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ABSTRACT
Cardiovascular disease (CVD) is the major cause of death worldwide. Underlying
causes, such as atherosclerosis and hypertension, are associated with remodeling
of the vessel wall ultimately leading to loss of structural integrity. There are a
number of factors that can influence vascular remodeling and hence structural
integrity. The overall aim of this thesis was to investigate aortic wall integrity in
relation to genetics and blood flow.
The influence of SNPs within the currently strongest and most robust
susceptibility locus identified for CVD (chromosome 9p21.3) on abdominal aortic
integrity was studied in elderly individuals. In men, risk‐variants were associated
with a decreased abdominal aortic stiffness, independent of other factors related
to arterial stiffness. Impaired mechanical properties of the abdominal aortic wall
may explain the association between chromosome 9p21.3 and vascular disease.
Plasminogen activator inhibitor 1 (PAI‐1) is the key inhibitor of fibrinolysis,
and involved in several processes associated with vascular remodeling. We
investigated the impact of the PAI‐1 4G/5G polymorphism on central aortic blood
pressure as this pressure more strongly relates to cardiovascular morbidity and
mortality than the peripheral pressure. Elderly women carrying the 4G/4G
genotype had higher central aortic blood pressure than women carrying the
5G/5G genotype. The association was regardless of other risk factors related to
hypertension, suggesting that an impaired fibrinolytic potential may play an
important role in the development of hypertension in women.
Blood flow is a strong determinant of arterial growth and vascular function.
We investigated flow‐dependent gene expression and vessel wall morphology in
the rat aorta under physiological conditions. Microarray analysis revealed a
strong differential gene expression between disturbed and uniform flow pattern
regions, particularly associated with transcriptional regulation. Moreover, several
genes related to Ca2+ signalling were among the most highly differentially
expressed. Up‐regulation of Ca2+‐related genes may be due to endothelial
response to disturbed flow and assembly of cilia, consequently leading to
functional and structural modifications of the vessel wall.
Bicuspid aortic valve (BAV) is a congenital disorder associated with disturbed
ascending aortic blood flow. Using a new strategy to dissect flow‐mediated gene
expression we identified several novel flow‐associated genes, particularly related
to angiogenesis, wound healing and mechanosensing, showing differential
expression in the ascending aorta between BAV and tricuspid aortic valve
patients. Fifty‐five percent of the identified genes were confirmed to be flow‐
responsive in the rat aorta. A disturbed flow, and consequently an altered gene
expression, may contribute to the increased aneurysm susceptibility associated
with BAV morphology.
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POPULÄRVETENSKAPLIG SAMMANFATTNING
Kärlväggens sammansättning, struktur och funktion spelar en central roll för vår
kardiovaskulära hälsa. En defekt kärlfunktion i centrala artärer leder till ett ökat
hjärtarbete och en ökad risk för utveckling av hjärtkärlsjukdom. En rad olika
faktorer kan påverka cellerna i kärlväggen, med en förändrad struktur och en
störd funktion som följd. I de fyra delarbeten som ligger till grund för den här
avhandlingen studerades genetiska variationers samt blodflödets inverkan på
kärlväggsfunktionen.
Genom att screena det mänskliga genomet har man på senare år kunnat
identifiera tidigare okända genförändringar som ger en ökad risk för
hjärtkärlsjukdom. Speciellt intressant är ett område på kromosom 9 som är
associerat med ökad risk för både koronarkärlssjukdom och pulsåderbråck. Det
är oklart vilken mekanism som ligger till grund för den här kopplingen, men en
påverkan på kärlväggens basala egenskaper skulle kunna vara en möjlig
förklaring. I delarbete I studerades sambandet mellan genförändringar på
kromosom 9 och kärlstyvhet i stora kroppspulsådern i buken (bukaorta) i en
åldrad population. Män som var bärare av genvarianten som tidigare associerats
med en ökad risk för hjärtkärlsjukdom visades ha en mer elastisk (mindre styv)
bukaorta än de som var bärare av den ”skyddande” genvarianten. Inget sådant
samband kunde dock återfinnas hos kvinnor. En förändrad kärlstyvhet indikerar
en störd kärlväggsfunktion. En störd kärlväggsfunktion skulle kunna förklara
varför individer som är bärare av riskvarianten i högre utsträckning utvecklar
hjärtkärlsjukdom.
Plasminogen activator inhibitor‐1 (PAI‐1) är ett protein som finns cirkulerande i
blodet men även i kärlväggen. Några av de funktioner PAI‐1 har är att hämma
nedbrytningen av kärlväggens komponenter samt stimulera celltillväxt. Det finns
en vanlig genetisk variation (polymorfi) i genen för PAI‐1 som brukar benämnas
PAI‐1 4G/5G polymorfin. Den styr till viss del hur mycket PAI‐1 som finns
cirkulerande i blodet, där bärare av 4G/4G har högre nivåer av PAI‐1 i blodet än
bärare av 5G/5G. Tidigare studier har visat att det finns en koppling mellan PAI‐1
4G/5G polymorfin och risk för att utveckla högt blodtryck. Vanligtvis mäts
blodtrycket i överarmen men på senare år har det hjärtnära blodtrycket i aorta
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kommit mer i fokus då det visat sig att det mer kraftfullt relaterar till
utvecklingen av hjärtkärlsjukdom. I delarbete II studerades sambandet mellan
PAI‐1 4G/5G polymorfin och hjärtnära blodtryck i samma population av äldre
män och kvinnor som i delarbete I. Kvinnor som var bärare av 4G/4G visades ha
ett högre hjärtnära blodtryck än de kvinnor som var bärare av 5G varianten.
Sambandet var oberoende av andra faktorer som är viktiga för reglering av
blodtryck, och skulle således kunna vara orsakad av PAI‐1 nivåerna i blodet och
kärlväggen då man vet att dessa till viss del styrs av PAI‐1 4G/5G polymorfin.
Ökade PAI‐1 nivåer leder till minskad nedbrytning av kärlväggens komponenter,
vilket i sin tur kan resultera i en ökad väggtjocklek/styvhet och därmed ökat
blodtryck.
Insidan av blodkärlen utsätts ständigt för en gnuggande kraft (wall shear stress;
WSS) orsakad av det pulserande blodflödet. Det finns en stark koppling mellan
WSS och kärlväggsfunktion, där en låg WSS är kopplad till sjukliga förändringar i
kärlväggen. Låg WSS förkommer bland annat i kärlregioner med oregelbunden
geometri (t.ex. insidan av aortabågen), och det är även i dessa regioner som
åderförkalkning företrädelsevis uppkommer. I delarbete III studerades hur olika
typer av blodflöden, och därmed även olika nivåer av WSS, påverkar genaktivitet
och kärlstruktur i aortabågen hos råttor. I områden med låg WSS sågs ett ökat
uttryck av gener kopplade till inflammation, och i samma områden sågs även en
uppreglering av gener relaterade till cilier. Cilier är hårlika strukturer som sticker
ut från ytan på endotelcellerna (det innersta lagret av kärlväggen, närmast
blodet) och som kan känna av WSS. Cilier har tidigare påvisats i områden med låg
WSS, där blodflödet är långsammare och stört. Det är således möjligt att
identifierade gener kan bidra till uppkomsten av cilier och därmed en ökad
känslighet i kärlväggen med sjukliga förändringar som följd.
Aortaklaffen är den klaff som sitter mellan hjärtats vänstra kammare och aorta,
och som förhindrar att blod rinner tillbaks till hjärtat. Aortaklaffen består
vanligtvis av tre delar (kuspar), men hos ca 1‐2 procent av befolkningen
förekommer en missbildning där två av kusparna sammansmält och bildat en
tvådelad (bikuspid) aortaklaff. Patienter med bikuspid aortaklaff (BAV) drabbas i
högre utsträckning av allvarliga aortakomplikationer, så som pulsåderbråck, än
patienter med tredelad (trikuspid) aortaklaff (TAV). En möjlig förklaring till detta
kan vara förekomst av ett onormalt aortablodflöde hos patienter med BAV. I
delarbete IV studerades gener som samvarierar med gener som tidigare påvisats
vara reglerade av blodflöde. Genaktiviteten i vävnadsbitar från aorta jämfördes
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mellan patienter med BAV och TAV. Majoriteten av de gener där uttrycket skiljde
sig mellan de två patientgrupperna visade sig vara kopplade till nybildning av
blodkärl, vävnadsreparation och mekanodetektion (inklusive cilier). Femtiofem
procent av generna som skiljde sig i uttryck mellan patientgrupperna, skiljde sig
även i uttryck mellan kärlregioner med hög respektive låg WSS i råtta, viket pekar
på att skillnaden i genuttryck mellan BAV och TAV kan förklaras av olikheter i
aortablodflöde. Ett onormalt blodflöde, som ett resultat av bikuspid aortaklaff,
verkar således kunna påverka uttrycket av gener som kan inverka på kärlväggens
struktur och därmed funktion. Det skulle kunna bidra till den ökade risken för
pulsåderbråck som påvisats hos patienter med bikuspid aortaklaff.
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INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death worldwide. The major
underlying cause is atherosclerosis although other events associated with
vascular changes, such as hypertension and diabetes, also play important roles.
The term vascular remodeling refers to structural and functional modifications of
the vessel wall in response to a diverse set of stimuli. It can be of either
physiological (e.g. ageing) and/or pathological (e.g. atherosclerosis,
hypertension) nature, and is characterized by a shift from a quiescent smooth
muscle cell phenotype towards a non‐quiescent state and an increased turnover
of the extracellular matrix (ECM). This ultimately leads to loss of structural
integrity, thereby contributing to disease progression. There are a number of
factors that can influence vascular remodeling and hence vessel wall integrity.
The research underlying this thesis have focused on two factors; biomechanical
forces, generated by the pulsatile nature of flowing blood, and genetic
contributions. In Paper I and II, genetic variation within a region on chromosome
9p21.3, which is currently the strongest and most robust susceptibility locus
identified for CVD, and within the promoter region of the PAI‐1 gene,
respectively, was studied in relation to aortic integrity. In Paper III and IV, aortic
wall integrity was investigated in relation to blood flow, in rats and in humans.

The arterial wall
Arteries consist of three layers; tunica intima, tunica media and tunica adventitia.
In healthy subjects, the tunica intima, which is the innermost layer, consists of a
monolayer of endothelial cells (ECs), i.e. the endothelium, and is supported by a
subendothelial layer of loose connective tissue anchoring to the internal elastic
lamina (Nichols, et al. 2005b). The endothelium functions not only as a permeable
barrier between the blood and the vessel wall, but is also actively involved in
many important processes related to vascular function (Pries, et al. 2000). The
tunica media is mainly built up by vascular smooth muscle cells (VSMCs) and ECM
proteins such as elastin, collagen, fibronectin etc. The external elastic lamina
separates the medial layer from the tunica adventitia, which is the outermost
connective tissue. The adventitial layer is predominantly composed of collagen
fibres and fibroblasts but also nerves, small blood vessels (vasa vasorum) and
elastin (Nichols, et al. 2005b).
INTRODUCTION I 13

The aorta
The aorta is the largest artery in the body, originating from the left ventricle of
the heart and extending down the abdomen. It is usually divided into four parts
based on anatomical position; the ascending aorta, the aortic arch, the descending
thoracic aorta and the abdominal part. Although all segments are built‐up in the
same way, structural heterogeneity has been demonstrated between the different
segments, being most prominent between the thoracic and the abdominal
portions. Lamellae are concentric layers of elastin filaments present in the medial
layer of mainly elastic arteries. In humans, there is a clear distinction between the
thoracic and the abdominal aorta in terms of lamellae. The thoracic aorta contains
55 to 60 lamellae, divided into an avascular and a vascular zone. The avascular
zone, i.e. the first 28 to 30 lamellae counted from the lumen towards the
adventitia, is supplied with oxygen and nutrients by diffusion from the
bloodstream, whereas the vascular zone (outer lamellae) is supplied with oxygen
and nutrition by vasa vasorum penetrating from the adventitial layer. The
abdominal aorta, on the other hand, contains fewer lamellae and the major part of
the abdominal aortic media lacks vasa vasorum (Wolinsky, et al. 1969). An
increase in aortic wall thickness may thus lead to more prominent nutrition
impairments in this location compared with more proximal parts. Furthermore,
there is a progressive decrease of both collagen and elastin content of the aorta
all the way down to the site of the renal arteries. In the infrarenal aorta however,
there is a much greater fall of elastin than of collagen (Halloran, et al. 1995),
resulting in increased wall stiffness in this location (Laurent, et al. 2006). It can be
speculated that this may influence vessel integrity also beyond the structural
properties of elastin, as elastin previously has been reported to be a potent
autocrine regulator of VSMC activity, inhibiting proliferation and migration and
favouring a quiescent contractile phenotype (Karnik, et al. 2003). Moreover,
changes related to age and sex are more pronounced in the abdominal aorta
(Virmani, et al. 1991), and compared to other central arteries the abdominal
aorta is exposed to higher systolic and pulse pressure (Latham, et al. 1985).
The aorta of small animals, such as the mouse and rat, contains more lamellae per
unit wall thickness, in both the thoracic and the abdominal aortic segments,
compared with larger animals (Wolinsky, et al. 1969). In addition, in small
animals there are no vasa vasorum in the medial layer of either the proximal or
the distal aorta (Wolinsky, et al. 1969).
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Arterial stiffness
Arterial stiffness is an independent predictor for cardiovascular morbidity and
mortality (Boutouyrie, et al. 2002, Meaume, et al. 2001, Willum‐Hansen, et al.
2006). In the healthy arterial bed, elastic properties vary along the arterial tree;
the proximal aorta being more elastic than distal arteries (Laurent, et al. 2006).
This is mainly due to differences in the content and composition of the ECM, the
ratio between elastin and collagen, the two major structural proteins, being the
main determinant of arterial compliance (Hoffman, et al. 1977). In the
physiological pressure range, the distensible elastin is the main load‐bearing
protein (Åstrand, et al. 2011), while the much stiffer collagen is responsible for
mechanical strength at higher pressures (Roach, et al. 1957). Elastic properties of
large arteries do however not only depend on these two structural proteins, but
also on the degree of SMC activation, spatial organization and mechanical
interactions among these components. Further, stiffness is also influenced by age,
sex and other classical CVD risk factors (Benetos, et al. 1993, Reneman, et al.
1986). In addition, genetic factors have been implicated as important
determinants of arterial stiffness (Laurent, et al. 2005), acting either directly by
inducing structural changes, or indirectly through other risk factors. For example,
genetic variation in the gene encoding matrix metalloproteinase (MMP)‐3 have
been associated with altered arterial stiffness (Medley, et al. 2003).

Ageing
As mentioned, ageing is associated with structural modifications of the arterial
wall, consequently leading to arterial stiffening. These changes are most marked
in the medial layer, with a thinning, splitting, fraying and fragmentation of elastin,
and increased amounts of collagen and collagen cross‐linking, ultimately leading
to a decreased compliance. Ageing is also associated with an increase in aortic
lumen diameter (Länne, et al. 1992, Åstrand, et al. 2005) and a thickening of the
arterial wall (Åstrand, et al. 2005). Furthermore, age‐related changes are most
prominent in elastic arteries, while muscular arteries are less affected (Benetos,
et al. 1993, van der Heijden‐Spek, et al. 2000).
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Pressure amplification
When the left ventricle ejects blood into the aorta, a pressure wave is generated,
which travels down the periphery. As the impedance changes, at e.g. branch
points or at sites with altered stiffness or diameter, the pressure wave is
reflected, adding on to the forward wave (Laurent, et al. 2006). The pressure
wave observed in the aorta is thus the summation of forward waves, travelling
from the heart toward the periphery, and reflecting waves, travelling from the
periphery and back (Fig 1). Due to gradually increased stiffness and decreased
distance to major reflection sites, the pressure wave is progressively amplified as
it moves along the arterial tree. This is referred to as the amplification
phenomenon and accounts for the higher pressure seen in muscular (peripheral)
arteries compared with elastic (central) arteries (Laurent, et al. 2006). This
pressure difference however diminishes with age due to the more prominent
effect of age‐related arterial stiffening in elastic arteries (van der Heijden‐Spek, et
al. 2000).

Measured

Reflected

Forward

Figure 1. Schematic illustration of an aortic pressure wave obtained from an
elderly subject.

Under normal physiological conditions, the reflected pressure wave adds to the
forward wave in diastole, resulting in a low pulse pressure in the aorta. However,
as aortic stiffness increases, timing of the reflected pressure wave is altered,
instead adding to the forward pressure wave in late systole. This pressure boost
results in an increase in systolic blood pressure, a concomitant decrease in
diastolic pressure with the net effect of an elevated pulse pressure. This in turn
leads to a greater load on the left ventricle as well as increased cardiac oxygen
consumption (Laurent, et al. 2006, Nichols, et al. 2005c). In addition, as a
consequence of decreased diastolic pressure, coronary perfusion is reduced
(Laurent, et al. 2006).
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Biomechanical forces
Blood vessels are constantly subjected to mechanical forces in the form of stretch
or shear (Fig 2). Blood pressure is the main determinant of stretch, creating
forces perpendicular to the luminal surface and affects all cell types within the
vessel wall. Shear forces, on the other hand, act in parallel to the vessel surface
and affect mainly ECs (Lehoux, et al. 2006). It is well established that the
interaction between biomechanical forces and vascular cells is an important
determinant of arterial growth and vascular function. Sustained alterations in
either stretch or shear lead to adaptive structural changes of the arterial wall,
thereby disrupting vessel integrity. This process is referred to as vascular
remodeling and is involved in the development of various vascular diseases,
including hypertension, atherosclerosis and aneurysm formation.

EC

SHEAR FORCES

SMC
FIBROBLAST

INTIMA
MEDIA
ADVENTITIA

STRETCH

Figure 2. Illustration of stresses acting on the arterial wall. Black arrows show parallel
shear forces generated by blood flow and circumferential stretch due to blood pressure.
EC: Endothelial cell; SMC: Smooth muscle cell.

Biomechanical forces are sensed by ECs via a number of mechanoreceptors. For
example, cellular structures extending into the luminal blood flow have been
suggested as sensors of flowing blood. The glycocalyx is a glycoprotein‐rich
structure projecting into the lumen from the endothelial plasma membrane up to
0.5 µm. Deformation of glycocalyx may contribute to force transmission, and its
thickness may function as a modulator of molecular transport (Weinbaum, et al.
2007). Further, disruption of glycocalyx by selective cleavage of glycocalyx
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components has been found to abolish flow‐mediated endothelial nitric oxide
(NO) production (Florian, et al. 2003). Primary cilia are directly connected to the
cytoskeleton, why great interest has been shown for their potential role in
mechanotransduction. They can protrude from the endothelial surface up to
several micrometers, and bending of cilia results in signal transduction
throughout the cell (Van der Heiden, et al. 2011). The assembly of cilia in ECs has
been demonstrated to be influenced by shear forces (Iomini, et al. 2004), and
ciliated ECs are more abundant in disturbed flow regions than in regions exposed
to uniform flow (Van der Heiden, et al. 2006, Van der Heiden, et al. 2008).
The endothelial cytoskeleton has been proposed to play a central role in
mechanotransduction, transmitting mechanical stimuli via focal adhesion sites,
cellular junctions, integrins and the ECM. Structural changes of the cytoskeletal
network cause translocation of signalling molecules and organelles, which in turn
initiate various signalling cascades. This is often triggered by activation of
integrins, but also by stimulation of other membrane structures such as ion
channels, tyrosine receptor kinases, G‐protein linked receptors and caveolae,
ultimately leading to functional changes within the cell (Ali, et al. 2002, Lehoux, et
al. 2006). Several intracellular pathways are involved in the response to
mechanical forces, including the mitogen‐activated protein (MAP) kinase cascade
(Tseng, et al. 1995). Activation of the MAP kinase cascade initiates activation of
MAP kinases (e.g. extracellular signal‐regulated kinase (ERK) 1 and 2 and c‐jun N‐
terminal kinase (JNK)) via sequential phosphorylations, which in turn leads to
activation of downstream transcription factors (Lehoux, et al. 2006). In addition,
the transcription factor NF‐κB (typically regulating genes involved in
inflammation and survival) and focal adhesion kinase (FAK) have also been
shown to be activated in response to shear (Ishida, et al. 1996, Lan, et al. 1994).

18 I INTRODUCTION

Blood flow and its effects on vascular remodeling
Wall shear stress (WSS) is the frictional force acting on the endothelium as a
result of blood flow. It is proportional to the product of blood viscosity and the
spatial gradient of blood flow velocity at the wall (i.e. wall shear rate), and is
expressed in units of force per unit area (dynes/cm2) (Resnick, et al. 2003). Blood
flow can be either laminar or turbulent, dependent on its Reynolds number (Re);
a low Re number indicates a laminar flow, whereas a high Re number is an
indicator of more turbulent flow (above Re~2000). Laminar flow can be further
divided into uniform flow, which is undisturbed and streamlined, and disturbed
flow, which is characterized by flow reversals and flow separation (Nichols, et al.
2005a). The pattern of WSS along the arterial tree is determined by the pulsatile
nature of blood flow and the arterial geometry, and usually described according
to magnitude and direction. In straight arterial segments WSS is more
unidirectional, whilst in regions with irregular geometries, such as the aortic
curvature and branch points, blood flow can become more disturbed, resulting in
low and/or oscillatory WSS. Oscillatory WSS refers to spatial oscillations as well
as changes in direction and magnitude over the cardiac cycle (temporal
oscillations).
Shear stress regulates vascular tone by stimulating the production of vasoactive
mediators. Unidirectional shear stress stimulates the production of NO, a potent
vasodilator with anti‐inflammatory and anti‐oxidant properties, and decreases
the expression of the vasoconstrictive and mitogenic molecule endothelin‐1
(Ziegler, et al. 1998). Oscillatory and low shear stress, on the other hand,
promotes oxidative stress and inflammatory activity, thereby promoting a non‐
quiescent EC phenotype (Chiu, et al. 2011). In addition, oscillatory shear stress
has been reported to stimulate mononuclear leukocyte adhesion, and potentially
also migration into the arterial wall (Chappell, et al. 1998). Moreover, the activity
of several MMPs has previously been reported to be regulated by NF‐κB (Bond, et
al. 2001), suggesting a shear‐dependent activity of these enzymes. A recent study
also showed that shear stress induces membrane‐type MMP‐1 activity in a 3D
collagen matrices (Kang, et al. 2011). Further, shear stress plays a major role in
the regional localization of atherosclerosis (Cheng, et al. 2006), with lesions
predominantly forming in regions exposed to a disturbed flow pattern with
associated low and/or oscillatory shear stress magnitudes (Asakura, et al. 1990,
Chiu, et al. 2011, Ku, et al. 1985).
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Chromosome 9p21.3 ‐ influencing vessel wall integrity?
During the past years, genome wide association studies (GWAS) have
significantly increased our understanding of the genetic contribution to CVD.
GWAS are based on genetic analysis of a large set of case‐control samples.
Hundreds of thousands of single nucleotide polymorphisms (SNPs), distributed
over the whole genome, are genotyped using DNA microarray chips and the
difference in frequency of SNPs between cases and controls is determined
(Roberts, et al. 2011). In order to reduce the number of false positive
associations, genome‐wide significant SNPs should be replicated in independent
populations, with a significance level determined by a Bonferroni correction,
before they are considered definite.
SNPs within a region on chromosome 9p21.3 have been independently associated
with a broad range of vascular diseases, including coronary artery disease (CAD)
(McPherson, et al. 2007, Samani, et al. 2007) and myocardial infarction (MI)
(Helgadottir, et al. 2008, Helgadottir, et al. 2007). The associations have been
consistently replicated in several different populations (Broadbent, et al. 2008,
Consortium 2007, Shen, et al. 2008), and this locus is currently the strongest and
most robust susceptibility locus identified for CVD (C4D 2011). Furthermore, the
locus has also been associated with abdominal aortic and intracranial aneurysms
(Helgadottir, et al. 2008). In Caucasians, the risk variant has a frequency of about
75%, and confers a 20% increased risk for CAD for heterozygous individuals and
a 40% increased risk for individuals homozygous for the risk variant (McPherson,
et al. 2007).
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The molecular mechanism underlying the association of chromosome 9p21.3
with CVD is not fully understood. However, the finding that the risk variants also
confer an increased risk of intracranial‐ and abdominal aortic aneurysms
suggests that the locus influence basic properties related to vessel integrity,
thereby increasing susceptibility to a broad range of vascular diseases, rather
than being involved in plaque rupture or thrombosis. The region containing the
CVD‐associated SNPs appear to lack any protein‐coding genes, but instead
consists of a large antisense RNA (also known as ANRIL; antisense non‐coding
RNA in the INK4 locus) (Fig 3). The ANRIL gene contains 19 exons, transcribed
into at least 10 transcript variants (Folkersen, et al. 2009, Pasmant, et al. 2007),
and expression of ANRIL have been detected in several cells and tissues, including
vascular ECs, coronary SMCs, macrophages, tissue samples from abdominal aortic
aneurysms (Broadbent, et al. 2008), carotid plaque tissue, the aortic media and
mammary artery media (Folkersen, et al. 2009). Expression of ANRIL is however
not limited to the vessel wall as it has also been demonstrated in 22 other tissues
(Pasmant, et al. 2007).

ANRIL

P14/ARF

Figure 3. Illustration of
the gene cluster at the
9p21.3 locus.

~ 300 bp

P16/CDKN2A

P15/CDKN2B
58 kb region
containing the
CAD‐associated
SNPs.

Adjacent to ANRIL is a cluster of tumour suppressor genes, two cyclin‐dependent
kinase inhibitors (CDKN); p16/CDKN2A and p15/CDKN2B, and p14/ARF
(alternative reading frame). ANRIL overlaps the two exons of p15/CDKN2B, and
the 5’ end of the first exon of the ANRIL gene is located about 300 bp upstream of
the transcription site for p14/ARF (Pasmant, et al. 2007) (Fig 3). Several studies
have confirmed a co‐expression of ANRIL and these three tumour suppressor
genes (Folkersen, et al. 2009, Liu, et al. 2009). Further, ANRIL has been reported
to regulate the expression of p16/CDKN2A and p15/CDKN2B via binding of the
transcription factor chromobox 7 (Yap, et al. 2010), resulting in silencing of the
p16/CDKN2A and p15/CDKN2B locus.
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Plasminogen activator inhibitor‐1 and vessel wall integrity
Plasminogen activator inhibitor‐1 (PAI‐1) is the principal inhibitor of the
fibrinolytic system. It exists in three conformational forms; an active, an inactive
and a latent form. Active PAI‐1 has a very short half‐life and is upon secretion
spontaneously converted to either the latent form, which can be reactivated, or to
the inactive form, which is degraded by its specific proteases (Ha, et al. 2009).
PAI‐1 can however also be stabilized in its active form by binding to vitronectin
(Lawrence, et al. 1997). Under physiological conditions, very small amounts of
PAI‐1 are present in the circulation and the extracellular space, and are mainly
secreted from platelets, VSMCs, adipocytes and liver cells. However, the level of
PAI‐1 can be rapidly increased in response to a number of stimuli, such as
cytokines, growth factors, hormones, triglycerides, reactive oxygen species and
the renin‐angiotensin‐system (Binder, et al. 2002).
The two main plasminogen activators (PA) are tissue‐type (t‐) PA and urokinase‐
type (u‐) PA. t‐PA is mainly involved in intravascular activation of plasmin, whilst
u‐PA is the major PA on migrating cells. uPA hence functions within the tissue and
influences vascular remodeling (Alfano, et al. 2005). Binding of PAI‐1 to either
one of the PAs results in inhibition of the activation of plasminogen to its fibrin‐
degrading form plasmin, and thus a shift towards fibrin generation rather than
fibrin degradation (Fig 4) (Diebold, et al. 2008).

t‐Pa
u‐Pa

PAI‐1
‐
VSMC
migration

‐

VSMC apoptosis

+

proMMP

‐
Plasminogen

Plasmin
MMP

VSMC proliferation

Fibrin degradation

Degradation of ECM

Figure 4. Roles of PAI‐1 in processes related to vascular remodeling. ECM: extracellular
matrix; MMP: matrix metalloproteinases; PAI‐1: plasminogen activator inhibitor‐1; t‐PA:
tissue‐type plasminogen activator; u‐PA: urokinase‐type plasminogen activator: VSMC:
vascular smooth muscle cell.
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Apart from its anti‐fibrinolytic effect, PAI‐1 also plays an important role in
controlling processes associated with vascular remodeling, including cell
migration, SMC proliferation and matrix degradation (Chen, et al. 2006, Kouri, et
al. 2008, Stefansson, et al. 1996) (Fig 4). As PAI‐1 prevents plasmin formation,
increased levels of PAI‐1 may decrease degradation of the ECM by preventing
activation of latent MMPs, but also by reducing plasmin‐activated transforming
growth factor‐β1 (TGF‐β1) (Sato, et al. 1990). Further, PAI‐1 has been reported to
inhibit VSMC migration in a plasmin‐independent manner by binding to
vitronectin. As PAI‐1 binds to vitronectin, the binding site for SMCs is blocked and
thus inhibits migration (Stefansson, et al. 1996). PAI‐1 also promotes neointima
formation by up‐regulation of VSMC proliferation (Chen, et al. 2006) and
inhibition of apoptosis (Kwaan, et al. 2000).

The PAI‐1 4G/5G polymorphism
The level of plasma PAI‐1 is influenced by a genetic variation within the promoter
region of the PAI‐1 gene; the PAI‐1 4G/5G polymorphism. The PAI‐1 4G/5G
polymorphism is a single guanosine insertion/deletion polymorphism, where the
4G allele is associated with increased transcriptional activity compared with the
5G allele as a consequence of differential binding to transcription factors
(Eriksson, et al. 1995). Both alleles contain a binding site for a transcriptional
activator, whereas the 5G allele also contains a binding site for a transcriptional
repressor. This results in significantly higher plasma PAI‐1 levels in individuals
homozygous for the 4G allele than in those homozygous for the 5G allele.
Consequently, the PAI‐1 4G/4G genotype has been associated with an increased
risk of various vascular diseases associated with disrupted vascular homeostasis
(Boekholdt, et al. 2001, Martinez‐Calatrava, et al. 2007). Moreover, there seem to
be a possible gene‐environment interaction further influencing transcriptional
activity, as suggested by the allele‐specific response to triglyceride levels
(Panahloo, et al. 1995).
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AIMS OF THE STUDY
The arterial tree is constantly exposed to a number of factors influencing the
integrity of the vessel wall. The overall aim of this thesis was to investigate vessel
wall integrity in relation to genetics and flow.

Specific aims:
• As the CVD‐associated SNPs on chromosome 9p21.3 may influence basal
properties of the vessel wall, the aim of Paper I was to investigate the
possible influence of these SNPs on abdominal aortic integrity in elderly
men and women.
• As PAI‐1 is involved in many processes associated with vascular
remodeling, the aim of Paper II was to investigate the possible influence of
the PAI‐1 4G/5G polymorphism on central aortic blood pressure in elderly
men and women.
• As blood flow, and hence wall shear stress, are important determinants of
vascular function, the aim of Paper III was to determine wall shear stress in
the aortic arch of rat, and study flow‐dependent gene expression and
vessel wall morphology under physiological conditions.
• As bicuspid aortic valve formation is associated with a disturbed blood
flow in the ascending aorta, the aim of Paper IV was to dissect flow‐
mediated gene expression, potentially leading to the increased aneurysm
susceptibility associated with this malformation.
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COMMENTS ON METHODS
This chapter refers to material and methods used during the work underlying this
thesis. For further details, see the Materials and Methods sections of Paper I‐IV,
respectively.

Study populations
Study populations Paper I and II
In paper I and II, elderly individuals from Kinda, a rural municipality in Southeast
Sweden were studied. All subjects were members of a previous study, which was
initiated in 1998 (Alehagen, et al. 2007). In this original study, all inhabitants in
Kinda municipality aged 65‐82 years (n=1130) were invited to participate, of
whom 876 accepted. In connection with a follow‐up study in years 2003‐2005, all
subjects were asked to take part in a study regarding abdominal aortic wall
mechanics and central hemodynamics. A total of 452 of the 675 consulted agreed
to participate, resulting in a participation rate of 67%. The main reason for
declining was problems reaching the clinic. Determination of abdominal aortic
wall properties was successful in 407 subjects, of which one was excluded due to
hepatitis infection and six due to genotyping failure of the CVD‐associated SNPs
(Paper I). PAI‐1 4G/5G genotype and radial artery pulse waves for estimation of
central aortic blood pressures were successfully obtained in 410 subjects (Paper
II). The study populations are presented in Figure 5.

452 subjects
Examination of abdominal aorta and
measurement of central aortic hemodynamics

Paper I

400 subjects

410 subjects

Mechanical properties of abdominal aorta
CVD associated SNPs

Central aortic hemodynamics
PAI‐1 4G/5G genotype

Paper II

Figure 5. Study populations used in paper I‐II
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Study population Paper IV
In paper IV, patients enrolled in the Advanced Study of Aortic Pathology (ASAP)
were studied. The ASAP is an ongoing prospective, observational study of
patients undergoing elective open‐heart surgery at the Cardiothoracic Surgery
Unit, Karolinska University Hospital in Stockholm, Sweden. The study was
initiated in February 2007 and includes patients aged 18 or above with aortic
valve disease (stenosis or regurgitation) and/or ascending aortic disease
(dilatation, aneurysm or ectasia) but devoid of significant CAD (according to
angiography measurements) or Marfan syndrome. The inclusion of patients is
consecutive. End‐diastolic diameter of the thoracic aorta was measured using
transesophageal echocardiography at the point where the aorta showed maximal
dilation. Aortic valve stenosis (AS) and aortic valve regurgitation (AR) was
evaluated preoperatively by the use of transthoracic echocardiography. Aortic
valve morphology was determined by visual inspection during surgery. A detailed
description of the study population can be found elsewhere (Jackson, et al. 2011).
A total of 131 patients were studied in Paper IV, classified according to cuspidity
(BAV or TAV), dilation (yes/no), AS (yes/no) and AR (yes/no). An ascending
aortic diameter of >45 mm was considered dilated, and ascending aortas with a
diameter of <40 mm were classified as non‐dilated. Patients with an aortic
diameter of 40‐45 mm were excluded from the analysis (n=8). Biopsies for gene
expression analysis were taken from the anterior part of the ascending aorta, a
few centimetres above the aortic valve, as well as from the mammary artery. The
intima‐medial and the adventitial layer of the specimen were separated.
Specimens for gene expression analysis were incubated in RNA later and stored
in ‐80°C pending RNA extraction. Samples for histological studies were incubated
in 4% Zn‐formaldehyde for 24 hours and kept in ethanol until paraffin
embedding. Basic characteristics of the ASAP population is shown in Table 1.
Table 1. Characteristics of the ASAP study population.
N
Age, years
Gender, men/women
BSA, m2
History of hypertension
Aortic valve stenosis
Aortic valve regurgitation
Aortic dilatation

BAV

TAV

P‐value

81
60.0 (11.0)
61/20

46
64.1 (13.4)
30/16

0.07

2.0 (0.2)
39 (48 %)
55 (68 %)
22 (27 %)
45 (56 %)

1.98 (0.2)
25 (54 %)
14 (30 %)
28 (61 %)
23 (50 %)

0.44
0.50
<0.001
<0.001
0.55

Values are mean (SD) or number of subjects in group.
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Animals
Animals used in Paper III were normal male Wistar rats weighing 400‐450 g. The
rats were given standard rodent chow and no surgical intervention, except for
cannulation of the femoral vein for administration of fluids, was performed.
Three sets of animals were used in the study; one set for determination of flow
regions, a second set for viscosity measurements, and a third set for subsequent
molecular analysis of identified flow regions. In brief, the experimental procedure
was as follows. The rats were anesthetized at the animal facility and a femoral
vein was cannulated for intravenous administration of fluids. Thereafter the rats
were transported to the Center for Medical Image Science and Visualization for
magnetic resonance imaging (MRI) examinations. Obtained aortic geometry and
flow information from a total of nine rats were used as boundary conditions in
the computational fluid dynamic (CFD) simulation (see page 37), together with
data regarding blood viscosity and density obtained in another nine animals. In
order to avoid alterations in gene expression due to the MRI procedure per se,
molecular analyses of the CFD‐defined flow regions were performed in a third set
of rats. Following CO2 euthanasia, the thoracic aorta was immediately removed
and rinsed with either RNA later or PBS. Specimens for gene expression analysis
were incubated in RNA later and stored in ‐80°C pending RNA extraction.
Specimens for histological studies were incubated in 4% Zn‐formaldehyde for 24
hours and then kept in ethanol awaiting paraffin embedding.
With guidance from the CFD simulation, two regions within the same aorta,
exposed to different patterns and magnitudes of WSS, were cut out for isolation of
total RNA. Due to the small size of isolated specimen, tissue pieces from the two
regions, respectively, from five animals were pooled in order to obtain significant
amounts of RNA for the expression analysis. A total of 70 rats (resulting in 14
paired samples) were used for analysis of global gene expression.
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Determination of genotypes
CVD‐associated SNPs (Paper I)
Wet‐lab analysis of single SNPs can be rapidly performed using polymerase chain
reaction (PCR) based TaqMan Allelic discrimination assay. This assay uses a
fluorogenic probe, consisting of a 5’ fluorescent reporter dye and a 3’ quencher
dye. Upon hybridization and sample amplification, the probe is cleaved by the
Taq polymerase resulting in an increase in reporter fluorescence. By using
different reporter dyes, specific for each of the two alleles, respectively, allele‐
specific probe cleavage can be detected on the post‐PCR product and the
genotype determined. In Paper I, two CVD‐associated SNPs (rs10757274 and
rs2891168) and one SNP associated with type‐2 diabetes (T2D) (rs10811661)
were genotyped. Genotyping was successful in 93%, 98% and 98% of the samples
for rs10757274, rs2891168 and rs10811661 SNPs, respectively. Blanks were
included as negative controls.

PAI‐1 4G/5G genotype (Paper II)
PAI‐1 4G/5G genotype was determined using a protocol based on PCR and
endonuclease digestion. Using a mutated oligonucleotide (Margaglione, et al.
1997), a restriction site for the Bsl‐1 enzyme is inserted into the PCR product for
the 5G allele, but not the 4G allele. Upon enzymatic digestion of amplified DNA,
the 5G allele is cleaved into two fragments (77 bp and 22 bp), while the 4G allele
remains intact (98 bp). DNA fragments are then subjected to gel electrophoresis
and visualized under UV‐light. In Paper II, a 3.5% MetaPhor® agarose gel stained
with ethidium bromide was used for separation of DNA fragments. Usage of such
gel allows for separation of small PCR products differing in size by only 2%. PAI‐1
4G/5G genotype was determined based on number and length of the fragments.
Genotyping was successful in all samples.
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Determination of PAI‐1 antigen (Paper II)
PAI‐1 antigen levels were determined in platelet poor plasma using an Enzyme‐
linked immunosorbent assay (ELISA) (TriniLIZE PAI‐1 antigen T6003 assay,
Trinity Biotech, NY, USA). This assay is based on a double antibody principle,
previously described by Declerck et al (Declerck, et al. 1988) and measures both
the active and the latent form of PAI‐1 as well as PAI‐1 bound to tPA or uPA. The
principle for the assay is as follows; Each sample is analyzed in two different
wells, one containing monoclonal antibodies against PAI‐1 immobilized onto the
well surface and soluble antibodies against PAI‐1 (A‐well), and the other
containing the same monoclonal antibodies against PAI‐1 immobilized onto the
well surface and nonimmune soluble antibodies (N‐well). During sample
incubation, PAI‐1 antigen present in the sample binds to antibodies coated onto
the surface of the N‐well, but not the A‐well as this is prevented by the binding of
PAI‐1 antigen to the soluble anti‐PAI‐1 antibodies present in this well. Additional
anti‐PAI‐1 antibodies conjugated with horseradish peroxidase (HRP) are added
simultaneously with the plasma sample and will together with the coating
antibody:PAI‐1 antigen complex form a sandwich. Following incubation, unbound
material and excess of conjugate is removed by washing and a substrate, which is
converted into a yellow‐coloured product by the HRP, is added. The intensity of
the colour is measured spectrophotometrically and is proportional to the amount
of PAI‐1 antigen present in the sample. The difference in response between the N‐
well and the A‐well represents the specific PAI‐1 response. Using this principle,
falsely elevated results due to unspecific binding can be avoided, which is
normally a limitation when using conventional ELISA.
Standards with known concentrations of PAI‐1 were included in each assay and
used to calculate the PAI‐1 concentration in the samples. Each standard sample
was analyzed according to the same principle as described above, with standard
PAI‐1 plasma added to the N‐well and PAI‐1 depleted plasma added to the A‐well.
To control for intra‐assay variation, the same positive control was included in all
assays. Samples with hemolysis were excluded.

COMMENTS ON METHODS I 31

Determination of abdominal aortic stiffness (Paper I)
The gold standard for determination of arterial stiffness is pulse wave velocity
(PWV) measurements (Laurent, et al. 2006). However, as PWV usually is
measured between the carotid and the femoral artery, stiffness assessed using
this technique reflects the mean arterial stiffness of several different arterial
segments. In Paper I, we were interested in mechanical properties of the
abdominal aorta as this is an area particularly prone to aneurysm formation and
atherosclerosis (Norman, et al. 2010). In addition, as discussed in the
introduction, several differences in terms of composition and structure compared
to other aortic segments have been described (Halloran, et al. 1995, Wolinsky, et
al. 1969). In order to determine stiffness locally in the abdominal aorta, an
ultrasound scanner (Esaote AU5, Esaote Biomedica, Florence, Italy) and the Wall
Track System (WTS2, Pie Medical, Maastricht, The Netherlands) were used. The
Wall Track System uses the radio frequency signal to measure end‐diastolic
lumen diameter and pulsatile diameter changes with a very high precision
(Hoeks, et al. 1997). This can then be further used for calculation of local arterial
stiffness together with blood pressure measurements. In addition, from the same
ultrasound data, intima‐media thickness (IMT) can be determined.
The aorta was examined at the midpoint between the renal arteries and the aortic
bifurcation. For calibration purposes, ECG electrodes were connected to the
subject, followed by visualization of the abdominal aorta in a longitudinal section.
The scanner was then switched to M‐mode and a sample volume was
automatically determined by the Wall Track System by positioning of two
anchors at the anterior and posterior wall, respectively. If needed, manual
adjustments of the anchor positions were made before measurement of end‐
diastolic lumen diameter and pulsatile diameter changes. Measurements are
presented as arterial distension curves (Fig 6).

Figure 6. Abdominal aortic distension waves determined using the Wall Track System.

32 I COMMENTS ON METHODS

End‐diastolic IMT of the posterior wall was automatically determined from the
interface between the lumen and the intima, to the interface between the media
and the adventitia using radio frequency signals. Evaluation of each measurement
was made by visual inspection of the ultrasound image and only measurements
showing good agreement with the visual estimation were included. All
measurements were performed with subjects in the supine position, directly
following brachial blood pressure registrations. Examinations were carried out
on one single occasion by two skilled ultrasonographers. Coefficients of variation
were 5%, 21% and 17% for absolute lumen diameter, pulsatile diameter change
and IMT, respectively.
Brachial blood pressure was determined using oscillometric technique (Dinamap
model PRO 200 Monitor; Critikon, Tampa, FL, USA) and used as a surrogate for
abdominal aortic blood pressure when calculating local aortic stiffness.
Simultaneous measurement of the abdominal aortic pressure would have been
ideal however not ethical in large population studies. Comparison between intra‐
abdominal aortic pressure and brachial pressure has shown that the diastolic
pressure is slight higher in the brachial artery than in the abdominal aorta,
leading to a systematic underestimation of aortic stiffness. This should however
not affect comparative studies between different subgroups as no age or gender‐
related differences have been observed (Sonesson, et al. 1994).

Stiffness calculations
Compliance coefficient (CC) and distensibility coefficient (DC) were calculated as
measures of aortic stiffness according to the following formulae (van der Heijden‐
Spek, et al. 2000):
CC = π (2 × Ddia × ΔD + ΔD2)/(4 × ΔP)
DC = (2 × Ddia × ΔD + ΔD2)/(Ddia2 × ΔP)
CC is expressed in mm2/kPa and DC in 10‐3/kPa. Ddia is the end‐diastolic diameter
(mm), ΔD is the diameter change between systole and diastole (mm), and ΔP is
the brachial pressure change between systole and diastole expressed in kPa.
CC is the absolute increase in cross‐sectional area during a cardiac cycle for a
given increase in arterial pressure, assuming that the vessel length is constant
during the pulse wave. A low CC indicates a reduced buffering capacity. DC is the
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relative change in aortic diameter during a cardiac cycle for a given increase in
pressure. A decrease in DC indicates a reduced elasticity of the vessel.
There is a non‐linear relationship between abdominal aortic pressure and
diameter change, the aorta being very distensible at low pressures and small
diameters, but becomes gradually stiffer (less compliant) with increasing
pressure and diameter (Länne, et al. 1992, Sonesson, et al. 1994). The index
stiffness β however seems to be less sensitive to pressure changes (Länne, et al.
1992). Stiffness β was calculated as follows (Kawasaki, et al. 1987, Länne, et al.
1992):
Stiffness β = ln(Psys / Pdia)/(ΔD / Ddia)
Psys and Pdia are brachial systolic and end‐diastolic blood pressures (mmHg),
respectively, ΔD is the diameter change between systole and diastole (mm) and
Ddia is the end‐diastolic diameter (mm). Stiffness β varies inversely with DC and
CC.

Central aortic hemodynamics (Paper II)
Central aortic blood pressure can be measured either invasively or non‐
invasively. Invasive measurements give the most accurate estimations but are
difficult to obtain and unethical when studying large populations of elderly
subjects. Instead, two major non‐invasive techniques are being used to assess
central aortic blood pressure; direct estimation of central blood pressure from
the carotid pressure waveform (Kelly, et al. 1992, Van Bortel, et al. 2001), or
calculation of central aortic blood pressure from radial artery pressure
waveforms using a generalized transfer function (Pauca, et al. 2001). Both
techniques require recording of an arterial pressure wave using applanation
tonometry. The easiest site to obtain high quality pressure curves is at the radial
artery as this artery is supported by bone structures. In Paper II, central aortic
pressures were calculated from the radial artery pressure waveform using the
SphygmoCor system (version 7.0, Model MM3, AtCor Medical, Sydney, Australia)
equipped with a Millar pressure tonometer. The pressure sensor was placed on
the artery, applying a downward pressure sufficient to record pressure
waveforms. Brachial systolic‐ and diastolic blood pressure were measured prior
to pressure wave recordings and used for calibration of pressure waves.

34 I COMMENTS ON METHODS

The radial to aorta transfer function has been validated in several different
populations, showing good agreement with invasive measurements when using
intra‐radial pressure for calibration (Pauca, et al. 2001, Sharman, et al. 2006). It
should yet be mentioned that the transfer function is generalized and population‐
based, thus not individualized, and may not be accurate for all subjects. In Paper
II, brachial pressure was used for calibration of pressure curves. This approach
may introduce an underestimation of the central pulse and systolic pressure as
the brachial‐to‐radial pressure amplification is omitted (Hope, et al. 2003,
Verbeke, et al. 2005). However, as pressure differences in the arterial tree
diminish with age, such systematic underestimation is most likely less
pronounced in an elderly population like ours. In addition, this bias will most
likely not affect comparative studies between different groups of subjects.
A number of different hemodynamic parameters can be obtained from the central
aortic pressure waveform (Fig 7). The difference between the systolic and the
diastolic pressure represents the pulse pressure. Augmentation pressure is the
difference between the first and the second systolic peak and reflects the
pressure boost caused by wave reflections. Augmentation index (AIx) is the
pressure augmentation expressed as percentage of the pulse pressure, and is
considered as an indirect measure of arterial stiffness providing also additional
information concerning wave reflections.

Radial

Aortic

Systolic
pressure
Augmentation pressure

Pulse
pressure

Diastolic pressure

Figure 7. Example of radial and aortic pressure waveforms obtained using applanation
tonometry and the SphygmoCor system.
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Geometry and flow measurements using MRI (Paper III)
MRI is a versatile technique enabling non‐invasive assessment of vascular
geometry and blood flow. In brief, the principle behind MRI is as follows; The MRI
scanner harbours a strong magnetic field, to which hydrogen atoms within the
examined tissue align. When a radio frequency signal is applied, the hydrogen
nucleus undergoes precession and an echo is generated, which is measured by a
receiver coil. The echo reflects the number of hydrogen atoms present in the
tissue (proton density) and the time it takes for the atoms to return to their
original position (relaxation time). The echo is further processed by a computer
connected to the MRI scanner and an image is generated. The quality of the image
is determined by a number of factors, including signal to noise ratio (SNR),
contrast to noise ratio (CNR) and spatial and temporal resolution. Using cardiac
gating, image quality can be further improved at the cost of a longer scan times.

Geometry measurements
Given the differences in relaxation time and proton density of blood and the rest
of the body the lumen can be distinguished. Best angiographic images are often
obtained by injection of a contrast agent. The contrast agent changes the
relaxation time of the protons considerably, resulting in excellent contrast and
often a very good CNR. The most crucial factor when using contrast enhanced
angiography is a short acquisition time at the time of contrast arrival. In Paper III,
a 1.5T MRI scanner (Philips Achieva, Philips Medical Systems, Best, the
Netherlands) was used for assessing aortic geometry. This may be considered as
a relatively low strength field for rat studies, resulting in low a SNR. However, for
contrast enhanced angiography, a short scan time is more important than SNR. A
short scan time was achieved by using an eight channel wrist receiver coil with
parallel imaging capabilities.

Flow velocity measurements
MRI can also be used for determination of blood flow. An image plane is then
positioned perpendicular to the flow direction, and with the use of specific
velocity encoding sequences, the phase of the complex MRI signal is directly
proportional to the flow velocity. By integration of the velocities over the vessel
lumen the blood flow can be obtained over time. Measurement of time‐resolved
velocities in the rat aorta can be challenging. For example, spatial resolution is
limited due to the small body size of a rat, and high‐frequency heart rates make
cardiac gating difficult and require high temporal resolution. Further, high blood
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flow velocities through small vessels may also result in displacement artefacts
and loss of signal. Signal loss was minimized by optimizing the imaging location,
and displacement artefacts were limited by minimizing the echo time. Sufficient
SNR was obtained by measuring the same data several times using cardiac gating.

Wall shear stress estimations (Paper III)
Image based CFD is a powerful tool for estimation of hemodynamic forces within
the arterial tree (Steinman, et al. 2005). Modelling of blood flow using this
approach includes several steps, illustrated in Figure 8. The MRI image material is
first transformed into a 3D geometry of the aorta (segmentation), followed by
smoothening and trimming for generation of high quality geometries with
distinctly defined surfaces to apply boundary conditions on. The obtained
geometry is then split into a number of small voxels, in which each of them the
flow equations are solved. This procedure is called meshing and is crucial for
accurate WSS estimations. Increased number of mesh cells gives increased spatial
resolution of the result, i.e. velocity gradients. In a third step, boundary
conditions, such as inlet flow velocity, outflow fractions and wall property are
applied to the CFD model, which together with information regarding blood
viscosity and density constitute the CFD model setup.
As the geometry is essential for the outcome of the WSS estimation (Long, et al.
2000, Zhao, et al. 2002), simulations were performed on animal‐specific 3D
geometries. Inflow boundary conditions and outflow fractions were based on in
vivo measurements. The flow was considered laminar and the arterial wall rigid
with a non‐slip boundary condition. A rigid model implies that the inflow is equal
to the sum of the outflow fractions. Results presented from the CFD simulation
are based on evaluation of the pattern of WSS magnitude and vector direction in a
total of nine rats.

Viscosity

MRI acquisition
Geometry

Segmentation
into 3D geometry

Mesh

CFD Model setup

CFD Simulation

WSS

MRI acquisition
Velocity

Figure 8. Schematic illustration of workflow for estimation of WSS. Dark boxes indicate
where measurements have been made.

COMMENTS ON METHODS I 37

Gene and protein expression
This section highlights some aspects of the analysis methods employed to
evaluate gene‐ and protein expression.

Microarray (Paper III and IV)
Gene expression profiling, or microarray analysis, is a powerful tool for
measurement of global expression level. It allows simultaneous quantification of
thousands of genes in a single sample and is suitable for identification of genes
whose expression is modulated by different stimuli. A number of different array
platforms are available, however the basic principle behind the technology is the
same. In brief, purified RNA is reverse transcribed to cDNA, which is used as a
template in the synthesis of biotin‐labelled cRNA (target RNA). Following heating
and fragmentation of target RNA, a hybridization cocktail containing fragmented
target RNA and bacterial RNA (serving as a hybridization control) is prepared and
hybridized to probes on the array platform. The probes are a set of known short
RNA sequences with defined positions. Unspecifically bound target RNA is
removed by washing, leaving only strongly hybridized sequences on the array
platform. Hybridized sequences are then stained with fluorescent streptavidin‐
phycoerythrin, which binds to biotin on target RNA, and the platform is scanned.
The intensity of emitted light is proportional to the amount of target RNA bound
to the probe at that particular position. In Paper III, global gene expression was
analyzed using the Affymetrix Rat 1.1 ST Titan array. This platform represents a
typical gene expression array, containing 1‐3 probes per gene. In Paper IV,
previously generated array data, quantified using the Affymetrix GeneChip
Human Exon 1.0 ST array was used (Folkersen, et al. 2011). The exon platform
contains far more probes per gene as it is designed to detect each expected or
predicted exon of a gene, thus allowing also determination of expression level of
specific splice forms.
Processing of microarray data can be challenging, and among other things,
problems related to data normalization and background correction have been
discussed. In both Paper III and Paper IV, raw data from cel‐files were log2
transformed and pre‐processed using the Robust Multichip Average (RMA)
algorithm as implemented in the Affymetrix Power Tools 1.10.2 package apt‐
probeset‐summarize (Irizarry, et al. 2003). In this process, the distribution of
gene expression level on individual arrays is normalized to the overall mRNA
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expression, multiple probes per gene are summarized and the background signal
is corrected for.
All RNA samples were labelled, hybridized and scanned at the Karolinska
Institute microarray core facility. Gene annotations were downloaded from the
Affymetrix web page (Rat, version RaGene‐1_1‐st‐v1.na31.rn4; Human exon,
version HuEx‐1_0‐st‐v2.na29.hg18). Probes without annotation or with a mean
expression level below 4 were omitted from subsequent analyses.

Real‐time PCR (Paper III and IV)
The most commonly used method for confirmation of microarray gene
expression data is real‐time PCR. This method uses a fluorescently labelled probe,
specific for the gene of interest, which upon cleavage by the Taq polymerase
releases its reporter dye into the solution and emits light. The exponential
increase in dye emission with every amplification cycle can then be monitored in
real‐time. At a certain time‐point, the dye emission will increase dramatically and
reach a threshold cycle (CT). This time‐point is dependent on the amount of cDNA
in the sample.
In Paper III, expression for TNF and VCAM‐1 was measured, and in Paper IV,
expression was evaluated for GPR116, PKD2 and ZFP36. The relative expression
level was calculated using the standard curve method and normalized to TBP
mRNA expression prior comparison of gene expression levels.
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Immunohistochemistry (Paper III and IV)
For investigation of vessel wall morphology and specific protein expression,
immunohistochemical analysis was performed using a number of antigens. In
Paper III, an anti‐vWF antibody was used for evaluation of vessel wall
morphology in relation to different flow patterns. In Paper IV, protein expression
for GRP116, PKD2, ZFP36 and vWF was evaluated in non‐dilated ascending aorta
samples. In order to minimize background staining, endogenous peroxidise
activity was quenched with 3% hydrogen activity and non‐specific binding sites
were blocked with normal serum prior to incubation with primary antibodies.
Bound antibody was detected using the VECTASTAIN® Elite ABC kit and
developed with DAB substrate kit for peroxidise. For context, all sections were
counterstained with Mayer’s hematoxylin.
As the outcome of immunohistochemical analyses may vary from time to time,
even if identical staining conditions are applied, sections to be compared were
always stained at the same time and with the same prepared solutions. For rat
samples, the aorta was sectioned in the way that both flow pattern regions were
present on the same tissue section, thereby having identical staining conditions.
Concentration of the primary antibody was optimized for each antibody. Normal
IgG and PBS were included as controls.
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Identification of flow associated gene expression (Paper IV)
In Paper IV, gene expression in the ascending aorta and in the mammary artery
was studied from a flow perspective using a multi‐step analysis strategy (Fig 9).
Firstly, five well characterized flow‐regulated genes were identified through a
search in the literature. These genes were then used as input genes, or query
genes, in a previously developed computational method called expression
screening (Baughman, et al. 2009, Nilsson, et al. 2009). This method takes
advantage of the reasoning that genes showing consistent correlation of mRNA
levels across different experimental conditions are likely to be functionally
related. A large collection of publically available microarray data sets were
screened in order to identify “informative” data sets where the query genes are
co‐expressed. Next, additional genes showing consistent co‐expression with the
query genes in the same data sets were identified (Step 1). Identified genes with a
posterior probability greater than 0.5 were further analyzed for co‐expression
with one or more of the query genes in the ASAP population microarray data set
(Step 2). Genes showing a co‐expression corresponding to a Pearson correlation
coefficient of 0.40 were then analyzed for differential expression between BAV
and TAV patients (Step 3). Finally, the expression of genes identified as being
differentially expressed between BAV and TAV patients was analyzed in two
known flow pattern regions (disturbed and uniform flow pattern) in the rat aorta
(Step 4).

Step 1:

Expression screening
5 query genes
122 genes with rank values >0.5

Step 2:

Co‐expression with query genes in
ASAP cohort

72 genes with at least one correlation
(R>0.40) with query genes

Step 3:

Differential expression between
patients with BAV and TAV
44 genes (P<0.014)

Step 4:

Differential expression between
flow regions in rat aorta

Figure 9. Schematic illustration of
analyses performed in the process
of identifying flow‐associated genes.

21 of 38 genes (P<0.031)
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RESULTS AND DISCUSSION
This chapter highlights main findings of each paper. For detailed descriptions of
the results, see the Result sections in Paper I‐IV, respectively.

Chromosome 9p21.3 and abdominal aortic integrity
SNPs within a region on chromosome 9p21.3 are highly associated with a broad
range of vascular diseases (Helgadottir, et al. 2007, McPherson, et al. 2007,
Samani, et al. 2007), and this region is currently the strongest and most robust
susceptibility locus identified for CVD (C4D 2011). The molecular mechanism
underlying the associations has not yet been explained, although the finding that
risk‐variants also confer an increased risk for abdominal aortic and intracranial
aneurysms (Helgadottir, et al. 2008) suggests that an altered structural integrity
of the vessel wall may be a causal factor. Structural integrity can be evaluated by
measuring mechanical properties, e.g. distensibility and compliance of the
arterial wall using ultrasound and the Wall Track System (Hoeks, et al. 1997). The
objective of Paper I was to investigate the possible influence of two CVD‐
associated SNPs within the 9p21.3 region (rs2891168 and rs10757274; hereafter
referred to as 9p21.3 SNPs) on abdominal aortic wall mechanics in elderly men
and women.

Decreased abdominal aortic stiffness in men carrying the 9p21.3 risk‐variant
Differences in mechanical properties of the abdominal aorta between carriers of
the 9p21.3 risk‐variant (G allele) and individuals homozygous for the non‐risk
variant (A allele) were evaluated in men and women, separately. Our data show
that men carrying the rs2891168G‐allele had higher aortic CC (P=0.029) and DC
(P=0.015) than men carrying the A/A genotype. Accordingly, stiffness β was
lower in men carrying the rs2891168G‐allele compared with male A/A carriers
(P=0.008) (Fig 10). The same pattern was seen for the rs10757274 SNP, men
carrying this risk‐variant having more compliant and distensible aortas (P=0.025
for CC; P=0.018 for DC), and lower aortic stiffness (P=0.010) than men carrying
the A/A genotype. Adjustment for factors known to influence arterial stiffness
(mean arterial pressure and age) had no or little effect on the associations. There
RESULTS AND DISCUSSION I 43

was no association of the 9p21.3 SNPs with abdominal aortic wall mechanics in
women.

Figure 10. Compliance coefficient (CC), distensibility coefficient (DC) and aortic
stiffness β in men carrying the CVD‐associated rs2891168G‐allele compared with men
carrying the A/A genotype. Data are mean values ± SEM. *: P<0.05; **: P<0.01.

At the time of investigation, no previous study had investigated the influence of
the 9p21.3 SNPs on arterial wall integrity. Our data showed that the risk‐variants
were associated with a decreased local abdominal aortic stiffness. This may seem
counterintuitive as it is increased arterial stiffness, indicated by elevated PWV
that is considered a risk factor for CVD (Laurent, et al. 2006). It is however well
known that elastic properties vary along the arterial tree (Latham, et al. 1985,
Laurent, et al. 2006), and as PWV usually is measured between the carotid and
the femoral artery, it reflects the mean arterial stiffness of several different
territories and presumably also other aspects of vascular function than those
measured in our study. A local change in stiffness may reflect unknown
mechanisms, potentially influenced by the 9p21.3 SNPs, which affects intrinsic
properties at that particular site. As arterial stiffness is mainly determined by the
content and composition of the ECM, it can be speculated that the 9p21.3 SNPs
may influence abdominal aortic wall stiffness by affecting the interplay between
elastic fibres, collagens and SMCs.
The 9p21.3 risk‐variants also confer an increased risk of abdominal aortic
aneurysm (AAA). The mechanism involved in the formation of AAA is largely
unknown, although an increased abdominal aortic stiffness has been reported in
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subjects with AAA compare with age‐matched controls (Länne, et al. 1992).
However, stiffness may differ throughout disease development and progression.
In fact, it has previously been reported that AAAs that actually rupture or require
elective repair are more compliant than AAAs that do not (Wilson, et al. 1998).

Mechanism of action?
The mechanism underlying the association of 9p21.3 SNPs with CVD has been
actively sought ever since the association was reported for the first time. Very
little functional information is however available, although the observation that
the SNPs reside within a long non‐coding RNA (ANRIL) suggests that they may
have a regulatory role in the expression of protein‐coding genes located nearby.
ANRIL have been reported to regulate the expression of two tumour suppressor
genes, CDKN2A and CDKN2B, via epigenetic silencing of the CDKN2A and CDKN2B
locus (Yap, et al. 2010), and studies using knock‐out mouse models of the 9p21.3
region further supports the notion that ANRIL play a role in regulating the
expression of these genes (Visel, et al. 2010). Knock‐out mice showed a decreased
expression of CDKN2A and CDKN2B and a proliferative SMC phenotype compared
with wild‐type mice. Furthermore, a positive correlation between ANRIL and
CDKN2A and CDKN2B gene expression have been reported (Folkersen, et al.
2009). One potential mechanism may hence be that the 9p21.3 SNPs affect the
expression of ANRIL, which in turn alters the expression of genes related to cell
proliferation, thereby influencing structural integrity of the vessel wall. The
9p21.3 SNPs may also affect the expression of nearby genes directly via
conserved enhancers present in the 9p21.3 region (Harismendy, et al. 2011).
Initially, the 9p21.3 risk‐variant was linked to a decreased expression of ANRIL,
CDKN2A and CDKN2B in peripheral blood cells (Liu, et al. 2009). Shortly
thereafter, the risk‐variant was investigated in relation to the expression of a long
and a short ANRIL transcript in whole blood cells from healthy subjects (Jarinova,
et al. 2009). In the presence of the nonrisk‐variant, increased expression of the
long transcript was associated with increased expression of CDKN2A and
CDKN2B. Cells with the risk‐variant, on the other hand, showed increased levels
of the short transcript, which was associated with a decreased expression of
CDKN2A and CDKN2B (Jarinova, et al. 2009). Today there is no consensus
regarding expression levels of ANRIL in relation to the risk‐variant. This could
possibly be explained by the measurement of different ANRIL transcript in the
different studies. Up till date, at least ten transcripts have been detected
(Folkersen, et al. 2009, Pasmant, et al. 2007).
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The 9p21.3 SNPs and gender differences
In contrast to men, there was no association between the 9p21.3 SNPs and
abdominal aortic wall mechanics in women. This finding may seem surprising as
it has earlier been shown that the association between the 9p21.3 SNPs and CVD
is uninfluenced by sex (Broadbent, et al. 2008). However in a recent study, SNPs
within the same haplotype block as the rs10757274 and rs2891168 SNPs were
associated with carotid IMT in men but not in women (Lin, et al. 2010),
suggesting that sex may contribute to the genetic predisposition to CVD. A
confounding factor in our study may however be that genotypes of the
rs10757274 and rs2891168 SNPs were not in accordance with the Hardy‐
Weinberg equilibrium in women. Also, compared with men, the minor allele
frequencies were lower in women. This may imply a selection towards a specific
allele (survival bias) or a selection bias in the recruitment of female participants.
On the other hand, the abdominal aortic wall may also be more vulnerable in
men, as suggested by augmented age‐related changes in wall stress, stiffness and
aortic dilatation in men compared with women (Sonesson, et al. 1993, Åstrand, et
al. 2005) as well as a higher prevalence of AAA (Norman, et al. 2010).
Taken together, the results from Paper I showed that men carrying the 9p21.3
risk‐variants had more compliant and distensible (less stiff) abdominal aortas
than men homozygous for the non‐risk variant. This suggests that the 9p21.3
SNPs may affect intrinsic properties of the abdominal aortic wall, leading to
altered mechanical function of the vessel. The mechanism underlying this
association needs however further elucidation, although it can be speculated that
the 9p21.3 SNPs may influence the expression of genes related to cell
proliferation or elastin/collagen turnover, thereby leading to loss of vessel wall
integrity.
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PAI‐1 and central hemodynamics
It is well established that PAI‐1 is a multifunctional enzyme involved in many
processes associated with vascular integrity. For example, the PAI‐1 gene has
been suggested as a candidate gene predisposing hypertension. In hypertensive
patients, the activity of plasma PAI‐1 has been demonstrated to be significantly
higher than in normotensive subjects (Jeng 2003, Lemne, et al. 1996), and a
positive correlation of plasma PAI‐1 with brachial blood pressure has been
reported (Poli, et al. 2000). The level of plasma PAI‐1 is influenced by the PAI‐1
4G/5G polymorphism, individuals carrying the 4G/4G genotype having higher
levels than 5G carriers (Eriksson, et al. 1995). Consequently, the 4G/4G genotype
has been associated with a higher risk of hypertension (Martinez‐Calatrava, et al.
2007). The standard site for measurement of blood pressure is at the brachial
artery. However, in late years, the importance of blood pressure close to the
heart, i.e. central aortic blood pressure, has been emphasized as this pressure
more strongly relates to cardiovascular morbidity and mortality than the
peripheral pressure (Laurent, et al. 2006). The objective of Paper II was to
investigate the possible influence of the PAI‐1 4G/5G genotype on central aortic
blood pressure in a cohort of elderly individuals.

Increased plasma PAI‐1 levels in women
The level of plasma PAI‐1 has previously been shown to differ between genders,
men having higher levels of circulating PAI‐1 than women at younger ages
(Krishnamurti, et al. 1988). However, gender differences diminish to a large
extent with age, PAI‐1 levels increasing in women but remain roughly the same in
men (Sundell, et al. 1989). In our population, with a mean age of ~80 years,
women had significantly higher PAI‐1 levels than men (P=0.006), which is in line
with previously published data reporting higher PAI‐1 levels in women than in
men at the age of 60 years (Sundell, et al. 1989). It is likely that this is an effect of
reduced levels of estrogens in postmenopausal women as PAI‐1 levels have been
shown to be reduced by estrogens (Brown, et al. 2002, Koh, et al. 1997). Further,
compared with men, women had higher pressure augmentation and
augmentation index (P<0.001 for both), suggesting increased arterial stiffness. An
increase in arterial stiffness leads to premature return of reflecting pulse waves,
resulting in elevated systolic pressure and pulse pressure (Laurent, et al. 2006).
In line with this, women had higher peripheral as well as central systolic
(P<0.001 for both) and pulse pressure (P<0.001 for both) than men. Although no
correlation between PAI‐1 antigen and stiffness β or blood pressure was found in
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either men or women, it may well be that increased arterial stiffness and blood
pressure is a result of increased levels of plasma PAI‐1. It has previously been
shown that plasma PAI‐1 is positively correlated with blood pressure in both men
and women (Poli, et al. 2000), as well as with carotid stiffness β in men above 40
years of age (Nishiwaki, et al. 2000). Further, PAI‐1 has been reported to promote
VSMC proliferation and inhibit migration (Kouri, et al. 2008, Stefansson, et al.
1996), and it can be speculated that PAI‐1 influences the degree of matrix
degradation by interfering with the plasmin‐mediated activation of MMPs.
Indeed, an association between MMP activity and stiffness have been
demonstrated (Medley, et al. 2003). These events together may act in favour of
arterial stiffening and blood pressure elevation.

Gender‐specific association of the PAI‐1 4G/4G genotype with central blood
pressure
We could confirm the previously reported association of the PAI‐1 4G/5G
polymorphism with blood pressure measured peripherally (Martinez‐Calatrava,
et al. 2007). More importantly, we also found an association of the PAI‐1 4G/5G
polymorphism with central aortic blood pressure. The associations remained
after adjustment for potentially confounding factors, i.e. age, body mass index
(BMI), low‐density and high‐density lipoprotein, IMT, glomerular filtration rate,
diabetes and smoking, implying an independent genotype‐phenotype association.
The associations were however only found in women, suggesting a gender‐
dependent biology of PAI‐1 in terms of blood pressure effects. Indeed, significant
interactions between PAI‐1 genotype and gender were seen (e.g. P=0.006 for
central systolic pressure). Women carrying the 4G/4G genotype had higher
central systolic, diastolic and mean arterial blood pressure than 5G/5G carriers
(P=0.025 for systolic; P=0.002 for diastolic; P=0.002 for mean arterial pressure)
(Fig 11).
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Figure 11. Central systolic and diastolic blood pressure in women according to PAI‐1
genotype. Data are mean values ± SD.BP: blood pressure; *: P<0.05; **: P<0.01.

Based on previous findings showing a genotype:PAI‐1 level association it may be
reasonable to believe that this association is mediated by variations in plasma
PAI‐1 levels. Although only a tendency towards higher plasma PAI‐1 antigen was
seen in women carrying the 4G/4G genotype compared with 5G carriers, multiple
regression analysis including a large number of factors known to influence PAI‐1
levels revealed a weak but significant association between PAI‐1 genotype and
PAI‐1 antigen levels (P=0.048). This suggests that there is an association between
PAI‐1 genotype and plasma PAI‐1 antigen levels, although other factors may
interfere, especially in an elderly population like ours. Sex, BMI and current
smoking were shown to be strong determinants of plasma PAI‐1 antigen
(P=0.004 for sex; P<0.001 for BMI; P=0.002 for smoking). Of note, it should be
stressed that plasma PAI‐1 antigen was only measured at one single time point,
and given the circadian control of plasma PAI‐1 levels (Angleton, et al. 1989), as
well as the influence of environmental factors (see below) this may not reflect the
average day plasma level. In addition, plasma PAI‐1 antigen at the age of ~80 may
not reflect the lifelong impact of the PAI‐1 polymorphism on blood pressure
control.
The PAI‐1 4G/5G polymorphism has previously been implicated in an allele‐
specific response to plasma triglycerides (Ossei‐Gerning, et al. 1997, Panahloo, et
al. 1995), suggesting a possible gene‐environmental interaction further
influencing transcriptional activity. Moreover, as also confirmed by us, there is a
strong positive correlation between plasma PAI‐1 levels and BMI (Eliasson, et al.
1994). Unfortunately, due to shortage in plasma we did not obtain data regarding
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triglyceride levels. However, women carrying the 4G/4G genotype showed a
tendency towards higher BMI compared with women homozygous for the 5G
allele.

PAI‐1 levels and antihypertensive treatment
A number of blood pressure lowering drugs, commonly used in an elderly
population, have been shown to influence plasma PAI‐1 levels. ACE inhibitors
(ACEi) inhibit the formation of Angiotensin II, a potent inducer of plasma PAI‐1
(Suzuki, et al. 2003). Consequently, treatment with ACEi has been shown to
reduce plasma PAI‐1 antigen in patients with hypertension (Sakata, et al. 1999). It
is however not likely that treatment with ACEi explains the differences seen in
blood pressure between women with different PAI‐1 genotypes. Firstly, there was
no difference in the distribution of ACEi treatment between different genotype
groups. Secondly, additional adjustment for antihypertensive medications had no
effect on the association between PAI‐1 genotype and central aortic blood
pressure, and thirdly, if all women treated with ACEi were excluded from the
analysis, the association remained significant.
Taken together, the results from Paper II showed a gender‐specific association of
the PAI‐1 4G/5G polymorphism with peripheral, and more importantly, central
aortic blood pressure, with women homozygous for the 4G allele having higher
pressures than 5G/5G carriers. The genotype effect was independent of other
factors related to hypertension, implying that an impaired fibrinolytic potential
may play a role in the development of hypertension in women. Although the
mechanism behind this needs further elucidation, it can be speculated that an
increase in plasma PAI‐1 level, mediated by the PAI‐1 4G/5G polymorphism, may
lead to an imbalance between matrix deposition and degradation, shifting the
turnover towards matrix accumulation with subsequent arterial stiffening and
blood pressure elevation.
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Flow‐dependent gene expression under physiological conditions
It is widely recognized that shear forces, generated by the pulsatile nature of
blood flow, play a key role in the maintenance of vessel wall integrity. Specifically,
disturbed flow patterns with associated low and/or oscillating shear forces have
been implicated in the pathogenesis of vascular disease (Caro, et al. 1969, Ku, et
al. 1985). Current understanding regarding shear‐dependent gene expression is
mainly based on in vitro studies or in vivo observations with experimentally
deranged shear. In vitro flow models have provided us with considerable useful
information, but are however highly simplified, with non‐physiological flow
environments, lack of cell‐cell and cell‐ECM interactions etc., making it difficult to
apply in vivo. Animal models with deranged flow, e.g. by the introduction of a
stenosis in a larger vessel segment, are limited to evaluation of only acute
molecular events in relation to flow as they do not allow for compensatory
mechanisms presumably manifesting over a longer period of time. Investigations
studying the effect of shear forces in a “chronic” in vivo setting and under
physiological conditions, i.e. devoid of an atherogenic diet or genetic
manipulation, are more scarce and most often focus solely on EC gene expression.
Although ECs are the main sensors of shear forces, the pathogenesis of many
vascular diseases is complex and pathological changes are most apparent in the
medial layer. It is therefore of relevance to study not only EC gene expression but
also concomitant events manifested in the underlying tissue. Furthermore,
chronic studies in which the regional hemodynamic environment has been
determined prior to investigation of global gene expression are even more
limited. The objective of Paper III was to combine CFD simulations, which enables
precise identification of regions exposed to different shear force patterns, with
global gene expression and morphological analyses. In this way, local gene and
protein expression can be studied in direct relation to specific flow fields. Shear
force patterns were determined in the rat aortic arch under physiological
conditions and gene expression in ECs and underlying tissue were studied in the
defined regions.

Flow pattern and magnitude of WSS in the rat aorta
A 3D distribution of systolic WSS magnitude and WSS vector direction in one
representative rat aorta is shown in Figure 12. Two distinct regions were
recognized in the aortic arch; one region along the outer curvature of the arch,
just after the left subclavian artery, being subjected to increased levels of systolic
WSS and a uniform flow pattern (i.e. a uniform WSS vector direction near the
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wall), and a second region in the distal part of the inner curvature being exposed
to low magnitudes of systolic WSS and a disturbed flow pattern (i.e. a non‐
uniform WSS vector direction near the wall).

High
WSS

B
Low
WSS

A

C

Figure 12. Systolic WSS magnitude and WSS vector direction in the aortic arch (dorsal
view) in one representative rat (Panel A). WSS magnitude is presented as colour‐coded
(dynes/cm2), WSS vector direction is presented as arrows within the aorta. Panel B shows
the low (dark blue) WSS region, and Panel C shows the high (red) WSS region, visualized
from another angle. Red arrows indicate direction of blood flow. WSS: wall shear stress.

The localization of high and low WSS regions in the rat aorta is similar to what
has previously been shown in mice (Janiczek, et al. 2011, Suo, et al. 2007).
However, the absolute magnitude of WSS differs. This difference may be
explained by size differences or differences in methodological approach. Suo et
al. (Suo, et al. 2007) used micro‐CT and ultrasound in order to obtain geometrical
and flow information, respectively. By instead using phase contrast MRI for this
purpose, aortic geometry can be obtained in the living animal, and flow velocities
measured with a higher spatial resolution. A high spatial resolution is necessary
for accurate CFD simulations. Janiczek and colleagues (Janiczek, et al. 2011)
calculated WSS directly from the spatial velocity gradient. This has been shown to
underestimate WSS values due to insufficient resolution of the velocity field near
the wall. One limitation of our WSS estimations however was that due to
difficulties in obtaining ascending aortic velocities, all estimations were based the
same ascending aortic blood flow velocity profile obtained in one rat. Roughly,
the magnitude of WSS is proportional to the flow velocity, meaning that the
absolute magnitude of WSS would potentially differ if instead animal‐specific
ascending aortic velocities were to be used. We were however interested in the
distribution of WSS, which is not markedly affected by this systematic bias.
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Flow‐mediated gene expression
Low and/or oscillating WSS have previously been associated with an increased
expression of inflammatory mediators (Nakashima, et al. 1998) and adhesion
molecules (Suo, et al. 2007). In order to ensure precise identification and
isolation of the two flow pattern regions, the expression of TNF and VCAM‐1, two
pro‐inflammatory genes known to be up‐regulated by low shear stress and
disturbed flow (Mohan, et al. 1999, Suo, et al. 2007), were analyzed. Indeed, the
expression of TNF and VCAM‐1 were higher in the low WSS region than in the
high WSS region (P=0.002 for VCAM‐1; P=0.0001 for TNF) (Fig 13).
A)

B)
P=0.002
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TNF/TBP mRNA exp

VCAM1/TBP mRNA exp
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1.2
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P=0.0001

1.6
1.2
0.8
0.4
0.0

High WSS

Low WSS
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Low WSS

Figure 13. Expression of VCAM‐1 (A) and TNF (B) in high and low WSS regions in the rat
aortic arch. Gene expression was analyzed by real‐time PCR and normalized to TBP
mRNA expression. WSS: wall shear stress.

Microarray expression analysis was performed on 28 tissue samples (14 pairs of
high and low WSS regions). Principal component analysis applied to the
Affymetrix mRNA array data, including 13 968 genes, revealed that the two flow
regions exhibited distinctly different gene expression profiles. A total of 781
genes were shown to be differentially expressed (P<3.6E‐6; using Bonferroni
correction for multiple testing), 387 (50%) of these being up‐regulated in the low
WSS region. The correlation between fold‐change and log P was 0.71. Further,
gene ontology analysis using all 781 differentially expressed genes as input genes
was performed in order to identify key processes involved in flow mediated gene
expression. This analysis revealed that differentially expressed genes were highly
associated with transcriptional regulation (P=9.53E‐08; using Benjamini
Hochsberg correction for multiple testing), suggesting that a change in the
pattern of transcription may be a key course of action in flow‐mediated changes
in the aortic arch.
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To explore the possible function of shear‐dependent genes, the top differentially
expressed genes, according to a cut off value of P≤1.0E‐09 were selected for a
more detailed literature study. This resulted in the selection of a total of 32 genes,
which are presented in Table 2, classified according to their function.

Table 2. The top 32 selected genes, classified according to function.
Gene

LWSS

P‐value

Avpr1a
Trpc4
Ryr3
Plce1
Rapgef4

Down
Up
Up
Down
Up

1.43E‐11
8.72E‐11
1.65E‐10
3.73E‐10
2.00E‐10

Vipr2
Mat2a
Gapdh
Mobkl1a
Pgcp

Down
Up
Up
Down
Up

1.56E‐10
3.80E‐10
8.97E‐10
1.60E‐12
9.65E‐10

Fgf12
Rab1b
Gria3
Prima1
Rpl10a
Ubb
Rnf4

Down
Up
Down
Down
Down
Up
Up

2.43E‐12
2.53E‐11
2.17E‐10
2.24E‐10
2.62E‐11
2.06E‐10
3.63E‐10

Hand2
Pax9
Figf
Capns1
Tfpi
Heyl
Pde10a
Slain2
Emb

Up
Down
Down
Up
Down
Down
Down
Down
Up

8.91E‐14
3.84E‐10
2.08E‐10
7.57E‐11
7.30E‐10
2.69E‐10
1.70E‐10
1.84E‐11
9.70E‐12

Ppib
Hoxb6
Hoxa6
Atxn7l4
Stard9
Ttc39b

Up
Down
Down
Down
Up
Up

4.18E‐11
1.86E‐10
8.29E‐10
7.28E‐11
1.22E‐10
3.54E‐10

Function(s) and properties
Ca2+ SIGNALLING, CILIA
2+

Vasopressin Ca oscillation, activates phospholipase C activity
Ca2+ signalling, PC2 interaction
Ca2+ signalling, PC2 interaction
Activation of TRPC, Ca2+ signalling
Ca2+‐dependent exocytosis, interacts with Plce1

INFLAMMATION, CELL PROLIFERATION
Anti‐TNF, anti‐NFkB
Induced by TNF
Induced by shear stress, involved in TNF induced apoptosis
Inhibitor of cell proliferation
Cell proliferation

APOPTOSIS, ENDOPLASMATIC RETICULUM
Anti‐apoptotic, potential candidate for intracranial aneurysm
Small GTPase, protein transport, autophagy
Anti‐apoptotic
p53 dependent apoptosis
Ribosomal protein, functions in UV damage and Ub/proteasome response
Up‐regulated upon oxidative stress
Ubiquitin ligase E3, regulates HIF

ANGIOGENESIS , CARDIOVASCULAR REMODELING
Vascular and cardiac development, angiogenesis
Regulated by Hand1/2
VEGFD, angiogenesis, down‐regulated in several types of cancers
Ca2+‐activated protease, autophagy, angiogenesis, up‐regulated by NFkB
Anti‐coagulant, anti angiogenesis
NOTCH target, cardiac valve formation
Vascular remodeling
Microtubule growth
Regulation of cardiac actin genes

OTHERS
Pro collagen type I chain association
Morphogenesis and development
Morphogenesis and hematopoietic progenitor cell development
Unknown gene
Not much known
Not much known, associated with HDL cholesterol
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The general expression pattern of the top 32 genes was largely reminiscent of
what has been shown previously (Chiu, et al. 2011), i.e. a marked up‐regulation of
pro‐inflammatory, pro‐proliferative and pro‐oxidant genes, and down‐regulation
of anti‐inflammatory, anti‐proliferative and anti‐oxidant related genes in the
region exposed to low WSS with a disturbed flow pattern. For example, MAT2A
was up‐regulated in the low WSS region. MAT2A is induced by TNF via activation
of NF‐κB, and is associated with rapid growth of liver cells (Yang, et al. 2003). In
contrast, VIP, which exerts anti‐inflammatory properties via the inhibition of pro‐
inflammatory cytokines such as TNF, IL‐6 and IL‐12 (Leceta, et al. 2000), was
highly down‐regulated in the low WSS region. HAND2 and MOBKL1A were the
two most significantly differentially expressed genes. Both these genes are
involved in vascular remodeling, HAND2 by regulating angiogenesis through
VEGF signalling (Yamagishi, et al. 2000) and MOBKL1A by inhibiting cell
proliferation (Praskova, et al. 2008). Furthermore, the expression of FIGF
(VEGFD) was down‐regulated in regions exposed to low WSS, which may seem
counterintuitive as FIGF has been reported to be angiogenic (Marconcini, et al.
1999). However, as described by Passerini et al (Passerini, et al. 2004), gene
expression typically associated with an atheroprotective phenotype also has been
demonstrated in areas assumed to be exposed to disturbed flow, suggesting that
the expression profile seen in disturbed flow regions may reflect a delicate
balance between atherogenic and atheroprotective genes. In addition, the process
of angiogenesis is complex and the outcome may depend on a balance between
the expression of several different VEGF family members.
Worthy of note is also the highly differential expression of GAPDH between
disturbed and uniform flow pattern regions. GAPDH is frequently used as an
endogenous reference gene to control for experimental variability when
performing various gene expression analyses. The usage of such control however,
requires that the gene is constitutively expressed and not affected by applied
experimental conditions. Thus, the usage of GAPDH as a reference gene when
studying shear‐dependent gene expression is highly unsuitable. In addition,
GAPDH has been demonstrated to be involved in TNF induced apoptosis (Du, et
al. 2007).
Several of the top differentially expressed genes were related to Ca2+‐signalling.
Influx of Ca2+ is an early response to increased shear stress, leading to elevated
levels of cytosolic calcium (Jow, et al. 1999) and subsequent NO production.
Different types of flow patterns have however been described to have different
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effects on the intracellular Ca2+ gradient (Gautam, et al. 2006). Primary cilia have
previously been demonstrated to function as Ca2+ sensitive mechanosensors in
epithelial cells, and accumulating evidence points to cilia being a main sensor of
shear stress also in ECs (Iomini, et al. 2004, Patel, et al. 2010, Van der Heiden, et
al. 2011). In the mouse vasculature, as well as in the chick embryonic heart,
endothelial primary cilia are present in a shear stress related distribution
pattern, being more abundant in areas of disturbed flow than in regions exposed
to a uniform flow field (Van der Heiden, et al. 2006, Van der Heiden, et al. 2008).
Mechanical bending of cilia results in an influx of Ca2+. This Ca2+ influx is mediated
by the mechanosensitive polycystin (PC) complex (composed by PC1 and PC2)
located in the cilary membrane. PC2 has previously been shown to interact with
TRPC4 (Du, et al. 2008), which was highly differentially expressed between the
high and low WSS region. In addition, TRPC4 has been shown to be involved in
the control of vascular tone (Freichel, et al. 2001) and participate in vascular
remodeling (Fantozzi, et al. 2003). Ryanodin receptors (RYRs) are downstream
targets of PC1/PC2 Ca2+ signalling (Anyatonwu, et al. 2004) and may well be
involved in this pathway. Moreover, a differential expression of the vasopressin
receptor AVPR1A was shown. Vasoconstrictors, such as arginine vasopressin
(AVP) are known to open Ca2+ permeable nonselective cation channels and
activate phospholipase C (Pfeilschifter, et al. 1984). AVP‐induced Ca2+ oscillation
is mediated through the interplay between Ca2+ release via RYRs and Ca2+ influx
through nonselective cation channels (Yip, et al. 2011). Taken together, a down‐
regulation of TRPC4 and RYR3 in the high WSS region may mediate an inhibitory
effect on the assembly of cilia, which instead is induced in ECs exposed to low
WSS and a disturbed flow pattern. In addition, the genes may also be involved in
the regulation of vascular tone in response to fluid flow.

Vascular morphology in relation to flow pattern
Vascular wall morphology was evaluated in regions exposed to uniform and
disturbed flow pattern, respectively. As shown in Figure 14, we could confirm the
previously reported flow‐mediated endothelial expression of vWF (Galbusera, et
al. 1997), ECs exposed to a disturbed flow pattern showing a decreased staining
for vWF compared with ECs exposed to a uniform flow field. In addition, a
marked difference in structure of the medial layer was seen between the two flow
regions. Specifically, SMCs within the disturbed flow region showed a more
random arrangement compared with SMCs within the uniform flow region.
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Disturbed flow pattern

Uniform flow pattern

Figure 14.
Immunostaining of von
Willebrand factor (ECs;
brown staining). Sections
are counterstained with
Mayer’s hematoxylin.

Considerable morphological differences between ECs exposed to disturbed and
uniform flow have previously been reported, as well as differences in EC
proliferation rate (Chiu, et al. 1998). The level of shear stress that acts on the
SMCs has traditionally been considered to be too low to affect their function, as
they lay beneath the intact endothelium. However, fluid modelling studies have
indicated that superficial SMCs may be directly exposed to magnitudes of shear
stress high enough to modulate their gene expression (Tada, et al. 2002, Wang, et
al. 1995). In addition, it has previously been suggested that shear stress may
regulate SMC alignment and pattern formation (Liu, et al. 2003).
Taken together, the results from Paper III showed that different types of flow
pattern in the rat aortic arch elicited distinctly different profiles of gene
expression under physiological conditions. In particular, a disturbed flow pattern
was associated with an up‐regulation of pro‐inflammatory, pro‐proliferative and
pro‐oxidant genes, and down‐regulation of anti‐inflammatory, anti‐proliferative
and anti‐oxidant related genes. A marked difference in structure of the medial
SMC layer was also seen between the two flow pattern regions. Moreover, several
genes related to Ca2+‐signalling showed a flow‐dependent expression. As primary
cilia have been demonstrated to function as Ca2+‐sensitive mechanosensors in
ECs, and to be more abundant in disturbed flow regions than in regions exposed
to uniform flow fields, it is possible that up‐regulation of this group of genes in
disturbed flow regions is due to endothelial response to disturbed flow and
assembly of cilia, potentially leading to functional and structural modifications of
the vessel wall. This however needs further elucidation.
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Flow mediated gene expression in BAV
Bicuspid aortic valve (BAV) is a common congenital malformation with a
prevalence ranging from 1 to 2% of the general population (Roberts 1970, Ward
2000). It is associated with an increased risk of aortic valve lesions (regurgitation
and stenosis), and compared to subjects with a tricuspid aortic valve (TAV),
patients with BAV are at increased risk of developing serious aortic
complications, such as aortic dilation, aneurysm or dissection of the ascending
aorta (Cotrufo, et al. 2009). An abnormal ascending aortic blood flow has been
demonstrated in patients with BAV (Hope, et al. 2011, Robicsek, et al. 2004), with
increased flow velocities and magnitudes of shear stress directed towards the
convexity of the aortic arch (Hope, et al. 2011). In concert with this, it has
previously been demonstrated that the pattern of pathological changes in SMCs
and ECM proteins is asymmetrical in the aorta of BAV patients, being more
prominent in the convexity, where the aortic wall is expected to be exposed to
abnormal flow, than in the respective concavity (Cotrufo, et al. 2009, Della Corte,
et al. 2008). The impact this abnormal ascending aortic blood flow may have on
gene expression has however not yet been investigated. The aim of Paper IV was
to dissect flow‐mediated gene expression, identifying genes potentially involved
in the pathogenesis behind increased aneurysm susceptibility associated with
BAV formation. This was conducted using a multi‐step analysis strategy,
described in more detail in the Comments on Methods section “Identification of
flow associated gene expression”. We used for the first time the computational
method ‘expression screening’ in a human material, with the well‐characterized
flow‐responsive genes KLF2, KLF4, THBD, TIE1 and PKD2 selected as query
genes.

Identification of flow‐associated gene expression
A total of 122 genes were identified as being co‐expressed with the query genes
when screening informative public microarray data sets (Fig 9, Step 1). These
genes were considered as flow‐associated and constituted the base for further
study in the ASAP gene expression data set. Prior investigation of differential
expression between BAV and TAV patients, all 122 identified genes were
analyzed for co‐expression with query genes in the ASAP expression data set,
containing 127 arrays from ascending aortic intima/media; 81 BAV and 46 TAV
(Fig 9, Step 2). As expected, a large proportion of the genes showed co‐expression
also in this tissue, n=72 showing co‐expression with at least one of the query
genes according to a Pearson correlation coefficient of 0.40. Of note, false
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discovery rate (FDR) 5%, P<0.0137 corresponds to R=0.143; Bonferroni
correction, P<6.01E‐05 corresponds to R=0.404.

Flow‐associated gene expression in patients with BAV
A total of 44 genes were differentially expressed in the ascending aorta between
BAV and TAV patients (FDR 5%; P<0.0140. Fig 9, Step 3), including three of the
selected query genes; KLF2, KLF4 and PKD2 (Table 3). Importantly, a differential
expression of PECAM1 and CDH5 was also observed. None of the 44 genes
showed correlation with one or more query gene (R>0.40) and a differential
expression in the mammary artery between BAV and TAV patients using FDR 5%.
The gene expression profiles of the mammary artery were used as controls as this
vessel is not under the direct influence of flow‐mediated effects by the valve.
KLF2 and KLF4 are two major flow induced transcription factors reported to
function as master switches in the induction of genes implicated in maintenance
of vascular tone and the establishment of an anti‐inflammatory endothelial
phenotype (Dekker, et al. 2006, Nayak, et al. 2011). PECAM1 and CDH5 are
components of the mechanosensory complex mediating endothelial response to
shear stress. A differential expression of all these key shear stress regulators was
observed in the ascending aorta between BAV and TAV patients, the expression
being lower in the BAV aorta than in the TAV aorta (P=0.0105 for KLF2; P=8.29E‐
5 for KLF4; P=0.000899 for PECAM1; P=2.52E‐05 for CDH5). This supports the
selection of flow‐associated genes by our procedure. Abnormal expression of
PKD2 in patients with polycystic kidney disease has been associated with a range
of vascular abnormalities, including BAV morphology (Leier, et al. 1984) and
aortic root dilatation (Bichet, et al. 2006). In VSMCs, PKD2 has been shown to
inhibit the activity of stretch‐activated ion channels, and elevated expression of
PKD2 has been associated with impaired myogenic tone (Sharif‐Naeini, et al.
2009). We observed a marked increase in PKD2 VSMC staining in the ascending
aorta of BAV patients (Fig 15), which may well contribute to impaired VSMC
function in the BAV aorta. Alternatively, exposure of ECs to disturbed flow may
also cause a altered expression of PKD2 in VSMCs. PKD2 is a component of cilia,
and in the mouse vasculature as well as in the chick embryonic heart, primary
cilia have been shown to be restricted to areas of disturbed flow (Van der Heiden,
et al. 2006, Van der Heiden, et al. 2008), where the expression of KLF2 has been
demonstrated to be low (Dekker, et al. 2002, Groenendijk, et al. 2005). Hence,
increased number of cilia in the BAV ascending aorta, as a result of exposure to
disturbed flow may be connected to the up‐regulation of PKD2 in VSMCs.
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Table 3. Genes differentially expressed between flow regions in rat and between BAV and TAV.
Gene

Function and properties

RAT
P‐value
Dist

ASAP
P‐value
BAV

ZFP36L1
ZFP36
FLI1
EGR1
IER2
SLC2A3
FOSB
TIMP1
GRK5
CCL2
NID1
ITGA5
SOCS3
FOS
KLF2*
BTG2

Modulation and destabilization of VEGF mRNA, wh

7.80E‐07

↓

0.0101

↓

Modulation and destabilization of VEGF mRNA, wh

1.08E‐05

↓

2.22E‐05

↓

Maturation and destabilization of vessels, ang, wh

6.60E‐05

Up

3.66E‐06

↓

Regulates Ang‐1 induced EC migration & proliferation, wh

7.98E‐05

↓

0.000777

↓

SGK1
PLEKHO2
PTGER4
COL6A3
FERMT2
IL1R1
PKD2*
GEM
DAB2
GPR116
DUSP5
CEBPB
KLF4*
SH2B3
JUNB
CDH5
CD93
CDKN1A
PTPRE
CALD1
ERG
ELTD1
ENG
PECAM1
CEBPD
THBS1
KIAA0247
IL4R

Mediates EGF‐dep left‐right symmetry patterning in zebrafish

0.00012

↓

0.000429

↓

Involved in tumor angiogenesis

0.00019

Up

6.51E‐08

↓
↓

Induced by mechanical stress and VEGF, wh

0.00031

↓

1.23E‐05

Anti‐ang, wh

0.00045

Up

0.00329

↓

Regulation of vasoconstriction in VSMC

0.00053

Up

8.30E‐05

Up

Involved in neovascularization and ang, wh

0.00093

↓

1.32E‐06

↓

Ingredient of vascular basement membrane, wh

0.00098

↓

0.00197

↓

Fibronectin receptor

0.00115

↓

9.00E‐04

↓

Negative regulator of cytokines, wh

0.00119

↓

2.84E‐07

↓

Regulation of VEGF, ang, wh

0.00139

↓

6.31E‐05

↓

Regulated VEGFA, ang

0.00207

↓

0.0105

↓

Anti‐proliferative TF involved in modulation of VEGF‐reg wh

0.00314

↓

1.35E‐05

↓

Involved in vascular remodeling during ang, wh

0.01066

Up

0.000461

↓

No functional studies according to PubMed

0.01227

Up

6.75E‐08

↓

Involved in expression of VEGF, ang, wh

0.01418

↓

1.92E‐06

↓

Regulated by TGFβ

0.01504

Up

9.00E‐05

↓

Fibronectin deposition, regulated by TGFβ1, ang

0.02228

Up

0.000179

Up

Wh

0.03103

0.0104

↓

Component of the mechanosensory complex in cilia, wh

0.04592

7.03E‐07

Up

2+

Regulation of voltage‐gated Ca ‐channel

0.13107

0.000193

Up

Regulates embryonic angiogenesis via induction of VEGF

0.13354

0.000298

↓

Specifically expressed in the microvasculature

0.18922

1.99E‐08

↓

Strongly induced by VEGF in ECs

0.27924

8.17E‐05

↓

Interacts with subunits of NFκB to augment gene expression

0.40525

0.000551

↓

Modulates SMC phenotype, ang, wh

0.44656

8.29E‐05

↓

Stabilization of thrombi within vessels

0.48533

8.03E‐07

↓

Regulates VEGF exp in a NF‐κB‐dependent manner, ang, wh

0.49141

2.60E‐05

↓

Component of shear stress sensor complex, ang

0.53465

2.52E‐05

↓

Vascular remodeling, ang

0.68071

0.000794

↓

Regulates EC senescence and permeability, wh

0.71809

0.002

↓

Negative regulator of EC proliferation, possible role in ang

0.79921

4.96E‐07

↓

Down‐regulated by KLF‐2, anti‐ang

0.93732

0.00108

Up

Ang, wh through regulation of ECM

0.96645

0.00718

Up

Specifically expressed in the microvasculature

0.99016

3.03E‐05

↓

Vascular TGFβ co‐receptor, ang, wh

NA

NA

0.000117

↓

Component of shear stress sensor complex, ang, wh

NA

NA

0.000899

↓

Interacts with subunits of NFκB to augment gene expression

NA

NA

0.000296

↓

Anti‐ang, wh

NA

NA

0.00201

↓

Regulator of cell cycle

NA

NA

5.25E‐05

↓

IL4R (IL4: implicated in blocking and promotion of ang)

NA

NA

1.23E‐06

↓

Direction of gene regulation is indicated by arrow or “up” and compared to uniform flow in the
rat and TAV, respectively. Bold P‐values indicate significant differential expression; Dist:
Disturbed flow; *: Query genes; Ang: angiogenesis; Wh: wound healing; NA: Not analyzed.
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BAV

TAV

Figure 15. Immunostaining of PKD2 in BAV and TAV non‐dilated aorta,
respectively. Sections are counterstained with Mayer’s hematoxylin.

Impaired angiogenesis and wound healing in patients with BAV?
A gene function literature search revealed that a large proportion of the genes
differentially expressed in the ascending aorta between BAV and TAV patients
were either directly or indirectly (via regulation of VEGF and Angiopoetin 1, the
main factors related to angiogenesis) connected to angiogenesis. Biomechanical
forces play a crucial role in the regulation of angiogenesis (Asano, et al. 2005,
Tian, et al. 2011), and studies in zebrafish implies that KLF2 plays an important
role also in this process (Nicoli, et al. 2010). Moreover, in a study by Tian and
colleagues, in which deranged flow was established in the lamb foetus by
placement of a vascular graft between the aorta and the main pulmonary artery,
the expression of genes related to angiogenesis burst were shown to be
significantly enriched in lungs exposed to high and non‐uniform shear stress
(Tian, et al. 2011). Interestingly, several of these genes showed differential
expression in the ascending aorta between BAV and TAV patients (CCL2, ELTD1,
ITGA5, DAB2, FLI1, IL1R1, PECAM1, ENG, TIMP1, CALD1, THBS1 and JUN),
suggesting a possible involvement of angiogenesis in the pathogenesis behind
increased aneurysm susceptibility associated with BAV formation. Surprisingly,
most pro‐angiogenesis genes were down‐regulated, while genes with inhibitory
effects were up‐regulated, in the BAV aorta (Table 3), indicating an angiostatic
gene expression in patients with BAV. Furthermore, many of the genes related to
angiogenesis are also involved in the regulation of processes associated with
wound healing. It has previously been demonstrated that the expression of extra
domain A splice variant of fibronectin, which is essential for tissue repair, is
decreased in VSMCs isolated from BAV patients compared with SMCs from TAV
patients (Paloschi, et al. 2011).
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ZFP36 and ZPF36L1, mediators of angiogenesis?
ZFP36 and ZFP36L1 are two closely related RNA‐binding zinc finger proteins,
regulating the stability of numerous mRNAs including TNF and NF‐κB (Deleault,
et al. 2008, Liang, et al. 2009). By binding to the 3'‐untranslated regions of these
mRNAs, ZFP36 and ZFP36L1 promote degradation and thus exhibit anti‐
inflammatory properties. We showed that both these genes were differentially
expressed between BAV and TAV patients, being decreased in the BAV ascending
aorta (P=2.22E‐05 for ZFP36; P=0.0101 for ZFP36L1). In addition, a marked
reduction of ZFP36 staining was observed in ECs in the aorta of BAV patients
compared with TAV patients (Fig 16). The same decrease in ZFP36 expression
was confirmed in regions exposed to a disturbed flow pattern in the rat aorta
compared with corresponding uniform flow pattern regions, both at mRNA level
(P=1.08E‐05) and protein level (data not shown), further supporting a flow‐
dependent expression of ZFP36.
BAV

TAV

ZFP36 (x40)

vWF (x20)

Figure 16. Immunostaining of ZFP36 in BAV and TAV non‐dilated aorta, respectively.
Sections are counterstained with Mayer’s hematoxylin. The lower panels show vWF
staining in consecutive BAV and TAV sections, respectively.

Moreover, we could confirm the previously reported association of ZFP36 with
TNF (Deleault, et al. 2008), as indicated by a significant inverse correlation
between TNF and ZFP36 mRNA expression in tissue samples from rat (P=0.036,
R2=0.19) (Fig 17).

62 I RESULTS AND DISCUSSION

TNF/TBP mRNA exp

2.0

P=0.036
R2=0.19

1.6

Figure 17. Correlation between
TNF and ZFP36 mRNA expression
in the rat aorta. Gene expression
was analyzed by real‐time PCR
and normalized to TBP mRNA
expression.
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Considering the anti‐inflammatory properties of ZFP36 and ZFP36L1, a down‐
regulation of these genes in the ascending aorta of BAV patients may seem
unexpected as it is TAV morphology rather than BAV formation that has been
associated with an over‐expression of genes related to immune response
(Folkersen, et al. 2011). However, it has been demonstrated that ZFP36 and
ZPF36L1 regulate the stability of VEGF mRNA (Lee, et al. 2010, Planel, et al.
2010), raising the possibility that in the etiology of BAV, ZFP36 and ZFP36L1 may
be associated with a down‐regulation of angiogenesis rather than promoting
inflammation.

Expression of flow associated genes in the rat aorta
Several studies have confirmed an abnormal ascending aortic blood flow in BAV
patients. We therefore further evaluated the expression of the identified flow‐
associated genes being differentially expressed between BAV and TAV patients in
two CFD‐defined flow regions in the rat aorta. The two flow regions are exposed
to a disturbed and a uniform flow pattern, respectively. A more detailed
description of flow regions can be found in Paper III. RNA had been extracted and
subjected to global gene expression analysis previously. The rat array platform
included 38 of the 44 BAV and TAV differentially expressed genes. As many as 21
of these 38 genes (55%) were shown to be flow‐responsive in the rat aorta (FDR
5%; P<0.031), i.e. showing a differential expression between disturbed and
uniform flow regions. This strengthens the assumption that the differential gene
expression observed in the BAV and TAV aorta is actually flow‐dependent. Six of
the genes were regulated in the opposite direction when comparing BAV
expression and expression in regions exposed to a disturbed flow pattern. Due to
a number of reasons, a 100% overlap of genes and pattern of up‐ and down‐
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regulation would not have been expected. Firstly, flow patterns were determined
in the normal rat aorta and hence studied in relation to gene expression in the
absence of disease. Secondly, although the flow pattern in both cases is disturbed,
the precise direction of flow is most likely not identical in the ascending aorta of
BAV patients and in the disturbed flow pattern region in rat. In ASAP patients,
specific flow patterns were not determined. In the rat aorta, on the other hand,
anatomically separated regions being exposed to different types of flow were
identified using a CFD approach and mRNA were extracted from those particular
regions. The observed differential expression in rat hence corresponds to specific
flow patterns, and may not necessarily reflect gene expression in relation to other
types of flow disturbances. The abnormal flow seen in BAV patients has been
described as helical (Hope, et al. 2011), which presumably results not only in
temporal WSS gradients (varying with the cardiac cycle), but also in highly local
spatial WSS gradients (affecting each cell). In addition, BAV formation causes an
asymmetrical distribution of the velocity field, with higher velocities directed
towards the convexity of the ascending aorta, resulting in an abnormal WSS
gradient also along the circumference of the aorta (Bauer, et al. 2006, Hope, et al.
2011, Viscardi, et al.). The flow patterns in rat were not analyzed in this manner.
Considering the complex and highly divergent response of ECs to fluid flow
(Dolan, et al. 2011) gene expression may well differ slightly between the two
conditions compared.
Taken together, the results from Paper IV showed that flow‐associated genes,
particularly related to angiogenesis, wound healing and mechanosensing were
differentially expressed in the ascending aorta between BAV and TAV patients.
Importantly, in the same group of patients, none of the genes were differentially
expressed in the mammary artery, suggesting that the identified gene expression
pattern is specific for the ascending aorta close to the aortic valve itself. Further,
as many as 55% of the genes identified as differentially expressed between BAV
and TAV were flow‐responsive in the rat aorta, further strengthening the
assumption that the differential gene expression observed in the BAV and TAV
ascending aorta is actually flow‐dependent. This raises the possibility that a
complex ascending aortic blood flow, as a consequence of BAV morphology, may
contribute to the increased aneurysm susceptibility associated with this
malformation. Further investigation of identified genes in relation to aneurysm
formation is however needed.
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SUMMARY AND CONCLUSIONS
Vascular cells sense and respond to a diverse set of stimuli, including
biomechanical forces, humoral factors and inflammatory mediators. In a steady
state, these factors cooperate to sustain a contractile phenotype and a balanced
turnover of the ECM. Disruption of vascular homeostasis however results in a
shift towards an increased ECM turnover and a synthetic phenotype, ultimately
leading to a loss of structural integrity. The present thesis aimed to investigate
the contribution of two genetic variations, one within the most robust
susceptibility locus identified for CVD, and one within the promoter region of the
PAI‐1 gene, as well as the influence of blood flow on aortic wall integrity. Main
findings and their potential relation to vessel wall integrity, from each Paper,
respectively, are summarized in Figure 18.
PAI‐1 4G/5G
polymorphism

9p21.3 SNPs

Mechanism unknown

Decreased abdominal
aortic stiffness

Increased aortic
stiffness

Increased
central BP

PAI‐1

MMP activity
VSMC proliferation

Impaired vessel wall
integrity
Assembly of cilia

Inflammation, proliferation etc.

TRPC4 & RYR3

PKD2

Angiostatic gene expression
Impaired wound healing

KLF2

Disturbed flow
Low WSS

Disturbed flow

Inner curvature of the aortic arch

BAV

Figure 18. Summary of main findings and their potential relation to vessel wall integrity.
BAV: bicuspid aortic valve; BP: blood pressure; MMP: matrix metalloproteinases: PAI‐1:
plasminogen activator inhibitor‐1; VSMC: vascular smooth muscle cell; WSS: wall shear
stress.
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In Paper I we showed that elderly men carrying the 9p21.3 risk‐variant had more
compliant (less stiff) abdominal aortas than men homozygous for the non‐risk
variant, independent of other factors related to arterial stiffness. It is not known
in what way the 9p21.3 SNPs influence vessel integrity, but it can be speculated
that the SNPs may regulate the expression of genes related to VSMC proliferation
or collagen/elastin turnover, thereby influencing arterial structure and hence
arterial stiffness. An altered stiffness implies impaired structural integrity, which
may explain the association between chromosome 9p21.3 and vascular disease.
In Paper II we showed that elderly women carrying the PAI‐1 4G/4G genotype
had higher central aortic blood pressure than women carrying the 5G/5G
genotype, regardless of other risk factors related to hypertension. This
association may be mediated by variations in PAI‐1 levels as PAI‐1 previously has
been shown to be involved in several processes related to vessel integrity (e.g.
VSMC proliferation and inhibition of plasmin‐mediated activation of MMPs).
Increased levels of PAI‐1, induced by the PAI‐1 4G/5G polymorphism, may hence
lead to an imbalance between matrix deposition and degradation, shifting the
turnover towards matrix accumulation with subsequent arterial stiffening and
blood pressure elevation.
In Paper III we showed that different types of flow and magnitudes of WSS
elicited distinctly different gene expression and wall morphology in the rat aorta
under physiological conditions. In particular, along with genes associated with
inflammation, proliferation and oxidative stress, several genes related to Ca2+
signalling were differentially expressed between regions exposed to disturbed
and uniform flow pattern. Up‐regulation of genes related to Ca2+ signalling in
disturbed flow regions may be due to endothelial response to disturbed flow and
assembly of cilia, consequently leading to functional and structural modifications.
In Paper IV we identified several novel flow‐associated genes, particularly related
to angiogenesis, wound healing and mechanosensing, showing differential
expression in the ascending aorta between BAV and TAV patients. Importantly,
none of the flow‐associated genes were differentially expressed in the mammary
artery between BAV and TAV patients, suggesting that the identified pattern of
gene expression is specific for the ascending aorta close to the aortic valve itself.
As many as 55% of the genes were further confirmed to be flow‐responsive in the
rat aorta. A perturbed flow, as a consequence of BAV morphology, may contribute
to increased aneurysm susceptibility associated with this malformation.
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