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Background: Little is known about the effect of hyperosmotic hepatocyte shrinkage on Na�-taurocholate cotransporting
polypeptide (Ntcp) regulation.
Results: Hyperosmolarity induces a Fyn-dependent retrieval of Ntcp, which is reversed by tauroursodeoxycholate via a �1-in-
tegrin-mediated formation of cAMP.
Conclusion: Fyn and �1-integrins are novel regulators of Ntcp localization.
Significance: The study provides new insights into the regulation of bile salt transport.

In perfused rat liver, hepatocyte shrinkage induces a Fyn-de-
pendent retrieval of the bile salt export pump (Bsep) and multi-
drug resistance-associated protein 2 (Mrp2) from the canalicu-
lar membrane (Cantore, M., Reinehr, R., Sommerfeld, A.,
Becker, M., and Häussinger, D. (2011) J. Biol. Chem. 286,
45014 – 45029) leading to cholestasis. However little is known
about the effects of hyperosmolarity on short term regulation of
the Na�-taurocholate cotransporting polypeptide (Ntcp), the
major bile salt uptake system at the sinusoidal membrane of
hepatocytes. The aim of this study was to analyze hyperosmotic
Ntcp regulation and the underlying signaling events. Hyperos-
molarity induced a significant retrieval of Ntcp from the baso-
lateralmembrane,whichwasaccompaniedbyanactivatingphos-
phorylation of the Src kinases Fyn and Yes but not of c-Src.
Hyperosmotic internalization of Ntcp was sensitive to SU6656
and PP-2, suggesting that Fyn mediates Ntcp retrieval from the
basolateral membrane. Hyperosmotic internalization of Ntcp
was also found in livers from wild-type mice but not in p47phox

knock-out mice. Tauroursodeoxycholate (TUDC) and cAMP
reversed hyperosmolarity-induced Fyn activation and triggered
re-insertion of the hyperosmotically retrieved Ntcp into the
membrane. This was associated with dephosphorylation of the
Ntcp on serine residues. Insertion of Ntcp by TUDC was sensi-
tive to the integrin inhibitory hexapeptide GRGDSP and inhibi-
tion of protein kinase A. TUDC also reversed the hyperosmolar-
ity-induced retrieval of bile salt export pump from the
canalicular membrane. These findings suggest a coordinated
and oxidative stress- and Fyn-dependent retrieval of sinusoidal
and canalicular bile salt transport systems from the correspond-
ing membranes. Ntcp insertion was also identified as a novel

target of �1-integrin-dependent TUDC action, which is fre-
quently used in the treatment of cholestatic liver disease.

Disturbances of transcellular transport of bile acids in hepa-
tocytes can result in the accumulation of potentially toxic bile
acids inside the hepatocyte and can lead to cell damage and liver
dysfunction (2– 6). It is therefore critical that hepatocellular
uptake and secretion of bile acids are coordinately regulated. At
the canalicular membrane, bile salt excretion is mediated by the
bile salt export pump (Bsep)2 (7) and to a lesser extent by the
multidrug resistance-associated protein 2 (Mrp2) (8). The
expression of Bsep and Mrp2 in the canalicular membrane of
the hepatocyte is regulated by oxidative stress (9 –11), lipopo-
lysaccharide (LPS) (12–14), drugs (15, 16), and ambient osmo-
larity (1, 10, 17–19). The cellular hydration state is a dynamic
parameter that can change physiologically within minutes
depending on the ambient osmolarity, nutrient supply, influ-
ence of hormones, and oxidative stress. Alterations in the cel-
lular hydration represent an important mechanism for the met-
abolic control and a messenger linking cell function to
hormonal and environmental alterations. Liver cell hydration
also controls biliary excretion through activation of osmosens-
ing and osmosignaling pathways (20 –22). Hyperosmotic liver
cell shrinkage is cholestatic and induces a Fyn-dependent (1)
retrieval of Bsep (10) and Mrp2 (17) from the canalicular mem-
brane, whereas hypoosmotic cell swelling increases the trans-
port capacity for bile acids in a microtubule- and mitogen-acti-
vated protein kinase (MAPK)-dependent fashion (19, 23, 24).
Choleretic agents, such as cAMP and tauroursodeoxycholate
(TUDC), also stimulate insertion of canalicular transporters
from an intracellular compartment into the membrane via acti-
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vation of phosphatidylinositide 3-kinase (PI3K)/protein kinase
C (PKC)- and MAPK-dependent pathways (19, 25–29).

The Na�-taurocholate cotransporting polypeptide (Ntcp)
(30) is the major uptake system for conjugated bile salts from
the blood into liver parenchymal cells. Loss of Ntcp results in
increased plasma levels of conjugated bile acids, as also con-
firmed by a recent report on human NTCP deficiency (31),
which is clinically characterized by mild hypotonia, growth
retardation, and delayed motor milestones. Functional studies
show that the underlying mutation results in a markedly
reduced uptake activity of taurocholate (TC), which is due to an
absence of the mutant protein in the plasma membrane of the
hepatocyte (31). Recent studies suggest that the cholestatic bile
salt taurolithocholate inhibits hepatic TC uptake and decreases
plasma membrane levels of Ntcp (32). Also, taurochenodeoxy-
cholate (TCDC) inhibits TC uptake at the sinusoidal mem-
brane in a chelerythrine- and cypermethrin-dependent way
(33). Ntcp is a serine/threonine phosphorylated protein (34)
and underlies complex regulation (35). cAMP can induce an
increase in TC uptake by insertion of Ntcp into the plasma
membrane (36) via increases in intracellular Ca2� and subse-
quent activation of protein phosphatase 2B (PP2B) via Ca2�-
calmodulin kinase (35). This is associated with a dephosphory-
lation of Ntcp at Ser-226 (37). Hepatocyte swelling stimulates
rapid Ntcp insertion into the basolateral membrane and
increases TC uptake in hepatocytes (38), but nothing is known
about a regulation of Ntcp by hyperosmotic cell shrinkage and
the hydrophilic nontoxic bile acid TUDC.

The hydrophilic bile acid ursodeoxycholic acid, which in vivo
is rapidly converted to its taurine conjugate TUDC (39), is a
mainstay in the treatment of cholestatic liver disease, such as
primary biliary cirrhosis or intrahepatic cholestasis of preg-
nancy (40 – 44). Intrahepatic cholestasis results in an accumu-
lation of potentially toxic bile acids inside the hepatocyte that
can cause hepatocyte death due to activation of CD95-depen-
dent apoptosis (45, 46). TUDC has potent anticholestatic and
antiapoptotic properties. Experimental and clinical evidence
suggests that at least three mechanisms are responsible for the
hepatoprotective properties of TUDC in cholestatic disorders
(47) as follows: 1) stimulation of hepatobiliary secretion; 2)
cytoprotection of hepatocytes against bile acid-induced apopto-
sis and cytokine-induced injury; and 3) protection of cholangio-
cytes against cytotoxicity of hydrophobic bile acids. We could
recently demonstrate that both the choleretic and antiapopto-
tic effects of TUDC are mediated by an activation of �5�1-in-
tegrins (48, 49). TUDC-induced integrin activation leads to the
formation of cAMP, which triggers inactivation of the CD95
and induction of a MAPK phosphatase (49). The stimulation of
biliary excretion is also triggered via TUDC-induced integrin
activation and subsequent activation of the MAPKs p38MAPK

and ERKs (19, 50). This dual MAPK activation results in a
TUDC-induced stimulation of biliary excretion by rapid target-
ing and insertion of intracellularly stored transport ATPases,
such as Bsep or Mrp2 into the canalicular membrane (25, 29).
However, nothing is known about the effects of TUDC on the
localization of the basolateral Ntcp, the major uptake system
for conjugated bile acids into the hepatocyte. This study shows
that TUDC triggers the insertion of the bile salt transporter

Ntcp into the plasma membrane and that integrins are the sen-
sor for this mechanism. Our study also shows that hyperos-
motic hepatocyte shrinkage triggers an oxidative stress-,
PKC�-, and Fyn-dependent internalization of Ntcp, which is
reversed by TUDC in a �1-integrin- and cAMP-dependent
manner. The findings are not only of interest for the under-
standing of hepatocellular bile acid handling and TUDC action
in liver, but may also be relevant for hepatitis B virus entry into
the hepatocyte, which was recently shown to be mediated by
NTCP (51). Indeed, recent data suggest that interleukin-6
inhibits hepatitis B virus entry into the hepatocyte through
down-regulation of NTCP (52).

Experimental Procedures

Materials—The materials used were purchased as follows:
apocynin, SU6656, PP-2, H-Gly-Arg-Gly-Asp-Ser-Pro-OH
(GRGDSP) and H-Gly-Arg-Ala-Asp-Ser-Pro-OH (GRADSP)
were from Merck-Millipore (Darmstadt, Germany); N-acetyl-
cysteine (NAC), dibutyryl-cAMP (Bt2cAMP) sodium salt, col-
lagenase, insulin, chelerythrine, and TUDC were from Sigma
(Munich, Germany); H89 dihydrochloride, PKC� pseudosub-
strate, penicillin/streptomycin, and Fluoromount-G were from
Tocris/Biozol (Eching, Germany); fetal bovine serum (FBS),
5-(and 6)-chloromethyl-2�,7�-dichlorodihydrofluorescein di-
acetate (CM-H2DCFDA), Lipofectamine 2000, G418 geneticin,
and Dulbecco’s modified Eagle’s medium Nutrimix F-12 were
from Life Technologies, GmbH (Darmstadt, Germany); Gö
6850 (bisindolylmaleimide I) and Gö 6976 were from Enzo Life
Sciences GmbH (Lörrach, Germany); cOmplete-protease
inhibitor mixture tablets and PhosSTOP-phosphatase inhibitor
mixture tablets were from Roche Diagnostics (Mannheim, Ger-
many); and William’s Medium E was from Biochrom (Berlin,
Germany). The Ntcp antibody (K4) (30) and the Bsep antibody
(K24) (53) were the generous gifts from Prof. Dr. B. Stieger
(Kantonsspital Zürich, Switzerland). Antibodies recognizing
Yes (immunoprecipitation) and Fyn (immunoprecipitation)
were from Santa Cruz Biotechnology (Heidelberg, Germany);
zona occludens-1 (ZO-1) and c-Src were from Life Technolo-
gies, GmbH; and against phosphoserine was from Enzo Life
Sciences GmbH (Lörrach, Germany). The antibodies raised
against phospho-Src family Tyr-418 were from Cell Signaling
Technology, Inc. (Danvers, MA); against Na�/K�-ATPase, Yes
(Western blot), Fyn (Western blot), phospho-c-Src, Cy3-con-
jugated donkey anti-rabbit IgG, and FITC-conjugated donkey
anti-mouse IgG were from Merck-Millipore (Darmstadt, Ger-
many); and green fluorescent protein (GFP)-horseradish per-
oxidase was from Miltenyi (Bergisch Gladbach, Germany).
Horseradish peroxidase-conjugated anti-mouse IgG and anti-
rabbit IgG were from Bio-Rad (Munich, Germany) and Dako
(Hamburg, Germany). All other chemicals were from Merck-
Millipore (Darmstadt, Germany) at the highest quality
available.

Liver Perfusion—Livers from male Wistar rats (140 –160 g)
were perfused in a nonrecirculating manner as described pre-
viously (54). As a perfusion medium the bicarbonate-buffered
Krebs-Henseleit saline plus L-lactate (2.1 mmol/liter) and pyru-
vate (0.3 mmol/liter) gassed with 5% CO2 and 95% O2 at 37 °C
was used (305 mosmol/liter, normo-osmotic). Hyperosmotic

Regulation of Ntcp Trafficking in the Liver

24238 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 40 • OCTOBER 2, 2015



(385 mosmol/liter) perfusion was performed by raising the
NaCl concentration in the medium. Addition of inhibitors,
Bt2cAMP and TUDC to the influent perfusate was made by
dissolution into the Krebs-Henseleit buffer. Viability of the per-
fused livers was assessed by measuring lactate dehydrogenase
leakage into the perfusate. The portal pressure, the effluent K�

concentration, and pH were continuously monitored. Livers
from male control mice (wild type, 8 –10 weeks; on C57BL/6
background) or p47phox knock-out mice (8 –10 weeks, C57BL/
6J-Ncf1m1J/J, The Jackson Laboratory) were perfused in an
adapted version.

Preparation and Culture of Primary Rat Hepatocytes—Hepa-
tocytes were isolated from livers of male Wistar rats (160 –180
g) by a collagenase perfusion technique in an adapted version as
described previously (55). Animals were fed ad libitum with a
standard diet. Aliquots of rat hepatocytes were plated on colla-
gen-coated culture plates and maintained in bicarbonate-buff-
ered Krebs-Henseleit medium (115 mmol/liter NaCl, 25 mmol/
liter NaHCO3, 5.9 mmol/liter KCl, 1.18 mmol/liter MgCl2, 1.23
mmol/liter NaH2PO4, 1.2 mmol/liter Na2SO4, 1.25 mmol/liter
CaCl2), supplemented with 6 mmol/liter glucose in a humidi-
fied atmosphere of 5% CO2 and 95% air at 37 °C. After 2 h, the
medium was removed, and the cells were washed twice. Subse-
quently, the culture was continued for 24 h in William’s
Medium E, supplemented with 2 mmol/liter glutamine, 100
nmol/liter insulin, 100 units/ml penicillin, 0.1 mg/ml strepto-
mycin, 100 nmol/liter dexamethasone, and 5% FBS. After 24 h,
experimental treatments were performed using William’s
Medium E that contained 2 mmol/liter glutamine and 100
nmol/liter dexamethasone. The viability of hepatocytes was
more than 95% as assessed by trypan blue exclusion. To allow
comparisons with previous studies, in these cell culture exper-
iments hyperosmolarity of 405 mosmol/liter was used, whereas
in rat liver perfusions we used 385 mosmol/liter.

Generation of Stably Expressing FLAG-Ntcp-EGFP, Transfec-
tion, Culture, and Immunoprecipitation—The FLAG-Ntcp-
EGFP plasmid was cloned as described previously (56). HepG2
cells (ATCC, Manassas, VA) were cultured in Dulbecco’s mod-
ified Eagle’s medium Nutrimix F-12 supplemented with 10%
FBS. FLAG-Ntcp-EGFP was transfected into HepG2 cells using

Lipofectamine 2000 according to the manufacturer’s guide-
lines. Stable clones were selected by 0.5% G418 geneticin.
HepG2 cells stably expressing FLAG-Ntcp-EGFP were cul-
tured until subconfluence, stimulated, and lysed for direct iso-
lation of the GFP-tagged Ntcp using �MACS GFP isolation kit
(Miltenyi, Bergisch Gladbach, Germany).

Immunofluorescence Staining—Cryo-sections of liver sam-
ples (7 �m) were fixed in methanol (2 min, �20 °C) and blocked
with FBS (5% (w/v), 30 min, room temperature). Then, the liver
sections were incubated with the primary antibodies against
Ntcp (1:200) and Na�/K�-ATPase (1:200) or Bsep (1:200) and
ZO-1 (1:500) (overnight, 4 °C), washed three times, and stained
with an anti-mouse FITC and an anti-rabbit Cy3-conjugated
antibody (1:500 in PBS, 2 h, room temperature, respectively).
Following immunofluorescence staining, samples were covered
with Fluoromount-G reagent and visualized by confocal laser
scanning microscopy (LSM) using LSM510 META or by super
resolution structured illumination microscopy (SR-SIM) using
the ELYRA microscope (Zeiss, Oberkochen, Germany).

Densitometric Fluorescence Intensity Analysis—Cryosections
of perfused rat liver for the analysis at the basolateral mem-
brane were stained for Ntcp and for Na�/K�-ATPase (plasma
membrane marker protein). For negative controls, primary
antibodies were omitted in each experiment. Na�/K�-ATPase
profiles were selected according to apparent integrity and com-
parability. Acceptable Na�/K�-ATPase intensity profiles have
a sufficiently high peak of fluorescence in the central part (cor-
responding to the basolateral membrane) and a low intracellu-
lar fluorescence. For analysis of the canalicular membrane,
cryosections were stained for Bsep and the tight junction pro-
tein ZO-1, which forms the sealing border between canalicular
and sinusoidal membrane. Apparent integrity and comparabil-
ity of the canaliculi was assumed when the bordering tight junc-
tion lines (detected by the immunostained ZO-1) were intact,
run in parallel, and showed a width of 1.12 to 1.82 �m. Densi-
tometric analysis was performed as described previously (10,
17). For analysis of digitalized microscopic pictures of the
membranes, the software Image-Pro Plus (Media Cybernetics,
Rockville, MD) was used. The profile of the fluorescence inten-
sity was measured over a thick line at a right angle to the mem-

FIGURE 1. Quantification of Ntcp and Na�/K�-ATPase distribution by fluorescence densitometry. Cryosections from perfused rat liver were immunostained for
Ntcp and Na�/K�-ATPase, and fluorescence pictures were recorded by confocal LSM. The profile of the fluorescence intensity was measured over a thick line (8 �m)
perpendicular to the plasma membrane of adjacent hepatocytes. The mean fluorescence intensity of each pixel along this line was calculated by Image-Pro Plus, and
the obtained data (pixel positions with the associated pixel intensities, red and green channel) were transferred to an MS-Excel data sheet and plotted. The ordinate
shows the normalized intensity of Na�/K�-ATPase staining depending on the distance (micrometers) from the center of the basolateral membrane (set as 0) and the
normalized intensity of Ntcp-bound fluorescence. The means � S.E. of 30 measurements in each of three individual experiments are shown.
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brane. The length of the line was always 8 �m. The mean fluo-
rescence intensity to each pixel over the line perpendicular to
the length was calculated by Image-Pro Plus. The obtained data
(pixel positions with the associated pixel intensities, red and
green channel) were transferred to an Excel data sheet
(Microsoft Excel for Windows, Redmond, WA). Each measure-
ment was normalized to the sum of all intensities of the respec-
tive measurement. Values are given as means � S.E. Densito-
metric analysis of protein distribution in immunofluorescence
images was performed using Wilcoxon rank sum test. p � 0.05
was considered statistically significant. Data from at least 10
different areas per tissue sample and from at least three inde-
pendent liver preparations were processed.

Immunoblot Analysis—Liver samples were immediately
lysed at 4 °C by using a lysis buffer containing 20 mmol/liter
Tris-HCl (pH 7.4), 140 mmol/liter NaCl, 10 mmol/liter NaF, 10
mmol/liter sodium pyrophosphate, 1% (v/v) Triton X-100, 1
mmol/liter EDTA, 1 mmol/liter EGTA, 1 mmol/liter sodium
vanadate, 20 mmol/liter �-glycerophosphate, protease inhibi-
tor, and phosphatase inhibitor mixture. The lysates were kept
on ice for 10 min and then centrifuged at 8000 rpm for 8 min at
4 °C, and aliquots of the supernatant were taken for protein
determination using the protein assay (Bio-Rad, Munich, Ger-
many). Equal amounts of protein were subjected to SDS-PAGE
and transferred onto nitrocellulose membranes using a semidry
transfer apparatus (GE Healthcare, Freiburg, Germany). Mem-
branes were blocked for 60 min in 5% (w/v) bovine serum albu-
min containing 20 mmol/liter Tris (pH 7.5), 150 mmol/liter
NaCl, and 0.1% Tween 20 (TBS-T) and exposed to primary
antibodies overnight at 4 °C. After washing with TBS-T and
incubating at room temperature for 2 h with horseradish per-
oxidase-coupled anti-mouse or anti-rabbit IgG antibody,
respectively (all diluted 1:10,000), the immunoblots were
washed extensively, and bands were visualized using the Fluo-
rChem E detection instrument from ProteinSimple (Santa
Clara, CA). Semi-quantitative evaluation was carried out by
densitometry using the Alpha View image acquisition and anal-
ysis software from ProteinSimple. Protein phosphorylation is
given as the ratio of detected phosphoprotein/total protein.

Immunoprecipitation—Liver samples were harvested in lysis
buffer containing 136 mmol/liter NaCl, 20 mmol/liter Tris-
HCl, 10% (v/v) glycerol, 2 mmol/liter EDTA, 50 mmol/liter
�-glycerophosphate, 20 mmol/liter sodium pyrophosphate, 0.2
mmol/liter Pefabloc, 5 mg/liter aprotinin, 5 mg/liter leupeptin,
4 mmol/liter benzamidine, 1 mmol/liter sodium vanadate, sup-
plemented with 1% (v/v) Triton X-100. The protein amount

was determined as described above. Samples containing equal
protein amounts were incubated for 2 h at 4 °C with the respec-
tive antibody to immunoprecipitate the required protein. Then
protein A-/G-agarose (Santa Cruz Biotechnology) was added
and incubated at 4 °C overnight. Immunoprecipitates were
washed three times with lysis buffer supplemented with 0.1%
(v/v) Triton X-100 and then transferred to Western blot anal-
ysis as described above.

Detection of ROS—Primary hepatocytes were seeded on col-
lagen-coated plates (Falcon, Heidelberg, Germany) and cul-
tured for 24 h. Cells were incubated with PBS containing 5
�mol/liter CM-H2DCFDA for 30 min at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air. To detect ROS generation,
CM-H2DCFDA-loaded cells were supplemented again with
culture medium and then exposed to the respective stimuli for
the indicated time period. Thereafter, cells were washed briefly
using ice-cold PBS and lysed in 0.1% Triton X-100 (v/v) dis-
solved in aqua bidest. Lysates were centrifuged immediately
(10,000 � g, 4 °C, 1 min), and fluorescence of the supernatant
was measured at 515–565 nm using a luminescence spectrom-
eter LS-5B (PerkinElmer Life Sciences, Rodgau, Germany) with
an excitation wavelength of 488 nm. Fluorescence intensity of
controls was set to 1, and fluorescence found under the respec-
tive treatment is given relative to it.

Real Time-PCR Analysis—Total RNA was isolated using the
RNeasy mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol. RNA was quantified using Nano-
Drop1000 System (Thermo Scientific, Wilmington, DE), and
first strand cDNA was synthesized from RNA using the Rever-
tAid H Minus First Strand cDNA Synthesis kit (Fermentas, St.
Leon-Rot, Germany). Gene expression levels were quantified
using SensiMix SYBR No-ROX Kit (Bioline, Luckenwalde, Ger-
many) on a TOptical cycler (Biometra, Göttingen, Germany).
Hypoxanthine-guanine phosphoribosyltransferase 1 (HPRT1)
was used as reference gene for the normalization of the results
obtained by the 2(���Ct) method. PCR primer sequences are
as follows: Ntcp 5�-TCAAGTCCAAAAGGCCACACT-3� and
5�-AGGGAGGAGGTAGCCAGTAAG-3�, and HPRT1 5�-
TGCTCGAGATGTCATGAAGGA-3� and 5�-CAGAGGG-
CCACAATGTGATG-3�.

Statistical Analysis—Results from at least three independent
experiments are expressed as mean values � S.E. n refers to the
number of independent experiments. For each experimental treat-
ment and time point analyzed, a separate control experiment was
carried out. Differences between experimental groups were ana-
lyzed by Student’s t test or one-way analysis of variance following

FIGURE 2. Regulation of Ntcp in hyperosmotically perfused rat liver. A, rat livers were perfused with normo-osmotic (305 mosmol/liter) or hyperosmotic (385
mosmol/liter) Krebs-Henseleit buffer for up to 60 min and immunostained for Ntcp and Na�/K�-ATPase. Densitometric analysis of fluorescence profiles and intensity
of Ntcp and Na�/K�-ATPase distribution (visualization by confocal LSM) is shown. Under control conditions (green (0 min) and black (60 min)), Ntcp-bound fluores-
cence was largely localized in the center of the basolateral membrane. Hyperosmotic perfusion (red (30 min) and blue (60 min)) resulted in a significant lateralization
of the Ntcp-bound fluorescence, but no significant changes of Na�/K�-ATPase fluorescence profiles were observed. The fluorescence profiles depicted are statistically
significantly (p � 0.05) different from each other with respect to variance and peak height. Means � S.E. of 30 measurements in each of at least three individual
experiments for each condition are shown. B, rat livers were perfused with normo-osmotic (305 mosmol/liter) or hyperosmotic (385 mosmol/liter) Krebs-Henseleit
medium for up to 60 min, immunostained for Ntcp and Na�/K�-ATPase, and visualized by SR-SIM. Under normo-osmotic conditions, Ntcp was largely localized in the
membrane, and after hyperosmotic exposure Ntcp, but not the Na�/K�-ATPase, was internalized. Representative pictures of at least three independent experiments
are depicted. The scale bars correspond to 10 �m in the overviews (upper row) and 1 �m in the four bottom rows with higher magnification of the plasma membrane.
C, primary rat hepatocytes were cultured for 24 h and thereafter stimulated with normo-osmotic (305 mosmol/liter) or hyperosmotic (405 mosmol/liter) medium for
up to 24 h. RNA was extracted, and Ntcp mRNA expression levels were analyzed by real time PCR. Ntcp mRNA expression levels are given relative to the unstimulated
control (0 min). Data represent the mean�S.E. of four independent experiments *, p�0.05 statistical significance compared with the unstimulated control. #, p�0.05
statistical significance between normo-osmotic and hyperosmotic stimulations.
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Dunnett’s multiple comparison post hoc test where appropriate
(GraphPad Prism; GraphPad, La Jolla, CA; Microsoft Excel for
Windows). p � 0.05 was considered statistically significant.

Results

Hyperosmolarity Triggers Ntcp Retrieval from the Basolateral
Membrane in the Perfused Rat Liver—To study the subcellular
localization of the bile salt transporter Ntcp in hepatocytes,

immunofluorescence studies on cryosectioned tissues using
confocal laser-scanning microscopy were performed (Fig. 1).
For labeling of the plasma membrane, liver sections were
stained simultaneously with specific antibodies against the
plasma membrane marker protein Na�/K�-ATPase and
against Ntcp, respectively. The profile of the fluorescence
intensity of Ntcp and Na�/K�-ATPase was measured over a
thick line (8 �m) perpendicular to the membranes of adjacent

FIGURE 3. Determination of Ntcp and Na�/K�-ATPase distribution in hyperosmotically perfused rat livers. Rat livers were perfused with either inhibitor-
containing Krebs-Henseleit buffer (i.e. apocynin (20 �mol/liter) or NAC (10 mmol/liter) or SU6656 (1 �mol/liter) or PP-2 (250 nmol/liter), black) or hyperosmotic
(385 mosmol/liter) Krebs-Henseleit buffer in the absence (blue) or presence of the respective inhibitors (green). B, Ntcp and Na�/K�-ATPase were visualized
after perfusion with either NAC, hyperosmotic Krebs-Henseleit buffer, or NAC plus Krebs-Henseleit buffer at t 	 30 min (see perfusion plan (A)) by SR-SIM.
Representative pictures of three independent experiments are depicted. The scale bar corresponds to 1 �m. C and D, densitometric analysis of fluorescence
profiles and intensity of Ntcp and Na�/K�-ATPase staining at t 	 30 min (see perfusion plan (A)) is shown. The means � S.E. of 30 measurements in each of three
individual experiments for each condition are shown. NAC (C), apocynin, SU6656, and PP-2 (D) all significantly inhibited hyperosmolarity-induced retrieval of
Ntcp from the membrane (p � 0.05), whereas the inhibitors by themselves did not significantly affect Ntcp localization.

FIGURE 4. Distribution of Ntcp in hyperosmotically perfused wild-type and p47phox knock-out mouse liver. Mouse livers were perfused for 30 min with
either normo-osmotic (305 mosmol/liter, black) or hyperosmotic Krebs-Henseleit buffer (385 mosmol/liter, green) and stained for Ntcp and Na�/K�-ATPase.
Densitometric analysis of fluorescence profiles and intensity of Ntcp and Na�/K�-ATPase staining is shown. The means � S.E. of 30 measurements in each of
three individual experiments for each condition are shown. As shown by colocalization with Na�/K�-ATPase, Ntcp is largely localized in the membrane under
normo-osmotic conditions. After hyperosmotic perfusion, Ntcp is no longer colocalized (p � 0.05) with Na�/K�-ATPase and appears inside the cells in
wild-type animals but remained unchanged in p47phox knock-out mice.
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hepatocytes. The mean fluorescence intensity of each pixel
along this line was calculated by Image-Pro Plus, and the
obtained and normalized data were plotted on a line graph
(Fig. 1).

Subcellular Ntcp distribution in normo-osmotically (305
mosmol/liter) and hyperosmotically (385 mosmol/liter) per-
fused livers was quantified by densitometric fluorescence
intensity analysis as described above. Within 30 min of hyper-
osmotic perfusion, the fluorescence profile of Ntcp shifted to
significantly lower peak values and became more broadened
(p � 0.05, Fig. 2A), suggestive for an internalization of the Ntcp
in response to hyperosmolarity. In contrast, no changes in Na�/
K�-ATPase distribution were observed under these conditions
(Fig. 2A). To discriminate Ntcp distribution at a subcellular
level, SR-SIM in Ntcp and Na�/K�-ATPase-costained cryosec-
tions was performed. In SR-SIM images, obtained from hyper-
osmotically (385 mosmol/liter) perfused rat livers, intracellular
vesicular Ntcp fluorescence intensity was markedly increased
within 30 min and maintained for at least 60 min (Fig. 2B).
Localization of the basolateral membrane protein Na�/K�-
ATPase remained unchanged as compared with normo-os-
motic control conditions (Fig. 2B). These results suggest that
hyperosmolarity induces within 30 min endocytosis of Ntcp in
the intact rat liver, which lasts for at least 60 min. Hyperosmo-
larity-induced retrieval of Ntcp was not accompanied by
changes in Ntcp mRNA expression during the first 60 min of
hyperosmotic exposure (0.96 � 0.07-fold, not significant, n 	 4,
Fig. 2C). However, a significant decrease of Ntcp mRNA levels
was seen after treatment with hyperosmotic medium for 180
min (0.76 � 0.04-fold, p � 0.05, n 	 4) or more (Fig. 2C).

Hyperosmolarity-induced Retrieval of Ntcp from the Basolat-
eral Membrane Is Mediated by Activation of the Src Family
Kinase Fyn—Hyperosmolarity was shown to trigger NADPH
oxidase-dependent formation of ROS (6, 57) and to activate the
Src family kinases Yes and Fyn, although no c-Src activation
became detectable within 180 min of hyperosmotic exposure
(1). Hyperosmotic Fyn and Yes activations were sensitive to
inhibition by NAC, apocynin, and SU6656, whereas PP-2 inhib-
ited hyperosmotic Fyn but not Yes activation (1). Ntcp distri-
bution in hyperosmotically (385 mosmol/liter) perfused livers
in the absence and presence of inhibitors of the NADPH oxi-
dase-driven ROS generation (apocynin and NAC) or of Src
kinases (PP-2, SU6656) was quantified by densitometric fluo-
rescence intensity analysis (Fig. 3). Fig. 3A depicts the perfusion
plans chosen for these experiments. As shown in Fig. 3, B–D,
NAC (10 mmol/liter) and apocynin (20 �mol/liter) inhibited
the hyperosmolarity (385 mosmol/liter, t 	 30 min)-induced
Ntcp retrieval from the basolateral membrane, whereas Na�/

K�-ATPase distribution remained unchanged. These findings
point to a role of NADPH oxidase-driven ROS formation in
triggering transporter retrieval from the plasma membrane.
Also, the Src kinase inhibitors SU6656 (1 �mol/liter) and PP-2
(250 nmol/liter) prevented hyperosmotic Ntcp retrieval from
the basolateral membrane (Fig. 3D). Because PP-2 (58) inhibits
Fyn but not Yes activation, and SU6656 (59) inhibits both
hyperosmotic Yes and Fyn activation, these findings suggest
that Fyn is involved in the hyperosmotic retrieval of Ntcp from
the basolateral membrane. The role of NADPH oxidase in trig-
gering hyperosmotic Ntcp retrieval from the plasma membrane
was also studied in livers from p47phox knock-out mice. As
shown in Fig. 4, hyperosmolarity induced within 30 min the
internalization of Ntcp in livers from wild-type mice, whereas
no retrieval was detectable in livers from p47phox knock-out
mice.

TUDC Reverses Hyperosmolarity-induced Internalization of
Ntcp via Integrin-dependent Protein Kinase A Activation—The
choleretic bile salt TUDC induces a rapid insertion of intracel-
lularly stored Mrp2 and Bsep into the canalicular membrane of
the hepatocyte (19, 25), which increases the bile salt excretory
capacity in a microtubule-dependent way (60, 61). As shown by
SR-SIM, TUDC (20 �mol/liter, 30 min) was able to reverse the
hyperosmolarity-induced internalization of Ntcp (Fig. 5).
Because �1-integrins were identified as sensors for TUDC in rat
liver (19, 48), the integrin-inhibitory peptide GRGDSP, which
binds to �5�1-integrin with a KD of 396 nM (62), was used to
study the involvement of �1-integrins in TUDC-induced Ntcp
insertion into the plasma membrane. GRGDSP (10 �mol/liter)
inhibited the counteracting effect of TUDC on hyperosmotic
Ntcp retrieval, although the inactive control peptide GRADSP
(10 �mol/liter) was ineffective (Fig. 5, A and C). As shown
recently, TUDC activates via �1-integrins the PKA (49). When
H89 (2 �mol/liter), a PKA inhibitor, was perfused 30 min before
and during the experiment, the effect of TUDC on hyperosmo-
larity-induced Ntcp retrieval was largely abolished, whereas
Na�/K�-ATPase immunostaining remained unchanged under
all conditions (Fig. 5C). Similar findings were obtained with
Bt2cAMP (50 �mol/liter), which is known to increase the
uptake capacity of TC by increasing plasma membrane content
of Ntcp (36). This effect was also H89 (2 �mol/liter)-sensitive
(data not shown). All inhibitors, i.e. GRADSP, GRGDSP, and
H89, had per se no effect on Ntcp localization (data not shown).

Hyperosmolarity-induced Fyn Activation Is Inhibited by
TUDC via an Integrin- and Protein Kinase A-dependent
Mechanism—Rat liver perfusion with hyperosmotic medium
(385 mosmol/liter) (Figs. 6 and 7) induced an activating phos-
phorylation of Fyn and Yes, which was inhibited by TUDC (20

FIGURE 5. TUDC-induced re-insertion of Ntcp into the membrane is integrin- and PKA-dependent. A, rat livers were perfused as given in the perfusion plan
of the respective experiments, stained for Ntcp and Na�/K�-ATPase, and visualized by SR-SIM. Representative pictures of at least three independent experi-
ments are depicted. Under normo-osmotic (305 mosmol/liter) conditions (t 	 0), Ntcp was largely localized in the membrane, whereas after hyperosmotic (385
mosmol/liter) perfusion, Ntcp appears inside the cells and colocalizes no longer with Na�/K�-ATPase (t 	 30 min). TUDC (20 �mol/liter) induced the re-inser-
tion of Ntcp in the membrane (t 	 60 min). GRGDSP (10 �mol/liter) inhibited the TUDC induced re-insertion in the membrane (p � 0.05), whereas GRADSP (10
�mol/liter) had no effect on Ntcp distribution (t 	 60 min). The scale bar corresponds to 1 �m. C, rat livers were perfused as given in the perfusion plan (B),
stained for Ntcp and Na�/K�-ATPase, and analyzed densitometrically. Densitometric analysis of fluorescence profiles and intensity of Ntcp and Na�/K�-ATPase
at t 	 60 min staining is shown. The means � S.E. of 10 measurements in each of three individual experiments for each condition are shown. Bt2cAMP
(Db-cAMP) (50 �mol/liter) and TUDC (20 �mol/liter) significantly inhibited hyperosmolarity-induced retrieval of Ntcp from the membrane (p � 0.05). GRGDSP
(10 �mol/liter) and H89 (2 �mol/liter) inhibited the TUDC-induced re-insertion in the membrane (p � 0.05), whereas GRADSP (10 �mol/liter) had no effect on
Ntcp distribution. Furthermore, H89 (2 �mol/liter) inhibited the Bt2cAMP-induced re-insertion of Ntcp (p � 0.05).
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�mol/liter) within 30 min in a PKA-dependent, i.e. H89-sensi-
tive manner (Fig. 6). Furthermore, the �1-integrin antagonistic
hexapeptide GRGDSP (10 �mol/liter) largely prevented the
TUDC-induced inhibition of Fyn and Yes phosphorylation,

however the inactive control peptide GRADSP (10 �mol/liter)
had no effect (Fig. 6). No c-Src activation was observed in
response to hyperosmolarity (Figs. 6 and 7). Like TUDC,
Bt2cAMP (50 �mol/liter, 30 min) inhibited the hyperosmolar-

FIGURE 6. TUDC triggers integrin- and PKA-dependent inhibition of hyperosmolarity-induced Fyn and Yes activation. A, rat livers were perfused as
mentioned in the perfusion plans. B, liver samples were analyzed for activating phosphorylation of Src kinase family members Fyn, Yes, and c-Src. C, blots were
analyzed densitometrically. t 	 60 min was compared with the respective control (t 	 0 min, set as 1), i.e. sample without institution of either hyperosmolarity
(385 mosmol/liter) or TUDC (20 �mol/liter), or with the respective inhibitor (i.e. H89 (2 �mol/liter), GRADSP and GRGDSP (each 10 �mol/liter). Densitometric
analysis (means � S.E.) of at least three independent perfusion experiments is shown. In line with a previous study (1), hyperosmolarity induced within 30 min
a significant phosphorylation of Fyn and Yes (*, p � 0.05), however no c-Src activation was observed. Phosphorylation of Fyn and Yes was inhibited by TUDC
(#, p � 0.05). Inhibition of Fyn and Yes phosphorylation by TUDC was sensitive to H89 and GRGDSP ($, p � 0.05), however GRADSP had no effect.

FIGURE 7. Bt2cAMP triggers PKA-dependent inhibition of hyperosmolarity-induced Src kinase family activation. Rat livers were perfused as described
under “Experimental Procedures” and as mentioned in the perfusion plans (A) of the respective experiments. B, liver samples were analyzed for activation of Src
kinase family members Fyn, Yes, and c-Src. Blots were analyzed densitometrically. t 	 60 min was compared with the respective control (t 	 0 min, set as 1), i.e.
sample without institution of either hyperosmolarity (385 mosmol/liter) or Bt2cAMP (50 �mol/liter) or with H89 (2 �mol/liter). Representative blots and
densitometric analysis (means � S.E.) of at least three independent perfusion experiments are shown. In line with Fig. 5, hyperosmolarity induced within 30 min
a significant phosphorylation of Fyn and Yes (*, p � 0.05), although no c-Src activation was observed. Phosphorylation of Fyn and Yes was inhibited by Bt2cAMP
(#, p � 0.05). Inhibition of Fyn and Yes phosphorylation by Bt2cAMP was sensitive to H89 ($, p � 0.05).
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ity (30 min)-induced activation of Fyn and Yes (Fig. 7). When
H89 (2 �mol/liter) was added 30 min before and during the
perfusion, the effect of Bt2cAMP on hyperosmolarity-induced
Src kinase activation was blunted (Fig. 7).

A decrease in Ntcp serine phosphorylation was shown to be
associated with Ntcp insertion into the membrane (34, 37). This
was confirmed in our study in Ntcp-transfected HepG2 cells
(Fig. 8). Bt2cAMP (10 �mol/liter) decreased serine phosphory-
lation of the Ntcp within 15 min to 83.0 � 2.1% of control (p �
0.05, n 	 5, Fig. 8). In line with this, TUDC also lowered Ntcp
serine phosphorylation under normo-osmotic conditions to
82.5 � 5.2% of control (p � 0.05, n 	 5, Fig. 8). Hyperosmolarity
(405 mosmol/liter) increased Ntcp serine phosphorylation to
107.9 � 4.2% (p � 0.05, n 	 5) of control (305 mosmol/liter),
and addition of TUDC lowered Ntcp serine phosphorylation to
95.9 � 3.1% (p � 0.05, n 	 5) (Fig. 8).

TUDC Reverses the Hyperosmolarity-induced Internalization
of the Bile Salt Transporter Bsep—In line with a TUDC-induced
reversal of hyperosmotic Fyn activation, TUDC not only pre-
vented the hyperosmolarity-induced Ntcp retrieval from the
plasma membrane, but also the hyperosmolarity-induced Bsep
retrieval from the canalicular membrane (Fig. 9), which was
previously shown to be Fyn-dependent, too (1). Fig. 9A shows
the experimental approach, which was also used in previous
studies (1, 9, 10, 17). Immunofluorescence stainings of the
canalicular bile salt transporter Bsep and of ZO-1 (a protein of
the tight junction complex) were investigated by confocal laser
scanning microscopy and densitometric analysis. ZO-1 delin-
eates the bile canaliculi and a linear staining pattern of ZO-1
was found under all conditions. During normo-osmotic perfu-
sion (305 mosmol/liter), Bsep was located predominantly in the
canalicular membrane, i.e. between the two rows of ZO-1 fluo-
rescence (Fig. 9, A and B). Hyperosmotic perfusion (385
mosmol/liter) led to an increase of Bsep fluorescence intensity
inside the hepatocytes at the expense of its canalicular localiza-

tion, suggesting Bsep internalization (Fig. 9B). Subsequent
addition of TUDC (20 �mol/liter) to the same liver preparation
led to an almost complete disappearance of intracellular Bsep,
indicating re-insertion of Bsep into the canalicular membrane.
Under all these conditions, ZO-1 fluorescence distribution
remained unaffected (Fig. 9B).

PKC-dependent Inhibition of Hyperosmolarity-induced Gen-
eration of Reactive Oxygen Species and Activation of Fyn—In
line with previous data (57), hyperosmolarity (405 mosmol/li-
ter) increased CM-H2-DCFDA fluorescence significantly
3.03 � 0.44-fold (p � 0.05, n 	 6) within 15 min (Fig. 10).
Administration of TUDC (100 �mol/liter) together with hyper-
osmotic medium (405 mosmol/liter) inhibited the hyperosmo-
larity-induced oxidative stress response (1.54 � 0.39-fold, p �
0.05, n 	 6, Fig. 10). As shown in Fig. 10, the specific PKC�
inhibitor (PKC� pseudosubstrate, 100 �mol/liter) and the PKC
inhibitors chelerythrine (20 �mol/liter) and Gö 6850 (10 �mol/
liter) (63) also reversed the hyperosmolarity (385 mosmol/liter,
15 min)-induced ROS generation (PKC� pseudosubstrate
1.03 � 0.14-fold; chelerythrine 1.21 � 0.25-fold, and Gö 6850
1.17 � 0.33-fold, each p � 0.05, n 	 3), whereas Gö 6976, a
potent inhibitor of Ca2�-dependent PKCs, had no significant
inhibitory effect, and hyperosmolarity increased ROS forma-
tion under these conditions 2.37 � 0.29-fold (not significant,
n 	 3).

Paralleling the inhibition of ROS formation, the hyperosmo-
larity-induced Fyn phosphorylation was sensitive to inhibition
of PKC� by the specific PKC� pseudosubstrate and by the broad
spectrum PKC inhibitors chelerythrine and Gö 6850 (Fig. 11A).
Gö 6850 also prevented the hyperosmolarity-induced retrieval
of Ntcp (Fig. 11B). Gö 6976, a selective inhibitor of Ca2�-de-
pendent PKC isoforms, had no significant effect on hyperos-
motic Fyn phosphorylation (Fig. 11A). These findings suggest
that activation of PKC� in response to hyperosmolarity may
play a role in triggering hyperosmotic Fyn phosphorylation
(Fig. 11A) and Ntcp retrieval (Fig. 11B).

Discussion

Hyperosmolarity was shown to stimulate the retrieval of
Bsep and Mrp2 from the canalicular membrane (1, 10, 17),
whereas the hydrophilic bile acid TUDC stimulates the inser-
tion of these transporters into the canalicular membrane (25,
29). However, the effects of hyperosmolarity and TUDC on the
short term regulation of the basolateral transporter Ntcp
remained unexplored. This study shows the following: (i)
hyperosmolarity induces an oxidative stress- and Fyn-depen-
dent retrieval of Ntcp from the membrane, and (ii) TUDC is
able to stimulate re-insertion of Ntcp into the plasma mem-
brane by a �1-integrin- and PKA-dependent mechanism. To
what extent TUDC-induced PI3K activation (64) contributes to
this effect remains to be established. Fig. 12 schematically sum-
marizes our current view on short term regulation of the baso-
lateral bile salt transporter Ntcp.

Under normo-osmotic conditions, Ntcp was found mainly in
the basolateral membrane and also in transporter-containing
vesicles below the plasma membrane (Figs. 2 and 5). Hyperos-
molarity increased the fraction of Ntcp, which is located inside
the hepatocytes (Figs. 2 and 5). This shift in Ntcp localization

FIGURE 8. TUDC and cAMP induce serine dephosphorylation of Ntcp in
HepG2-Ntcp cells. Ntcp-transfected HepG2 cells were stimulated with either
TUDC (100 �mol/liter), Bt2cAMP (10 �mol/liter) under normo-osmotic (305
mosmol/liter) conditions, or with hyperosmotic medium (405 mosmol/liter)
without and with TUDC. GFP-tagged Ntcp was analyzed with regard to serine
phosphorylation. Treatment with TUDC as well as treatment with Bt2cAMP
resulted in decreased serine phosphorylation, although hyperosmolarity trig-
gered an increase in serine phosphorylation of the Ntcp. Ntcp serine phos-
phorylation was analyzed by Western blot (WB) and subsequent densitomet-
ric analysis. GFP served as a loading control. Ntcp serine phosphorylation
under control condition was set to 100%. Data represent means � S.E. of at least
five independent experiments. IP, immunoprecipitation. *, p � 0.05 statistically
significant compared with the unstimulated control. #, p � 0.05 statistical signif-
icance between hyperosmolarity and hyperosmolarity plus TUDC.
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occurred within 30 min, persisted for at least 60 min, and was
reversible in response to TUDC (Fig. 5). Activation of the Src
kinase Fyn was shown to occur in response to hyperosmotic cell
shrinkage and to trigger the retrieval of Bsep and Mrp2 from the
canalicular membrane (1). As shown in this study, hyperos-
motic Fyn activation also triggers Ntcp retrieval from the baso-
lateral membrane (Fig. 3). PP-2, which blocks the hyperosmo-
larity-induced phosphorylation of Fyn (1), abolished
internalization of Ntcp (Fig. 3). Likewise, inhibitors of the
upstream events leading to Fyn activation, such as the Nox
inhibitor apocynin or the antioxidant NAC, prevented trans-
porter internalization (Fig. 3). Furthermore, Ntcp retrieval was
inhibited in p47phox knock-out mice (Fig. 4), in which the
hyperosmolarity-induced activation of Fyn is abolished (1).
These data strongly suggest that Fyn mediates not only Bsep
and Mrp2 retrieval from the canalicular membrane, but simul-
taneously it also triggers the retrieval of Ntcp from the basolat-

eral membrane. This suggests a coordinated regulation of
sinusoidal bile salt uptake and canalicular export systems,
which may help to avoid accumulation of potentially toxic bile
acids in the hepatocyte. This view is also corroborated by the
finding that TUDC and cAMP could reverse hyperosmolarity-
induced Fyn activation (Figs. 6 and 7), Ntcp retrieval from the
plasma membrane (Fig. 5), and Bsep retrieval from the canalic-
ular membrane (Fig. 9). Thus, TUDC exerts its choleretic effect
by a coordinated insertion of both Ntcp and Bsep into plasma
and canalicular membrane, respectively. A recent study showed
that vesicle motility and ATP production is transiently reduced
in a variety of cell types, including hepatocytes after treatment
with hyperosmotic medium (65). Movement of dextran-loaded
endosomes was tracked by live-cell imaging. Because dextran is
distributed to early, late, and recycling endosomes, this
approach, however, will not distinguish between differences in
motility among these compartments. Whether the motility is
restricted also in newly endocytosed vesicles therefore remains
unclear (65).

Hyperosmotic perfusion of rat liver induced NADPH
oxidase-dependent oxidative stress response as an upstream
signal for Fyn activation. Cell hydration and oxidative stress are
apparently closely interlinked. On the one hand cell shrinkage
induces oxidative stress (66), and on the other hand oxidative
stress leads to hepatocyte shrinkage (67). Inflammation is fre-
quently accompanied by ROS formation and can induce cholesta-
sis. It is likely that inflammation also triggers Ntcp retrieval from
the plasma membrane. Indeed, proapoptotic bile salts such as tau-
rolithocholic acid 3-sulfate or glycochenodeoxycholate, which
induce a NOX2-dependent ROS formation and cell shrinkage
(68), also trigger Fyn activation and Ntcp internalization.

Hyperosmolarity-induced retrieval of Ntcp was not accom-
panied by a down-regulation of Ntcp mRNA levels within 60
min, whereas LPS triggered both Ntcp retrieval and a signifi-
cant decrease of Ntcp expression at the mRNA and protein level
(69). This difference between hyperosmotic and LPS-induced
Ntcp retrieval may be explained by cytokine effects.

PKCs belong to a family of serine/threonine kinases, which
consists of at least 12 isoforms (70). These kinases are involved
in the regulation of diverse cellular functions (70), including
bile formation (35, 71). It was suggested that choleretic and
cholestatic effects may involve different PKC isoforms; how-
ever, the picture is not entirely consistent. The toxic bile acid
TCDC inhibits bile salt transport across the sinusoidal mem-

FIGURE 9. Distribution of the hepatobiliary transporter Bsep. A, cryosections from perfused rat liver were immunostained for Bsep and ZO-1, and fluores-
cence images were recorded by confocal LSM. The profile of the fluorescence intensity was measured over a thick line (8 �m) perpendicular to the canaliculus.
The mean fluorescence intensity of each pixel along the line was calculated by Image-Pro Plus, and the obtained data (pixel positions with the associated pixel
intensities, red and green channel) were transferred to an MS-Excel data sheet and plotted. The ordinate shows the normalized intensity of ZO-1 staining
depending on the distance (micrometers) from the center of the canaliculus (set as 0) and the normalized intensity of Bsep-bound fluorescence. The means �
S.E. of 30 measurements in each of three individual experiments are shown. Under control conditions, ZO-1 fluorescence profiles show two peaks, whereas
Bsep-bound fluorescence is largely localized in the canalicular membrane between the ZO-1 fluorescence. B, rat livers were perfused as given in the perfusion
plan, stained for Bsep and ZO-1, and visualized by confocal laser scanning microscopy. Representative pictures of at least three independent experiments are
depicted. The scale bar corresponds to 5 �m. Under normo-osmotic conditions (t 	 0), Bsep was largely localized in the canalicular membrane, whereas after
hyperosmotic perfusion Bsep appears inside the cells (t 	 30 min). TUDC (20 �mol/liter) induced re-insertion in the membrane (t 	 60 min). Under control
conditions (black, t 	 0 min), Bsep-bound fluorescence was largely localized in the canalicular membrane. Hyperosmotic perfusion (green, t 	 30 min) resulted
in a significant lateralization of the Bsep-bound fluorescence. TUDC (20 �mol/liter) induced re-insertion in the membrane (blue, t 	 60 min). The fluorescence
profiles depicted are statistically significantly (p � 0.05) different from each other with respect to variance and peak height. Under control conditions (305
mosmol/liter, black), ZO-1 fluorescence profiles show two peaks. Liver perfusion experiments with hyperosmolarity (green) and hyperosmolarity plus TUDC
(blue) resulted in no significant changes of ZO-1 fluorescence profiles with respect to the distance of the peaks and to the variance of fluorescence profiles.
Means � S.E. of 30 measurements in each of at least three individual experiments for each condition are shown.

FIGURE 10. Inhibition of hyperosmolarity-induced generation of reactive
oxygen species. Primary rat hepatocytes were cultured for 24 h, loaded with
5 �mol/liter CM-H2DCFDA as described under “Experimental Procedures,”
and thereafter stimulated with hyperosmotic medium (405 mosmol/liter) or
hyperosmotic medium plus TUDC (100 �mol/liter) for 15 min. When indi-
cated, PKC� pseudosubstrate (100 �mol/liter), chelerythrine (20 �mol/liter),
Gö 6976 (200 nmol/liter), or Gö 6850 (10 �mol/liter) were preincubated for 30
min. ROS levels of at least three independent experiments were expressed as
the mean-fold increase over control (set as 1) � S.E. * indicates the statistical
significance compared with the control (p � 0.05); $ indicates the statistical
significance of the TUDC effect (p � 0.05), and # indicates the statistical sig-
nificance of the inhibitor effect (p � 0.05). n.s., not significant.
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brane by PKC- and PP2B-mediated retrieval of Ntcp from the
plasma membrane (33). Phorbol ester-induced endocytosis of
Ntcp was shown to be mediated in part by Ca2�-dependent
PKCs (56). Furthermore, it was shown recently that PKC� can
directly interact with Ntcp in stably Ntcp-transfected HepG2
cells (72). PKC� (73, 74) was suggested to mediate a choleretic
effect by inserting Ntcp into the membrane, whereas PKC� (75,
76) may trigger cholestasis by retrieving Mrp2 from the canalic-
ular membrane. However, PKC� was also shown to trigger
p47phox phosphorylation and to induce oxidative stress (57) as
an upstream event for Bsep and Mrp2 retrieval from the
canalicular membrane (1). This study shows that PKC� is
involved in the Fyn-regulated retrieval of the Ntcp from the
membrane (Fig. 11), whereas PKC� inhibitors were reported to
prevent the cAMP-induced Ntcp translocation to the plasma
membrane (73). These discrepant findings strongly suggest that
regulation of Ntcp retrieval/insertion by PKC� may be depen-
dent on the signaling context and the underlying stimulus.

As part of its choleretic effect, TUDC stimulates insertion of
the canalicular transporter Bsep and Mrp2 by activation of Erks

and p38MAPK (25, 50) and counteracts internalization in tauro-
lithocholate-induced cholestasis (29). In this study, the chole-
retic effect of TUDC may reside in the prevention of hyperos-
motic Fyn activation and cAMP formation. Recently,
�1-integrins were identified as sensors for TUDC in the liver
(19, 48), and molecular dynamics simulation studies showed
that TUDC directly interacts with �5�1-integrins resulting in
an activation of �1-integrin and the initiation of the down-
stream integrin signaling (19, 48). This also explains the TUDC-
induced activation of c-Src as observed in Fig. 6C. Transloca-
tion of Ntcp to the plasma membrane by TUDC was sensitive to
GRGDSP and H89 (Fig. 5), which suggests that also Ntcp inser-
tion by TUDC involves a �1-integrin-mediated activation of
PKA. Similarly to TUDC, cAMP significantly increased Ntcp
translocation to the basolateral membrane in a PKA-dependent
way (data not shown). The effect of cAMP is known to be medi-
ated via two major pathways. Activation of PI3K, probably via
PKA (77), leads to activation of Akt (78) and PKC isoforms (73,
74, 79), which in turn induce the translocation of Ntcp from an
intracellular compartment to the membrane.

FIGURE 11. Effect of PKC inhibitors on hyperosmotic Fyn phosphorylation and inhibition of hyperosmotic Ntcp internalization by the broad spectrum
PKC inhibitor Gö 6850. A, primary rat hepatocytes were cultured for 24 h and thereafter stimulated with hyperosmotic medium (405 mosmol/liter) for 30 min.
When indicated, PKC� pseudosubstrate (100 �mol/liter), chelerythrine (20 �mol/liter), Gö 6976 (200 nmol/liter), or Gö 6850 (10 �mol/liter) were preincubated
for 30 min. Fyn was immunoprecipitated and detected for phosphorylation by Western blotting. Total Fyn served as a loading control. Hyperosmolarity-
induced Fyn phosphorylation was sensitive to inhibition of PKC� (PKC� pseudosubstrate, chelerythrine, and Gö 6850). Fyn phosphorylation under control
condition was set to 1. Data represent means � S.E. of three independent experiments. *, p � 0.05 statistically significant compared with the unstimulated
control. #, p � 0.05 statistical significance between hyperosmolarity and hyperosmolarity plus PKC inhibitor. B, rat livers were perfused with either Gö 6850 (1
�mol/liter)-containing normo-osmotic (305 mosmol/liter) buffer (black) or hyperosmotic (385 mosmol/liter) buffer in the absence (blue) or presence of the
inhibitor (green) (see perfusion plan in Fig. 3A) and immunostained for Ntcp and Na�/K�-ATPase. Densitometric analysis of fluorescence profiles and intensity
of Ntcp and Na�/K�-ATPase staining at t 	 30 min (see perfusion plan) is shown. The means � S.E. of 10 measurements in each of three individual experiments
for each condition are shown. Gö 6850 significantly inhibited hyperosmolarity-induced retrieval of Ntcp from the membrane (p � 0.05), whereas the inhibitor
by itself did not significantly affect Ntcp localization.
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Ntcp is a serine/threonine-phosphorylated protein (34), and
dephosphorylation at Ser-226 (37) is associated with transloca-
tion to the plasma membrane. cAMP activates the serine and
threonine protein phosphatase PP2B by increasing intracellular
Ca2�. Activated PP2B directly dephosphorylates Ntcp, allow-
ing translocation to the basolateral membrane (80). It was
shown recently that TUDC by itself can induce a �1-integrin-
dependent rapid generation of cAMP (49), which may explain
Ntcp dephosphorylation in response to TUDC.

Taken together, this study for the first time shows that hyper-
osmolarity induces the retrieval of Ntcp from the plasma mem-
brane and that this effect is mediated by the Src family kinase
Fyn, which is activated by a PKC�-dependent and NADPH oxi-
dase-driven ROS formation. TUDC counteracts the effect of
hyperosmolarity through activation of a �1-integrin/PKA sig-
naling pathway, which prevents hyperosmotic ROS formation
and Fyn activation and is associated with dephosphorylation of
the Ntcp on serine residues.
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