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Osteoblasts have recently been found to play a role in regulating glucose metabolism through secretion of
osteocalcin. It is unknown, however, how this osteoblast function is regulated transcriptionally. As FoxO1
is a forkhead family transcription factor known to regulate several key aspects of glucose homeostasis, we
investigated whether its expression in osteoblasts may contribute to its metabolic functions. Here we show
that mice lacking Foxo1 only in osteoblasts had increased pancreatic f cell proliferation, insulin secretion,
and insulin sensitivity. The ability of osteoblast-specific FoxO1 deficiency to affect metabolic homeostasis
was due to increased osteocalcin expression and decreased expression of Esp, a gene that encodes a protein
responsible for decreasing the bioactivity of osteocalcin. These results indicate that FoxO1 expression in
osteoblasts contributes to FoxO1 control of glucose homeostasis and identify FoxO1 as a key modulator of
the ability of the skeleton to function as an endocrine organ regulating glucose metabolism.

Introduction

Insulin, a hormone whose main function is to regulate blood glu-
cose level, is a major endocrine regulator of energy metabolism.
Insulin resistance plays a fundamental role in the pathogenesis of
a host of metabolic diseases, ranging from type 2 diabetes mellitus
to hypertension, lipid disorders, atherosclerosis, and reproduc-
tive dysfunction (1). Given the paramount importance of insu-
lin, its signaling pathway has been studied intensively since its
receptor was identified and molecularly cloned (2). This body of
work has highlighted the biological importance of FoxOl1, as the
major transcriptional mediator of insulin signaling in many cells,
including the B cell, the adipocyte, the hepatocyte, and the myo-
blast (3-8). FoxO1, which belongs to the Forkhead family of tran-
scription factors, is a negative regulator of insulin sensitivity in 3
cells, hepatocytes, and adipocytes. Loss- or gain-of-function animal
models of FoxO1 have clearly demonstrated that FoxO1 suppresses
B cell proliferation and function (4, 9). For instance, FoxO1 haplo-
insufficiency partially reinstates the decreased f3 cell proliferation
observed in insulin receptor substrate-2-knockout (I7s2-knockout)
mice (10), as well as in mice with f3 cell specific deletion of Pdk1, a
PI3K-dependent protein kinase that is important in maintenance
of B cell mass (11). In the hepatocyte, FoxO1 promotes gluconeo-
genesis by acting in concert with the PPARYy coactivator PGCla to
stimulate the expression of glucose-6-phosphatase (G6Pase) and
phosphoenolpyruvate kinase 1 (Pckl) (6). Thus, FoxO1 controls at
least 2 important processes in glucose metabolism: {3 cell prolifera-
tion and hepatic glucose production. However, FoxO1 is expressed
in many other cell types, where its functions are not known.
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Recently, it was shown that, in addition to the f§ cell and the
hepatocyte, the skeleton may be a regulator of glucose metab-
olism (12). Osteoblasts, the bone-forming cells, secrete a pro-
tein, osteocalcin, that when uncarboxylated acts as a hormone
to favor f3 cell proliferation, insulin secretion, insulin sensitiv-
ity, and energy expenditure. The function of this bone-derived
hormone is negatively regulated by another gene expressed in
osteoblasts, Esp. Protein tyrosine phosphatase (OST-PTP), the
product of Esp, decreases through an as-yet-unknown mecha-
nism the bioactivity of the osteocalcin protein by favoring its
carboxylation.

Because FoxO1 is the main target of insulin action in other tis-
sues, we examined whether it fulfills its metabolic function, in
part, through its osteoblastic expression. In this report, we show
that FoxO1 helps to control glucose metabolism through 2 reg-
ulatory effects in the osteoblast: stimulation of osteocalcin and
inhibition of Esp expression. As a result of these complementary
functions, FoxO1 through its osteoblastic expression is a negative
regulator of energy metabolism.

Results

Inactivation of Foxol in osteoblasts leads to perinatal lethality. To
determine which member of the FoxO family was most highly
expressed in osteoblasts, we used mouse primary osteoblastic
cells. Foxol was the most abundant member among the 3 Foxo
isoforms of this family of proteins in osteoblasts (Figure 1A).
Because of these observations and evidence from several reports
identifying the pivotal role of FoxO1 in insulin action and devel-
opment of type 2 diabetes, angiogenesis, organismal growth, cell
differentiation, and tumorigenesis (3), we focused our subse-
quent studies on FoxO1.
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To conditionally inactivate Foxol in osteoblasts (Foxol,,7"), we
bred floxed Foxol (Foxol™/') mice (13) with transgenic mice express-
ing Cre under the control of the osteoblast-specific collagen type
1A1 promoter [a1(I) collagen-Cre] (14-17). Foxol,"~ mice were
intercrossed, and animals homozygous for FoxoI deletion in osteo-
blasts (Foxol,,7~) were obtained. Foxol expression was reduced by
nearly 75% in bone derived from Foxol,,7/~ mice (Figure 1B). Foxol
expression was unaffected in a variety of different tissues exam-
ined, including liver, gut, pancreas, brown and white adipose tissue,
skeletal muscle, and brain stem (Figure 1B). Consistent with the
decrease in gene expression, FoxO1 protein was barely detected in
osteoblasts derived from Foxol,,”~ mice (Figure 1C). The expression
of Foxo3 and Foxo4 was not affected in the bone of Foxo1,,7~ mice,
thus precluding the possibility that any phenotype may be due to
altered expression of the other 2 Foxo isoforms (Figure 1D).

Foxol,,”/~ mice were not obtained according to the expected
Mendelian ratio (Foxol,,"*: 168 pups, 55.6%; Foxol,": 72 pups,
23.8%; Foxoley /™t 62 pups, 20.5%), and in fact, many of them
died after birth and before weaning. Indeed, when analyzed at
weaning, the survival rate of Foxol,;7~ pups born to Foxol,,"~
females decreased by 16.8% (Table 1). There was an even greater
50% reduction in the survival rate of Foxol,;/~ pups born from
Foxol,;7/~ mothers. The increased lethality could be due to a num-
ber of factors, such as defective skeletogenesis. Analysis of skeletal
preparations of newborn WT and Foxol,,7~ pups indicated that
Foxol deletion did not result in any gross skeletal abnormalities
(data not shown). The lack of any gross skeletal abnormalities in
Foxol,,™~ pups suggested that other factors, such as abnormali-
ties in glucose metabolism, could be playing a role in the reduced
survival rate of Foxol,,”7~ newborn mice.

Increased B cell proliferation and insulin secretion in Foxol,,”~ mice.
Measurements of blood glucose levels at birth and before milk
ingestion revealed a 1.8-fold reduction in blood glucose levels
in Foxol,, 7~ as compared with WT animals (Figure 2A). In fact,
in 33% of the mutant pups, glucose levels were below the levels
of assay detection. The observed hypoglycemia could be due to
increased insulin production, increased insulin sensitivity, or a
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combination of both. Remarkably, a 1.6-fold decrease in glucose
levels and a 2-fold elevation in insulin levels were detected in adult
Foxol,,7~ mice (Figure 2, B and C). Increased plasma insulin lev-
els after glucose injection were further demonstrated in Foxol,,7~
mice (Figure 2D). Further, Foxol,,7~ mice were characterized by
higher islet numbers, greater islet size, and greater 3 cell mass in
the pancreas (Figure 2E). 8 Cell proliferation was increased by 75%
in Foxol,,”~ mice (Figure 2F).

Fasting glucose levels were reduced by 36% in adult Foxol,,”/~
mice (Figure 2G). Disposal of a glucose load in response to elevat-
ed insulin levels was tested by performing glucose tolerance tests
(GTTs) (Figure 2H). Foxol,,7 mice displayed a marked improve-
ment in glucose tolerance as compared with WT animals. In a
separate GTT, we confirmed that the lack of any metabolic phe-
notype in floxed Foxol mice was identical to that of collagen-Cre
mice as well as to that of mice with intact alleles (Supplemental
Figure 1A; supplemental material available online with this article;
doi:10.1172/JCI39901DS1).

It has long been recognized that the incretins, glucose-depen-
dent insulinotropic polypeptide (GIP) and glucagon-like peptide-1
(GLP-1), are hormones released from endocrine cells of the gut
mucosa that stimulate insulin secretion from pancreatic 3 cells
in a glucose-dependent manner (18-21). Thus, we also examined
whether the metabolic phenotype of Foxol,,”~ mice involved
changes in this important pathway by performing parallel oral and
intraperitoneal glucose tolerance tests (OGTT and IPGTT) (22,

Table 1
Lower survival at birth of Foxo7,,~~ pups born from Foxo7,,*~
and Foxo1,,7~ mothers

Male Female No. of pups Survival (%)

flAAl +- 178 83.0

+/- fIAAl 93 86.0

fIAAl -/ 26 50.0

—~ fl/Al 89 78.7
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Figure 2

Increased f cell proliferation and insulin secretion in Foxo7,,7- mice. (A) Blood glucose levels in WT and Foxo1,,7~ newborn before milk
ingestion; n = 5 pups. (B) Blood glucose and (C) serum insulin levels in WT and Foxo1,,7- mice at random feeding; n = 5. (D) Plasma insulin
levels after glucose injection in WT and Foxo1,,7 mice; n = 4/group. (E) H&E and insulin staining and (F) Ki67 immunostaining showing larger
islets and increased f cell proliferation in the pancreas of Foxo7,,7~ mice; n = 5 mice/group. Scale bars represent 100 um, except in the H&E
panels, where they represent 800 um. (G) Fasting blood glucose levels in WT and Foxo1,,7- adult mice; n = 5 mice/group. (H) GTT in WT and
Foxo1,,7~ mice; n = 5 mice/ group. (I) PTTs in WT and Foxo7.,™- mice; n = 5 mice/group. In all panels, data are presented as mean + SEM.
*P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t test. In B—I, all mice were 2 months of age.

23). As expected, WT animals showed improved glucose tolerance
when glucose was administered orally due to the contribution of
incretins to glucose metabolism (Supplemental Figure 1, B and D).
We also found that Foxol,;7/~ mice had improved glucose tolerance
in the oral as compared with the i.p. challenge test (Supplemental
Figure 1, C and D). Similar to the IPGTT, Foxo1,;7/~ mice showed
improved glucose tolerance as compared with WT control ani-
mals following oral glucose administration (Supplemental Figure
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1, E and F). These results do suggest that the incretin pathway is
preserved in the Foxol,;7~ mice and that it may be an important
mediator of the effects of osteoblast-expressed FoxO1 on glucose
homeostasis. However, further gene inactivation experiments will
be required to obtain a definitive answer.

Consistent with their hyperinsulinemia, gluconeogenesis was sup-
pressed in Foxol,,/~ mice (Figure 2I). Next, we examined a potential
contribution of counterregulatory hormones to the metabolic phe-
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Increased insulin sensitivity in Foxo7.,7~ mice. (A) ITTs in WT and Foxo7.,7 mice; n = 5 mice/group. (Identical data are shown in Figure 5E.)
(B) Glucose infusion rate (GIR) and suppression of hepatic glucose production (HGP) (% of clamp HGP relative to basal HGP) in WT (n = 3)
and Foxo1.,7~ (n = 5) mice by hyperinsulinemic-euglycemic clamps. (C) Real-time PCR analysis of insulin target gene expression in skeletal
muscle of WT and Foxo7.,7~ mice. Values are expressed as fold increase relative to WT; n = 4 mice/group. (D and E) HPLC analysis of adenine
nucleotide levels in the vastus lateralis muscle; n = 4 mice/group. (F) Real-time PCR analysis of insulin target genes in the liver of WT and
Foxo1.,~-mice; n = 4 mice/group. (G) Oil red O staining in liver sections of WT and Foxo7.,7~ mice; n = 4 mice/group. Scale bars: 100 um. In all
panels, data are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s ¢ test. All mice were 2—3 months of age.

notype of Foxol,;/~ mice. The percentage of glucagon-expressing
a cells as well as blood levels of glucagon and growth hormone —
which have anti-insulin activity, as they suppress the ability of insu-
lin to stimulate glucose uptake in peripheral tissues (24) — were not
affected in Foxol,,7~ mice (Supplemental Figure 2, A-C). Moreover,
because FoxO1 regulates food intake and peripheral metabolism by
interacting with leptin signaling in the hypothalamus (25, 26), we
verified that Foxol deletion did not occur in the hypothalamus. As
shown in Supplemental Figure 2, D and E, a1(I) collagen-Cre-medi-
ated deletion of Foxol occurred in bone but not in the hypothala-
mus. Collectively, the data indicate that FoxO1, through its expres-
sion in osteoblasts, inhibits insulin secretion.

Increased insulin sensitivity in Foxol,,7~ mice. To determine whether
an increase in insulin sensitivity contributes to the low glucose lev-
els and improved glucose disposal in Foxol,, 7~ mice we performed
360
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insulin tolerance tests (ITTs). This test showed that Foxol,,7~ mice
had increased insulin sensitivity as compared with WT animals (Fig-
ure 3A and identical data shown below). To further examine insulin
sensitivity in individual organs, we performed a 2-hour hyperinsu-
linemic-euglycemic clamp in conscious mice. We detected increased
insulin-stimulated glucose disposal, as reflected by a higher glucose
infusion rate in Foxol,, 7/~ mice as compared with WT controls (Fig-
ure 3B). Moreover, insulin’s ability to suppress hepatic glucose pro-
duction increased in Foxol,,7~ mice relative to WT littermates (Fig-
ure 3B). Basal hepatic glucose production rates were not altered in
Foxo1,,7~ mice (17.56 = 1.35 mg/kg/min in WT versus 16.04 + 2.08
mg/kg/min in Foxol,; 7~ mice). Consistent with higher insulin levels
and greater insulin sensitivity, the expression of the insulin target
gene Ppargcla was increased in the muscle of Foxol,,7~ mice as com-
pared with WT animals (Figure 3C). The expression of 2 Ppargcla
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Fat metabolism in Foxo1.,7- mice. (A) Gonadal fat pad weight in WT and Foxo1,,7~ mice; n = 7 mice/group. (B) Histomorphometric analysis of
white fat sections of WT and Foxo7,,7~ mice; n = 5 mice/group. Scale bars: 400 um. (C) Body weight curve analysis of WT and Foxo7,,7~ mice
from day 5 until 6 months of age; n = 7 mice/group. (D—G) Heat production, oxygen consumption, CO, expenditure, and total activity (counts)
by indirect calorimetric analysis in adult WT and Foxo7.,7~ mice; n = 6 mice/group. (H and I) Real-time PCR analysis of insulin target genes in
white fat of WT and Foxo7,,7~ mice; n = 4 mice/group. (J) Serum adiponectin levels in WT and Foxo7,,7~ mice; n = 5 mice/group. (K) Real-time
PCR analysis of adiponectin target genes in skeletal muscle of WT and Foxo7.,~- mice; n = 5 mice/group. (L) Serum leptin levels in WT and
Foxo1.v~- mice; n = 4 mice/group. In all panels, bars indicate mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student's ¢ test. In all panels

except C, mice were 2—3 months of age.

target genes, N7fl and Mcad, was also increased. Because Ppargcla
expression is associated with mitochondrial activity, we examined
the possibility that Foxol,, 7~ mice have altered mitochondrial activ-
ity. Measurements of ATP and AMP levels in the same muscles dem-
onstrated a higher ATP/ADP ratio in Foxol,,”7~ mice as compared
with WT controls (Figure 3D). This was due to an increase in the
ATP production (Figure 3E) and together with the decreased levels
of AMP indicated higher mitochondrial activity in Foxol,,7~ mice.
To further confirm these observations, we measured in muscle the
expression of biomarkers in the oxidative phosphorylation metabolic
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pathway, which uses energy released by the oxidation of nutrients to
produce ATP (27). Expression of uncoupling protein 3 (Ucp3), muscle
carnitine palmitoyl transferase I (Cpt1b), and pyruvate dehydrogenase
kinase 4 (Pdk4) was increased in the muscle of Foxo1,,7~ mice as com-
pared with WT controls (Supplemental Figure 3A). Similarly, levels
of mitochondrial respiratory chain proteins were also upregulated
in the muscle of Foxol,7/~ mice as compared with WT controls
(Supplemental Figure 3B). Specifically, we found increased levels of
mitochondrial DNA-encoded (mtDNA-encoded) subunits: subunit
6 of NADH dehydrogenase (ND6, complex I) and subunit I of cyto-
Volume 120 Number 1
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Foxo1 in osteoblasts regulates glucose homeostasis through regulating osteocalcin. (A) Expression analysis of the 2 insulin genes (Ins7 and
Ins2) in WT islets cultured with WT or Foxo7,,7~ primary osteoblasts. (B) Real-time PCR analysis of osteocalcin expression in WT and Foxo,,7-
bones; n = 3 mice/group. (C) Serum osteocalcin levels in WT and Foxo7,,7~ mice; n = 5 mice/group. (D) GTT in WT and Foxo1.,"-Ocn*- mice;
n =5 mice/group. (E) ITT in WT and Foxo1.,7-Ocn*-mice; n = 5 mice/group. (F) Cotransfection analysis of FoxO1 interaction with the Ocn promoter
in Cos-7 cells. Results are presented as fold induction over EV (EV = 1). (G) ChIP analysis of FoxO1 binding to the Ocn promoter and the first intron
in primary osteoblasts. (H) Changes in uncarboxylated or undercarboxylated Ocn in serum of WT and Foxo1.,7-Esp*- mice; n = 5 mice/group.
Values are presented as percent of total osteocalcin present in the serum. In all panels, data are presented as mean + SEM. *P < 0.05,
**P < 0.01, ***P < 0.001 by Student’s t test for A—C, F, and H and ANOVA for D and E. Mice were 2—3 months of age.

chrome ¢ oxidase (COXI, complex IV) in the muscle of Foxol,,7~ mice
as compared with WT controls. In contrast, levels of nuclear-encoded
proteins Core2 and CVo were similar in Foxol,,7~ and WT animals.
The expression of several insulin target genes was examined
in other tissues. In the liver, expression of Foxa2, which regu-
lates lipogenesis and ketogenesis during fasting, was increased
in Foxol,,7~ mice (Figure 3F), whereas expression of G6Pase and
362
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Pck1 was decreased in Foxol,, 7~ as compared with WT mice. This
feature was consistent with suppression of gluconeogenesis by
increased insulin levels in Foxol,,”~ mice. Liver fat content was
decreased in Foxol,,7~ as compared with WT mice, consistent with
the improved insulin sensitivity observed in Foxol,,”~ mice (Figure
3G). These results indicate that FoxO1, through its expression in
osteoblasts, inhibits insulin sensitivity in the liver and muscle.
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Figure 6

Esp mediates the effect of Foxo7 on osteocalcin carboxylation and glucose homeostasis. (A) Real-time PCR analysis of Esp expression in femurs
of WT and Foxo1,,7~ bones; n = 3 mice/group. (B) GTT in WT and Foxo1.,*-Esp*- mice; n = 5 mice/group. (C) ITT in WT and Foxo1.,*Esp*-
mice; n = 5 mice/group. (D) GSIS in WT and Foxo1.,*-Esp*~ mice; n = 4 mice/group. (E) Cotransfection analysis of FoxO1 interaction with
the Esp promoter in Cos-7 cells. Results are presented as fold induction over EV (EV = 1). (F) ChIP analysis of FoxO1 binding to the Esp
promoter in primary osteoblasts. In all panels, data are presented as mean + SEM. Lanes were run on the same gel but were not contiguous.
*P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t test for A and E and ANOVA for B-D. Mice were 2 months of age.

Despite their hyperinsulinemia and improved insulin sensitiv-
ity, Foxol,,”~ mice showed a decrease in the weight of gonadal fat
as compared with WT animals (Figure 4A). Adipocyte numbers
were also decreased, by 38%, whereas adipocyte size was increased
in adult Foxol,/ mice (Figure 4B). Only perigonadal fat was
affected, as there were no differences in total fat content between
Foxol,y”/~ and WT mice (Supplemental Figure 4A). Lean body
mass (Supplemental Figure 4B) and body weight (Figure 4C) were
also not affected in Foxol,,7~ mice. Explaining, at least in part,
the low gonadal fat weight of the Foxol,,7~ mice, energy expen-
diture increased by 10%, as compared with that of WT animals
(Figure 4D). Foxol deletion in osteoblasts also increased oxygen
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and CO; consumption by 10% (Figure 4, E and F). Consistent with
the increase in energy expenditure, activity levels were increased
by 40% in Foxol,, 7~ mice (Figure 4G). In contrast, energy intake
was not affected in Foxol,,7/~ mice (Supplemental Figure 4C). The
increase in adipocyte size, in spite of the decrease in perigonadal
fat weight and the increase in mitochondrial activity in Foxol,, 7~
compared with WT mice, suggests that adipocyte differentiation
may be compromised in the Foxol,;7~ animals.

Consistent with the decrease in gonadal fat weight, the expres-
sion of the adipogenic gene Cebpa and 2 lipolytic genes, perilipin
and triglyceride lipase (Tgl), whose expression is inhibited by insu-
lin, was decreased in Foxol,, 7~ as compared with WT mice (Figure
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minutes after injection

Foxo1 deletion in osteoblasts protects from HFD-induced obesity. (A and B) Body weight curve (A) and MRI analysis of fat content (B) of WT and
Foxo1.,~-mice on normal or high-fat diet; n = 5 mice/group. Basal is considered 1 and is the fat content of each experimental group at 0 weeks,
i.e., before the onset of HFD. (C) Perigonadal fat pad weight in WT and Foxo7.,~~ mice on normal or high-fat diet; n = 5 mice/group. (D and E)
ITT (D) and GTT (E) analysis in WT and Foxo1,,~ mice on normal or high-fat diet; n = 5 mice/group. CD, normal control diet. In all panels, data
are presented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t test. In C, letters above the bars denote significant differences,
where b is different from a; c is different from a and b; and a,b is different from c. In A—C, mice were 1 month old when placed on HFD. In D and

E, mice were 3 months of age.

4H). Expression of lipoprotein lipase (Lpl) was unaffected. These
molecular changes indicated that whereas both adipogenesis and
lipolysis are decreased with Foxol deletion from osteoblasts, lipo-
genesis and fatty acid uptake are probably not affected.

Adipokines mediating increased insulin sensitivity. To uncover the
mechanism leading to an increase in insulin sensitivity in Foxol,, 7~
mice, we studied various adipokines. Expression and serum levels of
the insulin-sensitizing hormone adiponectin (28) were increased by
Foxol deletion in osteoblasts (Figure 4,1 and J). Accordingly, expres-
sion of the adiponectin targets acyl-CoA oxidase, Ppara, and Ucp2
was increased in the muscle of Foxol,;7~ mice (Figure 4K). Expres-
sion of resistin, an adipokine mediating insulin resistance (29),
was not affected by the mutation (Figure 4I). Expression as well as
serum levels of the insulin-sensitizing hormone leptin (30) were not
affected by Foxol deletion in osteoblasts (Figure 4, Iand L).

The osteoblast-specific, secreted protein osteocalcin mediates the metabolic
actions of FoxO1. To further confirm that Foxol regulates glucose
homeostasis through its actions in osteoblasts, we performed
coculture experiments with osteoblasts (adherent cells) and pan-
creatic islets (nonadherent cells). Consistent with the hyperin-
sulinemia characterizing Foxol,,7~ mice, cocultures of Foxol,,7~
osteoblasts with WT pancreatic islets increased insulin expression
by 30% as compared with the effect of WT osteoblasts cocultured
with WT pancreatic islets (Figure 5A).
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In search of osteoblast-secreted factors regulating glucose homeo-
stasis, we focused on osteocalcin for 3 reasons. First, expression of
osteocalcin in Foxol,,”7~ as compared with WT mice was increased
by 50% (Figure 5B). In agreement with the expression data, serum
osteocalcin levels were 30% higher in Foxol,, 7/~ as compared with WT
mice (Figure SC). Second, osteocalcin has been shown to favor 3 cell
proliferation and insulin secretion and sensitivity in pancreatic islets
and in mice (12, 31, 32). Finally, Foxo1,,7~ mice have a phenotype that
mirrors the metabolic phenotype of mice lacking osteocalcin (Ocn™~
mice), thus suggesting a gain of osteocalcin activity in Foxol,;”~ mice.
If our hypothesis is correct, then we would expect that the metabolic
phenotype of Foxo1,,7~ mice would be rescued by reducing osteocal-
cin expression. We tested this hypothesis by generating Foxol,,”~ mice
lacking 1 allele of osteocalcin (Foxol,,7-Ocn~). Indeed, removal of a
single osteocalcin allele from Foxol,,7~ mice resulted in a complete
reversal of the metabolic abnormalities of the Foxol,;7~ animals (Fig-
ure 5,D and E). GTT and ITT tests showed normalization of insulin
sensitivity and glucose tolerance. These results provide strong genetic
evidence that FoxO1 and osteocalcin lie in the same regulatory path-
way and suggest that the metabolic abnormalities in Foxol,,7~ mice
are mediated by upregulation of osteocalcin activity.

Increased osteocalcin production and decreased carboxylation in Foxol,,”~
mice. To identify the mechanism of the molecular interactions
between FoxO1 and osteocalcin, we examined whether FoxO1
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regulates osteocalcin activity. In DNA cotransfection experiments
performed in Cos-7 cells, a Foxol expression vector decreased the
activity of a reporter construct containing a 2.9-kb fragment of
the osteocalcin promoter fused to the luciferase gene (Figure
SF). Runx2, an osteoblastic-specific transcription factor known
to increase osteocalcin expression (33), stimulated the activity of
the osteocalcin reporter construct. Moreover, and as indicated by
ChIP assays, FoxO1 binds to FoxO1-binding sites present in the
promoter as well as the first intron of the osteocalcin gene (Figure
5G). The promoter region examined contains 2 FoxO1-binding
sites. They are located at positions -1,270 bp (TGTTTTG) and -
1,074 bp (TGTTTT). A FoxO1-binding site (TGTTTGC) is present
at +250 bp of the first intron.

Next, we examined the levels of uncarboxylated osteocalcin,
which has been implicated as having a beneficial role in the control
of glucose homeostasis (12), in Foxol,;7~ mice. After an incubation
period of 60 minutes, 37% of osteocalcin present in the serum of
Foxol,,7~ mice was uncarboxylated, whereas only 27% of uncarbox-
ylated osteocalcin was present in the serum of WT mice. Undercar-
boxylated osteocalcin was present at 9.5% and 6.1% in Foxol,,7~and
WT mice, respectively (Figure SH). These experiments suggest that
FoxO1 in osteoblasts controls glucose homeostasis by regulating
both the expression and carboxylation of osteocalcin.

OST-PTP mediates the effects of FoxO1 on osteocalcin carboxylation and
glucose homeostasis. OST-PTP has been shown to influence osteo-
calcin function by promoting y-carboxylation (12). Mice deficient
in Esp, the gene encoding OST-PTP (Esp~~ mice) have a metabolic
phenotype resembling that of Foxo1,,7/~ mice. Moreover, expression
of Esp was reduced by 75% in Foxol,,/~ mice as compared with WT
mice (Figure 6A). Collectively, these observations suggested that
downregulation of Esp activity in Foxol,,7/~ mice could account for
the decrease in osteocalcin carboxylation and the metabolic phe-
notype of the FoxO1 mutant mice. In support of this notion, insu-
lin sensitivity and glucose tolerance were improved in mice lacking
a single allele of Foxol and Esp (Foxol,,” Esp*/~) (Figure 6, B-D).
Metabolic changes were not observed in Foxol,,”~ or Esp*~ mice.

We explored further the mechanism of the stimulatory effect
of FoxO1 on Esp expression using Cos-7 cells. Transfection of a
FoxO1 expression vector stimulated the activity of Esp as measured
using an Esp reporter construct that carries 722 bp of the promot-
er region and 1,095 bp of the first intron and exon of the gene
(region -722 to +1,095) (Figure 6E). This region of Esp was select-
ed because it contains 2 putative FoxO1-binding sites present at
positions +137 bp (TGTTTTT) and +947 bp (TGTTTTT) of the
first intron of the gene. This effect was specific for FoxO1, since
transfection of the osteoblast-specific transcription factor Runx2
had no effect on Esp activity. In addition, ChiP assays revealed that
FoxO1 binds to the -1,098 site of the Esp first intron (Figure 6F).
Thus, the stimulatory effect of FoxO1 on Esp expression results, at
least in part, from direct binding of FoxO1 to Esp.

FoxO1,,7~ mice are protected from high-fat diet—induced obesity. Last, we
decided to test the therapeutic relevance of these findings. Hyperin-
sulinemia and increased insulin sensitivity in Foxol,,7~ mice could
be effective in protecting these animals from obesity. To examine
this hypothesis, we fed Foxol,,7~and WT mice a high-fat diet (HFD)
for 8 weeks. Foxol,;/~ mice gained significantly less body weight
and total fat content than WT animals (Figure 7, A and B). Peri-
gonadal fat pad weight was not affected by HFD in Foxo1,,7/~ mice
(Figure 7C). Accordingly, the development of glucose intolerance
and insulin resistance, a feature of the fat-fed WT mice, was mark-

The Journal of Clinical Investigation

htep://www.jci.org

research article

edly decreased in Foxol,;7/~ mice (Figure 7, D and E). These experi-
ments establish that FoxO1 functioning in osteoblasts is required
for the development of obesity and glucose intolerance in mice.

Discussion

The results presented in this study reveal what we believe to be a
novel site of action for FoxO1. Indeed, this transcription factor
acts in osteoblasts to regulate glucose homeostasis. In its meta-
bolic function, FoxO1 integrates signals originating from the skel-
eton and resulting in changes in pancreatic 3 cell mass and func-
tion. In contrast to its classical role as a target of insulin signaling
in the pancreas and liver, FoxO1 in osteoblasts is a key transcrip-
tional regulator of insulin secretion and sensitivity. The mecha-
nism mediating the metabolic effects of FoxO1 in osteoblasts is
bimodal. It involves upregulation of the expression and stimula-
tion of the activity of osteocalcin, an osteoblast-secreted hormone
known to favor glucose homeostasis (12). These results expand
the spectrum of functions of FoxO1 and promote the role of the
skeleton as a regulator of energy metabolism. The finding thata
transcription factor that favors bone homeostasis also affects glu-
cose metabolism suggests the existence of a sensitive channel of
communication between bone and pancreas utilized to adapt to
and deal with either skeletal or metabolic stress.

FoxO1 in osteoblasts regulates glucose homeostasis by control-
ling the expression and activity of 2 osteoblast-produced proteins.
Using genetic experiments, we have delineated the sequence of
events that initiate in osteoblasts with FoxO1 deletion and tar-
get B-islets and adipocytes. Removal of 1 osteocalcin allele from
Foxol,,” mice reversed the metabolic abnormalities of the FoxO1
deletion in osteoblasts. This observation suggests that osteocal-
cin could be the effector of FoxO1 in osteoblasts. Indeed, FoxO1
controls osteocalcin availability by a 2-tiered mechanism. It sup-
presses osteocalcin expression by directly binding to its promoter
and inhibits osteocalcin bioactivity by promoting y-carboxylation.
In turn, uncarboxylated rather than carboxylated osteocalcin has
been proposed as a mediator of the metabolic actions of osteo-
blasts (12). Indeed, removal of 1 Esp allele from Foxol,,”~ mice
decreases osteocalcin carboxylation and improves glucose han-
dling and insulin sensitivity. Our results suggest that FoxO1
suppresses osteocalcin bioactivity by stimulating the expression
of Esp. A reduction in osteocalcin expression concomitant with
increased osteocalcin carboxylation leads to insulin resistance, glu-
cose intolerance, and adiposity.

FoxO-to-FoxO signaling from the skeleton to the pancreas. Foxol dele-
tion in osteoblasts increases insulin production and stimulates
insulin signaling in the pancreas. Remarkably, insulin signaling
favors glucose handling by inactivating FoxO1 in the pancreas and
liver. Thus, it appears that FoxO1 levels in bone regulate FoxO1
activity in the pancreas or liver. To our knowledge, this is the first
demonstration in mammals that FoxO1-to-FoxO1 signaling occurs
between different tissues. This model of FoxO1 signaling has been
demonstrated in Caenorhabditis elegans, where it occurs via feedback
regulation of insulin-like gene expression (34-36). In our stud-
ies, FoxO1 signaling is coordinated between bone and pancreas
through positive feedback regulation of OST-PTP and osteocalcin.
Itis possible that other mechanisms, perhaps involving insulin-like
peptides, may also be involved. In any case, in a manner equivalent
to what has been proposed for C. elegans, a positive feedback signal
such as the one described here is likely to bring the rate of meta-
bolic activity between skeleton and pancreas into alignment.
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FoxO1 regulates the crosstalk between bone and pancreas. Why would
a transcription factor that is the major target of insulin signal-
ing and mediator of insulin’s effects on pancreatic and hepatic
glucose metabolism reproduce the same functions through its
expression in bone? It is now increasingly appreciated that abnor-
mal glucose, lipid, and bone metabolism, as well as atherosclerosis
and neuronal degeneration, share similar molecular pathogenetic
mechanisms implicated in the development of these conditions.
This is largely due to the fact that the same genes have a similar
function in different organs (37). Specifically for FoxO1, extensive
research in C. elegans has demonstrated potent evolutionary con-
servation of FoxO1 transcriptional functions that are shared by
different tissues (34, 35). These functions coordinate the rate of
aging between different tissues. It is possible that mechanisms of
FoxO1 action have emerged to preserve and elicit the same meta-
bolic effect through different organs, such as bone and pancreas.
Perhaps, in this case also, FoxO1 acts in its most well-described
role, namely that of a lifespan extender under metabolic stress
(38-41). Under conditions where both the skeleton and glucose
handling are deteriorating, such as in aging, FoxO1 may confer a
rescuing signal of energy supply from the wasting skeleton to the
energy-demanding organs that control glucose metabolism.

Physiological and clinical relevance of the FoxO1I-mediated interactions
between bone and pancreas. In multiple species including C. elegans,
Drosophila melanogaster, and mammals, insulin signaling sup-
presses the activity of FoxO1. We have found that oxidative stress
stimulates FoxO1 activity and that FoxO1 is required for redox
balance in osteoblasts and for normal osteoblast proliferation
(M.-T. Rached et al., unpublished observations). What do these
observations mean for the role of osteoblast-expressed FoxO1 in
normal physiology? Although our results are very preliminary, we
are tempted to propose that FoxO1 in osteoblasts might serve as
a rescue mechanism to reduce the effects of oxidative stress on
metabolism. In addition, in the context of metabolic stress (e.g.,
starvation), reduced insulin levels would lead to an increase in
FoxO1 activity in bone. In turn, our findings suggest that this
increase in FoxO1 activity in bone would raise blood glucose
levels, providing a source of nutrients to the brain. Thus, along
with the pancreas and liver, bone may be another organ that sup-
plies energy under stress. Similarly, under conditions of increased
oxidative stress, an increase in FoxO1 activity in bone maintains
osteoblast numbers and preserves their function as endocrine
cells that favor glucose availability.

A growing body of evidence suggests a link between skeletal
diseases and glucose metabolism. In mice, in addition to FoxO1,
ATF4 is another bone-derived transcription factor that regulates
glucose metabolism (42). Remarkably, ATF4 transcriptional
activity is decreased and bone formation is hampered in a mouse
model of Coffin-Lowry syndrome (43), a rare skeletal dysplasia
disease. In humans, abnormalities in glucose metabolism occur
when osteocalcin levels are decreased or when osteocalcin is poor-
ly carboxylated, strongly suggesting that this molecule has the
same function in humans as in mice (44-47). The inverse relation-
ship between osteocalcin and glucose levels has since been further
supported in studies of men and postmenopausal women with
type 2 diabetes mellitus (48, 49). Collectively, these observations
suggest that by identifying bone as an endocrine organ, it is now
possible to consider targeted therapeutic strategies to regulate
glucose metabolism by modulating the activity or production of
individual, bone-specific proteins.
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Methods
Generation of mice. Foxol o, 7~ mice were generated by crossing collagen-Cre
mice and Foxol"/ mice that have been previously described (13, 50). The
WT, null, and Foxo1? alleles were detected using PCR with primers 5'-
GCTTAGAGCAGAGATGTTCTCACATT-3', 5'-CCAGAGTCTTTGTAT-
CAGGCAAATAA-3', and 5'-CAAGTCCATTAATTCAGCACATTGA-3'.
Esp- and osteocalcin-knockout mice were described previously (12). Geno-
typing was performed when mice were 3 weeks of age by PCR analysis of
genomic DNA. For all experiments, littermates used as WT control ani-
mals were animals homozygous for the floxed FoxoI allele (Foxo1#/). In
a separate GTT, we confirmed that the lack of any metabolic phenotype
in floxed Foxol mice was identical to that of collagen-Cre mice as well
as mice with intact alleles (+/+). In all experiments, data presented were
obtained from male animals. However, all experiments were reproduced
with female mice. All procedures were approved by the Columbia Univer-
sity Institutional Animal Care and Use Committee.

Histological analysis of pancreatic islets, white adipose tissue, and liver sections.
Fat and pancreata were collected, fixed overnight in 10% neutral forma-
lin solution, embedded in paraffin, sectioned at 4 wm, and stained with
H&E. Pancreatic sections were immunostained for  and a cells using
guinea pig anti-swine insulin polyclonal antibody and rabbit anti-glu-
cagon polyclonal antibody, respectively (Dako).  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. Pancreatic sections were deparaffinized in xylene,
quenched in 3% H,0,/H,O for 5 minutes. Antigens were retrieved by boil-
ing in citrate buffer (pH 6.0) for 12 minutes. Sections were then blocked
in 5% goat serum/PBS for 30 minutes and incubated with the primary
rabbit polyclonal antibody (1:500; Vector Laboratories) overnight at 4°C.
Sections were developed using 3,3'-diaminobenzidine (DAB) and coun-
terstained with hemartoxylin. To evaluate cell sizes or numbers, 4-10 sec-
tions (each 15 wm apart) were analyzed using a 40x objective on a Leica
microscope outfitted with a CCD camera (Sony) and an OsteoMeasure
Analysis System (OsteoMetrics). § Cell area represents the surface positive
for insulin immunostaining divided by the total pancreatic surface. 3 Cell
mass was calculated as f cell area multiplied by pancreatic weight. At least
4 mice were analyzed per condition. Livers were cryoembedded, sectioned
at 5 um, and stained with oil red O (Crystalgen).

Transient transfections and luciferase assays. Cos-7 cells were seeded in 48-well
plates at a density of 10* cells/well. One day after plating, cells were trans-
fected with Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol. We carried out cotransfections of the FoxO1 expression
plasmid with either an Esp reporter construct or an osteocalcin reporter
construct (50 ng). The total amount of DNA was adjusted to 270 ng/well
with pCMVS or pcDNA control vectors. Transfection was stopped by
addition of 20% FBS. Luciferase assays were carried out using the Dual
Luciferase Reporter Assay System (Promega), and luciferase activity was
quantified using Fluostar Omega (BMG Labtech Inc.). pRL-CMV Renilla
luciferase control vector (20 ng; Promega) was cotransfected as an internal
standard to normalize for transfection efficiency. Normalized luciferase
activity is presented as fold induction over the empty vector control (EV,
considered 1). All experiments were repeated at least twice.

Cell cultures. For coculture experiments, islets were isolated using His-
topaque 1077 density centrifugation (Sigma-Aldrich). In brief, after clamp-
ing the common bile duct at its entrance to the duodenum, 1 mg/ml colla-
genase Pin M199 medium was injected into the duct. The swollen pancreas
was surgically removed and incubated at 37°C for 15 minutes. Digested
pancreata were dispersed by pipetting, rinsed twice, filtered through a
Spectra mesh (Small Parts Inc.) (400 um), resuspended in Histopaque, and
overlaid with M199 medium. Islets were collected following centrifugation
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at 1,700 g for 20 minutes with no brake, washed twice with cold M199
medium, resuspended in M199/1% FCS, and cultured at 37°C in 5% CO,.
Primary osteoblasts were prepared from calvaria of 5-day-old pups as previ-
ously described (51) and were cultured in fresh aMEM and 10% FBS in the
presence of 100 ug/ml ascorbic acid and 5 mM f-glycerophosphate for 5
days. Twenty-four hours before addition of primary islets, osteoblasts were
placed in aMEM/1%FBS. After 4 hours of coculture, islets were collected
for RNA isolation using TRIzoL (Invitrogen).

Real-time quantitative PCR analysis. Bone, liver, white fat, brown fat, gas-
trocnemius skeletal muscle, gut, pancreas, brain stem tissues, primary
osteoblasts, and islet cells were homogenized, and total RNA was isolated
using TRIZOL reagent. Bone marrow cells were removed from bones by
flushing the femurs or tibia with PBS. Total RNA (2 ug) was treated with
DNAse I (Invitrogen) and reverse transcribed at 42°C with SuperScript II
(Invitrogen). The expression of all the genes was measured by real-time
quantitative PCR with the SYBR Green Master Mix (Bio-Rad) 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.

Immunoblotting. Calvaria cell extracts (50 ug) from WT and Foxo1,,7~ mice
were analyzed on an SDS-polyacrylamide gel, transferred to a PVDF mem-
brane, and probed with FoxO1 primary antibody (rabbit polyclonal; Santa
Cruz Biotechnology Inc.). Mitochondrial DNA protein complexes were
detected with Rodent Total OXPHOS Complexes Detection Kit cocktail
of antibodies (MitoSciences).

Metabolic studies. IPGTT was performed by administering 2 g of glucose
per kg BW i.p. after an overnight fast. For parallel experiments of IPGTT
and OGTT, 1.5 g glucose were administered per kg BW either i.p. or orally
by gavage after an overnight fast (22, 23). Blood glucose was monitored
using blood glucose strips (Diabetes Association) and the Accu-Check glu-
cometer. For pyruvate tolerance tests (PTTs), mice were fasted 18 hours
and injected i.p. with 2 g/kg BW of sodium pyruvate (Sigma-Aldrich).
Blood was collected from tails. For glucose-stimulated insulin secretion
test (GSIS), 3 g/kg BW of glucose was injected i.p. after an overnight fast;
plasma was collected from tails using heparinized microcapillaries and
insulin measured at 0, 2, 5, 15, and 30 minutes. For ITT, mice were fasted
from 4 to 6 hours and injected i.p. with insulin (0.5 U/kg BW), and blood
glucose levels were measured at indicated times. ITT data are presented as
percentage of initial blood glucose concentration. Hyperinsulinemic-eugly-
cemic clamps were performed at the UMass Mouse Metabolic Phenotyping
Center. Briefly, Foxol,,7~ mice and WT littermates (n = 5 for each group)
were fasted overnight, and a 2-hour hyperinsulinemic (2.5 mU/kg/min)-
euglycemic clamps were performed following intravenous administration
of [3-3H]glucose and 2-deoxy-D-[1-1C]glucose as previously described (52).
HFD (Research Diets) contained 58% fat.

Physiological assays. For insulin, adiponectin, leptin, and osteocalcin
measurements, sera were collected by heart puncture from mice in the
fed and fasted states. Insulin (Mercodia), adiponectin (Millipore), and
leptin (Crystal Chem) levels were measured by ELISA. Glucagon levels
were measured by radioimmunoassay (Millipore). Growth hormone lev-
els were measured by ELISA (Diagnostic System Laboratories Inc.). Blood
was kept on ice for 15 minutes before centrifugation for 15 minutes, at
maximum speed. For quantification of uncarboxylated levels of osteo-
calcin, sera were incubated with hydroxyapatite slurry for 1 hour. The
quantity of osteocalcin present in the unbound fraction (uncarboxylated)
and in the fractions eluted at 0.02 and 1 M sodium phosphate (undercar-
boxylated), pH 6.8, was measured by an IRMA assay (Immunotopics) as
described previously (12).

ChIP assay. ChIP assays were performed as per the manufacturer’s instruc-
tions (Upstate Biotechnology) using primary osteoblasts. PCR primers

were designed to span FoxO1-binding sites in the promoter and the first
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intron of the osteocalcin and the Esp genes; primers spanning FoxO1 con-
sensus sites in the fourth exon of each gene were used as a negative control.
Esp was measured using an Esp reporter construct that carries 722 bp of
the promoter region and 1,095 bp of the first intron and exon of the gene
(region -722 to +1,095) (Figure 7E). This region of Esp was selected because
it contains 2 putative FoxO1-binding sites, present at positions +137 bp
(TGTTTTT) and +947 bp (TGTTTTT) of the first intron of the gene. We
used FoxO1 (H-128) antibody (Santa Cruz Biotechnology Inc.).

Adenine nucleotide levels measurement by HPLC. To determine the adenine
nucleotide concentrations, mice were sacrificed and the vastus lateralis
skeletal muscle was rapidly extracted and frozen in liquid nitrogen. Fifty
milligrams of tissue was homogenized in 500 ml of ice-cold PBS con-
taining 0.5 M perchloric acid and centrifuged at 16,000 g for 10 minutes
at 4°C. The pellets were stored at -80°C for protein measurement, and
adenine nucleotides were measured in the resultant supernatants into an
Alliance HPLC (Waters Corp.) with an Alltima C18NUC reverse-phase col-
umn (Alltech Associates) (53). After stabilizing the column with the mobile
phase, samples (50 ml) were injected onto the HPLC system. The mobile
phase consisted of 0.2 M ammonium phosphate buffer, pH 3.5 (phase A)
and 30% methanol in 0.2 M ammonium phosphate buffer, pH 3.5 (phase
B). Standard curves for AMP, ADP, and ATP were constructed with 15, 30,
and 60 mM of each nucleotide. Absorbance of the samples was measured
with a UV detector at 260 nm wavelength, and the concentration of each
nucleotide in the samples was calculated based on the peak area. Adenine
nucleotide levels were expressed in nmol/mg protein (53).

Energy balance. Energy expenditure was measured by indirect calorimetric
method using a 6-chamber Oxymax system (Columbus Instruments). Mice
were acclimatized for 24 hours before measurements were taken every 14
minutes for 48 hours. Body composition was measured with NMR (Bruker
Optics). For food intake studies, mice were individually housed in meta-
bolic cages (Nalgene) and fed ad libicum. The amount of food consump-
tion was determined by weighing the powdered chow before and after the
24-hour measurement.

Statistics. Results are given as mean + SEM. Statistical analyses were per-
formed using unpaired 2-tailed Student’s ¢ test or a 1-way ANOVA (Stu-
dent-Newman-Keuls) for more than 2 groups. A P value of less than 0.05

was considered significant.
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