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Proinflammatory and profibrotic cytokines such as osteopontin (OPN) and tumor necrosis factor-alpha receptor-1 (TNFR1)
may be critically involved in the pathogenesis of cholangiopathies and biliary fibrosis. We therefore aimed to determine
the role of genetic loss of either OPN or TNFR1 in 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-fed mice as a model of
xenobiotic-induced sclerosing cholangitis with biliary-type liver fibrosis using respective knock-out mice. OPN and TNFR1
knock-out mice were fed a 0.1% DDC-supplemented diet for 4 weeks and compared with corresponding wild-type
(WT) controls. Liver morphology (H&E staining), serum markers of liver injury and cholestasis (ALT, AP, bilirubin), markers
of inflammation in liver (CD11b and F4/80 immunostaining, mRNA expression of iNOS, MCP-1, IL-1b, INF-g, TNF-a and
OPN), degree of ductular reaction (immunohistochemistry with morphometric analysis and western blotting for
cholangiocyte-specific marker keratin 19) and degree of liver fibrosis (Sirius-red staining, hepatic hydroxyproline content
for quantification) were compared between groups. DDC feeding in OPN and TNFR1 knock-out mice and respective WT
controls resulted in comparable extent of liver injury, inflammatory response, ductular reaction and liver fibrosis. Our data
indicate that genetic loss of neither OPN nor TNFR1 significantly effects on the pathogenesis of DDC-induced sclerosing
cholangitis, ductular reaction and resulting biliary fibrosis.
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Cholangiopathies such as primary sclerosing cholangitits
(PSC), secondary sclerosing cholangitis (SSC), primary bili-
ary cirrhosis and drug-induced bile duct damage may result
in a vanishing bile duct syndrome that can progress to biliary
cirrhosis; these disorders represent a major indication for
liver transplantation and cause of liver-related death.1 In
spite of the profound differences among cholangiopathies in
regard to their pathogenesis, pathological features and clin-
ical presentation, these disorders share several common fea-
tures, such as (i) bile duct epithelial cells (BECs) represent
major victims in cholangiopathies, (ii) the inflammatory
infiltrate is focused to portal fields and especially to bile ducts
and (iii) ductular reaction as well as (iv) biliary fibrosis with
characteristic porto-portal bridging and broadened fibrotic

portal fields are frequently observed (for reviews, please see
Lazaridis et al1, Lu and Mack2, Strazzabosco et al3 and Xia
et al 4). More specifically, the distinct bile duct lesion in PSC
and SSC is characterized by a fibro-obliterative reaction with
onion-skin-type periductal fibrosis of the medium sized and
large bile ducts. Chronic 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine (DDC) feeding in mice is a well-established
model to study Mallory–Denk body formation, which are
hepatocellular inclusion bodies characteristically associated
with alcoholic and non-alcoholic steatohepatitis, metabolic
liver diseases (eg, Wilson’s disease and other forms of
copper toxicities) and chronic cholestatic liver diseases.5 In
addition, we have previously shown that DDC feeding
in mice results in cholangitis with pronounced ductular
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reaction, onion-skin-type like periductal fibrosis and finally
liver fibrosis of the biliary type.6 Therefore, the model of
DDC-induced cholangiopathy and biliary fibrosis in mice
shares several specific pathological hallmarks with at least
some human cholangiopathies associated with biliary type of
liver fibrosis, in particular PSC and SSC. This model may
thus be useful to investigate the mechanisms of chronic
cholangiopathies and their sequels including liver fibrosis of
the biliary type.

Specific cytokines may have a pivotal role in the orche-
strated interplay between activated BECs, extracellular
matrix-producing cells such as hepatic stellate cells and
periductal myofibroblasts, inflammatory cells (eg, neutro-
phils, natural killer cells, Kupffer cells) and vascular smooth
muscle cells localized in vessel walls, ultimately causing a
cholangiopathy-related biliary fibrosis.7–10 Hepatic osteo-
pontin (OPN) expression strongly correlates with ductular
reaction and the degree of liver fibrosis in patients with
biliary atresia.11 In addition, OPN was shown to be critically
engaged in the hepatic inflammatory response and fi-
brogenesis in alcoholic steatohepatitis (ASH).6,12 Interest-
ingly enough, expression of OPN in renal tubular epithelial
cells is considered a central mediator and marker of epithe-
lial-mesenchymal transition (EMT), a term that refers to the
phenotypic conversion of tubular epithelial cells to differ-
entiated matrix-producing cells. The process of EMT has
received great attention and its role in kidney fibrosis has
been studied extensively in recent years.13,14 Moreover,
the EMT concept has been successfully translated to liver
fibrogenesis.15–21 Especially in cholestatic liver diseases and
their corresponding animal models EMT, namely from bile
duct epithelial cells into myofibroblasts, is supposed to have a
pivotal role in the initiation and perpetuation of liver
fibrosis.15,17 As such, previous studies in the DDC-fed mouse
model showed pronounced induction of hepatic OPN in
BECs (including BECs in reactive ductules) and hepatocytes
in acinar zone 1 according to those lobular regions in which
adjacent porto-portal septa develop later in the disease
course.6 These findings pointed toward a potential pathoge-
netic role of OPN in DDC-induced biliary type of liver fi-
brosis. However, the relative contribution of EMT to liver
fibrosis is still a matter of active debate and little is known
regarding the specific role of OPN in the initiation and
progression of liver fibrosis of the biliary type.

Tumor necrosis factor alpha and its receptor-1 (TNFR1)
represent key molecules critically engaged in the pathogenesis
of numerous liver diseases including viral or toxin-induced
hepatitis and its sequel liver fibrosis.22–24 In addition, anti-
TNF-a antibodies were shown to reduce hepatic inflamma-
tion and fibrosis.25,26 We have recently shown induction of
TNF-a mRNA expression in Kupffer cells, endothelial cells,
and interestingly in reactive BECs in DDC-fed mice6 sug-
gesting that activation of TNF receptor pathways may also be
critically engaged in the pathogenesis of DDC-induced cho-
langiopathy and resulting biliary fibrosis. However, the re-

lative contribution of TNFR1 activation in the pathobiology
of cholangitis and biliary fibrosis in the DDC model remains
elusive.

On the basis of these findings and unresolved questions,
we hypothesized that TNFR1 and OPN are critically engaged
in the pathogenesis of DDC-induced cholangiopathy with
biliary fibrosis. This hypothesis was addressed by studying
the inflammatory and fibrotic response to DDC in TNFR1

and OPN knock-out mice in comparison with their corre-
sponding wild-type (WT) controls.

MATERIALS AND METHODS
Animals
Experiments were performed with 2-month-old male mice
weighing 25–30 g. OPN (stock # 004936; congenic C57BL/6)
and TNFR1 (stock # 003242; C57BL/6J) knockout mice (from
Jackson Laboratory) and respective WTmice were fed a 0.1%
DDC-supplemented diet for 4 weeks, housed with a 12:12 h
light:dark cycle, and permitted water ad libitum. Controls
were fed a standard mouse diet (Sniff, Soest, Germany). The
experimental protocols were approved by the local Animal
Care and Use Committee according to 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 publication 86-23, revised
1985).

Serum Biochemical Analysis and Liver Histology
Serum samples were stored at �70 1C until analysis of alanine
transaminase (ALT) and alkaline phosphatase (AP) and bi-
lirubin by a Hitachi 917 analyzer (Boehringer Mannheim,
Mannheim, Germany). For conventional light microscopy,
livers were fixed in 4% neutral buffered formaldehyde solu-
tion and embedded in paraffin. Sections (4 mm thick) were
stained with H&E.

Immunohistochemical Studies
Antibodies and conditions for immunohistochemical stain-
ing of Kupffer cells (F4/80), BECs (keratin 19; K19),
inflammatory cells such as neutrophil granulocytes and
macrophages (CD11b), vascular cell adhesion molecule
(VCAM) and a-smooth muscle antigen (a-SMA) are sum-
marized in Supplementary Table 1. For morphometry of
K19-positive bile ducts, the measurements were performed
using of a semiautomatic system for image analysis. This
consisted of a microscope (Nikon E600; Nikon, Osaka,
Japan), a video camera (Sony DXC-930P; Sony, Tokyo, Japan),
a frame grabber (Integral Tech Intrigue Pro, Indianapolis, IN,
USA) and a personal computer with image analysis software
(Optimas 6.51; Media Cybernetics Inc, Carlsbad, CA, USA)
installed. Approximate borders of a portal field were traced
with a mouse by the operator at � 20 objective magnifica-
tion. A specially developed macro command served for au-
tomatic identification and measurement of the total area
of cells positive for K19 within the given portal field. In
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addition, the area of the corresponding portal vein was also
measured and used in statistical analysis for adjustment for
the size of the portal fields. All portal fields within each
sample were measured (9–35 portal fields per slide). Obvious
artefacts such as unspecific staining of necrotic areas, as well
as incompletely cut portal fields at the edges of the speci-
mens, were excluded from analysis.

Measurement of Hepatic Hydroxyproline Content
Quantification of liver fibrosis was carried out by
measurement of hepatic hydroxyproline concentration by a
calorimetric method. In brief, mouse liver lobe 3 (left
liver lobe) was homogenized in 6N HCl and hydrolyzed
overnight at 110 1C. Afterward hydrolysates were filtered,
neutralized with NaOH and oxidized with chloramine-T.
This was followed by a reaction with perchloric acid and
p-dimethylaminobenzaldehyde resulting in the formation
of a chromophore quantified photometrically at 565 nm
wavelength.

Determination of Hepatic mRNA Levels Using Q-PCR
RNA was extracted and reversely transcribed into cDNA.
PCR reaction (20 ml) contained 12.5 ng cDNA, 330 nM of
each primer and 10.5 ml of SYBR Green Master mix (Applied
Biosystems). Expression levels were normalized to 18sRNA.
Primers used are summarized in Supplementary Table 2. In
addition, 30 cycles of PCR were performed and 10 ml loaded
on a 3% agarose gel to determine the size and specificity of
the PCR product. This step describes the validation of primer
specificity used for Q-PCR.

Western Blotting
Antibodies against VCAM, K19, b-actin and a-SMA as well as
conditions for western blotting are summarized in Supple-
mentary Table 3. In short, liver homogenates (30 mg of pro-
tein) were run on 10% sodium dodecyl sulfate
polyacrylamide gels, transferred to nitrocellulose and blotted
with the respective monoclonal antibodies given in Supple-
mentary Table 3. Binding was detected by using peroxidase-
conjugated rabbit immunglobulins against mouse and rat
immunglobulins (Dako), and peroxidase activity was visua-
lized by using the enhanced chemiluminescence method
(ECL) western blotting detection system.

Statistical Analysis
Data are reported as arithmetic means±s.d. of five animals
in each group. Statistical analysis included Student’s t-test
when appropriate or analysis of variance with Bonferroni
post-testing when three or more groups were compared,
using the Sigmastat statistics (Jandel Scientific, San Rafael,
CA, USA). A P-value o0.05 was considered significant.
Morphometric data for K19 represented a hierarchical
structure, were portal fields (level 1 observation units) were
nested within mice (level 2 observation units). Therefore, a
special kind of statistical method, namely multilevel models

and corresponding software (MlwinN 1.1) were used. A
linear regression model with bootstrap-corrected estimates
was fitted to calculate means and confidence intervals for
K19-positive areas in each of the study groups and to test the
significance of the effects of genotype and diet on the amount
of bile ducts. Portal vein areas were included in the model as
a baseline parameter to account for the size of the portal
fields. To fulfill the normality assumption, bile duct and
portal vein areas were logarithmically transformed.

RESULTS
Genetic Loss of OPN and TNFR1 has no Major Effect on
the Hepatic Inflammatory Response in DDC-Fed Mice
DDC feeding in WT mice led to a pronounced hepatic in-
flammatory response characterized by a mixed inflammatory
infiltrate accentuated in portal fields, especially near bile
ducts, with predominating neutrophil granulocytes (shown
in Supplementary Figures 1 and 2). This was accompanied by
the induction of a reactive phenotype of BECs characterized
by overexpression of proinflammatory cyto- and chemokines
(eg, TNF-a, VCAM, OPN).6 In addition, we previously ob-
served substantial induction of cholangiocellular and hepa-
tocellular OPN expression along the margins of the liver
acinus representing the lobular region with the highest
inflammatory activity.6 On the basis of these findings, we
hypothesized that this inflammatory response is blunted in
OPN�/� and TNFR1

�/� mice. Immunohistochemistry for the
Kupffer cell marker F4/80 revealed similar intensity in response
to DDC feeding in all genotypes tested (Figures 1b–d). The
lobular distribution and staining pattern was also compar-
able. In addition, CD11b immunohistochemistry (staining
cells of the monocytic lineage including neutrophil granu-
locytes but also dendritic cells and NK cells) revealed a
comparable staining pattern in response to DDC feeding
irrespective of presence or absence of OPN and TNFR1

(Figures 1f–h). In contrast to the observed even panlobular
F4/80 staining pattern, positivity for CD11b was con-
centrated to portal fields and the margins of the adjacent
hepatocytes. We also observed no genotype-specific changes
in respect to the composition of the portal infiltrate because
neutrophil granulocytes were next to macrophages the pre-
dominant cell type also in the studied knock-out strains as
observed on H&E-stained liver sections (shown for TNFR1

�/�

mice in Supplementary Figure 3). This assumption is also in
line with the dissimilar lobular staining pattern in regard to
F4/80 and CD11b positivity in DDC-fed mice (Figure 1).
Taken together these findings indicated a comparable in-
flammatory response in all DDC-fed genotypes.

For further quantification of the inflammatory response
induction of F4/80, iNOS, IL1-b and IFNg mRNA expression
was compared and revealed no significant differences be-
tween groups (Figure 2). MCP-1 and TNF-a mRNA levels
were significantly increased in all genotypes in response to
DDC feeding (Figure 2). Interestingly, MCP-1 expression was
lower (without reaching statistical significance because of
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high s.d. in DDC-fed mice) and TNF-a expression was sig-
nificantly reduced in TNFR1

�/� mice when compared with
respective WT controls (Figure 2), suggesting an at least in
part reduced inflammatory response in this genotype.
Induction of inflammatory genes was comparable between
OPN�/� mice and respective WT controls in response to
DDC apart from the expected undetectable OPN mRNA
levels in OPN�/� mice (Figure 2). We next compared hepatic
VCAM expression as a parameter for the hepatic
inflammatory response in our model system because induc-

tion of VCAM expression in response to DDC feeding is
robust and parallels the development of the inflammatory
infiltrate.6 In contrast to chow-fed controls, VCAM expres-
sion was significantly induced in reactive BECs, endothelial
cells and Kupffer cells in DDC-fed mice and we again
observed no differences in the staining pattern between
genotypes (Figures 3b–d). Western blotting to quantify
VCAM protein levels (Figure 3) confirmed these findings
showing no significant differences between DDC-fed
OPN�/�, TNFR1

�/� mice and their respective WT controls.
Thus, in spite of some differences in the induction of proin-
flammatory genes (ie, TNF-a and MCP-1 mRNA expression
levels in DDC-fed TNFR1

�/� mice) these findings suggest that a
single genetic loss of OPN or TNFR1 signalling has no major
effect on the inflammatory response in DDC-fed mice.

Genetic Loss of OPN and TNFR1 has no Effect on the
Degree of Ductular Reaction and Biliary Fibrosis in DDC-
Fed Mice
Previous studies revealed substantial overexpression of OPN
and TNF-a in BECs of reactive ductules in the DDC model,6

leading us to hypothesize that these molecules may be criti-
cally engaged in the ductular reaction typically associated
with liver fibrosis of the biliary type. More specifically,
induction of OPN in DDC-fed mice was preferentially
observed in hepatocytes along the margins of the liver acinus
wherein porto-portal septa are formed later on,6 suggesting a

Figure 1 Genetic loss of osteopontin (OPN) and tumor necrosis factor-a receptor-1 (TNFR1) has no effect on the composition and density of the

inflammatory infiltrate in response to DDC feeding. Immunohistochemistry for F4/80 (a–d) and CD11b (e–h) in chow-fed wild type (WT/chow), WT 4 weeks

DDC-fed (WT/DDC), OPN knock-out 4 weeks DDC-fed (OPN/DDC) and TNFR1 knock-out 4 weeks DDC-fed (TNFR/DDC) mice. (b–d) Please note that in spite of

the OPN or TNFR1 loss 4 weeks DDC-fed knock-out mice show a pronounced hepatic inflammation with no differences in regard to density and lobular

distribution of the immunoreactivity. (e–h) In contrast to the observed F4/80 staining pattern the CD11b signal is concentrated and accentuated to portal

fields and bile ducts again showing no reduction of the inflammatory response in 4 weeks DDC-fed knock-out mice indicating a comparable inflammatory

response compared with WT controls. pv, portal vein; bd, bile duct. Original magnification � 20.

Table 1 ALT and AP serum levels under various experimental
conditions

Experimental
group

ALT (U/l) AP (U/l) Bilirubin
(mg per 100ml)

WT/chow 31±7 85±14 0.11±0.06

WT/DDC 1271±521* 2559±834* 22.59±4.04*

OPN/chow 23±3 113±7 0.13±0.12

OPN/DDC 1093±312* 2456±474* 16.26±2.77*

TNFR/DDC 1046±200* 2130±177* 14.25±1.20*#

n¼ 5 animals in each group; *Indicates Po0.05 chow-fed wild-type (WT) an-
imals vs DDC-fed WT, osteopontin knock-out mice (OPN) and tumor necrosis
factor alpha receptor-1 (TNFR1) knock out mice; #indicates Po0.05 DDC-fed
wild-type (WT) animals vs DDC-fed TNFR1 knock out mice.
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possible direct role for OPN in the development of biliary
fibrosis. We therefore compared the degree of ductular
reaction immunohistochemically and quantified ductular mass

by morphometric analysis and western blotting using the
cholangiocyte-specific marker K19. Immunohistochemistry
for K19 revealed a comparable amount of ductular reaction

Figure 3 Genetic loss of osteopontin (OPN) and tumor necrosis factor-a receptor-1 (TNFR1) has no effect on hepatic expression of vascular cell

adhesion molecule (VCAM) in response to DDC feeding. Immunohistochemistry for VCAM (a–d) and VCAM protein measurement by western blotting

(e) in chow-fed wild type (WT/chow), WT 4 weeks DDC-fed (WT/DDC), OPN knock-out 4 weeks DDC-fed (OPN/DDC) and TNFR1 knock-out 4 weeks DDC-

fed (TNFR/DDC) mice. (b–d) Please note that in spite of the OPN and TNFR1 loss, DDC-fed mice show a comparable hepatic VCAM induction most

pronounced in reactive bile ductules (indicated by asterisks), endothelial cells, and Kupffer cells. (e) Hepatic VCAM protein quantification by western blotting

in 4 weeks DDC-fed mice revealed significant induction in all genotypes. *Indicates Po0.05 chow-fed mice vs DDC-fed mice. pv, portal vein. Original

magnification � 20.

Figure 2 Genetic loss of osteopontin (OPN) and tumor necrosis factor-a receptor-1 (TNFR1) has no impact on hepatic F4/80 and iNOS mRNA

expression. PCR for quantification of hepatic F4/80 and iNOS mRNA levels in chow-fed wild type (WT/chow), WT DDC-fed (WT/DDC), OPN knock-out

DDC-fed (OPN/DDC), and TNFR1 knock-out DDC-fed (TNFR/DDC) mice using SYBR Green. Please note that despite OPN and TNFR1 loss, DDC-fed mice

show comparable expression levels. n¼ 5 in each group; *Po0.05 chow-fed vs DDC-fed mice.

The role of osteopontin and TNFR1 in DDC-fed mice

P Fickert et al

848 Laboratory Investigation | Volume 90 June 2010 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


in all genotypes tested (Figures 4b–d). The estimated bile
duct area as revealed by morphometric analysis showed sig-
nificant increased bile duct area in all DDC-fed genotypes
compared with chow-fed controls (chow-fed WT 1.9±0.3;
DDC-fed WT 4.8±0.3; DDC-fed OPN�/� 4.3±0.4; DDC-
fed TNFR1

�/� 5.0±0.3; differences between chow-fed and
DDC-fed groups statistically significant). However, the in-

crease in bile duct area in the different genotypes in response
to DDC was similar. These data were further confirmed by
similar hepatic K19 protein levels (Figure 4e). The finding of
comparable hepatic ductular mass in all genotypes stressed
with DDC-supplemented diet indicates that single genetic
loss of OPN or TNFR1 has no major direct effect on ductular
reaction in this model. This assumption was further

Figure 4 Genetic loss of osteopontin (OPN) and tumor necrosis factor-a receptor (TNFR1) has no effect on the degree of ductular reaction in response

to DDC-feeding. Immunohistochemistry of keratin 19 (K19) (a–d) and K19 protein measurement by western blotting (e) in chow-fed wild type (WT/chow),

WT 4 weeks DDC-fed (WT/DDC), OPN knock-out 4 weeks DDC-fed (OPN/DDC) and TNFR1 knock-out 4 weeks DDC-fed (TNFR/DDC) mice. (b–d) Please

note that OPN and TNFR1 loss do not reduce ductular reaction in 4 weeks DDC-fed mice. (e) Hepatic K19 protein quantification by western blotting in

4 weeks DDC-fed mice revealed significant and comparable induction in all genotypes. *Indicates Po0.05 chow-fed mice vs DDC-fed mice. pv, portal

vein. Original magnification � 20.

Figure 5 Effect of osteopontin (OPN) and tumor necrosis factor-a receptor (TNFR1) deficiency on the degree of a-SMA expression in DDC-fed mice.

Immunohistochemistry for a-SMA (a–d) and a-SMA protein measurement by western blotting (e) in chow-fed wild type (WT/chow), WT 4 weeks DDC-fed

(WT/DDC), OPN knock-out 4 weeks DDC-fed (OPN/DDC) and TNFR1 knock-out 4 weeks DDC-fed (TNFR/DDC) mice. (b–d) Please note that OPN and

TNFR1 loss do not reduce hepatic a-SMA expression in 4 weeks DDC-fed mice. (e) Hepatic a-SMA protein quantification by western blotting in 4 weeks

DDC-fed mice revealed significant induction in all genotypes, which was more pronounced in DDC-fed OPN knock-out mice. *Indicates Po0.05 chow-fed

mice vs DDC-fed mice. #Indicates Po0.05 DDC-fed OPN knock-out mice vs DDC-fed WT and DDC-fed TNFR1 knock-out mice. Ha, hepatic artery; pv,

portal vein. Original magnification � 20.
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supported by a comparable proliferative response in all DDC-
treated genotypes as revealed by immunohistochemistry
using the proliferation marker Ki-67 (data not shown).

Biliary fibrosis in DDC-fed mice is accompanied by pro-
liferation and activation of periductal myofibroblasts of
medium-sized and large bile ducts, which typically goes hand
in hand with induced a-SMA expression.6 Comparing im-
munohistochemistry for a-SMA revealed no differences be-
tween DDC-fed genotypes (Figures 5b–d). Hepatic a-SMA
protein levels were equal between DDC-fed WT and
TNFR1

�/� mice (Figures 5b–d). Induction of a-SMA protein
expression, however, was even more pronounced in DDC-fed
OPN�/� mice compared with DDC-fed TNFR1

�/� mice
(Figure 5e). These findings suggest that OPN and TNFR1

signalling may not have a pivotal role for the induction of the
proliferative response and activation of periductal myofi-
broblasts in the DDC model. In addition, Sirius-red stain and
hepatic hydroxyproline levels also failed to reveal any sig-
nificant differences between DDC-fed genotypes (Figure 6).
Taken together, the finding of a comparable fibrotic response
in all DDC-fed genotypes make a direct or unique role of
OPN or TNFR1 for the pathogenesis of biliary fibrosis in this
model rather unlikely. Assessment of liver injury on H&E-
stained liver sections and by serum ALT also revealed no
significant differences between DDC-fed knockout mice and

respective WT controls (Table 1). In addition, we found no
significant differences in regard to serum AP levels indicating
a comparable degree of cholestasis (Table 1). Interestingly,
TNFR1

�/� mice showed significantly lower serum bilirubin
levels in response to DDC suggesting a decreased suscept-
ibility of this genotype to cholestasis in this model (Table 1).
It is tempting to hypothesize that this finding could be linked
to differences in canalicular Mrp2 expression (known to be
cytokine sensitive),27 which deserves further investigations.
Together these findings suggest that genetic loss of OPN or
TNFR1 has no major effect on the toxic response and defense
as well as the degree of cholestasis in DDC-fed mice.

DISCUSSION
Proinflammatory cytokines and their receptors may be
critically engaged in the pathobiology of several cholangio-
pathies28–30 and these molecules may represent attractive
therapeutic targets.3,31 We therefore aimed to model the
specific effects of genetic OPN and TNFR1 loss in DDC-fed
mice with sclerosing cholangitis and biliary type of
liver fibrosis, as this cholangiopathy model was previously
shown to share several pathogenetic and morphological
hallmarks of sclerosing cholangitis in humans and is asso-
ciated with pronounced induction and activation of
these inflammatory pathways.6 Taken together, our data

Figure 6 Genetic loss of osteopontin (OPN) and tumor necrosis factor-a receptor-1 (TNFR1) does not decrease the degree of biliary fibrosis in DDC-fed

mice. Sirius-red staining (a–d) and hepatic hydroxyproline measurement (e) in chow-fed wild type (WT/chow), WT 4 weeks DDC-fed (WT/DDC), OPN

knock-out 4 weeks DDC-fed (OPN/DDC), and TNFR1 knock-out 4 weeks DDC-fed (TNFR/DDC) mice. (b–d) Sirius-red staining showed comparable staining

pattern in all DDC-fed genotypes. (e) Biochemical quantification of liver fibrosis by hepatic hydroxyproline measurement showing that genetic loss of

OPN or TNFR1 does not reduce the degree of biliary fibrosis in DDC-fed mice. pv, portal vein. *Indicates Po0.05 chow-fed mice vs DDC-fed mice. Original

magnification � 20.
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largely dismiss a direct and pivotal role for OPN and TNFR1

signalling for the initiation and perpetuation of biliary
fibrosis in a mouse model of xenobiotic-induced liver injury.

Proinflammatory cytokines and chemokines and their
corresponding receptors have a critical role in the initiation
and perpetuation of various types of liver fibrosis.32 As such,
the potential role of OPN in the pathogenesis of liver fibrosis
gained substantial interest and is currently under
debate.11,12,33–37 We have previously shown pronounced
induction of hepatic OPN expression in DDC-fed mice and
immunohistochemical studies have revealed that OPN is
primarily expressed in BECs (including BECs in reactive
ductules) and hepatocytes in acinar zone 1.6 In addition,
OPN staining was most pronounced in periportal lobular
regions in which adjacent porto-portal septa develop in
DDC-fed mice.6 OPN expression levels were shown to reflect
the disease activity of sclerosing cholangitis in Abcb4 (Mdr2)
knockout mice.38 These findings led us to hypothesize that
the observed DDC-induced OPN expression may represent a
main trigger for the pronounced ductular reaction and bili-
ary fibrosis in DDC-fed mice. In addition, these findings
could indicate a potential role of OPN-induced EMT in
this model. The role of OPN in EMT has raised consi-
derable interest, especially in regard to its effect on kidney
fibrosis.13,14 In addition, the concept of EMT has recently
also gained great attention in the pathogenesis of liver
fibrosis.15–21 Together these findings led us to hypothesize
that OPN may be critically involved in ductular proliferation
and fibrosis of the biliary type. The findings of this study
clearly show, however, that genetic loss of OPN has no major
effect on the degree of ductular reaction and liver fibrosis in
DDC-fed mice and in consequence, we also dismiss a central
pathogenetic role for OPN-induced EMTas a major cause for
biliary fibrosis in the applied model system.

However, several important and critical aspects, including
limitations of the used mouse models, have to be taken into
account. As such, gene knock-out technology in mice fre-
quently involves the risk of adaptive and compensatory
processes. Probably even more important in the case of OPN,
cytokines habitually act within redundant networks and
pathways. Our experimental findings obtained in the
DDC-fed mouse model, therefore, do not allow the direct
conclusion that OPN has no role in biliary fibrosis induced
under different experimental conditions. An additional
question is the unknown trigger for the induction of cho-
langiocelluar OPN expression in DDC-fed mice. Candidates
include potentially toxic bile acids (eg, cholic acid) or a
biliary excreted DDC metabolite. However, experiments
using isolated BECs failed to show induced OPN expression
in response to bile acid treatment (unpublished observation).
Alternatively increased biliary pressure, which is a well-
defined trigger for ductular proliferation,39–42 may be causative
because shear stress was shown to induce OPN expression in
various cell types including osteoblasts,43 periodontal cells,44

aortic smooth muscle cells45 and podocytes.46 Taken together,

the findings of these interesting studies identified OPN as a
stretch-adapting molecule in various cell types, which may
also be the case for BECs under cholestatic conditions espe-
cially with an obstructive component.

TNF-a and its receptors are key molecules in the hepatic
inflammatory response, execution of apoptosis and regulation
of liver regeneration. TNF-a may be critically involved espe-
cially in ASH/NASH pathobiology and several current ther-
apeutic strategies (eg, statin treatment, neutralizing antibodies)
are aiming at modulation of this critical signalling pathway. In
addition, members of the TNF superfamily may represent
major players in the immunobiology of sclerosing cholangitis
and associated biliary fibrosis30,47 as such infiltrating lympho-
cytes could attack and destroy BECs via TNFR signalling.
Moreover, increased levels of TNF-a may contribute to the
oxidative damage to the biliary system. We have previously
shown profound induction of TNF-a mRNA, predominantly
in portal fields with ductular reaction and in Kupffer cells using
in situ hybridization.6 TNF-a was previously shown to induce
hepatic VCAM expression in a murine endotoxic shock
model.48 In addition, hepatic VCAM expression was also sig-
nificantly induced in DDC-fed mice.6 We therefore hypothesized
that TNF-a and its receptor pathways could be critically involved
in the hepatic inflammatory response to DDC (eg, induction of
VCAM expression) and consequently the pathobiology of cho-
langitis and biliary fibrosis in this model. The findings of this
study, however, speak against a pivotal role for these molecules.
Interestingly, our findings are also in line with the lack of a
clinical benefit of anti-TNF strategies such as etanercept and
pentoxyfilline in the treatment of cholangiopathies, for example,
PSC.49,50 Again our data need to be interpreted with caution, as
our findings cannot dismiss a role for TNFR2-mediated path-
ways or alternative activation in DDC-fed TNFR1

�/� mice. In
addition, signalling via alternative TNF receptors was sufficient
to induced cholangitis in chronic Cyryptosporidium parvum-in-
fected mice in single TNFR knock-out mice.51 Alternative stra-
tegies to overcome inherent problems of these systems could lay
in the generation of conditional knock-out mice.

Nevertheless, on the basis of the findings of this study, we
conclude that previously observed OPN and TNF-a over-
expression in DDC-fed mice may be more a consequence
rather than the cause of the development of sclerosing cho-
langitis, ductular reaction and biliary fibrosis in DDC-fed
mice. In addition, data presented put into question the
concept that OPN and TNFR1 are critical to initiate or per-
petuate liver fibrosis of the biliary type.

Supplementary Information accompanies the paper on the Laboratory

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