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a b s t r a c t
Bone is permanently remodeled by a complex network of local, hormonal and neuronal factors that affect osteoclast and osteoblast biology. In this context, a role for gastro-intestinal hormones has been proposed based
on evidence that bone resorption dramatically falls after a meal. Glucose-dependent insulinotropic polypeptide (GIP) is one of the candidate hormones as its receptor, glucose-dependent insulinotropic polypeptide receptor (GIPR), is expressed in bone. In the present study we investigated bone strength and quality by
three-point bending, quantitative x-ray microradiography, microCT, qBEI and FTIR in a GIPR knockout
(GIPR KO) mouse model and compared with control wild-type (WT) animals. Animals with a deletion of
the GIPR presented with a signiﬁcant reduction in ultimate load (-−11%), stiffness (−16%), total absorbed
(− 28%) and post-yield energies (−27%) as compared with WT animals. Furthermore, despite no change
in bone outer diameter, the bone marrow diameter was signiﬁcantly increased and as a result cortical thickness was signiﬁcantly decreased by 20% in GIPR deﬁcient animals. Bone resorption at the endosteal surface
was signiﬁcantly increased whilst bone formation was unchanged in GIPR deﬁcient animals. Deﬁcient animals also presented with a pronounced reduction in the degree of mineralization of bone matrix. Furthermore, the amount of mature cross-links of collagen matrix was signiﬁcantly reduced in GIPR deﬁcient
animals and was associated with lowered intrinsic material properties. Taken together, these data support
a positive effect of the GIPR on bone strength and quality.
© 2013 Elsevier Inc. All rights reserved.

Introduction
Bone is a living mineralized material, highly complex and constantly remodeled in mass and architecture to adapt and repair the
damage induced by growth, ageing and mechanical stress. In order
to maintain constant bone mass, bone remodeling necessitates a
spatio-temporal coupling between osteoclasts, the bone-resorbing
cells, and osteoblasts, the bone-forming cells. Thus, bone remodeling
is a complex process tightly regulated by a network of local, hormonal
and neuronal factors that act on osteoclasts and osteoblasts. A role for
the gastro-intestinal tract in bone remodeling has been suggested
with the evidence that the modulation of serum markers of bone resorption is mirrored with the proﬁle of gut hormone release after a
meal [1,2].
Glucose-dependent insulinotropic polypeptide (GIP) is an important gastro-intestinal hormone synthesized and secreted into the
blood stream by intestinal endocrine K cells after ingestion of a
mixed meal [3–5]. To induce a biological response, GIP binds to a
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speciﬁc glucose-dependent insulinotropic polypeptide receptors
(GIPRs), expressed in the endocrine pancreas, gastrointestinal tract,
brain, immune and cardiovascular systems, testis, pituitary, lung, kidney, thyroid, several regions of the central nervous system and
adipose tissue [6]. The presence of a functional GIPR has been
evidenced at the surface of osteoblasts and osteoclasts [7–10]. However, the role of GIP in bone physiology remains unclear. In vitro, it
seems that GIP stimulates the synthesis of collagen type I and TGF-β
by osteoblasts [11,12], whilst it directly inhibits RANKL-induced osteoclast bone resorption in raw 264.7 cells [10]. However, despite these
in vitro results that suggest an anabolic effect of GIPR signaling in
bone, inconsistent results have been reported regarding the physiological role of the GIP/GIPR pathway in vivo. Although Xie et al. reported a lower bone mass in a mouse model of GIPR deﬁciency [13],
we recently reported, in a separate model of GIPR deletion, the opposite
skeletal phenotype with an increase in trabecular bone volume associated with a modiﬁcation of the adipokine network [14]. Nevertheless,
in our model, we also observed that the intrinsic properties of the
neo-synthesized trabecular bone matrix were decreased suggesting a
possible effect of GIPR deﬁciency on bone strength [14].
Bone is a highly sophisticated connective tissue that is organized
from the molecular to the anatomical level to resist and adapt to mechanical strain. As such several levels of organization account for bone
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strength and include not only material properties of the bone matrix,
but also texture of the collagen matrix, bone microarchitecture and
bone macroarchitecture [15]. However, little is known about how the
GIP/GIPR pathway affects these different levels of organization in
bone. The aims of the present study were to investigate bone strength
and quality in male mice with genetic deletion of the GIPR. Our results
suggest that GIPR-deﬁcient mice have signiﬁcant alterations of the cortical microarchitecture and material properties that undoubtedly result
in reduced bone strength. These ﬁndings support a positive role for the
GIP/GIPR signaling pathway in controlling bone strength and quality.
Materials and methods
Animals
Male mice presenting with a deletion of the GIPR were used in this
study. The background and generation of GIPR-deﬁcient mice used in
this study were derived from an in-house breeding colony originally
described elsewhere [16]. Sixteen weeks old mice were used in the
study. Two animal models of GIPR deletion exist and age of the animals in the present study was chosen based on our previous observations of bone alterations in this model [14]. Age-matched wild-type
(WT) mice obtained from our animal supplier (Harlan Ltd., Oxon,
UK) with the same C57BL/6 genetic background were used as controls. Mice were maintained on a 12 h:12 h light–dark cycle in a
temperature-controlled room (21.5 ± 1 °C). Animals were individually caged and received food and water ad libitum. All experiments
were conducted according to United Kingdom Ofﬁce regulations
(UK Animals Scientiﬁc Procedures Act 1986) and European Union
laws. Animals were injected intraperitoneally with calcein (10 mg/kg)
7 and 2 days before necropsy. Animals were sacriﬁced by lethal inhalation of CO2 and left and right femurs were collected, cleaned of soft tissue and stored in 70% ethanol at 4 °C.
Quantitative x-ray microradiograph imaging
Quantitative x-ray imaging has been shown to be a reliable method to assess the bone mineral content of whole bone and to correlate
well with bone strength as assessed by 3-point bending [17]. Digital
x-ray images of the left femurs were recorded at a 12-μm pixel resolution using a Faxitron MX20 device (Edimex, Angers, France) operating at 26 kV and a 4 × magniﬁcation. The relative mineral content of
calciﬁed tissues was determined as reported by Bassett et al. [18]
with the following modiﬁcations. Brieﬂy, a 1.5-mm thick steel plate,
a 1.5-mm pure aluminum wire and a 1.5-mm thick polyester plate
were used on each microradiograph and served as standards. Before
converting the 16-bit DICOM images into 8-bit tiff images, the histogram was stretched from the polyester (gray level 0) to the steel
(gray level 255) standards using ImageJ 1.45 s. Increasing gradations
of mineralization density were represented in 16 equal intervals
using the 16-colors lookup table in ImageJ 1.45 s.
The frequency of occurrence of an i gray level (Fi) was calculated
as follows:
F i ¼ 100 

Ni
Nt

X-ray microcomputed tomography
MicroCT analysis was performed in the left femurs with a Skyscan
1172 microtomograph (Bruker-Skyscan, Kontich, Belgium) equipped
with an X-ray tube working at 69 kV/100 μA. The pixel size was
ﬁxed at 3.75 μm, the rotation step at 0.25° and exposure was
performed with a 0.5-mm aluminum ﬁlter. The region of interest
(VOI) was located in the middle of the femur diaphysis. External
bone diameter (B.Dm in mm), marrow diameter (Ma.Dm in mm),
cortical thickness (Ct.Th in μm), and cross-sectional moment of inertia (CSMI in mm4) were measured with a lab-based routine made
with ImageJ 1.45 s (NIH, Bethesda, MD) according to guidelines and
nomenclature proposed by the American Society for Bone and Mineral
Research [19].
Bone histomorphometry
Left femurs were embedded and undecalciﬁed in poly
(methylmethacrylate) (pMMA) at 4 °C to preserve enzyme activities.
Sections (7-μm thickness) were cut on a heavy duty microtome
equipped with a 50° tungsten carbide knife. For each animal, four
non serial sections (~ 50 μm apart) were left unstained for the
measurement of calcein-based parameters (original magniﬁcation
× 400) and four sections were stained for the osteoclastic tartrate resistant acid phosphatase (TRAcP — original magniﬁcation of ×200) as
previously described [20]. Only TRAcP-positive nucleated cells in contact with endosteal surface were counted as osteoclasts. Standard
bone histomorphometrical nomenclatures, symbol and units were
used as described in the report of the American Society for Bone
and Mineral Research [21].
Bone mechanical testing
Three-point bending experiments were performed using right femurs. Before mechanical testing, femurs were rehydrated in saline
for 24 h at room temperature as described elsewhere [22]. Threepoint bending strength was measured with a constant span length
of 10 mm. The press head as well as the two support points were
rounded to avoid shear load and cutting. Femurs were positioned
horizontally with the anterior surface facing upwards, centered on
the support and the pressing force was applied vertically to the
midshaft of the bone. Each bone was tested with a loading speed of
2 mm min−1 until failure with a 90 N load cell. The load–time
curve obtained was converted into a load–displacement curve by
the MTS testSuite TW software (MTS, Créteil, France). Ultimate load
and ultimate displacement were respectively deﬁned as the maximum load and maximum displacement recorded before break-down
of the bone. Stiffness was calculated as the slope of the elastic deformation of the bone. The total absorbed energy was deﬁned as the
total area under the load–displacement curve and represents the
total energy absorbed by the midshaft femur. The yield was deﬁned
as the load necessary to initiate the transformation from elastic to
plastic deformation. The post-yield energy was deﬁned as the area
under the load–displacement curve from yield until failure and represents the energy absorbed by bone during plastic deformation.
Quantitative backscattered electron imaging (qBEI)

where Ni represents the number of pixels with the i gray level and Nt
the total number of pixels. The distribution of frequency as a function
of gray level was plotted and the mean gray level (GLmean) of each
bone was deduced from this distribution using the following formula:
GLmean ¼

X F  GL
i
i
100

where GLi represents the value of the i gray level.

Quantitative backscattered electron imaging was employed on the
femurs to determine the bone mineral density distribution (BMDD) as
previously reported [23,24]. Polymethylmethacrylate blocks were
polished to a 1-μm ﬁnish with diamond particles, carbon-coated and
observed with a scanning electron microscope (EVO LS10, Carl Zeiss
Ltd., Nanterre, France) equipped with a ﬁve quadrants semi-conductor
backscattered electron detector. The microscope was operated at
20 keV with a probe current of 120 pA and a working distance of
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8.5 mm. The backscattered signal was calibrated using pure carbon
(Z = 6, mean gray level = 25), pure aluminum (Z = 13, mean gray
level = 225) and pure silicium (Z = 14, mean gray level = 253) standards (Micro-analysis Consultants Ltd., St. Ives, UK). For these contrast/
brightness settings, the BSE gray level histogram was converted into
weight percentage of calcium. Eventual changes in brightness and contrast due to instrument instabilities were checked by monitoring the
current probe and imaging the reference material (C, Al and Si) every
15 min. The cortical bone area was imaged at a 200× nominal magniﬁcation, corresponding to a pixel size of 0.5 μm per pixel. The region of
interest corresponded to 2-mm centered in the midshaft femur. The
gray levels distribution of each image was analyzed with a lab-made
routine using ImageJ. Three variables were obtained from the bone mineral density distribution: Capeak is the most frequently observed calcium
concentration, Camean is the average calcium concentration and Cawidth
is the width of the histogram at half maximum of the peak.

Nanomechanical testing
Nanoindentation tests evaluated the intrinsic mechanical properties of the bone matrix. As nanoindentation assesses volume of material at a length scale less than that of individual microstructural
features in bone, this technique avoids confounding factors such as
bone microarchitecture and porosity that affect tissue properties at
larger length scales. Tests were performed on the same sample and
same location as qBEI measurements. Brieﬂy, femurs were rehydrated
overnight in saline prior to nanoindentation testing. Eight indents
were positioned in cortical bone with a NHT-TTX system (CSM,
Peseux, Switzerland) equipped with a Berkowitch diamond probe.
The indents were made up to a depth of 900 nm with a loading/
unloading rate of 40 mN/min. At maximum load, a holding period of
15 seconds was applied to avoid creeping of the bone material. Maximum load, indentation modulus, hardness and dissipated energy
were determined according to Oliver and Pharr [25].

FTIR
Sections of 4 μm thickness were cut dry on a heavy duty microtome equipped with a tungsten carbide knife (Leica Polycut S) and
sandwiched between BaF2 optical windows. Spectral analysis was
performed using a Bruker Vertex 70 spectrometer (Bruker optics,
Ettlingen, Germany) interfaced with a Bruker Hyperion 3000 infrared
microscope equipped with a standard single element Mercury Cadmium
Telluride (MCT) detector. Infrared spectra were recorded at a resolution
of 4 cm−1, with an average of 32 scans in transmission mode in the
same location as qBEI and nanoindentation. Background spectral images
were collected under identical conditions from the same BaF2 windows
at the beginning and end of each experiment to ensure instrument
stability. For FTIRM analysis, 10 spectra were acquired 6-mm below
the growth plate on cortical bone and analyzed with the Opus Software
(release 5.5, Bruker). Sequential raw spectra for each trabecula were averaged and the contribution of the embedding polymethylmethacrylate
(pMMA) and water vapor were corrected prior to baseline correction.
The evaluated IR spectral parameters were (1) mineral-to-matrix ratio
which reﬂects the degree of mineralization of the bone matrix, calculated from the ratio of integrated areas of the phosphate υ1, υ3 band at
900–1200 cm−1 to the amide I band at 1585–1725 cm−1; (2) mineral
maturity, which reﬂects the apatite size and perfection, calculated as
the ratio of the relative intensity of subbands at 1020 and 1030 cm−1
of the phosphate band [26]; and (3) collagen maturity, determined
as the relative ratio of pyridinium trivalent (Pyr, mature collagen)
to dehydrodihydroxylysinonorleucine divalent (deH-DHLNL, new
collagen) collagen cross-links using their respective subbands located
at 1660 cm−1 and 1690 cm−1 of the Amide I peak [27].
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Statistical analysis
Results were expressed as mean ± standard error of the mean
(SEM). Non-parametric Mann–Whitney U-test was used to compare
the differences between the groups using the Systat statistical software release 13.0 (Systat software Inc., San Jose, CA). Differences at
p b 0.05 were considered to be signiﬁcant.
Results
GIPR is required for optimum bone strength
Bone strength of the femur was assessed by three-point bending
and results are presented Table 1. In GIPR KO mice, ultimate load,
stiffness, total absorbed and post-yield energies were reduced significantly by 11%, 16%, 28%, and 27% respectively as compared with WT
animals. No differences in either ultimate displacement or yield load
were observed between the two groups of animals.
GIPR-deﬁciency results in altered femoral mineral density and cortical
geometry
In order to further understand why bone strength was reduced in
GIPR deﬁcient animals, we investigated, by quantitative x-ray microradiographs, the bone mineral content of the whole femur and the
cortical bone geometry. As represented Fig. 1A, bone mineral content
seemed lower in GIPR KO animals and indeed, the frequency of occurrence of gray level, representing the bone mineral content, was
shifted toward the left in GIPR KO mice indicating a lower bone mineral content (Fig. 1B). Furthermore, the mean gray level was signiﬁcantly reduced by 5% in GIPR KO mice as compared with WT
controls (p = 0.037, Fig. 1C). Microarchitectural analysis of cortical
bone (Fig. 2) revealed that although B.Dm was not affected in GIPR
KO animals as compared with WT controls, Ma.Dm was signiﬁcantly
increased by 10% in deﬁcient animals (p = 0.043). Consequently,
Ct.Th and CSMI were signiﬁcantly lowered by 20% and 18% respectively
in deﬁcient animals as compared with WT (p = 0.021 and p = 0.032
respectively). The number of osteoclast per endosteal surface length
(N.Oc/Ec.Le) was signiﬁcantly increased by 213% in GIPR KO animals
(p = 0.034). On the other hand, the MAR was unchanged at endosteal
surfaces between the two groups of animals (p = 0.564).
Intrinsic mechanical properties of the bone matrix are reduced in GIPR
KO mice
Another important contributor of bone strength is represented by
the intrinsic bone matrix properties. As compared with WT animals,
GIPR-deﬁcient animals exhibited a signiﬁcant 13% decrease in maximum load, as well as a signiﬁcant 16% reduction in bone matrix
hardness (Table 2). Although diminished, the indentation modulus
and the energy dissipated were unchanged between the two groups
of animals.
Table 1
Three-point bending parameters in WT and GIPR KO mice.

Ultimate load (N)
Ultimate displacement (mm)
Stiffness (N mm−1)
Total absorbed energy (N mm)
Yield load (N)
Post-yield energy (N mm)

WT

GIPR KO

(n = 12)

(n = 11)

14.47
0.31
42.68
2.33
11.83
1.52

12.94
0.32
35.92
1.68
10.21
1.11

±
±
±
±
±
±

0.35
0.006
0.85
0.09
0.45
0.05

Values are mean ± SEM (n) *: p b 0.05 vs. WT animals.

±
±
±
±
±
±

p Value

0.24 *
0.017
1.47 *
0.17 *
0.77
0.27 *

0.034
0.827
0.05
0.05
0.127
0.05
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(Table 3). Interestingly, GIPR-deﬁcient animals seemed to present
with a shift to the left of their distribution of mineralization (Fig. 3).
Indeed as shown in Table 3, Capeak and Camean were signiﬁcantly
decreased by 12% and 11% respectively (p = 0.018 and p = 0.045 respectively). In contrast, Cawidth was signiﬁcantly elevated in deﬁcient
animals by 15% (p = 0.044). The carbonate substitution of hydroxyapatite and the mineral maturity/cristallinity, although increased
and decreased respectively as compared with WT control animals,
did not reach signiﬁcance (p = 0.195 and p = 0.653 respectively,
Fig. 4). However, the ratio of trivalent mature over divalent immature
collagen crosslinks was signiﬁcantly decreased by 16% in GIPR KO
mice as compared with WT (p = 0.003).

1.6

*

80

Discussion
0

WT

GIPR
KO

The strength of bone, and its ability to resist fracture, is dependent
not only on its mass and geometry but also on intrinsic material properties of the bone tissue itself. Bone tissue is a composite material
consisting of an organic matrix, made mainly with collagen type I,
in which mineral crystals are embedded. This composite material
has mechanical, chemical and biological properties that differ considerably from those of either component taken separately. As such, any
alteration in the organic or mineral phase of the bone matrix would
result in altered bone strength. In the present study, we investigated
bone strength in a mouse model of GIPR deﬁciency to understand
how the GIP/GIPR pathway may affect bone strength. In the C57BL/6
mouse strain employed, bone tissue at the midshaft femur is composed almost exclusively of cortical bone [28,29]. Three-point bending experiments, performed on the midshaft femur, revealed a
signiﬁcant decrease in the total absorbed energy as well as reduction
in ultimate load, stiffness and post-yield energy. These results suggest
reduced bone strength in these animals. However, several factors

Fig. 1. Femoral bone mineral content is altered in GIPR KO animals. (A) Bone mineral content as determined by quantitative x-ray microradiographs is reduced in GIPR KO animals
as compared with WT. (B) Bone mineral content distribution is also reduced in GIPR KO
mice (black line) as compared with WT control animals (gray line). (C) Mean gray level
is also reduced in GIPR KO mice as compared with WT animals *: p b 0.05 vs. WT animals.
N = 11–12 in each group. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)

Collagen and mineral maturation are altered in GIPR KO mice
In order to understand why the intrinsic mechanical properties of
the bone matrix were reduced, we investigated the impact of GIPR
deﬁciency on the maturation of the mineral and collagen compartments of the bone matrix. The bone mineral density distribution in
the bone matrix was investigated by qBEI in WT and GIPR KO mice
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0
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*
1

0

WT

GIPR
KO
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0

Fig. 2. 3-D models and histomorphometrical analysis of cortical bone in WT and GIPR KO mice. *: p b 0.05 vs. WT animals. N = 11–12 in each group.
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6

WT

GIPR KO

(n = 12)

(n = 11)

11.9
627.8
12.9
3189.7

±
±
±
±

0.6
34.4
0.6
176.7

10.4
537.6
12.1
2917.0

±
±
±
±

Bone area (%)

Table 2
Intrinsic properties of the bone matrix.

Maximum load (mN)
Hardness (MPa)
Indentation modulus (GPa)
Dissipated energy (mN nm)
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p Value

0.5 *
37.2 *
0.4
123.7

0.032
0.043
0.253
0.153

4

2

0

Values are mean ± SEM (n) *: p b 0.05 vs. WT animals.

15

25

35

Calcium content (%)

Capeak (%)
Camean (%)
Cawidth (%)

WT (n = 12)

GIPR KO (n = 11)

p Value

26.9 ± 0.7
26.3 ± 0.6
2.7 ± 0.1

23.7 ± 0.9 *
23.4 ± 0.9 *
3.1 ± 0.1 *

0.018
0.045
0.044

Values are mean ± SEM (n) *: p b 0.05 vs. WT animals.

This observation could represent either a lower content of mature
mineral in the bone matrix or a less mature hydroxyapatite that
results in lower calcium content. The carbonate substitution of hydroxyapatite, although increased, did not reach statistical signiﬁcance
and similar effects were noted with decreased mineral maturity.
Taken together, these results support a less mature mineral matrix.
This is also in agreement with the increased bone remodeling observed at endosteal surfaces. Nevertheless, we did not assess the biochemical composition of the bone matrix (mainly proportion of type I
collagen and relative composition in non-collagenous proteins) in
control and GIPR KO mice. Thus we cannot exclude a difference in
the biochemical composition that could inﬂuence the mineralization
rate of the bone matrix. Furthermore, the maturity of the collagen
matrix, determined as a ratio of trivalent mature Pyr over divalent
immature deH-DHLNL, was signiﬁcantly reduced indicating a lower
degree of maturation of the collagen matrix. The reduction of bone
mineral content and trivalent mature crosslinks help account for the reduction in intrinsic material properties. Furthermore, alteration of the
collagen matrix often alters the post-yield properties of the bone matrix
[33–35], in agreement with the present study where the reduction in
mature trivalent crosslinks could account for the observed decrease in
post-yield energy determined by 3-point bending.
We previously demonstrated that intrinsic material properties of
the bone matrix in cancellous bone of GIPR-deﬁcient animals were altered [14]. It is nevertheless worth noting that some differences in intrinsic material properties between cancellous and cortical bone exist
in this animal model. First of all, the reduction in collagen crosslink
ratio was greater in cancellous bone (~42%) as compared with cortical
bone (~16%). Furthermore, although heterogeneity of bone mineral
density distribution (Cawidth) was not signiﬁcantly reduced in cancellous bone, this parameter was considerably increased in cortical bone.
Also, the decrease in Capeak and Camean was greater in cortical bone. In
other words, it seems that alteration of collagen maturity was greater
in cancellous bone whilst alteration of mineral maturity was greater
in cortical bone. Finally, in cancellous bone, the indentation modulus

B

0.02

0.01

0
WT

GIPR
KO

C4
Pyr/deH-DHLNL ratio

A

Mineral maturity

Table 3
Bone mineral density distribution in WT and GIPR deﬁcient mice.

Fig. 3. Bone mineral density distribution in GIPR KO (black line) and WT (gray line) animals. N = 11–12 in each group.

Carbonate/phosphate ratio

might inﬂuence the outcome of three-point bending including bone
microarchitecture and bone matrix intrinsic properties [30].
Inconsistent results have been previously reported on the trabecular
microarchitecture of GIPR deﬁcient mice, but very little is known about
the effect of the GIP/GIPR on cortical bone microarchitecture. In the
present study, we investigated cortical bone microarchitecture by
high resolution μCT and observed a signiﬁcant increase in Ma.Dm,
whereas B.Dm was unchanged. As a consequence, CT.Th and CSMI
were also decreased compatible with the lower bone strength observed
by three-point bending. As bone formation occurs at periosteal surfaces
and bone resorption at endosteal surfaces, these results suggest that
bone resorption is more affected than bone formation in GIPR deﬁcient
animals. Furthermore, to add to our understanding of the role of osteoclastic bone resorption in these animals, we observed that the number
of osteoclasts lying down on endosteal surfaces was signiﬁcantly increased in deﬁcient animals, also suggesting higher bone resorption.
Previous reports suggest that the GIPR is expressed in osteoblasts and
osteoclasts [7–10], and GIP appeared to dose-dependently reduced osteoclast resorption in RANKL- and PTH-stimulated Raw 264.7 cells
[10]. Therefore the observation that Ma.Dm is increased in GIPR knockout animals is compatible with a direct effect of the GIP/GIPR pathway
on osteoclasts. Nevertheless, indirect effects on bone resorption mediated by neuronal or hormonal actions due to GIPR deletion in other tissues than bone cannot be ruled out. Indeed, the GIPR is expressed in
the hypothalamus and this organ has been implicated in the central
control of bone remodeling by directly targeting bone cells. As such,
the increased Ma.Dm could also result from activation/inactivation of
speciﬁc central relays. Furthermore, we previously reported that GIPR
deﬁcient animals present with a signiﬁcant reduction in fat mass in association with remodeling of circulating adipokines with speciﬁc elevation of adiponectin and reduction of leptin levels [14]. The effects of
leptin on bone are complex and result from integration of hypothalamic
and peripheral signals. Nevertheless, mice with functional mutation in
the gene for leptin present with a low cortical bone mass in the femur
[31,32]; this is associated with an augmented number of osteoclasts at
the endosteal surface. As such, the decrease in circulating leptin levels
observed in our GIPR KO model [14] might result in lower cortical
bone mass as observed.
Another factor that strongly affects bone strength is the intrinsic
quality of the bone matrix [22]. GIPR KO mice presented with a decrease in maximum load (− 17%), hardness (− 19%) and dissipated
energy (− 15%). Owing to the nanocomposite composition of bone
matrix, any of the collagen or mineral phases could be involved in
the reduction in intrinsic material properties. Investigation of bone
mineral properties by qBEI and FTIR revealed that the degree of mineralization of the bone matrix was lower in GIPR deﬁcient animals.
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Fig. 4. FTIR assessment of bone matrix properties. (A) Carbonate substitution, (B) mineral maturity and (C) enzymatic collagen cross-link ratio. **: p b 0.01 vs. WT animals.
N = 11–12 in each group.
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and dissipated energy were signiﬁcantly reduced whilst unaltered signiﬁcantly in cortical bone. It is plausible that discrepancies in these
two last parameters between cancellous and cortical bones might reﬂect the differential modiﬁcations of the two bone matrix components
although further studies are required to undoubtedly validate that hypothesis. A limitation of this study resides in the choice of controls animals. Control animals are issued from a commercial source (Harlan)
and are not littermates. as such we cannot exclude that the observed
phenotype has arisen from mutations in either strain that might contribute to the observed reduction in bone strength.
In conclusion, mice lacking the GIPR exhibited a decrease in anatomical bone strength with a similar decrease in three-point bending resistance and cortical thickness. This was accompanied by an increase in
bone resorption. Bone strength was also reduced at the tissue level
and was associated with reductions in the degree of mineralization, maturity of the hydroxyapatite mineral and collagen crosslinking. Overall
these data support a beneﬁcial positive role for the GIP/GIPR signaling
pathway in strength and quality of cortical bone.
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