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Osteocalcin and vascular function: is there a
cross-talk?
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ABSTRACT

Background: The bone-derived protein osteocalcin (OC), in its undercarboxylated (ucOC) form, has a beneficial effect on energy metabolism and
may be a future therapeutic target for metabolic diseases. Increasing evidence suggests a link between ucOC and cardiovascular disease (CVD)
development; however, the exact relationship is conflicting and unclear.

Scope of review: The aim of this review was to summarise the current research examining the interaction between OC and vascular dysfunction,
the initiating stage in the development of atherosclerosis and CVD.

Major conclusions: In humans, the association between OC and vascular function is inconsistent. Several studies report that total OC (t0C) is
associated with adverse function or beneficial function, whereas others report that tOC and ucOC has no effect on vascular function. The
conflicting data are likely due to several methodological inconsistencies, in particular the lack of studies reporting circulating ucOC levels. In
animal models, the direct administration of ucOC to isolated blood vessels ex vivo produced minimal changes in endothelial function, but
importantly, no adverse responses. Finally, in human endothelial and vascular smooth muscle cells, ucOC treatment did not influence classical
markers of cellular function, including endothelin-1, vascular adhesion molecule-1 and monocyte chemoattractant protein-1 after exposure to
high glucose and inflammatory conditions. The lack of adverse effects in ex vivo and in vitro studies suggests that ucOC may be targeted as a
future therapeutic for metabolic diseases, without the risk of detrimental effects in the vasculature. However, further studies are needed to

confirm these findings and to investigate whether there is a direct beneficial influence of ucOC.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Osteocalcin (OC) is a vitamin K-dependent, osteoblast-derived protein
that is commonly used as a marker of bone remodelling [1,2]. OC
exists primarily in two forms; undercarboxylated osteocalcin (ucOC)
and carboxylated osteocalcin (cOC), with each form suggested to have
distinct functions [1]. Total OC (tOC), which is a combination of
circulating ucOC and cOC, is more often reported because it is easier to
measure. ucOC is thought to be the bioactive form of OC, involved in
the regulation of glucose homeostasis and energy metabolism
(Figure 1) [3—7]. This has led some to suggest that ucOC may be a
future therapeutic target for metabolic diseases, such as insulin
resistance and diabetes [8—10]. Despite this, several recent studies
have challenged these findings and indicate that ucOC may not be as
biologically active as initially proposed [11,12].

Further understanding the biological functions of ucOC is needed,
particularly whether it may have off-target effects, if it is to be
considered therapeutically. Increasing evidence suggests an associa-
tion between t0C/ucOC and cardiovascular disease (CVD) develop-
ment; however, the evidence is often conflicting and inconsistent, with
some reports of adverse associations [8,13]. For example, in 2017, a

systematic review and meta-analysis concluded that the association
between tOC and atherosclerosis outcomes in humans was unclear
[14]. In 2018, we published a review analysing the potential effect of
t0C and ucOC on vascular outcomes in experimental studies and re-
ported that while tOC treatment in vivo caused beneficial effects on
CVD outcomes, this was often associated with simultaneous im-
provements in metabolic outcomes [15]. Therefore, whether the effect
of t0C/ucOC on vascular function is indirect, i.e., the improvement in
blood vessels function is due to lower glucose, or whether there is a
direct effect of t0C/ucOC on the vasculature was unknown (Figure 1).
This mini-review examines the most up-to-date literature on the direct
interaction between OC (t0C and ucOC) and vascular function in cross-
sectional, ex vivo and in vitro studies, discusses the potential limita-
tions of these studies and identifies gaps for future research.

2. THE ASSOCIATION BETWEEN OC AND BLOOD VESSEL
FUNCTION IN HUMANS

Endothelial dysfunction is the initial stage in the development of
atherosclerosis and is a significant predictor of future adverse CVD
events [16]. The majority of previous studies have reported the
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Figure 1: Proposed biological functions of ucOC outside of the skeleton. ucOC is released into the circulation where it is thought to regulate biological processes in a number of
tissues, such as skeletal muscle, testes, brain, pancreas and adipose tissue. Growing evidence also suggests it is involved in the vasculature. Created with BioRender.com.;

Abbreviations - ¢OC: carboxylated osteocalcin, ucOC: undercarboxylated osteocalcin.

association of OC with the later stages of atherosclerotic plaque
development, calcification and CVD events, often with conflicting
findings [14,17—19]. However, given the importance of blood vessel
dysfunction in the development of atherosclerosis, an increasing
number of studies have begun to investigate the association of OC with
endothelial and smooth muscle cell function (Table 1) [20—27]. These
studies will be discussed at length below.

Serum tOC, as opposed to ucOC, has been reported in the majority of
studies examining the association between OC and vascular function.
In older men with type 2 diabetes, but not older women with type 2
diabetes, higher levels of tOC were associated with lower pulse wave
velocity (PWV) [21]. This indicates that higher tOC is associated with
favourable vascular health, as lower PWV scores represent reduced
vascular stiffness [28]. Similarly, in middle- and older-aged com-
munity-dwelling individuals, higher t0C was associated with lower
PWV in men, but not women, after adjusting for confounding factors,
including age, body mass index (BMI) and blood pressure (BP) [23]. In
contrast, higher tOC was associated with higher PWV in men and
women with end-stage renal disease on peritoneal dialysis [27].
Whereas, in both men and women with stage 3 and 4 chronic kidney

disease (CKD), no association was reported between tOC and PWV
[20]. Several studies have also examined the association of tOC with
endothelial function (Table 1). In community-dwelling post-meno-
pausal women, circulating tOC was not associated with endothelial
function as measured by brachial artery flow mediated dilation
(BAFMD) [22]. Conflictingly, in middle-aged men and women
following a kidney transplant, a vascular reactivity index (VRI)
assessment exhibited that those with poor vascular reactivity had
significantly higher levels of tOC [24]. Importantly, because circu-
lating OC is cleared by the kidneys, it is possible that OC clearance
was reduced in those with altered kidney function. Yet, CKD is also
associated with other co-morbidities, such as type 2 diabetes mel-
litus, which is known to influence circulating OC levels. Given the lack
of studies on participants with altered kidney function, whether CKD
influences endothelial dysfunction cannot be established, but should
be explored in future studies. A major limitation of these studies is
that they have reported tOC, but not ucOC, which is thought to be the
bioactive form of OC. This may be due to the fact that ucOC is difficult
to reliably measure, and the development of novel assays that directly
measure ucOC may be important [29,30].
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Table 1 — Association of OC with blood vessel function and stiffness in humans.

First Author, Year (Ref) Participant characteristics Measurement of vascular Results Association of OC with
(men/women) function and OC blood vessel function
Chi, 2019 [27] n: 62 (21/41) Vascular: PWV Higher tOC associated with 1
Age: 56 t0C: ELISA higher PWV
Health Status: ESRD on peritoneal dialysis
Kanazawa, 2009 [21] n: 328 (179/149 PM) Vascular: PWV Higher tOC associated with 1, e
Age: 65 - 67 t0C: RIA lower PWV in men
Health status: T2DM No association in women
Lin, 2020 [24] n: 68 (34/34) Vascular: VRI Higher tOC associated with 1
Age: 47 t0C: ELISA lower VRI
Health status: Kidney transplant
Millar, 2020 [20] n: 48 (28/20) Vascular: PWV No association between “
Age: 76 t0C: Multiplex assay t0C and PWV in those with
Health status: CKD and controls CKD or controls
Sumino, 2007 [22] n: 85 PM women Vascular: BAFMD No association between <
Age: 58 toC: IRMA t0C and BAFMD
Health status: Community dwelling
Tacey, 2020 [25] n: 38 (12/26 PM) Vascular: BAFMD, PWV Higher ucOC associated -
Age: 73 t0C: ECLIA with lower PWV when
Health status: Community dwelling ucOC: hydroxyapatite binding unadjusted but not after
adjustment for
confounding variables
No association between
ucOC and BAFMD and no
association of tOC with
PWV or BAFMD
Tacey, 2020 [26] n: 30 (20/10) Vascular: PWV The reduction in tOC and <
Age: 62 toC: ECLIA ucOC by the 4-week high
Health status: Mild hypertension uc0C & cOC: hydroxyapatite binding  vit K diet did not influence
*Participants fed high vit K diet for 4-weeks PWV
Yun, 2016 [23] n: 3,604 (1,691/1,913) Vascular: PWV Higher tOC associated with Ly
Age: 51 t0C: ECLIA lower PWV in men

Health status: Community dwelling

Higher tOC associated with
higher PWV in women
when unadjusted but no
association after
adjustment for
confounding variables

Association of OC with endothelial function and atherosclerosis outcomes: 1: higher OC associated with adverse vascular function, | : higher OC associated with beneficial vascular

function, < : no correlation between OC and vascular function.

Abbreviations - BAFMD: brachial artery flow-mediated dilation, CKD: chronic kidney disease, ECLIA: electrochemiluminescence immunoassay, ELISA: enzyme-linked immunosorbent
assay, ESRD: end stage renal disease, IRMA: immunoradiometric assay, OC: osteocalcin, PM: post-menopausal, PWV: pulse wave velocity, RIA: radioimmunoassay, T2DM: type 2
diabetes mellitus, tOC: total osteocalcin, ucOC: undercarboxylated osteocalcin, Vit K: vitamin K, VRI: vascular reactivity index

Several recent cross-sectional studies have examined the association
of ucOC with measures of vascular function [25,26] (Table 1). Higher
circulating levels of ucOC, but not tOC, were associated with lower
PWV in older men and women, but when adjusted for BMI and age, no
association was present [25]. Interestingly, when split by sex, the
unadjusted model revealed that higher ucOC tended to be associated
with lower PWV in women, but not men [25], conflicting with the sex
differences that occurred in the previous studies which reported tOC. In
addition, neither ucOC nor tOC were associated with BAFMD [25]. It is
tempting to consider that the absolute circulating levels of OC and/or
percentage of ucOC are responsible for these differences. However, as
indicated, kidney clearance differences did not appear to affect the
vascular responses. Similarly, glomerular filtration rate was not altered
despite a reduction in ucOC following a diet of increased leafy green
vegetables that are rich in vitamin K, known to reduce the percentage
of ucOC in the circulation [31]. As such, it can be hypothesised that this
type of diet may have an effect on vascular health. A 4-week leafy
green diet intervention in middle-aged adults indeed reduced ucOC
and t0C by 30% and 17%, respectively, but no parallel alteration in
PWV was observed [26]. Furthermore, there was no correlation

between the change in ucOC and the change in PWV, suggesting that
ucOC may not be related to vascular stiffness in middle-aged adults
[26]. Importantly, the same 4-week leafy green diet had previously
been reported to increase circulating nitrate [32], which is likely
beneficial to vascular function as nitrate increases nitric oxide
bioavailability [33,34]. As such, the reduction in ucOC and the increase
in nitrate may have counteracted each other to maintain vascular
homeostasis. Additionally, the leafy green diet may have affected the
levels of other vitamin K-dependent proteins, such as matrix Gla
protein (MGP), which has previously been reported to regulate vascular
calcification [35]. These hypotheses should be examined in the future.
Taken together, the most recent evidence in humans considered above
is somewhat conflicting but suggests that OC is minimally associated
with vascular function, particularly after adjusting for confounding
variables. Importantly, differences appear to exist between men and
women which must be explored in future studies. One potential cause
of the sex-differences may be the increase in bone-remodelling that
occurs post-menopause, which causes an increase in circulating 0C
levels [36]. Further, the number of studies reporting the concentration
of ucOC are limited, but any association with tOC may be driven by the

MOLECULAR METABOLISM 49 (2021) 101205 © 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

change in ucOC. As such, studies which have examined tOC alone
must be interpreted with caution as the percentage of ucOC in cir-
culation cannot be established. A limitation of the studies that reported
ucOC in this review is that they measured ucOC with the hydroxyapatite
binding method, which is an indirect method of measuring ucOC.
Assays used to measure ucOC often differ between studies with some
techniques not accurately measuring ucOC levels. As such, there is a
need for more consistent and reliable assays to measure ucOC in
circulation [29,30]. Several other limitations may have also influenced
the inconsistent and conflicting findings. Firstly, different methods
used to assess vascular function may account for some of the vari-
ability, as BAFMD and VRI directly measure endothelial function,
whereas PWV is an indirect representation of vascular function and is
representative of vascular stiffness and calcification [37,38]. Secondly,
several studies were conducted in people with chronic conditions,
which may have influenced circulating OC levels and/or vascular
function. Overall, the number of studies is lacking and additional
studies, in particular interventional studies, are needed to establish
whether there is a direct effect of OC, particularly ucOC, on vascular
function.

3. EX VIVO EVIDENCE FOR A ROLE OF OC IN VASCULAR
DISEASE

Until recently, limited research has examined the direct effect of OC in
isolated vascular tissue ex vivo. Previous in vivo evidence demon-
strated that OC administration produced improvements in BP, PWV and
nitric oxide bioavailability in animal models [39,40]. However, the OC
treatment caused simultaneous reductions in body weight and fasting
plasma glucose levels and improved glucose tolerance, circulating
lipids and markers of inflammation [39,40]. As such, it was not clear
whether the improvements in vascular function were independent of,
or dependent on, the metabolic alterations caused by OC [15]. As such,
several studies have examined the effect of ucOC on the vasoactivity of
isolated vascular tissue, free from the influence of other systems.

To examine the direct biological effect of ucOC on endothelial function,
New Zealand White rabbits were fed a 4-week atherogenic diet that
has previously been shown to cause endothelial dysfunction [41]. The
aortas of the rabbits were isolated and treated with ucOC (10 ng/ml),
which caused a small, but significant improvement in endothelium-
dependent relaxation in comparison to the control [42]. In a follow-
up study, rabbits fed the same atherogenic diet exhibited an in-
crease in circulating blood glucose and the aorta was exposed to high
glucose conditions for 2 h to enhance endothelial dysfunction, prior to
the administration of ucOC (10 ng/ml or 30 ng/ml) for 5 min [43]. The
10 ng/ml treatment of ucOC produced a trend for an improvement in
potency of the endothelium-dependent vasodilator acetylcholine;
however, the vasoactivity of the aorta was not significantly altered,
either positively or negatively by ucOC [43]. Further, immunohisto-
chemistry analysis of the rabbit aorta following the ex vivo experiments
revealed that the ucOC treatment did not alter endothelial signalling
molecules, endothelial nitric oxide synthase (eNOS), protein kinase B
(Akt) or mammalian target of rapamycin (mTOR) [43]. However, a
limitation of this study is that the atherogenic diet and acute high
glucose incubation did not cause endothelial dysfunction in these
sections of aorta, as was previously shown [41]. In a subsequent study,
the vasoactive effect of ucOC dose response curves (0.3 ng/ml to
45 ng/ml) in the carotid arteries of New Zealand White rabbits was
examined, following incubation in normal or high glucose media. The
ucOC dose response curves did not alter endothelial function at any
dose and did not affect the maximal relaxation to endothelium-

dependent or endothelium-independent vasodilators [25]. A limitation
of these studies is that recombinant mouse ucOC was used to treat the
rabbit blood vessels, and there may differences in each species protein
sequence, which may account for the lack of a biological effect.
Overall, these results suggest that ucOC has no, or minimal, direct
influence on endothelial and smooth muscle cell function in the conduit
arteries of rabbits. While further research is needed, these findings
suggest that the changes in vascular function previously reported
in vivo occur indirectly via alterations in metabolic outcomes, not via a
direct effect of OC on the vasculature.

4. IN VITRO EVIDENCE FOR THE ROLE OF OC IN VASCULAR
DISEASE

Blood vessel dysfunction is not only characterised by the alteration in
vasodilation, but by a number of other pathological effects, including
platelet adhesion, inflammation and thrombosis [44]. Following ucOC
treatment (0.5—10 ng/ml) in a physiological environment, human
aortic endothelial cells (HAECs) and human aortic smooth muscle cells
(HASMCs) exhibited increased cell proliferation, but ucOC did not alter
classical markers of vascular dysfunction, including cell permeability,
adhesion (vascular adhesion molecule 1 (VCAM-1)), or vasoconstriction
(endothelin 1 (ET-1)) [45]. Similarly, in HAECs cultured in high glucose
(16 mM) media, ucOC (10 ng/ml) did not attenuate the increase in
interleukin 6 (IL-6), ET-1, VCAM-1, monocyte chemoattractant protein
1 (MCP-1) or lactate dehydrogenase [43]. Moreover, ucOC (10 ng/ml)
did not attenuate the increase in IL-6, interleukin 8 (IL-8), VCAM-1,
intracellular adhesion molecule 1 (ICAM-1) or MCP-1 following expo-
sure to acute (24 h) or chronic (144 h) inflammation in HAECs or
HASMCs [46]. Together, these in vitro studies suggest that ucOC does
not directly influence markers of dysfunction and inflammation in
endothelial and smooth muscle cells (Figure 2). However, these find-
ings are limited by the small number of studies and pathological
conditions studied. Further investigation is required before definite
conclusions can be established.

5. GPRCG6A; THE PUTATIVE OC RECEPTOR

G-protein-coupled receptors are a diverse family of plasma membrane
receptors that mediate a large proportion of cellular responses [47]. G
protein-coupled receptor class C group 6 member A (GPRC6A) is
suggested as the putative receptor for OC in several tissues, including
the testes, B-cells and skeletal muscle [48—52]. Recent studies using
genetically modified animal models support this theory [53,54]. In
addition, another receptor, G protein-coupled receptor 158 (GPR158),
has been identified as the OC receptor in the brain [55—57], sug-
gesting that OC may have multiple receptors. In the vasculature, a
study has reported the presence of GPRC6A in HAECs and HASMCs
[45]. Further, immunohistochemistry analysis has identified that
GPRC6A is present in the endothelium of human and rabbit arteries
[42]. However, whether OC interacts with this receptor in the vascu-
lature is presently unknown. Future studies should examine whether
GPRCB6A is the receptor for OC, whether it is an additional receptor or
whether OC does not interact with any receptor in the vasculature [58].

6. RECOMMENDATIONS FOR FUTURE RESEARCH

As the recent evidence suggests that ucOC has no, or only a small
beneficial effect on vascular function, additional studies are needed to
confirm these findings, and several suggestions for future research are
outlined below. Firstly, as each form of OC mediates diverse biological
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Figure 2: The direct effect of t0C/ucOC on vascular function in in vifro and ex vivo and the association of OC with vascular function in humans. < No effect of t0C/ucOC on vascular
function, | Beneficial effect of t0C/ucOC on vascular function, 1 Adverse effect of t0C/ucOC on vascular function. Created with BioRender.com; Abbreviations - Akt: protein kinase b,
BAFMD: brachial artery flow-mediated dilation, ECs: endothelial cells, eNOS: endothelial nitric oxide synthase, ET-1: endothelin 1, ICAM-1: intracellular adhesion molecular 1, IL-6:
interleukin 6, IL-8: interleukin 8, LDH: lactate dehydrogenase, MCP-1: monocyte chemoattractant protein 1, mTOR: mammalian target of rapamycin, NT: nitrotyrosine, PWV: pulse
wave velocity, SMCs: smooth muscle cells, ucOC: undercarboxylated osteocalcin, VCAM-1: vascular cell adhesion molecule 1, VRI: vascular reactivity index.

functions, it is crucial that studies in humans report the circulating
concentration of ucOC using a standardised and reliable assay. Sec-
ondly, further interventional studies are needed in humans to examine
whether changes in circulating OC influence changes in vascular
outcomes. As OC currently cannot be administered directly to humans,
studies may use vitamin K, corticosteroids, exercise or other factors
known to influence the circulating levels of OC [59—61]. Thirdly,
mechanistic ex vivo and in vitro studies in both animal models and
human tissue need to investigate the effect of longer term ucOC
administration in models of disease and dysfunction. Additionally,
vascular calcification is a critical later stage of atherosclerosis devel-
opment and the differentiation of vascular smooth muscle cells into an
osteoblast-like phenotype expressing OC is characteristic of this stage.
As such, investigating the role of OC, in particular cOC, the isoform of
0C most abundant in mineralised tissue, at this stage of atherosclerotic
development is of interest and may further elucidate reasons for the
differences observed in the in vivo compared to the ex vivo and in vitro
studies (Figure 2).

In conclusion, despite conflicting associations in humans, in the
studies discussed in this review OC has no, or minimal, direct influence
on endothelial and smooth muscle cell function. While the reported
beneficial effects of OC on blood vessel function are limited, there have
been no reports of adverse effects in in vitro or ex vivo studies. The lack
of adverse effects is important if ucOC may be targeted as a future
pharmaceutical therapeutic for metabolic diseases, as treatment could
be implemented without the risk of detrimental effects to vascular
function. Whether there is a direct beneficial influence requires further
investigation.
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