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Organic anion transporters, OAT1 and OAT3, are crucial
biopterin transporters involved in bodily distribution
of tetrahydrobiopterin and exclusion of its excess
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Abstract Tetrahydrobiopterin (BH4) is a common coen-
zyme of phenylalanine-, tyrosine-, and tryptophan
hydroxylases, alkylglycerol monooxygenase, and NO
synthases (NOS). Synthetic BH, is used medicinally for
BH,-responsive phenylketonuria and inherited BH, defi-
ciency. BH, supplementation has also drawn attention as a
therapy for various NOS-related cardio-vascular diseases,
but its use has met with limited success in decreasing BH,,
the oxidized form of BH4. An increase in the BH,/BH4
ratio leads to NOS dysfunction. Previous studies revealed
that BH, supplementation caused a rapid urinary loss of
BH, accompanied by an increase in the blood BH,/BH,
ratio and an involvement of probenecid-sensitive but
unknown transporters was strongly suggested in these
processes. Here we show that OAT1 and OAT3 enabled
cells to take up BP (BH4 and/or BH,) in a probenecid-
sensitive manner using rat kidney slices and transporter-
expressing cell systems, LLC-PK1 cells and Xenopus
oocytes. Both OATI and OAT3 preferred BH, and sepi-
apterin as their substrate roughly 5- to 10-fold more than
BH,. Administration of probenecid acutely reduced the
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urinary exclusion of endogenous BP accompanied by a rise
in blood BP in vivo. These results indicated that OAT1 and
OAT3 played crucial roles: (1) in determining baseline
levels of blood BP by excluding endogenous BP through
the urine, (2) in the rapid distribution to organs of exoge-
nous BH, and the exclusion to urine of a BH, excess,
particularly when BH, was administered, and (3) in scav-
enging blood BH, by cellular uptake as the gateway to the
salvage pathway of BH,, which reduces BH, back to BH,.

Keywords Tetrahydrobiopterin - Dihydrobiopterin -
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Introduction

(6R)-L-erythro-Tetrahydrobiopterin (BH,) is an essential
coenzyme of a group of aromatic amino acid hydroxylases
[1-3]. BH, is also required by nitric oxide synthases
(NOSs) both for enzyme catalysis [4] and for functional
dimerization [5]. Further, BH, is the coenzyme of alkyl-
glycerol monooxygenase which catalyzes irreversible ether
lipid metabolism [6—8]. BH, is autogenously synthesized in
various cells which require this compound as the coen-
zyme. Inherited BH, deficiencies are characterized by
hyperphenylalaninemia and defective biosynthesis of
classic monoamines such as dopamine, noradrenaline,
adrenaline, as well as serotonin. BH, supplementation
ameliorates hyperphenylalaninemia in cases of inherited
BH, deficiency [9, 10] and also benefits patients with BHy-
responsive phenylketonuria [11]. BH, therapy using
6RBH, has been successful in replacing BH4 except in the
brain. Once 6RBH, is administered to animals, presumably
including humans, a certain portion is utilized in replacing
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innate BH, and is integrated through endogenous metabolic
pathways, similar to the intake of vitamins. The most
common use of 6RBH, to date is as an orphan drug for
these inherited diseases [12—14]. However, like most drugs
or supplements, its retention in the body is inefficient.
According to the guidelines for BH, therapy [15], the
recommended dose is 5-15 mg/kg of 6RBH, a day,
roughly 600 mg for a 60 kg adult patient. These doses are
over several hundred times greater than the 0.98 mg lost
daily in urinary excretion [16] which is likely close to the
amount of BH, synthesized daily in healthy humans. BH,
replacement has also drawn increased attention with
respect to whether it ameliorates NOS dysfunction in the
cardio-vascular system. NOS dysfunction is largely caused
by an increase in BH, relative to BHy, a type of oxidative
stress, rather than by a deficiency in BH,4 [17]. One simple
hypothesis was that supplying BH,4 in an amount exceeding
the endogenous BH, level would pull the redox balance of
BH, and BH, in favor of a relative BH, increase. This
hypothesis was likely based on the assumption that the
administered BH; would accumulate in the cell interior
keeping its tetrahydro-form. This approach to ameliorating
cardio-vascular symptoms caused by NOS dysfunction has
had limited success to date [18]. In recent reports of trials
on portal hypertension [19, 20], the authors concluded that
“Sapropterin (6RBH4-2HCI) markedly increased tetrahy-
drobiopterin (BH,) levels, but also levels of its oxidized
forms, which may counteract its potential beneficial
effects.”

In general, an intracellularly functional and hydrophilic
compound such as BH, might be impermeable to the lipid
bilayer of the cell membrane. Needless to say, permeation
of BH, across the cell membrane might require appropriate
transporters. Although our knowledge of BH, transport is
incomplete, we attempted to clear some of this ambiguity
by characterizing the relevant transporter(s) involved in the
BH, transport system. The work addresses three vital areas,
A, B, and C, of which the core processes have been unclear
due to a lack of knowledge of the crucial trans-
porter(s) involved. A. Short retention of administered BHy.
The extreme inefficiency seen after BH, administration
was likely brought about by the short retention of BH, in
the body caused by its massive exclusion into urine and
feces; about a 90% gross urinary exclusion, which excee-
ded more than 60% of the dose, and took place within 2 h
in rats [21, 22]. The rapid exclusion to urine essentially
occurred via renal tubular secretion, namely, by trans-cel-
lular transport across the tubular epithelial cell layer. These
processes obviously involved a form of high-capacity
transporter activity. The process was most probably
mediated by at least two transporters acting in series, one
engaging in uptake on the vascular side in a manner

@ Springer

sensitive to probenecid (PBC) and the other controlling
secretion to the urine on the lumenal side in a manner
sensitive to cyclosporine A (CSA). B. Increase in BH, after
BH, administration. The exogenous BH, was delivered
throughout the body after systemic oxidation to 7,8BH,,
and the BH, was then reduced back to BH, by the salvage
pathway, resulting in the accumulation of BH, in target
organs such as the liver and kidney [23-26]. Along this line
of exploration, we discovered that ENT1 and ENT2, rep-
resentatives of equilibrative nucleoside transporter families
SLC29A1 and SLC29A2, respectively, were appropriate
transporters for providing a gateway for sepiapterin (SP)
and 7,8BH, to enter the BH, salvage pathway, an essential
step in cell-to-cell inter-cellular BH, redistribution
[27, 28]. The ENTs were suspected of being inadequate for
such high-capacity transport in the kidney after BH,4
administration which represents a highly unnatural event.
The putative transporters were distinct from the ENTs
which are sensitive to nitrobenzylthioinosine (NBMPR) but
less sensitive to PBC. In other words, other transporters
must be furnished within the kidney to enable it to proceed
with the massive uptake of biopterin species (BP),
including BH, and its oxidized form BH,, which are vir-
tually all derived from the administered 6RBH,. Conse-
quently, they were secreted by the kidney cells to the urine.
C. Systemic BH, scavenging mechanism. In our latest
work on the pharmacokinetics of BH, administration,
PBC-sensitive transporter(s) was/were shown to be the key
transporter in removing BH, from the blood [29]. It was
also suggested that the PBC-sensitive transporter played a
key role in lowering the BH,/BH, ratio which would
otherwise be raised by BH, administration.

We searched for a transporter which was able to uptake
BH, in a PBC-sensitive manner in the kidney. Here, we
report that OAT1 and OAT3, representatives of the organic
anion transporter families SLC22A6 and SLC22A8, are the
plausible biopterin transporters engaging in massive BH,
exclusion in the kidney after BH, administration. These
transporters have been localized at the basolateral mem-
brane of renal tubular epithelium, and they are both sen-
sitive to PBC and have characteristic substrate specificities
but with an overlapping preference [30-32]. Their funda-
mental features as transporters at the molecular level, such
as their substrate selectivity, tissue distribution, and local-
ization of their gene expression, have been extensively
studied (for reviews [33-35]). Accordingly, we first
examined whether renal epithelial cells were able to take
up BH, using kidney slices. We then examined whether
rOATI1- and rOAT3-expressing LLC-PK1 cells of renal
epithelial origin exhibited specific uptake of BH,, BH, and
SP. We confirmed their preference for BH, and SP, pre-
cursors of the BH, salvage pathway, using a Xenopus
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oocyte system expressing the respective transporters. Our
finding that OAT1 and OAT3 were well suited to acting as
a gateway of the salvage pathway of BH, biosynthesis
prompted us to conclude that these transporters played a
crucial role in lowering the BH,/BH, ratio by scavenging
BH, after BH, administration. As one would expect, the
OAT inhibitor PBC, when administered to healthy rats,
raised blood BP levels not by BH, supplementation but by
a reduction in the baseline exclusion of endogenous BP in
the urine.

Materials and methods

(6R)-L-erythro-5,6,7,8-Tetrahydrobiopterin ~ dihydrochlo-
ride (6RBH4-2HCI) was donated by Suntory (Asubio
Pharma, Kobe, Japan) and sepiapterin (SP: 6-lactoyl-7,8-
dihydropterin) and 7,8-dihydrobiopterin (BH,) were pur-
chased from Schircks Laboratories (Jona, Switzerland).
Methotrexate (MTX) was purchased from Wako (Osaka).
Probenecid (PBC: 4-(dipropylsulfamoyl)benzoic acid), p-
aminohippuric acid (PAH), penicillin G (PCG), cimetidine
(CIM), and estrone sulfate (ES) were obtained from Sigma-
Aldrich (St. Louis, MO). Working solutions of hydropho-
bic chemicals (100-fold concentration over the final con-
centration) were usually dissolved in an appropriate
amount of DMSO and diluted in isotonic salt solution, and
the pH of the medium was made neutral if needed. Col-
lagenase (for Xenopus oocyte defolliculation) was pur-
chased from Wako Pure Chemical Industries (Osaka,
Japan).

BH, uptake experiments using rat kidney slices

Rats (SD: Sprague-Dawley) were obtained from Japan
SLC (Hamamatsu, Japan). Kidney slices were prepared
essentially according to Wedeen and Weiner [36] and
BH, uptake studies were carried out as described [31] in
Prof. Sugiyama’s laboratory, Tokyo University, Depart-
ment of Pharmaceutical Science. In brief, slices (0.3 mm
thick) of whole kidneys from male rats were put in an ice-
cold oxygenated incubation buffer containing 120 mM
NaCl, 16.2 mM KCl, 1 mM CaCl,, 1.2 mM MgSO,, and
10 mM NaH,PO,/Na,HPO, adjusted to pH 7.5. Two sli-
ces, together weighing 10-20 mg, were randomly selected
and then incubated in a 12-well plate with 1 mL of
oxygenated incubation buffer containing 6RBH, in the
presence of 1 mM dithiothreitol and other compounds.
After incubation at 37 °C for 15 min, they were then
rinsed with ice-cold buffer, blotted, and weighed. The
slices were soaked in 100 pL. of 0.1 M HCI and they were
then frozen in liquid nitrogen. Biopterin contents were

determined the next day after acid- or alkaline-I, oxida-
tion as described below.

PBC administration to rats and collection of blood,
urine, and liver and Kidney tissues

The experimental procedure using rats was almost the
same as described in the previous paper [29] except that
the rats did not receive 6RBH,. In brief, rats (SD, 8-10-
week-old males) were loaded with PBC (200 mg/kg)
under anesthesia. Blood and urine were collected for BP
determination from individual rats at designated times
under long-lasting anesthesia on a warm gel pad for 6 h.
The O-time samples were taken from rats before the drug
administration. At 6 h after PBC dosing, the rats were
sacrificed to dissect the liver and kidney for BP
determination.

Uptake by cells under a monolayer culture
in 96-well culture plates

LLC-PK1 cells were a generous gift of Dr. Naohiko Anzai,
Kyorin University School of Medicine, and rOatl- and
rOat3-transfected LLC-PK1 cells [37] were kindly donated
by Dr. Hiroyuki Kusuhara (Graduate School of Pharma-
ceutical Sciences, University of Tokyo). The OAT-trans-
fected cells were maintained as monolayer cultures in
Dulbecco’s modified Eagle’s medium (DMEM, GIBCO®
Invitrogen) containing 5% fetal calf serum and G418
(400 pg/mL) at 37 °C in 5% CO»/95% air. The non-
transfected cells were maintained similarly but without
G418. Cells of this naive cell line were used as the control
of the transfected LLC-PK1 cells.

LLC-PK1 cells were plated on a 96-well analytical
culture plate (Falcon 3072) and grown to a confluence of
4 x 10* cells/well with 200 pL of the culture medium the
day before the experiments. Prior to the uptake experi-
ments, cells were adapted to a “basal culture medium” for
15 min. The “basal culture medium” was a modified
Hank’s balanced salt solution which consisted of 137 mM
NaCl, 5.37 mM KClI, 0.34 mM Na,HPO,, 0.44 mM KH,.
PO,, 0.34 mM K,HPO,, 5.5 mM glucose, and 5 mM
HEPES, pH 7.4. Most transport experiments were con-
ducted with reagents in the basal medium (100 pL) con-
taining 1 mM dithiothreitol. Removal of the culture
medium, leaving cells attached to the substrate, was per-
formed by sucking off the medium with an 18-gauge
needle (connected to an aspirator) inserted vertically and
lightly touching the bottom of the culture plate [27].
Additional reagents such as pterin substrate ((RBH,4, BH,,
or SP) with or without other transporter ligands were
introduced into the wells following a rinse and replacement
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with the new medium. Cellular uptake of particular com-
ponents was allowed for designated times, and the uptake
was terminated by a thorough change of medium without
the substrate. Cells were then left in the substrate-free
medium for 5 min, and subjected to three repeated rinses
with ice-cold Ca®>"- and Mg*"-containing phosphate-buf-
fered saline (PBS(+)).

Expression of hOAT1 and hOAT3 in Xenopus
oocytes

African clawed frogs, Xenopus laevis, were purchased from
Hamamatsu Seibutsu Kyozai (Hamamatsu, Japan). The
gonads were dissected under ice anesthesia and subjected
to collagenase treatment (1 mg/mL, 1 h). Mature oocytes
were then subjected to manual defolliculation, essentially
according to Bianchi and Driscoll [38].

Vectors hOAT1 and hOAT3 [39] were donated by Dr.
A. Anzai, Kyorin University, School of Medicine. They
were inserted into pcDNA3.1 (Invitrogen). Complementary
RNAs (cRNAs) of hOAT1 and hOAT3 were prepared by
in vitro transcription with T7 RNA polymerase in the
presence of ribonuclease inhibitor and an RNA cap analog
using an mMESSAGE mMACHINE kit (Ambion, Austin,
TX). Defolliculated oocytes were injected with 50 ng of
the respective cRNAs or the same volume of water as the
control and incubated in modified Barth’s solution
(82.5 mM NaCl, 2 mM KCI, 1 mM MgCl,, and 5 mM
HEPES, pH 7.4) at 19 °C for 2 days.

Transport experiment with Xenopus oocytes

Five oocytes each were placed in 100 pL of ND96 buffer
(96 mM NaCl, 2 mM KCl, 1 mM MgCl,, and 5 mM
HEPES, pH 7.4) containing 1 mM dithiothreitol in the
wells of a 96-well plate at 25 °C for 60 min. Pterin uptake
was initiated by replacing the medium with 100 pL. of
solution containing the desired concentration of the
required ligands. The uptake was terminated at designated
times by washing the oocytes three times with ice-cold
ND96 buffer followed by the addition of 70 pL of acid-I,
or alkaline-I, solution, as described below, for biopterin
analysis. Subsequently, the oocytes were crushed evenly
using a plastic rod with a flat tip (5-mm diameter), and
allowed to oxidize for 60 min. They were then mixed with
70 pL of 4% ascorbic acid in 4 M HCIO,4 and cooled on ice
for 1 h. Precipitates were removed by centrifugation. A
slight turbidity remained and was removed by filtering the
supernatant through a 3 mm cotton ball using a yellow-
tipped pipette (Gilson) pressed against the bottom of the
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plastic tube (600-uL Eppendorf-type). The clear super-
natant was then subjected to HPLC analysis. The endoge-
nous biopterin, 0.020-0.025 pmol/oocyte, was disregarded.

Determinations

Biopterin was determined essentially according to
Fukushima and Nixon [40] as described previously [27].
Sepiapterin was not detectable in the extracts of LLC-PK1
or Xenopus oocytes under ordinary conditions. Even after
SP was supplied, it was negligibly small in amount,
presumably due to the high endogenous activity of sepi-
apterin reductase [28]. In this study, therefore, uptake of
SP and BH, by LLC-PKI1 cells or Xenopus oocytes was
determined indirectly using the amount of biopterin pre-
sent after the acidic oxidation, i.e., the sum of BH, and
BH,.

The BH, uptake by a given biological sample was
expressed as the clearance, using the distribution volume
(Va):

BP uptake = V; + time -+ tissue amount,
where

Va= BP(increase) (meI) - [BH4] (0ul>(umol/L)
= BP(increase) - [BH4}(0ut)(HL).

In the case of BP uptake by the kidney slices at 15 min
in the presence of extracellular BP, [BP]ou) (UM), the BP
uptake was expressed as:

BP uptake = BP(increase) / [BP] (g (L/(15min - mg tissue)).

For the BP uptake by LLC-PK1 cells in the presence of
extracellular BP, [BP]oy), (M) for example, the BP uptake
per hour per well of confluent cells was expressed as:

BP uptake = BP(,-ncrease)/[BP](out) (nL/ (h -4 x 104cells)).

For the Xenopus oocytes adapted to the experimental
procedure (5 cells per assay):

BP uptake = BP(increase) / [BP] (o) (nL/ (h - 00Cyte)).

Statistics

Statistical significance was analyzed by Student’s t-test or
Williams’ test. The significance of difference between
determinations at different times with individual animal
groups was analyzed by a paired t-test. The significance of
difference between three groups was analyzed by Holm’s
test. All data were statistically analyzed using Pharmaco
Basic Ver.15.0.1 (Scientist Co. Ltd., Tokyo).
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Results
BH, uptake by rat Kidney slices

The rat kidney slices taken from the cortex area contained
2.67 £ 0.78 nmol of BP per mg tissue weight, ca. 4-fold more
than the whole kidney average (0.68 £ 0.11 nmol/g,
P < 0.01). In the uptake experiment, the BP content of the
slices increased almost linearly for more than 20 min,
79.5 £ 32.2 nmol/mg at 15 min in the presence of 10 pM
6RBH,, and the clearance was calculated tobe 8.7 £ 3.2 pL/
(15 min-mg) as depicted in Fig. 1. At a very high concentra-
tion of 6RBH, (3 mM), the uptake was significantly decreased
(P < 0.01), suggesting that the process was saturable with
regard to BH,, consistent with the carrier-mediated process
but not with physicochemical diffusion. Moreover, the pro-
cess was inhibited by a group of organic anion transporter
ligands [31, 32, 37]; namely, through strong inhibition by PBC
(80%, P < 0.01) and moderate inhibition by PCG (40%,
P = 0.040), a preferred substrate of OAT3, or PAH (50%,
P = 0.024), a preferred substrate of OAT1.

Kidney slices are known to be one of the best functional
systems in vitro with regard to their characteristic uptake
which takes place exclusively at the basolateral membrane
due to occlusion at the cut ends of the tubular cross section
[36]. Accordingly, BH, uptake by the slices in this manner
was accounted for by the basolateral uptake of tubular
epithelium. Furthermore, the 80% suppression by PBC
strongly suggested that the relevant transporters involved in
the BH, uptake were mostly the organic anion transporters
OATI1 and OAT3 which were reported to participate in the
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Fig. 1 Uptake of 6RBH, by kidney slices in the presence or absence
of typical ligands of organic anion transporters. The kidney slices
were prepared as described in “Materials and methods” section. The
slices took up 6RBH, and the uptake was inhibited by OAT ligands.
The reagents used were 6RBH, (10 M and 3 mM), penicillin G
(PCG, 1 mM), probenecid (PBC, 1 mM) and p-aminohippuric acid
(PAH, 1 mM). The uptake of BH, for 15 min was expressed as a
portion of the clearance. *P < 0.05, **P < 0.01 (Holm’s test); each
point represents the mean £+ S.D. (n = 3-7)

removal of various water-soluble compounds in plasma
[30-32]. Although the involvement of other transporters in
BH, removal was not ruled out, the near exclusive partici-
pation of the PBC-sensitive transporters in the removal was
suggested, and it might be a prerequisite for the rapid release
of these compounds to the urine at proximal tubules in rats
as observed previously [21, 22, 29].

BH, uptake by rOatl- or rOat3-transfected LLC-
PK1 cells

Transport of BH, by OAT1 and OAT3 and of BH, and SP
was characterized using rOatl- or rOat3-transfected LLC-
PK1 cells, a cell line derived from the kidney of a male pig
[41]. As shown in Fig. 2a, rOatl-LLC-PK1 and rOat3-
LLC-PK1 cells took up 6RBH,, and these processes were
inhibited by known ligands of OAT1 and OAT3. The BH,
uptake was strongly inhibited in rOat1-LLC-PK1 cells by
the typical ligands of OATI1, PAH and cimetidine. On the
other hand, BH, uptake by the rOat3-LLC-PK1 cells was
inhibited by the ligands of OAT3, ES and PCG. These
results are consistent with the reported preference of the
respective compounds for rOatl and rOat3 [31, 32, 37].
The respective uptakes of 6RBH,, BH, and SP by these
cells were compared in the presence or absence of PBC
(1 mM, Fig. 2b) to ensure that the PBC-sensitive portions
of the pterin uptake were distinct from the other processes.
Both rOatl-LLC-PK1 and rOat3-LLC-PK1 cells took up
BH, and SP, the precursors of the BH, salvage pathway, in
a PBC-sensitive manner and much more efficiently than
their uptake of 6RBH,. The uptake of all three pterins in
the presence of PBC was minor and it may have been
mediated by transporters other than OAT1 or OAT3. Naive
LLC-PK1 cells were capable of taking up 6RBH, to a
lesser extent than the above transfected cells but they were
insensitive to PBC. The naive cells took up BH, in pref-
erence to BH, (Fig. 2c, left). The endogenous BH, uptake
by these cells was around 20.7 %+ 3.60 nL/(h-4 x 10*
cells) and was significantly inhibited by nitrobenzylth-
ioinosine (NBMPR), a typical ENT ligand (P < 0.01) but
not by PBC (Fig. 2c, right) suggesting that the uptake was
mainly mediated by ENT1, ENT2 as described previously
[27, 28]. Hence, our observations of the pterin uptake in the
presence or absence of PBC using OAT-transfected LLC-
PK1 cells, as shown in Fig. 2b, enabled us to distinguish
between the endogenous transporters and those expressed
as a result of the transfection.

Transport of BH;, BH,, and SP by hOAT1-
or hOAT3-expressing Xenopus oocytes

Xenopus oocytes were separately injected with the cRNA
of hOAT1 or hOATS3 and allowed to express the respective
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Fig. 2 Biopterin uptake by rOatl- and rOat3-expressing LLC-PK1
cells and naive LLC-PK1 cells. Tetrahydrobiopterin uptake by OAT-
expressing or naive LLC-PK1 cells was examined under a monolayer
culture (4 x 10* cells/well, 96-well analytical culture plate). a LLC-
PK1 cells transfected with rOatl (leff) or with rOat3 (right) were
used. The cells were exposed for 1 h to 50 uM 6RBHj, in the absence
(gray bars, control labeled “none”) or in the presence (open bars) of
OAT ligands (1 mM each except for methotrexate (MTX) at 80 pM).
The rOatl- and rOat3-expressing LLC-PK1 cells took up 6RBH, and
the uptake was inhibited by the ligands of OAT1 and OAT3. The
OAT ligands used were probenecid (PBC), estronesulfate (ES), p-
aminohippuric acid (PAH), penicillin G (PCG), methotrexate (MTX)
and cimetidine (CIM). b rOat1-LLC-PK1 cells (left) or rOat3- LLC-

transporters at 19 °C for 2 days, as described in Materials
and Methods. We observed an increased uptake of 6RBH,,
BH,, and SP by all oocytes injected with the respective
cRNAs, as shown in Fig. 3. The oocytes injected with
hOAT1-cRNA showed the most pronounced uptake of BH,
followed by that of SP (Fig. 3a). Enhancement of 6RBH,
uptake was rather moderate when compared to that of BH,
or SP. The BH, uptake was significantly inhibited by PBC
(P < 0.01) and PAH (P < 0.01), both typical OATI1 sub-
strates. In hOAT3-expressing oocytes, SP uptake was
predominant followed by BH, uptake (P < 0.01), while
BH, uptake was poorly enhanced, even when compared to
BH, (P < 0.01) (Fig. 3b). Nonetheless, the BH, uptake
was inhibited by OAT3 ligands, suggesting that it was also
mediated by the hOAT3 expression product. Considering

@ Springer

BH4 BH2 none PBC

PK1 cells (right) were given 50 uM each of 6RBH,, dihydrobiopterin
(BH,) or sepiapterin (SP) in the absence (gray bars) or presence (open
bars) of 1 mM PBC for 1 h. The resultant biopterin accumulations of
BH, + BH,4 were then compared between those in the absence of
PBC vs the presence of PBC, and levels of BH, vs. BH, and of BH, vs
SP. ¢ Uptakes of 6RBH, and BH, (50 uM each) by naive LLC-PK1
cells were also compared (left panel). The uptake of 6RBH, (50 pM)
for 1 h (right panel) was analyzed in the absence (gray bar, labeled
“none”) or presence (open bars) of 200 M nitrobenzylthioinosine
(NBMPR) or 1 mM PBC. The uptake of the pterins was expressed as
a portion of the clearance. *P < 0.05, **P < 0.01 (Holm’s test); Tt
P < 0.01 (Student’s t-test); each point represents the mean =+ S.D.
(n = 5-6)

these results together with those obtained using rOAT-
transfected LLC-PK1 cells, OAT1 of either rats or humans
mediated the uptake of BH, better than that of SP, and
OAT?3 mediated uptake of SP more than that of BH,. The
pronounced preference for the dihydropterins 7,8BH, and
SP compared to BH, seemed to be common to both OAT1
and OAT3 (cf. Figure 2b).

Inhibition of OAT1 and OAT3 by probenecid
and a decrease in bodily exclusion of endogenous BP
in the rat

In order to confirm that PBC prevents urinary exclusion of
endogenous BH,4, which was originally synthesized sys-
temically de novo, by inhibiting the representative
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Fig. 3 Uptake of 6RBH4, BH,, and sepiapterin by hOATI- and
hOAT3-expressing Xenopus oocytes. Xenopus oocytes were individ-
ually injected (gray bars) with 50 nL of hOAT1 (a) or hOAT3
(b) cRNA (1 ng/nL). As the control (hatched bars), oocytes were
injected with 50 nL of distilled water. The oocytes were then allowed
to express the respective transporters at 19 °C for 2 days. In the
uptake experiment, all pterins were used at 50 pM. All oocytes
injected with either cRNA took up significantly more pterins than the
control and the uptake was inhibited by OAT ligands (1 mM each).
The OAT ligands used were probenecid (PBC), p-aminohippuric acid
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(PAH), estronesulfate (ES) and penicillin G (PCG). a 6RBH,4, BH,,
and sepiapterin (SP) were taken up by hOAT1-expressing oocytes
(main panel) for 1 h, and the BH, uptake was analyzed in the absence
(gray bar, labeled “none”) or presence (open bars) of OAT1 ligands
(upper panel). (b) Uptake of 6RBH,;, BH,, and SP by hOAT3-
expressing oocytes (main panel) and inhibition of BH, uptake by
OATS3 ligands in the absence (gray bar, labeled “none”) or presence
(open bars) of OAT3 ligands (upper panel). The uptake of the pterins
was expressed as a portion of the clearance. *P < 0.05, **P < 0.01
(Holm’s test); each point represents the mean + S.D. (n = 4-9)
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Fig. 4 Elevation of blood BP accompanied by a decrease in the
urinary loss of endogenous BP with a single dose of probenecid. Rats
were given probenecid (PBC, 200 mg/kg, i.p.), and the blood (a) and
urine (b) were collected sequentially from individual rats at the
indicated times under sustained anesthesia for 6 h, then the kidney
and liver (¢) were dissected from the same rats at 6 h after the PBC
dosing. The O-time samples were taken from the rats without PBC

transporters, OAT1 and OAT3, we compared BP levels before
and after PBC treatment in the circulating blood, in urine in
the bladder, and in tissues of the kidney and liver. Rats were
injected with probenecid (200 mg/kg, i.p.) under sustained
anesthesia without BH, administration. BP levels in the blood
were gradually elevated to 1.6- and 1.8-fold within 6 h after
PBC administration (Fig. 4a, P < 0.01). With the same rats,
significant decrease was observed in the urinary BP contents,
normalized with time-matched creatinine; and levels were
about 30% less than those of the untreated rats (Fig. 4b,
P < 0.05). Moreover, the tissue BP in the kidney of the same
rats increased to 4.6-fold over the initial value (Fig. 4c,

treatment. The O-time amounts of BH, + BH, (BP, open symbols)
were compared with those of PBC-treated rat samples (grey symbols).
In a and b, *P < 0.05, **P < 0.01 (“O-time” vs. “PBC-treated”,
paired Student’s test), and in ¢, **P < 0.01, or n.s., no significant
difference (“before” vs. “PBC-treated”, Williams’ test). Data are
mean + S.E. (n = 4)

P < 0.01). Meanwhile, we did not observe any significant
change in endogenous BP in the liver after the PBC treatment.

Discussion

In earlier studies, we noted a facilitated clearance of BP by
the kidney, particularly after 6RBH, administration, and
we demonstrated that it was due to the tubular secretion of
exogenous BH,, distinct from removal by renal glomerular
filtration [21, 22]. In our in vivo experiments analyzing the
effect of PBC on the pharmacokinetics of administered
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6RBH, in rats, we showed that a PBC-sensitive trans-
porter(s) enabled the liver and kidney to play their crucial
role in bodily retention of BH,4 and tubular secretion to the
urine [29]. Organic anion transporters (OATSs) are repre-
sentative PBC-sensitive transporters known to participate
in the uptake process in certain tissues such as the kidney
and liver and to exhibit a particular localization. The role
they play in kidney clearance of various xenobiotics and
metabolic wastes has been well studied [30-32] (reviews
[33-35]). We previously demonstrated that ENT1 and
ENT2 were capable of transporting SP, BH, and BH,, and
that both were relevant as a gateway of the BH, salvage
pathway [27, 28]. ENTs comprise a family of equilibrative
transporters that mediate the bidirectional permeation of
nucleobases and similar heterocyclic compounds across
biological membranes, indicating that BH, and nucleotides
share a common gateway for the salvage pathway. Their
near ubiquitous distribution, including in endothelial cells,
seemed to be appropriate for their body-wide role in
biopterin distribution; however, more tissue-specific
localization of vigorous transporters was expected for
massive kidney-specific clearing. We therefore looked for
other transporters which could play a major role in medi-
ating biopterin permeation and clearance by the kidney.
Accordingly, we focused our present search on tubular
epithelium in examination of biopterin exclusion.

OAT1 and OATS3 as biopterin transporters

Our first clue to uncovering the transporters responsible for
biopterin uptake came from using kidney slices which took
up BH, and finding that this uptake was strongly inhibited
by PBC together with other ligands of OAT1 and/or OAT3.
It is also known that uptake by the basolateral side of
tubular epithelium can be exclusively elicited in vitro using
rat kidney slices [36]. Hence, we hypothesized that the
transporters OAT1 and OAT3 were responsible for driving
the renal exclusion of biopterin after systemic administra-
tion of 6RBH,. In order to prove this hypothesis, we
employed an expression system using LLC-PKI1 cells
transfected with the rat OAT genes rOatl and rOat3 fol-
lowing a method which established the functionality of
these transporters in the uptake required for the exclusion
of organic anions, nucleobases and nucleosides [31, 32]. As
a result, the ability of these transporters was strongly
suggested to mediate the cellular uptake of BH,, BH,, and
SP. One uncertainty in this experimental system was that
the naive LLC-PKI1 cells were able to take up BP to a
noticeable extent. However, this fraction of BP uptake was
thought to be mediated by other transporters such as the
ENTs which are rather ubiquitous and essential for pro-
liferation of cells in culture owing to their fundamental role
as a gateway of the nucleotide salvage pathway. The ability
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of OATI1 and OATS3 to transport BH4, BH, and SP was
further confirmed by the uptake experiment using Xenopus
oocytes expressing the human OAT genes hOATI and
hOAT3. Although OAT1 and OAT3 both have a strong
ability to transport BH,, BH,, and SP, this does not nec-
essarily infer that they are the proprietary transporters in
BP uptake. Instead, we consider that BP in plasma was
targeted as a xenobiotic or metabolic waste to be elimi-
nated by the kidney. The present result does not exclude
the possible relevance to BP permeation of other trans-
porters not examined here.

Relevance of OAT1 and OAT3 in systemic BH,
metabolism

As for the body-wide relevance of OATs in BH4 metabo-
lism, we observed a major movement of administered BHy,
including massive accumulation in the liver and rapid
exclusion from the kidney [29]. Notably, in the liver and
kidney, these processes were both inhibited by prior
treatment with PBC. Based on these observations, we
considered that the PBC-sensitive transporter(s) played a
crucial role in enabling the liver to absorb and retain a large
amount of BP and the kidney to take it up and exclude it in
the urine. Renal trans-epithelial transport is composed of
tandem permeations across the cell membrane, namely,
uptake from the vascular side and release from the tubular
lumen side, in which the former was strongly prevented by
PBC and the latter, by CSA [21, 22]. In the present study,
OATI1 and OAT3 were identified as the major PBC-sen-
sitive transporters for BP exclusion. However, if they act
too vigorously to exclude BP, this would raise concern that
BP could be thoroughly removed from the body. In
addressing this issue, we previously examined BP levels in
urine and plasma separately from red blood cells. We noted
that most of the plasma BP, whose level rose sharply after
6RBH, administration, was rapidly and massively exclu-
ded in the urine by trans-cellular BP secretion which far
exceeded glomerular filtration but only until the point at
which the plasma BP had decreased to about 1 nmol/mL,
10-fold the endogenous level, and the level remained
higher than the endogenous level for a period of hours
[21, 22]. Considering the exclusion dynamics of exogenous
BP, these transporters likely play the core role in removing
extraordinarily high concentrations of plasma BP as a sort
of protective mechanism. Although the transporter ligands
CSA and PBC strongly blocked the exclusion of BP across
the epithelium to the urine, they raised the blood BP to a
very high concentration while they had no effect on the
glomerular filtration of BP. The ligand treatment, therefore,
did not improve the efficiency of BP replacement because
the inhibition of the trans-cellular BP passage was offset by
a more rapid outflow through glomerular filtration due to a
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compensatory elevation of plasma BP [29]. Despite the
“low efficiency” of peripherally administered 6RBH,, this
supplement can provide enough BH, cofactor for pterin-
dependent hydroxylases in peripheral organs, such as the
liver, in patients with an endogenous BH, deficiency
[42—44]. 6RBH,; administration immediately -elevates
plasma BP levels. We consider that an extreme concen-
tration higher than threshold was targeted for biological
detoxification by means of the tubular secretion in which
OAT1 and OAT3 played the essential role. Hence, the
“low efficiency” in BH, supplementation was a conse-
quence of the blood BP elevation over the critical level,
which was 10-fold the endogenous level in the case of rats,
in the early period after 6RBH, administration.

Remarks on the relevance of OAT1 and OAT3
for systemic BH, scavenging after BH,
supplementation

Contrary to general expectations, the administration of
6RBH, initially caused an increase in BH, in the circula-
tion. However, the elevated BH, ratio declined within a
short time and dropped even further to a level lower than
the initial level. An initial surge in BH, and a sharp ele-
vation of the BH,/(BH, + BH,) ratio was first observed in
the blood in a BH, replacement experiment in which mice
were intraperitoneally administered 6RBH,4, 7,8BH, or SP
[23]. A rather long-lasting BH, increase was also observed
in rat plasma after intravenous administration of 6RBH,,
subsequently, the elevated BH, ratio in the plasma gradu-
ally returned to normal over a period of hours [29]. Pre-
sumably, the increased plasma BH, had been removed by
its selective uptake and was subsequently converted to
BH,. This consequence was paradoxically illustrated by the
finding that treating the rat with PBC prior to 6RBH4
administration strongly stimulated the BH, increase in the
blood and urine while it attenuated the BP increase in the
liver and simultaneously retarded urinary BP excretion.
We have demonstrated in this work that both OAT1 and
OAT3 drove the cellular uptake of the dihydro-forms of
pterins, BH, and SP, in roughly a 5- to 10-fold preference
over the tetrahydro-form, BH,. The liver and kidney are
undoubtedly well furnished with a BH, salvage pathway as
shown by the fact that the tissue BH, ratio, BH,/
(BH, + BH,), in these organs did not significantly change
even after the massive uptake of BH, from the plasma after
6RBH, administration [29]. BH, uptake is a prerequisite of
BH, conversion to BH, in the liver and of BH, removal to
the urine by the kidney. Furthermore, the strong preference
of OAT1 and OATS3 for BH, over BH, made it much more
efficient for these organs to perform their respective
functions. Based on these reports together with the present
observation regarding the transporter preference for BH,,

we consider that OAT1 and OAT3 work as part of a body-
wide machinery for scavenging BH, and maintaining the
redox balance, at least after BH, administration. With
regard to phenylalanine-, tyrosine-, and tryptophan
hydroxylases, the relative increase in BH, does not inter-
fere with the enzyme activity to any significant extent,
however, it does lead to a critical failure in NOS function.

Administration of 6RBH,; has been attempted as a
translational medicinal approach to improving eNOS
dysfunction, especially in cardio-vascular disorders. The
dysfunction of eNOS is characterized by uncontrolled
uncoupling of O, reduction producing “reactive oxygen/
nitrogen species” (ROS/RNS), and it is believed to be a
great risk factor for cardio-vascular disease. Various
encouraging experimental studies have been reported,
however, these attempts have had limited success in trials
to ameliorate human cardio-vascular dysfunction [18]. The
binding of BH, to active NOS causes an uncoupling of the
O, reduction involved in the enzyme reaction [45]. To
avoid sustained eNOS dysfunction, the enzyme should not
be exposed to a high concentration of BH, relative to BHy
because the affinity of NOS for BH, was reported to be not
particularly low; the ICs, of BH; to eNOS was comparable
to that of BH, [17] and the K; of nNOS to BH, was only
10-fold higher than to BH, [46]. Hence, the success of
6RBH, administration for improving NOS dysfunction
might primarily depend on its lowering of the BH,/
(BH, 4+ BH,) ratio rather than on raising the BH, con-
centration. This has been noted by many researchers. As
two examples, (1) the importance of the BH, salvage
pathway driven by dihydrofolate reductase has been well
documented and the scavenging of BH, was shown to be
enabled by vigorous reductase activity [47-49]. The
authors argued that endothelial cells were poorly furnished
with dihydrofolate reductase, which made NOS function in
these cells extremely vulnerable to BH, produced in situ in
the cell interior. It was also reported that (2) endothelial
cells of human origin showed dramatically less dihydro-
folate reductase activity compared to cells of other species
including cows and mice [50]. Taken together, endothelial
cells did not appear to have the means to scavenge BH, in
the local cell interior. Nonetheless, blood BH, can be
produced either near or at some distance away from local
endothelial cells. In addition, endothelial cells readily take
up plasma BH, because of their asymmetrically dense
expression of ENT2 on the apical membrane facing the
vascular lumen side [51]. As an extreme example, after
BH, administration, eNOS of endothelial cells is vigor-
ously exposed to a high BH, concentration from the cir-
culating blood. In this context, attenuation of systemic
BH, production or stimulation of BH, scavenging has a
direct impact on the eNOS dysfunction of endothelial
cells.
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This work has demonstrated that OAT1 and OAT3 are
both involved in systemic BH, scavenging in terms of their
characteristic mediation of BH, uptake and their known
distribution on the vascular side of renal tubular endothe-
lium. Effective BH, scavenging in the kidney is obviously
enabled by the high-capacity uptake of blood BH, medi-
ated by OAT1 and OAT3. Although OAT3 is the dominant
OAT expressed in the liver [30], other OAT counterparts in
this organ, such as OAT?2 [33, 35], are also interesting but
their roles remain elusive.

Relevance of PBC-sensitive transporters in exclusion
of endogenous BP in the urine

As a matter of general physiology, we are also interested in
the relevance of OAT1 and OAT3 in the homeostasis of
BH,; metabolism under ordinary conditions without
exogenous BH,; supplementation. Our experiments
addressed this issue (Fig. 4) and demonstrated that the
administration of PBC to healthy rats significantly
decreased BP exclusion in the urine which was accompa-
nied by a rise of BP in the blood, with both levels measured
using the same individual rats. Since there are no known
reasons for the drug to stimulate de novo BP biosynthesis,
the increase in the blood BP was accounted by a kickback
from inhibition of the renal secretion of BP by PBC. These
results suggested that the loss of BP through the urine
strongly influences the endogenous amount of BP in the
blood. We also observed that the BP content in the kidney
was significantly increased in the presence of PBC. An
almost proportional increase in kidney BP relative to blood
BP was even more pronounced in our previous study in
which rats were administered “6RBH, alone” or
“6RBH,4 + PBC” [29]. The mechanism of this in vivo
increase involving local OAT1 and/orOAT3 remains
unclear. Since OAT1 and OAT3 are the only known PBC-
sensitive transporters which enable BP to permeate across
the cell membrane, it is highly plausible that OAT1 and
OATS3, if not acting locally in the kidney, are involved in
the mechanism controlling the bodily retention of BH,.
However, this subject awaits further in vivo exploration.

As mentioned at the beginning of the Discussion, ENT1
and ENT?2 have been identified as BP transporters. ENTs
and OATs are similar in their preference for SP and BH, as
substrates rather than BH,. However, in contrast to the
localization of OATSs in specific tissues such as in the
kidney and liver, ENTs are characterized by their near
ubiquitous distribution including in endothelial cells.
Generally speaking, it is likely that ENT1 and ENT2
assume their share of the mobilization of BP, including its
precursor SP, in the body interior, while OAT1 and OAT3
deal with detoxication in response to a BP excess and act in
removal of this pterin from the body.

@ Springer

Acknowledgements We are grateful to Professor Emeritus Yuichi
Sugiyama and Professor Hiroyuki Kusuhara, Laboratory of Molecular
Pharmacokinetics, Graduate School of Pharmaceutical Sciences,
University of Tokyo, for their valuable advice and methodological
support of our research into organic anion transporters. We also wish
to thank Keiko Sawabe, Yuko Sugawara, Yusuke Saeki, Atsumi
Takabe, Keisuke Araki, Naoko Yamanaka, Shouta Ueno, and
Tomomi Udagawa for their efforts and collaboration in the Student
Research Program, Department of Biosciences, Teikyo University of
Science and Technology. We are grateful to Dr. William Campbell
and Catherine Campbell for editing our draft for correct English
usage. This work was supported by the Sato Fund, Nihon University
School of Dentistry (Grant No.l), Dental Research Center Nihon
University School of Dentistry (Grant No.l), Uemura Fund, Nihon
University School of Dentistry (Grant No.1) and the Japan Society for
the Promotion of Science KAKENHI (Grant No. JP16K20429).

Compliance with ethical standards

Conflicts of interest The authors declare that they have no conflicts
of interest.

Research involving animals and human rights The animal exper-
iments were conducted in accordance with the ethical guidelines of
the Teikyo University of Science and Technology Animal Experi-
mentation Committee and the guidelines of the Japanese Pharmaco-
logical Society.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Kaufman S (1963) The structure of the phenylalanine-hydroxy-
lation cofactor. Proc Natl Acad Sci USA 50:1085-1093

2. Nagatsu T, Levitt M, Udenfriend S (1964) Tyrosine hydroxylase:
the initial step in norepinephrine biosynthesis. J Biol Chem
239:2910-2917

3. Lovenberg W, lJequier E, Sjoerdsma A (1967) Tryptophan
hydroxylation: measurement in pineal gland, brainstem, and
carcinoid tumor. Science 155(759):217-219. doi:10.1126/sci
ence.155.3759.217

4. Kwon NS, Nathan CF, Stuehr DJ (1989) Reduced biopterin as a
cofactor in the generation of nitrogen oxides by murine macro-
phages. J Biol Chem 264(34):20496-20501

5. Baek KJ, Thiel BA, Lucas S, Stuehr DJ (1993) Macrophage nitric
oxide synthase subunits. Purification, characterization, and role of
prosthetic groups and substrate in regulating their association into
a dimeric enzyme. J Biol Chem 268(28):21120-21129

6. Tietz A, Lindberg M, Kennedy EP (1964) A new pteridine-re-
quiring enzyme system for the oxidation of glyceryl ethers. J Biol
Chem 239(12):4081-4090

7. Watschinger K, Werner ER (2013) Alkylglycerol monooxyge-
nase. IUBMB life 65(4):366-372. doi:10.1002/iub.1143

8. Watschinger K, Keller MA, McNeill E, Alam MT, Lai S, Sailer
S, Rauch V, Patel J, Hermetter A, Golderer G, Geley S, Werner-
Felmayer G, Plumb RS, Astarita G, Ralser M, Channon KM,
Werner ER (2015) Tetrahydrobiopterin and alkylglycerol
monooxygenase substantially alter the murine macrophage


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1126/science.155.3759.217
http://dx.doi.org/10.1126/science.155.3759.217
http://dx.doi.org/10.1002/iub.1143

Mol Cell Biochem (2017) 435:97-108

107

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

lipidome. Proc Natl Acad Sci USA 112(8):2431-2436. doi:10.
1073/pnas.1414887112

. Bartholome K, Byrd DJ, Kaufman S, Milstien S (1977) Atypical

phenylketonuria with normal phenylalanine hydroxylase and
dihydropteridine reductase activity in vitro. Pediatrics
59(5):757-761

Schaub J, Daumling S, Curtius HC, Niederwieser A, Bartholome
K, Viscontini M, Schircks B, Bieri JH (1978) Tetrahydrobiopterin
therapy of atypical phenylketonuria due to defective dihydro-
biopterin biosynthesis. Arch Dis Child 53(8):674-676

Kure S, Hou DC, Ohura T, Iwamoto H, Suzuki S, Sugiyama N,
Sakamoto O, Fujii K, Matsubara Y, Narisawa K (1999)
Tetrahydrobiopterin-responsive phenylalanine hydroxylase defi-
ciency. J Pediatr 135(3):375-378.  doi:10.1016/S0022-
3476(99)70138-1

Heintz C, Cotton RG, Blau N (2013) Tetrahydrobiopterin, its
mode of action on phenylalanine hydroxylase, and importance of
genotypes for pharmacological therapy of phenylketonuria. Hum
Mutat 34(7):927-936. doi:10.1002/humu.22320

Wettstein S, Underhaug J, Perez B, Marsden BD, Yue WW,
Martinez A, Blau N (2014) Linking genotypes database with
locus-specific database and genotype-phenotype correlation in
phenylketonuria. Eur ] Hum Genet 23(3):302-309. doi:10.1038/
ejhg.2014.114

Blau N, Longo N (2015) Alternative therapies to address the
unmet medical needs of patients with phenylketonuria. Exp Opin
Pharmaco 16(6):791-800. doi:10.1517/14656566.2015.1013030

Blau N, Burgard P (2006) Disorders of phenylalanine and
tetrahydrobiopterin metabolism. In: Blau N, Hoffmann GF,
Leonard J, Clarke JTR (eds) Physician’s guide to the treatment
and follow-up of metabolic diseases. Springer, Heidelberg,
pp 25-34. doi:10.1007/3-540-28962-3_3

Fukushima T, Shiota T (1972) Pterins in human urine. J Biol
Chem 247(14):4549-4556

Crabtree MJ, Smith CL, Lam G, Goligorsky MS, Gross SS (2008)
Ratio of 5,6,7,8-tetrahydrobiopterin to 7,8-dihydrobiopterin in
endothelial cells determines glucose-elicited changes in NO vs.
superoxide production by eNOS. Am J Physiol-Heart C
294(4):H1530-H1540. doi:10.1152/ajpheart.00823.2007

Moens AL, Kietadisorn R, Lin JY, Kass D (2011) Targeting
endothelial and myocardial dysfunction with tetrahydrobiopterin.
J Mol Cell Cardiol 51(4):559-563. doi:10.1016/j.yjmcc.2011.03.
009

Cunnington C, Van Assche T, Shirodaria C, Kylintireas I,
Lindsay AC, Lee JM, Antoniades C, Margaritis M, Lee R, Cer-
rato R, Crabtree MJ, Francis JM, Sayeed R, Ratnatunga C, Pillai
R, Choudhury RP, Neubauer S, Channon KM (2012) Systemic
and vascular oxidation limits the efficacy of oral tetrahydro-
biopterin treatment in patients with coronary artery disease.
Circulation 125(11):1356-1366. doi:10.1161/circulationaha.111.
038919

Reverter E, Mesonero F, Seijo S, Martinez J, Abraldes JG, Penas
B, Berzigotti A, Deulofeu R, Bosch J, Albillos A, Garcia-Pagan
JC (2015) Effects of sapropterin on portal and systemic hemo-
dynamics in patients with cirrhosis and portal hypertension: a
bicentric double-blind placebo-controlled study. Am J Gas-
troenterol 110(7):985-992. doi:10.1038/ajg.2015.185

Ohashi A, Suetake Y, Saeki Y, Harada T, Aizawa S, Hasegawa H
(2012) Rapid clearance of supplemented tetrahydrobiopterin is
driven by high-capacity transporters in the kidney. Mol Genet
Metab 105:575-581. doi:10.1016/j.ymgme.2012.01.009

Ohashi A, Suetake Y, Saeki Y, Harada T, Aizawa S, Hasegawa H
(2013) Corrigendum to “Rapid clearance of supplemented
tetrahydrobiopterin is driven by high-capacity transporters in the
kidney” [Molecular Genetics and Metabolism 105/4 (2012)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

575-581]. Mol Genet Metab 108:107. doi:10.1016/j.ymgme.
2012.11.007

Sawabe K, Wakasugi KO, Hasegawa H (2004) Tetrahydro-
biopterin uptake in supplemental administration: elevation of
tissue tetrahydrobiopterin in mice following uptake of the
exogenously oxidized product 7,8-dihydrobiopterin and subse-
quent reduction by an anti-folate-sensitive process. J Pharmacol
Sci 96(2):124-133. doi:10.1254/jphs.FP0040280

Hasegawa H, Sawabe K, Nakanishi N, Wakasugi OK (2005)
Delivery of exogenous tetrahydrobiopterin (BH,) to cells of tar-
get organs: role of salvage pathway and uptake of its precursor in
effective elevation of tissue BH4. Mol Genet Metab 86(Suppl
1):S2-S10. doi:10.1016/j.ymgme.2005.09.002

Sawabe K, Suetake Y, Nakanishi N, Wakasugi KO, Hasegawa H
(2005) Cellular accumulation of tetrahydrobiopterin following its
administration is mediated by two different processes; direct
uptake and indirect uptake mediated by a methotrexate-sensitive
process. Mol Genet Metab 86(Suppl 1):S133-S138. doi:10.1016/
j-ymgme.2005.06.020

Sawabe K, Suetake Y, Wakasugi KO, Hasegawa H (2005)
Accumulated BH, in mouse liver caused by administration of
either 6R- or 6SBH, consisted solely of the 6R-diastereomer:
evidence of oxidation to BH, and enzymic reduction. Mol Genet
Metab 86(Suppl 1):S145-S147. doi:10.1016/j.ymgme.2005.06.
019

Sawabe K, Yamamoto K, Harada Y, Ohashi A, Sugawara Y,
Matsuoka H, Hasegawa H (2008) Cellular uptake of sepiapterin
and push-pull accumulation of tetrahydrobiopterin. Mol Genet
Metab 94(4):410-416. doi:10.1016/j.ymgme.2008.04.007
Ohashi A, Sugawara Y, Mamada K, Harada Y, Sumi T, Anzai N,
Aizawa S, Hasegawa H (2011) Membrane transport of sepiapterin
and dihydrobiopterin by equilibrative nucleoside transporters: a
plausible gateway for the salvage pathway of tetrahydrobiopterin
biosynthesis. Mol Genet Metab 102:18-28. doi:10.1016/j.
ymgme.2010.09.005

Ohashi A, Saeki Y, Harada T, Naito M, Takahashi T, Aizawa S,
Hasegawa H (2016) Tetrahydrobiopterin supplementation: ele-
vation of tissue biopterin levels accompanied by a relative
increase in dihydrobiopterin in the blood and the role of probe-
necid-sensitive uptake in scavenging dihydrobiopterin in the liver
and kidney of rats. PLoS ONE 11(10):e0164305. doi:10.1371/
journal.pone.0164305

Kusuhara H, Sekine T, Utsunomiya-Tate N, Tsuda M, Kojima R,
Cha SH, Sugiyama Y, Kanai Y, Endou H (1999) Molecular
cloning and characterization of a new multispecific organic anion
transporter from rat brain. J Biol Chem 274(19):13675-13680.
doi:10.1074/jbc.274.19.13675

Hasegawa M, Kusuhara H, Sugiyama D, Ito K, Ueda S, Endou H,
Sugiyama Y (2002) Functional involvement of rat organic anion
transporter 3 (rOat3; Slc22a8) in the renal uptake of organic
anions. J Pharmacol Exp Ther 300(3):746-753. doi:10.1124/jpet.
300.3.746

Hasegawa M, Kusuhara H, Endou H, Sugiyama Y (2003) Con-
tribution of organic anion transporters to the renal uptake of
anionic compounds and nucleoside derivatives in rat. J] Pharmacol
Exp Ther 305(3):1087-1097. doi:10.1124/jpet.102.046847
Sekine T, Miyazaki H, Endou H (2006) Molecular physiology of
renal organic anion transporters. Am J Physiol-Renal
290(2):F251-F261. doi:10.1152/ajprenal.00439.2004

El-Sheikh AAK, Masereeuw R, Russel FGM (2008) Mechanisms
of renal anionic drug transport. Eur J Pharmacol
585(2-3):245-255. doi:10.1016/j.ejphar.2008.02.085

Burckhardt G (2012) Drug transport by organic anion transporters
(OATs). Pharmacol Therapeut 136(1):106-130. doi:10.1016/j.
pharmthera.2012.07.010

@ Springer


http://dx.doi.org/10.1073/pnas.1414887112
http://dx.doi.org/10.1073/pnas.1414887112
http://dx.doi.org/10.1016/S0022-3476(99)70138-1
http://dx.doi.org/10.1016/S0022-3476(99)70138-1
http://dx.doi.org/10.1002/humu.22320
http://dx.doi.org/10.1038/ejhg.2014.114
http://dx.doi.org/10.1038/ejhg.2014.114
http://dx.doi.org/10.1517/14656566.2015.1013030
http://dx.doi.org/10.1007/3-540-28962-3_3
http://dx.doi.org/10.1152/ajpheart.00823.2007
http://dx.doi.org/10.1016/j.yjmcc.2011.03.009
http://dx.doi.org/10.1016/j.yjmcc.2011.03.009
http://dx.doi.org/10.1161/circulationaha.111.038919
http://dx.doi.org/10.1161/circulationaha.111.038919
http://dx.doi.org/10.1038/ajg.2015.185
http://dx.doi.org/10.1016/j.ymgme.2012.01.009
http://dx.doi.org/10.1016/j.ymgme.2012.11.007
http://dx.doi.org/10.1016/j.ymgme.2012.11.007
http://dx.doi.org/10.1254/jphs.FP0040280
http://dx.doi.org/10.1016/j.ymgme.2005.09.002
http://dx.doi.org/10.1016/j.ymgme.2005.06.020
http://dx.doi.org/10.1016/j.ymgme.2005.06.020
http://dx.doi.org/10.1016/j.ymgme.2005.06.019
http://dx.doi.org/10.1016/j.ymgme.2005.06.019
http://dx.doi.org/10.1016/j.ymgme.2008.04.007
http://dx.doi.org/10.1016/j.ymgme.2010.09.005
http://dx.doi.org/10.1016/j.ymgme.2010.09.005
http://dx.doi.org/10.1371/journal.pone.0164305
http://dx.doi.org/10.1371/journal.pone.0164305
http://dx.doi.org/10.1074/jbc.274.19.13675
http://dx.doi.org/10.1124/jpet.300.3.746
http://dx.doi.org/10.1124/jpet.300.3.746
http://dx.doi.org/10.1124/jpet.102.046847
http://dx.doi.org/10.1152/ajprenal.00439.2004
http://dx.doi.org/10.1016/j.ejphar.2008.02.085
http://dx.doi.org/10.1016/j.pharmthera.2012.07.010
http://dx.doi.org/10.1016/j.pharmthera.2012.07.010

108

Mol Cell Biochem (2017) 435:97-108

36.

37.

38.

39.

40.

41.

42.

43.

Wedeen RP, Weiner B (1973) The distribution of p-aminohip-
puric acid in rat kidney slices. 1. Tubular localization. Kidney Int
3(4):205-213. doi:10.1038/ki.1973.33

Sugiyama D, Kusuhara H, Shitara Y, Abe T, Meier PJ, Sekine T,
Endou H, Suzuki H, Sugiyama Y (2001) Characterization of the
efflux transport of 17beta-estradiol-D-17beta-glucuronide from
the brain across the blood-brain barrier. J Pharmacol Exp Ther
298(1):316-322

Bianchi L, Driscoll M (2006) Heterologous expression of C.
elegans ion channels in Xenopus oocytes. In: Community TCeR
(ed) WormBook. 2007/12/01 edn. WormBook, pp 1-16. doi:10.
1895/wormbook.1.117.1

Takeda M, Narikawa S, Hosoyamada M, Cha SH, Sekine T,
Endou H (2001) Characterization of organic anion transport
inhibitors using cells stably expressing human organic anion
transporters. Eur J Pharmacol 419(2-3):113-120. doi:10.1016/
S0014-2999(01)00962-1

Fukushima T, Nixon JC (1980) Analysis of reduced forms of
biopterin in biological tissues and fluids. Anal Biochem
102(1):176-188. doi:10.1016/0003-2697(80)90336-X

Hull RN, Cherry WR, Weaver GW (1976) The origin and char-
acteristics of a pig kidney cell strain, LLC-PK. In vitro
12(10):670-677. doi:10.1007/BF02797469

Keil S, Anjema K, van Spronsen FJ, Lambruschini N, Burlina A,
Belanger-Quintana A, Couce ML, Feillet F, Cerone R, Lotz-
Havla AS, Muntau AC, Bosch AM, Meli CA, Billette de Ville-
meur T, Kern I, Riva E, Giovannini M, Damaj L, Leuzzi V, Blau
N (2013) Long-term follow-up and outcome of phenylketonuria
patients on sapropterin: a retrospective study. Pediatrics
131(6):e1881-e1888. doi:10.1542/peds.2012-3291

Thiele AG, Rohde C, Mutze U, Arelin M, Ceglarek U, Thiery J,
Baerwald C, Kiess W, Beblo S (2015) The challenge of long-
term tetrahydrobiopterin (BH4) therapy in phenylketonuria:
effects on metabolic control, nutritional habits and nutrient
supply. Mol Genet Metab Rep 4:62-67. doi:10.1016/j.ymgmr.
2015.07.002

@ Springer

44,

45.

46.

47.

48.

49.

50.

S1.

Longo N, Arnold GL, Pridjian G, Enns GM, Ficicioglu C, Parker
S, Cohen-Pfeffer JL (2015) Long-term safety and efficacy of
sapropterin: the PKUDOS registry experience. Mol Genet Metab
114(4):557-563. doi:10.1016/j.ymgme.2015.02.003

Stuehr D, Pou S, Rosen GM (2001) Oxygen reduction by nitric-
oxide synthases. J Biol Chem 276(18):14533-14536. doi:10.
1074/jbc.R100011200

Klatt P, Schmid M, Leopold E, Schmidt K, Werner ER, Mayer B
(1994) The pteridine binding site of brain nitric oxide synthase.
Tetrahydrobiopterin binding kinetics, specificity, and allosteric
interaction with the substrate domain. J Biol Chem
269(19):13861-13866

Chalupsky K, Cai H (2005) Endothelial dihydrofolate reductase:
critical for nitric oxide bioavailability and role in angiotensin II
uncoupling of endothelial nitric oxide synthase. Proc Natl Acad
Sci USA 102(25):9056-9061. doi:10.1073/pnas.0409594102
Crabtree MJ, Hale AB, Channon KM (2011) Dihydrofolate
reductase protects endothelial nitric oxide synthase from uncou-
pling in tetrahydrobiopterin deficiency. Free Radic Biol Med
50(11):1639-1646. doi:10.1016/j.freeradbiomed.2011.03.010
Schmidt K, Kolesnik B, Gorren AC, Werner ER, Mayer B (2014)
Cell type-specific recycling of tetrahydrobiopterin by dihydro-
folate reductase explains differential effects of 7,8-dihydro-
biopterin on endothelial nitric oxide synthase uncoupling.
Biochem Pharmacol 90(3):246-253. doi:10.1016/j.bcp.2014.05.
010

Whitsett J, Rangel Filho A, Sethumadhavan S, Celinska J, Wid-
lansky M, Vasquez-Vivar J (2013) Human endothelial dihydro-
folate reductase low activity limits vascular tetrahydrobiopterin
recycling. Free Radic Biol Med 63:143-150. doi:10.1016/j.free
radbiomed.2013.04.035

Ohashi A, Mamada K, Tsuboi I, Aizawa S, Hasegawa H (2011)
Asymmetric uptake of sepiapterin and 7,8-dihydrobiopterin as a
gateway of the salvage pathway of tetrahydrobiopterin biosyn-
thesis from the lumenal surface of rat endothelial cells. Mol
Genet Metab 104:404—406. doi:10.1016/j.ymgme.2011.06.003


http://dx.doi.org/10.1038/ki.1973.33
http://dx.doi.org/10.1895/wormbook.1.117.1
http://dx.doi.org/10.1895/wormbook.1.117.1
http://dx.doi.org/10.1016/S0014-2999(01)00962-1
http://dx.doi.org/10.1016/S0014-2999(01)00962-1
http://dx.doi.org/10.1016/0003-2697(80)90336-X
http://dx.doi.org/10.1007/BF02797469
http://dx.doi.org/10.1542/peds.2012-3291
http://dx.doi.org/10.1016/j.ymgmr.2015.07.002
http://dx.doi.org/10.1016/j.ymgmr.2015.07.002
http://dx.doi.org/10.1016/j.ymgme.2015.02.003
http://dx.doi.org/10.1074/jbc.R100011200
http://dx.doi.org/10.1074/jbc.R100011200
http://dx.doi.org/10.1073/pnas.0409594102
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.010
http://dx.doi.org/10.1016/j.bcp.2014.05.010
http://dx.doi.org/10.1016/j.bcp.2014.05.010
http://dx.doi.org/10.1016/j.freeradbiomed.2013.04.035
http://dx.doi.org/10.1016/j.freeradbiomed.2013.04.035
http://dx.doi.org/10.1016/j.ymgme.2011.06.003

	Organic anion transporters, OAT1 and OAT3, are crucial biopterin transporters involved in bodily distribution of tetrahydrobiopterin and exclusion of its excess
	Abstract
	Introduction
	Materials and methods
	BH4 uptake experiments using rat kidney slices
	PBC administration to rats and collection of blood, urine, and liver and kidney tissues
	Uptake by cells under a monolayer culture in 96-well culture plates
	Expression of hOAT1 and hOAT3 in Xenopus oocytes
	Transport experiment with Xenopus oocytes
	Determinations
	Statistics

	Results
	BH4 uptake by rat kidney slices
	BH4 uptake by rOat1- or rOat3-transfected LLC-PK1 cells
	Transport of BH4, BH2, and SP by hOAT1- or hOAT3-expressing Xenopus oocytes
	Inhibition of OAT1 and OAT3 by probenecid and a decrease in bodily exclusion of endogenous BP in the rat

	Discussion
	OAT1 and OAT3 as biopterin transporters
	Relevance of OAT1 and OAT3 in systemic BH4 metabolism
	Remarks on the relevance of OAT1 and OAT3 for systemic BH2 scavenging after BH4 supplementation
	Relevance of PBC-sensitive transporters in exclusion of endogenous BP in the urine

	Acknowledgements
	References




