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Background: Long chain fatty acids have been shown to activate the membrane-bound receptor GPR40.

Results: GPR40 agonist alters bone-resorbing cell differentiation through inhibition of the NF-«B system.

Conclusion: GPR40 exerts protective effects in vivo on bone tissue.

Significance: GPR40 is a nutritional and therapeutic target opening up new avenues for clinical investigations in terms of

metabolic and age-related bone disorders.

The mechanisms linking fat intake to bone loss remain
unclear. By demonstrating the expression of the free fatty acid
receptor G-coupled protein receptor 40 (GPR40) in bone cells,
we hypothesized that this receptor may play a role in mediating
the effects of fatty acids on bone remodeling. Using micro-CT
analysis, we showed that GPR40~'~ mice exhibit osteoporotic
features suggesting a positive role of GPR40 on bone density. In
primary cultures of bone marrow, we showed that GW9508, a
GRP40 agonist, abolished bone-resorbing cell differentiation.
This alteration of the receptor activator of NF-xB ligand
(RANKL)-induced osteoclast differentiation occurred via the
inhibition of the nuclear factor kB (NF-kB) signaling pathway as
demonstrated by decrease in gene reporter activity, inhibitor of
kB kinase (IKKa/f) activation, inhibitor of kB (IkBa) phosphor-
ylation, and nuclear factor of activated T cells 1 (NFATcl)
expression. The GPR40-dependent effect of GW9508 was con-
firmed using shRNA interference in osteoclast precursors and
GPR40™/~ primary cell cultures. In addition, iz vivo administra-
tion of GW9508 counteracted ovariectomy-induced bone loss in
wild-type but not GPR40~/~ mice, enlightening the obligatory
role of the GPR40 receptor. Then, in a context of growing
prevalence of metabolic and age-related bone disorders, our
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results demonstrate for the first time in translational
approaches that GPR40 is a relevant target for the design of
new nutritional and therapeutic strategies to counter bone
complications.

Dietary lipid intake has been linked to inflammation, which
itself is a key player involved in bone resorption and osteopo-
rosis (1, 2). Inflammation favors bone degradation by stimulat-
ing osteoclast activity while inhibiting osteoblast-mediated
bone formation, leading to unbalanced bone remodeling and
subsequent bone loss. Dietary lipids have been reported to exert
dual effects on inflammation, with both pro- and anti-inflam-
matory effects depending on their structure and metabolism (3,
4). In this regard, a growing body of evidence suggests that w-6
fatty-acids promote bone loss, whereas w-3 fatty acids restrain
it (1, 2, 5, 6). However, the effects of fatty acids on bone density
remain controversial and the underlying mechanisms of action
poorly understood. More specifically, whether or not fatty acid
receptors of the peroxisome proliferator-activated receptor
(PPAR),* Toll-like receptor (TLR), or G protein-coupled recep-
tor families are implicated in these effects remains uncertain.

Diascro et al. were the first to demonstrate that a mixture of
palmitic, oleic, and linoleic acids activates PPARs to drive adi-
pocyte-like differentiation of both ROS17/2.8 and SaOS-2/B10
preosteoblast cell lines (7). At the cellular and molecular levels,
PPARYy activation was shown to reduce expression and func-

“The abbreviations used are: PPAR, peroxisome proliferator-activated re-
ceptor; DMSO, dimethyl sulfoxide; OVX, ovariectomy; RANKL, receptor
activator of NF-«B Ligand; TLDA, Tagman low density array; TLR, Toll-like
receptor; TRACP, tartrate-resistant acid phosphatase.
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tion of Runx2, a transcription factor inducing osteoblastogen-
esis (8, 9). These data support the notion that fatty acid intake
may have a strong impact on bone metabolism. TLRs were
recently shown to bind saturated fatty acid (10) and to be
involved in fatty-acid induced insulin resistance (11-13). Rele-
vant to bone metabolism, mice deficient for TLR4 exhibit
increased bone size with increased bone mineral content and
density (14).

In 2003, Briscoe et al. (15), Itoh et al. (16), and Kotarsky et al.
(17) demonstrated that the previously orphan G protein-cou-
pled receptor GPR40 was expressed at high levels in pancreatic
beta cells and was able to interact with medium to long chain
fatty acids. Subsequently, the role of GPR40 (also known as free
fatty acid receptor-1/FFAR-1) was mainly examined in beta
cells for its involvement in insulin secretion (18). Using GPR40-
deficient mice, we showed that GPR40 contributes to fatty acid
potentiation of glucose-induced insulin secretion (19). Indeed,
the ability of GPR40 to enhance insulin release only when glu-
cose levels are elevated made it an appealing drug target for the
treatment of type 2 diabetes, and agonists of GPR40 have shown
very encouraging results in recent phase 2 clinical trials (20, 21).

In addition to the pancreatic beta cell, expression of free fatty
acid receptors was also documented in leukocytes and mono-
cytes (22, 23). As bone tissues share common precursor cells
with the hematopoietic lineage, GPR40 expression was investi-
gated in bone cells (24, 25). Indirect evidence in support for a
role of GPR40 in fatty acid stimulation of bone formation was
provided by Cornish et al, who observed that GPR40 is
expressed in osteoclasts and that a GPR40 agonist mimics fatty
acid inhibition of osteoclastogenesis (24). Mieczkowska et al.
recently confirmed the expression of GPR40 in bone cells and
observed that down-regulation of GPR40 by RNA interference
protects from thiazolidinedione-induced osteocyte apoptosis
(25). In view of these seemingly conflicting results, our study
was aimed to further determine the impact of GPR40 deletion
on bone density and osteoclastogenesis in mice. Our results
demonstrate that GPR40 is a key modulator of bone remodeling
by counteracting osteoclast-mediated bone loss. These findings
suggest that GPR40 agonists, currently under development for
the treatment of type 2 diabetes, could have additional benefi-
cial effects on the prevention of osteoporosis.

EXPERIMENTAL PROCEDURES
Ethics

All animal procedures were approved by the institution’s
animal welfare committee (Comité d’Ethique en Matiére
d’Expérimentation Animale Auvergne: CEMEAA) and were
conducted in accordance with the European guidelines for
the care and use of laboratory animals (2010-63UE). Animals
were housed in the animal facility of the INRA Research for
Human Nutrition (Agreement C6334514). All surgeries were
performed under anesthesia, and all efforts were made to min-
imize suffering.

Animals
GPR40™"~ Mice—GPR40™/~ mice were obtained from

AMGEN Inc. As described by Latour et al. (19), GPR40 ™/~
mice on a mixed C57BL/6/129 background were generated by
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homologous recombination in embryonic stem cells at Lexicon
Genetics (The Woodlands, TX). Exon 2 of the GPR40 gene was
replaced with a LacZ gene. The mice were backcrossed onto the
C57BL/6 strain over nine generations. Pups were screened by
PCR performed on genomic DNA. Wild-type (WT) littermates
were used as controls.

Ovariectomized Mice—After an acclimatization period,
9-week-old female mice were subjected to ovariectomy (OVX).
After surgery, mice were housed one per cage for the total dura-
tion of the experiment and randomly divided into distinct
groups (n = 7 per group; wild-type or GPR40~/~: sham-oper-
ated/control vehicle; OVX/control vehicle; OVX/GW9508).
Gavage was started after a 24-h recovery period. Three times
per week mice received 100 ul of either DMSO as control vehi-
cle or GW9508 (Cayman Chemical CAS 885101-89-3) ata con-
centration of 8 mg/kg of body weight for 5 weeks.

Bone Microarchitecture and Bone Mineral Density Analyses

After removing soft tissues, left femurs were placed in PBS
buffer with 10% formaldehyde at 4 °C for 1 week. Microarchi-
tecture (secondary spongiosa) was analyzed using x-ray radia-
tion micro-CT (SkyScan 1072). Pictures of 1024*1024 pixels
were obtained using 37 kV and 215 uA. Bone mineral density
analysis was done using an eXplore CT 120 scanner (GE
Healthcare). Acquisitions were performed with x-ray tube set-
tings at 100 kV and 50 mA.

Body Mass and Composition

Mice were weighed every week throughout the experimental
period and subjected to body composition analyses at the
beginning and at the end of the protocol using QMR EchoMRI-
900" system. Whole body fat and lean mass were measured in
live animals without anesthesia or sedation.

Primary Bone Marrow Cultures for Osteoclast Formation

Bone marrow cells were isolated from femurs marrow cavity
excised from 3—5-week-old wild-type or GPR40 '~ male mice.
Cells were washed and plated in a-MEM supplemented with
10% FCS at a density of 2.5*10° cells/cm?. Cultures were grown
either in complete medium alone (control) or in differentiation
medium (recombinant murine-receptor activator of NF-«B
ligand (RANKL) (50 ng/ml) (R & D Systems)) in the presence or
absence of GW9508. Culture media were changed every 2 days.
On day 6, cultures were harvested for analyses.

RAW264.7 Cultures

The murine osteoclast precursor cell line RAW?264.7 was
obtained from the American Type Culture Collection (ATCC
TIB-71). For osteoclast differentiation experiments, cells were
seeded at a density of 3*10* cells/cm? and grown as described
for bone marrow cultures. For signaling experiments, cells were
serum-starved for 48 h for each condition.

Cell Viability Assays

RAW264.7 cells were seeded in a 96-well plate at a density of
3500 cells/well and cultured for 24 h supplemented with 2%
serum in the presence of vehicle (DMSO) or 10-100 um of
GW9508. The cell viability was determined by an XTT-based

JOURNAL OF BIOLOGICAL CHEMISTRY 6543



GPR40 Activation Protects from Bone Loss

A.
WT GPR 40-/-
BV/TV (%) 22.497 + 4.576 17.886 +4.518 *
Tb.Th (mm) 0.158 + 0.016 0.130+0.039 *
Th.N (1/mm) 1.425 + 0.287 1.462 +0.526
Th.Sp (mm) 0.179 £ 0.073 0.193 £ 0.036
Bone surface density
10.843 + 1.664 9.233 +1.207*
(1/mm) GPR40-/-
B. C.
T 400
o
~ 350 *
g
T 300 GPR40 |
=
» 250
(=
S 200 A
© -AcCtine
£ 150 P !!I.' ‘.!!!
£ = L%
E 100 wrt GPR40-/-
S 50 —
@ Tibia
wrt GPR40-/-

FIGURE 1. GPR40~’~ mice exhibit an osteoporotic phenotype. A, micro-CT analysis with corresponding images of left femurs from wild-type (WT) and
GRP40~/~ mice (males; 16 weeks old mice; n = 11/group; BV/TV, bone volume/total volume; Tb.N, trabecular number; Tb.Sp, trabecular spaces; Tb.Th,
trabecular thickness). B, bone mineral density. C, Western blot analysis of GPR40 expression in bone (tibia). Error bars represent standard deviation (=S.D.); *,

p < 0.05.

method, using the Cell Viability/Proliferation Kit II (Sigma-
Aldrich) according to the supplier’s recommendations. The
absorbance was determined at 450 nm.

Tartrate-resistant Acid Phosphatase (TRACP) Assays

Enzymatic Activity—TRACP activity was measured accord-
ing to standard methods using p-nitrophenyl phosphate as a
substrate (26). Medium was removed, and cell lysates were pre-
pared using Nonidet P-40 lysis buffer. Samples were incubated
in assay buffer (125 mm sodium acetate buffer (pH 5.2), 100 mm
p-nitrophenyl phosphate (Sigma-Aldrich), and 1 mm L(+)
sodium tartrate). The production of p-nitrophenol was deter-
mined at 405 nm at 37 °C and expressed as the mean absorb-
ance/minute per milligram of proteins.

Cell Staining—In parallel experiments, cellular TRACP
activity was analyzed using the leukocyte acid phosphatase kit
(Sigma-Aldrich). Briefly, the cells were washed twice with PBS,
fixed for 5 min with citrate/paraformaldehyde/acetone solu-
tion, and stained according to the manufacturer’s instructions.

Cell Transfection and NF-kB-dependent Luciferase Activity

RAW?264.7 cells were transfected at ~80% confluence
with 80 ng/cm?® of NF-kB-RE/pGL3 Basic-luciferase vector
using FUGENE HD transfection reagent (Roche Applied Sci-
ence) according to published methods (26). 24 h after trans-
fection, cells were incubated with RANKL (50 ng/ml) in the
presence of vehicle (DMSO) or 50 uMm GW9508. At 6 and 24 h
after treatment, cell lysates were prepared, and luciferase
activity was quantified using the luciferase assay kit (Pro-
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mega). For each condition, data are expressed as relative
light units/mg of proteins.

GPRA40 Silencing

Long term GPR40 knockdown in RAW264.7 cells was
obtained using the SureSilencing™ shRNA Interference tech-
nology (SABiosciences, Qiagen). After 1-month selection,
growing cells were harvested for GPR40 expression by real-
time RT-PCR. Colonies exhibiting the highest knockdown effi-
ciency were selected for further investigations.

Western Blot Analysis

Bone tissues from wild-type and GPR40 ™/~ mice as well as
cultured cells were lysed and subjected to Western blot analy-
sis. Tissues and cultured cells were immediately chilled on ice
and lysed for 30 min using Nonidet P-40 lysis buffer. Proteins
were quantified using BCA kit (Sigma-Aldrich) according to
the manufacturer’s protocol, and 20 ug of total protein was
loaded and resolved on a 10% SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane (Invitrogen).
GPR40, inhibitor of kB kinase-a (IKKa), phospho-IKKa/f
(Ser'7¢/18%) "inhibitor of kBa (IkBa), phospho-IkBa (Ser®?),
and B-actin were detected using specific antibodies from
Santa Cruz Biotechnology (Santa Cruz, CA; GPR40:
sc-28416/B-actin: sc-47778), and Cell Signaling Technology
(2682, 2697, 4814, 2859), respectively. Proteins were
revealed by chemiluminescence using ECL reagent (Amer-
sham Biosciences).
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FIGURE 2. GW9508 inhibits RANKL-induced osteoclast differentiation in primary cell cultures obtained from mouse bone marrow tissues. A and B,
TRACP staining: wild-type (WT) versus GPR40~/~ mice (KO). Magnification, X 10 (Zeiss). Osteoclast differentiation was induced by murine recombinant RANKL
(50 ng/ml). DMSO was used as a vehicle. GPR40 agonist GW9508 was used at either 10 or 50 um (GW10 or GW50). C, osteoclast marker expression analyzed by

real-time RT-PCR. Error bars represent standard deviation (+S.D.); *, p < 0.05.

Real-time RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen)
and treated with deoxyribonuclease I (1 unit/ug). RNA concen-
tration was determined using Nanodrop technology. cDNA
was obtained from 1 pg of total RNA using SuperScript
VILO™ cDNA synthesis kit according to the manufacturer’s
protocol. RT reaction mixture was diluted 1/10 and subjected
to PCR using specific primers (200 nwm final each) and EXPRESS
SYBR GreenER qPCR Supermix Universal according to the
supplier’s instructions. Primers were designed as following:
cathepsin K (CatK) forward, cgaaaagagcctagcgaaca and reverse,
tgggtagcagcagaaacttg; calcitonin receptor (CTR) forward, tgc-
gaggggatctatcttca and reverse, gttggcactatcgggaacc; TRACP
forward, ccagcgacaagaggttcc and reverse, agagacgttgccaaggt-
gat; matrix metalloproteinase-9 (MMP-9) forward, cgaca-
tagacggcatccag and reverse, ctgtcggetgtggttcagt; nuclear factor of
activated T cells 1 (NFATcI) forward, gggtcagtgtgaccgaagat and
reverse, ggaagtcagaagtgggtgga. Relative expression was calculated

pCEVEN
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using the comparative AACt method. GAPDH and 18S served as
control. Data are expressed as relative mRNA expression. Control
condition was arbitrarily set at 1.

Tagman Low Density Arrays (TLDAs)

At the end of the GW9508 administration period, left femurs
from wild-type OVX mice were isolated and cleaned from any
soft tissues. Samples were immediately frozen into liquid nitro-
gen and crushed into powder prior to RNA extraction
(TRIzol) and RT. Resulting cDNA was used for TLDAs (Applied
Biosystems 7900HT real-time PCR system). Relative expression
values were calculated using the comparative threshold cycle
(27 24Ty according to Data Assist software (Applied Biosystems).
18S, GAPDH, and actin served as housekeeping genes.

Statistics

Data obtained were analyzed either by ANOVA Fisher’s (two
groups) or Newman’s Kell (>two groups) test (ExcelStat Pro
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FIGURE 3. GW9508 inhibits RANKL-induced osteoclastogenesis in RAW264.7 cell cultures. A, RT-PCR and Western blot analysis. Cells were invalidated for
GPR40 expression (Sh) or transfected with a nontargeting vector (SCR). B, TRACP enzymatic activity. Osteoclast differentiation was induced by murine recom-
binant RANKL (50 ng/ml). DMSO was used as a vehicle. GPR40 agonist GW9508 was used at either 10 or 50 um (GW10 or GW50). C, osteoclast marker expression
analyzed by real-time RT-PCR. GPR40 agonist GW9508 was used at either 10 or 50 um. *, p < 0.05. D, XTT cell viability assay. *, p < 0.05 versus DMSO control; error

bars represent standard deviation (=S.D.).

software; Microsoft Office 2007). * represents significant differ-
ences: (p < 0.05). Different letters are attributed to statistically
different groups (@ # b # c...; p < 0.05).

RESULTS

Lack of GPR40 Is Associated with Bone Loss—Using a whole
body GPR40 knock-out mouse model (19), we investigated its
potential role in bone using micro-CT analysis. GPR40™/~
mice exhibited osteoporotic features with reduced bone
mineral density, bone volume, and altered microarchitecture
(Fig. 1A and B), suggesting a positive role of GPR40 on bone.
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To further investigate this hypothesis, we examined the
expression of GPR40 in bone tissue to determine whether
GPR40 may directly influence bone cell activities. As shown in
Fig. 1C, GPR40 protein expression was confirmed in wild-type
mice but not in GPR40 ™/~ littermates.

GPR40 Agonist GW9508 Inhibits RANKL-induced Osteoclast
Differentiation—Using primary bone marrow macrophage cul-
tures and the osteoclast precursor cell line RAW264.7 we con-
firmed the expression of GPR40 in osteoclasts and tested the
effects of GW9508, a GPR40 agonist (27), on RANKL-induced
osteoclastogenesis.
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GWS50). Error bars represent standard deviation (=S.D.).

Addition of RANKL induced the formation of giant, multi-
nucleated TRACP-positive osteoclasts, in both wild-type and
GPR40 ™/~ bone marrow cells. This RANKL induction was
blocked by GW9508; however, inhibition of osteoclastogenesis
occurred in wild-type but not in GPR40~’~ cells (Fig. 2A and
B). Accordingly, GW9508 reduced the expression of the osteo-
clast markers TRACP, calcitonin receptor (CTR), matrix met-
alloproteinase-9 (MMP-9) and cathepsin K (CatK) induced by
RANKL in wild-type, but not GPR40 '~ cells (Fig. 2C).

We further confirmed these observations in RAW?264.7 cells
as a pre-osteoclast cell line model. GPR40 expression was
knocked down in RAW?264.7 cells using stable shRNA interfer-
ence (Fig. 3A). Inhibition of GPR40 was routinely estimated
around 60% at both mRNA and protein. Similar to our obser-
vations in bone marrow cultures, we found that GW9508 sig-
nificantly altered TRACP activity as measured by enzymatic
assay in scrambled cultures but not in GPR40 knocked-down
cells (Fig. 3B). These data are reinforced by osteoclast marker
expression analyses, thus validating both the hypothesis and
the model (Fig. 3C). Importantly, GW9508 inhibition of
osteoclastogenesis was not related to cytotoxicity within the
range of concentration used, thus supporting a specific effect
of the GPR40 agonist on cell differentiation at 10 and 50 um
(Fig. 3D).
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GW9508 Down-regulates Osteoclastogenesis by Blocking
RANKL-induced Signaling Pathways—To identify the molecu-
lar targets linking GPR40 activation to inhibition of osteoclast
differentiation, we measured RANKL-induced signaling path-
ways. The main downstream pathway for RANK activation is
the NF-«B system. Interestingly, GW9508 abrogated RANKL-
induced phosphorylation of Inhibitor of kBa (IkBa) and 1kB
Kinase (IKKa/B) (Fig. 4A), suggesting that GW9508 prevents
NF-kB activation, nuclear translocation and subsequent tran-
scriptional activity. Indeed, using RAW264.7 cell cultures
transfected with a luciferase reporter construct under the con-
trol of NF-«B response-elements, incubation with GW9508 in
the presence of RANKL led to a marked decrease in luciferase
activity, thus further supporting a global inhibition of the
NF-«B pathway (Fig. 4B). Consequently (28), NFATcl
expression was found altered by GW9508. Nevertheless,
GW9508 had no effect on NFATc1 expression when GPR40
was knocked downed, confirming a GPR40-dependent
mechanism (Fig. 4C).

GW9508 GPR40-dependently Counteracts Bone Loss in
Vivo—To examine the bone-protective effect of the GPR40
agonist in vivo, mice were ovariectomized to induce bone loss
and were given GW9508 or DMSO (as a vehicle) orally. Admin-
istration of GW9508 prevented the alterations in bone micro-
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FIGURE 5. GPR40 agonist as a protective agent against in vivo OVX-induced bone loss. A, bone microarchitecture (females; OVX, ovariectomy; Sh, Sham-
operated; 14-week-old mice; n = 7 per group; BV/TV, bone volume/total volume; Tb.N, trabecular number; Tb.Sp, trabecular spaces; Tb.Th, trabecular thickness).
Mice received either DMSO as vehicle or GPR40 agonist GW9508 (8 mg/kg of body weight: GW). B, representative bone tissue marker expression
analyzed by TLDA on whole tibiae (Applied Biosystems 7900HT real-time PCR system). Tissues were collected from OVX or Sham-operated mice that
received either DMSO as vehicle or GPR40 agonist GW9508 (8 mg/kg of body weight: GW). Different letters are attributed to significantly different groups

(p < 0.05); error bars represent standard deviation (=S.D.).

architecture observed upon OVX (Fig. 54). Accordingly, tran-
scriptomic analyses of whole tibiae showed a decrease in
osteoclast marker expression, whereas osteoprotegerin expres-
sion, a natural decoy receptor for RANKL, was preserved (Fig.
5B), thus confirming that differentiation of the resorbing cells is
targeted by the GPR40 agonist. On the other hand, body com-
position analyses revealed that, without significantly affecting
either daily food intake (Fig. 6A4), body weight or lean body mass
(Fig. 6, Band C), GW9508 administration counteracted the fat
mass gain associated with bone loss (Fig. 6D). These observa-
tions strongly support that prevention of bone loss is not related
to bone stimulation by mechanical loading. Most importantly,
the bone-sparing effect of GW9508 did not occur in GPR40 '~
mice (Fig. 6E).
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DISCUSSION

Besides their biological effects on the function of various cell
types through their intracellular metabolism, long chain fatty
acids activate the membrane-bound receptor GPR40. Our
results show for the first time in a GPR40 "/~ mouse model that
GRP40 plays a crucial role in osteoclast biogenesis and subse-
quent bone remodeling.

Cornish et al. (24) showed that RAW264.7 cells express both
GPR120 and GPR40 at the mRNA levels and hypothesized a
potential role of these receptors in the effects of saturated fatty
acids on osteoclastogenesis. In addition, Oh et al. (23) recently
demonstrated that GPR120 was responsible for mediating doco-
sahexaenoic acid anti-inflammatory properties in a macrophage
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FIGURE 6. GW9508 protective effect on bone is dependent on GPR40 expression. A, food intake. Consumption was analyzed weekly throughout the
protocol. B, mouse body weight. Mice were weighed every week throughout the experimental period. C and D, EchoMRI body composition analysis. Mice
received either DMSO as vehicle or GPR40 agonist GW9508 (8 mg/kg of body weight: GW). E, bone mineral density (females; OVX, ovariectomy; SH, Sham-
operated; 14-week-old mice; n = 7/group; wild-type (WT) versus GPR40 '~ mice). Different letters are attributed to significantly different groups (p < 0.05); error

bars represent standard deviation (=S.D.).

differentiation system. In contrast to our results, Oh ez al. did not
observe GPR40 expression in RAW264.7 cells. However, they used
a macrophage differentiation protocol rather than an osteoclast
differentiation procedure. In the present study, we confirm
expression of GPR40 at both the mRNA and protein level in bone
cells from hematopoietic origin and demonstrate its crucial role on
bone resorption both in vitro and in vivo.

Consistent with the bone phenotype in GPR40 ™/~ mice, ex
vivo and in vitro invalidation experiments demonstrated that
GPR40 is required for GW9508 inhibition of osteoclastogen-
esis. Furthermore, GW9508 failed to protect GPR40 '~ ovari-
ectomized mice from bone loss. These results clearly demon-
strate the essential role of GPR40 in regulating osteoclast
behavior and suggest its potential as a target for new therapeu-
tic and nutritional strategies to counter bone loss. However,
although osteoblast markers do not seem to be impacted by
GPR40 (data not shown), further in vivo investigations are
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required to decipher the contribution of GPR40 agonist in
bone-forming cell activities.

We used a mice model with a global deletion of GPR40. Thus,
the bone phenotype in vivo may also result from GPR40 inval-
idation in other organs known to influence bone metabolism.
Indeed, GPR40 mediates the insulin-secretory effect of fatty
acids, and insulin is an anabolic agent known to stimulate
osteoblast function. Thus, lower levels of circulating insulin in
whole body GPR40 ™/~ mice could conceivably contribute to
the observed osteoporotic features (29). However, as demon-
strated in both primary and cell line cultures, GPR40 was
expressed and required to mediate inhibition of cell differenti-
ation in the presence of a GPR40 agonist ex vivo. These data
correlate with the osteoporotic phenotype of GPR40™/~ mice;
and without excluding possible indirect effects of insulin, they
strongly support a direct role of GPR40 on osteoclast differen-
tiation and function.
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GPR40 shares the ability to bind long chain fatty acids with
TLRs and PPARs (10-13, 30, 31). The effects of PPARs on osteo-
clastogenesis remain controversial and depend on the receptor
subtype. PPARYy activation was found either to inhibit (32, 33)
or stimulate (34) osteoclast differentiation, whereas antisense
strategies for PPARS/B revealed a pro-resorbing impact of
these two isoforms (35). Interestingly, PPARYy agonists such as
thiazolidinediones and rosiglitazone also stimulate GPR40 sig-
naling pathways, therefore inhibition of osteoclastogenesis by
PPARYy activators may in fact result from an uninvestigated
GPRA40 activation (25, 36, 37).

Jonhson et al. (14) reported that mice deficient for TLR4
exhibit increased bone size and bone mineral content and den-
sity. Consistently, saturated fatty acids have been shown to
increase activation of NF-«kB and subsequent bone resorption
via TLR4 in osteoclasts (38). In contrast, in the present study we
observed that the inhibitory effect of GW9508 on NF-«B tran-
scriptional activity was GPR40-dependent similar to the
GPR120-dependent anti-inflammatory effect of docosahexa-
enoic acid as demonstrated by Oh et al. in macrophages (23).

The recent results of phase 2 clinical trials revealed that a
GPR40 agonist (TAK-875) is highly effective in lowering blood
glucose levels in patients with type 2 diabetes without inducing
iatrogenic hypoglycemia (20, 21). Therefore, in a context of
growing prevalence of metabolic and age-related disorders, our
results showing the key role of GPR40 in mediating inhibition
of osteoclastogenesis and the ability of a GPR40 agonist to pro-
tect from bone loss in vivo suggest that prevention of bone
complications could be an additional benefit of this class of
drugs.
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