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INTRODUCTION

1 Introduction

1.1 Clinical Relevance and Epidemiology of Abdominal Aortic Aneurysms

1.1.1 Clinical Relevance

Abdominal aortic aneurysm (AAA) formation is a complex disease of the aortic wall characterized
by local dilatation of the abdominal aorta caused by segmental weakening [6]. An AAA is defined
by the Society for Vascular Surgery [7] and the European Society for Vascular Surgery (ESVS) [8]

as the enlargement of the abdominal aorta to ≥ 30 mm. This threshold, quantified by imaging
techniques, such as ultrasonography, computed tomography angiography or magnetic resonance
imaging, correspond to the excess of two standard deviations above the mean diameter for
men [9–11] and is widely used in current research [12–15], although the aortic diameter is known to
vary depending on age, sex and height [16]. Thus, the ESVS discusses [8] a lower threshold for
women [17] and Asian population [18] in their guideline. To account for individual variation in the
diameter, other researchers suggest as criteria for AAA the use of the infrarenal to suprarenal
diameter ratio [19,20] or normalizing of the aortic diameter to body surface area [21]. Also absolute
diameters ranging from 25mm [22] to 40mm [23] were used as threshold in several studies.

Abdominal
Aortic

Aneurysm

Descending
Thoracic Aorta

Aortic Root

Visceral Segment,
Suprarenal Aorta

Infrarenal Aorta

Iliac Segment

Aortic Arch

Figure 1: Scheme of an abdominal aortic aneurysm and aortic segments. Abdominal aortic aneurysms are
caused by weakening and dilatation of the infrarenal aorta, located between the visceral and iliac segment
of the aorta. Figure adapted from Schanzer et al., 2021 [24].

The progressive dilatation of the aorta, which is usually asymptomatic, has the potential to result
in a fatal aortic rupture. Since the risk of aortic rupture increases with larger diameters [25–34],
clinical risk assessment relies on the diameter [8] to consider the balance between the patient’s op-
erative risk and the risk of aneurysm rupture. While the risk of rupture is low for AAAs < 50mm,
the risk increases substantially by a diameter of 60mm [35]. The relative risk of rupture was
shown to increase by 1.39 per 1cm diameter with 95 % confidence interval ranging from 1.11 to
1.73 (CI95%= [1.11, 1.73]) in a prospective multicenter cohort study [33].
Since AAA often remains asymptomatic until rupture, AAA is also associated with a high mortality
rate. A population based retrospective study in Finland revealed a mortality rate of 79.1 % for
patients with ruptured AAAs, whereby 52.5 % of all patients died prehospital [36].
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Although more than hundred targets have been proposed to limit aneurysm growth, there is
currently no established pharmacological treatment for aneurysm stabilization [37,38].
To avoid the risk of fatal rupture, AAA surgical repair should be performed when aortic diameters
expand to ≥ 50mm in women [8] and ≥ 55mm in men [8,31,39]. Surgery is currently the exclusive
prophylactic intervention for larger aneurysms and is performed either by open surgical repair or
endovascular aortic aneurysm repair, depending on AAA specific features and patients’ character-
istics [14,35].

1.1.2 Epidemiology

Diseases of the cardiovascular system (ICD-10: I100-I199), which include AAA, were the leading
cause of death in Germany with 356,616 affected persons in 2015 and a mortality rate of 437
deaths per 100,000 inhabitants [40]. Of these cases, 3,725 individuals (2,322 males and 1,403
females) died as a result of aortic aneurysms and aortic dissections (ICD-10: I71).
Although the prevalence of AAA per 100,000 inhabitants decreased slightly in Western Europe
from 269 in 1990 (CI95%= [248, 291]) to 244 in 2010 (CI95%= [223, 265]) [41], AAA rupture
is still an important cause of death in adults. While the global prevalence and incidence of
AAA have declined between 1990 and 2010, regional assessments revealed increases in preva-
lence in many regions of the world [41]. Thus, the prevalence of AAA depends on the population
studied. AAA prevalences ranging from 1.7 % to 12.7 % with a median of 5.0 % were reported [42].

1.1.3 Genetic Risk Factors

Abdominal aortic aneurysm is a complex disease, associated with multiple environmental
and genetic risk factors. Twin studies attributed 70 % of AAA variance to genetic effects
(CI95%= [0.33, 0.83]), while 30 % of AAA variance could be explained by non-shared environ-
mental factors (CI95%= [0.17, 0.46]) [43]. These genetically determined risk factors include male
sex [44–49] and ethnicity [41].
Individuals with an affected first-degree relative have an estimated 11.6-fold increased risk of
developing an AAA compared to individuals without family history [50].
Genome-wide association studies (GWAS) were used to identify genomic variations associated
with AAA formation [51–60]. To date, 33 variants at 28 loci were associated with AAA [61]

(Table 1) at genome-wide significance (P = 5×10−8) [62] with odds ratios (ORs) ranging from
0.79 at rs7936928 [57] to 2.78 at rs193181528 [57] and risk allele frequencies ranging from 0.07
at rs118039278 [57] to 0.98 at rs11591147 [53], as listed in the GWAS catalog [61] for the trait
abdominal aortic aneurysm (Experimental Factor Ontology ID: EFO_0004214, accession date:
2022-01-10).
The most significant genetic association with AAA diagnosis was found for genomic variants
at the Chr9p21 locus, located near the genomic region of the long-noncoding ribonucleic acid
(RNA) ANRIL / CDKN2B-AS1. Substitution of major allele G by risk allele A at rs10757274
revealed OR = 1.24 (CI95%= [1.20, 1.29]) with P = 2×10−33 [63]. Association of other genetic
variants located in the Chr9p21 locus at rs2383207 (OR = 1.27, P = 2×10−8) [52] and rs7866503

2
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(OR = 1.26, P = 2×10−13) [55] have been identified by independent GWASs. The pleiotropic
Chr9p21 locus haplotype block has also been associated with other diseases of the arteries, such
as coronary artery disease (CAD) [64–69], peripheral artery disease (PAD) [70–72] and stroke [73–79].
Genomic variants at this locus were shown to cis-regulate expression of ANRIL [71,80,81] and
CDKN2B [82] and also trans-regulate a broad range of additional genes [83,84]. These factors
regulate cellular functions such as adhesion, apoptosis and proliferation as well as controlling
ribosomal RNA processing and protein translation [85].
Additional pleiotropic loci are known to be associated with inflammation (IL6R), lipid metabolism
(LRP1, Ldlr, PSRC1-CELSR2-SORT1, DAB2IP, LIPA, Pcsk9 and LPA), extracellular matrix
remodeling (PCIF1-ZNF335-MMP-9) and vascular development and angiogenesis (SMYD2 and
ERG) [63].

1.1.4 Environmental Risk Factors

Firstly described in 1958 by Hammond and Horn [44], many studies have associated smoking as a
major risk factor for AAA formation [44–49]. Also, in recent cohort-based and case-control studies,
the odds of AAA formation were at least 2.75 times higher for smokers (OR ≥ 2.75) [23,86–90],
and thus one of the strongest risk factors. Additionally, old age has also been recognized as a
major risk factor for AAA in these studies. The risk of AAA was also shown to be associated
with cardiovascular disease, hypertension and increased cholesterol and triglyceride levels [23,86–91].
In contrast, diabetes has been associated with a reduced risk of AAA development (OR = 0.54,
CI95%= [0.44, 0.65]) [92].
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INTRODUCTION

1.2 Pathogenesis of Abdominal Aortic Aneurysms

1.2.1 Comparison of Healthy Aortic Wall and Aneurysms

Tissue remodeling in aortic aneurysms is characterized by destruction of the structural and cellular
components of the vessel wall (Figure 2). The intima consists of a layer of endothelial cells,
connective tissue and an internal elastic membrane (internal elastic lamina, IEL). The IEL is a
thin, flexible barrier consisting of elastic fiber with a variable number of fenestrations for diffusion
of molecules through the intima to the media [103]. The media, which represents the thickest and
most variable layer of the aorta, consists of several layers of circumferentially oriented vascular
smooth muscle cells (VSMC), surrounding elastic fibers and connective tissue. The extracellular
matrix of this layer consists of proteins, such as proteoglycans, glycoproteins, glycosaminoglycans
and collagens. The media is delimited by the external elastic lamina. The outer adventitia
consists of fibroblasts, collagen and elastic fibers in a loose connective tissue and contains the
vasa vasorum, lymphatics and innervations. The network of elastic and collagen fibrils is primarily
responsible for the elastic properties of the aortic wall [104,105]. The precise structural composition
of the aortic wall varies along the length of the aorta and thereby influences key mechanisms
of aneurysm formation, such as vessel mechanics, protease profiles, cell-signaling pathways and
atherosclerotic plaque deposition [106].
In comparison to healthy tissue, aortic tissue of AAA samples is characterized by immune driven
weakening of the aortic wall through invasion of inflammatory cells [107], and complex tissue
remodeling of the aortic wall. Aneurysms show decreased VSMC density in the media, associated
with increased VSMC apotposis [108–110] and replicative senescence [111]. AAAs are also character-
ized by fragmentation of the elastic fibres and a decreased concentration of elastin [112,113]. In
several studies, the occurrence of AAAs was also associated with the presence of atherosclerotic
alterations of the aorta [114].

Internal
Elastic

Lamina
External
Elastic

Lamina

Tunica
Intima Tunica

Media Tunia
Adventitia

Healthy Aortic Tissue Aortic Aneurysm

Smooth muscle cell

Fibroblast

Collagen Proteoglycan

TIMPsGlycosaminoglycans 

MMPs Macrophages

Neutrophils

Figure 2: Cross section of the aortic wall of healthy aortic tissue versus aortic aneurysms. Adverse remodeling
of the aortic wall induces dilatation and aneurysm formation by endothelial damage, loss of smooth
muscle cells and degradation of extracellular matrix. Figure adapted from Jana et al., 2019 [105].
MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinases.
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INTRODUCTION

1.2.2 Immune-driven Weakening of the Aortic Wall

A major hallmark of AAA formation is extensive active chronic inflammatory changes in tissue
sections of AAAs, which were firstly described in 1972 [107]. In accordance with these findings,
many studies have documented the accumulation of mononuclear cells, such as T and B lympho-
cytes, plasma cells, monocytes, and natural killer T cells [115–119] in the aortic wall, while normal
aortic tissues are not affected by inflammatory cell infiltrates [115]. Immune cells are able to
access the aortic wall from periadventitial lymph nodes or from vessels of the vasa vasorum in the
adventitia [120], and are embedded mainly in the adventitia and in the media of AAA samples [121].
The presence of immune-related antigens [122] and the expression of pro-inflammatory cytokines
and transcription factors [118,123–125] by these infiltrated cells, and also by cells of the arterial wall,
indicate local inflammation in these lesions. The pro-inflammatory response in AAA was also
characterized by increased levels of interleukin 6 (IL-6), interleukin 8 (IL-8) [126] and C-reactive
protein (CRP) [127,128]. Thus, AAA can be characterized on the molecular level as an inflammatory
response with extensive upregulation of pro-inflammatory cytokines, inducing VSMC apoptosis
and dysfunction as well as destruction of the aortic media (Figure 3).

Oxygen-derived
free radicals 

Adventitia

Lymph node

Cytokines
Proteases

VSMC phenotype
changes and apoptosis

Matrix
degradation

Immune cell
infiltration

Immune cell
infiltration

B cell

T cell

Neutrophil

MacrophageAtherosclerotic
plaque

Intraluminal
thrombus

Blood vessel lumen

Intima

Vasa vasorum

Monocyte

Media

External elastica
membrane

Endothelium

VSMC

Figure 3: Potential effects of inflammation in AAA pathogenesis. Innate immune cells infiltrate the aortic
wall and induce inflammatory response strengthened by expressed cytokines, such as apoptosis and
phenotypic changes of vascular smooth muscle cells. Finally, infiltration reduces matrix-producing and
matrix-repair capacity of the media, and induces fragmentation of the microfibrils of the media, leading
to loss of wall elasticity. Togehter these effects may cause medial thinning and aortic weakening. Figure
adapted from Golledge, 2019 [120].
VSMC, Vascular smooth muscle cells.

Currently, it remains unclear whether a specific immune response incites AAA lesion formation,
or whether inflammatory cells accumulate in response to some other injury [129].
Additionally, there are conflicting reports about the role of autoimmunity [130,131] and infectious
agents including Chlamydia [132–138], Mycoplasma pneumoniae [133], Borrelia burgdorferi [139],
human cytomegalovirus [140], herpes simplex virus [141] and further bacteria [142] in the initiation
and progression of AAA development.
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INTRODUCTION

1.2.3 Tissue Remodeling and Proteolytic Modulations

Dissections of aortic aneurysms comprise increased levels of proteases, such as matrix metallo-
proteinases (MMPs), cathepsins, chymase and tryptase, neutrophil-derived serine elastase and
serine protease of the plasmin pathway [143].
MMPs are a class of zinc-dependent endopeptidase proteins mediating changes in extracellular
matrix, which are known to modulate angiogenesis [144] as well as cardiovascular diseases [145] by
remodeling elastin and collagen. MMPs are known to be modulated by reactive oxygen species
(ROS) [146], which are locally increased in AAA segments, as well as inflammatory cytokines,
growth factors, glucocorticoids or retinoids [147]. The gelatinases MMP-2 and MMP-9 were shown
to be highly expressed in human AAA tissue compared to healthy aortic tissue [148–150]. Also the
ratio of MMP expression to endogenous tissue inhibitors of MMPs (TIMPs) was found to be
higher in AAA samples [151].
These proteolytic enzymes destruct components of the extracellular matrix, disrupt the structural
integrity of the aortic wall and lead to aortic dilation [152,153]. However, the underlying functional
mechanisms of both MMPs in AAA formation remain controversial [154].
Media thinning is also caused by apoptosis of VSMCs, another hallmark of AAAs [108,109]. Apop-
tosis of VSMCs is induced by the release of ROS by inflammatory cells and VSMCs during
inflammatory processes and thus increasing oxidative stress within the vessel wall [155–157]. VSMC
apoptosis is also known to be mediated by the FAS and perforin pathways, initialized by cytotoxic
mediators of macrophages and T lymphocytes [109], and by PTGS2 [158].

1.2.4 Pathological Impact of Adipose Tissue

Perivascular aortic adipose tissue (PVAT) is thought to be the differentiated continuation of the
vascular adventitia, consisting of adipocytes, microvasculature, stromal cells and inflammatory
cells [159]. PVAT of the abdominal aorta mainly contains white adipose tissue [160,161], which is
known to secrete various hormones, cytokines and enzymes modulating inflammation, metabolism,
and vascular homeostasis [162,163]. Crosstalk of the metabolic active PVAT and the adventita
allows the PVAT to modulate the vascular tone [164,165], endothelium-dependent relaxation [166],
vessel wall thickness [167], angiogenesis [168,169] and inflammation [170].
Thus, dysfunctional PVAT is suspected to promote AAA progression. Inflammatory cells, mainly
T lymphocytes, are known to migrate from the PVAT to the vascular wall [171] and to promote
the release of pro-inflammatory factors. PVAT is also known to secrete CRP and inflammatory
cytokines such as MCP-1 [172], which are also known to accelerate aneurysm formation. Secretion
of ANGPTL2 by PVAT regulates expression of MMPs [173]. Furthermore, PVAT-mediated
expression of additional factors like LEP, PDGF-D and VEGF are also known to modulate AAA
formation by promoting inflammation, neovascularization and vascular remodeling [171].
An increase of adipocytes was also observed in ruptured aortas compared to non-ruptured aortas
after perfusion of triglycerides in the adventitial vasa vasorum in an animal model [174]. In parallel,
the amount of triglycerides in the human adventitia, a major component in adipocytes, was also
found to be positively correlated with the AAA diameter [174]. Thus, an abnormal appearance of
adipocytes in the vascular wall is also suggested to be involved in AAA rupture [174].

7



INTRODUCTION

1.2.5 Atherosclerotic Alterations in Patients with Abdominal Aortic Aneurysms

In several studies, the formation of AAAs was considered to be an end-stage manifestation of
complicated atherosclerosis [175,176] since a majority of AAAs arise in association with severe
atherosclerotic degeneration. Histological analyses indicate that arterial narrowing by atheroscle-
rotic plaque formation causes haemodynamic alterations and lead to changes in VSMC phenotypes.
As a result, released MMPs induce weakening of the aortic wall and AAA formation by remodeling
extracellular matrix and medial thinning to normalize the luminal diameter and haemodynamic
stress [114,177].
In contrast, several studies show that patients with advanced atherosclerosis do not develop
AAA and vice versa, leading to the conclusion, that AAA and atherosclerosis are two separate
pathological entities with distinct risk profiles [178–181]. These findings are supported by notable
differences in clinical manifestation, localization, inflammation and risk factors of AAA and
atherosclerosis (Table 2). Additionally, AAAs occur extremely rare in typical vessels of atheroscle-
rosis, such as the carotid or external iliac arteries.
Recent findings support the hypothesis of a parallel development of AAA and atherosclerosis in
contrast to a causal dependency [182]. The joint occurence of atherosclerosis and AAA could be
traced back on shared environmental and genetic risk factors, such as smoking, hypertension
and family history [6]. However, a causal role of atherosclerosis for AAA cannot be ruled out and
needs further investigations [114,182].

Table 2: Characteristics of abdominal aortic aneurysm and atherosclerosis. Comparison of pathological
characteristics and risk factors of abdominal aortic aneurysm and atherosclerosis. Table adapted from
Peshkova et al., 2015 [183].
VSMC, vascular smooth muscle cells.

Characteristics Abdominal Aortic Aneurysm Atherosclerosis

Clinical manifestation Vessel rupture Vessel occlusion

Affected area of the vessel wall Media and adventitia Intima

Location of inflammation Transmural Intima and media

Proliferation of VSMC Apoptosis of VSMC Proliferation of VSMC

Elastin destruction Progressive elastin destruction
resulting in media degradation

Slight destruction of elastin in
the plaque area

Key risk factors Age Age
Smoking Smoking

Hypertension Hypertension
Male sex Dyslipidemia

Diabetes
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1.3 Mouse Models of Abdominal Aortic Aneurysms

1.3.1 Mouse Models in Translational Research

To analyze the underlying pathophysiological mechanisms of AAA formation, three mainly used
inducible mouse models have been established: the AngII model [184], the PPE model [185] and
the CaCl2 model [186]. However, each model mimics only parts of human AAA formation and
growth. Models relying on spontaneous AAA formation are also limited by low penetrance of
AAA development and high variation of local distribution [187].
More recently, the use of organoids and organs-on-a-chip technology that mimic complex human
tissues and diseases might replace the translational usage of these in-vivo models [188], however
today no corresponding models are available for AAA development.

1.3.2 AngII Model

The prevailing method to induce abdominal aneurysm formation in mice is based on a combination
of subcutaneous infusion of angiotensin II (AngII) with parallel induction of hyperlipidemia, called
Angiotensin-II perfusion model (AngII model) [184,189–195].
AngII is known to be a regulatory factor of the wall structure and function during vascular
remodeling [196]. AngII is considered to induce the pro-inflammatory phenotype of human vascular
smooth muscle cells [197], to modulate vascular cell migration and decrease vascular smooth
muscle apoptosis [198] and to alter extracellular matrix composition by promoting the expression
of MMPs [199].
AngII infusion promotes slight AAA formation in normocholesterolemic mice. This effect
was enhanced significantly by inducing hypercholesterolemia via Ldlr deficiency [184,200], Apoe
deficiency [189] or an adeno-associated viral mediated infection with a mouse Pcsk9 gain-of-
function mutation [201]. However, AAA formation in normocholesterolemic mice with AngII
infusion was also enhanced by long-term high-fat diet in the absence of hypercholesterolemia [202],
neutralization of Tgf-β [203–206], disrupted cross-linking of extracellular matrix proteins induced by
β-Aminopropionitrile (BAPN) [207], and genetic deficiency of the stress-responsive transcription
factor Nfe2l2 [208].
The AngII model reflects essential features of human AAA, including leukocyte infiltration into
the smooth muscle-rich medial layer and transmedial dissection causing rapid luminal expan-
sion within the first seven days of AngII infusion, followed by inflammatory processes, causing
intramural thrombus formation and elastin degradation and profound remodeling causing fibrotic
changes containing several types of inflammatory cells [189,209]. The AngII model is also promoted
by important risk factors of human AAAs, including male sex and cigarette smoke [189–195,210]. In
contrast to humans, the aortic aneurysm usually appears in the suprarenal region of mice in the
AngII model, while human AAAs occur more often in the infrarenal region [189].
Differences in the embryological backgrounds of the affected regions of the aorta in mice are
thought to be responsible for species differences [106,211].
Modulation of the renin–angiotensin system in humans by angiotensin-converting enzyme in-
hibitors revealed contrary effects on AAA growth and rupture [212,213].
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1.3.3 PPE Model

The murine porcine pancreatic elastase perfusion model (PPE model) is based on a temporary
ligature of a defined segment of the abdominal aorta between the level of the left renal vein and
the bifurcation, followed by perfusion of type I porcine pancreatic elastase into the lumen of the
infrarenal aorta by a syringe pump [185]. After the 5-minute period of perfusion with 100 mmHg,
whereby the aorta typically dilates about 50 to 70 %, ligations are removed and mice are allowed
to recover up to 14 days [185].
The perfusion results in a degradation of the medial elastic lamellae, with subsequent inflamma-
tory response, followed by temporal dilatation of the whole aortic wall [214], unlike the luminal
expansion of the AngII model [120]. The observed temporal aneurysm formation, which is limited
to the segment infused with elastase, is also associated with an inflammatory cell production of
MMP-9 [185].
The PPE model is limited by the acute aortic injury causing a regression of dilatation after a
maximum of 8 weeks. Thus, prolonged effects of drugs on AAA cannot be analyzed. Furthermore,
the PPE model is technically difficult compared to the AngII model.

1.3.4 CaCl2 Model

The commonly used CaCl2 model induces aneurysm formation in the infrarenal abdominal
aorta of wildtype mice by infusion of calcium chloride or the related compound calcium phos-
phate [186,215,216]. However, the degree of induced aortic dilatation is relatively mild [120] and
causes more vascular wall thickening [214]. In accordance to human AAA, the CaCl2 model causes
calcification, inflammatory cell infiltration, oxidative stress, neovascularization, elastin degradation
and vascular smooth muscle cell apoptosis [215]. Limitations of this model are the absence of
aortic thrombus, atherosclerosis and rupture which are classical features of human AAA [215] and
the acute injury preventing the study of prolonged effect of potential therapeutic interventions [120].

1.3.5 Modifications of Mouse Models of Abdominal Aortic Aneurysms

The external periadventitial elastase application model (ePPE model) is a modification of
the PPE model based on extraluminal treatment with porcine pancreatic elastase [217]. The
PPE model and the ePPE model are comparable with respect to aneurysm growth rate, but
extraluminal induction preserves endothelial cell function and elastic fibers [217]. The ePPE
model induces also acute inflammatory infiltrates, whereas intraluminal elastase perfusion induces
chronic inflammation with angiogenesis and endothelial destruction [217].

The lysyl oxidase inhibitor BAPN increases AAA development and rupture induced by the
AngII model [207,218] and the ePPE model [219,220] by reducing blocking crosslinking of elastin and
collagen and thus reducing matrix stability. The sole application of BAPN is also used as model
for thoracic aortic dissection [221].
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1.4 Transcriptomic Insights in Diseased Tissue

1.4.1 Role of RNA Transcripts

The transcriptome is defined as the complete set of present RNA molecules or transcripts in an
individual cell or cell population under specific conditions. RNA molecules serve as templates for
translation to proteins and are also known to have widely varying functions in complex regulatory
processes as well [222]. Thus, the transcriptome is characterized by a broad level of diversity
including protein-coding genes as well as a vast number of non-coding sequences with important
impacts on development and diseases [223–226].
Technological progress of the last 25 years enabled the quantitative and qualitative analyses of
RNA molecules at the genome-wide level, termed transcriptomic profiling. These analyses have
become one of the most commonly used method to unravel pathophysiological mechanisms and
to identify novel disease biomarkers.

1.4.2 Transcriptomic Expression Profiling

The development of quantitative real-time PCR (qRT-PCR) in 1996 [227] allowed the fast and
reliable quantification of single transcripts. This method bases on the nuclease degradation [228] of
dual-labeled fluorogenic hybridization probes [229–231] by the 5’ nuclease activity of Taq polymerase
during the extension phase of PCR [227]. The release of the quenching dye and the corresponding
increase in fluorescent emission reflects a quantitative measurement of the input target sequences
indicated by the cycle threshold (CT). This method enabled a fast, accurate, sensitive and
cost-effective quantification of low sample input. Thus, qRT-PCR is generally deemed as the
’gold standard’ method for measuring expression levels of transcripts [232].
Hybridization-based methods of microarrays overcame the limited number of targets that could
be measured in a single qRT-PCR and enabled the parallel quantification of tens of thousands
of targets [233–235]. This technological progress of arrayed probes on solid surfaces enabled the
analysis of large sets of patterns and relationships of transcripts by measuring fluorescent labels of
hybridized target molecules and allowed to associate their expression with functionally important
states of the samples. However, this high-throughput method is also limited by the design of the
probes and thus the ability to quantify only clearly defined transcripts. This limitation implies
also the requirement upon existing knowledge about genome sequences. The quantification is
biased by the dynamic range of detection and possibility of cross-hybridization [236].
The development of the next generation sequencing technology enabled a novel high-throughput
method for quantifying the abundance of RNA molecules, called RNA-Seq [237,238]. Based on
massive parallel sequencing of RNA molecules, RNA-Seq is able to detect and quantify novel
RNA transcript variation and is not limited to known transcripts in contrast to microarrays. This
enables the detection of novel transcript isoforms, splice variants, chimeric gene fusions as well as
nucleotide variants. Due to the depth of sequencing, RNA-Seq is also able to quantify accurately
an increased dynamic range of expression [237–239] compared to microarrays.
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1.4.3 Transcriptomic Signatures

One major approach to unravel the genetics of complex diseases is comparing the expression of
transcripts at different conditions, such as samples of healthy and diseased tissues, to identify
differentially expressed genes [240,241]. The zero hypothesis H0 of the corresponding statistical
test claims that there is no statistically significant difference in read counts between experimental
conditions. Since the measurand of expression depends on used quantification platforms and
algorithms, differential expression analyses (DEAs) make use of different normalization and
statistical testing algorithms. While the gene expression is measured as fluorescence intensi-
ties by microarrays, abundances in RNA-Seq experiments are frequently measured by counts
of sequenced reads. DEA algorithms also take the distribution, including mean and variance
estimation strategies, as well as filtering steps and the experimental design into account (Table 3).
Due to high-dimensionality of transcriptomic data, P values should be adjusted for multiple
testing by controlling the false-discovery rate, e.g. by using Benjamini-Hochberg procedure [242].
Alternatively, the type I error can also be controlled by the family-wise-error-rate using the more
conservative Bonferroni procedure [243] or the Holm procedure [244].

Table 3: Characteristics of statistical tools for differential expression analyses.

Tool Distribution of expression values Test statistics

DESeq2 [245] Negative binomial distribution, with disper-
sion estimated by the DESeq2 method

Wald’s test for generalized linear model

edgeR [240] Negative binomial distribution using empirical
Bayes estimation of the dispersion

Exact test

glm edgeR [240] Negative binomial distribution, with disper-
sion estimated by the edgeR method

Likelihood ratio test for generalized
linear model

limma [246] Normal distribution, based on log2 transfor-
mation

Moderated t-statistic for linear model

limma-
voom [247]

Normal distribution, based on voom transfor-
mation

Moderated t-statistic for linear model

However, the informative value of single genes identified by DEAs is limited [248]. Small changes
in the expression of single genes are biologically difficult to interpret and may also be overlooked
although they might have important effects on pathways. Results of DEAs strongly depend on
statistical models and included predictors which may cause over- and underfitting of the models.
Correcting for multiple testing may also weaken the DEA in consideration of small effects of each
gene. Furthermore, DEAs are known to be poorly reproducible [249].
Gene set enrichment analyses (GSEAs) are a popular method to overcome these limitations [248].
The aim of this method is to determine, whether an a priori defined set of genes [250], e.g. of a
biological process, shows statistically significant, concordant differences between two compared
conditions. The computed enrichment score reflects the degree to which the defined gene set
is overrepresented at the extremes of a ranked list of analyzed genes of two conditions [248].
However, this statistical approach takes known directions of effects not into account, which limits
the explanatory power.
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Comparing the observed direction of gene expression change with the expected direction of
known effects in biological pathways, enables the computation of activation states by the usage
of molecular networks [251], as implemented in the Ingenuity Pathway Analysis software. The
computed z-score reflects the relation of increased predictions versus decreased predictions for
each analyzed biological pathway and gives thereby the predicted activation state of the pathway.
Thus, downstream analysis of transcriptomic quantification enables better understanding of bio-
logical processes and pathways predicted to be perturbed by differential expression of transcripts,
and thus to identify molecular signatures.

1.4.4 Transcriptomic Analyses of Abdominal Aortic Aneurysms

Transcriptome-wide analyses of AAA samples and aortic controls are still rare. This might be
due to limited availability of samples and technical and bioinformatical requirements for the
analyses. In previous studies, three series of transcriptome-wide expression analyses of clinical
AAA tissues (Table 4) with the keywords abdominal aortic aneurysm and the Medical Subject
Headings (MeSH) term aneurysm were published in the Gene Expression Omnibus database
(GEO, accession date: 2022-02-23) [252–254].

Table 4: Transcriptomic data of human AAA in the Gene Expression Omnibus database.
Previous transcriptome-wide expression series of AAA tissues in GEO (accession date: 2022-02-23).
GEO, Gene Expression Omnibus; † Used in this thesis; § Generated in this thesis.

GEO accession Samples Technique Year Reference

GSE7084 Aneurysms (n = 6 individuals, n = 3 pools)
Control aorta (n = 7 individuals, n = 3 pools)

Microarray 2007 [255,256]

GSE47472 Necks of aneurysms (n = 14)
Control aortas (n = 8)

Microarray 2013 [257]

GSE57691†
Aneurysms with small aortic diameter (n = 20)
Aneurysms with large aortic diameter (n = 29)
Patients with aortic occlusive disease(n = 9)

Control aortas (n = 10)

Microarray 2015 [258]

GSE98278§
Stable Aneurysms (n = 31)

Ruptured Aneurysms (n = 17)
Aneurysms with intermediate size (n = 15)

Aneurysms with larger size (n = 16)

Microarray 2018 [1]

The first transcriptome-wide analyses of AAA tissue in 2007 revealed modulation of immunological
pathways [255] and the complement cascade [256]. However these analyses were limited by a small
number of samples. The study by Biors et al., 2014 [257] focused on the transcriptomic changes
located at the neck of human AAAs and revelead modulation of pathways related to immunity.
The study by Biors et al., 2015 [258] compared changes of small AAAs, large AAAs and aortic
occlusive disease (AOD) relative to control aortas. The analyses of small and large AAAs
confirmed modulation of immune-related pathways, while AOD showed distinct pathogenic
mechanisms. However, none of these studies analyzed transcriptomic changes in ruptured AAAs
as well as the directions of modulations of pathways.
Additionally, several studies have also analyzed the role of noncoding RNAs in AAA [259], which
is however not the focus of this thesis.
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1.5 Research Rationale and Aims

1.5.1 Identification of Molecular Changes causing Rupture in Patients with Abdominal Aortic
Aneurysms

Development of AAA harbours the risk of fatal aortic rupture and death [6]. Current guidelines
for AAA treatment recommend surgical interventions to avoid the risk of rupture, when the risk
of rupture outweighs the risk of intervention and perioperative morbidity [7,8]. To this end, the
decision on clinical risk assessment in AAA relies currently fully on the diameter of the aortic
wall [7,8], since molecular mechanisms responsible for AAA rupture, which are distinct from AAA
progression [260], are mainly unknown.
Thus, it was the aim of the study to identify transcriptomic changes associated with (1) expan-
sion of the dilatation and (2) rupture of affected vessels. Based on an integrative analysis of
these transcriptomic signatures and patients characteristics, a gene set of modulated transcripts
uniquely involved in the rupture should be identified. Additionally, these finding may also provide
novel targets for stabilizing growing abdominal aortic aneurysms.

1.5.2 Comparison of Modulated Pathways in Patients and Mouse Models

Currently, the majority of preclinical studies are based on three inducible mouse models of AAA
formation: AngII model [184], PPE model [185] and CaCl2 model [186]. Each of these models mimics
certain aspects of AAA development and growth [120,214]. Based on these preclinical models and
current knowledge on AAA pathogenesis, a large number of potential targets for inhibiting AAA
formation and progression were identified [120,261]. However, clinical trials failed to translate these
findings into clinical success [38]. Due to the lack of translatability of preclinical findings, it was
the aim of the study to identify parallel and divergent functional pathways modulating AAA in
clinical samples compared to the murine AngII model as well as to the murine PPE model to
improve abilities of translational research.

1.5.3 Analyses of Inflammatory Pathways in Abdominal Aortic Aneurysms

Abdominal aortic aneurysms are hallmarked by an invasion of the adventitia caused by a prominent
inflammatory infiltrate and transmural inflammation [115]. The infiltration of inflammatory cells
is known to be induced by chemotactic proteins, such as the pro-inflammatory chemokine IL-8,
encoded by CXCL8. Previous studies had demonstrated that IL-8 was highly expressed in the
aneurysm wall [262] and that IL-8 modulates protease expression [263] and angiogenesis [264–266].
In parallel, the chemokine IL-6 was also shown to be strongly upregulated in AAAs compared
to other vascular diseases [126]. IL-6 is a versatile pro-inflammatory cytokine modulating the
immune response, haemopoiesis and the acute phase response [267]. However, IL-6 is also known
to modulate the regulation of metabolic, regenerative and neural processes [268] depending on
the signaling pathway.
Thus, it was the aim to study the role of IL-8 and IL-6 in AAA development by analyzing
corresponding signaling pathways in human AAA dissections and to validate these finding in
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translational studies by pertubating the affected pathways in a murine AAA model.

1.5.4 Analyses of Adipogenic Degeneration in Abdominal Aortic Aneurysms

Although inflammatory and proteolytic effects on AAA development and growth have been well
studied [6,269,270], the underlying pathophysiological mechanisms are not completely understood.
Since the translation of these preclinical findings to medical interventions in clinical trials has
failed, additional modulators might play an important role in AAA development.
To this end, AAAs were compared to closely related human popliteal artery aneurysms (PAA),
which are known to have a low propensity to rupture [271]. Due to an enrichment of adipocyte
clusters in the adventitia of AAA samples, it was the aim to analyze the transdifferentiation of resi-
dent mesenchymal cells of the aortic wall into adipocytes as a potentially novel modulator of AAA.
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2 Publications

2.1 Publication I

Gäbel G, Northoff BH, Weinzierl I, Ludwig S, Hinterseher I, Wilfert W, Teupser D, Doderer SA,
Bergert H, Schönleben F, Lindeman JHN, Holdt LM. Molecular Fingerprint for Terminal
Abdominal Aortic Aneurysm Disease. J Am Heart Assoc. 2017 Nov 30; 6(12).

DOI: 10.1161/JAHA.117.006798

2.1.1 Journal Citation Report

Journal Citation Report I: Year specific citation rate, journal impact factor and journal’s category rank.
Source: Journal Citation Reports (https://jcr.clarivate.com/jcr/home)

Journal, Year: Journal of the American Heart Association, 2017

Citations: 9,057

Journal impact factor: 4.450

Percentile of journal impact factor: 72.27 (CARDIAC & CARDIOVASCULAR SYSTEMS - SCIE)

2.1.2 Personal Contributions

As co-author of the paper, I was responsible for generating, analyzing and interpreting
transcriptomic expression data based on qRT-PCRs and microarray data.
To identify candidate gene sets, I have identified differentially expressed transcripts by comparing
samples of ruptured and stable AAAs as well as by comparing samples of AAAs with large and
intermediate aortic diameters on a transcriptome-wide scale. To this end, I have analyzed more
than 47,000 transcripts, measured by Illumina HumanHT-12 v4 BeadChips arrays, using the
statistical software R [272] and the limma package [247]. These analyses included quality filtering
and normalizing raw data, statistical testing and correcting obtained results for multiple testing.
In addition, I have performed quality controls for raw data and plausibility checks for the results,
such as principal component analyses (PCAs).
Furthermore, I was also involved in validating these genes in an independent cohort and in
analyzing their expression levels in degenerative and dissected thoracic, infrarenal aortic and
popliteal aneurysms as well as in blood and vascular cells by qRT-PCR. To this end, I have
analyzed expression data, conducted statistical tests and computed correlations of expression
data with phenotypes using statistical software R [272].
Based on transcriptome-wide expression analyses, I have identified activated pathways and
upstream regulators of modulated networks using Ingenuity Pathway Analysis software [251].
I have also visualized these results using statistical software R [272], reviewed and approved the
article. Finally, I have contributed to the peer review process of the article.
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2.2 Publication II

Gäbel G*, Northoff BH*, Balboa A, Becirovic-Agic M, Petri M, Busch A, Maegdefessel L,
Mahlmann A, Ludwig S, Teupser D, de Waard V, Golledge J, Wanhainen A, Wågsäter D,
Holdt LM, Lindeman JHN. Parallel Murine and Human Aortic Wall Genomics Reveals Metabolic
Reprogramming as Key Driver of Abdominal Aortic Aneurysm Progression. J Am Heart Assoc.
2021 Sep 7; 10(17):e020231.

*G. Gäbel and B.H. Northoff contributed equally as co-first authors.

DOI: 10.1161/JAHA.120.020231

2.2.1 Journal Citation Report

Journal Citation Report II: Year specific citation rate, journal impact factor and journal’s category rank.
Source: Journal Citation Reports (https://jcr.clarivate.com/jcr/home)

Journal, Year: Journal of the American Heart Association, 2020

Citations: 26,962

Journal impact factor: 5.501

Percentile of journal impact factor: 99.88 (CARDIAC & CARDIOVASCULAR SYSTEMS - SCIE)

The Journal Citation Report for 2021 is not yet available (accession date: 2022-02-23).

2.2.2 Personal Contributions

As shared first author, I was co-responsible for conception and design of this paper and solely
responsible for transcriptomic analyses as a fundament of this paper.
To this end, I have performed transcriptome-wide expression analyses of human AAAs and the
murine AngII model based on public available microarray data [1,193,258]. These analyses included
quality filtering, normalization of raw data and DEA using the statistical software R [272] and the
limma package [247].
In addition, I have analyzed expression profiles of the murine PPE model based on newly generated
RNA-Seq data. These analyses included quality filtering of sequenced reads, mapping the filtered
reads to the murine reference genome GRCm38 using segemehl software [273], quantification
of transcripts by counting the mapped reads using featureCounts [274], followed by DEA using
DESeq2 [245] and the statistical software R [272].
Furthermore, I have performed quality controls, such as PCAs, at different stages of analysis.
I have also performed pathway analyses using Ingenuity Pathway Analysis [251] and validated
theses results by GSEA using the R package fgsea [275]. Finally, I have identified, compared and
interpreted top modulated pathways in human AAAs and murine AAA models.
I have contributed to writing the manuscript, to the final approval and to the peer review process
of the article.
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2.3 Publication III

Kokje VBC, Gäbel G, Dalman RL, Koole D, Northoff BH, Holdt LM, Hamming JF,
Lindeman JHN. CXCL8 hyper-signaling in the aortic abdominal aneurysm. Cytokine. 2018 Aug;
108:96-104.

DOI: 10.1016/j.cyto.2018.03.031

2.3.1 Journal Citation Report

Journal Citation Report III: Year specific citation rate, journal impact factor and journal’s category rank.
Source: Journal Citation Reports (https://jcr.clarivate.com/jcr/home)

Journal, Year: Cytokine, 2018

Citations: 9,645

Journal impact factor: 3.078

Percentile of journal impact factor: 55.35 (BIOCHEMISTRY & MOLECULAR BIOLOGY - SCIE)

41.71 (CELL BIOLOGY - SCIE)

46.52 (IMMUNOLOGY - SCIE)

2.3.2 Personal Contributions

As co-author of this paper, I was responsible for transcriptomic data analysis and interpretation.
For this purpose, I have compared transcriptome-wide expression levels of genes in samples of
full thickness aortic walls from patients with stable AAA and infrarenal control aortas, which
were generated in previous studies [1,258]. To this end, I have processed raw array data of
47,231 hybridization probes, including quality control and normalization, to identify differentially
expressed transcripts using the statistical software R [272] and the limma package [247]. Based on
these data, I have identified pathways which were activated in AAA samples using Ingenuity
Pathway Analysis software [251]. Finally, I have interpreted the results of transcriptomic profiling
and pathway analyses. Furthermore, I have visualized affected pathways, critically reviewed the
manuscript and approved the article.
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2.4 Publication IV

Kokje VBC, Gäbel G, Koole D, Northoff BH, Holdt LM, Hamming JF, Lindeman JHN. IL-6: A
Janus-like factor in abdominal aortic aneurysm disease. Atherosclerosis. 2016 Aug; 251:139-146.

DOI: 10.1016/j.atherosclerosis.2016.06.021

2.4.1 Journal Citation Report

Journal Citation Report IV: Year specific citation rate, journal impact factor and journal’s category rank.
Source: Journal Citation Reports (https://jcr.clarivate.com/jcr/home)

Journal, Year: Atherosclerosis, 2016

Citations: 22,724

Journal impact factor: 4.239

Percentile of journal impact factor: 84.92 (PERIPHERAL VASCULAR DISEASE - SCIE)

71.03 (CARDIAC & CARDIOVASCULAR SYSTEMS - SCIE)

2.4.2 Personal Contributions

As co-author of the paper, I have analyzed the modulation of the IL-6 signaling pathway in
samples of full thickness aortic wall from AAA patients and infrarenal control aortas based on
transcriptome-wide expression analyses using Illumina HumanHT-12 v4 BeadChips arrays. To
this end, I have pre-processed raw data of arrays by quality filtering of 47,231 hybridization
probes as well as transforming and normalization of intensity levels of each probe, reflecting
the expression level of each transcript. After quality control of these data, I have identified
differentially expressed genes, as implemented in package limma [247] of the statistical software
R [272]. Furthermore, I have analyzed modulated pathways using Ingenuity Pathway Analysis
software [251]. In addition, I have interpreted and visualized these results. Finally, I have reviewed
the manuscript and approved the article.
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2.5 Publication V

Doderer SA, Gäbel G, Kokje VBC, Northoff BH, Holdt LM, Hamming JF, Lindeman JHN.
Adventitial adipogenic degeneration is an unidentified contributor to aortic wall weakening in the
abdominal aortic aneurysm. J Vasc Surg. 2018 Jun; 67(6):1891-1900.e4.

DOI: 10.1016/j.jvs.2017.05.088

2.5.1 Journal Citation Report

Journal Citation Report V: Year specific citation rate, journal impact factor and journal’s category rank.
Source: Journal Citation Reports (https://jcr.clarivate.com/jcr/home)

Journal, Year: Journal of Vascular Surgery, 2018

Citations: 26,542

Journal impact factor: 3.243

Percentile of journal impact factor: 68.46 (PERIPHERAL VASCULAR DISEASE - SCIE)

81.53 (SURGERY - SCIE)

2.5.2 Personal Contributions

As co-author of this article, it was my task to add transcriptomic data to confirm associations of
fatty degeneration and aortic rupture. To this end, I have analyzed transcriptome-wide expression
levels of more than 47,000 transcripts in samples of AAA patients with stable and ruptured
aortic walls as well as in samples of infrarenal control aortas, which were generated in previous
studies [1,258] using Illumina HumanHT-12 v4 BeadChips arrays. I have identified modulated
pathways based on differentially expressed genes, which I have computed before using the package
limma [247] of the statistical software R [272]. In addition, I have interpreted results in the context
of the paper. Finally, I have illustrated results, revised the manuscript and finally approved the
article.
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SUMMARY

3 Summary

3.1 Main Findings

3.1.1 Molecular Signatures of Aneurysm Progression and Rupture

Today, pathophysiological processes in AAA development, growth and ultimate rupture are still
not completely understood [120]. To identify genes and molecular pathways associated with AAA
progression and rupture, we have performed transcriptomic expression analyses of clinical AAA
samples [1].
In a first step, transcriptomic profiling of ruptured AAAs (rAAAs) versus elective AAAs (eAAAs)
revealed a set of 48 differentially expressed transcripts. In parallel, 30 differentially expressed
transcripts were identified by comparing large AAA with aortic diameters > 70mm (lAAAs)
versus intermediate AAAs with aortic diameters ≤ 55mm (iAAAs) in the same cohort. In
a second step, we validated 10 of the overlapping differentially expressed transcripts in an
independent cohort of patients with rAAA and eAAA using qRT-PCR analyses. While five of
these transcripts (ANGPTL4, HILPDA, LOX, SRPX2 and FCGBP) correlated with the aortic
diameter, the other five genes (ADAMTS9, STC1, GFPT2, GAL3ST4 and CCL4L1) were
exclusively associated with AAA rupture. Furthermore, downstream analyses of all modulated
transcripts revealed that the HIF-1α signaling pathway was a major upregulated network in AAA
progression and rupture, which could be confirmed by immunohistochemical stainings.
In summary, our study revealed specific expression profiles for AAA growth and rupture, involving
HIF-1α signaling.

3.1.2 Comparative Analyses of Clinical Aneurysms and Mouse Models

Although preclinical studies of AAA in murine models have identified several targets that limited
AAA development, a lack of translatability has prevented the move from bench to bedside [38].
Thus, we aimed to identify differences and similarities of human AAA with the inducible murine
AngII model as well as with the inducible PPE model [2].
While our histological comparisons showed clear differences, our transcriptome-wide analyses
also revealed comparable modulations of molecular pathways in human and murine aneurysms
in addition to distinct pertubations. Clinical samples showed the strongest modulation in
metabolic pathways, which were also observed in the AngII model and lacking in the PPE model.
Comparable activation was also observed for pathways associated with the adaptive immune
response in clinical samples and the AngII model. Pathway analyses of the PPE model indicated
a transient modulation of inflammation, corresponding to our histological findings. We then
validated the effects of metabolic reprogramming on AAA progression, by treating AngII-infused
mice with the glycolysis inhibitor PFK15, resulting in reduced aortic dilatation and aneurysm
formation.
In conclusion, our study has identified modulated molecular pathways of human AAA and two
inducible murine AAA models. Clinical AAA samples and the AngII model showed remarkable
similarities in metabolic responses, which were confirmed by a translational intervention study of
metabolic pathways in the AngII model.
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3.1.3 Impact of Inflammatory Pathways in Abdominal Aortic Aneurysm

Although the cytokines IL-8 and IL-6 had previously been associated with AAA progression [126],
their functional role in AAA development remained unclear. We have therefore conducted
additional studies to analyze the impact of these cytokines on inflammatory pathways in AAA.

In a first study [3], we have validated the increased RNA and protein expression of the
pro-inflammatory chemotactic cytokine IL-8 in human AAAs compared to aortic control tissue.
Our transcriptome-wide expression analyses of aneurysm walls and infrarenal control aortas
indicated the activation of the IL-8 signaling pathway in AAA as one of the top enriched
pathways in AAA, which was also validated by phosphorylation analyses of downstream factors
of the IL-8 signaling pathway. Additionally, inhibiting IL-8 signaling in the murine PPE model by
administering the CXCR1/CXCR2 inhibitor DF2156A, revealed a reduction of aneurysm growth
compared to control mice at day 14, while growth was comparable at day 7.
In summary, this suggests IL-8 as a novel target for stabilization of growing AAAs.

In a second study [4], we have also analyzed the role of the versatile cytokine IL-6 in AAAs. Our
expression analyses of IL-6 confirmed increased mRNA and protein expression in human AAAs
compared to atherosclerotic controls. Transcriptomic profiling indicated the activation of the
IL-6 signaling pathway in aneurysm wall samples compared to samples of infrarenal control
aortas. We were also able to verify the activation of this pathway by phosphorylation analyses of
the downstream target STAT3. However, the administration of Il-6 neutralizing antibodies in a
translational study of the murine PPE model revealed contrasting effects. While the injection of
antibodies starting at the day before elastase infusion caused increased mortality due to aortic
rupture, a delayed injection of antibodies starting at day 4 after elastase infusion decreased AAA
progression and prevented rupturing.
In conclusion, this cannot rule out an impact of IL-6 signaling in AAA formation.

3.1.4 Role of Adipogenic Signatures in Abdominal Aortic Aneurysm

Originating from a histological comparison of human AAAs and PAAs, whereby PAAs are known
to have a low risk for rupture [271] although they are closely related to AAAs [152], we have
studied the role of adipocyte aggregations in the adventitia, which was found to be an exclusive
characteristic of AAAs [5].
In addition to the histological analyses, we found higher RNA expression of known modulators
of transdifferentiation of resident mesenchymal cells into adipocytes in AAAs compared to
atherosclerotic control aortas. In-vitro experiments also showed increased fat accumulation
in AAA-derived adventitial mesenchymal cells after culturing in adipogenic culture medium
compared to cells of control aortas. Furthermore, transcriptome-wide expression analyses in
rAAAs and eAAAs identified 5 of the 11 most upregulated genes in rAAAs to be adipocyte related.
These findings were strengthened by additional pathway analyses, which showed modulation of
adipogenesis and PPAR signaling in ruptured versus nonruptured AAAs.
In summary, our study has identified adipocyte accumulation in the adventitia and related
adipogenic degeneration as a novel contributor to aortic wall weakening of AAAs.
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3.2 Own Contribution

To unravel the molecular signature of AAAs, I have analyzed the transcriptome of clinical and
murine AAA samples as well as corresponding control samples, based on the use of qRT-PCRs as
well as high-throughput technologies, such as microarrays and RNA-Seq. Based on bioinformatics
and statistical analyses, I performed transcriptome-wide expression profiling, including differential
expression analyses, gene set enrichment analyses and pathways analyses. To this end, I have
analyzed newly generated data as well as publically available data. My personal contributions to
each publication are provided in chapter 2 in more detail.
In summary, my conducted transcriptome-wide expression analyses in samples of clinical end-
stages of AAAs, such as large and ruptured AAAs, compared to samples of early-stages of AAAs,
gave novel insights into AAA progression and rupture by identifying differentially expressed genes
as well as modulated molecular pathways [1]. Transcriptomic profiling of microarray and RNA-Seq
data helped also to get a better understanding of modulated molecular pathways in murine AAA
models compared to human AAAs [2]. Finally, my transcriptome-wide expression analyses were
able to unravel the impact of inflammatory [3,4] and adipogenic [5] pathways in AAA disease.
In conclusion, these transcriptomic analyses gave novel insights and a better understanding of
human AAAs, enabled the identification of novel targets, and helped to improve translational
research of murine AAA models.
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4 Zusammenfassung

4.1 Wichtigste Erkenntnisse

4.1.1 Molekulare Signaturen von Abdominellen Aortenaneurysmen

Bis heute sind die pathophysiologischen Mechanismen von der Entstehung bis zur Ruptur des
abdominellen Aortenaneurysmas (AAA) nicht vollständig bekannt [120]. Daher war es unser Ziel,
modulierte Gene und Signalwege in humanen AAA zu identifizieren [1].
In transkriptom-weiten Analysen haben wir durch den Vergleich von rupturierten und elektiven
AAA, sowie dem Vergleich von großen AAA mit einem Durchmesser > 70mm und intermediären
AAA mit einem Durchmesser ≤ 55mmn gemeinsame differentiell exprimierte Transkripte
identifiziert, von denen wir zehn Transkripte in einer unabhängigen Kohorte von rupturierten
und elektiven AAA mittels qRT-PCR validieren konnten. Dabei zeigten fünf Transkripte eine
Korrelation mit dem Durchmesser der Aorta, während die weiteren fünf Transkripte ausschließlich
mit der Ruptur assoziiert werden konnten. Weiterführende Analysen der Transkriptomdaten
zeigten eine Aktivierung des HIF-1α Signalweges sowohl in großen, als auch in rupturierten AAA.
Zusammenfassend konnten wir spezifische Expressionsprofile für das Wachstum und die Ruptur
von AAA ermitteln, die eine Aktivierung des HIF-1α Signalweges aufzeigten.

4.1.2 Vergleich von humanen Aneurysmen und Mausmodellen

In früheren Studien wurden eine Vielzahl an möglichen Molekülen zur Behandlung des AAAs in
Mausmodellen identifiziert, die in klinischen Studien jedoch keinen Erfolg zeigten [38]. Unsere
Studie sollte daher durch den Vergleich von humanen AAA mit dem AngII Mausmodell, sowie
dem PPE Mausmodell, gemeinsam und unterschiedlich modulierte Signalwege identifizieren [2].
Unsere Transkriptomanalysen zeigten vor allem eine starke Aktivierung von metabolischen
Signalwegen in humanen AAA, die ebenfalls im AngII Modell, nicht aber im PPE Modell gefunden
werden konnte. Humane AAA und das AngII Model zeigten weiterhin eine Aktivierung des
adaptiven Immunsystems, während das PPE Model vor allem eine transiente Entzündungsreaktion
auf der Ebene des Transkriptoms zeigte. In einer translationalen Studie haben wir die Aktivierung
der metabolischen Signalwege in AAA durch die Applikation des Glykolyse-Inhibitors PFK15 im
AngII-Modell überprüft, die eine reduzierte Ausprägung der AAA zu Folge hatte.
Diese Studie hat sowohl gemeinsam als auch differentiell modulierte Signalwege in humanen
AAA und den zwei betrachteten Mausmodellen aufgedeckt. Die zentrale Rolle der Aktivierung
von metabolischen Signalwegen in humanen AAA und dem AngII-Modell konnte sowohl auf der
Ebene des Transkriptoms, als auch in einer murinen Interventionsstudie gezeigt werden.

4.1.3 Einfluss von Inflammatorischen Signalwegen auf Aortenaneurysmen

Eine erhöhte Expression der Zytokine IL-8 und IL-6 wurde bereits in früheren Studien mit der
Ausprägung von AAA assoziiert [126]. Ziel unserer Analysen war es daher, den Einfluss dieser
Zytokine auf die Ausbildung der AAA genauer zu untersuchen [3,4].

In einer ersten Studie [3] konnten wir die erhöhte Expression des Zytokins IL-8 in AAA im
Vergleich zu Kontrollproben der Aorta bestätigen. Unsere Transkriptomanalysen zeigten ebenfalls
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eine starke Aktivierung des IL-8-Signalweges in AAA im Vergleich zu infrarenalen Aorten.
Unsere weiteren translationalen Untersuchungen im PPE Modell zeigten, dass eine Inhibition
des IL-8-Signalweges durch den CXCR1/CXCR2 Inhibitor DF2156A zu einer Reduktion des
Aneurysmenwachstums am Tag 14 führte.
Unsere Studie zeigte damit das Potential des IL-8-Signalweges, als neues Target für die
Stabilisierung von AAA zu fungieren.

In einer zweiten Studie [4] konnten wir ebenfalls die erhöhte Expression des Zytokins IL-6 in AAA
im Vergleich zu Kontrollproben der Aorta bestätigen. Auch hier zeigten die Transkriptomanalysen
eine Aktivierung des IL-6-Signalweges in AAA im Vergleich zu infrarenalen Aorten. Eine
translationale Interventionsstudie mit IL-6 neutralisierenden Antikörpern zeigte bei einer frühen
Applikation des Antikörpers jedoch eine Zunahme der Ruptur, während eine spätere Applikation
der Antikörper eine Reduktion des AAA Wachstums aufzeigte.
Zusammenfassend kann unsere Studie einen Einfluss des IL-6-Signalweges auf AAAs nicht
ausschließen.

4.1.4 Adipogene Signaturen in Abdominellen Aortenaneurysmen

Frühere Studien haben gezeigt, dass Popliteaaneurysmen ein deutlich geringeres Risiko der
Ruptur als AAA aufweisen [271]. Ausgehend von einem histologischen Vergleich der beiden
Aneurysmatypen, haben wir eine AAA-spezifische Akkumulation von Adipozyten in der Adventitia
gefunden und analysiert [5].
Ergänzend zu den histologischen Ergebnissen, konnten wir auch eine erhöhte RNA Expression
von Modulatoren der Transdifferenzierung mesenchymaler Zellen zu Adipozyten in AAA Proben,
verglichen mit atherosklerotischen Aorten, detektieren. Mesenchymale Zellen der Adventitia
zeigten in in-vitro Experimenten eine erhöhte Fettakkumualtion in Zellen die aus AAA gewonnen
wurden, verglichen mit Kontrollaorten. Unsere Transkriptomanalysen zeigten, dass fünf der elf
am stärksten hochregulierten Gene in rupturierten AAA verglichen zu elektiven AAA mit der
Adipogenese assoziiert sind, sowie dass der Adipogenese-Signalweg als auch der PPAR-Signalweg
in rupturierten AAA pertubiert werden.
Unser Studie hat damit gezeigt, dass die Akkumulation von Adipozyten und die adipogene
Degradation der Adventitia mit der Ausbildung und Ruptur der AAA assoziiert sind.

4.2 Eigener Anteil

In der vorliegenden Arbeit habe ich Transkriptomanalysen von humanen und murinen Aorten-
wänden durchgeführt, um ein besseres Verständnis der Pathophysiologie von Aneurysmen zu
erhalten. Die Expressionshöhe der RNA Moleküle habe ich sowohl mittels qRT-PCRs als auch
mit Hochdurchsatzmethoden wie Microarrays und RNA-Seq analysiert. Die Anwendung von
bioinformatischen und statistischen Analysen ermöglichte es mir, sowohl in öffentlich zugänglichen
Datensätzen als auch in neu generierten Hochdurchsatzdaten, differentiell exprimierte Gene sowie
modulierte Signalwege in den unterschiedlichen Zuständen zu identifizieren.
Meine durchgeführten Transkriptomanalysen gaben neue Einblicke in die Pathogenese der Aneurys-
men, ermöglichten die Identifikation von neuen Targets zur Behandlung von Aneurysmen, und
helfen perspektivisch die Translation von prä-klinischen Mausstudien zu verbessern.

25



BIBLIOGRAPHY

5 Bibliography

[1] Gabel, G., Northoff, B. H., Weinzierl, I., Ludwig, S., Hinterseher, I., Wilfert, W., Teupser, D.,
Doderer, S. A., Bergert, H., Schonleben, F., Lindeman, J. H. N. and Holdt, L. M. Molecular
Fingerprint for Terminal Abdominal Aortic Aneurysm Disease. J Am Heart Assoc. 2017;6
(12).

[2] Gabel, G., Northoff, B. H., Balboa, A., Becirovic-Agic, M., Petri, M., Busch, A., Maegdefes-
sel, L., Mahlmann, A., Ludwig, S., Teupser, D., de Waard, V., Golledge, J., Wanhainen, A.,
Wagsater, D., Holdt, L. M. and Lindeman, J. H. N. Parallel Murine and Human Aortic
Wall Genomics Reveals Metabolic Reprogramming as Key Driver of Abdominal Aortic
Aneurysm Progression. J Am Heart Assoc. 2021;10(17):e020231.

[3] Kokje, V. B. C., Gabel, G., Dalman, R. L., Koole, D., Northoff, B. H., Holdt, L. M.,
Hamming, J. F. and Lindeman, J. H. N. CXCL8 hyper-signaling in the aortic abdominal
aneurysm. Cytokine. 2018;108:96–104.

[4] Kokje, V. B. C., Gabel, G., Koole, D., Northoff, B. H., Holdt, L. M., Hamming, J. F.
and Lindeman, J. H. N. IL-6: A Janus-like factor in abdominal aortic aneurysm disease.
Atherosclerosis. 2016;251:139–146.

[5] Doderer, S. A., Gabel, G., Kokje, V. B. C., Northoff, B. H., Holdt, L. M., Hamming, J. F.
and Lindeman, J. H. N. Adventitial adipogenic degeneration is an unidentified contributor
to aortic wall weakening in the abdominal aortic aneurysm. J Vasc Surg. 2018;67(6):
1891–1900 e4.

[6] Golledge, J., Muller, J., Daugherty, A. and Norman, P. Abdominal aortic aneurysm:
pathogenesis and implications for management. Arterioscler Thromb Vasc Biol. 2006;26
(12):2605–13.

[7] Chaikof, E. L., Dalman, R. L., Eskandari, M. K., Jackson, B. M., Lee, W. A., Man-
sour, M. A., Mastracci, T. M., Mell, M., Murad, M. H., Nguyen, L. L., Oderich, G. S.,
Patel, M. S., Schermerhorn, M. L. and Starnes, B. W. The Society for Vascular Surgery
practice guidelines on the care of patients with an abdominal aortic aneurysm. J Vasc
Surg. 2018;67(1):2–77 e2.

[8] Wanhainen, A., Verzini, F., Van Herzeele, I., Allaire, E., Bown, M., Cohnert, T., Dick, F.,
van Herwaarden, J., Karkos, C., Koelemay, M., Kölbel, T., Loftus, I., Mani, K., Melis-
sano, G., Powell, J., Szeberin, Z., Esvs Guidelines, Committee, de Borst, G. J., Chakfe, N.,
Debus, S., Hinchliffe, R., Kakkos, S., Koncar, I., Kolh, P., Lindholt, J. S., de Vega, M.,
Vermassen, F., Document, Reviewers, Björck, M., Cheng, S., Dalman, R., Davidovic, L.,
Donas, K., Earnshaw, J., Eckstein, H. H., Golledge, J., Haulon, S., Mastracci, T., Naylor, R.,
Ricco, J. B. and Verhagen, H. Editor’s Choice - European Society for Vascular Surgery
(ESVS) 2019 Clinical Practice Guidelines on the Management of Abdominal Aorto-iliac
Artery Aneurysms. Eur J Vasc Endovasc Surg. 2019;57(1):8–93.

[9] Ellis, M., Powell, J. T. and Greenhalgh, R. M. Limitations of ultrasonography in surveillance
of small abdominal aortic aneurysms. Br J Surg. 1991;78(5):614–6.

[10] Lederle, F. A., Walker, J. M. and Reinke, D. B. Selective screening for abdominal aortic
aneurysms with physical examination and ultrasound. Arch Intern Med. 1988;148(8):
1753–6.

26



BIBLIOGRAPHY

[11] Lindholt, J. S., Vammen, S., Juul, S., Henneberg, E. W. and Fasting, H. The validity of
ultrasonographic scanning as screening method for abdominal aortic aneurysm. Eur J Vasc
Endovasc Surg. 1999;17(6):472–5.

[12] Ashton, H. A., Buxton, M. J., Day, N. E., Kim, L. G., Marteau, T. M., Scott, R. A.,
Thompson, S. G., Walker, N. M. and Multicentre Aneurysm Screening Study, Group.
The Multicentre Aneurysm Screening Study (MASS) into the effect of abdominal aortic
aneurysm screening on mortality in men: a randomised controlled trial. Lancet. 2002;360
(9345):1531–9.

[13] Hirsch, A. T., Haskal, Z. J., Hertzer, N. R., Bakal, C. W., Creager, M. A., Halperin, J. L.,
Hiratzka, L. F., Murphy, W. R., Olin, J. W., Puschett, J. B., Rosenfield, K. A., Sacks, D.,
Stanley, J. C., Taylor, L. M., Jr., White, C. J., White, J., White, R. A., Antman, E. M.,
Smith, S. C., Jr., Adams, C. D., Anderson, J. L., Faxon, D. P., Fuster, V., Gibbons, R. J.,
Hunt, S. A., Jacobs, A. K., Nishimura, R., Ornato, J. P., Page, R. L., Riegel, B., American
Association for Vascular, Surgery, Society for Vascular, Surgery, Society for Cardiovas-
cular, Angiography, Interventions, Society for Vascular, Medicine, Biology, Society of
Interventional, Radiology, Disease, Acc Aha Task Force on Practice Guidelines Writing
Committee to Develop Guidelines for the Management of Patients With Peripheral Arterial,
American Association of, Cardiovascular, Pulmonary, Rehabilitation, National Heart, Lung,
Blood, Institute, Society for Vascular, Nursing, TransAtlantic Inter-Society, Consensus and
Vascular Disease, Foundation. ACC/AHA 2005 Practice Guidelines for the Management
of Patients With Peripheral Arterial Disease (Lower Extremity, Renal, Mesenteric, and
Abdominal Aortic). Circulation. 2006;113(11):e463–654.

[14] Moll, F. L., Powell, J. T., Fraedrich, G., Verzini, F., Haulon, S., Waltham, M., van
Herwaarden, J. A., Holt, P. J., van Keulen, J. W., Rantner, B., Schlosser, F. J., Setacci, F.,
Ricco, J. B. and European Society for Vascular, Surgery. Management of abdominal aortic
aneurysms clinical practice guidelines of the European society for vascular surgery. Eur J
Vasc Endovasc Surg. 2011;41 Suppl 1:S1–S58.

[15] Erbel, R., Aboyans, V., Boileau, C., Bossone, E., Bartolomeo, R. D., Eggebrecht, H.,
Evangelista, A., Falk, V., Frank, H., Gaemperli, O., Grabenwoger, M., Haverich, A., Iung, B.,
Manolis, A. J., Meijboom, F., Nienaber, C. A., Roffi, M., Rousseau, H., Sechtem, U.,
Sirnes, P. A., Allmen, R. S., Vrints, C. J. and Guidelines, E. S. C. Committee for Practice.
2014 ESC Guidelines on the diagnosis and treatment of aortic diseases: Document covering
acute and chronic aortic diseases of the thoracic and abdominal aorta of the adult. The
Task Force for the Diagnosis and Treatment of Aortic Diseases of the European Society of
Cardiology (ESC). Eur Heart J. 2014;35(41):2873–926.

[16] Gameraddin, M. Normal abdominal aorta diameter on abdominal sonography in healthy
asymptomatic adults: impact of age and gender. Journal of Radiation Research and
Applied Sciences. 2019;12(1):186–191.

[17] Sweeting, M. J., Masconi, K. L., Jones, E., Ulug, P., Glover, M. J., Michaels, J. A.,
Bown, M. J., Powell, J. T. and Thompson, S. G. Analysis of clinical benefit, harms, and
cost-effectiveness of screening women for abdominal aortic aneurysm. Lancet. 2018;392
(10146):487–495.

27



BIBLIOGRAPHY

[18] Zhang, S., Diao, J., Qi, C., Jin, J., Li, L., Gao, X., Gong, L. and Wu, W. Predictive value
of neutrophil to lymphocyte ratio in patients with acute ST segment elevation myocardial
infarction after percutaneous coronary intervention: a meta-analysis. BMC Cardiovasc
Disord. 2018;18(1):75.

[19] Webster, M. W., Ferrell, R. E., St Jean, P. L., Majumder, P. P., Fogel, S. R. and Steed, D. L.
Ultrasound screening of first-degree relatives of patients with an abdominal aortic aneurysm.
J Vasc Surg. 1991;13(1):9–13; discussion 13–4.

[20] Galland, R. B., Simmons, M. J. and Torrie, E. P. Prevalence of abdominal aortic aneurysm
in patients with occlusive peripheral vascular disease. Br J Surg. 1991;78(10):1259–60.

[21] Jones, G. T., Sandiford, P., Hill, G. B., Williams, M. J. A., Khashram, M., Tilyard, M. W.,
Hammond-Tooke, G. D., Krysa, J. and van Rij, A. M. Correcting for Body Surface Area
Identifies the True Prevalence of Abdominal Aortic Aneurysm in Screened Women. Eur J
Vasc Endovasc Surg. 2019;57(2):221–228.

[22] Karanjia, P. N., Madden, K. P. and Lobner, S. Coexistence of abdominal aortic aneurysm
in patients with carotid stenosis. Stroke. 1994;25(3):627–30.

[23] Lederle, F. A., Johnson, G. R., Wilson, S. E., Chute, E. P., Littooy, F. N., Bandyk, D.,
Krupski, W. C., Barone, G. W., Acher, C. W. and Ballard, D. J. Prevalence and associations
of abdominal aortic aneurysm detected through screening. Aneurysm Detection and
Management (ADAM) Veterans Affairs Cooperative Study Group. Ann Intern Med.
1997;126(6):441–9.

[24] Schanzer, A. and Oderich, G. S. Management of Abdominal Aortic Aneurysms. N Engl J
Med. 2021;385(18):1690–1698.

[25] Nevitt, M. P., Ballard, D. J. and Hallett, J. W., Jr. Prognosis of abdominal aortic aneurysms.
A population-based study. N Engl J Med. 1989;321(15):1009–14.

[26] Reed, W. W., Hallett, J. W., Jr., Damiano, M. A. and Ballard, D. J. Learning from the
last ultrasound. A population-based study of patients with abdominal aortic aneurysm.
Arch Intern Med. 1997;157(18):2064–8.

[27] Brown, L. C. and Powell, J. T. Risk factors for aneurysm rupture in patients kept under
ultrasound surveillance. UK Small Aneurysm Trial Participants. Ann Surg. 1999;230(3):
289–96; discussion 296–7.

[28] Scott, R. A., Tisi, P. V., Ashton, H. A. and Allen, D. R. Abdominal aortic aneurysm
rupture rates: a 7-year follow-up of the entire abdominal aortic aneurysm population
detected by screening. J Vasc Surg. 1998;28(1):124–8.

[29] Jones, A., Cahill, D. and Gardham, R. Outcome in patients with a large abdominal aortic
aneurysm considered unfit for surgery. Br J Surg. 1998;85(10):1382–4.

[30] Powell, J. T., Brown, L. C., Forbes, J. F., Fowkes, F. G., Greenhalgh, R. M., Ruckley, C. V.
and Thompson, S. G. Final 12-year follow-up of surgery versus surveillance in the UK
Small Aneurysm Trial. Br J Surg. 2007;94(6):702–8.

28



BIBLIOGRAPHY

[31] Lederle, F. A., Wilson, S. E., Johnson, G. R., Reinke, D. B., Littooy, F. N., Acher, C. W.,
Ballard, D. J., Messina, L. M., Gordon, I. L., Chute, E. P., Krupski, W. C., Busuttil, S. J.,
Barone, G. W., Sparks, S., Graham, L. M., Rapp, J. H., Makaroun, M. S., Moneta, G. L.,
Cambria, R. A., Makhoul, R. G., Eton, D., Ansel, H. J., Freischlag, J. A. and Bandyk, D.
Immediate repair compared with surveillance of small abdominal aortic aneurysms. N Engl
J Med. 2002;346(19):1437–44.

[32] Parkinson, F., Ferguson, S., Lewis, P., Williams, I. M. and Twine, C. P. Rupture rates of
untreated large abdominal aortic aneurysms in patients unfit for elective repair. J Vasc
Surg. 2015;61(6):1606–12.

[33] Lederle, F. A., Johnson, G. R., Wilson, S. E., Ballard, D. J., Jordan, W. D., Jr., Blebea, J.,
Littooy, F. N., Freischlag, J. A., Bandyk, D., Rapp, J. H. and Salam, A. A. Rupture rate
of large abdominal aortic aneurysms in patients refusing or unfit for elective repair. Jama.
2002;287(22):2968–72.

[34] Bown, M. J., Sweeting, M. J., Brown, L. C., Powell, J. T. and Thompson, S. G. Surveillance
intervals for small abdominal aortic aneurysms: a meta-analysis. Jama. 2013;309(8):806–13.

[35] Brewster, D. C., Cronenwett, J. L., Hallett, J. W., Jr., Johnston, K. W., Krupski, W. C.
and Matsumura, J. S. Guidelines for the treatment of abdominal aortic aneurysms. Report
of a subcommittee of the Joint Council of the American Association for Vascular Surgery
and Society for Vascular Surgery. J Vasc Surg. 2003;37(5):1106–17.

[36] Laine, M. T., Laukontaus, S. J., Sund, R., Aho, P. S., Kantonen, I., Albäck, A. and
Venermo, M. A Population-Based Study of Abdominal Aortic Aneurysm Treatment in
Finland 2000 to 2014. Circulation. 2017;136(18):1726–1734.

[37] Lederle, F. A. Abdominal aortic aneurysm: still no pill. Ann Intern Med. 2013;159(12):
852–3.

[38] Lindeman, J. H. and Matsumura, J. S. Pharmacologic Management of Aneurysms. Circ
Res. 2019;124(4):631–646.

[39] Participants, The UK Small Aneurysm Trial. Mortality results for randomised controlled
trial of early elective surgery or ultrasonographic surveillance for small abdominal aortic
aneurysms. The UK Small Aneurysm Trial Participants. Lancet. 1998;352(9141):1649–55.

[40] Bundesamt, Statistisches. Todesursachen in Deutschland 2015. Fachserie. 2017;12(4).

[41] Sampson, U. K., Norman, P. E., Fowkes, F. G., Aboyans, V., Song, Y., Harrell, F. E., Jr.,
Forouzanfar, M. H., Naghavi, M., Denenberg, J. O., McDermott, M. M., Criqui, M. H.,
Mensah, G. A., Ezzati, M. and Murray, C. Estimation of global and regional incidence and
prevalence of abdominal aortic aneurysms 1990 to 2010. Glob Heart. 2014;9(1):159–70.

[42] Stather, P. W., Sidloff, D. A., Rhema, I. A., Choke, E., Bown, M. J. and Sayers, R. D. A
review of current reporting of abdominal aortic aneurysm mortality and prevalence in the
literature. Eur J Vasc Endovasc Surg. 2014;47(3):240–2.

[43] Wahlgren, C. M., Larsson, E., Magnusson, P. K., Hultgren, R. and Swedenborg, J. Genetic
and environmental contributions to abdominal aortic aneurysm development in a twin
population. J Vasc Surg. 2010;51(1):3–7; discussion 7.

29



BIBLIOGRAPHY

[44] Hammond, E. C. and Horn, D. Smoking and death rates: report on forty-four months
of follow-up of 187,783 men. 2. Death rates by cause. J Am Med Assoc. 1958;166(11):
1294–308.

[45] Hammond, E. C. Smoking in relation to the death rates of one million men and women.
Natl Cancer Inst Monogr. 1966;19:127–204.

[46] Rogot, E. and Murray, J. L. Smoking and causes of death among U.S. veterans: 16 years
of observation. Public Health Rep. 1980;95(3):213–22.

[47] Weir, J. M. and Dunn, J. E., Jr. Smoking and mortality: a prospective study. Cancer.
1970;25(1):105–12.

[48] Doll, R., Peto, R., Wheatley, K., Gray, R. and Sutherland, I. Mortality in relation to
smoking: 40 years’ observations on male British doctors. Bmj. 1994;309(6959):901–11.

[49] Nilsson, S., Carstensen, J. M. and Pershagen, G. Mortality among male and female smokers
in Sweden: a 33 year follow up. J Epidemiol Community Health. 2001;55(11):825–30.

[50] Johansen, K. and Koepsell, T. Familial tendency for abdominal aortic aneurysms. Jama.
1986;256(14):1934–6.

[51] Elmore, J. R., Obmann, M. A., Kuivaniemi, H., Tromp, G., Gerhard, G. S., Franklin, D. P.,
Boddy, A. M. and Carey, D. J. Identification of a genetic variant associated with abdominal
aortic aneurysms on chromosome 3p12.3 by genome wide association. J Vasc Surg. 2009;49
(6):1525–31.

[52] Gretarsdottir, S., Baas, A. F., Thorleifsson, G., Holm, H., den Heijer, M., de Vries, J. P.,
Kranendonk, S. E., Zeebregts, C. J., van Sterkenburg, S. M., Geelkerken, R. H., van
Rij, A. M., Williams, M. J., Boll, A. P., Kostic, J. P., Jonasdottir, A., Jonasdottir, A.,
Walters, G. B., Masson, G., Sulem, P., Saemundsdottir, J., Mouy, M., Magnusson, K. P.,
Tromp, G., Elmore, J. R., Sakalihasan, N., Limet, R., Defraigne, J. O., Ferrell, R. E.,
Ronkainen, A., Ruigrok, Y. M., Wijmenga, C., Grobbee, D. E., Shah, S. H., Granger, C. B.,
Quyyumi, A. A., Vaccarino, V., Patel, R. S., Zafari, A. M., Levey, A. I., Austin, H.,
Girelli, D., Pignatti, P. F., Olivieri, O., Martinelli, N., Malerba, G., Trabetti, E., Becker, L. C.,
Becker, D. M., Reilly, M. P., Rader, D. J., Mueller, T., Dieplinger, B., Haltmayer, M.,
Urbonavicius, S., Lindblad, B., Gottsäter, A., Gaetani, E., Pola, R., Wells, P., Rodger, M.,
Forgie, M., Langlois, N., Corral, J., Vicente, V., Fontcuberta, J., España, F., Grarup, N., Jør-
gensen, T., Witte, D. R., Hansen, T., Pedersen, O., Aben, K. K., de Graaf, J., Holewijn, S.,
Folkersen, L., Franco-Cereceda, A., Eriksson, P., Collier, D. A., Stefansson, H., Steinthors-
dottir, V., Rafnar, T., Valdimarsson, E. M., Magnadottir, H. B., Sveinbjornsdottir, S.,
Olafsson, I., Magnusson, M. K., Palmason, R., Haraldsdottir, V., Andersen, K., Onundar-
son, P. T., Thorgeirsson, G., Kiemeney, L. A., Powell, J. T., Carey, D. J., Kuivaniemi, H.,
Lindholt, J. S., Jones, G. T., Kong, A., Blankensteijn, J. D., Matthiasson, S. E. et al.
Genome-wide association study identifies a sequence variant within the DAB2IP gene
conferring susceptibility to abdominal aortic aneurysm. Nat Genet. 2010;42(8):692–7.

30



BIBLIOGRAPHY

[53] Bown, M. J., Jones, G. T., Harrison, S. C., Wright, B. J., Bumpstead, S., Baas, A. F.,
Gretarsdottir, S., Badger, S. A., Bradley, D. T., Burnand, K., Child, A. H., Clough, R. E.,
Cockerill, G., Hafez, H., Scott, D. J., Futers, S., Johnson, A., Sohrabi, S., Smith, A.,
Thompson, M. M., van Bockxmeer, F. M., Waltham, M., Matthiasson, S. E., Thor-
leifsson, G., Thorsteinsdottir, U., Blankensteijn, J. D., Teijink, J. A., Wijmenga, C.,
de Graaf, J., Kiemeney, L. A., Assimes, T. L., McPherson, R., Folkersen, L., Franco-
Cereceda, A., Palmen, J., Smith, A. J., Sylvius, N., Wild, J. B., Refstrup, M., Edkins, S.,
Gwilliam, R., Hunt, S. E., Potter, S., Lindholt, J. S., Frikke-Schmidt, R., Tybjærg-
Hansen, A., Hughes, A. E., Golledge, J., Norman, P. E., van Rij, A., Powell, J. T.,
Eriksson, P., Stefansson, K., Thompson, J. R., Humphries, S. E., Sayers, R. D., De-
loukas, P. and Samani, N. J. Abdominal aortic aneurysm is associated with a variant in
low-density lipoprotein receptor-related protein 1. Am J Hum Genet. 2011;89(5):619–27.

[54] Bradley, D. T., Hughes, A. E., Badger, S. A., Jones, G. T., Harrison, S. C., Wright, B. J.,
Bumpstead, S., Baas, A. F., Grétarsdóttir, S., Burnand, K., Child, A. H., Clough, R. E.,
Cockerill, G., Hafez, H., Scott, D. J., Ariëns, R. A., Johnson, A., Sohrabi, S., Smith, A.,
Thompson, M. M., van Bockxmeer, F. M., Waltham, M., Matthíasson, S. E., Thorleifs-
son, G., Thorsteinsdottir, U., Blankensteijn, J. D., Teijink, J. A., Wijmenga, C., de Graaf, J.,
Kiemeney, L. A., Wild, J. B., Edkins, S., Gwilliam, R., Hunt, S. E., Potter, S., Lindholt, J. S.,
Golledge, J., Norman, P. E., van Rij, A., Powell, J. T., Eriksson, P., Stefánsson, K., Thomp-
son, J. R., Humphries, S. E., Sayers, R. D., Deloukas, P., Samani, N. J. and Bown, M. J.
A variant in LDLR is associated with abdominal aortic aneurysm. Circ Cardiovasc Genet.
2013;6(5):498–504.

[55] van ’t Hof, F. N., Ruigrok, Y. M., Lee, C. H., Ripke, S., Anderson, G., de Andrade, M.,
Baas, A. F., Blankensteijn, J. D., Böttinger, E. P., Bown, M. J., Broderick, J., Bijlenga, P.,
Carrell, D. S., Crawford, D. C., Crosslin, D. R., Ebeling, C., Eriksson, J. G., Fornage, M.,
Foroud, T., von Und Zu Fraunberg, M., Friedrich, C. M., Gaál, E. I., Gottesman, O.,
Guo, D. C., Harrison, S. C., Hernesniemi, J., Hofman, A., Inoue, I., Jääskeläinen, J. E.,
Jones, G. T., Kiemeney, L. A., Kivisaari, R., Ko, N., Koskinen, S., Kubo, M., Kullo, I. J.,
Kuivaniemi, H., Kurki, M. I., Laakso, A., Lai, D., Leal, S. M., Lehto, H., LeMaire, S. A.,
Low, S. K., Malinowski, J., McCarty, C. A., Milewicz, D. M., Mosley, T. H., Nakamura, Y.,
Nakaoka, H., Niemelä, M., Pacheco, J., Peissig, P. L., Pera, J., Rasmussen-Torvik, L.,
Ritchie, M. D., Rivadeneira, F., van Rij, A. M., Santos-Cortez, R. L., Saratzis, A., Slowik, A.,
Takahashi, A., Tromp, G., Uitterlinden, A. G., Verma, S. S., Vermeulen, S. H., Wang, G. T.,
Han, B., Rinkel, G. J. and de Bakker, P. I. Shared Genetic Risk Factors of Intracranial,
Abdominal, and Thoracic Aneurysms. J Am Heart Assoc. 2016;5(7).

31



BIBLIOGRAPHY

[56] Jones, G. T., Tromp, G., Kuivaniemi, H., Gretarsdottir, S., Baas, A. F., Giusti, B.,
Strauss, E., Van’t Hof, F. N., Webb, T. R., Erdman, R., Ritchie, M. D., Elmore, J. R.,
Verma, A., Pendergrass, S., Kullo, I. J., Ye, Z., Peissig, P. L., Gottesman, O., Verma, S. S.,
Malinowski, J., Rasmussen-Torvik, L. J., Borthwick, K. M., Smelser, D. T., Crosslin, D. R.,
de Andrade, M., Ryer, E. J., McCarty, C. A., Böttinger, E. P., Pacheco, J. A., Craw-
ford, D. C., Carrell, D. S., Gerhard, G. S., Franklin, D. P., Carey, D. J., Phillips, V. L.,
Williams, M. J., Wei, W., Blair, R., Hill, A. A., Vasudevan, T. M., Lewis, D. R., Thom-
son, I. A., Krysa, J., Hill, G. B., Roake, J., Merriman, T. R., Oszkinis, G., Galora, S.,
Saracini, C., Abbate, R., Pulli, R., Pratesi, C., Saratzis, A., Verissimo, A. R., Bump-
stead, S., Badger, S. A., Clough, R. E., Cockerill, G., Hafez, H., Scott, D. J., Futers, T. S.,
Romaine, S. P., Bridge, K., Griffin, K. J., Bailey, M. A., Smith, A., Thompson, M. M.,
van Bockxmeer, F. M., Matthiasson, S. E., Thorleifsson, G., Thorsteinsdottir, U., Blanken-
steijn, J. D., Teijink, J. A., Wijmenga, C., de Graaf, J., Kiemeney, L. A., Lindholt, J. S.,
Hughes, A., Bradley, D. T., Stirrups, K., Golledge, J., Norman, P. E., Powell, J. T.,
Humphries, S. E., Hamby, S. E., Goodall, A. H., Nelson, C. P., Sakalihasan, N., Cour-
tois, A., Ferrell, R. E., Eriksson, P., Folkersen, L., Franco-Cereceda, A., Eicher, J. D.,
Johnson, A. D., Betsholtz, C., Ruusalepp, A., Franzén, O., Schadt, E. E., Björkegren, J. L.
et al. Meta-Analysis of Genome-Wide Association Studies for Abdominal Aortic Aneurysm
Identifies Four New Disease-Specific Risk Loci. Circ Res. 2017;120(2):341–353.

[57] Klarin, D., Verma, S. S., Judy, R., Dikilitas, O., Wolford, B. N., Paranjpe, I., Levin, M. G.,
Pan, C., Tcheandjieu, C., Spin, J. M., Lynch, J., Assimes, T. L., Åldstedt Nyrønning, L.,
Mattsson, E., Edwards, T. L., Denny, J., Larson, E., Lee, M. T. M., Carrell, D., Zhang, Y.,
Jarvik, G. P., Gharavi, A. G., Harley, J., Mentch, F., Pacheco, J. A., Hakonarson, H.,
Skogholt, A. H., Thomas, L., Gabrielsen, M. E., Hveem, K., Nielsen, J. B., Zhou, W.,
Fritsche, L., Huang, J., Natarajan, P., Sun, Y. V., DuVall, S. L., Rader, D. J., Cho, K.,
Chang, K. M., Wilson, P. W. F., O’Donnell, C. J., Kathiresan, S., Scali, S. T., Berceli, S. A.,
Willer, C., Jones, G. T., Bown, M. J., Nadkarni, G., Kullo, I. J., Ritchie, M., Damrauer, S. M.
and Tsao, P. S. Genetic Architecture of Abdominal Aortic Aneurysm in the Million Veteran
Program. Circulation. 2020;142(17):1633–1646.

[58] Ashvetiya, T., Fan, S. X., Chen, Y. J., Williams, C. H., O’Connell, J. R., Perry, J. A. and
Hong, C. C. Identification of novel genetic susceptibility loci for thoracic and abdominal
aortic aneurysms via genome-wide association study using the UK Biobank Cohort. PLoS
One. 2021;16(9):e0247287.

[59] Backman, J. D., Li, A. H., Marcketta, A., Sun, D., Mbatchou, J., Kessler, M. D., Ben-
ner, C., Liu, D., Locke, A. E., Balasubramanian, S., Yadav, A., Banerjee, N., Gillies, C. E.,
Damask, A., Liu, S., Bai, X., Hawes, A., Maxwell, E., Gurski, L., Watanabe, K., Kos-
micki, J. A., Rajagopal, V., Mighty, J., Jones, M., Mitnaul, L., Stahl, E., Coppola, G.,
Jorgenson, E., Habegger, L., Salerno, W. J., Shuldiner, A. R., Lotta, L. A., Overton, J. D.,
Cantor, M. N., Reid, J. G., Yancopoulos, G., Kang, H. M., Marchini, J., Baras, A., Abeca-
sis, G. R. and Ferreira, M. A. R. Exome sequencing and analysis of 454,787 UK Biobank
participants. Nature. 2021;599(7886):628–634.

[60] Jiang, L., Zheng, Z., Fang, H. and Yang, J. A generalized linear mixed model association
tool for biobank-scale data. Nat Genet. 2021;53(11):1616–1621.

32



BIBLIOGRAPHY

[61] Buniello, A., MacArthur, J. A. L., Cerezo, M., Harris, L. W., Hayhurst, J., Malangone, C.,
McMahon, A., Morales, J., Mountjoy, E., Sollis, E., Suveges, D., Vrousgou, O., Whet-
zel, P. L., Amode, R., Guillen, J. A., Riat, H. S., Trevanion, S. J., Hall, P., Junkins, H.,
Flicek, P., Burdett, T., Hindorff, L. A., Cunningham, F. and Parkinson, H. The NHGRI-EBI
GWAS Catalog of published genome-wide association studies, targeted arrays and summary
statistics 2019. Nucleic Acids Res. 2019;47(D1):D1005–d1012.

[62] Risch, N. and Merikangas, K. The future of genetic studies of complex human diseases.
Science. 1996;273(5281):1516–7.

[63] Singh, T. P., Field, M. A., Bown, M. J., Jones, G. T. and Golledge, J. Systematic review of
genome-wide association studies of abdominal aortic aneurysm. Atherosclerosis. 2021;327:
39–48.

[64] McPherson, R., Pertsemlidis, A., Kavaslar, N., Stewart, A., Roberts, R., Cox, D. R.,
Hinds, D. A., Pennacchio, L. A., Tybjaerg-Hansen, A., Folsom, A. R., Boerwinkle, E.,
Hobbs, H. H. and Cohen, J. C. A common allele on chromosome 9 associated with coronary
heart disease. Science. 2007;316(5830):1488–91.

[65] Helgadottir, A., Thorleifsson, G., Manolescu, A., Gretarsdottir, S., Blondal, T., Jonasdot-
tir, A., Jonasdottir, A., Sigurdsson, A., Baker, A., Palsson, A., Masson, G., Gudbjarts-
son, D. F., Magnusson, K. P., Andersen, K., Levey, A. I., Backman, V. M., Matthias-
dottir, S., Jonsdottir, T., Palsson, S., Einarsdottir, H., Gunnarsdottir, S., Gylfason, A.,
Vaccarino, V., Hooper, W. C., Reilly, M. P., Granger, C. B., Austin, H., Rader, D. J.,
Shah, S. H., Quyyumi, A. A., Gulcher, J. R., Thorgeirsson, G., Thorsteinsdottir, U.,
Kong, A. and Stefansson, K. A common variant on chromosome 9p21 affects the risk of
myocardial infarction. Science. 2007;316(5830):1491–3.

[66] Samani, N. J., Erdmann, J., Hall, A. S., Hengstenberg, C., Mangino, M., Mayer, B.,
Dixon, R. J., Meitinger, T., Braund, P., Wichmann, H. E., Barrett, J. H., König, I. R.,
Stevens, S. E., Szymczak, S., Tregouet, D. A., Iles, M. M., Pahlke, F., Pollard, H., Lieb, W.,
Cambien, F., Fischer, M., Ouwehand, W., Blankenberg, S., Balmforth, A. J., Baessler, A.,
Ball, S. G., Strom, T. M., Braenne, I., Gieger, C., Deloukas, P., Tobin, M. D., Ziegler, A.,
Thompson, J. R. and Schunkert, H. Genomewide association analysis of coronary artery
disease. N Engl J Med. 2007;357(5):443–53.

[67] Consortium, Wellcome Trust Case Control. Genome-wide association study of 14,000 cases
of seven common diseases and 3,000 shared controls. Nature. 2007;447(7145):661–78.

33



BIBLIOGRAPHY

[68] Nikpay, M., Goel, A., Won, H. H., Hall, L. M., Willenborg, C., Kanoni, S., Saleheen, D.,
Kyriakou, T., Nelson, C. P., Hopewell, J. C., Webb, T. R., Zeng, L., Dehghan, A., Alver, M.,
Armasu, S. M., Auro, K., Bjonnes, A., Chasman, D. I., Chen, S., Ford, I., Franceschini, N.,
Gieger, C., Grace, C., Gustafsson, S., Huang, J., Hwang, S. J., Kim, Y. K., Kleber, M. E.,
Lau, K. W., Lu, X., Lu, Y., Lyytikäinen, L. P., Mihailov, E., Morrison, A. C., Pervjakova, N.,
Qu, L., Rose, L. M., Salfati, E., Saxena, R., Scholz, M., Smith, A. V., Tikkanen, E.,
Uitterlinden, A., Yang, X., Zhang, W., Zhao, W., de Andrade, M., de Vries, P. S., van
Zuydam, N. R., Anand, S. S., Bertram, L., Beutner, F., Dedoussis, G., Frossard, P., Gau-
guier, D., Goodall, A. H., Gottesman, O., Haber, M., Han, B. G., Huang, J., Jalilzadeh, S.,
Kessler, T., König, I. R., Lannfelt, L., Lieb, W., Lind, L., Lindgren, C. M., Lokki, M. L.,
Magnusson, P. K., Mallick, N. H., Mehra, N., Meitinger, T., Memon, F. U., Morris, A. P.,
Nieminen, M. S., Pedersen, N. L., Peters, A., Rallidis, L. S., Rasheed, A., Samuel, M.,
Shah, S. H., Sinisalo, J., Stirrups, K. E., Trompet, S., Wang, L., Zaman, K. S., Ardissino, D.,
Boerwinkle, E., Borecki, I. B., Bottinger, E. P., Buring, J. E., Chambers, J. C., Collins, R.,
Cupples, L. A., Danesh, J., Demuth, I., Elosua, R., Epstein, S. E., Esko, T., Feitosa, M. F.
et al. A comprehensive 1,000 Genomes-based genome-wide association meta-analysis of
coronary artery disease. Nat Genet. 2015;47(10):1121–1130.

[69] Nelson, C. P., Goel, A., Butterworth, A. S., Kanoni, S., Webb, T. R., Marouli, E., Zeng, L.,
Ntalla, I., Lai, F. Y., Hopewell, J. C., Giannakopoulou, O., Jiang, T., Hamby, S. E.,
Di Angelantonio, E., Assimes, T. L., Bottinger, E. P., Chambers, J. C., Clarke, R.,
Palmer, C. N. A., Cubbon, R. M., Ellinor, P., Ermel, R., Evangelou, E., Franks, P. W.,
Grace, C., Gu, D., Hingorani, A. D., Howson, J. M. M., Ingelsson, E., Kastrati, A.,
Kessler, T., Kyriakou, T., Lehtimäki, T., Lu, X., Lu, Y., März, W., McPherson, R.,
Metspalu, A., Pujades-Rodriguez, M., Ruusalepp, A., Schadt, E. E., Schmidt, A. F.,
Sweeting, M. J., Zalloua, P. A., AlGhalayini, K., Keavney, B. D., Kooner, J. S., Loos, R.
J. F., Patel, R. S., Rutter, M. K., Tomaszewski, M., Tzoulaki, I., Zeggini, E., Erdmann, J.,
Dedoussis, G., Björkegren, J. L. M., Schunkert, H., Farrall, M., Danesh, J., Samani, N. J.,
Watkins, H. and Deloukas, P. Association analyses based on false discovery rate implicate
new loci for coronary artery disease. Nat Genet. 2017;49(9):1385–1391.

[70] Cluett, C., McDermott, M. M., Guralnik, J., Ferrucci, L., Bandinelli, S., Miljkovic, I.,
Zmuda, J. M., Li, R., Tranah, G., Harris, T., Rice, N., Henley, W., Frayling, T. M.,
Murray, A. and Melzer, D. The 9p21 myocardial infarction risk allele increases risk of
peripheral artery disease in older people. Circ Cardiovasc Genet. 2009;2(4):347–53.

[71] Holdt, L. M., Beutner, F., Scholz, M., Gielen, S., Gäbel, G., Bergert, H., Schuler, G.,
Thiery, J. and Teupser, D. ANRIL expression is associated with atherosclerosis risk at
chromosome 9p21. Arterioscler Thromb Vasc Biol. 2010;30(3):620–7.

34



BIBLIOGRAPHY

[72] Murabito, J. M., White, C. C., Kavousi, M., Sun, Y. V., Feitosa, M. F., Nambi, V.,
Lamina, C., Schillert, A., Coassin, S., Bis, J. C., Broer, L., Crawford, D. C., Franceschini, N.,
Frikke-Schmidt, R., Haun, M., Holewijn, S., Huffman, J. E., Hwang, S. J., Kiechl, S.,
Kollerits, B., Montasser, M. E., Nolte, I. M., Rudock, M. E., Senft, A., Teumer, A., van der
Harst, P., Vitart, V., Waite, L. L., Wood, A. R., Wassel, C. L., Absher, D. M., Allison, M. A.,
Amin, N., Arnold, A., Asselbergs, F. W., Aulchenko, Y., Bandinelli, S., Barbalic, M.,
Boban, M., Brown-Gentry, K., Couper, D. J., Criqui, M. H., Dehghan, A., den Heijer, M.,
Dieplinger, B., Ding, J., Dörr, M., Espinola-Klein, C., Felix, S. B., Ferrucci, L., Folsom, A. R.,
Fraedrich, G., Gibson, Q., Goodloe, R., Gunjaca, G., Haltmayer, M., Heiss, G., Hofman, A.,
Kieback, A., Kiemeney, L. A., Kolcic, I., Kullo, I. J., Kritchevsky, S. B., Lackner, K. J., Li, X.,
Lieb, W., Lohman, K., Meisinger, C., Melzer, D., Mohler, E. R., 3rd, Mudnic, I., Mueller, T.,
Navis, G., Oberhollenzer, F., Olin, J. W., O’Connell, J., O’Donnell, C. J., Palmas, W.,
Penninx, B. W., Petersmann, A., Polasek, O., Psaty, B. M., Rantner, B., Rice, K.,
Rivadeneira, F., Rotter, J. I., Seldenrijk, A., Stadler, M., Summerer, M., Tanaka, T.,
Tybjaerg-Hansen, A., Uitterlinden, A. G., van Gilst, W. H., Vermeulen, S. H., Wild, S. H.,
Wild, P. S., Willeit, J., Zeller, T., Zemunik, T., Zgaga, L. et al. Association between
chromosome 9p21 variants and the ankle-brachial index identified by a meta-analysis of 21
genome-wide association studies. Circ Cardiovasc Genet. 2012;5(1):100–12.

[73] Larson, M. G., Atwood, L. D., Benjamin, E. J., Cupples, L. A., D’Agostino, R. B., Sr.,
Fox, C. S., Govindaraju, D. R., Guo, C. Y., Heard-Costa, N. L., Hwang, S. J., Mura-
bito, J. M., Newton-Cheh, C., O’Donnell, C. J., Seshadri, S., Vasan, R. S., Wang, T. J.,
Wolf, P. A. and Levy, D. Framingham Heart Study 100K project: genome-wide associations
for cardiovascular disease outcomes. BMC Med Genet. 2007;8 Suppl 1(Suppl 1):S5.

[74] Matarin, M., Brown, W. M., Singleton, A., Hardy, J. A. and Meschia, J. F. Whole genome
analyses suggest ischemic stroke and heart disease share an association with polymorphisms
on chromosome 9p21. Stroke. 2008;39(5):1586–9.

[75] Wahlstrand, B., Orho-Melander, M., Delling, L., Kjeldsen, S., Narkiewicz, K., Almgren, P.,
Hedner, T. and Melander, O. The myocardial infarction associated CDKN2A/CDKN2B
locus on chromosome 9p21 is associated with stroke independently of coronary events in
patients with hypertension. J Hypertens. 2009;27(4):769–73.

[76] Helgadottir, A., Thorleifsson, G., Magnusson, K. P., Grétarsdottir, S., Steinthorsdot-
tir, V., Manolescu, A., Jones, G. T., Rinkel, G. J., Blankensteijn, J. D., Ronkainen, A.,
Jääskeläinen, J. E., Kyo, Y., Lenk, G. M., Sakalihasan, N., Kostulas, K., Gottsäter, A.,
Flex, A., Stefansson, H., Hansen, T., Andersen, G., Weinsheimer, S., Borch-Johnsen, K.,
Jorgensen, T., Shah, S. H., Quyyumi, A. A., Granger, C. B., Reilly, M. P., Austin, H.,
Levey, A. I., Vaccarino, V., Palsdottir, E., Walters, G. B., Jonsdottir, T., Snorradot-
tir, S., Magnusdottir, D., Gudmundsson, G., Ferrell, R. E., Sveinbjornsdottir, S., Her-
nesniemi, J., Niemelä, M., Limet, R., Andersen, K., Sigurdsson, G., Benediktsson, R.,
Verhoeven, E. L., Teijink, J. A., Grobbee, D. E., Rader, D. J., Collier, D. A., Pedersen, O.,
Pola, R., Hillert, J., Lindblad, B., Valdimarsson, E. M., Magnadottir, H. B., Wijmenga, C.,
Tromp, G., Baas, A. F., Ruigrok, Y. M., van Rij, A. M., Kuivaniemi, H., Powell, J. T.,
Matthiasson, S. E., Gulcher, J. R., Thorgeirsson, G., Kong, A., Thorsteinsdottir, U. and
Stefansson, K. The same sequence variant on 9p21 associates with myocardial infarction,
abdominal aortic aneurysm and intracranial aneurysm. Nat Genet. 2008;40(2):217–24.

35



BIBLIOGRAPHY

[77] Gschwendtner, A., Bevan, S., Cole, J. W., Plourde, A., Matarin, M., Ross-Adams, H.,
Meitinger, T., Wichmann, E., Mitchell, B. D., Furie, K., Slowik, A., Rich, S. S., Syme, P. D.,
MacLeod, M. J., Meschia, J. F., Rosand, J., Kittner, S. J., Markus, H. S., Müller-Myhsok, B.
and Dichgans, M. Sequence variants on chromosome 9p21.3 confer risk for atherosclerotic
stroke. Ann Neurol. 2009;65(5):531–9.

[78] Bellenguez, C., Bevan, S., Gschwendtner, A., Spencer, C. C., Burgess, A. I., Pirinen, M.,
Jackson, C. A., Traylor, M., Strange, A., Su, Z., Band, G., Syme, P. D., Malik, R.,
Pera, J., Norrving, B., Lemmens, R., Freeman, C., Schanz, R., James, T., Poole, D., Mur-
phy, L., Segal, H., Cortellini, L., Cheng, Y. C., Woo, D., Nalls, M. A., Müller-Myhsok, B.,
Meisinger, C., Seedorf, U., Ross-Adams, H., Boonen, S., Wloch-Kopec, D., Valant, V.,
Slark, J., Furie, K., Delavaran, H., Langford, C., Deloukas, P., Edkins, S., Hunt, S., Gray, E.,
Dronov, S., Peltonen, L., Gretarsdottir, S., Thorleifsson, G., Thorsteinsdottir, U., Stefans-
son, K., Boncoraglio, G. B., Parati, E. A., Attia, J., Holliday, E., Levi, C., Franzosi, M. G.,
Goel, A., Helgadottir, A., Blackwell, J. M., Bramon, E., Brown, M. A., Casas, J. P.,
Corvin, A., Duncanson, A., Jankowski, J., Mathew, C. G., Palmer, C. N., Plomin, R.,
Rautanen, A., Sawcer, S. J., Trembath, R. C., Viswanathan, A. C., Wood, N. W., Wor-
rall, B. B., Kittner, S. J., Mitchell, B. D., Kissela, B., Meschia, J. F., Thijs, V., Lindgren, A.,
Macleod, M. J., Slowik, A., Walters, M., Rosand, J., Sharma, P., Farrall, M., Sudlow, C. L.,
Rothwell, P. M., Dichgans, M., Donnelly, P. and Markus, H. S. Genome-wide association
study identifies a variant in HDAC9 associated with large vessel ischemic stroke. Nat
Genet. 2012;44(3):328–33.

[79] Dichgans, M., Malik, R., König, I. R., Rosand, J., Clarke, R., Gretarsdottir, S., Thor-
leifsson, G., Mitchell, B. D., Assimes, T. L., Levi, C., O’Donnell, C. J., Fornage, M.,
Thorsteinsdottir, U., Psaty, B. M., Hengstenberg, C., Seshadri, S., Erdmann, J., Bis, J. C.,
Peters, A., Boncoraglio, G. B., März, W., Meschia, J. F., Kathiresan, S., Ikram, M. A.,
McPherson, R., Stefansson, K., Sudlow, C., Reilly, M. P., Thompson, J. R., Sharma, P.,
Hopewell, J. C., Chambers, J. C., Watkins, H., Rothwell, P. M., Roberts, R., Markus, H. S.,
Samani, N. J., Farrall, M. and Schunkert, H. Shared genetic susceptibility to ischemic
stroke and coronary artery disease: a genome-wide analysis of common variants. Stroke.
2014;45(1):24–36.

[80] Holdt, L. M., Hoffmann, S., Sass, K., Langenberger, D., Scholz, M., Krohn, K., Finster-
meier, K., Stahringer, A., Wilfert, W., Beutner, F., Gielen, S., Schuler, G., Gäbel, G.,
Bergert, H., Bechmann, I., Stadler, P. F., Thiery, J. and Teupser, D. Alu elements in
ANRIL non-coding RNA at chromosome 9p21 modulate atherogenic cell functions through
trans-regulation of gene networks. PLoS Genet. 2013;9(7):e1003588.

[81] Holdt, L. M., Stahringer, A., Sass, K., Pichler, G., Kulak, N. A., Wilfert, W., Kohlmaier, A.,
Herbst, A., Northoff, B. H., Nicolaou, A., Gäbel, G., Beutner, F., Scholz, M., Thiery, J.,
Musunuru, K., Krohn, K., Mann, M. and Teupser, D. Circular non-coding RNA ANRIL
modulates ribosomal RNA maturation and atherosclerosis in humans. Nat Commun.
2016;7:12429.

[82] Miller, C. L., Pjanic, M., Wang, T., Nguyen, T., Cohain, A., Lee, J. D., Perisic, L.,
Hedin, U., Kundu, R. K., Majmudar, D., Kim, J. B., Wang, O., Betsholtz, C., Ruusalepp, A.,
Franzén, O., Assimes, T. L., Montgomery, S. B., Schadt, E. E., Björkegren, J. L. M. and
Quertermous, T. Integrative functional genomics identifies regulatory mechanisms at
coronary artery disease loci. Nat Commun. 2016;7:12092.

36



BIBLIOGRAPHY

[83] Jarinova, O., Stewart, A. F., Roberts, R., Wells, G., Lau, P., Naing, T., Buerki, C.,
McLean, B. W., Cook, R. C., Parker, J. S. and McPherson, R. Functional analysis of the
chromosome 9p21.3 coronary artery disease risk locus. Arterioscler Thromb Vasc Biol.
2009;29(10):1671–7.

[84] Pilbrow, A. P., Folkersen, L., Pearson, J. F., Brown, C. M., McNoe, L., Wang, N. M.,
Sweet, W. E., Tang, W. H., Black, M. A., Troughton, R. W., Richards, A. M., Franco-
Cereceda, A., Gabrielsen, A., Eriksson, P., Moravec, C. S. and Cameron, V. A. The
chromosome 9p21.3 coronary heart disease risk allele is associated with altered gene
expression in normal heart and vascular tissues. PLoS One. 2012;7(6):e39574.

[85] Holdt, L. M. and Teupser, D. Long Noncoding RNA ANRIL: Lnc-ing Genetic Variation at
the Chromosome 9p21 Locus to Molecular Mechanisms of Atherosclerosis. Front Cardiovasc
Med. 2018;5:145.

[86] Pleumeekers, H. J., Hoes, A. W., van der Does, E., van Urk, H., Hofman, A., de Jong, P. T.
and Grobbee, D. E. Aneurysms of the abdominal aorta in older adults. The Rotterdam
Study. Am J Epidemiol. 1995;142(12):1291–9.

[87] Singh, K., Bønaa, K. H., Jacobsen, B. K., Bjørk, L. and Solberg, S. Prevalence of and risk
factors for abdominal aortic aneurysms in a population-based study : The Tromsø Study.
Am J Epidemiol. 2001;154(3):236–44.

[88] Lederle, F. A., Johnson, G. R., Wilson, S. E., Chute, E. P., Hye, R. J., Makaroun, M. S.,
Barone, G. W., Bandyk, D., Moneta, G. L. and Makhoul, R. G. The aneurysm detection
and management study screening program: validation cohort and final results. Aneurysm
Detection and Management Veterans Affairs Cooperative Study Investigators. Arch Intern
Med. 2000;160(10):1425–30.

[89] Wilmink, T. B., Quick, C. R. and Day, N. E. The association between cigarette smoking
and abdominal aortic aneurysms. J Vasc Surg. 1999;30(6):1099–105.

[90] Blanchard, J. F., Armenian, H. K. and Friesen, P. P. Risk factors for abdominal aortic
aneurysm: results of a case-control study. Am J Epidemiol. 2000;151(6):575–83.

[91] Lindblad, B., Börner, G. and Gottsäter, A. Factors associated with development of large
abdominal aortic aneurysm in middle-aged men. Eur J Vasc Endovasc Surg. 2005;30(4):
346–52.

[92] Simoni, G., Pastorino, C., Perrone, R., Ardia, A., Gianrossi, R., De Cian, F., Cittadini, G., Jr.,
Baiardi, A. and Bachi, V. Screening for abdominal aortic aneurysms and associated risk
factors in a general population. Eur J Vasc Endovasc Surg. 1995;10(2):207–10.

37



BIBLIOGRAPHY

[93] Gharahkhani, P., Fitzgerald, R. C., Vaughan, T. L., Palles, C., Gockel, I., Tomlinson, I.,
Buas, M. F., May, A., Gerges, C., Anders, M., Becker, J., Kreuser, N., Noder, T.,
Venerito, M., Veits, L., Schmidt, T., Manner, H., Schmidt, C., Hess, T., Böhmer, A. C.,
Izbicki, J. R., Hölscher, A. H., Lang, H., Lorenz, D., Schumacher, B., Hackelsberger, A.,
Mayershofer, R., Pech, O., Vashist, Y., Ott, K., Vieth, M., Weismüller, J., Nöthen, M. M.,
Attwood, S., Barr, H., Chegwidden, L., de Caestecker, J., Harrison, R., Love, S. B.,
MacDonald, D., Moayyedi, P., Prenen, H., Watson, R. G. P., Iyer, P. G., Anderson, L. A.,
Bernstein, L., Chow, W. H., Hardie, L. J., Lagergren, J., Liu, G., Risch, H. A., Wu, A. H.,
Ye, W., Bird, N. C., Shaheen, N. J., Gammon, M. D., Corley, D. A., Caldas, C., Moebus, S.,
Knapp, M., Peters, W. H. M., Neuhaus, H., Rösch, T., Ell, C., MacGregor, S., Pharoah, P.,
Whiteman, D. C., Jankowski, J. and Schumacher, J. Genome-wide association studies
in oesophageal adenocarcinoma and Barrett’s oesophagus: a large-scale meta-analysis.
Lancet Oncol. 2016;17(10):1363–1373.

[94] Mack, S., Coassin, S., Rueedi, R., Yousri, N. A., Seppälä, I., Gieger, C., Schönherr, S.,
Forer, L., Erhart, G., Marques-Vidal, P., Ried, J. S., Waeber, G., Bergmann, S., Dähn-
hardt, D., Stöckl, A., Raitakari, O. T., Kähönen, M., Peters, A., Meitinger, T., Strauch, K.,
Kedenko, L., Paulweber, B., Lehtimäki, T., Hunt, S. C., Vollenweider, P., Lamina, C. and
Kronenberg, F. A genome-wide association meta-analysis on lipoprotein (a) concentrations
adjusted for apolipoprotein (a) isoforms. J Lipid Res. 2017;58(9):1834–1844.

[95] Hicks, C., Asfour, R., Pannuti, A. and Miele, L. An integrative genomics approach to
biomarker discovery in breast cancer. Cancer Inform. 2011;10:185–204.

[96] Chasman, D. I., Paré, G., Zee, R. Y., Parker, A. N., Cook, N. R., Buring, J. E.,
Kwiatkowski, D. J., Rose, L. M., Smith, J. D., Williams, P. T., Rieder, M. J., Rot-
ter, J. I., Nickerson, D. A., Krauss, R. M., Miletich, J. P. and Ridker, P. M. Genetic loci
associated with plasma concentration of low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, triglycerides, apolipoprotein A1, and Apolipoprotein B among 6382
white women in genome-wide analysis with replication. Circ Cardiovasc Genet. 2008;1(1):
21–30.

[97] Oh, S. W., Lee, J. E., Shin, E., Kwon, H., Choe, E. K., Choi, S. Y., Rhee, H. and Choi, S. H.
Genome-wide association study of metabolic syndrome in Korean populations. PLoS One.
2020;15(1):e0227357.

[98] Guo, D. C., Grove, M. L., Prakash, S. K., Eriksson, P., Hostetler, E. M., LeMaire, S. A.,
Body, S. C., Shalhub, S., Estrera, A. L., Safi, H. J., Regalado, E. S., Zhou, W.,
Mathis, M. R., Eagle, K. A., Yang, B., Willer, C. J., Boerwinkle, E. and Milewicz, D. M.
Genetic Variants in LRP1 and ULK4 Are Associated with Acute Aortic Dissections. Am J
Hum Genet. 2016;99(3):762–769.

[99] Lange, L. A., Willer, C. J. and Rich, S. S. Recent developments in genome and exome-wide
analyses of plasma lipids. Curr Opin Lipidol. 2015;26(2):96–102.

[100] Bloom, A. J., Hartz, S. M., Baker, T. B., Chen, L. S., Piper, M. E., Fox, L., Martinez, M.,
Hatsukami, D., Johnson, E. O., Laurie, C. C., Saccone, N. L., Goate, A. and Bierut, L. J.
Beyond cigarettes per day. A genome-wide association study of the biomarker carbon
monoxide. Ann Am Thorac Soc. 2014;11(7):1003–10.

38



BIBLIOGRAPHY

[101] Han, Z., Huang, H., Gao, Y. and Huang, Q. Functional annotation of Alzheimer’s disease
associated loci revealed by GWASs. PLoS One. 2017;12(6):e0179677.

[102] Erdmann, J., Kessler, T., Munoz Venegas, L. and Schunkert, H. A decade of genome-wide
association studies for coronary artery disease: the challenges ahead. Cardiovasc Res.
2018;114(9):1241–1257.

[103] Tada, S. and Tarbell, J. M. Internal elastic lamina affects the distribution of macromolecules
in the arterial wall: a computational study. Am J Physiol Heart Circ Physiol. 2004;287(2):
H905–13.

[104] Tsamis, A., Krawiec, J. T. and Vorp, D. A. Elastin and collagen fibre microstructure of the
human aorta in ageing and disease: a review. J R Soc Interface. 2013;10(83):20121004.

[105] Jana, S., Hu, M., Shen, M. and Kassiri, Z. Extracellular matrix, regional heterogeneity of
the aorta, and aortic aneurysm. Exp Mol Med. 2019;51(12):1–15.

[106] Ruddy, J. M., Jones, J. A., Spinale, F. G. and Ikonomidis, J. S. Regional heterogeneity
within the aorta: relevance to aneurysm disease. J Thorac Cardiovasc Surg. 2008;136(5):
1123–30.

[107] Walker, D. I., Bloor, K., Williams, G. and Gillie, I. Inflammatory aneurysms of the
abdominal aorta. Br J Surg. 1972;59(8):609–14.

[108] López-Candales, A., Holmes, D. R., Liao, S., Scott, M. J., Wickline, S. A. and Thomp-
son, R. W. Decreased vascular smooth muscle cell density in medial degeneration of human
abdominal aortic aneurysms. Am J Pathol. 1997;150(3):993–1007.

[109] Henderson, E. L., Geng, Y. J., Sukhova, G. K., Whittemore, A. D., Knox, J. and Libby, P.
Death of smooth muscle cells and expression of mediators of apoptosis by T lymphocytes
in human abdominal aortic aneurysms. Circulation. 1999;99(1):96–104.

[110] Satta, J., Mennander, A. and Soini, Y. Increased medial TUNEL-positive staining associated
with apoptotic bodies is linked to smooth muscle cell diminution during evolution of
abdominal aortic aneurysms. Ann Vasc Surg. 2002;16(4):462–6.

[111] Liao, S., Curci, J. A., Kelley, B. J., Sicard, G. A. and Thompson, R. W. Accelerated replica-
tive senescence of medial smooth muscle cells derived from abdominal aortic aneurysms
compared to the adjacent inferior mesenteric artery. J Surg Res. 2000;92(1):85–95.

[112] Baxter, B. T., McGee, G. S., Shively, V. P., Drummond, I. A., Dixit, S. N., Yamauchi, M.
and Pearce, W. H. Elastin content, cross-links, and mRNA in normal and aneurysmal
human aorta. J Vasc Surg. 1992;16(2):192–200.

[113] Freestone, T., Turner, R. J., Coady, A., Higman, D. J., Greenhalgh, R. M. and Powell, J. T.
Inflammation and matrix metalloproteinases in the enlarging abdominal aortic aneurysm.
Arterioscler Thromb Vasc Biol. 1995;15(8):1145–51.

[114] Golledge, J. and Norman, P. E. Atherosclerosis and abdominal aortic aneurysm: cause,
response, or common risk factors? Arterioscler Thromb Vasc Biol. 2010;30(6):1075–7.

[115] Koch, A. E., Haines, G. K., Rizzo, R. J., Radosevich, J. A., Pope, R. M., Robinson, P. G.
and Pearce, W. H. Human abdominal aortic aneurysms. Immunophenotypic analysis
suggesting an immune-mediated response. Am J Pathol. 1990;137(5):1199–213.

39



BIBLIOGRAPHY

[116] Bobryshev, Y. V. and Lord, R. S. Vascular-associated lymphoid tissue (VALT) involvement
in aortic aneurysm. Atherosclerosis. 2001;154(1):15–21.

[117] Chan, W. L., Pejnovic, N., Hamilton, H., Liew, T. V., Popadic, D., Poggi, A. and
Khan, S. M. Atherosclerotic abdominal aortic aneurysm and the interaction between
autologous human plaque-derived vascular smooth muscle cells, type 1 NKT, and helper T
cells. Circ Res. 2005;96(6):675–83.

[118] Forester, N. D., Cruickshank, S. M., Scott, D. J. and Carding, S. R. Functional characteri-
zation of T cells in abdominal aortic aneurysms. Immunology. 2005;115(2):262–70.

[119] Pearce, W. H. and Koch, A. E. Cellular components and features of immune response in
abdominal aortic aneurysms. Ann N Y Acad Sci. 1996;800:175–85.

[120] Golledge, J. Abdominal aortic aneurysm: update on pathogenesis and medical treatments.
Nat Rev Cardiol. 2019;16(4):225–242.

[121] Maiellaro, K. and Taylor, W. R. The role of the adventitia in vascular inflammation.
Cardiovasc Res. 2007;75(4):640–8.

[122] Platsoucas, C. D., Lu, S., Nwaneshiudu, I., Solomides, C., Agelan, A., Ntaoula, N.,
Purev, E., Li, L. P., Kratsios, P., Mylonas, E., Jung, W. J., Evans, K., Roberts, S., Lu, Y.,
Layvi, R., Lin, W. L., Zhang, X., Gaughan, J., Monos, D. S., Oleszak, E. L. and White, J. V.
Abdominal aortic aneurysm is a specific antigen-driven T cell disease. Ann N Y Acad Sci.
2006;1085:224–35.

[123] Duftner, C., Seiler, R., Klein-Weigel, P., Göbel, H., Goldberger, C., Ihling, C., Fraedrich, G.
and Schirmer, M. High prevalence of circulating CD4+CD28- T-cells in patients with
small abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol. 2005;25(7):1347–52.

[124] Galle, C., Schandené, L., Stordeur, P., Peignois, Y., Ferreira, J., Wautrecht, J. C.,
Dereume, J. P. and Goldman, M. Predominance of type 1 CD4+ T cells in human
abdominal aortic aneurysm. Clin Exp Immunol. 2005;142(3):519–27.

[125] Xiong, W., Zhao, Y., Prall, A., Greiner, T. C. and Baxter, B. T. Key roles of CD4+ T cells
and IFN-gamma in the development of abdominal aortic aneurysms in a murine model. J
Immunol. 2004;172(4):2607–12.

[126] Lindeman, J. H., Abdul-Hussien, H., Schaapherder, A. F., Van Bockel, J. H., Von der
Thüsen, J. H., Roelen, D. L. and Kleemann, R. Enhanced expression and activation of
pro-inflammatory transcription factors distinguish aneurysmal from atherosclerotic aorta:
IL-6- and IL-8-dominated inflammatory responses prevail in the human aneurysm. Clin Sci
(Lond). 2008;114(11):687–97.

[127] Powell, J. T., Muller, B. R. and Greenhalgh, R. M. Acute phase proteins in patients with
abdominal aortic aneurysms. J Cardiovasc Surg (Torino). 1987;28(5):528–30.

[128] Vainas, T., Lubbers, T., Stassen, F. R., Herngreen, S. B., van Dieijen-Visser, M. P.,
Bruggeman, C. A., Kitslaar, P. J. and Schurink, G. W. Serum C-reactive protein level
is associated with abdominal aortic aneurysm size and may be produced by aneurysmal
tissue. Circulation. 2003;107(8):1103–5.

40



BIBLIOGRAPHY

[129] Shimizu, K., Mitchell, R. N. and Libby, P. Inflammation and cellular immune responses in
abdominal aortic aneurysms. Arterioscler Thromb Vasc Biol. 2006;26(5):987–94.

[130] Jagadesham, V. P., Scott, D. J. and Carding, S. R. Abdominal aortic aneurysms: an
autoimmune disease? Trends Mol Med. 2008;14(12):522–9.

[131] Kuivaniemi, H., Platsoucas, C. D. and Tilson, M. D., 3rd. Aortic aneurysms: an immune
disease with a strong genetic component. Circulation. 2008;117(2):242–52.

[132] Falkensammer, B., Duftner, C., Seiler, R., Pavlic, M., Walder, G., Wilflingseder, D.,
Stoiber, H., Klein-Weigel, P., Dierich, M., Fraedrich, G., Würzner, R. and Schirmer, M.
Lack of microbial DNA in tissue specimens of patients with abdominal aortic aneurysms
and positive Chlamydiales serology. Eur J Clin Microbiol Infect Dis. 2007;26(2):141–5.

[133] Pires, L. J. and Gutierrez, P. S. Morphometrical quantification of Chlamydia pneumoniae
and Mycoplasma pneumoniae in human atherosclerotic abdominal aortic aneurysms. Rev
Bras Cir Cardiovasc. 2007;22(3):322–31.

[134] Blasi, F., Denti, F., Erba, M., Cosentini, R., Raccanelli, R., Rinaldi, A., Fagetti, L.,
Esposito, G., Ruberti, U. and Allegra, L. Detection of Chlamydia pneumoniae but not
Helicobacter pylori in atherosclerotic plaques of aortic aneurysms. J Clin Microbiol. 1996;34
(11):2766–9.

[135] Blanchard, J. F., Armenian, H. K., Peeling, R., Friesen, P. P., Shen, C. and Brunham, R. C.
The relation between Chlamydia pneumoniae infection and abdominal aortic aneurysm:
case-control study. Clin Infect Dis. 2000;30(6):946–7.

[136] Karlsson, L., Björck, M., Pärsson, H. and Wanhainen, A. The association between
serological markers for Chlamydophila pneumoniae and the development of abdominal
aortic aneurysm. Ann Vasc Surg. 2011;25(3):322–6.

[137] Cheuk, B. L., Ting, A. C. and Cheng, S. W. Detection of C. pneumoniae by polymerase
chain reaction-enzyme immunoassay in abdominal aortic aneurysm walls and its association
with rupture. Eur J Vasc Endovasc Surg. 2005;29(2):150–5.

[138] Lindholt, J. S., Juul, S., Vammen, S., Lind, I., Fasting, H. and Henneberg, E. W. Im-
munoglobulin A antibodies against Chlamydia pneumoniae are associated with expansion
of abdominal aortic aneurysm. Br J Surg. 1999;86(5):634–8.

[139] Hinterseher, I., Gäbel, G., Corvinus, F., Lück, C., Saeger, H. D., Bergert, H., Tromp, G.
and Kuivaniemi, H. Presence of Borrelia burgdorferi sensu lato antibodies in the serum of
patients with abdominal aortic aneurysms. Eur J Clin Microbiol Infect Dis. 2012;31(5):
781–9.

[140] Gredmark-Russ, S., Dzabic, M., Rahbar, A., Wanhainen, A., Björck, M., Larsson, E.,
Michel, J. B. and Söderberg-Nauclér, C. Active cytomegalovirus infection in aortic smooth
muscle cells from patients with abdominal aortic aneurysm. J Mol Med (Berl). 2009;87(4):
347–56.

[141] Ozsvath, K. J., Hirose, H., Xia, S. and Tilson, M. D. Molecular mimicry in human aortic
aneurysmal diseases. Ann N Y Acad Sci. 1996;800:288–93.

41



BIBLIOGRAPHY

[142] Marques da Silva, R., Caugant, D. A., Eribe, E. R., Aas, J. A., Lingaas, P. S., Geiran, O.,
Tronstad, L. and Olsen, I. Bacterial diversity in aortic aneurysms determined by 16S
ribosomal RNA gene analysis. J Vasc Surg. 2006;44(5):1055–60.

[143] Allaire, E., Schneider, F., Saucy, F., Dai, J., Cochennec, F., Michineau, S., Zidi, M.,
Becquemin, J. P., Kirsch, M. and Gervais, M. New insight in aetiopathogenesis of aortic
diseases. Eur J Vasc Endovasc Surg. 2009;37(5):531–7.

[144] Rundhaug, J. E. Matrix metalloproteinases and angiogenesis. J Cell Mol Med. 2005;9(2):
267–85.

[145] Liu, P., Sun, M. and Sader, S. Matrix metalloproteinases in cardiovascular disease. Can J
Cardiol. 2006;22 Suppl B(Suppl B):25b–30b.

[146] Rajagopalan, S., Meng, X. P., Ramasamy, S., Harrison, D. G. and Galis, Z. S. Reactive
oxygen species produced by macrophage-derived foam cells regulate the activity of vascular
matrix metalloproteinases in vitro. Implications for atherosclerotic plaque stability. J Clin
Invest. 1996;98(11):2572–9.

[147] Yan, C. and Boyd, D. D. Regulation of matrix metalloproteinase gene expression. J Cell
Physiol. 2007;211(1):19–26.

[148] Thompson, R. W., Holmes, D. R., Mertens, R. A., Liao, S., Botney, M. D., Mecham, R. P.,
Welgus, H. G. and Parks, W. C. Production and localization of 92-kilodalton gelatinase
in abdominal aortic aneurysms. An elastolytic metalloproteinase expressed by aneurysm-
infiltrating macrophages. J Clin Invest. 1995;96(1):318–26.

[149] McMillan, W. D., Patterson, B. K., Keen, R. R., Shively, V. P., Cipollone, M. and
Pearce, W. H. In situ localization and quantification of mRNA for 92-kD type IV collagenase
and its inhibitor in aneurysmal, occlusive, and normal aorta. Arterioscler Thromb Vasc
Biol. 1995;15(8):1139–44.

[150] McMillan, W. D., Patterson, B. K., Keen, R. R. and Pearce, W. H. In situ localization
and quantification of seventy-two-kilodalton type IV collagenase in aneurysmal, occlusive,
and normal aorta. J Vasc Surg. 1995;22(3):295–305.

[151] Tamarina, N. A., McMillan, W. D., Shively, V. P. and Pearce, W. H. Expression of matrix
metalloproteinases and their inhibitors in aneurysms and normal aorta. Surgery. 1997;122
(2):264–71; discussion 271–2.

[152] Abdul-Hussien, H., Hanemaaijer, R., Kleemann, R., Verhaaren, B. F., van Bockel, J. H. and
Lindeman, J. H. The pathophysiology of abdominal aortic aneurysm growth: corresponding
and discordant inflammatory and proteolytic processes in abdominal aortic and popliteal
artery aneurysms. J Vasc Surg. 2010;51(6):1479–87.

[153] Longo, G. M., Xiong, W., Greiner, T. C., Zhao, Y., Fiotti, N. and Baxter, B. T. Matrix
metalloproteinases 2 and 9 work in concert to produce aortic aneurysms. J Clin Invest.
2002;110(5):625–32.

[154] Maguire, E. M., Pearce, S. W. A., Xiao, R., Oo, A. Y. and Xiao, Q. Matrix Metalloproteinase
in Abdominal Aortic Aneurysm and Aortic Dissection. Pharmaceuticals (Basel). 2019;12
(3).

42



BIBLIOGRAPHY

[155] Miller, F. J., Jr., Sharp, W. J., Fang, X., Oberley, L. W., Oberley, T. D. and Weintraub, N. L.
Oxidative stress in human abdominal aortic aneurysms: a potential mediator of aneurysmal
remodeling. Arterioscler Thromb Vasc Biol. 2002;22(4):560–5.

[156] Li, P. F., Dietz, R. and von Harsdorf, R. Reactive oxygen species induce apoptosis of
vascular smooth muscle cell. FEBS Lett. 1997;404(2-3):249–52.

[157] Tan, S., Sagara, Y., Liu, Y., Maher, P. and Schubert, D. The regulation of reactive oxygen
species production during programmed cell death. J Cell Biol. 1998;141(6):1423–32.

[158] Holmes, D. R., Wester, W., Thompson, R. W. and Reilly, J. M. Prostaglandin E2 synthesis
and cyclooxygenase expression in abdominal aortic aneurysms. J Vasc Surg. 1997;25(5):
810–5.

[159] Eringa, E. C., Bakker, W., Smulders, Y. M., Serné, E. H., Yudkin, J. S. and Stehouwer, C. D.
Regulation of vascular function and insulin sensitivity by adipose tissue: focus on perivas-
cular adipose tissue. Microcirculation. 2007;14(4-5):389–402.

[160] Gil-Ortega, M., Somoza, B., Huang, Y., Gollasch, M. and Fernández-Alfonso, M. S.
Regional differences in perivascular adipose tissue impacting vascular homeostasis. Trends
Endocrinol Metab. 2015;26(7):367–75.

[161] Padilla, J., Jenkins, N. T., Vieira-Potter, V. J. and Laughlin, M. H. Divergent phenotype
of rat thoracic and abdominal perivascular adipose tissues. Am J Physiol Regul Integr
Comp Physiol. 2013;304(7):R543–52.

[162] Coelho, M., Oliveira, T. and Fernandes, R. Biochemistry of adipose tissue: an endocrine
organ. Arch Med Sci. 2013;9(2):191–200.

[163] Huang, N., Mao, E. W., Hou, N. N., Liu, Y. P., Han, F. and Sun, X. D. Novel insight
into perirenal adipose tissue: A neglected adipose depot linking cardiovascular and chronic
kidney disease. World J Diabetes. 2020;11(4):115–125.

[164] Gollasch, M. and Dubrovska, G. Paracrine role for periadventitial adipose tissue in the
regulation of arterial tone. Trends Pharmacol Sci. 2004;25(12):647–53.

[165] Soltis, E. E. and Cassis, L. A. Influence of perivascular adipose tissue on rat aortic smooth
muscle responsiveness. Clin Exp Hypertens A. 1991;13(2):277–96.

[166] Rey, F. E., Li, X. C., Carretero, O. A., Garvin, J. L. and Pagano, P. J. Perivascular
superoxide anion contributes to impairment of endothelium-dependent relaxation: role of
gp91(phox). Circulation. 2002;106(19):2497–502.

[167] Meng, Q. H., Jamal, W., Hart, S. L. and McEwan, J. R. Application to vascular adventitia
of a nonviral vector for TIMP-1 gene therapy to prevent intimal hyperplasia. Hum Gene
Ther. 2006;17(7):717–27.

[168] Cai, W. J., Koltai, S., Kocsis, E., Scholz, D., Kostin, S., Luo, X., Schaper, W. and
Schaper, J. Remodeling of the adventitia during coronary arteriogenesis. Am J Physiol
Heart Circ Physiol. 2003;284(1):H31–40.

43



BIBLIOGRAPHY

[169] Rehman, J., Traktuev, D., Li, J., Merfeld-Clauss, S., Temm-Grove, C. J., Bovenkerk, J. E.,
Pell, C. L., Johnstone, B. H., Considine, R. V. and March, K. L. Secretion of angiogenic
and antiapoptotic factors by human adipose stromal cells. Circulation. 2004;109(10):
1292–8.

[170] Mazurek, T., Zhang, L., Zalewski, A., Mannion, J. D., Diehl, J. T., Arafat, H., Sarov-
Blat, L., O’Brien, S., Keiper, E. A., Johnson, A. G., Martin, J., Goldstein, B. J. and
Shi, Y. Human epicardial adipose tissue is a source of inflammatory mediators. Circulation.
2003;108(20):2460–6.

[171] Ye, T., Zhang, G., Liu, H., Shi, J., Qiu, H., Liu, Y., Han, F. and Hou, N. Relationships
Between Perivascular Adipose Tissue and Abdominal Aortic Aneurysms. Front Endocrinol
(Lausanne). 2021;12:704845.

[172] Omar, A., Chatterjee, T. K., Tang, Y., Hui, D. Y. and Weintraub, N. L. Proinflammatory
phenotype of perivascular adipocytes. Arterioscler Thromb Vasc Biol. 2014;34(8):1631–6.

[173] Horimatsu, T., Kim, H. W. and Weintraub, N. L. The Role of Perivascular Adipose Tissue
in Non-atherosclerotic Vascular Disease. Front Physiol. 2017;8:969.

[174] Kugo, H., Zaima, N., Tanaka, H., Mouri, Y., Yanagimoto, K., Hayamizu, K., Hashimoto, K.,
Sasaki, T., Sano, M., Yata, T., Urano, T., Setou, M., Unno, N. and Moriyama, T. Adipocyte
in vascular wall can induce the rupture of abdominal aortic aneurysm. Sci Rep. 2016;6:
31268.

[175] Cornuz, J., Sidoti Pinto, C., Tevaearai, H. and Egger, M. Risk factors for asymptomatic
abdominal aortic aneurysm: systematic review and meta-analysis of population-based
screening studies. Eur J Public Health. 2004;14(4):343–9.

[176] Thompson, R. W., Geraghty, P. J. and Lee, J. K. Abdominal aortic aneurysms: basic
mechanisms and clinical implications. Curr Probl Surg. 2002;39(2):110–230.

[177] Ward, M. R., Pasterkamp, G., Yeung, A. C. and Borst, C. Arterial remodeling. Mechanisms
and clinical implications. Circulation. 2000;102(10):1186–91.

[178] Reed, D., Reed, C., Stemmermann, G. and Hayashi, T. Are aortic aneurysms caused by
atherosclerosis? Circulation. 1992;85(1):205–11.

[179] Sterpetti, A. V., Feldhaus, R. J., Schultz, R. D. and Blair, E. A. Identification of abdominal
aortic aneurysm patients with different clinical features and clinical outcomes. Am J Surg.
1988;156(6):466–9.

[180] Cheuk, B. L., Lau, S. S. and Cheng, S. W. Carotid intima-media thickness in patients
with abdominal aortic aneurysms. Eur J Vasc Endovasc Surg. 2007;33(2):149–53.

[181] Palazzuoli, A., Gallotta, M., Guerrieri, G., Quatrini, I., Franci, B., Campagna, M. S.,
Neri, E., Benvenuti, A., Sassi, C. and Nuti, R. Prevalence of risk factors, coronary and
systemic atherosclerosis in abdominal aortic aneurysm: comparison with high cardiovascular
risk population. Vasc Health Risk Manag. 2008;4(4):877–83.

[182] Johnsen, S. H., Forsdahl, S. H., Singh, K. and Jacobsen, B. K. Atherosclerosis in abdominal
aortic aneurysms: a causal event or a process running in parallel? The Tromsø study.
Arterioscler Thromb Vasc Biol. 2010;30(6):1263–8.

44



BIBLIOGRAPHY

[183] Peshkova, I. O., Schaefer, G. and Koltsova, E. K. Atherosclerosis and aortic aneurysm - is
inflammation a common denominator? Febs j. 2016;283(9):1636–52.

[184] Daugherty, A. and Cassis, L. Chronic angiotensin II infusion promotes atherogenesis in low
density lipoprotein receptor -/- mice. Ann N Y Acad Sci. 1999;892:108–18.

[185] Pyo, R., Lee, J. K., Shipley, J. M., Curci, J. A., Mao, D., Ziporin, S. J., Ennis, T. L.,
Shapiro, S. D., Senior, R. M. and Thompson, R. W. Targeted gene disruption of matrix
metalloproteinase-9 (gelatinase B) suppresses development of experimental abdominal
aortic aneurysms. J Clin Invest. 2000;105(11):1641–9.

[186] Chiou, A. C., Chiu, B. and Pearce, W. H. Murine aortic aneurysm produced by periarterial
application of calcium chloride. J Surg Res. 2001;99(2):371–6.

[187] Yoo, Y. S., Park, H. S., Choi, G. H. and Lee, T. Recent Advances in the Development of
Experimental Animal Models Mimicking Human Aortic Aneurysms. Vasc Specialist Int.
2015;31(1):1–10.

[188] Wimmer, R. A., Leopoldi, A., Aichinger, M., Wick, N., Hantusch, B., Novatchkova, M.,
Taubenschmid, J., Hämmerle, M., Esk, C., Bagley, J. A., Lindenhofer, D., Chen, G.,
Boehm, M., Agu, C. A., Yang, F., Fu, B., Zuber, J., Knoblich, J. A., Kerjaschki, D. and
Penninger, J. M. Human blood vessel organoids as a model of diabetic vasculopathy.
Nature. 2019;565(7740):505–510.

[189] Daugherty, A., Manning, M. W. and Cassis, L. A. Angiotensin II promotes atherosclerotic
lesions and aneurysms in apolipoprotein E-deficient mice. J Clin Invest. 2000;105(11):
1605–12.

[190] Alsiraj, Y., Thatcher, S. E., Charnigo, R., Chen, K., Blalock, E., Daugherty, A. and
Cassis, L. A. Female Mice With an XY Sex Chromosome Complement Develop Severe
Angiotensin II-Induced Abdominal Aortic Aneurysms. Circulation. 2017;135(4):379–391.

[191] Wang, S., Zhang, C., Zhang, M., Liang, B., Zhu, H., Lee, J., Viollet, B., Xia, L., Zhang, Y.
and Zou, M. H. Activation of AMP-activated protein kinase α2 by nicotine instigates
formation of abdominal aortic aneurysms in mice in vivo. Nat Med. 2012;18(6):902–10.

[192] Rateri, D. L., Howatt, D. A., Moorleghen, J. J., Charnigo, R., Cassis, L. A. and Daugherty, A.
Prolonged infusion of angiotensin II in apoE(-/-) mice promotes macrophage recruitment
with continued expansion of abdominal aortic aneurysm. Am J Pathol. 2011;179(3):1542–8.

[193] Rush, C., Nyara, M., Moxon, J. V., Trollope, A., Cullen, B. and Golledge, J. Whole genome
expression analysis within the angiotensin II-apolipoprotein E deficient mouse model of
abdominal aortic aneurysm. BMC Genomics. 2009;10:298.

[194] Trachet, B., Aslanidou, L., Piersigilli, A., Fraga-Silva, R. A., Sordet-Dessimoz, J., Villanueva-
Perez, P., Stampanoni, M. F. M., Stergiopulos, N. and Segers, P. Angiotensin II infusion
into ApoE-/- mice: a model for aortic dissection rather than abdominal aortic aneurysm?
Cardiovasc Res. 2017;113(10):1230–1242.

[195] Trachet, B., Piersigilli, A., Fraga-Silva, R. A., Aslanidou, L., Sordet-Dessimoz, J., As-
tolfo, A., Stampanoni, M. F., Segers, P. and Stergiopulos, N. Ascending Aortic Aneurysm
in Angiotensin II-Infused Mice: Formation, Progression, and the Role of Focal Dissections.
Arterioscler Thromb Vasc Biol. 2016;36(4):673–81.

45



BIBLIOGRAPHY

[196] Dzau, V. J. Theodore Cooper Lecture: Tissue angiotensin and pathobiology of vascular
disease: a unifying hypothesis. Hypertension. 2001;37(4):1047–52.

[197] Kranzhöfer, R., Schmidt, J., Pfeiffer, C. A., Hagl, S., Libby, P. and Kübler, W. Angiotensin
induces inflammatory activation of human vascular smooth muscle cells. Arterioscler
Thromb Vasc Biol. 1999;19(7):1623–9.

[198] Pollman, M. J., Yamada, T., Horiuchi, M. and Gibbons, G. H. Vasoactive substances
regulate vascular smooth muscle cell apoptosis. Countervailing influences of nitric oxide
and angiotensin II. Circ Res. 1996;79(4):748–56.

[199] Takagishi, T., Murahashi, N., Azagami, S., Morimatsu, M. and Sasaguri, Y. Effect of
angiotensin II and thromboxane A2 on the production of matrix metalloproteinase by
human aortic smooth muscle cells. Biochem Mol Biol Int. 1995;35(2):265–73.

[200] Liu, J., Sawada, H., Howatt, D. A., Moorleghen, J. J., Vsevolozhskaya, O., Daugherty, A.
and Lu, H. S. Hypercholesterolemia Accelerates Both the Initiation and Progression of
Angiotensin II-induced Abdominal Aortic Aneurysms. Ann Vasc Med Res. 2020;6(2).

[201] Lu, H., Howatt, D. A., Balakrishnan, A., Graham, M. J., Mullick, A. E. and Daugh-
erty, A. Hypercholesterolemia Induced by a PCSK9 Gain-of-Function Mutation Augments
Angiotensin II-Induced Abdominal Aortic Aneurysms in C57BL/6 Mice-Brief Report. Arte-
rioscler Thromb Vasc Biol. 2016;36(9):1753–7.

[202] Police, S. B., Thatcher, S. E., Charnigo, R., Daugherty, A. and Cassis, L. A. Obesity
promotes inflammation in periaortic adipose tissue and angiotensin II-induced abdominal
aortic aneurysm formation. Arterioscler Thromb Vasc Biol. 2009;29(10):1458–64.

[203] Angelov, S. N., Hu, J. H., Wei, H., Airhart, N., Shi, M. and Dichek, D. A. TGF-β
(Transforming Growth Factor-β ) Signaling Protects the Thoracic and Abdominal Aorta
From Angiotensin II-Induced Pathology by Distinct Mechanisms. Arterioscler Thromb Vasc
Biol. 2017;37(11):2102–2113.

[204] Takeda, N., Hara, H., Fujiwara, T., Kanaya, T., Maemura, S. and Komuro, I. TGF-β
Signaling-Related Genes and Thoracic Aortic Aneurysms and Dissections. Int J Mol Sci.
2018;19(7).

[205] Wang, Y., Ait-Oufella, H., Herbin, O., Bonnin, P., Ramkhelawon, B., Taleb, S., Huang, J.,
Offenstadt, G., Combadière, C., Rénia, L., Johnson, J. L., Tharaux, P. L., Tedgui, A. and
Mallat, Z. TGF-beta activity protects against inflammatory aortic aneurysm progression
and complications in angiotensin II-infused mice. J Clin Invest. 2010;120(2):422–32.

[206] Chen, X., Rateri, D. L., Howatt, D. A., Balakrishnan, A., Moorleghen, J. J., Cassis, L. A.
and Daugherty, A. TGF-β Neutralization Enhances AngII-Induced Aortic Rupture and
Aneurysm in Both Thoracic and Abdominal Regions. PLoS One. 2016;11(4):e0153811.

[207] Kanematsu, Y., Kanematsu, M., Kurihara, C., Tsou, T. L., Nuki, Y., Liang, E. I., Makino, H.
and Hashimoto, T. Pharmacologically induced thoracic and abdominal aortic aneurysms in
mice. Hypertension. 2010;55(5):1267–74.

46



BIBLIOGRAPHY

[208] Kopacz, A., Werner, E., Grochot-Przęczek, A., Klóska, D., Hajduk, K., Neumayer, C.,
Józkowicz, A. and Piechota-Polanczyk, A. Simvastatin Attenuates Abdominal Aortic
Aneurysm Formation Favoured by Lack of Nrf2 Transcriptional Activity. Oxid Med Cell
Longev. 2020;2020:6340190.

[209] Daugherty, A., Rateri, D. L. and Cassis, L. A. Role of the renin-angiotensin system in the
development of abdominal aortic aneurysms in animals and humans. Ann N Y Acad Sci.
2006;1085:82–91.

[210] Moran, C. S., Biros, E., Krishna, S. M., Wang, Y., Tikellis, C., Morton, S. K., Moxon, J. V.,
Cooper, M. E., Norman, P. E., Burrell, L. M., Thomas, M. C. and Golledge, J. Resveratrol
Inhibits Growth of Experimental Abdominal Aortic Aneurysm Associated With Upregulation
of Angiotensin-Converting Enzyme 2. Arterioscler Thromb Vasc Biol. 2017;37(11):2195–
2203.

[211] Daugherty, A., Cassis, L. A. and Lu, H. Complex pathologies of angiotensin II-induced
abdominal aortic aneurysms. J Zhejiang Univ Sci B. 2011;12(8):624–8.

[212] Hackam, D. G., Thiruchelvam, D. and Redelmeier, D. A. Angiotensin-converting enzyme
inhibitors and aortic rupture: a population-based case-control study. Lancet. 2006;368
(9536):659–65.

[213] Sweeting, M. J., Thompson, S. G., Brown, L. C., Greenhalgh, R. M. and Powell, J. T. Use
of angiotensin converting enzyme inhibitors is associated with increased growth rate of
abdominal aortic aneurysms. J Vasc Surg. 2010;52(1):1–4.

[214] Busch, A., Bleichert, S., Ibrahim, N., Wortmann, M., Eckstein, H. H., Brostjan, C.,
Wagenhäuser, M. U., Goergen, C. J. and Maegdefessel, L. Translating mouse models of
abdominal aortic aneurysm to the translational needs of vascular surgery. JVS Vasc Sci.
2021;2:219–234.

[215] Wang, Y., Krishna, S. and Golledge, J. The calcium chloride-induced rodent model of
abdominal aortic aneurysm. Atherosclerosis. 2013;226(1):29–39.

[216] Wang, Y., Krishna, S. M., Moxon, J., Dinh, T. N., Jose, R. J., Yu, H. and Golledge, J.
Influence of apolipoprotein E, age and aortic site on calcium phosphate induced abdominal
aortic aneurysm in mice. Atherosclerosis. 2014;235(1):204–12.

[217] Busch, A., Holm, A., Wagner, N., Ergün, S., Rosenfeld, M., Otto, C., Baur, J., Kellers-
mann, R. and Lorenz, U. Extra- and Intraluminal Elastase Induce Morphologically Distinct
Abdominal Aortic Aneurysms in Mice and Thus Represent Specific Subtypes of Human
Disease. J Vasc Res. 2016;53(1-2):49–57.

[218] Kurihara, T., Shimizu-Hirota, R., Shimoda, M., Adachi, T., Shimizu, H., Weiss, S. J.,
Itoh, H., Hori, S., Aikawa, N. and Okada, Y. Neutrophil-derived matrix metalloproteinase
9 triggers acute aortic dissection. Circulation. 2012;126(25):3070–80.

[219] Lu, G., Su, G., Davis, J. P., Schaheen, B., Downs, E., Roy, R. J., Ailawadi, G. and
Upchurch, G. R., Jr. A novel chronic advanced stage abdominal aortic aneurysm murine
model. J Vasc Surg. 2017;66(1):232–242.e4.

47



BIBLIOGRAPHY

[220] Fashandi, A. Z., Hawkins, R. B., Salmon, M. D., Spinosa, M. D., Montgomery, W. G.,
Cullen, J. M., Lu, G., Su, G., Ailawadi, G. and Upchurch, G. R., Jr. A novel reproducible
model of aortic aneurysm rupture. Surgery. 2018;163(2):397–403.

[221] Gao, Y. X., Liu, Y. T., Zhang, Y. Y., Qiu, J. J., Zhao, T. T., Yu, C. A. and Zheng, J. G.
Establishment of β -aminopropionitrile-induced aortic dissection model in C57Bl/6J mice.
Zhonghua Xin Xue Guan Bing Za Zhi. 2018;46(2):137–142.

[222] Pertea, M. The human transcriptome: an unfinished story. Genes (Basel). 2012;3(3):
344–60.

[223] Ponting, C. P., Oliver, P. L. and Reik, W. Evolution and functions of long noncoding
RNAs. Cell. 2009;136(4):629–41.

[224] Derrien, T., Guigó, R. and Johnson, R. The Long Non-Coding RNAs: A New (P)layer in
the "Dark Matter". Front Genet. 2011;2:107.

[225] Louro, R., Smirnova, A. S. and Verjovski-Almeida, S. Long intronic noncoding RNA
transcription: expression noise or expression choice? Genomics. 2009;93(4):291–8.

[226] Mercer, T. R., Dinger, M. E. and Mattick, J. S. Long non-coding RNAs: insights into
functions. Nat Rev Genet. 2009;10(3):155–9.

[227] Heid, C. A., Stevens, J., Livak, K. J. and Williams, P. M. Real time quantitative PCR.
Genome Res. 1996;6(10):986–94.

[228] Holland, P. M., Abramson, R. D., Watson, R. and Gelfand, D. H. Detection of specific
polymerase chain reaction product by utilizing the 5’—-3’ exonuclease activity of Thermus
aquaticus DNA polymerase. Proc Natl Acad Sci U S A. 1991;88(16):7276–80.

[229] Lee, L. G., Connell, C. R. and Bloch, W. Allelic discrimination by nick-translation PCR
with fluorogenic probes. Nucleic Acids Res. 1993;21(16):3761–6.

[230] Bassler, H. A., Flood, S. J., Livak, K. J., Marmaro, J., Knorr, R. and Batt, C. A. Use of a
fluorogenic probe in a PCR-based assay for the detection of Listeria monocytogenes. Appl
Environ Microbiol. 1995;61(10):3724–8.

[231] Livak, K. J., Flood, S. J., Marmaro, J., Giusti, W. and Deetz, K. Oligonucleotides with
fluorescent dyes at opposite ends provide a quenched probe system useful for detecting
PCR product and nucleic acid hybridization. PCR Methods Appl. 1995;4(6):357–62.

[232] Byron, S. A., Van Keuren-Jensen, K. R., Engelthaler, D. M., Carpten, J. D. and Craig, D. W.
Translating RNA sequencing into clinical diagnostics: opportunities and challenges. Nat
Rev Genet. 2016;17(5):257–71.

[233] Schena, M., Shalon, D., Davis, R. W. and Brown, P. O. Quantitative monitoring of gene
expression patterns with a complementary DNA microarray. Science. 1995;270(5235):
467–70.

[234] Lockhart, D. J., Dong, H., Byrne, M. C., Follettie, M. T., Gallo, M. V., Chee, M. S.,
Mittmann, M., Wang, C., Kobayashi, M., Horton, H. and Brown, E. L. Expression
monitoring by hybridization to high-density oligonucleotide arrays. Nat Biotechnol. 1996;14
(13):1675–80.

48



BIBLIOGRAPHY

[235] Lockhart, D. J. and Winzeler, E. A. Genomics, gene expression and DNA arrays. Nature.
2000;405(6788):827–36.

[236] Wang, Z., Gerstein, M. and Snyder, M. RNA-Seq: a revolutionary tool for transcriptomics.
Nat Rev Genet. 2009;10(1):57–63.

[237] Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L. and Wold, B. Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods. 2008;5(7):621–8.

[238] Nagalakshmi, U., Wang, Z., Waern, K., Shou, C., Raha, D., Gerstein, M. and Snyder, M.
The transcriptional landscape of the yeast genome defined by RNA sequencing. Science.
2008;320(5881):1344–9.

[239] Cloonan, N., Forrest, A. R., Kolle, G., Gardiner, B. B., Faulkner, G. J., Brown, M. K.,
Taylor, D. F., Steptoe, A. L., Wani, S., Bethel, G., Robertson, A. J., Perkins, A. C.,
Bruce, S. J., Lee, C. C., Ranade, S. S., Peckham, H. E., Manning, J. M., McKernan, K. J.
and Grimmond, S. M. Stem cell transcriptome profiling via massive-scale mRNA sequencing.
Nat Methods. 2008;5(7):613–9.

[240] Robinson, M. D., McCarthy, D. J. and Smyth, G. K. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics. 2010;26(1):
139–40.

[241] Anders, S. and Huber, W. Differential expression analysis for sequence count data. Genome
Biol. 2010;11(10):R106.

[242] Benjamini, Yoav and Hochberg, Yosef. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society: Series
B (Methodological). 1995;57(1):289–300.

[243] Dunn, Olive Jean. Multiple Comparisons among Means. Journal of the American Statistical
Association. 1961;56(293):52–64.

[244] Holm, Sture. A Simple Sequentially Rejective Multiple Test Procedure. Scandinavian
Journal of Statistics. 1979;6(2):65–70.

[245] Love, M. I., Huber, W. and Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.

[246] Smyth, G. K. Linear models and empirical bayes methods for assessing differential expression
in microarray experiments. Stat Appl Genet Mol Biol. 2004;3:Article3.

[247] Ritchie, M. E., Phipson, B., Wu, D., Hu, Y., Law, C. W., Shi, W. and Smyth, G. K. limma
powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic
Acids Res. 2015;43(7):e47.

[248] Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A.,
Paulovich, A., Pomeroy, S. L., Golub, T. R., Lander, E. S. and Mesirov, J. P. Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A. 2005;102(43):15545–50.

[249] Evsikov, A. V. and Solter, D. Comment on " ’Stemness’: transcriptional profiling of
embryonic and adult stem cells" and "a stem cell molecular signature". Science. 2003;302
(5644):393; author reply 393.

49



BIBLIOGRAPHY

[250] Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdóttir, H., Tamayo, P. and
Mesirov, J. P. Molecular signatures database (MSigDB) 3.0. Bioinformatics. 2011;27(12):
1739–40.

[251] Krämer, A., Green, J., Pollard, J., Jr. and Tugendreich, S. Causal analysis approaches in
Ingenuity Pathway Analysis. Bioinformatics. 2014;30(4):523–30.

[252] Edgar, R., Domrachev, M. and Lash, A. E. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res. 2002;30(1):207–10.

[253] Barrett, T. and Edgar, R. Gene expression omnibus: microarray data storage, submission,
retrieval, and analysis. Methods Enzymol. 2006;411:352–69.

[254] Barrett, T., Wilhite, S. E., Ledoux, P., Evangelista, C., Kim, I. F., Tomashevsky, M.,
Marshall, K. A., Phillippy, K. H., Sherman, P. M., Holko, M., Yefanov, A., Lee, H.,
Zhang, N., Robertson, C. L., Serova, N., Davis, S. and Soboleva, A. NCBI GEO: archive
for functional genomics data sets–update. Nucleic Acids Res. 2013;41(Database issue):
D991–5.

[255] Lenk, G. M., Tromp, G., Weinsheimer, S., Gatalica, Z., Berguer, R. and Kuivaniemi, H.
Whole genome expression profiling reveals a significant role for immune function in human
abdominal aortic aneurysms. BMC Genomics. 2007;8:237.

[256] Hinterseher, I., Erdman, R., Donoso, L. A., Vrabec, T. R., Schworer, C. M., Lillvis, J. H.,
Boddy, A. M., Derr, K., Golden, A., Bowen, W. D., Gatalica, Z., Tapinos, N., Elmore, J. R.,
Franklin, D. P., Gray, J. L., Garvin, R. P., Gerhard, G. S., Carey, D. J., Tromp, G. and
Kuivaniemi, H. Role of complement cascade in abdominal aortic aneurysms. Arterioscler
Thromb Vasc Biol. 2011;31(7):1653–60.

[257] Biros, E., Moran, C. S., Rush, C. M., Gabel, G., Schreurs, C., Lindeman, J. H., Walker, P. J.,
Nataatmadja, M., West, M., Holdt, L. M., Hinterseher, I., Pilarsky, C. and Golledge, J.
Differential gene expression in the proximal neck of human abdominal aortic aneurysm.
Atherosclerosis. 2014;233(1):211–8.

[258] Biros, E., Gabel, G., Moran, C. S., Schreurs, C., Lindeman, J. H., Walker, P. J., Nataat-
madja, M., West, M., Holdt, L. M., Hinterseher, I., Pilarsky, C. and Golledge, J. Differential
gene expression in human abdominal aortic aneurysm and aortic occlusive disease. Onco-
target. 2015;6(15):12984–96.

[259] Kumar, S., Boon, R. A., Maegdefessel, L., Dimmeler, S. and Jo, H. Role of Noncoding
RNAs in the Pathogenesis of Abdominal Aortic Aneurysm. Circ Res. 2019;124(4):619–630.

[260] Choke, E., Thompson, M. M., Dawson, J., Wilson, W. R., Sayed, S., Loftus, I. M. and
Cockerill, G. W. Abdominal aortic aneurysm rupture is associated with increased medial
neovascularization and overexpression of proangiogenic cytokines. Arterioscler Thromb
Vasc Biol. 2006;26(9):2077–82.

[261] Golledge, J., Norman, P. E., Murphy, M. P. and Dalman, R. L. Challenges and opportunities
in limiting abdominal aortic aneurysm growth. J Vasc Surg. 2017;65(1):225–233.

50



BIBLIOGRAPHY

[262] Middleton, R. K., Bown, M. J., Lloyd, G. M., Jones, J. L., London, N. J. and Sayers, R. D.
Characterisation of Interleukin-8 and monocyte chemoattractant protein-1 expression within
the abdominal aortic aneurysm and their association with mural inflammation. Eur J Vasc
Endovasc Surg. 2009;37(1):46–55.

[263] Jovanović, M., Stefanoska, I., Radojcić, L. and Vićovac, L. Interleukin-8 (CXCL8) stimulates
trophoblast cell migration and invasion by increasing levels of matrix metalloproteinase
(MMP)2 and MMP9 and integrins alpha5 and beta1. Reproduction. 2010;139(4):789–98.

[264] Bertini, R., Allegretti, M., Bizzarri, C., Moriconi, A., Locati, M., Zampella, G.,
Cervellera, M. N., Di Cioccio, V., Cesta, M. C., Galliera, E., Martinez, F. O., Di Bitondo, R.,
Troiani, G., Sabbatini, V., D’Anniballe, G., Anacardio, R., Cutrin, J. C., Cavalieri, B.,
Mainiero, F., Strippoli, R., Villa, P., Di Girolamo, M., Martin, F., Gentile, M., Santoni, A.,
Corda, D., Poli, G., Mantovani, A., Ghezzi, P. and Colotta, F. Noncompetitive allosteric
inhibitors of the inflammatory chemokine receptors CXCR1 and CXCR2: prevention of
reperfusion injury. Proc Natl Acad Sci U S A. 2004;101(32):11791–6.

[265] Keeley, E. C., Mehrad, B. and Strieter, R. M. Chemokines as mediators of neovascularization.
Arterioscler Thromb Vasc Biol. 2008;28(11):1928–36.

[266] Strieter, R. M., Belperio, J. A., Burdick, M. D., Sharma, S., Dubinett, S. M. and
Keane, M. P. CXC chemokines: angiogenesis, immunoangiostasis, and metastases in lung
cancer. Ann N Y Acad Sci. 2004;1028:351–60.

[267] Mihara, M., Hashizume, M., Yoshida, H., Suzuki, M. and Shiina, M. IL-6/IL-6 receptor
system and its role in physiological and pathological conditions. Clin Sci (Lond). 2012;122
(4):143–59.

[268] Scheller, J., Chalaris, A., Schmidt-Arras, D. and Rose-John, S. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochim Biophys Acta. 2011;1813
(5):878–88.

[269] Trollope, A. F. and Golledge, J. Angiopoietins, abdominal aortic aneurysm and atheroscle-
rosis. Atherosclerosis. 2011;214(2):237–43.

[270] Lindeman, J. H. The pathophysiologic basis of abdominal aortic aneurysm progression: a
critical appraisal. Expert Rev Cardiovasc Ther. 2015;13(7):839–51.

[271] Sie, R. B., Dawson, I., van Baalen, J. M., Schultze Kool, L. J. and van Bockel, J. H.
Ruptured popliteal artery aneurysm. An insidious complication. Eur J Vasc Endovasc Surg.
1997;13(5):432–8.

[272] R Core Team. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria, 2019. URL https://www.R-project.org/.

[273] Hoffmann, S., Otto, C., Kurtz, S., Sharma, C. M., Khaitovich, P., Vogel, J., Stadler, P. F.
and Hackermuller, J. Fast mapping of short sequences with mismatches, insertions and
deletions using index structures. PLoS Comput Biol. 2009;5(9):e1000502.

[274] Liao, Y., Smyth, G. K. and Shi, W. featureCounts: an efficient general purpose program
for assigning sequence reads to genomic features. Bioinformatics. 2014;30(7):923–30.

51

https://www.R-project.org/


BIBLIOGRAPHY

[275] Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M. N. and Sergushichev, A.
Fast gene set enrichment analysis. bioRxiv. 2021;page 060012.

52



ACKNOWLEDGMENT

Acknowledgment

First of all, I would like to thank Prof. Dr. Dr. Lesca M. Holdt and Prof. Dr. Daniel Teupser for
the opportunity to work on this thesis at the Institute of Laboratory Medicine of the University
Hospital Munich. I am grateful for the critical discussions, your valuable inspirations and your
excellent support through all the years.

I would also like to express my gratitude towards PD Dr. Gabor Gäbel and Prof. Dr. Jan H. Lin-
deman for the great collaboration and the new insights into the field of AAAs, which made this
thesis possible.

I would like to thank Wolfgang Wilfert, Dr. Alexandros Nicolaou, Anika Stahringer and Dr. Alisa
Kleinhempel not only for your support and the stimulating discussions, but also for the great
team spirit and the amazing time inside and outside the lab.

I am also grateful to Frau Dr. Kristina Sass for the inspiring discussions.

I would like to thank PD Dr. Andreas Herbst and Dr. Alexander Zigman Kohlmaier for
their valuable input as well as Nadine Bock, Magdalena Mock, Maria Eberle, Yasemin Alkier and
Franziska Jossen for their technical assistance.

Finally, I am deeply grateful to my family - Silvia, Emily and Jonathan - for your enduring support
and understanding over the whole time.

i


	Affidavit
	Table of Contents
	Abbreviations
	List of Figures
	List of Tables
	List of Publications
	Introduction
	Clinical Relevance and Epidemiology of Abdominal Aortic Aneurysms
	Clinical Relevance
	Epidemiology
	Genetic Risk Factors
	Environmental Risk Factors

	Pathogenesis of Abdominal Aortic Aneurysms
	Comparison of Healthy Aortic Wall and Aneurysms
	Immune-driven Weakening of the Aortic Wall
	Tissue Remodeling and Proteolytic Modulations
	Pathological Impact of Adipose Tissue
	Atherosclerotic Alterations in Patients with Abdominal Aortic Aneurysms

	Mouse Models of Abdominal Aortic Aneurysms
	Mouse Models in Translational Research
	AngII Model
	PPE Model
	CaCl  Model
	Modifications of Mouse Models of Abdominal Aortic Aneurysms

	Transcriptomic Insights in Diseased Tissue
	Role of RNA Transcripts
	Transcriptomic Expression Profiling
	Transcriptomic Signatures
	Transcriptomic Analyses of Abdominal Aortic Aneurysms

	Research Rationale and Aims
	Identification of Molecular Changes causing Rupture in Patients with Abdominal Aortic Aneurysms
	Comparison of Modulated Pathways in Patients and Mouse Models
	Analyses of Inflammatory Pathways in Abdominal Aortic Aneurysms
	Analyses of Adipogenic Degeneration in Abdominal Aortic Aneurysms


	Publications
	Publication I
	Journal Citation Report
	Personal Contributions

	Publication II
	Journal Citation Report
	Personal Contributions

	Publication III
	Journal Citation Report
	Personal Contributions

	Publication IV
	Journal Citation Report
	Personal Contributions

	Publication V
	Journal Citation Report
	Personal Contributions


	Summary
	Main Findings
	Molecular Signatures of Aneurysm Progression and Rupture
	Comparative Analyses of Clinical Aneurysms and Mouse Models
	Impact of Inflammatory Pathways in Abdominal Aortic Aneurysm
	Role of Adipogenic Signatures in Abdominal Aortic Aneurysm

	Own Contribution

	Zusammenfassung
	Wichtigste Erkenntnisse
	Molekulare Signaturen von Abdominellen Aortenaneurysmen
	Vergleich von humanen Aneurysmen und Mausmodellen
	Einfluss von Inflammatorischen Signalwegen auf Aortenaneurysmen
	Adipogene Signaturen in Abdominellen Aortenaneurysmen

	Eigener Anteil

	Bibliography
	Acknowledgment

