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Background: Taurolithocholate induced cholestasis is a well established model of drug induced
cholestasis with potential clinical relevance. This compound impairs bile salt secretion by an as yet
unclear mechanism.
Aims: To evaluate which step/s of the hepatocellular bile salt transport are impaired by taurolithocho-
late, focusing on changes in localisation of the canalicular bile salt transporter, Bsep, as a potential
pathomechanism.
Methods: The steps in bile salt hepatic transport were evaluated in rats in vivo by performing pharma-
cokinetic analysis of 14C taurocholate plasma disappearance. Bsep transport activity was determined
by assessing secretion of 14C taurocholate and cholyl-lysylfluorescein in vivo and in isolated rat hepa-
tocyte couplets (IRHC), respectively. Localisation of Bsep and F-actin were assessed both in vivo and in
IRHC by specific fluorescent staining.
Results: In vivo pharmacokinetic studies revealed that taurolithocholate (3 µmol/100 g body weight)
diminished by 58% canalicular excretion and increased by 96% plasma reflux of 14C taurocholate.
Analysis of confocal images showed that taurolithocholate induced internalisation of Bsep into a
cytosolic vesicular compartment, without affecting F-actin cytoskeletal organisation. These effects were
reproduced in IRHC exposed to taurolithocholate (2.5 µM). Preadministration of dibutyryl-cAMP, which
counteracts taurolithocholate induced impairment in bile salt secretory function in IRHC, restored Bsep
localisation in this model. Furthermore, when preadministered in vivo, dibutyryl-cAMP accelerated
recovery of both bile flow and bile salt output, and improved by 106% the cumulative output of 14C
taurocholate.
Conclusions: Taurolithocholate impairs bile salt secretion at the canalicular level. Bsep internalisation
may be a causal factor which can be prevented by dibutyryl-cAMP.

Taurolithocholate (TLC) and other monohydroxylated bile
salts (BS) were suggested to play a role in the liver
dysfunction that occurs in primary biliary cirrhosis,1

Byler’s disease,2 total parenteral nutrition induced
cholestasis,3 and neonatal cholestasis.4 TLC induced cholesta-
sis is also a useful experimental model of drug induced
cholestasis.5–8

TLC induces an acute reversible cholestasis in the rat,5 with
a bile flow (BF) nadir at 15–20 minutes of TLC administration.
After that, BF recovers slowly, reaching control values at 24–30
hours.5 TLC diminishes both BS independent and BS depend-
ent BF. Diminution in the former has been proposed to be due
to a reduction in the water permeability of the canalicular
membrane (CM),9 and to inhibition of the Na+/K+-ATPase
pump, a key driving force of BS independent BF.10 Impairment
in glutathione biliary excretion,11 probably associated with a
decrease in the activity and/or localisation of Mrp2, a putative
glutathione transporter,12 has also been postulated.13

In contrast, the mechanisms by which TLC impairs BS
excretion remain to be elucidated. Taurine or glycine
conjugated BS are mainly taken up by the hepatocyte by a Na+

dependent mechanism, mediated by the Na+ taurocholate
cotransporting polypeptide.14 Their canalicular secretion,
which is the rate limiting step in their overall transport from
blood to bile, is mainly mediated by an ATP dependent trans-
porter, the “bile salt export pump” (Bsep), a homologue of the
MDR P-glycoproteins belonging to the superfamily of ATP
binding cassette (ABC) transporters.15

Characterisation of the step/s in BS transport that are altered
by TLC remain to be ascertained, and this represents one of the
aims of our study. In addition, recent evidence that internalisa-
tion of another canalicular ABC transporter, Mrp2, occurs in
different models of experimental cholestasis, including
oestradiol-17β-D-glucuronide16 and TLC itself,13 has prompted us
to examine the role of this pathomechanism in TLC induced BS
secretory failure, by evaluating whether Bsep suffers a similar
relocalisation. Finally, to help to establish a causal link between
a putative alteration of Bsep localisation and BS secretory dys-
function induced by TLC, we have also analysed the ability of
cAMP to prevent concurrently changes in both parameters
caused by the cholestatic agent; cAMP was shown to stimulate
targeting of transporters to the CM17–19 and to counteract TLC
induced impairment in BS secretory function in the isolated rat
hepatocyte couplet (IRHC) model.20

METHODS
Materials
TLC (sodium salt), 3α-hydroxysteroid dehydrogenase,
Leibovitz-15 culture medium, Phalloidin-FITC, DMSO, and
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dibutyryl-cAMP (DB-cAMP) were from Sigma Chemical Co.
(St Louis, Missouri, USA). 14C taurocholate (14C-TC) was from
New England Nuclear (Boston, Massachusetts, USA). Cholyl-
lysylfluorescein (CLF) was kindly provided by Dr Charles O
Mills (Birmingham, UK). Collagenase type A from Clostridium
histolyticum was from Gibco (Paisley, UK). All other reagents
were of the highest grade available.

Animals
Adult male Wistar rats weighing 300–350 g were used
throughout. Animals were maintained on a standard diet and
water ad libitum, under a constant 12 hour light/12 hour dark
cycle. Protocols were approved according to the Animal Scien-
tific Procedure Act 1986.

“In vivo” studies
Surgical procedures
Animals were anaesthetised with sodium pentobarbital (50
mg/kg intraperitoneally) and anaesthesia maintained
throughout. The carotid artery and femoral vein were
catheterised with a PC-50 polyethylene tubing, and the com-
mon bile duct with a PE-10 polyethylene catheter (Intramedic,
Clay Adams, Parsippany, New Jersey, USA). Body temperature
was maintained at 37.5–38.0°C with a heating lamp.

Experimental procedures
In the bile secretion studies, TLC (3 µmol/100 g body weight)
or vehicle (10% bovine serum albumin in saline) in controls
was administered intravenously 30 minutes after basal bile
collection. Bile was then collected at 20 minute intervals for
100 minutes. Next, animals were killed by exsanguination,
and livers were removed and weighed. In experiments evalu-
ating prevention of cholestasis by cAMP, DB-cAMP (10 mg/kg

body weight intravenously), a permeant cAMP analogue, was
administered five minutes prior to TLC administration.

In 14C-TC biliary excretion studies, the radioisotope (0.25
µCi/100 g body weight) was injected intravenously, either 20
minutes or 100 minutes after the TLC pulse. Pharmacokinetic
analysis of 14C-TC plasma decay was carried out at 100
minutes; by that time, a normal BS excretion was reached, and
14C-TC kinetics better reflect defective transport capability
rather than competition with the initially retained BS. Blood
samples were collected every 0.5–3 minutes for 20 minutes,
and bile samples every two minutes for 20 minutes.

Analytical procedures
BF was measured gravimetrically, assuming a bile density of
1.0 g/ml. Total BS were determined by the 3α-hydroxysteroid
dehydrogenase procedure.21

Fractional 14C-TC transfer rates were assessed by perform-
ing plasma disappearance kinetic analysis. Plasma 14C-TC con-
centration data, plotted against time, were fitted to a biexpo-
nential equation; a preliminary triexponential fit failed to
show any improvement according to Akaike’s criterion.22

Therefore, a two compartmental model with an open ended
biliary outflow, as described by Richards and colleagues,23 was
considered physiologically realistic, and employed to calculate
the fractional transfer rates for hepatic uptake (r12), sinusoidal
efflux (r21), and canalicular excretion (r3).

14C-TC in plasma and bile was measured in a liquid scintil-
lation counter (RackBeta, Pharmacia Wallac Oy, Finland).
14C-TC hepatic content was measured in supernatants of
homogenates obtained after centrifugation of the major lobe
(10% w/v in saline).

Confocal microscopy and image analysis
Liver samples were frozen in isopentane precooled in liquid
nitrogen and stored at −80°C. Liver slices (5 µm) were

Figure 1 Time course of changes in bile flow (A) and bile salt
output (B) in rats treated with taurolithocholate (TLC; 3 µmol/100 g
body weight intravenously), with or without preadministration of
dibutyril-cAMP (DB-cAMP; 10 mg/kg body weight intravenously).
Control rats, who received only TLC vehicle, are also shown. Arrows
indicate either TLC or vehicle administration. Values are expressed
as mean (SEM) for six animals in the control and TLC groups, and
three animals in the TLC+DB-cAMP group. *Significantly different
from the control group (p<0.05); †significantly different from the TLC
group (p<0.05).
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Figure 2 Biliary excretion of 14C taurocholate (14C-TC; 0.25
µCi/100 g body weight) in control rats and in taurolithocholate
(TLC; 3 µmol/100 g intravenously) treated rats, either 20 minutes or
100 minutes after administration of the cholestatic agent. Biliary
excretion of 14C- TC, administered 100 minutes after TLC injection in
rats pretreated with dibutyril-cAMP (DB-cAMP; 10 mg/kg body
weight intravenously) is also shown. In all experimental groups,
14C-TC was administered as a single intravenous dose at the
indicated times, whereas in controls 14C-TC was administered 100
minutes after vehicle injection. Inset shows cumulative biliary output
of 14C-TC 20 minutes after the intravenous pulse of the radioactive
compound in the above mentioned experimental groups. Values are
expressed as mean (SEM) for four animals per group. *Significantly
different from the control group (p<0.05); †significantly different
from the TLC (100 minutes) group (p<0.05).
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prepared with a Zeiss Microm HM5000 microtome cryostat,
air dried, and fixed with 3% paraformaldehyde in phosphate
buffered saline (PBS). For Bsep labelling, tissue sections were
incubated overnight with a rabbit antimouse Bsep (1:100)
antibody (Kamiya, Seattle, Washington, USA), and further
incubated with Cy2 conjugated donkey antirabbit IgG
(Jackson ImmunoResearch, West Grove, Pennsylvania, USA)
(1:100, one hour). Slices were mounted with Vectashield
mounting medium (Vector, Burlingame, California, USA), and
analysed with a confocal microscope (True Confocal Scanner
Leica TCS SP II). For actin labelling, fixed tissue sections were
incubated with phalloidin-FITC (10 µg/ml in PBS, 20
minutes), mounted, and analysed with a confocal microscope,
as described for Bsep. For double labelling, tissue sections were
exposed to phalloidin-FITC after performing Bsep staining, as
described above.

Densitometric analysis of confocal pictures was performed
as previously described24 using the software Scion Image β4.02
for Windows (Scion Corporation, USA). Fluorescence inten-
sity was measured over a line vertical to the canaliculus
(length 8 µm). For each section, data from 15 different canal-
iculi were collected and used for statistical comparison. Data
were reproduced in three independent liver preparations. Each
measurement was normalised to the sum of all intensities of
the respective measurement. Variances from different condi-
tions were compared using the Mann-Whitney test.

Studies in IRHC
Couplet isolation, enrichment, and culture
IRHC were obtained from rat liver according to the two step
collagenase perfusion procedure described by Wilton and
colleagues,25 adapted from Gautam and colleagues,26 and
further enriched by centrifugal elutriation.27 The final
preparation, containing 73 (5)% of IRHC with viability >95%,
as assessed by the trypan blue exclusion test, was plated in
L-15 medium containing penicillin/streptomycin onto 35 mm
plastic culture dishes (2 ml/dish) at a density of 0.5×105

units/ml and incubated at 37°C for 4.5–5 hours.

Assessment of BS secretory function in IRHC
BS secretory function was evaluated by carrying out the
canalicular vacuolar accumulation (cVA) of CLF test which
assesses the percentage of couplets (>50 per experiment) dis-
playing CLF in their canalicular vacuoles.25 28 Couplets were
exposed to TLC (2.5 µM in 2 µl of DMSO) for 20 minutes; at
this concentration neither TLC nor its vehicle DMSO had any
effect on cell membrane integrity or viability, as assessed by
release of lactate dehydrogenase and the trypan blue
exclusion test, respectively (data not shown). Then, TLC was
removed by washing twice with L-15, and cells were exposed
to CLF (2 µM) for 15 minutes. Next, CLF was removed, and
cVA of CLF assessed using an inverted fluorescence micro-
scope (Olympus IMT2-RFL; Olympus Optical Ltd, London,
UK). A separated group of couplets were pretreated with
DB-cAMP (10 µM, 30 minutes) and further exposed to TLC.

In some experiments, intracellular CLF fluorescence was
quantified. Microphotographs from randomly chosen vision
fields were digitalised, and CLF fluorescence in the cellular
body quantified by densitometry, using an image analysis pro-
gram (Openlab; Improvision, Coventry, UK). Intracellular
fluorescence intensity was determined by subtracting the total
fluorescence in the couplets (∼30), divided by the total couplet
area, from the value obtained in the canalicular vacuole alone,
divided by the vacuolar area.

Assessment of Bsep and F-actin localisation
For Bsep immunofluorescent staining, cells were fixed with
4% paraformaldehyde in PBS and incubated with a polyclonal
anti-Bsep rabbit antibody (1:250, 2 hours), followed by
incubation with FITC labelled goat antirabbit Ig G (1:100, 40
minutes) (Zymed, San Francisco, USA). Cells were then
mounted and examined by fluorescence microscopy (Zeiss
Axiovert 350TV, equipped with plan neofluar lenses).

Phalloidin-FITC labelling was employed to visualise F-actin
using a modification of the method described by Knutton and
colleagues,29 as described by Wilton and colleagues.28 Cells
were then mounted and examined by fluorescence micros-
copy, as described for Bsep.

Monochrome images (20–30 per group) were taken in 1 µm
steps and captured on a CCD video camera (Hamamatsu Pho-
tonic Sys. Corp., Hamamatsu City, Japan). Out of focus flair
was removed using a deconvolution program (Micro-Tome
Mac; Vaytek, Fairfield, Illinois, USA). Fluorescence was quan-
tified using Openlab software (Improvision).

Statistical analysis
Results are expressed as mean (SEM). The unpaired t test was
used for comparison between the control and TLC groups. One
way ANOVA, followed by the Newman-Keuls test, were
performed for multiple comparisons. Values of p<0.05 were
considered to be statistically significant.

RESULTS
In vivo effect of TLC on basal BF and BS secretion
Figure 1 shows the changes in BF and total BS output after
TLC administration. BF was rapidly diminished, showing a
nadir at 20 minutes. After that, BF recovered slowly, remaining
significantly lower than controls throughout the experiment.
In contrast, BS output was normalised by 60 minutes of TLC
administration, and even overcame control BS output from
this time onwards.

The capacity of DB-cAMP to prevent TLC induced cholesta-
sis was tested. Impairment in BF was partially but signifi-
cantly prevented by DB-cAMP; acceleration in the recovery of
this parameter following the initial drop was apparent, reach-
ing control values at 100 minutes. Whereas the initial impair-
ment in BS output was not prevented by DB-cAMP, this com-
pound induced a rapid recovery of this parameter, reaching
values even higher than those of the control group from 40
minutes of TLC administration onwards.

Table 1 Effect of taurolithocholate (TLC) treatment on the intrinsic transfer rates
derived from bicompartmental analysis of plasma decay of 14C-taurocholate (TC)†

Intrinsic transfer rates‡ (/min)

r12 r21 r3

Control 1.108 (0.056) 0.071 (0.008) 0.137 (0.013)
TLC 1.285 (0.108) 0.139 (0.016)** 0.058 (0.008)**

†Values are mean (SEM) for five animals per group.
‡The fractional transfer rates derived from the compartmental analysis of 14C-TC plasma decay, r12 (uptake),
r21 (plasma reflux), and r3 (canalicular excretion), were obtained according to standard equations for an open
bicompartmental model (Richards’ model).
**p<0.005 compared with the control group.
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Biliary excretion and pharmacokinetic analysis of
14C-TC
14C-TC biliary output was significantly impaired at both 20
minutes and 100 minutes of TLC treatment (fig 2), which was
reflected in a reduction in the cumulative biliary excretion of
the radioactive compound (fig 2, inset). Concomitantly, the
final hepatic 14C- TC content was significantly increased (con-
trol 2.1 (0.6); TLC 20 minutes 24.1 (5.3); TLC 100 minutes 27.9

(5.5) dpm/µg liver weight; both significantly different
(p<0.01) from the control). DB-cAMP pretreatment signifi-
cantly counteracted the decrease in biliary excretion of 14C-TC,
administered 100 minutes after TLC. Consequently, cumula-
tive biliary excretion of the radioactive compound was
enhanced by 106% (fig 2, inset).

Pharmacokinetic analysis of 14C-TC plasma disappearance
100 minutes after TLC administration is shown in table 1.

Figure 3 (A–C) Confocal images showing the in vivo effect of taurolithocholate (TLC; 3 µmol/100 g intravenously) on F-actin cytoskeleton
organisation. In solvent treated control rats (A), the F-actin cytoskeleton showed a predominant pericanalicular localisation. No alteration in this
normal distribution was observed in TLC treated rats, either 20 minutes or 100 minutes after TLC administration (B and C, respectively). (D–F) In
vivo effect of TLC on bile salt export pump (Bsep) immunofluorescent localisation (red). F-actin staining (green) was used to demarcate the bile
canaliculus, and yellow staining indicates colocalisation of both Bsep and F-actin. In solvent treated control rats (D), Bsep was mainly confined
to the canaliculus. Twenty minutes after TLC administration (E), the cholestatic agent disrupted the normal canalicular localisation of Bsep,
visualised as an increment in red staining outside the limits of the canaliculus (arrows) and in intracellular vesicle-like structures (arrowheads).
The same phenomenon was observed 100 minutes after TLC administration (F) but an increased number of Bsep containing vesicular structures,
deeper inside the hepatocytes, was apparent. Pictures are representative images from at least three independent experiments per group.
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Whereas hepatic 14C-TC uptake (r12) was not modified, TLC
increased by 96% its sinusoidal efflux (r21) and decreased by
58% its canalicular excretion (r3). This alteration in r3, together
with the increased hepatic 14C-TC retention in TLC treated rats,
suggests that canalicular transport rather than sinusoidal
uptake was the principal step impaired.

Effect of TLC on Bsep and F-actin localisation in vivo
Changes in Bsep localisation and F-actin cytoskeleton organ-
isation were analysed in situ by laser scanning confocal
microscopy, both 20 minutes and 100 minutes after TLC
administration.

Changes in F-actin distribution are shown in fig 3 (A–C). In
control rats, the F-actin cytoskeleton displayed a typical regu-
lar polygonal arrangement, representing the cortical F- actin
network. No difference was apparent between controls (fig
3A) and TLC treated animals, either 20 minutes or 100
minutes after TLC administration (fig 3B, C, respectively).

Figure 3 also depicts changes in Bsep localisation (red) fol-
lowing TLC treatment (D–F). Costaining with F-actin (green),
which demarcates the canalicular space, is also shown (yellow
staining indicates colocalisation). In control preparations,
Bsep was mainly confined to the canalicular space (fig 3D).
Twenty minutes after TLC administration, the cholestatic
agent altered the localisation of Bsep (fig 3E), which is visual-
ised as an increased red staining outside the canaliculus lim-
its (fig 3E, arrows) and as an incremented number of Bsep
containing vesicular-like structures in the subapical area (fig
3E, arrowheads). One hundred minutes after TLC administra-
tion, the alteration in Bsep localisation seemed to be even
more severe, as an increased number of Bsep containing
vesicular structures was found, deeper inside the hepatocytes
(fig 3F, arrowheads).

Densitometric analysis of Bsep fluorescence profiles (fig 4A)
revealed a statistically significant broadening of the canalicu-
lar Bsep peak only at 100 minutes of TLC administration,

Figure 4 Densitometric analysis of fluorescence profiles of bile salt
export pump (Bsep) (A) and F-actin (B). Fluorescence distribution was
recorded along a line (from –4 to +4 µm) vertical to the canaliculi,
under control conditions, and 20 minutes or 100 minutes after
taurolithocholate (TLC) administration. Mean (SEM) of 15
measurements in each of the three individual experiments for each
condition in fig 3 are shown. Statistical analysis of the fluorescence
profiles of Bsep (A) showed that the TLC 100 minutes group was
different from the control and TLC 20 minutes groups (p<0.05, see
Methods for statistical analysis). F-actin distribution (B) was not
different between the groups.
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Figure 5 (A) Representative
microphotographs showing
accumulation of the fluorescent bile
salt analogue cholyl-lysylfluorescein
(CLF) in control hepatocyte couplets,
and in taurolithocholate (TLC; 2.5
µM, 20 minutes) treated couplets,
which were pretreated or not with
dibutyryl-cAMP (DB-cAMP; 10 µM,
30 minutes). (B) Quantification of the
percentage of total couplets (>50)
displaying visible CLF fluorescence in
their canalicular vacuoles.
(C) Quantification of total pixel
intensity of CLF fluorescence in the
cellular body of 30 hepatocyte
couplets, as a measure of intracellular
CLF content. Values are expressed as
mean (SEM) obtained from four
independent cell preparations.
*Significantly different from the
control group (p <0.05);
†significantly different from the TLC
group (p<0.05).
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although a trend towards internalisation of Bsep was also evi-
dent after 20 minutes of TLC administration. In contrast, a
similar analysis of F-actin distribution revealed no changes
(fig 4B).

Effect of TLC on Bsep localisation and function in IRHC
Figure 5 shows typical fluorescence images of IRHC accumu-
lating CLF in their canalicular vacuoles (A), cVA of CLF values
(B), and CLF intracellular content (C) in control and TLC
treated IRHC, pretreated or not with DB-cAMP.

Under control conditions, 71.8 (2.4)% of couplets exhibited
cVA of CLF. TLC decreased this value by 63%, and DB-cAMP
pretreatment virtually normalised this parameter, in agree-
ment with a previous report by our group.20 The decrease in
cVA of CLF induced by TLC was accompanied by a 67%
increase in CLF intracellular content, further suggesting that
BS canalicular transfer is the main step in the overall BS
transport, affected by TLC; DB- cAMP also counteracted this
alteration.

Bsep immunofluorescent staining in IRHC is depicted in fig
6. Under control conditions, Bsep was mainly confined to the
CM. TLC induced marked Bsep relocalisation into vesicles
localised in the pericanalicular area and, more sparsely, over
the remaining cell body. Consequently, the proportion of fluor-
escence intensity present in CM was diminished by 42%
(p<0.005). DB-cAMP pretreatment virtually normalised Bsep
localisation. In contrast, no change in the normal pericanal-
icular localisation of F-actin or in IRHC topography (as visual-
ised by phase contrast microscopy) was found in TLC treated
couplets (fig 7).

DISCUSSION
The aim of this study was to provide insight into the mecha-
nisms involved in TLC induced BS secretory failure.

TLC induced in vivo an acute transient diminution in total
BS output, reaching control values at 60 minutes (see fig 1).

This recovery however may not necessarily reflect complete
normalisation of the hepatic handling of BS; it is also possible
that BS that had been retained in the liver during the peak of
cholestasis could have generated a compensating concentra-
tion gradient, high enough to counteract a partial long lasting
impairment of the BS transport systems. Our data support this
last possibility. Pharmacokinetic studies on 14C-TC hepatic
handling which were performed at the time biliary BS output
was fully recovered, showed that and the fractional constant of
14C-TC canalicular transfer, r3, was decreased by 56% in TLC
treated rats (see table 1). In contrast, the fractional constant of
14C-TC uptake, r12, was unaffected by TLC. This was in line with
our finding that the amount of 14C-TC retained in liver tissue in
vivo was significantly higher in TLC treated rats, and that the
fluorescent BS analogue, CLF, was retained intracellularly at a
higher level in TLC treated IRHC (see fig 5). Furthermore, no
recovery of 14C-TC excretion was observed 100 minutes after
TLC injection, despite the fact that total BS excretion had been
normalised by this time, indicating maintained impairment of
BS transport systems, compared with that occurring at 20
minutes (see fig 2).

Our results indicate that Bsep internalisation from the CM
into intracellular vesicular structures (see figs 3 and 6) can be
a contributing factor in BS secretory dysfunction. This
contention was supported further by studies where an associ-
ation between restoration of Bsep localisation by DB-cAMP
and its ability to normalise Bsep function, as impaired by TLC,
was analysed. Our data in IRHC showing that DB-cAMP was
instrumental in restoring both Bsep localisation and function,
as assessed by cVA of CLF, clearly support a key role of Bsep
relocation in TLC induced BS secretory impairment. A similar
beneficial effect of DB- cAMP on Bsep function was confirmed
in vivo by studies showing that this second messenger signifi-
cantly accelerated recovery of total bile salt output after its
initial drop induced by TLC (see fig 1), and improved hepatic
ability of clearing out into bile a tracer dose of 14C-TC.

Figure 6 (A) Representative
fluorescence microphotographs
showing localisation of the bile salt
export pump (Bsep) in control
hepatocyte couplets and in
taurolithocholate (TLC; 2.5 µM, 20
minutes) treated couplets, which were
pretreated or not with dibutyryl-cAMP
(DB-cAMP; 10 µM, 30 minutes).
Quantification of Bsep fluorescence
intensity in the canalicular area,
expressed as a percentage of total
(canalicular membrane plus cell
body) fluorescence intensity, is also
shown (B). *Significantly different
from the control group (p<0.05).
†significantly different from the TLC
group (p<0.05).
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Redistribution of membrane transporters induced by TLC
may not be restricted to Bsep but may also involve other carri-
ers such as the multispecific organic anion carrier Mrp2, as
reported by Beuers and colleagues13; this study showed a
functional association between Mrp2 relocation and impaired
secretory function of the Mrp2 substrate, dinitrophenyl-S-
glutathione. Furthermore, TLC was shown to induce redistri-
bution of CM bound proteins in cultured hepatocytes, as
revealed by ultrastructural studies.30

The mechanism by which TLC induced Bsep internalisation
cannot be directly addressed from our results. A microtubule
dependent vesicular pathway involved in targeting of CM
transporters from a subapical compartment to their mem-
brane domain, which shares the transcytotic pathway with the
polymeric IgA receptor, has been reported to exist.31 The
reverse phenomenon—that is, endocytosis of CM protein
components—was recently demonstrated,32 and it is likely to
account for transporter internalisation. Therefore, it is
conceivable that a balance between exocytic insertion and endo-
cytic internalisation of CM transporters exists, and that TLC may
disrupt this balance either by inhibiting insertion or by stimu-
lating internalisation, or both. The first possibility is likely as
TLC impaired transcytotic microtubule dependent vesicular
transport both in vivo33 and in IRHC.34 However, other
possibilities should also be considered. Decreased CM fluidity
due to the increase in cholesterol content induced by TLC,35

which was described to determine membrane fusibility
properties,36 may also affect insertion of CM transport

proteins, including Bsep. In contrast, disruption of actin
cytoskeleton organisation, which was shown to alter sorting19

and maintenance37 of transporters in the CM, is unlikely since
no change in F-actin distribution was observed following TLC
administration either in vivo or in IRHC. However, this finding
does not exclude the possibility that more subtle alterations in
the actin cytoskeleton occur at a functional or molecular level,
or both. Whatever the mechanism by which internalisation of
Bsep occurs, factors known to stimulate insertion of this
transporter into its membrane domain would be expected to
help restore the insertion/internalisation balance, thus pre-
venting disruption of its localisation; this was shown here to
be the case for DB-cAMP (see fig 6). A similar phenomenon
may explain the protective effect against TLC induced
cholestasis and BS secretory failure of non-cholestatic BS-like
taurocholate,38 tauroursodeoxycholate,20 38 39 which were both
shown to stimulate vesicular Bsep targeting.17 40

In addition to impaired Bsep localisation, other mecha-
nisms by which TLC alters normal transport and/or retention
of BS at the hepatocanalicular level should be considered, and
may well act in concert, namely: (i) the decrease in CM fluid-
ity induced by TLC35; this may affect the functional BS
transporter capacity, as has been shown to occur elsewhere for
14C-TC transport in CM vesicles41; (ii) impaired intracellular BS
retention due to reduced binding to cytosolic proteins; revers-
ible displacement of BS from their binding to glutathione S-
transferase (ligandin) by TLC has been shown to occur,42 and
this may account for the increase in intrinsic constant of liver
to plasma sinusoidal 14C-TC efflux (r21) (see table 1); (iii)
disruption of tight junctional integrity induced by TLC; this
was described under similar conditions both in vivo43 and in
IHRC,44 and may cause BS to diffuse back to plasma across the
leaky intercellular junctional complex, thus contributing to
their decreased output.

In summary, TLC impairs biliary BS secretion by affecting
selectively its canalicular transport, an effect due, at least in
part, to Bsep relocation into the submembranous compart-
ment. As a similar phenomenon was observed in this13 and
other forms of cholestasis16 37 for another canalicular trans-
porter, Mrp2, and as these changes were always accompanied
by impaired transport function, our findings indicate that
endocytic carrier internalisation may be a common feature in
cholestasis, which may account for the impaired transport of
cholephilic compounds in such conditions. Clearly, further
work will be required to substantiate this hypothesis.
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