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Summary

An aortic aneurysm is a dilatation in which the aortic diameter is ≥ 3.0 cm. If left untreated, the 

aortic wall continues to weaken and becomes unable to withstand the forces of the luminal blood 

pressure resulting in progressive dilatation and rupture, a catastrophic event associated with a 

mortality of 50 – 80%. Smoking and positive family history are important risk factors for the 

development of abdominal aortic aneurysms (AAA). Several genetic risk factors have also been 

identified. On the histological level, visible hallmarks of AAA pathogenesis include inflammation, 

smooth muscle cell apoptosis, extracellular matrix degradation, and oxidative stress. We expect 

that large genetic, genomic, epigenetic, proteomic and metabolomic studies will be undertaken by 

international consortia to identify additional risk factors and biomarkers, and to enhance our 

understanding of the pathobiology of AAA. Collaboration between different research groups will 

be important in overcoming the challenges to develop pharmacological treatments for AAA.
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The aorta is generally subdivided into its thoracic and abdominal components (Figure 1). 

The thoracic aorta is further classified into the ascending aorta, aortic arch, and descending 

thoracic aorta, while the abdominal aorta spans the distance between the diaphragm and the 

aortic bifurcation. An aortic aneurysm is a permanent localized dilatation associated with a 

diameter ≥ 3.0 cm. If left untreated, the aortic wall continues to weaken and becomes unable 

to withstand the forces of the luminal blood pressure resulting in progressive dilatation and 

rupture. Rupture risk increases with increasing aortic diameter and this catastrophic event is 

associated with a mortality of 50 – 80% [1].

Aortic aneurysms can develop in both the thoracic and abdominal aorta (Figure 1), albeit 

more patients suffer from and undergo surgery for aneurysms of the abdominal aorta [2,3]. 

Abdominal aortic aneurysms (AAAs) can be further categorized into supra-renal or para-

visceral aneurysms if they involve the visceral arteries, para-renal if they involve the origins 

of the renal arteries or infra-renal if they begin lower than the renal arteries [4]. The majority 

of AAAs are infra-renal in extent [5]. Historically, thoracic aortic aneurysms (TAAs) and 

AAAs were thought to both arise from atherosclerotic degeneration of the aortic wall. More 

recent research, however, has demonstrated that these diseases are distinct disease entities 

[6].

Differences in the thoracic and abdominal regions of the human aorta

To better understand how the pathophysiology of TAAs and AAAs differs, it is helpful to 

begin by examining the embryology of the aorta. Different segments of the aorta are 

comprised of cells originating from the neural crest, mesenchyme and splanchnic mesoderm 

with a clear difference depending upon the segment (Figure 1). The early embryo develops a 

common set of precursor vessels that differentiate into arteries, veins and lymphatic vessels. 

Primitive arteries are surrounded by smooth muscle cells (SMCs) of mesodermal origin. 

Following extensive remodeling, the original primitive SMCs of the aortic arch and the 

thoracic aorta are replaced by a second wave of SMCs that migrate from the neural crest [7]. 

These neural crest–derived SMCs are likely better suited to adaptively remodel the thoracic 

aorta to withstand the higher pulse pressure and ejection volume by laying down more 

elastic lamellae during development and growth. In contrast, the epigenetic programming of 

the SMCs in the abdominal aorta remains more similar to that of the original primitive 

arterial SMCs [6]. Moreover, the neural crest cell precursors of the thoracic aorta respond 

differently to various cytokines and growth factors than the mesodermal precursors of the 

abdominal aorta [8]. One well known example is homocysteine, a sulfur containing amino 

acid involved in atherosclerosis, elastolysis, collagen deposition and aortic compliance 

[9,10]. Homocysteine has been found to stimulate the proliferation and synthetic activity of 

neural crest vascular smooth muscle cells while those of mesodermal origin are unaffected 

[11]. Another example is angiotensin II, a vasoactive peptide associated with vascular 

remodeling and atherosclerosis [12], which when continuously infused led to aneurysms of 

the suprarenal abdominal aorta in mice deficient in the gene for apolipoprotein E (Apoe−/−) 

without effect on the thoracic aorta [13]. This study, too, highlights the differential response 

of the cells comprising the thoracic aorta as compared to the abdominal aorta. A final 

example is transforming growth factor-beta (TGF-β), which is an established contributor to 

vascular development and regulator of cell growth and differentiation. When treated with 
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TGF-β, neural crest vascular SMCs demonstrated increased DNA synthesis and collagen 

production, while mesodermal vascular SMCs did not respond [14]. This may explain why 

mutations in the TGF-β receptor may lead to TAA but have little effect on the abdominal 

aorta.

Corresponding to their differing embryology, the thoracic aorta and abdominal aorta are also 

structurally very different from one another. Both the thoracic aorta and the abdominal aorta 

are elastic arteries that consist of an intimal, medial and adventitial layer. The intima is a 

single layer of endothelial cells upon connective tissue, the media consists of SMCs 

embedded in structural proteins (elastin and collagen) while the adventitia is composed of 

fibroblasts and collagen fibers [15]. The aorta, regardless of the location, is dependent upon 

distinct fibromuscular layers (so called lamellar units) to distribute stress and provide 

elasticity. The media of the thoracic aorta is comprised of ~60 units divided into avascular 

and vascular regions. On the other hand, the abdominal aorta consists of ~30 units and is 

entirely avascular. In addition to being less substantial with regards to the number of 

fibromuscular layers, the media of the abdominal aorta is completely dependent on trans-

intimal diffusion of nutrients for SMC survival [16]. It is likely that the fewer lamellar units 

and avascular nature make the abdominal aorta more prone to aneurysmal degeneration.

Lastly, the genetic differences underlying aneurysms of the thoracic and abdominal aorta 

differ (Figure 2; Supplementary Table). While there is a 10–15% chance of an individual 

with a AAA having a metachronous or synchronic TAA [17], most family–based studies 

have demonstrated a predisposition for either aneurysmal involvement of the thoracic or 

abdominal aorta, but not both [18]. Indeed, most recent genetic studies show no genetic 

overlap between AAA and TAA.

Clinical features of abdominal aortic aneurysms

Clinical picture and risk factors for AAA

The main risk of an untreated AAA is progressive expansion, rupture, hemorrhage and 

death. Despite advances in screening and treatment, AAA rupture remains a major cause of 

death in the elderly. A recent review of 3 million patients undergoing a medical and lifestyle 

questionnaire prior to ultrasound screening found that smoking is by far the strongest 

modifiable risk factor for AAA [19]. Additionally, other important risk factors including age, 

male gender, and family history was confirmed [19]. In this study, Kent et al. [19] went on to 

construct a predictive scoring system to identify AAA. Applying this model to US 

population statistics, these investigators estimated that there are ~ 1 million AAAs in the 

United States, of which half were women, nonsmokers and those less than 65 years of age. 

This translated to an overall prevalence of AAA of 2.8% for men aged 65 to 79 years of age. 

These numbers advocate for a broader application of AAA screening to reduce mortality 

from ruptured AAA. In contrast, an AAA screening program in Sweden found a lower 

prevalence of AAA suggesting that there has been a change in AAA epidemiology [20]. In 

this study, Svensjo et al. [20] examined all 65 year old males, identified through a National 

Population Registry, who underwent ultrasound screening for AAA. In total 22,187 patients 

were screened and 373 AAAs (1.7%) were identified. When accounting for 127 known 

AAAs undergoing surveillance, the investigators calculated a AAA prevalence of 2.2%. 
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Similar to the study by Kent et al. [19], smoking was again the most important risk factor for 

AAA. In contrast to the study by Kent et al [19], the Swedish investigators [20] found only a 

1.7% prevalence of AAA in the screened population (65 year old males), which is the lowest 

AAA prevalence reported to date. This low prevalence, combined with the small size of 

AAAs identified (70% were < 4.0 cm) and decreasing tobacco use among the current 

population, has led these researchers to question the need for expansion of current AAA 

screening guidelines.

In addition to smoking, family history is another major risk factor for the development of 

AAA. Indeed, a recent investigation has confirmed this documenting that ~10% of AAA are 

familial in nature with a prevalence of 13% among affected families and a staggering 25% 

prevalence among brothers [21]. This substantial prevalence among brothers was confirmed 

in a Danish population based cross section study [22]. In this cross sectional study, 

Joergensen et al. examined 560 participants of a population based screening program with at 

least one first degree relative diagnosed with AAA. In addition to an increased prevalence of 

AAA in those with a family history, patients with a positive family history had a 

significantly larger mean aortic diameter (20.5 mm) compared to those without a family 

history (p<0.001). A unique finding of this family history study was that a positive family 

history with female relatives with a AAA had a more than a two fold increase in the 

prevalence of AAA when compared with those who had a positive family history with male 

relatives with AAA (OR = 2.65, 95% CI: 1.37 – 5.13). In addition to an increased AAA 

prevalence in those with a positive family history, a positive family history may also be 

responsible for accelerated growth, and possibly rupture, of small (< 5.0 cm) AAAs. 

Recently, a Japanese investigation by Akai et al. [23] found that the growth rate of small 

AAAs in patients with a positive family history of an AAA was twice that of those without a 

family history (4.2 mm/y vs 2.0 mm/y, respectively; P < 0.009). This finding, albeit from a 

small patient cohort, may have impact on the future recommendations regarding AAA 

surveillance.

Treatment of AAA

The main aim of treating large AAAs is to prevent rupture and its associated high mortality 

rate. Prior to proceeding with repair, it is imperative to understand the risk:benefit ratio of 

elective asymptomatic AAA repair and weigh this against the annual risk of rupture prior to 

proceeding. The perioperative mortality of traditional open AAA repair varies greatly in the 

surgical literature. Single institution studies from centers of excellence report a perioperative 

mortality that ranges from 1 to 4% [24,25]. Other investigators using state-wide or national 

data sets report a significantly higher mortality rate that ranges from 4 to 8% [26]. While 

these numbers seem substantial, the risk of developing a major adverse event following open 

AAA repair is even greater and ranges from 15 to 30%. These major adverse events include 

myocardial infarction (15%), pneumonia (5%), renal insufficiency (5–12%), limb ischemia 

(1–4%), deep venous thrombosis (5–8%), colonic ischemia (1–2%), stroke (1–2%), and 

many others [26]. Since its approval by the Food and Drug Administration in 1999, 

endovascular AAA repair (EVAR) has been increasingly used in an effort to reduce the 

perioperative mortality, hospital stay, and blood loss associated with traditional open repair. 

While providing some short term benefit, it is important to realize that EVAR does not 

Kuivaniemi et al. Page 4

Expert Rev Cardiovasc Ther. Author manuscript; available in PMC 2016 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



provide a quality of life benefit, does not improve long term mortality, is associated with the 

need for continued surveillance and re-interventions, and carries a substantially increased 

cost and its own unique set of complications [27]. Furthermore, the perioperative morbidity 

and mortality of EVAR is not different when compared to appropriately selected patients 

who undergo traditional AAA repair. In addition, the freedom from graft-related re-

intervention after open AAA repair is far superior to that of patients treated with EVAR [24].

Due to the risks associated with aortic surgery and AAA repair, several recent investigations 

have focused on using pharmacologic means to slow aneurysmal growth and postpone or 

lessen the need for surgical repair of large AAAs. The most well-known drug candidate for 

pharmacologic stabilization of AAA is doxycycline. Doxycycline, a member of the 

tetracycline antibiotic family, has been shown in inhibit matrix-metallopeptidase 9 (MMP9) 

expression and activity as well as AAA growth in several studies utilizing AAA animal 

models [28]. Despite its promise in animal models, a recent randomized, placebo controlled 

double blind trial by Meijer et al. [29] found that 18 months of doxycycline treatment did 

not attenuate aneurysm progression nor did it influence the need for or time to AAA repair. 

Furthermore, doxycycline not only failed to slow AAA growth but its administration was 

associated with a small increase in AAA growth (4.1 mm vs. 3.3 mm at 18 months, 

P=0.016). Based on this surprising finding, the authors suggested we re-evaluate all existing 

models of AAA. Another potential medical therapy is the angiotensin converting enzyme 

(ACE) inhibitors, a commonly used anti-hypertension agent. Interest in the use of ACE 

inhibitors to prevent expansion and rupture of AAA peaked in 2006 with a publication by 

Hacham et al. [30]. This study utilized an administrative database in Ontario, Canada to 

perform a population based case control study involving over 15,000 patients. This analysis 

found that patients receiving ACE inhibitors were significantly less likely to present with a 

ruptured AAA (OR = 0.82, 95% CI: 0.74 – 0.90). This finding remained significant even 

after adjustment for demographic characteristics, risk factors for rupture, and comorbidities. 

As a result of these findings, Sweeting et al. [31] examined a prospective cohort of 1,701 

patients enrolled in the UK Small Aneurysm trial. Unfortunately, this investigation found 

that the mean aneurysm growth rate in 169 patients taking ACE inhibitors at baseline was 

significantly greater than the 1,532 patients who were not on an ACE inhibitor (ACEi: 3.33 

mm/y vs None: 2.77 mm/y, P= 0.009.). The contrasting results highlight a need for a 

randomized controlled trial to determine the beneficial or potentially harmful effects of this 

medication class in AAA patients. Another potential medication class with pleiotropic 

effects which may benefit AAA patients are statins. Some investigators have hypothesized 

that statins may reduce AAA growth, and hence rupture risk, by attenuating aortic wall 

inflammation [32,33]. Indeed, two large meta-analyses have demonstrated decreased 

aneurysm growth rates in AAA patients on statin therapy [34,35]. Furthermore, investigators 

recently performed a nationwide analysis of patients presenting with ruptured AAA in 

Denmark from 1996 to 2008. Using 3584 cases and 3584 matched controls, these researcher 

found that statin use was associated with a decreased risk of a ruptured AAA (OR 0.7, 

95%CI: 0.60–0.81) and lower case fatality following rupture (OR 0.80, 95%CI: 0.78–1.22) 

[36]. Undoubtedly, the future will involve multiple other studies before a pharmacologic 

agent without significant side effects is found suitable to attenuate AAA growth.
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Pathophysiology of AAA

Several biological processes and risk factors have been identified that contribute to AAA 

pathogenesis. On the histological level, visible hallmarks of AAA pathogenesis include 

inflammation, VSMC apoptosis, extracellular matrix (ECM) degradation, and oxidative 

stress (Figure 3) [37–39]. Autoimmunity may also play a role in AAA development and 

progression [18,35,36]. Although the mechanism of autoimmunity is not precisely known, 

we hypothesize and others hypothesize that there must be a breakdown of the 

immunoregulatory mechanisms or some type of a molecular mimicry following a bacterial 

or viral infection. As previously mentioned, the exact [18,40,41]. The order of the 

pathological events and their direct contribution to AAA, are not yet understood.

An unbiased approach to study AAA pathogenesis at the molecular level is to carry out a 

genome-wide microarray-based mRNA or microRNA (miRNA) analysis to identify changes 

in mRNA and miRNA levels associated with AAA [6,42–44]. The results are then analyzed 

using computational tools to classify the genes into functional groups and pathways. 

Additional computational approaches aim to find transcription factor binding sites in the 

genes with altered expression [45] and network analyses to obtain a more comprehensive 

picture of the various biological pathways and their interactions through shared molecules 

[46].

Microarray-based mRNA expression data exist for both aortic tissue [46–51] and whole 

blood [52] collected from AAA patients and controls. The most recent analyses compared 

expression in aortic tissue samples between AAA patients and aortic occlusive disease [47]. 

Interestingly, the expression patterns were quite different, supporting the hypothesis that 

AAAs are not simply a manifestation of atherosclerosis, but a separate, although related 

disease entity.

The genome-wide expression analyses have demonstrated a large number of genes with 

altered mRNA levels in the AAA tissue. A large fraction of these genes belong to 

immunological pathways such as the Natural Killer Cell Cytotoxicity pathway [48,53]. 

Follow-up studies on aortic tissue samples using immunohistochemical staining with 

specific antibodies showed that the corresponding proteins are expressed in the aortic tissue 

and suggest that the Natural Killer Cell Cytotoxicity pathway is activated during AAA 

development [53]. Another follow-up study used chromatin immunoprecipitation and 

antibodies against the transcription factors predicted to bind to the differentially expressed 

genes [54]. Bioinformatic analyses were used to find the transcription factor binding sites in 

the chromatin enriched regions and categorize the target genes into biologically functional 

groups. Again, genes with immune function were highly enriched among the genes with 

transcription factor binding in the AAA tissue. Interestingly, the biological categories of the 

genes with decreased mRNA levels in AAA tissue compared to control aorta included 

cytoskeleton organization, muscle cell development, and organ morphogenesis and thus 

differed from pathways among the genes with increased expression in AAA [54].

miRNAs are small, well-conserved, non-coding molecules which can inhibit gene 

expression at the posttranscriptional level. Each miRNA is predicted to regulate a large 
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number of target genes (mRNAs). One recently published microarray-based genome-wide 

analysis of miRNA patterns in human AAA [55] identified five miRNAs (miR-133b, 

miR-133a, miR-331-3p, miR-30c-2 and miR-204) which were downregulated in AAA when 

compared to age- and sex-matched control samples also taken from the infrarenal regions of 

the human aorta. The results were validated with real-time quantitative RT-PCR in an 

independent set of samples. Extensive bioinformatic analyses were carried out to identify the 

mRNA targets of these miRNAs. A total of 1,836 potential target genes were found, 222 of 

which were significantly upregulated in a previously published mRNA expression study 

[48]. One of these targets was MMP9 which has a well-established role in AAA 

pathogenesis [38].

Several studies have investigated the role of miRNAs in AAA using mouse models and cell 

culture systems [56–58]. These studies revealed that overexpression of miR-24 [57] and 

inhibition of miR-29b [56] slowed down AAA progression in mouse models, whereas 

inhibition of miR-195 [58] had no effect on aortic dilatation. The action of miR-24 appeared 

to be via inhibiting vascular inflammation Maegdefessel 2014}. Furthermore, miR-24 [57] 

and miR-195 [58] levels were reduced in plasma samples of AAA patients. The levels of 

miR-29b, however, were decreased in human and mouse AAA tissue samples suggesting a 

more complex regulatory network [56].

Recent advances in techniques to analyze proteins have made quantitative proteomic 

analyses of aortic tissues, red blood cells and plasma samples from AAA patients feasible 

[59–62]. A proteomic analysis of blood polymorphonuclear neutrophils showed that catalase 

levels were elevated in AAA patients [62] and a similar analysis of organ cultures of aortic 

tissues identified peroxiredoxin-1 in AAA patients [61]. A preliminary study found 39 

different proteins in the red cell membrane whose levels varied between AAA patients and 

controls based on mass spectrometry analyses [59]. Another intriguing approach is to study 

plasma-derived microvesicles, including microparticles and exosomes, as a source for 

biomarker discovery in proteomic analyses [60].

One of the striking differences in aneurysmal aortic wall compared to non-aneurysmal one is 

the reduced number of VSMCs. Another difference is the increased number of inflammatory 

cells in the aneurysmal aorta [18,41]. To elucidate the role of the different cell types in the 

pathogenesis of AAA, investigators have isolated the various cell types using laser-capture-

microdissection and then studied the specific cell populations using e.g. microarray-based 

expression or proteomic analyses [63,64]. In one of these studies, Airhart and co-workers 

[63] found that the SMCs isolated from AAA tissue could be distinguished from those 

isolated from non-aneurysmal aorta based on their gene expression and enhanced MMP 

activity. In another study, Boytard and co-workers [64] microdissected mannose receptor 

(MR)-positive and negative macrophages from AAA tissue and control aorta and showed 

that peroxiredoxin-1 mRNA and protein levels were higher in MR-negative cells [64].

A recent study found that the number of stem cells was significantly elevated in human 

AAA tissue compared with matched control aortic tissue [65]. The AAA stem cells 

expressed macrophage surface antigens (CD68), but not VSMC (SM22) or fibroblast (FSP1) 

markers, and co localized in the aortic wall with the cellular marker of proliferation Ki67. In 
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another study adipose-tissue-derived mesenchymal stem cells were delivered to the aortae of 

mice induced to have AAA with an elastase treatment [66]. The mice receiving stem cells 

had smaller AAAs and the elastin fragmentation was less pronounced. In another mouse 

study mesenchymal stem cells from a female donor were more effective in attenuating the 

growth of AAA than cells from male donors [67]. These three studies raised the possibility 

of localized replenishment therapy in the aneurysm wall, in which the stem cells could 

promote aortic ECM stability by secreting growth factors and cytokines necessary for 

healing. Adipose-tissue-derived mesenchymal stem cells for this potential treatment should 

be easily available from liposuctions.

Smoking is a well-established and the most important risk factor for AAA, playing even 

greater role in AAA than atherosclerosis [68]. In clinical studies, it has also been shown to 

increase the growth rates and the risk of rupture of AAA [34]. Even though in many 

populations smoking rates have declined in recent years, the effect of smoking on AAA risk 

is likely to continue for a long time. The mechanism by which smoking exerts the increased 

risk for AAA, is not fully understood. In cultured aortic endothelial cells, components of 

cigarette smoke induced MMP1 through inhibition of mTOR signaling [69], whereas in 

cultured VSMCs they promoted proliferation and survival [70]. Nicotine alone has been 

shown to enhance AAA formation in mouse models [71,72]. The more elegant studies have 

exposed experimental animals to inhaled cigarette smoke to fully mimic the human exposure 

[73]. In these studies, tobacco smoke alone did not lead to AAA formation, but it 

exaggerated aneurysm formation in response to elastase-treatment. When leukocytes isolated 

from mice exposed to tobacco smoke were transferred to mice that were not exposed to 

tobacco smoke, the cells could be found in the AAA tissue and the size of AAA increased in 

the smoke-free mice [73].

Several studies have suggested that microorganisms, including Chlamydia, Mycoplasma 
pneumoniae, Helicobacter pylori, human cytomegalovirus, herpes simplex virus, Borrelia 
burgdorferi sensu lato (sl) and different oral bacteria may serve as possible triggers for the 

development of AAAs [40]. Based on these studies it is plausible to hypothesize that AAAs 

could develop due to induced autoimmunity via molecular mimicry due on similarities 

between the proteins of the microorganism and those of the aortic wall [40].

Animal models of aortic aneurysms

Aortic aneurysms in mice can be induced by three experimental techniques: elastase 

perfusion, CaCl2 application, and angiotensin II (AngII) infusion [43,74]. In the elastase 

model the abdominal aorta is isolated and the lumen of the vessel is perfused for a short 

period with crude elastase, leading to a local dilatation of the aorta after about 14 days. 

Similar to the human AAA histology, a chronic inflammatory response is seen in the aortic 

wall. In the second model CaCl2 is applied periarterially, making it less invasive and 

technically less demanding than the elastase model [74]. Like the elastase model, the mice 

used in these experiments develop aneurysms gradually, with an increase of 100% in the 

diameter, seen at the end of the third week, characterized by a chronic inflammatory 

response. In the third model biologically active Ang II is infused into hyperlipidemic mice 

deficient in the gene for Apoe or the low density lipoprotein receptor (Ldlr−/−) using a 
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subcutaneous, osmotic mini-pump for approximately four weeks. This model mimics the 

actions of the renin-angiotensin system, in which renin cleaves angiotensin I to form Ang II. 

In these mice the aneurysms develop in the suprarenal region of the aorta, often preceded by 

an aortic dissection. The histology of these aneurysms is somewhat different from that seen 

in human AAA with more intact elastin. Even with the differences between classical human 

AAA and the AngII model, this method has become the most widely used AAA model since 

it does not require abdominal surgery on the experimental animals and it is, therefore, 

technically less demanding than the elastase and calcium-chloride models.

In this review we have room to highlight only a small number of recent mouse studies. Many 

recently published studies have carried out experiments using at least two of the models to 

provide increased validity for the findings. Liu et al. [75] used all three AAA models to 

demonstrate that trombospondin-1 regulated the migration and adhesion of mononuclear 

cells implying a role for it in vascular inflammation. Another recent study used the Ang II 

model in mice deficient in the LRP1 gene only in their VSMCs [76]. Since LRP1 is one of 

the genes associated with human AAA (see below), the results were somewhat surprising 

with no AAAs in the mice, although they had dilatated superior mesenteric arteries and 

ascending aortae. The study by Sawada et al. [77] examined the outcome of iron overload in 

both the Ang II and CaCl2 model and showed that dietary iron restriction inhibited the 

development of AAAs by reducing oxidative stress and inflammation. Using the elastase 

AAA model Raaz et al. [78] came up with a new hypothesis in which segmental aortic 

stiffening is considered a critical early phenomenon towards AAA development. According 

to their hypothesis degenerative stiffening of the aneurysm-prone regions of the aortic wall 

increases axial stress, generated by cyclic tethering of adjacent, more compliant wall 

segments. Axial stress induces inflammation and vascular wall remodeling, which are 

known hallmarks of AAA pathogenesis. They found that stiffening the aortic segment with 

surgical glue near the area used for elastase perfusion and where aneurysm was expected to 

form reduced the cyclic axial stress and led to fewer mice developing AAAs in the elastase 

mouse model.

AAA as a complex genetic disease

AAA is a complex, multifactorial disease with a strong genetic component [19,39,79–82]. 

About 10–20% of AAA patients have at least one relative with this condition and formal 

segregation analyses have favored genetic models in explaining this familial aggregation 

[21,38,39,83]. The Swedish Twin registry, which contains data on all 172,890 twins born in 

Sweden since 1886, has 265 twins with an AAA [80]. A monozygotic (identical) twin has a 

24% probability of having an aneurysm given an aneurysm in the other twin, whereas the 

probability is only 4.8% in dizygotic twins. Based on the Swedish Twin Study phenotypic 

variance determined by genetics was estimated to be 70% and non-shared environmental 

effects (such as smoking, infections, or occupational exposure) 30% [80].

Since the first candidate gene studies were published more than 20 years ago, over 100 

genetic association studies using single nucleotide polymorphisms (SNPs) in biologically 

relevant genes have been reported on AAA [83]. More recently, unbiased genome-wide 

approaches such as family-based DNA linkage studies and genome-wide association studies 
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(GWAS) have been carried out to identify susceptibility loci for AAA. DNA linkage studies 

with the affected relative-pair approach identified two genetic loci, containing several 

plausible candidate genes located on chromosomes 4q31 and 19q13, for AAA [84,85].

AAA is a late-age-at-onset and deadly disease, making it difficult to collect samples for 

family-based studies. Case-control approaches have, therefore, gained more interest in 

deciphering the genetic risk factors for AAA. GWAS carried out by international consortia 

on large sample sets of AAA cases and controls identified several susceptibility loci for 

AAA [86–89] and include 1) CDKN2BAS gene (located on chromosome 9p21), also known 

as ANRIL, which encodes an antisense RNA that regulates expression of the cyclin-

dependent kinase inhibitors CDKN2A and CDKN2B [89]; 2) DAB2 interacting protein 

(DAB2IP; located on chromosome 9q33), which encodes an inhibitor of cell growth and 

survival [88]; 3) low density lipoprotein receptor-related protein 1 (LRP1; located on 

chromosome 12q13.3), a plasma membrane receptor involved in vascular smooth muscle 

and macrophage endocytosis [87], and 4) low density lipoprotein receptor (LRPR; located 

on chromosome 19p13.2) [86]. We have summarized the findings of the most significant 

associations based on GWAS and candidate gene studies in Table 1. Figure 2 shows all the 

known genetic loci for both AAA and TAAD to provide a quick comparison between these 

two aneurysmal diseases. Details on these loci can be found in the Supplementary Table. We 

concentrated on the non-syndromic forms of TAAD and AAA and omitted studies on rare 

genetic diseases with aortic aneurysms. As can been seen from the ideograms in Figure 2, 

the genetic loci associated with AAA differ from those linked to TAAD.

Another promising approach used recently in human genetic studies is the so called 

Mendelian randomization, also known as a “natural” randomized controlled trial. This 

approach relies on the fact that genotypes are assigned randomly when passed from parents 

to offspring. The genotype distribution in the population is, therefore, unrelated to the 

confounders present in observational epidemiological studies. Two highly significant 

associations for AAA were found with this approach: one was between a SNP in the IL6R 
[90] and another in the IL1RN gene [91] (Table 1, Figure 2), both of which are members of 

the interleukin gene family. In the IL1 study two genetic variants known to contribute to 

inhibition of IL1, were analyzed and were found to be associated with increased risk for 

AAA, whereas the same variants conferred decreased risk for rheumatoid arthritis.. 

Interestingly, the results suggested that while pharmacological inhibition (e.g. anakinda, 

rilonacept) of the IL1A/B is beneficial for patients with rheumatoid arthritis, another 

inflammatory disease, such an inhibition would increase the patient’s risk for AAA. 

Additionally, these results on humans differed from those obtained with AAA mouse models 

where the inhibition of IL1A/B pathway was found to slow down the growth of AAAs [92] 

indicating that differences in the human and mouse immune systems make interpretation of 

results from experimental models difficult [93].

Do familial AAA cases differ clinically from the sporadic ones? A recent Belgian study 

compared the clinical characteristics of familial (n = 79) and sporadic (n = 539) AAA and 

found that: 1) the familial AAA cases were more likely to have a ruptured AAA than the 

sporadic ones; and 2) familial AAA cases were less likely to have heart disease [21]. 

Another study on 361 Dutch AAA patients found that familial AAA cases were less likely to 
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have increased common carotid intima-media thickness (a widely used marker for 

generalized atherosclerosis), hypertension, or diabetes mellitus, and were less likely to 

smoke than sporadic AAA cases [94]. Findings with major clinical implications include 

poorer outcomes in familial AAA patients after endovascular aneurysm repair [95,96], and 

the fact that familial AAA cases are more likely to have aneurysms in other arteries of their 

body than sporadic AAA patients [97].

Role for epigenetics in AAA pathogenesis

AAA is a complex disease that develops due to the interaction of environmental risk factors 

and genetics [19,39,79–82]. In addition to an individual’s DNA base pair sequence, other 

mechanisms are at work to influence gene expression. The process of controlling gene 

expression through these alternative methods is known as epigenetics and includes RNA 

associated silencing, histone modifications and DNA methylation [98]. DNA methylation, 

the most well studied epigenetic modification, is a process in which a methyl group is added 

to a region where a cytosine nucleotide that is located next to a guanine nucleotide that is 

linked by a phosphate (CpG). A cluster of CpGs is called a CpG island (CpGI) [98]. CpGIs 

are methylated by a group of enzymes called DNA methyltransferases. Classically, insertion 

of methyl groups at CpGIs was thought to block the binding of transcription factors to 

promoters and therefore result in repressed gene expression. More recent investigations have 

demonstrated that DNA methylation has a varied influence on gene expression [98]. Despite 

uncertainty with regard to its effect on gene expression, there is accumulating evidence 

implicating DNA methylation in several common chronic human disease states including 

atherosclerosis [99]. Furthermore, cigarette smoking has proven to be a powerful 

environmental modifier of DNA methylation and is a potential mechanism by which tobacco 

can affect gene expression [100]. In the face of the potential relationship between cigarette 

smoking, AAA formation and DNA methylation [101], it is surprising that only one study 

has been published about the direct role of DNA methylation in AAA [102]. This study 

analyzed genome-wide DNA methylation profiles of patients with AAA using peripheral 

blood mononuclear cells, which have been used for methylation studies in other 

inflammatory disorders [103]. Using isolated human mononuclear blood cells and 

controlling for smoking status, significant differences in DNA methylation at specific CpG 

islands that mapped to two genes were identified: CNN2 and SERPINB9 [102]. The first 

gene, CNN2, which is also known as h2-calponin or calponin 2, is an actin-binding protein 

implicated in cytoskeletal organization and vascular development. Furthermore, calponin has 

been found to be upregulated in stretched vascular walls and may be an important regulator 

of VSMC phenotype. Additionally, circulating levels of calponin are found in patients with 

acute aortic dissection and may be a potential biomarker for this aortic pathology [104]. The 

second gene, SERPINB9, which is also known as PI9, belongs to a family of serine protease 

inhibitors present in the cytoplasm of cytoxic lymphocytes and protects these cells from 

granzyme B induced apoptosis. Moreover, SERPINB9 has been shown to inhibit apoptosis 

of human VSMCs, again a key process in AAA pathogenesis. These findings, while novel, 

come from a small patient cohort [102]. Hopefully, future research efforts will help to clarify 

the role of DNA methylation and epigenetic modification in the development of AAA.
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Expert commentary

Due to the space limitations we were able to cite only a small fraction of all the studies 

published on AAA pathogenesis in the past five years. As the title of this review implies 

“Understanding the pathogenesis of AAA” is important for making progress in the clinic. 

We need to critically evaluate the progress made in the AAA field. What have we learned 

about the disease process from the research studies summarized above and can this 

information be translated to clinical practice to help the patients?

When evaluating the progress made on the field, the key questions are:

1. Can this information help us in identifying individuals at risk for developing 

AAAs?

2. Is there anything we can do to prevent the AAAs from forming in at-risk 

individuals?

3. How do we slow down the growth of AAAs?

4. Can we provide other treatment options to patients with small AAAs besides the 

“watchful waiting”?

5. How can we prevent the rupture of AAA, a catastrophic event leading to sudden 

death in over 60% of the cases?

Despite the large number of published studies and the huge amount of new data available on 

AAA pathogenesis, the honest answer to all of the questions listed above is humble ”no, we 

have no concreate data to help translate the findings to the clinic and patient care”. We have 

identified several clinical, environmental and genetic risk factors on the population level, but 

these are not yet sufficiently predictive when applied to individual patients. The only finding 

that is starting to change the trends of AAA prevalence, is the fact that smoking has such an 

important role in AAA pathogenesis. Inflammation has been found in a number of studies, 

both on human and animal studies, as a key pathological feature in AAA. Yet, a female 

patient on immunosuppressive drugs developed an AAA, which grew rapidly and ruptured 

[105], challenging the idea of treating AAAs by anti-inflammatory drugs. We have no 

methods to prevent AAAs from forming or growing in human patients. And most 

disappointing of all is the fact that we have no alternative treatment options and patients, 

therefore, have to wait until their AAA has grown to 5 to 5.5 cm before surgical intervention 

is carried out. The situation is, however, not that different for most complex, adult-onset 

diseases in that implementing risk scores has been found to be challenging [106].

Five-year view

We expect that large genetic, genomic, epigenetic, proteomic and metabolomic studies will 

be undertaken by international consortia to identify additional risk factors and biomarkers, 

and to enhance our understanding of the pathobiology of AAA. Collaboration between 

different research groups will be important in overcoming the challenges the field has met in 

the past five years. The genetic studies will include whole genome and whole exome 

sequencing of AAA patients and their family members requiring use of robust computational 
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tool for analyzing large amounts of sequence data [107]. The studies to be employed will 

include integrative analyses incorporating results from multiple techniques leading to a 

comprehensive picture of the disease stage. It will also be important to include multiple 

clinical and environmental (such as smoking) variables into the models and to study 

different stages of the AAA development.

Studies on AAA animal models will continue to play a key role in elucidating the 

pathobiology of AAA [108]. These studies are critical especially in studying the early stages 

of AAA, since it is nearly impossible to obtain tissue samples from small human AAA. It is, 

however, important to realize that some of the findings from mouse studies are hard to 

translate to humans due to differences in the immune system between the two species and 

the fact that the AAAs develop quickly over a short time period in the mouse models, 

whereas the human AAA is a chronic condition which develops over a long time period.

Next steps will require translating the basic science findings into diagnostic tests and 

medical treatment of AAA. It will be important to develop biomarkers detectable in serum 

samples which could be used for monitoring the progress of the AAA. The primary goal 

remains to prevent rupture by finding AAAs early to allow safe surgical repair. It is likely 

that one day AAAs will be treated medically to slow their growth, helping to transform a 

surgical disease into a medical disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key issues

• AAA is a permanent localized dilatation with an anteroposterior diameter ≥ 3.0 

cm.

• Rupture risk of AAA increases with increasing aortic diameter and this 

catastrophic event is associated with a mortality of 50 – 80%.

• Perioperative mortality of traditional open AAA repair ranges from 1 to 4%.

• Thoracic and abdominal aortic aneurysms differ in many aspects.

• AAA is a complex, multifactorial disease with a strong genetic component.

• Smoking is the most important risk factor for AAA development, growth and 

rupture.

• Positive family history of AAA is an important risk factor for developing an 

AAA.

• Several genetic regions are associated with human AAA, but the full picture of 

the genetic make-up in individuals at-risk for AAA development is far from 

complete.

• Hallmarks of AAA pathogenesis include inflammation, vascular smooth muscle 

cell apoptosis, extracellular matrix degradation, and oxidative stress.
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Figure 1. Regional variation in the aorta of embryologic origin, structure and disease 
susceptibility
Different parts of the aorta are from different embryologic origin. Disease susceptibility also 

varies, with the infrarenal abdominal aorta being more prone to atherosclerosis and 

aneurysm formation than the thoracic aorta. VSMC—vascular smooth muscle cell. Modified 

and reproduced with kind permission from Springer Science+Business Media:Tromp et al. 

[6].
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Figure 2. Genetic map of non-syndromic thoracic and abdominal aortic aneurysms
Underlying genetic factors contributing to the aneurysmal diseases differ based on the site of 

the clinical manifestation. Vertical lines adjacent to the chromosome ideograms indicate 

regions identified by DNA linkage studies, and round symbols indicate locations of SNPs 

found in genome-wide (GWAS) or candidate gene association studies. See Supplementary 

Table for details on the studies. The ideograms can be obtained from “Idiogram Album: 

Human” (copyright© 1994 David Adler, University of Washington, Department of 

Pathology) at http://www.pathology.washington.edu/research/cytopages/idiograms/human/.
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Figure 3. Summary of the pathogenesis of AAA
Several biological processes and risk factors have been identified that contribute to AAA 

pathogenesis. Genes in the biological pathways have been used in candidate gene studies. 

VSMC, vascular smooth muscle cell; ECM, extracellular matrix; ROS, reactive oxygen 

species; MMPs, matrix metalloproteinases. Reproduced with permission from Boddy et al. 

Drug News Perspect 2008, 21(3): 142–148 [37]. Copyright © 2008–2015 Prous Science, 

S.A.U. or its licensors. All rights reserved. DOI: 10.1358/dnp.2008.21.3.1203410.
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