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Abstract

Osteocalcin is secreted by osteoblasts and improves insulin sensitivity in vivo, although
mechanisms remain unclear. We tested the hypothesis that osteocalcin directly modulates cell
biology in insulin-targeted peripheral tissues. In L-6 myocytes, osteocalcin stimulated glucose
transport both in the absence (basal) and presence of insulin. Similarly, in primary cultured
adipocytes, both carboxylated and uncarboxylated osteocalcin increased basal and insulin-
stimulated glucose transport as well as insulin sensitivity. Osteocalcin also increased basal and
insulin-stimulated glucose oxidation, though there was no effect on fatty acid synthesis or
lipolysis. In primary-cultured adipocytes, both forms of osteocalcin suppressed secretion of tumor
necrosis factor alpha into the media; however, only carboxylated osteocalcin suppressed
interleukin 6 release, and neither form of osteocalcin modulated monocyte chemoattractant
protein-1 secretion. Both carboxylated and uncarboxylated osteocalcin increased secretion of
adiponectin and the anti-inflammatory cytokine interleukin 10. In conclusion, both carboxylated
and uncarboxylated osteocalcin directly increase glucose transport in adipocytes and muscle cells,
while suppressing proinflammatory cytokine secretion and stimulating interleukin 10 and
adiponectin release. Thus, these results provide a mechanism for the insulin-sensitizing effects of
osteocalcin and help elucidate the role that bone plays in regulating systemic metabolism.
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Introduction

A connection between the skeleton and glucose metabolism is an emerging area of intense
scientific scrutiny. Recent studies have indicated that the osteoblast-derived protein,
osteocalcin, regulates energy metabolism, providing a link between these 2 seemingly
unrelated systems. However, processes by which osteocalcin regulates systemic metabolism
are not well understood and studies to elucidate the underlying mechanisms are limited.

In 2007, Lee et al. reported that osteocalcin-deficient mice were glucose intolerant, insulin
resistant, obesity prone, and characterized by decreased secretion of insulin and adiponectin
[1]. Although the mechanisms responsible for these systemic effects on metabolism have not
been fully elucidated, a number of subsequent studies have consistently demonstrated a
relationship between osteocalcin and glucose homeostasis. For example, consistent with
observations in osteocalcin null mice, a mouse model lacking Foxol in osteoblasts displayed
an increase in osteocalcin coupled with enhanced insulin secretion and action, increased
adiponectin secretion, decreased fat mass, and protection from diet-induced obesity [2].
These metabolic effects were shown to be dependent upon the increase in osteocalcin,
resulting from the loss of Foxol-mediated suppression of osteocalcin expression. In
addition, osteocalcin administration to wild type mice was observed to regulate glucose
metabolism and fat mass, both in vivo and in vitro via increased expression of insulin and
markers of pancreatic p-cell proliferation, as well as upregulation of adiponectin and
PGC-1a in adipose tissue [3]. Low levels of serum osteocalcin have been reported in
autoimmune nonobese diabetic mice and streptozotocin-induced diabetic mice [4], and,
importantly, circulating osteocalcin levels are decreased in human patients with type 2
diabetes and insulin resistance [5] [6] [7] [8]. While these results consistently demonstrate
an association between osteocalcin and glucose homeostasis, the mechanisms that explain
these relationships have not been clarified.

The potential metabolic actions of osteocalcin are further complicated in that osteocalcin
undergoes post-translational modifications that could differentially affect its bioavailability
and bioactivity. Osteocalcin is post-translationally modified by vitamin K-dependent
carboxylation of 3 glutamate residues into high calcium-affinity Gla residues. Fully
carboxylated osteocalcin (cOC) as well as uncarboxylated or undercarboxylated osteocalcin
(ucOC), which is carboxylated at less than 3 sites, are all present in the circulation. While
there are reports that ucOC, but not cOC, is responsible for the metabolic actions of
osteocalcin [1] [2] [3] [9], the question of whether ucOC and cOC exert differential effects
has not been rigorously addressed in cell culture systems assessing direct actions of both
osteocalcin isoforms.

Alterations in muscle and adipose tissue function, including insulin resistance,
inflammation, and dysregulated cytokine secretion, appear prior to and are pivotal in the
development of type 2 diabetes. In the current study, we have examined whether osteocalcin
directly modulates these critical aspects of insulin-targeted peripheral tissues in order to
assess a potential role for osteocalcin in the development of metabolic disease. Here we
report that osteocalcin has a direct effect on myocytes and adipocytes to regulate the insulin-
responsive glucose transport system. In adipocytes, osteocalcin promotes the secretion of
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proinflammatory and anti-inflammatory cytokines, and the production of adiponectin.
Further, our results demonstrate that both cOC and ucOC are active and directly modulate
insulin sensitivity in vitro.

Materials and Methods

Experimental animals

Materials

Osteocalcin

Ten week old male C57BL/6 J mice and 150-180 g male Wistar rats were purchased from
Harlan (Indianapolis, Indiana). Animals were housed in standard conditions (12-h light/dark
cycle; 22°C) and fed a standard diet. Animal care and treatments were approved by the UAB
Institutional Animal Use and Care Committee.

DMEM was purchased from Invitrogen (Carlsbad, CA). Tumor necrosis factor alpha
(TNFa, interleukin 6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), and interleukin
10 (IL-10) ELISA kits were obtained from BD Biosciences (San Jose, CA). Adiponectin
radioimmunassay kit was obtained from Linco Research, Inc (St. Charles, MO). 2-Deoxy-d-
[2,6-3H]glucose (2-DOG), and d-[U-14C]glucose were acquired from Amersham (Uppsala,
Sweden).

cOC and ucOC were kind gifts from Dr. Caren M. Gundberg, Yale University School of
Medicine. cOC was purified from mouse and cow bone by demineralization, gel filtration,
ion exchange, and high pressure chromatography to homogeneity as previously described
[10]. Purity was confirmed by electrospray mass spectroscopy and N-terminal sequencing.
Concentration was determined by amino acid analysis of 2 separate samples from the stock
material. ucOC was synthesized at the Keck Facility, Yale University. Purity was confirmed
by mass spectrometry and concentration by amino acid analysis as above. Protein was stored
at —80 °C. For reference, the molecular weight of carboxylated vs. uncarboxylated bovine
osteocalcin is 5 850 Da and 5 731 Da, respectively, and for mouse osteocalcin 5 249 Da and
5 117 Da, respectively.

Adipocyte isolation

Adipocytes were isolated from periepididymal fat from rats or mice by collagenase digestion
[11]. Minced fat pads were digested with EHB1 (Earle’s salts, 25 mM HEPES, 4% bovine
serum albumin, 5 mM glucose) and 1.25 mg/mL type Il collagenase at 37 °C for 30 min
with gentle orbital shaking. Cells were filtered through nylon mesh (400 pm), washed 3
times with EHB2 (Earle’s salts, 20 mM HEPES, 1% bovine serum albumin, 2 mM sodium
pyruvate, and 4.8 mM NaHCO3), and resuspended to a final 5% (vol/vol) cell concentration.
Adipocyte viability was determined by trypan blue exclusion as described [11] and cell
sizing was performed by microscopic measurement of cell diameter.
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Effects of Osteocalcin on Glucose Transport Activity

Glucose transport assay—Measurements of 2-deoxyglucose uptake were performed as
previously described [12]. Briefly, isolated adipocytes at a 5% (vol/vol) concentration were
pre-incubated with 1 ng/ml osteocalcin for 1 h, followed by incubation for 30 minzinsulin at
indicated concentrations. Cells were pulsed with [3H]-2-deoxyglucose (0.2 uCi/tube, 0.1
mM final concentration). The reaction was stopped after 3 min by centrifuging 300 pl of
cells per reaction through silicone for 30 s at 14 000xg. Each sample was assayed in
duplicate. Radiolabeled I-glucose was used to determine the rate of glucose entry into cells
by simple diffusion. Glucose uptake was measured by liquid scintillation counting. Values
were normalized by cell surface area.

Osteocalcin dose-response—The osteocalcin dose-response was determined by pre-
incubating isolated rat adipocytes with 0-50 ng/ml bovine cOC for 1 h, followed by
treatment with £ 10 nM insulin for 30 min.

Insulin dose-response—Isolated rat adipocytes were pre-incubated with 1 ng/ml bovine
cOC for 1 h, followed by treatment with 0-10 nM insulin for 30 min.

L6 muscle cells—L6 muscle cells were obtained from ATCC (Manassas, VA, USA). L6
myoblasts stably expressing Glut-4 with an exofacial myc epitope (L6-Glutdmyc) were a
kind gift from Dr. A. Klip, University of Toronto Hospital for Sick Children [13]. Glucose
transport assays in L6 cells were performed as previously described [14]. Briefly, L6-
Glutdmyc cells were pre-treated with 20 ng/ml cOC for 1 h and then incubated with+100
nM insulin for 30 min at 37°C to measure basal and maximally-stimulated glucose transport
rates. Cell-associated radioactivity was determined by lysing the cells with 0.05 N NaOH,
followed by liquid scintillation counting.

Incorporation of d-[U-14C]glucose into lipids and oxidation to 14CO2—A 5%
(vol/vol) adipocyte suspension was prepared in Krebs—Ringer phosphate buffer (pH 7.4)
containing 1% bovine serum albumin and 5 mM glucose, incubated with 20 ng/ml of
osteocalcin for 1 h, and then saturated with carbogen gas (95% 02, 5% CO2). Next, 450 pl
aliquots were added to 25 pl of d-[U-14C]glucose (0.1 uCi/tube) and 2.0 mM of d-glucose
+10 nmol/l insulin, and incubated for 1 h at 37 °C with gentle orbital shaking. At the end of
incubation, a 0.5 ml Eppendorf tube containing a small, loosely folded piece of filter paper
(2x2.5 cm) moistened with 0.2 ml of 2-phenylethylamine/methanol (1:1, vol/vol) was
suspended in the center of the reaction tube. The incubation medium was acidified with 0.2
ml of 8 N H2S04 to lyse cells and release 14C0O2. After 1 h, the filter paper was transferred
into scintillation vials and counted. The remaining reaction mixture was treated with 5 ml of
Dole’s reagent (isopropanol/n-heptane/H2S04, 4:1:0.25, vol/vol/vol) for lipid extraction
[15], and counts in the lipid phase represented glucose incorporation into lipid, that is,
lipogenesis. Oxidation and lipogenesis were calculated from the known concentration and
specific activity of d-glucose.

Lipolysis and anti-lipolysis assay—A 5% (vol/vol) adipocyte suspension was
prepared, and aliquots were incubated with 20 ng/ml osteocalcin for 1 h. The reactions were
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treated with adenosine deaminase (ADA) for 5 min, and treated for 1 h with either (i) 10 uM
isoproterenol, a lipolytic agent and nonselective p-adrenoreceptor agonist, (ii) 0.5 nM
insulin, an anti-lipolytic hormone, (iii) both insulin and isoproterenol, or (iv) buffer only for
the basal control. The tubes were centrifuged at 3 000xg for 10 min and the infranatant was
collected and used for glycerol measurement (Free Glycerol Determination Kit, Sigma, St.
Louis, MO, USA) as a lipolytic index.

Adipokine measurements in cultured cells and tissue—Primary cultured isolated
adipocytes and whole organ adipose tissue from Wistar rats were incubated+20 ng/ml cOC
or ucOC for 1 h at 37 °C with 5% CO2. Adipocytes were isolated as described, and 5x105
cells/ml were incubated in 2 ml of culture media (EHB2). The media was collected and
stored at —20 °C for subsequent adipokine measurements. Whole tissue culture was
performed as previously described [16]. Briefly, peri-epididymal fat was excised and placed
in sterile DMEM containing 20 mM HEPES pH 7.4, 5 mM glucose, 1% (w/vol) bovine
serum albumin, 100 1U/ml penicillin, and 100 pg/ml streptomycin. Tissue was trimmed of
visible vessels and blood clots, minced into 2—-4 mma3 pieces, mixed gently and distributed
into 125 ml Erlenmeyer flasks containing culture media at a proportion of 1 ml/100 mg fat.
Adipokine assays were performed according to manufacturer protocols.

Statistical analysis

Results

Statistical analyses were performed (GraphPad Prism; GraphPad, Inc.) using Student’s t-test
when 2 conditions were compared and one-way ANOVA followed by Bonferroni post-hoc
test for multiple comparisons. Results are represented as mean£SEM unless stated
otherwise, and the total number of independent experiments, as well as p-values, are
specified in each figure legend. p-Values less than 0.05 were considered significant.

Carboxylated (cOC) and uncarboxylated (ucOC) osteocalcin enhance adipocyte glucose
transport and insulin sensitivity

We first examined whether pretreatment with bovine cOC at increasing concentrations could
modulate basal and insulin-stimulated glucose transport activity in primary cultured rat
adipocytes. As shown in [Fig. 1a], cOC significantly increased both basal and maximal
insulin-stimulated glucose transport activity. This effect was dose-dependent and achieved at
even the lowest concentration of osteocalcin assayed (0.1 ng/ml), greater than 100-fold
lower than circulating levels in wild-type animals [17]. The maximal effect was achieved at
1 ng/ml of cOC which produced a 102% increase in the basal glucose transport rate
(1.45+0.18 vs. 2.93+0.19 pmol/cm2; p<0.05) and a 77% increase in the insulin-stimulated
rate (4.19+0.24 vs. 7.42+0.98 pmol/cm2). We further determined the effect of cOC on the
dose-response curve for insulin-stimulated glucose transport ([Fig. 1b, c]). Pre-incubation
with cOC increased insulin sensitivity demonstrated by a leftward shift in the dose-response
curve. The insulin EC50 was decreased by 31% when cells were pre-incubated with cOC
(98.3+£0.53 vs. 67.9+1.14 pmol/l; p<0.001). Taken together, these data indicate that cOC
increases basal and insulin-stimulated glucose transport rates and increases insulin
sensitivity in adipocytes.
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Zoom ImageZoom Image Fig. 1 Effects of osteocalcin on glucose transport and insulin
sensitivity. a Isolated adipocytes were treated with bovine carboxylated osteocalcin (cOC) at
the indicated concentrations, stimulated in the absence (basal) or presence (insulin) of a
maximally-effective insulin concentration (10 nM), and then [3 H]-2-deoxyglucose transport
was measured. Data represent the means of results from 3 experiments with triplicate
determinations in each experiment. *p<0.05, significantly different from corresponding
basal control value in cells not treated with cOC; **p<0.05, significantly different from
corresponding insulin-stimulated value in cells not treated with cOC. b Isolated adipocytes
treated with cOC were stimulated with varying concentrations of insulin to generate a dose-
response curve. Data represent the means of results from 3 experiments with triplicate
determinations in each experiment, p=0.027. ¢ EC50 from insulin dose-response curves,
*p<0.001. d Glucose transport using isolated adipocytes treated with murine cOC or
uncarboxylated osteocalcin (ucOC) and then stimulated in the absence or presence of 10 nM
insulin. Data represent the means of results from 5 experiments. *p<0.05, significantly
different from basal OC [-]; **p=0.02, significantly different from insulin OC [-] e Isolated
adipocytes treated with cOC or ucOC were stimulated with insulin at the indicated doses to
generate a dose-response curve. Data represent the mean of results from 4 experiments each
performed in triplicate. f EC50 from insulin dose-response curves. * and **p<0.001,
significantly different from OC [-].

In the experiments described above, bovine cOC was used to treat rat adipocytes. To
determine whether the effects were species-specific and whether carboxylation of
osteocalcin was required for the observed bioeffects, mouse adipocytes were treated with 1
ng/ml murine cOC or ucOC. Pre-incubation with both forms of osteocalcin significantly
increased both basal and maximal insulin-stimulated glucose transport, again shifting the
insulin dose-response curve to the left ([Fig. 1d—f]). However, ucOC was more potent than
cOC in increasing both basal transport in the absence of insulin as well as insulin sensitivity
manifested as a more pronounced lowering of the insulin EC50 (82.6+0.16 pmol/Il vs.
111.9+0.17 pmol/l, respectively; p<0.01).

Since glucose transport is the rate-limiting factor for insulin-mediated glucose sensitivity in
muscle, we tested for the direct effects of osteocalcin in differentiated L6 skeletal myocytes
([Fig. 2]). Pre-treatment with bovine cOC stimulated basal glucose transport 1.2-fold when
compared with controls (782+40.6 pmol/dish vs. 640£40.6 pmol/dish, respectively;
p=0.047). Osteocalcin also enhanced maximal insulin-stimulated glucose transport rates to a
level that was 53% greater than observed with insulin alone (2 121+97 pmol/dish vs. 1
389+76.2 pmol/dish, respectively; p=0.0001).

Zoom ImageZoom Image Fig. 2 Osteocalcin enhances glucose transport activity in L6
skeletal muscle cells. Differentiated L6 myotubes (L6-Glut4myc cells) were pre-treated with
bovine carboxylated osteocalcin (cOC) and then£100 nM insulin to determine basal and
maximally-stimulated glucose transport rates. Results are mean+SEM. *p=0.047;
**p=0.0001 (n=5).
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increases glucose oxidation in adipocytes, but does not effect lipogenesis,

lipolysis, or anti-lipolysis

Osteocalcin

Using primary rat cultured adipocytes, we assessed the effects of cOC on intracellular
substrate metabolism downstream of glucose transport. Treatment with cOC significantly
increased basal glucose oxidation compared with control (35.5+4.4 vs. 24.3+3.4 nmol/mli/h,
respectively; p=0.01) with no effects on insulin-stimulated glucose oxidation ([Fig. 3a]). In
contrast, cOC had no effect on basal or insulin-stimulated lipogenesis, that is, glucose
incorporation into lipids ([Fig. 3b]). Rates of lipolysis and the anti-lipolytic effect of insulin
were also assessed, since these processes are important determinants of cellular lipid content
and fat cell size. Lipolysis was measured as the ability of isoproterenol, a non-selective -
adrenoreceptor agonist, to promote cellular release of glycerol from triacylglycerol
breakdown. When compared with control cells, the basal lipolytic response was not altered
by treatment with cOC, nor was isoproterenol-induced lipolysis. Similarly, cOC did not
influence the ability of insulin to inhibit isoproterenol-induced lipolysis, that is, anti-

lipolysis ([Fig. 3c]).

Zoom ImageZoom Image Fig. 3 Effects of carboxylated osteocalcin (cOC) on basal and
insulin-stimulated rates of glucose oxidation, lipogenesis, lipolysis and anti-lipolysis in rat
adipocytes. Primary cultured rat adipocytes were incubated+cOC, followed by+10 nM
insulin. a Rates of glucose oxidation were assessed as 14C glucose label released as 14CO2.
*p=0.01 compared with basal without cOC treatment. b Rates of lipogenesis were assessed
as 14C glucose label incorporated into lipids. Data from a, b represent the mean + SEM of
results from 3 experiments with each experiment performed in triplicate. ¢ Lipolysis and
insulin-mediated anti-lipolysis were measured by additional incubation of cOC-treated cells
in the presence of 10 uM isoproterenol (Iso) alone, 0.5 nM insulin (Ins) alone, or
isoproterenol + insulin (Iso + Ins). Rates of lipolysis were assessed as the cellular release of
glycerol reflecting deacylation of triglyceride. Data represent the mean + SEM of results
from 8 experiments. For a—c, open bars represent no osteocalcin treatment (cOC [-]) and
black bars represent osteocalcin-treated cells (cOC [+]).

directly modulates adipocytokine production

To better understand the mechanism for the insulin-sensitizing effects of osteocalcin in vivo,
we assessed whether cOC and ucOC were able to alter adipokine secretion in both primary-
cultured isolated rat adipocytes and in whole organ adipose tissue culture. We assessed the
pro-inflammatory cytokines TNFa, IL-6, and MCP-1 and the anti-inflammatory cytokine,
IL-10. In isolated adipocytes, both cOC and ucOC decreased TNFa secretion by 62% and
72%, respectively (p<0.05) ([Fig. 4a]). IL-6 was differentially affected by osteocalcin
treatment, with cOC significantly decreasing IL-6 secretion in isolated adipocytes while
ucOC had no effect ([Fig. 4b]). In contrast, MCP-1 was not affected by treatment with either
form of osteocalcin (data not shown). Neither form of osteocalcin modulated the secretion of
pro-inflammatory cytokines in whole tissue ([Fig. 4e, f], data not shown). Interestingly,
although neither form of osteocalcin affected secretion of the anti-inflammatory cytokine
IL-10 in isolated adipocytes, both forms resulted in significantly increased secretion from
whole tissue ([Fig. 4c, g]).
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Zoom ImageZoom Image Fig. 4 Carboxylated (cOC) and uncarboxylated (ucOC)
osteocalcin act differentially to modulate adipokine secretion. Primary cultured rat
adipocytes and whole organ adipose tissue were incubated with cOC or ucOC, the culture
media was then collected and assayed for the pro-inflammatory cytokines a, e TNFa,
*p<0.05, **p=0.024 and b, f IL-6, *p<0.05, **p=0.023, indicates significance between
results using cOC vs. ucOC, c, g the anti-inflammatory cytokine IL-10, *p<0.05, **p=0.015,
and d, h the insulin-sensitizing hormone adiponectin, *p<0.05, **p=0.006; ***p=0.008.
Results are the mean of 3 experiments £ SEM each performed in triplicate samples. All p-
values are vs. control except where indicated.

We also investigated whether osteocalcin has a direct ability to regulate adiponectin
secretion, since this hormone has been shown to play a crucial role in the regulation of
metabolism and insulin sensitivity and may mediate the insulin-sensitizing effects of
osteocalcin in intact mice [1]. Adiponectin secretion was significantly increased by both
cOC and ucOC in both isolated adipocytes and whole tissue ([Fig. 4d, h]). Thus, isolated
adipocytes and adipose tissue respond differentially to the different forms of osteocalcin.
However, overall, both cOC and ucOC act directly to decrease proinflammatory cytokine
secretion while increasing the secretion of the anti-inflammatory cytokine I1L-10 and the
insulin-sensitizing hormone adiponectin.

Discussion and Conclusions

Several studies support the contention that osteocalcin plays an important role in glucose
homeostasis and insulin sensitivity. First, null mutant mice in osteocalcin are glucose
intolerant and insulin resistant [1]. Second, osteocalcin expression was increased in a mouse
model lacking Foxol in osteoblasts that displayed enhanced insulin secretion and action,
decreased fat mass, and protection from diet-induced obesity [2]. Third, osteocalcin
administration to wild type mice was observed to regulate glucose metabolism and fat mass
via increased expression of insulin, markers of pancreatic p-cell proliferation, and
adiponectin and PGC-1a in adipose tissue [3]. Further, serum levels of osteocalcin are
inversely correlated with insulin resistance in both a mouse model and in humans [4] [5] [6]
[7] [8]. However, the underlying molecular mechanisms of action largely remain unknown.

Here, we tested the hypothesis that osteocalcin has a direct effect on peripheral insulin target
tissues, specifically muscle and adipose tissue. Our results demonstrate that osteocalcin
increases basal and insulin-stimulated glucose transport in cultured myocytes and isolated
adipocytes. In adipocytes, osteocalcin also increases basal and insulin-stimulated glucose
oxidation rates and lowers the corresponding ED50 for this insulin action. Further,
osteocalcin increases secretion of the anti-inflammatory adipokine IL-10 and the insulin-
sensitizing hormone adiponectin, while decreasing secretion of the pro-inflammatory
adipokines TNFa and IL-6. Taken together, these results demonstrate that osteocalcin acts
directly on peripheral tissues to regulate glucose metabolism, insulin sensitivity, and
adipokine secretion.

Recent data suggests that these protective effects of osteocalcin may in part be mediated by
its ability to decrease ER stress in liver, muscle, and adipose tissue in vivo and in vitro [18].
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In this study, mice fed a high fat diet with osteocalcin showed, 1) an increased expression of
insulin target genes, 2) an increased number and area of mitochondria, 3) decreased
phosphorylation or expression of ER stress proteins, and 4) increased phosphorylation of
IRS-1 and Akt in all 3 tissues when compared to mice fed a high fat diet without
osteocalcin. Further, in vitro studies using the Fao liver cell, L6 muscle cell, and 3T3-L1
adipocyte cell lines also demonstrated decreased phosphorylation or expression of ER stress
proteins and this effect was mediated by the PI3K/Akt/NF-kB signaling pathway. Our data
would be consistent with these findings and further studies are needed to clarify.

It is well known that osteocalcin undergoes post-translational modifications that could
differentially affect its bioactivity and bioavailability. Currently, there is no consensus
regarding which is the biologically active form of osteocalcin, with previous reports
suggesting that it is either the uncarboxylated form [1] [3] [19] [20], the carboxylated form
[6] [21], or the ratio of the 2 or total osteocalcin [5] [7] [22] that is biologically active in
metabolism. It has been proposed that the conflicting reports may be species dependent with
ucOC playing a role in rodent models vs. cOC in humans, or that they may exert differential
effects in glucose metabolism with ucOC affecting B cell function and cOC affecting insulin
sensitivity [21]. However, a recent study by Brennan-Speranza et al. demonstrated that the
effects of the uncarboxylated and carboxylated forms of osteocalcin were similar in an in
vivo mouse model [23]. Heterotopic expression of both forms of osteocalcin reduced the
effects of glucocorticoid treatment in similar fashion. Both forms resulted in an increase in
lean mass, decrease in fat mass, and decrease in serum triglycerides and cholesterol;
improved glucocorticoid-induced insulin resistance and glucose tolerance; decreased lipid
deposition in the liver and increased insulin receptor phosphorylation. Our results are
consistent with these findings, demonstrating that cOC and ucOC are both able to directly
regulate aspects of myocyte and adipocyte biology. Even so, while we have demonstrated
that both osteocalcin forms are bioactive, carboxylated and uncarboxylated osteocalcin exert
differential effects with respect to potency and specific cellular actions. Thus, the different
forms of osteocalcin add complexity regarding metabolic regulation, and further studies will
be necessary to fully elucidate the role of each osteocalcin isoform in glucose homeostasis in
Vivo.

In conclusion, to our knowledge this is the first report that both carboxylated and
uncarboxylated forms of osteocalcin act directly on myocytes and adipocytes to increase
glucose transport and improve insulin sensitivity. In adipocytes, these effects are associated
with an increase in secretion of adiponectin and the anti-inflammatory adipokine IL-10 as
well as a decrease in secretion of the anti-inflammatory cytokines TNFa and IL-6. Taken
together, our data support that both carboxylated and uncarboxylated osteocalcin play a
protective role against the development of insulin resistance through anti-inflammatory
mechanisms.
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Fig. 1.

Effects of osteocalcin on glucose transport and insulin sensitivity. a Isolated adipocytes were
treated with bovine carboxylated osteocalcin (cOC) at the indicated concentrations,
stimulated in the absence (basal) or presence (insulin) of a maximally-effective insulin
concentration (10 nM), and then [3 H]-2-deoxyglucose transport was measured. Data
represent the means of results from 3 experiments with triplicate determinations in each
experiment. *p<0.05, significantly different from corresponding basal control value in cells
not treated with cOC; **p<0.05, significantly different from corresponding insulin-
stimulated value in cells not treated with cOC. b Isolated adipocytes treated with cOC were
stimulated with varying concentrations of insulin to generate a dose-response curve. Data
represent the means of results from 3 experiments with triplicate determinations in each
experiment, p=0.027. ¢ EC50 from insulin dose-response curves, *p<0.001. d Glucose
transport using isolated adipocytes treated with murine cOC or uncarboxylated osteocalcin
(ucOC) and then stimulated in the absence or presence of 10 nM insulin. Data represent the
means of results from 5 experiments. *p<0.05, significantly different from basal OC [-];
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**p=0.02, significantly different from insulin OC [-] e Isolated adipocytes treated with cOC
or ucOC were stimulated with insulin at the indicated doses to generate a dose-response
curve. Data represent the mean of results from 4 experiments each performed in triplicate. f
EC50 from insulin dose-response curves. * and **p<0.001, significantly different from OC

[-1
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Fig. 2.
Osteocalcin enhances glucose transport activity in L6 skeletal muscle cells. Differentiated

L6 myotubes (L6-Glutdmyc cells) were pre-treated with bovine carboxylated osteocalcin
(cOC) and then=100 nM insulin to determine basal and maximally-stimulated glucose
transport rates. Results are mean+SEM. *p=0.047; **p=0.0001 (n=5).
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Basal Iso

Fig. 3.

Ins

Iso+Ins

Effects of carboxylated osteocalcin (cOC) on basal and insulin-stimulated rates of glucose
oxidation, lipogenesis, lipolysis and anti-lipolysis in rat adipocytes. Primary cultured rat
adipocytes were incubated+cOC, followed by+10 nM insulin. a Rates of glucose oxidation
were assessed as 14C glucose label released as 14C0O2. *p=0.01 compared with basal
without cOC treatment. b Rates of lipogenesis were assessed as 14C glucose label
incorporated into lipids. Data from a, b represent the mean = SEM of results from 3
experiments with each experiment performed in triplicate. ¢ Lipolysis and insulin-mediated
anti-lipolysis were measured by additional incubation of cOC-treated cells in the presence of
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10 puM isoproterenol (Iso) alone, 0.5 nM insulin (Ins) alone, or isoproterenol + insulin (Iso +
Ins). Rates of lipolysis were assessed as the cellular release of glycerol reflecting deacylation
of triglyceride. Data represent the mean + SEM of results from 8 experiments. For a—c, open
bars represent no osteocalcin treatment (cOC [-]) and black bars represent osteocalcin-
treated cells (cOC [+]).
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Carboxylated (cOC) and uncarboxylated (ucOC) osteocalcin act differentially to modulate
adipokine secretion. Primary cultured rat adipocytes and whole organ adipose tissue were
incubated with cOC or ucOC, the culture media was then collected and assayed for the pro-
inflammatory cytokines a, e TNFa,, *p<0.05, **p=0.024 and b, f IL-6, *p<0.05, **p=0.023,
indicates significance between results using cOC vs. ucOC, ¢, g the anti-inflammatory
cytokine IL-10, *p<0.05, **p=0.015, and d, h the insulin-sensitizing hormone adiponectin,
*p<0.05, **p=0.006; ***p=0.008. Results are the mean of 3 experiments + SEM each
performed in triplicate samples. All p-values are vs. control except where indicated.
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