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Abstract. Renal organic anion transporters play an important role in the handling of a number

of endogenous and exogenous anionic substances in the kidney. In this study, we investigated

prostaglandin E2 (PGE2) transport properties and intrarenal localization of mouse organic anion

transporter 3 (mOat3). When expressed in Xenopus oocytes, mOat3 mediated the time- and

concentration-dependent transport of PGE2 (Km: 1.48 µM). PGE2 transport mediated by mOat3

was trans-stimulated by intracellular glutarate injected into the oocytes. PGE2 efflux via mOat3

was also trans-stimulated by extracellular glutarate. Thus, mOat3 was shown to mediate the

bidirectional transport of PGE2, partly coupled to the dicarboxylate exchange mechanism.

Immunohistochemical study revealed that mOat3 protein was localized at the basolateral

membrane of renal proximal and distal tubules. Furthermore, diffuse expression of mOat3,

including expression in the basolateral membrane in macula densa (MD) cells, was observed.

These results indicate that mOat3 plays an important role as a basolateral transport pathway of

PGE2 in the distal nephron including MD cells that may constitute one of the indispensable steps

for renin release and regulation of the tubuloglomerular feedback mechanism.
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Introduction

Prostanoids, which include prostaglandins (PGs) and

thromboxanes (TXs), are cyclooxygenase (COX)-

dependent metabolites of arachidonic acids and play

various physiological and pathophysiological roles

(1, 2). Among them, PGE2 is the major prostanoid in the

kidney and is synthesized at high rates along the

nephron, particularly in the collecting duct (3). PGE2

plays an important role in the tubular reabsorption of

salt and water as well as in the control of renal vascular

resistance and the maintenance of glomerular hemo-

dynamics. In addition, PGE2 stimulates the release of

renin from the juxtaglomerular apparatus (JGA). Re-

cently, it has been reported that intact macula densa

(MD) cells synthesize and release PGE2 when luminal

salt content is reduced, and it has been suggested that

this response is involved in the control of renin release

and renal vascular resistance during salt deprivation (4).

In these functions, PGE2 mediates autocrine and para-

crine signaling over short distances through the activa-

tion of its four receptor subtypes (EP1, EP2, EP3, and

EP4) (3). Thus, to maintain the extracellular concentra-

tion of PGE2, the termination of PGE2 signaling requires

rapid re-uptake of released PGE2 followed by cyto-

plasmic oxidation (5). Since PGE2 possesses anionic

moieties at physiological pH and diffuses poorly through

the lipid bilayer, it is thought that PGE2 transport across

the plasma membrane is a carrier-mediated transport

process (5). However, little is known about the mole-

cular mechanism of the release of PGE2 in distal nephron

including MD cells.

To date, several PG carriers have been characterized

(5). Prostaglandin transporter PGT (Slc21a2, oatp2A1)
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is broadly expressed in COX-positive cells and is

coordinately regulated with COX. By analogy with

neurotransmitter release and re-uptake, PGT may regu-

late pericellular PG levels via re-uptake (6). Immuno-

cytochemical study has revealed that PGT in rat kidneys

was expressed in glomerular endothelial and mesangial

cells, arteriolar endothelial and muscularis cells, princi-

pal cells of the collecting duct, medullary interstitial

cells, and the medullary vasa rectae endothelia (7). In

the collecting duct, PGT is expressed in subapical

vesicles. These results indicate that PGT is unlikely to be

involved in the basolateral transport of PGE2 in distal

nephron including MD cells. Certain PGs are actively

extruded from cells by multidrug resistance-associated

proteins (MRPs) (5); these may play a role in metabolic

clearance of PGs. However, the expression of MRPs in

MD cells is still unclear.

Organic anion transporter (OAT) family members are

other PG transporters (8). OATs play important roles in

the elimination of a variety of endogenous substances,

xenobiotics and their metabolites, many of which are

potentially toxic to the body (9 – 14). Recently, cDNAs

encoding OAT family members, including OAT1,

OAT2, OAT3, OAT4, URAT1 (urate transporter 1), and

Oat5, have been successively cloned (9). Among these

clones, OAT1(human)/Oat1(rodents) and OAT3 /Oat3

were shown to be localized to the basolateral side of the

proximal tubule, whereas OAT4, URAT1, and Oat5

were shown to be localized to the apical side of the

proximal tubule. In contrast, the exact localization of

OAT2 protein in the kidney is still controversial: Rat

Oat2 was formerly identified at the apical membrane of

the thick ascending limb of Henle and cortical collecting

ducts (15), but recently it has been shown to be localized

at the apical side of proximal straight tubules (S3

segment) (16), whereas human OAT2 was found to be

localized to the basolateral membrane of the proximal

tubule (17).

Among the OATs, OAT3 protein expression was

detected in nearly all of the nephron segments in the rat

kidney (15). Thus, OAT3 is likely to be a transporter

responsible for the basolateral transport of PGE2 in

distal nephron including MD cells. Although Oat3

knockout mice have been generated several years ago

(18), information on the functional properties of mouse

Oat3 (mOat3) is limited (19 – 21). In this study, we

examined PGE2 transport properties and intrarenal

localization of mOat3.

Materials and Methods

Materials

The materials used in this study were purchased from

the following sources: [14C]p-aminohippurate (PAH)

(1.90 GBq /mmol) was from Moravek Biochemicals

(Brea, CA, USA); [3H]estrone-3-sulfate (E1S) (2.0 TBq

/mmol), [14C]glutarate (2.035 GBq /mmol), and [3H]PGE2

(7.429 TBq /mmol) were from PerkinElmer Life Science

Products (Boston, MA, USA); and glutarate was from

Wako (Osaka). All other chemicals and reagents used

were of analytical grade and obtained from commercial

sources.

Animals

Six-week-old male ICR mice were purchased from

Saitama Experimental Animal Co., Ltd. (Saitama) and

kept under routine laboratory conditions with free access

to standard laboratory chow and water.

Isolation of mOat3

A nondirectional cDNA library for screening was

prepared from mouse kidney poly(A)+ RNA using a

Superscript Choice System (Invitrogen, Carlsbad, CA,

USA) and was ligated into the phage vector ZipLox

EcoRI arms (Invitrogen). The library was screened by

homology using full-length rOat3 cDNA labeled with

[32P]dCTP by random priming (T7Quick Prime Kit;

Amersham Pharmacia Biotech, Uppsala, Sweden) as a

probe as described previously (22). cDNA inserts in

positive ZipLox phages were recovered in the plasmid

pZL1 vector by in vitro excision and completely

sequenced with specially synthesized oligonucleotide

primers by the dye terminator method using an ABI

3100 Genetic Analyzer (Applied Biosystems, Foster

City, CA, USA).

cRNA synthesis and uptake experiments using Xenopus

laevis oocytes

cRNA synthesis and uptake experiments were per-

formed as described previously (23). The capped cRNA

of mOat3 was synthesized in vitro by T7 RNA

polymerase from a plasmid linearlized with Xba I.

Defolliculated oocytes were injected with 10 ng of the

capped mOat3 cRNA or water (control) and incubated in

Barth’s solution (88 mM NaCl, 1 mM KCl, 0.33 mM

Ca(NO3)2, 0.4 mM CaCl2, 0.8 mM MgSO4, 2.4 mM

NaHCO3, and 10 mM HEPES) containing 50 µg /ml

gentamicin at 18°C. After 2 to 3 days of incubation,

uptake experiments of radiolabeled substrates, as

indicated in each experiment, were performed at room

temperature in ND96 solution (96 mM NaCl, 2 mM

KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES,

pH 7.4). Each experiment was repeated more than

two times to confirm the results. Representative results

are shown in the figures.

Kinetic parameter for the uptake of PGE2 via mOat3
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was estimated from the following equation: v =

(Vmax × S) / (Km + S), where v is the rate of substrate

uptake (pmol /h ⋅oocyte), S is the substrate concentration

in the medium (µM), Km is the Michaelis-Menten

constant (µM), and Vmax is the maximum uptake rate

(pmol /h ⋅oocyte). These kinetic parameters were deter-

mined with the Eadie-Hofstee equation.

To examine the trans-stimulatory effects of both

the uptake and efflux of radiolabeled substrates, cold

glutarate (50 mM) (Fig. 3) or 50 nl of [3H]PGE2

(0.6 µM) (Fig. 4) was injected into oocytes expressing

mOat3 with a fine-tipped glass micropipette as described

previously (24). Then individual oocytes were washed

twice with ice-cold ND96 solution, placed on ice for

5 min, then incubated with ND96 at room temperature

for 1 h, and finally transferred into a medium with or

without radiolabeled E1S (Fig. 3A) or PGE2 (Fig. 3B) or

with cold glutarate (10 mM) (Fig. 4) and incubated at

room temperature for 1 h. [3H]PGE2 before and after

taken up by the oocytes was little degraded as Chan et al.

reported previously (25). Radioactivity in both the

medium and oocytes was determined after a 1-h incuba-

tion.

For the uptake and efflux measurements in the present

study, 8 – 10 oocytes were used for each data point.

The values are expressed as means ± S.E.M. Each

experiment was repeated at least twice to confirm the

results. Results from representative experiments are

shown in the figures.

Immunohistochemical analysis

For immunohistochemical analysis, rabbits were

immunized with a keyhole limpet hemocyanin-

conjugated synthesized peptide, CKASQTIPLKTGDPS,

corresponding to cysteine and the 14 amino acids of

the COOH terminus of mOat3. Two-micrometer wax

sections of nephrectomized mouse kidney were pro-

cessed for light microscopic immunohistochemical

analysis using the streptavidin-biotin-horseradish

peroxidase complex technique (LSAB kit; DAKO,

Carpinteria, CA, USA). Sections were dewaxed,

rehydrated, and incubated with 3% H2O2 for 10 min to

eliminate endogenous peroxidase activity. After rinsing

in 0.05 M Tris-buffered saline containing 0.1% Tween-

20, sections were treated with 10 µg /ml of primary

rabbit polyclonal antibody (at 4°C overnight). There-

after, the sections were incubated with the secondary

antibody, biotinylated goat polyclonal antibody against

rabbit immunoglobulin (DAKO), diluted 1:400 for

30 min with horseradish peroxidase-labeled streptavidin.

This step was followed by incubation with diamino-

benzidine and hydrogen peroxide. The sections were

counterstained with hematoxylin and examined by light

microscopy. For a preabsorption experiment, the mOat3

peptide (200 µg /ml) was added to the mOat3-specific

antibody solution and incubated overnight at 4°C. Using

this preabsorbed antibody, immunohistochemistry was

performed as described above.

Statistical analysis

Data are expressed as means ± S.E.M. Statistical

differences were determined using Student’s t-test. The

reproducibility of the results in the present study was

confirmed using two or three separate experiments.

Results from representative experiments are shown in

the figures.

Results

mOat3 cDNA was isolated from the kidney. As shown

in Fig. 1, mOat3 mediated the transport of [14C]PAH,

[3H]E1S, [
3H]glutarate, and [3H]PGE2. These results

indicate that our mOat3 clone is functional and its

transport activity is compatible with that reported pre-

viously (18 – 20).

The uptake by mOat3 cRNA-injected oocytes

increased linearly for about 180 min (Fig. 2A). Accord-

Fig. 1. Functional expression of mOat3 in Xenopus oocytes. mOat3

mediated the transport of several organic anions. The uptakes of

radiolabeled [14C]p-aminohippurate (PAH) (12 µM), [3H]estrone

sulfate (55 nM), [14C]glutarate (5.5 µM), and [3H]prostaglandin E2

(PGE2) (5 nM) by water-injected control oocytes and by mOat3-

expressing oocytes were determined over a period of 1 h (mean ±

S.E.M., n = 8 – 10). ***P<0.001 versus control.
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ingly, analysis was performed at 60 min in the following

experiments. The concentration dependence of the

uptake of [3H]PGE2 via mOat3 is shown in Fig. 2B. The

mOat3-mediated [3H]PGE2 uptake showed saturable

kinetics and could be modeled by the Michaelis-Menten

equation. Eadie-Hofstee plot analyses yielded a Km

value of 1.48 µM for PGE2.

It is well established that OAT1 is a classical PAH

/dicarboxylate exchanger (9). In addition, Sweet et al.

and Bakhiya et al. reported that rat and human Oat3

/OAT3 functions as an organic anion /dicarboxylate

exchanger (26, 27). Given the high sequence identity

between rat Oat3 and mOat3, we assumed that their

functions are very similar. However, a recent study by

Ohtsuki et al. failed to demonstrate the E1S /dicarboxy-

late exchange mechanism in mOat3 (19). Therefore, we

next examined whether mOat3 is also organic anion

/ dicarboxylates exchanger or not. The uptake of [3H]E1S

via mOat3 was trans-stimulated by the injection of cold

glutarate into the oocytes (Fig. 3A). In addition, mOat3

mediated PGE2/dicarboxylate exchange (Fig. 3B). We

conclude that mOat3, as well as rat and human

Oat3 /OAT3, functions as an organic anion /dicarboxy-

late exchanger.

Then we examined the efflux of [3H]PGE2 from

oocytes expressing mOat3. mOat3 exhibited significant

efflux for [3H]PGE2, compared with water-injected

Fig. 2. Transport properties of PGE2 via mOat3. A: Time-depen-

dent uptake of [3H]PGE2 via mOat3. The uptake of 5 nM [3H]PGE2

was measured for 3 h in control oocytes and oocytes expressing

mOat3 (mean ± S.E.M., n = 8 – 10). B: Concentration-dependence of

mOat3-mediated uptake of PGE2. The uptake rate of PGE2 by control

or mOat3-expressing oocytes for 1 h was measured at various

concentrations (mean ± S.E.M., n = 8 – 10). Inset: Eadie-Hofstee

plot. V, velocity; V /S, velocity per concentration of PGE2.

Fig. 3. Effects of glutarate on mOat3-mediated transport. Trans-

stimulatory effect of glutarate on the uptake of [3H]estrone sulfate

(ES) (A) or [3H]PGE2 (B) via mOat3. Control (open column) and

mOat3-expressing oocytes (closed column) were injected with

50 mM unlabeled glutarate (right columns) or water (left columns)

and incubated for 5 min on ice. Then the oocytes were incubated with

[3H]ES (100 nM) or [3H]PGE2 (5 nM) and the amount of [3H]ES or

[3H]PGE2 accumulated for 1 h was determined (mean ± S.E.M.,

n = 8 – 10). ***P<0.001.
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control oocytes (Fig. 4, left two columns). In addition,

as would be expected for an exchanger, [3H]PGE2

efflux via mOat3 was significantly trans-stimulated by

unlabeled glutarate in the medium (10 mM) (Fig. 4, right

two columns).

Among the OAT isoforms, OAT3 as well as OAT1

are known to be polyspecific organic anion transporters

that are responsible for the basolateral uptake of various

organic anions (9 – 14). Although functional analysis of

an Oat3 knockout mouse model strongly suggested that

murine Oat3 was present in the basolateral membrane of

renal proximal tubular cells (18), its exact localization in

the kidney has not been demonstrated yet. Therefore, to

clarify the intrarenal localization, we raised an antibody

against the mOat3 C-terminal region and performed

immunohistochemical analysis.

As shown in Fig. 5A, broad immunoreactivities of

mOat3 were observed throughout the cortex under low

magnification. There was no staining in the glomerulus.

Under high magnification, mOat3 was found to be

localized not only at the basolateral membrane of the

proximal tubules but also at the same side of the distal

tubules and of the collecting ducts (Fig. 5B). Interest-

ingly, the intensities of mOat3 immunoreactivity seem

stronger in the distal tubules and collecting ducts than in

the proximal tubules. In addition, mOat3 immuno-

reactivity was detected in MD cells (Fig. 5C). By

preincubation of the antibody with mOat3 peptide, the

immunoreactivity disappeared (Fig. 5D). The specificity

of the antibody for mOat3 was verified by these results.

Discussion

In this study, we analyzed mOat3-mediated PGE2

transport properties and the intrarenal localization of

mOat3 to determine whether mOat3 contributes to the

basolateral transport of PGE2 in distal nephron including

MD cells.

PGE2 is a major prostanoid derived from COX

metabolism and modulates salt and water homeostasis

in the kidney. In the renal cortex, COX-1 expression

predominates in the collecting duct, vascular tissue, and

glomerular mesangial cells, while COX-2 is expressed

and presumably mediates PG production in the MD and

surrounding cortical thick ascending limb (cTAL) cells

(28 – 31). MD cells are in direct contact with the

vascular pole of the same glomerulus from which the

filtrate originates. They sense changes in tubular NaCl

concentration and send signals to control preglomerular

vascular resistance and glomerular filtration rate in a

process named tubuloglomerular feedback (TGF). MD

cells also control the renin release from juxtaglomerular

granular cells (28 – 30). COX-2-derived PGs may

participate in MD-mediated control of juxtaglomerular

function, particularly in high renin states such as low salt

intake, loop diuretic treatment, and renovascular hyper-

tension (29, 31). PGE2 produced by MD cells has been

suggested to be the mediator of renin release induced by

low luminal NaCl concentration (30 – 36). In addition,

PGE2, as a potent vasodilator, may also modulate

preglomerular vascular resistance (3, 37) and TGF (38).

Recently, it has been reported that PGE2 release from

MD cells is important in the control of renin release and

Fig. 4. mOat3-mediated butyrate efflux. Trans-stimulatory effect

of glutarate on the efflux of [3H]PGE2 via mOat3. Control (open

column) and mOat3-expressing (closed column) oocytes were

injected with [3H]PGE2. After washing, the oocytes were incubated

with 10 or 0 mM unlabeled glutarate. The amount of [3H]PGE2

effluxed for 1 h was determined. *P<0.05, ***P<0.001.

Fig. 5. Immunohistochemical analysis of Oat3 in mouse kidney.

Two-micrometer sections were incubated with a polyclonal antibody

against mOat3. Basolateral membrane of proximal tubules and that of

distal tubules and collecting ducts were stained (proximal < distal),

and no staining was observed in the glomeruli. Immunoreactivity in

macula densa was also observed (arrows) at the basolateral side as

well as the cytoplasm. (400×). Scale bars = 150 µm for A, 20 µm for

B to D.
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renal vascular resistance during salt deprivation (4).

However, little is known about the molecular mecha-

nism of the transport of PGE2 in distal nephron including

MD cells.

The OAT family plays important roles in the elimina-

tion of a variety of endogenous substances, xenobiotics

and their metabolites (9 – 14). We previously reported

that human OATs (OAT1 to OAT4) mediate the

transport of PGs (8). At present, there is little informa-

tion on the functional properties of mouse Oat isoforms,

particularly mOat3 (19 – 21), although Oat3 knockout

mice have been generated several years ago (18).

Among the OATs, OAT3 is likely to be a transporter

responsible for the basolateral transport of PGE2 in distal

nephron including MD cells based on its broad localiza-

tion in the rat kidney (15). In this regard, the current

results support this possibility. mOat3 mediates both the

uptake and the efflux of PGE2 as shown in Figs. 2 – 4.

Furthermore, mOat3 functions as an exchanger for both

directions (Figs. 3 and 4). As shown in Fig. 5, mOat3 is

localized at the basolateral membrane of proximal

tubules, distal tubules including MD cells, and collecting

ducts. These characteristics are compatible with the

PGE2 transport pathway in MD cells (Fig. 6).

As shown in Figs. 3 and 4, glutarate, a non-metabo-

lized dicarboxylate, trans-stimulated mOat3-mediated

PGE2 transport in both directions. Taking the existence

of the outwardly directed dicarboxylate gradient in

tubular cells into account, endogenous dicarboxylates

such as α-ketoglutarate (αKG) seem to contribute to the

uptake of PGE2 into cells. This supports the idea that

Oat3 at the basolateral membrane of distal nephron

functions as a re-uptake pathway of released PGE2. As

Pritchard mentioned (39), αKG is the most abundant

within the proximal tubular cell. However, to date, there

is no information concerning its concentration in distal

nephron. Furthermore, energy-utilizing processes are

different from segment to segment, based on the

observation of ATP production in microdissected

nephron segments shown by Uchida and Endou (40).

Therefore, we could not exclude the possibility that Oat3

functions as an efflux pathway for PGE2. As αKG is

unlikely to be the endogenous counterion for PGE2

efflux in MD cells, it seems necessary to identify such an

endogenous counterion(s) for PGE2 efflux in MD cells to

further consider the role of PGE2 as a signal, although

the efflux of PGE2 occurs without the counterion

(Fig. 4).

Recently, Soodvilai et al. reported that the exposure of

PGE2 enhanced the OAT3-mediated estrone sulfate

transport in isolated rabbit renal proximal tubules (41).

Although no PGE2-receptor isoform was detected in

proximal tubules and distal tubules in renal cortex (3),

this phenomenon seems compatible for the role of re-

uptake of PGE2 to maintain its extracellular concentra-

tion.

The Km value for PGE2 (1.48 µM) is different in

humans and mice (more than 4-fold difference, ref. 8).

The reason for this may be due to the interspecies

difference in the interactions of OAT3 /Oat3 with this

substance or the difference in the expression system, that

is, mammalian expression system for hOAT3 (8) versus

Xenopus oocytes expression system for mOat3 (this

study).

The generation of gene knockout animals could pro-

vide new information on the contribution of individual

transporters in intact organs. Knockout mice for Oat3

have been generated several years ago (18). This model

revealed the loss of organic anion transport and indi-

cated the importance of drug uptake of Oat3 in the

kidney and choroids plexus (42), although no morpho-

logical changes were found. Considering the novel role

of mOat3 as a basolateral transport pathway of PGE2 in

MD cells, it would be interesting to observe changes in

phenotype in mice under high renin states such as salt

deficiency, administration of angiotensin-converting

enzyme inhibitors or angiotensin receptor blockers,

diuretic administration, or experimental renovascular

Fig. 6. Model of macula densa (MD) sig-

naling. A marked decrease in tubular NaCl

concentration, particularly under low salt

diet, causes activation of the PG-synthesiz-

ing machinery, including COX-2 and micro-

somal PGE2 synthase (mPGES) and PGE2

release across the basolateral membrane

via diffusion (or by Oat3). Oat3 is likely

to be a transporter responsible for the rapid

re-uptake of released PGE2 using the out-

wardly directed gradient of dicarboxylates

such as α-ketoglutarate (αKG).



S Nilwarangkoon et al54

hypertension.

Since the molecular cloning of OAT1, first isoform of

the OAT family, OATs were recognized mainly as an

influx pathway of numerous endogenous and exogenous

organic anions (12 – 14). However, recent studies by

Aisf et al. unveiled the novel role of OAT3 as an efflux

pathway of cortisol in endocrine tissues such as

adrenocortical cells (43, 44). Therefore, the maintenance

of homeostasis through the efflux of some endogenous

substances such as PGs and steroid hormones would be

another important role of the OAT family (9).

In conclusion, the current results indicate that mOat3

may play an important role in the basolateral efflux

pathway of PGE2 in the renal tubules including MD cells

that may constitute one of the indispensable steps for

renin release and the regulation of the TGF mechanism.

Acknowledgments

This work was supported in part by grants from the

Ministry of Education, Culture, Sports, Science, and

Technology of Japan; the Japan Society for the Promo-

tion of Science; Research on Health Sciences focusing

on Drug Innovation from the Japan Health Sciences

Foundation; Mutual Aid Corporation for Private Schools

of Japan; the Salt Science Research Foundation

(No. 0524); the Japan Foundation of Applied Enzymo-

logy; Astellas Foundation for Research on Metabolic

Disorders; Gout Research Foundation of Japan; The

Ichiro Kanehara Foundation; The Shimabara Science

Promotion Foundation; Kyorin University School of

Medicine (Kyorin Medical Research Award 2006); and

Health and Labor Sciences Research Grants for

Research on Advanced Medical Technology: Toxico-

genomics Project.

References

1 Narumiya S, Sugimoto Y, Ushikubi F. Prostanoid receptors:

structures, properties, and functions. Physiol Rev. 1999;79:

1193–1226.

2 Ushikubi F, Sugimoto Y, Ichikawa A, Narumiya S. Roles of

prostanoids revealed from studies using mice lacking specific

prostanoid receptors. Jpn J Pharmacol. 2000;83:279–285.

3 Breyer MD, Breyer RM. G protein-coupled prostanoid receptors

and the kidney. Annu Rev Physiol. 2001;63:579–605.

4 Peti-Peterdi J, Komlosi P, Fuson AL, Guan Y, Schneider A, Qi

Z, et al. Luminal NaCl delivery regulates basolateral PGE2

release from macula densa cells. J Clin Invest. 2003;112:76–82.

5 Schuster VL. Prostaglandin transport. Prostaglandins Other

Lipid Mediat. 2002;68-69:633–647.

6 Bao Y, Pucci ML, Chan BS, Lu R, Ito S, Schuster VL. Pro-

staglandin transporter PGT is expressed in cell types that

synthesize and release prostanoids. Am J Physiol Renal Physiol.

2002;282:F1103–F1110.

7 Kimura H, Takeda M, Narikawa S, Enomoto A, Ichida K,

Endou H. Human organic anion transporters and human organic

cation transporters mediate renal transport of prostaglandins.

J Pharmacol Exp Ther. 2002;301:293–298.

8 Nomura T, Chang HY, Lu R, Hankin J, Murphy RC, Schuster

VL. Prostaglandin signaling in the renal collecting duct: release,

reuptake, and oxidation in the same cell. J Biol Chem.

2005;280:28424–28429.

9 Anzai N, Kanai Y, Endou H. Organic anion transporter family:

current knowledge. J Pharmacol Sci. 2006;100:411–426.

10 Sekine T, Miyazaki H, Endou H. Molecular physiology of renal

organic anion transporters. Am J Physiol Renal Physiol.

2006;290:F251–F261.

11 Anzai N, Jutabha P, Kanai Y, Endou H. Integrated physiology of

proximal tubular organic anion transport. Curr Opin Nephrol

Hypertens. 2005;14:472–479.

12 Wright SH, Dantzler WH. Molecular and cellular physiology of

renal organic cation and anion transport. Physiol Rev.

2004;84:987–1049.

13 You G. The role of organic ion transporters in drug disposition:

an update. Curr Drug Metab. 2004;5:55–62.

14 Burckhardt BC, Burckhardt G. Transport of organic anions

across the basolateral membrane of proximal tubule cells. Rev

Physiol Biochem Pharmacol. 2003;146:95–158.

15 Kojima R, Sekine T, Kawachi M, Cha SH, Suzuki Y, Endou H.

Immunolocalization of multispecific organic anion transporters,

OAT1, OAT2, and OAT3, in rat kidney. J Am Soc Nephrol.

2002;13:848–857.

16 Ljubojevic M, Balen D, Breljak D, Kusan M, Anzai N, Bahn A,

et al. Renal expression of organic anion transporter OAT2 in rats

and mice is regulated by sex hormones. Am J Physiol Renal

Physiol. 2007;292:F361–F372.

17 Enomoto A, Takeda M, Shimoda M, Narikawa S, Kobayashi Y,

Kobayashi Y, et al. Interaction of human organic anion

transporters 2 and 4 with organic anion transport inhibitors. J

Pharmacol Exp Ther. 2002;301:797–802.

18 Sweet DH, Miller DS, Pritchard JB, Fujiwara Y, Beier DR,

Nigam SK. Impaired organic anion transport in kidney and

choroid plexus of organic anion transporter 3 (Oat3 (Slc22a8))

knockout mice. J Biol Chem. 2002;277:26934–26943.

19 Ohtsuki S, Kikkawa T, Mori S, Hori S, Takanaga H, Otagiri M,

et al. Mouse reduced in osteosclerosis transporter functions as an

organic anion transporter 3 and is localized at abluminal

membrane of blood-brain barrier. J Pharmacol Exp Ther.

2004;309:1273–1281.

20 Kobayashi Y, Ohshiro N, Tsuchiya A, Kohyama N, Ohbayashi

M, Yamamoto T. Renal transport of organic compounds

mediated by mouse organic anion transporter 3 (mOat3): further

substrate specificity of mOat3. Drug Metab Dispos. 2004;32:

479–483.

21 Bahn A, Ljubojevic M, Lorenz H, Schultz C, Ghebremedhin E,

Ugele B, et al. Murine renal organic anion transporters mOAT1

and mOAT3 facilitate the transport of neuroactive tryptophan

metabolites. Am J Physiol Cell Physiol. 2005;289:C1075–

C1084.

22 Sakata T, Anzai N, Shin HJ, Noshiro R, Hirata T, Yokoyama H,

et al. Novel single nucleotide polymorphisms of organic cation

transporter 1 (SLC22A1) affecting transport functions. Biochem

Biophys Res Commun. 2004;313:789–793.

23 Anzai N, Jutabha P, Enomoto A, Yokoyama H, Nonoguchi H,



Basolateral PGE2 Transport via mOat3 55

Hirata T, et al. Functional characterization of rat organic anion

transporter 5 (Slc22a19) at the apical membrane of renal

proximal tubules. J Pharmacol Exp Ther. 2005;315:534–544.

24 Jutabha P, Kanai Y, Hosoyamada M, Chairoungdua A, Kim do

K, Iribe Y, et al. Identification of a novel voltage-driven organic

anion transporter present at apical membrane of renal proximal

tubule. J Biol Chem. 2003;278:27930–27938.

25 Chan BS, Satriano JA, Pucci M, Schuster VL. Mechanism of

prostaglandin E2 transport across the plasma membrane of HeLa

cells and Xenopus oocytes expressing the prostaglandin

transporter “PGT”. J Biol Chem. 1998;273:6689–6697.

26 Sweet DH, Chan LM, Walden R, Yang XP, Miller DS, Pritchard

JB. Organic anion transporter 3 (Slc22a8) is a dicarboxylate

exchanger indirectly coupled to the Na+ gradient. Am J Physiol

Renal Physiol. 2003;284:F763–F769.

27 Bakhiya N, Bahn A, Burckhardt G, Wolff NA. Human organic

anion transporter 3 (hOAT3) can operate as an exchanger and

mediate secretory urate flux. Cell Physiol Biochem. 2003;

13:249–256.

28 Smith WL, Bell TG. Immunohistochemical localization of the

prostaglandin-forming cyclooxygenase in renal cortex. Am J

Physiol. 1978;235:F451–F457.

29 Harris RC, McKanna JA, Akai Y, Jacobson HR, Dubois RN,

Breyer MD. Cyclooxygenase-2 is associated with the macula

densa of rat kidney and increases with salt restriction. J Clin

Invest. 1994;94:2504–2510.

30 Schnermann J. Cyclooxygenase-2 and macula densa control of

renin secretion. Nephrol Dial Transplant. 2001;16:1735–1738.

31 Harris RC, Wang JL, Cheng HF, Zhang MZ, McKanna JA.

Prostaglandins in macula densa function. Kidney Int. 1998;67:

S49–S52.

32 Schnermann J, Briggs J. Function of the juxtaglomerular

apparatus: local control of glomerular hemodynamics. In: Seldin

DW, Giebisch G, editors. The kidney. New York: Raven Press;

1985. p. 669–697.

33 Harris RC, Breyer MD. Physiological regulation of cyclooxy-

genase-2 in the kidney. Am J Physiol Renal Physiol.

2001;281:F1–F11.

34 Yang T, Endo Y, Huang YG, Smart A, Briggs JP, Schnermann J.

Renin expression in COX-2-knockout mice on normal or low-

salt diets. Am J Physiol Renal Physiol. 2000;279:F819–F825.

35 Castrop H, Schweda F, Schumacher K, Wolf K, Kurtz A. Role

of renocortical cyclooxygenase-2 for renal vascular resistance

and macula densa control of renin secretion. J Am Soc Nephrol

2001;12:867–874.

36 Traynor TR, Smart A, Briggs JP, Schnermann J. Inhibition of

macula densa-stimulated renin secretion by pharmacological

blockade of cyclooxygenase-2. Am J Physiol 1999;277:F706–

F710.

37 Chaudhari A, Gupta S, Kirschenbaum MA. Biochemical evidence

for PGI2 and PGE2 receptors in the rabbit renal preglomerular

microvasculature. Biochim Biophys Acta. 1990;1053:156–161.

38 Schnermann J, Weber PC. Reversal of indomethacin-induced

inhibition of tubuloglomerular feedback by prostaglandin infu-

sion. Prostaglandins. 1982;24:351–361.

39 Pritchard JB. Intracellular alpha-ketoglutarate controls the

efficacy of renal organic anion transport. J Pharmacol Exp Ther.

1995;274:1278–1284.

40 Uchida S, Endou H. Substrate specificity to maintain cellular

ATP along the mouse nephron. Am J Physiol. 1988;255:F977–

F983.

41 Soodvilai S, Chatsudthipong V, Evans KK, Wright SH, Dantzler

WH. Acute regulation of OAT3-mediated estrone sulfate

transport in isolated rabbit renal proximal tubules. Am J Physiol

Renal Physiol. 2004;287:F1021–F1029.

42 Sykes D, Sweet DH, Lowes S, Nigam SK, Pritchard JB, Miller

DS. Organic anion transport in choroid plexus from wild-type

and organic anion transporter 3 (Slc22a8)-null mice. Am J

Physiol Renal Physiol. 2004;286:F972–F978.

43 Asif AR, Steffgen J, Metten M, Grunewald RW, Muller GA,

Bahn A, et al. Presence of organic anion transporters 3 (OAT3)

and 4 (OAT4) in human adrenocortical cells. Pflugers Arch.

2005;450:88–95.

44 Asif AR, Ljubojevic M, Sabolic I, Shnitsar V, Metten M, Anzai

N, et al. Regulation of steroid hormone biosynthesis enzymes

and organic anion transporters by forskolin and DHEAS treat-

ment in adrenocortical cells. Am J Physiol Endocrinol Metab.

2006; 291:E1351–E1359.


