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In recent years, the interest towards the relationship between
incretins and bone has been increasing. Previous studies have
suggested that glucagon-like peptide-1 (GLP-1) and its recep-
tor agonists exert beneficial anabolic influence on skeletal
metabolism, such as promoting proliferation and differentia-
tion of osteoblasts via entero-osseous-axis. However, little is
known regarding the effects of GLP-1 on osteoblast apopto-
sis and the underlying mechanisms involved. Thus, in the
present study, we investigated the effects of liraglutide, a
glucagon-like peptide-1 receptor agonist, on apoptosis of
murine MC3T3-E1 osteoblastic cells. We confirmed the pres-
ence of GLP-1 receptor (GLP-1R) in MC3T3-E1 cells. Our data
demonstrated that liraglutide inhibited the apoptosis of oste-
oblastic MC3T3-E1 cells induced by serum deprivation, as
detected by Annexin V/PlI and Hoechst 33258 staining and
ELISA assays. Moreover, liraglutide upregulated Bcl-2 expres-
sion and downregulated Bax expression and caspase-3 activi-
ty at intermediate concentration (100 nM) for maximum
effect. Further study suggested that liraglutide stimulated the
phosphorylation of AKT and enhanced cAMP level, along
with decreased phosphorylation of GSK3B, increased B-
catenin phosphorylation at Ser675 site and upregulated nu-
clear B-catenin content and transcriptional activity. Pretreat-
ment of cells with the PI3K inhibitor LY294002, PKA inhibitor

H89, and siRNAs GLP-1R, B-catenin abrogated the liraglutide-
induced activation of CAMP, AKT, B-catenin, respectively. In
conclusion, these findings illustrate that activation of GLP-1
receptor by liraglutide inhibits the apoptosis of osteoblastic
MC3T3-E1 cells induced by serum deprivation through cAMP/
PKA/B-catenin and PI3K/Akt/GSK3p signaling pathways.
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INTRODUCTION

Incretin hormones are secreted from the intestine in re-
sponse to nutrient intake and potentiate insulin release in a
glucose-dependent manner (Creutzfeldt, 1979). Due to the
wide distribution of incretin receptors, incretins exert plei-
otropic nonglycemic effects on multiple extrapancreatic tis-
sues (Campbell and Drucker, 2013). As the gut-bone axis
was identified following the observations from postprandial
variation of bone turnover markers (Yavropoulou and Yovos,
2013), the close relationship between incretins and bone
remodeling has been extensively studied in the past few
years, and considerable evidence indicates that incretins

Received 2 December, 2017; revised 28 December, 2017; accepted 29 December, 2017; published online 21 February, 2018

elSSN: 0219-1032

© The Korean Society for Molecular and Cellular Biology. All rights reserved.

€This is an open-access article distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported
License. To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-sa/3.0/.

234 Mol. Cells 2018; 41(3): 234-243



have an anabolic action on bone to serve as potent modula-
tors of bone mass but also of bone quality and ultimate
bone strength (Henriksen et al., 2007; Luo et al., 2016; Tsu-
kiyama et al., 2006).

Glucagon-like peptide-1 (GLP-1), as a key incretin hor-
mone, is an endogenous 30-amino acid peptide synthesized
and secreted from enteroendocrine L cells throughout the
small bowel and ascending colon in response to nutrient
ingestion (Kim and Egan, 2008). GLP-1 exerts activities
mostly via the mediation of GLP-1 receptor (GLP-1R), which
belongs to the G-protein coupled receptor family, in multiple
tissues such as pancreas, lung, stomach, intestine, kidney,
heart, brain and bone (Bullock et al., 1996). When binding
to specific GLP-1R, GLP-1 exhibits a diverse set of biological
actions including pancreatic effects such as stimulation of
insulin secretion and inhibition of glucagon secretion, en-
hancement of the B-cell mass and sensitivity, and other ben-
eficial extrapancreatic effects on the cardiovascular system,
gastrointestinal system, the central nervous system and skel-
etal system (Cho et al., 2014). However, the bioactivity of
native GLP-1 is limited by rapid degradation and inactivation
by the enzyme dipeptidyl peptidase IV (DPP-IV) in circulation
(Deacon, 2004), which has fostered the development of
different kinds of degradation-resistant GLP-1 receptor ago-
nists (GLP-1RAs) as novel class of anti-diabetic medications.
Liraglutide, a synthetic fatty acylated GLP-1RA with 97%
amino acid homology to native human GLP-1, exhibits a
prolonged circulating half-life after a single injection due to
noncovalent association with albumin (Juhl et al., 2002).
Liraglutide mimics all of the actions of native GLP-1 and ef-
fectively ameliorate blood glucose in patients with type 2
diabetes (Madsbad et al., 2004).

In addition to their implication in the treatment of diabetes,
GLP-1 and GLP-1RAs have been demonstrated to exert fa-
vorable effects on bone metabolism, either directly or indi-
rectly on bone cells despite the inconsistency as to the pres-
ence of the GLP-1R in bone cells from both experimental
animal models and human studies (Gilbert and Pratley,
2015; Papazafiropoulou et al., 2014). However, the mecha-
nism by which GLP-1 exerts its osteogenic effect remains
largely unknown. Failing to ascertain the presence of GLP-1R
on osteoblasts, initial studies suggested an essential role for
endogenous GLP-1 receptor signaling in the control of bone
resorption through a potential calcitonin-dependent path-
way (Yamada et al., 2008). Following the characterization of
functional receptors in MC3T3-E1 cells in spite of some con-
troversy, GLP-1 has been found to interact directly with os-
teoblasts (Aoyama et al.,, 2014; Nuche-Berenguer et al.,
2010) and up-regulate osteocalcin expression and decrease
expression of Runx-2. Although the effect of GLP-1 on oste-
oblasts has not been fully elucidated, the findings from
Pacheco-Pantoja et al. (2011) show that GLP-1 causes signif-
icant increases in cell viability in MG-63 at indicated concen-
trations and that GLP-1R is expressed on osteoblastic precur-
sor cells, but not on mature osteoblasts, suggesting that
osteoblast activity regulated by GLP-1 may depend on the
osteoblastic differentiation stage. Also, Jeon et al. (2014)
described the expression of GLP-1R during osteogenic dif-
ferentiation of adipose-derived stem cells. Additionally, in
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human bone marrow stromal cells, GLP-1 was shown to
confer cellular proliferation and cytoprotective effects, and
to prevent differentiation into adipocytes (Sanz et al., 2010).
Recently, it was shown that liraglutide promoted bone for-
mation with increased expression of the runt-related tran-
scription factor 2 (RUNX2), alkaline phosphatase (ALP), os-
teocalcin (OCN), and collagen a1 (Col-1) in rat and human
bone marrow stem cells (Lu et al., 2015). Our previous stud-
ies have demonstrated that liraglutide stimulates the prolif-
eration and differentiation of MC3T3-E1 cells via multiple
signaling pathways (Wu et al.,, 2017). However, research
regarding the potential effects of GLP-1 on apoptosis of
osteoblasts is scant. Therefore, this study was conducted to
investigate the effects of liraglutide on the serum depriva-
tion-induced apoptosis of preosteoblastic MC3T3-E1 cells
and the underlying molecular mechanisms involved.

MATERIALS AND METHODS

Reagents

Antibodies targeting AKT, p-AKT, glycogen synthase kinase
3 beta (GSK-3B), and B-catenin were purchased from Cell
Signaling Technology (USA). GLP-1R antibody was pur-
chased from Abgent (USA, Catalog No. AP52040), and B-
catenin-Ser675 antibody was purchased from Abcam (USA,
Catalog No. ab58615). The AKT inhibitor LY294002 and the
PKA inhibitor H89 were purchased from Selleckchem (USA).

Cell culture

Mouse osteoblastic MC3T3-E1 cells were purchased from
American Type Culture Collection (ATCC CRL-2594) and
cultured in alpha minimal essential medium (-MEM)
(GIBCO BRL, USA) supplemented with 10% fetal bovine se-
rum (FBS) (GIBCO BRL, USA) and 1% penicillin-streptomycin
at 37, 5% CO2 in a humidified incubator. The culture me-
dia was changed every 2-3 days. The cells were exposed to
various concentrations of liraglutide (0, 10, 100, or 1000
nM) as previously reported (Pereira et al., 2015) to perform
the following experiments.

Hoechst 33258 staining

The MC3T3-E1 cells cultured in 6-well plates after treat-
ments were fixed and incubated with Hoechst 33258 stain-
ing solution (Beyotime Institute of Biotechnology, China) for
30 min. Subsequently, the staining solution was removed
and the cells were washed twice with PBS. Finally, images
were captured using a fluorescence microscope (IX71;
Olympus, Japan). The cells with bright white fluorescent
nuclei were considered to be apoptotic cells and those with
homogeneous blue fluorescence in the nuclei were consid-
ered to be viable cells.

Detection of apoptosis by flow cytometric analysis

Cell apoptosis was assessed by an Annexin V-
FITC/propidiumiodide (PI) kit (MultiSciences, China). Briefly,
the cells were collected and resuspended in annexin binding
buffer. After that the cells were incubated with Annexin V-
FITC and PI for 5 min at room temperature and analyzed
using a flow cytometer (Episc XL; Beckmann Coulter, USA).
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Apoptosis determination by ELISA

Cell death detection ELISA plus kit (Roche Molecular Bio-
chemicals, Germany) was used to measure apoptosis ac-
cording to the manufacturer’s instructions. After cultured in
serum-free media for 24 h, cells were exposed to various
concentrations of liraglutide for 48 h. Cells were then lysed
for 30 min at room temperature and followed by centrifuga-
tion at 200 g for 10 min. DNA fragments detected in the

supernatants indicated the extent of apoptosis in the sample.

Reverse transcription-polymerase chain reaction (RT-PCR)
and quantitative real-time RT-PCR

Total RNA of cultured MC3T3-E1 cells and mouse pancreas
as a positive control was isolated using TRIzol reagent (Invi-
trogen, USA) and then reverse transcribed using a TIAN-
Script RT KIT (TIANGEN, China) according to the recom-
mended protocol. PCR was performed in a volume of 50 ul
that included 25 pl of PCR mix (TIANGEN, China) as follows:
pre-denaturation at 95¢C for 5 min followed by 40 cycles of
the three-step PCR (denaturation at 95C for 45 s, annealing
at 55C for 45 s, and extension at 72°C for 1 min). Then, 5 ul
of the amplified products were visualized with ethidi-
umbromide (EB) after 1% agarose gel electrophoresis. To
investigate TCF7L2 mRNA expression, cDNA were amplified
using a GoScript™ Reverse Transcription System (Promega,
USA) and PCR was performed in a standard 20 ul reaction
volume containing 10 pl GoTag® gPCR Master Mix
(Promega, USA) using a BIO-RAD CFX96 touch g-PCR sys-
tem. Amplification parameters consisted of an initial dena-
turation for 10 min at 95T and 40 cycles of two steps (95C
for 15 s, and 60T for 1min).

Western blot analyses

Total protein was extracted using RIPA lysis buffer with
phosphatase inhibitors (Beyotime Biotechnology, China) and
protein concentration was determined by the BCA Protein
Assay kit (Beyotime Biotechnology, China). Equal amounts
of protein were separated by 5% SDS-PAGE and transferred
to PVDF membranes using a semidry transfer apparatus
(ATTO). The membrane was blocked with 5% non-fat milk
in TBST for 1 h at room temperature, and then incubated
with specific primary antibodies overnight at 4C. After sub-
sequent incubation with HRP-labeled secondary antibody
(1:3000 dilution) for 90 min at room temperature, the blots
were processed using an ECL kit (Santa Cruz Biotechnology),
exposed to film, and then detected with Tanon1600 Imag-
ing System (China). To control for immune detection effi-
ciency, GLP-1R protein (AP52040, Abgent, 53 kDa), p-AKT,
total AKT, p-B-catenin-Ser675, total B-catenin were diluted
1:1000 with GAPDH as an internal control. Nuclear and
cytoplasmic fractions of MC3T3-E1 cells were prepared for
detection of the B-catenin protein level using a Nuclear Pro-
tein Extraction Kit provided by Solarbio (China). The house-
keeping proteins B-actin and Histone 3 were used as internal
controls for normalization. For inhibition study, MC3T3-E1
cells were pretreated with the pharmacological PI3K inhibi-
tor LY294002 (20 uM), or the PKA inhibitor H89 (20 uM) 2
h before liraglutide treatment.
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Intracellular cCAMP measurement

MC3T3-E1 cells were cultured in 25 cm?flasks for measure-
ment of cAMP. After treatment, the cell supernatants were
obtained after ultrasonication and repeated freezing and
thawing. Cytoplasmic cAMP content was measured in ly-
sates using a Cyclic AMP ELISA Assay kit (Nanjing Jiancheng
Biotech Institute, China) according to the manufacturer’s
instructions.

Confocal microscopy

MC3T3-E1 cells were fixed in 4% paraformaldehyde,
washed with 0.1% BSA in PBS, permeabilized with 0.3%
Triton X-100. After blocking for 1 h, cells were incubated
with anti-GLP-1R antibody (1:200) overnight at 4T, fol-
lowed by Alexa Fluor®594-conjugated goat anti-rabbit
lgGH&L (Molecular Probes, USA) for 1 h. Images were ob-
served under a FV1000 FLUOVIEW confocal laser scanning
microscope (Olympus, Japan).

GLP-1R and B-catenin silencing via RNA interference

Two small interfering RNAs targeting GLP-1R (5-CCGGACC
UUUGAUGACUAUTT-3, 5-AUAGUCAUCAAAGGUCCGGTT-
3’) and B-catenin (5-GGGUUCCGAUGAUAUAAAUTT-3, 5~
AUUUAUAUCAUCGGAACCCTT-3’) and a scrambled siRNA
(sense 5-UUCUCCGAACGUGUCACGUTT-3, antisense 5'-
ACGUGACACGUUCGGAGAATT-3) were synthesized by
GenePharma Biotechnology (Shanghai, China). MC3T3-E1
cells were then transfected with siRNA (50 pmol/well) using
EntransterTM-R4000 (Engreen Biosystem Co, Ltd.) following
the manufacturer’s instructions. The siRNA silencing efficien-
cy was determined 48 h post transfection by protein analysis
for further experiments.

Statistical analysis

Data are expressed as the mean * standard deviation (SD)
and were analyzed using SPSS software, version18.0. All
experiments were repeated three times. Statistical analysis
was performed using Student’s #test and one-way ANOVA
followed by post hoc methods. P<0.05 was considered sta-
tistically significant.

RESULTS

GLP-1R expression in MC3T3-E1 cells

To elucidate the functional role of GLP-1 in osteoblast apop-
tosis, we confirmed that GLP-1R mRNA (399-bp fragment)
was expressed in MC3T3-E1 cells using RT-PCR (Fig. 1A). We
further validated the expression of GLP-1 receptor protein in
MC3T3-E1 cells with Western blot analysis (Fig. 1B) and
confocal microscopy (Fig. 1C). GLP-1R expression in mouse
pancreas tissue was used as a positive control.

Liraglutide inhibited serum deprivation-induced apoptosis
in osteoblastic MC3T3-E1 cells

MC3T3-E1 cells were exposed to a range of liraglutide con-
centrations to determine its effect on apoptosis. After 72 h
of starvation, treatment with liraglutide resulted in less ap-
parent nuclear condensation in MC3T3-E1 cells observed by
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A B Fig. 1. GLP-1R was expressed in MC3T3-E1 osteoblasts.
RT-PCR (A), Western blot (B), and confocal microscopy
750 bp o <> (C) indicating the presence of the GLP-1 receptor in
é\c}“ O,g\"’ MC3T3-E1 cells and mouse pancreas (as positive
- 500 bp ? A control). (C) 400xmagnification. The results were
(399 bp) %EPRBR E normalized to GAPDH as an internal control.
200 bp SAPDH E Experiments were performed at least three times.
100 bp
C DarPl GLP-1R Merge

100 1000
Liraglutide (nM)

Fig. 2. Effect of liraglutide on serum deprivation-induced
apoptosis in osteoblastic MC3T3-E1 cells. Cells were de-
prived of serum for 24 h, then exposed to liraglutide (0,
10, 100, or 1000 nM) for 48 h. (A) The nucleus of the
MC3T3-E1 cells were dyed with Hoechst 33258 and
representative images of Hoechst 33258-stained cells
were obtained under a fluorescence microscope. (B)
Apoptosis  was  determined by annexin V-

B propidiumiodide  (Pl) double staining. (C) The
T Fom T o T T T P percentage of apoptotic cells by flow cytometry was
- " - “2 lower for cells treated with liraglutide than control group

a 1 1 ‘. (*P < 0.05, **P < 0.01). (D) Cell death detection ELISA

“”m“ ‘“"wM ¢ showed that liraglutide suppressed the apoptosis of
T e T e T e T T P e MC3T3-E1 cells. (E) The expression of apoptosis related
0nM 10 nM 100 nM 1000 nM

ANNEXIN-V FITC

proteins Bcl-2, Bax, caspase-3 were determined by
Western blot. (F) The Bcl-2/Bax ratio was calculated.

C = 4 Data are shown as the mean + SD (n = 3). *P < 0.05,
5 s 5 *xP ¢ 0.01 compared with the control group.
» £5
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3 o
o w o
0 10 100 1000 0 10 100 1000
Liraglutide (nM) Liraglutide (nM)
Bol2 s e GEED G
x
Bax e —-—-— &
R S
Caspase-3 Sl D S o 3
Bractin | ENGEDED D

Liraglutide (nM) 0 10 100 1000

0 10 100 1000
Liraglutide (nM)

percentage of apoptotic cells from liraglutide-treated group
was lower than that from vehicle-treated group, assessed by
Annexin V/PI staining and Cell Death ELISA (Figs. 2B-2D).

Hoechst 33324 staining as compared to control group, indi-
cating that liraglutide protected cells from apoptosis induced
by serum deprivation (Fig. 2A). In parallel experiments, the
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Moreover, the levels of apoptosis-related Bax and caspase-3
protein expression were significantly decreased, but Bcl-2
was significantly increased after liraglutide treatment, as
detected by Western blot analysis (Fig. 2E). Correspondingly,
the Bcl-2/Bax ratio was also significantly increased (Fig. 2F).
Additionally, apoptosis analysis indicated that liraglutide
exerted the maximal anti-apoptotic effect at 100 nM of li-
raglutide, which was selected as the optimal concentration
for the following experiments.
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Liraglutide inhibited serum deprivation induced osteoblast
apoptosis via CAMP/PKA/B-catenin and
PI3K/Akt/GSK3p/B-catenin signaling pathway

To investigate the molecular mechanism by which liraglutide
exerts its anti-apoptotic effects, the activation of several
intracellular signaling pathways was examined. In the pre-
sent study, our data demonstrated that 100 nM liraglutide
induced the phosphorylation of AKT (Figs. 3A and 3B), and
elevated the level of intracellular cAMP (Fig. 3F). Meanwhile,
the phosphorylation of AKT was blocked by the PI3K inhibi-
tor LY294002. Since the canonical Wnt/B-catenin signaling
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Fig. 3. Activation of cAMP/PKA/B-catenin and PI3K/AKT/GSK3pB/B-catenin signaling pathway in liraglutide-stimulated osteoblastic MC3T3-
E1 cells. Cells were exposed to 100 nM liraglutide and 20 uM H89 or 20 uM LY294002, respectively. Cell lysates were subjected to
Western blotting and ELISA to assess AKT (A, B), GSK3B (A, C), B-catenin (D, E), cAMP (F) activation. B-catenin level in the cytoplasm
and nucleus (G-l) and TCF7L2 mRNA expression (J) were detected to evaluate the canonical Wnt/B-catenin signaling pathway activation.
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Fig. 4. Liraglutide-induced signaling pathways through GLP-1R were regulated by B-catenin. Cells were treated with GLP-1R, or B-catenin
siRNA in the presence of 100 nM liraglutide. The transfection efficiency was determined by Western blot (A, B). The intracellular levels of

cAMP (C), AKT (D, E) and B-catenin (D, F) activation were examined.

pathway plays a pivotal role in the modulation of osteoblast
apoptosis, we investigated whether it was involved in the
effect of liraglutide on MC3T3-E1 cells apoptosis. Our results
showed that incubation with liraglutide significantly en-
hanced the phosphorylation of Ser-675 in the cytosolic -
catenin (Figs. 3D and 3E) and decreased the phospho-
glycogen synthase kinase 3B (p-GSK3B) (Ser9) associated
with the phosphorylation of AKT (Figs. 3A and 3C). And this
was accompanied by increased B-catenin accumulation in
the cytoplasm and nucleus (Figs. 3G-31) along with upregu-
lated TCF7L2 mRNA expression (Fig. 3J). These effects in-
duced by liraglutide were abrogated by the PKA inhibitor
H89 and the PI3K inhibitor LY294002, respectively, suggest-
ing that liraglutide activates the cAMP/PKA and PI3K/Akt
signaling pathways with B-catenin involved in MC3T3-E1
cells. In addition, suppression of GLP-1R with siRNA blocked
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intracellular cAMP activity (Fig. 4C), the phosphorylation of
AKT (Figs. 4D and 4E) and B-catenin (Figs. 4D and 4F). These
results indicate that liraglutide stimulates the cAMP/PKA and
PI3K/Akt signal transduction pathways via GLP-1R in
MC3T3-E1 cells.

The anti-apoptotic effect of liraglutide in MC3T3-E1 cells
can be blocked by specific inhibitors and siRNAs

To confirm that B-catenin mediated activation of CAMP/PKA
and PI3K/AKT signaling pathways via GLP-1R were involved
in the regulation of MC3T3-E1 cell apoptosis by liraglutide,
we used specific inhibitors and siRNAs to pretreat the cells.
Cell death ELISA was performed to determine the apoptosis
of MC3T3-E1 cells. Our data revealed that the anti-apoptotic
effect of liraglutide exposure was reversed by pretreatment
with H89 or LY294002 alone (Fig. 5A). Silencing GLP-1R

Fig. 5. Effect of specific selective inhibitors and

siRNAs on liraglutide-induced decrease of osteo-

ok blastic MC3T3-E1 cells apoptosis. (A) Cells were
pretreated with 20 uM H89 or 20 uM
LY294002, respectively, for 2 h before
incubation with 100 nM liraglutide for 48 h. (B)

Cells were also treated with the GLP-1R or B-
catenin-siRNA in the presence of 100 nM

& liraglutide for 48 h. Cell death detection ELISA
& was performed to measure MC3T3-E1 cells

N & apoptosis. Data are shown as the mean = SD (n

N =3). *P < 0.05, **P < 0.01 compared with the
control group.
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and B-catenin with siRNA also abolished the anti-apoptotic
effect of liraglutide (Fig. 5B), demonstrating that liraglutide
prevented apoptosis of MC3T3-E1 cells induced by serum
deprivation through the cAMP/PKA and PI3K/Akt signaling
pathways via GLP-1R with the involvement of B-catenin.

DISCUSSION

The current study explored the effects of liraglutide on the
apoptosis of osteoblastic MC3T3-E1 cells induced by serum
deprivation. We confirmed the presence of GLP-1R in
MC3T3-E1 cells and our findings supported the protective
role that liraglutide exerted on serum deprivation-induced
damage in osteoblastic cells. This effect is mediated, at least
in part, through activation of cAMP/PKA/B-catenin and
PI3K/AKT/GSK3B pathways.

Apoptosis is an essential mechanism implicated in all self-
renewing tissues to remove poorly functioning and possibly
cancerous cells later in life (Kerr et al., 1972). Osteoblasts
apoptosis plays an important role in bone development,
bone turnover, and repair. Apoptosis can occur throughout
the entire life span of osteoblasts, beginning from embryonic
limb development and continuing throughout all stages of
the working life of this cell. Osteoblast apoptosis, which has
been correlated with all major regulators of bone metabo-
lism including bone morphogenetic proteins (BMPs), Wnts,
other growth factors and cytokines, integrins, estrogens,
androgens, glucocorticoids, PTH and PTH-related protein
(PTHrP), immobilization, and the oxidative stress associated
with aging, occurs when proapoptotic signals exceed anti-
apoptotic signals (Jilka et al., 2007). Previous studies have
shown that glucose-dependent insulinotropic peptide (GIP)
prevents serum deprivation-induced (Berlier et al., 2015) or
etoposide-induced (Tsukiyama et al., 2006) apoptosis in
human osteoblastic cells. Similarly, another gut hormone
ghrelin has been demonstrated to inhibit the apoptosis of
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Fig. 6. Model for liraglutide-mediated anti-apoptotic
effect via GLP-1R in osteoblast.

osteoblastic MC3T3-E1 cells induced by serum deprivation
by activating the GHSR/ERK and GHSR/PI3K/AKT signaling
pathways (Liang et al., 2013).

Beyond its beneficial effects on glycemic control, GLP-1
has been reported to exert multiple functions in various tis-
sues (Drucker, 2003) on modulation of cell proliferation,
differentiation, and apoptosis. Of interest, GLP-1 has been
demonstrated as an antiapopotic factor in several cells, such
as, pancreatic-cells (Cunha et al., 2009), cardiomyocytes
(Ying et al., 2015), and neuronal cells (Kimura et al., 2009).
Liraglutide, a long-acting agonist of GLP-1, has been also
reported to inhibit apoptosis of various cell types including
adipocytes (Challa et al., 2012), and renal tubular epithelial
cells (Zhao et al., 2015), in addition to the above mentioned
cells. As a GLP-1 agonist, liraglutide exerts its physiological
role by binding to GLP-1R, and our results ascertained that
GLP-1R was expressed on MC3T3-E1 cells surface, which
was in agreement with the findings of Aoyama et al. (2014)
and Feng et al. (2016). In our previous study, we have
demonstrated that GLP-1R mRNA was expressed in MC3T3-
E1 cells with a 111 bp band (Wu et al., 2017). In the present
work, we further confirmed this view with a much larger
template (399 bp) using RT-PCR. On the contrary, Nuche-
Berenguer and colleagues failed to demonstrate the pres-
ence of pancreatic GLP-1 receptor in MC3T3-E1 cells. The
reasons for the discrepant results in MC3T3-E1 cells are un-
clear, but an explanation for it may lay in the difference in
size and the specificity of the amplification primer (Pallen et
al., 1992). Following the confirmation of GLP-1R in osteo-
blastic MC3T3-E1 cells, the present study demonstrated that
liraglutide protects MC3T3-E1 cells against serum depriva-
tion induced apoptosis with the maximum effect achieved at
an intermediate concentration (100 nM), not in a dose-
dependent manner. One possible reason for this phenome-
non is that a minor stimulation of liraglutide did not cause
significant anti-apoptotic effect and a higher concentration



may display a negative effect. This was because GLP-1 recep-
tors belong to GPCR, they can be subjected to some desen-
sitization or rapid attenuation of receptor sensitivity after
exposure to agonists (Ferguson, 2001). However, contrary
to the crucial role of liraglutide on the apoptosis of MC3T3-
E1 cells, GLP-1 had no protective effect on etoposide-
induced apoptosis in Saos-2 cells (Yamada et al., 2008). To
our knowledge, Saos-2 cells do not express the GLP-1 recep-
tor, and GLP-1 failed to increase intracellular cAMP levels in
this cell line (Yamada et al., 2008), which may account for
this discrepancy.

Apoptosis may be initiated either by death receptors,
members of the TNF receptor family with an intracellular
death domain, or Bcl-2 family proteins, which consists of
anti-apoptotic proteins (e.g., Bcl-2, Bd-XL) and pro-
apoptotic proteins (e.g., Bax, Bak), and involves mitochon-
drial release of cytochrome. Either pathway activates one or
more of the initiator caspases (Hock et al., 2001). Although
osteoblast apoptosis plays a crucial role during bone for-
mation and fracture healing, it is still unclear which signal
transduction pathways are involved in programmed cell
death in osteoblasts. Our data indicated that liraglutide up-
regulated the expression of Bcl-2 and down-regulated the
expression of Bax in MC3T3-E1 cells, suggesting the in-
volvement of Bcl-2 family pathway in regulating the apopto-
sis of MC3T3-E1 cells by liraglutide. Moreover, we found
that liraglutide attenuated the activity of caspase-3, which is
a critical enzyme for apoptosis and cell survival (Miura et al.,
2004).

Multiple mechanisms are likely responsible for the anti-
apoptotic effects of liraglutide in osteoblastic MC3T3-E1
cells. Binding of GLP-1 to GLP-1R can activate several signal-
ing pathways, including cCAMP/PKA, mitogen-activated pro-
tein kinase (MAPK), phospholipase C, intracellular Ca**, and
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
(Liu and Habener, 2008). Among them, cAMP/PKA and
PI3K/AKT have been reported to interfere with this complex
process for osteoblast apoptosis (Chen et al., 2007; Liu et al.,
2007). In this study, our data showed that liraglutide can
signal through cAMP/PKA with increased cAMP content of
MC3T3-E1 cells. Meanwhile, liraglutide can also activate
PI3K/Akt signaling cascade. However, the protective effects
of liraglutide were not completely mediated through the
activation of the two signaling cascades. The Wnt signaling
pathway plays an important role in cell survival and activa-
tion of the canonical Wnt pathway in the osteoblast lineage
is associated with decreased apoptosis (Bodine and Komm),
2006). Recent studies have revealed that activation of the
cAMP-dependent PKA by the stimulation of GLP-1 via GLP-
1R could phosphorylate Ser-675 of B-catenin, stabilising it so
that it can enter the nucleus, leading to the nuclear activa-
tion of transcription through TCF7L2 (Liu and Habener,
2008). These phenomena were also observed in our experi-
ment for the apoptosis of osteoblastic MC3T3-E1 cells res-
cued by liraglutide, indicating that activation of the
cAMP/PKA pathway could crosstalk with Wnt to gain an
anti-apoptotic effect in osteoblasts. Additionally, GSK3B is
an important negative modulator of the canonical Wnt/B-
catenin signaling pathway (Clevers and Nusse, 2012). In our
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study, activation of AKT inhibited the phosphorylation of
GSK3p then resulting in the activation of B-catenin to pro-
mote its nuclear translocation and to increase its capacity for
transcriptional activation of TCF7L2 target genes. Together
these data indicate that the PI3K/Akt/GSK3B/B-catenin
pathways also play a key role in liraglutide-mediated osteo-
blast survival. Also, the activation of B-catenin and AKT in
MC3T3-E1 cells were reversed by pretreatment with the PKA
inhibitor H89 and the PI3K inhibitor LY294002, respectively.
Furthermore, the activation of cAMP/PKA and PI3K/Akt
were blocked by the suppression of GLP-1R with SiRNA,
which suggests that downstream signaling pathway is medi-
ated through GLP-1R. Both inhibition of PKA and AKT and
silence of GLP-1R and B-catenin offset the protective effects
of liraglutide on serum deprivation-induced MC3T3-E1 cell
apoptosis, indicating that liraglutide prevents MC3T3-E1 cell
from apoptosis by activating the cAMP/PKA and PI3K/Akt
signaling pathways involving B-catenin through GLP-1R.

In conclusion, the present study suggested that liraglutide
could directly protect MC3T3-E1 cells against serum depriva-
tion-induced apoptosis by activating the cAMP/PKA/B-
catenin and PI3K/Akt/GSK3B pathways via GLP-1R. There-
fore, liraglutide as a newer antidiabetic agent may confer a
beneficial effect in bone metabolism through regulation of
osteoblast apoptosis, and may be exploited as a potential
therapeutic strategy for osteoporosis, which still requires
further clarification.
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