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Abstract
Low circulating levels of undercarboxylated osteocalcin (ucOC) is associated with a higher risk of cardiovascular disease, 
yet whether ucOC has a direct effect on endothelium-dependent vasorelaxation, or in proximity to its postulated receptor, 
the class CG protein-coupled receptor (GPCR6A), in blood vessels remains unclear. Immunohistochemistry and proximity 
ligation assays were used to localize the presence of ucOC and GPRC6A and to determine the physical proximity (< 40 nm) 
in radial artery segments collected from patients undergoing coronary artery bypass surgery (n = 6) which exhibited calcifica-
tion (determined by Von Kossa) and aorta from New Zealand white rabbits exhibiting atherosclerotic plaques. Endothelium-
dependent vasorelaxation was assessed using cumulative doses of acetylcholine in vitro on abdominal aorta of rabbits fed a 
normal chow diet (n = 10) and a 4-week atherogenic diet (n = 9) pre-incubated with ucOC (10 ng/mL) or vehicle. Both ucOC 
and GPRC6A were localized in human and rabbit diseased-blood vessels. Proximity ligation assay staining demonstrated 
physical proximity of ucOC with GPRC6A only within plaques in rabbit arteries and the endothelium layer of rabbit arte-
rioles. Endothelium-dependent vasorelaxation was impaired in atherogenic abdominal aorta compared to healthy aorta and 
ucOC attenuated this impairment. ucOC attenuated impaired endothelium-dependent vasorelaxation in rabbit abdominal 
aorta following an atherogenic diet, however, this effect may be independent of GPRC6A. It is important that future studies 
determine the underlying cellular mechanisms by which ucOC effects blood vessels as well as whether it can be used as a 
therapeutic agent against the progression of atherosclerosis.
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Introduction

Deterioration of endothelium-dependent vasorelaxation, also 
known as endothelial dysfunction, is the underlying cause 
of atherosclerosis, a risk factor for cardiovascular disease 
(CVD) [1]. CVD is the leading cause of death in the United 
States and Australia and the incidence continues to increase 
[2, 3]. Generally, the focus of CVD research is on the patho-
physiological aspect of atherosclerosis by treating patients 
with anti-hyperlipidaemia and anti-inflammatory agents with 
slight improvements in reducing CVD over the years [4]. As 
such, novel therapeutic agents targeting endothelial dysfunc-
tion are required to further reduce CVD.

The skeleton is an endocrine organ that participates in 
energy metabolism and glucose homeostasis [5–7]. Osteoc-
alcin (OC) in its undercarboxylated form (ucOC), regulates 
energy metabolism and glucose homeostasis in rodents [7, 
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8]. Most likely via it’s postulated receptor, the a class CG 
protein-coupled receptor 6A (GPCR6A) [9–11].

In humans, high serum ucOC levels correlate with 
lower glucose levels, HbA1c and higher insulin sensitivity 
[12–15]. In addition, patients undergoing coronary artery 
bypass grafting (CABG) have significantly lower ucOC 
compared to matched controls before and after adjusting for 
metabolic risk factors and renal function [16]. Furthermore, 
lower serum ucOC is correlated with higher common carotid 
artery intimal medial thickness in patients with carotid ath-
erosclerotic plaques [17]. There might also be a possible 
beneficial effect of ucOC on reducing the progression of 
calcification. Several studies have determined that higher 
total osteocalcin (including ucOC) concentrations are associ-
ated with lower abdominal aortic calcification progression 
in elderly men [18] and in hypertensive patients with carotid 
artery calcification [19].

Taken together, these studies suggest that ucOC may have 
a role in atherosclerosis, however, the presence of ucOC 
and GPRC6A as well as their proximity interaction in dis-
eased blood vessels is not clear. Likewise, whether ucOC 
has an impact on endothelium-dependent vasorelaxation 
of diseased and healthy blood vessels has not been eluci-
dated. The aim of the current study was to test the following 
hypotheses (a) ucOC and GPRC6A are present in human and 
rabbit following atherogenic diet and, (b) ucOC administra-
tion ex vivo improves endothelial-dependent vasorelaxation.

Methods

Specimen Preparation

Human Arteries

Archived, paraffin-embedded, discarded segments of human 
radial arteries (n = 6) from patients undergoing CABG [20] 
were used in the current study. Only non-traumatized vessel 
segments were included in the studies. Harvesting of radial 
arteries was performed using techniques previously estab-
lished in the operating theatres [21].

Rabbit Arteries

Male New Zealand white rabbits (3 months of age) were 
fed an atherogenic diet consisting of normal rabbit chow 
diet supplemented with 0.5% cholesterol plus 1% methio-
nine plus 5% peanut oil (n = 12) for 4 weeks as approved by 
Victoria University Animal Ethics Committee AEC03/11 
[22] that conforms with NIH guidelines for use of labora-
tory animals. The animals were housed in individual cages 
and maintained at a constant temperature of approximately 
21 °C. Food and water were supplied ad libitum. The animals 

were euthanized by exsanguination during anaesthesia with 
4% isoflurane. Coronary artery dysfunction is rare and dif-
ficult to induce in various animal models including rabbits, 
thus the abdominal aorta was utilized in this study [23]. The 
abdominal aorta from n = 3 rabbits fed an atherogenic diet 
that did not undergo pharmacological assessment of vascular 
function was cleaned of connective tissue and fat, cut into 
3 mm rings, and fixed in 4% paraformaldehyde in phosphate-
buffered saline overnight. The rings were then processed for 
paraffin, mounted in the same paraffin block as radial arteries 
to keep uniform cutting thickness and immunohistochemis-
try procedures consistent. The abdominal aorta from (n = 9) 
atherogenic rabbits as well as healthy rabbits (n = 10), fed a 
normal chow diet, were excised and cleaned of connective 
tissues for isometric tension studies in determining the effect 
of ucOC on endothelium-dependent vasorelaxation ex vivo.

Von Kossa (Calcification)

To determine calcium deposition in human and rabbit-
diseased artery, tissue sections were deparaffinised, rehy-
drated and stained with an aqueous solution of 1% silver 
nitrate (Catalogue # 209139, Sigma, Australia) for 2 h under 
100-W lamp. Sections were rinsed in 5% sodium thiosulfate 
(remove unreactive silver) for 5 min followed by standard 
hematoxylin and eosin stain (HES) protocol. The protocol 
was repeated in healthy rabbit artery (as calcification does 
not occur in healthy aorta) followed by HES protocol for a 
negative control.

Briefly, a standard HES was conducted in only rabbit 
artery where haematoxylin was incubated for 5 min, rinsed 
in Scott’s tap water followed by 1% eosin (Catalogue # 
230251, Sigma) and then dehydrated and mounted with DPX 
mounting media.

Immunohistochemistry

To determine whether ucOC and GPRC6A are expressed in 
human and rabbit-diseased arteries, immunohistochemistry 
was used. Immunohistochemistry was performed in tripli-
cates. Sections were cut at 5 µm, deparaffinised, rehydrated 
and incubated with 1% goat serum in 10 mm TrisCl (pH 
7.4) for 20 min before incubating with the primary antibody 
diluted (1:50 concentration) in 1% goat serum in 10 mm 
TrisCl (pH 7.4). Mouse monoclonal IgG against ucOC 
(GLUOC4-5, Enzo Lifescience, USA) which corresponds 
to amino acid 14–30 human osteocalcin decarboxylated 
glutamic acid residues 21 and 24, or goat polyclonal IgG 
against GPRC6A (Catalogue # 55950, diluted 1:150, Santa 
Cruz, USA) was incubated overnight. Mouse monoclonal 
IgG against HHF-35 (Catalogue #201M-9, Sigma, Australia) 
for smooth muscle cell detection in vascular layer was also 
incubated on human-diseased artery only overnight [24]. 
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Immunohistochemistry was performed using the ‘Vector 
Impress’ commercially available kit following the manu-
facturers’ directions. Antigenic sites were developed with 
diaminobenzidine (DAB), counterstained with haematoxy-
lin, dehydrated and mounted with DPX mounting media. 
The expression of ucOC and GPRC6A were depicted by 
dark brown (from DAB staining) precipitate.

It should be noted that the tissue sections stained with 
HHF-35 (VSMC detection) underwent an HES not just a 
hematoxylin stain.

In situ Proximity ligation Assay (PLA)

PLA (Sigma-Aldrich, USA) was used to verify signalling 
interaction in close proximity of < 40 nm [25] between 
ucOC and the GPRC6A receptor. After dewaxing of rabbit 
abdominal aorta and human radial artery tissue, blocking 
solution was added to vessels and then placed into a pre-
heated humidity chamber at 37 °C for 30 min. Slides were 
incubated overnight with anti-ucOC (GLUOC4-5 Enzo 
Lifescience, USA) antibody and anti-GPRC6A receptor 
(Catalogue#55950, diluted 1:150, Santa Cruz, USA) in 
antibody diluent (1:50 concentration). Tissues were incu-
bated with PLA probes (PLA MINUS anti-mouse and 
PLA PLUS anti-goat) in a humidity chamber for 60 min 
at 37 °C. Ligation-ligase (ligation stock diluted in dis-
tilled H2O with ligase at 1:40 concentration) for 30 min 
followed by amplification-polymerase (amplification 
stock diluted in H2O with polymerase at 1:80 dilution) 
for 90 min were performed. Brightfield detection stock 
was then added to the reaction for 60 min at room tem-
perature. DAB-chromagen was diluted in DAB-buffer and 
was added to the tissues for 10 min at room temperature. 
Following washing, haematoxylin was applied to the slide 
(10 min) to stain the nucleus followed by a wash in Scott’s 

tap water to blue nuclei. Slides were then dehydrated, and 
mounted with DPX mounting media. Protein interactions 
are observed as brown (DAB) areas in the tissue and were 
captured with Leica DFC450 digital camera (at 100 × and 
400 × magnification).

Isometric Tension Studies 
for Endothelium‑Dependent Vasorelaxation 
Assessment

Abdominal aortic rings were cut into ~ 3 mm aortic rings 
and mounted onto 2 metal hooks attached to force displace-
ment transducers of organ baths which were filled with 
KREBS (118 mmol/L NaCl, 4.7 mmol/L KCl, 1.2 mmol/L 
MgSO4·7H2O, 1.2 mmol/L KH2PO4, 25 mmol/L NaHCO3, 
11.7 mmol/L glucose and 1.25 mmol/L CaCl2, all chemi-
cals from Sigma-Aldrich, St. Louis, MO, USA). Endothe-
lium function was assessed by vasorelaxation responses 
of aortic rings. Aortic rings were first pre-constricted with 
phenylephrine (3 × 10−7 M; Sigma-Aldrich, Melbourne 
VIC Australia) until plateau was reached and then incu-
bated for 5 min with either recombinant ucOC (10 ng/mL; 
Glu13,17,20, osteocalcin (1–46) (mouse) trifluoroacetate 
salt, catalogue # H-6552.0500 purchased from Auspep, 
Melbourne VIC, Australia) or control (KREBS). This was 
followed by a cumulative dose response curve to acetyl-
choline (ACh from − 8 to − 5 M; Sigma-Aldrich) in 2-min 
time intervals per dose.

We considered endothelial dysfunction when there was 
a significant reduction of vasorelaxation in atherogenic 
blood vessels compared to healthy blood vessels (control) 
measured by either EC50, Emax or total area under the curve 
(AUC) for entire acetylcholine dose response curve. Please 
refer to Fig. 1 for experimental design.

Fig. 1   Experimental design for in  vitro studies. Diet duration was 
4 weeks after acclimatization period. ucOC (10 ng/mL) was pre-incu-
bated for 5 min prior to cumulative doses of acetylcholine concentra-

tions. Aortic rings were cut from abdominal aorta. IHC immunohisto-
chemistry, PLA proximity ligation assay, Ach acetylcholine
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Statistics

GraphPad prism was used to analyse data (Version 6.07, 
GraphPad Software Inc, La Jolla, CA, USA). A two-way 
ANOVA-repeated measures by both factors were performed 
followed by a Sidak’s multiple comparisons post hoc test, to 
determine significances between doses of ACh. p < .05 was 
considered significant. A one-way ANOVA followed by a 
post hoc test was used to determine significances for EC50 
and Emax and an unpaired t test was also determined for area 
under the curve. Data are presented as mean ± SEM.

Results

HHF‑35 & Von Kossa Staining on Human 
and Rabbit‑Diseased Artery

VSMC actin-positive cells (determined by HHF35, brown 
stain) were identified in human-diseased artery within the 
endothelium layer, suggesting infiltration of VSMC (Fig. 2a, 
b). A standard HES coloration on diseased rabbit artery 
(Fig. 2c) was also conducted and served as a control for the 
HHF-35-stained tissues in Fig. 2. Calcified areas were histo-
logically detectable by Von Kossa staining. Human diseased 
artery exhibited calcification within the media layer (Fig. 3a) 
and the adventitia layer (Fig. 3b). Unlike human-diseased 
artery, calcification was not observed in diseased rabbit 
artery (Fig. 3c) compared to control rabbit artery (Fig. 3d).

Immunohistochemistry Detection of ucOC 
and GPRC6A

Both ucOC and GPRC6A are present (Fig. 4a, b, respec-
tively) in the endothelial layer, adventitia, and cells imme-
diately below the internal elastic laminae (at the vascular 
smooth muscle cell (VSMC region) of human-diseased 
arteries. However, ucOC and GPRC6A were not in close 
proximity in human-diseased arteries (Fig. 4d).

Similarly, both ucOC and GPRC6A were observed in 
healthy rabbit arteries (Fig. 5a, b, respectively), diseased 
rabbit artery exhibiting plaques (Fig. 6a, b) and diseased 
rabbit arterioles (Fig. 7a, b). However, there was a close 
proximity (< 40 nm) between ucOC and GPRC6A within 
the developed plaques exhibited on rabbit-diseased arteries 
(Fig. 6d, arrows). ucOC and GPRC6A were also in close 
proximity (< 40 nm) within diseased rabbit arteriole, spe-
cifically at the endothelium and adventitia layer (Fig. 7d), 
but not at the endothelium or adventitia layer of the healthy 
rabbit abdominal aorta (Fig. 5d). As the arteriole is from 
diseased rabbits, it is possible that ucOC may act on the 
GPRC6A only during diseased conditions.

The Effects of ucOC on Endothelial Dysfunction

After establishing the presence of ucOC in diseased blood 
vessels, it was assessed whether ucOC has an effect on 
endothelium function in normal and atherogenic blood 
vessels. Endothelial dysfunction was exhibited in the 

Fig. 2   IHC detection of HHF-
35 (brown) for VSMC staining 
in diseased human artery and a 
standard HES stain in diseased 
rabbit artery. Both images of 
human diseased artery (a, b) 
clearly demonstrate VSMC 
localised with the media layer 
as well as VSMC infiltration 
into the endothelium layer 
(below internal elastic lumina). 
Control for HHF-35 staining is 
the standard HES coloration in 
diseased rabbit artery (c). Typi-
cal representation of triplicate 
experimentation. VSMC vascu-
lar smooth muscle cell
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Fig. 3   Von Kossa staining for calcification in both diseased human 
and rabbit artery. Calcification was detected in the media (a) and 
adventitia (b) layer of diseased human artery. There was no visible 
calcification in both diseased (c) and healthy rabbit artery (d). Calcifi-

cation is represented in dark brown to black. Pink and blue stain rep-
resents HES in all panels. Typical representation of triplicate experi-
mentation

Fig. 4   Normal and PLA immunohistolocalization of ucOC and 
GPRC6A. Immunohistochemical localization of ucOC (a) and 
GPRC6A (b) is expressed in human diseased artery. c negative con-
trol for IHC. However, PLA staining demonstrates that there is no 

signalling interaction between ucOC and GPRC6A (d). e negative 
control for PLA. Typical representation of triplicate experimentation. 
VSMC vascular smooth muscle cell
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aorta of atherogenic rabbits as Emax was markedly reduced 
compared to healthy aortic rings (Table 1). Vasorelaxa-
tion (− 31.03 ± 6.43% to − 63.94 ± 4.60%, n = 9) from ath-
erogenic aortic rings was significantly reduced, p < 0.01, 

compared to healthy aortic rings (− 61.341 ± 5.84% to 
− 86.551 ± 5.03%, n = 10) in a dose-dependent manner 
(− 7 M to − 6 M, Fig. 8a). AUC also showed that total 

Fig. 5   Normal and PLA immunohistolocalization of ucOC and 
GPRC6A in healthy rabbit abdominal artery. ucOC (a) and GPRC6A 
(b) expression in the endothelial wall and adventitial layer of rabbit 
arteries. c Negative control for IHC. No PLA staining demonstrates 

that there is no signalling interaction between ucOC and GPRC6A in 
any layer of the blood vessel (d). e Negative control for PLA. Typical 
representation of triplicate experimentation

Fig. 6   Normal and PLA immunohistolocalization of ucOC and 
GPRC6A in plaques of rabbit abdominal aorta. ucOC (a) and 
GPRC6A (b) expression in rabbit plaque. Plaque is shown by dotted 
semi-circle arrows. c Negative control for IHC. PLA staining demon-

strated by dark brown spots show that there is signalling interaction 
between ucOC and GPRC6A (d). e Negative control for PLA. Typical 
representation of triplicate experimentation
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dilation of atherogenic arteries markedly reduced com-
pared to healthy, p = <0.05, respectively (Fig. 8a).

Normal endothelial function was not altered by ucOC 
(10 ng/mL) pre-incubation in healthy aortic rings (Fig. 8b). 
However, in atherogenic aortic rings, ucOC significantly 
attenuated the impaired endothelium-dependent vasore-
laxation (− 26.06 ± 3.59% to − 76.06 ± 3.17%, p < 0.05) 
compared to atherogenic aortic rings pre-incubated with 
control (− 10.56 ± 3.23% to − 61.68 ± 7.27%) at log ACh 
concentrations − 7.5 M to − 5.5 M (Fig. 8c). AUC also 
showed a trend (p = 0.06) for ucOC to improve overall vas-
orelaxation compared to control (Fig. 8c).

ucOC tend to improve Emax, − 64.48 ± 5.4%, compared 
to control − 53.61 ± 2.46% in atherogenic aortic rings 
(p < 0.08, Table 1). Finally, there was no significant dif-
ferences between ucOC incubation in atherogenic aortic 
rings compared to healthy aortic rings (shown in Table 
of Fig. 6).

No significant differences between all groups for the EC50 
were shown (Table 2).

Discussion

We report that ucOC and GPRC6A are expressed in human 
and rabbit-diseased artery. Moreover, it appears that 
GPRC6A, the postulated receptor of ucOC in several target 
tissues, may not be the main ucOC receptor in blood vessels 
such as the aorta, but is likely to be in cells with developed 
plaque and arterioles. ucOC treatment, in vitro, attenuates 
impaired endothelium-dependent vasorelaxation following 
atherogenic diet.

OC is the most abundant non-collagenous protein in bone. 
It is synthesized and secreted by mature osteoblasts [26]. 
OC binds to the hydroxyapatite mineral of bone with high 
affinity and may promote bone mineralization [27], and in 
this context, it is reported that OC is involved in calcify-
ing VSMCs [28, 29]. In addition, higher circulating total 
OC levels are related to an increased risk of atherosclero-
sis in patients with type-2 diabetes [30] and calcification in 
patients with coronary artery disease [31]. This is in contrast 
to the possible beneficial effects that ucOC has on glucose 
regulation and insulin sensitivity [9, 32–34] and a poten-
tial role in atherosclerosis and blood vessel disease [35]. A 
higher circulating level of ucOC is also related to a reduced 
risk of developing carotid plaques [17]. Another study has 
shown that total osteocalcin (which include ucOC) is associ-
ated with lower abdominal aortic calcification progression 
and longer 10-year survival in elderly men from the MINOS 
cohort [18]. Here, we report that ucOC and GPRC6A are 
expressed in the endothelial layer, adventitia, and in cells 
that lay right below the internal elastic laminae of diseased 
arteries from both human (where calcification and VSMC 
infiltration into plaque also occurred) and rabbit models. 

Fig. 7   Normal and PLA immunohistolocalization of ucOC and 
GPRC6A in rabbit diseased arterioles. ucOC (a) and GPRC6A (b) 
expression in rabbit arteriole of adventitia (dotted arrow) and even 
in endothelium layer (solid black arrow (a) and orange arrow (b)). c 

Negative control for IHC. PLA staining demonstrated by dark brown 
spots show that there is signalling interaction between ucOC and 
GPRC6A (d) at the endothelial layer (orange arrow). e Negative con-
trol for PLA. Typical representation of triplicate experimentation

Table 1   The Emax for ACh in all groups

The Emax was markedly reduced in the atherogenic diet control aortic 
rings compared to the healthy diet control aortic rings (**p < 0.01). 
An increasing Emax trend occurred after ucOC incubation in athero-
genic aortic rings (p = 0.08). Data represented as mean ± SEM

Healthy Atherogenic

Control** ucOC Control** ucOC

Emax − 78.445 − 62.618 − 53.616 − 64.482
SEM 6.639 5.837 2.461 5.4
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This may indicate a potential impact of ucOC in blood ves-
sel function, an impact that we explored in our isometric 
tension studies.

Besides the bone marrow, adipose tissue or peripheral 
blood, a previous study found that the adventitia layer of 
human arteries is another source of mesenchymal stem 
cells (MSC’s) production [36]. As mentioned above, OC 
is produced from osteoblasts which are MSC’s derivatives 
[37] and may explain the presence of IHC localisation of 
ucOC in the adventitia layer of diseased human arteries. 
This is the first study that demonstrates the expression of 
ucOC on the endothelium layer of diseased human and 
rabbit arteries and healthy rabbit artery. A recent study 
published interesting hypothesis with supporting evi-
dence which demonstrated the ability of endothelial cells 
to generate osteoblasts in prostate cancer metastasis cell 

line [38], it is, therefore, important for further studies to 
be conducted in determining whether the endothelium of 
diseased human arteries also generates osteoblasts thus 
expressing ucOC.

Using the PLA method, ucOC did not signal closely with 
GPRC6A in the majority of diseased blood vessels, which 
may indicate that GPRC6A is not the ucOC receptor in this 
tissue. Positive PLA signals were observed sporadically in 
the endothelial layer of arterioles and within plaques only, 
suggesting that the ucOC/GPRC6A interaction may be cell 
specific as it is in the Leydig cells of the testes, pancreatic 
β-cells [39, 40] and perhaps skeletal muscle [7, 10]. How-
ever, our findings do not rule out the possibility that, under 
some conditions, such as exercise, as higher circulating lev-
els of ucOC are observed [12, 41], ucOC may indeed bind 
to GPRC6A in blood vessels, a hypothesis which requires 
further research.

An important finding of the current study is that ucOC 
and GPRC6A are within approximately 40 nm in close 
physical proximity in specific cells atherosclerotic plaques. 
GPR’s play crucial roles in atherosclerosis in that they can 
worsen inflammation but also play a role in lessening inflam-
mation [42]. It was reported that a higher serum ucOC is 
related to a reduced risk of developing plaque within the 
carotid humans [17]. Future studies will need to deter-
mine the role of ucOC and its interaction with GPRC6A in 

Fig. 8   Effects of ucOC on endothelial dysfunction in response to ACh 
vasorelaxation in rabbit atherogenic aortic rings compared to healthy 
aortic rings. Endothelial dysfunction is evident in atherogenic aortic 
rings compared to healthy aortic rings (a, **p < 0.01for atherogenic 
n = 9 vs. healthy n = 10), ucOC (10 ng/mL) has no positive or nega-

tive impact on healthy aortic rings (b). ucOC improved endothelial 
dysfunction in atherogenic aortic rings (c; *p < 0.05, **p < 0.01, 
***p < 0.0001). Data represented as mean ± SEM shown in the table 
above (d)

Table 2   The EC50 for ACh in all groups

No significant differences between groups. Data represented as 
mean ± SEM

Healthy Atherogenic

Control ucOC Control ucOC

EC50 − 7.301 − 7.268 − 6.972 − 7.216
SEM 0.11 0.1339 0.1163 0.1285
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abrogating plaque formation and whether the interaction is 
crucial in the plaque stage of atherosclerosis.

After determining the localisation of ucOC in blood 
vessels, it was important to investigate if ucOC impacts 
endothelial function assessed as vasorelaxation in response 
to ACh ex vivo. It is well established that nitric oxide is 
released from the endothelium to cause dilation of VSMC 
[43]. However, during endothelial dysfunction nitric oxides 
production and, therefore, its release is reduced [44], a pro-
cess that is generally assessed in ex vivo isometric studies 
and dose response curves to acetylcholine (a neurotransmit-
ter that signals endothelial nitric oxide synthase, eNOS, to 
produce nitric oxide for its release to target VSMC). Fur-
thermore, it has been reported that recombinant ucOC (daily 
30 µg/kg for 5 weeks) via intraperitoneal injections markedly 
increased serum nitric oxide in atherogenic mice [45]. The 
same investigators also reported an increase of eNOS activ-
ity in human aortic rings after ucOC (25 and 100 ng/mL) 
administration in vitro, leading to the hypothesis that ucOC 
may exert protective role on CVD by improving endothelial-
dependent vasorelaxation. Indeed, our results confirm that 
ucOC may improve endothelial-dependent vasorelaxation 
in atherogenic aortic rings. This suggests that ucOC plays 
an interactive role with the endothelium, whether through 
activating the GPRC6A or stimulating other signalling path-
ways that improve nitric oxide production and, therefore, 
vasorelaxation is yet to be determined. It is also possible 
to state that ucOC may even restore endothelial dysfunc-
tion in atherogenic aortic rings as there were no significant 
differences between ucOC incubation in atherogenic aortic 
rings compared to healthy aortic rings. While ucOC may 
have a role blood vessel function under pathophysiological 
conditions such as an atherogenic diet, it may not have any 
effect under physiological conditions as determined in this 
study in the healthy aortic rings. A tight control of solute 
permeability between each neighbouring endothelial cells 
exist under physiological conditions [46]. Previously, it has 
been shown that 10 ng/mL ucOC incubation in human aortic 
endothelial cells does not affect endothelial cell permeability 
under physiological conditions [47], as such we propose that 
cellular signalling cascades cannot be manipulated by ucOC 
under normal conditions. This may suggest why ucOC (at 
10 ng/mL) in this study showed no effect on vascular func-
tion in normal conditions.

There are several limitations to our study. First, although 
other studies use either calindol or Nps2143 as GPRC6A 
antagonist [48], these compounds are more potent on the 
calcium-sensing GPRC receptors [49]. As such, we could 
not determine whether the GPRC6A receptor was signalled 
by ucOC in attenuating endothelial dysfunction. In addition, 
we cannot exclude the possibility that VSMC’s were altered 
by ucOC and may have influenced our results, however, ace-
tylcholine mediated vasorelaxation in aortic rings is well 

accepted as a standard measure of endothelial function in 
isometric studies, suggesting that in our study ucOC exerts 
its effect at the endothelium. Another potential limitation of 
the current study is that the PLA and IHC method cannot 
distinguish whether ucOC is from local production or from 
the circulation. However, since osteocalcin is mainly pro-
duced by osteoblasts [50], it is likely that the ucOC observed 
in the healthy rabbit artery is derived from the circulation. 
On the contrary, the idea of VSMC differentiation into oste-
oblast-like phenotype during calcification has been formed 
previously [51–53]. Although this hypothesis has not been 
fully elucidated, a cell culture study determined that VSMC 
from rats and inbred mice aorta exposed to high phos-
phate calcium-containing media (to induce calcification) 
for 10 days induced osteogenic phenotype of VSMCs [54]. 
Osteogenic markers such as increased osteocalcin, BMP-2, 
BMP-4 and BMP7 were all increased in VSMC’s grown in 
calcification media compared to control. As VSMC produce 
osteocalcin during disease (i.e., calcification), it may suggest 
that the ucOC observed in the diseased human and rabbit 
arteries from our study may perhaps come from local pro-
duction. This hypothesis should be tested in future studies.

In conclusion, ucOC and GPRC6A are expressed in 
human and rabbit-diseased arteries and ucOC signalling 
through GPRC6A may potentially be a target of interest 
in the treatment of plaque calcification. ucOC attenuated 
impaired endothelium-dependent vasorelaxation follow-
ing atherogenic diet. Future studies should explore whether 
ucOC can be used as a therapeutic avenue for the progres-
sion of atherosclerosis.
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