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The 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)
model leads to chronic cholestatic liver injury and
therefore resembles human diseases such as sclerosing
cholangitis and forms of metabolic liver diseases. The
role of the interleukin-6/glycoprotein 130 (gp130) sys-
tem in this context is still undefined. Therefore, condi-
tional gp130 knockout and knockin mice were used
to achieve hepatocyte-specific deletions of gp130
(gp1302P<P?) | gp130-dependent ras (gpl130°PePaRas)
and signal transducer and activator of transcription
(STAT) (gp130°1<PaSTAT) activation. These mice were
treated with a DDC-containing diet and analyzed over
time. Mice deficient in hepatic gp130 and STAT signaling
showed increased and earlier mortality than wild-type
and gp1302P°P2Ras animals. Over time, significantly
more apoptosis and cholestasis became evident in
gp130°7°P* and gp130°1°P*STAT myjce. These mice also
displayed increased tumor necrosis factor-a expres-
sion, a diminished acute-phase response (lack of STAT3
and serum amyloid A activation), and enhanced im-
mune cell infiltration in the liver. These were associated
with stronger periportal oval cell activation. In addi-
tion, DDC treatment in gp130*"°P* and gp1304PePasTAT
mice resulted in significantly stronger hepatic stellate
cell activation. Long-term analysis revealed the de-
velopment of severe liver fibrosis in gp130°"°P* and
gp130°PeP*STAT a5imals, as evidenced by increased col-
lagen accumulation. Here we demonstrate that gp130/
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STAT signaling in hepatocytes provides protection in a
cholestatic hepatitis mouse model. STAT3-dependent sig-
naling pathways in hepatocytes protect from apoptosis
and tissue injury, which subsequently reduce oval cell
activation and prevent fibrosis progression. (Am J Pathol
2010, 176:2236-2246; DOI: 10.2353/ajpath.2010.090469)

Liver remodeling and fibrosis progression are often the
result of an insufficient response of hepatocytes and
biliary epithelial cells to different forms of chronic liver
injury. A complex network of different liver and immune
cells activates cytokines and growth factors, which trig-
ger myofibroblasts to produce extracellular matrix pro-
teins including collagen. Feeding mice 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine (DDC) is a well established
model to study such complex interactions in a highly
relevant model of chronic cholestatic liver injury resem-
bling certain metabolic, toxic, and cholestatic chronic
liver diseases.! Moreover, the model leads to a strong
fibrotic response in the liver and can enhance the tumor-
igenic potential of proto-oncogenes.? The model has also
been used to study mechanisms of oval cell activation
and proliferation.®

The cholestatic phenotype of the model and its under-
lying pathobiology have only recently been elucidated in
more detail.’ DDC feeding induces sclerosing cholangitis
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and a biliary type of liver fibrosis, involving the secretion
of proinflammatory mediators and cytokines such as tu-
mor necrosis factor (TNF)-a and interleukin (IL)-6* and
the activation of profibrogenic factors such as platelet-
derived growth factor and transforming growth factor-g.°
Together with increased biliary porphyrin secretion, these
lead to activation of biliary epithelial cells, which induces
a significant pericholangitis. As a consequence the se-
cretion of toxic metabolites is impaired, further triggering
hepatocyte injury and inhibiting tissue repair.

In addition, DDC feeding activates the intrahepatic
stem cell compartment. Oval cells are induced and start
to proliferate mainly because hepatocytes are unable to
enter the cell cycle. Thereby, proinflammatory cytokines
such as TNF-a® and the related factor LT1b” are essential
to trigger oval cell activation during toxic liver injury. In a
different model of oval cell induction the cytokine IL-6 has
also been shown to be involved in this process.? More
specifically, activation of the IL-6-dependent signal trans-
ducer and activator of transcription (STAT) 3 directly
enhances the proliferation of progenitor cells, whereas
activation of extracellular signal-regulated kinase (ERK)
was repressive in this model.

We and others recently reported that IL-6 via gp130
triggers intracellular pathways, which are protective for
hepatocytes in different models of liver injury.®'© gp130
serves as a signal transducer for all IL-6 family members
and triggers distinct pathways in the cell, leading to
STAT1/3 and Ras activation.”” The relevance of these
signaling cascades in hepatocytes, however, has not yet
been elucidated in detail in models of chronic cholestatic
liver injury. We therefore used hepatocyte-specific con-
ditional gp130-knockout/knockin mice to test the impor-
tance of this pathway in the DDC model. We found that IL-6
via gp130-STAT3 triggers crucial downstream events in
hepatocytes, which protect from liver injury and ultimately
limit oval cell induction and fibrosis progression.

Materials and Methods

Animal Experiments

Hepatocyte-specific gp130~/~ mice (gp1304"°P2) were
generated by breeding AlfoCre mice,'? expressing an al-
bumin-dependent Cre-recombinase, with mice carrying a
loxP-flanked gp130® (gp130'F1oF) allele.® gp130/F/oF
mice without Cre expression were used as control (wild-
type) animals.

gp1304"ePaSTAT mice were generated by crossing Alf-
pCre gp130'F/1oP \ith gp1304STATASTAT knockin mice
expressing a truncated gp130 knockin allele that lacks
the essential region for STAT1 and STAT3 activation.'"'*
gp1304"ePaRas mice were generated by breeding AlfpCre
gp130'9XPoXP with gp130Y787F/¥Y757F knockin mice. These
mice carry a point mutation at tyrosine Y757 in the gp130
allele™ and are thus unable to activate gp130-dependent
ras signaling. The genotypes were analyzed by PCR for
AlfpCre, gp130'F, gp13077°7F, and the gp1302STAT al-
lele as described previously.'
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At least five mice were treated and analyzed in parallel
per time point. All experiments were repeated at least
twice. All statistical P values were calculated and proven
via Student’s t-test.

Mice were housed in 12-hour light/dark cycles with free
access to food and water and were treated in accor-
dance with the criteria of the German administrative
panel on laboratory animal care. For DDC experiments 6-
to 8-week-old male mice were treated with standard
chow containing 0.1% DDC and fed normal drinking wa-
ter for up to 12 weeks. After the animals were sacrificed,
blood was taken for analysis of liver transaminases. Liver
samples were shock-frozen for isolation of RNA and pro-
teins or embedded in both paraffin and Tissue-Tek Com-
pound Medium for H&E staining and immunohistochem-
ical analysis.

SDS-Polyacrylamide Gel Electrophoresis and
Western Blotting

Frozen liver tissues were lysed in cold-lysis buffer as
described previously.' Protein lysates were heat-dena-
tured in double-strength SDS sample buffer containing
dithiothreitol before resolution with 10% SDS-polyacryl-
amide gel electrophoresis. Ponceau Red staining was
used to demonstrate equal protein loading.

For primary antibody incubation, membranes were
probed with anti-phosphorylated-STAT3 (Tyr-705, 9131s,
Cell Signaling Technology, Danvers, MA), anti-STAT3
(STATS, C-20, sc482, Santa Cruz Biotechnology, Heidel-
berg, Germany), and anti-GAPDH (4699-9555, Poole,
Dorset, UK) antibodies. As a secondary antibody, horse-
radish peroxidase-linked anti-rabbit IgG (7074, Cell Sig-
naling Technology) and horseradish peroxidase-linked
anti-mouse 1gG (sc-2005, Santa Cruz Biotechnology)
were used. The antigen-antibody complexes were visu-
alized using an ECL Chemiluminescence Kit (GE Health-
care, Little Chalfont, Buckinghamshire, UK).

5-Bromo-2'-Deoxyuridine Staining

Two hours before the animals were sacrificed, 200 pg of
5-bromo-2’-deoxyuridine (BrdU) was injected intraperito-
neally to label proliferating cells in the S phase of the cell
cycle. Staining was performed according to the Cell Pro-
liferation Kit manual (RPN20, GE Healthcare), and BrdU-
negative cells were counterstained with hematoxylin.
Liver samples were analyzed by counting the number of
BrdU-positive cells and the total number of cells per
viewing field (X200 magnification) for at least four ani-
mals per time point. For analysis of periportal prolifera-
tion, pictures were retrieved as described above, the
periportal regions were marked manually, and counting
was only performed on this regions.

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling Staining

Terminal deoxynucleotidyl transferase dUTP nick-end-
labeling (TUNEL) staining was performed using an In Situ
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Table 1. Real-Time Primer Sequences
Primer Annealing
target Sequence temp
a-SMA 60°C
Forward  5'-ATGAAGCCCAGAGCAAGAGA-3'
Reverse  5'-ATGTCGTCCAGTTGGTGAT-3'

CK-19 60°C
Forward = 5'-CGTACCCCCAAAGGAAGACA-3’
Reverse 5'-TCAGACCTGCGTCCCTTTTT-3’

Collagen-1a 60°C
Forward  5'-GGAAACCTCTCTCGCCTCTT-3’
Reverse 5'-GAACAGGGTGTTCCTGAGA-3'

GAPDH 60°C
Forward 5'-TGTTGAAGTCACAGGAGACAACCT-3'
Reverse 5'-AACCTGCCAAGTATGATGACATCA-3'

IL-6 59°C
Forward 5'-CCGGAGAGGAGACTTCACAG-3’
Reverse  5'-TCCACGATTTCCCAGAGAAC-3'

TNF-a 59°C
Forward 5'-CCCAGGTATATGGGCTCATACC-3'
Reverse  5'-GCCGATTTGCTATCTCATACCAGG-3'

TGF-B, 58°C
Forward  5'-GACCCTGCCATATTTGGA-3'
Reverse  5'-GCCCGGGTTGTGTTGGT-3'

Cell Death Detection Kit, POD (Roche Diagnostics, Mann-
heim, Germany) according to the instructions of the manu-
facturer as described previously.®

Quantitative Real-Time PCR

Total RNA from frozen liver was isolated and treated with
DNase | (Invitrogen, Karlsruhe, Germany) before cDNA
was generated by reverse transcription with 100 ng of
random hexamer (Invitrogen), 250 wmol/L dNTPs (Invitro-
gen), and 200 units of M-MLV Reverse Transcriptase
(Invitrogen) in 1X reverse transcriptase buffer for 1 hour
at 37°C. Real-time PCR was performed by using a 7300
Real-Time PCR System (Applied Biosystems, Foster City,
CA) and SYBR GreenER gPCR SuperMix (Invitrogen).
The expression levels of the different genes were normal-
ized with the levels of GAPDH. To monitor the specificity,
the final PCR products were analyzed by melting curves
and electrophoresis. The primer sequences used are
listed in Table 1.

Histology, Sirius Red Staining

Liver samples were either snap-frozen in OCT compound
or fixed in 3.5% formaldehyde, embedded in paraffin,
cut, and stained with H&E. Pictures were taken using an
Axio-Imager Z1 (Carl Zeiss, Jena, Germany) for each
time point per genotype.

For Sirius red staining the sections were incubated in
the Sirius red staining solution for 1 hour. Thereafter the
slides were incubated in 0.1 mol/L HCI for 5 minutes,
treated with an ascending ethanol series, and finally in-
cubated in Roti-Histol (Roth, Karlsruhe, Germany) and
covered with Roti-Histokit (Roth). The sections were an-
alyzed under polarized light. Photomicrographs of Sirius
red-positive areas taken in a X200 magnification were
analyzed via color error measurement using the open

source software Imaged. Thereby collagen filaments
were morphometrically analyzed and used for the calcu-
lation of collagen per area field.

Immunofluorescence and
Immunohistochemistry

Cryopreserved liver tissues were fixed in 4% paraformalde-
hyde (Roth), washed in PBS containing 0.02% sodium
azide (Roth), and blocked using 2% bovine serum albumin
in PBS-azide. CD4* cells were detected using a direct
fluorescein isothiocyanate-labeled antibody (clone GK 1.5,
Molecular Probes/Invitrogen, Karlsruhe, Germany). For the
detection of CD11b (BD Bioscience, Heidelberg, Ger-
many), cytokeratin (CK)-8 (keratin K8, Ks 8.7, Progen cata-
log no. 61038), CK-19 (Santa Cruz Biotechnology), Sca-1
(Ly-6A/E, catalog no. 553333, BD Pharmingen), and ubig-
uitin (Z0458, DAKO, Hamburg, Germany) positive cells, we
used secondary antibody detection systems. Tissues were
fixed in ice-cold acetone and blocked with a 1:5 dilution of
blocking reagent (Promega, Mannheim, Germany) and de-
tected via an anti-rabbit Alexa 488-labeled secondary anti-
body (Molecular Probes/Invitrogen). Ubiquitin staining was
visualized using a horseradish peroxidase-labeled second-
ary anti-rat antibody.

Primary Hepatocyte Isolation

Mice were anesthetized with ketamine/xylazine and 300
IU of heparin was injected intraperitoneally. The abdom-
inal wall was opened, the inferior vena cava was pre-
pared and cannulated, and perfusion with hepatocyte
isolation buffer was started. Hepatocyte isolation buffer
(HB) containing 0.15 mol/L NaCl, 6 mmol/L KCI, 5 mmol/L
glucose, 0.02 mol/L HEPES, and 2.5 mol/L NaHCO,5 was
prepared (pH 7.4). First, HB mixed with 1 mmol/L EDTA
was perfused. The second perfusion was performed with
HB containing 2 mmol/L CaCl, and 0.1% collagenase.
After perfusion the liver was carefully harvested, minced
in 10 ml of Williams’ Eagle’s media (PAA Laboratories
GmbH, Colbe, Germany), filtered through 70-um cell
strainer (BD Bioscience), and immediately stored on ice.
Cells were then plated on collagen-covered wells in
HepatoZYME-SFM (Invitrogen, Karlsruhe, Germany). Af-
ter 4 hours medium was changed, and cells were stimu-
lated with recombinant TNF-a (Invitrogen).

Results

Enhanced Mortality and Cholestasis after DDC
Treatment in Mice Lacking Hepatocellular
gp130 and gp130/STAT Activation

To investigate the relevance of IL-6/gp130-dependent
signaling in hepatocytes during chronic cholestatic liver
injury we treated wild-type (gp130'°*"°*F) and hepato-
cyte-specific gp130 knockout mice (gp1304MeP3) with a
0.1% DDC-containing diet. Of the wild-type mice, 80%
survived the first 6 weeks of DDC treatment, whereas
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% Figure 1. Lower survival and enhanced cho-
lestasis in mice with abolished hepatocellular
gp130/STAT signaling after DDC treatment. Az
Mice were fed with 0.1% DDC to induce chronic
cholestatic liver injury. DDC treatment triggered
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more than 60% of the gp1304"°P2 animals died during
this period (Figure 1A). To dissect gp130-dependent in-
tracellular signaling pathways we treated mice with either
impaired gp130-dependent ras (gp1302"°PaSTATY or STAT
(gp1304heraRias) gignaling in hepatocytes with the DDC diet.
These experiments demonstrated that impaired survival af-
ter DDC feeding is linked to the lack of hepatocellular gp130-
dependent STAT3 activation, whereas gp1304hePaRas gni-
mals displayed a survival curve similar to that of wild-type
mice (Figure 1B).

Biochemical analysis of liver transaminases revealed a
rapid and strong increase in all groups after DDC feeding
(Figure 1C). Serum bilirubin levels increased in all four
groups after DDC feeding as well but were significantly
higher in gp1302"°Pa and gp1302"°PaSTAT mice, the
groups with the highest mortality (Figure 1D).

Lack of Acute-Phase Induction and Altered
Inflammatory Response in Mice without gp130
and STAT3 Activation in Hepatocytes

DDC treatment is known to induce a significant inflam-
matory response. We thus determined hepatic expres-
sion levels of the proinflammatory cytokines TNF-a and
IL-6 by real-time PCR. TNF-a was induced about 18-
fold in wild-type and gp1304heraRas mice, whereas
gp1304hePa and gp13024MePaSTAT mice showed a signifi-
cantly stronger (up to 50-fold) response after 2 weeks of
treatment (Figure 2A). TNF-a expression remained ele-
vated compared with that in the untreated animals in all
groups after 12 weeks of the DDC diet. At this time point
significantly higher TNF-a expression levels were found
in gp1302"ePaSTAT than in wild-type mice. IL-6 levels were
30- to 40-fold induced 2 weeks after treatment. At this
time point gp1304hePaRas mice displayed significantly

death of experimental animals in all treated
groups over time. gp130'°™1°” mice showed
an overall survival of 81%. This rate significantly
dropped to 38% in the gp1302"P* group (*P <
0.05). B: Survival rates after DDC treatment were
72% in gp13020ePRas mice compared with 30%
in gp1302hePaSTAT mice (*P < 0.05). Sixteen
mice per group were included in either survival
analysis. C: Alanine aminotransferase (ALT) se-
rum levels were determined 1, 4, and 12 weeks
after DDC treatment was started. Transaminases
increased rapidly in all treatment groups and
remained at a significantly higher level through-
out the experiment. D: Total bilirubin serum
levels were measured after 1 and 12 weeks of
DDC treatment (*P < 0.05; **P < 0.01).
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lower IL-6 levels than gp1304"eP2 and gp1304nerasTAT
animals (Figure 2B). IL-6 levels remained moderately
elevated after 12 weeks of treatment without significant
differences between the groups.

The acute-phase response (APR) induction as a major
unspecific defense mechanism is one of the main con-
sequences of IL-6 activation in hepatocytes.'® We thus
analyzed hepatic STAT3 phosphorylation (Figure 2C) and
the induction of the APR marker gene serum amyloid A-2
(Figure 2D). STAT3 was readily phosphorylated in con-
trol and gp1302hePaRas mice after 2 and 12 weeks of
DDC treatment. However its activation was blunted in
gp1304"ePa  and gp1304MePaSTAT  mice. Importantly,
STAT3-phosphorylation only became evident at a signif-
icant strength in hepatocytes of gp130-competent mice
and was absent in cholangiocytes and biliary epithelial
cells of either genotype (Supplemental Figure S1, see
http.//ajp.amjpathol.org). Differences in the level of STAT3
phosphorylation were not due to changes in total STAT3
protein levels over time as those remained unchanged
(Figure 2E). Interestingly, we observed basal STAT3
phosphorylation in untreated gp1304hePaRas which can
be explained by the already described intrinsic hyperac-
tivation of the STAT3 pathway in these mice.'*

Next, we were interested in studying whether these
strong differences in APR induction have an impact on
immune cell activation in the livers of these animals. We
analyzed hepatic infiltration of CD4" T-cells, neutrophils
(Ly6G), and macrophages (CD11b) in DDC-treated mice
(Figure 3, A-C, Supplemental Figure S2, see htip://ajp.
amjpathol.org). Mice deficient in gp130 and gp130/STAT
activation displayed an overall stronger immune cell re-
cruitment. Neutrophil infiltration was significantly less in
wild-type and gp1304"°PaRas mice, whereas macro-
phages were significantly more present, especially in
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Figure 2. Enhanced expression of inflammatory cytokines and blunted APR in gp1302"°P* and gp1304P<PaSTAT animals. A and B: Hepatic TNF-a (A) and IL-6
(B) mRNA expression levels were determined by quantitative real-time PCR. RNA was isolated from mice 2 and 12 weeks after DDC treatment. The fold induction
of cytokine mRNA levels is displayed (* < 0.05; **P < 0.01). C: STAT phosphorylation was determined by Western blot analysis of whole liver cell extracts derived
from mice treated 2 weeks with DDC using a phospho-STAT3 (pSTAT3)-specific antibody. D: Serum amyloid A (SAA) mRNA levels were determined by
quantitative real-time PCR after 2 weeks of DDC treatment. The fold induction of mRNA levels is shown (***P < 0.001). E: TAT phosphorylation and expression
of STAT3 protein were analyzed by Western blots using whole liver cell extracts derived from mice treated 12 weeks with DDC.

gp1304MePaSTAT mice. In addition, there was a clear trend

in the amount of infiltrating CD4* cells showing higher
cell numbers in gp1304hePa and gp1304MePasTAT mjce
compared with that in wild-type and gp1304heraRas
animals.

Enhanced Apoptosis and Periportal Proliferation
in gp130°%P2 and gp130~"°PaSTAT Mice

Because the gp130/STAT3 axis can provide antiapop-
totic signals in hepatocytes,® we next studied the impact
of DDC feeding on apoptosis. TUNEL stainings of liver
samples were performed before and 2 weeks after DDC
treatment (Figure 4A) and showed increasing numbers of
TUNEL-positive cells in all animals. The apoptosis rates
were 0.6 to 1% in wild-type and gp1304"ePaRas mice after
2 weeks of treatment. In contrast, a significant stronger
rate of TUNEL-positive cells was evident in the
gp1304MePa and gp1302"PaSTAT groups at the 2-week
time point. The apoptosis rate in these animals was 4- to
6-fold enhanced compared with that in wild-type and
gp1304heraRas mice (Figure 4B). We thus investigated
whether TNF-a-induced cell injury could be linked to this
observation. Primary hepatocytes isolated from DDC-
treated gp1304"°P2 and gp1302"°PaSTAT mice showed a
higher susceptibility against TNF-a-induced cell death
(Supplemental Figure S3, see http.//ajp.amjpathol.org).

Next BrdU-labeling assays were performed to see
whether a lack of gp130-STAT signaling also had an
impact on the hepatic proliferative response. Interest-
ingly, the amount of BrdU-positive hepatocytes was not
different among the four groups. However, a significantly
stronger proliferation rate was evident in the periportal
regions of gp1302"°Pa and gp1304"ePaSTAT Jivers (Figure
4, C-E).

Strong Periportal Proliferation and Oval Cell
Response in Mice with a Lack of Hepatic
gp130/STAT3 Activation

H&E stainings revealed the development of severe morpho-
logical changes in the liver architecture of DDC-fed mice
(Supplemental Figure S4, A and B, see http://ajp.amjpathol.
org) starting shortly after DDC treatment. Hepatocytes dis-
played enhanced eosinophilia, periportal infiltrates became
evident, and morphologically small-appearing cells with
scant cytoplasm were clustering periportally. The first signs
of small duct-like structure formation indicated the initiation
and progression of cholestatic sclerosis, which is intrinsic
for the DDC model," already in the early phase of treatment.
Mallory-Denk bodies, which have been described in the
DDC model™® could be detected uniformly at the 12-week
time point throughout the groups (Supplemental Figure
S4C, see http.//ajp.amjpathol.org).

We thus aimed to analyze whether cells in the peripor-
tal region share the characteristics of oval cells as are
known for mice treated with DDC. Oval cells are de-
scribed as progenitor cells with a potential to differentiate
into biliary epithelial cells and hepatocytes. They express
a cytokeratin marker and are reported to carry stem
cell-specific antigens. We thus analyzed the expression
of CK-19 and CK-8 (Figure 5, A and B), both commonly
expressed by biliary epithelial cells and their progenitors
and of the stem cell marker Sca-1 (Figure 5C). We uni-
formly observed enhanced staining of all three markers
in gp1304hePa and gp1304MePa/STAT mice compared
with that in wild-type and gp1304hePaRas mice after 12
weeks of DDC treatment (for further quantification and
detailed depiction, Supplemental Figure S5, see
http://ajp.amjpathol.org).
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Figure 3. Altered immune cell activation induced by DDC treatment. Anti-
Ly6G (A) for neutrophils, anti-CD11b (B), and anti-CD4 (C) stainings were
performed using liver tissue sections derived from mice treated for 2
weeks with DDC. A quantitative analysis of positive stained cells per view
field is depicted (*P < 0.05; P < 0.01). At least 10 view fields of four
livers per time point were included in this analysis. Anti-Ly6G™, anti-
CD11b™", and anti-CD4 ™" stainings are provided in Supplemental Figure S2
(see bttp://ajp.amjpathol.org).

Fibrosis Progression Inversely Correlates with
STAT Activation in Hepatocytes

Histomorphological analysis (Supplemental Figure S3B,
see http://ajp.amjpathol.org) further revealed the begin-
ning of portoportal bridging, indicating the progression of
liver fibrosis in DDC-treated mice. We therefore aimed to
quantify the degree of fibrosis and the related activation
of matrix-producing hepatic stellate cells.

First, we studied the expression of a-smooth muscle
actin (a-SMA), a marker for activated stellate cells.
Morphometric analysis of immunohistochemical a-SMA
stainings showed increased stellate cell activation in
gp1304hePa and gp1304NePaSTAT Jivers already 2 weeks
after DDC feeding (Figure 6A, Supplemental Figure S6A,
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see http://ajp.amjpathol.org). These results were further
confirmed by a-SMA real-time PCR analysis (Figure 6B).
Transforming growth factor-8, as another important pro-
fibrogenic cytokine, was found to be regulated accord-
ingly (Figure 6C).

Next, Sirius Red stainings were performed and mor-
phometrically analyzed. A 2.5- to 3-fold increase in col-
lagen staining was evident in the gp1302"°P2 and
gp1304NePaSTAT groups compared with wild-type and
gp1304heraRas gnimals (Figure 6D, Supplemental Figure
S6B, see http://ajp.amjpathol.org). The data showing
stronger collagen staining were further supported by the
collagen-1a mRNA results. Here, an approximately two-
fold stronger collagen-1a mRNA level was found in the
two groups with a lack of hepatocyte-specific gp130-
STAT activation (Figure 6E, Supplemental Figure S6B,
see http.//ajp.amjpathol.org).

Discussion

IL-6 via gp130 in hepatocytes controls the acute-phase
response, and in recent years it has become evident that
this pathway is also important during acute liver injury.
We and others could demonstrate a protective effect of
gp130-dependent signaling, mainly mediated via STAT3
activation, in hepatocytes'” '8 but also in other cells, eg,
immune cells.’® At present, most studies have focused
on mechanisms of acute liver injury, and only a few were
designed to resolve the role of the IL-6/gp130 system
during chronic liver injury.?° Although studies have been
undertaken in IL-6 knockout mice, those data cannot
uniformly explain all disease mechanisms of chronic cho-
lestatic liver injury,®?' because gp130 is used redun-
dantly®® by various cytokines. Therefore, in our present
work we aimed to better characterize the role of hepatic
gp130/STATS activation during chronic cholestatic liver
injury.

DDC feeding triggers cholestatic liver damage, which
leads to injury of both hepatocytes and biliary epithelial
cells, thus resembling in many aspects certain human
chronic liver diseases.' These include forms of end-stage
metabolic liver diseases as well as primary and second-
ary sclerosing cholangitis. Based on current knowledge
the DDC model proceeds in two phases. The early phase
is dominated by the rapid onset of hepatocellular liver
injury involving apoptosis (Figure 3, B and C) and the
induction of ductular proliferates including the activation
of the oval cell compartment. During this phase the ani-
mals also develop rapid and sustained jaundice. At the
second later stage the deleterious effect of chronic cho-
lestasis becomes evident, which triggers transformation
of hepatic stellate cells into myofibroblasts and contrib-
utes to the progression of liver fibrosis.

Our data support the fact that DDC treatment triggers
an early and strong hepatic inflammatory response, as
evidenced by the expression of IL-6 and TNF-« (Figure 2,
A and B). This causes a selective induction of the APR in
wild-type and gp1304hePaRas gnimals where STAT3 sig-
naling is active. Earlier results demonstrated that STAT3
induces an antiapoptotic response in hepatocytes, eg,
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Figure 4. Apoptosis and cell proliferation depend on hepatic gp130 and STAT activation. A: Apoptotic cells were analyzed by TUNEL staining (green) in livers
of the four treatment groups before and after 2 weeks of DDC treatment as indicated. Representative pictures are shown for each time point. B: Statistical analysis
of TUNEL-positive cells in livers after DDC treatment (*P < 0.05; **P < 0.01). At least 10 view fields of four livers per time point were included in this analysis.
C: Liver cell proliferation was analyzed by BrdU uptake in livers of DDC-fed mice before and 2 weeks after treatment. Anti-BrdU antibodies were labeled with

view fields of four livers per time point were included in this analysis. Proliferating hepatocytes (D) and cells in periportal areas (E) were analyzed separately

via the up-regulation of genes such as B-cell lympho- cytes lacking STAT activation (Supplemental Figure
ma-extra large (Bcl-xL) and c-Flip.?3 This can explain S3, see http://ajp.amjpathol.org).

why we observed more apoptosis and a greater sus- Besides the direct injury of hepatocytes, chronic cho-
ceptibility against TNF-a-induced toxicity in hepato- lestasis induced by DDC treatment probably also con-
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Figure 5. Progenitor cell activation after DDC treatment. Immunohistochemical stainings for CK-19 (A), CK-8 (B), and Sca-1 (C) were performed in liver sections

derived from mice treated for 12 w

ks with DDC. Anti-CK-19 labels common biliary gp]thglnl and progenitor cells activated during chronic liver injury. Note the
small duct-like structures, which stain positive. Anti-CK-8 predominantly stains intermediary

filaments, ductular structures, and small cells. Anti-Sca-1-positive cells

are believed to represent progenitor cells with a stem cell-like character. A further quantification of the presented stainings is given in Supplemental Figure 5 (see

btip://ajp.amjpathol.org).

tributes to the severe phenotype of these animals, which
are not protected by gp130/STAT signaling any more.
Bile acids and other components of the bile fluid are toxic
during cholestatic conditions. They have recently been
shown to induce apoptosis and to antagonize protective
IL-6 signals in hepatocytes.?*2® In addition, the death
ligand tumor necrosis factor-related apoptosis-inducing
ligand and its receptor DR5 are known to be up-regulated

during cholestasis.?® Thus, this pathway could be directly
involved in triggering apoptosis in the liver of DDC-
treated animals, especially if antiapoptotic pathways are
inhibited.

Infiltrating neutrophils and macrophages, as well as
resident Kupffer cells are an important source for inflam-
matory cytokines, which are involved in triggering organ
injury.®® In control and gp1304"ePaRas animals lower



2244  Plum et al
AJP May 2010, Vol. 176, No. 5

A

gp1 3(loxP/loxP gp1 3(Ahepa
B C
- o l:l gp1 3(loxP/loxP c
2 12 T W op130%er2 5
g e = — gp1 30AhepaRas z-;
<) Xk — AhepaSTAT 2
Y gp130 :g
°
= 6 o
° -
T 4 ?
g2 o
L
3 0 &
[+ [

O

l:l gp1 3(loxP/loxP
gp1 30Ahepa

I:l gp1 30AhepaRas

gp1 30AhepaSTAT

w
o

-

o

0d 12we

collagen1a —fold induction
N
o

TNF-a expression was detected compared with that in
the two other groups. TNF-a-dependent gene transcrip-
tion via nuclear factor-«B in hepatocytes and nonparen-
chymal cells plays an important role in triggering the
expression of cytokines and chemokines but also the
activation of hepatic stellate cells.2*2° In gp1304"eP2 and
gp1304hePaSTAT gnimals we thus found stronger hepatic
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Figure 6. Increased stellate cell activation and fibrosis progression in
gp130°P°P and gp1302hePaSTAT mjce after DDC treatment. A: Immunofluo-
rescence analysis of a-SMA expression in livers after 2 weeks of DDC
treatment. The staining marks perivascular cells and enhanced staining of
cells in periportal areas of the gp13021°P* and gp1304P<PaSTAT groups. B and
C: Hepatic a-SMA mRNA and transforming growth factor- expression levels
were determined by quantitative real-time PCR. RNA was isolated from mice
2 and 12 weeks after DDC treatment. The fold induction of cytokine mRNA
levels is shown (*P < 0.05; **P < 0.01). D: Displayed are photomicrographs
of histochemical analysis of Sirius red-stained liver tissue sections derived
from mice treated for 12 weeks with DDC. E: Hepatic collagen-la mRNA
expression levels were determined by quantitative real-time PCR. RNA was
isolated from mice before and 12 weeks after DDC treatment. The fold

induction of cytokine mRNA levels is displayed (*P < 0.05; **P < 0.01).

stellate cell activation, which was also associated with
increased matrix cell production as evidenced by the
enhanced collagen production.

As part of an adaptive and repair response to DDC-
induced chronic toxic liver injury and block of hepatocyte
proliferation the intrahepatic stem cell compartment is
activated.® Oval cells expand, depending on TNF-a and



IL-6 expression,® in the periportal areas where they can
differentiate into biliary duct-forming structures and
hepatocytes. In our model the progenitor cell induction
rate directly correlated with the lack of STAT3 activation
in hepatocytes and thus with the degree of hepatocellular
injury. Interestingly, DDC treatment in IL-6 knockout mice
resulted in a liver phenotype similar to that found in the
wild-type group and injury was not enhanced (data not
shown). Thus, the sole use of IL-6%" knockout mice ap-
parently does not completely reflect the complexity of the
DDC model as gp130 can be redundantly activated by
other cytokines as well.

Recent results in a different model® indicate that oval
cellinduction and proliferation is dependent on STAT3® in
progenitor cells itself. Therefore, our results could sug-
gest that besides IL-6 other family members can either
substitute for the loss of IL-6 or are more relevant for
either hepatocellular protection or oval cell induction in
the DDC model. Oncostatin M, an interesting candidate,
therefore fulfills a dual role. Although the cytokine was
shown to inhibit oval cell growth in vitro,?” its overexpres-
sion attenuates liver injury.® Interestingly it can also pro-
mote hepatic differentiation.?® However, only studies us-
ing oncostatin M knockout mice, which are not available
yet, could further highlight the relevance of this cytokine
for oval cell physiology in vivo.

The link between oval cell induction and fibrosis pro-
gression is still not fully understood. Recent data suggest
that extracellular matrix components are involved in pre-
paring the niche for the expansion of liver progenitor
cells.?” Thus, stronger fibrosis progression in gp1304"eP2
and gp13024MePaSTAT mice might further enhance oval cell
proliferation. However, this is not likely to be the only
mechanism, as oval cells are uniformly induced in differ-
ent models,®° regardless of the underlying mechanism.
Therefore, a closer look at oval cell activation and other
hepatic progenitor cells in different chronic liver injury
models could further help to delineate these
mechanisms.

In our study gp1304M®Pa and gp13 mice
showed the strongest oval cell activation after DDC treat-
ment, making it very likely that gp130-dependent signal-
ing is functional in oval cells of these mice. Therefore,
these results support the data of Yeoh et al® that STAT
signaling within oval cells must be intact for their activa-
tion during liver injury. However, because the isolation of
pure oval cells is unreliable, we cannot completely ex-
clude minor Cre activation in oval, cells especially once
they start to differentiate into albumin-expressing cells
and are morphologically no longer distinguishable from
hepatocytes.

Our present data thus suggest that gp130/STAT3-de-
pendent signaling in hepatocytes is an essential mecha-
nism during chronic cholestatic liver injury. STAT signal-
ing in hepatocytes provides antiapoptotic cytoprotection.
Deletion of this pathways abolishes the induction of the
acute-phase response, thus leading to more severe cho-
lestasis and an enhanced inflammatory response with
increased TNF-a expression and subsequent cytotoxic-
ity. This greater injury, being evident already during the
early phase of DDC treatment, triggers a stronger stellate

OAhepaSTAT

IL6/gp130-Signalling in the DDC Model 2245
AJP May 2010, Vol. 176, No. 5

cell activation and profibrogenic response, which overall
leads to an enhanced oval cell response in the livers of
these animals.
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