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ABSTRACT

Organic anion-transporting polypeptides (OATPs) are involved in
the liver uptake of many endogenous and xenobiotic compounds,
such as bile acids and drugs, respectively. Using Xenopus laevis
oocytes and Chinese hamster ovary (CHO) cells expressing rat
Oatpial, human OATP1B1, or OATP1B3, the sensitivity of these
transporters to extracellular/intracellular pH (pHo/pHi) and
changes in plasma membrane potential (AW) was investigated. In
X. laevis oocytes, nonspecific plasma membrane permeability in-
creased only at pHo below 4.5. Above this value, both using
oocytes and CHO cells, extracellular acidification affected differ-
ently the specific transport of taurocholic acid (TCA) and estradiol
17B-p-glucuronide (E,17BG) by Oatp1al (stimulation), OATP1B1
(inhibition), and OATP1B3 (stimulation). Changes in substrate up-
take in the presence of valinomycin (K*-ionophore), carbonyl cy-
anide 3-chlorophenylhydrazone and nigericin (protonophores),
and amiloride (Na*/H™-inhibitor) and cation replacement in the

medium were studied with fluorescent probes for measuring sub-
strate uptake (cholylglycyl amidofluorescein) and changes in pHi
(SNARF-4F) and AV [DilC,(5)]. The results suggest that activity of
these three carriers is sodium/potassium-independent and af-
fected differently by changes in pHo and AV: Oatpial was con-
firmed to be an electroneutral anion exchanger, whereas the func-
tion of both OATP1B1 and OATP1B3 was markedly affected by
the magnitude of AW. Moreover, electrophysiological mea-
surements revealed the existence of a net anion influx asso-
ciated to OATP1B1/OATP1B3-mediated transport of TCA,
E,17BG, and estrone-3-sulfate. Furthermore, a leakage of
Na* through OATP1B1 and OATP1B3, which is not coupled
to substrate transport, was found. In conclusion, these re-
sults suggest that OATP1B1 and OATP1B3 are electrogenic
transporters whose activity may be strongly affected under
circumstances of displacement of local pH.
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Introduction

The liver is involved in the detoxification of a large
variety of endogenous and xenobiotic compounds (Meier
and Stieger, 2002; Kullak-Ublick et al., 2004). In addition to
Na™*-taurocholate cotransporting polypeptide (NTCP, gene
symbol SLC10A1) (Hagenbuch et al., 1991), several sodium-
independent transporters account for the liver uptake of bile
acids and other cholephilic compounds. These belong to the
SLCO and SLC22A gene families, whose products are, respec-
tively, organic anion-transporting polypeptides (OATPs)
(Hagenbuch and Meier, 2003) and two groups of transporters
classified as organic anion-transporters (Suzuki and Sugiyama,

ABBREVIATIONS: NTCP, Na*-taurocholate cotransporting polypeptide; OATP, organic anion-transporting polypeptide; AW, plasma membrane
potential; pHo, extracellular pH; TCA, taurocholic acid; E3S, estrone-3-sulfate; E,178G, estradiol 17B-p-glucuronide; CCCP, carbonyl cyanide
3-chlorophenylhydrazone; CGamF, cholylglycyl amidofluorescein; MES, 2-(N-morpholino)ethanesulfonic acid; pHi, intracellular pH.
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2000) and organic cation transporters (Koepsell and Endou,
2004).

Despite the interest in these transporters in physiology
and pharmacology, important characteristics, such as
their driving force and the transport mechanism, are not
well known for most of them (Ballatori et al., 2005). On the
basis of comparative analyses of typical OATPs, some au-
thors have proposed a representative structural model for
these transporters, which essentially consists of a central
and positively charged pore through which the substrate is
translocated (Meier-Abt et al., 2005). Regarding sensitivity
to plasma membrane potential (AW) and electrogenicity,
Oatp/OATPs are generally believed to behave as electro-
neutral anion exchangers. However, clear support for this
concept has been obtained only for rat Oatplal. This has
been reported to work by coupling the uptake of organic
anions to the efflux of bicarbonate (Satlin et al., 1997;
Leuthold et al., 2009) or glutathione (Li et al., 1998) and is
hence sensitive to stimulation by extracellular protons
(Kanai et al., 1996; Leuthold et al., 2009). The efflux of
intracellular glutathione or glutathione S-conjugates has
been suggested to activate Oatpla4-mediated uptake (Li
et al., 2000). Moreover, transport mediated by either
Oatplal or Oatpla4 is potentially bidirectional (Shi et al.,
1995; Li et al., 2000), which implies that the overall direc-
tionality of the transport would depend on the gradient of
the predominant substrate.

Studies in human hepatoblastoma HepG2 cells that ex-
press several OATP isoforms have indicated that intracel-
lular glutathione modulates both the uptake and efflux of
cholephilic organic anions (Lee et al., 2001). Moreover, a
pH-driven transport of bile acids in these cells has also
been reported (Marin et al., 2003). Although OATP1B3 has
recently been suggested to be sensitive to activation by
glutathione (Briz et al., 2006), this could not be confirmed
by other authors (Mahagita et al., 2007). The reason for
these controversial results may be due in part to the exis-
tence of artifactually induced acidification of local pH by
addition of glutathione to insufficiently buffered media
(Briz et al., 2006). This is consistent with the recently
described effect of extracellular pH (pHo) on the function of
several OATP/Oatps (Leuthold et al., 2009).

OATP2B1 exhibits a dual response to changes in pHo.
OATP2B1-mediated taurocholic acid (TCA) uptake is acti-
vated at acidic pH (Nozawa et al., 2004), whereas at physio-
logical pH, OATP2B1 is unable to recognize bile acids as
substrates (Kullak-Ublick et al., 2001). In human embryonic
kidney 293 cells expressing OATP2B1 the transport of estro-
ne-3-sulfate (E3S) mediated by this carrier is enhanced by an
inwardly directed proton gradient (Sai and Tsuji, 2004) and
inhibited by the proton ionophore FCCP (Nozawa et al.,
2004).

The sensitivity of OATPs to pHo may play a role in drug
uptake, because in some territories, the pHo may differ from
the common values, which may determine the amount of
drug reaching pharmacologically active levels in targeted
cells. For instance, a common feature of inflammatory foci is
local acidosis as a result of the increased lactic acid produc-
tion by infiltrated neutrophils and/or to the presence of fatty
acid products from bacterial metabolism (Grinstein et al.,
1991). Moreover, rapid tumor cell growth together with hyp-
oxic conditions determine an active glycolytic metabolism
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that also results in acidification to pH values below 6.0 in the
interstitial fluid (Kraus and Wolf, 1996). Accordingly, drug
uptake through OATP1B1 and/or OATP1B3 in tumors ex-
pressing these transporters (for review, see Marin et al.,
2009) could be affected by pHo. Although under physiological
circumstances the expected magnitude of changes in pHo in
liver parenchyma is small, acid-base disorders occurring in
the setting of liver disease (Ahya et al., 2006), renal dysfunc-
tion, and acute intoxication with salicylates, methanol, or
ethylene glycol (Forsythe and Schmidt, 2000) may decrease
pHo and hence affect the transport ability of OATP1B1 and
OATP1BS3.

The aim of the present study was to further characterize
the dependence on AW and pHo of the transport mechanism
of two important OATP isoforms in human liver, OATP1B1
and OATP1B3.

Materials and Methods

Chemicals. [*H]Estradiol 173-D-glucuronide (E,17BG; specific ac-
tivity, 45 Ci/mmol) was obtained from American Radiolabeled Chem-
icals (St. Louis, MO). [®*H]|Inulin (specific activity, 304.8 Ci/g),
[PHITCA (specific activity, 4.6 Ci/mmol), [PHIE3S (specific activity,
54 Ci/mmol), and [**Clmannitol (specific activity, 55 Ci/mol) were
obtained from PerkinElmer Life and Analytical Sciences (Waltham,
MA). Nigericin and the fluorescent probes 5-(and-6)-carboxylic acid
acetoxymethyl ester (SNARF-4F) and the carbocyanine DilC,(5)
were obtained from Invitrogen (Carlsbad, CA). Amiloride, carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), G418 (Geneticin), sodium
butyrate, Triton X-100, valinomycin, and unlabeled E,178G, E3S,
and TCA were purchased from Sigma-Aldrich (St. Louis, MO). Ac-
cording to the suppliers, the purity of these compounds was =98%.
The fluorescent bile acid derivative cholylglycyl amidofluorescein
(CGamF) was synthesized by coupling the amido group of fluorescein
isothiocyanate to the carboxyl group of the glycine moiety of glyco-
cholic acid (Sherman and Fisher, 1986). Using semipreparative thin
layer chromatography, CGamF was purified twice. This reduced
contamination by fluorescein isothiocyanate and glycocholic acid be-
low detectable levels by analytical thin layer chromatography. All
other reagents were of analytical grade.

Protein Detection By Immunofluorescence Assays. Immu-
nofluorescence studies were carried out using wild-type or OATP/
Oatp-expressing oocytes 48 h after microinjection of cRNA. Groups of
three oocytes were fixed as described previously by Nakanishi et al.
(2003). Sections of 5 um were permeabilized in ice-cold methanol for
1 min, and nonspecific binding sites were blocked by incubation with
5% fetal calf serum for 30 min. Preparations were incubated at room
temperature for 1 h with the following primary antibodies: monoclo-
nal antibodies against OATP1B1 (clone ESL), purchased from Ab-
cam (Cambridge, UK); OATP1B3 (clone mMDQ), from PROGEN
Biotechnik (Heidelberg, Germany); and Oatplal (K-10) kindly pro-
vided by Drs. P. Meier, B. Stieger, and B. Hagenbuch (Department of
Clinical Pharmacology, Zurich University Hospital, Zurich, Switzer-
land). Fluorescence staining with the appropriate anti-mouse or
rabbit Ig Alexa 488-conjugated secondary antibodies (Invitrogen)
was visualized using a laser-scanning confocal microscope (TCS SP2;
Leica, Wetzlar, Germany).

Synthesis of cRNAs for Injection into Oocytes. Recombinant
plasmids containing the open reading frame of rat Oatplal and
human NTCP, both cloned in pSPORT1, and of human OATP1B1
and OATP1B3, both cloned in pCMV6-XL4, were kindly donated by
Drs. Meier, Stieger, and Hagenbuch. After amplification in Esche-
richia coli, these plasmids were isolated using the Qiagen Plasmid
Mini kit (Izasa) and further linearized with appropriate restriction
enzymes. Capped and poly(A)-tailed cRNAs were synthesized using
the T7 mMessage mMachine Ultra kit (Ambion, Austin, TX).
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Preparation of X. laevis Oocytes. Mature female frogs (X.
laevis) purchased from Regine Olig (Hamburg, Germany) and Xeno-
pus Express (Le Bourg, France) were used. The animals received
humane care as outlined in the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources,
1996), and were treated in accordance with current Spanish (RD
223/1988) and European Union (86/609/CEE) laws. Experimental
protocols were approved and supervised by the Ethical Committee
for Laboratory Animals of the University of Salamanca and Univer-
sity of Navarra.

The harvesting and preparation of oocytes were carried out as
described elsewhere (Briz et al., 2002). Defolliculated stage V and VI
oocytes were injected with 9 ng of cRNA dissolved in Tris-EDTA
buffer (1 mM EDTA and 10 mM Tris, pH 8.0), and were subsequently
cultured at 18°C in modified Barth’s solution [88 mM NaCl, 1 mM
KCl, 2.4 mM NaHCOj;, 0.82 mM MgSO,, 0.33 mM Ca(NO,),, 0.41
mM CaCl,, and 15 mM HEPES, pH 7.6], supplemented with genta-
micin (50 mg/l), penicillin (100 U/ml), streptomycin (100 mg/l), and
amphotericin B (0.25 mg/l) at 18°C for 2 days. This time was selected on
the basis of the results of preliminary experiments addressing the time
course of the functional expression of these carriers (data not shown).

Oocytes were washed with substrate-free uptake medium contain-
ing HEPES or MES as buffer (100 mM choline chloride, 2 mM KClI,
1 mM CaCl,, 1 mM MgCl,, and 10 mM HEPES/10 mM MES, pH 7.5)
and incubated with 100 ul of uptake medium containing the desired
amount of the substrate to be tested at 25°C for the indicated time.
Uptake was stopped by the addition of 4 ml of ice-cold uptake
medium. The oocytes were washed three more times with 4 ml of
ice-cold uptake medium before being placed individually in vials and
dissolved in 200 ul of 10% SDS for at least 2 h to subsequently
measure the amount of radioactive substrate by liquid scintillation
on a liquid scintillation counter (LLS-6500; Beckman Coulter, Fuller-
ton, CA). Noninjected oocytes were used to measure nonspecific
uptake, because in previous studies, no significant difference with
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water-injected oocytes was observed (Briz et al., 2006). In some
experiments, net uptake was calculated from the difference in up-
take values between noninjected oocytes and those expressing the
desired transporter.

Effect of Extracellular pH and Manipulation of the Medium
on TCA and E,17BG Transport in X. laevis Oocytes. To inves-
tigate the effect of the pHo on the transport activity of Oatplal,
OATP1B1, and OATP1B3, the pH of uptake medium was adjusted to
6.5, 4.5, or 3.5 using HCIl. The low buffering ability of buffered
HEPES solution at pH 5.5 precluded use of this value with consistent
results. To adjust the pH of the solution to pH 5.5, we used MES
buffer, which is more suitable than HEPES to maintain pH within
the 5 to 7 range. The effect of the pHo on nonspecific permeabiliza-
tion of oocyte plasma membranes was investigated by measuring
[*Hlinulin and [**C]mannitol uptake by oocytes incubated with up-
take medium at several pH values with either of these compounds at
25°C for 1 h. Similar experiments in the presence of 0.05% Triton
X-100 were performed as positive controls of membrane permeabili-
zation and [*HJinulin and [**C]mannitol uptake under these circum-
stances, considered arbitrarily as 100%.

To determine ion, proton, and voltage dependence, choline was
replaced by sodium or potassium. Moreover, the K*- and H*-iono-
phores valinomycin (10 uM), nigericin (10 uM), and CCCP (50 pM)
were added to the uptake medium.

Electrophysiology Experiments. Mature X. laevis oocytes were
injected with cRNA coding for NTCP (used here as a positive control),
OATP1B1, OATP1BS3, or rat Oatplal dissolved in Tris-EDTA buffer
and were subsequently cultured in modified Barth’s solution at 18°C
for 2 days. Noninjected oocytes served as controls. The electrophys-
iology measurements were performed at room temperature using an
adaptation of the two-electrode voltage-clamp method (Larrayoz et
al., 2006). Oocytes were perfused with uptake medium at pH 7.5
containing 100 mM NaCl (Na" buffer) instead of choline chloride
(choline buffer). In some experiments, the perfused buffer contained
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Fig. 1. Illustration of the expression of OATP/Oatp transporters in X. laevis oocytes and CGamF uptake by CHO cells. Confocal fluorescence
microscopy of X. laevis oocytes expressing Oatplal (A), OATP1B1 (B), or OATP1B3 (C). X. laevis oocytes were injected with the corresponding cRNA
of interest 2 days before fluorescence visualization. Noninjected oocytes were used as negative controls (D, noninjected oocyte incubated with the
antibody used for Oatplal). Time course of CGamF uptake by wild-type CHO cells (E and F) or cells expressing Oatplal (E), OATP1B1 (E), or
OATP1B3 (F). The cells were incubated in uptake medium containing 1 uM CGamF (for OATP1B3) or 5 uM (for Oatplal and OATP1B1) at 37°C for
15 min. Uptake values are means=+S.D. from at least nine determinations per data point, obtained using cells from three different cultures. #, p < 0.05,
on comparing OATP expressing CHO cells with wild-type cells by the paired ¢ test. The insets depict a fluorescence microscopy picture representative
of each group after incubating the cells with 10 uM CGamF at 37°C for 15 min.
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Fig. 2. Effect of pHo on oocyte plasma membrane permeability. Nonin-
jected oocytes were incubated with uptake medium containing 120 uM
[*Hlinulin (A) or 30 uM [**C]mannitol (B) at 25°C for 1 h. Results are
expressed as percentages of the amount of radiolabeled substrate accu-
mulated in oocytes permeabilized by incubation with 0.05% Triton X-100
in uptake medium, pH 7.5, at 25°C for 1 h. Values are means*+S.D. from
at least 24 determinations per data point obtained using oocytes from
three different frogs. *, p < 0.05, by the Bonferroni method of multiple
range testing.

pH 3.5
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100 mM choline + Na™, which was obtained by combining both
cations in different proportions (25, 50, and 75%). The oocyte mem-
brane potential was held at —50 mV, and continuous current data
were recorded using an Axoscope v1.1.1.14 device (Molecular De-
vices, Sunnyvale, CA).

Effect of pHo on TCA Uptake by CHO Cells. Chinese hamster
ovary (CHO) cells, either wild-type (CHO-K1) or stably transfected
(with the ¢cDNA of rat Oatplal, human OATP1B1 or OATP1B3),
were generously donated by Drs. Meier, Stieger, and Hagenbuch
(Gui et al., 2008). The cells were seeded (4 X 10° cells per 3.5-cm
diameter dish) and cultured in Dulbecco’s modified Eagle’s medium
(10 g/1) supplemented with 10% fetal calf serum, 10 mM NaHCO;, 2
mM L-glutamine, 0.43 mM L-proline, and antibiotic cocktail and used
after 3 days in culture at subconfluence. The culture medium for
stably transfected CHO cells also contained 400 pg/ml G-418. Trans-
porter expression was stimulated by adding 5 mM sodium butyrate
to the culture medium 24 h before carrying out the experiments
(Palermo et al., 1991). Before using these cells in transport studies,
they were incubated with an equilibration medium (96 mM NaCl, 5.3
mM KCl, 1.1 mM KH,PO,, 0.8 mM MgSO,, 1.8 mM CaCl,, 11 mM
glucose, and 50 mM HEPES, pH 7.4) at 37°C for 30 min. The medium
was replaced by a fresh one, at the desired pH (6.5 or 7.4), containing
10 uM [*H]TCA at 37°C, which was removed 15 min later. The cells
were washed four times with 1 ml of prechilled radioactivity-free
equilibration medium. Finally, 1 ml of Lowry medium (100 mM
NaOH and 189 mM Na,CO;) was added and the cells were scraped
off the plates to measure the amount of radioactive substrate. Pro-
teins were determined by a modification of the Lowry method, using
bovine serum albumin as a standard (Markwell et al., 1978). Values
of extracellular pH lower than 6.5 were not used in further experi-
ments in view of the alterations observed by flow cytometry in cell
size (forward-scattered light) and internal complexity (side-scattered
light) when the cells were incubated at pH 5.5 (data not shown).

Flow Cytometry Experiments. Flow cytometry on a FACSCali-
bur flow cytometer (BD Biosciences, Madrid, Spain) was carried out to
determine cellular uptake of fluorescent compounds. CGamF was used
as the substrate of Oatplal, OATP1B1, and OATP1B3. SNARF-4F and
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TABLE 1

Effect of pHo on Oatplal-, OATP1B1-, and OATP1B3-mediated TCA,
E,17BG, and E3S uptake by transfected CHO cells

Stably transfected CHO cells were incubated in uptake medium (96 mM choline
chloride, 5.3 mM KCIl, 1.1 mM KH,PO,, 0.8 mM MgSO,, 1.8 mM CaCl,, 11 mM
glucose, and 50 mM HEPES) containing the desired substrate (10 uM [*H|TCA, 10
uM [PHIE,178G, or 50 uM [*H]E3S) at 37°C for 15 min. Net uptake values are
means * S.D. from at least nine determinations per data point, obtained using cells
from three different cultures.

Oatplal OATP1B1 OATP1B3
pmol - mg protein~ ! + 15 min !
10 uM TCA
pH 7.4 11+2 38+ 4 35+3
pH 6.5 22 + 2¢ 28 = 5 55 = 7%
10 uM E,17BG
pH 7.4 274 = 20 203 = 37 63 +8
pH 6.5 393 £ 15 135 = 17¢ 132 = 19*
50 uM E3S
pH 7.4 1446 = 71 456 = 51 325 = 35
pH 6.5 2212 = 187¢ 573 = 73 479 *= 26
P < 0.05, on comparing pH 6.5 with pH 7.4 by paired ¢ test.
12 -
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Fig. 4. Effect of CCCP or valinomycin on extracellular pH-induced
changes in Oatplal-, OATP1B1-, and OATP1B3-mediated transport. X.
laevis oocytes expressing Oatplal (A), OATP1B1 (B), or OATP1B3 (C)
were incubated in uptake medium containing 10 uM [PHITCA alone
(Control) with or without 50 uM CCCP or 10 uM valinomycin at 25°C for
1 h. Net TCA uptake was calculated by subtracting the amount of radio-
activity measured in noninjected oocytes from that found in oocytes
expressing Oatp/OATP. Net uptake values are means * S.D. from at least
24 determinations per data point, obtained using oocytes from three
different frogs. *, p < 0.05, compared with Control by the Bonferroni
method of multiple-range testing.

pH7.5

DilC,(5) were used to determine relative changes in pHi and AV, re-
spectively. Transport experiments were carried out by incubating CHO
cells in suspension with 100 ul of uptake medium containing 1 to 5 uM
CGamF, 2 uM SNARF-4F, or 2 nM DilC,(5) at 37°C for 15 min. These
concentrations were chosen based on preliminary studies (data not
shown). Then, 900 ul of ice-cold uptake solution was added to stop the
transport process and the intracellular fluorescence was determined
immediately by flow cytometry. Photographs depicting the intracellular
accumulation of CGamF after incubation with the substrate at a final
concentration of 10 uM at 37°C for 15 min were obtained using a
fluorescence microscope (Eclipse TE 2000-S; Nikon, Tokyo, Japan).

Statistical Methods. Results were expressed as means = S.D. All
studies were carried out using groups of 8 to 12 oocytes per data point,
and the experiments were repeated using three different frogs. Regard-
ing CHO cells, at least three different cultures were used per experi-
ment. To calculate the statistical significance of the differences be-
tween groups, the paired ¢ test or Bonferroni method were used, as
appropriate.
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Fig. 5. Effect of major cation replacement and valinomycin on Oatplal-,
OATP1B1-, and OATP1B3-mediated transport. X. laevis oocytes express-
ing Oatplal (A), OATP1B1 (B), or OATP1B3 (C) were incubated in
uptake medium at pH 7.5, containing 10 uM [PH]TCA with or without 10
uM valinomycin at 25°C. In some experiments, 100 mM choline chloride
was replaced by 100 mM sodium chloride or potassium chloride. Net TCA
uptake was calculated by subtracting the amount of radioactivity mea-
sured in noninjected oocytes from that found in oocytes expressing Oatp/
OATP incubated under the same conditions. Net uptake values are
means * S.D. from at least 24 determinations per data point, obtained
using oocytes from three different frogs. *, p < 0.05, compared with
choline chloride medium by the Bonferroni method of multiple-range
testing.
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Results

Immunohistochemistry of Qocytes Expressing Oatplal,
OATPI1BI1, or OATP1B3. To assess the efficient and specific
expression of rat Oatplal, human OATP1B1, and human
OATP1BS3 at the plasma membrane of X. laevis oocytes for func-
tional studies, immunofluorescence analysis was carried out.
Oatplal (Fig. 1A), OATP1B1 (Fig. 1B), and OATP1B3 (Fig. 1C)
were detected at the plasma membrane two days after injecting
the appropriate cRNA. No fluorescence was observed using similar
primary and secondary antibodies in noninjected oocytes. Figure
1D shows a noninjected oocyte incubated with antibodies used for
Oatplal. Similar results were obtained for OATP1B1 and
OATP1B3 (data not shown).

Effect of pHo on Plasma Membrane Permeability.
Before studying pH dependence of Oatp/OATP-mediated
transport, the sensitivity of the plasma membrane permea-
bility of X. laevis oocytes to changes in pHo was investigated.
The uptake by oocytes of two neutral compounds of different
molecular weight—inulin and mannitol, which are assumed
to have very low ability to diffuse across the plasma mem-
brane—was determined. The values of the intracellular ac-
cumulation of these compounds at pHo varying from 7.5 to
3.5 were compared with those obtained in cells permeabilized
by treatment with Triton X-100. In the range of pHo from 7.5
to 4.5, the uptake of inulin (Fig. 2A) and mannitol (Fig. 2B)
was low and was not significantly changed as pHo was acid-
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A
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ified. In contrast, a marked increase was observed at pHo 3.5.
These results indicated that changes in substrate uptake
that were observed at pHo =4.5 and will be described below,
cannot be attributed to modifications in plasma membrane
permeability.

Effect of pHo on the Carrier-Mediated TCA and
E,17B8G Uptake. The instability of HEPES buffer at pHo 5.5
recommended the use of MES in part of the pHo range
(7.5-4.5) investigated here. When Oatplal-expressing
oocytes were incubated in the presence of TCA at pHo values
of 6.5 a marked stimulation in TCA uptake was observed
compared with pHo 7.5 (Fig. 3A). This increased slightly
when pHo was decreased to 5.5 and 4.5. This effect was also
observed when E,17BG, which has a pKa value 1.5 points
higher than that of TCA, was used as a substrate (Fig. 3B). A
different response of OATP1B1 to pHo was found. The net
uptake of both TCA (Fig. 3C) and E,17BG (data not shown)
decreased progressively as pHo became more acidic across
the whole range assayed. The opposite behavior was ob-
served for OATP1B3, which was progressively stimulated in
the pHo range assayed (Fig. 3D).

To further investigate the effect of pHo on OATP-mediated
transport, we tested the effect of changes in pHo on TCA, E;178G,
and E3S uptake by CHO expressing Oatplal, OATP1B1, or
OATP1B3. Consistent with the observations in oocytes de-
scribed above, pHo acidification from 7.4 to 6.5 significantly
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stimulated TCA uptake by Oatplal and OATP1B3, whereas
the opposite effect was seen in OATP1B1l-expressing cells
(Table 1). Similar results for these three transporters were
found when E, 178G was used as a substrate (Table 1). In
contrast, when E3S uptake was measured different behavior
was observed only for OATP1B1-mediated transport, which
was not inhibited at acidic pHo (Table 1).

Effect of CCCP, Valinomycin, and Cation Replace-
ment on TCA Uptake by Oocytes. To elucidate whether
these changes in transport activity were related in part to the
magnitude of AV and proton gradients across the plasma
membrane, uptake measurements in X. laevis oocytes were
carried out in the presence of the K" -ionophore valinomycin
or the protonophore CCCP for 1 h. At all values of pHo
assayed, CCCP induced a marked inhibition in Oatplal-
mediated TCA uptake (Fig. 4A), whereas valinomycin had no
effect on Oatplal-mediated TCA uptake (Fig. 4A). In con-
trast, TCA uptake by OATP1B1-expressing oocytes was in-
hibited by CCCP at all pHo values assayed, whereas the
presence of valinomycin slightly decreased the ability of
OATP1B1 to take up the substrate at pHo > 4.5 (Fig. 4B).
Oocytes expressing OATP1B3 were more sensitive to inhibi-
tion by valinomycin, whereas they were not affected by the
presence of CCCP (Fig. 4C). Because long-time incubations
may have affected pHi in addition to proton gradients, the
effect of valinomycin and cation replacement was investi-
gated by incubating the oocytes for a shorter time (5, 10, and
15 min). In these studies, valinomycin had no effect on
Oatplal (Fig. 5A). However, this ionophore induced a mod-
erate and marked inhibition of TCA uptake in oocytes ex-
pressing OATP1B1 (Fig. 5B) and OATP1B3 (Fig. 5C), respec-
tively. Moreover, the replacement of choline by sodium or
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potassium had no significant effect on Oatplal-, OATP1B1-,
or OATP1B3-mediated TCA (Fig. 5, A-C).
Electrophysiology Experiments with Oatp/OATPs
and Human NTCP. Whereas Oatplal has believed to be-
have as an electroneutral transporter, the existence of elec-
troneutral or electrogenic mechanisms in OATP1B1- and
OATP1B3-mediated transport has not been elucidated. The
fact that both were sensitive to valinomycin suggested that
changes in AV may affect the function of these two carriers.
This does not necessarily means that the transport process is
electrogenic, although this possibility would be consistent
with these findings. To further investigate this question, we
performed electrophysiology experiments using the two-elec-
trode voltage-clamp method. Noninjected oocytes served as a
negative control. As a positive control, oocytes expressing
Oatplal were used. Replacement of Na™* buffer by choline buf-
fer had no effect on noninjected oocytes (Fig. 6A) or oocytes
expressing Oatplal (Fig. 6B). However, this maneuver induced
an outward deflection of the current trace in oocytes expressing
OATP1B1 (Fig. 6C) or OATP1B3 (Fig. 6E), being its magnitude
markedly higher in the latter. Progressive replacement of cho-
line by Na™* in the perfusion buffer caused a progressive rever-
sal of this effect (Fig. 6, D and F). These results suggest that in
the presence of Na*, there is a leakage of Na* through the
transporter (OATP1B3 > OATP1B1), which is abolished by
replacement of this cation by choline. The presence of substrate
(either TCA or E3S) did not induce electric changes in nonin-
jected oocytes (Fig. 7, A and B) or oocytes expressing Oatplal
(Fig. 7C). The latter is consistent with the concept that Oatplal
is an electroneutral anion transporter. The well known electro-
genicity of the human bile acid transporter NTCP was used for
comparison (Fig. 7D). NTCP-expressing oocytes were perfused
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Fig. 7. Representative current recorded in X. laevis oocytes in the presence of substrates. Noninjected oocytes (A and B) and oocytes expressing rat
Oatplal (C), human NTCP (D), OATP1B1 (E, F, I, and J), or OATP1B3 (G, H, K, and L) were perfused with either Na*(solid line) or choline (dashed
line) containing buffer while the current was being recorded continuously. The addition of 100 uM TCA, E3S, or E,17B8G was followed by a washing
period. Each recording was replicated in oocytes from three different batches.
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with Na* buffer and the current was recorded continuously.
The perfusion with 100 uM TCA induced an inward current
that was seen as a downward deflection of the current trace.
This corresponded to the injection of a negative current by the
voltage-clamp equipment to maintain a holding AW at —50 mV
upon depolarization of the membrane, which was presumably
due to the cotransport of Na' together with TCA through
NTCP. When the oocyte was washed with Na* buffer, the
original baseline level was recovered (Fig. 7D). In oocytes ex-
pressing OATP1B1 (Fig. 7E), perfusion with 100 uM TCA re-
sulted in an outward deflection of the current trace. A similar,
although weaker, response was recorded in oocytes expressing
OATP1BS3 (Fig. 7G). This could be interpreted as being due to
hyperpolarization of the plasma membrane associated to the
net entrance of negative charge. To elucidate whether this effect
could be induced by other OATP1B1/OATP1B3 substrates, 100
uM E3S or E217BG was added to the perfusion medium. Both
compounds induced hyperpolarization in oocytes expressing ei-
ther OATP1B1 (Fig. 7F) or OATP1B3 (Fig. 7H). When these
studies were repeated after replacing Na* by choline the pres-
ence of substrate was also able to induce net entrace of negative
charge in oocytes expressing either OATP1B1 (Fig. 7, I and J) or
OATP1BS3 (Fig. 7, K and L). Although in Fig. 7, E to L, repre-
sentative fragments of recordings are shown, several manipu-
lations were carried out using a single oocyte to confirm that the
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magnitude of changes was not due to differences in the expres-
sion level of the transport protein among oocytes.

Fluorescent Bile Acid (CGamF) Uptake by Trans-
fected CHO Cells. Using flow cytometry, some of the data
obtained in the oocyte model were re-evaluated. First, the
uptake of the fluorescent bile acid derivative CGamF by
CHO cells was determined by measuring intracellular flu-
orescence at the indicated time points (Fig. 1, E and F)
during 1 h of incubation. The expression of Oatplal,
OATP1B1, or OATP1B3 markedly enhanced the ability of
CHO cells to take up CGamF (Fig. 1, E and F). This was
also observed when the cells were incubated under similar
circumstances for 15 min and studied under the fluores-
cence microscope (Fig. 1, E and F, inset). The ability of
OATP1B1 and OATP1B3 to take up CGamF has been
reported previously (Gui et al., 2008; Annaert et al., 2010).
To set up the appropriate incubation conditions, measure-
ment of the time course of CGamF uptake was carried out
(Fig. 1, E and F). Based on these results and in agreement
with previous transport studies of bile acids in CHO cells
(Marin et al., 2003), we selected 15-min incubation as an
appropriate time to carry out further studies.

In agreement with the results described above obtained
in oocytes and CHO cells using radiolabeled substrates,
the uptake of CGamF by Oatplal-, OATP1B1-, or

A

Fig. 8. Uptake of CGamF by CHO cells expressing Oatplal-,
OATP1B1-, or OATP1B3. Wild-type CHO (CHO-K1) cells (A)
or CHO cells stably transfected with Oatplal (B), OATP1B1
(C), or OATP1B3 (D) were incubated in different uptake me-
dia (5.3 mM KCl, 1.1 mM KH,PO,, 0.8 mM MgSO,, 1.8 mM
CaCl,, 11 mM glucose, and 50 mM HEPES, pH 7.4) with or
C  without 10 uM valinomycin, 1 mM amiloride, 50 uM CCCP,
or 10 uM nigericin. In addition, the medium contained either
96 mM NaCl, 96 mM KCl, or 96 mM choline. CGamF uptake
was determined after incubating the cells at 37°C for 15 min
in one of the media mentioned above to which 1 uM (for
* OATP1B3) or 5 uM (for Oatplal and OATP1B1) of CGamF
had been added. Results are expressed as percentages of the
CGamF fluorescence of the cells incubated in NaCl medium
alone. In the case of CHO-K1 cells, the control (100% value)
D Vs CGamF uptake by Oatplal in NaCl medium. Uptake
values are means *= S.D. from at least nine determinations
per data point, obtained using cells from three different cul-
tures. *, p < 0.05, compared with the CGamF uptake by
controls by the Bonferroni method of multiple-range testing.
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OATP1B3-expressing CHO cells was not affected by the
replacement of choline by Na™ or K" (Fig. 8). The fluores-
cent probe SNARF-4F ester freely diffuses inside the cell,
where its fluorescence increases as pHi becomes more ba-
sic. Moreover, by determining intracellular DilC,(5), the
changes in AWV that took place in CHO cells were followed.
Because marked changes in pH affect the fluorescence
spectra of CGamF (data not shown), this could not be used
to study the influence of a broad range of pH in this model.
However, it was still possible to follow changes in CGamF
uptake in the moderate range of variation in pHi induced
by the maneuvers carried out in these experiments (Fig. 9).
Thus, the presence of CCCP or nigericin induced an intra-
cellular alkalinization (Fig. 9), with no significant change
in AV (Fig. 10). This resulted in a decreased CGamF up-
take by Oatplal-, OATP1B1-, and OATP1B3-expressing
cells (Fig. 8).

We used amiloride to block Na*/H™" exchange and induce
intracellular acidification, which was confirmed by de-
creased amounts of SNARF-4F fluorescence in the cells
(Fig. 9), with no changes in AV (Fig. 10). This reduced
CGamF uptake by Oatplal- and OATP1B3-expressing
cells but had no significant effect on OATP1B1-mediated
CGamF uptake (Fig. 8).

Valinomycin resulted in a significant increase in DilC,(5)
fluorescence, which, considering the cationic nature of the
probe, was interpreted as being due to plasma membrane

hyperpolarization (Fig. 10). This had no effect on CGamF
uptake by Oatplal (Fig. 8) but inhibited that mediated by
OATP1B1 (moderately) and OATP1B3 (markedly) (Fig. 8).

Discussion

The dependence of OATP-mediated transport on pHo has
been investigated previously (Leuthold et al., 2009). The
present study further elucidates this issue with regard to two
important transporters, OATP1B1 and OATP1B3, involved
in the uptake of many endogenous and xenobiotic compounds
by the liver. For comparative purposes, in this study we in-
cluded the well known rat isoform Oatplal. Human NTCP was
also included in electrophysiological studies as a positive control
for an electrogenic bile acid transporter (Weinman, 1997).

Our results suggest that changes in pHo can markedly
affect the transport ability of OATP1B1 and OATP1B3. This
occurs at pHo values close to those present in normal healthy
tissue or in certain pathological environments; that is, at
values markedly higher than those able to affect the physical
characteristics of plasma membrane and hence increase per-
meability in a nonselective manner. At least in oocytes, this
occurred at pHo <4.5 and was accompanied by enhanced
incorporation of mannitol and inulin into these cells.

At pHo >4.5, the pattern of response to changes in pHo
was specific for each transporter but, in each case, similar for
two different substrates: TCA and E,;17B8G. This response

A
A pHi
v pHi
" B
A PHI  pig. 9. Uptake of SNARF-4F by CHO cells expressing
* Hi Oatplal-, OATP1B1-, or OATP1B3. Wild-type CHO (CHO-
PRI K1) cells (A) or CHO cells stably transfected with Oatplal
(B), OATP1B1 (C), or OATP1B3 (D) were incubated in differ-
ent uptake media (5.3 mM KCl, 1.1 mM KH,PO,, 0.8 mM
(o4 MgSO,, 1.8 mM CaCl,, 11 mM glucose, and 50 mM HEPES,
% pH 7.4) with or without 10 pM valinomycin, 1 mM amiloride,
50 uM CCCP, or 10 uM nigericin. In addition, the media
A pHi  contained either 96 mM NaCl, 96 mM KCl, or 96 mM choline.
SNARF-4F uptake was determined after incubating the cells
v pHi at 37°C for 15 min in one of the media mentioned above to
which 2 uM SNARF-4F ester had been added. Results are
expressed as percentages of the SNARF-4F fluorescence of
the cells incubated in NaCl medium alone. Uptake values are
D means = S.D. from at least nine determinations per data
point, obtained using cells from three different cultures. *, p <
* 0.05, compared with the SNARF-4F uptake by controls by the
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was consistent with pH-dependent protonation of certain
domains in these proteins, which has been suggested to affect
their transport activity (Leuthold et al., 2009). The results of
the present study are in part consistent with those findings.
Thus, the OATP1B3-mediated uptake of several compounds,
such as prostaglandin E, and r-thyroxine, into X. laevis
oocytes has been reported to be higher at pHo 6.5 than at pHo
8.0 (Leuthold et al., 2009). In contrast, OATP1B1-mediated
transport was not affected by this change in pHo (Leuthold et
al., 2009). In the present study, by using a broader range of
pHo and carrying out several manipulations, sensitivity of
OATP1B1 to pHo was found. However, the response to pHo

Characteristics of OATP-Mediated Transport 605

acidification was opposite for OATP1B1 (decrease) and
OATP1B3 (increase) activity. The reason for this apparent
controversy may be due in part to the complexity of the
response of these transporters to changes in pHo. Previous
studies have suggested that the OATP1B1-mediated trans-
port of certain compounds, such as E3S, probably involved
the interaction of these substrates with two sites of the
carrier, with high (K, = 0.23 M) and low (K,, = 45 uM)
affinity. However, most of the identified OATP1B1 sub-
strates, such as bile acids and E,;178G, are able to bind only
to the high-affinity site (Noe et al., 2007). These two sites
may have different pHo sensitivities (Leuthold et al., 2009).
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Indeed, in the present study, the effect of changes in pHo on
OATP1B1-mediated transport was clearly different for TCA
and E,17BG compared with E3S. These results partially
agree with those reported by Mahagita et al. (Mahagita et al.,
2007) who also observed a lack of pHo dependence for E3S
transport by OATP1B1 and OATP1B3. In the present study,
the transport of E3S by OATP1B3, but not by OATP1B1, was
found to be sensitive to pHo.

Next, we investigated whether, in addition to the hypoth-
esized pHo-dependent changes in the protein (Leuthold et al.,
2009), the activity of these transporters could also be affected
by changes in the magnitude and direction of the trans-
membrane proton (or inversely directed OH ) fluxes. When
the protonophore CCCP was added to the incubation media of
either oocytes or CHO cells, the response of Oatplal (activa-
tion by pHo acidification) was markedly reduced. This was
probably due to changes in proton flux rather than to voltage-
dependent processes because, as measured in CHO cells at
pHo 7.4, CCCP and nigericin induced intracellular alkalin-
ization without significantly affecting AW. In this experimen-
tal model, all three transporters, Oatplal, OATP1B1, and
OATP1B3, were negatively affected by pHi displacement in
both directions, either acidification or alkalinization. When
valinomycin was added to oocytes or mammalian cells, an
enhanced permeability to K induced by this ionophore was
expected. Consequently, after an initial efflux of K", the
plasma membrane presumably reaches a steady state of de-
creased electric resistance with enhanced difficulty for the
cell to maintain AW, hence causing plasma membrane depo-
larization. This change had no effect on Oatplal-mediated
transport. These results and electrophysiological recordings
of Oatplal-mediated TCA transport further supported the
concept previously suggested by others (Satlin et al., 1997; Li
et al., 1998) that rat Oatplal behaves as an electroneutral
anion exchanger that is sensitive to pHo but unaffected by
changes in AW.

The results of the present study indicate that OATP1B1
shares some of the functional characteristics described pre-
viously for Oatplal (Hagenbuch and Meier, 2003; Briz et al.,
2006) but has its own peculiarities. Thus, in contrast to
Oatplal, the activity of OATP1B1 decreased as pHo became
more acidic. This is consistent with different structural
changes in the protein induced by extracellular acidity.
Moreover, valinomycin inhibited OATP1B1-mediated trans-
port, which suggested that OATP1B1 is sensitive to changes
in AV. Moreover, electrophysiological experiments showed
that substrate transport induced a strong current through
OATP1B1. Compared with the current accompanying TCA
transport through NTCP, the current recorded in oocytes
expressing OATP1B1 and perfused with TCA, E3S, or
E,17BG was of opposite direction. Because NTCP inwardly
transports one anion (bile acid) per two cations (sodium), the
result is a net influx of positive charge. This suggests that an
electrogenic influx of anions (or efflux of cations) accompa-
nies substrate uptake through OATP1B1. The simplest ex-
planation for these results (Fig. 11) is that the influx of
negative charge would be due to transport of the anionic
substrate through OATP1B1. Surprisingly, we have observed
that even in the absence of substrate, and hence of transport
process (basal condition), there exists an influx of Na™
through OATP1B1, which disappears when Na® was re-
placed by choline. These findings, together with the lack of

effect on substrate uptake when Na* was replaced by K*,
and the similarity of the electrogenic effect associated to
substrate transport in the presence of Na™ or choline, are
consistent with the existence of a leakage of Na™ through the
transporter, not coupled to the transport of the substrate
(Fig. 11).

The responses of OATP1B3 were in some cases similar to
those observed for Oatplal (activation by extracellular acid-
ification) and in some cases to OATP1B1 (electrogenicity).
Despite the marked activation of OATP1B3-mediated trans-
port when pHo was acidified, incubation in the presence of a
protonophore had no significant effect (oocytes) or the effect
was lower than that observed for OATP1B1 (CHO cells). This
suggests that transmembrane proton flux and/or changes in
intracellular pH have less effect on OATP1B3 than on
OATP1B1 activity, as was confirmed using CHO cells (Figs.
8 and 9). Nevertheless, probably as a result of conformational
changes (Leuthold et al., 2009), OATP1B3 activity is highly
sensitive to environmental acidity, which may explain previ-
ous controversial results regarding OATP1B3 activation by
glutathione, which were misinterpreted as being due to glu-
tathione itself (Briz et al., 2006). However, OATP1B3 activa-
tion was abolished when glutathione-induced changes in pHo
were controlled (Mahagita et al., 2007). In contrast to the
lower sensitivity of OATP1B3 to proton movements through
the plasma membrane, OATP1B3 is markedly affected by
valinomycin, suggesting that this transporter was very sen-
sitive to changes in AV. Similarly to OATP1B1, OATP1B3-
mediated transport is accompanied of a current across the
plasma membrane, although the magnitude was markedly
lower than those recorded during OATP1B1-mediated trans-
port. As suggested for OATP1B1, the simplest interpretation
of these results would be that both proteins would behave as
electrogenic carrier-mediated diffusion pathways for the up-
take of organic anions (Fig. 11). However, the possibility that
both transporters are anion exchangers with a stoichiometry
X:1, where X =2, cannot be ruled out. An important charac-
teristic of OATP1B3 shared with OATP1B1 but absent in
Oatplal is the existence of a basal leakage of Na™ through
the transporter. This seems to be of markedly higher magni-
tude in OATP1B3 than in OATP1B1.

Other transporters of organic anions, such as the folate
transporter PCFT (SLC46A1), which mediates intestinal fo-
late absorption and folate transport into the cells, also de-
pend on electrogenic mechanisms and are highly dependent
on pHo, being more active at pHo values of approximately 4.5
to 5.5 and very poor at pHo values of approximately =7.0
(Unal et al., 2009). This feature has been considered as being
of particular importance for the delivery of antifolate ana-
logs, such as pemetrexed, within the acidic milieu of solid
tumors (Zhao and Goldman, 2007). Accordingly, because
OATP1B1 and OATP1B3 are able to transport some antineo-
plastic drugs, such as irinotecan and methotrexate, respec-
tively (Abe et al., 2001; Nozawa et al., 2005), it would be
expected that the activation/inactivation of these transport-
ers at acidic pH could affect the uptake of these drugs by
tumor cells.

In conclusion, the results of the present study suggest that
OATP1B1 and OATP1B3 are electrogenic transporters
whose activity may be strongly affected by AW and local pH.
This may determine the efficacy of drug uptake in certain
healthy territories (e.g., the gastrointestinal tract, lung, and
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kidney) and pathological tissues (e.g., the inner region of
many tumors, inflammation foci) where the extracellular pH
is displaced toward acidity from the generally normal value
of 7.2 to 7.4 (Grinstein et al., 1991; Kraus and Wolf, 1996).
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