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Abstract: This study aimed to investigate the effect and mechanisms of Exendin-4 mediated-Hedgehog/Gli1 sig- 
naling pathway on the differentiation of osteoblasts in mouse. The alkaline phosphate activity, alizarin red stain-
ing and expression of Gli1, GLP-1R, Hedgehog, Runx2 and osteocalcin were analyzed using PCR and Western  
blot analysis after treating the osteoblastic cell line MC3T3-E1 with Exendin-4. Osteoblasts were treated with Gli1-
siRNA and Hedgehog receptor antagonist Cyclopamine (Cy) and analyzed for their impact on the Hedgehog/Gli1  
signaling pathway. Our results showed that optimal treatment of Exendin-4 was 7 days at 10-7 mol/L. Exendin-4 
significantly promoted osteoblast formation in the cell line in a dose-dependent manner and up-regulated the  
expression of GLP-1R, Hedgehog and Gli1. Gli1-siRNA significantly down regulated the expression of Gli1 and Runx2, 
and offset Exendin-4-induced osteoblast differentiation. Similarly, Cy offset Exendin-4-induced Gli1 up-regulation. It 
is clear that Exendin-4 can promote the osteogenic differentiation of osteoblasts through Hedgehog/Gli1 signaling 
pathway.
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Introduction

Osteoporosis is characterized by microstruc-
ture change, density reduction and strength 
reduction in bone. Clinically, it often results in 
bone pain and brittle fracture. This is mainly 
due to imbalance in bone formation and resorp-
tion, where generally bone resorption is far 
more than bone formation, which ultimately 
leads to reduced bone strength, bone pain, and 
even bone fracture. Glucagon like peptide-1 
(GLP-1) is a polypeptide secreted by intestinal L 
cells. It binds GLP-1 receptor (GLP-1R) to play 
the roles [1, 2]. Exendin-4 is a natural analogue 
of GLP-1 secreted in the saliva of the Gila mon-
ster in the Southwestern United States. This 
polypeptide contains 39 amino acids with 53% 
amino acid sequence identity to mammalian 
GLP-1. It is a highly effective activator of the 
pancreatic GLP-1 receptor and has high affinity 
with and similar biological functions to GLP-1R 
[3-5]. Study has shown that Exendin-4 can sig-
nificantly improve osteoporosis in rats [6]. 
Hedgehog/Gli1 is a very important signal path-
way for cell differentiation and organ formation 

[7]. Hedgehog (Hh) is a secreted glycoprotein 
and can bind the Ptch receptor on the cell 
membrane to change the conformation of the 
receptor to activate the effector Gli1. Once 
translocated into the nucleus, Hh can regulate 
the transcription of a number of genes to 
impact the growth, proliferation and differentia-
tion of cell [8]. Hh signal directs the differentia-
tion of bone marrow mesenchymal stem cells 
(BMMSCs) toward osteoblasts (OB), not to fat 
[9]. In vitro studies showed that Ihh signaling 
promotes the differentiation of osteoblast pro-
genitor cells toward cartilage osteoblasts [10, 
11]. In this study, we investigated the effects 
and mechanism of Exendin-4 mediated Hed- 
gehog/Gli1 signaling pathway on the differenti-
ation of osteoblasts in vitro and the findings 
would provide insights into the bone metabo-
lism following Exendin-4 treatment of diabetes.

Materials and methods

Cell line and culture

The osteoblastic cell line MC3T3-E1 was pur-
chased from Yingniurui Biotechnology, Wuxi, 
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China. The cells were maintained in MEM-α 
medium supplemented with 10% fetal bovine 
serum (FBS) (Hyclone, USA) and 1% streptomy-
cin at 37°C in 5% CO2. To investigate the effect 
of Exendin-4, the cells were either cultured in 
the above medium, or osteogenic media (the 
above medium with 50 ug/mL ascorbic acid 
and 10 m mol/L β-sodium glycerol phosphate) 
containing various concentration of Exendin-4 
(0 to 10-7 M) as previously described [12].

Alkaline phosphate (ALP) activity assay

Cell homogenates were assayed for ALP activity 
using an ALP assay kit (Jiancheng Biotech 
Institute, Nanjing, China) following the suppli-
er’s instructions. Briefly, 1x105 cells were har-
vested, washed twice with cold PBS and lysed 
with RIPA buffer that contains protease and 
phosphotase inhibitors cocktail (Roche, UK). 
The supernatants were collected after centrifu-
gation at 12000 rpm for 20 min. The ALP acti- 
vities in the cell supernatants were quantified 
after centrifugation, and the wavelength of 
spectrophotometer was 520 nm. The values 
were normalized to total protein concentration. 

Alizarin red staining

Cells were washed with PBS (pH7.2, calcium- 
and magnesium-free), fixed in 70% ethanol for 
60 min at room temperature. The fixed slides 
were washed twice with PBS (pH7.2, calcium- 
and magnesium-free) and stained with Alizarin 
red staining solution at 37°C for 60 min in  
the dark. After gently rinsed in double distilled 
water for 3-5 min, the slides were examined 
under microscope. Then, Alizarin red was de- 
stained with 10% cetylpyridinium chloride (Sig- 

ma, USA) for 30 min at room temperature. The 
OD value was read using an ELISA plate reader 
at 562 nm wavelength. 

Transfection

Cells were grown to 80% confluency in MEM-α 
(Hyclone, USA) supplemented with 10% FCS  
at 37°C in 5% CO2 cell culture incubator. The 
cells were transfected with siRNA and scramble 
control (GenePharma, Suzhou, China) at a final 
concentration of 100 nM using Lipofectamine 
3000 reagent (Thermofisher, USA) according to 
the supplier’s instructions. After 4 to 6 h, the 
cells were cultured in fresh complete medium. 
Since the calcium deposition in the MC3T3-E1 
cells lasted for 21 days, the cells were subject-
ed to three rounds of transfection, prior to per-
forming experiments. The sequences of Gli1-
siRNA and scramble control were Gli1-siRNA-F: 
5’-GATCC CAT CCA TCA CAG ATC GCA TTT CTC- 
GAG AAA TGC GAT CTG TGA TGG ATG TTTTT G, 
Gli1-siRNA-R 5’-AATTC AAA AAC ATC CAT CAC 
AGA TGG CAT TTC TCG AGA AAT GCGATCTGTGA- 
TGGATGG, scramble control-F: 5’-GGACGAGA- 
ATTCATCTATGTCCTGCTCCTAGGTAGATACA, 
scramble control-R: 5’-ACATAGATGAATTCGCT- 
AGTATTGAGGATCCTCGCC. 

Hedgehog receptor antagonist (Cy) treatment

Cells were seeded in the wells of 6-well plates 
at 104 cells/ml. After induced into osteobla- 
sts as described above, 10U mol/L Cy (Sigma, 
USA) was added to each well and cultured for 3 
days.  

Fluorescent quantitative PCR 

Total RNA was extracted using Zon Reagent 
TRIzon kit (CWBIO, Beijing, China) according to 
the manufacturer’s instructions. The cDNA was 
synthesized using a reverse transcription sys-
tem (Promega Corporation, USA) according  
to the manufacturer’s recommendations. The 
qPCR Master Mix (Promega Corporation, USA) 
were used for real-time RT-PCR to quantify the 
expression of cDNA. PCR was performed on an 
Agilent Mx3000P QPCR Systems (Agilent, CA) 
using the primers listed in Table 1. The cycling 
conditions were: 95°C for 1 min, followed by 40 
cycles of 95°C for 10 s, 52°C for 30 s and 72°C 
for 30 s. Glyceraldehyde-3-phosphate dehydro-
genase (GADPH) was used as an internal con-

Table 1. Primers for qRT-PCR 
Gene Primer
Hedgehog F: CCGCTACTCTACAAGCAATT

R: GTCGGCTCCACTGTTCTC
GAPDH F: GCAAGTTCAACGGCACAG

R: CGCCAGTAGACTCCACGAC
Runx2 F: GGACTGGGTATGGTTTGTAT 

R: GCTGAAGAGGCTGTTTGA
OCN F: ACCACATCGGCTTTCAGG

R: CATAGGGCTGGGAGGTCA
GLP-1R F: TCTCCAAACTGAAGGCTAAT

R: ATTCTATCGCCACCTTCC
Gli1 F: TCCCACATCCTCAGTCCC

R: GTCCATCACAAAGGCAAA
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Figure 1. Expression of GLP-1R, Gli1 and He- 
dgehog after Exendin-4 treatment in osteo-
blastic cells. A. Relative mRNA level at differ-
ent Exendin-4 concentrations; B. Upper panel: 
representativ Western blots, lower panel: rel-
ative protein levels. *P < 0.05 vs control; #P < 
0.05 vs 0 mol/L; ΔP < 0.05 vs 10-9 mol/L; +P 
< 0.05 vs 10-8 mol/L. C. Left panel: relative 
mRNA level, right panel: relative protein level 
at different time points after Exendin-4 treat-
ment. *P < 0.05 vs control; #P < 0.05 vs 3 d; 
ΔP < 0.05 vs 7 d; +P < 0.05 vs 14 d. 
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trol. Relative expression was calculated by 
using comparative Ct method and obtaining the 
fold change value (2-ΔΔCt) according to previ-
ously described protocol [13].

Western blot analysis

Cells were harvested, washed twice with cold 
PBS and lysed with RIPA buffer that containing 
protease and phosphotase inhibitors cocktail 
(Roche, UK). The supernatants were collected 
after centrifugation at 12000 rpm for 20 min. 
The protein was applied to polyacrylamide gel 
electrophoresis (SDS-PAGE), transferred to a 
PVDF membrane, and then incubated with the 
proper primary antibodies (rabbit anti-GLP-1R, 
anti-rat RUNX2, OCN, Gli1 and Hedgehog poly-
clonal antibodies, ABclonal, USA). Primary anti-
bodies were detected using goat anti-rabbit 
horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (1:5000, Santa Cruz Bio- 
technology, USA) and immunoreactive bands 
were visualized using Western Lighting Ch- 
emiluminescence Reagent Plus (PerkinElmer, 
USA) according to the manufacturer’s instruc-
tions. The intensity of blot signals was quanti-
tated using Quatity One 4.62 software (Bio-
Rad, USA).

Statistical analysis

All data were expressed as means ± standard 
error of the mean (SEM) obtained from at least 
three independent experiments. Statistical 
comparisons between experimental and con-
trol groups were assessed by using the one  
way analysis of variance (ANOVA) followed by 
Student Newman Keuls (S-N-K). P < 0.05 was 
considered statistically significant.

Results

Exendin-4 up-regulated the expression of GLP-
1R, Hedgehog and Gli1 

The expression of GLP-1R, Hedgehog and Gli1 
increased with the increasing concentration  
of Exendin-4 (P < 0.05) at mRNA and protein  
levels (Figures 1A, 1B, S1). For GLP-1R, the 

expression increased over the experimental 
period, and for Gli1 and Hedgehog, the expres-
sion reached the highest on day 14 and then 
declined (Figure 1C).

Exendin-4 promoted osteoblast differentiation

Analysis showed that ALP activity began to 
increase after 3 day treatment in the osteo-
blastic cells and was significantly higher in the 
cells treated with 10-8 mol/L and 10-7 mol/L 
Exendin-4 than in control (P < 0.05). After 
induction for 7 days and longer, the activity was 
higher in Exendin-4-treated cells than control 
or untreated cells. In addition, the activity incr- 
eased as the Exendin-4 concentration incre- 
ased (Figure 2A). Alizarin red staining showed 
that the calcium deposition was significantly 
higher in Exendin-4-treated cells (P < 0.05) 
(Figure 2B). Mineralized nodule of osteoblast 
appeared after 3 day of Exendin-4 treatment  
at concentrations of 10-8 mol/L and 10-7 mol/L 
(Figure 2B). PCR and Western blot analyses 
showed that compared with control, the expres-
sion of Runx2 and osteocalcin (OCN) was up-
regulated significantly (P < 0.05) in Exendin-4-
treated cells and the up-regulation was higher 
at higher Exendin-4 concentrations (Figures 
2C, 2D, S2). At Exendin-4 concentration of 10-7 
mol/L, the mRNA and protein levels of Runx2 
reached the highest on day 7 and then de- 
creased, while the levels of OCN increased  
significantly with treatment times (P < 0.05) 
(Figure 2E).  

Gli1 knockdown offset Exendin-4-induced 
osteoblast differentiation

When the osteogenic cells were transfected 
with Gli1-siRNA, both Gli1 mRNA and proteins 
were significantly reduced (P < 0.01) as com-
pared with scramble control and untreated con-
trol (Figures 3A, 3B, S3). After the knockdown, 
the ALP activity was decreased in both scram-
ble control and exendin-4-treated cells (Figure 
3C), but not different between the control and 
scramble control. Similar changes were obse- 

Figure 2. ALP activities, calcium deposition, expression of Runx2 and OCN in MC3T3-E1 cells after treatment of ex-
endin-4. A: ALP activity, B: Left panel, Alizarin red staining, right panel: relative calcium deposition. C. Relative mRNA 
levels. D. Upper panel: representative Western blots, lower panel: relative protein level. *P < 0.05 vs control; #P < 
0.05 vs 0 mol/L; ΔP < 0.05 vs 10-9 mol/L; +P < 0.05 vs 10-8 mol/L. E. Left panel: relative mRNA level, right panel: 
relative protein level at different time points after Exendin-4 treatment. *P < 0.05 vs control; #P < 0.05 vs 3 d; ΔP 
< 0.05 vs 7 d; +P < 0.05 vs 14 d. 
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Figure 3. Expression of Gli1, Runx2 and calcium deposition in MC3T3-E1 cells following Gli1 knockdown. A. Rela-
tive mRNA level; B. Upper panel: representative Western blots, low panel: protein level; C. ALP activity; D. Relative 
mRNA level of Runx2; E. Upper panel: representative Western blots, low panel: protein level; F. Calcium deposition; 
G. Alizarin red staining. *P < 0.05 vs SiCon; #P < 0.05 vs SiCon+Exendin-4.
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rved for Runx2 expression at mRNA and protein 
level (Figures 3D, 3E and S3) and calcium 
deposition measured by Alizarin red staining 
(Figure 3F and 3G). 

Cy offset Exendin-4-induced Gli1 up-regulation

Compared with Exendin-4-treated cells, Cy 
treatment down-regulated the expression of 
Gli1 at mRNA and protein level (P < 0.05, 
Figures 4 and S4).  

Discussion

Osteoporosis is characterized by reduced bone 
mass, thinning and fracture of trabecular bone 
and decreased quantity of bone. GLP-1 binds 
GLP-1R to glucagon-like peptide 1 receptor 
GLP-1R to exert its biological function. GLP-1R 
belongs to glucagon receptor subfamily in the 7 
transmembrane receptor family, which is wi- 
dely distributed in various human organs [14]. 

Recent studies have shown that GLP-1 bind 
GLP-1R to improve bone mass, microstructure 
and quality [15]. Yamada et al found that in 
GLP-1R knockout mice, the bone mass was 
reduced and brittleness and number of osteo-
clast were increased, while Exendin-4 was able 
to reverse the effect [16]. These studies indi-
cate that GLP-1 is involved in the regulation of 
bone metabolism as well as the expression of 
GLP-1R. In order to investigate whether GLP-1R 
is expressed in osteoblast-like cells and the 
effect of Exendin-4 on the expression of GLP-
1R, we determined the expression level of GLP-
1R in MC3T3-E1 cells. We found that the 
expression of GLP-1R increased with the in- 
creasing concentrations and treatment time of 
Exendin-4, indicating that Exendin-4 up-regu-
lates the expression of GLP-1R in a concentra-
tion and time-dependent manner. 

When GLP-1 was infused subcutaneously into 
type 2 diabetic rat models for 3 days, the vol-
ume of trabecular bone, trabecular bone pat-
tern factor and structure model index were 
markedly increased and bone formation was 
significantly increased, indicating that GLP-1 
promotes bone formation [17]. Sun et al found 
that BMSCs from non-diabetic ovariectomized 
(OVX) rats differentiated toward osteoblast  
and lipocyte after Exendin-4 treatments with 
increased mRNA levels of Runx2, ALP and Coll-
1 and decreased mRNA levels of PPARc and  
c/EBPA, suggesting that Exendin-4 preserves 
bone in the OVX rats via increasing osteogenic 
differentiation and inhibiting adipogenic differ-
entiation [18]. Meng et al measured the mRNA 
and protein levels of  abiogenic and osteogenic 
markers after treating BMSCs with Exendin-4 
and found that Exendin-4 could promote the 
differentiation of BMSCs into osteoblasts and 
inhibit their adipogenic differentiation [19]. 
However, Hu et al found that GLP-1R agonists 
could reduce the osteogenic differentiation of 
MC3T3-E1 cells via the AMPK/mTOR signaling 
pathway [20]. Due to these inconsistencies, we 
investigated the expression of several clas- 
sic osteogenic markers following exposure of 
MC3T3-E1 cells to Exendin-4 to verify whether 
the peptide can promote the osteogenic differ-
entiation of MC3T3-E1 cells. It is generally 
believed that bone ALP is associated with calci-
fication of bone, and in osteoblasts ALP pro-
duces phosphate, which deposits in the bone 
as calcium phosphate. Studies have shown 

Figure 4. Expression of Gli1 in MC3T3-E1 cells fol-
lowing Cy treatment. A. Relative mRNA level, B. Up-
per panel: representative Western blots, low panel: 
protein level. *P < 0.05 vs control; #P < 0.05 vs Ex-
endin-4 treatment. 
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that the activity of ALP is elevated during os- 
teogenic differentiation, which can serve as an 
indication of preosteoblast differentiation into 
osteoblast [18, 21]. Alizarin red forms chelation 
complexes with calcium in the calcium nodules 
on the surface of differentiated osteoblasts as 
orange-colored deposition, which can be semi-
quantitatively determined spectrometrically as 
an indication of calcium salt in the cell matrix to 
measure the extend of osteoblast differentia-
tion [22]. Our results showed that Exendin-4 
increased the ALP activity in the cells in a time- 
and concentration-dependent manner. Seven 
days after Exendin-4 treatment at 10-7 mol/L, 
mineralized nodules were observed in the cells 
and calcium deposition was higher with increas-
ing Exendin-4 concentration 21 days after 
Exendin-4 treatment. These findings indicate 
that Exendin-4 promotes the differentiation of 
preosteoblast to osteoblast and calcium depo-
sition in a time and concentration-dependent 
manner. 

In addition, Exendin-4 up-regulated the expres-
sion of Runx2 and OCN, two key osteogenic  
biomarkers. Runx2 is a transcription factor of 
Runt-related gene family [23]. It promotes the 
early osteogenic differentiation and is the earli-
est and most specific marker of osteoblast dif-
ferentiation. Runx2 is also necessary for the 
differentiation of BMMSCs into bone. In RUNX2 
deficient mouse or human, there is a lack of 
osteoblasts and cleidocranial dysplasia due to 
bone defect [24, 25]. OCN is a γ-carboxyglutamic 
protein, mainly synthesized and secreted by 
non-proliferating osteoblast. It is accumulated 
after mineralization peak period in the bone 
and regulated by Runx2. Therefore, it is also a 
specific marker for bone differentiation [26]. 
Meng et al found that the expression of Runx2 
and OCN was significantly up-regulated 7 and 
28 days after treatment with Exendin-4, respec-
tively [19]. Similarly, we found that the expres-
sion of the two genes increased with increasing 
concentration and time of Exendin-4 treatment. 
The Runx2 reached the highest level 7 days 
after Exendin-4 treatment and OCN reached 
the peak in 21 days. Therefore, it is likely that 
Exendin-4 may up-regulate RUNX2 in early 
stage, OCN in later state of osteoblast differen-
tiation of MC3T3-E1 cells, suggesting that 
Exendin-4 functions in various stage of osteo-
blasts differentiation to promote osteogenic 
differentiation in a concentration-dependent 
manner. 

Hedgehog/Gli1 signal pathway is closely relat-
ed to osteogenesis. It not only plays an impor-
tant role during the development of bone tis-
sue, but also promotes differentiation of os- 
teoblast-related cells, regulates the formation 
of osteoblast and angiogenesis in the bone 
[27]. It has been shown that as a conserved 
and important pathway, the Hedgehog signal-
ing pathway plays an important role in bone for-
mation and metabolism [28] and transient inhi-
bition of the pathway would result in permanent 
deficiency of in the bone structure [24]. Wang 
et al found that Hedgehog signaling pathway 
promoted the differentiation of MSCs to osteo-
blasts and chondrocytes [29]. Chávez et al 
used Hedgehog pathway inhibitor Cy in cultured 
bone cells isolated from the parietal bone of 
neonatal rats and found that the proliferation 
and differentiation of the bone cells were inhib-
ited [30], indicating that the Hedgehog path- 
way is involved in the regulation of proliferation  
and differentiation of osteoblasts. Our results 
showed that the expression of Hedgehog and 
Gli1 increased with the increasing concentra-
tion of Exendin-4 and reached peaks 14 days 
after Exendin-4 treatment. Therefore, Exendin-4 
may regulate bone metabolism via up-regualt-
ing Hedgehog and Gli1.

Activation of the Hedgehog/Gli1 signaling path-
way has been shown to promote bone forma-
tion by upregulating the expression of osteo-
tropic cytokines such as Runx2 that increases 
bone metabolism and mass [31]. In Gli1 knock-
out mouse, Runx2 was not expressed in the 
chondrocyte, resulting in obvious bone defects 
[32]. In addition, if there is a mutation in the 
Gli1 binding site of RUNX2 promoter region that 
prevents Runx2 from binding Gli1, the tran-
scription level of RUNX2 was significantly de- 
creased [33]. These results suggest that Gli1 
indirectly influence the regulation of Runx2-
regulated genes during osteogenic differen- 
tiation. In order to further clarify whether 
Exendin-4 impacts the differentiation of pre 
osteoblast to osteoblast via Gli1, we knock-
down the expression of Gli1 using siRNA. It  
was found that after the knockdown of Gli1, 
Exendin-4 was no longer able to up-regulation 
the expression of RUNX2, suggesting that  
the up-regulation is mediated by Gli1. Further- 
more, after the knockdown, ALP activity and 
alizarin red staining were no longer increased 
after Exendin-4 treatment in the MC3T3-E1 
cells. Previous studies have shown that the 
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Hedgehog/Gli, TGFβ-Smads and RTK-PI3K-AKT 
signaling pathways can up-regulate the ex- 
pression of Gli1 to regulate cell signaling  
[34]. Therefore, in order to determine whether 
Exendin-4-induced up-regulation of Gli1 is 
mediated by the Hedgehog signaling pathway, 
the Hedgehog signal pathway blocker Cy was 
used block the pathway. Analysis showed that 
after the block, Exendin-4-induced up-regula-
tion of Gli1 disappeared, demonstrating that 
the up-regulation is mediated by the Hedgehog 
signal pathway. Taken together, our findings 
have demonstrated that Exendin-4 promotes 
the differentiation of MC3T3-E1 cells to osteo-
blasts by up-regulating the expression of Gli1 
via the Hedgehog signaling pathway.

In conclusion, we have shown that Exendin-4 
can increase the ALP activity and mineralized 
nodule in osteoblast, and up-regulate the ex- 
pression of GLP-1R, Hedgehog, Gli1, RUNX2 
and OCN to promote the differentiation of  
preosteoblast towards osteoblast via the He- 
dgehog/Gli1 pathway.

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Yukun Li, De- 
partment of Endocrinology, Third Hospital of Hebei 
Medical University, 139 Ziqiang Road, Shijiazhuang 
050051, Hebei Province, China. Tel: 86-311-
88603682; Fax: 86-311-8702362; E-mail: yu_kun_
li@126.com

References

[1] Brill AL, Wisinski JA, Cadena MT, Thompson 
MF, Fenske RJ, Brar HK, Schaid MD, Pasker RL 
and Kimple ME. Synergy between galphaz  
deficiency and GLP-1 analog treatment in pre-
serving functional beta-cell mass in experi-
mental diabetes. Mol Endocrinol 2016; 30: 
543-556.

[2] Nauck MA, Stewart MW, Perkins C, Jones-Le-
one A, Yang F, Perry C, Reinhardt RR and Ren-
dell M. Efficacy and safety of once-weekly GLP-
1 receptor agonist albiglutide (HARMONY 2): 
52 week primary endpoint results from a  
randomised, placebo-controlled trial in pa-
tients with type 2 diabetes mellitus inade-
quately controlled with diet and exercise. Dia-
betologia 2016; 59: 266-274.

[3] Robinson E, Cassidy RS, Tate M, Zhao Y, Lock-
hart S, Calderwood D, Church R, McGahon MK, 
Brazil DP, McDermott BJ, Green BD and Grieve 
DJ. Exendin-4 protects against post-myocardial 

infarction remodelling via specific actions on 
inflammation and the extracellular matrix. Ba-
sic Res Cardiol 2015; 110: 20.

[4] Zhou H, Li D, Shi C, Xin T, Yang J, Zhou Y, Hu S, 
Tian F, Wang J and Chen Y. Effects of Exendin-4 
on bone marrow mesenchymal stem cell prolif-
eration, migration and apoptosis in vitro. Sci 
Rep 2015; 5: 12898.

[5] Tsukamoto M, Niimi N, Sango K, Takaku S, 
Kanazawa Y and Utsunomiya K. Neurotrophic 
and neuroprotective properties of exendin-4 in 
adult rat dorsal root ganglion neurons: involve-
ment of insulin and RhoA. Histochem Cell Biol 
2015; 144: 249-259.

[6] Zhou H, Yang J, Xin T, Zhang T, Hu S, Zhou S, 
Chen G and Chen Y. Exendin-4 enhances the 
migration of adipose-derived stem cells to neo-
natal rat ventricular cardiomyocyte-derived 
conditioned medium via the phosphoinositide 
3-kinase/Akt-stromal cell-derived factor-1al-
pha/CXC chemokine receptor 4 pathway. Mol 
Med Rep 2015; 11: 4063-4072.

[7] Ke Z, Caiping S, Qing Z and Xiaojing W. Sonic 
hedgehog-Gli1 signals promote epithelial-mes-
enchymal transition in ovarian cancer by medi-
ating PI3K/AKT pathway. Med Oncol 2015; 32: 
368.

[8] Cai X, Yu K, Zhang L, Li Y, Li Q, Yang Z, Shen T, 
Duan L, Xiong W and Wang W. Synergistic inhi-
bition of colon carcinoma cell growth by Hedge-
hog-Gli1 inhibitor arsenic trioxide and ph- 
osphoinositide 3-kinase inhibitor LY294002. 
Onco Targets Ther 2015; 8: 877-883.

[9] James AW, Leucht P, Levi B, Carre AL, Xu Y, 
Helms JA and Longaker MT. Sonic Hedgehog 
influences the balance of osteogenesis and 
adipogenesis in mouse adipose-derived stro-
mal cells. Tissue Eng Part A 2010; 16: 2605-
2616.

[10] HU J, Liang J and Zhang W. Strontium ranelate 
promotes osteogenic differentiation of rat 
bone mesenchymal stem cells through Hedge-
hog/Gli1 signaling pathway[J]. Chinese Journal 
of Pathophysiology. Chinese Journal of Patho-
physiology 2015; 31 234-238.

[11] Zou J, Zhou Z, Wan L, Tong Y, Qin Y, Wang C and 
Zhou K. Targeting the Sonic Hedgehog-Gli1 
Pathway as a Potential New Therapeutic Strat-
egy for Myelodysplastic Syndromes. PLoS One 
2015; 10: e0136843.

[12] Chiu R, Ma T, Smith RL and Goodman SB. Poly-
methylmethacrylate particles inhibit osteo-
blastic differentiation of MC3T3-E1 osteopro-
genitor cells. J Orthop Res 2008; 26: 932-936.

[13] Livak KJ and Schmittgen TD. Analysis of rela-
tive gene expression data using real-time qu- 
antitative PCR and the 2(-Delta Delta C(T)) 
Method. Methods 2001; 25: 402-408.

[14] Psichas A, Sleeth ML, Murphy KG, Brooks L, 
Bewick GA, Hanyaloglu AC, Ghatei MA, Bloom 
SR and Frost G. The short chain fatty acid pro-

mailto:yu_kun_li@126.com
mailto:yu_kun_li@126.com


Exendin-4 and osteoblast

324 Am J Transl Res 2018;10(1):315-324

pionate stimulates GLP-1 and PYY secretion 
via free fatty acid receptor 2 in rodents. Int J 
Obes (Lond) 2015; 39: 424-429.

[15] Runge S, Schimmer S, Oschmann J, Schiodt 
CB, Knudsen SM, Jeppesen CB, Madsen K, 
Lau J, Thogersen H and Rudolph R. Differential 
structural properties of GLP-1 and exendin-4 
determine their relative affinity for the GLP-1 
receptor N-terminal extracellular domain. Bio-
chemistry 2007; 46: 5830-5840.

[16] Yamada T, Cavelti-Weder C, Caballero F, Lysy 
PA, Guo L, Sharma A, Li W, Zhou Q, Bonner-
Weir S and Weir GC. Reprogramming Mouse 
Cells With a Pancreatic Duct Phenotype to In-
sulin-Producing beta-Like Cells. Endocrinology 
2015; 156: 2029-2038.

[17] Nuche-Berenguer B, Moreno P, Esbrit P, Dapia 
S, Caeiro JR, Cancelas J, Haro-Mora JJ and Vil-
lanueva-Penacarrillo ML. Effect of GLP-1 treat-
ment on bone turnover in normal, type 2 dia-
betic, and insulin-resistant states. Calcif Tissue 
Int 2009; 84: 453-461.

[18] Sun HX, Lu N, Liu DM, Zhao L, Sun LH, Zhao 
HY, Liu JM and Tao B. The bone-preserving ef-
fects of exendin-4 in ovariectomized rats. En-
docrine 2016; 51: 323-332.

[19] Meng J, Ma X, Wang N, Jia M, Bi L, Wang Y, Li 
M, Zhang H, Xue X, Hou Z, Zhou Y, Yu Z, He G 
and Luo X. Activation of GLP-1 Receptor Pro-
motes Bone Marrow Stromal Cell Osteogenic 
Differentiation through beta-Catenin. Stem 
Cell Reports 2016; 6: 633.

[20] Hu X, Yin X, Zhang H, Guo C and Tang M. Lira-
glutide attenuates the osteoblastic differentia-
tion of MC3T3-E1 cells by modulating AMPK/
mTOR signaling. Mol Med Rep 2016 14: 3662-
3668.

[21] Kakita A, Suzuki A, Ono Y, Miura Y, Itoh M and 
Oiso Y. Possible involvement of p38 MAP ki-
nase in prostaglandin E1-induced ALP activity 
in osteoblast-like cells. Prostaglandins Leukot 
Essent Fatty Acids 2004; 70: 469-474.

[22] Li Y, Zhou H and Liu G. The research of extra-
cellular matrix calcium mineralization using 
alizarin red S assay. Journal of Tissue Engi-
neering & Reconstructive Surgery 2008; 23: 
231-236.

[23] Kook SH, Heo JS and Lee JC. Crucial roles of 
canonical Runx2-dependent pathway on Wnt1-
induced osteoblastic differentiation of human 
periodontal ligament fibroblasts. Mol Cell Bio-
chem 2015; 402: 213-223.

[24] Zhang Y, Yang TL, Li X and Guo Y. Functional 
analyses reveal the essential role of SOX6 and 
RUNX2 in the communication of chondrocyte 
and osteoblast. Osteoporos Int 2015; 26: 553-
561.

[25] Liu T, Gao Y, Sakamoto K, Minamizato T, Furu-
kawa K, Tsukazaki T, Shibata Y, Bessho K, Ko-
mori T and Yamaguchi A. BMP-2 promotes dif-
ferentiation of osteoblasts and chondroblasts 
in Runx2-deficient cell lines. J Cell Physiol 
2007; 211: 728-735.

[26] Ren D, Wei F, Hu L, Yang S, Wang C and Yuan X. 
Phosphorylation of Runx2, induced by cyclic 
mechanical tension via ERK1/2 pathway, con-
tributes to osteodifferentiation of human peri-
odontal ligament fibroblasts. J Cell Physiol 
2015; 230: 2426-2436.

[27] Clement V, Sanchez P, de Tribolet N, Radova-
novic I and Ruiz i Altaba A. HEDGEHOG-GLI1 
signaling regulates human glioma growth, can-
cer stem cell self-renewal, and tumorigenicity. 
Curr Biol 2007; 17: 165-172.

[28] Garcia-Gonzalo FR, Phua SC, Roberson EC, 
Garcia G 3rd, Abedin M, Schurmans S, Inoue T 
and Reiter JF. Phosphoinositides Regulate Cili-
ary Protein Trafficking to Modulate Hedgehog 
Signaling. Dev Cell 2015; 34: 400-409.

[29] Wang Q, Huang C, Zeng F, Xue M and Zhang X. 
Activation of the Hh pathway in periosteum-
derived mesenchymal stem cells induces bone 
formation in vivo: implication for postnatal 
bone repair. Am J Pathol 2010; 177: 3100-
3111.

[30] Chavez M, Ena S, Van Sande J, de Kerchove 
d’Exaerde A, Schurmans S and Schiffmann 
SN. Modulation of ciliary phosphoinositide 
content regulates trafficking and sonic he- 
dgehog signaling output. Dev Cell 2015; 34: 
338-350.

[31] Nakamura T, Naruse M, Chiba Y, Komori T, Sa-
saki K, Iwamoto M and Fukumoto S. Novel 
hedgehog agonists promote osteoblast differ-
entiation in mesenchymal stem cells. J Cell 
Physiol 2015; 230: 922-929.

[32] Hojo H, Ohba S, Yano F, Saito T, Ikeda T, Naka-
jima K, Komiyama Y, Nakagata N, Suzuki K, 
Takato T, Kawaguchi H and Chung UI. Gli1 pro-
tein participates in Hedgehog-mediated spe- 
cification of osteoblast lineage during endo-
chondral ossification. J Biol Chem 2012; 287: 
17860-17869.

[33] Kim EJ, Cho SW, Shin JO, Lee MJ, Kim KS and 
Jung HS. Ihh and Runx2/Runx3 signaling in- 
teract to coordinate early chondrogenesis: a 
mouse model. PLoS One 2013; 8: e55296.

[34] Katoh Y and Katoh M. Integrative genomic 
analyses on GLI1: positive regulation of GLI1 
by Hedgehog-GLI, TGFbeta-Smads, and RTK-
PI3K-AKT signals, and negative regulation of 
GLI1 by Notch-CSL-HES/HEY, and GPCR-Gs-
PKA signals. Int J Oncol 2009; 35: 187-192.



Exendin-4 and osteoblast

1 

Figure S1. Original Western blots of GLP-1R, Gli-1 and HED after Exendin-4 treatment in osteoblastic cells.  
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Figure S2. Original Western blots of RUNX2, OCN after Exendin-4 treatment in osteoblastic cells.  

Figure S3. Original Western blots of Gli1 and Runx2 in MC3T3-E1 cells following Gli1 knockdown. 

Figure S4. Original Western blots of Gli1 in MC3T3-E1 cells following Cy treatment.  


