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Primary sclerosing cholangitis (PSC) is a cholestatic liver disease with high propensity to develop into cholangiocarci-
noma. The hepatobiliary disorder of PSC is due to progressive fibrosis surrounding the intra- and extrahepatic bile ducts.
Until now, no effective medical therapy exists. To study the progression of sclerosing cholangitis after inhibition of the
sympathetic nervous system by blockade of the b-adrenoceptors, we used the Mdr2�/� mouse model, which develops
periportal fibrosis similar to human PSC. Liver tissues of Mdr2�/� mice untreated or treated with the b-adrenoceptor
antagonist propranolol were analyzed for inflammation and fibrosis progression at different time points by histological
scoring and immunostaining for a-smooth muscle actin (a-SMA), CD45 and S100A4. Transaminases and hydroxyproline
contents were determined. Expression of angiotensinogen, endothelin-1, TGF-b, TNF-a, CTGF and procollagen 1A1 was
studied by real-time PCR on laser-microdissected areas of acinar zones I and II–III. After 3 months, periportal fibrosis had
developed in Mdr2�/� mice, but immunostaining revealed no sinusoidal and only minor periportal contribution of
myofibroblasts with prominent fibroblasts. Propranolol treatment of Mdr2�/� mice improved liver architecture.
Additionally, inflammation and fibrosis were significantly reduced. After 3 months of treatment, the antifibrotic effect of
the b-blockade was most obvious. The transcript levels of procollagen 1A1, TNF-a, TGF-b, CTGF and endothelin-1 were
markedly repressed in the portal areas of treated mice. Taken together, these data show that propranolol efficiently
delays progression of sclerosing cholangitis. Therefore, the blockade of b-adrenoceptors is a promising option to support
future therapeutic strategies in the treatment of human PSC.
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Primary sclerosing cholangitis (PSC) is a serious chronic
cholestatic liver disease of unknown etiology,1 characterized
by progressive inflammation, concentric periductal (onion
skin-like) obliterative fibrosis of intra- and extrahepatic bile
ducts leading to cholestasis, cholangitis and cirrhosis.1 In
addition to cirrhosis, 10–15% of the patients develop cho-
langiocarcinoma, increasing the morbidity and mortality of
this disease.2 To date, many therapies with different drugs,
including monotherapies with, for example, corticosteroids,
colchicine, cyclosporine, methotrexate, tacrolimus and
ursodeoxycholic acid (UDCA),3–8 or combinations of these
drugs have been studied. The most promising drug so far has
been UDCA, showing beneficial effects primarily on liver

biochemistry.9 Thus, there is currently no proven pharma-
cological therapy for PSC.3 The most definitive treatment of
PSC is still liver transplantation. However, antifibrotic drugs
have not yet been tested. Previous studies have shown that
inhibition of the renin–angiotensin system (RAS), by both
angiotensin-converting enzyme (ACE) inhibitors and angio-
tensin II receptor 1 (AT-1) antagonists, improve sinusoidal
liver fibrosis.4 Hence, treatment of rats suffering from fibrosis
on CCl4 intoxication or bile duct ligation, both involving
hepatic stellate cells (HSCs) as the main producers of extra-
cellular matrix components, resulted in a marked reduction
of collagen accumulation.5,6 Furthermore, in vitro studies
demonstrated that blocking of the angiotensin pathway not
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only reduces the expression of collagens but also the secretion
of the crucial fibrogenic mediator TGF-b.7 Oben et al de-
monstrated that the sympathetic nervous system (SNS)
also affects collagen synthesis and proliferation of HSCs
in vitro8,10 and in vivo.11,12 Moreover, Dubuisson et al13 were
able to show that chemical sympathectomy leads to atte-
nuated fibrosis in a CCl4-induced sinusoidal fibrosis model.

In this study, we used the Mdr2�/� model mimicking PSC
and addressed the question whether inhibition of the b-
adrenoceptors also affects fibrosis not involving myofibro-
blastic HSCs. The applied mouse model is characterized by
the disruption of the multidrug resistance gene 2 (Mdr2)14

that encodes a canalicular transporter responsible for the
secretion of phosphatidylcholine into bile.15 The lack of
biliary phospholipids secretion in Mdr2�/� mice leads to
increased biliary concentrations of non-micellar-bound free
bile acids. As a result, there is damage of tight junctions and
basement membranes of bile ducts, leading to leakage of
potentially toxic bile acids into the periductal area, inducing
inflammation, onion skin-like periductal fibrosis and intra-
and extrahepatic strictures and dilatations comparable with
the characteristics of human PSC.16,17

Here, we demonstrate that propranolol treatment results
in significant deceleration of experimental sclerosing cho-
langitis. Therefore, b-blockade may be considered as a novel
supporting therapeutic strategy for the treatment of non-
sinusoidal fibrosis in human PSC.

MATERIALS AND METHODS
Animals
Mdr2�/� knockout mice were kindly provided by F. Lammert
(Internal Medicine II, Saarland University Hospital, Homburg/
Saar, Germany). Wild-type control mice were obtained from
the animal facility of the Institute for Pathology, University
Hospital of Cologne. All mice were bred on Balb/c genetic
background. The animals were housed with a 12-h light–dark
cycle, water and food consumption was permitted ad libitum.

Mdr2�/� controls (n¼ 92) and wild-type mice (n¼ 13)
received a standard mouse diet (Altromin, Lage, Germany).
Starting at day 21 after birth, Mdr2�/� mice (n¼ 73) received
a diet containing propranolol-HCl (60mg/kg body weight)
(Altromin). All three groups consisted of an almost balanced
number of male and female animals (Supplementary Table 2).

The animals were killed after 3 (n¼ 35), 6 (n¼ 28), 12
(n¼ 42), 20 (n¼ 32) and 32 (n¼ 32) weeks of propranolol or
control treatment. All experimental protocols were approved
by the local Animal Care and Use Committee (50.302.2-K22,
24/05), according to the criteria outlined in the Guide for
the Care and Use of Laboratory Animals prepared by the
National Academy of Sciences, as published by the National
Institutes of Health (NIH, 1996).18

Blood Pressure Measurement
Blood pressure of the mice was measured by using the tail-
cuff method (Harvard Apparatus, Holliston, USA). A random

selection of propranolol-treated (n¼ 9) and -untreated mice
(n¼ 12) was used, and the average blood pressure from three
independent readings was calculated.

Tissue Processing and Measurement of Liver Enzymes
At the designated time points, the mice were killed by cervical
dislocation. Liver samples were snap frozen in liquid nitrogen
and stored at �801C until further use, as well as fixed for 24 h
in 4% neutral-buffered formalin and embedded in paraffin.
For this purpose, livers were rapidly excised and two samples,
each, were taken from separate lobes.

Additionally, a serum sample of every mouse was collected
to determine the alkaline phosphatase (AP), alanine and
aspartate aminotransferase (ALTand AST) liver enzyme levels
using the Reflotron system (Roche diagnostics, Mannheim,
Germany) according to the manufacturer’s instructions.

Determination of Hydroxyproline Content
Hydroxyproline content of the liver was quantified color-
imetrically using 100mg frozen liver tissue samples according
to the method of Jamall et al19 and the modification of Cho
et al,20 as described previously.21

Histological Evaluation of the Tissues
Sections of paraffin-embedded liver tissue were prepared and
stained with hematoxylin and eosin, Gomori methenamine
silver, Sirius red and chloracetate esterase to allow histo-
logical evaluation of liver fibrosis (staging) and the
inflammatory activity in the liver (grading). The histology
of specimens was independently and blindedly assessed by
two board-certified pathologists (HV and UD). For all cases,
a mean score of both embedded liver fragments was gener-
ated. Grading of inflammation and staging of fibrosis
were performed according to the four-tiered Batts–Ludwig
system.22 Furthermore, the extent of bile ductular prolifera-
tion was scored using a grading system of 0–3, as described by
Farazi et al23 and CK19 immunostaining.

Immunohistology
Immunohistochemical stainings of human PSC (n¼ 18) and
experimental sclerosing cholangitis (n¼ 165) specimens
against a-smooth muscle actin (SMA), CD45, F4/80, CK19
and S100A4 were performed according to the ABC method,
as described earlier.13 The antigen retrieval was carried out by
microwave treatment in pH 6 citrate buffer, in case of the F4/
80 staining by using trypsin, and the antibodies were diluted
as follows: a-SMA (Sigma-Aldrich, Deisenhofen, Germany)
1:60; CD45 (Abcam, Cambridge, USA) 1:500; F4/80 (Serotec,
Duesseldorf, Germany) 1:100; CK19 (Abcam) 1:200; and
S100A4 (Dako, Hamburg, Germany) 1:1000.

RNA Isolation and Reverse Transcription
Total RNA was isolated from 30mg snap-frozen liver tissue
using the Nucleospin II Kit (Macherey & Nagel, Düren,
Germany). A measure of 1mg of total RNA from each sample
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was reverse transcribed using the ABI high-capacity kit
(Applied Biosystems, Foster City, USA), according to the
manufacturer’s recommendations. cDNA samples were
diluted with tRNA (50 mg/ml) to obtain a final concentration
of 10 ng/ml. A measure of 1 ml was analyzed by real-time PCR.

Laser-Associated Microdissection, RNA Isolation and
Reverse Transcription of Microdissected Specimens
Snap-frozen liver tissue of 3-month-old propranolol-treated
(n¼ 6) and control (n¼ 6) Mdr2�/� mice was embedded in
Tissue-tek solution (Sakura Finetek, Torrance, USA), cut in
5 mm-thick sections and stained with hematoxylin. A total of
10 portal fields (acinar zone I) and 10 parenchymal areas
(acinar zone II–III) of each liver specimen with a diameter
of 200 mm were laser microdissected (P.A.L.M., Bernried,
Germany). The tissue samples of the portal fields and the
samples of the parenchymal areas were pooled and total RNA

was isolated using the Nucleospin XS Kit (Macherey &
Nagel), as described by the manufacturer. Reverse trans-
cription of total RNA was carried out by the Superscript III
reverse transcriptase enzyme and random hexamer primers
from Invitrogen (Karlsruhe, Germany). Undiluted cDNA
samples were analyzed in real-time PCR.

Real-Time PCR
Relative mRNA transcript level were quantified on Stratagene
MX3000 Cycler (Stratagene, Cedar Creek, USA) by using
10 ng of cDNA either with SYBR Green Master Mix PCR Kit
(Applied Biosystems) or RealMasterMix Probe Kit (Eppen-
dorf, Hamburg, Germany) and Taqman probes according the
recommendations of the supplier. All reactions were run in
triplicate and normalized to hypoxanthine phosphoribosyl
transferase (HPRT), which was used as housekeeping gene.
Transcript levels were quantified using a dilution series as

Figure 1 Myofibroblasts and fibroblasts present in the sclerosing portal fields, but not in the sinusoidal interstitium of human PSC. Immunohistochemistry

of a-SMA (a), CD45 (b) and S100A4 (c), and histochemical Sirius red staining (d) on serial liver sections demonstrates occurrence of a-SMA-positive

myofibroblasts (a) and infiltration of CD45- (b) and S100A4-positive (c) cells in the sclerosing areas around the injured bile ducts (black arrows). Additionally,

a-SMA staining indicates vascular smooth muscle cells of the portal arteries and the portal vein (white arrow). The Sirius red staining (d) shows the

deposition of collagens around the injured bile ducts.
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standard curve. Primer sequences are summarized in Sup-
plementary Table 1.

Statistical Analysis
Statistical analysis was performed with SPSS15 Software
(SPSS, München, Germany). Data are reported as arithmetic
means±s.d. Statistic analysis was performed by Student
t-test when appropriated. P-values o0.05 were considered as
significant.

RESULTS
Portal Myofibroblasts and Fibroblasts Occur in Human
PSC and in Mdr2�/� Mice on Cholestasis
The characterization of cells contributing to the progression
and matrix deposition in human PSC, as shown in Figure 1
by a-SMA and S100A4 staining, revealed occurrence of
fibroblasts and a-SMA-positive myofibroblasts in fibrotic
portal areas. Myofibroblasts were primarily located around
the bile ducts. However, no myofibroblastic cells were

Figure 2 Progression of portal fibrosis in Mdr2�/� mice. Serial sections of the livers of 6-week, 3-month and 5-month-old Mdr2�/� mice (scale bar

represents 200 mm (a–i) and 100mm in the corresponding magnification). Increasing deposition of collagen is shown in the portal areas with a typical onion

skin-like pattern (b), leading to the formation of bridges and septa (c) (a–c, Gomori staining). Immunochemical S100A4 staining (d–f) demonstrates

prominent recruitment of fibroblasts to the portal areas and the fibrotic septa during progression of fibrosis. a-SMA-positive myofibroblasts are restricted to

the sclerosing areas around the bile ducts in the early stages, shown by a-SMA immunostaining (g–i).
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observed in the lobule (Figure 1a). CD45 staining (Figure 1b)
suggests that some of S100A4 (Figure 1c)-positive cells origi-
nate from circulating fibrocytes derived from the bone marrow
and characterized by both S100A4 and CD45 positivity.14

To evaluate the effect of propranolol treatment on sclerosing
cholangitis, we used the Mdr2�/� mouse model and compared
first the cellular pattern involved in fibrosis of Mdr2�/� mice
with the distribution of fibrogenic cells of human PSC.

Mdr2�/� mice developed fibrosis within 3 months, but at
the age of 6 weeks, matrix deposition restricted to the im-
mediate vicinity of the bile ducts was already observed
(Figure 2a). At the age of 3 months, the periportal fibrosis
was characterized by the typical onion skin-like matrix for-
mation around the bile ducts (Figure 2b). After 5 months,
septal formation and massive matrix deposition was shown
(Figure 2c). In agreement with human PSC, myofibroblasts
of Mdr2�/� livers were restricted to the portal fields (Figure
2g–i), and no activated myofibroblasts were observed in the
parenchyma. Numerous S100A4-positive fibroblasts occurred
periductally and also in the septae when bridging fibrosis
had developed (Figure 2d–f). Corresponding to the data in
human PSC, a portion of these S100S4-positive cells were
also CD45 positive (Supplementary Figure 1).

This data demonstrates that the Mdr2�/� model reflecting
the cellular pattern of human PSC was suitable for the eva-
luation of propranolol treatment.

Blockade of the b-Adrenoceptors Resulted in
Deceleration of PSC-Associated Fibrosis
Beginning at the age of 3 weeks and extending to different
time points, Mdr2�/� mice were treated with propranolol.

Figure 2 Continued.

Table 1 Grade of inflammation and stage of fibrosis in Mdr2�/�

mice with or without propranolol treatment

Inflammation

Treated Untreated

n % n %

Grade

G0 19 26.0 11 12.0

G1 39 53.4 49 53.3

G2 14 19.2 25 27.2

G3 1 1.4 7 7.6

Total 73 100.0 92 100.0

P-value: 0.029

Fibrosis

Stage

S0 10 13.7 5 5.4

S1 25 34.2 24 26.1

S2 32 43.8 40 43.5

S3 5 6.8 21 22.8

S4 1 1.4 2 2.2

Total 73 100.0 92 100.0

P-value: 0.024
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No differences were noticed in behavior and development of
animals that were treated with propranolol. Long-term-
treated Mdr2�/� mice show a minor reduction in the average

systolic blood pressure (81.2±7.9 versus 91.8±12.1mmHg;
Po0.05; Supplementary Figure 2) without an impact on the
viability. The histological assessment of bile duct prolifera-

Figure 3 Deceleration of portal fibrosis in Mdr2�/� mice after propranolol treatment. Sirius Red staining of representative liver sections from propranolol-

treated (a, c, e) and -untreated (b, d, f) Mdr2�/� mice after 6 weeks (a, b), 3 months (c, d) and 8 months (e, f) of treatment. The staining demonstrates

less collagen deposition in the portal area and lesser expansion of fibrosis, especially in the early stages, in propranolol-treated Mdr2�/� mice.
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tion and CK-19 immunostaining (Supplementary Figure 4)
did not reveal a significant difference between treated and
untreated Mdr2�/� mice. However, investigation of macro-
phage infiltration by F4/80 immunostaining (Supplementary
Figure 5) demonstrated a significant beneficial impact
of propranolol treatment on the grade of inflammation
(Table 1). Additionally, 6 weeks of treatment of Mdr2�/�

mice resulted in an obvious restriction of fibrosis to the
portal areas (Figure 3a), while periportal fibrosis had already
begun to develop in untreated mice (Figure 3b). At the age of
3 months, most of the mice exhibited features of periportal
fibrosis, but the matrix deposition and the extension of the
onion skin-like periductal sclerosis was less pronounced in
the treated mice (Figure 3c) compared with the controls
(Figure 3d). After 8 months, in both groups periportal
fibrosis was frequently accompanied by septae formation and
prominent proliferation of the bile ducts (Figure 3e and f).
Although the propranolol effect was diminished, the positive
effect of the b-blockade was still noticed after 8 months by
slightly but significantly improved liver architecture.

Overall, the propranolol-treated mice showed a significant
reduction of fibrosis progression (Table 1). However, differences
in biochemical analyses of ALT, AST and AP were small (data
not shown) and hydroxyproline values were moderately im-
proved by propranolol treatment (Supplementary Figure 3A).
Similarly, analyses of collagen expression (Supplementary
Figure 3B) as well as the analyses of TIMP-1 (Supplementary

Figure 6) revealed no significant alteration on transcript levels.
In addition, the expression of the profibrotic mediator TGF-b
(Supplementary Figure 3C) showed no difference between
treated and untreated Mdr2�/� mice. Therefore, we decided to
perform laser microdissection of the liver tissue in order to
analyze the affected portal areas selectively.

Propranolol Treatment Effects Periportal Expression of
Profibrogenic Marker Expression
With assistance of the laser microdissection technology, it
was possible to analyze expression of profibrogenic markers
in portal areas in comparison with the nonfibrotic lobule.

By analyses of RNA extracted from microdissected areas,
we showed that the mRNA levels of TNF-a, TGF-b, CTGF
and procollagen 1A1 were markedly downregulated in the
portal areas of propranolol-treated animals. Profibrogenic
expression of TNA-a, TGF-b and CTGF was reduced by
450% in fibrotic portal areas. However, the expression of
TGF-b, CTGF and procollagen 1A1 in the lobule was not
involved in sclerosing cholangitis and showed no differences
after propranolol treatment (Figure 4).

Propranolol Treatment Results in an Altered Expression
Pattern of Proinflammatory Mediators Involved also in
Vasoconstriction
We analyzed the effect of propranolol treatment on the ex-
pression levels of proinflammatory mediators that exhibit

Figure 4 Expression of TNF-a, TGF-b, CTGF and procollagen 1A1 in the portal area (acinar zone I) versus the lobule (acinar zone II–III) of treated and

untreated MDR2�/� livers. Liver sections, obtained from six treated and six untreated Mdr2�/� mice, were laser microdissected, and from each specimen 10

acinar zone I (n¼ 60) and 10 acinar zones II–III samples (n¼ 60) were used for RNA isolation. Transcript levels of TNF-a (a), TGF-b (b), CTGF (c) and the

procollagen 1A1 subunit (d) were analyzed by quantitative real-time PCR.
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additional vasoconstrictive properties under the SNS control.
Angiotensinogen transcript levels were reduced by B17%
in the portal areas and 19% in the lobule parenchyma in
treated mice, whereas the mRNA of the AT-1 showed a
reduction of 36 and 39%, respectively. The mRNA expression
of both, endothelin receptors (ET-A, ET-B) and endothelin-1,
were higher in portal areas than in the parenchyma. Whereas
ET-A receptor transcription levels were reduced by B50%
after propranolol treatment, propranolol seems to have
only a moderate effect on the ET-B receptor transcription.
The transcript levels of ET-B receptor were increased by 14%.
The most pronounced effect of the propranolol treatment
was found in changes of endothelin-1 expression levels.

Endothelin-1 mRNA levels were reduced by 66% in the portal
areas, whereas the mRNA expression in the parenchyma
showed no differences between treated and untreated mice
(Figure 5).

DISCUSSION
The results of this study demonstrated that propranolol
treatment leads to evident amelioration of fibrosis and
inflammation in Mdr2�/� mice. Previous in vitro experi-
ments of Oben et al10 had shown that HSCs that are crucial
for sinusoidal fibrosis producing most of the interstitial
ECM24 express a- and b-adrenoceptors. Additionally, HSCs
are able to biosynthesize catecholamines because of their

Figure 5 Expression of profibrogenic and vasoconstricive mediators in the acinar zone I versus zone II–III of treated and untreated MDR2�/� mice. Transcript

levels of angiotensinogen (a) and endothelin-1 (c), as well as their receptors AT-1 (b), endothelin receptor A (d) and endothelin receptor B (e) were analyzed

in the laser-microdissected portal areas (acinar I, n¼ 60) and lobules (acinar II–III, n¼ 60) from propranolol-treated and -untreated MDR2�/� livers.
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subset of metabolizing enzymes.10 The inhibition of fibro-
genic features of HSCs by blockade of the adrenoceptors was
supported by studies of Dubuisson et al. These authors de-
monstrated that sympathectomy after 6-hydroxydopamine
application leads to 60% reduction of fibrosis after CCL4
intoxication.25 Our studies using the Mdr2�/� model now
proves that the blockade of b-adrenoceptors by propranolol
results in a significant deceleration of fibrosis progression.
Thus, our data add to the evidence that delaying the fibrotic
process because of b-blockade is not only a matter of
inhibition of the fibrogenic properties of HSC but also a
more general phenomenon.

In contrast to portal fibrotic lesions due to chronic viral or
other cholestatic liver diseases, in which portal myofibro-
blasts are the main fibrogenic cell types,26,27 in both human
PSC and experimental sclerosing cholangitis, only small
numbers of periportal myofibroblasts are present. Myofi-
broblasts of PSC are mainly distributed in the immediate
vicinity of sclerosing areas around the bile ducts. Thus, it is a
point of discussion whether these myofibroblasts originate
from cholangiocytes that have undergone epithelial-to-
mesenchymal transition.28–30

However, S100A4 immunostainings demonstrated
numerous fibroblasts that appear in the portal field and in
the developing septae. Additionally, previous studies have
demonstrated that S100A4- and CD45-positive fibrocytes,
derived from bone marrow, infiltrate the injured liver.21,28

However, scattered occurrence in the periportal area leads to
the assumption that they participate in fibrosis, but to a
much lower extent than CD45-negative but S100A4-positive
fibroblasts.31

The limited periportal accumulation of fibrogenic cells in
early sclerosing cholangitis might explain why an inhibition
of fibrosis cannot be recognized by molecular analyses of the
whole liver. Fink et al32 already pointed out that differ-
entiation of cells of injured and noninjured areas significantly
improves molecular analyses. Thus, our molecular analyses of
the laser-microdissected portal and periportal areas revealed
a remarkable downregulation of procollagen 1A1 transcripts
and of profibrogenic mediators such as TGF-b, CTGF and
TNF-a. We propose an inhibition of the fibrogenic properties
in fibroblasts involved in sclerosing cholangitis because
fibroblasts of different tissues were shown to express the
whole subset of b-adrenoceptors.33,34 Therefore, fibroblasts
may be directly affected by the inhibition of b-adrenoceptors
in a manner similar to that recently described for HSC by
Oben et al.10 As vagotomy has been shown to reduce bile
flow, whereas elevated levels of neuropeptide Y increase the
bile flow, improvement after b-adrenoceptor inhibition could
also be a matter of altered bile composition or reduced bile
flow.35 In addition, an indirect effect on fibrosis is also sug-
gested because the RAS is highly controlled by the SNS. Paizis
et al have reported that angiotensinogen, renin and ACE
expression is strongly upregulated during fibrogenesis,26,27

and high systemic levels of angiotensin II have been shown to

exacerbate liver fibrosis.26 Here, we demonstrate that pro-
pranolol treatment leads to a decreased angiotensinogen
expression in experimental sclerosing cholangitis. As pro-
cessing of angiotensinogen into the vasoactive and profi-
brotic angiotensin II form depends on renin, which in turn is
rigorously controlled by the SNS, reduced angiotensinogen
levels are suggested to be the indirect response to the
b-blockade. A central role of the angiotensin pathways can
also be inferred from a recent review by Toex et al who
summarized published data on diminished fibrosis by RAS
intervention after administration of ACE inhibitors or AT-1
receptor antagonists with ensuing decrease in TGF-b synth-
esis.4 However, additional interaction sites of the blockade of
the b-adrenoceptors have to be considered, because the
combined treatment of Mdr2�/� mice with both the AT-1
receptor antagonist telmisartan and propranolol improved
each of the single therapeutical approaches.36

Thus, the expression of endothelin-1, another vasoactive
and profibrotic mediator, was decreased by 66% in the portal
areas of propranolol-treated Mdr2�/� mice in a similar
manner as the proinflammatory and profibrotic growth
factors TNF-a and TGF-b. Endothelin-1 expression was
shown to depend on angiotensin II stimulation via the ERK-
signaling pathway in smooth muscle cells.37 As not only
endothelin-1 expression is markedly reduced in the sclerosing
cholangitis of Mdr2�/� mice but also the expression of the
endothelin receptor ET-A, the blockade of b-adrenoceptors
highly effects endothelin-1 signaling. Endothelin-1 is known
to act as a proinflammatory and profibrotic factor, inducing
CTGF and TGF-b secretion.38 Thus, impaired expression of
endothelin-1 and its receptor ET-A seems to have a high im-
pact on the attenuation of sclerosing cholangitis progression.

Furthermore, PSC patients who suffer from portal hy-
pertension may benefit from the antihypertensive effect of
propranolol by reduction of both vasoactive mediators
angiotensin II and endothelin-1. Reduced expression of
endothelin-1 and angiotensinogen, leading to vasorelaxation,
may contribute to a lesser degree of fibrosis and inflamma-
tion in treated animals by lowering mechanical stress in the
livers of Mdr2�/� mice. Therefore, improvement of experi-
mental sclerosing cholangitis after b-blockade is based on
reduced synthesis of connective tissue, not only due to
repression of profibrogenic factors such as TGF-b and CTGF
but also due to repression of vasoconstricting factors such as
endothelin-1 and angiotensin II. This concerted action of
nonselective b-blockade probably provides a new opportunity
to support pharmacotherapeutic approaches to human PSC.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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