
VU Research Portal

Cellular signalling in abdominal aortic aneurysms

Groeneveld, M.E.

2020

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Groeneveld, M. E. (2020). Cellular signalling in abdominal aortic aneurysms: Towards better prediction of
aneurysm progression and rupture. [PhD-Thesis - Research and graduation internal, Vrije Universiteit
Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/e2473ffa-3e31-405b-bbd9-eb9e060256c9


Chapter 9: General discussion and summary 

 

9.1 Thesis aim and approach 

  

The aim of the present thesis was to provide more insight into factors that are involved in the 

development and progression of abdominal aortic aneurysm (AAA). Increased knowledge may 

facilitate more accurate prediction of the growth rate and risk for rupture of an AAA. As degradation 

of the abdominal aortic medial layer is a hallmark of this disease, we collected aortic tissue from 80 

AAA patients (table 9.1) who underwent either elective or acute aneurysm repair surgery. In these 

samples we investigated cellular signalling pathways that seemed to have a crucial role in aortic 

medial layer degradation and eventually in AAA development. We also tested possible prognostic 

biomarkers in blood of patients and performed a systematic review of the literature on such 

biomarkers. Finally, also 13 patients with a high risk of AAA development, due to Marfan syndrome, 

were included. 

 

The above-mentioned pathophysiology leading to aneurysm development is investigated in 

aortic tissue and blood samples of AAA patients. Therefore, we will first review the characteristics of 

those patients. Next, the degenerative processes leading to aortic medial layer degradation are 

described according to the graphical abstract of thesis, presented in figure 9.1 and 9.2. The graphical 

abstracts are made by adding the main results from our work to the current knowledge of the AAA 

pathophysiology. Subsequently, we will evaluate the role of prognostic markers for aneurysm growth 

and rupture in AAA management. The results of the present thesis are critically reviewed before we 

provide our perspectives on future results. Finally, we present the main conclusions based on our work 

in the present thesis. 

 

9.2 Patient characteristics 

 

For the present thesis we consecutively collected tissue and blood from all patients treated by 

open aneurysm surgery in our medical center from March 2010 until May 2014. Samples were treated 

as described before.1–3 In table 9.1 patient characteristics are presented for the first time of all patients 

pooled.  

 

Mean age between patients with a ruptured AAA (rAAA; n=14) and electively treated patients 

(eAAA; n=66) did not differ, 74 years versus 71, respectively. Although current guidelines 

recommend elective surgical repair at 5.5 cm for men and 5.0 cm for women, the mean diameter in our 

eAAA group was 6.5 cm for men and 5.6 cm for women (6.4 for both pooled). In more than 50 

percent of the included eAAA the aneurysm was diagnosed as an accidental radiographic finding and 



had already exceeded the recommended diameter for surgery. Growth rates in our elective group 

(mean 0.6 cm/ year) are higher than described in the literature.4 This might be explained by the high 

percentage of large aneurysms (>5.0 cm) in the group, as the latter expand faster than smaller (3.0-3.9 

cm).4  

 

The aneurysm locations (supra-, juxta- and infrarenal) in the rAAA (15, 46 and 38 percent, 

respectively) did not differ from electively treated AAA (21, 51 and 28 percent, respectively). 

However, the share of juxtarenal aneurysms (rAAA: 46 precent and eAAA: 51 percent) is in both 

groups larger than described in the literature (approximately 16 percent).5 Juxtarenal AAA repair is a 

more challenging procedure, due to the involvement of renal arteries in the aneurysm. The higher 

percentage might be explained by the fact that our hospital functions as a referral center for rural 

hospitals, which could be seen as a selection bias. Although smoking is an acknowledged risk factor 

for AAA growth and rupture, our ruptured group had significantly fewer smokers than the elective 

group. The ruptured AAA clearly differed from non-ruptured in the experience of symptoms like 

back-pain, stomach-pain and others like pain in the groin or legs. Decreased preoperative kidney 

function in the rAAA group is probably due to the hypovolemic shock, from which most AAA 

patients with a rupture suffer.  

 

9.3 Degenerative processes leading to aortic medial layer degradation 

 

In this thesis, we focussed on two major components of the cascade leading to aortic wall 

deterioration and eventually AAA development. The first is an inflammatory response in the aortic 

wall and in circulating leukocytes of AAA patients that causes nitrosative and oxidative stress. This 

results in apoptosis of the surrounding cells and stimulation of further inflammation.6–8 The second 

concerns factors involved in degradation of the medial layer of the aortic wall. Components might 

interact with each other and thus accelerate vessel wall degradation.9–11  

 

Aortic wall inflammation and reactive species 

 

Histological studies of AAA have demonstrated that aneurysms are associated with a chronic 

inflammation of the aortic wall.12,13 The cause of this inflammation remains uncertain. However, it is 

thought that damage to the endothelial layer by mechanical or chemical stressors, e.g. hypertension or 

chemicals from cigarette smoke, is possibly involved (figure 9.1 step 1).14,15 Reactively, endothelial 

cells present intraluminal adhesion molecules (figure 9.1 step 2).14,15 The presence of adhesion 

molecules in AAA patients activates circulating leukocytes (figure 9.1 step 3).3,16    

 



In chapter 3 we investigated the role of circulating leukocytes in oxidative and nitrosative 

stress production in AAA patients.3 We measured levels of reactive oxygen and nitrogen species in 

neutrophils, lymphocytes and monocytes separately, both in-vitro as in-vivo. We demonstrated that 

circulating neutrophils and monocytes in AAA patients, have a higher production of reactive nitrogen 

and oxygen species than in controls (figure 9.1 step 4). We hypothesized that circulating leukocytes in 

AAA patients produce higher amounts of reactive species due to increased amounts of adhesion 

molecules presented by the damaged endothelial layer in the atherosclerotic AAA.   

 

Adhesion molecules also cause the activated leukocytes to infiltrate into the vessel wall.3,16 

When activated leukocytes accumulate in the aortic wall, increased production of those reactive 

species cause nitrosative and oxidative stress in the vessel wall (figure 9.1 step 5).6,17 These are 

considered to be hallmarks of AAA pathogenesis.18–20  

 

In chapter 4 the expression of Neutrophil Gelatinase-Associated Lipocalin (NGAL, also 

Lipocalin-2) was examined in the aneurysm wall of ruptured and non-ruptured AAA. We measured its 

expression in the medial layer as well as the atherosclerotic plaque and determined its correlation with 

factors of vessel wall degradation, i.e. nitrosative stress, extracellular matrix (ECM) degradation and 

smooth muscle cell (SMC) apoptosis. We demonstrated that nitrosative stress in the medial layer is 

associated with increased local production of NGAL.1 Furthermore, in the atherosclerotic plaque we 

recognized a typical and recurring pattern of expression. We presented a representative example 

(chapter 4, figure 4.4): a central core of nitrotyrosine embedded by a diffuse expression of NGAL. In 

earlier studies, NGAL was suggested to have a protective role against oxidative stress.21,22 We suggest 

that in AAA pathogenesis, NGAL expression is reactively upregulated as a result of nitrosative stress 

to exert its protective effect (figure 9.1 step 6).  

 

In chapter 5 we focussed on the activation of Extracellular signal-Regulated Kinase (ERK) 

and its role in AAA development and rupture. ERK is a signalling protein thought to have an 

important role in regulating inflammatory processes and act as protective factor against damaged and 

apoptotic cells by stimulating cell proliferation.23 We measured ERK activation in tissue of ruptured 

and non-ruptured AAA. We noted that ERK and nitrotyrosine in the medial layer tended to have a 

positive correlation (Rs=0.43; p=0.06; work in preparation). Our finding that ERK and nitrotyrosine 

might be correlated is in line with current literature stating that ERK phosphorylation is upregulated 

by nitrosative stress in the aneurysm wall (figure 9.1, step 7).24–26  

 

 In conclusion, the inflammatory response of the aortic wall is thought to initiate with damage 

to the endothelial layer. Activated leukocytes then infiltrate into the vessel wall, causing increased 

production of reactive species as well as other inflammatory factors. In turn, the inflammatory 



response activates factors of medial layer degradation, which will be discussed in the following 

paragraph. 

 

Factors involved in aortic medial layer degradation 

 

The increased production of NGAL and phosphorylation of ERK stimulates pro-proteolytic 

factors. In chapter 4 we demonstrated that NGAL was positively correlated with matrix 

metalloproteinase-9 (MMP-9) expression in the medial layer (figure 9.2, step 1). MMP-9 is an 

endopeptidase involved in connective tissue turnover.27 In AAA development, more specific, it is 

responsible for ECM degradation. 11,28 This causes SMC migration and loss of medial layer strength, 

which eventually leads to aortic dilation. NGAL promotes a pro-proteolytic effect by binding to 

MMP-9 and thus protecting it from degradation.9 It seems that NGAL has contradictive effects in 

AAA pathogenesis as we mentioned earlier that NGAL performs a protective effect against nitrosative 

stress. In unpublished work we found an inverse correlation between NGAL and the medial layer 

thickness (Rs=-0.71; p<0.01). Overall, we suggest that NGAL has a detrimental role on the aortic 

medial layer and stimulates AAA progression. 

 

In chapter 5 we demonstrated that ERK activation is higher in tissue of non-ruptured AAA 

than in ruptured AAA and controls.2 ERK is an intracellular signalling protein with many downstream 

effects, of which a pro-proteolytic effect by upregulating MMP-2 expression (figure 9.2, step 2).23,29 In 

the aortic wall MMP-2 is not only responsible for vessel wall degeneration but also with ECM 

synthesis and repair.30 Despite the suggested upregulation of MMP-2 by ERK, we found no correlation 

between the two in AAA tissue.2 This lacking correlation can be explained by the above-mentioned 

divergent role that MMP-2 performs. We did find a positive correlation between ERK activation and 

medial layer thickness of AAA (Rs 0.48, p=0.014).2 Therefore initially, in chapter 5, we suggested that 

in response to local endothelial damage ERK had a protective effect by stimulating proliferation and 

thus vessel wall repair.2  

 

In chapter 6 we performed a research update on the role of ERK in AAA development.31 

Based on new insights from current literature we concluded that the main outcome of ERK 

phosphorylation is a detrimental effect by activation of MMP-2 rather than a protective effect, as we 

earlier concluded in chapter 5 (figure 9.2, step 2).2,31  

 

As discussed earlier in this thesis, apoptosis is an important degenerative process in the 

development of AAA.1,3,32 In chapter 4 we demonstrated significant more apoptosis in the 

atherosclerotic plaque of eAAA as compared to rAAA and healthy aorta (p=0.02; chapter 4, figure 

4.3F).1 Additionally, we measured a significant correlation between apoptosis and nitrosative stress 



(Rs 0.33; p<0.05). These results are in line with earlier literature hypothesizing that free radicals, i.e. 

reactive nitrogen and oxygen species, are responsible for SMC apoptosis (figure 9.2, step 3).6,33  

 

Hereditary connective tissue disorder leading to AAA development 

 

In chapter 7 we investigated the role of TGF-ß receptor 3 (TGFBR3, also Betaglycan) in the 

TGF-ß signalling pathway in fibroblasts of two Marfan patient subgroups (table 9.2). Subgroups were 

patients with a dominant negative (DN) versus a haploinsufficient (HI) Fibrillin-1 (FBN1) mutation. 

DN mutations lead to a malfolded or malfunctioning fibrillin-1 protein and thus a disturbed ECM.34,35 

HI mutations are caused by the deletion of one copy of the whole gene, degradation of the mutant 

protein, or nonsense-mediated decay by degradation of fibrillin-1 mRNA.35–37 The latter mutation will 

cause a reduced level of fibrillin-1 protein, and thus compromised functionality.34,35 TGF-β is an 

upstream activator of ERK and the cause of dysfunctional connective tissue in Marfans syndrome.38,39 

Several receptors are involved in the pathological activation of downstream intracellular TGF-ß 

pathways. We demonstrated an increased activation of TGF-ß and its downstream signalling pathways 

in patients with DN mutations as compared to HI mutations and to controls.40 Also, Betaglycan 

expressions are increased in the DN group and correlate positively with TGFB1 expressions in groups 

pooled.40 These data suggest that Betaglycan expression is involved in the upregulation of TGF-ß 

signalling in Marfan patients with a DN FBN1 gene mutation. Increased TGF-ß upregulation results in 

dysfunctional connective tissue and eventually in aneurysm development, mainly in the thoracic and 

abdominal aorta.34,41,42 We acknowledge that this is just a limited step in the multifactorial process 

leading to aneurysm development. However, these results emphasize important differences in the 

effect of a DN versus HI mutation of the FBN1 gene in Marfan patients. A recent study showed that 

Marfan patients with HI FBN1 mutations had higher therapeutic benefit from Losartan treatment 

compared to patients with DN FBN1 mutations which indicates a distinct pathological mechanism.43 

Thus, the different types of FBN1 mutations must be approached in a different manner in the search 

for therapeutic options. 

 

9.4 Prognostic markers for aneurysm growth and rupture 

 

In chapter 2 we presented a systematic review describing studies on predictive markers for 

AAA growth and rupture. Circulating biomarkers, biomechanical properties as well as genetic 

variations were investigated as potential prognostic markers. Several promising circulating markers 

and aneurysm properties were demonstrated to have prognostic value for aneurysm growth and rupture 

(table 9.3 and 9.4, respectively). However, only little is known about genetic markers for AAA 

progression. To date, there is no role for genetic markers as prognostic tool in AAA management. 

 



In the current guidelines of AAA management no circulating or biomechanical markers are 

implemented, except for AAA diameter and growth speed.44,45 This thesis identified several circulating 

and biomechanical markers with potential value for the prognosis of AAA expansion and rupture. We 

suggested the following circulating markers and biomechanical properties to be considered as potential 

markers for AAA growth: 1) AAA diameter; 2) chlamydophila pneumoniae in case of seropositivity; 

3) ILT size; 4) S-elastin peptides; and 5) inverse fluorodeoxyglucose uptake (table 9.3). Markers with 

the best prognostic value for AAA rupture are: 1) AAA diameter; 2) NGAL; 3) Peak wall stress; 4) 

Plasminogen activator inhibitor 1; and 5) S-elastin peptides (table 9.4). In the following paragraph we 

will speculate on possible threshold values for AAA follow-up and aneurysm repair surgery for the 

above-mentioned prognostic markers. 

 

In table 9.3 we present possible threshold values for the use of these markers in the prediction 

of AAA expansion. The thresholds are based on averages from the several studies included in chapter 

2. These values may be considered a draft for future studies. For all markers we defined a low and a 

high range. For each range we calculated the average expansion (in mm/year) and suggested a period 

within which the patient should be followed by ultrasound or CT-scan. Using AAA diameter as a 

marker we suggest follow up after 24, 6 and 3 months for the following measurements: 30 - 39 mm, 

40 - 49 mm and ≥ 50 mm, respectively. This is according to the current guidelines of the European and 

American societies of vascular surgery.44,45 Chlamydophila pneumoniae IgA titre < 64 or ≥ 64 should 

be followed after 12 and 3 months, respectively. When the ILT volume is ≥ 32% of the total aneurysm 

volume, we suggest a follow up after 12 months. In case of an AAA with a relative ILT volume < 32% 

no follow up is necessary, except when other markers give reason to do so. Using S-elastin peptides as 

marker, we suggest follow up after 36 and 12 months when the blood levels are < 330 and ≥ 330 in 

mg/L, respectively; we suggest that AAA with 18F-FDG uptake > 2.0 or 1.0 – 2.0 SUVmax should be 

followed after 36 and 24 months, respectively. 

  

In table 9.4 we present possible threshold values for the use of markers in the prediction of 

AAA rupture and a suggestion within which time surgical AAA treatment should be performed. As for 

table 9.3, these values are based on averages from the included studies in chapter 2. We suggest that 

AAA with a diameter exceeding 50 mm in women and 55 mm in men should be surgically repaired, 

while AAA smaller than 50 mm can be followed. This suggestion is in line with the current guidelines 

of the European and America societies of vascular surgery.44,45 NGAL blood concentrations of 20 – 39 

or ≥ 40 mg/L should indicate aneurysm repair within 3 months and 1 month, respectively. When PWS 

values are measured between 30 and 49 or ≥ 50 N/cm2 we suggest surgery within 3 – 6 and within 1 

month, respectively. Plasminogen levels in AAA patients lower than 15 IU/ml need no surgery yet, 

but when levels are higher than 15 IU/ml aneurysm repair within 3 months should be considered. As 



presented in table 9.4, levels of S-elastin peptides ranging 330 – 349 can be followed, however when 

exceeding these values we suggest that surgical repair should be performed within 3 months. 

 

 In conclusion, the present guidelines for AAA management provide a limited role for 

prognostic markers to determine the timing of follow up or aneurysm repair surgery. Based on the 

current literature we selected potential markers for AAA growth or rupture and suggested concomitant 

threshold values. Before these prognostics markers can be implemented in AAA management, 

threshold values should first be validated.   

 

9.5 Critical review of present results 

 

In chapter 2 we executed a systematic review of the literature on prognostic markers for AAA 

growth and rupture. The studies we included in our review provided rather heterogenic data for the 

markers of interest. Also, statistical tests often differed between studies. For example, chlamydophila 

pneumoniae was investigated in four studies.46–49 In three studies differences in means were measured 

between groups and while one study the correlation between the blood titer and AAA expansion rate. 

The three studies, which measured a difference in means, all used variable cutoff values for the 

groups. These differences made the data unsuitable for extracting reliable threshold values for clinical 

implementation. Prospective biomarker studies are necessary, in which threshold values for follow-up 

and surgical intervention are determined.  

 

In chapter 3 we investigated the production of reactive nitrogen and oxygen species (RNS and 

ROS) by circulating leukocytes in AAA patients versus controls.3 We retrospectively calculated 

whether aneurysm growth was associated with production of those species. We found no correlation 

between production of RNS and ROS in circulating leukocytes with the expansion rate of AAA. As it 

was not designed as a biomarker study we had no set points in time to measure aneurysm expansion 

versus production of RNS and ROS in circulating leukocytes. Therefore, we could not draw firm 

conclusions on the potential of RNS and ROS as marker for AAA expansion. However, we found too 

little association between the two values to motivate further prospective biomarker research for RNS 

and ROS. 

 

In chapter 4 we demonstrated that NGAL is increased in blood plasma of ruptured AAA as 

compared to non-ruptured AAA. These results might indicate that NGAL is associated with a 

forthcoming rupture. However, our data do not clarify whether NGAL was increased before the 

rupture or as a result of the rupture. Patients were included in the rAAA group after the aneurysm was 

ruptured. Therefore, we know little about the NGAL blood values before the rupture had occurred. We 

would rather have followed these patients in the period before the AAA rupture with frequent NGAL 



measurements. Again, the work was not designed as a biomarker study and thus we had no set 

measurement points in time to determine NGAL values in the period before rupture occurred. 

However, we found highly significant differences in NGAL blood concentrations between rAAA 

versus eAAA that we therefore suggest further biomarker research for NGAL as a marker for rupture. 

 

 In chapter 5 we investigated ERK activation in the vessel wall of ruptured and non-ruptured 

AAA. An important methodological limitation is the fact that we could only take biopsies from the 

ventral wall of the aneurysm. As we know, inflammation and degradation of the aorta are 

heterogeneously spread throughout the aneurysm wall. Therefore the biopsy location is potentially 

very important as the ERK activation at one sight might possibly differ greatly from another in the 

same aneurysm. This limitation also accounts for the samples used in chapter 4. A clinical relevant 

improvement for future studies would be to adjust the protocol and perform biopsies at multiple sites 

in the aneurysm wall.   

 

In chapter 7 the role of TGFBR3 expression was determined in Marfan patients. We had 

limited access to the clinical characteristics of the patients. Therefore we were also limited in 

correlating the specific mutations to the clinical consequences. If we would have had full access it 

might have given us the opportunity to relate more clinical features to either the DN or the HI 

mutations. This would help to provide an earlier diagnosis and more specific treatment of these high-

risk AAA.  

 

9.6 Perspectives for future research 

 

A new model for the observation of cell interactions in the aneurysm wall 

 

Prior studies on aortic aneurysm were performed in animal models, fixated human tissue, or 

isolated human cell cultures. An in vitro human model to study pathophysiological processes involved 

in human aortas is lacking. In chapter 8 we investigated a novel technique to keep full thickness 

aneurysm wall tissue alive for several weeks. This new model will enable real-life research of 

signalling pathways in living aneurysm tissue. We developed a method to obtain vital, ex vivo human 

vascular tissue. In these cultured aneurysmal and non-aneurysmal vascular specimens, evaluation of 

viability showed that the larger part of human vascular tissue sections can be kept alive in culture for 

up to 62 days, while maintaining microstructural organization of the vessel wall. 

Preservation of the aortic tissue composition in ex-vivo specimens facilitates the study of cell 

behavior and interaction between different cell types, and provides the opportunity to investigate the 

effects of pharmacological substances on tissue composition. The ability to digest the tissue sections 

greatly broadens the possibilities of this protocol. We are currently investigating the use of these tissue 



sections in new techniques in which we study elastic properties, aortic wall secretome, and pathways 

by additional inhibition and stimulation tests. By having established a method for extended in-vitro 

preservation of functionally and structurally intact vascular tissue sections, research on the 

pathophysiology of aortic aneurysms and also other vascular diseases may have entered a new era. 

 

Identification of new circulating markers 

 

 The use of a multi-laser nanosope in combination with the above-mentioned model to keep 

aortic tissue alive for several weeks enables the possibility to study subcellular and even molecular 

three-dimensional details in living cells. This will further elucidate the numerous signalling pathways 

in the aortic wall and makes it possible to identify new markers involved in aortic degeneration and 

AAA development.  

 

Validation of markers for AAA growth and rupture 

 

Based on the present thesis, we suggest that a combination of markers for AAA growth will 

predict the aneurysm growth and risk of rupture more accurately than just its diameter. At this 

moment, however, there is too little clinical experience with the potential markers to give definitive 

threshold values. A clinical trial could prospectively investigate the accuracy of the markers of 

interest, before markers can be implemented in guidelines for AAA management.  

 

9.7 Conclusions  

 

In the current AAA management there is a limited role for prognostic markers. Timing of 

AAA follow up or of surgical aneurysm repair is based on its diameter, growth speed or the presence 

of symptoms. In this thesis we presented multiple circulating and biomechanical markers with high 

potential as a prognostic marker. We demonstrated five markers for future aneurysm growth and five 

markers for a forthcoming rupture. Based on the current literature we suggested for each marker the 

threshold values for follow up or for the timing within which aneurysm repair should be considered. 

These threshold values can be seen as a draft for future prospective marker studies to validate these 

markers and make them suitable for clinical implementation. 

 

Increased production of reactive nitrogen and oxygen species, also reactive species, causes 

nitrosative and oxidative stress (RNS and ROS) in the aortic wall. RNS and ROS result in medial layer 

degradation, which is seen as a hallmark of AAA development. We demonstrated that circulating 

neutrophils and monocytes in AAA patients have a higher production of these reactive species than 



controls. Our data suggest that monocytes and neutrophils contribute to RNS and ROS in the vessel 

wall of AAA.  

 

NGAL is an acute phase protein that is suggested as a marker for cardiovascular diseases such 

as heart failure, acute myocardial infarction and carotid atherosclerosis. We demonstrated that its 

expression was increased in the atherosclerotic plaque and medial layer of AAA tissue as compared to 

non-dilated aortas. Also, its expression in the aneurysm wall was positively correlated with factors of 

vessel wall degradation, i.e. nitrosative stress, ECM decline and apoptosis. Additionally, we measured 

increased levels of NGAL in the blood of ruptured AAA patients compared to electively treated AAA 

patients and controls. The data from this thesis suggests that NGAL plays a role in AAA development 

and might be of interest as a marker for AAA rupture. 

 

ERK is an intracellular signalling protein with a broad spectrum of downstream effects 

involved in the turnover of aortic wall components, i.e. ECM and SMC proliferation or apoptosis. 

Initially, we suggested that ERK might have a protective role in the development of AAA. This 

conclusion was based on the association between increased ERK activation with the presence of non-

ruptured AAA and an inverse correlation of ERK activation with medial layer thickness. However, 

according to the results of recently published studies, it seems that ERK activation is in fact associated 

with MMP-2 expression and might rather have a detrimental role in AAA development. 

 

TGFBR3 expression is involved in the upregulation of TGF-ß signalling in Marfan patients. In 

patients with a mutation leading to malfolded Fibrillin-1 proteins the effect is greater than in patients 

with a mutation leading to insufficient production. These findings suggest basic differences in the 

pathophysiology of these two types of Fibrillin-1 gene mutations and thus might require a different 

approach in the diagnosis and treatment of the disease. 

 

Investigation of AAA samples is currently limited to the use of fixated tissue or isolated cell 

cultures. We established a method for extended in vitro preservation of functionally and structurally 

intact full thickness aortic sections. Research on AAA pathophysiology, and more specific on cellular 

signalling in the aortic wall, may have entered a new era. 



Table 9.1 Characteristics of all AAA patients included in the present thesis.  

  Rupture Elective p 
N 14 66 - 
Age (years) 74 71 0.263 
AAA diameter (cm) 6,7 6,4 0.079 
AAA growth (cm/year) NA 0,6 - 
        
Male gender (%) 64 83 0.144 
Symptoms       
     claudication (%) 8 14 1.000 
     back pain (%) 31 0 0.001* 
     stomach pain (%) 38 2 <0.001* 
     other (%) 23 2 0.015* 
AAA location       
     supra (%) 15 21 1.000 
     juxta (%) 46 51 0.768 
     infra (%) 38 28 0.501 
        
Smoking (%) 38 71 0.051 
Hypertension (%) 64 73 0.526 
Coronary heart disease (%) 43 57 0.384 
Hypercholesterolemia (%) 21 40 0.236 
COPD (%) 21 24 1.000 
Diabetes mellitus (%) 21 14 0.449 
Kidney function (MDRD) 51 65 0.033* 
        
Antihypertensifs (%) 77 84 0.686 
Anticoagulans (%) 69 67 1.000 
Statines (%) 62 70 0.534 

 
 

Table 9.2 Baseline patient characteristics of patients with dominant negative and haploïnsufficient 

FBN-1 gene mutations and the ratio of Betaglycan positive cells per subgroup. 

  Dominant Negative Haploïnsufficient p 

N 4 9 - 
Male / Female 1 / 3 6 / 3 0.043* 
Age (years) 45 (33 - 56) 27 (9 - 64) 0.235 
Betaglycan positive cells (ratio of total) 0.47 (0.14 - 0.80) 0.33 (0.11 - 0.80) 0.015* 

  



Table 9.3 Markers for AAA expansion with suggested threshold values and concomitant follow up 

intervals. 

Marker Threshold Expansion (mm/year) Suggested FU (months) 

AAA diameter (mm)    
     Low threshold 30 - 39 1,3 - 3,0 24 
     High threshold 40 - 54 2,9 - 4,9 < 50 = 6; ≥ 50 = 3 

C. pneumoniae (IgA titre)    
     Low threshold < 64 3,2 12 
     High threshold ≥ 64 5,4 3 
relative ILT volume (% of total)    
     Low threshold < 32 0 none 
     High threshold ≥ 32 3 12 
S-elastin peptides (mg/L)    
     Low threshold < 330 1,1 36 

     High threshold ≥ 330 3,4 12 
18F-FDG uptake (SUVmax)    

     Low threshold > 2,0 0,9 36 

     High threshold 1,0 - 2,0 2,1 24 

 

FU = follow up; AAA = abdominal aortic aneurysm; C. pneumonia = chlamydophila pneumonia; IgA 

= Immunoglobulin A; ILT = intraluminal thrombus; S-elastin peptides = serum elastin peptides; 18F-

FDG = fluorodeoxyglucose; SUV = standardized uptake volumes. 

 



Table 9.4 Markers for AAA rupture with suggested threshold values and concomitant the period 

within surgical repair is advised. 

 

Marker Threshold Annual rupture risk 
(%) 

Surgery advised within 
(months) 

AAA diameter (mm)    

     Low threshold 40 - 49 0.5 - 5 none 

     High threshold 50 - 59 3 - 15 < 3 

NGAL (mg/L)    

     Low threshold 20 - 39 unknown < 3 

     High threshold > 40 unknown < 1 

Peak wall stress (N/cm2)    

     Low threshold 30 - 49 unknown 3 - 6 

     High threshold > 50 unknown < 1 

PAI-1 (IU/mL)    

     Low threshold < 15 unknown none 

     High threshold ≥ 15 unknown < 3 

S-elastin peptides (mg/L)    

     Low threshold 330 - 349 unknown none 

     High threshold > 350 unknown < 3 

 

AAA = abdominal aortic aneurysm; NGAL = neutrophil gelatinase-associated lipocalin; PAI = 

plasminogen activator inhibitor; S-elastin peptides = serum elastin peptides. 

 



Figure 9.1 Inflammation and production of reactive nitrogen and oxygen species 

In this graphical abstract we integrated our results in the pre-existing knowledge of AAA 

pathophysiology. Mechanical and chemical stressors cause damage to the aortic endothelial layer (1), 

which in response brings adhesion molecules to expression (2). These adhesion molecules activate 

circulating leukocytes that upregulate reactive nitrogen and oxygen species (RNS/ ROS) production 

(3). Activated leukocytes either remain in the blood circulation (4), or infiltrate in the vessel wall and 

cause nitrosative stress (5). Nitrosative stress activates NGAL production (6) and upregulates ERK 

phosphorylation (7).  
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Figure 9.2 Factors involved in aortic medial layer degradation 

In this graphical abstract we integrated our results in the pre-existing knowledge of AAA 

pathophysiology. This figure corresponds to figure 9.1 and can be seen as downstream steps in the 

cascade. Infiltrating leukocytes cause local production and release of RNS and eventually increased 

nitrosative stress in the medial layer. This local inflammation results in several deteriorating factors in 

the medial layer: (1) increased NGAL that promotes ECM degradation by binding MMP-9 and thus 

protecting it from autodegradation; (2) increased ERK phosphorylation that activates MMP-2 and thus 

stimulates ECM degradation; (3) nitrosative stress causes smooth muscle cell apoptosis and migration. 

These factors together result in a decrease of the medial layer thickness, loss of medial layer strength 

and eventually in aortic dilation. 
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