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Abstract

We investigated the influence of intracellular pH (pHi) on [14C]-glycocholate (GC) uptake by human hepatoblastoma HepG2 cells that

express sodium-independent (mainly OATP-A and OATP-8), but not sodium-dependent, GC transporters. Replacement of extracellular

sodium by choline (Chol) stimulated GC uptake but did not affect GC efflux from loaded cells. Amiloride or NaCl replacement by

tetraethylammonium chloride (TeACl) or sucrose also increased GC uptake. All stimulating circumstances decreased pHi. By contrast,

adding to the medium ammonium or imidazole, which increased pHi, had no effect on GC uptake. In Chinese hamster ovary (CHO) cells

expressing rat Oatp1, acidification of pHi had the opposite effect on GC uptake, that is, this was reduced. Changes in extracellular pH (pHo)

between 7.40 and 7.00 had no effect on GC uptake at pHi 7.30 or 7.45 when pHo < pHi. However, GC uptake was inhibited at pHo 7.40 and

7.80 when pHo>pHi. Inhibition was not proportional to the pHo� pHi difference. Intracellular acidification decreased Vmax, but had no effect

on Km. In sum, sodium-independent GC transport can be affected by intracellular acidification, possibly due both to modifications in the

driving forces and to the particular response to protonation of carrier proteins involved in this process.
D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In mammals, several types of epithelial cells are able to

perform carrier-mediated uptake of bile acids, namely, those

located in organs forming part of the so-called enterohepatic
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circulation, such as hepatocytes, cholangiocytes and ileo-

cytes [1]. The mechanisms involved in such uptake include

sodium-dependent and sodium-independent processes. In

humans, members of the SLC10A gene family (symbols in

italic are from the Human Gene Nomenclature Committee

Data Base), such as sodium-taurocholate cotransporting

polypeptide (NTCP, SLC10A1) and ileal bile acid trans-

porter (IBAT, SLC10A2) are responsible for bile acid uptake

driven by sodium gradients, whereas some members of the

family of organic anion-transporting polypeptides (OATP,

SCL21A) seem to account for most of the sodium-independ-

ent bile acid uptake in different epithelia [1].

In spite of the important and rapid advances made during

the last decade in our knowledge of the molecular biology of

the prolific family of OATPs [2], the mechanisms involved

in their functional regulation under normal and pathological

situations are poorly understood.

Apart from the physiological relevance of these carriers,

they are also of pharmacological interest due to the selective

partial or complete disappearance of sodium-dependent bile
ed.
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acid transport activity in de-differentiated parenchymal liver

cells, which in contrast express OATPs [3–5]. This has

inspired several investigations aimed at using sodium-inde-

pendent bile acid carriers to target cytostatic drugs toward

liver tumors [6]. An explanation for the selective effect of de-

differentiated hepatocytes and the level of expression

between sodium-dependent and -independent bile acid trans-

porters can be found in the ontogenic and phylogenic patterns

of these carriers. Sodium-dependent bile acid carriers prob-

ably appeared late in evolution, as suggested by the fact that

in lower vertebrates, such as the little skate, rainbow trout,

frog, turtle or chicken, orthologues of SLC10A gene have not

been found and hence the uptake of cholephilic organic

anions by hepatocytes in these species must be mediated

only by sodium-independent mechanisms [3,7,8]. Sodium-

independent bile acid uptake also appears earlier in ontogeny.

From studies using basolateral plasma membrane vesicles

from fetal rat liver, functional evidence for sodium-independ-

ent bile acid transport activity preceding that for sodium-

dependent mechanisms has been found [9]. This is consistent

with molecular biology studies reporting that the gene tran-

scription of rat Oatp1(Slc21a1) in the fetal liver precedes that

of Ntcp (Slc10a1) [3,10]. Similarly, the intestinal sodium-

dependent bile acid transport system also appears late in

ontogenic development [11,12].

All the available information suggests that some OATPs

may work as anion exchangers. Glutathione has been

suggested to be the molecule physiologically exchanged,

at least by some of the OATP isoforms [13]. Bicarbonate

may also play a role as an exported anion in exchange with

the organic anions taken up by rat Oatp1 [14], which could

explain in part the sensitivity to changes in pH of cholate

uptake by basolateral plasma membrane vesicles obtained

from rat liver [15]. In addition to the bicarbonate concen-

tration gradient acting as a driving force for some of these

carriers, intracellular pH (pHi) may affect the protonation

state of amino acids belonging to cytoplasmic domains of

the carrier and hence modify their overall behavior. Indeed,

other membrane proteins such as those involved in chloride

channels have recently been found to be sensitive to changes

in pHi, which can profoundly affect trans-epithelial trans-

port physiology [16]. Therefore, we wondered whether pHi

may also be involved in modulating the activity of the

carriers responsible for bile acid uptake by liver cells, which

may have important functional repercussions in pathological

situations in which the control of pHi is impaired.

Many studies have been carried out on HepG2 cell line,

which was derived from a biopsied well-differentiated hep-

atoblastoma obtained by extended lobectomy of a Argenti-

nian 15-year-old Caucasian male [17], because it retains a

number of typical hepatocyte functions, including the ability

to synthesize [18] and take up [4] bile acids. Although such

cells are able to carry out sodium-dependent transport of other

substrates such as amino acids [19], regarding bile acid

transport, they offer an excellent model for the purpose of

the present study, because this process is entirely sodium-
independent. This is due to the absence of NTCP expression

in these cells, whereas they express OATP-A and OATP-8,

but not OATP-C [4,13]. Interestingly, several groups have

reported that bile acid uptake by these cells is enhanced if

sodium is removed from the incubation medium [4,13].

Similar observations by our group prompted us to further

investigate the reason for this finding. Because our prelimi-

nary results had indicated that an effect of changes in pHi on

sodium-independent bile acid uptake seemed to be involved,

the study was extended to evaluate the effect of changes in

pHi on bile acid transport by a different sodium-independent

carrier, rat Oatp1. We used Chinese hamster ovary (CHO)

cells stably transfected with the cDNA of rat Oatp1 as a

representative member of the Oatp family in this species. We

used this model because the uptake of organic solutes by rat

Oatp1 has been reported to be carried out by a mechanism

independent of either ATP hydrolysis or the trans-membrane

gradient of H+, Na+, K+, or Cl� [20,21], which was expected

to simplify the interpretation of our results.
2. Materials and methods

2.1. Chemicals and cells

[14C]-glycocholic acid (GC; specific activity: 56 mCi/

mmol) was from Amersham Pharmacia Biotech (Barcelona,

Spain), [3H]-inulin (specific activity: 304.8 mCi/g) and

[3H]-H2O (specific activity: 1 mCi/g) were from Perkin-

Elmer Life Science (Pacisa and Giralt, Madrid, Spain).

[14C]-5,5-dimethyl-[2-14C],4-oxazolidinedione ([14C]-

DMO; specific activity: 55 mCi/mmol) was from American

Radiolabeled Chemicals Inc. (Itisa, Madrid, Spain). All

other chemicals and culture media were from Sigma-Aldrich

(Madrid, Spain) or Merck Eurolab (Barcelona, Spain).

Human hepatoblastomaHepG2 cells were purchased from

the American Type Culture Collection (Manassas, VA, USA).

These cells (2� 105 cells per 3.5 cm-diameter dishes) were

seeded on rat collagen type II and cultured with F-12 Coon’s

Modification medium supplemented with 26 mM NaHCO3,

5% non-heat-inactivated fetal calf serum and antibiotic cock-

tail (100 U/ml penicillin, 100 Ag/ml streptomycin and 0.25

Ag/ml amphotericin B). They were used after 2 days in

culture, before confluence was reached. CHO cells, either

the wild-type (CHO-K1) or stably transfected with the cDNA

of rat Slc21a1 or Oatp1 (CHO 0-3) [22], were generously

donated by Drs. Bruno Hagenbuch, Bruno Stieger and Peter

Meier (University of Zurich, Switzerland). They were seeded

(4� 105 cells per 3.5 cm-diameter dish) in the absence of rat

collagen and were cultured in DMEM (10 g/l) supplemented

with 10% fetal calf serum, 10 mM NaHCO3, 2 mM L-

glutamine, 0.43 mM L-proline and antibiotic cocktail. They

were used after 3 days in culture, before confluence was

reached. CHO 0-3 culture medium also contained 400 Ag/ml

geneticin (G418) (Roche, Barcelona, Spain). Expression of

rat Oatp1 in CHO 0-3 cells was enhanced, as previously



Fig. 1. (A) Time-course of [14C]-glycocholic acid (GC) uptake by HepG2

cells over 60 min. After removal of the culture medium, the cells were

equilibrated at 37 jC for 60 min with NaCl-medium (96 mM NaCl, 5.3 mM

KCl, 1.1 mM KH2PO4, 0.8 mM MgSO4, 1.8 mM CaCl2, 11 mM glucose,

50 mM Hepes, pH 7.40). Uptake experiments began with the replacement

of this medium by another similar one or one in which 96 mM NaCl had

been replaced by 96 mM cholineCl (CholCl-medium). In both cases, the

medium contained 10 AM GC. Incubations were carried out at 4 or 37 jC.
(B) Subsequent GC efflux after loading the cells at 37 jC for 60 min and

being transferred to GC-free media. Each data point is the meanF S.E.

from 12 plates corresponding to four cultures in which measurements were

performed on three plates per experimental condition and incubation time.

*, P < 0.05, on comparing 37 jC to 4 jC; y, P < 0.05, on comparing CholCl

to NaCl by the paired t-test.
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reported [23], by adding 5 mM sodium butyrate to culture

medium 24 h before carrying out the experiments.

2.2. Quantitative real-time RT-PCR

The abundance of mRNA corresponding to the human

liver transporters OATP-A, OATP-C and OATP-8 was

determined by real-time quantitative RT-PCR in total RNA

from HepG2 cells. In brief, total RNA (f 30 Ag) was

isolated from f 6� 106 HepG2 cells using RNAeasy spin

columns (Qiagen, Izasa, Barcelona, Spain), treated with

DNase I (Roche), measured using the Ribo-Green RNA-

Quantitation kit (Molecular Probes, Leiden, The Nether-

lands), and subjected to reverse transcription using random

nonamers and the Superscript II kit (Invitrogen, Madrid,

Spain). PCR was performed using Amplitaq Gold polymer-

ase (Perkin-Elmer Applied Biosystems, Madrid, Spain) in

an ABI Prism 5700 Sequence Detection System (Perkin-

Elmer Applied Biosystems) with the following thermal

conditions: a single cycle at 95 jC for 10 min followed

by 50 cycles at 95 jC for 15 s and 60 jC for 60 s. Primer

oligonucleotides obtained from Sigma-Genosys were

designed with the assistance of Primer Express software

(Perkin-Elmer Applied Biosystems) for cDNA fragments in

described sequences, and their specificity was checked

using BLAST (Table 1). Detection was carried out using

SYBR Green I. Non-specific products of PCR, as detected

by 2.5% agarose gel electrophoresis or melting temperature

curves, were not found in any case. DNA used in building

standard curves was previously obtained by RT-PCR from

human liver (Invitrogen), purified by 2.5% agarose gel

electrophoresis, extracted and its amount determined by

PicoGreen test (Molecular Probes). Results of mRNA abun-

dance for each target gene in each sample were normalized

on the basis of its 18S rRNA content, which was measured

with the TaqManR Ribosomal RNA Control Reagents kit

(Perkin-Elmer Applied Biosystems, Madrid, Spain).

2.3. Experimental conditions

Before using the cells to determine GC uptake or pHi, they

were transferred to an equilibration medium, EM (96 mM

NaCl, 5.3 mM KCl, 1.1 mM KH2PO4, 0.8 mM MgSO4, 1.8

mM CaCl2, 11 mM glucose, 50 mMHepes, pH 7.40 adjusted

using 1M TrizmaR base and 1 N HCl), with which they were

incubated at 37 jC for 60 min. To investigate the effect of the
Table 1

Quantitative real-time RT-PCR

Forward primer (5V–3V) Reve

OATP-A AAGACCAACGCAGGATCCAT GAG

OATP-C GAATGCCCAAGAGATGATGCTT AAT

OATP-8 GTCCAGTCATTGGCTTTGCA CAA

Values are meansF S.D. from determinations carried out in triplicate on total RN

rRNA in each sample was used to normalize the results.
absence of sodium in the incubation medium, NaCl was

replaced by equiosmolar amounts of choline chloride

(CholCl-medium), tetraethylammonium chloride (TeACl-

medium) or sucrose. Several strategies were used to modify
rse primer (5V–3V) mRNA level (copies/1011

copies of 18S rRNA)

TTTCACCCATTCCACGTACA 748F 52

GCCTGCCAGCGACGAGTATA 3.3F 1.2

CCCAACGAGAGTCCTTAGG 7081F 295

A obtained from three different cultures of HepG2 cells. The level of 18S



Fig. 2. Effect of sodium replacement on [14C]-glycocholic acid (GC) uptake

by HepG2 cells. After removal of the culture medium, the cells were

equilibrated at 37 jC for 60 min with NaCl-medium (96 mM NaCl, 5.3 mM

KCl, 1.1 mM KH2PO4, 0.8 mM MgSO4, 1.8 mM CaCl2, 11 mM glucose,

50 mM Hepes, pH 7.40). Uptake experiments began with the replacement

of this medium by another similar one or one in which 96 mM NaCl had

been replaced by 96 mM cholineCl (CholCl-medium), 96 mM tetraethy-

lammonium chloride (TeACl-medium), or 192 mM sucrose (sucrose-

medium). In all cases, the medium contained 10 AM GC. Incubations were

carried out for 15 min at either 4 or 37 jC. Each data point is the

meanF S.E. of 12 plates corresponding to four cultures in which

measurements were performed on three plates per experimental condition

and incubation time. *, P < 0.05, on comparing 37 jC to 4 jC; y, P < 0.05,

as compared to NaCl-medium by the paired t-test.

Fig. 3. Change in intracellular pH induced by modification of the incubation

medium as compared with the NaCl-medium (A) and effect on [14C]-glyco-

cholic acid (GC) uptake by HepG2 cells (B). After removal of the culture

medium, the cells were equilibrated at 37 jC for 60 min with NaCl-medium

(96 mM NaCl, 5.3 mM KCl, 1.1 mM KH2PO4, 0.8 mM MgSO4, 1.8 mM

CaCl2, 11 mM glucose, 50 mM Hepes, pH 7.40). Uptake experiments began

with the replacement of this medium by another similar one or one in which

96 mM NaCl had been replaced completely by 96 mM cholineCl (CholCl-

medium), or partially by 1 mM amiloride (Am), 30 mM ammonium chloride

(NH4Cl) or 15 mM imidazole (Im). In all cases, the medium contained either

10 AM GC (uptake measurements) or 1 mM [14C]-dimethyloxazolidine

dione (DMO) plus [3H]-H2O (pHi experiments). Incubations were carried

out for 15 min at 37 jC. Each data point is the meanF S.E. of 12 plates

corresponding to four cultures in which measurements were performed on

three plates per experimental condition and incubation time. *, P< 0.05, as

compared to the NaCl-medium by the paired t-test.
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pHi. Amiloride (1 mM) was added to acidify pHi by blocking

H+:Na+ exchange. In other experiments, 96 mM NaCl in the

incubation medium was partially replaced by 30 mM ammo-

nium chloride (NH4Cl) or 15 mM imidazole (Im). To study

the effect of DpHi of different magnitudes and directions,

both pHi (by including amiloride in NaCl-containing

medium) and pHo (by adjusting the pH of the incubation

mediumwith 1mMTrizmaR base or 1 NHCl) were changed.

2.4. Glycocholic acid uptake and efflux

Uptake experiments began with the replacement of EM

by a similar one or by another in which some of the

variations described above had been included, although

always containing 10 AM GC, except in kinetic studies, in

which GC concentrations ranged from 5 to 200 AM. In

efflux studies, the cells were incubated in the presence of 10

AM GC for 60 min and then transferred to GC-free EM.

Once the incubation period had finished either in the uptake

or efflux studies, the assay medium was removed by

aspiration and the cells were rapidly washed four times with

1.5 ml ice-cold EM. To measure radioactivity and protein,

the cells were lysed with 1 ml Lowry medium (100 mM

NaOH and 189 mM Na2CO3) for at least 2 h at room

temperature. In some experiments, the amount of extracel-

lular incubation medium that remained adhering to the cells

and culture dish after the washing procedure was calculated

using [3H]-inulin as a marker for extracellular water space
[24]. Because in all experimental conditions used in this

study the amount of GC due to contamination of cells with

the incubation medium was < 1%, this value was not taken

into account in further calculations.

2.5. Intracellular pH measurements

To determine pHi, the method based on the intracellular/

extracellular equilibrium distribution of [14C]-DMO [25] was

used as previously described [26]. This method was chosen

because of its similarity with the experimental conditions

used in uptake experiments. Both 1 mM [14C]-DMO 7� 105

dpm/ml and 14� 105 dpm/ml [3H]-H2O were included in the
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medium 15 min before cell harvesting. At the end of the

incubation period, the medium was rapidly collected to

measure pHo, using a microprobe, and to determine radio-

activity in the incubation medium. The cells were washed and

digested as described above for uptake experiments.

2.6. Analytical and statistical methods

Radioactivity was measured by liquid scintillation (Beck-

man LS-6000, Beckman Instruments, Madrid, Spain) using 4

ml of Universol as scintillant from ICN (Biolink, Barcelona,

Spain). Bovine serum albumin was used as standard to

measure proteins [27]. Results are expressed as meansF S.E.

S.E. To calculate the statistical significance of the differences,

the paired t-test was used. For the sake of clarity, only a

significance level of P < 0.05 is indicated. The kinetic param-

eters for [14C]-GC uptake were calculated after fitting the data

with an iterative non-linear least-squares method, using the

UltraFit-v2.1 software provided by Biosoft (Cambridge, UK)

to theMichaelis–Menten equation for a single carrier system:

V=(VmaxS)/(Km + S), where V is the initial velocity of uptake;

S is the value of the substrate concentration in the incubation

medium; Km is the apparent affinity constant or Michaelis–

Menten constant; and Vmax is the maximal transport velocity.
Fig. 5. Change in intracellular pH induced by a modification of the

incubation medium as compared to NaCl-medium (A) and effect on [14C]-

glycocholic acid (GC) uptake by wild-type or rat-Oatp1-expressing CHO

cells (B). After removal of the culture medium, the cells were equilibrated

at 37 jC for 60 min with NaCl-medium (96 mM NaCl, 5.3 mM KCl, 1.1
3. Results

3.1. Studies on HepG2 cells

As compared to normal human liver, the steady-state

level of mRNA for all the OATPs assayed was markedly
Fig. 4. Time-course of [14C]-glycocholic acid (GC) uptake by wild-type or

rat-Oatp1-expressing CHO cells. After removal of the culture medium, the

cells were equilibrated at 37 jC for 60 min with NaCl-medium (96 mM

NaCl, 5.3 mM KCl, 1.1 mM KH2PO4, 0.8 mM MgSO4, 1.8 mM CaCl2, 11

mM glucose, 50 mM Hepes, pH 7.40). Uptake experiments began with the

replacement of this medium by another similar one containing 10 AM GC.

Incubations were carried out at 4 or 37 jC. Each data point is the

meanF S.E. from 12 plates corresponding to four cultures in which

measurements were performed on three plates per experimental condition

and incubation time. *, P < 0.05, on comparing 37 jC to 4 jC; y, P< 0.05,

on comparing wild-type to rat-Oatp1-expressing cells by the paired t-test.

mM KH2PO4, 0.8 mM MgSO4, 1.8 mM CaCl2, 11 mM glucose, 50 mM

Hepes, pH 7.40). Uptake experiments began with the replacement of this

medium by another similar one or one in which 96 mM NaCl had been

replaced completely by 96 mM cholineCl (CholCl-medium), or partially by

1 mM amiloride (Am), 30 mM ammonium chloride (NH4Cl) or 15 mM

imidazole (Im). In all cases, the medium contained either 10 AM GC

(uptake measurements) or 1 mM [14C]-dimethyloxazolidine dione (DMO)

plus [3H]-H2O (pHi experiments). Incubations were carried out for 15 min

at 37 jC. Each data point is the meanF S.E. of 12 plates corresponding to

four cultures in which measurements were performed on three plates per

experimental condition and incubation time. *, P< 0.05, as compared to

NaCl-medium; y, P < 0.05, on comparing wild-type to rat-Oatp1-expressing

cells by the paired t-test.
reduced in HepG2. When this was expressed as the per-

centage of the hepatic level, these values were approxi-

mately 0.17% for OATP-A, 0.00002% for OATP-C and

0.012% for OATP-8. Absolute determination of mRNA

levels for these carriers in HepG2 cells (Table 1) indicated

that OATP-C was almost absent, whereas OATP-8 was

approximately 10-fold more abundant than OATP-A.

Because both carriers are believed to transport bile acids

[2], although not in all expression systems [28], they were

considered as the main candidates accounting for GC uptake

by these cells. This is consistent with the fact that this

process was temperature-sensitive and not stimulated by



Fig. 6. Effect of change in intracellular pH (pHi) on the rate of uptake (V) of [14C]-glycocholic acid (GC) by rat-Oatp1-expressing CHO cells versus substrate

concentrations (S). After removal of the culture medium, the cells were equilibrated at 37 jC for 60 min with NaCl-medium (96 mM NaCl, 5.3 mM KCl, 1.1

mM KH2PO4, 0.8 mM MgSO4, 1.8 mM CaCl2, 11 mM glucose, 50 mM Hepes, pH 7.40). Intracellular pH was not modified (pHi = 7.44F 0.04; i.e.

approximately 7.45) or was reduced (pHi = 7.32F 0.03; i.e. approximately 7.30) by the addition of 1 mM amiloride (Am) 15 min immediately before the

uptake period. This began with the replacement of the incubation medium by another similar one containing 5–200 AM GC (uptake measurements).

Incubations were carried out for 60 s at 37 jC. To measure pHi, in separate plates, 1 mM [14C]-dimethyloxazolidine dione (DMO) plus [3H]-H2O (pHi

experiments) were added at min 45 of the equilibration period. Each data point is the meanF S.E. of 12 plates corresponding to four cultures in which

measurements were performed on three plates per experimental condition and incubation time. *, P < 0.05, on comparing uptake values at pHi = 7.45 and at

pHi = 7.30, by the paired t-test. Values are also plotted in the right panels as S/V versus S and V/S versus V.

Table 2

Effect of pHi on kinetic parameters

pHi 7.45 7.30 P

Vmax (pmol/60 s/mg protein) 294F 15 182F 5 < 0.05

Km (AM) 81F11 86F 14 n.s.

Intrinsic transport activity (Vmax/Km) 2.8 2.1

Kinetic parameters (F S.D.) were determined from the plots shown in Fig.

6. GC uptake by CHO cells expressing rat Oatp1 was measured after 60 s

incubation with GC concentrations ranging from 5 to 200 AM in the

absence of amiloride (expected pHi approximately 7.45) or in the presence

of 1 mM amiloride (expected pHi approximately 7.30).
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extracellular sodium (Fig. 1A). By contrast, the replace-

ment of sodium by Chol significantly enhanced GC uptake

at 37 jC, but not at 4 jC. GC efflux from previously

loaded cells was also sensitive to temperature but was

unaffected by sodium replacement (Fig. 1B). To investigate

whether the presence of Chol or the absence of sodium was

responsible for the observed stimulation in GC uptake, these

were replaced by another cation—TeA—or by a neutral

compound—sucrose—(Fig. 2). In both cases, GC uptake

was higher (more with TeA than with sucrose) than in the

presence of sodium. When pHi was measured, replacement

of sodium by Chol was found to induce a relative intra-

cellular acidification (Fig. 3A). Blockade of Na+:H+

exchange by incubation with amiloride [29] also induced

both a decrease in pHi (Fig. 3A) and enhanced GC uptake

(Fig. 3B). Imitating other studies in different systems, pHi

manipulation was attempted by partially replacing sodium

either by NH4
+ [30] or by imidazole [31]. In HepG2 cells,

these manoeuvres caused a significant increase in pHi (Fig.

3A), but did not markedly affect GC uptake (Fig. 3B).

3.2. Studies on CHO cells expressing rat Oatp1

Wild-type CHO cells were not able to carry out efficient

GC uptake. In contrast, a marked temperature-sensitive GC

uptake by CHO cells expressing rat Oatp1 was observed (Fig.

4). Manipulations similar to those performed on HepG2 cells

resulted in effects on pHi that were similar in wild-type and

rat Oatp1-expressing cells. However, in some cases, these

changes as well as those induced in GC uptake were very

different to those observed in HepG2 cells (Fig. 5). Thus, the

replacement of sodium by Chol induced an acidification of

pHi (Fig. 5A) but this change was accompanied by a

reduction in GC uptake (Fig. 5B). Similarly to what happened
in HepG2 cells, amiloride also induced a significant decrease

in pHi (Fig. 5A), but instead of enhancing GC uptake, this

change in pHi was accompanied in Oatp1-expressing cells by

a reduction in GC uptake (Fig. 5B). Partial replacement of

sodium by either NH4
+ or imidazole induced an acidification

instead of an alkalinization of pHi (Fig. 5A). In agreement

with the other manipulations that lowered pHi in these cells,

this was also accompanied by an inhibition in GC uptake

(Fig. 5B). The low amount of GC taken up by wild-type CHO

cells was not significantly affected by any of the experimental

circumstances described above (Fig. 5B). The study of GC

uptake versus substrate concentrations also pointed to an

inhibition when pHi was reduced from 7.45 to 7.30 while

pHo remained at pH 7.40 (Fig. 6). The kinetic parameters

obtained from fitting these results to a Michaelis–Menten

equation revealed that those obtained in untreated cells were

of the same order as those reported for this substrate by the

authors who originally prepared these transfected cells [22].

In cells with relative intracellular acidification, a decrease

in the value of the maximal velocity of transport (Vmax),

together with the absence of a significant change in the

apparent affinity constant (Km), were found (Table 2).



Fig. 7. Effect of extracellular (pHo) and intracellular pH (pHi) on [14C]-

glycocholic acid (GC) uptake by rat-Oatp1-expressing CHO cells. After

removal of the culture medium, the cells were equilibrated at 37 jC for 60

min with NaCl-medium (96 mM NaCl, 5.3 mM KCl, 1.1 mM KH2PO4, 0.8

mM MgSO4, 1.8 mM CaCl2, 11 mM glucose, 50 mM Hepes, pH 7.40).

Intracellular pH was not modified (pHi = 7.46F 0.03; i.e. approximately

7.45) or was reduced (pHi = 7.31F 0.02; i.e. approximately 7.30) by the

addition of 1 mM amiloride 15 min immediately before uptake period. This

began with the replacement of the incubation medium by another similar

one in which pH had been adjusted to the indicated value. In all cases, the

medium contained 10 AM GC (uptake measurements). Incubations were

carried out for 90 s at 37 jC. To measure pHi, in separate plates, 1 mM

[14C]-dimethyloxazolidine dione plus [3H]-H2O (pHi experiments) were

added at min 45 of the equilibration period. Each data point is the

meanF S.E. of 12 plates corresponding to four cultures in which

measurements were performed on three plates per experimental condition

and incubation time. *, P< 0.05, on comparing uptake values at pHo= 7.40

and at pHi = 7.45 by the paired t-test.
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These changes, characteristic of non-competitive inhibition,

led to a reduction in the efficiency of GC uptake or

intrinsic transport activity, defined as the Vmax/Km.

To evaluate the effect of changes in the magnitude and

direction of the proton gradient between the inside and

outside of the cells, both pHi and pHo were altered. When

pHi>pHo, regardless of the magnitude of the gradient, no

effect on GC uptake was observed either at normal or

decreased pHi (Fig. 7). When pHi < pHo, however, GC

uptake was impaired, even when pHi was not lower than

normal. No relationship between the reduction in GC uptake

and the magnitude of the difference between pHi and pHo

was observed (Fig. 7).
4. Discussion

When sodium-dependent mechanisms are involved in

bile acid uptake, removal of sodium from the medium is

expected to inhibit this process. However, a striking finding

seen in the present study, that has also previously been

observed by others [4,13], was the enhancement in GC

uptake by HepG2 cells when sodium was replaced by Chol

in the incubation medium. The amount of GC found in

HepG2 cells at the end of the incubation period was the
result of the net balance between uptake and efflux. Our

results indicate that sodium substitution has no effect on GC

efflux from previously loaded cells, which suggests that the

accumulation of GC in these cells must be due to variations

in the uptake mechanism. Therefore, in the ensuing dis-

cussion, we shall assume that manipulations to the compo-

sition of the incubation medium have no effect on GC

export activity.

The fact that an enhanced GC uptake was also seen when

different cations were used to replace sodium or even when

a neutral sugar was used to adjust osmolarity after the

removal of NaCl, indicates that stimulation was induced

by the absence of sodium. Because all the circumstances

found to stimulate GC uptake were accompanied by intra-

cellular acidification, a relationship between both changes

was suspected. Replacement of sodium by Chol or adding

amiloride to the incubation medium of hepatoma cells have

been shown to inhibit the Na+/H+ exchanger that normally

prevents cellular acidification [32]. In rat hepatocytes, in

which a situation of coexisting sodium-dependent and

sodium-independent carriers hinders interpretation of the

results, a pH-driven uptake of cholic acid has been reported

[33]. Accordingly, a decreased pHi is expected to inhibit

bile acid uptake by these cells. Indeed, previous studies have

reported an inhibition of bile acid uptake by isolated rat

hepatocytes [34] and perfused rat liver [35] when they were

incubated with amiloride. Because sodium-dependent up-

take is the predominant mechanism in these systems, the

authors explained their results in terms of an amiloride-

induced reduction in the transmembrane sodium gradient

rather than as being due to the intracellular acidification. In

any case, we observed the opposite phenomenon in HepG2

cells: that is, intracellular acidification resulted in enhanced

GC uptake. This does not support a role for a pH-driven

transport of GC in these cells.

Protonated forms of bile acids are expected to be more

readily diffusible across the plasma membrane. This is in

agreement with the findings of a pH gradient-driven cholate

uptake by plasma membrane vesicles, which was interpreted

as being due to non-ionic diffusion [36]. However, the pKaV
value for GC is lower (c 4) than that of cholic acid (c 5)

[37]. This means that at all pH values considered in the

present study, GC was almost completely ionized. Hence,

under these circumstances, it is unlikely that non-ionic

diffusion may be involved in GC uptake by the cells.

If GC uptake were mediated by hydroxyl exchange, it

could be speculated that a decrease in pHi would reduce the

magnitude of the driving force required to energize GC

transport and would therefore inhibit uptake. However,

exactly the opposite occurred in HepG2 cells.

Thus, our results do not fully support any of the hypoth-

eses discussed above. However, one explanation consistent

with the results obtained in HepG2 cells is that there may be

pHi-dependent mechanisms that directly or indirectly affect

the function of sodium-independent bile acid carriers. One

of these mechanisms could be the induction of changes in
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the protonation state of the cytoplasmic domains of these

transporters. This would explain why the repercussions in

overall transport function may differ among the different

carrier types that mediate sodium-independent GC uptake.

The results obtained in CHO 0-3 cells are also in agree-

ment with the hypothesis of intracellular acidification-

induced changes in sodium-independent bile acid transport,

although some of the findings are also compatible with a

reduction in the energy that would be necessary for GC

uptake if this were mediated by a GC:OH� exchange.

Although organic anion transport by rat Oatp1 is believed

to be sodium-independent, removal of this cation induced an

inhibition in bile acid uptake by CHO 0-3 cells. Similar

results have been reported by other authors who used either

transiently expressed rat Oatp1 in HeLa cells [38] or

Xenopus laevis oocytes injected with the cRNA of rat Oatp1

[20]. Moreover, bromosulfophthalein uptake by HeLa cells

transfected with rat Oatp1 cDNAwas sensitive to changes in

the pH of the extracellular medium. This has lead to the

suggestion that rat Oatp1 may function as an organic anion/

OH� exchanger or, alternatively, that this carrier contains

sites that can be modified by H+ [38]. In the present study,

the intracellular acidification of CHO 0-3 cells was

achieved, even by manoeuvres that caused alkalinization

in HepG2 cells, probably due to the existence of differences

in the mechanisms accounting for pHi homeostasis in both

types of cells. In both cell lines, the values of pHi under

control conditions are higher than in rat hepatocytes in

primary culture [39]. This is probably related to the

enhanced activity of the sodium/H+ exchanger in proliferat-

ing cells [40,41]. Here, in all circumstances in which pHi

was decreased, an inhibition in GC uptake was found. This

is consistent with a reduction in the intracellular concen-

trations of OH� able to energize an anion exchanger.

Moreover, kinetic studies revealed that the acidification

of pHi elicited a reduction in Vmax, with no marked effect on

the apparent Km. This is compatible with a lower trans-

location rate, due either to a reduced source of energy or to

pHi-induced modifications in the carrier itself. If the first

possibility were the predominant cause of the inhibition in

GC uptake by CHO 0-3 cells, it could be expected that by

increasing the magnitude of the gradient in the opposite

direction, GC uptake would be augmented. However, when

pHo was lowered below pHi, GC uptake was not affected,

although when pHi decreased below pHo, GC uptake was

decreased, but not in a manner proportional to the magni-

tude of the trans-membrane pH gradient.

In sum, our results indicate that intracellular acidification

triggers changes in mechanisms accounting for sodium-

independent bile acids transport. The possibilities of pHi-

associated changes in carrier expression at midterm and that

the modification of GC transport in response to intracellular

acidification might be somehow cell-type specific cannot be

ruled out. However, the most probable explanation for the

direct effect of changes in pHi is the modification of the

protonation state of intracellular domains of membrane
proteins. This would result in either the stimulation or the

inhibition of sodium-independent GC uptake, depending on

the identity and nature of the carrier. The exact response of

individual carriers OATP-A and OATP-8, as well as OATP-

C and other members of this family of transporters to

changes in pHi deserves to be investigated further, because

these changes may have important implications in patho-

physiological circumstances in which the control of pHi is

impaired in liver cells and other tissues in which these

carriers play a role in the transport of bile acids as well as of

other endogenous and xenobiotic organic compounds.
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