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GENERAL INTRODUCTION 
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Chapter 1

THESIS INTRODUCTION

Cardiovascular diseases are globally the largest cause of death, according to the World 
Health Organization, in 2016 accounting for 17.9 million deaths worldwide.1,2 Major 
improvements have been made in the treatment of several cardiovascular diseases like 
myocardial infarction and stroke, which led to a drastic decrease in mortality rates.3 A 
somewhat less frequent but equally lethal cardiovascular disease is abdominal aortic 
aneurysm (AAA).4 The management of this disorder also has improved considerably 
in the past decades. Despite the developments, however, identification of patients 
who require treatment remains challenging. As the treatment of AAA has concomitant 
morbidity and mortality, accurate selection of patients is of great importance.5

Aneurysms are pathological arterial dilations that exceed the original diameter at least 
1.5 times.6 Aneurysms can occur in all major arteries. The most common location of 
an aneurysm is in the abdominal aorta. Other primary locations include the thoracic 
aorta, intracranial arteries, iliac arteries and femoropopliteal arteries (see table 1.1 
for incidences).7–10 AAA can be subdivided into supra-renal, juxta-renal or infra-renal 
aneurysms, depending on their position relative to the renal arteries. Approximately 
80% of all AAA are localized in the infra-renal region of the aorta (figure 1.1A).11,12 The 
prevalence of AAA is higher in men than in women.  More specifically, 1.7 – 4.5% of 
men older than 65 years have an aneurysm, compared to a prevalence of 0.5 – 1.3% in 
women older than 70 years of age.13–15 A suggestion for the higher prevalence in men 
might be the difference in composition of connective tissue components in the aortic 
wall, i.e. elastin and collagen, which results in a difference in tensile strength.16,17 

Table 1.1 Incidences of aneurysm development in arteries of primary locations.

Localisation Male incidence (per 100.000 per year)
Abdominal aorta7,8  
     age 55 - 64 (years) 8
     age 65 - 74 (years) 55
     age 75 - 84 (years) 112
     age > 84 (years) 298
Thoracic aorta7,8 8.6 – 12
Iliac arteries9 6.6

Femoropopliteal arteries9 7.4
Intracranial arteries10 7.8 – 10

 
Before addressing potential biomarkers for AAA progression, the main topic of the 
present thesis, we will first briefly present more detailed information about cells and 
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structures of a healthy aorta, the pathophysiology of AAA development and rupture 
as well as treatment options. 

Figure 1.1 Illustration of an abdominal aortic aneurysm (A) and a healthy aorta (B).

Cells and structure of a healthy aorta
A healthy aorta consists of three concentric layers (or tunics) and has a diameter 
smaller than 3.0 cm. The anatomy of a healthy aorta is depicted in fi gure 1.1 B . Figure 
1.2 illustrates the histological characteristics of an AAA (A) and of a healthy aorta (B). 
Table 1.2 provides an overview of the characteristics of all three layers and their various 
cell types and functions. 

Table 1.2 Cells and structures and their functions in the three adjacent layers of a healthy aorta.

Layer Cells or structures Function

Medial layer Fibroblasts Production of extracellular matrix components

Smooth muscle cells Expression of signalling proteins

Mediating blood pressure changes

Extracellular matrix Stiff ening of the vessel wall

Medium for intercellular signalling

Regulation of growth factors

Intimal layer Endothelial cells Barrier between blood and aortic wall

Secretion of activators and inhibitors of coagulation

Adventitial layer Fibroblasts Production of extracellular matrix components

Vasa vasorum Aortic wall blood supply

Nervi vasorum Autonomous innervation

Resident leukocytes Antigen capture

Infl ammation regulation
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A      Infrarenal AAA                B      Healthy infrarenal aorta

Figure 1.2 A histological overview of the three concentric layers can be seen in these transvers sections of 
an infrarenal AAA (A) and a healthy aorta (B). In fi gure A the pathological degeneration of the wall is most 
pronounced in the decreased medial layer thickness, while the intimal layer in aneurysmal aorta is thicker than 
in healthy tissue. Furthermore, the laminar arrangement of structures in a healthy aorta has been disturbed. 
The white spherical openings in the intimal and medial layer are defects in the wall. In fi gure B the three adja-
cent layers of the healthy aorta can clearly be recognized. Images were made by light microscopy with a 10X 
objective after hematoxylin and eosin staining. Please note the diff erence in scale.

The tunica media is the musculoelastic middle layer, which contains smooth muscle 
cells and fi broblasts embedded in an extracellular matrix composed mainly of collagen, 
elastin and proteoglycans. The middle layer provides the wall with tensile strength 
and is responsible for the viscoelastic properties of the aorta. 18–20 The medial layer is 
separated from the inner layer by the lamina elastica interna, which can be seen in 
fi gure 1.2B as a distinct line.

The tunica intima is the thin inner layer of the aorta, which consists of the basal 
membrane covered with a single layer of endothelial cells on the luminal side. Endothelial 
cells, among other functions, form a selective barrier between the lumen and the vessel 
wall and also play an important role in vascular permeability, vasoconstriction and the 
regulation of haemostasis by secreting activators and inhibitors of the coagulation 
cascade.21

The tunica adventitia is the fi brous outermost layer, composed mainly of adipose and 
connective tissue. It contains fi broblasts, resident leukocytes, vasa vasorum and nervi 
vasorum. Vasa vasorum provide the aortic wall with blood, while the nervi vasorum are 
responsible for autonomous innervation. The adventitia is separated from the medial 
layer by a lamina elastica externa (fi gure 1.2 B ).

Pathophysiology of AAA development
The pathophysiology of AAA, a multifactorial process that causes progressive 
degradation of the aortic wall, is still partly unclear. It is known pathophysiological 
components of this process are: i) chronic infl ammation of the vessel wall; ii) an 
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inflammatory response that activates circulating leukocytes, mainly monocytes, which 
then infiltrate and accumulate in the vessel wall; and iii) degradation of the extracellular 
matrix (ECM) and smooth muscle cells (SMC) in the middle layer of the aorta, which 
should maintain the structure of the aorta.22 In hereditary AAA, genetic mutations 
cause connective tissue disorders and lead to abnormalities of the medial layer. They 
typically cause destructive matrix remodelling, proliferation of vascular smooth muscle 
cells and a less prominent inflammatory response.23 

The above-mentioned pathophysiological processes are the result of many cascades, 
which are activated by a variety of cellular signalling pathways. An example is the 
activation of matrix metalloproteinases (MMP), leading to ECM degradation but also 
modulate inflammatory responses.20,24 All these cellular signalling pathways hold a vast 
amount of information on the activity and progression of the AAA disease. Therefore, 
further elucidation of these pathways might result in the identification of biomarkers 
for AAA progression. Accurate prediction of AAA development and rupture would then 
be one step closer. 

 
Table 1.3 Diameter dependent annual risk of AAA rupture.

Diameter (cm) Annual risk of rupture (%)

< 4.0 0

4.0 - 4.9 0.5 - 5 

5.0 - 5.9 3 - 15 

6.0 - 6.9 10 - 20 

7.0 - 7.9 20 - 40 

> 7.9 30 - 50 

AAA rupture: a life-threatening event
AAA rupture causes a life threatening intra-abdominal bleeding, which results in 
death in approximately 77% of all cases.25,26 The annual incidence of an AAA rupture 
is between 500 and 600 cases per year in the Netherlands.27 From January 2013 
until December 2014, a total of 1319 patients underwent acute AAA surgery in the 
Netherlands (ruptured AAA: n = 948 and symptomatic AAA: n = 371).5 The yearly risk of 
rupture rises with an increase in diameter. AAA with a diameter between 4.0 and 4.9 cm 
have an annual rupture risk of 0.5 – 5%. AAA larger than 8 cm have an annual rupture 
risk of up to 30 – 50% (see table 1.3 for rupture risks per diameter range).28 Until the 
moment of a rupture, AAA progression depends on several factors. For example, the 
presence of an intraluminal thrombus, which is associated with a higher growth speed 
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or the degree of vessel wall deterioration, i.e. the activity of proteases, cytokines and 
oxidative stress.29 AAA development is also partly influenced by systemic factors like 
increased level of blood cholesterol, high blood pressure and smoking.30 The latter 
is perceived as the most important general factor.30 Genetic factors may also lead 
to aneurysm development. The best known genetic cause is a mutation in Fibrillin-1 
gene (FBN1), leading to Marfans’ disease.13,31,32 Marfans’ disease is characterized by 
dysregulation of connective tissue, leading to a high risk of aneurysm development 
throughout the aorta.32,33 Given the high mortality rates in case of aneurysm rupture, 
treatment of AAA prior to such an event is essential.

Treatment options for AAA
To date, there is no medical therapy to halt aneurysm growth.34–36 Therefore, to prevent 
aneurysm rupture, surgical repair is the only effective treatment.35,36 The European and 
American Societies of Vascular Surgery guidelines currently advise to consider surgical 
repair when: i) the diameter exceeds 5.5 cm in men and 5.0 cm in women; ii) the growth 
speed exceeds 1.0 cm per year; or iii) an aneurysm becomes symptomatic, e.g. the 
patient presents with acute pain in the abdomen, back or groins.35,36

Traditionally, aortic aneurysms are treated by open repair. For open repair, the abdomen 
and retroperitoneal spaces are opened, respectively. Exposure of the aorta is then 
gained, after which it is cross-clamped proximally and distally to the aneurysm. Then, 
the aneurysmal sac is opened and a prosthetic graft will be inserted into the lumen 
of the aorta.34 A less invasive surgical option is endovascular aortic aneurysm repair 
(EVAR). This technique was first introduced in the 1990s and has now become the 
standard treatment for most AAA.37 During EVAR, an endograft is introduced via the 
femoral arteries and deployed at the site of the aneurysm, excluding the aneurysm sac 
from the circulation. There are multiple advantages of endovascular repair over open 
surgery, such as avoiding invasive transabdominal surgery, cross-clamping the aorta 
and thus avoiding major fluctuations in blood pressure.34,38 Furthermore, the patients 
may be treated under local anaesthesia for the two small incisions in the groins where 
the catheters are inserted. 

Although both surgical options have proven to be successful types of treatment, they 
are not without risks. Post-operative complications after elective surgery include 13% 
for EVAR, e.g. bleeding in the groins or distal embolization, versus 43% after open repair, 
i.e. distal embolization, left colon ischaemia or abdominal compartment syndrome.5,34 
Mortality rates are 0.9% after EVAR and 5.0% after open repair.5 Therefore only AAA 
with a high risk of rupture should be treated, while low risk aneurysms should be 
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followed carefully in time. A promising approach for more precise risk estimations could 
be the use of reliable biomarkers.

Potential biomarkers for AAA progression
The pathophysiology of AAA development was described above in three interconnected 
processes: a chronic infl ammatory process; an infi ltrative process; and a degenerative 
process. Eventually, they lead to medial layer degradation and aortic dilation. Key 
players of those processes will be the scope of this thesis.  

Figure 1.3 The consecutive steps leading to degradation and eventually aortic dilation are represented 
in this schematic illustration of an abdominal aortic medial layer. In response to chronic infl ammation 
of the aortic wall, activated leukocytes, mainly monocytes, infi ltrate into the aortic wall (A). Monocytes 
diff erentiate into macrophages when they infi ltrate the vessel wall. They are responsible for the production 
of free radicals (reactive oxygen and nitrogen species; B). Free radicals cause destruction of the 
extracellular matrix, resulting in the loss the medial layer structure (C). Furthermore, free radicals cause 
smooth muscle cell apoptosis. These two processes lead to loss of smooth muscle cells and, eventually, 
reduction of the medial layer thickness (D). 

 The infl ammatory process of the aortic wall results in an excessive production of 
reactive oxygen and nitrogen species (also called free radicals).11,39,40 Free radicals are 
secreted by leukocytes in their attempt to destroy infectious pathogens.41 Also, a lower 
dosage of free radicals is required in signalling pathways (i.e. regulating adaptation to 
hypoxia, autophagy and cell diff erentiation).41,42 They are, however, very unstable and 
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can easily cause damage to surrounding cells and tissues. In a situation of local wall 
stress, as is the case during an aortic inflammatory process, excessive production of 
these free radicals results in oxidative and nitrosative stress, damaging the body’s own 
cells and causing extracellular matrix degeneration and loss of smooth muscle cells 
by apoptosis.41,43 A schematic illustration of this degenerative process is presented in 
figure 1.3. In the present thesis we will investigate the potential prognostic value of free 
radicals as marker for AAA progression and rupture. 

The chronic inflammation causes damage to the aortic wall.44 An intracellular signalling 
protein with a prominent role in the maintenance of the aortic wall structure is 
Extracellular signal-regulated kinase (ERK).45 It is involved in vessel wall repair by cell 
proliferation but also in vessel wall degradation by smooth muscle cell apoptosis 
and migration. It remains unclear whether ERK has a protective or a detrimental 
role in aneurysm development. In rodent models the inhibition of ERK seemed to 
attenuate AAA progression.46 In human studies, such results have never been reported. 
Therefore, in the present thesis we will further elucidate the role of ERK in patients with 
ruptured and non-ruptured AAA. We hypothesize that ERK has an important role in 
the maintenance of the aortic wall and thus might have potential as marker for AAA 
progression. 

An acute phase protein called Neutrophil Gelatinase-Associated Lipocalin (NGAL) is 
involved in leukocyte infiltration of the aortic wall.47,48 NGAL is stored in the granules 
of infiltrating neutrophils and has been the topic of interest as a diagnostic and 
prognostic tool for several cardiovascular diseases.49–52 In mice, NGAL inhibition even 
attenuates AAA growth.49 On the opposite, it is supposed to have a protective role 
against ROS induced apoptosis.53,54 NGAL expression has earlier been described in 
the aortic wall of non-ruptured AAA and its role as a biomarker for AAA presence has 
even been suggested. In patients with carotid atherosclerosis NGAL demonstrated 
potential as marker for vulnerable plaques.51,55–57 Furthermore, NGAL seems to have 
potential as a marker for acute kidney injury.58 More specific, NGAL is suggested to 
predict hemodialysis and poor outcome after major aortic surgery and has already 
been suggested as a prognostic tool for several other cardiovascular diseases.50,51,59–61 
Therefore, the role of NGAL in AAA development and its potential as marker for 
aneurysm progression will be investigated in the present thesis.

The inflammatory and infiltrative processes activate factors of the degenerative process 
in AAA development, i.e. matrix metalloproteinases (MMP). MMP are enzymes that 
regulate cytokine activation as well as tissue repair.24 There are more than 200 subtypes 
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of MMP and every single member of this enzyme superfamily has its own specific 
function. However, a common role of these proteinases is physiological enzymatic 
degradation of extracellular matrix to enable cell migration. Excess of these enzymes 
will result in loss of extracellular matrix. Consequently, the medial layer loses its 
strength, which results in aortic dilation. Examples of MMP activation consequently to 
inflammatory and infiltrative processes are: i) MMP-2, which is a downstream target in 
the ERK signalling pathway, and has a specific role in connective tissue turnover; and 
ii) MMP-9, which forms a complex with NGAL and thus is prevented from inactivation. 
It is thus thought that NGAL stimulates aortic wall degeneration.62,63 The role of MMP-2 
and -9 in the development and progression of AAA will be further elucidated.

Hereditary AAA have a different cause and lead to a different pathophysiology than 
above-described. There are several genetic mutations that cause inadequate aortic 
connective tissue production. The best known is a fibrillin-1 gene mutation that leads 
to Marfans’ disease.32 Fibrillin-1 binds free transforming growth factor beta (TGF-ß) in 
the extracellular matrix. TGF-ß is an important growth factor that activates and inhibits 
several cellular functions, including the production of connective tissue components for 
the aortic wall.64 In a healthy vessel wall TGF-ß is bound to fibrillin-1 until it is released 
for activation or inhibition of a targeted cell.65 In the case of a fibrillin-1 gene mutation, 
there will be an excess of free TGF-ß. This disturbs the delicate balance of connective 
tissue production, causing loss of aortic wall strength and eventually aortic dilation.33

In summary, vessel wall degradation and aortic dilation could be classified in an 
inflammatory, an infiltrative and a degenerative process. Factors of inflammation 
are reactive oxygen and nitrogen species and ERK; an infiltrative factor is NGAL and 
degenerative factors are MMP-2 and MMP-9. In the present thesis we will investigate 
the role of these factors and their potential role as marker for AAA progression. 

AIM OF THE THESIS

AAA rupture is a sudden and potential life-threatening event associated with high 
mortality rates, which can only be prevented by aneurysm repair surgery. However, 
surgical repair also has concomitant morbidity and mortality. Therefore, careful patient 
selection is clinically most relevant. To date, it remains challenging to predict which 
aneurysm will rupture and which will not. 
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In this thesis we will focus on several cellular signalling pathways that are involved in 
aneurysm development and might have prognostic value for AAA rupture. Prognostic 
biomarkers will contribute to a more accurate prediction of a forthcoming rupture. In 
this thesis we aim to elucidate several signalling pathways involved in the development 
and rupture of AAA. Furthermore, we will investigate the potential of possible prognostic 
biomarkers for AAA growth and rupture. 

OUTLINE OF THE THESIS

Part I: Biomarkers for aneurysm growth and rupture
In chapter 2 we present a systematic review of the current literature regarding 
biomarkers for AAA growth and rupture. A biomarker could be defined as a measurable 
factor that provides useful information regarding one or more pathophysiological 
processes occurring in the body. The search for a prognostic biomarker for AAA growth 
resulted in a broad collection of circulating biomarkers, biomechanical properties and 
genetic mutations that hold promise for risk assessment regarding aneurysm growth 
and eventually rupture. 

In chapter 3 we investigate the production of two potent groups of free radicals in 
circulating leukocytes of AAA patients: reactive oxygen species and reactive nitrogen 
species. Excess of free radicals will lead to oxidative and nitrosative stress in the aortic 
wall, caused by infiltrating leukocytes in the vessel wall. However, it remains unknown 
which leukocyte type is responsible for the increased production of these free radicals 
in AAA patients. In addition, we demonstrate the effect of statin therapy on reactive 
oxygen species production.  

In chapter 4 we measure lipocalin-2 (NGAL) and MMP-9 expression in the aortic wall 
of ruptured versus non-ruptured AAA. Additionally, we investigate the potential of 
lipocalin-2 concentration in blood as a biomarker for aneurysm growth. Lipocalin-2 is 
an acute phase protein that is associated with the presence of asymptomatic AAA. In 
other cardiovascular diseases it was demonstrated to have potential as a biomarker 
for acute events. So far, the role of lipocalin-2 in ruptured aortic aneurysms has not 
been investigated. 

Part II: Cellular signalling influences aneurysm growth and rupture
In chapter 5 we study ERK and MMP-2 in tissue of ruptured versus non-ruptured 
AAA. We further elucidate the role of ERK in the progression of AAA and in the 
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pathophysiology leading to rupture. ERK is an intracellular signalling protein expressed, 
among others, by smooth muscle cells and fibroblasts. Its expression is thought to 
be influenced by the extracellular available MMP-2. ERK is a key player in the repair of 
damaged vessel walls, for example by regulating the production of extracellular matrix 
components. This protein has a potential influence on the aortic strength and the risk 
of AAA development or rupture. In chapter 6 we present a short update on the role 
of ERK in AAA development. 

In chapter 7 we investigate the role of TGF-ß receptor 3 (TGFBR3, also Betaglycan) in 
the TGF-ß signalling pathway in fibroblasts of Marfan patients. TGF-β is an upstream 
activator of ERK and the cause of dysfunctional connective tissue in Marfans’ disease. 
Several receptors are involved in the pathological activation of downstream intracellular 
TGF-ß pathways, but TGFBR3 seems to play an important role. 

Part III: Novel technique for investigating cellular signalling pathways
In chapter 8 we develop a new technique to process and culture explanted aneurysm 
wall tissue whilst preserving all three layers of the aorta. This procedure provides us 
with an ex-vivo living aneurysm wall section in which cellular signalling pathways can 
directly be studied. The recently developed multi-laser microscope, also designated a 
nanoscope, will enable the study of subcellular and even molecular three-dimensional 
details in living AAA cells. 

In chapter 9 the conclusions and clinical implications of this thesis are summarized 
and discussed in a general discussion.
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