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Chapter 1

THESIS INTRODUCTION

&DUGLRYDVFXODU�GLVHDVHV�DUH�JOREDOO\�WKH�ODUJHVW�FDXVH�RI�GHDWK��DFFRUGLQJ�WR�WKH�:RUOG�
+HDOWK�2UJDQL]DWLRQ�� LQ������DFFRXQWLQJ�IRU������PLOOLRQ�GHDWKV�ZRUOGZLGH�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 
LQ�WKH�SDVW�GHFDGHV��'HVSLWH�WKH�GHYHORSPHQWV��KRZHYHU�� LGHQWLȴFDWLRQ�RI�SDWLHQWV�
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 
����RI�DOO�$$$�DUH�ORFDOL]HG�LQ�WKH�LQIUD�UHQDO�UHJLRQ�RI�WKH�DRUWD��ȴJXUH����$��11,12 The 
SUHYDOHQFH�RI�$$$�LV�KLJKHU�LQ�PHQ�WKDQ�LQ�ZRPHQ���0RUH�VSHFLȴFDOO\������Ȃ������RI�
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 
PLJKW�EH�WKH�GLHUHQFH�LQ�FRPSRVLWLRQ�RI�FRQQHFWLYH�WLVVXH�FRPSRQHQWV�LQ�WKH�DRUWLF�
ZDOO��L�H��HODVWLQ�DQG�FROODJHQ��ZKLFK�UHVXOWV�LQ�D�GLHUHQFH�LQ�WHQVLOH�VWUHQJWK�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 b
     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 
SUHVHQW�WKHVLV��ZH�ZLOO�ȴUVW�EULHȵ\�SUHVHQW�PRUH�GHWDLOHG�LQIRUPDWLRQ�DERXW�FHOOV�DQG�
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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 
VPDOOHU�WKDQ�����FP��7KH�DQDWRP\�RI�D�KHDOWK\�DRUWD�LV�GHSLFWHG�LQ�ȴ�JXUH�����%���)LJXUH�
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 6WL�HQLQJ�RI�WKH�YHVVHO�ZDOO

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

ΖQȵ�DPPDWLRQ�UHJXODWLRQ
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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 
DQ�LQIUDUHQDO�$$$��$��DQG�D�KHDOWK\�DRUWD��%��� ΖQ�ȴ�JXUH�$�WKH�SDWKRORJLFDO�GHJHQHUDWLRQ�RI�WKH�ZDOO� LV�PRVW�
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. 
7KH�ZKLWH�VSKHULFDO�RSHQLQJV�LQ�WKH�LQWLPDO�DQG�PHGLDO�OD\HU�DUH�GHIHFWV�LQ�WKH�ZDOO��ΖQ�ȴ�JXUH�%�WKH�WKUHH�DGMD�
FHQW�OD\HUV�RI�WKH�KHDOWK\�DRUWD�FDQ�FOHDUO\�EH�UHFRJQL]HG��ΖPDJHV�ZHUH�PDGH�E\�OLJKW�PLFURVFRS\�ZLWK�D���;�
REMHFWLYH�DIWHU�KHPDWR[\OLQ�DQG�HRVLQ�VWDLQLQJ��3OHDVH�QRWH�WKH�GL�HUHQFH�LQ�VFDOH�

The tunica media is the musculoelastic middle layer, which contains smooth muscle 
FHOOV�DQG�ȴ�EUREODVWV�HPEHGGHG�LQ�DQ�H[WUDFHOOXODU�PDWUL[�FRPSRVHG�PDLQO\�RI�FROODJHQ��
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 
ȴ�JXUH����%�DV�D�GLVWLQFW�OLQH�

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

7KH�WXQLFD�DGYHQWLWLD�LV�WKH�ȴ�EURXV�RXWHUPRVW�OD\HU��FRPSRVHG�PDLQO\�RI�DGLSRVH�DQG�
FRQQHFWLYH�WLVVXH��ΖW�FRQWDLQV�ȴ�EUREODVWV��UHVLGHQW�OHXNRF\WHV��YDVD�YDVRUXP�DQG�QHUYL�
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 
OD\HU�E\�D�ODPLQD�HODVWLFD�H[WHUQD��ȴ�JXUH�����%���

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 
FRPSRQHQWV� RI� WKLV� SURFHVV� DUH�� L�� FKURQLF� LQȵ�DPPDWLRQ� RI� WKH� YHVVHO�ZDOO�� LL�� DQ�
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LQȵDPPDWRU\�UHVSRQVH�WKDW�DFWLYDWHV�FLUFXODWLQJ�OHXNRF\WHV��PDLQO\�PRQRF\WHV��ZKLFK�
WKHQ�LQȴOWUDWH�DQG�DFFXPXODWH�LQ�WKH�YHVVHO�ZDOO��DQG�LLL��GHJUDGDWLRQ�RI�WKH�H[WUDFHOOXODU�
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 
FHOOV�DQG�D�OHVV�SURPLQHQW�LQȵDPPDWRU\�UHVSRQVH�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 
PRGXODWH�LQȵDPPDWRU\�UHVSRQVHV�20,24 All these cellular signalling pathways hold a vast 
amount of information on the activity and progression of the AAA disease. Therefore, 
IXUWKHU�HOXFLGDWLRQ�RI�WKHVH�SDWKZD\V�PLJKW�UHVXOW�LQ�WKH�LGHQWLȴFDWLRQ�RI�ELRPDUNHUV�
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�$$$�GHYHORSPHQW�LV�DOVR�SDUWO\�LQȵXHQFHG�E\�V\VWHPLF�IDFWRUV�OLNH�
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�0DUIDQVȇ�GLVHDVH� LV�FKDUDFWHUL]HG�E\�
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 
DQHXU\VP�UXSWXUH��VXUJLFDO�UHSDLU�LV�WKH�RQO\�HHFWLYH�WUHDWPHQW�35,36 The European and 
American Societies of Vascular Surgery guidelines currently advise to consider surgical 
UHSDLU�ZKHQ��L��WKH�GLDPHWHU�H[FHHGV�����FP�LQ�PHQ�DQG�����FP�LQ�ZRPHQ��LL��WKH�JURZWK�
VSHHG�H[FHHGV�����FP�SHU�\HDU��RU� LLL��DQ�DQHXU\VP�EHFRPHV�V\PSWRPDWLF��H�J��WKH�
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 
�(9$5���7KLV�WHFKQLTXH�ZDV�ȴUVW� LQWURGXFHG�LQ�WKH�����V�DQG�KDV�QRZ�EHFRPH�WKH�
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 
DQG�WKXV�DYRLGLQJ�PDMRU�ȵXFWXDWLRQV�LQ�EORRG�SUHVVXUH�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% 
IRU�(9$5��H�J��EOHHGLQJ�LQ�WKH�JURLQV�RU�GLVWDO�HPEROL]DWLRQ��YHUVXV�����DIWHU�RSHQ�UHSDLU��
L�H��GLVWDO�HPEROL]DWLRQ��OHIW�FRORQ�LVFKDHPLD�RU�DEGRPLQDO�FRPSDUWPHQW�V\QGURPH�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 
SURFHVVHV��D�FKURQLF�LQȵ�DPPDWRU\�SURFHVV��DQ�LQȴ�OWUDWLYH�SURFHVV��DQG�D�GHJHQHUDWLYH�
SURFHVV��(YHQWXDOO\�� WKH\� OHDG� WR�PHGLDO� OD\HU�GHJUDGDWLRQ�DQG�DRUWLF�GLODWLRQ��.H\�
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 
LQ�WKLV�VFKHPDWLF�LOOXVWUDWLRQ�RI�DQ�DEGRPLQDO�DRUWLF�PHGLDO�OD\HU��ΖQ�UHVSRQVH�WR�FKURQLF�LQȵ�DPPDWLRQ�
RI�WKH�DRUWLF�ZDOO��DFWLYDWHG�OHXNRF\WHV��PDLQO\�PRQRF\WHV��LQȴ�OWUDWH�LQWR�WKH�DRUWLF�ZDOO��$���0RQRF\WHV�
GL�HUHQWLDWH�LQWR�PDFURSKDJHV�ZKHQ�WKH\�LQȴ�OWUDWH�WKH�YHVVHO�ZDOO��7KH\�DUH�UHVSRQVLEOH�IRU�WKH�SURGXFWLRQ�
RI�IUHH�UDGLFDOV��UHDFWLYH�R[\JHQ�DQG�QLWURJHQ�VSHFLHV��%���)UHH�UDGLFDOV�FDXVH�GHVWUXFWLRQ�RI�WKH�
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). 

�7KH� LQȵ�DPPDWRU\�SURFHVV�RI� WKH�DRUWLF�ZDOO� UHVXOWV� LQ�DQ�H[FHVVLYH�SURGXFWLRQ�RI�
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 
K\SR[LD��DXWRSKDJ\�DQG�FHOO�GL�HUHQWLDWLRQ��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 
VWUHVV��DV�LV�WKH�FDVH�GXULQJ�DQ�DRUWLF�LQȵDPPDWRU\�SURFHVV��H[FHVVLYH�SURGXFWLRQ�RI�
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 
ȴJXUH������ΖQ�WKH�SUHVHQW�WKHVLV�ZH�ZLOO�LQYHVWLJDWH�WKH�SRWHQWLDO�SURJQRVWLF�YDOXH�RI�IUHH�
radicals as marker for AAA progression and rupture. 

7KH�FKURQLF�LQȵDPPDWLRQ�FDXVHV�GDPDJH�WR�WKH�DRUWLF�ZDOO�44 An intracellular signalling 
protein with a prominent role in the maintenance of the aortic wall structure is 
([WUDFHOOXODU�VLJQDO�UHJXODWHG�NLQDVH��(5.��45 It is involved in vessel wall repair by cell 
proliferation but also in vessel wall degradation by smooth muscle cell apoptosis 
DQG�PLJUDWLRQ�� ΖW� UHPDLQV�XQFOHDU�ZKHWKHU� (5.�KDV� D�SURWHFWLYH�RU� D�GHWULPHQWDO�
UROH� LQ�DQHXU\VP�GHYHORSPHQW�� ΖQ�URGHQW�PRGHOV� WKH� LQKLELWLRQ�RI�(5.�VHHPHG�WR�
attenuate AAA progression.46 In human studies, such results have never been reported. 
7KHUHIRUH��LQ�WKH�SUHVHQW�WKHVLV�ZH�ZLOO�IXUWKHU�HOXFLGDWH�WKH�UROH�RI�(5.�LQ�SDWLHQWV�ZLWK�
UXSWXUHG�DQG�QRQ�UXSWXUHG�$$$��:H�K\SRWKHVL]H�WKDW�(5.�KDV�DQ�LPSRUWDQW�UROH�LQ�
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 
LQYROYHG�LQ�OHXNRF\WH�LQȴOWUDWLRQ�RI�WKH�DRUWLF�ZDOO�47,48 NGAL is stored in the granules 
RI� LQȴOWUDWLQJ� QHXWURSKLOV� DQG� KDV� EHHQ� WKH� WRSLF� RI� LQWHUHVW� DV� D� GLDJQRVWLF� DQG�
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�0RUH�VSHFLȴF��1*$/�LV�VXJJHVWHG�WR�
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.

7KH�LQȵDPPDWRU\�DQG�LQȴOWUDWLYH�SURFHVVHV�DFWLYDWH�IDFWRUV�RI�WKH�GHJHQHUDWLYH�SURFHVV�
LQ�$$$�GHYHORSPHQW�� L�H��PDWUL[�PHWDOORSURWHLQDVHV��003���003�DUH�HQ]\PHV�WKDW�
regulate cytokine activation as well as tissue repair.24 There are more than 200 subtypes 
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RI�003�DQG�HYHU\�VLQJOH�PHPEHU�RI� WKLV�HQ]\PH�VXSHUIDPLO\�KDV� LWV�RZQ�VSHFLȴF�
IXQFWLRQ��+RZHYHU��D�FRPPRQ�UROH�RI�WKHVH�SURWHLQDVHV� LV�SK\VLRORJLFDO�HQ]\PDWLF�
GHJUDGDWLRQ�RI�H[WUDFHOOXODU�PDWUL[�WR�HQDEOH�FHOO�PLJUDWLRQ��([FHVV�RI�WKHVH�HQ]\PHV�
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 
LQȵDPPDWRU\�DQG�LQȴOWUDWLYH�SURFHVVHV�DUH��L��003����ZKLFK�LV�D�GRZQVWUHDP�WDUJHW�LQ�
WKH�(5.�VLJQDOOLQJ�SDWKZD\��DQG�KDV�D�VSHFLȴF�UROH�LQ�FRQQHFWLYH�WLVVXH�WXUQRYHU��DQG�
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.

+HUHGLWDU\�$$$�KDYH�D�GLHUHQW�FDXVH�DQG�OHDG�WR�D�GLHUHQW�SDWKRSK\VLRORJ\�WKDQ�
above-described. There are several genetic mutations that cause inadequate aortic 
FRQQHFWLYH�WLVVXH�SURGXFWLRQ��7KH�EHVW�NQRZQ�LV�D�ȴEULOOLQ���JHQH�PXWDWLRQ�WKDW�OHDGV�
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�ΖQ�D�KHDOWK\�YHVVHO�ZDOO�7*)�¡�LV�ERXQG�WR�ȴEULOOLQ���XQWLO�LW�LV�UHOHDVHG�
for activation or inhibition of a targeted cell.65�ΖQ�WKH�FDVH�RI�D�ȴEULOOLQ���JHQH�PXWDWLRQ��
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

ΖQ� VXPPDU\�� YHVVHO�ZDOO� GHJUDGDWLRQ� DQG� DRUWLF� GLODWLRQ� FRXOG� EH� FODVVLȴHG� LQ� DQ�
LQȵDPPDWRU\�� DQ� LQȴOWUDWLYH� DQG� D� GHJHQHUDWLYH� SURFHVV�� )DFWRUV� RI� LQȵDPPDWLRQ�
DUH�UHDFWLYH�R[\JHQ�DQG�QLWURJHQ�VSHFLHV�DQG�(5.��DQ�LQȴOWUDWLYH�IDFWRU�LV�1*$/�DQG�
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 
ELRPDUNHUV�IRU�$$$�JURZWK�DQG�UXSWXUH��$�ELRPDUNHU�FRXOG�EH�GHȴQHG�DV�D�PHDVXUDEOH�
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 
ZDOO��FDXVHG�E\�LQȴOWUDWLQJ�OHXNRF\WHV�LQ�WKH�YHVVHO�ZDOO��+RZHYHU��LW�UHPDLQV�XQNQRZQ�
which leukocyte type is responsible for the increased production of these free radicals 
LQ�$$$�SDWLHQWV��ΖQ�DGGLWLRQ��ZH�GHPRQVWUDWH�WKH�HHFW�RI�VWDWLQ�WKHUDS\�RQ�UHDFWLYH�
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. 

3DUW�ΖΖ��&HOOXODU�VLJQDOOLQJ�LQȵXHQFHV�DQHXU\VP�JURZWK�DQG�UXSWXUH
In chapter 5�ZH�VWXG\�(5.�DQG�003��� LQ�WLVVXH�RI�UXSWXUHG�YHUVXV�QRQ�UXSWXUHG�
$$$��:H� IXUWKHU� HOXFLGDWH� WKH� UROH� RI� (5.� LQ� WKH� SURJUHVVLRQ� RI� $$$� DQG� LQ� WKH�
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SDWKRSK\VLRORJ\�OHDGLQJ�WR�UXSWXUH��(5.�LV�DQ�LQWUDFHOOXODU�VLJQDOOLQJ�SURWHLQ�H[SUHVVHG��
DPRQJ�RWKHUV��E\�VPRRWK�PXVFOH�FHOOV�DQG�ȴEUREODVWV�� ΖWV�H[SUHVVLRQ�LV�WKRXJKW�WR�
EH�LQȵXHQFHG�E\�WKH�H[WUDFHOOXODU�DYDLODEOH�003����(5.�LV�D�NH\�SOD\HU�LQ�WKH�UHSDLU�RI�
damaged vessel walls, for example by regulating the production of extracellular matrix 
FRPSRQHQWV��7KLV�SURWHLQ�KDV�D�SRWHQWLDO�LQȵXHQFH�RQ�WKH�DRUWLF�VWUHQJWK�DQG�WKH�ULVN�
of AAA development or rupture. In chapter 6 we present a short update on the role 
RI�(5.�LQ�$$$�GHYHORSPHQW��

In chapter 7 we investigate the role of TGF-ß receptor 3 (TGFBR3, also Betaglycan) in 
WKH�7*)�¡�VLJQDOOLQJ�SDWKZD\�LQ�ȴEUREODVWV�RI�0DUIDQ�SDWLHQWV��7*)�ſ�LV�DQ�XSVWUHDP�
DFWLYDWRU�RI�(5.�DQG�WKH�FDXVH�RI�G\VIXQFWLRQDO�FRQQHFWLYH�WLVVXH�LQ�0DUIDQVȇ�GLVHDVH��
Several receptors are involved in the pathological activation of downstream intracellular 
TGF-ß pathways, but TGFBR3 seems to play an important role. 

3DUW�ΖΖΖ��1RYHO�WHFKQLTXH�IRU�LQYHVWLJDWLQJ�FHOOXODU�VLJQDOOLQJ�SDWKZD\V
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�WKH�FRQFOXVLRQV�DQG�FOLQLFDO�LPSOLFDWLRQV�RI�WKLV�WKHVLV�DUH�VXPPDUL]HG�
and discussed in a general discussion.
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ABSTRACT

Objectives: The natural course of abdominal aortic aneurysms (AAA) is growth and 
rupture if left untreated. Numerous markers have been investigated, however, none 
are broadly acknowledged. Our aim was to identify potential prognostic markers for 
AAA growth and rupture.

Methods: Potential circulating, biomechanical and genetic markers were studied. 
A comprehensive search was conducted in PubMed, Embase and Cochrane Library 
in February 2017, following PRISMA guidelines. Study selection, data extraction and 
methodological quality assessment were conducted by 2 independent researchers. 
Plausibility of markers was based on the amount of publications regarding the marker 
�PRUH�WKDQ�����SRROHG�VDPSOH�VL]H��PRUH�WKDQ�������ELDV�ULVN�DQG�VWDWLVWLFDO�VLJQLȴFDQFH�
of the studies.

Results: 82 studies were included, which examined circulating (n=40), biomechanical 
(n=27), genetic markers (n=7) and combinations of markers (n=8). Factors with an 
LQFUHDVHG�H[SDQVLRQ� ULVN� LQFOXGHG��$$$�GLDPHWHU� ��� VWXGLHV�Q �����ORZ�ELDV� ULVN���
FKODP\GRSKLOD�SQHXPRQLD����VWXGLHV�Q ����PHGLXP�ELDV�ULVN���6�HODVWLQ�SHSWLGHV����
VWXGLHV�Q ����PHGLXP�ELDV�ULVN���ȵXRURGHR[\JOXFRVH�XSWDNH����VWXGLHV�Q ����PHGLXP�
ELDV�ULVN��DQG�LQWUDOXPLQDO�WKURPEXV�VL]H����VWXGLHV�Q ����PHGLXP�ELDV�ULVN���)DFWRUV�ZLWK�
DQ�LQFUHDVHG�UXSWXUH�ULVN�UXSWXUH�LQFOXGHG��SHDN�ZDOO�VWUHVV����VWXGLHV�Q ����PHGLXP�
ELDV�ULVN��DQG�$$$�GLDPHWHU����VWXGLHV�Q ����PHGLXP�ELDV�ULVN���1R�PHWD�DQDO\VLV�ZDV�
conducted because of clinical and methodological heterogeneity.

Conclusions:�:H�LGHQWLȴHG���SRWHQWLDO�PDUNHUV�ZLWK�D�SURJQRVWLF�YDOXH�IRU�$$$�JURZWK�
DQG���IRU�UXSWXUH��:KLOH�LQWHUSUHWLQJ�WKHVH�GDWD�RQH�PXVW�UHDOL]H�WKDW�FRQFOXVLRQV�DUH�
EDVHG�RQ�VPDOO�VDPSOH�VL]HV�DQG�FOLQLFDO�DQG�PHWKRGRORJLFDO�KHWHURJHQHLW\��3URVSHFWLYH�
and methodological consonant studies are strongly urged to further study these 
potential markers.
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1. INTRODUCTION

The natural course of an abdominal aortic aneurysm (AAA) is a steady increase of the 
diameter and eventually, if left untreated, the aneurysm might rupture.1 In most cases 
of AAA, this pathophysiological process remains asymptomatic until rupture. Such 
an event can be prevented by surgical AAA repair. The decision to perform surgery is 
commonly based on 3 characteristics being: 1) the maximum AAA diameter exceeding 
����FP�LQ�ZRPHQ�DQG�����FP�LQ�PHQ�����WKH�H[SHULHQFH�RI�V\PSWRPV��RU����WKH�DQHXU\VP�
growth rate exceeds 1 cm/year.2,3�7KH�ȴUVW���FKDUDFWHULVWLFV�DUH�UHODWLYHO\�HDV\�WR�LGHQWLI\�
by imaging or by questioning the patient. However, the AAA growth rate can only be 
considered retrospectively, as a prognostic value for expansion has not yet been 
acknowledged.

In the current AAA management no marker for aneurysm progression or rupture has 
been implemented as common practice. This might be explained by little existing 
evidence and lack of experience with prognostic markers. Although numerous potential 
markers of aneurysm growth and rupture have been examined, a systematic review 
with a detailed and structured evaluation of markers for AAA expansion and rupture 
is lacking.

The aim of this systematic review was to identify promising markers of aneurysm 
H[SDQVLRQ�DQG�UXSWXUH�WR�DLG�FOLQLFLDQV�LQ�$$$�PDQDJHPHQW��:H�VHDUFKHG�IRU�UHWUR��
and prospective observational studies in which the prognostic value of circulating 
bloodmarkers, biomechanical properties and genetic variations for AAA expansion or 
rupture are investigated.
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2. METHODS

The data, analytic methods, and study materials will be available to other researchers 
at the corresponding author for purposes of reproducing the results.

2.1 Search strategy
A comprehensive search was conducted following Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines.4 Separate searches were 
performed in PubMed, Embase and Cochrane Library on February 27th 2017 exploring: 
circulating, biomechanical and genetic markers. The search strategies can be found in 
the appendix. Study titles and abstracts were screened and full texts were examined 
ZKHQ�D�VWXG\�DSSHDUHG�WR�IXOȴOO�WKH�LQFOXVLRQ�FULWHULD��ΖQ�DGGLWLRQ��UHIHUHQFH�OLVWV�ZHUH�
searched to identify potentially missing studies.

2.2 Study selection and data extraction
6WXGLHV�ZHUH�LQGHSHQGHQWO\�VHOHFWHG�E\���UHYLHZHUV�DQG�GLHUHQFHV�LQ�VHOHFWHG�VWXGLHV�
were discussed. In case of disagreement during the selection process, a third author 
ZRXOG�PDNH�WKH�ȴQDO�GHFLVLRQ�

Studies examining markers for a correlation with AAA expansion or rupture, were 
included. No limits were placed on year of publication. Inclusion was limited to studies 
published in English and full publications. No attempt was performed to search for ‘grey 
OLWHUDWXUHȇ��&DVH�UHSRUWV��UHYLHZV��DQLPDO�VWXGLHV�DQG�VWXGLHV�UHJDUGLQJ�LQȵDPPDWRU\�
AAA were excluded.

Data extraction was performed independently by 2 reviewers and merged by 
consensus. Using data extraction forms, the following data were extracted: study 
SRSXODWLRQ��JHQGHU��DJH���VDPSOH�VL]H��UHVXOWV�UHSRUWHG�HLWKHU�DV�3HDUVRQ�RU�6SHDUPDQ�
FRUUHODWLRQV��DUHD�XQGHU�FXUYH��RGGV�UDWLR��GLHUHQFHV�EHWZHHQ�JURXSV��PHDQV�RU�
medians alongside a measure of variance (e.g. range, interquartile range, standard 
GHYLDWLRQV��DQG�VWDWLVWLFDO�VLJQLȴFDQFH��3�YDOXHV��

2.3 Quality appraisal of individual studies
The risk of bias was assessed using guidelines provided by Hayden e.a. for evaluating 
the quality of prognosis studies in systematic reviews.5 Accordingly, 6 potential bias 
LWHPV�ZHUH�DGGUHVVHG�� L��VWXG\�SDUWLFLSDWLRQ�� LL��VWXG\�DWWULWLRQ�� LLL��SURJQRVWLF�IDFWRU�
PHDVXUHPHQW��LY��RXWFRPH�PHDVXUHPHQW��Y��PHDVXUHPHQW�DQG�DFFRXQW�RI�FRQIRXQGHUV��
DQG�YL��DQDO\VLV�PHWKRGV��(YHU\�LWHP�KDV���WR���TXHVWLRQV��SHU�LWHP�DQ�HTXDO�DPRXQW�
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of points were attributed, resulting in a total percentile score of bias items excluded. 
:H�FODVVLȴHG�VWXGLHV�DV�ORZ�ULVN������RU�PRUH�ELDV�LWHPV�H[FOXGHG���LQWHUPHGLDWH�ULVN�
(50-75% bias items excluded) or high risk of bias (less than 50% of bias items excluded). 
The risk of bias is presented and studies are sorted accordingly.

2.4 Data analysis
5HSRUWHG�RXWFRPHV�RI�VWXGLHV�LQFOXGH�FRUUHODWLRQ�FRHɝFLHQWV��VWDWLVWLFDO�VLJQLȴFDQFH��
VDPSOH�VL]H�DQG�TXDOLW\�DSSUDLVDO��7KH�SULQFLSDO�PHDVXUH�UHSRUWHG�IRU�HDFK�VWXG\�ZDV�
the correlation between the given biomarkers (i.e. circulating, biomechanical or genetic) 
and a presented outcome change with growth or rupture of AAA. Factors that to pose 
an increased risk of growth or rupture were considered plausible if: i) demonstrated to 
be a marker in 3 or more publications and these publications demonstrated consistent 
UHVXOWV��LL��SRROHG�VDPSOH�VL]H�RI�PRUH�WKDQ�����SDWLHQWV��LLL��DW�OHDVW�RQH�WKLUG�RI�WKH�
VWXGLHV�GHPRQVWUDWHG�D�ORZ�ULVN�RI�ELDV��DQG�LY��VWDWLVWLFDO�VLJQLȴFDQFH�ZDV�UHDFKHG�LQ�
2/3 of the studies.

In consensus, the authors concluded that a meta-analysis could not be performed due 
to clinical and methodological heterogeneity, which is consistent with current thought.6 
$GGLWLRQDOO\��D�PHWD�DQDO\VLV�RI�FRUUHODWLRQ�FRHɝFLHQWV�LV�RQO\�FRQVLGHUHG�WR�EH�UHOLDEOH�
if more than 30 studies are able to be pooled for the same outcome.7 In the present 
UHYLHZ��D�PD[LPXP�RI���VWXGLHV�ZHUH�DEOH�WR�EH�LGHQWLȴHG�SHU�PDUNHU�

3. RESULTS

3.1 Search results
7KH�VHDUFKHV�UHVXOWHG�LQ�����VWXGLHV��ȴJXUH������RI�ZKLFK�����ZHUH�H[FOXGHG�EDVHG�
RQ�WLWOH�RU�DEVWUDFW��QR�$$$�>Q ���@��QR�ELRPDUNHU�RI�JURZWK�RU�UXSWXUH�>Q ���@��FDVH�
UHSRUW�� FRPPHQW�RU�RUDO�SUHVHQWDWLRQ�RQO\� >Q ��@��QRW�(QJOLVK� >Q ��@��QRW�KXPDQ�
>Q �@��RWKHU�>Q ��@���&RQVHTXHQWO\������DUWLFOHV�ZHUH�UHWULHYHG�IRU�IXOO�WH[W�HYDOXDWLRQ�
RI�ZKLFK����ZHUH�H[FOXGHG��QR�ELRPDUNHU�RI�JURZWK�RU�UXSWXUH�>Q ��@��UHYLHZ�>Q ��@��
QR�$$$�>Q �@��LQȵDPPDWRU\�$$$�>Q �@���$�WRWDO�RI����DUWLFOHV�ZHUH�LQFOXGHG�����VWXGLHV�
FRQFHUQHG�FLUFXODWLQJ�ELRPDUNHUV�����VWXGLHV�FRQFHUQHG�ELRPHFKDQLFDO�PDUNHUV����
VWXGLHV�FRQFHUQHG�JHQHWLF�PDUNHUV��DQG���VWXGLHV�GHVFULEHG�D�FLUFXODWLQJ�ELRPDUNHU�
together with a biomechanical or a genetic marker.
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3.2 Circulating biomarkers
In 48 studies 63 circulating biomarkers were investigated (table 2.1). Most investigated 
FLUFXODWLQJ�PDUNHUV�DUH�SDUW�RI�WKH�FRDJXODWLRQ�FDVFDGH�����PDUNHUV���WKHQ�FRQQHFWLYH�
WLVVXH�WXUQRYHU�����PDUNHUV��� OLSLGV����PDUNHUV��DQG�LPPXQH�UHVSRQVH�����PDUNHUV���
Remaining categories concerned smoking, kidney function, hormones and others. The 
following focuses on markers described in 3 or more publications.

Table 2.1 Circulating biomarkers that have been investigated for an association with AAA expansion or rupture. 
0DUNHUV�DUH�FDWHJRUL]HG�E\�LWV��SDWKR�SK\VLRORJLFDO�V\VWHP��3HU�PDUNHU�WKH�DPRXQW�RI�LQFOXGHG�VWXGLHV�ZLWK�
VLJQLȴ�FDQW�RXWFRPHV�DUH�VKRZQ��DV�ZHOO�DV�WKH�WRWDO�QXPEHU�RI�SDWLHQWV�LQ�VWXGLHV�SRROHG�

Marker Total studies 
(n)

6LJQLȴ�FDQW�
outcome

Total 
patients (n)

Coagulation

Activated protein C — protein C inhibitor32 1 0 of 1 studies 163

Activated prothrombin time (APTT)27 1 1 of 1 studies 44

D-dimer (see table 2.4)26–28 3 3 of 3 studies 438

)DFWRU�;ΖΖ40 1 1 of 1 studies 48

Fibrinogen (see table 2.4)22,23,27 3 3 of 3 studies 381

3ODVPLQJRQ�DFWLYDWRU�LQKLELWRU���3$Ζ����VHH�WDEOH�
2.4)13,27,28,35

4 4 of 4 studies 304

Plasmin-antiplasmin-complex36 1 1 of 1 studies 70

Platelets27 1 0 of 1 studies 44

Prothrombin time27 1 0 of 1 studies 44

Prothrombin fragment 1 + 227 1 1 of 1 studies 44

Serpine-132 1 0 of 1 studies 163

7LVVXH�SODVPLQRJHQ�DFWLYDWRU��W3$��VHH�WDEOH�
2.4)13,27,28,35

4 4 of 4 studies 304

tPA serpine-132 1 0 of 1 studies 163

urokinase-like PA13 1 0 of 1 studies 70

Connective tissue

Aminoterminal propeptide of type III procollagen 
(see table 2.4)9,10,12

3 1 of 3 studies 190

Carboxyterminal propeptide of type 1 
procollagen41

1 0 of 1 studies 86

Elastase25 1 1 of 1 studies 79

Matrix metalloproteinase 1 (MMP-1)34 1 1 of 1 studies 68

MMP-232,34 2 0 of 2 studies 231

MMP-334 1 0 of 1 studies 68

MMP-9 (see table 2.4)10,18,32,34 4 3 of 4 studies 285

S-elastin peptides (see table 2.4)8,10,36–38 5 5 of 5 studies 365

Transforming Growth Factor Beta-113 1 0 of 1 studies 70
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Table 2.1 Continued

Marker Total studies 
(n)

6LJQLȴFDQW�
outcome

Total 
patients (n)

7LVVXH�ΖQKLEWRU�0HWDOORSURWHLQDVH����7Ζ03����VHH�
table 2.4)18,32,34

3 0 of 3 studies 249

ž���DQWLWU\SVLQH10,18,39,40 (see table 2.4) 4 2 of 4 studies 127

ž���DQWLWU\SVLQH��)DFWRU�;ΖΖ��'�GLPHU�DQG�ΖJ*40 1 0 of 1 studies 48

Lipids

Albumin23 1 1 of 1 studies 51

Apolipoprotein A142 1 1 of 1 studies 180

Apolipoprotein B42 1 1 of 1 studies 180

Cholesterol42,59 2 0 of 2 studies 295

Glycosylphosphatidylinositol phospholipase D43 1 1 of 1 studies 133

High density lipoprotein21,59 2 0 of 2 studies 295

Low density lipoprotein59 1 0 of 1 studies 117

Lipoprotein A42 1 0 of 1 studies 180

Triglyceride42,59 2 2 of 2 studies 297

Immune respons system

Chlamydophila pneumoniae (see table 2.4)11–16 6 4 of 6 studies 465

CRP (see table 2.4)17–23 7 4 of 7 studies 1421

Cytomegalovirus44 1 0 of 1 studies 119

Helicobacter pylori45 1 0 of 1 studies 119

Herpes simplex 116 1 0 of 1 studies 119

Interleukin-1ß30 1 0 of 1 studies 90

Interleukin-230 1 0 of 1 studies 90

Interleukin-6 (see table 2.4)21,30,31 3 0 of 3 studies 734

Interleukin-830 1 1 of 1 studies 90

Interferon gamma95 1 1 of 1 studies 50

Leukocytes22 1 1 of 1 studies 225

Macrophage inhibiting factor13,47 2 1 of 2 studies 168

Neutrophil gelastinase-associated lipocalin48 1 1 of 1 studies 40

Osteopontin84 1 1 of 1 studies 198

Osteoprotegerin49 1 1 of 1 studies 146

Peroxiredoxin50 1 1 of 1 studies 80

7XPRU�QHFURVLV�IDFWRU�ž21,30 2 1 of 2 studies 268

7XPRU�1HFURVLV�)DFWRU�/LNH�:HDN�ΖQGXFHU�RI�
Apoptosis51

1 1 of 1 studies 43
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Table 2.1 Continued

Marker Total studies 
(n)

6LJQLȴFDQW�
outcome

Total 
patients (n)

Smoking

Cotinine (see table 2.4)13,24,25 3 2 of 3 studies 596

Smoking25 1 1 of 1 studies 79

Kidney function

Creatinine21,52 2 2 of 2 studies 274

Cystatine C52,53 2 2 of 2 studies 238

Hormones

Endothelin-1,254 1 0 of 1 studies 65

Endothelin-121 1 0 of 1 studies 178

Insulin-like growth factor 155 1 1 of 1 studies 115

Insulin-like growth factor 255 1 0 of 1 studies 115

Others

Forced expiratory volume in one second25 1 0 of 1 studies 79

Homocysteine (see table 2.4)13,21,29 3 1 of 3 studies 356

$PLQRWHUPLQDO�SURSHSWLGH�RI�W\SH�ΖΖΖ�SURFROODJHQ��3ΖΖΖ13�
$�VLJQLȴFDQW�FRUUHODWLRQ�ZLWK�H[SDQVLRQ�ZDV�IRXQG�LQ���VWXG\��U ������LQ�ZKLFK����IROORZ�
up patients were included.8 The quality appraisal attributed this study with medium 
bias risk. In 2 studies (1 medium and 1 high bias risk) no correlation was found in 91 
follow-up patients in total.9,10�+RZHYHU��6DWWD�H�D��GLG�UHDFK�VLJQLȴFDQFH�DIWHU���\HDUV�
of follow-up.9

Chlamydophila pneumoniae
In 4 studies chlamydophila pneumoniae was investigated as marker for expansion11–14 
and in 2 as marker for rupture.15,16� ΖQ� QRQH� RI� WKH� SDWLHQWV� DQ� LQȵDPPDWRU\� $$$�
ZDV� VXVSHFWHG�� $OO� VWXGLHV� RQ� H[SDQVLRQ� KDG� VLJQLȴFDQW� RXWFRPHV�� /LQGKROW� H�D��
demonstrated in 2 separate studies (total patients n=194) that AAA expansion rate 
was faster in patients with a higher immunoglobulin A (IgA) titre. Falkensammer e.a. 
found the same results for seropositive versus seronegative patients. In a third separate 
SXEOLFDWLRQ��/LQGKROW�H�D��GHPRQVWUDWHG�D�VLJQLȴFDQW�FRUUHODWLRQ��U ������ZLWK�H[SDQVLRQ�
LQ����IROORZ�XS�SDWLHQWV��1\EHUJ�H�D�� IRXQG�QR�GLHUHQFH�LQ�VHURSRVLWLYLW\�EHWZHHQ�
ruptured AAA patients and controls.15 A second study of Nyberg e.a. on the same 
cohort demonstrated that AAA patients had no increased risk of rupture as compared 

CH
AP

TE
R 

2

Binnenwerk_mennodef.indd   37 09-12-19   17:05



38

Chapter 2

to controls when these patients were also seropositive for Helicobacter Pylori, Herpes 
Simplex or Cytomegalovirus.16 Overall, the quality of studies was intermediate: 4 had 
medium risk, 1 had low risk and 1 had high risk of bias.

&RPSOHPHQW�5HDFWLYH�3URWHLQ��&53�
CRP was examined as marker for expansion in 5 studies17–21 and in 2 as marker for 
rupture.22,23�'H�+DUR�H�D��DQG�:LHUQLFNL�H�D��ZHUH� WKH�RQO\�JURXSV� WR�GHPRQVWUDWH�
VLJQLȴFDQW�FRUUHODWLRQV�ZLWK�H[SDQVLRQ��'H�+DUR�H�D��LQFOXGHG�����SDWLHQWV��KDG�D�ORZ�
risk of bias and measured a strong correlation (r=0.71, p<0.05). According to Norman 
DQG�)ORQGHOO�6LW«�H�D���ZKR�LQFOXGHG�����SDWLHQWV�LQ�WRWDO�DQG�ZHUH�ERWK�TXDOLȴHG�DV�ORZ�
ULVN�RI�ELDV��&53�OHYHOV�GLG�QRW�GLHU�EHWZHHQ�IROORZ�XS�SDWLHQWV�ZLWK�KLJK�YHUVXV�ORZ�
expansion rate. Speelman e.a. also found no correlation, but included only 18 follow-up 
patients and had a medium risk of bias. Domanovits e.a. measured higher CRP levels in 
patients presenting with a ruptured AAA than in patients prior to elective repair (low 
risk of bias and total n=225). Tambyraja e.a., also with a low bias risk, measured 4 times 
higher CRP levels in symptomatic patients than in asymptomatic patients (total n=112).

Cotinine
&RWLQLQH�ZDV�H[DPLQHG�LQ���VWXGLHV�DV�PDUNHU�IRU�$$$�H[SDQVLRQ��:LOPLQN�H�D�24, which 
study was appraised with a medium bias risk, followed 447 AAA patients and found 
QR�GLHUHQFH�LQ�FRWLQLQH�OHYHOV�EHWZHHQ�IROORZ�XS�SDWLHQWV�ZLWK�DQ�H[SDQGLQJ�$$$�
(growth >���PP�SHU�\HDU��YHUVXV�D�VWDEOH�$$$��/LQGKROW�H�D��GHPRQVWUDWHG�VLJQLȴFDQW�
correlations (r=0.23 and r=0.24) in 2 separate studies13,25 (low and medium bias risks), 
after including 149 follow-up patients in total from the same screening program.

D-dimer
The association between D-dimer and expansion was demonstrated by Golledge e.a. 
�U ������Q �����26�ΖQ���VWXGLHV�DQ�LQFUHDVHG�'�GLPHU�OHYHO�ZDV�IRXQG�LQ�SDWLHQWV�VXHULQJ�
from AAA rupture (total n=139).27,28 All studies had a low risk of bias.

Fibrinogen
/HYHOV�RI�ȴEULQRJHQ�ZHUH�PHDVXUHG�LQ�UXSWXUHG�$$$�SDWLHQWV�YHUVXV�V\PSWRPDWLF�DQG�
DV\PSWRPDWLF�SDWLHQWV��$OO�VWXGLHV�KDG�D�ORZ�ULVN�RI�ELDV��ΖQ���VWXGLHV�ȴEULQRJHQ�ZDV�
lower in ruptured than in non-ruptured patients (total n=269)22,27, while Tambyraja e.a. 
measured higher levels in 12 symptomatic than in 39 asymptomatic AAA patients.23

Binnenwerk_mennodef.indd   38 09-12-19   17:05



39

6\VWHPDWLF�UHYLHZ��$$$�JURZWK�DQG�UXSWXUH�PDUNHUVb

+RPRF\VWHLQH
Homocysteine and AAA expansion were investigated in 3 studies, all with a low risk of 
ELDV��+DOD]XQ�H�D�29�ZHUH�WKH�RQO\�JURXS�WR�GHVFULEH�D�VLJQLȴFDQW�FRUUHODWLRQ��U ������
n=108). The other 2 studies observed no association between homocysteine and AAA 
expansion (total n=248).13,21

ΖQWHUOHXNLQ����Ζ/���
Ζ/���DQG�$$$�H[SDQVLRQ�ZHUH�H[DPLQHG�LQ���VWXGLHV��EXW�QRQH�REVHUYHG�D�VLJQLȴFDQW�
association.21,30,31 Jones e.a. found no correlation in 466 follow-up patients (low bias risk). 
)ORQGHOO�6LW«�H�D���ORZ�ELDV�ULVN��REVHUYHG�QR�GLHUHQFH�LQ�Ζ/���EHWZHHQ�����KLJK�YHUVXV�
low expansion rate AAA patients. Treska e.a. (high bias risk) included 90 patients and 
GHPRQVWUDWHG�QR�GLHUHQFH�EHWZHHQ�SDWLHQWV�WKDW�UHTXLUHG�VXUJHU\�GXULQJ�IROORZ�XS�
versus asymptomatic patients.

0DWUL[�PHWDOORSURWHLQDVH����003���
In 3 studies, circulating MMP-9 was tested as marker for expansion. Flondell-Sité e.a., 
the largest study with the lowest risk of bias, found no correlation with AAA expansion in 
163 follow-up patients.32 In 2 smaller studies (medium bias risk), with 54 patients in total, 
VLJQLȴFDQW�FRUUHODWLRQV�ZHUH�GHVFULEHG��U �����DQG�U ������10,33�:LOVRQ�H�D�� �PHGLXP�
bias risk) demonstrated higher MMP-9 levels in patients with a ruptured AAA than in 
patients prior to elective repair.34

3ODVPLQRJHQ�DFWLYDWRU�LQKLELWRU����3$Ζ���
/LQGKROW� H�D�� REVHUYHG�D� VLJQLȴFDQW�EXW�ZHDN� FRUUHODWLRQ�EHWZHHQ�3$Ζ��� DQG�$$$�
H[SDQVLRQ��U ������Q ���� ORZ�ELDV�ULVN��13� ΖQ���VWXGLHV��WRWDO�Q �������PHGLXP�ULVN�RI�
bias, 2 low risk), approximately 4 fold higher levels of PAI-1 were found in patients with 
a ruptured AAA than in non-ruptured AAA patients.27,28,35

6�HODVWLQ�SHSWLGHV��6(3�
In 3 studies SEP was investigated as marker for expansion8,10,36 and 2 as marker for 
rupture.37,38�/LQGKROW�H�D��SHUIRUPHG���GLHUHQW�VWXGLHV��LQFOXGLQJ�����IROORZ�XS�SDWLHQWV�
LQ� WRWDO��DOO�GHPRQVWUDWLQJ�VLJQLȴFDQW�FRUUHODWLRQV�ZLWK�H[SDQVLRQ� �U ����� >PHGLXP�
bias risk], r=0.33 [medium bias risk] and r=0.31 [low bias risk]). In 100 AAA patients 
ZLWK�D�UXSWXUH�GXULQJ�IROORZ�XS��6(3�KDG�D�VLJQLȴFDQWO\�SUHGLFWLYH�YDOXH��DUHD�XQGHU�
FXUYH ������PHGLXP�ELDV�ULVN��37 Petersen e.a., appraised with a low risk of bias, found 
D�VLJQLȴFDQW�GLHUHQFH�EHWZHHQ����SDWLHQWV�ZLWK�D�UXSWXUHG�$$$�YHUVXV����SDWLHQWV�
prior to elective repair.38 Note that 1 research group, using patients from the same AAA 
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screening cohort, performed 4 of 5 studies. The degree of patient overlap between 
studies, if any, is not clear.

7LVVXH�LQKLELWRU�PHWDOORSURWHLQDVH����7Ζ03���
Speelman e.a.18 (n=18) and Flondell-Sité e.a.32 (n=163) investigated TIMP-1 as marker 
IRU�H[SDQVLRQ��7KHLU�VWXGLHV�KDG��UHVSHFWLYHO\��ORZ�DQG�PHGLXP�ELDV�ULVN��:LOVRQ�H�D�34 
(medium bias risk) examined TIMP-1 as marker for rupture in 68 patients. None found 
VLJQLȴFDQW�RXWFRPHV�

7LVVXH�SODVPLQRJHQ�DFWLYDWRU��W3$�
/LQGKROW� H�D�� GHPRQVWUDWHG� D� VLJQLȴFDQW� FRUUHODWLRQ� EHWZHHQ� FLUFXODWLQJ� W3$� DQG�
$$$�H[SDQVLRQ��U ������Q ����ORZ�ELDV�ULVN��13 Remarkably, Adam e.a. and Hobbs e.a. 
measured lower levels of tPA in patients with a ruptured AAA versus non-ruptured (total 
Q �����ORZ�DQG�PHGLXP�ULVN�RI�ELDV��UHVSHFWLYHO\�27,35, while Skagius e.a. observed 1.7 
fold higher levels in 50 ruptured AAA patients than in 45 electively treated AAA (low 
bias risk).28

ž���DQWLWU\SVLQH
6LJQLȴFDQW�FRUUHODWLRQV�ZLWK�H[SDQVLRQ�ZHUH�IRXQG�LQ���VWXGLHV����ORZ�DQG���PHGLXP�
ELDV�ULVN��U �����DQG�U ������ZLWK����IROORZ�XS�SDWLHQWV�LQ�WRWDO10,39, while 2 studies (1 low 
DQG���PHGLXP�ELDV�ULVN��FRXOG�QRW�UHSURGXFH�VXFK�VLJQLȴFDQW�FRUUHODWLRQV�LQ����IROORZ�
up patients.18,40�3XOLQ[�H�D���KRZHYHU��GLG�UHDFK�VLJQLȴFDQFH�ZKHQ�LQLWLDO�$$$�GLDPHWHU�
was included in their multivariate model.40

Other included biomarkers that have not been mentioned above are markers in the 
ȴHOG�RI�FRQQHFWLYH�WLVVXH41, lipids42,43, the immune system44–51, kidney function52,53 and 
hormones54,55 (see table 2.1).

3.3 Biomechanical markers
A total of 33 studies investigated 28 biomechanical AAA properties as marker for 
H[SDQVLRQ�RU�UXSWXUH��WDEOH�������0DUNHUV�ZHUH�FDWHJRUL]HG�DV�DQDWRPLF�SURSHUWLHV�����
markers), radiographic properties (3 markers) or as vessel wall properties (9 markers). 
The fourth category contains 3 software calculated predictive indices. The following 
focuses on markers described in 3 or more publications.

AAA diameter
In 9 studies AAA diameter was described as maker for expansion8,17,19,21,40,56–59 and in 9 
as marker for rupture.34,37,60–66 Overall, the data is reliable as 2570 patients in total were 
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included and 8 studies were appraised with low bias risk, 7 with medium risk and only 3 
ZLWK�KLJK�ULVN��ΖQ���VWXGLHV�VLJQLȴFDQW�FRUUHODWLRQV�ZLWK�H[SDQVLRQ�ZHUH�GHPRQVWUDWHG�LQ�
958 patients in total (r=0.30–0.83)8,21,40,56–58, and Norman e.a. measured faster growth in 
SDWLHQWV�ZLWK�D�ODUJH��Ȳ���FP��Q �����YHUVXV�VPDOO�$$$����Ȃ���FP��Q �����19 In 6 studies, 
ZLWK�D�WRWDO�RI�����SDWLHQWV��VLJQLȴFDQW�RXWFRPHV�ZHUH�GHPRQVWUDWHG�IRU�$$$�GLDPHWHU�
as marker for rupture. In 5 studies larger diameters were measured in ruptured (and 
symptomatic) AAA when compared to asymptomatic patients34,60,61,64,65, and 1 study 
demonstrated aneurysm diameter as prognostic marker for rupture (area under 
curve=0.67).37�ΖQ���VWXGLHV��RI�ZKLFK���ZLWK�KLJK�ELDV�ULVN��QR�GLHUHQFH�ZDV�IRXQG�LQ�
diameter between ruptured AAA patients versus patients prior to elective repair (total 
n=80).62,63,66

)OXRURGHR[\JOXFRVH����)�)'*��XSWDNH
Maximum 18F-FDG uptake after PET-scanning was studied as marker for expansion in 3 
studies67–69 and in 1 study as marker for rupture.70�$OO���VWXGLHV�GHPRQVWUDWHG�VLJQLȴFDQW�
inverse correlations with aneurysm expansion (r=-0.50 (medium bias risk), r=-0.38 (low 
ELDV�ULVN��DQG�U �������PHGLXP�ELDV�ULVN���WRWDO�Q ������5HHSV�H�D��KRZHYHU��IRXQG�KLJKHU�
XSWDNH�LQ�V\PSWRPDWLF�YHUVXV�DV\PSWRPDWLF�$$$�SDWLHQWV��Q ����PHGLXP�ELDV�ULVN��

ΖQWUDOXPLQDO�WKURPEXV��Ζ/7��YROXPH
In 3 studies, ILT volume was focused on. In 2 studies as marker for expansion33,71 and in 
1 as marker for rupture60, all studies had medium risk of bias. Speelman e.a. measured 
VLJQLȴFDQWO\�KLJKHU�H[SDQVLRQ�UDWHV�LQ�SDWLHQWV�ZLWK�D�ODUJH�Ζ/7�YROXPH��Ȳ�����RI�WKH�WRWDO�
DQHXU\VP�VDF��YHUVXV�D�VPDOO�Ζ/7�YROXPH��WRWDO�Q �����.RQWRSRGLV�H�D��IRXQG�D�VLJQLȴFDQW�
correlation (r=0.60) with expansion in 34 follow-up patients. Erhart e.a. measured larger 
ILT volumes in ruptured AAA than in follow-up patients (total n=75).

3HDN�ZDOO�VWUHVV��3:6�
7KH�DRUWLF�3:6�ZDV�LQYHVWLJDWHG�DV�PDUNHU�IRU�$$$�UXSWXUH�LQ���VWXGLHV�60,62–64,66,72–75 
ΖQ��� VWXGLHV�� VLJQLȴFDQW�KLJKHU�3:6� �UDQJLQJ�����Ȃ����� IROG�KLJKHU��ZHUH� IRXQG� LQ�
ruptured (and symptomatic) AAA patients than in asymptomatic AAA patients (2 low 
ULVN����PHGLXP�ULVN�DQG���KLJK�ULVN�RI�ELDV��WRWDO�Q ������$FFRUGLQJ�WR�7UXLMHUV�H�D���3:6�
was higher in 10 ruptured AAA than in 10 diameter matched asymptomatic patients. 
ΖQ���VWXGLHV�QR�GLHUHQFH�ZDV�IRXQG�EHWZHHQ�UXSWXUHG�DQG�HOHFWLYHO\�WUHDWHG�$$$��
However, the latter 2 included only 43 patients in total and both had high risk of bias.

Other biomechanical markers that have not been mentioned above but are included 
concern anatomic properties (see table 2.2).76–79
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Table 2.2 Biomechanical markers that have been investigated for an association with AAA expansion or 
UXSWXUH��0DUNHUV�DUH�FDWHJRUL]HG�E\�GLHUHQW�SURSHUWLHV�ZKLFK�FDQ�EH�PHDVXUHG�DIWHU�UDGLRJUDSKLF�VFDQQLQJ��
7KH�WRWDO�DPRXQW�RI�VWXGLHV�DQG�VLJQLȴFDQW�RXWFRPHV�DUH�SUHVHQWHG�DV�ZHOO�DV�WKH�WRWDO�QXPEHU�RI�SDWLHQWV�
in studies pooled.

Marker Total studies (n) 6LJQLȴFDQW�
outcome

Total 
patients (n)

Anatomic properties

AAA diameter8,17,19,21,34,37,40,56–66 18 15 of 18 studies 2570

AAA expansion76,77 2 1 of 2 studies 1125

AAA surface area76 1 0 of 1 studies 52

AAA volume71 1 1 of 1 studies 34

Aortic diameter asymmetry78 1 1 of 1 studies 200

Aortic tortuosity78 1 1 of 1 studies 200

Intra luminal thrombus (ILT) area57,76 2 2 of 2 studies 469

ILT circumference78 1 0 of 1 studies 200

ILT location79 1 1 of 1 studies 34

ILT thickness71,78 2 1 of 2 studies 234

ILT volume33,60,71 3 3 of 3 studies 139

Lumbar 3 vertebral body diameter78 1 1 of 1 studies 200

Peak wall stress equivalent diameter75 1 0 of 1 studies 243

Predictive indices

3HDN�ZDOO�UXSWXUH�LQGH[��3:5Ζ�60,75 2 2 of 2 studies 303

3:5Ζ�HTXLYDOHQW�GLDPHWHU60,75 2 1 of 2 studies 303

Rupture potential index61,62 2 1 of 2 studies 66

Radiographic properties

LaPlace66 * 1 0 of 1 studies 48

0HGLXP�ȴOWHU�WH[WXUH�SDUDPHWHU�NXUWRVLV67 1 1 of 1 studies 40
18F-FDG uptake67–70 ** 4 4 of 4 studies 119

Vessel wall properties

6WLQHV��¡�56,65 2 0 of 2 studies 108

Minimal strenght61 1 0 of 1 studies 53

0HDQ�ZDOO�VWUHVV��0:6�18,74 2 1 of 2 studies 99

3HDN�ZDOO�VWUHVV��3:6��60,62–64,66,72–75 9 7 of 9 studies 579

Pressure strain elastic modules (Ep)56,65 2 0 of 2 studies 108

Von Mises strain61 *** 1 1 of 1 studies 53

Von Mises stress61 *** 1 1 of 1 studies 53

:DOO�GLVSODFHPHQW61 1 1 of 1 studies 53

:DOO�VWUHQJWK62 1 1 of 1 studies 13

�/D3ODFHb bODZ�RI�/D3ODFH��SUHVVXUHb bVXUIDFH�WHQVLRQ���UDGLXV����18F-FDG uptake as measured by positron 
HPLVVLRQ�WRPRJUDSK\���9RQ�0LVHV�VWUDLQ�DQG�VWUHVV�DUH�FDOFXODWLRQV�RI�WHQVLOH�VWUHVV�DFFRUGLQJ�WR�
Maximum Distortion Energy Theory of Failure.
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3.4 Genetic variations
In 9 studies 20 genetic markers were elaborated on (table 2.3). None of the following 
markers were described in more than 1 study. These genetic markers are therefore 
not evaluated as extensively as circulating and biomechanical markers in this review.

&&5� gene was the only gene examined as marker for rupture. Ghilardi e.a. demonstrated 
a higher percentage of &&5��JHQH�Ţ���GHOHWLRQ�PXWDWLRQ�LQ�UXSWXUHG�$$$�SDWLHQWV�
�Q ����WKDQ�LQ�HOHFWLYHO\�WUHDWHG�$$$�SDWLHQWV��Q �������YHUVXV������UHVSHFWLYHO\��80

The following markers were all investigated in AAA follow-up patients and were 
DVVRFLDWHG�ZLWK�WKH�DQHXU\VP�JURZWK�UDWH��*HUGHV�H�D��LGHQWLȴHG�WKDW�APOE mutations 
are associated with higher growth rates in 57 patients.81�:LHUQLFNL�H�D��PHDVXUHG�KLJKHU�
growth rates in 41 patients with a Haptoglobin 2-1 phenotype than in 13 patients with 
a Haptoglobin 1-1 phenotype.20 Duellman e.a. included 141 patients and demonstrated 
that mutations in the following genes are associated with a growth speed of 3.25 
mm per year or more: /53��(OR 5.0), MMP9 p-2502 (OR 2.2) and 07+)5�(OR 3.0)82. No 
VXFK�GLHUHQFHV�ZHUH�PHDVXUHG�ZLWK�WKH�IROORZLQJ�JHQHV�� IL-6 (n=466)31, Cystatin C 
(n=412)83, OPN (n=198)84 and 9p21 (n=741)85. Of 20 investigated genetic markers, 10 were 
LQYHVWLJDWHG�E\�:DQKDLQHQ�H�D�86 in 169 follow-up patients (all concerning microRNA 
DV�PDUNHU�IRU�H[SDQVLRQ���RI�ZKLFK���PDUNHUV�GHPRQVWUDWHG�VLJQLȴFDQW�GLHUHQFHV�
between slow and fast growing AAA.

Table 2.3 Genetic variations that have been investigated for an association with AAA expansion or rupture. 
7KH�WRWDO�DPRXQW�RI�VWXGLHV�DQG�VLJQLȴFDQW�RXWFRPHV�DUH�SUHVHQWHG�DV�ZHOO�DV�WKH�WRWDO�QXPEHU�RI�SDWLHQWV�
in studies pooled.

Marker Total studies (n) 6LJQLȴFDQW�RXWFRPH Total patients (n)

APOE gene81 1 1 of 1 studies 57

IL-6 gene31 1 0 of 1 studies 466

Cystatin C gene83 1 0 of 2 studies 412

&&5� gene80 1 1 of 1 studies 70

OPN gene84 1 0 of 1 studies 198

Chromosome 9p2185 1 0 of 1 studies 741

Haptoglobin 2-120 1 1 of 1 studies 83

/53� gene82 1 1 of 1 studies 141

MMP-9 p-2502 gene82 1 1 of 1 studies 141

07+)5 gene82 1 1 of 1 studies 141

miR-125a-5p86 1 1 of 1 studies 169

miR-136-5p86 1 0 of 1 studies 169

miR-195-5p86 1 1 of 1 studies 169
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Table 2.3 Continued

Marker Total studies (n) 6LJQLȴFDQW�RXWFRPH Total patients (n)

miR-221-3p86 1 1 of 1 studies 169

miR-223-3p86 1 1 of 1 studies 169

miR-30a-5p86 1 0 of 1 studies 169

miR-32686 1 1 of 1 studies 169

miR-335-p86 1 1 of 1 studies 169

miR-42186 1 1 of 1 studies 169

miR-99a-5p86 1 1 of 1 studies 169

4. DISCUSSION

Numerous markers have been investigated as predictive factor for AAA expansion and 
rupture. All markers described in 3 or more studies were described in more detail and 
VXPPDUL]HG�LQ�WDEOH������7KXV��ZH�IRFXVHG�RQ����PDUNHUV�RI�ZKLFK���ZHUH�LQYHVWLJDWHG�
as marker for expansion, 1 as marker for rupture and 8 as marker for both. Markers 
ZHUH�TXDOLȴHG�DV�KLJK�SRWHQWLDO�EDVHG�RQ�VDPSOH�VL]H��TXDOLW\�DSSUDLVDO�RI�WKH�VWXG\�DQG�
VLJQLȴFDQW�RXWFRPHV��7KH�KLJKHVW�SRWHQWLDO�DV�D�SURJQRVWLF�PDUNHU�IRU�$$$�H[SDQVLRQ�
DUH�LQ�GHVFHQGLQJ�RUGHU��$$$�GLDPHWHU��FKODP\GRSKLOD�SQHXPRQLDH��6�HODVWLQ�SHSWLGHV��
and 18F-FDG uptake. Factors with high potential as marker for aneurysm rupture are 
LQ�GHVFHQGLQJ�RUGHU��3:6��$$$�GLDPHWHU�DQG�SODVPLQRJHQ�DFWLYDWRU�LQKLELWRU����3$Ζ�����
The following 2 markers were described in only 2 studies but had remarkable results 
and are therefore separately mentioned: intraluminal thrombus (ILT) as marker for 
expansion and S-elastin peptides as marker for rupture. Little research has been done 
on genetic markers for rupture and growth, as this is a relatively new area of research. 
:H�WKHUHIRUH�HYDOXDWHG�QRQH�RI�WKH�JHQHWLF�PDUNHUV�LQ�GHWDLO�

AAA diameter is broadly accepted as predictive factor for both aneurysm growth 
and rupture, and is thus implemented in important AAA follow-up guidelines.2,3 Our 
V\VWHPDWLF�UHYLHZ�FRQȴUPHG�WKH�VWURQJ�SURJQRVWLF�YDOXH�IRU�H[SDQVLRQ�DV���RI���VWXGLHV�
KDG�VLJQLȴFDQW�RXWFRPHV��ZLWK�PDLQO\�ORZ�ELDV�ULVNV�DQG�ORZ�S�YDOXHV�LQ�D�WRWDO�RI������
SDWLHQWV��+RZHYHU��FRUUHODWLRQ�FRHɝFLHQWV�GR�KDYH�D�UHODWLYHO\�EURDG�UDQJH�ZLWK�YDOXHV�
varying from r=0.30 to r=0.83. Overall, these studies demonstrate that large aneurysms 
grow faster than small AAA do.

&KODP\GRSKLOD�SQHXPRQLDH�ZDV�DOUHDG\�LGHQWLȴHG�DV�FDXVDWLYH�IDFWRU�IRU�LQȵDPPDWLRQ�
and atherosclerosis of the aorta.87 The bacterial infection induces degenerative 
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processes in the aortic wall, which might explain the strong correlation of antibodies 
against chlamydophila pneumoniae with AAA expansion. All 4 studies, with mainly 
PHGLXP�ELDV�ULVNV��KDG�VLJQLȴFDQW�RXWFRPHV�DQG�FRQVLVWHQW�UHVXOWV��RI�ZKLFK���KDG�
very low p-values. Therefore it seems to be a reliable marker for AAA expansion in 
case of seropositivity.

6�HODVWLQ�SHSWLGHV�DUH�GHULYHG�IURP�WKH�HQ]\PDWLF�GHJUDGDWLRQ�RI� LQVROXEOH�HODVWLF�
polymers in the vessel wall by MMP.88� ΖQ� DOO� VWXGLHV� WKLV�PDUNHU�ZDV� VLJQLȴFDQWO\�
correlated with AAA expansion and bias risks were medium. However, 1 group 
performed 4 of 5 studies using patients from the same AAA screening cohort. Therefore 
RWKHU�JURXSV�VKRXOG�ȴUVW�UHSURGXFH�WKHVH�GDWD�EHIRUH�6�HODVWLQ�SHSWLGHV�FDQ�EH�DSSOLHG�
as marker for expansion.

Metabolic activity in the aneurysm wall can be measured by positron emission 
tomography. Locations of high 18F-FDG uptake in the aneurysm wall were demonstrated 
to accumulate MMP and other factors of aortic deterioration.89 It therefore seems 
contradictive that an inverse correlation was found between 18F-FDG uptake and 
H[SDQVLRQ� LQ�DOO���VWXGLHV��7KH�FXUUHQW�H[SODQDWLRQ� LV� WKDW�DQ� LQȵDPPDWRU\�SHULRG�
precedes a phase of rapid growth and is then followed by a period of stasis with 
low metabolic activity.67–70 However, this phenomenon is clearly not fully explained 
yet. Overall, 18F-FDG uptake studies were appraised with medium bias risks and had 
consistent results with relatively low p-values. Therefore it seems a reliable marker for 
AAA expansion.

An ILT is the source of many pro-proteolytic processes that stimulate aortic wall 
degradation.90�:H�GHVLJQDWHG�WKLV�PDUNHU�DV�SURPLVLQJ�GXH�WR�D�FOHDU�DVVRFLDWLRQ�RI�
ILT volume with expansion, even though relatively small patient numbers were included 
LQ� RQO\� �� VWXGLHV�� +RZHYHU�� .RQWRSRGLV�� 1JX\HQ� DQG� %HKU�5DKVPXVVHQ� H�D�� DOVR�
demonstrated the ILT to be correlated with AAA expansion in 694 follow-up patients 
in total (i.e. ILT thickness, signal intensity and surface area, respectively). 57,71,91 In total, 5 
VWXGLHV�KDYH�HODERUDWHG�RQ�WKH�Ζ/7�VL]H�DV�PDUNHU�IRU�H[SDQVLRQ�LQ�����SDWLHQWV��ZLWK�RQ�
DYHUDJH�D�PHGLXP�ELDV�ULVN��7KHVH�GDWD�SOHDG�IRU�WKH�Ζ/7�VL]H�DV�SURPLVLQJ�SURJQRVWLF�
growth marker. However, there have been several studies demonstrating a correlation 
between ILT presence and AAA diameter.58,71 The presented associations between 
ILT and AAA expansion might be the result of multi-co-linearity due to the strong 
correlation between AAA diameter and its growth speed. Therefore, before clinical 
implementation more homogenous studies must be produced. In those studies AAA 

CH
AP

TE
R 

2

Binnenwerk_mennodef.indd   45 09-12-19   17:05



46

Chapter 2

diameter should be corrected for as confounding factor before ILT can be considered 
a reliable growth marker.

$�SRWHQWLDO�PDUNHU� IRU� UXSWXUH� LV�3:6��7R�GHWHUPLQH� WKH�VWUHVV�RQ� WKH�DQHXU\VP�
ZDOO��D�WHFKQLTXH�FDOOHG�ȴQLWH�HOHPHQW�DQDO\VLV� LV�XVHG��7KLV� LV�D�QXPHULFDO�PHWKRG�
to approximate the forces that are applied on the aortic wall. As aneurysms are not 
symmetrical dilations, the pressure in the aneurysm sac is heterogeneously divided. 
Finite element analysis enables software programs to calculate the peak wall stress 
�3:6��RQ�WKH�DQHXU\VP�ZDOO�63� ΖQ���RI���VWXGLHV�3:6�UHWURVSHFWLYHO\�GLHUHQWLDWHG�
between ruptured and non-ruptured AAA, but none investigated it as a prognostic 
YDOXH��ΖQ���VWXGLHV�QR�VLJQLȴFDQW�GLHUHQFHV�ZHUH�IRXQG��EXW�ERWK�KDG�KLJK�ELDV�ULVNV�
DQG�D�WRWDO�SDWLHQW�QXPEHU�RI�RQO\�����$V�VLJQLȴFDQW�GLHUHQFHV�ZHUH�IRXQG�LQ�����
SDWLHQWV��ZH�VXJJHVW�WKDW�3:6�KDV�KLJK�SRWHQWLDO�WR�FRQWULEXWH�LQ�$$$�PDQDJHPHQW�

AAA diameter has since long also been acknowledged as risk factor for aneurysm 
rupture and is used as indicator for elective repair surgery.2,3 Our results are in line 
ZLWK�WKLV�FRPPRQ�XVH��DOWKRXJK���RI���VWXGLHV�IRXQG�QR�GLHUHQFHV�EHWZHHQ�UXSWXUHG�
AAA versus patients prior to elective repair. It must be noted that in those 3 studies 
aneurysm diameters of the elective repair groups were all larger than current guidelines 
apply (6.8±1.5, 6.1±0.5 and 6.1±0.2 cm).

Another marker for rupture with promising results is PAI-1, a known marker for coronary 
KHDUW�GLVHDVH�WKDW�SOD\V�DQ�HVVHQWLDO�UROH�LQ�ȴEULQRO\VLV�92 Its levels were approximately 
4 times higher in 102 patients with a ruptured AAA than in asymptomatic patients. 
However, as the massive retroperitoneal hematoma and blood clotting could be the 
cause of PAI-1 activation, its use a prospective marker for rupture must be reconsidered. 
7KH�DFWLYDWLRQ�RI�WKLV�SDWKZD\�VKRXOG�ȴUVW�EH�IXOO\�HOXFLGDWHG�EHIRUH�LW�LV�LQYHVWLJDWHG�
as a marker for AAA rupture in a prospective trial.

S-elastin peptides have been investigated as marker for rupture by 2 separate 
JURXSV��3URPLVLQJ�UHVXOWV�ZHUH�GHPRQVWUDWHG�DV�ERWK�JURXSV�IRXQG�KLJKO\�VLJQLȴFDQW�
associations. However, only 2 groups have reported on this marker yet in a total of 
160 patients. Before it is implemented in a clinical setting, it should be studied more 
extensively.

Genetic variations and microRNA are relatively new markers for AAA expansion 
and rupture. Therefore little is known about its potential as prognostic tools, when 
compared to circulating and biomechanical markers. Gene mutations in the FBN193 
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and COL3A194 genes, responsible for Marfans disease and Ehlers Danlos vascular type 
disease, respectively, are perhaps the best known genetic disorders leading to aortic 
aneurysms. However, despite the broad amount of studies describing these 2 important 
genetic mutations, no studies about FBN1 or COL3A1 met our inclusion criteria. This 
might be explained by the fact that these disorders commonly cause thoracic and 
thoracoabdominal aortic aneurysms and also that growth rate and rupture are often 
totally unpredictable in these cases.

One major limitation of this review is the inability to pool data due to high clinical and 
methodological heterogeneity. Also, we considered biomarkers in the evidence which 
GHPRQVWUDWHG�D�VWDWLVWLFDOO\�VLJQLȴFDQW�DVVRFLDWLRQ�ZLWK�DQ�RXWFRPH��$$$�UXSWXUH�RU�
JURZWK���KRZHYHU��ZH�UHFRJQL]H�WKDW�WKLV�PD\�KDYH�VHYHUH�OLPLWDWLRQV�DV�WKLV�FKRLFH�
LV�VXEMHFW�WR�W\SH�ΖΖ�HUURUV��SDUWLFXODUO\�LQ�WKH�FDVH�RI�VWXGLHV�ZLWK�VPDOO�VDPSOH�VL]HV��
Furthermore, the potential markers provided such heterogenic threshold values that 
GLUHFW�FOLQLFDO�LPSOHPHQWDWLRQ�LV�QRW�SRVVLEOH�EDVHG�RQ�WKH�FXUUHQW�GDWD��0RUH�VSHFLȴF��
prospective and methodological consonant research is necessary for the promising 
PDUNHUV�WKDW�ZH�KDYH�LGHQWLȴHG��LQ�ZKLFK�WKUHVKROG�YDOXHV�IRU�IROORZ�XS�DQG�VXUJLFDO�
intervention must be determined.

7KLV�UHYLHZ�KDV�LGHQWLȴHG�VHYHUDO�FLUFXODWLQJ�DQG�ELRPHFKDQLFDO�PDUNHUV�ZLWK�SRWHQWLDO�
value for the prognosis of AAA expansion and rupture. As possible markers for 
expansion we suggest the use of AAA diameter, chlamydophila pneumonia in case 
RI�VHURSRVLWLYLW\��6�HODVWLQ�SHSWLGHV��LQYHUVH�ȵXRURGHR[\JOXFRVH�XSWDNH�DQG�Ζ/7�VL]H��
0DUNHUV� ZLWK� WKH� EHVW� SURJQRVWLF� YDOXH� IRU� UXSWXUH� DUH� 3:6� DQG� $$$� GLDPHWHU��
Prospective trials are now required to determine threshold values for the clinical 
implementation of these markers. In conclusion, there are several potential markers 
for AAA expansion and rupture, which could contribute to better decision making in 
the management of AAA.
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Table 2.4 All markers for AAA expansion or rupture that have been described in 3 or more studies have 
been evaluated in more detail. Presented are: the subject of the marker (on which aspect the marker was 
LQYHVWLJDWHG��$$$�H[SDQVLRQ�RU�UXSWXUH���ȴUVW�DXWKRU�DQG�GDWH�RI�SXEOLFDWLRQ�RI�WKH�UHIHUHQFH��WKH�ULVN�RI�ELDV��
VWDWLVWLFDO�PHWKRG�RI�PHDVXUHPHQW��WKH�PRPHQW�RI�GDWD�UHWULHYDO��GXULQJ�FRQVHUYDWLYH�IROORZ�XS�RI�PD[LPXP�
aortic diameter, at time of presentation with symptomatic AAA or AAA rupture) and if applicable main clinical 
FKDUDFWHULVWLF�RI�WKH�VWXG\�DQG�FRQWURO�JURXSV��YDU\LQJ�SHU�VWXG\���WKH�WRWDO�VDPSOH�VL]H��FDVHV�DQG�FRQWUROV�
SRROHG���WKH�FRUUHODWLRQ�FRHɝFLHQW��QHJDWLYH�FRUUHODWLRQ�����WR����DQG�SRVLWLYH�FRUUHODWLRQ����WR����RU�WKH�IROG�
FKDQJH��GHFUHDVH����WR����DQG�LQFUHDVH��DERYH����RI�VWXG\�JURXS�YHUVXV�FRQWURO�JURXS��DQG�S�YDOXHV��1RWH�WKDW�
VLJQLȴFDQW��S���������RXWFRPHV�DUH�SUHVHQWHG�LQ�EROG�IRQW�

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Cicrculating markers

Aminoterminal propeptide of type III procollagen 
(PIIINP)

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,24 – VLJQLȴFDQW

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 no correlation – 0,180

Expansion Satta e.a. (1997)9 High Pearson Follow-up – 55 0,15 – 0,260

Chlamydophila pneumonia

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,29 – 0,006

Expansion Lindholt e.a. (1999)11 Medium Fold change )ROORZ�XS��ΖJ$�WLWUH�Ȳ��� Follow-up: IgA titre < 20 139 – 1,48 0,003

Expansion Lindholt e.a. (2001)12 Medium Fold change )ROORZ�XS��ΖJ$�WLWUH�Ȳ��� Follow-up: IgA titre <64 55 – 1,69 <0,050

Expansion Falkensammer e.a. (2007)14 High Fold change Follow-up: seropositive Follow-up: seronegative 47 – 1,67 0,046

Rupture Nyberg e.a. (2007)15 Medium Fold change Rupture Controls 77 – 1,01 0,397

Rupture Nyberg e.a. (2008)16 Medium Fold change Rupture Controls 77 – NA ns

CRP

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 260 0,71 – <0,050

Expansion Norman e.a. (2004)19 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ���PP�\HDU Follow-up: expansion < 3 mm/year 545 – NA ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ�����PP�\HDU Follow-up: expansion < 2.5 mm/year 178 – 1,07 0,721

Expansion :LHUQLFNL�H�D��������20 Medium Spearman Follow-up 83 – 0,32 0,003

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,06 – 0,720

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Elective 225 – 4,80 <0,050

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 4,40 <0,001

Cotinine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,23 – 0,038

Expansion Lindholt e.a. (2003)25 Medium Spearman Follow-up – 79 0,24 – 0,040

Expansion :LOPLQN�H�D��������24 Medium Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ���PP�\HDU Follow-up: expansion < 2 mm/year 447 – 1,00 ns

D-dimer

Expansion Golledge e.a. (2011)26 Low Spearman Follow-up – 299 0,39 – <0,001

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 2,52 0,005
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Table 2.4 All markers for AAA expansion or rupture that have been described in 3 or more studies have 
been evaluated in more detail. Presented are: the subject of the marker (on which aspect the marker was 
LQYHVWLJDWHG��$$$�H[SDQVLRQ�RU�UXSWXUH���ȴUVW�DXWKRU�DQG�GDWH�RI�SXEOLFDWLRQ�RI�WKH�UHIHUHQFH��WKH�ULVN�RI�ELDV��
VWDWLVWLFDO�PHWKRG�RI�PHDVXUHPHQW��WKH�PRPHQW�RI�GDWD�UHWULHYDO��GXULQJ�FRQVHUYDWLYH�IROORZ�XS�RI�PD[LPXP�
aortic diameter, at time of presentation with symptomatic AAA or AAA rupture) and if applicable main clinical 
FKDUDFWHULVWLF�RI�WKH�VWXG\�DQG�FRQWURO�JURXSV��YDU\LQJ�SHU�VWXG\���WKH�WRWDO�VDPSOH�VL]H��FDVHV�DQG�FRQWUROV�
SRROHG���WKH�FRUUHODWLRQ�FRHɝFLHQW��QHJDWLYH�FRUUHODWLRQ�����WR����DQG�SRVLWLYH�FRUUHODWLRQ����WR����RU�WKH�IROG�
FKDQJH��GHFUHDVH����WR����DQG�LQFUHDVH��DERYH����RI�VWXG\�JURXS�YHUVXV�FRQWURO�JURXS��DQG�S�YDOXHV��1RWH�WKDW�
VLJQLȴFDQW��S���������RXWFRPHV�DUH�SUHVHQWHG�LQ�EROG�IRQW�

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Cicrculating markers

Aminoterminal propeptide of type III procollagen 
(PIIINP)

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,24 – VLJQLȴFDQW

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 no correlation – 0,180

Expansion Satta e.a. (1997)9 High Pearson Follow-up – 55 0,15 – 0,260

Chlamydophila pneumonia

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,29 – 0,006

Expansion Lindholt e.a. (1999)11 Medium Fold change )ROORZ�XS��ΖJ$�WLWUH�Ȳ��� Follow-up: IgA titre < 20 139 – 1,48 0,003

Expansion Lindholt e.a. (2001)12 Medium Fold change )ROORZ�XS��ΖJ$�WLWUH�Ȳ��� Follow-up: IgA titre <64 55 – 1,69 <0,050

Expansion Falkensammer e.a. (2007)14 High Fold change Follow-up: seropositive Follow-up: seronegative 47 – 1,67 0,046

Rupture Nyberg e.a. (2007)15 Medium Fold change Rupture Controls 77 – 1,01 0,397

Rupture Nyberg e.a. (2008)16 Medium Fold change Rupture Controls 77 – NA ns

CRP

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 260 0,71 – <0,050

Expansion Norman e.a. (2004)19 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ���PP�\HDU Follow-up: expansion < 3 mm/year 545 – NA ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ�����PP�\HDU Follow-up: expansion < 2.5 mm/year 178 – 1,07 0,721

Expansion :LHUQLFNL�H�D��������20 Medium Spearman Follow-up 83 – 0,32 0,003

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,06 – 0,720

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Elective 225 – 4,80 <0,050

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 4,40 <0,001

Cotinine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,23 – 0,038

Expansion Lindholt e.a. (2003)25 Medium Spearman Follow-up – 79 0,24 – 0,040

Expansion :LOPLQN�H�D��������24 Medium Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ���PP�\HDU Follow-up: expansion < 2 mm/year 447 – 1,00 ns

D-dimer

Expansion Golledge e.a. (2011)26 Low Spearman Follow-up – 299 0,39 – <0,001

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 2,52 0,005
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,53 <0,001

Fibrinogen

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,53 0,033

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Asymptomatic 225 – 0,94 0,049

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 1,28 <0,001

Homocysteine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,06 – 0,535

Expansion +DOD]XQ�H�D��������29 Low Spearman Follow-up – 108 0,28 – 0,003

Expansion Flondell-Sité e.a. (2009)21 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ�����PP�\HDU Follow-up: expansion < 2.5mm/year 178 – 1,00 0,940

IL-6

Expansion Jones e.a. (2001)31 Low Spearman Follow-up – 466 no correlation – ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ����PP�\HDU Follow-up: expansion < 2.5mm/year 178 – 2,29 0,820

Expansion Treska e.a. (2000)30 High Fold change Surgery during follow-up Asymptomatic 90 – 2,19 ns

MMP-9

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,33 – 0,010

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,32 – <0,050

Rupture :LOVRQ�H�D��������34 Medium Fold change Rupture Elective 68 – 3,37 0,006

Plasminogen activator inhibitor 1

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,02 – 0,015

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 4,92 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,33 0,002

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 3,73 0,001

S-elastin peptides

Expansion Lindholt e.a. (2001)36 Low Pearson Follow-up – 70 0,31 – 0,050

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,33 – 6LJQLȴFDQW

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,51 – 0,010

Rupture Petersen e.a. (2001)38 Low Fold change Rupture Elective 60 – 0,80 0,001

Rupture Lindholt e.a. (2001)37 Medium AUC met 95% CI Rupture – 100 0,68 – VLJQLȴFDQW
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,53 <0,001

Fibrinogen

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,53 0,033

Rupture Domanovits e.a. (2002)22 Low Fold change Rupture Asymptomatic 225 – 0,94 0,049

Rupture Tambyraja e.a. (2007)23 Low Fold change Symptomatic Asymptomatic 112 – 1,28 <0,001

Homocysteine

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,06 – 0,535

Expansion +DOD]XQ�H�D��������29 Low Spearman Follow-up – 108 0,28 – 0,003

Expansion Flondell-Sité e.a. (2009)21 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ�����PP�\HDU Follow-up: expansion < 2.5mm/year 178 – 1,00 0,940

IL-6

Expansion Jones e.a. (2001)31 Low Spearman Follow-up – 466 no correlation – ns

Expansion Flondell-Sité e.a. (2009)21 Low Fold change )ROORZ�XS��H[SDQVLRQ�Ȳ����PP�\HDU Follow-up: expansion < 2.5mm/year 178 – 2,29 0,820

Expansion Treska e.a. (2000)30 High Fold change Surgery during follow-up Asymptomatic 90 – 2,19 ns

MMP-9

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,33 – 0,010

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,32 – <0,050

Rupture :LOVRQ�H�D��������34 Medium Fold change Rupture Elective 68 – 3,37 0,006

Plasminogen activator inhibitor 1

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,02 – 0,015

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 4,92 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 4,33 0,002

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 3,73 0,001

S-elastin peptides

Expansion Lindholt e.a. (2001)36 Low Pearson Follow-up – 70 0,31 – 0,050

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,33 – 6LJQLȴFDQW

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,51 – 0,010

Rupture Petersen e.a. (2001)38 Low Fold change Rupture Elective 60 – 0,80 0,001

Rupture Lindholt e.a. (2001)37 Medium AUC met 95% CI Rupture – 100 0,68 – VLJQLȴFDQW
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

TIMP-1

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,12 – 0,510

Rupture :LOVRQ�H�D��������34 Medium Fold change Rupture Elective 68 – 0,50 0,456

Tissue plasminogen activator 
(tPA)

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,37 – 0,002

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,16 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 1,71 <0,001

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 0,22 0,036

ž���DQWLWU\SVLQH

Expansion Vega de Céniga e.a. 
(2009)39

Low Spearman Follow-up – 25 0,55 – 0,004

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,42 – 0,050

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,00 – 0,990

Biomechanical markers

AAA diameter

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 435 0,31 – >0,050

Expansion Norman e.a. (2004)19 Low OR )ROORZ�XS�Ȳ���FP Follow-up < 4 cm 545 – 7,20 0,050

Expansion Tong e.a. (2015)58 Low Pearson Elective and Rupture – 33 0,70 – 0,010

Expansion Flondell-Sité e.a. (2010)21 Low Pearson Follow-up – 178 0,39 – 0,001

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 0,83 – 0,001

Expansion Behr-Rasmussen e.a. 
(2014)57

Low Pearson Follow-up – 416 0,30 – 0,001

Expansion Lindholt e.a. (2001)8 Medium Spearman Follow-up – 124 0,30 – 0,010

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,48 – 0,000

Expansion :LOVRQ�H�D��������56 High Spearman Follow-up – 60 0,60 – <0,050

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,03 0,000

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,13 0,100

Rupture Lindholt e.a. (2001)37 Medium ROC curve Rupture – 100 0,67 – 0,011

Rupture :LOVRQ�H�D��������65 Medium Fold change Rupture Follow-up 210 – 1,12 0,001

Rupture Maier e.a. (2010)61 Medium Fold change Rupture and Symptomatic Elective 53 – 1,33 0,006

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 60 – 1,42 <0,001

Rupture :LOVRQ�H�D��������34 Medium Fold change Rupture Elective 68 – 1,67 <0,001
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

TIMP-1

Expansion Flondell-Sité e.a. (2010)32 Low Spearman Follow-up – 163 no correlation – ns

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,12 – 0,510

Rupture :LOVRQ�H�D��������34 Medium Fold change Rupture Elective 68 – 0,50 0,456

Tissue plasminogen activator 
(tPA)

Expansion Lindholt e.a. (2003)13 Low Spearman Follow-up – 70 0,37 – 0,002

Rupture Adam e.a. (2002)27 Low Fold change Rupture Symptomatic 44 – 0,16 0,023

Rupture Skagius e.a. (2008)28 Low Fold change Rupture Elective 95 – 1,71 <0,001

Rupture Hobbs e.a. (2007)35 Medium Fold change Rupture Elective 95 – 0,22 0,036

ž���DQWLWU\SVLQH

Expansion Vega de Céniga e.a. 
(2009)39

Low Spearman Follow-up – 25 0,55 – 0,004

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 no correlation – ns

Expansion Lindholt e.a. (2000)10 Medium Spearman Follow-up – 36 0,42 – 0,050

Expansion Speelman e.a. (2010)18 Medium Partial correlation Follow-up – 18 0,00 – 0,990

Biomechanical markers

AAA diameter

Expansion De Haro e.a. (2012)17 Low Spearman Follow-up – 435 0,31 – >0,050

Expansion Norman e.a. (2004)19 Low OR )ROORZ�XS�Ȳ���FP Follow-up < 4 cm 545 – 7,20 0,050

Expansion Tong e.a. (2015)58 Low Pearson Elective and Rupture – 33 0,70 – 0,010

Expansion Flondell-Sité e.a. (2010)21 Low Pearson Follow-up – 178 0,39 – 0,001

Expansion Pulinx e.a. (2011)40 Low AUC met 95% CI Follow-up – 48 0,83 – 0,001

Expansion Behr-Rasmussen e.a. 
(2014)57

Low Pearson Follow-up – 416 0,30 – 0,001

Expansion Lindholt e.a. (2001)8 Medium Spearman Follow-up – 124 0,30 – 0,010

Expansion Lindholt e.a. (2001)8 Medium Pearson Follow-up – 99 0,48 – 0,000

Expansion :LOVRQ�H�D��������56 High Spearman Follow-up – 60 0,60 – <0,050

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,03 0,000

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,13 0,100

Rupture Lindholt e.a. (2001)37 Medium ROC curve Rupture – 100 0,67 – 0,011

Rupture :LOVRQ�H�D��������65 Medium Fold change Rupture Follow-up 210 – 1,12 0,001

Rupture Maier e.a. (2010)61 Medium Fold change Rupture and Symptomatic Elective 53 – 1,33 0,006

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 60 – 1,42 <0,001

Rupture :LOVRQ�H�D��������34 Medium Fold change Rupture Elective 68 – 1,67 <0,001
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,11 0,197

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,11 0,260

Fluorodeoxyglucose (18F-FDG)

Expansion .RW]H�H�D��������67 Low Spearman Follow-up – 40 -0,38 – 0,015

Expansion Morel e.a. (2015)69 Medium Spearman Follow-up – 39 -0,32 – 0,049

Expansion .RW]H�H�D��������68 Medium Spearman Follow-up – 25 -0,50 – 0,011

Rupture Reeps e.a. (2008)70 Medium Fold change Symptomatic Elective 15 – 2,14 <0,001

ILT volume

Expansion Speelman e.a. (2010)33 Medium Fold change )ROORZ�XS��Ζ/7�YROXPH�Ȳ���� Follow-up: ILT volume < 32% 30 – NA* <0,010

Expansion .RQWRSRGLV�H�D��������71 Medium Spearman Follow-up – 34 0,60 – 0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 2,00 0,015

Peak wall stress (PWS)

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,38 <0,001

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,29 0,030

Rupture Gasser e.a. (2014)75 Medium Fold change Rupture Follow-up 243 – 1,62 <0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 1,57 <0,001

Rupture Truijers e.a. (2007)72 Medium Fold change Rupture Follow-up 20 – 1,30 0,040

Rupture Heng e.a. (2008)73 Medium Fold change Rupture Elective 70 – 1,66 0,008

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,65 0,004

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,08 0,620

Rupture Vande Geest e.a. (2008)74 High Fold change Rupture Elective 30 – 1,09 0,550
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Table 2.4 Continued

Marker 
subject

Reference Risk of bias Measurement Study group Control group N 
(total)

Correlation Fold change p-value

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,11 0,197

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,11 0,260

Fluorodeoxyglucose (18F-FDG)

Expansion .RW]H�H�D��������67 Low Spearman Follow-up – 40 -0,38 – 0,015

Expansion Morel e.a. (2015)69 Medium Spearman Follow-up – 39 -0,32 – 0,049

Expansion .RW]H�H�D��������68 Medium Spearman Follow-up – 25 -0,50 – 0,011

Rupture Reeps e.a. (2008)70 Medium Fold change Symptomatic Elective 15 – 2,14 <0,001

ILT volume

Expansion Speelman e.a. (2010)33 Medium Fold change )ROORZ�XS��Ζ/7�YROXPH�Ȳ���� Follow-up: ILT volume < 32% 30 – NA* <0,010

Expansion .RQWRSRGLV�H�D��������71 Medium Spearman Follow-up – 34 0,60 – 0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 2,00 0,015

Peak wall stress (PWS)

Rupture Fillinger e.a. (2003)64 Low Fold change Rupture and Symptomatic Elective 61 – 1,38 <0,001

Rupture Fillinger e.a. (2002)66 Low Fold change Rupture Elective 40 – 1,29 0,030

Rupture Gasser e.a. (2014)75 Medium Fold change Rupture Follow-up 243 – 1,62 <0,001

Rupture Erhart e.a. (2015)60 Medium Fold change Rupture Follow-up 75 – 1,57 <0,001

Rupture Truijers e.a. (2007)72 Medium Fold change Rupture Follow-up 20 – 1,30 0,040

Rupture Heng e.a. (2008)73 Medium Fold change Rupture Elective 70 – 1,66 0,008

Rupture Venkatasubramaniam ea 
(2004)63

High Fold change Rupture Elective 27 – 1,65 0,004

Rupture Vande Geest e.a. (2006)62 High Fold change Rupture Elective 13 – 1,08 0,620

Rupture Vande Geest e.a. (2008)74 High Fold change Rupture Elective 30 – 1,09 0,550
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ABSTRACT

Objective: Extensive reactive oxygen and nitrogen species (also reactive species) 
production is a mechanism involved in abdominal aortic aneurysm (AAA) development. 
:KLWH�EORRG�FHOOV� �:%&��DUH�D�NQRZQ�VRXUFH�RI� UHDFWLYH�VSHFLHV�� ΖWV�SURGXFWLRQ� LV�
SRVVLEO\�GHFUHDVHG�E\�VWDWLQV�� WKHUHE\�UHGXFLQJ�$$$�JURZWK�UDWH��:H� LQYHVWLJDWHG�
UHDFWLYH�R[\JHQ�DQG�QLWURJHQ�VSHFLHV�SURGXFWLRQ�LQ�FLUFXODWLQJ�:%&�RI�$$$�SDWLHQWV�
DQG�WKH�HHFW�RI�VWDWLQV�RQ�LWV�SURGXFWLRQ�

Methods: 9HQRXV�EORRG�IURP�SDWLHQWV�SULRU�WR�HOHFWLYH�$$$�UHSDLU��Q �������VWDWLQ�
XVHUV��DQG�IURP�KHDOWK\�YROXQWHHUV��Q �����5HDFWLYH�VSHFLHV�SURGXFWLRQ�ZDV�TXDQWLȴHG�
LQ� FLUFXODWLQJ� :%&� E\� LPPXQRȵXRUHVFHQFH� PLFURVFRS\�� QLWURW\URVLQH� �IRRWSULQW�
RI�SHUR[\QLWULWH��D�SRWHQW� UHDFWLYH�QLWURJHQ�VSHFLHV�� LQ� VQDS�IUR]HQ�EORRG�VPHDUV��
mitochondrial superoxide and cytoplasmic hydrogen peroxide (both reactive oxygen 
VSHFLHV��E\�OLYH�FHOO�LPDJLQJ��:H�LQGLYLGXDOO\�H[DPLQHG�QHXWURSKLOV��O\PSKRF\WHV��DQG�
monocytes.

Results: In AAA patients using statins, the median neutrophil nitrotyrosine level was 
646 (range: 422–2059), in lymphocytes 125 (range: 74–343) and in monocytes 586 
(range: 291–663). Median levels in AAA patients not using statins were in neutrophils 
�����UDQJH�����Ȃ������S ������� LQ� O\PSKRF\WHV������UDQJH�����Ȃ�����QRW�VLJQLȴFDQW�
>QV@��DQG� LQ�PRQRF\WHV����� �UDQJH�����Ȃ������QV���6WDWLQ�GRVH�WHQGHG�WR�FRUUHODWH�
negatively with nitrotyrosine in neutrophils (Rs -0.32, p=0.06). The median levels in 
controls were lower in neutrophils 466 (range: 340–820, p<0.01) and in monocytes 191 
(range: 102–386, p=0.03), while similar in lymphocytes 99 (range: 82–246) as compared 
WR�$$$�SDWLHQWV�SRROHG��7KHUH�ZHUH�QR�GLHUHQFHV�LQ�PLWRFKRQGULDO�VXSHUR[LGH�DQG�
cytoplasmic hydrogen peroxide between statin and non-statin users within AAA 
patients.

Conclusions: :H�IRXQG�WKDW�SHUR[\QLWULWH� IRRWSULQW� LQ�FLUFXODWLQJ�QHXWURSKLOV�DQG�
monocytes of AAA patients are higher than in controls. AAA patients treated by statins 
had lower levels of peroxynitrite footprint in neutrophils than non-statin users.
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Neutrophil peroxynitrite footprint lower in statin users

1. INTRODUCTION

Extensive production of reactive nitrogen and oxygen species (RNS and ROS), also 
referred to as reactive species, results in oxidative stress. Circulating white blood cells 
�:%&���PDLQO\�QHXWURSKLOV��DUH�FDSDEOH�RI�516�DQG�526�SURGXFWLRQ�1 In the aortic wall 
oxidative stress can cause extracellular matrix (ECM) degeneration and smooth muscle 
FHOO�DSRSWRVLV��ZKLFK�DUH�UHFRJQL]HG�DV�KDOOPDUNV�RI�DEGRPLQDO�DRUWLF�DQHXU\VP��$$$��
pathogenesis.1–3

Production of ROS, of which superoxide (O2
-) and hydrogen peroxide (H2O2) are typical 

examples, and production of RNS, mainly peroxynitrite which is formed by a reaction 
of superoxide and nitric oxide, are among others facilitated by endothelial cells, 
VPRRWK�PXVFOH�FHOOV�DQG�ORFDOO\�LQȴOWUDWLQJ�:%&�4–7 Nitrotyrosine is a footprint left after 
peroxynitrite and other RNS production.8,9 Nitrotyrosine levels in cells therefore indicate 
WKH�DPRXQW�RI�516�WKH�FHOO�KDV�HQFRXQWHUHG��6HYHUDO�IDFWRUV�WHQG�WR�LQȵXHQFH�OHYHOV�
of reactive species in the aneurysm wall.10 Smoking is suggested to increase locally-
produced oxidative stress in the aortic wall.10 Statin therapy is thought to decrease 
local oxidative stress levels in the aneurysm wall.11,12 An improved antioxidant capacity 
is likely involved, but a decrease in the formation of free radicals, if any, has so far not 
been shown and remains to be investigated.13 Statins have even been proposed to 
decrease the aneurysm growth rate of small AAA.14 However, not much is known about 
UHDFWLYH�VSHFLHV�SURGXFWLRQ�LQ�$$$�SDWLHQWV�DQG�KRZ�VWDWLQV�FDQ�DHFW�WKHLU�SURGXFWLRQ�
V\VWHPLFDOO\��:H�VRXJKW�WR�GHWHUPLQH�LI�V\VWHPLFDOO\�FLUFXODWLQJ�:%&�DUH�DOVR�D�VRXUFH�
RI�UHDFWLYH�VSHFLHV�LQ�$$$�SDWLHQWV�DQG�ZKHWKHU�WKH�SURGXFWLRQ�LV�LQȵXHQFHG�E\�VWDWLQ�
therapy.

:H�K\SRWKHVL]HG�WKDW�LQ�SDWLHQWV�WUHDWHG�E\�VWDWLQV�WKH�SURGXFWLRQ�RI�UHDFWLYH�VSHFLHV�
LQ�FLUFXODWLQJ�:%&�ZLOO�EH�ORZHU�WKDQ�LQ�XQWUHDWHG�SDWLHQWV��ΖQ�WKLV�VWXG\��ZH�DQDO\]HG�
individual production of reactive species by circulating neutrophils, lymphocytes, and 
PRQRF\WHV�LQ�$$$�SDWLHQWV��:H�PHDVXUHG�516�YLD�QLWURW\URVLQH�OHYHOV�LQ�WKH�:%&�DQG�
TXDQWLȴHG�526�E\�GLUHFW�PHDVXUHPHQW�RI�PLWRFKRQGULDO�VXSHUR[LGH�DQG�F\WRSODVPLF�
K\GURJHQ�SHUR[LGH�SURGXFWLRQ�YLD� OLYH�FHOO� LPDJLQJ��:H�GLHUHQWLDWHG�EHWZHHQ�$$$�
patients with and without statin therapy.
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2. MATERIAL AND METHODS

The study was approved by the Medical Ethical Committee of the Amsterdam University 
0HGLFDO�&HQWHU��$80&����UHIHUHQFH�QXPEHU�������������:ULWWHQ�LQIRUPHG�FRQVHQW�ZDV�
obtained from all patients and volunteers.

2.1 Patient selection and blood sample gathering
:H�FRQVHFXWLYHO\� LQFOXGHG����$$$�SDWLHQWV��RI�ZKLFK����ZHUH�PDOHV��LQ�DFFRUGDQFH�
with current epidemiology).3 Venous blood from AAA patients was collected in EDTA-
containing tubes prior to elective aneurysm repair in our medical center. Excluded 
subjects were those with acutely-treated AAA, ruptured or thoraco-abdominal aortic 
aneurysms, as the latter have a pathogenesis distinct from AAA.15 As controls, we 
FRQVHFXWLYHO\�LQFOXGHG�WKH�ȴUVW����KHDOWK\�SHUVRQV����PDOHV��WKDW�YROXQWDULO\�DSSOLHG�
for the study. Exclusion criteria for the control group were any comorbidities, use of 
medications and age younger than 40 years.

%ORRG�VPHDUV�ZHUH�PDGH� LPPHGLDWHO\�DQG� WKHQ�VQDS� IUR]HQ�DQG�VWRUHG� LQ� ���Ő&�
XQWLO� XVH�� %ORRG� VDPSOHV�ZHUH� FRROHG� DW� �Ő&� DQG�GLUHFWO\� FHQWULIXJHG�� ȴQDOO\�� WKH�
EX\�FRDW�ZDV�H[WUDFWHG��7KH�EX\�FRDW�H[WUDFW�ZDV�WKHQ�LPPHGLDWHO\�UHVXVSHQGHG�
IRU� LPPXQRȵXRUHVFHQFH�ODEHOLQJ�DQG�OLYH�FHOO� LPDJLQJ��VHH�EHORZ���/LYH�FHOO� LPDJLQJ�
ZDV�SHUIRUPHG�ZLWKLQ���KRXUV�DIWHU�VDPSOH�SURFXUHPHQW��VHH�VWXG\�GHVLJQ�LQ�ȴJXUH�
3.1). Preoperative creatinine and total leukocyte measurements were performed 
E\�WKH�GHSDUWPHQW�RI�&OLQLFDO�&KHPLVWU\� LQ�WKH�$80&�0DQXDO� OHXNRF\WH�GLHUHQWLDO�
counts were performed on all blood smears. Aneurysm diameters were measured by 
computed tomography angiography. If multiple angiographies had been performed 
(n=12), aneurysmal growth is presented in cm per month.

����ΖPPXQRȵXRUHVFHQFH�VWDLQLQJ
������0HDVXUHPHQW�RI�SHUR[\QLWULWH�OHYHOV�YLD�QLWURW\URVLQH
%ORRG�VPHDUV�ZHUH�DLU�GULHG��ȴ[HG�ZLWK����IRUPDOLQ��DQG�ZDVKHG�LQ�������7ZHHQ��FHOO�
washing solution). Smears were stained at room temperature with anti-nitrotyrosine 
UDEELW�ΖJ*�SULPDU\�DQWLERG\�IRU�RQH�KRXU��������0ROHFXODU�3UREHV��DQG�$OH[D�����DQWL�
UDEELW�VHFRQGDU\�DQWLERG\�IRU����PLQXWHV���������0ROHFXODU�3UREHV���7KH�FHOO�PHPEUDQH�
JO\FRFDO\[�ZDV�ODEHOHG�ZLWK�$OH[D�����ȵXRUHVFHQW�ZKHDW�JHUP�DJJOXWLQLQ�SUREH��������
Molecular Probes) and then mounted with VectashieldTM mounting medium-containing 
DAPI nuclear stain (Vector Laboratories Inc.). Negative control smears were treated in 
the same fashion, but without primary antibodies.

Binnenwerk_mennodef.indd   68 09-12-19   17:05



69

Neutrophil peroxynitrite footprint lower in statin users

Table 3.1 AAA patient characteristics.
Patient characteristics of total AAA patients, subdivided in non-statin users and statin users. Data are 
presented as number (n), medians with ranges (outliers indicated separately) or as percentages. P-values are 
presented for comparison between the non-statin users and statin users (=p1) and for comparison between 
control and total AAA patients (=p2���6WDWLVWLFDOO\�VLJQLȴFDQW�GLHUHQFHV�DUH�LQGLFDWHG�E\�DQ�DVWHULVN�

Total AAA 
patients

Non-statin 
users Statin users p� Controls p2

 n 34 16 18 – 10 –

 Male / Female (n) 30 / 4 14 / 2 16 / 2 1.00 9 / 1 1.00

 Age (years) 74 (54 – 91) 74 (57 – 85) 74 (54 – 91) 0.51 53 (40 – 62) 0.03

 Aneurysm diameter (cm) 6.3 (3.5 – 10.0) 6.3 (3.5 – 10.0) 6.4 (5.5 – 9.0) 0.86 – –

 Aneurysm growth (cm/month) 0.07 (0.05 – 0.13) 0.07 (0.06 – 0.10) 0.08 (0.05 – 0.13) 0.76 – –

 Aneurysm length (cm) 9.7 (5.1 – 18.0) 9.8 (5.5 – 18.0) 9.2 (5.1 – 17.7) 0.42 – –

 Aneurysm supra- vs infrarenal (n) 12 / 22 6 / 10 6 / 12 1.00 – –

 Symptoms (n(%)) 12 (35) 6 (38) 6 (33) 0.80 – –

 Claudicationa (n(%)) 9 (26) 3 (19) 6 (33) 0.45 – –

�5HVWSDLQa (n(%)) 5 (15) 2 (13) 3 (17) 1.00 – –

 Backpain (n(%)) 8 (24) 5 (31) 3 (17) 0.43 – –

 Positive smoking history (n(%)) 26 (76) 12 (75) 14 (78) 1.00 3 (33) 0.02

 Coronary heart disease (n(%)) 24 (71) 8 (50) 16 (89)  0.02* 0 (0) <0.01

 Hypertension (n(%)) 26 (76) 13 (81) 13 (72) 0.69 0 (0) <0.01

 Hypercholesterolemiab (n(%)) 14 (41) 1 (6) 13 (72)  <0.01* 0 (0) <0.01

 Diabetes (n(%)) 4 (12) 1 (6) 3 (17)  0.60 0 (0) 0.56

 Statin (n(%)) 18 (53) 0 (0) 18 (100) – 0 (0) –

 Antihypertensives (n(%)) 28 (82) 12 (75) 16 (89) 0.39 0 (0) –

 Antiplateletsc (n(%)) 17 (50) 3 (19) 14 (78)  0.02* 0 (0) –

 Creatinined �ƉPRO�O� 111 (64 – 447) 103 (85 – 259) 91 (64 – 447)  0.05* not available –

 eGFRe (ml/min/1.73m2) 63 (11 – 105) 58 (22 – 78) 70 (11 – 105) 0.08 not available –

 Leukocytesf(109/l) 8.0 (2.4 – 12.6) 8.2 (4.7 – 12.6) 8.0 (2.4 – 12.1) 0.68 8.4 (3.5 – 10.2) 0.48

 Neutrophils (%) 81 (53 – 100) 80 (53 – 100) 81 (59 – 93) 0.69 80 (69 – 100) 0.74

 Lymphocytes (%) 12 (0 – 39) 14 (0 – 39) 12 (0 – 24) 0.30 17 (0 – 26) 0.44

 Monocytes (%) 2 (0 – 25) 0 (0 – 25) 10 (0 – 25) 0.22 3 (0 – 10) 0.35
a )RQWDLQH��D�RU��E�IRU�FODXGLFDWLRQ����RU���IRU�OHJ�UHVW�SDLQ��b Total cholesterol (TC) > 6.5 mmol/l or TC/ High 
'HQVLW\�/LSRSURWHLQ��+'/��UDWLR�!����c 0DLQO\�DVSLULQ��RFFDVLRQDOO\�FRPELQHG�ZLWK�GLS\ULGDPROH��d Reference 
YDOXH�EHWZHHQ����DQG�����ƉPRO�O��e (VWLPDWHG�JORPHUXODU�ȴOWUDWLRQ�UDWH��FDOFXODWHG�E\�PRGLȴFDWLRQ�RI�GLHW�LQ�
renal disease). Reference value is > 65 ml/min/1.73m2��f Reference value is < 10 * 109/l.

������0HDVXUHPHQW�RI�VXSHUR[LGH�DQG�K\GURJHQ�SHUR[LGH�SURGXFWLRQ�YLD�OLYH�FHOO�
imaging
%X\� FRDW� H[WUDFW�ZDV� UHVXVSHQGHG� LQ�$'6�EXHU� DW� ��Ő&� ����P0�1D&O�� ���P0�
.&/�����P0�0J624.7H2O/ 1.13mM NaH2PO4.H2O/ 20mM Hepes/5mM Glucose/ 1mM 
CaCl2��DQG�ODEHOHG�ZLWK�0LWR62;�5HG�VXSHUR[LGH�LQGLFDWRU��PLWRFKRQGULDO�526��DQG�
����FKORURPHWK\O��ȇ��ȇ�GLFKORURGLK\GURȵXRUHVFHLQ� GLDFHWDWH� �&0�'&)�� DFHW\O� HVWHU�
C6827, sensitive for hydrogen peroxide (cytoplasmic ROS) according to the manufacturer 
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LQVWUXFWLRQV��0ROHFXODU�3UREHV���$IWHU����PLQXWHV�RI�LQFXEDWLRQ�DW���Ő&�ZLWK�WKH�ODWWHU�
SUREHV��VDPSOHV�ZHUH�WKHQ�LPPHGLDWHO\�DQDO\]HG�E\�OLYH�FHOO�LPDJLQJ�

����4XDQWLWDWLYH�LPPXQRȵ�XRUHVFHQFH�PLFURVFRS\��LPDJH�
acquisition, masking, and analysis
������ΖPDJH�DFTXLVLWLRQ
A Zeiss Axiovert 200M MarianasTM inverted microscope was used, equipped with a 
PRWRUL]HG�VWDJH��VWHSSHU�PRWRU��ZLWK�]�D[LV� LQFUHPHQWV�RI����ƉP��DQG�D�WXUUHW�ZLWK�
D�'Ζ&�EULJKWȴ�HOG�FXEH�DQG�WKUHH�HSLȵ�XRUHVFHQFH�FXEHV��'$3Ζ�ZDV�YLVXDOLVHG�LQ�EOXH��
FITC in green (nitrotyrosine and hydrogen peroxide), and Cy3 in red (cell membrane 
DQG�VXSHUR[LGH���$�FRROHG�6HQVLFDP�69*$�&&'�FDPHUD������[�����SL[HOV��&RRNH�&R���
USA), linear over its full dynamic range, recorded images with true 16-bit capability. 
The microscope, camera, and data processing were controlled by SlideBookTM software 
�YHUVLRQ����������ΖQWHOOLJHQW�ΖPDJLQJ�ΖQQRYDWLRQV���ΖPDJHV�ZHUH�WDNHQ�ZLWK�D�FXVWRP���;�
oil objective (CARL ZEISS). Figures 3.2A–D, 3.4A–B and 3.5A–B show representative 
images of blood smear and live cell imaging, respectively.

Figure 3.1 Study design
'LDJUDP� RI� WKH� VWXG\� GHVLJQ�� 9HQRXV� EORRG� IURP� $$$� SDWLHQWV� DQG� KHDOWK\� YROXQWHHUV� ZDV� DQDO\]HG��
Superoxide and hydrogen peroxide were measured by live cell imaging and nitrotyrosine was measured by 
LPPXQRȵ�XRUHVFHQFH�PLFURVFRS\�
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7R�DYRLG�DUWLIDFWXDO�LQGXFWLRQ�RI�526�JHQHUDWLRQ��SULRU�LGHQWLȴ�FDWLRQ�RI�:%&�ZLWK�&'���
DQWLERGLHV�ZDV�QRW�SHUIRUPHG��0DQXDO�GL�HUHQWLDO�FRXQW�ZDV�SHUIRUPHG�EDVHG�RQ�
morphological criteria (nucleus, cytoplasm and diameter) as described earlier.16 Cells 
ZHUH�LGHQWLȴ�HG�DV�QHXWURSKLO��OREHG�QXFOHXV��JUDQXOH�ȴ�OOHG�F\WRSODVP���PRQRF\WH��URXQG�
RU�NLGQH\�VKDSHG�QXFOHXV�� OLWWOH�F\WRSODVP��GLDPHWHU�Ȳ�ƉP��RU� O\PSKRF\WH� �URXQG�
QXFOHXV��OLWWOH�F\WRSODVP��GLDPHWHU���ƉP��VHH��$�IRU�H[DPSOH���2I�HDFK�EORRG�VPHDU�
DQG�EX�\�FRDW�VDPSOH��DSSUR[LPDWHO\�����:%&�SHU�SDWLHQW�ZHUH�LPDJHG�RQ�WKH�ZKROH�
glass slide.

������0DVNLQJ�DQG�TXDQWLȴ�FDWLRQ�RI�WKH�LPDJHV
An operator-dependant binary overlay outlining the segment of interest was used 
IRU�TXDQWLȴ�FDWLRQ�RI�ȵ�XRUHVFHQFH��H[DPSOHV�DUH�JLYHQ�LQ�ȴ�JXUH����%�����%�DQG����%��
Levels of nitrotyrosine, superoxide and hydrogen peroxide were measured in mean 
ȵ�XRUHVFHQFH�LQWHQVLW\��UHSUHVHQWLQJ�WKH�PHDQ�SL[HO�LQWHQVLW\�JLYHQ�LQ�$QDORJ�WR�GLJLWDO�
8QLWV�>$�8�@��EHLQJ�DQ�HTXLSPHQW�GHSHQGDQW�XQLW�GHȴ�QHG�E\�6OLGH%RRNTM software). 
)OXRUHVFHQFH�LQWHQVLW\�ZDV�FRUUHFWHG�IRU�GL�HUHQFHV�LQ�WRWDO�DUHD�VL]H�RI�WKH�PDVNV�DV�
ZHOO�IRU�WKH�YDU\LQJ�QRQ�VSHFLȴ�F�EDFNJURXQG�WKDW�ZDV�TXDQWLȴ�HG�E\�DQDO\VLV�RI�QHJDWLYH�
FRQWURO�VPHDUV�RI�WKH�VDPH�VDPSOH��ZKLFKbZHUH�LQFOXGHG�LQ�HYHU\�VWDLQLQJ��0HDQ�OHYHOV�
per cell per patient were used and for each group of patients the median with ranges.

2.4 Statistical analysis
'DWD�ZHUH�DQDO\]HG�ZLWK�6366��Ζ%0�6WDWLVWLFV�Y����8�6�$����)RU�PXOWLSOH�QRQ�SDUDPHWULF�
GLVWULEXWHG�JURXSV�WKH�.UXVNDOȂ:DOOLV�WHVW�ZDV�XVHG�ȴ�UVW�DQG�VXEVHTXHQWO\�WKH�0DQQȂ
:KLWQH\�8�WHVW�IRU�FRPSDULQJ�WZR�JURXSV��)LVKHUȇV�H[DFW�WHVW�ZDV�XVHG�IRU�FDWHJRULFDO�
variables in two groups. Correlations were tested with Spearman’s Rank Correlation 
(Rs). Raw data are given as medians with ranges and presented graphically as scatter, 
or boxplots (showing medians and quartiles) with outliers (according to Tukey’s criteria) 
indicated separately. For univariate analysis, a general linear model was made, by adding 
log-transformed parameters to the model, or for dichotomous parameters, dummy 
variables (0=absence and 1=presence of covariate). Parameters with p-value <0.15 were 
DFFHSWHG��7HVWV�ZHUH�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQLȴ�FDQW�DW�Sȱ�����
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3. RESULTS

3.1 Protein nitrosylation in circulating white blood cells
Patient characteristics of 34 AAA patients are shown in table 3.1. In AAA patients, 
PHGLDQ�QLWURW\URVLQH�ȵXRUHVFHQW�LQWHQVLW\�OHYHOV��LQ�$�8���$QDORJ�WR�GLJLWDO�8QLWV��ZHUH�
in neutrophils 865 (313–2144), in lymphocytes 144 (68–555) and in monocytes 490 
����Ȃ������ȴJXUH����(�*���7KH�PHGLDQ�OHYHOV�RI�WKH�KHDOWK\�YROXQWHHUV��FRQWUROV��Q ����
were in neutrophils 466 (340–820), in lymphocytes 99 (82–246) and in monocytes 191 
����Ȃ�����ȴJXUH����(�*���&RQWURO�OHYHOV�LQ�QHXWURSKLOV�DQG�PRQRF\WHV�ZHUH�ORZHU�WKDQ�
LQ�$$$�SDWLHQWV��Sȱ�������$JH�ZDV�QRW�FRUUHODWHG�ZLWK�QLWURW\URVLQH�LQ�QHLWKHU�FRQWURO�
DQG�SDWLHQW�JURXSV�QRU�ZKHQ�JURXSV�ZHUH�SRROHG��5V��������5V��������5V�������SȲ�����
respectively).

'LHUHQW�W\SHV�RI�VWDWLQ�SURGXFWV�ZHUH�XVHG��VLPYDVWDWLQ��Q ����DWRUYDVWDWLQ��Q ���
SUDYDVWDWLQ��Q ���ȵXYDVWDWLQ��Q ����7R�FRPSDUH�WKH�GRVH�HHFW�RI�VWDWLQV�ZH�FRQYHUWHG�
other types to an equivalent simvastatin dose according to a statin conversion 
chart.17 Equivalent simvastatin doses varied from 5 to 80mg per day. The following 
comorbidities and drug use were more frequent in the statin group than in the non-
statin group: coronary heart disease, hypercholesterolemia, use of antiplatelets and 
FUHDWLQLQH�OHYHOV��WDEOH������Sȱ�������8QLYDULDWH�DQDO\VLV�DIWHU�ORJ�WUDQVIRUPDWLRQ�VKRZHG�
that these characteristics were no confounding factors for nitrotyrosine production 
�FRHɝFLHQWV ����Ȃ������QV���$OO�SDWLHQWV�XVLQJ�VWDWLQV�ZHUH�WUHDWHG�IRU�DW�OHDVW���PRQWKV��
Patients in the non-statin group had either ceased the therapy (all since at least 5 
months) due to complaints of mainly myopathy, or did not start the therapy yet as the 
aneurysm was recently diagnosed. The median nitrotyrosine levels in the neutrophils 
ZHUH�KLJKHU�LQ�$$$�SDWLHQWV�QRW�XVLQJ�VWDWLQV��QRQ�VWDWLQ�JURXS��Q ��������>���Ȃ����@��
WKDQ�LQ�WKH�VWDWLQ�JURXS������>���Ȃ����@��Q ����S ������ȴJXUH����(��� ΖQ�QHXWURSKLOV�
and monocytes, statin users in the AAA group had higher nitrotyrosine levels than 
FRQWUROV��S �����DQG�S ������UHVSHFWLYHO\���7KH�GLHUHQFH�LQ�QLWURW\URVLQH�SURGXFWLRQ�
LQ�QHXWURSKLOV�EHWZHHQ�VWDWLQ�XVHUV�DQG�QRQ�VWDWLQ�XVHUV�ZDV�FRQȴUPHG�E\�XQLYDULDWH�
DQDO\VLV��FRHɝFLHQW �������52=0.11, p=0.05). Intercept of the model was 3.01 and model 
R2 was 0.29. The equivalent simvastatin dose tended to correlate negatively with 
QLWURW\URVLQH�OHYHOV��5V��������S ������ȴJXUH�������8QLYDULDWH�DQDO\VLV�VKRZHG�WKDW�DJH��
other drug use, symptoms and other comorbidities from table 3.1 were no confounding 
IDFWRUV��:H�IRXQG�QR�DVVRFLDWLRQ�EHWZHHQ�HTXLYDOHQW�VLPYDVWDWLQ�GRVH�DQG�DQHXU\VP�
GLDPHWHU��JURZWK��OHQJWK�RU�ORFDOL]DWLRQ�
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Figure 3.2 In vivo peroxynitrite production
$Q�H[DPSOH�RI�FKDUDFWHULVWLF�FHOO�PRUSKRORJ\�LV�JLYHQ�LQ�ȴ�JXUH�$�DQG�WKH�ELQDU\�RYHUOD\�IRU�PDVNLQJ�LQ�ȴ�JXUH�
%��ΖQ�ȴ�JXUH�&�DQG�'��UHSUHVHQWDWLYH�LPDJHV�RI�QLWURW\URVLQH�LQ�$$$�SDWLHQWV�ZLWK�QR�VWDWLQ�WKHUDS\��&��DQG�
ZLWK�VWDWLQ�WKHUDS\��'��DUH�SUHVHQWHG��7KH�TXDQWLȴ�FDWLRQ�RI�QLWURW\URVLQH� LQ�QHXWURSKLOV� �(��� O\PSKRF\WHV�
(F) and monocytes (G) in AAA patients (subdivided in non-statin and statin users) and controls is given. 
'DWD�DUH�SUHVHQWHG�DV�ER[SORWV�ZLWK�LQWHUTXDUWLOH�UDQJHV��1RWH�WKH�GL�HUHQFHV�LQ�VFDOH�IRU�WKH�O\PSKRF\WHV��
$�8�b b$QDORJ�WR�GLJLWDO�8QLWV��DQ�DFFRODGH�LQGLFDWHV�VLJQLȴ�FDQW�GL�HUHQFH�EHWZHHQ�JURXSV��S��������RXWOLHUV�
are indicated by an asterisk.
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6LQFH�VPRNLQJ�LV�D�NQRZQ�IDFWRU�RI�LQFUHDVHG�526�SURGXFWLRQ��ZH�DQDO\]HG�SDWLHQWV�ZLWK�
positive smoking history (smokers group, n=26) separately.10�1R�VLJQLȴ�FDQW�GL�HUHQFH�
was found in nitrotyrosine production between active smokers and patients with 
negative smoking history. Subgroup analysis in the smokers group showed similar levels 
between statin users and non-statin users (p>0.18). In the statin group, smokers (n=14) 
KDG�VLJQLȴ�FDQWO\�KLJKHU�PHGLDQ�QLWURW\URVLQH�OHYHOV�LQ�O\PSKRF\WHV�WKDQ�QRQ�VPRNHUV�
�Q ������������Ȃ�����DQG�������Ȃ������UHVSHFWLYHO\��S ��������ΖQ�WKH�RWKHU�:%&�W\SHV��
QR�GL�HUHQFHV�ZHUH�IRXQG�

3.2 Live mitochondrial and cytoplasmic oxidative stress production
0LWRFKRQGULDO�VXSHUR[LGH�PHGLDQ�ȵ�XRUHVFHQW�LQWHQVLW\�OHYHOV��LQ�$�8���LQ�$$$�SDWLHQWV�
were in neutrophils 352 (101–947), in lymphocytes 997 (118–2745) and in monocytes 
��������Ȃ������ȴ�JXUH����&�(���0HGLDQ�FRQWURO� OHYHOV�ZHUH� LQ�QHXWURSKLOV���������Ȃ
������LQ�O\PSKRF\WHV���������Ȃ�����DQG�LQ�PRQRF\WHV���������Ȃ�����ȴ�JXUH����&�(���1R�
GL�HUHQFHV�ZHUH�IRXQG�LQ�DOO�WKUHH�FHOO�W\SHV�EHWZHHQ�$$$�SDWLHQWV�XVLQJ�VWDWLQV�DQG�
not using statins (p>0.20). Control levels in monocytes of healthy volunteers were lower 
WKDQ�LQ�$$$�SDWLHQWV��S ������ȴ�JXUH����(��

Figure 3.3 Nitrotyrosine production in neutrophils for varying statin doses
In this scatterplot the nitrotyrosine production in neutrophils of AAA patients and controls is given (y-axis) for 
WKH�GL�HUHQW�VWDWLQ�GRVHV�DQG�W\SHV��'RVH�LV�JLYHQ�LQ�PJ�SHU�GD\�DV�HTXLYDOHQW�VLPYDVWDWLQ�GRVHV��FRUUHFWHG�
according to the statin conversion chart as described in the text). The correlation (Spearmans Rank [Rs]) is 
JLYHQ�ZLWK�S�YDOXH�IRU�$$$�SDWLHQWV��'L�HUHQW�VWDWLQ�W\SHV�DUH�UHFRJQL]DEOH�E\�WKHUH�RZQ�PDUNHU��VHH�OHJHQG���
&RQWUROV�DUH�JLYHQ�LQ�WKH�ULJKW�HQG�RI�WKH�ȴ�JXUH��0HGLDQ�YDOXHV�DUH�LQGLFDWHG�E\�D�KRUL]RQWDO�EDU�LQ�FDVH�RI���
or more values per dose.
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Median cytoplasmic hydrogen peroxide levels (in A.U.) in AAA patients were in 
neutrophils 90 (62–209), in lymphocytes 60 (31-1193) and in monocytes 80 (61–
�����ȴ�JXUH����&�(���0HGLDQ�OHYHOV� LQ�$$$�SDWLHQWV�ZHUH�VLPLODU�WR�FRQWUROV��EHLQJ� LQ�
neutrophils 105 (85–134), in lymphocytes 47 (31–71) and in monocytes 105 (83–146). 
7KHUH�ZHUH�QR�GL�HUHQFHV�EHWZHHQ�$$$�SDWLHQWV�XVLQJ�VWDWLQV�DQG�QRW�XVLQJ�VWDWLQV��
The patient characteristics and comorbidities presented in table 3.1 were not correlated 
to mitochondrial superoxide and cytoplasmic hydrogen peroxide levels in circulating 
:%&�

Figure 3.4 Mitochondrial superoxide production.
Examples of live cell imaging of mitochondrial superoxide (O2

-) production (A), and the binary overlay for 
PDVNLQJ��%���7KH�TXDQWLȴ�FDWLRQ�RI�VXSHUR[LGH�SURGXFWLRQ�LQ�QHXWURSKLOV��&���O\PSKRF\WHV��'��DQG�PRQRF\WHV�
(E) in AAA and controls is given. Data are presented as boxplots with median and interquartile ranges. Note the 
GL�HUHQFHV�LQ�VFDOH�IRU�QHXWURSKLOV��$�8�b b$QDORJ�WR�GLJLWDO�8QLWV��DQ�DFFRODGH�LQGLFDWHV�VLJQLȴ�FDQW�GL�HUHQFH�
EHWZHHQ�JURXSV��S��������RXWOLHUV�DUH�LQGLFDWHG�E\�DQ�DVWHULVN�
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4. DISCUSSION

In this study, RNS production was increased in circulating neutrophils and monocytes 
of AAA patients as compared to healthy volunteers. In neutrophils its production was 
lower in patients using statins than in patients who were not treated so. The statin 
dose tended to correlate negatively with RNS production. Mitochondrial superoxide 
production was elevated in circulating monocytes of AAA patients, but not in their 
neutrophils or lymphocytes. Hydrogen peroxide production was not elevated in AAA 
SDWLHQWV�LQ�DQ\�FHOO�W\SH��6WDWLQV�KDG�QR�LQȵ�XHQFH�RQ�WKHVH�526�OHYHOV�

Figure 3.5 Cytoplasmic hydrogen peroxide production.
Examples of live cell imaging of cytoplasmic hydrogen peroxide (H2O2) production (A), and the binary overlay 
IRU�PDVNLQJ��%���7KH�TXDQWLȴ�FDWLRQ�RI�K\GURJHQ�SHUR[LGH�SURGXFWLRQ�LQ�QHXWURSKLOV��&���O\PSKRF\WHV��'��DQG�
monocytes (E) in AAA and controls is given. Data are presented as boxplots with median and interquartile 
UDQJHV��1RWH�WKH�GL�HUHQFHV�LQ�VFDOH�IRU�PRQRF\WHV��$�8�b b$QDORJ�WR�GLJLWDO�8QLWV��RXWOLHUV�DUH�LQGLFDWHG�E\�
an asterisk.
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2I�DOO�526�DQG�516�LQYHVWLJDWHG�LQ�:%&�RI�$$$�SDWLHQWV��SHUR[\QLWULWH�VHHPV�WR�EH�WKH�
PRVW�LPSRUWDQW�VRXUFH�RI�UHDFWLYH�VSHFLHV�SURGXFHG�LQ�FLUFXODWLQJ�:%&��:%&�DUH�NQRZQ�
WR�EH�DFWLYDWHG�E\�HQGRWKHOLDO�:%&�LQWHUDFWLRQV�LQ�RUGHU�WR�SURGXFH�UHDFWLYH�VSHFLHV�18

&KURQLF�LQȵ�DPPDWLRQ�LQ�$$$�FDQ�LQFUHDVH�H[SUHVVLRQ�RI�DGKHVLRQ�PROHFXOHV�RYHU�WKH�
LQQHU�VXUIDFH�RI�WKH�DQHXU\VP��:H�VXJJHVW�WKDW�DV�:%&�SDVV�WKH�DQHXU\VP��WKH\�DUH�
activated by adhesion molecules to produce peroxynitrite. Such a mechanism could 
EH�UHVSRQVLEOH�IRU�LQFUHDVHG�516�SURGXFWLRQ�LQ�FLUFXODWLQJ�:%&�

Our data show that RNS produced by circulating neutrophils is lower in AAA patients 
treated by statins than in patients not treated so. This is possibly the result of decreased 
SHUR[\QLWULWH�SURGXFWLRQ�LQ�WKH�:%&�WKHPVHOYHV��ΖQ�RUGHU�WR�SURGXFH�516��D�:%&�PXVW�
ȴ�UVW�EH�SULPHG�19 Hyperlipidemic patients have more circulating primed neutrophils 
than patients with normal ranged lipid levels.20 As statins are lipid lowering drugs, 
less potent peroxynitrite-producing neutrophils circulate. Statins also reduce vessel 
ZDOO�LQȵ�DPPDWLRQ��UHVXOWLQJ�LQ�IHZHU�HQGRWKHOLDO�OHXNRF\WH�LQWHUDFWLRQV�DQG�WKHUHIRUH�
fewer primed neutrophils.18,19�7KH� LQȵ�XHQFH�RQ�WRWDO�516�SURGXFWLRQ�E\�FLUFXODWLQJ�
:%&�ZRXOG�EH�WKH�JUHDWHVW�ZKHQ�LWV�SURGXFWLRQ�LQ�QHXWURSKLOV� LV� LQKLELWHG��DV�WKH\�
are the most numerous and have the highest peroxynitrite production. Lymphocytes 
DUH�WKH�RQO\�:%&�W\SH�ZLWK�VLPLODU�516�SURGXFWLRQ�LQ�$$$�DQG�FRQWUROV��ΖQ�WKLV�:%&�
W\SH�QR�GL�HUHQFHV�LQ�SHUR[\QLWULWH�IRRWSULQW�ZDV�REVHUYHG�EHWZHHQ�VWDWLQ�DQG�QRQ�
statin users. This could indicate that statins might only reduce enhanced levels of RNS 
SURGXFWLRQ�LQ�$$$�SDWLHQWV��DQG�KDYH�QR�LQȵ�XHQFH�RQ�:%&�ZLWK�QRUPDO�OHYHOV�RI�516�
SURGXFWLRQ��)XWXUH�UHVHDUFK�LQYHVWLJDWLQJ�WKH�H�HFW�RI�VWDWLQV�RQ�516�SURGXFWLRQ�LQ�
KHDOWK\�VXEMHFWV�FRXOG�SRVVLEO\�H[SODLQ�WKH�ODFN�RI�H�HFW�RQ�O\PSKRF\WHV��(�HFWLYH�
UHGXFWLRQ�RI�YHVVHO�ZDOO�LQȵ�DPPDWLRQ�LQ�$$$�E\�VWDWLQV�LV�HDUOLHU�GHVFULEHG�WR�EH�GRVH�
dependent.21�ΖQ�FLUFXODWLQJ�QHXWURSKLOV�WKH�REVHUYHG�SHUR[\QLWULWH�ORZHULQJ�H�HFW�RI�
VWDWLQV�PLJKW�DOVR�EH�GRVH�GHSHQGHQW��+RZHYHU�bWKH�SDWLHQW�QXPEHUV�IURP�ZKLFK�WKLV�
suggestion is derived are small. The majority of patients in our study used simvastatin. 
:H�UHFDOFXODWHG�WKH�GRVHV�RI�RWKHU�VWDWLQ�W\SHV�XVLQJ�ZLWK�WKH�FRQYHUVLRQ�WDEOH�IRU�WKH�
OLSLG� ORZHULQJ�H�HFW��VLQFH�QR�VXFK�FRQYHUVLRQ�GDWD�H[LVWV�IRU�SOHLRWURSLF�DFWLRQV�RI�
VWDWLQV��L�H��LQGHSHQGHQW�RI�OLSLG�ORZHULQJ���:H�GLG�VR�DV�D�ȴ�UVW�DSSUR[LPDWLRQ��DOWKRXJK�
ZH�UHDOL]H�WKDW� LW� LV�SRVVLEOH�WKDW�VWDWLQV�PD\�YDU\� LQ�UHODWLYH�VWUHQJWK�IRU�GL�HUHQW�
actions.

Statins have earlier been demonstrated to improve antioxidant capacity, and thus 
UHGXFH�GHVWUXFWLYH�H�HFWV�RI�R[LGDWLYH� VWUHVV� LQ� WKH�DQHXU\VP�ZDOO�11,12 Of note, a 
decrease in hydrogen-peroxide (H2O2) production by statins was not observed in AAA 
tissue.11,13�7KLV�FRPSOLHV�ZLWK�RXU�ȴ�QGLQJ�WKDW�VWDWLQV�KDG�QR�H�HFW�RQ�+2O2 production in 
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:%&�RI�$$$�SDWLHQWV��0RUHRYHU��ZH�VDZ�D�VLPLODU�+2O2 production in AAA patients and 
controls, the latter group being absent in the study of Piechota et al.12 In addition, we 
SURYLGH�IRU�WKH�ȴUVW�WLPH�GLUHFW�PHDVXUHPHQWV�RI�PLWRFKRQGULDO�VXSHUR[LGH�SURGXFWLRQ�
LQ�$$$�SDWLHQWV��XVLQJ�D�WKRURXJKO\�FKHFNHG��VSHFLȴF�PDUNHU�WKDW�QRW�VLJQDOV�UHDFWLYH�
VXOȴGH�VSHFLHV�22–24� ΖQWHUHVWLQJO\��DJDLQ�QR�HHFW�RI�VWDWLQV�RQ�WKH�IRUPDWLRQ�RI�WKLV�
oxygen-radical was observed, while AAA patients had an increased formation only in 
monocytes, but not neutrophils or lymphocytes. Hence, in contrast to RNS formation, 
526�SURGXFWLRQ�LV�QRW�LQȵXHQFHG�E\�VWDWLQV��DQG�DOVR�VHHPV�OHVV�SURPLQHQWO\�LQFUHDVHG��
LI�DQ\��LQ�$$$�SDWLHQWV��)XWXUH�UHVHDUFK�PLJKW�IRFXV�RQ�QLWULF�R[LGH�PHWDEROLVP�WR�ȴQG�
DQ�H[SODQDWLRQ�IRU�WKHVH�GLHUHQFHV�EHWZHHQ�R[\JHQ�DQG�QLWURJHQ�UDGLFDO�SURGXFWLRQ�
in AAA patients.

0XOWLSOH�FOLQLFDO�WULDOV�KDYH�LQYHVWLJDWHG�WKH�LQȵXHQFH�RI�VWDWLQ�WKHUDS\�RQ�DQHXU\VP�
development and growth rate.14,25–29 However, to date it remains a matter of debate. A 
PHWD�DQDO\VLV�RI�REVHUYDWLRQDO�FRPSDUDWLYH�VWXGLHV�VKRZHG�WKDW�WKH�HHFW�RI�VWDWLQ�
therapy on AAA development, if any, is likely to be on the growth prevention of small 
AAA.30�:H� IRXQG�QR�FRUUHODWLRQ�EHWZHHQ� WKH�VWDWLQ� WKHUDS\�DQG�$$$�GLDPHWHU�RU�
growth. The absence of this correlation might be explained by the fact that all patients 
included in our study, with the exception of one, had a large diameter AAA. This might 
LQGLFDWH�WKDW�VWDWLQ�WKHUDS\�KDV�OHVV�HHFW�RQ�SURJUHVVLRQ�RI�ODUJHU�DQHXU\VPV��+RZHYHU��
the present study was not designed to demonstrate this correlation, and therefore no 
GHȴQLWLYH�FRQFOXVLRQV�FDQ�EH�GUDZQ�EDVHG�RQ�WKHVH�GDWD�

Cigarette smoke contains several substances, like cathechol and hydroquinone, 
which increase RNS and ROS production.31 Our data showed that only lymphocyte 
peroxynitrite footprint was higher in smokers. Also, contrary to the total AAA group and 
non-smokers, we found that within the smoking group, no lower levels of peroxynitrite 
IRRWSULQW�ZHUH�VHHQ�LQ�$$$�SDWLHQWV�XVLQJ�VWDWLQV��:H�VSHFXODWH�WKDW�VPRNLQJ�PLJKW�
KDYH�D�VHOHFWLYH�HHFW�RQ�UHDFWLYH�VSHFLHV�SURGXFWLRQ�LQ�FLUFXODWLQJ�:%&�DQG�GLVUXSWV�
D�SRVVLEOH�516�GHFUHDVLQJ�HHFW�RI�VWDWLQV�RQ�FLUFXODWLQJ�:%&�

A limiting factor of our study is the younger age of the control group. It has been 
demonstrated that with ageing the adequate anti-oxidative response declines.32 
However, we have demonstrated by univariate analysis in our cohort that age had 
QR�VLJQLȴFDQW� LQȵXHQFH�RQ�SHUR[\QLWULWH�IRRWSULQW� LQ�FLUFXODWLQJ�QHXWURSKLOV��$OVR��D�
limitation is the observational design of our study, which hinders to draw causative 
correlations between the investigated factors. This explains partly that we found 
none of the individual patient characteristics to be associated with aneurysm growth, 
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while some are proven independent risk factors for aneurysm diameter and growth. 
However, one must also acknowledge the complexity and multifactorial nature of AAA 
GHYHORSPHQW��PDNLQJ�LW�GLɝFXOW�WR�SRLQW�RXW�D�VLQJOH�IDFWRU�DV�FDXVDWLYH�

The current study contributes to a better understanding of oxidative stress production 
LQ� $$$�SDWLHQWV�� DQG� DGGLWLRQDOO\� WKH�516� ORZHULQJ� HHFW� RI� VWDWLQV� LQ� FLUFXODWLQJ�
neutrophils. For the surgeons that treat AAA patients with statins during their follow-
XS��WKHVH�UHVXOWV�HPSKDVL]H�WKH�SOHLRWURSLF�HHFWV�RI�LWV�XVH��$GGLWLRQDOO\��WKHVH�UHVXOWV�
seem to indicate that smoking might possibly disrupt the oxidative stress lowering 
HHFWV�RI� VWDWLQV�� 7KLV� VXJJHVWLRQ� VKRXOG�KHOS�SHUVXDGH� WKH�SDWLHQW� WR�SHUVLVW� LQ�
QRW�VPRNLQJ�DW�DOO��HYHQ�ZKHQ�FRQVLGHULQJ�WKDW� WKH�HYLGHQFH�IRU� WKLV�ȴQGLQJ� LV�QRW�
YHU\�VWURQJ��)XUWKHUPRUH��RXU�UHVXOWV�VKRZ�QR�GLHUHQFHV�LQ�K\GURJHQ�SHUR[LGH�DQG�
superoxide production between AAA patients and controls, except for superoxide 
production in monocytes, suggesting that ROS are a less important source of oxidative 
VWUHVV�WKDQ�516�DUH��7KHUHIRUH��IXWXUH�UHVHDUFK�FRXOG�PRUH�VSHFLȴFDOO\�IRFXV�RQ�WKH�
possibilities of RNS reduction, in particular its production by circulating neutrophils.

In conclusion, we found that peroxynitrite footprint in circulating neutrophils and 
monocytes of AAA patients are higher than in controls. Patients treated by statins had 
lower levels of peroxynitrite footprint in neutrophils than non-statin users.
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CHAPTER 4

THE POTENTIAL ROLE OF NEUTROPHIL 
GELATINASE-ASSOCIATED LIPOCALIN 

(NGAL) IN THE DEVELOPMENT OF 
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ABSTRACT

Objective: In abdominal aortic aneurysm (AAA) pathophysiology deterioration of 
WKH�PHGLDO�DRUWLF� OD\HU�SOD\V�D�FULWLFDO�UROH��.H\�SOD\HUV� LQ�YHVVHO�ZDOO�GHJHQHUDWLRQ�
are reactive oxygen species (ROS), smooth muscle cell apoptosis and extracellular 
matrix degeneration by matrix metalloproteinase-9 (MMP-9). Lipocalin-2, also 
Neutrophil Gelatinase-Associated Lipocalin (NGAL), is suggested to be involved in 
WKHVH�GHJHQHUDWLYH�SURFHVVHV�LQ�RWKHU�FDUGLRYDVFXODU�GLVHDVHV��:H�DLPHG�WR�IXUWKHU�
investigate the role of NGAL in AAA development and rupture.

Methods: In this observational study aneurysm tissue and blood of ruptured (n=13) 
AAA patients were investigated versus non-ruptured (n=26). Non-dilated aortas (n=5) 
from deceased patients and venous blood from healthy volunteers (n=10) served as 
FRQWUROV��1*$/�FRQFHQWUDWLRQV�LQ�WLVVXH�DQG�EORRG�ZHUH�PHDVXUHG�E\�(Q]\PH�/LQNHG�
ΖPPXQR�6RUEHQW�$VVD\�DQG�LPPXQRȵXRUHVFHQFH�PLFURVFRS\��1LWURW\URVLQH��PDUNHU�RI�
ROS), MMP-9 and caspase-3 (marker of apoptosis) in aneurysm tissue were measured by 
LPPXQRȵXRUHVFHQFH�PLFURVFRS\��$$$�H[SDQVLRQ�UDWHV�ZHUH�FDOFXODWHG�UHWURVSHFWLYHO\�

Results: NGAL (in µg/mL) blood concentration in ruptured AAA was 46 (range: 22–
122) versus 26 (range: 6–55) in non-ruptured AAA (p<0.01) and 14 (range: 12–22) in 
controls (p<0.01). In the aneurysm wall of ruptured AAA NGAL concentration was 4.7 
�UDQJH�����Ȃ����YHUVXV������UDQJH�����Ȃ����LQ�QRQ�UXSWXUHG�$$$��QRW�VLJQLȴFDQW��DQG�����
(range: 1.2–2.7) in non-dilated aortas (p=0.04). In the medial layer, NGAL correlated 
SRVLWLYHO\�ZLWK�QLWURW\URVLQH��5V �����S��������003����5V �����S ������DQG�FDVSDVH���
�5V �����S �������1*$/�GLG�QRW�FRUUHODWH�WR�$$$�H[SDQVLRQ�UDWH� LQ�EORRG�RU�WLVVXH�
(p=0.34 and p=0.95, respectively).

Conclusions: This study demonstrates that NGAL blood concentration is higher in 
ruptured AAA patients than in non-ruptured AAA. NGAL expression in the AAA wall is 
also higher than in non-dilated aorta. Furthermore, it’s expression is associated with 
factors of vessel wall deterioration. Based on our study results, we could not determine 
1*$/�DV�ELRPDUNHU�IRU�$$$�JURZWK�RU�UXSWXUH��+RZHYHU��RXU�ȴQGLQJV�GR�VXSSRUW�D�
potential role of NGAL in the development of AAA.
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1. INTRODUCTION

Abdominal aortic aneurysm (AAA) development is associated with aortic medial 
layer deterioration. This is a multifactorial process in which smooth muscle cell (SMC) 
apoptosis and migration are important features, which are facilitated by loss of the 
YHVVHO�ZDOO�VWUXFWXUH�GXH�WR�HQ]\PDWLF�GHJUDGDWLRQ�RI�WKH�H[WUDFHOOXODU�PDWUL[��(&0��1–5 
Matrix metalloproteinases (MMP), mainly MMP-2 and MMP-9, are responsible for ECM 
degeneration.1,2 Reactive oxygen species (ROS), among others, have been reported to 
play a prominent role in SMC apoptosis in AAA.3 These processes result in medial layer 
decline, AAA development and eventually may lead to a life threatening intra-abdominal 
bleeding in case of a rupture.6

Neutrophil Gelatinase-Associated Lipocalin (NGAL) is an acute phase protein stored 
in the granules of neutrophils and has been the topic of interest as a diagnostic and 
prognostic tool for several cardiovascular diseases.7–10 NGAL may prevent MMP-9 from 
inactivation, and doing so, is thought to stimulate aortic wall degeneration.11,12 In mice 
NGAL inhibition even attenuates AAA growth.7 On the opposite, it is supposed to have 
a protective role against ROS induced apoptosis.13,14 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.9,15–17 Furthermore, NGAL 
seems to have potential as a marker for acute kidney injury.18�0RUH�VSHFLȴF��1*$/�LV�
suggested to predict hemodialysis and poor outcome after major aortic surgery.19,20 
However, to date expression of NGAL in ruptured AAA patients was never assessed.21–23

In the present study, we aimed to investigate the role of NGAL in the pathophysiology 
RI�$$$�UXSWXUH��:H�K\SRWKHVL]HG�WKDW�1*$/�LV� LQFUHDVHG�LQ�WKH�DQHXU\VP�ZDOO�DQG�
in blood of ruptured AAA as compared to non-ruptured AAA. NGAL concentrations 
in blood and aneurysm tissue of ruptured AAA, non-ruptured AAA and non-dilated 
aorta’s were measured. To investigate its role in the pathophysiology, we investigated 
correlations between NGAL and factors of aneurysm development, i.e. MMP-9, ROS 
and SMC apoptosis.
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2. MATERIALS AND METHODS

The study was approved by the Medical Ethics Committee of the Amsterdam University 
0HGLFDO�&HQWHU���UHIHUHQFH�QXPEHU�������������:ULWWHQ�LQIRUPHG�FRQVHQW�ZDV�REWDLQHG�
from all patients or from the patient’s family in case of decease.

2.1 Patients, tissue and blood samples
:H�PHDVXUHG�1*$/�FRQFHQWUDWLRQ�LQ�IXOO�WKLFNQHVV�DRUWLF�ELRSVLHV�RI�WKH�DQHXU\VP�ZDOO�
of ruptured and non-ruptured AAA, which were obtained during surgery. Additionally, 
we measured NGAL blood concentration (all samples were taken immediately after 
SDWLHQW�ZDV�DQHVWKHWL]HG�EHIRUH�LQFLVLRQ���7KH�H[SUHVVLRQ�DQG�ORFDOLVDWLRQ�RI�1*$/�
were determined separately in the medial layer and atherosclerotic plaque, the two 
DGMDFHQW�YHVVHO�ZDOO�OD\HUV�ZKHUH�ZH�H[SHFWHG�WKH�KLJKHVW�DFWLYLW\�RI�1*$/��:H�DOVR�
examined the expression of indicators for aneurysm development, i.e. MMP-9, ROS and 
SMC apoptosis, in ruptured and non-ruptured AAA. Ruptured and non-ruptured AAA 
measurements were compared to tissue and blood control groups. As leukocytes and 
LPSDLUHG�NLGQH\�IXQFWLRQ�DUH�DVVRFLDWHG�ZLWK�LQFUHDVHG�1*$/�H[SUHVVLRQ�ZH�DQDO\]HG�
total circulating leukocytes and kidney function (via MDRD) to exclude these factors 
as potential confounders.22,23 NGAL blood concentration was also correlated with the 
retrospectively determined AAA expansion rate.

All consecutive patients with a ruptured and non-ruptured AAA in the period March 
2010 until May 2014 of which blood samples and aortic tissue was available, were 
included. The ruptured AAA group consisted of 13 patients (8 males), the non-ruptured 
AAA group of 26 patients (17 males). AAA diameter (in cm) was measured by computed 
tomography or ultrasound and in case of multiple measurements the expansion rate 
ZDV�FDOFXODWHG��DOO�QRQ�UXSWXUHG�$$$��Q ���� ΖQ�WKH�UXSWXUHG�JURXS�WKH�SUHRSHUDWLYH�
DQHXU\VP�GLDPHWHU�ZDV�VLJQLȴFDQWO\�ODUJHU�WKDQ�LQ�WKH�QRQ�UXSWXUHG������YHUVXV�����FP��
UHVSHFWLYHO\��S ������WDEOH�������7KH�WLVVXH�FRQWURO�JURXS�FRQVLVWHG�RI���SHRSOH����PDOHV��
and the blood control group of 10 healthy volunteers (9 males) with no comorbidities 
and no medication (table 4.1).

NGAL concentration in both blood and in full thickness biopsies of the aneurysm 
ZDOO�ZDV�PHDVXUHG�E\�(Q]\PH�/LQNHG�ΖPPXQR�6RUEHQW�$VVD\��(/Ζ6$���([SUHVVLRQ�LQ�
WKH�PHGLDO� OD\HU�DQG�DWKHURVFOHURWLF�SODTXH�ZDV�PHDVXUHG�E\�LPPXQRȵXRUHVFHQFH�
PLFURVFRS\��ΖQ�FRQWUDVW�WR�(/Ζ6$��WKH�H[SUHVVLRQ�RI�1*$/�LQ�WKHVH�VSHFLȴF�OD\HUV�FRXOG�
selectively be measured by microscopy. As indicators of aneurysm development 
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Table 4.1 Baseline patient characteristics and blood values of both abdominal aortic aneurysm (AAA) groups. 
3�YDOXHV�DUH�JLYHQ�WR�FRPSDUH�ERWK�$$$�JURXSV��6LJQLȴFDQW�GLHUHQFHV�DUH�LQGLFDWHG�E\�DQ�DVWHULVN��$OVR�
characteristics of both tissue and blood controls are given. Data are presented as absolute values, as medians 
with range or as percentages.

Non-ruptured Ruptured P Tissue 
controls Blood controls

 N 26 13 - 5 10

 Male / female (N) 17 / 9 8 / 5 0.71 3 / 2 9 / 1

 Age (years) 71 (53 – 77) 70 (64 – 89) 0.24 69 (64 – 87) 53 (40 – 62)

 Aneurysm diameter (cm) 6.1 (3.6 – 10.4) 7.0 (4.0 – 10.0) 0.04* - -

 Aneurysm growth (cm/year) 0.9 (0.1 – 4.4) NA - - -

 Aneurysm locationa

 Suprarenal (%) 4 8 b���� - -

 Juxtarenal (%) 35 54 b���� - -

 Infrarenal (%) 54 31 b���� - -

 Symptoms (%) 36 100 <0.01* 0 0

 Claudication (%) 27 8 0.38 0 0

 Backpain (%) 0 46 0.03* 0 0

 Abdominal pain (%) 5 17 0.28 0 0

 Other (%) 5 25 0.12 0 0

Procedure and outcome

 Suprarenal clamping (%) 35 46 b���� - -

 Posoperative ICUb (days) 1 (0 - 7) 2 (1 - 15) b����� - -

 Total hospital admission (days) 8 (1 - 46) 14 (4 - 58) b���� - -

�3RVWRSHUDWLYH�$.Ζc (%) 8 23 b���� - -

 Mortality (%) 8 15 b���� - -

Co morbidity

 Positive smoking history (%) 74 56 0.10 20 33

 Coronary heart disease (%) 41 46 0.76 0 0

 COPDa (%) 36 23 0.48 0 0

 Hypertension (%) 68 62 0.73 20 0

Medication

 Antihypertensives (%) 82 75 0.68 0 0

 Statins (%) 91 58 0.07 0 0

 Anticoagulants (%) 82 67 0.38 0 0

Blood values

 MDRDb (mL/min/1.73 m2) 75 (12 – 90) 52 (21 – 90) 0.57 101 (47 – 120) NA

 CRPc (mg/L) 3 (3-62) 14 (3 - 124) 0.56 23 (18 – 33) NA

 Leukocytesd (109/L) 9 (3-11) 12 (7 - 30) 0.96 9 (9 – 10) 9 (4 – 10)
a�$QHXU\VP�ORFDWLRQ�ZDV�QRW�DYDLODEOH�LQ���QRQ�UXSWXUHG�DQG���UXSWXUHG�SDWLHQW��b�Ζ&8b bLQWHQVLYH�FDUH�XQLW��c�$.Ζb bDFXWH�
NLGQH\�LQMXU\��d�&23'b bFKURQLF�REVWUXFWLYH�SXOPRQDU\�GLVHDVH��e�0'5'b bPRGLȴFDWLRQ�RI�GLHW�LQ�UHQDO�GLVHDVH��UHIHUHQFH�
value > 90 mL/min/1.73m2��e &53b bFRPSOHPHQW�UHDFWLYH�SURWHLQ��UHIHUHQFH�YDOXH������PJ�/��LQ�RQH�QRQ�UXSWXUHG�$$$�
SDWLHQW�LW�ZDV�QRW�PHDVXUHG�
f reference value < 10 *109/L.
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expression of MMP-9, nitrotyrosine (a footprint marker of ROS production) and 
caspase-3 (an essential protein in the apoptosis cascade) were examined.24

The ventral aneurysm wall was harvested during open repair of ruptured and non-
ruptured AAA. Blood samples were preoperatively drawn, immediately after patients 
ZHUH�DQHVWKHWL]HG�EHIRUH�LQFLVLRQ�DQG�WKHQ�FHQWULIXJHG�����PLQXWHV�DW��Ő&��WR�VXEWUDFW�
blood plasma. For baseline values, the ventral aortic wall of deceased patients without 
an AAA, was harvested immediately after death. Blood was drawn from healthy 
volunteers with no aneurysm and no comorbidity. All tissues and blood samples were 
VQDS�IUR]HQ�DQG�VWRUHG�DW����Ő&�

2.2 ELISA for NGAL concentration in tissue and blood plasma
The human NGAL ELISA was developed in our laboratory using the matched antibody 
SDLU�+<%��������DQG�WKH�ELRWLQ\ODWHG�+<%�������%��7KHUPR�)LVKHU�6FLHQWLȴF��86$���
%ULHȵ\��WKH�SULPDU\�DQWLERG\�+<%�������������wJ�P/�LQ�3%6��ZDV�FRDWHG�WR�KLJK�ELQGLQJ�
ELISA plates (Corning, USA, catalog number 2592) overnight at 4°C. After washing 
ZLWK�SKRVSKDWH�EXHUHG�VDOLQH��3%6��VXSSOHPHQWHG�ZLWK������7ZHHQ�����3%67���WKH�
plates were blocked using PBST + 0.1% casein for 2 hours at room temperature and 
subsequently, after washing, incubated with a series of dilutions of a recombinant 
KXPDQ�1*$/�FDOLEUDWRU�������QJ�P/�Ȃ�����QJ�P/��7KHUPR�)LVKHU�6FLHQWLȴ��86$��RU�
100 x diluted tissue samples in PBST + 0.1% casein, overnight at 4°C. After washing, 
ELRWLQ\ODWHG�+<%�������%�ZDV�DGGHG�DV�GHWHFWLQJ� DQWLERG\� �����wJ�P/� LQ�3%67���
0.1% casein) for 3 hours at room temperature, washed with PBST and incubated with 
streptavidin-HRP. Bound streptavidin was detected with TMB substrate and the optical 
density was measured after 15 minutes of incubation using an ELISA reader.

����ΖPPXQRȵXRUHVFHQFH�VWDLQLQJ
&U\RVHFWLRQV�ZHUH�FXW� ���DQG���ƉP�WKLFN���DLU�GULHG�DQG�ȴ[HG� LQ����IRUPDOGHK\GH�
containing PBS, then washed in PBST. All were double stained with the following 
SULPDU\�DQWLERGLHV��VHSDUDWHO\�LQFXEDWHG�IRU���KRXU��GLOXWLRQ�LQ�3%6�>����@���1*$/�DQG�
QLWURW\URVLQH��1*$/�DQG�003����1*$/�DQG�FDVSDVH����3ULPDU\�DQWLERGLHV�ZHUH��DQWL�
1*$/�PRXVH�PRQRFORQDO��1*$/�+<%���������VF��������6DQWD�&UX]�%LRWHFKQRORJ\�ΖQF���
86$���DQWL�QLWURW\URVLQH�UDEELW�SRO\FORQDO��$��������0ROHFXODU�3UREHV�ΖQF���86$���DQWL�
MMP-9 goat polyclonal (MMP-9 M-17, sc-6841, 6DQWD�&UX]�%LRWHFKQRORJ\� ΖQF���86$��
and anti-caspase-3 rabbit polyclonal (anti-ACTIVE® Caspase-3 pAb, G748, Promega 
Corporation, USA). After washing, secondary antibodies (Molecular Probes, USA) 
ZHUH�LQFXEDWHG�����PLQXWHV��GLOXWLRQ�LQ�3%6�>�����@��DQG�ZDVKHG�EHIRUH�VWDLQLQJ�WKH�
FHOO�PHPEUDQH�JO\FRFDO\[�ZLWK�ZKHDW�JHUP�DJJOXWLQLQ��>:*$@��$OH[D������0ROHFXODU�
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Probes, USA) for 20 minutes in PBS [1:50]). Sections were washed and mounted using 
VectashieldTM mounting medium containing DAPI nuclear stain (Vector Laboratories 
Inc., USA). All steps were performed at room temperature. Negative control sections 
were treated the same, but without primary antibodies.

����4XDQWLWDWLYH�LPPXQRȵ�XRUHVFHQFH�PLFURVFRS\��LPDJH�
acquisition, masking and analysis
������ΖPDJH�DFTXLVLWLRQ
Sections were examined with a Zeiss Axiovert 200M MarianasTM inverted microscope, 
HTXLSSHG�ZLWK�D�PRWRUL]HG�VWDJH� �VWHSSHU�PRWRU�� ]�D[LV� LQFUHPHQWV����ƉP���DQG�D�
WXUUHW�ZLWK� IRXU�HSLȵ�XRUHVFHQFH�FXEHV��KDYLQJ�HPLVVLRQ� LQ�EOXH� �'$3Ζ�� FHOO�QXFOHL���
JUHHQ��)Ζ7&��VHFRQGDU\�DQWLERGLHV���UHG��&\���5KRGDPLQH�:*$�VWDLQHG�JO\FRFDO\[�RI�
FHOO�PHPEUDQHV��RU�LQIUDUHG��&\���VHFRQGDU\�DQWLERGLHV���$�FRROHG�&&'�FDPHUD��&RRNH�
Sensicam SVGA (Cooke Co., Tonawanda, U.S.), 1280 x 1024 pixels), linear over its full 
dynamic range, recorded images with true 16-bit capability. The microscope, camera, 
and data processing were controlled by SlideBookTM software (version 5.0.1.8, Intelligent 
ΖPDJLQJ�ΖQQRYDWLRQV��'HQYHU��8�6����ΖPDJHV�ZHUH�WDNHQ�ZLWK�FXVWRP���;�DLU����;�DLU�DQG�
��;�RLO�LPPHUVLRQ�REMHFWLYHV��&$5/�=(Ζ66��7KH�1HWKHUODQGV��

Based on morphological criteria (nuclei, membranes and extracellular matrix) vessel 
VHJPHQWV�ZHUH�LGHQWLȴ�HG�DV�PHGLDO�OD\HU�����LPDJHV�SHU�SDWLHQW�ZLWK���;�REMHFWLYH���
DWKHURVFOHURWLF�SODTXH�����LPDJHV�SHU�SDWLHQW�ZLWK���;�REMHFWLYH��RU� LQWLPDO� OD\HU� LQ�
non-dilated aortas for comparison with atherosclerotic plaques (5 images per patient 
ZLWK���;�REMHFWLYH���$OVR��'�LPDJH�VWDFNV�ZHUH�PDGH����ƉP�VHFWLRQV�����IRFDO�SODQHV�
SHU�VWDFN����;�REMHFWLYH���:H�XVHG�WKH���;�REMHFWLYH�LQ�WKH�DWKHURVFOHURWLF�SODTXH�IRU�D�
representative view of the uneven distribution of, mainly, lipocalin-2 and nitrotyrosine 

Figure 4.1�([DPSOH�RI�WKH�PHGLDO�OD\HU�DQG�DWKHURVFOHURWLF�SODTXH�RI�D�UXSWXUHG�$$$�ZLWK�D���;�REMHFWLYH�
�$���1*$/�LV�UHG��WKH�FHOO�QXFOHL�DUH�EOXH�DQG�WKH�DXWR�LPPXQRȵ�XRUHVFHQW�H[WUDFHOOXODU�PDWUL[�LQ�WKH�PHGLD�LV�
JUHHQ��1*$/�H[SUHVVLRQ�LQ�WKH�PHGLDO�OD\HU�ZDV�PHDVXUHG�XVLQJ�D���;��ΖQ�ȴ�JXUH�%�DQ�H[DPSOH�LV�JLYHQ�RI�WKH�
medial layer of a ruptured AAA: NGAL is red and cell nuclei are blue, arrows point in the longitudinal direction 
RI�VPRRWK�PXVFOH�FHOOV��)RU�TXDQWLȴ�FDWLRQ�RI�ȵ�XRUHVFHQFH�D�PDVN��EOXH�RYHUOD\��LV�SURGXFHG��:KHQ�SODFHG�
RYHU�WKH�LQLWLDO�ȴ�JXUH�$�WKH�PDVN�GL�HUHQWLDWHV�WKH�DWKHURVFOHURWLF�SODTXH�IURP�WKH�PHGLDO�OD\HU�LQ�RUGHU�WR�
selectively measure the NGAL expression in the atheroscelerotic plaque (C).
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Figure 4.2 NGAL concentration in blood (µg/mL) are presented for the three groups (A) and its correlations 
with blood leukocytes *109 (B) and MDRD (C). In the latter two, ruptured and non-ruptured AAA groups are 
pooled. NGAL concentration in full thickness aortic biopsies in µg/mL (D) and its expression in the medial 
layer (E) and the atherosclerotic plaque (F) are given per group. Outliers are indicated by an asterisk. Brackets 
indicate P<0.05 in comparing groups. Expressions in the medial layer and atherosclerotic plaque are given in 
DUELWUDU\�ȵ�XRUHVFHQFH�XQLWV��$'8��6���QRWH�GL�HUHQFHV�LQ�WKH�VFDOHV�RI�1*$/�WLVVXH�H[SUHVVLRQ�

Figure 4.3 Expression of nitrotyrosine, MMP-9 and caspase-3 in the medial layer (A–C) and atherosclerotic 
plaque (D–F) of ruptured and non-ruptured aneurysms and in non-dilated aortas. Outliers are indicated by 
DQ�DVWHULVN��%UDFNHWV�LQGLFDWH�3������LQ�FRPSDULQJ�JURXSV��([SUHVVLRQ�LV�JLYHQ�LQ�DUELWUDU\�ȵ�XRUHVFHQFH�XQLWV�
(ADU*106���QRWH�GL�HUHQFHV�LQ�VFDOH�
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�ȴJXUH����$���7KH���;�REMHFWLYH�ZDV�XVHG�LQ�WKH�PHGLDO�OD\HU�WR�GHȴQH�WKH�PHDVXUHG�
SURWHLQV�DV�LQWUD��RU�H[WUDFHOOXODU��ȴJXUH����%��

������0DVNLQJ�DQG�TXDQWLȴFDWLRQ�RI�WKH�PHGLDO�OD\HU�DQG�DWKHURVFOHURWLF�SODTXH
A mask is an operator-dependant binary overlay outlining the segment of interest to 
PHDVXUH�D�FHUWDLQ�H[SUHVVLRQ��H[DPSOH�LQ�ȴJXUH����&���ΖQ�WKH�PHGLDO�OD\HU�ȵXRUHVFHQW�
objects were selected manually based on the following criteria: being not part of or 
HPEHGGHG� LQ� WKH� DXWR�LPPXQRȵXRUHVFHQW� (&0�� ;<�D[HV� UDWLR� LV� FLUFXODU� DQG�QRW�
HOOLSVRLG�DQG�ZLWK�VKDUSO\�GHȴQHG�ERUGHUV��7KLV�ZDV�UHSHDWHG�E\�D�VHFRQG�LQGHSHQGHQW�
REVHUYHU�ZLWK�VLPLODU�UHVXOWV��S �������7KH�VXP�LQWHQVLW\�RI�ȵXRUHVFHQFH��UHSUHVHQWLQJ�
WKH�FXPXODWLYH�SL[HO�LQWHQVLW\�LQ�DQDORJ�WR�GLJLWDO�XQLWV��$'8��DQ�DUELWUDU\�XQLW�GHȴQHG�
by SlideBookTM�VRIWZDUH���ZDV�PHDVXUHG�DQG�FRUUHFWHG�IRU�GLHUHQFHV�LQ�DUHD�VL]H�DQG�
QRQ�VSHFLȴF�EDFNJURXQG��3HU�SDWLHQW�WKH�PHDQ�RI�DOO� LPDJHV�ZDV�XVHG�DQG�IRU�HDFK�
group of patients the median with ranges.

2.5 Statistical analysis
:H�HPSOR\HG�6366�Y����Ζ%0��86$���%HFDXVH�RI�VDPSOH�VL]H�DQG�VNHZHG�GLVWULEXWLRQ��WKH�
.UXVNDOȂ:DOOLV�DQG�0DQQȂ:KLWQH\�8�WHVWV�ZHUH�XVHG�WR�FRPSDUH�FRQWLQXRXV�YDULDEOHV�
in multiple or two groups, respectively, and Fisher’s exact test for two groups with 
categorical variables. A logistic regression model was used to describe the relationship 
between dependant and multiple independent variables. Boxplots and bar charts were 
used to graphically present medians with 25th-75th�SHUFHQWLOHV��ER[��DQG�UDQJHV��ȴJXUHV�
4.2 and 4.3). Outliers, according to Tukey’s criteria, are indicated separately. Correlations 
were tested with Spearman’s Rank Correlation (Rs). Tests were considered statistically 
VLJQLȴFDQW�DW�S������

3. RESULTS

3.1 NGAL concentration in blood
NGAL FRQFHQWUDWLRQ� LQ� EORRG� RI� UXSWXUHG� $$$� ���� ƉJ�P/� >UDQJH�� ������@�� ZDV�
VLJQLȴFDQWO\�KLJKHU�WKDQ�LQ�QRQ�UXSWXUHG�$$$�����ƉJ�P/�>UDQJH������@���S�������ȴJXUH�
4.2A). Both ruptured and non-ruptured AAA had higher NGAL blood levels than 
FRQWUROV�����ƉJ�P/�>�����@��S������DQG�S�������UHVSHFWLYHO\���ΖQ�ERWK�DQHXU\VP�JURXSV�
pooled NGAL blood plasma levels correlated positively with the amount of circulating 
OHXNRF\WHV��5V�������S�������ȴJXUH����%��DQG�FRUUHODWHG�QHJDWLYHO\�ZLWK�0'5'��5V��������
S ������ȴJXUH����&���7KHUH�ZDV�QR�FRUUHODWLRQ�EHWZHHQ�EORRG�OHYHOV�RI�1*$/�DQG�&53�
�5V�������S ������
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$�ORJLVWLF�UHJUHVVLRQ�DQDO\VLV�ZDV�SHUIRUPHG�WR�DQDO\]H�WKH�UHODWLRQVKLS�EHWZHHQ�$$$�
rupture (dependant variable) with the following independent variables: AAA diameter, 
$$$�ORFDWLRQ��DJH�LQ�\HDUV��WKUHH�JURXSV��������������!�����VPRNLQJ�KLVWRU\��FLUFXODWLQJ�
OHXNRF\WHV��0'5'�DQG�1*$/�EORRG�SODVPD�FRQFHQWUDWLRQ�LQ�ƉJ�P/��WKUHH�JURXSV�������
�������!����� ΖQGHSHQGHQW�YDULDEOHV�DFFHSWHG�LQ�WKH�PRGHO�ZHUH�� L��SRVLWLYH�VPRNLQJ�
KLVWRU\��25����������&Ζ����Ȃ����S �������LL��EORRG�SODVPD�1*$/�JURXS�������ƉJ�P/��25�
���������&Ζ����Ȃ����3 �������DQG�LLL��EORRG�SODVPD�1*$/�JURXS�!����ƉJ�P/��25�����&Ζ�
���Ȃ�����3 ������

3.2 Concentration of NGAL in the full thickness aortic biopsies
7KH�PHGLDQ�FRQFHQWUDWLRQ�RI�1*$/�LQ�DRUWLF�ZDOO�WLVVXH�RI�UXSWXUHG�$$$������ƉJ�P/�
>UDQJH������Ȃ���@��ȴJXUH����'��ZDV�VLPLODU�WR�QRQ�UXSWXUHG�$$$������ƉJ�P/�>UDQJH������Ȃ�
��@���7KH�ZDOOV�RI�UXSWXUHG�$$$�KDG�VLJQLȴFDQWO\�KLJKHU�1*$/�FRQFHQWUDWLRQV�WKDQ�WKH�
ZDOOV�RI�QRQ�GLODWHG�DRUWDV������ƉJ�P/�>UDQJH������Ȃ����@��S �������1*$/�FRQFHQWUDWLRQV�
in full thickness aortic biopsies were not correlated to its concentrations in blood (Rs 
������S ������

3.3 Expression of NGAL, nitrotyrosine, MMP-9 and caspase-3 in the 
medial layer
Ruptured and non-ruptured AAA had similar expressions of NGAL (respectively, 12 
>UDQJH��������@�DQG���>UDQJH��������@��ȴJXUH����(���QLWURW\URVLQH��UHVSHFWLYHO\������>UDQJH��
������@�DQG�����>UDQJH��������@��ȴJXUH����$���003����UHVSHFWLYHO\������>UDQJH���������@�
DQG�����>UDQJH���������@��ȴJXUH����%��DQG�FDVSDVH����UHVSHFWLYHO\������>UDQJH����������@�
DQG�����>UDQJH��������@��ȴJXUH����&���1*$/��QLWURW\URVLQH�DQG�003���KDG�VLJQLȴFDQWO\�
KLJKHU�H[SUHVVLRQV�LQ�UXSWXUHG�$$$�WKDQ�LQ�QRQ�GLODWHG�DRUWDV��IRU�DOO�3ȱ������ȴJXUH�
4.2E and 4.3A-B).

7KH�H[SUHVVLRQ�RI�1*$/�ZDV�PRVWO\�VHHQ�LQ�URXQG�SDUWLFOHV��ȴJXUH����%���DV�RSSRVHG�
WR�WKH�VPHDUV�RI�1*$/�VHHQ�LQ�WKH�DWKHURVFOHURWLF�SODTXH��ȴJXUH����$����'�VWDFNV�ZLWK�
D���;�REMHFWLYH�GHPRQVWUDWH�WKDW�1*$/�DQG�QLWURW\URVLQH�ZHUH�SUHVHQW�ERWK�ZLWKLQ�
the stained cell membranes and around, suggesting that it was present intracellular 
and extracellular.

ΖQ� WKH� PHGLDO� OD\HU� 1*$/� H[SUHVVLRQ� KDG� D� VLJQLȴFDQW� SRVLWLYH� FRUUHODWLRQ� ZLWK�
QLWURW\URVLQH��5V�������S��������003����5V�������S ������DQG�FDVSDVH����5V�������S�������
table 4.2). There was no correlation between NGAL expression in the medial layer and 
LWV�EORRG�FRQFHQWUDWLRQ��5V�������S ������WDEOH������
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3.4 Expression of NGAL, nitrotyrosine, MMP-9 and caspase-3 in the 
atherosclerotic plaque
Expression in ruptured and in non-ruptured AAA was similar for NGAL 189 (range: 16-
�����YHUVXV������UDQJH����������UHVSHFWLYHO\��ȴ�JXUH����)���QLWURW\URVLQH��UHVSHFWLYHO\������
>UDQJH��������@�DQG�����>UDQJH��������@��ȴ�JXUH����'��DQG�003����UHVSHFWLYHO\������>UDQJH��
������@�DQG�����>UDQJH��������@��ȴ�JXUH����(���1*$/ and nitrotyrosine expression in both 
UXSWXUHG�DQG�QRQ�UXSWXUHG�$$$�ZHUH�VLJQLȴ�FDQWO\�KLJKHU�WKDQ�LQ�QRQ�GLODWHG�DRUWDV�
�3ȱ������ȴ�JXUH����)�DQG����'���&DVSDVH���H[SUHVVLRQ�LQ�UXSWXUHG�$$$������>UDQJH������
���@��ZDV�VLJQLȴ�FDQWO\� ORZHU�WKDQ�LQ�QRQ�UXSWXUHG�$$$������>UDQJH���������@��3 �������
1RQ�UXSWXUHG�$$$�KDG�D�VLJQLȴ�FDQWO\�KLJKHU�FDVSDVH���H[SUHVVLRQ�WKDQ�LQ�QRQ�GLODWHG�
DRUWDV������>UDQJH���������@��3 ������ȴ�JXUH����)��

/RFDOLVDWLRQ� RI� QLWURW\URVLQH� DQG�1*$/� VKRZHG� D� W\SLFDO� SDWWHUQ� �ȴ�JXUH� ���$�&���
nitrotyrosine was expressed throughout the entire atherosclerotic plaque, but 
DFFXPXODWHG�LQ�FLUFXPVFULSWLYH�VSRWV��VXUURXQGHG�E\�D�GL�XVH�VPHDU�RI�1*$/��+RZHYHU��
no overlap between the nitrotyrosine and NGAL staining was seen, so nitrotyrosine 
ȴ�WWHG�H[DFWO\�LQ�WKH�RSHQLQJ�RI�WKH�1*$/�VPHDU�

1*$/�H[SUHVVLRQ�LQ�WKH�DWKHURVFOHURWLF�SODTXH�KDG�D�VLJQLȴ�FDQW�SRVLWLYH�FRUUHODWLRQ�
ZLWK�LWV�EORRG�FRQFHQWUDWLRQ��5V�������3 ������WDEOH�������'HVSLWH�WKH�W\SLFDO�FRLQFLGLQJ�
expression pattern of NGAL and nitrotyrosine we found no quantitative correlation 
(table 4.2). Neither was NGAL in the atherosclerotic plaque correlated with MMP-9 or 
caspase-3 (table 4.2).

Figure 4.4 Typical coinciding expression of nitrotyrosine (A) and NGAL (B) in the atherosclerotic plaque of 
AAA, i.e. non-ruptured. The left and right picture represent two layers from the same image. Arrows show 
QLWURW\URVLQH��JUHHQ�LQ�$��DQG�1*$/��UHG�LQ�%���ΖQ�WKH�RYHUOD\�RI�ERWK�LPDJHV�LW�LV�FOHDU�WKDW�QLWURW\URVLQH�ȴ�WV�
exactly in the areas free of NGAL (C).
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Table 4.2 Correlations in tissue are given in the upper table between NGAL expression with factors of aneurysm 
development in the medial layer and atherosclerotic plaque and also with plasma NGAL concentrations. In the 
lower table correlations in blood are given between plasma NGAL concentrations with kidney function (given 
LQ�0'5'��DQG�LQȵDPPDWRU\�PDUNHUV��OHXNRF\WHV�DQG�&53���6SHDUPDQV�5KR�FRUUHODWLRQV�DUH�JLYHQ�LQ�WKH�ULJKW�
XSSHU�SDUW�RI�WKH�WDEOH�DQG�LWV�FRUUHVSRQGLQJ�S�YDOXHV�EHWZHHQ�EUDFNHWV�LQ�WKH�ORZHU�OHIW�SDUW��6LJQLȴFDQW�
correlations are indicated by an asterisk.

Correlations in tissue NGAL medial layer NGAL atherosclerotic plaque

Nitrotyrosine 0.80 (<0.01)* -0.25 (0.47)

MMP-9 0.56 (0.02)* 0.12 (0.65)

Caspase-3 0.75 (<0.01)* 0.08 (0.75)

NGAL (plasma) 0.39 (0.12) 0.51 (0.04)*

Correlations in blood NGAL (plasma) 0'5' Leukocytes &53

NGAL (plasma) – -0.46 0.59* 0.19

0'5'a (0.09) – -0.43* -0.25

Leukocytes (<0.01) (0.01) – 0.35

&53b (0.36) (0.21) (0.07) –

a0'5' 0RGLȴFDWLRQ�RI�'LHW�LQ�5HQDO�'LVHDVH��bCRP=complement reactive protein

3.5 AAA expansion rate and NGAL blood concentrations
All AAA of which the growth rate could be calculated were expanding aneurysms (median 
����FP�\HDU�>UDQJH������Ȃ����@��WDEOH�������7KH�$$$�H[SDQVLRQ�UDWH�ZDV�QRW�FRUUHODWHG�
to NGAL blood plasma (p=0.34) or full thickness aortic wall (p=0.95) concentrations, 
nor was it correlated to its expression in the medial layer (p=0.30) or atherosclerotic 
plaque (p=0.69).

4. DISCUSSION

7KH�PDMRU�ȴQGLQJV�RI�WKH�SUHVHQW�VWXG\�DUH��L��1*$/�FRQFHQWUDWLRQ�LQ�EORRG�SODVPD�LV�
VLJQLȴFDQWO\�KLJKHU�LQ�UXSWXUHG�WKDQ�LQ�QRQ�UXSWXUHG�$$$�SDWLHQWV��LL��1*$/�H[SUHVVLRQ�
LQ�WKH�$$$�ZDOO�GLG�QRW�GLHUHQWLDWH�EHWZHHQ�UXSWXUHG�DQG�QRQ�UXSWXUHG�DQHXU\VP�
SDWLHQWV��LLL��1*$/�H[SUHVVLRQ�LQ�WKH�DWKHURVFOHURWLF�SODTXH�KDG�D�VLJQLȴFDQW�SRVLWLYH�
FRUUHODWLRQ�ZLWK� LWV�EORRG�FRQFHQWUDWLRQ�� LY��1*$/�H[SUHVVLRQ�LQ�WKH�PHGLDO� OD\HU� LV�
associated with indicators of aneurysm development, i.e. MMP-9, nitrotyrosine and 
FDVSDVH����DQG�Y��1*$/�OHYHOV�LQ�EORRG�DQG�WLVVXH�DUH�QRW�FRUUHODWHG�WR�$$$�H[SDQVLRQ�
rate.
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In earlier studies NGAL was associated with the presence of AAA.22,23,25 It remains 
a matter of debate whether NGAL can be correlated to AAA growth. In a review of 
.DUDRODQLV�HW�DO��WKH�DXWKRUV�FRQFOXGH�WKDW�1*$/�DSSHDUV�WR�EH�D�KRSHIXO�SURJQRVWLF�
biomarker for AAA progression.23 However, that conclusion is based on the result of 
one study that demonstrated a retrospective correlation between plasma NGAL and 
expansion, but the authors could not reproduce that correlation in a prospective 
follow up.22 Our data show that NGAL is increased in blood plasma of ruptured AAA 
as compared to non-ruptured AAA. However, we found no correlations between 
AAA expansion rate and NGAL concentrations in blood plasma or in the AAA wall. 
These results might indicate that NGAL is associated with AAA rupture. However, our 
data do not clarify whether NGAL was increased before the rupture occurred, or as a 
consequence of the rupture. Furthermore, NGAL is more and more being acknowledged 
as a very early marker for acute kidney injury, and so its increase could also indicate 
acute kidney injury in patients with AAA rupture and concomitant hemodynamic 
shock.19,20 The latter theory is supported by the inverse correlation we found between 
NGAL concentration in blood with kidney function (in MDRD). Additionally, the absence 
of retrospective correlations between AAA expansion rate and NGAL levels in our 
cohort seem to comply with the point of view that NGAL also has no potential as a 
prognostic biomarker for aneurysm growth.

%\�XVH�RI�LPPXQRȵXRUHVFHQFH�PLFURVFRS\�RQ�WUDQVYHUVH�VHFWLRQV�RI�WKH�DQHXU\VP�
ZDOO� ZH� IRXQG� WKDW� 1*$/� FRQFHQWUDWLRQV� GLG� QRW� GLHUHQWLDWH� EHWZHHQ� UXSWXUHG�
DQG�QRQ�UXSWXUHG�DQHXU\VP�SDWLHQWV��$JDLQ��D�ȴQGLQJ�WKDW�PDNHV� LW� OHVV�SUREDEOH�
that NGAL could be valuable as a marker for aneurysm rupture. NGAL expression 
LQ�WKH�DWKHURVFOHURWLF�SODTXH�KDG�D�VLJQLȴFDQW�SRVLWLYH�FRUUHODWLRQ�ZLWK�1*$/�EORRG�
concentration, but no such correlations were found between NGAL in the medial 
layer or NGAL in full thickness biopsies. In the medial layer NGAL was present both 
intracellular and extracellular of SMC, indicating expression by SMC. In an earlier study 
SMC in carotid arteries have been demonstrated to produce NGAL in response to vessel 
wall damage.26 Our data suggest that SMC in AAA are also involved in NGAL expression 
and thus that the presence of NGAL in the aneurysmal wall might have multiple sources, 
namely SMC expression alongside the earlier described increased leukocyte secretion.22

To determine a possible role of NGAL in the pathological process of aneurysm 
development, we investigated several known indicators of aneurysm development. 
First, we investigated a possible association of NGAL with ROS.3 The latter not only 
VWLPXODWHV�YHVVHO�ZDOO� LQȵDPPDWLRQ��EXW�DOVR� LQGXFHV�003���H[SUHVVLRQ�DQG�60&�
apoptosis, leading to aortic wall degeneration and dilation.2–5 Sources of ROS in AAA 
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are leukocytes and local production by SMC and endothelial cells. 27,28�:H�GHPRQVWUDWHG�
that a footprint of ROS production was increased in AAA and also that it was positively 
FRUUHODWHG�WR�1*$/�H[SUHVVLRQ�LQ�WKH�PHGLDO�OD\HU��7KHVH�ȴQGLQJV�VXJJHVW�D�SRVVLEOH�
role of NGAL in ROS management. Second, we investigated NGAL and MMP-9, the latter 
known for ECM degradation.11,21�:H�IRXQG�D�TXDQWLWDWLYH�DVVRFLDWLRQ�EHWZHHQ�1*$/�
and MMP-9 in the medial layer of both ruptured and non-ruptured aneurysms. This 
ȴQGLQJ�LQGLFDWHV�WKDW�1*$/�PLJKW�EH�LQYROYHG�LQ�PHGLDO� OD\HU�GHJHQHUDWLRQ�RI�$$$��
Furthermore, NGAL expression in the medial layer was associated with expression 
of caspase-3, a marker of apoptosis. In a recent study NGAL was shown to play a role 
in cardiomyocyte apoptosis.29�%DVHG�RQ�HDUOLHU�UHVXOWV�DQG�RXU�SUHVHQW�ȴQGLQJV�ZH�
suggest that NGAL might also be involved in apoptosis of cells in the aortic medial layer. 
However, due to the observational design of the study we cannot draw conclusions on 
causality of NGAL and the investigated indicators of aneurysm development.

7KH�UHOHYDQFH�RI�WKH�SUHVHQW�VWXG\�LV�WKDW��WR�WKH�EHVW�RI�RXU�NQRZOHGJH��IRU�WKH�ȴUVW�
time NGAL expression is measured in ruptured AAA. NGAL expression indeed seems 
DVVRFLDWHG�ZLWK�$$$�GHYHORSPHQW��EXW�QR�GLHUHQFH�ZDV�IRXQG�EHWZHHQ�LWV�H[SUHVVLRQ�
in ruptured and non-ruptured aneurysm tissue. Further, this study demonstrated that 
NGAL is increased in blood of ruptured AAA patients as compared to non-ruptured 
AAA, but blood levels were not correlated with AAA expansion rate. However, a 
possible prognostic role is still not fully elucidated and therefore future research should 
prospectively investigate NGAL plasma levels in an AAA follow up cohort to determine 
its potential as a biomarker for AAA progression and rupture.

It might be seen as a limitation that non-dilated aortas were taken from deceased 
patients and might be less representable as control tissue. However, the fact that 
levels of caspase-3 in the non-dilated aortas were higher than in the non-ruptured 
AAA indicates that proteins were not per se lost. Further, no histological evidence for 
cell degeneration was seen in the non-dilated aortas. A limitation of the study is that 
the total number of patients included might not be adequate to determine the value of 
NGAL as a circulating biomarker. Also, only one blood sample per patient was taken and 
not consecutive samples peri-operative. These limitations withhold us from drawing 
ȴUP�FRQFOXVLRQV�RQ�WKH�SRWHQWLDO�RI�1*$/�DV�PDUNHU�IRU�$$$�UXSWXUH�

In conclusion, we have demonstrated that NGAL concentration is higher in blood of 
ruptured than in non-ruptured AAA patients. Also, that NGAL expression in the AAA 
wall is higher than in non-dilated aorta and is associated with factors of vessel wall 
deterioration in the medial layer, i.e. ROS production, ECM degeneration and apoptosis. 
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Based on our study results we could not determine NGAL as biomarker for AAA 
JURZWK�RU�UXSWXUH��+RZHYHU��RXU�ȴQGLQJV�GR�VXSSRUW�D�SRWHQWLDO�UROH�RI�1*$/�LQ�WKH�
development of AAA.
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ABSTRACT

Objective: Extracellular matrix degeneration, caused by matrix metalloproteinase-2, 
facilitates smooth muscle cell migration leading to medial layer decline and, ultimately, 
abdominal aortic aneurysm. It remains unclear what exactly causes aneurysms to 
rupture, which leads to death in most patients. The extracellular signal-regulated kinase 
PD\�EH�OLQNHG�WR�WKH�ODWWHU�SURFHVV��:H�DLPHG�WR�FODULI\�WKH�UROH�RI�H[WUDFHOOXODU�VLJQDO�
regulated kinase in aortic aneurysm development and rupture in patients.

Methods: Aortic fragments were harvested during open repair of non-ruptured (n=20) 
and ruptured (n=8) aneurysms. As control, non-dilated aortas (n=6) were obtained 
GXULQJ�DXWRSV\��:H�GHWHUPLQHG�OHYHOV�RI�SKRVSKRU\ODWHG�DQG�WRWDO�H[WUDFHOOXODU�VLJQDO�
UHJXODWHG�NLQDVH�E\�:HVWHUQ�EORW��PDWUL[�PHWDOORSURWHLQDVH���E\�LPPXQRKLVWRFKHPLVWU\��
and medial layer thickness by conventional microscopy.

Results: Non-ruptured aneurysms had 1.8-times higher activation of extracellular 
signal-regulated kinase (ratio: phosphorylated/total) than controls (p=0.011). 
However, the ruptured aneurysms had only 0.9-times the activation of controls (ns). 
%RWK� QRQ�UXSWXUHG� DQG� UXSWXUHG� DQHXU\VPV� VKRZHG� VLJQLȴFDQWO\� KLJKHU� PDWUL[�
PHWDOORSURWHLQDVH���WKDQ�FRQWUROV������DQG�����WLPHV��UHVSHFWLYHO\��S���������2I�WKH�
medial layer thickness in controls the median was 1.5 mm, in non-ruptured 1.0 mm 
and in ruptured aneurysms 0.7 mm. Activation of extracellular signal-regulated kinase 
FRUUHODWHG�SRVLWLYHO\�WR�PHGLDO� OD\HU�WKLFNQHVV��5V ������S ��������EXW�QRW�WR�PDWUL[�
PHWDOORSURWHLQDVH����5V �������S ������

Conclusions: In this study, non-ruptured aneurysms are associated with increased 
extracellular signal-regulated kinase activation while ruptured aneurysms are not. 
Extracellular signal-regulated kinase was not related to total matrix metalloproteinase-2 
H[SUHVVLRQ��:H�WKHUHIRUH�VSHFXODWH�WKDW�LQFUHDVHG�H[WUDFHOOXODU�VLJQDO�UHJXODWHG�NLQDVH��
in response to medial layer decline, could be protective against aneurysm rupture.
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1. INTRODUCTION

Abdominal aortic aneurysm (AAA) development is caused by aortic medial layer 
degeneration. This is a multifactorial process featuring apoptosis of non-proliferating 
smooth muscle cells (SMC) and SMC migration from the medial to the intimal layer, 
facilitated via extracellular matrix (ECM) degradation by matrix metalloproteinases 
(MMP). These processes cause medial layer thinning, leading to AAA development and 
life threatening intra-abdominal bleeding in case of rupture.

A signalling pathway that may be involved in all aforementioned processes is 
H[WUDFHOOXODU�VLJQDO�UHJXODWHG�NLQDVH�����(5.�����1-2 (5.����LV�RQH�RI�IRXU�PDMRU�PLWRJHQ�
activated protein kinase signalling pathways that regulates aortic wall structure by 
stimulating proliferation and cell survival on one hand, and by activating SMC migration 
and apoptosis on the other.3 It is stimulated by growth factors, cytokines and SMC 
damage.4-5 ΖQ�FDVH�RI�DRUWLF�ZDOO�LQȵDPPDWLRQ�RU�60&�GDPDJH��(5.����VWLPXODWHV�60&�
proliferation.4,6 ΖQ�FRQWUDVW��(5.����DOVR�VWLPXODWHV�(&0�GHJUDGDWLRQ�� OHDGLQJ�WR�60&�
migration and medial layer decline.1,7-8 ECM degradation is mainly performed by MMP-2 
and -9.7-8 003V�DUH�SURGXFHG��DPRQJ�RWKHUV��E\�60&�DQG�LQȴOWUDWLQJ�OHXNRF\WHV�9-10 In a 
URGHQW�$$$�PRGHO�(5.����ZDV�VKRZQ�WR�EH�D�FULWLFDO�UHJXODWRU�RI�003�H[SUHVVLRQ�DQG 

+DEDVKL�H�D��FRQFOXGHG�(5.����WR�EH�D�VWLPXODWLQJ�IDFWRU�RI�URGHQW�$$$�GHYHORSPHQW��
DV�WKH\�GHPRQVWUDWHG�(5.����LQKLELWLRQ�WR�GHOD\�$$$�JURZWK� 11-12 ΖQ�KXPDQV��(5.����
levels were demonstrated to be higher in patients who underwent elective surgical 
treatment of non-ruptured AAA as compared to healthy controls, and in human aortic 
60&�003���H[SUHVVLRQ�ZDV�UHJXODWHG�E\�(5.�����DFWLYDWLRQ�11,13�+RZHYHU��(5.����OHYHOV�
were never investigated in tissue of ruptured AAA.

:H�K\SRWKHVL]HG�WKDW�(5.����DQG�003���DUH�KLJKHU�LQ�QRQ�UXSWXUHG�DQG�UXSWXUHG�
AAA than in controls, with the highest levels in ruptured. Furthermore, we assessed 
ZKHWKHU�(5.����FRXOG�EH�OLQNHG�WR�IDFWRUV�RI�PHGLDO�OD\HU�GHFOLQH�

7R�WHVW�WKHVH�K\SRWKHVHV��ZH�VWXGLHG�(5.����LQ�WKUHH�JURXSV��KHDOWK\�DRUWDV��QRQ�
UXSWXUHG�$$$�DQG�UXSWXUHG�$$$��6HFRQGO\��WR�H[DPLQH�LI�(5.����LV�DVVRFLDWHG�ZLWK�
key factors of AAA development, we investigated potential relationships with medial 
MMP-2 expression and medial layer thickness.
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2. MATERIAL AND METHODS

The study was approved by the VU University Medical Center Medical Ethical Committee. 
Informed consent was obtained from all patients or family.

2.1 Patients and tissue collection
Aneurysm tissue was harvested from the ventral wall during open surgical repair 
of consecutively treated non-ruptured and ruptured AAA. The non-ruptured group 
consisted of 20 patients (15 men, median age 67 years) and the ruptured group of 8 
SDWLHQWV����PHQ��PHGLDQ�DJH����\HDUV��WDEOH��������:H�DOVR�REWDLQHG�YHQWUDO�DEGRPLQDO�
aortic tissue of 6 deceased patients (4 men, ages ranging from 51 – 71 years) at the 
start of autopsy, who had no AAA and no macroscopic atherosclerosis.

$OO�WLVVXHV�ZHUH�VQDS�IUR]HQ��FXW�LQ��ƉP�WKLFN�FU\RVHFWLRQV��DLU�GULHG�DQG�VWRUHG�DW����Ő&�
XQWLO�XVH��7RWDO�OHXNRF\WH�FRXQW��&�UHDFWLYH�SURWHLQ�DQG�HVWLPDWHG�JORPHUXODU�ȴOWUDWLRQ�
rate were measured by the department of clinical chemistry.

2.2 Western blot analysis
:HVWHUQ�EORWWLQJ�RI�DRUWLF�VDPSOHV�ZDV�SHUIRUPHG�DV�GHVFULEHG�EHIRUH�14 Full thickness 
VDPSOHV��L�H��LQWLPDO��PHGLDO�DQG�DGYHQWLWLDO�OD\HU��RI�IUR]HQ�WLVVXH�ZHUH�XVHG��7RWDO�DQG�
SKRVSKRU\ODWHG�(5.�����W(5.����DQG�S(5.������WKH�ODWWHU�EHLQJ�WKH�DFWLYDWHG�IRUP��ZHUH�
TXDQWLȴHG�XVLQJ�$Ζ'$�VRIWZDUH��5D\WHVW��YHUVLRQ���������(5.����DFWLYDWLRQ�ZDV�JLYHQ�DV�
WKH�UDWLR�RI�S(5.����DQG�W(5.����

2.3 Hematoxylin-Eosin staining
&U\RVHFWLRQV�ZHUH�DLU�GULHG��ȴ[HG�LQ�����IRUPDOLQ�DQG�VWDLQHG�E\�KHPDWR[\OLQ�HRVLQ�
VWDLQLQJ��7KH�PHGLDO�OD\HU�ZDV�LGHQWLȴHG��UHSUHVHQWDWLYH�LPDJH�LQ�ȴJXUH����$��DQG�LWV�
thickness was measured using ImageJ software (National Institutes of Health, ImageJ, 
version 1.47).

2.4 Immunohistochemistry
&U\RVHFWLRQV�ZHUH�VWDLQHG�IRU�003����*HQHWH[��*7;���������������YLVXDOL]HG�XVLQJ�
���ȇ�GLDPLQREHQ]LGLQH��'$%��DQG�FRXQWHUVWDLQHG�ZLWK�KHPDWR[\OLQ��3%6�FRQWUROV�ZHUH�
included as negative control (all negative results, data not shown). Images were made 
as described above. MMP-2 levels in the medial layer were measured using ImageJ 
software by two independent observers in blinded fashion.
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2.5 Statistical analysis
)RU�FRQWLQXRXV�YDULDEOHV�.UXVNDOȂ:DOOLV��PXOWLSOH�JURXSV��DQG�0DQQȂ:KLWQH\�8��WZR�
groups) tests were used, Spearman’s Rank (Rs) for correlations and Fisher’s exact test 
for two groups with categorical variables (SPSS 20.0, USA). Boxplots with medians, 
interquartile ranges and outliers (Tukey’s criteria) are given. Tests were considered 
VWDWLVWLFDOO\�VLJQLȴFDQW�DW�Sȱ�����

Table 5.1 Baseline patient characteristics
Data are given for non-ruptured and ruptured AAA groups. P-values are given to compare both groups. 
6LJQLȴFDQW�GLHUHQFHV�DUH�LQGLFDWHG�ZLWK�DQ�DVWHULVN��2I�IRXU�SDWLHQWV�LQ�WKH�QRQ�UXSWXUHG�JURXS�&�UHDFWLYH�
protein was not measured pre-operatively and the medication of one patient in the ruptured group was not 
known.

Non-ruptured Ruptured p

N 20 8

Male / female 15 / 5 4 / 4 0.371

Age (years) 67 (53 - 78) 74 (64 - 89) 0.067

Aneurysm diameter (cm) 5.6 (3.6 – 7.1) 8.0 (6.8 – 10.0) 0.045*

Smoking history (%) 65% 50% 0.671

Symptoms (%) 35% 100% 0.002*

Claudication (%) 35% 0% 0.008*

Backpain (%) 0% 50% 0.003*

Other (%) 5% 50% 0.015*

Coronary heart disease (%) 40% 63% 0.410

Hypertension (%) 75% 75% 1.000

Hypercholesterol (%) 35% 25% 1.000

COPD†(%) 30% 38% 1.000

Diabetes Mellitus (%) 15% 25% 0.606

Antihypertensives (%) 80% 75% 1.000

Statins(%) 40% 38% 1.000

Anticoagulants (%) 85% 63% 0.311

Leukocytes (109/l) 7.7 (3.3 – 11.1) 23 (13 - 30) 0.013*

C-reactive protein (mg/l) ���������Ȃ����������� 31 (8 - 124) 0.008*

eGFR‡ (ml/min/1.73m2) 67 (49-90) 46 (21 - 55) 0.003*

S�ȱ�������ȍ&23'b bFKURQLF�REVWUXFWLYH�SXOPRQDU\�GLVHDVH��Ȏ�H*)5b bHVWLPDWHG�JORPHUXODU�ȴOWUDWLRQ�
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3. RESULTS

����/DUJHU�DQHXU\VP�GLDPHWHU�DQG�V\VWHPLF�LQȵDPPDWLRQ�LQ�
ruptured AAA
In non-ruptured AAA median aneurysm diameter was 5.6 cm, while in ruptured AAA 
LW�ZDV�����FP��S �������WDEOH�������7KH�QRQ�UXSWXUHG�JURXS�FRQVLVWHG�RI���VXSUD�����
juxta- and 11 infra-renal AAA. In the ruptured group were 4 juxta- and 4 infra-renal 
$$$��)RU�DOO�EHORZ�PHDVXUHG�SDUDPHWHUV�QR�GLHUHQFHV�ZHUH�IRXQG�EHWZHHQ�WKHVH�
VXEJURXSV��2QH�WKLUG�RI�QRQ�UXSWXUHG�$$$�SDWLHQWV�VXHUHG�IURP�V\PSWRPV��PDLQO\�
FODXGLFDWLRQ��ΖQ�FRQWUDVW�DOO�UXSWXUHG�$$$�SDWLHQWV�VXHUHG�IURP�V\PSWRPV��EHLQJ�EDFN�
pain or other (p=0.002).

Median total leukocyte count and C-reactive protein (normal range values used by our 
clinical chemistry department are <10*109/l and <5 mg/l, respectively) were markedly 
DQG�VLJQLȴFDQWO\�LQFUHDVHG�LQ�UXSWXUHG�$$$������9�DQG����PJ�PO��UHVSHFWLYHO\��WDEOH�
5.1) as compared to non-ruptured AAA (7.7*109 and 2.5 mg/ml, p=0.013 and p=0.008, 
UHVSHFWLYHO\���(VWLPDWHG�JORPHUXODU�ȴOWUDWLRQ�UDWH�ZDV����PO�PLQ�����P2 in non-ruptured 
$$$�DQG�ZDV�GHFOLQHG�VLJQLȴFDQWO\�LQ�UXSWXUHG�$$$�WR����PO�PLQ�����P2 (p=0.003).

3.2 ERK1/2 levels were highest in non-ruptured AAA
0HGLDQ�S(5.����DQG�PHGLDQ�(5.����DFWLYDWLRQ��UDWLR�RI�S(5.����DQG�W(5.�����ZHUH�
highest in non-ruptured AAA. Levels were increased 5.0 and 1.8-times, respectively, as 
compared to controls and 11.1 and 2.0-times, respectively, as compared to ruptured 
$$$��S(5.�����Sȱ�������ȴJXUH����%��(5.����DFWLYDWLRQ��Sȱ�������ȴJXUH����&���7KH�KLJKHVW�
OHYHOV�RI�W(5.����ZHUH�IRXQG�LQ�QRQ�UXSWXUHG�$$$��KRZHYHU��QR�VWDWLVWLFDOO\�VLJQLȴFDQW�
GLHUHQFHV� LQ� W(5.����ZHUH� IRXQG�ZKHQ�FRPSDUHG� WR�FRQWUROV�DQG� UXSWXUHG�$$$�
�S ������DQG�S �������UHVSHFWLYHO\��VHH�ȴJXUH����$��

3.3 MMP-2 levels increased in both ruptured and non-ruptured AAA
ΖQ�FRQWUROV�003���VKRZHG�ZHDN�VWDLQLQJ� LQ� WKH�PHGLDO� OD\HU� �ȴJXUH����$��� ΖQ�QRQ�
UXSWXUHG�$$$�003���ZDV�PDUNHGO\�LQFUHDVHG�FRPSDUHG�WR�FRQWUROV�DQG�ZDV�ORFDOL]HG�
PDLQO\�LQ�WKH�PHGLDO�OD\HU�FHQWUH�LQ�ZHOO�GHȴQHG�FLUFXODU�DUHDV��ȴJXUH����%���ΖQ�UXSWXUHG�
AAA a global MMP-2 staining was seen throughout the medial layer, collected in well-
GHȴQHG�FLUFXODU�DUHDV�DV�ZHOO��ȴJXUH����&���4XDQWLȴFDWLRQ�RI�003���H[SUHVVLRQ�VKRZHG�
that in both non-ruptured and ruptured AAA MMP-2 expression was higher than in 
controls. The highest levels of MMP-2 were found in ruptured AAA followed by non-
ruptured (4.0 and 3.8 times higher than controls, p=0.004 and p=0.001, respectively, 
ȴJXUH����'���DOEHLW�QRW�VLJQLȴFDQWO\�
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Figure 5.1 (5.����VLJQDOOLQJ�LQ�KHDOWK\�DRUWD��QRQ�UXSWXUHG�DQG�UXSWXUHG�$$$
([DPSOHV�RI�ZHVWHUQ�EORW�DQDO\VLV�RI�W(5.����DQG�S(5.����DUH�VHHQ�DERYH��&RQFHQWUDWLRQV�RI�W(5.����
�$���S(5.�����%��DQG�UDWLR�RI�S(5.����DQG�W(5.�����&��DV�DQ�LQGLFDWLRQ�RI�(5.����DFWLYDWLRQ�DUH�JLYHQ�LQ�WKH�
graphs underneath. Data are presented as boxplots with interquartile ranges. Outliers are indicated by an 
DVWHULVN��(5.����SHU�ƉJ�WLVVXH�LV�JLYHQ�LQ�DUELWUDU\�XQLWV��$�8����6WDWLVWLFDOO\�VLJQLȴ�FDQW�GL�HUHQFHV�DUH�JLYHQ�
ZLWK�S�YDOXHV�EHORZ�WKH�KRUL]RQWDO�EDU�
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3.4 Medial layer thickness declined in ruptured AAA
In healthy control aorta the medial layer comprises the greater part of the vessel wall 
DQG�WKH�FROODJHQ�ȴ�EUHV��DV�FDQ�EH�VHHQ�LQ�ȴ�JXUH����$��DUH�RUJDQLVHG�LQ�UHJXODU�SDWWHUQV��
WKH�PHGLDQ�PHGLDO� OD\HU� WKLFNQHVV�ZDV�����PP��ȴ�JXUH����%��� ΖQ�QRQ�UXSWXUHG�$$$�
the median medial layer thickness was declined and the regular pattern of collagen 
ȴ�EUHV�ZDV�GLVWXUEHG��ȴ�JXUH����%���0HGLDQ�PHGLDO�OD\HU�ZDV�����PP�WKLFN��ȴ�JXUH����%��
and covered a smaller part of the total vessel wall than in controls, due to decreased 
medial layer thickness and an increased intimal layer thickness. In ruptured AAA the 
PHGLDO�OD\HU�WKLFNQHVV�IXUWKHU�GHFOLQHG�DQG�WKH�UHJXODU�SDWWHUQ�RI�FROODJHQ�ȴ�EUHV�ZDV�
GLVUXSWHG��ȴ�JXUH����&�DQG����$���0HGLDQ�PHGLDO�OD\HU�WKLFNQHVV�LQ�UXSWXUHG�$$$�ZDV�
����PP��ȴ�JXUH����%���&RQWUROV�KDG�D�����WLPHV�WKLFNHU�PHGLDO�OD\HU�WKDQ�UXSWXUHG�$$$�
�S �������ȴ�JXUH����%���1R�VLJQLȴ�FDQW�GL�HUHQFHV�H[LVWHG�EHWZHHQ�QRQ�UXSWXUHG�DQG�
ruptured AAA, or between non-ruptured AAA and controls.

Figure 5.2 MMP-2 expression in healthy aorta, non-ruptured and ruptured AAA
ΖQ�ȴ�JXUHV�$��%�DQG�&�UHSUHVHQWDWLYH�LPDJHV�RI�003���H[SUHVVLRQ�LQ�WKH�PHGLDO�OD\HU�DUH�JLYHQ�RI�KHDOWK\�
aorta, non-ruptured AAA and ruptured AAA, respectively. Black staining in the images indicates MMP-2 
H[SUHVVLRQ��VHH�DUURZV���3LFWXUHV�ZHUH�PDGH�XVLQJ�D���;�REMHFWLYH��ΖQ�ȴ�JXUH�'�WKH�DPRXQWV�RI�003����
measured in the medial layer by immunohistochemistry staining, are given in arbitrary units (A.U.). Data 
are presented as boxplots with interquartile ranges. Outliers are indicated by an asterisk. Statistically 
VLJQLȴ�FDQW�GL�HUHQFHV�DUH�JLYHQ�ZLWK�S�YDOXHV�EHORZ�WKH�KRUL]RQWDO�EDU�
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3.5 ERK1/2 is associated with medial layer thickness and circulating 
leukocytes but not with MMP-2 expression.
Sub-group analysis showed a positive association between the medial layer thickness 
DQG�(5.����DFWLYDWLRQ� LQ�QRQ�UXSWXUHG�DQG�UXSWXUHG�$$$�JURXSV�SRROHG��5V��������
S ������ȴ�JXUH����&���$$$�SDWLHQWV�ZLWK� WKH�KLJKHVW�(5.����VLJQDOOLQJ�UHWDLQHG�WKH�
thickest medial layer. There was no such correlation found for MMP-2 expression and 
PHGLDO�WKLFNQHVV��5V���������S �������

$V�(5.���� LV�VXSSRVHG�WR�VWLPXODWH�003���H[SUHVVLRQ��ZH� LQYHVWLJDWHG�D�SRVVLEOH�
FRUUHODWLRQ�EHWZHHQ�003���H[SUHVVLRQ� LQ� WKH�PHGLDO� OD\HU�DQG� OHYHOV�RI�S(5.�����
W(5.���� RU� (5.���� DFWLYDWLRQ� LQ� WKH� WRWDO� YHVVHO� ZDOO�9�:H� IRXQG� D� WUHQG� WRZDUGV�
DVVRFLDWLRQ�EHWZHHQ�(5.����DFWLYDWLRQ�DQG�003����5V���������S �������Total circulating 
OHXNRF\WH�FRXQWV�ZHUH�QHJDWLYHO\�FRUUHODWHG�ZLWK�S(5.����DQG�(5.����DFWLYDWLRQ�LQ�
WKH�YHVVHO�ZDOO��5V��������Sȱ��������DQG�DV�ZHOO�ZLWK�PHGLDO�WKLFNQHVV��5V���������S �������
No correlation existed between circulating leukocytes and MMP-2 expression (Rs 

Figure 5.3 0HGLDO�OD\HU�WKLFNQHVV�DQG�DVVRFLDWLRQ�ZLWK�(5.����VLJQDOOLQJ
$�UHSUHVHQWDWLYH�LPDJH�RI�D�UXSWXUHG�$$$�VWDLQHG�E\�KHPDWR[\OLQ�HRVLQ�LV�JLYHQ�LQ�ȴ�JXUH�$����;�REMHFWLYH���
The three separate layers are indicated, from lumen outwards: atherosclerotic plaque, medial layer 
and adventitial layer. Thickness of the medial layer in millimetres (mm) are presented as boxplots with 
LQWHUTXDUWLOH�UDQJHV�LQ�ȴ�JXUH�%��2XWOLHUV�DUH�LQGLFDWHG�E\�DQ�DVWHULVN��6WDWLVWLFDOO\�VLJQLȴ�FDQW�GL�HUHQFHV�
DUH�JLYHQ�ZLWK�S�YDOXHV�EHORZ�WKH�KRUL]RQWDO�EDU��ΖQ�WKH�JUDSKV�EHORZ��WKH�FRUUHODWLRQV�EHWZHHQ�(5.����
DFWLYDWLRQ��JLYHQ�DV�UDWLR�RI�S(5.����DQG�W(5.����LQ�DUELWUDU\�XQLWV��$�8����DQG�WKH�DRUWLF�PHGLDO�WKLFNQHVV�
�LQ�PP��DUH�SUHVHQWHG�IRU�QRQ�UXSWXUHG�DQG�UXSWXUHG�$$$�SRROHG��ȴ�JXUH�&���$�OLQH�RI�EHVW�ȴ�W�LV�GUDZQ��7KH�
correlation is given as a Spearmans Rank (Rs) with p-value.
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������S �������(VWLPDWHG�JORPHUXODU�ȴOWUDWLRQ�UDWH�ZDV�SRVLWLYHO\�FRUUHODWHG�WR�(5.����
DFWLYDWLRQ�LQ�WKH�YHVVHO�ZDOO��5V�������S �������

4. DISCUSSION

7KH�PDMRU�ȴQGLQJV�RI�RXU�VWXG\�DUH��Ζ��S(5.����DQG�(5.����DFWLYDWLRQ�DUH�KLJKHU�LQ�QRQ�
UXSWXUHG�$$$�WKDQ�LQ�UXSWXUHG�$$$�DQG�FRQWURO�WLVVXH��ΖΖ��(5.����DFWLYDWLRQ�LV�SRVLWLYHO\�
DVVRFLDWHG�ZLWK�PHGLDO� OD\HU�WKLFNQHVV�LQ�GLODWHG�DRUWDV�� ΖΖΖ�� LQ�FRQWUDU\�WR�ZKDW�ZDV�
HDUOLHU�GHVFULEHG�LQ�URGHQW�PRGHOV��QR�DVVRFLDWLRQ�H[LVWV�EHWZHHQ�(5.����DQG�003���
expression in human AAA medial layer.

ΖQ� RXU� VWXG\�� ZH� GHPRQVWUDWHG� WKDW� OHYHOV� RI� S(5.���� DQG� (5.���� DFWLYDWLRQ� DUH�
VLJQLȴFDQWO\� KLJKHU� LQ� QRQ�UXSWXUHG� $$$� WKDQ� LQ� UXSWXUHG�� ΖQWHUHVWLQJO\�� (5.����
activation in ruptured AAA is similar to that in controls. This observation could be 
H[SODLQHG�E\� WKH� IDFW� WKDW� DRUWLF�60&�DUH� UHVSRQVLEOH� IRU�(5.����SURGXFWLRQ�DQG�
activation. In the developing aneurysm SMC are known to migrate from the medial to 
the intimal layer where they go into apoptosis.15-17 Increased migration and apoptosis 
FDXVH�GHFUHDVHG�60&�QXPEHUV�DQG�FRQVHTXHQWO\�PHGLDO� OD\HU�WKLQQLQJ��:H�IRXQG�
that medial thickness declines as the healthy aorta develops from a non-ruptured to 
D�UXSWXUHG�$$$��ΖQ�$$$�SDWLHQWV��ZH�IRXQG�WKDW�S(5.����DQG�(5.����DFWLYDWLRQ�ZHUH�
SRVLWLYHO\�FRUUHODWHG�ZLWK�PHGLDO�WKLFNQHVV��7KLV�DVVRFLDWLRQ�PHDQV�WKDW�ZKHQ�(5.����
levels decrease, the medial thickness declines and vice versa. It could be explained, as 
VXJJHVWHG�DERYH��WKDW�(5.����LV�SURGXFHG�DQG�DFWLYDWHG�E\�60&�LQ�WKH�DRUWLF�DQHXU\VP�
wall. Consequently, when the aneurysm develops the medial thickness declines and less 
60&�UHPDLQ�WR�NHHS�XS�WKH�SURGXFWLRQ�RI�(5.����OHYHOV��2U��RQ�WKH�RWKHU�KDQG��PHGLDO�
WKLFNQHVV�LV�SUHVHUYHG�DV�ORQJ�DV�(5.����OHYHOV�DUH�KLJK��GXH�WR�60&�SUROLIHUDWLRQ�E\�
(5.����VLJQDOOLQJ�18�:KHQ�(5.����OHYHOV�GHFUHDVH��DV�LV�WKH�FDVH�LQ�UXSWXUHG�$$$��WKH�
medial layer is no longer capable to reactively proliferate SMC and eventually becomes 
thinner.

AAA formation is characterised by ECM degradation and medial layer destruction. The 
PHGLDO�OD\HU�EHFRPHV�WKLQQHU�DQG�WKH�DRUWLF�GLDPHWHU�LQFUHDVHV��003�DUH�HQ]\PHV�
that traditionally are known for ECM degradation in the vessel wall. However, recently 
MMP-2 was demonstrated to be not only responsible for ECM degradation but for ECM 
proliferation as well, by stimulating collagen and elastin production.19 In earlier studies 
mainly MMP-2 and -9 have increased activity in the vessel wall of aortic aneurysms 
DQG�FRXOG�EH�UHODWHG�WR�DQHXU\VP�VL]H�DQG�UXSWXUH.20 As mentioned above, MMP-2 
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DQG����H[SUHVVLRQ�DUH�WKRXJKW�WR�EH�UHJXODWHG�E\�(5.����DQG�GHOD\�$$$�JURZWK�E\�
(5.�����LQKLELWLRQ�12,21 To verify these hypotheses for human AAA we measured MMP-2 
expression in the medial layer of patients and controls. Our data show an increased 
MMP-2 expression in the non-ruptured and ruptured AAA as compared to healthy 
DRUWD��(5.����OHYHOV�DUH�KLJK�LQ�QRQ�UXSWXUHG�$$$�EXW�QRW� LQ�UXSWXUHG��DQG�003���
H[SUHVVLRQ�LV�QRW�DVVRFLDWHG�ZLWK�(5.�����7KLV� ODFN�RI�DVVRFLDWLRQ�FDQ�EH�H[SODLQHG�
by the recently discovered divergent role of MMP-2, providing evidence that MMP-2 
expression in the aneurysm wall is not only associated with aortic degeneration but 
with ECM repair and synthesis as well.19 +RZHYHU��ZH�K\SRWKHVL]H�WKDW�LQ�KXPDQ�DRUWLF�
60&�003���H[SUHVVLRQ�FDQ�EH�UHJXODWHG�E\�(5.����VLJQDOOLQJ��EXW�DV�DQ�DVVRFLDWLRQ�
lacks it is probably not responsible for total MMP-2 expression. Therefore we suggest 
WKDW�003���H[SUHVVLRQ��DV�RSSRVHG�WR�HDUOLHU�ȴQGLQJV�LQ�URGHQW�VWXGLHV�� LV�QRW�IXOO\�
GHSHQGDQW�RQ�(5.����VWLPXODWLRQ�DQG�WKHUH�VKRXOG�EH�DQRWKHU�VRXUFH�RI�003���

%DVHG� RQ� SUHYLRXV� VWXGLHV� DQG� RXU� UHFHQW� ȴQGLQJV� ZH� VXJJHVW� WKDW� DQHXU\VP�
GHYHORSPHQW�LQLWLDWHV�ZLWK�LQȵDPPDWLRQ�RI�WKH�DRUWLF�ZDOO�ZKHUH�IDFWRUV�RI�LQȵDPPDWLRQ�
VWLPXODWH� (5.���� VLJQDOOLQJ� WR� LQGXFH� 60&� SUROLIHUDWLRQ�22-24 Consequently MMP-2 
H[SUHVVLRQ� ULVHV� DQG� WKH�PHGLDO� (&0�ZLOO� EH� HQ]\PDWLFDOO\� GHJUDGHG� �ȴJXUH� ������
This degradation facilitates SMC to migrate.22,25 SMC migration and apoptosis might 
GHFUHDVH�WKH�WRWDO�DPRXQW�RI�60&�DQG�VR�WRWDO�(5.����VLJQDOOLQJ�GHFOLQHV��7KLV�PLJKW�
H[SODLQ�WKH�ORZHU�(5.����OHYHOV�LQ�UXSWXUHG�$$$���+RZHYHU��WKLV�GRHV�VWLOO�QRW�FODULI\�
the increased MMP-2 levels we found in both non-ruptured and ruptured AAA. Locally 
LQȴOWUDWLQJ�OHXNRF\WHV�FRXOG�EH�D�SRVVLEOH�DOWHUQDWLYH�VRXUFH�RI�003���� ΖQ�UXSWXUHG�
AAA the total amount of circulating leukocytes was higher than in non-ruptured, and 
ZHUH�QHJDWLYHO\�FRUUHODWHG� WR�(5.����DFWLYLW\��+RZHYHU��ZLWK�RXU�DYDLODEOH�GDWD�ZH�
FRXOG�QRW�LQYHVWLJDWH�D�SRVVLEOH�DVVRFLDWLRQ�EHWZHHQ�WRWDO�ORFDOO\�LQȴOWUDWHG�OHXNRF\WHV�
DQG�(5.����VLJQDOOLQJ��7KHUHIRUH�ZH�FDQ�RQO\�VSHFXODWH�WKDW��GXH�WR�LQFUHDVHG�(5.����
VLJQDOOLQJ�LQ�WKH�LQȵDPPDWRU\�DRUWD��YDVFXODU�FHOO�DGKHVLRQ�PROHFXOH���LV�RYHUH[SUHVVHG�
DQG�DXJPHQWV�OHXNRF\WH�LQȴOWUDWLRQ�LQ�WKH�YHVVHO�ZDOO�26-27 As leukocytes, particularly 
neutrophils, are a known source of MMP-2 expression we suggest that leukocytes in 
the AAA wall could be responsible for the increasing MMP-2 levels, rather than SMC via 
(5.����VLJQDOOLQJ�28�7KLV�K\SRWKHVLV�LV�LQ�SDUW�VXSSRUWHG�E\�RXU�ȴQGLQJ�WKDW�LQ�UXSWXUHG�
AAA patients we found higher circulating leukocyte counts in the blood than in non-
ruptured AAA.

Two limitations of the present study should be considered. First, we could only include 
the ventral wall of the aneurysm, while rupture of the wall often occurs in the dorsal 
part of the aorta. However, as all the included aneurysms were fusiform one may 
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DVVXPH�WKDW�WKH�SDWKRJHQLF�SURFHVV�D�HFWV�WKH�DRUWD�FLUFXODUO\��HYHQ�LI�RQH�WDNHV�WKH�
heterogeneity of the aneurysmal disease into account. Therefore we consider the 
specimens representative of the aneurysmatic aortic wall. Second, our conclusions 
DUH�EDVHG�RQ�REVHUYDWLRQDO�H[�YLYR�UHVHDUFK��)XUWKHU�UHVHDUFK�LQ�WKH�UROH�RI�(5.����
LQ� LQȵ�DPPDWLRQ�RI� WKH�DRUWD� OHDGLQJ� WR�60&�G\VIXQFWLRQ�DQG�(&0�GHJUDGDWLRQ� LQ�
aneurysm development is warranted. This might be performed by in-vitro experiments 
XVLQJ�60&�FXOWXUHV�WR�GHWHUPLQH�ZKHWKHU�(5.����SURYLGHV�SURWHFWLRQ�DJDLQVW�DSRSWRVLV�

ΖQ�VXPPDU\��WKH�ȴ�QGLQJV�RI�WKH�SUHVHQW�VWXG\�GHPRQVWUDWH�IRU�WKH�ȴ�UVW�WLPH�WKDW�(5.����
activation in the medial layer of human aortas is higher in non-ruptured AAA than in 
UXSWXUHG�$$$��)XUWKHUPRUH��(5.����DFWLYDWLRQ�PLJKW�EH�LQYROYHG�LQ�SUHVHUYLQJ�PHGLDO�
OD\HU�WKLFNQHVV��KRZHYHU��WKLV�LV�QRW�UHJXODWHG�E\�003���H[SUHVVLRQ��:H�VXJJHVW�WKDW�
LQ�UHVSRQVH�WR�GDPDJH�RI�WKH�PHGLDO� OD\HU��(5.����VLJQDOOLQJ�SHUIRUPV�D�SURWHFWLYH�
role against ECM degradation and, contrary to conclusions from earlier rodent studies, 
reduces medial layer decline and AAA rupture.
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Figure 5.4 Model of aorta wall degeneration in AAA
7KH�PXOWLIDFWRULDO�SURFHVV�RI�$$$�GHYHORSPHQW�LQLWLDWHV�ZLWK�LQȵ�DPPDWLRQ�RI�WKH�DRUWLF�ZDOO��(5.����
VLJQDOOLQJ�SRWHQWLDOO\�KDV�ERWK�DQ�DFWLYH�DV�D�UHDFWLYH�UROH�LQ�DQ�LQȵ�DPPDWRU\�HQYLURQPHQW��ΖQ�WKLV�PRGHO�
ZH�VLPSOLȴ�HG�WKH�SURFHVV�RI�DRUWLF�ZDOO�GHJHQHUDWLRQ�OHDGLQJ�WR�DQHXU\VP�GHYHORSPHQW�DQG�UXSWXUH��2QH�
VKRXOG�NHHS�LQWR�DFFRXQW�WKDW�LQGLYLGXDO�VWHSV�FDQ�EH�LQȵ�XHQFHG�E\�PRUH�IDFWRUV�WKDQ�WKRVH�LPSOHPHQWHG�
LQ�WKLV�PRGHO��ΖQ�QRQ�UXSWXUHG�$$$�ZH�PHDVXUHG�LQFUHDVHG�003���H[SUHVVLRQ�DV�ZHOO�DV�LQFUHDVHG�(5.����
activity, when compared to healthy controls. In ruptured AAA MMP-2 expression was increased, but 
(5.����DFWLYLW\�ZDV�QRW�ZKHQ�FRPSDUHG�WR�FRQWUROV��(5.����DFWLYLW\�ZDV�SRVLWLYHO\�DVVRFLDWHG�ZLWK�PHGLDO�
OD\HU�WKLFNQHVV�LQ�QRQ�UXSWXUHG�DQG�UXSWXUHG�$$$��:H�VXJJHVW�WKDW�WKH�LQFUHDVHG�(5.����DFWLYLW\�LQ�QRQ�
ruptured AAA might be protective against AAA rupture.
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Update on literature
([WUDFHOOXODU�VLJQDO�UHJXODWHG�NLQDVH��(5.��DFWLYDWLRQ�LV�DVVRFLDWHG�ZLWK�DRUWLF�DQHXU\VP�
(AA) development and is enhanced in nonruptured AA.1�(5.� LV�D�VLJQDOOLQJ�SURWHLQ�
responsible for aortic wall maintenance by vascular smooth muscle cell (VSMC) 
proliferation and migration.

:KHQ�(5.�DFWLYDWLRQ�LV�LQKLELWHG��LW�FDQ�UHGXFH�WKH�LQȵDPPDWRU\�UHVSRQVH�LQ�960&�DQG�
eventually reduces AAA development.2,3�:KHQ�(5.�DFWLYDWLRQ�ZDV�EORFNHG�LQ�7*%5��
GHȴFLHQW�PLFH��DQHXU\VPDO�GHJHQHUDWLRQ�ZDV�SUHYHQWHG�4

ΖQFUHDVHG�(5.�DFWLYDWLRQ�LQ�UDWV�OHDGV�WR�HQKDQFHG�DRUWLF�960&�FRQWUDFWLOLW\�UHVXOWLQJ�
in hypertension and eventually cardiovascular disease like AAA.5 However, in our 
unpublished pilot-studies, we measured impaired VSMC contractility in sporadic AAA 
and demonstrated a correlation between AAA growth rate in vivo versus contractility 
LQ� YLWUR�� 7KH�FRUUHODWLRQ�RI�960&�FRQWUDFWLRQ�ZLWK�(5.�SDWKZD\� LV�QRZ�VWLOO� XQGHU�
investigation.

7KH�DERYH�PHQWLRQHG�ȴQGLQJV�VXJJHVW�WKDW�(5.�KDV�D�GHWHULRUDWLQJ�HHFW��UDWKHU�WKDQ�
a protective role in AAA development.

Update on statements from: Activation of extracellular signal-
related kinase in abdominal aortic aneurysm1

6WDWHPHQW����Ȋ1RQUXSWXUHG�DQHXU\VPV�DUH�DVVRFLDWHG�ZLWK�LQFUHDVHG�H[WUDFHOOXODU�VLJQDO�
UHJXODWHG�NLQDVH�DFWLYDWLRQ�ZKLOH�UXSWXUHG�DQHXU\VPV�DUH�QRWȋ

The evidence that has accumulated in the meanwhile enforces this statement as stated 
above in the update.

6WDWHPHQW� ��� Ȋ([WUDFHOOXODU� VLJQDO�UHJXODWHG� NLQDVH� ZDV� QRW� UHODWHG� WR� WRWDO� PDWUL[�
PHWDOORSURWHLQDVH���H[SUHVVLRQȋ

The evidence that has accumulated in the meanwhile weakens this statement. There 
DUH�LQFUHDVLQJ�VLJQV�WKDW�(5.�DFWLYDWLRQ�DQG�003�H[SUHVVLRQ�DUH�UHODWHG�
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ABSTRACT

Background: Marfan syndrome (MFS), a congenital connective tissue disorder leading 
WR� DRUWLF� DQHXU\VP� GHYHORSPHQW�� LV� FDXVHG� E\� ȴEULOOLQ��� �)%1��� JHQH�PXWDWLRQV��
Transforming growth factor beta (TGF-ß) might play a role in the pathogenesis. It is 
still a matter of discussion if and how TGF-ß upregulates the intracellular downstream 
pathway, although TGF-ß receptor 3 (TGFBR3 or Betaglycan) is thought to be involved. 
:H�DLPHG�WR�HOXFLGDWH�WKH�UROH�RI�7*)%5��SURWHLQ�LQ�7*)�¡�VLJQDOLQJ�LQ�0DUIDQ�SDWLHQWV�

Methods: 'HUPDO�ȴEUREODVWV�RI�0)6�SDWLHQWV�ZLWK�KDSORLQVXɝFLHQW��+Ζ��Q ���RU�GRPLQDQW�
QHJDWLYH� �'1��Q ���FBN1� JHQH�PXWDWLRQV�� OHDGLQJ� WR� LQVXɝFLHQW�RU�PDOIXQFWLRQLQJ�
ȴEULOOLQ����UHVSHFWLYHO\��ZHUH�XVHG��&RQWURO�FHOOV��Q ����ZHUH�IURP�KHDOWK\�YROXQWHHUV��
:H�TXDQWLȴHG�7*)%5��SURWHLQ�H[SUHVVLRQ�E\� LPPXQRȵXRUHVFHQFH�PLFURVFRS\�DQG�
gene expression of FBN1, TGFB1, its receptors and downstream transcriptional target 
genes by quantitative PCR.

Results: Betaglycan protein expression in FBN1 mutants pooled was higher than 
LQ�FRQWUROV��S �������DQG�LQ�'1�KLJKHU�WKDQ�LQ�+Ζ��S ��������ΖQ�'1�VLJQLȴFDQW�KLJKHU�
mRNA expression of FBN1 (p=0.014), SMAD7 (p=0.019), HSP47 (p=0.023) and 6(53Ζ1(� 
(p=0.008) was observed than in HI, but lower HSPA5 expression (p=0.029). A pattern of 
higher expression was noted for TGFB1 (p=0.059), FN1 (p=0.089) and COL1A1 (p=0.089) 
in DN as compared to HI. TGFBR3 protein expression in cells, both presence in the 
endoplasmic reticulum and amount of vesicles per cell, correlated positively with TGFB1 
P51$�H[SUHVVLRQ��5V ������S �������5V ������S �������UHVSHFWLYHO\���7*)%5� gene 
H[SUHVVLRQ�GLG�QRW�GLHU�EHWZHHQ�JURXSV�

Conclusion: :H�GHPRQVWUDWHG�WKDW�DFWLYDWLRQ�RI�7*)�¡�VLJQDOLQJ�LV�KLJKHU�LQ�SDWLHQWV�
with a DN than a HI FBN1 gene mutation. Also, TGFBR3 protein expression is increased 
in the DN group and correlates positively with TGFB1 H[SUHVVLRQ�LQ�JURXSV�SRROHG��:H�
suggest that TGFBR3 protein expression is involved in upregulated TGF-ß signaling in 
MFS patients with a DN FBN1 gene mutation.
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1. INTRODUCTION

0DUIDQ� V\QGURPH� �0)6�� LV� D� FRQQHFWLYH� WLVVXH� GLVRUGHU� WKDW� LV� FKDUDFWHUL]HG� E\�
abnormalities in the skeletal, ocular, pulmonary, nervous and cardiovascular system.1–3 
The most severe cardiovascular manifestation of MFS is the development of aortic 
aneurysms (AA), predominantly thoracic AA, which can lead to rupture associated 
with high mortality.4,5�7KH�V\QGURPH� LV�FDXVHG�E\�PXWDWLRQV� LQ� WKH�ȴEULOOLQ���JHQH�
(FBN1���)LEULOOLQ���FRQVWLWXWHV�WKH�FRUH�RI�PLFURȴEULOV��ZKLFK�SURYLGH�VWUXFWXUDO�VWDELOLW\�
to extracellular matrix (ECM) and are also responsible for the elastic properties 
of the vessel wall.6,7�0XWDWLRQV� FDQ�EH� FODVVLȴHG�DV�GRPLQDQW�QHJDWLYH� �'1��RU� DV�
KDSORLQVXɝFLHQW��+Ζ���GHSHQGLQJ�RQ�WKH�HHFW�WKDW�WKH�PXWDWLRQ�KDV�RQ�WKH�ȴEULOOLQ���
protein.8�'1�PXWDWLRQV�OHDG�WR�D�PDOIROGHG�RU�PDOIXQFWLRQLQJ�ȴEULOOLQ���SURWHLQ�DQG�WKXV�
a disturbed ECM.9,10 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 
RI�ȴEULOOLQ���P51$�10–12�7KH�ODWWHU�PXWDWLRQ�ZLOO�OHDG�WR�UHGXFHG�OHYHO�RI�ZLOG�W\SH�ȴEULOOLQ���
protein, and thus compromised functionality.9,10� ΖQ�WKH�(&0��ȴEULOOLQ����WRJHWKHU�ZLWK�
ȴEULOOLQ����DOVR�UHJXODWHV�WKH�ELRDYDLODELOLW\�RI�WUDQVIRUPLQJ�JURZWK�IDFWRU�¡��7*)�¡��E\�
binding this growth factor in a latent complex.13 TGF-ß signaling is responsible for the 
expression of connective tissue components in the ECM.4,13 In MFS, excessive TGF-ß 
VLJQDOLQJ�LV�REVHUYHG�DV�D�UHVXOW�RI�PXWDWHG�ȴEULOOLQ���LQ�WKH�(&0��ZKLFK�LV�WKRXJKW�WR�
be responsible for AA development.14�0DOIROGHG�ȴEULOOLQ���SURWHLQV��PD\�EH�VXEMHFWHG�
to degradation in the endoplasmic reticulum (ER) mediated by heat shock proteins A5 
(HSPA5) and 47 (HSP47).15,16

TGF-ß isoforms regulate transcription of ECM components such as collagen and 
ȴEULQ�4,13,17–19�%\�ELQGLQJ�WR�FHOO�VXUIDFH�7*)�¡�UHFHSWRUV��7*)%5������DQG�Ȃ���7*)%5��
is also known as Betaglycan), their downstream intracellular pathway is activated 
E\�60$'6��WKH� LQWUDFHOOXODU�HHFWRUV�RI�7*)�¡�VLJQDOLQJ�13,19–23 SMADS are recruited 
to the activated receptor complex and after phosphorylation they form a complex, 
which is transported into the nucleus.23 This results in the transcription of their target 
genes collagen type 1 alpha 1 (COL1A1���ȴEURQHFWLQ� �FN1), 6(53Ζ1(� and connective 
tissue growth factor (CTGF ).24–27 A negative feedback loop on the expression of TGF-ß 
itself is provided by the transcriptional TGF-ß target SMAD7.19,28 TGF-ß has long been 
acknowledged as a major factor of MFS development, however, in the past years more 
studies question whether such a role can be attributed to TGF-ß.29

TGFBR3 is a co-receptor of the TGF-ß superfamily that increases the binding of TGF-ß 
to TGFBR1 and TGFBR2. In recent years however, more functions of TGFBR3 have been 
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LGHQWLȴHG��H[SDQGLQJ�LWV�UROH�IURP�D�VLPSOH�FR�UHFHSWRU�WR�D�EURDGHU�DQG�PRUH�FRPSOH[�
UHFHSWRU��ΖW�KDV�EHHQ�VXJJHVWHG�WR�LQȵXHQFH�FHOOXODU�SURFHVVHV�VXFK�DV�7*)�¡�UHFHSWRU�
WUDɝFNLQJ�DQG�UHJXODWLRQ�RI�VLJQDOLQJ�RXWSXW�30�:H�K\SRWKHVL]HG�WKDW�WKH�H[SUHVVLRQ�
TGFBR3 may modulate TGF-ß signaling. In the current work we aimed to elucidate the 
role of TGFBR3 in the TGF-ß signaling pathway of MFS patients. This was investigated 
E\�WKH�TXDQWLȴFDWLRQ�RI�P51$�H[SUHVVLRQ�RI�7*)%5� and TGFB, as well as a panel of 
7*)�¡�VLJQDOLQJ�DVVRFLDWHG�WDUJHW�JHQHV�LQ�SULPDU\�GHUPDO�ȴEUREODVWV�RI�0)6�SDWLHQWV��
7*)%5��H[SUHVVLRQ�ZDV�VWXGLHG�DW�WKH�SURWHLQ�OHYHO�E\�LPPXQRȵXRUHVFHQFH�VWDLQLQJ�
LQ�0)6�ȴEUREODVWV��$V�WKH�W\SH�RI�PXWDWLRQ�PRGXODWHV�WKH�HHFW�RQ�D�SURWHLQ�OHYHO��D�
GLHUHQWLDWLRQ�ZDV�PDGH�IRU�SDWLHQWV�ZLWK�D�'1�DQG�D�+Ζ�FBN1 gene mutation.8

2. MATERIAL AND METHODS

2.1 Patients and healthy volunteers
The study was approved by the Medical Ethical Committee of the Amsterdam University 
0HGLFDO�&HQWHU��3ULPDU\�GHUPDO�ȴEUREODVWV�ZHUH�FXOWXUHG�IURP�VNLQ�ELRSVLHV�WDNHQ�
from the upper arm of thirteen patients (7 men) with a median age (with range) of 37 
years (9 – 64), all with a known mutation in the FBN1 gene (4 DN and 9 HI mutations). 
$V�FRQWURO�ȴEUREODVWV�RI����KHDOWK\�YROXQWHHUV�ZHUH�XVHG����PHQ��ZLWK�PHGLDQ�DJH����
(0 – 56). Controls were gender-matched healthy volunteers without a medical history 
of cardiovascular disease. Table 7.1 shows the characteristics and FBN1 mutations of 
the patients and controls.

2.2 Cell culture preparation
3ULPDU\�KXPDQ�GHUPDO�ȴEUREODVWV�ZHUH�FXOWXUHG�LQ�+DPȇV�)���1XWULHQW�0L[�0HGLXP�
�7KHUPR�)LVFKHU�6FLHQWLȴF��FDWDORJ�QXPEHU�����������VXSSOHPHQWHG�ZLWK�����IHWDO�
ERYLQH�VHUXP��7KHUPR�)LVFKHU�6FLHQWLȴF��FDWDORJ�QXPEHU����������������XQLWV�P/�
SHQLFLOOLQ�DQG�����wJ�P/�VWUHSWRP\FLQ� �7KHUPR�)LVFKHU�6FLHQWLȴF��FDWDORJ�QXPEHU�
�����������7KH�FHOOV�ZHUH�PDLQWDLQHG�LQ�D�KXPLGLȴHG�LQFXEDWRU�DW���Ő&�DQG����&22. 
&HOOV� ZHUH� VHHGHG� LQ� FKDPEHU� VOLGHV� �7KHUPR� )LVFKHU� 6FLHQWLȴF�� FDWDORJ� QXPEHU�
��������DQG�ZHUH�OHIW�WR�DWWDFK�DQG�HVWDEOLVK�D�PRQROD\HU�GXULQJ�ȴYH�GD\V�SULRU�WR�
LPPXQRȵXRUHVFHQFH�
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Table 7.1. Genotypic characteristics of all 13 included patients are presented. The FBN1 mutation type is given 
DV�KDSORLQVXɝFLHQW��+Ζ��RU�GRPLQDQW�QHJDWLYH��'1��

Mutants Age Gender Type Domain Mutation (HFW

1 37 M HI 8Cys-4 4605T>A <����;

2 17 F HI INTRON 1468+2T>C retention intron 11

3 20 M HI NA 0-allele NA

4 39 F HI INTRON 3464-6C>A splice error insACAG 
and NMD

5 9 M HI cb-EGF45 7732C>T 4����;�DQG���DOOHOH

6 27 M HI cb-EGF25 4428C>A <����;

7 43 F HI Proline-rich 1285C>T 5���;

8 64 M HI cb-EGF29 5368C>T 5����;

9 24 M HI cb-EGF6 1387G>T *���;

10 50 M DN cb-EGF24 4291T>C C1431R

11 56 F DN 8Cys-4 4588C>T R1530C

12 40 F DN 8Cys-3 2946 C>G &���:

13 33 F DN cb-EGF8
1701G>T 
leads to 
1700_1714del

G567_Q571del

����4XDQWLȴFDWLRQ�RI�SURWHLQ�H[SUHVVLRQ�E\�LPPXQRȵXRUHVFHQFH�
microscopy
&HOOV�ZHUH�ULQVHG�ZLWK�SKRVSKDWH�EXHUHG�VDOLQH��3%6�����WLPHV���PLQXWHV�DW���Ő&���
WKHQ�ȴ[HG�LQ����IRUPDOGHK\GH�FRQWDLQLQJ�3%6�DQG�ULQVHG�DJDLQ�LQ�������7ZHHQ��3%67��
IRU���PLQXWHV��$IWHU�FHOO�PHPEUDQH�SHUPHDELOL]DWLRQ�E\������7ULWRQ�IRU����PLQXWHV��
WKH�FHOOV�ZHUH�ULQVHG��DQG�LQFXEDWHG�RYHUQLJKW�DW��Ő&�ZLWK�WKH�SULPDU\�DQWLERG\�IRU�
7*)%5���GLOXWLRQ��������VF��������6DQWD�&UX]��86$���$IWHU�ZDVKLQJ��FHOOV�ZHUH�LQFXEDWHG�
ZLWK�WKH�VHFRQGDU\�DQWLERG\��GLOXWLRQ��������0ROHFXODU�3UREHV��86$��IRU����PLQXWHV�
at room temperature. Additionally, samples were incubated for 20 minutes in wheat-
JHUP�DJJOXWLQLQ� �:*$��$OH[D�����ȵXRUHVFHQW�SUREHV�� WDUJHWLQJ�WKH�FHOO�PHPEUDQH�
JO\FRFDO\[��GLOXWLRQ������LQ�3%6��0ROHFXODU�3UREHV��86$���$IWHU�VWDLQLQJ��VDPSOHV�ZHUH�
rinsed and mounted on a glass slide using VectashieldTM mounting medium containing 
DAPI nuclear stain (Vector Laboratories Inc., USA) and sealed using a cover glass.

Sections were examined with a Zeiss Axiovert 200M MarianasTM inverted microscope, 
HTXLSSHG�ZLWK�D�PRWRUL]HG�VWDJH��VWHSSHU�PRWRU��]�D[LV�LQFUHPHQWV����ƉP��DQG�D�WXUUHW�
ZLWK�D�'Ζ&�EULJKWȴHOG�FXEH�DQG�IRXU�HSLȵXRUHVFHQFH�FXEHV��KDYLQJ�HPLVVLRQ�LQ�EOXH�
(DAPI for cell nuclei), green (FITC for TGFBR3), red (Cy3 for cell membrane). A cooled 
CCD camera (Cooke Sensicam SVGA (Cooke Co., USA), 1280 x 1024 pixels), linear over 
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its full dynamic range, recorded images with true 16-bit capability. The microscope, 
camera, and data processing were controlled by SlideBookTM software (version 5.0.1.8, 
Intelligent Imaging Innovations, Denver, U.S.). Fifteen images covering the whole slide per 
SDWLHQW�ZHUH�WDNHQ�ZLWK�D���;�RLO�LPPHUVLRQ�REMHFWLYHV��&$5/�=(Ζ66��7KH�1HWKHUODQGV��

Analysis of images was conducted by a manual operator-dependent count of TGFBR3 
positive vesicles and cells, which was performed by two independent researchers 
�UHSUHVHQWDWLYH�LPDJHV�DUH�VHHQ�LQ�ȴJXUH����$�'���9HVLFOHV�ZHUH�GHȴQHG�DV�VSKHULFDO�
structures that demonstrate staining for both TGFBR3 and glycocalyx from the cell 
PHPEUDQH�� 9HVLFOHV� ZHUH� FKDUDFWHUL]HG� DV� ODUJH� �!�wP�� RU� VPDOO�� )XUWKHUPRUH��
cells were counted and distinguished into positive and negative for the presence of 
intracellular TGFBR3. Vesicles per cell and the ratio between TGFBR3 positive cells and 
total cell counts were calculated after automatic nuclei counts (performed by SlideBook 
TM software). No interobserver variability was found in the measurements (vesicles: 
S ������7*)%5��SRVLWLYH�FHOOV��S �����

����4XDQWLȴFDWLRQ�RI�JHQH�H[SUHVVLRQ�E\�TXDQWLWDWLYH�SRO\PHUDVH�
chain reaction
7RWDO� 51$�ZDV� LVRODWHG�XVLQJ� WKH�1XFOHR6SLQ� 7ULSUHS�.LW� �0DFKHUH\�1DJHO��'¾UHQ��
Germany). Complementary DNA synthesis was performed using the VILO kit (Macherey-
1DJHO�� '¾UHQ�� *HUPDQ\��� LQ� D� ��Ɖ/� UHYHUVH� WUDQVFULSWLRQ� UHDFWLRQ�� DFFRUGLQJ� WR�
manufacturer’s instructions. Quantitative PCR (qPCR) was performed to show the 
HHFW� RI� WKH�PXWDWLRQV� RQ�P51$� OHYHO� LQ� FBN1� �10B��������� DQG� WR� DQDO\]H� WKH�
SRWHQWLDO�HHFW�RI�WKH�PXWDWLRQ�RQ�WKH�H[SUHVVLRQ�RI�UHODWHG�DQG�WDUJHW�JHQHV��FBN2 
(NM_001999), FBN3 (NM_032447), FN1 (NM_002026), 6(53Ζ1(1 (NM_000602), SMAD7 
(NM_005904), TGFB1 (NM_000660), 7*)%5� (NM_004612), 7*)%5� (NM_003242), 7*)%5� 
(NM_003243), COL1A1 (NM_000088), CTGF (NM_001901) HSP47 (NM_001207014) and 
HSPA5� �10B���������$V�KRXVHNHHSLQJ�JHQHV�IRU�WKH�QRUPDOL]DWLRQ�RI�WKH�DFTXLUHG�
data <:+$= (NM_003406), +357 (NM_000194) and UBC (NM_021009) were used. The 
DQDO\VLV�ZDV�SHUIRUPHG�XVLQJ�WKH�XVLQJ�WKH�/LJKW�&\FOHU�6<%5�*UHHQ�Ζ�0DVWHU��5RFKH�
$SSOLHG�6FLHQFH�� 3HQ]EHUJ��*HUPDQ\�� LQ� WKH� /LJKW&\FOHU� ���� ΖQVWUXPHQW� ΖΖ� �5RFKH�
$SSOLHG�6FLHQFH��3HQ]EHUJ��*HUPDQ\���DV�GHVFULEHG�EHIRUH�LQ�PRUH�GHWDLO�31

(DFK�T3&5�UHDFWLRQ�ZDV�SUHSDUHG� LQ�D�WRWDO�YROXPH�RI���Ɖ/��FRQVLVWLQJ�RI��wO�3&5�
JUDGH�ZDWHU���Ɖ/�IRUZDUG�SULPHU����S0����Ɖ/�UHYHUVH�SULPHU����S0��DQG��Ɖ/�/LJKW�
&\FOHU�0DVWHUPL[��/LJKW�&\FOHU�����6<%5�*UHHQ�Ζ�0DVWHU��5RFKH�$SSOLHG�6FLHQFH���WR�
ZKLFK��Ɖ/�RI�WKH�V\QWKHVL]HG�F'1$�ZDV�DGGHG��8VLQJ�DEVROXWH�TXDQWLȴFDWLRQ��DOO�YDOXHV�
were determined based on standard curve of four serial dilutions ranging from 10ng 
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until 0.08ng of human reference cDNA (Agilent Technologies, Santa Clara, CA). qPCR 
HɝFLHQF\�ZDV�DVVHVVHG�XVLQJ�WKH�ȴW�SRLQWV�PHWKRG��DQG�JHQH�H[SUHVVLRQ�GDWD�ZDV�
DQDO\]HG�ZLWK�WKH�HɝFLHQF\�UDQJLQJ�EHWZHHQ���������0RUHRYHU��P51$�H[SUHVVLRQ�RI�
WKH� LQYHVWLJDWHG�JHQHV�ZDV�QRUPDOL]HG�E\�D�QRUPDOL]DWLRQ�IDFWRU�GHULYHG�IURP�WKH�
expression of three housekeeping genes (<:+$=, +357 and UBC).

2.5 Statistical analysis
'DWD�ZHUH�DQDO\]HG�ZLWK�6366��Ζ%0�6WDWLVWLFV�Y����&KLFDJR��Ζ/���)RU�PXOWLSOH�JURXSV��WKH�
.UXVNDOȂ:DOOLV�ZDV�XVHG�ȴUVW�WR�FRPSDUH�FRQWLQXRXV�YDULDEOHV�ZLWK�QRQSDUDPHWULF�
GLVWULEXWLRQ��VXEVHTXHQWO\�� WKH�0DQQȂ:KLWQH\�8�WHVW�ZDV�XVHG�IRU�FRPSDULQJ�WZR�
groups. Fisher’s exact test was used for categorical variables in two groups. Raw data 
are given in the text as median with ranges in between brackets and data are presented 
graphically as boxplots (showing median and quartiles) with outliers (according to 
Tukey’s criteria) indicated separately. Correlations between two continuous variables 
ZHUH�FDOFXODWHG�E\�6SHDUPDQ�UDQN��7HVWV�ZHUH�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQLȴFDQW�DW�
P<0.05. In case of multiple testing, corrected p-values are used according to Bonferroni.

3. RESULTS

3.1 Protein expression in cell lines
%\�LPPXQRȵXRUHVFHQFH�PLFURVFRS\��D�VLJQLȴFDQWO\�KLJKHU�UDWLR�RI�7*)%5��SRVLWLYH�
cells was observed in the cell cultures of both DN and HI groups pooled (median 0.35 
>�����������@��DV�FRPSDUHG�WR�FRQWUROV��PHGLDQ������>�����������@��S ��������'1�SDWLHQWV�
had higher ratios of TGFBR3 positive cells (median 0.47 [0.14 – 0.80]) than HI patients 
�PHGLDQ������ >�����Ȃ�����@��S ��������1R�GLHUHQFHV�ZHUH� IRXQG� LQ� WKH�H[SUHVVLRQ�
of TGFBR3 vesicles between FBN1 mutant cells and controls or between DN and HI 
SDWLHQWV��WDEOH�����DQG�ȴJXUH������
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3.2 Gene expression in cell cultures
%\�T3&5��D�VLJQLȴ�FDQWO\�KLJKHU�JHQH�H[SUHVVLRQ�ZDV�PHDVXUHG�LQ�FBN1 mutant cells than 
in controls for both TGFB1��PHGLDQ������>�����������@�YHUVXV������>�����������@��S �������
respectively) and SMAD7��PHGLDQ������>�����������@�YHUVXV������>�����������@��S �������
respectively). COL1A1 had a tendency to be higher (median 1898.0 [939.0 - 2689.4]) 
WKDQ�LQ�FRQWUROV��PHGLDQ��������>��������������@��S ��������DV�ZHOO�HSP47 (median 41.2 
>�����������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\���1R�GL�HUHQFHV�ZHUH�IRXQG�
in 7*)5�, -2 and –3 expression between groups, or in downstream proteins FBN1 and 
FBN2, HSPA5, FN1, 6(53Ζ1� and CTGF��6HH�ȴ�JXUH�����IRU�ER[SORWV�RI�D�VHOHFWLRQ�RI�JHQH�
expressions.

Figure 7.1�5HSUHVHQWDWLYH�LPPXQRȵ�XRUHVFHQFH�PLFURVFRS\�LPDJHV�RI�%HWDJO\FDQ�H[SUHVVLRQ�LQ�ȴ�EUREODVW�FHOO�
FXOWXUHV�RI�D�FRQWURO��$���D�KDSORLQVXɝ��FLHQW��%��DQG�GRPLQDQW�QHJDWLYH��&��FBN1 gene mutation. Betaglycan was 
seen in the endoplasmic reticulum or in membrane encapsulated vesicles as indicated by the arrow in image 
D. Ratios of Betaglycan positive cells per total cell count (E) and vesicles per nucleus (F) are given as median 
ZLWK�LQWHUTXDUWLOH�UDQJHV�LQ�WKH�ER[SORWV��6LJQLȴ�FDQW�GL�HUHQFHV��Sȱ������DUH�KLJKOLJKWHG�E\�D�KRUL]RQWDO�OLQH�
and outliers are indicated separately by an asterisk.
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Subgroup analysis showed higher gene expressions in DN as compared to HI of SMAD7
�PHGLDQ������>������������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\���FBN1 P1 
�PHGLDQ������>�����������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\���HSP47 (median 
�����>�����������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\��DQG�6(53Ζ1� (median 
�����>�����������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\���'1�KDG�ORZHU�JHQH�
expression of HSPA5�WKDQ�+Ζ��PHGLDQ������>�����������@�YHUVXV������>�����������@��S �������
respectively). DN tended to have higher gene expressions than HI of TGFB1 (median 
�����>������������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\���FBN1 P2 (median 
�����>�����������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\��FN1 (median 37.2 
>�����������@�YHUVXV������>�����������@��S �������UHVSHFWLYHO\��DQG�COL1A1 (median 2314.2 
>���������������@�YHUVXV��������>��������������@��S �������UHVSHFWLYHO\��

3.3 Correlations between protein and mRNA expression
The correlation between TGFB1 mRNA expression with 7*)%5��mRNA and TGFBR3 
SRVLWLYH�FHOOV� �ERWK�UDWLR�DQG�WRWDO�SRVLWLYH�FHOOV��ZDV�WHVWHG��VLJQLȴ�FDQFH�OHYHO�DIWHU�
%RQIHUURQL�FRUUHFWLRQ�IRU�PXOWLSOH�WHVWLQJ�LV�Sȱ��������TGFB1 mRNA expression was 
SRVLWLYHO\�FRUUHODWHG�ZLWK�WKH�UDWLR�RI�7*)%5��SRVLWLYH�FHOOV��5V �������S �������ȴ�JXUH�
7.3). No correlation was found between TGFBR3 protein expression and 7*)%5� mRNA 
expression.

Figure 7.2 A selection of the results of quantitative polymerase chain reaction in arbitrary units in dominant 
QHJDWLYH�DQG�KDSORLQVXɝ��FLHQW�FBN1 mutations and controls are graphically represented as boxplots with 
LQWHUTXDUWLOH�UDQJHV��6LJQLȴ�FDQW�GL�HUHQFHV�EHWZHHQ�JURXSV��Sȱ������DUH�KLJKOLJKWHG�E\�DQ�DFFRODGH��2XWOLHUV�
are separately indicated by an asterisk.
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4. DISCUSSION

7KH�PDMRU�ȴ�QGLQJV�RI�WKH�SUHVHQW�VWXG\�DUH��L��LQ�SDWLHQWV�ZLWK�D�'1�FBN1 gene mutation, 
ȴ�EUREODVWV�KDYH�XSUHJXODWHG�TGFB1 and associated downstream signaling activation 
as compared to controls. Also, DN FBN1 gene mutants have a tendency of upregulated 
TGFB1 and associated signaling activation as compared to HI FBN1�JHQH�PXWDQWV��LL��
TGFBR3 protein expression in patients with a DN FBN1 gene mutation is higher than 
LQ� WKH�+Ζ�JURXS�� LLL��TGFB1 expression is positively correlated with TGFBR3 protein 
expression.

The intracellular downstream pathway of TGF-ß involves, among others, SMAD7 
activation as well as transcription of COL1A1 and FN1.20–27�ΖQ�ȴ�JXUH�����ZH�JUDSKLFDOO\�
UHSUHVHQWHG�WKH�LQYHVWLJDWHG�SDUW�RI�WKH�SDWKZD\�LQ�'1�PXWDQWV��:H�GHPRQVWUDWHG�
upregulated TGF-ß activation and downstream signaling. On a protein level we 
observed more TGFBR3 expression in DN FBN1 gene mutants than in HI patients. It 
has been suggested that TGFBR3 is able to inhibit as well as enhance downstream 
TGF-ß signaling.30 However, it remains a matter of debate how TGFBR3 provides the 
downstream TGF-ß signaling in MFS.30 It has been acknowledged that TGFBR3 stimulates 
downstream signaling by presenting TGF-ß to TGFBR2.18 Recently, however, two studies 
suggested that TGFBR3 regulates the signaling turnover by adjusting the ratio of soluble 

Figure 7.3 Correlations between TGFBR3 protein expression and TGFB1 mRNA expression. The ratio of TGFBR3 
positive cells to the total cell count is given on the x-axis, TGFB1 P51$�H[SUHVVLRQ�RQ�WKH�<�D[LV� �LQ�$8���
Correlations are given in Spearman rank (Rs) correlation with p-value.
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to membrane bound receptors.32,33 In the current study we demonstrated a positive 
FRUUHODWLRQ�EHWZHHQ�7*)%5��SURWHLQ�H[SUHVVLRQ�DQG�7*)�¡�VLJQDOLQJ��:H�DFNQRZOHGJH�
that no knock-out or over-expression experiments have been performed, which hinders 
providing causative correlations. However, our data suggest that increased expression 
of TGFBR3 in MFS patients with DN mutation enhances activation of the TGF-ß signaling 
pathway. Our study warrants further investigation of the role of TGFBR3.

TGFBR3 protein expression was observed in two distinct locations in the cell, either 
LQ�WKH�(5�RU� LQ� LQWUDFHOOXODU�PHPEUDQH�HQFDSVXODWHG�YHVLFOHV��:H�REVHUYHG�KLJKHU�
expressions of TGFBR3 in MFS patients with a DN than a HI mutation. However, no 
GL�HUHQFHV�ZHUH�IRXQG�LQ�JHQH�H[SUHVVLRQ�RI�7*)%5� between mutants and controls 
RU�EHWZHHQ�'1�DQG�+Ζ��:H�K\SRWKHVL]H�WKDW�WKH�HQFDSVXODWHG�7*)%5��LV�VWRUHG�LQ�
vesicles in order to regulate the total amount of receptors that are expressed on the 

Figure 7.4 TGF-ß signaling and its partially downstream pathways in dominant negative FBN1 mutations. 
Upward pointing arrows indicate increased expression as compared to healthy controls. In the extracellular 
PDWUL[�ȴ�EULOOLQ���H[SUHVVLRQ�LV�XSUHJXODWHG��WKRXJK�LW�SDUWO\�FRQFHUQV�ZLOG�W\SH�EXW�DOVR�PDOIROGHG�
SURWHLQV��7KHUHIRUH�LWV�ELQGLQJ�FDSDFLW\�WR�7*)�¡��LV�D�HFWHG��UHVXOWLQJ�LQ�KLJK�OHYHOV�RI�IUHH�7*)�¡��LQ�WKH�
extracellular matrix. The intracellular downstream pathway of TGF-ß1 is consequently activated in higher 
amounts. Interestingly, increased downstream activation occurs while the amount of TGF-ß receptors are 
similar to controls. Eventually, intranuclear transcription of COL1A1 and its chaperone protein HSP47 are 
XSUHJXODWHG�UHVXOWLQJ�LQ�LQFUHDVHG�FROODJHQ�H[SUHVVLRQ�DQG�WKH�WHQGHQF\�RI�KLJKHU�ȴ�EURQHFWLQ�H[SUHVVLRQ�
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cell membrane. By doing so, as described above, TGFBR3 might adjust the ratio of 
VROXEOH�WR�PHPEUDQH�ERXQG�UHFHSWRUV�DQG�LQȵXHQFH�7*)�¡�VLJQDOLQJ�33 This hypothesis 
could explain the discrepancy between 7*)%5��mRNA and TGFBR3 protein expression 
LQ�ȴEUREODVWV��+RZHYHU��RQH�PXVW� UHDOL]H� WKDW�ZH� LQYHVWLJDWHG�FHOO�FXOWXUHV�RI�VNLQ�
ȴEUREODVWV�WKDW� ODFN�DQ�(&0�OLNH� LQ�WKH�DRUWLF�ZDOO��7KH� ODFN�RI�(&0�PLJKW�DOWHU�WKH�
VWLPXODWLRQ�DQG�GLUHFWLRQ�RI�WKH�7*)%5��ȴOOHG�YHVLFOHV�

$V�GLVFXVVHG�HDUOLHU��ȴEULOOLQ���SURWHLQ�LV�LQYROYHG�LQ�WKH�UHJXODWLRQ�RI�7*)�¡�ELRDYDLODELOLW\�
in the ECM by binding to complexes of latent TGF-ß.13 In patients with a DN FBN1 
mutation we observed upregulated FBN1 gene expressions as compared to controls 
and a tendency of higher expressions in the DN than in the HI group. In MFS patients 
ZLWK�D�'1�PXWDWLRQ�WKLV�ZLOO�OHDG�WR�PDOIXQFWLRQLQJ�ȴEULOOLQ���SURWHLQ��ZLWK�OHVV�FDSDFLW\�
to bind latent TGF-ß in the ECM.9�:H�VXJJHVW�WKDW�LQ�'1�FBN1 gene mutants this might 
be the cause of increased free TGF-ß in the ECM of diseased vessel walls, as was earlier 
demonstrated.34 Fibrillin-2 protein has also been acknowledged to have a role in the 
regulation of free TGF-ß in the ECM.13 However, we found that TGF-ß and its downstream 
signaling was increased in DN mutants, despite similar FBN2 gene expression. Therefore, 
ZH�VXJJHVW�WKDW�ȴEULOOLQ���KDV�RQO\�D�OLPLWHG�UROH�LQ�WKH�OHYHO�RI�7*)�¡�H[SUHVVLRQ�

$�UHPDUNDEOH�FRQWUDGLFWLRQ�ZDV�WKH�ȴQGLQJ�RI�XSUHJXODWHG�H[SUHVVLRQ�RI�HSP47 in the 
DN group as compared to HI patients, versus downregulated expression of HSPA5 in 
the DN group as compared to HI patients. Both genes are acknowledged as ER stress 
PDUNHUV��PRUH�VSHFLȴFDOO\�DV�PDUNHUV�RI�DFWLYDWHG�XQIROGHG�SURWHLQ� UHVSRQVH�35,36 
Furthermore, TGF-ß has been demonstrated to upregulate the expression of HSP47.37 
Therefore, increased HSP47 expression was expected in the DN group, as DN FBN1 
PXWDWLRQV�OHDG�WR�PDOIROGHG�ȴEULOOLQ���SURWHLQV�DQG�FRQVHTXHQWO\�WR�DFWLYDWLRQ�RI�WKH�
XQIROGHG�SURWHLQ�UHVSRQVH��:H�GLG�QRW�H[SHFW�HSPA5 expression to be increased in the 
HI group as compared to the DN group and controls. This could be explained by the 
IDFW�WKDW�+63$��DOVR�IXQFWLRQV�DV�D�FKDSHURQH�SURWHLQ��WUDQVSRUWLQJ�QHZO\�V\QWKHVL]HG�
polypeptides and facilitates their assembly into proteins. This process may be disturbed 
in DN mutants.15,16

7KH�XVH�RI�ȴEUREODVWV�PD\�EH�UHJDUGHG�DV�D�OLPLWDWLRQ�RI�WKLV�VWXG\��DV�LW�SRVVLEO\�GRHV�QRW�
IXOO\�UHȵHFW�DRUWLF�FHOO�SDWKRORJ\��7KHVH�FHOOV�KDYH�WKH�JHQRW\SH�EXW�QRW�WKH�SKHQRW\SH��
However, it has been demonstrated that patients with enhanced TGF-ß signaling in 
GHUPDO�ȴEUREODVWV�DOVR�DUH�DVVRFLDWHG�ZLWK�PXOWLSOH�V\QGURPLF�SUHVHQWDWLRQV�RI�DRUWLF�
aneurysms.38�:H�WKHUHIRUH�FRQVLGHU�WKHVH�FHOOV�WR�EH�UHSUHVHQWDWLYH�IRU�WKLV�SDUW�RI�
the investigated pathway. Furthermore, in the current work we have mainly focused 
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on the genetically stimulation. Therefore, at this time our data lack clinical information. 
Therefore, our model does not take into account the potential impact of aspects such 
as phenotypic variation between patients and pharmacological treatments.

7KH� LPSOLFDWLRQ�RI� WKH�SUHVHQW�ZRUN� LV� WKDW� LW�HPSKDVL]HV� LPSRUWDQW�GLHUHQFHV� LQ�
SDWLHQWV�EHWZHHQ�WKH�HHFWV�RI�'1�YHUVXV�+Ζ�PXWDWLRQV�RI�WKH�FBN1 gene. A recent 
study showed that MFS patients with HI FBN1�PXWDWLRQV�KDG�KLJKHU�WKHUDSHXWLF�EHQHȴW�
from Losartan treatment compared to patients with DN FBN1 mutations which indicates 
a distinct pathological mechanism.8�7KXV��WKH�GLHUHQW�W\SHV�RI�FBN1 mutations must 
EH�DSSURDFKHG�LQ�D�GLHUHQW�PDQQHU�LQ�WKH�VHDUFK�IRU�WKHUDSHXWLF�RSWLRQV�

In conclusion, we demonstrated an increased activation of TGF-ß and its downstream 
signaling pathway in patients with a DN FBN1 gene mutation as compared to patients 
with a HI FBN1 mutation and to control groups. Also, TGFBR3 protein expressions are 
increased in the DN group and correlate positively with TGFB1 expressions in groups 
SRROHG��:H�VXJJHVW�WKDW�7*)%5��H[SUHVVLRQ�LV�LQYROYHG�LQ�XSUHJXODWHG�7*)�¡�VLJQDOLQJ�
in MFS patients with a DN FBN1 gene mutation.
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and structurally intact for over 60 days
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ABSTRACT

Objective: The pathophysiology of aortic aneurysms (AA) remains unclear. AA is an 
unpredictable disease, which often results in rupture, causing bleeding and death. 
&XUUHQWO\��UHVHDUFK�RQ�DRUWLF�DQHXU\VP�SDWKRSK\VLRORJ\�LV�OLPLWHG�WR�ȴ[DWHG�FHOOV�RU�
isolated cell cultures. However, due to these techniques, cell receptor functions, cell-cell 
interactions and communication with extracellular matrix are lost. These interactions 
DUH�OLNHO\�WR�SOD\�D�UROH�LQ�$$�SDWKRJHQHVLV��:H�KHUHE\�SUHVHQW�DQ�LQQRYDWLYH�PHWKRG�
to cut live aneurysmal aortic tissue sections for preservation of viability and cellular 
RUJDQL]DWLRQ�

Methods: Peroperatively harvested live tissue was transported in transplant medium 
&XVWRGLROp�DQG�FXW�LQWR�VHFWLRQV������ƉP���XVLQJ�D�YLEUDWRPH��+HUHDIWHU�VHFWLRQV�ZHUH�
cultured in media supplemented with antibiotics. Viability analysis was performed 
E\� LPPXQRȵXRUHVFHQFH� TXDQWLȴFDWLRQ� XVLQJ� /Ζ9(�'($'p� .LW� XQWLO� ��� GD\V�� &HOO�
W\SH�FKDUDFWHUL]DWLRQ�ZDV�DFKLHYHG�E\�LPPXQRVWDLQLQJ�IRU�&'����&'����ž�60$�DQG�
smoothelin. Additionally, at day 14 of culturing, live tissue sections were broken down 
into individual cells by use of collagenase. Separate cells were examined for further 
YLDELOLW\�DQDO\VLV�XVLQJ�0XVHp��DQ�DEVROXWH�FHOO�FRXQW�DQG�YLDELOLW\�DQDO\]HU�IRU�FHOO�
suspensions.

Results: Analysis of abdominal AA tissue (N=8) showed a viability of 40% until 7 days. 
3URWRFRO�RSWLPL]DWLRQ��SUH�VHFWLRQLQJ�UHPRYLQJ�RI�FDOFLXP�GHSRVLWLRQV��GLUHFW�WLVVXH�
culturing during sectioning, heated transport of tissue sections, staining performed in 
culture medium and shorter tissue-out-of-incubator times, N=4) improved viability of 
initial tissue until 62 days. Live cells were mainly seen at the interior of tissue and dead 
cells at the cutting edges. At day 92, outgrowth of many new cells from the original tissue 
ZDV�REVHUYHG��$QDO\VLV�RI�FHOO�VSHFLȴF�PDUNHU�H[SUHVVLRQ�VKRZHG�60&��OHXNRF\WHV�DQG�
PDFURSKDJHV��(Q]\PDWLFDOO\�GLJHVWHG�FHOOV�VKRZHG�GLHUHQW�FHOO�W\SH�FKDUDFWHULVWLFV�
and a viability of 75% was observed using Muse®.

Conclusions: 9LDELOLW\� DQG� FHOOXODU� RUJDQL]DWLRQ� RI� DRUWLF� WLVVXH� VHFWLRQV� FDQ� EH�
preserved until at least 62 days after harvesting. During culturing, tissues can be broken 
down to into separate cells with a high viability for additional techniques like FACS, MACS 
and traction force microscopy. This model provides an appropriate ex vivo setting to 
discover, study and stimulate pathways and mechanisms in human aneurysmal tissue.
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1. INTRODUCTION

Aortic aneurysm (AA) is a common health problem, which is associated with high 
mortality rates in the event of a rupture. This unpredictable life-threatening rupture 
leads to rapid aortic exsanguination into thorax, abdominal cavity or retroperitoneum.1-3 
To date, studies investigating the pathophysiology of AA have produced inconclusive 
UHVXOWV�FRQFHUQLQJ�WKH�XQGHUO\LQJ�PHFKDQLVPV��$OWKRXJK�GLHUHQW�PHDQLQJIXO�GLVHDVH�
models exist, the lack of a functionally and structurally intact live aortic human tissue 
model which can bioactively be stimulated ex vivo, has posed severe limitations to the 
study of AA in understanding the pathophysiological mechanism which has restricted 
WKH�LGHQWLȴFDWLRQ�RI�WKHUDSHXWLF�WDUJHWV�DQG�WKH�GHYHORSPHQW�RI�HɝFLHQW�WKHUDS\�4

It has been observed previously that an increase of AA diameter occurs in relation to 
the transformation of the aortic vessel wall composition. Part of this transformation 
LV�D�FRPELQDWLRQ�RI�YDVFXODU�VPRRWK�PXVFOH�FHOO� �60&�� ORVV�DQG� LQȵDPPDWLRQ�DQG�
degeneration of extracellular matrix (ECM). These changes are suggested to play a 
role in the pathogenesis of AA, but mechanisms contributing to these processes, are 
still poorly understood.5, 6

Although numerous in vivo animal models to study AA exist, investigation of human 
PDWHULDO� LV� OLPLWHG� WR� WKH� XVH� RI� ȴ[DWHG� WLVVXH� RU� LVRODWHG� FHOO� FXOWXUHV�7-12 Such 
approaches, however, have failed to retain the complex organ function of the aorta, 
which is based on cell-cell interactions, communication with ECM, immune cell 
LQȴOWUDWLRQ�DQG�FRQVWDQW�WLVVXH�UHPRGHOOLQJ�13-16

8QIRUWXQDWHO\��ȴ[DWHG�DRUWLF�WLVVXH�RQO\�SURYLGHV�D�VQDSVKRW�LQWR�WKH�PLFURVWUXFWXUDO�
characteristics of the diseased tissue, and isolated cultured aortic cells cannot 
reproduce the complexity of cell-ECM interactions and live pathways. Additionally, usage 
of animal models is costly, ethically and technically challenging and animal models do 
not completely resemble the human conditions, as the aortic aneurysms need to be 
created in the animal model.

Hence, there is a need to provide a new in vitro model to study the pathophysiological 
processes, which are involved human AA. Live sectioning and preservation of human 
(aneurysmal) aortic tissue can lead to improvement of the understanding of AA 
pathogenesis. In this study, we present an innovative method for the investigation of 
KXPDQ�$$�SDWKRSK\VLRORJ\�E\�SUHVHUYLQJ�WLVVXH�YLDELOLW\�DQG�FHOOXODU�RUJDQL]DWLRQ�RI�
human aneurysmal tissue ex vivo for several weeks.
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2. METHODS

2.1 Human tissues
The present study was approved by the Medical Ethical Committee of the Amsterdam 
8QLYHUVLW\�0HGLFDO�&HQWHU��ΖQIRUPHG�FRQVHQW�ȴOHV�ZHUH�VLJQHG�SULRU�WR�VXUJHU\��ΖQ�FDVH�
of acute surgery for ruptured aneurysm repair, delayed informed consent was received 
in the postoperative period as soon as permitted by the health situation of the patients. 
All experiments were performed in accordance with relevant guidelines and regulations.

Human aortic tissue was collected from the operating theatre in two hospitals (AUMC, 
ORFDWLRQ�98PF��WKH�1HWKHUODQGV�DQG�:HVWIULHVJDVWKXLV��+RRUQ��WKH�1HWKHUODQGV��GXULQJ�
open abdominal AA (AAA) surgery (N=9). Additional vascular tissues were harvested 
from human non-aortic anatomical sites (N=4): external iliac artery punch and renal 
artery. Using nine consecutively harvested human vascular tissues (N[AAA]=5 and 
N[additional vascular tissues]=4), a pilot study with primary viability analysis until 14 
days was performed. These results were evaluated to further develop the protocol 
with minor improvements. Subsequently, new AAA tissue (N=4) was harvested and 
subjected to the new protocol to evaluate the maximum life span of human AAA tissue 
sections ex vivo��ȴJXUH����$��

2.2 Transport and vascular section preparation
Directly after harvesting tissue at the operating theatre, the vascular tissue was 
VXEPHUJHG� LQ�&XVWRGLRO� �'U�� )UDQ]�.¸KOHU�&KHPLH�*PE+��%HQVKHLP��*HUPDQ\��DW�
4°Celsius. The tubes containing tissue were transported on ice to the vibratome 
(Leica VT1200 S, Leica Biosystems, Nussloch, Germany). Vascular cubes of 5x5x5 mm 
were cut using a scalpel. These cubes contained intima, media and adventitia. Cubes 
were then glued on a specimen anvil using Roti Coll superglue (Carl Roth GmbH + Co. 
.*��.DUOVUXKH��*HUPDQ\���7KH�LQWLPDO� OD\HU�RI�WKH�FXEHV�ZDV�IDFLQJ�WKH�NQLIH�RI�WKH�
vibratome, to ensure that after cutting, aortic sections were containing all layers. Fixed 
FXEHV�ZHUH�HPEHGGHG�LQ�DJDURVH�JHO�VROXWLRQ����J�DJDURVH�LQ����P/����[�7$(�EXHU��
8OWUD3XUHȠ�$JDURVH��7KHUPR�)LVKHU�6FLHQWLȴF� ΖQF���:DOWKDP��0$��86$��XVLQJ�D�VHOI�
GHVLJQHG��'�SULQWHG�PRXOG��ȴJXUH����%��

$IWHU�FRROLQJ�GRZQ�DQG�WKHUHE\�VWLHQLQJ�RI�DJDURVH�JHO�� WKH�PRXOG�ZDV�UHPRYHG��
7KH�HQWLUHW\�RI� DQYLO�� WLVVXH�DQG�DJDURVH�ZDV� LPPHUVHG� LQ� D� VPDOO� UHVHUYRLU� ȴOOHG�
ZLWK�&XVWRGLRO�DW��r&��7KH�UHVHUYRLU�ZDV�SODFHG�XQGHU�WKH�UD]RU�EODGH��&URPD�6WDELO��
)HLQWHFKQLN�*PE+��(LVIHOG��*HUPDQ\��RI�WKH�YLEUDWRPH��ȴJXUH����&���&XWWLQJ�RI�VHFWLRQV�
FRQWDLQLQJ�LQWLPD��PHGLD�DQG�DGYHQWLWLD�ZDV�SHUIRUPHG��7KH�ȴUVW�WKUHH�FRQVHFXWLYH�
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sliced sections were discarded, since these often macroscopically did not contain all 
layers of the vascular wall and lower viability in these sections was to be expected. 
From earlier (unpublished) pilot experiments, we determined that the best viability 
UHVXOWV�ZHUH�DFTXLUHG�E\�FXWWLQJ�����ƉP�WKLFN�VHFWLRQV�ZLWK�WKH�YLEUDWRPH�DW�D�VSHHG�
RI������PP�V�ZLWK�D�KRUL]RQWDO�DPSOLWXGH�RI�WKH�UD]RU�EODGH�ȴ[HG�DW������PP��)RU�
WKH�GHYHORSPHQW�RI�WKH�SUHVHQW�SURWRFRO��OLYH�ERYLQH�WLVVXHV�ZHUH�ȴUVWO\�XVHG�WR�VHW�
up the optimum settings for the vibratome. Abdominal bovine aorta was obtained 
from an abattoir (Abattoir Amsterdam B.V, Amsterdam, the Netherlands) directly after 
HXWKDQL]DWLRQ�

Figure 8.1 Overview of experimental setup. A: Flow chart of protocol: vascular tissue cubes were cut 
into sections using a vibrating blade microtome (Leica VT1200 S). Tissue sections were cultured in 
VXSSOHPHQWHG�FXOWXUH�PHGLXP�LQ����ZHOO�SODWHV�LQ�D�GDUN�KXPLGLȴHG�DWPRVSKHUH�DW���r&�LQ����&2���%��
3KRWRJUDSK�RI�VHOI�GHVLJQHG��'�SULQWHG�PRXOG�LQ�ZKLFK�WLVVXH�FXEHV�DUH�ȴ[HG�LQ�DJDURVH��&��3KRWRJUDSK�
RIbYLEUDWRPH�/HLFD�97����6��XVHG�IRU�WLVVXH�VHFWLRQLQJ��ž�60$�LQGLFDWLHV�DOSKD�VPRRWK�PXVFOH�DFWLQ��)&6��
fetal calf serum and STED, stimulated emission depletion.
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2.3 Tissue preservation
Immediately after sectioning with the vibratome, tissue sections were transferred in 
FXOWXUH�PHGLXP��7LVVXH�VHFWLRQV�ZHUH�FRQVHUYHG�LQ����ZHOOV�SODWHV��HDFK�ZHOO�ȴOOHG�ZLWK�
���ƉO�RI�RQH�RI�WZR�GLHUHQW�PHGLD��HLWKHU�+DPȇV�)����+DPȇV�)���1XWULHQW�0L[���*LEFR��
Life Technologies, Carlsbad, CA, USA) supplemented with Penicillin-Streptomycin (PS, 
25,000 U, Gibco, Life Technologies, Carlsbad, CA, USA) and 10% Fetal Bovine Serum 
(FBS, Gibco, Life Technologies, Carlsbad, CA, USA) or M231 (Medium 231, Smooth 
Muscle Cell medium, Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with PS 
(25,000 U) and 5% Smooth Muscle Growth Supplement (SMGS, Gibco, Life Technologies, 
Carlsbad, CA, USA). Both supplemented culture media (Ham’s F10 and M231) of the 
ȴUVW���FRQVHFXWLYHO\�KDUYHVWHG�WLVVXHV�ZHUH�FRPSDUHG�WR�GHWHUPLQH�EHVW�RXWFRPH�RQ�
WLVVXH�YLDELOLW\��6HFWLRQV�ZHUH�FXOWXUHG�LQ�ZHOOV�SODWHV�LQ�D�GDUN�KXPLGLȴHG�DWPRVSKHUH�
at 37°C in 5% CO2 and culture media were replaced daily.

����ΖPPXQRȵXRUHVFHQFH�VWDLQLQJ��YLDELOLW\�DQG�FKDUDFWHUL]DWLRQ�RI�
cell types
Viability ZDV�H[DPLQHG�E\�LPPXQRȵXRUHVFHQFH�VWDLQLQJ�DW�GD\����������������DQG����IRU�
SULPDU\�DQDO\VLV��1 ����$IWHU�SURWRFRO�RSWLPL]DWLRQ��WKH�QHZO\�KDUYHVWHG�WLVVXHV��1 ���
were kept viable as long as possible and were examined monthly by the immunostaining 
for viability. For analysis, tissues were removed from the culture medium and washed 
in PBS solution for two minutes. Subsequently, the tissue was incubated in chamber 
VOLGHV�IRU����PLQXWHV�LQ����wO�RI�������FDOFHLQbDFHWR[\PHWK\O��FDOFHLQ�$0��DQG�������
HWKLGLXP�KRPRGLPHU����(WK'����VROXWLRQ��/Ζ9(�'($'p�9LDELOLW\�&\WRWR[LFLW\�.LW�DQG�3%6�
VROXWLRQ��/LIH�7HFKQRORJLHV��&DUOVEDG��&$��86$���/Ζ9(�'($'p�.LW�VWDLQV�OLYH�DQG�GHDG�
cells by accordingly indicating intracellular esterase activity or loss of plasma membrane 
LQWHJULW\�� &HOO�SHUPHDQW� QRQȵXRUHVFHQW� FDOFHLQ� $0� LV� HQ]\PDWLFDOO\� FRQYHUWHG� WR�
LQWHQVHO\�ȵXRUHVFHQW�FDOFHLQ��JUHHQ��E\�OLYH�FHOO�LQWUDFHOOXODU�HVWHUDVHV��ZKLFK�K\GURO\VH�
DFHWR[\PHWK\O�HVWHU��(WK'���EHFRPHV�ȵXRUHVFHQW��UHG��LQ�FHOO�QXFOHL�XSRQ�ELQGLQJ�WR�
nucleic acids after entering through the damaged cell membrane of dead cells. Given 
that live cells have intact cell membranes, transmembrane passage of EthD-1 in live 
cells does not take place.

Earlier, in feasibility tissues, staining with anthracycline derivative 1% DRAQ7 dye 
(DRAQ7™, Cell Signaling Technology, Inc., Danvers, MA, USA) in combination with 1% 
Hoechst (Hoechst 33342™, Cell Signaling Technology, Inc., Danvers, MA, USA) and 
DNA dye 1% DRAQ5™ (DRAQ5™, Cell Signaling Technology, Inc., Danvers, MA, USA) 
were used to monitor cell death. However, the latter stained only the upper layer 
RI� WKH� WLVVXH�� ZKLOH� /Ζ9(�'($'p� .LW� VWDLQHG� WKURXJK� WKH� ZKROH� WKLFNQHVV� RI� WKH�
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DRUWLF� WLVVXH��PDNLQJ�TXDQWLȴFDWLRQ�RI� WKH� OLYH�DQG�GHDG�FHOOV�SRVVLEOH� In order to 
characterise cell type composition of the tissue, SMC, leukocytes and macrophages 
ZHUH�VXEMHFWHG�WR� LPPXQRȵXRUHVFHQFH�VWDLQLQJ�DJDLQVW�ž�60$�VPRRWKHOLQ��&'����
&'���UHVSHFWLYHO\��)LUVW�� WLVVXH�ZDV�ZDVKHG�WZLFH�ZLWK����wO�RI�3%6�DQG�ȴ[DWHG�LQ�
300µl of 4% formaldehyde solution (Sigma-Aldrich, St. Louis, MO, USA) for 20 minutes. 
)L[DWHG�WLVVXH�ZDV�VXEVHTXHQWO\�ZDVKHG�WKUHH�WLPHV�IRU�ȴYH�PLQXWHV�LQ����wO�RI�������
PBST (Tween and PBS solution, Sigma-Aldrich, St. Louis, MO, USA) and submerged in a 
0.2% solution of Triton (Triton x-100 and PBS solution, Sigma-Aldrich, St. Louis, MO, USA) 
for twenty minutes and rinsed with a 1.0% BSA solution (Bovine Serum Albumine and 
PBS solution, Vector Laboratories, Inc, Burlingame, CA, USA). After three PBST washing 
VWHSV�RI�ȴYH�PLQXWHV��WKH�WLVVXH�ZDV�LQFXEDWHG�RYHUQLJKW�LQ����0RQRFORQDO�0RXVH�$QWL�
+XPDQ�6PRRWK�0XVFOH�$FWLQ�VROXWLRQ�DW�GLOXWLRQ���'$.2��*ORVWUXS��'HQPDUN���+HUHDIWHU��
ȴYH�ZDVKLQJ�VWHSV�RI�ȴYH�PLQXWHV�XVLQJ�3%67��ZHUH�IROORZHG�E\�RQH�KRXU�LQFXEDWLRQ�RI�
���$QWL�0RXVH�$OH[D�)OXRU�����VHFRQGDU\�DQWLERG\��7KHUPR�)LVKHU�6FLHQWLȴF�ΖQF����$IWHU�
ȴYH�3%67�ZDVKLQJ�VWHSV��RYHUQLJKW�LQFXEDWLRQ�XVLQJ����3RO\FORQDO�5DEELW�$QWL�+XPDQ�
3ULPDU\�6PRRWKHOLQ�$QWLERG\��+������6DQWD�&UX]�%LRWHFKQRORJ\��'DOODV��7;��86$��ZDV�
performed. Five PBST washing steps were then followed by incubation of one hour 
XVLQJ����$QWL�5DEELW�$OH[D�)OXRU�����VHFRQGDU\�DQWLERG\��7KHUPR�)LVKHU�6FLHQWLȴF�ΖQF���

In additional slides, leukocytes were stained with 2% Monoclonal Mouse Anti-human 
&'��� �1 ��� '$.2�� *ORVWUXS�� 'HQPDUN�� DQG�PDFURSKDJHV� ZHUH� VWDLQHG� ZLWK� ���
0RQRFORQDO�0RXVH� $QWL�KXPDQ�&'��� �1 ��� '$.2��*ORVWUXS�� 'HQPDUN�� LQ� ȴ[DWHG�
FRXSHV�DQG�DIWHU�ZDVKLQJ�ZLWK�3%67��ȴYH�VWHSV��IROORZHG�E\�LQFXEDWLRQ�RI�RQH�KRXU�
XVLQJ����$QWL�0RXVH�$OH[D�)OXRU�����VHFRQGDU\�DQWLERG\��7KHUPR�)LVKHU�6FLHQWLȴF�
ΖQF����:KHUH�RYHUQLJKW�VWDLQLQJ�ZDV�GRQH�DW��r&��WKH�UHPDLQGHU�VWHSV�ZHUH�SHUIRUPHG�
DW�URRP�WHPSHUDWXUH��$IRUHPHQWLRQHG�ž�60$�VPRRWKHOLQ��&'���DQG�&'���VWDLQLQJV�
were followed by 15 minutes staining for 2% DAPI (4’,6-Diamidino-2-Phenylindole, 
'LK\GURFKORULGH��7KHUPR�)LVKHU�6FLHQWLȴF�ΖQF���WR�VKRZ�FHOO�QXFOHL�DQG�WLVVXH�ZDV�ZDVKHG�
with PBST twice and once with PBS solution at room temperature. Slides with tissue 
ZHUH�PRXQWHG�ZLWK�9(&7$6+Ζ(/'pb$QWLIDGH�0RXQWLQJ�0HGLXP��9HFWRU�/DERUDWRULHV��
ΖQF��%XUOLQJDPH��&$��86$��DQG�FORVHG�XVLQJ�FRYHUVOLSV��$V�QHJDWLYH�FRQWUROV�IRU�ž�60$�
Smoothelin, CD45 and CD68, tissue sections were used in which the primary antibody 
was omitted from the staining procedure.

In order to assess wall composition over time, aortic tissue sections of one AAA patient 
were cultured until 14 days in daily replaced supplemented M231 culture medium. After 
�����DQG����GD\V��GLHUHQW�WLVVXH�VHFWLRQV�ZHUH�UHPRYHG�IURP�WKH�FXOWXUH�PHGLXP�DQG�
VQDS�IUR]HQ�IRU�DQDO\VLV��7KHUHIRUH��WKH�VHFWLRQV�ZHUH�LPPXQRVWDLQHG�IRU�VPRRWKHOLQ��DV�
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a marker of mature SMC, and DAPI according to above described protocol. Additionally, 
SKDOORLGLQ��5KRGDPLQH�SKDOORLGLQ��7KHUPR�)LVKHU�6FLHQWLȴF�ΖQF���LPPXQRVWDLQLQJ�ZDV�
performed simultaneously with DAPI immunostaining, to present all aortic wall cells 
and their relation within the tissue sections. Again, after immunostaining, tissues were 
washed, mounted with VECTASHIELD® and slides were closed using coverslips.

����9DVFXODU�HQ]\PDWLF�WLVVXH�GLJHVWLRQ�IRU�DQDO\VLV�ZLWK�LQGLYLGXDO�
cells
Multiple tissue sections of two AAA patients were separately submerged in 1 mg/ml 
FROODJHQDVH�W\SH�ΖΖ��:RUWKLQJWRQ��/DNHZRRG��1-��86$��DQG�0����LQ�WXEHV��7KHVH�ZHUH�
placed in a rotator in a dark atmosphere at 37°C for 3 hours. The mixture was then 
ȴOWUDWHG�WKURXJK�D����Ɖ0�JDX]H�DQG�FHQWULIXJHG�DW����J�IRU����PLQXWHV��6XSHUQDWDQW�
ZDV�UHPRYHG�DQG�FHOO�SDOOHW�ZDV�UHVXVSHQGHG�LQ����Ɖ/�RI�0�����7KHVH�FHOOV�ZHUH�XVHG�
IRU�IXUWKHU�TXDOLWDWLYH�LPPXQRȵXRUHVFHQFH�DQDO\VLV�DQG�FRXQW�DQG�YLDELOLW\�DVVD\�

����ΖPPXQRȵXRUHVFHQFH�VWDLQLQJ�LQ�GLJHVWHG�FHOOV
After primary analysis at day 0, tissues were digested at day 7 and 14 as described 
DERYH��WR�TXDQWLWDWLYHO\�DQDO\]H�FHOO�YLDELOLW\�DQG�TXDOLWDWLYHO\�DQDO\]H�FKDUDFWHULVWLFV�
LQ� LQGLYLGXDO�FHOOV��&HOOV�ZHUH�VWDLQHG�ZLWK�/Ζ9(�'($'p�.LW��XVLQJ�WKH�VDPH�VWDLQLQJ�
protocol as for tissues.

����$QDO\VLV�RI�LPPXQRȵXRUHVFHQFH�VWDLQLQJ
Viability examination of sections was performed using Zeiss Axiovert 200M Marianas™ 
digital imaging inverted microscope system. The set-up was provided with a non-
VWHSSHU�PRWRU� �]�D[LV� LQFUHPHQWV�� ���� wP�� DQG� D� ȴOWHU� WXUUHW�ZLWK� LQGLYLGXDO� ȴOWHU�
EORFNV� IRU�ȵXRUHVFHLQ� LVRWKLRF\DQDWH� �)Ζ7&���D�SDLU�RI�F\DQLQH�G\HV� �&<��DQG�&<����
DPLQRPHWK\OFRXPDULQ�DFHWDWH��$0&$��DQG�D�GLHUHQWLDO� LQWHUIHUHQFH�FRQWUDVW��'Ζ&��
EULJKWȴHOG�FXEH��)Ζ7&�DQG�&<��ZHUH�KDQGOHG�WR�UHVSHFWLYHO\�GHPRQVWUDWH�OLYH��FDOFHLQ��
and dead (EthD-1) cells. Imaging was performed using a 16-bit, cooled charge-coupled 
GHYLFH�FDPHUD��&RRNH�6HQVLFDP�69*$��&RRNH�&R���7RQDZDQGD��1<��86$���$IRUHPHQWLRQHG�
set-up was connected to Slidebook™ (Slidebook v. 5.5 software, Intelligent Imaging 
Innovations, Inc., Denver, CO, USA) to control hardware and to view and process images. 
=HLVV�DLU�REMHFWLYH�OHQVHV�DW�PDJQLȴFDWLRQV�RI����;��IRU�TXDQWLWDWLYH�RYHUYLHZ�LPDJHV���
��;�DQG���;��IRU�GHWDLOHG�KLJKHU�UHVROXWLRQ�LPDJHV�DQG��'�VWDFNV��DQG���;��RLO�REMHFWLYH�
OHQV�WR�VWXG\�LQGLYLGXDO�FHOOV��ZHUH�XVHG�WR�REWDLQ�LPDJHV��8QVSHFLȴF�EDFNJURXQG�DQG�
disproportional intensity staining was corrected for by Slidebook software. The viability 
proportion of tissue sections was calculated by dividing calcein intensity in square 
micron by the sum of calcein and EthD-1 in square micron.
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$QDO\VLV� RI� GLHUHQW� FHOO� W\SHV� ZDV� DJDLQ� SHUIRUPHG� XVLQJ� =HLVV� $[LRYHUW� ���0�
0DULDQDVȠ��'HSHQGLQJ�RQ�FKRLFH�RI�GLHUHQW�VHFRQGDU\�DQWLERGLHV�&<���&<���)Ζ7&�
DQG�'$3Ζ�ZHUH�XWLOL]HG��0DJQLȴFDWLRQV�RI����;����;�DQG���;�ZHUH�XVHG�IRU�DQDO\VLV��)RU�
FKDUDFWHUL]DWLRQ�RI�FHOO�W\SH��VKXWWHU�VSHHGV�ZHUH�EDVHG�RQ�SULPDU\�DQWLERG\�SRVLWLYH�
VWDLQHG�WLVVXHV��ZKLOH�XVH�RI�5HQRUPDOL]H�%XWWRQ�LQ�6OLGHERRNȠ�ZDV�EDVHG�RQ�QHJDWLYH�
controls (without primary antibody). To obtain super resolution images a Confocal Laser 
Scanning Microscope Leica TCS SP8 (Leica Microsystems, Mannheim, Germany) was 
XVHG��5HJLRQV�RI�LQWHUHVW�LQ�LPDJHV�SUHYLRXVO\�FDSWXUHG�ZLWK�ȵXRUHVFHQFH�PLFURVFRSH�
ZHUH�UHYLHZHG�XVLQJ���;�DQG���;�/HLFD�RLO�LPPHUVLRQ�OHQVHV��8QIRUWXQDWHO\��SKRWR�
EOHDFKLQJ�RI�FDOFHLQ�LQWHUIHUHG�ZLWK�YLVXDOL]DWLRQ�RI� OLYH�FHOOV��7KHUHIRUH��IRU� OLYH�DQG�
GHDG�TXDQWLȴFDWLRQ�VROHO\�ȵXRUHVFHQFH�PLFURVFRS\�ZDV�XVHG��/$6�;�VRIWZDUH�ZDV�
XVHG�WR�DQDO\VH�LPDJHV�RI�FHOO�W\SH�GLHUHQWLDWLRQ��([FLWDWLRQ�HPLVVLRQ�VSHFWUD�XVHG�
for secondary antibodies (Alexa Fluor 488, Alexa Fluor 555, Alexa Fluor 647) were 
FKRVHQ�RXW�RI�LGHQWLFDOO\�QDPHG�SUH�VHW�H[FLWDWLRQ�HPLVVLRQ�VSHFWUD�LQ�/HLFD�/$6�;�

Aortic wall composition analysis was performed using Nikon A1R (Nikon Instruments, 
7RN\R�� -DSDQ�� FRQIRFDO�PLFURVFRSH�ZLWK� ��� ;� RLO� REMHFWLYH�� 8VLQJ�1Ζ6�(OHPHQWV� &�
Software (Nikon Instruments), super high-resolution (5120x5120 pixels) intima-to-
DGYHQWLWLD�VWLWFKHG�LPDJHV�RI��[��ȴHOGV�RI�YLHZ��([FLWDWLRQ�HPLVVLRQ�VSHFWUD�XVHG�WR�
FDSWXUH�ȵXRUHVFHQW�VLJQDO�RI�SKDOORLGLQ��$OH[D�)OXRU�������DQG�VHFRQGDU\�DQWLERG\�RI�
smoothelin (Alexa Fluor 647) were chosen out of pre-set excitation/emission spectra 
LQ�1Ζ6�(OHPHQWV�&��)OXRUHVFHQFH�OHYHOV�RI�VPRRWKHOLQ�DQG�SKDOORLGLQ�ZHUH�TXDQWLȴHG�
using FIJI/ImageJ (v1.0. National Institutes of Health, Bethesda, MD, USA). Following 
EDFNJURXQG�VXEWUDFWLRQ��PDVNV�RI�VHOHFWHG�WLVVXH�DUHDV�ZHUH�FUHDWHG�DQG�TXDQWLȴHG��
Outcomes were corrected for number of cells using DAPI count.

2.8 Count and viability assay following tissue digestion
2Q�GD\�����LQGLYLGXDO�FHOO�YLDELOLW\�DVVD\�ZDV�SHUIRUPHG�E\�WKH�0XVH�&RXQW�	�9LDELOLW\�
reagent (Millipore, Billerica, MA, USA) following the manufacturer’s protocols. Harvested 
FHOOV� LQ�0�������Ɖ/��ZHUH�DGGHG�WR����Ɖ/�&RXQW�	�9LDELOLW\�UHDJHQW��0LOOLSRUH���7KH�
system was gated for viability and exclusion of both cellular debris and cell clusters, 
which was based on cultured commercially available smooth muscle cells of a 31-year 
ROG�KHDOWK\�PDOH��7KHUPR�)LVKHU�6FLHQWLȴF�ΖQF���:DOWKDP��0$��86$���7KH�UHVXOWV�ZHUH�
DQDO\]HG�ZLWK�0XVH�&RXQW�	�9LDELOLW\�VRIWZDUH�PRGXOH�
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����3URRI�RI�FRQFHSW��H[�YLYR�WLVVXH�VWLPXODWLRQ�DQG�TXDQWLȴFDWLRQ�RI�
gene expression by qPCR
Live aortic tissues of AAA patients (N=8) were sectioned according to above described 
protocol. Complete M231 culture medium (including PS and SMGS) was supplemented 
ZLWK�7*)�ſ����QJ�PO��%LR9LVLRQ��0LOSLWDV��&$��WR�VWLPXODWH�WKH�WLVVXH�VHFWLRQV��VLQFH�
G\VUHJXODWLRQ� RI� 7*)�ſ� LV� RIWHQ� GHVFULEHG� LQ� OLWHUDWXUH�� DV� D� NH\� SOD\HU� DQ� LQ� WKH�
development and progression of AAA. Culturing of sections was performed in complete 
0����PHGLXP�ZLWK��VWLPXODWHG��DQG�ZLWKRXW�7*)�ſ��QRQ�VWLPXODWHG��VXSSOHPHQW�LQ�D�
GDUN�KXPLGLȴHG�DWPRVSKHUH�DW���r&�LQ����&22. Culture medium was replaced daily to 
HQVXUH�FRQVWDQW�7*)�ſ�VWLPXODWLRQ��$IWHU���GD\V��ERWK�VWLPXODWHG�DQG�QRQ�VWLPXODWHG�
WLVVXHV�ZHUH� ULQVHG� LQ�3%6�DQG�GLUHFWO\�VQDS�IUR]HQ��7LVVXH�SLHFHV�ZHUH�VWRUHG�DW�
-80°Celsius until analysis.

AAA patient pooled (N=8) stimulated and non-stimulated, tissue sections were 
KRPRJHQL]HG�DSDUW�IURP�HDFK�RWKHU�LQ�WZR�����P/�HSSHQGRUIV�LQ�����w/�O\VLV�EXHU�
(Zymo Research, Irvine, CA, U.S.A.). Total RNA of both eppendorfs was isolated using 
Quick-RNA™ MiniPrep kit (Zymo Research). Synthesis of complementary DNA was 
SHUIRUPHG�LQ�D�UHYHUVH�WUDQVFULSWLRQ�UHDFWLRQ�XVLQJ�9Ζ/2�NLW��7KHUPR�)LVKHU�6FLHQWLȴF�
ΖQF����4XDQWLWDWLYH�3&5��T3&5��ZDV�SHUIRUPHG�WR�DQDO\]H�JHQH�H[SUHVVLRQ��<:+$= was 
XVHG�DV�KRXVHNHHSLQJ�JHQH��%\�XVH�RI�/LJKW&\FOHUp�6<%5�*UHHQ�Ζ�0DVWHU��5RFKH�$SSOLHG�
6FLHQFH�� 3HQ]EHUJ�� *HUPDQ\�� JHQH� H[SUHVVLRQ�ZDV� DQDO\]HG� E\� WKH� /LJKW&\FOHUp�
���� ΖQVWUXPHQW� ΖΖ� �5RFKH� $SSOLHG� 6FLHQFH��� 3RWHQWLDO� GLHUHQFHV� LQ� H[SUHVVLRQ� RI�
interleukin 6 (IL6), calponin 1 (CNN1), transforming growth factor beta 1 (TGFB1), 
monocyte chemotactic protein 1 (MCP1), transforming growth factor beta receptor 
1� �7*)%5���� smoothelin (SMTN), intercellular adhesion molecule 3 (ICAM3), matrix 
metalloproteinase-2 (MMP2), alpha smooth muscle actin 2 (ACTA2), tumor necrosis 
factor (TNF), protein tyrosine phosphatase, receptor type, C �3735&���DQWLJHQ�.Ζ��� 
(Ki67), intercellular adhesion molecule 1 (ICAM1), interleukin 8 (IL8 or CXCL8) and matrix 
metalloproteinase-9 (MMP9) in stimulated and non-stimulated AAA tissue sections 
were evaluated (the entire list of corresponding NCBI Reference Sequence Database 
codes and forward and reverse primer sequences can be found as Supplementary 
7DEOH�6��RQOLQH���51$�H[SUHVVLRQ�ZDV�VKRZQ�DV�D�UDWLR��UHODWLYH�H[SUHVVLRQV�EDVHG�RQ�
non-stimulated tissue sections was calculated after seven days culturing ex vivo.

2.10 Statistical analysis
7KH�GDWD�ZDV�DQDO\]HG�ZLWK�6366�6WDWLVWLFV�������Ζ%0�&RUSRUDWLRQ��$UPRQN��1<��86$���
0HDVXUHPHQWV�RI� YLDELOLW\� DUH� VKRZQ� LQ�ER[�SORWV��:LOFR[RQ� VLJQHG�UDQN� WHVW�ZDV�
SHUIRUPHG�WR�FRPSDUH�YLDELOLW\�RI�FRUUHVSRQGLQJ�WLVVXH�FXOWXUHG�LQ�GLHUHQW�PHGLD�
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�+DPȇV�)���DQG�0������&RPSDULVRQV�RI�YLDELOLW\� LQ�WKH�ȴUVW�QLQH�FRQVHFXWLYH�SDWLHQW�
sample on multiple time points were made by repeated measures of analysis of variance 
(one-way Anova) using the Bonferroni correction for multiple-comparison testing. 
3�YDOXH�RI��������LV�FRQVLGHUHG�VWDWLVWLFDOO\�VLJQLȴFDQW��0XVH�&RXQW�	�9LDELOLW\�VRIWZDUH�
PRGXOH�VKRZHG�SHUFHQWDJH�RI�YLDEOH�VLQJOH�FHOOV�RI�HQ]\PDWLFDOO\�GLJHVWHG�WLVVXHV�

2.11 Data Availability
The datasets generated during and analysed during the current study are available 
from the corresponding author on reasonable request.

3. RESULTS

Primary viability analysis was performed in 9 vascular specimens. After a few 
DGMXVWPHQWV�RI�WKH�SURWRFRO��L�H��OLIH�VSDQ�RSWLPL]DWLRQ�GXULQJ�VHFWLRQLQJ�DQG�FXOWXULQJ�
of the tissues), maximum life endurance of live aortic ex vivo tissues was examined in 
��DGGLWLRQDO�DRUWLF�WLVVXHV��9LDELOLW\�VWDLQLQJ�VKRZHG�QR�GLHUHQFH�LQ�YLDELOLW\�EHWZHHQ�
FXOWXUHG�WLVVXHV��1 ���LQ�+DPȇV�)���RU�0����FXOWXUH�PHGLD��ž ��������6LQFH�QR�VLJQLȴFDQW�
GLHUHQFH�ZDV�REVHUYHG�EHWZHHQ�WLVVXH�YLDELOLW\�FXOWXUHG�LQ�GLHUHQW�PHGLD��WKH�PHDQ�
outcomes of tissues in either Ham’s F10 or M231 per day per corresponding donor 
were used for further analysis.

4XDOLWDWLYH�HYDOXDWLRQ�RI�DOO�LPDJHV�RI�WKH�ȴUVW���YDVFXODU�WLVVXHV�VKRZHG�WKDW�GHDG�FHOOV�
ZHUH�ORFDWHG�PRVWO\�RQ�WKH�VXUIDFH�RI�WKH�WLVVXH��ZKLOH�OLYH�FHOOV�ZHUH�PDLQO\�ORFDOL]HG�LQ�
WKH�FHQWHU�RI�YDVFXODU�WLVVXH�VHFWLRQV��ȴJXUH����$�)���)LJXUH����*�VKRZV�WLVVXH�YLDELOLW\�
GXULQJ�WKH�H[SHULPHQWV��KXPDQ�WLVVXHV�DW�GD\���VKRZHG�D�PHDQ�YLDELOLW\�SURSRUWLRQ�RI�
0.42 (N=9, SD: 0.16). Consecutively, mean viability proportion was 0,38 (SD: 0.15) for day 
���������6'��������IRU�GD\����������6'��������IRU�GD\����������6'��������IRU�GD\�����DQG������
�6'��������IRU�GD\�����7KHUH�ZDV�D�VLJQLȴFDQW�GLHUHQFH�LQ�YLDELOLW\�SURSRUWLRQ�EHWZHHQ�
day 0 and day 14 (P=0.026) and between day 5 and day 14 (P=0.015). AAA tissue viability 
at day 0 was 0.42(N=5, SD: 0.2), which was almost similar to the non-aortic-tissue viability 
at day 0, being 0.41 (N=4, SD: 0.14). Small protocol adjustments were implemented, 
including pre-sectioning removal of calcium depositions, warmed (37°Celsius) tissue 
section transport, immunostaining within culture medium and shorter tissue-out-of-
incubator times. After implementing the new protocol, an improved tissue viability 
SURSRUWLRQ�RI������DIWHU����GD\V�ZDV�REVHUYHG��ȴJXUH����$�� LQ�$$$�WLVVXH��$IWHU����
culturing days (viability proportion: 0.85), outgrowth of many new cells around the 
LQLWLDO�WLVVXH�ZDV�REVHUYHG��EXW�QR�YLDELOLW\�LQ�WKH�RULJLQDO�WLVVXH�ZDV�VHHQ��ȴJXUH����%�&��
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)LJXUH����bΖPPXQRȵXRUHVFHQFH�LPDJHV�XVLQJ�=HLVV�$[LRYHUW����0�0DULDQDVȠ�0LFURVFRSH��&HOOV�VWDLQHG�
ZLWK�/Ζ9(�'($'p�9LDELOLW\�&\WRWR[LFLW\�.LW��$��%�DQG�&�����[�PDJQLȴFDWLRQ�RI�FXOWXUHG�WLVVXHV�DW�GD\������DQG�
����UHVSHFWLYHO\��'��(�DQG�)����[�PDJQLȴFDWLRQ�RI�FXOWXUHG�WLVVXHV�DW�GD\������DQG�����UHVSHFWLYHO\��*UHHQ�
ȵXRUHVFHQFH�VKRZV�OLYH�FHOOV��ZKLOH�UHG�ȵXRUHVFHQFH�LQGLFDWHV�GHDG�QXFOHL��/LYH�FHOOV�DUH�PDLQO\�ORFDWHG�
FHQWUDO�WR�WLVVXH��*��4XDQWLȴFDWLRQ�RI�OLYH�KXPDQ�FHOOV�LQ�KDUYHVWHG�YDVFXODU�WLVVXHV�RI�GLVWLQFW�SDWLHQWV�
�Q ����%R[�SORWV�VKRZ�SURSRUWLRQV�RI�VTXDUH�PLFURQ�RI�JUHHQ�ȵXRUHVFHQFH�GLYLGHG�E\�WKH�VXP�RI�JUHHQ�DQG�
UHG�ȵXRUHVFHQFH��S������FRPSDUHG�ZLWK�RWKHU�WLPH�SRLQWV�XVLQJ�$129$�ZLWK�%RQIHUURQL�WHVW�

Figure 8.3�ΖPPXQRȵXRUHVFHQFH�LPDJHV�DW���[�PDJQLȴFDWLRQ�XVLQJ�=HLVV�$[LRYHUW����0�0DULDQDVȠ�
0LFURVFRSH��+XPDQ�WLVVXH�VWDLQHG�ZLWK�/Ζ9(�'($'p�9LDELOLW\�&\WRWR[LFLW\�.LW��*UHHQ�ȵXRUHVFHQFH�VKRZV�
OLYH�FHOOV��ZKLOH�UHG�ȵXRUHVFHQFH�LQGLFDWHV�GHDG�QXFOHL��$��$OLYH�WLVVXH�DW�GD\����DIWHU�KDUYHVWLQJ��7LVVXH�
YLDELOLW\�RI������%��$OLYH�WLVVXH�DW�GD\����DIWHU�KDUYHVWLQJ�DW����[�PDJQLȴFDWLRQ�DQG�&��DW���[�PDJQLȴFDWLRQ��
Outgrowth of new cells is observed after 92 days, while original tissue shows only staining of EthD-1 (dead 
cells). Tissue viability of 85%. EthD-1 indicaties ethdium homodimer-1.
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����ΖPPXQRȵXRUHVFHQFH��VPRRWK�PXVFOH�FHOOV��OHXFRF\WHV�DQG�
macrophages, and aortic wall composition
Given that primary analysis showed best viability outcomes on day 5 and 7, these 
days were designated to perform further experiments. Cells with a similar shape to 
60&�ZHUH�REVHUYHG�GXULQJ�DQDO\VLV�RI�YLDELOLW\�LPDJHV�XVLQJ�/Ζ9(�'($'p�.LW��ȴJXUH�
���&���'LJLWDO�LPDJLQJ�PLFURVFRSH�DQDO\VLV�RI�LPPXQRȵXRUHVFHQFH�VWDLQLQJ�VKRZHG�FHOOV�
ZLWK�FRORFDOL]HG�ž�60$�DQG�VPRRWKHOLQ��HDUO\�DQG�ODWH�60&�PDUNHU��UHVSHFWLYHO\��ȴJXUH�
8.4A-C), again with aforementioned characteristic SMC shape. Additionally, confocal 
VFDQQLQJ�ODVHU�PLFURVFRS\�ZDV�XWLOL]HG�WR�JDLQ�KLJK�TXDOLW\�LPDJHV��ZKLFK�FRQȴUPHG�
WKH�SUHVHQFH�VPRRWK�PXVFOH�FHOOV��ȴJXUH����'�)���0RUHRYHU��ȴ[DWHG�LPPXQRVWDLQLQJ�
IRU�&'���DQG�&'���VKRZHG�OHXNRF\WHV�DQG�PDFURSKDJHV��UHVSHFWLYHO\��ȴJXUH����$�'���
%\�UHWURVSHFWLYHO\�DQDO\]LQJ�WKH�LPDJHV�RI�WLVVXHV�LPPXQRVWDLQHG�ZLWK�/Ζ9(�'($'p�
.LW��WKH�PRUSKRORJLFDO�IRUP�RI�OLYH�OHXNRF\WHV�FRXOG�EH�UHFRJQL]HG�

Figure 8.4�ΖPPXQRȵXRUHVFHQFH�LPDJHV�VKRZLQJ�VPRRWK�PXVFOH�FHOOV��$�&��ΖPPXQRȵXRUHVFHQFH�LPDJHV�
DW���[�PDJQLȴFDWLRQ�XVLQJ�XVLQJ�=HLVV�$[LRYHUW����0�0DULDQDVȠ�0LFURVFRSH�DW�GD\���DIWHU�KDUYHVWLQJ��
'�)��ΖPPXQRȵXRUHVFHQFH�LPDJH�DW���[�PDJQLȴFDWLRQ�XVLQJ�VXSHU�UHVROXWLRQ�&RQIRFDO�/DVHU�6FDQQLQJ�
Microscope Leica TCS SP8.
+XPDQ�WLVVXH�VWDLQHG�ZLWK�ž�60$�DQG�VPRRWKHOLQ��VPRRWK�PXVFOH�FHOO�PDUNHUV��DW�GD\���DIWHU�KDUYHVWLQJ��
$�'��0HUJHG�LPDJH�RI�ž�60$��SXUSOH���VPRRWKHOLQ��JUHHQ��DQG�'$3Ζ��EOXH���%�(��ΖVRODWHG�ž�60$�VWDLQLQJ��
&�)��ΖVRODWHG�VPRRWKHOLQ�VWDLQLQJ��ž�60$�LQGLFDWLHV�DOSKD�VPRRWK�PXVFOH�DFWLQ�DQG�'$3Ζ���ȇ���GLDPLGLQR���
phenylindole.
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Stitched overview images of the aneurysmal aortic wall show smooth muscle cells 
(immunostained by smoothelin) in the upper part of the tissues at day 0, 7 and 14 
DIWHU�FXOWXULQJ��ȴJXUH�������3KDOORLGLQ�LPPXQRVWDLQLQJ�VKRZV�DOO�FHOOV�RI�WKH�DRUWLF�ZDOO��
Thereby, co-staining of both smoothelin and phalloidin indicates the tunica media 
(mainly consisting of smooth muscle cells), while in underlying tissue only expression of 
SKDOORLGLQ�LV�REVHUYHG��LQGLFDWLQJ�WKH�WXQLFD�DGYHQWLWLD��PDLQO\�FRQVLVWLQJ�RI�ȴEUREODVWV���
This distinction between tunica media and tunica adventitia is observed at day 0, 7 and 
����)OXRUHVFHQFH�TXDQWLȴFDWLRQ�RI�VPRRWKHOLQ�SHU�QXFOHXV�VKRZV�D�IROG�LQFUHDVH�RI�����
DQG�����IRU�GD\���DQG�GD\�����UHVSHFWLYHO\��)OXRUHVFHQFH�TXDQWLȴFDWLRQ�RI�SKDOORLGLQ�
per nucleus shows a fold increase of 4.8 and 5.5 for day 7 and day 14, respectively.

Figure 8.5�ΖPPXQRȵXRUHVFHQFH�LPDJH�DW���[��$�&��DQG���[��%�'��PDJQLȴFDWLRQ�XVLQJ�=HLVV�$[LRYHUW����0�
Marianas™ Microscope. Human tissue stained with DAPI (blue), CD45 (green, A,B) and CD68 (white, C,D) 
*UHHQ�VWDLQLQJ�DW�WKH�ULJKW�VLGH��$�%��LV�GXH�WR�XQLQWHQWLRQDO�ȵXRUHVFHQFH�RI�HODVWLQ�b&'�LQGLFDWHV�FOXVWHU�RI�
GLHUHQWLDWLRQ�DQG�'$3Ζ���ȇ���GLDPLGLQR���SKHQ\OLQGROH�

Figure 8.6�ΖPPXQRȵXRUHVFHQFH�LPDJHV�VKRZLQJ�DQHXU\VPDO�DRUWLF�ZDOO�VHFWLRQV��$�&��;<�VWLWFKHG�LPDJHV�
DW���[�PDJQLȴFDWLRQ�XVLQJ�1LNRQ�$�5�FRQIRFDO�PLFURVFRSH�RQ�GD\������DQG����DIWHU�FXOWXULQJ��6PRRWK�
muscle cells are immunostained by smoothelin (white), actin (found in practically all eukaryotic cells) 
by phalloidin (red) and cell nuclei by DAPI (blue). Smooth muscle cells are found in the media and other 
FHOOV��PDLQO\�ȴEUREODVWV��LQ�WKH�DGYHQWLWLD��0�LQGLFDWHV�PHGLD��$��DGYHQWLWLD�DQG�'$3Ζ���ȇ���GLDPLGLQR���
phenylindole.
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����2XWFRPH�RI�HQ]\PDWLF�GLJHVWLRQ�RI�WKH�DRUWLF�WLVVXH��LQGLYLGXDO�
cell analysis
7LVVXHV� RI� $$$� SDWLHQWV� �1 ��� DW� GD\� ��� LQ� FXOWXUH� ZHUH� HQ]\PDWLFDOO\� GLJHVWHG��
)OXRUHVFHQW� FDOFHLQ� ZDV� REVHUYHG� LQ� F\WRSODVP� RI� HQ]\PDWLFDOO\�GLJHVWHG� FHOOV��
VXUURXQGLQJ�WKH�QXFOHXV��6HSDUDWH�FHOOV�DWWDFKHG�WR�WKH�VOLGH�DIWHU�HQ]\PDWLF�GLJHVWLRQ�
ZLWK�FROODJHQDVH��'LHUHQW�FHOO�VKDSHV�DQG�QXFOHL�ZHUH�REVHUYHG�LQ�WKH�LQGLYLGXDO�FHOOV�
�ȴJXUH�������'LJHVWHG�WLVVXH�VHFWLRQV�VKRZHG�YLDELOLW\�RI�������LQ���������FHOOV��LQ�RQH�
patient and viability of 0.83 (in 800.000 cells) in the other patient.

)LJXUH����bΖPPXQRȵXRUHVFHQFH�LPDJHV�DW���[��$�%��DQG���[�RLO��&��PDJQLȴFDWLRQ�XVLQJ�=HLVV�$[LRYHUW����0�
0DULDQDVȠ�0LFURVFRSH��$��$IWHU����GD\V�RI�FXOWXULQJ��WLVVXHV�ZHUH�HQ]\PDWLFDOO\�GLJHVWHG�XVLQJ�FROODJHQDVH��
/LYH�VHSDUDWH�FHOOV��VWDLQHG�ZLWK�&DOFHLQ�$0��JUHHQ���ȵRDW�DV�URXQG�FHOOV�LQ�FXOWXUH�PHGLXP��%��$IWHU����
KRXUV�RI�DGGLWLRQDO�FXOWXULQJ��WKH�FHOOV�ZHUH�DWWDFKHG�WR�WKH�VOLGH��&��'LHUHQW�FHOO�W\SH�FKDUDFWHULVWLFV�DQG�
GLHUHQFHV�LQ�FHOO�QXFOHL�DUH�REVHUYHG�LQ�DWWDFKHG�FHOOV��/LYH�F\WRSODVP�LV�VWDLQHG�ZLWK�&DOFHLQ�$0��JUHHQ��
and cell nuclei are stained with DAPI (blue). AM indicaties acetoxymethyl and DAPI, 4’,6-diamidino-2-
phenylindole.
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3.3 RNA expression results of stimulated and non-stimulated aortic 
tissue sections.
7LVVXH�VHFWLRQV�RI�HLJKW�$$$�SDWLHQWV�ZHUH�VXEMHFWHG�WR�VWLPXODWLRQ�ZLWK�7*)�ſ�IRU�
��GD\V��&RQWURO� WLVVXH�VHFWLRQV�RI� WKH�VDPH�SDWLHQWV�ZHUH�FXOWXUHG�ZLWKRXW�7*)�ſ�
stimulation. Pooled RNA analysis of stimulated tissue sections was relatively related to 
non-stimulated tissue sections. In this feasibility analysis, elevated relative expression 
of interleukin 6 (IL6), calponin 1 (CNN1) and transforming growth factor beta 1 (TGFB1) 
ZDV�REVHUYHG�LQ�WKH�SRRO�RI�7*)�ſ�VWLPXODWHG�WLVVXH�VHFWLRQV��ZKLOH�WKH�UHPDLQGHU�RI�
WKH�VWXGLHG�JHQHV�VKRZHG�D�GHFUHDVH�LQ�H[SUHVVLRQ��ȴJXUH������

4. DISCUSSION

The underlying mechanisms of the development, progression, and rupture of AA 
are still poorly understood. Prior studies on AA were performed in animal models, 
ȴ[DWHG�KXPDQ�WLVVXH��RU�LVRODWHG�KXPDQ�FHOO�FXOWXUHV��$Q�in vitro human model to study 
pathophysiological processes involved in human AA is lacking. For this reason, we 

Figure 8.8�4XDQWLȴFDWLRQ�RI�JHQH�H[SUHVVLRQ�RI�SRROHG�QRQ�VWLPXODWHG��ZKLWH��DQG�7*)�ſ�VWLPXODWHG��JUH\��
AAA patient tissue sections after seven days ex vivo. Relative expression is shown as ratio based on non-
stimulated tissue sections. IL6 LQGLFDWHV�LQWHUOHXNLQ����CNN1��FDOSRQLQ����TGFB1, transforming growth factor 
EHWD����MCP1��PRQRF\WH�FKHPRWDFWLF�SURWHLQ����7)%5���WUDQVIRUPLQJ�JURZWK�IDFWRU�EHWD�UHFHSWRU����SMTN, 
VPRRWKHOLQ��ICAM3��LQWHUFHOOXODU�DGKHVLRQ�PROHFXOH����MMP���PDWUL[�PHWDOORSURWHLQDVH����ACTA2, alpha 
VPRRWK�PXVFOH�DFWLQ����TNF��WXPRU�QHFURVLV�IDFWRU��3735&��SURWHLQ�W\URVLQH�SKRVSKDWDVH��UHFHSWRU�W\SH��&��
Ki67��DQWLJHQ�.Ζ�����ICAM1��LQWHUFHOOXODU�DGKHVLRQ�PROHFXOH����IL8 (or CXCL8), interleukin 8 and MMP9, matrix 
metalloproteinase-9.
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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 organisation of the vascular wall. The live 
cells were mainly observed in the centre of human tissue. As expected, dead cells were 
mainly located at the edges of the tissue, which were subjected to cutting trauma. After 
RSWLPL]DWLRQ�RI�WKH�SURWRFRO��ZH�DWWDLQHG�HYHQ�KLJKHU�SURSRUWLRQV�RI�VXUYLYLQJ�WLVVXH�

Interestingly, viability proportion outcomes increased after day 3 compared to day 0. 
7KHVH�UHVXOWV�DUH�VWUHQJWKHQHG�E\�QRW�RQO\�WKH�VLJQLȴFDQW�GLHUHQFH�LQ�PHDQ�YLDELOLW\�
of tissue sections between day 0 and day 14, but also between day 5 and day 14. 
Cells might go through an early phase of apoptosis due to stress factors arising from 
physical trauma. Initially, these mechanisms might still be reversible,17,18 with subsequent 
recovery as of day 3. Another possible explanation for the observed increase of live 
cells is cell proliferation. This theory is supported by the development and expansion 
of live cells, observed in the tissues cultured over 60 and 90 days and the growth of 
new cells at the intimal side.

$QRWKHU�LPSRUWDQW�ȴQGLQJ�ZDV�WKDW�ZH�DFKLHYHG�WR�SUHVHUYH�WLVVXH�DUFKLWHFWXUH�DQG�
LQȴOWUDWLQJ�FHOOV�ex vivo. In this composition, we found many live smooth muscle cells 
as the main cell type, but we also observed leucocytes and macrophages involved in 
the occurrence and aggravation of AA.19-21. Based on our composition staining using 
smoothelin and phalloidin, we provide support for our hypothesis that both tunica 
PHGLD�DQG�WXQLFD�DGYHQWLWLD�DUH�SUHVHUYHG�DIWHU����GD\V��3KDOORLGLQ� LV�QRW�VSHFLȴF�
IRU�ȴEUREODVWV��+RZHYHU��SKDOORLGLQ�VWDLQLQJ�LQ�LQ�VSLQGOH�VKDSHG�FHOOV�FRPELQHG�ZLWK�
lack of smoothelin staining in the lower layer of the tissue sections, strongly indicates 
ȴEUREODVWV��ZKLFK�DUH�JHQHUDOO\�NQRZQ�WR�EH�LQ�WKH�WXQLFD�DGYHQWLWLD��4XDQWLȴFDWLRQ�
UHVXOWV� VKRZHG� DQ� LQFUHDVH� LQ� ȵXRUHVFHQFH� SHU� QXFOHXV� LQ� ERWK� VPRRWKHOLQ� DQG�
phalloidin. This might implicate, that although over time the viability diminishes, the 
DFWXDO�FHOO�VL]H��RU�H[SUHVVLRQ�RI�FHOO�PDUNHUV�LQFUHDVHV�RYHU�WLPH��+RZHYHU��EDVHG�RQ�
WKH�UHVXOWV�RI�RQH�VWXG\�SDWLHQW��FDXWLRQ�PXVW�EH�DSSOLHG��DV�WKH�ȴQGLQJV�PLJKW�QRW�EH�
representative for other patients. Unfortunately, the friable tunica intima is frequently 
damaged due to vibratome sectioning. Preservation of the AA tissue composition in 
ex vivo�WLVVXHV�IDFLOLWDWHV�WKH�VWXG\�RI�FHOO�EHKDYLRXU�DQG�LQWHUDFWLRQ�EHWZHHQ�GLHUHQW�
FHOO�W\SHV��DQG�SURYLGHV�WKH�RSSRUWXQLW\�WR�LQYHVWLJDWH�WKH�HHFWV�RI�SKDUPDFRORJLFDO�
substances on tissue composition or in organ on a chip models.
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Analysis of digested tissue sections showed a high viability of single cells, even 
DIWHU� WUHDWPHQW�ZLWK�FROODJHQDVH��)XUWKHUPRUH��DJDLQ�GLHUHQW�FHOO� W\SHV�FRXOG�EH�
PRUSKRORJLFDOO\�GLVWLQJXLVKHG��VXSSRUWLQJ�WKH�SXUSRVH�RI�WKLV�SURWRFRO��FUHDWLQJ�DQ�
ex vivo arterial environment, which mimics the in vivo�LQWHUDFWLRQ�RI�GLHUHQW�FHOO�W\SHV�
and extracellular matrix. The ability to digest the tissue sections greatly broadens the 
possibilities of this protocol. For example, FACS, MACS and traction force microscopy 
are examples of downstream applications that can be performed to expand the 
characterisation of cells which have been cultured and potentially stimulated in an ex 
vivo aortic microenvironment. 22-24

To evaluate the feasibility of live aortic tissue section stimulation and RNA expression 
DQDO\VLV��ZH�VWLPXODWHG�DRUWLF�YLEUDWRPH�WLVVXH�VHFWLRQV�ZLWK�7*)�ſ��VLQFH�SULRU�VWXGLHV�
KDYH�SURYLGHG�SDUDGR[LFDO�K\SRWKHVHV�RQ�WKH�UROH�RI�7*)�ſ��DQG�WKHUHE\�VWLPXODWLRQ�E\�
angiotensin II) in the development and progression of AAA. 25,26 In this pooled stimulated 
versus non-stimulated analysis, we found elevated RNA expression of interleukin 6 (IL6), 
calponin 1 (CNN1) and transforming growth factor beta 1 (TGFB1), in the stimulated 
WLVVXH�VHFWLRQV��ΖQWHUHVWLQJO\��7*)�ſ�KDV�SUHYLRXVO\�EHHQ�UHSRUWHG�WR�HOHYDWH�H[SUHVVLRQ�
RI� LQWHUOHXNLQ���LQ�GLHUHQW�W\SHV�RI�ȴEUREODVWV��ZKLFK�LV� LQ� OLQH�ZLWK�RXU�UHVXOWV� 27,28 
6LPXOWDQHRXVO\��LW�KDV�EHHQ�SUHYLRXVO\�REVHUYHG��WKDW�7*)�ſ�RYHUH[SUHVVLRQ�LQ�DQLPDO�
PRGHOV�GHFUHDVHV�003���003��DQG�O\PSKRF\WHV��3735&���FRQVLVWHQW�ZLWK�RXU�ȴQGLQJV�
in human tissue sections. 29 +RZHYHU��ZLWK�D�VPDOO�VDPSOH�VL]H�DQG�SRROHG�SDWLHQW�
GDWD��FDXWLRQ�PXVW�EH�DSSOLHG��DV�WKH�ȴQGLQJV�PLJKW�QRW�EH�UHSUHVHQWDWLYH�IRU�DOO�$$$�
patients. Future studies with the current method are therefore recommended.

The results of this study meet the need for a new in vitro model in which the 
pathophysiological processes involved in human AA can be studied. In our protocol, 
sectioning is performed using the vibratome, which has been successfully used for 
the live cutting and ex vivo preservation of cardiac mouse tissues and human salivary 
gland and tumour sections of breast and parathyroid for a maximum of two weeks. 14, 

30-33�+RZHYHU��WKLV�LV�WKH�ȴUVW�UHSRUW�RI�D�SURWRFRO�GHPRQVWUDWLQJ�RYHU����GD\V�ex vivo 
viability in vibratome sectioned aortic tissue.

It can be argued that cells with a short lifespan or cells vulnerable to culturing will not 
survive for a long period in the ex vivo�WLVVXH�VHFWLRQV��1HYHUWKHOHVV��GXULQJ�WKH�ȴUVW�
days of culturing we can study the individual cells, interactions between cells and ECM, 
EHKDYLRU�RI�LPPXQH�FHOOV�DQG�UHPRGHOOLQJ�RI�WKH�WLVVXH�DV�VHHQ�LQ�RWKHU�VSHFLDOLVW�ȴHOGV�
using vibratome sections.25 Subsequently, we have successfully stimulated the live 
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WLVVXH�VHFWLRQV�DQG�WKH�OLYH�WLVVXH�FDQ�VHUYH�DV�D�SDWLHQW�VSHFLȴF�VFDROG�RQ�ZKLFK�QHZ�
cells can be seeded and pharmacological experiments can be performed.

7R�WKH�EHVW�RI�RXU�NQRZOHGJH��ZH�DUH�WKH�ȴUVW�WR�SUHVHQW�D�PHWKRG�WR�NHHS�HQWLUH�
aortic tissue sections alive in vitro. This method may be applicable also to other human 
�FDUGLRYDVFXODU��WLVVXH��:H�DFKLHYHG�VOLFLQJ��SUHVHUYDWLRQ��SUROLIHUDWLRQ��DQG�DQDO\VLV�
of live aortic tissues for at least 60 days after harvesting. Diverse cell types (including 
smooth muscle cells and white blood cells) and intracellular characteristics of live tissues 
ZHUH�SUHVHQWHG��%HVLGHV�ZHOO�NQRZQ�ȵXRUHVFHQFH�LPDJLQJ��)$&6��0$&6�DQG�WUDFWLRQ�
force microscopy, 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/stimulation tests. By having established a method for extended 
in vitro preservation of functionally and structurally intact vascular tissue sections, 
research on the etiopathophysiology of AA and possibly other vascular diseases may 
have entered a new era.
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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 
GHJUDGDWLRQ�DQG�HYHQWXDOO\�LQ�$$$�GHYHORSPHQW��:H�DOVR�WHVWHG�SRVVLEOH�SURJQRVWLF�
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 
LQYHVWLJDWHG�LQ�DRUWLF�WLVVXH�DQG�EORRG�VDPSOHV�RI�$$$�SDWLHQWV��7KHUHIRUH��ZH�ZLOO�ȴUVW�
review the characteristics of those patients. Next, the degenerative processes leading 
to aortic medial layer degradation are described according to the graphical abstract 
RI�WKHVLV��SUHVHQWHG�LQ�ȴJXUH�����DQG������7KH�JUDSKLFDO�DEVWUDFWV�DUH�PDGH�E\�DGGLQJ�
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 
DUH�SUHVHQWHG�IRU�WKH�ȴUVW�WLPH�RI�DOO�SDWLHQWV�SRROHG�

0HDQ�DJH�EHWZHHQ�SDWLHQWV�ZLWK�D�UXSWXUHG�$$$��U$$$��Q ����DQG�HOHFWLYHO\�WUHDWHG�
SDWLHQWV��H$$$��Q ����GLG�QRW�GLHU�����\HDUV�YHUVXV�����UHVSHFWLYHO\��$OWKRXJK�FXUUHQW�
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 
ZDV�GLDJQRVHG�DV�DQ�DFFLGHQWDO�UDGLRJUDSKLF�ȴQGLQJ�DQG�KDG�DOUHDG\�H[FHHGHG�WKH�
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 
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percentage of large aneurysms (>5.0 cm) in the group, as the latter expand faster than 
smaller (3.0-3.9 cm).4

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

.LGQH\�IXQFWLRQ��0'5'� 51 65 0.033*

Antihypertensifs (%) 77 84 0.686

Anticoagulans (%) 69 67 1.000

Statines (%) 62 70 0.534

� �S�ȱ�������&23'� �FKURQLF�REVWUXFWLYH�SXOPRQDU\�GLVHDVH�

The aneurysm locations (supra-, juxta- and infrarenal) in the rAAA (15, 46 and 38 
SHUFHQW��UHVSHFWLYHO\��GLG�QRW�GLHU�IURP�HOHFWLYHO\�WUHDWHG�$$$���������DQG����SHUFHQW��
respectively). However, the share of juxtarenal aneurysms (rAAA: 46 precent and eAAA: 
51 percent) is in both groups larger than described in the literature (approximately 16 
percent).5 Juxtarenal AAA repair is a more challenging procedure, due to the involvement 
of renal arteries in the aneurysm. The higher percentage might be explained by the 
fact that our hospital functions as a referral center for rural hospitals, which could be 
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seen as a selection bias. Although smoking is an acknowledged risk factor for AAA 
JURZWK�DQG�UXSWXUH��RXU�UXSWXUHG�JURXS�KDG�VLJQLȴ�FDQWO\� IHZHU�VPRNHUV� WKDQ�WKH�
HOHFWLYH�JURXS��7KH�UXSWXUHG�$$$�FOHDUO\�GL�HUHG�IURP�QRQ�UXSWXUHG�LQ�WKH�H[SHULHQFH�
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 
K\SRYROHPLF�VKRFN��IURP�ZKLFK�PRVW�$$$�SDWLHQWV�ZLWK�D�UXSWXUH�VX�HU�

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 
ZDOO� GHWHULRUDWLRQ� DQG� HYHQWXDOO\� $$$� GHYHORSPHQW�� 7KH� ȴ�UVW� LV� DQ� LQȵ�DPPDWRU\�
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 
DQG�VWLPXODWLRQ�RI�IXUWKHU�LQȵ�DPPDWLRQ�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

Figure 9.1 ΖQȵ�DPPDWLRQ�DQG�SURGXFWLRQ�RI�UHDFWLYH�QLWURJHQ�DQG�R[\JHQ�VSHFLHV
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 
EORRG�FLUFXODWLRQ������RU�LQȴ�OWUDWH�LQ�WKH�YHVVHO�ZDOO�DQG�FDXVH�QLWURVDWLYH�VWUHVV������1LWURVDWLYH�VWUHVV�DFWLYDWHV�
1*$/�SURGXFWLRQ�����DQG�XSUHJXODWHV�(5.�SKRVSKRU\ODWLRQ�����
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$RUWLF�ZDOO�LQȵDPPDWLRQ�DQG�UHDFWLYH�VSHFLHV
Histological studies of AAA have demonstrated that aneurysms are associated with 
D�FKURQLF�LQȵDPPDWLRQ�RI�WKH�DRUWLF�ZDOO�12,13�7KH�FDXVH�RI�WKLV�LQȵDPPDWLRQ�UHPDLQV�
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 
LQYROYHG��ȴJXUH�����VWHS����14,15 Reactively, endothelial cells present intraluminal adhesion 
PROHFXOHV��ȴJXUH�����VWHS����14,15 The presence of adhesion molecules in AAA patients 
DFWLYDWHV�FLUFXODWLQJ�OHXNRF\WHV��ȴJXUH�����VWHS����3,16

In chapter 3 we investigated the role of circulating leukocytes in oxidative and 
nitrosative stress production in AAA patients.3�:H�PHDVXUHG�OHYHOV�RI�UHDFWLYH�R[\JHQ�
and nitrogen species in neutrophils, lymphocytes and monocytes separately, both in-
YLWUR�DV�LQ�YLYR��:H�GHPRQVWUDWHG�WKDW�FLUFXODWLQJ�QHXWURSKLOV�DQG�PRQRF\WHV�LQ�$$$�
patients, have a higher production of reactive nitrogen and oxygen species than in 
FRQWUROV��ȴJXUH�����VWHS�����:H�K\SRWKHVL]HG�WKDW�FLUFXODWLQJ�OHXNRF\WHV�LQ�$$$�SDWLHQWV�
produce higher amounts of reactive species due to increased amounts of adhesion 
molecules presented by the damaged endothelial layer in the atherosclerotic AAA.

$GKHVLRQ�PROHFXOHV�DOVR�FDXVH�WKH�DFWLYDWHG�OHXNRF\WHV�WR�LQȴOWUDWH�LQWR�WKH�YHVVHO�
wall.3,16�:KHQ�DFWLYDWHG�OHXNRF\WHV�DFFXPXODWH�LQ�WKH�DRUWLF�ZDOO��LQFUHDVHG�SURGXFWLRQ�
RI�WKRVH�UHDFWLYH�VSHFLHV�FDXVH�QLWURVDWLYH�DQG�R[LGDWLYH�VWUHVV�LQ�WKH�YHVVHO�ZDOO��ȴJXUH�
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 
/LSRFDOLQ����ZDV�H[DPLQHG�LQ�WKH�DQHXU\VP�ZDOO�RI�UXSWXUHG�DQG�QRQ�UXSWXUHG�$$$��:H�
measured its expression in the medial layer as well as the atherosclerotic plaque and 
determined its correlation with factors of vessel wall degradation, i.e. nitrosative stress, 
H[WUDFHOOXODU�PDWUL[��(&0��GHJUDGDWLRQ�DQG�VPRRWK�PXVFOH�FHOO��60&��DSRSWRVLV��:H�
demonstrated that nitrosative stress in the medial layer is associated with increased 
local production of NGAL.1�)XUWKHUPRUH��LQ�WKH�DWKHURVFOHURWLF�SODTXH�ZH�UHFRJQL]HG�
D�W\SLFDO�DQG�UHFXUULQJ�SDWWHUQ�RI�H[SUHVVLRQ��:H�SUHVHQWHG�D�UHSUHVHQWDWLYH�H[DPSOH�
�FKDSWHU����ȴJXUH�������D�FHQWUDO�FRUH�RI�QLWURW\URVLQH�HPEHGGHG�E\�D�GLXVH�H[SUHVVLRQ�
of NGAL. In earlier studies, NGAL was suggested to have a protective role against 
oxidative stress.21,22�:H�VXJJHVW�WKDW�LQ�$$$�SDWKRJHQHVLV��1*$/�H[SUHVVLRQ�LV�UHDFWLYHO\�
XSUHJXODWHG�DV�D�UHVXOW�RI�QLWURVDWLYH�VWUHVV�WR�H[HUW� LWV�SURWHFWLYH�HHFW��ȴJXUH�����
step 6).
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In chapter 5 ZH�IRFXVVHG�RQ�WKH�DFWLYDWLRQ�RI�([WUDFHOOXODU�VLJQDO�5HJXODWHG�.LQDVH�
�(5.��DQG�LWV�UROH�LQ�$$$�GHYHORSPHQW�DQG�UXSWXUH��(5.�LV�D�VLJQDOOLQJ�SURWHLQ�WKRXJKW�
WR�KDYH�DQ�LPSRUWDQW�UROH�LQ�UHJXODWLQJ�LQȵDPPDWRU\�SURFHVVHV�DQG�DFW�DV�SURWHFWLYH�
factor against damaged and apoptotic cells by stimulating cell proliferation.23�:H�
PHDVXUHG�(5.�DFWLYDWLRQ�LQ�WLVVXH�RI�UXSWXUHG�DQG�QRQ�UXSWXUHG�$$$��:H�QRWHG�WKDW�
(5.�DQG�QLWURW\URVLQH�LQ�WKH�PHGLDO�OD\HU�WHQGHG�WR�KDYH�D�SRVLWLYH�FRUUHODWLRQ��5V ������
S ������ZRUN�LQ�SUHSDUDWLRQ���2XU�ȴQGLQJ�WKDW�(5.�DQG�QLWURW\URVLQH�PLJKW�EH�FRUUHODWHG�
LV� LQ� OLQH�ZLWK�FXUUHQW� OLWHUDWXUH�VWDWLQJ�WKDW�(5.�SKRVSKRU\ODWLRQ�LV�XSUHJXODWHG�E\�
QLWURVDWLYH�VWUHVV�LQ�WKH�DQHXU\VP�ZDOO��ȴJXUH������VWHS����24–26

ΖQ�FRQFOXVLRQ��WKH�LQȵDPPDWRU\�UHVSRQVH�RI�WKH�DRUWLF�ZDOO�LV�WKRXJKW�WR�LQLWLDWH�ZLWK�
GDPDJH�WR�WKH�HQGRWKHOLDO�OD\HU��$FWLYDWHG�OHXNRF\WHV�WKHQ�LQȴOWUDWH�LQWR�WKH�YHVVHO�ZDOO��
FDXVLQJ�LQFUHDVHG�SURGXFWLRQ�RI�UHDFWLYH�VSHFLHV�DV�ZHOO�DV�RWKHU�LQȵDPPDWRU\�IDFWRUV��
ΖQ�WXUQ��WKH�LQȵDPPDWRU\�UHVSRQVH�DFWLYDWHV�IDFWRUV�RI�PHGLDO�OD\HU�GHJUDGDWLRQ��ZKLFK�
will be discussed in the following paragraph.

)DFWRUV�LQYROYHG�LQ�DRUWLF�PHGLDO�OD\HU�GHJUDGDWLRQ
KH�LQFUHDVHG�SURGXFWLRQ�RI�1*$/�DQG�SKRVSKRU\ODWLRQ�RI�(5.�VWLPXODWHV�SUR�SURWHRO\WLF�
factors. In chapter 4 we demonstrated that NGAL was positively correlated with matrix 
PHWDOORSURWHLQDVH����003����H[SUHVVLRQ�LQ�WKH�PHGLDO�OD\HU��ȴJXUH������VWHS�����003���
is an endopeptidase involved in connective tissue turnover.27 In AAA development, more 
VSHFLȴF��LW�LV�UHVSRQVLEOH�IRU�(&0�GHJUDGDWLRQ�11,28 This causes SMC migration and loss 
of medial layer strength, which eventually leads to aortic dilation. NGAL promotes a 
SUR�SURWHRO\WLF�HHFW�E\�ELQGLQJ�WR�003���DQG�WKXV�SURWHFWLQJ�LW�IURP�GHJUDGDWLRQ�9 
ΖW�VHHPV�WKDW�1*$/�KDV�FRQWUDGLFWLYH�HHFWV�LQ�$$$�SDWKRJHQHVLV�DV�ZH�PHQWLRQHG�
HDUOLHU�WKDW�1*$/�SHUIRUPV�D�SURWHFWLYH�HHFW�DJDLQVW�QLWURVDWLYH�VWUHVV��ΖQ�XQSXEOLVKHG�
work we found an inverse correlation between NGAL and the medial layer thickness 
�5V �������S��������2YHUDOO��ZH�VXJJHVW�WKDW�1*$/�KDV�D�GHWULPHQWDO�UROH�RQ�WKH�DRUWLF�
medial layer and stimulates AAA progression.

ΖQ�FKDSWHU���ZH�GHPRQVWUDWHG�WKDW�(5.�DFWLYDWLRQ�LV�KLJKHU�LQ�WLVVXH�RI�QRQ�UXSWXUHG�
AAA than in ruptured AAA and controls.2�(5.�LV�DQ�LQWUDFHOOXODU�VLJQDOOLQJ�SURWHLQ�ZLWK�
PDQ\�GRZQVWUHDP�HHFWV��RI�ZKLFK�D�SUR�SURWHRO\WLF�HHFW�E\�XSUHJXODWLQJ�003���
H[SUHVVLRQ��ȴJXUH������VWHS����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 
VXJJHVWHG�XSUHJXODWLRQ�RI�003���E\�(5.��ZH�IRXQG�QR�FRUUHODWLRQ�EHWZHHQ�WKH�WZR�
in AAA tissue.2 This lacking correlation can be explained by the above-mentioned 
GLYHUJHQW�UROH�WKDW�003���SHUIRUPV��:H�GLG�ȴQG�D�SRVLWLYH�FRUUHODWLRQ�EHWZHHQ�(5.�
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DFWLYDWLRQ�DQG�PHGLDO� OD\HU�WKLFNQHVV�RI�$$$��5V�������S �������2 Therefore initially, 
LQ�FKDSWHU����ZH�VXJJHVWHG�WKDW� LQ�UHVSRQVH�WR�ORFDO�HQGRWKHOLDO�GDPDJH�(5.�KDG�D�
SURWHFWLYH�H�HFW�E\�VWLPXODWLQJ�SUROLIHUDWLRQ�DQG�WKXV�YHVVHO�ZDOO�UHSDLU�2

In chapter 6�ZH�SHUIRUPHG�D�UHVHDUFK�XSGDWH�RQ�WKH�UROH�RI�(5.�LQ�$$$�GHYHORSPHQW�31

Based on new insights from current literature we concluded that the main outcome 
RI�(5.�SKRVSKRU\ODWLRQ�LV�D�GHWULPHQWDO�H�HFW�E\�DFWLYDWLRQ�RI�003���UDWKHU�WKDQ�D�
SURWHFWLYH�H�HFW��DV�ZH�HDUOLHU�FRQFOXGHG�LQ�FKDSWHU����ȴ�JXUH������VWHS����2,31

As discussed earlier in this thesis, apoptosis is an important degenerative process in 
the development of AAA.1,3,32�ΖQ�FKDSWHU���ZH�GHPRQVWUDWHG�VLJQLȴ�FDQW�PRUH�DSRSWRVLV�

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 
ȴ�JXUH�FRUUHVSRQGV�WR�ȴ�JXUH�����DQG�FDQ�EH�VHHQ�DV�GRZQVWUHDP�VWHSV�LQ�WKH�FDVFDGH��ΖQȴ�OWUDWLQJ�OHXNRF\WHV�
cause local production and release of RNS and eventually increased nitrosative stress in the medial layer. 
7KLV�ORFDO�LQȵ�DPPDWLRQ�UHVXOWV�LQ�VHYHUDO�GHWHULRUDWLQJ�IDFWRUV�LQ�WKH�PHGLDO�OD\HU������LQFUHDVHG�1*$/�WKDW�
SURPRWHV�(&0�GHJUDGDWLRQ�E\�ELQGLQJ�003���DQG�WKXV�SURWHFWLQJ�LW�IURP�DXWRGHJUDGDWLRQ������LQFUHDVHG�(5.�
SKRVSKRU\ODWLRQ�WKDW�DFWLYDWHV�003���DQG�WKXV�VWLPXODWHV�(&0�GHJUDGDWLRQ������QLWURVDWLYH�VWUHVV�FDXVHV�
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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LQ�WKH�DWKHURVFOHURWLF�SODTXH�RI�H$$$�DV�FRPSDUHG�WR�U$$$�DQG�KHDOWK\�DRUWD��S ������
FKDSWHU����ȴJXUH����)��1�$GGLWLRQDOO\��ZH�PHDVXUHG�D�VLJQLȴFDQW�FRUUHODWLRQ�EHWZHHQ�
DSRSWRVLV�DQG�QLWURVDWLYH�VWUHVV��5V�������S��������7KHVH�UHVXOWV�DUH�LQ�OLQH�ZLWK�HDUOLHU�
OLWHUDWXUH�K\SRWKHVL]LQJ�WKDW�IUHH�UDGLFDOV�� L�H��UHDFWLYH�QLWURJHQ�DQG�R[\JHQ�VSHFLHV��
DUH�UHVSRQVLEOH�IRU�60&�DSRSWRVLV��ȴJXUH������VWHS����6,33

Table 9.2�%DVHOLQH�SDWLHQW�FKDUDFWHULVWLFV�RI�SDWLHQWV�ZLWK�GRPLQDQW�QHJDWLYH�DQG�KDSOR±QVXɝFLHQW�)%1���
gene mutations and the ratio of Betaglycan positive cells per subgroup.

Dominant 
Negative +DSOR±QVXɝFLHQW 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*

+HUHGLWDU\�FRQQHFWLYH�WLVVXH�GLVRUGHU�OHDGLQJ�WR�$$$�GHYHORSPHQW
In chapter 7 we investigated the role of TGF-ß receptor 3 (TGFBR3, also Betaglycan) 
LQ�WKH�7*)�¡�VLJQDOOLQJ�SDWKZD\�LQ�ȴEUREODVWV�RI�WZR�0DUIDQ�SDWLHQW�VXEJURXSV��WDEOH�
������6XEJURXSV�ZHUH�SDWLHQWV�ZLWK�D�GRPLQDQW�QHJDWLYH��'1��YHUVXV�D�KDSORLQVXɝFLHQW�
(HI) Fibrillin-1 (FBN1) mutation. DN mutations lead to a malfolded or malfunctioning 
ȴEULOOLQ���SURWHLQ�DQG�WKXV�D�GLVWXUEHG�(&0�34,35 HI mutations are caused by the deletion 
of one copy of the whole gene, degradation of the mutant protein, or nonsense-
PHGLDWHG�GHFD\�E\�GHJUDGDWLRQ�RI�ȴEULOOLQ���P51$�35–37 The latter mutation will cause 
D�UHGXFHG�OHYHO�RI�ȴEULOOLQ���SURWHLQ��DQG�WKXV�FRPSURPLVHG�IXQFWLRQDOLW\�34,35�7*)�ſ�
LV�DQ�XSVWUHDP�DFWLYDWRU�RI�(5.�DQG�WKH�FDXVH�RI�G\VIXQFWLRQDO�FRQQHFWLYH�WLVVXH�LQ�
Marfans syndrome.38,39 Several receptors are involved in the pathological activation of 
GRZQVWUHDP�LQWUDFHOOXODU�7*)�¡�SDWKZD\V��:H�GHPRQVWUDWHG�DQ�LQFUHDVHG�DFWLYDWLRQ�
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�:H� DFNQRZOHGJH�
that this is just a limited step in the multifactorial process leading to aneurysm 
GHYHORSPHQW��+RZHYHU��WKHVH�UHVXOWV�HPSKDVL]H�LPSRUWDQW�GLHUHQFHV�LQ�WKH�HHFW�RI�
a DN versus HI mutation of the FBN1 gene in Marfan patients. A recent study showed 
WKDW�0DUIDQ�SDWLHQWV�ZLWK�+Ζ�)%1��PXWDWLRQV�KDG�KLJKHU�WKHUDSHXWLF�EHQHȴW� IURP�
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Losartan treatment compared to patients with DN FBN1 mutations which indicates a 
distinct pathological mechanism.43�7KXV��WKH�GLHUHQW�W\SHV�RI�)%1��PXWDWLRQV�PXVW�
EH�DSSURDFKHG�LQ�D�GLHUHQW�PDQQHU�LQ�WKH�VHDUFK�IRU�WKHUDSHXWLF�RSWLRQV�

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)

�/RZ�WKUHVKROG 30 - 39 1.3 - 3.0 24

 High threshold 40 - 54 2.9 - 4.9 ����b b���Ȳ���b b�

C. pneumoniae (IgA titre)

�/RZ�WKUHVKROG < 64 3.2 12

 High threshold Ȳ��� 5.4 3

relative ILT volume (% of total)

�/RZ�WKUHVKROG < 32 0 none

 High threshold Ȳ��� 3 12

S-elastin peptides (mg/L)

�/RZ�WKUHVKROG < 330 1.1 36

 High threshold Ȳ���� 3.4 12
18F-FDG uptake (SUVmax)

�/RZ�WKUHVKROG > 2.0 0.9 36

 High threshold 1.0 - 2.0 2.1 24

)8b bIROORZ�XS��$$$b bDEGRPLQDO�DRUWLF�DQHXU\VP��&��SQHXPRQLDb bFKODP\GRSKLOD�SQHXPRQLD��
ΖJ$b bΖPPXQRJOREXOLQ�$��Ζ/7b bLQWUDOXPLQDO�WKURPEXV��6�HODVWLQ�SHSWLGHVb bVHUXP�HODVWLQ�SHSWLGHV��18F-
)'*b bȵXRURGHR[\JOXFRVH��689b bVWDQGDUGL]HG�XSWDNH�YROXPHV�

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�7KLV�WKHVLV�LGHQWLȴHG�
several circulating and biomechanical markers with potential value for the prognosis 
RI�$$$�H[SDQVLRQ�DQG�UXSWXUH��:H�VXJJHVWHG�WKH�IROORZLQJ�FLUFXODWLQJ�PDUNHUV�DQG�
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biomechanical properties to be considered as potential markers for AAA growth: 1) 
$$$�GLDPHWHU�����FKODP\GRSKLOD�SQHXPRQLDH�LQ�FDVH�RI�VHURSRVLWLYLW\����� Ζ/7�VL]H�����
6�HODVWLQ�SHSWLGHV��DQG����LQYHUVH�ȵXRURGHR[\JOXFRVH�XSWDNH��WDEOH�������0DUNHUV�ZLWK�
WKH�EHVW�SURJQRVWLF�YDOXH�IRU�$$$�UXSWXUH�DUH�����$$$�GLDPHWHU�����1*$/�����3HDN�ZDOO�
VWUHVV�����3ODVPLQRJHQ�DFWLYDWRU�LQKLELWRU����DQG����6�HODVWLQ�SHSWLGHV��WDEOH�������ΖQ�WKH�
following paragraph we will speculate on possible threshold values for AAA follow-up 
and aneurysm repair surgery for the above-mentioned prognostic markers.

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)

�/RZ�WKUHVKROG 40 - 49 0.5 - 5 none

 High threshold 50 - 59 3 - 15 < 3

NGAL (mg/L)

�/RZ�WKUHVKROG 20 - 39 unknown < 3

 High threshold > 40 unknown < 1

Peak wall stress (N/cm2)

�/RZ�WKUHVKROG 30 - 49 unknown 3 - 6

 High threshold > 50 unknown < 1

PAI-1 (IU/mL)

�/RZ�WKUHVKROG < 15 unknown none

 High threshold Ȳ��� unknown < 3

S-elastin peptides (mg/L)

�/RZ�WKUHVKROG 330 - 349 unknown none

 High threshold > 350 unknown < 3
$$$b bDEGRPLQDO�DRUWLF�DQHXU\VP��1*$/b bQHXWURSKLO�JHODWLQDVH�DVVRFLDWHG�OLSRFDOLQ��3$Ζb bSODVPLQRJHQ�
DFWLYDWRU�LQKLELWRU��6�HODVWLQ�SHSWLGHVb bVHUXP�HODVWLQ�SHSWLGHV�

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. 
)RU�DOO�PDUNHUV�ZH�GHȴQHG�D�ORZ�DQG�D�KLJK�UDQJH��)RU�HDFK�UDQJH�ZH�FDOFXODWHG�WKH�
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 
�����PP�DQG�Ȳ����PP��UHVSHFWLYHO\��7KLV�LV�DFFRUGLQJ�WR�WKH�FXUUHQW�JXLGHOLQHV�RI�WKH�
European and American societies of vascular surgery.44,45 Chlamydophila pneumoniae 
ΖJ$�WLWUH������RU�Ȳ����VKRXOG�EH�IROORZHG�DIWHU����DQG���PRQWKV��UHVSHFWLYHO\��:KHQ�
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WKH�Ζ/7�YROXPH�LV�Ȳ�����RI�WKH�WRWDO�DQHXU\VP�YROXPH��ZH�VXJJHVW�D�IROORZ�XS�DIWHU����
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, 
ZH�VXJJHVW�IROORZ�XS�DIWHU����DQG����PRQWKV�ZKHQ�WKH�EORRG�OHYHOV�DUH�������DQG�Ȳ�
����LQ�PJ�/��UHVSHFWLYHO\��ZH�VXJJHVW�WKDW�$$$�ZLWK���)�)'*�XSWDNH�!�����RU�����Ȃ�����
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 
VWXGLHV�LQ�FKDSWHU����:H�VXJJHVW�WKDW�$$$�ZLWK�D�GLDPHWHU�H[FHHGLQJ����PP�LQ�ZRPHQ�
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�1*$/�EORRG�FRQFHQWUDWLRQV�RI����Ȃ����RU�Ȳ����
PJ�/�VKRXOG�LQGLFDWH�DQHXU\VP�UHSDLU�ZLWKLQ���PRQWKV�DQG���PRQWK��UHVSHFWLYHO\��:KHQ�
3:6�YDOXHV�DUH�PHDVXUHG�EHWZHHQ����DQG����RU�Ȳ����1�FP2 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 
LPSOHPHQWHG�LQ�$$$�PDQDJHPHQW��WKUHVKROG�YDOXHV�VKRXOG�ȴUVW�EH�YDOLGDWHG�

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 
KHWHURJHQLF� GDWD� IRU� WKH�PDUNHUV� RI� LQWHUHVW�� $OVR�� VWDWLVWLFDO� WHVWV� RIWHQ�GLHUHG�
between studies. For example, chlamydophila pneumoniae was investigated in four 
studies.46–49�ΖQ�WKUHH�VWXGLHV�GLHUHQFHV�LQ�PHDQV�ZHUH�PHDVXUHG�EHWZHHQ�JURXSV�DQG�
while one study the correlation between the blood titer and AAA expansion rate. The 
WKUHH�VWXGLHV��ZKLFK�PHDVXUHG�D�GLHUHQFH�LQ�PHDQV��DOO�XVHG�YDULDEOH�FXWR�YDOXHV�IRU�
WKH�JURXSV��7KHVH�GLHUHQFHV�PDGH�WKH�GDWD�XQVXLWDEOH�IRU�H[WUDFWLQJ�UHOLDEOH�WKUHVKROG�
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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� :H�
retrospectively calculated whether aneurysm growth was associated with production 
RI�WKRVH�VSHFLHV��:H�IRXQG�QR�FRUUHODWLRQ�EHWZHHQ�SURGXFWLRQ�RI�516�DQG�526�LQ�
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 
SURGXFWLRQ�RI�516�DQG�526�LQ�FLUFXODWLQJ�OHXNRF\WHV��7KHUHIRUH��ZH�FRXOG�QRW�GUDZ�ȴUP�
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 
OLWWOH�DERXW�WKH�1*$/�EORRG�YDOXHV�EHIRUH�WKH�UXSWXUH�KDG�RFFXUUHG��:H�ZRXOG�UDWKHU�
have followed these patients in the period before the AAA rupture with frequent NGAL 
measurements. Again, the work was not designed as a biomarker study and thus we 
had no set measurement points in time to determine NGAL values in the period before 
UXSWXUH�RFFXUUHG��+RZHYHU��ZH� IRXQG�KLJKO\�VLJQLȴFDQW�GLHUHQFHV� LQ�1*$/�EORRG�
concentrations between rAAA versus eAAA that we therefore suggest further biomarker 
research for NGAL as a marker for rupture.

ΖQ�FKDSWHU���ZH�LQYHVWLJDWHG�(5.�DFWLYDWLRQ�LQ�WKH�YHVVHO�ZDOO�RI�UXSWXUHG�DQG�QRQ�
ruptured AAA. An important methodological limitation is the fact that we could only 
WDNH�ELRSVLHV�IURP�WKH�YHQWUDO�ZDOO�RI�WKH�DQHXU\VP��$V�ZH�NQRZ��LQȵDPPDWLRQ�DQG�
degradation of the aorta are heterogeneously spread throughout the aneurysm wall. 
7KHUHIRUH�WKH�ELRSV\�ORFDWLRQ�LV�SRWHQWLDOO\�YHU\�LPSRUWDQW�DV�WKH�(5.�DFWLYDWLRQ�DW�RQH�
VLJKW�PLJKW�SRVVLEO\�GLHU�JUHDWO\�IURP�DQRWKHU�LQ�WKH�VDPH�DQHXU\VP��7KLV�OLPLWDWLRQ�
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.
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ΖQ�FKDSWHU���WKH�UROH�RI�7*)%5��H[SUHVVLRQ�ZDV�GHWHUPLQHG�LQ�0DUIDQ�SDWLHQWV��:H�
had limited access to the clinical characteristics of the patients. Therefore we were 
DOVR�OLPLWHG�LQ�FRUUHODWLQJ�WKH�VSHFLȴF�PXWDWLRQV�WR�WKH�FOLQLFDO�FRQVHTXHQFHV�� ΖI�ZH�
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 
GLDJQRVLV�DQG�PRUH�VSHFLȴF�WUHDWPHQW�RI�WKHVH�KLJK�ULVN�$$$�

9.6 Perspectives for future research

$�QHZ�PRGHO�IRU�WKH�REVHUYDWLRQ�RI�FHOO�LQWHUDFWLRQV�LQ�WKH�DQHXU\VP�ZDOO
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 
LQ� OLYLQJ�DQHXU\VP� WLVVXH��:H�GHYHORSHG�D�PHWKRG� WR�REWDLQ� YLWDO�� H[� YLYR�KXPDQ�
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 
EH�NHSW�DOLYH�LQ�FXOWXUH�IRU�XS�WR����GD\V��ZKLOH�PDLQWDLQLQJ�PLFURVWUXFWXUDO�RUJDQL]DWLRQ�
of the vessel wall.

Preservation of the aortic tissue composition in ex-vivo specimens facilitates the 
VWXG\� RI� FHOO� EHKDYLRU� DQG� LQWHUDFWLRQ�EHWZHHQ�GLHUHQW� FHOO� W\SHV�� DQG�SURYLGHV�
WKH�RSSRUWXQLW\�WR� LQYHVWLJDWH�WKH�HHFWV�RI�SKDUPDFRORJLFDO�VXEVWDQFHV�RQ�WLVVXH�
composition. The ability to digest the tissue sections greatly broadens the possibilities 
RI�WKLV�SURWRFRO��:H�DUH�FXUUHQWO\�LQYHVWLJDWLQJ�WKH�XVH�RI�WKHVH�WLVVXH�VHFWLRQV�LQ�QHZ�
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.

ΖGHQWLȴFDWLRQ�RI�QHZ�FLUFXODWLQJ�PDUNHUV
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.
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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 
SRWHQWLDO�PDUNHUV�WR�JLYH�GHȴQLWLYH�WKUHVKROG�YDOXHV��$�FOLQLFDO�WULDO�FRXOG�SURVSHFWLYHO\�
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 
ELRPHFKDQLFDO�PDUNHUV�ZLWK�KLJK�SRWHQWLDO�DV�D�SURJQRVWLF�PDUNHU��:H�GHPRQVWUDWHG�
ȴYH�PDUNHUV�IRU�IXWXUH�DQHXU\VP�JURZWK�DQG�ȴYH�PDUNHUV�IRU�D�IRUWKFRPLQJ�UXSWXUH��
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 
UHVXOW�LQ�PHGLDO�OD\HU�GHJUDGDWLRQ��ZKLFK�LV�VHHQ�DV�D�KDOOPDUN�RI�$$$�GHYHORSPHQW��:H�
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. 
:H�GHPRQVWUDWHG�WKDW�LWV�H[SUHVVLRQ�ZDV�LQFUHDVHG�LQ�WKH�DWKHURVFOHURWLF�SODTXH�DQG�
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.

(5.�LV�DQ�LQWUDFHOOXODU�VLJQDOOLQJ�SURWHLQ�ZLWK�D�EURDG�VSHFWUXP�RI�GRZQVWUHDP�HHFWV�
involved in the turnover of aortic wall components, i.e. ECM and SMC proliferation 
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RU� DSRSWRVLV�� ΖQLWLDOO\��ZH� VXJJHVWHG� WKDW� (5.�PLJKW� KDYH� D� SURWHFWLYH� UROH� LQ� WKH�
development of AAA. This conclusion was based on the association between increased 
(5.�DFWLYDWLRQ�ZLWK� WKH�SUHVHQFH�RI�QRQ�UXSWXUHG�$$$�DQG�DQ� LQYHUVH�FRUUHODWLRQ�
RI�(5.�DFWLYDWLRQ�ZLWK�PHGLDO� OD\HU�WKLFNQHVV��+RZHYHU��DFFRUGLQJ�WR�WKH�UHVXOWV�RI�
UHFHQWO\�SXEOLVKHG�VWXGLHV��LW�VHHPV�WKDW�(5.�DFWLYDWLRQ�LV�LQ�IDFW�DVVRFLDWHG�ZLWK�003���
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. 
ΖQ�SDWLHQWV�ZLWK�D�PXWDWLRQ�OHDGLQJ�WR�PDOIROGHG�)LEULOOLQ���SURWHLQV�WKH�HHFW�LV�JUHDWHU�
WKDQ� LQ�SDWLHQWV�ZLWK�D�PXWDWLRQ� OHDGLQJ�WR� LQVXɝFLHQW�SURGXFWLRQ��7KHVH�ȴQGLQJV�
VXJJHVW�EDVLF�GLHUHQFHV�LQ�WKH�SDWKRSK\VLRORJ\�RI�WKHVH�WZR�W\SHV�RI�)LEULOOLQ���JHQH�
PXWDWLRQV�DQG�WKXV�PLJKW�UHTXLUH�D�GLHUHQW�DSSURDFK�LQ�WKH�GLDJQRVLV�DQG�WUHDWPHQW�
of the disease.

ΖQYHVWLJDWLRQ�RI�$$$�VDPSOHV�LV�FXUUHQWO\�OLPLWHG�WR�WKH�XVH�RI�ȴ[DWHG�WLVVXH�RU�LVRODWHG�
FHOO�FXOWXUHV��:H�HVWDEOLVKHG�D�PHWKRG�IRU�H[WHQGHG�LQ�YLWUR�SUHVHUYDWLRQ�RI�IXQFWLRQDOO\�
and structurally intact full thickness aortic sections. Research on AAA pathophysiology, 
DQG�PRUH�VSHFLȴF�RQ�FHOOXODU�VLJQDOOLQJ�LQ�WKH�DRUWLF�ZDOO��PD\�KDYH�HQWHUHG�D�QHZ�HUD�
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(HQ�DQHXU\VPD�ZRUGW�JHGHȴQLHHUG�DOV�HHQ�SDWKRORJLVFKH�YHUZLMGLQJ�YDQ�HHQ�DUWHULH��
Een voorkeurslocatie van een aneurysma is in de abdominale aorta. Doorgaans is 
een abdominaal aorta aneurysma (AAA) asymptomatisch tot het moment dat er 
HHQ� UXSWXXU� YDQ�GH�ZDQG�RSWUHHGW�RI�DDQVWDDQGH� LV��(HQ� UXSWXXU� ]RUJW� YRRU�HHQ�
OHYHQVEHGUHLJHQGH�EORHGLQJ��(U�]LMQ�YRRUDOVQRJ�JHHQ�PHGLFDPHQWHX]H�RSWLHV�RP�GH�
groei van een aneurysma tegen te gaan. Derhalve is een chirurgische behandeling 
van het AAA de enige mogelijkheid om een ruptuur te voorkomen. Een aneurysma 
KHUVWHORSHUDWLH�LV�QLHW�YULM�YDQ�SHULRSHUDWLHYH�PRUELGLWHLW�HQ�]HOIV�PRUWDOLWHLW��'HUKDOYH�
moeten patiënten nauwkeurig worden geselecteerd om in aanmerking komen voor 
een dergelijke behandeling. Het blijft echter uitdagend om accuraat aan te geven welk 
$$$�]DO�UXSWXUHUHQ�HQ�ZHONH�QLHW�

+HW�GRHO�YDQ�GLW�SURPRWLHRQGHU]RHN�LV��L��KHW�RQWUDIHOHQ�YDQ�HQNHOH�SDWKRI\VLRORJLVFKH�
SURFHVVHQ�GLH�OHLGHQ�WRW�HHQ�UXSWXXU��HQ�LL��RQGHU]RHNHQ�RI�HU�PDUNHUV�]LMQ�GLH�GH�JURHL�
of een aanstaande ruptuur van een AAA nauwkeuriger kunnen voorspellen dan de 
huidige indicatoren.

In deel 1 YDQ� GLW� SURHIVFKULIW� ZRUGW� HHQ� RYHU]LFKW� JHSUHVHQWHHUG� YDQ� GH� UHHGV�
bekende maar ook potentiële nieuwe markers voor aneurysma groei en ruptuur. Een 
OLWHUDWXXURYHU]LFKW�ZRUGW�EHVFKUHYHQ� LQ�hoofdstuk 2 waarbij we studies hebben 
JH±QFOXGHHUG�GLH�SRWHQWLOH�PDUNHUV�YRRU�$$$�JURHL�HQ��RI�UXSWXXU�KHEEHQ�RQGHU]RFKW��
:H�KHEEHQ�HHQ�RQGHUYHUGHOLQJ�JHPDDNW�LQ�PHFKDQLVFKH��FLUFXOHUHQGH�HQ�JHQHWLVFKH�
markers. Met name in de eerste twee categorieën hebben we meerdere veelbelovende 
PDUNHUV�JH±GHQWLȴFHHUG��'H]H�]LMQ�QRJ�QLHW�GLUHFW�NOLQLVFK�WRHSDVEDDU��PDDU�OLMNHQ�GH�
PRHLWH�ZDDUG�RP�YHUGHU�WH�RQGHU]RHNHQ��*HQHWLVFKH�DIZLMNLQJHQ�GDDUHQWHJHQ�EOLMNHQ�
YRRUDOVQRJ�ODVWLJ�LQ�WH�]HWWHQ�DOV�PDUNHU�YRRU�$$$�JURHL�RI�UXSWXXU�

In hoofdstuk 3� KHEEHQ�ZH�GH� SURGXFWLH� YDQ� YULMH� ]XXUVWRIUDGLFDOHQ� JHPHWHQ� LQ�
FLUFXOHUHQGH�OHXNRF\WHQ�YDQ�]RZHO�$$$�SDWLQWHQ�DOV�YDQ�JH]RQGH�FRQWUROHV��:H�KHEEHQ�
GDDUELM�VHSDUDDW�GH�SURGXFWLH�JHPHWHQ�LQ�QHXWURȴHOHQ��O\PIRF\WHQ�HQ�PRQRF\WHQ��+HW�
EOLMNW�GDW�QHXWURȴHOHQ�HQ�PRQRF\WHQ�GH�KRRJVWH�SURGXFWLH�KHEEHQ�HQ�RRN�VLJQLȴFDQW�
YHUVFKLOOHQ�YDQ�GH�FRQWUROH�JURHS��:H�FRQFOXGHUHQ�GDQ�RRN�GDW�GH�PDWH�YDQ�YULMH�
]XXUVWRIUDGLFDOHQ�SURGXFWLH�GRRU�QHXWURȴHOHQ�HQ�PRQRF\WHQ�HHQ�URO� VSHHOW� LQ�GH�
ontwikkeling van een aneurysma. Er blijkt echter geen relatie te bestaan tussen de 
KRHYHHOKHLG�YULMH�]XXUVWRIUDGLFDOHQ�HQ�GH�JURHLVQHOKHLG�YDQ�$$$�
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In hoofdstuk 4 is de rol van een acute fase eiwit, genaamd neutrophil gelatinase-
associated lipocalin �1*$/��� RQGHU]RFKW� LQ� GH� RQWZLNNHOLQJ� HQ� UXSWXXU� YDQ� $$$��
%ORHGPRQVWHUV�HQ�DQHXU\VPDZHHIVHOV�YDQ�]RZHO�JHUXSWXUHHUGH�DOV�QLHW�JHUXSWXUHHUGH�
$$$�SDWLQWHQ�ZHUGHQ�YHU]DPHOG��HYHQDOV�EORHGPRQVWHUV�HQ�DRUWDZHHIVHO�YDQ�JH]RQGH�
FRQWUROHV��'H]H�]LMQ�DOOHQ�RQGHU]RFKW�RS�GH�KRHYHHOKHLG�HQ�ORNDOLVDWLH�YDQ�1*$/��ΖQ�
DQHXU\VPDZHHIVHOV�ZRUGW�HHQ�JURWHUH�KRHYHHOKHLG�1*$/�JHPHWHQ�GDQ� LQ�JH]RQG�
aortaweefsel. Het bloed van geruptureerde patiënten heeft een hogere concentratie 
NGAL dan bloed van niet-geruptureerde patiënten en controles. Daarnaast we 
hebben positieve correlaties aangetoond tussen NGAL en factoren van vaatwand 
GHJHQHUDWLH�]RDOV�ELQGZHHIVHO�DIEUDDN��JHSURJUDPPHHUGH�FHOGRRG�HQ�SURGXFWLH�YDQ�
YULMH�]XXUVWRIUDGLFDOHQ��:H�FRQFOXGHUHQ�GDQ�RRN� LQ�KRRIGVWXN���GDW�1*$/�HHQ�URO�
VSHHOW�LQ�GH�RQWZLNNHOLQJ�YDQ�$$$�HQ�PRJHOLMN�DOV�PDUNHU�YRRU�DQHXU\VPD�UXSWXXU�]RX�
kunnen fungeren.

In deel 2�YDQ�GLW�SURHIVFKULIW�ZRUGHQ�LQWHUFHOOXODLUH�VLJQDOHULQJVURXWHV�RQGHU]RFKW�
die mogelijk de groei en ruptuur van AAA beïnvloeden. Hoofdstuk 5 en 6 ULFKWHQ�]LFK�
op een extracellulair signaaleiwit dat extracellular signal-regulated kinase� �(5.��ZRUGW�
genoemd. In hoofdstuk 5�ZRUGW�GH�DFWLYHULQJ�YDQ�(5.�JHPHWHQ�LQ�DQHXU\VPDZHHIVHO�
YDQ�]RZHO�JHUXSWXUHHUGH�DOV�QLHW�JHUXSWXUHHUGH�$$$��2RN�LV�GH�PDWH�YDQ�ELQGZHHIVHO�
DIEUDDN�HQ�GH�ZDQGGLNWH�YDQ�GH�DQHXU\VPDWD�RQGHU]RFKW��(5.�ZRUGW�LQ�KRJHUH�PDWH�
JHDFWLYHHUG�LQ�QLHW�JHUXSWXUHHUGH�$$$�LQ�YHUJHOLMNLQJ�WRW�JHUXSWXUHHUGH�$$$�HQ�JH]RQGH�
DRUWDȇV��(U�EHVWDDW�HHQ�OLQHDLU�YHUEDQG�WXVVHQ�(5.�DFWLYHULQJ�HQ�GH�ZDQGGLNWH�YDQ�KHW�
DQHXU\VPD��:H�FRQFOXGHHUGHQ�LQLWLHHO�LQ�KRRIGVWXN���GDW�(5.�OLMNW�WH�EHVFKHUPHQ�WHJHQ�
AAA ruptuur. Echter, in hoofdstuk 6 moeten die conclusie bijstellen nadat we een kort 
RYHU]LFKW�KHEEHQ�JHPDDNW�YDQ�GH�PHHVW�UHFHQWH�OLWHUDWXXU��'H�DFWLYHULQJ�YDQ�(5.�LQ�GH�
aneurysmawand lijkt eerder vaatwand degeneratie te stimuleren dan te beschermen 
tegen ruptuur.

In hoofdstuk 7 wordt een signaleringsroute uitgelicht die een belangrijke rol speelt in 
de ontwikkeling van AAA in patiënten met een genetische predispositie voor het krijgen 
van aneurysmata. Een bekend voorbeeld van een dergelijke afwijking is een mutatie 
LQ�KHW�)LEULOOLQH���JHQ��ZDW�OHLGW�WRW�GH�]LHNWH�YDQ�0DUIDQ��'H]H�SDWLQWHQ�KHEEHQ�HHQ�
grote kans op het krijgen van AAA op relatief jonge leeftijd. Een groeifactor die centraal 
staat in het ontwikkelen van de Marfan symptomen is WUDQVIRUPLQJ� JURZWK� IDFWRU�
beta �7*)�¡��� ΖQ�FHONZHNHQ�PHW�OHYHQGH�ȴEUREODVWHQ�YDQ�]RZHO�0DUIDQ�SDWLQWHQ�DOV�
JH]RQGH�FRQWUROHV�LV�GH�URO�YDQ�7*)�¡�UHFHSWRU���RQGHU]RFKW��:H�FRQFOXGHUHQ�GDW�7*)�¡�
receptor-3 verantwoordelijk is voor de verhoogde activering van TGF-ß in een subgroep 
YDQ�0DUIDQ�SDWLQWHQ��'H]H�FRQFOXVLH�EHQDGUXNW�GDW�HU�ELQQHQ�KHW�0DUIDQ�VSHFWUXP�
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QRJ�EHODQJULMNH�YHUVFKLOOHQ�]LMQ�LQ�GH�SDWKRI\VLRORJLH��'H�UHVXOWDWHQ�EHQDGUXNNHQ�GH�
QRRG]DDN�YDQ�KHW�HHQ�JHULFKWH�VSHFLȴHNH�EHKDQGHOLQJ�YRRU�GH�VXEJURHSHQ�ELQQHQ�GH�
totale groep van Marfan patiënten.

In deel 3�ZRUGW�GH�RQWZLNNHOLQJ�YDQ�HHQ�QLHXZ�PRGHO�EHVFKUHYHQ�RP�LQ�YLWUR�RQGHU]RHN�
te doen naar cel interactie in de aorta- en aneurysmawand. In hoofdstuk 8 snijden we 
PHW�EHKXOS�YDQ�HHQ�]RJHQDDPGH�9LEUDWRPH�FRXSHV�YDQ�QRJ�OHYHQGH�ELRSWHQ�ZDDULQ�
DOOHGULH�GH�ODJHQ�YDQ�GH�DRUWDZDQG�]LMQ�RSJHQRPHQ��ΖQ�RQ]H�VWXGLH�KHEEHQ�ZH�YRRU�
KHW�HHUVW�DDQJHWRRQG�GDW�GH�FHOOHQ�LQ�GH]H�FRXSHV�WRW�ZHO����GDJHQ�LQ�OHYHQ�NXQQHQ�
EOLMYHQ��7RW�QX�WRH� LV�KHW�RQGHU]RHN�QDDU�VLJQDOHULQJVURXWHV�YRRU� LQWHUDFWLH�WXVVHQ�
FHOOHQ�JURWHQGHHOV�EHSHUNW�JHZHHVW�WRW�JHȴ[HHUG�GDQ�ZHO�GLHS�EHYURUHQ�PDWHULDDO�
RI�FHONZHNHQ�YDQ�DI]RQGHUOLMNH�FHOOHQ�XLW�GH�DRUWDZDQG��'H]H�QLHXZH�WHFKQLHN�PDDNW�
KHW�PRJHOLMN�RP�RQGHU]RHN�WH�GRHQ�QDDU�FHO�LQWHUDFWLH�LQ�HHQ�YHHO�UHDOLVWLVFKHU�PRGHO�

Concluderend, blijkt het tot de dag van vandaag uitdagend om AAA groei en een 
eventuele ruptuur te voorspellen. Een accurate prognose helpt de besluitvorming 
RPWUHQW�HHQ�DQHXU\VPD�KHUVWHORSHUDWLH��ΖQ�GLW�SURHIVFKULIW�LV�HHQ�RYHU]LFKW�JHJHYHQ�
YDQ�UHHGV�JH±GHQWLȴFHHUGH�PDUNHUV�YRRU�DQHXU\VPDJURHL�HQ�ȂUXSWXXU�GLH�QRJ�QLHW�
LQ�GH�GDJHOLMNVH�SUDNWLMN�ZRUGHQ�WRHJHSDVW��7HYHQV�]LMQ�HU�PRJHOLMNH�QLHXZH�PDUNHUV�
RQGHU]RFKW�PLGGHOV�ZHHIVHO��HQ�EORHGRQGHU]RHN��9HUYROJHQV�LV�GH�LQWHUDFWLH�RQGHU]RFKW�
tussen cellen die bijdraagt aan de ontwikkeling en ruptuur van aneurysmata. Tot slot 
presenteren we een nieuwe en meer realistischer methode om signaleringsroutes voor 
cel interactie te bestuderen. De resultaten van dit proefschrift hebben het begrip van de 
AAA pathofysiologie vergroot en brengen het accuraat voorspellen van aneurysmagroei 
en -ruptuur een stap dichterbij.
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Stefan, Orkun, Sabrina, Jacqueline��'H�EHHU�LV� ORV��1D�MDUHQ�YDQ�]DDLHQ�LV�KHW�QX�
WLMG�RP�WH�RRJVWHQ��+DUP�KHHIW�KHW�VWDUWVFKRW�JHJHYHQ��HU�]XOOHQ�QX�YHHO�SURPRWLHV�
YROJHQ��:DW�HHQ�JHZHOGLJH�WLMG�KHE�LN�PHW�MXOOLH�JHKDG��.DNNKHH�MH�PDJ�WURWV�]LMQ�RS�GH�
FOXE�GLH�MH�KHEW�RSJH]HW�

Beste Laura van Wieringen en Ron de Hoon, jullie hadden altijd wel honderd andere 
]DNHQ�DDQ�MH�KRRIG�HQ�WRFK�PDDNWHQ�MXOOLH�WLMG�RP�RQV�WH�KHOSHQ�GRRU�KHW�ORJLVWLHNH�
oerwoud van de VU. Jullie maken het leven van de Heelkunde collega’s een heel stuk 
aangenamer, veel dank daarvoor! 

Beste professor Bonjer�� XZ� RS]ZHSHQGH� VSHHFKHV� LQ� GH� EXV� RS� ZHJ� QDDU� GH�
Chirurgencup hebben een onuitwisbare indruk op mij gemaakt, alsof we op weg waren 
QDDU�GH�2O\PSLVFKH�ȴQDOH�KRFNH\��'LW�EOHHN�WHNHQHQG�WH�]LMQ�YRRU�XZ�YLVLH�RS�RQ]H�
afdeling Heelkunde.

Beste chirurgen van het Spaarne Gasthuis��LQ�KHW�ELM]RQGHU�RSOHLGHU�5LMQD��LN�EHQ�HU�
WURWV�RS�WH�NXQQHQ�]HJJHQ�GDW�LN�LQ�GLW�JDVWKXLV�HQ�GRRU�MXOOLH�ZRUGW�RSJHOHLG�WRW�FKLUXUJ��
+HW�LV�HHQ�ELM]RQGHUH�SUHVWDWLH�RP�ELQQHQ�HHQ�DIGHOLQJ�YDQ�GH]H�RPYDQJ�]R�HHQ�JRHGH�
sfeer en samenwerking te creëren.

Beste arts-assistenten van het Spaarne Gasthuis, we werken ons allemaal een 
VODJ�LQ�GH�URQGWH�LQ�RQ]H�HHXZLJH�VWULMG�WHJHQ�GH�RQXLWVWDDQEDUH�SLHSHUV��GH�FRQVXOWHQ�
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YDQ�GH�LQWHUQH��GH�YUDJHQ�RYHU�LQIXXVVWDQGHQ�HQ�YHU]RHNHQ�YRRU�RUGHUV�LQ�(SLF��$DQ�
het einde van de dag winnen we altijd weer van bovenstaande plaaggeesten door jullie 
ongekende collegialiteit en teamgevoel! 

:HOHGHO]HHUJHOHHUGH�KHHU�6FKHUGHU, beste Erik, op het moment dat ik de eindstreep 
HYHQ�XLW�KHW�YL]LHU�YHUORUHQ�ZDV�VFKXGGH�MLM�PH�ZDNNHU�HQ�JDI�PH�HHQ�VFKRS�RS�HHQ�
SOHN�ZDDU�LN�KHW�QRGLJ�KDG��.RUWH�WLMG�ODWHU�ODJ�PLMQ�PDQXVFULSW�ELM�GH�OHHVFRPPLVVLH��-H�
energie en enthousiasme is cruciaal geweest voor het afronden van dit proefschrift. 

Lieve schoonfamilie: Marijke, Grady, Katinka, Martijn, Yasmaine, Carolien en 
Rogier, dank dat jullie mij hebben opgenomen in jullie familie. Je familie heb je niet voor 
KHW�NLH]HQ�PDDU�LN�KDG�MXOOLH�VWXN�YRRU�VWXN�JHNR]HQ�DOV�LN�KHW�YRRU�]HJJHQ�KDG�JHKDG�

Lieve familie, Pap, Mam, Eelke, Laura, Michel en Hessel��9DDN�]LMQ�ZH�VWUDWHJLVFK�
verspreid over de hele wereld, maar op de momenten dat we elkaar nodig hebben staan 
we er allemaa lvoor elkaar. Dank voor jullie onvoorwaardelijke steun en vertrouwen.

%HVWH�OH]HUV��KLHU�GH�EHODQJULMNVWH�take home message: LN�EHQ�JH]HJHQG�PHW�HHQ�KHOH�
OLHYH��NQDSSH�HQ�ELM]RQGHU�DWWHQWH�YURXZ�HQ�GDW� LV�ZHO�PLMQ�PHLVMH�0DDLNH� =LM�]RUJW�
ervoor dat alles in mijn leven mooier, kleurvoller en dierbaarder wordt. Lieve Maaike, 
GDQN� MH�ZHO�GDW� MH�PLMQ� OHYHQ�]R�YHUULMNW�HQ�QLHW� LQ�GH�PLQVWH�SODDWV�GRRU�RQV�WZHH�
ZDDQ]LQQLJ�JRHG�JHOXNWH�GRFKWHUV��Félin en Annamae, te schenken. Je vergeleek ons 
OHYHQ�RRLW�PHW�GH�FDGDQV�YDQ�RQ]H�KDUGORRSVHVVLHV��]RDOV�LN�KHW�]LH�UHQQHQ�ZH�QX�GH�
7ZR�2FHDQV��PHW�DOOHHQ�PDDU�VFKLWWHUHQGH�XLW]LFKWHQ�RP�RQV�KHHQ�HQ�HHQ�RQHLQGLJH�
PRRLH�ZHJ�YRRU�RQV�XLW�ZDDURYHU�ZH�VDPHQ�GH�KRUL]RQ�WHJHPRHW�JDDQ�

Binnenwerk_mennodef.indd   198 09-12-19   17:06



199

Acknowledgements

AP
PE
N
D
IC
ES

Binnenwerk_mennodef.indd   199 09-12-19   17:06



Binnenwerk_mennodef.indd   200 09-12-19   17:06



Cellular signalling in abdominal aortic aneurysms

 
 

M
enno E. G

roeneveld  
 

 
Cellular signalling in abdom

inal aortic aneurysm
s

Menno E. Groeneveld

Menno Evert Groeneveld was born May 27th 1985 in 
Singapore. He followed his primary education in Kloof 
(South Africa), Joppe and Leeuwarden. His secondary 
education was at the Christelijk Gymnasium in 
/HHXZDUGHQ�� ΖQ� KLV� ȴUVW� XQLYHUVLW\� \HDU� KH� VWXGLHG�
Law, after which he switched to Medical Studies at 
the VU University Medical Center in Amsterdam. As 
D�PHGLFDO�VWXGHQW�KH�VWDUWHG�KLV�VFLHQWLȴF�FDUHHU�DV�
a research-student and would later follow a MD-PhD 
program at the Department of Vascular Surgery in 
collaboration with the Department of Physiology. 
Currently, he is general surgical resident in the 
greater VU University Medical Center region and will 
commence his vascular surgical residency in 2020. 
As an entrepreneur he advises several medical clinics 
and hospitals in correct and optimal medical billing.

Towards better prediction of aneurysm progression and rupture


