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Some anti-diabetic therapies can have adverse effects on bone health and increase fracture risk. In this study, we
tested the skeletal effects of chronic administration of two Glucagon-like peptide-1 receptor agonists (GLP-1RA),
increasingly used for type 2 diabetes treatment, in amodel of osteoporosis associated bone loss and examined the
expression and activation of GLP-1R in bone cells. Mice were ovariectomised (OVX) to induce bone loss and four
weeks later they were treated with Liraglutide (LIR) 0.3 mg/kg/day, Exenatide (Ex-4) 10 μg/kg/day or saline for
four weeks. Mice were injected with calcein and alizarin red prior to euthanasia, to label bone-mineralising sur-
faces. Tibial micro-architecture was determined by micro-CT and bone formation and resorption parameters
measured by histomorphometric analysis. Serumwas collected tomeasure calcitonin and sclerostin levels, inhib-
itors of bone resorption and formation, respectively. GLP-1RmRNA and protein expressionwere evaluated in the
bone, bonemarrow and bone cells usingRT-PCR and immunohistochemistry. Primary osteoclasts and osteoblasts
were cultured to evaluate the effect of GLP-1RA on bone resorption and formation in vitro. GLP-1RA significantly
increased trabecular bone mass, connectivity and structure parameters but had no effect on cortical bone. There
was no effect of GLP-1RA on bone formation in vivo but an increase in osteoclast number and osteoclast surfaces
was observedwith Ex-4. GLP-1Rwas expressed in bonemarrow cells, primary osteoclasts and osteoblasts and in
late osteocytic cell line. Both Ex-4 and LIR stimulated osteoclastic differentiation in vitro but slightly reduced the
area resorbed per osteoclast. They had no effect on bone nodule formation in vitro. Serum calcitonin levels were
increased and sclerostin levels decreased by Ex-4 but not by LIR. Thus, GLP-1RA can have beneficial effects on
bone and the expression of GLP-1R in bone cells may imply that these effects are exerted directly on the tissue.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Osteoporosis, osteoarthritis, joint deformities and fractures affect a
large proportion of the elderly population and represent important causes
of morbidity. The incidence of these conditions is significantly increased
in the presence of types 1 and 2 diabetes mellitus (DM) [1–3]. Clinical
data indicate that the bone of diabetic patients is fragile and of poor qual-
ity, despite a bonemineral density (BMD) often normal. Circulating levels
of sclerostin, a negative regulator of bone formation produced by osteo-
cytes, are elevated in type 2 diabetic patients [4]. Although the mecha-
nisms leading to the poor bone strength and quality in DM patients are
not entirely known, accumulation of advanced glycation end products,
changes in collagen cross-linking and suppression of bone turnover are
significant contributors [5,6]. In addition to the effect of DM itself on the
epartment of Comparative and
TU, UK.
bone, adverse impacts on bone health of some anti-diabetic drugs have
been reported, such as thiazolidinediones (TZDs) that increase fracture
risk [7]. In contrast, metformin, another widely prescribed anti-diabetic
drug, inhibits the bone loss induced by ovariectomy (OVX) in rats [8]
and reduces the risk of fracture in DM patients [9]. However, our recent
studies showed no beneficial effect of metformin on bone mass and frac-
ture healing in rodents [10].

Incretin hormones such as Glucagon-like-peptide 1 (GLP-1), GLP-2
and glucose-dependent insulinotropic peptide (GIP) are peptides se-
creted in the gastrointestinal tract in response to ingestion of nutrients
with insulin-independent anti-diabetic properties [11]. Following its se-
cretion from the intestinal L-cells, GLP-1 binds to its receptor (GLP-1R)
on pancreaticβ-cells to stimulate insulin secretion [12]. As GLP-1 is quick-
ly degraded in the circulation by the ubiquitous protease dipeptidyl
peptidase-IV (DPP-4), Glucagon-like-peptide 1 receptor agonists (GLP-
1RA) with an extended half-life by virtue of their resistance to degrada-
tion by DPP-4 have been developed for clinical use, including Exendin-4
(Ex-4) and Liraglutide (LIR) [13,14]. GLP-1RA, administered either as a
monotherapy or in combination with other existing oral anti-diabetic
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drugs [15], are now increasingly used for the treatment of DM, as they
provide additional extra-glycaemic effects, such as weight loss [16].

Several studies have demonstrated that GLP-1RA affect bone turn-
over [17,18]. GLP-1 has been shown to indirectly inhibit bone resorption
via stimulation of calcitonin production induced by its binding to the
GLP-1R in thyroid C cells [19]. Accordingly, mice with deletion of pan-
creatic GLP-1R develop cortical osteopenia and show increased bone re-
sorption through a calcitonin-dependent pathway [20]. Another study
showed a similar positive effect of GLP-1R activation on bone strength
and quality, as mice lacking GLP-1R showed significantly impaired
mechanical properties, a decrease in cortical thickness and bone outer
diameter and a reduction in the maturity of the collagen matrix [21].
Similarly, double incretin receptor knock-out (DIRKO)mice exhibit dra-
matic and profound alterations of bonemicroarchitecture and strength,
confirming the importance of incretin hormones in the regulation
of bone quality [22]. 3 day infusion or daily injections of GLP-1RA for
3 days were shown to be anabolic in the bone of normal, insulin-
resistant (IR) and T2DM rodent models [23–27]. In addition, it was re-
cently demonstrated that long-term treatment with the GLP-1RA Ex-4
prevents osteopenia in aged ovariectomised rats, a model of bone loss
that mimics osteoporosis [28]. It is, however, unclear whether the
mechanism of action of GLP-1RA in the bone is direct through a func-
tional GLP-1R expressed by bone cells or indirect via an increase in
calcitonin production. Furthermore, there are inconsistencies in the lit-
erature regarding the expression of GLP-1R in the bone and thus the
basis for direct skeletal effects of GLP-1. While previous in vivo studies
indicate indirect effects of GLP-1 on the skeleton via a calcitonin-
dependent pathway [20], it has recently been shown that mouse
osteoblast-like MC3T3-E1 cells express a functional receptor for GLP-1,
different from the cAMP-linked GLP-1R expressed in the pancreas, sug-
gesting a possible direct skeletal action of GLP-1 [29,30]. In contrast, ex-
pression of the pancreatic-type GLP-1R mRNA was identified in human
osteoblastic cell lines, although its expression varied between them
[31]. The presence of pancreatic GLP-1R has also been reported in
osteocytic MLO-Y4 cells and osteocytes in rat femurs [26], as well as in
mesenchymal stem cells [32]. GLP-1R expression is increased during os-
teogenic differentiation of adipose derived stem cells (ADSCs), suggest-
ing that GLP-1R activation may contribute to osteogenesis [33].

In this study, we wanted to examine the skeletal effects of GLP-1RA
in amodel of osteoporosis-associated bone loss. We investigated the ef-
fects of chronic administration of two different GLP-1RA on bone mass,
architecture, cellular activities in situ and production of calcitonin and
sclerostin in ovariectomised mice. We also aimed to determine if GLP-
1RA can directly affect bone cell function in vitro through a receptor
expressed in bone cells.

2. Material and methods

2.1. Animals and study design

Thirty 12 week old female C57Bl/6NCrl mice were obtained
from Charles River Laboratories, Inc. (Margate, UK). Mice were all
ovariectomised [34] and four weeks later, divided randomly into three
treatment groups: one group (n = 10) was treated with 10 μg/kg/day
Exenatide (Bachem) dissolved in saline, the second was treated with
0.3 mg/kg/day Liraglutide (Bachem) dissolved in saline and the last
group received saline (control). All treatments were administered by
daily subcutaneous injections for 4weeks. At days 6 and 3 prior to eutha-
nasia, mice were intraperitoneally injected with calcein (20 mg/kg) and
alizarin red complexone (30 mg/kg) (Sigma-Aldrich), respectively, to
label bone-mineralising surfaces in the trabecular bone. At the end of
the experiment, mice were sacrificed, the serum collected for sclerostin
and calcitonin measurements, and right tibiae dissected for micro-CT
analysis and left tibiae for bone histomorphometry. The success of ovari-
ectomy was confirmed by observation of uterine atrophy during dissec-
tion. All animal experimentation procedures were performed in
compliancewith local ethical committee andHomeOffice Project Licence
under the auspices of the UK Animals (Scientific Procedures) Act 1986.
2.2. Micro-CT analysis of tibiae

Right tibiae were fixed in 10% neutral-buffered formalin for 24–
72 h and stored in 70% ethanol at 4 °C. They were then scanned
using high-resolution (5 μm pixel size) micro-computed tomogra-
phy (micro-CT) (skyScan-1172/F BRUKER, Belgium), as previously
described [35]. After scanning, the data was reconstructed with
NRecon version 1.6.4.1 (NRecon®). Trabecular and cortical bone
areas were analysed with CT-Analyser (CTAn) version 1.11.10.0.
For analysis of the trabecular bone in proximal metaphyses, the cortical
shell was excluded by operator-drawn regions of interest and 3D algo-
rithms were used to determine the relevant parameters, which included:
bone volumepercentage (BV/TV), trabecular thickness (Tb.Th), trabecular
number (Tb.N), structure model index (SMI), trabecular pattern factor
(Tb.Pf), trabecular separation (Tb.Sp) and degree of anisotropy (DA).
Analysis of the cortical bone in midshaft diaphyses was performed
using a 0.49 mm long segment (or 100 tomograms) at 37% of tibial
length from its proximal end. Cortical bone parameters consisted of: tis-
sue area (Tt.Ar), tissue perimeter (Tt.Pm), bone area (Ct.Ar), eccentricity
(Ecc), moment of inertia (MMI polar) and cross-sectional thickness
(Ct.Th).
2.3. Bone histomorphometry

Left tibiae were fixed in 4.5% formaldehyde for 2 days at 4 °C,
dehydrated in acetone for 24 h and embedded in methyl methacrylate
(MMA) at low temperature to preserve enzymatic activity [36].
Unstained 8-μm-thick longitudinal sections were used for fluorescence
microscopy to assess mineral apposition rate (MAR, μm/day). Area of
mineralising surfaces was expressed as alizarin red-labelled surfaces
per bone surfaces (MS/BS, %) and the bone formation rate was calcu-
lated as MS/BS × MAR (BFR/BS, μm3/μm2/day). Alternatively, sec-
tions were stained for tartrate-resistant acid phosphatase (TRAP)
(Leucognost® SP; Merck, Germany) and counterstained with Mayer's
haematoxylin solution. Histomorphometric parameters were measured
on the trabecular bone of the metaphysis, on a region of interest
consisting of 2 mm width below the growth plate. Measurements
were performed using image analysis software (Tablet'measure;
Explora Nova, La Rochelle, France). Histomorphometric parameters
were reported in accordance with the ASBMR Committee nomencla-
ture [37].
2.4. Immunohistochemistry for GLP-1R

Adult wild-type C57BL/6 mouse femurs were fixed in 10% neutral
buffered formalin, cast in paraffin and sectioned at 6 μm. Endogenous
peroxidase activity was blocked using 3% H2O2 in methanol (10 min),
and tissue sections were permeabilised in 1% Sodium Dodecyl Sulphate
(SDS) in Tris Buffered Saline (TBS) for 5min and blockedwith 3% BSA in
20% goat serum. Samples were incubated overnight at 4 °C with rab-
bit polyclonal antibody anti-GLP-1R (1 μg/ml) (ab39072, Abcam,
Cambridge) and rabbit IgG for control sections (Vector labs). Sec-
tions were washed with TBS-Tween (TBST) and incubated in bio-
tinylated secondary antibody (goat anti-rabbit; 1:300) for 1 h at
room temperature in TBST containing 1% BSA. Sections were washed
with TBST, and incubated with Avidin Biotin Complex (ABC) to am-
plify the target antigen signal before a second wash with TBST and a
final incubation with DAB (3, 3′-diaminobenzidine). Sections were
counterstained briefly with haematoxylin and imaged using light
microscopy.
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2.5. Cell culture

2.5.1. Osteocytic cell line MLO-A5
Murine pre-osteocytic cells (MLO-A5) were cultured in minimal es-

sentialmedium (MEM), supplementedwith 10% foetal calf serum(FCS),
2 mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin at
37 °C in a humidified atmosphere of 5% CO2.

2.5.2. Osteocytic cell line IDG-SW3
Themouse osteoblastic-late-osteocytic cell line IDG-SW3was kindly

provided by Prof Linda Bonewald and cultured as previously described
[38] in MEM containing L-glutamine supplemented with 10% FCS,
100 U/ml penicillin and 100 μg/ml streptomycin. 50 U/ml of recombi-
nant Mouse Interferon-gamma (INF-γ) (Invitrogen) was added to
induce expression of the SV40 large tumour antigen and maintain pro-
liferation of this cell line. The IDG-SW3 cells were expanded on rat tail
collagen type 1-coated plates (Becton Dickson Bioscience) at 40,000
cells/cm2 at 33 °C. Osteogenesis was induced by replacing medium at
confluence with fresh growth medium supplemented with 50 mg/l
ascorbic acid and 4 mM β-glycerophosphate without IFNγ at 37 °C.
Cells were maintained for 30 days in osteogenic medium, which was
changed 3 times weekly.

2.5.3. Primary osteoblast culture
Primary mouse osteoblastic cells were obtained by sequential en-

zyme digestion of excised calvarial bones from 2 day old C57BL/6 mice
using a 3-step process (1% trypsin in PBS for 10 min; 0.2% collagenase
type II in Hanks balanced salt solution (HBSS) for 30 min; 0.2% collage-
nase type II in HBSS for 60 min) [39]. The first two digests were
discarded and the cells resuspended in MEM supplemented with 10%
FCS, 2 mM L-glutamine, 1% gentamicin, 100 U/ml penicillin, 100 μg/ml
streptomycin and 0.25 μg/ml amphotericin. Cells were cultured for
2–4 days at 37 °C in 5% CO2 until they reached confluence. They were
then cultured in 6-well trays in MEM supplemented with 2 mM
β-glycerophosphate and 50 μg/ml ascorbic acid, with half medium
changes every 3 days. Exendin-4 (0, 10, 25, 50 and 100 nM) or
Liraglutide (0, 10, 100, 500, and 1000 nM) was added to the culture
(1 plate/treatment).

Bone nodule formation by osteoblasts wasmeasured after 28 days of
culture. Experimentswere terminated byfixing cell layers in 4%parafor-
maldehyde for 10 min; mineralised bone nodules were visualised and
quantified unstained. Cell layers were imaged at 800 dpi using a high-
resolution flat-bed scanner. Binary images of each individual well
were then subjected to automated analysis (ImageJ), using constant
“threshold” and “minimum particle” levels, to determine the num-
ber and surface area of mineralised bone nodules as previously de-
scribed [40].

2.5.4. Primary osteoclast culture
Osteoclast formation and activity were studied in an in vitro model

in which osteoclasts are derived from the bone marrow of juvenile
mice [41]. Bone marrow was flushed from the long bones of two
6 week old female C57BL/6 mice. Marrow cells were centrifuged at
300 g and resuspended in MEM supplemented with 10% FCS, 2 mM L-
glutamine, 100 U/ml penicillin and 100 μg/ml amphotericin B, contain-
ing 10−7 M prostaglandin E2 and 50 ng/ml M-CSF (referred as MEM1)
(R&D Systems Europe Limited, Abingdon, UK). The cell suspension
was incubated for 24 h at 37 °C in 5% CO2 to allow attachment of stromal
cells. Non-adherent cells were collected and resuspended at 5 × 106

cells/ml in supplemented MEM (referred as MEM2) complemented
with 10−7 M prostaglandin E2, 150 ng/ml M-CSF and 3 ng/ml RANKL
(Receptor activator of nuclear factor kappa-B ligand) (R&D Systems
Europe Limited, Abingdon, UK). 106 cells were plated into a 96 well
plate containing dentine disks in each well and incubated for 24 h to
allow attachment of osteoclast precursors. Dentine disks were then
transferred to 6 well trays containing MEM2. Exendin-4 (Sigma)
(0, 10, 25, 50 and 100 nM) or Liraglutide (Bachem) (0, 10, 100, 500,
and 1000 nM) was added to the culture in two wells/group (10 disks).
Cultures were grown for 8 days with half medium changes every 2–
3 days. Culture medium was maintained at pH 7.4 for the first 6 days,
then the pH was reduced to 7 by addition of HCl in order to activate os-
teoclast resorption activity.

Experiments were terminated by washing disks in PBS, followed by
fixation in 2.5% glutaraldehyde. Disks were stained for TRAP using a
leukocyte acid phosphatase kit (Sigma) according to the manufacturer's
instructions. The total number of osteoclasts on each disk was assessed
by transmitted light microscopy and the plan surface area of resorption
pits was measured using reflective light microscopy and dot-counting
morphometry (ImageJ) in blinded fashion [41].

2.6. RT-PCR

Long bones of wild-type C57BL/6 mice were flushed with PBS to
remove the bone marrow, then individually powdered with a mortar
and pestle under liquid nitrogen. MLO-A5 and IDG-SW3 cells were
trypsinised with 0.05% trypsin–EDTA (Life Technologies). Osteoclast
RNA was extracted from control conditions as described above at day
2 (OC precursors), day 5 (early OC), day 7 (mature OC) and day 9 (re-
sorbing OC) by scraping the dentine disks. Osteoblast RNAwas extract-
ed from control cells as described above at day 7 (proliferating OB), day
14 (differentiating OB) and day 21 (mature-mineralising OB) of culture
after addition of 0.05% trypsin–EDTA to the wells.

Total RNA from bones, bone marrow, MLO-A5 cells, IDG-SW3 cells,
primary osteoclasts and osteoblasts was extracted using TRIzol® reagent
or RNeasy Mini Kit (Qiagen) according to the manufacturers' protocols.
Total RNA concentration and purity were estimated by absorbance at
260 and 280 nm, respectively and integrity by visualisation of ribosomal
bands after agarose gel electrophoresis.

GLP-1 receptormRNAwas amplified byRT-PCR in 50 μl volumes and
the amplification parameters consisted of initial denaturation at 94 °C
for 5 min, followed by 30 cycles of denaturation at 94 °C for 1 min,
annealing at 58 °C for 30 s and extension at 72 °C for 1min. The resulting
products were visualised by electrophoresis on a 2% agarose gel. The
mouse primers used for amplification were 5′-TCCTTCGTGAATGTCA
GCTG-3′ and 5′-TGGTGCAGTGCAAGTGTCTG-3′ (designed using Blast).

2.7. Serum quantifications of calcitonin and sclerostin

Quantification of calcitonin in mouse serum was performed using
a competitive inhibition enzyme immunoassay, Murine ELISA kit for
calcitonin (Uscn Life Science Inc.). Serum levels of sclerostin were detect-
ed using a Solid Phase Sandwich ELISA, ®ELISAMouse/Rat SOST kit (R&D
Systems Europe, Ltd., Abingdon, UK) according to the manufacturer's
recommendations.

2.8. Statistics

Data are presented as mean ± SD. Multiple comparisons were
performed using one-way analysis of variance, using Dunnett's
Post-hoc test where appropriate. P values less than 0.05were considered
to be statistically significant. In vitro results are representative of three in-
dependent experiments.

3. Results

3.1. Effects of GLP-1 receptor agonist treatment on trabecular bone mass
and architecture in ovariectomised mice

We examined the effects of chronic LIR and Ex-4 treatment on bone
mass and architecture of OVX mice using micro-CT. There were no
significant differences in tibial lengths between the three groups
(Table 1). However, LIR and Ex-4 improved bone mass, as both



Table 1
Micro-CT measurements of trabecular and cortical bone architecture in 5-month old
ovariectomised mice treated with GLP-1 agonists.

Parameters Saline Exenatide
(10 μg/kg/day)

Liraglutide
(0.3 mg/kg/day)

Length of tibia (mm) 17.8 ± 0.5 17.8 ± 0.3 17.8 ± 0.4

Trabecular architecture
BV/TV (%) 1.38 ± 0.42 1.89% ± 0.48 * 2.06% ± 0.52 **
Tb.N (number/mm) 0.280 ± 0.97 0.373 ± 0.098 * 0.407 ± 0.085 **
Tb.Pf (factor/mm) 33.31 ± 3.62 29.57 ± 2.42 * 29.04 ± 2.66 **
Tb.Th (mm) 0.0501 ± 0.0048 0.0487 ± 0.0047 0.0502 ± 0.0046
Tb.Sp (mm) 0.676 ± 0.081 0.621 ± 0.076 0.631 ± 0.080
SMI 2.51 ± 0.23 2.33 ± 0.19 2.28 ± 0.080
DA 2.66 ± 0.43 2.86 ± 0.35 3.05 ± 0.29

Cortical architecture
Tt.Ar (mm2) 1.238 ± 0.063 1.270 ± 0.079 1.204 ± 0.097
Tt.Pm (mm) 5.34 ± 0.28 5.54 ± 0.35 5.34 ± 0.36
Ct.Ar (mm2) 0.739 ± 0.054 0.758 ± 0.049 0.732 ± 0.065
Ecc 0.789 ± 0.035 0.806 ± 0.035 0.778 ± 0.042
MMI polar (mm4) 0.278 ± 0.040 0.301 ± 0.042 0.269 ± 0.050
Ct.Th (mm) 0.201 ± 0.011 0.204 ± 0.011 0.202 ± 0.011

Measurements were assessed by micro-CT in the proximal tibial metaphysis of mice treated
with either saline, Liraglutide or Exenatide. BV/TV: bone volume percent, Tb.N: trabecular
number, Tb.Pf: trabecular pattern factor, Tb.Th: trabecular thickness, Tb.Sp: trabecular
separation, SMI: structure model index, DA: degree of anisotropy, Tt.Ar: tissue area, Tt.Pm:
tissue perimeter, Ct.Ar: bone area, Ecc: eccentricity, MMI polar: moment of inertia, Ct.Th:
cross-sectional thickness. Mean ± SD of n = 10 mice/group. *, P b 0.05; **, P b 0.01;
versus saline.
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treatments significantly increased the BV/TV and Tb.N of ovariectomised
mice compared to saline-treated controls by 49% and 35% respectively
for BV/TV and 33% and 45% respectively for Tb.N (Table 1). LIR and Ex-4
also improved bone structure and connectivity, as shown by the de-
creases in Tb.Pf by 13% and 11% respectively and SMI by 9% and 7%
respectively (only significant with LIR). There was no effect of either
LIR or Ex-4 on Tb.Th, Tb.Sp and DA. GLP-1RA had no effect on cortical
architecture (Table 1).

3.2. Effects of GLP-1 receptor agonist treatment on in vivo bone turnover

We next aimed to use histomorphometry to corroborate the benefi-
cial effects of GLP-1RA on trabecular bone architecture and to examine
bone cellular activities. Bone histomorphometry similarly showed an
improvement in trabecular bone mass and architecture as a result of
Table 2
Histomorphometric measurements of bone architecture and cellular activities in 5-month
old ovariectomised mice treated with GLP-1 agonists.

Parameters Saline Exenatide
(10 μg/kg/day)

Liraglutide
(0.3 mg/kg/day)

BV/TV (%) 3.38 ± 1.69 5.58 ± 2.76 * 6.22 ± 1.90 **
Tb.N (number/mm) 0.98 ± 0.34 1.46 ± 0.50 * 1.47 ± 0.39
Tb.Th (mm) 0.0335 ± 0.0076 0.03376 ± 0.0095 0.0422 ± 0.0061
Tb.Sp (mm) 1.086 ± 0.365 0.710 ± 0.212 * 0.686 ± 0.225 *
TRAP Oc S/BS (μm) %
control

100 ± 50 150.6 ± 22.8 * 142.6 ± 31*

TRAP Oc N/BS (1/mm) %
control

100 ± 29.7 162 ± 65.6 * 138 ± 30.9

MS/BS (%) 41.3 ± 7.8 43.8 ± 6.6 44.5 ± 5.7
MAR (μm/day) 2.15 ± 0.43 1.96 ± 0.31 1.96 ± 0.32
BFR/BS (μm3/μm2/day) 0.890 ± 0.231 0.846 ± 0.216 0.875 ± 0.194
Adipocyte number
(number/mm2)

93 ± 32 92 ± 44 103 ± 43

Cellular parameters weremeasured by bone histomorphometry on sections of the trabec-
ular region of mouse tibia from mice treated with saline, Liraglutide (0.3 mg/kg/day) or
Exenatide (10 μg/kg/day). BV/TV: bone volume percent, Tb.N: trabecular number, Tb.Th:
trabecular thickness, Tb.Sp: trabecular separation, TRAP Oc·S/BS: osteoclastic surfaces
per millimetre of trabecular bone surface, TRAP Oc·N/BS: number of osteoclast per
millimetre of trabecular bone surface,MS/BS: alizarin red-labelled surfaces per bone surfaces,
MAR: mineral apposition rate, BFR: bone formation rate. Mean± SD of n = 10 mice/group,
*P b 0.05 **, P b 0.01 versus saline.
GLP-1RA treatment (Table 2). Both LIR and Ex-4 increased BV/TV and
Tb.N in the trabecular bone of ovariectomised mice. Tb.Th was not af-
fected, but Tb.Sp was decreased as a result of treatment with both LIR
and Ex-4, when quantified by histomorphometry (Table 2). However,
this effect was not observed using Micro-CT (Table 1).

Ex-4 and LIR significantly increased the percentage of TRAP-positive
surfaces (osteoclast surfaces) but only EX-4 enhanced the number of
osteoclasts compared to control mice (Table 2). Analysis of bone forma-
tion activity showed that mineralising surfaces and MAR were not
affected by either Ex-4 or LIR treatment (Table 2). Bone formation rate
was also not changed by GLP-1 agonist treatment (Table 2). In addition,
Ex-4 and LIR had no effect on adipocyte number in the trabecular bone
(Table 2).

3.3. Effects of GLP-1 receptor agonists on serum calcitonin and sclerostin
levels

Serum calcitonin concentration was increased by 177% in the Ex-
4-treated mice versus the control mice. However, calcitonin levels in
LIR-treated mice were not significantly elevated (Fig. 1A).

Serum sclerostin was 23% lower in the Ex-4-treated mice than
in control mice. However, as with calcitonin, no difference in sclerostin
levels was observed between LIR-treated mice and control mice
(Fig. 1B).

3.4. Expression of GLP-1 receptor in bone tissue and bone cells

To determine whether the observed effects of GLP-1RA treatment
might bemediated through a direct skeletalmechanism,we next deter-
minedwhether the pancreatic-type GLP-1R is expressed inmouse bone
and bone marrow, primary osteoblasts and osteoclasts and osteocyte-
likeMLO-A5 and IDG-SW3 cells. As shown in Fig. 2A, GLP-1RmRNA ex-
pression was detected in mouse bone and bone marrow. Although no
expression of the GLP-1RmRNAwas detected in theMLO-A5 osteocytic
cell line, it was detected in the IDG-SW3 osteocytic cell line. Fig. 2 (C,
D) illustrates the presence of GLP-1R mRNA in primary osteoblasts
and osteoclasts at different stages of differentiation. In order to further
validate these results, we examined the distribution of GLP-1R in
mouse bone using immunohistochemistry using muscle as a control of
the specificity of GLP-1R antibody (Fig. 3). GLP-1R was expressed in
the periosteum (Fig. 3B), bonemarrow cells (Fig. 3C) and in some oste-
ocytes, but not all (Fig. 3D). Immunohistochemistry and TRAP staining
of consecutive trabecular bone sections confirmed that GLP-1R was
also expressed in osteoclasts (Fig. 3E).

3.5. Effects of GLP-1 receptor agonists on osteoclast number and activity
in vitro

As GLP-1R is expressed in osteoclasts, we next determined whether
GLP-1RA could influence bone resorption in vitro. To determinewheth-
er GLP-1RA can directly affect osteoclastic formation and activity, oste-
oclast progenitors from mouse bone marrow were cultured with
either Ex-4 (10 nM to 100 nM) or LIR (25 nM to 1000 nM) (Fig. 4).
Osteoclast number was increased in a dose dependent manner for Ex-
4 and was enhanced at 1000 nM for LIR. However, addition of Ex-4
(≥50 nM) to mature osteoclasts decreased bone resorption per osteo-
clast by up to 20%, while LIR (1000 nM) decreased bone resorption
per osteoclast by up to 13%, showing that despite an increase in the
number of osteoclasts, the overall resorption is decreased.

3.6. Effect of GLP-1 receptor agonists on bone formation in vitro

To determine whether GLP-1RA can directly affect in vitro bone
formation,mouse osteoblast progenitorswere cultured in osteogenicme-
dium with either Ex-4 (10 nM to 100 nM) or LIR (25 nM to 1000 nM)
(Fig. 5). As previously published, abundant mineralised bone nodules



Fig. 1. Effect of GLP-1RA on serum calcitonin and sclerostin levels in 5-month-old ovariectomisedmice. (A) Calcitonin levels were assessed by competitive ELISA and (B) sclerostin levels
were assessed by sandwich ELISA in serum from5-month-old ovariectomisedmice treatedwith saline, Liraglutide (0.3mg/kg/day) or Exenatide (10 μg/kg/day). Bars representmean±SD
of n = 5 mice/group. *, P b 0.05 versus control.
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with characteristic trabecular features formed after 4 weeks of culture
[39]. However, neither treatment had an effect on the area of bone nodule
formation compared to control.

4. Discussion

This is an extensive study that has examined the long-term effects of
two different GLP-1RA on bonemass, architecture and bone cellular ac-
tivities in situ, coupled with assessment of the skeletal expression of
GLP-1R and the effects of these two GLP-1RA on bone resorption and
formation in vitro. We demonstrate that a 4 week treatment with
two GLP-1RA improves trabecular bone mass and architecture in
ovariectomised mice, despite no effect of Ex-4 and LIR on bone forma-
tion in vivo and an increase in osteoclast number and surfaces with
Ex-4. We also show that GLP-1R is expressed in bone cells, implying
that GLP-1RA could exert direct effects on the bone.

The demonstration that GLP-1RA improve trabecular bone mass in
ovariectomised mice corroborates the results of previous studies that
have reported osteogenic effects of GLP-1RA in normal, IR, T2DM and
ovariectomised rodent models [23–28]. In most of these studies, GLP-
Fig. 2. Expression of GLP-1 receptor mRNA in mouse tissues and bone cells using RT-PCR.
(A) The GLP-1 receptor mRNA is expressed in bone marrow, bone, in the late osteocytic
cell line IDG-SW3 but not in the pre-osteocytic cell line MLO-A5. Liver and pancreas
were used as positive controls. (B) Expression of the GLP-1 receptor mRNA in primary
osteoclasts (OC) derived from mouse bone marrow at various stages of differentiation
(OC precursors, early OC,mature OC and resorbing OC). (C) Expression of the GLP-1 receptor
mRNA in primary osteoblasts (OB) at different stages of maturation (proliferating OB,
differentiating OB and mature mineralising OB).
1RA treatment was administered for 3 days by continuous infusion
while we investigated the longer term skeletal effect of LIR and Ex-4
in OVXmice, having administered these drugs daily for 4weeks.We ex-
amined bone architecture together with bone cellular activity in situ.
Both drugs increased trabecular bone volume in tibiae, mostlymanifest-
ed by an increase of the number of trabeculae rather thanmodifications
in their thickness. Silva and Gibson [42] have shown that it is more im-
portant to maintain trabecular number than thickness to preserve bone
mass, indicating that GLP-1RA which restore the number of trabeculae
in the bone could be advantageous in individuals predisposed towards
osteoporosis. Our results also indicate an improvement in trabecular ar-
chitecture with GLP-1RA treatment and a normalising effect upon the
OVX-impaired connectivity and anisotropy factors (Tb.Pf and SMI), ef-
fects that have also been observed in short term studies with GLP-1RA
in T2DM and IR models [24,28]. These positive effects of GLP-1RA on
bone mass and architecture were confirmed in histology sections
using bone histomorphometry. Since we did not have a sham group,
we cannot however know whether GLP-1 agonists improved the tra-
becular bone loss induced by OVX to the level of control. In contrast,
GLP-1RA had no effect on the cortical bone, also in agreement with
most previous studies [27,28], although one recent paper did report a
beneficial effect of LIR on cortical thickness and area in T2DM rats
[27]. This variation could be explained by the fact that bone turnover
is different in a mouse model of T2DM and after OVX and that LIR was
administered to growing 2week-oldmale diabetic mice in the previous
studywhilewe used female adultmice in our study. Ma et al. [28] found
a greater effect of Ex-4 on the trabecular bone than ours at a dose of
3 μg/kg/day, but the rats received the treatment for 16 weeks.

No previous report has compared the skeletal effects of LIR and Ex-4.
Our data indicate that LIR and Ex-4 have similar effects on bone archi-
tecture and cellular activities, although they differentially affect serum
calcitonin and sclerostin, suggesting possible different mechanisms of
action in the bone. It is conceivable that some disparity between these
drugs might have been created by the particular doses chosen. The
half-life of Ex-4 is 2.4 h while LIR has a half-life of 13 h, implying that
Ex-4 would need to be given in more frequent doses to build up and
maintain a high enough concentration in the blood to be therapeutically
effective [43]. LIR treatment is formulated as once daily injection in con-
trast to Ex-4, which is administered twice daily [44]. However, in our
study we administrated both treatments once daily and this may have
contributed to the less pronounced effect of Ex-4 on bone, although
the doses for both drugs were chosen because they had osteogenic
effects in previous studies [23–26,28]. Clinical studies have shown that
LIR is more efficacious than Ex-4 in patients with T2DM, as it induces
a significant greater reduction in HbA1c [43].

Little is known about GLP-1's putative role as a modulator of bone
turnover. Mice with homozygous deletion of GLP-1 receptor develop
cortical osteopenia and bone fragility, as well as increased osteoclastic
bone resorption,whichmight be due to a reduction in thyroid calcitonin



Fig. 3. Expression of the GLP-1 receptor in mouse femur by immunohistochemistry. Immunostaining of mouse femur with GLP-1R antibody and counterstain with haematoxylin. (A) Cortical
bone stainedwith rabbit IgG as a negative control ×10. (B) Cortical bone staining×10, (C) bonemarrow×40, (D) osteocytes in cortical bone×40, (E) trabecular bone×40; consecutive sections
immunostained with GLP-1R antibody and TRAP-stained respectively to visualise osteoclasts.
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secretion [20]. Although the mechanisms by which GLP-1 regulates
bone turnover are unknown, in vitro studies suggest that GLP-1 might
directly affect osteoblastic cells via a specific GLP-1 receptor, different
or similar to the one expressed in the pancreas. There are indeed diver-
gences regarding the identity of the GLP-1R in bone. MurineMC3T3 os-
teoblastic cells were shown to express a GLP-1 receptor different from
the cloned GLP-1 receptor in the pancreas [29], while human osteoblas-
tic cell lines and osteocytes in vivo and in vitro express the GLP-1R
mRNA [31], which was not detected in primary bone cells cultured on
plastic [26]. Using RT-PCR, we demonstrate that GLP-1R mRNA is
expressed in the bone, bonemarrow cells andmouse osteoblasts isolat-
ed from calvaria and cultured for 28 days. These mature osteoblasts ex-
press all the markers of differentiated osteoblasts and form bone
nodules in vitro [39]. We also found expression of GLP-1R in osteoclasts
using an in vitro bone resorption model where osteoclasts are cultured
on dentin disks to stimulate their differentiation and activity, which is
more comparable to the in vivo situation [41]. Our results show no ex-
pression of GLP1-R in the early osteocytic cell line MLO-A5, while it
was expressed in the late osteocytic cell line IDG-SW3. These data
were confirmed in vivo using immunohistochemistry and we found
that GLP-1Rwas specifically expressed in the periosteum, bonemarrow,
osteoclasts and in some osteocytes but not all, suggesting that expres-
sion may be influenced by osteoblastic differentiation status. Only one
previous study assayed GLP-1R expression in bone in situ, which simi-
larly identified the receptor in some osteocytes [26].

The presence of GLP-1R in bone cells in vitro and in situ implies that
GLP-1RA could have a direct effect on bone cells. Since GLP-1RA
improved trabecular bone architecture, we examined bone resorp-
tion and formation activities in vivo in trabecular bone using bone
histomorphometry and in vitro using bone resorption and formation as-
says. We showed no direct effect of GLP-1RA on bone formation and
mineralisation rates in vivo and no change in mineralised bone nodule
formation in vitro. In contrast, GLP-1RA significantly increased the num-
ber of bone resorption surfaces in vivo. As the measurement of osteoclast
surfaces with histomorphometry does not give a direct indication of
whether osteoclastic resorptive activity is affected,we investigated the ef-
fects of GLP-1RA on osteoclastogenesis in vitro and our data show that
both LIR and EX-4 significantly increase osteoclast number, while de-
creasing the area resorbed per osteoclast, suggesting that GLP-1RA stimu-
late osteoclastic differentiation but impair their resorptive activity. Our
results contrast those fromMaet al. [28], that showed enhanced bone for-
mation and decreased numbers of osteoclasts permillimetre of trabecular
bone surface after 16 weeks of administration of Ex-4 to OVX rats. The
reason for this discrepancy is unclear, but it may be possible that the
bone loss induced by OVX in our experiment was too severe to measure
any significant changes in bone formation, as the trabecular bone volume
percent was very low (1–2%). Both mice and rats experience rapid bone
loss following ovariectomy, butwe have previously observed that the tra-
becular bone volume in C57Bl/6NCrl mice is relatively low compared to
that of rats. The increase in bone resorption surfaces as a result of GLP-1
agonist treatment is surprising, as it is known that incretins inhibit bone
resorption after the ingestion of fat or protein [17,18] and that daily ad-
ministration of GLP-2 decreases bone resorption markers [45]. It is diffi-
cult to understand why bone resorption is increased after GLP-1RA
treatment in our study. We did not measure the OPG/RANKL ratio but
our in vitro data indicate that GLP-1RA may favour osteoclast formation
from precursors. It is also challenging to bring together the direct effects
of GLP-1RA on bone cellular activities with the increase in trabecular



Fig. 4. Effects of GLP-1RA on osteoclastic differentiation and bone resorption in vitro. Primary osteoclasts were isolated from mouse bone marrow and cultured on dentine disks. Either
Exenatide or Liraglutide was added to the medium at various concentrations. Osteoclasts were stained for TRAP activity and viewed by transmitted light. (A) Number of osteoclasts per
dentine disk in cultures treated with Exenatide, (B) resorption area per dentine disk in cultures treated with Exenatide, (C) number of osteoclasts per dentine disk in cultures treated
with Liraglutide, (D) resorption area in cultures treated with Liraglutide. Mean ± SD of 10 disks/group. **, P b 0.01; *, P b 0.05 versus control.
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bone volume that we observed. The inhibition of osteoclast activity in-
duced by Ex-4 and LIR may partly explain the increase in trabecular
bone mass, although this is probably not the main mechanism of action
of GLP-1RA in the bone, as the reduction in bone resorption is very mod-
est. AlthoughGLP-1RAdonot directly affect osteoblast activity,we cannot
exclude however that bone formation duration is overall increased with
GLP-1RA indicating that the active formation period of a basic structural
Fig. 5. Effects of GLP-1RA on bone nodule formation in vitro. Either Exenatide or Liraglutidewas
cultured in osteogenic medium at increasing concentrations. (A) Area of bone formation repre
wells by osteoblasts cultured with Exenatide, (B) area of bone formation by osteoblasts culture
unit of the bone is augmented. This can be determined by the average vol-
ume of bone matrix made by each team of osteoblasts and is revealed by
the measurement of the wall thickness, which is rather difficult to mea-
sure in mice [46]. Differentiation of bone marrow mesenchymal stem
cells (BMMSCs) into osteoblasts or adipocytes is crucial for bone re-
modelling and our immunohistochemistry data show that GLP-1R is
expressed both in bone marrow and in the periosteum, which contains
added to the 28-day primary culture of mouse osteoblasts isolated from calvarial bone and
senting the mineralised bone nodule observed with reflected light scans of unstained cell
d with Liraglutide. Mean ± SD of 6 wells/group. *, P b 0.05 versus control.
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many osteoprogenitor cells. We cannot exclude that BMMSCs are also a
key target of GLP‐1RA, although we did not observe any effect of these
drugs on the number of adipocytes in the bone marrow in situ. Previous
in vitro studies have shown a reduction in adipocyte differentiation
from BMMSCs when cultured with Ex-4 [28].

It is also possible that themain skeletal effects of GLP-1RA are not di-
rectly on bone cells. It has been shown that GLP-1R is also expressed in
C-cells of the thyroid gland and exerts, when activated by GLP-1 or its
stable analogues, a stimulating effect on calcitonin secretion in rodents
[47,48], a potent inhibitor of bone resorption. As proposed by Yamada
et al. [20], GLP-1RA effects on bonemight be indirect rather than direct,
actingmainly by targeting calcitonin secretion from the thyroid tomod-
ulate bone turnover. Our data indicate that Ex-4 increases serum calci-
tonin while we found no effect of LIR on plasma calcitonin, in contrast
to previous studies that have reported increased plasma calcitonin
after both Ex-4 and LIR treatment [47,48]. Nevertheless, our data are
not completely consistent with a calcitonin-mediated mechanism,
since we observed an increase in resorption surfaces after GLP-1RA
treatment, whereas other studies have reported that calcitonin de-
creased resorption surfaces [49]. However, calcitonin principally sup-
presses osteoclast activity, which is not always reflected in altered
osteoclast surfaces.

Sclerostin, the protein product of the SOST gene, can bind to bone
morphogenetic proteins (BMP) and inhibit canonical Wnt/β-catenin
signalling, which is essential for bone formation [50]. Interestingly,
sclerostin levels are increased in diabetes and can be regulated by
GLP-1RA [4,26]. We show here that Ex-4 treatment reduces serum
sclerostin in mice. These findings are in agreement with Kim et al. [26]
and suggest an alternative mechanism that could contribute to the
increased trabecular bone mass in mice treated with Ex-4. However,
LIR had no effect on sclerostin production. The effect of LIR on sclerostin
production has not been investigated by others and it is unclear yetwhy
there is this major difference between LIR and EX-4. Further studies on
the mechanisms of actions of these drugs are required.

5. Conclusion

Taken together, our results suggest that GLP-1RA improve trabecular
bone mass and architecture in ovariectomised mice, although their
mechanism of action is still unclear. Our findings may guide selection
of therapeutic strategies to prevent and improve the low bone mass
and deterioration of bone tissue associated with aged postmenopausal
osteoporosis. Considering the impaired bone structure and elevated
risk of fractures in diabetic patients, the use of GLP-1RA as an anti-
diabetic therapy may have additional beneficial effects on the skeleton,
avoiding the occurrence of additional diabetic complications. More
studies are therefore required to examine the long-term potential
beneficial effects of GLP-1 therapy in diabetic patients that are at risk
of concurrent osteoporosis.

Disclosure statement

The authors have nothing to disclose.

Acknowledgements

This work was partly supported by Joint Action Research (Number
GA 1273), Arthritis Research UK (Number 19205) and the Society for
Endocrinology. The authors thank Prof Tim Arnett for providing the
dentine disks.

References

[1] M. Yamamoto, T. Yamaguchi, M. Yamauchi, H. Kaji, T. Sugimoto, Diabetic patients
have an increased risk of vertebral fractures independent of BMD or diabetic
complications, J. Bone Miner. Res. 24 (4) (2009) 702–709.
[2] M. Janghorbani, R.M. Van Dam,W.C.Willett, F.B. Hu, Systematic review of type 1 and
type 2 diabetes mellitus and risk of fracture, Am. J. Epidemiol. 166 (5) (2007)
495–505.

[3] A.D. Dede, S. Tournis, I. Dontas, G. Trovas, Type 2 diabetes mellitus and fracture risk,
Metab. Clin. Exp. 63 (12) (2014) 1480–1490.

[4] A. Garcia-Martin, P. Rozas-Moreno, R. Reyes-Garcia, S. Morales-Santana, B. Garcia-
Fontana, J.A. Garcia-Salcedo, M. Munoz-Torres, Circulating levels of sclerostin are
increased in patients with type 2 diabetes mellitus, J. Clin. Endocrinol. Metab. 97 (1)
(2012) 234–241.

[5] E. Balint, P. Szabo, C.F. Marshall, S.M. Sprague, Glucose-induced inhibition of in vitro
bone mineralization, Bone 28 (1) (2001) 21–28.

[6] J. La Fontaine, N. Shibuya, H.W. Sampson, P. Valderrama, Trabecular quality and
cellular characteristics of normal, diabetic, and charcot bone, J. Foot Ankle Surg. 50
(6) (2011) 648–653.

[7] B. Lecka-Czernik, Bone loss in diabetes: use of antidiabetic thiazolidinediones and
secondary osteoporosis, Curr. Osteoporos. Rep. 8 (4) (2010) 178–184.

[8] Q.G. Mai, Z.M. Zhang, S. Xu, M. Lu, R.P. Zhou, L. Zhao, C.H. Jia, Z.H.Wen, D.D. Jin, X.C. Bai,
Metformin stimulates osteoprotegerin and reduces RANKL expression in osteoblasts
and ovariectomized rats, J. Cell. Biochem. 112 (10) (2011) 2902–2909.

[9] P. Vestergaard, L. Rejnmark, L. Mosekilde, Relative fracture risk in patients with
diabetes mellitus, and the impact of insulin and oral antidiabetic medication on
relative fracture risk, Diabetologia 48 (7) (2005) 1292–1299.

[10] J. Jeyabalan, B. Viollet, P. Smitham, S.A. Ellis, G. Zaman, C. Bardin, A. Goodship, J.P.
Roux, M. Pierre, C. Chenu, The anti-diabetic drug metformin does not affect bone
mass in vivo or fracture healing, Osteoporos. Int. 24 (10) (2013) 2659–2670.

[11] W. Creutzfeldt, The entero-insular axis in type 2 diabetes—incretins as therapeutic
agents, Exp. Clin. Endocrinol. Diab. 109 (Suppl. 2) (2001) S288–S303.

[12] S. Mudaliar, R.R. Henry, The incretin hormones: from scientific discovery to practical
therapeutics, Diabetologia 55 (7) (2012) 1865–1868.

[13] R.A. DeFronzo, R.E. Ratner, J. Han, D.D. Kim, M.S. Fineman, A.D. Baron, Effects
of exenatide (exendin-4) on glycemic control and weight over 30 weeks in
metformin-treated patients with type 2 diabetes, Diabetes Care 28 (5) (2005)
1092–1100.

[14] G.J. Ryan, K.T. Foster, L.J. Jobe, Review of the therapeutic uses of liraglutide, Clin.
Ther. 33 (7) (2011) 793–811.

[15] M.S. Fineman, T.A. Bicsak, L.Z. Shen, K. Taylor, E. Gaines, A. Varns, D. Kim, A.D. Baron,
Effect on glycemic control of exenatide (synthetic exendin-4) additive to existing
metformin and/or sulfonylurea treatment in patients with type 2 diabetes, Diabetes
Care 26 (8) (2003) 2370–2377.

[16] L.L. Baggio, D.J. Drucker, Glucagon-like peptide-1 receptors in the brain: controlling
food intake and body weight, J. Clin. Invest. 124 (10) (2014) 4223–4226.

[17] N.H. Bjarnason, E.E. Henriksen, P. Alexandersen, S. Christgau, D.B. Henriksen, C.
Christiansen, Mechanism of circadian variation in bone resorption, Bone 30 (1)
(2002) 307–313.

[18] J.A. Clowes, R.A.Hannon, T.S. Yap,N.R.Hoyle, A. Blumsohn, R. Eastell, Effect of feedingon
bone turnover markers and its impact on biological variability of measurements, Bone
30 (6) (2002) 886–890.

[19] Y. Lamari, C. Boissard, M.S. Moukhtar, A. Jullienne, G. Rosselin, J.M. Garel, Expression
of glucagon-like peptide 1 receptor in a murine C cell line: regulation of calcitonin
gene by glucagon-like peptide 1, FEBS Lett. 393 (2–3) (1996) 248–252.

[20] C. Yamada, Y. Yamada, K. Tsukiyama, K. Yamada, N. Udagawa, N. Takahashi, K.
Tanaka, D.J. Drucker, Y. Seino, N. Inagaki, The murine glucagon-like peptide-1 recep-
tor is essential for control of bone resorption, Endocrinology 149 (2) (2008)
574–579.

[21] G. Mabilleau, A. Mieczkowska, N. Irwin, P.R. Flatt, D. Chappard, Optimal bone
mechanical and material properties require a functional glucagon-like peptide-1
receptor, J. Endocrinol. 219 (1) (2013) 59–68.

[22] A. Mieczkowska, S. Mansur, B. Bouvard, P.R. Flatt, B. Thorens, N. Irwin, D. Chappard,
G. Mabilleau, Double incretin receptor knock-out (DIRKO) mice present with alter-
ations of trabecular and cortical micromorphology and bone strength, Osteoporos. Int.
26 (1) (2015) 209–218.

[23] B. Nuche-Berenguer, D. Lozano, I. Gutierrez-Rojas, P. Moreno, M.L. Marinoso, P.
Esbrit, M.L. Villanueva-Penacarrillo, GLP-1 and exendin-4 can reverse hyperlipidic-
related osteopenia, J. Endocrinol. 209 (2) (2011) 203–210.

[24] B. Nuche-Berenguer, P. Moreno, P. Esbrit, S. Dapia, J.R. Caeiro, J. Cancelas, J.J.
Haro-Mora, M.L. Villanueva-Penacarrillo, Effect of GLP-1 treatment on bone
turnover in normal, type 2 diabetic, and insulin-resistant states, Calcif. Tissue Int.
84 (6) (2009) 453–461.

[25] B. Nuche-Berenguer, P. Moreno, S. Portal-Nunez, S. Dapia, P. Esbrit, M.L. Villanueva-
Penacarrillo, Exendin-4 exerts osteogenic actions in insulin-resistant and type 2 di-
abetic states, Regul. Pept. 159 (1–3) (2010) 61–66.

[26] J.Y. Kim, S.K. Lee, K.J. Jo, D.Y. Song, D.M. Lim, K.Y. Park, L.F. Bonewald, B.J. Kim,
Exendin-4 increases bone mineral density in type 2 diabetic OLETF rats potentially
through the down-regulation of SOST/sclerostin in osteocytes, Life Sci. 92 (10)
(2013) 533–540.

[27] H.X. Sun, N. Lu, X. Luo, L. Zhao, J.M. Liu, Liraglutide, the glucagon-like peptide-1
receptor agonist, has anabolic bone effects in diabetic Goto–Kakizaki rats, J. Diabetes
7 (4) (2015) 584–588.

[28] X. Ma, J. Meng, M. Jia, L. Bi, Y. Zhou, Y. Wang, J. Hu, G. He, X. Luo, Exendin-4, a
glucagon-like peptide-1 receptor agonist, prevents osteopenia by promoting bone
formation and suppressing bone resorption in aged ovariectomized rats, J. Bone
Miner. Res. 28 (7) (2013) 1641–1652.

[29] B. Nuche-Berenguer, S. Portal-Nunez, P. Moreno, N. Gonzalez, A. Acitores, A. Lopez-
Herradon, P. Esbrit, I. Valverde, M.L. Villanueva-Penacarrillo, Presence of a functional
receptor for GLP-1 in osteoblastic cells, independent of the cAMP-linked GLP-1
receptor, J. Cell. Physiol. 225 (2) (2010) 585–592.

http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0005
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0005
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0005
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0010
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0010
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0010
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0015
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0015
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0020
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0020
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0020
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0020
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0025
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0025
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0030
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0030
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0030
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0035
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0035
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0040
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0040
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0040
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0045
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0045
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0045
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0050
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0050
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0050
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0055
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0055
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0060
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0060
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0065
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0065
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0065
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0065
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0070
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0070
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0075
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0075
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0075
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0075
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0080
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0080
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0085
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0085
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0085
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0090
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0090
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0090
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0095
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0095
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0095
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0100
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0100
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0100
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0100
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0105
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0105
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0105
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0110
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0110
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0110
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0110
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0115
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0115
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0115
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0120
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0120
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0120
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0120
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0125
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0125
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0125
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0130
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0130
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0130
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0130
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0135
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0135
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0135
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0140
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0140
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0140
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0140
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0145
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0145
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0145
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0145


467M. Pereira et al. / Bone 81 (2015) 459–467
[30] E. Aoyama, I. Watari, K.A. Podyma-Inoue, M. Yanagishita, T. Ono, Expression of
glucagon-like peptide-1 receptor and glucose-dependent insulinotropic polypep-
tide receptor is regulated by the glucose concentration in mouse osteoblastic
MC3T3-E1 cells, Int. J. Mol. Med. 34 (2) (2014) 475–482.

[31] E.L. Pacheco-Pantoja, L.R. Ranganath, J.A. Gallagher, P.J. Wilson, W.D. Fraser, Recep-
tors and effects of gut hormones in three osteoblastic cell lines, BMC Physiol. 11
(2011) 12.

[32] C. Sanz, P. Vazquez, C. Blazquez, P.A. Barrio, M. Alvarez Mdel, E. Blazquez, Signaling
and biological effects of glucagon-like peptide 1 on the differentiation of mesenchy-
mal stem cells from human bone marrow, Am. J. Physiol. Endocrinol. Metab. 298 (3)
(2010) E634–E643.

[33] Y.K. Jeon, M.J. Bae, J.I. Kim, J.H. Kim, S.J. Choi, S.K. Kwon, J.H. An, S.S. Kim, B.H. Kim,
Y.K. Kim, I.J. Kim, Expression of glucagon-like peptide 1 receptor during osteogenic
differentiation of adipose-derived stem cells, Endocrinol. Metab. 29 (4) (2014)
567–573.

[34] J. Jeyabalan, M. Shah, B. Viollet, J.P. Roux, P. Chavassieux, M. Korbonits, C. Chenu,
Mice lacking AMP-activated protein kinase alpha1 catalytic subunit have increased
bone remodelling and modified skeletal responses to hormonal challenges induced
by ovariectomy and intermittent PTH treatment, J. Endocrinol. 214 (3) (2012)
349–358.

[35] M. Shah, B. Kola, A. Bataveljic, T.R. Arnett, B. Viollet, L. Saxon, M. Korbonits, C. Chenu,
AMP-activated protein kinase (AMPK) activation regulates in vitro bone formation
and bone mass, Bone 47 (2) (2010) 309–319.

[36] D. Chappard, S. Palle, C. Alexandre, L. Vico, G. Riffat, Bone embedding in puremethyl
methacrylate at low temperature preserves enzyme activities, Acta Histochem. 81
(2) (1987) 183–190.

[37] D.W. Dempster, J.E. Compston, M.K. Drezner, F.H. Glorieux, J.A. Kanis, H. Malluche,
P.J. Meunier, S.M. Ott, R.R. Recker, A.M. Parfitt, Standardized nomenclature, symbols,
and units for bone histomorphometry: a 2012 update of the report of the ASBMR
Histomorphometry Nomenclature Committee, J. Bone Miner. Res. 28 (1) (2013)
2–17.

[38] S.M. Woo, J. Rosser, V. Dusevich, I. Kalajzic, L.F. Bonewald, Cell line IDG-SW3
replicates osteoblast-to-late-osteocyte differentiation in vitro and accelerates bone
formation in vivo, J. Bone Miner. Res. 26 (11) (2011) 2634–2646.

[39] I.R. Orriss, S.E. Taylor, T.R. Arnett, Rat osteoblast cultures, Methods Mol. Biol. 816
(2012) 31–41.

[40] S.E. Taylor, M. Shah, I.R. Orriss, Generation of rodent and human osteoblasts,
BoneKEy Rep. 3 (2014) 585.

[41] I.R. Orriss, T.R. Arnett, Rodent osteoclast cultures, Methods Mol. Biol. 816 (2012)
103–117.
[42] M.J. Silva, L.J. Gibson, Modeling the mechanical behavior of vertebral trabecular
bone: effects of age-related changes in microstructure, Bone 21 (2) (1997)
191–199.

[43] J.B. Buse, M. Nauck, T. Forst, W.H. Sheu, S.K. Shenouda, C.R. Heilmann, B.J. Hoogwerf,
A. Gao, M.K. Boardman, M. Fineman, L. Porter, G. Schernthaner, Exenatide once
weekly versus liraglutide once daily in patients with type 2 diabetes (DURATION-6):
a randomised, open-label study, Lancet 381 (9861) (2013) 117–124.

[44] Drucker DJ, Buse JB, Taylor K, Kendall DM, Trautmann M, Zhuang D, Porter L, Group
D-S, Exenatide once weekly versus twice daily for the treatment of type 2 diabetes:
a randomised, open-label, non-inferiority study, Lancet 372 (9645) (2008)
1240–1250.

[45] D.B. Henriksen, P. Alexandersen, B. Hartmann, C.L. Adrian, I. Byrjalsen, H.G. Bone, J.J.
Holst, C. Christiansen, Disassociation of bone resorption and formation by GLP-2:
a 14-day study in healthy postmenopausal women, Bone 40 (3) (2007) 723–729.

[46] T. Steiniche, E.F. Eriksen, H. Kudsk, L. Mosekilde, F. Melsen, Reconstruction of the for-
mative site in trabecular bone by a new, quick, and easy method, Bone 13 (2)
(1992) 147–152.

[47] L.W. Madsen, J.A. Knauf, C. Gotfredsen, A. Pilling, I. Sjogren, S. Andersen, L. Andersen,
A.S. de Boer, K. Manova, A. Barlas, S. Vundavalli, N.C. Nyborg, L.B. Knudsen, A.M.
Moelck, J.A. Fagin, GLP-1 receptor agonists and the thyroid: C-cell effects in mice
are mediated via the GLP-1 receptor and not associated with RET activation, Endocri-
nology 153 (3) (2012) 1538–1547.

[48] L. Bjerre Knudsen, L.W.Madsen, S. Andersen, K. Almholt, A.S. de Boer, D.J. Drucker, C.
Gotfredsen, F.L. Egerod, A.C. Hegelund, H. Jacobsen, S.D. Jacobsen, A.C. Moses, A.M.
Molck, H.S. Nielsen, J. Nowak, H. Solberg, T.D. Thi, M. Zdravkovic, U. Moerch,
Glucagon-like Peptide-1 receptor agonists activate rodent thyroid C-cells causing
calcitonin release and C-cell proliferation, Endocrinology 151 (4) (2010)
1473–1486.

[49] M.D. Kauther, H.S. Bachmann, L. Neuerburg, M. Broecker-Preuss, G. Hilken, F.
Grabellus, G. Koehler, M. von Knoch, C.Wedemeyer, Calcitonin substitution in calci-
tonin deficiency reduces particle-induced osteolysis, BMCMusculoskelet. Disord. 12
(2011) 186.

[50] X. Li, M.S. Ominsky, Q.T. Niu, N. Sun, B. Daugherty, D. D'Agostin, C. Kurahara, Y. Gao,
J. Cao, J. Gong, F. Asuncion, M. Barrero, K. Warmington, D. Dwyer, M. Stolina, S.
Morony, I. Sarosi, P.J. Kostenuik, D.L. Lacey, W.S. Simonet, H.Z. Ke, C. Paszty, Targeted
deletion of the sclerostin gene in mice results in increased bone formation and bone
strength, J. Bone Miner. Res. 23 (6) (2008) 860–869.

http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0150
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0150
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0150
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0150
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0155
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0155
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0155
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0160
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0160
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0160
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0160
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0165
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0165
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0165
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0165
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0170
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0170
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0170
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0170
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0170
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0175
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0175
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0175
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0180
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0180
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0180
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0185
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0185
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0185
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0185
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0185
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0190
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0190
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0190
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0195
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0195
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0200
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0200
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0205
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0205
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0210
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0210
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0210
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0215
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0215
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0215
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0215
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0220
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0220
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0220
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0220
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0225
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0225
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0225
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0230
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0230
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0230
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0235
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0235
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0235
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0235
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0235
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0240
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0240
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0240
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0240
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0240
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0240
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0245
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0245
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0245
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0245
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0250
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0250
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0250
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0250
http://refhub.elsevier.com/S8756-3282(15)00317-8/rf0250

	Chronic administration of Glucagon-�like peptide-�1 receptor agonists improves trabecular bone mass and architecture in ova...
	1. Introduction
	2. Material and methods
	2.1. Animals and study design
	2.2. Micro-CT analysis of tibiae
	2.3. Bone histomorphometry
	2.4. Immunohistochemistry for GLP-1R
	2.5. Cell culture
	2.5.1. Osteocytic cell line MLO-A5
	2.5.2. Osteocytic cell line IDG-SW3
	2.5.3. Primary osteoblast culture
	2.5.4. Primary osteoclast culture

	2.6. RT-PCR
	2.7. Serum quantifications of calcitonin and sclerostin
	2.8. Statistics

	3. Results
	3.1. Effects of GLP-1 receptor agonist treatment on trabecular bone mass and architecture in ovariectomised mice
	3.2. Effects of GLP-1 receptor agonist treatment on in vivo bone turnover
	3.3. Effects of GLP-1 receptor agonists on serum calcitonin and sclerostin levels
	3.4. Expression of GLP-1 receptor in bone tissue and bone cells
	3.5. Effects of GLP-1 receptor agonists on osteoclast number and activity in vitro
	3.6. Effect of GLP-1 receptor agonists on bone formation in vitro

	4. Discussion
	5. Conclusion
	Disclosure statement
	Acknowledgements
	References


