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Liraglutide attenuates the osteoblastic differentiation of
MC3T3-E1 cells by modulating AMPK/mTOR signaling
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Abstract. Liraglutide, a synthetic analogue of glucagon-like
peptide-1, is utilized in the treatment of type 2 diabetes and
obesity. Liraglutide has been previously demonstrated to
prevent osteoblastic differentiation of human vascular smooth
muscle cells, resulting in the slowing of arterial calcification,
however, its effect on bone formation remains unclear. The
present study investigated the effect of liraglutide on osteo-
blastic differentiation using Alizarin Red S staining, and
examined the molecular mechanisms underlying the regulatory
effect by western blot analysis. The present study demonstrated
that protein expression levels of phosphorylated adenosine
monophosphate-activated protein kinase (p-AMPK) were
downregulated in MC3T3-El cells during osteoblastic differ-
entiation in commercial osteogenic differentiation medium,
whereas protein expression levels of transforming growth
factor-f (TGF-P) and phosphorylated mammalian target of
rapamycin (p-mTOR) increased. Liraglutide was subsequently
demonstrated to dose-dependently attenuate the osteoblastic
differentiation of MC3T3-El cells, to upregulate p-AMPK, and
downregulate p-mTOR and TGF-f protein expression levels.
Treatment with an AMPK-specific inhibitor, Compound C,
eradicated the effect of liraglutide on osteoblastic differen-
tiation, and p-mTOR and TGF- downregulation. An mTOR
activator, MHY 1485, also abolished the inhibitory effect
of liraglutide on osteoblastic differentiation, and resulted in
p-mTOR and TGF- downregulation, but did not attenuate the
liraglutide-induced increase in p-AMPK protein expression
levels. The results of the present study demonstrate that liraglu-
tide attenuates osteoblastic differentiation of MC3T3-El cells
via modulation of AMPK/mTOR signaling. The present study
revealed a novel function of liraglutide, which contributes to
the understanding of its pharmacological and physiological
effects in clinical settings.
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Introduction

Liraglutide is a synthetic analogue of glucagon-like peptide-1
(GLP-1) that is commonly used in the management of type 2
diabetes (T2D) and obesity. Liraglutide shares 97% sequence
identity with native human GLP-1 and induces similar
biological effects, including enhanced glucose-dependent
insulin secretion, accelerated insulin [3-cell proliferation and
inhibition of 3-cell apoptosis (1). A recent study demonstrated
that liraglutide aids the prevention of T2D complications,
such as diabetic nephropathy, caused by exposure to high
glucose concentrations (2). The plasma half-life of liraglutide
is ~13 h, compared with the 1.5-2.1 min half-life of native
GLP-1, increasing its bioavailability compared with native
GLP-1 (3). Liraglutide is also effective in assisting with
weight loss, as it delays gastric emptying, slows carbohydrate
absorption and increases satiety (3). Liraglutide was previ-
ously considered to have minor side effects, and received
marketing authorization from medical agencies in Europe,
Canada, Japan, and the USA, however, the drug has now
been associated with the development of hypoglycemia,
acute pancreatitis and thyroid carcinoma (4). Thus, the future
clinical application of liraglutide requires comprehensive
consideration.

Bone formation is largely dependent on the trans-
formation (differentiation) of osteoblasts into mature
osteocytes, which make up >90% of all bone cells in the
adult skeleton (5). Osteoblastic differentiation is a carefully
orchestrated process, and is tightly regulated by signaling
pathways, including adenosine monophosphate-activated
protein kinase (AMPK)-mediated signaling. AMPK stimu-
lates the proliferation, mineralization and differentiation of
osteoblastic MC3T3-El cells, when activated by the AMP
analog 5-aminoimidazole-4-carboxamide ribonucleotide,
the adiponectin adipokine and the lipid-lowering agent,
Bezafibrate (6,7). However, AMPK activated by the adipokine
Clg/tumor necrosis factor-related protein 3, is reported to
repress the differentiation of osteoblastic MC3T3-El cells (8).
Additionally, Wei et al (9) observed that glucose uptake
favors osteoblast differentiation by inhibiting the functions of
AMPK in vivo and in vitro. The reason for the discrepancy
of AMPK function on osteoblastic differentiation in these
studies remains unclear; however, variations in downstream
effectors activated by AMPK under different conditions may
be a contributing factor.
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Liraglutide has recently been demonstrated to prevent
the osteoblastic differentiation of human vascular smooth
muscle cells, which is reported to slow the process of arterial
calcification (10,11). As arterial calcification is considered to
be similar to bone formation, this observation indicated that
liraglutide may be implicated in the osteoblastic differentia-
tion of osteoblasts. Furthermore, AMPK/mammalian target of
rapamycin (mTOR) signaling cascades are involved in the
mechanisms that mediate the antidiabetic effects of liraglu-
tide (12). Thus, it is hypothesized that liraglutide is involved
in osteoblastic differentiation by modulating AMPK/mTOR
signaling.

Alkaline phosphatase (Alp) is responsible for hydro-
lyzing pyrophosphate in osteoblasts to generate inorganic
phosphate, an essential component of the mineralized matrix
of osteoblasts (13), while mature osteoblasts are typically
characterized by high osteocalcin (OC) expression (5). OC,
a structural protein of bone, has a high affinity for hydroxy-
apatite and regulates the generation of osteoblast mineralized
matrix (14,15). Due to the reciprocal association between
Alp/OC expression and osteoblastic differentiation (16), Alp
and OC are commonly used as osteoblastic differentiation
markers. Mineralized matrix formation in osteoblasts is
an important process during osteoblastic differentiation
and is associated with the deposition of calcium phosphate
salts (14,17). Therefore, examination of the calcium phosphate
salt content in osteoblasts is another marker of the extent
of osteoblastic differentiation. Matrix mineralization can
be assessed via Alizarin red S staining, which detects both
microcrystalline and noncrystalline calcium phosphate salts
in osteoblasts (18).

The present study aimed to investigate the effects of lira-
glutide treatment on osteoblastic differentiation of MC3T3-El
cells, a clonal osteogenic cell line that maintains character-
istics of osteoblasts, and is frequently used to investigate
osteoblastic differentiation and function in vitro (19), using
Alp, OC and mineralized matrix formation as markers of
osteoblastic differentiation.

Materials and methods

Reagents and cell treatments. Compound C (AMPK inhib-
itor) and MHY 1485 (mTOR activator) were purchased from
Calbiochem (EMD Millipore, Billerica, MA,USA) and Selleck
Chemicals (Shanghai, China), respectively. Rabbit anti-Alp
antibody (1:10,000; catalog no. ab190931; Abcam, Cambridge,
UK), mouse anti-OC antibody (1:400; catalog no. sc-74495;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit
anti-AMPK antibody (1:1,000; catalog no. ab32047; Abcam),
rabbit anti-phosphorylated (p)-AMPK antibody (Thrl72;
1:1,000; catalog no. ab133448; Abcam), rabbit anti-mTOR
antibody (1:1,000; catalog no. 2972; CST Biological Reagents
Co., Ltd., Shanghai, China), rabbit anti-p-mTOR antibody
(Ser2448; 1:1,000; catalog no. 2971; CST Biological Reagents
Co., Ltd.), rabbit anti-transforming growth factor-f§ (TGF-f3)
antibody (1:500; catalog no. bs-0103R; BIOSS, Beijing, China)
and mouse anti-glyceraldehyde-3 phosphate dehydrogenase
(GAPDH) antibody (1:500; catalog no. sc-365062; Santa
Cruz Biotechnology) were purchased for western blotting and
immunocytochemistry.
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MC3T3-El1 cells, obtained from the American Type
Culture Collection (Manassas, VA, USA), were maintained in
Dulbecco's modified Eagle's medium (DMEM, Hyclone; GE
Healthcare Life Sciences, Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS, Hyclone; GE Healthcare
Life Sciences), 100 U/ml penicillin and 100 mg/ml strep-
tomycin at 37°C in a humidified atmosphere of 5% CO,.
Having reached 70% confluence, the culture medium was
switched to commercial osteogenic differentiation medium
(catalog no. MUCMX-90021; Cyagen Biotechnology Co.,
Ltd., Taicang, China). MC3T3-El cells were cultured in the
osteogenic differentiation medium for 14 days, following by
culture in DMEM supplemented with varying concentrations
of liraglutide (catalog no. HY-P0014; MedChem Express,
Shanghai, China) for a further 14 days. MC3T3-El cells
treated with 4 nM liraglutide were cultured in the presence
or absence of Compound C or MHY1485. MC3T3-El cells
maintained in DMEM for 28 days in the absence of any treat-
ment were used as the negative control (NC); cells cultured
in commercial osteogenic differentiation medium for 14 days
and in DMEM without liraglutide for an additional 14 days
were used as the positive control (PC).

Western blotting. Cells were lysed with NP-40 buffer (1%
NP-40, 0.15 M NaCl, 50 mM Tris, pH 8.0) containing
phosphatase inhibitors (okadaic acid; catalog no. ab120375;
Abcam). Protein concentration was measured using a
bicinchoninic acid protein assay kit (Beyotime Institute of
Biotechnology, Shanghai, China). Equal amounts of protein
(20 pg) were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on 12% gels and transferred onto
nitrocellulose membranes. After blocking with 5% non-fat
milk in Tris-buffered saline containing Tween (TBST) for
1 h, membranes were incubated with primary antibody in
TBST overnight at 4°C and subsequently incubated with
anti-mouse (catalog no. A9309; Sigma-Aldrich; Merck
Millipore, Darmstadt, Germany) or anti-rabbit (catalog
no. ab97051; Abcam) horse radish peroxidase-conjugated
secondary antibodies at a 1:2,000 dilution for 2 h at
room temperature. Reactive proteins were detected using
Pierce Enhanced Chemiluminscent and SuperSignal™
Chemiluminescent substrates (Thermo Fisher Scientific,
Inc., Waltham, MA, USA). To control for loading efficiency,
the blots were stripped with Mild Stripping Buffer (Abcam)
at room temperature for 5-10 min and reprobed with GAPDH
antibody (1:600).

Immunocytochemistry (ICC). The cells were fixed by 4% para-
formaldehyde at room temperature for 10 min and methanol
at -20°C for 20 min. Normal goat serum (10%; Hyclone; GE
Healthcare Life Sciences) was added to cells for 30 min to
block nonspecific binding sites. The fixed cells were immu-
nostained with primary antibodies targeting Alp (1:300) and
OC (1:200) overnight at 4°C and the Alexa Fluor 488-conju-
gated goat anti-rabbit secondary antibody (1:500; catalog
no. SP-9000; ZSGB-BIO, Beijing, China) for 1 h at 37°C.
Images were acquired with a high-resolution CoolSNAP™
CCD camera (Photometrics Inc., Tucson, AZ, USA) under the
control of a computer using Leica FW4000 software version
1.2 (Leica Microsystems, Ltd., Milton Keynes, UK).
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Figure 1. Relative protein expression of Alp, OC, p-AMPK, p-mTOR and TGF-f during osteogenic differentiation. Commercial osteogenic differentiation
medium was used to induce osteoblastic differentiation of MC3T3-El cells, and the relative protein expression of indicated proteins was analyzed by western
blotting on days 0, 3, 5, 7 and 14. Quantification was relative to GAPDH. Data are presented as the mean + standard error (n=5). "P<0.05 vs. day 0. Alp,
alkaline phosphatase; OC, osteocalcin; p-AMPK, phosphorylated AMPK; p-mTOR, phosphorylated mTOR; TGF-f, transforming growth factor-f; GAPDH,

glyceraldehyde 3-phosphate dehydrogenase.

Mineralization assay. The extent of matrix mineralization of
MC3T3-EI cells were determined by Alizarin Red S staining.
Cells were fixed with 2% formaldehyde for 10 min at room
temperature, followed by exposure to 2% Alizarin Red S for
40 min. Cells were then washed with phosphate-buffered
saline to remove excess dye, and cells were examined under a
BA410 Optical Microscope plus Absorbance Analyzer (Motic
Medical Diagnostic Systems Co., Ltd., Xiamen, China).
Absorbance was measured at 550 nm. The mineralization
values were normalized to the relative value of the NC.

Statistical analysis. Data were analyzed using SPSS 12.0
software (SPSS, Inc., Chicago, IL, USA). One-way analysis
of variance followed by Scheffe's post-hoc test was used for
multiple comparisons between each group. P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

Osteoblastic differentiation of MC3T3-EI cells is induced by
commercial osteogenic differentiation medium. Commercial
osteogenic differentiation medium was used to induce the
differentiation of osteoblastic MC3T3-EI cells towards mature
osteocytes. The protein expression levels of two crucial osteo-
blastic differentiation markers, Alp and OC, were evaluated on
days 0, 3, 5, 7, and 14 of incubation in osteogenic differentia-
tion medium by western blotting. Protein expression levels of
Alp and OC gradually increased during the time course, with
~3- and 4-fold higher expression on day 14 compared with
day 0, respectively (P=0.024 and P=0.027; Fig. 1), indicating
a trend of osteoblastic MC3T3-El cell differentiation to

mature osteocytes over this time period. In parallel with the
osteoblastic differentiation of MC3T3-El cells, p-AMPK
expression levels progressively decreased over the same
period, with the lowest expression levels at 14 days (P=0.036
vs. day 0). However, protein expression levels of p-mTOR and
TGF-f gradually increased over the time course. Expression
levels were significantly increased on day 14 compared with
day 0, (P=0.039 and P=0.017, respectively). No significant
differences were observed in AMPK and mTOR expres-
sion levels (Fig. 1). These data suggested a close association
between osteoblastic differentiation of MC3T3-El cells and
p-AMPK/p-mTOR/TGF-f3 expression levels.

Increased expression of Alp and OC on day 14 compared
with day O was also observed by ICC (Fig. 2A). Alizarin red
S staining was used to evaluate mineral matrix formation in
osteoblasts. Increased intensity of Alizarin red S staining, as
determined by spectrophotometric readings, were observed
over the time-course of 14 days (Fig. 2B). Notably, optical
intensity was significantly increased on day 14 compared with
day 0 (P=0.008). These data indicated an increased mineral
matrix formation over this time period. Osteoblastic differ-
entiation of MC3T3-El cells was, therefore, induced by the
commercial osteogenic differentiation medium.

Liraglutide dose-dependently attenuates the osteoblastic
differentiation of osteoblasts. MC3T3-El cells cultured in
commercial osteogenic differentiation medium for 14 days,
were transferred into basal culture medium and maintained for
an additional 14 days in various concentrations of liraglutide
0,0.1,0.5, 1, 2 and 4 nM). Protein expression levels of Alp
and OC were analyzed by western blotting, revealing that lira-
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Figure 2. ICC and Alizarin Red S staining during osteogenic differentia-
tion. Commercial osteogenic differentiation medium was used to induce the
osteoblastic differentiation of MC3T3-E1 cells. (A) ICC was performed on
day 14 to detect Alp and OC. Negative control cells were not stained for Alp
and OC. Magnification, x400. (B) Alizarin Red S staining was performed
on days 0, 3, 5,7 and 14 to determine the extent of matrix mineralization.
Magnification, x200. Data are presented as the mean + standard error (n=10).
"P<0.05 and “P<0.01 vs. day 0. ICC, immunocytochemistry; NC, negative
control; Alp, alkaline phosphatase; OC, osteocalcin.

glutide dose-dependently decreased protein expression levels
of Alp and OC compared with untreated PC cells; treatment
with 4 nm liraglutide resulted in ~1/3 of the protein expres-
sion levels of both Alp and OC compared with untreated PC
cells (P=0.035 and P=0.038; Fig. 3A). In addition, matrix
mineralization of osteoblasts was attenuated by liraglutide
in a dose-dependent manner, as determined by Alizarin red
S staining (Fig. 3B). Liraglutide at a concentration of 4 nM
decreased the absorbance to the lowest level of all treatment
groups (P=0.009 vs. PC group). These results indicated that
liraglutide may inhibit and/or reverse osteoblastic differentia-
tion.

AMPK/mTOR signaling is involved in the inhibitory effect
of liraglutide on osteoblastic differentiation. MC3T3-El
cells cultured in commercial osteogenic differentiation
medium for 14 days, followed by a further 14 days culturing
in basal culture medium with 4 nM liraglutide exhibited
significantly lower formation of mineralized matrix compared
with untreated PC cells (P=0.009; Fig. 4A) and significantly
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reduced protein expression levels of Alp (P=0.035; Fig. 4B)
and OC (P=0.038; Fig. 4B). Liraglutide treatment significantly
increased p-AMPK protein expression levels compared with
untreated PC cells (P=0.041) whereas the levels of p-mTOR
and TGF-f3 were significantly reduced compared with PC
(P=0.041 and P=0.035, respectively). However, co-treatment
of 4 nM liraglutide and 10 uM Compound C, an inhibitor
of AMPK, prevented the liraglutide-induced increase in
p-AMPK levels compared with liraglutide treated cells, and
restored the levels of Alp, OC, p-mTOR and TGF-f (Fig. 4B),
and matrix mineralization (Fig. 4A) to levels comparable
with positive control cells. Similarly, co-treatment with 4 nM
liraglutide and 1 xM MHY1485, an mTOR activator, resulted
in protein expression levels of Alp, OC, p-mTOR and TGF-f§
(Fig. 4B) and matrix mineralization (Fig. 4A) comparable to
those of positive control cells cells. However, MHY 1485 did
not similarly attenuate the liraglutide-induced increase in
p-AMPK levels, resulting in significantly increased protein
expression levels of p-AMPK compared with positive control
cells (P=0.04; Fig. 4B). Protein expression levels of AMPK
and mTOR were unaffected by liraglutide and the AMPK and
mTOR inhibitors. These data suggested that liraglutide affects
the activities of AMPK and mTOR but not their expression,
and that the AMPK/mTOR axis is potentially involved in the
effect of liraglutide on osteoblastic differentiation.

Discussion

The present study demonstrated that liraglutide attenuated
osteoblastic differentiation, based on the decreased protein
levels of Alp and OC resulting from liraglutide treatment,
and prevention of mineralized matrix formation in osteoblast
MC3T3-El cells following exposure to liraglutide. Protein
expression levels of Alp and OC in osteoblasts were decreased
by liraglutide in a dose-dependent manner, indicating that lira-
glutide inhibits differentiation of osteoblast MC3T3-El cells.
Liraglutide also dose-dependently decreased Alizarin red S
staining of MC3T3-El1 cells, indicating that liraglutide inhibits
calcium phosphate salt deposition, resulting in diminished
osteoblastic differentiation of MC3T3-El cells.

Since previous studies have suggested that AMPK signaling
may be involved in both osteoblastic differentiation and other
biological functions of liraglutide (6-9,12), the present study
investigated AMPK signaling to provide insights into the
adverse effects of liraglutide on osteoblastic differentiation.
AMPK activity, assessed through detection of phosphorylated
AMPK, was decreased during osteoblastic differentiation of
MC3T3-El cells induced by commercial osteogenic differ-
entiation medium. However, when such differentiation was
inhibited using liraglutide, AMPK was activated at similar
levels as in undifferentiated cells. Furthermore, inhibition
of AMPK signaling through treatment with compound C
abolished the inhibitory effect of liraglutide on osteoblast
differentiation. These data, therefore, support the hypothesis
that AMPK signaling serves a critical role in the liraglu-
tide-associated attenuation of osteoblastic differentiation.

AMPK signaling has been previously demonstrated to
attenuate or enhance osteoblastic differentiation, according to
the manner in which AMPK is activated and which downstream
targets of AMPK are regulated (6-9). mTOR, an important
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Figure 3. Effects of liraglutide treatment on Alp and OC protein expression levels, and matrix mineralization. Following culture in commercial osteogenic
differentiation medium for 14 days, MC3T3-El cells were cultured for an additional 14 days in basal culture medium with various concentrations of liraglutide
(0,0.1,0.5, 1,2 and 4 nM). MC3T3-El cells maintained in DMEM for 28 days with no treatment were used as the NC; cells cultured in the commercial osteo-
genic differentiation medium for 14 days and in DMEM medium without liraglutide for a further 14 days were used as the PC. (A) Relative protein expression
of Alp and OC was analyzed by western blot and quantified relative to GAPDH (n=5). (B) Matrix mineralization was determined by Alizarin Red S staining
(n=10). Magnification, x200. Data are presented as the mean =+ standard error. "P<0.05, “P<0.05 vs. NC; "P<0.05, #P<0.01 vs. PC. Alp, alkaline phosphatase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, negative control; PC, positive control; OC, osteocalcin.

down-stream target of AMPK, stimulates osteoblastic differ-
entiation (10,20). The present study demonstrated that mTOR
phosphorylation is negatively associated with that of AMPK,
but differentiation of MC3T3-El osteoblasts is functionally
associated with increased mTOR activity. Importantly, both the
AMPK inhibitor and mTOR activator restored mTOR activity
(mTOR phosphorylation) and abolished the inhibitory effect of
liraglutide on osteoblast differentiation. However, the mTOR
activator had no effect on the levels of p-AMPK, indicating
that liraglutide attenuates osteoblastic differentiation of
MC3T3-E1 cells via AMPK-mediated mTOR suppression.
TGF-f is the most abundant cytokine in bone, with a
key role in osteoblastic differentiation (21,22). To initiate
cellular responses TGF-f receptors are required to transduce
the TGF-f3 signal and activate intracellular transcription
factors (23). Osteoblasts have been demonstrated to secrete
TGF-B, and to express a large variety of high affinity TGF-3
receptors, suggesting that TGF-[3 acts as an autocrine and para-
crine cytokine, regulating multiple physiological processes in

osteoblasts (15,21). Although the effect of TGF-f3 on the regu-
lation of osteoblastic differentiation remains unclear, previous
studies have demonstrated that TGF-f promotes early differ-
entiation of osteoblasts (24,25). The present study revealed
that protein expression levels of TGF-f3 followed similar trends
to p-mTOR, and that both the AMPK inhibitor and mTOR
activator abolished the inhibitory effect of liraglutide on osteo-
blast differentiation. Previous studies have demonstrated that
ribosomal protein S6 kinase Bl, a well-characterized down-
stream target of mTOR, regulates the functions and synthesis
of multiple cytokines to modulate osteogenesis, including
platelet-derived growth factor, fibroblast growth factor and
vascular endothelial growth factor (26). TGF-p is, therefore,
speculated to mediate the effects of mTOR on osteoblastic
differentiation.

The clinical implications of liraglutide attenuation of
osteoblastic differentiation remain unknown. Attenuated
osteoblastic differentiation inhibits bone formation, which
may, therefore, increase the risk of osteoporosis and bone
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Figure 4. Effects of liraglutide treatments and AMPK inhibitor/mTOR activator on matrix mineralization and relative protein levels of Alp, OC, p-AMPK,
p-mTOR and TGF-f. Following culture in commercial osteogenic differentiation medium for 14 days, MC3T3-El cells were cultured for a further 14 days in
basal culture medium with 4 nM liraglutide, and 4 nM liraglutide plus AMPK inhibitor, 10 #uM compound C, or 1 uM mTOR activator, MHY1485. MC3T3-E1
cells maintained in DMEM for 28 days with no treatment were used as the NC; cells cultured in the commercial osteogenic differentiation medium for
14 days and in DMEM without liraglutide for a further 14 days were used as the PC. (A) Matrix mineralization was determined by Alizarin Red S staining
(n=10). Magnification, x200. (B) Relative protein expression was analyzed by western blot and quantified relative to GAPDH (n=5). Data are presented as the
mean + standard error. Bars with letters means they significantly differ with positive control (P<0.05). "P<0.03, “P<0.05 vs. NC; “P<0.05, “P<0.01 vs. PC. NC,
negative control; PC, positive control; Alp, alkaline phosphatase; OC, osteocalcin; p-, phosphorylated; AMPK, adenosine monophosphate-activated protein
kinase; mTOR, mechanistic target of rapamycin; TGF-f, transforming growth factor-f; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

fractures (27). However, the liraglutide-induced reduction in
endogenous TGF-f expression demonstrated in the present
study may inhibit the generation of osteophytes, as demon-
strated in previous in vivo studies (28,29). Additionally, as
osteoblastic differentiation is associated with calcium and
phosphorus metabolism (26), it is possible that negative regu-
lation of osteoblastic differentiation by liraglutide may also
impact calcium and phosphorus metabolism.

In summary, the present study demonstrated that liraglutide
attenuated osteoblastic differentiation and inhibited the expres-
sion of osteoblastic differentiation markers, Alp and OC, and
the formation of mineralized matrix in osteoblasts. The protein
expression level of p-AMPK was significantly increased when

osteoblastic differentiation of MC3T3-El cells was attenuated
by liraglutide, whereas levels of p-mTOR and TGF-f were
decreased under the same conditions. An AMPK inhibitor
and mTOR activator both attenuated the inhibitory effect of
liraglutide on osteoblastic differentiation and restored p-mTOR
protein levels to those of untreated cells. However, the mTOR
activator did not restore p-AMPK protein expression levels to
that of untreated cells. Thus, the present study demonstrated that
liraglutide attenuated osteoblastic differentiation of MC3T3-E1l
cells via modulation of AMPK/mTOR signaling. The present
study revealed a novel function of liraglutide, which contributes
to the understanding of its pharmacological and physiological
effects in clinical settings.
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