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Introduction

Chronic liver injury causes excessive accumulation of 
extracellular matrix (ECM), resulting in fibrosis, which if not 
treated in early phase, can lead to liver failure. Progression 
of liver fibrosis involves the activation of various cell types, 
including hepatocytes, bile ductular cells (cholangiocytes) 
and hepatic stellate cells (HSCs), which overproduce 
hedgehog (Hh) signaling ligands in response to liver injury 
(Chen et al., 2002). Regardless of the cell type involved in 
producing these ligands, HSCs are the major population 
responsible for liver repair and collagen production. Upon 
injury-mediated activation, HSCs acquire a myofibroblastic 
phenotype and produce excessive amounts of ECM, 
including type I collagen (Friedman, 2008; Sicklick et al., 
2005). Several lines of evidence implicate the Hh signaling 

pathway in this process (Choi et al., 2010a, Choi et al., 2010b, 
Omenetti et al., 2008; Omenetti et al., 2007). Hh ligands are 
soluble factors that interact with the plasma membrane-
spanning receptor, Patched (Ptch), to de-repress the 
downstream intracellular signaling intermediate, 
Smoothened (Smo). Smo-initiated signals, in turn, activate 
Glioblastoma (Gli)-family transcription factors to induce 
expression of Hh-responsive genes that regulate target 
cell proliferation, viability and differentiation (Hooper and 
Scott, 2005). Hh signaling regulates remodeling of various 
adult tissues, including the nervous system, skin, heart, 
lung, and gastrointestinal tract. During embryogenesis 
and carcinogenesis, Hh ligands function as morphogens 
by modulating both mesendodermal fate and epithelial to 
mesenchymal transitions (EMT) (Varnat et al., 2009; Park 
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et al., 2010; Krull, 2010; Wang et al., 2010; Dormoy et al., 
2009; Asaoka et al., 2010).

Hh signaling regulates liver injury during ischemia 
reperfusion (IR) of cholestatic liver induced by common 
bile duct ligation (CBDL) in a rat model, and inhibition 
of Hh pathway by preconditioning with Smo inhibitor 
cyclopamine (CYA) confers hepatoprotection (Thayer 
et al., 2003; Marshall, 2006). Since CYA is acid-labile 
and converts to non-effective derivatives, we decided 
to compare its efficacy with a more stable small mol-
ecule inhibitor vismodegib (GDC-0449, abbreviated as 
GDC), which has prolonged plasma half-life (Tremblay 
et al., 2008). GDC has recently been shown to have a safe 
profile in phase I clinical trials for treating solid organ 
tumors (Lorusso et al., 2011). To this end, expression of 
Hh ligands and inhibition of Hh pathway by treatment 
with GDC was evaluated in the rat liver with early stages 
of CBDL-mediated fibrosis. Results show that GDC, such 
as CYA, can ameliorate early fibrosis in a rat model of 
CBDL and is more effective in attenuating liver injury 
than CYA. A decrease in tissue damage was observed 
that correlated to suggest the intriguing possibility that 
while CYA and GDC inhibit Hh signaling by antagoniz-
ing Smo receptor, their downstream mechanisms of 
action through which early liver fibrosis is attenuated, 
may be different. Further studies are thus required to 
explore these mechanisms.

Materials and methods

Chemicals and antibodies
CYA and GDC were purchased from LC Laboratories 
(Woburn, MA). SYBR Green real-time PCR master mix 
and reverse transcription reagents were purchased from 
Applied Biosystems (Foster city, CA). Goat anti-rabbit 
Shh, Gli-1, Ptch-1 primary antibodies were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA) while 
type 1 collagen primary antibody was from Novus 
(Littleton, CO). Goat α-smooth muscle actin (α- SMA) 
antibody was purchased from Abcam (Cambridge, 
MA). Mouse proliferating cell nuclear antigen (PCNA) 
monoclonal antibody (Clone IPO-38) was purchased 
from Cayman Chemical Company (Ann Arbor, MI). Goat 
anti-rabbit Alexa Fluor 488 and Alexa Fluor 594, rabbit 
anti-goat Alexa Fluor 488 and goat anti-mouse 594 sec-
ondary antibodies and 4′, 6-diamidino-2-phenylindole 
(DAPI) were purchased from Invitrogen (Carlsbad, CA). 
All other chemicals were purchased from Sigma-Aldrich 
(St. Louis, MO), unless otherwise noted.

Animal experiments
Animal studies were approved by the Animal Care and 
Use Committee (ACUC) of the University of Tennessee. 
Sprague–Dawley rats were housed with 12 h light-dark 
cycles and with water and standard rat chow ad libitum. 
Animal experiments were performed as per the NIH 
(http://grants1.nih.gov/grants/olaw/references/phspol.

htm) guidelines and protocols. Isoflurane was used to 
anesthetize rats.

Common bile duct ligation and animal groups
Biliary fibrosis was induced in adult Sprague–Dawley rats, 
weighing 230–250 g (Charles River), by CBDL as described 
(Ezure et al., 2000). On the day of CBDL, animals were 
divided into four groups: (i) sham (midline abdominal 
incision and closure) + vehicle (n = 4), (ii) CBDL + vehicle 
(n = 8), (iii) CBDL + CYA at 10 mg/kg/day (n = 5), and (iv) 
CBDL + GDC at 10 mg/kg/day (n = 5) GDC was formu-
lated at 5 mg/ml concentration in 10% 2-hydroxypropyl-
β-cyclodextrin (HBCD) solution and stored at −40°C till 
further use. GDC and CYA were administered via intra-
peritoneal injection every day for 7 days. The vehicle 
group was identical to the treatment groups, but rats were 
administered only 10% solution of HBCD. Animals were 
killed under isoflurane anesthesia after 1 week by punc-
ture of the right ventricle and exsanguination. Serum was 
collected for biochemical analyses and liver pieces were 
fixed in 10% neutral buffered formalin or snap frozen in 
liquid nitrogen for further analysis.

Real-time RT-PCR
Shh, Ptch-1, Gli-1, α-SMA, TGF-β, S100A4, E-cadherin, 
and collagen gene expression in rat livers was determined 
by real-time PCR as described earlier (Thayer et al., 2003) 
with some modifications (Singh et al., 2012). Briefly, total 
liver RNA was extracted and reverse transcribed to cDNA 
templates. In all, 100 ng of cDNA was amplified by real-
time PCR using SYBR Green dye universal master mix 
on an LightCycler®480 (LC 480) (Applied Biosystems, 
Inc., Foster City, CA) using the primers for Shh (NCBI 
Accession# NM_017221), Ptch-1(NCBI Accession#; 
NM_053566), Gli-1 (NCBI Accession# XM_345832), 
α-SMA (NCBI Accession# NP_112266), S100A4 (NCBI 
Accession# NM_05393v8), TGF-β1 (NCBI Accession# 
AAS554640), E-cadherin (NCBI Accession# NP_112624), 
and α (1) collagen (NCBI Accession # NP_001128481). 
Following melting curve analysis, crossing point (Cp) 
was used for calculating the relative amount of mRNA 
compared with the house keeping gene, 18s and then 
scaled relative to controls, where control samples were 
set at a value of 1. Thus, results for all experimental sam-
ples were graphed as relative expression compared with 
the control.

Liver biochemical function tests
Serum concentrations of aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT), and total 
bilirubin were measured as indicators of hepatic injury 
using standard enzyme assay kits (ID Labs™ Inc, London, 
ON, Canada) and total bilirubin assay kit (Bio scientific, 
Austin, TX) according to the manufacturer’s instructions.

Quantification of hepatic collagen content
Hepatic collagen content was assessed by both mor-
phometric analysis of Masson’s trichrome staining of 
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liver tissue sections and hydroxyproline concentration. 
The area of positive Masson’s trichrome staining was 
measured using UTHSC image tool software program. 
Hydroxyproline content was quantified colorimetri-
cally from 0.2 g liver samples as previously described 
(Panakanti et al., 2010). The results were expressed as 
micrograms of hydroxyproline per gram of liver.

Liver histology
Liver samples were fixed in 10% buffered formalin, 
paraffin-embedded, and sectioned at 5 µm. For standard 
histology, sections were stained with Hematoxylin–
eosin (H&E) and Sirius red and then analyzed blindly as 
described previously (Marshall, 2006; Thayer et al., 2003).

Immunofluorescent labeling
For immunolabeling, fresh snap frozen liver tissue sam-
ples were sectioned onto lysine coated slides. Sections 
were fixed in 95% ethanol for 5 min and then air dried at 
room temperature for 24 h. Briefly, slides were blocked 
with 10% goat serum, followed by overnight incuba-
tion with primary antibody at 4°C. Bound antibodies 
were developed with fluorescent secondary antibodies 
(Alexa Flour 488 or Alexa Flour 547). Nuclear staining 
was achieved using DAPI. Images were obtained on an 
inverted motorizedmicroscope (Axiovert 200M, Zeiss) 
out-fitted with Cy5, Cy3,FITC, and DAPI filters. Three- and 
four-color images were captured using a Zeiss Axiocam, 
and pseudocolors assigned using Zeiss Axiovision soft-
ware. The total number of PCNA-positive cells per slide 
was manually counted under light microscopy at 200× 
magnification. In each slide, the total number of nuclei 
was also determined using a computer image analysis 
system (Image-1/Metamorph Imaging Systems, Universal 
Imaging Corporation, West Chester, PA). The ratio of 
PCNA-positive nuclei to the total number of nuclei X100 
was used to obtain a PCNA index for each group.

Western blot assay
Total protein was extracted by homogenizing liver 
tissues in radioimmunoprecipitation assay (RIPA) 
buffer containing protease inhibitor cocktail (Roche, 
Indianapolis, IN). The protein concentration was 
determined using a Bio-Rad RC DC protein assay 
kit (Hercules, CA). Proteins were resolved on 4–10% 
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and subsequently transferred to 
Immobilonpolyvinylidene fluoride membrane using 
iBlotTM Dry Blotting System (Invitrogen, Carlsbad, 
CA). After blocking with 5% nonfat dry milk in 1 × PBST 
(PBS containing 0.05% Tween-20) for 1 h at room tem-
perature, the membranes were incubated with α-SMA, 
type 1 collagen or cyclin A primary antibodies for 16 h 
at 4°C as described (Kepka-Lenhart et al., 1996). To 
correct for equal loading and blotting, all blots were re-
probed with total actin antibody. Membrane was then 
incubated with horseradish peroxidase-conjugated 
anti-goat or anti-rabbit secondary antibody for 1 h 

at room temperature. Target proteins were detected 
by enhanced chemiluminescence detection kit (GE 
Healthcare Life Sciences, Pittsburgh, PA).

Statistical analysis
All values in the figures and text were expressed as the 
mean ± S.D. The results were analyzed and individual 
group means were compared with Student’s unpaired 
t-test. A p value of at least 0.05 was considered statisti-
cally significant.

Results

SMO inhibitors preserve gross morphology and liver 
histology in CBDL rats
At the time of sacrifice, livers of control animals showed 
normal gross morphology, while CBDL rat livers were 
grossly enlarged and cholestatic with pitted surface. 
Treatment with CYA and GDC resulted in near normal 
liver morphology (Figure 1A, upper panels). Histological 
examination shows that normal liver had no fibrosis. 
CBDL also resulted in early periportal fibrosis around 
proliferating bile ducts, which was reduced by CYA and 
GDC treatment. Bile infarcts are confluent foci of hepa-
tocyte feathery degeneration due to bile acid cytotoxicity 
and are a prominent feature of liver injury in the CBDL 
animals. Bile infarcts in the liver (indicated by arrows) 
were assessed by conventional H&E staining and quan-
tified using digital image analysis. Histopathological 
examination of liver specimens demonstrated extensive 
bile infarcts in untreated CBDL rats. However, CYA and 
GDC treatment significantly reduced the extent and size 
of bile infarcts, suggesting that Smo inhibitors attenuate 
liver injury and protect tissue architecture in CBDL rats 
(Figure 1A, lower panels).

SMO inhibitors attenuate liver injury following CBDL
Liver injury was examined by measuring serum AST, ALT, 
and total bilirubin concentrations, which were markedly 
increased in CBDL rats (Figure 1B). Values of these liver 
injury markers were significantly reduced in CYA and 
GDC-treated CBDL rats compared with untreated CBDL 
rats. GDC compared to CYA reduced the serum levels of 
ALT and bilirubin in a significant manner. However, no sig-
nificant difference was observed in the extent of protection 
offered by GDC compared with CYA in serum AST levels.

Upregulation of Hh pathway in CBDL rats
Compared to normal livers, Shh, Ptch-1, and Gli-1 tran-
scripts were significantly upregulated in CBDL livers 
(Figure 2A). Treatment with CYA reduced gene expres-
sion significantly. GDC treatment similarly reduced the 
transcript expression. Compared to CYA, GDC was sig-
nificantly more effective in downregulating Hh-ligand 
expression. Immunofluorescent staining for Gli-1 dem-
onstrated not only a higher expression of Gli-1 in CBDL 
rats but also its presence in the nucleus as indicated 
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by arrows. This translocation of Gli-1 was significantly 
reduced as a result of GDC treatment (indicated by 
arrows, merged panels, Figure 2B).

SMO inhibitors attenuate EMT in CBDL rats
To understand the effect of Smo inhibitors on EMT in 
CBDL rats, expression levels of epithelial and mesenchy-
mal markers in the liver tissue, such as α-SMA, S100A4, 
TGF-β1, and E-cadherin, were determined by immuno-
florescence (Figure 3A) and real-time PCR (Figure 3B), 
respectively. Treatment with CYA and GDC resulted in 
the restoration of epithelial genes, such as E-cadherin, 
and a downregulation of mesenchymal genes such as 
α-SMA, S1004-α, and TGF-β1. Immunofluorescence 
data indicate that CBDL rats had increased expression 
of mesenchymal markers in and around portal tracts 

and biliary epithelial cells. Drug treatment increased 
E-cadherin preferentially in the lining of the bile ducts 
and portal tracts, suggesting that liver cells were possi-
bly reacquiring an epithelial phenotype. Taken together, 
data suggest that GDC was more effective in restoring an 
epithelial phenotype in CBDL livers.

SMO inhibitors induce liver cell proliferation in  
CBDL rats
Proliferation of liver cells is an adaptive physiologic 
response in hepatic diseases, and is a determinant of sur-
vival (Delhaye et al., 1996; Fang et al., 1994). However, in 
fibrotic livers, activated HSCs secrete inflammatory cyto-
kines, Hh ligands and collagen and play an important role 
in etiology of liver fibrosis. Activation of HSCs following 
injury also results in damage to neighboring hepatocytes. 

Figure 1. Morphological and histological evaluation of CBDL rat livers. (A) Top panels indicating distorted and pitted CBDL livers restored to 
near normal morphology following treatment with CYA (10 mg/kg) and GDC (5 mg/kg). Lower panels show H&E staining of liver specimens 
from sham controls and CBDL rats with or without treatment with CYA or GDC. Treatment with Smo inhibitors significantly ameliorated 
tissue damage and necrotic regions (arrows). (B) Treatment with Smo inhibitors preserves liver functions and reduces histological liver 
injury, including bile infarcts indicated by arrows. Serum AST, ALT and bilirubin in normal, vehicle treated CBDL, GDC-treated CBDL and 
CYA-treated CBDL rats were quantified. Serum markers in the Smo inhibitor treated groups were significantly lower than those in the vehicle 
treated group. Results are presented as the mean ± S.D. (n = 4); *p < 0.05 and **p < 0.005 compared to CBDL + vehicle treated rats.
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To examine the possibility that Smo inhibitors preserve 
liver function by enhancing cellular proliferation fol-
lowing CBDL, protein expression for cyclin A in hepatic 
protein extracts (Figure 4A) and PCNA expression in liver 
specimens (Figure 4B) was assessed. Western blot analy-
sis for proliferation marker cyclin A indicates higher pro-
tein expression in GDC-treated liver extracts compared to 
those treated with CYA. PCNA-positive nuclei in rat liver 

sections were assessed by immunofluorescence stain-
ing and found to be increased in CYA and GDC-treated 
CBDL rats compared to vehicle-dosed CBDL rats. GDC 
treatment was more effective than CYA in inducing cellu-
lar proliferation and quantitative analysis indicates that 
on average, almost twice as many PCNA positive nuclei 
were counted in GDC-treated rat livers at high magnifi-
cation compared to CYA-treated livers (Figure 4C).

Figure 2. Hh pathway and ligand expression in livers of normal (control) and fibrotic rats. (A) Shh, Ptch-1 and Gli-1 expression in normal and 
CBDL rats quantified by real-time PCR after correction for the housekeeping keeping gene 18s. CBDL treatment results in upregulation of Hh 
ligands. GDC treatment was more significantly effective in reducing Hh-ligand mRNA expression than CYA in CBDL livers. Indicated p values 
are calculated with respect to CBDL+ vehicle treated livers. (B) CBDL leads to enhanced Hh activity reflected as increased expression and 
nuclear translocation (arrows) of Gli-1 protein from cytoplasm. SMO inhibitors reduced expression and translocation of Gli-1 protein. Shown 
are representative images (original magnification, ×100).
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Figure 3. Smoothened (Smo) inhibitors attenuate EMT in CBDL rats. (A) Immunofluorescence staining was carried out to detect the expression 
of α-SMA, S100A4, TGFβ1, and E-cadherin in Smo inhibitor treated CBDL rats. The protein expression of α-SMA, S100A4, and TGFβ1 
decreased significantly mainly around the fibrous septa. In parallel, enhanced upregulation of E-cadherin was observed on the endothelial 
surfaces of portal vein and periportal structures. Shown are representative images (original magnification, ×40). (B)Gene expression analysis 
of EMT markers in CBDL rats. Real-time RT-PCR was used to determine expression of EMT marker genes. GDC was more effective than CYA 
in downregulating expression of S100A4 and TGFβ1 in CBDL rats. *p < 0.05 and **p < 0.005 compared to vehicle treated CBDL rats.
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Effect of SMO inhibitors on apoptosis
Activation of HSCs is a significant step that could lead to 
liver fibrosis. Therefore, to confirm that Smo inhibitors 

enhance activated HSC apoptosis following CBDL, 
α-SMA (marker for activated HSCs) and caspase-3 was 
measured in liver sections (Figure 5). Cells that were 

Figure 4. Effect of Smo inhibitors on cell proliferation in rat livers.(A) Immunoblot analysis was performed on whole liver extracts for 
proliferation marker cyclin A. Expression of cyclin A was increased in Smo inhibitor treated CBDL rats compared with vehicle treated CBDL 
rats. Compared to CYA, GDC caused a greater increase in expression of cyclin A. (B) Seven days after the CBDL, fresh frozen liver tissues were 
immunofluorescence stained for PCNA followed by staining for DAPI. Both separate panels (black and white images) and merged image 
(color) are shown. (C) The percentage of PCNA-positive nuclei to total nuclei at X100 magnification was quantitated using digital image 
analysis and is shown as proliferation index. The mean PCNA index was 1.32% ± 1.37%, with the highest proliferative rate recorded being 
12.3% in GDC-treated group, *p < 0.05.

Figure 5. Effect of Smo inhibitors on HSC apoptosis in rat livers. Tissue sections were co-labeled with anti α-smooth muscle actin (α-SMA), 
marker for activated HSCs, and anti caspase-3. Double immunostaining using anti α-SMA (green) and anti caspase 3 (red) showed enhanced 
merging (yellow, indicated by white arrows) in CYA-treated CBDL rats, indicating that the treatment resulted in caspase-3 expression in 
activated HSC cells in vivo. Little or no caspase-3 co-localization was observed in GDC-treated liver samples.
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positive for α-SMA showed green and caspase-3 stain-
ing appeared red under fluorescence. Dual labeled cells 
appear as yellow in the field. As can be seen, while GDC 
treatment shows overall reduction in α-SMA staining, no 
caspase-3 positive cells are visible. This is in contrast to 
CYA-treated specimen where extensive, all round yellow 
staining (white arrows) is clearly visible in the linings of 
bile ducts and portal tracts, suggesting that cells positive 
for α-SMA expression were also expressing enhanced 
levels of caspase-3.

SMO inhibitors reduce activation of HSCs in CBDL rats
Effect of Smo inhibitors on HSC activation was deter-
mined in vivo. Increased expression of α-SMA is a 
widely accepted indicator of myofibroblast activation. 
After 1 week of CBDL, α-SMA gene expression was 
markedly increased in vehicle-dosed CBDL rats com-
pared with sham controls (Figure 6A). However, tran-
script levels were significantly decreased in CYA and 
GDC-treated rats compared with vehicle treated CBDL 
animals and GDC was more effective in downregulat-
ing gene expression of α-SMA. This decrease in mRNA 
expression was matched by a decrease in hepatic α-SMA 
protein expression assessed by Western blot analysis 
of whole liver tissue (Figure 6B). Immunofluorescence 
staining for α-SMA in rat liver sections (Figure 6C) dem-
onstrates extensive green staining in CBDL specimen. 
Treatment with Smo inhibitors was effective in amelio-
rating α-SMA protein expression. These data indicate 
that Hh-mediated activation of HSCs in vivo is a central 
mechanism underlying hepatic fibrosis, and Smo inhibi-
tors can effectively attenuate HSC activation, thereby 
preventing early fibrosis. Using double immunolabeling 
with digital image processing for simultaneous demon-
stration of CK-19 and α-SMA in CBDL animals, we could 
identify cells in periductular regions co-expressing CK-19 
(marker for cholangiocytes,red panel) and α-SMA (EMT 
marker, green panel) (Figure 6D). These data indicate 
that in addition to HSCs, proliferating cholagngiocytes 
mature into myofibroblasts expressing α-SMA following 
CBDL injury. An arrow on the merged panel shows the 
extent of EMT undergone by the cholangiocytes in the 
CBDL livers.

SMO inhibitors reduce expression of profibrogenic 
genes and attenuate early liver fibrosis
Type 1 collagen is a major regulator of ECM deposition in 
liver fibrosis. The effect of CYA and GDC on collage depo-
sition in CBDL rats was determined. Treatment with CYA 
and GDC significantly reduced the expression of type 
α(1) collagen transcript as determined by real-time PCR 
(Figure 7A). While both GDC and CYA reduced total col-
lagen, as determined by measuring hepatic hydroxypro-
line (Figure 7B), and protein expression of α(1) collagen 
(Figure 7C), no statistical difference in their efficacy was 
observed. To explore the functional role of Smo inhibi-
tors on CBDL induced fibrosis, the extent of liver fibrosis 

using picrosirius red and Masson trichrome staining was 
carried out. After 1 week of CBDL, significant fibrosis 
was present in periportal and portal tracts (Figure 7D). 
Treatment with CYA and GDC significantly reduced the 
extent of bridging fibrosis with GDC being more effective, 
as indicated by an overall decrease in immunostaining.

Discussion

Hepatic fibrosis leading to cirrhosis is associated with 
high morbidity and mortality in millions of people world-
wide (Jemal et al., 2007; Rojkind & Martinez-Palomo, 
1976). This highlights the urgent need to both increase 
our understanding of the mechanisms of liver fibrogen-
esis and to develop novel therapies to arrest or reverse 
the fibrotic process as even advance fibrosis is reversible 
(Soriano et al., 2006; Arthur, 2002). Preclinical studies 
have identified many potential therapies for fibrosis. 
These include inhibition of collagen synthesis, interrup-
tion of matrix deposition, stimulation of matrix degrada-
tion, modulation of HSC activation, or induction of HSC 
apoptosis (Fratto et al., 2011).

One of the strategies used in our laboratory and else-
where is the targeting of collagen synthesis, since liver 
fibrosis results from the overproduction of type I collagen 
by fibrogenic cells. Transcription inhibition of type α(I) 
collagen is expected to prevent fibrosis. We have previ-
ously shown that antiparallel phosphorothioate triplex 
forming oligonucleotides (TFO) specific for α1(1) col-
lagen inhibit transcription in immortalized rat HSC-T6 
cells in culture (Ye et al., 2007) and alleviate experimen-
tal fibrosis in rats subjected to CBDL or dimethylnitro-
samine injections. Administration of TFO against α1 (I) 
collagen decreased liver injury, inflammation, and atten-
uated fibrosis in vivo. The TFO approach, however, has 
some limitations, which reduce its overall effectiveness. 
For one, they can only bind to purine‐rich target strands, 
thereby limiting the choice of endogenous gene target 
sites to polypurine–polypyrimidine stretches in duplex 
DNA. Moreover, TFO beinga polypurine forms G quartet 
and requires a nuclear translocation for triplex forma-
tion with genomic DNA, which further limits its clinical 
applications (Uil et al., 2003). TGF-β1 is a profibrogenic 
cytokine that activates HSCs and induces EMT (Ischenko 
et al., 2008; Kisseleva and Brenner, 2011). In our previ-
ous studies, siRNA and shRNA targeting TGF-β1 can 
efficiently silence gene expression, which also resulted 
in decreased collagen synthesis (Yang and Mahato, 2011; 
Cheng et al., 2009). The siRNA approach too has some 
significant shortcomings, including the lack of efficient 
delivery systems, off target effects and poor in vivo stabil-
ity, all of which hinder its translation into clinic (De Paula 
et al., 2007).

Liver regeneration involves Hh signaling and there is an 
increase in hepatic Hh activity following CBDL in rats and in 
patients diagnosed with primary biliary cirrhosis (Omenetti 
et al., 2008; Thayer et al., 2003). Dysregulation of Hh signaling 
plays a pivotal role in modulating liver injury and initiation 
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of EMT that accelerates the induction of fibrosis (Omenetti 
et al., 2007; Cheng et al., 2008). However, the mechanisms 
of Hh signaling in hepatic cells are still being investigated. 
Following hepatic damage of various etiologies, HSCs get 
activated into ECM-secreting myofibroblasts (Friedman, 
2008; Fernandez-del Castillo et al., 2003). In addition, influx 
of bone marrow-derived fibrocytes as well as differentia-
tion of monocytes into fibrocytesin the damaged liver tissue 
results in the transformation of cholangiocytes and hepato-
cytes into myofibroblasts through EMT, in which epithelial 
cells lose their phenotypic characteristics and acquire typical 
features of mesenchymal cells such as fibroblasts (Zeisberg 
et al., 2007). To understand the mechanisms through which 
Hh signaling is involved in early liver fibrosis, as well as the 

role of activated HSCs, we used two potent inhibitors of Hh 
signaling. CYA and GDC were given systemically to CBDL 
rats. Several studies have previously utilized CYA to treat liver 
cells, including primary HSCs in vitro (Choi et al., 2010a, Choi 
et al., 2010b). Previous work in our laboratory on treatment IR 
injury and CBDL rats subjected to IR injury with CYA amelio-
rates liver injury and prevent late fibrotic events (Pratap et al., 
2010; Pratap et al., 2011). In spite of its efficacy in preventing 
liver fibrosis, CYA is highly insoluble in aqueous media and is 
acid-labile, which hampers its clinical potential (Tremblay et 
al., 2008). As we wanted to test the potential of an Hh inhibitor 
with enhanced in vivo stability and bioavailability, we utilized 
GDC, a small molecule inhibitor of Hh signaling (Rudin et al., 
2009) for ameliorating early liver fibrosis in CBDL rats.

Figure 6.  Smo inhibitors attenuate α-SMA expression. (A) Gene expression measured by real-time RT-PCR; Protein expression determined 
by (B) Western blotting; and (C) Immunofluorescence staining. **p < 0.005 compared to vehicle treated CBDL group. CBDL liver specimen 
showed higher α-SMA gene and protein expression with greatest immunofluorescence staining observed in and around bile ducts. GDC 
treatment was more effective than CYA in reducing both protein and mRNA expression. (D) Immunofluorescence labeling of CBDL liver 
tissues with CK-19 (red) and α-SMA (green) colocalized (yellow) in periportal areas (arrow).
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Vehicle treated rats subjected to 7 days of CBDL showed 
marked increase in liver size and presented a grainy 
texture with an overall patchy appearance and fibrous 
morphology (Figure 1A, top panels). Morphometric 
analysis of liver sections from vehicle treated CBDL rats 
showed marked increase in tissue damage as evinced by 
increased ballooning and large darkly stained necrotic 
regions indicated by arrows (Figure 1A, bottom panels). 
In addition, liver function markers such as serum AST, 
ALT and bilirubin were significantly upregulated com-
pared to CYA and GDC-treated rats (Figure 1B). In both 
treatment groups, systemic treatment with CYA and GDC 
at 10 and 5 mg/kg, respectively, for 7 days resulted in the 
restoration of gross morphology features as well as res-
toration of liver functions, as shown by a decrease in the 
levels of serum bilirubin and liver function enzymes ALT 
and AST. Taken together, it is clear that even early fibro-
sis can result in tissue damage and impaired function of 
the liver. These findings confirm our hypothesis that liver 
injury resulting from CBDL surgery can be character-
ized as early as 7 days and systemic treatment with GDC 
at half-dose is as effective as CYA in ameliorating liver 
injury and restoring liver function.

Consistent with previously published reports 
(Omenetti et al., 2008; Hirose et al., 2009; Syn et al., 2009), 
the present study demonstrates increased Hh pathway 
expression in CBDL rats, as measured by and real-time 
RT-PCR andimmunofluorescence (Figure 2A and 2B, 
respectively). EMT has been shown to play a vital role 
in the development of liver fibrosis (Xia et al., 2006). A 
decrease in the hepatic myofibroblast activation and 
biliary fibrosis was also observed when EMT was blocked 
by hepatocyte growth factor (Xia et al., 2006). As shown 
in Figure 3, expression of mesenchymal EMT markers 
such as S100A4 (Lo et al., 2011), TGF-β1 and α-SMA 
was increased in CBDL rats, while that of E-cadherin, a 
known epithelial marker (Nierhoff et al., 2005) was sig-
nificantly downregulated. Following treatment with CYA 
and GDC, expression of E-cadherin was restored while 
mesenchymal markers were significantly attenuated, 
suggesting that treatment with CYA and GDC prevents 
EMT and subsequent liver fibrosis.

Hh signaling has been associated with maintaining 
cellular proliferation (Yauch et al., 2008). CYA signifi-
cantly inhibited proliferation and induced apoptosis of 
malignant hepatoma carcinoma cells as well as islet 

Figure 7. Smo inhibitors reduce collagen deposition and liver fibrosis. Treatment with CYA and GDC reduced (A) mRNA transcript as 
measured by real-time RT-PCR; (B) total collagen measured by hydroxyproline assay and (C) α (1) collagen measured by Western blot in rat 
liver tissues. *p < 0.05 compared to vehicle treated CBDL rat livers. Panel D indicates total collagen depositionin rat liver sections, as measured 
by picrosirius red and massontrichome staining. Dark blue staining with masson trichome indicates increased collagen deposition in CBDL 
livers. Both CYA and GDC effectively reduced collagen gene and protein expression in CBDL livers compared to vehicle treatment.
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tumor cells (Fendrich et al., 2011). In this study, CBDL 
rats treated with GDC and CYA showed enhanced pro-
liferation as determined by Western blot for cyclin A 
(Figure 4A), a known maker for cell cycle progression and 
proliferation (Strand et al., 2012). To ascertain whether 
cells were proliferating as a result of drug treatment, 
immunofluorescence staining for PCNA was carried out. 
The data demonstrate a significant increase in PCNA 
positive cells in sectionsfrom CYA and GDC-treated rat 
livers (Figure 4B and 4C). While this may be in contrast to 
the available evidence in cancer cells treated with CYA, 
increased hepatocyte proliferation may actually be the 
healing mechanism through which the liver regenerates 
hepatocytes to replace the ones that perished as a result 
of CBDL injury and associated cytotoxic events initiated 
by activated HSCs and cholangiocytes. In several sys-
tems, Hh pathway can suppress apoptosis via transcrip-
tional upregulation of inhibitors of both the extrinsic and 
intrinsic apoptotic pathways (Pratap et al., 2011) and 
is thus responsible for cell survival and proliferation. 
Another study demonstrated that co-treatment with CYA 
significantly increased the percentage of resistant cancer 
cells undergoing cell death and apoptosis (Delhaye et al., 
1996). Our in vivo data are thus in accordance with these 
findings. Rat liver sections dual-stained with α-SMA 
(activated HSC/EMT marker) and caspase-3 (apoptosis 
marker) indicate high levels of their co-localization in 
CYA-treated CBDL specimen and not in GDC-treated 
ones, suggesting that CYA is preferentially causing apop-
tosis of activated HSC cells (Figure 5).

In addition to HSCs, other cell types, including hepa-
tocytes and bile ductular cells (cholangiocytes) produce 
Hh signaling ligands in response to liver injury. Injured 
mature hepatocytes, though non-responsive to Hh 
signaling, will release Hh ligands in the microenviron-
ment, thereby activating nearby HSCs, which in turn 
overproduce ECM (Jung et al., 2010; Chen et al., 2002). 
In contrast, cholangiocytes not only produce Hh ligands 
but are also responsive to their effects (Witek et al., 2009). 
Regardless of the cell type involved in overproducing Hh 
ligands, HSCs are the major population responsible for 
liver repair and collagen production (Friedman, 1993; 
Moreira, 2007; Dooley et al., 2003). Furthermore, α-SMA 
expression in vivo is a reliable marker of HSC activation 
prior to the deposition of fibrous tissue following liver 
injury and may be used to identify the earliest stages of 
hepatic fibrosis and monitoring the efficacy of the therapy 
(Carpino et al., 2005). Figure 6A and 6B shows increased 
expression of α-SMA gene and protein, respectively in 
vehicle treated CBDL rat livers. Immunofluorescence 
staining of liver specimens from vehicle treated CBDL 
rats (Figure 6C) showed extensive α-SMA expression 
(green fluorescence) with greatest staining in and 
around bile and portal ducts. Involvement of more than 
one cell type in etiology of CBDL-mediated liver fibrosis 
is supported by the dual staining of CBDL liver sections 
with CK-19 and α-SMA, markers for cholangiocytes 
and EMT, respectively (Figure 6D). Dual-stained cells 

are proliferating cholangiocytes that are maturing into 
α-SMA expressing myofibroblasts. Treatment with GDC 
and CYA reduced both protein and mRNA expression in 
CBDL livers, suggesting that while liver injury resulted in 
the activation of HSCs, inhibition of Hh signaling could 
prevent this mechanism. Taken together, the data con-
firmed the involvement of EMT in HSC and cholangio-
cyte activation leading to liver fibrosis.

The principal finding of this study is the antifibrotic 
effect of Smo inhibitor GDC, suggesting its potential for 
treating early liver fibrosis. A decrease in the deposition of 
type α1(I) collagen was observed by real-time PCR (Figure 
7A), hydroxyproline assay (Figure 7B) and Western blot 
(Figure 7C). Morphometric analyses also indicate an 
increase in collagen levels in CBDL rats, which was ame-
liorated following treatment with CYA and GDC (Figure 
7D). As drug treatment was started immediately after the 
induction of CBDL, this study further suggests that the 
early treatment of hepatic fibrosis with Smo inhibitors 
such as GDC and CYA can reduce collagen deposition by 
downregulating Hh signaling in the liver and preventing 
hepatic cells from undergoing EMT.

The results of this study pertain to the ability of SMO 
inhibitors to modulate cholestatic liver injury lead-
ing to decreased liver fibrosis and improved tissue 
architecture, including a decrease in bile infarcts. It 
has been suggested that bile duct proliferation and bile 
infarctsmay be caused by the toxic action of retained 
bile constituents that are absorbed into the blood from 
the obstructed biliary system, or a direct action on the 
liver (Shibayama, 1990). Furthermore, the growth of 
immature bile ductular cells in culture is regulated by Hh 
ligands, and Hh-pathway activity increases after CBDL 
(Omenetti et al., 2008). We have shown previously that 
preconditioning of cholestatic liver with CYA reduces 
the histological damage and serum liver injury markers 
resulting from IR injury. Significantly, untreated livers 
had increased neutrophil recruitment, lipid peroxida-
tion, and pro-inflammatory cytokines, such as TNF-α 
and IL-1β, which resulted in increased cell death and 
cholangiocyte proliferation that accentuated liver injury 
and altered tissue architecture (Pratap et al., 2011). In the 
present study, it is possible that CBDL is causing similar 
molecular and cellular level changes as early as 7 days, 
which is a key finding. The direct or indirect effects of 
accumulating bile components causes not only inflam-
mation but also result in the activation and increase in 
the number of HSCs and cholangiocytes, which in turn 
secrete not only Hh ligands but also α-SMA and type 1 
collagen causing fibrosis. This contention is supported 
by studies where elevated levels of bile acids stimulate 
ductal secretion and cholangiocyte proliferation (Alpini 
et al., 1999). Overall, this increase in Hh-mediated upreg-
ulation of bile-secreting cholagiocytes is responsible for 
the anatomical and tissue level changers in CBDL rat 
livers. Hepatoprotection by CYA and GDC is due to the 
blockade of aberrant endogenous Hh signaling, which 
reduces bile duct proliferation and inflammatory injury. 
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A decrease in the number of cholangiocytes is also likely 
to improve tissue morphology by reducing the amount of 
toxic bile being produced in the organ.

conclusions

In conclusion, Smo inhibitors has the potential to treat 
early liver fibrosis by reducing type α1(I) collagen syn-
thesis leading to reduction in liver injury. GDC was better 
or equally effective in treating experimental liver fibrosis 
at half the dose of CYA. This indicates that GDC may be 
a new addition to the repertoire of small molecule drugs 
that can effectively treat liver fibrosis in a clinical setting.
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