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Chapter 1

Introduction

In intensive care units (ICUs), patients with severe and life-threatening illness 
and injuries require close observation, monitoring and treatment by a well-
trained medical team. The source of critical illness can be diverse. Patients 
with trauma, hemorrhagic shock (HS), blood poisoning (sepsis), major or 
cardiac surgery can all become critically ill. 

In critically ill patients, the blood circulatory system can be deranged, and 
patients suffer from low blood pressure (hypotension), vascular leakage and 
leukocyte influx in organs [1]. As a consequence, tissue perfusion is reduced 
[2] and all organ systems can fail, resulting in the so called multiple organ 
dysfunction syndrome (MODS), and sometimes death [3, 4]. 

Blood circulatory system
The blood circulatory (cardiovascular) system consists of the heart and 
blood vessels in the human body. This cardiovascular system consists of two 
circulations that are connected by the heart: the systemic circulation and 
the pulmonary circulation. 

Oxygenated blood leaves the left ventricle of the heart and flows into 
the aorta, the largest artery in the body. This artery branches in smaller 
arteries. In critically ill patients, hypotension is measured here. Arteries feed 
into smaller branches (arterioles) in order to transport O2 and nutrients 
to the cells of organs. In the smallest blood vessels, the capillaries, and in 
post capillary venules, the exchange of O2 and other nutrients, respectively 
transmigration of leukocytes into the underlying tissues takes place.

From the capillaries, the blood returns back to the heart via the venules 
and the larger veins. All venous blood is transported back to the right atrium 
of the heart [5]. The right ventricle of the heart pumps the blood into the 
lungs (pulmonary circulation), where O2 is taken up, and CO2 is removed from 
the blood. Oxygenated blood is returned via the pulmonary vein back to 
the left atrium and enters the systemic circulation again. This continuous 
circulation of blood in the cardiovascular system is called the blood flow. 
The blood flow in capillaries is called the microcirculation.
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FIGURE 1. Structures of blood vessels in the systemic circulation. Depending on function, 
the composition and structure of blood vessels in the human body is different. Arteries and 
veins have three layers, with the middle layer (smooth muscle cell layer) being much thicker 
in arteries than in veins. Arterioles consist of a layer of endothelial cells that are covered by, 
often, multiple layers of smooth muscle cells and connective tissue, where venules consist 
of an endothelial cell layer surrounded by a thin layer of smooth muscle cells and connective 
tissue and. Both venules and veins contain valves, preventing blood from flowing in the reverse 
direction. Capillaries consist of a single layer of endothelial cells surrounded by pericytes 
(Adapted from Cleaver et al. and Jain [7, 9] with permission from the authors). As an example 
of the histological presentation of the differences between microvascular beds in organs, an 
immunohistochemical staining of endothelial specific CD31 expression in the mouse kidney is 
shown. Arrows point to arteriole (a), glomerulus (g), peritubular capillaries (p), and venule (v). 
Scale bar 100 µm.
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Structure and composition of blood vessels
Blood vessels differ in function and therefore the composition of the vessels 
varies. Arteries and veins (macrovasculature) are composed of three layers 
(Figure 1). The inner layer consists of a single layer of endothelial cells and 
forms a barrier between the circulating blood in the lumen on one side and 
the rest of the vessel wall on the other side [6]. The middle layer consists of 
smooth muscle cells and helps to contract and expand the vessels [7]. The 
outer layer of these blood vessels is entirely made of connective tissue. 

Arterioles consist of a layer of endothelial cells, supported by multiple 
layers of smooth muscle cells and connective tissue, whereas venules consist 
of an endothelial cell layer surrounded by a thin layer of smooth muscle 
cells and connective tissue. Arterioles regulate their inner diameter by 
contraction of the smooth muscle cell layer. Both venules and veins include 
valves, preventing blood flowing in the reverse direction. Also, capillaries 
(microvasculature) consist of a single layer of endothelial cells which are 
surrounded by perivascular cells called pericytes. Pericytes communicate 
with endothelial cells by either direct cell-cell contact and/or signaling via 
the production of proteins [8]. 

 

FIGURE 2. Shear stress forces acting on the blood vessel wall. Blood flow in vessels causes 
pressure on the vessel wall in the longitudinal direction, called shear stress. The morphology 
of endothelial cells is affected by shear stress in addition to local environment effects on these 
features.



13

Introduction

Endothelial responses
To perfuse all tissues and to meet with local demands, precise control of blood 
flow is required. Due to the different structures and size of blood vessels, 
endothelial cells are exposed to various blood flow patterns depending 
on their place in the vascular bed. A pulsatile blood flow is generated by 
pumping of the heart, which is conducted into the arteries. In capillaries and 
in veins, the blood flow is close to non-pulsatile [10].

The blood flow causes a constant tension on the blood vessel wall, the 
so-called shear stress (Figure 2). Shear stress levels vary throughout the 
vascular tree [11]. High shear stress levels (10 to 70 dynes/cm2) can be 
observed in arteries, where low shear stress levels (1 to 6 dynes/cm2) can be 
observed in veins [12].  

Under physiological conditions, endothelial cells are continuously exposed 
to shear stress. As a consequence, endothelial cells elongate and align in 
the direction of the blood flow [13]. This keeps them in a quiescent, low-
proliferative, and anti-inflammatory state which supports vascular integrity 
[14, 15]. 

Changes in shear stress levels in pathologic conditions as observed 
in critically ill patients (e.g., hypotension) stimulates proliferation and 
remodeling of the vessel wall [12, 16, 17] and affects signaling pathways that 
lead to changes in gene expression and protein synthesis of, for instance, 
endothelial adhesion molecules E-selectin, VCAM-1, and ICAM-1 [18]. 
Expression of these molecules on the cell surface initiate leukocyte rolling 
and adhesion along the vessel wall. Next, if other orchestrated processes 
are also properly activated, leukocytes transmigrate through the capillary 
wall [19]. Furthermore, inflammatory conditions as observed in septic and 
other critically ill patients, control the expression of adhesion molecules by 
endothelial cells and the release of proinflammatory cytokines. Adhesion 
molecules can be shed from endothelial cells and become soluble adhesion 
molecules which can be measured in the systemic circulation [20]. Increased 
levels of circulating soluble E-selectin, VCAM-1, and ICAM-1 have been found 
in diseases characterized by inflammation [21, 22], and can be used as a 
marker for proinflammatory endothelial activation.
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Heterogeneity of endothelial cells
The endothelium of blood vessels differs in function, depending on the 
tissue, vessel segment and the micro environment in which they reside [23]. 
Also, the shape and thickness of endothelial cells vary across the vascular 
tree [24, 25], from less than 0.1 μm in capillaries and veins to 1 μm in the 
aorta [26], making the endothelium a highly heterogeneous cell population.

The endothelium from the macrovasculature forms a non-fenestrated 
and continuous monolayer. In contrast, microvascular endothelial cells can 
be continuous non-fenestrated or fenestrated with diaphragms which 
allows the endothelium to be permeable to water and small solutes [19]. 
Microvascular endothelial cell can also be discontinuous with fenestrations, 
which allows leukocytes and serum proteins to pass through the vessel wall 
[27]. 

Morphologically, endothelial heterogeneity is also present in different 
microvascular beds within an organ [28, 29]. For example, in the peritubular 
capillaries of the kidney endothelial cells are fenestrated and diaphragmed, 
in glomerular capillaries the endothelium is fenestrated, and in other renal 
microvascular regions the endothelium is continuous [30]. In the liver, in 
the portal venule, the endothelium is non-fenestrated and spindle shaped, 
where in the sinusoidal capillaries, the endothelium is fenestrated with large 
pores [19, 31].

In health, endothelial heterogeneity is paralleled by differential expression 
of endothelial proteins in different vascular beds. For example, in the kidney 
the coagulation factor von Willebrand factor is higher expressed in venules 
and arterioles than in capillaries [32, 33], and absent in glomeruli, whereas 
platelet endothelial cell adhesion molecule (PECAM-1, also known as cluster 
of differentiation 31 (CD31)) is strongly expressed in all microvascular 
segments [34]. In the capillaries of the lung, von Willebrand factor is also not 
expressed, in contrast to the pan-endothelially expressed CD31. In sinusoidal 
capillaries of the liver, on the other hand, CD31 is diffusely expressed [34], 
and in the central vein in the liver, CD31 is again strongly expressed [35]. The 
expression pattern of von Willebrand factor in the liver is similar to that of 
CD31 [34].

In critical illness, endothelial heterogeneity is also present. In response 
to inflammatory stimuli such as tumor necrosis factor (TNF)α or 
lipopolysaccharide (LPS), the endothelial cell adhesion molecule E-selectin 
is highly expressed in glomeruli in the kidney, while arterioles and venules 
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show weaker E-selectin protein expression (Figure 3) [32, 36]. From these 
and other studies, it has become clear that the expression of endothelial 
adhesion molecules following endothelial activation is vascular bed-specific 
within and between organs [36, 37]. 

The endothelial Ang/Tie2 receptor system 
The endothelial Angiopoietin (Ang)/Tie2 receptor system controls vascular 
integrity and vascular inflammation [38]. Ang1 is constitutively produced 
by pericytes and acts as a ligand of the Tie2 receptor, leading to Tie2 
phosphorylation. Ang2, a partial antagonist of Tie2 [39], is produced by 
endothelial cells and is stored in Weibel-Palade bodies (Figure 4). Tie2 and 
its ligands Ang1 and Ang2 are essential for blood vessel formation in the 
embryo. Mice lacking Ang1 or Tie2 die in the embryonic state [40], due 
to malformations of blood vessels [41, 42]. In Ang2 overexpressing mice, 
also disruption of blood vessel formation in the embryo occurs [43]. In 
mature vessels, Tie2 is constitutive phosphorylated due to binding of Ang1 
[44], thereby assisting in maintaining the vascular integrity by enhancing 
endothelial barrier function [45]. 

FIGURE 3. Variation in E-selectin protein expression in microvascular beds in the mouse 
kidney after LPS challenge. Mice were challenged with LPS i.p. (1 µg/g) and sacrificed 4h 
later. Arrows indicate different microvascular beds: arteriole (a), glomerulus (g), peritubular 
capillaries (p), and venule (v). Scale bar 200 µm.
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FIGURE 4. Molecular mechanism of action of the Ang/Tie2 system in healthy conditions 
and during critical illness. In healthy conditions, the Tie2 ligand Ang1 (produced by pericytes) 
keeps the Tie2 receptor phosphorylated. Endothelial integrity is maintained and the NF-кB 
pathway is inhibited. In conditions of critical illness and in inflammation, endothelial activators 
like TNFα and LPS induce the release of Ang2 from the Weibel-Palade bodies (WPB) by the 
activated endothelial cells into the circulation. Ang2 competes with Ang1 for Tie2 binding. 
Ang2 binding to the Tie2 receptor induces Tie2 receptor dephosphorylation and the Tie2 
receptor translocates to the cell-cell junctions. As a consequence, endothelial integrity is lost 
and the activation of the NF-кB pathway by LPS and/or TNFα becomes stronger, leading to 
expression of adhesion molecules E-selectin, VCAM-1, and ICAM-1 on the cell membrane and 
secretion of proinflammatory cytokines in the blood. Leukocytes bind to adhesion molecules 
on the endothelial membrane and transmigrate through the endothelium to the underlying 
tissue and release myeloperoxidase (MPO). Adhesion molecules are shed from the membrane 
and become soluble adhesion molecules, which can be detected in the systemic circulation. 
Due to hypotension and hypoxia, tissue perfusion is impaired and VEGF is released [48] from 
the underlying tissue [49] and binds to its receptors Flt-1 and KDR. A soluble form of Flt-1 
(sFlt-1) is shed from the membrane and acts as a decoy receptor that inhibits endothelial 
VEGF-receptor signaling. The endothelial monolayer becomes instable, and fluid accumulates 
in the tissue (edema formation). Ang1: Angiopoeitin-1; Ang2: Angiopoeitin-2; NF-кB: nuclear 
factor kappa-light-chain-enhancer of activated B cells; WPB: Weibel-Palade body; sTie2: 
soluble Tie2; IL: interleukin; MPO: myeloperoxidase; VCAM-1: vascular cell adhesion molecule 
1; ICAM-1: Intercellular Adhesion Molecule 1; VEGF: vascular endothelial growth factor; VEGFR: 
VEGF receptor; Flt1: fms-like tyrosine kinase-1 (VEGFR1); KDR: kinase insert domain receptor 
(VEGFR2).
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In vitro, after stimulation with an inflammatory stimulus (TNFα or LPS), 
Ang2 is released from the Weibel-Palade bodies in endothelial cells [46]. 
Ang2 antagonizes Ang1 by binding to the Tie2 receptor. This, leads to 
dephosphorylation of the Tie2 receptor, and as a consequence this leads to 
translocation of Tie2 to the cell-cell junctions [47]. As an in vivo consequence 
of Ang2-Tie2 binding, the vessel wall loses its integrity and downstream 
proinflammatory signaling pathways become activated, among others via 
the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-кB) 
pathway. Tie2 can be shed from the endothelial membrane as soluble Tie2 
(sTie2) and acts as decoy receptor for the Angiopoietins. 

The importance of the Ang/Tie2 system in critical illness
In blood of sepsis patients, Ang2 levels are increased [50-52] as well as in 
blood of patients 24h after coronary artery bypass grafting (CABG) surgery 
[53]. In addition, high systemic Ang2 levels seem to correlate with mortality 
[54, 55] and can be used as a biomarker to predict organ failure in patients 
with septic shock [56, 57].

To counteract this increase in Ang2 levels in experimental models of 
sepsis, beneficial functional effects of exogenous Ang1 or synthetic Tie2 
agonists administration have been described. For example, in an LPS-induced 
endotoxemia mouse model, Ang1 administration improved microvascular 
dysfunction [58], MODS [59] and survival [58-60]. Administration of a more 
stable and potent generated variant of Ang1, cartilage oligomeric matrix 
protein (COMP)-Ang1, increased tissue perfusion and reduced the numbers 
infiltrating neutrophils in the kidney in an acute ischemia reperfusion 
model [61]. Furthermore, protection of the barrier function was observed 
in a murine model of ischemic acute kidney injury (AKI) with Vasculotide, 
an Ang1 mimetic [62]. Beneficial effects have also been described on the 
inflammatory status of the endothelium with pretreatment with Vasculotide, 
in CLP treated mice, where Vaculotide ameliorated the expression of ICAM-
1 and VCAM-1 in the kidney [63]. Targeting Ang2 with siRNA with the aim 
to reduce its effects, reduced intercellular adhesion molecule expression 
and neutrophil infiltration in the lung in a sepsis mouse model [64]. 
Aforementioned data indicate that the Ang/Tie2 system plays an important 
role in the microvascular pathophysiological processes that underlie critical 
illness.
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Aim and outline of the thesis

In addition to the occurrence of changes in the levels of the Angiopoietins in 
critically ill patients [50, 54, 65, 66], we showed in mice that the expression 
of their receptor Tie2 is reduced during experimental endotoxemia and 
after HS followed by resuscitation [67]. There are strong indications that 
changes in the Ang/Tie2 system [68, 69] and endothelial adhesion molecule 
expression [70, 71] play an important role in the development of AKI and 
MODS in critically ill patients. However, the molecular behavior of the Ang/
Tie2 system in these patients is still not completely understood. In this 
thesis, the aim was to study microvascular endothelial responses in critical 
illness in patients and in models thereof as well as in models in which blood 
flow and thus vascular wall shear stress changes occur. We here focus on 
the dynamics of the Ang/Tie2 system and inflammatory endothelial cell 
activation in the microvasculature of the organs. 

Ang/Tie2 levels in tissue biopsies of critically ill patients are scarce, therefore 
we examined how the Ang/Tie2 system changes in the kidney during critical 
illness. In chapter 2, we studied the mRNA expression levels of the Ang/
Tie2 system in kidney biopsies from patients who died of sepsis-induced 
AKI. 

In critically ill patients, microvascular flow is altered due to low systemic 
blood pressure and consequently local blood flow changes [72]. Based on 
our observations in chapter 2 we examined how the Tie2 receptor behaves 
in mouse models mimicking critical illness in chapter 3. We studied mRNA 
and protein levels of Tie2 in organs of LPS and pro-inflammatory cytokine 
challenged mice as well as in mice subjected to HS. Furthermore, we studied 
the effects of flow changes and cytokines on Tie2 expression in an in vitro 
model.

Cardiac surgery, including coronary artery bypass grafting (CABG) and 
surgery for valve disease, represents one of the most common surgical 
procedures before patients enter the ICU. AKI is a major complication 
following cardiac surgery, leading to morbidity and mortality [73]. We 
determined whether the Ang/Tie2 system is changed in cardiac surgery-
induced AKI in chapter 4. Furthermore, we investigated whether a possible 
relation existed between changes in Ang/Tie2 system and the development 
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of AKI post cardiac surgery. We measured soluble factors of the Ang/Tie2 
system in plasma and renal damage markers in the urine of patients who 
developed AKI post cardiac surgery and compared these to plasma levels of 
matched patients who did not develop AKI.

During CABG, the cardiopulmonary bypass (CPB) machine takes over 
the function of the heart and the lungs. The switch to CPB is associated 
with a change from pulsatile to non-pulsatile (linear) flow conditions, leading 
to severe changes in the microvascular flow in major organs, both in CPB 
patients [74] and in animal models [75]. This acute change in blood flow 
occurs due to cross clamping of the aorta, and is thought to be one of 
the reasons for endothelial activation. In chapter 5, we examined how 
these acute flow changes affect the Ang/Tie2 system in patients who 
underwent CABG. We measured soluble factors of the Ang/Tie2 system, 
proinflammatory cytokines, soluble adhesion molecules, and soluble factors 
of the VEGF/VEGFR system in the blood of patients who underwent CABG 
with CPB (on-pump) and compared those levels with the levels of patients 
who underwent CABG without CPB (off-pump). 

Since we found reduced levels of Tie2 in septic human kidneys (chapter 
2) and in organs of LPS challenged mice (chapter 3), we examined the 
functional consequences of reduced Tie2 levels on endothelial behavior 
in mouse models mimicking critical illness. In chapter 6 we generated a 
heterozygous Tie2 knockout mouse model that genetically encodes half the 
Tie2 levels of wild type mice, and studied endothelial inflammatory adhesion 
molecule expression in the microvascular segments in different organs of 
mice subjected to HS and LPS. 

Finally, in chapter 7 the results of the research presented in this thesis 
is summarized and potential new roads for future research are discussed.
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