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ABSTRACT
An abdominal aortic aneurysm (AAA) represents a complex pathophysiological
process of weakening and dilatation of the aortic wall, which is associated with
atherosclerosis, a chronic inflammatory response and hemodynamic alterations.
Degradation of the extracellular matrix by the matrix metalloproteinases (MMPs) and an
imbalance between MMPs and their tissue inhibitors (TIMPs), as well as the production
of reactive oxygen species, have fundamental roles in the development of AAA. The
exact pathogenetic mechanisms remain incompletely elucidated. In this study, we used an
experimental model that was developed in our laboratory to induce AAA by combining
two potential causes of MMP secretion: inflammation and turbulent blood flow. Male
Wistar rats were divided into a control group (C) and an aneurysm group (A). The rats in
group A received both an injury and extrinsic stenosis of the wall of the abdominal aorta.
The rats in group C received a sham operation. The rats were euthanized at 3, 7 or 15
days post-surgery (dps). Sections of the aorta including the aneurysm were collected for
morphological studies and MMP-2 and -9 and TIMP-1 and -2 assays. Dilatation to more
than 300% of the normal aortic diameter was observed on 3 dps in 65% of the rats in
group A and was similar at 7 and 15 dps. The AAA wall underwent an intense
remodeling process characterized by a severe inflammatory response (neutrophils,
macrophages and lymphocytes), considerable destruction of elastin fibers and deposition
of collagen as well as an increase in the myofibroblast population and neovascularization.
These alterations were directly related to the dramatic increase of the levels of MMP-2
and -9 and TIMP-1 and -2 throughout the study period. Immunohistochemistry revealed
an increase in the level of inducible nitric oxide synthase (iNOS) in A group rats,
suggesting that reactive oxygen species (ROS) contribute to the degeneration of the aortic
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wall. AAA results from a cascade of events that culminate in dilatation of the aortic wall.
The inflammatory process associated with turbulent intraluminal flow most likely causes
endothelial dysfunction that creates a milieu favorable to the release of MMPs. The
MMPs cause massive destruction of elastin fibers which significantly remodels the
arterial wall, resulting in dilatation and AAA formation. Reactive oxygen species play a
role in the development of aneurysms. Increasing the levels of TIMPs, proportional to the
increased levels of ROS, was not sufficient to block the formation of AAA. Further
studies are being conducted to elucidate the role of inflammatory cells and turbulent
blood flow in the pathogenesis of AAAs in this experimental model.

Keywords: Abdominal aortic aneurysm, inflammation, atherosclerosis, metalloproteinases,
reactive oxygen species, blood flow turbulence

1. INTRODUCTION
Abdominal aortic aneurysm (AAA) is defined as a localized dilatation of the abdominal
aorta to at least 1.5 times that of the expected normal diameter[1]. The aneurysm results from
weakening of the arterial wall structure by degenerative processes including the degradation
of the extracellular matrix (ECM), inflammation, apoptosis of smooth muscle cells (SMCs)
and oxidative stress [2].
AAAs have a fusiform or saccular morphology and predominantly occur inferior to the
renal arteries [1, 2]. The irreversible dilatation affects all of the layers of the tunica (intima,
tunica media and adventitia). The natural history of an aneurysm is gradual expansion until
rupture, which is associated with high mortality rates [3]. AAAs are often asymptomatic until
they rupture, with terrible consequences and low operative survival rates [4].

2. EPIDEMIOLOGY AND ETIOLOGY
AAA is a relatively highly prevalent disorder that has been detected in 2-9% of the
general population in screening studies [5, 6] and is a major cause of mortality in the Western
World, accounting for nearly 16,000 deaths annually. These figures make AAA the 15th
leading cause of death in United States [7]. An AAA can remain stable and asymptomatic for
many years. The principal complication of AAA is rupture, which is directly related to the
diameter of the aneurysm and has a high rate of mortality [8]. Approximately 60% of the
patients die before receiving medical attention [9], and up 50% of those who reach a hospital
do not survive the repair surgery [10, 11].
The risk factors of AAA include age, gender, race, family history, smoking, hypertension
and atherosclerosis. The aneurysms commonly develop after the age of 60 years, and increase
in frequency with age (40% very 5 years after 60 years of age) [12]. AAA affects five times
more men than women; the reasons for this gender disparity are unclear, but it is most likely
due to hormonal factors and exposure to risk factor [13]. The prevalence of AAAs is
significantly lower in people of African descent than in Caucasians [4, 14]. A familial
tendency for AAA has been reported, with a high prevalence (> 28%) of AAA in patients
who have a similarly affected first-degree relative [15, 16]. Smoking is a risk factor for the
development, expansion and rupture of AAA. Studies have demonstrated that 18-52% of
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patients with small AAA were smokers [17]. The risk of developing AAA remains unchanged
for at least 10 years following smoking cessation [2]. Hypertension is associated with AAA
because of the increased stress placed on the aortic wall. Tissue hypoxia may injure the aortic
wall and thus initiate the process of ECM degeneration [1, 13].
Most AAAs contain a large quantity of intraluminal thrombi and emboli and their amount
is positively related to the gravity of the aortic dilatation [18]. AAAs are less common in
patients with diabetes [19].
Aortic rupture is one of the most common features of AAA and is responsible for 1.5% of
the mortality in males over 55 years old [14]. Evidence indicates that biological factors are
implicated in AAA rupture. The risk factors for AAA rupture include the following:
aneurysm size (diameter of greater than 5.5 cm), expansion rate (expansion of more than 0.5
cm over 6 months), sex (three-fold higher in women than in men) and high blood pressure
[14, 20].

2.1. Atherosclerosis
For years, AAAs were considered merely a manifestation of atherosclerosis. The
development of these two diseases appears to be promoted by similar risk factors. In addition,
the infrarenal aorta is affected by atherosclerosis and is similarly the predominant site of
AAA [1]. Atherosclerotic lesions occur at sites of low shear stress, whereas regions of the
vasculature exposed to physiologically normal shear stress appear to be resistant to plaque
formation [21]. However, recent evidence indicates that the entire vascular tree is abnormal in
patients with AAA and that atherosclerosis in AAAs occurs because of altered luminal flow
[13]. The three following hypotheses for the development of AAA may all be true:
atherosclerosis induces the formation of AAA; the diathesis for a systemic arterial dilation is
influenced by genotype; and a chronic inflammatory process produces a diseased vascular
tree [13, 22].
Table 1. Risk factors for abdominal aortic aneurysm
Risk Factors
Age
Sex
Family history
Race
Hypertension
Smoking

Incidence
> 60 years
> Male
First-degree relatives
> Caucasian
> Women
18-52% of smokers

Table 2. Risk factors for abdominal aortic aneurysm rupture
Risk Factors
Diameter
Sex
Expansion
Blood pressure

Incidence
> 5.5 cm
> Female
> 0.5 cm over 6 months
High
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3. PATHOGENESIS
The pathogenic basis of AAA is a progressive weakening of an aortic wall that is
predisposed to dilation by high systolic blood pressure. Once arterial dilation occurs, the
tension in the vessel wall rises according to Laplace’s principles, accelerating the aneurysmal
enlargement until the wall consists of only fibrous connective tissue [4]. Various theories
have been proposed concerning the association between turbulent blood flow and aneurysm
development as a result of post-stenotic transformation, the elevated velocity of blood flow
and the imbalance between the intravascular pressure and the elasticity of the vascular wall
[23, 24]. Consequently, the formation of AAAs was traditionally considered to be a
biomechanical phenomenon that resulted from irreversible structural lesions in the aortic wall
with rupture when the stress from blood circulation exceeded the tensile strength of the aortic
wall [2]. However, the current concepts recognize that AAA represents a complex
multifaceted pathophysiological process resulting from the imbalance between biomechanical
and biological factors, featuring destructive remodeling of the elastic media, chronic
inflammation, depletion of smooth muscle cells and neovascularization [14, 22].
Inflammatory processes and active levels of proteolysis weaken the structural matrix of the
abdominal aortic wall and high transmural pulse pressure causes aneurysmal dilatation [25].

3.1. Proteolytic Activity
AAA formation occurs through a remodeling process involving an imbalance between
the synthesis and degradation of the ECM components. Collagens and elastin are the primary
components of the ECM. Collagens, particularly type I collagen and III collagen, are
responsible for the tensile strength of the aortic wall [26, 27]. Elastin fibers sustain the
structure of the vascular wall under hemodynamic stress. The degradation of elastin causes a
compensatory increase of collagen synthesis, which permanently alters the matrix structure of
the vessel wall. Several proteases contribute to the aneurysmal destruction of the aortic wall
[26]. MMPs are a family of endopeptidases with proteolytic activity towards the major
structural elements of the aortic wall. Four MMPs, MMP-2, MMP-9, MMP-7, MMP-12, are
the predominant elastases that degrade elastin fibers [14].
MMP-2 has been postulated as the significant elastase in the early stages of aneurysm
formation. Studies reported an increased local expression of MMP-2 in aneurysmal tissue [28,
29]. MMP-9 has attracted the most interest because its expression in aneurysmal tissue
correlates with the increase in vessel diameter and it is elevated in the plasma of patients with
aneurysms [30, 31]. The experimental AAA rat model developed in our laboratory exhibited
significantly elevated levels of MMP-2 and MMP-9, confirming the key role of these
metalloproteinases in the dynamic process of AAA formation [32].
The activation of MMPs is tightly regulated under physiologic conditions by the tissue
inhibitors of metalloproteinases (TIMPs). An imbalance between MMPs and TIMPs may
contribute to the degenerative process of AAA formation. TIMP-1 inhibits MMP-1, -3, -9 and
-12, thereby inhibiting the proteolytic digestion of ECM components [33]. Previous studies
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have demonstrated that the TIMPs suppress medial degradation and aneurysm formation. The
mRNA levels of TIMPs were decreased in AAA tissue [14, 26].

3.2. Inflammation
Chronic transmural inflammation contributes to the pathogenesis of AAA, with
mononuclear phagocytes and lymphocytes infiltrating the tunica media and adventitia. The
causes might involve autoimmune reactions or infections [34, 35].
Macrophages comprise the majority of the cells secreting proteases that disrupt the
lamellar structure of the aortic tunica media [36]. Angiotensin II is one of the factors that
induces inflammation through the activation of an inflammatory response involving the
infiltration of macrophages and stimulation of a proteolytic cascade leading to elastin
degradation and increased production of several inflammatory mediators, including leukocyte
adhesion molecules and chemokines [26, 37].
The infiltration of lymphocytes expressing IL-4, IL-5, IL-8 and IL-10 and tumor necrosis
factor (TNF-alpha), which regulate the local immune response, plays a role in AAA
formation [38].
Mast cells are also involved in the formation of aneurysms because they release several
proteases, growth factors, cytokines, and chemokines through degranulation [24]. Mast cells
also induce the activation of T-lymphocytes and macrophages by releasing pro-inflammatory
cytokines [39].
One study suggested that the peptide fragments resulted from the degradation of the ECM
might serve as chemotactic agents for the infiltrating macrophages [40]. Chemokines such as
interleukin 8 (IL-8), monocyte chemoattractant protein 1 (MCP-1) and RANTES (regulated
on activation normal T-cell expressed and secreted) may trigger leukocyte recruitment [41].

3.3. Smooth Muscle Cells Apoptosis
The loss of SMCs plays a significant role in the formation of AAA, most likely because
their loss reduces the population of cells that are capable of directing connective tissue repair.
The exact mechanisms responsible for SMC apoptosis are unclear, but current evidence
indicates that the elevated production of p53 and p21, a potential mediator of cell cycle arrest
and programmed cell death, contributes to this process [42].

3.4. Reactive Oxygen Species
Reactive oxygen species (ROS) have been shown to cause the progressive cell and tissue
damage characteristic of the oxidative stress that is implicit in AAA pathogenesis [26]. One
of the major modulators of MMP activity is oxidative stress [2]. NO production by the
inducible form of nitric oxide synthase (iNOS) occurs primarily by inflammatory cells,
resulting in high levels of NO and toxic byproducts that degrade elastin and disrupt the
extracellular matrix in an aneurysm [43].
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4. DIAGNOSIS AND TREATMENT
AAAs can be detected noninvasively and relatively inexpensively by ultrasound imaging,
which has a sensitivity and specificity of nearly 100% for this disorder [44]. Early detection
of AAA can be life-saving, giving patients the opportunity to undergo elective surgical repair,
which is a much safer and more effective intervention than emergency repair after rupture
[45].
To minimize the risk of an AAA rupturing, surgical treatment is indicated when the size
of the aneurysm reaches a threshold level above which the risk becomes significant; this
cutoff level is set at a diameter of 5.5 cm because the risk of rupture for AAA <5.5 cm is
lower than the mortality rate associated with an elective procedure in the majority of centers
[46].
Treatment of an AAA is indicated in the following cases: (a) maximum axial diameter
>5.5 cm; (b) rapid growth (>1 cm/year); (c) rupture; and (d) presence of associated symptoms
(pain) [47]. For many years, the standard treatment was open surgery, which was associated
with a perioperative (<30 days) mortality rate of 8–15% [48] and a rate of periprocedural
complications of approximately 10% [49]. Endovascular repair of an AAA (EVAR) has
increasingly gained ground as a safe and effective option enabling a three-fold reduction in
the perioperative mortality rate (1–2%) compared with that of open surgery [50, 51]. The
main advantages over open surgical repair include a shorter procedure time, the possibility of
using local anesthesia, reduced surgical trauma, less postoperative pain, a shorter stay in the
hospital and intensive care unit, less blood loss and a lower postoperative mortality and
morbidity [52].
Based on increasing evidence of the molecular mechanisms underlying the process of
AAA formation, numerous strategies have been proposed to prevent the development of
AAAs. Pharmacological therapy has been regarded as an effective approach for treating
AAA, and some agents have undergone clinical trials. Some potential targets for AAA
treatment are as follows: beta-blockers, doxycycline, statins, angiotensin-converting enzymeinhibitors and Ang II receptor blockers, anti-platelet drugs, and mast cell inhibitors [26].
Beta-blockers: A number of rodent studies suggested the potential efficacy of betablockers to inhibit expansion of the AAAs [53, 54]. This potential efficacy was further
supported by some human association studies and a small, randomized controlled trial [55].
However, in other randomized controlled trials, no a significant reduction in AAA expansion
was observed in the patients that received beta-blockers [56]. Beta-blockers may be beneficial
for patients who undergo surgical repair of an AAA [57].
Doxycycline: The initial interest in antibiotics in the treatment of small AAAs was
fuelled by the theory that Chlamydia-infection or other infections might be important in AAA
pathogenesis. Clear evidence of the role of infection in the progression of the majority of
AAAs remains to be established [58]. Some studies showed that systemic administration of
doxycycline effectively suppressed the progression AAAs in experimental mouse models [31,
59-61] and the expression of MMP-2 and MMP-9 appeared to be inhibited in tissue samples
taken from patients treated with doxycycline before aneurysm repair [62]. Pyo (2000)
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demonstrated reduced aneurysmal growth with concomitant suppression of MMP-9 activity
in an elastase-perfusion mouse model of AAA [31].
Statins: Hydroxymethylglutaryl-coenzyme A reductase inhibitors, also known as statins,
are widely prescribed for their lipid-reduction effects. Although the reduction of blood lipid
levels prevents the progression of atherosclerosis, additional effects of statins, so-called
pleiotrophic effects, have been increasingly recognized in recent years. Despite the absence of
a clear relationship between the level of serum cholesterol and growth rate of AAA, statin
therapy is expected to prevent AAA development because the pleiotrophic effects of statins
include an anti-inflammatory effect, anti-oxidative effect, and the reduction of MMP
secretion. In experimental studies, simvastatin suppressed AAA progression in a mouse
model, accompanied by a reduction of the level of MMP-9 and an increase of the level of
TIMP-1, whereas inflammatory cell infiltration was not inhibited [63, 64]. Atorvastatin
demonstrated an inhibitory effect in an elastase-induced rat AAA model, suppressing
macrophage recruitment into the vascular wall and inhibiting of the expression of MMP-12
but not MMP-9. In an ex vivo human organ culture system, the application of cerivastatin
reduced the tissue level of MMP-9 and inhibited the activation of infiltrated inflammatory
cells [65]. These results and the beneficial effects of statins in patients with AAA suggest that
statins prevent the progression of AAA [66, 67].
Angiotensin-Converting Enzyme Inhibitors and Angiotensin Receptor Blockers:
Angiotensin-converting enzyme (ACE) inhibitors have been shown to stimulate and inhibit
MMPs depending on the cell type or animal model [68, 69]. Experiments using different
animal models of aneurysmal disease have suggested an important role for the
angiotensin/renin axis in aneurysm development. Captopril, an angiotensin receptor blocker,
prevents aneurysm formation in the rat elastase model of AAA [70]. This model relies on the
infusion of elastase into the infrarenal aorta, which results in an initial mechanical dilation
followed by progressive enlargement. Another commonly studied aneurysm model is based
on the chronic infusion of angiotensin II into apolipoprotein E–deficient mice, which results
in aortic dilation and eventual rupture [71].
-Blockers, lipid-lowering agents, and angiotensin receptor blockers showed no
relationship to rupture. Patients who discontinued ACE inhibitors for 3 to 12 months were at
risk of aneurysm rupture [72]. Most patients presenting with a ruptured aneurysm have large,
undetected aneurysms, whereas patients with known aneurysms typically undergo repair long
before their rupture risk becomes significant. Thus, these findings regarding ACE inhibitors
and rupture risk might find its most practical application among the small number of patients
deemed unfit for repair surgery [73].
Anti-platelet drugs: Circulating concentrations of thrombus products are strongly
associated with the presence and progression of AAA in patients with small AAAs [74,
75].Thrombi from human infrarenal AAAs contain large numbers of inflammatory cells,
mainly neutrophils, and high concentrations of pro-inflammatory cytokines and proteolytic
enzymes [76, 77]. In a rat model of AAA, platelet inhibition was found to limit the
development of AAA [76, 78]. The efficacy of anti-platelet medication in limiting the
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progression of AAA has not been examined in a randomized controlled trial, although a
number of association studies have been reported [66, 79-81]. In one study, aspirin
prescription was associated with slowing the progression of small AAA [81]. Recent studies
of larger groups found no significant association between anti-platelet prescription and AAA
expansion [79, 82].
Current guidelines consider AAA as an atherosclerotic equivalent and suggest that aspirin
should be prescribed to all patients who have AAAs to reduce their risk of cardiovascular
disease, unless contra-indicated [83]. No randomized controlled trials have been conducted to
assess the efficacy of antiplatelet medication in reducing cardiovascular events in patients
with small AAA who do not have another indication for the medication. In a recent study of
patients with AAA, an association was found between thrombus volume and subsequent
cardiovascular events, suggesting that products of the thrombi in AAA could play a role in
atherosclerotic plaque destabilization [84]. A randomized trial of anti-platelet agents in
patients with small AAAs seems indicated but it may be too difficult to recruit suitable
subjects for such a study [85].
Mast cell inhibition: The effects of mast cell stabilization on AAA formation were
examined in an experimental study. Administration of disodium cromoglycate, an inhibitor of
mast cell degranulation, reduced aortic expansion by 40% and inhibited the recruitment of
mast cells and macrophages in an elastase-induced mouse AAA model [86]. Similarly,
another study demonstrated that treatment with tranilast attenuated the progression of AAA in
a CaCl2-induced rat AAA model [39]. These mast cell stabilizers have been used clinically to
control allergic disorders such as bronchial asthma. Thus, the impact of mast cell stabilizers
on AAA formation needs to be clarified in clinical studies [26].

5. AAA INDUCTION IN EXPERIMENTAL MODELS
There is considerable controversy concerning what processes that drive the growth of
abdominal aneurysms. The inherent limitations of animal and human studies hamper the
elucidation of the key inflammatory and proteolytic processes. Studies using human biopsies
and cell culture are valuable, although they are impeded by a dearth of experimental tissue
and by the limited abilities of in vitro studies to mimic the in vivo situation. The data for
humans are largely derived from surgical specimens that typically reflect the final stages of
the disease process and thus do not allow distinction between primary and secondary
processes.
The development of animal models which enable the study of AAA pathophysiology or
the validation of new therapeutic targets in vivo has contributed to our understanding of
AAA. In this report, we describe some of the animal models currently available for AAA
research and outline the potential benefits and limitations associated with their use [87].
A number of different animal models have been developed to study abdominal aortic
aneurysm in an effort to advance current management deficiencies. Small animal models,
particularly those developed in rodents, have been employed to further the understanding of
the mechanisms involved in AAA and identify potential new medical treatments. The
findings from these animal models will contribute significantly to new treatments for human

Pathogenesis of Abdominal Aortic Aneurysms

65

abdominal aortic aneurysm disease. This chapter explores the animal models that are used in
abdominal aortic aneurysm research and highlights their advantages and disadvantages [87].
The most commonly utilized model of AAA induction uses pancreatic elastase to
promote an inflammatory reaction in the aortic wall, leading to degradation of the elastin
fibers and aortic dilatation [88]. Another model is generated by bathing the abdominal aorta
in vivo with a solution of calcium chloride (CaCl2), thus inducing calcium deposition, SMC
apoptosis and degeneration of the tunica media by disruption of the elastic lamella [89].
Recently, Tanaka et al. (2009) produced prominent abdominal aneurysms in rats using a
combination of these methods [90]. Experimental AAAs may also be generated by inducing a
mechanical weakness within the arterial wall. This may be achieved by crush injuries [91] or
blunt trauma [92]. Nevertheless, the scarcity of published reports suggests that these
approaches are not commonly used. Traditionally, experimental arteriotomies are repaired
using autografted venous tissue, although patches from other tissue types or synthetic
materials have been described [93-96]. Further modifications of the original protocol have
been proposed to improve aneurysm performance [97] and enable the formation of a wide
variety of phenotypes to be mimicked, with predictable results [95, 98].
Histological examination of animal aortas following the graft patch of an aneurysm
revealed similarities to human AAA such as the degradation of elastin fibers and
inflammatory infiltrates within the tunica media. However, the observed increase in the
number of aortic fibroblasts and smooth muscle cells is a direct contradiction of the human
situation, suggesting that pathological pathways in this model are distinct from human disease
[96]. Despite this, morphological similarities between human and animal patch aneurysms
provide opportunities to gain surgical experience or to develop novel methods for aneurysm
repair [98].

5.1. AAA Induction Model Associating Acute Inflammation and Blood Flow
Turbulence
5.1.1. Experimental design and methods
In this study, we used a model of AAA inducted by the combination of acute
inflammation and turbulent blood flow. Thirty-six Wistar rats weighing an average of 150 g
were used in the study. The animals were divided into two groups, Aneurysm (A) and Control
(C) and were euthanized after three intervals of time [3, 7 and 15 days post-surgery (dps)].
The surgical procedure was previously described [32]. Briefly, the aorta was constricted
with a diameter dental bur diamond and a ligature of cotton thread was made around the bur.
The bur was immediately removed, reducing the vessel lumen and producing approximately
80% stenosis. As it is withdrawn, the rough end of the dental bur diamond induces a
traumatic injury on the outer layer of the aorta of the A group rats. For the rats in the C group,
the aorta was only mobilized. After treatment of the aorta, the peritoneum muscle and skin of
the abdomen were sutured. The protocol was approved by the Committee on Animal
Research of the University of São Paulo and use of animals in research.
At the designated time points, the abdominal aortas were excised from the trunk down to
the iliac bifurcation and the aneurysms/aortas were cut transversely into two equal parts. One
segment was fixed with 10% formalin in phosphate buffer for 1–2 min and then immersed in
a fresh solution of the fixative for 24 h at room temperature prior to being processed for
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paraffin embedding. Tissue sections (5-m-thick sections) were cut and were stained with
hematoxylin and eosin (H&E), resorcin (RES) and picrosirius red (PSR). The remainder of
the aneurysm/aorta was frozen (-80º C) for use in the MMP-2, MMP-9, TIMP-1 and TIMP-2
assays. The methods used (morphometric analyses, immunohistochemistry, zymography and
Western Blot) were previously described [32].

5.1.2. Results
In this model, the AAAs were established in approximately 60-70% of the animals in the
A group within 3 dps [32], with a mean dilatation ratio of over 300% (Figure 1). The AAAs
were located in the injured-stenosed area of the abdominal aorta which sometimes contained
mural thrombi within the lumen.
Microscopically, the aortic walls of the aneurysms (group A) were thicker and contained
more collagen fibers and fewer elastin fibers from 3 dps until the end of the experiment
(P<0.001), compared to the aortic walls of the rats in group C (figure 2 and 3).
Large numbers of inflammatory cells were observed in the aneurysmatic walls in the rats
in group A. The number of neutrophils was significantly increased from 3 dps and remained
high until 15 dps (P<0.001; figure 4), whereas no change was observed in the rats in group C.
Similarly, the macrophages were high 3 dps in group A (P<0.001; figure 4). Both types of
inflammatory cells (neutrophils and macrophages) were the predominant cells in the
aneurysm wall. The number of B and T lymphocytes was also elevated in the rats in group A
throughout the experiment (P<0.001), although the values were less than those of neutrophils
and macrophages. The number of SMC/myofibroblasts and the amount of neovascularization
was increased in the rats in group A throughout the experimental period (P<0.001; figure 4).

Figure 1. Macroscopic view of an abdominal aortic aneurysm (6 x 5 mm diameter) developed in a rat in
group A within 3 dps. Note the great dilatation to more than 300% of the normal diameter, which is
restricted to the previously injured and stenosed area. Bar = 5 mm.
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Figure 2. (A-I) Histological images of aortic aneurysms at 3, 7 and 15 dps in rats from group A, stained
with HE, PS or RES. Note the extensive remodeling of the aortic wall, the abundant collagen deposits
and the destroyed elastin fibers, as well as the presence of inflammatory cells. (J-L) sections of aortas
from the control animals for comparison. Bar = 50 µm.

Large numbers of inflammatory cells were observed in the aneurysmatic walls in the rats
in group A. The number of neutrophils was significantly increased from 3 dps and remained
high until 15 dps (P<0.001; figure 4), whereas no change was observed in the rats in group C.
Similarly, the macrophages were high 3 dps in group A (P<0.001; figure 4). Both types of
inflammatory cells (neutrophils and macrophages) were the predominant cells in the
aneurysm wall. The number of B and T lymphocytes was also elevated in the rats in group A
throughout the experiment (P<0.001), although the values were less than those of neutrophils
and macrophages. The number of SMC/myofibroblasts and the amount of neovascularization
was increased in the rats in group A throughout the experimental period (P<0.001; figure 4).
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Figure 3. Bar graphs demonstrating various morphometric parameters analyzed in both groups. The
data shown are the means ± SD (n = 6 per group); *P < 0.05, **P < 0.01 and ***P < 0.001.

Figure 4. Bar graphs demonstrating the inflammatory response, number of SMCs and
neovascularization in both groups. The data shown are the means ± SD (n = 6 per group); *P < 0.05,
**P < 0.01 and ***P < 0.001.
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Figure 5. Bar graphs demonstrating the iNOS and nitrotyrosine levels in both groups. The data shown
are the means ± SD (n = 6 per group); *P < 0.05, **P < 0.01 and ***P < 0.001.

These alterations are directly related to the striking increase in the levels of inducible
nitric oxide synthase (iNOS) and nitrotyrosine in the aneurysms from 3 dps until the end of
the experiment (group A; P<0.05; figure 5). However, there were no changes in presence of
inflammatory cells or SMC/myofibroblasts, in vascularization or in the levels of iNOS and
nitrotyrosine were observed in the rats in group C.

Figure 6. Bar graphs demonstrating the activity of MMP-2 and MMP-9 and the expression level of
TIMP-1 and 2, obtained by densitometric analysis of western blots. The data shown are the means ± SD
(n = 6 per group); *P < 0.05, **P < 0.01 and ***P < 0.001.
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Densitometric analysis revealed that the expression of both forms of MMP-2 (pro and
active) and of MMP-9 were significantly higher in the aneurysms (group A; P<0.05; figure 6)
after 3rd dps. Similarly, the expression of TIMP-1 was increased in aneurysms (P<0.05; figure
6) within 3 dps and expression of TIMP-2 was increased within 7 dps, as demonstrated from
analysis of western blots (P<0.001; figure 6). The expression of MMP-2, MMP-9, TIMP-1
and TIMP-2 was not altered in the rats in group C.

5.1.3. Discussion
In previous work performed in our laboratory, we created a new model of AAA induction
by combining two potential causes of metalloproteinase (MMP) secretion: acute inflammation
and turbulent blood flow [32]. In isolation, these causes were insufficient to provoke arterial
dilatation and aneurysms but when combined, the abundant MMP-2 and MMP-9 secretion
and activation promoted elastin degradation, wall remodeling and aneurysm formation. The
technique of the new model was efficient, causing the development of extraordinarily dilated
aneurysms with a morphology similar to that of human abdominal aneurysms in only 3 days.
The pathology of AAA is complex and poorly understood. Destruction of extracellular
matrix components and marked local inflammatory cell infiltration are the striking histologic
features of human AAA tissue [99]. The persistent inflammatory state in AAA is held
responsible for the proteolytic imbalance that underlies the extensive matrix degradation by
proteases [3, 38]. A strong relationship between vascular inflammation and the progression of
abdominal aortic aneurysms has been demonstrated by clinical findings and experiments on
animal models. Aneurysms are characterized principally by a chronic inflammatory response
accompanied by a proteolytic imbalance. Increased proteolytic activity in the disease is
responsible for the increased matrix turnover and the progressive weakening of the aortic wall
[3]. Inflammatory responses contribute to the acceleration MMP secretion in aortic
aneurysms. Studies on mRNA and protein have demonstrated increased local expression of
the MMPs as well as an imbalance between the expression of MMP and the expression of
their naturally occurring inhibitors, the tissue inhibitors of MMPs (TIMPs). MMP activity can
be restrained by the natural inhibitors (TIMPs). Thus, it is more likely that a particular
expression pattern of MMPs/TIMPs rather than up- or down-regulation for the degradation of
the aortic ECM. Generally, when the expression of MMPs is increased, the expression of
TIMPs is decreased [100]. Revealing this distinct expression pattern in aortic tissue requires
screening large number of MMPs and/or TIMPs.
The specifically high expression of MMP-2 and MMP-9 that is observed in aneurysmal
tissue plays a pivotal role in the formation of aneurysms [32]. MMP-9 is one of the most
abundant elastolytic proteinases secreted by human AAA tissues. It is produced primarily by
the aneurysm-infiltrating macrophages at the sites of tissue damage and its expression appears
to correlate with an increasing aneurysm diameter [30]. MMP-2 expression is elevated in
human AAAs and is primarily the product of the resident mesenchymal cells [101]. Our
findings are in agreement showed a remodeling wall characterized by the total destruction of
elastin fibers and the progressive deposition of collagen in the aortic wall, associated with
inflammatory responses, mainly of the macrophages and neutrophils. High levels of
expression of MMP-2 and -9 were observed in the aneurysmal tissue, similar to what has been
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reported shown in the literature. The expression of TIMP-1 and -2 was also high in
aneurysmal tissue, most likely as an effort to counteract the activity of the MMPs.
The blood flow conditions clearly influence intramural vascular inflammation, although
the mechanisms underlying these influences are not completely understood [25, 102]. The
narrowing of the artery seriously perturbs the overall laminar nature of the blood flow and
generates complex zones of accelerating, decelerating and turbulent flow [103-105],
promoting proinflammatory gene expression [104]. The shear conditions also regulate the
expression of cytokines, chemokines and growth factors [106]. Optimization of a pig AAA
model was recently described; this model combined the effect of elastase on the aortic wall
with turbulent blood flow caused by a stenosing cuff, reinforcing the concept that turbulent
flow in the aorta lumen has a significant effect on the progression of AAA [96].
Hemodynamic conditions also regulate oxidative stress-related gene products relevant to
AAA disease. Increased blood flow and antegrade shear stress stimulate antioxidant, antiinflammatory, and anti-apoptotic gene expression in vascular cells, whereas non-laminar or
reduced antegrade stress augments oxidative stress, inflammation and cell loss [107]. One of
the potential mechanisms of NO-mediated tissue damage is its capacity to amplify the effects
of the proinflammatory cytokines on various cell types, leading in part to increased
expression of MMPs [108]. Reactive nitrogen intermediates may also accelerate connective
tissue destruction by promoting the activation of MMPs [109]. In addition, protein nitration
causes direct oxidative damage to connective tissue structural proteins, such as elastin [110].
The potential role for oxidative stress in catalyzing aortic aneurysmal degeneration was
recently emphasized by Miller and associates [111], who found evidence of increased ROSgenerating enzyme activity, increased superoxide production and molecular and morphologic
evidence of oxidative tissue injury in human AAA tissue. To investigate the possibility that a
high local production of NO contributes to aneurysmal degeneration, we examined protein
tyrosine nitration and the expression of some isoforms of nitric oxide synthase (NOS) during
aneurysm formation in the AAA rat model. Our study demonstrated that aneurysmal
degeneration was associated with extensive production of nitrotyrosine and markedly
increased expression of inducible NOS (iNOS) in the aortic wall within 3 dps, which
coincided with an increase in the levels of MMPs. Interestingly, Dalman et al. (2003) reported
that ROS, which are extracellular pro-aneurysmal factors, also act intracellularly to promote
the chemotaxis, activation and proinflammatory cytokine release of monocytes [107].
In summary, the results of this study are valuable for our understanding of the link
between vascular wall inflammation and aneurysm disease, demonstrating that inflammatory
cells, MMPs, and iNOS play a requisite role in the process of induced experimental
aneurysmal degeneration in the rat. The validation of experimental models of AAA will
provide insight into the mechanisms of the progression of this disease in humans. A recent
interest in developing new therapeutic strategies for patients with small asymptomatic AAAs
has led to greater efforts to define the molecular mechanisms that underlie aneurysmal
degeneration. Thus, we believe that our model has great potential for improving
understanding of the etiopathogenesis of AAAs, as well as for investigating new therapeutic
treatments.
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6. FUTURE DIRECTIONS
Clearly, current requirements of basic research into AAA have encompassed a broad
spectrum of potential areas for research. Conceptual models of aortic aneurysm disease have
traditionally focused on the mechanical aspects. Consequently, surgical solutions have
dominated the therapeutic approach to this disorder. Nevertheless, with the growing
recognition of the prevalence of small AAAs and the unfavorable natural history of these
lesions, it is evident that a wide range of multidisciplinary research is needed. It is hoped that
rapid progress in AAA research will attract investigators with expertise in various relevant
fields of study to apply and integrate approaches involving vascular physiology, tissuespecific pathology, vascular cell biology, molecular analysis of gene expression, clinical
research and molecular genetics. Careful characterization and the creative use of human tissue
resources will accelerate this endeavor, as will the development of more animal models of
AAA. Furthermore, those who want to explore new paths for the clinical management of
small AAAs and can generate testable hypotheses are needed to analyze the factors
influencing the progression of aneurysmal disease under different clinical conditions. These
efforts must necessarily include doctors specializing in vascular surgery, cardiology and
vascular medicine as well as basic researchers focused on various aspects of tissue biology,
inflammation and immunology, genetics and molecular biomechanics. Strong collaborations
between basic and clinical researchers are thus necessary for greater understanding of the
etiology, pathophysiology and natural history of aortic aneurysms [112].
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