Vehicle

12h 24h 36 h 48h
- + ++ o+ -+ = = S S = S = S ++ -+
O 6 0 0 6 0 0 0 0 6 0 0 6 0 0 0
6 -0 0 0 6 0 0 0 6 0 0 0 6 0 0 0

6 0 0 0 6 0 0 0 6§ 0 0 0 6 0 0 0

6 0 0 0 6 0 0 0 &6 0 0 0 6 0 0 0
(1)) {0) © N

6 0 0 0 6 0 0 0 5 0 0 0

6 0 0 6 0 ] 6 ] 0 0 5 0 0 0

6 0 0 0 6 0 0 0 6 0 0 0 6 0 0 0

6 0 0 0 0O 0 0 o 6 0 0 0 6 0 0 0
SZ 200 mg/kg

12h 24h 36 h 48h

- + ++ 4+ - + ++ +4+ - + ++ +++ - 4 ++ +4-4
6 0 0 0 6 0 0 0 6 0 0 0 4 2 0 0

1 5 0 o0 3 3 0 0 6 0 0 0 6 0 0 0

6 0 0 0 6 0 0 0 6 0 0 0 6 0 0 0

6 1) 0 0 6 4] 0 ¢ 5 1 4] 0 3 3 0 0
™ 0) (9)] (n

6 0o 0 0 0 4 2 0 0 1 2 2 0

6 0 6 0 0 4 2 0 0 2 3 0

0o 0 0 6 0o 0 o0 6 3 3 0 o0 6 0 0 0

6 0 0 0 6 0 0 0 1 5 0 0 1 5 0 0

Hematological findings (table 2): The values of
RBC, Hb, Ht and neutrophil ratio in the SZ-treated mice
significantly increased at 6 and 12 hours after the treat-
ment. After that, they retumed to normal values. The
value of Ret in the SZ-treated mice significantly de-
- creased at 36 and 48 hours after the treatment. No treat-
ment-related changes were observed in other parame-
ters.

Blood chemical findings (table 3): The serum glu-
cose level in the SZ-treated group once decreased at 6
and 12 hours after the treatment and it became signifi-

cantly higher than that in the vehicle control group at 36
and 48 hours after the treatment (fig. 1). On the other
hand, the insulin level in the SZ-treated group was sig-
nificantly higher than that in the vehicle control group at
6 and 12 hours after the treatment. It returned to normal
level at 24 hours after the treatment and became lower
level than that in the vehicle control group at 36 and 48
hours after the treatment (fig. 2).

The serum AST and ALT activities in the SZ-treated
group were slightly higher than those in the vehicle con-
trol group from 6 to 36 hours after the treatment, but they
retumed to similar levels to those in the vehicle control
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Fig. 7. Microphotographs of livers in mice treated with vehicle (A) or streptozotocin (B) at 48 hours after the treatment,
Slight fatty change is observed in the streptozotocin-treated mouse (B). C; central vein. HE, x200.

PCNA Index (%)

60

hours after the treatment

Fig. 8. Changes in PCNA index. O: vehicle control group,
A: SZ-treated group. Mean + SD. *: p < 0.05, Significant-
ly different from the vehicle control group.

group at 48 hours after the treatment. The TG values at 6
and 12 hours after the treatment were higher in the SZ-
treated group than in the vehicle control group. The PL
and TCHO values were lower in the SZ-treated group
than in the vehicle control group from 6 to 24 hours after
the treatment. No treatment-related changes were ob-
served in other parameters.

Liver biochemical findings (table 4): TBARS con-
tent in the SZ-treated group was higher than that in the
vehicle control group from 6 to 24 hours after the treat-
ment, which retumed to similar level to that in the vehi-
cle control group at 36 or 48 hours after the treatment
(fig. 3). Phospholipid hydroperoxides (PE-OOH, PC-
OOH) in the SZ-treated group were consistently higher
than those in the vehicle control group (fig. 4).

Fig.9. Microphotographs of gallbladders in mice treated with vehicle (A) or streptozotocin (B) at 48 hours after the treat-
ment. Note severe edema with neutrophil infiltration and ulcer of the gall bladder epithelium (B). HE, x100.
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Fig. 10. Electron micrographs of hepatocytes in mice treated with vehicle (A) or streptozotocin (B, C, D). A, B: 6 hours
after the treatment. C, D: 48 hours after the treatment. The hepatocytes from streptozotocin-treated mice show increased
lipid droplets (B, C) and slight mitochondrial swelling (B-D). In addition, irregular arrangements of rough endoplasmic
reticula and increased peroxisomes are observed at 48 hours after the treatment (C, D). x4,200.
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Light microscopic findings (table 5): In the pancreas
of the SZ-treated group, severe pancreatic islet cell
necrosis was observed from 6 to 24 hours after the treat-
ment (fig. 5). After that, necrotic cells were removed
from the islet and completely disappeared at 48 hours
after the treatment. The size of the islet cells and the size
of the islet itself were reduced at 36 and 48 hours after
the treatment. No severe inflammation was observed
throughout the experimental period.

At 6 hours after the treatment, cytoplasmic acidophilic
granules, which are usually observed in normal hepato-
cytes, decreased in the hepatocytes of the SZ-treated
mice. The cytoplasm of the hepatocytes of those mice
looked somewhat pale and homogeneous (fig. 6). Glyco-
gen area of hepatocytes in the vehicle control group var-
ied under influence of circadian rhythm, which was large
at morning (0, 24 and 48 hours after the treatment) and
was small at night (12 and 36 hours after the treatment).
In comparison, glycogen area in the SZ-treated group did
not change with circadian thythm and was greater than
that of the vehicle control group from 6 to 24 hours after
the treatment. One mouse at 36 hours after the treatment
and 3 mice at 48 hours after the treatment showed slight
fatty change of hepatocytes (fig. 7).

PCNA index also varied under influence of circadiah
rhythm in the vehicle control group, which was low at
night (12 and 36 hours after the treatment) and was high
at morning (24 and 48 hours after the treatment), al-
though the index just before the treatment (untreated
control; morning) was not as high as 24 and 48 hours
after the treatment. On the other hand, the PCNA index
in the SZ-treated mice did not change with circadian
rhythm and was continuously low level throughout the
experimental period (fig. 8).

In the gallbladder of the SZ-treated group, ulcer and
submucosal edema were observed at 36 or 48 hours after
the treatment (fig. 9).

Electron microscopic findings (fig. 10): At 6 hours
after the treatment, the hepatocytes of the SZ-treated mice
had greater amount of glycogens in comparison with
those of the vehicle control mice.-Lipid droplets also in-
creased in number and size, and the layered structure of
rough endoplasmic reticulum (tER) was not so parallel. In
the midzona) area, mitochondria were somewhat swollen.
At 48 hours after the treatment, like at 6 hours after the
treatment, the hepatocytes of the SZ-treated mice showed
increased lipid droplets and irregular arrangements of
rERs. In addition, an increase in the number of peroxi-
somes was also observed especially in the midzonal and
periportal areas. A part of the hepatocytes showed slight
swelling and increased number of mitochondria.

Discussion

Junop et al. (1967) reported that the SZ-induced in-
jury of the pancreatic beta cells occurred within 24
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hours, and BROSKY and LOGOTHETOPOULOS (1969) re-
ported that the injury started 2 to 4 hours after the admin-
istration. In this study, histopathological examinations
revealed that severe pancreatic islet cell necrosis oc-
curred at or before 6 hours after the treatment, and most
of the necrotic cells were removed from the islet from 36
to 48 hours after the treatment without apparent inflam-
matory reaction, These histopathological changes of pan-
creatic islets corresponded well with the changes in
serum insulin level, glncose level and glycogen area of
hepatocytes. In the SZ-treated mice, the serum glucose
level transiently decreased at 6 and 12 hours after the
treatment, when the serum insulin level showed a tran-
sient increase. At 36 and 48 hours after the treatment, the
serum insulin level reached lower level than normal one,
and the serum glucose level became higher than that in
the vehicle control group. These findings suggested that
leaked insulin from necrotized P cells decreased the ghi-
cose level. After that, the glucose level increased proba-
bly due to the decrease in amount of insulin following B
cell necrosis. The glycogen area of hepatocytes in mice
treated with vehicle decreased at 12 and 36 hours after
the treatment according to circadian rhythms. On the
other hand, the increase in glycogen area was observed
in the SZ-treated group at 6 and 12 hours after the treat-
ment probably due to the high insulin level. Apparent de-
pression of liver glycogens was not observed in the SZ-
treated group even at 36 or 48 hours after the treatment,
although serum insulin level decreased and serum glu-
cose level increased at such time points. Increased glyce-
gen content at 6 and 12 hours after the treatment should
influenced the increase in liver weight. We do not know
the reason why the kidney, heart, lung, and spleen
weights decreased.

It has been well known that insulin also controls the
lipid synthesis (ADACHI et al. 1965), and it is reported
that type I diabetes causes an increase of serum lipids
(BROWN et al. 1967). We also have shown increases in
serum lipids (TG, TCHO and PL) at 4 to 12 weeks after
SZ injection (KUME et al. 1994b). In this study, serum .
TG level slightly increased, although the TCHO and PL
levels showed lower levels than those in the vehicle con-
trol group from 6 to 24 hours after the treatment. In addi-
tion, there was an increase in peroxisomes. These find-
ings suggest that there may be some effects on the lipid
metabolism even in the acute phase. )

We have reported that oncocytic hepatocytes were ob-
served in the SZ-induced diabetic mice (KUME et al.
1994b; ARMOCIDA et al. 1994) from 1 week after the SZ
injection. Acidophilic and hypertrophic cells, which
show a marked increase of mitochondria with intact mor-
phology, have been called oncocytic cells or oxyphilic
cells, and they are considered to be preneoplastic in na-
ture (BANNASCH et al. 1985) or to indicate compensatory
response to a local anoxia (LEFKOWITCH et al. 1980). In
this study, mitochondrial swelling was observed at 6
hours after the treatment. At that time point, pancreatic
islets were necrotized but the serum insulin level was
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higher and glucose level was lower than those of the ve-
hicle control nmiice. Therefore, it is reasonable to consider
that the mitochondrial swelling did not occur as a sec-
ondary effect of diabetes but occurred by direct effect of
SZ. The increase in number of mitochondria may be a
compensatory response to the mitochondrial damage.

It is well known that lipid peroxides increase in many
organs under diabetic condition (MaTkOVICS et al. 1982;
BASTER et al. 1998). In this study, TBARS were signifi-
cantly higher at 6 hours after the treatment, and peroxi-
dized phospholipids were also higher than those in the
vehicle control group. After that, the TBARS level de-
creased and reached normal level at 36 or 48 hours after
the treatment. These findings suggested that SZ itself
caused a kind of oxidative stress and injured the cell
membrane or cytoplasmic organelle including mitochon-
dria at least within 6 hours after the treatment, Recently,
IMAEDA et al. (2002a; 2002b) reported that SZ induced
DNA damage in the liver and kidney of mice at 1 hour
after the treatment, and that antioxidants such as Fluvas-
tatin reduced the SZ-induced DNA damage. Oxidative
stress induced by SZ could be related to the swelling of
mitochondria at 6 hours after the treatment, and also
might be related to the increase of mitochondria and nu-
cleic atypia from 1 week after the treatment. Although
increases in serum AST and ALT activities were not se-
vere, these changes might suggest an alteration of cell
membrane of hepatocytes in SZ-treatment mice, and it
could be related to the oxidative stress.

SZ is one of the alkylating agents (BENNETT and PEGG
1981), and has the mitosis inhibitory action or inhibitory
action of DNA synthesis (BorzaN and BiancHr 2002;
Caruccl et al. 1995; BHUYAN et al. 1970). HERRMAN
(1999) showed SZ itself did not inhibit the PCNA label-
ing index in hepatocytes of the SZ-treated rats at 30 or 90
days after the treatment. In our study, immunohisto-
chemical examination with PCNA staining revealed that
SZ could inhibit the proliferation of hepatocytes like
other anticancer agents, In addition, a decrease in reticu-
locyte, which means a decrease in erythropoiesis, was
also observed in this study. These effects on the cell pro-
liferation could be related with thie tumorigenic action of
SZ (RAKIETEN et al. 1968; FELDMAN et al. 1977; Oxawa
and Dol 1983). On the other hand, slight increases in
- RBC, Hb and Ht were observed at 6 and 12 hours after
the SZ-treatment. It should have been a hemoconcentra-
tion rather than increase in hematopoiesis, although real
reason is obscure. The reason why the neutrophil ratio
increased is also obscure but it might be related to pan-
creatic and hepatic injury, although there were no appar-
ent inflammatory reactions.

Ulcer and submucosal edema of the gallbladder were
observed in the SZ-treated group at 36 or 48 hours after
the treatment. Some researchers have supposed the in-
crease in bile flow and the changes in the composition of
the bile under the diabetic condition (Siow et al, 1991;
WATKINS and SANDERS 1995). CARNQVALE et al. (1984;
1986) reported that SZ decreased the bile flow, resulting

in change in the bile composition within 24 hours after
the SZ-treatment. However, to the best of our knowl-
edge, this is the first report that the acute gallbladder in-
jury was induced by SZ-treatment. SZ concentrated at
liver, kidney and pancreas, but the main elimination
route of the drug is urinary excretion (KARUNANAYAKE et
al. 1974, 1975). The drug concentration in the bile was
considered not to be high level. Although the detailed
mechanisms of this injury are obscure, one possibility
might be changes in the composition of bile salt, and, in
addition, the gallbladder epithelium might be highly sen-
sitive to SZ. Anyhow, the injury of the gallbladder or bile
duct epithelium is thought to be related to the bile duct
hyperplasia or cholangiocarcinoma induced by SZ
(Oxawa and Dot 1983; KUME et al. 1994).

In conclusion, this study revealed the characteristics
of hepatic changes in the acute phase of SZ-induced dia-
betes in mice. SZ induced lipid peroxidation, mitochon-
drial swelling, peroxisome proliferation and inhibition of
hepatocyte proliferation within 24 hours after the treat-
ment, when hyperglycemia was not induced yet. Injury
of gallbladder mucosa was also induced at 36 or 48 hours
after the treatment. These findings were considered to be
related with fatty change, mitochondrial proliferation,
atypia of nuclei in hepatocytes observed in the subacute
phase of SZ-induced diabetes (KUME et al. 1994b; Dor et
al, 1997), or with bile duct hyperplasia (KuME et al.
1994a) and tumorigenic action of SZ (RAKIETEN et al.
1968; FELDMAN et al. 1977; Okawa and Dot 1983),
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Abstract

Organic cation transporter OCT1 {SLC22A4/) plays an cssential role in absorpticn, disiribution, and excretion of various
xenobiotics including therapeutically important drugs. In the present study, we analyzed the functional propertics of the single
nucleotide polymorphisms (SNPs) in SLC22A7T gene found in Japanese control individuals. Four mutations resulting in the amine
acid changes (F160L, P283L, R287G, and P341L) were functionally characterized in Xenopus oocyte expression system. Two new
SNPs, identified in Japanese population, P283L and R287G exhibited no uptake of both {*CJFTEA and PH]MPP*, although their
protein expressions were detected in the plasma membrane of the oocytes injected with their cRNAs. Uptake of [*CJTEA by P341L
was reduced to 65.1% compared to wild type, whereas F160L showed no significant change in its transport activity. This study
suggests that the newly found OCT1 variants will contribule to inter-individual variations leading to the differences in cationic drug

disposition and perhaps certain discase processes.
Published by Elsevier Inc.

Keywords: Organic cation transporier; Single nucleolide polymorphisms; Tetraethylammenium; MPP*

It has long been recognized that genetic variations in
drug metabolizing enzymes underlie the inter-individual
differences in drug response [1}. Certain single nucleotide
polymorphisms (SNPs) in cytochrome P450 systems,
such as CYP2D6, are well known to be related to alicred
drug metabolism, unexpected drug effect, and altera-
tions of the clinical response and frequency of side
eflcets [2,3]. Molecular studies in pharmacogenetics have
now been extended o numerous other human penes
including those for several drug iransport systems. For
example, SNPs in the ABC (ATP-binding cassette)
transporter MDRI gene were reported to influence the
disposition of digoxin [4] and fexofenadine [5). Fur-
thermore, SNPs in the SLC (solute carrier) transporter
OATP-C and OATP-B gene result in the decrease of
drug transport activity [6,7].

* Corresponding author, Fax: +81-422-79-1321,
E-pril address: endovhgekyorin-v.acjp (H. Endou).

0006-291X/$ - see front maller. Published by Elsevier Inc.
doi:10.10164.bbre.2003.11.175

Organic cation transporters (OCTs) mediate electro-
genic transport of small organic cations with different
molecular structures, independently of sodium gradient
[8]. These organic cations include clinically used
drugs (e.g., metformin), endogenous compounds (e.g.,
dopamin), as well as toxic substances (e.g., MPP*).
Human OCT1 (SLC22AI), expressed primarily in the
liver, plays a fundamental role in the cellular uptake and
elimination of various cationic substrates including
therapeutically important agents [9,10). Recently, sev-
eral functionally relevant mutations of SLC2241 were
identified by two groups. Kerb et sl [11] {found that
uptakes of PHIMPP* by R61C, C88R, and G401S were
reduced compared to that of wild-type OCT1 and Shu
et al. [12] reported that R61C, P341L, G220V, G401S,
and G465R showed reduced function, whereas S14F
exhibited increased function.

In this report, we analyzed the functional properties
of the OCT]1 variants found in Japanese populations (an
online database of Japanese single nucleotide polymor-
phisms [13] at http:/fsnp.ims.u-tokyo.acjp) by using
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Xenopus oocyte expression sysiem, We demonstrated
that two new varianis are associated with severe
decrease in transport activily.

Materials and methods

Materials. MCITEA (2.05GBy/mmol) and PIHJMPP* (2.96 THy!
mmol) were purchased from Ametican Radiolabeled Chemicals
{USA}). All other chemicals and reagents were of analylical grade.
Rabbit polyclonul antibodies were raised against a synthetic carboxyl-
terminal peptide of human OCT], ENLGRKAKPKENC, as reported
previously [14].

Isolation of human OCTI ¢DNA. Specific PCR primers were de-
signed based on the nucleotide sequence for human OCT1 {GenBack
Accession Nos, U77086 and NM_003057) |9} forward primer, 5-ATG
AAG TGG ACT GGA ACC AGA C-¥ and reverse primer, 5. TTT
GTG ATA ACA GCC ACC GAG G-¥'. One microgram of poly(A)*
RNA from human liver (purchased from Clontech) was reverse-tran-
scribed and used #s a template for subsequent PCR. A PCR product
was labeled with [ZPWCTP by random priming method {17 Quick
Prime Kit, Amersham-Pharmacia Biotech) and used for the cDNA
library screening. A nondirectional cDNA library was prepared from
humah liver poly(A)* RNA using the Superscript Choice system (Life
Technologies) and screened as described previously [14). The isolated
¢DNAs were subcloned into pcDNA3J (=) (lnvitrogen) and com-
pletcly sequenced in both strands using ABI 3100 Genetic Analyzer
{Applicd Biosysiems),

Site-directed mutagenesis. The nucleotide sequences of the full-
length clones we obtained were identical to those reported previously
[9] except for one nucleotide change which aliers Phe'®® 1o Leu. ‘Thus,
first we introduced point mutation {Leu 10 Phe) to this clone in order
to prepare the wild-type OCT). Then, we petformed second site-
directed mutagenesis to generate three OCT1 variants (P283L, R287G,
and P341L} by using wild type clone as a template. The QuickChange
Site-Directed Mutagenesis Kit (Stratagene) was used to introduce
point mutations into OCT1 cDNA in the expression vector according
to the instructions. Complementary oligonucleotides used for muta-
genesis are described in Table 1. All the final sequences were confirmed
by DNA sequencing.

cRNA synthesis and transport measurements. CRNA synthesis and
uptake experiment were performed as described previously |14). ‘The
capped cRNAs were synthesized in vitro using T7 RNA polymerase

Table 1
Summary of nonsynonymous polymorphisms in hOCT] in Japanese

from the plasmid DNAs lincarized with Yhal. Defolliculated oocytes
were inmjected with 10 ng of the capped ¢cRNA and incubaled in Barth’s
solution {88mM NaCl, ImM KCl, 0.33mM Ca(NO,)., 04mM
CaClz, 0.8mM MgS0,, 24mM NaflCO;, and 10mM Jepes) con-
taining 50 pe/ml gentamicin and 2.5mM pyruvate, pl 74, at 18°C,
ANer incubation for 2-3 days, nplake experiments were performed at
room (emperature in ND96 solution (96émM NaCl, 2mM KCl,
1.8mM CaCl;, 1 mM MgClL;, and SmM Hepes, pll 7.4). The uptake
reaction was initiated by replacing ND96 solution with that conlaining
a radiolabeled ligand and terminated by the addition of ice-cold ND%6
solution and following five times washes after 1h of incubation. Oo-
cyles were, then, solubilized with 10% SDS and analyzed by scintilla-
lion counling.

To estimale kinetic parameters for the uptake of TEA via wild-ype
OCT1 and mulants, the OCT1-mediated transport rales were oblained
by subtracting the transport rate of noninjecled oocyles from that of
OCT 1-expressing oocyles, and fit 1o the Michaelis~-Menten curve by an
ilerative nonlincar least squares method using a MULTI program
using the Damping Gauss Newlon Mcthod algorithm. The fitled line
was converted to the /S versus V form (Eadie-Hofstee plot) to cal-
culate K, and ¥,,, vilues.

Inmmunofivorescent analysis. Xenopus laevis oocytes were injected
with cRNAs for wild-type OCT1 and mulants. Two duys after injec-
tion, the cocytes were fixed with paraformaldehyde and incubated with
the aoti-OCT! antibody (1:100), followed by Alexa$94.]abeled goat
anti-rabbil immunoglobulin{lgG) (Wako; diluted 1:200). The sections
were examined under an Olympus BX60 microscope equipped with
BX-FLA unit {Olympus).

Results and discussion
Polymorphisms in OCT'I in Japanese population

In JSNP database, we found four nonsynonymous
nucleotide polymorphisms of OCT1: F160L (JSNP ID:
ssj0008476), P283L (ssj0005319), R287G (s5j0005320),
and P341L (s5j0008480). SNPs F160L and P341L were
same as lhose reported previously for American popu-
lation {11,12], while SNPs P283L and R287G are only
found in Japanese population. As shown in Fig. 1, F160
is located in the middle of the second transmembrane

ISNP ID Sequence Protein residue Oliponucleotides for mutapgenesis Scoring syslems
Grantham BLOSUMEG2
$5j0008476 cggee el Fl60L Forward: 5'-geggecitgligitiggeicicteg-37 22 0
CIG Reverse: ¥-cgagagagecaaapgaagaageccg-3
tgg clele
s5j00005319 appig tptgc P283L Forward: §'-ctggigigtgelggagiceccicgg-3' 98 -3
ar Reverse: ¥-ccpagppgactccageacacacca-3
ggagl ceoct
s§j(HN5320 geagt ccoct R287G Forward: 5'-cggagiccectgggtgeetgitate-3 125 -2
CIG Reverse: ¥'-gataacagecaccoaggggaciccg-3'
ertge cigit
s5j0008480 ticem cacpe P341L Forward: 5'-pticcgcacpotgepect gaggaap-3' o8 -2
CIT Reverse: 5'-cticclcappepcapegigeppanc-3
popec 1gapg

* These primers were used for hOCTI1-WT creation.
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Extraceilular

— 1 ‘ Plasma
e | membrane

Intraceltular

Fig. 1. Schematic representation of OCT1. Transmembrane topology
is based on Ihe previous report. Nonsynonymous nucleotide substi-
tutions are indicated by arrows,

domain (TMD): P283 and R287 are at the 5'-end of long
intracellular loop between 6th and 7th TMDs; P341 is
located necar the 3'-end of the long intracellular loop.
F160 is conserved for both OCT1 and OCT2, and P341
is conserved among OCTI1-3. In contrast, both P283
and R287 are conserved for OCT1-3 as well as OCTN1-
2. They are in the conserved motif (P-E-S-P-R-X-L)
of the major facilitator superfamily (MFS) as Burck-
hardt and Wolfl mentioned before [15]. Particularly,
R287 is conserved not only in QCT family but also in
OAT family. These findings suggest the fundamental
role of these two residues for their transport activitics.

Functional analysis of OCTI variants in Xenopus oocytes

To examine whether OCT1 polymorphisms found in
Japanese population affect functional activities, we
constructed site-directed mutants and expressed them in
Xenopus oocytes. As Fig, 2 shows, the uptakes of
["CJTEA and "H]MPP* were eliminated for P283L and
R287G. In contrast, P341L exhibited [“CJTEA uptake
partly reduced compared with wild-type OCT1. F160L
showed no significant change. The results of F160L and
P341L were consistent with the recent reports [11,12].
For F160L and P341L variants, we performed kinetic
analysis for [¥C]TEA uptake (Fig. 3). The X, values for
wild type, F160L, and P341L were 192.0, 205.3, and
121.0 pM, respectively, and the ¥, values for wild type,
F160L, and P341L were 4.13, 442, and 2.33 pmol/l/
oocyte, respectively, The values for wild type and F160L
were similar 1o the previous report using Xenopus oocyle
system [11,12].

Surfuce expression of hOCTI variants at the plasma
membrane of cocytes

Plasma membrane localizations of OCT1 variants
were examined by immunofluorescent analysis. Figs.
4B-F shows the staining of OCT1 prolcins in oocytes
injected with cRNAs for OCT1 vartants, Wild type and
mutant OCT1 proteins were largely localized in the
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control WT F160L P283L R287G PMIL

Fig. 2. Functional characterization of OCTI variants. (A) The uptake
of [CJTEA (10 M) at 60 min in noninjected and OCT wild type and
mutant cRNA-injecled cocytes was measured on day 2 after injection
is described in Materials and methods. (B} Functiona) characlerization
of OCT1 vadants. The uptake of PHMPP* (10uM) at 60min in
noninjecled and OCT! wild type and mutants cRNA-injected oocytes
was measured on day 2 afier injection is described in materials and
methods. The data represent means 4 SD for 7-9 oocytes. *p < 0.05,
***p < 0.001 relative to wild type (WT) using Student’s ¢ test.
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0 100 200 300 400 500

TEA concentration (uM)

Fig. 3. Kinetic analysis of OCT1 variants. Concentration dependence
of [C]TEA upiake in OCT] wild type and variants (F160L, P34]L)
expressing oocyles. The uplakes of [C[TEA were measured at the
concentration indicated after incubation for 1k {# = 8-10}. OCTI-
mediated transport was obtained by subiracting the transport sates in
noninjected oocyles from those in OCT1-expressing oocyles.

plasma membrane, confirming that altered transport
activilies are not due to the decreased expression levels
of OCT! protein at the plasma membranes, but due to
the decreased functional activity of transporter per se.

Prediction of functional alrerations in OCTI variants

Recently, many large-scale screenings were carried
out o identify genetic variants that affect disease
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-

-.

Fig. 4. Surface expression of OCT] wild type and its varianis at the plasma membranc of Xenopus oocytes. Immunodetection with a specific antibody
raised against the C terminns of OCT1 showed that the wild type (B) as well as four mutant proteins [(C) F160L., (D) P283L, (E) R287G, and (F) P3411]
are expressed at the plasma membrane. This antibody did not exhibil specific staiming in the control oocyies injected waler instead of cRNAs (A).

susceptibility and drug response. To determine which of
the variants affect function and contribute to altered
phenotype is the next important issue. Shu et al. {12]
evaluated their 15 protein-altering variants of OCT1 by
using amino acid scoring systems (chemical changes and
evolutionary conservation). They reported that the
variants with dccreased funclion had larger chemical
changes (greater Grantham values) than variants that
did not reduce function and they also observed that the
BLOSUMG2 values for the decreased-function variants
were significantly more negative (evolutionary unfavor-
able) than values for the variants that retained function.
Grantham value is the crilerion to assess chemical re-
latedness [16] and is expected to be vseful for predicting
deleterious function. BLOSUMG62, an amino acid sub-
stitution matrix, is derived from amino acid changes in
an unselected protein set [17] and has been used to infer
protein function.

Following the report of Shu et al., we attempied to
evaluate the changes in our OCT] variants by chemical
changes (Grantham value) and by amino acid substitu-
tion scoring matrices (BLOSUMG2). As shown in
Table 1, two completely nonfunctional variants had
Grantham values of 98 (P283L) and 125 (R287G), in-
dicating that radical changes are responsible for their
reduced function. These two variants had negative
BLOSUMSG2 scores; -3 (F283L) and -2 (R287Q),
-demonstrating that this score was also useful for pre-
dicting prelein function in our cases,

Variations of OCTI and functional importance

Until now, there is no report on the phenotypic dif-
ferences suspected to be due to the OCT] polymorphism,

However, our finding as well as those of two recent reports
[11,12] may indicate that these mutations are associated
with impaired OCT] transport funclion and influence
pharmacokinetics of OCT1 substrates. Jonker et al. [18]
reported that Oct] knockout mice exhibit decreased liver
accumulation of the anti-cancer drug metaiodebenzyl-
guanidine (MIBG) and the neurotoxin MPP*, Wanget al.
[19] also demonstrated the reduced distribution of the
anti-diabetic drug metformin to the liver in OctI~/~ mice,
Thus, it is interesting to know whether the similar effects
are observed in the individuals with altered OCT1 func-
tion. In addition, it is well understood that the frequency
of SNPs sometime varics among races, as has been re-
perted for metabolic enzymes [20] and the transporier
MDRI1 [5]. To date, there is no report about the pheno-
type with reduced excretion of some cationic drugs in
Japanese population. It was, however, indicated that the
polymorphism of hepatic N-acctyliransferase NAT2*4,
which is highly frequent in Japanese, corrclates with
acetylation of anti-arrhythmic drug procainamide, one of
the OCT1 substrates [21]. The procainamide-induced
systemic lupus erythematosus-like syndrome is closely
related to the slow acetylator phenotype [22,23]. Since
membrane transporters and metabolic enzymes are both
involved in hepatic clearance of drugs, alteration of drug
transport activities in the liver due to the genetic
polymorphism could also have an important influence on
drug effect and side effects because of reduced excretion.
Therefore, further understanding of the refation between
cerlain cationic drug dispositions and race-specific OCT1
variations will not only contribute to inter-individual
variations but also will lead to the understanding of the
differences across differcnt populations in cationic drug
disposition and perhaps certain disease processes.
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Abstract. Human organic anion transporter OAT4 is expressed in the kidney and placenta and
mediates high-affinity transport of estrone-3-sulfate (E;S). Because a previous study demon-
strated no trans-stimulatory effects by E,S, the mode of organic anion transport via OAT4
remains still unclear. In the present study, we examined the driving force of OAT4 using mouse
proximal tubular cells stably expressing OAT4 (S, OAT4). OAT4-mediated E;S uptake was
inhibited by glutarate (GA) (ICs0: 1.25 mM) and ["*C]GA uptake via S; OAT4 was significantly
trans-stimulated by unlabeled GA (5 mM) (P<0.001). "H]E,S uptake via S; OAT4 was signifi-
cantly trans-stimulated by preloaded GA (P<0.001) and its [MC]GA efflux was significantly
trans-stimulated by unlabeled E,S in the medium (P<0.05). In additon, both the uptake and efflux
of ["*C]p-aminohippuric acid (PAH) and [“C]GA via S; OAT4 were significantly trans-stimu-
lated by unlabeled GA or PAH. The immunoreactivities of OAT4 were observed in the apical
membrane of proximal tubules along with those of basolateral organic anion/dicarboxylate
exchangers such as hOAT1 and hOATS3 in the same tubular population. These results indicate
that OAT4 is an apical organic anion/dicarboxylate exchanger and mainly functions as an apical
pathway for the reabsorption of some organic anions in renal proximal tubules driven by an

outwardly directed dicarboxylate gradient.

Keywords: organic anion, dicarboxylate, proximal tubule, organic anion transporter

Introduction

The kidney plays an important role in the elimination
of harmful endogenous compounds and xenobiotics
from the body. The proximal tubule is the primary site
where numerous organic anions are taken up from the
blood and excreted into the urine. (1, 2). The trans-
cellular secretion of organic anion in the proximal tubule
involves a two-step process: an uptake across the baso-
lateral membrane of proximal tubular cells and an exit
across the apical membrane into the tubular lumen. The
former is energetically uphill and is accomplished by a
tertiary active process via the organic anion/dicarboxy-

*Cormresponding author, FAX: +81-422-79-1321
E-mail: endouh@kyorin-u.ac.jp

late exchanger that uses outwardly directed gradient of
dicarboxylates such as a-ketoglutarate (3, 4). The latter
is believed to be transporter-mediated, although this
process is energetically downhill. In general, the efflux
system for p-aminohippuric acid (PAH) (a prototypical
substrate for the organic anion transport system) in the
brush-border {apical) membrane has been investigated
using brush-border membrane vesicles (BBMVs) (2).
The existence of at least two transport systems was
reported in human BBMVs, that is, a potential-driven
facilitated diffusion and an organic anion/dicarboxylate
exchange mechanismp. To date, the mechanism of an
apical organic anjon exit pathway remains still uncertain.

Recently, several cDNAs encoding organic anion
transporter have been successively identified in the
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kidney, including organic anion transporter (OAT),
organic anion transporting polypeptide (oatp), multidrug
resistance-associated protein (MRP), and sodium-depen-
dent inorganic phosphate transporter (NPT) families
(3, 5, 6). Until now, it has been clarified that OATI and
OATS3 are the PAH/dicarboxylate exchangers located at
the basolateral membrane of proximal tubules (7 —12).
Rodent organic anion transporters, such as oatp! and
Oat-K1/K2, are located in the apical membrane of
proximal tubules, but their homologues in humans
have not yet been identified (3, 5, 6). Oatp5, a novel
member of the catp family in rodents, was cloned and
shown to be expressed only in the kidney, However,
its localization and functional characteristics have not
yet been identified (13). In humans, MRP2 and NPTI,
which are also localized in the apical membrane of
proximal tubules (14— 16), show PAH transport (K
0.88-1.9mM for MRP2; Ky 2.66 mM for NPTI),
although the relative contributions of both transporters
to its apical exit are yet to be identified. Very recently,
we have identified a novel voltage-driven organic anion
transporter (OATv1) at the apical membrane of pig renal
proximal tubules (17). OATvI seems to be a long-
hypothesized potential-driven facilitator in pig BBMVs
(18). OATv] exhibited the highest amino acid sequence
identity to NPT1 (60— 65%), although the functional
properties of both transporters are different. Therefore, it
needs to be elucidated whether OATv]1 is an orthologue
of human NPTI, but it is suggested that NPT1 is a
good candidate for the apical potential-driven facilitator
in human proximal tubules characterized in earlier ex-
periments on BBMVs (2).

As previously reported, OAT4 is exclusively ex-
pressed in the human kidney and placenta, mediates the
high-affinity transport of estrone-3-sulfate (ES) (K, =
1.01 uM) and dehydroepiandrosterone sulfate (DHEAS)
{(Kn=0.63 uM) (19), and is located in the apical mem-
brane of renal proximal tubules (20). Although the
apical membrane localization of OAT4 proposes its
potential role in the organic anion secretion, its physio-
logical importance in the kidney is still unclear due to
the lack of information regarding its mode of transport.
In the present study, we reinvestigated the driving force
of OAT4. We report that OAT4 is not a facilitated trans-
porter but an organic anion/dicarboxylate exchanger
and mediate bidirectional organic anion transport.
Furthermore, OAT4 is localized in the same population
of hOATI- and "hOAT3-positive proximal tubular
cells. These results indicate that OAT4 is 2 renal apical
organic anion/dicarboxylate exchanger and mainly
serves as a tubular reabsorptive pathway for some
organic anions including sulfate conjugates driven by
an outwardly directed gradient of dicarboxylates such as

a-ketoglutarate,
Materials and Methods

Materials

The materials used here were purchased from the
following sources: [“*CJPAH (1.90 GBq/mmol) and
[PHIE,S (1.61 TBq/mmol) were from PerkinElmer Life
Science Products (Boston, MA, USA); [“C]glutarate
(GA) (4.07 GBq4mmol) was from American Radio-
labeled Chemicals, Ine. (St. Louis, MO, USA); GA was
from Wako (Osaka). All other chemicals and reagents
used were of analytical grade and obtained from com-
mercial sources.

Cell culture and establishment of §; OAT4

The second segment of proximal tubules (S;) cells,
derived from transgenic mice harboring the temperature-
sensitive simian virus 40 large T-antigen gene, were
established as described previously (21). The establish-
ments of S; OAT4 was reported previously (20, 22).
These cells were grown in a2 humidified incubator at
33°C and under 5% CO; using RITC 80-7 medium
containing 5% fetal bovine serum, 10 gg/ml transferrin,
0.08 U/ml insulin, 10 ng/m! recombinant epidermal
growth factor, and 400 xg/ml geneticin. The cells were
subcultured in a medium containing 0.05% trypsin-
EDTA solution (137 mM NaCl, 5.4 mM KCI, 5.5 mM
glucose, 4 mM NaHCO;, 0.5 mM EDTA, and 5 mM
HEPES, pH 7.2) and used for 25 to 35 passages.

Uptake study

Uptake experiments were performed as previously
described (23). Organic anion transport in S; OAT4
was estimated by measuring the uptakes of [PH]E,S,
[“CJPAH, and [*C]GA. S; OAT4 or S; pcDNA 3.1(+)
(1 x 10° cells) was plated in 24-well plates and cultured
for two days. After the medium was removed, the cell
monolayers were washed twice with Dulbecco’s
modified phosphate-buffered saline (D-PBS) (137 mM
NaCl, 3mM KCl, 8 mM Na,HPO,, 1 mM KH,PO,,
1 mM CaCl;, and 0.5 mM MgCl,, pH 7.4) supplemented
with 5.5 mM D-glucose and preincubated for 10 min.
Then the monolayer was incubated with 500 x4l of
D-PBS containing 50 nM [*H]E,S, 20 uM ["*C]PAH or
10 uM [“CIGA for 2 min (Smin for GA) at 37°C.
Cells were washed three times with the ice cold D-PBS
and solubilized in 0.5 ml of 0.1 N sodium hydroxide,
The amount of substrate accumulated within the cells
was then determined by measuring radioactivity.

Inhibition study
To evaluate the inhibitory effect of GA on E,S uptake
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mediated by OAT4, the cells were incubated in a
medium containing "HJE\S (50 nM} for 2 min in the
absence or presence of various concentrations of GA at
37°C.

Examination of trans-stimulatory effect on the organic
anion transport via OAT4

In order to clarify the driving force and its transport
direction, we examined the frans-stimulatory effect on
OAT4-mediated organic anion transport. For the uptake
of radiolabeled substrates, the cells were prepared as
described above, and the cells were preloaded with
0.5 ml of D-PBS with or without unlabeled substrates
(E:S, PAH, or GA; 5mM each) at 37°C for 15 min
before the uptake experiments. For the efflux of radio-
labeled substrates, S; QAT4 and mock cells were seeded
in 6-well tissue culture plates at a density of 4 x 10°
cells/well. The cells were preloaded with 1ml of
D-PBS containing ["H]E:S (50 nM), [“CJPAH (20 zM),
or [“C]GA (10 M) at 37°C for 15 min, respectively.
Then the cells were incubated in a2 medium with or
without unlabeled substrates (GA and E,S, PAH). Their
radioactivities in the medium and that remaining in the
cells were determined after t-min (E\S and PAH) or 5-
min (GA) incubation.

Immunohistochemical analysis

The antibodies apainst hOAT1, hQAT3, and OAT4
used in this study have been shown to be specific for
each protein, as previously described (11, 20, 24). We
used human single-tissue slides (Biochain) for light
microscopic immunohistochemical analysis using the
streptavidin-biotin-HRP complex technique (LSAB kit;
DAKO, Carpinteria, CA, USA). Sections were depar-
affinized, rehydrated, and incubated with 3% H,O, for
10 min to abrogate endogenous peroxidase activity.
After rinsing in 0.05 M Tris-buffered saline containing
0.1% Tween 20 (TBST), the sections were treated with
10 ug/ml primary rabbit polyclonal antibodies (4°C
overnight). Then the sections were incubated with the
secondary antibody, biotinylated goat polyclonal anti-
body against rabbit immunoglobulin (DAKO), diluted
1:400, for 30 min with HRP-labeled streptavidin. This
step was followed by incubation with diaminobenzidine
and hydrogen peroxide. The sections were counter-
stained with hematoxylin and examined by light micro-

SCopy.

Statistical analyses

Data are expressed as the mean + S.E.M. Statistical
differences were determined by Student’s #test. The
reproducibility of the results in the present study was
confirmed using two or three separate experiments. The

results from the representative experiments are shown
in the figures.

Results

[n our previous study, we reported that OAT4-me di-
ated E;S uptake is sodium-independent and not inhibited
by 500 uM GA (a non-metabolized dicarboxylate) nor
trans-stimulated by unlabeled E,S (0.2 and 2 uM) (19).
However, very recently, Sweet et al. and Bakhiya et al.
showed that OAT3, which is considered to be a facili-
tated-diffusion catrier, is an organic anion/dicarboxy-
late exchanger similar to OATL (10, 12). Therefore, to
test the interaction of GA with OAT4, we carried out
cis-inhibition of OAT4-mediated E;S uptake by GA at
first.

As shown in Fig. 1A, E:S uptake by OAT4 was
largely inhibited by GA in millimolar concentrations
(ICso: 1.25 mM). This low-affinity seems to indicate the
lack of inhibitory effect by 500 uM GA on OAT4-
mediated E,S transport in our previous work (19).
Next, to test whether OAT4 transports GA, we per-
formed a GA uptake study as well as the trans-stimula-
tion experiment (Fig. 1B). For a 5-min incubation, the
['*C]GA uptake via OAT4 was twofold higher than
that by mock cells (P<0.01). In addition, [“*C]GA uptake
via OAT4 is trans-stimulated by preloaded GA (5 mM)
(P<0.001), not by 1mM GA. Then, to determine
whether OAT4 is an organic anion/dicarboxylate ex-
changer, we tested the frans-stimulatory effect on the
uptake and efflux of radiolabeled organic anion sub-
strates via OAT4.

First, we used E,S, an endogenous sulfate conjugate
of steroid that is known to be a prototypical substrate
for OAT4. The uptake of [PH]E,S was significantly
trans-stimulated by preloaded GA (5mM) (Fig. 2A),
and the efflux of preloaded ['*CJGA was significantly
stimulated with unlabelled E;S in the medium (5 mM)
(Fig. 2B). On the other hand, the uptake of [“C]GA
was not trans-stimulated by preloaded E,S and the
efflux of preloaded [*H]E,S was not stimulated with
unlabelled GA in the medium (5 mM) (data not shown).

Then we used PAH, the prototypical xenobiotic sub-
strate for renal organic anion transport. The uptake of
(*C]JPAH was significantly rrans-stimulated by pre-
loaded GA (Fig.3A) and the efflux of preloaded
[*CJGA was significantly stimulated with unlabetled
PAH (5 mM) (Fig. 3B). In contrast to E,S, the uptake of
[“C]GA was significantly trans-stimulated by preloaded
PAH (Fig. 4A) and the efflux of preloaded [“C]JPAH
was significantly stimulated with unlabelled GA in the
medium (5 mM) (Fig.4B). Similar frans-stimulatory
effects were also observed in S; hOAT1 and S; hOAT3
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Fig. 1. Interaction of glutarate {(GA) with OAT4. A: Inhibitory
effect of GA on OAT4-mediated uptake of [PH]ES. §; QAT4 cells
were incubated in a solution containing 50 nM [PH]E,S at 37°C
for 2min in the absence or presence of various concentrations of
GA at 37°C. B: OAT4-mediated [“C]GA uptake. S; OAT4 cells
and mock cells were preloaded with 0.5 ml of D-PBS with 0 mM
(open column), 1 mM (hatched column), or 5 mM (solid column)
of unlabeled GA at 37°C for 15 min before uptake experiments.
Then they were incubated in a solution containing 16 #M [“C]GA
at 37°C for 5 min. Each value represents the mean + S.E.M. of four
determinations from one typical experiment of the two or three
separate ones. **P<0.01, ***P<0.001.

cells with 1 mM unlabeled compounds (data not shown).

To determine whether the apical organic anion
/dicarboxylate exchanger (OAT4) is co-expressed along
with basolateral organic anion/dicarboxylate exchanger
(hOATI1 and hOAT3) in the same proximal tubules,
we performed immunohistochemical analysis using
serial sections of a human kidney (Fig.5). The IgG
fractions of rabbit polyclonal antibodies against the
carboxyl termini of hOAT], hOAT3, and OAT4 were
used. The specificity of these antibodies was already
reported previously (11, 20, 24). Light microscopy of
2-um-thick paraffinized serial sections demonstrated
that there is specific immunostaining of all three

A

PHIE,S uptake
{(pmol/mg protein per min)

mock

ev

m -l

o o
Q o [=]
T T 1

[“C]GA efflux
{pmol/mg protein per min)
+a
)

n
Q
T

o

mock OAT4

Fig. 2, Trans-stimulatory experiments regarding OAT4-mediated
[PH]E,S uptake. A: Trans-stimulatory effect on the uptake of ['H]E,$S
by preloaded GA (5 mM). S; OAT4 cells and mock cells were
preloaded with D-PBS in the absence (open column) or the presence
of unlabeled GA (dotted colurmn) at 37°C for 15 min before uptake
experiments. The uptake rates of [PHJE;S by mock and S; OAT4
cells for 2 min were measured. B: Trans-stimulatory effect on the
efflux of preloaded [“C]GA by extracellular E;S (5 mM). S; OAT4
cells and mock cells were preloaded with D-PBS in a solution
containing 10 #M [“CJGA at 37°C for 15 min before efflux experi-
ments. The efflux rates of [“C)GA by mock and S; OAT4 cells
for 5 min were measured with (solid column) or without outside
unlabeled E,S {open column). Each value represents the mean t
S.EM. of three or four determinations from one typical experiment
of the three separate ones. *P<0.05, ***P<0.001.

transporters in proximal tubular cells. At a high magnifi-
cation, OAT4 localized in the apical membrane of
proximal tubules (Fig. 5: E and F) along with hOAT!
(Fig. 5: A and B) and hOAT3 (Fig. 5: C and D) proteins
expressed in the basolateral membrane of the same
tubular cells.

Discussion

OAT4 was isolated from the human kidney cDNA
library. When expressed in Xenopus laevis oocytes,
OAT4 mediated the uptake of various substrates includ-
ing ES, DHEAS, and PAH (19). The recent finding
that OAT4 is localized at the apical membrane of
proximal tubules suggested its role as an exit pathway
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Fig.3. Trans-stimulatory experiments regarding OAT4-mediated
[“CIJPAH uptake. A: trans-stimulatory effect on the uptake of
[“CIPAH by preloaded GA (5 mM). S; OAT4 cells and mock cells
were preloaded with D-PBS in the absence (open column) or the
presence of unlabeled GA (hatched column) at 37°C for 15 min
before uptake experiments. The uptake rates of [“CJPAH by mock
and S; OAT4 cells for 2 min were measured. B: Trans-stimulatory
effect on the efflux of preloaded [“C]GA by extracellular PAH
(5 mM). S: OAT4 cells and mock cells were preloaded with D-PBS
in a solution containing 10 4M [“C]GA at 37°C for 15 min before
efflux experiments. The efflux rates of [“C]GA by mock and S;
OATH4 cells for 5 min were measured with (solid column) or without
outside unlabeled PAH (open column). Each value represents the
mean+ S EM. of three or four determinations from one typical
experiment of the three separate ones. *P<0.05, ***P<0.001.

for organic anion (20). In the present study, we exam-
ined the properties of OAT4 as an apical organic anion
/dicarboxylate exchanger.

This is the first report regarding the transport direc-
tion and the driving force of OAT4. Our data derived
from stable OAT4-expressing cell lines from the S;
segment of the mouse renal proximal tubule (S; OAT4)
demonstrated that OAT4 functions as an organic anion
/dicarboxylate exchanger. We used GA as a model
compound for dicarboxylates in this study because GA
is a non-metabolized dicarboxylate and exhibited the
similar inhibitory potency on OAT4-mediated E;S
transport to a-ketoglutarate, physiologically the most
abundant endogenous dicarboxylate in the proximal
tubular cells (data not shown). The uptakes of [*C]GA,
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oON OO

Fig.4. Trans-stimulatory experiments regarding OAT4-mediated
[“CJPAH efflux. A: trans-stimulatory effect on the efflux of pre-
loaded [“CJPAH by extracellular GA (5 mM). S; OAT4 cells and
mock cells were preloaded with D-PBS in a solution containing
20 M [“CJPAH at 37°C for 15 min before efflux experiments. The
efflux rates of [“C]JPAH by mock and S; OAT4 cells for 1 min were
measured with (hatched column) or without outside unlabeled GA
(open column). B: Trans-stimulatory effect on the uptake of [“C]GA
by preloaded PAH (5 mM). 8; OAT4 cells and mock cells were
preloaded with D-PBS in the absence (open column) or the presence
of unlabeled PAH (solid column) at 37°C for 15 min before uptake
experiments. The uptake rates of [C]GA by mock and S; OAT4
cells for 5 min were measured. Each value represents the meant
S.EM. of four determinations from one typical experiment of the
three separate ones. *P<0.05, ***P<0.001.

PH]E(S, and [“*C]PAH via S; OAT4 were significantly
increased by the preincubation of unlabeled GA
(Figs. 2A and 3A), and the [“C]GA efflux was also
significantly increased by the incubation with unlabeled
E\S or PAH (Figs. 2B and 3B). These results indicate
that intracellular GA not only binds to OAT4 and
trans-stimulates its organic anion uptake but also is
translocated to the outside. Furthermore, the findings
that [“C]JGA uptake via S; OAT4 was significantly
increased by the preincubation of unlabeled PAH
(Fig.4B) and [“C]RAH efflux was significantly in-
creased by the incubation with unlabeled PAH (Fig. 4A)
manifested the bidirectional transport characteristic of
OAT4. These results raise the possibility that OAT4 is
the organic anion/dicarboxylate exchange mechanism
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Fig. 5. Immunchistochemical analysis of human kidney, Two-micrometer serial sections were incubated with a polyclonal
antibody against hOAT!, hOAT3, and OAT4. The apical membrane of proximal tubules was stained by OGAT4 (E and F) and
the same tubules showed basolateral membrane stained by both hOATL {A and B) and hOAT3 (C and D). (A, C, and E, {00x;
B, D, and F, 400x). Scale bars = 100 u#m for A, C, and E; 20 zm for B, D, and F.

previously found in BBMVs from human kidney (25).
As demonstrated in Fig. 5, now it became apparent
that organic anion/dicarboxylate exchangers exist at
both the apical (OAT4) and basolateral (OAT1 and
OAT3) membrane of the same proximal tubular cells.
As Schmitt and Burckhardt dicussed in the case of
bovine BBMVs (26), it seems unlikely that two ex-
changers of the same type existing in both sides of
membranes lead to the vectorial transport of organic
anions. At the basolateral side of proximal tubules, it
is widely accepted that the outwardly directed gradient
of a-ketoglutarate, the most abundant dicarboxylate
within proximal tubular cells, drives organic anion
uptake. In contrast, little is known about the coupling
between the dicarboxylate gradient and the anion ex-
change system, but taking the existence of the outwardly
directed dicarboxylate gradient in the tubular cells into
account, OAT4 seems to contribute to the tubular
reabsorption of organic anions. One possible role of
OAT4 is an apical backflux pathway (27) for some
organic anions coupling to the apical organic anion
efflux transporters such as MRP2, NPT1, and possibly,
the human homologue of OATv1 (3, 5, 6, 17), as well
as to the apical low affinity Na'/dicarboxylate cotrans-
porter NaDC-1 (28). Because the transport mode of
these transporters is normally unidirectional, the stimu-

lation or the inhibition of bidirectional OAT4 transport
function may influence the net transepithelial secretion

Na+*
DCs

OA-(eg., E,S)?

OA-(eg., PAH)
OA-

N—

Proximal tubules

Fig. 6. Proposed model of transepithelial transport pathway for
organic anions in human kidrey. Organi¢ anions including xeno-
bioties (e.g., PAH) enter into the proximal tubular cells via baso-
lateral QAT! and OATS3, and they are secreted into urine via apical
MRP2 and NPT1, and in some cases, via OAT4. In contrast, endo-
genous organic anions stch as E\S and DHEAS reabsorbed via OAT4
may be effluxed .via basolateral OAT3 or an unidentified trans-
porter(s). Some organic anions may be reabsorbed from tubular
lumen via OAT4 and may function as a backflux pathway. Abbrevia-
tions, QA: organic anion, DCs: dicarboxylates.
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rate for organic anions. Recently, we have identified
the intracellular interacting protein that regulates the
OAT4-mediated transport function by the yeast two-
hybrid assay (H. Miyazaki et al., manuscript in prepara-
tion). The functional coupling among apical transporters
via intracellular protein(s) needs to be further clarified.
Moreover, the substrate specificity of OAT4, which
favors sulfate conjugates, is rather narrower than that
of MRP2, NPT1, and OATv]1. Therefore, another possi-
bility is that OAT4 may contribute to avoid losing
endogenous sulfated conjugates of steroid such as E,S
and DHEAS, which are the reservoir of steroids in the
blood circulation (29, 30). These steroids are known
to be tubular reabsorbed (31, 32). In this case, OAT3
may be a basolateral efflux pathway for sulfate conju-
gates of steroids. A proposed model of the transepithelial
transport pathway for organic anions in human kidney
is shown in Fig. 6.

Although OAT4 is expected to drive the uptake of
organic anions into the cells, it is still uncertain whether
OAT4 functions as an exit pathway for organic anions
because it is not evident whether dicaboxylate concen-
trations in the cytoplasm are homogenous throughout
tubular cells. The fact that the dicaboxylate is the
counterion of OAT4 suggests that the directions of
organic anion transport via OAT4 depend on the local
concentration gradient of dicarboxylates across the
plasma membrane, but there is no precise report regard-
ing the efficiency or the contribution of the apical
dicarboxylate gradient. In addition, in some pathological
conditions, OAT4 may function as an apical exit
pathway for organic anions because of its insensitivity to
intracellular ATP content, Na* gradient, and membrane
depolarization. For example, a mycotoxin, Ochratoxin
A, produces alterations in renal function by inhibiting
mitochondrial oxidation (33). Due to the mitochondrial
damage, ATP production decreases, depolarization of
the membrane potential occurs, and the Krebs-cycle
reaction may be inhibited. In such a case, the bidirec-
tional transport characteristic of OAT4 may contribute
to the xenobiotics secretion into the urine in exchange
for extracellular dicarboxylates regardiess of ATP,
Na*, and membrane potential.

In this study, we observed no frans-stimulatory effect
on E,S efflux by outside GA and on GA uptake by
preloaded E,|S from S; OAT4. A similar observation was
reported by Bakhiya et al. in hOAT3-expressing oocytes
(12). They explained that due to the high lipophilicity
of E;S, binding to intracellular components upon cocyte
injection reduces the free submembraneous E;S concen-
tration available for efflux. This may not be true be-
cause, as we have reported recently, approximately 25%
of injected E;S is effluxed by the voltage-driven organic

anion transporter OATyl (17). Therefore, we propose
another possibility that these findings relate to the differ-
ence of intracellular and extracellular side substrate
binding sites. That is, OAT4 can recognize PAH from
both intracellular and extracellular sides, but it can
recognize E,S only from the extracellular side. Further
studies are necessary to clarify this problem.

The present findings with OAT4 raise the possibility
that dicarboxylate exchange is a common mechanism
for this family of transporters. It is well established
that OATI is a classical PAH/dicarboxylate exchanger.
In addition, two recent reports support our idea. First,
Sweet et al. and Bakhiya et al. reported that OAT3 func-
tions as an organic anion/dicarboxylate exchanger (10,
12). Second, we reported the cloning of a novel member
of the OAT family, urate/anion exchanger 1 (URAT1)
{34). URATI is expressed at the apical membrane
of proximal tubules and it is thought to be the long-
hypothesized urate/anion exchanger in the human
kidney; however, the transport of PAH has not been
observed. OAT4 exhibited the highest amino acid
sequence identity to URAT] and higher aminc acid
sequence identities to OAT1 and OAT3 among the
QAT family. Particularly, all these clones (OAT4,
OAT1, OAT3, and URATI) have long intraceilular
loops (about 70 amino acids) that are thought to be a
structural characteristic of antiporter (35). The fact
that not only OATI1 and QAT3 but also URATI has an
exchange mode seems to be appropriate for the OAT4
functions as an exchanger. Therefore it is interesting to
know the common inherent structural traits responsible
for such similar exchange mechanisms developed among
different transporters. Further studies are needed to
elucidate this possibility.

In conclusion, we first demonstrated that OAT4 is the
bidirectional organic anion/dicarboxylate' exchanger.
OAT4 may function as an apical reabsorptive pathway
of some organic anions in the proximal tubules under
the physiological condition, but it may also drive the
tubular secretion of organic anions in some conditions,
Although the relative contribution of OAT4 in renal
organic anion handling needs to be clarified, this study
provides new insights into the functional basis of the
transepithelial transport pathway of organic anions,
including xenobiotics and endogenous compounds, in
the human kidney.
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Abstract

We have examined the expression and function of system L amino acid transporter in KB human oral epidermoid carcinoma
cells. The KB cells express L-type amino acid transporter 1 (LAT1) in plasma membrane, but not L-type amino acid transporter
2 (LAT2). The [MClL-leucine uptake by KB cells is inhibited by system L selective inhibitor BCH. The majority of
("C)L-Teucine uptake is, therefore, mediated by LAT1. Thése results suggest that the transport of neutrat amin acids including
several essential amino acids into the KB cells mediated by LAT! and the speCIﬁc inhibition of LATlin oral cancer cells will
be a new rationale for anti-cancer therapy.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction [1,2]. Amino acid transport across the plasma .
membrane is mediated via amino acid transporters
located on the plasinzi membrane. Among the amino
acid transport systems, system L amino acid trans-

porter mediates Na*-independent transports of

Amino acid is indispensable to support the protein
synthesis required for cell growth and proliferation

Abbreviations: LAT1, L-type amino acid transporter 1; LAT2,
L-type amino aciu transporter 2; 4F2hc, 4F2 heavy chain; BCH, 2-
aminobicyclo-(2,2,1)-heptane-2-carboxylic acid.
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large neutral amino acids including several essential
amino acids [1,3]. It is a major route for providing

. living cells including tumor cells with branched or

aromatic amino acids [1,3). Because of its broad
substrate selectivity, system L amino acid transporter
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