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Abstract
The skeleton has recently been shown to regulate glucose metabolism through an osteoblast-
specific hormone, osteocalcin, which favors β-cell proliferation, insulin secretion, insulin
sensitivity and energy expenditure. An implication of this finding is that a decrease in osteoblast
numbers would compromise glucose metabolism in an osteocalcin-dependent manner. To test this
hypothesis osteoblasts were inducibly ablated by cross-breeding transgenic mice expressing a
tamoxifen-regulated Cre under the control of the osteocalcin promoter with mice in which an
inactive form of the diphtheria toxin A chain is introduced into a ubiquitously expressed locus.
Ablation of osteoblasts in adult mice profoundly affected glucose metabolism. In a manner similar
to what is seen in the case of osteocalcin deficiency, a partial ablation of this cell population
resulted in hypoinsulinemia, hyperglycemia, glucose intolerance and decreased insulin sensitivity.
However, and unlike what is seen in osteocalcin-deficient mice, osteoblast ablation also decreased
gonadal fat, increased energy expenditure and the expression of resistin, an adipokine proposed to
mediate insulin resistance. While, administration of osteocalcin reversed, fully, the glucose
intolerance and reinstated normal blood glucose and insulin levels, it only partially restored insulin
sensitivity and did not affect the improved gonadal fat weight and energy expenditure in
osteoblast-depleted mice. These observations not only strengthen the notion that osteoblasts are
necessary for glucose homeostasis and energy expenditure, but they also suggest that in addition to
osteocalcin, other osteoblast-derived hormones may contribute to the emerging function of the
skeleton as a regulator of energy metabolism.
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Introduction
In the last few years, skeletal physiology has expanded to cover areas that are beyond
longitudinal growth, bone mass homeostasis and bone mineralization or the mechanisms by
which diseases affect bone mass. Notably, the skeleton has emerged as an important
regulator of energy metabolism (1-3). Osteocalcin, a secreted protein that is specifically
expressed by osteoblasts, is essential in mediating this novel endocrine function of the
skeleton. Osteocalcin acts as a hormone to increase β-cell proliferation, insulin secretion and
sensitivity and energy expenditure. The combined hyperinsulinemia and improved insulin
sensitivity result in improved glucose tolerance and glucose metabolism. In a leap forward
from the studies in rodents, many clinical studies have suggested that osteocalcin is a marker
of glucose tolerance (1;3-7). Furthermore, two transcription factors, one osteoblast-enriched,
ATF4, and one more broadly expressed, FoxO1, inhibit insulin secretion and sensitivity in
its peripheral target organs through their expression in osteoblasts (8;9). They achieve this
task by suppressing osteocalcin activity. Thus, multiple genes, some ubiquitously expressed
others osteoblast-enriched if not specific, conquer to affect glucose metabolism through their
expression in osteoblasts.

The existence of one bone-derived hormone regulating energy metabolism raises the
question of whether other hormonal signals originating from the osteoblasts influence the
ability of the skeleton to maintain energy homeostasis. A global ablation of osteoblasts
could be a useful tool as a first attempt to address these important questions of bone
physiology. Indeed, cell ablation has proven in many instances to be a powerful way for
delineating the function of particular cell types in various organs including the skeleton
(10-15).

We report here the generation of a mouse model of inducible osteoblast ablation. Analysis of
this model verified, as expected, the role of osteoblasts in glucose homeostasis. Remarkably,
however, our results indicate that osteoblasts have the ability to affect glucose metabolism
through both osteocalcin-dependent and independent mechanisms. Hence, this work
suggests that other molecules secreted by osteoblasts and, yet to be identified, affect energy
metabolism.

Materials and Methods
Mice

The ROSA26-lacZfl/fl mice were obtained from Jackson Laboratories (GtROSA26tm1Sho)
(16). The DTA mice were generated as follows. A Cre-regulated diphtheria toxin A chain
(DTA) mini-gene was engineered into the Gt(ROSA)26Sor locus by targeting a ‘floxed
STOP’ cassette (3′SS-LoxP-EM7-neo-pgkpolyA-tpA-LoxP) followed by an cDNA
encoding for dta-ires-eGFP-ßglpA into the XbaI site of the Gt(ROSA)26Sor locus
(coordinates 113026025 to 113026030 on Chromosome 6, Ensembl release 60 - Nov 2010).
3′ SS is a 3′ splice region consensus region (CTA GTT CCC TTT TTT TTC ACA G), EM7
is a prokaryotic promoter, neo is a neomycin phophotransferase ORF (17), pgkpA is a
polyadenylation region derived from the phosphoglycerate kinase gene (18), tpA is a
polyadenylation region comprised of 3 tandem copies of an SV40-derived polyadenylation
region (16), DTA is an ORF encoding for diphtheria toxin A (19), IRES is an internal
ribosome entry site, eGFP is an enhanced Green Fluorescent Protein, and ßglpA is a
polyadenylation region derived from the rabbit beta globin gene. The floxed STOP cassette
is identical to that utilized previously (Soriano, 1999), except that neo is lacking a
mammalian promoter. This engineering modality renders its expression is dependent on
integration into a transcriptionally active locus, and can thereby ‘facilitate’ targeting by
reducing the number of non-productive integrations. Targeting is guided to the
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Gt(ROSA)26Sor locus by flanking this cassette and DTA-ires-eGFP-ßglpA module with
homology arms comprised of ~2.4 and ~2.8 kb 5′ and 3′ of the XbaI site. Targeting was
performed into CJ7 ES cells as described (20); 6 out of 40 colonies screened were correctly
targeted. Of these, VG2128A-H4 and VG2182B-G5 were microinjected to generate mice.
Mice harboring this targeted integration (Gt(ROSA)26Sorfloxed-STOP_dta/+) are termed
DTAfl/fl and were physiologically normal, indicating that no DTA protein was expressed
prior to removal of the floxed STOP region. The OCN-Cre-ERT2 transgene was constructed
by fusing the human osteocalcin promoter and a cDNA encoding Cre-ERT2. The plasmid
pKB-Cre-ERT2 (21) was cleaved with NotI and KpnI to isolate the Cre-ERT2 cDNA. The
Cre-ERT2 fragment was then subcloned into pOC, which contains 3,900 bp of the human
osteocalcin promoter and the second intron of rabbit β-globin on a pBluescript SK(−)
backbone (22), to create pOC-Cre-ERT2. The insert of this plasmid (OC-Cre-ERT2) was
excised and microinjected into fertilized eggs (FVB-N mouse strain). The wild-type and
DTAflox alleles were detected using PCR with primers 5′-
TGTGGACAGAGGAGCCATAA-3 ′ and 5′-TGGCTCATTAGGGAATGCTT-3′ (for
wild-type) and 5′-TGTGGACAGAGGAGCCATAA-3 ′ and 5′-
CTCGTCCTGCAGTTCATTCA-3′ (for the DTAflox allele). Genotyping was performed at
3 weeks of age by PCR analysis of genomic DNA. In all experiments data presented were
obtained from male animals. All procedures were approved by the Institutional Animal Care
and Use Committee.

β-galactosidase staining
Femurs from 2-month-old ROSA26-lacZfl/fl and OCN-CreERT2 double mutant mice (i-
LacZosb) as well as from ROSA26-lacZfl/fl controls mice were fixed in 10% formalin and
stained whole mount in X-gal staining solution for 16 hours. After staining, femurs were
decalcified, embedded in paraffin and sectioned at a thickness of 7μm.

Recombinant Uncarboxylated Osteocalcin Purification
Purification of bacterially produced mouse recombinant uncarboxylated osteocalcin was
performed as described previously (1;2). Briefly, the sequence encoding for mature
osteocalcin was cloned in pGEX2TK vector and GST-osteocalcin fusion protein was
bacterially produced and purified on glutathione-Sepharose according to standard
procedures. After extensive washes, osteocalcin was then cleaved out from the GST moiety
by using thrombin. A HiTrap Benzamidine column was subsequently used to deplete the
thrombin from the preparation. Purity (>95%) of the osteocalcin preparation was assessed by
Tris-Tricine SDS/PAGE stained with Coomassie Blue. Concentration and integrity of the
recombinant osteocalcin protein was precisely determined by using osteocalcin RIA
(Immunotopic).

Histological analysis of pancreatic islets, white adipose tissue and liver
sections—Histological analysis was performed as previously described (9). Briefly, fat
and pancreata were collected, fixed overnight in 10% neutral formalin solution, embedded in
paraffin, sectioned at 4 μm and stained with hematoxylin and eosin (H&E). Pancreatic
sections were immunostained for β cells using guinea pig anti-swine insulin polyclonal
antibody (Dako). β-cell proliferation was assessed using an antibody recognizing Ki67
antigen, the prototypic cell cycle related nuclear protein expressed by proliferating cells in
all phases of the active cell cycle. β-cell area represents the surface positive for insulin
immunostaining divided by the total pancreatic surface. β-cell mass was calculated as β-cell
area multiplied by pancreatic weight. Livers were cryoembedded, sectioned at 5μm and
stained with Oil red O (Crystalgen).
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Cell cultures—Primary osteoblasts were prepared from calvaria of 5 day-old pups as
previously described (1) and were cultured in fresh αMEM and 10% FBS.

Real-time quantitative PCR analysis—DNAse I (Invitrogen) treated RNA was reverse
transcribed at 42°C with SuperScript II (Invitrogen). The expression of all the genes was
measured by real-time quantitative PCR with the syber green master mix using 18S as
endogenous control with 1 cycle at 95°C for 10 minutes followed by 40 cycles at 95°C for
30 seconds and 60°C for 1 minute.

Metabolic studies—Intraperitoneal glucose tolerance test was performed by
administering 2 g of glucose per kg of body weight (BW) intraperitoneally (IP) after an
overnight fast. Blood glucose was monitored using blood glucose strips (Diabetes
association) and the Accu-Check glucometer. For insulin tolerance test (ITT) mice were
fasted from 4- 6 hours, injected IP with insulin (0.5U/kg BW) and blood glucose levels were
measured at indicated times. ITT data are presented as percentage of initial blood glucose
concentration.

Physiological assays—Sera were collected by heart puncture from mice in the fed state.
Blood was kept on ice for 15 min before centrifugation for 15 min, at maximum speed.
Insulin (Mercodia), Adiponectin (Millipore), leptin (Crystal Chem) levels were measured by
ELISA.

Energy balance—Energy expenditure was measured by indirect calorimetric method
using a six-chamber Oxymax system (Columbus Instruments, Ohio) as described (9). Food
consumption was determined by weighing the powdered chow before and after the 24-hour
measurement.

Statistical analyses—Results are given as means ± SEM. Statistical analyses relied on
independent two-tailed Student’s t for between group comparisons or one-way ANOVA
with Tukey HSD range test for pair-wise comparisons when 3 or more groups are involved.
Critical test statistics with p-values less than 0.05 are considered statistically significant.

Results
Generation and characterization of mice for inducible inactivation of osteoblasts

Inducible ablation of osteoblasts was achieved by cross-breeding transgenic mice expressing
a tamoxifen-regulated Cre under the control of the human osteocalcin promoter (OCN-
CreERT2) with mice in which an inactive form of the diphtheria toxin A chain (DTA) has
been introduced into the ubiquitously expressed ROSA26 locus (DTAfl/fl, Figure 1A). The
OCN promoter has been successfully used to direct strong osteoblast-specific expression of
various genes in transgenic mice (22-26). In the DTA mice, DTA expression is prevented by
the presence of a DNA STOP sequence which terminates transcription flanked by two loxP
sites. DTAfl/fl mice were healthy and fertile. ERT2 is a second generation mutant of the
hormone-binding domain of the human estrogen receptor (ER) which gives a 4-fold increase
in the efficiency of recombination induced by 4-hydroxy-tamoxifen and reduces problems
with slow response in gene expression following the cessation of treatment (21). We relied
on this approach because it has been successfully used to induce cell-specific killing in a
variety of murine models (27-29).

As a first means to ascertain the functionality of tamoxifen-induced Cre activity in the OCN-
CreERT2 mouse model, we crossed OCN-CreERT2 mice with ROSA26-lacZfl/fl mice (16).
The ROSA26-lacZfl/fl reporter mouse line consists of the lacZ gene preceded by a
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transcriptional stop cassette that is flanked by two loxP sites. Upon tamoxifen treatment, the
Cre recombinase should be activated, and the stop cassette removed, thereby inducing the
expression of β-galactosidase (β-gal) in all cell populations of interest. Adult, compound
mutant mice carrying both the ROSA26-lacZfl/fl allele and the OCN-CreERT2 transgene (i-
LacZosb, for inducible expression of LacZ in osteoblasts) were treated with tamoxifen for 10
days. Expression of β-gal was detected in the nucleus of osteoblasts, seen as cuboid cells on
the surface of bone, and in osteocytes in the femoral primary spongiosa and also in the
femoral midshaft from i-LacZosb mice treated with tamoxifen but not vehicle (Figures 1B-
E). Thus, these results indicate that Cre is efficiently and specifically expressed in
osteoblasts and osteocytes following administration of tamoxifen to live animals. Lastly, the
dose of tamoxifen used had no detectable toxic effects.

Progeny of crosses between DTAfl/fl mice and OCN-CreERT2 mice were functionally
characterized for DTA activity. For this purpose, compound mutant mice were treated either
with vehicle (DTA mice) or with tamoxifen (DTAosb, for inducible expression of DTA in
osteoblasts). Treatment of primary osteoblasts derived from the DTAosb double mutant
mice, but not from DTAfl/fl control animals, with tamoxifen resulted in 55% apoptosis
Figure 1F). These data indicate that the DTA locus can be successfully activated by the
OCN-CreERT2 transgene upon exposure to tamoxifen, to efficiently, although partially,
ablate osteoblasts.

Low bone mass and bone formation with inducible, partial osteoblast ablation in DTAosb
mice

Adult DTA mice and wild type littermates (DTAfl/fl, termed WT) were injected
intraperitoneally (i.p) with vehicle or 0.07mg/g of tamoxifen daily for 10 days and the effect
of inducible DTA expression on bone was examined. Tamoxifen-treated DTAosb mice were
characterized by a 50% reduction in osteoblast numbers (N.Ob./T.Ar.), bone formation rate
(BFR) and bone volume (BV/TV) as compared to vehicle-treated DTA mice or wild type
animals (Figures 1G-I). Bone resorption increased as indicated by the increase in osteoclast
surface in DTAosb as compared to WT control mice (Figure 1J) These data verified the
efficiency of osteoblast ablation in bone and its effect on bone homeostasis.

Increased blood glucose levels, glucose intolerance and insulin insensitivity in mice
lacking osteoblasts

To determine the consequences, if any, of the reduction of osteoblast numbers in DTAosb
mice on glucose metabolism, we examined the metabolic phenotype of these animals.
Measurements of blood glucose levels revealed a 1.8-fold increase in blood glucose levels in
DTAosb mice as compared to DTA or WT animals (Figure 2A). The observed
hyperglycemia was due to, at least in part, a 2-fold decrease in insulin levels (Figure 2B).
The decrease in insulin synthesis was due to a reduction in β-cell area and mass and in islet
numbers (Figures 2C-E), and β-cell proliferation (Figure 2F). As expected given this
decrease in insulin secretion, disposal of a glucose load, tested by glucose tolerance tests
(GTT), was compromised by osteoblast ablation in DTAosb mice as indicated by a decrease
in glucose tolerance as compared to DTA or WT animals (Figure 2G). Total fat content
(Figure 2H) and body weight (Figure 2I) were not affected in DTAosb mice, whereas lean
body mass was decreased by osteoblast ablation in these mice (Figure 2J). Since, osteocalcin
deficiency causes the same metabolic abnormalities in glucose handling we examined
whether osteocalcin levels were altered in the osteoblast-deficient DTAosb mice.
Measurements of osteocalcin expression and serum levels indicated a 50% reduction in
DTAosb mice as compared to DTA or WT control mice (Figures 3A-B). These results
establish that even a partial reduction in osteoblasts numbers is sufficient to induce
hyperglycemia and glucose intolerance and reduce lean mass, at least in part through
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inhibition of insulin production. As such, they are consistent with the role of osteocalcin in
glucose metabolism.

Recombinant Osteocalcin normalizes glucose levels and tolerance in DTAosb osteoblast-
depleted mice

As a first way to determine whether the glucose intolerance phenotype of the osteoblast-
depleted DTAosb mice was caused, solely, by a decrease in osteocalcin secretion we
examined whether administration of recombinant uncarboxylated osteocalcin would rescue
the metabolic phenotype resulting from partial osteoblast ablation in these animals. For this
purpose, adult DTAosb mice and WT littermates were injected i.p. with vehicle or 0.07mg/g
of tamoxifen daily for 10 days. At this time, mice were either left untreated or were treated
i.p. with 30 ng/g per day of recombinant osteocalcin for 4 weeks. This dose of osteocalcin
has been shown previously to improve glucose metabolism in WT mice (30). At the end of
the 4 weeks period we verified that osteocalcin levels were restored in DTAosb mice.
Exogenous osteocalcin restored normal levels of osteocalcin in DTAosb mice (Figure 3C).
As expected, the increase in osteocalcin levels suppressed the increased glucose production
in DTAosb mice to WT levels and restored normal glucose tolerance (Figures 3D-E). The
improvement of glucose metabolism following osteocalcin administration was associated
with reestablishment of normal levels of serum insulin (Figure 3F) as well as pancreatic
function in DTAosb mice (Figures 3G-J). Indeed, the decreased β-cell area, β-cell mass and
islet numbers as well as the decrease in β-cell proliferation in DTAosb mice were all rescued
by osteocalcin administration. Hence, the imbalance in glucose metabolism caused by
osteoblast ablation appears to be due to a decrease in osteocalcin synthesis and secretion.

Differential effects of osteoblast ablation and osteocalcin in insulin sensitivity, gonadal fat
weight and energy expenditure

To determine whether osteocalcin is the only osteoblast-derived molecule regulating energy
metabolism we examined potential changes caused by osteoblast ablation in other metabolic
parameters determining energy homeostasis. In addition to hypoinsulinemia, changes in
insulin sensitivity may contribute to the hyperglycemia and glucose intolerance caused by
osteoblast ablation in DTAosb mice. Indeed, insulin tolerance tests (ITT) showed that
DTAosb mice were characterized by insulin insensitivity as compared to WT animals (Figure
4A). This phenotype is also in agreement with the insulin insensitivity phenotype of
osteocalcin-deficient mice(1), however it was consistently more severe in DTAosb mice than
what has been shown in osteocalcin-deficient mice. Therefore we examined whether
osteocalcin administration would restore fully insulin sensitivity in DTAosb mice.
Recombinant osteocalcin only partially normalized insulin sensitivity in osteoblast-deficient
DTAosb mice (Figure 4B). To uncover the mechanism leading to an increase in insulin
sensitivity with osteoblast ablation, we studied the expression of three adipokines known to
influence insulin resistance; resistin, adiponectin and leptin. In agreement with the observed
insulin insensitivity, serum levels of the insulin-sensitizing hormone adiponectin (31) were
decreased whereas expression of Resistin, an adipokine which mediates insulin resistance
(32), was increased by partial osteoblast ablation in DTAosb mice (Figures 4C-D). As
expected, osteocalcin administration reversed the decrease in adiponectin serum levels in
mice lacking osteoblasts and increased adiponectin production in DTA and WT animals
(Figure 4E), however, it had no effect on Resistin levels, in either WT or osteoblast-depleted
DTAosb mice (Figure 4F). Serum levels of the insulin-sensitizing hormone Leptin (33) were
not affected by either osteoblast deficiency or osteocalcin administration (Figures 4G).
These results suggest that osteoblasts may affect glucose metabolism in an osteocalcin-
independent manner.
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The differential changes in the regulation of adiponectin and resistin production caused by
osteoblast ablation versus osteocalcin deficiency prompted us to examine the effect of
osteoblasts on white adipose tissue. Despite their hypoinsulinemia and insulin insensitivity,
and in contrast to the phenotype of osteocalcin deficiency, DTAosb mice had decreased
gonadal fat weight as compared to DTA or WT animals (Figure 5A). Adipocyte numbers
were also decreased by osteoblast ablation (Figure 5B). Exogenous osteocalcin did not
further suppress gonadal fat weight or adipocyte numbers in DTAosb mice (Figures 5C-D).
Respective to the effect in gonadal fat weight, osteoblast ablation reduced expression of the
adipogenic gene C/EBPα and increased expression of two lipolytic genes Triglyceride lipase
(Tgl) and Perillipin, whose expression is inhibited by insulin (Figures 5E-G). In contrast to
the lack of an effect with osteocalcin deficiency (1), osteoblasts ablation increased the
expression of lipoprotein lipase (Lpl) (Figure 5H). Again, osteocalcin administration had no
effect on the expression of C/EBPα but suppressed Tgl and Perillipin expression in mice
with normal (DTA) and ablated (DTAosb) osteoblasts as well as Lpl expression in DTAosb
mice. These results suggest that osteoblast ablation decreases adipogenesis independent of
osteocalcin but promotes lipolysis and lipogenesis in an osteocalcin-dependent manner.

To understand the reason for the decrease in gonadal fat weight, despite the hyperglycemia
and insulin insensitivity, we examined whether osteoblast ablation affected energy
expenditure. Explaining, at least in part, the decrease in gonadal fat weight, energy
expenditure was increased in DTAosb mice as compared to DTA animals (Figure 6A).
Oxygen and CO2 consumption were also increased by osteoblast ablation (Figures 6B-C).
Interestingly, food intake was increased whereas activity was decreased by osteoblast
ablation in DTAosb mice (Figures 6D-E). Osteocalcin administration did not further improve
the increased energy expenditure in DTAosb mice (Figures 6F-H) and had no effect on food
intake (Figure 6I) or movement in either DTAosb or DTA animals (Figure 6J). These data
indicate that, similar to the decrease in gonadal fat, the increase in energy expenditure in
DTAosb mice was opposite to what would be expected if osteocalcin was the sole osteoblast-
derived hormone regulating these parameters.

The liver is another source of glucose production and a target of insulin signaling. Thus, we
examined whether insulin signaling or functions responsive to insulin in the liver were
affected by osteoblast ablation. Liver fat content was decreased in DTAosb mice as
compared to DTA animals (Figure 7A). In spite of the decrease in fat content, expression of
FoxA2, which activates transcriptional programs of lipid metabolism and ketogenesis during
fasting and is downregulated by insulin signaling (34), was increased by osteoblast ablation
in DTAosb mice (Figure 7B). This apparent discrepancy can be explained by the fact that
insulin resistance, caused by osteoblast ablation, inactivates FoxA2 by permanently locating
it in the cytoplasm of hepatocytes (34). Remarkably, osteocalcin had no effect on FoxA2
expression or fat content further indicating that osteoblasts may regulate lipogenesis and
ketogenesis in an osteocalcin-independent manner. In the hepatocyte decreased insulin
signaling promotes gluconeogenesis by acting in concert with the PPARγ coactivator
PGC1α to stimulate the expression of glucose-6-phosphatase (G6pase) and
phosphoenolpyruvate kinase 1 (Pepck1) (35). Consistent with the hypoinsulinemia and
insulin insensitivity, and as seen in osteocalcin-deficiency, expression of Pepck1 increased
in DTAosb mice suggesting that osteoblast ablation promotes gluconeogenesis (Figure 7C).
In contrast to osteocalcin-deficiency expression of G6pase was decreased with osteoblast
ablation (Figure 7D). As expected, osteocalcin treatment decreased the expression of both
genes in WT mice.

Finally, due to the recently discovered role of osteocalcin in promoting male fertility (36),
we examined whether osteoblast ablation would affect this particular endocrine function of
the skeleton. As expected, osteocalcin administration increased serum testosterone in DTA
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mice (Figure 7E). Similar to osteocalcin deficiency, osteoblast ablation suppressed
testosterone levels; and, exogenous osteocalcin in mice lacking osteoblasts reversed this
suppression and restosted testosterone to normal serum levels.

Discussion
The results presented in this study, prove that the skeleton, acts through the osteoblasts to
potently regulate all determinants of energy metabolism: glucose and insulin production,
glucose tolerance and insulin sensitivity, fat metabolism, energy expenditure and appetite in
both osteocalcin-dependent and independent manners (Figure 7F). Indeed, a partial, only
50% reduction in osteoblast numbers was sufficient to dramatically compromise glucose
homeostasis and metabolism of all insulin target tissues examined, pancreas, liver and white
adipose tissue.

A comparison between multiple metabolic parameters showed that some metabolic changes
induced by osteoblast ablation were a) rescued by osteocalcin treatment, and b) in the same
direction as those induced by osteocalcin deficiency (for a direct comparison see Table 1).
Other abnormalities, such as gonadal fat weight, energy expenditure, food intake and hepatic
responses could not be explained by a lack of osteocalcin since osteocalcin-deficient mice
do not harbor them. In reviewing these changes it appears that whereas osteocalcin is the
hormone that regulates glucose tolerance, β-cell proliferation and insulin secretion,
additional bone-derived proteins may be affecting insulin sensitivity, gonadal fat weight,
hepatic glucose production and energy expenditure and intake. These data indicate that,
similar to the decrease in gonadal fat, the increase in energy expenditure in DTAosb mice
was opposite to what would be expected if osteocalcin was the sole osteoblast-derived
hormone regulating these parameters. Indeed, osteocalcin deficiency decreases energy
expenditure and increases gonadal fat weight (1). Likewise, whereas appetite is increased by
osteoblast ablation, it is not affected by osteocalcin deficiency (1) or treatment (Figure 6I),
further supporting the notion of a more complex regulation of energy expenditure and
appetite by osteoblasts that involves both osteocalcin-dependent and independent responses.
The observation that appetite is affected by osteoblast ablation advances our knowledge of
the role of the skeleton as a regulator of energy metabolism a step further. It suggests that,
osteoblasts may secrete hormone(s) capable of directly or indirectly affecting food intake.

In our mouse model osteoblast ablation resulted in a parallel decrease in gonadal fat weight
as well as adipocyte numbers, suggesting a linear correlation between these two cell types.
Interestingly, it is thought that osteoblasts and adipocytes originate from a common marrow
mesenchymal stem cell (MSC) in the bone marrow niche (37); and, that differentiation of
MSCs into one of two lineages during the process of adipogenesis and osteoblastogenesis
are mutually exclusive. Lending support to this hypothesis, adipocytes gradually infiltrate
long bones marrow during pubertal growth; and adipocyte numbers increase in the bone
marrow (fatty marrow) with advancing age. Importantly, these age-related changes in
marrow adiposity are associated with bone loss. These observations are recapitulated in
older mice, where expression of PPARγ, a master regulator of adipocyte differentiation,
lipid biosynthesis and insulin sensitivity are highly increased in marrow-derived MSCs (38).
Genetic or pharmacological inactivation of PPARγ, represses adipogenesis but stimulates
osteoblastogenesis (39;40). Similarly, in mice heterozygous for Pparγ bone mass is high,
and osteoblast differentiation markers are enhanced (41). Additionally, adipocyte-specific
deletion of Pparγ in mice results in lipodystrophy in parallel to high bone mass. However,
some lines of evidence contradict mutual exclusivity for lineage allocation. For example,
activation of PPARγ with a partial agonist does not cause trabecular bone loss despite a
substantial increase in the number of marrow adipocytes (42). Similarly, C3H/HeJ, an inbred
mouse strain, has very high bone mass but more marrow adiposity than C57BL/6J
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throughout development. Finally, mice lacking the transcription factor Ebf1 are
lipodystrophic but have high bone mass and a large increase in bone marrow adipocytes
with enhanced PPARγ expression (43). We believe that our experimental model does not
exclude a linear specification scheme that diverges early between fat and bone. Instead, it
may suggest that osteoblasts secrete more than one proteins that differentially affect
adipocyte fate. If that were the case, the purpose of such an opposing type of regulation
would be to maintain homeostasis. Alternatively, an earlier cell at the osteoblast lineage
rather than the osteocalcin-expressing osteoblast, which we have ablated, may be the cell
that is inversely related to the adipocyte.

A novel, recently reported property has been added in the function of the skeleton as an
endocrine organ. Again through the actions of osteocalcin, the skeleton regulates male
fertility by promoting testosterone synthesis (36). Similar to the case of osteocalcin
deficiency we found that osteoblast ablation reduces testosterone levels in male mice and
osteocalcin administration reverses this decreases and restores testosterone to normal levels.
These results indicate that the ability of the skeleton to regulate male fertility is osteocalcin-
dependent.

Taken together, the results of this study expand our understanding of the endocrine function
of the skeleton beyond the level of osteocalcin as its sole mediator. They suggest that in
addition to osteocalcin, bone produces other hormones which also affect energy metabolism.
The notion of an additional, bone-derived hormone regulating glucose metabolism is in line
with the fact that other organs utilize more than one secreted molecules to affect body
functions. The pituitary, often called the “master gland”, secretes at least 6 specific
hormones that affect almost every organ in the body (Thyroid Stimulating Hormone) and
regulate a diverse array of body functions from growth (Growth Hormone), maturation and
metabolism to stress response (Adrenocorticotropic Hormone), reproduction (Luteinizing
and Follicle Stimulating Hormones LH and FSH), breast milk secretion (Prolactin) and
water retention (Vasopressin). The ovaries through the production of estrogens and
progesterone regulate reproduction, skeletal health, cardiovascular and neurological
functions. Inhibin and activin, also produced by the ovaries, regulate biosynthesis and
secretion of FSH. Similar to these examples it is reasonable to expect that if the skeleton has
the ability to influence glucose metabolism, insulin secretion and sensitivity, energy
expenditure and appetite, it must achieve these multiple functions by acting on more that one
energy-regulating organs. Indeed previous and the current study indicate that osteoblasts
affect insulin signaling and glucose-regulating functions of pancreas, liver, white adipose
tissue, muscle. This multifactorial process is also reasonable to be mediated by the actions of
more than one osteoblast-derived hormones. These proteins may act either in synergy with
osteocalcin, or by counteracting osteocalcin in its metabolic functions. The overall outcome
and the purpose of these interactions is glucose homeostasis.
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Figure 1. Inducible, partial osteoblast ablation in DTAosb mice
(A)The 3′SS-LoxP-EM7-neo-pgkpolyA-tpA-LoxP-dta-ires-eGFP-ßglpA transgene was
targeted at the Gt(ROSA)26Sor locus into the XbaI site (hairpin). Only the 002 isoform of
Gt(ROSA)26Sor is shown, adapted from Ensembl (release 60 - Nov 2010). Exons are shown
as white boxes, whereas native intronic sequences are depicted by a black line. LoxP sites
(purple arrows) flank the EM7-neo-pgkpolyA-tpA part of the transgene, enabling its
deletion by Cre and concomitant activation of DTA expression. The shared 3′ splice site
(3′SS) is shown as a gray curved arrow (hence also marking the direction of transcription.
The pgkpolyA immediately following neo is shown as a gray box. The triple polyA (tpA)
derived from SV40 is shown as a dark gray box. The intact locus expresses only neo. After
exposure to Cre, the floxed region is deleted and expression of DTA is activated. Neo,
neomycin phoshotransferase ORF; tpA, triple polyA; DTA, diphtheria toxin A; IRES,
internal ribosome entry site; eGPF, enhanced Green Fluorescent Protein; glpA, rabbit beta
globin polyA region. (B-J) Eight week-old mice were injected intraperitoneally with vehicle
or 0.07mg/g of tamoxifen daily for 10 days. Three days later animals were euthanized and
femurs were harvested. Cre expression was examined by assessing β-gal activity in the
femurs. For this purpose, whole mount femurs were stained using X-gal, a chromogenic
substrate for β-gal. Tissues expressing β-gal are stained with a blue color. Sections shown in
the top 2 panels (B and C) were counterstained with eosin whereas sections in panels C and
D were not counterstained. All sections were mounted in DPX. Images were acquired with a
Nikon 80i Eclipse Microscope using a Retiga digital camera. (B) In the primary spongiosa
of femurs obtained from ROSA26-lacZ and OCN-CreERT2 double mutant mice osteoblastic
cells expressing β-gal appear blue. (C) There was no staining observed in vehicle-treated
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double mutant animals. Panels (D) and (E) show two different magnifications of the femoral
midshaft in ROSA26-lacZ and OCN-CreERT2 double mutant mice treated with tamoxifen.
(F) Calvaria cells were isolated from DTAfl/fl’;OCN-CreERT2 (DTA mice) or from DTAfl/fl

(WT mice) control animals. Cells were differentiated in the presence of 50 μM ascorbic acid
and β-glycerophosphate for 10 days. Tamoxifen (10−8 M) was added to cultures for 6 hours.
Apoptosis was assessed by trypan blue exclusion. Each bar represents individual readings
from cells isolated from 6 double mutant and 4 control animals. *p<0.05 vs. vehicle. (G-J)
N.Ob/T.Ar, number of osteoblasts per trabecular area; BFR, bone formation rate; BV/TV,
bone volume over trabecular volume and OcS/BS, osteoclast surface over bone surface in
vertebrae of 2 month-old WT, DTA and DTAosb mice (n=8 mice/group). Bars indicate
means ± s.e.m *p<0.05 vs WT and DTA and WT/tamoxifen.
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Figure 2. Osteoblast ablation compromises glucoses homeostasis
(A) Blood glucose and (B) serum insulin levels in WT and DTAosb mice at random feeding.
(C-E) H&E and insulin staining was used to calculate islet numbers and β-cell area and
mass. (F) Ki67 immunostaining showed decreased β-cell proliferation in the pancreas of
DTAosb mice. (G) Glucose tolerance test (GTT) in WT and DTAosb mice. (H) total fat
content, (I) Body weight, and (J) lean body mass in DTAosb mice. In (J)-(S) n=5 mice/
group. In all panels except D and J bars indicate means ± s.e.m *p<0.05 vs WT and DTA
and WT/tamoxifen. In D and J *p<0.05 vs WT and DTA. All mice were 2 months of age.
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Figure 3. Compromised glucose metabolism and insulin secretion are rescued by Osteocalcin
treatment in mice lacking osteoblasts
(A) Real time PCR analysis of osteocalcin expression in bone and (B) and (C) serum
osteocalcin levels in DTAosb and osteocalcin-treated DTAosb mice. (D) Blood glucose, and
(E) glucose tolerance test in DTAosb mice. (F) Serum insulin levels, (G) Islet numbers, (H)
β-cell area, (I) β-cell mass and (J) β-cell proliferation in osteocalcin-treated DTAosb (DTA/
Tamoxifen/OCN) mice. In all experiments n=5-8 mice/group. In all panels bars indicate
means ± s.e.m *p<0.05 vs WT/vehicle and WT/Tamoxifen and DTA/vehicle. All mice were
2 months of age.
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Figure 4. Insulin insensitivity in osteoblast-depleted mice is partially reversed by Osteocalcin
(A) and (B) Insulin tolerance tests (ITT) in WT and DTAosb mice. *p<0.05 vs WT/vehicle
and ≠p<0.05 vs DTAosb (C) and (E) Serum adiponectin levels, (D) and (F) real-time PCR
analysis of resistin expression in white fat and (G) serum leptin levels in WT and
osteocalcin-treated DTAosb (DTA/Tamoxifen/OCN) mice. In (A)-(G) n=5-8 mice/group. In
all panels except (B) *p<0.05 vs WT/vehicle and WT/Tamoxifen and DTA/vehicle, In all
panels bars indicate means ± s.e.m *p<0.05. All mice were 2 months of age.
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Figure 5. Increased fat metabolism in osteoblast-depleted mice is not affected by Osteocalcin
(A) Gonadal fat pad weight and (B) adipocyte numbers in WT and DTAosb mice, n=7 mice/
group. (C) Gonadal fat pad weight and (D) adipocyte numbers in osteocalcin-treated WT
and DTAosb (DTA/Tamoxifen/OCN) mice, n=7 mice/group. (E-H) Real-time PCR analysis
of insulin target genes in white fat of vehicle, tamoxifen or osteocalcin-treated DTA mice,
n=7 mice/group. In all panels bars indicate means ± s.e.m *p<0.05 vs WT/vehicle and WT/
Tamoxifen and DTA/vehicle. In A p<0.05 vs WT/vehicle and DTA/vehicle. All mice were 2
months of age.
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Figure 6. Increased energy expenditure in osteoblast-depleted mice is not affected by Osteocalcin
(A-E) Heat production, oxygen consumption, CO2 expenditure, food intake and total
activity (counts) by indirect calorimetric analysis in WT and DTAosb mice, n=4 mice/group.
(F-J) Heat production, oxygen consumption, CO2 expenditure, food intake and total activity
(counts) by indirect calorimetric analysis in vehicle, tamoxifen or osteocalcin-treated DTA
mice, n=4 mice/group. In all panels bars indicate means ± s.e.m *p<0.05 vs WT/vehicle and
WT/Tamoxifen and DTA/vehicle. All mice were 2 months of age.
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Figure 7. Insulin signaling in the liver of osteoblast-depleted mice is not affected by Osteocalcin
(A) Oil red O staining in liver sections of WT and osteocalcin-treated DTAosb mice. Scale
bars are 100 μm. Real-time PCR analysis of (B) FoxA2 expression in the liver of WT and
osteocalcin-treated DTAosb (DTA/Tamoxifen/OCN) mice. (C) Pepck1 and (D) G6pase in
osteocalcin-treated DTAosb (DTA/Tamoxifen/OCN) mice. In (A)-(L) n=5-8 mice/group. (E)
Serum testosterone levels in WT and osteocalcin-treated DTAosb (DTA/Tamoxifen/OCN)
mice. In all panels except (A) *p<0.05 vs WT/vehicle and WT/Tamoxifen and DTA/vehicle.
All mice were 2 months of age. (F). Osteoblasts act through osteocalcin and perhaps other
hormones to affect both the function of β-cells as well as that of other insulin responsive
cells in insulin target organs that are sources of glucose production or regulate insulin
sensitivity. The total outcome of these interactions is to maintain energy homeostasis.
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Table 1

Comparison of the metabolic changes induced by osteoblast or osteocalcin deficiency and osteocalcin rescue
(Y: yes; N: no)

Metabolic parameter Osteoblast
deficiency

Osteocalcin
rescue

Osteocalcin
deficiency

Blood glucose Y

Glucose tolerance Y

Blood insulin Y

β-cell proliferation Y

Insulin sensitivity Partial

Adiponectin Y

Resistin N

Leptin N

Body weight N

Gonadal Fat N

Adipocyte number N

Energy expenditure N

Food intake N

Movement N

Ketogenesis/lipogenesis N
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