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Abstract 

The vasculature is critical for the maintenance of cardiovascular homeostasis. Cardiovascular 

disease (CVD) is characterised by endothelial cell (EC) and vascular smooth muscle cell 

(VSMC) dysfunction, in which vascular oxidative stress is a primary cause. The mechanisms 

and stimuli involved in vascular dysfunction are not fully characterised. Our lab showed that 

TNF-related apoptosis-inducing ligand (TRAIL) is a master regulator of vascular cell function, 

and its deletion in Apoe-/- mice accelerated atherosclerosis and CVD. TRAIL is increasingly 

recognised to play a protective role in CVD, however, how it may regulate vascular function 

is unclear. 

 

This thesis aimed to investigate TRAIL’s protective role against oxidative stress resulting in 

CVDs. It studied TRAIL’s role in clinical, pre-clinical and in-vitro models. This thesis also 

aimed to elucidate the mechanism of action of TRAIL in vascular cells in vivo using cell-

specific TRAIL knockout mouse models under normal and pathological conditions.  

 

This thesis demonstrated that:  

i. Circulating plasma TRAIL and oxidative stress markers are negatively correlated in 

patients with coronary artery disease (CAD). 

 

ii. Following high fat diet (HFD), mice lacking TRAIL had endothelial dysfunction, 

vascular inflammation and increased vessel permeability.  

 

iii. TRAIL protected against angiotensin II (AngII)-induced oxidative stress in vitro in 

ECs. TRAIL also negated AngII-induced cell processes by reducing monocyte 

adhesion and improving permeability in-vitro in ECs.  



 

iv. EC-specific TRAIL deleted mice challenged with an HFD, experienced high plasma 

cholesterol, reduced blood pressure and altered gene expression profiles for 

inflammatory markers compared to wild type mice.  

 

v. VSMC-specific TRAIL deleted mice challenged with an HFD, displayed altered 

expression of genes regulating VSMC phenotype. These mice also had an enlarged liver 

compared to wild type mice in response to an HFD.  

This thesis provided novel insight into the protective role of TRAIL against endothelial 

dysfunction via its ability to modulate oxidative stress. This thesis studied the mechanism of 

action of TRAIL in vascular cells. Thus, understanding the role TRAIL plays in normal 

physiology and disease, may lead to potential new therapies to improve vascular functions and 

CVDs. 
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 Introduction 

According to the World Health Organisation (WHO), heart and blood vessel diseases, known 

collectively as cardiovascular disease (CVD) account for 31% of global deaths. In Australia, 

CVD was the main cause of hospitalisation in 2014-15 and 43963 deaths in 2016: currently 

killing one Australian every 11 minutes (Heart Foundation of Australia). The main cause of 

CVD is atherosclerosis, where damage to the endothelium results in accumulation of vascular 

smooth muscle cells (VSMCs), inflammatory cells, lipids, cholesterol and cellular waste 

producing a thickened neointima in the arterial wall. Atherosclerosis is a major risk factor for 

myocardial infarction, stroke, hypertension and peripheral artery disease.  Understanding the 

functional response of the vasculature under physiological and pathological conditions, can 

pave way to new and improved therapeutic targets to combat CVD.  

1.1 ATHEROSCLEROSIS 

A normal muscular artery contains three layers (Figure 1.1a). The inner layer, tunica 

intima is made up of a monolayer of endothelial cells (ECs). This layer is in constant contact 

with blood overlying the basement membrane. The second layer, tunica media, consists of 

VSMCs embedded in an extracellular matrix (ECM). The outer most layer, tunica externa, is 

the adventitia containing mast cells, micro-vessels and nerve endings, anchoring blood vessels 

to muscle or bones [6].  

Atherosclerosis is defined as a chronic disease of the arterial wall affecting loss of 

productive life years and death worldwide. The initial stage of atherosclerosis involves 

adhesion of blood leukocytes to the monolayer of damaged/activated endothelium, followed 

by directed migration of leukocytes into the intima. Here, leukocytes such as monocytes, 
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differentiate into macrophages, take up lipid, and become foam cells. Foam cells secrete 

multiple cytokines including growth factors and pro-inflammatory mediators. VSMCs respond 

to these growth factors and migrate into the intimal layer, where they accumulate and 

proliferate. This is followed by synthesis of ECM such as elastin, collagen and proteoglycans 

in the intimal layer. In the advanced lesion, the environment becomes toxic, with plaque 

macrophages and VSMCs undergo apoptosis or necrosis. These dead and dying cells release 

the extracellular lipid within them, creating a large necrotic core comprising of cholesterol 

crystals and micro-vessels. The more cells die, the larger the necrotic core becomes. In the final 

stages, the plaque’s fibrous cap thins and ruptures enabling blood coagulation factors within 

the necrotic core to come in contact with the blood. This causes thrombus formation in the 

lumen of the blood vessel, impeding blood flow [5]. Because atherosclerosis is a complex 

chronic disease, we still do not know enough about how lesions progress and the involvement 

of oxidation stress, inflammation and immunity. Understanding how atherosclerosis develops 

could provide new strategies to therapeutically delay the progress of this disease. Progression 

of atherosclerosis from the initial endothelial damage to eventual plaque rupture is depicted in 

Figure 1.1.  
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Figure 1.1 Progression of atherosclerosis. (a) A healthy vasculature, indicating tunica 

intima, media and adventitia. (b) Early stages of atherosclerosis, with endothelial damage, 

up-regulation of cell adhesion molecules and increase in monocyte tethering to the 

endothelium. These leukocytes extravasate into the sub-endothelial space, uptake ox-LDL 

and form foam cells. (c) VSMC’s proliferating and migrating into the sub-endothelial 

space, along with increased foam cell accumulation. (d) Final stage of atherosclerosis, with 

the rupture of the thin fibrous cap and exposing the contents of the plaque to systemic 

circulation. This is followed thrombus formation due to platelet aggregation. Figure 

adapted from Libby et al. (2011) [5].  
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1.2 ENDOTHELIAL CELLS 

Endothelial cells (ECs) line the lumen of the blood vessel creating a selective barrier 

between blood and tissues [7]. In humans the endothelial layer has an approximate surface area 

of 350 m2 which makes any physiological or pathological changes occurring in the endothelium 

very important [8]. Apart from forming a selective barrier, ECs have autocrine, paracrine and 

endocrine functions, influencing VSMC, leukocyte and platelet processes. Though a singular 

cell type, ECs express different receptors, antigens and respond differently to the same stimulus 

depending on their location. At homeostasis, ECs are anti-inflammatory, anti-thrombotic and 

anti-coagulant.  

As mentioned before, endothelial damage/dysfunction is the initial step of atherosclerosis 

which was originally described by Ludmer et al. In this study, impaired endothelial dependant 

vaso-relaxation in the presence of atherosclerosis was observed in mild to severe coronary 

artery disease (CAD) patients [9]. Endothelial dysfunction entails structural, functional and 

biochemical changes to this monolayer, thereby stimulating/activating the endothelium. In 

atherosclerotic susceptible regions, the dysfunctional endothelium changes its morphology to 

cuboidal morphology and disordered alignment [10,11]. These changes can upregulate 

transcription factors such as NF-kB, which has pathophysiological implications in the 

progression of this disease [12]. Effector proteins such as endothelial-leukocyte adhesion 

molecule-1 (e-selectin), vascular cell adhesion molecule-1 (VCAM-1), monocyte up-regulated 

on the damaged endothelium. Atherosclerosis can also disturb endothelial dependant regulation 

of vascular tone. It can cause impairment of nitric oxide (NO) production which is essential to 

maintain a healthy endothelium [13]. All the above changes induce an activated endothelium 

which is pro-inflammatory, pro-thrombotic and pro-atherogenic in nature.  
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1.2.1 Anti-inflammatory/ pro-inflammatory state of endothelium  

ECs are important regulators of the inflammatory response by maintaining a steady state 

anti-inflammatory surface. Internal and external factors contribute to the protection of vessel 

wall [14]. External signals such as interleukin-10 (IL-10), transforming growth factor- β (TGF-

β), IL-1 receptor antagonist, low density lipoprotein (LDL) and several other growth and 

angiogenic factors contribute to anti-inflammatory state of the endothelium [15-18].  

The anti-inflammatory state of the endothelium is disrupted during atherosclerosis. 

Activation of protein kinase C and NF-κB are primary events associated with endothelial 

inflammation [19]. They generate inflammatory cytokines such as tumour necrosis factor–

alpha (TNF-α), MCP-1, interleukin-1 beta (IL-1β), interleukin-18 (IL-18) and chemokines. 

These inflammatory cytokines play a central role in pathophysiology of atherosclerosis. TNF-

α can trigger the interaction between invading monocytes and ECs [20], up-regulate cell 

adhesion molecule expression [21], increase oxidative stress in the endothelium by escalating 

the production of reactive oxygen species (ROS) in these cells [22], and ultimately increase 

production of other cytokines such as MCP-1. The impact of MCP-1 is important in the 

progression of atherosclerosis where it enables LDL accumulation in macrophages in the 

intimal layer [23]. Furthermore, interleukins such as IL-18 and IL-1β are upregulated in a 

clinical setting with patients who have experienced myocardial infarction, which is an 

indication of advanced atherosclerosis [24,25]. These inflammatory cytokines are constantly 

produced by a damaged endothelium and activated leukocytes, thereby aiding in various stages 

of atherosclerosis progression.  

Following inflammation at the site of injury there is up-regulation of chemokines and 

cell adhesion molecules which enable monocyte recruitment, attachment and trans-endothelial 

migration. Chemokines are a sub-class of cytokines which are produced by the damaged 

endothelium. They enable monocyte recruitment to the site of injury through chemotaxis [26]. 
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A study by Tacke et al. (2007) showed that chemokines such as CCR2, CCR5 and CX3CR1 

was required for monocyte recruitment, playing an important role in atherogenesis.  Following 

leukocyte attachment, subsequent trans-migration into the sub-endothelial space is initiated by 

adhesion molecules present on the cell surface [27]. These molecules are part of the 

immunoglobulin family, trans-membrane protein and include ICAM-1, VCAM-1 and selectins. 

The expression of adhesion molecules present on the surface of the endothelium, plays an 

important role in many pathological conditions. At homeostasis, ICAM-1 (CD54) is 

constitutively expressed and is important in adaptive and innate immunity, leukocyte 

extravasation to site of injury and interacts with antigen presenting cells and T cells [28]. On 

the other hand, VCAM-1 expression is induced by factors such as cytokine production in 

tissues, high levels of ROS, oxidized-LDL (ox-LDL), turbulent shear stress and high glucose. 

After the initial stage of endothelial damage, the inflammatory environment causes 

upregulation of cell adhesion molecules. The interaction between circulating leukocytes and 

endothelium is facilitated by these adhesion molecules [29]. Research has shown that ICAM-

1 is strongly expressed on the endothelium near the developing plaque in human coronary and 

carotid arteries [30]. Furthermore, the soluble or cleaved ICAM-1 is increased in a 

cardiovascular setting [31]. ICAM-1 is seen as a molecule which works in collaboration with 

VCAM-1 and selectins such as P-selectin and E-selectins. Several studies have shown that 

VCAM-1 was not expressed at baseline, however, it was rapidly induced by proatherogenic 

conditions in mice and humans [32,33]. Up-regulation of these cell adhesion molecules 

increase monocyte tethering on to the activated endothelium.   

Another family of adhesion molecules involved in atherosclerosis are selectins. P and 

E-selectins are present on the activated endothelium.  P-selectins enable rolling of leukocytes 

on the endothelium, which in turn facilitate leukocyte recruitment to the vessel wall. Deletion 

of P-selectin in animal models have resulted in delaying the recruitment of monocytes to the 



 23 

site of lesion and thereby reducing the lesion formation [34,35]. P-selectins can also be released 

from the endothelium as a soluble form creating a pro-coagulant environment, which during 

later stages of atherosclerosis can have a damaging impact on the body [36,37]. Similar to P-

selectin, E-selectin is also expressed on human atherosclerotic plaque [38,39]. Combined 

deletion of E-selectin with P-selectin and LDL receptor in mice reduced plaque size in response 

to a high fat diet [40]. The two families of adhesion molecules facilitate lesion progression in 

atherosclerosis and are crucial for attachment and transmigration of leukocytes such as 

monocytes into the sub-endothelial space.  

Once monocytes have trans-migrated into the sub-endothelial space, they take up LDL, 

and undergo differentiation to form macrophages [41]. The differentiation of monocytes to 

macrophage is aided by regulators such as macrophage-colony stimulating factor (M-CSF) 

[42]. At homeostasis, attracted monocytes/macrophages are involved in clearance of apoptotic 

cells in the vasculature, thereby preventing any excessive inflammation. However, during 

atherosclerosis, there is increased recruitment of circulating monocytes to the site of 

inflammation. They are initially recruited to the site to resolve inflammation, however 

continued monocyte attraction followed by inflammation causes monocyte/macrophage 

dysfunction. This eventually will convert macrophage into foam cells and be visible as a fatty 

streak in the vasculature [43].  
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Figure 1.2 Leukocyte migration aided by cell adhesion molecules on the endothelium. 

(1) Leukocyte bind to selectins on the activated endothelium. (2) Leukocytes undergo 

structural changes and bind firmly to ICAM-1 and VCAM-1. (3) Leukocyte migrate to the 

sub-endothelial space by binding to PECAM-1. (4) Migration is aided by chemokines such 

as MCP-1. Figure adapted from Body et al. (2012).  
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1.2.2 Anti-atherogenic endothelium 

A healthy endothelium actively regulates vascular tone and blood pressure through 

stimulation of NO and endothelin whilst suppressing inappropriate coagulation factors [44-46]. 

ECs are continuously exposed to the forces of blood flow. A constant laminar flow of blood 

helps in maintaining an anti-inflammatory surface and EC apoptosis is prevented by increasing 

antioxidant mechanisms such as superoxide dismutase and stimulating nitric oxide mechanisms 

all of which can reduce inflammatory stimulus such as TNF-α [47]. Production of NO by the 

endothelium helps the cells to maintain an anti-atherogenic state. NO maintains vascular tone, 

cell growth and protects the vasculature against injury. It is produced by converting L-arginine 

to L-citrulline with the aid of the enzyme endothelial nitric oxide synthase (eNOS), which is a 

calmodulin dependant enzyme, activated by elevated intracellular calcium levels [48,49]. 

eNOS is activated through a homo-dimeric G-protein coupled cell surface receptor and held 

together by its essential cofactor tetrahydrobiopterin (BH4). A healthy endothelium modulates 

the production of eNOS by increasing its expression to stimuli such as shear stress and varying 

levels of oxygenation.  

During atherosclerosis, the growing plaque disturbs the flow of blood. Such disturbance 

is also observed in the aortic arch, vessel bifurcation and branch points. The disturbed blood 

flow induces pro-atherogenic characteristics and increases endothelial activation, followed by 

inflammation and apoptosis. The pro-atherogenic state of the endothelium reduces the 

bioactivity of eNOS. This subsequently leads to degradation of NO, followed by increased 

generation of ROS by the endothelium. In the atherogenic state, the NOS system can itself 

contribute to further endothelial damage. In the absence of co-factors involved in production 

of NO, eNOS can become uncoupled from its dimeric state and induce oxidative damage, 

generating peroxynitrite, which eventually promotes plaque progression [50].  Reduced levels 

of eNOS is linked to several pathological conditions such as type 2 diabetes, Alzheimer’s 
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disease and cancer [51]. Strategies to increase eNOS production and maintain its dimeric form 

has gained pharmaceutical attention. Drugs such as trans-resveratrol [52] and statins [53] can 

increase eNOS production thereby maintaining a healthy vasculature.  NO, the effector 

molecule and soluble gas in this system, has a multitude of beneficial effects including 

inhibition of leukocyte adhesion, control of VSMC proliferation and modulation of platelet 

aggregation [54-56]. Thus, regulated production of NO helps in maintaining a healthy 

endothelium and vasculature.  

To maintain an anti-atherogenic state, the endothelium also has to maintain a selective 

permeable membrane. This selective-permeability, regulated intracellular tight junctions, 

enables the ECs to exchange fluids and solutes between blood and tissue, control leukocyte 

entry and modulate themselves during angiogenesis. ECs have two types of cell-to-cell 

interactions, adherents and tight junctions. While adherents help in intracellular signalling, 

cytoskeleton remodelling and transcriptional regulation, tight junctions help in maintaining the 

monolayer permeability [57]. Vascular endothelial-cadherin (VE-cadherin), is an exclusive 

endothelial specific adherent, present between cell junctions, which controls vascular 

permeability and leukocyte extravasation [58]. VE-cadherin are also strongly associated with 

growth factors such as VEGF and FGF and play an important role in angiogenesis. Regulation 

of VE-cadherin is important as its pleiotropic effects range from angiogenesis to atherosclerosis 

[58,59].   

A study by Miyazaki et al. (2011) showed that in hypercholesterolaemic mice, a primary 

characteristic of atherosclerosis, there was dysregulation of VE-cadherin. The vasculature 

became leaky and promoted extravasation of immunocompetent cells and monocytes and VE-

cadherin disruption can lead to endothelial damage and progression of atherosclerosis [60]. 

Thus, maintaining anti-atherogenic state of the endothelium involves regulated production of 

NO and maintaining a selective permeable endothelial membrane.  



 27 

1.2.3 Anti-thrombotic endothelium   

Thrombosis is defined as the local coagulation or clotting of blood in the circulatory 

system.  As mentioned earlier, a healthy endothelium is anti-thrombotic. ECs play a pivotal 

role in the control of haemostasis and thrombosis, and are the main source of source of 

haemostatic regulatory molecule [61]. ECs secrete multifunctional adhesive glycoproteins such 

as von willebrand’s factor (vWF), fibronectin and thrombospondin. These proteins help prevent 

blood loss in face of vascular injury. However, the endothelium also releases thrombomodulin 

which serves as cofactor of thrombin and prevents uncontrolled coagulation and aggregation 

of proteins to the site of injury. This enables the endothelium to have a check on its thrombotic 

and anti-thrombotic activity. At homeostasis, the endothelium is at constant state of anti-

thrombosis, but reverts to a pro-thrombotic state in face of vascular injury [62]. Importantly, 

during advanced atherosclerosis, an unstable or vulnerable plaque can result in life altering 

consequences. With increasing number of ECs damaged during atherosclerosis, EC properties 

are perturbed towards a more pro-coagulant and pro-thrombotic phenotype. When the large 

necrotic plaque ruptures there is spillage of highly thrombotic content, triggering an 

atherothrombotic occlusion [63]. Clots when lodged into the coronary artery of the heart or 

blood vessels in the brain can lead to myocardial infarction or stroke respectively. These clots 

can also lodge themselves in the peripheral veins leading to deep vein thrombosis.  

1.3 VASCULAR SMOOTH MUSCLE CELLS 

The second layer of the vessel wall, the tunica media is made up of vascular smooth muscle 

cells (VSMC’s). This layer contributes to most of the cells in the vasculature. The principal 

function of these highly specialised cells are to regulate vessel tone, blood flow distribution 

and blood pressure [64]. Since these cells make up most of the blood vessel, they also play an 

important role in vessel remodelling in response to exercise, vascular injury or pregnancy. 
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During this remodelling, VSMC’s have the ability to change their phenotype and their 

extracellular matrix.  

1.3.1 Phenotypic switching of VSMCs 

VSMC’s are usually classified as either being contractile or synthetic. These phenotypes 

are in either end of the spectrum where the phenotype is interchangeable and transient. 

Contractile or synthetic VSMCs s can be identified by their different morphological structures. 

Contractile cells are elongated, and more spindle like in nature, however synthetic cells have a 

cobblestone morphology. Internally, synthetic VSMCs have high number of organelles and 

contractile cells have long contractile filaments in the cells. Apart from morphology, these cells 

also have very different gene markers and functions. As the name suggests contractile cells are 

contractile in nature, with less proliferative and migratory functions [65]. These cells are 

recognised by their gene markers such as smooth muscle-myosin heavy chain (SM-MHC), 

alpha-smooth muscle cell actin (α-SMA) and alpha-tropomyosin (α-tropomyosin).  On the 

other hand, the synthetic phenotype is less contractile and are more prone to proliferate and 

migrate. Several biochemical factors aid in the conversion of VSMCs to either of the 

phenotypes. They either help the cell maintain the phenotype or convert to another depending 

on the situation [65]. Transforming growth factor- β (TGF-β) is considered an important factor 

in inducing contractile phenotype in VSMCs. Studies have shown that cultured VSMCs 

become more elongated and spindle-like when treated with TGF-β, specifically its isoform 

TGF-β1 which was also shown to increase contractile gene markers such as α-SMA, α-

tropomyosin and myosin heavy chain (MYH) [66]. Two of Krüppel-like factor (KLF) isoforms, 

KLF-4 and KLF-5 are transcription regulating factors which help in maintaining or inducing a 

synthetic VSMC phenotype [67]. These isoforms play a major role in early stages of 

embryogenesis, aiding in proliferation and migration to form the vascular network [68]. At 
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homeostasis majority of VSMCs exists in the contractile phenotype to aid the blood vessel in 

blood pressure control. The regulation of VSMC is depicted in Figure 1.2. 

Both these phenotypes work in balance during homeostasis. However, during a 

pathological condition such as atherosclerosis, VSMCs are induced to a more synthetic 

phenotype. Damage to VSMCs quickly convert them from a resting contractile phenotype to a 

synthetic one [65,69]. In atherosclerosis, synthetic VSMCs cause neo-intimal hyperplasia or 

lumen narrowing, aid in lipid retention for macrophages to form foam cells and induce an 

inflammatory environment [70]. All these factors lead to the progression of atherosclerosis and 

eventual rupture of the plaque. Though the critical signal transduction involved in VSMC 

phenotypic switching remains unclear, it is known that under a pathological environment, 

aberrant eNOS production can result in VSMC phenotypic switching. Whether peroxynitrite is 

involved in VSMC phenotypic switching needs investigation [71]. 
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1.3.2 Extracellular matrix 

In the tunica media, apart from VSMCs, ECM proteins help in maintaining the functions 

associated with this layer. The ECM is a collection of fibrous proteins and glycoproteins 

embedded in glycosaminoglycans and proteoglycans. This matrix provides elasticity, 

mechanical support and regulate the behaviour of other vascular cells [72]. Two major proteins 

of the ECM are collagens and elastin. Collagen proteins are composed of triple helix 

polypeptide chain, with several isoform existing in the human body. Collagen type I and III are 

the most predominant collagen in the vasculature. They provide tensile strength to the vessel 

Figure 1.2 Regulation of VSMC phenotype. In response to variety of stimuli, including 

injury, hypoxia, cell-to-cell contact, stretch and growth factors, VSMCs can switch between 

contractile and synthetic phenotypes. Contractile VSMCs expresses genes such as α-SMA, 

α-tropomyosin and MYH-10/11. Synthetic VSMCs expresses, up-regulated transcription 

factors such as KLF-4 and KLF-5. These cells are more proliferative and migrative 

contributing to atherosclerosis. Figure adapted from Dusenbery et al. (2011) [2].  
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wall and play a role in atherosclerotic plaque development [73]. These isoforms of collagen 

were found to be synthesised by cultured VSMCs with the aid of growth factors such as TGF-

β1 and epidermal growth factor (EGF) [74,75]. Though under homeostasis collagen production 

is limited and maintained to provide structural strength to the tunica media, several studies have 

indicated that collagen production is greatly accelerated in conditions such as atherosclerosis 

and neointimal hyperplasia. They have drawn corelative arguments with an increase in collagen 

production in the ECM to aid in VSMC proliferation and migration into the intima, which 

facilitates atherogenesis and plaque development [73]. The other important ECM protein is 

elastin, which confers elasticity and prevents tissue stretching in response to systolic and 

diastolic pressure change [76]. It is an autocrine regulator of VSMC activity through G-protein 

coupled pathway, inhibiting VSMC proliferation and regulating its migration. An early study 

conducted in 1970’s found that primate arterial smooth muscle cells are capable of producing 

elastin in culture. Healthy contractile VSMCs are known to increase elastin deposition in their 

surrounding ECM to compensate the pulsating force of the blood [77]. Reduction in this 

deposition is a clear indication of phenotypic switch of VSMCs from contractile to synthetic 

phenotype. Both ECM and VSMCs regulate one another and control the tensile strength and 

elasticity of the vasculature and changes in ECM is an important indicator of pathological 

changes undergone by the vasculature.  

1.4 OXIDATIVE STRESS   

Oxidative stress is defined as the imbalance between anti-oxidants and free radicals, 

favouring the latter produced in the body. This imbalance creates the production of reactive 

oxygen species (ROS) which play a critical role in biological functions and cell processes. 

Several clinical studies have shown that ROS is upregulated in diabetes [78], hypertension [79] 
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and dyslipidaemia [80].  Reducing ROS may serve as a therapeutic target against the above-

mentioned CVDs.   

Vascular cells have been recognised in producing both ROS and reactive nitrogen species 

(RNS) which can produce by-products such as hydrogen peroxide (H2O2), hydroxyl radical and 

peroxynitrite (OONO-).  Though ROS can promote highly toxic redox reactions in the body, 

they also act to regulate homeostatic cell processes [81]. For example, ROS can regulate cell 

signalling by affecting MAP kinase (MAPK) and extra-cellular regulatory kinase 1/2 (ERK1/2) 

[82]. In EC’s ROS and RNS can modulate cell proliferation, growth, permeability and cell 

death while in VSMC’s they can promote growth by inducing auto/paracrine growth 

mechanisms [83], mediate agonist-induced hypertrophy, and induce apoptosis in a 

concentration dependant manner [84]. Having a clear idea of homeostatic mechanisms of ROS 

can enable us to identify changes which occurs during pathological conditions.  

Any disturbances to this homeostatic balance of anti-oxidant and ROS may result in 

pathological conditions; specifically, up-regulation of ROS can result in systemic oxidative 

stress in the body. Large scale human studies examining markers such as malondialdehyde 

(MDA), involved in peroxidation of unsaturated fats, and F2-isoprostane, a by-product of 

oxidation of lipids, revealed sex [85], race [86] and age [87] to be independent determinants of 

oxidative stress/damage in humans. Furthermore, dependant variables such as smoking, 

unhealthy lifestyle and environmental pollution can also induce oxidative stress [88].  

Irrespective of dependant or independent variables, systemic oxidative stress can lead to 

diabetes, hypertension and other cardiovascular diseases, as mentioned earlier 

There are various sources involved in producing ROS in EC, under basal and pathological 

settings. They include, xanthine oxidase, NADPH oxidase, mitochondrial electron transport 

chain, eNOS uncoupling and cytochrome P450. The mechanism of action of these endothelial 

ROS, a key component of endothelial dysfunction is largely unknown. Identification of these 
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mechanisms will drive the rationale for new intervention for the prevention of ROS and thereby 

vascular disease. In this thesis we focused on mitochondrial electron transport chain, NADPH 

oxidase and eNOS uncoupling systems.  

1.4.1 Mitochondria and oxidative stress  

Mitochondria are considered the power house of the cell and are one of the major 

producers of ROS, particularly  within respiratory chain complexes [89]. The basic function of 

the respiratory chain is to oxidise glucose and other sugars to produce ATP or energy. This is 

achieved by creating a transmembrane electrochemical gradient by pumping protons between 

the mitochondrial membranes, involving a series of protein complexes (Complex I-V) in the 

inner mitochondrial membrane. The flow of protons back into the mitochondria produces ATP, 

the principal source of power in the cell [90,91]. The mitochondrial electron transport chain is 

depicted in Figure 1.3.  

 

 

  

Figure 1.3 Schematic representation of mitochondrial electron transport chain. 

Transfer of electrons from complex 1 to complex 5 resulting in ATP production. Figure 

adapted from Agnihotri et al. (2014).  
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During the process of respiration, superoxides are produced by the electron transport 

chain due to incomplete reduction of oxygen. The superoxide formation in this chain occurs in 

the flavin mononucleotide (FMN) site in complex I, when there is a high NADH/NAD+ ratio, 

and low ATP availability, enabling the electron received by complex 1 to be transferred to O2 

to produce superoxide. Complex III can also produce superoxide. The in vivo physiological 

importance of complex I verses complex III remains controversial as there are insufficient 

findings pertaining to the exact electron transport chain mechanisms [92,93]. Importantly 

however, the superoxide produced can be rapidly reduced to H2O2 with the help of copper-zinc 

superoxide dismutase or manganese superoxide dismutase (MnSOD) [94]. MnSOD was 

identified to be important in vascular homeostasis and knocking out MnSOD in an Apoe-null 

mice induced endothelial dysfunction [95].   

Mitochondrial ROS (mtROS) have important signalling functions in the endothelium and 

is directly linked to health and disease processes. For example, NADPH oxidase 4 (NOX 4), a 

predominant source of ROS in the endothelium, can regulate mtROS and influence endothelial-

dependant relaxation, and therefore the blood pressure. As mentioned previously NOX 4 

preferentially produces H2O2. A recent study by Munoz et al. (2018) showed that under 

physiological conditions, mitochondrial ROS stimulates NOX 4 to produce H2O2 which acts 

as an endothelial dependant vasodilator [96]. Sub-cellular localisation of NOX 4 has been 

found to be predominant in the mitochondria. Here, mitochondria can form superoxide 

dismutase (SOD), a form of ROS, which can effectively stimulate NOX 4 to produce H2O2. 

Down-stream, H2O2 can stimulate nitric oxide synthase (NOS), an enzyme important in NO 

production, known to cause endothelial dependant vasorelaxation. Growth factor adaptor 

proteins such as p66Shc can oxidase cytochrome c, an important part of the electron transport 

chain to generate H2O2. This process occurs during a high glucose environment, where p66Shc 

can translocate to the intermembrane space of the mitochondria, initiating ROS mediated 
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signalling, and subsequently resulting in endothelial dysfunction [97-99]. In diabetes, 

endothelial mitochondria undergo fission releasing high levels of ROS, which blunt growth 

and alter expression of cell adhesion molecules [100-102].  

In VSMC’s oxidative stress causes the mitochondrial fission process to occur resulting 

in mitochondrial DNA (mtDNA) damage. This process involves an increase in PARP-1 

enzyme, which is involved in chromatin remodelling, increasing VSMC proliferation and 

migration, and thereby facilitating the progression of atherosclerosis [103]. Furthermore, a 

reduction in mitochondrial MnSOD in an Apoe-null mice damaged mtDNA. A study has 

established a direct correlation between mtDNA damage and VSMC content in atherosclerotic 

lesion in mice and human aortic tissues [104]. 

 

1.4.2 NADPH oxidase and oxidative stress 

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase is another major system 

involved in production of ROS in the cell. This system consists of seven isoforms including 

NOX 1-5, and dual oxidase (DUOX) 1 and 2. At homeostasis, NOX-generated ROS regulate 

defence mechanisms, signal transduction and hormone biosynthesis. In the vasculature, NOX 

1, 2, 4 and 5 are present, with NOX 4 being predominantly expressed under basal conditions 

and NOX 2 under pathological conditions in  ECs, and NOX 1 and 4 abundant in VSMCs 

[105]. NOX’s main role is to produce ROS, whereby it transfers electrons from cytosolic 

NADPH to molecular oxygen, which catalyses and produces ROS, superoxide and H2O2 [106].   

As mentioned previously, ECs express four isoforms of NOX, including NOX 1, NOX 

2, NOX 4 and NOX 5. Each of these isoforms are characterised by specific cytosolic and 

membrane bound sub-units. NOX 1, 2, and 4 all have same membrane bound sub-unit p22phox 

and different cytosolic sub-units. With NOX 1 having cytosolic regulators such as NOXO1, 



36  

NOXA1 and Rac whilst NOX 2 assembling p67phox, p40phox, p47phox and Rac as their cytosolic 

sub-units and NOX 4 having POLDIP 2. On the other hand, NOX 5 is a calcium dependant 

isoform regulated by calmodulin [3]. All these isoforms are capable of reducing NADPH to 

NADP and H+, whilst producing superoxide. Though NOX 4 produces superoxide, it primarily 

produces H2O2. H2O2  can go on to react with products such as iron, chlorine or nitric oxide to 

generate products such as hydroxyl radicals, hypochlorous acid and OONO- all which can 

majorly upregulate oxidative stress and cause cellular damage [107]. H2O2 acts via kinase 

driven pathways to instigate proliferation, migration and autophagy. It often modules cell 

function by affecting DNA folding and lipid production inside the cell.  Isoforms of endothelial 

NOX are depicted in Figure 1.4. 

 

 

Figure 1.4 Vascular NADPH oxidase and their regulatory subunits. NOX 1, 2, 4 and 5 

are present in the vascular cells. All NOX isoforms generate superoxides, with NOX 4 

preferentially producing H2O2. Figure adapted from Manuneedhi Cholan et al. (2017) [3]  
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In ECs, NOX’s role in cell growth was identified by Suh et al. (1999), with NOX 1 over-

expression stimulating proliferation of both EC and VSMC’s [108]. NOX 2, which was the 

first isoform identified in ECs, appears to be important in basal ROS production which is 

known to aid in proliferation, migration and tubule formation. However, like other systems 

generating ROS, aberrant ROS production by NOX can lead to EC dysfunction and cell death. 

In-vitro studies conducted in human umbilical vein endothelial cells (HUVEC) showed that 

knocking down NOX 1 significantly reduced production of ox-LDL and subsequent ROS 

production, indicating NOX 1 in both oxidative stress and atherogenesis [109]. Similarly, 

several studies showed that NOX 2 expression is inducible by lipoprotein particles or oxLDL 

[110,111], however, these same stimuli failed to activate NOX 4;  the most abundant isoform 

in ECs. In contrast, NOX 4 activation was up-regulated in response to biologically active 

compounds such as pro-atherogenic sphingolipids or minimally modified LDL [112,113]. This 

difference suggests the complex nature of NOX activation in these cells. In vivo, NOX 1 and 

NOX 2 knockout mice were hypertensive, with increased vascular oxidative stress, EC 

dysfunction and aortic dissection [114,115]. Furthermore, studies looking at NOX’s role in a 

hyperglycaemic condition or diabetes were conflicting. Some studies suggested NOX 1, 2 and 

4’s involvement in diabetes and EC damage, however, studies by Youn et al. (2012) disproved 

NOX 2’s role in STZ-induced diabetic model and showed selective knockdown of NOX 4 did 

not improve conditions in these mice [116]. These varying studies shows us that further studies 

are needed to understand how NOX isoforms work under different pathology ical conditions. 

In particular to ECs, over expression NOX 2 in the endothelium in vivo showed augmented 

AngII-induced stress, however NOX 4 over expression seemed to be beneficial [114,117]. 

Further studies are needed to understand the role of NOX isoforms in endothelium.   

Studies have shown that NOX 1 plays a supporting role in neointimal formation, thus 

both migration and growth of VSMC’s are dependent on NOX 1 expression. In vivo studies 
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have shown that mice lacking NOX 1 affected lesion formation and healing by affecting 

VSMC’s proliferative capacity. NOX 1 knockout mice have shown to reduce apoptosis, which 

can aid in neointimal formation as studies have shown that, early apoptosis after injury can aid 

in the wound healing process [118,119]. Another important change which VMSC’s go through 

in response to ROS is phenotypic switching. Studies have shown that in-vitro knockdown of 

NOX 4 using siRNA in VSMC’s resulted in reduction in ROS levels as well a reduction in 

p38MAPK pathway which is important in producing factors necessary for differentiational 

maker genes in VSMC’s [120]. On the other hand, inhibition of  NOX’s at a pharmacological 

level has to be done considering several other factors, since some studies have shown that NOX 

4 activity reduction or inhibition lead to permanent growth arrest in VSMC’s and eventually 

stress-induced premature senescence [121]. Also, NOX 4 can be activated by mechanical 

stretch of VSMC’s and becomes important in cytoskeleton reorganisation in these cells with 

the help of the cofilin signalling pathway. Hence understanding the signalling pathways in 

response to a mechanical sensor becomes vital [122]. The functions of NOX isoforms in EC 

and VSM C are summarised in the table below.  

Cell Type  Isoform Function 

EC NOX 1 • Over-expression stimulates cell proliferation [108] 

• siRNA knockdown of NOX 1 reduces oxLDL and 
ROS production [109] 

• In vivo NOX 1 knockdown resulted in 
hypertensive mice causing aortic dissection 
[114,115].  

VSMC NOX 1  • Growth and migration of VSMC into the neointima 
[118,119]   

EC  NOX 2 • Stimulated by lipoprotein [110,111] 
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• In vivo NOX 2 knockdown resulted in 
hypertensive mice causing aortic dissection 
[114,115] 

• Over-expression of NOX 2 in EC aids in Ang II 
induced stress [114,117] 

EC NOX 4 • NOX 4 protect against Ang II induced stress 
[114,117] 

VSMC NOX 4  • NOX 4 knockdown increases ROS production via 
MAPK pathway in VSMC [120] 

 

1.4.3 Nitric oxide and oxidative stress  

NO is the smallest signalling molecule and the only gas found in the body. It is produced 

with the help of the enzyme NOS. Three isoforms of NOS exist and include neuronal NOS 

(nNOS), inducible NOS (iNOS) and endothelial NOS (eNOS) [123]. Each of these isoforms 

are present in different systems in the body, however this thesis will focus on eNOS. 

 eNOS is a calcium calmodulin enzyme that converts L-arginine to L-citrulline and NO. 

It plays an important role in maintaining a healthy endothelium by modulating vascular tone, 

regulating cell growth and protecting against circulating platelets. eNOS can exist in 

monomeric or dimeric form, however, only the dimeric form of eNOS is considered active. 

Each monomeric domain contains a reductase domain and an oxygenase domain. The reductase 

domain consists of NADPH, FAD and FMN binding domain, whereas the oxygenase domain 

contains tetrahydrobiopterin (BH4), heme, heat shock protein and a zinc binding domain 

[124,125]. The ability of eNOS to produce NO depends on a variety of factors including BH4 

which is responsible for preventing the monomerization of eNOS. BH4 biosynthesis is 

catalysed by the rate limiting enzyme GTP cyclohydrolase I (GCH 1), and recent studies 
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showed that GCH1 expression is an important determinant for the synthesis of BH4 and 

subsequently eNOS activity.  

Research over the past 20 years identified that loss of NO is the earliest and important 

sign of stress and subsequent pathological state in the body. This molecule gradually declines 

with age, directly correlating to the decline in endothelial function [126]. When endothelial 

BH4 availability is reduced, eNOS becomes uncoupled from L-arginine oxidation, resulting in 

superoxide formation rather than NO production. In this system, superoxides rapidly inactivate 

NO and convert it to OONO- which can damage tissue and induce platelet adhesion [127]. BH4 

deficiency is linked to vascular oxidative stress and CVDs such as hypertension, atherosclerosis 

and diabetes [123,128,129]. Interestingly, BH4 supplementation improved endothelial function 

in humans [130]. The relationship between eNOS, BH4 and superoxides are depicted in Figure 

1.5. 

Figure 1.5 Relationship between eNOS, BH4 and superoxide production. The level of 

BH4 can induce coupling of eNOS leading to NO production and prevention of 

atherosclerosis. However, reduced BH4 production can lead to uncoupling of eNOS and 

superoxide production leading to accelerated atherosclerosis. Figure adapted from Fukai et 

al. (2007) [4] 
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As described earlier, reduced bioavailability of BH4 in ECs leads to endothelial 

dysfunction. In fact Apoe-null or diabetic mice have reduced BH4 levels which impair NO-

mediated endothelial function [131,132]. The reduction in BH4 eventuates in eNOS 

uncoupling; eNOS in its monomeric form can lead to endothelial damage by increasing 

superoxide production instead of NO generation. Though eNOS is considered an important 

determinant of endothelial function, other studies have shown that in an in vivo model, eNOS 

dependant oxidative stress did not affect endothelial dependant vasodilation [133], highlighting 

the importance of other sources of vascular ROS affecting the endothelium.  

eNOS derived NO plays an important role in maintaining vascular tone by stimulating 

VSMCs. The effector molecule NO produced by ECs, diffuse to the underlying VSMCs and 

control its rate of vaso-constriction and relaxation along with maintaining its contractile 

phenotype [134]. However, during oxidative stress, the uncoupled eNOS can combine with NO 

and become pro-atherogenic leading to phenotypic switching of VSMCs. The switching occurs 

via Akt/eNOS and MAPK signalling pathway creating a proliferative and migrative VSMC 

phenotype, leading to up-regulation of synthetic markers such as OPN [71].  These cells begin 

to proliferate and migrate thereby creating neointimal hyperplasia [134]. This suggest that 

eNOS derived from the endothelium can impact VSMCs during oxidative stress.  

1.4.4 Oxidative stress and atherosclerosis  

Several sources of ROS including NOX, uncoupled eNOS and mitochondrial electron 

transport chain were discussed along with their effect on vascular cells. There is growing 

evidence to indicate ROS producers to be involved in the development of atherosclerosis 

[135,136].  

Research has shown that accelerated atherosclerosis and mitochondrial ROS production 

is seen in mice with Apoe and anti-oxidant deletion suggesting a role for mtROS in 
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atherosclerosis [137]. Similarly, in human aortic tissue with increased atherosclerosis, there 

has been increased mitochondrial DNA damage [104] which can accelerate ROS production 

and atherogenesis [138]. Mitochondrial dysfunction also increases lipid peroxidation, 

important for atherosclerosis progression. One product of lipid peroxidation is 4-hydroxyneal, 

which was  significantly increased in atherosclerotic patient plasma [139,140].  

In addition to the mitochondria, several lines of evidence implicate NOX in ROS 

production in atherogenesis. For example, NOX 1 or NOX 2 knockout mice had reduced lesion 

size, reduced blood pressure and reduced neo-intimal formation due to injury, all of which are 

factors aiding in atherosclerosis initiation and progression [119,141,142]. Age, which itself an 

important risk factor of atherosclerosis, was shown to have a positive correlation with NOX 

enzymes, and NOX 2 deletion in mice negated age related atherosclerosis development [143].  

Majority of risk factors associated with atherosclerosis are due to impaired endothelial 

dependant relaxation, indicating a dysfunctional eNOS/NO system [144,145]. Absence of 

eNOS increased blood pressure and leukocyte adhesion to the vasculature, resulting  in 

accelerated atherosclerosis [146,147].  Though eNOS production was suspected to be reduced 

in atherosclerotic models, most models showed either no change or upregulation of eNOS 

[148,149]. In fact, transgenic modulation of eNOS over-expression in the endothelium 

promoted atherosclerosis [150]. These studies show that in the absence of substrate and co-

factors, eNOS produces superoxide rather than NO [150]. Furthermore, increased 

inflammation during atherosclerosis can decrease sensitivity or degrade NO, thereby causing 

it to react with superoxides.  
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1.5 TNF-RELATED APOPTOSIS INDUCING LIGAND 

In this thesis, I have focused on a protein called TNF-related apoptosis-inducing ligand 

(TRAIL), which is also referred to as Apo2L, TNFSF10 or CD252. TRAIL is a cytokine that 

exists as a membrane-bound and soluble protein. This protein is a type 2 trans-membrane 

protein belonging to the TNF superfamily and ubiquitously expressed in humans and in mice 

[151]. Murine TRAIL and human TRAIL have 65% sequence homology [152]. Like other TNF 

family ligands, TRAIL causes homo-trimerization when it binds to its receptor and activates it. 

TRAIL can exist as a membrane bound protein and also can be cleaved to exists as a soluble 

form and can be produced by all normal cells in the body. Further research is needed to identify 

the predominant source of TRAIL  [153]. There are five identified receptors in humans which 

include 2 functional receptors death receptor 4 (DR4), death receptor 5 (DR5) and 3 decoy 

receptors which include decoy receptor 1 (DcR1), decoy receptor 2 (DcR2) and osteoprotegerin 

(OPG).  

Initially, TRAIL was thought to only promote apoptosis of cells, and was extensively 

studies in regard to cancer therapy. Several studies have used recombinant soluble TRAIL, 

which are currently at phase 1 and phase 2 clinical trials [154-157]. However, in recent times, 

TRAIL’s non-apoptotic role on non-cancer cells have been of interest.  

1.5.1 TRAIL receptor interaction  

As mentioned above, TRAIL when binding to either DR4 or DR5 causes trimerization 

and activation of the receptor thereby initiating the intracellular mechanisms. This can cause 

the formation of the death inducing signalling complex (DISC) which consists of FAS 

associated death domain (FADD) and pro-caspase 8/10. DISC formation can eventually initiate 

activation of the caspase cascade. TRAIL signalling can also activate caspase 9 through the 

intrinsic mitochondrial pathway, by cleaving to the activate form of BH3 interacting-domain 
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(Bid) or directly activate caspase 3, 6, or 7 from their pro-caspase form to cause programmed 

cell death or apoptosis.  

On the other hand, in recent times it has been found that TRAIL receptor trimerization 

can also activate a secondary complex.  This is achieved when death inducing signalling 

complex (DISC) recruits several other adapter proteins such as TNF-receptor-associated DD 

(TRADD), TNF-receptor-associated factor-2 (TRAF2) and receptor interacting protein-1 

(RIP1). This secondary complex can stimulate NF-kB translocation into the nucleus leading to 

pro-survival gene activation. This non-apoptotic pathway of TRAIL initiates cell proliferation 

and survival. TRAIL signalling through the secondary complex can also stimulate Akt 

phosphorylation and activate MAPKs such as ERK, c- Jun N-terminal kinase (JNK) and p38 

[158]. There is significant cross-talk between these pathways, which can activate NF-κB, 

leading to proliferation or cell death. Thus, activation of secondary complex does not guarantee 

cell survival [1,159]. The direction in which the cell goes in response to TRAIL receptor 

trimerization is not fully understood. Thus, up-regulation or down-regulation of genes and 

mRNA/protein expression have importance in TRAIL’s net outcome in a cell. The mechanism 

of action of TRAIL and its receptors are depicted in Figure 1.6.   

 

 

 

 

 

 

 



 45 

 

 

 

 

Figure 1.6 Mechanism of action of TRAIL. TRAIL upon binding to its receptors, 

activates DISC leading to caspase cascade activation and eventual apoptosis. On the other 

hand, TRAIL binding to its receptors can also activate its secondary complex. This can 

phosphorylate IκB kinase and activate NF-κB, which can translocate in to the nucleus to 

activate pro-survival gene activation. This figure was adapted from Azijli et al. [1]   
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1.5.2 Clinical relevance of TRAIL  

TRAIL was initially identified because of its ability to kill cancer cells; however, we now 

know that it has multiple pleiotropic functions other than killing. In CVD, a protective 

association has been identified. For example, low serum TRAIL measured in older patients 

with significant CVD revealed that low TRAIL was a strong indicator of death in these patients 

over a period of 6 years [160]. In subsequent studies, TRAIL had a strong negative correlation 

with acuate coronary artery syndrome (ACS) patients, suggesting it can be used as a strong 

indicator of this disease in a clinical setting [161,162]. Heart failure which is the next step after 

ACS, has also shown a strong negative correlation with low plasma TRAIL levels [163]. 

Furthermore, a genome-wide meta-analysis study identified 11 loss of function single-

nucleotide polymorphisms of TRAIL to be associated with carotid artery atherosclerosis [164]. 

Another major disease associated with CVD is type 2 diabetes. Though there has been 

research which disprove any relationship between TRAIL and type 2 diabetes in patients, there 

are two studies which state otherwise [165,166].  These studies have shown that  circulating 

TRAIL levels were low in newly diagnosed diabetics as a part of longitudinal study measuring 

before and after the on-set of diabetes [167,168]. These confounding studies maybe due to the 

fact that low TRAIL levels may pre-dispose people to type 2, whilst TRAIL levels maybe high 

in a chronic type 2 diabetes. Clinical relevance of TRAIL in other organs such as liver was also 

studied in diseases such as non-alcoholic steatohepatitis (NASH) patients. In this model of 

disease, it was found that DR5 expression in human livers are desensitised to TRAIL, thereby 

making this protein unable to confer its protective nature in the liver of NASH patients [169]. 

Concurrent to this study, our lab has also shown that, patients with NASH, identified by 

increased circulating alanine transaminase (ALT), had significantly reduced plasma TRAIL 

and a negative correlation was established between TRAIL and circulating ALT [170]. 

Furthermore, a clinical study was conducted in examining TRAIL’s diverging relationship 
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between heart and kidney. In this study, patients undergoing heart transplant, serum TRAIL 

levels fell along with glomerular filtration rate which is a strong indicator of kidney function. 

This suggests that TRAIL has a systemic effect ranging from CAD to diabetes and kidney 

diseases [171]. Comprehending from the above-mentioned clinical findings, we can conclude 

that TRAIL plays an important role in metabolic and inflammatory diseases in human. Rather 

than it being just used as a diagnostic marker, TRAIL’s intervention in these diseases would 

be the next logical step. However, to proceed to this step, understanding the mechanistic 

properties of TRAIL through various in vivo and in-vitro studies are essential.    

1.5.3 TRAIL role in in vivo studies  

To address changes observed in clinical studies several in vivo analyses was conducted 

to discover TRAIL’s role and mechanisms in CVDs. As mentioned earlier atherosclerosis is 

the main root cause of many CVDs. Our lab was the first to show the importance of TRAIL 

against atherosclerosis. Trail-/-Apoe-/- mice fed a 12-week HFD had significantly elevated 

plaque size in the brachiocephalic artery and the aorta which are main sites where plaque 

formation. These changes were observed in concurrence with increased plasma cholesterol, 

triglycerides and increased inflammatory markers such as IL-6 compared to the Apoe-/- control. 

This suggest that knockdown of TRAIL from an Apoe null mice exacerbates conditions 

favouring development of atherosclerosis [172]. Since atherosclerosis is chronic progressive 

condition spaning decades, where composition of the plaque changes, the role of TRAIL 

becomes important in how this protein tackles the changes occurring in the plaque. The 12-

week HFD model showed that, the Trail-/-Apoe-/- mice had characteristics of unstable plaque 

including macrophage accumulation at the shoulders of the plaque and increased caspase 3 

activity, meaning these plaques had a more apoptotic environment. The plaque was also 

deemed unstable due to reduced collagen, thin fibrous cap and reduced smooth muscle cell 

content [172]. As the plaque progresses and witnesses the increased migration of VSMCs, 
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calcification/hardening of these cells accelerates the rupture of the plaque. The 20-week HFD 

model showed that Trail-/-Apoe-/- mice had increased calcification in their plaques and up-

regulation of RANK ligand which is responsible for vascular calcification [173]. These cross-

sectional studies observing atherosclerosis at different stages showed that TRAIL gene deletion 

in the Apoe-null mice had a detrimental effect. 

 This study paved pay to look at TRAIL’s role in type 2 diabetes in vivo as many markers 

observed in a diabetic model was seen in Trail-/-Apoe-/- mice. Both Trail-/- and Trail-/-Apoe-/- 

mice had hallmark sign of diabetes. Our lab has shown that, TRAIL deletion results in reduced 

glucose clearance and increased plasma cholesterol, glucose, insulin and triglycerides, which 

indicate features of type 2 diabetes. Global TRAIL deletion was resulted in insulin resistance 

due to impaired insulin signalling and glucose homeostasis [170,174]. Insulin resistance, a 

main characteristic of type 2 diabetes, can contribute to CVD, hypertension and metabolic 

diseases [175] 

Furthermore, similar changes were observed with TRAIL’s effect on type I diabetes or 

autoimmune diabetes. One study had used non-obese diabetic (NOD) mice and induced type I 

diabetes with cyclophosphamide (CY) injection. To block the action of TRAIL, soluble DR5 

(sDR5) was injected. Mice injected with sDR5 showed accelerated development of diabetes 

and as a result had increased lesion in pancreas due to macrophage infiltrations.  This study 

also saw when Trail-/- mice were injected with streptozotocin (STZ), there was again an 

accelerated development of diabetes along with inflammatory damage to the pancreas. These 

diabetic studies reveal the importance of TRAIL in managing the inflammatory environment 

which was seen as the major cause of accelerated type 1and type 2 diabetes [176]. The initial 

study on atherosclerosis as well as studies on type 1 and type 2 diabetes, saw an increase in 

plaque sizes when TRAIL was deleted.  
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A major physiological outcome of atherosclerosis and diabetes is ischaemia or the lack 

of oxygen supply to any part of the body. According to Diabetes Australia, 4,400 diabetes 

related amputations occur every year (http://www.diabetesaustralia.com.au). These 

amputations not only severely decrease the patient’s lifestyle, it is also a major burden to the 

economy. A way to overcome ischaemia is to stimulate the development of collateral vessels, 

bypass the occlusion and improve blood flow to the lower extremities. My laboratory 

demonstrated that TRAIL plays an important role in this process. For example, Trail-/- mice 

had reduced capillary density 28 days after hindlimb ischaemic surgery. This was reflected by 

the blackened toes due to necrosis observed the Trail-/- mice. More importantly this study found 

that giving intra-muscular adenoviral TRAIL injections to wild type and Trail-/- mice after 

hindlimb ischaemia, improved blood flow to the leg. Further analysis revealed that blood flow 

was increased due to the presence of more capillaries (predominantly ECs) and VSMC 

remodelling in the ischaemic leg after TRAIL injection [177].  This finding established 

evidence that TRAIL can be used as a therapy to increase angiogenesis and prevent limb 

amputations. Table below summarises clinical and pre-clinical studies on TRAIL.  
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Clinical/ Pre-
clinical 

Disease  TRAIL’s effect  

Clinical 
studies  

Coronary 
artery disease 

(CAD) 
Low TRAIL levels (659.2±176.6 pg/mL) were seen 
in  CAD patients [161] and GWAS study identified 
11 loss of function single-nucleotide polymorphism 
of TRAIL in CAD patients [164].  

 

Acute coronary 
syndrome 

(ACS) 
ACS patients have low serum TRAIL levels (57.1 
pg/mL), establishing a negative correlation 
between ACS and sTRAIL  [161,162].  

Heart Failure  Patients with TRAIL concentration below 44.6 
ng/mL were considered at risk of heart failure and 
likely to die within the next 6-months after 
experiencing myocardial infraction [162].   

Pre-clinical 
studies 

Atherosclerosis  Trail-/- Apoe-/- mice on HFD had significantly 
elevated plaque size compared to the control  
Trail-/- Apoe-/- mice had unstable plaque phenotype. 
These mice had impaired glucose and cholesterol 
metabolism [172]. 

Atherosclerosis  Research by Secchiero et al. (2006) showed that IP 
injection on 3µg of rTRAIL in Apoe-/- mice 
reduced atherosclerotic plaque and improved 
plaque stability by VSMC proliferation [178].  

Hind limb 
ischaemia 

(HLI) 
Trail-/- mice had reduced blood supply following 28 
days of hind limb ischaemia and adeno-viral 
TRAIL injection (109 plaque-forming units) in the 
gastrocnemius, 2-days before performing HLI 
improved blood flow. This suggests TRAIL plays 
an important role in improving angiogenesis which 
is severely impaired in CVD patients  [177]. 
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1.5.4 TRAIL and in-vitro studies  

Clinical and pre-clinical studies have shown TRAIL to have a profound impact on the 

vasculature. Generally, TRAIL was considered a pro-apoptotic protein, capable of killing cells 

including ECs. Li et al. (2003) showed that when HUVEC were subjected to TRAIL treatment 

at 20 ng/mL, there was ~ 30% increase in cell death. With higher concentration of TRAIL, 

there was an increase in inflammatory and cell adhesion markers which was shown to be up-

regulated due to NF-kB activation [179]. However, in the same year, Secchiero et al. (2003) 

published that TRAIL and its receptors promote endothelial proliferation and survival without 

the activation of NF-kB.  Instead the authors suggested that the proliferative effect was due to 

p-Akt and p-ERK activation in these cells [158]. These confounding results were harder to 

explain as both studies had used same cell type, however with different sources and 

concentration of TRAIL.  

The non-apoptotic function of TRAIL has been the focus in recent times with various 

research groups discovering and acknowledging the importance of TRAIL in the vascular 

tissue. Our lab has shown that  TRAIL promotes angiogenic properties such proliferation and 

migration and increased tubule formation in  human microvascular endothelial cell (HMEC-1)  

at physiologically relevant concentrations [180]. Our lab has also shown that these angiogenic 

properties on ECs are downstream to fibroblast growth factor (FGF) and involves NOX 4 and 

NO signalling [177]. A finding supported in other EC such as HUVEC where, proliferation 

and migration was seen at lower physiologically relevant concentration and apoptosis at a 

higher dose [181]; the higher concentrations were found to activate caspase-8. TRAIL was also 

observed to promote features required for angiogenesis such as tubule formation in a matrigel 

in-vitro model. TRAIL increased tubule formation compared to control and was similar to 

potent angiogenic factors such as VEGF and FGF. These results well support the findings 
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observed in the in vivo matrigel plug model where TRAIL supplementation in the plug along 

with growth factors such as VEGF and FGF increased angiogenesis [180].  

The mechanism behind the positive role of TRAIL against CVDs and its associated co-

morbidities is not well understood. An important marker instigating many of the above-

mentioned diseases including diabetes and kidney disease is oxidative stress. Though not much 

is investigated into the role of TRAIL in oxidative stress, a study by Zauli et al. (2003) showed 

that TRAIL treatment increased eNOS activity and thereby NO production by the p-Akt 

pathway, which is essential to reduce oxidative stress and maintain a healthy endothelium 

[182]. Our lab has shown that TRAIL has the potential to increase NOX 4, which is usually 

involved in oxidative stress, however recent studies have shown that it can exert protective 

effect against CVDs [177]. Although isoforms of NOX are involved in ROS production, EC 

dysfunction and initiation of CVD, NOX 4 has been shown to exert a protective effect. For 

example, NOX 4 deletion in mice attenuated ischaemia-induced angiogenesis and increased 

pro-inflammatory cytokine production and signalling in endothelial and kidney cells [117,183]. 

In vitro, NOX 4, via its ability to  produce H2O2 in low doses can also stimulate cell 

proliferation [177].  However, it is to be noted that, the amount of NOX 4 produced, and the 

surrounding environment will determine whether its’ effect will be protective or deleterious to 

the vasculature. This dual role of NOX 4 needs further investigation. Further research is needed 

to analyse TRAIL’s protective mechanisms against CVDs.  

In regard to VSMCs, our lab pioneered in identifying non-apoptotic function of TRAIL 

in vascular cells. We have shown that at physiologically relevant concentrations, TRAIL can 

stimulate proliferation of VSMCs by regulating anti-apoptotic factor such as insulin-like 

growth factor-1 receptor (IGF1R), which requires activation of NF-κB in-vitro [184]. Other 

growth factors such as platelet derived growth factor-betta (PDGF-β) also stimulated VSMC 

proliferation and migration in a TRAIL dependant manner [185]. These research indicate that 
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TRAIL may play an important role in regulating VSMCs in atherosclerosis in an NF-κB 

dependant manner.  

These findings indicate TRAIL’s importance in vascular cells and their ability to tackle 

CVDs and its associated co-morbidities. Identification of TRAIL’s mechanism of action and 

in the vasculature can pave way for TRAIL to be used as a therapeutic target in the fight against 

CVDs.  

1.6 RESEARCH HYPOTHESIS 

Several clinical models have shown that low circulating TRAIL levels are an indication 

of CVDs and other metabolic diseases [154-157]. Pre-clinical models have also shown TRAIL 

deletion to result in accelerated atherosclerosis, type 2 diabetes, NASH and other metabolic 

disorders. However, the protective mechanism of action on TRAIL against CVDs is unknown. 

In this thesis, we hypothesis that, TRAIL’s key action is its ability to protect vascular function 

in CVD setting.  

1.7 RESESARCH AIMS  

To investigate the hypothesis, the following aims were identified: 

i. Assess relationship between TRAIL and oxidative stress in healthy vs CAD 

patients  

ii. Identify whether TRAIL deletion in mice affects features of endothelial 

dysfunction which includes oxidative stress, inflammation and vessel 

permeability.  

iii. Identify whether TRAIL protects against AngII-induced oxidative stress and 

negates AngII-induced cell processes such as increased monocyte adhesion and 

permeability in-vitro in ECs. 
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iv. Identify the effect of EC-specific TRAIL deletion in vivo at baseline and 

following 12 -week HFD.  

v. Identify the effect of VSMC-specific TRAIL deletion in vivo at baseline and 

following 12-week HFD.  
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 Methods   

2.1 MATERIALS 

All general reagents were analytical grade and purchased either from BDH or Sigma. Solutions 

were made with nano-pure water (nH2O) or Baxter water.  

2.1.1 Buffers  

Radio-Immunoprecipitation Assay (RIPA) buffer (x1) 

RIPA buffer contained 50 mM of Tris-base, 150 mM of NaCl, 1% (w/v) of sodium 

deoxycholate, 100 mM of EDTA (Sigma-Aldrich, #E5134) and 0.1% of 10% (w/v) of SDS. 

The buffer was adjusted to pH 8.0. RIPA buffer also contained protease inhibitor cocktail 

(Sigma-Aldrich, #P2714) and phenulmethanesulfonyl fluoride (PMSF, Sigma-Aldrich, 

#P7626) in 1:1000 dilution. 

PBST 

Tween-20 (Sigma-Aldrich, #P1379) was added to 1x PBS to give a final concentration 

of 0.05% (v/v).  

Antigen retrieval buffer  

Antigen retrieval buffer consisted of 10 mM of sodium citrate tribasic dehydrate (Sigma-

Aldrich, #C8532), 0.05% Tween 20, and the solution was adjusted to pH 6.0.  
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4x SDS protein loading sample buffer  

1 mL of 0.5 M Tris-hydrochloric acid, pH 6.8 (Sigma-Aldrich, #T5941), 800 µL of 20% 

(v/v) SDS, 800 µL of (v/v) 100% glycerol (Sigma-Aldrich, #G5516) and 400 µL of 0.05% 

(v/v) bromophenol blue (Sigma-Aldrich, #B0126) were mixed.  

Transfer buffer  

100 mL of Tris- Glycine (10X) and 200 mL of methanol made up to 1 L with RO 

(Reverse osmosis) water.  

Eicosanoid affinity column buffer  

Eicosanoid affinity column buffer contained 13.3 g of potassium phosphate (dibasic) 

(Sigma-Aldrich, #P3786) 3.22 g potassium phosphate (monobasic) (Sigma-Aldrich, #P0662), 

0.5 g sodium azide (Sigma-Aldrich, #S8032) and 29.2 g of sodium chloride (Sigma-Aldrich, 

#S5886) in 1 L of ultra-pure water. The buffer was adjusted to pH 7.4.  

EIA buffer  

EIA buffer contained 13.3 g of potassium phosphate (dibasic), 3.2 g of potassium 

phosphate (monobasic), 23.4 g of sodium chloride and 370 mg of EDTA, 100 mg of sodium 

azide and 1 g of bovine serum albumin in 1 L of ultra-pure water.  

TBS 

10x TBS solution was made by using 24 g Tris-hydrochloric acid, 5.6 g of Tris base, 88 

g of sodium chloride in 1 L of distilled water. TBST solution was using 0.1% Tween 20 in 1x 

TBS solution.  

Krebs-Henseleit Buffer 

Krebs solution consists of 115 mM sodium chloride, 4.7 mM potassium chloride, 

1.2 mM magnesium sulphate, 2.5 mM calcium chloride, 1.2 mM potassium phosphate 
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(monobasic), 25 mM sodium bicarbonate and 10 mM glucose. The solution is adjusted to pH 

7.4. 

2.2 HUMAN STUDIES  

2.2.1 Blood collection and ethics  

To understand the implications of circulating TRAIL, peripheral blood was collected 

from 9 patients presented at The Royal Alfred Hospital, Sydney Australia for a stable coronary 

artery disease (CAD). Blood was collected from 8 healthy individuals as controls. Blood 

collection and plasma extraction was performed by our collaborator in Cell Therapeutics group, 

Heart Research Institute. All procedure was conducted in accordance with the Sydney Local 

Health District Human Ethics Committee (Approval number X12-0241; Sydney, Australia).  

2.2.2 Human TRAIL ELISA 

Plasma samples collected was assessed for TRAIL concentration using the kit Human 

TRAIL/TNFSF10 Imunnoassay (Quantikine ® ELISA; DTRL00); based on a quantitative 

sandwich enzyme immunoassay using supplied plates pre-coated with a human monoclonal 

antibody specific for TRAIL. 50 µL of sample and standards were loaded onto pre-coated plates 

and incubated using an orbital shaker for 2 h at room temperature. All the wells were aspirated 

and washed three times, before the addition of human TRAIL conjugate (supplied in kit), 

followed by incubation for a further 2 h on the shaker. The plate was again emptied and washed 

3 times, before addition of substrate solution for 30 min. Plates were protected from light, by 

covering with alfoil. Finally, stop solution was added. Colour change from yellow to green was 

ensured, and optical density measured at 450 nm with wavelength corrections made at 540 nm 

using a plate reader (CLARIO star, BMG Labtech).  
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2.2.3 8-isoprostane purification 

Purification of 8-isoprostane in human plasma was essential before assessing the 

concentration. 8-isoprotense Affinity Columns (Cayman Chemicals; 401111) were obtained 

for purification. After the passage of the storage solution present in the column containing the 

affinity sorbent, the column was washed twice with eicosanoid affinity column buffer (2.1.1) 

followed by a wash with UltraPure water. Plasma samples were then applied to the column, 

followed by elution with 95% ethanol. The elution solution was evaporated until dry using a 

vacuum centrifuge (CT04-50-SR; CHIRST®) and dry nitrogen. The samples were then 

dissolved in EIA buffer (2.1.1) ready to be assessed for 8-isoprostane concentration.  

2.2.4 8-isoprostane ELISA  

8-isoprostane concentration was analysed using 8-isoprostane EIA kit (Cayman 

Chemicals; 516351). This assay is based on competition between 8-isoprostane and an 8-

isoprostane-acetylcholinesterase (AChe) conjugate (8-isoprostane Tracer) for a limited number 

of binding sites. 50 µL of standards and 8-isoprostane eluted in EIA buffer, containing 8-

isoprostane AChe tracer and 8-isoprostane EIA antiserum were incubated in the pre-coated 

plate over night at 40C. The plate was then emptied and washed five times. Following the wash, 

Ellman’s reagent (supplied in kit) was added to all wells and colour developed in 90 min. The 

plate was read at 405 nm using a plate reader (CLARIO star, BMG Labtech). Sample values 

were calculated according to kit instruction, by performing a logistic four-parameter fit.  

2.3 CELL CULTURE 

2.3.1 Propagation 

For this study an immortalized strain of human microvascular endothelial cells-1 (HMEC-1) 

was used. These cells were transfected with PBR-322-based plasmid containing coding region 
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for simian virus 40 A, and a large T antigen thereby making it immortalized. They were sourced 

from the Centre for Disease Control and Prevention (MTA M1224I). Cells were plated in T75 

flask (Gibco) for propagation. Cells were incubated at 37oC and at a 5% CO2 humidified 

environment. HMEC-1 were propagated with 1:4 split after reaching 100% confluency. 1 mL 

trypsin was used to coat the flask and lift cells, whilst serum media was added to deactivate 

trypsin after the cells were lifted. No cells were used beyond passage 35.  

2.3.2  Cell culture media  

Human microvascular endothelial cells (HMEC-1), are a transformed cell line maintained until 

passage 95 without signs of senescence. Though this cell line behaves differently to ECs 

isolated from larger vessels, it retains most of the morphological, phenotypic and functional 

characteristics of a normal endothelium [186] 

HMEC-1 cells were grown in MCDB 131 medium (Life technologies, 10372019), 

supplemented with epidermal growth factor (0.01 µg/mL; Life technologies, #PHG6045), 5 

U/mL penicillin/streptomycin (Sigma Aldrich; P433), L-glutamine (2mmol/L) (Thermo 

Fisher; 25030081), hydrocortisone (500 µg/mL; Sigma-Aldrich, H0888) and 10% foetal bovine 

serum (Bovogen biologicals, SFBS-AU).  

2.3.3 RNA extraction of cells  

Cells grown in T75 flasks, were plated in a 6-well-plate (Corning). Total RNA from cells was 

extracted using Tri Reagent®.  Media was removed, and cells washed twice with cold PBS. 1 

mL of Tri Reagent® (Sigma-Aldrich; T9424) was added, to each well, and pipetted up and 

down to ensure collection of all cells. Lysates were frozen at -200C until ready for extraction, 

then, 200 µL of 1-bromo-3-chloro propane (Sigma Life Science; B9673) was added, vortexed 

for 15 s and rested for 5 min at room temperature. The solution was spun at 8500 rpm for 15 

min at 4°C to separate into 2 different phases. The top phase (clear aqueous layer) was 
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transferred to a new tube and 500 µL (equal volume) of isopropanol (Sigma Aldrich; I9516) 

was added, vortexed for 15 s and incubated at room temperature for 1 h to allow RNA to 

precipitate. Samples were then spun at 8500 rpm for 20 min at 4°C. Supernatant was carefully 

removed without disturbing the pellet, and the pellet was washed with 70% (v/v) of ethanol. 

Ethanol was decanted, and the pellet was air dried. The pellet was then dissolved in 50 µL 

RNAase free water. Concentration of RNA was quantified using Nanodrop 2000c (Thermo 

Scientific) and the purity was measured by A260/280 ratio. After assessment of RNA 

concentration and purity, samples were either diluted to ensure equal concentrations with 

RNAase free water for cDNA synthesis or stored at -80°C for later use.   

2.3.4 cDNA synthesis from total RNA  

Following RNA extraction and quantification, cDNA was generated. For this conversion, 

the following substrates were added  

Chemical Quantity (µL) 

5x iScriptTM reaction mix (BioRad) 2 

iScriptTM Reverse Transcriptase 

(BioRad) 

0.5 

RNA 1 

Nuclease free water 6 

 

Samples were then placed into a T100TM Thermo Cycler (BioRad). The following 

temperatures were implemented:  
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Temperature  Duration 

Lid was heated to 105οC  

25οC 5 min 

42οC 30 min 

95οC 5 min 

4οC Until samples are retrieved 

  

Samples were then diluted 1:5 with nuclease free water, before their usage in real time 

quantitative PCR.  

2.3.5 Quantitative real time PCR 

RNA expression was analysed using CFX96 Real-Time system (BioRad) and values were 

normalised to the house keeper genes. Reactions were performed in a final volume of 10 µL 

containing, 0.2 µL of forward and reverse primer at 10 µM, 3.6 µL of nuclease free water, 5 

µL of IQTM SYBR Green Supermix (Bio-Rad, #1708880) and 1 µL of cDNA sample. Relative 

gene expression was calculated using ∆∆ Ct method. qPCR conditions were maintained as 

follows: 

Hold: 95οC, 3 min 

Melt: 95οC, 15 seconds 

Anneal/Extension: 60οC, 60 seconds 

Melt and Anneal/Extension steps were repeated 40 times in total 
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2.3.6 Primer sequences  

Human primers  

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

GAPDH  GAAGGCTGGGGCTCATTT CAGGAGGCATTGCTGATGAT 

ICAM-1 GTATGAACTGAGCAATGTGC

AAG 

GTTCCACCCGTTCTGGAGTC 

VCAM-1  TTTGACAGGCTGGAGATAGA

CT 

TCAATGTGTAATTTAGCTCGGCA 

VE-

cadherin 

CAGCCCAAAGTGTGTGAGAA CGGTCAAACTGCCCATACTT 

NOX-5 GCAGTCTTTCTGGGACCTGT GGTGCCTCTACAGCCTTCAG 

NOX-4 CTGGAGGAGCTGGCTCGCCA

ACGAAG 

GTGATCATGAGGAATAGCACCAC

CACCATGCAG 

eNOS AGCACCGGAGCCTAGC AGGGCCCATCCTGCTGAG 

 

2.3.7 BCA protein assay 

Bicinchoninic acid (BCA) assay was used to determine the protein concentration of 

samples prior to sample loading for Western blotting. Bovine serum albumin (BSA) (Thermo 

Scientific; #23209) was used to as a standard in a 96-WTP. RIPA buffer diluted with RO water 

in a 1:1 ratio was used as a diluent for standards and lysates. 200 µL of Pierce® BCA (Thermo 

Scientific; #23209) was added to each well containing copper II sulphate (CuSO4) (Sigma 

Aldrich; C2284) at a 50:1 ratio. The plate was incubated at 37οC for 1 h. Colour changed was 

observed and the plate was read at 570 nm using a plate reader Clario Star (BMG Labtech). A 
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standard curve was used to determine protein concentration in the samples. To maintain equal 

loading, sample concentration was adjusted using RIPA buffer.  

2.3.8 Western blotting  

Prior to extraction, cells were washed with ice-cold PBS and scraped with a cell scraper. 

Aortic tissue, frozen upon extraction was lysed in ice-cold PBS using Fastprep-24 Instrument 

(MP Biomedicals). BCA protein assay was performed as described above to determine the 

concentration of proteins. Protein lysates were lysed by pushing through a 23-guage needle and 

were mixed with 4x SDS sample loading buffer and 2-mercaptoethanol (Sigma; M3148) 

followed by boiling at 95οC for 5 min. Protein samples were loaded into pre-cast 

polyacrylamide gel BoltTM 4-12% Bis-Tris Plus (Invitrogen; NW04120). 5 µL of Precision 

Plus Protein KaleidoscopeTM (Bio Rad; #161-0375) marker was loaded onto one well. Gels 

were placed in a mini gel tank (Life Technologies) with buffer MES-SDS running buffer (Life 

Technologies; B0002) until proteins were separated. Once protein separation was achieved, 

proteins were transferred to a nitrocellulose membrane using the iBlot Gel Transfer system 

(Invitrogen). Membranes were incubated for non-specific binding protein with either 5% BSA 

in TBST for 1 h. Membranes were then incubated with primary antibody overnight, followed 

by three 5 min wash with TBST and 1 h horseradish peroxidase-conjugated secondary anti-

mouse (Dako) or anti-rabbit (Dako) and visualised using chemiluminescence (ChemiDocTM 

MP imaging system; BioRad).  The primary antibody, its dilution and duration of incubation 

is given in the table below.  
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Antibody Catalog/Supplier Dilution Duration 

Anti-VE Cadherin 

antibody 

ab33168/Abcam 1:1000 Over-night 

Monoclonal Anti-β-

actin antibody 

A5316/ Sigma-

Aldrich 

1:10,000 25 min 

 

2.3.9 Monocyte adhesion assay  

Confluent layer of HMEC-1 were grown on glass cover slips, followed by serum-starvation. 

Cells were then subjected to Ang II (50 ng/mL) for 2 h, with and without over-night pre-

treatment of TRAIL (1 ng/mL). Buffy coat (Red Cross Blood Bank) was used to isolate human 

monocytes as described previously [187]. Monocytes were stained with CellTraceTM CFSE 

(5µM) (Invitrogen; C34554) for 1 h were plated on the monolayer of cells at a concentration 

of 2 million cells/ml. Cells were then incubated with monocytes for 2 h and the cover slips 

were washed in HBSS 1387 (Sigma-Aldrich, #H1387) by gently dipping them, following 

fixing cells in 10% formalin. Images of monocytes attached to a monolayer of ECs were taken 

using Olympus microscope at 20x magnification. Minimum of three field of views were 

obtained per treatment, per experiment. Monocyte attached (fluorescent green) was counted in 

each field of view and averaged per condition.  

2.3.10 DHE staining of cells  

To analyse cytosolic oxidative stress produced in vitro, dihydroethidium (DHE) (Thermo 

Fisher; D11347) was used. I DHE was initially dissolved in dimethylsulfoxide (DMSO) to a 

concentration of 5 mM. This stock solution was stored at -20οC. Before staining, cells were 

washed twice with warm PBS and adherent cells were lifted using trypsin EDTA. Cells were 
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then spun in glass tubes at 10,000g for 10 min to remove the trypsin. DHE stock solution was 

mixed with HBSS to a concentration of 10 µM and added to the cell pellet. The glass tube was 

gently shaken to ensure dissolution of the pellet in the solution. The solution was incubated for 

25 min in a tissue culture incubator maintained at 37οC and a 5% CO2 humidified environment. 

Florescence was analysed using the BD FACS VerseTM (BD Bioscience). BD FACSuiteTM 

CS&T Research beads (BD Bioscience) was used to initialise and calibrate the flow cytometer 

before samples were run.  

Gating strategy for DHE staining  

10,000 events/ samples were collected. Live cell population was identified on an SSC-A (side 

scatter area signal) vs FSC-A (forward scatter area signal) and were selected with a round 

gate (Figure X). Gated cells were displayed on a histogram to monitor DHE fluorescence, 

which is at a 318 nm excitation and at an emission of 605 nm (Figure 2.1).  

 

 

Figure 2.1 Gating strategy for DHE fluorescence staining. (a) Live cell population was 

gated on an SSC-A vs FSC-A graph. (b) DHE fluorescence of the gated population at 318 

nm excitation and an emission of 605 nm on the histogram.  
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2.3.11 Mitosox staining of cells  

To analyse mitochondrial superoxide production, MitoSOXTM (Thermo Fisher; M36008) 

was used. The stock solution was prepared by dissolving MitoSOXTM with DMSO to a 

concentration of 5 mM which was stored at -20οC. Similar to DHE staining, cells were prepared 

and dissolved with MitoSOXTM stain at a working concentration of 5 µM. Florescence was 

analysed using the BD FACS VerseTM (BD Bioscience) with absorption at 510 nm and 

emission at 580 nm. Gating strategy is same as described in section 2.3.10. 
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2.4 ANIMAL STUDIES  

2.4.1 Animal housing  

All animals were bred at Australian BioResource (Moss Vale, NSW Australia). At 5 -8 weeks 

of age, animals were transported to the Heart Research Institute (HRI) by in-house Australian 

BioResource van. Animals at HRI were grouped to a maximum of 5 mice, in OptiMice Hepa 

filter system. The animals were conditioned for a fixed 12-hour light/dark cycle and 

temperature was maintained at 21οC. Animals had ad libitum access to food and water.   

2.4.2 Genotypes of mice  

This thesis made use of number of different genotypes of mice. They were: 

Genotype Use 

Trail+/+Apoe-/-, Trail-/-Apoe-/- (Males) (n = 6) Myography 

Trail+/+Apoe-/-, Trail-/-Apoe-/- (Males) (n = 3) Aortic DHE staining  

Trail+/+; Trail-/- (Females) (n = 6-7/group) Vessel permeability 

Trail+/+; Trail-/- (Males) (n = 4) Aortic mRNA extraction 

TrailEC+/+, TrailEC-/- (Males) (n = 4-5/group) Baseline study 

TrailEC+/+, TrailEC-/- (Males) (n = 6-12/group) 12 w HFD study 

TrailVSMC+/+, TrailVSMC-/- (Males) (n = 4-5/group) Baseline study 

TrailVSMC+/+, TrailVSMC-/- (Males) (n = 4-11/group) 12 w HFD study 

 

EC: Endothelial cells; VSMC: Vascular smooth muscle cells; HFD: High Fat Diet  
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2.4.3 Animal ethics  

All methods involving mice were carried out in accordance with the National Health and 

Medical Research Council of Australia guidelines. Experimental protocols were approved 

under the following ethics:  

 Ethics number 

University of New South Wales 11-71B 

Sydney Local Health District Animal Welfare Committee 2013-020 

Sydney Local Health District Animal Welfare Committee 2014-027 

Sydney Local Health District Animal Welfare Committee 2017-020 
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2.4.4 Cell-specific TRAIL gene deletion mice  

Endothelial cell-specific TRAIL gene deletion  

To identify the role of TRAIL in the vascular endothelium in vivo endothelial-specific TRAIL 

gene deleted mice were created using Cre/Lox breeding system in a C57bl/6 background. 

TRAIL gene consists of 5 exons. Exon 5 was flanked with insertion of LoxP site on either of 

its ends. This genotype mouse was crossed with VE-cadherin promoter - Cre transgenic mice. 

Since VE-cadherin is expressed exclusively in the vascular endothelium, these cross enables 

TRAIL gene to be deleted in cell expression VE-cadherin, i.e ECs. The cross resulting in EC-

specific TRAIL gene deleted mice is shown in Figure 2.2. 

 

 

Figure 2.2 Gene cross of EC-specific TRAIL deleted mouse.  Cre-Lox system used to 

cross TRAIL exon 5 deleted mouse with Cre-VE-cadherin mouse to yield EC-specific 

TRAIL deleted mouse.  
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An example of the breeding strategy for TrailEC-/- mice is below. An identical strategy was used 
to generate TrailVSMC-/- 

F1  Trailflox/flox x Trail+/+ VEC Cre/+  

Offspring possibilities include: 

• Trailflox/+ VEC Cre/+  
• Trailflox/+ VEC +/+ 

F2 Trailflox/+ VEC Cre/+ x Trailflox/+ VEC Cre/+ 

Offspring possibilities include:  

• Trailflox/flox VEC Cre/+Trailflox/+ VEC Cre/+ 
• Trail+/+ VEC Cre/+ 
• Trailflox/flox VEC+/+  
• Trailflox/+ VEC+/+ 
• Trail+/+ VEC+/+ 

Our control mice were littermate control Trail+/+ VEC Cre/+ mice. All on a C57Bl6 
background. 
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Vascular smooth muscle cell-specific TRAIL gene deletion  

To identify the role of TRAIL in the vascular smooth muscle cells (VSMCs) in vivo, vascular 

smooth muscle cell-specific TRAIL gene deleted mice were created using Cre/Lox breeding 

system in a C57bl/6 background. TRAIL gene consists of 5 exons. Exon 5 was flanked with 

insertion of LoxP site on either of its ends. This genotype mouse was crossed with transgelin 

promoter- Cre transgenic mice. Since transgelin is expressed exclusively in the VSMCs, these 

cross enables TRAIL gene to be deleted in cell expression transgelin, i.e VSMCs. The cross 

resulting in VSMC-specific TRAIL gene deleted mice is shown in Figure 2.3. 

 
 
 
 

Figure 2.3 Gene cross of VSMC-specific TRAIL deleted mouse.  Cre-Lox system used 

to cross TRAIL exon 5 deleted mouse with Cre-Transgelin mouse to yield VSMC-specific 

TRAIL deleted mouse. 
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2.4.5 High fat feeding study  

Animals were brought to HRI at 5 weeks of age and acclimatised for a week. At 6 weeks, body 

weights were recorded, and mice placed on 12-week high fat diet (HFD, SF00219; Specialty 

Feeds). For the next 12 weeks animals were weighed and monitored on a weekly basis. Before 

euthanasia, animals were fasted overnight. Blood glucose and weights were recorded just 

before euthanasia. Animals were anaesthetized using isoflurane (3-4%), and euthanised via 

cardiac exsanguination. Blood collected were stored in EDTA tubes, spun and plasma 

collected, snap frozen using liquid nitrogen and stored at -800C. Sections of liver and heart 

were fixed in OCT, formalin and snap frozen in liquid N2 whilst other organs including spleen, 

fat, pancreas, intestine, colon, retro fat, kidney, lung, aorta, muscle and eye were processed in 

10% formalin and snap frozen in liquid nitrogen (N2). This experiment was performed in 

accordance with ethics protocol 2017-020. 

2.4.6 Blood pressure measurement  

Blood pressure was measured via a tail cuff in mice fed an HFD between week 10 and 12 w. 

Mouse and Rat Tail cuff Blood Pressure (MRBP) system (IITC Life Science) was used. 

Chambers were kept warm at a temperature of 320C. Animals were placed in the chamber, and 

lights were turned off to ensure a dark, stress-free environment prior to blood pressure 

measurements. Mice were restrained with the cuff attached to their tail and given a chance to 

settle down in their new environment for 5 min. The start pressure was set at 150 mm of Hg 

and the termination pressure was set at 30 mm of Hg. The trigger level was set at 100 mv; the 

experiment was typically run 3 times with a gap of 10 s between experiments. Systolic pressure, 

diastolic pressure, mean arteriole pressure (MAP) and heart rate were recorded by the machine.  

Multiple measurements were obtained to identify and exclude stress and movement related 

pressure spikes. It was crucial to identify a good blood pressure reading and determining the 
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systolic and diastolic points in the wave graph generated by the system. The consistently 

appearing lower amplitude wave just before a series of higher amplitude wave was assigned 

the systolic pressure. The higher amplitude waves were assigned diastolic pressure. The correct 

identification of wave graph is depicted below in Figure 2.4.   

 

2.4.7 Glucose and insulin tolerance  

Prior to the end of the 12 w HFD, at 10 and 11 weeks, glucose tolerance test (GTT) and 

insulin tolerance tests (ITT) were carried out respectively [170]. For GTT, mice were fasted 

overnight, transferred to a new cage with only ad libitum water. Overnight fasting was not 

required for ITT. Mice were injected intraperitoneally with 1 g/kg body weight of D-glucose 

(Sigma Aldrich) for GTT, or 1 U/kg of human insulin for ITT. Blood glucose was measured at 

baseline, 15, 30, 60 and 120 min after administration of glucose/insulin via tail nick using a 

glucometer (Accu-check Performa; Roche). Water was not supplied for the duration of the 

experiment.   

Figure 2.4. Identification of systolic and diastolic wave points. Systolic wave point is 

defined as the lowest amplitude wave right before the increase in frequency of waves. This 

is indicated by the green line in the figure above. The diastolic wave point is defined as the 

highest consistent amplitude wave immediately after the systolic wave point. This is 

indicated by the red line in the above figure.  
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2.4.8 RNA extraction of mouse aorta  

RNeasy® Fibrous Tissue Mini Kit (Qiagen, 74704) was used to extract RNA from snap 

frozen aortic tissue. Buffers (including RLT, RW1 and RPE) and reagents were supplied with 

the kit. Snap-frozen tissue was homogenized in 300 µL RLT buffer containing 1% (v/v) 2-

Mercaptoethnaol (Sigma Life Science; M3148) in a 1.5 mL tube containing ceramic beads (MP 

Biomedicals; 6913-500) using Fastprep-24 Instrument (MP Biomedicals). Tissue lysate were 

transferred to an autoclaved 1.5 mL eppendorf tube. Lysate were then mixed with RNase free 

water containing proteinase K (1:60 dilution) and incubated at 550C for 10 min. Samples were 

spun at 10,000 g for 3 min, supernatant collected and mixed with 0.5 volume of absolute 

ethanol. The lysate was then transferred through the RNeasy column (supplied in kit) and 

washed multiple times with RW1 and RPE buffer according to the supplied protocol. Finally, 

RNA was eluted from the column with 50 µL of RNase-free water. RNA was assessed for 

concentration and converted to cDNA as described in section 2.3.3. 

2.4.9 Primer sequence  

Mouse primers  

Gene Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

β-actin AACCGTGAAAAGATGACCCA

GAT 

CACAGCCTGGATGGCTACGTA 

 

α-SMA GTCCCAGACATCAGGGAGTA

A 

TCGGATACTTCAGCGTCAGGA  

α-

tropomyosin 

AGCTCGACAAAGAGAACGCC ATCTTCCAGCTGCTTGCTCC 

eNOS AGCACCGGAGCCTAGC AGGGCCCATCCTGCTGAG 
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iNOS CGAAACGCTTCACTTCCAA TGAGCCTATATTGCTGTGGCT 

MYH-10 GAAGAGCGGAACCAGATCCT

AC 

TAGCCTCTGCTGTCACCTTCTC 

MYH-11 AAGCTGCGGCTAGAGGTCA CCCTCCCTTTGATGGCTGAG 

KLF-4 CTATGCAGGCTGTGGCAAAAC

C 

TTGCGGTAGTGCCTGGTCAGTT 

KLF-5 AGCTCACCTGAGGACTCATAC

G 

AGAAGCTGCGTTGGCACACCA

T 

ICAM-1 GTGATGCTCAGGTATCCATCC

A 

CACAGTTCTCAAAGCACAGCG 

VCAM-1 TTGGGAGCCTCAACGGTACT GCAATCGTTTTGTATTCAGGGG

A 

IL-1β GTTTCTGCTTTCACCACTCCA GAGTCCAATTTACTCCAGGTC

AG 

VE-cadherin TCCTCTGCATCCTCACTATCA

CA 

GTAAGTGACCAACTGCTCGTG

AAT 

NOX 1  AATGCCCAGGATCGAGGT GATGGAAGCAAAGGGAGTGA 

NOX 2  CCCTTTGGTACAGCCAGTGAA

GAT 

CAATCCCGGCTCCCACTAACA

TCA 

 

2.4.10 Myography  

Myography was performed on Apoe-/- and TRAIL-/-Apoe-/- mice on a 12 w HFD to 

measure the percentage of relaxation in response to acetylcholine (ACh) and sodium 
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nitroprusside (SNP). This part of the study was performed by our collaborators from the Redox 

Cell Signalling group, Centre for Vascular Research, UNSW.  

Thoracic aortas of mice were placed in Krebs-Henseleit buffer solution. Adherent 

connective tissue and fat surrounding the aorta was removed. Following this, aortas were cut 

into ~2 mm aortic rings and mounted into individual organ chambers of a MultiMyograph 

610M Myobath (Danish Myo Technology). PowerLab data acquisition system (AD 

instruments) was used to record changes in isometric tensions. Aortic rings were equilibrated 

for 60 min and then maintained at a baseline tension of 9.8 mN for a further 30 min. Following 

this, aortic rings were exposed to high potassium salt solution (KPSS; equimolar substitution 

of potassium chloride and sodium chloride) 3 times, to achieve consistent maximal contraction. 

Aortic rings were washed with KHB solution between each KPSS wash for the rings to return 

to baseline tension. Isometric tension was applied to the aortic rings and monitored by a force 

transducer. The tension was slowly increased until it reached a resting or baseline tension of 

9.8mN which was maintained for the rest of the experiment. Finally, ACh and SNP were 

supplied in increasing doses after a KPSS wash to measure percentage of relaxation by 

PowerLab.  

2.4.11 Vessel Permeability  

Evans blue experiment, a test for blood vessel permeability was carried out in accordance with 

Radu et al [188]. 8-12-week-old Trail-/- and littermate controls were injected with 200 µL of 

0.5% sterile solution of Evans blue (Sigma Life Science; E2129) in PBS. After 30 min, mice 

were anaesthetized with isoflurane (3-4%) and euthanised via cervical dislocation. Organs 

collected were either fixed in 10% formalin (Sigma-Aldrich, #HT501128) or incubated at 550C 

for 48 hours in formamide (deionized) (Ambion®; #AM9342) to measure the intensity of dye 

leakage at 610 nm using a plate reader (CLARIO star, BMG Labtech). Organs collected include 
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brain, heart, lung, liver, spleen, intestine, colon, kidney and skin. This experiment was 

performed in accordance with ethics protocol 2017-020.  

2.4.12  Cholesterol assay  

Collected plasma samples from the animals were used to detect cholesterol concentration in 

serum using LabAssayTM Cholesterol (Wako) kit. The samples were processed in accordance 

with the kit and colorimetric analysis was done at 600nm using a plate reader (CLARIO star, 

BMG Labtech). 

2.4.13  Insulin assay  

Collected plasma samples from the animals were used to detect insulin concentration in serum 

using Mouse Inulin ELISA (Mercodia, 10-1247-10), a solid phase two-site enzyme 

immunoassay. Calibrators in the kit was used as standards whist peroxidase conjugated mouse 

monoclonal anti-insulin was used as the enzyme conjugate. The bound conjugate was detected 

by reaction with 3,3’,5,5’-tetramethylbenidine, while an acid was added to give a colorimetric 

endpoint. The samples were then analysed at 450 nm using a plate reader (CLARIO star, BMG 

Labtech). 

2.4.14  Nitrate/nitrite assay  

Collected plasma samples from mice were used to detect nitrate/nitrite concentration in serum 

using the Nitrate/Nitrite colorimetric assay kit (Cayman chemicals, 780001).  The assay works 

on the principle of converting nitrate in the plasma to nitrite by nitrate reductase. This was 

followed by adding Griess reagents which converts the nitrite in the plasma into deep purple 

azo compound. A nitrate standard curve was set up ranging from 0 to 35 µM in concentration. 

Plasma samples were diluted 1:2 with the assay buffer before plating. 10 µl of enzyme cofactor 

mixture and 10 µL of nitrate reductase was added to each well (standards and unknown) and 
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incubated for 3 h at room temperature. After incubation, 50 µL of Griess reagent R1 and R2 

was added. Colour developed in 10 min and the samples were analysed at 550 nm using a plate 

reader (CLARIO star, BMG Labtech). 

2.4.15  DHE staining of aortas  

Isolated frozen aortas were cut into 5 µm sections and incubated with Krebs solution for 15 

min at 37oC, followed by DHE (5 µM; Life Technology, ThermoFisher Scientific) for a further 

30 min at 37oC. Tissue sections were washed 3X in phosphate buffed saline (PBS), and once 

with water. Fluorescent images were captured using a DP72 Camera (Olympus) on an Olympus 

BX 53 fluorescence microscope using a filter with an emission range of 570–640 nm. NIH 

Image J was used to quantify DHE red fluorescence staining per field of view. 

 

2.4.16    Histology  

Tissue processing, embedding and cutting  

Organs in formalin overnight were transferred to 70% ethanol closed in cassettes, for 

immediate or future use. The tissue processing system (Leica biosystems; TP1020) was used 

for processing prior to embedding in paraffin. The following program was used to process the 

tissue: 

Reagent Duration 

70% Ethanol 1 h 

80% Ethanol 1 h 

95% Ethanol 1 h 15 min 

Absolute ethanol 3 x 1 h 

Xylene 2 x 1 h 30 min 
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Paraffin 2 x 2 h 

 

After processing, the embedder (Leica biosystems; EG1150C) was used to embed organs 

in paraffin, which were cooled to form blocks. Aortas were embedded to achieve cross-section 

when cut.  

Paraffin embedded samples were placed on wet ice 1 h prior to cutting. HM 200 Microm 

microtome (Ergostar) was used to cut blocks in 5 µm sections and floated on warm water 

(42οC). Starfrost® slides (ProSciTech) were used to mount the section. Slides were checked 

immediately under Olympus microscope (CKX41), to ensure there was no folded tissues. 

Slides were left to dry over night at 42οC and stored at room temperature for future use.  

Deparaffinization and hydration  

All slides prior to any stain were deparaffinized and hydrated. The protocol for the 

procedure is listed below:  

Protocol Duration 

Xylene 2 x 10 min 

Absolute ethanol 2 x 2 min 

90% ethanol 2 x 2 min 

70% ethanol 1 x 2 min 

 

Dehydration and mounting  

Following staining protocol, slides were dehydrated with increasing concentration of 

alcohol as listed below: 
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Reagent Duration 

1. Slides were dehydrated through 

increasing concentrations of alcohol  

a. 70% ethanol 

b. 90% ethanol 

c. Absolute ethanol 

 

 

2 x 2 min 

2 x 2 min 

2 x 2 min 

2. Slides were placed in xylene 2 x 10 min 

 

Following this procedure, slides were mounted with coverslips (Automat-Star) using 

mounting media DPX (Sigma; 06522). Slides were left to dry over-night at room temperature 

before imaging was performed. Imaging was performed using Axio scanner (Zeiss Axio Scan 

Z1) at x20 magnification (objective magnification). The experimenter was non-blinded. 

Hematoxylin and eosin (H&E) stain  

H&E analysis was performed to analyse the aortic architecture. Slides were 

deparaffinized and hydrated and the stain was performed according to the table below.  

Reagent Duration 

Haematoxylin 3 min 

Water 2 x 2 min 

Acid alcohol 3 quick dips 

Water 1 dip 
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Scott’s blue 30 s 

70% ethanol 1 x 2 min 

Eosin 2 x 40 s 

95% ethanol 4 dips 

Absolute ethanol 4 dips 

Xylene 2 x 10 min 

 

Slides were then dehydrated and mounted. For H&E stained slides, aortic cell wall 

thickness was measured using Image Pro® (Premier version 9.2). 

Elastin staining  

Elastin staining was performed on baseline and 12 w HFD mice to assess the presence or 

absence of breaks in elastin fibres, which is an indication of vascular disease. Slides were first 

deparaffinized and hydrated before starting the procedure. Elastin staining procedure was done 

according to the kit (Sigma; HT25A) 

Protocol Duration 

1. Slides were placed in Working elastin stain 

solution, which contains 20 mL hematoxylin 

solution (alcoholic), 3 mL ferric chloride 

solution, 8 mL Weigert’s iodine solution and 5 

mL deionized water 

10 min 

2. Slides were rinsed in deionized water   
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3. Slides were dipped in working ferric chloride 

solution (3 mL of ferric chloride with 37 mL of 

deionized water) for differentiation of sections. 

Slides were microscopically checked to ensure 

differentiation   

 

4. Slides were rinsed in 95% ethanol  

5. Slides were rinsed in deionized water   

6. Slides were placed in Van Gieson solution 3 min 

7. Slides were rinsed in 95% ethanol  

 

Slides were then dehydrated and mounted. For Elastin staining, after selecting the area 

of the aorta, threshold colour (i.e. purple) was chosen using dropper function using Image Pro® 

(Premier version 9.2). Data was expressed as percentage area stained. Breaks in elastin layer 

in the aortic wall was also quantified. 

Picrosirius Red Stain 

Picrosirus red stain was used to stain for collagen type 1 and 3 in aortas of 12 w HFD 

and baseline mice [189]. Slides were first deparaffinized and hydrated before starting the 

procedure. The protocol was followed based on Picrosirius red stain kit (Polysceince, Inc.; 

24901) 

Protocol Duration 

1. Slides were stained using Weigerts Hematoxylin stain  8 min 

2. Slides were rinsed in distilled water   
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3. Slides were placed in solution A (Phosphomolybdic 

acid).  

2 min 

4. Slides were rinsed in distilled water   

5. Slides were placed in solution B (Picrosirius Red F3BA 

stain) 

1 h 

6. Slides were then placed in solution C (0.1N of 

hydrochloric acid) 

2 min 

7. Slides were then placed in 70% ethanol 45 s 

 

Slides were then dehydrated and mounted. For collagen staining, after selecting the area 

of the aorta, threshold colour (i.e. dark red) was chosen using dropper function using Image 

Pro® (Premier version 9.2). Data was expressed as percentage area stained.  

2.5 STATISTICAL ANALYSIS  

All analysis was performed on GraphPad Prism Version 7.0 (GraphPad Software). All data was 

tested for normality using Shapiro-Wilk normality test. Statistical comparisons were made 

either using Students t-test, Mann-Whitney U-test, one or two-way ANOVA. All results were 

expressed as mean ± SEM, unless otherwise stated. Statistical outliers in data set was excluded 

by Grubb’s test. A value of p<0.05 was considered as significant result.  

 

Symbol p-value 

* p<0.05 

** p<0.01 
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*** p<0.001 

**** p<0.0001 
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 TRAIL’s role against oxidative stress 
in clinical and pre-clinical models  

3.1 INTRODUCTION 

The results from this chapter are part of a publication in “Free Radical Biology and 

Medicine”, under the title “TRAIL inhibits Angiotensin-II-induced oxidative stress and 

inflammation in vascular endothelial cells.” [190]. 

Endothelial cells (ECs) are critical for cardiovascular homeostasis by maintaining an 

anti-thrombotic, anti-inflammatory and anti-atherogenic state within the vessel wall [191], and 

endothelial dysfunction is a clinically relevant early indicator of atherosclerosis [192]. 

Oxidative stress mediates reactive oxygen species (ROS), which are chemically active 

compounds containing oxygen and are implicated in endothelial dysfunction [191].  Identifying 

novel stimuli that protect the vascular endothelium against ROS-induced dysfunction is an 

attractive strategy for development of new therapeutics against cardiovascular disease. 

TRAIL is a protein discovered and named for its ability to promote cell death by binding 

to its specific death receptors [193]. However, work from our laboratory and others have shown 

that TRAIL stimulates EC proliferation and migration in vitro and in vivo [194-196], and 

importantly plays an overall protective role in CVD. Patients with CVD and its complications 

have reduced circulating TRAIL concentrations [163,168,197], and mice lacking TRAIL 

exhibit accelerated atherogenesis [172]. The mechanisms by which TRAIL regulates EC 

function and protects against atherosclerosis are unclear. In this chapter, multiple approaches 

were used to identify the protective role of TRAIL on the vasculature, particularly the 

endothelium. We aim to establish a relationship between TRAIL and oxidative stress in human 
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samples and to investigate if TRAIL deletion in mice promotes oxidative stress and endothelial 

dysfunction in an in vivo model. 

3.2 BRIEF METHODS 

3.2.1 Human TRAIL and 8-iso prostaglandin F2α ELISA  

Human plasma was collected from healthy and CAD individuals under ethics X12-0241; 

Sydney, Australia. Plasma was purified and assessed for TRAIL and 8-iso prostaglandin F2α 

circulating concentration as described in the method sections 2.2.2, 2.2.3 and 2.2.4.  

3.2.2 Myography 

To detect endothelial function in Apoe-/- and Trail-/-Apoe-/- mice myography was 

performed as described in method section 2.4.10. 

3.2.3 DHE aortic staining  

5 µm frozen aortic section was incubated with Krebs solution for 15 minutes at 37οC. 

Sections were then stained with 5 µM of DHE for a further 30 min and at 37οC and then washed 

with PBS followed by water. Sections were imaged using DP73 Camera (Olympus) on an 

Olympus BX 53 fluorescent microscope using a filer with an emission range of 570-640 nm. 

NIH Image J was used to quantify the fluorescence.  

3.2.4 4-Hydroxyneal ELISA  

Mouse aortas (males) were lysed with RIPA buffer containing PMSF (1:100) and protease 

inhibitor cocktail (1:100). Lysates were then used to detect 4-hydroxyneal (HNE) concentration 

using OxiSelectTM HNE adduct competitive ELISA kit (Cell Biolabs, Inc.) Absorbance was 

read at 450 nm using a plate reader (Clario Star, BMG Labtech).  
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3.2.5 Vessel permeability  

Vessel permeability was detected in Trail+/+ and Trail-/- female mice as described in method 

section 2.4.11.  

3.2.6 Mouse aorta RNA extraction  

RNA extraction was performed in males 12 w HFD Apoe-/-, Trail-/-Apoe-/- and baseline 

Trail+/+ and Trail-/- mice as described in method section 2.4.8. VE-cadherin and b-actin primer 

sequences described in 2.4.9 were used.  

3.2.7 Western blotting 

Western blotting was performed on mouse aortic lysates as described in method section 

2.3.8.  
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3.3 RESULTS  

3.3.1 CAD patients have reduced circulating TRAIL levels that negatively correlate 

with 8-iso prostaglandin F2α 

Oxidative stress can increase ROS production and thereby promote endothelial 

dysfunction [191]. To investigate the relationship between circulating TRAIL levels and 

oxidative stress, human plasma was assessed (Ethics X12-0241; Sydney, Australia). We first 

examined levels of circulating TRAIL and the widely used in vivo marker of oxidative stress, 

8-iso prostaglandin F2α using ELISAs, in healthy verses coronary artery disease (CAD) patients 

[198]. Plasma TRAIL levels were significantly reduced by ~40% in CAD patients when 

compared to healthy controls (healthy vs CAD; 128.0 ± 6.8 pg/mL vs 81.7 ± 9.3 pg/mL; p = 

0.0021) (Figure 3.1a), whereas plasma 8-iso prostaglandin F2α was significantly increased in 

CAD patients by ~25% (healthy vs CAD; 30.3 ± 1.8 pg/mL vs 38.2 ± 2.1 pg/mL; p = 0.0164) 

(Figure 3.1b). Furthermore, a strong inverse correlation was established between TRAIL and 

8-iso prostaglandin F2α (Figure 3.1c). These findings indicate that circulating TRAIL may be 

a predictor of oxidative stress in CAD patients.  
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Figure 3.1 Patients with CAD have reduced circulating TRAIL and increased 8-iso 

prostaglandin F2α. Plasma from peripheral blood of healthy and CAD patients were 

analysed for (a) TRAIL and (b) 8-iso prostaglandin F2α (n = 7-9/group) (c) Correlation 

between TRAIL and 8-iso prostaglandin F2α in CAD. Normality was assessed using 

D’Agostino-Pearson omnibus normality test and Mann-Whitney U-test was performed; 

results expressed as mean ± SEM, * p < 0.05, **p < 0.01.  
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3.3.2 TRAIL deletion in mice promotes EC dysfunction  

We have previously shown that TRAIL gene deletion in an Apoe-/- mice placed on a 12-

week HFD resulted in accelerated atherosclerosis [172]. We used the same model to examine 

endothelial dysfunction. After 12 w of HFD, following euthanasia, thoracic aortas were 

collected and mounted into an individual organ chambers and assessed for concentration 

dependant vaso-relaxation. Trail-/-Apoe-/- aortas had impaired relaxation in response to 

increasing doses of the endothelial-dependent vasodilator acetylcholine, but not to sodium 

nitroprusside, which dilates vessels in an endothelium-independent manner (Figure 3.2a-b). 

The pEC50 (half maximal effective concentration) value of Apoe-/- and Trail-/- Apoe-/- mice are 

-7.6 and -7.4 respectively. These findings confirm that Trail-/-Apoe-/- vessels have impaired 

endothelial function. 
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Figure 3.2 TRAIL deletion in mice promotes EC dysfunction. (a) Left, myography of 

aortae from 12 w HFD Apoe-/- and Trail-/-Apoe-/- mice in response to acetylcholine (Ach). 

Right, area under the curve (n = 6/genotype). (b) Sodium nitroprusside (SNP) has no effect 

(n = 3/genotype). Results expressed as mean ± SEM; * p < 0.05, Student’s t-test.  
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3.3.3 TRAIL deletion in mice promoted vascular ROS generation  

We next examined vascular tissues of 12 w HFD-fed Trail-/-Apoe-/- and Apoe-/- mice for 

oxidative stress. Frozen aortae were stained for DHE, a marker of cytosolic oxidative stress. 

Trail-/-Apoe-/- mice had ~2-fold increase in DHE fluorescence staining when compared with 

Apoe-/- vessels (Figure 3.3a). Furthermore, analysis of 4-hydroxyneal concentrations, a marker 

of lipid peroxidation which is known to be increased due to ROS production, was also increased 

in vascular tissues of Trail-/-Apoe-/- mice compared to the control (Figure 3.3b). These findings 

indicate that TRAIL deletion promotes vascular oxidative stress. 

 

 

 

 

Figure 3.3 TRAIL deletion in mice promotes vascular ROS generation. (a) DHE 

fluorescence staining (n = 3/group) and (b) 4-hydroxynonenal concentrations of aortic 

tissue from 12 w HFD Apoe-/- vs Trail-/-Apoe-/- mice (n = 4/genotype). Results expressed as 

mean ± SEM; *p < 0.05, Student’s t-test.  
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3.3.4 TRAIL deletion increases vascular permeability and reduces VE-

cadherin expression in mice   

Permeability is strictly maintained in a healthy endothelium [199], and another measure 

of endothelial dysfunction is increased vascular permeability.  To analyse the effect of TRAIL 

deletion on vascular permeability, Evan’s blue, a dye that has high affinity to serum albumin 

in the blood, was injected intravenously (i.v.) and vascular leak was determined by measuring 

the amount of dye leaked into organs. Highly vascularised organs such has liver, intestine and 

colon were assessed and had increased Evan’s blue dye in Trail-/- mice compared to the 

controls, indicating increased vascular leak with TRAIL deletion (Figure 3.4a). VE-cadherin 

is considered an important molecule in regulating permeability, controlling expression levels 

and signalling activity of adherents and tight junction proteins [200]. VE-Cadherin was 

analysed to assess whether TRAIL-dependent vascular permeability involved changes to VE-

Cadherin expression. Importantly, Trail+/+ and Trail-/- (normal chow diet) mice had a 

significantly reduced aortic VE-cadherin mRNA expression (Figure 3.4b). Similarly, 12 w 

Trail-/-Apoe-/- aortae also had reduced VE-cadherin mRNA ~50% (Figure 3.4c) and VE-

Cadherin protein expression compared to aortae of Apoe-/- mice (Figure 3.4d). Collectively, 

these results suggest that TRAIL regulates VE-cadherin expression, and this may represent a 

mechanism as to why mice with TRAIL deletion have increased vascular permeability.  
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Figure 3.4 TRAIL deletion increases vascular permeability and reduced VE-cadherin 

expression. (a) Evans blue detection in liver, intestine and colon of Trail+/+ and Trail-/- 

mice 30 minutes after injection (n = 6-7/group). Aortic mRNA expression of VE-cadherin 

in (b) Trail+/+ and Trail-/- (n= 4/group) and (c) 12 w HFD Apoe-/- and Trail-/-Apoe-/- (n = 5-

6/group); normalised to β-actin mRNA. (d) Aortic VE-cadherin protein expression 

measured by Western blotting; 12 w HFD Apoe-/- vs Trail-/-Apoe-/- mice. Quantification on 

the right, normalised to β-actin protein expression (n = 7/group). Results expressed as mean 

± SEM, *p < 0.05, **p < 0.01, Student’s t-test.  
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3.4 DISCUSSION  

In the endothelium, the regulated endogenous production of ROS plays important roles 

as mediator of redox cell signalling and maintaining vascular homeostasis [191]  However, in 

response to an elevation in cardiovascular risk factors, EC ROS production becomes excessive 

or aberrant from various enzyme sources, with the resulting oxidative stress capable of 

promoting endothelial dysfunction and atherogenesis [191,201]. This study investigated the 

impact of TRAIL deletion on oxidative stress and endothelial dysfunction. Three key finding 

were identified. First, an inverse correlation between circulating plasma TRAIL and a marker 

of oxidative stress, 8-iso prostaglandin F2α, was identified. Second, vascular tissues of HFD-

fed Trail-/-Apoe-/- mice displayed impaired endothelial dependant vasorelaxation in response to 

acetylcholine, associating with increased ROS. Third, TRAIL deletion in mice resulted in 

greater vascular leak, in part via TRAIL’s ability to regulate VE-Cadherin mRNA and protein 

expression. Impact of TRAIL in clinical and pre-clinical studies have been depicted in a 

graphical form in Figure 3.5 

 

 

 

 

 

 

 

 

 

Figure 3.5. Graphical representation of finds from Chapter 3. In a clinical setting, an inverse 
correlation was established with circulating plasma TRAIL and oxidative stress marker 8-iso 
prostaglandin F2α. In an in vivo/ pre-clinical setting TRAIL deletion in mice lead to EC dysfunction, 
increased vascular oxidative stress and increased vascular permeability. This figure is adapted from 
Manuneedhi Cholan et al. (2018) (PMID 3016510).  
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TRAIL is a TNF cytokine that can stimulate apoptosis of cancer cells, but leave normal 

cells unaffected [156]. Several associations implicate a protective role for TRAIL in CVD. For 

instance, low circulating TRAIL levels associate with unstable CAD [162], heart failure and 

myocardial infarction [163]. It was also shown that elderly patients that had a myocardial 

infarction, and low levels of circulating TRAIL, were more likely to die within 6 years. In 

agreement with these studies, we showed significantly reduced plasma TRAIL levels in CAD 

patients [162]. Studies have shown that these metabolic and inflammatory diseases have 

systemically up-regulated oxidative stress markers. We have shown the oxidative marker 8-iso 

prostaglandin F2α was augmented in the CAD patients. This finding was in corroboration with 

several studies indicating increased oxidative stress in CVD patients [202,203]. More 

importantly, we established a significant negative correlation between TRAIL and 8-iso 

prostaglandin F2α in CAD patients suggesting that circulating TRAIL might play a protective 

role against oxidative stress.  

Systemic increase in oxidative stress leads to free radical production. These free-radicals 

combine with molecular oxygen producing ROS. The initial effect of ROS is to cause EC 

dysfunction, which is defined as a shift in properties characterised by impaired vasodilation 

and a pro-inflammatory and pro-thrombotic status [204]. Our lab has previously shown that 

TRAIL deletion from an Apoe-/- mouse resulted in accelerated atherosclerosis. EC dysfunction 

and vascular oxidative stress play an important role in atherosclerosis progression [63,205]. 

Here, we show that HFD-fed Trail-/-Apoe-/- mice have impaired endothelial function compared 

to Apoe-/-. Disruption in EC-dependant vasodilation is a clear indicator of EC dysfunction and 

an early marker of atherosclerosis [206]. Furthermore, these Trail-/-Apoe-/- mice on the HFD, 

had increased vascular oxidative stress. This effect is a pro-atherogenic factor, involved in 

endothelial damage and initiation of atherosclerosis [205].  
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Endothelial dysfunction and vascular oxidative stress can have a damaging impact on the 

integrity of the vessel wall [207]. The blood vessel maintains a selective-permeable membrane 

by controlling cell-to-cell adherent proteins such as VE-cadherin. TRAIL deletion in mice 

resulted in increased vascular leakiness and reduced VE-cadherin expression [208]. This is 

suggestive that TRAIL deletion impairs vessel integrity by disrupting the cell-to-cell contact 

protein. These leaky vessel walls play an important role in atherosclerosis progression by 

allowing easy transmigration of adhered monocytes into the sub-endothelial space [209]. 

Interestingly, control of vessel wall integrity may not be specific to TRAIL alone, but also 

involve other TNF ligands. For example, TNF-α reduced mRNA and protein expression of VE-

cadherin in ECs [210], whereas transgenic mice stably expressing EC-specific Fas ligand 

protected against neutrophil extravasation following myocardial-ischaemia reperfusion injury 

[211]. Nevertheless, we show that increased ROS generation and endothelial dysfunction in 

vivo, may be one potential mechanism by which TRAIL deletion in mice, or TRAIL 

suppression in people, accelerates vascular diseases. Though Trail-/-Apoe-/- vasculature have 

been shown to have increased ROS damage, this project in future will warrant an interventional 

study to identify whether antioxidant treatment will normalise EC function in the vasculature 

of these mice. In this Chapter, the involvement of TRAIL on ROS producing sources such as 

eNOS, NOX and mitochondrial systems have been described. The potential modulatory 

pathways via which TRAIL limits oxidative stress and maintains vascular permeability is 

described in Chapter 4. 
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 Protective role of TRAIL against 
AngII-induced oxidative stress 

4.1 INTRODUCTION  

The results from this chapter have been published in “Free Radical Biology and 

Medicine”; manuscript titled “TRAIL protects against endothelial dysfunction in vivo and 

inhibits angiotensin-II-induced oxidative stress in vascular endothelial cells in vitro” 

[190]. 

 

Oxidative stress is defined as the imbalance between free radicals and anti-oxidants 

produced in the body. These free radicals with extra electrons combine with molecular oxygen 

and form reactive oxygen species (ROS), which are highly reactive compounds [212]. Several 

clinical studies have established elevated ROS production to be the hallmark of cardiovascular 

diseases (CVDs) [202,213,214]. Excessive circulating angiotensin II (AngII) is a strong 

indicator of CVD and oxidative stress in humans [215,216]. At homeostasis, AngII regulates 

blood pressure, however during CVD, excessive circulating AngII can induce EC dysfunction 

and ROS production [217,218]. In the endothelium, various molecular pathways are involved 

in ROS production, including NADPH oxidase (NOX), the mitochondrial electron transport 

chain and eNOS uncoupling. In ECs, multiple isoforms of NOX are expressed including NOX-

1, NOX-2, NOX-4 and NOX-5, with NOX-4 being the abundant source in the endothelium [3]. 

In the mitochondria, the electron transport chain produces superoxides which can increase ROS 

production in the cell [219]. Finally, NO, an important molecule in maintaining a healthy 

endothelium is produced with the help of eNOS enzyme. The process of uncoupling of eNOS 
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in response to other cellular sources of ROS such as NOX and mitochondria can lead to eNOS 

monomerization from its dimeric state and lead to further ROS production in the endothelium. 

Elevated AngII is also linked to inflammation in the vessel wall, specifically by reducing 

NO production and upregulating ROS. Inflammation and vessel permeability are exacerbated 

by ROS in CVD. Expression of adhesion molecules, including vascular cell adhesion protein-

1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) are upregulated by ROS, and 

this promotes leukocyte adhesion to the endothelium and increases inflammation in the vessel 

wall.  

Identifying novel stimuli that protect the vascular endothelium against ROS-induced 

dysfunction during atherosclerosis is important in the development of new therapies for 

patients. In this chapter, AngII was used as a model of oxidative stress in ECs in vitro. Since 

TRAIL was protective of oxidative stress and EC dysfunction in vivo (chapter 3), it was 

hypothesised that TRAIL would protect against AngII-induced ROS production and 

inflammation in ECs in-vitro. 

4.2 BREIF METHODS 

4.2.1 DHE and MitoSOX cell staining  

DHE and MitoSOX staining on HMEC-1 cells were performed according to the methods 

described in sections 2.3.10 and 2.3.11.  

4.2.2 Drug treatments  

All inhibitors including losartan (20 µM), PD123177 (20 µM), apocynin (100 µM), L-

NAME (1 mM) and rotenone (5 µM) were added 30 mins prior to AngII (50 ng/mL) 

stimulation.  
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Previous studies have shown TRAIL concentrations ranging from 1-400 ng/mL to induce 

proliferation and migration of vascular cells without the induction of apoptosis 

[170,173,177,180,194].In HMEC-1 the optimum concentration was 1-10 ng/mL [180] . Hence, 

in this chapter, cells were treated with 1 ng/mL of TRAIL over-night prior to AngII stimulation’ 

4.2.3 siRNA treatment  

Serum starved HMEC-1 were transiently transfected with 200 nmol/L of NOX 1, NOX 

2, NOX 4 and NOX 5 siRNA (Santa Cruz Biotechnology Inc.) over-night using FuGENE6 

(Promega). AllStar control siRNA (Qiagen) was used as a siRNA control. Transfected cells 

were subjected to 2 h of AngII treatment and assessed by DHE staining or mRNA using PCR.  

4.2.4 Hydrogen peroxide assay 

HEMC-1 were seeded into 96 WTP at 8000 cells/well density and serum-starved overnight. 

After treating the cells accordingly, the media containing the cells were treated with red 

peroxidase substrate and horseradish peroxidase as described in Fluorometric Hydrogen 

Peroxide Assay Kit (Sigma-Aldrich). Fluorescence was detected at an excitation of 540 nm 

and emission of 590 nm using a plate reader (Clario Star, BMG Labtech). 

4.2.5 VE-cadherin localisation  

HMEC-1 were grown as monolayers on glass coverslips in a 12-WTP and serum starved 

and treated accordingly. Cells were then fixed using 2% formalin for 25 min, followed by 

blocking with 5% BSA in PBST. Cells were incubated over-night with rabbit polyclonal VE-

cadherin (1:1000, Abcam), followed by 1 h incubation with Alexa Fluor 594 (1:400, Abcam). 

The coverslips were mounted using fluorescent mounting media containing DAPI 

(SouthernBiotech). Images were taken using 60X magnification on a Nikon A1R confocal 

microscope.  
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4.3 RESULTS 

4.3.1 AngII stimulates ROS production in ECs in-vitro  

At homeostasis, the renin-angiotensin system’s (RAS) effector protein angiotensin II 

(AngII) is involved in maintaining blood pressure. However, during vascular disease, 

circulating AngII has nearly a 3-fold increase [220]. Studies have shown that this increase in 

AngII leads to EC dysfunction via increased ROS [217,221,222].  Here, the endothelial cell 

line, HMEC-1, was treated with AngII (50 ng/mL) and ROS levels were then measured by 

staining with dihydroethidium (DHE); DHE reacts with superoxides (O2•⁻) and in turn produces 

a red fluorescent product, 2-OHE+. HMEC-1 cells exposed to AngII, showed a time dependant 

increase in ROS production that peaked between 2-4 h, returning to baseline by 24 h (Figure 

4.1a). AngII signalling occurs via two receptors, angiotensin type I receptor (AT1R) and 

angiotensin type 2 receptor (AT2R).  To identify the involvement of the AngII receptors, 

losartan (20 µM) and PD123177 (20 µM), which inhibit AT1R and AT2R, respectively were 

used. Inhibition of the AT1R reduced DHE fluorescence after 2 h AngII, with no change 

observed when AT2R was blocked by PD123177 (Figure 4.1b). This suggests that AngII-

induced oxidative stress occurs via the AngII-type 1 receptor.  

To investigate the involvement of NOX in AngII-induced oxidative stress, HMEC-1 cells 

were treated with the pan NOX inhibitor, Apocynin (100 µM). A significant reduction in DHE 

fluorescence was observed in cells pre-treated with Apocynin followed by 2 h of AngII (Figure 

4.1c), indicating the involvement of NOX in AngII-induced ROS production in these cells. To 

assess the contribution of eNOS in AngII-induced ROS production, cells were pre-treated with 

the competitive NOS inhibitor, L-NAME (1 mM). A reduction in DHE fluorescence was 

observed after 2 h AngII treatment (Figure 4.1d), confirming the involvement of eNOS in 

AngII-induced ROS production. Finally, to assess the involvement of mitochondria, HMEC-1 
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were pre-treated with Rotenone (5 µM), a mitochondrial complex I inhibitor. Similarly, 

rotenone pre-treatment reduced AngII-induced ROS production (Figure 4.1e); a finding that 

was supported by MitoSoxTM staining. Of note, MitoSoxTM is a dye that specifically targets 

mitochondria in live cells, producing red fluorescence when oxidised. Importantly, HMEC-1 

cells exposed to AngII, showed a time-dependant increase in mitochondrial ROS production, 

that peaked at 6 h, returning to baseline by 24 h, indicating AngII can also specifically increase 

mitochondrial ROS production in ECs (Figure 4.1f). Combined, these findings establish that 

AngII-induced ROS production in HMEC-1 cells involves NOX, eNOS and mitochondrial 

pathways.  
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Figure 4.1 AngII-induces ROS production in HMEC-1. (a) Serum-starved HMEC-1 

were treated with AngII (50 ng/mL) for 0, 2, 4, 6 and 24 h, followed with DHE assessment 

by flow cytometry. (b) AngII-induced ROS involves the AngII type-1 receptor. Serum-

starved cells were treated with Losartan (20 µM) for 30 minutes prior to AngII stimulation 

for 2 h. DHE staining was quantified by flow cytometry. (c) AngII-induced ROS is inhibited 

with Apocynin (100 µM), (d) L-NAME (1 mM) and (e) Rotenone (5 µM) pre-treatment as 

described in the methods. (f) MitoSoxTM Red staining by flow cytometry. NT, no treatment, 

n = 3 - 4/group and results expressed as mean ± SEM; NT – no treatment *p < 0.05, **p < 

0.01, ***p < 0.0001; ANOVA (Sidak’s multiple comparison test) or Students t-test.  
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4.3.2 AngII- induced ROS production involves NOX-4 

Given NOX is involved in AngII-induced ROS production, the next step was to identify 

which isoform(s) was involved in this process. Human endothelium expresses 4 isoforms, 

NOX-1, NOX-2, NOX-4 and NOX-5. In response to siRNA treatment, NOX-4 and NOX-5 

were reduced (Figure 4.2a), whereas NOX-1 and NOX-2 were not detectable by qPCR (data 

not shown). Importantly, only siRNA knockdown of NOX-4 resulted in reduced DHE 

fluorescence after AngII treatment, shown in Figure 4.2b. This reduction was not observed 

when NOX5 was knocked down. These results indicate that the NOX isoform implicated in 

AngII-induced oxidative stress in HMEC-1 cells is NOX-4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 AngII-induced ROS production involves NOX-4. (a,b) Overnight transient 

transfection of siRNA targeting NOX-4, -5 or control siC. mRNA normalisation to GAPDH 

and β-actin. (c) AngII-induced DHE fluorescence was reduced with NOX-4 siRNA, but not 

NOX-5 siRNA, or siC. n = 3 – 4/group and results expressed as mean ± SEM; ****p < 

0.0001; ANOVA, Sidak’s multiple comparison test.  
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4.3.3 AngII-induced oxidative stress is inhibited by TRAIL 

Chapter 3 investigated both clinical and in vivo models showing the protective potential 

of TRAIL in reducing oxidative stress and endothelial dysfunction. To investigate the effect 

and mechanism of TRAIL in an environment with increased ROS, cells were pre-treated with 

a clinically relevant dosage of TRAIL (1 ng/mL) followed by AngII treatment and assessment 

of ROS. Pre-treatment with TRAIL over-night prior to 2h AngII treatment, reduced AngII 

induced oxidative stress, measured by both DHE fluorescence and MitoSoxTM fluorescence 

(Figure 4.3a-b). Figure 4.1c implicated NOX-4 in AngII induced ROS production. NOX-4 is 

a unique isoform, due to its ability to produce hydrogen peroxide (H2O2) as a source of ROS 

[223]. Hence, H2O2 production was measured using a hydrogen peroxide detection kit. 

Importantly, H2O2 production was significantly elevated in response to 2 h AngII, and this was 

abrogated with TRAIL pre-treatment (Figure 4.3c). 

AngII can increase NOX-4 and eNOS production within 1- 3 h [224,225]. Therefore, we 

investigated if AngII regulates NOX-4 and eNOS mRNA expression and observed that AngII 

increased mRNA expression of NOX-4 and e-NOS in response to 2 h of AngII (Figure 4.3d). 

Importantly, the augmented effect of eNOS due to AngII was brought back to baseline by 

TRAIL pre-treatment, however NOX-4 mRNA expression was not significantly reduced 

(Figure 4.3d). Collectively these findings suggest that, TRAIL effectively inhibits ROS 

production in a well-characterised model of oxidative stress induced by AngII by possibly 

reducing the production of H2O2 produced by NOX-4 and eNOS. 
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Figure 4.3 AngII-induced ROS is inhibited by TRAIL pre-treatment. (a) DHE 

fluorescence and (b) MitoSOXTM Red reactivity in the presence of AngII (50 ng/mL) for 2 

h, with or without TRAIL pre-treatment at 1 ng/mL overnight (n = 3/group); (c) AngII-

induced H2O2 production is reduced with TRAIL pre-treatment at 1 ng/mL in HMEC-1 (n 

= 3/group). (d) HMEC-1 cells exposed to 2 h of AngII with/without TRAIL pre-treatment 

were detected for NOX-4 and eNOS mRNA expression, normalised to GAPDH and β-actin 

(n = 4/group). Results expressed as mean ± SEM, NT – no treatment; *p < 0.05, ****p < 

0.0001 ANOVA (Sidak’s multiple comparison test) or Student’s t-test.  
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4.3.4 TRAIL inhibits AngII-induced monocyte adhesion and alters the 

expression of VCAM-1 in-vitro  

Two important factors affecting the endothelium in response to the production of ROS 

are inflammation and vessel permeability. ROS production can up-regulate expression of 

adhesion molecules such as ICAM-1 and VCAM-1 on the endothelial cell surface, enabling an 

increased number of leukocytes such as monocytes to adhere to the endothelium. In a monocyte 

adhesion assay, AngII treatment of HMEC-1 increased adhesion of fluorescently labelled 

monocytes to the monolayer of ECs. Crucially, pre-treatment of HMEC-1 with TRAIL (1 

ng/mL) resulted in ~50% reduction in monocytes adhered to the endothelium (Figure 4.4a). 

Investigation of the mRNA expression of the adhesion molecule VCAM-1 showed 2 h AngII 

treatment increased expression, while pre-treatment with TRAIL inhibited this increase 

(Figure 4.4b), suggesting TRAIL protects against monocyte adhesion by preventing 

upregulation of adhesion molecules in a high oxidative stress environment. 
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Figure 4.4 TRAIL inhibits AngII-induced monocyte adhesion by reducing expression 

of VCAM-1. (a) Left, representative 20 x magnification images of fluorescent monocytes 

adhering to a monolayer of HMEC-1 cells exposed to 2 h of AngII with/without TRAIL 

pre-treatment. Right, quantification of adhered monocytes (n = 3/group). mRNA analysis of 

(b) VCAM-1. Serum-starved HMEC-1 were exposed to AngII (50 ng/mL) for 2 h 

with/without 1 ng/mL of TRAIL pre-treatment overnight. mRNA expression was 

normalised to GAPDH and β-actin. NT, no treatment. Results are expressed as mean ± 

4SEM, NT – no treatment;  *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 ANOVA 

(Sidak’s multiple comparison test) or Student’s t-test.  
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4.3.5 TRAIL inhibits AngII-induced VE-cadherin disruption in-vitro 

VE-cadherin is important in endothelial permeability by maintaining intercellular 

junctions in the endothelium. In vivo, TRAIL deletion increased vascular permeability and 

resulted in reduced expression of VE-cadherin in the aorta, discussed in section 3.2.4 To further 

examine the role of TRAIL on endothelial permeability induced by ROS, and regulation of 

VE-cadherin, HMEC-1 cells were treated with AngII (50 ng/mL). 2 h AngII treatment showed 

no changes in mRNA expression by qPCR or protein expression by western blotting and pre-

treatment with TRAIL (1 ng/mL) also had no effect on expression (Figure 4.5a-b). However, 

when HMEC-1 cells were stained for VE-cadherin, localisation in the cell membrane was 

disrupted with AngII treatment. Importantly, pre-treatment of cells with TRAIL prior to 

exposure to AngII for 2 h, stopped the disruption of VE-cadherin in the cell membrane (Figure 

4.5c). Finally, a longer exposure of HMEC-1 to AngII (for 6 h), significantly reduced VE-

cadherin expression, while pre-treatment with TRAIL VE-cadherin mRNA stopped this 

reduction (Figure 4.5d). Collectively, these results suggest that TRAIL targets VCAM-1 and 

VE-cadherin to protect the endothelium against inflammation and increased permeability 

induced by ROS.  
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Figure 4.4 TRAIL inhibits AngII-induced VE-cadherin disruption in-vitro. Endothelial 

cell permeability marker VE-cadherin’s level (a) mRNA and (b) protein expression. 

Quantification of protein (lower panel) was normalised to β-actin. (c) VE-cadherin 

localisation in HMEC-1 cells exposed to AngII (50 ng/mL) for 2 h, with/without 1 ng/mL 

of TRAIL pre-treatment overnight. (d) VE-cadherin mRNA expression is reduced by AngII 

after 6 h and rescued by TRAIL. mRNA expression was normalised to GAPDH and β-actin. 

NT, no treatment. Results are expressed as mean ± SEM, NT – no treatment; *p < 0.05, 

ANOVA (Sidak’s multiple comparison test )or Student’s t-test.  
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4.4 DISCUSSION 

AngII plays an important role in pathogenesis of CVD, promoting atherosclerosis, 

hypertension and cardiovascular hypertrophy [226] with AngII increasing ROS production in 

both in vivo and in-vitro models [222,227]. Here AngII exposure was used as an in-vitro model 

of oxidative stress to investigate the mechanisms involved in AngII-induced oxidative stress in 

the endothelium.  Importantly TRAIL inhibited AngII-induced EC ROS production, reduced 

EC VCAM-1 expression and monocyte adhesion to AngII-stimulated ECs, and prevented 

AngII-induced disruption of VE-cadherin localisation at the plasma membrane in part by 

downregulation of VE-cadherin expression; events important for the control of endothelial cell-

cell adhesions and integrity 

Under high levels of AngII, there is activation of NOX, eNOS and mitochondrial systems 

to produce ROS in the endothelium. We found that over-night TRAIL pre-treatment at low 

physiologically relevant concentration of 1 ng/mL was able to reduce AngII-induced ROS 

production in HMEC-1 cells, thereby establishing a direct link between TRAIL and its ability 

to reduce ROS production in the endothelium. In support of our findings Liu et al. demonstrated 

in an in vivo model that TRAIL treatment improved endothelial function in diabetic rats and in 

an in-vitro model TRAIL protected human umbilical vein ECs against high glucose induced 

ROS production. Consistent with the above findings, our lab has shown that TRAIL stimulates 

EC proliferation, migration and differentiation by activation of Akt, NOX-4 and eNOS 

pathways [177]. Conversely Li et al. (2013) have shown a higher dosage of TRAIL (100 

ng/mL) can cause NOX-induced ROS production and lead to endothelial dysfunction in small 

mesenteric arteries in mice [228]. However, this is most likely due to the concentration of 

TRAIL used.  
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This study has established the protective effect of TRAIL in AngII-induced oxidative 

stress yet understanding the precise mechanism(s) requires more extensive studies. Our data 

indicated that production of ROS due to AngII involved NOX-4, mitochondria and eNOS 

uncoupling, with the latter involving L-Arg availability, BH4 oxidation/reduction and eNOS 

monomerization. Though various sources of ROS were investigated individually, cross-talk 

between these sources occurs, effecting ROS production, with some studies concluding that 

AngII induced oxidative stress is initiated by the NOX system which then activates other 

sources of ROS [229,230]. Interestingly our data shows that AngII increases NOX-4 

production as well as its associated source of ROS, H2O2.  Importantly, these augmentations 

associated with AngII exposure did not occur with TRAIL pre-treatment, suggesting TRAIL 

protects against AngII-induced oxidative stress by a reducing NOX-4 activation and its 

associated ROS production, preventing activation and production of ROS from other 

endothelial sources.  

 EC dysfunction initiates inflammation, attracts leukocytes which extravasate into the 

sub-endothelial space and initiate plaque progression [63]. Here AngII exposure lead to 

increased VCAM-1 mRNA expression and monocyte adhesion to ECs. These changes lead to 

an inflamed environment and can affect endothelial permeability. Prolonged exposure of EC 

to AngII reduced VE-cadherin, an important protein in endothelial permeability, which is 

present in the cell-membrane, was disrupted with AngII exposure. However, TRAIL pre-

treatment, led to a reduction in VCAM-1 expression, reduced monocyte adhesion and 

prevention of VE-cadherin disruption. These findings demonstrate that the protective nature of 

TRAIL on the endothelium not only reduces ROS production but also prevents the associated 

negative effects due to oxidative stress. Therefore, we can conclude that TRAIL at 

physiological concentrations can protect and preserve endothelial structure and function 

against excessive ROS production. Though this study indicates TRAIL’s protective role against 
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AngII-induced ROS production, it is to be acknowledged that this protective process is 

complicated with the involvement of eNOS uncoupling, mitochondria and NOX 4 ROS 

systems. Further research is warranted to tease out the exact mechanism(s) of TRAIL against 

AngII-induced ROS production. 
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 Characterisation of EC-specific 
TRAIL knockout mice  

5.1 INTRODUCTION 

At homeostasis, ECs are anti-thrombotic, anti-inflammatory and anti-atherogenic in 

nature [61,231,232]. The endothelium maintains a selective-permeable membrane by 

moderating the expression of adherents-junction protein such as VE-cadherin. ECs also 

regulate expression of cell adhesion molecules such as ICAM-1 and VCAM-1 which stimulate 

recruitment of circulating leukocytes to the endothelium and influence inflammatory status of 

the vessel wall. A healthy endothelium also produces NO, a soluble gas involved in reducing 

oxidative stress, and controlling the vessel diameter and blood pressure by influencing VSMC 

constriction and relaxation [233].   

Endothelial damage is the initiating step in atherosclerosis progression. A damaged 

endothelium up-regulates its cell adhesion expression, along with inflammatory cytokine 

production. EC dysfunction also disrupts NO production, thereby increasing oxidative stress 

and dysregulating blood pressure [234,235]. Our lab reported that 12 w HFD-fed Trail-/- mice 

developed features of type 2 diabetes such as hyperglycaemia, hypercholesteremia, 

hyperinsulinemia and insulin resistance. In response to a HFD, Trail-/- vessels, showed increase 

expression of inflammatory markers, collectively implicating TRAIL to be protective, not only 

against  metabolic dysfunction, but also vessel inflammation [170]. In this chapter we 

hypothesised that EC-specific TRAIL knockout mice may also develop features of metabolic 

disease in response to an HFD, as witnessed in global Trail-/- mice.  
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In this chapter, two models were used to characterise EC-specific TRAIL knockout mice 

and identify the importance of TRAIL in the endothelium in response to an HFD. This study 

will enable us to discover the mechanism through which TRAIL can initiate its protective effect 

on the vasculature.   

5.2 BRIEF METHODS 

5.2.1 Animals  

In this chapter TrailEC-/- and TrailEC+/+ male mice were generated as described in method 

section 2.4.4 and characterised at baseline and following 12 w HFD as described in 

method section 2.4.5. Animal ethics were obtained from Sydney Local Animal Welfare 

Committee (2017-020, 2014-027).  

5.2.2 Mouse aortic RNA extraction  

Aortas obtained from mice at baseline and 12 w HFD were extracted for RNA as 

described in method section 2.4.8 and PCR analysis was done with primers listed in method 

section 2.4.9.  

5.2.3 Plasma biochemistry 

Plasma extracted from mice at baseline and following 12 w HFD were measured for 

cholesterol, insulin and nitrate/nitrite as described in method section 2.4.12, 2.4.13 and 2.4.14.  

5.2.4 Glucose and insulin tolerance test  

GTT and ITT were carried out in 12 w HFD fed mice according to method section 2.4.7. 
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5.2.5 Blood pressure 

Blood pressure was measured at week 10-12 in HFD fed mice according to method 

section 2.4.6.  
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5.3 RESULTS  

5.3.1 Baseline characterisation of TrailEC-/- mice showed reducing trend in 

VCAM-1 expression  

Adult mice aged between 6-14 weeks were euthanised and thoracic aortas were collected. 

RNA was extracted and analysed by qPCR. Though there were no difference in ICAM-1 

mRNA expression (Figure 5.1a), VCAM-1 was reduced in TrailEC-/- mice compared to the 

control TrailEC+/+, (Figure 5.1b). Analysis of nitric oxide synthase (NOS) gene expression, 

including eNOS and iNOS showed no difference between genotype (Figure 5.1c-d). VE-

cadherin mRNA was undetectable (result not shown). Collectively, these finding suggest that 

TRAIL expression in ECs may influence VCAM-1 expression, but not ICAM-1 or NOS 

compared to TrailEC+/+. 

 

5.3.2 Baseline characterisation of TrailEC-/- mice showed reduced IL-18 and 

MCP-1 mRNA expression  

Aortic RNA was extracted and analysed for various inflammatory gene expression. No 

difference was observed with mRNA expression of IL-1β (Figure 5.2a). However, both MCP-

1 and IL-18 mRNA expression was significantly reduced in TrailEC-/- mice compared to the 

control TrailEC+/+ (Figure 5.2b-c). These suggest that TRAIL expressed in ECs may influence 

expression of MCP-1 and IL-18 in the vasculature.   
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Figure 5.1 Baseline characterisation of TrailEC-/- mice showed reducing trend in 

VCAM-1 and no changes in NOS mRNA expression. 6 - 14-week-old EC Trail+/+ and 

TrailEC-/- aorta were collected and RNA was extracted and quantified for gene expression 

using qPCR. Cell adhesion molecule mRNA expression such as (a) ICAM-1 showed no 

change between the two groups, but (b) VCAM-1 mRNA expression saw a reducing trend 

in TrailEC-/- mice compared to the control TrailEC+/+. mRNA expression of NOS, such as (c) 

eNOS and (d) iNOS showed no significant changes. mRNA was normalised to β-actin. n = 

4 – 5/group. Results expressed as mean ± SEM, Student t-test. 
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Figure 5.2 Baseline characterisation of TrailEC-/- mice showed reduced 

inflammatory gene expression. 6 - 14-week-old TrailEC+/+vs TrailEC-/- mice’s aortic 

mRNA expression of (a) IL-1β showed no significant difference, however, (b) MCP-1 

showed a reducing trend and (c) IL-18 was significantly reduced. mRNA was normalised 

to β-actin. n = 4 – 5/group. Results expressed as mean ± SEM; *p < 0.05; Students t-test.  
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5.3.3 Baseline biochemical plasma analysis showed no difference in TrailEC-/- 

mice   

Blood was collected from mice aged 6 to 14 weeks through cardiac puncture. Plasma was 

extracted from the blood and analysed. There were no difference ces in plasma cholesterol, 

insulin or nitrate/nitrite levels in TrailEC-/- mice compared to the control TrailEC+/+ (Figure 

5.3a-c). 

 

 

 

 

 

Figure 5.3 No significant difference was observed in plasma biochemistry in 

baseline TrailEC-/- mice. Blood was extracted from mice during euthanasia through cardiac 

puncture. Plasma was analyzed for (a) cholesterol, (b) insulin and (c) nitrate/nitrite level, 

which showed no significant difference between TrailEC-/- and the control TrailEC+/+ at 

baseline. n = 6 – 8/group. Results were expressed as mean ± SEM, Student t-test. 
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5.3.4 Baseline characterisation of TrailEC-/- mice showed no difference in the 

physical structure of the vasculature 

Thoracic aorta collected from 6 to 14-week old mice were fixed in paraffin for histology 

and cut into 5µm sections. H & E staining was performed to examine tissue architecture. There 

were no obvious visual differences, and no difference in the thickness of the media between 

genotype (Figure 5.4a). Because ECM proteins such as collagen and elastin, provides 

structural integrity to vessel wall, we wanted to examine if these were different in the aortae of 

mice lacking TRAIL from the endothelium. Consistent with no obvious changes, there were 

no difference in elastin or collagen content in aortae of TrailEC-/- vs. TrailEC+/+ mice (Figure 

5.4b-c).  
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Figure 5.4 No significant difference at baseline in physical characteristic of vessel 

wall between EC Trail-/- and EC Trail+/+ mice. 5µm histological sections of thoracis aorta 

stained for (a) Left – H & E staining of TrailEC+/+ and TrailEC-/- and measured for media 

thickness; Right – Quantification of aortic medial thickens between the two groups showed 

no significant difference (b) Left – 20x magnification of TrailEC+/+ and TrailEC-/- stained for 

collagen content; Right – quantification of collagen (dark red) staining between the two 

groups showed no significant difference. (c) Left – 20x magnification of TrailEC+/+ and 

TrailEC-/- stained for elastin content; Right – quantification of elastin (dark purple) staining 

between the two groups showed no significant difference. n = 4 - 5/group. Results were 

expressed as mean ± SEM, Student t-test. 

 



 123 

5.3.5 12-week HFD mice showed no difference in body and organ weights between 

TrailEC+/+ and TrailEC-/- 

Because we observed little change in plasma, gene expression or vessel structure of 6-

14-week-old TrailEC+/+and TrailEC-/- mice, we next wanted to examine whether challenging 

these mice by feeding them an HFD for 12 w would affect any of these parameters.  Mice were 

weighed weekly and the results were recorded. No difference change in body weight was 

observed between genotype throughout the 12-weeks of HFD (Figure 5.5a). Mice were fasted 

over-night before euthanasia. Following euthanasia, organs were collected and weighed. 

Consistent with no change in body weight, there was also no difference in weights of liver, 

spleen, epidydimal fat, retroperitoneal fat or kidney between genotype (Figure 5.5b-f).  
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Figure 5.5 12-week HFD mice showed no significant difference in organ weights 

between TrailEC+/+and TrailEC-/- -. 6-week old TrailEC+/+and TrailEC-/- mice were placed on 

a 12-week HFD. (a) Body weight was measured weekly for 12 weeks with no significant 

difference. Following 12-weeks of HFD, over-night fasted mice were euthanised via cardiac 

puncture and organs were extracted and weighted. There was no significant difference 

between TrailEC+/+and TrailEC-/- mice’s organs such as (b) liver, (c) spleen, (d) epididymal 

fat, (e) retroperitoneal (retro) fat and (f) kidney. n = 6 – 12/group. Results were expressed 

as mean ± SEM, Student t-test. 
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5.3.6 12-week HFD mice showed no difference in glucose and insulin tolerance test 

between TrailEC+/+ and TrailEC-/- 

Since HFD Trail-/- mice displayed glucose intolerance and insulin resistance compared 

to Trail-/- mice [170], we also examine glucose and insulin tolerance at week 10 and week 11 

of HFD in TrailEC+/+and TrailEC-/- mice respectively. In contrast to our findings in mice with 

global TRAIL deletion, glucose or insulin bolus had no effect on glucose and insulin clearance 

over time in TrailEC-/- and TrailEC+/+mice (Figure 5.6a-b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 12-week HFD mice showed no significant difference in body weight, 

glucose and insulin tolerance test between TrailEC+/+and TrailEC-/-. (a) Over-night fasted 

mice were given a bolus of glucose and blood glucose level measured at baseline, 15, 30, 

60 and 120 minutes after glucose administration and showed no significant difference. (b) 

Non-fasted mice were given a bolus of insulin and blood glucose level measured at baseline, 

15, 30, 60 and 120 minutes after insulin administration and showed no significant 

difference. n = 6 – 12/group. Results were expressed as mean ± SEM, ANOVA (Sidak’s 

multiple comparison test).  
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5.3.7 Systolic and diastolic pressure was reduced in TrailEC-/- mice on a 12-week 

HFD 

Because TRAIL is protective of EC dysfunction (chapter 3), which can regulate blood 

pressure, tail-cuff blood pressure measurements were taken from TrailEC-/- and TrailEC+/+mice 

between 10 to 12 weeks of HFD feeding. These animals were analysed for systolic and diastolic 

blood pressure, mean arterial pressure and heart rate. Interestingly, both systolic and diastolic 

blood pressure was significantly reduced in TrailEC-/- mice compared to the control (Figure 

5.7a-b), indicating a significant reduction in mean arterial pressure in TrailEC-/- mice (Figure 

5.7c). Furthermore, there was a significant increase in heart rate with TrailEC-/- mice compared 

to the control TrailEC+/+ mice (Figure 5.7d). These experiments suggest that TRAIL expressed 

in ECs can influence blood pressure in mice.  
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Figure 5.7 Systolic and diastolic pressure was reduced in TrailEC-/- mice on a 12-

week HFD. Tail-cuff blood pressure was measured between the two groups between 10 – 

12 weeks of HFD. (a) Systolic blood pressure was significantly reduced in TrailEC-/- mice 

compared to the control, similarly (b) diastolic blood pressure was also reduced in TrailEC-

/- mice along with (c) mean arterial pressure. (d) Heart rate was significantly increased in 

TrailEC-/- compared to the control. n = 5 - 6/group. Results were expressed as mean ± SEM; 

*p < 0.05; **p < 0.01; Student t-test. 
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5.3.8 Increase in nitric oxide synthase mRNA expression in aortae of 12-week 

HFD TrailEC-/- mice 

Thoracic aortas were obtained from 12-week HFD TrailEC+/+and TrailEC-/- mice and RNA 

was extracted and analysed by qPCR. mRNA expression of NOS was analysed. It was observed 

that both eNOS (Figure 5.8a) and iNOS (Figure 5.8b) was up-regulated in TrailEC-/- mice 

compared to the control TrailEC+/+mice. These findings are interesting because overexpression 

of eNOS and iNOS has been linked with hypotension [236,237], suggesting that the increase 

in NOS with EC TRAIL deletion may be one mechanism for the reduced blood pressure 

observed in TrailEC-/- mice (Figure 5.7).  These results suggest that the endothelial nitric oxide 

production system is altered with TRAIL gene deletion from the endothelium.  

 

Figure 5.8 Changes in cell adhesion molecules and nitric oxide synthase mRNA 

expression in TrailEC-/- mice following a 12-week HFD. TrailEC+/+ and TrailEC-/- mice fed 

a 12-week HFD, aorta was collected, and RNA was extracted and quantified for gene 

expression using qPCR. Both (a) eNOS and (b) iNOS mRNA expression was upregulated 

in TrailEC-/- mice compared to the control EC Trail+/+ mice. mRNA was normalised to β-

actin. n = 6 - 7/group. Results were expressed as mean ± SEM; **p < 0.01; Student t-test. 
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5.3.9 No difference in vessel structure was observed in 12-week HFD TrailEC-/- 

mice 

Thoracic aortas were obtained from 12-week HFD fed EC Trail+/+ and TrailEC-/- mice 

and fixed for histological analysis and cut into 5µm section for analysis. There were no obvious 

visual differences, and no difference in the thickness of the media between genotype (Figure 

5.9a). Because ECM proteins such as collagen and elastin, provides structural integrity to 

vessel wall, we wanted to examine if these were different in the aortae of mice lacking TRAIL 

from the endothelium. Consistent with no obvious changes, there were no difference in elastin 

or collagen content in aortae of TrailEC-/- vs. TrailEC+/+ mice (Figure 5.9b-c).  

 

 

 

 

 

 

 

 

 

 

 

 

 



130  

 

 

 

Figure 5.9 No significant difference in physical characteristic of vessel wall 

between TrailEC-/- and EC Trail+/+ mice on a 12-week HFD. 5µm histological sections of 

thoracis aorta stained for (a) Left – H & E staining of TrailEC+/+ and TrailEC-/- and measured 

for media thickness; Right – Quantification of aortic medial thickens between the two 

groups showed no significant difference (b) Left – 20x magnification of TrailEC+/+ and 

TrailEC-/- stained for collagen content; Right – quantification of collagen (dark red) staining 

between the two groups showed no significant difference. (c) Left – 20x magnification of 

TrailEC+/+ and TrailEC-/- stained for elastin content; Right – quantification of elastin (dark 

purple) staining between the two groups showed no significant difference. n =5- 8/group. 

Results were expressed as mean ± SEM, Student t-test. 
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5.3.10 Plasma cholesterol levels are significantly increased in TrailEC-/- mice 

following 12-week HFD. 

As in baseline characterisation (section 5.2.4), plasma chemistries, specifically, blood glucose, 

insulin and cholesterol were assessed. No change in plasma glucose between the two groups 

were observed (Figure 5.10a). However, plasma cholesterol levels were significantly elevated 

in TrailEC-/- compared to the control TrailEC+/+, by almost 7-fold (Figure 5.10b). In contrast, 

no changes were in plasma insulin or plasma nitrate/nitrite were observed between genotype 

(Figure 5.10c-d). These results suggest that in response to an HFD, TRAIL expressed 

specifically on the endothelium influences plasma cholesterol levels. Why this occurs is 

currently unknown.  
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Figure 5.10 Plasma cholesterol levels are significantly increased in TrailEC-/- mice 

following 12-week HFD. Plasma was extracted from 12-week HFD mice during euthanasia 

through cardiac puncture. (a) Blood glucose and (b) insulin showed no significant 

difference between the two groups. (c) However, cholesterol level was significantly 

elevated in TrailEC-/- mice compared to the control TrailEC+/+. n = 6 - 9/group. Results were 

expressed as mean ± SEM; **p < 0.01; Student t-test. 

 



 133 

5.3.11 Changes in cell adhesion and inflammatory genes in aortic mRNA 

expression in TrailEC-/- mice following 12-week HFD 

Thoracic aortas were isolated from 12-week HFD TrailEC+/+and TrailEC-/- mice and RNA 

was extracted. Analysis of endothelial specific cell adhesions molecules revealed an up-

regulation in ICAM-1 (Figure 5.11a), down-regulation in VCAM-1 (Figure 5.11b) and no 

change in VE-cadherin (Figure 5.11c) aortic mRNA expression between TrailEC-/- and control 

TrailEC+/+ mice. Inflammatory gene expression revealed no difference in IL-18 and MCP-1 

expression (Figure 5.11d-e), however, IL-1β expression was significantly reduced (Figure 

5.11f) in TrailEC-/- mice compared to control TrailEC+/+. These data suggest that, EC-specific 

TRAIL influences expression of some genes regulating cell adhesion and inflammation in the 

vasculature.  
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Figure 5.11 Changes in cell adhesion and inflammatory aortic gene expression in 

TrailEC-/- mice on a 12-week HFD. Aortas were collected from TrailEC+/+ and TrailEC-/- 

mice fed a 12-week HFD. RNA was extracted and quantified for gene expression using 

qPCR. Cell adhesion molecules gene expression such as (a) ICAM-1 was up-regulated, (b) 

VCAM-1 was down-regulated and (c) VE-cadherin showed no change between TrailEC-/- 

mice and TrailEC+/+. Inflammatory gene expression such as (d) IL-18 and (e) MCP-1 

showed no significant difference, however (f) IL-1β mRNA expression was down-regulated 

in TrailEC-/- mice compared to the control TrailEC+/+. mRNA expression was normalised to 

β-actin. n = 6 - 7/group. Results were expressed as mean ± SEM; *p< 0.05; **p < 0.01; 

Student t-test. 
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5.4 DISCUSSION  

This thesis demonstrates that TRAIL plays a critical role in EC homeostasis, such that 

global TRAIL deletion promotes oxidative stress, EC dysfunction and inflammation [170,190]. 

To examine the contribution of TRAIL specifically coming from EC on multiple vascular 

conditions, our laboratory recently generated world-first TrailEC-/- mice. Before any models 

could be employed, this thesis characterised features of these mice compared to littermate 

control mice. Specifically, this thesis identified that adult TrailEC-/- mice did not differ in plasma 

chemistries or mRNA expression of adhesion molecules, nor was there any change in vascular 

structure of the aortae compared to TrailEC+/+ mice. However, it showed changes in 

inflammatory molecules such as IL-18 and MCP-1. The second part of this chapter examined 

these mice in response to a challenge, namely these mice were fed an HFD for 12 weeks.   

Interestingly, this chapter identified 3 major differences in mice with EC-TRAIL deletion. 

First, TrailEC-/- mice had 7-fold increased plasma cholesterol compared to TrailEC+/+; second, 

these mice displayed reductions in blood pressure, both systolic and diastolic. Third, this 

reduced blood pressure was associated with overexpression of NOS, but reduced IL-1β mRNA 

in aortae. These findings are significant as they provide important information for the 

physiological function of TRAIL in endothelium at homeostasis and during a challenged 

situation. 

Cholesterol metabolism plays an important role in the pathogenesis of atherosclerosis. 

Circulating cholesterol levels are dependent on factors such as diet, rate of synthesis of 

cholesterol in the liver and the rate of clearance of cholesterol from the body [238,239]. Firstly, 

in regard to the diet, our animals were placed on a 12-week HFD. Studies have consistently 

shown for mice to have high circulating plasma cholesterol under HFD compared to normal 

chow [240,241]. Interestingly, we observed that our TrailEC-/- mice placed on an HFD 
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experienced ~7-fold increase in plasma cholesterol compared to its control TrailEC+/+mouse 

which was also on an HFD. This massive change due to endothelial specific TRAIL deletion 

signifies damages to cholesterol metabolism in these mice. High plasma cholesterol is usually 

associated with increased synthesis of cholesterol by the liver [242]. However, TrailEC-/- mice 

in this study showed no difference in liver weight or colour (data not shown). This might signify 

that the process of cholesterol synthesis is not affected as usually an increase in cholesterol 

synthesis is represented by a fatty liver and hypertrophic hepatocytes [243].  However, previous 

findings from our lab have indicated that global TRAIL deleted mice on an HFD had increased 

oil-red O staining indicative of increased lipid content with no change in liver weight [170]. 

Hence further histological analysis of TrailEC-/- mice’s liver is required to identify any 

differences in cholesterol synthesis. Finally, another factor which can affect plasma cholesterol 

level is the rate of cholesterol clearance in the body. This process is referred to as reverse 

cholesterol transport (RCT), whereby cholesterol from peripheral tissue is transported to the 

liver for clearance/excretion. Genes such as ATP-binding cassette transporter A1 (ABCA1) 

and G1 (ABCG1) are involved in clearance of cholesterol from the periphery [244]. 

Downregulation of these factors aid in acceleration of  atherosclerosis [245,246]. We suspect  

the sinusoidal capillaries present in the liver to be defective as they play an important role in 

cholesterol clearance between the liver and the capillaries [247,248]. Even with proper 

metabolism of cholesterol in the liver, damage to these sinusoidal ECs in TrailEC-/- mice can 

affect systemic cholesterol intake and efflux [249]. Furthermore, I have shown that TRAIL 

deletion from an Apoe-null mouse had increased EC dysfunction in Chapter 3.  This can lead 

to disruption in endothelial permeability which can affect inter-cellular transport of cholesterol. 

Studies have shown that, disruption in endothelial barrier, affect transcytosis of LDL and HDL 

from the interstitial space to the lumen and thus deregulate RCT [250,251]. My previous 

published work has shown that global TRAIL deletion mice had increased permeability along 
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with disruption in cell-to-cell contact protein, VE-cadherin [190]. This offers the possibility 

that mice with EC-specific TRAIL deletion, can have increased permeability and dysfunctional 

RCT. Various factors as described above play a role in cholesterol metabolism and analysis of 

these pathways in TrailEC-/- mice can provide us the role of TRAIL in cholesterol metabolism 

in ECs. 

I have shown that TRAIL modulates expression of adhesion and inflammatory makers 

(Chapter 4).  The current study using TrailEC-/- mice support these findings with reduced 

expression of aortic IL-18 and MCP-1 mRNA. The mechanism(s) of action for this are not 

known and currently under investigation. Additional studies with increased animal numbers 

and multiple different techniques need to be employed to confirm this finding. Interestingly, 

this chapter also discovered that HFD TrailEC-/- mice had reduced blood pressure associating 

with increased expression of NOS including eNOS and iNOS. Importantly hypotension can be 

due to over-production of NO [252]. Though NOS induced NO production can confer a 

protective effect on the vasculature, over-production of NO combined with ROS can result in 

cytotoxic molecules such as peroxynitrite [253]. eNOS over-production can also result in its 

monomerization, which can potentiate ROS production, and iNOS over-expression can initiate 

inflammatory cascade [254]. In this chapter, I have shown eNOS and iNOS expression is 

upregulated in TrailEC-/- aortae, suggesting that TRAIL deletion from the endothelium may be 

detrimental via NOS pathway. Further studies are needed to confirm this. Studies have shown 

that over-expression of eNOS in the vasculature of brain regions which control blood pressure 

such as nucleus tractus solitarius (NTS) and rostral ventrolateral medulla (RVLM), can lead to 

hypotension [237,255]. Although plasma nitrate/nitrate levels were not assessed in these HFD-

fed mice, these studies provide a suggestive reasoning that there might be dysregulation in 

production of nitric oxide in TrailEC-/- mice experiencing hypotension and up-regulated NOS 

aortic mRNA expression [237,255]. Lower blood pressure might also be associated with 



138  

reduced VCAM-1 mRNA expression observed in this model. Cell adhesion molecules are up-

regulated during high sheer stress hypertensive systems [187]. This may be a possible 

explanation for the reduced blood pressure we observed in this model. 

We also observed significant reduction in VCAM-1 expression. Similar changes, though not 

significant, was also observed in the baseline study. VCAM-1 is expressed exclusively in the 

luminal side of activated endothelium and is essential for immune surveillance. Cancer studies 

have shown that reduced VCAM-1 expression enables tumour cells to evade immune-

surveillance [256,257]. Also, the inflammatory marker IL-1β was reduced in TrailEC-/- mice. 

Though this result suggests TRAIL potentiates vascular inflammation in the endothelium, 

recent reports have observed that IL-1β depletion leads to characteristics of an unstable plaque 

[258]. However, it is important to note that our model is a non-atheroma developing model and 

my findings may not reflect what occurs during plaque development. Furthermore, mRNA 

levels measured reflect the whole vascular wall, not just the endothelium, and there may be 

alternate expression levels between different cell types that contribute to these changes. Given 

that IL-1β can self-regulate in a paracrine manner [259] and also regulate VCAM-1 [260], 

suggests the existence of a TRAIL/VCAM-1/IL-1b axis. Additional studies are required to 

fully understand whether these changes are specific to TRAIL deletion in the endothelium, and 

whether they have functional consequences in the vessel wall.  These are described in greater 

detail in the future directions (Section 7.2). In combination with our lab’s finding that Trail-/-

Apoe-/- mice having accelerated atherosclerosis, increased calcification, IL-1β reduction can 

indicate an unstable plaque development [173].  These results are suggestive that EC-specific 

TRAIL deletion has increased percentage of activated endothelium in the vasculature which 

can attract and tether more circulating monocytes. Furthermore, in Chapter 4, it was shown that 

TRAIL can mitigate monocyte adhesion following AngII exposure to ECs in an in-vitro setting. 

In chapter 5, histological analysis of the vasculature examining cell adhesion molecules, pro-
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inflammatory cytokines and immune cell infiltartes (e.g. macrophages) at baseline and 

following 12-weeks of HFD will provide a more comprehensive insight into the effect of EC-

expressed TRAIL in the blood vessel wall. These experiments can further be supplemented by 

analysing the aortic lysates for the above-mentioned molecules via western blotting or ELISA. 

Also, whilst observing significant differences in aortic mRNA expression of cytokines and cell 

adhesions molecules following an HFD, it is important to consider the impact of baseline 

changes such as those observed for MCP-1 and IL-18 mRNA expression, in its contribution 

during the HFD treatment. In addition to reduced IL-18 and IL-1b in both naive and 12-week 

HFD TrailEC-/- mice, my lab has recently shown that circulating IL-18 levels were reduced in 

Trail-/- mice. Indeed IL-18 can attenuate TRAIL mRNA expression in macrophages under 

certain conditions [261]. These suggests that there is a correlation between immune regulation 

and EC homeostasis, modulated in part via TRAIL. 

In summary, this chapter establishes the importance of TRAIL originating from the 

endothelium and its systemic effect in a murine model. EC-specific TRAIL deletion had 

dysregulated cholesterol metabolism and blood pressure control implicating a critical function 

in vascular disease.  
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 VSMC-specific TRAIL knockout 
mice characterisation 

6.1 INTRODUCTION  

VSMCs possesses remarkable phenotypic plasticity that allows them to change 

phenotype based on environmental cues during vessel development, angiogenesis and vascular 

diseases [262].  At homeostasis, VSMCs are mostly contractile in their phenotype and 

autoregulate blood vessel lumen, blood pressure and blood flow distribution. These VSMCs 

exhibit contractile cell markers such as α-SMA, α-tropomyosin, myosin heavy chain (MYH) 

10 and 11, along with maintaining minimal proliferation and synthetic activity. These cells are 

able to adapt to changes such as biomechanical stress, and vasoactive physiological and 

pathological molecules [263]. Also, at homeostasis, VSMCs can respond to NO produced by 

the endothelial layer, which can limit their proliferation, maintain their contractile state and 

modulate vaso-constriction and vaso-relaxation.  

In atherosclerosis, following endothelial dysfunction and leukocyte recruitment, VSMCs 

undergo proliferation and migration into the sub-endothelial space leading to plaque 

progression. During this process, these cells undergo phenotypic switching with the help of 

transcription factors such as Krüppel-like factor (KLF) 4 and 5. Though phenotypic switching 

is a transient process, during atherosclerosis, most of the VSMCs are in their synthetic 

phenotype creating an inflammatory environment along with proliferation and migration of 

VSMCs.  

Our lab was the first to establish the non-apoptotic role of TRAIL in VSMCs at 

physiological concentrations. We have also shown that Trail-/- mice had reduced neo-intimal 

formation following injury and VSMCs obtained from Trail-/- mice had reduced proliferative 

activity [184,194]. These experiments suggest that TRAIL plays an important proliferative role 
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in VSMCs enabling intimal thickening after a vascular injury. However, the role of TRAIL in 

VSMCs during atherosclerosis is unknown. VSMC’s phenotypic markers along with their 

systemic physiological impact due to TRAIL is not fully understood.  

In this chapter we aim to characterise the role of TRAIL in VSMCs in vivo under 

physiological and pathological conditions using VSMC-specific TRAIL deleted mice. 

6.2 BRIEF METHODS 

6.2.1 Animals  

In this chapter TrailVSMC-/- and TrailVSMC+/+ male mice were generated as described in 

method section 2.4.4 and characterised at baseline and following 12 w HFD as described 

in method section 2.4.5. Animal ethics were obtained from Sydney Local Animal 

Welfare Committee (2017-020, 2014-027).  

6.2.2 Mouse aortic RNA extraction  

Aortas obtained from mice at baseline and 12 w HFD were extracted for RNA as 

described in method section 2.4.8 and PCR analysis was done with primers listed in method 

section 2.4.9.  

6.2.3 Plasma biochemistry 

Plasma extracted from mice at baseline and following 12 w HFD were measured for 

cholesterol, insulin and nitrate/nitrite as described in method section 2.4.12, 2.4.13 and 2.4.14.  

6.2.4 Glucose and insulin tolerance test  

GTT and ITT were carried out in 12 w HFD fed mice according to method section 2.4.7. 
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6.2.5 Blood pressure 

Blood pressure was measured at week 10-12 in HFD fed mice according to method 

section 2.4.6.  
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6.3 RESULTS  

6.3.1 Baseline characterisation TrailVSMC-/- showed changes in contractile and 

synthetic gene mRNA expression  

Mice aged between 6 to 14 weeks were euthanised and thoracic aortas were collected. 

RNA was extracted and analysed for gene expression markers for contractile and synthetic 

phenotypes. Investigation of contractile makers showed α-tropomyosin was reduced in 

TrailVSMC-/- mice, yet this did not reach significance. No difference was observed with smooth 

muscle α-actin (SMα-A), myosin heavy chain -10 (MYH-10) and myosin heavy chain-11 

(MYH-11) (Figure 6.1a-d). Krüppel-like factor (KLF), an important transcriptional factor of 

VSMCs is important in identifying the pathological condition of the vasculature [264]. 

Synthetic markers KLF-4 and KLF-5 were significantly reduced in TrailVSMC-/- mice compared 

to the control (Figure 6.1e-f). This suggests that TRAIL gene deletion from VSMCs affects 

phenotypic switching in the vasculature.  
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Figure 6.1 Baseline characterisation of TrailVSMC-/- and TrailVSMC+/+ showed 

changes in contractile and synthetic gene mRNA expression. Aortae from 6 - 14-week-

old TrailVSMC+/+ and TrailVSMC-/- were collected a and quantified for gene expression using 

qPCR. Contractile markers (a) α-tropomyosin was down-regulated in TrailVSMC-/- compared 

the control. However, there was no significant changes with other contractile markers (b) 

SMα-A, (c) MYH-10 and (d) MYH-11. On the other hand, transcription factors such as (e) 

KLF-4 and (f) KLF-5 were significantly reduced in TrailVSMC-/- mice compared to the control 

TrailVSMC+/+ mice. mRNA expression was normalized to β-actin. n = 4 – 5/group. Results 

were expressed as mean ± SEM; *p < 0.05; Student t-test. 
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6.3.2 Baseline characterisation of TrailVSMC-/- mice showed reduced VCAM-1 and IL-1β 

mRNA expression  

Several research have indicated cross-talk between VSMCs and ECs. This cross-talk 

regulates vascular functionality and sustains homeostasis. Thus identification of inflammation 

and endothelial specific markers are important in TrailVSMC-/- mice [265]. Though there was no 

difference between cell adhesion molecules ICAM-1, VCAM-1 was significantly reduced in 

TrailVSMC-/- compared to the control (Figure 6.2a-b). There was no change observed with VE-

cadherin, an important endothelial permeability marker (Figure 6.2c). Furthermore, 

inflammatory marker IL-1β was reduced in TrailVSMC-/- mice (Figure 6.2d). These changes 

prove a cross-talk between ECs and VSMCs, as well as provide a directionality for future 

research.  
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Figure 6.2 Baseline characterisation of TrailVSMC-/- showed reduced VCAM-1 

and IL-1β mRNA expression. See changes above 6 - 14-week-old TrailVSMC+/+ and 

TrailVSMC-/- aorta were collected and RNA was extracted and quantified for gene expression 

using qPCR. Endothelial specific gene expression such as (a) ICAM-1 showed no 

significant difference, but (b) VCAM-1 mRNA expression was reduced in TrailVSMC-/- 

compared to the control and (c) VE-cadherin did not exhibit any difference between the two 

groups. Inflammatory marker (d) IL-1β showed significant reduction in TrailVSMC-/- mice 

compared to the control TrailVSMC+/+. n = 4 – 5/group. Results were expressed as mean ± 

SEM; *p < 0.05, **p < 0.01; Student t-test. 
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6.3.3 TRAIL deletion in VSMC has no effect on plasma chemistries at baseline  

To analyse the metabolic state of baseline TrailVSMC-/- mice, plasma biochemistry analysis 

was done. Mice were fasted before euthanasia and blood was collected through cardiac 

puncture. Plasma was extracted and analysed. There were no difference observed with plasma 

cholesterol, insulin and Nitrate/nitrite between TrailVSMC-/- and TrailVSMC+/+ mice (Figure 6.3a-

c).  

 

 

 

 

Figure 6.3 No significant difference was observed in plasma biochemistry in 

baseline VSMC-specific TRAIL knockout mice see title above. Blood was collected 

from mice by cardiac puncture and plasma isolated. Plasma was used to analyze (a) 

cholesterol, (b) insulin and (c) nitrate/nitrite level, which showed no significant difference 

between TrailVSMC-/- and the control TrailVSMC+/+ at baseline. n = 4 - 5/group. Results were 

expressed as mean ± SEM, Mann-Whitney test. 
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6.3.4 Baseline characterisation of TrailVSMC-/- mice showed no difference in the 

physical structure of the vasculature 

Thoracic aorta collected from 6 to 14-week old mice were fixed in paraffin for histology 

and cut into 5µm sections. 20x magnification of aortic sections were taken. ECM proteins such 

as collagen and elastin which provides structural integrity to vessel wall was observed [73]. 

There were no difference observed with elastin and collagen content (Figure 6.4a-b). H&E 

staining was performed to observe the vessel wall’s thickness, which showed no difference 

between TrailVSMC-/- and its control TrailVSMC+/+mice (Figure 6.4c).  
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Figure 6.4 No significant difference at baseline in physical characteristic of vessel 

wall between TrailVSMC-/- and TrailVSMC+/+ mice. 5µm histological sections of thoracic aorta 

stained for (a) Left – H&E staining of TrailVSMC+/+ and TrailVSMC-/- and measured for vessel 

thickness; Right – Quantification of aortic wall thickens between the two groups showed no 

significant difference. (b) Left – 20x magnification of TrailVSMC+/+ and TrailVSMC-/- stained 

for collagen content; Right – quantification of collagen (dark red) staining between the two 

groups showed no significant difference.  (c) Left – 20x magnification of TrailVSMC+/+ and 

TrailVSMC-/- stained for elastin content; Right – quantification of elastin (dark purple) staining 

between the two groups showed no significant difference.  n = 3 - 4/group. Results were 

expressed as mean ± SEM, Student t-test. 
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6.3.5 Liver weights were significantly increased in TrailVSMC-/- mice after 12 w 

HFD  

Because we observed little changes in gene expression and no changes in plasma 

biochemistry or vessel structure of 6-week old TrailVSMC-/- and TrailVSMC+/+ mice, we next 

wanted to examine whether challenging these mice by feeding them an HFD for 12 weeks 

would affect any of these parameter.  Mice were fasted over-night before sacrifice. Following 

euthanasia of mice placed on a 12-week HFD, organs were collected and weighted. No 

difference in weight was observed between the two groups throughout the 12-weeks of HFD 

(Figure 6.5a) TrailVSMC-/- mice had significantly larger liver than the control TrailVSMC+/+ 

(Figure 6.5b). However, there was no difference in other organ weights such as spleen, fat, 

retro-fat and kidney between the two groups (Figure 6.5c-f).  
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Figure 6.5 Liver weight was significantly increased in TrailVSMC-/- compared to 

VSMC Trail+/+ mice on a 12-week HFD. 6-week old mice were placed on a 12-week HFD. 

(a) Body weight was measured weekly with no significant difference. Following 12-weeks 

HFD, over-night fasted mice were euthanised via cardiac puncture and organs were 

extracted and weighted. (b) There was a significant up-regulation in liver mass in TrailVSMC-

/- mice compared to the control TrailVSMC+/+. Other organs such as (c) spleen, (d) epididymal 

fat (e) retro-fat and (f) kidney showed no significant difference between the two groups. n 

= 10 - 11/group. Results were expressed as mean ± SEM; *p < 0.05; Student t-test. 
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6.3.6 12-week HFD mice showed no difference in body weight, glucose and insulin 

tolerance test between TrailVSMC+/+ and TrailVSMC-/- 

Ince HFD Trail-/- mice displayed glucose intolerance and insulin resistance compared to 

Trail+/+ mice [170], we also examined glucose and insulin tolerance at week 10 and week 11 

of HFD in TrailVSMC+/+ and TrailVSMC-/- mice respectively.  Glucose and insulin tolerance test 

were performed at week 10 and week 11 of HFD respectively. A bolus of glucose or insulin 

was given to over-night fasted and non-fasted mice, for GTT and ITT respectively. No 

difference difference was observed with GTT or ITT between TrailVSMC-/- and its control 

TrailVSMC+/+ mice (Figure 6.5a-b). The large variation in ITT data is potentially due to animal 

stress, animal handling and probable variation in response to insulin between animals from the 

same genotype [266] 
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Figure 6.6 12-week HFD mice showed no difference difference in glucose and 

insulin tolerance test between TrailVSMC+/+and TrailVSMC-/-. (a) Over-night fasted mice 

were given a bolus of glucose (1 g/kg) and blood glucose level measured at baseline, 15, 

30, 60 and 120 minutes after glucose administration and showed no significant difference. 

(b) Non-fasted mice were given a bolus of insulin (1 U/kg) and blood glucose level 

measured at baseline, 15, 30, 60 and 120 minutes after insulin administration and showed 

no significant difference. n = 10 -11/group. Results were expressed as mean ± SEM, 

ANOVA, Sidak’s multiple comparison test.  
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6.3.7 No changes in blood pressure in TrailVSMC-/- mice and its control in a 12-

week HFD model 

Because TRAIL is protective of EC dysfunction and vascular inflammation (chapter 3), 

which can regulate blood pressure, tail-cuff blood pressure measurements were taken from 

TrailVSMC-/- and TrailVSMC+/+ mice between 10 to 12 weeks of HFD feeding. These animals were 

analysed for systolic and diastolic blood pressure, mean arterial pressure and heart rate. There 

were no difference observed in any of the mentioned parameters between TrailVSMC-/- and 

TrailVSMC+/+ mice (Figure 6.7a-d).  
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Figure 6.7 No significant changes between TrailVSMC-/- and TrailVSMC+/+on a 12-

week HFD. Tail-cuff blood pressure was measured between the two groups between 10 – 

12 weeks of HFD. There were no significant changes between (a) systolic blood pressure, 

(b) diastolic blood pressure, (c) mean arterial pressure and (d) heart rate between TrailVSMC-

/- and TrailVSMC+/+n = 4 - 8/group. Results were expressed as mean ± SEM; Student t-test. 
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6.3.8 No changes in plasma biochemistry of VSMC-specific TRAIL knockout 

mice following 12-week HFD 

As in baseline characterisation (section 6.2.4), plasma chemistries, specifically, blood 

glucose, insulin and cholesterol were assessed. There were no difference observed with plasma 

glucose, insulin and cholesterol concentrations in TrailVSMC-/- and TrailVSMC+/+ mice on a 12-

week HFD (Figure 6.8a-d).  

Figure 6.8 No changes in plasma biochemistry of VSMC-specific TRAIL deleted 

mice on a 12-week HFD. Blood was extracted from mice during euthanasia through cardiac 

puncture. Plasma was used to analyze (a) blood glucose, (b) insulin and (c) cholesterol 

levels showed no significant difference between TrailVSMC-/- mice compared to its control 

TrailVSMC+/+. n = 6/group. Results were expressed as mean ± SEM; *p < 0.05; Student t-test. 
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6.3.9 No difference difference in vessel structure was observed in 12-week HFD 

TrailVSMC-/- mice 

To analyse aortic wall structure and its structural integrity after a 12-week HFD 

challenge, similar to baseline analysis (section 6.2.4), H&E, collagen and elastin staining were 

performed. Thoracic aortas were collected from 12-week HFD fed TrailVSMC+/+ and TrailVSMC-

/- mice and fixed for histological analysis and cut into 5µm section for analysis. No difference 

was observed between TrailVSMC-/- mice and control (Figure 6.9a-b). Measurement of aortic 

vessel wall thickness of sections stained with H&E staining showed no difference between 

TrailVSMC-/- and control TrailVSMC+/+ mice (Figure 6.9c). This suggests that there was no 

difference in physical characterisation of the vessel wall when TRAIL is deleted from the 

endothelium.  
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Figure 6.9 No significant difference in physical characteristic of vessel wall between 

TrailVSMC-/- and TrailVSMC+/+ mice on a 12-week HFD. 5µm histological sections of thoracis 

aorta stained for (a) Left – H&E staining of TrailVSMC+/+ and TrailVSMC-/- and measured for vessel 

thickness; Right – Quantification of aortic wall thickens between the two groups showed no 

significant difference. (b) Left – 20x magnification of TrailVSMC+/+ and TrailVSMC-/- stained for 

collagen (dark red) content; Right – quantification of collagen staining between the two groups 

showed no significant difference. (c) Left – 20x magnification of TrailVSMC+/+ and TrailVSMC-/- 

stained for elastin content; Right – quantification of elastin (dark purple) staining between the 

two groups showed no significant difference. n = 4 - 6/group. Results were expressed as mean ± 

SEM, Student t-test. 
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6.3.10   α-tropomyosin mRNA expression was increased in TrailVSMC-/- mice in a 

12-week HFD model  

Similar to baseline aortic mRNA analysis of TrailVSMC-/-, thoracic aortas were collected 

from 12-week HFD fed TrailVSMC+/+ and TrailVSMC-/- mice and RNA w0as extracted analysed 

through qPCR. Contractile marker α-tropomyosin was significantly elevated in TrailVSMC-/- 

mice compared to the control (Figure 6.10a). However, other contractile and synthetic markers 

such as SMα-A, MYH-10, MYH-11, KLF-4 and KLF-5 showed no difference between 

TrailVSMC-/- and its control (Figure 6.10b-f).  
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Figure 6.10 Baseline characterisation of TrailVSMC-/- and TrailVSMC+/+showed an 

increase in α-tropomyosin mRNA gene expression. 12-week HFD, TrailVSMC+/+ and 

TrailVSMC-/- mice aorta was collected, and RNA was extracted and quantified for gene 

expression using qPCR. To analyse phenotypic switching of VSMC in this model, 

contractile and synthetic mRNA gene expression were analysed. Contractile marker (a) α-

tropomyosin mRNA expression was significantly increased in TrailVSMC-/- mice compared 

to the control TrailVSMC+/+. Other contractile markers such as (b) SMα-A, (c) MYH-10 and 

(d) MYH-11 showed no significant difference between the two groups. Synthetic marker 

(e) KLF-4 and (f) KLF-5 also showed no significant reduction between the two groups. 

mRNA expression was normalized to β-actin. n = 6/group. Results were expressed as mean 

± SEM; **p < 0.01; Student t-test. 
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6.3.11 VE-cadherin mRNA expression was increased in TrailVSMC-/- mice in a 12-

week HFD model 

12-week HFD mice aortic RNA was also analysed for endothelial specific gene markers 

and inflammatory gene. There were no difference in cell adhesion markers such as ICAM-1 

and VCAM-1 (Figure 6.11a-b). However, VE-cadherin mRNA expression was significantly 

elevated in TrailVSMC-/- mice compared to the control TrailVSMC+/+ (Figure 6.11c). Also, there 

was no difference with the inflammatory marker IL-1β (Figure 6.11d).  
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Figure 6.11 VE-cadherin mRNA expression was increased in TrailVSMC-/- 12-week 

HFD mice. 12-week HFD, TrailVSMC+/+ and TrailVSMC-/- mice aorta was collected, and RNA 

was extracted and quantified for gene expression using qPCR. Endothelial specific markers 

such as (a) ICAM-1 and (b) VCAM-1 showed no significant changes between the two 

groups. (c) VE-cadherin mRNA expression was significantly elevated in TrailVSMC-/- mice 

compared to the control TrailVSMC+/+. Inflammatory marker (d) IL-1β showed no significant 

difference. mRNA expression was normalized to β-actin. n = 6/group. Results were 

expressed as mean ± SEM; **p < 0.01; Student t-test. 
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6.4 DISCUSSION 

In this chapter we investigated the effect of VSMC-specific TRAIL deletion in in the 

aorta, at baseline and after a 12-week HFD challenge. At baseline, TrailVSMC-/- mice 

showed a reduction in contractile markers α-tropomyosin and a reduction in phenotypic 

transcription factors such as KLF-4 and KLF-5. There was also a reduction in endothelial 

specific marker VCAM-1 and inflammatory gene expression IL-1β in the thoracic aortas 

of TrailVSMC-/- mice. After 12-week HFD feeding, there was up-regulation of contractile 

marker α-tropomyosin and endothelial specific marker VE-cadherin in TrailVSMC-/- mice 

compared to the control. We also observed an increase in liver mass in TrailVSMC-/- mice. 

Over-all TRAIL deletion specifically in the VSMCs at baseline resulted in changes in 

phenotypic modulatory genes. α-tropomyosin, a contractile gene marker that is an 

important structural protein in the cytoskeleton of VSMCs [65,267]. A reduction of this 

gene expression in the vasculature of a VSMC-specific TRAIL deleted mice suggests 

that it has a poor contractile phenotype which can lead to stiffening of arterial walls and 

structural damage to the vessel wall due to changes in blood pressure [268]. Measurement 

of transcription activator Krüppel-like factors advised the phenotypic state of VSMCs. 

Both KLF-4 and KLF-5 were significantly reduced in TrailVSMC-/- mice compared to the 

control. In recent times research have shown the function of KLF-4 to be contradictory 

in VSMCs. Certain studies have shown that the increased accumulation of KLF-4 leads 

to inhibition of DNA synthesis and cell-cycle arrest suggesting an anti-proliferative role 

in VSMCs [269,270]. On the other hand, other research have shown KLF-4 to play an 

important role in pathogenesis of atherosclerosis by induction of a synthetic phenotype 

in VSMCs [271,272]. The directionality of VSMC phenotype due to KLF-4 needs further 

investigation by looking at KLF-4 induced down-stream targets such as NFκB and 

SMAD pathways which have the ability to induce pro and anti-inflammatory effect on 
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the vessel wall [273,274]. However, KLF-5 reduction in TrailVSMC-/- mice indicate a 

reduced synthetic phenotype. KLF-5 has been implicated in pulmonary arterial 

hypertension and breast cancer due to its induction of synthetic phenotype in VSMCs 

[275,276]. They do so by increasing cell-cycle progression and increasing VSMC 

proliferation and being a major inducer of vascular hyperplastic diseases [277]. These 

differences observed with phenotypic modulatory genes needs to be studied further for 

their respective protein translation and their impact on the vasculature.  TrailVSMC-/- mice 

also showed reduced VCAM-1 expression compared to the control. VCAM-1 is 

expressed on the luminal surface of ECs play an important role in leukocyte attraction 

and immune surveillance. Similar to the discussion in chapter 5 (section 5.3), reduction 

in VCAM-1 expression is suggestive of vascular cells evading immune cell intervention 

which can promote vascular disease. However, VCAM-1 detection via western blotting 

or immune-histochemistry is essential to confirm the role of endothelial TRAIL in 

immune-surveillance.  We also found a significant reduction in IL-1β mRNA expression 

in TrailVSMC-/- mice compared to the control. This could indicate a reduction in 

inflammation, however recent research established that, IL-1β might protect against 

advanced atherosclerotic progression [258]. This could mean, TRAIL deletion VSMC 

might accelerate advanced atherosclerotic plaque progression. 

To investigate the effect of diet induced changes in the vasculature of VSMC-specific 

TRAIL deletion, TrailVSMC-/- and TrailVSMC+/+ mice were placed on an HFD for 12-weeks. 

Vascular mRNA gene expression revealed an increase in α-tropomyosin and VE-

cadherin expression in TrailVSMC-/- mice compared to the control. Expression of α-

tropomyosin was significantly reduced at baseline in TrailVSMC-/- mice, however, when 

these animals were challenged to a 12-week HFD, opposite result was observed. This 

suggests that the phenotypic switching is affected with VSMC-specific TRAIL deletion 
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in mice. Though these animals were not obese or insulin resistant, studies have shown 

that baseline phenotypic characterisation of VSMCs can change with the induction of an 

HFD [278,279]. The increase in endothelial specific marker VE-cadherin mRNA 

expression in TrailVSMC-/- mice compared to the control is suggestive that, VSMC-specific 

TRAIL deletion, affects the endothelium.  VE-cadherin is regarded as an important 

molecule responsible for vessel permeability. Results from Chapter 4 revealed reduced 

VE-cadherin mRNA expression in Trail-/- and Trail-/-Apoe-/- vasculature, however, in the 

current model up-regulation of this gene expression is suggestive of feed-back 

mechanisms or alternative activation of VE-cadherin, which needs to be explored further.  

We also noticed an increase in liver weight in TrailVSMC-/- compared to the control, with 

no difference observed in overall body weight. This can be an indication of hepatic 

hypertrophy, fatty liver or dysfunctional cholesterol metabolism. Studies have shown 

that, an enlarged liver usually indicates inflammation [280]. While no physical evidence 

of inflammation was observed, an enlarged liver can generate key inflammatory 

components which are pro-atherogenic. They cause an up-regulation in liver derived 

inflammatory markers such as C-reactive protein (CRP) [281]. Previous findings from 

our lab have shown that global TRAIL deleted mice on an HFD had increased liver lipid 

content, inflammation and fibrosis. This could be a possibility with the enlarged liver of 

TrailVSMC-/- mice. Furthermore, from Chapter 5 it was evident that EC-specific TRAIL 

deletion led to a substantial increase in plasma cholesterol level. In the current model 

with enlarged liver in TrailVSMC-/- mice, there is again the possibility of damaged 

sinusoidal capillaries of the liver and dysfunctional cholesterol metabolism resulting in 

an enlarged liver. Further studies on TrailVSMC-/- liver is essential to pinpoint the cause of 

an enlarged liver.  
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In summary, this chapter establishes the importance of TRAIL originating in VSMCs 

and its systemic effect in the murine model. VSMC-specific TRAIL deletion had changes 

with phenotypic gene expression markers and resulted in an enlarged liver following an 

HFD. We also need to consider that in this chapter mRNA was obtained from the entire 

aorta consisting of ECs, VSMCs and other vascular cells. This can be regarded as a 

limitation whilst studying the impact of VSMC-specific TRAIL effect. Future 

experiments of extracting VSMCs from these animals and performing ex-vivo analysis 

is essential.  
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 Discussion 

7.1 DISCUSSION 

CVD affects nearly 66% of Australians over the age of 75, thus accounting for the largest share 

of health expenditure of any disease group (Heart Foundation Australia; 

https://www.heartfoundation.org.au). Atherosclerosis is the main cause. It is a chronic 

condition spanning decades and can lead to fatal events such as myocardial infarction  or stroke 

[282]. Initiation of atherosclerosis begins with vascular damage, promoting a pro-

inflammatory, pro-atherogenic and pro-thrombotic state in the vessel wall. The initial insult to 

ECs is usually caused by oxidative stress produced by various sources including mitochondrial 

electron transport chain, NOX system and eNOS uncoupling [283]. Identifying novel stimuli 

that protect the vascular endothelium against oxidative stress in atherosclerosis may be 

attractive strategy for development of new therapeutics. 

TRAIL is a cytokine discovered and named for its ability to promote cancer cell death [284]. 

However, we and others have shown that TRAIL stimulates EC proliferation and migration in 

vitro and in vivo [194-196], and plays an overall protective role in CVD. For example, patients 

with CVD [163] and its complications [168,197] have reduced circulating TRAIL 

concentrations, and mice lacking TRAIL exhibit accelerated atherogenesis [172]. The 

mechanisms by which TRAIL regulates EC function and protects against atherosclerosis are 

unclear. The aim of this thesis was to (i) investigate the role of TRAIL against oxidative stress 

in clinical, pre-clinical and EC in-vitro models, (ii) observe the role of TRAIL in the 

endothelium in vivo at baseline and following 12-week HFD and (iii) observe the role of 

TRAIL in VSMCs in vivo at baseline and following 12-week HFD.  The major findings of this 

thesis were: (i) A protective association was established with TRAIL against oxidative stress 
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in people with CAD, pre-clinical models of atherosclerosis, as well as in ECs in-vitro; (ii) 

TRAIL deletion from the endothelium in mice modulated cholesterol metabolism such that 

TrailEC-/- mice had 7-fold more plasma cholesterol than wildtype mice in response to an HFD. 

EC-dependent TRAIL expression was also crucial in blood pressure control, since these mice 

were hypotensive. Furthermore, these mice had altered gene expression profiles for 

inflammatory markers; (iii) TRAIL expression specifically coming from VSMCs were found 

to modulate phenotypic gene expression of VSMCs. TrailVSMC-/- mice also were found to have 

enlarged liver following an HFD.  

We first explored the relationship between TRAIL and oxidative stress in clinical and pre-

clinical models. A negative correlation between TRAIL and oxidative stress in coronary artery 

disease (CAD) patients was the first report suggesting that circulating TRAIL levels may be a 

determinant of oxidative stress in CAD. This finding is supported in other inflammatory 

diseases which also have elevated levels of oxidative stress including diabetes and kidney 

disease [163,168,171]. Furthermore, the pre-clinical models in this thesis provided mechanistic 

insight into how TRAIL may protect against CVD, describing the impact of TRAIL on different 

forms of endothelial dysfunction, namely, increased vascular oxidative stress, impaired 

endothelial-dependent vasorelaxation, increased endothelial permeability and endothelial-

leukocyte adhesion. 

Because oxidative stress is an important factor leading to endothelial dysfunction and plaque 

progression [285,286], we used  AngII, which produces endothelial ROS via multiple sources 

[221,287]. In this thesis, we confirmed that HMEC-1 cells exposed to AngII produced ROS 

via NOX, and specifically NOX-4, eNOS coupling and via the mitochondrial electron transport 

chain. Importantly, this thesis identified that TRAIL protects against AngII-induced oxidative 

stress in ECs. These results are supported by Liu et al. (2014), where TRAIL was used as an 
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effective treatment against high glucose induced oxidative stress in both in vivo and in-vitro 

models [288].  

Several cell processes known to promote atherogenesis were also observed in our in vitro 

models in response to AngII. For example, up-regulation of cell adhesion molecules, monocyte 

adhesion and increased endothelial permeability, more importantly, these processes were 

brought back to baseline with TRAIL pre-treatment of ECs. Previous studies of HFD Trail-/-

Apoe-/- mice showed accelerated atherosclerosis [172,173,289]. The accelerated atherosclerosis 

observed in these animals may be due to increased monocyte recruitment, commonly observed 

when the endothelium is damaged and activated  [290]. Also, increased vessel permeability can 

aid in monocyte migration into the sub-endothelial space [291], leading to bigger plaques as 

observed in the Trail-/-Apoe-/- mice [173]. These findings indicate that increasing TRAIL levels 

under these circumstances could combat many of these initial changes in the vasculature to 

prevent accelerated atherosclerosis. These findings also contribute to our understanding as to 

how TRAIL may protect against oxidative stress in the endothelium.  

ECs are the first point of contact to any systemic circulatory changes as well as the initial cell 

type to be damaged during atherosclerosis. Identification of TRAIL’s protective role in the 

endothelium raised several question as to its in vivo impact on endothelial function, vascular 

homeostasis and its systemic effect.  Our lab created TrailEC-/- mice to investigate the effect of 

TRAIL deletion only in the endothelium. We found that TrailEC-/- mice challenged on a 12-

week HFD, had high circulating plasma cholesterol in the blood; a finding also observed with 

global TRAIL deletion mice [170]. This indicates the potential role of TRAIL from the 

endothelium in cholesterol metabolism. In clinical studies, patients with EC dysfunction are 

known to have hypercholesterolemia [292]. Unlike VSMCs and macrophages, ECs do not 

accumulate cholesterol or transform into foam cells, they can up-regulate efflux of cholesterol 

through RCT thereby affecting plasma cholesterol levels during atherosclerosis [293].  
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Importantly, the role of the endothelium in cholesterol metabolism has been described for other 

genes. For example, endothelial-specific deletion of lipoprotein receptor-related protein 1 

(LPR1) or NOTCH1 increased systemic cholesterol concentrations [294,295]. Deletion of 

these receptors from ECs were shown to have similar phenotypes to its deletion in hepatocytes 

and adipocytes suggesting a regulatory role of EC in cholesterol metabolism. Both LPR1 and 

NOTCH1 were shown to be transactional activators of cholesterol metabolism in ECs. This 

can be indicative that TRAIL can be transcriptional regulator of cholesterol metabolism genes 

in the endothelium. Further analysis of various cholesterol genes and its transcriptional 

regulators can provide answers to the role of TRAIL in cholesterol metabolism in ECs.   

Hypertension is a common sign of arterial stiffening and its inability to contract and relax to 

systolic and diastolic pressures [296]; high expression of NOS is usually associated with 

hypotension [237,255]. Over-expression of eNOS leads to an increase in NO production 

whereby there is a reduction in blood-pressure due to vaso-relaxation of the vasculature. In 

humans, chronic hypotension is usually a sign of the body’s inability to maintain fluid balance 

in kidney disease [297,298]. HFD challenged TrailEC-/- mice exhibited hypotension and 

dysregulated NOS expression. Low-blood pressure in these animals can be an indication of 

vascular damage leading to the inability to change vessel diameter, changes in blood 

volume/cardiac output and dysregulation of blood pressure controlling hormones such as AngII 

[299]. In particular to the endothelium, a clinical study has shown that endothelial activation 

markers such as E-selectin can lead to hypotension in sepsis patients [300].  Furthermore, in 

animal studies involving EC-specific deletion of blood pressure related genes such as guanylyl 

cyclase-A (GC-A), a receptor of atrial natriuretic peptide (ANP) a potent vasodilator causes 

systemic vasorelaxation [301]. These results suggest that EC’s play a major role in blood 

pressure regulation and TRAIL from the endothelium can potentially regulate endothelial NO 

and control systemic blood pressure.  
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IL-1β is a cytokine important in inflammation. Circulating levels of this cytokine are 

significantly elevated in CVDs. The CANTOS (Canakinumab Anti-Inflammatory Thrombosis 

Outcome Study) trial, used canakinumab, an inhibitor of IL-1β in patients with CAD, which 

lead to significantly reduced recurrence of cardiovascular events due to its anti-inflammatory 

properties [302]. Though blockage of IL-1β was thought to bring about infection, IL-1β 

knockout mice responded normally to systemic injection of LPS compared to the control, 

suggesting its possible usage in clinical trials [303]. This thesis identified that TrailEC-/- mice 

had significantly reduced vascular IL-1β gene expression in response to an HFD, contrasting 

to the findings indicated above. However, a recent study by Gomez et al. (2018) provided 

compelling evidence to the critical role of IL-1β signalling in late stage atherosclerosis. It 

showed Apoe-/- mice treated to neutralising antibody of IL-1β had reduced VSMCs and 

collagen, whilst increased macrophage content in the plaque making it unstable [258]. Hence, 

low IL-1β expression in TrailEC-/- mice can indicate an unstable plaque phenotype, similar to 

what was observed in Trail-/-Apoe-/- mice placed on an HFD diet [177].  

TrailEC-/- mice also had reduced vascular VCAM-1 gene expression in response to an HFD 

challenge. Cancer models have shown that tumours have reduced VCAM-1 expression, 

enabling them to escape immunological attack. VCAM-1 down-regulation may be a strategy 

for reduced immune-surveillance [256]. Thus, reduced VCAM-1 expression in TrailEC-/- mice, 

might be an indication of defective immune system, preventing clearance of accumulated 

monocytes and other inflammatory cytokines on the endothelium, leading to progression of 

atherosclerosis and CVDs. This result indicates the possible role of endothelial TRAIL in 

immune-surveillance. However, VCAM-1 detection via western blotting or immune-

histochemistry is essential to confirm the role of endothelial TRAIL in immune-surveillance.  
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Because we are interested in the effects of TRAIL on vascular cells, my lab also produced 

VSMC-specific TRAIL knockout mice. VSMCs form the second layer of the blood vessel, 

playing a crucial role in blood pressure regulation by controlling the vessel diameter [304]. 

These cells play a major role in plaque progression in atherosclerosis by modulating their 

phenotype. Previously my lab and others have shown that TRAIL stimulates VSMC 

proliferation, migration and differentiation [184,194] and stimulates a stable plaque phenotype 

[177].  

VSMCs are plastic cells capable of switching from contractile to a synthetic phenotype. 

Contractile VSMCs express specific markers such as SMα-A, α-tropomyosin, MYH-10/11 

[65], whereas synthetic VSMCs express predominantly KLF-4 and -5 [272,305]. Importantly, 

during atherosclerosis, VSMCs are synthetic, which aid in proliferation and migration of these 

cells, leading to plaque progression [69].  

TrailVSMC-/- mice on both baseline and HFD challenge showed differences in both contractile 

and synthetic gene expressions. A conclusive result to the phenotypic state of VSMCs in this 

model wasn’t established, however, these gene expression changes signify the potential role of 

TRAIL in phenotypic switching of VSMCs. This work is preliminary, and more studies are 

required to fully delineate TRAIL’s effect in VSMCs in vivo.  

In conclusion, my thesis identified the protective role of TRAIL in the endothelium during 

oxidative stress and enabled us to uncover new molecular pathways in the vasculature 

indicating TRAIL dependence in CVD. Thus, comprehension of TRAIL signals may help us 

to develop more effective treatment for debilitating conditions associated with CVDs and its 

complications.  
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7.2 FUTURE DIRECTIONS  

This thesis provided insight into TRAIL’s protective stature in the vasculature under 

physiological and pathological conditions.  

While my work established that TRAIL inhibits AngII-induced ROS production, an 

understanding of the precise molecular mechanism(s) by which it acts requires more extensive 

studies.  This is because our data indicate that the production of ROS by ECs in response to 

AngII is complex, involving the interaction of several enzyme sources including NOX-4, 

mitochondria and uncoupled eNOS [191].  This complexity has been noted by others with 

recent work reporting that redox cross-talk between NOX, mitochondria and uncoupled eNOS 

is required to achieve maximal ROS production by ECs treated with AngII [306-308]. 

Interestingly, our data showing that TRAIL limits NOX4-derived ROS in AngII-stimulated 

ECs contrasts with our prior work [177] where TRAIL stimulated NOX-4 expression and H2O2 

under basal conditions. TRAIL’s role on NOX-4 expression and down-stream effects may 

differ under normal vs. pathogenic conditions, such as in AngII stimulation and warrants 

further study. Though Trail-/-Apoe-/- vasculature have been shown to have increased ROS 

damage, this project in future will warrant an interventional study to see if antioxidant treatment 

will improve endothelial function in mice.  Furthermore, in Chapter 4, I showed that TRAIL 

can mitigate monocyte adhesion following AngII exposure in ECs. To confirm this, additional 

studies detecting monocyte adhesion in vivo (either via flow cytometry or intravital 

microscopy) will validate the role of TRAIL in leukocyte adhesion and support the in-vitro 

data. 

My lab is world-first to generate EC and VSMC-specific TRAIL knockout mice, and work 

from this thesis raised several questions. First, why would TRAIL deletion specifically from 

ECs increase plasma cholesterol 7-fold compared to wildtype mice. Liver histology and 

gene/protein expression along with analysis of reverse cholesterol transport gene expression 
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both in the vasculature and the liver can provide mechanism of action of endothelial TRAIL in 

cholesterol metabolism.   

The second question relates to why this animal model exhibited hypotension along with 

dysregulated NOS expression. Performing myography which analyse endothelial dependant 

vaso-relaxation against various drugs such as Ach and SNP can conclusively prove endothelial 

damage in TrailEC-/- mice and indicate the importance of TRAIL in the homeostasis of a healthy 

endothelium.  

The final question relates to why TrailVSMC-/- mice showed changes in contractile and 

transcription factor gene expression at both baseline and following an HFD. Though these 

changes indicate the role of TRAIL in phenotypic switching of VSMCs, protein expression of 

these gene in the vasculature can provide a definite answer to the state of VSMC in TrailVSMC-

/- mice. Also, changes in liver weight in TrailVSMC-/- mice can be analysed further by liver 

histology and gene/protein expression to identify the cause.  

Both EC and VSMC-specific TRAIL deleted mice models require further characterisation 

under various pathological models such as hind-limb ischaemia, peri-arterial cuff and wound 

healing models. These models are currently been carried out in our lab and promises novel 

findings which will aid in discovering TRAIL’s mechanism of action.  The experiments 

performed in Chapters 5 and 6 were pilot studies. Even though I observed significant changes, 

it is necessary to acknowledge that mRNA analysis was obtained from the entire aortae 

consisting of ECs, VSMCs and other vascular cells. Future experiments using only ECs and 

VSMCs isolated from these animals and performing ex-vivo analysis is essential. It is also 

essential to analyse plasma biochemistry such as cholesterol, triglycerides, nitrate/nitrite, 

glucose and insulin with increased animal numbers. Furthermore, myography will need to be 

performed to identify the contribution of TRAIL expressed EC or VSMCs to vasorelaxation 
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and vasoconstriction.  Additional experiments to increase animal cohort numbers to reduce 

variance and increase sample power is essential. 

 

 In conclusion, my thesis created the foundation for the role of TRAIL in the vasculature. 

Several more studies are required to discover the mechanisms of TRAIL in the vascular cells 

under physiological and pathological conditions. These studies will eventually lead to the use 

of TRAIL as a therapeutic target against vascular diseases.
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