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Adipose tissue-derived mesenchymal stem cells (ADSCs) are 
promising for regenerating degenerated intervertebral discs 
(IVDs), but the low efficiency of nucleus pulposus (NP)-specific 
differentiation limits their clinical applications. The Sonic 
hedgehog (Shh) signaling pathway is important in NP-specific 
differentiation of ADSCs, and Smoothened Agonist (SAG) 
is a highly specific and effective agonist of Shh signaling. 
In this study, we proposed a new differentiation strategy 
with the use of the small molecule SAG. The NP-specific 
differentiation and extracellular matrix (ECM) synthesis of 
ADSCs were measured in vitro, and the regenerative effects 
of SAG pretreated ADSCs in degenerated IVDs were verified 
in vivo. The results showed that the combination of SAG and 
transforming growth factor-β3 (TGF-β3) is able to increase the 
ECM synthesis of ADSCs. In addition, the gene and protein 
expression levels of NP-specific markers were increased 
by treatment with SAG and TGF-β3. Furthermore, SAG 
pretreated ADSCs can also improve the disc height, water 
content, ECM content, and structure of degenerated IVDs in 
vivo. Our new differentiation scheme has high efficiency in 
inducing NP-specific differentiation of ADSCs and is promising 
for stem cell-based treatment of degenerated IVDs.

Keywords: adipose-derived mesenchymal stem cell, differen-

tiation, nucleus pulposus, Smoothened Agonist, transforming 

growth factor-β3

INTRODUCTION

Intervertebral disc (IVD) degeneration and the consequent 

low back pain affect approximately 80% of people in West-

ern countries and is the leading cause of disability especially 

in people aged less than 45 years (Andersson, 1999; Sakai 

and Andersson, 2015; Vos et al., 2012). The IVD is composed 

of a central nucleus pulposus (NP) and surrounded by the 

annulus fibrosus (AF) and thin hyaline cartilaginous endplates 

(Eyring, 1969). NP degeneration caused by the dysfunction 

of NP cells and disappearance of extracellular matrix (ECM) is 

thought to initiate IVD degeneration (Chen et al., 2006).

 There is no ideal treatment for IVD degeneration now since 

conservative or surgical therapies do not restore IVD tissue 

properties. Stem cell-based therapy exhibits novel promise 

for regenerating degenerated IVDs (Wang et al., 2014). Mes-

enchymal stem cells (MSCs) are currently the most widely 
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used graft cell for IVD regeneration due to their self-renewal 

capability and multilineage differentiation potential (Jia et 

al., 2018; Tam et al., 2014; Vaudreuil et al., 2018). Adipose 

tissue-derived mesenchymal stem cells (ADSCs) can be ob-

tained more easily than NP-derived MSCs and have the po-

tential to differentiate towards an NP-like phenotype under 

specific conditions (Richardson et al., 2016; Zhu et al., 2017). 

Transforming growth factor (TGF)-β3 is widely used to induce 

the NP-like differentiation of MSCs (Gan et al., 2016; Tsaryk 

et al., 2015). However, TGF-β3 also induces chondrogenic 

differentiation of ADSCs, and the efficiency of NP-specific dif-

ferentiation cannot meet clinical treatment needs (Huang et 

al., 2018; Qu et al., 2019). New methods should be carried 

out to improve the efficiency of NP-specific differentiation of 

ADSCs.

 The Sonic hedgehog (Shh) signaling pathway is important 

for notochord development, and the inhibition of the Shh 

signaling pathway in the embryos results in vertebral column 

patterning defects (Choi et al., 2012). Shh signaling is also 

required for the postnatal growth and differentiation of IVDs 

(Dahia et al., 2012). Studies have demonstrated that activa-

tion of the Shh signaling pathway leads to the generation of 

healthy NP cells (Choi et al., 2008). The Shh signaling path-

way is also important in regulating stem cell proliferation and 

differentiation (Komada, 2012; Vazin et al., 2014). Activation 

of the Shh signaling pathway can contribute to the synthesis 

of proteoglycans and type II collagen in MSCs (Chen et al., 

2019). In our previous studies, Gli1-dependent Shh signaling 

was activated during the NP-like differentiation of ADSCs 

(Zhou et al., 2018a). Therefore, the Shh signaling pathway 

is a key regulator of NP-like differentiation, and activation 

of the Shh signaling pathway may improve the efficiency of 

NP-specific differentiation of ADSCs.

 The Shh signaling pathway mainly comprises Patched 

(Ptch), Smoothened (Smo), Costal2, Fused (FU), suppressor 

of FU (SUFU), and Gli transcription factors. In the absence of 

Shh, the membrane guanosine triphosphate-binding protein 

coupled receptor-like protein Smo is tonically inhibited by 

Ptch. After Shh binds to Ptch on the plasma membrane, Smo 

is activated and recruits a downstream protein complex in-

cluding Costal2, FU and SUFU. Then, Gli transcription factors 

such as Gli1 and Gli2 are activated and induce target genes 

(Briscoe and Small, 2015; Yao et al., 2016). Small molecules 

are widely used to regulate the activity of signaling pathways. 

In the Shh signaling pathway, Smo is directly activated by the 

small molecule agonist Smoothened Agonist (SAG) and then 

activates Shh signaling (Chen et al., 2002; Stanton and Peng, 

2010). SAG is a highly specific and effective Smo agonist and 

can produce results generally superior to conventional protein 

reagents (Lewis and Krieg, 2014). Wang et al. (2013) acti-

vated Shh signaling in hepatocellular carcinoma cells by SAG. 

Seifert et al. (2012) demonstrated that SAG can activate Gli1 

and induce the expression of growth factors in fibroblasts. 

However, the effects of SAG in inducing NP-specific differen-

tiation of ADSCs have not yet been clarified.

 We designed this study to clarify the effects of the small 

molecule SAG on the NP-specific differentiation of ADSCs. 

We further sought to determine the regenerative effects of 

SAG-induced ADSCs on degenerated IVDs in vivo. Use of the 

small molecule SAG may provide a new approach for NP-spe-

cific differentiation of ADSCs and promote the application of 

stem cell-based therapy in IVDs.

MATERIALS AND METHODS

Culture of stem cells
Human adult ADSCs of passage 2 were bought from Cyagen 

Biosciences (China). Human ADSCs basal culture medium 

(Cyagen Biosciences) supplemented 10% fetal bovine serum, 

1% penicillin-streptomycin and 1% glutamine was used to 

culture the stem cells, and changed every three days. The 

stem cells were cultured in a humidified incubator at 37oC 

with 5% CO2, and cells of passages 4 to 6 were used in sub-

sequent experiments.

Cell differentiation
ADSCs were cultured on 12-well plates coated with Matrigel 

(BD Biosciences, China) and added with normal (Dulbecco’s 

modified Eagle’s medium [DMEM]/high glucose supplement-

ed with 1% fetal bovine serum, 1% ITS+3, 50 nM ascor-

bate-2-phospate, 40 ng/ml dexamethasone, and 1% penicil-

lin-streptomycin solution) or differentiation medium (normal 

medium supplemented with 10 ng/ml TGF-β3). Different 

concentrations (0, 0.1, 0.5, and 2.5 mM) of SAG (Selleck-

chem, USA) was added to induce NP-specific differentiation 

of ADSCs. All groups were incubated at 37oC with 5% CO2 

and the culture medium was changed every three days.

Alcian blue staining
After 21 days of cultivation, all groups were washed three 

times with phosphate buffered saline (PBS) and fixed us-

ing 4% paraformaldehyde for 15 min. The cells were then 

stained with Alcian blue solution for 30 min at room tem-

perature, followed by washing with PBS. Alcian blue staining 

were observed and images were collected with a microscope 

(Leica, Germany).

Gene expression analysis
RNAiso reagent (TAKARA, China) was used to extract total 

RNA, and PrimeScriptTM RT Reagent Kit (TAKARA) was used 

to perform the reverse transcription. mRNA was quantified 

by quantitative polymerase chain reaction (qPCR) using 

SYBR Green (TAKARA) on the StepOnePlus Real-time PCR 

System (Applied Biosystems, USA). 18s rRNA was used as 

housekeeping gene, and the expression of each target gene 

was normalized to the expression of 18s rRNA (Table 1). All 

primers were synthesized by Sangon Biotech (China). Gene 

expression was calculated by the 2
–ΔΔCt method.

Protein expression analysis
Total protein of each group was extracted by RIPA buffer 

containing 1% phenylmethanesulfonyl fluoride, and the 

concentrations were measured with a BCA quantification kit 

(Pierce, China). Proteins were separated by sodium dodecyl 

sulfate polyacrylamide gel electrophoresis and transferred 

onto polyvinylidene fluoride membranes (Millipore, USA). The 

membranes were blocked with 5% skim milk in Tris-buffered 

saline with 0.1% Tween-20 (TBST) at room temperature for 
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1 h, followed by incubating with appropriate primary anti-

bodies overnight at 4oC in TBST: SOX9 (1:1,000; Abcam, UK), 

aggrecan (1:1,000; Abcam), collagen II (1:5,000; Abcam), 

KRT19 (1:1,000; Abcam), PAX1 (1:400; Abcam), GDF10 

(1:400; Abcam), Shh (1:1,000; Cell Signaling Technology, 

China), PTCH1 (1:1,000; Cell Signaling Technology), Gli1 

(1:1,000; Abcam), Gli2 (1:500; Abcam), Smad3 (1:1,000; 

Cell Signaling Technology), p-Smad3 (1:1,000; Cell Signaling 

Technology), or GAPDH (1:5,000; Santa Cruz, China). After 

that, the membranes were incubated with horseradish per-

oxidase-labeled secondary antibodies (1:5,000; Santa Cruz) 

at room temperature for 1 h, and immunoreactivity was 

detected using an enhanced chemiluminescence substrate 

(Millipore, China). The relative protein levels were quantified 

by densitometry using the Quantity One Software (Bio-Rad 

Laboratories, Germany).

Enzyme-linked immunosorbent assay (ELISA)
The concentration of Shh protein in each medium was deter-

mined using a Shh ELISA kit (R&D Systems, China) according 

to the manufacturer’s protocols. A standard curve was cal-

culated using known concentrations of Shh protein. Absor-

bance values at 450 nm were measured using a Model 680 

microplate reader (Bio-Rad Laboratories).

Immunofluorescence staining
Cells were washed three times with PBS and fixed using 4% 

paraformaldehyde for 15 min. After that, cells were perme-

abilized with 0.05% Triton X-100 for 15 min and blocked 

with 5% bovine serum albumin (BSA) for 1 h at room tem-

perature. Cells were then incubated with collagen II (1:200; 

Abcam) in 1% BSA overnight at 4oC. Alexa Fluor 555-labeled 

secondary antibody (Beyotime, China; excitation and emission 

wavelengths are 555 and 565 nm) was used to incubate cells 

at room temperature for 1 h. Nuclei were then stained with 

4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, China) 

at room temperature for 10 min. Immunofluorescence were 

observed and images were collected using a fluorescence mi-

croscope (DM5500; Leica).

Animal and surgical procedure
Rat tail disc degeneration model was used in the in vivo ex-

periments. Sixteen males Sprague-Dawley rats weighting 200 

g were obtained from the Animal Center of the Academy of 

Medical Science of Zhejiang Province. All procedures were 

approved by the Institutional Animal Care and Use Commit-

tee of Zhejiang University and the surgical procedures had 

already been reported in our previous study (Zhou et al., 

2018b). Briefly, anesthesia was performed by intraperitoneal 

injection with 1% pentobarbital sodium, and a 20-G ster-

ile needle was inserted into the disc of coccygeal vertebrae 

(Co)7/Co8 and Co8/Co9 at a depth from skin to the middle 

of the disc. After that, the needle was rotated 360o and held 

for 30 s. ADSCs were pre-cultured in differentiation medium 

with or without 0.5 mM SAG for 14 days. Two weeks after 

the surgical procedure, the SD rats were randomized into 

four groups: the control group (without needle puncture 

and other treatments); the degeneration group (with needle 

puncture and DMEM injection); the ADSC group (with nee-

dle puncture and ADSCs injection); the SAG-ADSC group 

(with needle puncture and SAG treated ADSCs injection). A 

microsyringe attached to a 31-G needle was used to deliver 2 

ml of materials to the NP.

Radiographic measurement and magnetic resonance im-
aging (MRI) evaluation
The rats were anesthetized and placed in the prone position 

and kept their tails straight. Radiographs of the rat tails were 

taken using a molybdenum target radiographic image unit 

(GE Mammography DMR Bucky 18 × 24; GE Healthcare, UK) 

at 16 weeks after injection. Disc height index (DHI%) analyzed 

qualitatively from digitized radiographs was used to quantita-

tively describe disc height changes. The T2-weighted midsag-

ittal sections of rat tails were obtained by a 3.0 T MRI scanner 

(GE Medical Systems, UK) at 16 weeks after injection. The 

parameter settings were as follows: spin echo repetition time, 

3,500 ms; echo time, 100 ms; field of view, 12 × 9 cm; slice 

thickness, 3 mm. MRI index (the area of the NP multiplied by 

average signal intensity) were analyzed qualitatively using a 

GE ADW4.2 workstation for evidence of water content and 

degenerative changes. Two researchers conducted all these 

Table 1. Primers used in quantitative RT-PCR

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’)

18s GAATTCCCAGTAAGTGCGGGTCATA CGAGGGCCTCACTAAACCATC

Acan CTAGCTGCTTAGCAGGGATAACG GATGACCCGCAGAGTCACAAAG

Sox9 AGGAAGCTGGCAGACCAGTACC GGGTCTCTTCTCGCTCTCGTTCA

Col2a1 CTGGTGGAGCAGCAAGAGC GTGGACAGTAGACGGAGGAAAG

Col1a1 ACCTCCGGCTCCTGCTCCTCTTA GACAGCACTCGCCCTCCCGTTTTT

Krt19 CCGACCTGGAGATGCAGATAGAG TAGGTCAATGCCTGGTGTGGAA

Pax1 CTCCTTAGGGCCACCGCT TTAATTGACGTTCCGATCCTGC

Gdf10 ACAGTGTGCAGAGGGACAGG CTTCTGGTCGATCACATCCAGC

Cd24 CCGAGCATCCAGAGAGTCG GCAATAAATCTGCGTGGGTAGG

Shh CTATGAGGGTCGAGCAGTGG CGGAGTTCTCTGCTTTCACAG

Gli1 CTATGGTGAGCCATGCTGTC GAAAGTCCTTCTGTTCCCATGC

Gli2 CCCCTACCGATTGACATGCG GAAAGCCGGATCAAGGAGATG

Ptch1 GGACTTACGTGGAGGTGGTT TGGTTAAACAGGCGTAGGCA
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assessments independently in a blinded fashion.

Histological and biochemical analysis
Samples of rat tails were harvested at 16 weeks after injec-

tion. Samples were rinsed with PBS, fixed in 4% paraformal-

dehyde for 72 h, and decalcified using 10% EDTA (Sigma 

Aldrich) for 30 day at room temperature. After that, samples 

were embedded in paraffin, and cross-sectioned (3 mm). 

Safranine O-fast green, and H&E were performed separately 

on consecutive tissue sections. Images were obtained using a 

microscope (BX51; Olympus, Japan).

 For biochemical analysis, NP samples of rats were frozen 

at –80oC and lyophilized for 24 h, and the weight of samples 

were measured and recorded as dry weight. After that, sam-

ples were digested with 125 mg/ml papain (Sigma) for 18 h 

at 60oC. The contents of sulfated glycosaminoglycans (sGAG) 

and hydroxyproline of each group were detected using the 

Blyscan assay (Biocolor, China) and Hydroxyproline Assay 

Kit (Jiancheng Bioengineering Institute, China), respectively, 

and the experimental procedures were carried out following 

the manufacturer’s protocols. The contents of sGAG and hy-

droxyproline were normalized with sample dry weight.

Statistical analysis
The data was analyzed with IBM SPSS Statistics (ver. 22.0 for 

Windows; IBM, USA). Statistical significance of the differenc-

es between experimental groups was assessed using a two-

tailed Student’s t-test for comparisons of two groups and 

one-way analysis of variance following Tukey’s post hoc test 

for multiple pairwise comparisons. A value of P < 0.05 was 

considered to indicate statistical significance. The results were 

expressed as the mean ± SEM. All experiments were repeat-

ed at least in triplicate using independent samples.

RESULTS

SAG increased the ECM synthesis of ADSCs
The expression levels of ECM synthesis related genes such 

as Acan, Sox9, Col2, and Col1 were measured by qPCR on 

day 14. As the concentration of SAG increased, the gene ex-

pression of Acan increased gradually. However, there was no 

significant difference between the 0.5 and 2.5 groups. The 

gene expression of Sox9 in the 0.5 group showed no signif-

icant difference from that of the 2.5 group but was signifi-

cantly higher than that in the other two groups. The expres-

sion of Col2 in the 0.5 group was almost 13.75- and 6.11-

fold higher than that of the 0 and 0.1 groups. No significant 

difference in Col1 expression was observed between each 

concentration gradient (Fig. 1A). The protein expression of 

aggrecan, SOX9, and COL2 was detected using western blot-

ting on day 21. As the concentration of SAG increased from 

0 to 0.5 mM, the expression of aggrecan increased gradually. 

Higher expression of SOX9 was observed with SAG con-

centrations of 0.5 and 2.5 mM than with the 0 and 0.1 mM 

concentrations. The protein expression levels of COL2 in the 

0.1, 0.5, and 2.5 groups were similar but were all higher than 

that of the 0 group (Fig. 1B). The sGAG synthesis of ADSCs 

was shown by Alcian blue staining on day 21. When the con-

centrations of SAG were 0.5 and 2.5 mM, the sGAG, which 

were stained blue, could be observed clearly. The staining in 

the 0.5 and 2.5 groups was deeper than that in the 0 and 0.1 

groups (Fig. 1C).

Fig. 1. SAG increased the ECM 

synthesis of ADSCs. (A) Gene 

expression levels of Acan, Sox9, 

Col2, and Col1 of ADSCs cultured 

in differentiation medium with 

different concentrations of SAG 

were measured on day 14 and 

normalized to 18s and to the 

control group. Data represent 

mean ± SEM. **P < 0.01. (B) The 

protein expression of aggrecan, 

SOX9 and collagen II of ADSCs 

were measured by  western 

blotting analysis on day 21. (C) 

sGAG synthesized by ADSCs was 

observed by Alcian blue staining 

on day 21. Scale bars = 200 mm.
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SAG induced the NP-specific differentiation of ADSCs
The NP-specific differentiation of ADSCs was determined 

by qPCR and western blotting. KRT19, PAX1, and CD24 are 

specific markers of NP cells, while GDF10 is a specific marker 

of chondrocytes (Lee et al., 2007; Minogue et al., 2010). 

Differentiation medium supplemented with 0 or 0.5 mM SAG 

was used to induce the differentiation of ADSCs. The gene 

expression of Krt19 was significantly increased after the addi-

tion of SAG on days 14 and 21. The gene expression of Pax1 

in ADSCs was also increased after the induction of SAG, but 

no significant difference was observed. SAG (0.5 mM) signifi-

cantly increased the gene expression of Cd24 in ADSCs on 

days 14 and 21. The 0.5 mM group showed significantly low-

er gene expression of Gdf10 than the 0 mM group on days 

14 and 21 (Fig. 2A). After 14 and 21 days of cultivation, the 

protein expression of KRT19 in the 0.5 mM group was signifi-

cantly increased compared with that in the 0 mM group. Both 

groups showed similar protein expression of PAX1 on days 7 

and 14. However, SAG significantly increased the expression 

of PAX1 on day 21. The protein expression of GDF10 was 

significantly decreased after the addition of SAG on days 14 

and 21 (Fig. 2B).

The Shh signaling pathway was activated by SAG and 
TGF-β3
Normal and differentiation medium was used to investigate 

the effects of TGF-β3 on the activation of the Shh signaling 

pathway in ADSCs. Both qPCR and western blotting were 

performed on day 14. SAG (0.5 mM) did not increase Shh 

gene expression in either normal or differentiation medium. 

However, TGF-β3 increased the gene expression of Shh with 

or without the addition of SAG (Fig. 3A). SAG increased the 

gene expression of Ptch1, Gli1, and Gli2 in normal medium 

and significantly increased the expression of these three gene 

markers in differentiation medium. Compared with the nor-

mal medium, the differentiation medium also increased the 

Fig. 2. SAG induced the NP-

specific differentiation of ADSCs. 

(A) The gene expression level of 

Krt19, Pax1, Cd24, and Gdf10 of 

ADSCs culture in differentiation 

medium with or without SAG was 

measured on days 7, 14, and 21 

by PCR and normalized to 18s. 

Data represent mean ± SEM. *P < 

0.05, **P < 0.01. (B) The protein 

expression of KRT19, PAX1, and 

GDF10 of ADSCs were deter-

mined by western blotting analysis 

on days 7, 14, and 21.
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mRNA levels of Ptch1, Gli1, and Gli2 with or without the ad-

dition of SAG (Figs. 3B and 3D). Phosphorylation of Smad3 

was increased after TGF-β3 was added, and SAG did not af-

fect the phosphorylation of Smad3 in either culture medium. 

There was no significant difference in the protein expression 

of Shh in the four groups. However, the results of ELISA 

showed the Shh protein secreted in differentiation medium 

was significantly higher than that in normal medium. The 

addition of SAG also increased the secretion of Shh protein in 

differentiation medium. TGF-β3 increased the protein expres-

sion of PTCH1, Gli1 and Gli2 with or without the addition of 

SAG. SAG increased the protein expression of PTCH1 but not 

Gli1 or Gli2 in normal medium. However, the protein expres-

sion of PTCH1, Gli1 and Gli2 was increased after SAG was 

added when ADSCs were cultured in differentiation medium 

(Figs. 3E and 3F).

Activation of the TGF-β signaling pathway promoted the 
activation of Shh signaling during the NP-specific differen-
tiation of ADSCs
SB431542 is a selective inhibitor of TGF-β receptor I. After 

the addition of SB431542, the gene expression of Gli1, Gli2, 

Ptch1, Krt19, Gdf10, and Col2 increased by SAG was partly 

rescued. SB431542 also significantly decreased the gene 

expression of Ptch1 and Gdf10 in ADSCs when SAG was ab-

sent (Fig. 4A). The phosphorylation of Smad3 was significant-

ly inhibited by SB431542. Although the protein expression of 

Shh was not significantly affected by SB431542, the protein 

expression of PTCH1 was inhibited by SB431542, regardless 

of whether SAG was added. The protein expression of Gli1 

and Gli2 increased by SAG was blocked by the inhibitor. 

These results indicated that the activation of Shh signaling is 

dependent on the TGF-β signaling pathway. The expression 

levels of KRT19, aggrecan, and COL2 were all increased by 

the induction of SAG but decreased after the addition of 

Fig. 3. The Shh signaling pathway 

was activated by SAG and TGF-

β3. Gene expression levels of (A) 

Shh, (B) Ptch1, (C) Gli1, and (D) 

Gli2 of ADSCs cultured in normal 

or differentiation medium with or 

without SAG were measured on 

day 14, and normalized to 18s. 

(E) The protein expression levels 

of p-Smad3, Smad3, Shh, PTCH1, 

Gli1, and Gli2 of ADSCs cultured 

in normal or differentiation 

medium with or without SAG on 

day 14 were measured. (F) The 

Shh protein secreted in medium 

during culture was quantified by 

ELISA. Data represent mean ± 

SEM. **P < 0.01.
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SB431542, which meant that the NP-specific differentiation 

and ECM synthesis of ADSCs could be improved by the si-

multaneous activation of Shh signaling and TGF-β signaling. 

Both SAG and SB431542 decreased the expression levels of 

GDF10, which meant the chondrogenic differentiation of 

ADSCs was blocked by Shh signaling and positively regulated 

by TGF-β signaling (Fig. 4B). We also detected the synthesis 

of collagen II by immunofluorescence staining and found 

that SAG significantly increased the synthesis of collagen II in 

ADSCs. However, the collagen II synthesis was significantly 

decreased after the addition of SB431542. No significant dif-

ference was observed between the SB-SAG- and SB+SAG+ 

groups (Fig. 4C).

SAG-treated ADSCs promoted the regeneration of de-
generated IVD
After 16 weeks, the degeneration and ADSC groups showed 

significantly lower disc heights than the control group. No 

significant difference was observed between the control and 

SAG-ADSC groups in radiographic images (Fig. 5A). The DHI 

in the SAG-ADSC group was significantly higher than those 

in the degeneration and ADSC groups (Fig. 5B). The MRI 

results revealed the water content in each group. Compared 

with the control group, the other groups showed a lower T2 

signal and MRI index. The T2 signal in the SAG-ADSC group 

was superior to that in the degeneration and ADSC groups. A 

significantly higher MRI index was observed in the SAG-AD-

SC group (2992.94 ± 107.42) than in the degeneration 

(1198.82 ± 70.11) and ADSC (1904.08 ± 147.31) groups 

(Figs. 5C and 5D).

 H&E staining showed that the lamellar sheets of the AF in 

normal IVDs were regular and that the NP was well organized 

with cells and ECM. The structure of the AF and NP in the 

degenerated IVDs were destroyed. Fibrous connective tissues 

could be observed in the degeneration and ADSC groups. The 

NP in the SAG-ADSC group was more regular and well orga-

nized than that in the ADSC and degeneration groups. Safr-

anin O staining indicated the proteoglycans in the IVD. Stron-

ger staining in the SAG-ADSC group than in the degeneration 

and ADSC groups could be clearly observed. In addition, the 

Safranin O staining in the control group was stronger than 

that in the other groups (Fig. 6A). The contents of sGAG and 

Fig. 4. Activation of the TGF-β signaling pathway promoted the activation of Shh signaling during the NP-specific differentiation of 

ADSCs. (A) SB431542 was used as an inhibitor of TGF-β receptor I. The gene expression level of Gli1, Ptch1, Gli2, Krt19, Gdf10, and Col2 

of ADSCs culture in differentiation medium were measured by PCR and normalized to 18s. Data represent mean ± SEM. **P < 0.01. (B) 

The protein expression levels of p-Smad3, Smad3, Shh, PTCH1, Gli1, Gli2, KRT19, GDF10, aggrecan, Collagen II of ADSCs cultured in 

differentiation medium were measured by western blotting analysis. (C) Immunofluorescence staining showed the expression of collagen 

II (red) of cells, and the nuclei (blue) were stained with DAPI. Scale bars = 200 mm.
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hydroxyproline were measured at week 16 and normalized to 

the NP dry weight. The contents of sGAG and hydroxyproline 

were significantly higher in the control group than in the oth-

er groups. The degeneration group had the lowest contents 

of sGAG and hydroxyproline of all groups. Moreover, the 

SAG-ADSC group exhibited a significant increase in sGAG and 

hydroxyproline contents compared with those in the degener-

ation and ADSC groups (Figs. 6B and 6C).

 Histological scoring was used to evaluate the degeneration 

of IVD. The control group had a well-organized NP and AF, 

and the cellularity of the AF and NP were normal. The histo-

logical score of the control group was 5.40 ± 0.24. The mor-

phology and cellularity of the NP and AF in the degeneration 

group was abnormal, and therefore the histological score of 

the degeneration group was 13.60 ± 0.60, which was signifi-

cantly higher than that in the control group. The histological 

score of the SAG-ADSC group was 6.60 ± 0.24, which was 

significantly lower than that of the ADSC (8.60 ± 0.51) and 

degeneration groups. Although the SAG-ADSC group had a 

higher histological score than the control group, no signifi-

cant difference was observed (Fig. 6D). The results indicated 

that SAG pretreated ADSCs could regenerate the degenerat-

ed IVD to some extent.

DISCUSSION

NP degeneration is thought to be the trigger of IVD degen-

eration. Directing the differentiation of ADSCs towards an 

NP-specific phenotype enables regenerating the degenerated 

NP (Fontana et al., 2014). However, the NP-specific differen-

tiation of ADSCs is difficult to control, and the corresponding 

differentiation efficiency is low. A small molecular-based dif-

ferentiation scheme is widely used to induce the specific dif-

ferentiation of stem cells. Amirpour et al. (2019) induced the 

eye field neuroectoderm differentiation of ADSCs by three 

small molecules. Small molecular kartogenin has the ability 

to induce the chondrogenic differentiation of MSCs (Jing et 

al., 2019; Yang et al., 2019). Small molecules are also used to 

induce the differentiation of neural stem cells and pluripotent 

stem cells (Amaral et al., 2019; Olivier et al., 2016). In this 

study, we found that SAG, a small molecular agonist of Shh 

signaling, could promote the NP-specific differentiation of 

ADSCs.

 The gene and protein expression levels of aggrecan, SOX9, 

and collagen II were used to assess the ECM synthesis of 

cells. Both NP cells and chondrocytes have high expression of 

aggrecan, SOX9, and COL2, so we chose KRT19, PAX1, and 

Cd24 to indicate the NP-specific differentiation of ADSCs, 

while Gdf10 was used as a specific marker of chondrogenic 

differentiation (Minogue et al., 2010; Pattappa et al., 2012; 

Rutges et al., 2010). Fourteen days after induction with SAG, 

ADSCs differentiated into an NP-specific phenotype with high 

expression levels of KRT19 and Cd24 and low expression 

level of GDF10. SAG also increased the expression levels of 

aggrecan, SOX9, and collagen II and promoted the synthesis 

of GAG in ADSCs. In addition, SAG at a concentration of 0.5 

Fig. 5. Radiographic measure-

ment and MRI evaluation of IVDs. 

(A) Representative ra diographs 

of the rat Co7/Co8 and Co8/Co9 

at 16 weeks after injection. The 

control, de generation, ADSCs 

and SAG-ADSC groups were 

detected. (B) DHI% was used to 

quantitatively represent the disc 

height changes. (C) Representative 

T2 MRI scans of each group at 

16 weeks after injection. (D) MRI 

index was used to quantitatively 

analyze the water content and 

structure of the NP. Data represent 

mean ± SEM. **P < 0.01.
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mM is efficient enough to induce an NP-specific differentia-

tion of ADSCs. We have already demonstrated that TGF-β3 

has the ability to induce an NP-like differentiation of MSCs 

(Tao et al., 2015). Other research groups have also reported 

similar conclusions in previous studies (Gan et al., 2016; Zhu 

et al., 2017). However, TGF-β3 is also used to induce a chon-

drogenic differentiation of stem cells (Huang et al., 2018; Qu 

et al., 2019). Therefore, the NP-like differentiation induced 

by TGF-β3 is not specific and needs to be improved. In the 

current study, TGF-β3 was added to the differentiation medi-

um. After SAG was added to the differentiation medium, the 

efficiency of the NP-specific differentiation of ADSCs was sig-

nificantly increased. These results indicated that the SAG and 

TGF-β3 synergy was better than TGF-β3 alone for inducing 

ADSC differentiation towards an NP cell phenotype.

 Both TGF-β and Shh signaling pathways were activated 

during the NP-specific differentiation of ADSCs. When the 

TGF-β signaling pathway was activated, the Shh signaling 

pathway was activated without SAG induction. In addition, 

when activation of the TGF-β signaling pathway was in-

hibited, the Shh signaling pathway activated by SAG could 

also be partly blocked. However, the activation of the Shh 

signaling pathway cannot affect the TGF-β signaling path-

way. The TGF-β signaling pathway is important in the NP-

like differentiation and chondrogenic differentiation of MSCs 

(Colombier et al., 2016; Hara et al., 2016; Zhou et al., 2015). 

The Shh signaling pathway also plays an important role in the 

NP-specific differentiation of MSCs (Choi and Harfe, 2011; 

Dahia et al., 2009). In our study, the activation of the Shh 

signaling pathway seemed to be dependent on TGF-β signal-

ing. In fact, the TGF-β and Shh signaling pathways play roles 

mainly in different stages of differentiation. In the early stage 

of NP-specific differentiation, the TGF-β signaling pathway 

increases the expression levels of related molecules in the Shh 

signaling pathway and promotes the differentiation of stem 

cells (Li et al., 2013). In the later stage of differentiation, the 

Shh signaling pathway is activated consistently and leads to 

NP-specific differentiation (Choi et al., 2008). Kopesky et al. 

(2011) reported that the simple activation of the TGF-β sig-

naling pathway is more likely to induce MSC differentiation 

towards a chondrogenic phenotype. The use of SAG promot-

ed the activation of the Shh signaling pathway and increased 

the efficiency of NP-specific differentiation.

 Rat tail disc degeneration models have been used in many 

disc regeneration research studies (Ching et al., 2004; Lotz 

and Chin, 2000). A needle puncture rat-tail degeneration 

model is widely used because of its greatly simplified proce-

dure without major surgery (Cunha et al., 2017; Han et al., 

2008). The microenvironment in the degenerated NP is sub-

optimal and negatively influences the survival and function of 

Fig. 6. SAG-treated ADSCs promoted the regeneration of degenerated IVD. (A) Representative H&E and Safranine O staining of discs 

from different groups were observed. All samples were harvested at 16 weeks after injection. Scale bars = 500 mm. (B) The content of 

sGAG in each group at 16 weeks after injection were quantified by Blyscan assay. (C) The content of hydroxyproline in each group at 16 

weeks after injection was detected by Hydroxyproline Assay Kit. (D) Histological grade of each group was evaluated at 16 weeks after 

injection. Data represent mean ± SEM. *P < 0.05, **P < 0.01.
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transplanted cells (Huang et al., 2013; Kregar Velikonja et al., 

2014). Our in vivo study showed that ADSCs pretreated with 

SAG significantly increased GAG and collagen II synthesis and 

recovered the NP structure. We believe this is because the 

NP-specific differentiated ADSCs are more able to tolerate 

the harsh microenvironment in the degenerated NP than 

the undifferentiated ADSCs (Okuma et al., 2000). However, 

significant differences could still be observed between the 

control and SAG-ADSCs groups, which indicated that ADSCs 

pretreated with SAG can only partly regenerate the degener-

ated NP. More research should be carried out to improve the 

induction efficiency of NP-specific differentiation and the NP 

regenerative ability in ADSCs.

 In this study, we demonstrated that SAG at a concentra-

tion of 0.5 mM can activate the Shh signaling pathway and 

increase the ECM synthesis and NP-specific differentiation 

of ADSCs. Simply activating the TGF-β signaling pathway 

has a low efficiency in inducing NP-specific differentiation 

of ADSCs. Both TGF-β and Shh signaling pathways are 

needed during the NP-specific differentiation of ADSCs, and 

activation of the TGF-β signaling pathway can promote the 

activation of Shh signaling. SAG pretreated ADSCs can also 

promote the regeneration of degenerated IVDs in vivo.
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