to be
partly shared but not identical with that of TEA. Based on
these observations, the region of mutation on OCTN2 of jus
mice (L352R) may be essential in transporting both com-
pounds. Accordingly, we evaluated the significance of OCTN2
as an organic cation transporter by using jus mice. The dis-
position of TEA is significantly altered in jus mice (Fig. 5, A
and B; Table 1). The plasma concentration of [**C]TEA in jvs
mice was higher and urinary excretion was delayed com-
pared with those of wild-type mice. In jus mice, the GFR
estimated in terms of the clearance of [*H]inulin, which was
administered simultaneously with ['*C]TEA, was also lower
than that of wild-type mice. These results indicated that
renal function (glomerular filtration and/or renal blood flow)
in jus mice may be impaired nonspecifically. One reason for
the decrease of GFR in jus mice might be severe cardiomy-
opathy (Horiuchi et al., 1993). Recently, it was demonstrated
that the rat multispecific organic anion transporter OAT1
mediates the renal secretion of B-lactam antibiotics, includ-
ing cefazolin, at the renal basolateral membrane (Jariyawat
et al., 1999). Furthermore, mouse and human type-I inor-
ganic phosphate/organic anion transporters are responsible
for the urinary secretion of many organic anions such as
cefazolin at the renal apical membrane (Uchino et al.,
2000a,b). So, we examined the effect of cefazolin on the in
vitro transport of carnitine by wild-type and jus mice fibro-
blasts and observed no effect of cefazolin on carnitine uptake
(data not shown). In addition, in the present study, the se-
cretory clearance of cefazolin examined in wild-type and jus
mice was maintained (Fig. 6, A and B). However the renal
secretory clearance of ["*C]TEA was significantly low in jvs
mice (55% of wild-type mice). So, the decrease in CLs of
[**C]TEA in jus mice is thought to be specific. Furthermore,
the increase of K, value of TEA was observed only in kidney
(Table 1), which is in contrast to the previous observation
that the K, value of [®*H]carnitine in kidney of jus mice was

TABLE 3

lower than that of wild-type mice (Yokogawa et al., 1999a). In
contrast, K, values of [**C]TEA in other tissues were de-
creased in jus mice compared with those in wild-type mice
(Table 1), which is similar to the observation in [*H]carnitine
distribution (Yokogawa et al., 1999). Accordingly, the high K,
value of [**C]TEA in jus-mice kidney is specific and can be
explained by an increase of accumulation owing to the de-
crease in secretory transport across the apical membrane.
From these results, the apparent decrease of excretion rate of
[**C]TEA into urine can be ascribed to the specific decrease of
renal secretory transport of ['*C]TEA in addition to that of GFR
and/or renal blood flow. Furthermore, efflux of [**C]TEA from
the OCTN2-expressing cells was accelerated in the presence of
extracellular TEA, suggesting an exchange transport mecha-
nism. Accordingly, OCTN2 might be one of the organic cation
transporters expressed in the renal apical membrane, possibly
an organic cation/organic cation exchanger.

As shown in Table 1, the K, values of ['*C]TEA in several
tissues such as brain, lung, liver and spleen in jus mice were
lower than those in wild-type mice, as observed previously in
our carnitine study (Yokogawa et al., 1999a). However, no
significant difference in K, values of [**Clinulin, which can-
not cross the membrane easily and is a marker of vascular
and interstitial fluids, was observed between wild-type and
Jus mice in most tissues (data not shown). The alteration of
K, values in heart, brain and lung is apparently correlated
with the tissue expression profile of OCTN2 (Tamai et al.,
2000). This implies that the OCTN2 contributes at least in
part to distribution of TEA in these tissues. The K, values of
[®Hlcarnitine in the kidney and liver in jus mice were signif-
icantly lower than that of wild-type mice (Yokogawa et al.,
1999a) and jus mice lack in ability of reabsorption of carnitine
in kidney (Horiuchi et al., 1994). So, the finding suggested
that OCTN2 is located on the brush-border membrane in
kidney and on the basolateral (sinusoidal) membrane in
liver. Therefore, OCTN2 contributes greatly to the hepatic
uptake of [**C]TEA from blood, which is in accordance with
our previous observation in hepatic carnitine transport
(Yokogawa et al., 1999b,c). Here, however, the K, values of
[**C]TEA in lung, heart, liver, kidney, spleen, and gut in jvs
mice are unity or above, so TEA is likely to be concentrated
by an active transport system(s) other than OCTN2 (Koepsell
et al, 1999). Furthermore, alteration of K, values of
[**C]TEA was not necessarily correlated with that of [*H]car-
nitine in a few tissues (Table 1). So, other transporters, such

Transport of carnitine and various organic cations by OCTN2-expressing HEK 293 cells

The uptakes of [*H]carnitine (10 nM), [*H]acetyl-L-carnitine (7.7 nM), [*H]verapamil (12 nM), [*H]pyrilamine (50 nM), [**CITEA (104 uM), [*HIMPP (12 nM), and [*H]PAH
(408 nM) in OCTN2-expressing HEK 293 cells were measured for 5 or 30 min at 37°C in Na*-containing transport buffer, pH 7.4. Each value represents the mean + S.E.M.
of three experiments by the same batch of transfected cells. C/M ratio was obtained by dividing uptake amount by the concentration of [**C]TEA in the uptake medium. Net
uptake represents the difference in the uptakes between OCTN2-expressing and Mock cells.

C/M Ratio
. OCTN2-
Compound Uptake Time :
Expressing Cells Mock Cells Net Uptake
min ul/mg of protein
L-[*H]Carnitine 5 149 = 2.00* 23.3 £ 0.31 126
[’H]Acetyl-L-carnitine 5 206 + 1.73* 17.3 + 1.31 189
[PH]Verapamil 5 1760 + 18.7* 1485 = 31.8 275
[®*H]Pyrilamine 5 577 + 7.86%* 459 + 11.0 118
[**CITEA 30 34.1 = 0.63* 10.5 = 0.05 23.6
[*HIMPP 30 34.7 = 0.67* 26.2 + 0.95 8.5
[PHIPAH 30 8.4 = 0.06 9.2 +0.27 -0.8

* Significantly different from the uptake by Mock cells by Student’s t test (p < 0.05).
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as OCT family and OCTN1, which accept TEA as substrate,
may greatly contribute to the distribution of organic cations
in these tissues.

Another point of interest is the possible coupling of carni-
tine influx and TEA efflux. Efflux of TEA from the cells was
enhanced by expression of OCTN2, demonstrating that TEA
is bidirectionally transported by OCTN2, which is in accor-
dance with the observation in wild-type fibroblasts. The re-
duced efflux in the presence of quinidine confirmed that TEA
efflux is mediated by OCTNZ2, because quinidine is a strong
inhibitor of OCTNZ2 (Table 2) and is taken up efficiently even
by Mock cells (Yabuuchi et al., 1999). In the present study,
OCTN2-mediated efflux of TEA was enhanced in the pres-
ence of extracellular carnitine. Furthermore, Na*-dependent
carnitine uptake by the OCTN2-expressing cells was stimu-
lated by preloaded TEA in a concentration-dependent man-
ner (Figs. 4, A-C). These observations indicate that the influx
of carnitine and the efflux of TEA are linked and the coupling
enhances the two transport processes. As shown in Fig. 2B,
carnitine transport via OCTN2 requires Na™, whereas TEA
transport does not, and Na™ affects the affinity for OCTN2
(Fig. 3). From these observations, the molecular mechanism
of carnitine/TEA transport via OCTN2 at the renal apical
membrane was postulated as shown in Fig. 7. Because the
luminal side of the membrane is rich in Na*, carnitine is
taken up efficiently by the epithelial cells via OCTN2. When
the transporting site is oriented from the outer to the inner
cellular domain by transporting carnitine, the site will be

Fig. 7. Proposed model of the transport mechanisms of carnitine and
organic cations by OCTN2. After binding of Na* to the outer surface of
OCTN2, the carnitine binding site is activated as shown by the change of
the shaded triangle (1) to a square (2) and carnitine is transported into
the inner side of the membrane (3 and 4). Because of the presence of the
inward-directed Na* gradient, the affinity of carnitine for OCTN2 is
reduced on the inner membrane side, and TEA binds to OCTN2 (5 and 6).
Subsequently, TEA is transported out of the cells. TEA is transported into
cells from the outside in the absence of Na™". This model explains the Na™
dependence and independence of carnitine and TEA transport, respec-
tively. Furthermore, the two substrates are transported via an exchange
mechanism and exhibit a mutual ¢rans-stimulation effect. When the
transporter is loaded with carnitine or TEA, it functions more efficiently
than the unloaded form, resulting in a trans-stimulation effect. Because
carnitine is a zwitterion and TEA is a cation, the anionic moiety of
carnitine may require a specific site, which is not involved in TEA
binding, on OCTN2. The Na™ binding site must be specific to carnitine
and was therefore assumed to be located near the binding site of carboxyl
group of carnitine, which should not overlap with the TEA binding site.
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inactivated for carnitine transport because of the inside-
directed Na™ gradient (intracellular low concentration of
Na™). So, TEA, which is accumulated from the blood by
basolateral transporter OCTs, can be a better substrate and
is transported out of the cells apparently via an exchange
mechanism between carnitine and TEA. So, the difference of
Na™ dependence between carnitine and TEA transports de-
termines the direction under physiological circumstances. A
similar finding was obtained for the y*L-type amino acid
transport system, which exchanges intracellular cationic
amino acid with extracellular neutral amino acid in an Na™-
dependent manner at the renal epithelial cells (Chillaron et
al., 1996; Pfeiffer et al., 1999).

As summarized in Table 2, various cationic compounds
inhibit carnitine transport by OCTNZ2. In addition, some of
them are transported by OCTN2 (Table 3). Interestingly,
among them, carnitine and its structural analog, acetylcar-
nitine, are transported in a Na*-dependent manner, whereas
cationic compounds such as TEA show negligible Na™ depen-
dence (Tamai et al., 1998; Wu et al., 1998, 1999; Ohashi et al.,
1999). So, those compounds that do not require Na™ may be
exchanged with carnitine, as observed in the case of TEA
efflux, suggesting that reabsorption of carnitine is accompa-
nied with accelerated elimination of organic cations and that
the secretory transport of organic cations via OCTN2 ener-
gizes reabsorption of carnitine. The circulating organic cat-
ions are concentrated in the epithelial cells by the basolater-
ally localized OCT transporter and are subsequently secreted
into urine across the apical membrane by OCTN2 as one of
the apical-type organic cation transporters in the renal tu-
bular epithelial cells.

In conclusion, an involvement of OCTNZ2 in the tissue
distribution and renal secretion of organic cations was dem-
onstrated by using OCTN2-expressing cells and jus mice.
Furthermore, molecular mechanism of multifunctionality of
OCTN2 was proposed by hypothesizing an exchange trans-
port of Na"-dependent carnitine reabsorption and Na*-inde-
pendent secretion of organic cations.
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