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ABSTRACT
Objectives Tissue fi brosis is a leading cause of death 

in patients with systemic sclerosis (SSc). Effective 

antifi brotic treatments are not available. Here, the 

authors investigated inhibition of hedgehog signalling 

by targeting Smoothened (Smo) as a novel antifi brotic 

approach.

Methods The activation status of the hedgehog 

pathway was assessed by immunohistochemistry for Gli 

transcription factors and by quantifi cation of hedgehog 

target genes. Hedgehog signalling was inhibited by the 

selective inhibitor LDE223 and by small interfering RNA 

against Smo in the models of bleomycin-induced dermal 

fi brosis and in tight-skin-1 mice.

Results Hedgehog signalling is activated in SSc and in 

murine models of SSc. Inhibition of Smo either by LDE223 

or by small interfering RNA prevented dermal thickening, 

myofi broblast differentiation and accumulation of collagen 

upon challenge with bleomycin. Targeting Smo also 

exerted potent antifi brotic effects in tight-skin-1 mice and 

did prevent progression of fi brosis and induced regression 

of pre-established fi brosis.

Conclusions Inhibition of hedgehog signalling exerted 

potent antifi brotic effects in preclinical models of SSc in 

both preventive and therapeutic settings. These fi ndings 

might have direct translational implications because 

inhibitors of Smo are already available and yielded 

promising results in initial clinical trials.

INTRODUCTION
The most characteristic feature of scleroderma is 
the massive accumulation of extracellular matrix 
in the skin and in affected organs.1 The progres-
sive fi brosis impairs the function of the affected 
organs and results in high morbidity and mortality. 
However, effective antifi brotic treatments are not 
available for clinical use.

The hedgehog pathway is considered as a 
major morphogen pathway with crucial roles in 
embryonic development.2 In contrast to embry-
onic development, hedgehog signalling remains 
silent in most adult tissues. In the absence of 
hedgehog ligands, the hedgehog receptor Patched 
homologue 1 (Ptch-1) prevents activation of the 
hedgehog pathway by inhibition of the corecep-
tor Smoothened (Smo). However, mutations of 
Ptch-1 or uncontrolled expression of hedgehog 

proteins can result in inadequate activation of 
hedgehog signalling in adults. In these cases, the 
inhibition of Smo by Ptch-1 is released. Active 
Smo then induces stabilisation Gli transcription 
factors such as Gli-1 and Gli-2, which stimulate 
the transcription of hedgehog target genes such 
as ptch-1, ptch-2 and cyclin D1.3 Considering the 
important role of hedgehog signalling for cellular 
differentiation, it may not be surprising that aber-
rant activation of the hedgehog pathway has been 
implicated in various diseases.4 We have recently 
shown that the hedgehog ligand sonic hedgehog 
(Shh) is overexpressed in systemic sclerosis (SSc) 
and that the Gli transcription factors accumulate 
in SSc. Moreover, Shh potently induced fi broblast 
activation in vitro and in vivo.5

Several pharmacological strategies to inhibit 
hedgehog signalling have been developed over the 
last years. Among those, targeting of Smo seems 
most promising. Several inhibitors of Smo have 
advanced to clinical trials. Recent results have dem-
onstrated that targeting of Smo is well tolerated in 
adults despite its crucial roles during embryonic 
development.6 7 After previously demonstrating 
that Shh stimulates fi broblast activation in SSc, 
we now aimed to investigate the inhibition of 
hedgehog signalling as a potential novel antifi brotic 
approach in murine models of scleroderma.

METHODS
Inhibition of Smo by LDE223
Smo was targeted with LDE223 (kindly provided 
by Novartis, Basel, Switzerland), a selective inhib-
itor of the hedgehog pathway. LDE223 was dis-
solved in polyethylene glycol 300 supplemented 
with 10% dimethyl sulphoxide and administered 
once daily at doses of 10 mg/kg/day or 40 mg/
kg/day. Bleomycin-induced dermal fi brosis was 
induced according to established protocols.8 9 
LDE223 or small interfering RNA (siRNA) was 
applied during the whole 3-week period of bleo-
mycin challenge. After 3 weeks of treatment, 
the fi brotic changes were quantifi ed. In addition, 
tight-skin-1 (tsk-1) model was evaluated as previ-
ously described.10 11 Tsk-1 mice were treated with 
LDE223 from week 5 to week 10 and killed there-
after. Sham treatment was performed with 10% 
dimethyl sulphoxide/polyethylene glycol 300, the 
solvent of LDE223.
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In vivo transfection with siRNAs against Smo in 
bleomycin-induced skin fi brosis
Complexes of siRNA and atelocollagen (Koken, Tokyo, Japan) 
were prepared as previously described.12 siRNA duplexes 
(sense 5′-UGCCCAAGUGUGAGAAUGAUU-3′, antisense 
5′-PUCAUUCUCACACUUGGGCAUU-3′) from Dharmacon 
(Lafayette, Colorado, USA) were used. Non-targeting siRNA 
duplexes served as controls. After confi rmation of an effective 
knockdown of Smo in vitro, atelocollagen/siRNA complexes 
were injected intracutaneously once weekly into bleomycin-
challenged skin areas.

Histological analysis
The dermal and hypodermal thicknesses were determined on 
H&E-stained sections as previously described.13

Immunohistochemistry for Gli-1, Gli-2 and α-smooth muscle 
actin
Staining for α-smooth muscle actin as a marker for myofi bro-
blasts was performed as previously described.14 The expression 
of Gli-1 and Gli-2 was detected by polyclonal rabbit-antihu-
man Gli-1 antibodies (GeneTex, Irvine, California, USA) and 
rabbit-antihuman Gli-2 antibodies (Abcam, Cambridge, UK). 
Respective isotype antibodies were used as negative controls. 
The dermal staining was semiquantitatively analysed with 0 for 
absent staining, 1 for low-grade dermal staining, 2 for moderate 
staining and 3 for intense staining.

Hydroxyproline assay
The total collagen content in lesional skin was determined using 
hydroxyproline assays.11

Figure 1 The aberrant activation of hedgehog signalling in experimental models of fi brosis is abrogated by LDE223 or by siRNA against Smo. 
Accumulation of the transcription factors Gli-1 (A) and Gli-2 (B) in the mouse model of bleomycin-induced skin fi brosis and in tsk-1 mice can be 
prevented by LDE223 or by siRNA-mediated knockdown of Smo. Semiquantitative analyses (with a scale of 0 for no staining to 3 for intense staining 
in the dermis) summarised the overexpression of Gli-1 and Gli-2 in fi ve independent experiments per group. Representative images are shown at 400-
fold magnifi cation. siRNA, small interfering DNA; Smo, Smoothened; tsk-1, tight-skin-1.
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Figure 2 Inhibition of Smo prevents bleomycin-induced dermal fi brosis. Treatment with LDE223 prevents experimental fi brosis with reduction of dermal 
thickening (A), myofi broblast differentiation (B) and hydroxyproline content (C). Representative H&E-stained tissue sections are shown at 100-fold 
magnifi cation. n=10 for NaCl and bleomycin; n=6 for each group treated with LDE223. siRNA-mediated knockdown of Smo prevents dermal thickening 
(D) and differentiation of resting fi broblasts into myofi broblasts (E) and increases hydroxyproline content (F), thereby confi rming that the antifi brotic 
effects of LDE223 are not mediated by off-target effects. n=5 for each group. Representative sections are shown at 100-fold magnifi cation. siRNA, small 
interfering DNA; Smo, Smoothened.
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Quantitative real-time PCR
Gene expression was quantifi ed by SYBR Green real-time 
PCR using the ABI Prism 7300 Sequence Detection System 
(Applied Biosystems, Foster City, California, USA).15 16 The 
following primer pairs were used: murine Smo: forward 
primer, 5′-TGCCACCAGAAGAACAAGC-3′; reverse primer, 
5′-GGAGATCTCTGCCTCAACCA-3′; murine β-actin: for-
ward primer, 5′-TCT TTG ATG TCA CGC ACG AT-3′; reverse 
primer, 5′-TAC AGC TTC ACC ACC ACA-3′; murine ptch-1: 
forward primer, 5′-AGC GTG GCC CTC ACC TCC AT-3′; 
reverse primer, 5′-ACG CTC GCA GGG CAG GGA TA-3′; 
murine ptch-2: forward primer, 5′-CGG TGC TGA CAC TCT 
TGG GCC-3′; reverse primer, 5′-AGA GCA GCA CAG GCA 
GCA GC-3′; murine cyclin D1: forward primer, 5′-CAG AGG 
CGG ATG AGA ACA AG-3′; reverse primer, 5′-GTT GTG CGG 
TAG CAG GAG AG-3′.

Statistics
Data are expressed as dot blots with mean. The Mann–Whitney 
U test for non-related samples was used for statistical analyses. A 
p value of less than 0.05 was considered statistically signifi cant.

RESULTS
Inhibition of Smo abrogates the aberrant activation of hedgehog 
signalling in experimental models of dermal fi brosis
We fi rst analysed whether the activation of hedgehog signalling 
with accumulation of the downstream transcription factor Gli-1 

and Gli-2 in human scleroderma is mimicked in murine models. 
A prominent staining for Gli-1 and Gli-2 was found in bleomy-
cin-challenged mice by immunohistochemistry. Gli-1 (fi gure 1A) 
and Gli-2 (fi gure 1B) were detected in the dermis and epidermis 
of mice challenged with bleomycin and in tsk-1 mice. In contrast, 
the expression of Gli-1 and Gli-2 was restricted to the epidermal 
cells, hair follicles and glands but was absent in dermal cells in 
non-fi brotic control mice (fi gure 1A,B). Thus, Gli transcription 
factors are selectively upregulated in the dermis but not in epi-
dermal structures. The activation of hedgehog signalling in bleo-
mycin-induced dermal fi brosis was further confi rmed by detection 
of increased mRNA levels of the hedgehog target genes ptch-1, 
ptch-2 and cyclin-D (supplementary fi gure 1A,B). Treatment with 
LDE223 prevented the increase in Gli-1 and Gli-2 (fi gure 1A,B) as 
well as the upregulation of hedgehog target genes (supplementary 
fi gure 1A,B) in both models, demonstrating that LDE223 effectively 
abolished the aberrant activation of the hedgehog pathway.

Inhibition of Smo by LDE223 prevents bleomycin-induced 
dermal fi brosis
LDE223 was well tolerated and no differences in body weight or 
other obvious signs of toxicity were observed. Treatment with 
LDE223 reduced dermal thickening in a dose-dependent manner 
by 71±2% (p=0.001) (fi gure 2A). The myofi broblast counts were 
reduced by 87±7% and the hydroxyproline content decreased 
by 68±18% in mice treated with LDE223 (p=0.02 and p=0.001, 
respectively) (fi gure 2B,C).

Figure 3 LDE223 induces regression of fi brosis in the tsk-1 mouse model. Treatment of tsk-1 mice with LDE223 initiated at an age of 5 weeks 
prevents progression of fi brosis and induces regression of fi brosis and reduces hypodermal thickness (A), numbers of myofi broblasts (B) and the 
hydroxyproline content (C) to below the levels of 5-week-old tsk-1 mice. n=7 for all sham-treated groups; n=5 for the group treated with LDE223. 
Representative sections are shown at 40-fold magnifi cation. tsk-1, tight-skin-1.
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Moreover, no grade V events and only one grade VI event occurred 
in 68 patients and only 1 of 68 patients discontinued GDC449 
treatment due to adverse events. However, although no clinical 
indicators were observed in this trial, inhibition of hedgehog sig-
nalling may theoretically interfere with stem cell renewal and may 
therefore reduce stem cell numbers, for example, in the gut or in 
the hair follicle. Thus, pharmacological inhibitors of the hedge-
hog pathway seem to be well tolerated and would be available for 
clinical trials in scleroderma and in other fi brotic diseases.

In summary, inhibition of hedgehog signalling exerts potent 
antifi brotic effects in preclinical models of dermal fi brosis and 
did prevent fi brosis and induced regression of pre-established 
fi brosis. Since pharmacological inhibitors of Smo are available 
and seem well tolerated, inhibition of the hedgehog pathway 
might be a promising approach for novel molecular targeted 
treatments of dermal fi brosis.
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siRNA-mediated knockdown of Smo prevents 
experimental fi brosis
To confi rm that the antifi brotic effects of LDE223 are not due to 
off-targeting effects, we knocked down the expression of Smo 
locally in the skin. siRNA against Smo effi ciently decreased the 
mRNA levels of Smo during the complete observation period 
with minimal decreases of 52±10% at the end of the injection 
period (p=0.04). siRNA-mediated knockdown of Smo reduced 
dermal thickening by 87±3% compared to mice injected with 
non-targeting siRNA (p=0.016) (fi gure 2D). The number of myo-
fi broblasts and the hydroxyproline content decreased by 83±4% 
and 66±7%, respectively, in mice injected with Smo siRNA 
(p=0.007 and p=0.04) (fi gure 2E,F).

Inhibition of Smo corrects the tsk-1 phenotype
We next evaluated the effects of LDE223 in the tsk-1 mouse 
model. Skin fi brosis was already observed in 5-week-old tsk-1 
mice and progressed over time with signifi cantly increased fi bro-
sis in 10-week-old mice (fi gures 3A–C). Treatment with LDE223 
did prevent further progression of fi brosis and potently reversed 
the fi brotic changes. The hypodermal thickness in mice treated 
with LDE223 was signifi cantly reduced by 80±5% compared to 
sham-treated 10-week-old tsk-1 mice (p=0.002). Moreover, the 
hypodermal thickness in tsk-1 mice treated with LDE223 from 
an age of 5 weeks to an age of 10 weeks was also signifi cantly 
reduced compared to 5-week-old tsk-1 mice (161±5% increase 
vs 373±10% increase compared to mice not carrying the tsk-1 
mutation, p=0.006) (fi gure 3A). Moreover, LDE223 treatment 
initiated at an age of 5 weeks completely prevented myofi bro-
blast differentiation (fi gure 3B) and decreased the hydroxypro-
line content below pretreatment levels (fi gure 3C).

DISCUSSION
We showed previously that hedgehog signalling is activated in 
SSc and induces an activated phenotype in fi broblasts.5 Here, 
we demonstrate that inhibition of hedgehog signalling by target-
ing Smo exerts potent antifi brotic effects in preclinical models. 
Targeting of Smo by siRNA or by the selective small-molecule 
inhibitor LDE223 effectively abrogated the aberrant activation of 
the hedgehog pathway. The inhibition of hedgehog signalling pre-
vented bleomycin-induced dermal fi brosis, which is a model for 
infl ammation-dependent fi brosis. In addition, LDE223 was also 
effective in the tsk-1 model, a model of non-infl ammatory stages 
of fi brosis with autonomous fi broblast activation.17 These fi ndings 
indicate that targeting Smo may be benefi cial for different stages 
of dermal fi brosis. Of particular interest, targeting Smo did prevent 
the development of experimental fi brosis and induced regression 
of pre-established fi brosis. In a clinical setting, prevention of fi bro-
sis would be particularly indicated for patients with early progres-
sive disease. In contrast, regression of fi brosis would correspond 
to reduction of pre-existing damage and potential improvement of 
organ dysfunction. This would be particularly relevant for patients 
with pre-existing fi brotic organ damage. Thus, targeting of Smo 
might theoretically be considered for patients with extensive, 
long-standing dermal fi brosis. These fi ndings might have direct 
clinical implications. The role of the hedgehog pathway in multi-
ple human cancers stimulated the development of small-molecule 
inhibitors against Smo, several of which are currently evaluated 
in clinical trials (http://www.clinicaltrials.gov). Results from ini-
tial studies in humans indicate that pharmacological inhibition of 
Smo may not be limited by toxicity in adults.6 7 No dose-limiting 
toxicity occurred in a phase I/II trial with the oral Smo inhibitor 
GDC449 in doses that effi ciently inhibited hedgehog signalling.7 
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