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Abstract

Vascular calcification (VC) is a feature of atherosclerotic plaques and is associated with
co-morbidities such as diabetes and chronic kidney disease. While its presence is used by
cardiologists to identify higher risk patients, increasing data suggests that the morphology
of calcification is also important to the stability of a plague, whereby smaller growths,
particularly in the fibrous cap, increase likelihood of rupture and larger sheets decrease
likelihood. Although lipoproteins, namely high (HDL), low (LDL), very low (VLDL) density
lipoproteins and lipoprotein (a) (Lp(a)), have been previously studied in their relationship
to general plaque growth and progression, their roles in influencing plaque calcification
are less understood due to experimental variations within the literature. This thesis
therefore aims to study the roles of HDL, LDL, VLDL and their pro-atherogenic oxidised
forms (ox) on atherosclerotic VC in vitro, in vivo and in human plasma samples ex vivo, and
aims to assess these using standardised models. Using in vitro calcification assays
developed in chapter 3, we observed that both oxVLDL and oxLDL increase vascular
smooth muscle cell (VSMC) calcification, whereas native HDL reduces mineralisation. This
effect of HDL however is not observed in reconstituted or oxidised species, showing a pro-
calcification effect for oxidised lipoprotein species. PCR and western blot techniques
identified raised Runx2, RANKL, RANK and lowered OPG as potential calcification
molecules that may be influenced by lipoproteins in these cells, however further studies
are needed to elucidate the full mechanisms and solidify these results. In vivo, modifying
VLDL into a pro-atherogenic phenotype via apo Clll deletion on an Apo E knock out
background had only minor effects on plaque characteristics when challenged with an
atherogenic diet. Interestingly, triglyceride levels positively correlated with calcification

markers both in vivo and ex vivo, suggesting a role for triglyceride rich lipoproteins in the

XXii



stabilisation of plaques. Furthermore, the results for triglyceride involvement in VC carried
into in vivo studies using pro-atherogenic Apo E knockout and pro-atherogenic/pro-
calcification Apo E x OPG double knock out mice fed an atherogenic diet for 40 weeks and
infused with HDL during the final 4 weeks of the study. Alongside the in vivo results, the
triglyceride level in human plasma correlated with calcification markers in ex vivo human
studies. While we expected to see changes in correlation with Lp(a) levels, none were
detected in this thesis, prompting more precise investigation in the future when examining
this particle. This thesis therefore shows roles for several lipoprotein forms in vascular
calcification in standardised experiments, providing a starting point for comparison and
further experimentation in the future. In continuing this research, a broader spectrum of
markers will need to be analysed and further mechanistic studies would provide insight
into molecules which may be therapeutically targeted for late-stage and culprit plaque

stabilisation.
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Vascular calcification (VC) is to date an untreatable phenomenon, characterised by the
development of calcium phosphate (CaPOs) crystals in the artery wall in a process
mirroring bone formation. Although the molecular mechanisms behind VC are becoming
clearer, there remains a lack of understanding surrounding the initiating factors of the
disease. As lipoproteins, cholesterol transport vesicles, interact with artery walls to
modulate plaque development, this thesis investigates the hypothesis that lipoproteins will

have an additional role in modulating atherosclerotic VC.

This thesis aims to address this issue over 4 results chapters, whereby an in vitro
calcification assay is developed in chapter 3 to be used in chapters 4, 5 and 6 to assess
the calcification potentials of VLDL, LDL and HDL respectively, and their oxidised and/or
reconstituted forms. Briefly, we discovered a progressive role for oxidised lipoproteins in
vascular calcification and a potentially protective role for HDL. Furthermore, we identified
potential roles for these lipoproteins in the modulation of calcification or its co-markers in
vivo and ex situ. Upon reflection of this thesis, we now have numerous leads to follow to
better understand the development and potential therapeutics for this disease. All

diagrammatic figures in this thesis were created with BioRender.com.

1.1 Cardiovascular Disease

As the cause of ~17.9 million deaths in 2016, with 85% due to heart attack or stroke, and
with a predicted death estimate of >23 million by 2030, cardiovascular disease (CVD)
remains the leading cause of death worldwide 1. Despite efforts made by cardiologists,
researchers, general practitioners, dietitians, fitness professionals and a myriad of other
health professionals, and although from 2000 -2015 the mortality rates from CVD declined

by 7%2, CVD remains the leading cause of mortality worldwides3.
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Although information on CVD prevention is how widely distributed and understood by the
general population, CVD continues to grow. Most notably, cholesterol measurements are
strongly correlated with risk of cardiovascular events# 5 as high plasma cholesterol affects
approximately 40% of the global populationé 7. Common factors which also influence
cardiovascular risk include hypertension, age8, childhood obesity and hypertension®,
regular aerobic exercise10. 11 sleep quality??, racel3, genderl4 and cigarette smoking15. 16,
almost all of which have the potential to be controlled by lifestyle. Interestingly,
psychological analysis reveals that the language used on social media was also able to

predict the mortality rate, in the USA at the county level, of atherosclerotic heart disease?’.
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1.2 Atherosclerosis

Atherosclerosis is fundamentally an accumulation of lipids and cells in an artery wall. This
deposition of materials is often referred to as arterial plaques and causes the blockage of
arteries by either growing too large or by rupturing, initiating uncontrolled blood clot
formations (thrombosis). Depending on the artery affected by the plaque, a range of
different clinical outcomes are possible, including myocardial infarction (heart attack),
stroke and tissue ischemia (loss of oxygen from lack of blood) leading to organ failure or

limb amputations (for example in peripheral arterial disease).

The initiation of atherosclerosis commences early in life, depending on lifestyle factors and
genetics, and can begin as early as childhood and often in adolescencel8 19, These
plagues continue to grow throughout life, until they become obstructive and resistant to
treatment20, Resulting from the human predisposition to atherosclerosis development,
preventative methods are often too late, or too difficult for patients to follow in western
culture. It is for this reason therapeutic discoveries to target late stage plaque regression

or stabilisation are in need to reduce cardiovascular morbidities and mortalities.

The complexity of atherosclerosis arises from the involvement of a large variety of cell
types and molecules involved in disease progression. Plaques develop through delicate
imbalances in the local biology of the artery wall, as stimulated by sheer stress, oxidative
stress, injury responses, circulating blood components, the response to other local
modifications or any combination of these. Understanding the vascular regulation of
atherosclerosis, the involvement of other tissues in molecular regulation of blood
components and the contribution of these circulating components themselves is therefore

vital for the development of plaque regressing and stabilising therapeutics.
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1.2.1 Vascular Structure

Endothelial cells line the luminal side of the artery walls and function to regulate vascular
tone?1l, maintain homeostasis?2 23 and prevent any unnecessary migration of large
molecules and cells through the vessel wall23: 24, Endothelial cells typically maintain a
cobblestone like morphology with tight junctions, however these tight junctions between
cells become leaky when exposed to environments of high sheer stress, for example at
arterial branch points or when exposed to inflammatory molecules25. Other stressors such
as inflammation26. 27, dyslipidaemia2® and hypertension29, are also able to cause the
endothelial cells to express molecules which encourage the migration of white blood cells

(leukocytes) into the vessel wall.

The endothelial cells line the innermost layer of the artery; the tunica intima. The tunica
intima is comprised of connective tissue and vascular smooth muscle cells (VSMC) which
interact with lumen components. As such, the tunica intima is the site of atherosclerosis
formation30. The following layer, the tunica media, it the thickest layer of the artery wall
and comprises VSMCs embedded in a collagenous matrix, rich with elastin and
proteoglycans. The VSMCs themselves are responsible for the regulation of the matrix,
which can be remodelled via the secretion of matrix vesicles3® 32, The tunica media is
contained by cell permeable elastic laminae which function to add elasticity and barriers
to the artery33. The outermost layer of the artery wall, the adventitia, was recently
characterised as a hive of atherosclerosis-inducing activity34. The adventitial layer contains
fibroblasts, collagen, nerves, lymphatics, adipose cells and importantly blood vessels.
These blood vessels, called the vasa vasorum, transport blood nutrients to the artery wall
itself and as such provide a second entry portal for circulating component infiltration35.
The adventitial milieu also supports stem cells, capable of differentiating into many of the

cells required for both vessel repair and atherosclerosis36 (figure 1.2.1).
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NN Tunica Adventitia
\\ External Elastic Lamina
Tunica Media

Tunica Intima

Internal Elastic Lamina

Endothelium
Nerve Endings @ Adipose Cells
g Vasa Vasorum ~ Collagen * . Fibroblasts

Figure 1.2.1.1 Structure of the artery wall.

1.2.2 Initial Phase of Atherosclerosis —Sheer Stress and Leukocytes

As mentioned above, shear stress or other factors initiate the process of atherosclerosis
by increasing the leaky junctions on the endothelial lining. Shear stress also inflames the
endothelial cells, increasing their expression of adhesion molecules such as P-selectin,
vascular cell adhesion molecule (VCAM, CD106), intercellular adhesion molecule (ICAM,
CD54) and platelet endothelial cell adhesion molecule (PECAM, CD31)37. Normally,
leukocytes would circulate in the bloodstream without interaction with the endothelium,
however when the inflamed endothelium expresses these adhesion molecules, leukocyte

capture, and transport can occur38 (figure 1.2.2). Physiologically, this process allows for
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the effective healing of wounds3? and removal of infectious diseases*?. Pathologically, this
process results in the capture and accumulation of lipoproteins and leukocytes into the

artery wall, initiating atherosclerotic plaque development4°.

=i -
. Monocyte - Endothelium ==""" Tunica Intima

P or E-selectin ICAM/VCAM Chemaoattractant PECAM expression and
expression expression signaliing lipid attractant signalling

Leukocyte Leukocyte Leukocyte Adhesion
Rolling and Crawling

Paracellular Transcellular
Transmigration Transmigration

Figure 1.2.2.1 Migration of leukocytes through the endothelium into the tunica media.

In conditions of high plasma cholesterol concentration, the lipoproteins which usually use
the vascular network to deliver cholesterol to tissues in need of energy are also captured
by and accumulated in the vessel wall41. This localisation of leukocytes and cholesterol to
the tunica intima increases local inflammation, causing the leukocytes to phagocytose and
degrade the lipoproteins#2: 43, However, due to an inflammatory and often oxidative milieu,

this results in further inflammation and the initiation of an atherosclerotic plaque#3.

While all leukocytes have a role in the regulation of atherosclerosis, the most heavily
implicated cell type is the monocyte. Once recruited and trapped within the vessel wall,
the monocyte differentiates into macrophages able to absorb local cholesterol deposits44.

The differentiation of these monocytes produces a wide variety of macrophage
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classifications with a range of functions; however, we traditionally refer to only 2 subsets,
macrophages skewed to either an M1 or M2 phenotype. While M2 macrophages have
plaque regressing and stabilising functions, the M1 inflammatory macrophage is the
preferential differentiation state in the initial stages of plaque development. These
macrophages physiologically function to remove pathogens, and absorbs, degrades and
removes cholesterol45. Due to their physical appearance under the microscope,
cholesterol laden macrophages are referred to as foam cells. Foam cells are dysfunctional,
inflammatory cells that accelerate atherosclerosis by encouraging further infiltration of

leukocytes and cholesterol, and in the later stages transform into a necrotic core?8.

1.2.3 Mid and Late Stage Atherosclerotic Characteristics

Early Stages 1 ( Mid to Late Stages [ Occlusion and Rupture )

ﬁ&

- J J S
€9 Lipoproteins: Cholesterol :ﬁ’; Inflammation {}Microcalciﬂcation
JR Leukocytes: Monocytes ;*: Apoptosis or Necrosis 9 Macrocalcification

@ Macrophage Foam Cell % ROS :QoxLipoprotein 7 \J Neovascularisation

\ Damaged Endothelium 7 Collagen ’Thrombus

Figure 1.2.3.1 Atherosclerotic plaque progression.
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The plaque continues progressing to a stage where it becomes complex with many
features, including necrotic cores, vascular calcifications (VCs) and a fibrous cap to contain
the plaque contents4’. As the plaque grows, it may either occlude the vessel via rupture or
erosion causing thrombus formation, or via physical size of the plaque (figure 1.2.3).
Plaque rupture begins when the fibrous cap becomes compromised, releasing plaque
components into the lumen of the vessel48, This expulsion of plaque contents actives
circulating platelets in order to contain the wound to the artery wall, however from the
overload of necrotic and fatty debris, uncontrolled platelet activation occurs4. Plaque
erosion is a process that occurs with a type of plaque rich with VSMC and proteoglycans at
the luminal cap with a small or absent lipid rich core and is the most common cause of
thrombosis in premenopausal women. The rough definition of plaque erosion is a
thrombus causing plaque without lipid core exposure to lumen. As such, there exists a
large amount of heterogeneity in plague characteristics, the causes of resulting thrombi

and molecular mechanisms behind these characteristics and causes®°.

A fibrous cap lines the luminal edge of the developed plaque and functions as a structural
barrier to the plaque. Fibrous cap formation occurs as a result of VSMC migration and
collagen deposition. Plaques with thin fibrous caps are more likely to rupture, cause
thrombus formation and cardiovascular events®l. The composition of the plaque and cap
also affects its stability. Collagenous fibres act to hold the plague together through the
fibrous cap®2 53 and also form the structure of the arterial extracellular matrix, contributing
to arterial stiffness®3. Collagen also adds to the stability of an atherosclerotic plaque>4 55,
Foam cells trapped in the plaque eventually undergo necrosis, or apoptosis in some cases.
The resulting necrotic cores within the plaques significantly correlate to decreased plagque

stability>1. Another feature of unstable plaques are cholesterol crystals. With sharp edges,
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large size and inflammatory properties, cholesterol crystals create the perfect environment

for puncture of a thin fibrous cap and subsequent rupture and thrombus formation>é.

In the latest stages of plaque progression, a source of fuel is required to maintain and
increase the proliferation rate of the inflammatory cells involved. To achieve this, the vasa
vasorum grows capillaries into the plaque, called neovascularisation. This neo-vasculature

supplies the plaque with nutrients from the plasma needed to continue growth5’.

Beginning late in the early stages of plaque development, and continuing into the latest
stages, vascular calcification (VC) plays a vital role in plaque stability. Briefly, the size>8
and location®® of the calcium crystals affects the likelihood of plaque rupture, with
mineralization occurring in a process mirroring that of bone marrow formation. As the topic
of this thesis focuses on VC, an extended introduction on this process is presented later in

this chapter.

1.3 Lipoproteins

1.3.1 Overview of Lipoproteins

Cholesterol is transported through the body in specialised vesicles called lipoproteins. The
functionality of these lipoproteins, whether they transport cholesterol to or from peripheral
tissues, are dependent on their surface protein (apolipoprotein) content. The different
lipoproteins are traditionally labelled by their density (<0.95 - 1.21 g/mL) or size (10 -1000
nm), however more modern techniques have allowed the classification of lipoproteins to
extend beyond physical characteristics and into molecular compositions, such as protein,

lipid and RNA content, allowing for an almost infinite number of lipoprotein subsets.

The lipoproteins used in this thesis are high density lipoproteins (HDLs), low density

lipoproteins (LDLs), lipoprotein (a) (Lp(a)), and triglyceride rich lipoproteins (TRLs) focusing

10
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on very low density lipoproteins (VLDLs) (figure 1.3.1). Briefly, HDL is generally regarded

as anti-atherogenic due to its capacity to efflux cholesterol away from peripheral tissues,

whereas LDL, Lp(a) and TRLs are considered pro-atherogenic lipoproteins as they function

to deliver cholesterol and triglycerides to the peripheral tissues, including the artery wall.

Lipoproteins can perform these functions because of their apolipoprotein content and in

the context of atherosclerosis, these apolipoproteins bind to receptors in the artery wall.

" wvioL ) HDL
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Apo B100 Apo B100 L— Apo Al
Apo All —
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\_ 0.95-1.006 g/m! YA 1.006-1.062g/ml  /\ 1.006 - 1.062 g/ml VAN 1.063-1.21 g/ml J
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' Triglycerides

Other Components:

O

Figure 1.3.1.1 Generalisation schematic of lipoprotein subclasses.

1.3.2 High Density Lipoproteins

Vitamins, Hormones, Proteins, RNAs

High density lipoproteins (HDL) are often referred to as ‘good cholesterol’ in lay terms due
to the particle’s role in cholesterol efflux from peripheral tissues and artery wall. The
particle itself has a density of approximately 1.063 - 1.21 g/mL and a diameter of

approximately 10-20 nm®, The known anti-atherogenictl, anti-oxidative2 and anti-
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inflammatory®3 properties of HDL arise from a combination of components, however, rely
heavily upon the primary surface apolipoprotein (apo) Al concentration and
bioavailability®4. Although extremely heterogenous in nature, the HDL particle generally
contains 35 - 50% phospholipids, 5 - 10% sphingolipids, 5 - 10% steroids, 5 - 12% triacyl-
glycerides and 30 - 40% cholesterol esters®® as a percentage of total lipid weight. The lipid

composition of the HDL particle has a direct effect on the functionality of the particle.

HDLs are released from the liver as pre-B, or discoidal HDLs capable of accepting
cholesterols. The particle then transports its cargo to the liver and intestine for excretion.
As such, the lipid composition of either discoidal or mature HDL heavily influences its
cholesterol efflux capacity®668, and even its anti-oxidative®9-71, anti-inflammatory?2 and
vasodilatory?’3 status, via influence over bilayer fluidity or apolipoprotein bioavailability. As
such, the lipid contents of man-made, reconstituted HDLs (rHDLs) typically containing only
phospholipid and apo Al can be carefully selected for ideal membrane fluidity”4. The
complexity and variation of HDL can be expanded upon further when considering their
ability to carry miRNAs”5. Although from the discovery of HDL resident miRNAs other small
noncoding RNAs, such as small nucleolar RNAs (snoRNAs), small nuclear RNAs (snRNAs)
and transport RNA fragments (tRFs), are hypothesised to also be present on the particle,
there is currently no experimental data to confirm this, and minimal data exploring the
roles of the HDL transcriptome. It is clear however that there are differences in the HDL

transcriptome between healthy and diseased subjects?6.

HDL or HDL functionality is associated with a protection from77-84 and regression of85
coronary artery disease (CAD). As HDL from CAD patients has impaired anti-inflammatory
and antioxidant functionality®6 and has no benefit to CVD 87, the functionality of HDL has
a significant role in atherogenesis. In addition to lipids, a number of proteins including

apolipoproteins (Apo), such as Apo Al and Apo E, and cholesterol modification proteins,

12
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such as lecithin:cholesterol acyltransferase (LCAT) are present on or in HDL which perform
varying tasks influencing coronary artery disease®8. The primary surface apolipoproteins
apo Al and apo All comprise of 70% and 20% of total HDL particle weight respectivelys?,
and are responsible for mediating cholesterol efflux into the HDL particle. In humans, the
main surface protein Apo Al is also subject to genetic mutations found to increase
functionality despite treatment resistant lipid and lipoprotein abnormalities. In particular
Apo Almiiano)?© and Apo Alraris)®t, named after the cities in which these populations were
found. Although in vivo92 and early clinical studies8® using Apo Alwiiano) in rHDLs highlighted
an athero-protective role for the particle, in large scale clinical trials this benefit was not
observed above statin therapy93 and interest in the therapeutic faded. Moreover, other
HDL mimetics were not found to benefit plaque burden®4 are yet to demonstrate clinical

benefit in addition to statin therapy®®.

To summarise, HDLs are highly variable lipoproteins, with differing lipid efflux functions
depending on particle maturity and bioavailability of Apo Al. The anti-atherogenic
properties of HDL can also be partly explained by the particle’s anti-inflammatory and anti-

oxidative effects.

1.3.3 Low Density Lipoprotein

Low density lipoprotein (LDL), conversely to HDL, is often referred to as ‘bad cholesterol’
as it delivers cholesterol to peripheral tissues via binding to its receptor (LDLR) through
interactions with apolipoprotein (apo) E or apo B-100. While this is physiologically
important, pathologically high LDL levels contribute to atherosclerosis®. As such, LDL
cholesterol (LDL-C) accounts for 60-70% of plasma cholesterol and is a major independent
risk factor for cardiovascular disease®, apo B-100 levels predict cardiovascular events®?

and pathologically dysfunctional, oxidised LDL causes increased atherosclerosis®s.

13
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The size of LDL typically ranges from 21-27 nm in diameter and LDL has a density of 1.006-
1.062 g/mL9°. Above general atherogenicity of LDL particles, small LDL particles are
particularly atherogenic19., The individual LDL particles are extremely heterogeneous in
their lipid content and the varying lipid profiles have also been implicated in the
atherogenicity of the particle101.102, None-the-less, therapeutics targeting general lowering
of LDL-C, including statins, are widely prescribed for their benefits to CVD103, A lower LDL
level, achieved by either genetics104 or by lowering therapeutic intervention105-107 reduces
risk of cardiovascular events, with LDL reducing therapies estimated to reduce risk of
events by 40-50% per 2-3 mmol/L (approx. 75 - 115 mg/dL) reduction in LDL-C106, This
LDL lowering effect is however most greatly benefitted by the patients who have high initial

levels of LDL-C (higher than 100 mg/dL)108,

Statins, also 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCoOAR) inhibitors,
inhibit the de novo synthesis of cholesterol199. Proprotein convertase subtilisin/kexin type
9 (PCSK9) inhibitors however work by inhibiting the accelerated degradation of the LDLR
by its interaction with PSCK9, allowing improved clearance of LDL-C from the plasma10,
The use of both these therapeutics therefore has such striking effects on CVD by lowering
LDL-C. Loss of function genetic mutations in the LDLR cause a disease in humans termed
familial hypercholesterolemia (FH) and as the name suggests, is an inherited phenotype
of high LDL-C111, Patients with FH have an impaired clearance of LDL-C leading to
atherosclerosis in the arterial wall and as a result, a significantly increased risk of
cardiovascular events112, Treatment of these patients from a young age with statins
however results in fewer events, even after 20 years of therapy113. This disease clearly

demonstrates the detrimental effects of high LDL-C on atherosclerosis.
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1.3.4 Lipoprotein (a)

Lipoprotein (a) (Lp(a)), pronounced ‘L P little A’, is an LDL particle, with an apolipoprotein
(a) (apo(a)) bound to the surface of its apoB-100 protein and is cleared from the plasma
through the LDLR14, Apo(a) is only expressed in humans and primates and the hedgehog,
presenting difficulties in designing animal studies. The apo(a) gene itself is also highly
variable, with over 20 variations per allele. Generally, the shorter the length of the tandem
repeat locus, the higher and the more atherogenic the Lp(a) levels115. Genome wide
association studies (GWASs) identify a causative role for Lp(a) in CVD116, While the current
hypothesis is that the physiological role of Lp(a) is to scavenge reactive oxygen species
(ROS), in pathological conditions this increased ROS on Lp(a) is speculated to exacerbate
atherosclerosis1l’. It should be noted however that while this is the current hypothesis, it
has not been conclusively proven and the physiological role(s) of Lp(a) remain(s) largely
unknown. Moreover, Lp(a) accumulates in atherosclerotic plaques!18120 supporting the

GWAS data.

1.3.5 Triglyceride Rich Lipoproteins

Triglyceride rich lipoproteins (TRLs) are responsible for transporting triglycerides
throughout the body and are widely recognised as indicators of CVD. Emerging evidence
now suggests a more causative role for these particles in the pathogenesis of
atherosclerosis1?1, with clinical trials showing additional risk of high TRL levels beyond low

density lipoprotein (LDL) levels122,

TRLs can be divided further into 2 main lipoprotein classes: the very low density
lipoproteins (VLDLs) and chylomicrons. VLDL is around 30 - 80 nm in diameter and have a
density of 0.95 - 1.006 g/ml, whereas chylomicrons are around 75 - 600 nm in diameter

and have a density of <0.95 g/ml. Furthermore, while phospholipids constitute around
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20% of VLDL, they only represent 7% of chylomicrons23, Although large TRLs, such as
large VLDL and chylomicrons are unable to penetrate the artery wall due to their size124,
pathological effects of TRLs in atherosclerosis can be attributed to their smaller
remnants25, often referred to as B-VLDL. These TRL remnants are retained in the arterial
wall matrix126 and have been identified within the atherosclerotic plaques of rabbits125 127,
Once in the artery wall, the remnants are implicated in foam cell formation128.129 impaired
endothelial function130. 131 activated leukocytes132, VSMC proliferation133 and contribute
to local inflammation134. 135, These effects in combination with epidemiological data13é. 137

suggests a causal role for TRLs in atherosclerosis.

1.3.6 Lipoprotein Modifications

A significant component in the initiation of atherosclerosis is the modification of
lipoproteins. Discussed here are the main forms of lipoprotein modifications which affect
CVD: oxidation, glycation and acetylation. The roles of specific lipoprotein modifications

and their effects of vascular calcification will be discussed in appropriate results chapters.

1.3.6.1 Oxidation

The most discussed lipoprotein modification is oxidation, due to the significant role of
oxidised LDL (oxLDL) and oxidised HDL (oxHDL) in atherogenesis. Lipoproteins have
varying levels of oxidation. Components including apolipoproteins, phospholipids and core
lipids can be oxidised individually or as a combination, and all can have varying oxidative
saturation. Lipoproteins typically become oxidised within the arterial wall, however small
amounts of oxidation catalysts can be detected in the plasmal38, As lipoproteins oxidise,
they lose oxidation substrates, vitamin E and other particle resident anti-oxidants
alongside the emission of oxidative end products. Ex vivo, a variety of methods are used

to obtain varying degrees of oxidation and its detection.
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Copper (II) ion (Cu(ll)) mixtures are routinely used to achieve total or partial particle
oxidation, the most studied being LDL. 5uM was found to be the optimal Cu(ll)
concentration139, with no benefit in lag time or oxidation rate when the concentration was
increased to 10uM139. 140 The LDL particle has a finite number of copper binding sites141,
enabling partial oxidation by reducing Cu(ll) ion concentrations to between 0.1 and
0.5uM?42_ Furthermore, temperature of the Cu(ll) ion oxidation influences reaction rate13°.
140, Due to the 31.1°C melting point of the LDL core49, a reaction temperature of 37°C is
routinely used. In addition, particle concentration, typically between 0.025 and 0.25 g LDL
protein/L139, cholesterol concentration and lipid hydroperoxide content also influence
Cu(ll)-dependant oxidation143. As such, hydrogen peroxide is often added to reactions to
stimulate lipid peroxide formation for the induction of oxidation144. 145 Other metal ions,

such as iron, may also catalyse the oxidation reaction.

The other commonly mentioned and used oxidative catalyst is myeloperoxidase (MPO).
Physiologically, MPO is involved in the immune system mostly via the neutrophil network146
to target and Kill pathogens by aiding the conversion of hydrogen peroxide (H202) into
hypochlorous acid (HOCI)147. This HOCI then reacts to modify local proteinsl48, genetic
materiall49, lipids1%9, sugars1®l and proteoglycansl5? |eading to extracellular matrix
degradation152 and releasing radicals in the process149. These actions of MPO therefore
lead to the leaky junctions characteristic of early atherosclerotic development and MPO
remains local to plaques throughout the diseasel®3, a notion supported by the reduced

incidence of myocardial infarctions in MPO deficient human populations154,

MPO-derived HOCI is also a major requirement for neutrophil extracellular trap (NET)
formation155-157 which are now widely regarded as pro-atherosclerotic and pro-thrombotic
compounds158, While both the respiratory bi-product H20> and NET associated MPO

generated radicals are vital for immunity, in the context of atherosclerosis NETs can
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activate the NLRP3 inflammasome, resulting in IL-13 and IL-18 secretion1%9, In
atherosclerosis, while the role of the NLRP3 inflammasome is still debated, it appears as
though oxidised LDL also causes activation, leading to an increase in apoptosis, which

would then continue to exacerbate plaque progressioniéo,

The oxidation of HDLs by myeloperoxidase creates a dysfunctionall6l, inflammatory162
particle with profound pro-atherosclerotic effects, including attenuation of endothelial163
and smooth muscle cell164 proliferation and migration. MPO is also able to transport on165
and oxidise166.167 | DL, directly168.169 or indirectly through local inflammasome activation.
It can be converted to an atherogenic form which is more readily scavenged by
macrophage CD36 for foam cell formation170 and induces endothelial dysfunction1’l, As
such, MPO oxidised lipoproteins are now widely regarded as heavy contributors to

atherogenesis and remain attractive therapeutic targets172 173,

1.3.6.2 Glycation

Another important modification, glycated lipoproteins are commonly found in patients with
diabetes. The high serum glucose levels lead to the production of advanced glycation end
products (AGEs), which through their receptors (RAGEs) have devastating effects on the
cardiovascular system. Glycation particularly impacts the extracellular matrix and
intracellular signalling molecules, leading to the micro- and macro-vascular complications
causative of heart failure, abdominal aortic aneurysms and arterial hardening (vascular

calcification)174,

Glycated HDLs are dysfunctionall?>, increase oxidative stress and promote proliferation
and migration of VSMCs176. Likewise, LDL glycation increases its atherogenicityl77. 178
affecting lipid loading, oxidation and inflammation of VSMCs179. Considering that
lipoproteins are readily glycated using a simple pathologically high glucose (25 mM)

incubation in vitro80, it is not surprising that patients with diabetes have such pronounced

18



Chapter 1

cardiovascular morbidities. Glycaemic control therapies however still leave patients with
residual cardiovascular risk181, confirming that the relationship is more complicated than

glycated lipoproteins.

1.3.6.3 Thiolation and Acetylation

Other common modifications, such as thiolation, causing LDL aggregation82 and
acetylation, increasing the affinity of LDL to macrophage scavenger receptors183 leading
to reversible lipid accumulation184, are also present in the cardiovascular system in
diseased states!8l., Through the enormous variations of lipoprotein modifications of
specific components, including proteins and lipids, a precise identification is obtained via
mass spectrometry185 or nuclear magnetic resonance (NMR) spectroscopyl86. As these
can be time consuming and costly, typically modifications are measured using either
immunochemical techniques (e.g. ELISA, IHC)187-189 or colorimetric190 assays. While these
assays are less specific as to the modification extent and specifics, they are a speedy and

cost effective way to get a snapshot of the lipoprotein’s overall modification status.

1.4 Lipoprotein Metabolism

Cholesterol is an essential dietary requirement for higher organisms and has many
functions in the human body, including forming dense lipid rafts in cell membranes to
enable receptor-mediated signalling191 and acting as a precursor to formation of bile acids
and sterols such as vitamin D. As such, higher organisms have developed finely tuned,
complex molecular pathways to regulate the absorption, secretion, transport and removal
of cholesterol in the body (figure 1.3.6.1). When these delicate pathways are disturbed,

disease pathologies such as atherosclerosis occur.
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Figure 1.3.6.1 Schematic of lipoprotein metabolism. Dietary cholesterol and triglycerides
enter the intestines after a meal where they are packaged and/or incorporated into VLDL
or HDL particles. The particles then enter the circulation, where they undergo modification
to enable functional changes in lipoprotein, e.g. VLDL transforming to LDL, or cholesterol
transfer. Excess cholesterol from the circulation, or as gathered by HDL from peripheral
tissues, may then be delivered back to the liver via HDL recycling. The excess liver
cholesterol is then transferred to LDL particles, which may then be excreted by the

intestines.

1.4.1 Lipoprotein Synthesis

After a meal, while there are huge variations between individuals192 about 50% of the
cholesterol consumed enters the body193, and around 75% of cholesterol absorbed is from

intestinal bile secretion of endogenous production194, The bile secreted into the intestines
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contains mixed micelles, comprising of bile acids and phospholipids, which can solubilise
and emulsify dietary lipids. These mixed micelles are then absorbed by the intestinal wall
to enter the body, in a process which can be inhibited by administration of ezetimibe195,
Once in the intestinal walls, cholesterol can be secreted back into the intestinal lumen
through the ATP-binding cassette subfamily G member 5 (ABCG5)/G8 transporter or can
be incorporated into TRLs or HDL to be secreted into the circulation. Prior to secretion,
most of the TRL associated cholesterol is esterified by acetyl-CoA acetyl-transferase 2
(ACAT2)19, to reduce bioactivity allowing for easier storage and transport. Interestingly,
dietary cholesterol influences chylomicron uptake and secretion, whereas HDL secretion
is not influenced by intestinal cholesterol changes97. 198 and mainly absorbs the free

cholesterol through ABCA1 binding to Apo Al199,

In the intestinal cell endoplasmic reticulum (ER), dense apolipoprotein B-48 (apoB-48)
vesicles are produced and accumulate triglycerides. As the vesicles move through the ER
into the Golgi apparatus, they acquire cholesterol esters and apolipoproteins important for
lipid transport before secretion into the lymphatics and then blood stream199. Chylomicron
triglyceride hydrolysis then leads to the formation of chylomicron remnants, VLDLs,

intermediate density lipoproteins (IDLs) and LDLs.

HDLs are secreted from the liver as pre-beta2%0 (or nascent) HDL particles, by the
combination of apolipoprotein Al with phospholipids, mediated by ATP-binding cassette Al
(ABCA1) 201, Further modifications of HDL are then regulated within the circulation and

peripheral tissues, including cholesterol loading.
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1.4.2 Lipoprotein Degradation, Recycling and Excretion

Hepatic uptake of chylomicron remnants, VLDLs, IDLs and LDLs are mainly facilitated
through the low-density lipoprotein receptor-related protein 1 (LRP1) and the LDL receptor
(LDLR). Once bound, lipoproteins are trafficked to the lysosome for degradation and de-
esterification. The free cholesterol is then secreted into the bile in the form of mixed
micelles for excretion. The liver is also the likely packaging site for cholesterol in a form

that can be delivered to the intestines for excretion202,

Only a minority of the bound LDLR however is degraded along with the lipoproteins, the
majority is recycled for re-capturing the atherogenic lipoproteins203, The recycling of the
LDLR is a regulated process and is now targetable for treatment by proprotein convertase
subtilisin/kexin type 9 (PSCK9) inhibitors and as discovered in the GLAGOV trial, in addition

to statin therapy, reduces plaque volumeZ204,

HDL contents20%. 206 gre absorbed in the liver by scavenger receptor, class B type 1 (SR-
B1)207 from lipid laden HDL. Physiologically, in the liver this results in the uptake of the CEs
for clearance and recycling of a nascent HDL particle, however pathologically this can

result in re-accumulation of lipid.

1.4.3 Lipoproteins in Atherosclerosis and the Plasma

1.4.3.1 Regulation by HDLs

Nascent HDL associated cholesterol is esterified (CE) by (LCAT), forming mature HDL
particles, before cholesterol ester transfer protein (CETP) exchange of CE with triglycerides
between the mature HDL and LDL or VLDL. As such CETP inhibitors were hypothesised to

lower LDL and VLDL cholesterol for athero-protective effects, however promising pre-
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clinical results were not observed in large human clinical trials, or were observed in

conjunction with other health issues208,

HDL receives cholesterol from peripheral tissues, such as the artery wall via transfer from
ATP-binding cassette A1 (ABCA1) to lipid poor apo Al found on nascent HDL particles209,
Mutations in ABCA1 lead to an atherosclerotic phenotype termed tangiers disease,
whereby patients exhibit deficient HDL levels210, Cholesterol accumulates in
macrophages?11. 212 gnd overexpression in mice leads to increased plasma clearance of
cholesterol alongside decreased intestinal absorption211. Although LDL increases
expression of ABCA1 on endothelial cells213, the failure of nascent HDL to receive lipids

leads to their clearance from plasmaZ214,

ABCG1 is also responsible for the transfer of cholesterol to apo Al associated nascent
HDL215, ABCG1 cooperates with ABCA1 sequentially, whereby HDL is initially lipidated by
ABCA1 then further lipidated by ABCG1216.217, The same ABCA1 and ABCG1 transporters
are employed by macrophages for HDL to remove cholesterol from lipid laden
macrophages?18 and deficiency of these leads to form foam cells212. ABCG1 is also able
to prevent inhibition of the beneficial vasodilatory nitric oxide synthesis upon HDL

binding219,

Scavenger receptor, class B type 1 (SR-B1) is a scavenger receptor which accepts esters
(cholesterol, vitamins295, other steroid esters206) from lipid laden HDL. Physiologically, in
the liver this results in the uptake of the CEs for clearance and recycling of a nascent HDL
particle, however pathologically this can result in re-accumulation of lipid. SR-B1 is well
conserved between species and is expressed by many of the cells present in the artery
wall and plaque, alongside steroidogenic tissues and many others220, SR-B17/- mice
therefore have increased lipid laden HDLs?21 and accelerated atherosclerosis222,

Additionally, SR-B1 is responsible for signalling within the arterial wall223. 224, Interestingly,
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bone marrow expressed SR-B1 is also protective against atherosclerosis, linking the two

tissues and lipoproteins225,

In addition to its CE uptake properties, binding of apo Al to SR-B1 results in anti-
inflammatory gene expression in macrophages?26. 227 and increase phagocytotic
activity227. Interestingly, in this model of macrophage mediated muscle wound healing,
bone marrow SR-B1 expression was necessary22’. In endothelial cells, it triggers the
transcytosis of HDL228 and LDL229 into the intimal and medial layers of the artery wall,
however HDL inhibits this LDL transcytosis230. Endothelial HDL/SR-B1 binding also
induces vasodilation via nitric oxide231 and prostacyclin production232. Once in the artery
wall, along with its role with the macrophage, SR-B1 mediates travel of HDL through the
lymphatics, removing it from the circulation233, In addition, HDL reduces the expression of
VCAM-1234, E-selectin235 and ICAM-1236 alongside antithrombotic effects237 in endothelial

cells through a variety of mechanisms.

HDL also has associated proteins which modulate its function in addition to LCAT
esterifying cholesterols. Paraoxonase 1 (PON1), which prevents oxidation of HDL, aids in
the maturation of the lipoprotein238 and stimulates macrophage cholesterol efflux239-241,
Upon oxidation of HDL however, PON1 activity is reduced242, furthering the dysfunctionality
of the lipoprotein. Additionally, HDL associated PON1 has been proposed as a link between

post-menopausal osteoporosis and CVD243,

1.4.3.2 Regulation by LDLs and VLDLs

While LDLs and VLDLs can enter the arterial wall via the leaky junctions in the endothelium
as described above, they also influence the plague in an active manner. In conjunction
with this, oxidation of lipoproteins, contributes significantly to arterial inflammation and
atherosclerosis?44. This contribution is mostly attributed to scavenger receptor mediated

uptake of oxLDL, resulting in foam cell formation245.
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Low density lipoprotein receptor (LDLR), very LDLR (VLDLR) and low density lipoprotein
receptor-related proteins (LRPs) are responsible for the transfer of cholesterol to
peripheral tissues, including the artery wall. Upon LDLR binding to apo B-100 or apo E, the
presenting lipoprotein is endocytosed by the cell, alongside inhibition of HMGCoAR?246. 247
and sterol regulatory element binding proteins (SREBPs)248, which downregulate LDLR
synthesis and activate acyl-CoA cholesterol acyl transferase 1 (ACAT1), which reduces free

cholesterol via esterification of excess cholesterol249,

The apo E portion of binding to LDLR is equally important and is found on both lipoproteins
and cells. Apo E on monocytes reduces infiltration into the artery wall259, is necessary for
cholesterol efflux from macrophages251253, reduced inflammation254. 255 and reduced
oxidative stress256-258 VLDLR is the main receptor for apo E lipoproteins and is expressed
in most non-hepatic tissues. As apo-B100 lipoproteins tend to bind to the LDLR, VLDLR
primarily accepts and metabolises TRLs249. The expression of the VLDLR is regulated by
PPAR-y and overexpression of VLDLR leads to increased storage of TG in epididymal fat259,
Fasting also leads to VLDLR expression, aiming to scavenge energy rich lipids for tissue
usage260, VLDLR mediated TRL uptake into endothelial cells261, up-regulates LPL for TG

hydrolysis261. 262 and storage of TG in adipose tissue262,
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1.5 Vascular Calcification

Vascular calcification (VC) is a feature of atherosclerosis associated with adverse
cardiovascular events263, plaque progression8 and vulnerability264. In patients with
diabetes mellitus265 and chronic kidney disease (CKD)266, VC is accelerated and
contributes to a higher risk of cardiovascular morbidity and mortality. The prevalence of
aortic calcification in the general population is 59% for women and 67% for men aged 41-
80 years (mean age 61 years)267. This increases to 81% in patients with diabetes268 and
to 100% with end-stage renal disease26® and associates with their cardiovascular co-
morbidities and clinical events270, As such, measurement of coronary artery calcification

(CAC) has been increasingly used to enable accurate cardiovascular risk assessments271.

272,
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Figure 1.4.3.1 lllustration of the various types of arterial and valvular calcification.

(A) Cartoon diagram of intimal, medial and valvular calcification, (B) modified figure from
Yang et al. (2018)273 showing intimal and medial intracranial artery calcification, (C)

modified figure from Fletcher et al. (2021)274 showing normal and calcified human valves.

Although VC was originally described as having bone-like artery wall morphologies, it was
quickly resigned to a passive side-effect of ageing275. Recently however, VC has re-
emerged as a tightly regulated, complex disease, resembling that of bone

mineralisation276, There are 2 main types of vascular calcification: atherosclerosis
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associated intimal277. 278 or diabetes and CKD associated medial279. 280 calcification.
Calcification of valves is also able to occur, in a process similar to vascular calcification
but with fibrotic undertones, alongside calcification of skin and fat capillaries, termed
calciphylaxis. The result is the deposition of calcium phosphate (CaPOa4), in particular:
hydroxyapatite, crystals into the extracellular matrix via the regulated expression of
proteins and calcifying matrix vesicles from VSMCs. This leads to plaque instability in
intimal calcification alongside vessel stiffening and reduced compliance in medial

calcification281 (figure 1.5.1).

1.5.1 Atherosclerotic Intimal Calcification and Plaque Stability

Intimal calcification of a plaque occurs in 2 distinct morphologies: 1) micro or ‘spotty’ early
stage calcifications282 and 2) macro or ‘sheet-like’ late stage calcifications283. The initial
release of matrix vesicles surrounding the lipid pools of plaques stimulates
microcalcificaiton282 and debris acts as a nidus for its deposition283, These
microcalcifications stimulate an inflammatory response and thus lead to plaque
instability284. Macrocalcifications however have plaque stabilising properties285. In the
later, healing stages of atherosclerosis, the development of the extracellular matrix to
facilitate plaque calcification, leading to a more stable plaque phenotype is mediated by

plaque resident cells286,

1.5.2 Initiation of Vascular Calcification

Inflammation287-289, vesicle secretion290292  gpoptotic bodies29329 gnd oxidative
stress296-300  within a plaque, alongside VSMC increased cholesterol content301,
lipotoxicity302. 303 cholesterol304-307 and lipogenesis308 can all contribute to VC, through

many different pathways. Furthermore, lipoprotein fragments have also been identified in
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both intimal and medial forms of calcification399, forming the basis for the studies in this

thesis.

While there are many cells types involved in VC, including endothelial cells and
macrophages, the VSMCs are regarded as having the main role as they can differentiate
into osteoblast-like, bone forming cells310. VSMCs differentiate easily and are therefore
regularly referred to as highly plastic cells, in fact approximately 80% of VSMC origin cells
do not stain with traditional smooth muscle markers31! as they often differentiate into
macrophage-like cells and then subsequently foam 312314 and adipose-like cells315. The
discoveries of these plastic adipose and macrophage-like VSMC phenotypes are relatively

recent, and as such their roles in VC remain unexplored.

Macrophages are also hypothesised to have a significant role in calcification, whereby they
in the atherosclerotic milieu have an impaired ability to differentiate into osteoclast-like,
bone resorbing cells316, It is worth noting that the presence of osteoclasts, when not
stained for specifically, is typically determined by histological identification of large,
multinucleated cells. There is however another type of monocyte/macrophage lineage
multinucleated giant cell that has been identified around many different ‘foreign body’
settings, that although has strikingly similar bone resorbing properties to the osteoclast

and expresses many of the same markers, has an extended, more fibrotic effect317.

The endothelium is also being increasingly recognised as a major influencer of VC, with
evidence showing osteogenic318. 319 gnd calcification320 properties. Until further insight
into the specific, non in vitro causes of this differentiation however, the endothelium will
be typically regarded as a paracrine regulator of VC. Interestingly, free DNA is observed
within calcified regions of a plague and is hypothesised to aid in the precipitation of
calcium and phosphates?1l. Although currently the origins of these DNA fragments are

unknown, it is well established that DNA traps expelled from neutrophils, called neutrophil
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extracellular traps (NETs), have deleterious effects on the vessel wall322, are associated

with larger plaques323 and increase cardiovascular risk324,

1.5.3 Regulation of Vascular Calcification: Main Principles
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Figure 1.5.3.1 Schematic illustrating the multifaceted, complex nature of the molecular
regulation of vascular calcification. The nature of vascular calcification, while observable
in the artery wall, arises from intricate imbalances to any or multiple of many pathways in
many calcium and/or phosphate regulatory tissues, including the thyroid, pancreas,
circulation, and the bone marrow. Once these pathways have created a suitable
calcification environment for the vascular smooth muscle cells (VSMCs). Calcification can
commence through Runx2 or BMP mediated RANKL/RANK/OPG/ALP pathways. In this
milieu, macrophage foam cells display inhibited osteoclastic activity, allowing the ectopic
calcification formations. The role of the other tissues in vascular calcification include
increasing the available calcium and phosphate available to the artery wall (bone marrow:
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RANKL/RANK/OPG), regulating serum calcium and phosphate (thyroid: PTH, FGF23,
klotho), regulating other factors such as glucose mediated stimulations (pancreas: AGEs)

or secreting directly VSMC calcification stimulatory molecules.

In general, there are 4 main hypotheses explaining the occurrence of vascular calcification:
1) cell death leading to a pro-calcification milieu; 2) systemically circulating nucleation
complexes or local release of matrix vesicles; 3) loss of both or either systemic or local
inhibitory molecules; 4) the differentiation of local cells to actively induce bone
formation278, In the following sections and as presented in figure 1.5.3, these hypotheses
will be introduced and discussed in the context of specific molecules. Furthermore, as the
focus of this thesis revolves around the interaction between lipoproteins and VC, the roles
of lipoproteins in the context of Runx2, RANKL, RANK, OPG and ALP expression will be

discussed and investigated in relevant results chapters.

1.5.4 Transcriptional Regulators

1.5.4.1 Runt Related Transcription Factor 2 (Runx2)

The differentiation of VSMCs into osteoblast-like cells310 can occur via expression of the
calcification regulator runt related transcription factor 2 (Runx2, otherwise known as
Cbfal)325-329 glongside a reduction in smooth muscle markers such as smooth muscle
alpha actin (SMaActin)328. The expression of Runx2 can be initiated by inflammation339,
oxidative stress298. 331 gand glucose332, while P13K/AKT298, cAMP329, ERK/MAPK333 and
WNT/B-catenin325 334 signalling pathways have been identified as pathways involved in
Runx2 regulation. Moreover, Runx2 expression leads to activation of another transcription
factor, Osterix, which leads to VC via matrix metalloproteinase mediated matrix
degradation and matrix vesicle formation335. Specific deletion of Runx2 in murine VSMCs
significantly inhibited both chondrocyte formation, which are the osteoblast-like cells
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formed by local plaque cells, and the resulting VC327. While Runx2 is lowly expressed in the

healthy artery, high levels of Runx2 are observed in human atherosclerotic lesions336. 337,

1.5.4.2 Bone Morphogenic Proteins (BMPs)

Alongside Runx2, bone morphogenic proteins (BMPs) are master regulators of VSMC
osteoblastic differentiation338 and also triggers Runx2 expression339 highlighting a pro-
calcification effect of BMPs. BMP inhibition was also discovered to trigger cholesterol
synthesis in the liver, whereby the inhibition of BMP dampened apo B-100 secretion340,

BMPs are a part of the transforming growth factor-3B (TGF-B) superfamily and form
subgroups based on their genetic and proteomic codes, of which the signalling BMPs are:
BMP-2 and -4; BMP-5, -6, -7 and -8; BMP-9 and -10 and; BMP-12, -13 and -14341, These
secreted BMPs then bind to a complex of receptors on a cells surface, consisting of type |
and type Il dimers342, causing transphosphorylation of the type | receptor, where they then
activate SMAD dependant or non-SMAD (Rho-GTPase, ERK, P13K/AKT JNK/p38, MAPK)
transcription factors343. 344, This complexity of BMP signalling allows co-ordinated

regulation, enabling a wide range of functions344,

While BMP signalling is vital for the initiation of VC340. 345 and the development of
atherosclerosis340. 346 it also promotes an inflammatory phenotype in atherosclerotic
endothelial cells. Inflammatory cytokines such as TNF-a and sheer stress, among inducing
adhesion molecules, induced expression of BMP-2347 and BMP-4348. 349 in an NF-kB
dependant manner347.This in turn further upregulated inflammation348. 350 and barrier
funtion351 via ROS production34® and adhesion molecule (e.g. VCAM-1) expression in a
BMP signalling dependant manner346. 350, 352 Fyrthermore, this BMP mediated
‘inflammation begets inflammation’ pattern is also overserved in atherosclerotic
macrophages, whereby, BMP-2 triggers monocyte differentiation into macrophages3°3 and

M1 macrophages secrete BMP-2354,
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In the atherosclerotic plagque, BMP is expressed307 and leads to arrest of proliferation355
356 and loss of contractile markers in VSMCs357. BMP-2, -4, -5, -6, -7 and -9 are the BMPs
with the most osteogenic properties3®® and all except BMP-7 have been observed to
localise to an atherosclerotic plaque3%9. Interestingly, while BMP-2 and BMP-4 are most
frequently associated with VC pathology, there is evidence supporting an inhibitory role for
BMP-7 in VC360, Both BMP-2 and -7 function by regulating calcification transcription factors
Runx2361-363 gnd Osterix364, whereby BMP-2 stimulates and BMP-7 downregulates
expression, stimulating osteoblastic differentiation. Interestingly, in committed
osteoblasts, BMP-7 inhibits calcification, whereas in uncommitted osteoblast precursors
BMP-7 inhibits osteoblastic differentiation and instead redirects it to differentiate into
chondrocytes or adipocytes365. While it is unclear on the exact roles of BMPs in VC, it is
clear that BMP upregulates transcription of osteogenic genes and that this effect increases

the effects of other osteogenic signals in VC366,

1.5.5 RANKL/RANK/OPG Triad and ALP Mechanisms of Vascular Calcification

The RANKL/RANK/OPG proteins have complex effects around the body and they are
involved in the coordination of calcification, both bone and ectopic, by stimulating
differentiation and other effects among multiple cells types around the body. Exploring
these systems also highlights the systemic nature of these diseases, providing further
support to the hypothesis that a systemic mediator, such as lipoproteins, may be involved.
In the setting of vascular calcification however, RANKL/RANK binding stimulates both
smooth muscle cell osteoblastic differentiation and macrophage osteoclastic
differentiation and can be inhibited via OPG/RANKL binding (figure 1.5.5.1). As will be
discussed further however, this process may be accelerated or impaired in the setting of

atherosclerosis.
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Figure 1.5.5.1 Runx2, RANKL, RANK and OPG regulation of vascular calcification.
Stressors such as inflammation or oxidation stimulate the VSMC to produce Runx2, which
activates transcription of RANKL, RANK and OPG. RANKL then binds to free RANK,
triggering ALP expression and calcification. Conversely, OPG may bind to RANKL, inhibiting
its osteoblastic transcription functionality. Additionally, free RANKL binding to RANK on a
macrophage cell surface leads to the expression of osteoclastic genes and inhibition
calcification. In foam cells however, this process is faulty, and no osteoclastic activity
occurs.
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1.5.5.1 Receptor Activator of NF-kB Ligand (RANKL)

Runx2 upregulates the soluble receptor activator of NF-kB (RANK) ligand (RANKL)
expression367, which then binds to cell surface receptor activator of NF-kB (RANK) for its
effects. RANKL in the bone or vasculature is membrane bound on cell types such as T-
cells368, pre-osteoclasts39 and immune cells370 and has different effects upon binding to
each cell. When RANK is membrane bound osteoclastogenesis (bone resorbing ‘chewing’
cells) differentiation is triggered, whereas when RANKL is membrane bound
osteoblastogenesis (bone ‘building’ cells) is triggered371. 372, Additionally, soluble RANKL
can either be secreted from T-cells, or cleaved from its membrane bound form by
metalloproteinases373.

RANKL expression occurs when chromatin histones have already remodelled DNA and is
therefore indicative of cell differentiation at the epigenetic DNA level374. Furthermore,
although RANKL is generally regarded as anti-proliferative, in the presence of macrophage
colony stimulating factor (M-CSF) RANKL stimulates DNA synthesis and cell proliferation
of osteoclasts375. However an atherosclerotic316 and high inorganic phosphate376 setting
inhibits RANKL/RANK binding stimulated macrophage osteoclast differentiation.
Moreover, the M1 skewed, pro-inflammatory phenotype macrophages actively suppress
RANKL induced osteoclastogenesis in bone marrow cells377, an effect which has not yet

been investigated in atherosclerosis.

In conjunction with Runx2 upregulation of RANKL, RANKL itself stimulates upregulation of
other calcification regulators, namely endothelial cell expression of BMP-2378. 379 VSMC
BMP-4378, 380 Runx2 itself in a feedback loop379, and the downregulation of the
calcification inhibitor matrix Gla protein (MGP) in VSMCs379 through RANK binding.
Interestingly though, in primary human VSMCs, the addition of RANKL does not enhance

inorganic phosphate mediated calcification381 as studied though 7 different sources of
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cells with a wide range of calcification potentials382, partially explaining how in some
studies primary cells were able to calcify via RANKL stimultion379. Co-culture of VSMCs with
M-CSF bone marrow derived macrophages (BMDMSs) also increased calcification, through

block-able RANKL stimulation of macrophage TNFa and IL-6 secretion381,

RANKL can be highly expressed in calcified human383 and Apo E/- mouse379 plaques and
these significantly correlated to serum levels of RANKL in humans383, supporting the
hypothesis that circulating pro-calcification factors, potentially released from actively
remodelling bone tissue, are partially to blame for VC. The action of RANKL on VSMC

calcification is mostly due to its ability to increase ALP expression and activity379. 384,

RANKL is therefore an attractive target for VC as a therapeutic. Denosumab is a RANKL
inhibitor already used to treat osteoporosis and has been hypothesised to continue these
beneficial effects into all RANKL/RANK mediated processes, including cancer38s and
immune regulation386, In VC, mice treated with denosumab had reduced VC387, however
in humans denosumab did not change aortic calcification levels or cardiovascular risk in
post-menopausal women receiving the treatment for osteoporosis388. Furthermore, while
a 48 participant large clinical trial investigating the efficacy and safety of denosumab
found no change to CAC after 12 months in haemodialysis patients389. In a case study a
patient treated with denosumab for myeloma and hypercalcemia induced by chronic
kKidney disease co-morbidity, denosumab caused severe hypocalcaemia which was
corrected by the clinicians with vitamin D and calcium infusions, leading to rapid
progression of vascular and other ectopic calcifications390. The use of denosumab as a
‘cure all’ to RANKL/RANK mediated diseases should therefore be closely monitored and

administered with caution, particularly in the setting or chronic kidney disease391.
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1.5.5.2 Receptor Activator of NF-kB (RANK)

RANKL binds to its cognate receptor RANK to trigger the calcification process380. RANK
has a constant expression level throughout both healthy and diseased arteries whereas
RANKL is upregulated during the calcification process392. It is also interesting to note that
RANK gene expression is ubiquitous393. 394 however RANK protein is only expressed by a
select few393.395,396 including endothelial cells in response to VEGF397, suggesting strong

post translational regulation398,

The binding of RANKL to RANK causes the release of TNF-receptor associated factor 6
(TRAF-6)399 which then leads to Src/PLCy , PI3K/AKT/mTOR and MAPK (p38, JNK,ERK1/2)
activation which stimulate the translocation of transcription factors such as NF-kB,
Fos/Jun or MITF, leading to the expression of bone regulatory genes including cathepsin K
and alkaline phosphatase (ALP) alongside cell adhesion molecules including VCAM-1 and
ICAM-1400-404 As RANK is expressed at the same levels in healthy and diseased arteries392
alongside having a role in bone density regulation395. 405,406 RANK as a target for VC would

have implications at multiple sites of the body.

1.5.5.3 Osteoprotegerin (OPG)

Osteoprotegerin is a soluble decoy ligand for RANKL and is generally regarded as
protective against VC by blocking RANKL stimulated osteoblastogenesis of VSMCs.
Increasing evidence, however, suggests it could actually be the opposite, whereby OPG
inhibits osteoclastogenesis. While VSMCg407-410, endothelial cells411,
monocyte/macrophages (as precursors to osteoclasts)411 and adventitial cells all express
OPG, it is also expressed by circulating leukocytes412, tumours413. 414 lymphoid cells415
and in the bone microenvironment416, Interestingly, diet has also been implicated in the
expression of OPG, and although the research is preliminary, fatty acid consumption

appears to influence the RANKL/RANK/OPG system to benefit CVD and VC417,
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Interestingly, plasma OPG levels in mice increase after about 2 weeks of atherogenic
diet418 or onset of diabetes419, and humans with coronary artery disease42° or diabetes421.
422 glso have increased serum OPG levels. High serum OPG levels are correlated with a
myriad of metabolic diseases, including obstructive sleep apnea423, liver fat retention in
non-alcoholic fatty liver disease#24, kidney disease425, heart failure426, cardiovascular
events420, all-cause mortality#20 and CAC#22. Further confounding the role of OPG, its
administration in LDLR7- mice, while inhibiting the progression of plaque calcification, did
not affect plaque size418 and while OPG administration to OPG~7- mice was able to rescue
osteoporosis, it was not able to reverse medial VC427. As RANK protein is regularly
expressed in endothelial cells398 and VEGF increases endothelial RANK expression397 it
has been hypothesised that increased serum OPG levels are an indirect cause of

endothelial dysfunction in diabetic and cardiovascular patients#19,

OPG expression is upregulated by several factors, including interleukin (IL)-1a428, 1L-18429,
transforming growth factor-B (TGF-B)43°, bone morphogenic proteins (BMPs)431, TNF-a411
and 17B-estradiol432. 433, OPG is also downregulated by several factors, including
glucocorticoids#34. 435 immunosuppressants436, parathyroid hormone (PTH)437,
prostaglandin E2438, vitamin A439 and basic fibroblast growth factor44°. While the studies
cited above used a variety of in vitro and in vivo cells type analyses, there appears to be a
strong link between inflammatory mediators and OPG expression. As endothelial cells are
front-line regulators of vascular inflammation441, this again highlights the significant role

of intercellular communication in the pathogenesis of VC.
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1.5.5.4 Alkaline Phosphatase (ALP)

As detailed above, activation of Src/PLCy, PISK/Akt/mTOR or MAPK (p38, JNK, ERK1/2)
translocates transcription factors such as NF-kB, Fos/Jun or MITF and leads to the
expression of the enzyme alkaline phosphatase (ALP)4%0, The action of ALP in VC is to
enable the capture of phosphates for mineralisation by the extracellular matrix#42, via the
hydrolysis of organic phosphates. ALPs are relevant to many biological systems, ranging
from medicine to soil mineral bioavailability and as such, is the sole focus of an entire
book#43. The interest in ALP in general, stems from its differing genetic transcription, post
translational modifications and isoforms within the human body and between species,
however despite these differences, all ALPs have the same function: hydrolysing organic
phosphates for incorporation into the extracellular matrix#44. 445 and inhibition of VC
inhibitory inorganic phosphates (PPi)446. 447 However, there is conflicting evidence on the
precise mechanisms on how ALP has this function443. Nonetheless, while ALP is expressed

in @ majority of tissues, >80% of serum ALP is secreted from the liver and bone448,

1.5.5.5 RANKL/RANK/OPG in Bone Regulation

VC and bone mineralisation share much of their molecular physiology and as such
osteoporosis and VC are common co-morbidities#49. This phenomenon, termed the bone
vascular axis, provides insights into VC and increases the difficulty of targeting treatments
for the vasculature alone450-453, While Runx2, RANKL and ALP are also expressed by bone
osteoblasts to stimulate mineralisation there are however some differences, most notably
that bone osteoblasts survive in a calcified environment, and rely on ALP for up to 90% of
their mineralisation capacity, whereas VSMCs can calcify from ALP independent

mechanisms454,

Runx2 is essential for the differentiation of osteoblasts4%® 456 and then into

chondrocytes4®7, the interactions between epithelial and mesenchymal stem cells#%8 and
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for healthy bone455. 456 tooth458 and cartilage4®® development, beyond the embryo460,
Interestingly, overexpression of Runx2 in osteoblasts also inhibits maturation into
chondrocytes and causes osteoporosis#61, highlighting the delicate balance required in

situ.

Binding of RANKL to its receptor RANK on pre-osteoclast cells initiates their differentiation
into mature, bone resorbing osteoclasts395 405, 406 tg fine tune bone mass and to export
calcium mineral to the circulation. Osteoclast differentiation is conversely inhibited by
secreted OPG#27. Mice overexpressing soluble RANKL from the liver had accelerated
osteoporosis with increased osteoclast count alongside no change in osteoblast count#62,
Any bone loss caused by RANKL deficient mice could also be rescued by soluble RANKL
administration463. Moreover, OPG deficiency leads to an osteoporotic phenotype via a lack
of RANKL inhibition leading to the uncontrolled osteoclastogenesis427: 464, demonstrating

the enormous effect of RANKL/RANK/OPG signalling in the bone.
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1.5.6 Other Pro-Calcification Molecules

1.5.6.1 Advanced Glycation End Product (AGE) and their Receptor (RAGE) Signalling

Pancreas

{3 Calcium
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{; Insulin
O RAGES ’OCN n Runx2
Figure 1.5.6.1 AGE/RAGE regulation of vascular calcification. In a diabetic, high insulin
setting, increased advanced glycation end products (AGEs) are produced, which then
travel through the circulation and can bind to AGE receptors (RAGEs) present on the
vascular smooth muscle cell (VSMC) surface. This interaction triggers a signalling increase

in Runx2, BMPs and OCN expression, alongside increasing intracellular calcium. These

effects then lead to increased vascular calcification (VC).
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Diabetes mellitus is a disease characterised by high blood glucose as a result of an inability
to use (type 2) or produce (type 1) insulin. Patients with diabetes have a higher risk of
cardiovascular mortality#65, largely resulting from their increased progression of VC466, In
conjunction with other diabetic VC mechanisms, such as preliminary evidence in our
laboratory suggesting a stimulatory role for glucose, advanced glycation end products
(AGEs) and their receptors (RAGEs) are heavily implicated in diabetes mediated VC467.
Diabetic high AGE levels are a result of high circulating glucose reacting with amino acid
groups and accumulate over time#68, These AGEs then interact with RAGEs to trigger a
variety of pro-VC effects through the activation of the transcriptional regulators MAPK and
NF-kB469, 470,

AGE/RAGE signalling induces osteogenic differentiation of VSMCs by reducing smooth
muscle marker expression#71, increasing osteogenic gene expression of BMP471, Runx2470,
ALP470. 471 gnd osteocalcin (OCN)470 471 and inducing VC470. Furthermore, AGEs
significantly enhanced intracellular calcium uptake in VSMCs472, which as introduced
further in 1.4.10 also induces VSMC mediated osteoblastic differentiation. Additionally,
incubation of VSMCs with AGEs caused upregulation of RAGEs as a result of calcium
uptake, leading to the ability of AGEs to cause ALP secretion through receptor binding472

(figure 1.5.6.1).
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1.5.6.2 Osteocalcin (OCN)

&5 (= =)

Vascular Smooth Muscle Cell with Matrix [ Bone Marrow

7
; Stressors Q Calcium @ MMPs R ECM

N s .
wenda  Transcription (@ Matrix Vesicles ‘ OCN .= Calcifying ECM

Figure 1.5.6.2 Matrix Pro-Calcification Regulators: OCN, MVs and MMPs. Either
transcribed from stimulated VSMCs or circulated from actively remodelling bone,
osteocalcin (OCN) traps calcium to the extracellular matrix (ECM) after carboxylation in a
vitamin K dependant manner. Similarly, matrix metalloproteinases degrade elastin in the
ECM, allowing calcification to occur. Matrix vesicles (MVs) loaded with calcium stimulate
the VSMC release of further loaded MVs, which then embed into the matrix to form the

initial nodules of vascular calcification.

Osteocalcin (OCN) is found in the extracellular matrix, contributes to matrix remodelling

and is also found in the circulation post bone resorption. OCN upregulates osteoblastic
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activity and contributes to matrix calcification, in a vitamin K dependant manner473 (figure
1.5.6.2). Interestingly, vitamin K is transported throughout the circulation partially within
LDL and mostly VLDL#74, potentially increasing the ability of these particles to contribute

to VC.

OCN is post translationally regulated by splicing followed by y-carboxylation at 3 glutamic
residues, giving the protein a high affinity for the bone extracellular matrix and the ability
to bind calcium#475 (figure 1.5.6.2). During osteoclast bone resorption however, a low pH
level decarboxylates OCN, reducing its bone matrix affinity and releasing it into the
circulation476, This carboxylation of OCN occurs in a vitamin K dependant manner and the
inhibition of vitamin K with diet inadequacy477 or warfarin478 triggers this impairment and

subsequent release into the plasma.

In the setting of VC and its co-morbidities, calcifying VSMCs upregulated OCN expression
following insulin, a signalling molecule with impaired signalling in the diabetic patient, in a
RANKL dependant manner384, Pathways implicated in VSMC upregulation of OCN include
Wnt signalling4”?, ERK1/2, MAPK and Akt pathways384, leading to OCN regulated
increased calcification384 479 (figure 1.5.6.2). Carboxylated and total OCN, but not
uncarboxylated OCN however, associated with improved insulin resistance in a small
diabetic cohort480. Conversely, uncarboxylated OCN was not found to have any functional
effect on the calcification of VSMCs481, suggesting that carboxylated OCN may have a role

in aiding the stabilisation of chronic diseases.

Additionally, general OCN did not significantly correlate to VC in a small cohort of chronic
kidney disease patients#81 or to VC in general in a meta-analysis#82, but in the same meta-
analysis OCN correlated significantly with VC and atherosclerosis in histologically stained
arteries?82, This suggests that although VSMC OCN may participate in VC, it may not play

a central role and may be a result of VC rather than a cause.
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1.5.6.3 Matrix Vesicles (MVs)

Matrix vesicles (MVs) are approximately 25-250 nm and are present in the extracellular
matrix immediately prior to mineralisation483 in bone*84 and vascular#85 tissues. The
formation of hydroxyapatite begins within the MV, growing in a filamentous morphology
until it escapes the bounds of the particle486. In atherosclerosis, MVs may be released from
aortic resident mesenchymal stem cells#87, macrophages*88 489, valvular interstitial cells
and inflamed VSMCs or are present in the circulation, likely from actively remodelling
bone490 (figure 1.5.6.2). When localised to the fibrous cap, MVs can lead to plaque
destabilisation and rupture491, similar to fibrous cap microcalcifications492. In conjunction,
MVs also trigger calcification of recipient VSMCs#93,

Counterintuitively however, MVs also contain VC inhibitory proteins such as OPG#94,
Because OPG affects osteoblastic differentiation rather than actual calcium binding
however, perhaps this mechanism is a feedback loop to prevent pathological over

calcification in the bone.

1.5.6.4 Matrix Metalloproteinases (MMPs) and Elastin

Matrix metalloproteinases (MMPs) have an active role in matrix regulation and as such
their inhibition significantly attenuates VC495. Alongside their roles in matrix remodelling,
metalloproteinases in general also cleave transmembrane proteins, such as klotho
(discussed in chapter 1.4.10.1). MMP expression is activated following downstream
effects of Runx2 expression335, where they then degrade the elastin in the extracellular
matrix496, accelerating VC497. 498 (figure 1.5.6.2). Moreover, elastin degradation is
associated with peripheral arterial disease (PAD) independently of VC, despite VC occurring
as the major complication of PAD499, In an interesting feedback mechanism, calcified

elastin triggered osteoblastic differentiation of VSMCs>%0, having enormous implications
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on a potential role for VC in triggering phonotypic changes or expression profiles in other

cells types.

1.5.7 Other Calcification Inhibitory Molecules
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Figure 1.5.7.1 Anti-Calcification Molecules: OPN, MGPs and Fetuin A. Both matrix GLA
proteins (MGPs) and osteopontin (OPN) inhibit vascular calcification (VC) via the inhibition
of stimulated vascular smooth muscle cell (VSMC) osteoblastic differentiation.
Additionally, MGP binds calcium in the extracellular matrix, inhibiting it from participating
in VC. Fetuin A is secreted by the liver and binds to calcium in the circulation. At
physiological levels, the complex formation inhibits VC, however when fetuin A is

pathologically over secreted, these complexes contribute to VC.

46



Chapter 1

1.5.7.1 Matrix Gla Protein (MGP)

Matrix Gla protein (MGP) is a VC inhibitory®01. 502 extracellular matrix protein that binds to
calciumb503 thereby inhibiting its precipitation to hydroxyapatite and inhibits BMP-2504-507
mediated osteoblastic differentiation of vascular cells (figure 1.5.7.1). Interestingly, as
with the pro-calcification molecule osteocalcin (OCN), MGP needs vitamin K to become
active4’3 and also binds calcium, yet the effect of this activation and calcium binding has
the complete opposite result.

MGP is expressed by boned0% 508 mesenchymal cells®09. 510 VSMCs511 and
chondrocytes®12. 513, Furthering its calcification inhibitory effects, its expression in
chondrocytes is stimulated by high phosphate concentrations®2. MGP is post-
translationally modified to 2 levels by carboxylation (fully or poorly) by vitamin K and can
be phosphorylated. As such, low serum levels of vitamin K, either as a result of disease>*
515 or warfarin induced>®16. 517 gre associated with VC phenotypes and reduced MGP
functionality. As such, poorly carboxylated MGP has also been identified in calcification
regions in atherosclerotic plaques®18 and proposed as a biomarker for calcification in
diseased poulations®19, Additionally, MGP expression has several transcriptional

regulators, giving the protein biomarker-like qualities for the prediction of VC.

1.5.7.2 Fetuin A

Fetuin A levels520-522 gnd genetics®2! are associated with cardiovascular mortality, chronic
kidney disease and atherosclerosis. Fetuin A deficient mice display increased VC523 and
fetuin A levels are well established to be correlated with incidence of VC in patients with
kidney diseases®23-526 gnd CVD527.528, The potency of fetuin A as an inhibitor is so strong,
that its effects account for approximately 50% of the anti-calcification ability of whole
serum>29, Fetuin A has these effects by forming calciprotein particles, a serum aggregate

of fetuin A, calcium and phosphate529-531 and occasionally other serum aggregatory
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proteins®30, Even though pathological high levels of calciprotein in the circulation lead to
increased calcification®32, physiological levels inhibit the incorporation of these minerals

into the extracellular matrix52° (figure 1.5.7.1).

Fetuin A is mainly produced by the liver and its expression is modified in the presence of
endoplasmic reticulum stress®33 or lipids®34, whereby high stress or lipid concentration
results in fetuin A overexpression. This is mediated by NF-kB, leading to insulin resistance
via impaired adipocyte function®35, Moreover, liver overload of fats and lipids, in the case
of non-alcoholic steatohepatitis and non-alcoholic fatty liver disease causes increased
hepatic fetuin A expression®36.537, As such, fetuin A has been proposed as a link between
obesity and its co-morbidities®38. During the genesis of VC, as high calciprotein levels
associate with increased VC532, one hypothesis might be that lipoproteins play a role in
this over-secretion system. In the setting of low fetuin A levels however, it is unclear where

the reduced levels originate.

At the cellular level fetuin A is internalised by VSMCs, where it inhibits apoptosis, enhances
matrix vesicle phagocytosis and concentrates within matrix vesicles about to be
secreted>39, Additionally, fetuin A carries calcium ions into the VSMC as it internalises,

enhancing its anti-calcification capabilities>40.

Interestingly, in diabetes fetuin A enhances insulin resistance, exacerbating the disease>41.
542 Adding to its poor properties in the setting of diabetes, although fetuin A inhibits an
alternate RAGE ligand in an attempt to inhibit inflammation®43, it thereby enhances AGE
binding and vascular osteogenesis®*4. The main systemic calcification effect however is
due to the significant increases in oxidative stress and ROS production following
AGE/RAGE signalling®45. 546, Therefore, a reduction in either AGE/RAGE signalling or

administration of antioxidant therapies resulted in reduced VC in diabetic rats®47,
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1.5.7.3 Osteopontin (OPN)

Osteopontin (OPN) is an interesting secreted protein, due to its differing calcification roles
in acute and chronic responses to inflammation in the vascular setting>48. Moreover,
although OPN is a matrix protein, unlike other matrix proteins such as collagen, it has no
roles in matrix structure®4°. Instead, OPN serves to modulate cell-matrix interactions by
binding to a myriad of functional proteins>5° to have an effect on matrix remodelling549.
Alongside the 5 isoforms expressed by humans®51, OPN can also be post-transcriptionally
regulated via phosphorylation, glycosylation, transglutamination and cleavage by thrombin
and matrix metalloproteinases®48,

In physiological settings, arterial OPN expression is low>52 but is important for inhibition of
calcification. Upon injury®53. 554 OPN is upregulated by VSMCs, endothelial cells and
macrophages®5> to promote cell adhesion®56559, proliferation559-561 migration>57-559, 562,
563 and survival5%8. 564, 565 |n pre-osteoblastic cells however, OPN negatively regulates
proliferation and differentiation®66, adding to potential protective mechanisms of OPN in

early VC (figure 1.5.7.1).

In a pathological setting however, OPN levels remain high chronically. OPN is a marker for
increased tumour survival capabilities®6%. 567-569 and resulting poor clinical outcomes
including mortality®67 and metastasis to the bone568. High OPN levels are also associated
with diseases such as multiple sclerosis®’© and Alzheimers571. Furthermore, elevated
levels of OPN have several implications in CVD such that it can be a strong predictor of the
presence of valvular calcification®72 and indicate clinical outcomes®73.In addition, high
levels are implicated in cardiac remodelling5’4 and poor long-term outcomes post
myocardial infarction75. It is also considered a potential therapeutic target>’¢ or
biomarker>577 of brain injury post ischemic stroke and is associated with the presence of

peripheral arterial disease>78. 579,
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In the setting of vascular calcification, loss of OPN resulted in increased calcification of
VSMCs in vitro®8° and in murine aortas®92 and aortic valves in vivo®8L. Interestingly, both
in vitro and in situ evidence demonstrates that OPN must be phosphorylated to have the
VSMC?582 and aortic valve573 anti-calcification effects alongside biomarker association to
aortic valve calcification572. Although potentially difficult to target, research seeking to
explain the lack of phosphorylation of OPN in chronic pathologies could lead to targetable

insights into disease progression.
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1.5.8 Regulation of Serum Phosphates
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Figure 1.5.8.1 Calcium and Phosphate Regulation and Roles in VC. Serum calcium and
phosphate levels contribute to the development of vascular calcification (VC). Parathyroid
hormone (PTH) is pathologically released in response to high serum phosphate, then
pathologically increases serum phosphate further by inducing bone resorption. High
serum phosphate also triggers thyroid release of fibroblast growth factor 23 (FGF23),
which can then bind to it’s receptor (FGF23R):Klotho complex to inhibit further raising of
serum calcium and phosphate levels. While vitamin D physiologically is VC protective,

pathologically high or low vitamin D values increase VC through a variety of mechanisms.

Elevated serum calcium and phosphate contribute significantly to vascular calcification,

particularly medial vascular calcification, and as such high phosphate medium is widely
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used as a model for in vitro vascular and valvular calcification. Hyperphosphatemia is
characterised by higher than normal serum phosphate, where normal levels range from
1.0 to 1.5 mmol/L in human serum, but in chronic kidney disease patient this level
exceeds 2.0 mmol/L. Likewise, normal serum calcium levels range between approximately
2.0 -2.7 mmol/L and patients with chronic kidney disease present with serum calcium
<2.7mmol/L. As the kidneys have a major role in mineral regulation, the defective kidney
leads to higher circulating calcium phosphate mediated VC pathologies. Moreover, the

levels of these minerals directly affect calcifying VSMCs.

Phosphates induce VSMC differentiation and VC®83 via sodium mediated internalisation of
phosphates®83, through sodium-phosphate channels®84. 585 and induction of matrix vesicle
formation®86, High intracellular calcium also stimulates VC in VSMCs, by reducing inhibitor
expression and stimulating matrix vesicle formations87. Interestingly, there is evidence to
suggest that the initial phases of VC are a passive process, whereby hydroxyapatite forms
using dead VSMCs as a nidus®88. Furthering this, the same authors also discovered an
active process of VC from live cells588, leading to the hypothesis that initial apoptotic or
necrotic passive calcification may trigger osteoblastic differentiation of VSMC. Supporting
this hypothesis, VSMC incubated with calcified matrix showed increased osteoblastic
differentiation®90, revealing that initial hydroxyapatite depositions themselves may lead to

vessel wall osteogenesis (figure 1.5.8.1).

Phosphorus is a mineral obtained through the diet, typically bound with oxygen atoms as
phosphates, and phosphate homeostasis in the circulation is regulated by 4 main tissues:
the small intestine, bone, parathyroid gland and kidneys®89. The regulation of phosphate
uptake is co-ordinated by several endocrine factors but mainly fibroblast growth factor
(FGF23), parathyroid hormone (PTH) and vitamin D metabolites, via the regulation of

sodium-phosphate channel activity or availability (figure 1.5.8.1). Other endocrine factors
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that also contribute to circulating phosphate levels include reabsorption increasers such
as growth hormone, insulin and thyroid hormone and reabsorption decreasers such as

calcitonin and glucocorticoids>90,

1.5.8.1 Fibroblast Growth Factor 23 (FGF23) and Klotho

During chronic hyperphosphatemia and hypocalcaemia, fibroblast growth factor (FGF23)
is over-expressed by the kidneys91594 which downregulates expression of sodium-
phosphate transporters, supresses vitamin D production®9% 596 gnd causes excessive
parathyroid hormone (PTH) secretion®9%. 597 leading to hyperparathyroidism5>97. 598 _ |n
chronic kidney disease patients however, as FGF23 production increases, kidney function
decreases®94, likely due to the fact that patients with chronic kidney disease have high
serum phosphate with pathologically low vitamin D levels®99. Despite the effort of elevated
PTH600 and FGF23601 |evels however, patients with kidney diseases have high circulating
phosphates. In addition, evidence suggests a causative role for FGF23 in tumour induced
bone softening (osteomalacia), usually caused by vitamin D deficiency®93, linking it to

mineralisation defective pathologies.

Klotho is a transmembrane receptor expressed in the parathyroid gland, kidney,
reproductive organs and the brain92 which can downregulate the expression of sodium-
phosphate transporters alongside causing several phenotypes of ageing®93. By converting
multiple FGF receptors into a specific receptors for FGF23604-606 k|otho is essential for the
function of FGF23 on sodium-phosphate channels®07. Klotho as a membrane protein can
also be cleaved by metalloproteinases to enter the circulation, in a process which is
upregulated by insulin98, |n vitro investigation reveals to need to add both FGF23 and
klotho to cells®95 for the resulting effects, through ERK®96, p38, JNK and AKT>89, on

sodium-phosphate channels.
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While the bone secretes FGF23, it has no detected role in the bone microenvironment,
revealing the systemic, endocrine nature of phosphate regulation, involving coordinated
participation between FGF23, klotho, PTH and vitamin D and between several organs>8°,
Although this may be the case, evidence shows reduced serum levels of klotho in patients,
from the early timepoints in chronic kidney disease®%® and that in a small cohort of 114
patients, these low levels associate with arterial stiffness but not vascular calcification583.
Despite this, in vivo evidence suggests that low klotho does lead to VC, however this study
was enhanced with in vitro data demonstrating a role for circulating klotho on the
vasculature itself, whereby klotho inhibited VSMC phosphate uptake through sodium
phosphate channels and also inhibited the resulting differentiation and mineralisation®10

(figure 1.5.8.1).

1.5.8.2 Parathyroid Hormone (PTH) and Vitamin D

The role of PTH is to reduce reabsorption of phosphates from the urine and as such
hyperphosphatemia and hypocalcaemia stimulate physiological PTH secretion%95. PTH
acts to reduce phosphate levels by reducing sodium phosphate channel activities611,
mobilises phosphate from the bone through osteoblastic612. 613 stromal cell614 or
osteocyte cell615 RANKL expressiont16 and blocks any beneficial effects of vitamin D on
phosphate reabsorption through decreasing the expression of its main receptor617 (figure
1.5.8.1). PTH increases circulating calcium in a similar manner, by increasing kidney
mediated reabsorption, stimulating bone osteoclast activity and increasing vitamin D,
which then increases intestinal calcium absorption18. PTH hormone associated
calcification is often associated with co-morbidities such as renal disease®19-621 and it also
significantly correlates to CAC in patients without renal faliure622. PTH upregulates RANKL

in @ Runx2 independent manner in fibroblastic stromal cells23,
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Vitamin D is pro-calcific at pathologically hight24. 625 or low626 concentrations®2?, but
because pathologically high concentrations of vitamin D are rare and potentially
reversablet25, the focus on vitamin D related disease is on the pathologically low
concentrations often observed in patients with renal disease. High vitamin D causes VC by
inhibiting PTH expression®28. 629 and increasing intestinal absorption of calcium and
phosphate®27. As a protective mechanisms against pathologically high vitamin D levels,
high serum phosphate decreases vitamin D production®95, however the vessel wall has its

own mechanisms of vitamin D synthesis.

VSMCs have the machinery to produce active vitamin D in response to PTH%30, where it
can then induces an osteoblastic phenotype®3l, but can also suppress the Runx2 gene
promotor632, Alongside vitamin D’s influence on osteoblastic differentiation of VSMCs, it is
also able to regulate extracellular matrix remodelling via increasing expression of growth
factors and stimulating the loading of matrix vesicles with matrix metalloproteinases®33
and causes an atherogenic lipoprotein profile34, potentially through influencing
lipoprotein lipase expression®3% or insulin mediated pathways®36. Intriguingly, the addition
of vitamin D to human VSMCs did not result in increased VC, instead only high phosphate
concentrations was able to achieve this®37, suggesting a complex role for vitamin D in VC.
With the effect to correct any mineral imbalances caused by vitamin D however, vitamin D

itself is a strong inducer of FGF23596 and Klotho®38 (figure 1.5.8.1).

1.5.9 Studying Vascular Calcification In Vivo

To observe atherosclerotic calcification in mice, two plaque prone models are commonly
used: the LDL receptor (LDLR) knock out and apolipoprotein E (Apo E) KO mice. Both Apo
E7/-639 and LDLR7-640 mice develop atherosclerosis in a similar way to human arteries306

and obtain a high LDL phenotype, however Apo E7/- mice have higher plasma cholesterol
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and contain larger valvular plaques, with more calcification and higher instability markers
than LDLR7- mice on the same diet, in the same laboratory, in the same time frame®41, It
is therefore important to note that these models, while bringing the lipoprotein profile to a

more human phenotype, are still not perfectly alighed.

To study medial calcification, several rodent models are often used. These include:
administration of warfarin47. 642 nicotine®4¢ or vitamin D625; induced chronic kidney
disease rodents via genetic knockout of FGF23 or PTH or manipulation of other kidney
functionality genes, alongside nephrectomy techniques#%®; induced diabetes by
streptozotocin®46. 547 and; genetic deletion of calcification inhibitor OPG6%43, MGP%01 and
OPN502, A combination of any of these in the setting of an atherogenic diet and apo E7- or
LDLR7- mouse background are therefore hypothesised to increase levels of intimal,
atherogenic calcification. In addition to these models, mice transfected with gain of
function proprotein convertase subtilisin/kexin type 9 (PCSK9) display hyperlipidaemia

and VC above that of LDLR7- mice644.

1.6 Treatments of Atherosclerosis and Their Impacts on Vascular Calcifications

1.6.1 Statins

Current in situ imaging evidence suggests that statins have pro- macro-calcification,
plaque stabilising effects despite lowering cholesterol. Although this is the current
hypothesis, there are many pleiotropic effects of statins which may influence vascular
calcification and there also exists a body of in vitro and in vivo evidence suggesting an

inhibitory effect of statins. As this thesis will explore the effects of statins on VC in an apo
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E/- mouse model of atherosclerosis, a detailed discussion on the role of statins in VC will

be presented in chapter b.

1.6.2 PCSK9 Inhibitors

Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors have also demonstrated
beneficial effects on plasma cholesterol and atheroma volume2%4 via modification of the
lipoprotein lipidome®45, enabling a new series of studies investigating the role of PCSK9
on vascular calcification. Gain of function (GoF) PCSK9 mutant mice have an LDLR KO lipid
profile phenotype®46 and display similarly advanced atheroscleosis®44. These mice
demonstrate more extensive calcification compared to LDLR KO mice, which associates
with higher cholesterol levelsé44, PCSK9 has also been shown to influence inflammation,
apoptosis, blood pressure, glucose tolerance and adipose tissue metabolismé47, all of
which independently modulate calcification pathways. Recent studies of the PCSK9
inhibitor Evolocumab, demonstrate an increase in plaque calcification that associated with
LDL cholesterol level lowering 648, The observation of an increase in plaque calcification in
clinical trials of both statins and PCSK9 inhibitors suggests that these effects are likely to

result from lowering levels of LDL cholesterol.

1.6.3 High Density Lipoprotein Therapies

Although high density lipoproteins (HDLs) have long been known to be associated with a
protection from77-79 and regression of85 coronary artery disease (CAD) and initial HDL
raising therapies discovered promising clinical trial outcomes®?, large-scale clinical trials
have revealed no additional benefit of HDL raising therapies on cardiovascular
outcomes?93. 94,649, 650 While many therapies, such as lifestyle changes®%1, statinss3. 652,
fibrates®53: 654 niacin®5%: 656, gre able to increase HDL levels only some are confirmed to

continue this benefit in disease into improved clinical outcomes. As HDL from CAD patients
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has impaired anti-inflammatory and antioxidant functionality8® and has no benefit to

CVD®7, HDL raising therapies may just be raising more dysfunctional HDL.

The development of reconstituted HDL particle mimetics permits evaluation of the impact
of their protein and lipid components on the artery wall. On the basis of the discovery of
the apo Al mutant, apo A1 Milano, and its potentially protective impact on cardiovascular
risk, incorporation of this protein in HDL mimetics has demonstrated an inhibitory effect
on both aortic plaque and calcification in an atherosclerotic rabbit model®57. Although
infusions of recombinant apo Al Milano reduced plaque burden in a clinical pilot study8>,
reconstituted HDL containing apo Al Milano had no additional benefit on top of statin
therapy®3. Furthermore, other HDL mimetics were not found to benefit plaque burden®4.

The impact of HDL mimetics on VC and plague stabilisation is however yet to be examined.

1.7 Hypothesis and Aims

As currently there are no therapeutic options for plaque stabilisation via the inhibition or
stimulation of micro and macro vascular calcifications respectively and as lipoproteins are
circulatory factors involved in atherosclerosis, this thesis investigated the links between

the two. These studies therefore aim to:

I.  Assess and validate a standard in vitro calcification assay in VSMCs

Il. Investigate the effects of lipoprotein oxidation on VC in vitro

lll.  Investigate the effects lipoprotein modification on VC in vivo

a. The effect of apo Clll deletion on an apo E7- background in mice

b. The effect of atorvastatin mediated cholesterol lowering in apo E7- mice

c. The effect of rHDL (apo Al and PLPC particles) on VC in mice in

i. A pro-atherosclerosis apo E7- model
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ii. A pro-atherosclerosis and pro-calcification apo E7/- x OPG7- model
IV. Investigate the calcification potential of human serum containing various

concentrations of lipoproteins

a. The effect of triglyceride level

b. The effect of Lp(a) level

c. The effect of the HDL mimetic CER-001

d. The effect of serum from patients displaying IVUS measured calcification

progression

Taken together, the hypothesis of this thesis is that classically atherogenic lipid or
lipoproteins will have deleterious effects on VC or VC mediated plaque stabilisation,
whereas the classically beneficial HDL and its mimetics will result in a favourable
calcification outcome. Individual hypotheses corresponding to the aims above are as

follows:

I.  Calcification of cells will occur after 2 weeks of calcification

II.  Oxidised lipoproteins will progress calcification in vitro

lll. A change in lipoprotein profile towards a traditionally atherogenic phenotype will

increase VC in vivo

a. Apo Clll deletion on an apo E7/- background in mice will result in less VC

b. Atorvastatin in apo E7- mice will decrease VC

c. rHDL (apo Al and PLPC particles) will decrease VC in mice in

i. A pro-atherosclerosis apo E7- model

ii. A pro-atherosclerosis and pro-calcification apo E7/- x OPG7- model
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IV.  Human serum with a traditionally atherogenic profile will increase VC of HAOSMCs

ex vivo

a. Serum with high triglyceride levels will increase VC ex vivo

b. Serum with high Lp(a) levels will increase VC ex vivo

c. Subjects receiving the HDL mimetic CER-OO1 will have reduced calcification

progression

d. Serum from patients displaying the greatest IVUS measured calcification
progression will stimulate VC ex vivo, and this will be positively correlated

with serum markers for VC

To briefly summarise the introductory chapter, vascular calcification is a complex process
involving several molecular pathways and arising from a wide variety of complications,
including atherosclerosis. Moreover, the natural history of calcification progression or
regression, alongside its clinical relevance over varying morphologies are understudied or
unknown. Lipoproteins are also highly complex particles, which due to their heavy
involvement in atherosclerosis, may also be involved in the modulation of vascular
calcification. The overall aim of this thesis is therefore to examine the role of lipoproteins
in a range of standardised settings, to gain a broad picture of what may be occurring and

the generate a starting point for future investigations.
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2.1 Isolation of Lipoproteins

Lipoproteins were prepared from pooled, expired, autologously donated human plasma
kindly donated by the Red Cross Blood Bank, Adelaide, South Australia. Native VLDL, LDL
and HDL were isolated from the plasma by serial density gradient ultracentrifugation in a
Beckman Optima XPN ultracentrifuge using a Type 50.2 Ti rotor (Beckman Coulter,
Fullarton, CA, USA). Briefly, plasma density was adjusted using potassium bromide (KBr)
to 1.019 g/ml and centrifuged at 50,000 rpm for 18 hours. The top fraction was collected
and dialysed against 3 changes of 1 L 1X PBS solution to obtain VLDL. The bottom fraction
was pooled, density adjusted to 1.063 g/ml with KBr and centrifuged at 50,000 rpm for
18 hours. The top fraction containing HDL was collected, pooled and adjusted to 1.21 g/ml
while the bottom, LDL fraction was pooled and adjusted to 1.055 g/ml using a KBr dialysis
density solution (1 L H20, 79.52 g KBr, 200 mg NAN3z, 100 mg EDTA-NA). Both the HDL
and LDL fractions were then centrifuged at 50,000 rpm for 18 hours. The top fraction of
each spin was pooled separately and dialysed against 3 changes of 1 L 1X PBS solution

over 72 h to obtain LDL and native HDL.

2.2 Isolation of Apolipoprotein Al from Native HDL

To prepare apoA-l, a portion of the native HDL obtained from the isolation protocol
described here in method 2.1 was reserved for further processing. Native HDL was re-
adjusted to 1.21 g/ml using a KBr dialysis density solution (1 L H20, 332.96 g KBr, 200
mg NAN3z, 100 mg EDTA-NA>) overnight and centrifuged at 70,000 rpm using a Beckman
type 70 Ti rotor for 18 hours. The top fraction was pooled a dialysed against 3 changes of
5 L 5 mM Ammonium bicarbonate solution (5 L H20, 1.98 g NH4HCO3, 1.86 g EDTA-NA>),
lyophilised for 4 hours, then delipidated as previously described®8. All steps were

performed at 4°C and each dialysis step was incubated overnight. The resulting protein
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fraction of the HDL was then dried under N2 gas, dissolved in 20 mM Tris-HCI (pH 8.2),

lyophilised completely and stored at -20°C.

Apo Al was isolated from the HDL protein fraction by anion exchange fast paced liquid
chromatography (FPLC), using a xk 26/20 column (cytiva) packed with Q Sepharose Fast
Flow beads (Amersham Pharmacia Biotech) attached to a Bio-Rad FPLC system (Bio-Rad).
The column was pre-equilibrated with 20 mM Tris-HCI, 6 M Urea (pH 8.5). The apo Al
protein was separated using a modification of the Weisweiler method®5° as described by
Rye (1990)669, Protein elution was monitored at A2so nm, fractions corresponding to the
apo Al elution times were collected, then confirmed using coomassie stained SDS-PAGE
gels (described in Methods 2.9.2 ) and pooled for dialysis against 3 changes, for 24 hours,
at 4°C, of 5 L 20 mM Ammonium bicarbonate solution (5 L H20, 7.92 g NH4HCO3, 1.86 g

EDTA-NA). The Apo Al fraction was then completely lyophilised and stored at -20°C.

2.3 Preparation of rHDL, Containing Apo Al and PLPC

10 mg/ml of Apo Al was reconstituted in reconstitution buffer (50 mL H20, 0.006 g Tris-
HCI, 14.329 g guanidine-HCI, 5 mg EDTA-Na2, pH 8.2), then dialysed against 5 changes of
Tris-buffered saline (TBS) (1 L H20, 1.244 g Tris-HCI, 8.766 g NaClz, 0.06 g NaNs, 0.05 g
EDTA-Na2, Ph 7.4). Lyophilised 1-Palmitoyl-2-linoeoyl-sn-glycero-3-phosphocholine (16:0-
18:2 PC) (PLPC) (Avanti Polar Lipids) was reconstituted in a chloroform:methanol (2:1)
solution and stored at -80°C until required. Apo Al was complexed with PLPC to obtain
discoidal rHDL using the cholate dialysis method®¢1, Briefly, 99 moles of PLPC were added
to glass tubes and dried under N2 gas, then lyophilised overnight to ensure complete
drying. 99 moles of sodium cholate (30 mg/ml sodium cholate in TBS solution) were added
to the tubes, vortexed, then the tubes were filled to 0.5 ml with TBS and vortexed at 15-

minute intervals until optically clear. Protein concentration of apo Al was measured using
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the Pierce BCA Assay (Life Technologies), then 1 mole of apo Al was added to each tube
and incubated in the dark on ice for 2 hours. Tube contents were pooled and dialysed
against 5 changes of 1L TBS followed by 2 changes of 1L endotoxin free phosphate
buffered saline (Sigma) (PBS). The Pierce BCA assay (Life Technologies) was used to
estimate the final concentration of the rHDL discs before storing 1 mL aliquots at 4°C,

under N2 gas, wrapped in parafilm, for no longer than 4 weeks.

2.4 Human Aortic Smooth Muscle Cell (HAoSMC) Calcification

2.4.1 Cell Line Maintenance, Culture and Replicate Layout

Human aortic smooth muscle cells (HA0OSMCs, Lonza) were cultured between passage 3
to 10 in Lonza Clonetics® Smooth Muscle Cell Medium BulletKit® SmGM®-2 BulletKit®
media at 37°C under 5% CO2. Cells were passaged at 90% confluency by washing twice
with 1XPBS (Sigma), incubating in trypsin (Life Technologies) for 1-5 minutes then re-
plated into 3 new T-75 flasks. The media on these cells was replaced 2-3 times per week
and HAoSMCs were passaged 1-4 times per fortnight, with the growth rate corresponding
to cell passage. Cell morphology was monitored via light microscopy and elongated cells
were discarded. Cells for experiments were plated in 6-well plates at 1x10s cells/ml. Any
excess cells were frozen for storage by washing twice with PBS, detaching cells using
trypsin, centrifuging at 500 rcf for 5 minutes, resuspending the cell pellet in 10% (v/v)
DMSO in foetal bovine serum then freezing using a Mr. Frosty (Corning) slow freeze
container. Cells from 6 well plates to be used in experiments did not have wells combined.
Triplicate wells were used as technical triplicates and multiple plates with receiving

lipoproteins from different combined donors were used as biological triplicates.
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2.4.2 HAoSMC Calcification

Serum Withdrawal Lipoprotein
24 Hours pre-treatment
(1% FBS M199) 24 Hours

Calcification Medium (CM)
3 Days 5 Days 7 Days 14 Days

mRNA expression Protein expression Colorimetric
analysis analysis ARS Assay

L

Figure 2.4.2.1 In vitro experimental timeline.

After a 24 hour incubation in low serum media, HAoSMCs were either left untreated (NT)
or treated with CM, native lipoproteins, or oxidised lipoproteins (200 ug/ml) for 24 hours
before undergoing calcification. Cells and media were harvested either pre-calcification
(immediately after lipoprotein exposure), or 5 or 7 days post calcification for mRNA and
protein expression analysis. Additionally, cells were harvested after 15 days of
calcification to assess changes in mineralisation caused by pre-treatments using the

alizarin red s (ARS) calcification stain.
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HAoSMCs were serum starved in 6-well plates in M199 media (Sigma) supplemented with
1% pen/strep, 1% L-glutamine and 1%FBS (starvation medium), then treated with CaPO4
supplemented media (calcification medium (CM): M199 media: 2.7 mM CaClz, 2.0 mM
NaPO4) for up to 15 days. The media was changed 3 times per week on alternate days and
cells were harvested at indicated timepoints. All experiments performed in this thesis used

passage 7 HAOSMCs.

Figure 2.4.2.1.1 shows a timeline for in vitro cell calcification experiments. To study the
effects of lipoproteins on these cells 200ug/mL rHDL, oxrHDL, HDL, oxHDL, LDL, oxLDL,
VLDL or oxVLDL were applied to the cells for 24 hours after 1 day in low serum media and
before the application of CM. Cells were washed twice briefly with 2 mL of PBS between
removing the lipoproteins and applying the CM. The cells or cell culture supernatants were
used after 5 or 7 days of calcification for RNA or Protein analysis or after 15 days for

calcification deposition analysis as detailed below.

2.4.2.1 HAoSMC Calcification - Human Serum Pre-Treatments

10% human serum diluted in M199 media (Sigma), supplemented with 1% pen/strep, 1%
L-glutamine and 1%FBS, was applied to cells immediately following a 24 hour serum
starvation period in low serum media. Cells then incubated in the 10% serum for 24 hours
and were rinsed twice with 1XPBS before incubating in CM for 15 days. Cell calcification
was measured by ARS assay as described below. Relevant protocols and ethics approval

numbers are presented in their respective results chapters.
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2.4.3 Alizarin Red S Stain Calcification Identification in vitro

2.4.3.1 Methods Used in Experimental Analysis

Fully calcified HAoSMCs were harvested after 15 days of calcification media (CM) for the
detection of calcification via Alizarin Red S (ARS) staining as previously described®62,
Briefly, cells were fixed using 10% (v/v) formaldehyde (ProSciTech) for 15 minutes at room
temperature, washed twice with 2 mL RO water, then stained using 1 mL 40mM pH 4.1
ARS (Chem-Supply) by incubating shaking at room temperature for 20 minutes. The plate
was then washed twice with 2 mL RO water and stored at -20°C until further use, or
immediately dissolved in 800 pL 10% (v/v) acetic acid (Univar) gently shaking at room
temperature for 15 minutes. Cells and acetic acid were scraped into Eppendorfs and
incubated at 85°C for 10 minutes with 500 uL mineral oil (Sigma), then spun at 20,000 x
g in an Eppendorf 5424R centrifuge to remove cell debris. 200 pL 10% (v/v) ammonium
hydroxide (Sigma) was added to the bottom layer to neutralise the pH, then read on a

Promega GloMax Discover spectrophotometer at the wavelength 405 nm.

2.4.3.2 Methods Used in Optimisation of Assay

For the optimisation assay presented in chapter 3, cells calcified in medium for various
timeframes were stained as per methods above (2.4.3.1). Plates were then photographed
using an Oppo R11 phone and opened using Image J (FIJI) software. The images were
thresholded for the distinctive red colour of the alizarin red s stain present on calcified

tissue, and a percentage of area calcified was obtained.

2.5 RNA Extraction

2.5.1 RNA Extraction from Cells

To extract RNA, cells were washed once with cold PBS before adding 500 ul cold Tri

Reagent (Sigma), scraping cells and transferring to a 1.5 ml Eppendorf. 100 ul of 1-bromo-
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3-cholropropane (Sigma) was added to each Eppendorf, which were then vortexed,
centrifuged at 14,000 x g for 15 minutes at 4°C to separate the RNA, DNA and protein into
different phases. The top, RNA containing layer was collected into a new Eppendorf tube
with 250 pul of isopropanol, then stored at -20°C overnight. Precipitated RNA was pellet by
centrifugation at 14,000 x g for 15 minutes at 4°C and the supernatant was removed. The
pellet was then washed with ethanol by vortexing and centrifuged again at 14,000 x g for
10 minutes at 4°C. The supernatant was removed, and the RNA pellet was dried until clear
of ethanol. 20 ul of nuclease free water was used to dissolve the RNA pellet by using a 10-
minute incubation at 60°C on an Eppendorf shaker then stored at -80°C. RNA was
quantified using a Thermo Scientific NanoDrop 8000 Spectrophotometer nanodrop and

normalised using nuclease free water to 100 ng/pl.

2.5.2 RNA Extraction from Tissue

The commercially available AllPrep DNA/RNA/Protein Mini Kit (Qiagen) was used to extract
protein, DNA and RNA simultaneously from animal tissues as per kit instructions. RNA was
quantified using a Thermo Scientific NanoDrop 8000 Spectrophotometer nanodrop and

normalised using nuclease free water to 100 ng/pl.

2.6 Reverse Transcription

cDNA from normalised RNA was generated by performing reverse transcription polymerase
chain reaction (RT-PCR). 500 ng RNA was aliquoted to PCR tubes with 2 ul of 5x iScript
Supermix (BioRad) reaction buffer and 3 pl of nuclease free water to total 10 ul per
reaction. The tubes were then primed for 5 minutes at 25°C, reverse transcribed at 42°C
for 30 minutes, inactivated at 95°C for 5 minutes and held at 15°C for no longer than 10

minutes. cDNA was stored at -20°C.
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2.7 Polymerase Chain Reaction

2.7.1 Primer Designh and Sequences

Primers were found in the literature and assessed using both the NCBI BLAST software
and the Sigma software for acceptable binding, melting temperatures and secondary

structure likelihood limits. Primers used are outlined in table 2.7.1.1 and 2.7.1.2.
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Table 2.7.1.1 List of Human Primers

Primer Label

Primer Sequence

GAPDH Forward

GAPDH Reverse

Runx2 Forward

Runx2 Reverse

RANKL Forward

RANKL Reverse

RANK Forward

RANK Reverse

OPG Forward

OPG Reverse

ALP Forward

ALP Reverse

SmaActin Forward

SmaActin Reverse

GAAGGCTGGGGCTCATTT

CAGGAGGCATTGCTGATGAT

TGGTTACTGTCATGGCGGGTA

TCTCAGATCGTTGAACCTTGCTA

CACTATTAATGCCACCGAC

GGGTATGAGAACTTGGGATT

ATGCGGTTTGCAGTTCTTCTC

ACTCCTTATCTCCACTTAGG

TCTATACTGCAGCCCCGTGT

AGGAGGGCAGCTCCTATGTT

ACCACCACGAGAGTGAACCA

CGTTGTCTGAGTACCAGTCCC

CAGGGCTGTTTTCCCATCCAT

ACGTAGCTGTCTTTTTGTCCC
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Table 2.7.1.2 List of Mouse Primers

Primer Label

Primer Sequence

B-Actin Forward
B-Actin Reverse
Runx2 Forward
Runx2 Reverse
RANKL Forward
RANKL Reverse
ALP Forward

ALP Reverse

OPG Forward

OPG Reverse
HMGCOAR Forward
HMGCOAR Reverse
SREBP1 Forward
SREBP1 Reverse
GLUT2 Forward
GLUT2 Reverse
LDLR Forward

LDLR Reverse

AACCGTGAAAAGATGACCCAGAT

CACAGCCTGGATGGCTACGTA

AACGATCTGAGATTTGTGGGC

CCTGCGTGGGATTTCTTGGTT

TGTACTTTCGAGCGCAGATG

AGGCTTGTTTCATCCTCCTG

GTGACTACCACTCGGGTGAAC

CTCTGGTGGCATCTCGTTATC

ATCAGAGCCTCATCACCTT

CTTAGGTCCAACTACAGAGGAAC

AGCTTGCCCGAATTGTATGTG

TCTGTTGTGAACCATGTGACTTC

AGCAGCCCCTAGAACAAACAC

CAGCAGTGAGTCTGCCTTGAT

GGCTAATTTCAGGACTGGTT

TTTCTTTGCCCTGACTTCCT

AGCCATGTACGTAGCCATCC

CTCTCAGCTGTGGTGGTGAA
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2.7.2 Real-Time PCR

Real-time PCR was performed on either a BioRad CFX Connect or a QuantStudio 7. 0.4 uM
of each primer pair, iQ SYBR Green Super Mix and nuclease free water were prepared in a
master mix appropriate for final well volumes of either 10 or 15 ul. Regardless of final
volume, 1500 ng of cDNA was added to each reaction. The reaction was activated at 95°C
for 3 minutes, then amplified using a cycle of 10 seconds denaturation at 95°C, 10
seconds annealing at 60°C then 30 seconds of extension at 72°C, with an absorbance
read after each cycle. The PCR was followed by a melt curve reading to identify incomplete
or contaminated samples, briefly, samples had absorbance measured at 5 second
intervals with a temperature increase of 0.5°C per 5 seconds between 65°C and 95°C.
Quantification of the gene of interest was calculated relative to the GAPDH control gene by

the comparative (AACt) method®63,

2.8 Protein Extraction

2.8.1 Protein Extraction from Cells

To extract protein, cells from individual wells (9.6 cm?2) of a 6 well plate were washed once
with cold PBS before adding 100 ul cold radioimmunoprecipitation assay (RIPA) buffer
(Sigma) to each well. Phenylmethylsulfonyl fluoride (PMSF) protease inhibitor cocktail
(1:100) (Sigma) were added to the RIPA buffer immediately prior to application to the cells
and plates were stored in RIPA buffer at -80°C overnight. Cells were then thawed on ice,
gently scraped, transferred to Eppendorf tubes and sonicated at 20% amplitude for 3
seconds. The samples were centrifuged at 440 rcf for 4 minutes to remove bubbles and
cell debris. The supernatant was collected, transferred to a new Eppendorf tube and stored

at -80°C. The Pierce BCA Assay (Life Technologies) was used to estimate protein
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concentration from each well to normalise samples to indicated concentrations. Protein

from individual wells were not combined.

2.9 Electrophoresis

2.9.1 SDS-Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
using Life Technology running tanks, Bolt™ 4-12% Bis-Tris Plus Gels and Bolt™ MES SDS
Running Buffer with a Bio-Rad Precision Plus Dual Colour molecular weight ladder. 30 pl
of samples at 1 pg/30 ul were incubated at 95°C for 5 minutes with 3 ul 1X Bolt™ Sample
Reducing Agent and 8 pl 4X Bolt™ LDS Sample Buffer before cooling on ice and loading

into wells. The gel was then run for 1 hour at 120 V on a Bio-Rad PowerPac™ HC.

2.9.2 Coomassie Blue Stain

A coomassie blue stain was used to confirm the presence of apo Al in fraction samples
from FPLC. The gel was incubated under agjtation at room temperature for 1 - 2 hours in
10 ml coomassie blue solution (500 ml H20, 100 ml acetic acid, 400 ml methanol, 1 g
coomassie brilliant blue R-250), then de-stained using several 15 minute changes of de-
stain solution (500 ml H20, 100 ml acetic acid, 400 ml methanol) under agitation at room
temperature until protein negative areas were clear. Fractions that were identified at apo

Al at 25 - 30 kDa were pooled and progressed through method 2.2.

2.9.3 Western Blot

The protein from SDS-PAGE gels were transferred to nitrocellulose membranes using Life
Technology iBlot™ Transfer Stacks and iBlot™ Transfer System at 20 V for 1 minute, 23V
for 4 minutes then 25 V for 2 minutes. The membrane was briefly incubated with ponceau
solution (Sigma) to confirm protein transfer. The membrane was then washed with RO
water and blocked using 10% (w/v) skim milk in TBS-Tween (TBS-T) solution (20X TBS: fill
to 2L H20, 4.8 g Tris Base, 350.6 g NaCl2, pH 7.4. TBS-T: 1900 ml H20, 100 ml 20X TBS,
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2 ml Tween20), for at least 1 hour. The membrane was washed using 3 changes of 5

minutes each TBS-T before incubating at 4°C over 4 nights (unless otherwise indicated) in

primary antibody diluted with TBS-T at indicated concentrations (see table 2.9.3.1).

Membranes were washed again, then incubated with appropriate secondary antibodies

diluted in TBS-T at indicated concentrations for 2 hours (see table 2.9.3.1). The

membranes were then washed again and visualised using a Pierce ECL reagent kit (Life

Technologies) as per protocol, Bio-Rad ChemiDoc systems and Imagelab 6.0 (Bio-Rad,

2017) software. All incubations were performed with agitation at room temperature. Band

densities were normalised to a standard sample to allow inter-blot normalisation and [-

Actin was used as the housekeeper protein. Data is presented in this thesis as fold change

from the cells receiving no treatment.

Table 2.9.3.1 List of Antibodies Used for Western Blots

Antibodies Company Dilution
Mouse anti Human Runx2 Primary Jomar Life Research 1:600
D130-3
Mouse anti Human RANKL Primary Metagene 1:250
sc-377079
Rabbit anti B-Actin (incubated over 1 night Abcam 1:5000
only) Primary ab8227
Mouse I1gG VisUCyte HRP Polymer In Vitro Tech 1:2000
Secondary RDSVC001025
Rabbit IgG VisUCyte HRP Polymer In Vitro Tech 1:2000
Secondary RDSVC003025
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2.10 Cell Culture Supernatant Protein Analysis

Total protein in the cell culture supernatant collected from cell experiments at indicated
timepoints during the calcification assay were measured using the Pierce BCA Assay (Life
Technologies) with a bovine serum albumin standard. Enzyme-linked immunosorbent
assays (ELISAs) for RANKL (In Vitro Tech, R&D Systems DuoSet kit: cat# RDSDY626 and
RDSDYOO08) and OPG (Abcam: cat# ab100617) were the used as per protocol to find cell
culture supernatant protein concentrations of RANKL and OPG with quality control and
negative controls included on each plate. The results from the ELISA were then normalised

to the total protein results.

2.11 General Mouse Study Protocols

2.11.1 Animal husbandry

Mice were housed at the South Australian Health and Medical Research Institute (SAHMRI)
under the animal ethics approval number SAM186 (studies in chapter 4) and SAM188
(studies in chapter 6). Mice were kept in accordance with the Australian code for the care
and use of animals for scientific purposes (National Health and Medical Research Council,

2013). International Biosafety committee (IBC) approval number is BC 029/2014.

Up to 5 sibling mice of the same gender were housed in each cage, which had bedding
changed twice per week and were given fresh water and food ad libitum. Upon
commencement of the experiment, the food available was the atherogenic, 22% fat and
0.15% cholesterol diet SFO0-219 (Specialty Feeds). Prior to entering the study, mice were
fed a standard rodent diet (Teklad Global 18% Protein Rodent Diet, Harlan Laboratories)
containing 18.6% protein, 6.2% fat, 44.2% carbohydrates, and 0% cholesterol. Mice were

weighed weekly and monitored daily.

Mice were obtained from the Jackson Laboratory (USA) and genetic knock out lines were

confirmed either on site using the Genetic Engineering and Archiving Services (GENEAS)
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or off site using the mouse genotyping services at the Garvan Institute of Medical Research

(Australia).

2.11.2 Mouse Terminal Cardiac Puncture

Mice were humanely killed under isoflurane anaesthesia by both terminal cardiac puncture
and lung harvest. After anaesthesia was confirmed, ethanol was applied to the chest and
abdomen before making a small incision in the skin immediately below the centre of the
rib cage. Terminal cardiac puncture was performed by identifying the heart through the
incision, then using a 25-gauge needle attached to a 1 mL syringe and inserting into the
left ventricle of the heart until flashback was observed. Complete exsanguination of blood
from the ventricle was completed before opening the chest cavity completely, making a
small incision in both atria, then injecting 2 mL of saline into the right ventricle to flush the
blood from the mouse. The lungs were then completely removed, and isoflurane was

ceased.

2.11.3 Mouse Tissue Collection

Immediately following cardiac puncture, blood was collected in EDTA blood collection
tubes for plasma isolation, the liver was collected and weighed, then the left ventricle was
flushed with 3 mL of normal saline. Tissues were then collected and weighed then either
snap frozen in liquid N2 or fixed in 10% neutral buffered formalin overnight for

morphological analysis.
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2.12 Staining

2.12.1 Sample and Slide Preparation

Tissues collected in 3 ml 10% formalin were incubated at room temperature overnight then
stored in cassettes submerged in a beaker of 70% ethanol until tissue processing. Tissues
were processed using a Shanson Excelsior ES® Tissue Processor (ThermoFischer
Scientific), by using automated ethanol gradient concentrations to xylene and then paraffin
in an 11 hour run. The tissues were then embedded into paraffin was blocks using a
HistoStar™ Embedding Workstation (ThermoFisher Scientific). Blocks where stored at

room temperature and placed on ice 1 hour prior to microtome sectioning.

5 um sections of formalin fixed, paraffin embedded tissues were cut, mounted on Thermo
Fisher SuperFrost™ Plus Adhesive Slides and dried at 60°C overnight. On the day of
staining, slides were de-paraffinised by immersion in two changes of xylene (5 mins)
followed by re-hydration in 4 changes of decreasing concentrations of ethanol (2x 100%
ethanol, 2x 95% ethanol and 1x 70% ethanol, 1 minute each), then immersed in RO water

for at least 1 minute.

2.12.2 Immunohistochemical Staining

2.12.2.1 Slide Preparation

Antigen retrieval was performed by microwaving slides for 2x 10 minutes at 70% power in
sodium citrate buffer (fill to 1L H20, 2.94 g tri-sodium citrate (dehydrate), pH 6.0, 0.5 ml
Tween20), maintaining a temperature of 95 - 99°C after the solution reached boiling
point. Slides were then rinsed with RO water until cooled and then with 5 minutes of PBS-
T (1L PBS, 1 mL Tween20). Endogenous peroxidase activity was blocked by incubation with
0.3% (v/v) H202 in methanol for 20 minutes at room temperature, then washed again for
5 minutes in PBS-T. The sections were then blocked in 10% (v/v) goat serum for at least 4

hours at room temperature.
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2.12.2.2 CD68 Staining

The primary antibody, rat anti mouse CD68 (Bio-Rad), was diluted 1:100 in 5% BSA (in
PBS-T), applied to the slides and incubated overnight at 4°C. The slides were then washed
with 2x changes of PBS-T for 5 minutes each before incubating with biotinylated goat anti-
rat antibodies (Abacus, VEBA9401) diluted in 10% horse serum for 2 hours at room
temperature. Slides were then washed three times, 5 minutes each wash, with PBS-T
before developing colour with DAB kit (Abacus, VESK4105) for 12 minutes, as per protocol.

Colour change was inhibited by dipping the slides in water.

21223 SMoActin Staining

Sections were incubated in monoclonal mouse a-mouse SMaActin conjugated to alkaline
phosphatase (1:50, Sigma, A5691) in 1% BSA, covered overnight at 4°C. Slides were then
washed twice for 5 minutes each in PBS-T before developing colour with Vector Red
Alkaline Phosphatase Substrate Kit (Abacus, VESK5100) for 12 minutes, as per protocol.

Colour change was inhibited by dipping the slides in water.

2.12.2.4 Slide Imaging

All immunohistochemically stained slides were counterstained with Meyer’s haematoxylin
then dehydrated through increasing ethanol (1x 70%, 2x 95%, 2x 100%) concentrations to
xylene (1 minute each) and mounted in DPX (Sigma) with coverslips. Slides were imaged
using a Zeiss Axio Lab.A1 microscope at 5X - 10X magnification and a Zeiss AxioCam ERc
Bs camera. Images were analysed using FlJI is just ImageJ 1.52h (FlJI) software (National
Institutes of Health, USA). Briefly, colour thresholds were determined using 5 sample
images and applied to all images. Colour positive areas were measured and presented as

a percentage of plaque area.
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2.12.3 Special Staining

2.12.3.1 Alizarin Red S Slide Stain

Rehydrated slides were incubated in 2% ARS (Chem-Supply, ALO80-25G) solution, pH4.2
(diluted in MilliQ water) for 2 minutes. Slides were allowed to drain before 20 dips of
acetone (Thermo, FSBA/0600/17), then 20 dips of acetone:xylene (1:1). Slides were
incubated for 1 minute in xylene 2 times, then mounted using DPX mounting media

(Sigma) and coverslips (Thermo).

2.12.3.2 H&E Stain

Rehydrated slides were submerged in Meyer’'s Haematoxylin (Australian Biostain) for 45
seconds, followed by a 1 minute wash in running water. Slides were then dipped twice in
0.3% acid ethanol (36% HCI (Univar) 3 ml, 70% ethanol (LabServ) 100ml), Scott’s tap water
(2 L water, sodium bicarbonate (sigma) 7 g, magnesium sulphate (sigma) 40 g), for 1
minute. The slides were then washed with 3 dips of water before staining with eosin (eosin
(Sigma) 100 mg, calcium chloride (Univar) 2 g, water 100 ml), for 1 minute. Slides were
washed with running tap water for 1 minute, then dehydrated through increasing ethanol
(1x 70%, 2x 95%, 2x 100%) concentrations to xylene (1 minute each) and mounted in DPX

(Sigma) with coverslips.

2.12.3.3 Masson’s Trichrome Stain

A Masson’s trichrome stain was performed per manufacturer’s instructions (Abcam).
Briefly, rehydrated sections were incubated with Weigert's haematoxylin for 5 minutes
before washing under running tap water for an additional 5 minutes. Sections were then
incubated in Beibrich Scarlet/Acid Fuchsin solution for 5 minutes, washed in tap water for
1 minute before being differentiated in phosphomolybdic/phosphotungstic acid solution
for 5 minutes and then aniline for a further 5 minutes., Sections were then rinsed briefly

in tap water, incubated in 1% acetic acid for 2 minutes, rinsed briefly in tap water then
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dehydrated by 2 quick dips through an ethanol gradient (1x 70%, 2x 95%, 2x 100%) then
1x 2 minute incubations in xylene. Slides were then dried and then mounted using DPX

mounting media (Sigma) and coverslips (Thermo).

80



Chapter 2

2.13 Blood Plasma Analysis

2.13.1 Mouse Plasma Processing

Blood was collected from animals prior to diet commencement and throughout the study
at regular intervals via tail vein incision, with blood allowed to drip into EDTA-Na2 coated
tubes, then centrifuged at 1500 rcf in an Eppendorf Centrifuge 5810 R for 15 minutes at

40C to obtain plasma, which was stored at -80°C until analysis.

2.13.2 Mouse Plasma Analysis

All chemical assays were measured on a Promega GloMax Discover spectrophotometer.
Concentrations of triglycerides (WAKO: Novachem cat# 439-17501) (2ul plasma used per
mouse, in duplicate), total cholesterol (WAKO: Novachem cat# 432-40201) (2ul plasma
used per mouse, in duplicate), calcium (Cayman Chemical) (5ul plasma used per mouse,
in duplicate) and ALP protein (WAKO: Novachem cat# 291-58601) (5ul plasma used per
mouse, in duplicate) were quantified using commercially available colourimetric assay Kits.
OPG protein concentration was analysed using a commercially available ELISA assay
(Abcam: cat# ab203365) (50ul plasma used per mouse, in duplicate) as per

manufacturer’s instructions.

2.13.3 Human Plasma or Serum Analysis

Human plasma total cholesterol, HDL-cholesterol and triglyceride content was measured
by ClinPath Services, Adelaide. Serum calcium (Cayman Chemical) and ALP protein (WAKO)
levels were measured using commercially available colourimetric assay kits as per

manufacturer’s instructions.
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2.14 Statistical Analyses

All data in this thesis are expressed as mean+ SEM. GraphPad Prism Version 8 (San Diego,

CA) was used to analyse results using the tests as appropriate in table 2.14.1. A p value

of <0.05 was considered statistically significant.

Table 2.14.1 Statistical tests and rationale

Test

Rationale

D’Agostino-Pearson’s

omnibus normality test

Unpaired t-test (t-test)

Mann-Whitney test

One-way ANOVA with

Bonferroni’s correction

Kruskal-Wallis test with

Dunn’s correction

Two-way ANOVA

Tested all data sets larger than n=3 for normal (Gaussian)
distribution

Used to test the difference in 1 variable between 2 groups, of
parametrically distributed data or cell experiments of n=3
Used to test the difference in 1 variable between 2 groups, of
nonparametrically distributed data or mouse experiments of
n=3

Used to test the difference in 1 outcome measurement
between 3 or more groups with 1 variable, of parametrically
distributed data or cell experiments of n=3

Used to test the difference in 1 outcome measurement
between 3 or more groups with 1 variable, of
nonparametrically distributed data or mouse experiments of
n=3

Used to test the difference in 1 outcome measurement

between 2 groups with 2 variables
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Pearson correlation

coefficients

Used to test the r value correlation and p value significance
by plotting 2 measured outcomes of individuals within a

population
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3.1 Introduction

It is now widely accepted that calcification associates with plaque progression®® and
vulnerability264 in different settings and measurement of CAC has been increasingly used
for more accurate cardiovascular risk assessments271. 272, Despite the clear need to
understand this disease, research into calcification triggers and mechanisms however has

been hindered in part due to a lack of in vitro model standardisation.

As detailed in chapter 1, the calcification process involves the differentiation of vascular
smooth muscle cells (VSMC) into osteoblast-like cells which express calcification markers,
such as runt related transcription factor 2 (Runx2) and receptor activator of NF-kB ligand
(RANKL), followed by raised alkaline phosphatase (ALP) expression and excretion of
calcifying matrix vesicles®64. Additionally, inhibition of local and circulating calcification
inhibitory proteins, such as MGP and OPG contribute significantly to the formation of VC&65,
Although Runx2 expression regulates RANKL and OPG expression®66 an exact time point
of when these molecules are expressed depends on the type of cell. Moreover, RANKL and
OPG have biphasic expression patterns®6’, adding to the time-dependant complexity of

measuring calcification markers in vitro.

Within the literature however, there is a lack of standardisation creating difficulties when
comparing results. Table 3.1.1 below outlines most common potential variables in these

assays.
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Table 2.13.3.1 Common variables present in the literature for in vitro calcification assays

Variables | Common Variants

Donor Species | Human, Mouse, Rat, Cow, Pig
Donor Artery | Aortic, Carotid, Coronary, Umbilical, Valvular
Donor Cell Variety | Regular, Calcification Prone, Passage
Donor Calcification
Age, Gender
Susceptibility
Growth Medium | With or without growth hormones
Mineral concentration (e.g. Ca and POas), FBS concentration,
Calcification Medium
Additives (e.g. dexamethasone)
Nodule formation, Mineral formation, expression of mRNAs

Calcification End-Point
or proteins involved in differentiation or mineralisation

When studying vascular calcification in vitro, 2 main media types for calcification tend to
be used: media which contains either organic or inorganic phosphates. The first of which
containing organic phosphate (B-glycerophosphate), allows ALP to be secreted from the
differentiated VSMCs to hydrolyse the 3-glycerophosphate into inorganic phosphate, which
is now able to incorporate into the calcifying nodules in the extracellular matrix©6s,
Although the initial use of inorganic phosphate may promote mineralisation by ‘skipping’
this hydrolysation step, ALP is still needed to inhibit potent calcification inhibitors (namely,
inorganic pyrophosphate)®68, therefore it remains unclear which pathology is more

relevant.

Many studies also use media containing a synthetic glucocorticoid, a family of molecules

known to induce osteoblastic differentiation in bone cells®6® and VSMCs€70, called
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dexamethasone. Although VSMCs do not need dexamethasone to differentiate or calcify,

the molecule reduces the time needed for the cells to differentiate®70.

The aim of this study therefore has 2 parts: the first is to design an assay which allows the
exploration of the experimental questions of this thesis, and the second is to characterise
the likeness of our assay to the literature by showing progressive differentiation and
calcification of VSMCs over time. To achieve this, human aortic smooth muscle cells
(HAOSMCs) were incubated with high inorganic phosphate and calcium levels and
assessed for calcification potential using the alizarin red s assay, mRNA expression using

PCR and protein expression using western blotting and ELISA assays.

87



Chapter 3

3.2 Methods
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Figure 2.13.3.1 Schematic of the in vitro calcification assay.

HAoSMCs were treated with CaPQO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for up to 15
days. Cells were then analysed at various timepoints with PCR, western blot and stained

with Alizarin Red S (ARS) stain to monitor calcium deposition and molecule expression.

Cells were maintained and calcified as per methods chapter 2.4. After 1,3,5 and 7 days of
calcification medium (CM), cell mMRNA was harvested and transformed to cDNA for PCR
analysis as per methods chapter 2.5.1, 2.6 and 2.7 respectively. Cells were harvested
after 5 and 7 days of calcification for protein expression analysis via methods in chapter
2.8 and 2.9. Additionally, media also was collected after the 5 and 7 day CM timepoints
and analysed for protein secretion using ELISA assays as per methods chapter 2.10. A
timeline of the in vitro calcification assay is presented in figure 3.2.1. Cells receiving no
treatment were collected at all timepoints, experimented separately and combined for

analysis.
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3.3 Results

3.3.1 Development of the Alizarin Red S (ARS) Functional Assay

All smooth muscle cells behave differently, and this is reflected throughout multiple
studies382. 671 with varying times required for SMCs to calcify. In order to establish the
length of time required for calcification, HAOSMCs were subjected to treatment with
calcification medium (CM) (M199 supplemented with 2.7 mM Ca, 2.0 mM PO4 and 1%
FBS). It was determined that these cells required 15 days of CM to present with significant
calcification as determined by an Alizarin Red S stain (figure 3.3.1.1). Upon analysis of the
stain using image J software, the 15 day timepoint was observed to be significantly more
calcified than all other timepoints (0O Days: 0.0+0.0, p<0.0001; 8 Days: 0.0+0.0,
p<0.0001; 11 Days: 4.25+1.64, p<0.0001; 13 Days: 20.81+12.56, p<0.001; vs 15 Days:

74.94+1.25) (figure 3.3.1.1).
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Figure 3.3.1.1 The effect of calcification medium on calcification of over time.

HAoSMCs were treated with CaPQO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for up to 15
days and stained with Alizarin Red S (ARS) stain to visualise calcium deposition. Images
presented in figure 3.3.1 were analysed using image J software and presented as % of
total well area. ***p<0.001, ****p<0.0001, ANOVA with Bonferroni’s correction. Data

represented mean+ SEM, n=3.
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3.3.2 Vascular Calcification Markers

Based on the presence of advanced calcification determined by the Alizarin Red S stain at
15 days, the cells were then assessed at the mRNA level over a period of 1 to 7 days to
determine the optimal timepoint for expression of calcification markers in HAoSMCs.
Subsequently cells were then probed at the protein level at days 5 and 7 of calcification,

to capture differentiation of HAoSMCs towards osteoblast expression.

Runx2 - Runx2, the master regulator of differentiation, had significantly increased mRNA
expression (figure 3.3.2.1) after 7 days of calcification compared to all other timepoints
and the cells with no treatment (NT) (p<0.0001. NT: 105.2+1.58; 1 day: 84.18+9.39; 3
days: 112.2+32.51; 5 days: 157.5+87.89; 7 days: 1440+269.5). Figure 3.3.2.1
illustrates the effects of calcification on Runx2 levels over time. After 5 days of calcification
there was no difference in Runx2 protein levels, however after 7 days of calcification Runx2

was significantly increased (100+14.72 vs 1014+286.7, p<0.001).
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Figure 3.3.2.1 The effect of calcification medium on Runx2 expression.

HAoSMCs were treated with CaPQO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for indicated
time points. (A) Runx2 mRNA expression was measured by gPCR using GAPDH as the
internal control. (B-C) Runx2 protein expression was measured by western blotting using
B-Actin and a standard sample as internal controls *p<0.05; ****p<0.0001 compared
to all other conditions, ANOVA with Bonferroni’s correction. Data represented as % of NT,

meant SEM, n=3.
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RANKL - The expression of RANKL can be directly influenced by activation of Runx2. Given
the effects of stimulating calcification on Runx2 in the previous section, it is unsurprising
to see the same pattern for RANKL as calcification occurs over time (figure 3.3.2.2 A).
Similar to Runx2 mRNA expression, RANKL mRNA expression was significantly upregulated
after 7 days of calcification when compared to all other timepoints (7 Days: 3174+714.0
vs NT: 110+1.84, p<0.0001; 1 day: 205.2+8.08, p<0.0001; 3 days: 469.5+20.87,
p=0.003; 5 days: 1235+603.1, p<0.05). Additionally, 5 days of calcification caused a
significant upregulation in RANKL mRNA expression when compared to the NT group
(110+1.84 vs 1235+603.1, p<0.05). To confirm that the expression of RANKL protein will
correspond to that of the upstream Runx2 patterns we also probed the cellular protein for
RANKL. While there was an increased expression of RANKL over time, this increase was

not significantly different from the NT group (figure 3.3.2.2).
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Figure 3.3.2.2 The effect of calcification medium on RANKL mRNA expression over time.

HAoSMCs were treated with CaPO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for indicated
time points. (A) RANKL mRNA expression was measured by qPCR using GAPDH as the
internal control. (B-C) RANKL protein expression was measured by western blotting using
B-Actin and a standard sample as internal controls *p<0.05, **p<0.01, ***p<0.001,
***%n<0.0001, ANOVA with Bonferroni’s correction. Data represented as % of NT, meant

SEM, n=3.
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In addition to membrane bound RANKL, RANKL can also be secreted to have autocrine
and paracrine functions. An ELISA was used to assess levels in cell culture media from
calcification stimulated HA0SMCs, normalised to total protein present (figure 3.3.2.3).
After either 5 or 7 days of calcification, there was no difference in RANKL secreted when
compared to the no treatment control, however after 7 days of calcification there were
significantly higher RANKL levels when compared to media from cells undergoing 5 days

of calcification (0.87+0.02 vs 1.068+0.03, p<0.05).
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Figure 3.3.2.3 The effect of calcification medium on soluble RANKL levels.

HAoSMCs were treated with CaPO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for indicated
time points. Soluble RANKL protein levels were measured by ELISA using BCA measured
total protein as a control. *p<0.05, ANOVA with Bonferroni’s correction. Data represented

as fold change of NT, mean+ SEM, n=3.
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Alkaline Phosphatase - During vascular calcification mineral is deposited in the blood
vessel. Immediately prior to this deposition ALP mRNA expression is upregulated due to
the elevations in pH levels. Following a similar expression pattern as the previous results
(figures 3.3.2.1, 3.3.2.2 and 3.3.2.3), after 7 days of calcification ALP mRNA expression
(figure 3.3.2.4) was significantly increased from the NT baseline and all other timepoints
(7 Days:3174+714.0vs NT: 110+£1.84, p<0.0001; 1 day: 205.2+8.08, p<0.0001; 3 days:

469.5+20.87, p<0.01; 5 days: 1235+603.1, p<0.05).
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Figure 3.3.2.4 The effect of calcification medium on ALP mRNA expression.

HAoSMCs were treated with CaPQO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for indicated
time points. ALP mRNA expression was measured by qPCR using GAPDH as the internal
control. ****p<0.0001, ANOVA with Bonferroni’s correction. Data represented as % of

NT, mean+ SEM, n=3.
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Smooth muscle alpha actin - When VSMCs differentiate they undergo a transformation
from their contractile state to a more synthetic, osteoblastic phenotype328. A crucial
identifier of this process is the presence of SMa actin. As shown in figure 3.3.2.5, SMa
actin mRNA expression was reduced over time, reaching significantly lower levels after 7

days when compared to the NT group (103.6+0.52 vs 28.13+10.31, p<0.001).
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Figure 3.3.2.5 The effect of calcification medium on SMaActin mRNA expression.

HAoSMCs were treated with CaPQO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for indicated
time points. SMaActin mRNA expression was measured by qPCR using GAPDH as the
internal control. ***p<0.001, ANOVA with Bonferroni’s correction. Data represented as

% of NT, mean+ SEM, n=3.
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Osteoprotegerin - As described in chapter 1, OPG inhibits the differentiation of VSMCs into
an osteogenic phenotype providing a defence mechanism of VC. In addition to the reduced
SMa actin mRNA levels observed in figure 3.3.2.5, the calcification inhibitory molecule,
OPG was also reduced (figure 3.3.2.6). Stimulation of HAoSMCs with calcification medium
significantly reduced OPG mRNA expression at days 5 and 7 compared to NT (NT:
104.5+1.22 vs 5 days: 53.89+30.84, p<0.05; 7 days: 8.5+2.15, p<0.0001). It was clear
that expression of OPG decreased over time with levels at days 3, 5 and 7 significantly
lower than day 1 (1 day: 124.6+21.91 vs 3 days: 65.32+13.37, p<0.05; 1 day:
124.6+21.91 vs 5 days: : 53.89+30.84, p<0.05; 7 days: 8.5+2.15, p<0.0001). Cells
secrete OPG as a decoy protein, binding RANK to inhibit RANK:RANKL binding to activate
calcification. Figure 3.3.4.6 A describes the effects of calcification on soluble OPG levels
over time, showing that both 5 (100+3.15 vs 52.1+8.89, p<0.001) and 7 days (100+3.15

vs 56.44+4.71 p<0.001) of treatment significantly reduced OPG protein secretion.
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Figure 3.3.2.6 The effect of calcification medium on OPG expression.

HAoSMCs were treated with CaPO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for indicated
time points. (A) OPG mRNA expression was measured by qPCR using GAPDH as the
internal control. (B) Soluble OPG levels were measured by ELISA using BCA measured total
protein as a control. *p<0.05, ***p<0.001, ****p<0.0001, ANOVA with Bonferroni’s

correction. Data represented as % of NT, meant SEM, n=3.
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3.4 Discussion

Here in chapter 3, the assay to be used in all further chapters was developed and
characterised by identifying the expression levels of molecules typically involved in VSMC
calcification. Figure 3.3.1.1 shows that these cells take 15 days to almost completely
calcify and have raised expression mRNA and protein levels of the pro-calcification
molecules Runx2, RANKL and ALP at the 7 day timepoint and in some cases as early as
the 5 day timepoint. Additionally, the VSMC marker SMa actin and the anti-calcification

molecule, OPG had decreased expression at the 5 and 7 day timepoints.

As the calcification potential of cells can change between donor, subset and species382.
671 for these studies, the use of human aortic smooth muscle cells (HAoSMCs) ensured
relevance to a human population. Furthermore, a regular, non-calcification-prone
phenotype and demographic was selected to ensure the detection of early changes: the
donor is a 31 year old female and the cells were used at passage 7, to avoid senescence
phenotypes. While the use of a single donor provides a clear indication of what is
happening in healthy cells, in the future the experiments in this thesis would benefit from
adding different donor cells, from a range of demographics, to thoroughly examine VC over
a population of cells more similar to the general population, or the populations

experiencing VC.

The calcification medium used in this thesis employed calcium and inorganic phosphate
(PO4) at concentrations replicating the upper limits of observed human plasma
concentrations (Ca 2.7 mM and NaH2POs4 2.0 mM). The use of inorganic phosphate
allowed a greater flexibility of passage number in the cells, as it has been previously
reported that valvular calcification can slow past passage 4 when using organic
phosphate®72. Additionally, cells were supplemented with 1% FBS during the calcification

process to prevent cell death, which is another stimulator of calcification293-295, For these
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reasons, the study presented here shows strengths over the previous literature presented

in the introduction chapter 3.1.

The in vitro studies performed in this entire thesis were also all done simultaneously,
adding to the standardisation of these experiments. Cells were grown to passage 6, then
combined, split to passage 7 and plated on the same day, in the same hood and rotated
within the same incubator. As such, all PCR, western blot and calcification assays were
performed on cells harvested from the same batches and on the same days, with the same
reagents, allowing for direct comparison between treatment groups in a standardised
model. As presented here in chapter 3, this in vitro calcification assay allows the detection
of early changes in calcification in a pathologically relevant manner and convers a range

of markers, allowing for easier comparison to the literature.

The data presented here not only corresponds to the described patterns of calcification,
identified from runx2, RANKL and OPG expression®66.667 put applies it to a standardised
human model for the detection of VSMC differentiation and calcification. From the data in
chapter 3.3, the timepoint of 5 and 7 days were chosen to examine mRNA and PCR
expression changes post exposure to lipoproteins, whereas for the calcification assay the

15 day timepoint was selected.
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4.1 Introduction

Triglyceride rich lipoproteins (TRLs) are responsible for transporting triglycerides
throughout the body and are widely recognised as indicators of CVD. Emerging evidence
now suggests a more causative role for these particles in the pathogenesis of
atherosclerosis1?1, with clinical trials showing additional risk of high TRL levels beyond low

density lipoprotein (LDL) levels122,

Although large TRLs, such as large very low-density lipoprotein (VLDL) and chylomicrons,
are unable to penetrate the artery wall due to their size124, the pathological effects of TRLs
in atherosclerosis can be attributed to their smaller remnants25, often referred to as B-
VLDL. These TRL remnants are retained in the arterial wall matrix126 and have been
identified within the atherosclerotic plaques of rabbits125 127, Once in the artery wall, the
remnants are able to participate in foam cell formation128. 129 impair endothelial
function130. 131 gctivate leukocytes132, promote VSMC proliferation133 and contribute to
local inflammation134. 135, These effects in combination with epidemiological data136. 137

suggests a causal role for TRLs in atherosclerosis.

The retention of TRLs in the plasma are coordinated via the ability of apolipoprotein CllI
(apo ClII) to inhibit lipoprotein lipase (LPL)873 and hepatic VLDL uptake874 675, Conversely,
apo Cll activates LPL activity and mimetic peptides of apo Cll can be used to treat
hypertriglyceridemia of Cll deficient patients®76. As such, treatments targeting LPL, apo ClI
and apo Clll are attractive options for the management of atherosclerosisé76:680,
Interestingly, in humans the genes for apo Al, ClIl and AlV are linked in a clustered tandem
organisation®8l, and that genetic variants of their allele can result in elevated apo Clll alone
and the correlating raised TG levels®82 and atherosclerosis®83. There are also human
populations containing genetically coded reduced apo Clll levels, including the Lancaster

Amish684 resulting in a favourable lipid and atherogenic profile680. 684-686,
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A similar phenotype occurs in animals, where apo ClIl deficiency protects against
atherosclerosis®8’. 688  |owers TG levels®80. 689, 690 gnd protects against postprandial
hypertriglyceridemia®89. Conversely, apo CIIl overexpression or human transgenic
expression leads to hypertriglyceridemia®91, diet induced obesity692. 693 and increased
early atherosclerosis158. Mice expressing both cholesterol ester transfer protein (CETP), a
protein which facilitates the transfer of cholesterol esters from HDL to TRLs, and apo CllI
however did not have diet induced weight gain692 and have reduced early plaque

volume®94,

Apo Clll-containing HDL particles account for approximately half of lipoprotein associated
apo CllIl, modulating the severity of hypertriglyceridemia®9, changing the structure and
functionality of the HDL and promoting metabolic activation of brown adipose tissuet96,
Upregulation of apo Clll transcript expression can also be achieved by high plasma glucose
levels, potentially contributing to diabetic dyslipidaemia®’ and therefore diabetic
cardiovascular risk®98. 699, Moreover, apo Clll has the pro-atherogenic property of
enhancing leukocyte-endothelial activation and binding790, an interaction which can be

suppressed by statins701,

In the arterial wall, VSMCs are capable of triglyceride uptake, storage and de novo
synthesis, implicating a role for TRLs in smooth muscle plasticity into adipose-like cells.
The VSMCs also interact with apo CIll, which causes proliferation, migration and
inflammation of VSMCs through the NF-kB pathway’92. Raised cholesterol content of VLDL
particles highly associated with coronary artery calcification (CAC)793 and elevated plasma
triglyceride levels associated with calcification of the mitral annulus31i, suggesting a
relationship between VLDL uptake and VC. Interestingly, a paradox exists whereby small
VLDL particles and remnants correlate to atherosclerosis, but large VLDL particles are

associated with CAC and chronic kidney disease (CKD)190, For APOC3 loss-of-function
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heterozygosity in humans, reduced triglycerides and remnant cholesterol had a parallel
association with reduced CACS%84, linking apo CliI's effects on lipoproteins to vascular

calcification.

As it is now somewhat established that TRLs interact with the vessel wall to encourage
atherosclerotic plague development, we hypothesise that it continues to have a role in the
progression of vascular calcification. While there appears to be some evidence to implicate
a role for VLDL in VC, to date there have been no studies aiming to further examine these
findings in vitro or in vivo. The studies presented in this chapter therefore aim to determine
potential roles for VLDL and oxVLDL in the function and regulation of calcification in vitro.
Additionally, this study aims to identify an in vivo relationship between triglycerides, apo
Clll and atherosclerotic markers, and examine the calcification potential of human serum

containing high levels of TG.
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4.2 Methods

4.2.1 In Vitro Study Design

Cells were maintained and calcified as per methods chapter 2.4 after 24 hours of pre-
treatment with VLDL or oxVLDL at 200ug/ml. After 1,3,5 and 7 days of calcification
medium (CM), cell mRNA was harvested and transformed to cDNA for PCR analysis as per
methods chapter 2.5.1, 2.6 and 2.7 respectively. Cells were harvested after 5 and 7 days
of calcification for protein expression analysis via methods in chapter 2.8 and 2.9.
Additionally, media also was collected after the 5 and 7 day CM timepoints and analysed
for protein secretion using ELISA assays as per methods chapter 2.10. A timeline of the in

vitro calcification assay is presented in figure 4.2.1.
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Figure 4.2.1.1 Schematic of the VLDL in vitro calcification assay.

HAoSMCs were pre-treated with VLDL or oxVLDL at 200ug/ml for 24 hours, then treated
with CaPOQO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for up to 15 days. Cells were then
analysed at various timepoints with PCR, western blot and stained with Alizarin Red S

(ARS) stain to monitor calcium deposition and molecule expression.
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4.2.2 In Vivo Study Design

Forty one 8-week-old Apo E7/- x Apo CIII7- and Apo E7- mice on a C57BIl/6 background were
randomized to either 8 or 16 weeks of atherogenic diet (AD) (22% fat, 0.15% cholesterol,
irradiation at min 25kGy, SFO0-219, Specialty Feeds, WA, Australia), corresponding to
early-mid stage atherosclerosis and early VC in humans (figure 4.2.1.1 ). Mice were
weighed weekly and bedding changed twice per week. Blood was collected for triglyceride,
total cholesterol, calcium and ALP analysis immediately prior to commencing the
atherogenic diet and upon terminal cardiac puncture when completing the study. This
study was approved by the South Australian Health and Medical Research Institute Animal

Ethics Committee (SAM186).

Apo E” Apo E” x Apo CIII”-

!l
:

Weights Tissue Harvest Plasma Colection

J

Figure 4.2.2.1 In vivo experimental timeline.
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8-week-old Apo E7- x Apo ClII”- and Apo E7- mice on a C57BIl/6 background were
randomized to either 8 or 16 weeks of atherogenic diet (AD). Upon completion of AD, mice

were weighed and harvested for tissues and blood plasma.

4.2.3 Human Study Design

45 adult volunteers with varying triglyceride (TG) levels (<2 mM n=15, 2 - 6 mM n=15, >6
mM n=15) were recruited from outpatient clinics by RAH treating clinicians or patients who
were referred by other clinicians according to their lipid profile. Normal (<2 mM TG), hyper
triglyceridemic (2 - 6 mM TG) and super-hyper triglyceridemic (>6 mM) patient serum
samples were age based propensity matched (n=5 per group) and analysed for lipid
content, VC biomarker content (Calcium and ALP) and calcification potential (ARS assay
on calcifying VSMCs). This study was approved by the Central Adelaide Local Health
Network Human Research Ethics Committee (CALHN HREC) and CALHN Research

Governance, under the ethics number HREC/15/RAH/282.

Volunteers who satisfied the eligibility criteria then had a basic health assessment
recorded, including the measurement of height, weight and blood pressure. 20 mL of blood
was withdrawn by venepuncture and transferred to heparin or Z serum clot activator
coated tubes. Serum and plasma were collected via centrifugation at 1500 rcf for 15

minutes and stored at -80°C until use.

Table 4.2.3.1 Eligibility criteria of clinical study.

Criteria | Eligibility

Gender and Age | Male or female aged 18-85 years

No bleeding tendency or significant health
General Health
problems

Pregnancy Status | Not currently pregnant or breastfeeding
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Good command of the English language
Ability to Give Informed Consent
and able to provide informed consent

109



Chapter 4

In Vitro Results

The role of VLDL and oxVLDL in VSMC
calcification
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4.3 Results

4.3.1 The Functional Effects of VLDL and oxVLDL on HAoSMC Calcification

While there is currently a limited number of studies investigating the role of VLDL in
calcification in vitro, there is some data demonstrating the presence of VLDL receptors in
the artery wall’94 and that VLDL can dose dependently promote VSMC proliferation133,

suggesting an active role in plaque progression.

The influence of VLDL and oxVLDL pre-treatment on the calcification potential of HAoSMCs
was assessed using the ARS assay. HAOSMC calcification was significantly increased in
response to oxVLDL pre-treatment (1+0.03 vs 1.23+0.044, p<0.0001). Moreover, oxVLDL
pre-treatment augmented HAOSMC calcification significantly more than VLDL (1.09+0.015
vs 1.23+0.044, p<0.01) (figure 4.3.1.1), demonstrating a functional effect for oxVLDL in

progressing vascular calcification.
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Figure 4.3.1.1 The effect of VLDL and oxVLDL on calcification.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 15 days. Calcification was measured by ARS assay
with no treatment (NT) and CM alone and expressed as fold change from CM. NT
****n<0.0001 compared to all other treatments. *p<0.05, ***p<0.001, ANOVA with

Bonferroni’s correction. Data represented as mean+ SEM, n=3.
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4.3.2 The Effects of VLDL and oxVLDL on HAoSMC Calcification Gene Expression

While it is well established that oxidative stress has a role in VC296-300 by inducing
osteoblastic differentiation of VSMCs, the specific effects of VLDL and its oxidative form
on HAoSMC calcification remain unknown. Gene expression profiling of calcification
markers was utilised to investigate the effects of calcification medium (CM) (Ca 2.7 mM,
PO4 2.0 mM), VLDL or oxVLDL treatment individually. After 24 hours of exposure to CM, an
increase in the pro-calcification marker RANKL (106.2+5.8 vs 204.1+20.54, p<0.0001)
was observed. Correspondingly there was a decrease in SMoActin (103.4+3.84 vs
65.09+4.43, p<0.0001) mRNA expression when compared to the NT baseline controls.
No changes were observed in the pro-calcific marker Runx2 (A), ALP (C), and the

calcification protective OPG (E) genes (figure 4.3.2.1).

Treatment with VLDL and oxVLDL downregulated pro-calcific gene expression after 24
hours. Runx2, the master regulator of calcification gene transcription, was significantly
reduced when cells were treated with VLDL (NT: 110.6+12.37 vs 51.45+4.81, p<0.0001,;
CM: 84.18+7.28 vs 51.45+4.81, p<0.05) and oxVLDL (NT: 110.6+12.37 vs 5.49+0.62,
p<0.0001, CM: 84.18+7.28 vs 5.49+0.62, p<0.0001). Additionally, oxVLDL reduced
Runx2 mRNA levels further when directly compared to VLDL (51.45+4.81 vs 5.49+0.62,
p<0.01) (figure 4.3.2.1 A). VLDL also significantly reduced the expression of RANKL, the
mediator of osteoblastic differentiation, when compared to both NT and CP controls (NT:
106.215.8 vs 40.98+6.05, p<0.01; CP: 204.1+20.54 vs 40.98+6.05, p<0.0001) and
oxVLDL (NT: 106.24+5.8 vs 14.35+4.27, p<0.0001; CP: 204.1+20.54 vs 14.35+4.27,
p<0.0001). (figure 4.3.2.1 B). Interestingly however, the expression of ALP, the final pH
regulator for effective calcium deposition, was unchanged by any treatment compared to

control cells (figure 4.3.2.1 C).
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Differential results were observed when SMaActin and OPG were assessed. The VSMC
marker SMaActin was significantly reduced by oxVLDL (103.4+3.84 vs 17.81+2.01,
p<0.0001) when compared to the NT control while its native form had no effect. There
was, however, a significant reduction following oxVLDL treatment compared to VLDL
(65.09+4.43 vs 17.81+2.01, p<0.0001) (figure 4.3.2.1 D). When measuring OPG, the
RANKL decoy protein, mRNA levels were significantly reduced following 24 hours of
treatment with both VLDL (NT: 107.1+£11.09 vs 49.2448.1, p<0.01; CM: 122+13.99 vs
49.24+8.1, p<0.0001) and oxVLDL (NT: 107.1£11.09 vs 1.64+0.21, p<0.0001; CM:
122+13.99 vs 1.64+0.21, p<0.0001) treatment. In addition, cells treated with oxVLDL
had almost abolished OPG mRNA levels completely even more than cells treated with VLDL

(49.2448.1 vs 1.64+0.21, p<0.01) (figure 4.3.2.1 E).

Given that the current data on VLDL is pro-atherogenic it was surprising to see that in this
assay both the native and oxidised forms reduced not only the calcification inhibitors but
also the pro-calcific genes. Understandably this was only a 24 hour treatment of the
lipoproteins themselves, therefore in the next section an environment more similar to

pathological VC will be assessed and at longer timepoints.
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Figure 4.3.2.1 The effect of VLDL and oxVLDL on mRNA expression.

HAoSMCs were treated with CM (Ca 2.7 mM, PO4 2.0 mM) VLDL or oxVLDL (200 ug/ml)
for 24 hours. mRNA expression was measured by qPCR using GAPDH as the internal
control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ANOVA with Bonferroni’s

correction. Data represented as % of NT, meant SEM, n=3.
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4.3.3 The effects of VLDL and oxVLDL Pre-Treatment on HAoSMC Gene expression

After discovering an effect for oxVLDL on the global reduction of HAOSMC calcification-
involved gene expression after 24 hours of treatment, we investigated the influence of
VLDL and oxVLDL on the expression of these calcification markers at the 5 and 7 day

timepoints established earlier in Chapter 3.

When pre-treating cells for 24 hours with VLDL before 5 days of calcification, there were
no differences in Runx2 mRNA expression compared to untreated cells (NT), or CM treated
cells. Despite this, compared to oxVLDL, VLDL appeared to exert a protection against the
induced calcification which was lost when the VLDL was oxidised (VLDL: 208.6+52.86 vs
929.7+93.87; p<0.01). Even when increasing the length of calcification to 7 days, VLDL
treatment was still able to prevent the significant increase in Runx2 observed by both CM
and oxVLDL treatment. (figure 4.3.3.1). Pre-treating the cells with oxVLDL prior to
calcification induction markedly enhanced Runx2 expression compared to all other
treatments at day 5 (NT: 103.4+6.47 vs 929.7+93.87, p<0.0001; CM: 146.2+52.23 vs
929.7+93.87, p<0.0001; VLDL: 208.6+52.86 vs 929.7+93.87, p<0.01), however by day

7 the induction was comparable to cells stimulated with CM alone (figure 4.3.3.1).

116



Chapter 4

Runx2 mRNA Expression
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Figure 4.3.3.1 The effect of VLDL and oxVLDL on Runx2 mRNA expression.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 5 or 7 days. A no treatment (NT) baseline and a CM
alone positive control were used. Runx2 mRNA expression was measured by gPCR using
GAPDH as the internal control. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,

ANOVA with Bonferroni’s correction. Data represented as % of NT, meant+ SEM, n=3.
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Based on earlier data where RANKL expression corresponded with what was observed for
Runx2 (figure 4.3.2.1), it was interesting that VLDL treatment did not appear to follow the
same trend. RANKL mRNA levels were unchanged regardless of treatment groups after 5
days of calcification. By day 7 however, pre-treatment with both VLDL (CM: 358+800.7 vs
429.5+111.5, p<0.0001) and oxVLDL (CM: 3582+800.7 vs 284.6+69.81, p<0.0001)

significantly reduced RANKL mRNA expression levels compared to CM (figure 4.3.3.2).
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Figure 4.3.3.2 The effect of VLDL and oxVLDL on RANKL mRNA expression.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 5 or 7 days. A no treatment (NT) baseline and a CM
alone positive control were used. RANKL mRNA expression was measured by qPCR using
GAPDH as the internal control. *p<0.05, **p<0.01, ANOVA with Bonferroni’s correction.

Data represented as % of NT, meant+ SEM, n=3.
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ALP mRNA expression is upregulated immediately prior to the mineral deposition in VC.
After 5 days of calcification, oxVLDL pre-treatment significantly raised ALP mRNA
expression when compared to NT (110.3+4.066 vs 5692+344)5, p<0.001), CM
(1188+808.0 vs 5692+344.5, p<0.01) and VLDL (1165+213.3 vs 5692+344.5, p<0.01)
pre-treated cells (figure 4.3.3.3 ). After 7 days of calcification VLDL pre-treatment did not
affect ALP mRNA expression when compared to either NT or CP alone. However, oxVLDL
pre-treated cells had significantly raised expression levels when compared to the NT

baseline (108.8+2.0 vs 12123+40.48, p<0.05) (figure 4.3.3.3).
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Figure 4.3.3.3 The effect of VLDL and oxVLDL on ALP mRNA expression.

HA0oSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 5 or 7 days. A no treatment (NT) baseline and a CM
alone positive control were used. ALP mRNA expression was measured by qPCR using
GAPDH as the internal control. *p<0.05, **p<0.01, ***p<0.001, ANOVA with

Bonferroni’s correction. Data represented as % of NT, meant SEM, n=3.
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When VSMCs differentiate they can undergo a transformation from their contractile state
to a more synthetic phenotype. A crucial identifier of this process is the presence of SMa
actin. The effects of VLDL and oxVLDL on subsequent expression of SMa actin after
calcification stimulus were assessed (figure 4.3.3.4). After 5 days of calcification VLDL
significantly reduced levels of SMa actin compared to both NT (103.1+7.22 vs 17.8+2.82,
p<0.0001) and CM (46.72+8.04 vs 17.8+2.82, p<0.001) controls and by day 7 levels
were still reduced. oxVLDL continued to reduce expression of SMa actin (day b:
46.72+8.04 vs 4.34+0.57, p=ns; day 7: 19.97+3.32 vs 3.2940.49, p=ns) compared to

CM, suggesting a detrimental effect of oxidation on the maintenance of contractile SMC

phenotype.
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Figure 4.3.3.4 The effect of VLDL and oxVLDL on SMaActin expression.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 5 or 7 days. A no treatment (NT) baseline and a CM
alone positive control were used. SMaActin mRNA expression was measured by qPCR
using GAPDH as the internal control. *p<0.05, **p<0.01, ***p<0.001, ANOVA with

Bonferroni’s correction. Data represented as % of NT, mean+ SEM, n=3.
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Osteoprotegerin (OPG) acts as a decoy receptor for RANKL to block the bone deposition.
In VSMCs lack of OPG triggers differentiation towards an osteogenic phenotype and the
addition of OPG demonstrates direct proliferative and survival effects?05. In this study, after
5 days of calcification, both VLDL and oxVLDL significantly lowered OPG mRNA expression
when compared to CM treatment (VLDL: 23.1+1.92 vs 4.9+1.1, p<0.01; oxVLDL:
23.1+1.92 vs 1.7+0.83, p<0.01). Additionally, compared to NT, VLDL at day 5
(106.5+12.63 vs 4.9+1.34, p<0.0001) and day 7 (102.1+11.3 vs 7.43+1.63, p<0.0001)
and oxVLDL at day 5 (106.5+12.63 vs 1.79+0.49, p<0.0001) and day 7 (102.1+11.3 vs

4.26+1.46, p<0.0001) all significantly reduced OPG mRNA expression (figure 4.3.3.5).
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Figure 4.3.3.5 The effect of VLDL and oxVLDL on OPG expression.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 5 or 7 days. A no treatment (NT) baseline and a CM
alone positive control were used. OPG mRNA expression was measured by qPCR using
GAPDH as the internal control. *p<0.05, **p<0.01, ***p<0.001, ANOVA with

Bonferroni’s correction. Data represented as % of NT, meant SEM, n=3.
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4.3.4 The effects of VLDL on HAoSMC Calcification Protein Expression and Secretion

Based on the results presented in chapter 3.3.3 , that VLDL and particularly oxVLDL
influence the expression of Runx2, RANKL, ALP and OPG mRNA expression at 5 and 7 days
of calcification, we performed western blots, ELISAs and colorimetric assays to identify

whether the effects of VLDL continued at the protein level.

oxVLDL significantly increased Runx2 protein expression compared to the NT baseline
(1+0.3445 vs 44.1943.156, p<0.001), CM alone control (5.678+1.948 vs 44.19+3.156,
p<0.001) and VLDL pre-treatment (10.44+5.592 vs 44.19+3.156, p<0.001). While after
7 days the same pattern was observed, there were no significant differences between
treatments (figure 4.3.4.1). Combined with the ARS data presented in figure 3.3.1.1 and
the gene expression data presented in figure 3.3.3.1, we see a consistent role for oxVLDL

in the stimulation of vascular calcification when examining Runx2.
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Figure 4.3.4.1 The effect of VLDL and oxVLDL on Runx2 protein expression.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CM
positive control were used. Runx2 protein expression was measured by western blotting
using B-Actin and a standard sample as internal controls. *p<0.05, ***p<0.001,
****n<(0.0001, ANOVA with Bonferroni’s correction. Data represented as % of NT, meant

SEM, n=3. Representative blots of 5 days and 7 days CP treatment shown below graphs.
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Next, we probed for cellular RANKL protein, hypothesising a similar pattern to the
observations for Runx2 protein expression in figure 4.3.4.1. After both 5 and 7 days of CM
treatment, oxVLDL pre-treated cells had significantly higher RANKL protein levels than
untreated cells (5 days: 100+32.85 vs 3777+402.4, p<0.001; 7 days: 100+20.02 vs
9407+2680), CM (5 days: 469.3+135.3 vs 3777+402.4, p<0.0001; 7 days:
860.4+252.4 vs 9407+£2680, p<0.0001) (figure 4.3.4.2 ). While the protein expression of
RANKL presented here in figure 4.3.4.2 complements the effect observed in the ARS assay
infigure 4.3.1.1, the profile differs from that observed for the gene expression data (figure
4.3.3.2). While further experimental data is needed to explain these effects in detail,
ultimately, RANKL protein levels indicate that the VSMCs are undergoing osteogenic
phenotype switching resulting in calcification. As RANKL is expressed biphasically®67, it is
possible that the discrepancies between the mRNA and protein expression levels could be

due to this effect.
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RANKL Expression
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Figure 4.3.4.2 The effect of VLDL and oxVLDL on RANKL protein expression.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CM
positive control were used. RANKL protein expression was measured by western blotting
using B-Actin and a standard sample as internal controls. **p<0.01, ***p<0.001,
****n<(0.0001, ANOVA with Bonferroni’s correction. Data represented as % of NT, meant
SEM, n=3. Representative blots of 5 days (D) and 7 days (E) CP treatment shown below

graphs.
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As RANKL can also be secreted to have autocrine and paracrine functions, soluble levels
were assessed in the cell culture media, normalised to total protein present (figure
4.3.4.3). In contrast to the RANKL expression observed in the cell membrane soluble
RANKL was significantly decreased after both 5 and 7 days of calcification when compared
to both the NT and CM treated cells (VLDL - 5 days: 1+0.04 or 0.86+0.02 vs 0.24+0.003,
p<0.0001; 7 days: 1+0.08 or 1.07+0.03 vs 0.27+0.03, p<0.0001 and oxVLDL - 5 days:
1+£0.04 or 0.861£0.02 vs 0.23+0.01, p<0.0001; 7 days: 1+0.08 or 1.07+£0.03 vs
0.2740.02, p<0.0001) (figure 4.3.4.3). This contrast is unexpected as the retention of
RANKL then RANK binding leads to osteoblast-like phenotypic switching. Moreover, free
RANKL can trigger macrophage osteoclastogenesis, thereby soluble RANKL could act to

decrease VC.
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Figure 4.3.4.3 The effect of VLDL and oxVLDL on soluble RANKL.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CM
positive control were used. RANKL protein secretion was measured by ELISA using BCA
measured total protein as a control. *p<0.05, ****p<0.0001, ANOVA with Bonferroni’s

correction. Data represented as fold change of NT, meant+ SEM, n=3.
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As described in chapter 1, OPG inhibits the differentiation of VSMCs into an osteogenic
phenotype providing a defence mechanism against VC. Soluble OPG acts as a decoy
protein, binding to RANK to inhibit RANK:RANKL binding to activate calcification. VLDL pre-
treatment had no effect on soluble levels of OPG compared to either NT or CP treatment
after 5 days of calcification however by day 7 there was a significant reduction in OPG
when compared to NT (100+ 6.13 vs 76.02+3.28, p<0.0001). In comparison, oxVLDL pre-
treatment caused a significant reduction in OPG as early as day 5 when compared to NT
(100+3.48 vs 11.05+2.23, p<0.0001), CM (52.1+3.48 vs 11.05+2.23, p<0.01) or VLDL
pre-treated cells (76.79+6.77 vs 11.05+2.23, p<0.001) which was maintained after 7
days of calcification compared to NT (100+6.13 vs 14.03+4.56, p<0.0001), CM
(56.44+4.71 vs 14.03+4.56, p<0.01) or VLDL pre-treated cells (76.02+3.28 vs
14.03+4.56, p<0.0001) (figure 3.3.4.4). These results, in combination with mRNA
expression observed in figure 4.3.3.5, demonstrate a more translational effect for oxVLDL
in the reduction of OPG, and further support the functional ARS assay results presented in

figure 4.3.1.1.

The data presented here demonstrates a role for TRLs and their modifications in vascular
calcification in vitro, whereby oxVLDL, but not VLDL, causes an increase in VSMC
calcification through modification of calcification regulatory factors both at an mRNA and
protein level. In order to observe whether these effects of TRLs also occur in vivo, a
hyperlipidemic Apo E7/- mouse model was utilised and compared to a novel hyperlipidemic,

low triglyceride Apo E7- x Apo CllI/- mouse model.
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Soluble OPG
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Figure 4.3.4.4 The effect of VLDL and oxVLDL on soluble OPG.

HAoSMCs were pre-treated with VLDL or oxVLDL (200 ug/ml) for 24 hours then treated
with CM (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CM
positive control were used. OPG protein expression was measured by ELISA and
normalised to total protein. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ANOVA

with Bonferroni’s correction. Data represented as % of NT, mean+ SEM, n=3.
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In Vivo Results

The role of Apo ClIl in plaque calcification of
Apo E7/- mice
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4.3.5 The Effects of Apo Clll deficiency on plasma biomarkers

The in vitro data presented in this chapter revealed a pronounced role for oxVLDL in the
initiation and progression of calcification in VSMCs. The role of triglycerides in vascular
calcification in vivo however has yet to be explored. To investigate these roles, a high
cholesterol apolipoprotein (Apo) E knock out (Apo E7/-) mouse was crossed with an Apo CllI-
/~mouse and placed on an atherogenic diet to assess the effects of lowered triglycerides
on plague development and vascular calcification, for the first time in the literature. As Apo
Clll is known to increase plasma triglyceride levels, the effects of Apo Clll deficiency in Apo
E/- mice before and after HFD on cholesterol and triglycerides levels were assessed in
addition to calcification markers ALP and calcium. As expected, the Apo E7/- x Apo ClII7-
mice on a regular chow diet had significantly lower circulating triglyceride levels than Apo
E7/-mice (Figure 4.3.5.1 A: 157.4+17.99 vs 99.21+15.39, p<0.05). Additionally, these Apo
E/- x Apo CIllI”- mice also had significantly less total cholesterol than the Apo E7/- mice
(Figure 4.4.5.1. B: 219.3+10.44 vs 155.4+14.7, p<0.001). At baseline however there
were no differences in either plasma ALP (2.59+0.32 vs 2.02+0.24, p>0.05) or calcium
(2.28+0.28 vs 2.31+0.32, p>0.05) (figure 4.3.5.1). Upon completion of the 8 and 16 week
atherogenic diet plasma cholesterol levels between Apo E7-and Apo E7- x Apo ClII7- mouse

were observed to be significantly different at the 8 week timepoint (table 4.3.5.1).
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Figure 4.3.5.1 Circulating plasma markers of Apo E-/- and Apo E-/- x Apo ClII-/- mice prior

to commencing an atherogenic diet.

Mouse blood was collected from the tail vein and plasma was extracted from 8 week old

mice. Mouse plasma was then assessed for triglyceride (Wako), total cholesterol (Wako),

ALP (Wako) and calcium (Cayman) levels as per manufacturer’s instructions. *p<0.05,

***p<0.001, Mann-Whitney t-test. Data represented as meant SEM, n=17-19.
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Table 4.3.5.1 Circulating plasma markers of atherosclerosis and calcification in Apo E7- and Apo E7/- x Apo ClII”- mice.

Mean (+SEM), 2-way-ANOVA, n=10-11.

p-value
8 Weeks Atherogenic Diet 16 Weeks Atherogenic Diet (8 weeks vs 16 weeks AD)
Apo E7" x p- Apo E7" x Apo E7" x
Apo E7- Apo ClII- value Apo E7- Apo CllI”~  p-value | ApoE/ Apo CllI-
Final (I::/'zlc;’”de 413.6 (£26.1)  397.3 (+49.9)  >0.99 | 450.6 (+42.5)  346.6 (+25.9) 0.4 >0.99 >0.99
T"g'yc(‘:‘::/‘zgha"ge 262.4 (+23.7)  283.5(+58.2)  >0.99 | 286.4 (+42.6)  272.6 (+41.0) >0.99 >0.99 >0.99
Final T°(t:1'g§z:’)'“ter°' 642.8 (+49.4)  452.1(+32.7) 0.0064 | 608.6(+37.8)  538.1(¢32.1) >0.99 >0.99 0.71
Total Cholesterol 398.1 (+45.1)  298.4 (+35.4)  0.63 | 402.3(+37.9)  382.8(+40.2) >0.99 >0.99 0.79
Change (mg/dl)
Final ALP
2.72 (0.18) 418 (+1.46)  >0.99 |  2.70 (+0.27) 3.17 (+0.34)  >0.99 >0.99 >0.99
(mmol/L)
ALP Change 0.44 (0.31) 0.57 (+0.39)  >0.99 | -0.20 (0.50) 1.07 (+0.30)  0.14 >0.99 >0.99
(mmol/L)
Final Calcium 8.06 (+0.43) 7.15(+0.62)  >0.99 |  9.46 (+1.10) 7.77 (+0.81)  0.81 >0.99 >0.99
(mmol/L)
Ca"(:::m;'/‘f)“ge 5.53 (+0.45) 3.72 (+0.64)  >0.99 | 7.23(+1.10) 6.04 (+0.91)  >0.99 >0.99 0.39
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4.3.6 The Effects of Apo CllI7- on Body Weight

Assessment of body weight is a clear indicator of diet-induced metabolic changes,
particularly in the liver and fat deposits. After 8 weeks of atherogenic diet there were no
changes observed either in body weight or the weight of internal organs between Apo E7/-
and Apo E7/- x Apo ClII”- mice (Table 4.3.6.1). After 16 weeks of AD Apo E7/- x Apo ClII7- mice
were significantly heavier than their 8 week counterparts (p<0.05) and had significantly
heavier livers (p<0.001) and retroperitoneal fat deposits (p<0.05) compared to Apo E7
mice. Although Apo E7- mice gained total body weight between the 8 and 16 week AD
timepoints, all the organs remained similar weights. The Apo E/- x Apo CIII7- mice however
had significantly heavier epidydimal fat (p<0.05), livers (p<0.01) and retroperitoneal fat

(p<0.05) after 16 weeks of atherogenic diet compared to mice only fed for 8 weeks.

133



Chapter 4

Table 4.3.6.1 Weights Apo E-/- and Apo E-/- x Apo CllI-/- mice and their tissues. Grams or % of total body weight (grams), mean (+SEM), 2-

way-ANOVA, n=10-11.

p-value
(8 weeks vs 16 weeks
8 Weeks Atherogenic Diet 16 Weeks Atherogenic Diet AD)
Apo E7" x Apo E7/" x Apo E7/" x
Apo E7- Apo Clll"- p-value Apo E- Apo CllI”~  p-value | ApoE” Apo CllI-
Final body weight 39.6 (+1.1) 40.8 (+2.3) >0.99 44.6 (+1.4) 49.1 (+2.4) 0.69 0.46 0.024
Weight Change 10.7 (+0.8) 14.2 (+2.2) 0.92 17.9 (+1.4) 23.3 (+2.0) 0.21 0.035 0.0033
% Epidydimal Fat 1.8 (+0.1) 1.8 (0.2) >0.99 2.0 (+0.1) 2.5 (+0.2) 0.21 >0.99 0.024
% Liver 6.1 (+0.3) 6.8 (+0.4) >0.99 6.5 (£0.4) 9.5(+0.8)  0.0006 >0.99 0.0023
% Spleen 0.3 (£0.02) 0.3 (£0.02) >0.99 0.4 (+0.07) 0.3 (+0.02)  >0.99 >0.99 >0.99
% Kidney 0.5 (+0.03) 0.5 (+0.02) >0.99 0.5 (+0.03) 0.5 (+0.02) 0.3 >0.99 >0.99
% Retro-peritoneal Fat 0.6 (+0.06) 0.8 (+0.07) 0.85 0.8 (+0.07) 1.1 (+0.08) 0.032 >0.99 0.039
% Epicardial Fat 0.095 (+0.005) 0.13 (+0.016) 0.34 0.11 (+0.006)  0.15 (0.026) 0.62 >0.99 >0.99
% Calf Muscle 0.5 (+0.02) 0.4 (+0.02) >0.99 0.5 (+0.01) 0.4 (+t0.03)  >0.99 >0.99 >0.99
% Sub-Cutaneous Fat 0.3 (+0.02) 0.3 (x0.02) >0.99 0.3 (+0.02) 0.3 (+0.02) >0.99 >0.99 >0.99
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4.3.7 The Effects of Apo ClllI7- on atherosclerotic plagues

Next, as Apo Clll influences lipoprotein lipid contents, we assessed the effect of Apo ClIII/
on atherosclerosis in these mice. The changes observed in weight of the mice and
increased liver and fat alongside increases in plasma triglyceride and total cholesterol
levels suggest that Apo E/- x Apo CllI7- mice could be less susceptible to atherosclerosis,
as the lipids look to be stored in fat tissues (table 4.3.6.1). The brachiocephalic artery and
the aortic root were examined for atherosclerosis plaque development using an H&E stain
(figure 4.3.7.1). After either 8 or 16 weeks of AD, there was no difference between the
genotypes in plaque size. In the aortic roots both Apo E7- (25785.3+2738.1 vs
61064.7+4331.5, p<0.001) and Apo E7/ x Apo CllI/ (14224.9+2461.1 vs
40464.4+10604.4, p<0.05) mice fed an AD for 16 weeks had increased plaques
compared to their 8 week counterparts. Between genotypes however there was only a
trend in a reduction in plaque size in Apo E7-x Apo CIlI7- mice compared to Apo E7- mice at
either the 8 week (14224.9+2461.1 vs 25785.3+2738.1, p<0.05) or 16 week

(40464.4+£10604.4 vs 61064.7£4331.5, p>0.05) AD timepoints.
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Figure 4.3.7.1 Plaque burden in Apo E-/- mice compared to Apo E-/- x Apo ClII-/- mice.

8 week old Apo E7-and Apo E7- x Apo CllI”- mice were fed an atherogenic diet (AD) for 8 or
16 weeks. Tissues were collected post cardiac puncture and saline flush in formalin and
embedded in paraffin. Arteries and valves were sectioned at 5um thickness and stained
with H&E. Images were captured using a Zeiss Axio Lab A.1 microscope with a Zeiss
AxioCam ERc 5s camera and analysed using image J software. 2-Way-ANOVA. Data
represented as mean+ SEM, n=10-11. (A) brachiocephalic artery (BCA) plaque area, (B)
aortic root leaflet (AR) plaque area. Representative images: (C) BCA Apo E7- 8 week AD,
(D) BCA Apo E7- x Apo ClII”-8 week AD, (E) BCA Apo E/- 16 week AD, (F) BCA Apo E7/~ x Apo
Clll”- 16 week AD, (G) AR Apo E7- 8 week AD, (H) AR Apo E7- x Apo ClII7-8 week AD, (I) AR

Apo E7- 16 week AD, (J) AR Apo E7- x Apo ClII”- 16 week AD.
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As described in chapter 1, depending on morphology, plaque calcification is a useful tool
to indicate plaque stability. As these mice are in early-mid stages of plaque development,
the ARS calcium stain appears purple in regions about to calcify due to the increased local
alkalinity rather than actual calcium deposition. Only 1 of the Apo E7/-x Apo CIII/- mice after
8 weeks on an atherogenic diet developed plaque and overall, none of the plagues in the
8 week cohort were advanced enough to contain any calcification, therefore no statistical
analyses could be performed for this timepoint. After 16 weeks on an atherogenic diet
however, Apo E7- x Apo CllI7- mice had reduced arterial plaque calcification compared to
Apo E7/-mice (2.84+1.47 vs 0.14+0.13, p<0.05: t-test) (figure 4.3.7.2 A). In the aortic root,
ARS staining revealed no significant difference between genotypes after both 8 weeks and
16 weeks on an atherogenic diet. The aortic roots of Apo E7- x Apo ClII7- mice after 16
weeks on an atherogenic diet did however have significantly raised calcification compared
to their 8 week AD (0.002+0.002 vs 0.844+0.411, p<0.05) counterparts (figure 4.3.7.2

B).
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Figure 4.3.7.2 The effect of atherogenic diet on the brachiocephalic artery plaque calcium

content of Apo E-/- mice compared to Apo E-/- x Apo ClIl-/- mice.

(A) 8 week old Apo E7/-and Apo E7- x Apo ClII”- mice were fed an atherogenic diet (AD) for

8 or 16 weeks. Tissues were collected post cardiac puncture and saline flush in formalin

and embedded in paraffin. Arteries were sectioned at 5um thickness and stained with

Alizarin Red S (ARS). Images were captured using a Zeiss Axio Lab A.1 microscope with a

Zeiss AxioCam ERc 5s camera and analysed using image J software. 2-Way-ANOVA. Data

represented as mean+ SEM, n=10-11. Representative images: (B) Apo E7- 8 week AD, (C)

Apo E7/- x Apo ClII-8 week AD, (D) Apo E7- 16 week AD, (E) Apo E7- x Apo ClII”- 16 week AD.
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Given the increased plaque development and observed changes in calcification in the Apo
E7/- x Apo CllI”- mice it was important to assess the plaques for additional structural
components to determine the effect of apo Clll deficiency. In the BCA of Apo E7- mice, there
was a marked reduction in plaque SMa Actin after 16 weeks of AD compared to 8 weeks
(Table 4.3.7.1). This is most likely due to the stage of plaque development, where at 8
weeks the plaques are smaller and VSMCs that have migrated into the plaque may not

have yet differentiated into foam or osteoblast-like cells.

In the BCA or AR, there were no other significant differences in medial area, plaque
collagen, chondrocyte count, CD68 or SMa Actin content between genotypes or AD
timepoints (Table 4.3.7.1). The only exception to this was a significant increase in AR
plague collagen in Apo E7- x Apo CIII”- mice between the 8 and 16 week AD timepoints
(p<0.05). These assessments of plaque composition suggest a stabilising effect of Apo

CllI”- in the plaques present in the aortic root.
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Table 4.3.7.1 Plaque composition of Apo E-/- and Apo E-/- x Apo Clll-/- mice. Mean (+SEM), 2-way-ANOVA, n=10-11.

8 Weeks Atherogenic Diet 16 Weeks Atherogenic Diet (8 weeks F\)/;;v:i‘ISu\:?veeks AD)

Apo E7-x p- Apo E7-x p- Apo E7 x

Apo E7/- Apo ClII value Apo E7- Apo CllI”-  value Apo E7- Apo CllI-
A N:i:ﬁl hres <i§§§§§> éiiﬁ?lﬁ) 0.96 (i5150686571'?5) (izgf’a?ﬁ; 0991 >0.99 0.93
| e (oms 0% | rose  (ammy 09| 09 50
A ?ﬁ;lagen (i3155..08) (1 Plazthnly) >0.99 (i::g) (igé) >0.99 >0.99 >0.99
AR %;:r‘:")'age" (ig:g) é;i) >0.99 (i g:g) (i::g) >0.99 0.33 0.037
oA cm::zocytes (121()016.36) (1 PIaqlc.l)e only) %% (142920;5) (igezs:Z) 0991 >0.99 >0.99
o Ch;)n:::? ees (t21471116é.1 2) (1334495.99) 0.53 (161039;0) (i91085§§6) >0.99 0.94 >0.99
BCA(:f’mC)D68 (i;:i) (1 Plai:l]cl)JjOnIy) >0.99 (12116?0) (ii:;) >0.99 >0.99 >0.99
G (ﬁnﬁ?ss éi:;) (igzg) >0.99 (g:; (ig:é) >0.99 0.36 0.93
o /(flm;l Aetin (fféi) (1 PIaciji only) 0% (¢06.7652) (¢51'.39) >0.99 ) 0.0033 >0.99
AR % (i“fn‘;‘ACti“ (¢26.89) (:1‘?2) >0.99 (fl'.ls) (¢93;.26) >0.99 >0.99 0.78
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4.3.8 The Effects of Apo CllI7- on calcification markers

Next, we sought to identify if Apo Clll deficiency effects markers of vascular calcification
namely Runx2, RANKL, ALP, OPG and SMaActin. In figure 4.3.8.1 we show that there was
no change in aortic calcification gene expression in Apo E7- x Apo CIllI7- mice compared to
Apo E7/- mice at the 8 week and 16 week AD timepoints. Although there appeared to be
slight increases, the changes are slight and most likely arise from low n values and high

variation in expression.
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Figure 4.3.8.1 Expression of aortic calcification markers in Apo E-/- compared to Apo E-/-
X Apo Clll-/- mouse. 8 week old Apo E7- and Apo E7/- x Apo ClII”- mice were fed an
atherogenic diet for 8 or 16 weeks. Mice were euthanised via cardiac puncture and
flushed with sterile saline before the collection of tissues. Aortas were snap frozen in Nzg)
and RNA was extracted using an AllPrep DNA/RNA/Protein Mini Kit (Qiagen). mRNA
expression was measured by qPCR using B-Actin as the internal control. 2-way-ANOVA.

Data represented as meant SEM, n=3-6.
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4.3.9 The Effects of Apo CllI7/- on Lipoprotein-Regulatory Gene Expression

As Apo ClII”- mice thus far exhibit altered lipid profiles initially and altered lipid storage
when challenged with an atherogenic diet, the role of Apo Clll was therefore investigated
for the potential to regulate proteins involved in lipid or glucose metabolism, namely 3-
hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCoAR), the rate limiting protein for
de novo cholesterol synthesis, sterol regulatory element-binding transcription factor 1
(SREBP1), a protein which increases TG storage, low density lipoprotein receptor (LDLR),
a membrane protein for capture of Apo B-100 and Apo E lipoproteins and glucose
transporter 2 (GLUT2), which facilitates glucose uptake. As Apo ClIl is known to influence
lipoprotein lipid levels and uptake (particularly with VLDL)7%6, we sought to identify
differences between Apo E7/- x Apo CllI“-and Apo E7- mice in the mRNA expression of these

regulatory genes, in the liver and duodenum: the main sites of lipoprotein regulation.

When assessing the liver for changes in gene expression of HMGCoAR, GLUT2, SREBP1 or
the LDLR there was no difference between either the genotypes or the length of time on
atherogenic diet (figure 4.3.9.1). Similarly, figure 4.3.9.2 shows that there were no
differences in the mRNA levels of HMGCoAR, GLUT2, SREBP1 or the LDLR between Apo E-
/- or Apo E/- x Apo CllI”- mice at either AD timepoint in the duodenums of these mice.
Together this data shows that any alteration in lipoprotein regulation is not likely due to a

lack of Clll having influence over the expression of these particular genes.
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Figure 4.3.9.1 Expression of hepatic lipid metabolism markers in Apo E-/- mouse

compared to Apo E-/- x Apo CllI-/- mouse.

8 week old Apo E7- and Apo E7- x Apo ClII”- mice were fed an atherogenic diet for 8 or 16
weeks. Mice were euthanised via cardiac puncture and flushed with sterile saline before
the collection of tissues. Livers were snap frozen in N2 and RNA was extracted using an
AllPrep DNA/RNA/Protein Mini Kit (Qiagen). mRNA expression was measured by qPCR
using B-Actin as the internal control. 2-way-ANOVA. Data represented as mean+ SEM, n=>5-

6.
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Figure 4.3.9.2 Expression of intestinal lipid metabolism markers in Apo E-/- mouse

compared to Apo E-/- x Apo CllI-/- mouse.

8 week old Apo E7- and Apo E7- x Apo ClII”- mice were fed an atherogenic diet for 8 or 16
weeks. Mice were euthanised via cardiac puncture and flushed with sterile saline before
the collection of tissues. Duodenums were snap frozen in Nog and RNA was extracted
using an AllPrep DNA/RNA/Protein Mini Kit (Qiagen). mRNA expression was measured by
gPCR using B-Actin as the internal control. 2-way-ANOVA. Data represented as meant

SEM, n=5-6.
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4.3.10 Correlations Between Atherogenic and VC Characteristics in Apo E7- and Apo E7/- x

Apo ClII- Mice

As a result of the differences observed in plaque characteristics between the two sites, the
brachiocephalic artery (BCA) and aortic root (AR), correlation analyses were performed to

investigate similarities.

Figure 4.3.10.1 shows the correlation between BCA and AR plaque areas, regardless of
AD feeding time or genotype. We observed a significant positive correlation between the 2

sites, showing that as expected both plaques grow simultaneously (r=0.52, p<0.01).
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Figure 4.3.10.1 The correlation between aortic root and brachiocephalic artery plaque in

mice fed an atherogenic diet.

Pearson’s correlation of brachiocephalic artery (BCA) plagque area vs aortic root (AR)
plaque area. Data represented as exact values per mouse fed an atherogenic diet for 8 or

16 weeks, n=27.
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Continuing the investigation, correlations between plaque area and plaque calcification
where assessed at 16 weeks of AD regardless of genotype. This 16 week timepoint was
chosen, as there were not enough plaques in the 8 week cohort to do these analyses.
There were no significant correlations between the BCA and AR plaque areas, BCA and AR
plaque calcification or the plaque area and plaque calcification of the BCA in 16 week AD
fed mice (figure 4.3.10.2). In the AR however there was a significant negative correlation
between plaque calcification and plaque area of these mice (r=-0.65, p<0.05), showing
that the smaller plaques tend to have more calcification and therefore potentially have

increased stability.
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Figure 4.3.10.2 The correlations between aortic root and brachiocephalic artery plague

calcification of mice on an atherogenic diet for 16 weeks.

Pearson’s correlation of brachiocephalic artery (BCA) plaque area vs aortic root (AR)
plaque area. Data represented as exact values per mouse fed an atherogenic diet for 16

weeks, n=14-18.
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The relationships between plaque calcification and either collagen or chondrocyte count
were investigated in both the BCA and AR of these mice to assess whether these ‘plague
stabilisation markers’ were correlated in this cohort. In figure 4.3.10.3 we observed a
significant correlation between plaque calcification and collagen. Interestingly, the
correlations were opposite in the different plaque sites: in the AR, there was a significant
negative correlation (r=-0.76, p<0.01) whereas; in the BCA there was a significant positive
correlation (r=0.55, P<0.5). When examining the correlation between plague calcification
and chondrocyte count, there was a significant positive correlation in the BCA (r=0.73,
p<0.01). This data suggests that in the BCA, the more collagen and chondrocytes a plaque
has, the more calcification it will contain, aligning with the hypothesis that large
calcifications create a stable plaque. In the AR however, we see that the more collagen a
plaque had, the less calcification it contained. As the valves require increased flexibility
compared to the arteries, calcifies in a more ‘fibrotic’ nature?07. 708 gnd disruption of
valvular collagen leads to calcification799, this indicates a pattern of self-protection. The
mechanisms behind these interactions between calcification and collagen contents of

plagues could yield some interesting insights with further investigations.
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16 Weeks Atherogenic Diet
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Figure 4.3.10.3 The correlations between aortic root or brachiocephalic artery plaque

calcification characteristics.

Pearson’s correlation of brachiocephalic artery (BCA) or aortic root (AR) % calcification
area vs % collagen area or chondrocyte count per mm?2 of plaque. Data represented as

exact values per mouse fed an atherogenic diet for 16 weeks, n=13-15.
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As triglycerides have been indicated to play a causal role in atherosclerosis136. 137 and are
associated with increased valve calcification311, we investigated the correlations between
triglycerides, plaque area and plaque calcification in our BCA and AR sites. There was a
significant negative correlation between triglyceride level at time of death and plaque
calcification (r=-0.62, p<0.05), but no significant correlations between these triglycerides
and AR plaque area (figure 4.3.10.4). There were no significant correlations between these

characteristics for the BCA plaques.

Increased VLDL particle size in humans associates with coronary artery calcification19° and
mice overexpressing Apo Clll have larger VLDL particles796. Based on this we could
speculate that the Apo E7/- x Apo Cll7- mice may have smaller, more atherogenic particles.
From table 4.3.5.1 however we see that AD nullifies changes in triglyceride levels, and
therefore potentially VLDL levels. While the increase in AR plaque calcification could be
due to an influence of Apo Clll deletion in some of the mice on physical VLDL
characteristics rather than a molecular characteristic, it is also important to note that Apo
ClIl over expression in mice reduces lipoprotein bound Apo E levels796, an effect which we

are unable to study in this thesis due to the Apo E7- background of these mice.
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16 Weeks Atherogenic Diet
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Figure 4.3.10.4 Correlations between triglyceride levels and plaque.

Pearson’s correlation of final triglyceride levels and brachiocephalic artery (BCA) or aortic
root (AR) plaque or % plaque calcification area. Data represented as exact values per

mouse fed an atherogenic diet for 16 weeks, n=10-15.
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Continuing the exploration into the relationship between triglycerides and calcification, we
investigated the correlations between circulating plasma triglycerides, calcium or ALP
levels at the end of the study figure 4.3.10.5 shows significant positive correlations
between plasma calcium levels (r=0.76, p<0.0001), ALP levels (r=0.22, p<0.05) and
triglyceride levels. While this may suggest a relationship between triglyceride rich
lipoproteins (TRLs) and expression or mobilisation of these molecules in the artery wall for
calcification, it may also suggest an increased mobilisation of calcium and ALP from the
bone marrow. Triglyceride levels have been positively correlated with bone mineral density
in a healthy population?10. 711 but also create a mobile layer within bone capable of
interacting with bone metabolism and mineralisation?12. 713 therefore it would not be
unreasonable to hypothesise a relationship between the bone, artery wall and triglyceride

levels.

Since research into VC is still relatively understudied in vivo, investigations into correlations
between plague characteristics within each site could lend insight into the nature of the

disease, leading to improved identification techniques or therapeutic development.
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16 Weeks Atherogenic Diet
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Figure 4.3.10.5 Correlations between triglyceride levels and plasma calcium or ALP of Apo

E-/- and Apo E-/- x Apo Clll-/- mice fed an atherogenic diet for 16 weeks.

Pearson’s correlation of brachiocephalic artery (BCA) plaque area vs aortic root (AR)
plaque area. Data represented as exact values per mouse fed an atherogenic diet for 16

weeks, n=20.
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Ex Vivo Results

The role of VLDL and oxVLDL in VSMC
calcification
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4.3.11The Effects of Human Plasma Triglyceride Level on Vascular Calcification

After examining the roles of VLDL and oxVLDL in vitro alongside the effects of Apo CllI
deletion on an atherosclerotic background in vivo, we progressed to expanding these
results to include using whole human serum with varying levels of triglycerides in an ex
vivo pilot study. The patient characteristics of the samples used are as shown below in
table 4.3.11.1. There were no significant differences between groups in any characteristic,
except the plasma triglyceride levels (Kruskal-Wallis, p<0.01) and total cholesterol levels

between the low TG (<2mM) and high TG (>6mM) groups (Dunn’s test, p<0.05).
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Table 4.3.11.1 Donor characteristics for entire cohort and for samples used in the human triglyceride (TG) study.

One-Way ANOVA or Kruskal-Wallis test. Expressed as mean (+SEM) or incidence %. *p<0.05, **p<0.01 when compared to the >6 mM TG

group with Dunn’s multiple comparisons test.

All Samples Samples by Triglyceride (TG) Level
Al TG levels TG <2 mM TG 2-6 mM TG >6 mM value
(n=15) (n=5) (n=5) (n=5) P
Age
(Years) 63.7 (+3.5) 74.2 (+4.4) 60 (+4.5) 57 (+6.8) 0.19
Fe(’;‘)’"e 40% 60% 20% 40% 0.64
BMI 29.8 (+1.9) 26.9 (+4.3) 31.9 (+1.7) 30.7 (+3.6) 0.41
Dlabete(fl6 ;Vlellltus 53.3% 60% 40% 60% 0.91
Hypez(t)z)nsmn 86.6% 100% 60% 100% 0.2
T”g(%c,\‘;;'de 4.41 (+0.96) 1.18 (+0.17) ** 3.04 (+0.47) 9.02 (+1.03) 0.0047
o ?;?\}I‘;Stem' 5.67 (+0.97) 3.5 (+0.35) * 4.74 (+0.68) 8.78 (+2.33) 0.058
(anD,\;) 2.92 (+0.66) 1.84 (+0.28) 2.49 (+0.56) 4.18 (+2.06) 0.44
(*r:]?\k) 0.99 (+0.07) 1.12 (+0.14) 0.88 (+0.06) 0.98 (+0.13) 0.54
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Patient serum was assessed for circulating calcium and ALP to investigate the calcification
potential of the patient serum. Figure 4.3.11.1 shows that human serum with extremely
high triglyceride concentrations had trending, but not significantly higher levels of the

circulating calcium (9.77+0.51 vs 12.68+2.29, p>0.05) and ALP (0.59+0.06 vs

1.46+0.51, p>0.05).
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Figure 4.3.11.1 The effect of human serum triglyceride levels on human serum

calcification marker levels.

Serum at various triglyceride levels was tested using either the Wako ALP assay or the

Cayman calcium assay as per protocol. Welsh’s T-test. Data represented as meant SEM,

n=>5.

157



Chapter 4

To further assess the calcification potential of serum with high TGs, a calcification ARS
assay was performed as described in chapter 4.2. The triglyceride concentration of human
serum did not affect the calcification potential of HAoSMCs. The cells with no treatment or
calcification medium (CM) had significantly less calcification than all other treatment
groups (p<0.0001). There were no other significant differences between any other

treatments (figure 4.3.11.2).
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Figure 4.3.11.2 The effect of human serum triglyceride concentration on HAoSMC

calcification.

HAoSMCs were pre-treated with human serum for 24 hours then treated with CaPQO4 (Ca
2.7 mM, PO4s 2.0 mM) for 15 days. Calcification was measured by ARS assay with no
treatment (NT) and CaPO4 medium alone (CM) controls and expressed as fold change from

CM. ANOVA with Bonferroni’s correction. Data represented as mean+ SEM, n=5.
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We then used the values from the ARS, calcium and ALP assays to analyse any correlations
between these values and the lipid data. The calcification potential of serum on HA0SMC
was not significantly correlated to serum TG (F), total cholesterol (TC) (I), HDL (L), calcium
(B) or ALP (A) levels (figure 4.3.11.3). Both TG and TC levels were however both significantly
correlated to serum markers of VC, namely circulating calcium (TG (E): r=0.6, p<0.05, TC
(H): r=0.86, p<0.0001) and ALP (TG (D): r=0.75, p<0.01, TC (G): r=0.93, p<0.0001). HDL

did not correlate to either calcium (K) or ALP (J) in this cohort (figure 4.3.11.3).
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Figure 4.3.11.3 The correlations between lipid data and vascular calcification in the

triglyceride human serum study.

Serum marker level and calcification data from chapter 4.3.11 was correlated using

Pearson’s r correlations. Data represented as mean vs mean, n=15.
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4.4 Discussion

The in vitro study compares the effects of native VLDL and oxVLDL on vascular calcification
(VC) and known calcification regulators. This study suggests a moderate effect of VLDL in
the initiation and regulation of VC and a more dramatic stimulatory effect from oxVLDL
treatment. For VLDL, the majority of changes were observed at the earlier timepoints,
whereas the effects of ox VLDL became apparent later on in the calcification process. In
addition, the impact of Apo Clll deficiency in an atherosclerotic mouse model was
investigated, revealing a significant positive correlation between TG level, circulating
calcification markers but a negative correlation to AR plaque calcification. When examining
the calcification potential of human serum, we also identified significant positive
correlations between triglycerides and circulating calcium or ALP, but not calcification of

VSMCs treated with the serum.

VC occurs due to delicate imbalances in the expression of VSMC regulators. In this study,
we examined the changes of Runx2, RANKL, ALP, OPG and SMaActin in response to VLDL
or oxVLDL treatments. While the O, 3, 5 and 7 day timepoints reflect early, mid and late
timepoints in calcification initiation, the expression of these regulators are prone to
compensation from the cells to normalise the disease and are biphasically and time-
dependently expressed®67. Ideally, as the calcification process takes 15 days in these cells,
assessing alterations in gene expression would be more optimal at this later timepoints,
however due to the apoptotic nature of VC when mineralising this causes difficulties in

preserving cellular RNA and protein.

When challenged with VLDL, we observed a pattern in the HAOSMC suggesting the use of
a compensatory mechanism. Gene expression of Runx2, RANKL, ALP, OPG and SMaActin
(figures 4.3.3.1 - 4.3.3.5) were time dependently increased or decreased in expression

when treated with VLDL compared to CP alone. Although by 5 to 7 days, the expression of
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all these genes followed the expected patterns, as extrapolated from the increased VC
formation in figure 4.3.1.1, the early timepoints did not reflect the expected pattern of
expression indicating that these cells could be responding to environmental cues to exert

a protective effect against the initiation of calcification.

As oxidative stress causes both apoptosis?14717 and VC2%6-3 it js possible the observed
effects are a direct result. Cells looked visibly stressed under the microscope within the
first few days of treatment. These two observations combined with the reduced expression
in all genes after 24 hours treatment (figure 4.3.2.1) suggest that oxVLDL could be
increasing calcification on these cells not only via the Runx2 regulatory system, but also
via apoptotic pathways. While there is some evidence for the role of apoptosis in VC293-29,

the role of VLDL and oxVLDL in this system is unknown and warrants further investigation.

Larger lipoprotein particles are typically not associated with increased risk of
atherosclerosis due to the physical difficulty infiltrating the endothelium and entering the
artery wall124. 125 |nterestingly however, these larger particles are highly associated with
increased calcification100, This highlights that the role of VLDL in calcification is more
complex than simply cholesterol or triglyceride content. It is hypothesised that intimal and
medial calcifications may have subtly different mechanisms, similar to the minute
differences between arterial and valvular calcifications797. It could be speculated that
VLDL and oxVLDL are influencing a more medial plaque calcification pathology, or
modifying plaque composition to a pro-calcification phenotype, rather than the assumed

regular intimal morphologies.

In addition to particle size, particle composition could be playing a role in the calcification
process. The oxidation status or apolipoprotein content of VLDL could have a significant
effect on the calcification process, via potential non-lipid transfer related effects on the

artery wall. Supporting this, in the in vivo studies apo E7/- x apo CllI”- mice had a significant
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increase in valvular collagen and maintained brachiocephalic SMaActin content over time,
whereas apo E/- mice had no increase in collagen content and had significantly reduced
SMaActin content over time (table 4.3.7.1). Altogether, this shows that apo Clll may have
a role in the reduction of VSMCs and the inhibition of collagen formation, both important

components of VC.

Apo Clll is a major component of VLDL functionality via inhibition of lipoprotein lipase and
impairment of Apo E binding, causing increased blood triglyceride concentration. Utilising
an Apo Clll deficient mouse model on an atherosclerotic background the ability of apo CllI
to modify plague composition and VC was assessed. As expected, the baseline triglyceride
levels of Apo E7/- x Apo CIlI7- mice were significantly lower than the Apo E7/- mice.
Interestingly, the total cholesterol of the Apo E7-x Apo CllI/- mice was also lower at baseline,
however after 8 and 16 weeks of an atherogenic diet these differences in triglycerides and
cholesterol had balanced out. While this could potentially be due to oversaturation from
the atherogenic diet, it could also be a result of the loss of Apo E mediated clearance of

these particles.

Calcification is often overlooked in early stage atherosclerotic plague progression however
there is evidence that VSMC differentiation into chondrocytes occurs as early as <8 weeks
in MGP7/- mice591 or 12 weeks of atherogenic diet in Apo E7- mice’18 and calcium deposits
were visible in these mice at <8 weeks and 20 weeks of atherogenic diet respectively.
While at 8 weeks calcification was not visible due to small or absent plaques, by 16 weeks
of atherogenic diet there were changes observed in both the BCA and aortic root, albeit in

opposite directions.

Evidence in human studies have outlined differing pathologies of calcification in varying
blood vessels, including differences in matrix composition, sheer stress levels and

presence of an adventitial layer. None the less, aortic valve calcification is observed to
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associate with coronary artery calcification’1® and plaque burden’20, In the studies in this
chapter however, we observe that although when examining plagues over different
timepoints the plaque area between the AR and BCA are correlated, the significance is lost
when examining only the 16 week AD timepoint, suggesting either a need for a variation
in plaque sizes to reach significance, or a higher n value. Moreover, in these studies we
observed no significant correlation between plaque sites with regards to VC and no
correlation between plaque size and VC in the BCA. Interestingly, in the AR of these mice
after 16 weeks of AD, VC was significantly negatively correlated with plague size, opposing
the literature. Because these studies were performed in a short-medium term mouse
model with some begging the study with low TG and total cholesterol levels, this data might

suggest a site specific role for Apo ClIl or TRLs in plaque calcification.

The vessel wall is a collagenous environment, capable of trapping TG721. Although the
larger VLDL particles may be unable to pass the endothelial layer, a wide distribution of
TGs have been identified in the arterial intima an impact adventitial cell adiposity?22.
Correspondingly, therapeutic reduction of TGs increased the stability of diabetes induced
atherosclerosis in vivo’23 and large VLDL particle size associated with increased VC100,
suggesting that the role of TGs in atherosclerosis could be facilitated through adventitial
access to medial VSMCs for differentiation and calcification. Interestingly, Apo Clll over
expression in mice leads to large VLDL particle size796, however in this Apo ClII7/- study, we
see no change in atheroma volumes. This study differs from the human population and
mouse overexpression population by being on an Apo E7- background, potentially skewing
the results seen here. Not only does Apo Clll influence lipoprotein bound Apo E in mice?96,
but mice with both Apo Clll and CETP expression also have different cardiovascular
profilest92, The influence of all these factors may explain some of the inconsistencies with

the literature in this study.
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As triglycerides are found in the mobile phase of the bone?12, investigations into the role
of TRLs in bone metabolism simultaneously with VC could provide insight into the
relationships between the sites and co-morbidities. One potential mechanism worth
exploring is the interaction between fetuin A and TGs, as circulating fetuin A correlates to
metabolic disease’24 and TG levels significantly correlate to fetuin A725, Interestingly, fetuin
A inhibits BMP signalling, which modulates matrix mineralisation in the bone?26, but can
also stimulate cellular triglyceride synthesis from external fatty acids?27 and associates
with cholesterol, CEs and partially with TGs, forming a HDL-like lipoprotein particle?28. With
this evidence, it is therefore worth hypothesising an interplay between the two particles,
potentially whereby TRLs may facilitate the transfer of calcium to lipoproteins through

fetuin scavenging.

The effect of high TG levels in the patient serum highlighted a potential correlative role in
calcification. Significant positive correlations were identified between triglycerides and
circulating calcium or ALP, but not calcification of VSMCs treated with the serum. While
ALP729, 730 gnd calcium?31 concentrations are both linked to VC, there are multiple other
components of serum which can contribute to the inhibition of VC, such as fetuin-A
complexes®39. 732,733 Although there was no relationship between serum triglyceride levels
and their calcification potential on VSMCs, the sample size was small with 5 participants
per group, which may have influenced the significance of the results obtained. As the in
vitro data suggests that oxidation of VLDL increases its potential to calcify these cells via
the Runx2 pathway, it would be worth assessing serum oxidation levels in both the human

study population and animal study mice.

In conclusion, the data from this chapter suggests that the role of VLDL in VC is due to the
readily oxidised nature of VLDL. While it appears that initially Apo CIlI7- on an Apo E7-

background may provide early lipid profile benefit, when challenged with an AD these mice
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had heavier fatty tissue weights and increased AR calcification. Interestingly, both in vivo
and ex vivo, TG levels correlated to calcification markers, suggesting an influence of TRLs
in the progression of calcification. Moving forward with VC research into VLDL and its
components, it would be interesting to consider different pathways of calcification, such
as oxidative or apoptotic routes and explore the relationships between fat metabolism and

calcification.
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5.1 Introduction

During the late-1990’s a series of clinical studies correlated LDL to coronary artery
calcification (CAC) using CT imaging: high LDL associated with increased calcification
progression in patients with known aortic calcification734 and lipid lowering treatments
significantly reduced CAC progression’35. Furthermore, LDL cholesterol is still the only

correlating and significant risk factor for CAC73¢ and calcification progression737.

Upon further investigation, the quality and size of the LDL particle was important, with
small particles associating with macrocalcifcation10 and general lipoprotein
modifications, such as oxidation, glycation294. 738 gacetylation, enzymatic’3® and
aggregation have all been implicated in calcification development. In particular,
modification of human LDL via iron oxidation significantly increased cellular ALP activity in
calcifying bovine aortic VSMC, whereas native human LDL did not749, Interestingly, the
same study found the reverse for bone pre-osteoblasts cells, where iron oxidised LDL
significantly inhibited cellular ALP activity, suggesting a role for oxLDL in mediating these

co-morbidities.

In VSMCs, incubation with oxLDL triggers the TLR4/NF-kB/Ceramide’41, Wnt/[B-catenin742,
Runx2743 and BMP-2744 signalling pathways of VC. Interestingly, endothelial cell
upregulation of Runx2320 and BMP-2745 mRNA expression, or even calcifying
themselves320 after oxLDL stimulation, adds to the pro-calcification effects of oxLDL in
situ. Enzyme modified non-oxidised LDL (ELDL), a type of LDL with cleaved or dysfunctional
apo B100, also significantly induced calcification in vitro via upregulation of BMP-2 mRNA,
alongside loss of the protective MGP mRNA expression’46 and is preferentially absorbed
by the VSMCs to cause macrophage-like differentiation (expression of CD68 and Mac2

with loss of smooth muscle alpha actin)315. As oxLDL stimulates inflammatory M1

168



Chapter 5

polarised foam-cell macrophages which then may stimulate micro-calcifcations296, oxLDL

may also stimulate the initiation of VC through macrophage and VSMC interactions.

Statins, an LDL and cholesterol lowering therapy, are known to stimulate polarisation of
macrophages to an M2, calcification progressive phenotype?7 and disrupt macrophage
Racl regulation, leading to increased calcification?48. Furthermore, in VSMCs, statins
increase VC749, potentially by inhibition of matrix metalloproteinase secretion?s0,
modulation of fibrinolytic balance of vascular cells”51 and regulation of VSMC inflammatory
transcription factors?52. Exemplifying these effects, statin treated mice display increased
aortic calcification748, in relation to their IL-1B levels?®3. Furthermore, statins are now
widely accepted as calcification promotors independent of their plaque-regressive
effects285, with the same effect observed in non-diabetic”%4, type 2 diabetic755 and CKD756
populations. Taken together, these data suggest a role for statins in the stabilisation of

plagues via macrocalcification stimulation.

Lipoprotein (a) (Lp(a)), an LDL particle with apolipoprotein (a) attached to its apo B100, as
identified by in vivo, imaging and genome wide association studies, is significantly
correlated to, or causative of CVD!!®, inflammation driven’®” calcific aortic valve
disease’® 7% and is an independent risk factor for CAC’®°, particularly in women with type
2 diabetes’®!. Lp(a) accumulates in atherosclerotic plaques!'®120 and delivers scavenged
oxidised phospholipids762. 763, stimulating VSMC osteoblastic differentiation?64. Potential
treatments for high Lp(a) however, including PCSK9 inhibitors, niacin and the CETP
inhibitor anacetrapib, have yet to demonstrate, or be investigated for, any benefit
correlating Lp(a) lowering to VC. Interestingly, statins have been shown to both lower765
and raise’%6 Lp(a) levels in clinical trials and although the Lp(a) raising effects of statins
are now being debated’67. 768, statin induced changes in Lp(a) were not investigated for

their correlation to VC in either study. As more specific Lp(a) lowering therapies undergo
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clinical evaluation they will provide the opportunity to investigate the impact of Lp(a)

lowering on VC.

Although the literature suggests an important role for LDL, oxLDL, Lp(a) and their
regulation by statins in VC, there remains a paucity of specific, functional research on these
effects. In this chapter, we describe the influence of these particles on VSMCs in the
context of calcification in vitro. Furthermore, we examine the role of statins, on VC on Apo

E~/- mice in vivo and Lp(a) ex vivo.
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5.2 Methods

5.2.1 In Vitro Study Design

Cells were maintained and calcified as per methods chapter 2.4 after 24 hours of pre-
treatment with LDL or oxLDL at 200ug/ml. After 1,3,5 and 7 days of calcification medium
(CM), cell MRNA was harvested and transformed to cDNA for PCR analysis as per methods
chapter 2.5.1, 2.6 and 2.7 respectively. Cells were harvested after 5 and 7 days of
calcification for protein analysis via methods in chapter 2.8 and 2.9. Additionally, media
also was collected after the 5 and 7 day CM timepoints and analysed for protein secretion
using ELISA assays as per methods chapter 2.10. A timeline of the in vitro calcification

assay is presented in figure 5.2.1.
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Figure 5.2.1.1 Schematic of the LDL in vitro calcification assay.

HAoSMCs were pre-treated with LDL or oxLDL at 200ug/ml for 24 hours, then treated with
CaPO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for up to 15 days. Cells were then analysed
at various timepoints with PCR, western blot and stained with Alizarin Red S (ARS) stain

to monitor calcium deposition and molecule expression.
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5.2.2 In Vivo Study Design

This study was performed in the Psaltis laboratory within the Vascular Research Centre at
SAHMRI. Samples were kindly made available for this assessment of calcification and
inclusion in this thesis. Briefly, 8-week-old Apo E7- mice were fed an atherogenic diet (SF
219-0012) for 4 weeks, then randomized to either saline or atorvastatin (~2 mg/kg)
treatment via daily oral gavage in addition to an atherogenic diet for 12 weeks. Atorvastatin
was dissolved incrementally in NaCl via vigorous vortexing. The solution was vortexed again
immediately prior to gavage. Mice were weighed weekly and had a change of bedding
twice per week. Blood was harvested for lipid analysis immediately prior to commencing
the atherogenic diet (HFD). Upon completion of the HFD period, mice were humanely
sacrificed via cardiac puncture. This study was approved by the South Australian Health

and Medical Research Institute Animal Ethics Committee (SAM182).
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Figure 5.2.2.1 Atorvastatin study in vivo experimental timeline.

8-week-old Apo E7/- mice were fed an atherogenic diet (SF 219-0012) for 4 weeks, then
randomized to either saline or atorvastatin (~2 mg/kg) treatment via daily oral gavage in
addition to an atherogenic diet for 12 weeks. After the 16 week total feeding period, mice
were humanely sacrificed via cardiac puncture. Valves and plasma were collected and

used for experiments.
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5.2.3 Patient Study Outline and Design

To study the role of Lp(a), a particularly atherogenic form of LDL, serum was collected from
64 patients with coronary artery disease (CAD). Male or female patients >18 years with
CAD on a stable dose of statins (=4 weeks) identified in outpatient clinics by RAH treating
clinicians were invited to participate in this study. Volunteer samples selected were
propensity matched to age and gender. Based on a previous study, we expected to see
50% normal (<0.5g/L), 40% high (0.5 g/L - 1 g/L) and 10% super high (>1 g/L) Lp(a)
concentrations in this population. The Lp(a) concentrations were used as the categories to
analyse differences between varying Lp(a) levels. This study was approved by the Central
Adelaide Local Health Network Human Research Ethics Committee (CALHN HREC) and

CALHN Research Governance, under the ethics number HREC/18/CALHN/111.

Table 5.2.3.1 List of eligibility criteria of clinical study.

Criteria | Eligibility

Gender and Age | Male or female aged over 18 years
Diagnosed coronary artery disease on stable statin dose
Cardiovascular Health
for >4 weeks

General Health | No bleeding tendency or significant health problems
Pregnancy Status | Not currently pregnant or breastfeeding

Ability to Give Informed | Good command of the English language and able to

Consent | provide independent informed consent
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Volunteers who satisfied the eligibility criteria then had a basic health assessment
recorded, including the measurement of height, weight and blood pressure. 20mL of blood
was withdrawn by venepuncture and transferred to heparin or Z serum clot activator
coated tubes. Serum and plasma were collected via centrifugation at 1500 rcf for 15
minutes and stored at -80°C until use. Serum and plasma sample aliquots were sent to

Clinpath for lipid analysis.

5.2.3.1 Data Analysis and Statistics

A study with a cohort of similar demographics found that 38% of serum samples had an
Lp(a) concentration 250 mg/dI76°. Additionally, the interquartile range of these patients
was 0.1 - 0.795 g/L and the mean was 0.53 (+ 0.62) g/L Lp(a). From this, it is likely that
approximately 10% of our cohort will have an Lp(a) plasma concentration of above 1 g/L.

A cohort of 64 therefore has an expected yield of approximately 6 samples above 1 g/L

Lp(a).

Data collected via blood sample analysis and questionnaires were analysed using the

statistical methods detailed in methods chapter 2.14.
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In Vitro Results

The role of LDL and oxLDL in VSMC
calcification
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5.3 Results

5.3.1 The Functional Effects of LDL and oxLDL on HAoSMC Calcification

In previous studies in vitro, oXLDL has stimulated human VSMC calcification using a co-
culture of beta-glycerophosphate and oxLDL741 which induces an osteogenic type
differentiation. In this study, cells are stimulated with calcium phosphate (calcification
medium; CM) to elicit a phenotype closely resembling what occurs in human CVD. Pre-
treating HAoSMCs with LDL (1.0+£0.0 vs 0.937+0.004, p>0.99) or oxLDL (1.0+£0.0 vs
1.126+0.069, p<0.2) did not induce further calcification above the CM control (figure
5.3.1.1), however oxLDL significantly increased calcification above LDL (0.937+0.004 vs

1.126+0.069, p=0.0295).
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Figure 5.3.1.1 The effect of LDL and oxLDL on calcification.

HAoSMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CM (Ca 2.7 mM, PO4 2.0 mM) for 15 days. Calcification was measured by ARS assay with
no treatment (NT) and CM and expressed as fold change from CM. Representative images
of stain immediately prior to dissolving shown below graph. Data represented as meant+
SEM, n=3. *p<0.05, ****p<0.0001 compared to all other treatments, ANOVA with

Bonferroni’s correction.
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5.3.2 The Effects of LDL and oxLDL on Calcification Gene Expression

While it is well established that oxidative stress has a role in VC296-3%0, the early effects of
oxLDL on HAoSMC calcification gene expression, in relation to native LDL remain unknown.
After 24 hours of incubation with oxLDL, there was a significant reduction, compared to
CM only, in mRNA expression of Runx2 (84.18+9.39 vs 19.04+4.99, p=0.0067), RANKL
(205.2+8.08 vs 62.46+21.22, p=0.0005) and ALP (154.5+23.85 vs 28.76+19.11,
p=0.024) pro-calcification markers. There were also reductions in the smooth muscle
marker SMaActin (64.83+2.99 vs 32.78+5.44, p=0.0069) and anti-calcification marker
OPG (124.6+21.91 vs 44.3+12.35, p=0.0147). In addition, oxLDL also reduced Runx2
and SMaActin mRNA expression when compared to NT (Runx2: 111.5+3.98 vs
19.04+4.99, p=0.0007; SMaActin: 103.41£0.32 vs 32.78+5.44, p<0.0001) and LDL
(Runx2: 68.49+14.72 vs 19.04+4.99, p=0.033; SMoActin: 86.77+6.78 vs 32.78+5.44,
p=0.0002) treatments. Furthermore, LDL significantly reduced RANKL mRNA expression

compared to the CM control (205.24+8.08 vs 80.36+14.44, p=0.0012) (figure 5.3.2.1).

179



Chapter 5

/\ Runx2
150
*k*k
T
&
< 100
O]
s
5 504
<
<
0_
NT CM LDL
Treatment
B RANKL C
2501 Xk 200+
* % * %
% 2007 % 150
< <
) 150 )
e . o 1007
- 100- ¢ -
3 3
3 50- 3 50
0- 0-
NT CM LDL oxLDL
Treatment
D OPG E
200~ 150+
T = T
0O 1504 [a)
o o i
< < 100
) QO
-9 100- -9
g . g 50-
3 507 <
0- 0-
NT CM LDL oxLDL
Treatment

oxLDL

ALP
*
*
*
*
NT CM LDL oxLDL
Treatment
SMaActin
*kkk
* %
xx %k K
*
*
NT CM LDL oxLDL
Treatment

Figure 5.3.2.1 The effect of LDL and oxLDL on mRNA expression.

HAoSMCs were treated with no treatment (NT), CaPO4 (Ca 2.7 mM, PO4 2.0 mM) medium

(CM), LDL or oxLDL (200 ug/ml) for 24 hours. mRNA expression was measured by qPCR

using GAPDH as the internal control. Data represented as % of NT, meant SEM, n=3.

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ANOVA with Bonferroni’s correction
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5.3.3 The effects of LDL Pre-Treatment on Calcification Gene expression

After discovering an effect for oxLDL on the global reduction of calcification markers after
24 hours of treatment, the effect of LDL and oxLDL was assessed over 5 and 7 days of
calcification. Pre-treating cells with either LDL or oxLDL resulted in no change in Runx2
expression when compared with the NT controls at either 5 or 7 days of calcification (Figure
5.3.3.1). After 7 days of calcification however both LDL (1440+269.5 vs 73.17+£22.59,
p=0.0006) and oxLDL (1440+269.5 vs 57.881+9.312, p=0.0005) significantly reduced
Runx2 mRNA expression compared to the CM alone , back to the level of NT baseline
(1440+269.5 vs 101.9+2.469, p=0.0007) . Also, after 7 days of calcification, LDL
significantly lowered RANKL expression when compared to CM (NT vs CM: 113.1+3.81 vs
3174+714.0, p=0.006; NT vs LDL: 113.143.81 vs 978.9+418.1, p=0.042). There were

no significant differences between any treatments at the 5 day timepoint (figure 5.3.3.1).

181



Chapter 5

Runx2 mRNA Expression
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Figure 5.3.3.1 The effect of LDL and oxLDL on Runx2 and RANKL mRNA expression.

HAoSMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaP0O4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPO4
medium alone positive control (CM) were used. Runx2 mRNA expression was measured
by qPCR using GAPDH as the internal control. ***p<0.001 compared to all other
treatments, ANOVA with Bonferroni’s correction. Data represented as % of NT, meanz

SEM, n=3.
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ALP mRNA levels are upregulated immediately prior to the mineral deposition in VC. After
7 days of calcification, LDL significantly lowered ALP expression back to the NT baseline
when compared to cells treated with CM alone (CM vs LDL: 6286+1797 vs 1045+174.8,
p=0.021). The same trend was observed for oxLDL (CM vs LDL: 6286+1797 vs
860.8+107.8, p=0.017). There were no other significant differences between LDL or

oxLDL and the NT or CM controls at the 5 day timepoint (figure 5.3.3.2).
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Figure 5.3.3.2 The effect of LDL and oxLDL on ALP mRNA expression.

HA0SMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaPO4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPOg4
medium alone positive control (CM) were used. ALP mRNA expression was measured by
gPCR using GAPDH as the internal control. *p<0.05, **p<0.01, ANOVA with Bonferroni’s

correction. Data represented as % of NT, meant SEM, n=3.
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Next, we tested for the smooth muscle cell (SMC) marker, SMaActin to identify potential
effects of LDL and oxLDL on cell type conservation. After 5 days of calcification, CM
(103.1+0.5 vs 53.2+8.91, p=0.0168), LDL (103.1+0.5 vs 52.94+11.52, p=0.163) and
oxLDL (103.1+0.5 vs 45.09+7.98, p=0.0068) treated cells had significantly lower
SMaActin expression than the NT control. After 7 days of calcification, this effect persisted
with CM (104.7+1.55 vs 17.45+3.26, p=0.0003), LDL (104.7+1.55 vs 47.6+14.36,
p=0.0058) and oxLDL (104.7+1.55 vs 57.77+5.87, p=0.043) treated cells. Interestingly,

oxLDL appeared to elevate levels of SMaActin in comparison to cells treated with CM alone

(figure 5.3.3.3).
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Figure 5.3.3.3 The effect of LDL and oxLDL on SMaActin expression.

HA0SMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaP0O4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPO4
medium alone positive control (CM) were used. SMaActin mRNA expression was
measured by qPCR using GAPDH as the internal control. *p<0.05, **p<0.01,
***p<0.001, ANOVA with Bonferroni’s correction. Data represented as % of NT, meant

SEM, n=3.
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To test whether the cells were expressing anti calcification markers after treatment with
LDL or oxLDL, OPG expression was examined. After 5 days of calcification, oxLDL
significantly increased OPG mRNA expression above the CM control (53.89+30.84 vs
178.2+15.79, p=0.0086) and the LDL pre-treated cells (53.38+12.59 vs 178.2+15.79,
p=0.0084). The same effect was observed after 7 days of calcification (CM vs oxLDL:
8.5+2.15 vs 116.8+27.77, p=0.0092; LDL vs oxLDL: 36.47+16.81 vs 116.8+27.77,
p=0.0493) (figure 5.3.3.4) highlighting a potential compensatory effect of the cells in

response to calcification.
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Figure 5.3.3.4 The effect of LDL and oxLDL on OPG expression.

HAoSMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaP0O4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPO4
medium alone positive control (CM) were used. OPG mRNA expression was measured by
gPCR using GAPDH as the internal control. *p<0.05, **p<0.01, ANOVA with Bonferroni’s

correction. Data represented as % of NT, meant SEM, n=3.
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5.3.4 The effects of LDL on Calcification Protein Expression and Secretion

Based on the results presented in chapter 5.3.3, that LDL and particularly oxLDL influence
the expression of Runx2, RANKL, ALP and OPG mRNAs after 5 and 7 days of calcification,
western blots, ELISAs and colorimetric assays were performed to identify whether the
influence of these lipoproteins continued at the protein level. Although oxLDL appears to
raise Runx2 protein expression after both 5 (A) and 7 (B) days of calcification, this effect
was not significant. There were no significant differences between either LDL or oxLDL and
NT or CM controls (figure 5.3.4.1). RANKL protein expression followed a similar pattern to

that of the upstream Runx2 protein expression, with no effect (figure 5.3.4.1 C and D).
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Runx2 Expression
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Figure 5.3.4.1 The effect of LDL and oxLDL on Runx2 and RANKL protein expression.

HAoSMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaPO4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPO4
medium alone positive control (CM) were used. Runx2 protein expression was measured
by western blotting using (B-Actin and a standard sample as internal controls. ANOVA with

Bonferroni’s correction. Data represented as fold change of NT, mean+ SEM, n=3.
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As RANKL can also be secreted to have autocrine and paracrine functions, an ELISA was
used to assess protein levels in culture media. After 5 days of calcification, both LDL and
oxLDL significantly increased soluble RANKL when compared to the NT (LDL: 1.0+£0.04 vs
1.2740.03, p=0.0006; oxLDL: 1.0+0.04 vs 1.29+0.02, p=0.0004) and CM (0.86+0.02 vs
1.27+0.03, p<0.0001; oxLDL: 0.86+0.02 vs 1.29+0.02, p<0.0001) controls (figure
4.3.4.2 A). The same effect was observed at the 7 day (4.3.4.2 B) timepoint (NT vs LDL:
1.04£0.08 vs 1.38+0.06, p=0.0075; CM vs LDL: 1.07+0.03 vs 1.38+0.06, p=0.0237; NT
vs oxLDL: 1.0+0.08 vs 1.35+0.04, p=0.0142; CM vs oxLDL: 1.07+0.03 vs 1.35+0.04,

p=0.0477) (figure 5.3.4.2).
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Figure 5.3.4.2 The effect of LDL and oxLDL on soluble RANKL.

HA0oSMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaPO4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPOg4
medium alone positive control (CM) were used. Soluble RANKL protein secretion was
measured by ELISA using BCA measured total protein as a control. *p<0.05, **p<0.01,
***n<(0.001, ****p<0.0001, ANOVA with Bonferroni’s correction. Data represented as

fold change of NT, meant SEM, n=3.
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To assess the effect of LDL and oxLDL on OPG protein secretion an OPG ELISA was
performed. Figure 5.3.4.3 shows no significant differences between treatment groups at
the 5 day timepoint. However, after 7 days of calcification oxLDL pre-treated cells had
secreted significantly less OPG than the NT control (1.0+0.06 vs 0.59+0.13, p=0.0359)
(figure 5.3.4.3). Overall, the data presented here suggests a modest involvement of oxLDL
in the initiation of VC, in contrast to the current literature?41-744 whereby oxLDL stimulates

VSMC calcification.
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Figure 5.3.4.3 The effect of LDL and oxLDL on soluble OPG protein.

HA0SMCs were pre-treated with LDL or oxLDL (200 ug/ml) for 24 hours then treated with
CaP0O4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no treatment (NT) baseline and a CaPO4
medium alone positive control (CM) were used. Soluble OPG protein secretion was
measured by ELISA and normalised to total protein. *p<0.05, ANOVA with Bonferroni’s

correction. Data represented as fold change of NT, meant SEM, n=3.
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In Vivo Results

The role of atorvastatin treatment on early
stage plaque calcification
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5.3.5 The Effects of Statin Treatment on Apo E/- Mouse Valvular Calcification

To study the effects of LDL lowering therapies on VC in vivo, we employed an
atherosclerotic Apo E7- mouse on an atherogenic diet treated with atorvastatin from the
early stages of disease. The data from this study models what may happen in early, non-
culprit plaques in patients taking statins. This in vivo mouse study was performed by Prof
Psaltis and his team in collaboration with my supervisors. A portion of this study was made

available for me for calcification analysis and this data is presented here.

Although atorvastatin has known cholesterol lowering effects in both humans and mice,
the data presented in figure 5.3.5.1 A shows that in this particular mouse cohort there was
no reduction (536.5+45.06 vs 439+59.48, p=0.2395). In addition to total cholesterol,
neither triglyceride (figure 5.3.6.1 B) (464+40.26 vs 345.2+74.81, p=0.2141), ALP (figure
5.3.5.1C) (2.89+0.71 vs 1.98+0.69, p=0.4091) nor circulating calcium (figure 5.3.5.1 D)
(14.3+3.312 vs 8.95+2.98, p=0.2844) levels were significantly changed with atorvastatin

treatment.
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Figure 5.3.5.1 The effect of atorvastatin treatment on circulating lipids and calcification

markers.

8 week old Apo E7- mice were fed an atherogenic diet for 16 weeks and gavaged daily with
atorvastatin (2.0547 mg/kg) during the final 10 weeks of the study. Blood plasma was
harvested upon completion of the treatment period. Lipid markers and ALP were
measured using WAKO colorimetric assays. Calcium was measured using the Cayman

colorimetric assay. Mann Whitney test. Data represented as mean+ SEM, n=3-5.
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Although atorvastatin treatment appeared not to affect circulating lipids and calcification
markers, when the aortic valves of these mice were examined atorvastatin was
significantly associated with reduced plague vascular calcification (3.15+1.76 vs
0.31+0.16%, p<0.05) (figure 5.3.5.2). This suggests either a role for lipoprotein

associated cholesterol, or a pleiotropic effect of atorvastatin on vascular calcification.
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Figure 5.3.5.2 The effect of atorvastatin treatment on aortic valve calcification.

8 week old Apo E7- mice were fed an atherogenic diet for 16 weeks and gavaged daily with
atorvastatin (2.0547 mg/kg) during the final 10 weeks of the study. Mouse aortic roots
were formalin fixed, paraffin embedded and sliced at 5 um thickness. Slides were stained
with alizarin red s (ARS) stain, imaged using a Zeiss Axio Lab A.1 microscope with a Zeiss
AxioCam ERc 5s camera and quantified using Image J software. *p<0.05, Mann-Whitney

test. Data represented as meant SEM, n=3.
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Correlations between plasma markers and vascular calcification were assessed and are
presented in Figure 5.3.5.3 A. The data shows a significant positive correlation between
total cholesterol and triglycerides (r=0.758, p=0.029), triglycerides and ALP (p=0.017),

triglycerides and calcium (r=0.919, p=0.001) and ALP and calcium (r=0.97,p=0.001).

When examining the saline treated mice separately (figure 5.3.5.3 B), there was a strong,
significant, positive correlation between triglyceride levels and circulating calcium
(r=1.000, p=0.001). Atorvastatin mice, however, demonstrated positive correlations
between calcium and both total cholesterol (r=0.969, p=0.007) and triglyceride (r=0.921,

p=0.027) levels (figure 5.3.5.3 C).

This data presented in chapter 5.3.5 shows that atorvastatin, although having no effect on
total cholesterol levels, significantly reduced aortic valve calcification in these mice.
Furthermore, the correlation matrices suggest that while triglycerides and cholesterol
correlates to circulating calcium in most cases, calcification was not correlated to any
blood plasma markers in these mice. Interestingly, triglycerides correlated to circulating

calcium in all groups.
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Figure 5.3.5.3 Correlations between calcification and circulating lipids or calcification markers in saline or atorvastatin treated mice.

Data on circulating lipids and calcification markers from figure 5.3.5.1 was correlated to the corresponding vascular calcification values

presented in figure 5.3.5.2 using a correlation matrix to calculate Pearson’s r values (top number) and p values (bottom number). n=3-8.
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Ex Vivo Results

The role of Lp(a) concentration on VSMC
calcification
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5.3.6 The Effects of Human Plasma Lp(a) Level on Vascular Calcification Potential

Lp(a) has been strongly linked to increased cholesterol levels, vascular calcification and
cardiovascular risk. Although it has recently been discovered that Lp(a) induces mRNA
expression of Runx2, BMP-2 and IL-6 via the delivery of apo(a) attached oxidised
phospholipids64, there is currently no data demonstrating functional or mechanistic
effects of Lp(a) on VC. In this chapter, the effects of elevated levels of Lp(a) in human

serum was assessed for calcification potential in vitro.

Human serum samples containing different Lp(a) concentrations were obtained from
outpatient clinics at the RAH. Donor samples were then selected from the entire cohort by
propensity matching low (<0.5 g/L) Lp(a) samples to moderate (0.5 - 1 g/L) and high (>1
g/L) Lp(a) samples. In table 5.3.6.1, donor characteristics show a significant difference in
incidence of type 2 diabetes mellitus (T2DM) (p=0.035) and Lp(a) (p=0.0002). Donors with
T2DM were excluded from the study due to the known effects of glucose on VC. As such,
upon further investigation there were no significant differences between the donor
samples used in the study. As would be assumed, the samples in the high Lp(a) group had
significantly higher Lp(a) levels than the entire cohort of samples used (1.57+0.19 vs
0.44+0.07, p<0.01) and the samples in the low Lp(a) group (1.57+0.19 vs 0.14+0.02,

p<0.001).
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Table 5.3.6.1 Donor characteristics for entire cohort and for samples used in the human Lp(a) study.

Expressed as mean (+xSEM) or incidence %. **p<0.01, ***p<0.001 when compared to the High Lp(a) group. (CAD) Coronary Artery

Disease.
All Samples Propensity Matched Samples
Lp(a) 0-3.0 g/L Lp(a) <0.5 g/L Lp(a) 0.5-1.0 g/L Lp(a) >1 g/L -value
(Entire Cohort n=60) (Low: n=11) (Moderate: n=b) (High: n=6) P
(Lg/(ﬁ)) 0.44+0.07** 0.14+0.02*** 0.67+0.08 1.57+0.19 0.0002
Age 63.73+1.61 62.36+3.54 56.4+3.56 61.5+6.18 0.63
(Years)
Fe(’(f‘/;'e 21.67% 27.27% 20.00% 33.33% 0.91
BMI 29.61+0.94 26.48+2.88 29.92+2.19 27.62+2.38 0.74
D'abetezf/o;v'e"'t“s 30.51% 0% 0% 0% 0.035
CAD [0) o) [0) [0)
%) 98.31% 100% 100% 100% 0.94
Hyperlipidemic (%) 64.41% 72.72% 100% 50% 0.31
Hypegz)"sw” 59.32% 63.63% 80% 50% 0.77
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To assess calcification potential, serum from the low, moderate and high Lp(a) groups were
added to HAoSMCs. Serum samples were added at a concentration of 10% final volume
in HAOSMC media and applied to cells for 24 hours, before undergoing 15 days of
calcification treatment. Figure 5.3.6.1 shows that the total Lp(a) concentration of the
donor serum pre-treatments did not significantly affect the calcification potential of

HA0SMCs.

=
ul
]

[EEN
o
1
*
|
|

o
ol
]

o
o
l

T T
Low Moderate High
l I

+CM
Lp(a) Level Group

Fold Change of Absorbance (AU)

Figure 5.3.6.1 The effect of human serum Lp(a) concentration on calcification.

HAoSMCs were pre-treated with human serum (10%) for 24 hours then treated with CaPO4
(Ca 2.7 mM, PO4 2.0 mM) for 15 days. Calcification was measured by ARS assay with a
CaP0O4 medium alone (CM) control and expressed as fold change from CM. Kruskal-Wallis

test with Dunn’s multiple comparisons test. Data represented as mean+ SEM, n=5-11.
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To follow up, donor serum was serially diluted prior to applying to cells in order to control
for potential isoform differences. The isoform of Lp(a) refers to the length of the attached
apo(a), whereby small isoforms (as seen in high Lp(a) levels) bind easier to cells. High Lp(a)
donor serum samples were serially diluted with media to final Lp(a) concentrations of 0.5,
0.25, 0.125 and 0.0625 g/L and applied to cells for 24 hours, before undergoing 15 days
of calcification. Figure 5.3.6.2 A shows that when analysed together, there was no
significant difference between pre-treatment with any concentration of Lp(a) and
calcification medium alone (CM). Furthermore, figure 5.3.6.2 B shows that there was no
significant trend between donors when observing the average of all donors. Although donor
5 had a significant negative correlation between calcification and Lp(a) concentration
(r2=0.91, p=0.046), there were no other significant correlations observed for individual
donors. A significant difference between slopes was observed (p=0.048), showing that

there was a differential effect of Lp(a) concentration within each sample on VC.
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Figure 5.3.6.2 The effect of serially diluted human serum Lp(a) concentration on

calcification.

HAoSMCs were pre-treated with serial dilutions of donor serum for 24 hours then treated
with CaPQ4 (Ca 2.7 mM, PO4 2.0 mM) for 15 days. Calcification was measured by ARS
assay with a CaPO4 medium alone (CM) controls and expressed as fold change from CM.
A: ANOVA with Bonferroni’s correction, data represented as mean+ SEM, n=6 forma
samples and 3 for control (CM). B: Linear regression, data represented as exact values.

*p<0.05.
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To test whether there were effects of Lp(a) levels on circulating calcification factors,
calcium and ALP levels were measured in the donor serum via colorimetric assays. Human
serum Lp(a) concentration had no significant effect on circulating calcium or ALP levels

(figure 5.3.6.3), corresponding with the ARS data presented in figure 5.3.6.1 and 5.3.6.2.
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Figure 5.3.6.3 The effect of human serum Lp(a) levels on human serum calcification

marker levels.

Serum at various Lp(a) levels was tested using either the Wako ALP assay or the Cayman

calcium assay as per protocol. ANOVA. Data represented as mean+ SEM, n=5-11.
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To fully assess the relationships between Lp(a) levels and the markers assessed here a

correlation matrix using data from all Lp(a) level groups was calculated. There were no

significant correlations between Lp(a), calcification, calcium or ALP levels (figure 5.3.6.4).
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Figure 5.3.6.4 Correlation matrix between vascular calcification and serum Lp(a), calcium

or ALP levels in the Lp(a) human serum study.

Data from figures 5.3.6.1 and 5.3.6.3 were compared to investigate correlations between

serum calcium, serum ALP, Lp(a) level and VSMC calcification potential. Pearson’s

Correlations. n=22.
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To further assess these relationships, correlations were performed between the specific
Lp(a) cohorts, calcification, calcium and ALP levels. Figure 5.3.6.5 A shows a significant
positive correlation between calcium and ALP levels in donors with low Lp(a) levels (r =
0.745, p = 0.009), however in donors with moderate and high Lp(a) levels (figure 5.3.6.5
B and C) this correlation between circulating calcification factors was lost. In the high Lp(a)
level cohort (figure 5.3.6.5 C) there was a significant negative correlation between
calcification and ALP levels (r = -0.822, p = 0.045). In samples with moderate Lp(a) levels
there were no significant correlations between Lp(a) level, calcification, serum calcium or
serum ALP levels (figure 5.3.6.6). In the high Lp(a) (>1g/L) serum level cohort however, we
observed a significant negative correlation between serum ALP levels and VSMC
calcification (r=-0.822, p=0.045). There were no other significant correlations between
Lp(a) level, calcification, serum calcium or serum ALP levels in donors with high Lp(a) levels

(figure 5.3.6.7).
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Figure 5.3.6.5 Correlation matrix between vascular calcification and low serum Lp(a),

calcium or ALP levels in the Lp(a) human serum study.

Data from figures 5.3.6.1 and 5.3.6.3 were compared to investigate correlations between

serum calcium, serum ALP, low Lp(a) levels and VSMC calcification potential. Pearson’s

Correlations. n=11.
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Figure 5.3.6.6 Correlation matrix between vascular calcification and moderate serum

Lp(a), calcium or ALP levels in the Lp(a) human serum study.

Data from figures 5.3.6.1 and 5.3.6.3 were compared to investigate correlations between

serum calcium, serum ALP, moderate Lp(a) levels and VSMC calcification potential.

Pearson’s Correlations. n=5.
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Figure 5.3.6.7 Correlation matrix between vascular calcification

calcium or ALP levels in the Lp(a) human serum study.

and high serum Lp(a),

Data from figures 5.3.6.1 and 5.3.6.3 were compared to investigate correlations between

serum calcium, serum ALP, high Lp(a) levels and VSMC calcification potential. Pearson’s

Correlations. n=6.
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5.4 Discussion

This study compares the effects of LDL, its variants on vascular calcification and known
calcification regulators over time in vitro, in vivo and ex vivo. The data suggests that the
oxidation status of LDL particles, in conjunction with the stage of plaque assessed, are
important factors when investigating the roles of LDL, Lp(a) and their lowering therapeutics

on VC.

The in vitro data demonstrates that oxLDL significantly increases VSMC calcification above
that of LDL, but not the CM control. Although the gene expression data shows results
conflicting with the mild increase in calcification gene by oxLDL pre-treatment, the protein
secretion of RANKL was significantly increased by oxLDL pre-treatment. Furthermore, the
in vitro data presented here does not fully align with the current literature on oxLDL and
VC, but it also doesn’t show the expected effects from oxidative stress alone, whereby

oxidation is a VC progressor and initiator through the RANKL pathway?70,

Although this study focused on the Runx2, RANKL, OPG pathway, other pathways of
calcification exist, such as BMP-2 regulation744. BMP-2 and Runx2 are considered the
master regulators of VC, whereby increased expression of either molecule suggests early
differentiation into osteoblast-like cells. BMP-2 itself has also been shown to reduce oxLDL
induced endothelial ROS secretion, and even inhibit HEPG2 apo B100 secretion to
altogether reduce plague volume and VC349. Future studies will therefore require RANKL
or Runx2 inhibition, in conjunction with BMP-2 expression analysis, to investigate the

importance of this pathway regarding oxLDL induced VC.

Interestingly, VSMC secreted RANKL during the calcification process causes migration and
differentiation of macrophages into osteoclast-like cells367. As VSMCs are highly plastic
and can transdifferentiate into macrophage-like cells after cholesterol loading in an
atherosclerotic setting themselves’71, investigating the roles of these cell types would be
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beneficial. The same focus can be applied in animal models. While it is now established
that M1 and M2 type macrophages play roles in both micro and macro calcifications747,
information on the underlying molecular pathways, and how they are modulated with

oxLDL particles, could provide opportunities for local VC targets.

Atorvastatin, an LDL lowering agent, has been shown to disrupt macrophage Racl
regulation, leading to increased calcification’48, however, in murine models of
atherosclerotic calcification - statins in general have had varied results. Atorvastatin has
been shown to increase valve calcification’48, or have no effect’72, whereas simvastatin
reduced the frequency of calcification in the brachiocephalic artery?’”3 and calcification
area in the aorta’7’4. Furthermore, in vitro statins have inhibited VC308. 775778 yjg restoration

of the Gas6-Axl apoptosis survival pathway’75> and by decreasing lipogenesiss08,

In contrast, statin administration in humans significantly promotes calcification285 which
is hypothesised to be a plaque stabilising effect. Results from this study found a significant
reduction in plaque calcification following statin treatment, regardless of the lack of lipid
lowering effect, or any decreases in circulating calcium and ALP. Although the difference
in results could be contributed to differences in vivarium, species, statin used and method
of calcification, the discord between the effects of statins in vitro, in vivo and in clinical

trials requires further investigation in a standardised manner.

Although the overall result of the in vivo statin study was that atorvastatin reduced valve
calcification despite no change in blood plasma markers, limited numbers were available
for plasma measurements giving an indication of what may be happening in a larger
population. Interestingly, the trend for total cholesterol, triglyceride, ALP and calcium levels
were all suggestive of a lowering effect of atorvastatin treatment. Given that this is a

murine study, larger n values would be needed to make any sound conclusions.
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The reduction in aortic valve calcification however in the atorvastatin treated mice conflicts
with previous literature where atorvastatin increased arterial calcification in
vivo™#8 Additionally it does not correspond with clinical trial evidence285, but supports in
vivo mouse’’? and rabbit780 studies that showed an inhibition of valvular calcification and
in vitro literature showing an inhibition of calcification induction in vitro77>778, Conversely,
atorvastatin has been found to dose dependently raise in vitro calcification49, further

showcasing the varied nature and results in VSMC calcification research.

In this study, mice were gavaged with somewhat precise doses of atorvastatin daily, as
opposed to ad libitum atorvastatin containing high fat diet. Additionally, although the dose
of ~2mg/ml mg/kg/day atorvastatin per day is around 10x higher than the diet
administered doses (predicted ingestion of 0.15773 - 0.18748 mg/kg/day), it is drastically
lower than other gavage studies which administered 100 mg/kg 6/7 days per week’74. To

date, there are no studies examining a dose dependant effect of statins on VC in vivo.

This study however has reduced experimental power, arising from the unavailability of
mice for correlative analysis. As these studies were a secondary outcome from the study,
these experiments were not prioritised for available plasma. Although this renders the
correlative data presented as speculative, rather than indicative, the results still warrant
further investigation. These future studies will need to be appropriately powered and,
ideally, matched with in vitro and human data to comprehensively investigate the use of

and mechanisms behind atorvastatin modulated VC.

As discussed earlier, Lp(a) is another, individual human lipoprotein similar to LDL but with
an attached apo (a), that genetically predisposes an individual’'s susceptibility to CVD.
Because of Lp(a)’s clear link to atherosclerotic development and emerging link to VC, we
sought to identify a functional role for Lp(a) in VC. Unfortunately, the generation of mice

with elevated Lp(a), or even any Lp(a), is a possible but complicated process which may
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not even yield meaningful data, due to natural differences between human and mouse
lipoprotein and cardiovascular systems. We therefore investigated the link between Lp(a)

and VC using human serum and calcifying human VSMCs.

The current literature examining the ex vivo roles of Lp(a) in VC suggests that Lp(a) plays
a causal role in VC via the delivery of oxidised phospholipids to the artery wall. This
interaction then upregulates Runx2 and BMP-2 mRNA expression, in valvular interstitial
cells764, Although this study found an upregulation of Runx2 and BMP-2, they did not
conduct any functional calcification assays, or examine additional timepoints beyond 3
days. Additionally, they used concentrated (to 1 g/L), isolated Lp(a), free from the influence
of other serum factors, separated from healthy patients with <0.5 g/L Lp(a). The serum
used here was from patients with CAD and has not had Lp(a) concentrated or isolated,
thus providing a snapshot of the total serum effects on VC, as opposed to a concentrated,
isolated effect of the Lp(a) itself. Furthermore, both experimental designs do not consider
isoform variation and can be referred to most accurately as ‘small sample pilot data’. It is
also important to remember that serum components, such as feutin-a®39. 781,782 inhibit VC
in vitro, therefore using diluted whole serum is not ideal but benefits a more realistic in

vitro modelling of complex in situ interactions with VSMCs.

Considering the strong correlations between Lp(a) and VC in the clinical trial datal20 760
761 together with the initial findings that isolated Lp(a) causes osteoblastic
differentiation764, the results here highlight the complex nature of Lp(a)’s involvement in
VC and the need for more precise experimentation in this field. While we found no
induction of VSMC calcification following varying Lp(a) concentrations there was a
significant correlation between ALP and Lp(a) levels in the cohort of patients with <1 g/L
plasma Lp(a). In patients with high levels of Lp(a), ALP was negatively correlated to VSMC

calcification despite having similar levels of ALP to other groups. This indicates a
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potentially interesting and targetable interaction between small Lp(a) isoforms and ALP
production or liberation from the bone for future studies. Before the continuation of these
studies however, it is worth strengthening the current study by increasing n values, looking
at differences between whole serum and isolated Lp(a) and including isoform analysis, as

isoform plays an important role in the atherogenicity of the particle.

As Lp(a) is an oxidative molecule scavenger, it is unsurprising that a previous study showed
a role for Lp(a) in calcification?64. This supports the data from this study and others where
VSMC calcification was increased following oxLDL pre-treatment, showing a stimulatory
role of oxidative stress in VC296-300_ |t is surprising then that the Lp(a) study in this chapter
produced no significant changes or correlations between Lp(a) levels, calcification or
serum markers. This suggests that there might be a more isoform focused relationship

between Lp(a).

The same ethos can be applied to the small cohort atorvastatin in vivo study, whereby
conflicting literature presents difficulties for finding meaningful trends in their roles in VC.
Particularly for in vivo studies, opportunities to replicate the treatment process for early,
mid and late stages of atherosclerosis or calcification are available. Here we present that
in the early stages of atorvastatin treatment, in conjunction with mild, non-significant lipid
lowering, there is a significant inhibition of valvular calcification development. As
atorvastatin has been previously shown to downregulate BMP-2 expression caused by
oxLDL"83, in future studies, it would be interesting to investigate the oxidation status of

the plasma and plaques of these mice, or in clinical trials.

Although statins have not been shown to lower Lp(a) levels in clinical trials76> and their
Lp(a) raising properties are hotly debated?66-768 it would also be interesting to examine
any pleiotropic effects of statins in the inhibition or stimulation of Lp(a) induced

calcification. Additionally, investigating the effects of Lp(a) lowering therapeutics such as

212



Chapter 5

PCSK9 inhibitors784-786 or fibrates’8” could also provide interesting data on potential VC
treatments. Already, PCSK9 and elevated Lp(a) levels have been associated with
increased CAC scores’88 and combination therapies including statins and PCSK9 inhibitors

were identified to slow the progression of calcification?8.

In conclusion, the data from this chapter suggests that the role of LDL in VC is due to the
readily oxidised nature of LDL and its lipoprotein sibling Lp(a). While it appears that statins
reduce calcification in the early stages of disease in vivo, supporting the ‘statins stabilise
as well as reduce plaques’ hypothesis, the literature on statin research in vivo and in vitro
has conflicting results. Moving forward with VC research into LDL, Lp(a) and their lowering
therapeutic agents, a standard testing format, considering the stage of plaque, oxidation
status, multiple molecular pathways (i.e. Runx2 and BMP-2), apo(a) isoform and other

serum components (such as fetuin-a) should be considered.
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6.1 Introduction

Despite the fact the HDL has been identified to play a significant role in atherosclerosis,
as discussed in chapter 1, we only know a small amount on its potential role in vascular
calcification (VC), despite growing evidence that HDL influences its development. Patients
with calcific valvular stenosis have less Apo Al in the valve and the Apo Al that is present
is found to co-localise with areas of calcification and osteoprotegerin (OPG), potentially
interfering with the mechanisms of valvular calcification790. Additionally, epicardial fat
expression of osteopontin91, a protein which prevents calcium crystal growth and induces
cellular mineral resorption”92, and osteoprotegerin (OPG) is associated with certain HDL
subclasses’®1. Moreover, while smaller HDLs are associated with less coronary artery
calcification?93, dysfunctional oxHDL levels are independently associated with valvular

calcification794.

As HDL raising therapeutics may only be raising levels of the dysfunctional HDLs observed
in CAD patients86, current HDL therapeutics are focused on HDL mimetic or reconstituted
HDL (rHDL) infusions. Although early clinical trials demonstrated plaque regressions>,
there is no information on the influence of HDL mimetic therapy on the status of VC or
stability within these plaques. In rabbits however, incorporation of Apo Al-Milano in a HDL
mimetic demonstrated an inhibitory effect on both aortic plaque and calcification in an

atherosclerotic rabbit model657, 795,

The first in vitro study examining the direct influence of HDL on calcification identified HDL
as an inhibitor of ALP expression in calcification prone VSMCs796. This was followed by the
demonstration that modified HDL by oxidation reduced its favourable effects on
inflammation, oxidative stress and cholesterol efflux7?. It is therefore possible that

dysfunctional HDL may have a deleterious effect on inflammatory-induced
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microcalcification. The observation that HDL subspecies differentially associates with the

presence or absence of VC may further reflect the impact of HDL functionality200,

Given that similar mechanisms underscore both VC and bone formation and that HDL
mediated cholesterol efflux from pre-osteoclasts inhibits their maturation, stimulates their
apoptosis and inhibits osteoblast RANKL expression”98, we hypothesised that HDL would
have similar effects in the vessel wall. Here in chapter 6, we present in vitro experiments
examining the role of HDL, oxHDL, rHDL and oxrHDL in calcification of human aortic
smooth muscle cells (HAoSMCs). In continuing our investigations into the role of HDLs in
VC, we infused atherosclerotic prone mice with rHDL and also assessed the calcification
potential of serum from patients receiving an HDL mimetic as part of a clinical trial (CARAT).
We hypothesised that functional HDLs would lead to a stabilisation phenotype, by

increasing macrocalcifications and decreasing microcalcifications.
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6.2 Methods

6.2.1 In Vitro Study Design

Cells were maintained and calcified as described earlier (chapter 2.4) with HDL, oxHDL,
rHDL or oxrHDL at 200ug/ml for 24 hours prior to calcification stimulus. After 1,3,5 and 7
days of calcification medium (CM), mRNA was harvested and transformed to cDNA for PCR
analysis as per methods chapter 2.5.1, 2.6 and 2.7 respectively. Cells were harvested
after 5 and 7 days of calcification for protein expression analysis using methods described
in chapter 2.8 and 2.9. Additionally, media also was collected after the 5 and 7 day CM
timepoints and analysed for protein secretion using ELISA. A timeline of the in vitro

calcification assay is presented in figure 6.2.1.1.
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re-treatmen 3 Days 5 Days 7 Days 14 Days
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Figure 6.2.1.1 Schematic of the HDL or rHDL in vitro calcification assay.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL at 200ug/ml for 24 hours,
then treated with CaPO4 (Ca 2.7 mM, PO4 2.0 mM) medium (CM) for up to 15 days. Cells
were then analysed at various timepoints with PCR, western blot and stained with Alizarin

Red S (ARS) stain to monitor calcium deposition and molecule expression.
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6.2.2 In Vivo Methods

6.2.2.1 Study Design

OPG”- mice on an Apo E7/- background were utilised in this study to examine the effects of
the loss of inhibitory OPG on atherosclerotic VC and if rHDL infusions are able to influence
these results. OPG”/- mice exhibit early arterial calcification and osteoporotic
phenotypes®43 and Apo E7/- x OPG7- mice have been observed to have atherosclerotic

calcifications799.

8-week-old Apo E7- x OPG7- and Apo E7- mice on a C57BIl/6 background were fed an
atherogenic diet (AD) (22% fat and 0.15% cholesterol diet SFO0-219 (Specialty Feeds)) ad
libitum for 36 weeks. Additional cohorts were then randomized to either rHDL or saline
infusions 3 times weekly for 4 additional weeks of a 40 week in total AD ad libitum. Mice
were weighed weekly and had a change of bedding twice per week. Blood was collected,
using EDTA coated collection tubes spun at 1500 rcf for 15 minutes, at baseline, at 8 week
intervals and during euthanasia via cardiac puncture. This study was approved by the
South Australian Health and Medical Research Institute Animal Ethics Committee

(SAM188). Study schematic is presented in figure 6.2.2.1.
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Figure 6.2.2.1 Study design for the investigation of rHDL effects of VC in Apo E-/- and Apo

E /- x OPG-/- mice.

Apo E7- and Apo E7- x OPG7- mice were fed an atherogenic diet (AD) ad libitum for 36
weeks. One group of mice was euthanised at this point for a pre-treatment group, whereas
the other 2 groups continued eating AD ad libitum for 4 more weeks (totalling 40 weeks)
while receiving 20 mg/kg infusions of saline or rHDL 3 times per week. Mice were weighed
weekly and plasma was collected at 8 week intervals from the beginning of the study. Mice
were euthanised via cardiac puncture and tissues were collected in either formalin or snap
frozen in liquid nitrogen for further processing. This study was approved by the South

Australian Health and Medical Research Institute Animal Ethics Committee (SAM188).
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6.2.3 Patient Study

6.2.3.1 Study Outline and Design

This chapter utilises human serum samples collected from the CER-OO1 Atherosclerosis
Regression Acute Coronary Syndrome Trial (CARAT)8%0, Briefly, CARAT is a double-blind
randomised, multicentre trial aiming to evaluate the potential of 10 weekly intravenous
infusions of CER-O01 at 3 mg/kg. Patients with acute coronary syndrome and percent
atheroma volume above 30% in the proximal segment of an epicardial artery, identified
using intravascular ultrasonography (IVUS), were randomised to either CER-0O01 treatment

or placebo and final numbers at follow up were 135 and 137 respectively.

In this thesis, we examined the entire trial cohort to detect significant differences between
CER-001 and placebo treatments in plaque calcification detected via intravascular
ultrasound (IVUS) imaging. Briefly, each image in the IVUS pull-back was assigned a value
from 0-4, to describe the amount of calcification observed in the vessel. A calculation was
then performed to obtain a calcium index, indicative of the average calcification observed

in the entire artery imaged 285..

Patient samples corresponding to the largest increases in plaque calcification were
assessed. Out of the 257 participants with available calcium indices at baseline and follow
up, the top 11 calcification progressors were selected for further examination, to assess
what might be causing this change in these patients. 4 samples were from participants
receiving placebo and 7 were from participants receiving CER-OO01. While the change in
calcium index between baseline and follow up ranged from -0.14 - 0.23 in the entire 257
participant large cohort, in our top calcification progressor cohort the calcium index change

ranged from 0.14-0.23.

The serum from these patients (10% in M199 medium) was used to pre-treat HAOSMCs
for 24 hours and subsequently assess calcification (as outlined in chapter 2.4.22).
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6.2.4 Statistics
Statistics for all data collected in this chapter were calculated as per methods chapter

2.14 unless otherwise stated in the figure or table legend.
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In Vitro Results

The role of native HDL and oxHDL in VSMC
calcification

222



Chapter 6

6.3 Results

6.3.1 The Functional Effects of HDL and oxHDL on HAoSMC Calcification

Although HDL was shown to upregulate the expression of vascular calcification (VC)
markers by Parhami et al. in 2002801, since then no studies have further explored these
anti-calcification effects of HDL. The alizarin red s (ARS) assay was used in this study to
confirm the functional effect of native HDL, oxHDL, rHDL and oxrHDL on HAoSMC VC. In
figure 6.3.1.1 A, we show that HDL pre-treatment significantly reduces VC on HAOSMCs
compared to treatment with calcification medium (CM) alone (1.0+0.0 vs 0.78%0.03,
p<0.05). Conversely, oxidised HDL (oxHDL) maintained the level calcification similar to CM
alone which was significantly higher than HDL treated cells (0.78+0.03 vs 1.02+0.06,

p<0.01), demonstrating that oxidation of HDL negates its ability to reduce VC.

When moving forward with HDL therapeutics, a lab made, reconstituted HDL (rHDL) is an
attractive option due to its consistency in functionality. For this reason, as well as
identifying whether the specific Apo Al and PLPC components of the rHDL discs are
responsible for any effects of native HDL, that we repeated the analysis using both
lipoprotein particles. Although the pattern was the same for rHDLs and HDLs, we observed
no significant effects from rHDL or oxrHDL pre-treatment on the calcification of HAOSMCs.
From this ARS assay, we find that rHDL does not match the same pattern as native HDL in

figure 6.3.1.1 B, showing a role for an element of HDL other than Apo Al or PLPC.
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Figure 6.3.1.1 The effect of HDL and oxHDL on calcification.

HAoSMCs were pre-treated with (A) HDL or oxHDL or (B) rHDL or oxrHDL (200 ug/ml) for
24 hours then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15
days. Calcification was measured by ARS assay with no treatment (NT) and CM alone
controls and expressed as fold change from CM. Representative images of stain
immediately prior to dissolving shown below graph. NT ****p<0.0001 compared to all
other treatments. *p<0.05, **p<0.01, ****p<0.0001 as indicated, ANOVA with

Bonferroni’s correction. Data represented as mean+ SEM, n=3.
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6.3.2 The Effects of HDL and oxHDL on Calcification Gene Expression

To further investigate the interactions between HDL, oxHDL and calcification induction, we
used quantitative PCR assays. HAoSMCs were exposed to HDL and oxHDL for 24 hours to
identify the effects of on the cells prior to calcification. Treatment with HDL for 24 hours
significantly lowered Runx2 (111.5+4.0 vs 60.2+11.7, p<0.05) and OPG (124.6+21.9 vs
52.7+6.0, p<0.05) compared to the NT baseline, while raising SMaActin (64.8+3.0 vs
103.7+7.3, p<0.01) mRNA expression compared to the CM. A similar trend was observed
following oxHDL treatment when assessing Runx2 compared to the NT baseline
(111.5+4.0 vs 51.3+3.98 vs 10.61, p<0.05) and OPG compared to the CM control
(124.6+21.91 vs 48.66+7.802, p<0.05) mRNA expression. Interestingly, SMaActin
expression remained at a similar level to CM treatment which was also and significantly
reduced compared to NT (103.4+0.3 vs 58.7+2.9, p<0.001) and HDL (103.7+£7.3 vs

58.712.8, p<0.001) (figure 6.3.2.1).

Next, the immediate effects of rHDL and oxrHDL on mRNA expression of genes involved in
VSMC calcification were assessed via gPCR after 24 hours of incubation. oxrHDL treatment
for 24 hours significantly increased RANKL (107.3+5.04 vs 355.7+62.68, p<0.01) and
ALP (104.1+2.9vs 267.4+60.28, p=0.0489) mRNA expression above the NT baseline and
increased RANKL mRNA expression compared to the rHDL treatment (113.1+6.66 vs
355.7+62.68, p<0.01). While there were no observed differences between either rHDL or
oxrHDL treatments and CM alone both rHDL (103.4+0.32 vs 68.37+4.71, p<0.05) and
oxrHDL (103.4+0.32 vs 61.54+12.48, p<0.05) significantly reduced SMaActin mRNA
expression below the NT baseline, similar to the effects of CM treatment (NT vs CM:

103.4+0.32 vs 64.83+2.99, p<0.05; figure 6.3.2.2).
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Figure 6.3.2.1 The effect of HDL and oxHDL on mRNA expression.

HAoSMCs were treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) HDL or
oxHDL (200 ug/ml) for 24 hours. mRNA expression was measured by qPCR using GAPDH
as the internal control. *p<0.05, **p<0.01, ***p<0.001, ANOVA with Bonferroni’s

correction. Data represented as % of NT, meant SEM, n=3.
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Figure 6.3.2.2 The effect of rHDL and oxrHDL on mRNA expression.

HAoSMCs were treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) rHDL or
oxrHDL (200 ug/ml) for 24 hours. mRNA expression was measured by qPCR using GAPDH
as the internal control. *p<0.05, **p<0.01, ANOVA with Bonferroni’s correction. Data

represented as % of NT, mean+ SEM, n=3.
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6.3.3 The effects of HDL Pre-Treatment on Calcification Gene expression

After discovering effects of native HDL and oxHDL in the initial regulation of calcification
genes, a PCR time course experiment was conducted to examine the role of HDL and
oxHDL as calcification progresses. Figure 6.3.3.1 A & C shows that neither HDL nor oxHDL
pre-treatment influenced Runx2 mRNA expression at either 5 or 7 days into calcification

with CM.

The reconstituted HDL forms demonstrated no significant effects on Runx2 gene
expression (figure 6.3.3.1 B & D). This was keeping with the expression profile for HDL and
oxHDL presented in figure 6.3.3.1 A & C and fits with the early timepoints for Runx2

expression.

Although not significant, after 5 days of calcification in CM, HDL pre-treatment reduced
RANKL mRNA expression below that CM alone control, whereas the dysfunctional oxHDL
did not. After 7 days in calcification medium however, this effect was lost. (figure 6.3.3.2
A & C). In a similar fashion to the measures with native HDL in A & C, the reconstituted
forms demonstrated no significant effects on RANKL gene expression (figure 6.3.3.1 B &

D).
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Figure 6.3.3.1 The effect of HDL, oxHDL, rHDL and oxrHDL on Runx2 mRNA expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours
then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no
treatment (NT) baseline and a CM alone positive control were used. Runx2 mRNA
expression was measured by qPCR using GAPDH as the internal control. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, ANOVA with Bonferroni’s correction. Data

represented as % of NT, mean+ SEM, n=3.
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Figure 6.3.3.2 The effect of HDL, oxHDL, rHDL and oxrHDL on RANKL mRNA expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours

then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no

treatment (NT) baseline and a CM positive control were used. RANKL mRNA expression

was measured by qPCR using GAPDH as the internal control. **p<0.01, ANOVA with

Bonferroni’s correction. Data represented as % of NT, meant SEM, n=3.
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When assessing the effects of HDL on ALP it was observed that neither HDL nor oxHDL
had any significant effect after 5 or 7 days of calcification (figure 6.3.3.3 A & C). Although
there were no significant effects, HDL and oxHDL pre-treatments did appear to lower ALP
MRNA expression back to the NT baseline compared to the CM alone treated cells. Similar
to HDL and oxHDL, for the reconstituted forms rHDL and oxrHDL pre-treatments also had

no significant effects on ALP mRNA expression (figure 6.3.3.3 B & D).
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Figure 6.3.3.3 The effect of HDL, oxHDL, rHDL and oxrHDL on ALP mRNA expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours
then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no
treatment (NT) baseline and a CM positive control were used. ALP mRNA expression was
measured by qPCR using GAPDH as the internal control. *p<0.05, ANOVA with

Bonferroni’s correction. Data represented as % of NT, meant SEM, n=3.
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We tested for the smooth muscle cell identifier gene SMaActin to identify potential effects
of HDL and oxHDL on cell type conservation. Although there were no significant differences
between cells pre-treated with HDL or oxHDL and the cells treated with CM alone, at both
the 5 and 7 days of CM timepoints HDL modestly raised SMaActin mRNA levels (figure
6.3.3.4 A & C). While at 24 hours there was a significant increase in SMaActin expression

compared to CM (figure 6.3.2.1) by 5 or 7 days of calcification this initial effect was lost.

While there were no significant differences following rHDL or oxrHDL pre-treatments after
5 days of CM, both rHDL (104.7+1.55 vs 22.53+6.98, p<0.001) and oxrHDL (104.7+1.55
vs 29.16+12.42, p<0.001) pre-treatments significantly reduced SMoActin  mRNA
expression from the NT baseline, to match that of the CM alone control (NT vs CM:
104.7+1.55 vs 17.45+3.259, p<0.001) thereby showing no additional effects above the
CM treatment (figure 6.3.3.4 B & D ). Conversely, there were no significant effects at either
timepoint after HDL or oxHDL pre-treatments as shown in figure 6.3.3.4 A & C for SMaActin

MRNA expression.
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Figure 6.3.3.4 The effect of HDL, oxHDL, rHDL and oxrHDL on SMoActin expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours
then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no
treatment (NT) baseline and a CM alone control were used. SMaActin mRNA expression
was measured by qPCR using GAPDH as the internal control. *p<0.05, ANOVA with

Bonferroni’s correction. Data represented as % of NT, meant SEM, n=3.
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The cell’'s defence mechanism to VC, OPG expression, was assessed via gPCR. Like the
SMaActin expression patterns in figure 6.3.3.4 A & C, there was a trend towards increased
expression with HDL However, the observed results were not significant (figure 6.3.3.5 A
& C). When treating with reconstituted forms of HDL, neither rHDL or oxrHDL had any effect
on OPG mRNA expression either at the 5 or 7 day timepoint. rHDL and oxrHDL also had no

additional effects above CM treatments (figure 6.3.3.5 B & D).
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Figure 6.3.3.5 The effect of HDL, oxHDL, rHDL and oxrHDL on OPG expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours
then treated with calcification medium (CM: Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no
treatment (NT) baseline and a CM alone control were used. OPG mRNA expression was
measured by gPCR using GAPDH as the internal control. ****p<0.0001, ANOVA with

Bonferroni’s correction. Data represented as % of NT, mean+ SEM, n=3.

234



Chapter 6

6.3.4 The effects of HDL on Calcification Protein Expression and Secretion

While looking at mRNA expression profiles identified potential expression patterns
following HDL and oxHDL pre-treatment, we sought to confirm these results at the protein
level. To examine the protein levels, we used western blotting techniques on cell lysates

for intercellular proteins and ELISA assays on cell culture media for secreted proteins.

After both 5 (A) and 7 (B) days of CM neither HDL nor oxHDL cased any significant
differences in Runx2 protein levels (figure 6.3.4.1). As reported earlier, Runx2 mRNA is
primarily influenced by HDL at the early 24 hour timepoint, so this result for the Runx2
protein levels is not surprising (figure 6.3.4.1). Similarly, cells pre-treated with the
reconstituted forms of HDL also had no effect on Runx2 protein levels either at day 5 or

day 7.

Similar to the Runx2 patterns post HDL, oxHDL, rHDL and oxrHDL pre-treatments, RANKL
protein expression was not significantly changed HDL, oxHDL, rHDL or oxrHDL pre-

treatments (figure 6.3.4.2).
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Figure 6.3.4.1 The effect of HDL, oxHDL, rHDL and oxrHDL on Runx2 and RANKL protein

expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours

then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no

treatment (NT) baseline and a CM positive control were used. Runx2 protein expression

was measured by western blotting using B-Actin and a standard sample as internal

controls. ANOVA with Bonferroni’s correction. Data represented as % of NT, mean+ SEM,

n=3.
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Figure 6.3.4.2 The effect of HDL, oxHDL, rHDL and oxrHDL on RANKL protein expression.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours
then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no
treatment (NT) baseline and a CM positive control were used. RANKL protein expression
was measured by western blotting using B-Actin and a standard sample as internal
controls. ANOVA with Bonferroni’s correction. Data represented as % of NT, mean+ SEM,

n=3.
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As RANKL can have autocrine and paracrine effects, cellular expression (figure 6.3.4.2)
was measured by western blotting, whereas RANKL secretion was measured in the cell
culture supernatant using an ELISA (figure 6.3.4.3). After 5 days of CM, the native forms
of HDL (0.86+0.017 vs 1.25+0.067, p<0.01) and oxHDL (0.86+0.017 vs 1.23+0.071,
p<0.01) significantly raised RANKL secretion above the CM alone control, while the
reconstituted forms had no effect. After 7 days of CM however, this elevation was only
maintained by oxHDL (1.0+0.08 vs 1.4+0.11, p<0.05) (figure 6.3.4.3 C), demonstrating
that the dysfunctional oxHDL particles can maintain a pro-VC phenotype in these cells over

time.

Similarly, OPG is a secreted protein and was measured in the cell culture supernatant
using an ELISA. After 5 or 7 days of CM, pre-treatment with neither HDL nor oxHDL had any
additional effect on OPG secretion compared to the CM control. This result was also

observed with reconstituted HDL (figure 6.3.4.4).

238



Chapter 6

5 Days
Fold Change in RANKL
Secretion (AU)
-
o
1

0.5-

7 Days

Secretion (AU)
-
o
1

Fold Change in RANKL
o
(&2}
1

o
o
I

NT

Soluble RANKL

NATIVE

k%
*%

*
T
€L

*

T
HDL

+CM

oxHDL

NT

HDL
+CM

oxHDL

Fold Change in RANKL
Secretion (AU)

Fold Change in RANKL
Secretion (AU)

B

=
(&
1

|y
o
1

0.5-

RECONSTITUTED
. ==
NT erL oxrHDL
+CM
. T
_§_
NT erL oxrHDL
+CM

Figure 6.3.4.3 The effect of HDL, oxHDL, rHDL and oxrHDL on soluble RANKL protein.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours

then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no

treatment (NT) baseline and a CM positive control were used. Soluble RANKL protein

secretion was measured by ELISA using BCA measured total protein as a control. *p<0.05,

**n<0.01, ANOVA with Bonferroni’s correction. Data represented as fold change of NT,

meant SEM, n=3.
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Soluble OPG
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Figure 6.3.4.4 The effect of HDL, oxHDL, rHDL and oxrHDL on Soluble OPG protein.

HAoSMCs were pre-treated with HDL, oxHDL, rHDL or oxrHDL (200 ug/ml) for 24 hours
then treated with calcification medium (CM; Ca 2.7 mM, PO4 2.0 mM) for 15 days. A no
treatment (NT) baseline and a CM positive control were used. Soluble OPG protein
expression was measured by ELISA and normalised to total protein. *p<0.05, **p<0.01,

ANOVA with Bonferroni’s correction. Data represented as % of NT, meant SEM, n=3.
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The cellular data presented here demonstrates a role for HDL and its oxidised form in
vascular calcification, whereby HDL, but not oxHDL, reduced VSMC calcification through
alteration of calcification regulatory gene and protein levels. We have also shown a small
role for rHDL and oxrHDL in VC in vitro which does not match the data presented for native
HDL and native oxHDL. The effects from rHDL and oxrHDL on VC appear at earlier
timepoints and with a different expression pattern after 24 hours of treatments compared
to HDL and oxHDL and neither rHDL nor oxrHDL pre-treatments had any effect on HAoSMC
calcification, suggesting that the effects of HDL on VC may be from a component other
than Apo Al or PLPC. Next, in order to study the effects of rHDL in vivo, we examined the

effects of rHDL infusions on atherogenic and pro-VC mice in a late-stage plaque model.

In human trials reconstituted HDL (rHDL) is commonly used as it is a standardised particle
with only 2 components of typical HDL. Human HDL has many variables including, but not
limited to, lipid species and content, protein species and content, RNA molecules, size,
vitamin and mineral contents. The rHDL used in the in vitro and in vivo chapters of this
thesis have only 1 lipid: 1-Palmitoyl-2-linoeoyl-sn-glycero-3-phosphocholine (PLPC: 16:0-
18:2 PC), and 1 protein: Apo Al. Next, we aimed to investigate the role of rHDL in vivo,

assessing whether any effects will be maintained in a full system.
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In Vivo Results

The role of reconstituted HDL infusions in a
late stage plaque and calcification mouse
model
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6.3.5 Plasma biomarkers assessed at baseline

Although the plaque regressive effects of rHDL on Apo E/- mice has been extensively
examined92 802809 the effect of OPG deficiency has yet to be assessed. Prior to
commencing the study, 8 week old Apo E7- and Apo E/- x OPG”- mice had a blood sample
measured for total cholesterol, triglycerides, ALP and calcium levels. At baseline, Apo E7-
mice had significantly higher total cholesterol than Apo E7/- x OPG7/- mice (165.0+8.093 vs

136.0+6.96, p<0.01) (figure 6.3.5.1).

In table 6.3.5.1 the differences between the final plasma measurements of each of these
groups in both genotypes are presented. The 36 week cohort had a significantly higher
change in total cholesterol compared to the saline (p<0.05) or rHDL (p<0.001) treated Apo
E/-x OPG7- mice. There were no other significant differences between groups or genotypes
of mice in final total cholesterol, change in total cholesterol, final triglycerides or change

in triglycerides.
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Initial Plasma Levels
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Figure 6.3.5.1 Plasma biomarkers assessed at baseline.

Mouse blood was collected from the tail vein and plasma was extracted from 8 week old
mice. Mouse plasma was then tested for triglyceride, total cholesterol and ALP levels using
WAKO kits as per protocol. Circulating calcium was measured from plasma using the
Cayman calcium assay kit as per protocol. **p<0.01, t-test with Welch’s correction. Data

represented as mean+ SEM, n=37-50.
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Table 6.3.5.1 Circulating plasma lipids in Apo E7- and Apo E7/- x OPG”- mice. Mean (+SEM), 2-way-ANOVA, n=9-17.

Final Total Cholesterol e (Siasli?él) rHDL 36w vs 3P6-\v/va\|/l;e Saline vs
m dl . . -
(me/di) 36w (40w) (40w) Saline rHDL rHDL
Apo E7/- 257.9 (+382.6) 378.5 (+22.03) 355.4 (+17.04) >0.9999 >0.9999 >0.9999
Apo E/- x OPG~- 358.1 (+17.85) 303.4 (+x17.18) 311.6 (+10.55) 0.5447 0.5630 >0.9999
P-value >0.9999 0.0772 0.8205
g R () e (Siasl ii'\e/:l) rHDL 36w vs 3P6-\v/va\|/l::e Saline vs
Ch di : : :
ange (mg/d) 36w (40w) (40w) Saline rHDL rHDL
Apo E/- 240.5 (+16.03) 211.1(x17.47) 217.1(+13.23) >0.9999 >0.9999 >0.9999
Apo E/-x OPG~- 253.2 (+18.16) 154.5 (+24.61) 146.0 (+21.62) 0.0176 0.0009 >0.9999
P-value >0.9999 0.9106 0.0912
Final Triglyceride AEEL (R, eI _
(mg/dl) 36w Saline rHDL 36w vs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E/- 292.1 (+23.83) 263.6 (+x27.1) 248.4 (x22.04) >0.9999 >0.9999 >0.9999
Apo E/-x OPG~- 320.2 (+24.76) 320.2 (+24.76) 287.2(+17.59) 0.4901 >0.9999 >0.9999
P-value >0.9999 >0.9999 >0.9999
Triglyceride Change AEEL (R, eI _
(mg/dl) 36w Saline rHDL 36w vs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E/- 151.7 (+22.88) 76.59 (£32.8) 105.7 (£29.12) 0.9622 >0.9999 >0.9999
Apo E7/- x OPG~- 222.1 (+24.33) 97.47 (+40.19) 109.6 (x25.28) 0.0840 0.0734 >0.9999
P-value >0.9999 >0.9999 >0.9999
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Next, we measured the mouse plasma for circulating markers that influence VC, alkaline
phosphatase (ALP) and calcium (table 6.3.5.2). Saline treated Apo E7- mice had
significantly higher final ALP (p<0.01), final calcium (p<0.0001) and change in calcium
since commencement of the atherogenic diet (p<0.0001) compared to the Apo E7- x OPG-
/- saline treated mice. Additionally, rHDL treated Apo E7/- mice also had significantly higher
final calcium levels (p<0.001) and a higher change in calcium (p<0.001) than the Apo E7
x OPG7- mice. This shows that at the end of 40 weeks of atherogenic diet, but not at 36
weeks, the Apo E7- x OPG7- mice had significantly less circulating calcium, regardless of

treatment.

The 36 week cohort of Apo E/- mice had significantly less calcium than both the saline
(p<0.0001) and rHDL (p<0.0001) treated mice. When examining the change in calcium
levels since commencing the atherogenic diet, 36 week Apo E7- mice had a significantly
lower increase in calcium than Apo E7- mice treated with rHDL (p<0.01). The 36 week
cohort of Apo E7-x OPG7- mice had significantly higher ALP levels (p<0.001) and change in
ALP (p<0.001) compared to the saline treated Apo E7/- x OPG”- mice. In rHDL treated Apo
E/- x OPG7/- mice, there were significantly higher final calcium levels (p<0.05) than the
saline treated Apo E7-x OPG7- mice. Overall, rHDL treatment did not appear to significantly
change ALP or calcium levels, instead the amount of time on atherogenic diet and

genotype of the mouse had the greater influence.
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Table 6.3.5.2 Circulating plasma calcification markers in Apo E7- and Apo E/- x OPG”7- mice. Mean (+SEM), 2-way-ANOVA, n=9-17.

Final Calcium (pg/dl)

Mean (£SEM)

Mean (£SEM) P-Value
Final ALP (mmol/L) 36 w Saline rHDL 36w vs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E/- 2.101 (£0.209) 2.364 (+0.204) 2.243 (£2.23) >0.9999 >0.9999 >0.9999
Apo E7/- x OPG~- 2.505 (+0.158) 1.101 (x0.263) 1.888 (+0.169) 0.0001 0.5131 0.1121
P-value >0.9999 0.0015 >0.9999
Mean (£SEM) P-Value
ALP Change (mmol/L) 36 w Saline rHDL 36w vs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E/- 1.017 (x0.223) 1.14 (+0.452) 1.389 (+0.23) >0.9999 >0.9999 >0.9999
Apo E7/-x OPG7- 1.62 (+0.213) 0.031 (x0.306) 0.816 (+0.186) 0.0009 0.4379 0.4941
P-value >0.9999 0.1005 >0.9999

P-Value
36w Saline rHDL 36w vs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E/- 4.81 (+0.621) 11.28 (x0.953) 9.768 (+0.74) <0.0001 <0.0001 >0.9999
Apo E7/- x OPG7- 5.563 (+0.479) 2.805 (+0.8) 5.696 (+0.493) 0.0860 >0.9999 0.0434
P-value >0.9999 <0.0001 0.0005
Calcium Change Mean (iSFEM) P-Value |
(ug/dl) 36w Saline rHDL 36w vs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E/- 3.512 (+0.629) 6.831 (+£1.348) 7.943 (+0.701) 0.0726 0.0015 >0.9999
Apo E7/- x OPG~- 4.341 (+0.588) 1.107 (x0.773) 3.419 (£0.583) 0.0557 >0.9999 0.4939
P-value >0.9999 <0.0001 0.0007
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6.3.6 Body weight of mice at baseline and end of the study.

Mice were weighed at 8 weeks of age, immediately prior to commencing the atherogenic
diet. There was observed difference in the initial weights between Apo E7/- and Apo E7/- x
OPG”- mice. At the end of the study we investigated any changes in weight in these mice
due to time on diet, genotype or treatment received. Although no difference in the final
weight or change in weight was observed in the 36 week cohort, upon completion of 40
weeks of atherogenic diet, Apo E/- mice had significantly higher body weights (Saline:
p<0.01; rHDL: p<0.001) and had gained significantly more weight (Saline: p<0.0041; rHDL:
p<0.001) than Apo E7- x OPG7- mice, regardless of treatment. Additionally, although there
was no significant differences in weight gain between the 36 week Apo E7- mice and the
saline treated Apo E7- mice, the rHDL treated Apo E/- mice had gained significantly more

weight than the 36 week Apo E7- mice (p<0.05)(table 6.3.6.1).

As an initial investigation into potential changes in tissues caused by genotype or rHDL
treatment, we weighed several tissues which can be influenced by lipoproteins or lipid
levels and expressed them as a % of total final body weight. We observed that after 40
weeks of atherogenic diet, Apo E7/- mice had significantly larger epididymal (Saline:
p<0.0001; rHDL: P<0.01) and retroperitoneal (Saline: p<0.001; rHDL p<0.0001) fat
deposits compared to Apo E7- x OPG7/- mice, regardless of treatment type. Additionally, Apo
E/- mice receiving saline had significantly heavier epidydimal fat deposits (p<0.01)
compared to their 36 week counterparts, whereas the rHDL treated Apo E7/- did not. There
were no other significant differences between any genotype or treatment when measuring

the epidydimal fat, liver, spleen, kidney or retroperitoneal fat tissues (table 6.3.6.2).
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Table 6.3.6.1 Final and change of weight in treated Apo E7- and Apo E7/- x OPG”- mice. Mean (+SEM), 2-way-ANOVA, n=9-17.

Initial Weight Mean (+SEM) P-Value
Apo E7/- | 22.10 (+0.5303)
Apo E7-x OPG7/- | 21.12 (+0.5099)
P-value 0.1883
Final Weight Mean (i.SEM) P-Value '
36w Saline rHDL 36w_ VS. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E7- 39.99 (+1.44) 42.02 (£1.84) 4254 (+2.45) | >0.9999 >0.9999 >0.9999
Apo E7- x OPG7 33.38 (+1.21) 32.53 (£0.9) 32.85(1.32) >0.9999 >0.9999 >0.9999
P-value 0.1154 0.0017 0.0009
Mean (+SEM) P-Value
Weight Change 36w Saline rHDL 36wvs. 36w vs. Saline vs.
(40w) (40w) Saline rHDL rHDL
Apo E7- 15.12 (+1.62) 20.99 (x1.76) 21.97 (+ 2.27) 0.1256 0.0334 >0.9999
Apo E7- x OPG7 12.09 (+0.88) 11.63 (x1.04) 11.67 (£0.98) | >0.9999 >0.9999 >0.9999
P-value >0.9999 0.0009 0.0001
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Table 6.3.6.2 Tissue weights in treated Apo E7- and Apo E7-x OPG7/- mice. % of total body weight, Mean (+SEM), 2-way-ANOVA, n=9-17.

% Epididymal Fat Mean (+SEM) P-Value
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E/-| 1.65 (+0.14) 2.60 (£0.23) 2.20 (+0.19) 0.0014 0.2948 >0.9999
Apo E7-x OPG7/- | 0.48 (+0.05) 0.46 (+0.06) 0.43 (+0.06) >0.9999 >0.9999 >0.9999
P-value >0.9999 <0.0001 0.0013
% Liver Mean (£SEM) P-Value
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/-| 8.03 (+0.73) 6.46 (+0.60) 6.62 (£0.45) 0.3297 0.5799 >0.9999
Apo E7-x OPG7/- | 7.09 (+0.25) 6.81 (+0.34) 6.50 (£0.26) >0.9999 0.4539 >0.9999
P-value >0.9999 >0.9999 >0.9999
% Spleen Mean (£SEM) P-Value
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7-| 0.51 (+0.06) 0.5 (x0.07) 0.47 (£0.04) >0.9999 >0.9999 >0.9999
Apo E7-x OPG7- | 0.41 (+0.02) 0.50 (+0.05) 0.43 (+0.03) >0.9999 >0.9999 >0.9999
P-value >0.9999 >0.9999 >0.9999
% Kidney Mean (xSEM) P-Value
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7- | 0.49 (+0.02) 0.49 (+ 0.03) 0.51 (+0.04) >0.9999 >0.9999 >0.9999
Apo E7-x OPG7- | 0.54 (+0.02) 0.56 (+0.02) 0.59 (+0.02) >0.9999 >0.9999 >0.9999
P-value >0.9999 >0.9999 0.5258
% Retroperitoneal Fat Mean (+SEM) P-Value
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/-| 1.44 (£0.25) 2.03 (x0.22) 2.19 (+0.27) 0.5500 0.1260 >0.9999
Apo E7-x OPG7/- | 0.82 (x0.12) 0.81 (+0.13) 0.76 (£0.11) >0.9999 >0.9999 >0.9999
P-value 0.5369 0.0007 <0.0001
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6.3.7 The Effects of rHDL Infusions on Arterial Plague Characteristics

In Apo E7/- mice it is well established that rHDL infusions does not reduce plaque size in
late stage atherosclerotic mice807-809 however there is little information regarding the
effects of infusion on plaque stabilisation. Culprit plaques, causing heart attack, stroke
and tissue ischemia, arise from highly unstable plaques, therefore discovering therapies
to increase stability will result in fewer cardiovascular mortalities while patients work
towards plaque size reduction. We show in figure 6.3.7.1, consistent with the literature,
that rHDL infusions has no effect on late stage plaque size in Apo E/- mice. We additionally
find that rHDL does not reduce plaque size in Apo E7/-x OPG7- mice. While plaque size was
generally larger in Apo E7- x OPG7- mice compared to Apo E7/- mice, this comparison was

only significant in the 36 week cohort mice (133493+15095 vs 204551+14324, p<0.01).
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Figure 6.3.7.1 The effect of rHDL on atherosclerotic plaque area.

8 week old Apo E7/-and Apo E7/-x OPG”- mice were fed an atherogenic diet for 36-40 weeks.

Mice on the AD for 40 weeks received either saline or 20 mg/kg rHDL infusions 3x per

week until completion of the study (4 weeks of treatment total). Tissues were collected

post cardiac puncture and saline flush in 10% buffered formalin and embedded in

paraffin. Arteries were sectioned at 5um thickness and stained with H&E from sigma as

per protocol. Images were captured using a Zeiss Axio Lab A.1 microscope with a Zeiss

AxioCam ERc 5s camera and analysed using image J software. **p<0.01, 2-Way-ANOVA.

Data represented as mean+ SEM, n=10-16. Representative images are displayed below.
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One major focus of this thesis is to investigate the ability of rHDL in plaque stabilisation,
specifically through effects on plaque calcification. Here in figure 6.3.7.2 we show the %
of total plaque calcification, % of calcification in the fibrous cap and the number (#) of
calcifications at these plaque sites in the brachiocephalic artery (BCA). Because
calcifications can be macro (‘sheet like’) or micro (‘spotty’), the number of calcifications at
a site gives insight into plaque instability. Likewise, calcification measured in the fibrous

cap area are hypothesised to influence plaque instability282. 284, 492, 810,

In figure 6.3.7.2 we show that treatment or genotype has no influence over total BCA
plague % calcification (A), however saline (24.46+9.064 vs 92.0+30.52, p<0.05) and
rHDL (24.46+9.064 vs 83.85+18.43, p<0.05) treated Apo E/- x OPG7- mice have
significantly more calcifications than the 36 week cohort of Apo E7- x OPG7/- mice (C).
Additionally, while the Apo E7/- x OPG7/- mice on an atherogenic diet for 40 weeks had a
greater number of calcifications than the Apo E7- mice, this was only significant when
comparing the saline treated mice (20.64+5.59 vs 92.0+30.52, p<0.05). This shows that
although the total % of calcification in these mice are the same, the Apo E/- x OPG7- mice
fed an atherogenic diet for 40 weeks had a spottier calcification phenotype, regardless of

treatment.

When observing the levels of BCA plaque cap calcification, Apo E7- x OPG7- mice treated
with saline had a significantly higher percentage of cap calcification (B)(0.03+0.013 vs
3.015+1.53, p<0.05) and number of cap calcifications (D)(1.0+0.34 vs 10.9+3.46,
p<0.05) than the Apo E/- saline treated mice. rHDL treated Apo E7- x OPG~- mice also had
significantly more cap calcifications than the 36 week Apo E7/- x OPG7- mice (1.25+0.63 vs
8.46+2.5, p<0.05), showing that Apo E7/-x OPG7- mice fed an atherogenic diet for 40 weeks

also have more cap calcifications than the other mice.
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Figure 6.3.7.2 The effect of rHDL on brachiocephalic artery plaque and cap calcification.
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Figure 6.3.7.2 The effect of rHDL on brachiocephalic artery plaque and cap calcification.

8 week old Apo E7/-and Apo E7/-x OPG”- mice were fed an atherogenic diet for 36-40 weeks.
Mice on the AD for 40 weeks received either saline or 20 mg/kg rHDL infusions 3x per
week until completion of the study (4 weeks of treatment total). Tissues were collected
post cardiac puncture and saline flush in 10% buffered formalin and embedded in
paraffin. Arteries were sectioned at 5um thickness and stained with H&E from sigma as
per protocol. Images were captured using a Zeiss Axio Lab A.1 microscope with a Zeiss
AxioCam ERc 5s camera and analysed using image J software. *p<0.05, 2-Way-ANOVA.
Data represented as mean+ SEM, n=9-17. Representative images are displayed beneath

respective bars.
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To continue our measurements into BCA plaque stability, we used Masson’s, H&E and
immunohistochemical staining to identify BCA plaque characteristics as shown in table
6.3.7.1. The medial area of a plaque identifies the level of arterial thickening and VSMC
expansion, leading to increased plaque vulnerability. Generally, the Apo E/- mice had larger
medial areas than the Apo E7/- x OPG7- mice, however this was only significant between the

saline treated mice (p<0.01).

The % of collagen within a plaque indicates plaque stability, with plaques containing higher
levels of collagen being more stable. Saline treated Apo E7- mice had a significantly higher
% of BCA plaque collagen levels than saline treated Apo E7- x OPG7/- mice (p<0.01).
Additionally, the 36 week cohort of Apo E7- mice had a significantly lower % of BCA plaque
collagen than the saline (p<0.0001) or rHDL (<0.0001) treated Apo E7/- mice, showing an
increase in BCA plaque stability over time, regardless of treatment. Interestingly, the Apo

E/- x OPG”- did not show the same improvements.

The presence of chondrocytes in a plaque indicate that initiation of calcification. Here in
table 6.3.7.1 we show that although the Apo E7- mice have increased chondrocytes per
mm?2 of BCA plaque, particularly after 40 weeks of atherogenic diet, compared to the Apo
E/- x OPG7/- mice, this comparison only reached significance in the saline treated mice
(p<0.05). Although chondrocytes are precursors to plaque calcification, it is unclear
whether these cells promote macro or micro calcifications and the resulting effect on

plaque stability.

The amount of CD68 present in a plague indicates the level of macrophage infiltration,
and therefore plaque instability. Here we see no effect of genotype or treatment on the %

of CD68 in the BCA plaques of these mice.
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The % of SMoActin present in a plague represents the amount of VSMC migration. After
the VSMCs have migrated into the plaque, they may form new vascular layers, differentiate
into macrophages, differentiate into chondrocytes or differentiate into a myriad of other
mixtures of cell types. It is therefore an indication of plaque instability to have VSMC
migration into the plaque. Here in table 6.3.7.1 we show that in the Apo E7/- 36 week mice
there was a significantly higher % of SMaActin in the BCA plaques than in the 36 week pre-
treatment Apo E/- x OPG7- mice (p<0.05). This significance between genotypes was lost in
both saline and rHDL treatments after the 40 weeks of atherogenic diet, potentially due to
the VSMCs losing their SMaActin expressing phenotype. Additionally, this data may
suggest that VSMC migration occurs earlier in Apo E7- x OPG7- mice, causing the initial

significant difference to the Apo E/- mice in the 36 week groups.

This hypothesis may be further supported by the 36 week cohort of Apo E7/- mice showing
a significantly higher % of BCA plaque SMaActin than the saline (p<0.05) or rHDL (p<0.05)
treated Apo E7/- mice. This pattern of reduction in SMaActin staining may suggest that the
Apo E7- mouse BCA plaques have differentiating VSMCs between the 36 week and 40

week timepoints and that this differentiation is not affected by rHDL treatment.

Taken together, the data presented in table 6.3.7.1 suggests that the BCA plaques of Apo
E7/- mice are generally more stable than the Apo E7/- x OPG7- mice, and increase in stability

over time on the atherogenic diet unlike the Apo E/- x OPG7- mice.

257



Chapter 6

Table 6.3.7.1 BCA plaque characteristics in treated Apo E7/- and Apo E/- x OPG”/- mice. Mean (+SEM), 2-way-ANOVA, n=9-17.

Mean (+SEM) P-Value
Medial Area (um>2) _ _ .
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/-| 70104 (£5221) 88099 (+8163) 75673 (x7405) 0.5692 >0.9999 >0.9999
Apo E7-x OPG7- | 65407 (+4247) 52573 (x6338) 61160 (+4423) >0.9999 >0.9999 >0.9999
P-value >0.9999 0.0036 >0.9999
Mean (+SEM) P-Value
% Collagen (um?2) _ _ _
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/- | 31.44 (£3.055) 59.17 (+2.396) 49.4 (+1.979) <0.0001 <0.0001 0.0629
Apo E7-x OPG7/- | 40.56 (+1.963) 45.61 (£2.99) 45.12 (+2.28) >0.9999 >0.9999 >0.9999
P-value 0.1852 0.0057 >0.9999
Chondrocytes per mm?2 Mean (+SEM) P-Value
Plaque 36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/- | 337.4 (+44.05) 558.8 (+82.53) 465.5 (+52.98) 0.1361 >0.9999 >0.9999
Apo E7-x OPG7/- | 321.1 (+48.02) 268.9 (+85.8) 208.6 (+40.13) >0.9999 >0.9999 >0.9999
P-value >0.9999 0.0318 0.0630
Mean (+SEM) P-Value
% CD68 Area (um?2) _ _ ,
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/-| 16.22 (+1.965) 14.45(+1.568) 13.51(+x1.773) >0.9999 >0.9999 >0.9999
Apo E/-x OPG7/- | 18.08 (+1.72) 12.47 (+1.68) 13.47 (+1.95) 0.6140 >0.9999 >0.9999
P-value >0.9999 >0.9999 >0.9999
Mean (+SEM) P-Value
% SMaActin Area (um?2) _ . .
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7-| 5.598 (+1.298) 2.363(+0.5309) 2.101 (+0.5737) 0.0303 0.0209 >0.9999
Apo E7-x OPG7- | 1.937 (£0.5261) 1.462 (+0.459) 1.859 (+0.645) >0.9999 >0.9999 >0.9999
P-value 0.0101 >0.9999 >0.9999
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6.3.8 The Effects of rHDL Infusions on Aortic Root Plaque Characteristics

In 6.3.7, we show the effects of rHDL infusions and global OPG~- on brachiocephalic plaque
characteristics of Apo E7/- and Apo E7/- x OPG”/- mice. Next, we investigated the plaque
characteristics of the atherosclerotic aortic root leaflets (AR). While there are many
similarities between plaques of the two sites, plaque development at this site have
increased susceptibility to fibrosis and calcification. To get a more complete picture of the
effects of rHDL and global OPG”/- on plaque calcification and stability, were therefore
repeated the staining and analysis in the AR of these mice. We show in figure 6.8.3.1,
consistent with the literature, that rHDL infusions has no effect on late stage plague size
in the ARs of Apo E/- mice. We additionally find that rHDL has no effect on AR plaque size
in Apo E7/- x OPG7/- mice and that AR plaque sizes between the two genotypes are

statistically similar (figure 6.3.8.1).
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Figure 6.3.8.1 The effect of rHDL on aortic root atherosclerotic plaque area.

8 week old Apo E7-and Apo E7-x OPG~7- mice were fed an atherogenic diet for 36-40 weeks.
Mice on the AD for 40 weeks received either saline or 20 mg/kg rHDL infusions 3x per
week until completion of the study (4 weeks of treatment total). Tissues were collected
post cardiac puncture and saline flush in 10% buffered formalin and embedded in
paraffin. Arteries were sectioned at 5um thickness and stained with H&E from sigma as
per protocol. Images were captured using a Zeiss Axio Lab A.1 microscope with a Zeiss
AxioCam ERc 5s camera and analysed using image J software. 2-Way-ANOVA. Data
represented as meant SEM, n=10-16. Representative images are displayed beneath

respective bars.
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The AR plaques of Apo E7- x OPG7- mice had a significantly higher % of plaque calcification
than Apo E7/- mice (36 w: 0.36+0.11 vs 9.4+1.41, p<0.05; Saline: 2.19+1.26 vs
18.92+42.43, p<0.01; rHDL: 4.28+1.26 vs 14.79+3.09, p<0.01) (A) and after 40 weeks of
atherogenic diet had significantly more calcifications in the total plague area (Saline:
171.4+34.81 vs 450.14£70.21, p<0.01; rHDL: 224.0+45.91 vs 423.8176.76, p<0.05)
regardless of treatment (C). Additionally, Apo E7- x OPG”- mice fed an atherogenic diet for
40 weeks had a significantly higher % of cap calcification (Saline: 0.12+0.04 vs
0.96+0.22, p<0.01; rHDL: 0.11+0.03 vs 0.74%0.21, p<0.05) than Apo E7- mice,
regardless of treatment (B) and rHDL treated Apo E/- x OPG7- mice had a significantly
higher number of cap calcifications (4.2+1.15 vs 18.13+4.39, p<0.05) than Apo E/- rHDL

treated mice (D).

Altogether, the data in figure 6.3.8.2 shows that the Apo E7/- x OPG”/- mice on an
atherogenic diet for 40 weeks had a higher % of AR plaque or cap calcification and a higher
number of plague or cap calcifications than their Apo E7/- counterparts, regardless of
treatment. This data in figure 6.3.8.2 suggests that the Apo E7/- x OPG7- mice fed an
atherogenic diet have many micro calcifications and therefore have decreased AR plaque

stability.
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Figure 6.3.8.2 The effect of rHDL on aortic root plaque and cap calcification.
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Figure 6.3.8.2 The effect of rHDL on aortic root plaque and cap calcification.

8 week old Apo E7/-and Apo E7/-x OPG”- mice were fed an atherogenic diet for 36-40 weeks.
Mice on the AD for 40 weeks received either saline or 20 mg/kg rHDL infusions 3x per
week until completion of the study (4 weeks of treatment total). Tissues were collected
post cardiac puncture and saline flush in 10% buffered formalin and embedded in
paraffin. Arteries were sectioned at 5um thickness and stained with H&E from sigma as
per protocol. Images were captured using Zeiss Axio Lab A.1 microscope with a Zeiss
AxioCam ERc 5s camera and analysed using image J software. *p<0.05, **p<0.01, 2-
Way-ANOVA. Data represented as meant SEM, n=9-17. Representative images are

displayed beneath respective bars.
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In continuing our assessment of AR plaque characteristics, AR sections were stained with
Masson’s, H&E or immunohistochemically to identify markers of instability. In table 6.3.8.1
we show that after 40 weeks of atherogenic diet, regardless of treatment, Apo E7- have a
significantly larger medial area than Apo E7-x OPG~7- mice (Saline: p<0.001; rHDL p<0.05).
Additionally, Apo E/- had more chondrocytes per mm2 of AR plague than Apo E/- x OPG/-
mice after 36 weeks of atherogenic diet (p<0.01). There were no other significant

differences between Apo E7- and Apo E/- x OPG7- mice.

36 week Apo E7/- had significantly less chondrocytes per mm=2 of AR plaque (p<0.05) and
a significantly higher % of SMaActin in AR plaques (p<0.05) than saline treated Apo E7/
mice. Additionally, 36 week pre-treatment Apo E7/- x OPG7- mice had a significantly higher
% of SMaActin in their AR plaques than the saline treated Apo E7- x OPG7- mice (p<0.05).
Neither saline nor rHDL treatments had any other significant effects in these mice. This is
consistent with the SMoActin data from table 6.3.8.1 showing a decline in SMaActin over

time, potentially due to the differentiation of the VSMC into other cell types.

Here in table 6.3.8.1 we show that although after 40 weeks of atherogenic diet Apo E7
mice have a significantly larger AR medial area than Apo E7- x OPG7- mice, there are no
other differing factors between genotypes in plaque stability measures at this timepoint.

We also show no effect of rHDL on the stability of AR plaques in these mice.
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Table 6.3.8.1 AR plaque characteristics in treated Apo E/- and Apo E7- x OPG7- mice. Mean (+SEM), 2-way-ANOVA, n=9-17.

Mean (+SEM) P-Value
Medial Area (um>2) _ _ .
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E/- | 230983 (+10698) 284571 (+19090) 257294 (+17995) 0.1298 >0.9999 >0.9999
Apo E7/-x OPG7- | 232990 (+16364) 187283 (+12170) 182108 (+8240) 0.6171 0.3200 >0.9999
P-value >0.9999 0.0002 0.0116
Mean (+SEM) P-Value
% Collagen (um?2) _ . .
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E/-| 28.42 (+2.212) 26.65 (+2.509) 27.47 (+1.801) >0.9999 >0.9999 >0.9999
Apo E7-x OPG7/- | 33.45 (+2.964) 30.0 (+2.964) 32.39 (+1.714) >0.9999 >0.9999 >0.9999
P-value >0.9999 >0.9999 >0.9999
Chondrocytes per mm2 Mean (£SEM) P-Value
Plaque 36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7-| 1.103 (+0.764) 2.217 (£1.698) 3.736 (+1.885) 0.0490 0.3463 >0.9999
Apo E7-x OPG7- | 0.4277 (£0.3098) 1.366 (+0.9612) 1.446 (+0.5497) >0.9999 >0.9999 >0.9999
P-value 0.0054 >0.9999 >0.9999
Mean (+SEM) P-Value
% CD68 Area (um?2) _ . .
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/-| 12.36 (+1.661) 6.39 (+1.81) 13.01 (+3.557) >0.9999 >0.9999 >0.9999
Apo E/-x OPG”/-| 19.56 (+1.673) 14.1 (+1.82) 16.38 (+3.244) >0.9999 >0.9999 >0.9999
P-value 0.2606 0.5740 >0.9999
Mean (+SEM) P-Value
% SMaActin Area (Um?2) _ _ _
36w Saline (40w) rHDL (40w) 36w vs. Saline 36w vs. rHDL Saline vs. rHDL
Apo E7/-| 2.162 (+0.4245) 0.5929 (+1479) 1.101 (+0.2595) 0.0181 0.3861 >0.9999
Apo E7/-xOPG7/-| 1.72 (x0.5939) 0.1991 (+0.0695) 0.3514 (+0.1238) 0.0483 0.0985 >0.9999
P-value >0.9999 >0.9999 >0.9999
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6.3.9 The Effects of rHDL Infusions on the Expression of Aortic Calcification Markers

To begin assessing links between calcification at sites in these mice, we measured their
aortas for mRNA expression of the calcification genes Runx2, RANKL, ALP and OPG.
Interestingly, the Apo E7- x OPG”- mice treated with rHDL had significantly higher aortic ALP
and OPG mRNA expression than their 36 week cohort (ALP: 118.4+21.96 vs 352.2+80.0,
p<0.001; OPG: 95.81+23.39 vs 258.2+62.65, p<0.05), saline (ALP: 124.7+23.09 vs
352.2+80.0, p<0.01; OPG: 80.7+16.27 vs 258.2+62.65, p<0.05) and rHDL treated Apo
E/- (ALP: 69.82+16.68 vs 352.2+80.0, p<0.0001; OPG: 113.0+£20.27 vs 258.2+62.65,
p<0.05) counterparts (figure 6.3.9.1 ). This suggests that while there may be higher levels
of calcification in this group, the cells are actively trying to counteract this. Because these
mice are OPG deficient, the mRNA expression here does not translate into protein

expression as shown via ELISA (appendix 1, chapter 9.1).
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Figure 6.3.9.1 The effect of rHDL on aortic calcification gene expression.

8 week old Apo E7-and Apo E7-x OPG~7- mice were fed an atherogenic diet for 36-40 weeks.

Mice on the AD for 40 weeks received either saline or 20 mg/kg rHDL infusions 3x per

week until completion of the study (4 weeks of treatment total). Mice were euthanised via

cardiac puncture and flushed with sterile saline before the collection of tissues. Aortas

were snap frozen in Nog and RNA was extracted using an AllPrep DNA/RNA/Protein Mini

Kit (Qiagen). mRNA expression of Runx2 (A), RANKL (B), ALP (C) and OPG (D) was

measured by qPCR using B-Actin as the internal control and expressed as % expression of

Apo E7- pre-treated mice. 2-way-ANOVA. Data represented as meant SEM, n=8-16.
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6.3.10 Correlations Between Apo E/- and Apo E/- x OPG7/- Mouse Plasma and Tissue

To investigate potential relationships between the plaques in the brachiocephalic artery
(BCA) and aortic root leaflet (AR) we performed Pearson’s correlations between the sites
for plaque size, plaque calcification (VC) % and the number of calcifications (VC) within
these plaques, regardless of mouse genotype or treatment group (figure 6.3.10.1).
Although we identified no relationships between plaque area (A) or % of plaque VC (B),
there was a significant positive correlation between the number of plagues in the BCA and
the AR (C: r=0.375, p<0.001). This suggests that although plaque size or % VC are not

correlated the morphology of the plaque may be linked.

A BCA Plaque Area vs AR %Plague B BCA %Plague VC vs AR %Plague VC C BCA#Plaque VCs vs AR #Plaque VCs
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Figure 6.3.10.1 The correlations between BCA and AR in plaque volume, % VC or # of VC.

Pearson’s correlation between brachiocephalic artery (BCA) and aortic root (AR) in plaque

volume, % vascular calcification (VC) or # of VCs. Data represented as exact values (um?2)

per mouse, N=76-77.
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To further examine the relationship between the % of plaque VC and other circulating
calcification markers, we calculated a correlation matrix between the % of BCA or of AR
plague VC and final levels of total cholesterol, triglycerides, ALP or calcium (figure
6.3.10.2). We see here that although there were no significant correlations between
plasma markers and the % of BCA plaque VC, there was a significant negative correlation
between final total cholesterol levels and the % of VC in the AR plaques of these mice (r=-
0.256, p<0.05). Additionally, there were significant positive correlations between final
triglyceride levels and final total cholesterol (r=0.3711, p<0.01), final calcium (r=0.4221,
p<0.001) and final ALP (r=0.4572, p<0.0001) levels. There was also a significant positive

correlation between calcium and ALP levels in these mice (r=6028, p<0.0001).

Figure 6.3.10.2 altogether suggests that in this population of advanced atherosclerotic
mice, regardless of genotype or treatment group, only total cholesterol and % of VC in the
AR plaques were correlated. Triglycerides however were significantly correlated with other
plasma calcification markers, similarly to the data presented previously in chapters 4 and

5.
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Figure 6.3.10.2 The correlations between plaque vascular calcification, plasma total cholesterol, triglyceride, calcium and ALP levels in the

brachiocephalic arteries and aortic root leaflets of all mice completing the rHDL study.

Pearson’s correlation of brachiocephalic artery (BCA) or aortic root leaflet (AR) plaque vascular calcification (VC), plasma total cholesterol,

triglyceride, calcium and alkaline phosphatase (ALP) levels in all mice completing the rHDL study regardless of treatment group or weeks

on atherogenic diet. Data represented as a heat map of the Pearson’s r and p-values of exact values per sample, n=80-87.
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Next, we correlated the % of BCA or AR plague VC to Aortic (Ao) expression levels of Runx2,
RANKL, ALP or OPG mRNA to identify any patterns between sites, regardless of genotype
or treatment group. In figure 6.3.10.3 we show a significant positive correlation between
the % VC in the BCA plaques and Ao ALP mRNA expression (r=0.228, p<0.05), but no other
significant correlations between BCA or AR % plaque VC. As could be expected however,
we see a significant positive correlations between Ao ALP mRNA expression and Ao Runx2
(r=0.2319, p<0.05), Ao RANKL (r=0.4951, p<0.0001) and Ao OPG (r=0.4715, p<0.0001)
MRNA expression and a significant positive correlation between Ao RANKL and Ao OPG

(r=0.4929, p<0.0001) mRNA expression.

Here in figures 6.3.5 to 6.3.10 we show no significant effect of rHDL on advanced
atherosclerosis, or plaque calcification. What we did see however, was a decrease in
plagque stability in the Apo E7- x OPG7- mice, particularly in the mice fed an atherogenic diet
for the full 40 weeks. We additionally identified correlations between total cholesterol,
triglycerides or aortic mRNA expression profiles and the % of plaque vascular calcifications

or calcification markers.
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Figure 6.3.10.3 The correlations between plaque vascular calcification and aortic mRNA levels of Runx2, RANKL, ALP and OPG in the

brachiocephalic arteries and aortic root leaflets of all mice completing the rHDL study.

Pearson’s correlation of brachiocephalic artery (BCA) and aortic root leaflet (AR) plaque vascular calcification (VC) and aortic mRNA levels
of Runx2, RANKL, ALP and OPG in all mice completing the rHDL study regardless of treatment group or weeks on atherogenic diet. Data

represented as a heat map of the Pearson’s r and p-values of exact values per sample, n=77-89.
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Results from the CARAT Clinical Trial

The role of reconstituted HDL infusions on
calcification in situ and ex vivo on calcifying
VSMCs
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6.3.11 The Effects of rHDL infusions on Human Vascular Calcification — CARAT Study

After examining the roles of rHDL and oxrHDL in vitro and in vivo, we progressed to

expanding upon these results using whole human serum from patients receiving CER-001,

an HDL mimetic similar to our rHDL particle. Table 6.3.11.1 shows the baseline

characteristics of these subjects to have no significant differences between treatment

groups, except in the BMI whereby participants receiving placebo had a slightly but

significantly larger BMI than the participants receiving CER-001 (p<0.05).

Table 6.3.11.1 CARAT Patient characteristics at baseline.

P-value for the difference between treatment groups at the baseline is calculated using

the Mann-Whitney test. Significance set to p<0.05.

Parameter Placebo (n=137) CER-001 (n=135) P-value

Age, Mean (SD) 59.06 (9.37) 60.60 (9.51) 0.18
White, n (%) 131 (95.6%) 130 (96.3%) 0.78

BMI, Median (IQR) 29.28 (26.32, 32.41) 28.40(25.16, 30.68) 0.042
Hypertension, n (%) 94 (68.6%) 87 (64.4%) 0.47
Previous PCI, n (%) 26 (19.0%) 13 (9.6%) 0.028
Previous MI, n (%) 15 (10.9%) 12 (8.9%) 0.57
Smoking, n (%) 47 (34.3%) 52 (38.5%) 0.47
Diabetes, n (%) 32 (23.4%) 21 (15.6%) 0.10
Baseline statin use, n (%) 130 (94.9%) 128 (94.8%) 0.98

Statin Intensity

High, n (%) 84 (61.3%) 94 (69.6%) 0.15
Moderate, n (%) 46 (33.6%) 34 (25.2%) 0.13
New to Statin, n (%) 92 (67.2%) 91 (67.4%) 0.96
Antiplatelet, n (%) 42 (30.7%) 34 (25.2%) 0.31
Anti-hypertensive, n (%) 81 (59.1%) 75 (55.6%) 0.55
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To assess the effect of CER-0O01 on vascular calcification progression or regression,

calcification data was obtained through IVUS image analysis for the entire cohort by other

members of the Nicholls laboratory, then the average individual vessel calcium index was

calculated as per protocol outlined previously?8> and was used to analyse the effects of

placebo or CER-001 on global change in coronary artery calcification.

Table 6.3.11.2 shows that while there is no change in the calcification of coronary arteries

in placebo treated patients, the CER-O01 treated patients had a significant increase in

plaque calcification (p<0.05). The difference in changes between placebo and CER-001

however was not significant.

Table 6.3.11.2 Change in average calcium score with placebo or CER-001 treatments.

Data is presented as average calcium score median (IQR).

Group Baseline Follow-up Change P-value
Placebo 0.263 0.257 0.000 0.132
(n=137)| (0.111-0.458) | (0.130-0.486) | (-0.021-0.038)

CER-001 0.284 0.292 0.010 0.016
(n=135)| (0.157-0.507) | (0.155-0.557) | (-0.027-0.052)
P-value 0.314 0.267

275



Chapter 6

Investigations of Serum Calcification Potential in a Calcification Progressive Human Cohort

The participants from the CARAT study with the highest levels of calcification progression
were identified via IVUS imaging. After selection of the top calcification progressors, there
were 4 samples from participants receiving placebo and 7 from participants receiving CER-
001. All samples progressed in calcium index score between 0.14 and 0.23. The entire
CARAT cohort with available calcium index scores was 257 participants and the index
change ranged from -0.14 - 0.23. The serum from these patients was analysed for
calcification potential by measuring serum characteristics and using the serum as a pre-

treatment in a HAoSMC calcification ARS assay.

The participant characteristics of the samples used are as shown below in table 6.3.12.1.
There were no significant differences between placebo or CER-OO1 treated participant
serum total cholesterol, LDL cholesterol (LDL-C), HDL cholesterol (HDL-C), triglyceride, Apo

Al, Apo B, calcium or ALP levels.

276



Chapter 6

Table 6.3.11.3 Levels of circulating atherosclerosis and calcification markers in the

human serum samples used to treat HAoSMCs.

Data expressed as mean (+SEM). t-test, n=4-7.

Blood Serum Data Placebo (n=4) CER-001 (n=7) P-value

Baseline | 138.0 (+12.51)  141.6 (+9.95) 0.83

Total Cholesterol  Follow-Up | 144.8 (+17.85) 151.9 (+14.52) 0.77

(mg/dL) Change | 6.75(+11.82) 10.29 (+8.66) 0.81
P-value 0.77 0.57

Baseline 80 (+8.05) 71.71 (+£7.38) 0.49

LDL-C Follow-Up 69 (+8.74) 69 (+8.07) >0.99

(mg/dL) Change | -11(+2.68) 0 (+5.81) 0.18
P-value 0.39 0.81

Baseline | 38.5 (+5.56) 43.14 (+5.11) 0.58

HDL-C Follow-Up | 49.75 (+14.97)  45.71 (+5.96) 0.77

(mg/dL) Change | 11.25 (+9.95) 2.571 (+1.89) 0.29
P-value 0.51 0.75

Baseline | 98.5 (+4.35) 134.7 (+30.78) 0.41

Triglyceride Follow-Up | 130.8 (+27.51) 175.9 (+69.53) 0.65

(mg/dL) Change | 32.25(+31.81) 41.14 (+39.57) 0.88
P-value 0.29 0.60

Baseline | 120.5 (+13.76)  129.1 (+7.03) 0.55

Follow-Up | 147.3 (+31.85) 138.3 (+11.52) 0.75

Apo Al Change | 26.75(+21.41)  9.143 (+8.3) 0.38
P-value 0.47 0.51

Baseline | 69.5 (+4.05) 68.29 (+7.4) 0.91

Follow-Up | 66.75 (+5.12) 72.57 (£6.99) 0.58

ApoB Change | 2.75(+1.75)  4.286 (+3.14) 0.15
P-value 0.69 0.68

Baseline | 9.388 (+0.46) 9.597 (+0.24) 0.67

Calcium Follow-Up | 10.02 (+0.25) 9.971 (+0.38) 0.92

(ug/dL) Change | 0.6366 (+0.42) 0.3747 (+0.31) 0.62
P-value 0.27 0.42

Baseline | 0.4079 (+0.05)  0.5666 (+0.07) 0.17

ALP Follow-Up | 0.3861 (+0.03)  0.6533 (+0.12) 0.14

(mmol/L) Change '(()55%2_3;)4 0.08677 (0.09)  0.40
P-value 0.74 0.55
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To investigate whether the serum of calcification progressor participants also upregulates
calcification of HAoSMCs ex vivo, serum from these participants was applied to the cells
as a 24 hour pre-treatment. We see in figure 6.3.12.1 that the cells pre-treated with serum
either before (1.019+0.048 vs 1.272+0.05, p<0.05) or after (1.019+0.048 vs
1.29+40.044, p<0.05) placebo or CER-001 treatments had significantly more calcification
compared to the cells with CM alone. This shows that the serum from these participants

has a high calcification potential both in situ and ex vivo.
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Figure 6.3.11.1 The effect of actively calcifying human serum on calcification potential.

HAoSMCs were pre-treated with human serum (10%) for 24 hours then treated with
calcification medium (CM; Ca 2.7 mM, POs 2.0 mM) for 15 days. Calcification was
measured by ARS assay with no treatment (NT) and CM alone and expressed as fold
change from CM. *p<0.05. ANOVA with Bonferroni’s correction. Data represented as

meant SEM, fold change from the CM alone control, n=4-11.
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Next, we looked at the correlations between HDL-C or Apo Al and the calcification potential
of the serum as measured by the ARS calcification assay at both baseline and follow up
and identified that both HDL-C (r=-0.4337, p<0.05) and Apo Al (r=-0.5714, p<0.01)
significantly negatively correlated with ex vivo calcification potential (figure 6.3.12.3). This
supports findings that HDL or its components correlate to vascular or valvular calcification
in situ790. 791, 793, 794 however this is the first demonstration of its link to calcification

potential ex vivo.
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Figure 6.3.11.2 The correlations between serum calcification potential (ARS) and HDL-C

or Apo Al levels in human serum.

Pearson’s correlation of serum calcification potential (ARS) and HDL-C or Apo Al levels at
baseline or follow up, regardless of treatment group. Data represented as exact values

per sample, n=22.
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Finally, we investigated the correlations between ARS values and circulating calcification
factors or lipids in this cohort. We present in table 6.3.12.2 that in participants receiving
CER-001, there was a significant negative correlation between ALP and both HDL-C (r=-
0.6559, p<0.05) or Apo Al (r=-0.6621, p<0.01). Although this is somewhat contradictory
to the non-significant correlations between ARS and HDL-C or Apo Al, and again with further

investigation could aid in explaining rHDL mimetic clinical trial outcomes.

Here in chapter 6.3.11 - 6.3.12 we show that participants of the CARAT clinical trial
receiving CER-O01 had a significant increase in vascular calcification and that the serum
from the participants with the highest change in calcium index, regardless of treatment,
significantly increased the calcification potential of HAoSMCs ex vivo. We also show that
high levels of HDL-C and Apo Al in the high calcification potential serum was correlated
with lower levels of ALP in the CER-OO1 treated participants, but not ARS measured
HAoSMC calcification. Conversely in the placebo group high HDL-C and Apo Al levels

correlated with reduced calcification potential as measured by ARS.
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Table 6.3.11.4 Correlations between ARS and circulating factors of highly calcification CARAT participant serum.

Pearson’s r and p-value, n=4-7.

All Samples (n=11) Placebo (n=4) CER-001 (n=7)
Comparison Pearson'sr p-value Pearson'sr p-value | Pearson'sr p-value
Total Cholesterol -0.221 0.3229 -0.5788 0.1328 -0.07311 0.8038
LDL-Cholesterol -0.01477 0.9493 -0.1119 0.792 0.06497 0.833
vs. ARS Triglycerides 0.0256 0.91 0.1749 0.6787 -0.03843 0.8962
Calcium 0.3412 0.1202 0.6917 0.0574 0.1586 0.588
ALP 0.2913 0.1884 -0.2925 0.482 0.359 0.2074
Calcium -0.3402 0.1213 -0.307 0.4595 -0.3869 0.1717
vs. HDL-C
ALP -0.292 0.1873 0.5467 0.1608 -0.6559 0.0109
Calcium -0.3573 0.1026 -0.2738 0.5117 -0.4862 0.0779
vs. Apo Al
ALP -0.2372 0.2878 0.5831 0.1292 -0.6621 0.0099
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6.4 Discussion

To begin our analysis on the roles of HDL particles in atherosclerosis and vascular
calcification (VC), we investigated the role of native HDL, the clinically used reconstituted
HDL particle (rHDL) and their oxidised forms in the setting of calcification initiation using a
calcification assay with HAOSMCs in vitro. We initially discovered that native HDL and not
rHDL significantly reduced calcification on these cells using an ARS assay and that this

effect was not observed in the cells pre-treated with the oxidised forms of these HDLs.

This effect from the native HDL could possibly have been from the ability to maintain the
initial levels of SMaActin and significantly reduce Runx2 mRNA, alongside a non-significant
reduction in RANKL and ALP mRNA, as shown after 24 hours of incubation. Conversely,
rHDL showed no trends at the 24 hour timepoint in gene expression of markers of VC.
There were also no clear trends for either HDL or rHDL at the 5 or 7 day timepoints of
calcification, suggesting that HDL or an HDL component may influence calcification
through another mechanism. As HDL modification by oxidation reduces its favourable
effects on inflammation, oxidative stress and cholesterol efflux”®7, one of these effects

may be influencing the results presented in this chapter.

Calcification can also be influenced by lipoproteins through mechanisms other than the
Runx2/RANKL/OPG pathway. One in particular is the BMP-2 or Msx2 calcification pathway.
It was recently shown by Sun et al. (2019)794 that oxHDL also increases valvular interstitial
cell calcification and raises BMP-2, Msx2 and Runx2 in a dose-mediated fashion. This
study uses a similar timeframe to the studies in this thesis however the HDL in their study
was incubated for 14 days in combination with B-glycerophosphate supplemented
medium. Additionally, oxidised phospholipids have been shown to regulate osteoblast
expression of ALP and osteocalcin in a pre-treatment study811, showing that the oxHDL and

oxrHDL loss of benefit may also be due to BMP-2 signalling.
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A similar remark could be made for the animal study in this chapter, where although rHDL
treatment significantly upregulated ALP and OPG mRNA expression in Apo E7-x OPG7- mice
there were so significant changes in calcification suggesting alternate mechanisms.
However, there was no effect of rHDL on the expression levels of Runx2 and RANKL mRNA
in the aortas of these mice suggesting either using a timepoint too late in the disease
progression for these markers, or a more BMP-2 regulated model. In LDLR7- mice,
pharmacological BMP-2 inhibition significantly inhibited both plaque growth and plaque
V(C340, Additionally, matrix Gla Protein (MGP), an inhibitor of BMPs, deficiency in Apo E/-
mice led to an increase in diffuse aortic calcification whereas MGP overexpression in Apo
E/- mice resulted in reduced VC and inflammation345. Although these rHDL infusions may
have been affecting the expression of BMPs or MPG, the lack of treatment effect in
conjunction with increased effects for rHDL at the earliest timepoints in vitro, suggest that
the time frame in which rHDL may have an effect is likely earlier than what was used in

this late stage plaque model.

Interestingly, there was a significant negative correlation between total final cholesterol
and % valvular calcification in all the mice completing the study, regardless of treatment
type or timepoint (between 36 and 40 weeks). Although this goes against the hypothesis
generated from previous literature812, the experiments here are carried out in different
mouse models. The differences in models could be having a significant impact, due to the
changes in macrophage and lipoproteins biology, which as mentioned in the introduction
chapter 1 both influence atherosclerosis and calcification development. In addition, the
timepoint of 9 months may be having an impact, as protective mechanisms of calcification,
such as calciprotein particles, may be triggered after certain amounts of calcium has been
deposited. As there is little knowledge on the natural history of VC however this last

statement is purely speculative. As OPG is expressed biphasically, future experiments
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examining the progression of calcification are needed to explain why in these mice total

cholesterol was negatively correlated to valvular calcification.

This is the first study to investigate the change of plaque characteristics following late
stage rHDL infusions in aged Apo E7/- or Apo E7/- x OPG7- mice. While rHDL infusions or
raising therapies demonstrate early effects on plague regression in animal models92. 802-
806, they demonstrate no regressive effects on the plague volume in aged Apo E7/- or LDLR-
/- mice on an atherogenic diet807-809 put instead inhibit further growth898, We therefore
hypothesised that if rHDL has any benefit to aged plaques, it may be through a measure
of plaque stabilisation. What we discovered however is that rHDL appears to have no
benefit to these late stage plaques in stabilisations markers, including VC. We do however
see many changes between our Apo E/- mice and our Apo E/- x OPG7- mice, including
circulating calcium or ALP levels, fat deposit or total weights and plague levels of
calcification or stability markers. OPG7- mice have an osteoporotic phenotype, with aortic
and renal artery medial calcifications®43, while Apo E7/- x OPG”7- mice have been observed
to have increased late stage brachiocephalic artery plaque size by 40 weeks of age and
calcium content by 60 weeks of age compared to their Apo E7/- x OPG*/* littermates”9°.
Additionally, bone marrow transplants from 10 week old Apo E7/- mice to 10-12 week old
Apo E7/- x OPG7- mice significantly inhibited brachiocephalic artery plaque calcification by
34 weeks®813, It is also interesting to note that 4 weeks of infusions of recombinant OPG in
OPG7- mice was not able to inhibit or reverse aortic VC in 12 week old mice427. None of
these experiments however were performed in the setting of an atherogenic diet, making
our study unique to the current literature and potentially causing the overserved lack of
effects: the atherogenicity of the diet may be overwhelming many of the usually

pronounced effects of OPG7~,
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When examining the effects of rHDL infusions in humans from the CARAT trial, we see that
although there was no difference between participants receiving placebo or CER-001 in
calcium index values, there was a significant increase in calcium index between
participants receiving CER-001 at baseline and follow up. Furthermore, participants whose
calcium index increased substantially had serum which increased the calcification
potential of HAOSMCs ex vivo, but CER-O01 treatment had no additional effect. While this
may be the case, it should be noted that the nature of the study did not include low
progressor or regressor controls and had a low number of samples. This study also had a
low sample size for the ex vivo experiments, as it was intended as an exploratory pilot
study, which may have led to missed signification differences. Before examining further,

follow up experiments addressing these weaknesses should be performed.

As outlined earlier, the effect of rHDL on plague calcification seems to appear earlier on in
disease progression in vitro, as presented in this chapter, and in vivo803. 814. 815 While
interesting and worth studying for more targeted effects, inhibiting growth of plaques early
in their development is not as clinically relevant as muting culprit and late stage plaques.
The CARAT study presented here however is in later stage plaques, in participants receiving
a high dose of satins on top of their rHDL infusions. It could therefore be that the effect of

statins is somewhat overwhelming the response of the plaque to the CER-001 infusions.

Moreover, it is well established that dysfunctional HDL has no benefit to CVD87 and we see
here in this chapter that oxHDL has no benefit to calcifying HAoSMCs in vitro. In humans,
high oxHDL is associated with calcific aortic valve disease severity’94 and a decrease in
oxHDL is associated with reduced progression of coronary artery calcification816,
supporting our in vitro findings. Furthermore osteopontin and OPG expressed in epicardial
fat is associated with certain HDL subclasses’1. Therefore, a detailed analysis into the

HDLs present and any remodelling occurring on the CER-O01 particle could provide further
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insights into the role of HDL infusions in modifying plaque characteristics in this cohort.
These further examinations into HDL subclasses and any CER-001 modifications may also
help to explain the correlation data describing significant negative correlations between
HDL-C or Apo Al levels and ex vivo calcification potential of whole serum samples, but not
in participants treated with CER-001. As CER-001 is designed with a special coating to
protect against modification, investigation into the native lipoprotein subclasses may yield

more insight.

The discovery that HDL-C or Apo Al levels significantly negatively correlated with the ex vivo
calcification potential of whole serum however connects well with our in vitro data, where
HDL and rHDL significantly reduced calcification potential on the same HAoSMCs. CER-
001 infusions however had no effect on the ex vivo calcification potential of the whole
serum and significantly raised the calcification in these participants in situ. Although this
may seem to be further complicating the effect of HDL raising therapies on VC, all these
experiments have occurred in very different models of atherosclerosis or vascular

calcification and therefore all show different aspects of HDL potential.

In chapter 6, we studied the effect of both native and reconstituted HDL and their oxidised
forms on VC in vitro and extended the study of rHDL into late stage plaque in vivo and ex
vivo studies. Although we find a role for HDLs in the early stages of calcification in vitro and
correlation between HDL components and circulating factors in vivo and ex vivo, we find
no definitive role for HDLs in late stage plaque calcification in vivo and a modest role for
HDLs in the progression of calcification in situ. Further investigation is required to identify

the precise components responsible for these varying effects.
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The genesis of this thesis came about from the need to discover new targets for the
treatments of vascular calcification (VC). VC is a common feature of atherosclerosis that is
associated with adverse events?%3, with prevalence of aortic calcification in the general
population at 59% for women and 67% for men aged 41-80 years (mean age 61 years)267.
This increases to 81% in patients with diabetes268 and 100% with end-stage renal
disease?269, associating with their co-morbidities and clinical sequelae270. Moreover, VC is
such a strong indicator of plaque progression®® and vunerability?%4, that is it routinely used
as a marker, such as in PET scans for coronary artery calcification (CAC) scores, to aid
cardiologists in designing cardiovascular treatment plans?’® 272, Although VC is so
common and so strikingly linked to poor cardiovascular health, we are still only recently
learning that morphology specific outcomes may exist, let alone nearing the development

of a specific VC treatment to adjust these morphologies.

Moreover, the ability of scientists and medical professionals to generate a therapeutic is
greatly inhibited by the similarities between VC development and bone metabolism391. 642,
817-819 and moreover by a reduction in bone marrow leading to decreased haematopoietic
production with a focus on the production of inflammatory cells820. This phenomenon,
termed the bone-vascular axis, is clinically relevant, with patients often displaying both VC
and osteoporosis co-morbidities. This arises from both similarities and differences in
mineralisation in the very same proteins this thesis focuses on, Runx2, RANKL, OPG and
ALP, as they form an essential pathway to VC. Given this information and the knowledge
that lipoproteins are systemic and interact with both the bone and artery wall, we sought
to investigate the impact of the major lipoprotein classes, high density (HDL), low density
(LDL) and very low density (VLDL) lipoproteins and their oxidised, dysfunctional forms, on

the vascular smooth muscle cells (VSMCs) responsible for vessel calcification.
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Although lipoproteins have been extensively studied regarding atherosclerotic plaque size,
there are relatively few studies showing their relationships with plague composition as
discussed in chapter 1 and fewer again for vascular calcification (VC) as discussed in
relevant results chapters for each lipoprotein. Here we identified through the data in
chapters 4-6, that oxidation of lipoproteins increases whereas HDL decreases onset of VC
in vitro and that these oxidised lipoproteins, specifically oxLDL and oxVLDL, were affecting

the Runx2/RANKL/OPG pathway (chapter 3).

When studying triglycerides (TG) (chapter 4) in vivo and ex vivo, we found that TG levels
significantly correlated to the circulating calcification markers ALP and calcium and in the
Apo E/- x Apo ClII7- mice, with low TG levels immediately prior to an atherogenic diet, TGs
negatively correlated to aortic root leaflet (AR) calcification. The differences in plaque
composition between the brachiocephalic artery (BCA) and AR sites suggest 2 different

roles for TG that warrants further exploration.

Upon in vivo exploration, we find that while atorvastatin in atherogenic diet fed Apo E7-
mice significantly reduced AR VC, it did this independently of total cholesterol (TC) levels,
whereas ex vivo we found no relationship between Lp(a) and VC in a human cohort. As
many studies have identified a causal link between Lp(a), osteoblastic differentiation764
and calcification120. 760, 761 we hypothesised that Lp(a) pre-treatment in whole serum
would increase ex vivo calcification of HAoSMCs in a dose dependant manner, however
this was not the case, contradicting early findings of Lp(a) raising calcification markers in
valvular interstitial cells764. This result however may have arisen from the lack of isoform
specification or Lp(a) isolation, both of which should be performed to investigate specific

interactions between Lp(a) and VC.

Although HDL levels are correlated to coronary heart disease’” and there is evidence to

suggest a role for HDL in inhibiting calcification801. In chapter 6 there was no observed
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role for HDL infusions in the modification of VC in late stage plaques. While there is a
reported link between HDL characteristics and ex vivo calcification potential or circulating
ALP levels in humans, it appears from the in vitro data presented here and in vivo
elsewhere that the benefit of HDL occurs earlier in the natural history of VC. Furthermore,
this may occur through a mechanism partially independent of the Runx2/RANKL/OPG

pathway.

VSMCs readily differentiate into many different types of cells, including but not limited to
osteoblast-like, macrophage-like and adipose-like cell types312. Through lineage tracing in
mice, it is now widely accepted that VSMCs migrate into the plaque and lose their VSMC
identification markers, such as SMaActin, so much so that it is estimated that most of
plague VSMC content is incorrectly identified as macrophage content313. 314, Additionally,
in human coronary lesions it is estimated that around 34-40% of foam cells are from VSMC
origin821, Moreover, it has recently been discovered that VSMCs overtake a plaque in a
cancer-like fashion, likely arriving from 1 ‘stem cell’ source822 and that this takeover leads
to unstable necrotic core formation823. With all these differences in VSMC involvement
alone, it would be interesting and likely fruitful to investigate the roles of differentiated

VSMCs in VC.

In conjunction with VSMCs, macrophage (or macrophage-like VSMCs) cells have known
roles in VC. Cell-cell interactions between monocyte/macrophages and VSMCs824 in
conjunction with release of inflammatory cytokines such as IL-6 and TNFa381, lead to the
phenotype conversion of vascular cells into osteogenic cells825. Additionally oxLDL
stimulates®26 polarisation of macrophages to the M1 phenotype354, which secrete BMP-2
leading to upregulation of Runx2827. M2 polarised macrophages however can reduce VC
in vitro via an increase in the calcification inhibitor pyrophosphate (PPi)/ATP828 and

indirectly through the efferocytosis of mineral nucleating apoptotic bodies829. Additionally,
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VSMC secreted RANKL stimulates the differentiation of plaque macrophages into
osteoclast-like cells367, however in local plaque macrophages this process is impaired316,
Given that native and oxidised atherogenic lipoprotein loading of VSMCs results in their
differentiation to macrophage-like830 foam821. 831,832 cg||s, it would be interesting to see if
these macrophage/VSMC/foam hybrid cells skew towards an osteoblast or osteoclast like

phenotype during the calcification process.

The endothelial layer of these plaques may also contribute to calcification through oxLDL
induced BMP-2745 and other calcification regulatory gene®33 expression, or even calcify
themselves in response to oxLDL320, Moreover, TG rich lipoproteins (TRLs) causes
endothelial inflammation134. 135 oxLDL causes endothelial dysfunction1’? and increases
interactions with monocytes85, oxHDL blocks endothelial cell proliferation and
migration185 whereas HDL induces angiogenesis through endothelial Ras/MAP Kinase
activation834 or in the setting of ischemia, rHDL gathers endothelial progenitors to enhance
blood vessel formation835. Altogether, these data suggest a potential secondary role for
lipoproteins in the regulation of atherosclerotic calcification through non-VSMC mediated

mechanisms.

Lipoproteins are complex particles, so complex that it is fair to assume slight differences
in composition between each individual particle. Moreover, the presence of extracellular
vesicles in the plasma further convolute these analyses836. In moving forward with
lipoprotein research, many laboratories now use sophisticated phenotyping technologies
including genomic (for RNA molecules trafficked by lipoproteins, found to be of mostly
microbiome origin)837, proteomic838841 and lipidomic645. 842, 843 gnalyses to examine
specific interactions between targets. Even small differences, such as rough size of each
particle100. 793 gnd oxidative status?63. 764, 794, 797, 816, 844 has been shown to correlate to

differences in VC in humans. As the bone-vascular axis is laden with similarities, finding
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any specific differences between interactions of lipoproteins with the bone and vessel wall
may lead to targeted treatments. It would also strengthen the studies presented here in
this thesis to profile the lipoproteins more robustly, for example examining HDL and LDL

level changes in mice alongside their composition.

Further investigation into the natural history of VC would provide researchers with a better
context of the disease. While we know that generally microcalcification generate plaque
instability whereas macrocalcifications do the reverse, it is unknown whether
microcalcification grow into macrocalcifications or whether macrocalcifications arise from
differing plague conditions. In New Zealand, researchers are currently developing a new
imaging system, called MARS (Medipex All Resolution System)845-847 which they aim to
use to map the natural history of VC (discussed formally and informally at the Australian

Atherosclerosis Society meetings).

Additional to the role of lipoproteins on individual plague cell types and their interactions
with each other on VC, the role of the calcification itself on these cells is unknown and
would be an important future direction for this project. Could a small amount of
calcification in the plaque be stimulating other local calcifications? It is clear from the
literature that there are still many questions regarding VC research which when answered

could lead to therapeutic development.

Future directions of this project could also include addressing the limitations of this thesis.
The impact of these preliminary results could be increased via more robust exploration,
including expanding of n value from 3 to 6+ for the variable in vitro PCR and western blot
data, alongside employing other in vitro calcification methodologies, lipoprotein oxidation
techniques and a greater variety of donor VSMCs, rather than exclusively using 31 year old
female donor cells. Additionally, the use of inhibitors to RANKL, Runx2, OPG or other

proteins involved in this pathway would yield insight into the importance of this pathway in
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lipoprotein mediated vascular calcification. Of note for RANKL, exploring the potential
involvement of lipoproteins in RANKL post translational regulation may also yield insights
into disease treatments and explain any discrepancies between PCR, western blot and

ELISA data.

After these limitations have been addressed, PCR and western blot analysis of other
calcification markers such as OPN, BMPs and MGP could yield interesting data from both
in vitro and in vivo calcification sources. Moreover, examining other pathways of
calcification such as apoptosis could provide insights. This thesis also focuses exclusively
on VSMC related calcification, however a focus on macrophage involvement would be
another interesting future direction. Moreover, the focus on VSMC was as a whole, rather

than the individual cancer- or macrophage-like VSMC populations.

The in vivo studies in this thesis were also limited by only exploring the early or late phases
of calcification and only in the aorta, valve and brachycephalic artery. Expanding the scope
of arteries would provide other useful insights, for example the coronary artery for insights
into myocardial infarctions. Additionally, not only would additional early timepoints have
provided insight into the potential of using rHDL or triglyceride therapeutics as a
preventative for future cardiovascular events on non-culprit plaques, but it may have
provided insight into the natural history of calcification. As it is currently unknown whether
macrocalcifications for from microcalcifications or as a separate process, addressing this

limitation would be a worthwhile future direction for this project.

Another limitation both in vivo and in the human trials is that the extent of calcification was
only measured in small areas of artery and ex vivo. Ideally, for imaging calcification, it
would be beneficial to have a study using multiple imaging techniques over a large area of
the body. This future direction would enable researchers to characterise the extent of both

micro and macro calcifications, as well as seeing the effects of target molecules over a
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wide range of arteries. As examples: does rHDL have an effect in the peripheral arteries
but not the coronary or; does Lp(a) level effect VC in only certain artery types. Moreover, if
a time course for these images could be established, it would provide insight into both the
natural history of VC alongside how different arteries change in response to therapies or

lipid levels over time.

Another important factor and future direction when considering lipoproteins and CVD is of
course estrogen. HDL associated oestradiol influence on vasodilation occurs through SR-
B1 binding848, confirming a roles for lipoprotein bound sterols in atherogenesis but raising
questions about their influence in calcification and differences in lipoprotein composition
between genders. Estrogen also raises Apo E mRNA translation, an important molecule in
CVD849, Moreover, lipoproteins carry vitamins which also have a variety of known roles in
atherosclerosis, VC and other calcification inducive conditions, most notably the heavy
influence of vitamin D300, 600, 630, 850-860 gnd K451, 453, 474, 517, 861, 862 on bone and vascular
mineralisation. Although many of these interactions are more relevant to medial, or non-
plague associated VC, there appears to be links between calcium, phosphate, estrogen,
vitamin D, vitamin K, parathyroid hormone and fibroblast growth factor 23 levels altogether
creating a delicate molecular balance, and VC&00. 630, 850, 855, 863-870, These balances may

also explain the gender differences we see in CVD and VC.

The mouse models used in this thesis creates increased atherosclerosis via the deletion
of the lipoprotein component Apo E to raise LDL and VLDL levels while decreasing HDL.
Apo E is necessary not only for lipoprotein clearance from the plasma but it’s deletion also
increases bone formation in mice8’! and modifies macrophage biology. Atherosclerosis
can be improved by Apo E expressing macrophages8’2 873 whereas Apo E7- mouse
macrophages tend to polarise to the inflammatory M1 phenotype&’4 and have increased

leucocytosis220, As Apo E also has antioxidative properties, the lipoproteins in Apo E7/- mice
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are more oxidised®75 and as shown in this thesis, the oxidised forms of LDL and VLDL that
accumulate in the Apo E7/- mouse plasma may increase VSMC calcification potential.
Furthermore, the isoform of Apo E influence atherogenesis8’¢ and interestingly
Alzheimer’s877. 878 in humans. As the rHDL studies in chapter 6 only contained Apo Al as
the protein component, this could potentially explain why we see significant early changes
for HDL treatment in vitro, with no changes in VC following rHDL treatment in vitro, in vivo,
ex vivo or in situ, instead having changes correlate to the HDL-C and Apo Al levels: perhaps
any ability for HDL to influence calcification at any timepoint is not due to Apo Al, but due
to Apo E or Apo E mediated effects. In improving HDL mimetics as treatments, it could
therefore be beneficial to create a more complex particle containing more than just Apo Al
and phospholipids by either adding components or loading the lipoprotein with a
therapeutic, such as denosumab, a RANKL inhibitor used to improve osteoporosis and

potentially vascular calcification391,

In conclusion, we find that the oxidation status of a lipoprotein is important for VC,
triglyceride levels are correlated to VC markers and that although any role for HDL in VC
may be preventative at the early stages, like in atherosclerosis, HDL-C and Apo Al
correlated to ex vivo calcification potential of whole serum from patients with increasing
VC in situ. While altogether this thesis supports the literature, this is the first study to
examine the role of lipoproteins in a standardised manner across a range of VC settings.
Therefore, the data from this thesis provides an essential base for further investigation
into the impact of lipoproteins and their components on VC, in order to identify potential

targets aiming to stabilise late stage atherosclerosis.
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9.1 Appendix 1: In Vivo OPG Protein Knock Out Confirmation
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Figure 9.1.1 Confirmation of OPG protein knock out in Apo E-/- and Apo E-/- x OPG-/- mice.

8 week old Apo E7- and Apo E7- x OPG7~- mice were fed an atherogenic diet for 40 weeks
and blood samples were collected upon euthanasia via cardiac puncture. Blood samples
were tested using an R&D Systems Mouse Osteoprotegerin/TNFRSF11B Quantikine ELISA
Kit as per protocol for OPG protein concentration. **p=0.0015, t-test. Data represented

as meanx SEM, n=5.
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