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Abstract

Background: Osteocalcin (OC), an osteoblast-
derived bone matrix protein, may be involved in
atherosclerosis pathophysiology. The physiological
action of OC and the effect of OC administration
under atherogenic conditions in vivo have not yet
been examined.

Methods and findings: Here we demonstrate
that acute or Chronic Uncarboxylated OC (GIluOC)
injection in wild-type C57BL/6 female mice fed a
normal diet or a diet supplemented with cholesterol
and cholic acid resulted in increased serum Nitric
Oxide (NO) levels. Furthermore, our study shows that
GIluOC treatment led to elevated expression levels of
liver X receptor a (LXRa), a key transcription factor in
cholesterol metabolism, in white adipose tissue and
liver and ameliorated hypercholesteromia in those
mice.

Conclusion: We thus propose that GluOC exhibited
potential atheroprotective effects through serum NO
production and hypercholesterolemia improvement
in wild-type mice.

Keywords: Uncarboxylated osteocalcin; Hypercho-
lesterolemia; Liver X receptor a; Nitric oxide.

Abbreviations

OC: Osteocalcin; GluOC: Uncarboxylated Osteocalcin;
GlaOC:  y-Carboxylated  Osteocalcin; HAECs:
Human Aortic Endothelial Cells; NO: Nitric oxide;
eNOS: Endothelial Nitric Oxide Synthase; p-eNOS;
Phosphorylated Endothelial Nitric Oxide Synthase;
LXRa: Liver X Receptor a; SREBP1: Sterol-
Regulatory-Element-Binding Protein  1; SREBP2:
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Sterol-Regulatory-Element-Binding Protein 2; ABCA1:
ATP-Binding Cassette Protein A1; ABCG5: ATP-
Binding Cassette sub-family G member 5; ABCGS:
ATP-Binding Cassette sub-family G member 8; T-CHO:
Total Cholesterol; LDL-C: Low-Density Lipoprool; TG:
Triglyceride

1. Introduction

Recent studies have indicated broad roles for
Osteocalcin (OC), especially uncarboxylated OC
(GluOC), including the regulation of whole body
metabolism, reproduction and cognition [1,2]. In
addition, there is a critical relevance between OC
and atherosclerosis, such as the existence of OC in
atherosclerotic plaques and a negative correlation
between serum OC levels and atherosclerosis
development [3-5]. There is a study to examine the
therapeutic effect of OC administration on high fat-
diet-induced impairment using genetically modified
animals [6]; however, the physiological role of OC in
wild-type living animals has not yet been elucidated.

There is also evidence that Nitric Oxide (NO)
production is stimulated by GIuOC in vascular
endothelial cells via endothelial NO synthase
(eNOS) phosphorylation in vitro [6,7]. NO is a
multifunctional signaling molecule critically involved
in the maintenance of metabolic and cardiovascular
homeostasis. Previous studies have demonstrated
that endothelium-derived NO suppresses key
processes in vascular lesion formation and potently
opposes atherogenic progression [8-12]. Therefore, in
the present study, we used wild-type female C57BL/6
mice fed a normal diet or a diet supplemented with
cholesterol and cholic acid to measure serum NO
values following GluOC or y-carboxylated osteocalcin
(GlaOC) treatment.
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Furthermore, we examined a potential antiatherogenic
role of GluOC in vivo. Recent studies determined
that serum OC levels were negatively correlated
with hypercholesterolemia, a primary risk factor for
atherosclerosis [4,13]. To address this, we measured
serum lipid profiles in the mice and further explored
the effects of GIuOC application on molecules
involved in cholesterol metabolism.

2. Methods
2.1 Animals

All experiments were approved by the animal
ethics committee of Kyushu University (permission
no. A27-138). Wild-type C57BL/6 mice were
maintained as previously described [14]. CRF-
1 and F2HFD1 (Oriental Yeast, Tokyo, Japan)
were used as the normal and atherogenic diets,
respectively. F2HFD1 consisted of 72% CRF-1
and 28% other components, including 7.5% cacao
butter, 0.5% cholic acid, 1.25% cellulose, 1.0%
mineral composition, 1.625% glucose, 0.125%
choline chloride, 1.25% cholesterol, 7.5% casein,
1.0% vitamin composition, 1.625% sucrose,
1.625% dextrin and 3.0% lard.

2.2 Materials

Recombinant GluOC was prepared as previously
described [1,15]. GlaOC was purchased from
AnaSpec, Inc. (Fremont, CA). Human aortic
endothelial cells (HAECs) and MV2 medium kit
were purchased from Promocell (Heidelberg,
Germany). We obtained eNOS and phosphorylated
eNOS (p-eNOS) (diluted 1/2000, BD Biosciences,
Franklin Lakes, NJ), liver X receptor a (LXRa)
(diluted 1/1000, R&D Systems, Inc., Minneapolis,
MN), sterol-regulatory-element-binding protein 2
(SREBP2) (diluted 1/3000, MBL Co., Ltd., Nagoya,
Japan), B-actin (diluted 1/3000, SIGMA-Aldrich, St.
Louis, MO) and GAPDH (diluted 1/40000, Biosource
International, Camarillo, CA) antibodies.

2.3 NO measurement

Following deproteinization with an Ultracel-10
membrane (Merck Millipore, Billerica, MA), serum
NO was measured with an NO,/NO, Assay kit-FX
(Dojindo, Kumamoto, Japan).

2.4 Immunoblot analysis

Cell lysates were separated by SuperSep™ Ace,
5-20% (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) and transferred to polyvinylidene difluoride
membranes (Merck-Millipore). After blocking with
Blocking One (Nacalai Tesque Inc., Kyoto, Japan),
the membranes were incubated with primary antibody
at 4°C overnight. Immune complexes were detected
with horseradish peroxidase-conjugated secondary
antibodies (Cell Signaling Technology, Inc., Danvers,
MA) and an enhanced chemiluminescence substrate
kit (GE Healthcare, Pittsburgh, PA).
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2.5 Quantitative RT-PCR analysis

Quantitative RT-PCR was performed as previously
described, with the use of the LightCycler® 480 system
(Roche, Basel, Switzerland) [14]. Amplicon sizes were
as follows: B-actin, 104 bp; ATP-binding cassette
protein A1 (Abcat), 69 bp; ATP-binding cassette
sub-family G member 5 (Abcg5), 85 bp; ATP-binding
cassette sub-family G member 8 (Abcg8), 94 bp; and
Sterol-regulatory-element-binding protein 1 (Srebp1),
111 bp. Primers used to amplify the transcripts were
as follows: B-actin, (forward) ctaaggccaaccgtgaaaag,

(reverse) accagaggcatacagggaca; Abcaf,
(forward) gcagatcaagcatcccaact, (reverse)
ccagagaatgtttcattgtcca; Abcg5, (forward)

tcctgcatgtgtcctacage, (reverse) atttgcctgtcccacttctg;

Abcg8, (forward) aaccctgcggacttctacg,
(reverse) ctgcaagagactgtgccttct; and  Srebpf,
(forward) tcaagcaggagaacctgacc, (reverse)

tcatgccctccatagacaca. Light Cycler Universal Probe
Master (Roche) specific for each sequence was
applied to number 64 (for B-actin), number 1 (for
Abca1), number 31 (for Abcg5), number 10 (for
Abcg8), and number 25 (for Srebp1). B-actin was
used as an endogenous control.

2.6 Statistical analysis

Student’s t-tests were performed for statistical
analysis using StatPlus software. P values<0.05 were
considered to be statistically significant. Results are
expressed as the mean * standard deviation (SD).

3. Results

3.1 GIuOC, but not GIlaOC, induced eNOS
phosphorylation in aortic endothelial cells and
promoted NO production in vivo

We first examined whether GIuOC and GlaOC
promoted eNOS phosphorylation in HAECs. eNOS
phosphorylation was significantly increased in
response to 25 and 100 ng/ml GluOC but not to the
same doses of GlaOC (Figure 1A). Furthermore,
intraperitoneal administration of 30 ug/kg GluOC, but
not GlaOC, resulted in a significant increase in serum
NO concentrations in 8-week-old female C57BL/6
mice fed a normal chow diet (Figure 1B).

3.2 Long-term GIluOC administration improved
hypercholesterolemia in F2HFD1-fed female mice

GIluOC (30 pg/kg) was administered five times per
week for 10 weeks to female F2HFD1-fed C57BL/6
mice to investigate the atheroprotective effect of
GluOC (Figure 2A). No difference in body weight gain
was observed between saline- and GluOC-injected
mice during the experimental period (Figure 2B).
Furthermore, aortic atherosclerotic plaques were not
detected in either group by histological analysis (data
not shown). However, serum NO concentrations
were increased approximately 1.7-fold in GluOC-
treated mice, compared with those of the control
mice, after 10 weeks (Figure 2C). In addition, total
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Figure 1. GluOC induced eNOS phosphorylation in aortic endothelial cells and promoted NO production.

(A) Western blotting. HAECs treated with GIuOC (5, 25, and 100 ng/ml) or GlaOC (25 and 100 ng/ml) for 30 min were
lysed with RIPA buffer (Nacalai Tesque Inc.), including inhibitor cocktail of protease and phosphatase (Nacalai Tesque
Inc.). Each data point in the graph represents the mean + SD of three independent experiments. GAPDH was used as
a loading control. Densitometric intensity was analyzed with ImageJ software [29]. ***P<0.001 versus the corresponding
value for the control. (B) Serum NO measurement following acute GluOC administration. Normal diet-fed C57BL/6 female
mice (8 weeks of age) were administered GlaOC or GluOC (30 ug/kg) i.p. twice (0 and 24 h). 1 h after the second OC
administration, serum was obtained and used for the assay. The total numbers (n) of mice analyzed are displayed within
the bars. *P<0.05 versus the corresponding value for the vehicle-treated mice.

serum cholesterol (T-CHO) levels were elevated
following F2HFD1 feeding, reaching levels as high
as 300 mg/dL (Figure 2D), compared with those
in C57BL/6 mice fed a normal diet (CRF-1; 79.4 +
5.38 mg/dL; Charles River Laboratories Japan, Inc.,
Yokohama, Japan). GluOC administration reduced
T-CHO levels by approximately 40% (Figure 2D) and
improved low-density lipoprotein cholesterol (LDL-C)
levels (Figure 2E) and the LDL-C to high-density
lipoprotein cholesterol (HDL-C) ratio (Figure 2F),
which are thought to be predictors of atherosclerosis
risk [16,17]. However, no significant differences were
detected in serum HDL-C (Figure 2G) or triglyceride
(TG) (Figure 2H) levels. Additionally, we performed a
histological analysis of white adipose tissue (Figure
21y and liver (Figure 2J) from F2HFD1-fed mice. White
adipose tissue adipocyte size (Figure 2l) and liver
white dot area (lipid droplet area) (Figure 2J) were
significantly decreased by GluOC administration.

3.3 GIuOC administration increased LXRa and
SREBP2 expression in the white adipose tissue
and liver of F2HFD1-fed female mice

Consistent with previous data, our study revealed that
GIluOC treatment improved hypercholesterolemia
in F2HFD1-fed mice (Figures 2D-2F) [4,13,18]. To
understand how GIuOC regulates serum cholesterol
levels, we investigated the expression levels of
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cholesterol metabolism-related transcription factors,
LXRa and SREBP2. The active forms of both
transcription factors were up-regulated by GluOC
administration in white adipose tissue and liver,
but not in the intestine (Figure 3A). LXRa controls
cholesterol efflux by regulating expression of the
genes encoding the ATP-binding cassette (ABC)
transporters, such as Abcal, Abcg5 and Abcgs,
and is also a regulator of Srebp? [18,19]. These
mRNA levels were up-regulated or tended to be up-
regulated, in the adipose tissue and liver of GluOC-
treated mice compared with those of control mice
(Figures 3B-3E).

4. Discussion

In this study, we reported that GluOC administration
increased serum NO concentration and improved
dietary hypercholesterolemia, which is an important
risk factor for atherosclerosis in vivo [4,13]. There
is evidence that endothelial cell NO production,
which exerts a number of atheroprotective effects,
is potentially increased by GIluOC treatment via
eNOS phosphorylation [6-8,12]. However, the actual
NO values in cell culture supernatant or serum
after GluOC treatments have not been verified
in those studies. Additionally, our study revealed
that GIuOC, but not GlaOC, treatment promoted
eNOS phosphorylation in HAECs. Accordingly, we
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Figure 2. Long-term GluOC administration improved hypercholesterolemia in F2HFD1-fed female mice.

(A) Experimental protocol. Female C57BL/6 mice (8 weeks of age) were assigned randomly to one of two groups and fed
an atherogenic diet (F2HFD1); Mice were administered saline or GIuOC (30 pg/ kg) i.p. 5 times a week. Body weight. (B)
was measured once a week. (C) Serum NO measurements 10 weeks after GluOC administration. Serological analysis for
T-CHO. (D) LDL-C. (E) LDL-C/HDL-C. (F) HDL-C. (G) TG. (H) levels, performed by Nagahama Institute for Biochemical
Science (Oriental Yeast Co., Ltd., Tokyo, Japan). Hematoxylin and eosin staining of white adipose. (I) and liver. (J) tissues
after dissection (Biopathology Institute Co., Ltd., Oita, Japan). Images were acquired with a BIOREVO BZ-9000 microscope
(Keyence, Osaka, Japan). Data are representative of the results with four mice per group. Scale bars: 100 um. Adipocyte
size in white adipose tissue (I) and white dot area (indicative of lipid droplets) in liver. (J) stained with hematoxylin and eosin
were measured approximately 40 times per section and averaged using BZ-Analyzer-ll software (Keyence). *P<0.05,
**P<0.01 versus the corresponding value for the control.
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Figure 3. GluOC administration increased LXRa and SREBP2 expression in adipose tissue and liver of F2HFD1-fed mice.

(A) Western blotting analysis for LXRa and SREBP2. Tissue lysates from F2HFD1-fed female mice administered saline or
GIluOC for 10 weeks. B-actin was used as a loading control. Densitometric intensity was analyzed with Imaged software
[29]. **P<0.01, ***P<0.001 versus the corresponding value for the control. Real-time PCR analysis of each tissue sample
for Abca1. (B) Abcgb. (C) Abcg8. (D) and Srebp1. (E) *P<0.05. **P<0.01 versus the corresponding value for the control.

investigated GluOC-induced NO production in wild-
type mice fed an atherogenic diet to evaluate the
atheroprotective effect of GluOC. Both acute and
chronic GluOC treatment in vivo increased serum NO
levels. Given that adiponectin, which is up-regulated
by GIuOC in adipocytes, also activates eNOS
phosphorylation, we propose that GluOC treatment
would confer cardiovascular benefits by enhancing
NO bioavailability [20,21].
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Therelationship between bone metabolism and serum
lipid profiles under pathophysiological conditions
has been controversial [22,23]. We determined
that GIuOC treatment up-regulated two cholesterol-
regulating transcription factors, LXRa and SREBP-2,
in white adipose tissue and liver. Furthermore, the
mRNA expression levels of the direct LXRa target
genes (Abcal, Abcgb, and Abcg8), which are
related to sterol excretion and reducing intestinal
cholesterol absorption, were similarly increased.
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A previous study demonstrated that an increase in
ABC transporters led to a compensatory increase in
cholesterol synthesis [24]. The present study revealed
that SREBP2, which up-regulates genes involved
in cholesterol biosynthesis and uptake, was also
increased in white adipose tissue and liver of GluOC-
treated mice. In addition, SREBP1, which activates
fatty acid synthesis-related gene transcription and
leads to fatty liver, is also an LXRa target gene
[25,26]. Indeed, Srebp? mRNA expression was
significantly increased in white adipose tissue from
GluOC-treated mice compared with that of the
control. However, serum TG levels, adipocyte size
in white adipose tissue, and lipid droplet area in the
liver were ameliorated by GIuOC administration.
Based on these results, we concluded that GluOC
treatment improved dietary hypercholesterolemia,
likely by increasing LXRa expression, resulting in the
promotion of lipid excretion and absorption inhibition
rather than synthesis.

In this study, we used wild-type mice without any
genetic modification to describe a physiological role
for GIuOC in atherogenic development. Given that
wild-type rodents are resistant to atherosclerosis
development, future studies using genetically
modified mice, such as LDL receptor-deficient and
apolipoprotein E-deficient mice, are warranted to
investigate the GluOC therapeutic process [6,27,28].
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