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1. Introduction
The introduction of aneurysm screening programmes in North America and Europe has led
to a significant increase in the number of new diagnoses. The pathobiology of aortic
aneurysm (AA) is both complex and multifactorial, and is associated with several significant
developmental risk factors. Understanding current concepts in the etiology and
pathogenesis of AA is therefore imperative in fueling future research studies and in aiding
the development of treatment guidelines.
In 2001, the Vascular Biology Research Program of the National Heart, Lung and Blood
institute (Wassef et al, 2001) summarised abdominal aortic aneurysm (AAA) pathogenic
mechanism into four broad areas: proteolytic degradation of the aortic wall connective
tissue, inflammation and immune response, molecular genetics and biomechanical wall
stress. More recently Nordon and colleagues investigated three possible models of AAA
pathogenesis not mutually exclusive: AAAs secondary to a local disease process confined to
the abdominal aorta resulting from atherosclerosis; a systemic dilating diathesis primarily
governed by genotype; and diseased vascular tree as a consequence of a chronic
inflammatory process. They concluded that the evidence suggest AAA disease being a
systemic disease of the vasculature, with a predetermined genetic susceptibility leading to a
phenotype governed by environmental factors. AAAs are therefore referred to by some
researchers as a degenerative disease (Nordon et al, 2011).
AAAs are associated with atherosclerosis, transmural degenerative processes,
neovascularization, degeneration of vascular smooth muscle cells, and a chronic
inflammation, mainly located in the outer aortic wall. Literature describes the relevant
mechanisms of the formation and progression of idiopathic ascending aortic aneurysm as
destructive remodeling of the aortic wall, inflammation and angiogenesis, biomechanical
wall stress, and molecular genetics. Aneurysm occurrence and expansion could be further
influenced by the variability of local hemodynamic factors and factors intrinsic to the
arterial segment along the aorta (Kirsch et al, 2006). Observational evidence now suggests
that the intraluminal thrombus (ILT), together with adventitial angiogenic and immune
responses, play important roles in the evolution of atherothrombosis from the initial stages
through to clinical complications, which include the formation of aneurysms (Michel et al,
2010). The role of ILT in AA pathogenesis merits further discussion and will be explored in
subsequent chapters.
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Uncertainty exists as to the impact of reported AA risk factors since the incidence of AAA is
increasing despite a general reduction in tobacco use and an ever-increasing incidence of
diabetes, which has been shown to have a protective influence. A number of other factors
have also been commonly associated with aneurysm formation. They include family history,
advanced age, male sex, hypertension, aortic dissection and arteriosclerosis. The significance
of AA risk factors will be further explored in subsequent chapters.

2. Structural considerations in AA
Multiple factors rather than a single process are implicated in AA pathogenesis. These result
in the destructive changes in the connective tissue of the media and adventitia of the aortic
wall and ultimately lead to aneurysm formation and eventual rupture. The media is
composed of multiple elastic laminae alternating with circularly oriented vascular smooth
muscle cells (VSMCs) and surrounded by a copious ground substance. The adventitia lacks
lamellar architecture but is composed of loose connective tissue with fibroblasts and
associated collagen fibers and vasa vasorum. Integrity of the aortic wall is dependent on
balanced remodelling of the extracellular matrix (ECM), predominantly of elastin, collagen
and VSMCs. (Dobrin & Mrkvicka, 1994; Tilson, 1988).
2.1 Elastin
The chief component of the media is elastin, a lamellar ECM protein consisting of soluble
tropoelastin monomers. Elastin production by the VSMCs ceases when a patient reaches
maturity, therefore these soluble tropoelastin monomers, which are cross-linked by lysine
residues, have a half life of 40 to 70 yrs (Rucker & Tinker, 1977). This could explain the
elderly predisposition to AA formation. Normally, more than 99% of total elastin in arteries
is found in an insoluble cross-linked form that can be stretched as much as 70% of its initial
length (Stromberg & Wiederhielm, 1969). Elastin is responsible for the load bearing property
that behaves uniformly in both the circumferential and longitudinal directions at different
locations across the wall thickness (Dobrin, 1999), thereby absorbing oscillating arterial
shock waves, providing recoil and maintaining arterial structure.
2.2 Collagen
Collagen is the primary structural component of the arterial adventitia and has been
identified in smaller quantities in the media. It is a stable triple helix composed of three
polypeptide chains with repeating tripeptide sequences (Prockop, 1990) and is responsible
for tensile strength and resistance of the arterial wall. In contrast to elastin, collagen is
synthesized on a continual basis throughout life, thereby collagen content represents the net
effect of synthesis and degradation. Type 1 fibrillar collagen accounts for aortic wall load
bearing capability (over 20 times greater than that of elastin), while Type 3 collagen
provides some extensile stretch (Menashi et al, 1987). Arterial distension in response to
increasing intraluminal pressures are limited through the recruitment of inextensible
collagen fibers (Dobrin, 1978). Structural damage occurs when collagen is extended beyond
2–4% from its uncoiled form (Dobrin, 1988).
2.3 Vascular Smooth Muscle Cells (VSMCs)
VSMCs as part of the ECM form an important structural element and perform a mediator
role in AA disease by producing TGF-beta1, ECM and inhibitors of proteolysis (O’Callaghan
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& Williams, 2000). Transition of VSMCs from a contractile to a synthetic phenotype is
characterized by a change in cell morphology, resulting in the production of substances such
as components of the ECM, growth factors, and proteases, which are important in
remodeling the vascular wall (Lesauskaite et al, 2003). This was verified by an experimental
study that reported cultured VSMCs from AAAs exhibited greater elastolytic activity than
VSMCs from Aortic Occlusive Disease (AOD) (Patel et al, 1996). VSMC density depends on
patient age, patient gender and the location of quantification in non-atherosclerotic
aneurysms. Conversely, loss of VSMCs is a characteristic of atherosclerotic aortic aneurysms
(Sakalihasan et al, 2005; Kirsch et al, 2006). In particular VSMC apoptosis has been
associated with fibrous cap thinning, enlargement of the necrotic core, plaque calcification,
medial expansion and degeneration, elastin breaks, and failure of outward remodeling. In
addition, chronic VSMC apoptosis may mimic multiple features of medial degeneration
seen in a variety of human pathologies (Clarke et al, 2008).
2.4 Experimental and clinical studies
Histological examination of aneurysms reveals a thinning of the media, disruption of the
medial connective tissue structure, and the loss of elastin (Campa et al, 1987) culminating in
the effacement of the lamellar architecture (White et al, 1993). The role of the aortic media in
contributing to wall stability is emphasized through studies demonstrating AA formation
following media destruction with surgical resection, freezing, or the injection of acetrizoate
or other noxious agents (Economou et al, 1960). Other studies confirmed that both elastin
and collagen content is decreased in AA walls with increased collagen cross-links (Carmo et
al, 2002) and an increased collagen to elastin ratio. (Cohen et al, 1988) Loss of elastin
appears to be accompanied by an increase in the collagen content of the arterial wall,
resulting in an overall decrease in the elastin to collagen ratio (Halloran & Baxter, 1995). This
reflects in experimental studies that suggest that aortic elastase is significantly higher in
patients with AAAs, multiple aneurysms, and ruptured AAAs compared with AOD. Also
elastase and its major serum inhibitor, alpha 1-antitrypsin, are significantly altered in the
aortic wall in different types of infrarenal aortic disease (Cohen et al, 1988).
AA development is characterised by intial elastin fragmentation responsible for aneurysmal
elongation and tortuosity. There is consensus that as the aorta dilates due to loss of elastin
and attenuation of the media, the arterial wall thickens as a result of remodeling. Collagen
synthesis increases during the early stages of aneurysm formation, suggesting a repair
process (Shimizu et al, 2006). As the load bearing increases, more uncoiled collagen is
recruited to load bear circumferentially (Goodall et al, 2002) resulting in a less distensible
vessel. Collagen, because of its structural properties, must fail for significant dilatation and
rupture to occur. This is confirmed as patients who are post aortic endarterectomy rarely
incur AA disease. Dobrin et al. concluded that both elastin and collagen are possibly critical
in AA dilatation with collagen failure resulting in gross expansion and rupture (Dobrin et al,
1994). This work confirmed experimental studies demonstrating that treatment with elastase
leads to arterial dilatation and stiffening at physiologic pressures, whereas treatment with
collagenase leads to arterial rupture without dilatation (Cohen et al, 1988). Cohen suggested
that elastin degradation is a key step in the development of aneurysms, but that collagen
degradation is ultimately required for aneurysm rupture. The integral role of VSMCs in AA
disease is confirmed by an animal study that observed AAA prevention and regression after
infusion with VSMCs (Allaire et al, 2002).
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2.5 Structural considerations in TAA
Elastin lamellar units are found less frequently in AAA as compared to TAA, with an even
more marked difference infrarenally. This relative paucity of elastin and collagen is thought
to play a role, amongst other factors, in the predisposition for aneurysm development in the
infrarenal aorta. The microscopic findings in TAAs are predominantly described as cystic
medial degeneration, reflecting a non-inflammatory loss of medial VSMCs, fragmentation of
elastic lamellae, and mucoid degeneration. In contrast, the histopathologic features of AAAs
are characterized by severe intimal atherosclerosis, chronic transmural inflammation,
neovascularization, and destructive remodeling of the elastic media (Diehm et al, 2007).
Furthermore, ascending TAAs are associated with an underlying bicuspid aortic valve
(BAV) with an estimated 75 % of patients who underwent BAV replacement demonstrating
cystic medial necrosis on biopsy, compared to 14 % in patients who had tricuspid valve
replacement. Inadequate levels of firillin-1 may be responsible for this weakness in aortic
wall leading to BAV (Huntington et al, 1997).
Ascending aorta

Abdominal aorta

Consequences

Elastin lamellae

–

number
decreased/diameter

less provisional ECM

elastin/collagen

–

decreased

modified biomechanical
properties

Embryonic origin of
VSMCs

Neur-ectoderm

mesoderm

differences in responses
to TGF-beta

Shear stress

–

decreased

control of inflammation

Thrombus in
aneurysms

no

yes

neutrophils adsoption
and protease release

decreased

homeostasis against
inflammation,
proteolysis

VSMCs in
aneurysms

unknown

Table 1. Structural differences between TAA and AAA (Courtesy of Allaire, et al, 2009).

3. Molecular genetics in AA
Aortic aneurysms are a complex multi-factorial disease with genetic and environmental
risk factors. Genetic factors have been shown to play a role in the etiology of TAA and
AAA even though they are not associated aortic syndromes (Kuivaniemi et al, 2008). The
genetic basis of aortic aneurysms was reviewed in 1991 (Kuivaniemi et al, 1991). The
major determining factor in the appearance of aortic aneurysms may be an inborn defect
of collagen type III or of another component of the connective tissue matrix. At least 20%
of aneurysms result from inherited disorders (Verloes et al, 1995). Medial necrosis of the
proximal aorta in aneurysms or dissections is associated with a number of conditions,
including inherited connective tissue disorders such as Marfan syndrome and Ehlers—
Danlos syndrome type IV. It can also present along with bicuspid aortic valve, coarctation
of the aorta, adult polycystic kidney disease and Turner syndrome (Caglayan & Dundar,
2009).
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3.1 AAA
3.1.1 Genetic considerations in AAA
Screening studies suggest that having a first-degree relative with a AAA is associated
with an odds ratio of 1.9 to 2.4 of developing a similar problem. AAAs develop in 20% of
brothers of patients with the condition (Rizzo et al, 1989). These and other findings
including the presence of multiple aneurysms and systemic abnormalities in aneurysm
patients e.g., increased connective tissue laxity; all emphasize a role for genetic factors in
AAAs.
A small number of studies have concentrated on multiplex AAA families (with at least
2 affected members) (Platsoucas et al, 2006; Oleszak et al, 2004). Genome-wide scans of
these patients have suggested a role for genes located on chromosome 19q13 and
4q31.47. Candidate genes in these regions include interleukin (IL)-15, endothelin receptor
A, programmed cell death 5, and LDL receptor-related protein 3.47 (Kuivaniemi et al,
2008).
3.2 TAA
Since more than 40% of patients with TAA are asymptomatic at the time of diagnosis, such
aneurysms are typically discovered accidentally through routine examination or when
complications arise. Once one aneurysm has been discovered, the patient is at increased risk
for developing another aneurysm (Lawrie et al, 1993; Crawford et al, 1989). Therefore,
lifelong follow-up is required in these patients. If any mutation is found in the patients
affected, the mutation should then be investigated in their relatives, and hence genetic
counseling should be given. Because of this increased risk, according to target diseases,
chromosomal and gene analysis are essential in selected cases with aneurysms or
dissections, especially in inherited forms (Caglayan & Dundar, 2009).
3.2.1 Genetic considerations in TAA
Although AAA’s have been well characterized in terms of familial clustering, risk factors,
growth rates, and possible modes of inheritance, less is known about thoracic aortic
aneurysm (TAA). Rapid advances are being made in the understanding of TAA disease at
the molecular genetic level. In pedigrees with several generations of multiply affected
family members, chromosomal loci have been identified. These relate to the TAA phenotype
by using the methods of linkage analysis and gene sequencing. Thus far, these loci have
been mapped to the 5q13-14, 11q 23.2-24, and 3p24-25 chromosome sites (Vaughan et al,
2001; Hasham et al, 2002; Kakko et al, 2003). Most recently, important work has localized the
mutation on the 3p24-25 chromosome to the transforming growth factor-receptor type II
(Pannu et al, 2005). Albornoz and his colleagues evaluated 88 familial pedigrees with TAA
and found that 70 (79.5%) had an inheritance pattern that was most consistent with a
dominant mode of inheritance: 30 were autosomal dominant, 24 were autosomal dominant
versus X-linked dominant, 15 were autosomal dominant with decreased penetrance, and
there was one pair of monozygotic probands with a likely autosomal dominant spontaneous
mutation. The other 18 pedigrees (20.5%) were most consistent with a recessive inheritance
pattern, eight being autosomal recessive versus X-linked recessive, five autosomal recessive,
and five autosomal recessive versus autosomal dominant with decreased penetrance.
(Albornoz et al, 2006).
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Gene linked

Affected Aortic
Segment

Familial disorder

Mode of inheritance

Ascending
thoracic /
abdominal

Ehlers-Danlos syndrome
type IV

Autosomal dominant

COLA3A1

Ascending

Marfan Syndrome

Autosomal dominant

FBN1
TGF R2

Turner Syndrome

Chrosomal

Osteogenesis imperfecta

Autosomal dominant

Thoracic

Autosomal dominant adult
Autosomal dominant
polycystic kidney disease

Abdominal

Homocystinuria

Autosomal recessive

Pseudoxanthoma elasticum Autosomal recessive

COLA1A1
PKD1,PKD2
CBS
ABCC6

Table 2. Genetic diseases and Aortic Aneurysms
3.3 General behaviour of familial aneurysms
3.3.1 Aneurysm expansion
TAA is a lethal disease and the size of the aneurysm has a profound impact on aortic
dissection and death (Coady et al, 1999). The growth rate of TAA is highly variable ranging
from 0.03 to 0.22 cm per year. Genetic factors may play an important role in aortic growth
rates. The data suggests that genetic etiology permits more rapid aortic dilatation, thus
increasing the risk for aortic dissection. Physicians must know how to distinguish between
syndromic and non-syndromic forms of aortic aneurysm and dissection. As a result family
history is a most important factor in evaluating the patients who have aortic aneurysms or
dissection (Caglayan & Dundar, 2009).
Aneurysms affecting the thoracic aorta in patients with Marfan syndrome behave more
aggressively than TAA in patients without Marfan syndrome. However, the natural history of
TAA in patients who do not have Marfan syndrome but who demonstrate a family history
that is positive for aortic aneurysms has not been not well-described (Coady et al, 1997). It has
also been reported that the presence of an aortic dissection significantly increases the
aneurysm growth rate (Coady et al, 1997). Coady and colleagues clearly demonstrated that
patients with familial nonsyndromic aneurysms and superimposed aortic dissections display a
faster rate of aneurysmal growth (0.33 cm/y,) when compared with the overall growth rate of
aortic dissections alone. The reasons for faster growth rates in patients exhibiting familial
patterns and with concomitant aortic dissections are not clear, but may reflect a compounded
environmental insult on a genetically weakened aortic wall (Coady et al, 1999).
3.3.2 Dissection
In most adults, the risk of aortic dissection or rupture becomes significant when the
maximal aortic dimension reaches about 5.5 cm. However, in individuals with TGFBR2
mutations, dissection of the aorta may occur before the aorta extends to 5.0 cm (Loeys et al,
2005). Even patients with Loeys-Dietz syndrome (LDS) syndrome, both transforming
growth factor, beta receptor 1 (TGFBR1) and two mutations have been described and
dissections may occur under 5.0 cm (Caglayan & Dundar, 2009).
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In the near future, new genetic studies such as single nucleotide polymorphisms (SNP) and
RNA expression studies may help underlie genetic based therapies and develop more
useful, simple and cheap diagnostic genetic tests for susceptible patients.

4. Haemodynamic factors and biomechanical wall stress considerations
in AA
The pathobiology of AA is thought to be a multifactorial process that includes biological,
biomechanical, and biochemical processes. Contrary to current understanding of biological
and biochemical factors, the role of biomechanical factors in AA pathobiology is poorly
understood. It is generally recognized that AAAs can continuously expand, dissect and even
potentially rupture when the stress acting on the wall exceeds the strength of the wall. Wall
stress simulation based on a patient-specific AAA model appears to give a more accurate
rupture risk assessment than AAA diameter alone (Li et al, 2010).
4.1 Haemodynamic forces
The artery wall is subject to three distinct fluid-induced forces: (1) pressure created by
hydrostatic forces, (2) circumferential stretch exerting longitudinal forces, and (3) shear
stress created by the movement of blood. The net force includes a component perpendicular
to the wall, the pressure; and a component along the wall, the shear stress. Disturbed flow
conditions, such as turbulence, contribute to aneurysm growth by causing injury to the
endothelium and accelerating degeneration of the arterial wall. Areas of flow oscillation and
extremes in shear stress (high or low) correlate with development of atherosclerosis in the
aorta (Ku et al, 1985). Although clinical studies show that flow within AAAs can be smooth
and laminar or irregular and turbulent, little information is available on effects of wall shear
stress in aneurysms (Miller, 2002).
Intra-aneurysmal flow is affected by the geometry of the aneurysm sac and surrounding
vasculature; including the existence, size, and symmetry of branches arising near the
aneurysm; and the position of the aneurysm sac relative to the parent vessel (e.g. sidewall,
terminal, or bifurcation). Effort has been made to correlate rupture with these various
geometric features. (Zeng et al, 2011)
4.2 Effect on aneurysm expansion
Vascular endothelial cells are constantly exposed to fluid shear stress, the frictional force
generated by blood flow over the vascular endothelium. The importance of shear stress in
vascular biology and pathophysiology has been highlighted by the focal development patterns
of atherosclerosis in hemodynamically defined regions. For example, the regions of branched
and curved arteries exposed to disturbed flow conditions, including oscillatory and low mean
shear stresses (OS), correspond to atheroprone areas. In contrast, straight arteries exposed to
pulsatile high levels of laminar shear stress (LS) are relatively well protected from
atherosclerotic plaque development (Zarins et al, 1983). Changes in blood flow have been
shown to be a critical factor inducing arterial remodeling (Manu & Plattet, 2006).
The increase in shear stress is also associated with a reduction in reactive oxidative stress
(ROS). The flow-mediated increase in shear stress does not decrease oxidative stress in AAAs
by reducing the inflammatory cell infiltrate, but through the expression of hemeoxygenase
(HO-1) in macrophages. Activation of HO-1 expression is an adaptive cellular response to
survive exposure to environmental stresses (Immenschuh & Ramadori, 2000). HO-1 has anti-
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inflammatory effects and may play a beneficial role in reducing oxidative reactions through
the production of the antioxidants biliverdin and bilirubin (Miller, 2002).
Because of limitations in studying hemodynamics in vivo, in vitro models of AAAs have
often been used to analyze pressure and flow patterns. However, these biomechanical
designs often use an axisymmetric model, whereas AAAs, particularly in advanced stages,
are asymmetric, resulting in growth away from the lumen’s centerline. Interpretation of
mechanical models can also be limited if they neglect effects of branch arteries, or by their
use of steady flow, rigid walls; and homogenous and incompressible fluid. Understanding
the biology of AAA development and expansion requires experiments in animal models.
Unfortunately, in vivo studies are complicated by controversy regarding appropriate animal
models of human AAAs (Miller, 2002).
4.3 Effect on aneurysm rupture
Rupture of the aneurysm can be seen as a structural failure when the induced mechanical
stresses acting on the weakened AAA wall exceed its local mechanical failure strength. The
external forces include blood pressure and wall shear stress. Stress in the AAA wall is due to
the influence of other concomitant factors, including the shape of the aneurysm, the
characteristics of the wall material, the shape and characteristics of the intraluminal
thrombus (ILT) when present, the eccentricity of the AAA, and the interaction between the
fluid and solid domains (Li et al, 2010).
4.4 Haemodynamic factors and biomechanical wall stress considerations in TAA
The influence of biomechanical factors in TAA is scarcely reported, therefore the role that
haemodymic factors play in TAA pathobiology remains unknown. Nevertheless, weakening
of the aortic wall is compounded by increased shear stress, especially in the ascending aorta
(Ramanath et al, 2009). An experimental study of a cylindrical model of TAA demonstrates
that mean circumferential stress depends on the aortic diameter and systolic blood pressure
but not on age or clinical diagnosis supporting the clinical importance of blood pressure
control and serial evaluation of aortic diameter in these patients (Okamoto et al, 2003).
Considering the functional complexity and structural differences of TAA compared to
AAA, several hemodynamic factors might contribute to the development of TAA. However
the predilection of aneurysm formation infrarenally suggests other factors may overrule
haemodynamic factors in AA pathogenesis.
4.5 Current limitations
Although rupture is determined by the comparison of wall stress and wall strength,
accurate wall strength measurement in vivo is currently not possible. Therefore, computed
wall stresses at one time point may not necessarily provide an estimation of the risk of
rupture without knowing the strength value at that time point. However, by following up
patients and performing wall stress analysis based on follow-up images, the change in wall
stresses may be more useful in identifying aneurysm stability (Li et al, 2010).

5. Enzymatic activity in AA
Proteolytic degeneration is known to cause AA formation and lead to disease progression.
Proteases identified in excess in AA and other aortic diseases includes matrix
metalloproteinases (MMPs), cathepsins, chymase and tryptase, neutrophil-derived serine
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elastase and the enzymes of the plasmid pathway, tissue plasminogen activator (tPA),
Urokinase-type Plasminogen Activator (uPA) and plasmin (Choke et al, 2005). These
proteolytic enzymes are involved in regulating and remodeling the ECM.
5.1 Experimental and clinical studies
Pioneering work in animal models has demonstrated the role of proteolysis in AA. These
experimental studies showed elongation and dilatation following treatment with elastase,
and rupture post collagenase infusion. More recently, an in vivo study of aortic wall
treated with doxycycline loaded, controlled-release, biodegradable fiber led to
preservation of elastin content, decreased MMPs (most notably MMP-2 and MMP-9) and
increased tissue inhibitor of metalloproteases (TIMP-1) (Yamawaki-Ogata et al, 2010). A
number of MMPs, including elastases, collagenases, gelatinases and stromelysin, are
found in increased concentrations in the media of the AAA and are normally inhibited by
TIMP.
MMPs and other proteinases derived from macrophages and VSMCs are secreted into the
extracellular matrix in response to stimulation by the products of elastin degradation
(Ailawadi et al, 2003). Inflammatory infiltrates and invading neovessels are relevant sources
of MMPs in the AAA wall and may substantially contribute to aneurysm wall instability
(Reeps et al, 2009). In AA disease evidence suggests that the balance of vessel wall
remodeling between MMPs, TIMPS, and other protease inhibitors favors elastin and
collagen degradation with the net pathological effect of ECM destruction.
5.1.1 MMP-9 (92-kd gelatinase)
MMP-9 predominantly secreted by macrophages, monocytes and VSMCs is the most
comprehensively studied of the metalloproteases. MMP-9 concentrations are higher in
patients with AAA compared to subjects without AAA or AOD. Interestingly, Takagi
observed that increased MMP-9 serum levels return to normal after aneurysm repair (Hisato
Takagi et al, 2009). Furthermore, an experimental study showed that targeted gene
disruption of MMP-9 prevented aneurysmal degeneration in murine models (Pyo et al,
2000). Recently, a correlation was found between AAA rupture and elevated plasma levels
of MMP-9 and MMP-1 (Wilson et al, 2008).
5.1.2 MMP-2 (72-kd gelatinase)
Evidence suggests MMP-2 may be the most integral protease in ECM degeneration. MMP-2
sourced by adventitial VSMCs and fibroblasts is uniquely activated by membrane type
(MT)-MMPs. MMP-2 has the ability to degrade both elastin and collagen, and possibly plays
a role in early AA development. MMP-2 complements and facilitates the degenerative
activity of MMP-9 in transgenic murine models, however some studies suggest that MMP-2
has greater elastolytic activity compared to MMP-9. MMP-2 levels are increased in subjects
with AA compared to those with AOD or without AA disease. It is found predominantly in
its active form (62-kd), which is closely associated with its substrates, which provide
additional support of its role in ECM degradation. Convincing evidence from a rat
aneurysm model demonstrated that the inhibition of AA formation following TIMP-1 overexpression, resulted in an activation blockade of both MMP-2 and MMP–9. Furthermore,
Wilton concluded patients with larger aortic diameters have increased MMP-2/TIMP-1
ratios (Wilton et al, 2007).

www.intechopen.com

10

Etiology, Pathogenesis and Pathophysiology of Aortic Aneurysms and Aneurysm Rupture

5.1.3 MMP- 3
Matrix metalloproteinase-3 (MMP-3) degrades the ECM and may lead to the development of
dilatative pathology of the ascending thoracic aorta (Lesauskaite et al, 2008). MMP-3 gene
inactivation in mice demonstrated MMP-3 possibly causes degradation of matrix
components, and promotes aneurysm formation by degradation of the elastica lamina
(Silence et al, 2001).
5.1.4 MMP-12 (54-kd macrophage metalloelastase)
MMP-12 is involved in AA pathogenesis and shows a high affinity for elastin. In its active
form the 22-kd enzyme degrades elastin (Longo et al, 2005). AA development in
apolipoprotein E-knockout mice reported MMP-12 predominance in elastolytic activity.
Deficiency of MMP-12 in the mice conferred protection against medial destruction and
ectasia (Luttun et al, 2004).
5.1.5 Collagenases
Increasing collagenolytic activity has been identified in AAs, however collagen proteolysis is
mostly associated with the terminal event of AA rupture. This is confirmed by greater levels
of activity measured in specimens of ruptured aneurysms. (Busuttil et al, 1980).
5.1.6 MMP-1 (Collagenase-1)
MMP-1 localises within the mesenchymal cells (VSMCs, fibroblasts and endothelial cells)
and is up-regulated by inflammatory mediators, however macrophage involvement has
been described. Increased pro MMP-1, MMP-1 protein and mRNA levels have been
reported in AAA compared to healthy aorta (Irizarry et al, 1993).
5.1.7 MMP-8 (Collagenase-2) (Matrilysin)
Studies report inconsistent expression of MMP-8 in AOD and AAA tissue, however, MMP-8
is stored as pre-formed protein in granules. Therefore MMP-8 mRNA may not accurately
reflect protein concentration. Prominent expression of MMP-8 has been described in acute
aortic dissection (Li et al, 2010).
5.1.8 MMP-13 (Collagenase-3)
MMP-13 is localised to VSMCs in close spatial proximity to collagen. Increased expression of
MMP-13 in AAA compared to AOD tissue has been documented (Mao et al, 1999).
5.1.9 Inhibition of MMPs
Primary control of the activity of MMPs is achieved through tissue inhibitor of
metalloproteinase (TIMP), by the formation of non-covalent complexes (Choke et al, 2005).
TIMP-2, a broad-spectrum MMP inhibitor, and PAI-1, an inhibitor of tPA and uPA, are less
expressed in AAA walls than in AOD, suggesting that ECM destruction is caused by a
decrease in inhibitors and an increase in proteases (Allaire et al, 2009). Alpha-1-antitrypsin and
Alpha-2-macroglobulin may suppress elastolysis, which is responsible for 90% of the
inhibition of circulating MMPs, (Cohen et al, 1990). Treatment with atorvastatin decreases
MMP expression and activity and leads to a reduction of TGF-beta signaling in the central region
of human AAAs (Schweitzer et al, 2010). Ezetimibe combination therapy reduces aortic wall
proteolysis and inflammation, key processes that drive AAA expansion (Dawson et al, 2011).

www.intechopen.com

Etiology and Pathogenesis of Aortic Aneurysms

11

5.2 Proteolytic consideration in TAA
The hypothetical model of AAA cellular pathogenesis cannot completely explain the
formation of dilatative pathology of the ascending thoracic aorta. The cellular expression of
MMP-9 and their tissue inhibitors TIMP-1, TIMP-2, and TIMP-3 differ in the dilatative
pathology of abdominal and thoracic aortas (Lesauskaite et al, 2006).
Overall a diminished expression of MMPs and tissue inhibitors relative to aged control
AAAs in TAA, is documented. This may represent a loss of VSMCs in non-atherosclerotic
TAA. Also, MT1-MMP plays a dynamic multifunctional role is TAA development (Jones et
al, 2010). In Marfans syndrome MMP-2 and MMP-9 are found to be upregulated in TAA
(Chung et al, 2007). Furthermore, animal studies show elevated MMP-9, MMP-2 and
disintegrin and metalloproteinase domain-containing proteins 10 and 17 (ADAM-10 and 17) expressed in calcium chloride induced TAAs. Murine studies depleted of MMP-9 gene
have demonstrated attenuated TAA formation (Ikonomidis et al, 2005).

6. Inflammatory changes in AA
AA is best described as a chronic inflammatory condition with an associated proteolytic
imbalance. The most important pathological feature of human AA is probably the infiltration
of inflammatory cells. The chronic infiltration consists mainly of macrophages, lymphocytes
and plasma cells. It is suggested that these inflammatory cells and others play a regulatory role
through release of a cascade of cytokines. This process results in the expression of cell
adhesion molecules, increased protease expression, and the release of reactive oxygen species
causing degradation of the ECM through the activation of MMPs and TIMP (Shah, 1997).
The recruitment of macrophages by chemotactic agents is possibly triggered by exposed
elastin degradation products. Lymphocyte activation may be mediated by micro-organisms
as well as by auto-antigens from structural degradation. TNF-alpha and INF-gamma appear
to be the most consistently upregulated cytokines in patients with large AAAs. (Golledge et
al, 2009). These inflammatory cytokines play multiple roles in regulating mesenchymal cell
matrix metabolism, endothelial cell growth and proliferation, lymphocyte activation,
antigen presenting cell (APC) function, major histocompatibility (MHC) class II molecule
expression, vascular adhesion molecule expression, and even matrix degrading protease
expression of surrounding cells (Wills et al, 1996).
Although AA and AOD are characterised by underlying inflammation, immunohistological
studies have concluded that T- and B-cell predominance is localised to the outer media and
adventitia in AA; compared to largely T–cell involvement localised to the intima and inner
media in AOD. Furthermore, an autoimmune component to AA disease has been suggested
after localisation of B lymphocytes in the media and considerable deposits of
immunoglobulins (IgG) and complement in the wall of AA. (Lindholt & Shi, 2006).
6.1 Experimental and clinical studies
Key features of human AA include intense inflammation, increased expression of MMP-2 and
MMP-9, and local ECM destruction. It became evident that inflammation plays an integral role
in aneurysm pathogenesis following novel experimental animal models that demonstrated key
features of human aneurysm following transmural chemical injury induced by calcium
chloride treatment of vessel adventitia. Interestingly, aneurysm formation only developed
after the inflammatory response was present, suggesting that inflammation occurring in
response to chemical and mechanical injury is responsible for aneurysm development, rather
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than direct elastolysis. The calcium chloride murine model further indicates that CD4+
lymphocytes may be central in orchestrating production of MMP-2 and MMP-9 through
interferon gamma (Xiong et al, 2004; Gertz et al, 1988). Anidjar and Dobrin recognized that
exposure of the aorta caused destruction of elastic lamellae with up to a 4-fold increase in AA
diameter at 6 days following elastase treatment. This increase was also associated with media
infiltration of a large number of activated macrophages and T-cells (Anidjar et al, 1994).
Characteristics of the elastase infusion model demonstrated that inflammatory cell infiltrate is
accompanied by an increase in MMP-2 and MMP-9. Interestingly, the infiltration of
macrophages and T-lymphocytes is not the prominent feature in the ruptured edges of AAAs
and is even less prominent in non-ruptured areas or walls of the same AAAs. Rather, ruptured
areas present significantly increased amounts of immature micro-vessels, with an excess of
total and activated MMPs (Choke et al, 2006). Furthermore, prostaglandins (PG) and
leukotrienes may also contribute to AAA in that the deficiency of 5-lipoxygenase attenuates
aneurysm formation of atherosclerotic apolipoprotein E-deficient mice, suggesting a role for
the 5-LO pathway in AAA formation (Shimizu et al, 2006).
6.2 Inflammatory cells involved in AA
6.2.1 Lymphocytes
It is suggested that Th1 and Th2-restricted T lymphocyte are the most commonly found
infiltrates in AAA walls and are activated by antigen presenting cells such as macrophages,
VSMCs, and endothelial cells. These inflammatory cells are integral for the regulation of the
immune response in AAA. However, the specific regulatory traits of components of the
inflammatory cascades and of proteases that cause aneurysmal growth remain largely
unresolved. This reflects in earlier mouse studies which designated AAA disease as a Thelper (Th)-2-type inflammatory disease and identified T-helper(Th)-2-restricted CD3C T as
the dominant influx. Later human studies suggested differently with AAA disease labeled
as Th1-dominated or as a general pro-inflammatory condition (Abdul-Hussein et al, 2010).
Local production of Th1 cytokines (Interferon-gamma (IFN-gamma), Interleukin-2 (IL-2),
IL-12, IL-15 and IL-18 possibly enhances macrophage expression of MMPs, whereas Th2
cytokines (IL-4, 5, 8, and 10, Tumor necrosis factor-alpha (TNF-alpha), INF-gamma and
CD40 ligand) appear to suppress macrophage MMP production and limit disease
progression (Lindholt & Shi, 2006). In addition T-helper (Th)-2 cells secrete an FAS-ligand
and FAP-1 resulting in apoptosis of VSMCs and Th1 cells (Shonbeck et al, 2002). Cytokines
TNF-alpha and IL-8 cause inflammatory cell recruitment that is responsible for stimulating
neoangiogenesis. INF-gamma stimulates cathepsin production for further Th2 activation, Bcell differentiation and Ig secretion.
In most cases, the default pathway will be a Th1-dominant for stenotic arterial lesions;
however, when the local environment is skewed toward Th2 predominance, aneurysms will
develop (Shimizu et al, 2006). More recently a study comparing inflammatory and
proteolytic processes in AAA and popliteal artery aneurysm, characterized degenerative
aneurysmal disease as a general inflammatory condition that is dominated by profound
activation of the nuclear factor-kappa-B and activator protein-1 pathways. There is also
hyperexpression of IL-6 and IL-8, and neutrophil involvement (Adul-Hussein et al, 2010).
6.2.2 Macrophages
Inflammation is characterised by macrophage migration from the onset of AA formation.
Elastin degradation products are possibly responsible for the recruitment of macrophages
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by chemotactic agents. Heamodynamic forces may regulate macrophage adhesion,
transmural migration and survival (Sho et al, 2004). A recent animal study confirmed that
MT1-MMP acts directly to regulate macrophage secretion (Xiong et al, 2009). This antigen
presenting cell is suggested to be a central role player in the immune response and
subsequent ECM destruction. It is mostly localised in the adventitia of the AA wall.
Through the secretion of cytokines (IL-1b, IL-6, IL-8, and TNF-alpha) and proteases (in
particular MMP-9) these macrophages recruit inflammatory cells and stimulate cytokine
production, protease production, B-cell differentiation, Ig secretion, cytotoxic T-cell
differentiation and neovascularization. (Lindholt & Shi, 2006). In addition to producing
cytokines and proteases, these cells also produce TIMP, confirming the governing role of
macrophages in AA immune response. Animal studies confirmed the paramount role of
macrophages in AA inflammatory response by demonstrating human-like aortic
aneurysmal degradation without further manipulation following the application of
macrophages and plasmin to the aorta (Werb et al, 2001).
6.2.3 Endothelial cells
Endothelial cells have been localised in AA and are found in approximation to
neovascularisation. A prominent role for endothelial cells in the inflammatory response has
been suggested following histological study reports of a positive association between the
degree of inflammation and the degree of neovascularisation. It is suggested that these
inflammatory cells play a role in ECM remodeling through the secretion of IL-1b and IL-8,
which stimulate intercellular adhesion molecule-1 (ICAM-1) presentation, thus causing
recruitment of additional inflammatory cells, attraction of lymphocytes, stimulation of
endothelial proliferation, stimulation of B-cell differentiation and Ig secretion. In addition,
like macrophages, the proliferating endothelium also produces various MMPs and TIMP
(Lindholdt & Shi, 2006). To this end an experimental study has demonstrated that
doxycycline not only inhibits MMP-8 and MMP-9 activity, but also the synthesis of MMPs in
human endothelial cells (Hanemaaijer et al, 1998).
6.2.4 Fibroblasts
Although fibroblasts are commonly identified in the adventitia of AAA and have a
recognized function in atherosclerosis, the role of the fibroblast in aneurysm pathogenesis is
uncertain. Fibroblasts secrete cytokine IL-6 which is suggested to cause a stimulatory
cascade of B-cell and cytotoxic T-cell differentiation and MMP stimulation (Thompson &
Parks, 1996).
6.3 Infection and AA
An infectious cause of aneurysm formation has also been suggested. Between 30% and 50% of
AAAs are associated with Chlamydia and Herpes virus infections. Chlamydia has been shown to
induce AAA in rabbits and antichlamydial antibodies are commonly detected in AAA
patients, however a causal relationship remains to be established. Studies have suggested that
these infections play a role in elastolysis, possibly creating and augmenting an autoimmune
response through particle mimicking. Lindholt et al. found that serum antibodies against
C. Pneumonia have been associated with AAA expansion and cross-reaction with AAA
structural proteins. Thus, immune responses mediated by microorganisms and autoantigens
may play a pivotal role in AAA pathogenesis (Lindholt et al, 1999).
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Fig. 1. Schematic diagram of the mechanisms implicated in abdominal aortic aneurysm,
which primarily involve two main processes: inflammation and extracellular matrix
turnover (Courtesy of Hellenthal et al, 2009).
6.4 Reactive oxygen species and AA
Reactive oxygen species such as superoxide (O2-) have also been shown to be raised in
human AAAs. Elastase infusion in animal models has been shown to increase nitric oxide
synthase expression and decrease the expression of the antioxidant, superoxide dismutase.
O2- levels in human aneurysmal tissue are 2.5-fold higher than in adjacent nonaneurysmal
aortic tissue and 10-fold higher than in control aorta (Miller et al, 2002).
6.5 Inflammation considerations in TAA
Developmental variation between TAA and AAA leads to differences in cellular responses
to similar biological responses (El-Hamansy & Yacoub, 2009). Similar to AAA, histological
studies demonstrate inflammatory cells in the adventitia and media of the aortic wall. In
particular TAA infiltrate consistently shows CD3+, CD45+, CD68+ cells in the adventitia
along with a prominent vasovasorum (possibly suggesting its role as conduit) and local
endothelial activation (El-Hamansy & Yacoub 2009). Immunohistochemical staining showed
that T- lymphocytes followed by macrophages were the predominant inflammatory cell in
sporadic TAA (Guo et al, 2000). A Th1-type immune response is predominant in TAA as
mRNA levels of INF-y are significantly increased compared to controls. Specific
inflammatory pathways implicated in TAA formation remain unknown. However,
transforming growth factor Beta (TGF-B), a cytokine, is recognized to be central in TAA
pathogenesis causing ECM degeneration through the production of plasminogen activators
and the release of MMP-2 and MMP-9. Reduced or mutated forms of fibrillin 1 release active
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TGF-B, which in turn activates mitogen kinase activated pathways in VSMCs. Emilin 1,
however, inhibits TGF-B signaling (El-Hamamsy & Yacoub 2009). ‘Mycotic’ aneurysms are
found in less than 1% of patients with TAA. Salmonella, Staphylococcus and
Mycobacterium species are mostly identified in blood cultures and tissue samples of
subjects with AA disease (Koeppel et al, 2000). The role of oxidative stress is well described
in AAA, however this remains to be established in TAA disease.

7. Implications for AA management
Current treatment of AA targets risk factors and the reduction of inflammation and
proteolysis in AA walls. To this extent AA repair (open or endovascular) is currently
practiced when aneurysms reach the recommended size for intervention or become
symptomatic. The role of in vivo imaging techniques in vascular inflammation, such as
Hybrid Positron Emmission Tomography / CT, that reflects the macrophage metabolic
activity, may help to clarify the role of inflammation in AA pathogenesis and aid in the
evaluation of treatment response. Currently, the potential role of pharmacotherapy in
attenuation of AA growth is under investigation. Evidence suggests that smoking cessation
may slow aneurysm growth and reduce the risk of rupture; therefore all AA patients should
be counseled on the risks of smoking.
Antihypertensive medication has been investigated in the past, as hypertension is regarded
as a potential significant risk factor for AA disease. A meta-analysis did suggest a
significantly attenuated growth rate by -blockers, however randomised control trials
reported no benefit in the -blocker (propanolol) group (Guessous et al, 2008) and a
greater stroke and all-cause mortality with a short peri-operative course of -blockers.
Angiotensin converting enzyme (ACE) inhibitors have been demonstrated to cause AA
attenuation in animal models, however no clinical trial has been conducted to confirm this.
The exact mechanism by which ACE inhibitors restrict aneurysm growth is unknown;
however its ability to bind zinc, an important cofactor for MMP activity, has been suggested.
Nevertheless, a population based study suggested that patients taking ACE inhibitors were
less likely to present with rupture (Hackman et al, 2006). TGF- antagonists such as TGF- –
neutralizing antibody or the angiotensin II type 1 receptor (AT1) blocker, losartan, have
demonstrated prevention of AA in a mouse model of Marfan Syndrome (Habashi et al,
2006) but no significant proven effect in human AAA. Distinguishing TAA from AAAs
might explain the differential findings regarding the beneficial effects of angiotensin II type
1 receptor (AT1) blocker on various aortic aneurysmal pathologies. 3-Hydroxy-3methylglutaryl coenzyme A reductase inhibitors (statins) restrict aneurysm growth through
reduction of IL6 and MMPs (in particular MMP-9) in experimental models. However, a
recent meta-analysis concluded that reduction in AAA expansion rate due to statins is not
significant (Twine & Williams, 2010). Tetracyclines such as doxicycline, inhibit MMPs in
animal models and have been shown to significantly reduce the growth of AAA. This has
been confirmed clinically by a small scale, randomised, placebo controlled pilot study
(Mosorin et al, 2001). Furthermore a macrolide antibiotic (Roxithromycin) used in a small
randomised clinical trial reported a 44% reduction in AAA growth over 12 months, with the
effect gradually tailing off up to 5 years (Vammen et al, 2001). Non-steroidal antiinflammatory drug, Indomethacin prevents elastase induced AAA in animal models
through CoX 2 inhibition, leading to reduction of MMP-9 and PGE2 (Miralles et al, 1999).
More recently, the antioxidant properties of Vitamin E have been investigated in AAA
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models. It has been shown to block the induction of AAA in Angiotensin II-infused Apo-E
knockout mice via reduction of macrophage infiltration and reduction of a chemotactic
cytokine, suggesting that inhibition of oxidative stress in aneurysm tissue may play a
significant role in AA pathobiology and be a possible treatment target (Gavrilla et al, 2005).

8. Conclusion
Interaction of multiple factors rather than a single process is responsible for the failure of the
integrity of the aortic wall, which result in AA formation and progression. Despite several
similarities in etiology and pathogenic mechanisms, it appears that TAA differs in many
ways from AAA. Current areas of interest include proteolytic degradation of the arterial
wall, inflammation and the immune response, biomechanical wall stress, and molecular
genetics. Knowledge of the pathobiology of AA has lead to more targeted imaging methods
and treatment trial design to investigate various pathobiological mechanisms of AA
progression. Although some agents show promise, large controlled trials are needed to
demonstrate clinically significant benefits. Future research should take into consideration
knowledge gained of the differences between TAA and AAA pathobiology when designing
clinical trials, in order to unravel the specificities of these different events in AA. As it stands
surgical treatment of AA disease continues to be the most effective means of addressing the
majority of factors involved in AA formation and progression.
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