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Abstract
Background/Aims: Hydrophobic bile salts, such as glycochenodeoxycholate (GCDC) can 
trigger hepatocyte apoptosis, which is prevented by tauroursodesoxycholate (TUDC), 
but the effects of GCDC and TUDC on sinusoidal bile salt uptake via the Na+-taurocholate 
transporting polypeptide (Ntcp) are unclear. Methods: The effects of GCDC and TUDC on 
the plasma membrane localization of Ntcp were studied in perfused rat liver by means of 
immunofluorescence analysis and super-resolution microscopy. The underlying signaling 
events were investigated by Western blotting and inhibitor studies. Results: GCDC (20 µmol/l) 
induced within 60 min a retrieval of Ntcp from the basolateral membrane into the cytosol, 
which was accompanied by an activating phosphorylation of the Src kinases Fyn and Yes. 
Both, Fyn activation and the GCDC-induced Ntcp retrieval from the plasma membrane were 
sensitive to the NADPH oxidase inhibitor apocynin, the antioxidant N-acetylcysteine and the 
Src family kinase inhibitors SU6656 and PP-2, whereas PP-2 did not inhibit GCDC-induced 
Yes activation. Internalization of Ntcp by GCDC was also prevented by the protein kinase C 
(PKC) inhibitor Gö6850. TUDC (20 µmol/l) reversed the GCDC-induced retrieval of Ntcp from 
the plasma membrane and prevented the activation of Fyn and Yes in GCDC-perfused rat 
livers. Reinsertion of Ntcp into the basolateral membrane in GCDC-perfused livers by TUDC 
was sensitive to the protein kinase A (PKA) inhibitor H89 and the integrin-inhibitory peptide 
GRGDSP, whereas the control peptide GRADSP was ineffective. Exposure of cultured rat 
hepatocytes to GCDC (50 µmol/l, 15min) increased the fluorescence intensity of the reactive 
oxygen fluorescent indicator DCF to about 1.6-fold of untreated controls in a TUDC (50 

Prof. Dr. Dieter Häussinger Klinik für Gastroenterologie, Hepatologie, und Infektiologie, Heinrich-Heine-Universität Düsseldorf
Moorenstrasse 5, D-40225 Düsseldorf (Germany)
Tel. +49-211-81-17569, Fax +49-211-81-18752, E-Mail haeussin@uni-duesseldorf.de

https://doi.org/10.33594/000000100


Cell Physiol Biochem 2019;52:1427-1445
DOI: 10.33594/000000100
Published online: 15 May 2019 1428

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Mayer et al.: TUDC Protects from GCDC-Induced Ntcp Internalization in the Perfused 
Rat Liver

µmol/l)-sensitive way. GCDC caused a TUDC-sensitive canalicular dilatation without evidence 
for Bsep retrieval from the canalicular membrane. Conclusion: The present study suggests 
that GCDC triggers the retrieval of Ntcp from the basolateral membrane into the cytosol 
through an oxidative stress-dependent activation of Fyn. TUDC prevents the GCDC-induced 
Fyn activation and Ntcp retrieval through integrin-dependent activation of PKA.

Introduction

Liver cells express various bile salt transport proteins in order to maintain bile salt 
homeostasis. When the transcellular bile salt transport becomes impaired, bile salts 
accumulate in the hepatocyte which can trigger hepatocyte apoptosis and liver dysfunction 
[1-4]. The sodium taurocholate cotransporting polypeptide (Ntcp) is the major uptake 
system for conjugated bile salts from blood into liver parenchymal cells [5]. Secretion of bile 
salts at the canalicular membrane is mediated by the bile salt export pump (Bsep) [6] and by 
the multidrug resistance associated protein 2 (Mrp2) [7].

The expression of Bsep and Mrp2 in the apical membrane has been shown to be regulated 
by oxidative stress [8-10] and osmolarity [9, 11-16]. The ambient osmolarity can also 
regulate the cellular distribution of Ntcp in the hepatocyte. In this regard, hepatocyte swelling 
triggers Ntcp insertion into the membrane via activation of the phosphatidylinositide-3 
kinase (PI3K)-signaling pathway and increases taurocholate (TC) uptake in hepatocytes 
[17], whereas hyperosmolarity induces the retrieval of Ntcp from the plasma membrane 
[15, 16]. This latter effect is mediated by the Src family kinase Fyn [15, 16], which is activated 
by a protein kinase C (PKC) ζ-dependent and nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase-driven formation of reactive oxygen species (ROS) [15, 16].

Cholestatic liver diseases lead to a retention of hydrophobic bile salts, such as 
glycochenodeoxycholate (GCDC) in the liver, which plays an important role in the pathogenesis 
of cholestatic liver injury [18-22].

Cholestatic disorders also trigger gene expression changes of bile salt transporters [23, 
24]. While organic anion transporting protein 2 (OATP2) and Ntcp expression decreases 
with disease progression, MRP3 and P-glycoprotein become up-regulated. Expression of 
the basolateral Ntcp and Oatp2, as well as canalicular BSEP and MRP2 are also reduced in 
patients with acute inflammation-induced cholestasis. Retrieval of Bsep from the canalicular 
membrane in response to hyperosmotic hepatocyte shrinkage is accompanied by Ntcp 
retrieval, which is thought to counteract hepatocyte overload with bile salts when canalicular 
excretion fails [11, 15, 16].

Ursodeoxycholic acid (UDCA), which in vivo is rapidly conjugated with taurine (TUDC) 
has hepatoprotective and choleretic effects in liver and is widely used for the treatment of 
cholestatic disorders, such as primary biliary cholangitis and intrahepatic cholestasis of 
pregnancy [25-28]. TUDC stimulates insertion of canalicular transporters into the canalicular 
membrane via dual activation of the MAP kinases p38MAPK and Erk-1/-2 [29, 30] and exerts 
antiapoptotic activity [21, 31]. TUDC also  counteracts internalization of Bsep [32] and Mrp2 
[33] in taurolithocholate (TLC)-induced cholestasis. PKAα has been proposed to mediate the 
anti-cholestatic and antiapoptotic effects of TUDC [34]. In line with this, cyclic adenosine 
monophosphate (cAMP) increases Ntcp in the basolateral membrane as well as Bsep and 
Mrp2 in the canalicular membrane. β1-integrins were identified as receptors for TUDC [16] 
and β1-integrin activation not only triggers choleresis via dual MAP kinase activation, but 
also is antiapoptotic through formation of cAMP and activation of  protein kinase A (PKA) 
[31]. This prevents hyperosmotic ROS formation and Fyn activation and is associated with 
decreased serine phosphorylation of the Ntcp [15].

The effects of the hydrophobic bile salt GCDC on the subcellular localization of Ntcp 
in hepatocytes are unknown and were investigated in the present study. The results show, 
that GCDC triggers an oxidative stress-, and Fyn-dependent internalization of Ntcp, which is 
counteracted by TUDC in a β1-integrin- and PKA-dependent way.

© 2019 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Materials and Methods

Materials
Materials used in the present study 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-acetylcystein (NAC), Dibutyryl-cAMP (DB-cAMP) sodium salt, collagenase, insulin 
and TUDC were from Sigma Aldrich (Munich, Germany). H89 dihydrochloride, penicillin/streptomycin and 
Fluoromount-G were from Tocris/Biozol (Eching, Germany). Fetal bovine serum (FBS), G418 geneticin 
and Dulbecco’s modified Eagle’s medium Nutrimix F12 were from Life Technologies GmbH (Darmstadt, 
Germany). Gö6850, complete-protease inhibitor cocktail tablets and PhosSTOP-phosphatase inhibitor 
cocktail tablets were from Roche Diagnostics (Mannheim, Germany) and William’s Medium E was from 
Biochrom (Berlin, Germany). The Ntcp antibody (K4) [5] was a generous gift from Prof. Dr. B. Stieger 
(Kantonsspital Zürich, Switzerland). The Bsep antibody was a generous gift from Professor Dr. P. J. Meier 
and Professor Dr. B. Stieger (University Hospital Zurich, Switzerland) [6]. The monoclonal antibody directed 
against ZO-1 was from Invitrogen (Karlsruhe, Germany). Antibodies recognizing Yes (immunoprecipitation, 
IP) and Fyn (IP) were from Santa Cruz Biotechnology (Heidelberg, Germany) and antibodies directed 
against c-Src were from Life Technologies GmbH (Darmstadt, Germany). The anti-phospho-serine antibody 
was from Enzo Life Sciences GmbH (Lörrach, Germany). The antibodies raised against phospho-Src family-
Tyr-418 were from Cell Signaling Technology, Inc. (Danvers, USA), against Na+/K+-ATPase, Yes (Western blot, 
WB), Fyn (WB), phospho-cSrc, Cy3-conjugated donkey anti-rabbit IgG and FITC-conjugated donkey anti-
mouse IgG from Merck-Millipore (Darmstadt, Germany). Horseradish peroxidase-conjugated anti-mouse 
IgG and anti-rabbit IgG were from Bio-Rad Laboratories (Munich, Germany) and Dako (Hamburg, Germany), 
respectively. All other chemicals were from Merck-Millipore (Darmstadt, Germany) at the highest quality 
available.

Liver perfusion
Livers from male Wistar rats (140-160 g, fed ad libitum with standard diet) were perfused in a non-

recirculating manner with the bicarbonate-buffered Krebs-Henseleit saline plus L-lactate (2.1 mmol/l) and 
pyruvate (0.3 mmol/l) and equilibrated with 5% CO2 and 95% O2 at 37°C, as described previously [35]. 
Addition of bile salts, inhibitors and DB-cAMP to the influent perfusate was made by dissolution into the 
Krebs-Henseleit buffer.

Preparation and culture of primary rat hepatocytes
Hepatocytes were prepared from livers of male Wistar rats (160-180 g) by a collagenase perfusion 

technique in an adapted version as described previously [36]. Aliquots of rat hepatocytes were plated 
on collagen-coated culture plates and maintained in bicarbonate-buffered Krebs-Henseleit medium 
(115 mmol/l NaCl, 25 mmol/l NaHCO3, 5.9 mmol/l KCl, 1.18 mmol/l MgCl2, 1.23 mmol/l NaH2PO4, 1.2 mmol/l 
Na2SO4, 1.25 mmol/l CaCl2), supplemented with 6 mmol/l glucose in a humidified atmosphere of 5% CO2 
and 95% air at 37°C. After 2 h, the medium was removed and the cells were washed twice. Subsequently the 
culture was continued for 24 h in William`s Medium E, supplemented with 2 mmol/l glutamine, 100 nmol/l 
insulin, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 100nmol/l dexamethasone and 5% FBS. After 24 h, 
experimental treatments were performed using William`s Medium E that contained 2 mmol/l glutamine 
and 100 nmol/l dexamethasone. The viability of hepatocytes was more than 95% as assessed by trypan 
blue exclusion.

Immunofluorescence staining
Immunofluorescence analysis was performed as described recently [15, 16]. Tissue samples from 

perfused liver were cut at -20 °C in 7µm sections using a Leica Cryotom CM 3050 (Leica, Bensheim, Germany) 
and placed on Superfrost plus slides (Menzel, Braunschweig, Germany). Slides were air-dried (1 h) and kept 
at -20 °C until staining.  After fixation with pure methanol (-20 °C, 2 min), sections were washed with PBS 
and blocked with a solution containing 5% fetal calf serum in PBS for 30min at room temperature. Then, 
liver sections were incubated for 2 h in a wet chamber with combinations of  primary antibodies against 
Ntcp (1:200) and Na+/K+-ATPase (1:200) (overnight, 4°C), washed thrice, and stained with an anti-mouse-
FITC and an anti-rabbit Cy3-conjugated antibody (1:500 fetal calf serum 5% in PBS, 2 h, RT, respectively). 
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The samples were covered with Fluoromount-G  and visualized by confocal laser scanning microscopy 
(LSM) using LSM510 META, the LSM880 or by super resolution structured illumination microscopy (SR-
SIM) using the ELYRA microscope (Zeiss, Oberkochen, Germany).

Densitometric fluorescence intensity analysis
Densitometric fluorescence intensity analysis was performed as described recently [15, 16]. 

Cryosections of perfused rat liver for the analysis at the basolateral membrane were stained for Ntcp, Bsep 
and for Na+/K+-ATPase (plasma membrane marker protein) and ZO-1 which lines the border between the 
canalicular and the sinusoidal membrane. For negative controls, primary antibodies were omitted in each 
experiment. ZO-1 and Na+/K+-ATPase profiles were selected according apparent integrity and comparability. 
Acceptable Na+/K+-ATPase intensity profiles have a sufficiently high peak fluorescence in the central part 
(corresponding to the basolateral membrane) and low intracellular fluorescence. Densitometric analysis 
was performed as described previously [9, 13] using Image-Pro Plus (Media Cybernetics, Rockville, USA) 
software. Briefly, the fluorescence intensity profile was measured over a thick line at a right angle to the 
membrane. The length of the line was always 8 µm. The mean fluorescence intensity of each pixel over the line 
perpendicular to the length was calculated by Image-Pro Plus. The pixel intensity data (pixel positions with 
the associated pixel intensities, red and green channel) were transferred to an Excel data sheet (Microsoft 
Excel for Windows, Redmond, USA). Each measurement was normalized to the sum of all intensities of the 
respective measurement. Values are given as means ± SEM. Data from at least 10 different areas per tissue 
sample and from at least 3 independent liver preparations were processed. Peak fluorescence intensity 
values were statistically compared using one way analysis of variance (ANOVA) followed by Dunnet´s post 
hoc test. A p-value  <0.05 was considered statistically significant.

Western blot analysis
Western blot analysis was performed as described recently [15, 16]. Liver samples were immediately 

lysed at 4°C by using a lysis buffer containing 20 mmol/l Tris-HCl (pH 7.4), 140 mmol/l NaCl, 10 mmol/l 
NaF, 10 mmol/l sodium pyrophosphate, 1% (v/v) Triton X-100, 1 mmol/l EDTA, 1 mmol/l EGTA, 1 mmol/l 
sodium vanadate, 20  mmol/l β-glycerophosphate, protease inhibitor and phosphatase inhibitor cocktail. 
The lysates were kept on ice for 10 min and then centrifuged at 8, 000 rpm for 8 min at 4°C, and aliquots 
of the supernatant were taken for protein determination using the Bio-Rad protein assay (Bio-Rad 
Laboratories, Munich, Germany). Equal amounts of protein were subjected to sodium dodecyl sulfate/ 
polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes using a semidry 
transfer apparatus (GE Healthcare, Freiburg, Germany). Membranes were blocked for 60 min in 5% (w/v) 
bovine serum albumin containing 20 mmol/l Tris (pH 7.5), 150 mmol/l NaCl, and 0.1% Tween 20 (TBS-T) 
and exposed to primary antibodies overnight at 4°C. After washing with TBS-T and incubation at RT for 
2 h with horseradish peroxidase-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 ChemiDocTM 
Touch Imaging System from Bio-Rad (Munich, Germany). Semi-quantitative evaluation was carried out by 
densitometry using the Image Lab Touch Software from Bio-Rad. Protein phosphorylation is given as the 
ratio of detected phospho-protein/total protein.

Realtime PCR analysis
Realtime PCR analysis was performed as described recently [15, 16]. Total RNA was isolated using the 

RNAeasy mini kit (Qiagen, Hilden, Germany) according to the manufacturers´ protocol. RNA was quantified 
using NanoDrop1000 System (Thermo Scientific, Wilmington, USA) and first strand cDNA was synthesized 
from RNA using the RevertAid 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, 
Germany) on a TOptical Real-Time qPCR thermal cycler (Biometra, Göttingen, Germany). Hypoxanthine-
guanine phosphoribosyltransferase 1 (HPRT1) was used as reference gene for the normalization of the 
results obtained by the 2(−ΔΔCt) method. PCR-primer sequences: Ntcp 5’-TCAAGTCCAAAAGGCCACACT-3’ 
and 5’-AGGGAGGAGGTAGCCAGTAAG-3’, HPRT1 5’-TGCTCGAGATGTCATGAAGGA-3’ and 5’-CAGAGGGC 
CACAATGTGATG-3’. Statistical analysis was performed using one way analysis of variance (ANOVA).
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Detection of Reactive Oxygen Species (ROS) in cultures hepatocytes
For detecting reactive oxygen species (ROS), hepatocytes were loaded with  

2′, 7′-dichlorodihydrofluorescein diacetate (H2DCF-DA). Upon oxidation by ROS, the non-fluorescent H2DCF 
is converted into the highly fluorescent 2’, 7’-dichlorofluorescein (DCF). Isolated rat hepatocytes were 
seeded on collagen-coated 6-well culture plates and cultured for 24 h. Cells were loaded with PBS containing 
5µmol/L of H2DCF-DA for 30 min at 37 °C and 5% CO2. At the end of the incubation time, excess H2DCF-DA 
was removed by washing the cells 3 times with culture medium (William‘s Medium E). Hepatocytes were 
pre-incubated with 50µmol/L tauroursodeoxycholic acid (TUDC, 30min, 5% CO2,  37°C) before cells were 
exposed to glycochenodeoxycholic acid (GCDC, 50µmol/l, 15min, 5% CO2, 37°C). Cells were washed 3 times 
with PBS and mounted on an epifluorescence microscope (Cell Observer Z1, ZEISS, Oberkochen, Germany). 
DCF was excited at 488nm and fluorescence emission was collected at 565nm. Measurements were 
performed in triplicate for each experimental condition and mean fluorescence intensities were corrected 
for background fluorescence. Emission intensity in GCDC-exposed hepatocytes is expressed relative to 
untreated controls. Statistical analysis was performed using one way analysis of variance (ANOVA).

Statistical analysis
Results from at least 3 independent experiments are expressed as mean values ± SEM. n refers to the 

number of independent experiments. Differences between experimental groups were analyzed by student`s 
t-test, or one-way analysis of variance (ANOVA) followed by Dunnett´s, Tukey´s or Bonferroni´s multiple 
comparison post hoc test where appropriate (GraphPad Prism; GraphPad, La Jolla, USA; Microsoft Excel for 
Windows). A p-value < 0.05 was considered statistically significant.

Results

GCDC triggers Ntcp retrieval from the basolateral membrane in the perfused rat liver
Subcellular Ntcp distribution in control and GCDC (20 µmol/l)-perfused livers was 

analyzed by confocal laser-scanning microscopy and quantified by densitometric analysis of 
fluorescence intensities as described in the methods section. For plasma membrane labelling, 
liver sections were stained with an antibody directed against the plasma membrane protein 
Na+/K+-ATPase. The immunofluorescence analysis shows that the fluorescence profiles of 
Ntcp shifted to significantly lower peak values and became more broadened (p < 0.05, Fig. 1A) 
in response to treatment with GCDC (20 µmol/l, 60 and 90 min), suggestive for internalization 
of Ntcp. In contrast, GCDC had no effect on the Na+/K+-ATPase localization (Fig. 1A). As shown 
in Fig. 1A by immunofluorescence microscopy, GCDC triggered the appearance of punctate 
Ntcp-staining, which was enriched underneath the plasma membrane, supporting the view 
that GCDC triggers Ntcp retrieval from the plasma membrane.

When cultured hepatocytes were exposed to GCDC, Ntcp mRNA levels remained 
unchanged over a 9h-period GCDC treatment (0.88 ± 0.27-fold of untreated controls, n.s., 
n = 4, Fig. 1B). However, after 24h Ntcp mRNA levels tended to decrease in GCDC-exposed 
hepatocytes but without reaching statistical significance (0.45 ± 0.07-fold, n = 4, Fig. 1B).

The subcellular distribution of Ntcp was also analysed by super-resolution structured-
illumination microscopy (SR-SIM) in liver slices co-stained with Ntcp and Na+/K+-ATPase 
(Fig.  2). In GCDC-perfused livers (20  µmol/l, 60  or 90 min), intracellular vesicular Ntcp 
fluorescence intensity was markedly enhanced compared to control livers. On the other 
hand, Na+/K+-ATPase expression at the basolateral membrane remained largely unchanged 
in GCDC-perfused livers (Fig. 1, 2).

These results indicate that GCDC triggers the internalisation of Ntcp in the intact rat 
liver within 60 min of GCDC exposure, lasting for at least 90 min.
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Role of reactive oxygen species for GCDC-induced activation of Yes and Fyn in perfused rat 
liver
Hyperosmolarity was shown to trigger NADPH oxidase-dependent formation of reactive 

oxygen species (ROS) [37] and to activate the Src family kinases Yes and Fyn in the perfused 
rat liver [11]. Also GCDC activates NADPH oxidase and triggers the formation of ROS in 
cultured hepatocytes [4]. We therefore analysed effects of GCDC on the activation of Src 
family kinases Yes, Fyn and c-Src in perfused rat liver.

As shown in Fig. 3, the Src family kinases Yes and Fyn, but not c-Src became activated 
within 30 min of GCDC perfusion. The GCDC-induced Fyn and Yes activation was strongly 
blunted by the NADPH oxidase inhibitor apocynin (20  µmol/l) and the antioxidant NAC 

Fig. 1. Effects of 
GCDC on Ntcp protein 
localization in rat 
liver and Ntcp mRNA 
levels in cultured 
hepatocytes. (A) Livers 
were perfused with 
Krebs-Henseleit buffer 
with or without GCDC 
(20 µmol/l) for up to 
90 min. Cryosections 
of livers were 
immunostained for Ntcp 
and Na+/K+-ATPase. 
Fluorescence pictures 
were acquired by 
confocal laserscanning 
microscopy and 
f l u o r e s c e n c e 
distribution was 
measured over a line 
(8 µm) perpendicular to 
the plasma membrane 
of adjacent hepatocytes 
as described in the 
methods section. 
Magnifications of 
the boxed regions 
are shown in the 
upper right corner 
of each picture. Data 
represent arithmetric 
means ± SEM of 10 
measurements in each 
of at least 3 individual 
experiments for each 
condition. (B) Primary 
rat hepatocytes were 
cultured for 24  h and 
thereafter exposed to GCDC (100 µmol/l) for up to 24 h. RNA was extracted and Ntcp mRNA expression levels 
were analyzed by realtime-PCR. Ntcp mRNA expression levels are given relative to the untreated control (0 
min). Data represent arithmetic means ± SEM of 4 independent experiments. * statistically significantly 
different compared to control. n.s.: not statistically significantly different.
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(10  mmol/l). GCDC-induced Fyn activation was largely abolished in presence of the Src 
kinase inhibitors SU6656 (1  µmol/l) and PP-2 (250  nmol/l), whereas GCDC-induced Yes 
activation was sensitive to inhibition by SU6656, but not PP-2 (Fig. 3).

The data suggest that the Src family kinases Fyn and Yes but not c-Src become activated 
by GCDC in a NADPH oxidase and ROS-dependent way.

Role of Fyn and Yes for the GCDC-induced retrieval of Ntcp from the basolateral membrane
The plasma membrane localization of Ntcp was analysed in GCDC (20 µmol/l)-perfused 

livers by laser scanning microscopy and fluorescence intensity analysis in the absence or 
presence of inhibitors of oxidative stress (apocynin and NAC) or Src kinases (PP-2, SU6656).

Fig. 4A depicts the liver perfusion plans chosen for these experiments. As shown in 
Fig. 4A and B, NAC (10 mmol/l) and apocynin (20 µmol/l) completely abolished the GCDC 
(20  µmol/l, 60  min)-induced Ntcp retrieval from the basolateral membrane, which was 
otherwise observed within 60 min (see Fig. 1A). As expected, the Na+/K+-ATPase distribution 
remained unchanged under these conditions. Likewise, the Src kinase inhibitors SU6656 

Fig. 2. Subcellular distribution of Ntcp in rat liver. Livers were perfused with Krebs-Henseleit buffer with or 
without GCDC (20 µmol/l) up to 90 min. Cryosections of livers were immunostained for Ntcp and Na+/K+-
ATPase, and analysed by SR-SIM. Representative pictures of at least 3 independent experiments are given. 
The scale bars correspond to 10 µm in the overviews (upper row) and 1 µm in the four bottom rows with 
higher magnification of the plasma membrane.
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(1 µmol/l) and PP-2 (250 nmol/l) and the broad spectrum protein kinase C (PKC) inhibitor 
Gö6850 (10  µmol/l) prevented the GCDC-induced Ntcp retrieval from the basolateral 
membrane (Fig. 4B).

Fig. 3. Effects of GCDC on Src kinases in the perfused rat liver. Livers were perfused with Krebs-Henseleit 
buffer with or without GCDC (20 µmol/l) in absence or presence of apocynin (20 µmol/l), SU6656 (1 µmol/l), 
NAC (10 mmol/l) or PP-2 (250 nmol/l) as indicated in the perfusion plan. At the end of the experiment liver 
tissue was snap frozen, protein was isolated and used for Western blot analysis of activated Src kinase family 
members Yes, Fyn, and c-Src. Expression levels were quantified by densitometric analysis. Expression levels 
in livers perfused for 60 min with GCDC are given relative to what was found prior to perfusion with GCDC 
(0 min, “Control”). Representative blots and densitometric analysis of at least 3 independent perfusion 
experiments are shown. * statistically significantly different compared to control. n.s.: not statistically 
significantly different.
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Fig. 4. Effects of GCDC on the subcellular distribution of Ntcp and Na+/K+-ATPase in perfused rat liver. Rat 
livers were perfused with Krebs-Henseleit buffer with apocynin (20  µmol/l), NAC (10  mmol/l), SU6656 
(1 µmol/l), PP-2 (250 nmol/l) or Gö6850(10 µmol/l) in presence or absence of GCDC (20 µmol/l) as indicated 
in the perfusion plan. (A) Ntcp and Na+/K+-ATPase were visualized after perfusion with either NAC, GCDC or 
NAC plus GCDC at t = 60 min by SR-SIM. Representative pictures of 3 independent experiments are shown. 
The scale bar corresponds to 1 µm. (B) Densitometric analysis of fluorescence intensity profiles of Ntcp and 
Na+/K+-ATPase staining. Data represent arithmetric means ± SEM of at least 10 measurements in each of 3 
individual experiments for each condition. Fyn and Yes phosphorylation was quantified by densitometric 
analysis at t = 90 min (n≥3). * statistically significantly different compared to control. n.s.: not statistically 
significantly different.
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Fig. 5. TUDC reverses the GCDC-induced retrieval of Ntcp in an integrin- and PKA-dependent way. (A, B) Rat 
livers were perfused with GCDC (20 µmol/l), TUDC (20 µmol/l), GRGDSP (10 µmol/l), GRADSP (10 µmol/l) 
and/ or H89 (2 µmol/l) as indicated in the respective perfusion plans (A). Livers were fixed and Ntcp 
and Na+/K+-ATPase were analysed by immunofluorescence and (A) SR-SIM or (B) confocal laserscanning 
microscopy and Ntcp distribution was quantified as described in methods at t = 90 min. Representative 
images from at least 3 independent experiments are shown. The scale bars correspond to 1  µm. (B) 
Arithmetric means  ±  SEM for at least 10-30 independent measurements per animal and 3 independent 
experiments for each condition are shown. * statistically significantly different compared to control. n.s.: not 
statistically significantly different.
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These findings suggest that the retrieval of Ntcp from the plasma membrane depends on 
activation of NADPH oxidase, ROS formation, PKC and Src kinases. Because PP-2 prevented 
both, GCDC-induced Ntcp retrieval and Fyn (but not Yes) activation, it is concluded that 
GCDC-induced Ntcp internalization is mediated by Fyn, but not by Yes. Similar observations 
were made regarding the hyperosmolarity-induced Ntcp retrieval [15, 16].

Tauroursodesoxycholate (TUDC) reverses GCDC-induced Ntcp internalization via 
activation of integrins and protein kinase A
The bile salt TUDC triggers via β1-integrin activation the insertion of intracellularly 

stored Bsep and Mrp2 into the canalicular membrane, thereby mediating a choleretic effect 
[12, 16]. We therefore investigated the effects of TUDC on GCDC-induced retrieval of Ntcp 
from the basolateral membrane in perfused rat liver.

As shown by immunofluorescence analysis, the GCDC (20  µmol/l)-induced retrieval 
of Ntcp is reversed by TUDC (20 µmol/l) within 30 min (Fig. 5A, B). This inhibitory effect 
of TUDC on GCDC-induced Ntcp retrieval was fully prevented by the β1-integrin-inhibitory 
peptide GRGDSP but not by the inactive control peptide GRADSP (both 10 µmol/l) (Fig. 5B).

As shown recently, TUDC activates protein kinase A (PKA) via β1-integrins [31]. As shown 
in Fig. 5B, the PKA-inhibitor H89 (2 µmol/l) largely prevented the inhibitory effect of TUDC 
on GCDC-induced Ntcp retrieval. Na+/K+-ATPase immunostaining remained unchanged 
under all conditions.

These data show that TUDC inhibits the GCDC-induced Ntcp internalization by activating 
integrins and PKA.

TUDC prevents GCDC-induced activation of Fyn and Yes via β1-integrins and PKA
Recent studies suggested, that TUDC counteracts the hyperosmolarity-induced retrieval 

of Ntcp through β1-integrin and PKA-dependent inhibition of Fyn activation [15].
As shown in Fig. 6A, the inhibitory effect of TUDC on the activation of Fyn and Yes by 

GCDC was fully abrogated by the inhibitory integrin antagonist GRGDSP but not by the inactive 
control peptide GRADSP (both 10 µmol/l). Furthermore, the inhibitory effect of TUDC on the 
GCDC-induced activation of Fyn and Yes was fully prevented by the PKA inhibitor H89 (2 
µmol/l). The GCDC-induced activation of Fyn was also abolished in presence of dibutyryl-
cAMP (50 µmol/l) (Fig. 6B). The inhibitory effect of dibutyryl-cAMP on GCDC-induced Fyn 
activation was fully prevented by the PKA inhibitor H89 (2 µmol/l).

The data suggest that TUDC inhibits the GCDC-induced activation of Fyn and Yes in an 
integrin and PKA-dependent way in the perfused rat liver.

TUDC prevents the GCDC-induced ROS formation in cultured rat hepatocytes
Effects of TUDC on GCDC-induced ROS formation were studied in in H2DCF-DA-loaded 

rat hepatocytes by fluorescence microscopy.
As shown in Fig. 7, exposure of hepatocytes to GCDC (50 µmol/l, 15 min) strongly 

increased DCF fluorescence by about 2-fold compared to untreated controls. Pretreatment 
of the hepatocytes with TUDC (50 µmol/l, 30 min) fully prevented the GCDC-induced DCF 
fluorescence increase (Fig. 7). The data suggest that TUDC blocks GCDC-induced formation 
of reactive oxygen species in cultured rat hepatocytes.

GCDC triggers dilatation of the canaliculi in the perfused rat liver
Subcellular distribution of Bsep was analysed in perfused livers by confocal laser-

scanning microscopy (Fig. 8A) and quantified by densitometric analysis of fluorescence 
intensities (Fig. 8B, C). For labelling of the canalicular membrane, liver sections were stained 
with an antibody directed against the tight junction protein zonula occludens 1 (ZO-1). 
Fluorescence profiles of Bsep shifted to significantly lower peak values and became more 
broadened in GCDC-perfused livers (p<0.05, Fig. 8B) in response to treatment with GCDC 
(20 µmol/l, 90 min), which may at first glance suggest an internalization of Bsep. However, 
GCDC also significantly increased the distance between the ZO-1 immunoreactivities 
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Fig. 6. TUDC inhibits integrin- and 
PKA-dependently the GCDC-induced 
activation of Fyn. Rat livers were 
perfused with TUDC (20 µmol/l) or 
GCDC (20  µmol/l) either in absence 
or presence of (A) GRGDSP (10 
µmol/l), GRADSP (10  µmol/l) or 
H89 (2 µmol/l) or (B) cAMP and/ 
or H89 as indicated in the perfusion 
plans. Liver samples were analyzed 
for phosphorylation of the Src 
kinases Fyn and Yes by Western blot. 
Fyn and Yes phosphorylation was 
quantified by densitometric analysis 
at t  =  90  min (n≥3). * statistically 
significantly different compared 
to control. n.s.: not statistically 
significantly different.
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lining the canalicular membrane (Fig. 8A, B, C). However, no punctate Bsep-staining 
was detected in the cytosol underneath the canalicular membrane in GCDC-perfused 
livers in confocal microscopy (Supplementary Fig. 1 - for all supplemental material see  
www.cellphysiolbiochem.com). Thus, the flattening of the Bsep fluorescence profile is due 
to a dilatation of the canaliculus, whereas retrieval of Bsep from the canalicular membrane 
was not observed. Both, the GCDC-induced broadening of the Bsep profile as well as the 
dilatation of the canaliculus were fully reversed by TUDC (20 µmol/l) (Fig. 8A-C). These 
inhibitory effects of TUDC were fully prevented by the integrin inhibitory peptide GRGDSP 
but not by its inactive analogon GRADSP (10 µmol/l) (Fig. 8A-C).

These results indicate that GCDC triggers a dilatation of the canaliculus, which is 
counteracted by TUDC through activation of β1-integrins.

Discussion

Bile salt homeostasis is achieved through adaptive activity changes of bile salt 
transporters in the hepatocyte membrane [38]. Short-term regulation of bile salt transporters 
involves substrate availability [39], covalent modifications [40, 41] or rapid insertion/
retrieval of transporters into/from the sinusoidal and canalicular membrane [9, 29, 42, 43], 
whereas long-term adaption involves transcriptional or translational changes in transporter 
expression [44-47]. During cholestasis bile salt transporters can undergo a hepatoprotective 
adaptive regulation [48, 49]. In the present study, we analysed short-term effects of GCDC 
on the cellular localization of the bile salt transporter Na+-taurocholate cotransporting 
polypeptide (Ntcp) in the perfused rat liver. The data show, that GCDC triggers the rapid 
retrieval of Ntcp from the basolateral membrane. This process involves PKC, NADPH oxidase-
derived ROS and activation of the Src family kinase Fyn. Whereas GCDC-induced Ntcp 
internalization and Fyn activation were prevented by both, PP-2 and SU6656, Yes activation 

Fig. 7. TUDC blocks the GCDC-
induced formation of reactive oxygen 
species. Primary rat hepatocytes were 
cultured for 24 h, loaded with DCF as 
described in materials and methods 
and exposed to GCDC (50 µmol/l) for 
15 min. Where indicated, hepatocytes 
were pre-incubated with TUDC (50 
µmol/l) for 30 min before hepatocytes 
were exposed to GCDC in the presence 
of TUDC. Fluorescence was collected 
by epifluorescence microscopy and 
fluorescence intensities were quantified 
using AxioVision Software. ROS levels 
in GCDC or TUDC-exposed hepatocytes 
are given relative to the control. Data are 
mean values ± SEM of  n≥3 independent 
experiments. * statistically significantly 
different compared to the untreated 
control. n.s.: not statistically significantly 
different.
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Fig. 8. Effects of GCDC on the subcellular distribution of Bsep and ZO-1 in perfused rat liver. Rat livers 
were perfused with Krebs-Henseleit buffer in presence or absence of GCDC (20 µmol/l) and/or TUDC (20 
µmol/l), GRGDSP (10 µmol/l) and/or GRADSP (10  µmol/l) as indicated in the perfusion plan. (A) Bsep 
and ZO-1 were visualized by confocal laserscanning microscopy at t = 90 min. Representative images from 
3 independent experiments are shown. The scale bar corresponds to 10  µm. (B) Densitometric analysis 
of fluorescence intensity profiles of Bsep and ZO-1 staining at t = 90 min. GCDC induces dilatation of the 
canaliculi as suggested by an increased distance between the ZO-1 peaks. (C) Canalicular width as measured 
by the distance of ZO-1 peak immunoreactivities between the canalicular borders. Data consist of arithmetric 
means ± SEM of 10-30 measurements in each of 3 individual experiments for each condition. * statistically 
significantly different to control.
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was only sensitive to SU6656. This suggests that Fyn, but not Yes is involved in retrieval of 
Ntcp from the basolateral membrane. Activated Fyn in turn may phosphorylate Ntcp in the 
GCDC-perfused liver and thereby trigger internalization of the transporter [15, 16].

Similar to the recently described role of ROS for activation of Fyn during hyperosmotic 
hepatocyte shrinkage [15, 16], also GCDC-induced Fyn activation is the consequence 
of  NADPH oxidase-dependent ROS formation in cultured hepatocytes [4, 50]. In line 
with this, inhibition of NADPH oxidase by apocynin and the antioxidant N-acetylcysteine 
prevented Fyn activation and the GCDC-induced Ntcp internalization. Retrieval of Ntcp 
from the plasma membrane was also recently found in response to the hydrophobic bile 
salt taurochenodesoxycholate (TCDC), but the underlying mechanism may differ from the 
one identified for GCDC in the present study. The TCDC-induced internalization depends on 
activation of PKC and protein phosphatase 2A, is inhibited by PI3K and importantly ROS are 
not involved [51].

Interestingly, the GCDC-induced internalization of Ntcp was fully counteracted by the 
anti-cholestatic bile salt TUDC in a β1-integrin and PKA-dependent way. As shown in the 
present study, TUDC prevented the GCDC-induced ROS formation (as assessed by DCF 
fluorescence) and Fyn activation, as it was previously also observed for hyperosmotic ROS 
formation [15, 16]. This, however, is at variance to our recent finding showing that TUDC had 
no effect on the GCDC-induced p47phox phosphorylation [31]. The reason for this is unclear, 
but may reflect different approaches for assessment of oxidative stress (DCFDA fluorescence 
vs. p47phox phosphorylation) and apart from Nox further ROS generating compartments such 
as mitochondria may be picked up when measuring TUDC effects using DCFDA fluorescence. 
In line with this, it was shown that ursodesoxycholate can counteract the deoxycholic acid-
induced ROS response by preventing mitochondrial membrane permeability transition [52]. 
Clearly, TUDC prevents GCDC-induced Fyn activation in a β1-integrin and PKA-dependent 
way, but it is unclear, whether these responses are primarily due to an antioxidative action 
of TUDC.

As shown recently, TUDC directly activates β1-integrins and thereby stimulates the 
formation of cAMP [31], whose choleretic effect is well-known. cAMP increases transcellular 
bile salt transport by upregulating the  Ntcp in the basolateral membrane [53] and increasing 
the levels of Mrp2 [54] and Bsep in the canalicular membrane [55]. The choleretic effect of 
cAMP may be due to a PKA-mediated PI3K activation [56], which leads to the activation of Akt 
and PKC isoforms [56-59] and induces Ntcp targeting to the plasma membrane. Moreover, 
the cAMP-induced insertion of Ntcp into the plasma membrane is associated with a serine 
dephosphorylation of Ntcp [42, 60] and the cAMP-induced activation of protein phosphatase 
2B can directly dephosphorylate Ntcp [61]. Thus, Ntcp targeting to the plasma membrane by 
TUDC may not only reside in a prevention of GCDC-induced Fyn phosphorylation, but also in 
a β1-integrin-dependent cAMP formation. In line with this, TUDC-induced reinsertion of Ntcp 
into the plasma membrane in GCDC perfused livers was sensitive to inhibition of β1-integrins 
as well as to inhibition of PKA. These data also corroborate earlier findings showing that 
TUDC stimulates Ntcp reinsertion into the plasma membrane under hyperosmotic conditions 
in a β1-integrin-dependent way [15, 16]. Interestingly, the mechanisms underlying the GCDC-
induced internalization of Ntcp, as shown in the present study, strongly resembles the ones 
triggering Ntcp retrieval from plasma membrane in hyperosmotically-perfused livers [15, 
16]. Therefore it seems reasonable to speculate that GCDC-induced hepatocyte shrinkage 
[4] may contribute to Ntcp internalization. As shown recently, hyperosmolarity triggers a 
coordinated Fyn-dependent Ntcp and Bsep retrieval from the respective membranes. Because 
GCDC also activates Fyn, not only Ntcp retrieval, but also Bsep retrieval under the influence 
of GCDC may be anticipated. However, in contrast to hyperosmolarity [11], GCDC induced 
not only a broadening of the Bsep fluorescence profile, but also a significant dilatation of the 
canaliculi, which by itself may already explain the flattening of the Bsep fluorescence profile. 
In line with this, no Bsep retrieval from the canalicular membrane was observed in response 
to GCDC. Canalicular dilatation has also been described in response to taurolithocholate [62-
64], to ischemia-reperfusion injury [65], chlorpromazine and estradiol-17ß-D-glucuronide 
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[66]. The mechanisms underlying the GCDC-induced widening of the canaliculi remain 
speculative and may involve oxidative stress-effects on the cytoskeleton of hepatocytes. 
Interestingly, GCDC-induced canalicular dilatation was prevented by TUDC and similar 
observations were reported in drug-induced cholestasis and after ischemia-reperfusion [65, 
66].

Conclusion

Taken together, the results of the present study suggest that the cholestatic bile salt 
GCDC not only triggers a proapoptotic state [38], but also inhibits the uptake of bile salts by 
hepatocytes, which may reflect a hepatoprotective response (Supplementary Fig. 2).
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