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ABSTRACT 

 

THE ROLE OF CAVEOLAE IN THE FORMATION OF ABDOMINAL AORTIC 

ANEURYSMS 

Kevin John Crawford Jr. 
Doctor of Philosophy 

Temple University May, 2015 
Doctoral Advisory Committee Chair: Dr. Victor Rizzo 

     

  Abdominal aortic aneurysm (AAA) is a major cardiovascular disease and 

involves enhancement of renin-angiotensin system and recruitment/activation of 

inflammatory factors such as matrix metalloproteases (MMP’s).  Caveolae has 

been shown to play a role in a number of different cardiovascular diseases 

through different mechanisms including regulation of oxidative stress, 

inflammation and degradation of extracellular matrix components through MMP’s.  

In addition, endothelial cell caveolae are known to localize the Ang-II (AT1) 

receptor and regulate renin-angiotensin signaling.  Based on these findings, we 

evaluated the role of caveolae in AAA formation in the murine model. Here, eight 

week old mice were co-infused with Ang-II and BAPN, a lysyl oxidase inhibitor, to 

induce AAA.  We found that mice lacking the main structural protein of caveolae, 

caveolin-1, did not develop AAA compared to WT animals in spite of 

hypertensive blood pressures measured by telemetry in both groups.  This 

finding suggests that intact Ang-II signaling remains in place in caveolin-1 

knockout mice.  To begin to address the underlying mechanism by which 

caveolae contributes to AAA, we measured the level of oxidative stress and 
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MMP’s in aneurysms. We found an increased expression of MMP-2 and MMP-9 

in vessels of WT mice displaying aneurysms. This increase in expression was 

not observed in Cav-1 knockout mice.  Furthermore, KO mice showed less 

oxidative stress then their WT counterparts as assessed by anti-nitrotyrosine 

staining.   

 Next we examined the characteristics of early AAA formation in wild-type 

mice.  We found caveolae associated proteins, endothelial nitric oxide synthase 

(eNOS) and NADPH oxidase 2 (Nox2), were upregulated in early AAA formation, 

particularly in the endothelium.  Also, Vascular Cell Adhesion Molecule (VCAM) 

was upregulated in the endothelium.  However, macrophage infiltration and 

MMP-2 activation was not observed in early AAA development.   

 In order to elucidate the role of endothelial caveolae in the formation of 

AAA, we induced AAA, as previously described, in endothelial specific cav-1 

knockout mice.  Preliminarily findings show endothelial specific knockout mice do 

not form AAA as compared to their WT littermates.     

 In conclusion, caveolae appears to play a critical role in the formation of 

AAA in mice via oxidative stress, and recruitment and/or activation of MMPs, 

specifically MMP-2 and MMP-9.   Early markers of AAA formation include VCAM, 

NOX2, eNOS, and protein nitration.  Also, preliminary results indicate that 

endothelial specific knockout mice do not develop AAA. 

 



 

iii 

 

ACKNOWLEDGEMENTS 

 

 I would like to thank my advisor, Dr. Victor Rizzo, for his continuous 

leadership and support throughout this project.  I am forever grateful for the 

encouragement and mentorship he has given me these past few years.  I would 

like to give special thanks to Dr. Satoru Eguchi who co-advised me on this 

project.  His expertise in AAA played an integral role in my research.  I would like 

to thank members of my committee, Dr. Steve Popoff, Dr. Lawrence Goldfinger 

and Dr. Michael Autieri, for their guidance.  I would like to thank my first teachers, 

my parents Kevin and Ellen, for their continuous guidance.  Most importantly, I 

would like to thank my wife Regina, who has always selflessly loved and 

supported me.  Without her this endeavor would not be possible.  Finally, I thank 

our beautiful children, Lucy, Kev and baby Crawford, who inspire me every day. 

  



 

iv 

 

DEDICATION 

 

 

 

 

 

 

 

To my beloved son Kevin 

  



 

v 

 

  

  TABLE OF CONTENTS 

ABSTRACT ...................................................................................................................................... i 

ACKNOWLEDGEMENTS............................................................................................................... iii 

DEDICATION .................................................................................................................................. iv 

LIST OF FIGURES ....................................................................................................................... viii 

LIST OF TABLES ........................................................................................................................... ix 

LIST OF ABBREVIATIONS ............................................................................................................ x 

CHAPTER 1: INTRODUCTION AND BACKGROUND .................................................................. 1 

ABDOMINAL AORTIC ANEURYSMS ............................................................................................ 1 

Gross features of AAA ........................................................................................................ 3 

AAA and inflammation ........................................................................................................ 3 

Genetic and environmental risk factors............................................................................... 4 

Treatment ............................................................................................................................ 6 

AORTA STRUCTURE AND VASCULAR ENDOTHELIUM ............................................................ 8 

Background ......................................................................................................................... 8 

Endothelial activation and dysfunction .............................................................................. 10 

The role of endothelium in AAA formation ........................................................................ 11 

Murine models of AAA ...................................................................................................... 14 

Chemically induced AAA Models ...................................................................................... 15 

Angiotensin II-induced AAA models.................................................................................. 17 

LIPID RAFTS AND CAVEOLAE ................................................................................................... 20 

Background ....................................................................................................................... 20 

Caveolin – 1 ...................................................................................................................... 21 

Structure and function: ...................................................................................................... 21 

Caveolin-1 KO mouse ....................................................................................................... 23 

Background ....................................................................................................................... 23 



 

vi 

 

Characteristics .................................................................................................................. 24 

CAVEOLAE ASSOCIATED PROTEINS ....................................................................................... 25 

Localization of eNOS and NOX2 in caveolae ................................................................... 25 

OXIDATIVE STRESS .................................................................................................................... 26 

Reactive oxygen species .................................................................................................. 26 

Reactive nitrogen species ................................................................................................. 27 

Antioxidants ....................................................................................................................... 28 

Oxidative stress in AAA .................................................................................................... 28 

Possible sources of ROS/RNS in AAA ............................................................................. 29 

HYPOTHESIS ................................................................................................................................ 31 

SUMMARY AND SPECIFIC AIMS ................................................................................................ 33 

CHAPTER 2: MATERIALS AND METHODS................................................................................ 40 

Animal protocol ................................................................................................................. 40 

Breeding endothelial specific caveolin-1 deficient mice .................................................... 43 

Immunohistochemistry ...................................................................................................... 43 

Immunoblotting  ................................................................................................................. 45 

Reagents ........................................................................................................................... 45 

Statistical analysis ............................................................................................................. 46 

Ultrasound measurements ................................................................................................ 46 

CHAPTER 3:  CAVEOLIN-1 IS CRITICAL FOR ANG II + BAPN-INDUCED AAA ...................... 46 

Cav-1 deficiency attenuated Ang II dependent AAA ......................................................... 47 

Ang II-Induced hypertension ............................................................................................. 49 

Cav-1 KO mice are protected from Ang II-induced AAA................................................... 51 

Histological characterization of abdominal aortas ............................................................ 53 

Cav-1 deficiency attenuated oxidative stress and inflammation ....................................... 55 

 

 



 

vii 

 

CHAPTER 4: CHARACTERIZATION OF EARLY AAA DEVELOPMENT. ................................. 61 

Introduction ....................................................................................................................... 61 

Caveolin-1 and other caveolae associated proteins……................….…………………….63 

Adhesion molecules and protein nitration in early AAA formation .................................... 65 

Macrophage and MMP-2 .................................................................................................. 67  

CHAPTER 5: THE ROLE OF ENDOTHELIAL CAVEOLIN-1 IN THE FORMATION OF AAA .... 69 

Introduction ....................................................................................................................... 69 

eCav-1 KO mice do not develop AAA induced by angiotensin II and BAPN .................... 73 

CHAPTER 6: DISCUSSION .......................................................................................................... 78 

Caveolin-1 is critical for Ang II + BAPN-induced AAA formation ...................................... 78 

Characterization of early AAA development ..................................................................... 81 

The role of endothelial Cav-1 in the formation of AAA ...................................................... 82 

SUMMARY ..................................................................................................................................... 83 

CLINICAL IMPLICATIONS............................................................................................................ 83 

BIBLIOGRAPHY ............................................................................................................................ 84 

  



 

viii 

 

LIST OF FIGURES 

Figure 1: Thoracic Aortic Aneurisms and Abdominal Aortic Aneurysms………….2 

Figure 2: AAA Surgical Repair……………………………………….……………......7 

Figure 3: Illustration depicting the cross sectional structure of the aorta………….9 

Figure 4: Schematic of Ang II and BAPN induced AAA………...….………………19 

Figure 5: Micrographs and artistic rendering depicting structure of Caveolae…..22 

Figure 6: Schematic representing Caveolae compartmentalized signaling……...36 

Figure 7: Decreased Mortality in Cav-1 deficient mice………………………...…..48 

Figure 8: Blood Pressures of Angiotensin II-induced AAA………………………...50 

Figure 9: Cav-1 deficient mice protected from AAA formation..............………….51 

Figure 10: Histological assessment of abdominal aortas………………………….54 

Figure 11: Attenuation of NOX2 and oxidative stress…………………………..….56 

Figure 12:  Aortic inflammatory responses and MMP induction…………………..57 

Figure 13: Quantification of IHC staining…………………………..………………..58 

Figure 14: VCAM expression was attenuated in Cav-1 KO mice…...…………....60 

Figure 15: Schematic Representation of Methodology of Early AAA Induction…62 

Figure 16 Expression of Cav-1 and Caveolae associated proteins………………64 

Figure 17:  Expression of VCAM and Nitrotyrosine………………………………...66 

Figure 18: Macrophage infiltration and MMP-2 in AAA…………………………….68 

Figure 19: Schematic representing Cre-LoxP methodology……………………….70 

Figure 20: Endothelial specific Cav-1 Knock-Out Breeding Schemati…………...71 

Figure 21: Genotype analysis of Tie-2 Cre; Cav-1 f/f mice………………………..72 

Figure 22: Endothelial Caveolin-1 knockout mice do not form AAA……………...75 

Figure 23: Aortic diameter measured by ultrasound…………………………….....77 

 



 

ix 

 

 

LIST OF TABLES 

Table 1: Key physiological functions of endothelium:………………………………10 

Table 2: Characteristics of the mice infused with saline or Ang II + BAPN………50 

Table 3: Classification of AAA…………………………………………..…………….52 

Table 4: Aortic diameter of endothelial Cav-1 KO…………………………………. 76 

 

  



 

x 

 

LIST OF ABBREVIATIONS 

 

AAA  Abdominal Aortic Aneurysm 

Ang II  Angiotensin II 

ApoE  Apolipoprotein E 

Cav-1  Caveolin-1 

EC  Endothelial Cell 

VSMC  Vascular Smooth Muscle Cell 

NADPH  Nicotinamide adenine dinucleotide phosphate-oxidase  

NOX2  NADPH oxidase- 2 

eNOS  Endothelial Nitric Oxide Synthase   

VCAM-1  Vascular Cell Adhesion Molecule 1 

MMP-2 Matrix Metalloprotease - 2 

MMP-9  Matrix Metalloprotease - 9 

IP  Immunoprecipitation 

IHC  Immunohistochemistry  

3-NT  3-Nitrotyrosine 

ROS  Reactive oxygen species 

KO  Knockout 

LCA  Left Carotid Artery 

NF-κB  Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells 

NO  Nitric Oxide 

PBS   Phosphate Buffered Saline 

PCR  Polymerase Chain Reaction 

WT  Wild Type  

 

 

 

 



 

1 

 

CHAPTER 1: INTRODUCTION AND BACKGROUND 

ABDOMINAL AORTIC ANEURYSMS 

 Aortic Aneurysms (AAs) are a permanent and degenerative condition of 

the aorta.  In humans AAs occur in the thoracic cavity in the descending aorta 

called Thoracic Aortic Aneurysm (TAA) or more inferior in the abdominal cavity 

termed Abdominal Aortic Aneurysm (AAA) (Figure 1).  AAA is major 

cardiovascular disease and a significant cause of mortality for adults over the 

age of sixty five.  In the US alone approximately 10,000 death a year are AAA 

related [1].  AAA is an abnormal enlargement or ballooning usually in the 

infrarenal segment of the abdominal aorta.  More specifically, any arterial 

aneurysm is defined as a focal dilation of the artery to 1.5 times its normal 

diameter [2]. 

 An abdominal aorta, by convention, is considered aneurysmal if its 

diameter is over 30 mm [3].  This ballooning of the aorta greatly increases the 

risk of rupture requiring immediate medical attention and carries a mortality rate 

of approximately 80% [2].  Screening studies have shown approximately 5% of 

the population over the age of 60 meet the clinical definition of AAA [3].  

Unfortunately most patients are asymptomatic until rupture occurs.  Because of 

this, screening is usually implemented for those in the population considered high 

risk.   
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Figure 1: Thoracic Aortic Aneurisms and Abdominal Aortic Aneurysms 

TAAs are generally located just below the descending aortic arch in the thoracic 

cavity while AAAs generally occur below the renal arteries in the abdominal 

cavity.  
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Gross features of AAA 

 Clinicians most often characterize AAA by its anatomical features, 

specifically enlarged aortic diameter as visualized via noninvasive imaging, such 

as ultrasound.  

 Histologically, AAA has a number of well documented features.  AAA have 

a significantly thickened aortic wall due to an increase in  collagen deposition [4].  

Disruption and degradation of elastin structural fibers are also characteristic of 

AAA pathology [5].  AAAs generally have fewer vasa vasorum, the network of 

blood vessels responsible for supplying blood the aorta.  AAA also have a 

decreased density of vascular smooth muscle cells in the medial layer further 

attributing to the structural breakdown of the aortic wall.   

 

AAA and Inflammation 

  

 In 1972, Walker et al. first coined the phrase “inflammatory aneurysm” in 

describing AAA [6].  He defined AAA’s three major components; thickened 

aneurysm wall, extensive perianeurysmal and retroperitoneal fibrosis, and dense 

adhesions of adjacent abdominal organs [6].  Today, we still recognize extensive 

inflammatory response within the aortic wall is a hallmark of AAA.  More recently, 

investigators have further characterized the infiltration of inflammatory cell 

response in AAA [7].  Polymorphonuclear neutrophils, T cells, B cells, 

macrophages, mast cells, and natural killer cells have been shown to penetrate 
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through the luminal thrombus and all layers of the wall [8].  These inflammatory 

cells are known to secrete a number of humoral inflammatory factors such as 

cytokines, chemokines, reactive oxygen species, and immunoglobulins. 

Percolating inflammatory cell also release active proteases such as matrix 

metalloproteinase (MMP)-9, metalloproteinase (MMP)-9, and urokinase-type 

plasminogen activator (u-PA) [9] [10].  In resected human AAA tissue levels of 

superoxide anion (O2
−) significantly increased in AAA lesions compared with 

tissue from adjacent non-aneurysm or normal control aortas [11].  This suggests 

the role of reactive oxygen species (ROS) contributing to AAA pathogenesis.  

 It is postulated that the combined inflammatory and gross degenerative 

changes to the aortic wall lead to an enlargement of the aorta and a decrease in 

tensile strength ultimately resulting in rupture.   

 

Genetic and Environmental Risk Factors 

 Men are more likely than women to develop AAA.  Also, Caucasians are 

more likely to develop AAA than African Americans.  One of the largest 

environmental risk factors of AAA development is tobacco use.  Epidemiology 

studies have shown those who smoke tobacco are 3-5 times more likely to 

develop AAA [12].  Studies in mice have also shown the link to smoking and AAA 

formation in both Angiotensin II (Ang II)-infused and intra-aortic elastase 

perfusion models [13] [14].  A number of genetic defects have been associated 

with AAA including Marfan Syndrome[15] and Ehlers-Danlos syndrome  [16].   
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 The relationship between AAA and atherosclerosis has been well 

documented.  However, it is unclear whether atherosclerosis causes AAA or they 

simply share a number of similar risk factors [17].   For example, one theory 

supporting their causal relationship states blockage via atherosclerotic lesion 

increases hemodynamic forces.  An increase in hemodynamic forces also 

increases shear stress thus leading to vessel remodeling and increasing the 

diameter of the lumen to compensate.  This enlargement leads to development of 

AAA [18].  Alternatively, another theory proposes the two diseases have no direct 

relationship. The reasoning behind this theory is that a vast majority of patients 

with AAA also have atherosclerosis only because they the two diseases share 

similar risk factors.  This theory further contends that while risk factors are 

similar, both diseases maintain distinctly different mechanisms of progression.   

 Hypertension as a risk factor for AAA is a topic of some debate.  One 

study containing over 5000 participants, men and women, cite those with 

hypertension had a 30-40% greater chance of develop AAA [19].  One criticism 

of this study is that they did not differentiate the use of statins, which have been 

linked to AAA development.  A Norwegian prospective study with similar number 

of subjects also noted a connection between hypertension and AAA.  However, 

when the investigators excluded those who previously had taken statin 

medication and loosened the definition of hypertension, (systolic >140 mm Hg, 

>90 mm Hg) they found no correlation between hypertension and AAA [20].  
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Treatment 

 There are a number of treatment options for patients with AAA.  For 

patients with a low risk of rupture, a conservative “watch and wait” approach is 

generally advised.  Patients at high risk for aortic rupture elective interventional 

surgical treatment options are available and have low mortality risks 3.20% in 

men and 5.45% in women [21].  Similar surgical intervention is available to those 

patients experiencing aortic rupture; however, the procedure must be performed 

immediately as emergency surgery.  Due to the number of complications that 

occur during aortic rupture, the mortality rates for patients increases dramatically      

women at 52.8%, men 44.2%.  Whether the surgery is elective or emergency, 

there are two main types of surgery options for patents with AAA, open surgical 

and endovascular repair.  The traditional open surgical repair involves accessing 

the aorta through the abdomen to access the site of repair.  A butterfly cut is 

performed on the damaged aorta and a graft it placed.  Often the surgeon returns 

the damaged aorta around the graft (Figure 2a).  Another less invasive surgical 

option is endovascular repair.  The surgeon accesses the abdominal aorta 

through the femoral artery guided by radiological imaging.  A stent is then placed 

at the area of the aneurysm.  Over time, the aorta returns to its normal size. 

(Figure 2 b, c).   

 There is currently no pharmacological therapeutics available for the 

treatment and/ or prevention of AAA or its rupture [22, 23].  This is due to the lack 

of information regarding the molecular pathology involved in the initiation and 
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progression of this disease.  The goal of this proposal is to elucidate the key 

signaling mechanisms involved in the formation of AAA.  

 

 

 

Figure 2:  AAA Surgical Repair. A, Open Repair, Illustration of depicting open 

repair placement of a graft in an aortic aneurysm.  B, Endovascular repair, a 

catheter is inserted into an artery in the groin (upper thigh). The catheter is 

threaded to the abdominal aorta, and the stent graft is released from the 

catheter. C, the stent graft allows blood to flow through the aneurysm.  After time, 

the ballooning of the aneurysm will typically shrink. (Image from the National 

Heart, Lung and Blood Institute website, updated 4/1/11) 
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AOTRA STRUCTURE AND VASCULAR ENDOTHELIUM 

Background 

 The structure of the aorta is similar to other large arteries and is 

comprised of three distinct layers; the tunica intima, tunica media, and tunica 

adventitia.  The outer most layer, tunica adventitia, is composed of fibroblasts, 

immuno-modulatory cells, resident progenitor cells, nerves, and elastic and 

collagen fibers.  Next is the tunica media, comprised of mainly smooth muscle 

cells.  The inner most layer tunica intima is comprised of mostly endothelial cells 

(ECs) that line the vessel lumen (Figure 3).  In larger vessels such as the aorta, a 

subendothelial layer can be visualized comprised of loose connective tissue 

located between the endothelial and the smooth muscle layer.  The endothelium 

lines the entire circulatory system and serves important functions related to 

vascular homeostasis by forming a barrier between circulating blood and the 

interstitium [24-26].The endothelium also serves a number of other physiological 

functions (Table 1).  
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Figure 3: Illustration depicting the cross sectional structure of the aorta and other 

large arteries in the circulatory system (Image adapted from A.D.A.M. medical 

encyclopedia, 2014)  
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Key Physiological Functions of Endothelium 

Role of Endothelium Ref. 

Maintenance the anticoagulant state of blood [27] 

Regulate the exchange of fluid and macromolecules between blood and the 
tissues 

[27] 

Generate vasoactive to maintain of vascular tone [27] 

Production of growth factors [28] 

Modification of plasma lipoproteins [29] 

Regulation of inflammatory responses [30] 

 

Table 1: The endothelium serves a number of physiological functions from the 

production of growth factors to regulation of macromolecules.   This table notes a 

few relevant key functions of the endothelium and is in no way comprehensive.     

 

Endothelial activation and dysfunction 

 During normal physiological conditions, endothelial cells are typically 

quiescent.  However, when exposed to physiological stress, endothelial cells shift 

to a more dynamic phenotype.  Endothelial activation and endothelial dysfunction 

are two distinct, yet converging concepts.  Both terms denote a multifaceted 

alteration in endothelial phenotype brought on under stress conditions.     

 Endothelial cell activation is defined as an increased expression of 

endothelial proinflammatory cell-surface adhesion molecules.  Examples of 

endothelial derived adhesion molecules include Vascular Cell Adhesion Molecule 

(VCAM), Intercellular Adhesion Molecule (ICAM), and E-selectin.  Expression of 
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adhesion molecules on the luminal surface of the endothelium enables leukocyte 

recruitment, adhesion, and eventually transmigration across the endothelium into 

surrounding tissue.   A number of stimuli can induce endothelial activation, 

including proinflammatory cytokines, such as TNF-α and IL-6, 

hypercholesterolemia, and Ang II.  Endothelial dysfunction can be defined as the 

decreased synthesis, release, and/or activity of endothelium-derived NO [31].  

More generally, endothelial dysfunction can be characterized as a disruption of 

typical endothelial homeostatic mechanisms.  The endothelium undergoes a 

physiological alteration in function that causes a decrease in vasodilation, and an 

increase in pro-thrombotic and inflammatory mediators.  Excessive and/ or 

prolonged endothelial activation can facilitate endothelial dysfunction.  

Endothelial activation and dysfunction are implicated in a number of 

cardiovascular conditions particularly in early disease stages [32, 33].     

 

The Role of Endothelium in Abdominal Aortic Aneurysm Formation 

 

 The majority of research within the AAA field has focused on systemic 

inflammatory mediators such as leukocytes.  To date, there are only a scarce 

number of studies attempting to elucidate the role of the endothelium in AAA 

pathology.  Also, of the studies that have been published, some of the data is 

contradictory.  
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 One study investigating the role of endothelium in AAA formation focused 

specifically at endothelial specific transgenic mice overexpressing Endothelin-

1.Endothelin-1 is a potent vasoconstrictor produced by in a number of different 

cells including, endothelial cells [34].  Endothelin-1 has been shown to increase 

levels of ROS and is elevated in patients with abdominal aortic aneurysms [35].  

In this study, ApoE-/- mice were cross bred with mice overexpressing endothelin-

1 only in endothelial cells, (eET-1).  Investigators placed transgenic eET-1 / 

ApoE−/− mice on a high fat diet, a popular model for studying atherosclerosis.   

eET-1 / ApoE−/−  had an increase in both atherosclerosis and abdominal aortic 

aneurysm formation compared to ApoE−/− alone [36].   Almost forty percent of 

eET-1 / ApoE−/− mice developed mice AAA, compared to none in the ApoE−/− 

group.  Reactive oxygen species production was increased ≥2-fold in 

perivascular fat, media, or atherosclerotic lesions in the AAAs of eET-1/ ApoE−/− 

mice compared to ApoE−/− mice.  Also, eET-1/ ApoE−/− mice also had marked 

increase (2.5 fold) in monocyte /macrophage infiltration.  Taken together, mice 

over expressing endothelial specific endothelin-1 causes AAA formation, in the 

ApoE−/− high fat model.  This study not only highlights on the importance of 

endothelin-1 but also suggests the importance of the endothelium in the 

pathology of AAA. 

 Another study underlining the importance of the endothelium in AAA 

formation looks at the role of uncoupled endothelial nitric oxide synthase (eNOS).  

Investigators looked at the effects of Ang II-induced AAA in transgenic 

tetrahydrobiopterin (H4B) deficient (hph-1) mice.  H4B is an important eNOS 
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cofactor and is responsible to eNOS coupling.  When infused with Ang II, hph-1 

mice developed AAA at a rate of 79% compared to none in control group.  Ang II 

infused hph-1 mice suffered from a relatively high mortality rate (13.9%) all 

attributed to AAA rupture.  Aneurysms exhibited typical characteristics of AAA 

such as vascular remodeling and increased activation of MMP-2 and MMP-9.    

Investigators further found, that AAA formation in hph-1 mice could be prevented 

by administration of folic acid restoring H4B levels and blocking eNOS 

uncoupling.  ENOS is a well-established caveolae associated protein that is 

regulated by the caveolin-1 protein in endothelial cells.  These findings point to 

eNOS regulation as an important mechanism in the formation of AAA.  These 

findings highlight the importance of the endothelium in AAA formation and 

suggest that caveolae compartmentalization of eNOS signaling may play a role. 

 Another study highlighting the importance of the endothelium in AAA 

formation looks at one of the receptors which Ang II binds, the Angiotensin Type 

1a (AT1a) receptor.  Investigators created a tissue specific (AT1a) receptor 

knock out mouse in endothelial cells and then separately in vascular smooth 

muscle cells.  These mice were crossed with the LDL receptor knockout mice 

and infused with Ang II to induce AAA [37].   Results show that mice lacking the 

AT1a receptor in either the smooth muscle cells or endothelium still develop 

AAA.  This is in contrast to an earlier study by the same group that showed 

global angiotensin Type 1a receptor knockout mice were saved from AAA 

formation [38].  The study authors concluded that their data downplays the 

importance of endothelial and smooth muscle cells in AAA formation.  Authors 
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proposed leukocytes, known to express the AT1a receptor, may play in AAA 

formation.  Investigators attempted to strengthen that conclusion by transfusing 

AT1a knockout bone marrow into mice, but acknowledged that data was highly 

variable and inconclusive.   One criticism is of this study is that the AT1a receptor 

is one of a number of receptors that Ang II binds.  For example, Ang II binds to 

the AT2 receptor with high affinity also.  In the tissue specific knockout Ang II 

may be binding to the AT2 receptor on endothelial and smooth muscle cells 

activating overlapping AT1 mechanisms.  While total disruption of the AT1a 

receptor in the global knock out has enough of an effect to alter the mechanism 

by which Ang II induces AAA.  Investigators also acknowledged, due to the lack 

of a reliable antibody, they were not able to verify deletion of AT1a in the 

endothelium or smooth muscle cells in their tissue specific models.  Inability to 

properly verify their model, calls into question their conclusions.    

 

Murine Models of Abdominal Aortic Aneurysms 

 Over the past 15 years there have been a number of animal models used 

to study the formation of abdominal aortic aneurysms.  The murine model has 

been the most predominantly used mammalian model.  Relative ease of genetic 

manipulation and straightforwardness of breeding has made this the most widely 

used model to elucidate the molecular mechanisms of AAA.  Despite the large 

number of studies utilizing murine model, there is still some ambiguity with 

regards to the criteria for defining AAA in mice.  As a result, there has been some 

heterogeneity within the AAA field.  However, there remain several well accepted 
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guidelines.  In general, investigators characterize AAA as an enlargement of 

aortic diameter relative to other areas of the aorta (i.e. formation of bulge). 

Another defining characteristic is both the presence of vascular remodeling and 

the breakdown of structural integrity of the aorta wall specifically within the tunica 

media.  Investigators also define AAA by the presence of molecular markers 

commonly found in human AAA development.  These markers include an 

increase in matrix metalloprotease activity or macrophage infiltration.  Most 

investigators also look for the presence of one or multiple thrombi, particularly 

when describing more advanced stages of AAA.  Aortic rupture due to aneurysm 

formation is also a defining characteristic of late AAA progression. 

 

Chemically induced AAA models 

 Chemically induced models of AAA have been used for some time.  In 

1990 investigators induced AAA in rats by infusing elastase directly into the aorta 

[39].  This protocol was later adapted into mice [40].  The protocol requires 

surgery where a catheter is inserted into the aortic bifurcation and temporary 

suture placement at the distal end of the aorta.   Elastase is then placed into the 

lumen between the catheter site and suture.  The elastase is incubated inside the 

section of the aorta before flow is restored. By day fourteen post procedure, 

aneurysm formation is seen at site of elastase insertion.  Aneurysm features in 

the elastase infusion model had several similarities to that of human AAA.  For 

example, macrophage infiltration was present in the adventitial and medial 

layers.  An increase in MMP-9 expression was also seen co-localized around 
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infiltrating macrophages [40].  One benefit of this model is the relative 

expedience of AAA formation.  One disadvantage to this model is both elastase 

and sham mice experience an increase in aortic diameter from the mechanical 

force of the procedure.  Immediately after the procedure, aortas enlarged 74% in 

the elastase group and 54% in the inactive elastase (placebo) group [40].  While 

the differences were statistically different, the large increase in the sham group 

makes it difficult to interpret results early in aneurysm formation. Therefore, this 

model is not appropriate for investigating early aneurysm events.    

  

 Calcium chloride is another methodology of chemically inducing AAA.  In 

this model, a solution of CaCl is placed in the peri-aortic region between the 

aortic renal branches and bifurcation during surgery [41].  The animal is sutured, 

and allowed to recover from surgery.  After a few weeks the animal has 

progressive AAA formation which is fully formed by week four. The typical 

inflammatory responses were observed along with breakdown of the medial 

layer.  Also reported were increases of aortic diameters in the range of 48% to 

110% [41].  Unlike the elastase model, mechanical force exerted in the aorta is 

not an issue since the CaCl is passively placed on the outside of the aorta.  

There are a number of factors that make CaCl induced AAA formation a good 

model for studying AAA.  First, this model can be applied to both wild-type and/or 

transgenic mice negating the need to crossbreed.  Second, while most AAA 

models induce aneurysms in the suprarenal region, CaCl models develop in the 

infra-renal abdominal aorta, the site most commonly found in humans.  The CaCl 
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induced AAA model also has a number of criticisms.  For example, aneurysms in 

this model do not display aortic thrombus, atherosclerosis and rupture, all 

typical features of human AAA.  Another criticism questions how well inserting 

CaCl into the peri-aortic cavity resembles human AAA pathology.  

   

Angiotensin II-induced AAA models 

 Ang II has a very short half-life (16 +/- 1 sec) [42]   This makes studying 

the effect of chronic Ang II exposure via bolus injection on animals models 

difficult and often infeasible.  However, the development of the alzet osmotic mini 

pump allows for controlled, continuous treatment of Ang II over a period of time.  

This technology has benefited an array of different fields in biomedical research 

including the AAA field.    

 The Ang II-induced AAA model was one of the first AAA models 

developed, and still used today.  In 1999, while studying atherosclerosis, 

investigators unexpectedly found that Ang II infused into low density lipoprotein 

receptor knockout mice formed AAA [43].  Ang II infused mice via osmotic mini 

pump over a 4 week period were found to have atherosclerotic lesions.  

Unexpectedly, these mice also developed aortic aneurysms both in thoracic and 

abdominal regions [44].  Soon after, aneurysm formation was also observed in 

apolipoprotein E–deficient mice infused with Ang II [44].  Key features of human 

AAA are also observed in this model, such as increased luminal diameter, 

collagen and elastin disruption, macrophage infiltration and MMP activity.    
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 Although these two models are still popular today, one downside is it 

requires the use of transgenic ApoE or LDL knockout mice.  Therefore, if 

investigating AAA formation in another transgenic mouse, the mice would have to 

be cross bred with either the ApoE of LDL knockout mice.  Also, there has been 

widespread heterogeneity in the aneurysm size even within the same study 

groups using this model.  For example, other models show full aneurysm 

diameters are typically between 1.5-2.0 mm (1.0 mm baseline).  However, 

diameters of Ang II infused mice can exceed 3.5 mm, with a large variation within 

the same study.  This variation not only makes analysis of data difficult, but 

shows the multifaceted, complex pathology of this disease.  

  In 2010 a study by Kanematsu et al. induced AAA in wild-type black 6 

mice continuously co-infused with Ang II (6 weeks) and beta-aminopropionitrile 

(BAPN) (2 weeks), a lysyl oxidase inhibitor [45].  Lysyl oxidase is a protein 

responsible for cross-linking elastin and collagen fibers playing a crucial role in 

maintaining homeostasis of elastic lamina.  This study found that infusion of Ang 

II and BAPN produces a high rate of aortic aneurysms.  Both thoracic (38%) and 

abdominal (50%) aneurysms were observed [45].  The histology and morphology 

of aneurysm lesions had similar characteristics to human aneurysms.  A number 

of inflammatory markers as well as medial degradation were observed in 

aneurysms.  Interestingly enough, when treated with Ang II or BAPN alone, there 

was no evidence of aneurysm formation. One down side of this model is survival 

rates of Ang II and BAPN co-infused mice is low.  The most common cause of 

death was accredited to aneurysm rupture.  This model is advantageous 
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because it does not require the use of transgenic mice.  For this reason we 

implemented the model introduced by Kanematsu et al. for our current study.   

 

 

   Figure 4: Schematic of Ang II and BAPN induced AAA.  Mice were 

co-infusion with Ang II for 28 days and BAPN 14 days.  Mice were sacrificed at 

day 28.  Model established by Kanematsu et al, 2010 [45]. 
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LIPID RAFTS AND CAVEOLAE 

Background 

 The cell membrane structure consists of a phospholipid bilayer.  It was 

initially thought that membrane associated lipids, cholesterol, and proteins were 

homogenously and randomly floating throughout the membrane.  However, we 

now know the phospholipid bilayer is heterogeneous throughout. In fact, the 

membrane consists of unevenly distributed lipids, cholesterol, and proteins which 

organize into distinct domains referred to as lipid rafts [46, 47].      

 Lipid rafts are rich in cholesterol, sphingolipids, and saturated fatty acids, 

and signaling molecules [48]. These signaling molecules are crucial mediators in 

a number of cellular processes; therefore lipid rafts are often referred to as 

“signaling platforms” of the cell.   

 Caveolae are a distinct subset of lipid rafts that appear as flask-like 

structures. Measuring approximately 50-100 nm in diameter, these membrane 

invaginations are rich in sphingolipids, cholesterol and are associated with the 

scaffolding protein, Caveolin-1 (Cav1)[46, 47].  The unique structure of caveolae 

is maintained by caveolin proteins interlinking into the membrane via a 

hydrophobic hairpin loop. The N-terminal and C-terminal ends of the protein 

remain in the cytoplasm and form homo- and hetero-oligomeric complexes [49]. 

Caveolin protein has three isoforms, caveolin-1, caveolin-2 and caveolin-3.  

Caveolin-1 and caveolin-2 are co-expressed and form a hetero-oligomeric 

complex in a number of different cell types including endothelial cells.  Caveolin-3 

expression is limited to striated and smooth muscle cells.  Caveolin-1, is the 
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principal isoform present in endothelial cells and along with caveolin-2 is 

responsible to maintaining caveolae structure [50].  Since caveolin-1 and -2 are 

co-expressed loss of caveolin-1 gene consequently results in loss of caveolin-2 

resulting in ablation of caveolae structure [51].  Caveolae are compartmentalized 

signaling domains that have been shown to play a role in a number of different 

disease pathologies, such as atherosclerosis, diabetes, cancer, and inflammation 

[52] [53].  Specifically, caveolae have been shown to play a role in recruitment of 

inflammatory mediators, regulation of oxidative stress, and degradation of 

extracellular matrix components through MMP’s.  It has been shown that Ang II-

induced NADPH oxidase-dependent release of reactive oxygen species (ROS) is 

dependent on the presence of caveolae [54].  Our lab has previously shown that 

NADPH oxidase subunit Nox2 is compartmentalized in endothelial caveolae 

regulating ROS production [55].  

 

Caveolin – 1: 

Structure and Functions: 

 Caveolin-1 (Cav-1) is a 22-kDa protein consisting of 178 amino acids.  

Cav-1 consists of a hydrophobic domain which anchors it to the membrane while 

both -NH2 and -COOH termini face inward toward the cytoplasm [56]. There is a 

tyrosine phosphorylation site located in the -NH2 terminus and palmitolation site 

on the –COOH terminus. Homo-oligomerization of caveolin-1 proteins are 

required to form the structure of caveolae organelle (Figure 5).  Therefore, 

caveolae contain an oligomerization mapping domain located at residues 61-101.  
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Figure 5: Micrographs and artistic rendering depicting structure of 

Caveolae. A) Electron micrographs showing endothelial cell caveoale, and B) 

showing budding off of caveolae structures from plasma membrane to form 

cytoplasmic “caveosomes”. C) Schematic showing molecular components of lipid 

rafts and caveolae and their structural differences (Adapted from Simons K et al., 

2007). 

 

 One of the major functions of caveolae is to mediate cell signaling.  A 

caveolin-1 scaffolding domain (CSD), located at residues 81-101, is important 
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facilitator of protein-protein interactions.  The role of the CSD is two-fold.  First, 

the CSD serves as a docking site for proteins within the caveolae (i.e. Src-like 

kinases, H-Ras, eNOS, and heterotrimeric G-proteins) [48].  Second, the CSD 

regulates by either enhancing or inhibiting signaling activity of docked proteins 

within the caveolae.  A number of signaling proteins thought to interact with the 

caveolin-1 scaffolding domain have been proposed to use conserved caveolin-

binding motifs (CBMs).  To date, two CBMs have been identified in proteins in 

proteins that bind to caveolin-1, ΦXXXXΦXXΦ and ΦXΦXXXXΦ (Φ represents 

an aromatic amino acid and X denotes any amino acid) [57].    

 Another important function of caveolae is to mediate transcellular transport 

(or transcytosis).  The development of caveolae specific tracer molecules along 

with the creation of caveolain-1 global knockout mice has enhanced our 

understanding of caveolae mediated transcytosis [58].   Caveolae in endothelial 

cells are responsible for transcytosis of macromolecules from the lumen to the 

interstitial space in blood vessels.  

 

Caveolin-1 global knockout out mouse 

Background 

 In 2001 two separate groups developed the global disruption of the 

caveolin-1 protein in mice [51, 59].  Creation of the global cav-1 knockout (cav1-/-

) mice catapulted the caveolae field providing a true in vivo model to elucidate 

the function of caveolae.  Knocking out Cav-1, the structural protein of caveolae 

ablates caveolae formation.  Cav-2, known to form hetero-oligomeric complexes 
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with Cav-1, expression is ablated at the post transcriptional level in Cav-1 -/- 

mice.  It is also important to note that caveolin-3 expression is not altered in this 

model.   

Characteristics 

 Cav1 -/- mice are viable, fertile and have no overt developmental 

abnormalities, with the exception that they are slightly smaller than there wild-

type littermates [59].  As expected, Cav-1 -/- mice has deficiencies in 

transcytosis.  Radiolabeled albumin uptake was significantly reduced in Cav1-/- 

mice compared to their wild-type littermates [60].  Cav1-/- mice are atherogenic 

with elevated hypertriglyceridemia (elevated VLDL/chylomicrons) with normal 

plasma cholesterol levels [61].          

 Despite the atherogenic blood panel, loss of Cav-1 has been shown to be 

atheroprotective.  In a study where Cav1-/- mice were crossed with 

atherosclerosis prone apoE-/- mice, the double knockout progeny (cav1-/-; apoE-

/-) exhibited a 70% decrease in  atherosclerotic lesion formation in aortas in spite 

of the elevations in plasma cholesterol and triglycerides compared to apoE−/− 

mice [62, 63].  The atheroprotective effect is hypothesized to be related to a 

number of factors.  First, cav1-/- mice have decreased transcytosis of pro-

atherogenic lipoproteins.  Second, Cav1-/- mice have a decrease in pro- 

inflammatory recruitment proteins such as Vascular Cell Adhesion Molecule 

(VCAM).  Thirdly, Cav1-/- mice have an overall decrease in oxidative stress 

leading to a decrease in oxidized LDL [14].  Later studies pointed to endothelial 

specific caveolae as an important contributor to atherogenesis [64].  Utilizing 
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double knockout (cav1-/-; apoE-/-) mice, investigators reconstituted Cav-1 back 

into the endothelium only [64].  These mice lacked Cav-1 in all cell types except 

the endothelium (ApoE−/−Cav-1Rec).  Investigators found ApoE−/−Cav-1Rec mice 

developed atherosclerotic plaques similar to their ApoE-/- littermates.  The study’s 

findings suggest that endothelial caveolae play an important role in the 

development of atherosclerosis [64].   

  

 

CAVEOLAE ASSOCIATED PROTEINS  

Localization of eNOS and NOX2  

 

 As mentioned previously, endothelial Nitric Oxide Synthase (eNOS) is 

primarily responsible for production of Nitric Oxide (NO), a gaseous, generally 

cardio-protective molecule.  A number of studies have shown that Caveolin-1 

negatively regulates eNOS activity [65-68].  This is important since eNOS 

activation have been shown to prevent atherosclerotic lesions [69, 70]. Caveolin-

1 has been shown to bind to eNOS through co-immunoprocipitation studies.   It is 

believed that the direct interaction with eNOS occurs via the caveolin-1 

scaffolding domain (NH2-terminal residues 81–101) [22, 23].  The inhibitory 

conformation of eNOS is reversible.  For example, excess Ca2+/ calmodulin [71, 

72] and Akt-induced phosphorylation of eNOS have been shown to activate 

eNOS [67].  Recently, attempts to manipulate eNOS inhibition by creating a 

competitive peptide that has a high affinity for the cav-1 scaffolding domain.  The 
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hypothesis is that an inhibitory peptide would bind to the CSD releasing Cav-1 

inhibition of eNOS.  Uninhibited eNOS increases NO production thus achieving a 

cardiovascular protective effect.  While a number of investigators have looked 

into the possibility of a CSD peptide developed for therapeutic use, its potential 

has so far fallen short.   

 

OXIDATIVE STRESS 

Reactive Oxygen Species 

 Reactive oxygen species are chemically reactive molecules containing 

oxygen produced as a byproduct via aerobic respiration [73].  Examples of ROS 

include superoxide anion (O2
-), hydrogen peroxide (H2O2), hydroxyl radical (HO), 

hypochlorous acid (HOCl) and Ozone (O3).  Cells endogenously produce ROS as 

a byproduct in a number of normal physiological processes including 

mitochondrial oxidative phosphorylation.  ROS is also generated as an immune 

response to invading pathogens.  Therefore, immune response cells including 

leukocytes are copious producers of ROS when activated. 

 One of the major sources of ROS is NADPH oxidase (Nox) complexes.  

Nox complexes have 7  distinct isoforms and are located in the mitochondria, cell 

membrane, peroxisomes, and the endoplasmic reticulum [74].  Many ROS 

molecules including superoxide are negatively charged and cannot easily diffuse 

through the cell membrane.  Along with the fact that these molecules are 

unstable and short lived, effects of ROS tends to occur proximal to the area of 

their conception.   
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 There has been growing evidence supporting that over production of ROS 

is caused by the presence of ROS itself.  ROS, as well as products of lipid 

peroxidation have been shown to increase NADPH oxidase (Nox) activity.  In 

turn, this increase in Nox activity leads to a further increase in ROS production.  

This effect is often referred to as a “feed forward loop” [75, 76]. 

 

Reactive Nitrogen species 

 Reactive nitrogen species (RNS) are chemically reactive molecules 

containing nitrogen, examples include: Nitrogen dioxide (NO2), nitrous acid 

(HNO2), nitrosyl cation (NO+), nitrosyl ion (NO-), peroxynitrite (ONOO-), 

peroxynitrous acid (ONOOH), alkyl peroxynitrites (ROONO) and in some cases, 

nitric oxide (NO) [77].  NO is an important messenger molecule responsible for a 

number of important physiological processes including, vasodilation and 

antioxidant properties.  However, under conditions where excess superoxide is 

present, NO can react with (O2
-) to produce peroxynitrite, a RNS [78] [79].  Unlike 

superoxide, NO is both a stable and highly permeable molecule.  For this reason 

it is thought that production is mainly produced near the site of superoxide 

production, proximal to the mitochondria or cell membrane.   

   Elevated peroxynitrite is harmful in a number of ways.  First, the process 

of peroxynitrite formation directly diminishes NO availability.  Second, 

peroxynitrite can facilitate post translational modifications to lipids (lipid 

peroxidation) and proteins (protein nitration) leading to cell dysfunction [80].  
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Finally, peroxynitrite increases activation of ROS producing enzymes, thus 

further increasing the levels of oxidative stress. 

  

Antioxidants 

 Antioxidants are free radical scavengers that disrupt and inactivate ROS 

by donating an electron of hydrogen.  Examples of antioxidants include ascorbic 

acid and Super Oxide Dismutase (SOD).  These antioxidants play an important 

role in preventing the over production of ROS.  This balancing act is often 

referred to as “redox homeostasis.”  Redox homeostasis is important in 

maintaining normal physiological function.  When ROS production is increased 

relative to the level of antioxidants, oxidative stress occurs.  Oxidative stress can 

lead to impaired cellular function by directly or indirectly damaging nucleic acids, 

proteins and lipids.  As a result, oxidative stress has been implicated in a number 

of disease pathologies including atherosclerosis.    

 

Oxidative Stress in AAA 

 The association between oxidative stress and AAA has been known for 

years.  In 1987, Dubick et al. reported human AAA tissue had decreased levels 

of ascorbic acid and SOD compared with healthy, non-diseased aorta [81].  

Dubick later reported that human AAA samples revealed decreased levels of 

superoxide scavenging enzymes MnSOD, glutathione peroxidase, and 

glutathione reductase.  That study also showed, human AAA samples had an 

increased level of lipid peroxidation [82].   More recently studies have shown 
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human AAA exhibit a marked increase in inducible nitric oxide synthase 

particularly within the media and adventitia layers when compared to non-

disease aorta [83].  The expression of iNOS was localized near lymphocytes, 

macrophages, and smooth muscle cells.  This suggests these cells where 

responsible iNOS production [83].  Their findings also correlated with increased 

levels of nitrotyrosine when compared to healthy aorta tissue [83].  Another 

marker for oxidative stress, nitrite, levels were found to be markedly increased in 

human aneurysms at a level that can potentially degrade elastin [84]. One clinical 

study found that Vitamin E, an antioxidant, was decreased in patients with AAA 

compared to patients non AAA-associated coronary artery disease patients [85].   

This finding is interesting because it may suggest that AAA is associated with a 

higher level of oxidative stress then patients with other cardiovascular diseases.  

Another study evaluating NADPH oxidase activity found that Nox2 and its 

associated protein p22phox is dramatically up regulated in human AAA compared 

to non-diseased aortas [86].   

Possible sources of ROS/ RNS in AAA 

 As mentioned previously, enlarged diameter is a defining characteristic of 

AAA. Whether caused by hypertension or other factors, it is generally agreed 

upon that some mechanical force within the lumen causes dilation of the aorta.  

There are a number of caveolae associated proteins that have been linked to an 

increase in ROS/RNS production.  It has been shown that both pulsatile and 

mechanical stretch of human coronary smooth muscle cells increase NADPH 

oxidase induced ROS production (72).  This increased in ROS then activates NF-
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κB induced MMP-2 expression and activation [87, 88].  Taken together, these 

findings may suggest that changes in mechanical force within the lumen may 

contribute to pathology of AAA.  

 Another defining characteristic of AAA is the presence of immune cells 

infiltrating into the medial and adventitial layers of the aorta.  Leukocytes are 

thought to play a major role oxidative stress seen in AAA.  Macrophages have 

been shown to produce both superoxide (O-) and hydrogen peroxide (H2O2) via 

membrane bound NADPH oxidase (NOX).   Both macrophages and neutrophils 

express myeloperoxidase and enzyme responsible for converting H2O2 into 

HOCl.  HOCl can react with LDL, producing chloramines.  Chloramines can 

cause lipid peroxidation resulting in tissue damage within the aorta. 

 Infiltrating macrophages also release cytokines that recruit more 

inflammatory mediators.  These cytokines have also been shown to increase 

NADPH oxidase produced ROS in smooth muscle cells.  Increased ROS in 

SMCs leads to release of more cytokines and the process begins again [89, 90].  

 Invading inflammatory mediators are not the only cause of ROS in AAA.  

Endothelial and smooth muscle cells have also been implicated in producing 

ROS.  Another caveolae associated protein, nitric oxide synthase present in both 

endothelial (eNOS) and smooth muscle cells [91], plays a role in nitric oxide (NO) 

production.  As previously mentioned, NO is an important molecule in a number 

of normal biological processes.  However, when NO is over produced it reacts 

with metal nitrosyl complexes or with molecular O2 or O2
- to form RNS [92].  Also 

when eNOS is left uncoupled it can produce superoxide (O-).  NO reacts with O- 



 

31 

 

to form peroxynitrite (ONOO-). ONOO- is a highly potent molecule responsible for 

protein nitration.  Proteins nitration inactivates essential proteins leading to 

cellular dysfunction. Taken together, eNOS and NOX2, two caveolae associated 

proteins, play a role in ROS/RNS production.  
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HYPOTHESIS 

 

Caveolin-1/ Caveolae play an important role in the formation of Abdominal 

Aortic Aneurysms. Loss of Caveolin-1/ Caveolae is protective in 

Angiotensin II-induced AAA formation in mice 
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SUMMARY AND SPECIFIC AIMS 

 

The Role of Caveolae in the formation of Abdominal Aortic Aneurysms 

 

 Abdominal Aortic Aneurysm (AAA) is defined as an abnormal dilation in 

the abdominal aorta.  AAA is a progressive and degenerative disease that 

increases the diameter of the aorta until rupture. This size of aortic diameter is 

directly related to the risk of rupture.  Aortic rupture requires immediate medical 

attention and carries a mortality rate of approximately 80% [2].  AAA is a major 

cardiovascular disease affecting approximately 5% of adults over the age of 

sixty.  Since a majority of AAA patients are asymptomatic until rupture, patients 

at high risk are generally screened via non-invasive imaging.  Physicians often 

implore a watch and wait approach for patients with early stages AAA as the risk 

of rupture remains low.  However, once the chance of rupture becomes too great, 

the patents must undergo surgery.  The most common interventional surgical 

treatment option available for AAA is placement of a stent.  There is currently no 

pharmacological therapeutics available for the treatment and/ or prevention of 

AAA [22, 23].  This is due to the lack of information regarding the molecular 

pathology involved in the initiation and progression of this disease.  The goal of 

this proposal is to elucidate the key signaling mechanisms involved in the 

formation of AAA. 

 Clinically, AAA is defined by its anatomical features, specifically an 

increased aortic diameter as visualized via noninvasive imaging, usually 
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ultrasound.  Histologically, AAA has a number of well documented features.  In 

AAA the thickness of the aortic wall is increased while the structural elastin fibers 

are decreased.  AAA’s also have fewer vasa vasorum and the network of 

vascular smooth muscle and connective tissue in the media and adventitia layers 

often exhibits structural breakdown.  Marked increase in inflammatory markers 

are hallmarks of AAA.  Reports have shown an increase in macrophage and 

cytokine infiltration.  Also a number of matrix metalloproteases, particularly MMP-

2 and MMP-9 have been associated with this disease [10].  Elevations of Ang II 

have been associated with AAA. 

 As previously mentioned, caveolae are compartmentalized signaling 

domains that have been shown to play a role in a number of different disease 

pathologies, such as atherosclerosis, diabetes, cancer, and inflammation [52] 

[53].  Caveolae may play a role in the pathogenesis of these diseases through a 

number of well documented mechanisms.  For example, caveolae are involved   

in recruitment of inflammatory mediators, regulation of oxidative stress, and 

degradation of extracellular matrix components through MMP’s. Ang II has been 

shown to stimulate Nox-dependent ROS production [54].  While previous work in 

our lab has shown that caveolae associated Nox2 regulates ROS production.  

This suggests that Ang II-induced ROS production may be mediated via 

caveolae associated Nox2.     

 While there are several murine models for inducing AAA formation we 

chose the methodology established by Kanematsu et al. [45].  Utilizing this 

model, data in our lab has shown Cav-1 deficient mice do not develop 
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aneurysms as their wild-type littermates.  Cav-1 deficient mice are also protected 

from oxidative stress as determined by nitrotyrosine staining.  Other inflammatory 

mediators such as matrix metalloprotease (MMP-2,-9) and vascular cell adhesion 

molecule (VCAM) are attenuated as well.    

 Based on this data, we hypothesize that caveolin-1/ caveolae serve as 

important signaling domains in the formation Abdominal Aortic Aneurysms.  

 

 Dr. Eguchi’s lab (in collaboration with the Rizzo lab) has shown the role of 

caveolae/ caveolin-1 in the ANG II-induced ADAM17 activation in vascular 

smooth muscle cells.  Dr. Eguchi’s lab has also investigated the role of 

endoplasmic reticulum stress in the progression of AAA.  Both studies highlight 

the importance of caveolae compartmentalized signaling within vascular smooth 

muscle cell.  While the current project focuses on caveolae in endothelial cells, 

our overall hypothesis contends that caveolae compartmentalized signaling in 

both endothelial cells and vascular smooth muscle cells play a concerted role in 

the development of AAA (Figure 6).          
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Figure 6: Schematic representing Caveolae compartmentalized signaling.  

Overall Hypothesis: Caveolin-1/ Caveolae mediated signal transduction in 

endothelial cells and vascular smooth muscle cells in Ang II AAA development. 

Orange boxes denote caveolae-compartmentalized signaling occurring in both 

endothelial cells and VSMC.   Oxidative stress produced by endothelial cells 

further attributes to ADAM17 induction in VSMCs.  
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Aim 1a: Characterize the vascular phenotype of angiotensin II-induced AAA 

in global caveolin-1 deficient mice 

Rational and strategy: To carry out this aim we utilized a previously established 

murine model for induction of AAA in mice. Mice were co-infused with Ang II (28 

days) and BAPN (14 days) via osmotic mini pump.  Control mice were infused 

with saline.  All mice were eight to ten weeks of age at the start of the experiment 

(initial insertion of the osmotic mini pump).  Mice were sacrificed at day 28 (+/- 2 

days) to determine formation of aneurysm.  Our experimental group was the 

commercially available Cav-1 global knockout mice (Jackson Labs.)  Wild-type 

Black 6 mice (Jackson Labs) served as our control.   

 Aneurysm formation was determined using a previously established scale 

using both qualitative (presence or absence of thrombus) and quantitative 

(number of thrombi/ size of aorta).  Abdominal aortas were resected and 

preserved for immunohistochemistry.  Aorta sections were then stained for a 

number of common inflammatory mediators associated with AAA.  Presence of 

oxidative stress was assessed via nitrotyrosine staining.  Telemetry was used to 

determine blood pressures of selected mice from each group before sacrifice.    
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Aim 1b: More clearly define the early pathology characteristics of 

angiotensin II-induced AAA in the abdominal aorta  

Rational and strategy: We utilized the same Ang II-induced AAA murine model 

described in Aim 1a. Wild-type Black 6 mice (Jackson Labs) were co-infused with 

Ang II (7 days) and BAPN (7 days) via osmotic mini pump.  Control mice were 

again infused with saline.  Age of the mice at the start of the experiment was 

similar to Aim 1a (eight to ten weeks of age).  Mice were sacrificed at day 7 post 

pump implantation to determine the molecular characteristics of early aneurysm 

formation.  Given that a number of proteins responsible for the production of 

ROS are localized within the caveolae, we hypothesize, endothelial caveolae 

associated proteins are up regulated in early AAA formation. 

   

Aim 2:  Characterize the role endothelial Caveolae in the formation of AAA 

Rational and strategy: The majority of data gathered on the pathology of AAA is 

focused on vascular smooth muscle cells.  While endothelial signaling is an 

important player in a number of cardiovascular diseases such as atherosclerosis, 

there is a dearth of information regarding endothelial specific signaling in AAA 

formation.  Also, preliminary data in our lab has shown an increase in expression 

of VCAM, specifically within the endothelium in aortas of Ang-II induced AAA 

mice.  This suggests that endothelial cells play a role in the formation of AAA, 

possibly by upregulation of inflammatory recruitment molecules.  To determine 

the role of endothelial caveolin-1, we utilized the Ang II + BAPN AAA model an 

induced AAA in endothelial specific caveolin-1 KO mice.  In this study the mice 
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do not express Cav-1 in the endothelium.  If these mice do not develop AAA, this 

would strongly suggest, that endothelial caveolin-1 is important in Ang-II infused 

AAA formation. 

We hypothesize endothelial specific caveolin-1 knockout mice will fail to 

develop AAA.  
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CHAPTER 2: MATERIALS AND METHODS 

 

Animal protocol 

 All animal procedures were performed with the prior approval of the 

Temple University Institutional Animal Care and Use Committee and in 

accordance with National Institutes of Health Guide for the Care and Use of 

Laboratory Animals.  8 weeks old male Cav1-/- mice (B6.Cg-Cav1tm1Mls/J) and 

control Cav1+/+ mice (C57BL/6J) were obtained from the Jackson Laboratory 

and housed under barrier conditions.  Standard sterilized laboratory diet and 

water were available ad libitum.  In an attempt to reduce the number of aneurysm 

related deaths the original Kanematsu protocol [45] was modified from 6 week 

treatment of Ang II to 4 weeks.  The mice were co-infused with Ang II (1 

μg/kg/min) for 4 weeks and BAPN (150 mg/kg/day) for the first 2 weeks or 

infused with control saline through osmotic-pump (Alzet, Durect Corp) [19], which 

was subcutaneously implanted under anesthesia (Ketamine 80 mg/kg and 

xylazine 4 mg/kg, i.p.).  Adequacy of anesthesia was monitored by withdrawal 

response to foot pinch.  This mouse model reproducibly produces AAA 

associated with hypertension with morphological and histological characteristics 

similar to human AAA, but without atherosclerosis seen in other Ang II-

dependent AAA models in hyperlipidemic mice [19]. Blood pressure and heart 

rate were evaluated in all animals in the conscious state at day 28 by telemetry 

(DSI equipped with ADInstrument 6 software) via carotid catheter (PA-C10 
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transmitter).  Mice were euthanized by exsanguination via carotid artery under 

anesthesia (Ketamine 120 mg/kg and xylazine 6 mg/kg, i.p.).   

 To prepare samples for histological analysis, mice were perfused with 

saline followed by 10% paraformaldehyde at 100 mmHg.  Aortas were dissected 

free, extraneous tissue removed and photographed.  To prepare samples for 

mRNA analysis, mice were euthanized, aortas were dissected free, extraneous 

tissue removed and photographed.  Tissue was flash-frozen for mRNA isolation.  

AAA was defined as a localized dilation of the abdominal aortic wall with maximal 

outside diameter greater than 50% of the infra-renal aorta diameter at the 

midpoint between the renal artery and bifurcation of the iliac artery. 

Measurements of the gross aorta diameter were taken with a centimeter ruler 

immediately post resection.  At that time pictures of the gross aorta were also 

taken next to a ruler, for later measurement confirmation.  The same ruler was 

used in all experiments.  Ang II plus BAPN did not cause AAA or aortic dilation at 

infra-renal aorta in any of our mice.  We did not include our data on thoracic aorta 

diameter as only one survived control mouse with the co-infusion had class I 

thoracic aortic aneurysm (TAA).  As such, all maximum aortic diameters were 

measured at supra-renal aortas after excision.  All experiments were performed 

in sets of six to eight mice with each group represented by a minimum of two 

mice.  Experiments were performed until statistical significance was obtained.  

Twenty four control wild-type mice and sixteen Cav1-/- mice were used for the 

Ang II plus BAPN infusion experiments.  Among the 16 Cav1-/- AngII plus BAPN 

infusion mice, a total of 12 were included in the survival study (4 Cav1-/- mice 
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with Ang II plus BAPN infusion died by telemetry failure/bleeding death), and a 

total of 10 were analyzed for aortic diameter (Abdominal aortas from the last 2 

surviving Cav1-/- treated with Ang II and BAPN were collected without the 

diameter evaluation for mRNA analysis).  In wild type mice with Ang II plus BAPN 

infusion, we were able to analyze aortic diameter in all 10 surviving mice.  10 

control mice and 9 Cav1-/- mice were used for the control infusion experiments.  

No deaths were observed in the saline infusion groups and all the aortic 

diameters were analyzed.  Successful telemetry recordings were obtained in 8 

and 6 control mice and 8 and 9 Cav1-/- mice with saline or Ang II plus BAPN 

infusion, respectively.  Telemetry units were inserted in the back of the mouse 

and the probe threaded through the neck to the carotid artery.  The probe was 

inserted into the carotid into the aortic arch.  Surgical thread kept the probe in 

place, the animal are sutured and allowed to recover overnight.  The next day 

telemetry units calculated both systolic and diastolic blood pressures.  Due to the 

invasive nature of this procedure, a number of mice expired before blood 

pressures could be taken.   The severity of AAA was classified based on the 

gross appearance of the aorta as previously described [21].  Sections of 

aneurysm (of area of infrarenal aorta if no AAA present) were extracted and 

placed in 4% paraformaldehyde.  Samples were then processed by cleaning, 

dehydration and preserved in paraffin wax.  Next samples where embedded into 

paraffin block and ready for cross-sectioning.   Serial cross-sections (5 μm thick) 

from abdominal aortas were mounted on microscope slides.  To avoid any bias 

on the sample selection, in each infusion group, the first 4 surviving animals were 
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examined for histology and immunohistochemistry, and the last 4 animal samples 

were examined for qPCR.   

 

Breeding of the endothelial specific Caveolin-1 knockout mice 

 Four mice were graciously borrowed from Dr. Michael Elliot’s Lab and 

placed in quarantine for two months per Temple University Institutional Animal 

Care and Use Committee regulations.  All handling and experiments were 

performed approved by Temple University Institutional Animal Care and Use 

Committee regulations and in accordance with National Institutes of Health 

 

Guide for the Care and Use of Laboratory Animals. 

 Two male Tie-2 cre positive; Cav-1 f/f mice and two female Cav-1 f/f mice 

were bred using standard one on one pairings.  There were no overt issues with 

breeding.  Tail clips were used to collect blood samples for PCR to determine 

genotype.  Mice were 8-10 weeks old at the beginning of all experiments.  

Immunohistochemistry 

 In order to observe ECM integrity a number of sections from abdominal 

aorta were stained with Masson Trichrome stain.  Abbreviated protocol: Samples 

were first deparaffinized and rehydrated by exposing to an alcohol gradient. 

Samples were washed, and re-fixed in in Bouin's solution for 1 hour.  Samples 

were again rinsed and stained with in Biebrich scarlet-acid fuchsin for 10 

minutes.  Samples were then washed and placed in phosphomolybdic-

phosphotungstic acid solution for 10 minutes then immediately placed in aniline 
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blue solution and stain for 5 minutes.  After samples were rinsed they were 

placed in 1% acetic acid, rinsed, and then dehydrated where they could then be 

mounted.    

 In order to visualize different markers of AAA, DAB staining with 

appropriate antibodies was performed.  Sections from abdominal aortas were 

deparaffinized and blocked in 5% goat serum and 1% BSA for 1h at room 

temperature, incubated with primary antibody in PBS containing 1% BSA and 

0.1% Tween 20 for 18 h at 4 °C, followed by biotinylated secondary antibody for 

90 min at room temperature.  Slides were incubated with avidin–biotin 

peroxidase complex for 30 min at room temperature and staining was visualized 

with the substrate diaminobenzidine (Vector) producing a brown color and 

counterstained with haematoxylin.  An equal concentration of control IgG was 

used side-by-side with each antibody to ensure the staining specificity.  

Quantification of the antibody staining was performed as reported previously with 

subtraction of each control IgG staining [22].  All images were visualized on a 

Photometrics CoolSNAP HQ digital camera, acquired with SPOT 4.7 Basic 

software using the same exposure time, and loaded into the ImageJ program 

(http://rsb.info.nih.gov/ij) for analysis.  A region of interest was drawn around the 

whole aorta with the freehand selection tool to include medial layers.  Adventitia 

was excluded from the quantification since the adventitia areas were quite limited 

in aortas except those with AAA.  All images were set to the same hue, 

saturation, and brightness.  The area and intensity (integrated density) in the 

region of interest were then measured and analyzed.  Data were obtained from 



 

45 

 

three to four non-overlapping fields per aortic cross-section in each antibody and 

the control IgG staining for subtraction (n=4-3 aortas per treatment or genotype).  

Results are presented as fold increase over control, which was set at 1. 

 

Immunoblotting 

 Immunoblotting was performed as previously described [24].  Quiescent 

VSMCs grown on 6-well plates were stimulated for specified durations.  The 

reaction was terminated by the replacement of medium with 100 μL of 1xSDS 

sample buffer.  40 μL of the cell lysates were subjected to SDS-PAGE gel 

electrophoresis and electrophoretically transferred to a nitrocellulose membrane.  

The membranes were then exposed to primary antibodies overnight at 4 °C.  

After incubation with the peroxidase linked secondary antibody for 1 h at room 

temperature, immunoreactive proteins were visualized using a 

chemiluminescence reaction kit.   

 

Reagents 

Ang II was purchased from Sigma-Aldrich and Bachem.  BAPN was purchased 

from TCI.  Antibodies for immunoblotting against ADAM17 (sc-13973) and for 

immunohistochemistry against interleukin (IL)-1β (sc-7884) and TNF-α (sc-

52746) were purchased from Santa Cruz Biotechnology.  Antibodies for 

immunohistochemistry against ADAM17, matrix metalloprotease-2 (MMP2) and 

MMP9 were purchased from Abcam (ab39163, ab37150 and ab38898), 

respectively.  Antibody against IL-6 (bs-0782R) was purchased from Bioss.  
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Antibody against Tyr1068-phosphorylated EGFR (2234) was purchased from 

Cell Signaling.  Antibody against GAPDH (MRB374) and nitro-tyrosine (06-284) 

were purchased from Millipore.  Antibody against KDEL (ADI-SPA-827) was from 

Enzo Life Sciences.  Antibodies against Cav1 (610060) and Nox2/gp91 Phox 

(611414) were purchased from BD Biosciences.  

 

Statistical analysis 

Kaplan-Meier survival curves were constructed and analyzed using log-rank 

(Mantel-Cox) test.  Fisher’s exact test was used to analyze categorical data.  

Differences between multiple groups were analyzed by 2-way ANOVA, followed 

by the Tukey-Kramer post hoc test.  Data were presented as mean ± SEM.  

Statistical significance was taken at p<0.05. 

      

Ultrasound Measurements 

     For Aim 2, aortic diameter was measured in real time using a Visualsonics 

Vevo 2200 High-Resolution Imaging System with a RMV 707B Scanhead. Mice 

were anesthetized with inhaled isoflurane. Body temperature was maintained 

with a heated stage and anesthesia and vital signs were observed throughout the 

procedure. A region of interest within the aorta was identified and measured at 

the largest diamete 
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CHAPTER 3:  CAVEOLIN-1 IS CRITICAL FOR ABDOMINAL AORTIC 

ANEURYSM FORMATION INDUCED BE ANGIOTENSIN II AND INHIBITION 

OF LYSYL OXIDASE 

 

Cav1 deficiency attenuated Ang II-dependent AAA development 

  

 There was a significant difference in survival rates between Cav1+/+ and 

Cav1-/- mice during 28 days of Ang II plus BAPN co-infusion.  Among 24 control 

Cav1+/+ mice that received Ang II plus BAPN, a total of 14 mice died before 4 

weeks (a).  We were able to perform necropsy for 9 mice and ruptured aortae 

were recognized in all of these mice (6 at thoracic level and 3 at abdominal level) 

suggesting that the major cause of death in these mice was rupture (b). No 

deaths were observed in the group of Cav1-/- mice that received Ang II plus 

BAPN or in the saline infusion groups.   
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Figure 7: Increased mortality and fatal aortic rupture were prevented in 

Cav1 deficient mice co-infused with Ang II and BAPN   

8 week old Cav1-/- mice and the control Cav1+/+ (C57Bl/6) mice were infused 

with Ang II (1 μg/kg/min for 4weeks) and BAPN (150 mg/kg/day for the first 2 

weeks). Percentage survival curve with black and grey circles represent Cav1-/- 

and Cav1+/+ mice, respectively (n=survived number/total number) (A).  

Summary data showing percentages of animals with fatal rupture or unspecified 

death following treatment with Ang II plus BAPN (B).  
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Ang II-induced hypertension in wild type and Cav-1 KO mice 

 

 After 4 weeks of either saline or Ang II plus BAPN infusion, surviving mice 

were characterized.  There was no significant difference in body weights or heart 

rates among the groups.   

 Next we examined blood pressures of mice in our model.  As previously 

noted, Cav-1 KO mice do not contain the caveolae organelle. Previous studies 

have shown the angiotensin II receptor is localized in caveolae. One possible 

explanation as to why Cav-1 KO mice are protected from aneurysms is that lack 

of caveolae ablates the angiotensin II receptor, leading to disruption of Ang II 

signaling.  Since Ang II is plays a pivotal role in our AAA model, required us to 

investigate if disruption of Ang II signaling was the reason cav-1 KO mice did not 

form AAA.  Since hypertension is the major consequence of Ang II peptide-Ang 

receptor signaling we collected blood pressures on the mice.  Using telemetry, 

we obtained blood pressures at day 27 (one day before sacrifice).  We found 

caveolin-1 knockout mice exhibited a hypertensive phenotype similar to that of 

the wild-type littermates.  Blood pressure was significantly elevated in both 

strains receiving Ang II plus BAPN (Table 1, figure 6). In agreement with a 

previous report [31], Cav1-/- mice under saline control condition have slightly 

elevated diastolic blood pressure.   
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Characteristics of the mice infused with saline or Ang II + BAPN 

 

Table 2: Data are means ± SEM.  BW, body weight; SBP, systolic blood 

pressure; MBP, mean blood pressure; DBP, diastolic blood pressure; HR, heart 

rate; b/m, beats/min.  p<0.01, significantly different from saline infusion within 

strains (*).  p<0.05, significantly different from Cav1+/+ within infusions (†).    

 

 

Figure 8: Blood Pressures of Angiotensin II-induced AAA.  Both Cav 1 -/- 

and WT mice exhibited a hypertensive phenotype.  All blood pressures were 

taken via telemetry the day before sacrifice (day 27).   
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Cav-1 KO mice are protected from Ang II-induced AAA 

All surviving control Cav1+/+ mice with Ang II and BAPN co-infusion 

exhibited AAA (Figure 9a, b) and most of the AAA (80%) were at advanced stage 

(class III or IV) ( 

Table 3).  In contrast, only one mouse among 10 Cav1-/- mice receiving the 

co-infusion had class I AAA.  Ang II plus BAPN infusion increased abdominal 

aortic diameter in Cav1+/+ mice but not in Cav1-/- mice (Figure 9).  Thoracic 

aortic aneurysm was observed in one Cav1+/+ mouse with the co-infusion but 

not i n the Cav1-/- group with the infusion.   

 

 

Figure 9: Cav-1 deficient mice protected from AAA formation  

8 week old Cav1-/- mice and the control Cav1+/+ (C57Bl/6) mice were infused 

with AngII (1 μg/kg/min for 4weeks) and BAPN (150 mg/kg/day for the first 2 

weeks) or saline for 4 weeks. Incidence of AAA in surviving mice after Ang II plus 

BAPN infusion for 4 weeks (A). Representative aorta after Ang II plus BAPN 
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infusion, arrows indicate AAA (B).  Measurements of maximal external width of 

abdominal aortas after the 4 week infusion (C). 

 

Classification of AAA 

 

 

 

Table 3: 8 week old Cav1-/- mice and the control Cav1+/+ (C57Bl/6) mice were 

infused with AngII (1 μg/kg/min for 4weeks) and BAPN (150 mg/kg/day for the 

first 2 weeks). Type I: Dilated lumen in the supra-renal region of the aorta/no 

thrombus. Type II: Remodeled tissue in the supra-renal aorta/ frequently contains 

thrombus Type III: Bulbous appearance/ contains thrombus. Type IV: Multiple 

aneurysms/ containing thrombus.  Classification established by Daugherty et al. 

2001[93]. 
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Histological characterization of abdominal aortas 

 

Histological characterization of abdominal aortas with Masson’s trichrome 

staining and hematoxylin eosin staining demonstrated marked thickening of the 

vascular wall, degeneration of elastic lamina, presence of intramural thrombus, 

and thickened, collagen-rich adventitia in Cav1+/+ mice with the co-infusion 

(Figure 10).  In contrast, Ang II plus BAPN infusion only slightly enhanced medial 

layer and adventitia thickness and elastic lamina remained intact in Cav1-/- mice.  

Taken together, systemic Cav1 ablation appears to protect mice from AAA 

development and rupture induced by Ang II plus BAPN co-infusion. 
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Figure 10:  Histological assessment of abdominal aortas 

8 week old Cav1-/- mice and the control Cav1+/+ (C57Bl/6) mice were infused 

with Ang II (1 μg/kg/min 4weeks) and BAPN (150 mg/kg/day 2 weeks) or saline 

for 4 weeks.  Cross sections of abdominal aortas were stained with Masson’s 

trichrome or hematoxylin and eosin (HE) protocol. Representative staining was 

shown from n=4 for each.  
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Cav1 deficiency attenuated oxidative stress and inflammatory responses 

associated with AAA 

 

 Both oxidative stress and endoplasmic reticulum (ER) stress have been 

implicated in a variety of cardiovascular diseases [94, 95] and each can be 

induced through Ang II signaling mechanisms [96, 97].  While oxidative stress 

seems critical for AAA development [98], the role of ER stress in AAA remains 

obscure.  Enhanced staining of an ER stress marker, KDEL, an oxidative stress 

marker, nitro-tyrosine, and NADPH oxidase subunit, Nox2, was observed in aorta 

with AAA, whereas all staining was markedly prevented in Cav1-/- mice with co-

infusion (Figure 11). 

 The effects of Cav1 deficiency on AAA-associated cytokine and MMP 

expression were further analyzed.  AAA induced by Ang II and BAPN co-infusion 

was associated with enhanced expression of TNF-α, IL-6 and MMP-2 but not IL-

1β or MMP-9 in medial layers.  These AAA associated responses were 

attenuated in Cav1-/- mice with the co-infusion.  Enhanced expression of TNF-α, 

MMP-2 and MMP-9 was also observed in adventitia of AAA (Figure 11).  

Expression was also quantified from IHC (Figure 12).  
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Figure 11:  NOX2 and oxidative stress were attenuated in Cav1-/- mice with 

Ang II plus BAPN infusion. 8 week old Cav1-/- mice and the control Cav1+/+ 

(C57Bl/6) mice were infused with Ang II+BAPN or saline for 4 weeks as in Fig 1. 

Abdominal aortae were immuno-stained with antibodies as indicated (n=4).  

Nitro-tyrosine antibody (nTyr) was used to assess oxidative stress (200x). 

Specific staining intensity at medial area was quantified with subtraction of 

control IgG staining intensity of the corresponding area (means ± SEM, * 

p<0.05). 
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Figure 12:  Aortic inflammatory responses and MMP induction were 

attenuated in Cav1-/- mice with Ang II plus BAPN infusion. 8 week old Cav1-

/- mice and the control Cav1+/+ (C57Bl/6) mice were infused with Ang II+BAPN 

or saline for 4 weeks as in Fig 1. Abdominal aortae were immuno-stained with 

antibodies as indicated (n=3).  Nitro-tyrosine antibody (nTyr) and KDEL antibody 

were used to assess oxidative stress and ER stress, respectively (200x). Arrows 

indicate enhanced MMP-9 staining at adventitia.  
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Figure 13 Quantification of IHC staining 

Specific staining intensity at medial area in Supplemental Figure D-1 was 

quantified with subtraction of control IgG staining intensity of the corresponding 

area (means ± SEM, * p<0.05). 
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Vascular Cell Adhesion Molecule is attenuated in Caveolin-1 Knockout mice 

  

 Another hallmark of AAA formation is the presence of Vascular Cell 

Adhesion Molecule (VCAM).  VCAM, mainly expressed by endothelial cells, plays 

a major role in the recruitment of inflammatory mediators circulating within the 

blood.  In vitro, investigators have shown Ang II upregulates VCAM expression 

via the NF-kB pathway [99].   Here we show an up regulation in VCAM, in the 

aortas, of wild-type mice co-infused with Ang II and BAPN.  VCAM expression is 

specifically seen at the endothelium.  The up-regulation of VCAM was not 

observed in cav-1 knockout mice co-infused with Ang II and BAPN (Figure 14).  

This evidence suggests the importance of inflammatory recruitment factors 

produced by endothelial cells.   
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Figure 14: VCAM expression was attenuated in Cav-1 KO mice  

8 week old Cav1-/- mice and the control Cav1+/+ (C57Bl/6) mice were infused 

with Ang II+BAPN or saline for 4 weeks as previously noted. Abdominal aortae 

were immuno-stained with an antibody specific for VCAM-1 (n=4). All images 

taken at (40x) magnification. Specific staining intensity at endothelial area was 

quantified with subtraction of control IgG staining intensity of the corresponding 

area (means ± SEM, * p<0.05). 
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CHAPTER 4: CHARACTERIZATION OF EARLY AAA DEVELOPMENT IN THE 

ANGIOTENSIN AND BAPN INFUSED MODEL  

Introduction 

 The vast number of AAA studies focus on characteristics of late AAA 

formation or rupture.  There is a deficiency of information available characterizing 

events early in AAA development.  Knowledge of AAA initiation is of particular 

interest because if early events are better characterized, the next step would be 

to elucidate the mechanism that initially induces AAA.  Once a mechanism can 

be determined, possible therapeutics could be developed.   

  In order to define mechanisms in early AAA formation, we first needed to 

characterize early AAA.  We utilizing the same Ang II-induced AAA model as 

previously described.  Both concentrations of Ang II and BAPN were the same as 

previous experiments.  Eight to ten week old wild-type Blk6 mice were used.  All 

experimental parameters and protocols were the same as the previous 

experiment; however, this time, mice were only co-infused with Ang II and BAPN 

for 1 week, and then sacrificed (Figure 15).   
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Figure 15: Schematic Representation of Methodology of Early AAA 

Induction.  Mice were co-infused with angiotensin II and BAPN for a period of 7 

days before sacrifice and analysis.  Ang II and BAPN concentrations were similar 

to previous experiment.  
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Caveolin-1 and other Caveolae associated proteins are up-regulated early in 

AAA formation 

 After sacrifice aortas were examined and resected.  No aneurysm 

formation or aortic dilation was observed.  Aortic tissue from the suprarenal 

region was removed and processed for immunohistochemical staining.  Sections 

from aneurysms of Ang II and BAPN infused Blk6 mice taken from previous 

experiment to be compared and used as a positive control.  We first stained for 

expression of caveolin-1 and proteins known to be localized within the caveolae.  

Caveolin-1 protein expression was not markedly increased within one week of 

Ang II and BAPN infusion.  However, consistent with previous data in our lab 

(unpublished), caveolin-1 is up-regulated at 4 week Ang II and BAPN infusion.  

Next we examined proteins known to localize within caveolae.   Nox2 and eNOS 

expression were both increased particularly at the endothelium.  This is not 

surprising considering both proteins are highly expressed in endothelial cells.   
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Figure 16 Expression of Cav-1 and Caveolae associated proteins.  Aorta samples 

taken from mice treated with saline or Ang II and BAPN for one week (second 

column) or four weeks (third column).  Caveolin-1 expression is not up-regulated 

at 1 week but is increased by 4 weeks (TOP).  Nox2 and eNOS expression is up-

regulated at 1 week and stays up-regulated at 4 weeks (Bottom 2 rows) 
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Adhesion Molecules and Protein Nitration in Early AAA formation 

 

 Next we wished to examine the presence of the endothelial inflammatory 

recruitment protein, Vascular Cell Adhesion Molecule (VCAM).  We saw an 

increase in VCAM within the endothelium layer after four weeks of Ang II and 

BAPN infusion.  This is not surprising since expression of VCAM at the 

endothelium plays a large role in recruitment of leukocytes. While appearing 

enhanced, there was no statistical difference in VCAM expression between 

saline and one week of treatment with Ang II and BAPN. Next we looked at 

protein nitration (3-NT), a marker for peroxynitrite, but also an indicator for 

oxidative stress.  There was no appreciable difference in presence 3-NT between 

saline and one week; however there was an overall increase at 4 weeks (Figure 

17).  Considering protein nitration is a present even at basal levels, and its quick 

reaction rate, it was surprising to not see higher levels of 3-NT at one week.  

However, since we used aneurysms from mice infused with Ang II and BAPN for 

four week as positive control, it may have been hard to detect appreciable 

differences between saline and one week.   At very least, this data suggests that 

protein nitration is elevated during late stage AAA formation compared to early 

Ang II-induced AAA.  
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Figure 17:  Expression of VCAM and Nitrotyrosine: Aorta samples stained for 

VCAM of 3-NT taken from mice treated with saline [100] or Ang II and BAPN for 

1 week (second column) or four weeks (third column).  VCAM expression is up-

regulated at 4 weeks.  3-NT, a marker of protein nitration is not up-regulated until 

four weeks.  
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Macrophage infiltration and Matrix Metalloproteases - 2 and are late markers of 

AAA formation 

 

 Macrophage infiltration and upregulation of matrix metalloprotease -2 

expression are hallmark characteristics of AAA.   A consensus on chronology of 

these inflammatory mediators in AAA disease progression has not been 

established.   Here we observed no presence of macrophages after 1 week of 

co-infusion with Ang II and BAPN.  However, after 4 weeks of Ang–II BAPN co-

infusion macrophage infiltration within the medial and adventitial layers is 

evident.  Similarly, upregulation of MMP-2 expression of not observed until four 

weeks Ang II /BAPN co-infusion.  At four weeks MMP-2 expression is observed 

throughout all layers of the aortic vessel, especially in the endothelium and 

adventitial layers.      
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Figure 18: Macrophage infiltration and MMP-2 expression as late markers 

for AAA.  Aorta samples stained taken from mice treated with saline [100] or Ang 

II and BAPN for 1 week (second column) or four weeks (third column).Top row: 

representative images of presence of infilrating macrophages at day 28, but not 

seen at day 7.  Bottom row:  MMP-2 expression increased at day 28 but not 

evident at day 7.       
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CHAPTER 5: THE ROLE OF ENDOTHELIAL CAVEOLIN-1 IN THE 

FORMATION OF AAA 

Introduction 

 

 We have previously shown Caveolin-1 global knockout mice are protected 

from Ang II and BAPN induction of AAA.  This suggests caveolin-1 plays an 

important role in AAA formation.  However, our results seen in the global 

knockout do not offer insight into the involvement of caveolae in specific cell 

types.  Caveolin-1 is a ubiquitously expressed protein present in a number of cell 

types including, VSMC, macrophages, and endothelial cells.  As previously 

discussed, endothelial cells play a large role in a number of cardiovascular 

diseases including AAA.  Next we attempted to elucidate the role of endothelial 

caveolae in AAA development.  To do this, we utilize the Cre-loxP system to 

create an endothelial specific cav-1 knockout.  The Cre-loxP system allows 

targeted manipulation of a gene. The Cre recombinase is an enzyme that 

catalyzes recombination between two loxP sites.  LoxP sites specific 34-base 

pair sequences consisting of an 8-bp core sequence, where recombination takes 

place, and two flanking 13-bp inverted repeats.  Typically, for a tissue specific 

knockout, the Cre recombinase is attached near the promoter region of a tissue 

specific gene.  For example, Tie-2 is a receptor tyrosine kinase only expressed in 

endothelial cells.  Therefore, a Tie-2 Cre would transcribe and translate the Cre 

recombinase only in the endothelium.  The LoxP sequence is inserted flanking 

the gene of interest.  The Cre recombinase splices the loxP sites creating a 
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recombination event.  This recombination event disrupts the gene only in the 

cells that express the Cre, in this case, endothelial cells (Figure 19) 

   

 

Figure 19: Schematic representing Cre-LoxP methodology. LoxP sites flank 

exon 2 of Cav-1 gene. The cre is attached to a tissue specific promoter, (in our 

case, Tie-2).  The Cre-recominase expressed in endothelial cells induced a 

recombination event at the cav-1 gene that excises exon 2.  Excision of exon 2 

renders the cav-1 protein non-functional.  

 

 We obtained breeding pairs to create endothelial specific caveolin-1 

knockout mice from Michael Elliot’s group at University of Oklahoma Health 

Sciences Center.  Dr. Elliot graciously agreed to give us male mice, containing a 

tie-2 Cre and female mice containing cav-1 LoxP mice.  Breeding followed typical 

Mendelian genetic genotypes producing 25% littermates that were cre+;cav1f/f, 
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endothelial specific knockout mice.  PCR was performed on all offspring using 

the parental strains as controls (Figure 21).   

 

 

 

Figure 20: Endothelial specific Cav-1 Knock-Out Breeding Schematic 

Breeding schematic of creating the endothelial specific Mendelian genetics. 

Approximately twenty-five percent of the offspring were Tie-2 Cre + and Cav-1 

flox/flox thus, endothelial specific Cav-1 knockout mice.  Cav-1 flox/flox mice that 

were negative for Tie-2 Cre served as controls.  
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Figure 21: Genotype analysis of Tie-2 Cre; Cav-1 f/f mice. An example of 

PCR analysis in the cre-lox transgenic mice. Top panel shows PCR results for 

cav-1 gene.  WT allele is depicted at the lower band and floxed cav1 upper band.  

Lower panel shows PCR analysis for presence or absence of CRE. Bands on the 

right were samples taken from mice of known genotype and used as controls.   
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Endothelial Specific Caveolin-1 Knockout mice do not develop Abdominal Aortic 

Aneurysms induced by Angiotensin II and BAPN 

   

   There was a slight modification to the Angiotensin II/ BAPN-induced AAA 

model used in Aim 1.  BAPN (1 mg/mL) was administered in drinking water for 

the first two weeks as opposed to administered via osmotic mini pump.  Dr. 

Satoru Eguchi’s lab has recently reported that administration of BAPN in drinking 

water along with mini pump infusion of Ang II-induced aneurysm formation and 

rupture rate similar to the Kanematsu et al. paper [45].  Administering BAPN in 

the drinking water was less stressful to the mice and led to better outcomes 

during insertion of telemetry.   

 Endothelial specific caveolin-1 knockout mice (Cre+ ; Cav1f/f) (eCAV1 

KO) and aged matched control (Cre- ; Cavf/f) mice were infused with Ang II (1 

μg/kg/min) for 4 weeks via osmotic-pump (Alzet, Durect Corp) [19] while 

concurrent BAPN (1 mg/mL) was administered in the drinking water for two 

weeks.  Mice from both groups received saline via osmotic mini pump and served 

as controls. 

 At day 28 mice were sacrificed and aortas were dissected from the heart 

down to the bifurcation.  The renal arteries and kidneys were included for 

reference.  Preliminary results show that zero of the four eCAV1KO mice 

receiving Ang II and BAPN developed aneurysms.  The mean diameter of these 

mice was 1.0 mm.  All four of the control, Cre- ; Cavf/f mice infused with Ang II 

and BAPN experienced aneurysm formation defined as an aortic diameter larger 
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than 1.5x the diameter of a normal aortic segment and or presence of thrombus.  

The mean aortic diameter of Cre- ; Cavf/f mice was 2.3 mm. No aneurysm 

formation was observed either the control Cre-;Cavf/f (1) or Cre+;Cav1f/f (1) mice 

that received saline. (Figure 22 and Table 4)   

 Unfortunately again the sample size was not large enough to determine 

statistical significance.  However, there appears to be a general trend showing 

eCav1KO mice are protected from Ang II and BAPN induced AAA formation.  If 

the preliminary data is correct, it would highlight the importance of endothelial 

caveolae AAA pathology.   

 With the use of ultrasound, aortic diameter was measured in real-time 

during the experiment (Figure 23).  Under anesthesia, the length of the 

abdominal aorta was scanned and measurements were taken at the largest 

diameter for each mouse.  While the sample size was not large enough to find 

statistical significance, the data collected suggests that eCAV1KO mice are 

protected from AAA formation. 
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Figure 22: Endothelial Caveolin-1 knockout mice do not form AAA.  

Representative images of aortas infused with Ang-II +BAPN for 28 days.  Left: 

Control mouse aorta with AAA present just above renal arteries.  Right: 

Endothelial Cav-1 knockout mouse aorta with no aneurysm present.      
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Gross Aortic Diameter of Endothelial Cav-1 KO Mice 

 

Cre + ; Cav f/f 

Ang II +BAPN 

Cre - ; Cav f/f 

Ang II +BAPN 

Cre + ; Cav f/f 

Saline 

Cre + ; Cav f/f 

Saline 

1.05 (mm) 

 

3.18 .928 .96 

1.0 2.06   

1.05 2.42   

1.04 1.428 (thrombus)   

1.035 (mean) 2.272 NA NA 

 

Table 4: Aortic diameter of endothelial Cav-1 KO is not increased when 

treated with Ang II and BAPN: Diameter measurements of dissected aortas 

after four weeks of treatment with Ang II and BAPN or saline.  Mean 

measurements are in the last row in blue.   While not statistically significant, 

endothelial caveolin-1 knockout mice do not form aneurysms compared to WT 

littermates.   
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Figure 23: Aortic diameter measured by ultrasound.   Measurements at 4 

weeks showing eCAV-1 (Cre+; Cavf/f) mice do not have enlarged aortic diameter 

compared to control (Cre-; Cavf/f) mice. Measurements are as follows:  

(eCAV1KO) saline 0.899 mm, (eCAV1KO) Ang II and BAPN 0.943mm, (WT) 

saline 0.879 mm, (WT) Ang II and BAPN 2.720mm   
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CHAPTER 6: DISCUSSION 

Caveolin-1 is critical for abdominal aortic aneurysm formation induced by 

angiotensin II and inhibition of lysyl oxidase 

 

 By using a novel rodent model of AAA induced by Ang II plus BAPN co-

infusion [45], the present study demonstrated a remarkable prevention of AAA 

development and rupture in Cav1-/- mice compared with the wild-type control 

C57Bl/6 mice.  However, hypertension associated with the co-infusion was 

unaltered in Cav1-/- mice.  Our findings are consistent with a past publication 

reporting that Cav1-/- mice were protected from cardiac hypertrophy but not 

hypertension induced by co-treatment with Ang II and an eNOS inhibitor [101].  

Although hypertension is a frequently cited risk factor for human AAA, its 

contribution to AAA development appears rather weak or negative in human 

studies [102].  Past studies with several distinct pharmacological [103-106] or 

genetic manipulations [107-109] together with our current observations further 

support the dispensable role of hypertension in Ang II-dependent AAA formation. 

While the induction of AAA in this model requires co-infusion of BAPN (a 

Lox inhibitor), the AAA analyses on this model may provide a unique alternative 

to other established AAA mouse models.  We, and others, have observed higher 

incidence of AAA formation and rupture in the Ang II/BAPN co-infusion models 

than the hyperlipidemic mice infused with Ang II alone [45, 110], whereas 

incidence of thoracic aortic aneurysm seems to be varied among the studies.  

The rupture or mortality rate we observed seems comparable to previously 
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reported rupture-prone AAA models including C57Bl/6 with Ang II plus TGF-β 

antibody co-infusion [111].  The Ang II BAPN co-infusion appears to be a useful 

model to study potential prevention of AAA development and rupture in a 

genetically engineered mouse without the need for hybrid double knockouts such 

as those bred with apoE-/- mice.  

In apoE-/- mice, Cav1 expression was abundant in EC and VSMC, whereas 

no expression was evident in infiltrating macrophage [64].  A study with EC-

selective Cav1 rescue in athero-protective Cav1/apoE double knockout mice has 

demonstrated a critical role of EC Cav1 to promote cell adhesion molecule 

expression and macrophage infiltration [112].  In addition, Cav1-/- mice have 

been reported to show endothelial nitric oxide synthase (eNOS) hyper-reactivity 

[112].  EC function has a negative relationship with AAA development in human 

[113] and eNOS/apoE double knockout mouse shows AAA development and 

rupture without Ang II infusion [73]. Cav1 up-regulation has been implicated in 

endothelial dysfunction of apoE-/- mice upon Ang II infusion [114].  Therefore, 

whether EC Cav1 also participates in AAA development and rupture by inhibiting 

eNOS remains to be investigated. 

Protecting against oxidative stress either pharmacologically [105] or 

genetically [98] appears effective for AAA prevention.  Our data suggest that 

Cav1 silencing protects from AAA via suppression of oxidative stress and ER 

stress.  Oxidative stress, seems critical for AAA development [115, 116].   

Clinical as well as experimental evidence suggests that inflammatory 

cytokines such as TNF-α [117], IL-1β [118], IL-6 [119] and MMPs [120] are 
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critical for AAA development.  Induction of TNF-α has also been implicated in 

target organ damage induced by Ang II [121].  In macrophages, Cav1 was 

reported to exert anti-inflammatory effects with strong reductions in TNF-α [122], 

which may involve transcriptional repression of NFκB [123].  While we did not 

evaluate MMP-2/9 activity in the present study, induction of MMP-2/9 mRNAs 

and proteins is associated with greater MMP-2/9 activities in experimental AAA 

[124].  Ang II has been shown to induce MMP-2 and MMP-9 in a NAD(P)H 

oxidase- and NFκB-dependent manner [125, 126].    It is intriguing to imagine 

that Cav1 deficiency prevents AAA through suppressions of TNF-α and MMP-2/9 

via its anti-oxidant and anti-inflammatory properties.  However, the contribution of 

TNF-α receptor to AAA appears to be debatable [127]. 

IL-6 was induced in VSMC stimulated by Ang II via a transcriptional 

mechanism involving NFκB [128] and cAMP-responsive element binding protein 

(CREB) [129].  The CREB activation appears down-stream of EGFR 

transactivation in VSMC [130].  Moreover, Ang II-induced vascular inflammation 

and aortic dissection were prevented in IL-6 deficient mice [91].  Our findings 

coordinate well with these past findings.  By contrast, the lack of IL-1β induction 

in this AAA model remains unclear at present.   

The major limitation of this study was not determining the main causal cell 

type due to unavailability of Cav1 conditional knockout mice.  Inclusion of the 

endothelial specific Cav1 KO is the next logical step in this project to partially 

compensate for this limitation.  In conclusion, Cav1 silencing protected mice from 

AAA development and rupture but not hypertension induced by Ang II plus 
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BAPN.  Furthermore, Cav1 silencing was associated with suppression of 

oxidative stress and inflammatory responses.  Cav1 and caveolae localized 

signal transduction molecules may play critical roles in development of AAA.  

 

 

Characterization of early AAA development in the angiotensin II and BAPN 

infusion model 

 

 Most studies investigate late stage AAA formation.  Characteristics often 

noted are severe dilation and sometimes rupture.  While these studies are 

necessary to identify hallmarks of the disease, it is also important to identify 

factors that contribute to early disease onset.  Insight into early mechanisms of 

the AAA development as well as risk factors may help in development of 

pharmaceutical compounds that bridge the gap between watch and wait and 

surgery.  However, before we identify mechanisms that initiate the formation of 

AAA, we must first characterize early molecular markers.   

 In order to identify early molecular markers in AAA formation, we co-

infused Ang II and BAPN into wild-type C57/Blk6 mice for one week.  The one 

week time point was chosen because it allowed enough time for the two agents 

to initiate molecular processes, but not enough time to produce any gross 

phenotypic changes to the aorta (ex. increased aortic diameter or presence of 

thrombus).  In mice co-infused with Ang II and BAPN we observed an up-

regulation of Caveolin-1, and caveolae associated proteins, Nox2, and eNOS.  
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This finding was intriguing because both caveolae associated proteins play a role 

in production of oxidative stress, an important component in AAA pathology.  

Macrophage infiltration and MMP-2 was not observed in the one week co-infused 

mice, but was present in four week co-infused mice.   One explanation could be 

the process of macrophage infiltration takes longer, first requiring expression of 

adhesion molecules such as VCAM, which while was not upregulated at one 

week in our study, still may express earlier in disease development.  The delay of 

MMP-2 expression may be because macrophages are the main producers of 

MMP-2.  Once the macrophages are infiltrating into the medial and adventitia 

layers of the aorta they produce copious amounts of MMP-2.  This further leads 

to the degradation of the aortic wall. 

 

The Role of Endothelial Caveolin-1 in the formation of AAA 

 

 Endothelial cells play an imperative role in a number of physiological 

functions.  Endothelial dysfunction is linked to a number of cardiovascular 

diseases, including atherosclerosis. The role of endothelial cells in the 

development on AAA is still under debate, mostly due to the lack of data 

regarding the topic.  While characterizing early AAA formation, it became clear 

that a number of inflammatory markers were upregulated within the endothelium.  

Even more interesting, a number of these markers were caveolae associated 

proteins.  These included caveolin-1, Nox2, and eNOS.  Therefore we decided to 

investigate the role of endothelial caveolae in the Ang II/ BAPN induced AAA 
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model.    

 Utilizing the Cre-LoxP system, we bred an endothelial specific knockout 

mouse from breeding pairs given to us by Dr. Elliot’s group.  While the results are 

still preliminary, our data suggests mice lacking endothelial caveolin-1 do not 

develop AAA in our model.  These findings highlight the critical role of endothelial 

caveolae in the formation of AAA.  We hypothesize that endothelial caveolae 

serve as important signaling micro domains that contribute to the increase in 

oxidative stress though the formation of ROS.  Caveolae associated proteins 

such as Nox2 and eNOS, have been shown to produce ROS.   The production of 

oxidative stress, a well-known contributor in AAA formation, is impaired in 

caveolin-1/ caveolae deficient mice.    

  

 

SUMMARY 

  

 Mice lacking the main structural protein of caveolae, caveolin-1, did not 

develop AAA compared to WT animals in spite of hypertensive blood pressures. 

Preliminary data also indicates that endothelial specific caveolin-1 knockout mice 

were protected from AAA formation as well. Taken together, our results show 

that caveolae is important to the formation of AAA and preliminary data suggests 

the importance of endothelial caveolae specifically.  We observed an upregulated 

expression of caveolae associated proteins known to contribute to the production 

of ROS (eNOS and Nox2) in our Ang II-induced AAA model.  We hypothesize 
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that endothelial caveolae serve as compartmentalized signaling domains that 

cause an increase in oxidative stress and inflammatory mediators that lead to 

AAA development.   

  

CLINICAL IMPLICATIONS 

 Although contribution of the renin-angiotensin system for AAA 

development has been well acknowledged, the proximal signal transduction by 

which Ang II initiates AAA remains uncertain.  Our data demonstrated that 

silencing Cav1, a major structural protein of vascular caveolae, prevented Ang II- 

and BAPN induced AAA formation and rupture in mice and was associated with 

attenuation of eNOS, Nox2, VCAM, oxidative stress and inflammatory responses.  

The caveolae associated signaling components, particularly those involved in the 

production of oxidative stress; (Cav-1, eNOS and Nox) are therefore potential 

therapeutic targets for prevention of AAA development and rupture. 
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