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Peroxisome proliferator-activated receptor v (PPARY) is
a master regulator of energy metabolism. In bone, it is
known to regulate osteoblast differentiation and osteo-
clast activity. Whether PPARy expression in bone cells,
particularly osteocytes, regulates energy metabolism re-
mains unknown. Here, we show that mature osteoblast/
osteocyte-specific ablation of PPARy in mice (Ocy-
PPAR~y~/") alters body composition with age, namely, to
produce less fat and more lean mass, and enhances in-
sulin sensitivity and energy expenditure compared with
wild-type mice. In addition, Ocy-PPARy ™'~ mice exhibit
more bone density, structure, and strength by uncoupling
bone formation from resorption. When challenged with a
high-fat diet, Ocy-PPARy ™'~ mice retain glycemic control,
with increased browning of the adipose tissue, decreased
gluconeogenesis, and less hepatic steatosis. Moreover,
these metabolic effects, particularly an increase in fatty acid
oxidation, cannot be explained by decarboxylated osteocal-
cin changes, suggesting existence of other osteokines that
are under the control of PPARy. We further identify bone
morphogenetic protein 7 as one of them. Hence, osteo-
cytes coregulate bone and glucose homeostasis through
a PPARYy regulatory pathway, and its inhibition could be
clinically relevant for the prevention of glucose metabolic
disorders.

Bone is a dynamic tissue that undergoes constant remodel-
ing, balancing osteoblastic bone formation and osteoclas-
tic bone resorption. The transcription factor, peroxisome
proliferator—activated receptor (PPAR)y, stimulates bone
resorption through an increase in RANK signaling, leading
to increased c-fos expression and NFATc1 signaling, which

are the essential mediators of osteoclastogenesis and oste-
oclast activity (1). In contrast, expression and activation of
PPARy in mesenchymal stem cells promote the differenti-
ation of these cells into adipocytes at the expense of the
osteoblast lineage (2). Deletion of PPARy in early osteo-
blasts, using the early mesenchymal-expressing Col 3.6 kb
promoter, or osterix Cre, increases bone formation and os-
teoblast activity (3,4). However, the specific role of PPARy
in mature osteoblasts and osteocytes has not yet been
explored. More recently, bone has been shown to regu-
late whole-body glucose homeostasis. Bone is known as
an insulin-regulated tissue (5); but more importantly, the
existence of skeletal feedback has emerged with osteocalcin,
an osteoblast-derived polypeptide hormone reported to in-
crease insulin release from B-cells and indirectly increase in-
sulin action through enhanced release of adiponectin from
adipose tissue (6-9). In addition, recent evidence also sug-
gests a regulation of glucose metabolism by bone through
osteocalcin-independent mechanisms (10,11). Browning of
the adipose tissue has received considerable attention to
prevent obesity and related comorbidities. Its regulation
through the PPARs, and particularly, PPARy has been put
forward not only in adipose tissue (12,13) but also in liver
and skeletal muscle, where it controls the production of sev-
eral hepatokines (14) and myokines, respectively (15,16).
The fact that bone remodeling occurs daily, in multiple
locations and over extended surfaces, suggests that bone
cells have a high energy demand that needs to be met. Re-
cently, it has come to light that the skeleton is the fourth-
largest glucose-consuming organ after fat, liver, and skeletal
muscle (17). This glucose consumption has always been seen
to be driven by osteoblast (18) and osteodlast (19) activity.
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However, these two bone cells are under the control of
osteocytes, which orchestrate bone modeling/remodeling
and calcium homeostasis (20). Moreover, it is the most
abundant cell in the bone tissue. Considering the role of
PPARy in the regulation of energy metabolism and bone
remodeling and the high energy expenditure of the skele-
ton, we hypothesized that osteocytes might also be key cells
for regulating energy metabolism. In the current study,
we explore the mechanisms by which PPARy expression in
mature osteoblasts/osteocytes (OB-OCY) coregulates bone
and glucose homeostasis. We demonstrated that osteocyte-
targeted deletion of PPARyy in mice (Ocy-PPARy /") through
the Dmp1-cre promoter improved glucose homeostasis
by increasing browning of adipose tissue and inhibiting
the development of hepatic steatosis, whereas bone frailty
was partially prevented in terms of bone strength but not
bone structure, independently of osteocalcin.

RESEARCH DESIGN AND METHODS

Construction of the PPARy floxed allele (PPARYL2) has pre-
viously been described (1), and the PPARvy-deficient mice,
specifically in late OB-OCY, result from a 10-Kb Dmp1-Cre
recombination (Ocy-PPARy_/ ), which has been crossed
onto a full C57BL6J background (21). Control mice (Ocy-
PPARYy""*) were constituted by a mix of PPARyLoxP"'* mice
without DMP1-Cre and PPARyLoxP™/~ mice with DMP1-
Cre. The two genotypes of control mice did not exhibit
significantly different phenotypes. Mice were maintained
on a 12-h light/dark cycle at an ambient temperature of
22-25°C. In an aging and high-fat experiment to measure
dynamic indices of bone formation, mice were injected with
calcein intraperitoneally at 10 mg/kg at 9 and 2 days before
euthanasia. The animals were killed and blood was collected
for serum measurements.

Aging Experiment

From 3 to 6 months of age, Og-PPARY"" and Ocy-
PPARy™’~ male mice were analyzed (n = 8 per group).
Six supplemental mice per genotype were used to investi-
gate insulin signaling in organs. Mice were injected intra-
peritoneally with 150 mU/g insulin (n = 3 per genotype)
(NovoRapid; Novo Nordisk) or PBS (n = 3 per genotype)
40 min before sacrifice as previously validated (14).

+/+

High-Fat Experiment

From 4 to 6 months of age, Ocy-PPARy”* and Ocy-
PPARyf/ ~ male mice received a high-fat diet (HFD) (60%
fat; Kliba 2127 [Supplementary Table 1]) (n = 8 per group).
An additional group received a chow diet (10% fat; Kliba
2125 [Supplementary Table 1]) for histological analysis (n =

6 per genotype).
In Vitro Experiment

Primary Osteoblast Cultures

Osteoblasts were isolated from long bones of Ocy-
PPARy~’~ and Ocy-PPARy"* mice as previously described
(22). Osteoblasts were seeded at 60,000 cells per well in
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12-well plates. At day 21, RNA was extracted to confirm
the expression of DMP1 and the existence of osteocytic
markers. Conditioned medium (CM) was collected every
24 h.

Primary Adipocyte Culture

The stromal vascular fraction cells from white fat tissue
and brown fat tissue were isolated as previously described
(23). Primary stromal vascular fraction cells were seeded at
300,000 cells/well in 24-well plates. On confluence, the cells
were induced to differentiate for 3 days with DMEM con-
taining 10% FCS, 1 pmol/L dexamethasone, 500 pmol/L
isobutylmethylxanthine, 1 pg/mL insulin, 125 wmol/L in-
domethacin, 1 nmol/L triiodothyronine (Gibco Life Tech-
nology), 1 wmol/L rosiglitazone (Santa Cruz Biotechnology),
and CM of OB-OCY culture. Then the induction medium
was replaced with DMEM containing 10% FCS, 1 pg/mL
insulin, and 1 nmol/L triiodothyronine at days 3 and 5.
Cells were stopped at 7 days for Oil Red O and gene expres-
sion analyses.

3t3L1 Adipocyte Cell Line Culture

3t3L1 adipocyte cell line was cultured as previously de-
scribed (24). Cells were seeded at 5,000 cells/well in 24-well
plates. Cells were stopped at 7 days for Oil Red O and gene
expression analyses. At day 0, i.e., at confluency, we split
the well into different groups: 1) one still under DMEM, 2)
culture with Ocy-Ppary** CM, 3) Ocy-Ppary"”* CM plus
recombinant BMP7 (50 ng/mL), 4) Ocy—Ppary+/ * CM plus
recombinant BMP7 (150 ng/mlL), 5) Ocy—Ppary*/ - CM,
and 6) Ocy-Ppary”’~ CM plus BMP7-neutralizing antibody
(5 pg/mL).

Primary Hepatocyte Culture

Primary hepatocytes were isolated from wild-type (WT)
mouse liver as previously described (25). Primary hepato-
cytes were seeded at 300,000 cells per well in collagen-
coated 12-well plates and cultured in Williams’ Medium E
supplemented with 10% FBS, 1% L-glutamine, 1% penicillin/
streptomycin, 102 mol/L insulin, and 10~ ® mol/L dexa-
methasone. Five hours after plating, cells were incubated
for 2 days with conditioned media from Ocy-PPARy"*, Ocy-
PPARy™’", and Ocy-Ppary™’~ plus BMP7-neutralizing an-
tibody (5 pg/mL) to OB-OCY. Hepatosteatosis was induced
by adding into these media a mix of 200 pwmol/L oleic acid:
palmitic acid (ratio 3:1).

Primary Islet

Pancreatic islets were isolated from male C57BL/6 mice by
collagenase digestion as previously described (26) and cul-
tured in RPMI-1640 medium supplemented with 5% heat-
inactivated FCS, 10 mmol HEPES, 1 mmol sodium pyruvate,
50 pmol 2-mercaptoethanol, and antibiotics. Batches of
10 handpicked islets/well were cocultured for 4 days with
Ocy-PPARy ™~ and Ocy-PPARy™* primary OB-OCY. Insulin
secretion measurements were measured by radioimmuno-
assay (Linco Research, Inc., St. Charles, MO) using rat in-
sulin as standard.
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Investigations

For glucose, insulin, and pyruvate tolerance tests (GTT, ITT,
and PTT, respectively), after 6 h starvation, mice were
administered intraperitoneally with glucose (1.5 g/kg;
Grosse Apotheke Dr. G. Bichsel, Interlaken, Switzerland),
insulin (0.5 units/kg), or pyruvate (2 g/kg; Sigma), and
glycemia was measured from tail blood before the injection
and at 15, 30, 60, 90, and 120 min after the injection. Area
under the curve (AUC) was calculated relative to baseline
glucose for each genotype. Microcomputed tomography
scans (UCT40; Scanco Medical AG, Basserdorf, Switzerland),
hyperinsulinemic-euglycemic clamp, 2-[**C]deoxyglucose
uptake, metabolic cage (LabMaster calorimetry; TSE Sys-
tems, Homburg, Germany), positron emission tomography
(PET)/computed tomography (CT) (Triumph microPET/
SPECT/CT system; Trifoil, Chatsworth, CA), histomor-
phometry (RM2155 Rotary Microtome; Leica, Wetzlar,
Germany), immunohistochemistry, real-time PCR, West-
ern blotting, and a three-point bending test (Instron
1114; Instron Corp., High Wycombe, U.K.) were per-
formed as previously described (14,27,28).

Data Analysis

Normal distribution of the data were verified by the Levene
test. We then tested the effects of genotype in chow diet
and HED by a one-way ANOVA.

To compare the effect of genotype/diet, we used a two-way
ANOVA. As appropriate, post hoc testing was performed
using Fisher protected least squares difference. ANCOVA
analyses were performed for the calorimetric data. Differences
were considered significant at P << 0.05. Data are presented
as mean * SEM.

RESULTS

PPARYy Deletion in Osteocytes Induced a High-Bone
Mass and Low-Fat Mass Phenotype

PPARYy expression increased with osteoblast differentia-
tion into osteocytes in vitro and its expression was induc-
ible by rosiglitazone (Fig. 1A and B). Immunostaining
confirmed that PPARy was also expressed in osteocytes in
vivo (Fig. 1C). To achieve a genetic deletion of PPARYy in late
osteoblasts/early osteocytes, we crossed Dmpl-Cre mice with
homozygous PPARy-floxed mice to remove the loxP-flanked
PPARYy alleles only in these cells. Immunohistochemistry,
Western blot, and RT-PCR confirmed tissue and cell speci-
ficity of PPARYy deletion in osteocytes (Fig. 1C-F). As re-
ported in the literature, Dmp1-Cre also induced a partial
deletion of PPARy in the skeletal muscle but not in the
brain or intestine. Lengths of femurs or tibiae did not differ
between genotypes (data not shown). However, an exami-
nation of the body composition via DEXA for small animals
(PIXImus) revealed more femoral bone mineral density
(BMD) at the age of 3 months in Ocy-PPARy ™/~ compared
with WT littermates (Ocy—PPAR"y+/ "), which remained sig-
nificant with aging (Fig. 2A). With age (6 months), both tra-
becular and cortical bone structure respectively at distal and
midshaft femur significantly increased in Ocy-PPARy /~
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versus Ocy—PPARy” " mice (Fig. 2B-E). These characteristics
resulted from a higher bone formation rate (BFR) at the
trabecular and periosteal surfaces in Ocy-PPARy ™/~ mice,
whereas BFR was unchanged at the endosteal surface, and
circulating levels of total and decarboxylated osteocalcin
were similar in Ocy-PPARy /" and Ocy-PPARy™* mice (Fig.
2F-J; Supplementary Table 2). Bone formation effects were
mainly attributed to an increase in osteoblast activity rather
than an increase in osteoblast number, as shown by an in-
crease in mineralization apposition rate and an unaffected
mineralization surface on bone surface (MS/BS), mineraliza-
tion perimeter on bone perimeter (MPm/BPm), and osteoblast
numbers (Supplementary Table 2). Bone resorption marker,
such as carboxyterminal collagen crosslinks (CTX), was sig-
nificantly decreased in Ocy-PPARy ’~; regardless, osteo-
clast surface on bone surface was not different between
groups (Fig. 2K and L). For understanding of the mecha-
nism by which PPARYy deletion in osteocytes increases BFR
and decreases resorption, mRNA was extracted from the
femur. Gene expression analyses in the osteocytic fraction
of cells showed that Sost (sclerostin) mRNA levels were 33%
lower in Ocy-PPARy /" compared with Ocy-PPARy"* (Fig.
2M). Apoptotic gene expression such as Caspase 3, Bd2,
and Bax were unchanged (Supplementary Table 3). In the
osteoblastic fraction, both Runx2 and Opg levels were sig-
nificantly higher in Ocy-PPARy ' ": 19.2% and 197.6%,
respectively, versus Ocy-PPARy*"* (Fig. 2N and O). Further-
more, primary mesenchymal stem cells from Ocy-PPARy "/~
differentiated in vitro into more mature osteoblasts, as
shown by higher alkaline phosphatase levels in Ocy-
PPARy /™ after 21 days of culture when Dmpl was
expressed (Fig. 2P). Furthermore, gene expression of osteo-
blast markers such as Opg/Rankl, Runx2, osteocalcin
(Bglap), Glutl, Glut 4, Fox2, PPARa/d, and Bmp7 was
higher in Ocy-PPARy ™/~ compared with Ocy-PPARy"",
whereas E11, an early osteocyte marker, was lower (Fig.
2Q). These data indicated that osteocyte expression of
PPARy regulates both osteoblast differentiation/function
and osteoclast resorption.

PPARYy Deletion in Late OB-OCY Increased Energy
Metabolism

At 3 months of age, lean and fat mass percentages as well as
glucose levels measured in response to GTT were unaffected
by PPARy deletion (Fig. 3A-C; Supplementary Fig. 1). How-
ever, with age (6 months), Ocy—PPARyf/ "~ gained less fat
mass and more lean mass than Ocy-PPARy"" with a similar
body weight gain, respectively, of 12.0% and 12.5% (Fig.
3A-C). At sacrifice, organ weights indicated a lower liver and
epididymal white adipose tissue (éWAT) in Ocy-PPARy /~
compared to Ocy-PPARy""* (Supplementary Fig. 2). Glycemic
control was better in Ocy—PPARyf/f mice compared with
Ocy-PPARy"”*, with enhanced glucose tolerance (analyzed
by GTT) and insulin sensitivity (measured by ITT) (Fig. 3D-F).
Metabolic cage profiling showed more VO, consumption, a
higher respiratory exchange ratio (RER), and more heat pro-

+/+

duction in Ocy-PPARy /"~ mice compared to Ocy-PPARy™*,
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Figure 1—PPARy expression in IDG-W3 osteocyte cell lines and specific deletion of PPARy in osteocyte using DMP1-cre promotor. A: Time
course expression of Dmp1 in IDG-W3 osteocyte cell line mark with GFP under Dmp1 promoter. D, day. (n = 3). B: Time course
expression of PPARYy in IDG-W3 osteocyte cells treated or not with rosiglitazone (Rozi) (n = 3). C: Immunohistochemical staining of PPARYy in
cross-sectional tibia at the midshaft (upper panel, bar = 20 um) and in longitudinal sections of the proximal tibia (lower panel, bar = 40 pm)
showing the absence of staining in osteocytes of the cortical and trabecular compartments (*), whereas the staining remains in osteoclasts ($)
(n = 4). D: PPARy expression in the bone fractions of Ocy-PPARy ™~ and Ocy-PPARy*'* mice (n = 4). E: Western blot of Dmp1-Cre, total PPARy,
and Pan actin (n = 3). F: Western blot quantification by Imaged of PPARy protein expression in Ocy—PPARy” ~ reported to Ocy—PPAFa’y*’+
(n = 3). Bars show means (=SEM). Closed bars, Ocy-PPARy~’~; open bars, Ocy-PPARy**. *P < 0.05, ™P < 0.01, significant difference vs.

Ocy-PPARy**.

mainly during the night (Fig. 3G and H); these differences
remained significant after division by lean mass or by per-
formance of an ANCOVA (Supplementary Fig. 3A-D).
Movement and cumulative food intake were unchanged
(Supplementary Fig. 4A and B). RER was significantly higher
in Ocy-PPARy /™ compared with Ocy-PPARy"* (0.91 *
0.008 vs. 0.86 = 0.01, P < 0.01), with values indicating a
mix of fat and carbohydrate as fuel sources. In order to
further investigate the higher energy expenditure of Ocy-
PPARy /"~ we evaluated the body temperature of different
regions of interest. Internal body temperature, i.e., eye tem-
perature measurement, and temperature in the musculo-
skeletal limb were higher in Ocy-PPARy ’~ compared
with Ocy-PPARy™* mice (Fig. 3I). Analyses of the ventral
and dorsal infrared images showed that the interscapular
regions, i.e., brown adipose tissue (BAT), contributed to the

overall higher temperature in Ocy-PPARy /™ compared
with inguinal fat, ie., white adipose tissue (WAT) (Fig. 3D).
However, body temperature response to 24 h cold exposure
was similar between genotypes (Supplementary Fig. 4C). To
further address the metabolic effects of PPARy deletion in
OB-OCY, we performed a hyperinsulinemic-euglycemic damp
in conscious and unrestrained mice. Ocy—PPARyfF mice
exhibited a marked increase in the glucose infusion rates
needed to maintain the clamped glucose levels, demonstrat-
ing an increase of insulin sensitivity (Fig. 3J). In accordance,
insulin staining in the pancreas showed smaller islet size in
Ocy-PPARy "/~ compared with Ocy-PPARy"*, whereas the
number remained unchanged (Supplementary Fig. 4D-G).
Moreover, phosphorylation level of Akt***”3, considered an
important downstream target of insulin signaling, was sig-
nificantly higher in bone, skeletal muscle, BAT, and liver in
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camera. Note the higher temperature of the limb of Ocy-PPARy /", indicated by the white spots (n = 8 per group). J and K: Glucose infusion rate
(GIR) and tissue-specific 2-[14C]deoxyglucose (2-[14C]DG) in iWAT and BAT during hyperinsulinemic-euglycemic clamp in awake mice (n =
6 per group). L: Standardized uptake values (SUVs) of the radiolabeled tracer 18FDG; note the higher 18FDG uptake in bone of the limb of
Ocy-PPARy /", indicated by yellow spots (1 = 4-5 per group; bar = 1 mm). Bars show means (=SEM). Closed bars or continuous lines, Ocy-
PPARy™'~; open bars or dashed lines, Ocy-PPARy*™*. *P < 0.05, *P < 0.01, **P < 0.001 significant difference vs. Ocy-PPARy*'*.
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Ocy-PPARy /" compared with Ocy-PPARy"* mice and
tended to be in WAT (Supplementary Fig. 4H and I). To
investigate peripheral glucose uptake, we coadministered
2-[**C]deoxyglucose during the clamp. Whereas no changes
were observed in skeletal muscle, there was an increased
uptake from the inguinal (i))WAT, the tibia, and BAT in Ocy-
PPARV_/ ~ compared with Ocy—PPAR’y”+ mice (Fig. 3K).
These results were confirmed by microPET, resulting in
more accumulation of fluodeoxyglucose (**F) (18FDG)
in long bones of Ocy-PPARy /"~ (Fig. 3L), whereas no sig-
nificant differences were observed in quadriceps and gas-
trocnemius.

Lack of PPARy in Mature OB-OCY Increased Adipose
Browning

We next investigated whether the higher consumption of
glucose by adipose tissue originated from a difference in ad-
ipocyte density and volume. Measuring adipocyte size distri-
bution revealed an increased number of small adipocytes and
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a decreased number of large adipocytes in eWAT of Ocy-
PPARYy /™ (Fig. 4A and B). Moreover, morphologically,
white fat depots had more of a multinodular pheno-
type in Ocy-PPARy ™/~ compared with Ocy-PPARy"* mice
(Fig. 4A). These features are characteristic of beige adipo-
cyte formation within WAT as well as mitochondrial activity
of BAT. Immunohistochemistry confirmed the expression
of uncoupling protein 1 (UCP1) in WAT of Ocy-PPARy "/~
but not in Ocy—PPARy” " (Fig. 4A and B). In BAT depots, we
observed dense UCP1 staining in both genotypes; however,
larger white droplets accumulated in the BAT depots in
Ocy-PPARy"* (Fig. 4C). Fat depots of the Ocy-PPARy /™~
mice showed increased expression of brown adipocyte-spe-
cific markers compared with Ocy-PPARy**, particularly in
inguinal WAT (Fig. 4D-F). In vitro, primary BAT cultures
showed larger numbers of lipid droplets in Ocy-PPARy ™,
with a smaller size than in Ocy—PPAR’y” * (Fig. 4G). BAT and
inguinal WAT primary culture also confirmed darker UCP1
staining in Ocy-PPARy ’~ compared with Ocy-PPARy™*
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Figure 4—At 6 months of age, PPARy deletion in mature OB-OCY promotes browning of the WAT and BAT activity. A: Hematoxylin-eosin (H&E)
and UCP1 staining on sections from eWAT. Arrows indicate accumulation of small lipid droplets. $More brown staining in Ocy-
PPARy ™"~ vs. Ocy-PPARy™* (n = 6 per group). B: Cell-size profiling of adipocytes from eWAT; points show mean of pooled fractions from each
animal (n = 6 per group with 4 sections per animals). C: Hematoxylin-eosin and UCP1 staining on sections from BAT (n = 6 per group with

3 sections per animals). D-F: Relative mRNA gene expression in eWAT (D), iWAT (E), and BAT (F) (n

=4 per group). G: Primary culture of BAT; Qil

Red O staining after 6 days of culture indicated larger numbers of small lipid droplets (1 = 6 per group; bar = 100 m). H: Immunohistochemistry
on BAT and iWAT, automated quantification of UCP1 (n = 4 per group; bar = 100 wm). Bars show mean (=SEM). OD, optical density. *P < 0.05,

P < 0.01, **P < 0.001 significant difference vs. Ocy-PPARy™*.


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-0116/-/DC1

2548 Bone Regulates Browning and Energy Metabolism

(Fig. 4H), thus arguing a browning of WAT and more activ-
ity of BAT in Ocy-PPARy /"~ mice.

Ocy-PPARy ™'~ Mice Partially Protected Against the

Dysmetabolism Induced by High Dietary Fat Intake

We next challenged the Ocy-PPARy /™ mice to an HFD or
control diet (CD) to investigate whether these mice are
protected against diet-induced bone fragility, obesity, and
hyperglycemia. In Ocy-PPARy"* mice, HFD did not affect
endocortical bone formation rate but increased periosteal
BFR, perhaps as a result of body weight increase (Sup-
plementary Fig. 5A and B). Ocy-PPARy '~ mice on HFD
exhibited a higher endocortical bone formation rate than Ocy-
PPARy"* (Supplementary Fig. 5B). Hence, Ocy-PPARy /™~
HFD mice have more cortical bone volume on tissue volume
(Ct. BV/TV) and cortical thickness (Ct.Th) than Ocy—PPAR'y” N
mice (Supplementary Fig. 5C-E). After biomechanical
strength testing using a three-point bending test, we
observed that Ocy-PPARy /™ mice exhibited more ultimate
force, stiffness, and plastic and fracture energy compared
with Ocy-PPARy”* (Supplementary Table 4). In Ocy-
PPARy*/* mice, HFD increased elastic and decreased plastic
energy, whereas Ocy-PPARyY™’~ mice were unaffected by
HFD (Supplementary Table 4). An HFD regimen increased
body weight in both genotypes over time (Fig. 5A). How-
ever, food and hydric recording over 24 h indicated more
intake in Ocy-PPARy ’~ compared with Ocy-PPARy"*
mice (Supplementary Fig. 64 and B). Nevertheless, the final
body weight observed in Ocy-PPARy /" did not reach the
values of Ocy-PPARY”* mice, suggesting that Ocy-
PPARy /~ animals were partially protected from HED
(Fig. 5A). EchoMRI scans after 8 weeks of HFD showed
that fat mass increase was prevented in Ocy-PPARy /"~
(increase of 17% vs. CD and 44% vs. CD in Ocy—PPAR'y+/ "
P < 0.05), whereas lean mass was greater (14.2% vs. CD
and 9.6% vs. CD in Ocy-PPARy"") (Fig. 5B and (). On
HFD, movement, VO,, and heat were increased in Ocy-
PPARY /™ (41%, 13%, and 13% vs. Ocy-PPARy”", P <
0.05) (Fig. 5D-F) compared with the CD experiment; geno-
type differences on HFD disappeared after division of
parameters per lean mass or ANCOVA analysis
(Supplementary Fig. 6C-F). RER was not significantly dif-
ferent between genotypes and mean value decreased com-
pared with CD, indicating that fat is the predominant fuel
source (Supplementary Fig. 6G). Body temperature was also
higher, particularly in the BAT neck region (1.5% vs. Ocy-
PPARy"*, P < 0.01) (Supplementary Fig. 7A). Responses to
GTT, ITT, and PTT were improved in Ocy-PPARy "/~
(AUC —22%, —9%, and —13%, respectively, vs. Ocy-
PPAR'y” *, P < 0.1) (Fig. 5G-I). To further address the
metabolic effects of PPARy deletion in OB-OCY, we per-
formed a hyperinsulinemic-euglycemic clamp after 8 weeks
of the dietary challenge. Ocy-PPARy ™'~ mice exhibited the
same trend of a higher glucose infusion rate required to
maintain the clamped glucose levels, demonstrating an in-
crease of insulin sensitivity (Fig. 5J). Measurement of
insulin levels before and after clamping confirmed the
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increase in insulin levels during clamping and illustrated no
significant difference between genotypes (Supplementary
Fig. 7B). The difference between glucose disappearance
(Ry) before and after the damp was higher in Ocy-PPARy ™/~
mice, suggesting less hepatic glucose production (Supple-
mentary Fig. 7C). We coadministered 2-[**C]deoxyglucose
during the damp. No changes were observed in glucose
uptake in skeletal muscle and WAT, although there was a
significant increased uptake by the tibia and a trend for the
BAT in Ocy-PPARy /~ compared with Ocy-PPARy"™* mice
(Supplementary Fig. 7D). These results were confirmed by
microPET, with more accumulation of 18FDG in BAT and in
the long bones of Ocy-PPARy ™/~ (Fig. 5K and L).

Lack of PPARYy in Late OB-OCY Prevented Fat
Infiltration in Skeletal Muscle and Liver and Increased
Adipose Browning

On CD, histology of the gastrocnemius revealed homoge-
nous fiber size distribution, polygonal shape of fibers, and
number of peripheral nuclei in both genotypes (Fig. 64). On
HED, Ocy-PPARYy /™ seemingly prevented fibrosis in the
tissue, with less mononucleated inflammatory cells, central
nucleation of the myofibers, and fat infiltration compared
with Ocy-PPARy"* mice. In accordance, gene expression
analysis in HFD showed more muscle regeneration and
fatty acid (FA) oxidation, indicated by high expression of
Mef2b and PPARa/d, and muscle force in Ocy—PPAR’y_/ -
(Fig. 6B and C). Liver steatosis, as illustrated by accumula-
tion of white lipid droplets stained with Oil Red O, was less
pronounced in Ocy-PPARy /™ compared with Ocy-PPARy™*
on HFED (Fig. 6D). Gene expression indicated reduced
FA transporters in Ocy—PPAR'y*/ ~, in particular Cd36,
which was confirmed by Western blot (Fig. 6E and F), sug-
gesting a reduced uptake of FA from the bloodstream into
the liver. Moreover, it also indicated less lipogenesis in
Ocy-PPARy /™ through the lower expression of Fas, Accl,
and Acc2 and a decrease in gluconeogenesis through a de-
crease in Ppeck expression (Fig. 6E). FA oxidation, export
and cholesterol were modestly affected (Supplemen-
tary Fig. 7E). Adipocyte morphology and beige adipogenic
gene markers including Ucpl, Cox5b, and Dio2 indicated a
browning of the eWAT in Ocy-PPARy "/~ (Fig. 6G). Fur-
thermore, in the BAT, Ocy—PPARy_/_ exhibited less
large droplet accumulation compared with Ocy-PPARy"*
on HED (adipocyte with lipid droplet size 2,000-2,400;
5.3 £ 0.2% compared with 8.3 % 0.5%, respectively, P <
0.01). Gene expression analysis showed more capability
of lipid oxidation in Ocy-PPARy ™/~ versus Ocy-PPARy"’"
through the increased expression of PPARa/d/v, Elovl3,
Dio2, Ucpl, and Lpl (Fig. 6H).

Osteokines Secreted by Ocy-PPARy~'~ Mice Control
Adipose, Liver, and Pancreas Functions

To investigate the proof of concept that deletion of PPARYy
in bone cells is able to prevent hepatic steatosis, improve FA
metabolism by adipocytes, and augment pancreatic islet in-
sulin secretion, we applied CM or performed real cocul-
tures of mature osteoblasts with hepatocytes, adipocytes,
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Figure 5—PPARYy deletion in late OB-OCY improves glucose homeostasis by increasing metabolic rate and improving insulin sensitivity and
glucose uptake by BAT and bone after 8 weeks of HFD. A: Body weight (n = 8 per group). B and C: Fat and lean mass evaluated by echoMRI (n =
8 per group); $P < 0.05 significant difference vs. chow diet. From D to L, all the mice are on HFD. D-F: Energy metabolism investigation

performed in metabolic cages during 1 day and night (n = 6 per group);

movement (D), VO, (E), heat production (F). G: GTT (n = 8 per group). H:

ITT (n = 8 per group). I: PTT (n = 8 per group). J: Glucose infusion rate (GIR) during hyperinsulinemic-euglycemic clamp in awake mice (n = 6 per
group). K and L: Standardized uptake values (SUV) of the radiolabeled tracer 18FDG in bone (bar = 1 mm) and BAT (bar = 1 cm); note the higher

18FDG uptake in bone and BAT of Ocy-PPARy '~ indicated by red and

white spots (n = 5 per group). Arrows indicate 18FDG uptake in the BAT.

Bars show means (+SEM). HF, high-fat. *P < 0.05, P < 0.01, **P < 0.001 significant difference vs. Ocy-PPARy*"*.

and pancreatic B-cells. For this purpose, primary OB-OCY
of Ocy-PPARy ™~ and Ocy-PPARy™"* were extracted from
long bones as previously described (22). After 21 days of
culture, CM was collected and added to primary hepatocytes
from WT mice incubated with a mix of oleate and palmitate
for 48 h to induce steatosis (Fig. 7A). Lipid content in CM
of Ocy-PPARy"* and Ocy-PPARy ’~ OB-OCY was not de-
tectable, arguing a similar exposure of lipid on hepatocytes.
The effects on lipid metabolism were analyzed by gene

expression and Oil Red O staining. Lipid droplet accumula-
tion was lesser in hepatocytes exposed to Ocy-PPARy /™~
versus Ocy-PPARy"* CM (Fig. 7B). Cd36 FA transporter
expression was also lower with Ocy-PPARy/~ CM
(—51% vs. no control media and —52% vs. Ocy-PPARy"*
CM, all P < 0.001), and Ppara gene expression was higher
(48% vs. control media and 22% vs. Ocy-PPAR'y” T CM, all
P < 0.05) (Fig. 7C). We then tested the effect of CM on
3T3L1 adipocyte cell lines. Exposure to Ocy-PPARy "/~ CM
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Figure 6—PPARy deletion in late OB-OCY prevents fat infiltration in skeletal muscle and steatosis and improves browning and BAT activity after
8 weeks of HFD. A: Hematoxylin-eosin staining on sections of gastrocnemius (n = 6 per group with 3 sections per animals; bar = 40 pwm).
B: Relative mRNA gene expression for HFD in gastrocnemius (n = 4 per group). C: Limb force evaluated by handgrip for HFD groups (n = 8 per
group). D: Oil Red O staining on sections of liver; note the larger accumulation of lipid droplets in Ocy-PPARy** vs. Ocy-PPARy ™™ (n = 6 per group;
bar = 50 um). E: Relative mRNA gene expression of FA transports, FA synthesis, and gluconeogenesis markers in liver on HFD (n = 4 per group).
F: Western blot of CD36 and quantification for CD and HFD (n = 3 per group). $$$P < 0.001 significant difference vs. CD. G: UCP1 staining on
sections from eWAT and relative mRNA gene expression for HFD (n = 6 per group with 3 sections per animals; bar = 100 um). H: UCP1 staining
on sections from BAT; arrows indicate less accumulation of big lipid droplets in BAT of Ocy-PPARy ™~ vs. Ocy-PPARy** and relative mRNA
gene expression for HFD (n = 6 per group with 3 sections per animals; bar = 100 .m). Bars show means (+SEM). Black bars, Ocy-PPARy '~;
white bars, Ocy-PPARy™*. *P < 0.05, *P < 0.01, **P < 0.001 significant difference vs. Ocy-PPARy*'".

improved lipid metabolism as shown by Oil Red O quanti- oxidation, respectively, illustrated by an increase in lipopro-
fication, and the gene expression profile was similar to the tein lipase, Fas, and Ppara/6/y (Fig. 7D). Immunostaining
one described in vivo with an increase of FA synthesis and and Western blot analysis indicated an increased expression
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Figure 7—O0B-OCY secrete a factor regulating steatosis, lipid oxidation, and insulin secretion. A: Schematic of the experiment performed on
primary hepatocyte. B: Images illustrating less lipid droplets in hepatocytes exposed to Ocy-PPARy™’~ OB-OCY CM (n = 3 per group, duplicate
experiment). Bar = 50 wM. C: Relative mRNA gene expression of CD36 transporter (C7) and PPAR« (C2) (n = 4 per group, duplicate experiment).
D-F: Effects of 6 days of Ocy—PPARy’/ ~ CM on 3T3L1 cell line differentiation in adipocytes (n = 6 per group, duplicate experiment). Oil Red O
quantification (D7), relative mMRNA gene expression (n = 4 per group, duplicate experiment) (D2), UCP1immunostaining (1 = 4 per group, bar =
100 pm) (E), and Western blot of UCP1 (n = 4 per condition) (F). G: Schematic of the coculture performed between late OB-OCY and isolated
islets (n = 8-10 per group, duplicate experiment). H: Insulin released from cocultured islets stimulated with 28 mmol/L glucose (n = 8-13 per
group). I: Total and undercarboxylated osteocalcin (osteocalcin glu) measured by ELISA in CM (n = 10 per group). Bars show means (+=SEM).
Black bars, Ocy-PPARy~’~; white bars, CM of the original cell (hepatocyte, adipocyte, or islet); dark-gray bars, Ocy-PPARy™*. OA/PA, oleic
acid/palmitic acid. OD, optical density. *P < 0.05, P < 0.01, *P < 0.001 significant difference.

of UCP1 in cells exposed to Ocy-PPARy /"~ CM compared
with WT. Coculture of mature OB-OCY Ocy-PPARy "/~
was also performed with pancreatic islets isolated from Ocy-
PPARy™* mice, in the presence of stimulatory glucose
(28 mmol/L) for 6 h. Insulin release was quantified by
radioimmunoassay. Coculture with OB-OCY Ocy-PPARy ™"~
increased insulin secretion by pancreatic islets (130% vs. no
OB and 83% vs. OB-OCY Ocy-PPARy™", both P < 0.01)
(Fig. 7G and H). In order to confirm that these effects were
independent of osteocalcin, as shown in vivo, we evaluated
total and decarboxylated osteocalcin in CM of OB-OCY Ocy-
PPARy™’~ and Ocy-PPARy"™"; no differences were observed
(Fig. 7I). Based on literature and gene expression profiles
(Fig. 2Q), we analyzed BMP7 levels in the CM and serum of
the aging experiment by ELISA assay and observed higher
levels in Ocy-Ppary '~ (respectively, 8.4% and 107% vs.
Ocy-Ppary™”*, P < 0.05) (Fig. 8A and B). In turn, the

addition of BMP7-neutralizing antibody to Ocy-Ppary ™~
CM blocked the steatosis prevention in hepatocytes (Fig.
8C and D) and FA oxidation in 3t3L1 adipocytes (Fig. 8E
and F). Moreover, when we added recombinant BMP7 to
Ocy-Ppary*”* CM, we partially simulated the effect of Ocy-
Ppary™’~ CM with an increase in Oil Red O staining and
Ppard/y gene expression (Fig. 8G and H). Finally, in vivo
administration of a BMP7-neutralizing antibody blocked
the hypoglycemia described in Ocy-Ppary ™~ mice (Fig. 8I).

DISCUSSION

PPARYy is a master transcriptional factor that is expressed
in many tissues, playing both common and specific roles
wherever it is expressed. Here we show that PPARvy in bone
and more specifically in mature OB-OCY acts as a mediator
of systemic energy metabolism and coregulates bone and
glucose homeostasis. PPARy deletion results in an increase
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2 days) as previously described (38). Glucose was evaluated 6 h after the last injections. Bars show means (=SEM). Black bars, Ocy-Ppary ™ ~;

white bars, CM of the original cell (hepatocyte, adipocyte, or islet); dark-gray bars, Ocy-Ppary**; light-gray bars, Ocy-Ppary
BMP7-neutralizing antibody. OD, optical density. *P < 0.05, *P < 0.01,

~/~ plus

P < 0.001 significant difference.

in bone formation and a decrease in bone resorption during
bone mass acquisition, thereby increasing BMD in young-
adult rodents. In accordance with the pharmacological work
of Marciano et al. (29), repression of PPARy promotes
osteogenesis in part through the increased production and
secretion of members of the bone morphogenetic protein
family. These effects are opposite those of PPARy activa-
tors, such as thiazolidinediones, which inhibit bone forma-
tion and promote osteocyte apoptosis through an increase
in sclerostin expression, a Wnt antagonist (30,31). Despite
the increase in bone formation index, both total and decar-
boxylated osteocalcin were unchanged in the serums. Inhi-
bition of PPARy decreased the bone resorption marker,
CTX, through an increased Opg/RankL ratio, supporting
the notion that PPARy inhibition in osteocytes is able to
orchestrate an uncoupling effect in bone. Interestingly, the
comparative increase in BMD, trabecular and cortical micro-
architecture, and bone strength in Ocy-PPARy ™/~
quired from an early age remained throughout aging. Our
study meaningfully highlights the important role played by
PPARy in Dmpl-expressing cells, predominantly osteocytes,
contrasting with the absence of a drastic phenotype in the
PPARy-flox co0l3.6-cre mice (3). In addition to the bone phe-
notype, mice deficient for PPARy in Dmp-1-expressing cells
had improved body composition at 6 months of age, gained
less fat, and lost less lean mass. They exhibited a high RER
and metabolic rate independently of lean mass. Strikingly,

mice ac-

body temperature was higher, particularly in the BAT-rich
neck region and musculoskeletal limb region, showing that
deletion of PPARY in bone improved thermogenic capacity
without changing tbone response to acute cold exposure.
In addition, WAT was clearly being converted to BAT
(known as beige), a mechanism well known to reduce obe-
sity and hyperglycemia (28). 2-[14C]deoxyglucose and
18FDG distributions indicated more glucose consumption
in the bone and BAT of Ocy-PPARy "/~ mice as a result of
an increase in insulin sensitivity. Given that the difference
in glucose levels during the GTT was greater than that
observed for ITT or clamps in vitro lets us suggest that
Ocy-PPARy ™/~ mice may have enhanced glucose-stimulated
insulin secretion. Unfortunately, we were unable to test this
directly, owing to insufficient blood samples; therefore, this
should be tested in future studies in order to solve the
discrepancies with the lesser insulin content seen in islets.
Hence, deletion of PPARY in bone improved glucose homeo-
stasis by targeting mainly fat and liver metabolism without
any major effect on muscle. The absence of a metabolic
phenotype at 3 months of age emphasizes our previous
finding of the important role of PPAR in the aging process
with an exponential increase around the age of 4 months
(32). When subjected to an HFD, Ocy-PPAR'yf/f mice
gained less weight than WT littermates, and the AUC of
Ocy-PPARy ™/~ challenged with an HFD was equivalent to
that of WT mice on the CD (normal chow). In these
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conditions, Ocy-PPARy "’ mice exhibited less fragile bone,
steatosis, white and adipose mass, and more musde force and
brown adipose activity compared with WT. In vitro experiments
using cocultures of bone and other cells confirmed that the
conditioned media from primary OB-OCY cultures of Ocy-
PPARy ™~ mice have the capacity to decrease hepatocytic
steatosis, increase insulin secretion by 3-cells, and increase
lipid oxidation by adipocytes. Hence, late OB-OCY secreted
some osteokines regulated by PPARy, which secondarily
affected hepatocytes, B-cells, and adipocytes. Osteocalcin
was the first osteokine able to control glucose homeostasis
(10,11,33-35). However, both total and undercarboxylated
osteocalcin were unchanged both in vivo and in vitro. In
addition, compared with osteocalcin these osteokines seemed
to not affect muscle metabolism. Sclerostin is able to con-
trol anabolic metabolism in adipocytes. More specifically,
Sost”’~ mice have a reduction in adipocyte size, with an
improvement of glucose tolerance and enhancement of in-
sulin sensitivity in WAT with concomitant increase of
PPARgcla and Ucp-1, i.e., markers of browning (36).
From our gene expression analysis, BMP7 increase in Ocy-
PPARy™’~ mice could also explain this metabolic pheno-
type. BMP7 is known to stimulate browning and reduce
steatosis through an endocrine mechanism (37-40). In-
terestingly, BMP7 levels in the CM and serum of Ocy-
Ppary™’~ were also higher compared with Ocy-Ppary™”.
Moreover, adding BMP7-neutralizing antibody in Ocy-
Ppary™’~ CM did block its effects on FA oxidation in
hepatocytes and adipocytes. Last, administration of a BMP7-
neutralizing antibody in vivo blocked the hypoglycemia de-
scribed in Ocy-Ppary ™~ mice. Considering the molecular
weight of BMPs from 10 to 50 kDa, it is very plausible
that osteocytes actively secrete BMP through the lacuna-
canalicular system, as we now know that small proteins
(<70 kDa) circulate not only through the osteocyte
lacunocanalicular network (41-43) but also secondarily
to other tissues and act as a mediator of systemic
metabolism (44).

There are several limitations to our study. Firstly, we
used the Dmpl-cre promotor to delete PPARy. Dmp1-Cre
has previously been used as a specific promotor for late
OB-OCY; however, more recently it has also been shown
to be slightly expressed in skeletal muscle (45,46). Notwith-
standing, Ocy-PPARy ™/~ mice did not exhibit major skele-
tal muscle phenotype, as indicated by movement data,
hyperinsulinemic-euglycemic clamp, and/or PET/CT analy-
sis. Moreover, if deletion of PPARy were dominant in skel-
etal muscle, which was not the case as indicated by Western
blot and quantitative RT-PCR, we should have insulin re-
sistance (47). On the contrary, we had an increase in insulin
sensitivity, arguing definitively that the small deletion of
PPARy in musde using the Dmpl-Cre system does not
have a major effect in our model. Contrary to Lim et al.
(48), we did not see any expression of Dmpl-Cre in the
brain or intestine. Secondly, we were not able at this time
point to elucidate all osteokines regulated by PPARy that
can explain the energy metabolism of our Ocy-PPARy ™/~
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mice. However, we know that it is not explained by changes
in total or decarboxylated osteocalcin and that BMP7 is
partially involved. Increased expression and/or activation
of PPARY in bone tissue has been involved in the patho-
physiology of diabetes-induced bone fragility (32). There-
fore, our new findings suggest that PPARy in late
OB-OCY not only contributes to regulate bone remodeling
but also plays a critical function in glucose metabolism
through both an increase of glucose uptake by the bone
tissue itself and targeting key organs of energy metabolism,
such as pancreas, adipose tissue, and liver, by secretion of
osteokines other than osteocalcin, such as BMP7. Hence,
this work brings new insights into the role that the skeletal
tissue could play in pathophysiological processes leading to
obesity, metabolic syndrome, and diabetes.
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