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Abstract

The renin angiotensin system (RAS) has been invoked in the development of both abdominal and
thoracic aortic aneurysms. Experimentally, this has been demonstrated by the chronic subcutaneous
infusion of angiotensin Il (Angll) that consistently leads to the development of abdominal aortic
aneurysms (AAAs) in mice. Angll-induced AAAs have highly heterogenous cellular and
extracellular matrix characteristics throughout the aorta that change markedly with duration of
infusion. The mechanistic basis for the reproducible location of AAA development has not been
elucidated, but many recent insights have been provided especially in regard to receptor and
inflammatory mechanisms. A recent clinical study has provided some limited evidence for the
extrapolation of these results to mechanisms of human AAAs. Experimental evidence has also
demonstrated that antagonism of AT1 receptors prevents ascending aortic aneurysms in a mouse
model of Marfan’s disease. A clinical study is currently ongoing to demonstrate the efficacy of
antagonism of AT1 receptors in humans.

Introduction

An aneurysm is defined as a permanent dilation, although there are complexities related to age,
gender, and reference points regarding the acceptance of criteria for considering an aneurysm
as being pathological [1]. Aneurysms may occur in several blood vessels, with aortic aneurysms
occurring in both the thoracic and abdominal regions. Aneurysms frequently develop inacovert
manner, but have dramatic clinical presentations caused by rupture with high mortality. AAAs
account for large numbers of deaths, although the incidence of AAA-related death is probably
vastly underestimated given our inability to discriminate it from other forms of cardiovascular
related deaths in the absence of an autopsy. Although aneurysms of the ascending aortic arch
are much lower in incidence, they are the major cause of mortality in individuals afflicted with

Marfan’s and similar diseases [2].

Unfortunately, there is limited mechanistic insight into the initiation and propagation of

aneurysms. The current treatment option is surgical repair with its attendant complications and
risks. This surgical option only treats the end stage of the disease when the threat of rupture is

considered to be imminent. For both abdominal and thoracic aortic aneurysms, there are no

medically proven modes of treatment. The inability to implement an effective pharmacological
therapy during the formative or progressive stages of the disease is partially due to our lack of
knowledge of mechanisms responsible for aortic dilation. However, there is a consistent and

evolving literature that inappropriate activity of the RAS is an underlying cause of aortic
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aneurysmal diseases. We previously reviewed this evidence in 2004, and therefore will
primarily focus on publications since that time [3].

Angll Infusion Induces Complex and Progressive AAAs

A number of different animal species have generated experimental models of AAAs. However,
mice are the most commonly used species in contemporary studies [4]. The most frequently
used mouse models of AAAs are: 1. Intra-lumenal infusion of porcine elastase into the infra-
renal aorta; 2. Peri-aortic incubation of a high concentration solution of calcium chloride; 3.
Subcutaneous infusion of Angll into normo-or hypercholesterolemic mice [4]. These 3 mouse
models all yield pronounced changes that are most overt in the medial and adventitial aspects
of the aorta.

Chronic subcutaneous Angll infusion into male apoE -/- or LDL receptor -/- mice has
consistently led to generation of pronounced AAAs that are located in the suprarenal aorta
[5-16]. Angll infusion also induces AAAs of similar gross appearance in normolipidemic mice,
althoughwith a lesser incidence [17]. The development of Angll-induced AAAs shows a strong
gender preference, with much greater incidence in males, as occurs in the human disease [18,
19].

AAA:s induced by Angll-infusion have complex cellular and extracellular matrix
characteristics that can vary greatly along the length of the aorta. In addition, continued AnglI
infusion leads to progressive changes in the pathological characteristics of the aneurysmal
tissue. The earliest cellular change noted following initiation of Angll infusion is medial
accumulation of macrophages in the AAA-prone area. This occurs in regions of limited elastin
breaks and precedes disruption of elastin fibers across the entire medial layer [20]. Medial
disruption does not usually lead to a loss of vessel patency, but contributes to large expansions
of luminal diameter and thrombus formation. The recent development of very high frequency
ultrasound has enabled a time course of luminal expansion of abdominal aortas to be measured
noninvasively during Angll infusion [21]. Angll infusion promotes and initial rapid phase of
lumen expansion within the first 5 days. This is followed by a more gradual increase in luminal
diameter. This large luminal expansion is also present in histological sections [6,20]. However,
it is usually bordered, both proximally and distally, by regions of adventitial thickening. This
initial phase of luminal dilation is followed by modest further expansion that is associated with
pronounced remodeling of the aorta. During this phase there is accumulation of macrophages,
T and B lymphocytes. The lumen in the AAA regions becomes re-endothelialized, and there
is frequent formation of a “neomedia”. Atherosclerotic lesions develop in these established
AAAs.

Recent studies have examined the progression of AAAs during infusions of Angll up to 3
months. Continuous Angll infusion leads to progressive luminal expansion as measured by
sequential noninvasive monitoring with high frequency ultrasound. Luminal expansion is
variable among individual mice, but may enlarge to over 4 mm in mice that have baseline
diameters of approximately 0.8 mm. Occasionally, mice die from AAA rupture during these
prolonged infusions [22]. Cessation of Angll infusion after 1 month of infusion in mice with
ultrasonically-verified increased luminal diameters does not lead to further dilation during the
subsequent 2 months. Similarly, the incidence of AAA rupture is minimal. However,
termination of Angll infusion also does not lead to any observable reduction in the size and
severity of AAAs [22]. Although one study has noted a complete regression of Angll-induced
AAA:s following discontinuation of infusion, this study was performed in female mice that
have a low incidence of AAAs. In addition, the presence of AAAs was not verified
noninvasively as being dilated [11].
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Overall, the infusion of Angll has led to the appearance of AAAs located to the suprarenal
aorta, as replicated by multiple laboratories using this model. The heterogeneity and
progressive changes have led to some confusion regarding the pathological characteristics of
Angll-induced AAAs. However, it is clear that Angll-induced AAAs in mice have many
similar characteristics to the human disease including profound increases in luminal diameter,
medial degeneration, extracellular matrix disruption, leukocyte infiltration, thrombus
formation, and atherosclerotic lesions [23-].

Roles of the RAS in Experimental AAAs

The role of the RAS in formation of AAAs is partially based on associations of the components
of the system being present in experimental aneurysmal tissue. Traditionally, the RAS has been
considered as a systemic pathway for synthesized peptides that exert local effects depending
on the presence of angiotensin receptors. These effects are through predominantly AT1
receptors, with a less defined role for the function of AT2 receptors. However, it is becoming
apparent that angiotensin peptides are synthesized locally, either through the classic pathway
involving renin and ACE, or alternative pathways.

A limited number of studies have detected components of the classic RAS in experimental
aneurysmal tissue. This has included the detection of both mRNA and protein for ACE in
elastase-induced aneurysmal tissue of rats. No changes were noted in mRNA abundance for
AT1 or AT2 receptors [12]. Evidence for a role of ACE in experimental AAAs was provided
by three inhibitors of the enzyme (captopril, lisinopril, and enalapril) that reduced the aortic
diameter and decreased elastin degradation in elastase-perfused rats [24]. However, the lack
of effect of the AT1 receptor antagonist, losartan, does confound the interpretation of a role of
Angll in elastase-induced aneurysms.

Chymase has been invoked as a potential alternative enzyme to ACE for the generation of
Angll from Angl. In dogs, chymase has been detected in elastase-induced aneurysmal tissues
and associated with increased ability to form Angll. The active role of chymase was proven
by administration of an inhibitor, NK3201, that attenuated the ultrasonically-defined luminal
expansion and maintained the medial layer [25]. A major cell type for secretion of chymase is
mast cells. Recently, mast cell deficiency has been shown to attenuate elastase and calcium
chloride induced AAAs in mice, although these studies did not evoke a role of chymase.

Early studies in the Angll-induced AAA model demonstrated that the AT1 antagonist, losartan,
ablated development of the pathology [26]. Mice express 2 subtypes of AT1 receptors that are
highly homologous, but display functional differences. For example, the AT1b receptor
subtype is abundantly expressed in aorta and is responsible for Angll-induced contractions of
the abdominal aorta. Despite the abundance of AT1b receptors in aortas, deficiency of the
ATlareceptor subtype completely ablated the development of Angll induced AAAs [27]. Bone
marrow transplantation studies were subsequently performed to determine whether Angll-
induced AAAs were due to stimulation of AT1a receptors on donor bone marrow derived or
recipient cells. These studies had the confounding issue that the irradiation and repopulation
procedure influenced the development of Angll-induced AAAs [27]. Nevertheless, these
studies clearly demonstrated that the AT1a receptor genotype of the recipient had a major effect
on development of Angll-induced AAAs (Table 1). In contrast, deficiency of AT1a receptors
on repopulated bone marrow derived cells had no effect on Angll-induced AAAs [27]. It has
not been determined which recipient cell types express AT1a receptors to regulate the disease,
but likely candidates are endothelial and smooth muscle cells. We are currently addressing this
issue using LDL receptor -/- mice that have floxed AT1a receptors.

One potential consequence of RAS activation from Angll infusion is increased plasma
concentrations of aldosterone, which has been attributed as the mediator of Angll-mediated
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vascular inflammation. However, infusion of multiple doses of aldosterone, that resulted in
progressive increases in circulating aldosterone concentrations, into male apoE-/- mice failed
to generate AAAs that are a characteristic of Angll infusion [28]. In addition, the aldosterone
receptor antagonist, spironolactone, failed to influence Angll-induced AAAs. Therefore,
although aldosterone regulates some Angll-induced inflammatory effects, it is not involved in
the development of AAAs.

Mechanistic Studies on Angll-induced AAAs

We focus in this section on Angll-induced AAAs as a relatively simple model invoked by
infusion of Angll through subcutaneous implantation of mini-osmotic pumps, with an easily
defined end-point of dilations of abdominal aortas. Thus, a relatively large number of
publications have investigated various facets of Angll-induced AAAs (Table 1).

A feature of all stages of Angll-induced AAAs is the accumulation of macrophages. Monocyte
chemoattractant protein-1 is one of the most prominent chemokines that has been invoked in
macrophage-based vascular pathologies through interaction with its receptor, CCR2. Whole
body deficiency of CCR2 attenuated the development of Angll-induced AAAs [29]. Although
CCR2 may present on multiple cell types, its expression on bone marrow derived cells is critical
for the development of Angll-induced AAAs [8,29].

The complex prostanoid family has been implicated in many inflammatory processes.
Bioactive lipids of this family are derived from PGH2 that is the product of both cyclooxgenase
(COX) enzymes, COX-1 and COX-2. Both COX enzymes catalyze the same reaction.
However, they impart different biological responses based on the differential location of their
expression, and that of downstream processing enzymes and receptors for the specific bioactive
lipid products. COX-2 mRNA abundance increased in mouse abdominal aortas during
progressive lengths of Angll infusion. This was not associated with increased abundance of
mPGES-1 which may infer that PGE2 synthesis was not increased [30]. Inhibition of COX-2
in male apoE-/- mice using the relatively selective inhibitor, celecoxib, led to reduced AAA
incidence and severity [31]. The role of COX-2 was also studied in genetically deficient mice
with a hybrid genetic background of C57BL/6 and 129/Ola. This genetic background showed
increased susceptibility to Angll-induced AAAs compared to normolipidemic C57BL/6 mice
[17], that was attenuated with COX-2 deficiency [30]. In contrast, pharmacological inhibition
of COX-1 with SC-560 failed to alter characteristics of Angll-induced AAAs in male apoE -/-
mice [31].

Lipoxygenases also form a range of bioactive lipids derived from arachidonic acid. A role for
5-lipoxygenase has been inferred through the attenuation of hyperlipidemic induced aortic
aneurysms in apoE -/- mice by deficiency of this enzyme [14]. The leukotriene B(4) formed
by 5-lipoxygenase exerts its biological effects through interaction with the G protein coupled
receptor, BLT-1. Consistent with a role in the disease, deficiency of BLT-1 reduces Angll-
induced AAAs in apoE-/- mice [15]. However, in a recent publication, deficiency and
pharmacological inhibition of 5-lipoxygenase failed to influence the development of AnglI-
induced AAAs in apoE-/- mice [14]. Thus, there is a need for further studies to clarify the role
of these pathways.

In addition to phospholipid-based inflammatory responses, interferon beta (IFN-B) has been
investigated due to its inhibitory effects on inflammatory responses. Subcutaneous injection
of IFN-B attenuated Angll-induced atherosclerosis, but had no effect on Angll-induced AAA
formation in apoE -/- mice [32]. This is one of several studies in a range of animal models of
AAA:s that have dissociated effects on aneurysm formation versus atherosclerosis [33].
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Angll-induced AAAs are associated with the presence of matrix metalloproteinases (MMPs).
Since extracellular matrix destruction is a hallmark of AAAs, the ability of these enzymes to
fragment elastin and collagen make them candidates for mediators of the disease. There have
been particular emphases on MMP-2 and MMP-9 that degrade both elastin and denatured
collagens. Both MMP-2 and MMP-9 have been detected by zymography in extracts of Angll-
induced AAAs [7,12]. MT1-MMP was also detected in these tissues [12].

The syndecans are a family of cell surface proteoglycans that can bind and modulate the activity
of a diverse group of ligands, including MMP-1, 2, and 9. Infusion of Angll into apoE-/- mice
for 1, 4 or 8 weeks while concurrently consuming a fat-enriched diet increased syndecan-1
expression in infiltrating macrophages that predominantly localized to the adventitia.
Macrophage-associated syndecan-1 expression was accentuated during the course of aneurysm
formation [34]. During development of aneurysms, syndecan-2 was abundantly expressed
within aortic thrombi, and syndecan-4 was observed within aortic medias. Taken together,
subtypes of syndecans may play different roles in the genesis and development of Angll-
induced AAAs through regulation of the local inflammatory and proteolytic environment in
the vascular wall.

To date, there have been no publications on the effects of genetic deficiencies of any MMPs
on the development of Angll-induced AAAs. An implication of the role of MMPs is derived
from pharmacological inhibitors. Although doxycycline is well known as an antimicrobial
drug, it has been used in AAA studies to inhibit a broad spectrum of MMPs. In agreement with
a role for MMPs, doxycycline attenuates AAAs when administered to LDL receptor -/- mice
prior to initiation of Angll infusion [33]. Another pharmacological approach for reducing MMP
activity hasbeento inhibit histone deacetylase. The inhibitor, metacept, reduced Angll-induced
AAAs in male apoE -/- mice [16]. Both studies used inhibitors that are non selective for specific
MMPs and have the potential for effects on non MMP targets. Thus, there is a need for further
studies with either specific genetic deficiencies or more selective pharmacological tools.

Reactive oxygen species (ROS) have the potential to influence AAA development by
regulation of inflammation, MMP activation, and smooth muscle cell apoptosis. Many
compounds have antioxidant properties, including vitamins E and C. An initial study
demonstrated that dietary enrichment with vitamin E attenuated the formation of Angll-
induced AAAs in apoE-/- mice [9]. A subsequent study used dietary supplementation of both
vitamin E and C, but failed to demonstrate an effect on Angll-induced AAAs in apoE -/- mice,
as defined by aortic rupture [35]. The authors suggested the age of the mice (50 - 60 weeks of
age at the start of the study) as a potential explanation for the lack of effect of combined vitamin
E and C supplementation.

A major source of ROS in vascular tissue is membrane-bound NADPH oxidase, which consists
of transmembrane (eg, NOX1, NOX2, NOX4, and p22phox) and cytosolic (p47phox, p67phox,
and rac) subunits that assemble to form the functional oxidase. Deficiency of p47phox
attenuates Angll-induced AAAs in male apoE -/- mice [36]. NOX1 deficiency decreased
Angll-induced AAAs in mice that were backcrossed six times into a C57BL/6 background
[37]. This study demonstrated that norepinephrine-induced increases in blood pressure,
equivalent to that generated by Angll infusion, failed to develop AAAs. Therefore, there is
limited, but consistent data for a role of the NADPH oxidase system on development of AnglI-
induced AAAs.

Pharmacological targeting of intracellular signaling has further provided mechanistic insights
in Angll-induced AAAs in animal models. Fasudil, a Rho-kinase inhibitor, attenuated AnglI-
induced AAAs in apoE-/- mice by inhibiting apoptosis and proteolysis [38]. More recently, it
has been demonstrated that the JNK inhibitor, SP600125, attenuated the development of
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calcium chloride induced AAAs [13.-]. This was associated with changes in molecules that are
critical to extracellular matrix biosynthesis, such as lysyl oxidase. More surprisingly, it was
demonstrated that the JNK inhibitor regressed established AAAs when they were generated
by either calcium chloride or Angll-infusion. As part of their efforts to study regression, Angll
was infused into male apoE-/- mice for 4 weeks and the diameter of the aorta was measured
using a clinical ultrasound machine that operated at 15 MHz. In the subsequent 8 weeks, there
was an 18% reduction in luminal diameter in mice administered with SP600125, while there
was no change in mice administered with vehicle. These provocative results are the first
demonstration that AAAs may regress. These results need confirmation and further probing
into the mechanistic basis for this regression.

The incidence of Angll-induced AAAs is much greater in male than female mice, as is the case
in humans [18,19]. This difference in AAAs occurred despite equivalent responses in both
genders to Angll-induced increases in blood pressure and atherosclerosis [19]. Initial studies
focused on the role of estrogens in providing the protection afforded females in AAA formation.
Indeed, administration of 17beta estradiol decreased aneurysm incidence and external aortic
diameter in male apoE-/- mice, associated with decreased abundance of many adhesions and
chemoattractant molecules [39]. However, in a subsequent study, ovariectomy of female
apoE-/- mice had no effect on Angll-induced AAAs [19]. It also failed to influence AnglI-
augmented atherosclerosis. Conversely, orchidectomy of male apoE-/- mice reduced the
incidence of AAAs to a level that was observed in female mice. As another example of the
discord in the mechanisms underlying AAAs and atherosclerosis, there was an increase in
lesion size in these mice despite the benefit on AAAs. Thus, there are many issues that need
to be defined concerning the role of gender in the development of Angll-induced vascular
diseases.

RAS and Human AAAs

Genetic associations of the RAS in human AAAs have provided conflicting results. One study
has examined the role of the A1166C polymorphism in the 3’-UTR of the AT1 receptor and
failed to find an association with AAAs [40]. This study also examined the ACE I/D genotypes.
In one study, the DD genotype of ACE I/D polymorphisms was independently related to AAAS.
Since the D allele of the ACE gene is associated with increased serum levels of circulating
ACE, it was suggested that ACE gene polymorphism may be useful as a marker or predictor
of human AAA formation [40]. However, another study failed to find any relationship between
ACE 1/D polymorphism and AAAs [41]. The controversy between these two ACE
polymorphism studies may be partially attributable to different populations and small patient
number. In addition, due to the complex characteristics of gene polymorphisms, larger
population studies are necessary to define the functional molecular mechanisms of the RAS
genes in development of human AAAs.

There are some data from small clinical studies that ACE inhibitors may be beneficial to
patients with AAAs. These includes reduced acute vascular events in patients with AAAs
[42] and improved survival in AAA patients [43]. More recently, Hackam and colleagues have
reported a large population-based case-control study about the influence of ACE inhibition on
the risk of aortic rupture [44-]. After analyzing 15,326 patients hospitalized with a primary
diagnosis of AAAs, they found that patients receiving ACE inhibitors before admission were
significantly less likely to present with aortic rupture. This beneficial effect may be independent
of ACE inhibitors’ antihypertensive properties because other antihypertensive agents were not
associated with a lower risk of AAA rupture. Since a major effect of ACE inhibitors is to reduce
synthesis of Angll, this finding is consistent with animal studies that demonstrate the ability
to produce AAAs during chronic infusion of Angll [6]. Surprisingly, the beneficial effect of
ACE inhibitors was not seen in patients treated with Angll type 1 receptor blockers. However,
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this apparent discrepancy probably related to the number of patients taking AT1 receptor
blockers in this study (1%). Thus, at present, this observation does not negate an effect for
ARB.

The effects of the RAS in AAA development will require completion of a double-blinded
prospective randomized clinical trial. For example, such a trial has been designed for
determining effects of doxycycline on AAA growth [45]. A challenge in evaluating the efficacy
of inhibiting RAS components will be that a substantial number of patients afflicted with AAAs
are already prescribed ACE inhibitors or ARBs for other cardiovascular diseases. However,
these studies could be accomplished with dose titrations of ACE inhibitors or ARBS, or the
use of the newly approved renin inhibitor, aliskiren.

RAS in Ascending Aortic Arch Aneurysms

Patients afflicted with Marfan’s syndrome have numerous health issues, but the most life-
threatening is the development of aortic arch aneurysms. Marfan’s syndrome is a systemic
disorder of connective tissues caused by mutations in the fibrillin-1 gene (FBN1), [2]. There
are numerous mutations in this gene that probably underlie the variable presentation of this
disease. Although fibrillin-1 is an extracellular matrix microfibril, the disease is unrelated to
a structural deficiency of this protein, but rather due to its ability to promote excessive activity
of transforming growth factor-beta [46].

Mice that are hypomorphic for fibrillin-1 developed aortic dilations that are associated with
elastin fragmentation and macrophage accumulation. Also, transgenic mice that express a
common mutant in Marfan’s patients, C1039G, developed aortic aneurysms that are localized
to the aortic arch [46]. Interestingly, administration of the AT1 receptor antagonist, losartan,
completely attenuated the aortic arch pathology that was generated by the expression of the
mutant fibrillin-1. No other sartan has been administered to models of aortic arch aneurysms
to determine whether this effect is class specific for AT1 receptor antagonism. Additional
evidence for a role of the RAS has been provided by the demonstration that chronic infusion
of Angll generated a pathology resembling that in the fibrillin-1 C1039G transgenic mice
[29].

There is currently scant information on the potential benefit of RAS inhibition on ascending
aortic arch aneurysms. Specific genetic associations of Marfan’s syndrome have been
associated with enhanced expression of ACE [47]. Two recent studies have demonstrated that
ACE inhibitors reduced both aortic stiffness and aortic root diameter in patients with Marfan’s
syndrome [48,49]. A randomized clinical trial is currently ongoing to compare beta
adrenoceptor blockade using atenolol, with AT1 receptor antagonism using losartan, in patients
with Marfan’s syndrome [50-]. The result of this important clinical trial will provide
considerable insight into the role of the RAS in ascending arch aneurysms.

Conclusions

There is evolving and consistent evidence in both the basic science and clinical arenas that the
RAS is a major contributor to aortic aneurysmal diseases. The availability of mouse models
that recapitulate at least some of the major features of these diseases should provide an approach
to determine mechanisms. It is hoped that this will facilitate the development and validation
of the urgently needed drugs to treat these devastating diseases.
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