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Abstract

Objectives: Transforming Growth Factor (TGF)-8 is reportedly upregulated and plays a critical role in hepatic
fibrogenesis. We aim to study the role of the Smad3, a key transcription factor downstream of TGF- receptors,
signaling pathway in the pathogenesis of cholestatic liver injury induced by Bile Duct Ligation (BDL).

Materials and methods: We used mice lacking Smad3 (Smad3%¢#¢), and their wild-type littermates to model
hepatic fibrosis using BDL. The underlying biology was investigated using histopathological examination and primary
cultures of hepatocytes and biliary epithelial cells.

Results: Here we found that mice lacking Smad3 are protected against cholestatic liver injury induced by BDL
as evidenced by the absence of hepatocyte apoptosis and portal fibroproliferative responses,including excessive
collagen deposition and periductal myofibroblast proliferation. Smad3-null mice are also shown to reverse the
hepatic TGF-B1 upregulation after BDL. In vitro study demonstrates that TGF-1 expression in primary hepatocytes
and intrahepatic biliary epithelial cells is amplified by TGF-B1 itself through a positive feedback loop dependent on
Smad3. Culture of primary hepatocytes confirms that Smad3 is indispensable for TGF-B1-induced apoptosis.

Conclusions: The data demonstrate that Smad3 plays principal roles in the pathogenesis of BDL-induced
cholestatic liver injury and suggest that intervention in this pathway may provide a novel therapeutic approach in the

treatment of hepatic fibrosis.
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Introduction

Hepatic fibrosis results from chronic injury due to various causes
and ultimately leads to the irreversible and massive accumulation of
Extracellular Matrix (ECM) proteins [1,2]. Although the morphological
pattern of advanced hepatic fibrosis is similar, the characteristics
of the pathogenetic insults may differ in the early stages of hepatic
disease. For example, cholestatic liver injury produces portal fibrosis
accompanied by periductal myofibroblast proliferation and necrotic or
apoptotic periportal hepatocellular damage, leading to biliary cirrhosis
characterized by nodule formation and scarring with portal-portal
fibrous septa. In contrast, chronic viral hepatitis produces cirrhosis
that features scarring with portal-central fibrous septa [3]. Several
lines of evidence have pointed to Hepatic Stellate Cells (HSC) as
being a principal culprit in hepatic fibrosis after transdifferentiating
from quiescent HSC into fibrogenic myofibroblasts [4,5]. However,
a variety of hepatic cell types other than HSC have recently been
shown to undergo myofibroblastic transition, participating in hepatic
fibrogenesis and tissue remodeling [2,3,6,7].

TGF-B is the most potent fibrogenic cytokine that triggers the
expression and accumulation of ECM proteins, and is reportedly
upregulated during wound healing and tissue repair including hepatic
fibrosis [8,9]. Aberrant expression of constitutively active TGF-B1 in
transgenic mice induces multiple tissue lesions including hepatocyte
apoptosis and hepatic fibrosis as a consequence of the increase in TGF-p1
[10,11]. TGF-P type I and type II transmembrane receptor serine/
threonine kinases initiate intracellular signaling via transcription factors
known as Smad2 and Smad3 proteins. They are phosphorylated by a
ligand-activated TGF-p type I receptor, after which they partner with
Smad4 and translocate to the nucleus where they act as transcriptional

regulators of target genes, including those essential for ECM production,
apoptosis and Epithelial-Mesenchymal Transition (EMT) [12,13].
Blockade of TGF-p signaling by adenovirus-mediated dominant-
negative expression of the type II TGF-P receptor has been shown to
prevent hepatic fibrosis and reverse hepatic dysfunction [14,15].

Although Smad2 and Smad3 share 92% homology of their amino
acid sequences, they have distinct characteristics in terms of their
pathophysiological effects and roles in embryonic development [16,17].
In order to understand the mechanisms underlying the pathogenesis
of cholestatic liver injury, we examined the cellular and molecular
events involved in portal fibrosis and hepatocellular damage in relation
to the intracellular signaling pathway for TGF-B1. We also attempted
to test our hypothesis that liver fibrogenesis may be diminished after
Bile Duct Ligation (BDL) in a Smad3-dependent manner as occurs for
lens epithelial cells [18] and renal tubular epithelial cells [19]. Targeted
deletion of Smad2 causes early embryonic death, whereas ablation of
Smad3 from mice ensures their survival for 1-8 months despite defective
mucosal immunity [20]. We have utilized these mice (Smad3*¥*%) and
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their wild-type littermates to investigate the role of the Smad3 signaling
pathway in the pathogenesis of cholestatic liver injury induced by BDL,
a model of hepatic fibrosis.

Methods
Animals and BDL model

Smad3-null (Smad3*¥**) mice were generated as described
elsewhere [20] and were used at the age of 6-8 weeks and 20-30 g in
body weight. Under general anesthesia, a midline incision was made
in the upper abdomen and the common bile duct was exposed and
double-ligated. In sham-operated mice, the common bile duct was
exposed but not ligated. For each experiment there were five mice in
each of the BDL and sham groups for both the WT and null genotypes
and the experiments were repeated three times. Five Fas-deficient lpr
mice (Jackson Laboratories, Bar Harbor, ME) aged 5-6 weeks were
used as the source of primary cultured hepatocytes. Mice were housed
under standard conditions and all of the experimental procedures
were approved by the Animal Care and Use Committee of Wakayama
Medical University and by the National Cancer Institute Animal Care
and Use Committee.

Liver function analysis

Blood samples were collected from the inferior vena cava at
the time of euthanasia. The serum total bilirubin, serum Asparate
Aminotransferase (AST) and serum Alanine Aminotransferase (ALT)
levels were determined with assay kits according to the manufacturer’s
instructions (Wako Pure Chemical, Osaka, Japan).

Primary cultures of hepatocytes and biliary epithelial cells

Hepatocytes were isolated from mice as described previously [21].
Briefly, a cannula was inserted into the superior vena cava, while the
inferior vena cava was ligated and the portal vein was amputated,
allowing outflow of solution through the liver. Then the liver was
perfused retrogradely through the superior vena cava with PBS
containing 1 pM EDTA for 3 min at 5 ml/min to purge intrahepatic
blood, followed by pefusion with 0.5 mg/ml collagenase solution
(Worthington Biochemical, NJ) in PBS containing 5 uM CaCl, for 30
min at 2.5 ml/min. Next, the liver was carefully dissected and placed
into PBS containing 1uM EDTA. After removal of the hepatic capsule,
parenchymal cells were gently scraped away from the portal tract
strands which contain bile ducts, portal veins and hepatic arteries.
Suspensions of parenchymal cells were centrifuged at 50 x g at 4°C
for five min. The pellets were disaggregated by pipeting in William’s
medium E (Sigma-Aldrich, St. Louis MO) containing 10% FBS, 1 uM
insulin, 1 uM dexamethasone, 100 units/ml penicillin and 0.1 mg/
ml streptomycin, and then centrifuged at 50 x g at 4°C for five min.
Trituration of the pellets and centrifugation were repeated five times.
After the cell suspension was passed through a 40-um cell strainer
(BD Biosciences, Bedford, MA), cells were plated onto type I collagen-
coated dishes (Iwaki-Asahi Techno Glass, Tokyo, Japan) or two-well
chamber slides (Becton Dickinson Labware, NJ), incubated at 37°C
under 5% CO, for 2 hours to allow attachment and then the medium
was exchanged. For isolation of biliary epithelial cells, the portal tract
strands removed from the collagenase-perfused liver were further
digested in 0.25% trypsin solution (Gibco BRL, Grand Island, NY)
at 37°C under 5% CO, for 2 hours with occasional shaking. Under a
dissecting microscope, the gallbladder and extrahepatic bile ducts
were removed, and the intrahepatic bile ducts were separated from
connective tissues, portal veins, and hepatic arteries. The bile ducts thus
isolated were minced into small pieces in DMEM containing 10% FBS,

100 units/ml penicillin and 0.1 mg/ml streptomycin, and vigorously
pipetted. Then the cell suspension was filtered through a 70-um
strainer (BD Biosciences) and plated onto culture dishes (NalgeNunc
International, Naperville, IL) or 2-well chamber slides (Nunc Lab-Tek
II-CC2; NalgeNunc International), with medium changes every two
days. Experiments were carried out in serum-free medium. EMT and
apoptosis were induced by the addition of 10 ng/ml TGF-B1 (R&D
Systems, Minneapolis, MN). Mouse monoclonal anti-TGF-f1, -f2 and
-B3 antibody (clone 1D11; R&D Systems) was used at a concentration
of 20 pg/ml to neutralize endogenous TGF-f, with mouse IgG (Sigma-
Aldrich) as the control.

Histology and immunofluorescence

Histological sections (4 um thick) were prepared from paraffin
blocks of tissues fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. Cryosections (4 pm thick) and chamber slides
were fixed in cold acetone for five min and subjected to indirect
immunofluorescence with anti-E-cadherin (clone DECMA-1; Sigma-
Aldrich), anti-a-SMA (clone 1A4; NeoMarkers, Fremont, CA), anti-
mouse type I collagen (Southern Biotechnology, Birmingham, AL),
anti-mouse F4/80 antigen (clone A3-1; BMA, Augst, Switzerland),
and anti-cytokeratin 7 (Sc-23876; Santa Cruz Biotechnology, Santa
Cruz, CA). The secondary antibodies were FITC-anti-rat IgG (Sigma-
Aldrich), TRITC-anti-mouse IgG (Sigma-Aldrich), and Cy3-anti-goat
IgG (Sigma-Aldrich). Primary antibody was omitted as a negative
control.

Apoptosis and cell proliferation

For detection of apoptotic cells using the TUNEL assay, paraffin
sections (4 um thick) and chamber slides fixed in 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4 were processed by an ApoTag
fluorescence in situ apoptosis detection kit (Chemicon International,
Temecula, CA) according to the manufacturer’s instructions.
Coverslips were mounted onto slides using Vectashield with DAPI (H-
1200; Vector Laboratories, Burlingame, CA). The extent of apoptosis in
tissue sections was determined from the number of TUNEL-positive
cells per unit area. Additionally, cells were stained with antibody to
cleaved caspase-3 (Asp 175) (Clone 5A1E; Cell Signaling Technology,
Danvers, MA). A cell death detection ELISA kit (Roche Applied Science,
Indianapolis, IN) was used to identify internucleosomal fragmentation
of DNA in lysates of primary hepatocytes in the presence or absence
of TGF-P1. For the cell proliferation assay, primary hepatocytes were
treated with BrdU labeling reagent at a final concentration of 10 pM for
2 hours using a cell proliferation ELISA Biotrak system kit (Amersham
Biosciences, Buckingshire, UK).

Immunoblotting

Cells and tissues were lysed in buffer containing 1% Nonidet P-40,
25 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM EDTA and 1:50 dilution
of a protease inhibitor (Sigma-Aldrich). Proteins were separated by
SDS-PAGE, transferred to nitrocellulose membranes, and blocked
with 5% skim milk in PBS. After incubation with primary antibodies
for E-cadherin (clone 36, Transduction Laboratories, Lexington, KY),
a-SMA (clone 1A4, Neo Markers), and actin (Sc-1616; Santa Cruz
Biotechnology), blots were reacted with the peroxidase-conjugated goat
anti-mouse IgG secondary antibody (Sigma-Aldrich) and the reaction
products were developed with ECL (Amersham Biosciences).

In situ hybridization

Digoxigenin-11-UTP-labelled antisense riboprobes were prepared
with an RNA-labelling kit (Roche Diagnostics-Boeringer Mannheim,
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Indianapolis, IN) for in situ hybridization as described elsewhere [22].
Mouse aSMA, collagen al(I) chain, Snail and TGF-p1 RNA probes
were transcribed from the PCR products using the following prim-
ers from complete mouse RNA: a-SMA (GenBank accession number
NM_007392), 5-CTGCTCTGCCTCTAGCACAC-3’ and 5-TTA-
AGGGTAGCACATGTCTG-3’; collagen al(I) chain, (NM007742),
5-TGGAGGGAGTTTACACAGAAG-3 and 5-AAGAAGCAC-
GTCTGGTTTGG-3’; Snail (XM_123964), 5-ACACTGGTGAGA-
AGCCATTC-3 and 5-AGTTCTATGGCTCGAAGCAG-3’; TGF-
B1(N13177), 5-CACGTGGAAATCAACGGGAT-3" and 5-GCGCA-
CAATCATGTTGGACA-3’. Sections (4 um thick) were processed with
a Ventana HX system (Ventana Medical Systems, Tucson, AZ) accord-
ing to the manufacturer’s instruction. After hybridization, the sections
were washed three times in 1 x SCC (0.15 M sodium chloride and 0.015
M sodium citrate, pH 7.0) high stringency solution at 65°C and then
incubated with alkaline phosphatase-conjugated anti-digoxigenin Fab
fragments (Roche Diagnostics). Color was developed with a freshly
prepared substrate solution of nitro blue tetrazolium and 5-bromo-
4-chloro-3-indolyl phosphate (Digoxigenin detection kit; Roche Di-
agnostics). Hybridizations with sense strands were used as a negative
control and showed no staining in all cases.

Northern blotting

Total RNA was extracted with TRIzol reagent (Invitorogen,
Carlsbad, CA). RNA (20 pg/lane) was separated by 1% agarose-
formaldehyde gel electrophoresis and transferred to Hybond-XL nylon
membranes (Amersham Biosciences). Membranes were hybridized
with cDNA probes for mouse Snail and TGF-p1 mRNA labeled with
[**P] dCTP by random-primed DNA synthesis using the same primers

as listed above (Rediprime II; Amersham Biosciences). Membranes
were exposed to X-ray film at -80°C for 2 to 3 days. Band intensities
were normalized to those of the 28S and 18S ribosomal bands after
ethidium bromide staining.

Immunoassay of TGF-p1

Proteins were extracted from liver tissues in 20 mM Tris-HCl, pH
7.5 containing 2 mM NaCl, 0.1% Tween 80, 1 mM EDTA and 1 mM
PMSE, and cell culture medium for determination of the active TGF-f1
levels with a Quantikine TGF-P1 assay kit (R&D Systems). Samples
were acidified for the total TGF-f1 assay. Values were expressed as pg/
mg protein for the protein extract or pg/cell for culture medium.

Hydroxyproline assay

Tissue samples were hydrolyzed in 6 N HCl for 12 hours at 110°C (50
mg/ml). The hydroxyproline content of the supernatant was assayed by the
method described elsewhere [23]. Values were expressed as {ig/mg tissue.

Statistics

Results were expressed as the mean + standard deviation. Student’s
unpaired t-test and multiple analyses of variance by Schefte’s method
were used for statistical comparisons. A probability (P) value of less
than 0.05 was considered to indicate statistical significance.

Results

Hepatic architecture and function are preserved after BDL in
Smad3-null mice

Seven days after BDL in wild-type mice (Figure 1A), the portal
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Figure 1: Smad3-null mice are protected from cholestatic liver injury induced by BDL. (A-H) All images display representative areas of livers in wild-type (A, C, E, G)
and Smad3-null mice (B, D, F, H) at day 7 after BDL.All panels are representative of 5 samples/group. Scale bar: 20 ym. BD, bile duct; PV, portal vein; HA, hepatic
artery.(A and B) H & E staining in wild-type (A) and Smad3-null mice (B). (C and D) Dual immunofluorescence for E-cadherin (green) and a-SMA (red) in the livers
from a wild-type mouse (C) and a Smad3-null counterpart (D). DAPI (blue) was used for nuclear staining. White arrowheads indicate biliary epithelial cells. (E and
F) Immunofluorescenece for type | collagen (red) in the livers of a wild-type mouse (E) and a Smad3-null counterpart (F). (G and H) Immunofluorescence for F4/80
antigen (green), a mouse monocyte marker, in the livers of a wild-type mouse (G) and a Smad3-null counterpart (H).(I) Number of F4/80 antigen-positive monocytes
per unit area in the livers of wild-type (WT) and Smad3-null mice (KO) at day 3 and 7 after BDL, and in sham-operated mice (Sham). (J) Hydroxyproline content in
the livers of wild-type (WT) and Smad3-null mice (KO) at day 3 and 7 after BDL, and sham-operated mice (Sham). Results for (1) and (J) are the mean * standard

deviation for 5-6 samples/group. *P< 0.01 compared with KO or Sham.
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tracts were markedly expanded by dense, concentric fibrosis (Figure
1E) with prominent proliferation of periductal mesenchymal cells
(Figure 1C) and influx of inflammatory mononuclear cells (Figure 1G),
whereas the hepatic architecture of Smad3-null counterparts was well
preserved (Figure 1B) except for influx of a few scattered mononuclear
cells in the portal tracts (Figure 1H). These results indicate that the
portal fibroproliferative response after BDL is dependent on the
Smad3 signaling pathway. Dual immunofluorescence demonstrates
that the appearance of periductal mesenchymal cells identified as
myofibroblasts by the positive immunoreaction to a-Smooth Muscle
Actin (a-SMA) coincides with a marked reduction in E-cadherin of the
bile duct epithelia in wild-type mice at day 7 after BDL (Figure 1C).
Smad3-null counterparts, on the other hand, maintain a prominent
E-cadherin expression without myofibroblast proliferation (Figure
1D). An excessive amount of type I collagen was deposited in the portal
tracts of wild-type mice (Figure 1E), but not Smad3-null mice at day
7 after BDL (Figure 1F). Hepatic collagen deposition in the wild-type
mice as estimated from the hydroxyproline content was increased by
two- and three-fold compared with that in Smad3-null counterparts
at day 3 and 7 after BDL, respectively (Figure 1J). Greater influx of
monocytes (detected by immune staining for F4/80 antigen) into the
portal tracts was noted in wild-type mice (Figure 1G) than in their
Smad3-null counterparts at day 7 after BDL (Figure 1H). The number
of monocytes per unit area was increased by 5.6- and 6.5-fold in the
livers of wild-type mice compared with Smad3-null mice at day 3 and
7 after BDL, respectively (Figure 1I). Serum total bilirubin, and AST
and ALT, marker enzymes for hepatocellular injury, increased in a
time-dependent manner after BDL (Figure 2A-C). However, the serum
AST and ALT levels of Smad3-null mice were far lower than those of
wild-type counterparts despite similar levels of hyperbilirubinemia in
these animals (Figure 2A-C). These results indicate that the abrogation
of Smad3 signaling greatly reduces BDL-induced hepatocellular injury
and hepatic dysfunction.

BDL-induced hepatic upregulation of TGF-p1 is Smad3-
dependent
The levels of active TGF-B1 and the expression of TGF-p1 mRNA

in the liver of wild-type mice markedly exceeded those in Smad3-
null counterparts at day 3 and 7 after BDL (Figure 3A and B). In situ
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hybridization revealed the enhanced expression of TGF-f1 mRNA by
cells in the portal tracts in wild-type mice at day 7 after BDL (Figure
3C). Examination of sections under higher magnification showed
increased expression in biliary epithelial cells, periductal mesenchymal
cells, infiltrating mononuclear cells which were mostly monocytes,
and periportal hepatocytes. In Smad3-null counterparts, there was no
appreciable expression of TGF-p1 mRNA except for a faint signal in the
biliary epithelial cells (Figure 3D), indicating that hepatic upregulation
of TGF-P1 in response to BDL is dependent on Smad3 signaling. In
each case, hybridization with the sense probe showed no staining (data
not shown).

Auto induction of TGF-p1 depends on Smad3 signaling in
primary hepatocytes and biliary epithelial cells

The level of total TGF-Pl in serum-free medium of primary
hepatocytes (Figure 4A) and biliary epithelial cells (Figure 4C) increased
over time. More than three times the amount of TGF-p1 was released
into the culture medium by wild-type cells compared with Smad3-null
counterparts at the time point of 48 hours (Figure 4A and C).

Addition of TGF-p to the culture medium upregulated TGF-p1
mRNA expression in both wild-type hepatocytes and biliary epithelial
cells, but not Smad3-null counterparts (Figure 4B and D respectively),
indicating that upregulation of TGF-B1 mRNA by TGF-P1 itself (auto
induction) is mediated through Smad3 signaling.

TGF-B1/Smad3 signaling is essential for hepatocyte apoptosis
and growth inhibition in vitro

A greater number of cells, mostly hepatocytes, underwent
apoptosis as detected by the TUNEL method in wild-type mice at
day 3 and 7 after BDL than in Smad3-null counterparts (Figure 5A,
B, and E). This result was confirmed by staining with an antibody to
cleaved caspase-3 (Figure 5C and D). To ascertain whether hepatocyte
apoptosis is mediated through TGF-B1/Smad3 signaling, primary
cultures of hepatocytes were obtained from the livers of wild-type
and Smad3-null mice. Treatment with TGF-P1 induced apoptosis
of hepatocytes from wild-type mice at the time point of 48 hours as
shown by nuclear fragmentation, cell detachment (Figure 6A and
B), and TUNEL positivity (Figure 6E and F), whereas no apoptosis
occurred in Smad3-null hepatocytes (Figure 6C, D, G and H).
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Figure 2: Hepatic dysfunction after BDL is markedly attenuated in Smad3-null mice. (A) Serum total bilirubin level in wild-type (WT) and Smad3-null mice (KO) at day
3 and 7 after BDL and in sham-operated mice (Sham). (B and C) Serum levels of Asparate Aminotransferase (AST) (B) and alanine aminotransferase (ALT) (C) in
Wild-Type (WT) and Smad3-null mice (KO) at day 3 and 7 after BDL, and in sham-operated mice (Sham). Results in each panel are the mean + standard deviation

for 6 samples/group. *P<0.01 compared with KO or Sham.
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(WT) and Smad3-null mice (KO), and sham-operated mice (Sham). (B) Northern blot analysis of TGF-81 mRNA in the livers of Wild-Type (WT) and Smad3-null mice
(KO) at day 3 and 7 after BDL, and in sham-operated mice (Sham). Results in A and B are the mean + standard deviation for 5 samples/group. *P< 0.01 compared
with KO or Sham. (C and D) In situ hybridization of TGF-B1 mRNA in the livers of a wild-type mouse (C) and a Smad3-null counterpart (D) at day 7 after BDL.Purple
signal (arrowhead) with nuclear fast red counterstain. Scale bar: 20 um. BD, bile duct; PV, portal vein; HA, hepatic artery.

A B

70 WT (-) WT (+) KO (-) KO (+)

60
-7 TGF- 1| — |
9% 50 WT 1, P
2 - 188
Tg 307 P 1.0
-y K 508 «
ka2 0 >06

10 o4

0 592 —— ——

<
0 12 24 48 (hours)
C D

70 7 WT (-) WT (+) KO (-) KO (+)

60 .
-7 TGERT | — - w—
22 50 WT GF-p
3 2 40 . 285
po . - 188
5E % £ n
REm KO 206

10 G 0.4

0 ) o.g e e

<

0 12 24 48 (hours)

Figure 4: Smad3-mediated autoinduction of TGF-B1 in primary hepatocytes and intrahepatic biliary epithelial cells. (A and C) Total TGF-B1 level in the culture medium
of primary hepatocytes (A) and biliary epithelial cells (C) from Wild-Type (WT) and Smad3-null mice (KO). Results are the mean + standard deviation for 4-5 samples/
time point and genotype. *P< 0.01 compared with KO. (B and D) Northern blot analysis of TGF-1 mRNA expression in primary hepatocytes (B) and biliary epithelial
cells (D) in the absence (-) or presence (+) of TGF-B1 (10 ng/ml) for 12 hours. Cells without TGF-B1 were also treated with a neutralizing antibody directed against
TGF-B (20 pg/ml) to exclude any effect of endogenous TGF-B. The same amount of normal IgG was added to the culture medium of TGF-B1-treated cells. Results
are the mean # standard deviation for 5 samples/group. *P<0.01 compared with WT (-), KO (-) or KO (+).

Moreover, TGF-B1 caused dose-dependent apoptosis of wild-type demonstrated that TGF-f1 represses cell growth in a time- (12 and 24

hepatocytes, but again no apoptosis was induced in Smad3-null h) and dose-dependent manner through Smad3 signaling (Figure 6])
counterparts (Figure 6I). Primary culture of hepatocytes further as measured by BrdU incorporation.
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Figure 5: Hepatic apoptosis after BDL is abolished in Smad3-null mice. (A-D) Apoptotic cells are detected by the TUNEL method (green) or immunofluorescence for
cleaved caspase-3 (red) in the livers of a wild-type mouse (A, C) and a Smad3-null counterpart (B, D) at day 7 after BDL. DAPI (blue) was used for nuclear staining.
Representative of 5 samples/group Scale bar: 20 um. BD, bile duct; PV, portal vein; HA, hepatic artery. (E) Number of apoptotic cells per unit area in the livers of wild-
type (WT) and Smad3-null mice (KO) at day 3 and 7 after BDL, and sham-operated mice (Sham) as determined by TUNEL staining. Results are the mean + standard
deviation for 5 samples/timepoint and genotype. *P< 0.01 compared with KO or Sham.

127 COwt KO

Apoptotic cells (Ags)
o
>

0 0.1 05 1.0 2.0
TGF-p1 (ng/ml)

BrdU incorporated (%)

0 0.1 0.5 1.0 20
TGF-p1 (ng/ml)

Figure 6: TGF-B1-induced apoptosis and growth inhibition of primary hepatocytes are mediated via Smad3 signaling. (A-H) Phase-contrast images (A-D) and TUNEL
staining (E-H) of primary hepatocytes from wild-type (A, B, E and F) and Smad3-null mice (C, D, G and H) incubated in the absence (A, C, E and G) or presence (B,
D, F and H) of TGF-B1 (10 ng/ml) for 48 hours. DAPI was used for nuclear staining. Scale bar: 20 um. () TGF-B1-induced apoptosis in the primary hepatocytes from
Wild-Type (WT) and Smad3-null mice (KO) at 24 hours. (J) TGF-B1-induced growth inhibition of hepatocytes from wild-type (WT, triangles) and Smad3-null mice (KO,
circles) at 12 (open circles and triangles) and 24 hours (solid circles and triangles). Results in (1) and (J) are the mean + standard deviation for five samples/dose and

genotype. *P< 0.01 compared with KO.

TGF-B/Smad3 signal induces EMT of intrahepatic biliary
epithelial cells in vitro

We noticed that E-cadherin expression of the bile duct epithelium
is markedly reduced or partially lost after BDL in wild-type mice,
but not in Smad3-null counterparts (Figure 1C and D). Additional
studies showed concurrent expression of Snail mRNA in the bile duct
epithelium of wild-type mice (Figure 9A and B). The Snail superfamily
of zinc-finger transcription factors are known to be potent repressors
of the E-cadherin gene and have been implicated in both embryonic
and injury-induced EMT [24,25]. In order to confirm the occurrence
of EMT, primary cultures of biliary epithelial cells were obtained from
isolated intrahepatic bile ducts of wild-type and Smad3-null mice.
Experiments were conducted when colonies of cobblestone-shaped

epithelial cells grew after 6-7 days of culture. Judging from the positive
immunoreaction to cytokeratin 7, a marker of biliary epithelial cells,
or E-cadherin, more than 95% of the cells were estimated to be
derived from biliary epithelial cells (not shown). Treatment of wild-
type cells with TGF-f1 for 48 hours resulted in a change to spindle-
shaped, fibroblastic cells (Figure 7A and B), whereas their Smad3-
null counterparts preserved an epithelial phenotype (Figure 7C and
D) irrespective of TGF-P1 treatment. Dual immunofluorescence
demonstrated that E-cadherin expression was markedly reduced
along with de novo expression of a-SMA after stimulation of wild-
type cells with TGF-p1 for 48 hours (Figure 7E and F), but these
changes did not occur in Smad3-null counterparts (Figure 7G and
H). Immunoblot analyses of E-cadherin and a-SMA in the lysates of
wild-type and Smad3-null cells grown in the absence or presence of
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Figure 7: TGF-B1-induced EMT of primary intrahepatic biliary epithelial cells is mediated through Smad3 signaling. (A-H) Phase-contrast images (A-D) and dual
immunofluorescence (E-H) for E-cadherin (green) and a-SMA (red). The primary intrahepatic biliary epithelial cells were obtained from wild-type (A, B, E and F) and
Smad3-null mice (C, D, G and H) and incubated in the absence (A, C, E and G) or presence (B, D, F and H) of TGF-B1 (10 ng/ml) for 48 hours. DAPI (blue) was used
for nuclear staining. Images are representative of 5 experiments/group.(l) Immunoblotting for E-cadherin and a-SMA in protein extracted from primary cultures of the
biliary epithelial cells of Wild-Type (WT) or Smad3-null mice (KO) after incubation for 48 hours in the absence (-) or presence (+) of TGF-31 (10 ng/ml). (J) Northern
blotting of Snail mMRNA in biliary epithelial cells from wild-type (WT) and Smad3-null mice (KO) after culture for 48 hours in the absence (-) or presence (+) of TGF-B1

(10 ng/ml) for 48 hours. Similar results were obtained from 4 additional experiments.

PV

Figure 8: In situ hybridization of a-SMA and collagen a1(l) chain mRNA in the livers after BDL (A-D). Expression of a-SMA mRNA (A and B), type | collagen (C and
D) in the livers of wild-type (A and C) and Smad3-null mice (B and D) at day 7 after BDL. Purple signal with nuclear fast red counterstain.Arrows, a-SMA signal in
WT mice; arrowheads, collagen signal in WT mice; Solid arrowheads, a-SMA signal in Smad3-null mice. Scale bar: 20 ym. BD, bile duct; PV, portal vein; HA, hepatic

artery. Similar results were obtained from 5 additional experiments.

TGEF-B1 for 48 hours are substantially in agreement with the results of
dual immunofluorescence (Figure 71 and E-H). Northern blot analysis
revealed that Snail mRNA expression is restricted to wild-type cells at
the time point of 48 hours after TGF-B1 stimulation (Figure 77).

Loss of Smad3 attenuates TGF-f1-induced hepatic fibrosis

In addition to the substantial reduction of E-cadherin from the
bile duct epithelium, the proliferation of periductal myofibroblasts

was a noticeable morphological feature in the livers of wild-type mice,
but not Smad3-null counterparts after BDL (Figure 1C and D). In situ
hybridization showed that the periductal mesenchymal cells of wild-
type mice became positive for a-SMA and collagen al(I) chain mRNA
in the immediate vicinity of the bile duct epithelia and extended to the
periphery of the portal tracts (Figure 8A and C), whereas no positive
signals, apart from the expected signal for a-SMA mRNA in the smooth
muscle cells of the hepatic artery and portal vein, were found in Smad3-
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Figure 9: In situ hybridization of Snail in the livers after BDL.Expression of Snail mRNA in the livers of wild-type (A) and Smad3-null mice (B) at day 7 after BDL.Purple
signal (arrowheads) in bile duct epithelium of WT mice with nuclear fast red counterstain. Scale bars represent 20 um. BD, bile duct; PV, portal vein; HA, hepatic

artery.Similar results were obtained from 4 additional experiments.

null counterparts at day 7 after BDL (Figure 8B and D). These findings
indicate that TGF-PBl-induced liver fibrogenesis is dependent on a
Smad3-specific mechanism.

Discussion

TGF-P plays a critical role in fibrotic disorders [8] including hepatic
injury in both humans [26] and animals [27] and previous work [28]
has shown increased activation of Smad3 signaling in the liver up to
5 wks following bile duct ligation. Our present study shows that this
Smad3 signaling is essential for BDL-induced upregulation of hepatic
TGF-PB1 expression. Investigation of purified isolates of hepatic cells
has previously shown that TGF-[ expression is elevated in hepatocytes
and HSC after partial hepatectomy and BDL, respectively [29]. We
now present additional evidence that biliary epithelial cells, periductal
mesenchymal cells and periportal hepatocytes from wild-type mice
display prominent expression of TGF-p1 after BDL. The lack of TGF-p1
induction in Smad3-null mice implies that the BDL-induced increase
of TGF-B1 is mediated through a positive-feedback loop that depends
on Smad3, similar to that previously reported in monocytes [30] and
fibroblasts [31]. Autoinduction of TGF-P1 in hepatocytes and biliary
epithelial cells from wild-type mice may further amplify TGF-p1
expression during BDL, providing a self-perpetuating element to the
process of cholestatic liver injury leading to biliary cirrhosis. TGF-$
is one of the most potent chemotactic cytokines for monocytes [32].
The significant reduction of monocyte infiltration into the livers of
Smad3-null mice after BDL indicates that both endogenous TGF-f1
and the Smad3 pathway are involved in the influx of inflammatory
cells in this injury model. Since Smad3-null monocytes show impaired
autoinduction of TGF-P1, the smaller influx of inflammatory cells
probably contributes secondarily to the lower expression of TGF-p1
after BDL.

A toxic bile salt, glycolchenodeoxycholate, has been suggested to
have a role in BDL-induced hepatocyte apoptosis mediated through a
Fas-dependent, but Fas ligand-independent pathway [33]. A previous
study using Fas-deficient lpr (lymphoproliferation) mice indicated
that BDL-induced hepatocyte apoptosis is mediated by Fas receptor
activation until day 3 after BDL, but is replaced by a Fas-independent
mechanism over time [34]. In this study, we demonstrated that
hepatocyte apoptosis is elicited in wild-type mice, but not in Smad3-
null counterparts at day 3 and 7 after BDL. Since wild-type and Smad3-
null mice show the same extent of hyperbilirubinemia either day 3 or
day 7 after BDL, the severity of cholestasis per se seems to be unrelated
to the occurrence of hepatocyte apoptosis. Moreover, we observed that

primary hepatocytes from lpr mice undergo a similar extent of TGF-
B1-induced apoptosis as those derived from wild-type counterparts
(data not shown), suggesting that there are no strong links between
the TGF-P1-induced apoptosis and the Fas death pathway in our BDL
model. TGF-f is known to be a potent inducer of apoptosis and a
growth suppressor in a variety of epithelial cells [35]. TGF-P1-induced
hepatocyte apoptosis has been extensively studied both in vivo and in
vitro [10,11,36,37]. Investigation of primary hepatocytes from wild-
type or Smad3-null mice confirmed that TGF-B1-induced apoptosis
and growth arrest are mediated through the Smad3 signaling pathway.
Since deficiency of Smad3 blocks hepatocyte apoptosis along with
counteracting upregulation of hepatic TGF-p1 after BDL, we concluded
that the TGF-B1/Smad3 signaling pathway plays a principal role in
BDL-induced hepatocyte apoptosis.

It was previously reported that Smad3 signaling is required for
maximal expression of type I collagen in culture-activated HSC
isolated from the livers of Smad3-null or wild-type mice [38]. More
recently, a study using primary culture of HSC with adenovirally
mediated wild-type and dominant-negative expression of Smad2 or
Smad3 showed that Smad3 is a direct mediator of ECM production
and plays an essential role in myofibroblastic transition associated with
the development of focal adhesion and organization of a-SMA in stress
fibers [39]. Although HSC are widely thought to be the major ECM-
producing cells [4], other hepatic mesenchymal cells such as portal
myofibroblasts can also acquire fibrogenic capacity and take part in
hepatic fibrogenesis [6,7]. Extensive studies performed in recent years
indicate that portal fibroblasts and hematopoietic stem cells also gain
fibrogenic properties in response to damaging stimuli during hepatic
fibrogenesis [40-42]. Biliary epithelial cells have been shown to release
paracrine mediators including TGF-f1 that target portal mesenchymal
cells during BDL-induced hepatic injury [43]. These reports suggest
that a complex interplay among a variety of cell types takes place in
hepatic fibrosis and tissue remodeling.

The present study demonstrated that periductal fibrogenic
myofibroblasts are responsible for portal fibrogenesis during BDO in a
Smad3-dependent manner. Our additional finding of concominant loss
of E-cadherin and induction of Snail expression after BDL in Smad3
wild-type, but not null mice, suggests that biliary epithelial cells may
undergo the Smad3-dependent EMT [44,45] as seen in the case of lens
epithelial cells [18] and renal tubular epithelial cells [19]. The extent
to which EMT mediates fibrosis in the liver is controversial. Lineage
tracing experiments suggest that cholangiocytes do not undergo EMT
in models of liver fibrosis [46,47]. However in the study by Scholten
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et al. [46] the low efficiency of genetic labeling makes it difficult to
exclude the possibility that EMT occurred in a remaining population
of unlabeled cells [48]. Additionally, the relatively short duration
of these experimental injury models may not reflect the cellular
pathophysiology that occurs in chronic human disease [49]. Indeed,
two groups [50,51] have shown that in tissue sections from patients
with primary biliary cirrhosis many cells within a ductular reaction
co-express both the epithelial marker CK7 and the fibroblast marker
S100A4 (the human homologue of fibroblast-specific protein-1). This
represents a potentially motile population of cells with an epithelial
phenotype undergoing localized EMT.

Since hepatic TGF-B1 expression after BDL in wild-type mice
greatly exceeds that in Smad3-null counterparts, it is reasonable to
assume that wild-type biliary epithelial cells are prone to undergo
TGE-B1-driven EMT in the process of portal fibrosis following BDL.
Primary culture of intrahepatic biliary epithelial cells from wild-type
or Smad3-null mice confirmed that TGF-P1 induces EMT through
Smad3 signaling pathway, suggesting that biliary epithelial cells may
serve as a potential precursor for fibrogenic myofibroblasts during the
pathogenesis of portal fibrosis in response to a wide range of stimuli,
either cholestatic or inflammatory, that augment TGF-1 activity. In
support of our findings knock-down of Smad 2/3 by siRNA in human
intrahepatic biliary epithelial cells treated with LPS reverses EMT as
shown by an up-regulation of E-cadherin and a down-regulation of
S100A and a-SMA [52].

Conclusion

In summary, the present study demonstrates that selective
ablation of the Smad3 signaling pathway blocks the BDL-induced
upregulation of hepatic TGF-B1, apoptosis of hepatocytes and portal
fibroproliferative response, abolishing hepatocellular damage and
pathological accumulation of extracellular matrix proteins, while
preserving other Smad3-independent TGF-P1 signaling pathways.
This provides a therapeutic rationale for the development of putative
low molecular-weight inhibitors of Smad3 which have presumably
fewer side effects than either anti-ligand or anti-receptor agents, which
completely block downstream signaling of TGF-f1 [53]. One such
inhibitor, halofuginone, inhibits Smad2/3 signaling in a variety of cell
types [54], including HSCs, and decreases collagen synthesis in a rat
model of thioacetamide-induced liver fibrosis [55]. This supports our
data suggesting that selective inhibition of the Smad3 pathway has the
potential to prove highly effective in a wide range of hepatic disorders,
including not only cholestatic liver disease, but also viral hepatitis and
alcoholic liver disease.
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