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ABSTRACT
Background Vitamin D receptor (VDR) is a member of
the nuclear receptor superfamily. Its ligand, 1,25-(OH)2D,
is a metabolically active hormone derived from vitamin
D3. The levels of vitamin D3 are decreased in patients
with systemic sclerosis (SSc). Here, we aimed to analyse
the role of VDR signalling in fibrosis.
Methods VDR expression was analysed in SSc skin,
experimental fibrosis and human fibroblasts. VDR signalling
was modulated by siRNA and with the selective agonist
paricalcitol. The effects of VDR on Smad signalling were
analysed by reporter assays, target gene analyses and
coimmunoprecipitation. The effects of paricalcitol were
evaluated in the models of bleomycin-induced fibrosis and
fibrosis induced by overexpression of a constitutively active
transforming growth factor-β (TGF-β) receptor I (TBRICA).
Results VDR expression was decreased in fibroblasts of
SSc patients and murine models of SSc in a TGF-β-
dependent manner. Knockdown of VDR enhanced the
sensitivity of fibroblasts towards TGF-β. In contrast,
activation of VDR by paricalcitol reduced the stimulatory
effects of TGF-β on fibroblasts and inhibited collagen
release and myofibroblast differentiation. Paricalcitol
stimulated the formation of complexes between VDR and
phosphorylated Smad3 in fibroblasts to inhibit Smad-
dependent transcription. Preventive and therapeutic
treatment with paricalcitol exerted potent antifibrotic
effects and ameliorated bleomycin- as well as
TBRICA-induced fibrosis.
Conclusions We characterise VDR as a negative
regulator of TGF-β/Smad signalling. Impaired VDR
signalling with reduced expression of VDR and decreased
levels of its ligand may thus contribute to hyperactive
TGF-β signalling and aberrant fibroblast activation in SSc.

The major hallmark of systemic sclerosis (SSc) is an
excessive accumulation of extracellular matrix,
which is caused by a pathological activation of
fibroblasts.1 Transforming growth factor-β (TGF-β)
has been identified as a central mediator of fibro-
blast activation in SSc.2 However, the intracellular
signalling cascades, by which it stimulates the pro-
duction of extracellular matrix, are only partially
understood, and the current knowledge has not yet
been translated into antifibrotic therapies.3 4

Vitamin D is primarily synthesised in the skin, but
dietary intake of vitamin D contributes approxi-
mately 20% to the total requirement.5 6 Vitamin D
is hydroxylated in two steps in the liver and kidneys
to generate its active form, 1,25 dihydroxyvitamin

D (1,25-(OH)2D3). 1,25-(OH)2D3 activates vitamin
D receptor (VDR), a member of the superfamily of
nuclear receptors.7 The transcriptional activity of
VDR is regulated by its ligand and recruitment of
transcriptional coactivators or by dimerisation with
other transcription factors such as retinoid X recep-
tors or Smad3.7 VDR signalling is best known for its
essential role in calcium and phosphorus homeosta-
sis.5 7 However, VDR signalling has multiple roles
beyond the regulation of calcium homeostasis and is
increasingly recognised as a key regulator of cell
proliferation, differentiation and immunomodula-
tion.5 7 8 Moreover, accumulating evidence suggests
that vitamin D deficiency is a common feature in
various autoimmune diseases, but may also increase
the risk of cancer and infectious disease.6 Severe
vitamin D deficiency as in genetically predisposed
individuals impairs self-tolerance and immune
responses by comprising the functions of dendritic
cells, regulatory T cells, Th1 cells and B cells.6

Decreased levels of vitamin D have been observed in
various autoimmune diseases such as rheumatoid
arthritis, systemic lupus erythematosus, type 1 dia-
betes and multiple sclerosis.6 For SSc, several inde-
pendent studies from different countries reported
significantly reduced levels of vitamin D3.

9–16 One
study indicated an inverse correlation between the
levels of vitamin D and the modified Rodnan Skin
Score,9 suggesting that deficiency in vitamin D and
impaired VDR signalling may directly contribute to
the pathogenesis of SSc.
Several compounds that modulate VDR signal-

ling are currently in clinical use. Besides the precur-
sor vitamin D, several active VDR ligands are
approved. The endogenous VDR agonist
1,25-(OH)2D3 has been used for the treatment of
secondary hyperparathyroidism.17 However, the
therapeutic use of 1,25-(OH)2D3 is often compli-
cated by hypercalcemia and hyperphosphatemia. To
overcome this limitation, synthetic VDR agonists
were designed that bind to VDR with very high
affinity and have a decreased risk of hypercalcemia
and hyperphosphatemia.18 One of these non-
hypercalcemic VDR agonists in clinical use is pari-
calcitol. Paricalcitol is well tolerated and has been
shown to suppress the levels of parathyroid
hormone more effectively than 1,25-(OH)2D3

without inducing hypercalcemia and hyperpho-
sphatemia in clinical studies.19

Inspired by the clinical observations on vitamin
D deficiency in SSc, we aimed to characterise the
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role of VDR in fibroblast activation in SSc. We demonstrate that
SSc patients are not only deficient in vitamin D, VDR is also
strongly downregulated in a TGF-β-dependent manner in SSc
fibroblasts. We also characterise VDR as a negative regulator of
TGF-β/Smad signalling that prevents aberrant activation of fibro-
blasts. Furthermore, we demonstrate that VDR agonist paricalci-
tol inhibits TGF-β signalling and effectively prevents
experimental fibrosis in two different mouse models.

MATERIALS AND METHODS
Patients and fibroblast cultures
All SSc patients fulfilled the American College of Rheumatology
(ACR) criteria for SSc. The median age of SSc patients was
52 years (range 19–78 years) and their median disease duration
was 4 years (range 0.5–10 years). The study was approved by
the ethical committee of the University of Erlangen-Nuremberg.
Informed consent was obtained from all participants. Fibroblasts
were obtained from SSc patients, healthy volunteers, mice defi-
cient for VDR (VDR−/−) and wild-type littermates (VDR+/

+).20 21 In selected experiments, fibroblasts were stimulated
with combinations of TGF-β at a concentration of 10 ng/mL
(R&D Systems, Wiesbaden, Germany) and/or paricalcitol at a
concentration of 40 ng/mL (Abbott, Wiesbaden, Germany).

Immunofluorescence staining
Immunofluorescence staining for VDR was performed according
to previously established protocols22 23 using polyclonal rabbit-anti
against VDR (Abcam, Cambridge, UK). Counterstaining was per-
formed in the use of polyclonal mouse-anti-Vimentin or pSmad3
(both Abcam). Nuclei were stained with 40,6-diamidino-2-pheny-
lindole (DAPI).

Western blot analysis
Protein samples were transferred to polyvinylidene difluoride
(PVDF) membranes and incubated with polyclonal rabbit-anti-
VDR antibodies (Abcam) at a dilution of 1:100. β-Actin served
as a loading control. Signals were detected with species-specific
immunoglobulin antibodies labelled with horseradish peroxidase
(Dako, Hamburg, Germany) and enhanced luminol-based
chemiluminescent (ECL) Plus reagent.

Quantitative real time-PCR
Gene expression was quantified by SYBR Green real time-PCR
using the MxPro-3500P System (Agilent, Böblingen,
Germany).24 25 Samples without enzyme in the reverse tran-
scription reaction (non-RT controls) were used as negative con-
trols. β-Actin was used to normalise for the amounts of cDNA.

VDR overexpression and knockdown
Human VDR was amplified from whole blood and cloned into
the pEF1/myc-His B plasmid (Invitrogen, Karlsruhe, Germany),
resulting in the expression of human VDR tagged with myc.
Empty pEF1/myc-His B plasmid without VDR served as
control.

For VDR knockdown experiments, VDR siRNA (Eurogentec,
Cologne, Germany) with the following sequences human VDR
50-GGAGUUCAUUCUGACAGAU55-30 (forward), 50-AUCUGU
CAGAAUGAACUCC55-30 (reverse) was used. Non-targeting
siRNAs (Ambion) served as controls. Human dermal fibroblasts
were transfected using the Amaxa 4D-Nucleofector (Amaxa,
Cologne, Germany).26 27

Quantification of collagen protein
The amount of soluble collagen in cell culture supernatants was
quantified using the SirCol collagen assay (Biocolor, Belfast,
Northern Ireland).28 29

Stress fibre staining
Stress fibres were visualised with phalloidin as describe previ-
ously.30 31 Quantification was performed using the ImageJ soft-
ware (V.1.42q, National Institutes of Health, USA).

Coimmunoprecipitation
Human fibroblasts were transfected with the pEF1/myc-His B
plasmid containing VDR (pEF1_VDR) or empty pEF1/myc-His
B plasmid (pEF1). Cytoplasmatic and nuclear extracts were
incubated with Protein G Sepharose, mouse anti-Myc-Tag (Cell
Signaling, Germany) or mouse IgGs (Santa Cruz Biotechnology,
Heidelberg, Germany). Finally, western blotting against c-Myc
(Cell Signaling), Smad3 (Cell Signaling) and pSmad3 (Abcam)
was performed. β-Actin and lamin A/C (Cell Signaling) served as
references.

SMAD reporter assays
Human dermal fibroblasts were transfected with replication-
deficient adeno-associated virus AdCAGA-Luc encoding the
luciferase enzyme under a CAGA promoter. Luciferase activity
was determined with a microplate luminometer (Berthold
Technologies, Germany).32

Bleomycin-induced dermal fibrosis
VDR−/− mice on a C57/Bl6 background have been described
before.33 Wild-type C57/Bl6 (VDR+/+) littermates were used as
controls. Skin fibrosis was induced by local injections of bleo-
mycin every other day for 4 weeks.34 35 Subcutaneous injections
of sodium chloride served as controls. For pre-established fibro-
sis, mice were prechallenged with bleomycin for 3 weeks before
treatment was initiated. Treatment and injections of bleomycin
were continued for additional 3 weeks as described.24 30 36

TBRI-induced dermal fibrosis
Replication-deficient adeno-associated virus encoding constitu-
tively active TGF-β receptor type I (AdTBR) was injected into
the skin.36 37

Treatment with paricalcitol
Paricalcitol (Zemplar; 5 mg/mL; Abbott, Wiesbaden, Germany)
was injected at a dose of 0.3 mg/kg/d subcutaneously.

Analysis of murine skin
Dermal thickness,38 hydroxyproline content39 40 and α-smooth
muscle actin positive myofibroblasts41 42 were analysed as
described previously.

Statistics
Data were expressed as mean±SE of the mean. Student t test
was used for statistical analyses. p Values of less than 0.05 were
considered statistically significant.

RESULTS
The expression of VDR is decreased in SSc
The mRNA levels of VDR were reduced in lesional skin of SSc
patients compared with matched healthy individuals (figure 1A).
The decreased expression of VDR in SSc skin was confirmed on
the protein level by immunofluorescence. Double staining with
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the fibroblast marker vimentin demonstrated that SSc fibroblasts
express particularly low levels of VDR (figure 1B).
Semiquantitative analyses confirmed the pronounced downregu-
lation of VDR in SSc fibroblasts as compared with fibroblasts in
healthy skin (figure 1C). Decreased expression of VDR in cul-
tured SSc fibroblasts was maintained even after several passages
in vitro (figure 1D). We also observed decreased expression of
VDR in experimental models of SSc. Subcutaneous injections
with bleomycin reduced the mRNA and protein levels of VDR
in murine skin (figure 1E,F). Immunofluorescence with
co-staining with vimentin highlighted a similar expression
pattern in bleomycin-challenged mice as in human SSc with
strongly decreased VDR levels in fibroblasts (see online supple-
mentary figure S1). No correlation was observed between the
serum levels of 1,25-(OH)2D3 and VDR expression in SSc skin.

TGF-β downregulates the expression of VDR
We next investigated the molecular mechanisms underlying the
downregulation of VDR in SSc. TGF-β is a key mediator of fibro-
blast activation in fibrotic diseases and SSc fibroblasts are charac-
terised by endogenous and persistent activation of TGF-β
signalling. We thus speculated that TGF-β may contribute to the
decreased expression of VDR. Indeed, persistent exposure of
healthy dermal fibroblasts to TGF-β significantly reduced the
expression levels of VDR (figure 2A,B). Stimulation with TGF-β
induced an initial peak of VDR mRNA and protein. However,
exposure to chronically increased levels of TGF-β as in fibrotic dis-
orders significantly decreased the mRNA and protein levels VDR
with VDR protein becoming almost undetectable after 96 h
(figure 2B). To confirm the inhibitory effects of TGF-β in vivo, we

analysed the levels of VDR in the skin of mice overexpressing
TGF-β receptor I (TBRICA). Consistent with the in vitro results,
the mRNA and protein levels of VDR were decreased in TBRICA

mice compared with LacZ control mice (figure 2C,D).
Immunofluorescence confirmed the downregulation of VDR in
dermal fibroblasts of TBRICA mice (see online supplementary
figure S2). Moreover, the expression levels of VDR correlated
inversely with the levels of pSmad3 as an indicator of active canon-
ical TGF-β in bleomycin- and TBRICA-induced fibrosis (see online
supplementary figures S3 and S4). To further demonstrate that the
decrease of VDR in SSc is mediated by TGF-β, we analysed the
expression of VDR in bleomycin-challenged mice treated with the
selective TGF-β receptor type I inhibitor SD-208. Treatment with
SD-208 prevented the bleomycin-induced downregulation of
VDR (figure 2E), thereby highlighting that TGF-β signalling is
essentially required to downregulate VDR in fibrosis.

VDR negatively regulates TGF-β-induced fibroblast
activation
To investigate the functional effects of the decreased expression
of VDR, we inactivated VDR in healthy dermal fibroblasts by
siRNA. siRNA against VDR effectively decreased the expression
of VDR. Knockdown of VDR enhanced the sensitivity of fibro-
blasts to the stimulatory effects of TGF-β. The stimulatory effects
of TGF-β on col1a1 mRNA (figure 3A) on the release of collagen
protein (figure 3B) and on the formation of stress fibres (figure
3C) were more pronounced in fibroblasts deficient of VDR than
in fibroblasts transfected with non-targeting siRNA.

In contrast, activation of VDR signalling by paricalcitol, a
highly selective VDR agonist, inhibited TGF-β signalling in

Figure 1 Vitamin D receptor (VDR) expression is decreased in systemic sclerosis (SSc) and in experimental fibrosis. (A) The mRNA levels of VDR
mRNA are significantly reduced in SSc skin as compared with healthy skin (n=5 each). (B) Immunofluorescence staining for VDR with co-staining for
vimentin and DAPI demonstrated a reduced staining for VDR in SSc fibroblasts. Representative images are shown at 200- and 1000-fold
magnification. (C) Semiquantitative analyses confirmed the downregulation of VDR protein in fibroblasts in SSc skin (n=10). (D) The downregulation
of VDR persisted in cultured SSc fibroblasts (n=5). (E and F) mRNA (n=6) (E) and protein (n=5) (F) levels of VDR are decreased in the skin of
bleomycin-challenged mice as compared with NaCl injected controls.
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fibroblasts. Treatment of TGF-β-stimulated fibroblasts with pari-
calcitol completely prevented the upregulation of col 1a1
mRNA (figure 3D), release of collagen protein (figure 3E) and
formation of stress fibres (figure 3F) by TGF-β. However, pari-
calcitol did not alter the basal expression of collagen in resting
fibroblasts, indicating that paricalcitol selectively interferes with
TGF-β signalling.

To analyse whether VDR and paricalcitol interfere with TGF-β
signalling by regulation of Smad-dependent transcription, we
first performed Smad-reporter assays using human fibroblasts
transfected with a luciferase construct under the control of four
Smad-binding elements sites. Treatment with paricalcitol signifi-
cantly reduced TGF-β-induced luciferase activity, but did not
reduce the basal activity of the Smad-reporter (figure 4A).
Consistent with the results of the Smad-reporter, paricalcitol also
inhibited the stimulatory effects of TGF-β on the expression of
Smad target genes such as PAI-1 (figure 4B), Smad7 (figure 4C)
and connective tissue growth factor (CTGF) (figure 4D). To
analyse whether activated VDR directly interacts with Smad pro-
teins to repress Smad-dependent transcription, we perform
Co-IPs in fibroblasts overexpressing c-myc-tagged VDR. As
Smad3 is the central R-Smad for the pro-fibrotic effects of TGF-β
in fibroblasts, we first analysed a potential interaction of VDR
with Smad3. In the absence of paricalcitol, VDR interacted with
Smad3, but not with pSmad3. However, activation of VDR by
paricalcitol induced binding of VDR to pSmad3 and also
increased the total levels of Smad3 that were coimmunoprecipi-
tated with VDR. Thus, paricalcitol may inhibit TGF-β signalling
by inducing binding of VDR to pSmad3 (figure 4E).

Treatment with paricalcitol ameliorates experimental
fibrosis
We next evaluated the antifibrotic effects of paricalcitol in
bleomycin-induced skin fibrosis. Challenge with bleomycin
induced leukocyte infiltration and accumulation of collagen with

prominent dermal thickening (figure 5A). Preventive treatment
with paricalcitrol effectively reduced bleomycin-induced fibrosis.
Dermal thickening (figure 5B), differentiation of resting fibro-
blasts into metabolically active myofibroblasts (figure 5C),
hydroxyproline content (figure 5D) and the mRNA levels of
col1a1 (figure 5E) were all reduced in bleomycin-challenged
mice treated with paricalcitol as compared with vehicle-treated,
bleomycin-challenged mice.

However, in contrast to its effects in wild-type mice expres-
sing normal levels of VDR, paricalcitol did not reduce fibrosis
in VDR-deficient mice (figure 5A–E). This finding confirms that
the antifibrotic effects of paricalcitol are mediated by activation
of VDR and not by off-target mechanisms.

To evaluate paricalcitol in another model with different
underlying pathomechanisms, we used the mouse model of
TBRICA-induced fibrosis. Preventive treatment with paricalcitol
exerted potent antifibrotic effects (figure 6A) and significantly
ameliorated TBRICA-induced dermal thickening (figure 6B),
decreased myofibroblast differentiation (figure 6C), reduced the
hydroxyproline content (figure 6D) and the mRNA levels of
col1a1 (figure 6E).

To analyse whether activation of VDR signalling may also
induce be effective in therapeutic dosing regimes, we evaluated
the effects of paricalcitol in a modified model of pre-established,
bleomycin-induced fibrosis. Indeed, when treatment with
paricalcitol was initiated after 3 weeks of prechallenge
with bleomycin, it did prevent further progression of fibrosis,
and induced regression of fibrosis and reduced the dermal
thickness, myofibroblast counts and hydroxyproline content
to below pretreatment levels represented by placebo-treated mice
injected with bleomycin for 3 weeks followed by injections of
NaCl for another 3 weeks (see online supplementary figure S5).

Of note, paricalcitol was well tolerated in antifibrotic doses.
No evidence of toxicity was observed on regular clinical exami-
nations or during necropsy.

Figure 2 Persistent TGF-β stimulation decreases the expression of vitamin D receptor (VDR). (A and B) Chronic stimulation with transforming
growth factor-β (TGF-β) results in persistent downregulation of VDR mRNA (n=4) (A) and protein (B) after an initial peak. (C and D) Overexpression
of TGF-β receptor I (TBRICA) significantly reduces mRNA (n=5) (C) and protein (n=5) (D) levels of VDR in murine skin. (E) Treatment with the
selective TBRI inhibitor SD-208 prevents downregulation of VDR mRNA in bleomycin-induced skin fibrosis (n=5).
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DISCUSSION
We demonstrate in the present study that VDR signalling is
impaired in SSc with strongly reduced expression levels of VDR
in SSc fibroblasts and murine models of SSc. We further demon-
strate that the reduction of VDR is mediated by TGF-β.

Persistent activation of TGF-β signalling decreased the expres-
sion of VDR, whereas selective inhibition of TGF-β signalling
prevented the downregulation of VDR in experimental fibrosis.
Consistent with endogenous activation of TGF-β signalling in
cultured SSc fibroblasts43 and the inhibitory effects of TGF-β on

Figure 3 Vitamin D receptor (VDR) negatively regulates transforming growth factor-β (TGF-β)-induced fibroblast activation. (A–C) siRNA-mediated
knockdown of VDR enhances the sensitivity of fibroblasts towards the pro-fibrotic effects of TGF-β with increased levels of col1a1 mRNA (n=7) (A),
collagen protein (n=6) (B) and enhanced stress fibre formation (C) upon stimulation with TGF-β compared with fibroblasts transfected with
non-targeting siRNA. (D–F) Treatment with the VDR agonist paricalcitol prevents TGF-β-induced induction of col1a1 mRNA (n=6) (D), collagen
protein (n=6) (E) and stress fibre formation (n=12) (F).

Figure 4 Vitamin D receptor (VDR) inhibits Smad3-dependent transcription. (A) Incubation with paricalcitol inhibits the stimulatory effects of
transforming growth factor-β (TGF-β) on luciferase activity under the control of Smad-binding elements (SBE) (n=5). (B–D) Treatment with
paricalcitol reduces the expression of the prototypical Smad target genes PAI-1 (n=6) (B), Smad7 (n=6) (C) and connective tissue growth factor
(CTGF) (n=6) (D). (E) Coimmunoprecipitation demonstrates that paricalcitol stimulates binding of VDR to phosphorylated Smad3 in TGF-β-stimulated
fibroblasts (n=4).
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Figure 5 Paricalcitol prevents bleomycin-induced skin fibrosis. Treatment with paricalcitol ameliorated the histological features of fibrosis (A),
reduced dermal thickening (B), prevented the differentiation of resting fibroblasts into myofibroblasts (C), decreased the hydroxyproline content
(D) and normalised the mRNA levels of col 1a1 (E) in wild-type mice, but not in vitamin D receptor (VDR)-deficient mice. Representative images of
H&E- and trichrome-stained sections are shown at 200-fold magnification in (A) (n=6–8 per group).

Figure 6 Paricalcitol ameliorates transforming growth factor-β (TGF-β) receptor I (TBRICA)-induced skin fibrosis. Paricalcitol reduces TBRICA-induced
skin fibrosis (A) and reduces dermal thickening (B), myofibroblast differentiation (C), hydroxyproline content (D) and col 1a1 mRNA (E).
Representative images of H&E- and trichrome-stained sections are shown at 200-fold magnification in (A) (n=6 per group).
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VDR, the levels of VDR were also reduced in cultured SSc fibro-
blasts even after several passages in culture. However, VDR sig-
nalling in SSc is disturbed at the level of the receptor and
vitamin D3; the precursor of its endogenous ligand
1,25-(OH)2D3, is decreased in SSc. Several independent studies
from different countries with more than 1000 SSc patients in
total reported significantly reduced levels of vitamin D3 in
patients with SSc as compared with age- and sex-matched
healthy individuals.9 11–15 Moreover, reduced VDR signalling is
indirectly supported by the high prevalence of osteopenia and
osteoporosis in SSc patients.15 44 45 Together, these data high-
light severely impaired VDR signalling in SSc.

Our studies identify VDR as a negative regulator of fibroblast
activation that interferes with the pro-fibrotic effects of TGF-β.
Activated VDR binds to phosphorylated Smad3 and blocks
Smad-dependent transcription (see supplementary figure S6).
The reduced expression of VDR in SSc together with the
decreased levels of its ligand vitamin D3 thus impairs the regula-
tory effects of VDR signalling and enhances the sensitivity of
SSc fibroblasts to the pro-fibrotic effects of TGF-β. Indeed,
healthy fibroblasts become more sensitive to TGF-β and release
more collagen upon knockdown of VDR.

Our results are supported by clinical observations. A recent
study demonstrated an inverse correlation of the serum levels of
vitamin D3 and the modified Rodnan Skin Score,9 thereby
further highlighting the causal relationship of impaired VDR
signalling and fibrosis in SSc.

The simultaneous deficiency in VDR and its ligand in fibro-
blasts suggest that supplementation with standard doses of
vitamin D3 will not be sufficient to normalise VDR signalling in
SSc. Indeed, supplementation with standard doses of vitamin D
failed to correct the decreased vitamin D levels and restore
VDR signalling in SSc patients.16 Very high doses of vitamin D3

or 1,25-(OH)2D3, on the other hand, may cause hypercalcemia
and hyperphosphatemia as dose-limiting toxicity. However,
these concerns can be overcome by the use of novel synthetic
VDR agonists such as paricalcitol. Parcalcitol activates VDR
more potently than 1,25-(OH)2D3 and has a significantly
decreased risk of hypercalcemia and hyperphosphatemia.

Indeed, antifibrotic doses of paricalcitol were well tolerated in
our study without evidence of toxicity on clinical monitoring or
on necropsy. Treatment with paricalcitol restored VDR signalling
in SSc fibroblasts, inhibited Smad-dependent transcription and
reduced the pro-fibrotic effects of TGF-β on fibroblasts in vitro.
Preventive as well as therapeutic treatment with paricalcitol also
effectively ameliorated fibrosis in two murine models with dif-
ferent underlying pathologies representing different stages of
SSc patients.46 Moreover, VDR agonists may also be effective in
other fibrotic diseases. Indeed, VDR agonists have recently been
shown to prevent activation of hepatic stellate cells in liver cir-
rhosis and epithelial-to-mesenchymal transition in kidney fibro-
sis.47–50 VDR agonists may also modulate the outcome of
fibrotic diseases by regulating T cell differentiation and B cell
activation.6 Although further studies in additional model
systems are required, our findings have direct translational impli-
cations because paricalcitol is approved for clinical use.
Moreover, several other VDR agonists that likely resemble the
antifibrotic effects of paricalcitol such as 20S-hydroxyvitamin
D3 are under clinical investigation and showed promising effects
in murine models.51

In summary, we demonstrate that VDR is a negative regulator
of TGF-β signalling. Impaired VDR signalling with reduced
levels of vitamin D3 and decreased expression of VDR results in
hypersensitivity of SSc fibroblasts to TGF-β signalling and may

contribute to the uncontrolled activation of fibroblasts in SSc. In
contrast, activation of VDR with paricalcitol inhibits TGF-β sig-
nalling and ameliorates experimental fibrosis (see supplementary
figure 65). These findings may have clinical implications, consid-
ering the availability of well-tolerated, non-hypercalcemic VDR
agonists for clinical trials.

Acknowledgements We thank Katja Dreiβigacker, Regina Kleinlein, Rosella
Mancuso and Verena Wäsch for excellent technical assistance.

Contributors Design of the study: PZ and JHWD. Acquisition of data: PZ, SV, KPZ,
MT and JH. Interpretation of data: PZ, SV, KPZ, AD, CB, CD, OD, GS and JHWD.
Manuscript preparation: PZ, OD, GS and JHWD.

Funding Grants DI 1537/4-1, DI 1537/5-1, DI 1537/7-1, BE 5191/1-1, AK 144/
1-1 and SCHE 1583/7-1 of the Deutsche Forschungsgesellschaft, grants A40 and
J29 of the IZKF in Erlangen, the ELAN-Program of the University of
Erlangen-Nuremberg and the Career Support Award of Medicine of the Ernst Jung
Foundation; CMH Research Project 0000023728.

Competing interests OD has consultancy relationships and/or has received
research funding from Actelion, Pfizer, Ergonex, BMS, Sanofi-Aventis, United
BioSource Corporation, Medac, Biovitrium, Boehringer Ingelheim, Novartis, 4D Science
and Active Biotec in the area of potential treatments of scleroderma. JHWD has
consultancy relationships and/or has received research funding from Actelion, Pfizer,
Ergonex, BMS, Celgene, Bayer Pharma, Boehringer Ingelheim, JB Therapeutics,
Sanofi-Aventis, Novartis, Array Biopharma, KaroBio and Active Biotech in the area of
potential treatments of scleroderma and is stock owner of 4D Science GmbH.

Ethics approval Ethical Committee of the University Hospital Erlangen-Nuremberg.

Provenance and peer review Not commissioned; externally peer reviewed.

REFERENCES
1 Gabrielli A, Avvedimento EV, Krieg T. Scleroderma. N Engl J Med

2009;360:1989–2003.
2 Varga J, Abraham D. Systemic sclerosis: a prototypic multisystem fibrotic disorder.

J Clin Invest 2007;117:557–67.
3 Beyer C, Distler O, Distler JH. Innovative antifibrotic therapies in systemic sclerosis.

Curr Opin Rheumatol 2012;24:274–80.
4 Kowal-Bielecka O, Landewe R, Avouac J, et al. EULAR recommendations for the

treatment of systemic sclerosis: a report from the EULAR Scleroderma Trials and
Research group (EUSTAR). Ann Rheum Dis 2009;68:620–8.

5 Haroon M, Fitzgerald O. Vitamin D and its emerging role in immunopathology.
Clin Rheumatol 2012;31:199–202.

6 Cutolo M. Further emergent evidence for the vitamin D endocrine system
involvement in autoimmune rheumatic disease risk and prognosis. Ann Rheum Dis
2013;72:473–5.

7 Messa P, Alfieri C, Rastaldi MP. Recent insights into vitamin D and its receptor.
J Nephrol 2011;24(Suppl 18):S30–37.

8 Yee YK, Chintalacharuvu SR, Lu J, et al. Vitamin D receptor modulators for
inflammation and cancer. Mini Rev Med Chem 2005;5:761–78.

9 Arnson Y, Amital H, Agmon-Levin N, et al. Serum 25-OH vitamin D concentrations are
linked with various clinical aspects in patients with systemic sclerosis: a retrospective
cohort study and review of the literature. Autoimmun Rev 2011;10:490–4.

10 Belloli L, Ughi N, Marasini B. Vitamin D in systemic sclerosis. Clin Rheumatol
2011;30:145–6.

11 Calzolari G, Data V, Carignola R, et al. Hypovitaminosis D in systemic sclerosis.
J Rheumatol 2009;36:2844; author reply 2845.

12 Caramaschi P, Dalla Gassa A, Ruzzenente O, et al. Very low levels of vitamin D in
systemic sclerosis patients. Clin Rheumatol 2010;29:1419–25.

13 Gambichler T, Chrobok I, Hoxtermann S, et al. Significantly decreased serum
25-hydroxyvitamin d levels in a large german systemic sclerosis cohort. J Rheumatol
2011;38:2492–3; author reply 2494.

14 Rios Fernandez R, Fernandez Roldan C, Callejas Rubio JL, et al. Vitamin D
deficiency in a cohort of patients with systemic scleroderma from the south of
Spain. J Rheumatol 2010;37:1355; author reply 1356.

15 Rios-Fernandez R, Callejas-Rubio JL, Fernandez-Roldan C, et al. Bone mass and
vitamin D in patients with systemic sclerosis from two Spanish regions. Clin Exp
Rheumatol 2012;30:905–11.

16 Vacca A, Cormier C, Piras M, et al. Vitamin D deficiency and insufficiency in 2
independent cohorts of patients with systemic sclerosis. J Rheumatol
2009;36:1924–9.

17 Szyszka P, Zmijewski MA, Slominski AT. New vitamin D analogs as potential
therapeutics in melanoma. Expert Rev Anticancer Ther 2012;12:585–99.

18 Slatopolsky E, Dusso A, Brown A. New analogs of vitamin D3. Kidney Int Suppl
1999;73:S46–51.

19 Sprague SM, Llach F, Amdahl M, et al. Paricalcitol versus calcitriol in the treatment
of secondary hyperparathyroidism. Kidney Int 2003;63:1483–90.

Basic and translational research

Zerr P, et al. Ann Rheum Dis 2015;74:e20. doi:10.1136/annrheumdis-2013-204378 7 of 8

group.bmj.com on December 12, 2017 - Published by http://ard.bmj.com/Downloaded from 

http://ard.bmj.com/
http://group.bmj.com


20 Akhmetshina A, Dees C, Pileckyte M, et al. Rho-associated kinases are crucial for
myofibroblast differentiation and production of extracellular matrix in scleroderma
fibroblasts. Arthritis Rheum 2008;58:2553–64.

21 Kronke G, Reich N, Scholtysek C, et al. The 12/15-lipoxygenase pathway
counteracts fibroblast activation and experimental fibrosis. Ann Rheum Dis
2012;71:1081–7.

22 Akhmetshina A, Beer J, Zwerina K, et al. Decreased lymphatic vessel counts in
patients with systemic sclerosis: association with fingertip ulcers. Arthritis Rheum
2010;62:1513–22.

23 Beyer C, Schramm A, Akhmetshina A, et al. beta-catenin is a central mediator of
pro-fibrotic Wnt signaling in systemic sclerosis. Ann Rheum Dis 2012;71:761–7.

24 Dees C, Akhmetshina A, Zerr P, et al. Platelet-derived serotonin links vascular
disease and tissue fibrosis. J Exp Med 2011;208:961–72.

25 Horn A, Palumbo K, Cordazzo C, et al. Hedgehog signaling controls fibroblast
activation and tissue fibrosis in systemic sclerosis. Arthritis Rheum
2012;64:2724–33.

26 Akhmetshina A, Palumbo K, Dees C, et al. Activation of canonical Wnt signalling is
required for TGF-beta-mediated fibrosis. Nat Commun 2012;3:735.

27 Dees C, Tomcik M, Palumbo-Zerr K, et al. JAK-2 as a novel mediator of the
profibrotic effects of transforming growth factor beta in systemic sclerosis. Arthritis
Rheum 2012;64:3006–15.

28 Dees C, Schlottmann I, Funke R, et al. The Wnt antagonists DKK1 and SFRP1 are
downregulated by promoter hypermethylation in systemic sclerosis. Ann Rheum Dis
2014;73:1232–9.

29 Zerr P, Palumbo-Zerr K, Distler A, et al. Inhibition of hedgehog signaling for the
treatment of murine sclerodermatous chronic graft-versus-host disease. Blood
2012;120:2909–17.

30 Beyer C, Reich N, Schindler SC, et al. Stimulation of soluble guanylate cyclase
reduces experimental dermal fibrosis. Ann Rheum Dis 2012;71:1019–26.

31 Dees C, Tomcik M, Zerr P, et al. Notch signalling regulates fibroblast activation and
collagen release in systemic sclerosis. Ann Rheum Dis 2011;70:1304–10.

32 Palumbo K, Zerr P, Tomcik M, et al. The transcription factor JunD mediates
transforming growth factor {beta}-induced fibroblast activation and fibrosis in
systemic sclerosis. Ann Rheum Dis 2011;70:1320–6.

33 Li YC, Pirro AE, Amling M, et al. Targeted ablation of the vitamin D receptor: an
animal model of vitamin D-dependent rickets type II with alopecia. Proc Natl Acad
Sci USA 1997;94:9831–5.

34 Beyer C, Reichert H, Akan H, et al. Blockade of canonical Wnt signalling
ameliorates experimental dermal fibrosis. Ann Rheum Dis 2013;72:1255–8.

35 Beyer C, Skapenko A, Distler A, et al. Activation of pregnane X receptor inhibits
experimental dermal fibrosis. Ann Rheum Dis 2013;72:621–5.

36 Tomcik M, Zerr P, Pitkowski J, et al. Heat shock protein 90 (Hsp90) inhibition
targets canonical TGF-beta signalling to prevent fibrosis. Ann Rheum Dis 2014;73:
1215–22.

37 Khodzhigorova A, Distler A, Lang V, et al. Inhibition of sumoylation prevents
experimental fibrosis. Ann Rheum Dis 2012;71:1904–8.

38 Bergmann C, Akhmetshina A, Dees C, et al. Inhibition of glycogen synthase kinase
3beta induces dermal fibrosis by activation of the canonical Wnt pathway. Ann
Rheum Dis 2011;70:2191–8.

39 Marquart S, Zerr P, Akhmetshina A, et al. Inactivation of the cannabinoid receptor
CB1 prevents leukocyte infiltration and experimental fibrosis. Arthritis Rheum
2010;62:3467–76.

40 Reich N, Tomcik M, Zerr P, et al. Jun N-terminal kinase as a potential molecular
target for prevention and treatment of dermal fibrosis. Ann Rheum Dis
2012;71:737–45.

41 Kramer M, Dees C, Huang J, et al. Inhibition of H3K27 histone trimethylation
activates fibroblasts and induces fibrosis. Ann Rheum Dis 2013;72:614–20.

42 Weingartner S, Zerr P, Tomcik M, et al. Pomalidomide is effective for prevention and
treatment of experimental skin fibrosis. Ann Rheum Dis 2012;71:1895–9.

43 LeRoy EC. Increased collagen synthesis by scleroderma skin fibroblasts in vitro: a
possible defect in the regulation or activation of the scleroderma fibroblast. J Clin
Invest 1974;54:880–9.

44 Avouac J, Koumakis E, Toth E, et al. Increased risk of osteoporosis and fracture in
women with systemic sclerosis: a comparative study with rheumatoid arthritis.
Arthritis Care Res (Hoboken) 2012;64:1871–8.

45 Shinjo SK, Bonfa E, de Falco Caparbo V, et al. Low bone mass in juvenile onset
sclerosis systemic: the possible role for 25-hydroxyvitamin D insufficiency. Rheumatol
Int 2011;31:1075–80.

46 Beyer C, Schett G, Distler O, et al. Animal models of systemic sclerosis: prospects
and limitations. Arthritis Rheum 2010;62:2831–44.

47 Ito I, Waku T, Aoki M, et al. A nonclassical vitamin D receptor pathway suppresses
renal fibrosis. J Clin Invest 2013;123:4579–94.

48 Xiong M, Gong J, Liu Y, et al. Loss of vitamin D receptor in chronic kidney disease:
a potential mechanism linking inflammation to epithelial-to-mesenchymal transition.
Am J Physiol Renal Physiol 2012;303:F1107–15.

49 Zhang Y, Kong J, Deb DK, et al. Vitamin D receptor attenuates renal fibrosis by
suppressing the renin-angiotensin system. J Am Soc Nephrol 2010;21:966–73.

50 Ding N, Yu RT, Subramaniam N, et al. A vitamin D receptor/SMAD genomic circuit
gates hepatic fibrotic response. Cell 2013;153:601–13.

51 Slominski A, Janjetovic Z, Tuckey RC, et al. 20S-hydroxyvitamin D3, noncalcemic
product of CYP11A1 action on vitamin D3, exhibits potent antifibrogenic activity in
vivo. J Clin Endocrinol Metab 2013;98:E298–303.

Basic and translational research

8 of 8 Zerr P, et al. Ann Rheum Dis 2015;74:e20. doi:10.1136/annrheumdis-2013-204378

group.bmj.com on December 12, 2017 - Published by http://ard.bmj.com/Downloaded from 

http://ard.bmj.com/
http://group.bmj.com


in systemic sclerosis
 signallingβVitamin D receptor regulates TGF-

Distler, Georg Schett and Jörg H W Distler
Huang, Alfiya Distler, Christian Beyer, Clara Dees, Kolja Gela, Oliver 
Pawel Zerr, Stefan Vollath, Katrin Palumbo-Zerr, Michal Tomcik, Jingang

doi: 10.1136/annrheumdis-2013-204378
2014

2015 74: e20 originally published online January 21,Ann Rheum Dis 

 http://ard.bmj.com/content/74/3/e20
Updated information and services can be found at: 

These include:

Material
Supplementary

 78.DC1
http://ard.bmj.com/content/suppl/2014/01/21/annrheumdis-2013-2043
Supplementary material can be found at: 

References
 #BIBLhttp://ard.bmj.com/content/74/3/e20

This article cites 49 articles, 23 of which you can access for free at: 

service
Email alerting

box at the top right corner of the online article. 
Receive free email alerts when new articles cite this article. Sign up in the

Collections
Topic Articles on similar topics can be found in the following collections 

 (4253)Connective tissue disease

Notes

http://group.bmj.com/group/rights-licensing/permissions
To request permissions go to:

http://journals.bmj.com/cgi/reprintform
To order reprints go to:

http://group.bmj.com/subscribe/
To subscribe to BMJ go to:

group.bmj.com on December 12, 2017 - Published by http://ard.bmj.com/Downloaded from 

http://ard.bmj.com/content/74/3/e20
http://ard.bmj.com/content/suppl/2014/01/21/annrheumdis-2013-204378.DC1
http://ard.bmj.com/content/suppl/2014/01/21/annrheumdis-2013-204378.DC1
http://ard.bmj.com/content/74/3/e20#BIBL
http://ard.bmj.com//cgi/collection/connective_tissue_disease
http://group.bmj.com/group/rights-licensing/permissions
http://journals.bmj.com/cgi/reprintform
http://group.bmj.com/subscribe/
http://ard.bmj.com/
http://group.bmj.com

