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Abstract Orotate is a precursor of pyrimidine synthesis.

The kidney uses exogenous orotate for the synthesis of

uridine diphosphosugars, which are used in the glyco-

sylation of collagen in glomerular and tubular basement

membranes. Orotate uptake occurs in the liver and kidney,

but its molecular mechanism is largely unknown. Since

orotate has been shown to be a substrate of the renal

urate/anion exchanger in brush border membrane vesicle

studies, we investigated whether human URAT1 (hURAT1)

mediates the transport of orotate using HEK293 cells

expressing hURAT1 (HEK-hURAT1). hURAT1 mediated

a time- and dose-dependent uptake of orotate (Km

5.2 lM). hURAT1-mediated [3H]orotate transport was

inhibited strongly by non-labeled (cold) orotate and the

uricouric agent benzbromarone, and moderately inhibited

by urate, nicotinate, and another uricouric agent, pro-

benecid. This is the first report demonstrating that

hURAT1 mediates the transport of orotate. hURAT1 may

function as one of the entrance pathways in renal proxi-

mal tubular cells.
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Introduction

Orotate (orotic acid, 6-carboxyuracil), a normal interme-

diate in pyrimidine metabolism, is converted to uridine

50-triphosphate (UTP), which is utilized for the synthesis of

RNA and for the synthesis of uridine 50-diphosphohexoses

and uridine 50-diphosphohexosamines (UDP sugars) [1–3].

Since UDP sugars are used in the glycosylation of the

basement membrane collagen, increased bioavailability of

these compounds is involved in the pathogenesis of renal

hypertrophy with concomitant thickening of the glomerular

and tubular basement membranes observed in human dia-

betes mellitus [4, 5]. Therefore, as a precursor of uridine

nucleotides, exogenous orotate incorporation is important

for the synthesis of basement membrane material. Orotate

uptake is observed in the normal liver and kidney [6], but

its molecular mechanism for transmembrane permeation is

largely unknown.

The findings that orotate trans-stimulates the uptake of

urate via the urate/anion exchanger in brush-border mem-

brane vesicles in humans [7] and that it inhibits cloned

human renal urate transporter hURAT1-mediated urate

uptake in Xenopus oocytes [8] prompted us to investigate

whether orotate is a true transport substrate for hURAT1.

The purpose of this study was to elucidate the molecular

mechanism underlying the membrane transport of orotate

using HEK293 cells stably expressing hURAT1 (HEK-

hURAT1).
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Materials and methods

Materials

[3H]Orotate (20 Ci/mmol) was purchased from American

Radiolabeled Chemicals Inc. (St. Louis, MO). Nonlabeled

orotate, urate, nicotinate, lactate, probenecid, pyrazinoate

(PZA) and para-aminohippurate (PAH) were obtained

from Sigma Chemical Co. (St. Louis, MO). Fetal bovine

serum, trypsin and geneticin were obtained from Invitrogen

(Carlsbad, CA).

Cell culture

HEK-hURAT1 cells were established as previously

described [9]. HEK-hURAT1 cells were obtained by

transfecting HEK293 cells with the full-length cDNA of

hURAT1 subcloned into pcDNA 3.1 (Invitrogen, Carlsbad,

CA) using Lipofectamine 2000 (Invitrogen). HEK293 cells

transfected with pcDNA3.1 lacking an insert were used as a

control (HEK-mock cells). These cells were grown in a

humidified incubator at 37�C and in 5% CO2 using mini-

mum essential medium containing 10% fetal bovine serum

and 400 lg/ml geneticin, and were used for 15–25

passages.

Uptake experiments

Uptake experiments were performed as previously descri-

bed [10]. The cells were seeded in 24-well tissue culture

plates at a density of 1.6 9 105 cells/well. After the cells

had been cultured for 2 days, they were washed three times

with serum- and chloride-free Hanks’ balanced salt solu-

tion (HBSS) containing the following in mM: 125 Na

gluconate, 4.8 K gluconate, 1.2 KH2PO4, 1.2 MgSO4, 1.3

Ca gluconate, 5.6 glucose and 25 HEPES, pH 7.4. After

preincubation in the same solution in a water bath at 37�C

for 10 min, the cells were incubated in a solution con-

taining 50 nM [3H]orotate at 37�C for the indicated time.

[3H]Orotate uptake was stopped by adding ice-cold HBSS,

and the cells were washed three times with the same

solution. The cells in each well were lysed with 0.5 ml of

0.1 N sodium hydroxide and transferred to 2.5 ml of

aquasol-2, and then radioactivity was determined using a

b-scintillation counter (LSC-3100, Aloka, Tokyo, Japan).

Inhibition study

To evaluate the inhibitory effects of various substrates on

urate uptake mediated by hURAT1, HEK-hURAT1 cells

were incubated in a solution containing 50 nM [3H]orotate

for 2 min in the absence or presence of various of inhibi-

tors (100 lM) at 37�C. Drugs such as probenecid and

benzbromarone were dissolved in dimethylsulfoxide. The

final concentration of dimethylsulfoxide in the incubation

medium was adjusted to \0.5%.

Transport study in Xenopus oocyte

Trans-stimulation experiments were performed using

Xenopus oocytes injected with or without hURAT1 cRNA

as described previously [8]. Briefly, defolliculated Xenopus

oocytes (stage IV and V) were injected with 20 ng of

capped hURAT1 cRNA and incubated at 18�C in a mod-

ified 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 gentamicin

(50 lg/ml). After incubation for 2–3 days, uptake experi-

ments 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). Control and hURAT1-

expressing oocytes were injected with 50 nl of water or

unlabeled anions using fine-tipped micropipettes, and the

uptake experiment was initiated by replacing the ND96

solution with that containing radiolabeled 50 nM

[3H]orotate and was terminated by adding ice-cold ND96

solution after 60 min of incubation. Oocytes were washed

five times with ice-cold ND96 solution, solubilized with

5% SDS, and the radioactivity content was determined.

Statistical analysis

Data are expressed as means ± SEM. Statistical differ-

ences were determined using one-way analysis of variance

with Dunnett’s post hoc test or Student’s t test. Differences

were considered significant at P \ 0.05.

Results

We showed that hURAT1 mediates the uptake of orotate.

hURAT1 exhibited a time-dependent uptake of orotate up

to 15 min (Fig. 1a). To elucidate the property of orotate

transport via hURAT1, we performed kinetic analysis of

orotate uptake. hURAT1 mediated a dose-dependent

uptake of orotate (Fig. 1b), and Eadie-Hofstee analysis

revealed that the Km value for hURAT1-mediated orotate

uptake was 5.2 ± 0.4 lM. To examine whether hURAT1

mediates orotate/anion exchange, we compared the effect

of Cl- for hURAT1-mediated orotate uptake. As shown in

Fig. 1c, removal of outside Cl- enhanced orotate uptake

via hURAT1. To compare the orotate transport property via

hURAT1 with its property for urate transport, we examine

the trans-stimulatory effects of anions on hURAT1-medi-

ated orotate transport using Xenopus oocyte expression

system. Similar to hURAT1-mediated urate transport,
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orotate uptake via hURAT1 was strongly stimulated by

intracellularly loaded pyrazinoate (25 mM) and nicotinate

(25 mM), although its effect was not comparable for lactate

(100 mM) (Fig. 1d).

In order to further investigate the substrate selectivity of

hURAT1-mediated orotate uptake and orotate uptake via

hURAT1, we examined the inhibitory effects of probene-

cid, benzbromarone, PZA, and PAH. Probenecid, benzb-

romarone, PZA, and PAH inhibited orotate uptake

mediated by hURAT1 (Fig. 2).

Discussion

In this study, we investigated whether orotate is a true

transport substrate for hURAT1 using HEK293 cells stably

expressing hURAT1 (HEK-hURAT1) and tried to elucidate

the molecular mechanism underlying the membrane trans-

port of orotate in renal tubules.

Orotate is formed de novo in the liver and is released

into blood circulation [11]. It is excreted mainly from the

kidneys and is present in the urine of humans [12]. Since

the tubular excretion of orotate was inhibited by probene-

cid, it is speculated that the renal organic anion transporter

system mediates the membrane permeation of this com-

pound [12]. In 2008, we examined orotate uptake by

human organic anion transporters OATs (OAT1, OAT3,

OAT4, and OAT7) using proximal tubular cells stably

expressing hOATs (S2-hOAT1, S2-hOAT3, S2-hOAT4,

and S2-hOAT7) [13, 14], and we found that only OAT4

showed significant uptake of orotate with low affinity (Km

922 lM) [15]. This value is larger than the orotate con-

centration in the plasma (*1.8 lM) and final urine

(*3.2 lM) [16]. We then tried to check the transport of
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Fig. 1 Orotate uptake by hURAT1. a Time course of orotate uptake

in HEK-hURAT1 cells. hURAT1 and mock cells were incubated in

Cl--free HBSS solution containing 50 nM [3H]orotate for 2 min at

37�C. Open circles represent uptake into hURAT1-expressing cells.

Closed circles represent uptake into mock cells (mean ± SEM;

n = 4). b Concentration-dependent uptake of orotate in HEK-

hURAT1 cells. Uptake of 50 nM [3H]orotate by control or

hURAT1-expressing cells was measured for 2 min at various

concentrations (0.03, 0.1, 0.3, 1, 3, 10, 30 lM) (mean ± SEM;

n = 4). Inset, Eadie-Hofstee plot. V, velocity; V/S, velocity per

concentration of orotate. c Orotate uptake via hURAT1 was

stimulated by removal of Cl- from the bath. Transport rates of

[3H]orotate (50 nM) in HEK-mock and HEK-hURAT1 cells were

measured for 2 min in the presence or absence of extracellular Cl-.

Each value represents the mean ± SE of four monolayers from two

separate experiments. d Trans-stimulatory effect of test anions on the

uptake of [3H]orotate via hURAT1. Control and hURAT1-expressing

oocytes were injected with several unlabeled anions indicated, or

water and incubated for 15 min at RT. Then, the oocytes were

incubated with [3H]orotate (50 nM) and its uptake for 1 h was

determined. The data are mean ± SEM with n = 6–8. ***P \ 0.001

versus the uptake of water injected oocytes
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orotate by another OAT family member, URAT1, a urate/

anion exchanger that is expressed only in the kidney [8].

As we demonstrated in this study, orotate (Km 5.2 lM) is

a better transport substrate for URAT1 than is urate (Km

371 lM) (Fig. 1b). The Cl- exchange property (Fig. 1c)

and the inhibitory profile for hURAT1-mediated orotate

uptake (Fig. 2) are the same as its urate uptake [8]. In

addition, the profile of trans-stimulatory effects (strong

stimulation by pyrazinoate and nicotinate, but weak by

lactate) for hURAT1-mediated orotate uptake (Fig. 1d) is

similar to urate uptake via hURAT1 as previously reported

[7]. Since defects in the hURAT1 gene (SLC22A12) lead to

idiopathic renal hypouricaemia (MIM number, 220150),

hURAT1 is thought to participate in tubular urate reab-

sorption and to regulate blood urate levels in humans [17–

19]. There is no doubt about the role of URAT1 in humans,

but, so far, we have no idea about the role of this gene in

other mammals in which serum urate levels are not as high as

those in humans because of the normal function of hepatic

urate oxidase that metabolizes urate into allantoin. Since

genetic loss of this enzyme occurred in the Miocene epoch,

only humans and higher apes have elevated serum urate

levels [20]. Thus, this gene can function as a urate reab-

sorptive transporter in such species and, for other mammals,

it may function as an orotate reabsorptive transporter, taking

the existence of the outwardly directed lactate gradient in the

tubular cells created by sodium-coupled monocarboxylate

transporters (Smcts) into account.

As we mentioned in the Introduction, orotate uptake is

observed in the liver and kidney [6], and orotate is incor-

porated not only in the tubules, but also in the glomeruli as

a uridine nucleotide precursor necessary for the glycosyl-

ation of basement membrane collagen [4, 5]. We demon-

strated that URAT1 seems to contribute to orotate uptake in

renal tubules, but its molecular identity in glomeruli and its

exit pathway from hepatocytes are still unknown. Our

results may provide a clue for identifying the proteins

responsible for membrane permeation of orotate in these

tissues.

In conclusion, human URAT1 mediated the transport of

orotate, which may be the molecular mechanism underly-

ing the membrane permeation of this nucleic acid precursor

in renal tubular cells.
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