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Abstract
The uncarboxylated form of the osteoblast-specific secreted molecule osteocalcin is a hormone
favoring glucose handling and increasing energy expenditure. As a result, the absence of
osteocalcin leads to glucose intolerance in mice, while genetically modified mice with an increase
in uncarboxylated osteocalcin are protected from type 2 diabetes and obesity. Here, we tested in
the mouse the therapeutic potential of intermittent administration of osteocalcin. We found that
daily injections of osteocalcin at either 3 or 30 ng/g/day significantly improved glucose tolerance
and insulin sensitivity in mice fed a normal diet. This was attributable, in part, to an increase in
both β-cell mass and insulin secretion. When mice were fed a high-fat diet (HFD), daily injections
of osteocalcin partially restored insulin sensitivity and glucose tolerance. Moreover, mice treated
with intermittent osteocalcin injections displayed additional mitochondria in their skeletal muscle,
had increased energy expenditure and were protected from diet-induced obesity. Finally, the
hepatic steatosis induced by the HFD was completely rescued in mice receiving osteocalcin daily.
Overall, these results provide evidence that daily injections of osteocalcin can improve glucose
handling and prevent the development of type 2 diabetes.
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1. INTRODUCTION
In recent years, a converging spectrum of observations has established that bone is an
endocrine organ regulating, among other functions, glucose metabolism and energy
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expenditure [1-3]. The hormone responsible for these functions is osteocalcin that, when in
its uncarboxylated form, favors β-cell proliferation, insulin expression and secretion by β-
cells of the pancreas and sensitivity to insulin in peripheral tissues [4, 5]. Several clinical
investigations support the notion that an association between glucose metabolism and
osteocalcin exists in humans [6-13]. Most of these studies however, did not take into
account uncarboxylated osteocalcin levels or the effect of vitamin K status. In the mouse,
some, if not all, of the osteocalcin functions are mediated through a recently identified
receptor expressed in osteocalcin target cells [14, 15]. The biological importance of this
hormone is such that genetically modified mice demonstrating an increase in osteocalcin
activity are protected from diet-induced obesity and type 2 diabetes [4].

Based on these observations gathered in several laboratories [4, 5, 16], and using genetically
modified animals, the therapeutic relevance of osteocalcin has been tested in mice through
continuous delivery of this molecule via subcutaneous osmotic pump [17]. Although the
results were encouraging, the mode of administration was cumbersome. To circumvent this
difficulty, we tested whether administration of osteocalcin by daily injections, a mode of
administration used for other hormonal treatments [18-20], would be a viable alternative.

Here we show that once-a-day injections of osteocalcin are at least as efficient as its
continuous infusion to lower blood glucose and increase β-cell mass, insulin secretion and
sensitivity in mice fed a normal diet. Furthermore, we show that this treatment partially
corrects the glucose intolerance caused by a high-fat diet, and fully rescued the liver
steatosis caused by the same diet. These data add credence to the emerging notion that
osteocalcin could be a treatment for type 2 diabetes.

2. MATERIAL AND METHODS
2.1. Recombinant Osteocalcin Purification

Purification of bacterially produced mouse uncarboxylated osteocalcin was performed as
described [17]. Concentration and integrity of the recombinant osteocalcin protein was
determined using an osteocalcin ELISA assay [21], previously calibrated against a
commercially available osteocalcin RIA (Immutopics). Endotoxin concentration in the
recombinant osteocalcin preparations was determined as being below the detection limit
(0.12 EU) of the Limulus Amebocyte Lysate assay (Cambrex).

2.2. Animals and Daily Injections
C57Bl/6J mice were purchased from The Jackson Laboratory. Recombinant osteocalcin was
freshly diluted in saline solution (0.9% NaCl) at a concentration of 0.3 ng/μl or 3 ng/μl and
mice were injected once a day (6 p.m.) intraperitoneally (i.p.) with 10 μl/g of this solution or
with saline solution (vehicle). In the study on normal diet, daily injections were initiated at 8
weeks of age. In the high-fat diet study, mice were fed a high-fat diet (58% fat, Research
diet D12331) starting at 8 weeks of age and daily injections of osteocalcin or vehicle were
initiated 8 weeks later.

2.3. Blood Parameters Measurement
Feeding and fasted (6 h or 16 h) blood glucose were measured in the morning using an
Accu-Check glucometer (Roche). Serum insulin was measured using an ELISA assay
(Mercodia). HOMA-IR was calculated using this formula [22]:
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2.4. Metabolic Tests
In mice maintained on normal chow diet, glucose tolerance tests were performed following
16 h overnight fasting. A two g/kg dose of glucose was administrated by i.p. injection, and
blood glucose was measured at the indicated time points. In experiments involving glucose-
intolerant mice maintained on high-fat diet, animals were fasted for only 6 h and a dose of 1
g/kg of glucose was injected. Insulin tolerance tests were performed after 4 h of fasting:
insulin (Humulin, Lilly; 0.5 or 1.5 units/kg) was injected i.p., and blood glucose was
measured at the indicated time points. In the glucose-stimulated insulin secretion test,
glucose was injected (3 g/kg) in mice after an overnight fast. Serum was then collected from
tail veins at the indicated times and serum insulin was subsequently measured by ELISA
(Mercodia).

2.5. Physiological Measurements
To measure food intake, mice were individually housed in metabolic cages (Nalgene) and
fed ad libitum. Food consumption was determined by weighing the powdered diet before
and after a 24 h period. Energy expenditure parameters were measured using a six-chamber
Oxymax system (Columbus Instruments). After a 24 h acclimatation period, oxygen
consumption (VO2) and carbon dioxide production (VCO2) data were collected for 24 h.
Heat production was calculated by indirect calorimetry using the following formulas:

Physical activity was measured using infrared beams connected to the Oxymax system.
Ambulatory activity (xamb) corresponds to a count of beam breaks during the interval. Total
activity (xtot) represents fine movement (i.e. grooming) and ambulatory activity.

2.6. Pancreas Histomorphometry
Pancreata were fixed in 10% neutral formalin, embedded in paraffin and sectioned at 5 μm.
Immunohistochemistry was performed using rabbit anti-insulin (SataCruz, 1:100) and ABC
Elite kits and conterstained with Mayer's hematoxylin. To evaluate islets size and numbers,
3 sections (each 100 μm apart) were analyzed using the Osteomeasure software. β-cell area
represents the surface positive for insulin immunostaining divided by the total pancreatic
surface. β-cell mass was calculated as the β-cell area multiplied by pancreatic weight. Islet
number corresponds to the number of islets divided by the area of pancreas in mm2.

2.7. Muscle Mitochondria Histomorphometry
Superficial gastrocnemius muscles were fixed in 4% PFA/2% glutaraldehyde/0.1 M sodium
cacodylate pH 7.3, post-fixed in 1% osmium tetraoxide and embedded in epoxy resin
(Epon). Ultrathin sections (80 nm) were stained with aqueous uranyl acetate and lead citrate
and examined with a JEOL 2000FX transmission electron microscope. Sixteen electron
micrographs per mouse were digitized and the area and number of clearly distinguishable
mitochondria were analyzed using the Osteomeasure software.
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2.8. Liver Histomorphometry
Liver samples (5×5×5 mm) were fixed in paraformaldehyde 4% PFA/1X PBS, washed 3
times with 1X PBS and equilibrated in sucrose 20%/1X PBS, before being embedded in
OCT compound (Tissue-Tek). Samples were next sectioned at 10 μm using a cryostat. The
sections were air-dried, post fixed in formalin, rinsed with 60% isopropanol, stained with
Oil Red O (in 60% isopropanol) and counterstained with hematoxylin. The Oil Red O
positive area over total area was quantified using the Image J software.

2.9. Gene Expression Analysis
Real-time PCR was performed on DNAseI-treated total liver RNA converted to cDNA by
MMLV reverse transcriptase using Taq SYBR Green Supermix (Biorad) with ROX on an
MX3000 instrument; β-actin amplification was used as an internal reference. The primers
used were Tnfa forward (5’-TATGGCTCAGGGTCCAACTC-3’) and Tnfa reverse (5’-
CTCCCTTTGCAGAACTCAGG-3’), and β-actin forward (5’-
GACCTCTATGCCAACACAGT-3’) and reverse (5’-
AGTACTTGCGCTCAGGAGGA-3’).

2.10. Statistical Analysis
Results are given as means±standard error of the mean (SEM). Statistical analyses were
performed using unpaired, two-tailed Student's t test.

3. RESULTS
3.1. Daily injections of osteocalcin improve glucose tolerance and insulin sensitivity in
wild-type mice

To determine if intermittent administration of osteocalcin can affect glucose metabolism in
mice, wild-type animals fed a normal chow diet were injected daily with either saline or
osteocalcin (3 or 30 ng/g/day). We used these two doses based on a previous study showing
that continuous infusion of 3 or 30 ng/hr osteocalcin have optimal effect on insulin secretion
and sensitivity [17]. We first verified that daily injections of osteocalcin had no significant
effect on body weight or body temperature (Figure 1A and B). We also measured feeding
blood glucose in all treated mice once a week. As shown in Figure 1C, after 5 weeks of
injections blood glucose was significantly reduced in mice treated with 30 ng/g/day of
osteocalcin. This decrease lasted until the end of the treatment. Blood glucose was also
decreased when mice were injected daily with 3 ng/g of osteocalcin although this effect was
transient (Figure 1C). Glucose tolerance tests performed after 4 and 8 weeks of treatment
revealed that daily injection of osteocalcin improved blood glucose clearance in a dose
dependent manner (Figure 1D and E). Finally, both doses of osteocalcin were able to
improve insulin sensitivity in wild-type mice as determined by an insulin tolerance test
(Figure 1F).

3.2. Daily injections of osteocalcin increase insulin secretion and β-cell mass in wild-type
mice

We next tested whether daily injections of osteocalcin in wild-type mice could increase
insulin secretion. After 16 weeks of treatment, a glucose-stimulated insulin secretion test
demonstrated that insulin secretion was dose-dependently increased by intermittent
injections of osteocalcin (Figure 2A). This increased insulin secretion was accompanied by a
significant expansion of the β-cell mass and of the area covered by β-cells in the pancreas
(Figure 2B and C). Taken together, the results obtained in wild-type mice suggest that
intermittent injections of osteocalcin significantly improve glucose tolerance, insulin
secretion and insulin sensitivity. Since 30 ng/g/day injections of osteocalcin were more
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efficient in affecting both insulin sensitivity and insulin secretion, we selected this dose for
all subsequent experiments.

3.3. Daily injections of osteocalcin improve glucose tolerance and insulin sensitivity in
mice fed a high-fat diet

Given the effectiveness of the intermittent injections of osteocalcin in improving glucose
tolerance in wild-type mice, we next asked what would be the therapeutic potential of this
way of administering osteocalcin in a model of diet-induced type 2 diabetes. In this
experiment, 8 week-old mice were fed either a normal diet or a high-fat diet to induce
obesity and insulin resistance [23]. Eight weeks later, the mice fed the high-fat diet were
randomly separated into two groups, one injected daily with 30 ng/g of osteocalcin and one
injected with vehicle alone, while the mice on normal chow diet were injected daily with
vehicle. After 4 to 8 weeks of treatment, mice fed the high-fat diet and injected with vehicle
displayed elevated fasting blood glucose and serum insulin, glucose intolerance and insulin
resistance compared to mice fed a normal diet (Figure 3A-E). Mice fed the high-fat diet and
treated with daily injection of osteocalcin displayed reduced fasting glucose and a partial
normalization of their glucose tolerance (Figure 3A-B). This improvement in glucose
tolerance could be explained, at least in part, by an improvement in insulin sensitivity, as
demonstrated by a lowered insulin tolerance test, a 70% reduction in fasting serum insulin
and a similar decrease in HOMA-IR (Figure 3C-E). Thus, in this model of type 2 diabetes,
daily injections of osteocalcin improve glucose tolerance mainly by favoring insulin
sensitivity.

3.4. Daily injections of osteocalcin increase energy expenditure but not physical activity
and prevent obesity in mice fed a high-fat diet

While conducting the aforementioned study, we noticed that the mice fed the high-fat diet
and injected daily with osteocalcin were gaining significantly less weight and were leaner
than mice fed the same diet but injected with vehicle (Figure 4A and B). This decrease in
body weight was associated with a significant decrease in the weight of fat deposits, in
particular the epididymal fat pads (Figure 4A and C). To understand how osteocalcin daily
injections could prevent body weight gain, we measured oxygen consumption (VO2), carbon
dioxide production (VCO2), heat production, food intake and physical activity in these mice.
Mice fed the high-fat diet and injected with vehicle presented a reduction in VO2, VCO2 and
heat production compared to the mice maintained on a normal chow diet (Figure 4D and E).
In contrast, we found that in mice maintained on high-fat diet, daily injection of osteocalcin
increased VO2 and VCO2 as well as heat production to a level comparable, or even superior
in the case of the light phase, to the one observed in mice fed a normal diet (Figure 4D and
E). Importantly, food intake and physical activity were unaffected by intermittent delivery of
osteocalcin (Figure 4F and G).

3.5. Daily injections of osteocalcin increase the number of mitochondria in mice fed a
high-fat diet

The results obtained in mice fed a high-fat diet suggest that intermittent injections of
osteocalcin prevent body weight gain by increasing energy expenditure. In mice, one organ
responsible for heat production (i.e. energy expenditure) is brown adipose tissue (BAT).
However, we did not observed any significant effect of daily osteocalcin injections on either
body temperature or on the expression of genes implicated in BAT thermogenic function
such as Ucp1 [24] and Pgc1α [25] (Figure 1B and data not shown), suggesting that BAT
was not the mediator of the effect of intermittent osteocalcin injection on energy
expenditure.
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In both mice and humans, skeletal muscle also possesses mitochondrial capacity for energy
expenditure [26]. Morphological analysis of skeletal muscle by transmission electron
microscopy revealed larger mitochondria in mice injected daily with osteocalcin as
compared to vehicle-injected animals (Figure 5A). Histomorphometric quantification also
demonstrated that both the number and the area of mitochondria were significantly increased
by intermittent osteocalcin injections (Figure 5B). These results suggest that daily injections
of osteocalcin increased energy expenditure in mice maintained on a high-fat diet mainly by
increasing the number and size of mitochondria in skeletal muscle.

3.6. Daily injections of osteocalcin prevent diet-induced liver steatosis
Mice fed a high-fat diet for several weeks accumulate lipids in their liver and eventually
develop liver steatosis [27]. We noticed that in mice injected daily with osteocalcin the liver
had a normal appearance (i.e. red), while the liver of the mice injected with vehicle was
steatotic (i.e. pale) and enlarged compared with the liver of mice fed a normal diet (Figure
4A and 6A). Remarkably, in liver sections stained with Oil Red O to reveal lipid content, we
failed to detect any lipid accumulation in osteocalcin-treated mice fed the high-fat diet
(Figure 6B and C). Moreover, expression of the gene encoding TNFα, Tnfa, was increased
in the liver of high-fat diet mice, but was normalized by the daily injections of osteocalcin
(Figure 6D), indicating that the inflammation which is typically associated with liver
steatosis was absent in the mice treated with intermittent osteocalcin injections [28].

4. DISCUSSION
This study demonstrates that daily injections of osteocalcin can significantly affect glucose
metabolism in wild-type mice, can improve insulin sensitivity and can prevent obesity in a
mouse model of insulin resistance.

4.1. Comparison between intermittent and continuous deliveries of osteocalcin
Importantly, our results show that intermittent and continuous deliveries of osteocalcin have
similar effects on insulin secretion and insulin sensitivity [17]. As such, they extend our
knowledge of osteocalcin biology by suggesting a more convenient method for
administrating this hormone. We observed previously that infusion of high doses of
osteocalcin (3-30 ng/h) reduced fat mass and improved insulin sensitivity in wild-type mice
without affecting insulin secretion, while low doses (0.3-3 ng/h) were increasing β-cell
proliferation and insulin secretion with minimal effect on fat mass [17]. The doses tested
here in daily injections (3 and 30 ng/g) can affect both insulin sensitivity and secretion in
mice on a normal diet, without affecting body weight and fat mass (Figure 1A, and data not
shown). Although 30 ng/g/day injections were clearly more efficient in increasing insulin
secretion and glucose tolerance in wild-type mice, the 3 ng/g/day regimen was slightly better
in improving insulin sensitivity. It is possible that this decrease in insulin sensitivity in the
mice treated with 30 ng/g/day could be secondary to the increased insulin secretion in these
animals with the end result of preventing hypoglycemia.

In contrast to what was observed in mice on normal diet, when mice were fed a high-fat diet,
osteocalcin daily injections (30 ng/g) could efficiently reduce fat mass and improve insulin
sensitivity. The observation that intermittent injections of osteocalcin have a more profound
effect in mice with already altered insulin sensitivity suggests that endogenous osteocalcin
levels might be related to the development of insulin resistance [6, 29, 30].

4.2. Effect on β-cell mass
We have previously demonstrated that β-cell proliferation was increased in wild-type mice
after 4 weeks of continuous infusion of osteocalcin [17]. Here we show that 16 weeks of
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daily injections of osteocalcin can increase β-cell mass and insulin secretion in wild-type
mice. These results raise the testable hypothesis that long-term osteocalcin administration
could be a valuable treatment for type I diabetes.

4.3. Effect on energy expenditure and obesity
We are presenting here evidence that intermittent osteocalcin injections efficiently increase
energy expenditure and slow down body weight gain in obese mice. Of note, the effect of
daily osteocalcin injections on body weight is independent of caloric intake. Instead, this
effect appears to result from an increased mitochondrial mass in the skeletal muscles. This
result is in line with the observation that Esp-/- mice, which have increased serum levels of
undercarboxylated active osteocalcin, also present an increase in muscle mitochondrial area
[4]. Interestingly, we found that both continuous and intermittent administration of
osteocalcin increase energy expenditure, although they do it through different mechanisms.
While osteocalcin infusion significantly increases Ucp1 and Pgc1α in BAT [17], we
observed here that daily osteocalcin injections favor energy expenditure mainly by
increasing mitochondrial number in the skeletal muscle. The exact mechanism by which
osteocalcin stimulates mitochondrial mass in muscle remains to be determined, but the
recent identification of a receptor for osteocalcin should allow us to address this question
[14].

4.4. Prevention of liver steatosis
Liver steatosis (fatty liver) is often associated with obesity and insulin resistance [28]. We
show here that daily injection of osteocalcin can prevent the appearance of liver steatosis in
mice fed a high-fat diet. This protective effect of osteocalcin might be linked to the ability of
this hormone to decrease serum triglycerides levels and fat accumulation in wild-type and
obese mice [17]. It could also be related to the positive action of osteocalcin on insulin
sensitivity in muscle, white adipose tissue or other insulin target tissues [4, 17]. Another
possibility is that osteocalcin acts directly on hepatocytes to block the accumulation of lipids
in the liver. Again, the recent identification of a receptor modulating the action of
osteocalcin in testis [14] should help to determine the precise target cells implicated in the
metabolic response to this hormone.

In conclusion, this study shows that intermittent injections of osteocalcin have several
beneficial effects on energy metabolism in mice: they improve insulin sensitivity, prevent
obesity and protect against liver steatosis. Daily injections of osteocalcin thus appear to be
an interesting option for the treatment of type 2 diabetes.
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Figure 1. Daily injections of osteocalcin improve glucose tolerance in wild-type mice
Analyses were performed in mice injected daily with the indicated doses of osteocalcin
(OCN) or with vehicle for the indicated time. (A) Body weight variation during the 16
weeks of treatment. (B) Rectal temperature after 2 and 6 weeks of daily injections of
osteocalcin; 6 to 7 mice per group were analyzed. (C) Blood glucose measured after feeding.
Glucose tolerance test performed after 4 weeks (D) and 8 weeks (E) of treatment. (F) Insulin
tolerance test performed after 4 weeks of treatment (Insulin injection: 0.5 U/kg). For D-F the
calculated area under the curve is represented in histograms on the right. #: p<0.05, ##:
p<0.01 when comparing Vehicle and OCN 3 ng/g/day groups. *: p<0.05, **: p<0.01, ***:
p<0.001 when comparing Vehicle and OCN 30 ng/g/day groups. Eight to 15 mice per group
were analyzed.

Ferron et al. Page 10

Bone. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Daily injections of osteocalcin increase insulin secretion and β-cell mass in wild-type
mice
Analyses were performed in mice injected daily with the indicated doses of osteocalcin
(OCN) or vehicle for 16 weeks. (A) Glucose-stimulated insulin secretion test. The calculated
area under the curve is represented in the histogram on the right. (B) Insulin immunostaining
(counterstained with hematoxylin) showing larger islets in the pancreas of mice injected
daily with osteocalcin (magnification 100X, scale bar: 200 μm). (C) Histomorphometric
comparisons of β-cell mass, β-cell area and islet number. #: p<0.05, ##: p<0.01 when
comparing Vehicle and OCN 3 ng/g/day groups. *: p<0.05, **: p<0.01 when comparing
Vehicle and OCN 30 ng/g/day groups. Six to 15 mice per group were analyzed.
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Figure 3. Daily injections of osteocalcin improve glucose tolerance and insulin sensitivity in mice
fed a high-fat diet
Analyses were performed in mice fed a normal diet (ND) or a high-fat diet (HFD) for 8
weeks and then injected daily with 30 ng/g/day of osteocalcin (OCN) or with vehicle for the
indicated time. (A) Blood glucose after 6 h fasting. (B) Glucose tolerance test performed
after 8 weeks of treatment. (C) Insulin tolerance test performed after 8 weeks of treatment
(Insulin injection: 1.5 U/kg). For B and C the calculated area under the curve is represented
in histograms on the right. (D) Fasting serum insulin level. (E) HOMA-IR (see Material and
Methods). #: p<0.05, ##: p<0.01, ###: p<0.001 when comparing HFD + Vehicle and HFD +
OCN groups. *: p<0.05, **: p<0.01, ***: p<0.001 when comparing to ND + Vehicle group.
Five to 8 mice per group were analyzed.
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Figure 4. Daily injections of osteocalcin increase energy expenditure and prevent obesity in mice
fed a high-fat diet
Analyses were performed in mice fed a normal diet (ND) or a high-fat diet (HFD) for 8
weeks and then injected daily with 30 ng/g/day of osteocalcin (OCN) or with vehicle for the
indicated time. (A) Physical appearance of the mice after 14 weeks of treatment. (B) Body
weight curves. The arrow indicates the beginning of the daily injection treatment. (C) Fat
pad weight after 14 weeks of treatment. Metabolic rates (D) and heat production (E) after 12
weeks of treatment during light and dark 12h phases. (F) Food intake. (G) Physical activity.
VO2, volume of O2 consumed. VCO2, volume of CO2 produced. #: p<0.05, ###: p<0.001
when comparing HFD + Vehicle and HFD + OCN groups. *: p<0.05, **: p<0.01, ***:
p<0.001 when comparing to ND + Vehicle group. Five to 11 mice per group were analyzed.
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Figure 5. Daily injections of osteocalcin increase the number of mitochondria in mice fed a high-
fat diet
Analyses were performed in mice fed a normal diet (ND) or a high fat diet (HFD) for 8
weeks and then injected daily with 30 ng/g/day of osteocalcin (OCN) or with vehicle for 14
weeks. (A) Transmission electronic micrograph of the superficial gastrocnemius muscle
(magnification 20,000X). Arrowheads indicate the position of individual mitochondria. (B)
Histomorphometric quantification of the number of mitochondria and of the mitochondria
area. Quantification was performed on 16 different fields per animal and a total of 3 animals
per group were analyzed. *: p<0.05 when comparing HFD + Vehicle and HFD + OCN
groups.
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Figure 6. Daily injections of osteocalcin prevent liver steatosis in mice fed a high-fat diet
Analyses were performed in mice fed a normal diet (ND) or a high-fat diet (HFD) for 8
weeks and then injected daily with 30 ng/g/day of osteocalcin (OCN) or with vehicle for 14
weeks. (A) Appearance of the dissected liver after 14 weeks of treatment. (B) Oil Red O
staining of liver sections (magnification 100X). (C) Histomorphometric quantification of the
Oil Red O positive area in the liver. Quantification was performed on 3 different fields per
animals and a total of 4 animals per group were analyzed. (D) Relative expression of Tnfa in
liver normalized to β-actin (real time PCR). Four animals per group were analyzed. #:
p<0.05, ###: p<0.001 when comparing HFD + Vehicle and HFD + OCN groups. *: p<0.05,
***: p<0.001 when comparing to ND + Vehicle.
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