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Abstract

Endothelial dysfunction is the initiating process in the development of
atherosclerosis and cardiovascular disease (CVD) and is a significant predictor of future
adverse cardiovascular events. Increasing evidence suggests a link between vascular
function and the skeleton, an association that may be mediated by bone-derived proteins
such as osteocalcin (OC). OC is an osteoblast-derived, vitamin K-dependent protein that
primarily exists in two biological forms. Carboxylated osteocalcin (cOC) is involved in
bone formation and undercarboxylated osteocalcin (ucOC) is suggested to be the
bioactive form of the protein responsible for regulating energy metabolism and glucose
homeostasis. As such, ucOC may be targeted as a therapeutic treatment for metabolic

diseases such as diabetes.

In humans, the association of OC with endothelial dysfunction and CVD is
conflicting, with some suggesting that OC is associated with beneficial effects in the
vasculature and others reporting adverse effects. Research in animals suggest that in vivo
OC treatment improves vascular function. However, corresponding improvements in
metabolic outcomes suggest that the improvements in vascular function may occur
indirectly, due to improvements in energy metabolism. As such, the primary aim of this
thesis is to investigate if ucOC has a direct biological effect on vascular function in
normoglycaemic and hyperglycaemic environments in preclinical models and humans.

This was examined in four studies.

Study 1: Hyperglycaemia is a pathological condition that has a toxic effect on blood
vessels and is a major risk factor for atherosclersosis and CVD. However, it is unclear

whether the dysfunction caused by hyperglycaemia is blood vessel specific and whether
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the dysfunction is exacerbated by an atherogenic diet. It was important to identify which
blood vessels developed dysfunction for subsequent studies to assess the vasoactive role
of ucOC. Abdominal aorta, iliac and mesenteric arteries were dissected from male New
Zealand White Rabbits following either a four week normal or atherogenic diet
(n=6— 12 per group). The arteries were incubated ex vivo in normal or high glucose
solutions (20 mM or 40 mM) for 2 h and isometric tension myography was used to
determine endothelial-dependent vasodilation. The atherogenic diet reduced blood vessel
relaxation, as measured by area under the curve (AUC), by 25% (p < 0.05) in the aorta,
17% (p = 0.06) in the iliac artery and 40% (p = 0.07) mesenteric artery. In the aorta of the
atherogenic diet-fed rabbits the 20 mM glucose incubation altered ECso, thereby reducing
the potency of acetylcholine (p < 0.05), and tended to reduce Emax and AUC in the normal
diet-fed rabbits. Incubation of the iliac artery from atherogenic diet-fed rabbits in 40 mM
glucose also altered ECso, reducing the potency of acetylcholine (p < 0.05). No
dysfunction occurred in the mesentery with high glucose incubation following either the
normal or atherogenic diet. High glucose-induced endothelial dysfunction appears to be
blood vessel specific; the aorta may be the optimal artery to study potential therapeutic

treatments of hyperglycaemia-induced endothelial dysfunction.

Study 2: In Study 1, we established that acute high glucose incubations and an
atherogenic diet cause endothelial dysfunction in rabbit aorta. As such, this study
examined the biological effect of ucOC on blood vessel function in rabbit aorta ex vivo,
as well as determining the effect of ucOC on markers of endothelial function in human
cells in vitro. Isometric tension and immunohistochemistry techniques were used on the
aorta of male New Zealand White Rabbits and human aortic endothelial cells (HAEC)

were cultured to assess the effect of ucOC in normal and high glucose environments.
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Overall, ucOC, both 10 ng/ml and 30 ng/ml, did not significantly alter acetylcholine-
induced blood vessel relaxation in rabbits (p > 0.05). The ucOC treatment did not cause
any significant changes in the immunoreactivity of cellular signalling markers
(endothelial nitric oxide synthase, protein kinase B, mammalian target of rapamycin and
nitrotyrosine) in rabbit aorta (p > 0.05). In HAEC, ucOC did not attenuate endothelin 1,
interleukin 6, vascular adhesion molecule 1, monocyte chemoattractant protein 1 or
lactate dehydrogenase, all of which were increased in response to high glucose treatment
(p > 0.05). In conclusion, the results of this study suggest that ucOC has no direct
influence on endothelial function in rabbit aorta ex vivo or in human endothelial cells in

vitro.

Study 3: In this study we examined whether ucOC is related to blood pressure and
vascular function in older adults and whether ucOC has a direct effect on endothelial
function in the carotid artery of rabbits. To undertake the study, we used perfusion
myography, which allows for the examination of whole vessel segments with pulsatile
flow and pressure that mimics an endogenous environment. In older adults, ucOC, blood
pressure, pulse wave velocity (PWV) and brachial artery flow mediated dilation
(BAFMD) were measured (n = 38, 26 post-menopausal women and 12 men, mean age 73
+ 1 years). In male New Zealand White Rabbits, the vasoactivity of the carotid artery was
assessed following a four week normal or atherogenic diet. An ucOC dose response curve
(0.3 — 45 ng/ml) was administered following incubation of the arteries for 2 h in either
normal or high glucose conditions. The concentration of ucOC was higher in
normotensive older adults compared to those with stage 2 hypertension (34%, p < 0.05),
particularly in women (43%, p < 0.01), but not men (p > 0.05). In all participants, higher

ucOC was also associated with lower PWV (p < 0.05), but not BAFMD (p > 0.05). In
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rabbits, ucOC at any dose did not cause an alteration in the vasoactivity of the carotid
artery, following either a normal or atherogenic diet (p > 0.05). In conclusion, ucOC is
associated with vascular function in older adults, exclusively in post-menopausal women,

but it has no direct effect on endothelial function in rabbit carotid arteries.

Study 4: Vitamin K is a regulator of OC carboxylation, with higher vitamin K intake
known to reduce circulating levels of ucOC. As ucOC was associated with vascular
function in adults in Study 3, we tested the hypothesis that a suppression of ucOC
following an increase in dietary vitamin K1 would exhibit a relative worsening of
cardiometabolic risk factors. Men (n = 20) and women (n = 10) aged 62 £ 10 years
participated in a randomised, controlled, crossover study. Participants were split into high
and low responder subgroups following a four week high vitamin K1 diet (HK) of
increased leafy green vegetables. High and low responders were defined based on the
median percent reduction (30%) in ucOC following the HK diet. Blood pressure (resting
and 24 h), arterial stiffness, plasma glucose and lipid concentrations, and serum OC forms
were assessed. Following the HK diet, ucOC and ucOC/tOC were suppressed more
(p <0.01) in high responders (41% and 29% respectively) than in low responders (12%
and 10% respectively). The reductions in ucOC and ucOC/tOC were not associated with
changes in blood pressure, PWV, plasma glucose or lipid concentrations in the high
responders (p > 0.05). The results from this study suggest that the suppression of ucOC
via consumption of leafy green vegetables has no negative effects on cardiometabolic

health, perhaps, in part, due to compensatory mechanisms, such as increased nitric oxide.

General conclusions: Overall, the results of this thesis suggest that ucOC does not have
a direct biological role in the regulation of endothelial function in rabbit arteries and

human endothelial cells. In humans there is some association between ucOC and vascular
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function but the suppression of circulating ucOC does not influence vascular function or
cardiovascular risk factors. As ucOC was not found to have a detrimental effect on
vascular function, it may be targeted as a therapeutic treatment for metabolic diseases,

such as T2DM, without a risk of adverse effects on the vasculature.
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Chapter 1. Introduction

Cardiovascular disease (CVD) is the leading cause of mortality in Australia and
throughout the world, accounting for approximately 30% of global death (Nichols et al.,
2016, Organization, 2019). One of the most prevalent forms of CVD is atherosclerosis, a
complex, chronic inflammatory disease of the medium to large arteries. Endothelial
dysfunction is a critical initiating stage in the development of atherosclerosis and is a
major predictor of future adverse cardiovascular events (Lerman and Zeiher, 2005). One
of the major risk factors for endothelial dysfunction and atherosclerosis is diabetes and
the associated hyperglycaemia (Hadi et al., 2005). Hyperglycaemia, which is
characterised by elevated levels of circulating blood glucose, often has a major adverse
effect on the microvasculature and macrovasculature, in part via the production of
reactive oxygen species (ROS) (Potenza et al., 2009). The excess ROS promotes
oxidative stress which causes tissue damage via a complex pathological signalling cycle
that reduces the availability of vasoactive factors, promoting endothelial dysfunction
(Ceriello, 2008). Therefore, exploring novel therapeutic approaches to target

hyperglycaemia-induced endothelial dysfunction is of major clinical importance.

Traditionally, bone functions as a site of muscle attachment and a mineral
reservoir. In addition, it is now known that bone mediates a number of endocrine
functions throughout the body (Kirk et al.,, 2020). The osteoblast-derived protein
osteocalcin (OC) is suggested as one of the major mediators of the interaction between
bone and target tissue. OC exists in two main forms: carboxylated osteocalcin (cOC),
which has a high affinity for hydroxyapatite within the bone matrix, and
undercarboxylated osteocalcin (ucOC) which is detected predominantly in the circulation

and is thought to be the biologically active form of OC outside of bone (Li et al., 2016).
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The primary biological effect attributed to ucOC is the regulation of energy metabolism,
particularly glucose homeostasis (Lin et al., 2020b). Increasing evidence also suggests
that ucOC may regulate functions in other organs, including the vasculature (Levinger et
al., 2017). Importantly, ucOC has been suggested as a future therapeutic treatment for
metabolic diseases such as type 2 diabetes mellitus (T2DM) (Villafan-Bernal et al., 2011).
Therefore, investigating its biological effect, particularly any negative off-target effects

on other tissue is of interest.

Currently, the exact role of ucOC within the vasculature is conflicting and unclear
(D'Onofrio et al., 2019). In humans, a number of studies have identified that OC is
associated with a reduced risk of atherosclerosis and cardiovascular disease outcomes
(Confavreux et al., 2013, Zhang et al., 2015), while others report an increased risk with
higher OC levels (Liu et al., 2019, Okura et al., 2010). Interestingly, experimental studies
in animals suggest that ucOC administration may improve vascular function (Dou et al.,
2014, Huang et al., 2017). However, these studies identified simultaneous improvements
in metabolic outcomes such as glucose regulation, insulin sensitivity and body
composition. As such, whether ucOC is exerting a direct impact on the vasculature or
whether the biological effect is regulated indirectly via improvements in energy

metabolism is currently unknown (Tacey et al., 2018).

The primary aim of this thesis was to identify whether ucOC directly influences
vascular function in physiological and pathological conditions, and if so, to explore the
potential mechanisms. This thesis includes four studies (Chapters 3 — 6). Chapter 3
(Study 1) examines the effect of acute hyperglycaemia and an atherogenic diet on the
development of endothelial dysfunction in various rabbit arteries. Chapters 4 and 5

(Studies 2 and 3) examine the direct biological effect of ucOC on endothelial function in
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rabbit arteries ex vivo and human vascular cells in vitro in normoglycaemic and
hyperglycaemic conditions. Chapter 5 (Study 3) examines the association of ucOC with
vascular function in older adults and Chapter 6 (Study 4) examines the influence of

dietary-induced reductions in ucOC bioavailability on vascular function.
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Chapter 2. Literature review
This literature review comprises four main sections. Section 2.1 discusses the role
of endothelial dysfunction in the development of atherosclerosis. Section 2.2 describes
osteocalcin and its biological functions. Section 2.3 describes the interaction of
osteocalcin with endothelial dysfunction and atherosclerosis. Section 2.4 outlines the

aims of this PhD thesis.
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2.1 Endothelial dysfunction and atherosclerosis

2.1.1 Atherosclerosis background and epidemiology

Cardiovascular disease (CVD) is the umbrella term for a group of pathological
diseases of the myocardium and vasculature. Accounting for approximately 30% of
global mortality, CVD is the leading cause of death in the world (Organization, 2019,
Nichols et al., 2016). Atherosclerosis, otherwise known as atherosclerotic vascular
disease, is the most common form of CVD and develops in large conduit blood vessels
including the carotid, cerebral, iliac, coronary and aortic arteries (Ross and Glomset,
1973, Beckman et al., 2002). In the coronary arteries, atherosclerosis manifests clinically
as ischaemic heart disease (IHD) and can contribute to a myocardial infarction. In the
cerebral and carotid arteries, atherosclerosis manifests as cerebrovascular disease and can
be a major cause of a cerebrovascular accident. IHD and cerebrovascular disease are the
first and third leading causes of mortality, respectively in Australia and throughout the
world, accounting for approximately 85% of all CVD related deaths ((ABS), Benjamin et

al., 2019, Collaborators, 2018, Barquera et al., 2015).

Atherosclerosis is a complex and chronic disease that is characterised by
inflammation of the medium to large arteries that develops over many decades (Ross,
1999). The development of atherosclerosis, a process otherwise termed atherogenesis,
generally occurs in several specific stages: initially endothelial dysfunction followed by
plaque formation and growth, ultimately ending in vascular calcification. The
development of endothelial dysfunction is a critical initiating stage in atherogenesis and
will be the focus of this thesis. Atherosclerosis often begins in childhood, or even in utero,

but does not present clinically until mid to late adulthood and is often exacerbated by an
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unhealthy lifestyle and a high number of risk factors (Bentzon et al., 2014, Skilton et al.,

2005, Hopkins et al., 2013).

Due to improved medical care and pharmacological treatments, there has been a
reduction in the mortality rate from atherosclerosis related deaths in developed countries
over recent decades (Herrington et al., 2016, Hadi et al., 2005). However, the decline has
not occurred in developing countries, where the prevalence is expected to increase in the
future (Herrington et al., 2016, Barquera et al., 2015). This is attributable to the ageing
population, changes in food systems in low and middle income countries and a shift from
infectious diseases to non-communicable diseases (Barquera et al., 2015, Libby et al.,
2016). Overall, the burden of death and disability attributable to atherosclerosis makes it
one of the most important public health problems that exist today (Libby et al., 2016).
Consequently, developing novel therapeutics that aim to reduce atherosclerosis and its

risk factors is of major importance.

2.1.2 Atherosclerosis risk factors

A significant number of modifiable and non-modifiable risk factors contribute to
the development of endothelial dysfunction leading to atherosclerosis (Table 2.1) (Hadi
et al., 2005, Mubanga et al., 2017, Barquera et al., 2015, Bonetti et al., 2003, Jensen and
Mehta, 2016, Lacey et al., 2017, Sena et al., 2013, Cosselman et al., 2015, Schultz et al.,
2018, Keyes, 2004, Boggild and Knutsson, 1999, Elderon and Whooley, 2013, Kelishadi
and Poursafa, 2014). Metabolic risk factors such as hyperglycaemia and insulin
resistance, which occur in patients with diabetes, are major risk factors for the
development of atherosclerosis (Bornfeldt and Tabas, 2011). This is due, at least in part,
to the fact that diabetes and atherosclerosis share common risk factors and often progress

simultaneously (Del Turco et al., 2013). The likelihood of developing atherosclerosis may
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rise with an increased number and severity of the risk factors present (Bonetti et al., 2003).
Importantly, a reduction or improvement in modifiable risk factors may prevent or delay

the development of atherosclerosis (Barquera et al., 2015).

Table 2.1 Non-modifiable and modifiable risk factors for the development of
endothelial dysfunction and atherosclerosis.

Non-modifiable risk factors

Age Genetics Family History
Menopause status Ethnicity Sex
Modifiable risk factors
Diabetes Sedentary lifestyle Environmental risk factors
- Hyperglycaemia - Lack of physical activity - Low SES
- Insulin resistance - Sedentary behaviour - Air pollutants

- lack of pets
Smoking Obesity Hypertension
Hyperlipidaemia Poor dietary choices Mental health illnesses
- Elevated total cholesterol - High sodium - Depression
- Elevated LDL - Regular alcohol - Anxiety
- Reduced HDL - High saturated fat - Chronic stress
- Elevated triglycerides - High sugar

Infections Irregular sleep patterns

Abbreviations - HDL, high-density lipoprotein, LDL, low-density lipoprotein, SES;

socioeconomic status.

2.1.3 Endothelial function and dysfunction physiology

An alteration to the physiological function of endothelial cells, which is described
as endothelial dysfunction, is the initiating stage in the development of atherosclerosis.
This section will describe the physiological functions of the endothelium and the

pathological underpinnings that occur during the development of endothelial dysfunction.

2.1.3.1 Normal endothelial function

Blood vessels consist of three layers in which each layer features distinct
morphology and functions. The vascular endothelium is a cellular monolayer and the
predominant feature of the tunica intima. Endothelial cells create a barrier between the

components of blood and the interstitial compartments of the body and regulate
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homeostatic control in the vasculature (Rubanyi, 1993). The human body comprises of
approximately 60 million endothelial cells that make up around 1.5% of our total body
mass (Aird, 2006, Cines et al., 1998, Rubanyi, 1993). On average endothelial cells are
20 — 40 pm long, 10 — 15 pm wide and 0.1 — 0.5 pm thick (Cahill and Redmond, 2016).
The internal elastic lamina encloses the endothelium, forming the remainder of the tunica
intima. The tunica media, the middle layer of the arterial wall, predominantly contains
smooth muscle cells (SMCs) that function to regulate vascular tone (Brown et al., 2017).
The tunica externa or adventitia, which is separated from the media by the external elastic
lamina, consists predominantly of connective tissue; collagen and proteoglycans (Brown

etal., 2017) (Figure 2.1).

Tunica externa

Smooth muscle
cell

External elastic
lamina

Figure 2.1 Cross sectional view of an artery and its morphological structure. The tunica intima
consists of endothelial cells and the internal elastic lamina. The tunica media contains smooth
muscle cells and the external elastic lamina. The tunica externa predominantly consists of

connective tissue such as collagen. Created with BioRender.com.

The endothelium serves not only as a barrier but functions as a receptor-effector

structure that senses physical and chemical mediators in the circulation and can respond
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by producing a number of vasoactive substances (Esper et al., 2006). The homeostatic
functions include degradation and synthesis of bioactive molecules, the transport of
molecules between the circulation and the vascular SMCs and the secretion and
remodelling of extracellular matrix components (Gimbrone and Garcia-Cardena, 2016).
In a physiological environment the endothelium has a number of anti-atherogenic
functions including the maintenance of vascular tone, anti-inflammatory effects and the
inhibition of platelet aggregation, smooth muscle cell proliferation and leukocyte
adhesion (Bonetti et al., 2003, Jensen and Mehta, 2016). The endothelium regulates these
physiological effects by stimulation from humoral factors in the circulation
(acetylcholine) and mechanical and haemodynamic forces (shear stress) exerted on

endothelial cells (Traub and Berk, 1998).

The importance of the endothelium in maintaining vascular function was first
reported in several seminal papers published in the 1980s (Furchgott and Zawadzki, 1980,
Furchgott et al., 1981, Furchgott, 1983). These studies established that vasodilation of
arteries is endothelium-dependent and attributed this function to an endothelial-derived
relaxing factor, which would later be termed nitric oxide (NO). Further evidence on the
importance of the endothelium in regulating vascular function can be seen in pathological
environments when endothelium-dependent relaxation of blood vessels is reduced but
relaxation to endothelium-independent vasodilation is unaltered (Zhao et al., 2015). It is
now well established that the endothelium is an active paracrine, endocrine and autocrine
organ, responsible for the homeostatic regulation of the vasculature (Bonetti et al., 2003,

Brown et al., 2017).
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2.1.3.2 Endothelial dysfunction

Endothelial dysfunction is defined as an alteration in the phenotypical function
of endothelial cells (Gimbrone and Garcia-Cardena, 2016). It is the first detectable stage
of atherogenesis and a strong predictor of future adverse cardiovascular events (Bonetti
et al., 2003, Lerman and Zeiher, 2005). The development of endothelial dysfunction
involves an increase in pathological mechanisms including: oxidative stress, local and
systemic inflammation, an increase in noxious stimuli within circulation, altered
haemodynamic forces and as yet unknown factors (Figure 2.2) (Jensen and Mehta, 2016,

Gimbrone and Garcia-Cardena, 2016).

factors

}

Haemodynamic
forces

[ Cardiovascular risk }

Oxidative stress

Unknown
factors

|

Figure 2.2 The pathological mechanisms activated by cardiovascular risk factors that promote

endothelial dysfunction.

The presence of these pathological mechanisms causes a reduction in the
production and release of atheroprotective factors such as NO (Section 2.1.3.2.1) and an
increase in atherogenic factors such as endothelin 1 (ET-1) and angiotensin II (Ang II)

(Section 2.1.3.2.2). The persistent imbalance between atheroprotective and atherogenic
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factors results in the inability of the endothelium to vasodilate effectively, leading to a
chronic state of vasoconstriction (Cahill and Redmond, 2016, Lerman and Zeiher, 2005).
A reduction in endothelium-dependent vasodilation is a hallmark and one of the earliest
indicators of endothelial dysfunction (Bornfeldt and Tabas, 2011, Cosentino and Luscher,
2001). In addition to an alteration in vascular tone, endothelial dysfunction is
characterised by an increase in inflammation, apoptosis, platelet adhesion, oxidant
activity and thrombotic factors (Esper et al., 2006, Jensen and Mehta, 2016, Gradinaru et

al., 2015) (Figure 2.3).

Healthy endothelium Endothelial dysfunction
Vasodilation Vasoconstriction
Anti-inflammatory Pro-inflammatory
Anti-apoptotic Pro-apoptotic
Platelet disaggregation Platelet adhesion
Anti-oxidant Pro-oxidant
Thrombolysis Pro-thrombotic

Figure 2.3 The balance between the biological functions of the endothelium that maintain
homeostasis versus the pathological functions that promote atherogenesis. Adapted from (Esper

et al., 2006). Created with BioRender.com.

An alteration in haemodynamic forces such as shear stress is an important factor
in the development of endothelial dysfunction (Traub and Berk, 1998). Shear stress is the
frictional force created by blood flow. It causes endothelial cells to respond acutely to
changes in blood flow via activation of integrin receptors (Lu and Kassab, 2011).
Endothelial dysfunction and atherogenesis often develop in lesion prone segments of

arteries, such as curvatures or bifurcations where the endothelium is exposed to low shear
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stress and disturbed flow (Tabas et al., 2015, Traub and Berk, 1998). These altered flow
patterns increase the atherogenic phenotype by reducing vasodilation and increasing cell
permeability, proliferation and cell adhesion molecules (Cahill and Redmond, 2016). This
noxious environment promotes the adhesion of low density lipoprotein (LDL) and
leukocytes to the sub-endothelial space, an important event in the development of an
atherosclerotic lesion (Cahill and Redmond, 2016). Pro-inflammatory and pro-thrombotic
factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«kf3)
released from lesion prone sites further stimulate endothelial dysfunction (Tabas et al.,
2015). NF-xf is thought to regulate several effector molecules including vascular
adhesion molecule 1 (VCAM-1) and monocyte-chemoattractant protein 1 (MCP-1), the
latter of which is a pro-coagulant chemokine that mediates leukocyte adhesion (Gimbrone
and Garcia-Cardena, 2016). VCAM-1 and intracellular adhesion molecule 1 (ICAM-1)
function as markers of leukocyte upregulation and endothelial dysfunction (Gimbrone
and Garcia-Cardena, 2016, Linton et al., 2019). Endothelial dysfunction is a present and
contributing factor throughout the lifecycle of an atherosclerotic plaque and a major
clinical risk factor for future adverse cardiovascular events (Gradinaru et al., 2015). This
evidence highlights the importance of identifying novel therapeutic targets to counteract

endothelial dysfunction and prevent atherosclerosis.

2.1.3.2.1 Anti-atherogenic regulators of endothelial function

The endothelium produces several factors which function to protect the
vasculature from the development of endothelial dysfunction. These factors are
stimulated by receptor (acetylcholine (ACh) and bradykinin) and non-receptor (shear
stress) mediated agonists acting on endothelial cells (Gimbrone and Garcia-Cardena,

2016, Davignon and Ganz, 2004, Vanhoutte, 2018). The primary anti-atherogenic factors
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produced in the endothelium are NO (discussed in Section 2.1.3.2.1.1), prostacyclin
(PGI,) and endothelial-derived hyperpolarizing factor (EDHF) (Figure 2.4) (Jamwal and
Sharma, 2018, Ozkor et al., 2011). While these substances have an array of protective

effects in the vasculature, the focus of this discussion is on their vasodilatory effects.

Acetylcholine

Shear stress ® ® Bradykinin

L-arganine NO
Endothelial cell

Kca

Guanylate

cyclase
Adenylate
cyclase

Hyperpolarisation = cGMP /\
\ ¥ ATP

PKG cAMP
Relaxation Smooth muscle

cell

Figure 2.4 Signalling pathways that mediate endothelium-dependent vasodilation. Agonists
cause the activation of endothelium-derived substrates which function to produce relaxation of
smooth muscle cells and protect against atherosclerosis development. Created with

BioRender.com

Abbreviations - AA: arachidonic acid, Akt: protein kinase B, ATP: adenosine triphosphate, Ca’':
calcium, CaM: calmodulin, cAMP: cyclic adenosine monophosphate, cGMP: cyclic guanosine
monophosphate, COX: cyclooxygenase, eNOS: endothelial nitric oxide synthase, GTP: guanosine
triphosphate, K.q: calcium dependent potassium channels, NO: nitric oxide, PGI;: prostacyclin,

PI3K: phosphoinositide 3-kinase, PKG: protein kinase G.
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PGL is an endothelium-derived prostaglandin that functions similarly to NO
(Mitchell et al., 2008). PGI. is synthesised in endothelial cells by cyclooxygenase (COX),
via an increase in arachidonic acid (AA) metabolism stimulated by intracellular calcium
(Ca?") (Mitchell et al., 2008). Under normal physiological conditions PGI> causes smooth
muscle cell relaxation by activating adenylate cyclase and increasing the production of
cyclic adenosine monophosphate (cAMP) via adenosine triphosphate (ATP) (Figure 2.4)
(Antman et al., 2005, Vanhoutte, 1997). However, the vasodilatory effects of PGI, were
not identified until the vasodilatory factors NO and EDHF were inhibited (Triggle et al.,
2012), suggesting its contribution to vasodilation is limited. In addition, high
concentrations of PG> may also contribute to vasoconstriction by activating thromboxane
receptors (Triggle et al., 2012). Given PGI; likely has a limited role in vasodilation, its
primary anti-atherogenic functions are thought to be as an inhibitor of platelet aggregation
and deposition (Cines et al., 1998). This would contribute indirectly to a reduction in
vasoconstriction by reducing the risk of thrombosis and vascular smooth muscle cell

remodelling (Mitchell et al., 2008).

Rather than representing a specific substrate, EDHF represents a number of
processes which contribute to the hyperpolarization and subsequent relaxation of vascular
SMCs (Feletou and Vanhoutte, 2009, Ledoux et al., 2006). This primarily occurs via the
increase in intracellular calcium within endothelial cells, resulting in the opening of
calcium-dependent potassium channels (Kca) and the efflux of potassium (K") (Feletou
and Vanhoutte, 2009). The efflux of K* from endothelial cells results in hyperpolarization
of myocyte-endothelial cell gap junctions, subsequently inducing hyperpolarization of
smooth muscle cells and vasodilation (Figure 2.4) (Quyyumi and Ozkor, 2006). Previous

research has suggested that EDHF may have a greater vasoactive function in resistance
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blood vessels than conduit blood vessels (Ozkor et al., 2011, Shimokawa et al., 1996).
This is likely due to the greater proportion of myocyte-endothelial gap junctions in
smaller vessels compared to larger vessels (Feletou and Vanhoutte, 2009, Ozkor et al.,
2011, Sena et al., 2013). As such, smaller blood vessels may have a reduced reliance on

NO and an increased reliance on EDHF to induce relaxation (Shimokawa et al., 1996).

2.1.3.2.1.1  Nitric oxide (NO)

Originally termed endothelial-derived relaxing factor, NO is a gaseous free radical
that functions systemically (Kolluru et al., 2010). In the vasculature, NO is a key factor
in the maintenance of optimal vascular health, primarily responsible for mediating
endothelium-dependent vasodilation and preventing the development of endothelial
dysfunction and atherosclerosis (Barbato and Tzeng, 2004). In addition, NO regulates a
diverse range of cellular processes including: endothelial cell migration, proliferation,

angiogenesis and extracellular matrix degradation (Zhu et al., 2016).

NO is produced by several NO synthase (NOS) enzymes; endothelial NOS
(eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS) (Barbato and Tzeng, 2004).
In the vasculature eNOS, also known as NOS-3, is the predominant NOS enzyme
responsible for the production of NOS (Barbato and Tzeng, 2004). Activation of eNOS
occurs via Ca*"-dependent and Ca®'-independent pathways in endothelial cells (Zhao et
al., 2015). In the Ca?*-dependent pathways, agonists (ACh, bradykinin and shear stress)
increase intracellular Ca?>* which binds to calmodulin (CaM) and activates the CaM
binding domain of eNOS (Kolluru et al., 2012, Vanhoutte et al., 2017) (Figure 2.4). In
addition, circulating factors such as insulin, vascular endothelial growth factor (VEGF)
and adiponectin increase eNOS independently of intracellular Ca** via phosphorylation

(Vanhoutte, 2018, Forstermann and Li, 2011). Protein phosphorylation of eNOS can
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occur at multiple sites, the primary sites include Serine (Ser)1177 and Ser633 which are
activators of eNOS and Threonine (Thr)495, which is an inhibitory site (Kolluru et al.,
2012, Kolluru et al.,, 2010, Li et al., 2007). For example, insulin activates the
phosphoinositide 3-kinase (PI3K)/Akt signalling pathway to phosphorylate eNOS at
Ser1177 (Janus et al., 2016, Muniyappa et al., 2008, Muniyappa et al., 2007), while at the
same time reducing the phosphorylation of eNOS at Thr495 (Muniyappa and Quon, 2007,
Zhu et al., 2016). NO is synthesised from eNOS when L-arginine converts to L-citrulline
(Zhu et al., 2016). The synthesis of NO from eNOS is also dependent on the availability
of essential cofactors and co-substrates including tetrahydrobiopterin (BH4) and
nicotinamide adenine dinucleotide phosphate (NADPH) (Vanhoutte, 2018, Davignon and

Ganz, 2004).

NO has a very short half-life (approximately 4 s), before it is metabolised into
nitrite and nitrate and subsequently excreted in urine (Sena et al., 2013). When released
from endothelial cells, NO regulates its biological effects through a number of diverse
signalling pathways. The major pathway in the vasculature is via the activation of
guanylyl cyclase which produces cyclic guanosine monophosphate (cGMP) via
guanosine triphosphate (GTP) (Barbato and Tzeng, 2004, Rask-Madsen and King, 2007).
The production of cGMP promotes an increase in protein kinase G (PKG) which reduces
intracellular Ca®>" in SMCs leading to the interruption of actin-myosin cross-bridges and
the subsequent relaxation of SMCs and vasodilation of arteries (Figure 2.4) (Zhao et al.,

2015, Vanhoutte, 2018).

Under physiological conditions there is a well maintained balance between NO
synthesis and breakdown which maintains vascular homeostasis and prevents

vasoconstriction (Wever et al., 1998). In a pathological environment, there is a reduction
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in the bioavailability of NO resulting in vasoconstriction and endothelial dysfunction (Cai
and Harrison, 2000). One of the primary ways in which NO bioavailability is reduced is
via oxidative stress and reactive oxygen species (ROS), which promote NO degradation
and enhance eNOS production of superoxide (O2") at the expense of NO (discussed in

Section 2.1.5.1.1) (Zhu et al., 2016, Kolluru et al., 2012, Sena et al., 2013).

2.1.3.2.2 Pro-atherogenic regulators of endothelial function

In a normal physiological environment the balance between pro- and anti-
atherogenic factors maintains homeostasis within endothelial cells and reduces the risk of
atherosclerosis (Jamwal and Sharma, 2018). The loss or reduction in vasodilatory factors
and/or the increase in vasoconstrictive substances upsets the balance and promotes
endothelial dysfunction (Vanhoutte et al., 2017). The primary endothelial-derived
constriction factors are ET-1, Ang Il and vasoconstrictor prostanoids. These pro-
atherogenic regulators are often increased in response to noxious stimuli, such as those

caused by cardiovascular risk factors (Sena et al., 2013).

ET-1 is the most potent vasoconstrictor and also the most abundant factor in the
cardiovascular system (Vanhoutte et al., 2017). The expression of ET-1 occurs via the
conversion of big ET-1 into ET-1 by endothelin converting enzymes (Potenza et al.,
2009). Insulin can also regulate ET-1 secretion in the endothelium, via the mitogen-
activated protein kinase (MAPK) pathway (Muniyappa et al., 2007, Muniyappa and
Quon, 2007). A state of insulin resistance promotes the increase in ET-1 and a reduction
in NO, leading to vasoconstriction (Muniyappa and Sowers, 2013). ET-1 acts on smooth
muscle cells via endothelin receptor type A (ETa) or B (ETg) receptors and causes an
increase in intracellular Ca** and subsequently vasoconstriction (Tang and Vanhoutte,

2010, Cines et al., 1998). On top of its vasoactive function, ET-1 increases inflammation,
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leukocyte adhesion and ROS, further promoting a state of endothelial dysfunction

(Sandoo et al., 2010).

Ang I1 is produced from angiotensin I (Ang I), a process which is often dependent
on angiotensin converting enzyme (ACE) at the endothelial surface in the lungs, but
Ang II production can also occur within endothelial cells (Rubanyi, 1993). When
synthesised, Ang Il mediates vasoconstriction via activation of Ang II type 1 receptor and
increases the activation of NADPH and ROS, affecting NO availability and reducing
vasodilation (Triggle et al., 2012, Su, 2015). Furthermore, Ang II is also thought to
enhance ET-1 production, further increasing vasoconstriction and endothelial dysfunction

(Barton and Haudenschild, 2001).

An increase in Ca?>" by ET-1 can influence the synthesis of vasoconstrictor
prostanoids such as thromboxane A, (TXA») and prostaglandins (Tang and Vanhoutte,
2010). AA-induced COX activation promotes the release of these factors which increase
vasoconstriction and the oxidative stress response (Tang and Vanhoutte, 2010, Wong and
Vanhoutte, 2010). TXA» and prostaglandins are synthesised through a similar pathway to
PGI; and likely have opposing biological effects (Triggle et al., 2012, Sandoo et al.,

2010).

2.1.4 Atherosclerosis progression beyond endothelial dysfunction

A chronically uncontrolled state of endothelial dysfunction can result in the
initiation of atherogenesis, characterised by intimal thickening, fatty streak and lesion
formation. In the initial stage lipid and macrophage deposits combine into foam cells
within the arterial wall, T-cells and lipids begin to accumulate and smooth muscle cell

migration to the lesion site occurs (Szmitko et al., 2003, Stary et al., 1994, Ross, 1999).
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This stage of atherogenesis is not generally associated with adverse cardiovascular events

and it is possible for lesions to regress if interventions are introduced (Stary, 2000).

The later stages of atherogenesis are associated with the progression of the lesion
into a plaque, also known as an atheroma, which is often characterised by the
development of a necrotic lipid core (Stary, 1992, Stary et al., 1995). A fibrous cap often
begins to develop over the lipid core, the fibrous structure consisting of smooth muscle
cells with infiltration of leukocytes and collagen (Virmani et al., 2000, Sakakura et al.,
2013). The clinically adverse side effects occur during these stages when the plaques are
most vulnerable to haemorrhage and thrombosis (Stary, 1992, Stary, 2000). Haemorrhage
generally occurs in areas with a thin fibrous cap, spilling the components of the plaque

into the lumen which can result in thrombosis (Ross, 1999, Sakakura et al., 2013).

Vascular calcification is associated with the final stages of atherosclerotic plaque
development. This is characterised by the accumulation of calcium in patchy, non-
continuous formations, causing the stiffening of the blood vessels and a reduction in
vessel compliance (Shroff and Shanahan, 2007, Farzaneh-Far et al., 2001). The presence
of calcification is a strong predictor of future adverse cardiovascular events, increasing
the risk of mortality or an adverse event by up to four times (Karwowski et al., 2012,
Rennenberg et al., 2009). The extent of mineralisation within the vasculature can be
examined by magnetic resonance imaging (MRI), electron beam computed tomography
(CT) (reported as coronary artery calcification score (CACS)), angiography and B-mode
ultrasonography (carotid intima-media thickness (C-IMT)) (Higgins et al., 2005, Wang
et al., 2018). Interestingly, imaging techniques have demonstrated that the structure of
mineralised vasculature is similar to the composition of bone within the skeleton

(Shanahan et al., 2000, Tyson et al., 2003, Duer et al., 2008, Yamanouchi et al., 2012). In
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a normal physiological environment smooth muscle cells have an inhibitory effect on
mineralisation (Evrard et al., 2015). However, in the presence of pathological stresses
such as inflammation, oxidative stress and hormonal imbalances, vascular smooth muscle
cells can differentiate into an osteoblast-like phenotype. These cells are capable of
expressing and releasing bone-derived proteins present and active during mineralisation
and calcification of the skeleton (Evrard et al., 2015, Tyson et al., 2003). These proteins
include matrix glutamic acid (GLA) protein (MGP), bone morphogenetic protein,
osteonectin, osteoglycin and osteocalcin (OC) (Shanahan et al., 1998, Escobar Guzman

et al., 2020).

2.1.5 Diabetes and CVD

T2DM has reached epidemiological levels. The worldwide prevalence of diabetes
is 7— 10% of the adult population (N C D Risk Factor Collaboration, 2016). The
prevalence of diabetes is expected to increase further, to around 15% of the adult
population in the coming decades (Guariguata et al., 2014). T2DM is a major risk factor
for cardiovascular complications, including both microvascular and macrovascular
diseases and has been extensively reviewed (Del Turco et al., 2013, Janus et al., 2016,
Muniyappa and Sowers, 2013, Ormazabal et al., 2018, Paneni et al., 2015, Tallapragada
et al., 2015, Beckman et al., 2002, Bornfeldt and Tabas, 2011, Ceriello and Genovese,
2016, DeFronzo, 2010, Fiorentino et al., 2013, King et al., 2016, Rask-Madsen and King,
2013, Sena et al., 2013, Sowers, 2013, Saad et al., 2015). The devastating effect of T2DM
to the cardiovascular system is caused in part by hyperglycaemia (Creager et al., 2003,
Potenza et al., 2009). Indeed, the glucose toxicity that is associated with hyperglycaemia
reduces NO bioavailability and adversely affects endothelial function (Figure 2.5) (Saad

etal., 2015). In fact, CVD, is the leading cause of death in patients with diabetes (Tancredi
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et al., 2015, Creager et al., 2003, Schalkwijk and Stehouwer, 2005, Rask-Madsen and
King, 2013), with mortality rates being 2 — 4 times higher in people with diabetes than
those without (Benjamin et al., 2017). As such, the development of novel
pharmacological treatments that restore blood glucose levels to normal are clinically

important.

Mltochondna 1PARP I ——> | GAPDH
/ Polyol pathway
NF—KB -

PKC activation

‘ D — NADPH «—

R .
P ?S Uncoupled Hexosamine pathway

H
20 eNOS —> N0 <——

ONOO

N s

Adhesion molecules
damage | Antioxidants ET-1, altered protein

l, l function etc.

NAD+ /

Figure 2.5 Pathological processes that promote hyperglycaemia-induced endothelial dysfunction.

Overproduction AGEs

Mitochondrial-induced O overproduction promotes ONOO™ formation and oxidative stress; this
is characterised by eNOS uncoupling, DNA damage, a reduction in antioxidants and the formation
of NT, which is a marker of oxidative stress. O, overproduction also causes the activation of the
polyol pathway, PKC activation, the hexosamine pathway and AGE overproduction, all of which

promote endothelial dysfunction and further oxidative stress.

Abbreviations - AGEs: advanced glycation end products, eNOS: endothelial nitric oxide synthase,
ET-1: endothelin 1, GAPDH: glyceraldehyde-3-phosphate dehydrogenase, H>O:: non-radical
hydrogen peroxide, NADPH.: nicotinamide adenine dinucleotide phosphate, NAD+: nicotinamide
adenine dinucleotide, NF-xf: nuclear factor xf, NO: nitric oxide, NT: nitrotyrosine, O::
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superoxide, "OH: hydroxyl radicals, ONOQO: peroxynitrite, PARP-1: poly [ADP-ribose]
polymerase 1, PKC: protein kinase C, ROS: reactive oxygen species.

2.1.5.1 Hyperglycaemia and endothelial dysfunction

Normal circulating blood glucose levels are defined by a fasting blood glucose
< 5.5 mmol/L. Glucose levels between 5.6 mmol/L and 6.9 mmol/L indicate impaired
fasting glucose and > 7 mmol/L suggests the presence of diabetes (Choi et al., 2008,
Organization, 2013). During hyperglycaemia, all cells within the body are exposed to
toxic levels of circulating blood glucose. Most cells are able to reduce the transport of
glucose into the cell, maintaining homeostatic intracellular glucose levels (Brownlee,
2005). However, endothelial cells as well as cells within the retina, kidney and peripheral
nerves cannot reduce their intake of glucose, causing elevated intracellular glucose levels
(Brownlee, 2005). This results in altered intracellular function and the development of
microvascular diseases within the eye, kidney and peripheral vasculature, while in the
macrovasculature it leads to the development of endothelial dysfunction and

atherosclerosis (Zimering, 2011, Brownlee, 2005).

Chronically elevated plasma glucose levels as assessed via haemoglobin Alc
(HbAc) are associated with endothelial dysfunction (Ceriello, 2003). Yet fluctuations in
circulating blood glucose, such as the spikes that occur in the post-prandial period have
also been identified as an important risk factor in CVD development (Ceriello and
Genovese, 2016, Wright et al., 2006). A number of studies in humans have reported that
acute hyperglycaemia is correlated with a reduction in endothelial function in people with
diabetes, as well as those who are metabolically healthy (Hu et al., 2010, Kim et al., 2003,
Loader et al., 2015, Williams et al., 1998, Kawano et al., 1999, Ceriello et al., 2008). This
phenomenon has also been observed in animals (Tesfamariam et al., 1990, Tesfamariam

and Cohen, 1992). The cellular mechanisms that promote acute hyperglycaemia-induced
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endothelial dysfunction are triggered by one defining process: the development of ROS
and the presence of oxidative stress (Figure 2.5). However, it is not clear whether this
occurs in all conduit blood vessels. Chapter 3 (Study 1) will investigate the effect of

acute hyperglycaemia on endothelial function in several different blood vessels.

2.1.5.1.1 The role of oxidative stress and reactive oxygen species
(ROS) in hyperglycaemia

Under normal physiological conditions, oxidants, or ROS, are produced as a by-
product of aerobic metabolism (Esper et al., 2006). Antioxidants, such as superoxide
dismutase, glutathione peroxidase and catalase, neutralise ROS and prevent oxidative
damage (Esper et al., 2006). However, when oxidants are produced more quickly than
they can be removed, a state of imbalance occurs and oxidative stress develops (Siti et
al., 2015, Sies, 1997). The elevated levels of ROS cause an alteration in cellular
deoxyribonucleic acid (DNA), impairing cellular and tissue function (Bayraktutan, 2002,

Siti et al., 2015).

The development of hyperglycaemia-induced oxidative stress in the endothelium
is driven by ROS-induced alterations in NO bioavailability (Creager et al., 2003,
Zimering, 2011). Elevated levels of glucose increase intracellular glucose transport and
oxidation, resulting in the overproduction of O>™ by the electron transport chain (Giacco
and Brownlee, 2010, Ceriello, 2005, Brownlee, 2001, Shah and Brownlee, 2016), a
process which is suggested as the common mechanism from which all the pathological
effects from hyperglycaemia develop (Ceriello, 2008). The elevated levels of O™ oxidize
available NO, to form peroxynitrite (ONOO"), a powerful and toxic ROS (Ceriello, 2008,
Wright et al., 2006). NO bioavailability is further reduced by ONOO™induced eNOS

uncoupling which promotes oxidative stress (Bakker et al., 2009). ONOO also increases
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nitrotyrosine (NT) via the nitration of protein tyrosine residues. NT is a commonly used
marker of ONOO™ and ROS formation (Wright et al., 2006, Ceriello et al., 2002,
Shishehbor et al., 2003, Ceriello, 2002). Other common forms of ROS include hydroxyl
radicals (OH) and the non-radical hydrogen peroxide (H202). The formation of ROS
often acts in a pathological cycle, with increases in NF-kf3 promoting further O2

production via NADPH (Wright et al., 2006, Ceriello and Motz, 2004) (Figure 2.5).

The overproduction of O, activates poly [ADP-ribose] polymerase 1 (PARP-1),
which causes the inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Du et al., 2003, Pircher et al., 2016). With a reduction in GAPDH there is an increase in
glycolytic intermediaries and the activation of four downstream signalling pathways
which promote hyperglycaemia-induced damage (Giacco and Brownlee, 2010, Shah and

Brownlee, 2016). These pathways are:

The polyol pathway

The hexosamine pathway

Activation of protein kinase C (PKC)

Overproduction of advanced glycation end products (AGEs)

In a pathological loop, these processes promote further ROS accumulation via
uncoupled of eNOS and NADPH oxidase, further increasing the effects of
hyperglycaemia-induced oxidative stress (Son, 2012, Fiorentino et al., 2013, Giacco and
Brownlee, 2010, Incalza et al., 2018). Each of these pathways will be discussed in brief

in Section 2.1.5.1.2.
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2.1.5.1.2 O: overproduction promotes endothelial dysfunction

The polyol pathway is the first pathway activated by O> overproduction. The
increase in intracellular glucose causes polyol pathway flux, where aldose reductase
converts glucose to sorbitol via NADPH, sorbitol dehydrogenase then converts sorbitol
to fructose via nicotinamide adenine dinucleotide (NAD™) (Saad et al., 2015, Shah and
Brownlee, 2016) (Figure 2.6). The utilisation of NADPH by the polyol pathway reduces
glutathione peroxidase, a key antioxidant (Rask-Madsen and King, 2013, Brownlee,
2001) (Figure 2.5). The polyol pathway does not directly promote endothelial

dysfunction, but contributes to the process indirectly.

Polyol pathway

1Glucose Aldose reductase ——>  Sorbitol Fructose
\_/ u
NADPH NAD+

Hexosamine pathway

TFrustose—6—P —> Glucosamine-6-P —> UDP-GIcNAc

PKC activation

a-glycerol —— DAG ——> 1PKC
A

1Glyceraldehyde—3 -p - AGE overproduction
Y

Methylglyoxal ——> 1AGES

Figure 2.6 Pathways promoting endothelial dysfunction by hyperglycaemia. An increase in
intracellular glucose causes superoxide overproduction and promotes the polyol pathway,

hexosamine pathway, PKC activation and AGE overproduction.
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Abbreviations - AGEs: advanced glycation end products, DAG: diacylglycerol, NAD+:
nicotinamide adenine dinucleotide, NADPH.: nicotinamide adenine dinucleotide phosphate,

PKC: protein kinase C, UDP-GIlcNAc: uridine diphosphate N-acetylglucosamine.

The hexosamine pathway involves the conversion of fructose-6-phosphate into
glucosamine-6-phophate, which is further converted to wuridine diphosphate N-
acetylglucosamine (UDP-GIcNAc) (Saad et al., 2015, Shah and Brownlee, 2016) (Figure
2.6). The hexosamine pathway causes alterations to endothelial function by altering gene
expression and protein function and decreasing NO availability (Brownlee, 2001,
Brownlee, 2005, Saad et al., 2015) (Figure 2.5). Increases in plasminogen activator
inhibitor 1 (PAI-1) and transforming growth factor beta (TGF-f), and inhibition of eNOS
phosphorylation at Serl1177 are characteristic of enhanced hexosamine pathway

activation (Saad et al., 2015, Shah and Brownlee, 2016).

The diversion of glyceraldehyde-3-phosphate to a-glycerol and diacylglycerol
(DAG) promotes PKC activation (Schalkwijk and Stehouwer, 2005, Shah and Brownlee,
2016) (Figure 2.6). PKC is a family of at least twelve isoforms; the B, a and 6 isoforms
are primarily activated in hyperglycaemia (Aronson and Rayfield, 2002, Brownlee,
2005). Activation of these PKC isoforms inhibits the expression of eNOS and subsequent
production of NO, as well as increasing ET-1 and adhesion molecules (Brownlee, 2001,
Potenza et al., 2009). PKC also activates NADPH and NF-«kf, further enhancing ROS

production and oxidative stress (Potenza et al., 2009, Brownlee, 2001) (Figure 2.5).

The overproduction of AGEs has similar pathological effects to PKC activation,
inhibiting NO production and eNOS expression, as well as enhancing ET-1 expression
and increasing adhesion molecules (Saad et al., 2015, Potenza et al., 2009, Rojas and

Morales, 2004, Aronson and Rayfield, 2002). Binding of AGEs to their receptor (RAGE)
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promotes further O production via an increase in NADPH and NF-«f (Potenza et al.,
2009, Rojas and Morales, 2004, Brownlee, 2001) (Figure 2.5). AGEs can be formed in
several ways, via the Maillard reaction which involves formation of a Schiff base and
Amadori products (Ott et al., 2014, Rojas and Morales, 2004). Yet the most prominent
way in which AGEs are formed in hyperglycaemia is by the activation of the glycolytic
intermediary glyceraldehyde-3-phosphate to methylglyoxal (Schalkwijk and Stehouwer,

2005, Ott et al., 2014) (Figure 2.6).

2.1.6 Assessment of endothelial function and atherosclerosis

In a clinical setting, endothelial function can be examined by a number of invasive
and non-invasive techniques (Zimering, 2011). Some of the most commonly utilised non-
invasive techniques are flow mediated dilation (FMD), pulse wave velocity (PWYV),
finger plethysmography and cardiac magnetic resonance imaging (Arrebola-Moreno et
al., 2012, Gokce, 2011, Higashi, 2015). Clinically, FMD is the gold standard non-invasive
method of endothelial function assessment (Frolow et al., 2015, Donald et al., 2006). It is
often undertaken in the brachial artery (BAFMD) and utilises shear stress to induce
NO-mediated vasodilation. Ultrasound is then used to assess the change in the diameter
of the arterial wall (Arrebola-Moreno et al., 2012, Bruyndonckx et al., 2013). Impairment
of BAFMD is common in those with atherosclerosis and correlates highly with
dysfunction in the coronary arteries (Flammer et al., 2012). PWV is a commonly used
clinical technique which measures arterial stiffness (Frolow et al., 2015, Kim and Kim,
2019). It involves analysing the velocity of a pulse waveform travelling along the arteries
and commonly uses a pulse wave from the femoral to carotid arteries (Frolow et al.,
2015). PWV is higher in a stiffened artery which is suggestive of blood vessel dysfunction

and increased clinical risk (Kim and Kim, 2019). The gold standard invasive test of
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endothelial function is coronary artery angiography, which involves guiding a catheter
into the coronary arteries and the infusion of vasodilative substances to assess endothelial
relaxation (Deanfield et al., 2005). In healthy arteries, stimulation of NO causes
vasodilation, but in diseased arteries, when endothelial cells are damaged, there is a lack

of vasodilation and even an increase in vasoconstriction (Matsuzawa and Lerman, 2014).

The ability to examine endothelial function directly in humans is difficult and so
ex vivo animal models are commonly used to assess the effect of pharmacological
stimulants directly on the vasculature. In organ bath experiments, isolated blood vessels
are simulated by vasoactive agents to assess the vasodilation or vasoconstriction response
of arteries (Ding and Triggle, 2005). This was in fact the method used four decades ago
when the vasoactive role of endothelial cells was discovered (Furchgott and Zawadzki,
1980). Studies within this thesis used both clinical and organ bath techniques to examine

endothelial function and the vasoactive effect of a novel therapeutic target.

2.1.7 Therapies

Therapeutic treatments for endothelial dysfunction and atherosclerosis vary in
their purpose and target. Common targets of pharmaceutical treatment are
hyperlipidaemia, hypertension and thrombosis (Weber and Noels, 2011, Ademi et al.,
2009). One of the most common classes of pharmaceutical therapeutics in the treatment
of CVD are statins, which act as an anti-inflammatory, reduce lipid content and improve
endothelial function (Park and Park, 2015). The LDL lowering effect of statins means
they function in both the prevention and treatment of atherosclerosis (Davies et al., 2016).
In conjunction with statins, niacin treatment works to increase high-density lipoprotein
(HDL) cholesterol and reduce the risks of cardiovascular events (Duggal et al., 2010).

Anti-hypertensive therapeutics include beta-blockers, ACE inhibitors, diuretics and
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calcium channel blockers (Beckman et al., 2002). ACE inhibitors improve vasodilation
by inhibiting ACE-induced production of Ang II and reducing oxidative stress (Park and
Park, 2015, Forstermann and Li, 2011). ACE inhibitors also improve endothelial function
by reducing the production of ROS and promoting bradykinin-induced production of NO
and PGI; (Su, 2015). Anti-platelet aggregators, of which aspirin is the most common,
reduce platelet adhesion and coagulation (Baigent et al., 2009, Beckman et al., 2002).
However, given that aspirin functions to improve blood flow and reduce coagulation,
there is an increased risk of haemorrhage in people who are receiving aspirin therapy

(McNeil et al., 2018).

Non-pharmaceutical therapeutics such as physical activity, smoking cessation,
diet control and weight control are important prevention and treatment strategies of
atherosclerosis and CVD (Park and Park, 2015). Physical activity is an important strategy
that can improve endothelial function and reduce cardiovascular risk independent of
changes in other risk factors (Muniyappa et al., 2008). Further, increasing dietary
antioxidant intake can prevent the development of oxidative stress and improve
endothelial function (Su, 2015). Unfortunately, these strategies are often underutilised
and a high reliance is placed on pharmaceutical interventions to treat CVD. Overall, the
development of novel therapeutic strategies and approaches are constantly occurring and
there is an important need for further alternatives to reduce the global burden of CVD
(Incalza et al., 2018, Weber and Noels, 2011). Chapters 4, 5 and 6 (Studies 2, 3 and 4)
investigate the vasoactive role of a novel target to treat endothelial dysfunction and

prevent the development of atherosclerotic CVD disease.
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2.2 Osteocalcin
2.2.1 Bone as an endocrine organ

Traditionally, the skeleton has been recognised to have a role in the protection of
vital organs, as a site of muscular attachment to enable movement and as a mineral
reservoir (Brotto and Bonewald, 2015). However, increasing evidence suggests that bone
1s not a static tissue, but a biologically active organ. The skeleton is in a constant state of
remodelling and the cellular machinery responsible is a set of cells called osteoclasts
(bone resorption cells) and osteoblasts (bone formation cells), which require tight energy
regulation (Ducy, 2011, Karsenty and Oury, 2010). Further, bone can intuitively adapt to
changes in load, such as the reduction in bone mass that occurs with extended bed rest
and in astronauts who spend extended time without gravity (Robling et al., 2006).
Conversely, increases in bone mass and strength can occur if the skeleton is regularly
loaded, for instance in people who regularly complete weight bearing exercise or in those
who are obese (Robling et al., 2006). The fact that bone requires constant and adaptive
metabolic regulation led some to theorise that it may act as an endocrine organ, actively
involved in energy regulation systemically (Brotto and Johnson, 2014, Ansari and Sims,
2020, Kirk et al., 2020).

In 2007, the Karsenty group reported for the first time a link between bone and
targeted tissue via the osteoblast-derived protein osteocalcin (OC). OC is the most
abundant non-collagenous protein in the human body, making up approximately
15 —25% of the bone matrix (Wolf, 1996, Price, 1989, Hauschka et al., 1989, Brown et
al., 1984) and was first identified more than four decades ago in chicken and bovine bone
(Hauschka et al., 1975, Price et al., 1976). OC was originally termed bone gamma-
carboxyglutamic acid protein, which can be otherwise written as y-carboxyglutamic acid-

containing protein of bone or bone GLA protein (BGP or BGLAP) (Price et al., 1980,
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Delmas et al., 1983). Early research on OC in animals and humans established that
circulating concentrations of OC reflect bone formation (Brown et al., 1984, Price et al.,

1980, Ducy et al., 1996).

2.2.2 Osteocalcin structure and production

In its mature form, human OC contains 49 residue amino acid proteins
(Figure 2.7). It consists of three helical regions and has a low molecular weight of
5.7 kDa (Wolf, 1996, Gundberg et al., 2012). OC production is influenced by external
factors including age, diurnal variations, bone diseases, lifestyle factors, medications and
physical stimuli such as exercise (Hauschka et al., 1989, Lian and Gundberg, 1988).
These factors activate the OC gene (BGLAP gene) in osteoblasts via vitamin D (vit D),
hormones (leptin, glucocorticoids and insulin) and cytokines (TGF-B, bone
morphogenetic protein and interleukin 1 (IL-1)) (Villafan-Bernal et al., 2011).
Subsequently, OC messenger ribonucleic acid RNA (mRNA) is translated into the rough
endoplasmic reticulum (ER) and undergoes proteolysis where the mature form of OC is
created (Figure 2.8) (Villafan-Bernal et al., 2011). The residues 17, 21 and 24 are GLA
residues that allow for post-translational y-carboxylation by vitamin K-dependent y-
glutamyl carboxylase (GGCX) (Figure 2.7) (Zoch et al., 2016, Hauschka et al., 1989).
Alterations in vitamin K (vit K) intake and availability influence the degree of OC
carboxylation and subsequently the isoform of OC that is synthesised (Binkley et al.,

2009, Bolton-Smith et al., 2007, Booth et al., 2008).
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Figure 2.7 Amino acid sequence of OC. Adapted from Zoch et al. (2016). Created with

BioRender.com
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Figure 2.8 Physiological production of ucOC and cOC in bone. The BGLAP gene promotes the
development of OC in osteoblasts, where the isoform of OC produced depends on the availability
of vit K, lower levels of vit K promoting ucOC production. cOC is found predominantly in the
bone matrix whereas ucOC moves into blood circulation. cOC is also converted to ucOC in the

acidic environment produced by osteoclasts during bone resorption. Created with BioRender.com
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Abbreviations - BGLAP: bone GLA protein, cOC: carboxylated osteocalcin, OC: osteocalcin,
ucOC: undercarboxylated osteocalcin, Vit D: vitamin D, vit K: vitamin K.

Carboxylation of all three residues produces carboxylated OC (cOC), also known
as GLA OC (Li et al., 2016). Once released into the extracellular space cOC binds to Ca**
and has a high affinity for hydroxyapatite, and is thus predominantly located in the bone
matrix (Zoch et al., 2016, Booth et al., 2013). The remainder of the cOC (about one-third)
does not bind to hydroxyapatite and is released into blood circulation (Hauschka et al.,
1989). If there is a shortage of GGCX, fewer than three glutamic acid residues undergo
carboxylation, leading to undercarboxylated OC (ucOC), or Glu OC. Decarboxylation of
cOC also produces ucOC, a process which occurs in the resorption lacuna, an acidic
environment produced by osteoclasts during bone resorption (Li et al., 2016). In the bone
matrix ucOC has a low affinity for hydroxyapatite and as a result is predominantly
released into blood circulation (Figure 2.8) (Li et al., 2016, Hauschka et al., 1989).
Interestingly, ucOC is heterogeneous and represents carboxylation at one or two carboxyl
residues and even no carboxyl residues (uncarboxylated OC) (Belfiore and LeRoith,
2018, Rehder et al., 2015). Whether the different degrees of ucOC carboxylation may
have divergent physiological functions, and whether the biological function of ucOC

changes depending on the site of carboxylation are still unknown (Li et al., 2016).

2.2.3 Osteocalcin concentration in the circulation

The concentration of circulating OC in each of its forms varies greatly and the
standard physiological concentrations are difficult to establish. Generally, circulating
total OC (tOC), which is a combination of both ucOC and cOC, is reported at
concentrations between 10 — 40 ng/ml in humans (Belfiore and LeRoith, 2018, Hiam et
al., 2019, Zhou et al., 2009, Levinger et al., 2016, Xu et al., 2019, Yeap et al., 2015b).

However, it has also been reported below 5 ng/ml and over 100 ng/ml in different
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populations (Massera et al., 2018, Szulc et al., 1993, Seppa et al., 2019, van Summeren
etal., 2007). The circulating levels of ucOC usually make up 40 — 60% of circulating tOC
(Gundberg et al., 2012), often reported between 5 — 10 ng/ml and up to 30 ng/ml (Millar
et al., 2019b, Tanaka et al., 2020, Yeap et al., 2015b). The large variability in OC
concentrations is likely attributable to the numerous physiological processes that regulate
OC synthesis, one of the most important of which is age. A recent study identified a U-
shape distribution in all OC forms across the lifespan of adult men, which is thought to
reflect the bone remodelling occurring at each stage of life (Smith et al., 2020). Several
earlier studies have reported similar findings in women also (Sokoll and Sadowski, 1996,
Gundberg et al., 2002, Hannemann et al., 2013, Khosla et al., 1998, Hu et al., 2013).
Women generally have a large spike in OC levels during menopause, consistent with
increased bone remodelling and higher osteoclast activity throughout that stage of life
(Gundberg et al., 2002, Sokoll and Sadowski, 1996, Hu et al., 2013). Furthermore, the
ratio of ucOC to tOC (ucOC/tOC) has been identified as a strong marker of vit K status
and an important consideration when assessing risk of disease (Yeap et al., 2015a, Yeap
etal., 2015b).

In combination with the physiological factors that influence circulating OC,
inconsistent quantification methods confound the variability in the reporting of OC
concentrations (Ducy, 2020). A number of different methods of measuring tOC and its
forms in circulation exist, each with varying specificity and reliability (Ducy, 2020).
Several new methods for measuring ucOC, each of which aims to be more accurate than
previous techniques, have recently been developed (Lacombe et al., 2020, Arponen et al.,
2020). In addition, the circulating concentrations of OC differ between species. For

example, the circulating concentration of OC is 5 — 10 times higher in mice than in
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humans (Al Rifai et al., 2020, Mera et al., 2016a). This is an important consideration
when examining experimental models of OC biology and translating findings to human

populations.

2.2.4 Osteocalcin functions outside of the skeleton

In little over a decade, a plethora of research has examined the potential biological
functions of OC in organs outside of the skeleton. Over several years the Karsenty group
published a number of ground-breaking studies that demonstrated novel biological
functions of OC (Ferron et al., 2008, Mera et al., 2016b, Oury et al., 2011, Lee et al.,
2007). The majority of the evidence suggests that ucOC is the bioactive form of OC
(Karsenty and Mera, 2017, Lin et al., 2020b) and that it is implicated in the regulation of
energy metabolism, male fertility, cognition, skeletal muscle and perhaps vascular
function and calcification (Figure 2.9) (Lin et al., 2018a, Han et al., 2018, Moser and van
der Eerden, 2018, Nakamura et al., 2020, Obri et al., 2018, De Toni et al., 2020, Oury,
2012, Bonewald, 2019, Colaianni et al., 2020). The following section discusses in detail
the available evidence regarding the potential biological functions of OC in energy

metabolism and glucose regulation.
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Figure 2.9 Proposed biological functions of ucOC outside of the skeleton. ucOC is released into
the blood stream where it is suggested 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 but this requires further investigation. Created with BioRender.com.

Abbreviations - cOC: carboxylated osteocalcin, ucOC: undercarboxylated osteocalcin.

2.2.4.1 OC and energy metabolism

The initial evidence that linked OC with biological functions outside of the
skeleton occurred by chance. Genetically modified OC deficient mice were originally
developed with the hypothesis that OC was involved in bone extra-cellular matrix
mineralisation (Karsenty, 2017). The OC -/- mice exhibited increased bone formation,
cortical thickness and strength but there was no change in bone mineralization (Ducy et

al., 1996). However, in the process of completing these experiments, it was observed that
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the genetically modified animals had several endocrine abnormalities in comparison to
their wild type counterparts. The mice exhibited increased blood glucose levels, reduced
insulin sensitivity, increased fat pad weight and reduced adiponectin (Lee et al., 2007).
This finding was further supported by a genetically modified knockout model of
enterococcal surface protein (Esp), a gene expressed in osteoblasts, with this model
exhibiting a phenotype opposite to that of the OC -/- mouse, because OC is overexpressed.
The Esp -/- mouse was protected from metabolic abnormalities such as insulin resistance,
obesity and glucose intolerance and importantly demonstrated increased OC activity (Lee
et al., 2007). This seminal discovery was the first to demonstrate that OC acts as a

hormone and has been the foundation of all the subsequent research.

Numerous studies have since corroborated these findings and have established
that OC, in particular ucOC, is involved in the regulation of energy metabolism (Ferron
et al., 2008, Ferron et al., 2012, Mizokami et al., 2014, Mizokami et al., 2013, Zhou et
al., 2016, Zhou et al., 2013b, Lin et al., 2017, Lin et al., 2018b). For example, glucose
metabolism, insulin sensitivity, adiposity and triglyceride levels were improved in mice
administered ucOC (Mizokami et al., 2013, Mizokami et al., 2014, Ferron et al., 2008).
Additionally, the ex vivo administration of ucOC directly increased muscle glucose
uptake in mice, an effect that was muscle specific (Lin et al., 2017, Lin et al., 2018b).
Furthermore, a positive feed-forward loop has also been proposed between the pancreas
and the skeleton. Insulin receptor signalling in osteoblasts has been found to promote OC
production, suggesting a bi-directional cross-talk between OC and energy metabolism

(Ducy, 2011, Ferron et al., 2010, Fulzele et al., 2010).

However, recent studies have led some researchers to question the extent of the

findings from the OC -/- mice used by the Karsenty group (Manolagas, 2020, Komori,
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2020). Two new OC -/- mouse models exhibit normal blood glucose and insulin levels
and normal body composition compared to control mice (Diegel et al., 2020, Moriishi et
al., 2020). A potential reason for the differences in OC -/- mouse phenotypes may be due
to the genetic background from which they were bred (Berezovska et al., 2019). Further,
a genetically modified rat model has also exhibited a phenotype with no changes in body
composition and improvements in glucose regulation (Lambert et al., 2016). These
studies challenge previous findings and suggest that OC may not be as biologically active

outside of the skeleton as originally proposed.

OCs role in energy metabolism in humans is difficult to establish as an inherent
limitation of cross-sectional studies is that they are correlational in nature and do not
describe cause and effect. In middle-aged and older men and women, it is commonly
reported that higher levels of tOC and ucOC are associated with a reduced risk of diabetes,
metabolic syndrome, insulin resistance and risk factors for metabolic diseases (Yeap et
al., 2015b, Yeap et al., 2010, Kanazawa et al., 2009, Massera et al., 2018, Bezerra dos
Santos Magalhaes et al., 2013, Kanazawa et al., 2011b, Kindblom et al., 2009, Iki et al.,
2012, Urano et al., 2018). This was confirmed in a meta-analysis which reported that
lower levels of tOC are present in those with T2DM and metabolic syndrome than in
those with normal glucose control (Kunutsor et al., 2015). Several interventional studies
have attempted to alter OC levels indirectly to determine an association with glucose
homeostasis. The acute administration of prednisolone, a glucocorticoid, caused the
suppression of ucOC as well as an increase in fasting glucose levels and insulin resistance
(Parker et al., 2019, Tacey et al., 2019). Acute glucose loading caused a reduction in
circulating tOC in pre- and post-menopausal women and reduced ucOC in the post-

menopausal women (Levinger et al., 2016). Conflictingly, tOC and ucOC were not altered
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by insulin infusions during a hyperinsulinemia-euglycaemic clamp in diabetic and non-

diabetic individuals (Basu et al., 2011).

Overall, the cross-talk between OC and energy metabolism has been extensively
reviewed and it is generally accepted that ucOC is involved in the regulation of energy
metabolism (Figure 2.9) (Lin et al., 2018a, Bonnet, 2017, Karsenty, 2017, Wei and
Karsenty, 2015, Confavreux, 2011, Confavreux et al., 2009, Han et al., 2018, Patti et al.,
2013, Mera et al., 2018, Neve et al., 2013, Lee and Karsenty, 2008, Manolagas, 2020,
Sherk et al., 2020, Razzaque, 2011, Komori, 2020, Dirckx et al., 2019, Brennan-Speranza
and Conigrave, 2015, Kunutsor et al., 2015, Liu et al., 2015a, Liu et al., 2015b, Lin et al.,
2020b, Desentis-Desentis et al., 2020, Ducy, 2020). Given this interaction, it is suggested
that ucOC may be a target for future drug development to combat metabolic diseases,
such as diabetes (Villafan-Bernal et al., 2011, De Toni et al., 2020). However, for the
development of novel therapeutics it is crucial to determine that ucOC does not have
debilitating off-target effects on other systems in the body. This is particularly important
for the cardiovascular system given the close link between energy metabolism and
vascular health and function. As such, this thesis investigates the bioactive role of ucOC

on vascular function in Chapters 4, 5 and 6 (Studies 2, 3 and 4).

2.2.5 GPRC6A: the putative OC receptor

G-protein-coupled receptors are a group of widely prevalent membrane receptors
that regulate a large number of cellular responses (Rosenbaum et al., 2009). G protein-
coupled receptor class C group 6 member A (GPRC6A) is suggested to be the putative
receptor for OC in several tissues (Piet al., 2016, Piet al., 2017, Piet al., 2011). Research
has identified GPRC6A as the OC receptor in the testes (Oury et al., 2011), B-cells (Wei

et al.,, 2014) and skeletal muscle (Mera et al., 2016a, Mera et al., 2016b) of mice.
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Furthermore, research using a GPRC6A -/- mouse model suggested that the receptor may
be involved in the regulation of energy metabolism (Pi et al., 2020b). In support of these
findings, a genetically modified GPRC6A gain of function mouse model exhibited
improved glucose tolerance, and OC administration promoted an increase in circulating
insulin levels (Pi et al., 2020a). In humans, GPRC6A has been identified as the OC
receptor in the testes (De Toni et al., 2016, Oury et al., 2013). However, several studies
also report that ucOC does not activate this G-protein (Jacobsen et al., 2013, Rueda et al.,
2016). Since G protein-coupled receptor 158 (GPR158) is the putative OC receptor in the
brain (Khrimian et al., 2017a, Khrimian et al., 2017b, Kosmidis et al., 2018), OC likely
have multiple receptors (Jorgensen and Brauner-Osborne, 2020).

There is increasing evidence regarding the role of GPRC6A as the receptor for
OC in the vasculature. GPRCO6A is present in the vasculature of rats (Harno et al., 2008)
and recent evidence has identified the receptor in human aortic endothelial cells (HAEC)
and human aortic smooth muscle cells (HASMC) (Millar et al., 2019a). Furthermore,
immunohistochemistry detection has identified that GPRC6A is present in human and
rabbit arteries (Qaradakhi et al., 2019) but whether OC interacts with this receptor in the
vasculature is presently unknown. Although not the aim of the current thesis, it is of
interest to further investigate whether there is an interaction between OC and GPRC6A

in the vasculature in future research.

2.3 The potential role for OC in the development of

endothelial dysfunction and atherosclerosis
Parts of the section below have been published in Nutrients as follows:

Tacey, A., Qaradakhi, T., Brennan-Speranza, T., Hayes, A., Zulli, A., & Levinger, 1.
(2018). Potential Role for Osteocalcin in the Development of Atherosclerosis and Blood
Vessel Disease. Nutrients, 10(10), 1426. (Scimago rank - Q1).
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The published study is included in Appendix A.

2.3.1 Association between OC and atherosclerosis outcomes

Despite no specific evidence of an interaction with its putative receptor,
investigation into the cross-talk between OC and metabolic outcomes led some
researchers to investigate whether OC is also involved in CVD development. However,
it remains unclear as to whether OC is biologically active in the vasculature (Levinger et
al., 2017, Liet al., 2016). A number of studies have reported the association between tOC
and clinically adverse CVD events, with conflicting findings (Holvik et al., 2014,
Yamashita et al., 2013, Zhang et al., 2018, Barbarash et al., 2019, Fahrleitner-Pammer et
al., 2008, Lerchbaum et al., 2014, Lerchbaum et al., 2013, Yeap et al., 2012).
Additionally, the association of OC with markers of endothelial function and
atherosclerosis have been extensively investigated and this will be the focus of the

discussion below.

Over 30 studies have examined the association between circulating OC and
outcomes related to endothelial function and atherosclerosis in humans (Table 2.2).
Several different methods have been used to assess endothelial function and
atherosclerosis, including aortic calcification score (ACS), BAFMD, coronary
angiography, PWV and IMT. Overall, the results are conflicting. Twelve studies report
that higher OC in circulation is associated with beneficial vascular outcomes including a
reduced prevalence of diseased vessels, plaque formation and calcification. In addition,
eight studies associate higher OC with adverse outcomes including increased levels of
plaque and calcification, seven studies report mixed results (conflicting results within the
same study) and eight studies report no association between OC and vascular outcomes

(Table 2.2).
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In the studies which reported that higher concentrations of tOC or ucOC were
associated with adverse vascular function and atherosclerosis outcomes, the participants
all had some form of chronic disease (i.e. hypertension, T2DM, chronic kidney disease
(CKD) or osteoporosis) (Barbarash et al., 2016, Janda et al., 2013, Kanazawa et al., 201 1a,
Liu et al., 2019, Montalcini et al., 2004, Okura et al., 2010, Lin et al., 2020a, Lv et al.,
2020). This suggests that the positive association reported by these studies may be a result
of the presence of other disease states and not necessarily an association with vascular
outcomes. However, there were also a number of studies which reported improved
outcomes or no association in those with similar chronic diseases (Golovkin et al., 2016,

Sheng et al., 2013, Zhang et al., 2015, Zhang et al., 2010, Iba et al., 2004).

Opposing results between men and women was the primary reason that mixed
findings were reported within individual studies. Several studies identified an association
of tOC with vascular function and atherosclerosis in men, but not in women (Choi et al.,
2015, Kanazawa et al., 2009, Ogawa-Furuya et al., 2013). However, one study found the
opposite, describing an association in women, but not in men (Reyes-Garcia et al., 2012).
Further investigation into the sex differences between men and women are important and

will be examined in Chapter 5 (Study 3) of this thesis.

There is limited research on the association of OC with vascular function
specifically. Three studies have examined the association between OC and PWV; one
reporting that higher tOC is associated with lower PWV in men, but not women
(Kanazawa et al., 2009). Similarly, when adjusted for confounding factors, higher tOC
was associated with lower PWV in middle-aged and older men, but not women (Yun et
al., 2016). Whereas, ucOC was not associated with PWV in older adults with CKD or

aged-matched controls (Millar et al., 2020). One study reported the association between
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OC and endothelial function, as measured by BAFMD in post-menopausal women, but
found no association (Sumino et al., 2007). Finally, a recent study has reported the
association between tOC and vascular reactivity index (VRI) which was measured by
digital thermal monitoring in people who received kidney transplants (Lin et al., 2020a).
Higher levels of tOC were associated with lower VRI, suggesting poorer endothelial
function in those with the highest circulating levels of tOC. As described previously
(Section 2.1.3.2), endothelial dysfunction is an important stage in the development of
atherosclerosis and CVD. Consequently, further studies are needed to investigate whether
OC is associated with and has a direct effect on endothelial dysfunction. This is examined

in Chapters 4, 5 and 6 (Studies 2, 3 and 4) of this thesis.

The conflicting outcomes of the studies discussed above may be related to a
number of limitations. First, tOC was reported in the majority of the studies, whereas each
isoform of OC was minimally reported. This is a major limitation as each form of OC
likely has distinct biological functions (Villafan-Bernal et al., 2011, Zoch et al., 2016).

Furthermore, different techniques were used to analyse circulating OC:

e Enzyme-linked immunosorbent assay (ELISA)
e Electrochemiluminescence immunoassay (ECLIA)
e Immunoradiometric assay (IRMA)

e Radioimmunoassay (RIA)

Each technique can produce different results (Gundberg et al., 2012, Rossi et al.,
2019). Finally, a number of different methods were used to assess vascular function and
atherosclerosis outcomes. Given the different analysis methods, inconsistent reporting of

OC and different functional measures, the association of OC with endothelial function
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and atherosclerosis is unclear. The data suggests that OC may be a marker of vascular
diseases but whether it has a regulatory function requires further investigation.
Consequently, the remainder of this review focuses on experimental studies that report

the effect or expression of OC.
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Table 2.2 Association of OC with endothelial function and atherosclerosis outcomes in humans.

Reference

Participant characteristics

Measurement of vascular

Results

Association of OC
with endothelial

(men/women) function and OC function /
atherosclerosis
(am il n: 19 (unclear) Vascular: ACS
2010) 2 Age: 49 Higher tOC associated with lower ACS 1—\
Health status: LDLR gene mutation tOC: ECLIA
n: 181 men Vascular: Coronary
AWWM _m M vm_; Age: 65 angiography Higher tOC in those without CAD /_\
Health status: Community dwelling tOC: ECLIA
(B b o n: 112 men Vascular: CACS
al., 2016) Age: 60 Higher tOC in those with higher CACS \_'
., Health status: Angina tOC: ELISA
\Y% lar: CACS High OC and %ucOC/HtOC iated with
. n: 162 (114/48) ascular ig oa. ucOC an 2.8 1oC mm.moo_m ed wi
(Choi et al., Age: 49— 62 increased calcification risk in men s—'
2015) ge: tOC: ECLIA <>
Health status: Healthy
ucOC: ELISA No association in women

(Confavreux et
al., 2013)

(Golovkin et al.,
2016)

(Guetal., 2014)

(Iba et al., 2004)

n: 774 men
Age: 65
Health status: Community dwelling
n: 112 men
Age: 60
Health status: Angina
n: 84 men
Age: 59
Health status: NGT, IGT or T2DM
n: 130 PM women
Age: 72

Vascular: AAC

tOC: IRMA
Vascular: CACS

tOC: ELISA
Vascular: C-IMT

tOC: EIA
Vascular: AAC

Higher tOC associated with lower AAC
progression rate

Higher tOC found in those with mild CACS
compared to those with severe CACS

Higher tOC associated with lower C-IMT in
those with IGT or T2DM, but not NGT

No differences in tOC in those with aortic
calcification compared to those without



Reference

Participant characteristics
(men/women)

Measurement of vascular
function and OC

Results

Association of OC
with endothelial

function /

atherosclerosis

(Janda et al.,
2013)

(Kanazawa et
al., 2009)

(Kanazawa et
al., 2011a)

(Kang, 2016)

(Kim et al.,
2012)

(Kim et al.,
2016)

Health status: Osteoporosis

n: 67 (36/31)
Age: 53
Health status: CKD

n: 328 (179/149 PM)
Age: 65— 67
Health status: T2DM

n: 50 (28/22)
Age: 65
Health status: T2DM

n: 98 (24/74) [53 PM]
Age: 54
Health status: Community dwelling

n: 769 women (577 PM)
Age: 65
Health status: Community dwelling

n: 122 men
Age: 59 - 62
Health status: CABG surgery and
matched controls

tOC: EIA
Vascular: C-IMT

tOC: ELISA
Vascular: PWV and C-IMT

tOC: RIA

Vascular: Plaque score

tOC: RIA
Vascular: coronary
angiography

tOC: ECLIA
Vascular: ACS

tOC: ECLIA
Vascular: CACS

ucOC: ELISA
cOC: ELISA

Higher tOC associated with higher C-IMT

Higher tOC associated with lower PWV and

lower C-IMT in men

No association in women

Higher tOC associated with higher plaque score

No difference in tOC in those with CAD

compared to those without

Higher tOC associated with lower aortic

calcification

No association between ucOC or cOC with

CACS

T4 .o
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Participant characteristics

Measurement of vascular

Association of OC
with endothelial

Reference (men/women) function and OC Results function /
atherosclerosis
. n: 68 (34/34) Vascular: VRI
(Lin et al., . . . . \—'
2020a) >ma.. 47 Higher tOC associated with lower VRI
Health status: Kidney transplant tOC: ELISA
997 PM Vascular: coronary
(Ling et al., n women angiography No difference in tOC in those with CAD
2018) Age: 66 compared to those without ©
Health status: Community dwelling
tOC: ECLIA
n: 1571 (780/791) Vascular: om.aonm and coronary
. Age: 64 — 69 angiography Higher tOC in those with calcified plaque
(L ek, 20010 Health status: Referred for compared to those without \_'
angiography tOC: unclear
(Luo et al n: 476 (155/321) [120 PM] Vascular: C-IMT
2015) N Age: 48 No association between tOC and C-IMT PN

(Lv et al., 2020)

(Maetal., 2014)

(Millar et al.,
2020)

Health status: Healthy
n: 326 (166/160)
Age: 59
Health status: T2DM with or
without atherosclerotic plaque

n: 1077 men
Age: 61
Health status: Community dwelling

n: 48 (28/20)
Age: 76
Health status: CKD and controls

tOC: ECLIA
Vascular: F-IMT

tOC: ECLIA

Vascular: C-IMT and presence
of plaque

tOC: ECLIA
Vascular: PWV and CS

tOC: Multiplex assay

Higher tOC in those with plaque compared to
those without

No association between tOC and C-IMT in
whole population

In subgroup analysis of NGT participants, higher
tOC was associated with lower risk of plaque

No association between tOC and PWV or CS in
those with CKD or controls
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Reference

Participant characteristics
(men/women)

Measurement of vascular
function and OC

Results

Association of OC
with endothelial
function /
atherosclerosis

(Montalcini et
al., 2004)

(Ogawa-Furuya
et al., 2013)

(Okura et al.,
2010)

(Parker et al.,
2010)

(Pennisi et al.,
2004)

(Prats-Puig et
al., 2014)

(Reyes-Garcia et
al., 2012)

n: 157 PM women
Age: 56
Health status: Community dwelling

n: 218 (118/100 PM)
Age: 64 — 65
Health status: T2DM

n: 92 (53/39)
Age: 61
Health status: Hypertension

n: 363 PM women
Age: 72
Health status: Community dwelling
n: 66 (35/31 PM)
Age: 63
Health status: Presence of
atherosclerosis and controls

n: 99 (50/49)
Age: 8
Health status: Offspring of family
with MS

n: 78 (43/35)
Age: 58
Health status: T2DM

Vascular: C-IMT

tOC: IRMA
Vascular: ACS

tOC: IRMA
ucOC: ECLIA
Vascular: C-IMT

ucOC: ELISA
Vascular: AAC

tOC: IRMA
Vascular: C-IMT

tOC: ELISA
Vascular: C-IMT

tOC: ELISA
ucOC: EIA

Vascular: C-IMT and plaques

tOC: RIA

Higher tOC associated with higher C-IMT in
PM women with low BMD

Higher tOC and ucOC in men with lower ACS

No association between tOC or ucOC with ACS
in women

Higher ucOC in those with higher C-IMT

No association between tOC and AAC

Lower tOC in those with atherosclerosis than in
controls

Higher ucOC and % ucOC/tOC associated with
increased C-IMT

No association of tOC with C-IMT

Higher tOC associated with increased C-IMT
and plaques in women

No association between tOC or C-IMT in men

T

1,0
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Association of OC

Reference Participant characteristics Measurement of vascular Results with endothelial
(men/women) function and OC function /
atherosclerosis
R T Vascular: C-IMT and presence
(Sheng et al., e A mM. 61 — 62 ) of plaque Higher tOC associated with lower C-IMT and 1—\
2013) Health status: T2DM I
tOC: RIA
(Sumino et al n: 85 PM women Vascular: BAFMD
2007) ’ Age: 58 No association between tOC and BAFMD L4
Health status: Community dwelling tOC: IRMA
% ! n: 618 Vascular: C-IMT
( NM _o MMMV ° Age: 59 Higher tOC associated with lower C-IMT 1—\
Health status: Community dwelling tOC: ECLIA
(Yang et al n: 1319 PM women Vascular: C-IMT
Nomav ; Age: 57 Higher tOC associated with lower C-IMT ._\
Health status: Community dwelling tOC: ECLIA
— n: 3604 (1691/1913) Vascular: baP WV, Higher tOC associated with lower PWV in men
2016) Health sta e:mW%MWMM:E tv dwellin No association in women after adjustment for \ﬁuAlv
) Y & tOC: ECLIA confounding variables
461 (299/162 Vascular: Coronary
(Zhang et al., n .A ) Angiography Higher tOC associated with a reduced number of ,_\
2010) Age: 6263 diseased blood vessels
Health status: Angina
tOC: ECLIA
. Vascular: C-IMT and plaques
(Zhang et al., B Cm._\ SO, P Higher ucOC associated with less plaques and /—\
2015) 50038 (7 lower C-IMT
Health status: CKD ucOC: ELISA

Association of OC with endothelial function and atherosclerosis outcomes: T Higher OC associated with adverse vascular function, ¥ Lower OC associated with adverse

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

Page | 51



Abbreviations - AAC: abdominal aortic calcification, ACS: aortic calcium score, BAFMD: brachial artery flow mediated dilation, baPWV: brachial artery pulse wave
velocity, CABG: coronary artery bypass graft, CACS: coronary artery calcium score, CAD: coronary artery disease, C-IMT: carotid intima-media thickness, CKD: chronic
kidney disease, ECLIA: electrochemiluminescence immunoassay, EIA: enzyme immunoassay, ELISA: enzyme-linked immunosorbent assay, F-IMT: femoral intima-media
thickness, IGT: impaired glucose tolerance, IRMA: immunoradiometric assay, LDLR: Low-density lipoprotein receptor, MS: metabolic syndrome, NGT: normal glucose

tolerance, OC: osteocalcin, PM: post-menopausal, RIA: radioimmunoassay, tOC: total osteocalcin, T2DM: type 2 diabetes mellitus, ucOC: undercarboxylated osteocalcin,
VRI: vascular reactivity index.
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2.3.2 Osteocalcin and endothelial function

2.3.2.1 In vivo OC treatment and vascular function in animals

The direct biological effects of OC in the vasculature are not fully understood. A
limited number of studies have examined the effect of tOC administration in vivo on the
vascular system in animal models of disease. For instance, apolipoprotein E-deficient
(ApoE -/-) mice that were treated with daily injections of tOC (30 ng/g) for 12 weeks were
protected from high fat diet-induced elevations in diastolic and mean blood pressure (BP)
by 7 mmHg and 5 mmHg, respectively, compared to the high fat diet alone group (Dou
et al., 2014). PWV was increased (by 6%) in a rat model fed a high fat diet and induced
with diabetes via streptozotocin (STZ) injection. Following 12 weeks of a high fat diet,
daily intraperitoneal injections of tOC (30 ng/g) reversed the alteration in PWV, albeit by
a small magnitude. BP, heart rate, and mean arterial pressure (MAP) were not altered by
the high fat diet or the OC injections (Huang et al., 2017) (Table 2.3). However, these
animals also exhibited reductions in body weight and fasting glucose levels and an
improved glucose tolerance, circulating lipids and markers of inflammation following OC
treatment (Dou et al., 2014, Huang et al., 2017). As such, whether the observed
improvements in BP and PWV were due to OC acting directly on the vasculature or an

indirect effect via the improvement in the animals’ metabolic profile is unclear.
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Table 2.3 Studies examining the effects of in vivo OC treatment on vascular function outcomes in animals.

Reference

Experimental Overview

Measurement of Results
Vascular Function

(Dou et al.,
2014)

(Huang et al.,
2017)

(Kondo et
al., 2016)

(Zhou et al.,
2013a)

ApoE -/-mice received NCD or HFD and
daily treatment of vehicle or tOC (30 ng/g)
for 12 weeks

Sprague Dawley rats induced with diabetes
via STZ injection and received NCD or HFD,
daily treatment of vehicle or tOC (30 ng/g)
for 12 weeks

Wild type C57BL/6 mice received HFD and
treated 5 times a week for 10 weeks with
vehicle or ucOC (30 ng/g)

C57BL/6J mice received NCD or HFD for 8
weeks with daily injections of vehicle or
ucOC (30 ng/g)

In vivo: mean and diastolic BP normalized by tOC
1E49), i i, treatment in HFD mwowww MN %Mm:mm in systolic BP or
O TRy Ex vivo: 20% improvement in relaxation in tOC-treated

mice on HFD

PWYV normalized in tOC-treated rats with diabetes

BP, PWV, heart rate Lo : )
:_mwv Bmm:wm and Bwumb compared to diabetic rats treated with vehicle, no change
p manm_ Momwﬁo in BP, heart rate, mean arterial pressure, and pulse
p pressure

. Increased NO concentration in ucOC-treated mice
NO production . .
compared to vehicle-treated mice

Autophagy and ER stress Autophagy and ER mﬁﬂomw%%w_cmﬁm 1n mice receiving

Abbreviations - ApoE: apolipoprotein E, BP: blood pressure, ER: endoplasmic reticulum, HFD. high fat diet, NCD: normal chow diet, NO: nitric oxide,

OC: osteocalcin, PWV: pulse wave velocity, STZ.: streptozotocin, tOC: total osteocalcin, ucOC: undercarboxylated osteocalcin.
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2.3.2.2 Invivo OC treatment and markers of atherosclerosis risk in
animals

Isometric myography is an ex vivo technique used to examine endothelial function
directly, independent of factors such as sheer stress and circulating hormones. This
technique was used to examine the function of the thoracic aorta in ApoE -/- mice
following 12 weeks on a high fat diet, receiving simultaneous daily injections of tOC
(30 ng/g) or vehicle (Dou et al., 2014). Vehicle-treated mice had a reduction in endothelial
function by 20%, a pathological effect that was attenuated in the mice receiving OC
treatment. An examination of the mechanisms revealed that co-incubation with NS-nitro-
p-arginine methyl ester (L-NAME), an inhibitor of NOS, blocked the endothelium-
dependent relaxation. However, co-incubation with sodium nitroprusside (SNP), an
endothelium-independent NO donor, resulted in a similar relaxation between tOC-treated
and non-treated tissue. The relaxation of all vessels to SNP demonstrates that the high fat
diet or tOC does not affect the ability of vascular smooth muscle cells to respond to NO
(Dou et al., 2014). Thus, tOC appears to have a protective effect on endothelial function

that may assist in the prevention of atherosclerosis.

Whether one or both forms of OC were responsible for this effect is unclear. As a
result, each form of OC was administered to female wild type C57BL/6 mice, to
determine the effect on NO availability. Treatment with ucOC (30 ng/g) but not an
equivalent dose of cOC increased serum NO, providing further evidence that ucOC is the
bioactive form of the protein, at least in mice (Kondo et al., 2016). In addition, ucOC
(30 ng/g) was administered via intraperitoneal injection five times per week for 10 weeks
into mice fed an atherogenic diet. The diet did not induce the development of

atherosclerotic plaques but it did increase total cholesterol, LDL and LDL/HDL ratio, all
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of which are associated with an increased risk of atherosclerosis. Administration of ucOC
significantly lowered all the lipid markers and produced a 1.7-fold increase in serum NO
bioavailability compared to saline-treated mice (Kondo et al., 2016). The improvement
in lipid markers and serum NO availability would likely assist in the prevention of

atherosclerosis development.

Furthermore, eight weeks of daily ucOC (30 ng/g) treatment following a high fat
diet produced an improvement in insulin signalling and a reduction in autophagy and ER
stress in the aorta of C57 black 6J mice (Zhou et al., 2013a). Several markers of autophagy
(autophagy related 7, ubiquitin binding protein p62, and light chain 3) and ER stress
(protein kinase-like endoplasmic reticulum kinase and eukaryotic initiation factor 2a)
were increased in the high fat diet-fed mice. However, the administration of ucOC
following the high fat diet attenuated the pathologic autophagy and ER stress marker
response. The improvement in insulin signalling in ucOC-treated mice was related to an
increase in the phosphorylation of IR} subunit and Akt Ser-473, demonstrating that ucOC

rescues high fat diet-induced insulin resistance in mouse aorta (Zhou et al., 2013a).

In summary, in vivo ucOC treatment protects vascular function and pathological
disease markers that often contribute to or are involved in the development of
atherosclerosis (Table 2.3). However, the protective effects of ucOC on the vasculature
are often associated with improved metabolic outcomes, such as improvements in insulin
signalling or lipid markers. As such, in vitro studies are needed to confirm (1) whether
OC and its forms are acting directly on vascular tissue, and (2) that ucOC is the active

form of OC mediating these effects.
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2.3.2.3 In vitro OC treatment in human cells

The endothelium has an important role in the maintenance of vascular
homeostasis as it mediates the release of a number of regulatory factors (Rubanyi, 1993).
Molecular signalling mechanisms that regulate endothelial function have been examined
in several studies to determine if there is a direct link between OC and atherosclerosis

(Table 2.4).

Human umbilical vein endothelial cells (HUVEC) cultured with tOC
(10— 150 ng/mL) displayed a dose-dependent upregulation of Akt and eNOS
phosphorylation—up to 100 ng/mL of tOC (Dou et al., 2014). Akt is a common protein
kinase involved in numerous cellular signalling pathways, including the phosphorylation
of eNOS via serl1 177 (Barbato and Tzeng, 2004). When treated with 100 ng/mL of tOC,
Akt and eNOS phosphorylation increased, peaking at 1 h and 2 h following treatment,
respectively (Dou et al., 2014). Of note, the properties of HUVECs are not ubiquitous to
all endothelial cells and therefore the findings cannot be directly associated with adult
endothelial function (O'Donnell et al., 2000). Despite this, similar results have been
reported in HAECs. HAECs incubated with ucOC or cOC for 30 min resulted in an
increase in eNOS phosphorylation in cells treated with 25 ng/ml and 100 ng/mL of ucOC
by 1-fold and 2.5-fold respectively. However, equivalent doses of cOC had no effect,
suggesting it does not influence NO production (Kondo et al., 2016). Similarly, eNOS
phosphorylation and NO secretion were increased in a dose-dependent manner between
0.3-30 ng/mL of ucOC treatment in HAECs (Jung et al., 2013). Mechanistic
investigation demonstrated that the phosphorylation of Akt/eNOS by ucOC was inhibited
by the addition of wortmannin, an inhibitor of PI3K, which is the protein kinase

responsible for phosphorylating Akt (Jung et al., 2013).
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In a recent study, ucOC treatment (0.5, 1 and 10ng/ml) for 72 h increased HAEC
proliferation, but this effect was blocked by inclusion of Akt and extracellular signalling
regulated kinase (ERK) inhibitors, suggesting that ucOC may cause proliferation via Akt
and ERK pathways. However, the phosphorylation of Akt, ERK and mammalian target
of rapamycin (mTOR) were unaltered in HAECs treated with 10 ng/ml of ucOC for up to
30 min. Furthermore, ucOC treatment (10 ng/ml) did not affect angiogenesis,
permeability or adhesion markers (Millar et al., 2019a). It was also reported that ucOC
(10 ng/ml) treatment did not attenuate the increase in interleukin 6 (IL-6), interleukin 8
(IL-8), ICAM-1, VCAM-1 or MCP-1 following acute (24 h) inflammation in HAECs or
HASMCs (Millar et al., 2019¢). In HAECs and HASMCs exposed to inflammation for
up to 144 h, ucOC treatment did not influence markers of cellular inflammation and

dysfunction (Millar et al., 2019c¢).
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Table 2.4 Cell culture studies examining the effects of in vitro osteocalcin treatment in human and animal vascular cells.

Reference

Experimental overview

Outcomes

Results

(Dou et al.,
2014)

(Guo et al.,
2017)

(Jung et al.,
2013)

(Kondo et
al., 2016)

(Millar et
al., 2019a)

HUVECs incubated with tOC (10 — 150 ng/ml) for
15 min and up to 2 h
Descending aorta of ApoE -/- mice, previously
treated with tOC, incubated with LY294002
(10 pmol/L) and Akt inhibitor V (5 pmol/L)

HUVEC:s incubated with ucOC (5 ng/ml for 4 h),
tunicamycin (5 pg/ml for 4 h), insulin (10 nM for
10 min), wortmannin and Akti-1/2 (10 uM for 4 h)

HAEC:s incubated with ucOC (0.3 — 30 ng/ml),
linoleic acid (100 pmol/L for 16 h), wortmannin
(100 nmol/L for 15 min)

HAECs incubated with ucOC (5, 25 and
100 ng/ml) and cOC (25 and 100 ng/ml) for 30 min

HAECs and HASMCs incubated with ucOC
(0.1 — 50 ng/ml) for up to 72 h

eNOS, Akt and PI3K
phosphorylation and
expression

Insulin resistance, ER stress

NO concentration, eNOS and
Akt phosphorylation and
apoptosis

eNOS phosphorylation

Vascular permeability,
proliferation, angiogenesis,
migration

Max phosphorylation of eNOS & Akt with
100 ng/ml of tOC. Max phosphorylation of
eNOS & Akt occurred after 1 h and 2 h,
respectively
In aorta, PI3K, Akt and eNOS phosphorylation
and expression increased, inhibited with
LY294002 and Akt inhibitor V

ucOC blocked ER stress and insulin resistance,
which was inhibited by wortmannin and Akti-
1/2

ucOC increased eNOS and Akt
phosphorylation and NO concentration, which
was inhibited by wortmannin. UcOC
attenuated linoleic acid-induced apoptosis

Incubation of ucOC increased eNOS

phosphorylation in dose dependent manner,
cOC had no effect

ucOC increased cell proliferation, but had no
effect on migration, permeability or
angiogenesis
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Reference Experimental overview

Outcomes

Results

. HAECs and HASMCs induced with acute (24 h) or
(Millar et . . . . )
al., 2019¢) chronic (144 h) EﬂmBBm:o: with or without
° treatment with ucOC (10 ng/ml)

Mouse VECs and VSMCs incubated with
(Zhou et al.,  tunicamycin (5 pg/ml for 4 h), ucOC (5 ng/ml for
2013a) 0h,2h,4hand 8 h), Akti-1/2 (10 pM for 4 h) and
rapamycin (10 nM for 4 h)

Markers of cellular
inflammation

Autophagy and ER stress

ucOC does not influence markers of acute or
chronic inflammation in HAECs or HASMCs

ucOC attenuates autophagy and ER stress in
mouse VECs and VSMCs, which was
inhibited by Akti-1/2 and rapamycin

Abbreviations - Akt: protein kinase B, ApoE: apolipoprotein E, cOC: carboxylated osteocalcin, eNOS: endothelial nitric oxide synthase, ER: endoplasmic

reticulum, HAEC: human aortic endothelial cells, HASMC: human aortic smooth muscle cell, HUVEC: human umbilical vein endothelial cells, NO: nitric

oxide, PI3K: phosphoinositide 3-kinase, tOC: total osteocalcin, ucOC: undercarboxylated osteocalcin, VEC: vascular endothelial cells, VSMC: vascular

smooth muscle cells.
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In addition to the loss of NO bioavailability, pathological mechanisms such as
apoptosis and ER stress promote the development of endothelial dysfunction and
atherosclerosis. Treatment with ucOC (30 ng/mL) prior to the administration of linoleic
acid, which acts as a free fatty acid, inhibited the induction of apoptosis in HAECs via
the PI3K/Akt pathway (Jung et al., 2013). Additionally, HUVECs exhibited ER stress
and insulin resistance when incubated with tunicamycin; however, co-incubation with
ucOC (5 ng/mL) for 4 h reduced the ER stress and increased the phosphorylation of
insulin receptor substrate 1 (IRS-1), a molecule involved in insulin signal transduction
(Guo et al., 2017). The co-incubation of wortmannin and Akti-1/2 (an Akt inhibitor)
blocked the insulin sensitizing effect of ucOC. However, U0126 (an MAPK inhibitor) did
not block the effect of ucOC. Additionally, NF-kf, a key cellular signalling molecule,
which was suppressed by tunicamycin, exhibited a normalization when co-incubated with
ucOC. Furthermore, the inhibition of NF-kf3 signalling and the silencing of the NF-xf3 p65
gene confirmed that NF-kf was involved in the regulation of ER stress and insulin
signalling by ucOC (Guo et al., 2017). The results from this study suggest that ucOC
suppresses ER stress via the PI3K/Akt/NF-kf signalling pathway and that improved

insulin sensitivity initiates this response.

Taken together, these results indicate that ucOC may elicit an atheroprotective
effect in human endothelial cells. The protective effects of ucOC often occurred through
improved insulin signalling or in the presence of high lipid content. However, ucOC also
produced a protective effect in endothelial cells without the presence of any metabolic
mediators, suggesting that OC may have a direct bioactive influence in human endothelial
cells. Conversely, several recent studies have suggested that ucOC did not mediate

functions in human vascular cells. Overall, ucOC may have a protective function in the
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vasculature, independent from its influence on metabolic outcomes (Figure 2.10).
However, further studies are required to confirm this. The direct protective role of ucOC

in the vasculature is investigated in Chapters 4, 5 and 6 (Studies 2, 3 and 4).

Improved metabolic <4—— tOC/ucOC

outcomes \

?
IR
i >
IRS-1 PI3K
\
PI3K Akt
Autophagy ¢ S
l Apoptosis Akt eNOS
ER stress \ Y /—\
‘n>0R "_\l-F_'KB NO Endothelial cell
Relaxation

and function
Smooth muscle

cell

Figure 2.10 The proposed mechanism through which tOC and ucOC have been reported to elicit
atheroprotective functions in vascular cells. By improving metabolic outcomes, tOC and ucOC
reduce pathological mechanisms, including autophagy, apoptosis, and ER stress, through the p-
subunit of the insulin receptor (IRPB) and via the IRS-1/PI3K/Akt/NF-kp/mTOR signalling
pathway. Vascular function is improved via the PI3K/Akt/eNOS signalling pathway which
stimulates NO in the smooth muscle cells. Solid lines: known effect, dashed lines: proposed

biological effect. Created with BioRender.com

Abbreviations - Akt: protein kinase B, eNOS. endothelial nitric oxide synthase, ER: endoplasmic
reticulum, IRp: insulin receptor B, IRS-1: insulin receptor substrate 1, mTOR: mammalian target
of rapamycin, NO: nitric oxide, NF-xf: nuclear factor kappa p, PI3K: phosphoinositide 3-kinase,

ucOC: undercarboxylated osteocalcin
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2.3.2.4 In vitro OC treatment and markers of atherosclerosis risk

in animal cells

In addition to the use of human cells, animal studies have been completed to
examine the effect of OC in vascular tissue and cells. Cultured aortic strips obtained from
ApoE -/- mice revealed that tOC treatment increased the phosphorylation and expression
of PI3K, Akt, and eNOS. Furthermore, the phosphorylation of Akt and eNOS was blocked
by the co-incubation of LY294002 and Akt inhibitor V, which inhibit the signalling of
PI3K and Akt respectively (Dou et al., 2014). Incubation of mouse vascular endothelial
cells (VEC) and vascular smooth muscle cells (VSMC) in ucOC (5 ng/mL) were protected
against tunicamycin-induced autophagy and ER stress. The protective effect was
mediated through the Akt/mTOR signalling pathway as a result of NF-xf activation

(Zhou et al., 2013a).

The results in animal tissues support the work from human cells and suggest that
ucOC protects against the development of atherosclerosis through the activation of
several signalling pathways (Table 2.4). NO is likely increased via the activation of the
PI3K/Akt/eNOS signalling pathway, which would result in an improvement in
endothelial function. However, increased eNOS expression can also enhance endothelial
dysfunction by increasing eNOS uncoupling and oxidative stress (Forstermann and Li,
2011, Zhao et al., 2015). Further studies are needed to determine if the upregulation of
eNOS prevents or enhances endothelial dysfunction. To examine the molecular signalling
pathways activated by ucOC, the expression of eNOS, Akt and mTOR are examined in

Chapter 4 (Study 2).
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2.3.3 Osteocalcin and vascular calcification

Advanced atherosclerotic plaques are characterised by the development of
vascular calcification, a pathological process which increases the risk of adverse
cardiovascular events (Demer and Tintut, 2008, Giachelli, 2004). The development of
vascular calcification promotes a phenotypical switch in VSMCs into osteoblast-like cells
(Evrard et al., 2015). This process is regulated, at least to some degree, by runt-related
transcription factor 2 (Runx2) and is characterised by a loss of SMC proteins and an
increase in the expression of osteogenic proteins, including OC (Maddaloni et al., 2020,
Byon et al., 2008, Johnson et al., 2006). Since the early 1980s, studies have detected OC
in calcified plaques and aortic valves (Levy et al., 1983, Levy et al., 1980, Fleet and Hock,
1994, Rashdan et al., 2019). Yet, despite the presence of OC in calcifying vascular tissue,
in cultured human VSMCs there is minimal evidence to support the role of OC as a
regulator of calcification (Millar et al., 2020, Proudfoot et al., 2002, Severson et al., 1995).
In contrast, numerous studies in animals have demonstrated a link between OC and
vascular calcification (Akiyoshi et al., 2016, Morony et al., 2008, Idelevich et al., 2011,
Rashdan et al., 2019). However, other animal studies have not demonstrated this link
(Murshed et al., 2004). In OC -/- mouse VSMCs there was a reduction in calcium
deposition, Runx2 and glucose uptake (Rashdan et al., 2019), whereas in mouse VSMCs
OC overexpression and treatment increased glucose uptake via hypoxia-inducible factor
la (HIF-1a) and increased vascular calcification (Idelevich et al., 2011). These results
suggest that OC influences glycolytic pathways to regulate osteochondrogenic

differentiation and to promote vascular calcification.

Overall, OC expression appears to be increased in calcified lesions throughout the

intimal and medial layers of the vascular wall and may be involved in calcification via
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glycolytic pathways, at least in animals (Table 2.5). Whether OC mediates calcification
in humans or is increased as a result of the differentiation of VSMCs into an osteogenic
phenotype requires further examination. It is important that future studies examine the
role of each individual form of OC in the development of vascular calcification, in
particular cOC, as cOC is the form of OC that is predominantly found within the
mineralised matrix in bone. While not a major focus of this thesis, consideration of how
OC is involved in the development of vascular calcification would assist in understanding

the role of OC in vascular function and CVD development.
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Table 2.5 Studies examining interaction between osteocalcin and calcification in human and animal tissue and cells.

Reference Experimental overview Outcomes Results
(Akiyoshi etal,  Thoracic aorta of C57BL/6 mice i
OC expression S : : :
2016) cultured to induced calcification OC expression increased in calcified thoracic aortas
(Fleet and Hock, ; : :
1994) Human aortic tissue OC mRNA levels OC mRNA increased in om_QmWQ aorta and plaque
compared to non-calcified aorta
. In vitro - overexpression of OC in MOVAS cells
O:::Ho.a ZO<>m o.ozm-:a:oma associated with mineralisation and upregulation of
(Idelevich et al., with calcification and Mineralisation, OC mRNA, insulin signalling
2011) overexpressed with OC. Sprague metabolic signalling pathways

Dawley rats-induced with
calcification

(Levy etal., 1983) Human aortic and valve tissue

(Levy et al., 1980) Human aortic and valve tissue

Cultured VSMCs in normal or

mineralization inducing media

(Millar et al., 2020) with or without ucOC (10 ng/ml

+ 30 ng/ml)
(Morony et al., LDLR -/- mice fed HFD for 5
2008) months and treated with OPG
(Murshed et al., MGP -/- mice inter-crossed with
2004) pSM220-OC

OC and Gla levels

Gla levels

ALP, Runx2, calcium, MMP-3, IL-1

Calcification, OC mRNA and
circulating levels

Mineralisation of aorta

In vivo - OC mRNA is increased in calcified
vasculature and associated with activation of
metabolic signaling pathways

OC and Gla levels higher in calcified tissue than in
non-calcified tissue

Higher Gla levels in calcified aorta and valves than
non-calcified tissue

ucOC co-treatment had no effect on markers of
mineralisation and osteoblast differentiation in
VSMCs

OC mRNA levels were unchanged, circulating OC
increased over the 5 months, which was associated
with calcification

OC gain of function model did not inhibit the
mineralisation of mouse aorta
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Reference Experimental overview Outcomes Results

Increased calcification in OPG -/- mice which was

(Pal et al., 2010) OPG +/+ and OPG -/- mice Calcification and zososso_mg cells associated with an increased percentage of OC
’ expressing OC positive mononuclear cells
) OC expression increased in calcified cells
(Proudfoot et al., Oﬂ:ﬁ.& human aortic VSMCs OC expression compared to non-calcified cells, which was altered
2002) with lipid content modification with the modification of lipid content

OC present in calcified areas of human plaque and

absent in non-calcified areas
(Rashdan et al., Human carotid artery plaques, Immunostaining for OC, OC

2019) OC -/-mice and murine VSMCs  expression and calcium deposition ~ OC expression increased in calcified VSMCs and in
VSMCs from OC -/- mice calcium was reduced

(Severson et al.,
1995)

Cultured human aortic VSMCs Immunostaining for OC Minimal presence of OC in mineralised VSMCs

Calcified vessels had an increase in expression of
oC

Abbreviations - ALP: alkaline phosphatase, HFD: high fat diet, IL-1: interleukin 1, LDLR: low-density lipoprotein receptor, MGP: matrix glutamic acid

(Tyson et al., 2003)  Human aortic and carotid tissue OC expression

protein, MMP-3: matrix metalloproteinase 3, MOVAS: mouse vascular smooth muscle cells, mRNA: messenger ribonucleic acid, OPG: osteoprotegerin,

OC: osteocalcin, Runx2: runt-related transcription factor 2, VSMC: vascular smooth muscle cells
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The current evidence examining the role of OC in the development of endothelial
dysfunction and atherosclerosis is unclear. In humans, the association between OC and
vascular outcomes is highly conflicting. /n vitro and in vivo evidence suggests that OC,
and in particular ucOC, may function to protect endothelial dysfunction. However,
whether this occurs directly, rather than via improvements in metabolic outcomes requires
further investigation. It is clinically important to understand the role of ucOC in the
vasculature, as ucOC may be a therapeutic target for metabolic diseases in the future. As
such, this thesis will investigate the direct biological effect of ucOC on endothelial
function in animal models ex vivo and cell culture in vitro in both normoglycaemic and
hyperglycaemic conditions. In addition, this thesis will include cross-sectional and
intervention studies in humans to determine if the results obtained in the preclinical
studies translate to humans. The research completed in this thesis provides a thorough
examination into the influence of ucOC on endothelial function and investigated if it has

a direct biological effect.

2.4 Aims and hypotheses

The overall aim of this thesis is to investigate if ucOC has a direct biological effect
on vascular function in normoglycaemic and hyperglycaemic environments in preclinical
models and humans. This was investigated in four studies. The specific hypothesis and

aims of each study are listed below.
Study 1 (Chapter 3)

1. To determine whether acute ex vivo high glucose incubations would impair
endothelial function in rabbit arteries in an artery specific manner and if this would

be exacerbated by an atherogenic diet. This is based on the hypothesis that high
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glucose incubations would cause dysfunction in each artery and the effect would
be exacerbated by an atherogenic diet.
2. To investigate the molecular mechanisms of dysfunction caused by acute high

glucose incubation.

Study 2 (Chapter 4)

1. To determine whether ucOC has a beneficial effect on endothelium-dependent
and endothelium-independent vasodilation in rabbit aorta following incubations
in normal and high glucose solutions. The hypothesis is that ucOC will improve
the vasodilation of rabbit aorta ex vivo.

2. To investigate the molecular mechanisms in endothelial cells altered by the ucOC
treatment.

3. To determine whether the treatment of human aortic endothelial cells with ucOC

alters endothelial cell homeostasis following incubation in high glucose media.

Study 3 (Chapter 5)

1. To investigate the association of circulating ucOC levels with endothelial
function, arterial stiffness and BP in older adults.

2. To examine the effect of ucOC on endothelial function of rabbits ex vivo in near
physiological conditions. This is based on the hypothesis that ucOC will improve

the vasodilation of rabbit aorta ex vivo.

Study 4 (Chapter 6)

1. To determine if a large reduction in ucOC is associated with alterations in
cardiometabolic risk factors such as BP, arterial stiffness, blood glucose and lipid

concentrations. The hypothesis is that the reduction in ucOC will cause an
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improvement or have no effect on blood vessel function and the cardiometabolic

risk factors examined in the study.
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Chapter 3. The Effect of an Atherogenic Diet and
Acute Hyperglycaemia on Endothelial Function in
Rabbits is Artery Specific

This chapter was published as a study in Nutrients as follows:

Tacey, A., Qaradakhi, T., Smith, C., Pittappillil, C., Hayes, A., Zulli, A., Levinger, I.
(2020). The Effect of an Atherogenic Diet and Acute Hyperglycaemia on Endothelial

Function in Rabbits is Artery Specific. Nutrients, 12(7), 2108. (Scimago rank - Q1)

The published study is included in Appendix B.

Published version available from: https://doi.org/10.3390/nu12072108
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3.1 Introduction

Type 2 diabetes mellitus (T2DM) is a major risk factor for cardiovascular
complications including atherosclerosis and IHD (Beckman et al., 2002, Creager et al.,
2003). While T2DM and atherosclerosis can occur independently, diabetes often
accelerates atherosclerosis development, increasing the risk of adverse cardiovascular
events such as myocardial infarction (Beckman et al., 2002). The devastating effect of
T2DM on the vasculature is caused, in part, by hyperglycaemia, which is characterised

by toxic levels of circulating blood glucose (Bornfeldt and Tabas, 2011, Saad et al., 2015).

Endothelial dysfunction is the first detectable sign of atherogenesis and is a
significant predictor of future cardiovascular events (Davignon and Ganz, 2004,
Gimbrone and Garcia-Cardena, 2016). The impairment of NO mediated endothelium-
dependent vasodilation is a hallmark and one of the earliest indications of endothelial
dysfunction (Gimbrone and Garcia-Cardena, 2016). Hyperglycaemia promotes
endothelial dysfunction via a number of pathways, each of which are associated with a
common link, the generation of reactive oxygen species (ROS), and oxidative/nitrative
stress (Fiorentino et al., 2013). Specifically, hyperglycaemia-induced mitochondrial
electron transport chain overproduction of superoxide binds with NO to produce
peroxynitrite, reducing the bioavailability of NO and promoting endothelial dysfunction

(Brownlee, 2001, Son, 2012).

Acute elevations in circulating blood glucose, such as that which occurs in the
post-prandial state, are a major risk factor for diabetes-induced endothelial dysfunction
(Ceriello and Genovese, 2016, Yamagishi et al., 2007), perhaps more so than fasting
blood glucose and haemoglobin Alc (HbAIc) (Bonora et al., 2001). A number of studies

have reported that acute (2 — 6 h) ex vivo high glucose incubations can reduce endothelial-
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dependent vasodilation in arteries of rabbits (Tesfamariam et al., 1991, Tesfamariam et
al., 1990, Tesfamariam and Cohen, 1992) and rats (Qian et al., 2010, Qian et al., 2006,
Salheen et al., 2015, Taylor and Poston, 1994). However, no previous studies have
completed high glucose incubations following a diet that mimics an atherosclerotic
milieu, which is important to understand the effects of acute hyperglycaemia in a disease
state. Furthermore, a study from our laboratory has shown that different vascular beds
(thoracic aorta, renal, carotid, and iliac arteries) respond differently to hormonal stimulus,
indicating that vascular beds are not homogeneous in their responses (Habiyakare et al.,

2014).

As such, the aim of this study was to determine if acute ex vivo high glucose
incubations would impair endothelial function in aorta, iliac, and mesenteric arteries and
whether the impairment would be exacerbated by an atherogenic diet. We hypothesised
that high glucose incubations would reduce endothelium-dependent relaxation and that
the impairment in endothelial function would be aggravated following an atherogenic

diet.

3.2 Methods

3.2.1 Ethical approval

This study was approved by the Victoria University Animal Ethics Committee
(#14/005) and complied with the Australian National Health and Medical Research
Council code for the care and use of animals for scientific purposes (8th edition).

3.2.2 Animal model

Male New Zealand White Rabbits (n = 6 — 12) at three months of age were
randomly allocated into two groups and fed a normal chow diet (Specialty Feeds, Glen

Forrest, WA, Australia) or an atherogenic diet (a normal diet combined with 1%
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methionine, 0.5% cholesterol, and 5% peanut oil; SF00-218, Specialty Feeds, Glen
Forrest, WA, Australia) for four weeks (Zulli and Hare, 2009). The animals were housed
in separate cages on a 12 h light/dark cycle at a constant temperature of 21°C. Food and

water were supplied ad libidum.

3.2.3 Isometric tension myography

Following the four week diet, the rabbits were sedated with medetomidine
(0.25 mL/kg), anaesthetised with 4% isoflurane, and exsanguinated via severing the
inferior vena cava. The arterial system was immediately flushed with ice cold Krebs
(118 mM NaCl; 4.7 mM KCI; 1.2 mM MgSO4; 1.2 mM KH>PO4; 25 mM NaHCOs;
1.25mM CaCl, and 11.7 mM glucose). The abdominal aorta (2 — 3 cm below the
diaphragm), external iliac artery (immediately after the aortic bifurcation), and main
mesenteric artery were excised, cleaned of connective tissue and fat, and cut into 3 mm
rings. Blood vessel reactivity was measured via an isometric tension organ bath system
(Zultek Engineering, Melbourne, Australia), as previously described (EI-Hawli et al.,
2017, Smith et al., 2019). Briefly, each vessel was incubated in physiological Krebs
solution warmed to 37°C and bubbled with 95% O, and 5% CO.. Following 30 min
acclimatisation, the rings were strung up between two metal hooks attached to a force
transducer to measure the tension of the vessel. Each vessel was passively stretched to a
tension comparative to its size: the abdominal aorta to 2 g, the iliac artery to 1 g, and the
mesenteric artery to 0.5 g. After 30 min, the vessels were again stretched to their
respective tension for a further 30 min. Subsequently, the vessels were incubated in Krebs
(11 mM glucose) or high glucose Krebs (20 mM or 40 mM glucose). Vasodilation of
blood vessels in 11 mM glucose has previously been shown to cause relaxation equivalent

to incubation in 5 mM glucose (Tesfamariam et al., 1990). The respective Krebs solutions
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were refreshed every 30 min and incubated for a total of 2 h. Following the incubation,
blood vessels were pre-contracted with 3x10”7 M phenylephrine (aorta and iliac artery) or
3x107 M cirazoline (mesenteric artery). Once the contraction reached a plateau,
endothelium-dependent vasodilation was determined via a cumulative dose response
curve to acetylcholine (ACh) in half-log increments (10®° M to 10 M). Maximal
relaxation (Emax) was determined as the maximal dilation below the
phenylephrine/cirazoline plateau. The log dose of ACh that produced half the maximal
relaxation was reported as ECso. The area under the curve (AUC) was determined as the
total area of relaxation below the phenylephrine/cirazoline plateau. Endothelial
dysfunction was considered when there was an alteration to one or a combination of Emax,
ECso, and AUC that represented a reduction in the vasodilation of the blood vessels. All
chemicals and reagents were supplied by Sigma Aldrich, St. Louis, MO, USA unless

otherwise specified.

3.2.4 Immunohistochemistry

The blood vessel rings were placed into 4% paraformaldehyde, left overnight, and
then transferred into 1x phosphate buffered saline at 4°C. This was followed by paraffin
processing (Microm STP120, Thermo Scientific, Waldorff, Germany) and embedding in
paraffin blocks. Sections were cut at 5 um, deparaffinised in xylene, rehydrated, and
blocked with 1% goat serum in 10mM Tris HCl (pH 7.4) for 20 min. Primary mouse
monoclonal anti-bodies Anti-3-Nitrotyrosine [39B6] (Abcam 61392) and eNOS type III
(BD Biosciences 610296) at 1:100 dilution were applied overnight. A no primary
antibody control was completed to detect non-specific protein binding. Samples were
subsequently incubated with anti-mouse IgG for 1 h (Immpress HRP reagent kit, MP-

7452 Vector laboratories). Diaminobenzidine (DAB) (BD Biosciences 550880) was
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applied as a chromogen before counterstaining with hematoxylin, dehydration, and

mounting in Dibutylphthalate Polystyrene Xylene (Arora et al., 2012).

3.2.5 Immunohistochemistry quantification

Images of each vessel were taken at 40x magnification (Leica DFC 450F, Leica
Microsystems, Wetzlar, Germany). The endothelium was traced and the degree of
staining (brown from DAB) was quantified using the MCID programme (MCID 7.0,
Interfocus, Linton, UK). Researchers were blinded to the samples for quantification,
using methods previously established (Qaradakhi et al., 2017, Zulli et al., 2008, Zulli et
al., 2006a, Zulli et al., 2006b, Zulli et al., 2014, Zulli et al., 2009). The proportional
intensity (arbitrary unit) of staining was calculated as a ratio of colour intensity to
proportional area, normalised to the no primary antibody control. Finally, the
immunoreactivity of each protein was calculated based on a fold change from the
respective control vessel (the control ring from the normal diet or atherogenic diet
groups).

3.2.6 Statistical analysis

All results were expressed as mean + standard error of the mean (SEM). Unpaired
Student’s t-test was used for comparison between the diets. A one-way analysis of
variance (ANOVA) was used to analyse the comparison between glucose incubations and
Post-hoc analysis was completed using Fisher’s least significance difference (LSD) test
to identify the differences between groups. Data was analysed in Graphpad prism (version
7.1, Graphpad Software, San Diego, CA, USA). p < 0.05 was considered statistically
significant, trends were reported when p = 0.05 — 0.099, and > 0.099 was considered not
significant (n/s). Effect sizes are commonly used to study the clinical relevance of an
intervention and show the magnitude of the effect that it is producing (Maylor et al., 2019,

Rodevand et al., 2019, Silva et al., 2019). The Cohen’s d (d) equation was used to examine
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the magnitude of the effect of the high glucose incubations on blood vessel relaxation and
immunohistochemistry results. A large effect is considered when d is > 0.8, a medium

effect between 0.5 — 0.79, and a small effect between 0.2 — 0.49 (Cohen, 2013).

3.3 Results

3.3.1 Endothelial function following the normal diet vs atherogenic
diet

The atherogenic diet significantly reduced the relaxation of the abdominal aorta
as measured by AUC (25%, p < 0.05) and ECso (p < 0.05) compared to the normal diet
(Figure 3.1 A + B). In the iliac artery, the atherogenic diet reduced ECso (p < 0.05) and
there was a strong trend for a reduction in AUC (17%, p = 0.06) compared to the normal
diet (Figure 3.1 C + D). Similarly, in the mesenteric artery, the atherogenic diet shifted
ECso to the right (p < 0.05) and there was a strong trend for a reduction in AUC (40%, p

=0.07) (Figure 3.1 E + F).
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Figure 3.1 ACh-induced dose response curves in (A) abdominal aorta, (C) iliac artery, and (E)

mesenteric artery incubated ex vivo for 2 h. Comparison between normal diet (closed circles) and

atherogenic diet (open circles). Inset: Log ECso and Enmay statistical significance (p) and effect size

(d) between diets. AUC in (B) abdominal aorta, (D) iliac artery, and (F) mesenteric artery

presented as arbitrary values; numbers above columns represent the statistical significance (p)

and effect size (d) between diets. n =7 — 12 per group. All data mean = SEM. * p < 0.05 ND vs
AD, ** p<0.01 ND vs AD, "~ p 0.05—0.099 ND vs AD.

Abbreviations - ACh: acetylcholine, AD: atherogenic diet, AUC: area under the curve, Con:
normal Krebs, d: Cohen’s d, ND: normal diet.
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3.3.2 Endothelial function following the high glucose vs normal

glucose incubation

Incubation of the aorta in 20 mM glucose from rabbits fed a normal diet produced
a strong trend towards a reduction in AUC (18%, p = 0.08) and Emax was reduced by 10%,
but this was not significant (p > 0.1) (Figure 3.2 A + C, Table 3.1). Incubation of the
aorta in 20 mM glucose from the atherogenic diet-fed rabbits caused a shift to the right
of the dose response curve reducing ECso (p < 0.05) (Figure 3.2 B and Table 3.1). No
dysfunction was caused in the iliac artery following the normal diet, irrespective of
glucose incubation (Figure 3.2 D + F). Whereas, relaxation of the iliac artery from the
atherogenic diet-fed animals altered ECso in the 40 mM (p < 0.05) incubated group
(Figure 3.2 E and Table 3.1). Endothelial dependent relaxation of the mesenteric artery
was not negatively affected by the high glucose incubations following either the normal

or atherogenic diet (Figure 3.2 G - I and Table 3.1).
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Figure 3.2 ACh-induced endothelium-dependent dose response curves in (A, B) abdominal aorta,

(D, E) iliac artery, and (G, H) mesenteric artery incubated ex vivo for 2 h in normal, 20 mM

glucose or 40 mM glucose solution. Comparison between Con (circles + line), 20 mM (squares +

dashes), and 40 mM (triangles + dots). AUC (C, F, I) presented as arbitrary values. n=6 — 12 per
group. All data mean + SEM.

Abbreviations - 20mM.: 20 mM glucose Krebs, 40 mM: 40mM glucose Krebs, ACh: acetylcholine,

AD: atherogenic diet, AUC: area under the curve, Con: normal Krebs, ND: normal diet.
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Table 3.1 Log ECso, Emaxand AUC for ND and AD fed rabbits incubated ex vivo for 2 h in control, 20 mM or 40 mM glucose solutions.

>wMMHM.=w_ n | LogEC;+SEM pvscon dvsCon | EnaxtSEM  pvscon dvsCon | AUCESEM pvscon dvscon
ND Con 7 -7.59+£0.12 -81 +£13 196 + 18

ND 20 mM 7 -7.43 £0.09 n/s 0.54 70+ 11 n/s 0.32 160 + 11 0.08% 0.92

ND 40 mM 7 -7.65+0.1 n/s 0.18 -73+2 n/s 0.29 177 £ 12 n/s 0.48
AD Con 10 -7.10+0.13 S70 £ 2 146 + 13

AD 20 mM 11 -6.81 £0.06 0.03* 0.88 -78+3 0.04* 0.97 141 +9 n/s 0.13

AD 40 mM 11 -6.93 £ 0.07 n/s 0.52 S71+3 n/s 0.18 138+ 10 n/s 0.21

Iliac artery Log EC50=SEM pvscon dvsCon | EnaxtSEM  pvscon dvsCon | AUCESEM pvscon dvscon
ND Con 7 -7.52+0.12 94+ 4 235+ 17

ND 20 mM 7 -7.64+0.11 n/s 0.41 98 £ 1 n/s 0.43 252+ 14 n/s 0.42

ND 40 mM 6 -7.55+0.13 n/s 0.1 97+2 n/s 0.31 237+ 12 n/s 0.05
AD Con 10 -7.07 £0.08 97+ 1 194 + 12

AD 20 mM 11 -7.00 £ 0.06 n/s 0.32 -96 + 1 n/s 0.11 186 + 10 n/s 0.23

AD 40 mM 10 -6.85 £ 0.06 0.03* 0.98 97+1 n/s 0.09 175+9 n/s 0.59

ZMNMM”MHE Log ECs5oxSEM pvscon dvsCon | EjaxxSEM  pvscon dvsCon | AUC:SEM pvscon dvscon
ND Con 7 -7.44 +0.19 -68 £9 164 +27

ND 20 mM 6 -7.46 £ 0.23 n/s 0.04 15+ 6 n/s 0.3 170 + 23 n/s 0.08

ND 40 mM 6 -7.35+0.18 n/s 0.2 -19+£5 n/s 0.52 181 +£22 n/s 0.26
AD Con 12 -6.74 £ 0.18 -58+6 99 £ 20

AD 20 mM 11 -6.50+0.18 n/s 0.4 -60 + 10 n/s 0.08 107 + 24 n/s 0.11

AD 40 mM 11 -6.81 £0.12 n/s 0.12 -68 £8 n/s 0.41 128 £19 n/s 0.45

Statistical significance (p) and effect size (d) in comparison to the control group for each diet. * p < 0.05 vs control, * p 0.05 — 0.99 vs control.
Abbreviations - 2 h: 2 hour incubation, 20 mM: 20 mM glucose Krebs, 40 mM: 40 mM glucose Krebs, AD: atherogenic diet, AUC: area under the curve,
Con: normal Krebs, d: Cohen’s d, ND: normal diet.
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3.3.3 Immunoreactivity of NT and eNOS

Representative images of IHC stained vessels are presented in Figure 3.3. The
incubation of blood vessels in 20 mM and 40 mM glucose for 2 h did not significantly
affect the immunoreactivity of eNOS and NT in any blood vessel. In the aorta NT was
increased in the 40 mM glucose normal diet group by 0.9-fold compared to the control,
which had a trend towards significance (p = 0.9) and a large effect (d = 0.99) (Figure 3.4
A). A medium to large effect (d) was present in a number of groups, but this was not

associated with statistical significance (Figure 3.4 A — F).

abdominal aorta, (D-F) iliac artery and (G-I) mesenteric artery from normal diet-fed rabbits. (A,
D, G) no primary antibody control, (B, E, H) NT and (C, F, I) eNOS taken at 40x magnification.

Inset - image of whole vessel taken at 4x magnification (abdominal aorta) or 10x magnification

(iliac and mesentery).

Abbreviations - eNOS: endothelial nitric oxide synthase, NT: nitrotyrosine.
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Figure 3.4 Immunoreactivity of NT and eNOS in (A, B) abdominal aorta, (C, D) iliac artery, and
(E, F) mesenteric artery. Immunoreactivity is calculated based on the intensity of the staining
present on the endothelium, which is an arbitrary unit and expressed as fold change from the
respective control. Numbers above columns represent the statistical significance (p) and effect
size (d) in comparison to the control group for each diet. ~ p 0.05 — 0.99 vs control.
Abbreviations - 20mM: 20 mM glucose Krebs, 40mM: 40 mM glucose Krebs, AD: atherogenic
diet, Con: normal Krebs, d: Cohen’s d, eNOS: endothelial nitric oxide synthase, ND: normal diet,

NT: nitrotyrosine.
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3.4 Discussion

We report for the first time that high glucose-induced endothelial dysfunction is
blood vessel specific. The abdominal aorta is the most susceptible to high glucose-
induced dysfunction, with the iliac artery affected to a lesser degree, and the mesenteric
artery exhibited no signs of dysfunction. High fat diets are commonly used to study the
development of endothelial dysfunction and atherosclerosis in animals. The four week
atherogenic diet used in this study has previously been shown to exhibit endothelial
dysfunction in abdominal aorta of rabbits (Zulli and Hare, 2009). We confirm the findings
of atherogenic diet-induced endothelial dysfunction in the aorta and demonstrate
endothelial dysfunction in the peripheral iliac and mesenteric arteries. Altogether, this
suggests that the atherogenic diet functions systemically to cause dysfunction.

Hyperglycaemia is a major clinical risk factor for the development of endothelial
dysfunction and atherosclerosis. This is the first study to examine the effect of high
glucose incubations on endothelial function of blood vessels in various locations. We
demonstrate that the abdominal aorta is the artery that is most prone to developing
endothelial dysfunction following both the normal and atherogenic diet. This confirms
findings from several previous studies, which reported endothelial dysfunction in rat and
rabbit aorta following acute high glucose incubations (Guo et al., 2000, Qian et al., 2010,
Tesfamariam et al., 1991). The iliac artery exhibited minor high glucose-induced
dysfunction following the atherogenic diet, but not following the normal diet. As such,
the iliac artery appears to be more susceptible to developing high glucose-induced
dysfunction in a disease state and not in a healthy environment. Alternatively, the
mesenteric artery did not develop any signs of endothelial dysfunction. Susceptibility to

atherosclerosis can depend on haemodynamic factors such as shear stress and oscillating
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flow, which can vary between vascular sites depending on the location of arterial branches
or bifurcations (VanderLaan et al., 2004). The exposure of the endothelium to low shear
stress is one of the most important factors in atherosclerosis development and is an
important consideration when examining endothelial dysfunction in vivo (Traub and
Berk, 1998). Furthermore, whilst endothelial dysfunction a systemic condition it can
present locally in some blood vessels more than others as certain blood vessels can resist
the development of dysfunction (Motwani and Topol, 1998). For example, vascular beds
such as the internal mammary artery and other conduit arteries have increased NO
production, decreased vasoconstriction, and have higher shear stress than other vessels
(Motwani and Topol, 1998, Ozkor et al., 2011). Overall, there is variance in the effect of
the high glucose incubations on endothelial function in different blood vessels, which
may be explained, at least in part, by variations in the structure, physiological effects, and
disease susceptibility of each vessel.

In this study, the development of endothelial dysfunction to high glucose
incubation was not dose-dependent. The 20 mM glucose incubation caused the largest
reduction in endothelium dependent vasodilation in the aorta from both the normal diet-
fed and atherogenic diet-fed rabbits. This finding is in contrast with a previous study,
which reported that incubation of rabbit aorta in 44 mM glucose aggravated dysfunction
compared to the 20 mM incubation (Tesfamariam et al., 1991). Similarly, the relaxation
of the third order branches of the mesenteric artery from female Wistar rats following
incubations in 20 mM and 45 mM glucose solution for 2 h elicited a dose-dependent
reduction in endothelial-dependent vasodilation (Taylor and Poston, 1994). The
conflicting results in this study possibly occurred as a result of species or methodological

differences. Taken together, this study demonstrates endothelial dysfunction in the aorta
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following 2 h high glucose incubations in rabbits fed normal and atherogenic diets. The
dysfunction caused by the 2 h 20 mM glucose incubation provides a model for studying
high glucose-induced blood vessel dysfunction that mimics an acute post-prandial
response.

In a normal physiological environment, eNOS synthesises NO, which has a
number of anti-atherogenic functions including vasodilation (Jamwal and Sharma, 2018).
An acute state of hyperglycaemia can reduce eNOS expression and subsequently NO
bioavailability, resulting in endothelial dysfunction (Sena et al., 2013). Hyperglycaemia
also promotes electron transport chain overproduction of superoxide anion and via
signalling pathways, produces peroxynitrite, a potent ROS (Ceriello, 2005).
Mechanistically, NT is used as a marker of peroxynitrite production, indicating the
presence of nitrative stress (Ceriello, 2005). Although not significant, the increase in NT
observed in the aorta following high glucose incubations suggests the presence of
nitrative stress in the current study, an effect that has previously been reported in rabbit
aorta in a disease state (Rai et al., 2009). Several recent studies, in both human and animal
models, have identified that increased fasting glucose levels as a result of a high fat diet
cause reductions in eNOS and plasma nitrate (Alarcon et al., 2018, Parry et al., 2019).
Overall, the evidence suggests that an increase in oxidative/nitrative stress and a reduction
in eNOS are characteristic of hyperglycaemia-induced dysfunction. In this study, we did
not find any significant alterations in NT or eNOS, but moderate to large changes in the
effect size suggests that future research should examine this in more detail.

A potential limitation of the current study is that superoxide anion or other ROS
forms were not directly measured to determine the exact mechanistic effect of the high

glucose incubations. Furthermore, NT alone may not provide the most accurate

Page | 88



representation of hyperglycaemia-induced oxidative stress as it may be influenced by
other factors including the atherogenic diet (Choi et al., 2008). We examined total eNOS
expression in combination with NT as an indirect measure of superoxide overproduction
and peroxynitrite-induced oxidative stress.

In conclusion, the effect of acute high glucose incubations on blood vessel
function is blood vessel specific and in some cases, is aggravated by an atherogenic diet.
The abdominal aorta may be the optimal artery to study potential therapeutic treatments

of hyperglycaemia-induced endothelial dysfunction and atherosclerosis in rabbit models.
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Chapter 4. Undercarboxylated osteocalcin has no
adverse effect on endothelial function in rabbit
aorta or human vascular cells

In Chapter 3 (Study 1) we reported that the development of endothelial
dysfunction in rabbit arteries is blood vessel specific. The abdominal aorta was the artery
most prone to endothelial dysfunction following incubation in acute hyperglycaemic
conditions and this was enhanced by an atherogenic diet. As such, in Chapter 4 (Study
2) we utilised the same model of dysfunction to determine whether the administration of
ucOC ex vivo would improve or worsen endothelial function. This chapter also examines
whether ucOC treatment alters markers of endothelial function in human endothelial cells

incubated in high glucose media.
This chapter was published as a study in The Journal of Cellular Physiology as follows:

Tacey, A., Millar, S., Qaradakhi, T., Smith, C., Hayes, A., Anderson, S., Zulli, A.,
O’Sullivan, S., Levinger, 1. (2020). Undercarboxylated osteocalcin has no adverse effect
on endothelial function in rabbit aorta or human vascular cells. J. Cell. Physiol. 236(4),

2840-2849. (Scimago rank - Q1)

The published study is included in Appendix C.
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Chapter 5. Undercarboxylated osteocalcin is
associated with vascular function in female older
adults but does not influence vascular function in
male rabbit carotid artery ex vivo

In Chapter 4 (Study 2) we report that ucOC does not directly influence
endothelial function in the abdominal aorta of rabbits or in human endothelial cells
incubated in high glucose conditions. In Chapter 5 (Study 3) we further examine the
effect of ucOC treatment on endothelial function using perfusion myography, a technique
that closely mimics a physiological environment, while allowing the examination of
isolated vascular tissue. In this chapter we also examine the association between ucOC
and vascular function in older adults, to provide a translational aspect of the thesis in

humans.
This chapter has been accepted for publication in PLoS One as follows:

Tacey, A., Smith, C., Woessner, M. N., Chubb, P., Neil, C., Duque, G., Hayes, A., Zulli,
A., Levinger, 1. (2020). Undercarboxylated osteocalcin is associated with vascular
function in female older adults but does not influence vascular function in male rabbit

carotid artery ex vivo. PLoS One, 15(11). (Scimago rank - Q1).

The published study is included in Appendix D.
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5.1 Introduction

The bone-derived hormone osteocalcin (OC) is a vitamin K-dependent protein
that exists in several biological forms. The post-translational y-carboxylation of less than
three glutamic acid residues produces undercarboxylated osteocalcin (ucOC), which has
a low affinity for hydroxyapatite and is predominantly found in circulating blood (Li et
al., 2016). In recent years ucOC has been suggested as a mediator of a cross-talk between
bone and metabolic outcomes (Lin et al., 2018a). In humans, higher levels of ucOC are
associated with a reduced risk of metabolic syndrome and T2DM (Yeap et al., 2015b,
Riquelme-Gallego et al., 2020, Urano et al., 2018). Similarly, ucOC has been reported to
improve glucose regulation, adiposity and insulin sensitivity in animal models (Lin et al.,
2017, Lee et al., 2007, Ferron et al., 2012). However, not all studies are in agreement
(Diegel et al., 2020, Moriishi et al., 2020). Given these findings, it is of interest to
investigate whether ucOC is involved in other biological functions within the body
(Levinger et al., 2017, Rossi et al., 2019). As metabolic and CVD share common
pathological links (Rask-Madsen and King, 2013), it is of particular interest to examine
the interaction of ucOC with endothelial function and atherosclerosis progression. This is
important, not only in the context of CVD, but also because ucOC could be targeted as a

future therapy for metabolic diseases.

The association between OC and its isoforms with CVD in humans remains
unknown (Millar et al., 2017, Tacey et al., 2018). A number of cross-sectional studies
have reported that higher circulating total OC (tOC) is associated with improved vascular
health and function (Confavreux et al., 2013, Gu et al., 2014, Yang et al., 2013). Yet,
others have reported that higher tOC has adverse (Reyes-Garcia et al., 2012, Kanazawa

et al., 2011a, Okura et al., 2010), or even no association (Ling et al., 2018), with vascular
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health (Table 2.2). However, only a limited number of studies have investigated the role
of ucOC in the vasculature. As ucOC is suggested to be the active circulating form of OC,
it is particularly important to investigate whether ucOC is associated with vascular

function, and if so, whether these effects are beneficial or detrimental.

In animal models, administration of tOC and ucOC in vivo improve blood vessel
function. For example, daily tOC (30 ng/gram) injections for 12 weeks significantly
improved pulse wave velocity (PWV), a measure of arterial stiffness, in rats induced with
diabetes mellitus (Huang et al., 2017). Daily tOC also enhanced vasodilation ex vivo in
the aorta of apolipoprotein E -/- mice (Dou et al., 2014). In another study, 30 ng/gram of
ucOC administered for 10 weeks in female C57BL/6 mice produced an increase in nitric
oxide availability, a key vasoactive molecule (Kondo et al., 2016). While these in vivo
studies indicate potential links between OC administration and improvements in vascular
health, they also reported concurrent improvements in metabolic outcomes, such as
improved glycaemic control and lower adiposity. Therefore, it is unclear whether the
improvement in blood vessel function resulted from a direct effect of OC, or an indirect

effect from improved metabolic outcomes.

The aims of this study were to a) investigate the association of circulating ucOC
levels with endothelial function, arterial stiffness and BP in older adults via a cross-
sectional analysis, and b) examine the direct effect of ucOC on endothelial function in

rabbit arteries.

5.2 Methods

5.2.1 Human participants

Twenty six healthy, community dwelling older women (mean age of 73 years)

and 12 older men (mean age of 74 years) participated in this study. Inclusion criteria
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included adults over 60 years old and women > 12 months post-menopause. Exclusion
criteria included a current diagnosis of diabetes, a BMI over 40 kg/m?, a fracture within
the last three months or participation in resistance exercise > 2 days per week. Participants
were on a range of medications to control for hypertension, cholesterol and CVD,
however all were stable and controlled for at least three months as per their medical
records. Each participant received written and verbal explanations about the nature of the
study before signing an informed consent document. This study was approved by
Melbourne Health and Victoria University Human Research Ethics Committees. The data

were collected as part of a larger clinical trial (ACTRN12618001756213).

5.2.2 BP and vascular function

Participants were asked to complete an overnight fast and to abstain from their
regular medication until after the testing had been completed. They were also asked to
refrain from intense exercise for 24 hours prior to the testing. Brachial artery systolic BP,
diastolic BP and mean arterial pressure measurements were recorded using the non-
invasive SphygomoCor-XCEL® (AtCor Medical, Sydney, NSW, Australia) diagnostic
system. Two measurements were captured, with the lower of the two readings recorded.
If the two BP readings were > 6 mmHg apart, a third measure was recorded to ensure a
true resting value and the average of the two lowest BP measurements were recorded.
Participants were split into groups based on hypertension guidelines; normal (< 130
mmHg and < 80 mmHg) n = 7, stage 1 hypertension (130 — 139 mmHG and 80 — 89
mmHg) n = 14 or stage 2 hypertension (> 140 mmHG and > 90mmHG) n = 17 (Carey et
al., 2018). None of the participants with normal BP were taking antihypertensive
medication, five of the participants with stage 1 hypertension and 10 of the participants

with stage 2 hypertension were taking antihypertensive medication. Arterial stiffness was
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measured by PWV using the subtraction method, with the thigh cuff placed on the thigh
and a tonometer used to measure the carotid artery waveform (SphygomoCor-XCEL®)

(Butlin and Qasem, 2017).

Endothelial function was assessed via brachial artery flow mediated dilation
(BAFMD) using a high-resolution ultrasound (Terason, LifeHealthcare, New South
Wales, Australia) with R wave trigger. Brachial artery diameter was assessed for
approximately 10 s at baseline (in duplicate and averaged) and during forearm occlusion.
Brachial artery diameter was continuously captured after the occlusion cuff release for
about 2 min (reactive hyperaemia). Peak change was calculated as the peak percentage
change in brachial artery diameter from baseline to immediately following peak

hyperaemia (Harris et al., 2010).

5.2.3 Circulating osteocalcin

Serum samples were taken in the morning following an overnight fast and stored
at -80°C until analysis. Serum tOC was measured using an automated immunoassay
(Elecsys 170; Roche Diagnostics) (Smith et al., 2020). Serum ucOC was measured using
the hydroxyapatite binding method, a commonly used, well established method
(Gundberg et al., 1998). Each sample was measured once and the inter-assay coefficients

of variation were 5.4% and 9.2% for tOC and ucOC, respectively.

5.2.4 Animals

Male New Zealand White Rabbits at 12 weeks of age were randomised into either
a normal chow diet (n = 7) (Guinea pig and rabbit pellets, Specialty Feeds, Australia) or
an atherogenic diet (n = 10) (a normal diet combined with 1% methionine, 0.5%
cholesterol and 5% peanut oil (#SF00-218, Specialty Feeds, Australia)) for four weeks

(Zulli and Hare, 2009). This atherogenic diet has previously been reported to cause
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endothelial dysfunction in rabbits (Zulli and Hare, 2009, Tacey et al., 2020b). The rabbits
were housed in individual cages on a 12 h light/dark cycle at 21°C, with access to water
and their assigned chow diet ad libitum. At the completion of the four week diet, the
rabbits were sedated (0.25 mg/kg medetomidine) and anaesthetised (4% isoflurane)
before exsanguination via severing of the inferior vena cava. The arterial system was
immediately flushed with ice cold Krebs solution (118 mM NacCl; 4.7 mM KCI; 1.2 mM
MgS0,.7H,0; 1.2 mM KH2POy; 25 mM NaHCO;; 1.25 mM CaCl and 11.7 mM glucose)
and the carotid arteries were carefully dissected and placed in Krebs solution. The animal
experiments were approved by the Victoria University Animal Ethics Committee
(#14/005) and complied with the Australian National Health and Medical Research

Council code for the care and use of animals for scientific purposes (8" edition).

5.2.5 Perfusion myography

The carotid arteries were cleaned of connective tissue and fat, with care taken to
avoid damaging the arterial wall and the endothelium. Arterial branches were identified,
and the carotid arteries were cut to a length of 15 — 20mm, ensuring no branches were
present. The arteries were placed in individual chambers within a perfusion myography
system (Zultek Engineering, Melbourne, Australia). Each artery was immersed in either
normal Krebs solution (11 mM glucose) or a high glucose Krebs solution (20 mM
glucose) as previously described in Chapter 3 (Study 1) and (Tacey et al., 2020b). The
organ baths were warmed to 37°C and bubbled with 95% oxygen and 5% carbon dioxide
and were refreshed every 30 min over a 2 h period with the respective Krebs solution.
Subsequently, the arteries were cannulated, and the respective Krebs solution pumped
through the artery while pressure transducers monitored the intraluminal pressure of the

vessel.
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The carotid arteries were constricted with phenylephrine (3x10”7 M), which was
added intraluminally and extraluminally. Once a stable constriction was achieved, a dose
response curve was completed to ucOC (0.3, 3, 30 and 45 ng/ml) (Glul3, 17, 20,
osteocalcin (1 — 46) (mouse) trifluoroacetate salt (Auspep, Australia, H-6552.0500)) or
to Krebs (control), each concentration was administered internally via the endothelium
and separated by 2 min intervals. The same mouse ucOC has previously been shown to
improve relaxation in rabbit arteries (Qaradakhi et al., 2019). Following the dose response
curve a bolus of acetylcholine (ACh) (10 M) was added internally and 2 min later a bolus
of sodium nitroprusside (SNP) (10° M) externally, to determine the maximal
endothelium-dependent and endothelium-independent relaxation, respectively. The
vasoactive response of the vessels were analysed using the MEDIDAQ software program
(MEDIDAQ, Melbourne, Australia). The vasoactivity of the carotid artery was measured
as percentage change from the phenylephrine peak pressure and compared to the baseline
pressure. Area under the curve (AUC) was calculated as the total relaxation below the
phenylephrine plateau caused by the dose response curve, ACh and SNP bolus doses. The
endothelium-dependent Emax was considered as the relaxation produced by ACh, and the

endothelium-independent Enax was considered as the relaxation produced by SNP.

5.2.6 Statistical analysis

Human data were analysed using Statistical Package for the Social Sciences
(SPSS, Inc. Chicago, IL, USA, version 22). A one-way analysis of variance (ANOVA)
was used to examine the difference in ucOC concentration when participants were split
into groups based on BP levels. Spearman rho correlations were used to examine the
correlation between ucOC and measures of vascular function (BP, BAFMD and PWV)

in all participants. Spearman partial correlations were used for the additional adjustments
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of age, BMI or age and BMI, as they are strong influencers of ucOC levels (Li et al., 2016,

Smith et al., 2020).

Animal data were analysed using Graphpad prism (version 7.1, Graphpad
software Inc, USA). A one-way ANOVA was used to examine the effect of the ucOC
dose response curves in rabbit carotid artery segments. AUC was calculated as the total
area of relaxation below the maximum phenylephrine pressure and a one-way ANOVA
was used to determine the difference in AUC between the ucOC dose response curves.
All data is reported as mean = SEM and statistical analysis was conducted at the 95%

confidence level of significance (p < 0.05). Trends were reported when p = 0.05 — 0.099.

5.3 Results

5.3.1 Human data

Participant characteristics are presented in Table 5.1. In older adults with stage 2
hypertension ucOC was reduced by 34% compared to normotensive individuals (p < 0.05,
Figure 5.1 A). When split by sex, ucOC was reduced by 43% (p < 0.01, Figure 5.1 B)
and tOC was reduced by 30% (p < 0.05, Figure 5.1 E) in women with stage 2
hypertension compared to normotensive women. There was no difference between groups

in older men (p > 0.05, Figure 5.1 C + F).
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Table 5.1 Participant characteristics.

Variable n mean = SEM
Participant number
(n) [Female/Male] 38 [26/12]
Age (years) 38 73+£1
BMI (kg/m?) 38 28+1
Wit 36| 91415
circumference (cm)
Currently smoking
(n) [%] 38 2[5]
Cholesterol
medication (n) [%] 38 13134]
Hypertensive
medication (n) [%] 38 15139]
Heart disease
medication (n) [%] 38 1026]
tOC (ng/ml) 37 21 +1.31

ucOC (ng/ml) 37 8+£0.61
ucOC/tOC ratio 37 0.39+0.01
Systolic BP

38 139 £2
(mmHg)
Diastolic BP
(mmHg) 38 79 £1
MAP (mmHg) 38 98 £1
PWYV (m/s) 34 8+0.28
BAFMD - peak
.62 £ 0.
dilation (%) 2 HO2ES

BAFMD - time to

peak dilation (s) | 2 | ~0*230

Abbreviations - BAFMD: brachial artery flow mediated dilatation, BMI: Body mass index, BP:
blood pressure, MAP: mean arterial pressure, PWV: pulse wave velocity, s: second, tOC: total

osteocalcin, ucOC: undercarboxylated osteocalcin.
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Figure 5.1 Concentration of ucOC based on hypertension category. (A) all participants, (B)
women and (C) men split into groups based hypertension category; non-hypertensive

(<130 mmHg and <80 mmHg) (women n = 5, men n = 2), stage 1 hypertension

(130 — 139 mmHg and 80 — 89 mmHg) (women n = 10, men n = 4) and stage 2 hypertension
(> 140 mmHg and > 90 mmHg) (women n = 11, men n = 6). All data mean + SEM. * p < 0.05,

sk

p < 0.01 between groups.

Abbreviations - ucOC: undercarboxylated osteocalcin.

5.3.2 Correlation between ucOC and vascular function

In the unadjusted model, high circulating ucOC was associated with lower
systolic BP and PWV with all participants combined (p < 0.05 for both, Table 5.2). In
women only, higher levels of circulating ucOC and tOC was associated with lower
systolic BP (p <0.01). There were trends for associations between lower MAP and
PWYV with higher levels of ucOC in women (p = 0.05 — 0.099 for both, Table 5.2).
When adjusted for age, higher ucOC was associated with lower diastolic BP in all
participants and with lower systolic BP in women (p < 0.05 for both, Table 5.2).
Increased ucOC levels tended to correlate with both lower DBP and MAP in women
after adjusting for age (p = 0.05 — 0.099 for both, Table 5.2). Adjusting for BMI, and

BMI and age together, removed all associations of ucOC and tOC with BP and PWV
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outcomes (p > 0.05). There were no significant correlations between ucOC and tOC

with BAFMD peak % dilation in any model, and ucOC or tOC was not associated with

any vascular function outcome in men (p > 0.05).

Table 5.2 Correlation between ucOC and vascular function outcomes.

Vascular All Women Men
function (n=38) (n=26) (n=12)
outcome
SBP
Model 1 -0.39* -0.58** 0.25
Model 2 -0.28 -0.48* 0.01
Model 3 0.15 -0.07 0.39
Model 4 0.25 0.05 0.26
DBP
Model 1 -0.21 -0.3 0.12
Model 2 -0.41* -0.44" -0.51
Model 3 -0.04 -0.14 -0.05
Model 4 -0.13 -0.14 -0.75
MAP
Model 1 -0.2 -0.357 0.18
Model 2 -0.32 -0.447 -0.06
Model 3 0.12 -0.05 0.05
Model 4 0.09 -0.01 -0.42
PWV
Model 1 -0.41* -0.417 -0.32
Model 2 -0.18 -0.26 0.25
Model 3 -0.03 0.02 -0.23
Model 4 0.19 0.13 0.54
BAFMD peak %
Model 1 0.14 0.00 0.39
Model 2 0.22 0.13 0.32
Model 3 0.02 -0.18 0.51
Model 4 0.05 -1.14 0.29

Model 1 - unadjusted, Model 2 - adjusted for age, Model 3 - adjusted for BMI, Model 4 - adjusted
for age and BMI. * p < 0.05, ** p <0.01, ~ p 0.05 - 0.099 ucOC vs vascular function outcome.
Abbreviations - BAFMD: brachial artery pulse wave velocity, BMI: body mass index, DBP:
diastolic blood pressure, MAP: mean arterial pressure, PWV: pulse wave velocity, SBP: systolic

blood pressure, ucOC: undercarboxylated osteocalcin.

5.3.3 Perfusion myography

The carotid artery segments from the animals fed the atherogenic diet did not
exhibit a reduction in endothelium dependent relaxation in comparison to the arteries

from the normal diet-fed animals (p > 0.05). The carotid artery vasoactive response from
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rabbits fed a normal or atherogenic diet and treated ex vivo with ucOC was unaltered in
both normal and high glucose environments (p > 0.05, Figure 5.2 A + C). The
endothelium-dependent (ACh) and endothelium-independent (SNP) Emax were also
unaltered following ucOC treatment, in comparison to the control, suggesting ucOC did
not enhance the maximal relaxation of the vessel (p > 0.05, Figure 5.2 A + C). The AUC
was unaltered by ucOC treatment following both the normal and atherogenic diet and

incubation in normal and high glucose conditions (p > 0.05, Figure 5.2 B + D).
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Figure 5.2 ucOC administration to carotid artery following 2 h incubation in NG or HG solution.
(A) ucOC dose response curve in carotid artery incubated in NG solution and (B) AUC of dose
response curve. (C) ucOC dose response curve in carotid artery incubated in HG solution and (D)
AUC of dose response curve. All data mean + SEM. No significant differences were detected.
Abbreviations - ACh: acetylcholine, AD: atherogenic diet, AUC: area under the curve, con:
control treatment, HG: high glucose, ND.: normal diet, NG: normal glucose, SNP: sodium

nitroprusside, ucOC: undercarboxylated osteocalcin.

5.4 Discussion
The major findings of the current study are a) in humans, higher circulating ucOC

is associated with lower BP and increased arterial stiffness, which is particularly evident
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in older women and b) ucOC treatment has no beneficial but also no adverse effect on
carotid artery function from rabbits fed a normal or atherogenic diet or exposed acutely

to normal and high glucose environments.

A number of studies have examined the correlation of tOC with vascular health
and function outcomes. It was reported that tOC was lower in men but not women with
hypertension (aged 24 — 78 years) (Xu et al., 2018b). Further, in 3,604 middle to older
aged men and women higher levels of tOC were associated with lower PWV in men but
higher PWV in women. However, when controlled for age and menopause status there
was no longer an association between tOC and PWV in women (Yun et al., 2016). In
middle and older aged men, but not post-menopausal women, higher tOC was associated
with lower brachial artery PWV and intima media thickness (IMT), even after adjustment
for confounding variables including age and BMI (Kanazawa et al., 2009). Yet, not all
studies are in agreement, as higher tOC levels were associated with increased IMT,
carotid plaque and aortic calcification in middle to older-aged women but not men
(Reyes-Garcia et al., 2012). Overall, the findings are conflicting, and this appears to be
largely driven by the differences between men and women. A major limitation of these
studies is that they do not report the concentration of the individual forms of OC, in
particular ucOC, which is important as ucOC is the putative bioactive form of the

hormone.

Evidence examining the association of ucOC with vascular function is lacking,
but crucial, if we are to understand the role of ucOC in CVD, specifically hypertension
and atherosclerosis. In the current study we report that higher levels of ucOC are
associated with lower BP in older post-menopausal women, but not in older men.

However, the relatively small sample size of men in the current study means that
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definitive conclusions cannot be established. However, similar to the current study, a
previous study in older men and women (mean age 64 years old), reported that those with
a higher cardiovascular risk score had increased MAP and lower circulating ucOC levels
(Riquelme-Gallego et al., 2020). Conflictingly, in 162 community dwelling men (mean
age 48 years old) and women (mean age 55 years old), ucOC was not correlated with
systolic BP or diastolic BP (Choi et al., 2015). The conflicting outcomes may be related
to the age difference between the study cohorts, as age is an important factor in
determining ucOC levels (Smith et al., 2020). Furthermore, hormone variations between
sexes and between pre- and post-menopausal women may also explain some of the
diverse findings reported. Overall, whether ucOC is a mediator or a marker of CVD
processes requires further investigation. In addition, taking into account several factors

including sex, age and hormonal status will be important considerations for future studies.

As the association of ucOC with vascular function in humans is unclear and given
the exact biological functions of ucOC are yet to be fully elucidated, examining its
bioactive effect on the vasculature in animal models is important. The most commonly
used method of examining the vasoactivity of blood vessels ex vivo is via isometric
tension analysis. However, in this study we have utilised a novel perfusion myography
system. This technique utilises haemodynamic forces such as shear stress, pressure and
pulsatile flow which are mechanical factors important in the regulation of normal
endothelial function, thus creating a more physiological environment (Cahill and
Redmond, 2016). We found that ucOC did not directly influence the vasoactivity of
isolated rabbit carotid arteries in either normal or high glucose solutions following an
atherogenic or normal diet. A potential limitation of this study is that the atherogenic diet

did not cause endothelial dysfunction. This suggests that the carotid artery may be
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resistant to the development of endothelial dysfunction, as previous studies have reported
that the same atherogenic diet caused endothelial dysfunction after four weeks in rabbit
aorta, iliac and mesenteric arteries (Tacey et al., 2020b, Zulli and Hare, 2009). Carotid
arteries were used in this study as they lack arterial branches, allowing effective
cannulation and perfusion, which would not have been possible in other vessels due to
the presence of branches. Notwithstanding, ucOC did not influence vasoactivity when
vessels were exposed to a high glucose solution. In support of this, a previous ex vivo
study, utilising the isometric tension analysis technique, reported similar findings to the
current study. The administration of ucOC (10 ng/ml and 30 ng/ml) to rabbit aorta
following an atherogenic diet or normal diet, with incubation in normal or high glucose
solution, did not influence endothelium-dependent or endothelium-independent
vasodilation (Tacey et al., 2020a). While another study reported that ucOC caused a slight
enhancement in ACh-induced endothelium-dependant relaxation in dysfunctional rabbit
aorta following an atherogenic diet, this did not occur after a normal diet, suggesting that
ucOC may only function to enhance endothelium-dependent vasodilation in a
dysfunctional state (Qaradakhi et al., 2019). However, this requires further investigation.
Overall, while we report a correlation between ucOC and BP in older post-menopausal
women, the ex vivo data indicates that ucOC has minimal direct biological influence on
vascular function. There are several potential reasons for these findings. Firstly, ucOC
may not act directly on the vasculature, and the associations observed in some studies
may be through indirect pathways, such as via improvements in glycaemic control.
Secondly, given recent reports, ucOC may not be as biologically active outside of the

skeleton as initially suggested (Diegel et al., 2020, Moriishi et al., 2020).
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This study has several limitations. Firstly, the relatively small sample size of older
adult men means that definitive conclusions on the association of ucOC with vascular
function in males cannot be made. Further research should examine in detail the potential
association of ucOC with vascular function in females and males, taking into account
confounding variables such as age and BMI. Secondly, a number of human participants
were on hypertensive medication which may have influenced their BP measurement,
highlighting the important role animal models can play in determining any direct effects
of ucOC. Finally, due to only male rabbits being studied, the direct effect of ucOC on

endothelial function in arteries from female rabbits is unclear.

In conclusion, increased ucOC is associated with lower BP and increased arterial
stiffness in older post-menopausal women, but has no direct effect on endothelial function
in rabbit carotid arteries. Future studies should explore whether treatment with ucOC in

vivo has direct or indirect effects on blood vessel function.
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Chapter 6. Association between circulating
osteocalcin and cardiometabolic risk factors
following a 4-week leafty green vitamin K-rich diet

In Chapter 5 (Study 3) we reported that circulating ucOC levels were lower in
older females with hypertension, but not in older males with hypertension, however, when
adjusted for confounding factors no association was present. In Chapter 6 (Study 4) we
examine whether a reduction in circulating ucOC by dietary intervention is associated
with a change in blood pressure and vascular stiffness in middle aged and older men and

women.

This chapter has been accepted for publication in The Annals of Nutrition and Metabolism
as follows:

Tacey, A., Sim, M., Smith, C., Woessner, M. N., Byrnes, E., Lewis, J. R., Brennan-
Speranza, T., Hodgson, J. M., Blekkenhorst, L. C., Levinger, 1. (2020). Association

between circulating osteocalcin and cardiometabolic risk factors following a 4-week leafy

green vitamin K-rich diet. Ann. Nutr. Metab., 76(5), 361-367. (Scimago rank - Q1).

The published study is included in Appendix E.
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6.1 Introduction

CVD is the leading cause of death worldwide (Organization, 2019). A diet rich in
fruit and vegetables is an important, non-therapeutic approach to reduce CVD
development and progression (Benjamin et al., 2017, Struijk et al., 2014). Evidence
suggests that diets rich in green leafy vegetables increase NO bioavailability and can
improve vascular health (Blekkenhorst et al., 2017, Bondonno et al., 2018). However, we
have previously shown that a four week dietary intervention involving an increased intake
of leafy green vegetables, did not reduce BP or arterial stiffness (Blekkenhorst et al.,
2018b). One potential explanation for the absence of a beneficial effect on BP and arterial
stiffness may be related to other bioactive components found in leafy green vegetables
that concomitantly influence vascular health. For example, vit K1 is abundant in leafy
green vegetables and regulates several coagulation factors including vit K-dependent

proteins (VKDP) (Kidd, 2010).

One such protein is OC, a VKDP-derived from osteoblasts that exists in two
forms: cOC and ucOC (Booth et al., 2013, Booth and Al Rajabi, 2008, Gundberg et al.,
2012). The carboxylated form of OC has a high affinity to hydroxyapatite within the bone
matrix and is therefore thought to reflect bone mineralisation (Hauschka et al., 1989, Price
et al., 1981), whereas ucOC is proposed as the bioactive form of OC in several target
tissues (Lee et al., 2007). Growing evidence suggests an association between OC, in
particular tOC and ucOC with hypertension, vascular calcification, atherosclerosis and
CVD mortality (Magni et al., 2016, Levinger et al., 2017, Polgreen et al., 2012). However,
the literature is conflicting and it is unclear whether tOC or its isoforms are associated

with positive or negative effects on cardiometabolic health (Millar et al., 2017, Tacey et
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al., 2018). We have previously shown that a diet rich in leafy green vegetables, and thus

vit K1, reduces circulating ucOC levels (Sim et al., 2020).

The current study was a sub-analysis examining the cardiometabolic implications
of ucOC suppression following an increased intake of predominantly leafy green
vegetables. It was of interest to investigate whether a reduction in ucOC levels was
correlated with changes in cardiometabolic risk factors, and whether this could explain,
at least in part, the lack of a beneficial effect on blood pressure following an increase in
dietary nitrate. Participants from the high vit K1 intervention were divided into high and
low responders based on the suppression of ucOC following the intervention. The aim
was to determine if a large reduction in ucOC (high responders) would be associated with
alterations in cardiometabolic risk factors including blood pressure, arterial stiffness and

blood glucose and lipid concentrations.

6.2 Methods

6.2.1 Human participants

The data for this paper was collected for the Vegetable Intake and Blood Pressure
(VIABP) study (ACTRN12615000194561). The study was approved by The University
of Western Australia Human Research Ethics Committee and was completed in
accordance with the Declaration of Helsinki. Written informed consent was obtained from
all participants. The study was a randomised, controlled crossover trial and methodology
has been described in full elsewhere (Blekkenhorst et al., 2018b). In brief, middle and
older aged (40 — 74 years of age) community dwelling men and women with pre-
hypertension or untreated grade one hypertension were recruited to participate. Each
participant received three 4 week dietary interventions, each interspersed with a four week

washout period. The VIABP study was originally designed with the following dietary
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interventions: (1) increased intake of nitrate-rich leafy green vegetables (high nitrate); (2)
increased intake of nitrate-poor vegetables (low nitrate); and (3) no increase in vegetables
(control). As vit K1 is also found predominately in leafy green vegetables, these three
dietary interventions have been equated to: (1) high vit K1 intake (HK); (2) low vit K1
intake (LK); and (3) control diet (CON) (Sim et al., 2020). Considering the primary aim
of this study is to examine the association between the suppression of ucOC and
cardiometabolic risk factors (and given the LK diet did not suppress ucOC), we

predominantly considered data from the HK intervention.

6.2.2 Vascular analysis

Participants were asked to complete an overnight fast and to abstain from their
regular medication until after the testing had been completed. They were also asked to
refrain from intense exercise for 24 hours prior to the testing. Resting BP and PWV
(SphygmoCor XCEL 2012, AtCor Medical Pty. Ltd.) were measured pre and post the
four week dietary intervention, as previously described (Blekkenhorst et al., 2018b).
Ambulatory BP was recorded over a 24 h period, every 20 min during the day and every
30 min during the night, mean BP was determined for the 24 h period (Blekkenhorst et

al., 2018b).

6.2.3 Biochemical analysis

Plasma concentrations of glucose, triglycerides, total cholesterol, HDL
cholesterol and calculated LDL cholesterol were analysed by PathWest laboratories
(Fiona Stanley Hospital, Perth, Australia). Serum tOC was measured by sandwich
electrochemiluminescence immunoassay using the Roche Cobas N-Mid OC assay (Roche
Diagnostics, Mannheim). The inter-assay coefficients of variation were 2.3% and 4.8%

at levels of 18 and 90 ng/mL, respectively. Serum ucOC was determined using the
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hydroxyapatite binding method (Calbiochem) (Gundberg et al., 1983, Gundberg et al.,
1998). The inter-assay imprecision for percentage binding of cOC was 8% and 12% at
OC of 100 and 15 ng/mL, respectively. Plasma creatinine was measured at baseline and
glomerular filtration rate was estimated using plasma creatinine levels based on the

known equation (Levey et al., 2009). Vit K intake was estimated as previously described

(Sim et al., 2020).

6.2.4 Statistical analysis

All statistical analysis was performed using Statistical Package for the Social
Sciences (SPSS Inc. Chicago, IL, USA, version 22). Independent samples t-tests were
conducted to examine OC concentrations between males and females and if
characteristics known to influence ucOC (BMI, age, vit K intake and glomerular filtration
rate) were different between the high responders and low responders at baseline.
Spearman rho correlations were used to assess the relationship between pre-intervention
OC concentrations and pre-intervention outcome measures. Spearman partial correlations
were used for the additional adjustments of age and BMI as they are strong influencers of

ucOC levels (Smith et al., 2020, Li et al., 2016).

When considering post intervention data from the HK diet intervention,
participants were divided into high responders (suppression of ucOC > median [> 30%])
and low responders (suppression of ucOC < median [< 30%]), based on the percent
change in ucOC. The between groups (high versus low responders) effect of the HK diet
on changes in OC, vascular and metabolic outcomes were assessed using one-way
ANOVA. Within groups effects for pre- and post-intervention were assessed using paired

samples t-tests, as previously reported (Sim et al., 2020). All data reported as mean +
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SEM and statistical analysis was conducted at the 95% confidence level of significance

(p < 0.05).

6.3 Results

6.3.1 Baseline characteristics

Baseline characteristics are presented in Table 6.1. Serum tOC, cOC and ucOC
levels at pre-intervention data points were not different between women (n = 10) or men
(n=20) (p>0.05 for all, Table 6.1). With pre-intervention data points combined together,
a higher ucOC/tOC ratio was associated with lower PWV when adjusted for BMI and age
(r=-0.493, p <0.05). A higher concentration of cOC was associated with a higher PWV
when adjusted for BMI and age (r=.638, p <0.01). All other pre-intervention correlations

were not significant (p > 0.05 for all, Table 6.2).
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Table 6.1 Participant characteristics.

Variable mean = SEM
Participant number

[male/female] SV P
tOC (male/female) 21.82+1.53/
(ng/ml) 2223 +1.79
cOC (male/female) 14.05+1.17/
(ng/ml) 13.41+£2.01
ucOC (male/female) 7.77+£0.88/
(ng/ml) 8.82+0.77
Age (years) 61.80+9.90
BMI (kg/m?) 26.99 + 3.87
Waist circumference 8948 + 218
(cm)

Waist to hip ratio 0.87£0.02
Systolic BP (mmHg) 133.56 = 1.53
Diastolic BP (mmHg) 77.67+1.45
Heart rate (bpm) 61.59+ 1.46
Glucose (mmol/L) 5.29+£0.08
Total Cholesterol

) 5.54 £ 0.26
HDL (mmol/L) 1.35+0.06
LDL (mmol/L) 3.61 £0.22
Triglycerides

(mmol/L) 1.28 £0.11
eGFR (ml/min/1.73m) 92.57+2.17
Vit K intake (ug/d) 120.84 £ 11.14

Abbreviations - BMI: body mass index, BP: blood pressure, cOC: carboxylated osteocalcin,

eGFR: estimated glomerular filtration rate, HDL: high density lipoprotein, LDL: low density

lipoprotein, tOC: total osteocalcin, ucOC: undercarboxylated osteocalcin, vit K: vitamin K.
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Table 6.2 Correlation between OC variables and cardiovascular health outcomes at

baseline.
CV health ucOC ucOC/tOC cOC
outcomes ratio
Amb SBP
Model 1 .078 .013 .014
Model 2 .093 -.068 302
Amb DBP
Model 1 .199 .160 -.137
Model 2 .197 120 .077
Resting SBP
Model 1 .063 .017 .061
Model 2 141 .063 121
Resting DBP
Model 1 .193 .196 -.164
Model 2 .191 141 .109
PWV
Model 1 -.076 =237 .191
Model 2 -.245 -.493* .638%**
Glucose
Model 1 -.027 .057 -210
Model 2 254 281 -.106
Total Chol
Model 1 .003 -.092 .183
Model 2 124 -012 .139
LDL
Model 1 -.051 -.095 156
Model 2 .051 -.080 .163
HDL
Model 1 .168 .057 141
Model 2 223 218 -.129
Triglycerides
Model 1 -.096 -.001 -.150
Model 2 .032 -.034 .163

Model 1 - unadjusted, Model 2 - adjusted for BMI and age. * p < 0.05, ** p <0.01 OC variable

vs cardiovascular health outcome.

Abbreviations - Amb: ambulatory, BMI: body mass index, Chol: cholesterol, cOC: carboxylated

osteocalcin, CV: cardiovascular, DBP: diastolic blood pressure, HDL: high density lipoprotein,

LDL: low density lipoprotein, OC: osteocalcin, PWV: pulse wave velocity, SBP: systolic blood

pressure, tOC: total osteocalcin, ucOC: undercarboxylated osteocalcin.

6.3.2

Correlation between OC and vascular function

We have previously shown that the HK intervention, but not the LK or CON

intervention suppressed tOC, ucOC and the ucOC/tOC ratio (Sim et al., 2020). In the high
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responder’s tOC, ucOC and ucOC/tOC were reduced post-intervention compared to pre-
intervention, following the four week HK diet (p < 0.001 for all, Table 6.3). While in the
low responders, ucOC (p < 0.001) and ucOC/tOC (p < 0.01), as well as resting systolic
BP (2%, p < 0.05) were reduced post intervention. As expected, the change in ucOC and
ucOC/tOC ratio was significantly greater in the high responders versus the low responders
(p <0.05 for both, Table 6.3). The change in tOC, cOC, markers of vascular (ambulatory
systolic BP, ambulatory diastolic BP, resting systolic BP, resting diastolic BP or PWV)
and metabolic (glucose, total cholesterol, LDL, HDL or triglycerides) health were not
significantly different between the low and high responders (Table 6.3). There was no
difference in BMI, vit K intake, age or estimated glomerular filtration rate (eGFR)

between the high or low responders at baseline (p > 0.05 for all, Table 6.4).
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Table 6.3 OC, vascular and metabolic outcomes pre and post treatment by high and low responders. Delta (A) change of OC, vascular and
metabolic outcomes following the high vit K1 diet (pre to post).

Low responders High responders
Pre Post Achange Pre Post Achange
mean = SEM  mean + SEM mean + SEM mean =+ SEM
syt (i) 11/4 11/4 96 96
male/female
tOC (pg/L) 21.61+1.39 20.61 +1.52 -.99 + .86 2231+1.92 18.38 +1.42%*% 393+ 77
ucOC (ug/L) 8.86 + .88 7.76 £ .93%** -1.10+ .24 7.39 + .92 4.33 £ .44%** -3.06 £+ .51%
c¢OC (ug/L) 12.75+ 1.44 12.85+1.25 10+£.74 1492 +1.42 14.05+1.19 -0.87 + .68
ucOC/tOC 0.42 + .04 0.38 +.04** -0.04 + .01 0.34 £.03 0.24 +.02%** -0.09 £ .01%
Amb SBP 125.40 + 125.79 +
(mmHg) 1.36 126.20+ 1.73 81+1.24 185 126.83 £ 1.60 1.04 +1.13
£l [DTET 76.15+2.14 7626 +£2.23 A2+£1.17 74.41 £ 2.10 74.34 £2.06 -0.07 +£.76
(mmHg)
Resting SBP | 130 130146 127.332218¢ 282126 | °02/F 120534245  083£1.97
(mmHg) 2.52
Resting DBP | 276,157  7553:164 -237+£125 | 75302200  75.07£2.12  -0.23+120
(mmHg)
PWYV (m/s) 8.34 + .36 8.38 + .35 04 +£-21 8.31+.26 8.17+ .24 -13+ .16
Glucose 5.17 £.15 5.06 £ .13 -0.11 £+ .14 479 £.16 4.88+.13 0.09 +.12
Total Chol 5.64 £.28 5.59+ .23 -0.05 £ .17 5.32+£.36 496 + .33 -0.36+ .22
LDL 3.68 +£.27 3.68+ .22 0.01 £ .14 3.26 £.30 3.04 £ .28 -0.23 £ .15
HDL 1.38 £.07 1.35+.09 -0.03+.03 1.44 £.09 1.39+.10 -0.06 + .05
Triglycerides 1.26 £.16 1.21 £.10 -0.05+ .11 1.34 £.25 1.17 £ .16 -0.17 + .14

High and low responders based on median split in percent change of ucOC from pre to post high vit K1 diet. Data reported as mean £ SEM. * p < 0.05,
** p <0.01, *** p <0.001 pre vs post high vit K1 diet, *p < 0.01 Ahigh responders vs Alow responders.
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Abbreviations - Amb: ambulatory, Chol: cholesterol, cOC: carboxylated osteocalcin, DBP: diastolic blood pressure, HDL: high density lipoprotein, LDL:
low density lipoprotein, OC: osteocalcin, PWV: pulse wave velocity, SBP: systolic blood pressure, tOC: total osteocalcin, ucOC: undercarboxylated

osteocalcin.
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Table 6.4 Differences between HR and LR in baseline variables known to regulate
ucOC.

Mean =+ SEM
BMI (kg/m?)
HR 26.87 £0.93
LR 27.12+1.09
Vit K intake
(ug/d)
HR 108.60 £13.66
LR 133.07 £ 17.50
Age (years)
HR 63.1 £2.44
LR 60.47 £2.71
eGFR
(ml/min/1.73m)
HR 92.40 +3.26
LR 92.73+2.99

Abbreviations - BMI: body mass index, eGFR: estimated glomerular filtration rate, HR: high

responders, LR: low responders, ucOC: undercarboxylated osteocalcin, vit K: vitamin K.

Using unadjusted Spearman rho correlation and Spearman partial correlation there
was no association between the change in ucOC or the ucOC/tOC ratio with the change
in any cardiometabolic risk factor in the high responders (p > 0.05 for all, Table 6.5).
Using unadjusted spearman rho correlation, a positive association was present between
the change in ucOC and the change in LDL when all participants were combined (i.e.
high and low responders combined) (p < 0.05, Table 6.5). When adjusted for age and
BMI using Spearman partial correlations, a positive correlation was present between the
change in ucOC/tOC ratio and change in ambulatory diastolic BP when all participants
were combined (r = .435, p < 0.05). In low responders only, there was a strong positive
correlation between the change in ucOC/tOC ratio and change in glucose levels (r =.793,

p <0.05). All other correlations were not significant (p > 0.05 for all, Table 6.5).
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Table 6.5 Correlation between AucOC and AucOC/tOC ratio with Avascular and
metabolic outcomes following the high vit K1 diet.

AucOC AucOC/tOC ratio
All High Low All High Low
participants responders responders | participants responders responders

AAmb SBP

Model 1 197 .396 .041 -.014 175 -.033

Model 2 400 S12 152 .040 197 224
AAmb DBP

Model 1 .099 489 -267 210 136 319

Model 2 284 551 -.051 435* .249 611
AResting SBP

Model 1 .014 -.052 334 -.240 -.275 -.014

Model 2 -.226 =251 498 -.355 -.480 -.625
AResting DBP

Model 1 -.090 .073 .052 -.170 141 -.066

Model 2 -.296 -408 .030 -.224 -.264 -.343
APWV

Model 1 238 .071 .041 164 011 264

Model 2 -.048 -.123 .021 -.022 =315 -.136
AGlucose

Model 1 -.300 -.074 -.120 -.182 -.261 290

Model 2 -.285 -.046 -.583 145 -.367 .793*
ATotal Chol

Model 1 314 .296 234 .070 .071 -.107

Model 2 257 369 .186 .025 -.024 -.487
ALDL

Model 1 375% 336 388 156 139 .064

Model 2 276 547 205 141 205 -.398
AHDL

Model 1 154 .093 .008 -.107 -.264 -.043

Model 2 .006 011 -.155 -.175 -.329 -.383
ATriglycerides

Model 1 018 -.064 -.018 -.202 -.200 -.389

Model 2 171 .073 252 -.255 -.167 -.566

Model 1 - unadjusted; Model 2 - adjusted for BMI and age. * p < 0.05 AucOC/tOC vs

vascular/metabolic outcome.

Abbreviations - Amb: ambulatory, Chol: cholesterol, DBP: diastolic blood pressure, HDL: high

density lipoprotein, LDL: low density lipoprotein, PWV: pulse wave velocity, SBP: systolic blood

pressure, tOC: total osteocalcin, ucOC: undercarboxylated osteocalcin.
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6.4 Discussion

The major finding of this study is that the suppression of ucOC was not associated
with increased cardiometabolic risk factors, even in individuals who responded the most
to the intervention (high responders). As such, it appears that the suppression of ucOC
following a leafy green-rich diet does not impact, either negatively or positively, on

cardiometabolic risk factors.

Currently, there are conflicting reports regarding the relationship between OC and
blood pressure. Some have reported that lower tOC levels are associated with a higher
prevalence of hypertension in adult men and women (Oosterwerff et al., 2013, Tan et al.,
2011). Others however, have described no association between tOC and systolic or
diastolic BP in adult men and women (Lerchbaum et al., 2014, Lerchbaum et al., 2013).
As cOC and ucOC may have diverse biological functions, the examination of tOC alone,
as often reported in these studies, limits our understanding of the exact function of each
form of OC (Li et al., 2016, Ling et al., 2018). In the current study, we have examined
each form of OC and report that a reduction in ucOC and ucOC/tOC ratio via dietary
modification is not correlated with changes in BP. This is interesting and suggests several
possibilities. Firstly, ucOC may simply not have a regulatory role in the maintenance of
blood vessel function and BP. Secondly, the HK (leafy green rich) diet may regulate other
bioactive factors that influence vascular health. For example, we have previously shown
that the four week leafy green-rich diet increased plasma nitrate levels (Blekkenhorst et
al., 2018b). An increase in plasma nitrate enhances the bioavailability of NO, an anti-
atherogenic molecule that regulates blood vessel function and BP (Blekkenhorst et al.,
2017, Blekkenhorst et al., 2018a). Interestingly, ucOC has also been implicated as a

regulatory factor responsible for the maintenance of blood vessel function and BP (Tacey
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et al., 2018). Therefore, it is possible that the reduction in ucOC was offset by an increase
in NO bioavailability. Consequently, cross-talk mechanisms may exist, which may
explain the lack of changes in BP. This hypothesis should be explored in further

mechanistic studies.

Circulating ucOC has been established as a regulator of energy homeostasis, at
least in animal models (Brennan-Speranza and Conigrave, 2015, Rossi et al., 2019). A
large number of cross-sectional studies in humans show that ucOC is associated with
metabolic responses and diseases. For example, a reduction in circulating ucOC is
associated with an increased risk or presence of metabolic disorders, such as metabolic
syndrome and T2DM (Levinger et al., 2017). Lower circulating tOC and ucOC has been
associated with increased concentrations of blood glucose and triglycerides and decreased
levels of HDL (Alfadda et al., 2013, Kanazawa et al., 2011b). However, few
interventional studies have modified ucOC and examined the effect on metabolic
outcomes. One study administered a single dose of prednisolone, a glucocorticoid, which
suppressed circulating tOC and ucOC and also caused a reduction in insulin sensitivity
and fasting blood glucose (Parker et al., 2019, Tacey et al., 2019). In the current study,
despite a 41% reduction in ucOC and 29% reduction in ucOC/tOC after the HK diet, there
were no changes in fasting glucose or lipid levels in the high responders. Potential
mechanisms for the lack of change are not clear, but it may be related to other bioactive
components present in green leafy vegetables that can caused a compensatory effect and

prevented any change in metabolic variables.

The development of vascular calcification is a process comparable to the
development of bone within the skeleton. As OC is involved in bone mineralisation within

the skeleton, it has also been implicated in the development of mineralisation within the
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vasculature (Kapustin and Shanahan, 2011, Li et al., 2016). The form of OC
predominantly involved with bone development in the skeleton is cOC, as such, it is
possible that cOC is the form of OC involved in the development of calcification within
the vasculature. However, research in this area is lacking. We have shown that baseline
cOC is associated with baseline PWV, a measure of arterial stiffness which suggests the
presence of vascular calcification (Cheng et al., 2018). However, we saw no correlation
of cOC with PWV following the HK diet in the high or low responders. While, it is
possible that OC is involved in vascular calcification, future large scale studies are needed
to assess the effect of each form of OC, in particular cOC, on arterial stiffness and the

development of vascular calcification.

A limitation of the current study is that the four week intervention period may not
have been long enough or the dose of vit K1 large enough to observe a change in measures
of cardiometabolic risk. Previous studies administering vit K1 supplementation
(500 — 1000 pg per day) for three years found improvements in vascular compliance and
reductions in coronary artery calcification (Braam et al., 2004, Shea et al., 2009). In the
current study, it was estimated that participants increased their vit K1 intake by 150 ug
per day over the four weeks (Sim et al., 2020). As such, a prolonged intervention may be
needed to demonstrate changes in cardiometabolic risk factors. Another potential
limitation was the inclusion of people who are relatively healthy. It is possible that those
with diabetes or cardiovascular disease will respond differently to the intervention and
that the correlation between ucOC and cardiovascular risk factors may be apparent in
these populations. Finally, the generalisation of the results are somewhat limited due to
the relatively small sample size. As such, further large scale studies, in particular

randomised controlled trials, are needed to confirm our findings.
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In conclusion, this study demonstrated that the suppression of ucOC following
increased daily intake of leafy green vit K1-rich vegetables over four weeks was not
associated with unfavourable changes in cardiometabolic risk factors. This may be due to
the presence of compensatory mechanisms, or the fact that ucOC has a limited regulatory
role over cardiometabolic risk factors in apparently healthy individuals. Such hypothesis

should be explored by future mechanistic studies.
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Chapter 7. General Discussion
7.1 Major findings

The undercarboxylated form of osteocalcin (ucOC) is considered as a potential
therapeutic target to manage and treat metabolic diseases such as insulin resistance and
T2DM. Prior to this research the biological role of ucOC within the vasculature was
unclear as some research suggested ucOC negatively influenced blood vessel function
and CVD development. Thus, it was important to assess the effect of ucOC within the
vasculature to exclude negative off-target effects before further translational research
could be completed. This thesis investigated whether ucOC directly regulates endothelial
function in experimental studies and explored the association of ucOC with blood vessel

function in humans. The major findings of this thesis are summarised in Figure 7.1.
The major novel findings of this thesis are:

1. The development of endothelial dysfunction in rabbit arteries following acute
hyperglycaemia and an atherogenic diet is blood vessel specific (Chapter 3,
Study 1).

2. The direct administration of ucOC to rabbit arteries ex vivo or human vascular
cells in vitro does not influence endothelial function in either normoglycaemic or
hyperglycaemic conditions (Chapter 4 and 5, Studies 2 and 3).

3. Higher levels of ucOC may be associated with vascular outcomes in older women
(Chapter 5, Study 3). However, dietary-induced reductions in circulating ucOC

do not alter blood vessel function (Chapter 6, Study 4).
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Figure 7.1 Summary of the major findings of this thesis. /n vitro ucOC had no direct effect,
positive or negative, on any examined marker of endothelial cell function. Ex vivo ucOC did not
influence endothelial or smooth muscle cell function either positively or negatively. In vivo, ucOC
shared some association with BP and PWYV, but this not after adjustment for confounding
variables, while the suppression of ucOC did not alter vascular function. <> no correlation
between OC and vascular function, d Lower OC associated with adverse function. Created with

BioRender.com

Abbreviations - Akt: protein kinase b, BAFMD.: brachial artery flow mediated dilation, BP: blood
pressure, eNOS: endothelial nitric oxide synthase, ET-1: endothelin 1, IL-6: interleukin 6, LDH:
lactate dehydrogenase, MCP-1: monocyte chemoattractant protein 1, mTOR: mammalian target
of rapamycin, NT: nitrotyrosine, PWV: pulse wave velocity, ucOC: undercarboxylated

osteocalcin, VCAM-1: vascular cell adhesion molecule 1.

7.1.1 The development of a model of endothelial dysfunction in rabbit
arteries

Endothelial dysfunction is the initiating stage in the development of
atherosclerosis and CVD. Hyperglycaemia and poor dietary choices are major risk factors

in the development of endothelial dysfunction, but whether different arteries respond to
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these pathological factors in a similar or diverse fashion was unclear. This thesis
examined the development of endothelial dysfunction in rabbit arteries following a short-
term atherogenic diet and exposure to acute hyperglycaemia. The abdominal aorta was
the artery most susceptible to develop endothelial dysfunction following a four week
atherogenic diet (Chapter 3, Section 3.3.1). Similarly, the acute incubation of rabbit
arteries in hyperglycaemic conditions (20 mM) revealed that the aorta was more prone to
develop dysfunction than the iliac or mesenteric arteries (Chapter 3, Section 3.3.2). This
data suggests that the aorta is more vulnerable to the development of endothelial
dysfunction than the iliac and mesenteric arteries. Given the role of the aorta as the main
distributor of blood to the abdomen and lower extremities, this is concerning. Further
work to establish reasons for discrepancies may open new avenues for treatment, but this
was outside the scope of this thesis. As the development of endothelial dysfunction to
acute hyperglycaemia and an atherogenic diet were most pronounced in the abdominal
aorta, this is the vessel that was used to assess the vasoactivity of ucOC in Chapter 4,

Study 2.

7.1.2 Direct administration of ucOC does not influence endothelial function
in normal or hyperglycaemic conditions

Strong evidence suggests that ucOC positively influences energy regulation and
glycaemic control (Lin et al., 2020b). However, before ucOC treatment can be translated
to clinical trials, it was important to identify whether it has a negative off-target effects
that may lead to adverse health outcomes. This thesis focused on endothelial function as
there is conflicting data regarding the effect of ucOC on the blood vessels. Some research
has suggested that ucOC may negatively influence atherosclerosis and vascular

calcification (Kanazawa et al., 2011a, Liu et al., 2019). Whereas others demonstrated that
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in vivo administration of OC improves BP and blood vessel function in animal models
(Dou et al.,, 2014, Huang et al., 2017). However, it was unknown whether the
improvement in vascular function in these studies occurred directly or whether there was
an indirect effect via the improvement in glucose homeostasis and adiposity. In this thesis
two ex vivo techniques were used to examine whether ucOC has a direct biological effect
on endothelial function in the abdominal aorta (Chapter 4, Study 2) and carotid artery
of rabbits (Chapter 5, Study 3). The findings from this thesis demonstrate for the first
time that ucOC has no direct effect, either positively or negatively, on endothelial function

in physiological conditions or in pathological hyperglycaemic conditions.

Using isometric tension analysis techniques the vasoactive function of
recombinant ucOC was assessed in the aorta of New Zealand White Rabbits following
four weeks on a normal or atherogenic diet and incubated in normal or high glucose
solution (20 mM) for two hours. Administration of recombinant ucOC at physiological
concentrations did not alter the vasoactive response to endothelium-dependent or
endothelium-independent vasodilators (Chapter 4, Section 4.3.2). This suggests that if
ucOC was used therapeutically, it is unlikely to cause any direct alterations in endothelial
function. However, given that the experiments were completed in isolated vascular rings,
a novel perfusion myography method was utilised to more closely mimic a physiological
environment. This method allowed for the assessment of whole vessel vasoactivity
simulating endogenous flow and haemodynamics (Chapter 5, Section 5.3.3). The
vasoactivity of the carotid artery was unaltered by the administration of a ucOC dose
response curve following acute incubations in normal or high glucose conditions,
providing further confidence that ucOC has no deleterious effects on endothelial function.

The results of these experiments suggest that any alteration in blood vessel function that
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is reported following ucOC administration in vivo probably occurs indirectly. Likely
through changes in metabolic outcomes in which ucOC improves glucose regulation and
the resulting reduction in glucose concentrations leads to the improvement in blood vessel
function. These experiments were limited by the fact that the high glucose incubation did
not cause endothelial dysfunction, despite following the same methodology that was
established in Chapter 3, and by others (Tesfamariam et al., 1991, Zulli and Hare, 2009).
Thus, it could be that ucOC does not have a vasoactive effect unless administered in a
dysfunctional state, as was reported in one previous study (Qaradakhi et al., 2019). This

hypothesis should be explored in further studies.

In support of the ex vivo findings, in vitro experiments in HAECs revealed that
co-treatment of ucOC does not attenuate markers of endothelial dysfunction (IL-6,
VCAM-1, ET-1, MCP-1 and LDH) which were increased due to culture in high glucose
media (Chapter 4, Section 4.3.4). This data expand on previous studies which reported
that human vascular cell function and common vascular signalling pathways were
minimally altered in HAECs and HASMCs following ucOC treatment (Millar et al.,
2019a). Further, markers of dysfunction and inflammation, such as VCAM-1 and IL-6,
were unaltered by ucOC treatment in vascular cells cultured in inflammatory media
(Millar et al., 2019¢). Overall, it appears that ucOC has minimal direct influence on
endothelial and smooth muscle cell function in the conduit arteries of rabbits and human

endothelial cells in normoglycaemic or hyperglycaemic conditions.

7.1.3 The association of ucOC with vascular function in humans

Findings in animal models often do not translate to humans. Accordingly, this
thesis explored the association of ucOC with vascular function in humans to support the

results of the preclinical studies. To date, it is unclear whether OC is related to CVD
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outcomes such as the presence of plaque, calcification or adverse vascular events (Millar
et al., 2017). Even less is known about the association of OC with blood vessel function
and BP. In Chapter 5 (Study 3) lower levels of ucOC were associated with hypertension
and arterial stiffness but not endothelial function in older women. However, the
association was dependent on confounding variables such as age and BMI, which are
known to influence OC levels. The data from Chapter 5 (Study 3) supports this,
identifying a correlation between ucOC and vascular function, particularly in post-
menopausal women, but the lack of association after adjustment for confounding factors

suggests other factors likely mediate this association.

A known limitation of cross-sectional studies is that they are correlational only
and thereby do not describe cause and effect. Currently, the administration of ucOC to
humans is not possible given that the extent of its biological effects is still unknown.
However, it is possible to manipulate the circulating levels of ucOC using dietary
modifications, pharmaceuticals or exercise to explore whether changes are observed in
metabolic and cardiovascular parameters. Vit K is a major influencer of ucOC
bioavailability (Shea et al., 2017, Tanaka et al., 2020). This thesis demonstrates for the
first time that the suppression of circulating ucOC following a four week leafy green diet,
which is high in vit K, does not influence markers of vascular function in middle aged
and older adults (Chapter 6, Section 6.3.2). It is important to acknowledge that leafy
green vegetables also increase circulating nitrate (Blekkenhorst et al., 2018b), which is
likely beneficial to vascular health as it increases the bioavailability of NO (Blekkenhorst
et al., 2017, Bondonno et al., 2018). As such, the reduction in ucOC and the increase in
nitrate that occurred in this study may have compensated for each other to maintain

vascular homeostasis. Overall these results support the findings from the experimental
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models and suggest that ucOC does not directly influence vascular function. However,

the number of studies are still small and further interventional studies are needed to

confirm these findings. The results from this thesis provide strong evidence to support the

theory that ucOC has no direct regulatory function in the vasculature, suggesting ucOC

may be targeted as a therapeutic treatment for metabolic disease without the risk of

adverse effects on vascular function.

7.2

Limitations of thesis

Specific limitations of each study are described in the relevant sections (Chapters

3 - 6). General limitations of this thesis are described below.

It is possible that the acute administration of ucOC ex vivo in Chapters 4 and 5
(Studies 2 and 3) was not long enough to induce a physiological effect. Treatment
for a longer duration may be necessary to induce an effect on vascular function
and this should be explored in future studies.

The lack of dysfunction resulting from the high glucose incubation and the
atherogenic diet in Chapter 4 (Study 2) despite observing dysfunction in
Chapter 3 (Study 1) is a limitation. Examining the influence of ucOC on
endothelial function in both normal and dysfunctional conditions would
strengthen the findings.

As the primary aim of was to examine function outcomes, this thesis examined
only several mechanistic pathways by which ucOC may interact with endothelial
cells. Future research should examine potential pathways that link the metabolic

processes to vascular function.
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7.3

General conclusion and suggestions for future research

This thesis adds significant knowledge on the bioactive role of ucOC within the

vasculature. In particular, it provides some of the first evidence on the biological effect

of ucOC directly on vascular tissue free from the influence from other systems. Overall,

the results suggest that ucOC has no, or minimal, direct biological regulation of

endothelial function in rabbit arteries and human endothelial cells. The majority of

evidence provided by this thesis suggests that ucOC does not directly regulate blood

vessel function. As such, ucOC may be targeted as a therapeutic treatment for metabolic

disease without the risk of any adverse effects in the vasculature.

Future investigations into the potential regulatory role of OC are warranted.

Several suggestions for future research are described below.

1.

Firstly, it will be important to investigate whether changes in circulating OC
influence vascular function in humans following a more aggressive treatment to
suppress or increase ucOC. Studies may use a longer duration of vit K
supplementation, glucocorticoid treatment, exercise or some other treatment that
may modify the circulating levels of ucOC. It will be important for studies to
investigate this in both healthy and clinical populations, particularly those with
cardiovascular and metabolic conditions.

Secondly, using ex vivo and in vitro techniques that focus on pathological disease
models of dysfunction and assess ucOC administration for longer durations will
be important.

Finally, vascular calcification is a critical later stage of atherosclerosis
development and is characterised by the differentiation of VSMCs into an

osteoblast like phenotype which expresses bone-derived factors including OC. As

Page | 159



such, investigating the role of OC, in particular cOC, the isoform of OC most

abundant in mineralised tissue is warranted.
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Abstract: There is increasing evidence for the involvement of the skeleton in the regulation of
atherosclerotic vascular disease. Osteocalcin, an osteoblast derived protein, exists in two forms,
carboxylated and undercarboxylated osteocalcin. Undercarboxylated osteocalcin has been linked to
the regulation of metabolic functions, including glucose and lipid metabolism. Features of
atherosclerosis have been associated with circulating osteocalcin; however, this association is often
conflicting and unclear. Therefore, the aim of this review is to examine the evidence for a role of
osteocalcin in atherosclerosis development and progression, and in particular endothelial
dysfunction and vascular calcification. The current literature suggests that undercarboxylated
osteocalcin stimulates the phosphoinositide 3-kinase/ protein kinase B (PI3K/ Akt) signaling pathway
to upregulate nitric oxide and nuclear factor kappa § (NF-KB) in vascular cells, possibly protecting
endothelial function and preventing atherogenesis. However, this etfect may be mediated by
metabolic factors, such as improvements in insulin signaling, rather than through a direct effect on
the vasculature. Total osteocalcin is frequently associated with vascular calcification, an association
that may occur as a result of vascular cells eliciting an osteogenic phenotype. Whether osteocalcin
acts as a mediator or a marker of vascular calcification is currently unclear. As such, further studies
that examine each torm ot osteocalcin are required to elucidate if it is a mediator of atherogenesis,
and whether it functions independently of metabolic factors.

Keywords: undercarboxylated osteocalcin; carboxylated osteocalcin; endothelial dystunction;
vascular calcification; atherosclerosis; humans; animal models

1. Introduction

Cardiovascular disease describesa group of disorders that affect the myocardiumand vasculature
and is the leading cause of death worldwide [1,2]. Ischemic heart disease, or atherosclerosis, is the
most common cause of cardiovascular related deaths [3,4]. The development of atherosclerosis  is
characterized by distinct phases, including endothelial dysfunction, intimal thickening, plaque
development, and, in the chronic stage, vascular calcification [5]. Numerousrisk factors are responsible
for the development of atherosclerosis, including diabetes, ageing, smoking, low physical activity
levels, poor diet, and family history [6,7]. Diabetes, which is characterized by hyperglycemia and
insulin resistance, is a leading risk tactor for the development of atherosclerosis [2]. Abnormal insulin
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signaling, advanced glycation end-products, and oxidative stress caused by hyperglycemiaandinsulin
resistance may promote the pathological interaction between diabetes and atherosclerosis [8-11].

Recently, the skeleton has been established as an endocrine organ participating in several
metabolic processes, including the maintenance of circulating blood glucose and lipid levels. This
bone /endocrine “cross talk” is thought to be regulated, at least in part, via osteocalcin, a vitamin K-
dependent, osteoblast-derived protein [12-15]. Total osteocalcin includes both undercarboxylated
osteocalcin (ucOC) and carboxylated osteocalcin (cOC). UcOC is characterized by the presence of
0-2 gamma-carboxyl groups on glutamic acid residues and is predominantly released into circulation
[16]. The presence of 3 gamma-carboxyglutamic acid residues produces carboxylated osteocalcin
(cOC), which has a high aftinity for hydroxyapatite and is located predominantly in the bone matrix
[17,18]. Vitamin K is essential for carboxylation and, as such, circulating levels of osteocalcin are used
as a marker of vitamin K status [19]. Generally, ucOC makes up between 40 and 60% of total circulating
osteocalcin [20-22]. The role of osteocalcin in the regulation of endocrine outcomes has been discussed
in a number of recent review studies [23-27] and is thus not examined in this review.

The discovery of osteocalcin as a regulator of metabolic processes has led to investigations
considering associations with cardiovascular disease. Several cross-sectional studies have
demonstrated that circulating levels of total osteocalcin and ucOC are associated with both metabolic
and cardiovascular disorders [28-32]. However, it is unclear whether osteocalcin has a direct role in
the vasculature, independent of metabolic outcomes, or whether the association ismediated indirectly,
via the metabolic effects of ucOC. Furthermore, advanced atherosclerotic plaques are characterized
by the development of calcification, a process that involves a shift in vascular cells to an osteogenic
phenotype [33]. Whether total osteocalcin, or one of the forms of osteocalcin, is a mediator or a marker
of this process, is of interest. Osteocalcin has the potential to be a target in future therapeutic
interventions for metabolic diseases such as diabetes and obesity [34]. Theretore, elucidating whether
total osteocalcin and each of its forms have a biological function in the vasculature, independent from
endocrine or metabolic outcomes, is of importance.

2. Atherosclerosis

Atherosclerosis typically presents in the coronary, cerebral, and peripheral arteries. The clinical
manitestations are myocardial infarction, stroke, and peripheral arterial disease [35]. Each layer of the
blood vessel contributes to the pathogenesis of atherosclerosis in a distinct way. For instance, the
tunica intima, which is comprised primarily of a layer of endothelial cells, forms a semi-permeable
barrier between the blood and the blood vessel wall [36]. Endothelial cell dysfunction is the initiating
factor in atherogenesis and involves a reduction in the bioavailability of nitric oxide (NO), a major
vasodilator and anti-atherogenic molecule. The reduction in NO results in an inflammatory response
that is characterized by the migration of smooth muscle cells from the tunica media. The adherence of
circulating moleculessuch aslow-density lipoprotein (LDL) and cells, includingleukocytes, contributes
to the formation of a fatty streak [37]. Subsequently, a lipid rich plaque develops and collagen content
increases. Finally, the advanced stages of atherosclerosis development are characterized by calcification
and fibrosis [38]. Evidently, the phenotype of an atherosclerotic plaque alters dramatically over the
lite cycle of the disease. As such, itis of importance to distinguish between the stages when reporting
atherosclerotic outcomes [39]. Thisreview will focus on two distinct features of atherosclerosis, namely,
the development of endothelial dysfunction and vascular calcification.

Endothelial dystunction (vascular dysfunction) occurs in the initial stages of atherogenesis and
is present throughout the life cycle of the disease. It is a predictor of future adverse cardiovascular
events [40]. Normal endothelial function is regulated by a balance between anti-atherogenic (NO,
endothelial derived hyperpolarizing factor, and prostacyclin) and pro-atherogenic (endothelin-1,
thromboxane A2, and angiotensin IT) factors [41,42]. The presence of a diseased state upsets the balance,
suppressing atheroprotective factors and promoting atherogenic factors. This imbalance results in
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several pathological eftects, principally the inability of the endothelium to regulate vasomotor tone
(vasodilation and vasoconstriction) [36,43,44]. Abnormal vasomotor tone results in damage to the
endothelial cells lining the vascular wall and is associated with an inflammatory and coagulatory
response [43].

Advanced atherosclerosis, characterized by vascular calcification, involves the accumulation of
scattered calcium-like deposits [38,45]. The presence of calcification reduces blood vessel compliance,
causes stiffening of the vasculature, and is a predictor of future adverse health outcomes [46,47]. The
development process of vascular calcification is similar to the process of bone formation in the
skeleton [48]. This process involves the accumulation of hydroxyapatite, the differentiation of smooth
muscle cells into osteoblast-like cells, the downregulation of calcification inhibitors, and the presence
of osteogenic proteins, such as Runx-2 and osteocalcin [49-51].

3. Association between Osteocalcin and Atherosclerosis Qutcomes

3.1. Measurement of Osteocalcin in Humans

Todate, itisnotclear whether osteocalcin is biologically active during atherosclerosis development
in humans [16,27]. A recent meta-analysis included 46 studies examining the association between
osteocalcin and atherosclerosis outcomes. No clear relationship was reported between osteocalcin and
markers of atherosclerosis and calcification [52]. The presence of atherosclerosis was examined via
several methods, including aortic calcification score (ACS), coronary artery calcification score, pulse
wave velocity (PWV), and carotid intima-media thickness (C-IMT). Contflicting results were reported
across all the outcomes. For example, in the studies reporting the association between osteocalcin and
C-IMT, four reported that higher osteocalcin levels were associated with a higher C-IMT, four reported
that higher osteocalcin levels were associated with a lower C-IMT, and three reported nocorrelation.
Interestingly, all studies that examined osteocalcin-positive mononuclear cells or completed
histological staining for osteocalcin reported that higher osteocalcin levels were associated with
increased markers of atherosclerosis and calcification [52]. This suggests that osteocalcin may be
present in atherosclerosis, although, whether it has a regulatory function is notclear.

The conflicting outcomes presented in the meta-analvsis may be due to a number of limitations.
First, total osteocalcin was reported in 43 of the studies, whereas some also included ucOC and cOC,
reported in 7 studies and 1 study, respectively. This is a major limitation as each form has a
distinct function [53,54]. Furthermore, ditferent techniques were used to analyze osteocalcin. For
example, total osteocalcin has been measured with enzyme-linked immunosorbent assay (ELISA) and
radioimmunoassay (RIA), as well as flow cytometry and immunostaining, which may explain the
different findings.

Taken together, the meta-analysis did not provide a clear association between osteocalcin and
atherosclerosis. Consequently, the remainder of this review will focus on experimental studies that
report the etfect or expression of osteocalcin, specitically examining if each form of osteocalcin has
distinct functions.

3.2. In Vivo Osteocalcin Treatment and Cardiovascular Function in Anmial Models

The biological effects of osteocalcin are not fully known. A small number of studies have examined
the effect of total osteocalcin administration in vivo on the cardiovascular system in animal models of
disease. Tail cuff blood pressure (BP) was measured in apolipoprotein E-deficient (ApoE_/ 7) mice,
and the animals received daily injections of total osteocalcin (30 ng/g) for 12 weeks [55]. Total
osteocalcin treatment had a protective effect on high-fat-diet-induced hypertension by reducing mean
and diastolic BP by ~5 and 7 mmHg, respectively. Similar trends occurred for systolic BP, which was
decreased by ~3 mmHg. Although an improvement in blood pressure occurred, there was also a
concomitantimprovement in body weight, fasting blood glucose levels, glucose tolerance, circulating
lipids, and markersof inflammation inanimalsreceiving osteocalcin treatment[55]. Assuch,
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it is not clear whether the observed improvements were due to a direct effect of osteocalcin on the
cardiovascular system, or indirectly via the improvement in the animals” metabolic profile.

In another study, the administration of total osteocalcin repaired the alteration to PWYV,
concurrently with improvements in fasting blood glucose and circulating lipids [56]. Specifically,
PWYV, which is a measure of arterial stiffness, was increased (by 6%) in a rat model fed a high-fat diet
and induced with diabetes via streptozotocin injection. Following 12 weeks of a high-fat diet, daily
intraperitoneal injections of total osteocalcin (30 ng/ g) reversed the alteration in PWV, albeit by a small
magnitude. Blood pressure, heart rate, and mean arterial pressure were not altered by the high-fat
diet or the osteocalcin injections [56]. This study suggests that a daily injection of total osteocalcin can
repair abnormal cardiovascular function (Table 1). However, whether the protective effect occurred
directly, or as a result of improved metabolic outcomes, is still notclear.

Table 1. Summary of studies examining the effects of in vivo osteocalcin treatment on vascular function
outcomes in animals.

First Author, . . Measurement of
Year [Ref.] Experimental Overview Vascular Function Results

In vivo: mean and diastolic BP normalized by
ApoE’/ “mice received ND or HFD and
Dou, 2014 [55] treatment daily for 12 weeks with
vehicle or total osteocalcin (30 ng/g)

osteocalcin treatment in HFD group, no change
in systolic BP or heart rate.

Ex vivo: 20% improvement in relaxation in
osteocalcin-treated mice on HFD

BP, heart rate, and
isometric myography

Sprague Dawley rats induced with
diabetes via STZ injection and received ~ BP,PWV, heart rate,
Huang, 2017 [56] ~ ND or HFD, daily treatment of vehicle  pulse pressure, and

PWYV normalized in osteocalcin-treated rats
with diabetes compared to diabetic rats treated
with vehicle, no change in BP, heart rate, mean

;); ii,):aelk:steocalcm (30 ng/g) for mean arterial pressure arterial pressure, and pulse pressure

Wild type C57BL/6 mice received HFD Increased nitric oxide concentration in
Kondo, 2016 [57]  and treated 5 times a week for 10 weeks  Nitric oxide production ucOC-treated mice compared to

with vehicle or ucOC (30 ng/g) vehicle-treated mice

C57BL/ 6] mice received ND or HFD for
Zhou, 2013 [58] 8 weeks with daily injections of vehicle ~ Autophagy and ERstress
or ucOC (30 ng/g)

Autophagy and ER stress attenuated in mice
receiving ucOC

ApoE = apolipoprotein E, HFD = high -fat diett ND = normal chow diet, STZ = streptozotocin,
ucOC = undercarboxylated osteocalcin, BP = blood pressure, PWV = pulse wave velocity, ER = endoplasmic reticulum.

3.3. In Vivo Osteocalcin Treatment and Markers of Atherosclerosis Risk in Animal Models

Isometric/isotonic myography is an ex vivo technique used to examine endothelial function
directly, independent of factors such as sheer stress and circulation hormones. This technique was used
to examine the function of the thoracic aorta in ApoE”~ mice following 12 weeks on a high-fat diet,
receiving simultaneous daily injections of total osteocalcin (30 ng/g) or vehicle [55]. Vehicle-treated
mice had a reduction in endothelial function by 20%, a pathological effect that was attenuated in the
mice receiving osteocalcin treatment. An examination of the mechanisms revealed that co-incubation
with NG-nitro-L-arginine methyl ester (L-NAME), an inhibitor of nitric oxide synthase, blocked the
relaxation of all groups. However, co-incubation with sodium nitroprusside (SNP), a nitric oxide donor
that is endothelium-independent, resulted in a similar relaxation between total osteocalcin-treated
and non-treated tissue. The relaxation of all vessels to SNP demonstrates that the high-fat diet or total
osteocalcin does not affect the ability of vascular smooth muscle cells to respond to nitric oxide [55].
Thus, total osteocalcin appears to have a protective effect on endothelial function that may assist in the
prevention of atherosclerosis.

Whether one or both forms of osteocalcin were responsible for this effect is unclear. As a result,
each form of osteocalcin was administered to female wild type C57BL/ 6 mice, to determine the effect on
nitric oxide availability. Treatment with ucOC (30 ng/g), but not an equivalent dose of cOC, increased
serum nitric oxide, providing further evidence that it is the bioactive form of the protein, at least in
mice [57]. Subsequently, ucOC (30 ng/g) was administered via intraperitoneal injection 5 times per
week for 10 weeks into mice fed an atherogenic (F2HFD1) diet. The diet did notinduce the development
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of atherosclerotic plaques, butit did increase total cholesterol, LDL, and LDL/high density lipo-protein
(HDL) ratio, all of which are associated with an increased risk of atherosclerosis. UcOC administration
significantly lowered all the lipid markers and produced a 1.7-fold increase in serum nitric oxide
bioavailability compared to saline-treated mice [57]. The improvement in lipid markers and serum
nitric oxide availability would likely assist in the prevention ot atherosclerosisdevelopment.

Furthermore, eightweeks of daily ucOC (30 ng/ g) treatment following ahigh-fat dietproduced an
improvementin insulin signaling and a reduction in autophagy and ER stress in the aorta of C57BL/ 6]
mice [58]. Several markers of autophagy (Atg7, p62, and lightchain 3II (LC3-1I)) and ER stress (protein
kinase-like endoplasmic reticulum kinase (PERK) and eukaryotic initiation factor 2a (elF2a)) were
increased in the high-fat diet-fed mice. However, the administration of ucOC following the high-fat
dietattenuated the pathologic autophagy and ER stress marker response. Moreover, insulin resistance
wasdetected in the high-fat-diet-fed mice, asmeasured by areductionin the phosphorylation of insulin
receptor B (IRB) subunit tyrosine 1162/1163 and protein kinase B (Akt) Ser-473. An improvement in
insulin signaling in ucOC-treated mice, as seen by an increase in the IRB subunit and Akt Ser-473
phosphorylation, demonstrates that ucOC rescues high-fat-diet-induced insulin resistance in mouse
aorta [58].

In summary, in vivo ucOC treatment protects vascular function and pathological disease markers
that often contribute to or are involved in the development of atherosclerosis (Table 1). However, the
protective effects of ucOC on the vasculature are often associated with improved metabolic outcomes,
such as improvements in insulin signaling or lipid markers. As such, in vitro studies are needed to
confirm (1) whether osteocalcin and its forms are acting directly on vascular tissue, and (2) that ucOC
is the active form of osteocalcin mediating these etfects.

4. Osteocalcin and Endothelial Function

4.1, In Vitro Osteocalcin Treatment in Human Cells

The endothelium has an important role in maintaining vascular homeostasis because it mediates
the release of a number of regulatory factors [41]. Molecular signaling mechanisms that regulate
vascular function have been examined in several studies to determine if there is a direct link between
osteocalcin and atherosclerosis development (Table 2).

Human umbilical vein endothelial cells(HUVECSs) cultured with total osteocalcin (10-150 ng/mL)
displayed a dose-dependent upregulation of Akt and endothelial nitric oxide synthase (eNOS)
phosphorylation —up to 100ng/mL of total osteocalcin [55]. Aktis acommon protein kinase involved
in numerous cellular signaling pathways, including the phosphorylation of eNOS via serinell77;
eNOS synthesizes NO [59]. When treated with 100 ng/mL of total osteocalcin, Akt and eNOS
phosphorylation increased, peaking at 1 h and 2 h following treatment, respectively [55]. Of note, the
properties of HUVECs are not ubiquitous to all endothelial cells, therefore the findings cannot be
directly associated with adult endothelial function [60]. Despite this, similar results have been
reported in human aortic endothelial cells (HAECs). HAECs incubated with ucOC or cOC for 30 min
resulted in an increase in eNOS phosphorylation in cells treated with 25 and 100 ng/mL of ucOC by
~1-fold and ~2.5-fold, respectively. However, equivalent doses of cOC had no effect [57]. Similarly,

eNOS phosphorylation andnitric oxide secretion were increased in a dose-dependentmanner between
0.3-30 ng/mL of ucOC treatment in HAECs [61]. Mechanistic investigation demonstrated that the
phosphorylation of Akt/eNOS by ucOC was inhibited by the addition of wortmannin, an inhibitor of
phosphoinositide 3-kinase (PI3K), which is the protein kinase responsible for phosphorylating Akt [61].
Taken together, these results indicate that ucOC may upregulate nitric oxide synthesis via the
activation of the PI3K/Akt/eNOS signaling pathway in human endothelial cells, which may have
a protective etfect against endothelial dysfunction. Again, these findings support previous research
suggesting that ucOC is the biologically active form of the protein. UcOC may have a protective
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function in the vasculature, independent from its influence on metabolic outcomes, however further
studies are required to confirm this (Figure 1).

Improved metabolic <«———— Total osteocalcin/ucOC
outcomes

Autophagy
Apoptosis Akt eNOS  Endothelial
ER stress ‘ ‘ cell

NO

Figure 1. The proposed mechanism through which total osteocalcin/ucOC has been reported to elicit
atheroprotective functions in vascular cells. By improving metabolic outcomes, total osteocalcin/ucOC
reduces pathological mechanisms, including autophagy, apoptosis, and ER stress, through the B-
subunit of the insulin receptor (IRB) and via the IRS-1/PI3K/Akt/NF-KB/mTOR signaling pathway.
Vascular function is improved via the PI3K/Akt/eNOS signaling pathway which stimulates NO in
the smooth muscle cells. ucOC = undercarboxylated osteocalcin, PI3K = phosphoinositide 3-kinase,
Akt = protein kinase B, eNOS = endothelial nitric oxide synthase, NO = nitric oxide, IRB = insulin
receptor B, IRS-1 = insulin receptor substrate 1, NF-K@ = nuclear factor kappa , mTOR = mammalian
target of rapamycin, ER = endoplasmic reticulum.

Several pathological mechanisms promote the development of endothelial dysfunction and
atherosclerosis, including elevated apoptosis and endoplasmic reticulum (ER) stress. UcOC (30 ng/mL)
treatment prior to the administration of linoleic acid, which acts as a free fatty acid, inhibited the
induction of apoptosis in HAECs via the PI3K/ Akt pathway [61]. Additionally, HUVECs exhibited
ER stress and insulin resistance when incubated with tunicamycin; however, co-incubation with
ucOC (5 ng/mL) for 4 h reduced the ER stress and increased the phosphorylation of insulin receptor
substrate 1 (IRS-1), a molecule involved in insulin signal transduction [62]. The co-incubation of
wortmannin and Akti—1/2 (an Akt inhibitor) blocked the insulin sensitizing effect of ucOC. However,
U0126 (a mitogen-activated protein kinase (MAPK) inhibitor) did not block the effect of ucOC.
Additionally, nuclear factor kappa § (NF-KB), a key cellular signaling molecule, which was suppressed
by tunicamycin, exhibited a normalization when co-incubated with ucOC. Furthermore, the inhibition
of NF-KB signaling and the silencing of the NF-KB p65 gene confirmed that NF-KB was involved in
the regulation of ER stress and insulin signaling by ucOC [62]. The results from this study suggest that
ucOC suppresses ER stress via the PI3K/Akt/NF-KB signaling pathway and that improved insulin
sensitivity initiates this response.

Collectively, it appears that ucOC may elicit an atheroprotective effect in human endothelial cells.
The protective effects of ucOC often occurred through improved insulin signaling or in the presence of
high lipid content. However, ucOC also produced a protective effect in endothelial cells without the
presence of any metabolic mediators, suggesting that osteocalcin may have a direct bioactive influence
in human endothelial cells.
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Table 2. Summary of cell culture studies examining the effects of in vitro osteocalcin treatment in

human and animal vascular cells.

First Author,
Year [Ref.]

Experimental Overview

Outcomes

Results

Dowu, 2014 [55]

HUVECSs incubated with total osteocalcin
(10-150 ng/mL) for 15 min-2h.
Descending aorta of APOE'-"" mice,
previously treated with osteocalcin,
incubated with LY294002 (10 pmol/L)
and Akt inhibitor V (5 pmol/L)

eNOS, Akt, and PI3K
phosphorylation
and expression

Max phosphorylation of eNOS and Akt with
100 ng/mL of osteocalcin. Max
phosphorylation of eNOS and Akt occurred
after 1 h and 2 h, respectively.

Inaorta, PI3K, Akt, and eNOS phosphorylation
and expression increased, inhibited with
LY294002 and Akt inhibitor V

Kondo, 2016[57]

HAECs incubated with ucOC (5, 25,
and 100 ng/mL) and cOC (25 and
100 ng/mL) for 30 min

eNOS phosphorylation

Incubation of ucOC increased eNOS
phosphorylation in a dose-dependent manner,
¢OC had no effect

Jung, 2013 [61]

HAECs incubated with ucOC (0.3-30
ng/mL}, linoleic acid (100 pmol /L for 16h),
and wortmannin (100 nmol/L for 15 min)

Nitric oxide concentration,
elNOS and Akt
phosphorylation and
apoptosis

UcOC increased eNOS and Akt
phosphorylation and nitric oxide concentration,
which was inhibited by wortm annin.

UcOC attenuated linoleic acid-induced
apoptosis

Guo, 2017 [62]

HUVECs incubated with ucOC (5ng/mL
for 4 h), tunicamycin (5 pg/mL for 4 h),
insulin (10 nM for 10 min), wortmannin,
and Akti-1/2 (10 pM for 4 h)

Insulin resistance, ER stress

UcOC blocked ER stress and insulin resistance,
which was inhibited by wortmannin
and Akt-1/2

Zhowu, 2013 [58]

Mouse VECs and VSMCs incubated with

tunicamycin (5 Pg/mL for 4 h),
ucOC (5ng/mL for 0, 2,4, and 8 h),

Akti-1/2 (10 pM for 4 h) and rapamycin

Autophagy and ER stress

UcOC attenuated autophagy and ER stressin
mouse VECs and VSMCs, which was inhibited
by Akti-1/2 and rapamycin

(10 nM for 4 h)

HUVEGs = human umbilical vein endothelial cells, ApoE = apolipoprotein E, HAECs = human aortic end othelial
cells, ucOC = undercarboxylated osteocalcin, VECs = vascular endothelial cells, VSMCs = vascular smooth muscle
cells, eNOS = endothelial nitric oxide synthase, Akt = protein kinase B, PI3K = phosphoinositide 3-kinase, ER =
endoplasmic reticulum.

4.2, In Vitro Osteocalcin Treatment and Markers of Atherosclerosis Risk in Animal Cells

Animal studies have also beenused to examine the etfectof osteocalcin in vascular tissue and cells.
Experiments using cultured aortic strips obtained from ApoE”~ mice revealed that total osteocalcin
treatmentincreased the phosphorylation and expression of PI3K, Akt, and eNOS. Furthermore, the
phosphorylation of Akt and eNOS was blocked by the co-incubation of L'Y294002 and Aktinhibitor V,
which inhibit the signaling of PI3K and Akt, respectively [55]. UcOC (5 ng/mL) incubations in mouse
vascular endothelial cells (VECs) and vascular smooth muscle cells (VSMCs) protected against
tunicamycin-induced autophagy and ER stress. The protective effect was mediated through the
Akt/mammalian target of rapamycin (mTOR) signaling pathway as a result of NF-KP activation [58].
Similar results in cells from other organs revealed that these effects may be systemic. For example, ER
stress and insulin resistance were both alleviated in L6 muscle cells when treated with 5 ng/mL of
ucOC for 4 h [63].

Overall, total osteocalcin and ucOC appear to protect against the development of atherosclerosis
through the activation of several signaling pathways (Table 2). NOis likely increased via the activation
of the PI3K/Akt/eNOS signaling pathway, which would result in an improvement in endothelial
function. However, increased eNOS expression can also enhance endothelial dysfunction by increasing
eNOS uncoupling and oxidative stress [64,65].

Further studies are needed to determine if the upregulation of eNOS prevents or enhances
endothelial dysfunction. Additionally, pathological abnormalities such as increased endothelial cell
apoptosis and ER stress, which contribute to the development of atherosclerosis, are abrogated by
ucOC treatment, likely acting through PI3K/Akt/NF-KB/mTOR signaling. Whether these effects
occur exclusively through metabolic signaling pathways, or if ucOC has a direct biological eftectin the
vasculature requires further investigation.
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5. Osteocalcin and Vascular Calcification

5.1. Osteocalcin and Calcified Hiuman Vascular Tissue

Several osteogenic factors, including the osteoblastic “master regulator” transcription factor
Runx2, have been shown to be expressed by smooth muscle cells located at the site of vascular calcified
plaques [66]. The expression of such factors may play a role in the osteogenic potential of these smooth
muscle cells. In addition, osteocalcin, which has been used clinically as a marker of bone formation,
has also been found at these sites [67]. It has thus been posited that osteocalcin may play a role in the
calcification of plaques, although whether this is true, or whether the association is coincidental,
requires further investigation.

Advanced atherosclerotic plaques are characterized by arterial stiffening, resulting in areduction
in vessel compliance; this occurs as a consequence of vascular calcification [68]. Vascular calcification
increases the risk of adverse cardiovascular events, including aortic stenosis, reduced vasomotor tone,
and plaque instability [46]. Since the early 1980s, osteocalcin has been detected to a larger degree in
calcified plaques and aortic valves than in non-calcified and healthy vessels [69,70]. In fact, in vessels
obtained from men and women during autopsy, the concentration of total osteocalcin in calcified
vascular plaques was considerably higher (50.9 ng/mL) than the concentration present in fatty streaks
and fibrous plaques (1.1 ng/mL) and normal aortic tissue (0.33 ng/mL) [69]. Furthermore, a study a
decade later reported that the level of osteocalcin mRNA was increased between 8- and 14-fold in
calcified plaques and aorta compared to healthy aorta [71]. These findings predate the hypothesis that
osteocalcin may have a role in vascular function, yet demonstrate that the concentration of total
osteocalcin is positively correlated to the stage of atherosclerotic plaque progression. Itis possible that
the increase in total osteocalcin occurs as a result of atherosclerotic plaques developing an osteogenic
phenotype [33], yet this requires further validation.

Vascular smooth muscle cells (VSMCs) are responsible for the development of atherosclerotic
calcification by differentiating into osteoblast-like cells [50]. Cultured VSMCs in the initial stages of
atherosclerosis formation undergo a downregulation of proteins that inhibit mineralization, leading to
ashitt in the VSMCs to an osteo/chondrocytic phenotype. This change is characterized by an increase
in transcription factorsregulating the expression of osteogenic proteins, including total osteocalcin [67].
Furthermore, total osteocalcin was shown to be minimally expressed in human aortic VSMCs cultured
to mimic the early stages of atherosclerosis [72]. In situ hybridization analysis demonstrated that
osteocalcin expression was significantly increased in lipid-rich, calcified VSMCs obtained from the
media and intima of explanted human aorta, compared to VSMCs without plaque development [73].
Moditication of lipid content by treating VSMCs for 28 days with acylated low-density lipoprotein
did not alter osteocalcin expression, despite a 3-fold increase in calcification. Interestingly, incubation
of lipoprotein-deficient serum for 28 days in VSMCs was associated with an inhibition of calcium
formation, but an upregulation of osteocalcin expression [73]. This study demonstrates that VSMCs
developing an osteogenic phenotype modity the expression of total osteocalcin and are intfluenced by
the presence of lipids.

Overall, osteocalcin expression is increased in calcified lesions throughout the intimal and medial
layers of the vascular wall (Table 3). Whilst the increase in osteocalcin is often associated with the
development of an osteogenic phenotype, it is also associated with lipids. Of note, no studies have
differentiated between the forms of osteocalcin when discussing vascular calcification. Consequently,
an examination of ucOC and cOC and an investigation into the mechanisms that are associated with
the increase in osteocalcin in calcified tissue are required.
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Table 3. Summary of studies examining the interaction between osteocalcin and calcification in human
and animal tissue and cells.

First Author,

Year [Ref.] Experimental Overview Outcomes Results

Levy, 1983 [69] Human aortic and valve tissue Osteocalcin and Gla levels C.)steocalcm.and Gla le\./e.ls hl'gher in calcified
tissue than in non-calcified tissue

Levy, 1980 [70] Human aortic and valve tissue Cla levels Higher Gla levels in .Cz.‘klﬁ.ed aortaand
valves than non-calcified tissue
Osteocalcin mRNA increased in calcified

Fleet, 1994 [71] Human aortic tissue Osteocalcin mRNA levels aorta and plaque compared to non-calcified
aorta

Tyson, 2003 [67] Human aortic and carotid tissue Osteocalcin expression (eifécr;fézizc;,fss;ie};acjl:;mcrcasc in the

Severson, 1995 [72]  Cultured human aortic VSMCs Immunostaining for osteocalcin Minimal immunostaining of human VSMCs

Osteocalcin expression increased in calcified
Proudfoot, 2002 Cultured human aortic VSMCs with Osteocalcin expression cells compared to non-calcified cells, which
[73] lipid content modification P was altered with the modification of lipid
content

Murshed, 2004 [74] MGP”/~ mice inter-crossed with Osteocalcin gain of function model did not

PpSM22a-Osteocalcin Mineralization of aorta inhibit the mineralization of mouse aorta

Increased calcification in OPG~~ mice, which
was associated with an increased percentage
of osteocalcin positive mononuclear cells

Calcification and mononuclear cells

Pal, 2010 [75] OPG */* and OPG”/~ mice : ;
expressing osteocalcin

Osteocalcin mRNA levels were unchanged,
M 2008 Ldlr 7/~ mice fed HFD for 5 months and  Calcification, osteocalcin mRNA circulating osteocalcin increased over the
orony, [76] . N . . X
treated with OPG and circulating levels 5 months, which was associated
with calcification

Thoracic aorta of C57BL/6 mice
cultured to induced calcification

Osteocalcin expression increased in calcified

Akiyoshi, 2016 [77] thoracic aortas

Osteocalcin expression

In vitro: overexpression of osteocalcin in

Cultured MOVAS cells induced with MOVAS cells associated with mineralization
Idelevich, 2011 [78] calcification and overexpressed with Mineralization, osteocalcin mRNA,  and upregulation of insulin signaling
! osteocalcin. Sprague Dawley rats metabolic signaling pathways In vitro: osteocalcin mRNA is increased in
induced with calcification calcified vasculature and associated with

activation of metabolic signaling pathways

VSMCs = vascular smooth muscle cells, MGP = matrix Gla protein, OPG = osteoprotegerin, 1dlr = low-density
lipoprotein receptor, HFD = high-fat diet, MOV AS = mouse vascular smooth muscle cells.

5.2. Vascular Calcification and Osteocalcin in Animal Models

Vascularhomeostasisisregulated by a tight balance between pro- and anti-mineralizing osteogenic
factors. Several of these regulatory factors include matrix Gla protein (MGP), osteoprotegerin (OPG),
fetuin A, and inorganic phosphate [79]. MGP and osteocalcin belong to the same family ~of mineral-
binding Gla proteins, both characterized by vitamin K-dependent post translational y-carboxylation,
and MGP is a known inhibitor of vascular calcification [80]. MGP-deficient mice are characterized by
the development of calcified aortas and early death due to vascular thrombosis and hemorrhage
[74,81]. MGP knockout mice were inter-crossed with pSM22a-Osteocalcin to create an osteocalcin
gain-of-function model. Four-week-old pSM22a-Osteocalcin mice exhibited no difference in
mineralization from the MGP knockout model, despite a 6- to 8-fold increase in serum osteocalcin
concentration [74]. The results from this study demonstrate that total osteocalcin has no anti-
mineralization effect.

Osteoprotegerin (OPG) is a circulating bone marker that functions to inhibit osteoclast activity [82].
OPG-deficient mice are characterized by osteoporosis [83]. Interestingly, OPG-deficient mice are
associated with an increase in vascular calcification, suggesting that OPG may have a protective role
in vascular calcification [75,83]. In a low-density lipoprotein receptor (I1dlr) knockout mouse model
treated with OPG and fed a high-fat diet, circulating total osteocalcin was reduced compared to
vehicle-treated mice after two and five months. This was associated with the development of
significantly less calcified lesions, suggesting that lower circulating total osteocalcin is correlated with
a reduction in mouse aortic calcification [76]. Furthermore, cultured thoracic aorta of C57BL/6 mice
revealed that increased calcification was positively correlated with an increase in osteocalcin
expression [77]. As such, it appears that total osteocalcin is increased in animal tissue undergoing
calcification, which may result from the differentiation of VSMCs to an osteogenic phenotype. Whether
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this association results in a biological effect, either protective or negative, cannot be determined from
these studies.

A recent study reported that total osteocalcin stimulates glucose metabolism in vascular cells via
hypoxia-inducible factor 1la (HIF-1a), a process that also results in the increase of vascular calcification
[78]. Specifically, osteocalcin overexpression and treatment upregulated insulin signaling and the
expression of glucose transporters through the increase in HIF-1a in mouse vascular smooth muscle
cells (MOVAS). Furthermore, MOVAS cultured in DMEM medium for 21 days developed mineralized
nodules and shitted to an osteogenic phenotype, a process that increases the expression of osteocalcin
[78]. In anin vivo rat model of vascular calcification, total osteocalcin mRNA was positively associated
with the presence of calcification. Immunohistochemistry analysis demonstrated similar expression
patterns between total osteocalcin and the hypoxia-inducible factor 1la (HIF-1a) protein. Moreover,
the silencing of osteocalcin RNA prevented HIF-1a stabilization and inhibited HIF-1a expression,
which resulted in a reduction of calcification and a suppression of osteochondrogenic differentiation
[78]. Altogether, this study demonstrates that total osteocalcin activates HIF-1la to upregulate
glucose transport and utilization. The alteration to glucose metabolism stimulates osteogenic
differentiation and promotes vascular calcification.

To date, there are a limited number of studies that examine the biological etfect of osteocalcin on
vascular calcification. A number of different methodologies and models of calcification have been
used, and importantly, no studies distinguished between each form of osteocalcin. Yet, most studies
demonstrate that osteocalcin expression and concentration increase with the degree of calcification.
However, the increase in total osteocalcin expression may be due to the fact that VSMCs ditferentiate
into an osteogenic phenotype and produce osteocalcin. Further investigation is needed to determine it
osteocalcin is a mediator or a marker of vascular calcification.

6. The Putative Osteocalcin Receptor: GPRC6A

Osteocalcin’s receptor in the vasculature is yet to be identified. The G protein-coupled receptor
family C, group 6, subtype A (GPRC6A) has been suggested as the putative receptor for osteocalcin in
several tissues [84-86]. Previous studies have identified GPRC6A as the osteocalcin receptor in the
testes [87], B-cells [88], and skeletal muscle [89,90] of mice. In humans, GPRC6A has been identified
as the osteocalcin receptor in the testes [91,92]. However, several studies report that ucOC does not
activate this G-protein [93,94].

There is minimal evidence regarding the role of GPRC6A as the receptor for osteocalcin in the
vasculature. GPRC6A is present in the vasculature of rats [95], but whether osteocalcin interacts with
this receptor is presently unknown. Overall, future studies should aim to elucidate whether GPRC6A
is the receptor for osteocalcin in the vasculature, and also examine whether ucOC atfects the MAPK
pathway in human vascular cells.

7. Future Directions

The current review highlights that to date, most of the evidence for a link between osteocalcin
and atherosclerosis and blood vessel function focused on total osteocalcin and, to alesser extent, its
torms (cOC and ucOC). Therefore, future studies should focus on the effect of each form of ucOC on
atherosclerosis, blood vessels, and vascular calcification. Furthermore, it will be important to identity
if there is a direct effect of ucOC on the vasculature or whether the interaction is indirect via an
improvement in glucose regulation and glycemic control. As such, itis important to identity off-target
effects.

8. Summary and Conclusions

The aim of this review was to examine the biological functions of osteocalcin and its
forms throughout the atherosclerosis disease process and to determine whether it functions
independently of metabolic outcomes. It appears that total osteocalcin and ucOC have the
potential to improve
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endothelial function and reduce the pathological mechanisms that promote the development of
atherosclerosis. This effect is often a result of improved metabolic outcomes; however, whether there is
a direct osteocalcin/vascular interaction is yet to be fully elucidated. Further, the effect of osteocalcin
onvascular calcification is unclear. In most cases, calcification was associated with the presence of total
osteocalcin, which increased relative to the degree of calcification. However, whether it is a mediator
or a marker of vascular calcification requires further investigation.

In conclusion, there is evidence to suggest that a cross-talk exists between the skeleton and the
vascular system, which is associated with aspects of atherogenesis. Further research is required to
determine whether total osteocalcin or each of its forms has a direct effect on the vasculature,
independent from other systems.
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Abstract: Hyperglycaemia has a toxic effect on blood vessels and promotes coronary artery disease.
Itis unclear whether the dystunction caused by hyperglycaemia is blood vessel specitic and whether
the dysfunction is exacerbated following an atherogenic diet. Abdominal aorta, iliac, and mesenteric
arteries were dissected from New Zealand White rabbits following either a 4-week normal or
atherogenic diet (1 = 6-12 per group). The arteries were incubated ex vivo in control or high glucose
solution (20 mM or 40 mM) for 2 h. Isometric tension myography was used to determine endothelial-
dependent vasodilation. The atherogenic diet reduced relaxation as measured by area under the
curve (AUC) by 25% (p <0.05), 17% (p = 0.06) and 40% (p = 0.07) in the aorta, iliac, and mesenteric
arteries, respectively. In the aorta from the atherogenic diet fed rabbits, the 20 mM glucose altered
EGs (p <0.05). Incubation of the iliac artery from atherogenic diet fed rabbits  in 40 mM glucose
altered ECsp (p < 0.05). No dysfunction occurred in the mesentery with high glucose incubation
following either the normal or atherogenic diet. High glucose induced endothelial dystunction
appears to be blood vessel specific and the aorta may be the optimal artery to study potential
therapeutic treatments of hyperglycaemia induced endothelial dysfunction.

Keywords: atherosclerosis; nitric oxide; nitrative stress; diabetes; immunohistochemistry

1. Introduction

Type2diabetesisamajorriskfactor for cardiovascular complications, including atherosclerosisand
subsequently coronary artery disease (CAD) [1,2]. Whilst diabetes and CAD can occur independently,
diabetes often accelerates atherosclerosis development, increasing the risk of adverse cardiovascular
events such as myocardial infarction [1]. The devastating etfect of diabetes on the vascular system is
caused, in part, by hyperglycaemia, which is characterised by toxic levels of circulating blood glucose
[34].

Endothelial dysfunction is the first detectable sign of atherogenesis [5] and is asignificant predictor
of future cardiovascular events [6]. The impairment of nitric oxide (NO) mediated endothelial
dependant vasodilation is a hallmark and one of the earliest indications of endothelial dysfunction [5].
Hyperglycaemia promotes endothelial dystunction via a number of pathways, each of which are
associated with acommon link, the generation of reactive oxygen species (ROS), and oxidative/nitrative
stress [7]. Specifically, hyperglycaemia induced mitochondrial electron transport system overproduction
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ofsuperoxide bindswithNOtoproduceperoxynitrite, reducing the bioavailabilityof NOand promoting
endothelial dysfunction [8,9].

Acuteelevations in circulating blood glucose, such as that which occursin the post-prandial state,
are a major risk factor for diabetes-induced endothelial dystunction [10,11], perhaps more so than
fasting blood glucose and haemoglobin Alc (HbAlc) [12]. A number of studies have reported that
acute (2 to 6 h) ex vivo high glucose incubations can reduce endothelial-dependent vasodilation in
arteries of rabbits [13-15] and rats [16-19]. However, no previous studies have completed high glucose
incubations following a diet that mimics an atherosclerotic milieu, which is important to understand
the effects of acute hyperglycaemia in a disease state. Furthermore, a study from our laboratory has
shown that different vascular beds (thoracic aorta, renal, carotid, and iliac arteries) respond differently
to hormonal stimulus, indicating that vascular beds are not homogeneous in their responses [20].

As such, the aim of this study was to determine it acute ex vivo high glucose incubations would
impair endothelial function in aorta, iliac, and mesenteric arteries and whether the impairment would
be exacerbated by an atherogenic diet. We hypothesised that high glucose incubations would reduce
endothelium-dependant relaxation and that the impairment would be aggravated following an
atherogenic diet.

2. Materials and Methods

2.1 Etlical Approoal

This study was approved by the Victoria University Animal Ethics Committee (#14005) and
complied with the Australian National Health and Medical Research Council code for the care and use
of animals for scientific purposes (8th edition).

2.2, Anwnal Model

Male New Zealand White rabbits (1 = 6-12) at 3 months of age were randomly allocated into two
groups and were fed a normal chow diet (Specialty Feeds, Glen Forrest, WA, Australia) or an
atherogenic diet (a normal diet combined with 1% methionine, 0.5% cholesterol, and 5% peanut oil;
SF00-218, Specialty Feeds, Glen Forrest, WA, Australia) for 4 weeks [21]. The animals were housed in
separate cages on a 12 h light/dark cycle at a constant temperature of 21 °C. Food and water were
supplied ad libidum.

2.3. Isometric Tension Myograply

Followingthe4-week diet, therabbitswere sedated withmedetomidine (0.25mL/kg), anaesthetised
with 4% isoflurane, and exsanguinated via severing the inferior vena cava. The arterial system was
immediately flushed with ice cold Krebs ((mM) 118 NaCl; 4.7 KCI; 1.2 MgSO#7H,O; 1.2 KH,POy 25
NaHCO;; 1.25 CaCl and 11.7 glucose). The abdominal aorta (2 to 3 cm below the diaphragm), external
iliac artery (immediately after the aortic biturcation), and main mesenteric artery were excised, cleaned
of connective tissue and fat, and cut into 3 mm rings. Blood vessel reactivity was measured via an
isometric tension organ bath system (Zultek Engineering, Melbourne, Australia), as previously
described [22,23]. Briefly, each vessel was incubated in physiological Krebs solution warmed to 37 °C
and bubbled with 95% oxygen and 5% carbon dioxide. Following 30 min acclimatisation, the rings
were strung up between 2 metal hooks attached to a force transducer to measure the tension of the
vessel. Each vessel was passively stretched to a tension comparative to its size— the abdominal aorta
to 2 g, the iliac artery to 1 g, and the mesenteric artery to 0.5 g. After 30 min, the vessels were again
stretched to their respective tension for a further 30 min. Subsequently, the vessels were incubated in
Krebs (11 mM glucose) or high glucose Krebs (20 mM or 40 mM glucose). Vasodilation of blood vessels
in 11 mM glucose has previously been shown to cause relaxation equivalent to incubation in 5 mM
glucose [14]. The respective Krebs solutions were retreshed every 30 min and incubated for a total of
2 h. Following the incubation, blood vessels were pre-contracted with 3 x 1077 M phenylephrine
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(aorta and iliac artery) or 3 x 1077 M cirazoline (mesenteric artery). Once the contraction reached a
plateau, endothelium-dependant vasodilation was determined via a cumulative dose response curve
to acetylcholine (ACh) in halfdog increments (1078 M to 1077 M). Maximal relaxation (Ema) was
determined as the maximal dilation below the phenylephrinelcirazoline plateau. The log dose of ACh
that produced half the maximal relaxation was reported as EGsp. The area under the curve (AUC) was
determined as the total area of relaxation below the phenylephrine/cirazoline plateau. Endothelial
dystunction was considered when there was an alteration to one or a combination of Ex.., EGso, and
AUC that represented a reduction in the vasodilation of the blood vessels. All chemicals and reagents
were supplied by Sigma Aldrich, St. Louis, MO, USA unless otherwise specified.

2.4, Immunolustochenuistry (IHC)

The blood vessel rings were placed into 4% paratormaldehyde, left overnight, and then
transterred into 1x phosphate buffered saline (PBS) at 4 °C. This was followed by paraftin processing
(Microm STP120, Thermo Scientific, Waldortf, Germany) and embedding in paraffin blocks. Sections
were cutat 5 pm, deparaffinised in xylene, rehydrated, and blocked with 1% goat serum in 10 mm TrisCl
(pH 7.4) for 20min. Primary mouse monoclonal anti-bodies Anti-3-Nitrotyrosine [39B6] (Abcam 61392)
and eNOS type III (BD Biosciences 610296) at 1:100 dilution were applied overnight. A no primary
antibody control was completed to detect non-specitic protein binding. Samples were subsequently
incubated with anti-mouse IgG for 1 h (Immpress HRP reagent kit, MP-7452 Vector laboratories).
Diaminobenzidine (DAB) (BD Biosciences 550880) was applied as a chromogen before counterstaining
with hematoxylin, dehydration, and mounting in Dibutylphthalate Polystyrene Xylene (DPX) [24].

2.5. IHC Semiquantification

Images of each vessel were taken at 40% magnification (Leica DFC 450F, Leica Microsystems,
Wetzlar, Germany). The endothelium was traced and the degree of staining (brown from DAB) was
quantified using the MCID programme (MCID 7.0, Interfocus, Linton, UK). Researchers were blinded
to the samples for quantification, using methods previously established [25-30]. The proportional
intensity (arbitrary unit) of staining was calculated as a ratio of colour intensity to proportional area,
normalised to the no primary antibody control. Finally, the immunoreactivity of each protein was
calculated based on a fold change trom the respective control vessel (the control ring from the normal
diet or atherogenic diet groups).

2.6. Statistical Analysts

All results were expressed as mean + standard error of the mean (SEM). Unpaired Student’s t
test was used for comparison between the diets. A one-way analysis of variance (ANOVA) was used
to analyse the comparison between glucose incubations and Post-lioc analysis was completed using
Fisher’s least signiticance difference (LSD) test to identity the ditferences between groups. Data was
analysed in Graphpad prism (version 7.1, Graphpad Software, San Diego, CA, USA). p < 0.05 was
considered statistically significant, trends were reported when p = 0.05-0.099, and >0.099 was
considered not significant (n/s). Effect sizes are commonly used to study the clinical relevance of an
intervention and show the magnitude of the effect that it is producing [31-33]. The Cohen’s d (d)
equation was used to examine the magnitude of the effect of the high glucose incubations on blood
vessel relaxation and immunohistochemistry results. A large effectis considered when d is »0.8, a
medium effect between 0.5 and 0.79, and a small effect between 0.2 and 0.49 [34].

3. Results

The atherogenic diet significantly reduced the relaxation of the abdominal aorta as measured by
AUC (25%, p <0.05) and ECs (p <0.05) compared to the normal diet (Figure 1A,B). In the iliac artery,
the atherogenic diet reduced ECs (p < 0.05) and there was a strong trend for a reduction in AUC (17%,
p =0.06) compared to the normal diet (Figure 1C,D). Similarly, in the mesenteric artery, the
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atherogenic diet shifted ECsp to the right (p < 0.05) and there was a strong trend for a reduction in
AUC (40%, p = 0.07) (Figure 1E,F).
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Figure 1. Ach-induced dose response curves in abdominal aorta (A), iliac artery (C), and mesenteric
artery (E) incubated ex vivo for 2 h. Comparison between normal diet (closed circles) and atherogenic
diet (open circles). Inset: EC5p and Emax statistical significance (p) and effect size (d) between diets.
AUC in abdominal aorta (B), iliac artery (D), and mesenteric artery (F) presented as arbitrary values;
numbers above columns represent the statistical significance (p) and effect size (d) between diets. n
=7-12 per group. All data mean + SEM. * p < 0.05ND vs. AD, ** p <0.01 ND vs AD, " p 0.05-0.09 ND
vs. AD. ND: normal diet; AD: atherogenic diet; Con: normal Krebs, AUC: area under the curve, d:
Cohen’s d.

For the rabbits who were fed a normal diet, incubation of the aorta in 20 mM glucose produced
astrong trend towards a reduction in AUC (18%, p = 0.08) and E,,.. was reduced by 10%, but this was
not significant (p > 0.1) (Figure 2A,C, Table 1). Incubation of the aorta in 20 mM glucose for the
atherogenic diet fed rabbits caused a shift to the right of the dose response curve reducing ECs (p <
0.05) (Figure 2B and Table 1). No dystunction was caused in the iliac artery following the normal diet,
irrespective of glucose incubation (Figure 2D,F). Whereas, relaxation of the iliac artery from the
atherogenic diet fed animals altered ECs in the 40 mM (p < 0.05) incubated group (Figure 2E and
Supplementary TableS1). Endothelial dependentrelaxation of the mesenteric artery was notnegatively
affected by the high glucose incubations following either the normal or atherogenic diet (Figure 2G-I
and Supplementary Table S1).
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Figure 2. Ach-induced endothelium-dependent dose response curves in abdominal aorta (A,B), iliac
artery (D,E), and mesenteric artery (G,H) incubated ex vivo for 2 h in respective solution. Comparison
between Con (circles + line), 20 mM (squares + dashes), and 40 mM (triangles + dots). AUC (CE]I)
presented as arbitrary values. 1 = 6-12 per group. All data mean + SEM. Con: normal Krebs; 20 mM:
20 mM glucose Krebs; 40 mM: 40 mM glucose Krebs; ND: normal diet; AD: atherogenic diet; AUC: area
under the curve; Ach: acetylcholine.

Table 1. Log ECsq, Emaxand AUC results from ND and AD fed rabbits incubated ex vivo for 2 h in
control, 20 mM, or 40 mM glucose solution.

Abdominal % LogEC50 pvs. pvs Emax * pvs. dvs. AUC% pvs. dvs.
Aorta SEM Con Con SEM Con Con SEM Con Con
ND Con 7 =759%0.12 -81 #13 196 %8
ND20mM 7 =743%009 /s 0.54 -70%11 n/s 0.32 160 £ 11 008" 092
ND4OmM 7 =765%0.1 /s 0.18 =73%2 n/s 0.29 177 £ 12 n/s 048
AD Con 10 -710%013 -70+2 146+13
AD20mM 11 -681+0.06 003* 0.88 -78+3 0.04* 097 141+9 n/s 013
AD40mM 11 -693%0.07 n/s 052 -71+3 n/s 0.18 138% 10 n/s 0.21

ND: normal diet; AD: atherogenic diet; Con: normal Krebs; 20 mM: 20 mM glucose Krebs; 40 mM: 40 mM glucose
Krebs; 2 h: 2 h incubation; AUC: area under the curve; d: Cohen’s d; n = number of rabbits. Statisticalsignificance
(p) and effect size (Cohen’s d) in comparison to the control group for each diet. * p < 0.05 vs. control, ~ p 0.05-0.99

vs. control.

Page | 224



Nutrients 2020, 12, 2108 60f11

Representative images of IHC stained vessels are presented in Figure 3. The incubation of blood
vessels in 20 mM and 40 mM glucose for 2 h did not significantly affect the immunoreactivity of eNOS
and NT in any group. NT was increased in the 40 mM glucose normal diet group by 0.9 fold compared
to the control, which had a trend towards significance (p =0.9) and a large eftect (d =0.99) (Figure 4A).
A medium to large effect (d) was present in a number of groups, but this was not associated with

statistical significance (Figure 4A-F).

Figure 3. Representative images of immunohistochemistry stained blood vessels; abdominal aorta (A-
C), iliac (D-F), and mesentery (G-I) from normal diet fed rabbits. No primary antibody control
(A,D,G), nitrotyrosine (NT) (B,E,H), and endothelial nitric oxide synthase (eNOS) (C,FI) taken at 40x
magnification. Inset—image of whole vessel taken at 4x magnification (abdominal aorta) or 10x
magnification (iliac and mesentery).
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Figure4. Immunoreactivity of NT and eNOSinabdominal aorta (A,B), iliac artery (C,D), and mesenteric
artery (EJF). Immunoreactivity is calculated based on the intensity of the staining present on the
endothelium, which is an arbitrary unit and expressed as fold change from the respective control
Numbers above columns represent the statistical signiticance (p) and effect size (d) in comparison to
the control group for each diet. * p 0.05-0.99 vs. control. Con: normal Krebs; 20 mM: 20 mM glucose
Krebs; 40 mM: 40 mM glucose Krebs; ND: normal diet; AD: atherogenic diet; NT: nitrotyrosine; eNOS:
endothelial nitric oxide synthase.

4, Discussion

We report for the first time that high glucose-induced endothelial dystunction is blood vessel
specitic. The abdominal aorta is the most susceptible to high glucose induced dystunction, with the
iliac artery affected to a lesser degree, and the mesenteric artery exhibited no signs of dysfunction.

High fat diets are commonly used to study the development of endothelial dysfunction and
atherosclerosis in animals. The 4-week atherogenic diet used in this study has previously been shown
to exhibit endothelial dysfunction in abdominal aorta of rabbits [21]. We confirm the findings of
atherogenic dietinduced endothelial dysfunctionin the aortaand demonstrate endothelial dystunction
in the peripheral iliac and mesenteric arteries. Altogether, this suggests that the atherogenic diet
functions systemically to cause dysfunction.

Hyperglycaemia is a major clinical risk factor for the development of endothelial dysfunction,
atherosclerosis, and CAD. This is the first study to examine the etfect of high glucose incubations on
endothelial function of blood vessels in various locations. We demonstrate that the abdominal aorta
is the artery that is most prone to developing endothelial dysfunction following both the normal and
atherogenic diet. This confirms findings from several previous studies, which reported endothelial
dysfunction in rat and rabbit aorta following acute high glucose incubations [13,16,35]. The iliac artery
exhibited minor high glucose-induced dysfunction tollowing the atherogenic diet, but not following
the normal diet. As such, the iliac artery appears to be more susceptible to developing high glucose-
induced dystunction in a disease state and notin a healthy environment. Alternatively, themesenteric
artery did notdevelopany signs of endothelial dysfunction. Susceptibility to atherosclerosiscan depend
on haemodynamic factors such as shear stressand oscillating flow, which
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can vary between vascular sites depending on the location of arterial branches or biturcations [36]. The
exposure of the endothelium to low shear stress is one ot the mostimportant factors in atherosclerosis
development and is an important consideration when examining endothelial dystunction in vivo [37].
Furthermore, endothelial dysfunction is not a systemic condition and some blood vessels can often
resist the development of dystunction more than others [38]. For example, vascular beds such as the
internal mammary artery and other conduit arteries have increased NO production, decreased
vasoconstriction, and have higher shear stress than other vessels [38,39]. Overall, there is variance in
the etfect of the high glucose incubations on endothelial function in ditferent blood vessels, which
may be explained, at least in part, by variations in the structure, physiological eftects, and disease
susceptibility of each vessel.

In this study, the development of endothelial dysfunction to high glucose incubation was not
dose-dependent. The 20mM glucoseincubationcaused thelargestreduction inendothelium dependent
vasodilation in the aorta from both the normal diet fed and atherogenic diet fed rabbits. This tinding is
in contrast with a previous study, which reported that incubation of rabbit aorta in 44 mM glucose
aggravated dysfunction compared to the 20 mM incubation [13]. Similarly, the relaxation of the third
order branches of the mesenteric artery from female Wistar rats following incubations in 20 mM and
45 mM glucose solution for 2 h elicited a dose-dependent reduction in endothelial-dependent
vasodilation [19]. The contflicting results in this study possibly occurred as a result of species or
methodological ditferences. Taken together, this study demonstrates endothelial dysfunction in the
aorta following 2 h high glucose incubations in the normal and atherogenic diets. The dystunction
caused by the 2 h 20 mM glucose incubation provides a model for studying high glucose-induced
blood vessel dystunction that mimics an acute post-prandial response.

In a normal physiological environment, eNOS synthesises NO, which has a number of anti-
atherogenic functions including vasodilation [40]. An acute state of hyperglycaemia can reduce eNOS
expression and subsequently NO bioavailability, resulting in endothelial dysfunction [41].
Hyperglycaemia also promotes electron transport system overproduction of superoxide anion and
via signalling pathways, produces peroxynitrite, a potent ROS [42]. Mechanistically, NTisused asa
marker of peroxynitrite production, indicating the presence of nitrative stress [42]. Although not
significant, the increase in NT observed in the aorta following high glucose incubations suggests the
presence of nitrative stress in the current study —an effect that has previously been reported in rabbit
aorta in a disease state [43]. Several recent studies, in both human and animal models, have identified
that increased fasting glucose levels as a result of a high fat diet cause reductions in eNOS and plasma
nitrate [44,45]. Overall, the evidence suggests that an increase in oxidative/nitrative stress and a
reduction in eNOS are characteristic of hyperglycaemia-induced dysfunction. In this study, we did
not tind any signiticant alterations in NT or eNOS, but moderate to large changes in the etfect size
suggests that tuture research should examine this in more detail.

A potential limitation of the current study is that superoxide anion or other ROS forms were not
directly measured to determine the exact mechanistic effect of the high glucose incubations.
Furthermore, NT alone may not provide the most accurate representation of hyperglycaemia induced
oxidative stressasitmay beinfluenced by other factorsincluding theatherogenic diet[46]. Weexamined
total eNOS expression in combination with NT as an indirect measure of superoxide overproduction
and peroxynitrite induced oxidative stress.

In conclusion, the effect of acute high glucose incubations on blood vessel function is blood
vessel specitic and in some cases, is aggravated by an atherogenic diet. The abdominal aorta may be
the optimal artery to study potential therapeutic treatments of hyperglycaemia-induced endothelial
dystunction and CAD in rabbit models.

Supplementary Materials: The following are available online at http//www.mdpi.com/2072-6643/12/7/2108/s1.

Table 51: Log EC50, Emax and AUC results from ND and AD fed rabbits incubated ex vivo for 2 hr in control, 20
mM or 40 mM glucose solution.
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effects onendothelial cellfunctionare unclear. We examined the biological effect of
ucOC onendothelial function inanimalmodels ex vivoand human cells in vitro.
Isometric tension and immunohistochemistry techniques were used on the aorta of
male New Zealandwhite rabbits and cell culture techniques were used on human
aortic endothelial cells (HAECs) toassess the effect of ucOC innormal and high-
glucose environments. Overall, ucOC, both 10 and 30 ng/ml, did not significantly
alter acetylcholine-induced blood vessel relaxation in rabbits (p> .05). UcOC
treatment did not cause anysignificant changes in the immunoreactivity of cellular
signalling markers (p>.05). In HAEC, ucOC did not change any of the assessed
outcomes (p>.05). UcOC has no negative effects onendothelial functionwhichis
important to reduce the risks of off target adverse effects if it will be used as a
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1 | INTRODUCTION

The link between diabetes-associated hyperglycaemia and the de-
velopment of cardiovascular disease is well established(Ebong et al.,
201 3). Hyperglycaemiais a major inde pendent risk factor for the
development of atherosclerosis and vascular disease (Bornfeldt &
Tabas, 2011; Rask-Madsen & King, 2013). Exposure of endothelial
cellstohigh glucose levels perturbs cellhomeostasis, and an im-
balance of biochemical pathways contributes ultimately to en-
dothelial dysfunction (Bakker, Eringa, Sipkema, & van Hinsbergh,
2009). This imbalance causes several pathological effects, principally,

therapeutic option for metabolic disease in thefuture.

cardiovascular disease, cell culture technigues, hyperglycaemia, immunochistochemistry,

theinability of the endothelium to regulate vasodilationand vaso-
constriction (Bonetti, Lerman, & Lerman, 2003; Cahill & Redmond,
2016; Lerman & Zeiher, 2005).

Recent advances in the understanding of bone physiology have
established bone as an active endocrine organ. Osteocalcin (OC) in
its undercarboxylated form (ucOC) plays a role in glucose regula-
tion and energy metabolism (Levinger et al., 2017; Li, Zhang, Yang,
Li, & Dai, 2016). ucOC has been linked to enhanced secretion of
insulin from pancreatic beta cells, improvements in insulin sensi-
tivity, and regulation of glucose homeostasis (Ferron, Hinoi,
Karsenty, & Ducy, 2008; Linet al., 201 7; Ouryetal., 2011). Given
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these bioactive effects, it has been suggested that ucOC be tar- geted
as a therapeutic treatment for metabolic diseases, including diabetes
(Villafan-Bernal, Sanchez-Enriquez, & Munoz-Valle, 2011). However,
some studies report that OC may be associated with endothelial
dysfunction and atherosclerosis. For example, in men and women
with diabetes, lower levels of circulating total OC ({OC) have been
associated with increased pulse wave velocity, intima-media
thickness (IMT), and vascular complications (Q. Guo et al_, 2017;
Kanazawa et al., 2009). On the other hand, higher levels of tOC have
also been associated with increased plague de- velopment and IMT
men and women with diabetes (Kanazawa et al., 2011; Reyes-Garcia
et al , 2012). Overall, the evidence is conflicting and the exact role of
tOC and ucOC in the vasculature is unclear (Millar, Patel, Anderson,
England, & O'Sullivan, 2017; Tacey et al_, 2018). One major limitation
of previous studies is that they only examined the serum levels of
circulating tOC, and not its individual forms, in particular ucOC. Given
the bioactivity of ucOC, its direct effect on blood vessels must be
explored before any use as a therapeutic option for hyperglycaemia.

The aim of the cument study was to detemrmine (a) whether ucOC
has an effect on endothelium-dependent and endothelium-
independent vasodilation in rabbit aorta following incubations in
nomal and high glucose solutions, and (b) whether the treatment of
human aortic endothelial cells (HAECs) with ucOC alters en-dothelial
cell homeostasis following incubation in high glucose media.

2 | METHODOLOGY
2.1 | Animals

Male New Zealand White rabbits were housed in individual cages
on a 12-h light/dark cycle at 21°C, with access to water and
standard chow diet ad libidum. At 12 weeks of age, the rabbits
were randomised onto a normal chow diet (Guinea pig and rabbit
pellets) or an atherogenic diet (a normal diet combined with 1%
methionine, 0.5% cholesterol and 5% peanut oil (#SF00-218)for
4 weeks (Zulli & Hare, 2009). At the completion of the 4-week
diet, the rabbits were weighed and then sedated (0.25 mg/kg
medetomidine) and anaesthetised (4% isoflurane) before ex-
sanguination via severing of the inferior vena cava. A random
blood glucose sample was obtained from the inferior vena cava
immediately upon exsanguination and was recorded with a blood
glucose monitor (Freestyle Optimum Neo). A serum samplewas
obtained from the inferior vena cava to determine insulin con-
centration. Insulin was measured using an enzyme-linked im-
munosorbent assay (ELISA) Kit and was completed according to
the manufacturer's instructions (#90186; Australian Biosearch).
This study was approved by the Victoria University Animal Ethics
Committee (#14/005) and complied with the Australian National
Health and Medical Research Council code forthe care and use of
animals for scientific purposes (8th edition).

2.2 | Isometric tension myography

The abdominal aorta (immediately before the iliac bifurcation) was
dissected and placed in ice-cold Krebs solution ([mM] 118 NaCl,
47 KCI, 12 MgS0.-7H,0, 1.2 KH-2PQ,, 25 NaHCOs, 11.7 glucose,
and 1.25 CaCl). The aorta was cleaned of connective tissues, cut into
rings (2-3mm) and placed in individual organ baths containing Krebs
warmed to 37°C and bubbled with 95% 02/5% CO,. This was fol-
lowed by 30-min acclimatisation. Blood vessel reactivity was mea-
sured via an isometric tension organ bath system (Zultek
Engineering), as previously described (EFHawli et al., 2017; R. M
Smith, Rai, Kruzliak, Hayes, & Zulli, 2019). In brief, the aortic rings
were carefully mounted on parallel hooks (one of which was con-
nected to a force transducer) and stretched to a basal tension twice
over a 1-h period. Thereafter, the vessels were incubated for 2 h in
nomal Krebs solution (11.7 mM glucose) or high-glucose Krebs so-
lution (20 mM glucose) which has previously shown fo cause a re-
duction in endothelium-dependent vasodilation (X. Guo, Liu, Chen, &
Guo, 2000; Taylor & Poston, 1994). Each organ bath was refreshed
every 30 min with its respective Krebs solution. Aortic nngs were
constricted with phenylephrine (3 x 107 M) until a plateau occurred
followed by a 5-min incubation with either 10 or 30 ng/ml ucOC
(Glu13, 17, 20, osteocalcin [1-46] [mouse] trifluoroacetate salt [H-
6552.0500; Auspep]) or control solution [Krebs]. The concentration of
ucOC administered to each aortic ring was chosen based on
physiological ranges (Hiam et al., 2019). Blood vessel reactivity was
detemmined via cumulative dose-response curves to the endothelium-
dependent vasodilator acetylcholine (ACh) or with the endothelium-
independent vasodilator sodium nitroprusside (SNP) in halflog
increments (107 to 10 M). The response of the vessels was
measured on a software program (MEDIDAQ) which displays the
tension of the vessel in grams. The log dose of ACh/SNP that pro-
duced the maximal relaxation was indicated by the E,... and the EC5,
as the log dose that produced 50% of the E.... The area under the
curve (AUC) was determined as the total area of relaxation below the
phenylephrine plateau.

2.3 | Immunohistochemistry

Following the isometric testing, aortic rings were immediately placed
into 4% paraformaldehyde, left overnight, and then transferred into 1X
phosphate-buffered saline at 4°C. This was followed by paraffin
processing (Microm STP120) and embedding in paraffin blocks.
Sections were cut at 5 pm, deparaffinised in xylene, rehydrated and
blocked with 1% goat serum in 10 mm Tris-Cl (pH 7.4) for 20 min.
Prmary mouse monoclonal antibodies anti-3-nitrotyrosine [39B6]
(#61392; Abcam) and endothelial nitric oxide synthase (eNOS) type
Il (#610296; BD Biosciences), p-protein kinase B (Akt) 1/2 [Serd 73]
(NOVNB10056749; Novus Biologicals) and p-mammalian target of
rapamycin (mTOR) [59. Ser 2448] (SANTSC-293133; Santa Cruz
Biotechnology) at 1:100 dilution were applied overnight. Samples
were also prepared where the primary antibody was omitted from
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the solution as a negative control. Samples were subsequentlyin-
cubated with antimouse immunoglobulin G for 1h (Immpress HRP
Reagent Kit MP-7452; Vector Laboratories). Diaminobenzidine
(#550880; BD Biosciences) was applied as a chromogen before
counterstaining with hematoxylin, dehydration, and mounting in di-
butylphthalate polystyrene xylene (Arora, Hare, & Zulli, 2012). All
chemicals and reagents were supplied by Sigma-Aldrich unless
otherwise specified.

2.4 | Immunohistochemistryquantification

Images of eachaorticring were taken at x40 magnification (Leica
DFC 450F; Leica Microsystems). The endothelium was traced and
the degree of brown immunoprecipitate (indicative of positive anti-
genicsites)was quantified usingthe MCIDprogramme (MCID 7.0;
Interfocus), as previously described (Qaradakhietal., 2017; Zulli
et al., 2006). Researchers were blinded to the samples for quantifi-
cation. The proportional intensity (arbitrary unit) of brown im-
munoprecipitate was calculated as a ratio of colour intensityto
proportionalarea, normalised tothe negative control. Finally, the
immunoreactivity of each protein was calculated based on a fold
change from the respective control vessel(the controlring from the
normal diet or atherogenic diet groups).

2.5 | Cell culture

HAECs were purchased from PromoCell and maintained in com-
mercial endothelial cell media with supplements (PromoCell) con-
taining 1% penicillin-streptomycin (Sigma-Aldrich) in a humidified
incubator (5% CO:, 37°C), as previously established (Millar, Zala,
Anderson, & O'Sullivan, 2019). Cells were used for experiments at
passages 4 and 5. Cells were treated with either 5.6 mM normal
glucose media(NG) or 16mMhigh glucose media (HG) for 7 days
with or without ucOC (10 ng/ml) to induce endothelial dysfunction.
M edia and cell lysates were collected at the end of the ex periments.
Each experiment was repeated independently three times. Human
uncarboxylated osteocalcin (ucOC; amino acids 1-49, [Glu17, 21,
24]) was purchased from US Biological (O8060-09C-USB). o (+)-
glucose was purchased from Sigma-Aldrich (#9278 and #G7021).
Cell lysis buffer was purchased from Cell Signalling Technology
(#9803) and was supplemented with protease and phosphatase in-
hibitors (A32959; Thermo FisherScientific).

2.6 | ELISAs, lactate dehydrogenase activity assay,
and total protein content

Secreted interleukin-6 (IL-6), vascular cell adhesion molecule-1
(VCAM1), endothelin (ET), and monocyte chemoattractant
protein-1 (MCP-1)were measured in cell culture media by ELISA

Cellular Physiology

as per manufacturers' instructions (catalogue numbers DY 206,
DT809, DY1160, and DY279; R&D Systems). A lactate dehy-
drogenase (LDH) (Colorimetric) Assay Kit (category number
ab102526;Abcam)was performed oncell media as per the man-
ufacturer's instructions. A bicinchoninic acid protein assay was
performed toquantify the total protein contentin the celllysates
collected at the end of the experiments (P. K. Smith et al., 1985).
A total osteocalcin ELISA which does not differentiate between
uncarboxylated and carboxylated osteocalcin was performed to
assess predicted and actual concentrations ofucOC added to ex-
perimental wells and to validate the purchased protein(DY1419;
R&D Systems).

2.7 | Statistical analysis

Statisticalanalyseswere performedusing GraphPad Prism (version
8.0 Graphpad Software Inc). Unpaired Student's ttest was usedto
compare between the normal and atherogenic diet and between the
NG and HG incubations in the ex vivo rabbit model. A one-way
analysis of variance (ANOVA) was used to analyse the effect of
the ucOC treatment on blood vessel relaxation and im-
munohistochemistry staining. One-way ANOVA was also used to
detect differences between groups following the invitro cell culture
experiments. Post hoc analysis was completed using Fisher's least
significance difference test. All data are reported as mean+ SEM and
statistical analysis was conducted at the 95% level of significance
(p<.05). Trends were reported if pwas between 0.05 and 0.09. Ef-
fectsizes are commonlyused tostudythe clinical relevance of in-
tervention and s how the magnitude of the effect that it is producing
(Maylor, Zakrzewski-Fruer, Stensel, Orton, & Bailey, 2019; Rodevand
et al., 2019; Silva, Lacerda, & da Mota, 2019). The Cohen's d(d)
equationwas usedto examine the magnitude of effect. A large effect
is consideredwhen d>0.8, a mediumeffect between0.5and 0.79
and a small effect between 0.2 and 0.49 (Cohen, 201 3).

3 | RESULTS

3.1 |
rabbits

Atherogenicdietversus normal dietin

No difference in body mass occurred between the rabbits feda
normal diet and those fed the atherogenic diet (p>.05, d=0.16;
Figure 1a). Circulating blood glucose levels was increased by 25%
following the atherogenic diet comparedtothe normal diet (p<.01,
d=1.48; Figure 1b). Circulating insulinconcentration did not change
following both diets, suggestingthe presence of insulinresistance in
the animals fed with atherogenic diet (p>.05, d=0.44; Figure 1c).
Endothelial function was not altered by the atherogenic diet as
shownbyECss, E..., and AUC (p> .05 forall, d=0.03,0.08and0.07,
respectively; Figure 1d) compared to the normal diet.
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3.2 | Blood vesselreactivity

The 20 mM high-glucose incubation did not alter endothelium-
dependent vasodiation following either the normal diet (d = ECs:
0.17; Emax: 0.18) oratherogenic diet (d =ECs,:0.52; E..0.01; p> .05
forall;Figure $1).UcOC (10and 30ng/ml)did notalter ACh-induced
blood vesselrelaxation in rabbits fed a normal or atherogenic diet or
in aortic rings incubated in NG or HG solution (p > .05; Figure 2a—;
Table 1). The 10 ng/ml ucQOC treatment produced a trend in Log ECx
(p = .05-.09; Table 1) and moderate improvements in AUC (~10%;
Figure 2c) as indicated by Cohen's d in NG and HG from nomal diet-
fed rabbits. Administration of ucOC (10 and 30ng/ml) before SNP
induced endothelium-independent relaxation did not significantly alter
anymeasure ofblood vesselrelaxation (Figure 52 and Table 51).

3.3 | Immunohistochemistry

The ucOC (10 and 30ng/ml)treatment did not cause any significant
changes in the immunoreactivity of NT, eNOS, p-Akt, or p-mTOR
following eitherthe normal oratherogenicdiet (p > .05; Figure 3a—h).
Analysis of Cohen's d revealed moderate to large increases in the
reactivity of eNOS in HG incubated aorta following the normal diet
(10 ng/ml ucOC = 2 5-fold and 30 ng/ml ucOC 0.9-fold) following
ucOC administration. Thiswas also found in the NG incubated aorta
ucOC =1.2-fold; Figure
3c¢,d). ucOC administration also increased the phosphoryla- tion of
mTOR at ser2448 in the NG condition following both normal (10
ng/ml ucOC = 1 3-fold and 30 ng/ml ucOC = 2 2-fold) and
atherogenic diets (10ng/mlucOC = 1-fold and 30 ng/ml = 0.9-fold),
whileless effectoccurred inthe HG incubated vessels (Figure 3g,h)

following the atherogenic diet (30 ng/ml

Cellular Physiology

3.4 | Cell culture

Total protein content was unaltered between the three expermental
conditions (Figure 4a). After 7 days cultured in HG media (16 mi),
the secretion of IL-6, VCAM-1, ET-1, MCP-1 and LDH were increased
compared to NG controls (53%, 64%, 29%, 108% and 30%, respec-
tively, p < .01 for all, Figure 4b—1). The addition of ucOC to HG media
did not attenuate the increases in IL-6, VCAM-1, ET-1, MCP-1 or LDH
activity (p » 05 for all). The HG + ucOC was also significantly
increased compared to the NG controls for IL-6, VCAM-1, MCP-1and
LDH (p < .01 forall). There was a trend forHG + ucOC to be elevated
above the NG controls for ET-1 (p = .07).

4 | DISCUSSION
We report that acute ucOC treatment has no negative, or positive,
effect on endothelial function or endothelial cell homeostasis in rabbit
aorta ex vivo or human vascular cells in vitro in the presence or
absence of high glucose

Functionally, an impairment of endothelium-dependent vasodi-
lation is one of the first signs of endothelial dysfunction, and amarker
of eary atherosclerosis development (Bonetti et al., 2003; Esper et
al_, 2006). Previous research has examined endothelium- dependent
vasodilation in the thoracic aorta of apolipoprotein E (ApoE)-/- mice
ex vivo following tOC administration. Following a 12- week high-fat
diet with daily injections of vehicle or tOC (30 ng/g), the dilation of the
thoracic aorta was improved by 20% in the tOC- treated mice
compared to the vehicle-treated mice (Dou et al_, 2014). However, the
tOC-treated mice also had improvements in body weight, blood
glucose concentration, lipids and inlammatory

TABLE 1 Log ECsp and Es results from ACh-induced endothelium-dependent dose-response curves in abdominal aorta

n Log ECso + SEM p vs. NG/HG

ND + NG 9 -767+0.15

ND + NG + 10 ng/ml ucOC 8 -7.96+0.08 074
ND + NG + 30 ng/ml ucOC 8 -7.88+0.09 NS
ND + HG 9 -7.73+x0.07

ND + HG + 10 ng/ml ucOC 8 -7.96+0.08 094
ND + HG + 30 ng/ml ucOC 8 -7.59+013 NS
AD + NG 8 -768+017

AD + NG + 10 ng/ml ucOC 8 -7.76+012 NS
AD + NG + 30 ng/ml ucOC 8 -796+0.12 NS
AD + HG 7 -7.93+0.18

AD + HG + 10 ng/ml ucOC 7 -7.89+0.12 NS
AD + HG + 30 ng/ml ucOC 7 -7 74+01 NS

d vs. NG/HG Eoux = SEM pvs. NG/HG d vs. NG/HG
-81.54+£3.05

0.82 -8246 372 NS 0.09

0.58 -83.16+24 NS 0.2

-831x277

1.06 -84.21+£3.38 NS 012

0.46 -81.43 £ 261 NS 0.21
-82.18 £ 2.59

0.18 -83.62+215 NS 0.21

0.68 -80.3+154 NS 0.31
-82.09 +2.56

0.1 -78.08 + 447 NS 042

049 -/M93+194 NS 0.46

Note. 10 ucOC, 10 ng/ml ucOC treatment; 30 ucOC, 30 ng/ml ucOC treatment. "p = .05—.099.
Abbreviations: ACh, acetylcholine; AD, atherogenic diet; d, Cohen's d; HG, high glucose media; n, total number of animals; ND, normal diet; NG, normal

glucose media; NS, nat significant; ucOC, undercarboxylated osteocalcin.
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markers (Dou et al_, 2014). Therefore, whether improved blood vessel
relaxation occumred as a direct response to OC or as a result of
improved metabolic parameters cannot be determined from this study.
Recently, ucOC was detectable within the endothelium of rabbit
arteries, and administration of uwcOC (10 ng/ml) improved
endothelium-dependent relaxation ofthe rabbit aorta (Qaradakhi et
al., 2019). Suggesting that ucOC is present in the vasculature and can
direct regulate blood vessel function.

As ucOC is known to exert a metabolic function (Ferron et al |
2008), we sought to determine if the effect of ucOC on blood vessel
function remains under high glucose conditions. In the cument study,
the aortic sections from rabbits incubated for 2 h in 20 mM high
glucose solution did not have altered endothelium-dependent

vasodilation, which is in contrast to previous studies (¥ Guo et al |

2000; Taylor & Poston, 1994). Similarly, the atherogenic diet, which
has previously been shown to cause endothelial dysfunction in
rabbit aorta (Qaradakhi et al., 2019; Zulli & Hare, 2009), did not
cause dysfunction in this study. It is unclear why in the endothelial
dysfunction did not occur, but we were able to examine the effect
ofucOC following acute high glucose incubations and in an insulin-
resistant state following the atherogenic diet. Whilst the adminis-
tration of 10 ng/ml ucOC produced a trend towards an improve-
ment in endothelium-dependent relaxation, overall ucOC did not
alter relaxation under any condition. This finding is in contrast to
previous studies, but suggests that ucOC may not have a biological
role in the regulation ofendothelial function. Importantly, there was
no indication of an adverse effect of ucOC on blood vessel
function.
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To examine the effect of ucOC on smooth muscle cells, in-
dependent of the endothelium, we administered ucOC to rabbit aorta
before completing dose-response curves with SNP, a nitric oxide
donor. The acute ucOC treatment had no effect on SNP- induced,
endothelium-independent relaxation of the rabbit aorta and suggests
that any effect of ucOC in the vasculature is likely occurring via
endothelium-dependent mechanisms.

Previous in vivo expenments in mice demonstrated an im-
provement in endothelial relaxation following treatment with tOC (30
ng/ml) for 12 weeks. The authors suggested that the activation ofthe
phosphatidylinositol 3-kinase (PI13k)/Akt/eNOS signalling path- way
was necessary to induce the enhancement in relaxation (Dou etal_,
2014). In the cument study, Akt and eNOS immunoreactivity was
unaltered by treatment with ucOC. This is the same for the presence
of NT and mTOR and suggests that the duration of ucOC treatment
may not have been long enough to induce changes in the cellular
signalling mechanisms necessary to alter endothelial func- tion.
Overall, in the current study, ucOC did not have a regulatory effect on
the vasoactivity of rabbit aorta. Whilst the focus of this study was
predominantly on vasodilation, the examination of the proposed
signalling pathways that ucOC activates in endothelial cells did not
reveal any changes following ucOC treatment. It is possible that a
different dose of ucOC or a longer incubation 15 neededbefore ACh-
induced relaxation to cause a change in the signalling pathways or
functional outcomes. This should be explored in future studies.

Endothelial cells have an important role in the maintenance of
vascularhomeostasis and the protection againstthe development of
vascular disease (Brown, Shantsila, Vamma, & Lip, 2017). Recent data
suggestthat ucOC may be involved in endothelial function. Admin-
istration of ucOC (25 and 100 ng/ml), but not the carboxylated form
(cOC), increases eNOS phosphoryation in HAECs in a dose-
dependent manner (Kondo et al., 2016). Similarny, in HAEC incuba-
tion of ucOC for 1 h caused a dose-dependent increase in eNOS
phosphorylation at serine 1177. This was associated with dose-
dependent increases of Akt, an upstream activator of eNOS and of
nitric oxide (Jung et al_, 2013). Furthermore, increased eNO S, Akt
and P13k phosphorylation was reported in human umbilical cord vein
endothelial cells following tOC (100 ng/ml) and ucOC (5 ng/ml)
treatment (Douetal., 2014; Q. Guo et al., 2017). Altogether, these
studies support the hypothesisthatOC, viaucOC, has an active role
in endothelial cells, protecting against pathological processes and
improving endothelial function via the PI3K/Akt signalling pathway
(Tacey et al , 2018) However, we have recently reported some
conflicting findings, ucOC treatment (10 ng/ml) did not alter the
phosphorylation of Akt, mTOR, nuclearfactor-kB and several other
markers of intracellular signalling in HAECs (Millar, Anderson, &
O'Sullivan, 2019). In addition, ucO C did not alter markers of angio-
genesis in HAEC, such as migration and matrix degradation and in-
flammatory markers that are commonly involved in endothelial
dysfunction (Millar, Andersonetal., 2019).Furthermore, ,underacute
and chronic inflammatory conditions that mimic an atherogenic en-
vironment, ucOC (10 ng/ml) had no anti-inlammatory effect in

human HAECs (Millar, Zala, et al_, 2019). These results are supported
by the findings of the cument study. Here we show that ucOC ad-
ministration did not attenuate inflammatory or dysfunction markers
altered by high glucose treatment. One potential explanation for our
finding is due to the dose of ucOC used. We used 10 ng/ml of ucOC,
which is lower than what was used in some previous studies; how-
ever, it is in the physiological range (Hiam et al., 2019). Future re-
search may complete a dose-response curve to determine if there is
an optimal dose of ucOC. Overall, our findings suggest that ucOC
does not regulate endothelal cell signalling or function in physiolo-
gical or pathophysiological conditions.

Although it was not examined in this study, there is evidence to
suggest a link between OC and the advanced stages of athero-
sclerotic cardiovascular disease development, in particular the de-
velopment of vascular calcification (Levinger et al., 2017). The
mineralisation of plaque during atherosclerosis development is si
milar to the formation of bone within the skeleton (Zhu, Mackenzie,
Farquharson, & Macrae, 2012). The form of OC present within cal-
cified plagues is vet to be identified, given the mole of cOC in the
mineralisation of bone it is possible that cOC is responsible for the
association with vascular calcification. The exact mechanisms by
which OC mediates the interaction with vascular calcification is stil to
be fully identified, but should be investigated in future studies.

Alimitation of this study is that the atherogenic diet and the 20
mM glucose incubation which have previously been shown to cause
endothelial dysfunction, did not alter endothelial function, in- dicating
heterogeneity of blood vessel dysfunction. However, we were still able
to assess the effect of ucOC on endothelial function in normal and
high glucose environments.

In conclusion, acute ucOC treatment does not have a negative,
or positive, effect on endothelial function or endothelial cell home-
ostasis in rabbit aorta or human vascular cells in the presence or
absence of a high glucose environment. As no adverse effects oc-
curred, it 1s proposed that ucOC may be considered as a therapeutic
option for metabolic disease.
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Abstract

Background

There are conflicting reports on the association of undercarboxylated osteocalcin (ucOC) in
cardiovascular disease development, including endothelial function and hypertension. We

tested whether ucOC is related to blood pressure and endothelial function in older adults,
and if ucOC directly affects endothelial-mediated vasodilation in the carotid artery of rabbits.

Methods

In older adults, ucOC, blood pressure, pulse wave velocity (PWV) and brachial artery flow-
mediated dilation (BAFMD) were measured (n = 38, 26 post-menopausal women and 12
men, mean age 73 + 0.96). The vasoactivity of the carotid artery was assessed in male New
Zealand White rabbits following a four-week normal or atherogenic diet using perfusion
myography. An ucOC dose response curve (0.3—-45 ng/ml) was generated following incuba-
tion of the arteries for 2-hours in either normal or high glucose conditions.

Results

ucOC levels were higher in normotensive older adults compared to those with stage 2
hypertension (p < 0.05), particularly in women (p < 0.01). In all participants, higher ucOC
was associated with lower PWV (p < 0.05), but not BAFMD (p > 0.05). In rabbits, ucOC at
any dose did not alter vasoactivity of the carotid artery, either following a normal or an ath-
erogenic diet (p > 0.05).
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Conclusion

Increased ucOC is associated with lower blood pressure and increased arterial stiffness,

particularly in post-menopausal women. However, ucOC administration has nodirect short-
term effect on endothelial function in rabbit arteries. Future studies should explore whether

treatment with ucOC, in vivo, has direct orindirect effects on blood vessel function.

Introduction

The bone derived hormone osteocalcin (OC) is a vitamin K -dependent protein that exists in
several biological forms. The post-translational y-carboxylation of less than three glutamic acid
residues produces undercarboxy lated osteocalcin (ucOC), which has a low affinity for hydroxy-
apatite and is predominantly found in circulating blood [1]. In recent years ucOC has been sug-
gested as a mediator of a cross-talk between bone and metabolic outcomes [2]. In humans,
higher levels ofucOC are associated with a reduced risk of metabolic syndrome and type II dia-
betes [3—5]. Similarly, ucOC has been reported to improve glucose regulation, adiposity and
insulin sensitivity in animal models [6—8]. However, not all studies are in agreement [9, 10].
Given these findings. it is of interest to investigate whether ucOC is involved in other biological
functions within the body [11, 12]. As metabolic and cardiovascular diseases (CVD) share com-
mon pathological links [13], itis of particular interest to examine the interaction of ucOC with
endothelial function and atherosclerosis progression. This is important, not only in the context
of CVD, but also because ucOC could be targeted as a future therapy for metabolic diseases.

The association between OC and its isoforms with CVD in humans remains inknown [14,
15]. A number of cross-sectional studies have reported that higher circulating total OC (tOC)
is associated with improved vascular health and function [16—18]. Yet, others have reported
that higher tOC has adverse [19-21], or even no association [22], with vascular health. How-
ever, only a limited number of studies have investigated the role of ucOC 1n the vasculature.
AsucOC is suggested to be the active circulating form of OC, it is particularly important to
mvestigate whether ucOC 1s associated with vascular function, and if'so, whether these effects
are beneficial or detrimental.

In animal models, administration of tOC and ucOC in vivo improve blood vessel function.
For example, daily tOC (30ng/gram) injections for 12 weeks significantly improved pulse wave
velocity (PWV), a measure of arterial stiffness, in rats with induced diabetes mellitus [23]. Daily
tOC also enhanced vasodilation ex vivo in the aorta of apolipoprotein E™ mice [24]. In another
study, 30ng/gram of ucOC administered for 10 weeks in female C57BL/6 mice produced an
increase in nitric oxide availability, a key vasoactive molecule [25]. While these in vivo studies
indicate potential links between OC administration and improvements in vascular health, they
also reported concurent improvements in metabolic outcomes, such as improved glycaemic con-
trol and lower adiposity. Therefore, it is unclear whether the improvement in blood vessel fime-
tion resulted from a direct effect of OC. or an idirect effect from improved metabolic outcomes.

The aims of this study were to a) mvestigate the association of circulating ucOC levels with
endothelial function, arterial stiffhess and blood pressure (BP) in older adults via a cross-sectional
analysis, and b) examine the direct effect of ucOC on endothelial function in rabbit arteries.

Methods
Human participants

Twenty six healthy, community dwelling post-menopausal women (mean age of 73 years) and
12 older men (mean age of 74 years) participated in this study. Inclusion criteria included
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adults over 60 years old and women > 12 months post-menopause. Exclusion criteria included
a current diagnosis of diabetes, a body mass index (BMI) over 40kg/m?, a fracture within the

last 3 months or participation in resistance exercise >2 days per week. Participants were on a
range of medications to control for hypertension, cholesterol and CVD, however all were sta-
ble and controlled for at least 3 months as per their medical records. Each participant received
written and verbal explanations about the natwre of the study before signing an informed con-
sent document. This study was approved by Melbourne Health and Victoria University
Human Research Ethics Committees. The data were collected as part of a larger clinical trial
(ACTRN12618001756213).

Blood pressure (BP) and vascular function

Brachial artery systolic BP, diastolic BP and mean arterial pressure measurements were
recorded using the non-invasive SphygomoCor-XCEL1 (AtCor Medical, Sydney, NSW, Aus-
tralia) diagnostic system. Two measurements were captured, with the lower of the two read-
ings recorded. If the two BP readings were >6 mmHg apart, a third measure was recorded to
ensure a true resting value and the average of the two lowest BP measwements were recorded.
Participants were split into groups based on hypertension guidelines: normal (< 130mmHg/
<80mmHg) n =7, stage 1 hypertension (130-139mmHg/80-89mmHg) n = 14 or stage 2
hypertension (> 140mmHG/>90mmHG) n = 17 [26]. None of the participants with normal
BP were taking antihypertensive medication, five of the participants with stage 1 hypertension
and 10 of the participants with stage 2 hypertension were taking antihypertensive medication.
Arterial stiffness was measured by PWV using the subtraction method, with the thigh cuff
placed on the thigh and a tonometer used to measure the carotid artery waveform (Sphygomo-
Cor-XCEL1) [27].

Endothelial function was assessed via brachial artery flow mediated dilation (BAFMD)
using a high-resolution ultrasound (Terason, LifeHealthcare, New South Wales. Australia)
with R wave trigger. Brachial artery diameter was assessed for ~10 seconds at baseline (in
duplicate and averaged) and during forearm occlusion. Brachial artery diameter was continu-
ously captured after the occlusion cuff release for ~2 minutes (reactive hyperaemia). Peak
change was calculated as the peak percentage change in brachial artery diameter from baseline
to immediately following peak hyperaemia[28].

Circulating osteocalcin measurements

Serum samples were taken in the morning following an overnight fast and stored at -80°C
until analysis. Serum tOC was measured using an automated immunoassay (Elecsys 170;
Roche Diagnostics) [29]. Serum ucOC was measured using the hydroxyapatite binding
method, a commonly used, well established method [30]. Each sample was measured once and
the inter-assay coefficients of variation were 5.4% and 9.2% for tOC and ucOC, respectively.

Animals

Male New Zealand White rabbits at 12 weeks of age were randomised info either a normal
chowdiet (n =7) (Guinea pig and rabbit pellets, Specialty Feeds. Australia) or an atherogenic
diet (n=10) (a normal diet combined with 1% methionine, 0.5% cholesterol and 5% peanut
0il (#8SF00-218, Specialty Feeds, Australia)) for 4 weeks [31]. This atherogenic diet has previ-
ously been reported to cause endothelial dysfunction in rabbits [31. 32]. The rabbits were
housed in individual cages on a 12-hour light/dark cycle at 21°C, with access to water and
their assigned chow diet nd libitum. At the completion of the 4-week diet. the rabbits were
sedated (0.25mg/kg medetomidine) and anaesthetised (4% isoflurane) before exsanguination
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via severing of the inferior vena cava. The arterial system was immediately flushed with ice
cold Krebs solution ((mM) 118 NaCl; 4.7 KCIL; 1.2 MgS04/7H,0: 1.2 KH>PO4; 25 NaHCOs;
1.25 CaCl and 11.7 glucose) and the carotid arteries were carefully dissected and placed in
Krebs solution. The animal experiments were approved by the Victoria University Animal
Ethics Committee (#14/003) and complied with the Australian National Health and Medical
Research Council code for the care and use of animals for scientific purposes (8™ edition).

Perfusion myography

The carotid arteries were cleaned of connective tissue and fat. with care taken to avoid damag-
ing the arterial wall and the endothelium. Arterial branches were identified, and the carotid
arteries were cut to a length of 15-20mm, ensuring no branches were present. The arteries
were placed m individual chambers within a perfusion myography system (Zultek Engineer-
ing, Melbourne, Australia). Each artery was immersed in either normal Krebs solution (11mM
glucose) or a high glucose Krebs solution (20mM glucose) as previously described [32]. The
organ baths were warmed to 37°C and bubbled with 95% oxygen and 5% carbon dioxide and
were refreshed every 30 minutes over a 2-howur period with the respective Krebs solution. Sub-
sequently, the arteries were cannulated, and the respective Krebs solution pumped through the
artery while pressure transducers monitored the intraluminal pressure of the vessel.

The carotid arteries were constricted with phenylephrine (3x10”M), which was added
intraluminally and extraluminally. Once a stable constriction was achieved, a dose response
curve was completed to ucOC (0.3, 3, 30 and 45ng/ml) (Glu13, 17, 20, osteocalcin (1-46)
(mouse) trifluoroacetate salt (Auspep, Australia. H-6552.0500)) or to Krebs (control), each
concenfration was administered internally via the endothelium and separated by 2 minute
intervals. The same mouse ucOC has previously been shown to improve relaxation in rabbit
arteries [33]. Following the dose response curve a bolus of acetylcholine (ACh) (10°M) was
added internally and two minutes later a bolus of sodium nitroprusside (SNP) (10°M) exter-
nally, to determine the maximal endothelium-dependent and endothelium-independent relax-
ation, respectively. The vasoactive response of the vessels were analysed using the MEDIDAQ
software program (MEDIDAQ, Melbourne, Australia). The vasoactivity of the carotid artery
was measured as percentage change from the phenylephrine peak pressure and compared to
the baseline pressure. Area under the curve (AUC) was calculated as the total relaxation below
the phenylephrine plateau caused by the dose response curve, ACh and SNP bolus doses. The
endothelium-dependent Epay Was considered as the relaxation produced by ACh, and the
endothelium-independent Emax Was considered as the relaxation produced by SNP.

Statistical analysis

Human data were analysed using Statistical Package for the Social Sciences (SPSS, Inc. Chi-
cago.IL, USA, version 22). A one-way analysis of variance (ANOVA) was used to examine the
difference in ucOC concentration when participants were split into groups based on BP levels.
Spearman rho correlations were used to examine the correlation between ucOC and measures
of vascular function (BP, BAFMD and PWV) in all participants. Spearman partial correlations
were used for the additional adjustments of age, BMI or age and BMI. as they are strong influ-
encers of ucOC levels [1,29].

Animal data were analysed using Graphpad prism (version 7.1. Graphpad software Inc,
TUSA). A one-way ANOVA was used to examine the effect of the ucOC dose response curves
inrabbit carotid artery segments. AUC was calculated as the total area of relaxation below the
maximum phenylephrine pressure and a one-way ANOVA was used to determine the differ-
ence in AUC between the ucOC dose response curves. All data is reported as mean + SEM and
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statistical analy sis was conducted at the 95%confidence level of significance (p < 0.05). Trends
were reported when p =0.05-0.099.

Results

Human data

Participant characteristics are presented in Table 1. In older adults with stage 2 hypertension
ucOC was reduced by 34% compared to normotensive individuals (p < 0.05, Fig 1A). When
split by sex, ucOC was reduced by 43% (p < 0.01, Fig 1B) and tOC was reduced by 30%

(p < 0.05, Fig 1E) in women with stage 2 hypertension compared to normotensive women.
There was no difference between groups in oldermen (p > 0.05, Fig 1C and 1F).

Correlation between ucOC and vascular function outcomes

In the unadjusted model, high circulating ucOC was associated with lower systolic BP and
PWV with all participants combined (p < 0.05 for both, Table 2). In women only, higher levels

of circulating ucOC and tOC was associated with lower systolic BP (p < 0.01). There were
trends for associations between lower MAP and PWV with higher levels of ucOC in women

(p = 0.05-0.09 for both, Table 2). When adjusted for age, higher ucOC was associated with

lower diastolic BP in all participants and with lower systolic BP in women (p < 0.05 for both,
Table 2). Increased ucOC levels tended to correlate with both lower DBP and MAP in women

after adjusting for age (p = 0.05-0.09 for both, Table 2). Adjusting for BMI, and BMI and age

together, removed all associations of ucOC and tOC with BP and PWV outcomes (p > 0.05).
There were no significant correlations between ucOC and tOC with BAFMD peak % dilation

in any model, and ucOC or tOC was not associated with any vascular function outcome in
men (p > 0.05).

Table 1. Baseline characteristics.

Variable n Mean * SEM
Participant number (n) [F/M] 38[26/12]
Age (years) 38 73 +0.96
BMI (kg/m?) 38 28 +0.59
Waist circumference (cm) 36 91+1.58
Currently smoking (n) [%6] 38 2 [5]
Caucasian ethnicity (n) [%] 38 38 [100]
Cholesterol medication (n) [%a] 38 13 [34]
Antihypertensive medication (n) [%] 38 15[39]
Heart disease medication (n) [%] 38 10[26]
tOC (ng/ml) 37 21+131
ucOC (ng/ml) 37 8 +0.61
ucOC/tOC ratio 37 039+0.01
Systolic BP (mmHg) 38 139 +2.53
Diastolic BP (mmHg) 38 79+1.43
MAP (mmHg) 38 98+1.74
PWV (m/s) 34 §+0.28
BAFMD—peak dilation (%) 29 4.62+044
BAFMD-time to peak dilation (s) 29 58 +2.56

Abbreviations: BMI; Body mass index, tOC; total osteocalein, ucOC; undercarboxylated osteocalein, BP; blood
pressure, MAP; mean arterial pressure, PWV pulse wave velocity, BAFMD; brachial artery flow mediated dilatation.

https //doi.org/10.1371/journal . pone 02427 74 t001
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Fig 1. Concentration of ucOC and tOC based on hypertension category. ucOC concentration in all participants (A), women (B) and men (C) and tOC
concentration in all participants (D), women (E) and men (F) split into groups based hypertension category; non-hypertensive (<130/<80mm/Hg) (women
n =35, men n=2), stage 1 hypertension (130-139/80-89mm/Hg) (women n = 10, men n =4) and stage 2 hypertension (>>140/>90mm/Hg) (womenn =11,
men n=6). Given the small sample size in each group, particularly formales, the data arenot conclusive and further examination of sex specific effects should
beexplored. Alldatamean + SEM. 'p < 0.05,"'p < 0.01 between groups. Abbreviation s: ucOC; undercarboxylnted osteocalen, 10C; total osteocalcin.
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Table 2. Correlation of ucOC and tOC with vascular function outcomes.

ucOC toC
All (n=38) ‘Women (n = 26) Men (n=12) All(n =38) Women (n =26) Men (n =12)

SBP

Model 1 -0.39' -0.58'! 0.25 -0.31" 0.4 018

MModel 2 028 0.48' 0.01 -0.23 -0.39" 007

Model 3 015 -0.07 0.39 018 -0.004 037

Model 4 025 0.05 0.26 02 0.04 041
DEP

MModel 1 -021 -03 012 -023 -0.22 -0.07

Model 2 _0.41' -0.44° -0.51 -0.34 -0.3 042

Model 3 -0.04 -0.14 -0.05 -0.08 -0.02 0.4

Model 4 -013 -0.14 -0.75 -0.09 -0.02 -058
MAP

Model 1 02 -0.35" 0.18 -0.19 -0.24 -0.06

Model 2 -032 0447 -0.06 -0.25 -0.33 -024

Model 3 012 -0.05 0.05 0.1 0.03 019

Model 4 009 -0.01 -0.42 01 0.04 022
PWWV

Model 1 _0.41' 041" -0.32 -0.25 -0.32 -0.01

MModel 2 -0.18 -0.26 0.25 -0.14 -0.26 04

Model 3 -0.03 0.02 -0.23 0.11 0.003 037

Model 4 019 0.13 0.54 0.16 0.03 076
BAFMD peak %

Model 1 014 0.00 0.39 0.23 0.09 029

Model 2 022 0.13 0.32 0.26 0.16 063

Model 3 002 -0.18 051 013 -0.06 046

Model 4 005 -1.14 0.29 0.14 -0.04 064

Model l—unadjusted; Model 2—adjusted for age; Model 3—adjusted for BMI; Model 4—adjusted for age and BMI. Gaven the small sample size i each group,
particularly for males, the data are not conclusive and further examination of sex specific effects should be explored.

'p <005

U <001

~p 0.05-0.09 ucOC and tOC vs vascular function cutcome.

Abbreviations: ucOC; undercarboxylated osteocalein, tOC; total osteocalcin SEP; systolic blood pressure, DBP; diastolic blood pressure, PWV; pulse wave velocity,
BAFMD; brachial artery pulse wave velocity.

https-//doi.org/M1 0.1371 fjoumal pone. 0242774 1002

Perfusion myography

The carotid artery segments from the animals fed the atherogenic diet did not exhibit a reduc-
tion in endothelium dependent relaxation in comparison to the arteries from the normal diet
fed animals (p > 0.05). The carotid artery vasoactive response from rabbits fed a normal or
atherogenic diet and treated ex vivo with ucOC was unaltered in both normal and high glucose
environments (p > 0.05, Fig 2A and 2C). The endothelium-dependent (ACh) and endothe-
lium-independent (SNP) Epn.x were also unaltered following ucOC treatment, in comparison

to the control, suggesting ucOC did not enhance the maximal relaxation of the vessel
(p > 0.05,Fig 2A and 2C). The AUC was unaltered by ucOC treatment following both the nor-

mal and atherogenic diet and incubation in normal and high glucose conditions (p > 0.03, Fig

2B and 2D).
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Fig2. ucOC administration to carotid artery following 2-hour incubation in NG or HG solution. (A) ucOC dose
response cumve in carotid artery incubated in NG solution and (B) AUC of dose response curve. (C) ucOC dose
response curve in carotid artery incubated in HG solution and (D) AUC of dose response curve. All data mean + SEM.
No significant differences were detected. Abbreviations: ucOC, undercarboxylnted osteocalcin; NG, nonmal glucose
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https //doi.org/10.1371/journal. pone 0242774 g002

Discussion

The major findings of the current study are a) in humans, higher circulating ucOC is associ-
ated with lower BP and increased arterial stiffness, which is particularly evident in post-meno-
pausal women, and b) ucOC treatment has no beneficial, but also no adverse, effect on carotid
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artery function from rabbits fed a normal or atherogenic diet, or exposed acutely to normal
and high glucose environments.

A number of studies have examined the correlation of tOC with vascular health and func-
tion outcomes. Itwas reported that tOC was lower in men, but not women with hypertension
(aged 2478 years) [34]. Further, in 3,604 middle to older aged men and women, higher levels
of tOC were associated with lower PWV in men, but higher PWV in women. However, when
controlled for age and menopause status there was no longer an association between tOC and
PWV in women [35]. In middle and older aged men, but not post-menopausal women, higher
tOC was associated with lower brachial artery PWV and intima media thickness (IMT), even
after adjustment for confounding vanables including age and BMI [36]. Yet, not all studies are
in agreement, as higher tOC levels were associated with increased IMT, carotid plaque and
aortic calcification in middle to older-aged women, but not men [19]. Overall, the findings are
conflicting, and this appears to be largely duven by the differences between men and women.
A major limitation of these studies is that they do not report the concentration of the individ-
ual forms of OC, in particular ucOC, which is important as ucOC is the putative bioactive
form of the hormone.

Evidence examining the association of ucOC with vascular function is lacking, but crucial,
if we are tounderstand the role of ucOC in CVD  specifically hypertension and atherosclerosis.
In the current study we report that higher levels of ucOC are associated with lower BP in post-
menopausal women, but not in older men. However, the relatively small sample size of menin
the current study means that definitive conclusions cannot be established. However, similar to
the current study, a previous study in older men and women (mean age 64 years old), reported
that those with a higher cardiovascular risk score had increased MAP and lower circulating
ucOC levels [4]. Conflictingly, in 162 community dwelling men (mean age 48 years old) and
women (mean age 33 years old), ucOC was not correlated with systolic BP or diastolic BP [37].
The conflicting outcomes may be related to the age difference between the study cohorts, as
age is an important factor in determining ucOC levels [29]. Furthermore, hormone variations
between sexes and between pre- and post-menopausal women may also explain some of the
diverse findings reported. Overall, whether ucOC is a mediator or amarker of CVD processes
requires further investigation. In addition, taking into account several factors including sex,
age and hormonal status will be important considerations for future studies.

As the association of ucOC with vascular function in humans is unclear, and given the
exact biological functions of ucOC are yet to be fully clucidated, examining its bioactive effect
on the vasculature in animal models is important. The most commonly used method of exam-
ining the vasoactivity of blood vessels X ViV0 is via isometric tension analysis. However, in this
study, we have utilised a novel perfusion myography system. This technique utilises haecmody-
namic forces such as shear stress, pressure and pulsatile flow, which are mechanical factors
important in the regulation of normal endothelial function, thus creating a more physiological
environment [38]. We found that ucOC did not directly influence the vasoactivity of isolated
rabbit carotid arteries in either normal or high glucose solutions following an atherogenic or
normal diet. A potential limitation of this study is that the atherogenic diet did not cause endo-
thelial dysfunction. This suggests that the carotid artery may be resistant to the development of
endothelial dysfunction, as previous studies have reported that the same atherogenic diet
caused endothelial dysfunction after 4-weeks in rabbit aorta, iliac and mesenteric arteries [31,
32]. Carotid arteries were used in this study as they lack arterial branches, allowing effective
cannulation and perfusion, which would not have been possible in other vessels due to the
presence of branches. Notwithstanding, ucOC did not influence vasoactivity when vessels
were exposed to a high glucose solution. In support of this, a previous €x Vivo study, utilising

the isometric tension analysis technique, reported similar findings to the current study. The
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administration ofucOC (10ng/mland 30ng/ml)torabbitaorta following anatherogenic diet
ornormal diet, with incubation in normal or high glucose solution, didnotinfluence endothe-
lium-dependent or endothelium-independent vasodilation [39]. Whilst another study
reported that ucOC caused a slight enhancement in A Ch-induced endothelium-dependant
relaxation in dysfunctional rabbit aorta followingan atherogenic diet, this did notoccuraftera
normal diet, suggesting that ucOC may only function to enhance endothelium-dependent
vasodilation in a dysfunctional state [33]. However, this requires further investigation. Overall,
whilstwereporta correlation between ucOC and BP in post-menopausal women, the ex vive
dataindicates thatucOC has minimal directbiological influence on vascular function. There
are several potentialreasonsforthese findings. Firstly, ucOCmay notactdirectly onthevascu-
lature, and theassociations observed in some studies may be through indirectpathways, such
asviaimprovementsin glycaemic control. Secondly,givenrecentreports,ucOCmay notbeas
biologically active outside of the skeleton as initially suggested [9, 10].

This study has several limitations. Firstly, the relatively small sample size of older adult men
means that definitive conclusions on the association of ucQC with vascular function in males
cannot be made. Further research should examine in detail the potential association of ucOC
with vascular function in females and males. taking into account confounding variables such
as age and BMI. Secondly, a number of human participants were on hypertensive medication
which may have influenced their BP measurement, highlighting the important role animal
models can play in determining any direct effects of ucOC. Finally, due to only male rabbits
being studied. the direct effect of ucOC on endothelial function in arteries from female rabbits
is unclear.

In conclusion, increased ucOC is associated with lower BP and arterial stiffness in post-
menopausal women, but has no direct effect on endothelial function in rabbit carotid arteries.
Future studies should explore whether treatment with ucOC in vivo has direct or indirect
effects on blood vessel function.

Acknowledgments
We acknowledge the participants who completed the study for their time and effort.

Author Contributions

Conceptualization: Alexander Tacey, Cassandra Smith, Gustavo Duque, Anthony Zulli, Tta-
mar Levinger.

Data curation: Alexander Tacey, Cassandra Smith, Mary N. Woessner. Christopher Neil,
Anthony Zulli.

Formal analysis: Alexander Tacey, Mary N. Woessner, Paul Chubb.
Funding acquisition: [tamar Levinger.

Methodology: Alexander Tacey. Cassandra Smith, Christopher Neil, Gustavo Duque,
Anthony Zulli.

Supervision: Gustavo Duque, Alan Hayes, Anthony Zulli, [tamar Levinger.
Writing — original draft: Alexander Tacey.

Writing — review & editing: Alexander Tacey. Cassandra Smith, Mary N. Woessner, Paul
Chubb, Christopher Neil, Gustavo Duque, Alan Hayes, Anthony Zulli, [tamar Levinger.

PLOS ONE | hitps:/doi.org/10.1371/journal.pone.0242774 Movember 25, 2020 10/13

Page | 250



PLOS ONE

Undercarboxylated osteocalcin and vascular function

References

1.

10.

11.

12.

13.

14,

15.

16.

17.

18.

LiJ,Zhang H, Yang C, LiY, Dai Z_Anoverview of osteocalcin progress. J Bone MinerMetab 2016; 34
(4):367-79. htips://doi.org/10.1007 /5007 74-015-0734-7 PMID: 26747614

Lin X, Brennan-Speranza TC, Levinger|, Yeap BB. Undercarboxylated osteocalcin: expermental and
human evidence fora role in glucose homeostasis and muscle regulation of insulinsensitivity. Nutrients.
2018; 10(7). hitps-//doi.org/10.3390/nu10070847 PMID: 29966260

Yeap BB, Alfonso H, Chubb SA, Gauci R, Bymes E, Beilby JP, et al. Higherserum undercarboxylated
osteocalcin and otherbone tumovermarkers are associated with reduced diabetes risk and lowerestra-
diol concentrations inoldermen_J ClinEndocnnol Metab 2015; 100(1)63—71_ hitps-/doi org/10 1210/
jc.2014-3019 PMID: 25365314

Riquelme-Gallego B, Garcia-Molina L, Cano-Ibanez N, Sanchez-Delgado G, Andujar-Vera F, Garcia-
Fontana C, etal. Circulating undercarboxyiated osteocalcin as estimatorof cardiovascularandtype 2
diabetes risk in metabolic syndrome patients. Sci Rep. 2020, 10(1):1840. hitps_//doi.org/10 1038/
541598-020-58760-7 PMID: 32020009

Urano T, ShirakiM, Kuroda T, Tanaka S, Urano F, Uenishi K, et al. Low serum osteocalcin concentra-
tion 1s associated with incidenttype 2 diabetes mellitus in Japanese women. J Bone Miner Metab. 2018;
36(4):470-7_ hitps-//doiorg/10.1007/s00774-017-0857-0 PMID: 28766135

Lin X, Parker L, McLennan E, Zhang X, Hayes A, McConell G, et al. Recombinant uncarboxylated
osteocalcin perse enhances mouse skeletal muscle glucose uptake inboth extensordigitorum longus
andsoleus muscles. Front Endocrinol (Lausanne). 2017 ; 8:330. hiips //doi.org/10.338%fendo 2017.
00330 PMID: 29204135

Lee NK, SowaH, HinoiE, Ferron M, Ahn JD, Confavreux C, et al. Endocrine regulation of energy
metabolism bythe skeleton. Cell 2007; 130(3):456—-69. https //doi.org/10.1016/].cell 2007 .05.047
PMID: 17693256

Fermron M, McKee MD, Levine RL, Ducy P, Karsenty G. Intermittent injections ofosteocalcin improve
glucosemetabolism and preventtype 2 diabetes inmice Bone.2012;50(2):568-75_https//doi ora/10
1016/j.bone.2011.04.017 PMID: 21550430

Diegel CR, Hann S, Ayturk UM, Hu JCW, Lim KE, Droscha CJ, et al. An osteocalcin-deficient mouse
strainwithoutendocrine abnomalities. PLoS Genet. 2020; 16(5).e 1008361. hilps //doi.ora/10 1371/
ournal.pgen.1008361 PMID: 32463812

MoriishiT,Ozasa R, Ishimoto T, Nakano T, Hasegawa T, Miyazaki T, etal. Osteocalcin is necessary for
the alignment of apatite crystallites, but not glucose metabolism, testosterone synthesis, or muscle
mass. PLoS Genet. 2020; 16(5):¢1008586. hitps//doi org/10 1371 /journal pgen 1008586 PMID:
32463816

Levinger |, Brennan-Speranza TC, Zulli A, Parker L, Lin X, Lewis JR, et al. Multifaceted interaction
of bone, muscle, lifestyle interventions and metabolic and cardiovascular disease: role of osteocal-
cin. Osteoporos Int. 2017; 28(8):2265-73. hiips //doi.org/10.1007/s00198-017-3994-3 PMID:
28289780

RossiM, Battafarano G, Pepe J, Minisola S, Del Fattore A. The endocrine function of osteocalcin requ-
lated by bone resorption: A lesson from reduced and increased bone mass diseases. Int J Mol Sci
2019; 20(18). hitps://doi.ora/10.3390/ims20184502 PMID: 31514440

Rask-Madsen C, King GL Vascularcom plications ofdiabetes: mechanisms of injury and protective fac-
tors. CellMetab. 2013; 17(1):20-33. hitps://doi.org/10.1016/j.cmet.2012.11.012 PMID: 23312281

Millar SA, Patel H, Anderson Sl, England TJ, O'Sullivan SE. Osteocalcin, vascularcalcification, and ath-
erosclerosis: A systematic review and meta-analysis. Front Endocrinol (Lausanne). 2017; 8:183.

TaceyA,Qaradakhi T,Brennan-Speranza T, Hayes A, ZulliA, Levinger |. Potential role forosteocalcin
inthe development ofatherosclerosis and blood vessel disease. Nutrients. 2018; 10(10). htips_//doi.org/
10.3390/nu10101426 PMID: 30287742

Confavreux CB, Szulc P, CaseyR, Boutroy S, Varennes A, Vilayphiou N, et al. Higherserum osteocal-
cin is associated with lower abdominal aortic calcification progression and longer 10-year survival in
elderlymen ofthe MINOS cohort_J Clin Endocnnol Metab. 2013; 98(3):1084-92 hitps //doiora/10
1210/jc.2012-3426 PMID: 23386651

Gu P, Kang D, Wang W, Chen Y, Zhao Z, Zheng H, et al. Serum osteocalcin level is independently
associated with the carotid intima-media thickness inmenwithtype 2diabetes mellitus. Acta Endocrino-
logica (1841-0987). 2014;10(4).

YangR,MaX, DouJ WangF,LuoY, LiD, etal. Relationship between serum osteocalcin levels and
carotid intima-mediathickness in Chinese postmenopausalwomen. Menopause.2013;20(11):1194-9.
https-//doi org/10 1097/GME 0b013e31828aa32d PMID- 23571521

PLOS ONE | hitps //doi.ora/10.1371/journal pone 0242774 November 25, 2020 11/13

Page | 251



PLOS ONE

Undercarboxylated osteocalcin and vascularfunction

19.

20.

21.

22

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Reyes-Garcia R, Rozas-Moreno P, Jimenez-Moleon JJ, Villoslada MJ, Garcia-Salcedo JA, Santana-
Morales S, et al. Relationship between serum levels of osteocalcin and atherosclerotic disease in type 2
diabetes. Diabetes Metab. 2012; 38(1):76-81. https://doiorg/10.1016/].diabet 201107008 PMID:
21996253

Kanazawa |, Yamaguchi T, Sugimoto T. Relationship between bone biochemical markers versus glu-
cose/lipidmetabolism and atherosclerosis; alongitudinal study intype 2 diabetes mellitus . Diabetes
Res Clin Pract. 2011, 92(3):393-9. hitps-/doi.ora/10.1016/ diabres. 2011.03.015 PMID: 21466902

Okura T, Kurata M, Enomoto D, Jotoku M, Nagao T, Desilva VR, et al_ Undercarboxylated osteocalcin
is a biomarker of carotid calcification in patients with essential hypertension. Kidney Blood Press Res
2010; 33(1)y66—71_https /doiorg/10 1159/00028957 5 PMID- 20197689

Ling ¥, Wang Z, Wu B, Gao X. Association ofbone metabolism markers with coronary atherosclerosis
and coronary artery disease in postmenopausal women. J Bone MinerMetab. 2018; 36(3):352-63.
https://doi.org/10.1007/s00774-017-0841-8 PMID: 28642975

HuanglL, YangL, Luo L, Wu P, Yan S. Osteocalcinimproves metabolic profiles, body composition and
arterial stiffening in an induced diabetic rat model. Exp Clin Endocrinol Diabetes. 2017;125(4 ).234-40.
https://doi.org/10.1055/s-0042-122138 PMID: 28073125

Dou J, Li H, Ma X, Zhang M, Fang Q, Nie M, et al. Osteocalcin attenuates high fat diet-induced
impaiment ofendothelium-dependent relaxationthrough Akt/eN 0 S-dependentpathway. Cardiovasc
Diabetol. 2014, 1374 hitps //doi.org/10.1186/1475-2840-13-74 PMID: 24708830

Kondo A, Kawakubo-Yasukochi T, MizokamiA, Chishaki S, TakeuchiH, Hirata M_Uncarboxylated
osteocalcin increases serum nitric oxide levels and ameliorates hypercholesterolemia inmice fed an
atherogenic diet. eJBio 2016; 13(1)

CareyRM, Whelton PK, Committee AAHGW. Prevention, detection, evaluation, and management of
high blood pressure in adults: Synopsis ofthe 2017 American College of Cardiology/American Heart
Associationhypertensionguideline. AnnintemMed.2018; 168(5):351-8. hitps //doi.org/10.7 326/M17-
3203 PMID: 29357392

Butlin M, Qasem A. Large artery stifiness assessmentusing SphygmoCortechnology. Pulse (Basel).
2017; 4(4):180-92. https://doi.org/10.1159/000452448 PMID: 28229053

Harris RA, Nishiyama SK, Wray DW Richardson RS. Ultrasound assessment of flow-mediated dilation.
Hypertension. 2010; 55(5).1075-85. htips://doiorg/10.1161/HYPERTENSIONAHA.110.150821 PMID:
20351340

Smith C, Voisin S, Al Saedi A, Phu S, Brennan-Speranza T, Parker L, et al. Osteocalcin and its forms
acrossthe lfespanin adult men. Bone. 2020; 130:115085. hitps-//doi.ora/10.1016/1.bone. 2019.115085
PMID: 31622778

Gundberg CM, Nieman SD, Abrams S, Rosen H. Vitamin K status and bone health: an analysis of meth-
ods fordetemmination of undercarboxylated osteocalcin. J Clin Endocrinol Metab. 1998; 83(9):3258-66
https://idoi.org/10.1210/jcem.83.9.5126 PMID: 9745439

Zulli A, Hare DL. High dietary methionine plus cholesterol stimulates early atherosclerosis and late
fibrous cap development which is associated with a decrease in GRP78 positive plague cells. Int JExp
Pathol. 2009; 90(3):311-20. https//doi.org/10.11114.1365-2613.2009.00649 x PMID: 19563613

Tacey A, Qaradakhi T, Smith C, Pittappillil C, Hayes A, Zulli A, etal. The effectof an atherogenic diet
and acute hyperglycaemia on endothelial function in rabbits is artery specific. Nutrients. 2020; 12
(7):2108. hitps-//doi.org/10.3390/nu12072108 PMID: 32708633

Qaradakhi T, Gadanec LK, Tacey AB, Hare DL, Buxton BF, Apostolopoulos V, etal. The effect of
recombinant undercarboxylated osteocalcin onendothelial dysfunction. Calcif T issue Int. 2019; 105
(5):546-56 . https://doi.org/10. 1007 /500223-019-00600-6 PMID: 31485687

XuYT, Ma XJ, Xiong Q, HuX, Zhang XL, Yuan YQ, et al. Association between serum osteocalcin level
and blood pressure in a Chinese population. Blood Pressure. 2018; 27 (2):106—11. https //doi_org/10.
1080/08037051.2017.1408005 PMID: 29172726

Yun SH, Kim MJ, Choi BH, Park KC, Park KS, Kim YS. Low level of osteocalcin is related with arterial
stiffness in Korean adults: An inverse J-shaped relationship. J Clin Endocrinol Metab. 2016; 101(1).96—
102. https-//doi.org/10.1210/jc.2015-2847 PMID: 26529629

Kanazawa |, Yamaguchi T, Yamamoto M, YamauchiM, Kurioka S, Yano S, et al. Serum osteocalcin
level is associated with glucose metabolism and atherosclerosis parameters intype 2 diabetes mellitus
J Clin Endocrinol Metab. 2009; 94(1):45-9. https:/doi.org/10.1210/c.2008-1455 PMID: 18984661

ChoiBH, Joo NS, Kim MJ, Kim KM, Park KC, Kim Y'S. Coronary artery calcification is associated with
high serum concentration ofundercarboxylated osteocalcin inasymptomatic Koreanmen. Clin Endocn-
nol (Oxf). 2015; 83(3):320-6. hitps://doi.org/10.1111/cen.12792 PMID: 25868823

PLOS ONE | hitps-//doi.org/10.1371/journal_pone. 0242774 November 25, 2020 12/13

Page | 252



PLOS ONE Undercarboxyiated osteocalcin and vascular function

38. CahillPA,Redmond EM. Vascularendothelium—gatekeeperofvessel health. Atherosclerosis. 2016;
248:97-109._ https //doi.org/10.1016/j atherosclerosis.2016.03.007 PMID: 26994427

39. TaceyA, MilarS, Qaradakhi T, Smith C, Hayes A Anderson S, et al. Undercarboxylated osteocalcin
has no adverse effect on endothelial function in rabbit aorta or human vascular cells. J Cell Physiol.
2020. hitps-//doi.ora/10.1002/4cp.30048 PMID: 32936958

PLOS ONE | hitps://doi.ora/10.1371/joumal pone 0242774 November 25,2020 13/13

Page | 253



Appendix E: Association between circulating osteocalcin and

cardiometabolic risk factors following a 4-week leafy green vitamin K-rich
diet

Annals of
Nutrition and
Metabolism

Clinical Study: Research Article

Received: April 24, 2020
Accepted: September 17, 2020
Published online: November24,2020

Ann Nutr Metab
DOI: 10.1159/000511660

Association between Circulating Osteocalcin and
Cardiometabolic Risk Factors following a 4-Week
Leafy Green Vitamin K-RichDiet

AlexanderTacey®” MarcSim®¢ Cassandra Smith®? Mary N.Woessner?
Elizabeth Byrnes® JoshuaR.Lewis®®' Tara Brennan-Speranza?
Jonathan M. Hodgson®¢ LaurenC.Blekkenhorst®? Itamar Levinger®®

a|nstitute for Health and Sport (IHES), Victoria University, Melbourne, VIC, Australia; °Department of Medicine-
Western Health, Melbourne Medical School, Australian Institute forMusculoskeletal Science (AIMSS), The University
of Melbourne, Melbourne, VIC, Australia; °School of Medical and Health Sciences, Edith Cowan University,
Joondalup,WA,AustraIia;dRoyaI Perth Hospital Unit, Medical School, The University of Western Australia, Perth, WA,
Australia; °Department of Clinical Biochemistry, PathWest Laboratory Medicine, Queen Elizabeth Il Medical Centre,
Perth, WA, Australia; ‘Centre forKidney Research, Sydney Medical School, The University of Sydney, School of Public
Health, Children’s Hospital at Westmead, Sydney, NSW, Australia; SDepartment of Physiology and Bosch Institute for
Medical Research, University of Sydney, Sydney, NSW, Australia

Keywords
Vitamin K - Undercarboxylated osteocalcin - Carboxylated
osteocalcin - Arterial stiffness - Blood glucose - Blood lipids

Abstract

Background: Evidencesuggeststhatlowerserumundercar-
boxylated osteocalcin (ucOC) may be negatively associated
with cardiometabolic health. We investigated whetherindi-
viduals with a suppression of ucOC following anincrease in
dietaryvitamin K1 exhibitarelative worsening of cardiomet-
abolicrisk factors. Materials and Methods: Men (n=20)and
women(n=10)aged 62+ 10years participatedinarandom-
ized, controlled, crossover study. The primary analysis in-
volved using data obtained from participants following a
high vitamin K1 diet (HK; 4-week intervention of increased
leafy green vegetable intake). High and low responders were

defined based on the median percent reduction (30%) in
ucOC following the HK diet. Blood pressure (resting and
24 h), arterial stiffness, plasma glucose, lipid concentrations,
and serum OCforms were assessed. Results: Following the
HK diet, ucOC and ucOC/tOC were suppressed more (p <
0.01)inhigh responders (41 and 29%) versus low responders
(12 and 10%). The reduction in ucOC and ucOC/tOC was not
associated with changes in blood pressure, arterial stiffness,
plasmaglucose,orlipid concentrationsinthe highrespond-
ers (p>0.05). Discussion/Conclusion: Suppression of ucOC
via consumption of leafy green vegetables has no negative
effects on cardiometabolic health, perhaps, in part, because

of cross-talk mechanisms. ©20208.Karger AG, Basel
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Introduction

Cardiovascular disease (CVD) is the leading cause of
death worldwide [1]. A diet rich in fiuit and vegetables is
an important, nontherapeutic approach to reduce CVD
development and progression [2. 3]. Evidence suggests
that diets rich in green leafy vegetables increase nitric ox-

S R SRRy A A e i
intervention involving an increased intake of leafy green
vegetables did not reduce blood pressure (BP) or arterial
stiffness [6]. One potential explanation for the absence of
a beneficial effect on BP and arterial stiffness may bere-
lated to other bioactive components found in leafy green
vegetables that concomitantly influence vascular health.
For example, vitamin K1 is abundant in leafy green veg-
etables and regulates several coagulation factors includ-
ing vitamin K-dependent proteins [7].

One such protein is osteocalcin (OC), a vitaminK -de-
pendent protein derived from osteoblasts that exists in 2
forms: carboxylated OC (cOC) and undercarboxylated
OC (ucOC) [8-10]. cOC has a high affinity to hydroxy-
apatite within the bone matrix and is therefore thought fo
reflect bone mineralization [11, 12], whereas ucOC is
proposed as the bioactive form of OC in several target tis-
sues [13]. Growing evidence suggests an association be-
tween OC., in particular total OC (tOC) and ucOC with
hypertension, vascular calcification, atherosclerosis, and
CVD mortality [14—17]. However, the literature is con-
flicting. and it is unclear whether tOC or its isoforms are
associated with positive or negative effects on cardiomet-
abolic health [18, 19]. We have previously shown that a
diet rich in leafy green vegetables. and thus vitamin K1.
reduces circulating ucOC levels[20].

The current study was a subanalysis examining the
cardiometabolic implications of ucOC suppression fol-
lowing an increased intake of predominantly leafy green
vegetables. It was of interest to investigate whether a re-
duction in ucOC levels was correlated with changes in
cardiometabolic risk factors, and whether this could ex-
plain, at least in part, the lack of a beneficial effect on BP
following an increase in dietary nitrate. Participants from
the high vitamin K1 intervention were divided into high/
low responders based on the suppression of ucOC follow-
ing the intervention. The aim was to determine ifa large
reduction in ucOC (high responders) would be associated
with alterations in cardiometabolic risk factors including
BP, arterial stiffhess. blood glucose, and lipidconcentra-
tions.

2 Ann Nutr Metab
DOI: 10.1159/ 000511660

Table 1. Participant characteristics (mean+SEM)

Variable Mean+SEM
Participant, 1 (M/F)
tOC (M/F), ng/mL
¢OC (M/F), ng/mL
ucOC (M/F), ng/mL

30[20/10]
21.82+1.53/22.23+1.79
14.05+1.17/13.41£2.01

7.77+0.88/8.82+0.77

Age, years 62+9.90
BML, kg/m’ 2743.87
Waist circumference, cm 89+2.18
Waist-to-hip ratio 0.87+0.02
Systolic BP,mm Hg 134+1.53
Diastolic BP,mm Hg 78+1.45
Heart rate, bpm 62+1.46
Glucose, mmol/L 5.29+0.08
Total cholesterol, mmol/L 5.54+0.26
HDL, mmol/L 1.3540.06
LDL, mmol/L 3.61+0.22
Triglycerides, mmol/L. 1.2840.11
eGFR. mL/min/1.73 m 92.57+£2.17
Vitamin K intake, ng/day 121+11

tOC, total osteocalcin; ucOC, undercarboxylated osteocalcin;
cOC, carboxylated osteocalcin: BP, blood pressure; LDL, low-den-
sity lipoprotein; HDL, high-density lipoprotein; eGFR, estimated
glomerular filtration rate.

Methods

The data for this paper were collected from the Vegetable In-
takeandBloodPressure(VIABP)study(ACTRN12615000194561).
The study was approved by the University of Western Australia
Human Research Ethics Committee and was completed in accor-
dance with the Declaration of Helsinki. Written informed consent
was obtained from all participants. The study was a randomized,
controlled crossover trial, and methodology has been describedm
full elsewhere [6]. In brief, middle- and older-aged (40-74 years of
age) community-dwelling men and women with prehypertension
or untreated grade 1 hypertension were recruited to participate.
Each participant received three 4-week dietary interventions, each
interspersed with a 4-week washout period. The VIABP study was
originally designed with the following dietary interventions: (1)
increased intake of nitrate-rich leafy green vegetables (high ni-
trate); (2) increased intake of nitrate-poor vegetables (low nitrate);
and (3) no increase in vegetables (control). As vitamin K1 is also
found predom mately in leafy green vegetables, these 3 dietary in-
terventions have been equated to (1) high vitamin K1 intake (HK):
(2) low vitamin K1 intake (LK); and (3) control diet (CON) [20].
Considering the primary aim of this study is to examine the asso-
ciation between the suppression of ueOC and cardiometabolic risk
factors (and given the LK diet did not suppress ucOC), we pre-
dominantly considered data from the HK intervention.

Resting BP and pulse wave velocity (PWV) (SphygmoCor
XCEL 2012; AtCor Medical Pty., Ltd.) were measured before and
after the 4-week dietary intervention, as previously described [6].
Ambulatory BP was recorded over a 24-h period, every 20 min

Tacey et al
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Table2.OC, vascular, and metabolic outcomes beforeand atter high vitamin K diet, separated into highand low responders

Low responders High responders

before, after, Achange before, after, Achange

meantSEM meantSEM meantSEM meantSEM
Sample, n (F/M) 4/11 4/11 6/9 6/9
tOC, ng/L 21.61+1.39 20.61+1.52 -1+0.86 22314192 18.38+1.42%** —3.93H).77
ucOC, ng/L 8.8610.88 7.76+0.93*** -1.10+0.24 7.39+0.92 4.3340.44%*  —3,06+0.51%*
cOC, ng/L 12.75+1 44 12.85+1.25 0.1+0.74 14.92+¢1 42 14.05+1.19 —0.8740.68
ucOC/tOC 0.42+0.04 0.38+0.04**  —0.04+0.01 0.34+0.03 0.2440.02%**  —0.1+0.017%
Amb SBP, mm Hg 125.40+1.86 126.20+£1.73 0.8+1.24 125.79+1.85 126.83%1.60 1.04+1.13
Amb DBP, mm Hg 76.15+2.14 76.2612.23 0.12+1.17 74414210 74.3442 .06 —0.0740.76
Resting SBP, mm Hg 130.13+1.46 127.33+£2.18% —2.841.26 130.37+2.52 129534+2.45 -0.8341.97
Resting DBP, mm Hg 77.9¢1.57 75.53+1.64 —-2.37+1.25 75.30+2.00 75.07+2.12 -0.23+1.20
PWV, m/s 8.34+0.36 8.3840.35 0.04+-0.21 8.31+0.26 8.17+0.24 -0.1340.16
Glucose 5.17+0.15 5.06+0.13 -0.11+0.14 479+0.16 4 .88+0.13 0.09+0.12
Total chol 5.64+0.28 5.59+0.23 —0.05+0.17 5.3240.36 4.96+0.33 —0.3610.22
LDL 3.68+0.27 3.6840.22 0.01+10.14 3.26+0.30 3.04+0.28 -0.2240.15
HDL 1.38+0.07 1.35+0.09 —0.03+0.03 1.44+0.09 1.39+0.10 —0.0540.05
Triglycerides 1.26+0.16 1.21+0.10 -0.05+0.11 1.34+0.25 1.1740.16 -0.1740.14

Delta (A) change of OC, vascular, and metabolic outcomes following the high vitamin K1 diet(before to after). High and low
responders based onmedian splitin percent change of ucOC from before to after high vitamin K1 diet. Data reported as meantSEM.
OC, osteocalcin; tOC, total osteocalcin; ucOC, undercarboxylated osteocalcin; cOC, carboxylated osteocalein; amb, ambulatory; SBP,
systolic blood pressure; DBP, diastolic blood pressure; PWV, pulse wave velocity; chol, cholestercl; LDL, low-density lipoprotein; HDL,
high-densitylipoprotein. *» <0.05.** p<0.01. *** p<0.001 before versusafterhigh vitamin K1 diet. * p<0.01 Ahigh respondersversus

Alow responders.

during the day and every 30 min during the night, and mean BP
was determined for the24-h period [6]. Plasma concentrationsof
glucose, triglycerides, total cholesterol, HDLcholesterol, and cal-
culated LDL cholesterol were analyzed by PathWest laboratories
(Fiona Stanley Hospital, Perth, Australia). Serum tOC was mea-
sured by the sandwich electrochemiluminescence immunoassay
using the Roche Cobas N-Mid OC assay (Roche Diagnostics,
Mannheim). Theinterassay coetficients of variation were 2.3 and
4 8% atlevelsof 18 and 90ng /mL, respectively. Serum ucOC was
determined using the hydroxyapatite binding method (Calbio-
chem) [21]. The interassay imprecisionfor percentage binding of
cOCwas8and12% atan OC concentrationof 100and 15ng/mlL,
respectively. Plasma creatinine was measured at baseline, and glo-
merular filtration rate (GFR) was estimated using plasma creati-
nine levels based on the known equation [22]. Vitamin K intake
was estimated as previously described [20].

Statistical Analysis

All statistical analysis was performed using Statistical Package
for the Social Sciences (SPSS Inc., Chicago, IL, USA, version 22).
Independent samples t tests were conducted to examine OC con-
centrations between males and females and if characteristics
known to influence ucOC (BMI, age, vitamin Kintake, and GFR)
were different between the high responders and low responders at
baseline. Spearman rho correlations were used to assess the rela-
tionship between preintervention OC concentrations and prein-
tervention outcome measures. Spearman partial correlations were
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used for theadditionaladjustments of age and BMI as they are
strong influencers of ucOC levels [23, 24].

When considering postintervention data from the HK dietin-
tervention, participants were divided into high responders (sup-
pressionofucOCzmedian [230%]) andlowresponders (suppres-
sion of ucOC <median [<30%]), based on the percent change in
1cOC. Thebetween- groups(highvs.lowresponders) effectof the
HKdietonchangesin OC, vascular, and metabolicoutcomes was
assessed using one-way ANOVA. Within-groups effectsforpre-
and postintervention were assessed using paired samples { tests, as
previously reported [20]. All datawere reported as mean + SEM,,
and statistical analysis wasconducted at the 95 % confidence level
of significance (p <0.05).

Results

Baseline characteristics are presented in Table 1. Se-
rum tOC, cOC, and ucOClevels at preintervention data
points were not different between women (# = 10) and
men (1n=20)(p>0.05torall, Table1). With preinterven-
tion data pointscombined together,a higher ucOC/tOC
ratiowasassociated with lower PWV when adjusted for
BMIand age (r=-0.493,p<0.05). Ahigher concentra-
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Table 3. Correlation between AucOC and AucOC/tOC ratio and Avascular and metabolic outcomes following the high vitamin K1 diet

AucOC AucOC/tOC ratio
allparticipants highresponders lowresponders all participants highresponders lowresponders

AAmb SBP

Model 1 0.197 0.396 0.041 —-0.014 0.175 —-0.033

Model 2 0.400 0.512 0.152 0.040 0.197 0.224
AAmb DBP

Model 1 0.099 0.489 -0.267 0.210 0.136 0.319

Model 2 0.284 0.551 -0.051 0.435* 0.249 0.611
AResting SBP

Model 1 0.014 -0.052 0.334 -0.240 -0.275 —0.014

Model 2 —-0.226 -0.251 0.498 —-0.355 -0.480 —-0.625
AResting DBP

Model 1 -0.090 0.073 0.052 -0.170 0.141 —-0.066

Model 2 -0.2096 -0.408 0.020 -0.224 -0.204 —-0.343
APWV

Model 1 0.238 0.071 0.041 0.164 0.011 0.264

Model 2 -0.048 -0.123 0.021 —-0.022 -0.315 -0.136
AGlucose

Model 1 —-0.300 -0.074 -0.120 -0.182 -0.261 0.290

Model 2 —0.285 -0.046 -0.583 0.145 -0.367 0.793*
ATotal chol

Model 1 0.314 0.206 0.234 0.070 0.071 —-0.107

Model 2 0.257 0.369 0.186 0.025 -0.024 —0.487
ALDL

Model 1 0.375* 0.336 0.388 0.156 0130 0.064

Model 2 0.276 0.547 0.205 0.141 0.205 —-0.398
AHDL

Model 1 0.154 0.093 0.008 -0.107 -0.264 -0.043

Model 2 0.006 0.011 -0.155 -0.175 -0.329 -0.383
A'lriglycerides

Model 1 0.018 -0.004 -0.018 —-0.202 -0.200 -0.389

Model 2 0.171 0.073 0.252 —0.255 -0.167 —0.566

Model 1, unadjusted; Model 2, adjusted for BMIand age. tOC, total osteocalcin; ucOC, undercarboxylated osteocalcin; amb, ambu-
latory; SBP,systolicblood pressure; DBP, diastolic blood pressure; PWV, pulse wave velocity; chol, cholesterol; HDL, high-densityli-
poprotein; LDL, low-density lipoprotein. * p < 0.05 AucOC/tOC versus vascular/ metabolic outcome.

tion of cOC was associated with a higher PWV when ad-
justed for BMI and age (r = 0.638, p < 0.01). All other
preintervention correlations were not significant (p >
o.05forall, see onlinesuppl. Table 1; forall online suppl.
material, see www.karger.com/doi/10.1159/000511660).
We have previously shown that the HK intervention,
but notthe LK or CON intervention, suppressed tOC,
ucOC,andtheucOC/tOCratio[20]. Inthehighrespond-
ers, tOC, ucOC, and ucO C/tOC were reduced postinter-
vention compared to preintervention, following the
4-week HK diet (p < 0.001forall, Table 2). Whilstin the
lowresponders, ucOC (p<0.001)anducOC/tOC (p <
0.01), as well asresting systolic BP (2%, p < 0.05), were
reduced postintervention. As expected, the change in
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ucOC and the ucOC/tOC ratio was significantly greater
in the high responders versus low responders (p < 0.05 for
both, Table 2). The change in tOC, cOC, and markers of
vascular (ambulatory systolic BP, ambulatorydiastolic
BP, resting systolic BP, resting diastolic BP, or PWV)and
metabolic (glucose, total cholesterol, LDL, HDL, or tri-
glycerides) health was not significantly different between
thelow and high responders (Table 2). There was no dif-
ferencein BMI vitamin K intake, age, or esimated GFR
(eGFR)between the high andlowrespondersatbaseline
(p> 0.05 for all, online suppl. Table 2).

Using unadjusted Spearmanrho correlation and Spear-
man partial correlation, there was no association between
thechangeinucOCortheucOC/tOCratioandthechange
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inanycardiometabolicriskfactor inthehighresponders
(p>0.05forall, Table3). Usingunadjusted spearmanrho
correlation, a positive association was present between the
change in ucOC and the change in LDL when all partici-
pants were combined (i.e., high and low responders com-
bined) (p<0.05, Table 3). When adjusted for age and BMI
using Spearman partial correlations, a positive correlation
was present between the change in the ucOC /tOC ratio
and change in ambulatory diastolic BP when all partici-
pantswere combined (r=0.435,p<0.05). Inlowrespond-
ersonly, there wasastrong positive correlation between
the changein theucOC/tOCratio and change in glucose
levels(r=0.793, p<0.05). All other correlations werenot
significant (p > 0.05for all, Table 3).

Discussion

Themajor findingof this stud yis thatthe suppression
ofucOCwasnotassociated with increased cardiometa-
bolicrisktactors,eveninindividuals whoresponded the
most to the intervention (high responders). As such, it
appears that the suppression of ucOC following a leafy
green-rich dietdoesnotimpact, either negativelyor pos-
itively, on cardiometabolic risk factors.

Currently, there are conflicting reportsregarding the
relationship between OC and BP. Some have reported
thatlower tOC levelsare associated with ahigher preva-
lence of hypertension in adult men and women [25, 26].
Othershowever have described no association between
tOCandsystolicor diastolic BPinadultmen and women
[27,28]. AscOC and ucOC may have diverse biological
functions, the examination of tOC alone, as often report-
ed in these studies, limits our understanding of the exact
functionof eachformof OC [23,29]. In the currentstudy,
wehave examined each form of OC and reportthatare-
duction inucOC and the ucOC/tOCratio viadietary
modificationisnotcorrelated withchangesin BP. Thisis
interesting and suggests several possibilities. Firstly,
ucOCmay simplynothave aregulatoryrolein the main-
tenance of blood vessel function and BP. Secondly, the
HK (leafy green rich) diet may regulate other bioactive
factors that influence vascular health. For example, we
have previously shown that the 4-week leafy green-rich
diet increased plasma nitrate levels [6]. An increase in
plasmanitratelevelenhancesthe bioavailability of nitric
oxide, an antiatherogenic molecule that regulates blood
vesselfunction and BP [4, 30]. ucOC has also been impli-
cated as a regulatory factor responsible for the mainte-
nance of blood vessel function and BP [19]. Therefore, it
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ispossible thatthe reduction in ucOC was oftsetby an
increase in NO bioavailability. Consequently, cross-talk
mechanisms may exist, which may explain the lack of
changesinBP. Thishypothesisshould be exploredin fur-
ther mechanistic studies.

ucOChasbeenestablished asaregulator ofenergyho-
meostasis, atleastinanimalmodels[31,32]. Alargenum-
ber ofcross-sectional studies in humans show thatucOC
isassociated with metabolicresponses and diseases. For
example, a reduction in circulating ucOC isassociated
with an increased risk or presence of metabolic disorders,
such as metabolic syndrome and type 2 diabetes [17].
Lower circulating tOC and ucOC has been associated
with increased concentrations of blood glucose and tri-
glycerides and decreased levels of HDL [33, 34]. However,
few interventional studies have modified ucOC and ex-
amined the effecton metabolic outcomes. Onestudy ad-
ministered a single dose of prednisolone, aglucocorti-
coid, which suppressed circulating tOC and ucOC and
also caused areductionin insulin sensitivity and fasting
blood glucose[35, 36]. Inthecurrent study, despite ad1%
reductioninucOCand 29% reductionin ucOC /tOC after
the HK diet, there were no changesin fasting glucose or
lipid levels in the high responders. Potential mechanisms
for the lack of change are notclear, butit may be related
tootherbioactivecomponentspresentingreenleafyveg-
etables thatcan causeacompensatoryeffectand prevent
any change in metabolic variables.

Thedevelopmentof vascular calcificationis a process
comparable to the developmentof bone within the skel-
eton. AsOCisinvolvedinbonemineralization within the
skeleton, ithasalso been implicated in the development
of mineralization within the vasculature [23, 37]. cOC s
the form of OC predominantly involved with bone devel-
opmentin the skeleton; assuch, itis possible that cOCis
the form of OCinvolved in the developmentot calcifica-
tion within the vasculature. However, research in this
areaislacking. We have shown that baseline cOC is as-
sociated with baseline PWV, a measure of arterial stiff-
ness which suggests the presence of vascularcalcification
[38]. However, we saw no correlation of cOC with PWV
following the HK dietin the high or low responders.
Whilstitispossible that OCisinvolved in vascular calci-
fication, future large-scale studies are needed to assess the
eftect of each form of OC, in particular cOC, on arterial
stitfnessand the developmentof vascular calcification.

Alimitation of the current study is that the 4-weekin-
tervention period maynothave beenlongenoughorthe
dose of vitamin K1notlarge enough to observe achange
in measures of cardiometabolic risk. Previous studies ad-
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ministering vitamin K1 supplementation (500—1,000 pg
p/day) for 3 years found improvements in vascular com-
pliance and reductions in coronary artery calcification
[39. 40]. In the current study. it was estimated that par-
ticipants increased their vitamin K 1 intake by ~150 pg p/
day over the 4 weeks [20]. As such, a prolonged interven-
tion may be needed to demonstrate changes in cardio-
metabolic risk factors. Another potential limitation was
the inclusion of people who are relatively healthy. It is
possible that those with diabetes or CVD will respond dif-
ferently to the infervention and that the correlation be-
tween ucOC and cardiovascular risk factors may be ap-
parent in these populations. Finally, the generalization of
the results is somewhat limited due to the relatively small
sample size. As such, further large-scale studies, in par-
ticular RCTs, are needed to confirm our findings.

In conclusion, this study demonstrated that the sup-
pression of ucOC following increased daily intake of leafy
green vitamin K1-rich vegetables over 4 weeks was not
associated with unfavorable changes in cardiometabolic
tisk factors. This may be due to the presence ofcompen-
satory mechanisms or the fact that ucOC has a limited
regulatory role over cardiometabolic risk factors in ap-
parently healthy individuals. Such hypothesis should be
explored by future mechanistic studies.
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