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A B S T R A C T

Background: Vismodegib, as an exogenous Indian hedgehog (Ihh) antagonist, has been approved by the Food and
Drug Administration (FDA) for the clinical treatment of patients with basal cell carcinoma, and previous obser-
vations implicate the potential therapeutic of vismodegib in osteoarthritis treatment. However, there is no direct
evidence for the role of Ihh signaling in intervertebral discs (IVDs) homeostasis of adult mice. The aim of the
present study is to assess the effect of systemic administration of Smoothened inhibitor (SMOi) - vismodegib on
IVDs homeostasis during the adult stage.
Methods: The expression of glioma-associated oncogene homolog 1 (Gli1), the downstream targeting gene of Ihh
signaling, in IVDs of adult mice after receiving systemic administration of SMOi was examined by immunohis-
tochemistry. The pathological changes of vertebral bodies after SMOi treatment were evaluated by X-ray and
micro-CT. The effects of SMOi on homeostasis of IVDs including cartilaginous endplates (CEP), growth plates (GP)
and annulus fibrous (AF) were evaluated by histological analysis. The expressions of Aggrecan, Matrix metal-
loproteinase 13 (MMP13) and Runt-related transcription factor 2 (Runx2), in IVDs were also investigated by
immunohistochemistry. Changes in chondrocyte apoptosis and proliferation in IVDs were evaluated by terminal
deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay and analyzing the expression of the cell
proliferation antigen Ki-67.
Results: Systemic administration of SMOi significantly decreased the expression of Gli1 in IVDs that indicating
effective inhibition of Ihh signaling. Bone mass of vertebral bodies was diminished after SMOi treatment.
Moreover, IVDs degeneration (IDD) like defects including CEP sclerosis, degenerative nucleus pulposus (NP) and
fissure within AF, as well as narrowed or fused GP and loss bone mass of vertebral bodies was observed in SMOi-
treated mice. The severity of IDD was time-dependent with the administration of SMOi treatment after 2–8 weeks.
The expressions of Aggrecan, MMP13 and Runx2 in IVDs of mice receiving SMOi treatment were significantly
decreased. In addition, chondrocyte apoptosis was significantly enhanced, while chondrocyte proliferation was
significantly inhibited.
Conclusions: Our study propose that systemic administration of vismodegib damages IVDs homeostasis via inhi-
bition of Ihh signaling in adult mice. The clinical application of Ihh signaling antagonists such as vismodegib
should be careful considering these side adverse.
The Translational Potential of this Article: Vismodegib as an exogenous antagonist of Ihh signaling has been
approved by the FDA for the clinical treatment of patients with basal cell carcinoma. However, it is still unknown
whether vismodegib will has adverse effects on the patient or animal model of IVDs cartilage homeostasis. Based
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on our study, systemic administration of vismodegib damages IVDs homeostasis via inhibition of Ihh signaling in
adult mice and special attention should be paid to the clinical application of vismodegib.
1. Introduction

Low back pain (LBP) is a major musculoskeletal disorder causing
disability in the worldwide. Intervertebral discs (IVDs) are complex
cartilaginous tissue, and IVDs degeneration (IDD) is an important reason
of LBP [1]. IDD is characterized by nucleus pulposus (NP) loss, annulus
fibrosus (AF) defects and cartilaginous endplates (CEP) sclerosis or
calcification [2]. Various molecules and pathways involved in cartilage
development and degeneration, such as hedgehog (Hh) signaling
pathway, are implicated in the pathogenesis of IDD and able to poten-
tially serve as therapeutic targets [3,4].

In the canonical Hh signaling pathway, Hh family includes three
homologues, Indian Hh (Ihh), Sonic Hh and Desert Hh [5]. The activation
and transduction of the Ihh signaling pathway require the participation
of a variety of signaling molecules, in which the Ihh ligand binds to
Patched receptor and releases Smoothened (Smo), thus activating nu-
clear transcription factors the glioma-associated oncogene homolog (Gli)
family and causing biological effects [6] (Fig. 8A and B). Ihh signaling is a
critical pathway to regulate the skeletal development and homeostasis
during the postnatal stage, especially in endochondral ossification. In the
development of the GP, Ihh is mainly expressed in the pre-hypertrophic
zone and in a few chondrocytes in hypertrophic zone, which directly
regulates the proliferation and hypertrophy of chondrocytes [7,8]. Dur-
ing human osteoarthritis (OA) development, activation of Ihh signaling
promotes the expression of OA markers, such as type-X collagen and
matrix metalloproteinase (MMP) �13 for chondrocyte hypertrophy that
closely associated with cartilage degeneration [9]. Inhibition of Ihh
signaling attenuates cartilage degradation by suppressing chondrocyte
hypertrophy in post-traumatic OA mouse models of the knee joint and
temporomandibular joint (TMJ) [10], whereas activation of Ihh signaling
in turn leads to OA in normal knee joints [11,12]. These evidences
indicate that Ihh signaling is a therapeutic target for OA, and inhibition of
Ihh signaling in the articular cartilage may prevent or delay OA pro-
gression in adults.

Previous works indicated that the pathophysiological process of IDD
resembles OA. For example, both the hypertrophic differentiation of
chondrocytes and the degradation of cartilage matrix are common
characteristics that are observed in these pathological process [13].
Furthermore, similar to articular cartilage, Ihh is synthesized and
expressed in the postnatal IVDs and Ihh signaling plays a significant role
in growth, differentiation and aging of IVDs [3,14], and the blockade of
Ihh signaling via knockdown Ihh with siRNA suppresses the expression of
cartilage degeneration markers both in vitro and ex vivo [15]. These ev-
idences speculate that Ihh signaling may also serve as a therapeutic target
to modify IDDs progression in vivo. What is noteworthy is that Hh
signaling pathway is essential for the embryonic formation and postnatal
homeostasis of IVDs, in which Shh contributes to the synthesis of extra-
cellular matrix and maintenance of IVDs structure and function in adults
[6]. Additionally, our previous observations suggested that Ihh signaling
inhibitor could play a role as “double-edged sword”, i.e., it inhibited
chondrocytes hypertrophy while also suppressed proliferation of chon-
drocytes in TMJ cartilage during the adult stage, especially in health
cartilage [16], and similar results were also reported in following study
by other research groups [17]. Therefore, it is necessary to investigate the
effect of inhibitor in Ihh signaling on the health IVDs during adult stages
in vivo.

The ligands and receptors such as Smo and Gli1 in Ihh signaling are
generally considered as the common targets for pharmacologic agents
[18]. Vismodegib (GDC-0449), a selective inhibitor of Smo (SMOi), is an
exogenous antagonist of Ihh signaling that has been discovered in recent
years, and has been widely used in various cancers preclinical models
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dependent on Ihh signaling pathway [18] (Fig. 8A and B). These studies
clearly support the potential of vismodegib to regulate several
cancer-related cellular processes via inhibition of Ihh signaling pathway,
including proliferation, migration, invasion and angiogenesis [5].
Moreover, due to satisfied clinical remission rate in basal cell carcinoma,
vismodegib has been approved by the FDA for the clinical treatment of
patients with basal cell carcinoma [18]. However, it is still unknown
whether vismodegib will has adverse effects on the patient or animal
model of IVDs cartilage homeostasis. Considering that Ihh signaling is
essential for the embryonic formation and postnatal homeostasis of IVDs
[6] and vismodegib is already being used in clinical patients, this ques-
tion is required to be clear. Therefore, it is necessary to investigate the
effect of vismodegib on health IVDs during the adult stage in vivo.

In order to determine whether vismodegib mediated Ihh signaling
pathway blockade has an impact on IVDs cartilage homeostasis, systemic
delivery of vismodegib in adult mice was investigated in the present
study. Our results demonstrated that inhibition of Ihh signaling by SMOi
treatment resulted in IDD-like changes, including CEP sclerosis, degen-
erative NP and fissure within AF, as well as narrowed or fused GP and
diminished bone mass of vertebral bodies. Based on these findings, we
propose that systemic administration of vismodegib damages IVDs ho-
meostasis in adult mice.

2. Materials and methods

2.1. Ethical statement

All mice were of the C3H/HeJ background. Animal studies were
performed in strict accordance with protocols approved by the Labora-
tory Animal Welfare and Ethics Committee of Army Medical center
(Chongqing, China).

2.2. Animals and groups

As reported in our previous study, vismodegib was reconstituted in
50% (w/v) 2-hydroxypropyl-β-cyclodextrin (Sigma-Aldrich, St. Louis,
MO, USA) in sterile water for intraperitoneal injection in mice [16]. In
present study, eighty male mice in adult (8 weeks, 25–30 g) were
randomly divided into eight groups: mice in the SMOi groups were
intraperitoneally injected with vismodegib (0.5 mg/day/10 g body
weigh) daily for 3 days (SMOi_3-days group, n ¼ 10), 2-weeks
(SMOi_2-weeks group, n ¼ 10), 4-weeks (SMOi_4-weeks group, n ¼ 10)
and 8-weeks (SMOi_8-weeks group, n ¼ 10), respectively; The remaining
mice served as controls and were injected with the same amount of 50%
(w/v) 2-hydroxypropyl-β-cyclodextrin (Sigma-Aldrich, St. Louis, MO,
USA) in sterile water for 3 days, 2, 4 and 8 weeks, respectively. After the
completion of time course (3 days, 2, 4, or 8 weeks), the mice in SMOi
and control groups were sacrificed after the breeding 1 day and sampled.
The schedule of administration of SMOi and vehicle control in mice is
shown in Fig. 1A. Up to the end of this study, none of mice in this study
has died and other signs of systemic adverse events unexpectedly during
SMOi or vehicle control injection.

2.3. X-ray and micro-computed tomography scanning and analysis

The IVDs specimens were placed on the workbench and exposed for
15s and X-ray images were obtained using an MX-20 Cabinet X-ray sys-
tem (Faxitron X-Ray, Tucson, AZ, USA). The each undecalcified lumbar
vertebrae was scanned using a vivaCT 40 micro-CT system (Scanco
Medical, Brüttisellen, Switzerland) with an isotropic voxel size of 15 μm.
Constant thresholds (222) were applied to grayscale images to
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Figure 1. Systemic delivery of SMOi inhibits Ihh signaling activation in IVDs tissue of mice. (A) Scheme of experiment showing that mice in SMOi groups received
daily intraperitoneal injection of SMOi for 3 days, 2, 4, and 8 weeks, respectively, and control vehicle mice received the same amount of 50% (W/V) 2-hydroxypropyl-
β-cyclodextrin and sterile water. After the completion of time course, mice were sacrificed after the breeding 1 day and sampled. (B–H) Immunohistochemistry assay
for Gli1 expression in IVDs of mice treated SMOi for 3 days. The Gli1-positive cells in CEP (B, C, F), GP (B, C, G) and AF (D, E, H) in SMOi and control groups. (I–O)
Immunohistochemistry assay for Gli1 expression in IVDs of mice treated SMOi for 2 weeks. The Gli1-positive cells in CEP (I, J, M), GP (I, J, N) and AF (K, L, O) in
SMOi and control groups. Red arrows: positive cells. GP: growth plates, CEP: cartilaginous endplates, AF: annulus fibrosus, SMOi: smoothened inhibitor, vismodegib.
Values represent mean with 95%CI. *p < 0.05. (n ¼ 10), Scale bar: 500 μm.
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distinguish the bone from soft tissues. A cylindrical volume of interests
(VOIs) was selected for three-dimensional (3D) reconstructions, which
were in central trabeculae bone between the superior and inferior
cartilage endplates of the L4 vertebral bodies in the all groups (a total of
120 images were scanned in each IVDs specimens). The microstructural
indices of volume of interests (L4), bone volume/tissue volume (BV/TV)
was collected. Serial 15-μm 2-D and 3-D images were acquired at 70 kV
and 113 mA.
2.4. Histological assessment

Lumbar IVDs samples were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer overnight, decalcified in 15% EDTA-phosphate buff-
ered saline at 4 �C for 10 days and then embedded in paraffin. 5-μm thick
sections were stained with Alcian blue combined with hematoxylin and
eosin (H & E) for light microscopic examination. These stained sections
were used to investigate the degenerative change scoring of IVDs (L4/5)
using a modified scoring system [19,20]. The scoring system integrated
classification system proposed by Melgoza et al. for evaluating
age-related characteristics of the lumbar IVDs based on degenerative
alteration of CEP, NP and AF [21].
2.5. Immunostaining analysis

Decalcified lumbar vertebral sections were deparaffinized with
xylene for 30 min, and endogenous peroxidase activity was quenched by
treatment with 3% H2O2 for 10 min, followed by antigen retrieval by
trypsinization for 10 min at 37 �C. Sections were then blocked with
normal goat serum for 30 min and incubated at 4 �C overnight with
primary antibody followed by the appropriate biotinylated secondary
antibody and horseradish peroxidase-conjugated streptavidin-biotin
staining. Immunoreactivity was visualized with a 3,30-diaminobenzidine
tetrahydrochloride kit (ZSGB-BIO, Beijing, China) followed by counter-
staining with Methyl Green. Primary antibodies against the following
proteins were used: Ki-67 (1:100; Abcam, Cambridge, MA, USA), MMP-
13 (1:200; Abcam, Cambridge, MA, USA), Aggrecan (1:100; Abcam,
Cambridge, MA, USA Abcam), Gli1 (1:100, Abcam, Cambridge, MA,
USA) encoding runt-related transcription factor-2 (Runx2), (1:100;
Abcam, Cambridge, MA, USA). According to the instructions for each
type of antibody, cells with hyperchromatic nuclei or cytoplasm are
selected as positive cells. Ten paraffin sections in each group were
randomly selected to observe the same area including GP, AF and CEP
under an optical microscope and the number of positive cells was
calculated using Image J (Rawak Software Inc., Stuttgart, Germany).
2.6. Apoptosis assay

The TUNEL assay was carried out with the In Situ Cell Death Detec-
tion kit (Roche Applied Science, Pleasanton, CA, USA) according to the
manufacturer's instructions. According to the instructions, cells with
green fluorescence are selected as positive cells. Ten paraffin sections in
each group were randomly selected to observe the same area at CEP, NP
and GP under the fluorescence microscope and the number of positive
cells was calculated using Image J (Rawak Software Inc., Stuttgart,
Germany).
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2.7. Statistical analysis

Data were analyzed using the SPSS 19.0 software (SPSS Inc., Chicago,
IL, USA) and GraphPad Prism v.9.0 software (GraphPad Inc., La Jolla, CA,
USA). Results in our graphs were expressed as meanwith 95% confidence
interval. Differences between 2 groups were evaluated using Unpaired
Student's t test. Analysis of variance (ANOVA) was used for comparisons
of multiple groups followed by Tukey post hoc test. P < 0.05 was
considered statistically significant.

3. Results

3.1. Systemic delivery of SMOi inhibits Ihh signaling activation in IVDs
tissue of mice

Among Ihh signaling pathway, three Gli isoforms including Gli1, Gli2
and Gli3 in mammals are the downstream effector of Smo. Gli1 is not
only the transcription activator but also as a transcriptional protein of
GLI2, thereby amplifying the transcriptional response to Hh signals [22,
23]. Moreover, Gli1 is able to directly induce cellular differentiation in a
Runx2-independent manner and mediates the biological function of Gli2
and Gli3 in osteogenesis [24] and Gli1 is typically thought to be a reliable
biomarker of Ihh signaling activation [25]. To investigate the inhibiting
effect of Ihh signaling after SMOi treatment in IVDs tissue, the expression
of Gli1 were assessed in IVDs of mice that received daily injection of
SMOi or vehicle control intraperitoneally for 3 days. Immunohisto-
chemistry (IHC) analysis for Gli1 expression in IVDs tissues showed that a
large number of positive cells located in CEP, GP and AF of control IVDs
(Fig. 1B and D), and which was significantly decreased by 28.54%,
24.43% and 24.37% in CEP, GP and AF after SMOi treatment (Fig. 1C, E
and F–H). Further analysis of X-ray, micro-CT, histological stain showed
that there was no significant difference in vertebral bones and IVDs
structural integrity between mice treated with SMOi for 3 days and
control groups (Fig. 1S). These data demonstrated that SMOi treatment
directly inhibited Ihh signaling in IVDs tissues after daily administration
for 3 days.

While the expression of Gli1 in IVDs was further reduced in mice after
treated with SMOi for 2 weeks. Statistical analysis showed that the
proportion of cells expressing Gli1 in IVDs of SMOi group was signifi-
cantly decreased by 40.86%, 35.37% and 43.36% in CEP, GP and AF,
respectively (Fig. 1I-O). Moreover, obvious changes such as bone cavities
within the CEP were observed (Fig. 1L). Together, these data suggested
that Ihh signaling in the IVDs of SMOi group was further inhibited after 2-
weeks SMOi treatment and induce morphological change in IVDs.

3.2. SMOi treatment causes loss volume of spinal bone mass in mice

Ihh signaling is closely involved in osteoblastic activity and the
regulation of bone remodeling [26]. Further study found that Ihh is
expressed at the osteogenic edge of growing cranial bones, and promotes
bone formation by regulating osteogenic differentiation [27]. To inves-
tigate the effect of Ihh signaling inhibition on the bone quality and gross
change of spine in mice during the adult stage, X-Ray assessment was
performed. The imaging analysis showed that central trabecular struc-
ture within the vertebral body was slightly reduced, while trabecular
spacing was increased in mice that received SMOi treatment for 2 weeks
compared to vehicle control groups (Fig. 2A and B). These changes were
obvious gradually in mice that had been injected with SMOi for 4 and 8



Figure 2. Radiographic assessment of lumbar spine phenotypes in mice. (A-L) The film of spines of mice that received SMOi injection and vehicle control
treatment and higher magnification views of L4 and L4/5 IVDs in solid and dotted boxes. Red arrows: fusion of CEP, IVDs: intervertebral discs, SMOi: smoothened
inhibitor, vismodegib, L4: the 4th lumbar., Scale bar: 1000 μm.
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weeks (Fig. 2C–F) and the X-ray images also showed that CEP and GP at
the end of intervertebral bodies fused after 8 weeks of continuous SMOi
injection (Fig. 2L, Red arrow).

Furthermore, 3D reconstruction images indicated that the trabecular
number and thickness of the cancellous bone in the vertebral body is
gradually decreased with following SMOi injection for 2, 4 and 8 weeks
(Fig. 3A–F). CT parametric analysis confirmed these changes and a
gradual decrease in bone volume fraction (BV/TV) after SMOi injection,
which reached a statistically significant difference after 8-weeks SMOi
injection (Fig. 3G). These results indicated that systemic delivery of SMOi
caused the decrease of vertebral bone volume in adult mice.
3.3. Systemic delivery of SMOi leads IDD-like changes in mice

Histological analyses were carried out to focus on the morphological
and cellular changes underlying in IVDs of these mice. In control groups
at different time points, chondrocytes in the proliferative zone of GP
displayed a typical columnar organization and CEP connecting IVDs to
the vertebrae was almost uniform in thickness and filled with round
chondrocytes and extracellular matrix (Fig. 4A, C and E). AF showed
normal organization of fibrocartilage lamellae and the NP contained
abundant hydrated inner structure and cells sounded by large zones of
acellular matrix (4A, C and E).
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However, during the course of SMOi treatment, a series of IDD-like
changes appeared in the IVDs of mice. First of all, the volume of the
GP began to decrease and a clear reduction in the zone of proliferating
chondrocytes with an irregular organization were observed (Fig. 4B).
These phenotypes became more obvious at 4 weeks after SMOi injection
and GP notably becomes further narrowed and even lost their normal
structural continuity after 8 weeks of SMOi treatment (Fig. 4B, D and F).
Secondly, a number of bone cavities within the CEP, especially located in
the outer CEP border were observed in mice after 2 weeks SMOi treat-
ment (Fig. 4B). These cavities became more obvious and began to appear
gradually in the center of the CEP after 4 and 8 weeks of SMOi treatment
in mice (Fig. 4D and F), which is consistent with previous study and
represents a symbol of CEP sclerosis [28,29]. Thirdly, SMOi treatment
resulted in the disorganization with obvious fissures in fibrocartilage
lamellae of AF (Fig. 4B, D and F). Last but not the least, vacuolation of NP
cells and loss of extracellular matrix, as main characteristics of IDD [2],
which were obvious especially in SMOi groups at 8 weeks of SMOi
treatment compared with the control group (Fig. 4B, D and F). Since GP,
CEP, NP and AF of the IVDs in mice all showed varying degrees of
degeneration after SMOi systemic injection, a histologic assessment of
IDD degeneration was applied to evaluate the pathological changes in
IVDs [21]. Statistical analysis revealed that there was a significant in-
crease in total scores of IDD in SMOi group, which indicated that IDD



Figure 3. Micro-CT analysis of L4 in mice. (A-F) The 3D reconstruction of central bone trabecular structure of L4 bodies in SMOi and control groups. (G) The BV/TV
in L4 in the SMOi and control groups. SMOi: smoothened inhibitor, vismodegib. Values represent mean with 95%CI. *p < 0.05, (n ¼ 10), Scale bar: 1000 μm.
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occurred in the IVDs of mice in the SMOi group (Fig. 4G). Therefore,
these results indicated that systemic delivery of SMOi treatment caused
IDD-like changes in mice.
3.4. Systemic delivery of SMOi impairs the homeostasis of cartilage in mice
IVDs

Due to the early phenotype of IDD-like changes was observed in the
IVDs of mice after 2-weeks SMOi treatment, we select this timepoint to
further investigate the pathological alterations and underlying mecha-
nism. Aggrecan is a proteoglycan with many glycosaminoglycan side
chains located in the cartilage of IVDs, and the loss of proteoglycan
expression in cartilage is supposed as an early event in IDD [30]. IHC
staining for aggrecan showed that positive cells were significantly
decreased in CEP of mice after SMOi treatment compared to that in the
vehicle control group (Fig. 5A, B and E). Considering the less organiza-
tion of AF was observed in SMOi-treated mice, we also assessed the
aggrecan expression in GP and AF. Similarity, compared with the control
group, aggrecan expression in GP (Fig. 5A–B, F) and inner AF (Fig. 5C, D
and G) of SMOi-treated mice were also markedly decreased. The loss of
aggrecan expression in IDD is due in part to a decreased capacity for
synthesis, and is also associated with degradation in the extracellular
matrix by MMPs and aggrecanases in vivo [30]. MMP-13 in one of the
major MMPs implicated in disc proteolytic destruction, and which is also
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involved in the hypertrophic differentiation of chondrocytes in IVDs
[31]. However, not as expected, IHC analysis for MMP-13 showed that
the proportion of positive cells in CEP (Fig. 5H, I and L), GP (Fig. 5H, I
and M) and AF (Fig. 5J, K and N) of SMOi-treated mice after 2 weeks for
SMOi treatment were decreased relative to the vehicle control mice.
Runx2 is widely supposed as one of the most recognized transcription
factor that associated with osteoblast differentiation and chondrocytes
maturation [32]. IHC results show that the proportion of Runx2 positive
cells in GP and CEP of SMOi-treated mice significantly decreased relative
to vehicle control mice (Fig. 6A–D). Thus, above results indicates that
systemic delivery of SMOi in mice delays the terminal differentiation of
chondrocytes in IVDs.

Furthermore, we investigated proliferation and apoptosis of chon-
drocytes in IVDs. Ki-67 protein is a marker for cellular proliferation, and
the levels of Ki-67 expression is associated with cellular proliferation
[33]. Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay is a method for detecting DNA fragmentation during
cellular apoptosis [34]. IHC analysis for Ki-67 revealed that there was a
significantly decrease of proliferating cells in CEP (Fig. 7A, B and E), GP
(Fig. 7A, B and F) and inner AF (Fig. 7C, D and G) in SMOi-treated mice.
On the other hand, TUNEL-positive apoptotic cells were more abundant
in CEP (Fig. 7H, I and L), GP (Fig. 7H, I and M) and inner AF (Fig. 7J, K
and N) of SMOi-treated mice in comparison with control vehicle treat-
ment mice. These data suggests that systemic delivery of SMOi in mice



Figure 4. Histological assessment of the IVDs (L4/5) in mice. (A-F) H&E combined Alcian blue stained sections of IVDs in the SMOi and control groups and higher
magnification views of NP, GP/CEP and AF shown in boxes. (G) Total scores of IDD in SMOi and control groups. AF: annulus fibrosus, NP: nucleus pulposus, GP:
growth plates, CEP: cartilaginous endplates. SMOi: smoothened inhibitor, vismodegib. Values represent mean with 95%CI. *p < 0.05, (n ¼ 10), Scale bar: 500 μm (A-
F) Scale bar: 250 μm (higher magnification views).
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Figure 5. Immunohistochemistry assay for aggrecan and MMP-13 in IVDs of mice treated with SMOi for 2 weeks. The aggrecan-positive cells in CEP (A, B, E),
GP (A, B, F) and AF (C, D, G) in SMOi and control groups. MMP13-positive cells in CEP (H, I, L), GP (H, I, M) and AF (J, K, N) in SMOi and control groups. GP: growth
plates, CEP: cartilaginous endplates. SMOi: smoothened inhibitor, vismodegib. Values represent mean with 95%CI. *p < 0.05 (n ¼ 10). Scale bar: 500 μm. Red arrows:
positive cells.
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inhibits the proliferation of chondrocytes in IVDs, while enhanced their
apoptosis.

4. Discussion

Our data show that systemic administration of a targeted Smo inhi-
bition (vismodegib, SMOi) damages IVDs homeostasis via inhibition of
Ihh signaling in adult mice (Fig. 8). At the adult stage, the downstream of
Ihh signaling, Gli1, is abundantly expressed in the tissues of IVDs.
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Inhibiting Ihh signaling by targeting Smo resulted in CEP sclerosis,
fissure within AF, NP degradation and loss extracellular matrix in carti-
lage tissues of IVDs as well as loss volume of GP and trabecular bone of
vertebral bodies. These data suggest that SMOi leads IDD-like defects in
IVDs of adult mice. Our further histological analysis revealed decreased
cellular proliferation and increased cellular apoptosis in chondrocytes of
CEP and GP after SMOi treatment. Thus, we conclude that the down-
regulated activation of Ihh signaling inhibits the survival of normal
chondrocytes in IVDs during the adult stage.



Figure 6. Immunohistochemistry assay for Runx2 in IVDs of mice treated with SMOi for 2 weeks. Runx2-positive cells in CEP and GP in SMOi and control
groups. Red arrows: positive cells. GP: growth plates, CEP: cartilaginous endplates, SMOi: smoothened inhibitor, vismodegib. Values represent mean with 95%CI. *p <

0.05. (n ¼ 10), Scale bar: 500 μm.
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In our study, loss of vertebral bone was observed in mice during the
adult stage after SMOi treatment. It is known that Ihh signaling is sug-
gested to exert important role on osteoblasts differentiation and matu-
ration to sustain trabecular bone and protect the volume and structure of
trabecular bone from osteopenia [26,35,36]. Therefore, we speculate
that SMOi treatment impair the volume of vertebral bone in mice at least
in part via the inhibition of osteoblasts differentiation and maturation in
bone remodeling. Additionally, our data showed that the loss volume of
primary trabeculae under the GP was observed in mice after SMOi
treatment, and the homeostasis of the GP was also disordered. Ihh
signaling acts as a master regulator in endochondral ossification during
GP development [37], and plays an essential role in maintaining the GP
for sustaining trabecular bone during postnatal stage [36]. We suggest
the possibility that both the disorder of endochondral ossification and
bone remodeling abnormality are involve in the decreased volume of
vertebral bone caused by the inhibition of Ihh signaling.

Bone cavities in mice after SMOi treatment were surrounded with the
bone matrix, which is similar to CEP sclerosis, as one of IDD-like phe-
notypes, caused by the disorder of endochondral ossification reported in
previous studies [28]. At the early stage of SMOi treatment, the ossifi-
cation of CEP was primarily observed in outer border, and which was
becoming more obvious following time. In the view of the fact that
previous studies have identified IVDs progenitor cells in stem cell niche
areas of IVDs located in perichondrium areas outside of the epiphyseal
plate [38]. In accordance with previous reports [14], our data show that
the downstream target Gli1 of Ihh signaling are expressed to different
extents in all components of adult mice IVDs. Recently, it is reported that
conditional ablation of Ihh in chondrocytes of adult mice led to reduce
the numbers of chondroprogenitors in vivo [17], while activation of Ihh
signaling in mesenchymal stem cells induces cartilage and bone tumor
formation [39]. Thus, we speculate that Ihh signaling inhibition impairs
chondroprogenitors in stem cell niche areas of IVDs, which is involved in
the development of CEP ossification in our study. Additionally, CEP is the
main way of nourishing IVDs. One of the important mechanisms of IDD is
CEP degeneration or sclerosis which reduces nutrient supply of IVDs
[40]. In some studies, CEP ossification with a reduction in porosity and
permeability accelerated degeneration of IVDs during the osteoporosis
process [41,42], which suggests that the disorder of vertebral bone
remodeling in SMOi-treated mice may hinder the transfer of nutrients to
cartilage and accelerate CEP degeneration or sclerosis.
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Our further analysis revealed that the loss of aggrecan expression, as
another common feature of IDD, was observed in tissues of IVDs after
SMOi treatment. During the pathological process of IDD, loss of aggrecan
in part be due to a decreased capacity for synthesis after the terminal
differentiation of chondrocytes, and is also associated with increased
extracellular matrix degradation by MMPs and aggrecanases [30]. Our
data showed that the down-regulation of chondrocyte terminal differ-
entiation and MMP13 expression in normal IVDs cartilaginous tissues of
SMOi-treated mice. In fact, activation of Ihh signaling promotes the
differentiation of periarticular chondrocytes into columnar chondrocytes
of GP [43,44], while chondrocyte-specific inhibition of Ihh signaling
delays chondrocyte hypertrophy in mice [8]. Additionally, Ihh blockade
reduced the expression of MMPs and aggrecanases, including MMP13
and ADAMTS5 (a disintegrin and metalloproteinase with thrombo-
spondin motifs), in cartilage samples of mice and human [11,12]. These
evidences confirm that the decreased expression of extracellular matrix
in SMOi-treated mice in our study is not mainly due to the regulation of
chondrocyte differentiation and matrix catabolism by Ihh signaling. We
observed the reduced proliferation and increased apoptotic incidence of
chondrocytes in IVDs of SMOi-treated mice and similar findings have
been present in postnatal condylar cartilage [17]. Considering that the
proportion of the resident chondrocytes are closely related to the
expression of aggrecan, we suggest that the downregulated activation of
Ihh signaling via SMOi treatment impair the survival of normal chon-
drocytes in IVDs and result in the loss of extracellular matrix during the
adult stage.

Previous studies reported that an aberrant activation of Ihh signaling
occurred in OA chondrocytes, and which leading to cartilage degenera-
tion [9,11]. Moreover, the protective effect of Ihh signaling inhibition
was reported in surgically induced knee joint OA [12]. Thus, it is
well-known that inhibiting Ihh signaling in chondrocytes as a potential
therapeutic strategy can prevent and treat OA. However, this study
showed that Ihh pathway inhibition caused IDD-like changes in healthy
adult mice. In our previous study, the cartilage fusion of GP in long bone
was observed in SMOi-treated mice, but no significant change was
observed in articular cartilage of knee joints [45]. Additionally, the
different effect of Ihh signaling inhibition on the different types of
articular cartilage during the adult stage was reported [12,17]. We
consider that the role of Ihh signaling on the cartilage degeneration due
to a complex interaction with other pathological factors or the



Figure 7. Immunohistochemistry for Ki-67 and TUNEL assay in IVDs of mice treated with SMOi for 2-weeks. Ki-67 positive cells in CEP (A, B, E), GP (A, B, F)
and AF (C, D, G) in SMOi and control groups. The TUNEL-positive cells in CEP (H, I, L), GP (H, I, M) and AF (J, K, N) in SMOi and control groups. GP: growth plates,
CEP: cartilaginous endplates, SMOi: smoothened inhibitor, vismodegib. Values represent mean with 95%CI. *p < 0.05, (n ¼ 10). Scale bar: 500 μm.
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chondrocyte fate in different cartilage tissues, such that any role of Ihh
signaling is extremely context-dependent. Therefore, the clinical appli-
cation of vismodegib regulating the Ihh signaling pathway needs to be
particularly cautious, especially for juvenile patients with benign dis-
eases. For example, the systematic application of vismodegib was re-
ported to induce early epiphyseal closure in juveniles with cancers,
which has received increasing attention [46–48]. To the best of our
knowledge, the present study is the first to observe vismodegib causing
early fusion of the metaphyseal in the vertebral body, and we further
elucidate the possible mechanism that vismodegib causes IDD-like
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changes, at least in part, via inhibiting proliferation of IVDs chon-
drocytes and promoting apoptosis to disrupt cartilage homeostasis.
Certainly, the results of our study are required to be verified by more
clinical studies in the future, so that we can pay attention to the long-term
effect of vismodegib on skeletal system in clinical application.

However, this study has several limitations. Firstly, although the
vacuolation of NP cells and loss of extracellular matrix were observed in
NP tissues of SMOi groups, we did not perform immunohistochemical
methods to further evaluate these changes. This is because the tissue of
nucleus pulposus was obviously lost in IHC staining of paraffin sections.



Figure 8. Summary a targeted Smoothed inhibitor, SMOi (Vismodegib, GDC0449), damages IVDs homeostasis via inhibition of Ihh signaling in adult mice.
(A) Inactive Ihh signaling occurs in the absence of Ihh ligand in which receptor Pitch1 represses SMO leading to the sequestration of Gli by SUFU (Suppressor of
Fused). (B) Active Ihh signaling occurs in the presence of Ihh ligand in which Pitch1 relieves SMO. Activated SMO promotes disassociation of Gli from SUFU, resulting
in the activation of Hh target genes. SMOi (Vismodegib, GDC-0449) bound to SMO and inhibiting their combination with Gli-SUFU complex, then disturbing the
release of Gli into nucleus and activation of Hh target genes. (C) Normal structure of the IVDs in adult mice. IVDs are composed of well-organized annulus fibrosus,
nucleus pulposus and cartilaginous endplate connects them to adjacent growth plate and bony vertebrae. (D) Systemic administration of SMOi in adult mice results in
IDD-like defects characterized by CEP sclerosis, NP degradation and fissure formation within AF, as well as GP fusion and trabecular bone loss. (E) Blockade of Ihh
signaling pathway promotes the apoptotic activity of IVDs chondrocytes, but that inhibits their proliferation and hypertrophic differentiation. These pathological
changes in the growth plate lead a decrease in endochondral ossification. Additionally, Ihh signaling inhibition impair the volume of vertebral bone in mice at least in
part via the inhibition of osteoblast differentiation and maturation.
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Secondly, although the results of our study, such as advanced fusion of
GP, are consistent with published clinical reports, SMOi was adminis-
tered to mice in our study in different doses and frequencies compared
with patients, further studies should clarify the optimal timing and
dosage of Ihh signaling inhibitors in clinical practice in order to improve
treatment outcome and minimize the deleterious effects on different
types of cartilage tissues in vivo. Thirdly, vismodegib was reported to
regulate intracellular Ca2þ homeostasis in cisplatin-resistant lung cancer
cells [49]. Although the well-defined non-specific activities of Vismo-
degib on cartilage tissues was not reported in previous studies, the
off-target effects are difficult to avoid by using the selective inhibitor
compounds of the Ihh signaling [50]. Therefore, conditional inactivation
of Ihh signaling in IVD tissues during adult stages by using genetic animal
model is needed to further support our conclusion in following studies.
174
5. Conclusion

Our study propose that systemic administration of SMOi damages
IVDs homeostasis via inhibition of Ihh signaling in adult mice. The
clinical application of Ihh signaling antagonists such as vismodegib
should be careful considering these side adverse.
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