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Abstract 

Abdominal aortic aneurysm (AAA) is an abnormal dilatation of the aorta that is permanent and 

progressive. The most severe consequence of AAA is rupture, and as the aorta is the main 

vessel leading away from heart, it can be fatal. AAA affects around 2-5% of men over the age 

of 65. Only surgery can currently repair AAA. No other efficient clinical interventions currently 

exist to prevent AAA from progression to rupture, due to the lack of understanding the 

pathogenesis of AAA. Therefore, understanding the molecular and cellular mechanisms that 

lead to the development of AAA is critical for identifying strategies to interrupt disease 

progression before it leads to clinical consequences. Recently, Golledge and colleagues reported 

that serum angiopoietin-2 (Angpt2) was elevated in men with AAA, and associated with an 

increased risk of cardiovascular mortality in older men. This suggests that Angpt2 could play a 

role in AAA development and be a potential target for clinical treatment to limit AAA 

progression and rupture.  

Angpt2 is a member of angiopoietin family that regulates angiogenesis and inflammation via its 

receptor Tie2. Angpt2 is originally identified as an antagonist of Tie2, and it subsequently 

induces endothelial cell activation, thereby facilitating angiogenesis and inflammation. 

However, Angpt2 has also been demonstrated to be an agonist of Tie2 in a context dependent 

manner both in vitro and in vivo. Exogenous Angpt2 has been reported to reduce atherosclerosis 

development, angiogenesis within the tumour, and cellular infiltration in the ongoing 

inflammation. Angiogenesis and inflammation have been implicated in aortic aneurysm and in 

the development of atherosclerosis. In this thesis, I examine the role of Angpt2 in aortic 

aneurysm and atherosclerosis development, using the angiotensin II (AngII) infused mouse 

model in apolipoprotein E-deficient (ApoE
-/-

) mice.  

Six-month-old male ApoE
-/- mice were infused with AngII, in order to induce aortic aneurysm 

and the progression of atherosclerosis. Human Fc-protein (control), recombinant Angpt2 

(rAngpt2), or Angpt2-Tie2 interacting inhibitor (L1-7) was subcutaneously administered to 

mice for 14 days. rAngpt2 administration significantly inhibited AngII induced suprarenal aortic 



 x 

expansion (p=0.002) and atherosclerosis within the aortic arch (p=0.017). rAngpt2 

administration also protected AAA from rupture (p=0.034). These effects were blood pressure 

and plasma lipoprotein independent. However, L1-7 administration did not alter AngII-induced 

AAA development and rupture and atherosclerosis.   

By assessing inflammation, it was found that mice receiving rAngpt2 had significant Tie2 

activation (p=0.026) and less MOMA-2 (p=0.004) positive immunostaining area within the 

aortic tissue, compared with mice receiving control protein, suggesting reduced inflammation. 

Consistently, in the mice receiving rAngpt2, it was found that there was less monocyte 

chemoattractant protein-1 (MCP-1) expression (p=0.004), within the aortic tissue. The plasma 

concentration of MCP-1 and interleukin-6 (IL-6) were significantly lower (p=0.011 and 

p=0.013 respectively). In mice receiving rAngpt2 for 14 days, Ly6C
hi

 inflammatory monocytes 

were lower within the peripheral blood (p=0.003), but increased within the bone marrow 

(p=0.019). At early stage of AngII infusion (5 days), rAngpt2 administration resulted in the 

retention of Ly6C
hi

 inflammatory monocytes and the elevation of neutrophils recycling in the 

spleen. These results suggest that exogenous Angpt2 administration reduced AngII-induced 

inflammation within the aortic tissue in ApoE
-/- mice.  

By assessing the angiogenesis, it was found that there was a smaller CD31 (p=0.002) positive 

immunostaining area and no difference in vascular endothelial growth factor expression within 

the aortic tissue from mice receiving rAngpt2 compared with mice receiving control protein. 

There was no difference in Akt/eNOS and Erk signalling pathway activation within the aortic 

tissue between the two groups of mice. These results suggest that mice receiving exogenous 

Angpt2 had limited angiogenesis within the aortic tissue in the AngII-infused ApoE
-/- mice. 

It was therefore concluded that exogenous Angpt2 administration attenuated AngII-induced 

aortic aneurysm and atherosclerosis in ApoE
-/- mice associated with reduced aortic 

inflammation and angiogenesis. Endogenous Angpt2-Tie2 interacting induced Tie2 deactivation 

was not required for AAA and atherosclerosis development in this AngII infusion mouse model.   
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CHAPTER 1 
 

Introduction 
Chapter 1 Introduction 
 

An abdominal aortic aneurysm (AAA) is an abnormal dilatation of the abdominal aorta that 

extends the normal diameter by 50% or has a maximum aortic diameter ≥ 30 mm (Sakalihasan 

et al., 2005). This dilatation is permanent and gradually increases, causing a life-threatening 

aortic rupture (Golledge et al., 2006). As the aorta is a major vessel leading away from the 

heart, patients with a ruptured aneurysm have high mortality rates (Greenhalgh & Powell, 

2008). Aneurysm rupture-related mortality is approximately 1,000 in Australia, 15, 000 in the 

United States, and 8,000 in the United Kingdom annually (Baxter et al., 2008; Sakalihasan et 

al., 2005; Golledge et al., 2006). 

The management of AAA includes reducing patients’ exposure to risk factors, and patient 

participation in screening programmes. Several risk factors are associated with AAA 

development, expansion, and rupture, including smoking, atherosclerosis, and family history 

etc. (Golledge et al., 2006; Reed et al., 1992; Golledge & Norman, 2010). AAA is a gender- and 

age-specific disease. It affects approximately 2-5% of men aged over 65 years, but only 1.7% of 

women (Von Allmen & Powell, 2012). Screening programmes, targeting the population group 

(aged over 65), are essential for AAA diagnosis, as most AAAs are asymptotic until the rupture 

occurs. Small AAAs constitute 90% of the results of AAA diagnosis in the screening 

programmes. Ultrasonography is cost-effective for AAA screening, as it can accurately measure 

the size of the aorta in longitudinal, ante-posterior, and transverse directions (Quill et al., 1989).  

The main goal of AAA management is to prevent a fatal rupture. Two randomised control trials, 

the United Kingdom Small Aneurysm Trial and the Aneurysm Detection and Management 

Study, found that it is safe to keep small aneurysms under surveillance (Participants, 1998; 

Merali & Anand, 2002). Currently, measurement of the aortic diameter is the only predictor of 

the risk of rupture, as the incidence of rupture has been found to be high in patients who have an 
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aneurysm larger than 50 mm. In clinical management, AAA patients with an aortic diameter of 

≥ 50 mm are suggested to undergo elective surgical repair, which can significantly reduce the 

mortality rates compared to those who have surgical repairs of ruptured aortas (Nordon et al., 

2011). It has been found that patients who undergo elective sugary retain a better quality of life 

than patients who undergo emergency repairs for rupture (Hennessy et al., 1998; Clifton, 1977). 

However, much debate continues over whether aortic diameter is an appropriate rupture 

predictor, as it is not rare for small aneurysms to rupture. Also arguably, a larger aneurysm may 

not rupture within the patient’s lifespan. Therefore, it is pivotal to develop new non-invasive 

techniques that may be useful in predicting aneurysm expansion and rupture (Fillinger et al., 

2003). 

The pathogenesis of AAA is a complex process involving inflammation, extracellular matrix 

(ECM) remodelling, and angiogenesis (Golledge et al., 2006). Extensive inflammatory cell 

infiltration is a hallmark of AAA (Shimizu et al., 2006). Activated macrophages are a primary 

source of matrix metalloproteinases (MMPs) and other proteases that are believed to contribute 

to aortic wall degeneration (Hellenthal et al., 2009). Inflammation and ECM degradation 

provide a pro-angiogenic environment, which is conducive to neo-vessel formation (Imhof & 

Aurrand-Lions, 2006). Angiogenesis is believed to promote the development and progression of 

AAA by encouraging ECM remodelling and facilitating inflammatory cell infiltration (Golledge 

et al., 2006; Daugherty et al., 2000; Armstrong et al., 2011). Human AAA rupture is associated 

with neovascularization (Choke et al., 2006). Indeed, a higher density of micro-vessels has been 

reported in biopsies from ruptured AAAs, compared to intact ones (Thompson et al., 1996). 

Efficient clinical intervention procedures to limit AAA progression are still lacking (Baxter et 

al., 2008; Golledge & Norman, 2011). A randomised control trial showed that more than 60% 

of patients with small aneurysms required surgery within six years, predominantly because their 

aneurysms reached the intervention size (Participants, 1998). The mechanisms of AAA 

development and progression have been extensively investigated over the past two decades. 

Using experimental AAA rodent models, several mechanisms relevant to human AAA have 
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been identified (Daugherty, 2004). In pre-clinical studies, several approaches targeting these 

mechanisms have been proven effective in limiting AAA progression (Trollope et al., 2011). 

However, there are still many challenges in applying these therapeutic interventions to patients 

(Golledge & Norman, 2011; Baxter et al., 2008). Therefore, the biological factors that initiate 

aneurysmal degeneration and drive AAA progression must be better understood, to identify 

potential targets for clinical AAA treatment. 

Factors that are related to the pathological features of AAA are potential targets for clinical 

treatment. Angiopoietins (Angpts) are a family of vascular growth factors, and are mainly 

expressed in endothelial cells (ECs). Angpts regulate endothelium integrity and inflammation of 

the aorta (Augustin et al., 2009). Angiopoietin-1 (Angpt1) and Angiopoietin-2 (Angpt2) are two 

well-characterised ligands for the vascular endothelial receptor tyrosine kinase Tie2 (Tie2) (Koh 

et al., 2002). The Angpt-Tie signalling axis is an important regulator of vascular homeostasis, 

angiogenesis, and inflammation (Augustin et al., 2009; Peters et al., 2004). Tie2 activation is 

essential for maintaining endothelium integrity, anti-permeability, and anti-inflammation 

effects. It is also required to maintain the quiescent state of the vasculature (Fiedler & Augustin, 

2006). Nonetheless, Tie2 is deactivated in the processes that lead to angiogenesis and 

inflammation (Fiedler et al., 2006; Murakami, 2012; Scharpfenecker et al., 2005). 

Angpt2 is an important regulator of angiogenesis and inflammation through regulating its 

receptor Tie2 (Ahmed et al., 2009). Angpt2 is stored in Weibel-Palade Bodies, where it can be 

released rapidly to deactivate Tie2 in an autocrine manner in an angiogenic and inflammatory 

response (Thurston & Daly, 2012; Fiedler et al., 2004; Imhof & Aurrand-Lions, 2006). As an 

antagonist of Tie2, Angpt2 induces Tie2 de-activation in the ECs (Maisonpierre et al., 1997), 

which will induce destabilisation of the existing blood vessels. This facilitates vascular 

endothelial growth factor (VEGF)-mediated angiogenesis and blocks the anti-inflammatory 

function of Tie2 activation, to sensitise endothelium inflammation mediated by inflammatory 

cytokines (Holash et al., 1999; Imhof & Aurrand-Lions, 2006). Nevertheless, Angpt2, unlike 

Angpt1, has a complex role, and dynamically regulates Tie2 in a context-dependent manner 
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(Thurston & Daly, 2012; Yuan et al., 2009). As a challenge to the antagonistic function of 

Angpt2, exogenously administered Angpt2 has been demonstrated to activate Tie2 and limit 

angiogenesis both in vivo and in vitro (Cao et al., 2007; Chen et al., 2009; Chen et al., 2011; 

Daly et al., 2006; Yuan et al., 2009).  

Circulating levels of Angpt2 in patients with cardiovascular diseases (CVDs) is a topic of 

debate between researchers. Jaumdally et al. reported a significantly decreased Angpt2 level in 

patients with CVDs compared with healthy ones (Jaumdally et al., 2007), whereas Lorbeer et al. 

reported that circulating Angpt2 level is positively associated with CVDs (Lorbeer et al., 2015). 

Golledge et al. reported that serum Angpt2 is elevated in men with AAA, and associated with 

an increased risk of cardiovascular mortality in older men (Golledge et al., 2012). Moreover, the 

up regulation in Angpt2 has been found to have a downstream effect on the factors that are 

associated with human AAA. For instance, osteopontin, abundantly present in patients with 

small AAAs, up-regulates Angpt2 expression, subjecting the human ECs to tumour necrosis 

factor (TNF)-α stimuli (Genre et al., 2014).  

Given the important roles of Angpt2 in inflammation and angiogenesis, it is hypothesised that: 

1. Angpt2 plays an essential role in the AAA development through the Angpt2-Tie2 

signalling pathway; and  

2. Increased Angpt2 is associated with AAA progression and rupture.  

To test these hypotheses, the Angiotensin II (AngII) infused experimental AAA mouse model in 

Apolipoprotein E-deficiency (ApoE
-/-) mouse was employed. This is a well-established mouse 

model for AAA, which is comparable to human aortic aneurysms including the gender 

propensity, lumen expansion, ECM fragmentation, and inflammatory cells accumulation 

(Bruemmer et al., 2011). Six-month-old mice were used as older age is recognized as an 

important risk factor for human AAA. AngII plays an essential role in CVD development and 

progression (Daugherty & Cassis, 2004). Indeed, interventions targeting the renin angiotensin 

system reduced AAA expansion, although its mechanisms in AAA remain to be clarified 
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(Thatcher et al., 2014). Atherosclerosis is commonly found in the biopsy of human AAA 

(Golledge & Norman, 2010). In this mouse model, AngII induces atherosclerosis development 

that is likely independent of the AAA formation, as ApoE
-/- mice fed with a western diet 

develop atherosclerosis without AAA formation (Nakashima et al., 1994) and chronic infusion 

of AngII into wild-type C57BL/6J mice induced AAA formation in 39% of mice (Deng et al., 

2003).  

The specific aims of this thesis are to: 

1. Assess the role of Angpt2-Tie2 signalling pathway in AAA development and 

atherosclerosis progression in the AngII infused experimental AAA mouse model; 

2. Assess the effects of systemic rAngpt2 administration on AAA development and 

atherosclerosis progression in the AngII infused experimental AAA mouse model; 

3. Define the possible mechanisms by which exogenous Angpt2 may contribute to AAA 

development and atherosclerosis progression.  
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CHAPTER 2 
 

Literature Review  
Chapter 2 Literature Review 

2.1 The normal aorta 

2.1.1 Anatomy and structure  

The aorta is the largest artery in the body, which directly leads away from heart. It originates 

from the left ventricle of the heart and runs down to the abdomen, where it divides into two 

smaller arteries. The elasticity of the aorta converts the heart's pulsatile flow to steady flow in 

peripheral vessels. Based on its anatomical compartment, the aorta is classified as the aortic 

arch (ARCH), the thoracic aorta (THX), the suprarenal aorta (SRA), and the infrarenal aorta 

(IRA). Structurally, the aorta consists of three layers separated by elastic laminae, which are 

known as the tunica intima, the tunica media, and the tunica external or adventitia (Figure 2.1). 

The intima, comprised of a single layer of ECs, forms an interface between the blood and the 

rest of the artery wall, and is important for maintaining vascular tone and homeostasis. The 

tunica media is the middle and thickest layer of the artery, characterised by concentric 

alternating layers of elastin and smooth muscle cells (SMCs). The organisation of the media 

affords the aorta circumferential resilience, a physical characteristic necessary to facilitate 

vasodilatation and constriction, and to accommodate haemodynamic changes. The outer layer of 

the aorta, the Adventitia, is comprised primarily of collagen, which maintains the structural 

integrity of the vessel, fibroblasts, nerves, and nutrient capillaries (vasa vasorum).  
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Figure 2.1 The aortic wall  
Source: https://upload.wikimedia.org/wikipedia/commons/c/c8/Blausen_0055_ArteryWallStructure.png. 

 

2.1.2 Physiology and response to pathological stimuli 

The endothelium is a monolayer of tight junction ECs that plays a critical role in vascular 

homeostasis (Tousoulis et al., 2006). ECs produce a balance of vasodilator and vasoconstrictor 

factors to modulate vasomotor tone. The endothelium maintains an anti-thrombotic and anti-

inflammatory state to strictly control the exchange of lipoproteins and leukocytes between the 

bloodstream and aortic wall (Tousoulis et al., 2006). Under pathological conditions, impaired 

endothelium-derived vasodilatation is implicated in the progression of CVD (Cai & Harrison, 

2000). In the presence of cardiovascular risk factors, EC activation is the initial step of most 

CVDs (Nakashima et al., 1998; Dai et al., 2004), whereby activated ECs express adhesion 

molecules and increase permeability to capture and extravasate immune-inflammatory cells 

(Saito et al., 2012). The accumulation of these cells within the aortic wall propagates an 
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immune-inflammatory response involving ECM degradation via the action of MMPs (Freestone 

et al., 1995).  

The aortic media contains ECM and SMCs that are essential for vessel homeostasis and the 

maintenance of the mechanical proprieties of the aorta (Wolinsky & Wolinsky, 1964). 

Imbalance of ECM degradation and synthesis contributes to the pathogenesis of the CVDs 

(Libby & Lee, 2000). For instance, accumulation of stiffer collagen and loss of elastin result in 

aortic stiffness in a hypertensive and ageing aorta (McEniery et al., 2007). Loss of elastin and 

degradation of collagen cause aortic wall weakening and ultimately cause rupture (Knox et al., 

1997). ECM also supports lipoprotein binding and accumulation within the aortic wall to initiate 

atherosclerosis development (Olin et al., 1999). In response to atherogenic and cytokine 

stimulus, medial SMCs migrate to the intima and switch to a “synthetic” phenotype with high 

capacity for collagen synthesis and lipid up-take, to form a fibrous cap and foam cells 

respectively (Doran et al., 2008; Raines & Ferri, 2005). Medial SMCs support infiltrated 

inflammatory cell survival by direct contact with adhesion molecules (Isner et al., 1995; Stary et 

al., 1995). In return, the inflammatory cells generate mediators to provoke SMC death, that 

consequently reduces collagen synthesis and release of proteases. This results in progressive 

aortic wall weakening and aneurysm formation (Libby, 2009).    

The adventitia is a collagen-rich connective tissue containing fibroblasts, resident immune cells, 

and vasa vasorum (Majesky et al., 2011). Evidence is emerging showing that the adventitia 

plays a critical role in vascular “outside-in” inflammation, that is, inflammation initiating in the 

adventitia and progressing toward the intima (Michel et al., 2007; Recinos et al., 2007; 

Ramshaw et al., 1994). Adventitial inflammation has been implicated in aortic aneurysms and 

atherosclerotic vascular disease (Coen et al., 2011). Indeed, adventitia contains major immune 

cells that have been observed in human aneurysmal tissue (Kuivaniemi et al., 2008; Nangaku et 

al., 2007). Experimental studies have revealed the involvement of adventitial mast cells, for 

example, in aortic aneurysm formation in ApoE
-/-

 mice (Tsuruda et al., 2008). The vasa 

vasorum, a network of small blood vessels supplying the aortic adventitia, serves as a conduit 
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for inflammatory cell transportation to the inner layers of the aortic wall (Gavrila et al., 2005; 

Gossl et al., 2007; Herrmann et al., 2001; Moulton et al., 2003).  Animal studies have 

demonstrated that development of vasa vasorum is positively correlated with the severity of 

vascular disease (Gossl et al., 2007). Moreover, phenotype-switch and proliferation in 

adventitial fibroblast is believed to be important in aortic aneurysm and atherosclerosis. Using a 

mouse model, Tieu and colleagues described the interaction between adventitial fibroblasts and 

infiltrating leukocytes to promote vascular inflammation, ECM remodelling, and aortic 

destabilisation (Tieu et al., 2009). Arora and colleagues reported that adventitial fibroblasts 

switched into myofibroblasts that subsequently migrated to intimal lesions in response to injury 

(Arora & McCulloch, 1994).  
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2.2 Abdominal aortic aneurysms (AAA) 

2.2.1 AAA and its prevalence 

AAA is defined as a dilatation of the abdominal aorta that exceeds the normal aortic diameter 

by 50% or maximum aortic diameter ≥ 30 mm (Sakalihasan et al., 2005). The dilatation is 

permanent and progressive, resulting in weakening of the aortic wall and eventually aortic 

rupture (Golledge et al., 2006). The ruptured cases have a high mortality rate because the aorta 

is the major vessel leading away from the heart (Greenhalgh & Powell, 2008). Most AAAs are 

asymptotic and often detected incidentally by other abdominal physical examination.  

AAA is a sex and age specific disease. It affects approximately 2-5% of men aged over 65 

years, but only 1.7% of women (Von Allmen & Powell, 2012). Nowadays, AAA screening 

programmes have been successfully implemented, and the risk factors for AAA have been well 

managed. The prevalence of AAA has declined to the lowest reported 1.7% in men over 65 

(Von Allmen & Powell, 2012). However there is not much changed in older women 

(Greenhalgh & Powell, 2008). There are approximately 1,000 deaths related to aneurysm 

rupture in Australia annually, while there are 15, 000 in the United States, and 8,000 in the 

United Kingdom (Baxter et al., 2008; Sakalihasan et al., 2005; Golledge et al., 2006). 

2.2.2 AAA Diagnosis and screening 

The AAA diagnosis is accurate and efficient with imaging techniques such as ultrasonography. 

Ultrasonography is a simple and cost-effective to accurately measure the size of the aorta in 

longitudinal, anteroposterior, and transverse directions (Quill et al., 1989). Therefore, it has 

been used in the initial assessment, follow-up surveillance, and screening for high-risk 

populations. The screening programmes are essential for AAA diagnosis, as most of the AAAs 

are asymptotic until rupture. Small AAA constitutes 90% of the AAA diagnosis in the screening 

programmes (Alcorn et al., 1996). The limitation of ultrasonography is that it cannot distinguish 

the features of AAA such as the thickness of the aortic wall and mural thrombus. It is also 

impossible to be diagnostic of aneurysm rupture. The other image techniques such as 
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Computerised Tomography scan and Magnetic Resonance Imaging can provide details of the 

individual AAA to facilitate the surgical procedures (Sakalihasan et al., 2005). The 

Computerised Tomography scan can also be used to evaluate the risk of rupture by visualising 

the blood within thrombus (an imminent rupture marker) and the extravasation by introducing 

contrast materials to the blood stream (Klink et al., 2011). Magnetic Resonance Imaging can 

evaluate the aneurysm wall stress and tension that are thought to be more accurate in rupture 

prediction than size of the aneurysm (Fillinger et al., 2003; Vorp & Vande Geest, 2005; Klink et 

al., 2011).  

2.2.3 Risk factors for AAA 

Large-scale and cross-sectional studies have been performed to describe the risk factors for 

AAA. Through epidemiological screening studies, AAA is known to be closely associated with 

advanced age, male sex, atherosclerosis, hypertension, cigarette smoking, and genetic 

predisposition (Golledge et al., 2006; Alcorn et al., 1996). Female gender and diabetes are 

negative associated with AAA (Lederle et al., 2000; Shantikumar et al., 2010). Risk factors 

currently believed to be associated with AAA are summarised in Table 2.1. 

Smoking is a most important risk factor for AAA development, expansion, and rupture (Brady 

et al., 2004). There is overwhelming evidence of a significant clinical association between 

smoking and aortic aneurysm (Murphy et al., 1998; Vardulaki et al., 2000). The risk of AAA 

development in chronic smokers is four times greater than in non-smokers, and the aneurysm 

growth rate is higher in current smokers compared with non-smokers (Brady et al., 2004; 

Sakalihasan et al., 2005). The mechanisms of tobacco smoking on AAA remain unknown. 

Murphy et al. suggested that the function of Nicotine on α1-anti-trypsin oxidisation and its 

metabolite cotinine could contribute to the development of AAA (Murphy et al., 1998). In 

addition, Nordskog et al. reported that tobacco smoking may stimulate human ECs and 

macrophages/monocytes to release proteolytic enzymes and neutrophils to release elastase and 

MMPs (Nordskog et al., 2005).   
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The relationship between atherosclerosis and AAA remains uncertain (Golledge & Norman, 

2010). Atherosclerosis is commonly associated with AAA and is a universal finding in the 

degenerated aortic wall; therefore, atherosclerosis is considered a potential cause of AAA 

(Dobrin, 1989). This theory, however, has been challenged by evidence arising from more 

recent epidemiological, genetic, biochemical, and aetiological studies (Nordon et al., 2011). For 

example, the prevalence of atherosclerosis largely exceeds that of AAA. There are 

approximately 48% of men developing atherosclerosis, while AAA only occurs in 

approximately 5% men older than 60 (Jaffer et al., 2002). Moreover, atherosclerosis disease 

was more common in black Americans compared with white Americans, whereas AAA was the 

reverse (LaMorte et al., 1995). These facts suggest that atherosclerosis is unlikely to be the 

cause of AAA, but shares similar pathological processes and some traditional risk factors. 
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Table 2.1 Risk factors for AAA 

Risk factors Evidence Reference 

Male gender Five times prevalence than female  (Lederle, 2011) 

Ethnicity More common in Caucasians than Asians or Africans (Salem et al., 2009) 

Age High prevalence ≥ 60 years old 

Increases by 40% every 5 years after 65 years old  

(Vardulaki et al., 2000) 

 

Smoking Four times prevalence of AAA compared with non-

smoker 

  

Higher aneurysm expansion rate 

(Sakalihasan et al., 
2005) 

(Brady et al., 2004) 

Hypertension A high diastolic blood pressure (DBP) with rupture 

A weak association with AAA 

(Wilmink et al., 2002) 

Genetic 

component 

~19.2% AAA patients with a positive family history 

 

~70% heritability in twins  

 

Genetic component contributing 75% susceptibility  

(Helgadottir et al., 
2008) 

 

(Wahlgren et al., 2010) 

 

(Sandford et al., 2007) 

Atherosclerosis Common finding in AAA biopsy (Golledge & Norman, 

2010) 

Hyperlipidaemia High plasma cholesterol positively associated with risk 

of an AAA 

(Forsdahl et al., 2009) 

 High-density lipoprotein reduced the risk of AAA   

Diabetes mellitus Negative associated with AAAs 

Slow AAA expansion 

(Shantikumar et al., 
2010) 

Female gender Less prevalence than Male (Cho et al., 2009) 
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2.2.4 Management of AAA patients 

The main goal of AAA management is to prevent a fatal rupture. Two randomised control trials, 

the United Kingdom Small Aneurysm Trial and the Aneurysm Detection and Management 

Study, suggested that it is safe to keep patients with small aneurysm under surveillance, with 

education to reduce exposure to the risk factors for AAA (Participants, 1998; Merali & Anand, 

2002). There is still a lack of effective pharmacological therapies to completely inhibit aortic 

aneurysm growth and prevent rupture. The efficiency of the currently available drugs targetting 

the mechanisms implicated in AAA pathology still need further investigation with a large 

clinical trial (Golledge & Norman, 2011).  

Surgical intervention is the only treatment for ruptured AAA, or AAA with high risk of rupture 

(Nordon et al., 2011). The two primary methods of aneurysm repair are surgical open repair and 

Endo-Vascular Aneurysm Repair (participants, 2005a). The conventional open surgical repair is 

suitable for fit patients who can tolerate the major surgery. Endo-Vascular Aneurysm Repair is 

a less invasive approach that is suitable for most of the patients with an aneurysm ≥ 55 mm 

(participants, 2005b). Three randomised control trials showed that Endo-Vascular Aneurysm 

Repair could significantly reduce the 30-day mortality compared with open surgical repair, 

whereas there was no difference in mortality and health-related quality of life between the two 

groups after the first postoperative year (participants, 2005a; participants, 2005b; Blankensteijn 

et al., 2005). The incident of rupture is high in patients who have an aneurysm ≥ 50 mm (Choke 

et al., 2005). AAA patients with an aortic diameter ≥ 50 mm need to undergo elective surgical 

repair, which can significantly reduce mortality rate compared with surgical repair of the 

ruptured cases (Nordon et al., 2011). It is found that the patients with elective sugary retain a 

better quality of life compared to patients undergoing emergency repair after rupture (Hennessy 

et al., 1998; Clifton, 1977). However, both surgical open repair and Endo-Vascular Aneurysm 

Repair have their limitations (participants, 2005b). It is still a high priority to identify effective 

medical therapies that could reduce the growth rate of the small AAAs and ultimately prevent 

them from rupture. 
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2.2.5 Predicting AAA progression and rupture 

Rupture is a severe consequence of AAA, with a high mortality rate (Thompson et al., 2002). 

The benefits of selective surgical repair AAA before its rupture have been discussed above. 

Therefore, it is pivotal to find reliable parameters for aneurysm expansion and rupture 

prediction (Fillinger et al., 2003). Nowadays, the aortic diameter is the accepted standard to 

predict the risk of rupture, as the incidence of rupture is doubled when an aneurysm reaches a 

diameter ≥ 55 mm (Sakalihasan et al., 2005). However, there is still much debate as to whether 

aortic diameter is appropriate for rupture prediction, as it is not rare for small aneurysms to 

rupture (Limet et al., 1991). It is also arguable that a larger aneurysm may not necessarily 

rupture within the patient’s lifespan (Baxter et al., 2008). Some researchers proposed that 

biomechanics-based approach was superior to the maximum diameter assessment (Vorp & 

Vande Geest, 2005). The understanding of the pathophysiology of AAA provides the possibility 

of choosing specific circulating biomarkers to predict AAA growth and risk of rupture, and to 

determine the efficiency of therapies (Hellenthal et al., 2009c; Hellenthal et al., 2009b; Treska 

et al., 2000). The biomarkers associated with AAA progress have been intensively studied in 

clinical trials and summarised risk factors and biomarkers are listed in Table 2.2 (Hellenthal et 

al., 2009c; Hellenthal et al., 2009b; Fillinger et al., 2003; Choke et al., 2005; Golledge et al., 

2012; Golledge et al., 2004). However, there is still lack of a reliable biomarker for predicting 

AAA expansion and rupture. State-of-the-art applications, such as proteomics and mass 

spectrometry imaging, might help to identify biomarkers that will lead to new diagnostic and 

therapeutic strategies, solving the challenge of AAA progress and rupture prediction. 
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Table 2.2 Biological factors associated with AAA progress and rupture 

Risk factors   Association References 

Factors associate with risk of rupture  

Diameter 9.4% ruptured for AAA of 55 to 59 mm; 10.2% 

ruptured for AAA of 60-69 mm; and 32.5% ruptured for 

AAA ≥ 70mm 

(Lederle et al., 2002) 

Expansion rate High expansion rate is associated with increased rupture 

risk  

(Brown et al., 2003) 

Female sex Risk of rupture aortic diameter is smaller compared with 

male gender 

(Brown et al., 2003) 

Blood pressure A high DBP is associated rupture risk (Lindblad et al., 2005) 

Smoking ~ Four times incidence of rupture in current smoking 

patients compared with Non-smoking ones 

(Forsdahl et al., 2009) 

Wall stress Peak AAA wall stress associated with increased rupture 

risk 

(Fillinger et al., 2003) 

Biomarker associate with AAA progression  

Inflammation Inflammatory Cytokines; MIF; Osteoprotegrin; tPA (Hellenthal et al., 2009a) 

(Golledge et al., 2004) 

ECM degeneration MMPs; Tissue Inhibitor of MMPs; serum elastin-

peptide; PIIINP 

(Hellenthal et al., 2009b) 

(Golledge et al., 2004) 

Angiogenesis VEGF (Kaneko et al., 2011) 

MIF: macrophage migration inhibitory factor; tPA: tissue-type plasminogen activator; PIIINP: procollagen-IIIN-

terminal pro-peptide  

 

2.2.6 Pathogenesis of AAA 

AAA development and progression are the consequences of multiple ongoing factorial 

processes; however, little is known about the initiation of AAA. The histological features of 

human late stage AAA include disruption and degradation of elastin, high collagen content, 

diminutive SMCs, high number of medial micro-vessels, and inflammatory cell infiltration 

(Hellenthal et al., 2009a). Experimental AAA studies have suggested that AAA development is 

a dynamic process that involves ECM degradation, followed by inflammation and angiogenesis 

within the aortic wall (Manning et al., 2002). These studies of human and experimental AAAs 

highlight the important roles of proteolytic ECM degradation, inflammation, and angiogenesis 

in AAA development and progression (Michel et al., 2011; Choke, 2006; Wassef et al., 2001). 
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2.2.6.1 Proteolytic degradation of aortic wall 

Aneurysm dilatation is the consequence of connective tissue destruction within the aortic wall 

(Davies, 1998) and alternation of connective tissue is a key feature of AAA (Thompson et al., 

2002; Lindholt et al., 2001b). The initiation and progression of AAA is partially due to 

improper remodelling of ECM arising from an imbalance in the synthesis and degradation of 

structural proteins, such as collagen (Dobrin & Mrkvicka, 1994). Elastin sustains the 

mechanical stress of pulsation, and collagen is responsible for resistance of the aorta (Antoniou 

et al., 2011). An increase in elastin-degrading enzymes and loss of elastic fibres were observed 

in human AAA (Baxter et al., 1994). This, together with collagen degradation, is the ultimate 

cause of aneurysm rupture (Antoniou et al., 2011, #140; (Vorp & Vande Geest, 2005). Dobrin et 

al. demonstrated that elastin degradation alone was associated with aortic dilatation, while 

collagen degradation was essential for aneurysm rupture (Dobrin & Mrkvicka, 1994). SMCs are 

an important source of elastin and collagen; therefore, SMC apoptosis and subsequent attrition 

in the population of these cells within the artery wall is likely associated with the inadequate 

ECM remodelling that underlies AAA development (Henderson et al., 1999; Rowe et al., 2000). 

ECM remodelling in the aortic wall is dependent on the production of protease by resident cells 

and infiltrated inflammatory cells (Shimizu et al., 2006). Proteases activation within the AAA 

wall includes members of MMPs, cysteine, and serine protease families (Hellenthal et al., 

2009c). Study of human aortic aneurysm suggests an acceleration of connective tissue 

breakdown, up-regulation of different MMPs, and reduction of tissue inhibitor of 

metalloproteinases (TIMPs) within the aortic wall (Brophy et al., 1991; Davies, 1998). An 

increased concentration of MMPs, such as MMP8 and MMP9, has been demonstrated at the 

rupture site of AAA tissue (Choke et al., 2006). Expression of α1-antitrypsin, an inhibitor of 

proteolytic enzymes, was found to be abnormal in human AAAs (Pulinx et al., 2011). The 

active form of MMP2 and MMP9 has been shown at higher levels in both AAA tissue and 

serum of AAA patients compared with healthy controls (Lindholt et al., 2001a; Sakalihasan et 

al., 1996), while the incidence of elastase-induced AAAs was significantly reduced in a MMP9 
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deficiency mouse model (Pyo et al., 2000). These are supporting evidence for the role of 

protein-degrading enzymes in AAA. 

2.2.6.2 Inflammation and cellular immune responses in AAA 

Chronic inflammation is considered to be an important feature of AAA, as inflammatory cell 

infiltration is observed in the media and adventitia of the aorta, and pro-inflammatory cytokines 

were abundantly presented in human aortic aneurysms (Hellenthal et al., 2009a). It is still 

largely unknown whether inflammation cell accumulation in the medial and adventitia is the 

cause of AAA, or a secondary outcome of the ECM remodelling, as elastin degradation peptides 

could attract mononuclear phagocytes to the aortic wall through ECM breakdown (Hance et al., 

2002; Lacraz et al., 1995). Accumulated inflammatory cells are activated by pro-inflammatory 

cytokines to produce MMPs, leading to ECM degradation and aortic aneurysm formation 

(Eagleton, 2012). Indeed, Samadzadeh and colleagues found that circulating monocytes in AAA 

patients had enhanced MMP9 production (Samadzadeh et al., 2014). A Deficiency of 

inflammatory monocytes in the circulating blood inhibited AAA development in the animal 

model (MacTaggart et al., 2007; Ishibashi et al., 2004). Pro-inflammatory cytokines also 

regulate the SMC apoptosis that is implicated in the AAA progression (Jordan et al., 1997). 

Inflammatory cells release a number of angiogenic factors to promote neovascularisation 

(Albini et al., 2005). The newly formed micro-vessels are leaky, and that induces further 

inflammatory cell infiltration (Ribatti et al., 2008). The inflammatory cells observed within the 

human aortic wall are mainly macrophages, lymphocytes, inflammatory monocytes, neutrophils 

and mast cells (Koch et al., 1990).  

Macrophages are a key source of MMPs and pro-inflammatory cytokines leading to ECM 

degradation and inflammatory cell activation and recruitment, respectively (Krettek et al., 2004; 

Lepidi et al., 2001; Eagleton, 2012). Assessment of the late-stage surgical AAA samples 

showed that macrophages only constituted 2% of the isolated inflammatory cells (Forester et 

al., 2005). However, this could not represent the early stage of the aneurysm formation. The 
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paucity of macrophages at the late-stage human AAAs are supported by elastase infusion 

experimental AAA that macrophages regressed to control level at late stable aneurysm stage 

(Anidjar et al., 1992). In this study, macrophage infiltration was observed at the early stage of 

aneurysm formation, and was correlated with the progressive enlargement of the aneurysm. 

There are two distinct phenotype macrophages: classically activated (M1) and alternatively 

activated (M2) macrophages. M1 macrophages are predominantly present in the chronic 

inflammation sites, and promote tissue degradation via production of proteolytic enzymes and 

pro-inflammatory mediators (Hasan et al., 2012). M1 macrophage associated pro-inflammatory 

cytokines, such as TNF-α, interleukin (IL)-6, and IL-β, were elevated in AAA patients and 

interferon-γ (IFN-γ), a stimulator for M1 macrophage polarisation, had a positive correlation 

with AAA progression (Juvonen et al., 1997). Experimental AAA modes indicated that deletion 

of M1 polarisation related receptor and stimulus reduced macrophage infiltration and attenuated 

AAA formation (Blomkalns et al., 2013; Johnston et al., 2014; Xiong et al., 2009b). M2 

macrophages are associated with anti-inflammation and wound repair; therefore an imbalance 

of M1 and M2 macrophages is proposed in AAA development and progression (Hasan et al., 

2012). In assessing M2 macrophage marker CD206, the presence of M2 macrophage in human 

AAA and experimental AAA were contradictory (Dutertre et al., 2014; Rateri et al., 2011; 

Boytard et al., 2013). These contradictory data may be related to the difference between human 

and experimental AAA, or poor M2 macrophage identification by CD206 marker only.   

T lymphocytes are abundantly accumulated in human AAA, and the majority of CD4+ T cells 

are T helper (Th) cells (Schonbeck et al., 2002). Th cells are divided into three subsets: Th1, 

Th2, and Th17 (Shimizu et al., 2006). Th1 cells are activated by IL-12 to produce IFN-γ that 

activates macrophages (Xiong et al., 2004). In human aneurysm, IFN-γ is over expressed, 

suggesting a role of Th1 polarisation in the late stage of human AAA (Galle et al., 2005). 

However, experimental AAA showed contradictory data. For example, CD4 deficient mice have 

no aneurysm formation in the CaCl2 mouse model (Xiong et al., 2004), whereas loss of mature 

T cells still produced aneurysm in AngII-infused ApoE
-/- rag-1

-/- 
mice (Uchida et al., 2010). Th2 
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type lymphocytes modulate the immune response by attracting other inflammatory cells and 

stimulating the macrophages/monocytes to produce MMPs (Lindholt & Shi, 2006; Duftner et 

al., 2006). Although there is an increased level of Th2-associated cytokines in human aneurysm 

tissue, the experimental AAA data is contradictory in the role of Th2 cells in AAA formation 

(Dale et al., 2015). Th7 cells produce IL-17 to promote macrophages recruited to the aortic 

wall. There is also emerging evidence showing that Th7 cells promote inflammation that was 

implicated in the experimental aneurysm formation (Dale et al., 2015). T regulatory (Treg) cells 

remove auto reactive T cells and block IFN-γ and TNF-α expression, thereby preventing 

macrophage activation induced ECM degradation (Shimizu et al., 2006). Indeed, the proportion 

of Treg cells was reduced in the AAA patients (Yin et al., 2010) and translating splenic Treg 

cells attenuated AngII-induced AAA formation in ApoE
-/- mice (Zhou et al., 2015). 

Inflammatory monocytes, expressing C-C chemokine receptor type 2 (CCR2) antigen, were 

increased in human AAAs (Ghigliotti et al., 2013). Inflammatory monocytes egress from bone 

marrow (BM) to peripheral blood and enter peripheral tissue in dependence of monocyte 

chemoattractant protein (MCP-1)-CCR2 axis (Crane et al., 2009; Jia et al., 2008). Inflammatory 

monocytes preferentially migrate into the aortic wall and predominantly differentiate into 

macrophages (Jia et al., 2008; Swirski et al., 2007). In pre-clinical studies, circulating 

inflammatory monocytes are diminished in CCR2 deficient mice (Jia et al., 2008; Crane et al., 

2009). Consistently, AAA development was suppressed in the CCR2-/- mice (Ishibashi et al., 

2004a; Daugherty et al., 2010; Boring et al., 1998).  

Neutrophils and mast cells have been observed in human and experimental AAA tissue (Anidjar 

et al., 1992; Ramos-Mozo et al., 2011). Neutrophils are a source of MMP2 and MMP9 and 

Neutrophil depletion inhibited experimental AAA formation (Eliason et al., 2005). 

Polymorphonuclear neutrophils from AAA patients have diminished catalase levels (Ramos-

Mozo et al., 2011). Mast cell-dependent activation MMPs show strong correlation with SMCs 

apoptosis, augmentation of inflammation, and neovascularization that are associated with AAA 

pathogenesis (Swedenborg et al., 2011). In human AAA tissue, mast cells were abundantly 
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presented in the media compared with the control aorta, and the density of mast cells was 

correlated with the neovascularisation area (Mayranpaa et al., 2009). Mast cell deficient mice 

failed to develop AAA in response to elastase perfusion or peri-aortic chemical injury, which 

was resolved by reconstitution with BM derived mast cells from TNF- α 
-/-

 mice instead of  

IL-6 
-/-

 or IFN- γ -/- mice. This suggests that the mast cell participates in AAA development by 

releasing IL-6 and IFN-γ (Sun et al., 2007). 

2.2.6.3 Angiogenesis in AAA  

Medial neovascularisation is a feature of established AAA in humans (Choke et al., 2006; 

Thompson et al., 1996). The evidence of angiogenesis presenting in human AAAs is shown in 

Table 2.3. Histopathological studies of late stage human AAA samples demonstrated that 

angiogenesis is an ongoing process associated with the increased inflammation and the risk of 

rupture (Paik et al., 2004; Choke et al., 2006; Thompson et al., 1996). Indeed, recombinant 

human VEGF treated mice exhibited higher incidence of AAA in response to AngII infusion 

with larger maximum aortic diameters compared with vehicle control mice (Choke et al., 2010). 

Studying human AAA tissues, Choke and colleagues reported an up-regulated gene expression 

of key angiogenic factors and increased medial neovascularisation in the edge of ruptured AAA 

compared with paired aneurysm anterior sac (Choke et al., 2006). Homes et al. found that there 

was 15 times higher micro-vessel density (MVD) in human AAAs compared with control 

healthy aorta (Holmes et al., 1995). Spin et al. assessed the SRA from AngII-infused mice using 

whole genome expression profiling, and found that the angiogenesis signalling pathway was up-

regulated among other signalling pathways (Spin et al., 2011). Kaneko et al. reported that 

VEGF-A was over-expressed in both experimental and human AAAs, and inhibited VEGF-A 

receptor attenuated experimental AAA development associated with angiogenesis in vivo 

(Kaneko et al., 2011). Furthermore, inhibition of angiogenesis in the mouse model is associated 

with reduced inflammatory cell infiltration, MMP activity, and ECM degradation, resulting in 

the protection against induced AAA (Kaneko et al., 2011). Overall, these results support the 

role of angiogenesis in aneurysm progression and rupture. This mechanism is potentially linked  
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Table 2.3 Evidence of neovascularisation in human AAAs 

Reference Sample Method Result 

(Thompson et al., 
1996) 

Surgical AAA samples 

compared with 

atherosclerotic samples 

IHC Nevascularisation in all layers of 

aneurysm; 

Neovascularisation positively 

correlated with inflammatory 

infiltration; 

(Choke et al., 
2006) 

Aneurysmal ruptured edge 

samples compared with 

paired anterior sac 

IHC &    

RT-PCR 

Up-regulation of pro-angiogenic 

cytokines;  

Increased medial neovascularization 

at the aneurysm rupture edge;  

(Scott et al., 2013) Elective surgical AAA 

samples compared with age-

matched aortic tissue 

IHC Increased micro-vascular density; 

Maximal vascularity in the 

inflammatory area; 

Increased VEGFR-3 and VEGF-A 

expression; 

(Paik et al., 2004) Elective surgical AAA 

samples compared with 

normal aortic tissues 

IHC Increased wall vascularisation; 

Neovascularisation in the medial, 

adventitia, and intima; 

(Kaneko et al., 
2011) 

Elective surgical AAA 

samples compared with 

autopsy aortic tissues 

unrelated to AAA 

IHC Marked inflammatory cells; 

 

 Increased VEGF-A expression and 

MVD; 

(Holmes et al., 
1995) 

AAA tissues compared with 

non-AAA related aortic 

tissue 

IHC Increased neovascularisation in 

AAA tissues; 

 

with ECM remodelling, facilitating tube formation, EC migration, and inflammatory cell 

recruitment (Jeltsch et al., 2013; Fukuhara et al., 2010; Jackson, 2002; Pepper, 2001). Micro-

vessels in AAA are poorly organised and highly permeable. ECs of these vessels are activated 

and express adhesion molecules crucial for leukocytes adhesion and transmigration into aortic 

wall, thereby promoting inflammation (Vijaynagar et al., 2013). The infiltrated inflammatory 

cells produce angiogenic factors inducing further angiogenesis (Carmeliet, 2003). This cycle 

potentiates inflammation and ECM degeneration within the aneurysm wall. Indeed, the degree 

of neovascularisation is positively associated with the extent of the inflammatory cell 
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infiltration and accumulation within the aortic wall of human AAA (Thompson et al., 1996; 

Holmes et al., 1995).  

2.2.7 Experimental AAA murine models  

Knowledge regarding AAA aetiology and pathogenesis is still lacking. Histological analyses of 

the aneurysm wall from surgery could characterise the pathological changes; however, it gives 

less information on the process of the AAA development. Therefore, in vivo animal models are 

critical in order for researchers to understand AAA pathogenesis and develop new interventions 

for AAA treatment. There are several experimental AAA murine models established for 

studying the mechanisms of AAA, and examples of experimental AAA murine model are given 

in Table 2.4 (Daugherty, 2004; Tsui, 2010). The three commonly used experimental AAA 

models are the calcium chloride (CaCl2) model, the elastase infusion model, and the systemic 

AngII infused into hyperlipidaemia ApoE
-/- mice model.  

2.2.7.1 Calcium chloride induced experimental AAA mouse model 

The CaCl2 experimental AAA model was first developed in rabbits by applying CaCl2 (0.25-1.0 

M) to the adventitia surface of the aorta between the rental branches and iliac bifurcation (Wang 

et al., 2013). This approach would not immediately have induced aortic expansion and there 

was significant luminal expansion in three weeks (Gertz et al., 1988). In the C57BL/6 mice, an 

AAA was formed in three weeks after the CaCl2 was applied. The histological features of the 

AAA include vascular SMC depletion, elastin degeneration, inflammatory cell infiltration, and 

high expression of pro-inflammatory cytokines and MMPs (Yoshimura et al., 2005; Chiou et 

al., 2001). These pathological features have been observed in the biopsy of human AAAs, 

which suggests this is a clinically relevant model. 

The CaCl2 mouse model has been used to investigate the roles of different factors in AAA 

formation and expansion. Proteas-driven ECM degeneration within the aortic media and 

adventitia has been considered to be critical in AAA formation and progression, as MMPs were  
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Table 2.4 Examples of experimental AAA murine model 

Model of AAA Characteristics Relevant to human AAA 

Genetically predisposed model 

Blotchy 

(Andrews et al., 1975) 

 

Medial Degeneration; 

Predominantly in THX; 

Irrelevant copper levels in AAA patients; 

LDL receptor -/- 

(Tangirala et al., 1995) 

Medial degeneration; 

Atherosclerosis; 

High serum triglycerides;  

Similar position as human AAA;  

Medial elastolysis; 

ApoE
-/- mice  

(Ishibashi et al., 1994) 

Medial Degeneration;  

Thickening of the adventitia; 

“Pseudo-micro aneurysms”; 

High serum triglycerides;  

 

AAA generated in male elder mice 

without saturated fat diet;  

Chemical model 

Calcium Chloride 

(Wang et al., 2013) 

Inflammation;  

Medial degeneration; 

Similar to human AAAs with medial 

elastic disruption and inflammatory 

response; 

Elastase infusion 

(Halpern et al., 1994) 

Inflammation;  

Medial degeneration; 

Support the role of elastolytic activity in 

medial disruption; 

AngII infusion model 

ApoE
-/- mice 

(Daugherty et al., 2000) 

Inflammation; 

Medial degeneration; 

Atherosclerosis and dissection; 

Gender propensity;  

Atherosclerosis;  

Inflammatory cells infiltration; 

Angiogenesis; 

Hyperlipidemia; 

C57BL/6 (older) mice 

(Tieu et al., 2009) 

Dissection; 

Inflammation; 

Medial degeneration; 

Match to clinical elder population without 

genetically modification; 

 

abundantly expressed in human AAA tissue (Knox et al., 1997). Mice with MMP2 and/or 

MMP9 gene knockout showed attenuated AAA formation in this mouse model (Xiong et al., 

2009a; Longo et al., 2002). Anti-inflammatory agents, such as doxycycline and pentagalloyl 

glucose, have been demonstrated to reduce AAA formation using this mouse model (Isenburg et 

al., 2007; Prall et al., 2002). Chemokine plays an important role in inflammatory cells egressing 

from BM and infiltrating in the aortic wall. CCR2 gene knockout mice showed attenuated AAA 

formation with reduced inflammatory cell infiltration, whereas CCR5 and Chemokine receptor 
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CXCR3 gene deletion has no effects on AAA formation in this mouse model (MacTaggart et 

al., 2007). 

2.2.7.2 Elastase infusion induced experimental AAA mouse model 

The Elastase infusion induced experimental AAA model is another important model used to 

investigate the pathogenesis of AAA. The procedure involves the insertion of a catheter via the 

femoral aorta into the iliac bifurcation, and isolation of a segment of the abdominal aorta that is 

perfused with hog pancreatic elastase for 5 min (Halpern et al., 1994). The infused pancreatic 

elastase results in the disruption of media elastin network, to induce an immediate aortic 

dilatation with AAA formation in 2-5 days in rats (Anidjar et al., 1990). This approach can 

induce 100% greater aortic dilatation compared with the aortic diameter before perfusion. The 

histological features of the AAA include inflammatory cell infiltration, high concentrations of 

MMPs, and pronounced medial elastic lamellae destruction (Thompson et al., 2006).  

The elastase infusion model has been used to investigate the role of chronic inflammation, 

MMPs, and risk factors on AAA formation. Gadowski et al. demonstrated that systolic blood 

pressure (SBP) was positively correlated with AAA expansion, by using hypertensive Wistar-

Kyoto rats infused with elastase (Gadowski et al., 1993). A study of the role of gender in AAA 

formation showed that gonadal hormones regulated AAA growth by altering inflammatory cell 

infiltration (Cho et al., 2009). Exposing mice to cigarette smoke resulted in accelerated AAA 

growth independent of aortic MMPs levels (Bergoeing et al., 2007). Mice with IL-6 gene 

knockout displayed inhibited AAA formation with reduced inflammatory response in this model 

(Thompson et al., 2006).   

2.2.7.3 The Angiotensin II infusion induced experimental AAA mouse model 

AngII is delivered via subcutaneously implanted osmotic mini-pumps to generated AAA in the 

suprarenal region in the ApE
-/-

 or LDL receptor knock-out mice (Daugherty et al., 2000). The 

histological features of AAA include inflammatory cell accumulation, high concentrations of 

MMPs, elastin degradation, prominent vascular haematomas, ECM deposition, and 
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neovascularisation (Saraff, 2003; Thompson et al., 2006). Atherosclerosis is also apparent in 

this mouse model (Daugherty et al., 2010). 

The AngII infusion mouse model has been used to investigate the various factors in AAA 

formation. The hypertension in this model was independent of AAA formation and AT1 

antagonist induced AAA attenuation, suggesting a role of renin-angiotensin system in AAA 

formation (Manning et al., 2002). Doxycyline, a MMP inhibitor, significantly reduced the 

incidence and severity of AAA in this mouse model (Manning et al., 2003). Combined with 

genetically modified mice, it has been demonstrated that nuclear factor kappa B (NF-κB) and 

urokinase plasminogen activator played a role in the AAA formation in this mouse model (Deng 

et al., 2003; Tham et al., 2002). Simvastatin reduced the AAA formation by inhibition of the 

inflammatory response in the aortic wall (Jones et al., 2009).  

AAA in this mouse model has some key features similar to human AAA, including 

inflammation, angiogenesis, and accelerated atherosclerosis (Manning et al., 2002; Daugherty, 

2004); therefore, this mouse model is favourable for AAA studies. Another merit of this model 

is its minimal required physical manipulation of the aorta (Barisione et al., 2006). It has to be 

acknowledged that there are differences between human AAA and this mouse model: infrarenal 

aortic region is the common dilatation site and dissection is uncommon in human AAAs, 

however AAA formation in the AngII model is typically suprarenal, and dissection is a 

contributing factor to aortic rupture (Manning et al., 2002). Despite these differences, AngII-

infusion induced experimental AAA in the ApoE
-/- mouse model is still one of the most useful 

models for studying pathogenesis of AAA.  

  



 

 27 

2.3 Current understanding of atherosclerosis 

Atherosclerosis affects the aorta and medium sized elastic and muscular arteries at the sites of 

decreased shear stress and increased turbulence (Nakashima et al., 1998). Animal experiments 

and observations of human specimens reveal that atheromatous plaque formation is a complex 

multistep process. The change of intima, a monolayer of ECs, is the initial step. A changed 

shear stress and/or injury induce intracellular adhesion molecule expression in ECs, resulting in 

leukocytes capture. Increased permeability of the ECs allows leukocytes and LDL to enter and 

accumulate within the aortic wall. Once resident under the intima, monocytes differentiate to 

macrophage that engulfs lipoprotein particles to become foam cells. These inflammatory cells 

and foam cells secrete chemokines and cytokines, contributing to the inflammation response. 

The foam cells undergo apoptosis and release extracellular lipids and cellular debris, 

contributing to the formation of a lipid-rich pool called the necrotic core of the plaque. 

Atheromatous plaque formation also involves SMC migration from media to intima, where they 

proliferate in response to mediators. SMCs produce ECM molecules to form a fibrous cap. The 

inflammatory cells produce MMPs to degrade collagen and generate mediators to provoke SMC 

death, which results in plaque disruption; therefore, the rupture fibrous cap is characterised with 

a thin collagen-poor fibrous cap containing few SMCs but abundant macrophages (Amento et 

al., 1991; Libby, 2002; Libby, 2009). In general, the mechanisms of atherosclerosis 

pathogenesis are divided into ECs activation and dysfunction, inflammation, and angiogenesis.  

2.3.1 Endothelial cell activation/dysfunction in atherosclerosis 

ECs play a critical role in controlling leukocytes rolling and adhesion on the surface of the 

intima. In the presnece of injury or inflammatory stimuli, e.g. shear stress, ECs are activated and 

adhesion molecule expression is up-regulated, subsequently leading to leukocyte attachment 

and transmigration to the sub-endothelial space. Studies in gene knockout mice have identified 

several adhesion molecules, such as E-selectin, P-selectin, and ICAM-1, as being important in 

atherosclerosis development (Nakashima et al., 1998; Amento et al., 1991; Dong et al., 1998). 
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Endothelial dysfunction, a loss of nitric oxide (NO) bioactivity in the vessel wall, contributes to 

atherosclerosis. ECs are a source of NO via endothelial NO synthase (eNOS), and endothelial-

derived NO has been shown to play a protective role in limiting atherosclerosis. In ApoE
-/- mice, 

eNOS deletion results in increased atherosclerosis (Knowles et al., 2000). In human studies, 

transitional risk factors for atherosclerosis predispose to EC dysfunction, which suggests the 

role of endothelial dysfunction in the pathogenesis of atherosclerosis (Giannotti & Landmesser, 

2007; Kinlay & Ganz, 1997). 

2.3.2 Inflammation in atherosclerosis 

Inflammatory cell accumulation is a feature of atherosclerotic lesion and important in the 

atherosclerosis development and progression. Macrophages, foam cells, and T lymphocytes are 

major inflammatory cell types in the shoulder of the atherosclerotic lesions; however, 

neutrophils are notable lacking (Glass & Witztum, 2001). Oxidised LDL and inflammatory 

mediators, such as MCP-1 and IL-8, mediate migration of monocytes to the intima (Libby, 

2002). Once accumulated in the intima, monocytes are activated by macrophage colony-

stimulating factor to express scavenger receptor A, by means of which monocytes uptake 

modified forms of LDL, leading to foam cell formation (Smith et al., 1995). CD4+ T cells are 

predominantly present in the atherosclerotic lesion. The cytokines present in the atherosclerotic 

lesion promote Th1 response and Th1 effector cells produce IFN-γ (Shimizu et al., 2006). IFN-γ 

could exert anti-inflammatory effect via regulation of scavenger receptor expression on 

macrophages, thereby anti-atherosclerotic formation. Conversely, IFN-γ could stimulate 

macrophages to produce pro-inflammatory cytokines and up regulate MHC class 2 molecule 

expression, thereby promoting atherosclerosis formation (Glass & Witztum, 2001). In the 

animal study, IFN-γ gene deletion in ApoE
-/- mice showed attenuated atherosclerosis 

development (Whitman et al., 2002; Gupta et al., 1997), which suggests a pro-atherosclerostic 

role of IFN-γ. Inflammatory cells contribute to plaque rupture via production of pro-

inflammatory cytokines and proteolytic enzymes. For instance, IFN-γ can inhibit collagen 

production by SMCs leading to a thin fibrous cap. IL-β and TNF-α enhances mononuclear 
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phagocyte expression of MMPs leading to ECM degradation. A thin fibrous cap with ECM 

degradation eventually leads to rupture. 

2.3.3 Angiogenesis in atherosclerosis 

The observation of VEGF and Angpts in the early and advanced atherosclerotic lesions provides 

evidence for the role of angiogenesis in the development of atherosclerosis (Chen et al., 2005). 

Increased density of micro-vessels has been observed in unstable and ruptured plaques 

(Kolodgie et al., 2003; Jeziorska & Woolley, 1999; Kockx et al., 2003). Barger and colleagues 

suggested that capillaries within the plaque are fragile and prone to rupture, and are thus a 

potential cause of intraplaque haemorrhage (Barger & Beeuwkes, 1990). The number of vasa 

vasorum in experimental atherosclerotic plaques produced in animal studies has been 

demonstrated to be 2- to 4-times higher in unstable and ruptured lesions compared with 

stablised lesions (Herrmann et al., 2001). This finding supports an earlier report that a loss of 

vasa vasorum was associated with plaque regression (Williams et al., 1988). Moreover, 

administration of inhibitors of angiogenesis has been shown to reduce plaque area, whereas 

VEGF administration promoted atherosclerosis, providing strong evidence that the angiogenesis 

promots atherosclerosis (Moulton et al., 1999; Celletti et al., 2001). Importantly, 

neovascularistaion is positively associated with extravasation of inflammatory cells into the 

plaque, as the new vessels are immature and ‘leaky’, with the infiltrated cells further 

contributing to angiogenesis via production of pro-angiogenic factors (Virmani et al., 2005). 
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2.4 Angiopoietins and their receptors 

2.4.1 Angiopoietin family 

Angpts are a family of angiogenic factors that are critical for vascular development. The Angpt 

family has four members, namely Angpt1, Angpt2, and Angpt3 (mice) or Angpt4 (human) 

(Davis et al., 1996; Maisonpierre et al., 1997; Valenzuela et al., 1999). Angpts are secreted 

glycoproteins with approximately 75 kDa molecular weight and have analogous structure with a 

coiled-coil and a fibrinogen-like domain (Koh et al., 2002; Figure 2.2). Angpt1 and Angpt2 

have been well characterised and intensively studied, whereas the Angpt3 and Angpt4 are still 

largely unknown. Angpt1 and Angpt2 have approximately 60% identical sequence 

(Maisonpierre et al., 1997; Koh et al., 2002). Angpt1 is predominated with high order multi-

dimers while Angpt2 is predominated with homo-dimers (Koh et al., 2002). 

 

Figure 2.2 Angiopoietins have similar structure with a coiled-coil domain and a fibrinogen-like 

domain. 

AA = amino acid; Ang = angiopoietin (From Koh et al., 2002). 

 

2.4.2 Angiopoietin-1 and Angiopoietin-2 expression 

Angpt1 is expressed by various cell types but mainly by pericytes covering micro- and macro-

vascular ECs (Chen et al., 2009; De Spiegelaere et al., 2011; Ichihara et al., 2011). In the adult 

vasculature, Angpt1 expression is constitutive to maintain vascular quiescence and support EC 
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cell survival through phosphatidylinositol 3'-Kinase (PI3K)/Akt pathway (Koh, 2013). The 

factors regulating Angpt1 mRNA expression are still largely unknown. Angpt2 is almost 

exclusively expressed by ECs, and stored in the Weibel-Palade Bodies (Fiedler et al., 2006; 

Gale et al., 2002). Angpt2 mRNA is under-detectable in quiescence ECs but abundantly 

expressed in the adult tissue undergoing remodelling (Maisonpierre et al., 1997). Angpt2 is 

released quickly by cytokines or micro-environmental factors stimulation in an autocrine 

manner (Stratmann et al., 1998; Ziegler et al., 1993). Hypoxia stimuli up-regulates Angpt2 

expression in ECs, suggesting a role of Angpt2 in hypoxia-induced neovascularisation 

(Mandriota & Pepper, 1998; Mandriota et al., 2000; Oh et al., 1999). TNF-α is a pro-

inflammatory cytokine that induces Angpt2 expression through NF-κB activation in vitro to 

regulate EC inflammatory response (Fiedler et al., 2006). In adipose tissue, adipocytes secreted 

leptin increases Angpt2 expression without altering VEGF expression, thereby leading to 

vascular regression within the adipose tissue (Cohen et al., 2001). AngII is an angiogenic factor 

regulating Angpt2 expression both in vivo and in vitro (Otani et al., 2001; Fujiyama et al., 

2001). Mechanical lower shear stress has been observed to up-regulate Angpt2 expression in 

vitro (Chlench et al., 2007). 

2.4.3 Angiopoietin receptors 

Angiopts are ligands for two receptor tyrosine kinases: Tie1 and Tie2 (Yancopoulos et al., 

2000). Tie1 and Tie2 share an identical structure, with an extracellular ligand-binding domain, a 

single transmembrane domain, and an intracellular kinase domain (Peters et al., 2004). The 

extracellular ligand-binding domain consists of three EGF-like repeats flanked by two Ig-like 

domains, and the second Ig-like domain is followed by a fibronectin 3-like domain adjacent to 

the transmembrane domain (Fiedler et al., 2003; Davis et al., 2003; Figure 2.3). Both Tie1 and 

Tie2 are expressed in ECs and hemaetopoietic stem cells throughout embryogenesis (Sato et al., 

1995; Sato et al., 1998). Recently, it has been found that Tie2 is also expressed in various cell 

types (Martin et al., 2008). However, the roles Tie1 and Tie2 in embryonic vasculature 
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development are different, which can be observed by studying the mice with Tie1 or Tie2 gene 

deletion (Sato et al., 1995; Dumont et al., 1994).  

All the Angpts bind Tie2 on the Ig-like domain and EGF-like repeat (Fiedler et al., 2003). 

Angpt1 is a strong agonist of Tie2, whereas Angpt2 acts as an antagonist of Tie2, inhibiting 

Angpt1-induced auto-phosphorylation of the Tie2 intercellular kinase domain (Koh et al., 

2002). Nevertheless, Angpt2 can stimulate Tie2 activation, weaker than Angpt1, in a context-

dependent manner (Gale et al., 2002; Kim et al., 2000b; Teichert-Kuliszewska et al., 2001; 

Daly et al., 2006). Angpt3 is an agonist of Tie2 and Angpt4 is an antagonist of Tie2 (Valenzuela 

et al., 1999). Angpts bind Tie1 with a low affinity. It is still unclear whether Angpts are 

independent ligands for Tie1 (Yancopoulos et al., 2000) and whether there is any interaction of 

Tie1 and Tie2 in regulating the signal transduction when Angpt1/2 binding Tie2 receptor. The 

schematic representation of Angpt and their receptor interaction is shown (Figure 2.3). 
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Figure 2.3 The schematic overview of the structure of Tie receptor and their interaction with 

angiopoietins 

Tie1 and Tie2 have similar structure with a ligand-binding domain, transmembrane domain, and 

intercellular kinase domain. The ligand-binding domain contains two Ig domain, a EGF repeats and FNIII 

repeats. Angpt1 and Angpt4 are agonists of Tie2, Angpt3 is an antagonist of Tie2, and Angpt2 can be an 

agonist or antagonist in a context dependent manner. The interaction of Tie1 and Tie2, and Angpts 

binding Tie1 are still unclear, which needs to be confirmed in the future. EGF=epithelial growth factor; 

Ig=immunoglobulin; FNIII=fibronectin 3 (Adapted from Peters et al., 2004; Yancopoulos et al., 2000; 

and Barton et al. 2006). 

2.4.4 Tie2 activation and signal transduction 

Tie2 activation is initiated by ligand-mediated dimerisation or multi-merisation and auto-

phosphorylation on specific tyrosine residues, thereby recruiting different adaptor proteins to 

activate signalling pathways for cell survival, migration, inflammation, and permeability (Peters 

et al., 2004). Tie2 has three phosphotyrosine residues (pTyr) at the site of 1101 (pTyr1101), 

1107 (pTyr1107), and 1112 (pTyr1112). The p85 subunit of PI3K interacts with activated Tie2 
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at pTyr1101 through Src homology 2 domain or phosphotyrosine domain, which actives Akt 

(Kim et al., 2000a; Jones et al., 1999; Kontos et al., 1998). PI3K/Akt signalling pathway 

activation results in phosphorylation and inhibition of forkhead transcription factor FOXO-1 

expression, to up-regulate survivin and caspase-9 expressin in ECs, thereby supporting EC 

survival. PI3K/Akt activation increases cell mobility via modulating Rac1 and RhoA (Cascone 

et al., 2003). PI3k activates mDia through Rho, resulting in an association of Src and mDia. 

This prevents Src induced VE-cadherin activation and internalisation, thereby maintaining the 

integrity of the cell-cell contacts (Gavard et al., 2008). Dok-R interacts with activated Tie2 at 

pTyr1102 and is phosphorylated, which creates interaction sites for Nck and p21 activating 

kinase. Dok-R and Nck interaction is essential for maximum p21 activating kinase activation to 

mediate EC migration (Jones et al., 2003). Grb2 interacts with activated Tie2 at Tyr1101 to 

regulate mitogen activated protein kinase (MAPK) by modulating Erk1/2 phosphorylation 

(Huang et al., 1995). Shp-2 interacts with activated Tie2 at Tyr1112 and also stimulates Erk1/2 

phosphorylation through its ability to recruit Grb2 (Huang et al., 1995). Tie2 activation, 

interacting with A20 binding inhibitor of NF-κB activation -2 (ABIN-2), inhibits NF-κB 

activation and induces anti-inflammatory and anti-apoptotic effects in ECs (Tadros et al., 2003; 

Hughes et al., 2003). Tie2 activation has also been found to interact with Bmx to regulate EC 

adhesion and migration (Rajantie et al., 2001), with signal transducers and activators of 

transcription (STATs) to regulate EC proliferation, differentiation, migration, and survival 

(Korpelainen et al., 1999), and with vascular endothelial phosphotyrosine phosphatase (VE-

PTP) to inhibit para-cellular permeability. Tie2 activation and signal transduction is summarised 

in Figure 2.4. 
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Figure 2.4 Schematic representation of Tie2 activation and its signal transduction. 

Angpt1 binding to Tie2 leads to dimerisation or multimerisation and subsequently auto-phosphorylation 

(P). The adaptor proteins are recruited to the phosphotryrosine residues and subsequently activated, which 

leads to the downstream signalling pathway activation. Dok-R: downstream-of-kinase-related protein; 

Grb2: Growth factor receptor-bound protein 2; Shp-2: Src homology 2 (SH2)-containing protein tyrosine 

phosphatase; ABIN-2: A20-binding inhibitor of NF-κB-2; STATs: signal transducer and activator of 

transcriptions; ICAM-1: intracellular adhesion molecule-1; VCAM-1: vascular cell adhesion molecule 1; 

FOXO-1: forkhead box protein O 1; and FAK: focal adhesion kinase. 

2.4.5 Integrin-dependent binding of Angpt1 and Angpt2 

The direct evidence of both Angpt1 and Angpt2 binding to integrins was observed in Tie2 

receptor negative fibroblasts (Carlson et al., 2001). The highly conserved fibronectin-like 

domain in Angpts could be functionally associated with integrin binding (Yokoyama, 2000); 

however, it remains to be elucidated. Angpts binding specific integrin subunits have been found 

to regulate different functions in various cell types (i.e. ECs, myocyte, and tumour cells) 

(Carlson et al., 2001; Scholz et al., 2011; Hu et al., 2006). Felcht et al. found that Angpt2 

binding integrins, in a Tie2-independent manner, will induce focal adhesion kinase 

phosphorylation, resulting in EC migration and sprout angiogenesis (Felcht et al., 2012). 
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Carlson et al. also demonstrated that both Angpt1 and Angpt2 can bind to hamster ovary-B2 

cells. However, Angpt1 binding integrin was α5 subunit dependent, whereas Angpt2 was α5 

independent (Carlson et al., 2001). It still needs to be elucidated how Angpt1 and Angpt2 bind 

integrin.  

2.4.6 Angiopoietin-1: an agonist of Tie2 

Angpt1 is a strong agonist of Tie2. Angpt1 forms multimeric form binding with the ligand-

binding domain of Tie2 that induces phosphorylation of Tie2 (Hansen et al., 2010). The first Ig-

like domain and EGF-like repeats of Tie2 are required for Angpt1 binding (Fiedler et al., 2003). 

Seegar et al. proposed that Angpt1 could stimulate Tie2 clustering in both the presence and 

absence of a Tie1 receptor (Seegar et al., 2010). By activating Tie2, Angpt1 increases vessel 

size, instead of vessel numbers (Yancopoulos et al., 2000). In addition to its effects on vascular 

morphology, Angpt1 maintains vessel integrity by activating Tie2, which inhibits VEGF or 

inflammatory agents induced vessel permeability by the inhibition of NF-κB signalling pathway 

(Hughes et al., 2003; Saharinen et al., 2008; Tadros et al., 2003).  

2.4.7 Angiopoietin-2: an agonist or antagonist of Tie2? 

Angpt2 was originally identified as an antagonist of Tie2 blocking Angpt1 induced Tie2 

phosphorylation in ECs (Maisonpierre et al., 1997). Angpt2 is required for angiogenesis to 

destabilise the existing vessels by blocking Angpt1-Tie2 interaction to facilitate VEGF-induced 

angiogenesis (Thomas & Augustin, 2009). Both Angpt1 and Angpt2 bind with Tie2 in a similar 

affinity (Fiedler et al., 2003; Stratmann et al., 1998; Ziegler et al., 1993); However, Angpt2 acts 

as an antagonist of Tie2, inhibiting Angpt1-induced auto-phosphorylation of Tie2 intercellular 

kinase domain (Koh et al., 2002). The opposing actions of Angpt2 and Angpt1 on Tie2 may be 

attributed to Tie1 (Seegar et al., 2010). It is proposed that Angpt2 can activate Tie2 in the 

absence of Tie1, whereas Angpt2 deactivates Tie2 in the presence of Tie1 (Seegar et al., 2010).  

Angpt2 can be an agonist of Tie2 in a context-dependent manner (Gale et al., 2002; Kim et al., 

2000b; Teichert-Kuliszewska et al., 2001; Daly et al., 2006). Angpt2 is also required in 
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embryonic lymphatic vasculature development (Gale et al., 2002). In mice lacking Angpt2, 

lymphatic vessel defects can be rescued by Angpt1, which suggests Angpt2 acts as a Tie2 

agonist in lymphatic ECs (Gale et al., 2002). There is emerging evidence showing that Angpt2 

is an agonist of Tie2 in ECs. Kim et al. observed that Angpt2 at a high concentration could 

enhance EC survival through PI3K/Akt signalling pathway in vitro (Kim et al., 2000b). Daly 

and colleagues demonstrated that Angpt2 could activate Tie2 both in vivo and in vitro (Daly et 

al., 2006). Yuan et al. also observed Angpt2 is an agonist of Tie2 in ECs, but suggested that 

Angpt2 was a weaker agonist than Angpt1 (Yuan et al., 2009).   

2.4.8 Angiopoietin-Tie2 signalling pathway in embryonic and adult vasculature 

Angpt-Tie2 signalling pathway has a critical role in embryonic vasculature development, which 

has been studied in mice with gene deletion. Tie2-deficient mice showed poorly organised 

vessels, fewer branches, reduced pericyte coverage, and died at E10.5 (Dumont et al., 1994; 

Sato et al., 1995; Suri et al., 1996). Mice with Angpt1-deficiency had similar phenotype of 

Tie2-deficient mice, which indicates that the Angpt1-Tie2 axis plays a critical role in embryonic 

vasculature development. However, Angpt2-deficient mice did not have vascular defects but 

developed a chylous ascites, indicating defects in the lymphatic system (Gale et al., 2002). 

Overexpression of Angpt2 results in embryonic lethality because of vascular defects similar to 

the phenotype of Angpt1-deficient mice, which indicates the antagonistic role of Angpt2 on 

Tie2 during embryonic angiogenesis (Maisonpierre et al., 1997).  

The Angpt-Tie2 axis is critical for both maintaining vessel homeostasis and maturation, and 

vascular destabilisation and remodelling in adult vasculature (Holash et al., 1999). Angpt1 is 

constitutively expressed by pericytes covering ECs of the vasculature, which induces Tie2 

activation in order to maintain the vessel quiescence and homeostasis (Koh, 2013). Angpt2 is 

only expressed in the active remodelling sites, such as ovary, placenta, and uterus (Maisonpierre 

et al., 1997). Angpt2 is also expressed in pathological conditions such as cancer, 
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atherosclerosis, and AAA, as angiogenesis is also a common feature in these conditions (Martin 

et al., 2008). 

2.4.9 Angiopoietins in angiogenesis 

The Angpt-Tie2 signalling system plays a critical role in the process of angiogenesis. Angpt1 

and Angpt2 play different roles in regulating the vessel destabilisation, ECM base membrane 

degradation, EC proliferation and migration, and tube formation (Carmeliet & Jain, 2000). It 

has been found that Angpt2 was expressed at the leading edge of angiogenesis whereas Angpt1 

was expressed behind the leading edge of angiogenesis, which suggests that Angpt2 destabilises 

the existing vasculature to facilitate angiogenic factor induced angiogenesis, and Angpt1 

mediates Tie2 activation triggering stabilising of the neo-vasculature (Maisonpierre et al., 1997; 

Peters et al., 2004).  

Angpt2 destabilises the pre-existing vessels by antagonising Angpt1 induced low 

phosphorylation of Tie2 to disassociate ECs with pericytes, which will facilitate VEGF induced 

EC survive, proliferation, and migration (Maisonpierre et al., 1997). Prolonged exposure of 

Angpt2 to ECs could induce EC apotosis and vessel regression in the absence of VEGF 

(Veikkola & Alitalo, 2001; Oshima et al., 2004). In the animal study, Angpt2-deficient mice 

lacked vascular remodelling in the retinal eyes, which supports the notion that Angpt2 is 

required for vascular remodelling (Yancopoulos et al., 2000). Angpt2 also up-regulates MMP-9 

and MMP-2 expression to facilitate ECM digestion facilitating EC migration (Das, 2003; Hu et 

al., 2003; Zhang et al., 2012). 

Angpt1 is important for the later steps of neovessel stabilisation via the Angpt1-Tie2 axis 

(Chavakis, 2002). Angpt1 induces EC survival and migration (Fiedler et al., 2003). Pericytes 

secrete Angpt1 inducing Tie2 phosphorylation to stabilise ECs, and Angpt1 further enlarges the 

lumen of the new-formed capillary tube (Jain & Munn, 2000; Hattori et al., 2001). Indeed, over-

expressing Angpt2 induces impaired pericytes recruitment and abnormal retinal angiogenesis 

(Crowley et al., 2006).  
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2.4.10 Angiopoietins in inflammation 

Angpt1 exerts anti-inflammatory effects through activation of Tie2 (Jeon et al., 2003). NF-κB 

signalling pathway activation is essential for VEGF and TNF-α induced adhesion molecule 

expression in ECs (Kim et al., 2001a; Imhof & Aurrand-Lions, 2006). Kim et al. reported that 

Angpt1 suppressed VEGF-induced adhesion molecule expression in human umbilical vascular 

ECs, thereby reducing leukocyte adhesion (Kim et al., 2001b). Angpt1 counteracts the 

inflammatory effects of TNF-α through inhibition of NF-κB signalling pathway (Imhof & 

Aurrand-Lions, 2006; Gamble et al., 2000). Using intracellular domain of Tie2 bait, Hughes et 

al. firstly isolated a cDNA clone code for a well-known inhibitor of NF-κB activation ABIN-2 

(Hughes et al., 2003). ABIN-2 is a negative modulator of NF-κB activation (Krikos et al., 

1992). Angpt1 stimulates Tie2 phosphorylation resulting in ABIN-2 recruitment and 

subsequently inhibits NF-κB signalling pathway, thereby inhibiting adhesion molecule 

expression in ECs (Hughes et al., 2003; Tadros et al., 2003).  

Angpt1 counteracts vascular permeability by modulating cell-cell conjunctions, intracellular 

calcium, and Tie2 localisation (Koh, 2013). Vascular permeability is maintained by the integrity 

of the EC contacts. Transgenic overexpression of Angpt1 induces leakage-resistant vessels and 

prevents VEGF stimulated vessel permeability (Thurston et al., 2000; Gamble et al., 2000; 

Lee et al., 2014; Thurston et al., 1999). VEGF induces vascular permeability by regulating 

VE-cadherin phosphorylation, redistribution, and internalisation via Src (Gavard & Gutkind, 

2006). Angpt1 induced activation of Tie2 promotes Src sequestration, thereby counteracting 

VEGF-induced permeability (Gavard et al., 2008). VE-PTP is another important factor for 

vascular permeability. It forms a complex with VE-cadherin and Tie2 to maintain the integrity 

of the EC monolayer. The VEGF disassociates the VE-PTP complex to compromise vascular 

integrity (Gavard & Gutkind, 2006), whereas Angpt1 promotes VE-PTP and Tie2 interaction to 

enhance the vascular integrity (Saharinen et al., 2008). Several studies suggested that Angpt1 

exerts anti-permeability through inhibiting calcium influx and small GTPase Rho activation (Li 

et al., 2004).   
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Conversely, Angpt2 induces vascular leakage in acute inflammation (Roviezzo et al., 2005). 

Transgenic overexpression of Angpt2 results in time-dependent myeloid cell accumulation in 

numerous organs, in the absence of inflammatory stimuli and increased cell adhesion in models 

of acute inflammation (Scholz et al., 2011). As an antagonist of Tie2, Angpt2 may block the 

anti-inflammatory effect of Angpt1 by competitive binding of Tie2, thus sensitising EC 

stimulation (Fiedler et al., 2006). Angpt2 deficient mice have impaired TNF-α-induced 

leukocyte adhesion and extravasation (Fiedler et al., 2006). In a tumour, Angpt2 actives Tie2 

expressing macrophages (TEMs) in the tumour, to enhance their pro-angiogenic activity 

(Fiedler et al., 2006). Increased TEMs infiltration was found in a tumour grown in transgenic 

overexpression Angpt2, which is consistent with the in vitro study, which showed that human 

Tie2 monocytes, not Tie2 negative monocytes, responded to Angpt2 stimulation (Coffelt et al., 

2010; De Palma & Naldini, 2011). Angpt2 can enhance TEM immunosuppressive activity by 

promoting IL-10 expression that resulted in T cell proliferation suppression and Treg cell 

expansion (Coffelt et al., 2011). Despite the evidence of Angpt2 promoting vascular leak and 

enhancing TNF-α-mediated inflammation, Daly et al. demonstrated that Angpt2, similar as 

Angpt1, significantly inhibited mustard oil-induced extravasation of Evans blue dye from the 

ear vasculature (Daly et al., 2006) and Nakanen et al. observed similar anti-inflammatory effect 

of Angpt2 in cardiac allografts (Nykänen et al., 2006). Interestingly, Roviezzo et al. found that 

Angpt2 reduced cellular infiltration in tissues in the presence of ongoing inflammation 

(Roviezzo et al., 2005). Further investigation is required to elucidate the mechanisms of Angpt2 

responsiveness to inflammation. 

2.4.11 Antiopoietins-Tie2: a potential target for therapies 

The Angpt-Tie2 signalling pathway has vital roles in regulating inflammation and angiogenesis 

that are common in pathological conditions. Therefore, targeting the Angpt-Tie2 signalling 

pathway may have potential as a therapeutic strategy for the treatment of diseases. Angpt1-

induced Tie2 activation has anti-inflammatory, anti-permeable, and anti-apoptotic effects; 

therefore, Angpt1 delivery could be a potential therapy for diseases caused by inflammation, 
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vascular leakage, and micro-vessel regression. Diabetic retinopathy in mice is featured with EC 

apotheosis, high permeability, and vascular inflammation. Intraocular injection of Angpt1 

results in inhibitory of oedema in diabetic mice (Joussen et al., 2002). Vascular leakage after 

ischaemic stroke increases the volume of infarct, and administration of recombinant Angpt1 had 

been proved to reduce the infarct size by inhibiting of VEGF-induced vascular permeability in a 

mouse model (Zhang et al., 2002). The ability of Angpt1 to suppress adhesion molecule 

expression in ECs has been observed in a mouse model of allograft arteriosclerosis (Nykanen et 

al., 2003). Despite the significant therapeutic potentials, Angpt1 may have some severe side 

effects, including pulmonary hypertension, promoting angiogenesis, and negative vessel 

remodelling (Moss, 2013).  

Angpt2, unlike constitutively expressed Angpt1, is dynamically regulated and mostly 

upregulated in pathological conditions. Therefore, modification of Angpt2 is more favoured in 

therapies (Gerald et al., 2013). Angpt2 is induced at early stage to destabilise the vessel 

facilitating VEGF-induced angiogenesis that has been observed in tumours (Thurston & Daly, 

2012). Therefore, to block Angpt2 activity may have a potential anti-angiogenic effect. In pre-

clinical studies, the methods used to block Angpt2 activity include monoclonal antibodies, high-

affinity nuclease resistant RNA ligands, peptide-Fc fusion proteins, and a bivalent Angpt2-

binding peptide-antibody fusion protein (Moss, 2013). Administration of L1-10, a peptide-Fc 

fusion inhibiting the interactions between Angpt2 and its receptor Tie2, reduced prostate tumour 

volume in vivo (Morrissey et al., 2010). Tumour-bearing mice receiving MEDI3617, an Angpt2 

specific blocking monoclonal antibody, resulted in a reduction of angiogenesis and an increased 

hypoxia (Leow et al., 2012). Recently, a combined blocking of Angpt2 and VEGF produced a 

greater reduction of angiogenesis and tumour size compared with any agent alone (Daly et al., 

2012). Anti-angiogenic therapy combining paclitaxel and AMG 386, a peptide-Fc protein 

neutralising the interaction of Angpt1/2 with Tie2, has been shown to be safe and effective in 

phase II randomised trials (Karlan et al., 2012). However, clinical anti-angiogenic therapy is 

currently limited to advanced cancer patients with short life expectancy and limited options. The 
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application of anti-angiogenic therapy for management of other clinical conditions requires 

further investigation. 

2.4.12 Angiopoietins in AAA and atherosclerosis 

Both AAA and atherosclerosis are associated with pathological angiogenesis and inflammation, 

as discussed above. However, the role of Angpts in AAA and atherosclerosis remains unclear. 

Induction of Angpt2 is important in facilitating TNF-α-induced adhesion molecule expression in 

ECs (Fiedler et al., 2006), which may have implications for atherosclerosis and AAA 

development. Osteopontin (OPN) is abundantly present in human atherosclerosis tissue, and 

plays an important role in AAA pathogenesis (Bruemmer et al., 2003). Mangan et al. 

demonstrated that OPN up-regulated adhesion molecule expression in ECs in response to TNF-

α, which was associated with induction of Angpt2 (Mangan et al., 2007). However, despite 

evidence for Angpt2 in promoting angiogenesis and inflammation, exogenous administration of 

Angpt2 in hyperlipidaemic ApoE
-/- mice led to reduced atherosclerosis severity (Ahmed et al., 

2009). The reduction in plaque development was associated with decreased presence of 

inflammatory cells and content of oxidized LDL, and attributed to an Angpt2-mediated increase 

in nitric oxidase release within the vessel wall (Ahmed et al., 2009). Earlier work by Nykanen 

et al., using a rat model, demonstrated that intra-coronary perfusion of cardiac allografts with an 

adenoviral vector encoding human Angpt1 limited leukocyte infiltration and arteriosclerosis 

development associated with reduced microcirculation expression of Angpt2 (Nykanen et al., 

2003). Analysis of human atherosclerotic specimens showed that VEGF and Angpt1 were 

expressed in early lesions whereas VEGF and Angpt2 were expressed in advanced lesions 

(Calvi, 2004). This suggests that Angpt1 and Angpt2 play different roles in atherosclerosis 

development. Unstable atherosclerotic lesions with high MVD exhibit an Angpt1: Angpt2 ratio 

favouring Angpt2 (Post et al., 2008). On the other hand, circulating levels of Angpt2 in CVDs 

are controversial. Cross-sectional studies investigating circulating and tissue level of Angpts in 

patients with or without CVD are summarised in Table 2.5. Most of the patients with CVDs had 

a higher circulating Angpt2 (Lorbeer et al., 2015; David et al., 2009; Post et al., 2008). 
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Nevertheless, Jaumdally and colleagues reported that Angpt2 was lower in patients with CVD 

(Jaumdally et al., 2011). In plaques with high MVD, the local balance between Angpt1 and 

Angpt2 favours Angpt2 (Post et al., 2008). The development of unstable plaque is associated 

with Angpt2 level with MMP-2 activity (Post et al., 2008). However, Chen et al. showed that 

there is no difference of Angpt2 between stable and unstable plaques (Chen et al., 2005). 

 

Table 2.5 Angiopoietin expression in human and experimental atherosclerosis and AAA 

Reference Sample Method Result 

(Chen et al., 
2005) 

Human stable and unstable angina; IHC staining 

sections 

No difference of Angpt1 and 

Angpt2; 

(Lim et al., 
2005) 

Diabetes patients with and without 

CVD; 

Serum ELISA No difference of Angpt1; 

Angpt2 raised regardless of 

CVD; 

(Le Dall et al., 
2010) 

Conditioned media from 

hemorrhagic (Hem) and non-

hemorrhagic (NHem) carotid 

plaques; 

ELISA Low Angpt1 in Hem conditioned 

media; 

No difference of Angpt1 release; 

Angpt2 raised regardless of 

CVD; 

(Lopez-Mejias 
et al., 2013) 

Rheumatoid arthritis (RA) patients 

with and without CVD; 

Serum ELISA Higher level of Angpt2 in RA 

patients with CVD; 

    

(Lorbeer et al., 
2015) 

Cross-sectional data of participants; Serum ELISA Angpt2 positively correlated with 

number of carotid plaques; 

(David et al., 
2009) 

Hypertensive patients with or 

without atherosclerosis; 

Serum ELISA Higher level of Angpt2 in 

hypertensive patients with CVD; 

(Post et al., 
2008) 

Plaques with high MVD and low 

MVD; 

Western blotting Higher Angpt2 in high MVD 

plaques; 

(Jaumdally et 

al., 2011). 

CVD with and without Diabetes 

compared with healthy controls; 

Plasma ELISA Lower Angpt2 in both CVD with 

and without diabetes; 

(Golledge et al., 
2012) 

Men with AAA and without AAA; Serum ELISA Higher level of Angpt2 in men 

with AAA; 
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2.5 Conclusion leading to research in this thesis 

The relationship between Angpts and AAA development is still unknown. There are still few 

studies investigating the role of Angpts in AAA development and progression, although pre-

clinical studies and end-edge ruptured human AAA assessment have implicated angiogenesis 

and inflammation in the pathogenesis of AAA. It has been demonstrated that exogenous Angpt2 

reduced atherosclerosis development in vivo; however, it does not fit with the role of Angpt2 as 

an antagonist of Tie2. In addition, Golledge et al. reported that serum Angpt2 is elevated in men 

with AAA, and is associated with an increased risk of cardiovascular mortality in older men 

(Golledge et al., 2012). However, the finding of elevated Angpt2 in AAA patients is still 

unknown due to the cause or consequence of AAA. Importantly, Angpt2 can activate or de-

activate Tie2 in a context-dependent manner, thereby inducing different signalling pathways 

facilitating angiogenesis and inflammation. This indicates that Angpt2 may have a role in 

atherosclerosis and AAA development. Although considered to elicit pro-inflammatory effects 

as an antagonist of Tie2, administration of Angpt2 in experimental models suggests a protective 

role. This thesis will further examine the role of Angpt2 in AAA and atherosclerosis, and assess 

the efficacy of exogenous Angpt2 to limit these in the AngII-infusion mouse model. The 

outcomes of the study will provide new information upon which the value of a therapeutic 

strategy involving Angpt2 can be measured. 
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CHAPTER 3 

 

General Materials and Methods 
Chapter 3 General Materials and Method 

3.1 Angiotensin II infused experimental AAA model in ApoE
-/- mice 

3.1.1 Ethics approval 

Animal studies and all experimental protocols were approved by the Animal Ethics Committee 

of James Cook University (Approval number: A1671). All experimental work was performed in 

accordance with the institutional and ethics guidelines of James Cook University. 

3.1.2 ApoE
-/- mice 

Male B6.129P2-Apoe
tm1Unc

/J (ApoE
-/-

) mice on a C57BL/6 background (eight weeks old) were 

obtained from commercial colonies (Animal Resource Centre, Western Australia). Mouse 

homozygous for Apoe
tm1Unc

 mutation shows a marked increase in total plasma cholesterol level 

(> 500 mg/dL) on a standard chow diet, which is not affected by age and sex (Zhang et al., 

1992). Fatty streaks in the proximal aorta are found from 3 months of age (Meir & Leitersdorf, 

2004). This pro-atherosclerosis mouse shows increased lesions with age and progresses to 

typical advanced stage of pre-atherosclerotic lesions. Mice were housed in the Small Animal 

Facility at James Cook University, in a pathogen-free environment, maintaining a 12:12 hours 

of light and dark cycle in an individually ventilated, temperature/humidity-controlled cage 

system (Canning Vale, Australia). Mice were given standard chow diet and water ad libitum. 

All male mice were acclimated in the Small Animal Facility and aged to six-month-old for use 

in all experiments. Experimental mice were checked daily to monitor changes in behaviour, 

physiology, and incidence of mortality. 
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3.1.3 Preparation of Angiotensin II 

Human AngII was purchased from Sigma-Aldrich (A9525-50MG, USA). This product is a 

synthetic peptide (C50H71N13O12 , 1046.18 Da). AngII was dissolved in sterilised Milli-Q water 

to make a final stock concentration equivalent to 25 µg/µl. In order to achieve the desired AngII 

subcutaneous dispensing rate (1000 ng/kg/min), the following equation was used to calculate 

the concentration of AngII required for each mouse: 

Cd=K0 • W/Q   

Where Cd is the concentration of AngII (ng/µl), K0 is the mass delivery rate (1000 ng/min/kg), 

W is the weight of the mouse (kg), and Q is the volume delivery rate. 

3.1.4 Preparation of micro-osmotic pump filled with Angiotensin II 

Micro-osmotic pumps (Model# 1004, Alzet, USA) were purchased from Bio Scientific (Gymea, 

Australia) and were used to deliver AngII continuously during the experimental period. These 

miniature implantable pumps have 100 µl volume reservoirs and are designed to continuously 

deliver for up to 28 days at a flow rate of 0.11 µl per hour (equal to 0.00183 µl/min). 

An empty Micro-osmotic pump and its flow moderator were weighed prior to filling. The filling 

was accomplished with a 1 ml syringe and provided 27 gauge blunt-tipped filling tube at room 

temperature. The micro-osmotic pump was held upright and the filling tube was inserted 

through the opening at the top of the pump until it could go no further. Then the AngII solution 

was slowly pushed into the pump until the solution appeared at the top of the outlet, which 

reduced the chance of air bubbles being trapped in the pump. The filling tube was carefully 

removed and the flow moderator was inserted. The filled pump was weighed again to assure a 

loading of over 90% of reservoir volume. This was confirmed by subtracting the pump weight 

before filling from the weight after the filling. Prior to implantation, the filled umps were placed 

in 0.9% isotonic saline for at least 48 hours at 37
o
C. This will activate the pumps to reach a 

stable dispense rate at 0.11 µl per hour on implantation. 
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3.1.5 Micro-osmotic pump subcutaneous implantation 

Micro-osmotic pumps were surgically implanted while the mice were under anaesthesia. Six-

month-old ApoE
-/- mice were anaesthetised by intraperitoneal injection of ketamine (150 mg/kg) 

and xylazine (10 mg/kg). A small incision was made in the skin between the scapulae and the 

connective tissue was carefully spread apart using a haemostat to create a small pocket along 

the dorsal midline. The AngII filled pump was subcutaneously implanted in the space along the 

dorsal midline with the flow mediator pointing away from the incision. The incision was closed 

with sutures. Mice were allowed to recover in a warm, dark, and quiet environment, and the 

mice typically recovered from anaesthesia within 30 min. Mice were intensively checked for 

health and behaviour during the next 3 days and mice were assessed for signs of poor health 

such as paraplegia, sudden death or other complications of aortic aneurysm formation, or 

surgery.  
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3.2 Human Fc protein, recombinant angiopoietin-2, and 

angiopoietin-2-Tie2 interacting inhibitor 

Regeneron (Tarrytown, USA) generously provided recombinant angiopoietin-2 (rAngpt2), 

Angpt2-Tie2 interacting inhibitor (L1-7), and control human Fc protein for all of the 

experiments. These recombinant proteins were generated by the Preclinical Manufacturing and 

Process Development Group in Regeneron.  

3.2.1 Sequence of human Fc protein, rAngpt2, and L1-7 

Human Fc portion was used to generate peptide-Fc fusion L1-7 and Angpt2-Fc fusion protein 

described previously (Kim et al., 2000; Oliner et al., 2004; Davis et al., 2003). The amino acid 

sequence of human Fc protein is shown in Table 3.1. This human Fc protein has been proven to 

have no effect on Angpt-Tie2 neutralisation and VEGF-VEGF-R neutralisation (Oliner et al., 

2004). 

L1-7 is an Angpt2 specific binding peptide-Fc fusion protein inhibiting Angpt2 from interacting 

with Tie2 (Oliner et al., 2004). L1-7 was derived from phage clones and the consensus 

sequences expressed in E.Coli was fused to human IgG1 Fc, named RS753 L1-7 (N).Fc (L1-7). 

This peptide Fc-fusion protein was selected based on its ability to neutralise human Angpt2 and 

Tie2 interaction (IC50=54), which is the same in musculus, whereas it lacks VEGF-VEGF-R 

neutralisation activity. The amino acid sequence of L1-7 is shown in Table 3.1. 

rAngpt2 construction has been described by Davis and colleagues (Davis et al., 2003). Briefly, 

the amino acid sequence of Angpt2 was divided into three regions. The sequence begins with a 

stretch of ~50 residues known as N-terminal region (denoted as “N”), followed by a domain 

known as coiled-coil domain (denoted as “C”) and a C-terminal domain of fibrinogen (denoted 

as “F”). The F domain has been proven to be the functional domain that distinguishes the 

different functions of Angpt1 and Angpt2. AngF2-Fc-F2 has precisely four Angpt2 F domains, 

and this Angpt2 chimera is a context-dependent agonist or antagonist analogous to native 

Angpt2. The amino acid sequence of rAngpt2 is shown in Table 3.1. 



 

 49 

Table 3.1 Sequence of the human Fc protein, rAngpt2, and L1-7 

Name Structure 

Human Fc protein 

 

DKTHTCPPCPAPELLGGPSVFLFPPKPKDTLMISRTPEVTCV

VVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYR

VVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKG

QPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWES

NGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFS

CSVMHEALHNHYTQKSLSLSPGK 
rAngpt2 Ang-DSVQRLQV(F2)-Fc -GGGSGAP-FRDCAEVF (F2) 

L1-7 MGAQTNFMPMDDLEQRLYEQFILQQGLEGGGGGFc 

 

3.2.2 Administration of human Fc protein, rAngpt2, and L1-7 

Human Fc protein, rAngpt2, or L1-7 was dissolved in phosphate buffered saline (PBS, Life 

Technologies, Australia), to a final stock concentration of 1 mg/ml. A dose of 4 mg/kg dosage 

in a total volume 200 µl PBS was prepared according to the weight of the mice. This dosage 

was suggested by the provider and has been published previously (Tressel et al., 2008; Yan et 

al., 2012). Human Fc protein, rAngpt2, or L1-7 was subcutaneously injected into the loose skin 

over the neck, using a 1 ml syringe with a 27 gauge needle. Caution was taken to ensure a 

negative pressure prior to injection. Mice were returned to their cages and observed for 

complications, such as bleeding, inflammation, abscesses, or ulcers after the injection. Mice 

were administrated with human Fc protein, rAngpt2, or L1-7 a day prior to AngII infusion 

commencing, and then every other day for the duration of the experiment. 
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3.3 Sample collection: 

3.3.1 Peripheral blood collection 

During the experiment, peripheral blood was collected via the lateral tail vein. A white lamp 

was used to heat up the environment. Mice were then accustomed in the restrainer and the 

lateral tail vain was nicked with a surgical scalpel blade half way down the tail. Blood was 

collected into a lithium heparin coated tube (BD Biosciences, USA), capped, inverted several 

times, and then placed on ice. After blood collection, the tail incision was compressed with a 

dry sterile gauze pad until homeostasis occurred. A total volume of 150 µl blood was collected 

for each mouse. 

At the end of the experiment, Mice were euthanased with carbon dioxide and the abdomen were 

opened to expose the heart. Blood was drawn from the right ventricle using a 3 ml syringe with 

a 25 gauge needle. The syringe was uncapped and the blood was transferred into a lithium 

heparin coated tube, inverted several times, and then placed on ice.  

3.3.2 Plasma collection 

Peripheral blood was centrifuged at 2000 x g for 30 min at 4
o
C to pellet cells and platelets. This 

separated the sample into two layers: the plasma layer and the cell and platelet layer. The 

plasma was carefully collected with a pipette without disturbing the cell and platelet layer and 

immediately transferred into a pre-chilled 1.5 ml polypropylene tube. Plasma samples were 

stored at −80
o
C for future assessment. 

3.3.3 Whole aorta dissection and photography 

On completion of the experiments, mice were euthanased with carbon dioxide. The abdomen 

was opened to expose the aorta. The aorta was slowly flushed with 10 ml Dulbecco’s phosphate 

buffered saline (DPBS, Life Technologies, Australia), through the left ventricle using a 5 ml 

syringe. The extraneous adipose and connective tissue was carefully removed under a Zoom 

Stereomicroscope (Olympus SZX7, Olympus, Japan). The whole aorta, from aortic valve to 
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iliac bifurcation, including three large vessels sprouting from the ARCH, was isolated intact 

from the dorsal wall. During the isolation procedure, aortic tissue was prevented from drying 

out by applying DPBS on the surface. The dissected whole aorta was immediately placed on a 

graduated template to be photographed using a digital camera (CoolPix 4500, Nikon, Japan). 

The aorta was then cut into four parts, according to its anatomical positions: ARCH, THX, 

SRA, and IRA. All of the aortic tissues were immersed in Tissue-Tek® Optimal Cutting 

Temperature (OCT, ProSciTech, Australia) compound and snap frozen in liquid nitrogen. 

Samples were stored at −80
o
C for future analysis. 

3.3.4 Collection of bone marrow cell  

Bone marrow cells (BMCs) were collected from left femur of the mouse. Left femurs of the 

mice were dissected immediately following mouse euthanasia. Muscle tissue was removed from 

the femur bones by rubbing with tissue. Dissected femurs were immersed in 75% ethanol for 30 

sec and immediately transferred to a 1.5 ml polypropylene tube with 1 ml DPBS, containing 

0.5% Bovine Serum Albumin (BSA, Sigma-Aldrich, USA) on ice. The femur was cut open at 

both ends. A 1 ml syringe with a 27 gauge needle was used to flush out the BMCs with a total 

of 2 ml DPBS containing 0.5% BSA. The medium containing BMCs was centrifuged at 350 x g 

for 10 min at 4
o
C. The supernatant was carefully discarded and the cell pellet was resuspended 

in 2 ml DPBS containing 0.5% BSA, followed by filtering through 60 micron nylon mesh. 

Samples were placed on ice and ready for red blood cell (RBC) lysis and cell surface staining 

for flow cytometry. 

3.3.5 Collection of splenic cells 

Spleens were harvested and stored on ice prior to splenic cell harvest in a 1.5 ml polypropylene 

tube with 1 ml DPBS containing 0.5% BSA. The spleen was transferred to an 80 micron cell 

strainer (BD Biosciences, USA) placed on the top of 50 ml tube. The spleen was 

homogeneously macerated through the filter using the back of a 1 ml syringe plunger at room 

temperature. The filter was regularly rinsed with DPBS containing 0.5% BSA. The tube was 
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filled with cold DPBS containing 0.5% BSA and centrifuged at 300 x g at 4
o
C for 10 min. The 

supernatant was discarded carefully, without disturbing the cell pellet. The cell pellet was 

resuspended in 20 ml cold DPBS containing 0.5% BSA and the centrifugation and the 

resuspending procedure was repeated once. The final cell pellet was resuspended in 20 ml cold 

DPBS containing 0.5% BSA and filtered through a 60 micron nylon mesh. Samples were placed 

on ice for RBC lysis and cell surface staining for flow cytometry. 
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3.4 Morphometry of aorta and AAA categorisation 

3.4.1 Morphometry of aorta 

Adobe Photoshop CS5 extended software (v12, Adobe, USA) was used to measure the 

maximum aortic diameter in each region. Prior to measurement, a 5 mm length line was drawn 

based on the ruler in the image and the pixel of this 5 mm length was calculated by the software. 

This pixel length was set to 5 mm logical length in the custom scale setting dialogue. This 

procedure was repeated for each aorta measurement. The maximum outer diameter in different 

aortic regions was visually identified and a line was then drawn between the outer walls of the 

aorta. By clicking the measurement menu, the logical length of the drawn line was calculated 

based on the customized measurement scale. Each region of the aorta was measured 5 times and 

recorded. The maximum length among the measurements was recorded as the maximum aortic 

diameter of this region.  

3.4.2 Categorisation of different form AAA 

AAAs were categorised using the scale described by Daugherty and colleagues (Daugherty et 

al., 2001). The scale is: Type 0: no aneurysm, Type I: dilated lumen in the SRA region with no 

thrombus, Type II: remodelled tissue in the SRA region that frequently contains thrombus, Type 

III: a pronounced bulbous form of type II that contains thrombus, and Type IV: a form in which 

there are multiple aneurysms containing thrombus, some overlapping in the suprarenal area of 

the aorta.  
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3.5 Atherosclerosis assessment  

3.5.1 En face analysis of Sudan IV stained atherosclerotic lesion in the aortic arch    

The ARCH was washed with cold DPBS twice and used for en face staining with Sudan IV. 

The extraneous adventitia tissue was thoroughly trimmed, and the ARCH was cut open 

longitudinally and pinned down on a sheet of wax, in order to obtain flat aortic tissue with the 

endothelium facing up. The samples were fixed with 70% ethanol for 5 min followed by 

immersing in the filtered Sudan IV staining solution (5 grams of Sudan IV dissolved in 500 ml 

acetone and 500 ml 70% ethanol) for 10 min with rocking periodically. Eighty percent ethanol 

was then added for 5 min to differentiate the stained tissue and to eliminate background staining 

(Chen & Nadziejko, 2005; Chen et al., 2010). Stained samples were then washed once with 

DPBS and immediately placed on a graduated template to be photographed using a digital 

camera (CoolPix 4500, Nikon, Japan).  

3.5.2 Atherosclerotic lesion measurement 

ImageJ software (v1.4d, NIH, USA) was used to quantify the Sudan IV stained ARCH. A 

custom scale was set using the ruler in the image, and this procedure was repeated for each 

image before commencing the measurements. The outline of the intima was then manually 

traced and measured as the total tissue area. Sudan IV stained lesions were contrasted with 

intact white pink intima so that the lesion areas could be manually traced and measured as the 

total stained lesion area. 
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3.6 Preparation of single suspension cells and cell surface staining 

for flow cytometry 

3.6.1 Red blood cell lysis bufer: 

Erythrocytes were depleted from peripheral blood, BMCs, and splenic cells using commercial 

RBC lysis buffer (10 X, stock) containing ammonium chloride, potassium carbonate, and 

EDTA (eBioscience, USA). The stock RBC lysis buffer was diluted to working solution (1 X) 

in deionized water. The pH of the working solution fell within the range of pH 7.1-7.4. The 

solution was warmed to room temperature prior to use. 

3.6.2 Preparation of single-cell suspension from peripheral blood cells, bone marrow 

cells, and splenic cells 

A total volume of 35 µl whole blood (Section 3.3.1), 500 µl BMCs (Section 3.3.4), or 500 µl 

splenic cells (Section 3.3.5), was used to prepare a single-cell suspension for flow cytometry 

assessment. RBCs were lysed by adding 2 ml RBC lysis buffer for 10 min at room temperature 

protected from light, followed by adding 2 ml DPBS to stop the reaction. Samples were 

immediately centrifuged at 250 x g for 5 min at 4
o
C and the supernatant was carefully 

discarded. The cell pellet was then resuspended in 1 ml FACS staining buffer (DPBS containing 

1% BSA and 0.1% sodium azide), at 4
o
C. For peripheral blood, samples were centrifuged again 

and resuspended in the staining buffer with a final volume of 100 µl in a 12 x 75 mm round 

bottom test tube (BD Biosciences, USA). For BMCs and Splenic cells, cells concentration was 

determined using a Scepter Handheld Automated Cell Counter (Millipore, USA) as described in 

the following Section 3.6.3. One million BMCs or splenic cells per sample were transferred to a 

new 12 x 75 mm round bottom test tube and centrifuged at 250 x g for 5 min at 4 
o
C. The cell 

pellet was resuspended in 100 µl of FACS staining buffer ready for staining for flow cytometry. 

3.6.3 Cell counting using Scepter Handheld Automated Cell Counter 

The Scepter Handheld Automated Cell Counter (Millipore, USA) was use to count cells. A 

volume of 200 µl of prepared BMC or splenic cell, described in Section 3.6.2, was used to 
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perform cell counting. Samples were centrifuged at 250 x g for 5 min. Cell pellets were 

resuspended in 200 µl DPBS ready for cell counting. A 60 µm Sensor was attached to the 

Scepter and submersed in the sample for sample loading. When the cell counting was 

completed, a histogram would be displayed. In the histogram screen, the lower gate and higher 

gate of the histogram was adjusted to 12 µm and 36 µm respectively. Cell concentration was 

automatically calculated. 

3.6.4 Cell surface staining for flow cytometry 

Rat anti-mouse CD16/CD32 (BD Biosciences, USA) was added to the cells in FACS staining 

buffer to block nonspecific binding of the Fc receptor. Samples were incubated on ice for 20 

min and then centrifuged at 250 x g for 5 min at 4
o
C. The supernatant was carefully aspirated 

and the cell pellet was resuspended in 100 µl FACS staining buffer. A cocktail of different 

fluorochrome conjugated antibodies was added and samples were incubated at room 

temperature for 30 min in the dark. The samples were then washed 3 times with FACS staining 

buffer. The cell pellets were resuspended in 300 µl FACS staining buffer ready for analysis 

using flow cytometry. 
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3.7 Flow cytometer instrument setting and sample acquisition for 

cell phenotype analysis  

3.7.1 Flow cytometers 

Two flow cytometers, BD FACSCalibur (BD Biosciences, USA) and CyAn ADP 9-colour 

analyser (CyAn ADP, Beckman Coulter, USA), were used to analyse leukocyte populations in 

peripheral blood, BMCs, and splenic cells in AngII-infused ApoE
-/- mice receiving human Fc 

protein or rAngpt2. BD FACSCalibur was used in the experiment lasting for 14 days and CyAn 

ADP was used in the experiment lasting for 5 days.   

The standard BD FACSCalibur system includes a 15-mW, 488-nm, argon-ion laser and 

detectors for three fluorescent parameters. It also includes a second 635-nm, red-diode laser, 

and an additional detector. BD CellQuest Pro software (v9, BD Biosciences, USA) was used to 

set-up the instrument and for sample acquisition. The standard CyAn ADP system includes a 

20-mW, 488-nm, a 27.5-mW, 635-nm, and a 27.5-mW, 405-nm laser. Summit software (v4.3, 

Beckman Coulter, USA) was used to set-up the instrument and for sample acquisition. 

3.7.2 Optimisation of flow cytometer instrument setting 

BD FACSCalibur setting was optimised as following: the forward scatter (FSC) Amp Gain and 

side scatter (SSC) Voltage were adjusted using an unstained peripheral blood sample to display 

the population of interest in the FSC versus SSC plot. Debris was excluded by adjusting the 

threshold of FSC. Both FSC and SSC were in linear (Lin) mode. Fluorescence detector settings 

were adjusted using an isotype stained peripheral blood sample to display cells in the negative 

quadrant, intersection to 10
1
 on the x-and y-axes respectively. The mode for FL1 (FITC), FL2 

(PE) and FL4 (APC) were set to Log in the Detector/Amps window. FL1, FL2 and FL4 

Voltages were adjusted to place the cells in the lower-left quadrant of the FL1 versus FL2, FL1 

versus FL4 and FL2 versus FL4 plot. Compensation settings were adjusted to correct for 

spectral overlap using single a fluorescence conjugated antibody for the experiments. FL2-

%FL1 was adjusted to place FITC positive events in the lower-right quadrant of the FL1 versus 
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FL2 plot. FL1-%Fl2 was adjusted to place PE positive events in the upper-left quadrant of the 

FL1 versus FL2 plot. FL3-%Fl4 was adjusted to place APC positive events in the upper-left 

quadrant of the FL3 versus FL4 plot. The optimised instrument settings were saved and used for 

all sample acquisitions. The parameters of the instruments setting are listed in Table 3.2. 

Table 3.2 FACSCalibur instrument setting for cell phonotypes 

Detector Voltage Amp Gain Mode Compensation 

FSC E00 2.09 Lin  

SSC 471 1.32 Lin  

FL1 (FITC) 480  Log FL1 - 1.4% FL2 

FL2 (PE) 409  Log FL2 - 37.1% FL1 

FL4 (APC) 742  Log FL4 - 14.5% FL3 

 

Establishing instrument settings for CyAn ADP were similar to FACSCalibur; however, the 

Summit software performs full inter-laser compensation of fluorescence parameters, and data 

saved as a sample file was saved with both compensated and uncompensated parameters. The 

optimised parameters of the instruments setting are listed in Table 3.3. 

Table 3.3 CyAn ADP instrument setting for cell phenotypes 

Detector Voltage Amp Gain Mode Compensation 

FSC N/A 1.2 Lin  

SSC 550 1.0 Lin  

FITC 620 1.0 Log PE - 16.67% FITC 

PE 720 1.0 Log  

PE-Cy5.5 850 1.0 Log  

APC 920 1.0 Log  
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3.7.3 Sample acquisition 

Prior to loading for acquisition on a flow cytometer, samples were gently mixed for 10 sec. To 

run the sample through the flow cytometer, software was used to control the sample running 

based on the software instructions. Prior to acquire data for saving, a pre-run was used to ensure 

the interested cells appeared on the scale. In between samples, a sterilised Milli-Q water sample 

was run through the machine to flush out the cells from the previous run. 

Viable cells were gated according to FSC and SSC (G1) in both the BD FACSCalibur and the 

CyAn ADP flow cytometers. For the BD FACSCalibur, the collection criteria was set to stop 

acquisition when 10,000 events in G1 were collected and the results were auto saved to file in 

the Global Acquisition and Storage menu of the CellQuest Pro software. For CyAn ADP, the 

total events were set in the Acquisition Sample Panel of the Summit software to stop and auto 

save data when 10,000 in G1 was collected. This setting would equally collect and record 

10,000 viable cells for each sample. The saved files were then analysed. 
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3.8 Cytometric Bead Array (CBA) Mouse Inflammation Kit 

3.8.1 Preparation of plasma for CBA 

The CBA Mouse Inflammation Kit (Cat# 552364, BD Biosciences, Australia) was used to 

quantitatively measure inflammatory protein levels (IL-6, IL-10, MCP-1, IFN-γ, TNF and IL-

12p70) in the mouse plasma samples. Six vials of Capture Bead suspension with known size, 

different median fluorescence intensities (MFIs), and capture specific antibodies were provided. 

Each Capture Bead suspension was vigorous vortexted and a 10 µl aliquot of each Capture Bead 

was added to a single tube as mixed Capture Beads. A 2-fold dilution series of provided 

recombinant standard were used in parallel to samples for preparation of the standard curve (20-

5000 pg/ml). The samples and standards were stained with 50 µl mixed Capture Beads and 50 

µl PE-conjugated detection antibodies for 2 hour at room temperature. The samples were then 

washed with 1 ml provided washing buffer. The samples were centrifuged with 200 x g for 5 

min at room temperature and the supernatant was carefully aspirated and discarded. The bead 

pellet was resuspended by adding 300 µl provided washing buffer and ready to analysis on a 

CyAn ADP flow cytometer.  

3.8.2 CyAn ADP instrument setting for CBA Mouse Inflammation Kit 

CyAn ADP was used to perform measurement of the cytokines in plasma. Instrument setting for 

CBA Mouse Inflammation kit was performed using the Cytometer Setup Beads provided in the 

kit. A volume of 50 µl Cytometer Setup Beads was added to 450 µl washing buffer followed by 

vortexing ready for flow cytomety. SSC Voltage was adjusted to show the beads population in 

the upper-right quadrant and the singlet bead population was gated as R1 in the FSC log versus 

SSC log plot. Then APC Voltage and FITC voltage were adjusted to put the dim and bright 

beads to 10
1
 to 10

2
 and 10

3
to 10

4
 on the y-axes respectively in the FITC log versus APC log 

plot. Then PE voltage was adjusted to put the dim and bright beads to 0 to 10
1
 on x-axes in the 

PE log versus APC log plot. The optimised parameters of the instrument setting are listed in 

Table 3.4.  
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Table 3.4 CyAn ADP instrument setting for CBA Mouse Inflammation kit 

Detector Voltage Amp Gain Mode 

FSC N/A 1.0 log 

SSC 380 1.0 log 

FITC 540 1.0 log 

PE 660 1.0 log 

APC 530 1.0 log 

 

3.8.3 Sample acquisition for CBA Mouse Inflammation Kit 

Prior to sample acquisition, samples were vigorous vortexted for 10 sec to ensure a single-bead 

suspension. The sample acquisition procedure is same as previously described (Section 3.7.3). 

The singlet bead population was gated as R1 in FSC log versus SSC log plot. The total events 

were set in the Acquisition Sample Panel of the Summit software to stop and auto save data 

when 2,000 events in R1 was collected. The saved files were then analysed. 

3.8.4 FCAP Array software for analysis of CBA data 

Data analysis was performed using FCAP Array Software (v3, Soft Flow, USA), according to 

the manufacturer's instructions. In the software, a new empty experiment was created. The 

standard and test samples associated flow cytometry files were added and assigned with 

Standard and Test respectively. CBA Mouse Inflammation Kit was then chosen in the Beads 

and Model list, which would automatically load the parameters required for quantitative 

analysis of each analyte included in the kit. Bead clusters were assigned to their corresponding 

analytes based on the MFI in the FL8 APC channel. The standards were defined by clicking the 

Standards and QC in the navigation panel and standard curves for each analyte could be viewed 

by clicking Standard Curve in the navigation panel. In this thesis, a five parameter logistic fit 

with 98% Fitting Accuracy and without weighting were chosen to plot the standard curves. The 

concentration of each analyte in the test samples was determined from its standard curve.  
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3.9 Protein extraction and quantification 

3.9.1 Preparation of whole protein extracts from aortic tissue 

Aortic tissues stored at −80oC in OCT compound were thawed on ice and washed in cold PBS 

twice, followed by weighing. The samples were then snap frozen in liquid nitrogen and thawed 

on ice for 3 cycles and then cut into small pieces with a pair of scissors. A modified radio-

immunoprecipitation assay (RIPA) buffer (50mM Tris-HCl pH7.4, 150 nM NaCl; 2 mM 

EDTA, 1% TritonX-100, 0.1% sodium dodecyl sulfate (SDS), and 0.1% sodium deoxycholate) 

was added to the tissues in a ratio of 80 µl per 100 µg tissue, in the presence of a protease 

inhibitor cocktail (Roche, USA). The samples were incubated on ice with vortexing every 20 

min over 1 hour period. After the incubation, 5 µg 0.005 mm Bullet Blender beads (Next 

Advance, USA), were added per 100 µg tissue to blend at speed 8 for 30 sec, using a Bullet 

Blender (Next Advance, USA). The homogenised samples were immediately cooled down in an 

ice and water bath for 2 min. This was repeated for a total 5 cycles. The samples were placed on 

ice for another 30 min followed by centrifugation at 13,000 x g for 30 min at 4oC. The 

supernatants were collected in 1.5 ml polypropylene tubes, and the samples were ready for 

protein concentration determination. The protein extracts were stored at −80oC for future 

analysis.  

3.9.2 Preparation of nuclear protein extracts from aortic tissue 

Nuclear proteins were extracted using the Thermo Scientific NE-PER Nuclear and Cytoplasmic 

Extraction Kit (Cat# 78833, Thermo Scientific, USA), according to the manufacturer’s 

instructions. Tissues were weighed to determine the volume of reagent to be used for extraction. 

The tissues were cut into pieces, washed with cold DPBS, and centrifuged at 500 x g for 5 min. 

The supernatant was removed, leaving the tissue pieces dry as possible. A volume of 200 µl 

CER I reagent per 20 mg tissue was added and tissues were homogenised using a tissue grinder. 

This was followed by vigorous vortexing on the highest setting for 15 sec, in order to resuspend 

the tissue pellet. Then the sample was incubated on ice for 10 min, after which a volume of 11 
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µl ice-cold CER II per 20 mg tissue was added to the sample. This was followed by vortexing 

for 5 sec on the highest setting and 1 min incubation on ice thereafter. The samples were 

vortexed again and centrifuged at 18,000 x g for 5 min at 4
o
C. The supernatants, cytoplasmic 

extract, were immediately transferred to a pre-chilled 1.5 ml polypropylene tube. The insoluble 

pellets containing nuclei were suspended in a volume of 100 µl ice-cold NER per 20 mg tissue, 

followed by vortexing on the highest setting for 15 sec. They were then incubated on ice for 40 

min, with continued vortexing for 15 sec every 10 min. The samples were then centrifuged at 

18,000 x g for 5 min at 4
o
C. The supernatants, the nuclear extract, were transferred to clean pre-

chilled 1.5 ml polypropylene tubes. Samples were stored at −80
o
C for further analysis. 

3.9.3 Determination of protein concentration using Bradford Protein Assay 

The Bradford Protein Assay is a dye-binding assay in which a differential dye colour change 

occurs in response to various concentrations of protein. Lyophilised bovine gamma globulin 

(IgG) was reconstituted in Milli-Q water and used as protein standard. Six serial dilutions of the 

protein standard within the linear range of 0.02-1.5 mg/ml were used to create a standard curve. 

The standard proteins and sample proteins were diluted in Milli-Q water and mixed with Bio-

Rad Protein Assay dye reagent concentrate (Bio-Rad, USA), at a ratio of 4:1 to a final volume 

of 200 µl in a flat bottom 96-well-plate. The mixture was well mixed followed by 30 min 

incubation in dark at room temperature. The 96-well-plate was then measured the optical 

density (OD) at 595 nm using a micro-plate reader (Tecan, USA). The standard curve was 

plotted by standard protein concentrations versus their ODs. Each sample’s protein 

concentration was determined according to the standard curve.  
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3.10 Western blotting 

3.10.1 SDS-PAGE gels and electrophoresis to separate protein mixture 

4–20% Mini-PROTEAN TGX precast polyacrylamide gels with 15-well combs were purchased 

from Bio-Rad (Cat# 456-1096). Single concentration SDS-polyacrylamide gels were cast using 

the Bio-Rad gel kit. The concentration of polyacrylamide gel used was determined by the 

molecular weight of the targeted proteins. The SDS-PAGE gel includes a “stacking” gel and a 

“separation” gel.  

Protein extracts (20-60 µg) were mixed with 1x SDS gel-loading buffer (2% SDS, 2 mM beta-

mercapto-ethanol, 4% Glycerol, 50 mM Tris-HCl, pH 6.8, 0.01% Bromophenolblue, and 

100mM dithiothreitol) and boiled at 95 
o
C for 5 min, followed by rapid cooling on ice. The 

denatured protein samples were then loaded into each well of the gel. Molecular weight 

standards (8 µl) were loaded into one well to facilitate the estimation of the sizes of the targeted 

after resolution by electrophoresis. The gel was run with 1x Tris/Glycine/SDS electrophoresis 

buffer (25 mM Tris, 192mM glycine, and 0.1% SDS, and pH 8.3) (Bio-Rad, USA) at 110 V for 

70 min or until the blue loading dye approached at the bottom of the gel. The gel cassette was 

carefully disassembled to remove the gel, which was transferred to a container with Bjurrum 

Schater-Nielsen (BSN) buffer (48 mM Tris, 39 mM Glycine, 10% Methanol and 0.0375% SDS, 

pH 9.2). The gel was then washed on a shaker at a low speed for 20 min.  

3.10.2 Transfer of proteins from gel to membrane and staining 

A Semi-dry transfer method was used to transfer protein from the gel to an activated PVDF 

membrane (Bio-Rad, USA) (immersing PVDF membrane in 100% methanol). Cotton absorbent 

filter papers (Bio-Rad, USA) and PVDF membranes were soaked in BSN buffer and the gel and 

membrane were sandwiched between two stacks of the absorbent filter papers. They were then 

placed directly in contact with the plate electrodes of the Trans-Blot SD Semi-Dry transfer cell 
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(Bio-Rad, USA). The transfer condition was 0.09 amps constant current per 10 x 7.5 cm 

membrane for 60 min. 

After transfer, PVDF membranes were washed with Milli-Q water for 5 min, followed by 

incubation in 5% BSA in Tris buffered saline (TBS) for 1 hour at room temperature at a low 

speed on a shaker, to block nonspecific antibody binding sites. Primary antibody in TBS 

containing 0.05% Tweent (TBST) was then added to the membrane to probe the targeted 

proteins on a rotator at 4
o
C overnight. The membrane was washed 3 times for 15 min in TBST, 

and incubated with HRP-conjugated secondary antibody in TBST at room temperature for 1 

hour. This was followed by washing 3 times for 15 min in TBST and a 10 min wash in TBS, in 

order to get rid of remaining tween on the membrane ready for protein visualisation.  

3.10.3 Protein visualisation 

Amersham ECL Plus Western blotting Detection Reagent (GE, USA) was equilibrated to room 

temperature for 20 min prior to use. A working solution was prepared by adding Luminol to 

Peroxide in equal volumes and mixing well. The detection reagent was added to the membrane 

at the volume of 0.1 ml per cm
2
 membrane, followed by incubation for 5 min in dark. Excess 

detection reagent was drained off by holding the membrane edge gently against a piece of 

tissue. The membrane was then placed on the sample tray in the CCD camera compartment. The 

intensity of the targeted protein was visualised by ChemiDoc XPS (Bio-Rad, USA) and 

acquired using QuantityOne software (v1.0, Bio-Rad, USA).  

3.10.4 Densitometry analysis of Western blots 

Densitometry was performed using the software Image Lab (v5, Bio-Rad, USA). The saved 

digital Western blot image was imported to Image Lab. The lanes tool was used to create lanes. 

The bands of targeted protein was identified according to its molecular weight compared with 

the molecular weight standards. The background was subtracted with a rolling disc size (mm) 
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that determines how closely the background level follows the intensity profile. The volume 

(intensity, INT) of the band was then measured by the software automatically.  

3.11 Immunofluorescence staining 

3.11.1 Preparation of tissue sections for immunofluorescence staining 

Cryopreserved aortic tissues were washed with PBS and embedded in an OCT compound. The 

embedded tissues were snap frozen by immersing them in isopentane in a liquid nitrogen bath. 

The snap frozen tissues were stored at −80
o
C for at least 48 hours before they were ready for 

cryostat sectioning. The aortic tissues were sectioned transversely into 6 µm thick, and mounted 

on Poly-L-Lysine coated slides (Braunschweig, Germany). The sections were air dried for 15 

min. The slides were then fixed in ice cold acetone for 15 min, air dried and stored in −80
o
C for 

future immunofluorescence staining.  

3.11.2 Immunofluorescence staining 

Six micron cryostat sections were prepared as described above. Slides containing sections were 

air dried for 20 min followed by rehydration in PBS for 5 min. Sections were blocked with 5% 

normal serum of the species, producing the highly cross-absorbed secondary antibody in PBS 

containing 0.5% BSA and 0.1% Triton X-100 for 60 min at room temperature. This was 

followed by incubation with primary antibody in PBS containing 0.5% BSA overnight at 4
o
C. 

Sections were incubated with PBS, containing 0.5% BSA only as negative controls. After 

sections were gently washed in PBS 3 times for 15 min each, Alexa fluor 488-conjugated 

secondary antibody (Excitation 495 nm and mission 519 nm) in PBS containing 0.5% BSA was 

applied to the tissue sections for 1 hour at room temperature. This was followed by gentle wash 

in PBS 3 times for 15 min each in dark. 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI) 

(Sigma-Aldrich, USA) was added to the tissue sections for 3 min in dark at room temperature to 

stain cell nuclei. This was followed by a wash in deionized water for 5 min. The sections were 
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then mounted with water based mounting medium and covered with a coverslip ready for 

fluorescence microscopy (Zeiss, Germany).   

3.11.3 Immunofluorescence microscope 

The immunofluorescence stained sections were imaged using a Zeiss fluorescence microscope 

(AXIO Imager Z1, Germany) equipped with a Zeiss AxioCam Mrm (monochrome CCD) 

camera and a FluoArc mercury lamp (Zeiss, Germany), to generate excitation light. Images 

were observed using DAPI filter (Excitation 365 nm and Emission 445/50 nm) for nuclear 

DAPI staining, and Cy2/GFP filter (Excitation 450-490 nm and Emission 515-565 nm) for 

surface antigen staining labelling with Alexa Fluro 488-conjugated secondary antibody. Slides 

were loaded and observed using a 10X N PLAN objective lens with 0.3 Numerical Aperture to 

identify the area of interest on the image. A 20X PL APO objective lens with 0.8 Numerical 

Aperture was then switched into the light path, followed by the acquisition of the digital image.  

The digital images of the microscopic fields of aortic tissue were acquired by Axiovision 

software (v4.5, Zeiss, Germany) (20X PL APO objective Len). A multidimensional acquisition 

including both DAPI and Cy2/GFP channels weas set up to acquire images. The brightest 

channel (DAPI) was activated to adjust camera exposure by an automatic measure. Each 

wavelength has a slightly focal plane because of the poor chromatic correction of objectives and 

the filter block effect. Thus Focus Offset was set for focus-correction in each channel. The 

specimen was then focused in the live window and was ready to acquire. After this, the image 

was captured and the brightness and contrast were adjusted in each channel by clicking “Best 

Fit” with 1%. A ZVI type image was saved for future analysis. 

3.11.4 Quantification of immunofluorescence staining  

ImageJ software (v1.4d, NIH, USA) with the Bio-Formats plugin (v5.0, LOCI, USA) was used 

for computerised quantification of the positive immunostaining area. ZVI images were loaded 

into ImageJ software and monochrome images acquired in each channel were separated prior to 
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analysis. A 5x5 convolution kernel matrix was applied to the monochrome images to smooth 

and sharpen the image. This was done with a filter in the process menu followed by contrast 

enhancement. Then the image was converted to a binary image, which converted positive 

staining area into grey scale. The image was then analysed using ‘analysed particles’ with 

setting parameters (0-infinity (pixel^2) for size and 0.01-1.00 for circularity) to outline the grey 

areas representing the positive staining area. The outline of the microscopic field of the tissue 

area was traced and measured as total measured area. 
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CHAPTER 4 
 

Protocol Optimisation and Measurement Validation  
Chapter 4 Protocol Optimisation and Measurement Validation 

4.1 Introduction 

It is critical to choose suitable methods for the primary and secondary outcome assessments so 

that the role of Angpt2 in experimental AAA and atherosclerosis development may be 

elucidated. Every method has its limitations; therefore, the experimental procedures must be 

standardised. Also, the concentration of the reagents used in procedures must be optimised, in 

order to eliminate the interference of background noise, which may cause false reports. 

Moreover, it is also important to validate whether the method is suitable for detecting changes 

with sufficient specificity and sensitivity. Measurement error is another source of subject bias. 

Therefore, the precision of the data collection procedures must be validated, with a good 

repeatability and reproducibility, in order to avoid bias and error associated with the size of 

measurements or the effect of using different observers. The aims of this chapter are as follows: 

 

1. To assess the repeatability and reproducibility of the measurements, including aortic 

morphometry, atherosclerotic lesion area quantification, characterisation of AAA forms, 

and positive immunofluorescence staining area measurement, 

2. To validate the feasibility to use Western blotting for protein expression quantification 

within the aortic tissue and CBA Mouse Inflammation Kit for plasma cytokine 

expression quantification, and 

3. To determine the optimised antibody concentration for cell surface staining and use 

Fluorescence-Minus-One (FMO) control for cell phenotype analysis in flow cytometry. 
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4.2 Statistical analysis 

Intraclass correlation (ICC) was used to determine reliability between two measurements by 

intra-observer or inter-observers, using reliability analysis in SPSS (v22, IBM, USA). The ICC 

is estimated using a one-way random effect analysis of variance for intra-observer repeatability 

and a two-way random effect analysis of variance for inter-observer reproducibility. An ICC 

value over 0.950 was considered an excellent agreement between two measurements. 

Limits of agreement (LoA) between variables is plotted using the Bland-Altman method, using 

Graphpad Prism (v6, USA) software. It can be used to visually inspect the difference between 

two measurements repeated by the thesis author or by the thesis author and the second observer. 

The variability of the difference between two measurements indicates how well the 

measurement agrees and whether the measurement bias is consistent and the error SD is 

different (Bartlett & Frost, 2008). The difference was calculated as the second measurement 

subtracts from the first measurement for repeatability and external observer's measurement 

subtracts from the thesis author’s first measurement for reproducibility. The LoA gave a range 

between two measurements (95% of the difference in the future measurements) (Altman & 

Bland, 1983). 

The categorical analysis was performed using kappa statistic in SPSS (v22, IBM, USA). The 

strength of agreement is based on the standard kappa coefficient proposed by Landis and Koch 

as follow: 0.41-0.60 as moderate, 0.61-0.80 as substantial, and 0.81-1.00 as almost perfect 

agreement (Landis & Koch, 1977). 
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4.3 Validation of aortic morphometry, atherosclerotic lesion 

measurement, and characterisation of different forms of AAAs 

4.3.1 Study design 

Whole dissected aortas were digitally photographed and Photoshop CS5 Extended was used to 

measure the maximum aortic diameter in the SRA region (Chapter 3, Section3.3.3 and 3.4.1). 

Ten aortas, a mixture of different form AAAs, were randomly chosen to perform the 

repeatability and reproducibility test. Atherosclerotic lesion staining and measurement were 

performed as described previously (Chapter 3 Section 3.5). Ten Sudan IV stained ARCH 

samples were randomly chosen to perform the repeatability and reproducibility test. For 

characterisation of different forms of AAAs, The criteria are adapted from a previous 

publication as described previously in Chapter 3 Section 3.4.2. Twenty-eight digitally 

photographed aortas, a mixture of SRA AAAs from no dilatation to multiple dilatations, were 

chosen to be analysed using the repeatability and reproducibility test. The repeatability was 

assessed by comparing the results measured by the thesis author within an interval of one week. 

The reproducibility was assessed by comparing the results measured by the thesis author (first 

measurement) and the second observer (YW).  

4.3.2 Results and conclusion 

4.3.2.1 Repeatability and reproducibility of aortic morphometry 

The reliability tests showed that there was excellent agreement both within the intra-observer 

and between the inter-observers (ICC= 0.997 and ICC=0.994 respectively, Figure 4.1 A and C) 

and the average difference within the intra-observer and between inter-observers was close to 

zero at 0.012 mm (95% LoA: -0.088 - 0.113) and 0.025 mm (95% LoA: -0.108 - 0.150) 

respectively (Figure 4.1 B and D). 
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Figure 4.1 Repeatability and reproducibility of the SRA morphometry.  

Data were plotted with the SRA maximum aortic diameter (mm) between two measurements with a line 

of equality: A) within the intra-observer (ICC=0.997, 95% confidence interval (CI): 0.988-0.999); and C) 

between the inter-observers (ICC=0.994, 95% CI: 0.976-0.998). The dotted line represents error bar and 

the solid line represents 95% CI of the best-fit. Bland-Altman analysis was used to plot LoA: difference 

in two SRA maximum diameter measurements against their average: B) within the intra-observer; and D) 

between the inter-observers. The solid line represents the average difference between two measurements 

and the dotted lines represent the upper and lower 95% CI of LoA. Each dot represents 1 of 10 

measurements. 

4.3.2.2 Repeatability and reproducibility of atherosclerotic lesion assessment 

The reliability tests showed that there was an excellent agreement both within the intra-observer 

and between the inter-observers (ICC= 0.973 and ICC=0.895 respectively, Figure 4.2 A and C) 

and the average difference within the intra-observer and between inter-observers was close to 

zero at 0.132% (95% LoA: -2.90-2.63) and 0.056% (95% LoA: -6.02-6.13) respectively (Figure 

4.2 B and D).  
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Figure 4.2 Repeatability and reproducibility of the atheroma area measurement.  

Data were plotted with the percentage of atheroma area between two measurements with a line of 

equality: A) within the intra-observer (ICC=0.973, 95% CI: 0.897-0.993); and C) between the inter-

observers (ICC=0.895, 95% CI: 0.630-0.973). The dotted line represents error bar and the solid line 95% 

CI of the best-fit. Bland-Altman analysis was used to plot LoA: difference in percentage of atheroma area 

measurements between two measurements against their average: B) within the intra-observer; and D) 

between the inter-observers. The solid line represents the average difference between two measurements 

and the dotted lines represent the upper and lower 95% CI of LoA. Each dot represents 1 of 10 

measurements. 

4.3.2.3 Repeatability and reproducibility of AAA characterisation 

The reliability tests showed that there was an almost perfect strength of agreement within the 

intra-observer, with a kappa value of 0.946. The agreement between two observations by one 

observer was 27 of 28 aortas (96%), as depicted in Table 4.1. There was a substantial strength 

of agreement within the inter-observers with a kappa value of 0.727. The agreement between 

two observers was 23 of 28 aortas (82.1%) depicted in Table 4.2. 
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Table 4.1 Cross-tablulation of AAA forms grading between two independent gradings by 

the same observer within one-week interval in SRA 

   HY 2
nd

 grading 
Total 

   Type 0 Type I Type II Type III Type IV 

HY 1
st
 

grading  

Type 0 Count 14 0 0 0 0 14 

 Expected Count 7.5 1 1 2 2.5 14 

Type I Count 1 2 0 0 0 3 

 Expected Count 1.6 0.2 0.2 0.4 0.5 3 

Type II Count 0 0 2 0 0 2 

 Expected Count 1.1 0.1 0.1 0.3 0.4 2 

Type III Count 0 0 0 4 0 4 

 Expected Count 2.1 0.3 0.3 0.6 0.7 4 

Type IV Count 0 0 0 0 5 5 

 Expected Count 2.7 0.4 0.4 0.7 0.9 5 

Total 
 Count 15 2 2 4 5 28 

 Expected Count 15 2 2 4 5 28 

 

Table 4.2 Cross-tabulation of AAA forms grading between two observers in SRA 

   YW grading 
Total 

   Type 0 Type I Type II Type III Type IV 

HY 

grading 

Type 0 Count 14 0 0 0 0 14 

 Expected Count 8.0 0.5 0.5 3.5 1.5 14.0 

Type I Count 1 1 0 1 0 3 

 Expected Count 1.7 0.1 0.1 0.8 0.3 3.0 

Type II Count 1 0 1 0 0 2 

 Expected Count 1.1 0.1 0.1 0.5 0.2 2.0 

Type III Count 0 0 0 4 0 4 

 Expected Count 2.3 0.1 0.1 1.0 0.4 4.0 

Type IV Count 0 0 0 2 3 5 

 Expected Count 2.9 0.2 0.2 1.3 0.5 5.0 

Total 
 Count 16 1 1 7 3 28 

 Expected Count 16.0 1.0 1.0 7.0 3.0 28.0 

 

  



 

 75 

4.4 Validation the immunofluorescence staining and the 

measurement of positive staining area 

In this thesis, indirect immunofluorescence staining was used to detect and visualise 

monocytes/macrophages and ECs within the suprarenal aortic (SRA) wall, using fluorescence 

microscopy. The persistent difficulty in the indirect immunofluorescence labelling technique is 

that background noise staining can occur as a result of no-specific binding, or a combination of 

ionic and hydrophobic interactions. The background noise staining can be reduced by applying 

blocking solution and using an optimised dilution of antibody. The aim of this section is to 

determine whether the indirect immunofluorescence staining method established previously in 

our laboratory, is suitable for detecting monocytes/macrophages or ECs within the SRA wall 

using MOMA-2 or CD31 antibody respectively, and to validate the reliability of the 

measurement of immunofluorescence positive staining area. 

4.4.1 Study design 

For protocol validation, three 6-µm SRA cryostat transverse sections were prepared, as 

described previously in Chapter 3, Section 3.11.1. Two sections were stained with both primary 

and secondary antibody as full staining and one section was stained with secondary antibody 

only as a negative control. The staining procedure was described previously (Chapter 3, Section 

3.11.2). Briefly, non-specific binding site was blocked by adding 5% goat serum in PBS 

containing 0.1% Triton X-100 for 60 min at room temperature for all sections. Primary antibody 

rat anti-MOMA-2 (Abcam, UK) or rat anti-CD31 (Santa Cruz, USA) was added to 

corresponding section at a dilution of 1:100 in PBS containing 0.5% BSA and held overnight at 

4
o
C. The control section was incubated with PBS containing 0.5% BSA. Alex fluo 488-

conjugated goat anti-rat (Life Technologies, USA) was added to all sections at a dilution of 

1:200. Cell nuclei were labelled by DAPI at a concentration of 1 nM/µl (Sigma-Aldrich, USA). 

All sections were mounted in a water based mounting medium, covered with a coverslip, and 

immediately examined using a Zeiss fluorescence microscope, as described previously in 

Chapter 3, Section 3.11.3. 
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For the measurement reliability test, twelve captured images (six MOMA-2 and six CD31 

immunofluorescence stains) (x200 total magnification), were randomly selected as subjects of 

the repeatability and reproducibility test. The percentage of positive staining area (MOMA-2 or 

CD31) was measured using ImageJ (v1.4d, NIH, USA), as described previously in Chapter 3, 

section 3.11.4. The repeatability was assessed by comparing the results of percentage positive 

staining area of total staining area measured by the thesis author within an interval of one week. 

The reproducibility was assessed by comparing the results measured by the thesis author (first 

measurement) and the second observer (YW).  

4.4.2 Results and conclusion 

The results showed that the staining was specific and the background noise staining had been 

eliminated by blocking the sections with 5% goat serum in PBS and labelling with primary 

antibody and secondary antibody at a dilution of 1:100 and 1:200 respectively (Figure 4.3). The 

quality of the images was also sharp and suitable for further analysis. In conclusion, this 

protocol was proven suitable for the subsequent MOMA-2 and CD31 immunofluorescence 

staining on frozen transverse SRA sections, in order to detect monocytes/macrophages and ECs 

within the SRA wall. 

 
 

 

Figure 4.3 MOMA-2 and CD31 immunofluorescence staining.  

The media elastin shows green auto fluorescence. Nucli were stained with DAPI (blue); 

monocytes/macrophages were staned with MOMA-2 (green); and ECs were stained with CD31 (green). 

The white arrow indicates a typical micro-vessel structure. The magnification is x 200 and the scale bar is 

50 µm. 

 

MOMA-2 CD31

Negative control Full staining
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Reliability tests showed that there was excellent agreement both within the intra-observer and 

between the inter-observers (ICC=0.993 and ICC=0.972 respectively Figure 4.4 A and C). 

Also, the average difference within the intra-observer and between inter-observers was close to 

zero, at 0.063% (95% LoA: -0.471-0.346) and 0.075% (95% LoA: -0.926-1.080) respectively 

(Figure 4.4 B and D). 

 

 

Figure 4.4 Repeatability and reproducibility of immunofluorescence positive staining area 

measurements.  

Data were plotted with percentage of positive staining area between two measurements with a line of 

equality: A) within the intra-observer (ICC=0.993, 95% CI: 0.976-0.998); and C) between the inter-

observers (ICC=0.972, 95% CI: 0.907-0.992). The dotted line represents error bar and the solid line 95% 

CI of the best-fit. Bland-Altman analysis was used to plot LoA: difference in percentage of positive 

staining area between two measurements against their average: B) within the intra-observer and D) 

between the inter-observers. The solid line represents the average difference between two measurements 

and the dotted lines represent the upper and lower 95% CI of LoA. Each dot represents 1 of 12 

measurements. 
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4.5 Quantification of Western blots 

Western blotting has been broadly used to detect the presence and absence of interested protein 

and to semi-quantification of interested proteins in a convenient format for rapid evaluation 

(Towbin et al., 1979). Western blotting procedures have been standardised; however, the 

quantification of the protein expression level requires validation based on the Western blot 

density, as the major variation data of Western blots is derived from background subtraction 

(Gassmann et al., 2009). Theoretically, the intensity of the band is correlated with the amount of 

the protein. The aim of this section is to validate the process of semi-quantification of Western 

blots, and to test the correlation of the protein concentrations and densities of the Western blots. 

4.5.1 Study design 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a housekeeping protein expressed 

abundantly within cells. It has been universally used to ensure a similar amount of protein 

loading, and also to ensure the same transfer efficiency for each sample. In this section, 

GAPDH was detected by Western blotting, and its Western blots were used to validate the 

method of Western blot quantification in this section. Liver protein was extracted and quantified 

using Bio-Rad Bradford Assay, as described previously in Chapter 3, Section 3.9. A total of 20 

µg, 25 µg, 30 µg, 40 µg, or 50 µg protein was loaded into each well of 10% SDS-PAGE gel. 

This was separated by electrophoresis, and transferred to PVDF membrane for probing as 

described previously in Chapter 3, Section 3.10. The membrane was probed as described 

previously (Chapter 3, Section 3.10.2). Briefly, the membrane was probed with primary 

monoclonal rabbit anti-GAPDH antibody (Cell Signaling, USA), at a dilution of 1:5000 in PBS 

containing 5% BSA. The membrane was then probed with secondary polyclonal HRP-

conjugated goat anti-rabbit immunoglobullins (Dako, Germany) at a dilution of 1:2000 in PBS 

containing 5% BSA. ChemiDoc XPS (Bio-Rad, USA) was used to visualise the Western blots 

with a 30 sec exposure time. Then the image was saved for densitometry. Densitometry was 

performed using software Image Lab as described previously in Chapter 3, Section 3.10.4. A 
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Two-tailed Pearson Correlation analysis was performed to determine the correlation of Western 

blot density and total loading protein using Graphpad Prism (v6, USA). 

4.5.2 Results and conclusion 

The images of Western blots showed that the density of the Western blot is positively correlated 

with the amount of protein loaded for Western blotting (Figure 4.5 A). Background subtraction 

was set using a rolling disc for densitometry. The rolling disc values were set to subtract the 

background at a consistent level, so that the line is contact with both the lowest points of the 

slope (Figure 4.5 B). The density of the Western blots had an excellent correlation (r=0.991, 

p<0.001) to the amount of loaded protein (Figure 4.5 C). This result suggests that it is 

appropriate to use Western blotting for protein expression level detection. 

 

 

Figure 4.5 Quantification of Western blots using densitometry.  

A) an image of the GAPDH Western blots from various amount of total protein loading; B) different 

rolling disc size on background subtraction (the red arrows represent the lowest points of the slope); and 

C) the correlation of total loading protein and the GAPDH Western blot density.  
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4.6 Flow cytometry: antibody titration and Fluorescence-Minus-One 

control for cell phenotype analysis 

Flow cytometry is used to perform measurements on fluorochrome-conjugated antibody stained 

cells, in order to identify their phenotypes. It is critical to use an optimised concentration of 

antibody to label cell surface antigen. An inadequate concentration of the antibody would 

underestimate the proportion of positive cells, whereas an over saturated antibody would mask 

the true amount of antigen. Compensation setting of a flow cytometer is required to avoid a 

false signal caused by spectrum overlap. After the data are collected, a control is essential to 

accurately define the boundary between the positive and negative population. A FMO control is 

a mixture of lineage marker antibodies, excepting the one of interest, compared to a designated 

mixture of full lineage marker antibodies. A FMO control is also useful in determining whether 

there is any spread of the fluorochrome into the channel of interest. In this thesis, a three-colour 

panel staining by flow cytometry was used to identify monocytes and neutrophils in peripheral 

blood and BM. The aims of this section are 1) to optimise the concentration of antibody for cell 

surface staining for flow cytometry; and 2) to determine the feasibility of using FMO as a 

control in assisting to define the negative and positive boundary, and thus to facilitate the 

compensation setting. 

4.6.1 Study design 

Mouse peripheral blood and BMCs were collected as described previously in Chapter 3, Section 

3.3.1 and Section 3.3.4, respectively. RBC depletion and single-cell suspensions were prepared 

as described previously (Chapter 3, Section 3.6.1 and Section 3.6.2 respectively). A volume of 

100 µl peripheral blood samples (equivalent to 35 µl whole blood) or 100 µl BMCs (containing 

10
6
 cells), was used for cell surface staining. 

For antibody titration, a serial volume (10 µl, 5 µl, 2.5 µl, 1.2 µl, 0.8 µl, and 0.4 µl) of APC-

CD11b, FITC-Ly6C, PE-Ly6G, PerCP-Cy5.5-Ly6G, or PE-CCR2 was used to stain peripheral 

blood cells and BMCs.  
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A three-colour panel was used to identify cell phenotypes: FITC-Ly6C, APC-CD11b, and PE-

Ly6G. A FMO control contains all the fluorochrome-conjugated antibodies in a panel except for 

the one that is measured; therefore, there were three separate FMO controls as shown in Table 

4.3. A mixture of FITC-Ly6C, APC-CD11b, and PE-Ly6G antibodies was added to peripheral 

blood as full staining. A mixture of FITC-Ly6C and APC-CD11b, FITC-Ly6C and PE-Ly6G, or 

APC-CD11b and PE-Ly6G antibodies was added to peripheral blood as three different FMO 

controls.  

The staining method was described previously (Chapter 3, section 3.6.4), and the stained 

samples were acquired using the CyAn ADP flow cytometer. Data were analysed using Summit 

software v4.3 (Chapter 3 Section 3.7).  

 

Table 4.3 FMO controls 

Antigen APC PE FITC 

CD11b FMO --- Ly6G Ly6C 

Ly6G FMO CD11b --- Ly6C 

Ly6C FMO CD11b Ly6G --- 

4.6.2 Results and conclusion 

An example of stained peripheral blood using the highest (10 µl) and the lowest (0.4 µl) amount 

of PerCP-Cy5.5-Ly6G antibody was shown in Figure 4.6 A. Excess antibody not only 

increased the MFI of the positive population, but also the MFI of the negative population. 

Inadequate antibody will result in a vague boundary between the positive and the negative 

population. The optimised antibody concentration was determined according to the staining 

index (SI). The following equation was used to calculate SI (Telford et al., 2009): 

SI= (MEDpos – MEDneg)/[(84th percentile MEDneg – MEDneg)/0.995]   
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Here MEDpos is the MFI of the positive signal and MEDneg is the MFI of the negative signal. A 

curve of antibody concentration versus SI was plotted and a typical curve was shown in Figure 

4.6 B. 

 

 

Figure 4.6 An example of antibody titration for flow cytometry. 

A) an example of peripheral blood stained with 10 µl or 0.4 µl PerCP-Cy5.5-Ly6G antibody; B) a typical 

curve of antibody concentration versus SI showing the best range of the antibody concentration. 

 

The best range of antibody concentration is defined as a certain concentration of antibody is 

used to stain cells resulting in a highest SI. Above the best range produces a decreased SI 

because of the increased MFI in the negative population, whereas below the best range produces 

a decreased SI because of the decreased MFI in the positive population. The optimised 

concentrations of the antibodies determined in this thesis were shown in Table 4.3. 

 

Table 4. 1 Antibody titration for cell surface staining for flow cytometry 

 
APC-CD11b FITC-Ly6C PerCP-Cy5.5-Ly6G PE-CCR2 PE-Ly6G 

Concentration 0.2 mg/ml 0.5 mg/ml 0.2 mg/ml N/A 0.2 mg/ml 

Whole blood 

(µl per 100 µl) 
0.5 1 1 1 1 

BMCs 

(µl per 10
6
 cells/100 µl) 

1 1 1 1 1 

 

FMO control is an easy and accurate control to facilitate the determination of the boundary 

between positive, especially dull-stained population, and negative population. FMO control 

allows a simple decision to place the upper boundary for the non-stained population in the 
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channel opted out (Figure 4.7). FMO control is also useful to assess whether compensation is 

set correctly to ensure no spread of the fluorochromes into the unlabelled channel (Figure 4.8) 

 
 

Figure 4.7 Different subset cells were gated in full stained sample according to FMO control. 

FMO controls are important in determining the positive and the negative population boundary. For 

example, the boundary of Ly6C positive and negative population is vague and a Ly6C FMO control can 

accurately facilitate the decision where to put the boundary between the positive and the negative 

population. 

  

FMO
controls

Full 
staining

CD11b FMO Ly6G FMO Ly6C FMO
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Figure 4.8 FMO controls are useful to determine whether the compensations were set properly. 

By comparing the FMO control and its corresponding full staining samples, it showed that there was no 

signal spread to the channel in which staining was opted out in the FMO control. This indicates that the 

compensation was set properly without signal spreading. 

  

FMO control Full staining

CD11b FMO 

Ly6G FMO

Ly6C FMO
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4.7 Quantification of inflammatory cytokines in plasma using 

Cytometric Bead Array Mouse Inflammation Kit  

The CBA contains known size capture beads that are coated with specific antibody. CBA 

Mouse Inflammation Kit (BD biosciences, USA) can simultaneously measure six cytokines (IL-

6, IL-10, MCP-1, IFN-γ, TNF and IL-12p70), using flow cytometry. Six bead populations with 

distinct MFI, resolved in FL8 APC channel, were coated with capture antibodies specifically for 

IL-6, IL-10, MCP-1, IFN-γ, TNF, and IL-12p70 proteins. The capture beads were mixed with 

samples containing cytokines and detection reagent (PE-conjugated antibody), to form 

sandwich complexes that can be detected by a flow cytometer. The aim of this section is to 

validate the method using CBA Mouse Inflammation Kit to measure cytokine concentration 

using the standard provided in the kit. 

4.7.1 Study design 

The provided lyophilised mouse inflammation standard was reconstituted with 2.0 ml of Assay 

Diluent with a final concentration of 5000 pg/ml. Then the concentration of 20 pg/ml, 156 

pg/ml, and 625 pg/ml standards were prepared by adding corresponding Assay Diluent. A 

volume of 50 µl per standard, 50 µl mixture of beads provided in the kit, and 50 µl detection 

reagent were mixed in a 3 ml round tube and incubated in dark for 2 hours (Chapter 3, section 

3.8.1). Samples were then washed with 300 µl of the provided washing buffer and then 

centrifuged. The supernatant was carefully discarded and the bead pellet was resuspended in 

300 µl washing buffer, ready for acquisition by the CyAn ADP flow cytometer, as described 

previously in Chapter 3, Section 3.8.3. Data were analysed using software Summit (v4.3, 

Germany). 

4.7.2 Results and conclusion 

BD CBA Mouse Inflammation Kit contains six types of capture beads, coated with different 

antibodies: IL-12p70, TNF, IFN-γ, MCp-1, IL-10 or IL-6. These can be resolved in the FL8 

APC channel according to its MFI using flow cytometry (Figure 4.9 A). The MFI (FL2 PE 
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channel) increased in response to increased standard concentrations (Figure 4.9 B). For 

analysis, IL-6 beads cluster is gated in dot-plot graph (Figure 4.9 C left) and Overlay of the 

histogram of different concentration of IL-6 showed that IL-6 concentration was positively 

correlated with the MFI (Figure 4.9 C right). In conclusion, CBA Mouse Inflammation Kit is 

sensitive and efficient for cytokine concentration measurement. 

 

 

Figure 4.9 The feasibility of using CBA Mouse Inflammation Kit for cytokine concentration 

assessment.  

A) beads coated with different cytokine antibodies have different MFIs that could be resolved in FL8 

APC channel showed as dot plot (left) and histogram (right); B) the MFIs of the bead populations 

increased when they were incubated with different concentrations of the standard; C) gate of IL-6 

antibody coated beads (left) and overlay of histogram of FL2 PE with different IL-6 concentrations 

(right). 
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CHAPTER 5 
 

The Role of Angiopoietin-2 in the Angiotensin II-

induced Abdominal Aortic Aneurysm and 

Atherosclerosis in the ApoE-/- Mice 
Chapter 5 The Role of Angiopoietin-2 in the Angiotensin II-induced Abdominal Aortic Aneurysm and Atherosclerosis in the ApoE-/- Mice 

5.1 Introduction 

AAA is an abnormal dilatation of the abdominal aorta, and is generally defined as a maximal 

aortic diameter of ≥ 30 mm (Alcorn et al., 1996; Golledge et al., 2006). The dilatation is gradual 

and permanent (Alcorn et al., 1996). When an aortic diameter reaches 55 mm, there is likely to 

result in life-threatening aortic rupture (Von Allmen & Powell, 2012; Golledge & Norman, 

2011; Choke et al., 2005). When an aneurysm ruptures, less than 10% of patients survive to the 

operating theatre, with a rate of post-surgery mortality greater than 40% (Greenhalgh & Powell, 

2008). AAA affects 2-5% of men aged over 65 years, and there are approximately 1000 deaths 

per year caused by AAA rupture in Australia (Nicholls et al., 1992). The pathogenesis of AAA 

has been intensively investigated over the past two decades. However, the transition to an 

effective drug-based therapy to halt or limit AAA progression remains incomplete (Golledge & 

Norman, 2011). Currently, surgical repair is the only treatment option for AAAs, although 

clinical trials suggest that elective surgical repair should be limited to large AAAs (Brady et al., 

2004).  

The pathogenesis of AAA is a complex process involving inflammation, ECM remodelling and 

angiogenesis (Golledge et al., 2006). Extensive inflammatory cell infiltration within the aortic 

wall is a hallmark of AAA (Shimizu et al., 2006). Activated macrophages are a primary source 

of MMPs and other proteases contributing to degradation of the aortic ECM (Hellenthal et al., 

2009). Inflammation and ECM degradation provide a pro-angiogenic environment, initiating 

angiogenesis to form neo-vessels (Imhof & Aurrand-Lions, 2006). Angiogenesis promotes 

AAA and atherosclerosis development and progression through encouraging ECM remodelling 
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and facilitating inflammatory cell infiltration (Golledge et al., 2006; Daugherty et al., 2000; 

Armstrong et al., 2011). Indeed, a higher density of micro-vessels has been reported in biopsies 

from ruptured AAAs than intact ones, which suggests a role of angiogenesis in AAA rupture 

(Thompson et al., 1996; Choke et al., 2006). Similar pathological features have also been 

observed in the atherosclerotic lesion, a recognised risk factor for AAA, which is usually found 

in biopsies of end-stage AAA (Golledge et al., 2006). This supports the view that the 

association of atherosclerosis and AAA reflects common risk factors. Nevertheless, it needs 

further investigation to confirm whether atherosclerosis is causative for AAA (Reed et al., 

1992; Golledge & Norman, 2010).  

Aortic dilatation induced by subcutaneous infusion of AngII in ApoE
-/-

 mouse is a well-

established rodent model for investigating the pathophysiology of AAA (Tsui, 2010). This 

experimental model has been used to examine the mechanisms of AAA development and 

progression (Meir & Leitersdorf, 2004; Tsui, 2010), as the AngII-induced AAA exhibits similar 

pathological features which are observed in human AAA samples, such as medial remodelling, 

inflammation, angiogenesis, and male gender susceptibility (Manning et al., 2002; Daugherty, 

2004). Moreover, AngII-infusion accelerates atherosclerosis, which is consistent with the 

common presence of atherosclerosis in human AAAs (Golledge & Norman, 2010).  

Angpt2 is a member of Angpts, a vascular growth factor family known to regulate angiogenesis 

(Augustin et al., 2009). Angpt2 was originally identified by its ability to interfere with the 

action of Angpt1, through competition for the receptor Tie2 (Fiedler & Augustin, 2006). Angpt1 

activates Tie2 to maintain vascular endothelium quiescence, anti-inflammation effect, and 

integrity (Augustin et al., 2009). Angpt2 acts as an antagonist to Tie2 to deactivate Tie2, 

facilitating the initiation of angiogenesis, increased permeability of the vascular, and 

inflammation (Augustin et al., 2009). However, evidence is emerging that supports Angpt2 as 

an agonist in a context-dependent manner (Fiedler & Augustin, 2006). Transgenic mice over-

expressing Angpt2 have disrupted vessel formation that is similar, but more severe than mice 

with a deficiency of Angpt1 or Tie2 (Maisonpierre et al., 1997). In the rat pupillary membrane 
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model, Angpt2 inhibits angiogenesis through EC death and vessel regression in the absence of 

endogenous VEGF (Lobov et al., 2002). In humans, increased serum Angpt2 is associated with 

AAA prevalence and cardiovascular mortality in older men (Golledge et al., 2012). However, a 

direct role for Angpt2 in AAA remains to be discovered. 

Given the importance of angiogenesis and inflammation in AAA and atherosclerosis, the 

hypothesis of this chapter is that Angpt2 plays a key role in AAA and atherosclerosis 

development. To test this hypothesis, studies were performed using the AngII-infused 

experimental AAA mouse model in the ApoE
-/- mice. The aims of this chapter are as follows: 

1. To examine the effects of endogenous Angpt2 and Tie2 interacting inhibitor 

administration on the AAA and atherosclerosis development in the AngII-infused 

experimental AAA mouse model in the ApoE
-/- mice;  

2. To examine the effects of recombinant Angpt2 administration on the AAA and 

atherosclerosis development in the AngII-infused experimental AAA mouse model in 

the ApoE
-/- mice. 
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5.2 Materials and methods 

5.2.1 Human Fc protein, recombinant angiopoietin-2, and peptide inhibiting Angpt2-

Tie2 interaction  

Control human Fc protein (control), recombinant Angpt2 (rAngpt2), and peptide inhibiting 

Angpt2-Tie2 interacting (L1-7) were kindly provided by Regeneron (Tarrytown, NY, USA). 

The rAngpt2 (equivalent to AngF2-Fc-F2) and L1-7 used in this study has been described in 

details by Davis et al. (Davis et al., 2003) and Oliner et al. (Oliner et al., 2004) respectively. 

The sequence of these recombinant proteins has been described previously, in Chapter 3, 

Section 3.2.1. 

5.2.2 Mouse studies 

Animal ethics approval was obtained prior to commencing the research (JCU Animal Ethics 

Approval Number A1671) and all procedures were performed in accordance with the 

institutional and ethical guidelines of James Cook University. ApoE
-/- mice were housed as 

described previously (Chapter 3 Section 3.1.2). All male ApoE
-/- mice were aged until six month 

old for the experiments. The primary outcome measure for the mouse study was the diameter of 

suprarenal aorta (SRA), as this is the main site of aneurysm formation in the mouse model used 

(Daugherty, 2004). Based on a previous study by Golledge (Golledge et al., 2010), a sample 

size of 20 mice per group was estimated to have at least 80% ability to detect a 25% difference 

in SRA diameter (alpha 0.05). In order to allow for potential dropouts due to fatalities, 25 mice 

per group were included (Table 5.1). Two subset experiments were performed (n=15 and n=10 

respectively in each group), by two researchers: Dr Alexandra Trollope (JCU) (Experiment 1, 

n=15 in each group) and the thesis author (Experiment 2, n=10 in each group).  
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Table 5.1 Experimental groups in this study 

Group n AngII infusion Administration 

Control 25 Yes Control Fc-fusion protein 

rAngpt2 25 Yes rAngpt2 

L1-7 25 Yes L1-7 

5.2.3 Primary outcome and secondary outcomes 

In the ApoE
-/- mouse, the primary aortic region susceptible to dilatation in response to AngII 

infusion is the SRA (Daugherty, 2004). In humans, the risk of AAA rupture is positively 

associated with the maximum diameter of the aneurysm. Therefore, the primary outcome of this 

study was to determine the maximum aortic diameter in the SRA region. This was assessed by 

combining data from two subset experiments. 

The secondary outcomes of this study were determining the percentage of aneurysm rupture 

free survivals, and the percentage of the atherosclerosis lesion area in the ARCH. Additional 

outcomes were assessed from the mice in one subset experiment (performed by the thesis 

author), including: the incidence of dissection in ARCH, blood pressure (BP) and heart rate 

(HR), and plasma lipid concentration. Mice that died prior to the study endpoint were excluded 

from the secondary outcomes analysis, with the exception of the survival proportion study. 

5.2.4 AngII infusion, and control human Fc protein, rAngpt2, and L1-7 

administration, and experimental design 

All mice received 1000 ng/kg/min of AngII (Sigma-Aldrich, USA) for 14 days via 

subcutaneous osmotic micro-pumps (Model 1004, ALZET, USA) as described previously in 

Chapter 3, Section 3.1. In brief, mice were anaesthetised by intra-peritoneal injection of 

ketamine (150 mg/kg) and xylazine (10 mg/kg). Osmotic micro-pumps containing 

corresponding concentration of AngII dissolved in sterile water were inserted into the 

subcutaneous space along the left dorsal midline (Day 0). Control, rAngpt2, or L1-7 was 
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subcutaneously injected every other day at a dose of 4 mg/kg, starting the day before AngII 

infusion commenced (Chapter 3, Section 3.2.2) based on the manufacture’s recommendation 

and previously published work (Morrissey et al., 2010). The experimental design is illustrated 

in Figure 5.1.Prior to recombinant protein or peptide administration, HR and BP were 

measured. Peripheral blood was collected by tail-bleeding technique as baseline. HR and BP 

were measured again at day 14. 

 

Figure 5.1 Illustration of the experimental design.  

BP and HR were measured before the rAngpt2 or L1-7 administration (Baseline) and at the end of 

experiment (Day 14). Peripheral blood was collected via tail-bleeding before the experiment commenced. 

(Baseline) and cardiac puncture at day 14; human Fc control protein, rAngpt2, or L1-7 was 

subcutaneously injected every other day. 

5.2.5 Tissue and plasma collection 

Mice were euthanised by CO2 asphyxiation at the completion of the experiment. Whole aortas 

were harvested and digitally photographed as described previously (Chapter 3, Section 3.3.3). 

Peripheral blood collection and plasma collection were described previously (Chapter 3, Section 

3.3.1 and 3.3.2). The whole dissected aorta was digitally photographed (Coolpix 4500, Nikon, 

Japan) on a graduated template (Moran et al., 2013). Then, aortic tissues were snap frozen in 

OCT compound and stored at −80
o
C for future analysis. Mice that died prior to completion of 

the experimental period were subject to post-mortems, and aortas were harvested for subsequent 

aortic diameter measurement. Rupture was confirmed by intra-thoracic, intra-abdominal or 

retroperitoneal blood.  

ApoE-/-

14-1    days0 7

BP&HR blood collecting control, rAngpt2, or L1-7 administration

AngII infusion End of experiment

5 9Time 1 3 11 13
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5.2.6 Aortic dissection and Haematoxylin & Eosin staining of the aortic arch 

The ARCH dissection is determined by the gross appearance, which has been previously 

published (Tieu et al., 2009). The localised dissection showed red with an accumulation of 

hematoma, compared with the pink white unaffected tissue. When the dissection was cut open 

longitudinally, double layers were observed with blood trapped between.  

Transverse sections of ARCH, prepared as described previously (Chapter 3, Section 3.11.1), 

were fixed in 4% frozen formaldehyde for 20 min. Slides were then brought to room 

temperature and air-dried for 20 min, followed by rehydration in PBS for 5 min. Nuclei were 

stained with a drop of haematoxylin, covering the whole section for 4 min, followed by rinsing 

in running tap water for 5 min. Then sections were differentiated with 10 dips in 0.25% acid 

alcohol (HCl in absolute ethanol v/v) and rinsed in tap water for 2 min. The staining was blued 

with 10 dips in 0.09% ammonia chloride (NH4Cl in distilled water w/v), followed by rinsing in 

running tap water for 5 min. After 10 dips in 95% alcohol, sections were counterstained in eosin 

for 15 sec. Slides were then dehydrated through 95% alcohol and two changes of absolute 

alcohol for 5 min each. Slides were finally cleared in two changes of xylene for 5 min each and 

mounted with xylene based mounting medium (ProSciTECH, Australia). The stained sections 

were air-dried for 24 hr, and were then ready for viewing under a microscope (Nikon, Japan).  

5.2.7 Aortic diameter measurement and categorisation of AAA 

The harvested aortas were subjected to measurement of the maximum diameters of the 

following aortic regions using established techniques (Chapter 3, Section 3.4.1): ARCH (from 

aortic valve to 3 mm beyond left subclavian artery), THX (from the end of arch to the 

diaphragm), SRA (from the diaphragm to the renal arteries), and IRA (from the renal arteries to 

bifurcation of the iliac arteries). The maximum external diameter of each aortic region was 

determined using Adobe Photoshop CS5 software (v12, Adobe, USA). This method has been 

validated to have good intra-observer repeatability and inter-observer reproducibility (Chapter 

4, Section 4.3.2.1). AAA in ApoE
-/- mouse is defined as maximum SRA diameter ≥ 1.20 mm, 
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based on previous research results (Cao et al., 2010; Deng et al., 2003). A scale was used to 

grade different forms of aneurysms based on previous research (Daugherty et al., 2001), and 

described previously (Chapter 3, Section 3.4.2). This AAA categorisation method has been 

validated to have good intra-observer repeatability and inter-observer reproducibility (Chapter 4 

Section 4.3.2.3). 

5.2.8 En face analysis of Sudan IV stained atherosclerotic lesion of aortic arch intima 

and measurement   

All ARCHs from the mice surviving to the end of the experiments were used to evaluate the 

percentage of intimal atherosclerotic area using Sudan IV staining, as described previously 

(Chapter 3, Section 3.5.1). ARCHs, stored in OCT compound, were collected and prepared as 

described (Chapter 3 Section 3.3.3), were washed with PBS twice and used for en face staining 

with Sudan IV. The stained ARCHs were digitally photographed on a graduated template and 

the Sudan IV staining area was measured using ImageJ software, as described in Chapter 3, 

Section 3.5.2. The data were expressed as percentage of total area. This method has been 

validated to have a good intra-observer repeatability and inter-observer reproducibility (Chapter 

4, Section 4.3.2.2). 

5.2.9 Non-invasive tail-cuff blood pressure and heart rate measurement 

BP and HR were measured using a computerised, non-invasive, tail-cuff system (Kent 

Scientific, USA), with a CODA monitor controller at day -2 (baseline) and day 14 (Day 14). 

CODA was configured to mouse mode with a 10 sec interval of repeat measurement and 15 sec 

length of deflation. A clear acrylic restrainer (Kent Scientific, USA), with built-in nose cone 

was used to hold the mouse. The measurements were made in a quiet environment, and the 

mouse was accustomed to a restrainer on a warming pad prior to measurement to avoid anxiety. 

The occlusion cuff was placed close to the base of the mouse tail and secured inside the groove 

on the top of the fastener. Then the volume pressure recorder cuff was placed on the tail. Each 

cycle measured SBP, DBP, and HR. The measurement was repeated for 5 cycles in order to 
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reach a relatively stable result. The parameters of the sixth cycle were then recorded. The Mean 

BP (MBP) is calculate based on the equation MBP= [DBP + (SBP - DBP)/3]. This method has 

been found to have accurate BP measurement over the physiological range of BP in mice (Feng 

et al., 2008). Reproducibility of this technique has been established previously in our group 

(mean of absolute difference for HR: 21.1 beats per minute, 95% CI: 14.8–27.5 and mean of 

absolute difference for mean BP: 12.3 mmHg, 95% CI: 8.4–16.1) (Seto et al., 2013). Mice that 

died prior to the end of the experiment were excluded.  

5.2.10 Measurement of plasma lipids  

Circulating lipid concentration was measured using an Abcam high-density lipoprotein (HDL) 

and low and very low-density lipoprotein (LDL/VLDL) Cholesterol Assay Kit (Abcam, UK), 

following the manufacturer’s instructions. Briefly, plasma samples stored at -80
o
C were thawed 

and centrifuged at 2000 x g at 4
o
C for 5 min. A volume of 4 µl per sample was diluted 25 times 

with PBS and mixed with 100 µl provided 2x precipitation buffer. This was followed by 

incubation at room temperature for 10 min. Samples were then centrifuged at 2500 x g for 10 

min. The supernatant, containing HDL fraction, was transferred to a new 1.5 ml polypropylene 

tube. The precipitated pellet, containing LDL/VLDL fraction, was resuspended in 200 µl PBS. 

A total of 25 µl per sample were used to measure the HDL or LDL/VLDL concentration. Free 

cholesterol of each fraction was detected by adding 50 µl reaction mix (47.6 µl cholesterol 

assay buffer, 0.4 µl cholesterol probe and 2 µl enzyme mix). The total cholesterol of each 

fraction was detected by adding 50 µl reaction mix with cholesterol esterase that hydrolyses 

cholesterol ester to free cholesterol (45.6 µl cholesterol assay buffer, 0.4 µl cholesterol probe, 2 

µl enzyme mix and 2 µl cholesterol esterase). In parallel with the experimental samples, a 

standard curve was created using provided 2 µg/µl cholesterol standard. The cholesterol 

standard was diluted to 0.025 µg/µl by adding 2 µl of the cholesterol standard to 140 µl of 

provided Cholesterol Assay Buffer. The appropriate volume of diluted cholesterol standard was 

added to cholesterol assay buffer with a final volume of 50 µl per well in 96-well-plate, to 

generate 0, 0.1, 0.2, 0.3, 0.4, and 0.5 µg/well of the cholesterol standard. Then 50 µl reaction 
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mix with cholesterol esterase was added. The samples and standards were incubated at 37
o
C for 

60 min while being protected from light. This was followed by a reading of the OD value at 570 

nm using OMEGA PolarStar (BMG Labtech, Germany). A linear expression of concentration 

versus OD was generated by GraphPad Prism (v6.0, USA). The concentration of total HDL or 

LDL/VLDL, and free HDL or LDL/VLDL was determined by fitting to the standard curve. The 

combined HDL or LDL/VLDL was calculated by subtracting the free HDL or LDL/VLDL from 

total HDL or LDL/VLDL respectively. 

5.2.11 Statistical analysis 

The D’Agostino test was used to test the distribution of all data. Normally distributed 

continuous data were expressed as mean ± Standard Error of Mean (SEM), and each group was 

compared with the control group by using a one-way ANOVA followed by Fisher’s Least 

Significant Difference (LSD) test. Non-normally distributed data were expressed as median 

(interquartile range (IQR)). Statistical analyses were performed using the Kruskal-Willis 

nonparametric ANOVA test followed by Dunn’s multiple comparison test. Survival, free from 

aneurysm rupture related mortality, was assessed using Kaplan Meier analysis and compared 

between groups using a log-rank test. The categorical data were tested using Two-tailed Fisher's 

exact test. Data was analysed using GraphPad Prism (v6.0, USA). A value of p<0.05 was 

considered statistically significant. 

  



 

 97 

5.3 Results 

5.3.1 Recombinant Angpt2 administration protected mice from AngII-induced aortic 

rupture 

One mouse per group died from unknown causes, but aortic aneurysm rupture was excluded by 

a post-mortem. One mouse was euthanised because of paraplegia in the control group, and two 

mice died immediately after the surgery in the L1-7 group. These mice were excluded from the 

study because of mortality unrelated to aneurysm (Table 5.2). Aneurysm rupture related death 

occurred as early as 4 days in the L1-7 group and 5 days in the control group. The percentage of 

aneurysm rupture related mortality in the control group was 17.4% (4 out of 23), and 22.7% (5 

out of 22) in the L1-7 group. There was no rupture in the rAngpt2 group (Table 5.2). The 

rAngpt2 administration significantly reduced the number of mice with aneurysm rupture related 

mortality (Chi-square 4.465, p=0.034), whereas L1-7 administration did not affect the aneurysm 

rupture related mortality (Chi-square 0.151, p=0.697). The aneurysm rupture related mortality 

also showed significant difference between rAngpt2 group and L1-7 group (Chi-square 5.994, 

p=0.014; Figure 5.2).  
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Table 5.2 The causes of mortality in the control, rAngpt2, and L1-7 group 

Death reason Group Experiment 1
# 
(n) Experiment 2^ (n) 

Aortic rupture 

Control 2 2 

rAngpt2   

L1-7 3 2 

Unknown causes 

Control  1 

rAngpt2 1  

L1-7 1  

Paraplegia Control 1  

Surgery L1-7 2  

# Experiment was performed by Dr. Alexander Trollope (n=15 per group) 

^ Experiment was performed by thesis author (n=10 per group) 

 

 

Figure 5.2 Kaplan-Meier survival curves of AngII infused mice receiving control, rAngpt2, or L1-7 

were plotted versus the days of the experiment.  

The log-rank (Mantel-Cox) test had a Chi-squared value of 4.465 (p=0.034, rAngpt2 versus control), a 

Chi-square value of 5.994 (p=0.014, rAngpt2 versus L1-7) and a Chi-square value of 0.151 (p=0.697, L1-

7 versus control). The control group and L1-7 group had similar aneurysm rupture related mortality 

(~20%) while the rAngpt2 group was free from aneurysm rupture (n=23 in the control group, n=24 in the 

rAngpt2 group, and n=22 in the L1- group); * p<0.05 (rAngpt2 versus control and rAngpt2 versus L1-7 

on day 14). 
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5.3.2 rAngpt2 administration reduced the incidence of aortic arch dissection 

ARCH and SRA are the two regions that are prone to rupture in the AngII-infused ApoE
-/- 

mouse model (Babamusta et al., 2006). A focal intramural haemorrhage (IMH) is a feature 

which is likely to precede rupture of the aortic wall and could be observed after intra-ventricular 

PBS perfusion to remove blood cells Figure 5.3 A). Histological sections of the ARCH region 

clearly showed medial hypotrophy, adventitia thickening and blood filled false lumens located 

in the tunica adventitia (Figure 5.3 B and C). ARCH IMH was observed in all three groups. The 

incidence of ARCH dissection was 70% and 50% in the control and L1-7 groups (n=10), 

respectively. However, the rAngpt2 group had significantly less incidence of ARCH dissection 

than the other two groups at 10% (p=0.020, Figure 5.3 D).  

 
Figure 5.3 rAngpt2 administration reduced the incidence of dissection in the aortic arch. 

A) an example of a digitally photographed dissected ARCH; B) example of a Haematoxylin & Eosin 

stained cross section of dissected ARCH (20X); C) high magnification of (B) showing blood cells 

infiltration (white arrow) between media and adventitia (200X); and D) number of mice showing 

dissection and non-dissection in ARCH per group (n=10 in each group). Mice that died before the 

endpoint with rupture in the region of ARCH were included in this statistical evaluation because they 

developed IMH in the ARCH. Data were analysed using Two-tailed Fisher’s exact test (versus control). 
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5.3.3 rAngpt2 administration reduced suprarenal aortic diameter in AngII-infused 

ApoE
-/- mice 

Mice receiving rAngpt2 had significantly smaller mean SRA diameter (1.58 ± 0.11 mm, n=24) 

compared with the control group (2.17 ± 0.15 mm, n=23, p=0.002; Figure 5.4 C). Smaller 

diameters of the ARCH, THX, and IRA were also observed in mice receiving rAngpt2, 

although there was no significant difference compared with the control group (Figure 5.4 A, B, 

and D). Mice receiving L1-7 administration did not experience change in the mean SRA 

diameter (2.151 ± 0.181 mm, n=22, p<0.999) compared to control group, and there was no 

significant difference in ARCH, THX, and IRA region in mice receiving L1-7 compared to the 

mice receiving control protein (Figure 5.4). 

 

Figure 5.4 Whole aorta morphometry: maximum (max.) aortic diameters in each region of the 

aorta harvested on day 14. 

A) ARCH: control (2.016 ± 0.065 mm), rAngpt2 (1.824 ± 0.082 mm, p=0.090), and L1-7 (2.048 ± 0.090 

mm, p=0.777); B) THX: control (1.666 ± 0.076 mm), rAngpt2 (1.561 ± 0.067 mm, p=0.371), and L1-7 

(1.713 ± 0.106 mm, p=0.695); C) SRA: control (2.171 ± 0.145 mm), rAngpt2 (1.582 ± 0.106 mm, 

p=0.010), and L1-7 (2.151 ± 0.181 mm, p>0.999); and D) IRA: control (1.040 ± 0.055 mm), rAngpt2 

(0.935 ± 0.050 mm, p=0.171), and L1-7 (1.028 ± 0.056 mm, p=0.877). The aortic diameters from mice 

that died from aneurysm rupture before endpoint of the experiments were included in each group. Data 

were expressed as mean ± SEM (n=23 in the control group, n=24 in the rAngpt2 group and n=22 in the 

L1-7 group) and analysed by one-way ANOVA test followed by Fisher LSD test; *p<0.005, versus 

control group.  
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5.3.4 rAngpt2 administration attenuated the severity of AngII-induced aortic 

aneurysm 

The gross appearance of the whole harvested aorta showed that the aneurysms were varied from 

simple dilatation without thrombus to multiple aneurysms with pronounced thrombus. The 

location of the aneurysm was in the SRA region only or distributed in the whole aortic area 

(Figure 5.5).  

 

Figure 5.5 Effects of control, rAngpt2, or L1-7 administration on AngII-induced aortic dilatation in 

ApoE
-/- mice.  

Gross appearance of aortas harvested from different groups of mice (n=23 in the control group, n=24 in 

the rAngpt2 group, and n=22 in the L1-7 group). 

 

Based on the AAA definition, there was no difference in the incidence of AAA among the three 

groups, with a SRA maximum aortic diameter ≥ 1.2 mm. In the control group, 20 out of 23 mice 

developed AAAs. In the rAngpt2 group and L1-7 group, 19 out 24 and 18 out of 23 mice, 

respectively, developed AAAs. Different forms of AAA were assessed according to the grading 

system developed by Daugherty et al. (Daugherty et al., 2001). Under this system, Type III and 

Type IV AAAs were labelled a bulbous form of Type II containing multiple aneurysms 
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(Daugherty et al., 2001). Type III and Type IV AAAs constituted 75% (15 out of 20) in the 

control group and 72% (13 out of 18), while only 21% (4 out of 19, p=0.003) AAAs were Type 

III and Type IV in the rAngpt2 group (Table 5.3). 

Table 5.3 Different forms of AAA 

Group n Type 0 Type I Type II Type III Type IV 

Control 23 3 5 0 5 10 

rAngpt2 24 5 14 1 0 4 

L1-7 22 4 5 0 1 12 

 

5.3.5 rAngpt2 administration reduced AngII-induced atherosclerosis within the 

aortic arch 

AngII infusion accelerates atherosclerosis development in ApoE
-/- mice, particularly within the 

ARCH (Ayabe et al., 2006; Daugherty et al., 2000). The intimal atherosclerotic lesion area 

within the ARCH of mice that survived to the end of the experiments was examined. Sudan IV 

stained lipid-laden plaques and lesions showed a vivid red colour in contrast to the pink to white 

colour of the intact intima (Figure 5.6). Mice receiving rAngpt2 had a significantly smaller 

mean percentage of Sudan IV positive staining area (27.87% ± 2.63; n=24, p= 0.017), compared 

with the control group (41.15% ± 5.00; n=19). Mice receiving L1-7 had a similar mean 

percentage of Sudan IV positive staining area (38.05% ± 5.40, n=17, p=0.678), compared to the 

control group (Figure 5.7). 
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Figure 5.6 Gross appearance of Sudan IV stained aortic arch from mice receiving control, rAngpt2, 

or L1-7. 

The atherosclerotic lesion stained with Sudan IV shows a vivid red staining while the intact intima is pink 

to white (n=19 in the control group, n=24 in the rAngpt2 group and n=17 in the L1-7 group).  

 
 

 

Figure 5.7 Percentage of Sudan IV positive staining atherosclerotic lesion of total area within the 

aortic arch. 

rAngpt2 administration significantly reduced atherosclerotic lesion area compared with the control group; 

however, L1-7 administration did not alter AngII-induced atherosclerosis. Data were expressed as mean ± 

SEM (n=19 in the control group, n=24 in the rAngpt2 group and n=17 in the L1-7 group) and analysed 

using one-way ANOVA followed by Fisher’s LSD test; *p<0.05 versus the control group. 
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5.3.6 rAngpt2 or L1-7 administration did not influence heart rate and AngII-induced 

elevation of blood pressure 

In this mouse model, AngII infusion does not change the HR (Seto et al., 2013). Mice receiving 

rAngpt2 or L1-7 had similar HR compared to the mice receiving control protein after 14 days of 

AngII infusion. There was no significantly different in HR between the baseline and Day14 

within group (Table 5.4). 

AngII infusion significantly increases BP in ApoE
-/- mice (Seto et al., 2013; Moran et al., 2014). 

rAngpt2 or L1-7 administration did not affect AngII-induced BP elevation compared to the 

control group at Day 14. Within all groups, mice developed significantly high SBS, DBP, and 

MBP at Day 14 compared with their baseline (Table 5.5).  

Table 5.4 Heart rate of mice in each group 

Time points 
Control rAngpt2 

p value 
L1-7 

p value 
(n=7) (n=10) (n=8) 

Baseline 548 ± 50 496 ± 35 0.173 470 ± 45 0.173 

Day 14 495 ± 46 523 ± 35 0.667 514 ± 38 0.667 

HR is expressed as beats per minute; Data were expressed as Mean ± SEM and analysed by one-

way ANOVA followed by Fisher’s LSD test; p value: versus control.   

Table 5.5 Blood pressure of mice in each group 

BP 

(mmHg) Time points 
Control rAngpt2 

p value 
L1-7 

p value 
(n=7) (n=10) (n=8) 

SBP 
Baseline 95 ± 2 98 ± 3 0.439 102 ± 3 0.132 

Day 14 129 ± 11 123 ± 6 0.565 135 ± 8 0.661 

DBP 
Baseline 75 ± 2 80 ± 2 0.110 81 ± 2 0.060 

Day 14 109 ± 10 100 ± 4 0.389 112 ± 8 0.755 

MBP 
Baseline 81 ± 2 85 ± 2 0.190 88 ± 2 0.053 

Day 14 115 ± 10 105 ± 5 0.369 119 ± 8 0.724 

Data were expressed as Mean ± SEM and analysed by one-way ANOVA followed by Fisher’s LSD 

test; p value: versus Control 
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5.3.7 rAngpt2 administration reduced AngII-induced AAA and atherosclerosis was 

lipoprotein independent 

Hyperlipidaemia is a dependent factor for AngII-induced AAA and atherosclerosis in the ApoE
-

/- model (Daugherty et al., 2000). Indeed, all mice had developed hyperlipidaemia before the 

experiment commenced (Table 5.6). The rAngpt2 administration did not alter the plasma total 

cholesterol concentration (3.42 µg/µl (2.87-3.98), p=0.627), compared to the mice receiving 

control protein after 14 days AngII infusion. L1-7 administration significantly increased total 

plasma cholesterol concentrations (5.47 µg/µl (5.21-5.69), p=0.022) compared to the mice 

receiving control protein after 14 days AngII infusion (Table 5.6). There was no significantly 

difference in the fraction of free and esterified plasma cholesterol concentration in the mice 

receiving rAngpt2 or L1-7 compared to the mice receiving control protein after 14 days AngII 

infusion. 

Table 5.6 Total plasma cholesterol and its free and esterified fraction concentration 

Cholesterol 

(µg/µl) 
Time 

points 
Control rAngpt2 

p value 
L1-7 

p value 
(n=7) (n=10) (n=8) 

Total 

cholesterol 
Baseline 4.40 (3.86-5.75) 4.06 (3.56-4.83) 0.660 4.92 (3.80-5.40) >0.999 

Day 14 4.27 (3.20-4.55) 3.42 (2.87-3.98) 0.673 5.47 (5.21-5.69) 0.022 

Free 

cholesterol 
Baseline 2.16 (1.82-2.62) 2.02 (1.82-2.25) 0.540 2.19 (1.72-2.37) >0.999 

Day 14 2.18 (1.74-2.35) 1.91 (1.71-2.11) 0.456 2.02 (1.72-2.18) 0.999 

Esterified 

cholesterol 
Baseline 2.49 (1.73-3.12) 2.23 (1.73-2.65) 0.876 2.70 (2.03-2.98) >0.999 

Day 14 1.92 (1.37-2.66) 1.70 (0.98-2.06) 0.593 2.59 (2.37-2.80) 0.135 
Data were expressed as Median (IQR) and analysed by Kruskal-Wallis test followed by Dunn’s multiple 

comparison test; p value: versus Control. 
 

Next, the concentration of plasma HDL and LDL/VLDL fraction was assessed. The results 

showed that rAngpt2, or L1-7 administration did not alter the plasma total HDL concentration, 

free HDL concentration and esterified HDL concentration, compared to the mice receiving 

control on day 14 (Table 5.7). There was no significant difference in the plasma total 
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LDL/VLDL concentration, free LDL/VLDL concentration and esterified LDL/VLDL 

concentration compared to the mice receiving control on day 14 (Table 5.8). However, mice 

receiving control protein had significantly lower esterified LDL/VLDL (median 0.50 µg/µl 

(0.32-0.83), n=7, p=0.040) after 14 days AngII infusion, compared with its baseline (median 

1.22 µg/µl (0.69-1.56)). There was no significant difference in plasma esterified LDL/VLDL 

concentrations in the mice receiving rAngpt2 or L1-7 on day 14 compared with its baseline 

(Table 5.8). 

 

Table 5.7 Total plasma HDL and its free and esterified fraction concentration 

HDL (µg/µl) Time points 
Control rAngpt2 

p value 
L1-7 

p value 
(n=7) (n=10) (n=8) 

Total HDL 
Baseline 2.38 (2.07-3.12) 2.41 (1.35-3.50) 0.909 1.95 (1.32-2.66) 0.363 

Day 14 2.54 (1.67-3.01) 1.90 (1.28-2.43) 0.283 2.87 (2.27-3.16) >0.999 

Free HDL 
Baseline 1.34 (0.98-1.48) 1.21 (0.63-1.46) 0.634 0.79 (0.55-1.22) 0.089 

Day 14 1.05 (0.98-1.12) 0.98 (0.76-1.14) >0.999 1.24 (0.92-1.35) 0.609 

Esterified 

HDL 
Baseline 1.32 (1.04-1.67) 1.20 (0.71-1.96) >0.999 1.16 (0.78-1.52) 0.984 

Day 14 1.49 (0.76-1.96) 0.77 (0.45-1.29) 0.236 1.66 (1.31-1.75) 0.777 

Data were expressed as Median (IQR) and analysed by Kruskal-Wallis test followed by Dunn’s 

multiple comparison test; p value: versus Control. 

Table 5.8 Total plasma LDL/VLDL and its free and esterified fraction concentration 

LDL/VLDL 

(µg/µl) 
Time 

points 
Control rAngpt2 

p value 
L1-7 

p value 
(n=7) (n=10) (n=8) 

Total 

LDL/VLDL 
Baseline 1.45 (1.08-1.66) 1.61 (1.15-2.05) >0.999 2.60 (2.06-3.18) 0.095 

Day 14 2.08 (1.27-2.85) 1.95 (1.28-2.44) 0.764 2.80 (2.12-3.77) 0.328 

Free 

LDL/VLDL 
Baseline 0.79 (0.60-1.29) 0.94 (0.60-1.12) >0.099 1.17 (1.06-1.42) 0.084 

Day 14 1.12 (0.75-1.17) 0.92 (0.79-1.03) >0.999 0.85 (0.70-1.16) 0.736 

Esterified 

LDL/VLDL 
Baseline 1.22 (0.69 -1.29) 0.92 (0.67-1.25) 0.551 1.39 (1.00-1.88) 0.750 

Day 14 0.50 (0.32-0.83)* 0.58 (0.33-0.92) >0.999 1.11 (0.73-1.42) 0.054 

Data were expressed as Median (IQR) and analysed by Kruskal-Wallis test followed by Dunn’s 

multiple comparison test; p value: versus Control; *p<0.05 versus baseline. 
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5.4 Discussion 

In this chapter, the role of Angpt2 on AAA development and atherosclerosis progression was 

investigated using the AngII-infused ApoE
-/- mouse model. The findings of this study were that 

rAngpt2 administration significantly reduced SRA maximum aortic diameter, prevented AAA 

from rupture, and attenuated atherosclerosis progression. These effects were independent of BP 

and plasma lipoprotein concentration. Inhibition of endogenous Angpt2-Tie2 interaction (via 

L1-7 peptide) had no effect on AngII-induced AAA development and atherosclerosis 

progression.  

A significant finding of this study was that exogenous Angpt2 administration significantly 

reduced the suprarenal aortic dilatation and rupture in response to AngII infusion. In the AngII-

induced experimental AAA model in ApoE
-/- mice, approximately 70% of mice developed AAA 

with a 20% rupture mortality (Daugherty et al., 2001). These results have been consistently 

observed in the control group of this study. However, exogenous Angpt2 administered mice had 

smaller SRA maximum aortic diameters with less severe forms of AAA, namely Type I and 

Type II forms, compared with control mice with majority of Type III and Type IV forms. It is 

noteworthy that rAngpt2 administered mice were free from aneurysm rupture. These results 

suggest that exogenous Angpt2 plays an important role in regulating AngII-infusion induced 

AAA formation and rupture. By contrast, inhibition of Angpt2-Tie2 interaction did not affect 

the proportion of AAA formation, mortality from rupture, and atherosclerosis progression. This 

suggests that Angpt2-Tie2 interaction is not required for AAA development and atherosclerosis 

progression in this mouse model.  

Aortic dissection and rupture in the ARCH and SRA regions are significant pathological 

features of this model (Saraff, 2003; Tieu et al., 2009; Daugherty & Cassis, 2004; Cao et al., 

2010). Aortic dissection is a medial destruction and accumulation of intramural hematoma that 

leads to rupture of the aorta (Saraff, 2003). Indeed, it has been observed that 70% mice from the 

control group developed aortic dissection in the region of ARCH whereas only 10% of mice 
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from the rAngpt2 group developed aortic dissection in the region of ARCH. This is consistent 

with the finding that mice were free from aneurysm rupture and suggests exogenous Angpt2 has 

a role in protecting aorta from AngII-induced aortic dissection. 

Another significant finding of this study is that exogenous Angpt2 reduced AngII-induced 

atherosclerosis progression. This confirms the previously reported result that systemic 

administration of Angpt2 significantly reduced around 40% of the size of atherosclerosis lesions 

in the ApoE
-/- mice fed with western diet (Ahmed et al., 2009). Atherosclerosis is a hallmark 

feature of AAA (Reed et al., 1992; Brady et al., 2004), and shares with its common risk factors 

and pathological processes. Therefore, AAA intervention is commonly accompanied by a 

positive effect on atherosclerosis (Reed et al., 1992; Golledge & Norman, 2010). 

Administration of rAngpt2 in the current study attenuated both AAA formation and 

atherosclerosis progression, suggesting that exogenous Angpt2 targets pathological processes 

common to both AAA development and atherosclerosis progression.  

In the experiment, exogenous Angpt2 inhibited AAA and atherosclerosis development 

independent to elevated BP. Hypertension is considered a risk factor for human AAA; however, 

it is negatively associated with the growth rate of the existing aneurysm (Vardulaki et al., 2000). 

Nevertheless, in the experiment, the role of hypertension in AAA formation is controversial in 

different models (Shiraya, 2006; Weiss et al., 2001). AngII is a hormone peptide of the renin-

angiotensin system (Suzuki et al., 2003), and AngII infusion significantly increases the SBP in 

ApoE
-/- mice (Jiang et al., 2007; Weiss et al., 2001; Seto et al., 2014). However, AngII-induced 

AAA formation is reported to be independent to the elevated BP (Cassis et al., 2009; Bruemmer 

et al., 2003; Owens et al., 2011). In this study, all the mice displayed increased BP after 14 days 

AngII infusion. Administration of rAngpt2 did not affect the elevated BP induced by AngII. 

This suggests that the action of rAngpt2 was targeted at AngII effects on the aortic wall other 

than hypertension.  
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Hyperlipidaemia is a dependent factor for AngII-induced AAA development and atherosclerosis 

progression in the ApoE
-/- model, as these responses to AngII are significantly reduced in the 

age-matched background strain (wild-type) C57BL6 mice (Daugherty et al., 2000). The fact 

that reduced AAA and atherosclerosis development in AngII-infused ApoE
-/- mice receiving 

rAngpt2 was observed with no significant change in plasma lipoprotein concentration, supports 

the conclusion that exogenous Angpt2 acts on other mediators and/or pathways involved in 

AAA and atherosclerosis development in this model. In the mice receiving L1-7, there is 

significantly higher total plasma cholesterol, compared with the mice receiving control protein 

after 14 days AngII infusion. There is no research reporting on Angpt2-Tie2 interaction 

inhibitor associated with plasma cholesterol, and this topic requires a further investigation in 

order to clarify the mechanisms. 

In summary, this study suggests that the role of Angpt2-Tie2 interaction is not indispensable in 

the AAA development and atherosclerosis progression induced by AngII-infusion in ApoE
-/- 

mice. Furthermore, rAngpt2 administration attenuated AAA and atherosclerosis independent of 

elevated BP and plasma lipoprotein concentration. Emerging evidence indicates that Angpt2 

dynamically regulates its receptor Tie2 and has a complex role in regulating inflammation and 

angiogenesis, two important pathological processes for both AAA development and 

atherosclerosis progression, in a context-dependent manner (Thurston & Daly, 2012; Yuan et 

al., 2009). Investigation of the potential mechanisms by which exogenous rAngpt2 

administration attenuated AAA and atherosclerosis in the current mouse model will be 

presented in the following chapter. 
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CHAPTER 6 
 

The Role of Exogenous Angiopoietin-2 in Angiogenesis 

and Inflammation in the AngII-infused ApoE-/-
 Mice 

Chapter 6 The Role of Exogenous Angiopoietin-2 in Angiogenesis and Inflammation in the AngII-infused ApoE-/- Mice 

6.1 Introduction 

Angiogenesis and inflammation are hallmarks of atherosclerosis and AAA development 

(Golledge et al., 2006). Angiogenesis: new capillary formation from pre-existing vessel, is 

implicated in CVDs (Carmeliet, 2003; Virmani et al., 2005; Williams et al., 1988; Chen et al., 

2005) and has been observed to be associated with human AAA and atherosclerosis 

development (Choke et al., 2006; Thompson et al., 1996; Paik et al., 2004; Kaneko et al., 

2011). During pathological angiogenesis, newly formed vessels are typically immature and 

highly permeable, which facilitates the infiltration of inflammatory cells into affected tissue 

(Shimizu et al., 2006; Daugherty et al., 2000; Golledge et al., 2006). The accumulation of 

inflammatory cells and the increased expression of pro-inflammatory cytokine have been 

observed within the atherosclerotic lesion and AAA in both human and animal models (Lowe, 

2001; Berg & Scherer, 2005). Consequently, they are believed to be critically involved in 

atherosclerosis and AAA development (Lowe, 2001; Berg & Scherer, 2005; Libby, 2002; 

Shimizu et al., 2006; Coussens & Werb, 2002). 

Through the Tie2 receptor, Angpt2 is a complex regulator for postnatal vasculature remodelling 

and inflammation (Gale et al., 2002; Daly et al., 2006; Cao et al., 2007; Imhof & Aurrand-

Lions, 2006). Constitutive low phosphorylation of Tie2 is required to maintain the quiescence 

of the endothelium, which is critical for the maintenance of the anti-inflammatory and anti-

leakage status of the vasculature (Wong et al., 1997). In the setting of angiogenic sprouting, 

Angpt2, as an antagonist, deactivates Tie2 to destabilise ECs of an existing vessel, thereby 

facilitating VEGF induced angiogenesis (Maisonpierre et al., 1997). However, in the absence of 

VEGF, the reverse effect has been demonstrated with vessel regression induced by Angpt2 that 
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blocks Angpt1-Tie2 axis mediated survival signalling pathways in EC (Lobov et al., 2002; 

Maisonpierre et al., 1997). In the setting of inflammation, Tie2 deactivation can sensitise ECs to 

inflammatory cytokines, resulting in inflammatory cell adhesion and transmigration into the 

aortic wall (Fiedler et al., 2006; Imhof & Aurrand-Lions, 2006) and further locally activated to 

produce pro-inflammatory cytokines, such as MCP-1 and IL-6, regulated by NF-κB signalling 

pathway (Takahashi et al., 2008). Nevertheless, exogenous Angpt2 has been found to reduce 

cell infiltration in the presence of ongoing inflammation in vivo (Roviezzo et al., 2005).   

Angiogenesis is a complex process that requires the balancing of pro-angiogenic and anti-

angiogenic factors and the coordination of intricate signalling pathways in ECs (Carmeliet & 

Jain, 2000; Muñoz-Chápuli et al., 2004). Angiogenic factors, such as VEGF, induce EC 

proliferation, migration, survival and tube-like structure formation (Hood et al., 2003; Chai et 

al., 2004). These processes are regulated by PI3K/Akt and Erk signalling pathways (Murphy et 

al., 2006; Ilan et al., 1998), and the activation of these two signalling pathways in ECs is 

indispensable for angiogenesis (Jiang et al., 2000; Berra et al., 2000). The PI3K/Akt pathway 

regulates eNOS activity with NO production via phosphorylation-dependent activation of 

eNOS, and promotes EC proliferation, survival and tube formation (Dimmeler et al., 1999; 

Namkoong et al., 2009; He et al., 1999; Cooke & Losordo, 2002). EC migration is Erk-

dependent (Murphy et al., 2006). Inhibition of PI3K/Akt/eNOS impairs angiogenesis. Indeed, 

caveolin-1 is a negative regulator of eNOS activity through its scaffolding domain (Shiojima & 

Walsh, 2002; Sonveaux et al., 2004), and down-regulation of caveolin-1 expression within the 

ECs is an essential step towards angiogenesis (Liu et al., 1999).  

It was demonstrated in the previous chapter (Chapter 5) that exogenous Angpt2 administration 

attenuated AngII-induced AAA and atherosclerosis development in ApoE
-/- mice. As Angpt2 is 

a complex regulator of angiogenesis and inflammation in a context-dependent manner, it was 

hypothesised that the effect of rAngpt2 administration in the mouse model involved limiting 

angiogenesis and inflammation at the aortic wall. Studies were therefore performed in aortic 

tissues obtained from the mouse study in Chapter 5 with the following aims:   
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1. To assess and compare micro-vessel density and monocyte/macrophage accumulation 

within the suprarenal aorta from mice receiving rAngpt2 versus control protein;  

2. To evaluate Akt/eNOS and Erk signalling within the suprarenal aorta from mice 

receiving rAngpt2 versus control protein;  

3. To assess the expression of selected pro-inflammatory cytokines within the aortic walls 

and plasma samples from mice receiving rAngpt2 versus control protein. 
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6.2 Materials and methods 

6.2.1 Antibodies for Western blotting and immunofluorescence staining 

Antibodies used for Western blotting and immnnofluorescence staining were listed in Table 6.1 

and Table 6.2 respectively. 

 

Table 6.1 Antibodies used for Western blotting 

Antibody Catalogue Number Source 

Polyclonal rabbit anti-Phospho-Tie2 (Tyr992) Cat. # 4221, MW:160 kDa Cell Signaling (USA) 

Polyclonal rabbit anti-caveolin-1  Cat. # 3238, MW:21, 24 kDa 

Monoclonal rabbit anti-Phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) 

Cat. # 4370, MW:42, 44 kDa 

Polyclonal rabbit anti-p44/42 MAPK (Erk1/2)  Cat. # 9102, MW:42, 44 kDa 

Monoclonal rabbit anti-eNOS (49G3) Cat. # 9586, MW:140 kDa 

Monoclonal rabbit anti-Phospho-eNOS (Ser1177) 

(C9C3) 

Cat. # 9102, MW:140 kDa 

Monoclonal rabbit anti-Phospho-p44/42 MAPK 

(Erk1/2) (Thr202/Tyr204) 

Cat. # 4370, MW:42, 44 kDa 

Monoclonal rabbit anti-GAPDH (14C10)  Cat. # 2118, MW: 37 kDa 

Monoclonal mouse anti-Tie2/TEK Cat. # 05-184, MW: 145 kDa Millipore (USA) 

Monoclonal mouse anti-Tie2/TEK  Cat. # 05-184, MW: 145 kDa Santa Cruz (USA) 

Polyclonal rabbit anti-Phospho-Akt1/2/3 (ser 473)  Cat.# sc-101629, MW:62 kDa 

Polyclonal rabbit anti-PCNA (FL-261)  Cat.# sc-7907, MW: 36 kDa 

Monoclonal rat anti-MCP-1 (ECE.2) Cat.# sc-52701, MW: 12 kDa 

Polyclonal rabbit anti-NF- κB p65 Cat. # ab7970, MW: 69 kDa Abcam (UK) 

Polyclonal goat anti-mouse immunoglobullins/HRP  Cat.# P0447 Dako (Germany) 

Polyclonal HRP-conjugated goat anti-rabbit 

immunoglobullins/HRP 

Cat.# P0448 

Polyclonal HRP-conjugated goat anti-rat 

immunoglobullins/HRP 

Cat.# P0450 
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Table 6.2 Antibodies used for CD31 immunofluorescence staining 

Antibody Catalogue Number Source 

Primary antibody monoclonal rat anti-PECAM-1 

(MEC 13.3) CD31, Cat. # sc-18916 Santa Cruz (USA) 

Primary antibody monoclonal rat anti-Monocyte + 

Macrophage (MOMA-2) 
MOMA-2, Cat. # ab33451 

Abcam (UK) 

Secondary antibody Alexa Fluor 488-conjugated 

goat anti-rat IgG (H+L) Cat. # A-11006 Life Technologies 

(USA) 

6.2.2 Western blotting for assessing protein expression within suprarenal aortic 

tissue 

The SRAs from one subset experiment, performed by the thesis author (n=10), were used to 

assess protein expression within the aortic tissue. Six SRAs were randomly chosen from the 

rAngpt2 or control group to assess protein expression by Western blotting. Tissues were 

homogenized by three freeze-thaw cycles. Total protein was extracted and quantified in the 

presence of a protease inhibitor cocktail and phosphatase inhibitor (Roche, USA) as described 

in Chapter 3, Section 3.9. Nuclear protein was extracted using NE-PER nuclear protein 

extraction kit (Piercenet, USA) as described previously (Chapter 3 Section 3.9). Western 

blotting procedures were described as previously (Chapter 3, Section 3.10). Briefly, a total of 30 

µg of protein per sample was loaded into 4–20% Mini-PROTEAN TGX precast polyacrylamide 

gels (Bio-Rad, USA) and separated at 110V for 70 min. Separated proteins were transferred to a 

polyvinylidene fluoride membrane (Bio-Rad, USA). Non-specific antibody sites were blocked 

with 5% BSA for 60 min at room temperature. For protein phosphorylation evaluation, 

membranes were firstly probed with antibodies detecting phosphorylation forms of proteins. To 

evaluate phosphorylated Tie2, phosphorylated Erk1/2, phosphorylated Akt and phosphorylated 

eNOS, the membranes were probed with anti-Phospho-Tie2
tyr992

, anti-Phospho-

Erk1/2
Thr202/Tyr204

, anti-Phospho-Akt1/2/3
ser473

 or anti-Phospho-eNOS
ser117 

antibodies at a dilution 

of 1:1000. This was followed by corresponding secondary HR-conjugated antibodies 

incubation. After the blots were developed and imaged, the membranes were immersed in 15 ml 

restore Western blot stripping buffer for 20 min to remove primary and secondary antibodies. 
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This was followed by washing with TBS buffer and blocking with 5% BSA. Membranes were 

then re-probed with anti-Tie2/TEK, anti-Erk1/2, anti-Akt1(7) or anti-eNOS antibody at a 

dilution of 1:1000 in order to evaluate total Tie2, Erk1/2, Akt and eNOS expression, 

respectively. To evaluate caveolin-1, GAPDH, MCP-1, p65, and PCNA, the membranes were 

probed with anti-caveolin-1, anti-GAPDH, anti-MCP-1, anti-p65, or anti-PCNA antibodies at a 

dilution 1:1000 in 2% BSA at 4
o
C overnight. Blots were developed with Clarity Western 

Enhanced Chemiluminescence Substrate (Bio-Rad, USA). Software Image Lab (v5, Bio-Rad, 

USA) was used for densitometry quantification as described in Chapter 3, Section 3.10.3. The 

phosphorylated protein signal was normalised against the signal of its total protein. A house 

keeping protein was used to ensure that the same amount of total protein samples were loaded 

and that proteins were transferred from the gel to the membrane with equal efficiency. GAPDH 

is a house keeping protein for total protein extraction. The signal of caveolin-1 was normalised 

against the signal of the loading control GAPDH. Proliferating cell nuclear antigen (PCNA) is a 

house keeping protein for nuclear protein. The signal of nuclear p65 was normalised against the 

signal of the loading control PCNA. The data were expressed as relative fold of control by 

normalising the interested protein’s band intensity to the mean band intensity of the control 

mice. 

6.2.3 Immunofluorescence staining and quantification of angiogenesis and 

monocyte/macrophage accumulation within the aortic wall 

The SRAs from one subset experiment (n=10) were used to assess protein expression within the 

aortic tissue, and six SRA tissues were randomly chosen from rAngpt2 or control group for 

immunofluorescence staining. Six µm cryostat sections from the middle region of the SRA were 

prepared as described in Chapter 3, Section 3.11.1. immunofluorescence staining of CD31 or 

MOMA-2 was performed in order to evaluate angiogenesis and monocyte/macrophage 

accumulation respectively within the aortic wall (Chapter 3, 3.11.2). Briefly, sections were 

fixed in cold acetone at −20
o
C for 20 min and then blocked with 5% normal goat serum in PBS 

containing 0.5% BSA and 0.1% Triton X-100 for 60 min at room temperature. Sections were 
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incubated overnight at 4
o
C with anti-CD31 or anti-MOMA-2 antibody at a dilution of 1:100 in 

PBS containing 0.5% BSA. After washing, samples were incubated with Alex Fluor 488-

conjugated anti-rat IgG secondary antibody at a dilution of 1:200 for 60 min at room 

temperature. Cell nuclei were labelled by DAPI (Sigma, USA). Slides were mounted with water 

based mounting medium (Proscitech, Australia), and covered with coverslips. Five images were 

captured from randomly chosen microscope fields of the aortic section. These were captured at 

x200 total magnification by a Zeiss fluorescence microscope (Zeiss, Germany) as described in 

Chapter 3, Section 3.11.3. The CD31 and MOMA-2 positive staining area was measured with 

ImageJ software (v1.4d, NIH, USA), as described in Chapter 3, Section 3.11.4. Five different 

areas of each section were chosen for measurement, in order to calculate the mean of the 

percentage of positive staining area. Data were expressed as percentage of positive staining area 

per analysed area. The method had a good inter-observer reproducibility, as described 

previously (Chapter4, Section 4.4.2).  

6.2.4 Assessment of plasma inflammatory cytokine concentrations 

Plasma samples, collected in one subset of the experiment at day 14 (n=10, Chapter 3, Section 

3.3.2), were used for quantification of mouse pro-inflammatory concentrations, as described in 

Chapter 3, Section 3.8. Six samples were randomly selected from the rAngpt2 group or the 

control group. CBA Mouse Inflammatory kit (BD Biosciences, USA) was used to assess plasma 

inflammatory cytokine concentrations (IL-6, IL-10, MCP-1, IFN-γ, TNF, and IL-12p70), 

according to the manufacturer’s instructions. In brief, 50 µl of plasma per sample or standard 

was mixed with 50 µl APC-conjugated anti-cytokine antibody coated beads and 50 µl PE 

detection reagent. The mixtures were incubated in the dark at room temperature for 2 hours. 

Then samples were washed with the provided washing buffer and centrifuged at 250 x g for 5 

min. The beads were resuspended in 300 µl washing buffer per sample, and were ready for 

immediate assessment with the CyAn-ADP analyser (Chapter 3, Section 3.8.3). FCAP Array 

Software (v3, USA) was used for the quantitative analysis of multiple analytes (Chapter 3 

Section 3.8.4). A 5-Parameter Logistic curve fit mathematical model was used to generate 
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standard curves. These were used to determine the concentration of the each cytokine per 

plasma sample. 

6.2.5 Enzyme-linked Immunosorbent Assay for vascular endothelial growth factor 

The SRAs from one subset experiment (n=10) were used to assess protein expression within the 

aortic tissue. Six suprarenal aortic tissues were randomly chosen from the rAngpt2 or the 

control group. The mouse VEGF Quantikine Enzyme-linked Immunosorbent Assay (ELISA) kit 

(R&D system, Cat. # MMV00, USA) was used according to the manufacturer’s instructions, to 

assess VEGF protein concentrations in aortic tissue. Total protein was extracted and quantified 

as described previously (Chapter 3, Section 3.9.1 and 3.9.3). The provided mouse VEGF 

standard was reconstituted with 5 ml of calibrator diluent producing a stock solution of 2500 

pg/ml. The stock solution was used to produce a 2 fold dilution series standard. 

A total of 30 µg protein in 100 µl assay diluent per sample or 100 µl standards were added to 

each well pre-coated with capture antibody in a 96-well plate, and then were covered with an 

adhesive strip. Samples were incubated at room temperature for two hours, followed by five 

wash cycles with the wash buffer provided. Liquid was then completely removed, and 100 µl of 

polyclonal anti-Mouse VEGF conjugated to horseradish peroxide was added to each well. 

Samples were covered with an adhesive strip and incubated at room temperature for two hours. 

This was followed by five wash cycles with the wash buffer provided, followed by the complete 

removal of residual liquid. A total of 100 µl substrate solution was added to each well, and 

samples were incubated at room temperature protected from light for 30 min. After this, 100 µl 

stop solution was added to each well and mixed thoroughly. The OD value of each well was 

measured, using a micro plate reader (BMG Labtech, USA), at 450 nm, with 540 nm as 

wavelength correction. A 4-Parameter Logistic curve-fit was created according to the OD value 

of each standard against its concentration, using Graphpad Prism (v6, USA). The concentration 

of VEGF in each sample was determined according to the standard curve. 
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6.2.6 Statistical analysis 

Data were expressed as median (IQR), and the Mann-Whitney U test was used to perform 

statistical analysis. This analysis compared the rAngpt2 group and control group. The Pearson 

correlation coefficient test was used to assess the relationship between pro-inflammatory 

cytokine MCP-1 concentrations within the suprarenal aortic tissue and maximum SRA aortic 

diameters. Data were analysed using GraphPad Prism (v6, USA). A value of p<0.05 was 

considered statistically significant.  
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6.3 Results 

6.3.1 rAngpt2 administration induced Tie2 phosphorylation within the suprarenal 

aortic tissue 

Exogenous Angpt2 administration has been reported to induce Tie2 phosphorylation (Daly et 

al., 2006). Therefore, Tie2 phosphorylation (Tyr 992) were assessed within SRA tissue (Figure 

6.1 A) and it was found that mice receiving rAngpt2 had a significantly higher Tie2 

Phosphorylation compared with control mice (median relative density rAngpt2: 3.26 A.U. 

(1.17-7.29) versus control: 0.70 A.U. (0.47-1.38); n=6; p=0.026; A.U.=arbitrary units; Figure 

6.1 B). 

 

Figure 6.1 rAngpt2 administration induced significant Tie2 (Tyr992) phosphorylation within the 

suprarenal aortic tissue harvested at day 14.  

A) Western blotting image of the phosphorylated Tie2 (Tyr992) and total Tie2; and B) rAngpt2 

administration induced significantly Tie2(Tyr992) phosphorylation within the suprarenal aortic tissue 

compared with the control group. Data were expressed as median (IQR) and analysed by Mann-Whitney 

U test (n=6 per group); *p<0.05. 
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6.3.2 rAngpt2 administration reduced nuclear p65 and MCP-1 expression within the 

suprarenal aortic tissue 

Angpt2 can sensitise ECs to inflammatory stimuli and activate NF-κB signalling pathway 

through Tie2 deactivation (Fiedler et al., 2006; Fiedler & Augustin, 2006). NF-κB activation 

involves translocation cytoplasm RelA (p65) subunit to nuclear (Saito et al., 2012). Infusion of 

AngII promotes NF-κB activation and up-regulation of MCP-1 expression, which are closely 

associated with aortic inflammation, aortic aneurysm progression, and rupture (Tieu et al., 

2009; Saito et al., 2012; Pueyo et al., 2000; Suzuki et al., 2003). Mice receiving rAngpt2 had 

lower nuclear p65 expression within the SRA compared with the control group. However, the 

difference was not statistically significant (p=0.093; Figure 6.2 A and C). Mice receiving 

rAngpt2 had significantly lower MCP-1 expression within the SRA (0.65 A.U. (0.41 − 0.87); 

n=6; p=0.004; Figure 6.2 B and D) (expressed as median fold difference compared to the 

control group). The MCP-1 expression within the SRA was positively correlated with maximum 

SRA diameter (r=0.781, p=0.043; Figure 6.2 E).  
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Figure 6.2 rAngpt2 administration reduced nuclear p65 expression and MCP-1 expression within 

the suprarenal aortic tissue harvested at day 14.  

A) Western blotting image of nuclear NF-κB p65 and loading control PCNA; B) Western blotting image 

of MCP-1 and GAPDH; C) densitometry analysis showed that rAngpt2 administration reduced nuclear 

NF-κB p65 expression compared with control group; D) rAngpt2 administration significantly reduced 

MCP-1 expression compared with the control group; and E) the MCP-1 expression was positively 

correlated with maximal aortic diameters (n=6 in each group, Pearson Correlation Coefficient test; 

r=0.781 and p=0.043). Data were expressed as median (IQR) and analysed by Mann-Whitney U test (n=6 

per group); r = correlation coefficient and **p<0.005.  

  

Control rAngpt2
0.0

0.5

1.0

1.5

2.0

 M
C

P
-1

  

(f
o
ld

 o
f 

C
o
n

tr
o
l 

g
ro

u
p

) **

MCP-1

Control rAngpt2
0.0

0.5

1.0

1.5

2.0

2.5

 p
6
5
/P

C
N

A
  

(f
o
ld

 o
f 

C
o
n

tr
o
l 
g
ro

u
p

)

p=0.093

GAPDH

C

E

0 1 2 3 4
0.0

0.5

1.0

1.5

2.0

Max. SRA diameter (mm)

M
C

P
-1

 (
fo

ld
 o

f 
C

o
n

tr
o
l 
g
ro

u
p

)

Y = 0.4734*X - 0.01994

r=0.781
p=0.043

D

p65

PCNA

A

B

Control rAngpt2

7      8      9      10     11    12         1      2       3      4      5       6         



 122 

6.3.3 rAngpt2 reduced Monocyte/Macrophage accumulation within the SRA 

MCP-1 is an important chemoattractant for inflammatory monocytes recruitment and 

inflammatory monocyte infiltration, and accumulation within the aortic wall is one of the major 

pathological features of AAA (Golledge et al., 2006). Immunofluorescence staining of SRA 

sections suggested marked monocyte-macrophage accumulation within the aortic wall, in the 

control group at day 14 (Figure 6.3 A). Mice receiving rAngpt2 had significantly lower median 

MOMA-2 positive staining area per assessed area (rAngpt2: 0.57% (0.50-1.13) versus control: 

4.51% (3.36-5.29); n=6; p=0.004; Figure 6.3 B). 

 

Figure 6.3 rAngpt2 administration reduced monocyte/macrophage accumulation within the 

suprarenal aortic tissue harvested at day 14.  

A) an example of SRA trans-cross section immunofluorescence staining for MOMA-2 to detect 

macrophages/monocytes within the aortic wall (I=intima, M=media, A=adventitia, blue=nuclei, 

green=MOMA-2, Arrow indicates a typical macrophage/monocyte, 200X magnification; scale bar =50 

µm); and B) percentage of positive MOMA-2 positive staining area in each group; Data were expressed 

as median (IQR) and analysed by Mann-Whitney U test (n=6 per group); **p<0.005. 

6.3.4 rAngpt2 administration reduced plasma MCP-1 and IL-6 concentrations 

Elevated circulating inflammatory cytokines are observed in AAA patients and in the AngII-

induced AAA mouse model (Juvonen et al., 1997; Satoh et al., 2009). Administration of 

rAngpt2 was associated with significantly lower median plasma concentrations of MCP-1 

compared to control mice (rAngpt2: 43.63 pg/ml (29.35-58.21) versus control: 138.60 pg/ml 

(75.56-329.4); n=6; p= 0.011) and IL-6 (rAngpt2: 28.82 pg/ml (26.78-64.25) versus control: 

122.10 pg/ml (78.94-152.30); n=6; p=0.013; Figure 6.4) after 14 days of AngII infusion. There 

was no significant difference in plasma TNF concentration between mice receiving rAngpt2 and 
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control mice (rAngpt2 3.68 pg/ml (3.41-6.84) versus control 4.49 pg/ml (3.21-8.34), n=6 in 

each group, p=0.794; Figure 6.4). IFN-γ and IL-12p50 were not detectable in either group. 

 

Figure 6.4 rAngpt2 administration significantly reduced plasma inflammatory cytokine MCP-1 and 

IL-6 concentration after 14 days of AngII infusion. 

Inflammatory cytokine concentrations were determined using the CBA Mouse Inflammation Kit. Data 

were expressed as median (IQR) and analysed by Mann-Whitney U test (n=6 per group); black dots 

represent mice receiving control protein and blue dots represent mice receiving rAngpt2; * P<0.05.  

6.3.5 rAngpt2 administration reduced angiogenesis marker (CD31) within aortic 

wall of the suprarenal aortic tissue without influencing VEGF 

Endogenous Angpt2 has been reported to impair angiogenesis in different settings (Cao et al., 

2007; Chen et al., 2011) and, in the previous chapter, it has been demonstrated that rAngpt2 

administration attenuated AAA development. Therefore, angiogenesis was assessed within the 

SRAs harvested at day 14 by immunofluorescence staining for the EC marker CD31. The 

intimal and micro-vessel ECs were stained positively for CD31 as shown (Figure 6.5 A). 

rAngpt2 administration was associated with significant lower median CD31 positive staining 

area within the SRA adventitia (rAngpt2: 0.63% (0.26 − 1.05) versus control: 6.30% (4.32 − 

9.44); n=6; p=0.002; Figure 6.5 B). The median concentration of VEGF (pg per mg aortic 

protein) was not significantly different between the two groups (rAngpt2: 22.50 pg/mg (9.75 − 

29.50) versus control: 14.50 pg/mg (8.75 − 32.00); n=6; p=0.680; Figure 6.5 C). 
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Figure 6.5 rAngpt2 administration significantly reduced the angiogenesis marker CD31 within the 

suprarenal aortic wall without altering VEGF expression.  

A) an example of SRA transverse section showing immunofluorescence staining for CD31 to detect 

angiogenesis within the aortic wall (I=intima, M=media, A=adventitia, blue=nuclei, green=CD31, Arrow 

indicates a typical microvessel, 200X magnification; scale bar =50μm); B) percentage of positive CD31 

positive staining area in each group; and C) concentration of VEGF per 30 μg of protein extracted from 

aortic tissue assessed by ELISA. Data were expressed as median (IQR) and analysed by Mann-Whitney 

U test (n=6 per group); **p<0.005. 

6.3.6 rAngpt2 administration did not alter Erk and Akt-eNOS signalling within 

suprarenal aortic tissue. 

The immunostaining of CD31 within the SRA suggests that rAngpt2 administration impaired 

angiogenesis within the SRA. Erk1/2, Akt, and eNOS are downstream of Tie2 signalling 

pathways that are regulating ECs survive, migration, and tube formation in angiogenesis (Shen 

et al., 2014; Zhang et al., 2009). Western blotting was used to assess the phosphorylation of 

Erk1/2 (Thr202/Tyr204), Akt (ser473), and eNOS (ser1177) within the SRA tissue (Figure 6.6 

A, B and C)). However, there was no significant difference in the level of the phosphorylated 

Erk1/2, Akt, and eNOS within the SRA, harvested at Day 14, from the mice receiving rAngpt2 

compared to the control mice (Figure 6.6 D, E, and F). 
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Figure 6.6 Erk1/2 and Akt-eNOS signalling pathway within the SRA tissue harvested at day 14 

followed AngII infusion.  

A) Western blotting image of pErk1/2 (Thr202/Tyr204) and Erk 1/2; B) Western blotting image of pAkt 

(ser473) and Akt; C) Western blotting image of p-eNOS (ser1177) and eNOS; D) there was no significant 

difference in Erk 1/2 phosphorylation within the SRA from the mice receiving rAngpt2 (p=0.197) 

compared with the mice receiving control protein; E) there was no significant difference in Akt 

phosphorylation within the SRA from the mice receiving rAngpt2 (p=0.225) compared with the mice 

receiving control protein; and F) there was no significant difference in eNOS phosphorylation within 

SRA from the mice receiving rAngpt2 (p=0.197) compared with the the mice receiving control protein; 

Data were expressed as median (IQR) and analysed by Mann-Whitney U test (n=6 per group). 
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6.3.7 rAngpt2 administration increased caveolin-1 expression within the SRA 

Caveolin-1 expression has been demonstrated to play a critical role in regulating angiogenesis, 

atherosclerosis, and micro-vascular permeability (Bauer et al., 2005; Liu et al., 1999). The 

expression of caveolin-1 within the SRA was assessed by Western blotting (Figure 6.7 A) and 

was significantly up-regulated in mice receiving rAngpt2 compare to control mice (median 3.00 

A.U. (2.7-3.24) compared with control mice (median1.00 A.U. (0.74-1.39), p=0.041, Figure 6.7 

B). 

 

Figure 6.7 rAngpt2 administration significantly increased caveolin-1 expression within the supernal 

aortic tissue harvested at day 14. 

A) Western blotting image of caveolin-1 and GAPDH; and B) rAngpt2 administration significantly 

induced caveolin-1 expression compared with the control group. Densitometry data were normalised to 

the loading control GAPDH. The data were expressed as median (IQR) and analysed by Mann-Whitney 

U test (n=6 per group); *p<0.05. 
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6.4 Discussion 

In this study, angiogenesis and inflammation were investigated within the aortic walls of SRAs 

from mice receiving rAngpt2 and control protein. It was found that rAngpt2 administration 

significantly induced Tie2 phosphorylation. rAngpt2 administration significantly reduced 

monocyte/macrophage accumulation within the suprarenal aortic wall, and pro-inflammatory 

cytokine expression within the aortic tissue and plasma. immunofluorescence staining of CD31, 

a marker of angiogenesis, showed significantly less positive staining area within the suprarenal 

aortic tissue in mice receiving rAngpt2. However, there was no difference in Akt/eNOS and Erk 

signalling pathway activation between the two groups. Caveolin-1, an important factor 

regulating angiogenesis and atherosclerosis development, was up-regulated within the aortic 

tissues from mice receiving rAngpt2. These results suggest that exogenous Angpt2 attenuated 

AAA and atherosclerosis, by limiting angiogenesis and inflammation.  

Angpt2 regulates its receptor Tie2 activation in a context-dependent manner (Thurston & Daly, 

2012). Unlike Angpt1, Angpt2 was originally identified as an antagonist of Tie2. However, 

Angpt2 has been observed to activate Tie2, albeit to a less extent than Angpt1 (Thurston & 

Daly, 2012; Yuan et al., 2009). Indeed, exogenous Angpt2 has been previously reported to 

activate Tie2 both in vivo and in vitro (Cao et al., 2007; Chen et al., 2009; Chen et al., 2011; 

Daly et al., 2006; Yuan et al., 2009). In this study, Tie2 activation was also observed within the 

aortic wall in the mice receiving rAngpt2.  

Tie2 activation plays a vital role in regulating vascular inflammation (Thurston & Daly, 2012; 

Yuan et al., 2009). Tie2 activation exerts anti-inflammatory effects by decreasing leukocytes 

adhesion to ECs. Therefore, Tie2 deactivation is required to sensitise the endothelium, with the 

inflammatory stimuli resulting in adhesion molecule expression. This increases the chance of 

monocyte adhesion on the endothelium, and subsequently infiltrated in the aortic wall (Fiedler 

et al., 2006; Hughes et al., 2003). The infiltrating monocytes are differentiated into 

macrophages producing MCP-1, which exacerbates the inflammation by recruiting more 
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monocytes. Consistent with Tie2 activation, a limited monocyte/macrophage accumulation and 

low MCP-1 expression were observed within the aortic tissue in the mice receiving rAngpt2. 

Together, these results suggest that exogenous Angpt2 induced Tie2 activation. Therefore, they  

reduced monocyte/macrophage infiltration within the aortic wall in the presence of AngII, an 

important regulator of the inflammatory response (Suzuki et al., 2003). Exogenous Angpt2 

inhibited leukocyte infiltration in the presence of inflammatory stimuli, as was also reported 

previously (Daly et al., 2006; Roviezzo et al., 2005).  

The microvessel density within the SRA wall was significantly lower, without influencing 

VEGF expression, in the mice receiving rAngpt2. Angiogenesis is precisely coordinated by the 

angiogenic factors Angpt2 and VEGF. Prolonged exposure of ECs to Angpt2 induces apoptosis 

and vessel regression in the absence or low level of VEGF (Carmeliet, 2003; Lobov et al., 2002; 

Maisonpierre et al., 1997). Therefore, the ratio of Angpt2 to VEGF may be critical to determine 

whether the vessel undergoes angiogenesis or regression. Indeed, it has been reported that 

Angpt2 disrupted tumour vasculature without interfering with endogenous VEGF activity in 

animal models of cancer (Augustin et al., 2009; Cao et al., 2007; Chen et al., 2011; Chen & 

Stinnett, 2008). Similarly, it was reported in this study that rAngpt2 administration reduced 

AngII-induced vessel formation within the aortic wall in ApoE
-/- mice. 

Akt/eNOS and Erk signalling in ECs are important in the angiogenesis process (Namkoong et 

al., 2009). However, Tie2 phosphorylation activated downstream PI3K/Akt/eNOS, and Erk 

signalling is also required to maintain quiescence of the endothelium (Zhang et al., 2011). Thus, 

the role of Akt/eNOS signalling pathways in EC function may depend on the nature of the cell-

cell and cell-matrix contacts (Thurston & Daly, 2012). In this study, no difference was observed 

in Akt/eNOS and Erk signalling pathway activation, although there was a significantly higher 

density of micro-vessels within the aortic wall in the control mice. This suggests that the Tie2 

phosphorylation induced Akt/eNOS and Erk activation in the rAngpt2 group diminished any 

difference of these two signalling pathway in the activated ECs. Indeed, the 
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immunofluorescence staining showed that the aortic endothelium (intima) was intact in mice 

receiving rAngpt2, while it was greatly disrupted in mice receiving control protein.      

Another finding of this study was that caveolin-1 expression was significantly up-regulated 

within the aortic tissue from the mice receiving rAngpt2. Caveolin-1 is present in different cell 

types. The EC caveolin-1 and SMC caveolin-1 have opposing roles in atherosclerosis (Frank & 

Lisanti, 2004). Caveolin-1 in ECs has a pro-atherogenic role, whereas caveolin-1 in SMCs plays 

an anti-atherogenic role (Frank & Lisanti, 2004; Pavlides et al., 2014; Elia et al., 2009; 

Milewicz et al., 2008; Guo et al., 2007; Doran et al., 2008). In the previous chapter, it was 

reported that rAngpt2 administration attenuated atherosclerosis development. Therefore, the 

source of up-regulated caveolin-1 expression may be from SMCs. Indeed, vascular SMC 

apoptosis occurs in many arterial diseases, including aneurysm formation, angioplasty 

restenosis, and atherosclerosis (Doran et al., 2008). EC caveolin-1 is a negative regulator of 

Akt/eNOS signalling. However, inhibition of Akt/eNOS activation was not observed in the 

rAngpt2 group. This also suggested the up-regulated caveolin-1 expression is not of EC origin. 

However, this hypothesis and the mechanisms of up-regulation of caveolin-1 by rAngpt2 

administration need to be further investigated.  

Both inflammation and angiogenesis are important pathological features for human AAA and 

experimental AAA. The extent of angiogenesis correlates with the severity of inflammatory cell 

infiltration in AAA biopsies (Holmes et al., 1995; Thompson et al., 1996). AngII induced AAA 

and atherosclerosis have been associated with aortic macrophage accumulation (Daugherty et 

al., 2000; Saraff, 2003). Such aortic inflammation may, in part, be a consequence of AngII 

induced angiogenesis, since newly formed pathological capillaries are normally poorly 

organised and highly permeable (Imhof & Aurrand-Lions, 2006). Furthermore, AngII activates 

macrophage inflammatory signalling pathways, such as NF-κB, to promote MCP-1 secretion 

(Takahashi et al., 2008) and production of IL-6. Both MCP-1 and IL-6 are detected in 

circulation with high levels in human AAA patients, and their concentrations are associated 

with a high risk of aortic rupture (Dawson et al., 2007; Juvonen et al., 1997).  
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PCNA is a loading control for nuclear NF-κB subunit p65 expression within the SRA tissue in 

this study. However, a higher density of PCNA was observed in the control group compared 

with the rAngpt2 group. This is unlikely to be a loading error, as the expression pattern is group 

dependent. PCNA is abundantly expressed in proliferating cells, and fibroblast undergoes active 

proliferation within the aortic wall in the AngII-infused mice (Tieu et al., 2011). This may 

indicate that the proliferation is higher within the aortic tissue from the mice receiving control 

protein compared with the mice receiving rAngpt2. Nevertheless, p65 on its own was down-

regulated in the rAngpt2 group, which is consistent with the reduced expression of MCP-1, 

downstream protein transcribed by activated NF-κB. 

In summary, this study suggests that rAngpt2 administration limited AAA and atherosclerosis 

associated with Tie2 activation, reduced MVD, and inflammatory cell accumulation within the 

aortic wall in the AngII-infusion AAA mouse model in ApoE
-/-

. These results suggest that 

exogenous Angpt2 activates Tie2 to maintain the endothelium integrity and subsequently exert 

potent anti-inflammatory effect in the aorta, which attenuates both AngII-induced angiogenesis 

and inflammation within the aortic wall, thereby limiting the AAA development and 

atherosclerosis progression. The inflammatory chemokine MCP-1, via its receptor CCR2, 

controls inflammatory monocyte (Ly6Chi) egress from the BM into the peripheral blood. It is 

subsequently recruited to inflammatory sites, where they differentiate into activated 

macrophages (Tieu et al., 2009). The author found fewer inflammatory monocytes accumulated 

in the aortic tissue and lower MCP-1 expression, both in the aortic tissue and plasma. In the 

next chapter, the distribution of inflammatory monocytes in peripheral blood, BM and spleen 

will be assessed.  
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CHAPTER 7  
 

Effects of rAngpt2 Administration on the Proportion 

of Myeloid Cells, Monocytes, and Neutrophils within 

the Peripheral Blood, Bone Marrow, and Spleen in the 

AngII-infused ApoE-/-
 Mice 

Chapter 7 Effects of rAngpt2 Administration on the Proportion of Myeloid Cells, Monocytes, and Neutrophils within the Peripheral Blood, Bone Marrow, and Spleen in the AngII-infused ApoE-/- Mice 

7.1 Introduction 

Inflammation is an important feature in both human and experimental atherosclerosis and AAA 

(Shimizu et al., 2006; Manning et al., 2002). The accumulated inflammatory cells within the 

aortic wall produce proteolytic enzymes and inflammatory cytokines which facilitate ECM 

degradation, inflammatory cell activation, and angiogenesis (Longo et al., 2002; Dale et al., 

2015; Samadzadeh et al., 2014). In pathological conditions or aortic injury, the leukocyte’s 

proportion and ability of adhesion and transmigration will increase within the peripheral blood, 

which results in inflammatory cell accumulation within the aortic wall for immune response 

(Eliason et al., 2005; Rizas et al., 2009). In AAA patients, circulating monocytes were found to 

have a high ability of transmigration compared with health controls (Samadzadeh et al., 2014). 

In the animal studies, AngII induced atherosclerosis and AAA development was accompanied 

with an elevated monocyte and neutrophil proportion within the peripheral blood of ApoE
-/- 

mice (Nahrendorf et al., 2011; Swirski et al., 2007; Tsubakimoto et al., 2009). Ablation of 

inflammatory monocytes and depletion of neutrophils in the peripheral blood attenuated AAA 

formation (Owens et al., 2011; Eliason et al., 2005). Also, in mice with MCP-1 deficiency (Gu 

et al., 1998) atherosclerosis was reduced due to the lack of inflammatory cell recruitment to the 

lesion. 

MCP-1 regulates monocytes egressing from the BM and transmigrating into aortic tissue via 

CCR2 (Jia et al., 2008). CCR2 antigen is present in the subset of monocytes expressing Ly6C, 

named inflammatory monocytes, whereas it is lacking in the subset of monocytes negatively 
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expressing Ly6C, named resident monocytes (Galkina & Ley, 2009; Freestone et al., 1995). 

Inflammatory monocytes egress from BM to peripheral blood and enter peripheral tissue in 

dependence of MCP-1-CCR2 axis (Crane et al., 2009; Jia et al., 2008). Circulating 

inflammatory monocytes are diminished in CCR2 deficient mice (Jia et al., 2008; Crane et al., 

2009). The spleen is a reservoir of inflammatory monocytes that can be rapidly deployed in 

response to inflammatory stimuli or injury (Swirski et al., 2009). In the experimental 

atherosclerosis, inflammatory monocytes preferentially migrate into the aortic wall and 

predominantly differentiate into macrophages (Jia et al., 2008; Swirski et al., 2007). Both 

atherosclerosis and AAA development were suppressed in the CCR2-/- mice (Ishibashi et al., 

2004a; Daugherty et al., 2010; Boring et al., 1998). 

AngII has been found to regulate BM progenitor cells’ differentiation towards monocytes and 

neutrophils and mobilise splenic monocytes, thereby promoting AAA development (Manning et 

al., 2002; Mellak et al., 2015; Tsubakimoto et al., 2009). In Chapter 5 and Chapter 6, it was 

demonstrated that rAngpt2 administration attenuated atherosclerosis and AAA development in 

the AngII-infused ApoE
-/- mice. The expression of MCP-1 was found to be significantly lower 

in both the suprarenal aortic tissue and plasma, which is consistent with the finding that 

monocyte/macrophage accumulation in the aortic tissue was significantly less in the mice 

receiving rAngpt2 compared with the mice receiving control protein. Taking all of these 

findings into consideration, together with the important roles of neutrophils and monocytes in 

the atherosclerosis and AAA development, it was hypothesised that rAngpt2 administration 

must influence the proportion of leukocytes, especially inflammatory monocytes, within the 

peripheral blood, BM, and spleen, thereby reducing inflammatory cell accumulation within the 

aortic wall. The aim of this chapter is to assess the proportions of myeloid cells, monocytes, and 

neutriohils within the peripheral blood, BM, and spleen in AngII-infused ApoE
-/- mice receiving 

rAngpt2 or the human Fc (control) protein in the early stage (5 days) and the late stage (14 

days) of atherosclerosis and AAA development. 



 

 133 

7.2 Materials and methods 

7.2.1 Experimental design  

This research was designed to study the effects of rAngpt2 administration on the alteration of 

the proportion of myeloid cells, monocytes, and neutrophils compared with the mice receiving 

control protein in AngII-infused ApoE
-/- mice. The experimental design was previously 

described in Chapter 5, Section 5.2.4. Mice were infused with AngII and were administered 

rAngpt2 or control protein for 14 days (n=10 per group) or 5 days (n=6 per group). Mice that 

died before the completion of the experiment in the control group (n=3) were excluded from the 

analysis in the 14 day experiment. 

7.2.2 Collection of peripheral blood, bone marrow cells, and splenic cells 

Peripheral blood samples were collected into lithium heparin coated tubes as described 

previously (Chapter 3, Section 3.3.1), by tail-bleeding (baseline) before the start of the 

experiment, and via cardiac puncture at the end of the experiment (day 14 or 5). BMCs were 

collected from the left femur by inserting a 0.25 gauge needle into the left femur and injecting 

500µl of DPBS containing 0.2% BSA and 1 mM EDTA (Chapter 3, Section 3.3.4). In order to 

collect splenic cells, spleens were homogenised in DPBS containing 0.2% BSA and 1 mM 

EDTA. They were then filtered through 60 micron nylon filters (Chapter 3, Section 3.3.5). 

BMCs and splenic cells were counted using a Scepter as described previously (Chapter 3, 

Section 3.6.3). Typically 35 µl of peripheral blood, 10^6 BMCs, and splenic cells were used for 

cell surface staining for flow cytometry. 

7.2.3 Antibodies for cell surface antigen staining 

The following antibodies were used for cell surface staining for flow cytometry: APC-rat anti-

mouse CD11b (M1/70) (Cat# 553312), PE-rat anti-mouse Ly6G (Cat#551461), PerCP-Cy5.5 

rat anti-mouse Ly6G (IA8) (Cat# 560602), FITC rat anti-mouse Ly6C (AL-21) (Cat# 553104), 
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PE rat anti-mouse CCR2 (clone#475301) (Cat# FAB5538P), and Fcγ III/II Receptor CD16/32 

(2.4G2) (Cat# 553142). All of the antibodies were purchased from BD biosciences. 

7.2.4 Cell staining for flow cytometry analysis 

Single-cell suspensions of peripheral blood, BMCs, and splenic cells were prepared as described 

previously (Chapter 3, Section 3.6.2). The samples were stained for flow cytometry as described 

previously (Chapter 3, Section 3.6.4). Briefly, the samples were pre-incubated for 20 min with 

anti-CD16/32, in order to prevent non-specific binding. For cell phonotype analysis, a mixture 

of APC-CD11b (0.5 µl per 100 µl for peripheral blood and 1 µl per 100 µl for BMCs and 

splenic cells), PE-Ly6G (1 µl per 100 µl), and FITC-Ly6C (1 µl per 100 µl) was used to stain 

peripheral blood, BMCs, and splenic cells from mice with 14 days AngII infusion. A mixture of 

APC-CD11b (0.5 µl per µl for peripheral blood and 1 µl per 100 µl for BMCs and splenic cells), 

PerCP Cy5.5-Ly6G (1 µl per 100 µl), and FITC-Ly6C (1 µl per 100 µl) was used to stain 

peripheral blood, BMCc, and splenic cells from the mice with 5 days AngII infusion. A mixture 

of APC-CD11b (0.5 µl per µl), Percp Cy5.5-Ly6G (1 µl per 100 µl), FITC-Ly6C (1 µl per 100 

µl), and PE-CCR2 (1 µl per 100 µl) was used to stain peripheral blood, BMCs, and splenic cells 

for CCR2 expressing analysis.  

7.2.5 Flow cytometry data acquisition and analysis 

BD FACSCalibur flow cytometer was used to assess the proportion of myeloid cells, 

monocytes, and neutrophils within the peripheral blood, BM, and spleen in AngII-infused mice 

receiving rAngpt2 or the control protein for 14 days. Due to the upgrade of the laboratory, Cyan 

ADP was used to assess the rest of the samples for the CCR2 expression analysis and the 

proportion of myeloid cells, monocytes, and neutrophils within the peripheral blood, BM, and 

spleen. The flow cytometry instrument and compensation settings have been previously 

described (Chapter 3, Section 3.7.2). Viable cells were gated based on the FSC and SSC, and 

10,000 viable cells were collected per sample.  
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Summit software (v4.3) was used to analyse the acquired FACS data as described previously in 

Chapter 3, Section 3.7.3. The gating strategies for cell phenotype analysis were as follows. FSC 

(lin) versus SSC (lin) were plotted to discriminate between viable cells and dead cells or debris. 

These viable cells were further gated to identify different populations based on the surface 

marker expression. Myeloid cells were CD11b+ (CD11b log versus SSC lin). Neutrophils were 

CD11b+Ly6G+ and monocytes were CD11b+Ly6G- (CD11b log versus Ly6G log). 

Inflammatory monocytes were CD11b+Ly6C
hi

, and resident monocytes were CD11b+Ly6C- 

(CD11b log versus Ly6C log). CCR2 expression in each population was further analysed by 

CD11b+ log versus CCR2 log. FMO controls were used to determine positive and negative 

boundaries, as previously described in Chapter 4, Section 4.6. Data were expressed as the 

proportion to total leukocytes within the peripheral blood, the proportion to total BMCs within 

the BM, and the proportion to total splenic cells in spleen. 

7.2.6 Statistical analysis 

The D’Agostino Pearson test was used to test the distribution of all data. Normally distributed 

continuous data were expressed as mean ± SEM. Data were compared between baseline and 

endpoint within the group, and the endpoints between the control and rAngpt2 group. Student t 

test was used to perform statistical analysis using GraphPad Prism (v6, USA). A value of 

p<0.05 was considered statistically significant. 
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7.3 Results 

7.3.1 Cell type identification and gating strategy for flow cytometry analysis 

Cells from peripheral blood, BM, or spleen were co-stained with APC-CD11b, FITC-Ly6C, and 

PE-Ly6G. Cell types were identified according to cell surface antigen expression as detailed in 

Table 7.1 (Gordon, 2005), and Flow cytometry gating strategies are showed using a peripheral 

blood sample (Figure 7.1) 

Table 7.1 Surface markers and cell type identification using flow cytometry 

Cell surface phenotype Cell type identified 

CD11b+ Myeloid cell 

CD11b+Ly6G+ Neutrophil 

CD11b+Ly6G- Monocyte 

CD11b+Ly6C
hi

 Inflammatory monocyte 

CD11b+Ly6C- Resident monocyte 
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Figure 7.1 Flow cytometry analysis of the three-colour stained peripheral blood.  

A) viable cells were discriminated with debris and dead cells by FSC lin versus SSC lin; B) myeloid cells 

(CD11b+) were discriminated with lymphocytes (CD11b-) by CD11b log versus SSC lin ; C) neutrophils 

(CD11b+Ly6G+ ) were discriminated with monocytes (CD11b+Ly6G-) by Ly6G log versus CD11b log; 

and D) inflammatory monocytes (CD11b+Ly6C
hi

 ) were discriminated with resident monocytes 

(CD11b+Ly6C-) by CD11b log versus Ly6C log (neutrophils were CD11b+Ly6C
med

). 
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7.3.2 Inflammatory monocytes also express CCR2 antigen  

The chemokine receptor CCR2 plays vital roles in the pathogenesis of inflammatory disorders 

(Kaikita et al., 2004). Analysis the expression of CCR2 antigen in different populations showed 

that the inflammatory monocytes, not the resident monocytes, express CCR2 antigen within the 

peripheral blood, BM, and spleen (Figure 7.2). Therefore, inflammatory monocytes are defined 

as CD11b+Ly6C
hi

CCR2+, and
 
resident monocytes as CD11b+Ly6C-CCR2-. In this thesis, 

inflammatory monocytes are referred as CD11b+Ly6C
hi

 and resident monocytes as 

CD11b+Ly6C-. 

 

 

Figure 7.2 Expression of CCR2 antigen in monocyte subsets. 

A) inflammatory monocytes (CD11b+Ly6C
hi

) and resident monocytes (CD11b+Ly6C-) were gated by 

CD11b log versus Ly6C log; Histogram overlay of these two monocytes subset and FMO control staining 

from B) peripheral blood, C) BM, and D) spleen. The blue line represents inflammatory monocytes, the 

green line represents resident monocytes, and the red line represents FMO control staining. 
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7.3.3 Effects of rAngpt2 administration on the proportion of myeloid cells, 

neutrophils, and monocytes within the peripheral blood after 14 days AngII 

infusion 

The proportion of myeloid cells, neutrophils, and monocytes to total leukocytes within the 

peripheral blood was assessed in the AngII-infused ApoE
-/- mice receiving either rAngpt2 

(n=10) or control protein (n=7) for 14 days (Figure 7.3). The proportion of CD11b+ myeloid 

cells was significantly increased in both the rAngpt2 group (62.09% ± 4.17, p<0.0001) and the 

control group (66.89% ± 4.71, p<0.0001), compared with the baseline (Figure 7.4 A). A further 

analysis of myeloid cell subpopulations consistently found that the proportion of 

CD11b+Ly6G+ neutrophils and CD11b+Ly6G- monocytes was 3 times and 2 times higher 

respectively, compared with the baseline in both groups (Figure 7.4 B and C). However, 

rAngpt2 administration did not alter the significantly elevated proportions of myeloid cells, 

neutrophils, and monocytes proportions induced by AngII infusion at day 14.  

 

Figure 7.3 Flow cytometry analysis the proportion of myeloid cells, neutrophils, and monocytes to 

total leukocytes within the peripheral blood from AngII infused ApoE
-/- mice receiving either 

rAngpt2 or control protein for 14 days.  

A) an example of dot plot showing Myeloid cells (CD11b+), and B) neutrophils (CD11b+Ly6G+) and 

monocytes (CD11b+Ly6G-) from the mice receiving either rAngpt2 or control protein at baseline and day 

14 (the number is the proportion to total leukocytes). 
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Figure 7.4 rAngpt2 administration did not alter the significantly elevated proportion of myeloid 

cells, neutrophils, and monocytes to total leukocytes within the peripheral blood induced by AngII 

infusion for 14 days.  

A) the proportion of myeloid cells to total leukocytes; B) the proportion of neutrophils to total leukocytes; 

and C) the proportion of monocytes to total leukocytes; Data were expressed as mean ± SEM and 

analysed with student t test. ***p< 0.0001 versus baseline (BL); n=7 in control group and n=10 in 

rAngpt2 group; each dot represents data from an individual mouse. 

 

A

B

C

BL 14 BL 14
0

20

40

60

80

100

M
y
el

o
id

 c
el

ls
 (

C
D

1
1
b

+
)

(%
 o

f 
le

u
k

o
cy

te
s)

Control rAngpt2

days

*** ***

BL 14 BL 14
0

20

40

60

80

N
eu

tr
o
p

h
ik

s 
(C

D
1
1
b

+
L

y
6
G

+
) 

(%
 o

f 
L

eu
k

o
cy

te
s)

Control rAngpt2

days

***
***

BL 14 BL 14
0

10

20

30

40

M
o
n

o
cy

te
s 

(C
D

1
1
b

+
L

y
6
G

- 
)

(%
 o

f 
L

eu
k

o
cy

te
s)

Control rAngpt2

days

***
***



 

 141 

7.3.4 Effects of rAngpt2 administration on the proportion of monocyte subsets 

within the peripheral blood after 14 days AngII infusion  

There are two different monocyte subsets with differential surface expression of Ly6C: 

inflammatory monocytes (CD11b+Ly6C
hi

) and resident monocytes (CD11b+Ly6C-) (Figure 

7.5 A). AngII infusion induced a significant increase of the proportion of inflammatory 

monocytes to total leukocytes in both the rAngpt2 group (Day 14 9.94% ± 1.26 versus Baseline 

4.97% ± 0.37, p<0.0001) and the control group (Day 14 14.49% ± 1.45 versus Baseline 4.36% ± 

0.45, p=0.0004, Figure 7.5 B) at day 14, compared with their baseline. However, the mice 

receiving rAngpt2 had a significantly lower proportion of inflammatory monocytes (p=0.003) 

compared with the mice receiving control protein at day 14 (Figure 7.5 B). The proportion of 

resident monocytes to total leukocytes was not significantly different before and after AngII 

infusion in both groups (Figure 7.5 C). These results suggest that the increase of 

CD11b+Ly6C
hi

 inflammatory monocytes proportion was responsible for the elevated monocyte 

proportion induced by AngII infusion. Also, they suggest that rAngpt2 administration plays a 

role in regulating the proportion of inflammatory monocytes within the peripheral blood.  
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Figure 7.5 Mice receiving rAngpt2 had a significantly lower proportion of inflammatory monocytes 

to total leukocytes compared with the mice receiving control protein within the peripheral blood 

after AngII infusion for 14 days.  

A) an example of dot plot showing inflammatory monocytes (CD11b+Ly6C
hi

) and resident monocytes 

(CD11b+Ly6C-) from the mice receiving control protein or rAngpt2 at baseline and day 14 (number is 

the proportion to total leukocytes); B) the proportion of inflammatory monocytes to total leukocytes; and 

C) the proportion of resident monocytes to total leukocytes. Data were expressed as mean ± SEM and 

analysed with Student t test. ***p< 0.0005 versus BL and ^ p< 0.005 control versus rAngpt2; n=7 in 

control group and n=10 in rAngpt2 group; each dot represents data from an individual mouse. 
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7.3.5 Effects of rAngpt2 administration on the proportion of myeloid cells, 

neutrophils, and monocytes within the bone marrow after 14 days AngII 

infusion 

CD11b+Ly6C
hi

 inflammatory monocytes differentiate within the BM and egress to peripheral 

blood, and enter injured or infected sites, depending on the chemokine MCP-1-CCR2 axis (Shi, 

2011). The proportion of myeloid cells, neutrophils, and monocytes to total BMCs within the 

BM from mice that survived to the end of the experiment at day 14 were assessed (n=7 and 

n=10 in the control and rAngpt2 group respectively, Figure 7.6 A). rAngpt2 administration did 

not change the proportions of myeloid cells (p=0.651, Figure 7.6 B), neutrophils (p=0.617 

Figure 7.6 C), or monocytes (p=0.643, Figure 7.6 D), compared with the mice receiving 

control protein. However, a further analysis of the monocyte subsets revealed that there was a 

significantly higher proportion of CD11b+Ly6C
hi

 inflammatory monocytes within the BM from 

the mice receiving rAngpt2 (8.85% ± 0.54, p=0.019), compared with the mice receiving control 

protein (7.09% ± 0.36, n=7, Figure 7.6 E). There was no statistically significant difference in 

the proportions of CD11b+Ly6C- resident monocytes within the BM between the two groups 

(p=0.852, Figure 7.6 F).  
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Figure 7.6 Mice receiving rAngpt2 had significantly higher proportion of inflammatory monocytes 

to total BMCs compared with the mice receiving control protein. 

A) an example of dot plot showing myeloid cells, neutrophils, monocytes, inflammatory monocytes and 

resident monocytes within the BM (number is the proportion to total BMCs); and the proportion of B) 

myeloid cells; C) neutrophils ; D) monocytes; E) inflammatory monocytes; and F) resident monocytes to 

total BMCs. Data were expressed as mean ± SEM and analysed with Student t test; *p< 0.05; n=7 in 

control group and n=10 in rAngpt2 group; each dot represents data in an individual mouse. 
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7.3.6 Effects of rAngpt2 administration on proportion of myeloid cells, neutrophils, 

and monocytes within the spleen after 14 days AngII infusion 

The spleen is CD11b+Ly6C
hi

 inflammatory cell reservoir, where they are rapidly mobilised to 

the peripheral blood in response to stimulation or injury (Swirski et al., 2009). The proportion 

of myeloid cells, neutrophils, and monocytes to total splenic cells from mice that survived to the 

end of the experiment at day 14 were assessed (n=7 and n=10 in the control and rAngpt2 group 

respectively, Figure 7.7 A). rAngpt2 administration did not change the proportion of myeloid 

cells (p=0.281, Figure 7.7 B), neutrophils (p=0.403, Figure 7.7 C), or monocytes (p=0.711, 

Figure 7.7 D), compared with the mice receiving control protein. A further analysis of the 

monocyte subsets showed that there was no statistically significantly difference in the 

proportion of CD11b+Ly6C
hi

 inflammatory monocytes (p=0.516, Figure 7.7 E) and CD11b+ 

Ly6C- resident monocytes (p=0.582, Figure 7.7 F), compared with the mice receiving control 

protein. 
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Figure 7.7 Mice receiving rAngpt2 did not alter the proportion of myeloid cells, neutrophils and 

monocytes to total splenic cells in spleen compared with the mice receiving control protein.  

A) an example of dot plot showing myeloid cells, neutrophils, monocytes, inflammatory monocytes and 

resident monocytes in spleen (number is the proportion to total splenic cells); and the proportion of B) 

myeloid cells; C) neutrophils ; D) monocytes; E) inflammatory monocytes; and F) resident monocytes to 

total splenic cells. Data were expressed as mean ± SEM and analysed with Student t test. *p< 0.05; n=7 in 

control group and n=10 in rAngpt2 group; each dot represents data in an individual mouse 
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7.3.7 Effects of rAngpt2 administration on the proportions of myeloid cells, 

neutrophils, and monocytes within the peripheral blood, BM, and spleen after 

AngII infusion for 5 days 

It has been reported that the transient increase of CD11b+Ly6C
hi

 inflammatory monocytes 

peaked at 3 to 7 days within the peripheral blood after AngII infusion in the experimental AAA 

models (Mellak et al., 2015; Ishibashi et al., 2004b). Therefore, the effects of rAngpt2 

administration on the proportion of myeloid cells, neutrophils, and monocytes within the 

peripheral blood, BM, and spleen was assessed at an early time point, day 5, a critical time point 

when AAA started rupture, as was shown in Chapter 5. The results showed that rAngpt2 

administration did not change the proportion of these cells within the peripheral blood and BM, 

although there was a trend of towards a lower proportion of CD11b+Ly6C
hi 

inflammatory 

monocytes compared with the mice receiving control protein (Figure 7.8 A, B, C, and D). 

Interestingly, the mice receiving rAngpt2 have a significantly higher proportion of myeloid cells 

(p=0.005) in the spleen, compared with the mice receiving control protein. A further analysis 

revealed that a higher proportion of neutrophils (p=0.028), not monocytes, was responsible for 

the elevated proportion of myeloid cells within the spleen (Figure 7.8 E). Further analysis of 

the monocyte subsets showed that there was a statistically significant higher proportion of 

CD11b+Ly6C
hi 

inflammatory monocytes in the spleen from the mice receiving rAngpt2 (3.41% 

± 0.54, p=0.042), compared with the mice receiving control protein (2.27% ± 0.36, Figure 7.8 

E). There was no statistical significant in the proportion of resident monocytes (p=0.168, 

Figure 7.8 F).  
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Figure 7.8 Effects of rAngpt2 administration on the proportion of myeloid cells, neutrophils, and 

monocytes within the peripheral blood, BM, and spleen after AngII infusion for 5 days.  

A) the proportion of myeloid, neutrophils and monocytes and B) the proportion of inflammatory and 

resident monocytes to total leukocytes within the peripheral blood; C) the proportion of myeloid, 

neutrophils, and monocytes and D) the proportion of inflammatory and resident monocytes to total BMCs 

within the BM; E) the proportion of myeloid, neutrophils, and monocytes and F) the proportion of 

inflammatory and resident monocytes to total splenic cells in the spleen. Data expressed as mean ± SEM 

and analysed with Student t test (n=6 per group); *p<0.05 versus control and **p<0.005 versus control; 

each dot represents data in an individual mouse. 
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7.4 Discussion 

In this study, the effects of rAngpt2 administration on the proportion of myeloid cells, 

neutrophils, and monocytes within the peripheral blood, BM, and spleen were investigated in 

the AngII-infused ApoE
-/- mice for 5 and 14 days. In the 14 day AngII infusion, the significant 

finding was that, after 14 days AngII infusion, the mice receiving rAngpt2 had a significantly 

lower and conversely higher proportion of CD11b+Ly6C
hi

 inflammatory monocytes within the 

peripheral blood and the BM respectively, compared with the mice receiving control protein. In 

the 5 day AngII infusion, the mice receiving rAngpt2 had a significantly higher proportion of 

neutrophils and CD11b+Ly6C
hi

 inflammatory monocytes in their spleens, compared with the 

mice receiving control protein.  

The CCR2-MCP-1 axis has an important role in AAA and atherosclerosis development in 

rodent models (Jia et al., 2008; Weber et al., 2008; Serbina & Pamer, 2006; Moehle et al., 

2011). The MCP-1-CCR2 axis controls the release of inflammatory monocytes from the BM to 

peripheral blood and their entry into the aortic tissue, where they then differentiate into 

activated macrophages (Tieu et al., 2009). In the mice receiving rAngpt2, the reduction of 

plasma MCP-1 resulted in the retention of inflammatory monocytes within the BM. The number 

of infiltrated cells within the aortic wall also determines the proportion of inflammatory 

monocytes within the peripheral blood. However, it is unlikely that the difference in the 

proportion of inflammatory monocytes within the peripheral blood was caused by the different 

infiltrations. It has been previously demonstrated that both MCP-1 expression and 

monocyte/macrophage accumulation within the aortic tissue were reduced in the mice receiving 

rAngpt2, which suggests a low rate of infiltration in the mice receiving rAngpt2. Together, 

these results suggest that rAngpt2 administration may inhibit the inflammation within the aortic 

wall, which resulted in plasma MCP-1 reduction. This inhibition thus limits the inflammatory 

monocytes entering peripheral blood from BM to transmigrate to aortic wall resulting in 

exaggerated inflammatory response. 
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The spleen is a reservoir of inflammatory monocytes that can be rapidly mobilised to peripheral 

blood in response to injury and inflammation (Swirski et al., 2009), and a place where 

neutrophils are cleared to maintain homeostatic levels of neutrophils in peripheral blood (Furze 

& Rankin, 2008). AngII expelled inflammatory monocytes from the spleen into peripheral 

blood, which would transiently increase numbers of inflammatory monocytes available for early 

infiltration. This peaked at 3 days in the AngII-infused mouse models (Mellak et al., 2015). In 

this study, the mice receiving rAngpt2 had a higher proportion of inflammatory monocytes and 

a higher proportion of neutrophils in the spleen at the early stage of AngII infusion. These 

results suggest that rAngpt2 may protect the aorta from AAA development and rupture by 

inhibiting the mobilisation of inflammatory monocytes in the spleen. Also, the results suggest 

that rAngpt2 promotes neutrophils back to spleen for clearance at the early stage. Consequently, 

inflammatory monocytes and neutrophils were reduced for infiltration in the peripheral blood, 

thereby attenuating the atherosclerosis and AAA formation. However, the mechanisms 

underlying this need further investigation. 

The fact that infiltrated cells within the aorta were not assessed is a limitation of this study. The 

rates of infiltration will also influence the proportion of neutrophils and monocytes within the 

peripheral blood. In the 5 day AngII infusion, there was a higher proportion of inflammatory 

monocytes and neutrophils in the spleen; however, there was no difference in the proportion of 

these cells within the peripheral blood and BM. This could be caused by the different rate of 

infiltration. In Chapter 6, it was found that rAngpt2 induced Tie2 phosphorylation, indicating 

the anti-inflammatory effects of the endothelium, and thereby reducing the inflammatory cells’ 

infiltration induced by AngII infusion. Therefore, the insignificant difference of neutrophils and 

inflammatory monocytes within the peripheral blood and BM may suggest a reduced rate of 

infiltration in the mice receiving rAngpt2, which is consistent with the findings documented in 

Chapter 5 that rAngpt2 administration inhibits AAA development and rupture in the early and 

late stage of AngII infusion. However, this needs to be confirmed by future investigations. 
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In Summary, rAngpt2 administration induced the retention of inflammatory monocytes in the 

spleen, and promoted neutrophils back to spleen for clearance at the early stage of AngII 

infusion. Also, rAngpt2 administration limited the entry of inflammatory monocytes into 

peripheral blood from BM to transmigrate to aortic wall in a MCP-1 CCR2 axis dependence at 

the later stage of AngII infusion. These results are consistent with previous findings that 

rAngpt2 administration prevented AAA from rupture as early as 5 days and reduced plasma 

MCP-1 expression and inflammatory cell accumulation within the aortic wall after 14 days 

AngII infusion. 
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CHAPTER 8  
 

General Discussion 

Chapter 8 General Discussion 

AAA is an abnormal dilatation of the aorta and affects around 2-5% of men older than 65. Most 

AAAs are asymptotic until rupture, a severe consequence of AAA with high mortality; therefore 

the main goal of AAA management is to prevent a fatal rupture. Surgical repair is the only 

treatment for ruptured AAAs, and an elective surgical repair is suggested for patients with an 

aortic diameter larger than 50 mm, in whom the risk of rupture is high. However, this selection 

standard for surgical repair is debatable, as ruptures of small AAAs are not rare and large AAAs 

may not necessarily rupture during the life of the patient. Therefore, it is pivotal to develop new 

clinical treatments targeting the mechanisms of AAA expansion and rupture, and to find reliable 

biomarkers associated with AAA rupture (Fillinger et al., 2003). The mechanisms and 

biomarkers related to AAA progression and rupture have been intensively studied in human 

end-stage AAAs and experimental rodent models in the past two decades; however, efficient 

clinical interventions to limit AAA progression and rupture are still lacking. Recently, Golledge 

and colleagues reported that serum Angpt2 is elevated in men with AAA, and is associated with 

an increased risk of cardiovascular mortality in older men (Golledge et al., 2012). This finding 

points to Angpt2 as a potential target and/or biomarker for AAA progression. Angpt2 is a 

member of the Angpt family involved in regulating angiogenesis and inflammation, two 

important pathological features of both human and experimental AAAs. This thesis focused on 

the role of Angpt2 in AAA development, using an AngII-infused AAA mouse model in ApoE
-/- 

mice.  

Angpts regulate vascular homeostasis, angiogenesis, and inflammation via activation and 

deactivation of its receptor, Tie2 (Augustin et al., 2009; Peters et al., 2004). Tie2 is activated to 

maintain the anti-inflammation, anti-permeability, and quiescent state of the vasculature 

(Fiedler & Augustin, 2006), whereas Tie2 is deactivated in the process of angiogenesis and 
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inflammation (Fiedler et al., 2006; Murakami, 2012; Scharpfenecker et al., 2005). Angpt2 plays 

a complex role, dynamically regulating Tie2 in a context-dependent manner (Thurston & Daly, 

2012; Yuan et al., 2009). Angpt2 is mainly expressed by ECs and stored in intracellular 

granules, where it may be rapidly released in an autocrine manner to deactivate Tie2 in response 

to inflammatory and angiogenic stimuli (Thurston & Daly, 2012; Maisonpierre et al., 1997). In 

contrast, exogenously administered Angpt2 has been demonstrated to activate Tie2 both in vivo 

and in vitro (Cao et al., 2007; Chen et al., 2009; Chen et al., 2011; Daly et al., 2006; Yuan et 

al., 2009; Kim et al., 2000; Teichert-Kuliszewska et al., 2001). Moreover, it has been reported 

that exogenous Angpt2 inhibits leukocyte infiltration in the presence of inflammatory stimuli 

(Daly et al., 2006; Roviezzo et al., 2005), has a role as an autocrine protective factor for 

stressed ECs in vitro, and induces Tie2 phosphorylation in vivo (Daly et al., 2006). In clinical 

studies, patients with coronary artery disease have lower plasma Angpt2 compared to healthy 

individuals (Jaumdally et al., 2011; David et al., 2009). In addition, serum angpt2 is elevated in 

patients with Diabetes mellitus (Lip et al., 2004), a patient cohort in which the prevalence of 

AAA and aortic expansion rate is low (Shantikumar et al., 2010; Le et al., 2007; Golledge et al., 

2008; Brady et al., 2004), indicating that increased Angpt2 may be protective in response to 

tissue injury.  

It was demonstrated in the current study that inhibition of Angpt2-Tie2 interaction did not alter 

AAA formation or atherosclerosis progression induced by AngII infusion in ApoE
-/- mouse 

model. This suggests that endogenous Angpt2-induced Tie2 deactivation is not essential in this 

mouse model. Tie2 activation is maintained by Angpt1, secreted by pericytes and SMCs. AngII 

has been reported to have effects on pericytes and SMCs, thereby affecting Angpt1 expression 

and Tie2 activation (Felcht et al., 2012). Moreover, Angpt2, a ligand for Tie2 receptor, can 

alternatively bind integrins and Tie1 for signal transduction in regulating angiogenesis (Carlson 

et al., 2001; Yancopoulos et al., 2000). Indeed, Angpt2-Tie2 targeted anti-angiogenesis has 

been shown to reduce tumour neo-vessel formation by only 40% (Huang et al., 2011; Mazzieri 

et al., 2011). Integrin binding of Angpt2 has been observed in invading and migrating tip ECs, 
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inflammation stimulated ECs, and Tie2-deficient tumour cells (Koh et al., 2010; Felcht et al., 

2012; Imanishi et al., 2007; Hu et al., 2006). Thus, an action of endogenous Angpt2, 

independent of Angpt2-Tie2 interaction, influencing AAA and atherosclerosis progression 

cannot be ruled out in the AngII-infusion AAA mouse model in ApoE
-/-

. Further investigation to 

identify the role of endogenous Angpt2 and integrin interaction, for example, in the AAA and 

atherosclerosis is required. 

Historically, atherosclerosis has been considered a hallmark feature of AAA (Reed et al., 1992; 

Brady et al., 2004) as it presents consistently in biopsies of advanced-stage AAA (Golledge et 

al., 2006; Reed et al., 1992; Golledge & Norman, 2010). AAA and atherosclerosis share 

common risk factors and pathological processes; therefore, AAA intervention is usually 

accompanied by a positive change in atherosclerosis (Reed et al., 1992; Golledge & Norman, 

2010). In this research, systemic rAngpt2 administration reduced atherosclerosis in the ARCH 

region. This is consistent with previous reports that up-regulation of Angpt2 by systemic 

administration of an adenovirus vector inhibited atherosclerosis progression by 40% (Ahmed et 

al., 2009). Angpt2 may regulate atherosclerosis progression in a timely manner, as it has been 

reported that Angpt2 is relatively absent from the early atherosclerotic lesion, whereas it is 

abundantly expressed in patients with advanced atherosclerotic lesions (Calvi, 2004). Therefore, 

increased Angpt2 expression at the early stage of atherosclerosis may hamper atherosclerosis 

progression. However, this needs to be further investigated and confirmed. Hyperlipidemia is a 

dependent factor, whereas hypertension is an independent factor for AAA and atherosclerosis 

development in the AngII-infusion mouse model (Daugherty et al., 2000; Cassis et al., 2009). In 

this study, systemic rAngpt2 administration did not alter hyperlipidaemia, lipid profiles, or BP, 

which suggested that the action of rAngpt2 targeted AngII created effects at the aortic wall 

other than hypertension and plasma lipids.  

The significant finding of this study is that systemic rAngpt2 administration attenuated AAA 

and atherosclerosis, and limited aneurysm related aortic rupture. Lack of intramural 

haemorrhage within the ARCH suggested that systemic rAngpt2 administration played an 
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important role in maintaining the integrity of the aorta, thereby protecting the aorta from AngII-

induced medial destruction and, ultimately, from rupture. Activated immune/inflammatory cells 

are a primary source of the proteases which are responsible for aortic matrix degradation 

(Shimizu et al., 2006), and the up-regulation of proteolytic activity within the aorta is believed 

to be critical in the degeneration of medial architecture associated with advanced-stage human 

AAA (Koole et al., 2012). Dysfunctional ECs up-regulate adhesion molecule expression and 

increase their permeability via NF-κB signalling pathway activation, thereby promoting 

inflammatory cell adhesion and extravasation within the aortic wall (Imhof & Aurrand-Lions, 

2006). Tie2 activation is essential in maintaining the functions of ECs lining the intima. 

Exogenous Angpt2 has been reported to active Tie2 both in vitro and in vivo (Cao et al., 2007; 

Chen et al., 2009; Daly et al., 2006; Kim et al., 2000; Teichert-Kuliszewska et al., 2001). Tie2 

activation interacting with the ABIN-2 inhibits NF-κB activation and induces anti-inflammatory 

and anti-apoptotic effects in ECs (Tadros et al., 2003; Hughes et al., 2003). In the current study, 

the significant increase in Tie2 phosphorylation observed within the aortic wall of the mice 

receiving rAngpt2 was associated with markedly reduced aortic accumulation of 

monocytes/macrophages. 

Proinflammatory cytokine MCP-1 is a chemoattractant for inflammatory cells and plays an 

important role in AAA and atherosclerosis development in rodent models (Jia et al., 2008; 

Saraff, 2003). MCP-1 knockout mice have been found to resist elastase perfusion induced AAA 

(Moehle et al., 2011). Consistent with reduced monocyte/macrophage accumulation within the 

aortic wall, MCP-1 expressions within both the aortic tissue and plasma were significantly less 

in the mice receiving rAngpt2 compared with the mice receiving control protein. These results 

further confirmed the limited inflammation in mice receiving rAngpt2. 

Inflammatory monocytes, expressing the CCR2 antigen, preferentially migrate into the aortic 

wall and predominantly differentiate into macrophages (Jia et al., 2008; Swirski et al., 2007). 

Both atherosclerosis and AAA development were suppressed in the CCR2-/- mice (Ishibashi et 

al., 2004a; Daugherty et al., 2010; Boring et al., 1998). Inflammatory monocytes, originating in 
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the BM, egress to peripheral blood and are recruited to inflammatory sites in a dependent MCP-

1-CCR2 axis (Jia et al., 2008; Tieu et al., 2009). It was demonstrated in the current study that 

lower and higher proportion of inflammatory cells within the peripheral blood and BM, 

respectively, were present in mice receiving rAngpt2 compared to the control. This could be the 

consequence of the reduced plasma concentration of MCP-1. It is unlikely that the higher 

proportion of inflammatory monocytes within the BM is due to an increase in the differentiation 

rate of progenitor cells as there is no difference observed in the BM at the early stage. Thus it is 

suggested that rAngpt2 administration abrogated an AngII-induced up-regulation of plasma and 

aortic tissue MCP-1, thereby limiting the egress of BM inflammatory monocytes into the 

circulation and the aortic wall. Alternatively, the spleen is a reservoir of mature inflammatory 

monocytes that can be rapidly deployed in response to injury and inflammation (Swirski et al., 

2009). It has been shown that in response to AngII-infusion, inflammatory monocytes are 

transiently expelled from spleen, increasing the circulating numbers of these cells (Mellak et al., 

2015). The administration of rAngpt2 to AngII-infused ApoE
-/- mice in the present study 

resulted in the retention of inflammatory monocytes within the BM accounting for the reduced 

overall number of these cells within the circulation. 

There is evidence that AAA and atherosclerosis are associated with excessive angiogenesis in 

both human and animal models (Choke et al., 2006; Choke et al., 2010; Kaneko et al., 2011; 

Suzuki et al., 2003; Thompson et al., 1996). Indeed, anti-angiogenic interventions have been 

shown to attenuate experimental AAA (Kaneko et al., 2011; Miwa et al., 2005). The extent of 

angiogenesis correlates with the severity of inflammatory cell infiltration in AAA biopsies and 

AngII-induced AAA and atherosclerosis (Holmes et al., 1995; Thompson et al., 1996; 

Daugherty et al., 2000; Saraff, 2003). This may, in part, be a consequence of angiogenesis, 

since newly formed pathological capillaries are normally poorly organised with highly 

permeability (Imhof & Aurrand-Lions, 2006). Thrombus is another pathological feature that is 

believed to be partly the consequence of increased permeability of adventitial micro-vessels 

(Kaneko et al., 2011; Nienaber & Sievers, 2002). Intramural thrombus is present in AngII-
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induced AAAs (Barisione et al., 2006; Saraff, 2003; Schriefl et al., 2012) and has been 

implicated in promoting aortic wall inflammation and rupture (Cao et al., 2010; Saraff, 2003). 

Angpt2-mediated deactivation of Tie2, resulting in the activation of ECs, is required to initiate 

angiogenesis (Munoz-Chapuliet al., 2004). This effect is transient and survival angiogenic 

factors, such as VEGF, are then required to support ECs’ survival and proliferation. Prolonged 

exposure of ECs to Angpt2 induces apoptosis and vessel regression in the absence of VEGF 

(Carmeliet, 2003; Lobov et al., 2002; Maisonpierre et al., 1997). It has been reported that up-

regulation of Angpt2 in animal models of cancer disrupted tumour vasculature (Augustin et al., 

2009; Cao et al., 2007; Chen et al., 2011; Chen & Stinnett, 2008). In the current study, 

expression of the EC marker CD31 within the aortic media and adventitia was significantly 

lower in mice receiving rAngpt2 compared to mice receiving control protein. This indicated that 

angiogenesis within the aortic wall in response to AngII infusion was limited with the 

administration of rAngpt2. Tie2 phosphorylation activates downstream Akt/eNOS and Erk 

signalling (Zhang et al., 2011). In examining the Akt/eNOS and Erk signalling pathways 

involved in angiogenesis (Namkoong et al., 2009), no effect of rAngpt2 on Akt/eNOS and Erk 

signalling was observed; however a significantly higher density of micro-vessels within the 

aortic wall of control mice was observed. This discrepancy may be the result of the known 

pleiotropic effects of Akt/eNOS and Erk signalling on cell-cell and cell-matrix interactions 

(Thurston & Daly, 2012). In the current study, mice receiving rAngpt2 had reduced aortic 

inflammatory cell accumulation, decreased aortic CD31 expression, and limited aortic 

intramural hematoma formation. Together, these results support an action of rAngpt2 to inhibit 

experimental AAA and atherosclerosis associated with the limiting of new vessel formation 

within the aortic wall.   

The proposed mechanism/s by which Angpt2 acted to limit AAA and atherosclerosis in the 

AngII-infusion ApoE
-/- mouse model is summarised in Figure 8.1. In the promotion of AAA 

and atherosclerosis, activation of intimal EC in response to the infusion of AngII facilitates 

leukocyte attraction, adhesion, and extravasation at the vessel wall. Infiltrated cells release 
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cytokines, chemokines, and proteolytic enzymes that promote inflammatory remodelling of the 

aortic wall. Pro-angiogenic factors stimulate the formation of neo-vessels that are immature and 

highly permeable, conveying more inflammatory cells to the local environment. In the 

attenuation of AAA and atherosclerosis, endothelial Tie2 activation (phosphorylation) in 

response to Angpt2 administration acts to maintain the integrity and anti-inflammatory state of 

the intima, and thus limits aortic wall infiltration by inflammatory cells in response to AngII. 

Regression of neo-vessels sensitive to pro-longed exposure to Angpt2 reduces the conveyance 

of inflammatory cells to the aortic wall.    

 

  

Figure 8.1 Proposed mechanisms for systemic exogenous Angpt2 administration on the attenuation 

of AAA development and atherosclerosis progression in the AngII-infusion mouse model. 

Black arrow represents the roles of AngII in AAA development and atherosclerosis progression. The red 

arrow and stop sign represents the roles of exogenous Angpt2 and its consequence. 

 

This study has a number of limitations. First, rAngpt2 administration was associated with 

reduction in both AAA and atherosclerosis. Thus it is possible that the reduction in 
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atherosclerosis may have caused a secondary reduction in AAA. The role of atherosclerosis in 

AAA is controversial, however it is not likely that atherosclerosis is the primary cause of AAA 

in the model used in the current study (Golledge & Norman, 2010; Deng et al., 2003). Second, 

since Angpt2 has many actions, the precise mechanism by which rAngpt2 limits AAA and 

atherosclerosis in our study remains unclear. Angpt2 is needed for functional lymphatics as 

mice deficient in Angpt2 show defective lymphatic patterning (Gale et al., 2002). Human AAA 

samples suggest that lymphatic vessel may be involved in AAA (Scott et al., 2013). The effect 

of Angpt2 on lymphatics was not investigated. Third, inflammatory cell infiltration predisposes 

a local environment to be pro-angiogenic, while angiogenesis conveys inflammatory cells into 

the local tissue. Whether exogenous Angpt2 administration acted to reduce inflammation within 

the aortic wall and thus angiogenesis, or, limited angiogenesis within the aortic wall initially, 

thereby reducing inflammatory cell infiltration was not clarified and requires further 

investigation. 

The goal of AAA management is to prevent it from progression and rupture. This study has 

provided promising results of systemic endogenous Angpt2 administration in preventing AAAs 

formation and rupture in the AngII-infusion mouse model. These results suggest the potential 

beneficial effects of rAngpt2 administration in patients with cardiovascular disease and provide 

a possible strategy for AAA treatment. However, further pre-clinical investigation is needed to 

assess the value of Angpt2 in the management of AAA and whether administrating rAngpt2 in 

patients with AAA would be safe: 

1. The effect of rAngpt2 on the progression and rupture of established AAA: 

Administration rAngpt2 in the current study commenced prior to initiating the infusion 

of AngII and induction of AAA in the mouse model. Clinically, patients present with 

already developing or established AAAs. Determining the efficacy of rAngpt2 to limit 

progression and rupture of established experimental AAA would be of value. 

2. Further investigation into the role of Angpt2 in the sequence of angiogenesis and 

inflammation of AAA development: Mice receiving rAngpt2 still developed AAAs 
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although less severe. This suggests that rAngpt2 administration did not completely 

inhibit the initiation of inflammation and angiogenesis induced by AngII infusion but 

attenuated the progress. Inflammation predisposes local environment to angiogenesis 

and angiogenesis facilitates inflammatory cell infiltration through the new-formed leaky 

micro-vessels. In this thesis, the effect of rAngpt2 administration was assessed on the 

samples from later-stage experimental AAA. Therefore, it is difficult to obtain 

information on which is the primary outcome of the rAngpt2 administration: 

inflammation or angiogenesis. Assessing aortic tissue from early time points may 

resolve this. 

3. The optimal protective level of Angpt2: In this thesis, rAngpt2 was administrated 

in a single dosage. The minimal dosage of Angpt2 for protecting AAA from 

progression and rupture needs to be determined to ensure minimal clinical side effects. 

This dosage would be also useful for patients whose endogenous Angpt2 elevates but 

does not reach a level to generate protective effects. 
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Appendix 2 Standard Curves 

Mouse Vascular Endothelial Growth Factor (VEGF) Quantikine ELISA 

Immunoassay (R&D systems) standard curve 

 

Bradford Protein Assay (Bio-Rad) standard curve 
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HDL and LDL/VLDL Cholesterol Assay Kit (Abcam) standard curve 

 

 

Cytometric Bead Array Mouse Inflammation Kit (BD) standard curve 
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Cytometric Bead Array Mouse Inflammation Kit (BD) standard curve (continue) 
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Appendix 3 Reagents and Solutions 

 

Sudan IV Staining Buffer 

1% Sudan IV (g) in acetone and 70% ethanol (v, 1:1) 

 

Western blotting 

Tissue Protein Extraction Buffer (Modified Ripa Buffer) 

50mM Tris-HCl pH7.4 

150 nM NaCl 

2 mM EDTA 

1% TritonX-100 

0.1% SDS  

0.1% sodium deoxycholate 

in diH2O 

 

SDS Gel-Loading Buffer 

2% SDS 

2 mM beta-mercapto-ethanol 

4% Glycerol 

50 mM Tris-HCl, pH 6.8 

0.01% Bromophenolblue 

100mM dithiothreitol 

in diH2O 

 

TBST buffer (pH7.6) 

50 mM Tris-HCL 

150 mM NACL 
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0.05% Tween-20 (v/v) 

Gel Running Buffer (pH 8.3) 

25 mM Tris 

192mM glycine 

0.1% SDS 

in diH2O 

 

Transfer Buffer (Bjurrum Schater-Nielsen, pH 9.2) 

48 mM Tris 

39 mM Glycine 

10% Methanol 

0.0375% SDS 

in diH2O 

 

Immunofluorescence Staining 

Immunofluorescence Staining Buffer 

0.5% BSA 

0.1% Triton X-100 

in PBS 

 

Flow Cytometry 

FACS Staining Buffer 

1% BSA 

0.1% sodium azide 

in DPBS 
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