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General Introduction

1.1 Metabolic syndrome

1.1.1 Definition

Overweight and obesity is rapidly becoming a major health problem, momentarily affecting
more than 1 billion adults, and over 300 million of them clinically obese. It is predicted by
the World Health Organization (WHO) that by 2015, approximately 2.3 billion adults will be
overweight and more than 700 million will be obese." This overweight/obesity pandemic is
not only restricted to adults, but childhood obesity is already epidemic in some regions. It
is estimated that around 10% of the youths are obese worldwide. Overweight and obesity
lead to adverse metabolic effects on blood pressure, lipid metabolism and insulin resis-
tance. This clustering of pathologies is called as the metabolic syndrome (MetS) and has
also started to emerge in children at young ages, a phenomenon that was inconceivable a
few decades ago.

The MetS is also known syndrome X, Reaven’s syndrome and insulin resistance syndrome.
The latter and MetS are now commonly and interchangeably used names. MetS was first
described in early 1920s by Kylin as a constellation of hypertension, hyperglycaemia and
gout.2 Over the years, different criteria were used to define the MetS. In late 1940s the MetS
was redefined by Vague in which android or male-type obesity wasincluded.®In 1988 Reaven
stated the clinical importance of the MetS. In the landmark publication of his 1988 Banting
Medal award lecture, Reaven described syndrome X as a constellation of insulin resistance,
hyperglycaemia, hypertension, low high-density lipoprotein cholesterol (HDL-C) levels and
increased very low-density lipoprotein (VLDL]-triglyceride levels. In 1999, World Health
organisation (WHO) has attempted to create an international unifying guideline.® However,
the numbers of metabolic disorders that are associated with the MetS has increased in the
last few years. Therefore, different expert groups (the European Group for the Study of Insu-
lin Resistance (EGIR], the International Diabetes Federation (IDF) and the Third Report of the
National Cholesterol Education Program’s Adult Treatment Panel (NCEP ATP ] redefined
the MetS and modified the WHO definition (Table 1).¢-° Nowadays, the WHO and NCEP ATP I
definitions are most commonly used. The exact pathogenesis of the MetS is not clear. It is
suggested that MetS is the result of increasingly sedentary lifestyles combined with ready
access to energy-rich food sources in genetically susceptible individuals. Subjects with the
MetS have high risk for developing insulin resistance and cardiovascular diseases.
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Table 1 The different definitions of the Metabolic Syndrome

Major criteria  Minor criteria

WHO type Il obesity dylipidemia hypertension microalbuminuria
diabetes BMI > 30 kg/m? HDL-C<0.9(3) BP>140/90 urinary albumin
mellitus or and/or or<1.0mM?@Q mm Hg excretion rate
impaired waist/hip ratio T6>1.7mM > 20 pg/min
fasting >0.9 (3 or or albumin/
glucose >0.85(Q) creatinine ratio >
or insulin 30 mg/g
resistance

EGIR insulin central obesity dyslipidemia hypertension FPG
resistance or  waist HDL-C<1.0mM BP > 140/90 > 6.1 mM
fasting hyper- circumference TG >2.0mM mm Hg
insulinaemia 94 cm (J)

80cm (Q)
NCEP central obesity low HDL-C triglycerides Hypertension FPG
ATP I Waist <1.03mM (J) >1.7mM BP >135/80mm 6.1 mM
circumference <1.29mM (Q) Hg
102 cm (&)
or88cm (?)

IDF Central low HDL-C triglycerides hypertension FPG

obesity <1.03mM () > 1.7mMor systolic BP >5.6mM
<1.29mM (Q) treatment of this 2130 mm Hg,
or treatment for  abnormality diastolic BP
this abnormality >85mM Hg

or treatment
for previously
diagnosed

hypertension

HDL-C: high density lipoprotein-cholesterol

TG: triglyceride

BP: blood pressure

FPG: fasting plasma glucoses

EGIR: European Group for the Study of Insulin Resistance, IDF: International Diabetes Federation, NCEP
ATP Ill: Third Report of the National Cholesterol Education Program’s Adult Treatment Panel, HDL-C: high
density lipoprotein-cholesterol, TG: triglyceride, BP: blood pressure, FPG: fasting plasma glucoses.

1.1.2 Prevalence and clinical consequences

The worldwide prevalence of MetS is not exactly known, because of different definitions are
being used. Therefore comparisons in the prevalence are difficult to make. However, most
studies do agree that the prevalence is rapidly increasing. Particular alarming is the increase
in children. Consistent observations are that the prevalence is age-dependent and with a high
ethnic variation. In the United States almost 25% of the total population has the MetS accord-
ing to the NCEP ATP Il definition.' In Europe the prevalence of the MetS varies between 24.5%
in Greece and 32.6% in Spain.'2In Asia, the prevalence is less than 20%."'"*

The most important clinical consequences of MetS are the insulin resistance and the car-
diovascular diseases. MetS increases the risk for type 2 diabetes mellitus independent of
insulin resistance.” Moreover, the MetS is associated with an increased risk for cardiovas-
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cular mortality and morbidity.”®"® Subjects with MetS have 3 times higher risk for dying of
cardiovascular heart diseases when compared with subjects without MetS. MetS is also
associated with chronic kidney diseases independent of the presence of type 2 diabetes
mellitus or hypertension, although the underlying mechanism is not known."2° Simultane-
ous occurrence of both metabolic syndrome and insulin resistance worsens the risk for
cardiovascular diseases. Taken together, the MetS has major clinical impacts.

11.3 Insulin resistance

Under normal physiological conditions, ingested glucose is taken up and stored in the liver
and in insulin-sensitive peripheral tissues (predominantly the skeletal muscle and the adi-
pose tissue). Plasma glucose stimulates the production and secretion of insulin by the pan-
creaticinsulin producing B-cells. Onthe one hand, insulininhibits hepatic glucose production
by inhibiting the glycogenolysis and gluconeogenesis. On the other, insulin stimulates the
uptake of glucose and the formation of glycogen in the skeletal muscle. Furthermore, insu-
lin inhibits the production of lipoprotein particles and energy substrates such as lactate
and free fatty acids (FFAs] in the liver and the adipose tissue. In the adipose tissue, insulin
also promotes the synthesis of triglycerides (TG) as energy storage and inhibits lipolysis.
In obese state, energy intake exceeds the capacity to store energy in the adipose tissue
leading to energy ‘overflow’ to ectopic sites. These ectopic sites are observed in the liver,
skeletal muscle and pancreatic insulin-secreting B-cells.?"?2 The liver plays a pivotal role
in maintaining the glucose and lipid metabolism. Several clinical studies have shown that
lipid accumulation in the liver is associated with insulin resistance.? Patients with type 2
diabetes mellitus have a defect glucose metabolism in the liver and skeletal muscles.?4?

Under insulin resistance conditions, insulin fails to suppress the production of glucose and
energy substrates, to stimulate the glucose uptake, and to inhibit lipolysis. Therefore, Insu-
lin resistance is defined as a state of reduced responsiveness to normal circulating insulin
levels affecting multiple organs.

Insulin resistance is a key component in the pathogenesis of the metabolic syndrome and
type 2 diabetes mellitus. Numerous studies have shown that obesity and overweight are the
major contributors of the metabolic syndrome. It is agreed that impaired glucose metab-
olism, exacerbate lipid accumulation and inflammatory processes contribute to insulin
resistance. The pathogenesis of insulin resistance has been studied extensively; much is
still to do since the incidence of insulin resistance has become epidemic.
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1.2 PAI-1 and insulin resistance

Several epidemiological studies have shown association between increased plasma PAI-1
levels and body mass index, triglyceride levels and insulin resistance.?*? In the Insu-
lin Resistance Atherosclerosis Study (IRAS) plasma PAI-1 levels predict the development
of diabetes independently from other known risk factors.?¢ Progression of PAl-1 plasma
levels in addition to initial high plasma levels are associated with the incident diabetes.3®
Improving insulin resistance by diet, exercise or oral antidiabetic drug treatment results
in decreased plasma levels of PAI-1 antigen and activity.*’*# Although, PAI-1 is known to be
synthesized by various tissues including liver and adipose tissue, the source and the mech-
anism of increased plasma PAIl-1 levels in obesity and insulin resistance are incompletely
understood. Increased plasma PAI-1 in obesity might be derived from the adipose tissue.
Alternatively, increased plasma PAI-1 can be the result of local and systemic production
following stimulation by adipokines.

The expression of PAI-1in adipose tissues is positively correlated with obesity in human and
rodents, suggesting a possible role in the development of obesity and insulin resistance.®-%?
This is supported by the observation made in genetically obese and insulin resistant mouse
models. Disruption of the PAI-T gene in ob/ob mice reduces adiposity and improves the met-
abolic profile determined by glucose and insulin tolerance test.** Two other studies showed
that mice lacking PAI-1 do not develop diet-induced obesity and insulin resistance.?*?
Downregulation of PAI-1 by angiotensin type | receptor antagonist in wild-type (WT) mice
ameliorates diet-induced obesity, hyperglycemia and hyperinsulinemia. Administration of
synthetic PAI-1 inhibitor induces higher insulin sensitivity in WT mice.**These studies sug-
gest that PAI-1 may not merely increase in response to obesity and insulin resistance, but
may have direct causal role in the development of obesity and insulin resistance. In contrast
to these studies, PAI-1 deficient mice kept on a high fat diet for 3-8 weeks develop more
adipose tissue.* In agreement with this, transgenic mice overexpressing PAI-1 have lower
body weight, lower adipose tissue mass and less intraperitoneal fat.*®

Taken together, although strong clinical evidence is present that PAI-1 plays an important
role in insulin resistance and obesity, it is not clearly confirmed yet by experimental studies
how enhanced PAI-1 is linked to the pathological conditions of insulin resistance and obe-
sity. Does PAI-1 contribute to the pathogenesis of insulin resistance and obesity? Or is PAI-1
merely an epiphenomenon of insulin resistance and obesity?
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1.3 Atherosclerosis

Cardiovascular disease (CVD) includes myocardial infarction, congestive heart failure,
stroke and peripheral artery diseases. CVD is the leading cause of all mortality and mor-
bidity worldwide. In North America more than 1 out the 3 persons will die of CVD and it is
predicted that health costs will exceed 430 billion dollars.* Comparable mortality numbers
hold true for The Netherlands. Atherosclerosis is the primary cause of CVD. Atheroscle-
rosis is a progressive disease of the vessel wall that already begins in young adults. The
disease primarily occurs in the large and medium-sized elastic and muscular arteries. The
aetiology is very complex and it involves genetic, environmental factors and the interaction
between these factors. Among the risk factors are diabetes mellitus, dyslipidemia, smok-
ing, hypertension, gender, age and physical activity. Thus, atherosclerosis results from the

combination of genetic susceptibility and unhealthy environmental influences.

1.3.1 Pathogenesis of atherosclerosis

Although the knowledge of atherosclerosis has expanded in the last decades, the exact
mechanism underlying the pathogenesis is still not fully understood. The traditional view
of the pathogenesis of atherosclerosis is the imbalance between cholesterol deposition
and removal in the subendothelial layer after injury to the endothelium.?” The accumula-
tion of cholesterol can be facilitated by increased plasma LDL cholesterol levels leading
to proliferation of smooth muscle cells (SMC). In the subendothelial layer, LDL cholesterol
can be modified and subsequently engorged by resident macrophages to form foam cells
(Figure 1). These foam cells form the initial fatty streak lesions which precede the forma-
tion of complex fibrous lesions.

The current concept involves inflammation and atherosclerosis is now also considered as
an inflammatory disease of the large and medium-sized arteries. Inflammatory processes
are present in all stages of atherosclerosis progression (Figure 1). Triggers of atheroscle-
rosis, such as modified LDL can stimulate endothelial cells to produce an array of inflam-
matory proteins including chemotactic factors like monocyte chemoattractant protein-1
(MCP-1), growth factors such as macrophage colony-stimulating factor (M-CSF) and adhe-
sion molecules. Among the adhesion molecules are vascular cell adhesion molecule-1
(VCAM-1), intracellular cell adhesion molecule-1 (ICAM), P-selectin and E-selectin. These
adhesion molecules and chemotactic factors attract monocytes and T cells into the sub-
endothelial layer initiating the formation of the early atherosclerotic plaque. The prolifera-
tion and differentiation of the attracted monocytes are then stimulated by M-CSF. These
attracted monocytes and T cells on their turn can release inflammatory cytokines, such as
tumor necrosis factor-a (TNF-a) and interleukin-6 (IL-6) that further amplify the inflam-
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matory activity in the vessel wall. As the atherosclerotic lesion progresses, macrophages
and T cells stimulate the migration of smooth muscle cells (SMC) into the intima and the
production of collagen. A fibrous cap is then formed together with extracellular lipid depos-
its, SMC-derived extracelluar matrix, and often with necrosis. A complex atherosclerotic
lesion is then a fact. Such a complex lesion can rupture depending on the composition and
vulnerability. Vulnerable plaques usually have thin fibrous caps and increased number of
inflammatory cells. The fibrous cap reflects the balance between matrix production by SMC
and degradation by matrix metalloproteinases. Calcification and neovascularisation can
also influence the stability of the atherosclerotic plaque. In addition, thrombogenicity of a
lesion depends on the presence of proteins of the coagulation cascade such as tissue factor
and plasminogen activators. Usually a plaque ruptures at the edges of the lesion leading to
thrombus formation and occlusion of the artery and subsequently a cardiovascular event.

Progression of the atherosclerotic process
A
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Figure 1 Atherosclerotic process
In the early atherosclerotic process monocytes adhere, migrate, take up modified LDL and differentiate into
macrophage foam cells. The macrophage foam cells produce and release cytokines attracting even more
inflammatory cells, such as T cells. In the advance process, smooth muscle cells migrate and proliferate to
form fibrous cap overlying a poll of lipid-laden macrophages, T cells, necrosis, and cholesterol crystals. EC:
endothelial cells, LDL: low-density lipoprotein, SMC: smooth muscle cells

1.3.2 Inflammation and atherosclerosis

As discussed above (section pathogenesis of atherosclerosis) inflammatory processes play
a key role in the development of atherosclerosis. The nuclear factor kB (NF-xB] is a cen-
tral regulatory factor of the inflammatory processes. NF-«xB is considered to play a crucial
role atherosclerosis locally at the vessel wall. Many inducers and target genes of NF-«xB are
implicated to be involved throughout the atherosclerotic process.”® In the initial phase NF-kB
can be activated in the endothelium by atherosclerogenetic stimuli such as modified LDL and
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inflammatory cytokines produced at the lesion site. Additionally, NF-kB is demonstrated to be
involved in the regulation of the modification of LDL, the expression chemokines and adhe-
sion molecules.”-% All are important in the initial phase of the atherosclerotic process. In the
advanced lesions NF-«kB plays an important role in SMC migration and proliferation. The sta-
bility of an atherosclerotic plague may also be governed by NF-«kB by controlling apoptosis and
necrosis. Macrophage-specific deletion of the main NF-kB activator IKK2 results in athero-
sclerotic lesions with increased necrosis and apoptosis.5” However, reduced activity of NF-xB
not only results in increased cell death, but also in reduced secretion of the anti-inflammatory
cytokine IL-10. In the same setting reduced secretion of the pro-inflammatory cytokine TNF-a
is also observed. In line with these findings, mice with p50 deficiency in the hematopoietic
system show reduce less atherosclerosis, but more inflammation in the lesions.®® Thus, this
emphasizes that NF-kB as the central regulatory factor of inflammation has a complex role
by influencing both pro-atherogenic and anti-atherogenic process in the vessel wall. There-
fore, much is still to do to disentangle how the NF-kB activation and signalling pathways are
orchestrated during the development of atherosclerosis.

In contrast, not many studies have been performed toinvestigate the underlying mechanisms
of systemic inflammation on the development of atherosclerosis. Countless epidemiologic
studies have shown that low-grade systemic inflammation is associated with metabolic syn-
drome. The liver is the key regulatory organ in the systemic inflammatory processes. The
production of acute phase proteins, like C-reactive protein (CRP), serum amyloid A (SAA],
plasminogen activator inhibitor-1 (PAI-1] are most relevant in this respect. CRP and PAI-1
are increased in subjects with the metabolic syndrome. PAI-1 has been shown to increase
the risk of atherothrombotic events and may also promote the progression of atheroscle-
rosis.%” Experimental studies have demonstrated that CRP can activate endothelial cells to
produce inflammatory markers. Furthermore, SAA can stimulate the cholesterol uptake
by smooth muscle cells in an atherosclerotic plaque.®® Therefore, hepatic inflammatory
parameters are considered to be strongly associated with atherosclerosis and cardiovas-
cular diseases. However, the exact mechanism by with systemic inflammation affects the

development of atherosclerosis at the vessel wall has not been identified.

133 Endothelial progenitor cells and atherosclerosis

The first manifestation of atherosclerosis is the development of endothelial dysfunction,
which is characterized by an activation of endothelial cells (EC) and decreased nitric oxide
availability and deterioration of the endothelial monolayer. The initial damage is revers-
ible. However, when no sufficient repair mechanism is present, ongoing deterioration of the
endothelial monolayer can lead to the development of atherosclerotic lesions. The underly-

ing molecular mechanism of endothelial repair is not fully understood.
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A population of pluripotent cells within the peripheral blood has been described that are
capable to differentiate into endothelial cells.®' These endothelial progenitor cells (EPC])
are able to home to sites of injury in the vascular endothelium and subsequently enhance
neoangiogenesis after tissue ischemia. Therefore, the concept rose that EPC are recruited
from the bone marrow to sites of damaged endothelium, where they can home and differen-
tiated into mature endothelium cells (Figure 2]. The phenotypic and functional characteris-
tics of EPC are divergent. The widely accepted consensus defines cells positive for surface
markers CD34 and vascular endothelial growth factor receptor-1 (VEGFR-2) as EPC.

CD34 platelets
CD133 333
Bone Marrow VEGFR-2 2
l CD34 30
:0
CD34

KDR
“true” EPC

VEGFR-2
CD34

Site of injury

VEGFR-2
CD34

Figure 2 Recruitment, homing and differentiation of an endothelial progenitor cell
The endothelial progenitor cell recruited via vascular endothelial growth factor and homes to the site
of injury where it differentiates into an endothelial cell. There it forms a new endothelial layer. EPC:
endothelial progenitor cell, VEGF: vascular endothelial growth factor, VEGFR-2: vascular endothelial growth
factor receptor-2. (courtesy of prof. dr. A.J. van Zonneveld)

The number and the functional activity of circulating EPC are correlated with cardiovascu-
lar risks. The EPC levels and the proliferation and migration activity are reduced in patients
with CVD, diabetes or hypercholesterolemia.t?¢> Other cardiovascular risk factors such
as smoking and CRP are also associated with impaired EPC numbers and function. In the
atherosclerotic apoE-/- mouse model systemic transfusion of systemic progenitor cells
inhibits the progression of atherosclerotic lesions.

It is apparent that EPC can facilitate endothelial repair and is involved in the development
of atherosclerosis. However, it is not clear what the exact contribution of EPC is in cardio-

vascular diseases.
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1.4 Lipid metabolism

Cholesterol and triglycerides are of essential for many different processes in the human
body and for energy storage. Since cholesterol and triglycerides are hydrophobic, they are
packed into lipoproteins particles for transport in the circulation. Dietary cholesterol and
triglycerides are absorbed by the intestines and packed into chylomicrons containing mainly
triglyceride (Figure 3). Subsequently, these chylomicrons are secreted in the circulations
where they acquire apolipoproteins. Once in the circulation, chylomicrons are subjected to
lipolysis by endothelium-bound lipoprotein lipase (LPL) resulting in the generation in fatty
acid that enters the peripheral tissues for energy storage or source. The chylomicron- rem-
nant particles are further hydrolysed by hepatic lipase (HL) and subsequently taken up by
the liver via the low-density lipoprotein receptor (LDLR) or the LDLR-related protein (LRP).
The liver plays a central role in the lipid metabolism. The liver processes the cholesterol
and triglycerides and secretes these again into the circulation packed into very low-density
lipoprotein (VLDL) particles where they acquire apolipoproteins. Similar to chylomicrons,
VLDL particles are hydrolysed by LPL and eventually resulting in low-density lipoprotein
(LDL) particles. LDL in its turn can be taken up the liver via the LDLR for further process-
ing. LPL is synthesized and secreted by parenchymal cells throughout the body. The activity
of LPL is influenced by several apolipoproteins. Apolipoprotein Cll serves as a co-factor,
whereas apoCl and apoClll inhibits LPL.¢7-70

adipose tissue
muscle

FEA heart

VLDL
production

intestinal
=, absorption

FFA
chylomicron

Figure 3 Lipid metabolism
See text for explanation. TG: triglyceride, FFA: free fatty acid, LPL: lipoprotein lipase, LDLR: low-density
lipoprotein receptor, LRP: low-lipoprotein receptor-related protein, VLDL: very low-density lipoprotein
receptor




S | Chapater 1

Originally identified as a member of the LDLR gene family, LRP was suggested to play role
in lipid metabolism. /n vitro studies showed that LRP serves as a receptor for apoE-rich
chylomicron remnants and lipoprotein lipases.”"?

1.41 Low-density lipoprotein receptor-related protein

Structure and expression

The low-density lipoprotein receptor-related protein (LRP) gene is located on chromosome
12 and was identified in 1988 by Herz J et al.”® It is also known as a2-macroglobulin recep-
tor, LRP1 and CD91.7 LRP consists of 4544 amino acids and is synthesised as a large 600
kDa single polypeptide chain in the endoplasmatic reticulum, which is than cleaved into a
515 kDa and an 85 kDa subunit by furin in the Golgi apparatus. Both subunits remain non-
covalently associated where the 515 kDa subunit binds ligands and the 85 kDa subunit is
anchored in the plasma membrane. The endoplasmatic reticulum-resident chaperone pro-
tein, the 39 kDa receptor- associated protein (RAP) ensures the correct trafficking of LRP
along the secretory pathway.”® Thereby, RAP also promotes proper optimal folding of LRP
and prevents premature intracellular binding to its ligands.

LRP is a member of the big low-density lipoprotein (LDL) receptor (LDLR) gene family. This
family also includes the LDLR, very low-density lipoprotein (VLDL) receptor (VLDLR), apoli-
poprotein E receptor 2 (ApoE-R2) and megalin/LRP2/glycoprotein 330 (Figure 4). As other
members of the LDL receptor gene family LRP contains structural domains that include: a)
ligand-binding cysteine-rich complement-type repeats, b) epidermal growth factor (EGF)
receptor-like cysteine-rich repeats, c) b-motifs with YWTD repeats, d] transmembrane
domain and e a cytoplasmatic domain that harbours 1-3 NPxY motifs (Figure 4).7° The
ligand-binding complement-type repeats are arranged in four different clusters (cluster I,
I, Illand IV]) containing 2, 8, 10 and 11 repeats, respectively. Cluster Il and IV bind most of the
known ligands. A common feature of most the LDLR gene family members is their ability to
bind RAP. RAP antagonizes ligand binding to all members of the LDLR gene family. There-
fore, extracellular recombinant RAP is extensively exploited as a tool to study the biology of
the LDLR gene family.
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Figure4  The low-density lipoprotein receptor gene family
The LDL receptor gene family consists of several homologous transmembrane receptors involved in
endocytosis. All members of the LDL receptor gene family are composed of the same protein domains with
similar topological organisations. LDL receptor gene family member include the low-density lipoprotein
receptor-related protein (LRP), megalin (pg330 and LRP2), the apolipoprotein E receptor-2 (apoE-R2), the
very low-density lipoprotein receptor (VLDLR], and the low-density lipoprotein receptor (LDLR].

LRP is widely expressed in a large variety of tissues. It is abundantly present in the liver,
brain, lung, spleen, intestines, reproductive tract and fat tissue.” Furthermore, LRP is also
expressed in a spectrum of diverse cell types, such as smooth muscle cells, macrophages
and fibroblast.

Physiological functions

LRP is a multi-ligand protein. To date, LRP is known to recognise over 50 functionally and
structurally numerous ligands (Table 2).777¢ Originally LRP was identified as lipid metabo-
lism receptor. Additionally, LRP is shown to serve as a regulator of the extracellular pro-
teolytic activity by rapid internalising of the uPA/PAI-1 complex in concert with the uPAR
and modulating the matrix metalloproteinase levels.”¥2 These evidences imply that LRP is
a multifunctional scavenger receptor. Different mice studies confirmed that LRP is indeed
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an endocytic scavenger receptor that is not only involved in the lipid metabolism, but also in
haemostasis metabolism.8%-¢°

Targeted deletion of the LRP gene revealed that LRP is absolutely required in the early
embryonic development, suggesting that its physiological role is not restricted as a cargo
transporter of extracelluar proteins.”” The exact mechanism of embryonic lethality is
unclear. However, LRP is now known also to be involved in intracellular signalling. It is
thought that the cytoplasmatic tail with the NPxY motifs are involved in the interaction with
numerous intracellular proteins of the signal transduction pathways.® Most of these pro-
teins are adaptor proteins in the regulation of cell signalling, migration and proliferation.
Depending on the phosphorylation state of LRP can regulate various intracellular signals
in response to different extracellular stimuli by modifying its association with adaptor
proteins.®” LRP is shown to control cell migration and proliferation by phoshorylation in
response to PDGF-BB in vascular SMC (VSMC). Failing to control the PDGF signalling in the
SMC results in increased atherosclerosis (see section LRP and atherosclerosis).®

1.4.2 LRP and atherosclerosis

As abovementioned, conventional LRP knockout mice are not viable and die on day 10 of
gestation. Therefore, tissue-specific disruption of LRP using the Cre/loxP recombination
system has been generated to study the physiological of LRP in vivo. Inactivation of hepatic
LRP in LDLR deficient mice (MX1Cre LRP""x]) results in the accumulation of cholesterol-
rich remnants lipoproteins suggesting an atherogenic lipid profile.®® Independent of plasma
cholesterol levels these mice show increased atherosclerosis on an atherogenic apoE-/-
background.®

Next to plasma lipids levels, the proliferation and differentiation of VSCM and macrophages
are important in the development of atherosclerosis (see section atherosclerosis). LRP
plays a pivotal role in the vascular integrity and the prevention of atherosclerosis in the
VSMC.® Mice lacking LRP in their VSMC have similar plasma lipid levels as mice with LRP
present in the VSMC. However, VSMC LRP deficient mice show increased susceptibility to
development atherosclerotic lesions. The elastic layer of the aorta is disrupted. Increase
VSMC proliferation and aneurysm formation are observed as a result of abnormal control
of the PDGFR expression and activation.

The role of macrophage LRP in the development of atherosclerosis is not fully known. /n
vitro studies implicate that LRP in macrophages has a pro-atherogenic potential. LRP is
highly expressed in atherosclerotic lesions and upregulated in macrophages undergo-
ing foam cell formation.”®?! Additionally, LRP regulates 32-integrin-mediated adhesion of
monocytesto endothelial cells allowing monocytes to migrate into the intima and to differ-
entiate into macrophages.”? Macrophage LRP has also been demonstrated to play a role in
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the translocation of 12/15-lipoxygenase, which stimulates the formation of oxidized LDL.?*%

In concert with the LDLR, LRP can mediate the uptake of apoE-rich atherogenic lipoproteins

into the macrophage.”?” Since all these processes promote the formation of foam cells,

one would predict that LRP promotes the development of atherosclerosis at the level of

macrophages.

Table 2 Extracellular LRP ligands

Lipid metabolism

Growth Factors

Apo E

Chylomicron remnants
Hepatic lipase

Lipoprotein lipase
Lipoprotein (a)

B-VLDL

Saposin

Sphingolipid activator protein

Protease and protease/inhibitor complexes
Activated a2-M*
Aprotinin

C1s/C1q inhibitor
Elastsae/al-anti-trypsin
FIXa

FVila/TFPI

FVilla

FXa/TFPI
FXla/protease-1
Neuroserpin
Neuroserpin/tPA

PAI-1

PAI-1/thrombin
PAI-1/tPA

PAI-1/uPA

Pregnancy zone protein/protease com-
plexes

Pro-uPA

TFPI
Thrombin/anti-thrombin Il
Thrombin/heparin cofactor I
Thrombin/proteinase nexin-1
tPA

Trypsin/al-anti-trypsin
TSP-2/MMP-2

uPA

uPA/protease nexin-1
a2-M*/protease complexes

PDGF

Midkine

Connective tissue growth factor
TGF-B

Infection and immunity
Aminoglycosides
Circumsporozoite protein
Complement C3
Gentamicin

HIV-Tat protein
Lactoferin

Minor group rhinovirus
Polymyxcin B
Pseudomonas exotoxin A
Ricin A

Saposin

Trichosanthin

Matrix proteins
Fibronectin
MMP-13
MMP-9

TSP-1

TSP-2
TSP-2/MMP-2

Others

Amyloid precursor protein
Amyloid B-chain
Calreticulin

Collectins

HSP-96

RAP
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1.5  Outline of this thesis

In this thesis we aimed to expand our knowledge on the pathophysiological aspects of the
metabolic syndrome in transgenic mice. The metabolic syndrome involves multiple aspects
and has a major impact on cardiovascular diseases. In the first part of thesis the role of
PAI-1 in the development of insulin resistance will addressed. This part will also focus on
the mechanism of plasma PAI-1 clearance. Plasma PAI-1 is increased in patients with the
metabolic syndrome. Obesity and insulin resistance are key components of the metabolic
syndrome. The increased plasma PAI-1 levels are suggested to be the result of increased
expression in the vascular endothelium, adipose tissue and liver. However, it is not known if
the clearance also contributes to the increased plasma PAI-1 levels. Chapter 2 describes
the clearance and plasma levels of PAI-1in a genetically and a diet-induced insulin resistant
mouse models. Anumber of studies have shown that LRP can bind, internalise and degrade
PAI-1 in vitro. However, it is not known whether LRP indeed plays a role in the clearance
of plasma PAI-1 in vivo. Chapter 3 addressed the role of hepatic LRP in the regulation of
plasma PAI-1 in vivo. For this purpose, we studied the clearance of PAI-1 in hepatic LRP
deficient mice under different conditions.

In the second part of this thesis, the roles of LRP in atherosclerosis and LPL activity in
lipid metabolism are addressed. Hepatic LRP deficient mice have elevated fasted plasma
cholesterol and triglyceride levels, mainly present as VLDL particles on a LDLR-/-VLDL-/-
background. Since VLDL is continuously produced in the liver, VLDL remnants still need to
be cleared to maintain a steady state level. Chapter 4 addressed the whether LPL activity
is important for the hepatic clearance of VLDL remnants independent of the three major
apoE-recognizing receptors LRP, LDLR and VLDLR. LRP in the liver and SMC is shown to
have atheroprotective role. Macrophages play a key role in the development of atheroscle-
rosis next to SMC. Data from several in vitro studies suggest a pro-atherogenic of LRP in the
macrophage. In chapter 5 we investigated the role macrophage LRP in the development of
atherosclerosis in vivo.

Finally, role of low-grade inflammation in endothelial restoration is addressed. Subjects
with the metabolic syndrome have chronic low-grade inflammation and increased risk for
cardiovascular diseases. Chapter 6 describes the influence of low-grade inflammation on
the number of EPC in patients with the metabolic syndrome. The association between the
number of EPC and the extent of atherosclerosis in the carotid artery is also described.
The results obtained from these studies and the implications for future research are dis-
cussed in chapter 7.
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