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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.
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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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Sepsis-induced multi-organ dysfunction syndrome (MODS) still has 
a high mortality. Improvements await better understanding of the 
pathophysiological mechanisms. The (Ang)1/2 and Tie2 (tyrosine kinase with 
immunoglobulin and epidermal growth factor homology domains 2) ligand/
receptor system is an important regulator of endothelial cell responses to 
severe insults [1]. Plasma Ang2 levels are prognostic in sepsis, but data on 
Ang/Tie responses in organs in humans are lacking [2-5]. We hypothesized 
that, in kidneys of patients who died of sepsis with acute kidney injury (AKI), 
the Ang/Tie signaling system is changed in such a way that the microvessels 
become destabilized. 

Patients dying with sepsis-induced MODS were included. In the family 
conference preceding withdrawal or withholding therapy, permission was 
asked for a renal biopsy as a partial autopsy to be performed immediately 
after death. The family was asked to give signed consent. The unaffected 
part of kidneys removed for renal cell carcinoma was used as control (n=8). 
mRNA was analyzed as described [3]. 

aTime between circulation arrest and renal biopsy; bnumber of glomeruli found in the histology 
of the biopsy; cpathologic conclusion of the histology of the biopsies (performed by MH and 
AD). LOS in ICU, length of stay in the intensive care unit; RIFLE, Risk, Injury, Failure, Loss, End-
stage kidney injury; RRT, renal replacement therapy. 

TABLE 1. Patient characteristics.

	
	
	
	 	
	
	
	
	

Patient Age, 
years 

Diagnosis LOS in 
ICU, 
days 

RIFLE RRT 
needed? 

Time to 
biopsy, 
minutesa 

Number of 
glomerulib 

Predominant histologyc 

1 85 Small bowl 
ischemia 

3 R no 32 61 Apoptosis, flattened 
epithelium, vacuoles 

2 62 Pneumosepsis 1 I no 25 24 Apoptosis, flattened 
epithelium 

3 55 Pneumosepsis 2 I yes 30 40 Little apoptosis, flattened 
epithelium, vacuoles 

4 62 Necrotizing 
fasciitis 

2 F no 150 22 Focally lymphoid infiltration, 
evident vacuolization, 
flattened epithelium 

5 57 Colon 
perforation 

2 F yes 31 15 Dilated glomerular 
capillaries, vacuolization 

6 83 Small bowel 
ischemia 

1 I no 45 26 Apoptosis, vacuolization 

7 78 Pneumonia 2 F yes 25 19 Focally leukocyte 
infiltration, apoptosis, 
flattened epithelium 

8 79 Necrotizing 
fasciitis 

6 F no 43 47 Apoptosis, flattened and 
lost epithelium, 
vacuolization 

9 77 Pneumonia 3 F no 50 22 Apoptosis, flattened 
epithelium 

10 53 Pneumonia 2 F yes 35 69 Apoptosis, flattened 
epithelium 

11 83 Sinusitis, 
meningitis 

2 F yes 53 27 Neutrophil infiltration 
(nodular), vacuolization 



31

The Ang/Tie2 system in human sepsis

Histopathology revealed abnormalities without a recognizable pattern 
(Table 1). CD31 mRNA, a pan-endothelial marker, did not differ between 
patients and controls, suggesting equal endothelial content in the biopsies. 
(Fig. 1). Neutrophil gelatinase-associated lipocalin, a sensitive marker for 
renal damage, showed increased mRNA expression compatible with AKI 
and the histopathological findings. Ang1 mRNA in patients was decreased 
10-fold, whereas Ang2 was decreased to a lesser extent. The Ang1/Ang2 
ratio was decreased in sepsis. Tie2 mRNA was reduced as was the level of 
expression of Krϋppel-like factor (KLF2), a shear stress sensor. A correlation 
was found both in patients and in controls between KLF2 and Tie2 mRNA.

Our hypothesis that the Ang/Tie system is changed in a way that 
microvessels become destabilized in sepsis-induced AKI is supported 
by our finding that Ang1, Ang1/Ang2 ratio, and Tie2 mRNA levels were 
decreased in immediate post-mortem renal biopsies of patients with sepsis. 
The consequences on protein levels are the subject of further study. We 
previously reported flow sensitivity of Tie2 expression [5]. Combined with 
the KLF2 flow sensitivity, the correlation between KLF2 and Tie2 suggests 
that the decrease in Tie2 in patients dying of sepsis might be due to changes 
in local blood flow. This mechanism would be additional to, and maybe 
synergistic with, other mechanisms such as inflammation and apoptosis 
as described in the literature and seen in the histology in our study. 

Studies in organs of critically ill patients immediately after dying, 
especially examining gene expression status, are scarce. In biopsies taken 
immediately after circulation arrest, the effects of autolysis are avoided. 
However, patients dying of sepsis die after a long process with increasing 
organ damage. Instead of an illness-induced change, we might be studying 
a shutdown process comparable to what happens at a cellular level in 
apoptosis. We show that immediate post-mortem samples contain high-
quality RNA. 

Our study is the first to show, on an organ level in humans, that the Ang/
Tie2 axis is changed in AKI. The place of immediate post-mortem mRNA in 
the understanding of MODS should be further evaluated. It might be a new 
tool complementing human plasma and animal studies.



32

Chapter 2

FIGURE 1. Kidney damage, endothelial Angiopoietin/Tie2 system, and flow responsive 
gene expression in renal biopsies from sepsis patients compared to healthy kidney part 
from patients with renal cell carcinoma. Renal neutrophil gelatinase-associated lipocalin 
(NGAL) (A) (P=0.0004), Tyrosine-protein kinase receptor TIE-2 (Tie2) (B) (P=0.0004), 
cluster of differentiation 31 (CD31) (C) (ns), Angiopoietin 1 (Ang1) (P=0.0003) (D), Angiopoietin 
2 (Ang2) (E) (P=0,005), Angiopoietin 1/Angiopoietin 2 ratio (F) (P=0.0467), Kruppel-like 
factor 2 (KLF2) (G) (P=0.0003) mRNA gene expression in renal biopsies from sepsis patients 
(n=11) compared to healthy kidney part from patients with renal cell carcinoma (n=8). Each dot 
represents the mean of two biopsies per patient. Tie2 gene expression levels in renal biopsies 
correlates with the mRNA levels of KLF2 in both control biopsies (R2= 0,91; P=0.0002) (H) as 
well as in kidney biopsies from sepsis patients (R2= 0.77; P=0.0004) (I). Low expression of Tie2 
is associated with low levels of KLF2 gene expression. Lines denote best fit, with the dashed 
lines representing the 95% confidence interval for best fit.ns, not significant *P ≤ 0.05; **P ≤ 
0.01; ***P ≤ 0.001.
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Abstract

Rationale: Tie2 is predominantly expressed by endothelial cells and is 
involved in vascular integrity control during sepsis. Changes in Tie2 expression 
during sepsis development may contribute to microvascular dysfunction. 
Understanding the kinetics and molecular basis of these changes may assist 
in the development of therapeutic intervention to counteract microvascular 
dysfunction. 
Objective: To investigate the molecular mechanisms underlying the changes 
in Tie2 expression upon lipopolysaccharide (LPS) challenge.
Methods and results: Studies were performed in LPS and pro-inflammatory 
cytokine challenged mice as well as in mice subjected to hemorrhagic shock, 
primary endothelial cells were used for in vitro experiments in static and flow 
conditions. Eight hours after LPS challenge, Tie2 mRNA loss was observed 
in all major organs, while loss of Tie2 protein was predominantly observed 
in lungs and kidneys, in the capillaries. A similar loss could be induced by 
secondary cytokines TNF-α and IL-1β. Ang2 protein administration did 
not affect Tie2 protein expression nor was Tie2 protein rescued in LPS-
challenged Ang2-deficient mice, excluding a major role for Ang2 in Tie2 
down regulation. In vitro, endothelial loss of Tie2 was observed upon 
lowering of shear stress, not upon LPS and TNF-α stimulation, suggesting 
that inflammation related haemodynamic changes play a major role in loss of 
Tie2 in vivo, as also hemorrhagic shock induced Tie2 mRNA loss. In vitro, this 
loss was partially counteracted by pre-incubation with a pharmacologically 
NF-кB inhibitor (BAY11-7082), an effect further substantiated in vivo by 
pre-treatment of mice with the NF-кB inhibitor prior to the inflammatory 
challenge. 
Conclusions: Microvascular bed specific loss of Tie2 mRNA and protein in 
vivo upon LPS, TNF-α, IL-1β challenge, as well as in response to hemorrhagic 
shock, is likely an indirect effect caused by a change in endothelial shear 
stress. This loss of Tie2 mRNA, but not Tie2 protein, induced by TNF-α 
exposure was shown to be controlled by NF-кB signaling. Drugs aiming at 
restoring vascular integrity in sepsis could focus on preventing the Tie2 loss. 
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Introduction

Septic shock is a life-threatening condition that is characterized by a severe 
inflammatory response to infection and hypotension [1]. While more clinically 
relevant models are available, lipopolysaccharide (LPS) administration to 
mice is a model that mimics in a highly reproducible manner many of the 
initial clinical manifestations of sepsis, including endothelial activation and 
vascular hyperpermeabilit [1]. The binding of LPS to toll-like receptor (TLR)-4 
expressing endothelial cells activates intracellular NF-кB signaling pathways 
which induce the expression of endothelial adhesion molecules, cytokine 
release, and increased vascular permeability [2]. Moreover, hypotension is 
observed upon LPS challenge [3, 4], and studies by Pries et al. [5] suggested 
that this reduction in blood pressure is accompanied by a reduction in wall 
shear stress in microvascular beds. This can be sensed by endothelial cells via 
mechanosensory systems that transduce force through signaling complexes 
[6], leading among other events to decreased expression of flow response 
transcription factors, in particular Kruppel-like factor-2 (KLF2) [6].

One of the molecular regulatory systems which has been reported to 
contribute to endothelial activation and vascular permeability control 
in sepsis and other diseases is the Angiopoietin/Tie2 system [7]. Tie2 
is a receptor tyrosine kinase that is expressed primarily by the vascular 
endothelium [8]. Angiopoietin (Ang)-1 and Ang2 are the ligands of Tie2. 
The binding of Ang1 to Tie2 is important for anti-inflammatory effects and 
maintenance of endothelial integrity, while the binding of the antagonist 
Ang2 is associated with endothelial activation and vascular leakage [7].

We recently demonstrated that LPS administration induced loss of 
Tie2 in the kidneys, which was paralleled by vascular integrity loss [9]. This 
relationship between loss of Tie2 and loss of vascular integrity was also 
observed in a mouse model of ventilator-induced lung injury [10]. Although 
therapy aimed at restoring Ang1 and diminishing Ang2 in sepsis are promising 
in pre-clinical models [11, 12], the molecular mechanisms behind the loss of 
Tie2 remains unclear. The purpose of this study was to examine the extent 
of changes in Tie2 expression during the first phase of endotoxemia, and 
to identify the molecular mechanisms affecting Tie2 mRNA and protein 
expression upon LPS challenge. Understanding the molecular mechanisms 
that affect Tie2 expression can possibly assist in defining rational therapeutic 
approaches to inhibit microvascular dysfunction in sepsis in the future. 
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Materials and Methods

Extensive materials and methods are described in the supplementary 
materials and methods.

Cells
Human umbilical vein endothelial cells (HUVEC), and conditionally 
immortalized glomerular endothelial cells (ciGEnC), [13]: were used [9, 
14]. Moreover, primary mouse heart endothelial cells and kidney cortex 
peritubular endothelial cells were used [15].

Animals
The C57BL/6 mice were maintained on mouse chow and tap water ad libitum 
in a temperature controlled chamber at 24°C with a 12-hours light/dark 
cycle. All animal experiments were approved by the local Animal Care and 
Use committee of the University of Groningen (protocol number 4360A), 
The Netherlands and of the Regierungsprasidium Karlsruhe (protocol 
number 35-9185.81/G-148/09), Germany, and were performed according to 
governmental and international guidelines on animal experimentation. 

In vivo experiments
The LPS and hemorrhagic shock models were performed as described 
previously [9, 16]. 

The TNF-α and IL-1β were administered via the orbital plexus (o.p.) 200 
ng/mouse TNF-α (Biosource Netherlands, Etten-Leur, The Netherlands) 
or 200 ng/mouse IL-1β (Biosource Netherlands). Mice were sacrificed 2 
h after TNF-α and IL-1β administration. The NF-кB inhibitor BAY11-7082 
(400 µg/mouse; Sigma) was administered i.v. 30 minutes prior to TNF-α 
administration. 

In vitro experiments
The HUVEC and ciGEnC were grown to confluence of mRNA and stimulated 
with LPS (Sigma) at 300 EU/mL (0.1 µg/ml) or human TNF-α (Boehringer, 
Ingelheim, Germany) at 10 ng/mL for 4 and 24 h. 

The HUVEC were seeded into 1% gelatin coated channels (ibidi, Martinsried, 
Germany) for flow experiments. Cells were exposed to 20 dyne/cm2 shear 
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stress for 48 h, where appropriate cells were next exposed to LPS at 300 
EU/mL (0.1 µg/ml) or TNF-α 10 ng/mL for 8 h, and harvested for further 
analysis. The 10 µM NF-кB inhibitor BAY11-7082 or DMSO 0.1% as vehicle 
control were added 30 minutes prior to stopping the flow.

Gene expression analysis by quantitative RT-PCR
Total RNA from brain, heart, liver, kidneys, and cultured cells were isolated 
with RNeasy Mini Plus Kit (Qiagen, Leusden, The Netherlands), and from 
lungs with RNeasy Mini Kit (Qiagen), according to the manufacturer’s 
guidelines as previously described [9].

Microarray analysis 
Mouse heart endothelial cells and kidney endothelial cells were subjected to 
RNA isolation using RNeasy mini kit (Qiagen, USA). The RNA samples were 
used for further analysis with Illumina Mouse Ref8 BeadChips (Illumina, San 
Diego, CA, USA) and the Tie2 value for each group was normalized to pan-
endothelial marker VE-cadherin, expression immediately after isolation was 
set at 100%. 

Immunohistochemistry 
Frozen organs were cryostat-cut at 5 µm, mounted onto glass slides, and 
fixed with acetone. Immunohistochemical staining of Tie2 protein in tissue 
was performed as previously described [9].

 
Quantification of Tie2 protein expression
Quantification of Tie2 protein in mouse organs was determined by ELISA 
as previously described [9]. Quantification of Tie2 protein in HUVEC and 
ciGEnC was performed by western blot as previously described with some 
modifications [11].

Statistical analysis
Statistical significance of differences was analysed by means of the Student’s 
t-test or ANOVA with post hoc comparison using Bonferroni correction. 
All statistical analyses were performed using GraphPad Prism software 
(GraphPad Prism Software Inc., San Diego, CA, USA). Differences were 
considered to be significant when P< 0.05.
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Results

Tie2 mRNA and protein are down regulated in all major organs of mice 
challenged with LPS
First, we determined the overall changes in Tie2 mRNA and protein to 
ascertain whether they are restricted to certain organs or occur in multiple 
microvascular beds. Brain, heart, lung, liver, and kidney were chosen as the 
main organs to study. While significant differences in levels of expression of 
Tie2 between organs was observed (Suppl. Fig. 1A), these primarily reflected 
endothelial prevalence in the organs (Suppl. Fig. 1C), 8 h after LPS challenge, 
Tie2 mRNA was lost to 70-90% of its original level in all organs. In contrast, 
loss of Tie2 protein was only observed in the lungs and kidneys, while in the 
heart Tie2 protein levels did not change (Figure 1A, B). In the brain, Tie2 
protein levels were the lowest among organs in basal conditions (Suppl. Fig. 
1B), and 8 hours after LPS administration its levels became too low to be 
detected by ELISA (Figure 1B). 

To investigate whether the Tie2 protein downregulation was restricted 
to specific microvascular beds, we immunohistochemically determined 
Tie2 protein localization. In basal conditions, Tie2 protein was expressed in 
arterioles, capillaries and venules of brain, heart, lungs, liver, and kidneys, 
though expression in the capillaries of the lungs was less abundant 
compared to that in the capillaries of the other organs. Eight hours after 
LPS challenge, loss of Tie2 protein was visible in all microvascular segments 
in all organs, yet least prominent in the heart. The loss of Tie2 in capillaries 
showed the most extensive reduction (Figure 1C). Thus, LPS-induced loss of 
Tie2 mRNA was extensive and occurred in all organs studied, while the loss 
of Tie2 protein predominantly took place in lungs and kidneys, particularly 
in the capillaries.

Loss of Tie2 mRNA and protein can be induced by cytokines
As septic shock is accompanied by the release of pro inflammatory cytokines, 
which is mimicked by LPS injection, we asked the question whether the 
rapidly released secondary pro-inflammatory cytokines TNF-α and IL-1β 
per se might play a role in Tie2 mRNA and protein down regulation. We 
focused on the loss of Tie2 mRNA and protein in the lungs and kidneys 
as these organs showed the largest protein down regulation, and can fail 



41

Loss of Tie2 in sepsis

dramatically during sepsis. Upon TNF-α administration, Tie2 mRNA was 
significantly downregulated in both organs, while loss of Tie2 protein was 
only observed in the lungs (Figure 2A, B). Upon IL-1β administration, on the 
other hand, loss of Tie2 mRNA was only observed in the lungs, while Tie2 
mRNA in the kidneys was upregulated approximately two-fold (Figure 2A). 
Furthermore, the levels of Tie2 protein upon IL-1β administration did not 
change in both organs (Figure 2B). Taken together, these data show that 
the loss of Tie2 mRNA and protein can also be partially induced by pro-
inflammatory cytokines released in reaction to systemic LPS exposure in an 
organ dependent manner.

FIGURE 1. Downregulation of Tie2 mRNA and protein induced by LPS occurs in major 
organs. A, B.  Organ Tie2 mRNA (A) and protein (B) levels 8 hours after LPS challenge (1,500 
EU/g, 0.5 mg/kg mouse body weight) in wild type mice are expressed as fold change compared 
to control (vehicle treated) group. Bars show mean ± SD of 4-5 mice. *, P<0.05, control group 
vs. LPS-challenged group. n.d., protein not detectable. C. Localization of Tie2 protein in the 
major mouse organs in control conditions respectively at 8 hours after LPS administration. 
Pictures show representative immunohistochemical staining as described in ‘Materials and 
Methods’. Original magnification: 200x. a, arteriole; v, venule; c, capillary; g, glomerulus. 
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FIGURE 2. TNF-α induces loss of Tie2 mRNA and protein in the kidney and Tie2 mRNA 
in the lung in vivo. A, B. Tie2 mRNA (A) and protein (B) levels at 2 hours after orbital 
puncture TNF-α or IL-1β challenge of  mice are expressed as fold change compared to control 
(vehicle treated) group. Bars show mean ± SD of 3 mice. *, P<0.05, control group vs. cytokine 
challenged group.

In vitro Tie2 expression is modulated by shear stress
We proceeded to in vitro studies to explore the potential molecular 
mechanisms controlling Tie2 mRNA and protein down regulation by using 
two different endothelial cell subtypes, i.e., human umbilical cord derived 
HUVEC and human glomeruli derived ciGEnC. For this purpose, cells were 
stimulated with LPS or TNF-α for 4 and 24 h. Neither Tie2 mRNA (Suppl. 
Fig. 3A, B) nor Tie2 protein (Suppl. Fig. 4) were down regulated in both cell 
models, irrespective the time period of exposure or the stimulus used. Instead 
of downregulating Tie2, LPS and TNF-α induced Tie2 mRNA significantly 
in HUVEC at 24 h after stimulation. Since the loss of Tie2 could not be 
mimicked in vitro, we hypothesized that changes in the microenvironment 
upon taking cells into culture cause changes in Tie2 expression. To test 
this, we isolated HUVEC from human umbilical cords and grew them under 
standard conditions. The cells were lysed directly after isolation, and at day 
1, 3, and 5 after isolation and we analyzed the changes in Tie2 expression 
upon culture. We found that Tie2 mRNA expression was down regulated for 
more than 60% in the first 3 days of culture (Figure 3A). Similar observations 
were made using freshly isolated cultured mouse heart capillary and mouse 
renal cortex endothelial cells (Figure 3A). These findings indicate that a 
commonly experienced environmental change such as variations in flow per 
se could be one cause Tie2 mRNA down regulation. 
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FIGURE 3. Shear stress controls Tie2 gene expression. A. Endothelial cells which were 
isolated from human umbilical cord veins, mouse heart and mouse kidney cortex capillaries, 
were either analysed immediately after isolation, or after being cultured for indicated times. 
Tie2 mRNA was determined by quantitative RT-PCR (HUVEC) and by Illumina expression 
arrays (mouse heart and kidney cortex capillary endothelial cells). Tie2 mRNA was calculated 
relative to pan-endothelial marker VE-cadherin. Mean of day 0 (directly after isolation) was 
set as 100%. Values represent mean ± SD of 3 independent experiments. *, P<0.05 vs. day 0. 
B, C, D. HUVEC were cultured in gelatin-coated microchannels and exposed to shear stress 
of 20 dyne/cm2 for 48 hours or kept under static conditions, respectively. After 48 hours 
of 20 dyne/cm2, the shear stress was reduced to 5 dyne/cm2 for 8 hours. Tie2 mRNA and 
KLF2 mRNA were determined by quantitative RT-PCR. B, C. Values represent mean ± SD of 
3 independent experiments. *, P<0.05. D. Values represent mean ± SD in triplicate and are 
representative of two independent experiments. *, P<0.05, vs. static group; #, P<0.05.

The LPS challenge has been previously shown to lower the blood 
pressure [3]. Moreover, it represents a factor that is absent in the static 
in vitro conditions used in most studies on the effect of sepsis mediators 
on endothelial cells so far. To test the hypothesis that Tie2 expression is 
regulated by diminished blood flow, we studied its expression in a hemorrhagic 
shock (HS) model. Also in this model, Tie2 mRNA downregulation occurred 
in all major organs (Figure 5B). These in vivo data were corroborated by the 
observation that when HUVEC were exposed to shear stress at 20 dyne/cm2 

for 48 h, increased expression was observed of Tie2 mRNA up to eightfold 
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FIGURE 4. LPS nor TNF-α challenge of flow-exposed cells does not downregulate Tie2 
mRNA and protein expression. HUVEC were exposed to shear stress at 20 dyne/cm2 for 48 
hours, then LPS (300 EU/mL, 0.1 µg/ml) or TNF-α (10 ng/mL) was added for 8 hours before 
lysing the cells for mRNA (A,B) and for protein (C). HUVEC cultured in static conditions were 
used as a control for flow exposure and LPS stimulation. Tie2 mRNA and protein levels were 
determined by quantitative RT-PCR and Western Blot, respectively. Tie2 mRNA expression is 
expressed as fold change compared to static control group. For Tie2 protein, β-actin was used 
as a loading control. The level of Tie2 and β-actin were quantified as described in ‘Materials 
and Methods’. The Tie2/β-actin ratio is expressed as relative change compared to the control 
static group arbitrarily set at 1. Bars show mean ± SD; of 3 independent experiments; *, P<0.05.

(Figure 3B) and of Tie2 protein up to sevenfold (Figure 4C) compared 
to expression in static conditions. At the same time, the shear stress 
responsive gene KLF2 [17] was up regulated in vitro (Figure 3C). Moreover, 
when we reduced the shear stress to 5 dyne/cm2, Tie2 mRNA levels dropped 
significantly (Figure 3D). These combined data sets suggest that changes 
in Tie2 expression during endotoxemia are likely to be regulated by flow 
differences. 
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To determine the potential contribution of pro-inflammatory cytokines to 
the observed loss of Tie2, HUVEC were exposed to shear stress at 20 dyne/
cm2 for 48 h and next stimulated with LPS or TNF-α for 8 h before lysing 
the cells. While Tie2 was increased under flow, subsequent exposure to LPS 
and TNF-α did not lead to a decrease (Figure 4A-C). The increased levels 
of E-selectin observed upon LPS and TNF-α challenge validated HUVEC 
responsiveness toward LPS respectively TNF-α exposure (Suppl. Fig. 5A, B). 
This suggests further substantiation of the model that loss of Tie2 mRNA 
and protein in sepsis is likely caused by diminished blood flow or altered flow 
patterns, and not directly by pro-inflammatory endothelial cell activation.

Loss of Tie2 mRNA, but not Tie2 protein, can be counteracted by 
inhibition of NF-кB signaling
Previously, involvement of NF-кB signaling in shear stress-exposed 
endothelial cells has been reported [18] and it was shown that a decrease in 
shear stress enhances NF-κB activation [19]. We next studied in vitro whether 
NF-κB signaling played a role in the lower shear stress induced loss of Tie2 
by treating the cells with the NF-кB inhibitor BAY11-7082 prior to cessation 
of the flow. The effects of the NF-кB inhibitory drug on TNF-α challenged 
microvascular endothelial cells in vitro and in vivo in mouse organs are 
available via our website http://irs.ub.rug.nl/ppn/304222879. In the absence 
of the inhibitor, the levels of Tie2 and KLF2 mRNA were reduced significantly 
to 75 and 95% of initial levels, respectively, after ceasing the flow. When flow 
was stopped in the presence of NF-кB inhibition, a small but likely biological 
insignificant, raise in Tie2 mRNA was observed (Figure 5A). Again, proper 
action of the drug to inhibit NF-кB [14] was substantiated by the fact that 
the increased E-selectin expression could be reduced by pre-treatment with 
the NF-кB inhibitor (Figure 5A). To substantiate a role for NF-кB signaling 
in loss of endothelial Tie2 in vivo, mice were treated with the NF-кB inhibitor 
prior to TNF-α administration. The results showed that in the lungs Tie2 
mRNA was completely rescued in the presence of the inhibitor (Figure 5C). 
These data indicate that NF-кB is a major controlling molecular factor in 
inflammation related loss of Tie2 mRNA, which most likely is induced by low 
blood pressure. In contrast, loss of Tie2 protein could not be rescued by 
blocking NF-кB activity, suggesting a different mode of regulation of Tie2 
protein under conditions of diminished blood flow or altered flow patterns 
(Figure 5B).



46

Chapter 3

FIGURE 5. NF-кB activation contributes to the loss of Tie2 mRNA, not Tie2 protein. A. In 
vitro study. NF-кB inhibitor BAY11-7082 (final concentration of 10 µM) was added 30 minutes 
prior to stopping the flow after 48 hours of flow-exposure of the HUVEC. Twenty-four hours 
after stopping the flow, the cells were lysed for mRNA analysis. mRNA expression of Tie2, KLF2 
and E-selectin was determined by quantitative RT-PCR and normalized to GAPDH expression. 
mRNA level of flow control group was set as 100%. Bars show mean ± SD of 3 independent 
experiments. B. In vivo study. Downregulation of Tie2 mRNA induced by hemorrhagic shock 
(HS) followed by resuscitation occurs in major organs. In the HS model mice were subjected 
to blood withdrawal until a mean arterial pressure of 30 mm Hg was achieved for 90 min, 
after which they were resuscitated with Voluven as described in ‘Materials and Methods’. Wild 
type HS mice are expressed as fold change compared to control (untreated) group. Bars 
show mean ± SD of 3. *, P<0.05, control group vs. hemorrhagic shock group. C, D. In vivo 
study. Wild type mice were i. v. injected with NF-кB inhibitor BAY11-7082 (400 µg/mouse) prior 
to TNF-α (200 ng/mouse) challenge, and sacrificed 2 hours after orbital puncture TNF-α 
injection. Quantitation of expression of Tie2 mRNA and protein in the lungs of these mice was 
performed by quantitative RT-PCR (C) and ELISA (D), respectively. Bars represent mean ± SD 
of 3 mice. *, P<0.05, vs. control group; #, P<0.05; n.s., not significant.
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Discussion

In this study we show that the endothelial expression of Tie2 in vivo is 
dependent on flow. A decrease of flow leads to a decrease in Tie2 expression. 
This has major implications for basal research on sepsis mediators and its 
effects on endothelial cells. Research performed in cell systems investigating 
the inflammatory response can only be interpreted when the local flow 
status is taken into account [20]. The translation from this preclinical 
findings to human sepsis is more complicated [7]. In sepsis, cardiac output, 
and therefore flow in larger vessels and arterioles, is increased, while 
in capillaries flow almost ceases [21]. Flow characteristics are different in 
different microvascular beds. The difference of flow characteristics in health 
and during sepsis in the glomerulus and the peritubular vasculature are, for 
instance, largely unknown [22]. The decrease in blood pressure is one of the 
defining characteristics of sepsis, using the paradigm that oxygen delivery 
to the cells has to be maintained. The restoration of blood pressure and 
blood flow has always been one of the hallmarks of the treatment of sepsis. 
Our study suggests that manipulating flow itself influences the inflammatory 
response of the microvasculature. 

 The Angiopoietin/Tie2 system has been reported to contribute to 
endothelial activation and vascular permeability control in sepsis. Human 
sepsis and the endotoxemia mouse model are characterized by microvascular 
endothelial activation and loss of vascular integrity, which contribute to 
hypotension, vascular leakage and leukocyte extravasation that are all 
hallmarks of the severe septic shock syndrome. Although therapies aimed 
at restoring Ang1 and diminishing Ang2 in sepsis are promising in pre-clinical 
models [11, 12], until now in the regulation pattern of the receptor, Tie2 was 
insufficiently known. In a previous study we showed that LPS-induced loss of 
Tie2 mRNA and protein expression in the renal microvasculature [9]. In the 
present study, we showed that this loss was prominent in all major mouse 
organs, while loss of Tie2 protein was predominantly observed in lungs and 
kidneys, in particular in capillaries. The pro-inflammatory cytokines TNF-α 
and IL-1β could partially recapitulate these effects. There was no role for 
systemically released Ang2 in regulating loss of Tie2 protein (Suppl. Fig. 2, 
Supplementary results and discussion). In vitro, loss of Tie2 was observed 
upon lowering shear stress but not upon LPS and TNF-α stimulation of 
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cells cultured under flow, suggesting that sepsis related haemodynamic 
changes may be the cause of loss of Tie2 expression in vivo. This flow 
related expression control was further substantiated in a mouse model of 
hemorrhagic shock. A definite role for NF-кB in in vivo controlled loss of Tie2 
mRNA was established by pre-treatment of mice with an NF-кB  inhibitor prior 
to inflammatory challenge with TNF-α. Although LPS and pro-inflammatory 
cytokine injections represent models with limited resemblance to human 
sepsis, we chose to use these models based on the fact that they are 
highly standardized and frequently used to study important inflammatory 
components of sepsis/septic shock. This standardization makes the results 
reproducible and allows comparison with published research. Furthermore, 
while LPS effects are highly complex due to the spatiotemporal systemic 
release of cytokines in time, single cytokine injections allowed to (partly) 
dissect their contribution to observations made with LPS.

One of the most striking observations in this study was the extent of Tie2 
mRNA loss that took place throughout all microvascular beds in the body. 
Moreover, the disparate behavior of Tie2 mRNA and protein was unexpected. 
To our knowledge, in vivo Tie2 mRNA half-life has not been reported, while 
the half-life of Tie2 protein was reported in HUVEC to be approximately 9 
h [23]. Would Tie2 protein half-life in vivo also be 9 hours, the rapid loss of 
Tie2 mRNA could not be directly responsible for the observed Tie2 protein 
loss. A differential regulation is furthermore implied by the observation that, 
e.g., in the heart, mRNA loss was not followed by protein loss, and that the 
loss of Tie2 mRNA, but not Tie2 protein, could be rescued by blocking NF-
кB activation prior to pro-inflammatory challenge. 

TNF-α and IL-1β are two pro-inflammatory cytokines that are rapidly 
released upon LPS challenge [24]. While administration of LPS and either 
one of these cytokines induced loss of Tie2 mRNA and protein in vivo, this 
loss could not be mimicked in vitro. This outcome corroborates a previous 
study that used TNF-α challenged microvascular endothelial cells [25]. 
Culturing freshly isolated cells in static conditions for several days clearly 
demonstrated an extensive loss of Tie2 mRNA, in HUVEC as well as in 
primary mouse capillary endothelial cell isolates. Since this loss of Tie2 in 
vitro was associated with a condition of absence of flow, and since LPS-
induced endotoxemia is associated with a decrease in blood pressure [3, 
4], we hypothesized that a change in endothelial shear stress could be 
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one of the major mechanisms in regulating loss of Tie2 mRNA upon LPS 
challenge in vivo. Indeed, by applying discontinuing flow, we could diminish 
Tie2 expression in vitro. Furthermore, in vivo administering of a NF-κB 
inhibitor prior to pro-inflammatory challenge, previously shown to prevent 
systemic hypotension [4], could rescue loss of Tie2 mRNA, thereby further 
substantiating a likely the role of haemodynamic changes in the loss of Tie2 
mRNA. 

A role for haemodynamic changes in regulating Tie2 expression was 
previously reported in ischemia-reperfusion studies [26], in which, analogous 
to our studies, cytokines are being released during the pathophysiological 
processes that is taking place [27]. Although TNF-α and IL-1β have been 
associated with lowering of the blood pressure [28], it remains speculative 
what their contribution to the loss of Tie2 is relative to direct LPS effects. 
Our studies reported here do not formally show that changes in local blood 
flow are responsible for microvascular Tie2 downregulation after LPS 
administration. Measuring systemic blood pressure in shock models also 
does not formally prove this, as systemic blood pressure does not reflect the 
flow status in the microvasculature. In studies from the group of Bellomo, 
sheep were instrumented with transit time flow probes which were placed 
around the feeding arteries of the heart, gut, kidney, and the intestine. The 
authors show that after i. v. bolus injection of Escherichia coli blood flow to 
the heart, gut, and kidney increased [29]. Contrary to these data, the Parikh 
group showed the opposite in male C57BL/6J mice injected with 10 mg/kg 
LPS. In this model renal perfusion decreased 18 h after LPS administration 
[30]. From this, one has to conclude that no consensus exists on what the 
effect of LPS administration on microvascular blood flow is. Our observation 
that also in hemorrhagic shock (Figure 5B) and in renal ischemia/reperfusion 
(data not shown) Tie2 downregulation is prominent, indicates a general 
flow-related response. In future studies, we plan to dissect the effects of 
local hypoperfusion, inflammation, and tissue hypoxia and the behavior of 
the smallest blood vessels in critically ill mice by renal microvascular flow 
measurements using micro bubble echocardiography and assess different 
flow responsive genes. Furthermore, in our studies we used a setup with 
continuous laminar flow, while flow characteristics along the vascular tree 
vary from pulsatile to steady and sometimes even interrupted flow [31]. 
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Unpublished studies from our own laboratory on LPS challenge showed 
that Tie2 was not rescued in TNFR1 knock out mice, implying that a direct 
LPS effect is a major contributor to Tie2 loss. The in vivo data, showing that 
blockade of NF-кB activity prior to TNF-α exposure could rescue loss of Tie2 
mRNA, is an important starting point for future studies to determine the role 
of endothelial specific NF-кB activation in regulating flow dependent loss of 
Tie2 mRNA in vivo. We will address this by using a vascular drug targeting 
strategy to pharmacologically knock out endothelial specific NF-кB [32, 
33]. The observation furthermore provides an important starting point for 
therapeutic studies aimed at inhibiting NF-κB prior to LPS administration. 
In summary (Suppl. Fig. 6), we demonstrated that LPS-induced loss of 
Tie2 mRNA is extensive and occurs in all organs studied, while the loss of 
Tie2 protein predominantly takes place in lungs and kidneys, in particular 
in the capillaries. The likely origin of loss of Tie2 mRNA lies in a change 
in endothelial shear stress, with NF-кB signaling induced by diminished 
shear stress contributing significantly to this process. It is conceivable that 
therapy aimed at restoring Ang1 and diminishing Ang2 levels in sepsis are 
effectively combined with efforts to restore/rescue the expression of the 
Tie2 receptor. Our study suggests that interventions in sepsis patients 
aimed at normalizing diminished blood flow may be able to prevent down 
regulation of Tie2 and potentially counteract microvascular dysfunction and 
permeability in this devastating condition.
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Supplementary Materials and Methods

Cells
Human umbilical vein endothelial cells (HUVEC, obtained from the UMCG 
Endothelial Cell Facility and from Lonza, Walkersville, MD, USA: cells below 
passage 6 were used) and conditionally immortalized glomerular endothelial 
cells (ciGEnC, a gift from Dr. Simon C. Satchell [1]: cells below passage 
40 were used) were grown to confluence in culture dishes as described 
previously [2, 3]. Moreover, primary mouse heart endothelial cells and kidney 
cortex peritubular endothelial cells were isolated using anti-CD31-antibody-
conjugated beads and cultured as previously reported [4].

Animals
Specific pathogen-free C57BL/6 mice (obtained from Harlan Nederland, 
Horst, The Netherlands) were used for the studies. Ang2LacZ (Ang2 
deficient mice, Ang2-/-) mice and their wild type littermates (Ang2+/+) which 
were used to study the effect of absence of Ang2 on LPS challenge, were 
kindly provided by Regeneron Pharmaceuticals (Tarrytown, NJ). All mice 
were maintained on mouse chow and tap water ad libitum in a temperature-
controlled chamber at 24˚C with a 12-hours light/dark cycle. All animal 
experiments were approved by the local Animal Care and Use committee 
of the University of Groningen (protocol number 4360A), The Netherlands 
and of the Regierungsprasidium Karlsruhe (protocol number 35-9185.81/G-
148/09), Germany, and were performed according to governmental and 
international guidelines on animal experimentation. 

In vivo experiments
LPS administration: C57BL/6 mice, Ang2LacZ mice and wild-type littermates 
were divided into 2 groups, i.e., one control group and one treated group 
that was i. p. administered with 1,500 EU/g (0.5 mg/kg) LPS (Escherichia coli, 
serotype 026:B6l; Sigma, St. Louis, MO, USA). Mice were sacrificed 8 hours 
after LPS administration.

Molema G, Kamps JA: Targeted SAINT-O-Somes for improved intracellular 
delivery of siRNA and cytotoxic drugs into endothelial cells. J Control 

Release 2010, 144(3):341-349.
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Hemorrhagic shock model: The mouse hemorrhagic shock (HS) model has 
been extensively documented elsewhere [5]. In short, mice were anesthetized 
with isoflurane (inspiratory, 1.4%), N2O (66%), and O2 (33%). Hemorrhagic 
shock was achieved by blood withdrawal until the MAP was reduced to 30 
mmHg. Additional blood withdrawal, or restitution of small volumes of blood, 
was performed to maintain MAP at 30 mmHg during this period. The mice 
were resuscitated after 90 min of HS with 6% hydroxyethyl starch 130/0.4 
(Voluven; Fresenius-Kabi, Bad Homburg, Germany) at two times the volume 
of blood withdrawn. After 4 hours post volume resuscitation, mice were 
sacrificed and organs excised.

TNF-α and IL-1β administration: C57BL/6 mice were divided into 3 groups, 
i.e., one control group and 2 treated groups that were administered via the 
orbital plexus (o.p.) 200 ng/mouse TNF-α (Biosource Netherlands, Etten-
Leur, The Netherlands) or 200 ng/mouse IL-1β (Biosource Netherlands), 
during which mice were kept under anesthesia by inhalation of isoflurane/
O2. Mice were sacrificed 2 hours after TNF-α and IL-1β administration. To 
investigate the potential role of NF-кB in contributing to the loss of Tie2, 
C57BL/6 mice were i. v. injected with NF-кB inhibitor BAY11-7082 (400 µg/
mouse; Sigma)) prior to TNF-α administration and sacrificed 2 hours after 
TNF-α administration. 

Ang2 administration: C57BL/6 mice were divided into 2 groups, i.e., one 
control group and one treated group that was i.v. administered 10 μg Ang2 
(recombinant human Ang2, R&D Systems Inc., Minneapolis, MN, USA, diluted 
in 0.1% BSA in PBS), as described previously by Parikh et al. [6]. Mice were 
sacrificed 8 hours after Ang2 administration. 

All control mice were injected with the appropriate vehicle control.
All animals were sacrificed under anesthesia (isoflurane/O2), after which 
heparinized plasma was collected, and organs were taken out and snap 
frozen on liquid nitrogen. Plasma and organs were stored at -80˚C until 
analysis. 

In vitro experiments
Cell activation: To study the effects of LPS and TNF-α stimulation in vitro, 
HUVEC and ciGEnC were grown to confluence in 24 wells plates for RNA 
analysis and in 25 cm2 culture flasks for protein analysis. For mRNA analysis, 
cells were serum starved for 1 hour, then stimulated with LPS (Sigma) at 
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300 EU/mL (0.1 µg/ml) or human TNF-α (Boehringer, Ingelheim, Germany) 
at 10 ng/mL for 4 and 24 hours in presence of 20% fetal calf serum (FCS; 
Hyclone, Perbio Science, Etten-Leur, The Netherlands), and harvested for 
further analysis. 

Flow experiment: HUVEC were dissociated with trypsin/EDTA and seeded 
into 1% gelatin coated channels (ibidi, Martinsried, Germany). The perfusion 
system was driven by air pressure. The outlet of the air pump was connected 
to a fluidic unit, which consisted of single flow chamber on a microslide 
(www.ibidi.com). Six microslides were run at the same time using the same 
perfusion pump. After incubation, cells were microscopically analyzed with 
regard to their morphology and consistently found to be adherent and 
viable. Sixty thousand cells/cm2 were used to obtain confluent monolayers 
within 24 hours. Cells were exposed to 20 dyne/cm2 shear stress for 48 
hours, where appropriate cells were next exposed to LPS at 300 EU/mL (0.1 
µg/ml) or TNF-α 10 ng/mL for 8 hours, and harvested for further analysis. 
To study the role of NF-кB activation in the regulation of Tie2 expression, 
10 µM NF-кB inhibitor BAY11-7082 or DMSO 0.1% as vehicle control were 
added 30 minutes prior to stopping the flow. Cells were lysed at 24 hours 
after stopping the flow. For comparison, cells from the same culture were 
grown in parallel to confluence in 1% gelatin-treated 12-well cell culture plates 
and kept in static conditions, and exposed to similar conditions as the flow 
exposed cells. 

Gene expression analysis by quantitative RT-PCR
Total RNA from brain, heart, liver, kidneys and cultured cells were isolated 
with RNeasy Mini Plus Kit (Qiagen, Leusden, The Netherlands), and from 
lungs with RNeasy Mini Kit (Qiagen), according to the manufacturer’s 
guidelines. Integrity of RNA from tissues and cells was analysed by gel 
electrophoresis, while RNA concentration and purity were measured 
using an ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, 
Rockland, DE, USA). cDNA was synthesized as previously described [3]. 
Gene expression was measured using primer-probe sets specific for GAPDH 
(assay ID Hs99999905_m1 for human, Mm99999915_g1 for mouse), CD31 
(assay ID Mm00476702_m1 for mouse), VE-cadherin (assay ID Hs00174344_
m1 for human), Tie2 (Hs00176096_m1 for human, Mm00443242_m1 for 
mouse), KLF2 (Hs00360439_g1 for human) and E-selectin (Hs00174057_m1 
for human) on an ABI PRISM 7900HT Sequence Detector (all from Applied 
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Biosystems, Bleiswijk, The Netherland). Gene expression was normalized to 
the expression of the housekeeping gene GAPDH, or where appropriate to 
the expression of the pan-endothelial marker CD31 or VE-cadherin, yielding 
the ΔCT value. The gene expression level, normalized to the housekeeping 
gene, was calculated by 2-ΔCT.

Microarray analysis 
Mouse heart endothelial cells and kidney endothelial cells were subjected 
to RNA isolation using Rneasy mini kit (Qiagen, USA). Quality and 
concentration of RNA samples were assessed with the ExperionTM Automated 
Electrophoresis System (Bio-Rad Laboratories, Hercules, CA, USA). The RNA 
samples with quality indicator (RQI) value > 7.0 were used for further analysis 
on Illumina expression arrays according to the manufacturer’s protocols, 
using the Ambion Illumina TotalPrep Amplification Kit (Applied Biosystems/
Ambion, Austin, TX, USA) for generating complementary biotinylated 
amplified RNA and purification. 750 ng of complementary RNA per sample 
was hybridized to Illumina Mouse Ref8 BeadChips (Illumina, San Diego, CA, 
USA) and scanned on the Illumina BeadArray Reader, iScan System. The 
initial analysis was done using GenomeStudio software (2010.2 version 1.7.0 
Gene Expression Module). Data were normalized by quantile algorithm using 
GeneSpring GX software (version 11.5.1, Agilent technologies). All samples 
passed quality control filtering, which was based on the median probe 
intensity, the correlation with all other samples for the same treatment, 
general behaviour of known housekeeping genes, and principal component 
analysis over the samples. Tie2 value for each group was normalized to pan-
endothelial marker VE-cadherin, expression immediately after isolation was 
set at 100%. 

Immunohistochemistry 
Frozen organs were cryostat-cut at 5 µm, mounted onto glass slides, and 
fixed with acetone. Immunohistochemical staining of Tie2 protein in tissue 
was performed as previously described [3].
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Quantification of Tie2 protein expression
ELISA: Quantification of Tie2 protein in mouse organs was determined by DC 
Protein Assay (Bio-Rad Laboratories, Hercules, USA), before quantification 
of Tie2 by ELISA (mouse Tie2 MTE200 R&D Systems Inc. Minneapolis, USA) 
according to the manufacturer’s instructions. 

Western Blot: HUVEC and ciGEnC were lysed in 20mM Tris, 1% NP-40, 
137mM NaCl, pH 8, 10% glycerol, 2mM EDTA, and protease inhibitor Complete© 
(Roche, Almere, The Netherlands). Proteins (30 µg) were separated by 
SDS-PAGE, transferred to nitrocellulose membrane (Bio-Rad laboratories, 
Hercules, CA, USA) and probed with 0.2 µg/mL of mouse anti-human Tie2 
(AB33, Upstate, Waltham, MA, USA, (Millipore, clone Ab33, catnr: 05-584)) 
and mouse anti-human β-actin (MP Biomedicals, clone C4, Solon, OH, USA 
(Millipore, clone 4, catnr: MAB1501)). Antibody binding was visualized using 
1:2,000 dilution of horseradish peroxidase-conjugated goat anti mouse 
(Southern Biotech, Birmingham, AL, USA) and chemiluminescence (Thermo 
Scientific, Rockford, IL, USA). Ratio of Tie2/ β-actin protein was determined 
by dividing Tie2 and β-actin intensity corrected to background using 
Quantity One (Bio-Rad laboratories software).

Statistical analysis
Statistical significance of differences was analysed by means of the Student’s 
t-test or ANOVA with post hoc comparison using Bonferroni correction. 
All statistical analyses were performed using GraphPad Prism software 
(GraphPad Prism Software Inc., San Diego, CA, USA). Differences were 
considered to be significant when P< 0.05.
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Supplementary Results

Tie2 protein levels in mouse organs are not affected by Ang2
In HUVEC, the Tie2 receptor is internalized when it binds to Angiopoietins 
[7]. We showed previously that levels of Ang2 in the systemic circulation of 
healthy human volunteers started to increase 2 hours after LPS challenge, 
while Ang1 levels did not change [8]. A similar observation has been reported 
in an LPS mouse model [9]. Therefore, we hypothesized that an increase in 
systemic Ang2 levels might regulate the loss of Tie2 protein by facilitating 
Tie2 internalization and degradation. To test our hypothesis, we i.v. injected 
Ang2 into wild type mice [6]. Ang2 administration, however, did not affect 
Tie2 protein to any extent (Suppl. Figure 2A). To exclude an interaction 
between Ang2 and other, unspecified, molecules activated or released 
during LPS challenge and of importance in affecting Tie2 protein levels, we 
i.p. injected LPS into Ang2-deficient mice. The lack of a role of Ang2 in Tie2 
protein loss was further substantiated by the fact that absence of Ang2 
in these mice did not rescue Tie2 protein upon LPS administration (Suppl. 
Figure 2B). Ang2 can therefore be ruled out as a major factor in controlling 
loss of Tie2 protein induced in sepsis.

Supplementary Discussion

The exact mechanism underlying the loss of Tie2 protein in vivo upon LPS 
challange remains unknown. One mechanism of loss of Tie2 protein in 
HUVEC was reported by Bogdanovich et al. who showed Tie2 internalization 
and degradation in response to Angiopoietin binding [7]. From our in vivo 
observations that i. v. injection of recombinant Ang2 did not affect Tie2 
protein and that Tie2 protein was not rescued in LPS-challenged Ang2-
deficient mice, it is safe to conclude that circulating levels of Ang2 in vivo 
(which cannot be verified in mice at present as no quantitative methods to 
do so are available) are not the likely cause of Tie2 protein loss upon LPS 
challenge. Another potential mechanism that might regulate the loss of Tie2 
protein is VEGF-induced Tie2 shedding [10]. This is also not a likely cause 
in our model in vivo as we previously could not detect sTie2 in the systemic 
circulation of mice and human healthy volunteers upon LPS challenge [3].
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SUPPLEMENTARY FIGURE 2. LPS and TNF-α do not affect Tie2 protein expression 
in vitro in HUVEC and ciGEnC. Representative Western Blots showing that Tie2 protein 
expression of HUVEC and ciGEnC did not change after 20 hours of exposure to LPS (300 EU/
mL, 0.1 µg/ml) or TNF-α (10 ng/mL). β-actin was used as a loading control. The levels of Tie2 
and β-actin were quantified as described in ‘Materials and Methods’. The Tie2/β-actin ratio is 
expressed as relative change compared to the control group arbitrarily set at 1. 

SUPPLEMENTARY FIGURE 1. Expression of Tie2 and CD31 in basal conditions. 
Quantitation of expression of Tie2 mRNA (A) and CD31 mRNA (B) in major mouse organs 
was performed by quantitative RT-PCR, while Tie2 protein (C) was performed by ELISA. 
Bars show mean ± SD of 4-5 mice. 

Supplementary Figures
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SUPPLEMENTARY FIGURE 3. Ang2 does not affect Tie2 protein expression in vivo. A: 
Wild type mice were i.v. injected with 10 µg Ang2 and sacrificed after 8 hours. B: Ang2-/- mice 
and wild type littermates were i.p. injected with LPS at 1,500 EU/g, 0.5 mg/kg mouse body 
weight and sacrificed after 8 hours. Tie2 protein was determined by ELISA. Data are expressed 
as fold change compared to control (vehicle treated) group. Bars represent mean ± SD of 5-7 
mice. *, P<0.05, control group vs. treated group.

SUPPLEMENTARY FIGURE 4. LPS and TNF-α do not affect Tie2 mRNA expression in 
vitro in HUVEC and ciGEnC. Relative Tie2 mRNA levels of LPS (300 EU/mL, 0.1 µg/ml) 
and TNF-α (10ng/mL) stimulated human umbilical vein endothelial cells (HUVEC) (A) and 
glomerular endothelial cells (ciGEnC) (B) at 4 and 24 hours of incubation in the presence of 
the activators. Data are expressed as fold change compared to control group (time= 0 hours). 
Bars show mean ± SD of 3 independent experiments. *, P<0.05, untreated cells vs. treated 
cells. 
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SUPPLEMENTARY FIGURE 5. E-selectin expression by flow-exposed HUVEC is induced 
upon LPS administration. HUVEC were exposed to shear stress at 20 dyne/cm2 for 48 hours, 
then 300 EU/mL (0.1 µg/ml)  LPS (A) or 10 ng/mL TNF-α (B) was added for 8 hours before 
lysing the cells to obtain mRNA. E-selectin mRNA levels were determined by quantitative RT-
PCR and are expressed as fold change compared to static control group. Bars show mean ± 
SD; n=3; *, P<0.05.
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SUPPLEMENTARY FIGURE 6. Schematic representation summarizing our findings on 
the molecular control of endothelial loss of Tie2 upon LPS exposure in vivo. In vivo LPS 
administration induces a rapid release of TNF-α, IL-1β, and Ang2 into the systemic circulation. 
LPS, TNF-α, IL-1β, and Ang2 can bind to their receptors expressed on, among others, 
endothelial cells. Regulation of loss of Tie2 mRNA: LPS, TNF-α and/or IL-1β induce low blood 
pressure [11, 12], which can activate NF-кB signal transduction. NF-кB signaling induced by low 
shear stress contributes to the loss of Tie2 mRNA. Although the binding of LPS, TNF-α, and 
IL-1β to their receptors can activate NF-кB as well [13], this activation has no effect on Tie2 
mRNA levels as shown in vitro. Regulation of loss of Tie2 protein: In vitro, in HUVEC, binding of 
Ang2 to Tie2 resulted in Tie2 internalization [7], however, in our study it was not proven that 
this process plays a major role in loss of Tie2 protein in vivo. The mechanism(s) responsible for 
Tie protein loss in vivo thus remain to be elucidated.
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Abstract

Introduction: The pathophysiology of acute kidney injury (AKI) after 
cardiac surgery is not completely understood. Recent evidence suggests 
a pivotal role for the endothelium in AKI. In experimental models of AKI, 
the endothelial specific receptor Tie2 with its ligands Angiopoietin (Ang) 1 
and Ang2 are deranged. This study investigates their status after cardiac 
surgery, and a possible relation between angiopoietins and AKI. 
Methods: From a cohort of 541 patients who underwent cardiac surgery, 
blood and urine was collected at 5 predefined time points. From this 
cohort, we identified 21 patients who had at least 50% post-operative 
serum creatinine increase (AKI). We constructed a control group (n=21) 
using propensity matching. Systemic levels of Ang1, Ang2, and sTie2 were 
measured in plasma and the AKI markers albumin, kidney injury molecule-1 
(KIM-1) and N-acetyl-beta-D-glucosaminidase (NAG) were measured in the 
urine.
Results: Ang2 plasma levels increased over time in AKI (from 4.2 to 11.6 ng/
ml) and control patients (from 3.0 to 6.7 ng/ml). Ang2 levels increased 1.7-
fold more in patients who developed AKI after cardiac surgery compared 
to matched control patients. Plasma levels of sTie2 decreased 1.6-fold and 
Ang1 decreased 3-fold over time in both groups, but were not different 
between AKI and controls (Ang1 P=0.583 and sTie2 P=0.679). Moreover, 
we found a positive correlation between plasma levels of Ang2 and urinary 
levels of NAG.
Conclusions: The endothelial Ang/Tie2 system is in dysbalance in patients 
who develop AKI after cardiac surgery compared to matched control 
patients. 
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Introduction 

Acute kidney injury (AKI) is a major complication after cardiac surgery and 
is correlated with an increase in post-operative mortality [1]. The incidence 
of AKI after cardiac surgery varies ranging from 14-50% depending on the 
definition used [2]. Renal replacement therapy is necessary in about 3% of 
the patients with post-operative AKI [2]. Even if kidney function normalizes 
after the initial hospital stay, AKI is still correlated with long-term mortality 
and morbidity [3]. Understanding the pathophysiological mechanism of AKI 
is necessary to intervene in the development of AKI. 

There is increasing evidence that the renal endothelium plays a crucial role 
in AKI development, by expressing endothelial adhesion molecules leading to 
leukocyte recruitment and inflammation, and loss of microvascular integrity 
leading to vascular leakage [4]. The Angiopoietin/Tie2 receptor system 
is a regulator of microvascular inflammation and vascular leakage and its 
importance in critical illness has previously been reviewed [5]. Angiopoietin-1 
(Ang1) and Angiopoietin-2 (Ang2) are signaling molecules that bind to their 
specific endothelial tyrosine kinase receptor Tie2, which is constitutively 
expressed in the adult vasculature [6]. The Tie2 agonist Ang1 is produced 
by pericytes. In a quiescent state of the endothelium, binding of Ang1 to 
the Tie2 receptor leads to Tie2 phosphorylation which maintains endothelial 
cell integrity. The Tie2 antagonist Ang2 is a competitive antagonist of Ang1 
produced by endothelial cells and is stored in Weibel-Palade bodies [7]. Upon 
stress and pro inflammatory stimulation, Ang2 is released from endothelial 
cells into the circulation [8], where it binds to its receptor and reduces 
vascular integrity. Although the angiopoietins have long been considered to 
be the dynamic factors of the system, recent evidence suggests a reduction 
of Tie2 receptor expression levels on endothelial cells in animal models of 
critical illness [9]. Tie2 can be shed from the membrane, and soluble Tie2 
(sTie2) and can act as a scavenger receptor for the angiopoietins.

It has been shown that the Ang/Tie2 system is deranged in septic 
patients [10,11] and after cardiac surgery [12,13]. Increased plasma levels of 
Ang2 have a prognostic value for mortality and morbidity in patients with 
chronic kidney disease [14,15]. In mice that developed AKI after sepsis, Ang2 
and Tie2 messenger RNA levels in the kidney changed [16]. Therefore, we 
hypothesized that the Ang/Tie2 system is associated with the development 
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of post-operative AKI reflected by changes in systemic plasma levels of 
Ang1, Ang2 and sTie2.

Materials and methods

Patients 
This observational study consisted of 541 patients, a subgroup of a larger 
randomized prospective multicenter clinical trial that investigated the 
effects of intraoperative cell salvage and leukocyte depletion on allogeneic 
blood exposure during cardiac surgery. The trial was registered at http://
www.trialregister.nl/trialreg/admin/rctview.asp?TC=244, under number 
ISRCTN58333401 and was approved by the Medical Ethical Committee 
of the University Medical Center Groningen, The Netherlands. Written 
informed consent was obtained from all patients included in the study. The 
main results of this study were previously published [17].

We identified 21 patients (4% of the total study population) who had a 
serum creatinine increase of at least 50% in the immediate post-operative 
period. According to the RIFLE criteria, this indicates AKI [18]. Urine output 
to assess AKI was not used in this study, as these data were not available 
for the whole patient group. Propensity score analysis, based on a forward 
stepwise logistic regression model was used to match the AKI patients in a 
one to one ratio with 21 patients who did not meet this criteria for AKI. As 
covariates, the baseline demographic variables were used, and in particular 
preoperative serum creatinine, preoperative hemoglobin level and estimated 
renal function as assessed by the Cockcroft-Gault formula. Procedure 
related variables were also entered into the model. These matched control 
pairs were created using a macro for SPSS (Version 18.0, IBM Chicago, Ill.), 
which compared the nearest propensity scores of the patients without 
AKI with the scores of the patients with AKI. The standardized differences 
between the groups were calculated to assess the imbalance of covariates 
(Table 1).

Procedures
Patients underwent coronary artery bypass grafting, valve replacement 
or combined procedures with use of cardiopulmonary bypass (CPB). The 
CPB circuit was primed with 1000 mL lactated Ringer’s solution and 500 mL 
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hydroxyethylstarch 10% (Fresenius, Bad Homburg, Germany). All patients 
received standard anesthesia. 

Blood sampling
Blood and urinary samples were obtained from each patient at 5 predefined 
moments: after induction of anesthesia, at the end of the surgery, after 3h 
in the intensive care unit, on the morning of the first post-operative (day 1) 
and at the morning of the second (day 2) post-operative day. Blood samples 
were centrifuged at 1000g for 10 minutes, and the plasma was stored in 
small portions at -80°C for analysis.  

TABLE 1. Patient demographics

PCI: percutaneous coronary intervention, COPD: chronic obstructive pulmonary disease, 
CABG: coronary artery bypass grafting, CPB: cardiopulmonary bypass. Data are presented as 
mean ± SD or as a percentage where indicated. Standardized differences are shown between 
overall and AKI and AKI and control group. P-values are given for AKI versus control group.

 
 

Overall 
(n=541) 

standardized differences  
overall vs AKI 

AKI 
(n=21) 

standardized differences  
AKI vs control 

Control 
(n=21) 

P-value 
AKI vs control 

Age (years) 66 ± 9.6 0.52 71 ± 8.4 0.47 68 ± 8.7 0.15 
Height (cm) 173 ± 9 -0.35 170 ± 10 0.10 169 ± 10 0.87 
Weight (kg) 82 ± 13 0.75 83 ± 14 0.21 80 ± 14 0.46 
Male (n (%)) 400 (74) -0.13 14 (67) 0.25 11 (52) 0.53 
EuroSCORE 4.4 ± 3.1 0.94 7.3 ± 4.3 0.44 5.7 ± 3.3 0.18 
Coexisting illness (%)       
Myocardial infarction 24 0.00 24 0.10 20 1.00 
PCI 12 0.15 19 0.18 15 1.00 
Hypertension 48 0.02 48 -0.15 60 0.76 
Stroke 5 0.12 9 0.13 5 1.00 
Atrial fibrillation 12 0.34 28 0.30 14 0.45 
Diabetes 24 0.18 33 0.17 25 0.73 
COPD 13 0.05 14 0.00 15 1.00 
Medication (%)       
Aspirin <3 day 51 -0.29 52 0.08 48 0.95 
Beta blocker 69 -0.03 67 0.00 67 1.00 
Calcium-antagonist 28 0.17 38 0.00 38 1.00 
ACE inhibitor 40 0.46 67 0.59 33 0.06 
Preoperative data       
Hemoglobin (mmol/L) 7.6 ± 0.9 -0.67 7.0 ± 0.9 0.00 7.0 ± 0.7 0.94 
Platelets (x109/L) 205 ± 57 0.09 210 ± 101 0.13 220 ± 54 0.72 
Creatinine (mmol/L) 87 ± 27 0.11 90 ± 28 0.00 90 ± 26 0.98 
Cockroft (mL/min) 89 ± 28 -0.38 79 ± 26 0.00 78 ± 26 0.96 
Procedures       
CABG (n (%)) 338 (62)  10 (48)  13 (62)  
Valve (n (%)) 134 (25)  5 (24)  6 (29)  
CABG + valve (n (%)) 69 (13)  6 (29)  2 (9)  
CPB management       
Aortic cross-clamp 
(min) 66 ± 28 0.50 80 ± 30 0.24 73 ± 28 0.44 

CPB time (min) 103 ± 42 0.45 122 ± 42 0.06 119 ± 53 0.83 
Hemoglobin CPB 
(mmol/L) 4.9 ± 0.74 -0.68 4.4 ± 0.60 -0.16 4.5 ± 

0.63 0.63 
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Measurements of plasma levels of soluble factors of the Ang/Tie2 
system 
Plasma levels of Ang1, Ang2 and sTie2 were measured with Quantikine ELISA 
kits (R&D Systems, Minneapolis, MN, USA), according to the manufacturer’s 
instructions.

Measurements of markers of renal injury 
Serum creatinine was measured with an enzymatic creatinine assay (Roche 
Diagnostics GmbH, Mannheim, Germany). The urinary levels of Kidney 
Injury Molecule-1 (KIM-1) were measured with Quantikine ELISA kits (R&D 
Systems) according to the manufacturer’s instructions. Albumin levels in 
urine were determined by the bromcresol green method [19] and N-acetyl-
β-D-glucosaminidase (NAG) levels were measured by means of a substrate 
assay [20].

Statistical analysis
Continuous data were analyzed using Student’s t-test or the Mann-Whitney 
U-test where appropriate. Categorical variables were analyzed using Fisher 
exact test. Two-way ANOVA with repeated measurements was used to 
compare serial data. Correlations between variables were analyzed by the 

TABLE 2. Transfusion and postoperative data.

RBC: red blood cell concentrate, FFP: fresh frozen plasma, LOS: length of stay in the ICU. Data 
are presented as mean ± SD or as a percentage where indicated. P-values are given for AKI 
versus control group. 

 

 Overall (n=541) AKI (n=21) Control (n=21) P-value (AKI vs control) 

Patients received RBC first 24 hrs (n (%)) 223 (41) 16 (76) 12 (57) 0.32 
Patients received FFP (n (%)) 89 (16) 6 (29) 7 (33) 1.00 
Patients received platelets (n (%)) 80 (15) 5 (24) 6 (29) 1.00 
Chest tube loss first 12 hrs (mL) 682 ± 570 920 ± 696 1087 ± 1611 0.67 
Hemoglobin day 1 (mmol/L) 6.4 ± 0.84 6.1 ± 0.43 6.1 ± 0.59 0.91 
Colloid (mL) 1083 ± 805 1569 ± 840 1467 ± 868 0.73 
LOS ICU (days) 1.7 ± 3.7 6.3 ± 12.5 1.5 ± 1.1 0.10 
LOS hospital (days) 11.2 ± 9.4 21 ± 19.5 12 ± 9.4 0.05 
Reexploration (n (%)) 32 (6) 3 (14) 3 (14) 1.00 
Myocardial infarction (n (%)) 24 (4) 1 (5) 1 (5) 1.00 
Stroke (n (%)) 9 (2) 0 (0) 0 (0) 1.00 
Atrial fibrillation (n (%)) 168 (31) 10 (48) 8 (38) 0.54 
Infection (n (%)) 73 (13) 7 (33) 2 (10) 0.06 
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Pearson correlation coefficient. All statistical analyses were performed 
using SPSS (Version 18.0, IBM Chicago, Ill). A P-value < 0.05 was considered 
significant. 

Results

As per selection criterion, 21 patients with AKI had higher serum creatinine 
levels than the propensity-matched controls. Eleven patients had Risk of 
renal failure (mean post-operative serum creatinine level 149 ± 43 µmol/L), 
9 patients had renal Injury (204 ± 54µmol/L) and 1 patient was classified 
as Failure (265 µmol/L). The pre- and intraoperative patient demographics 
in the total patient cohort, the AKI group and the matched control group 
are presented in Table 1 and in Table 2, the transfusion and post-operative 
data are presented. The EuroSCORE in the AKI group was 7.3% vs 5.7% in 
the control group, while in the overall cohort the EuroSCORE was 4.4%, 
indicating that patients with AKI had a higher preoperative procedure risk 
than the total patient population. It is of note that, although not statistically 
different (P=0.06), 67% of the AKI patients were on ACE inhibitors whereas 
this was the case in 33% of the patients in the control group. The standardized 
differences between AKI patients and the matched control group indicate a 
reasonable match for AKI risk factors.

The plasma levels of Ang1, Ang2, and sTie2 changed over time in AKI and 
in control patients (Figure 1). Ang1 levels decreased over time in both groups 
from 8.5 ng/mL to 2.6 ng/mL (3-fold) (P<0.01). This decrease occurred at 
the end of the operation in both groups and did not return to baseline levels 
within 48h after surgery. Ang2 increased over time in both groups (control: 
from 3.0 ± 2.4 ng/mL tot 6.7 ± 2.4 ng/ml; AKI: from 4.2 ± 3.0 ng/mL to 11.6 
± 7.6 ng/ml) (P=0.013). This increase was 1.6-fold higher in patients with AKI 
at day 1 and 1.7-fold higher at day 2 after surgery. The plasma levels of Ang2 
did not correlate with CPB time. Plasma levels of sTie2 showed a drop of 
1.6-fold at the end of the operation (from 19.5 to 11.3 ng/ml) and returned 
to baseline levels (18.3 ng/ml) within 48h after surgery. No interaction was 
found for both Ang1 (P=0.583) and sTie2 (P=0.679) between AKI patients 
and control patients. 
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FIGURE 1. Plasma levels of Angiopoietin-1, Angiopoietin-2 and soluble Tie2 in patients 
with and without acute kidney injury after cardiac surgery. A: Angiopoietin-1 (Ang1); B: 
Angiopoietin-2 (Ang2); C: Ang1/Ang2; D: soluble Tie2 (sTie2). AKI: acute kidney injury. Time 
points are before (pre-op) and at the end of the operation (end-op), after 3 hours in the 
intensive care unit (3h ICU) and on the first and second post-operative day (day 1 and day 2). 
P-values are given for differences between the groups (# Pgroup) and differences in time (Ptime) 
using two-way ANOVA with repeated measurements.
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FIGURE 2. Urinary levels of markers for renal injury in patients with and without acute 
kidney injury after cardiac surgery. A: Albumin; B: Kidney Injury Molecule-1 (KIM-1); C: 
N-acetyl-β-D-glucosaminidase (NAG). AKI: acute kidney injury. Time points are before (pre-
op) and at the end of the operation (end-op), after 3 hours in the intensive care unit (3h 
ICU) and on the first and second post-operative day (day 1 and day 2). P-values are given for 
differences between the groups (# Pgroup) and differences in time (Ptime). using two-way ANOVA 
with repeated measurements.
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FIGURE 3. Correlations between plasma Ang2 levels and urinary levels of markers 
renal injury on the first post-operative day in patients after cardiac surgery. A. serum 
creatinine; B. urine Kidney Injury Molecule-1 (KIM-1); C. urine Albumin; D. urine N-acetyl-β-D-
glucosaminidase (NAG); Correlation (R) is given when significant. Statistics are analyzed using 
the Pearson correlation coefficient.

The time course of the urinary markers albumin, KIM-1 and NAG is shown 
in Figure 2. Albumin levels did not change over time and we did not find an 
interaction between the groups. KIM-1 levels increased 3.2-fold (from 0.64 
± 0.67 ng/ml to 1.84 ± 1.75 ng/ml) in the AKI group, whereas in the control 
group the KIM-1 levels increased 2-fold (from 0.54 ± 0.42 ng/ml to 1.09 ± 
1.14 ng/ml). KIM-1 levels were 2.4-fold higher in the AKI group compared 
to controls at day 1 and 1.9-fold higher at day 2. There was a difference 
between the groups over time (P=0.05). NAG levels increased 4.2-fold (from 
0.61 ± 0.88 U/l to 2.56 ± 1.62 U/l) in the AKI group, whereas in the control 
group the NAG levels increased 4.5-fold (from 0.35 ± 0.43 U/l to 1.54± 1.33 
U/l). NAG levels were 4.1-fold higher in the AKI group compared to control 
at day 1 (P=0.001). 

A B

C D
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Because the plasma levels of Ang2 of the AKI and control patients 
showed a different post-operative time course, we next studied whether 
correlations were present between Ang2 plasma levels and markers of AKI 
(Figure 3). We found a positive correlation between the plasma levels of 
Ang2 and serum creatinine on the first post-operative day. We furthermore 
observed a positive correlation between the plasma levels of Ang2 and 
urinary NAG levels, while no correlation was observed between the plasma 
levels of Ang2 and urinary KIM-1 levels and between the plasma levels of 
Ang2 and urinary albumin concentrations. 

Discussion

In this study, we focused on changes in plasma levels of the Ang/Tie2 
system in cardiac surgical patients who developed post-operative AKI. We 
demonstrated that higher systemic plasma levels of Ang2 were present 
in patients who develop AKI after cardiac surgery compared to matched 
controls. We found decreased systemic levels of Ang1 and sTie2 in both 
groups at the end of surgery, independent of the development of AKI. 
Plasma levels of sTie2 returned to baseline levels two days after surgery, 
whereas levels of Ang1 did not. Ang2 plasma levels correlated with the 
urinary AKI marker NAG.

Increased systemic levels of Ang2 have been described in patients after 
cardiac surgery [12, 13] and have been associated with the duration of CPB 
[21]. We did not find such an association. We matched for aortic cross-clamp 
time and thus reduced outliers, which may affect the correlations that 
were found in two small scale studies [13, 21]. The higher plasma levels of 
Ang2 in our patients with AKI may be explained by release of Ang2 from 
the Weibel-Palade bodies from the activated endothelium, rather than by 
a diminished excretion of Ang2. Although an inverse correlation between 
plasma Ang2 and glomerular filtration rate has been described [22, 23]. It 
should also be noted that in insulin-dependent patients with diabetes type 2 
and albuminuria, urine Ang2 levels increase while urine Ang1 levels decrease 
[24] suggesting that the higher levels of Ang2 in our AKI patients cannot 
be completely explained by a diminished excretion of Ang2. We did not find 
a correlation between the plasma levels of Ang2 and albuminuria. This has 
been found in chronic kidney disease [22], but may not be the case in the 
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acute setting of our study. Plasma levels of Ang2 correlated with urinary 
NAG levels in our patients, which suggests a relation between systemic levels 
of Ang2 and AKI, but we did however not find a correlation with urinary KIM 
levels that could support such a relation. 

Endothelial behavior in cardiac patients is controlled by multiple cytokines 
[25] vascular growths factors like the VEGF/VEGFR system and Ang/Tie2 
system [12], hypoxia [26] and local blood flow [27]. However, in our previous 
study we found low levels in VEGF (about 50 ng/mL). It is therefore likely 
that Ang2 is mainly associated with apoptosis and vessel disintegration [7].

In healthy conditions, Ang1 binds to the Tie2 receptor, resulting in 
phosphorylation of the Tie2 receptor leading to reduced endothelial cell 
activation and reduced vascular leakage [5]. Ang2 is a competitive antagonist 
of Ang1. During inflammatory conditions, the pro inflammatory cytokine 
TNF-α, induces Ang2 release from endothelial cells [28]. Ang2 is then 
rapidly released from the Weibel-Palade bodies [29]. Ang2 sensitizes the 
endothelial cells to inflammatory mediators [30]. Ang2 acts as an antagonist 
of Ang1 and binds to the Tie2 receptor with higher affinity than Ang1, leading 
to dephosphorylation of the Tie2 receptor. In our study, we found reduced 
levels of Ang1 and increased levels of Ang2. Given that endothelial activation 
occurs within 30min after the induction of hemorrhagic shock [31], that Ang2 
is rapidly released from endothelial cells, and that kidney injury cannot be 
measured at that time yet, it is likely that AKI is a consequence of endothelial 
dysfunction that could lead to vascular leakage. 

In kidney biopsies of patients who died with AKI in the ICU mRNA levels 
of Ang1, Ang1/Ang2 ratio, and Tie2 were decreased immediate post-mortem 
[10]. It is tempting to speculate that these changes also take place in kidneys 
of CPB patients who develop AKI. However, the functional consequences 
of this Ang1/Ang2 dysbalance on vascular inflammation and leakage in the 
kidney cannot be examined using soluble levels of angiopoietins and Tie2 
in cardiac surgical patients. Based on the fast response of endothelial cells 
to release Ang2 in the blood in healthy volunteers injected with LPS [8], 
we expected an increase in Ang2 plasma levels at an early time point after 
cardiac surgery, but we found increased Ang2 plasma levels on the first post-
operative day, and the Ang2 levels gradually increased more on the second 
post-operative day. Currently we do not know which organs contribute most 
to the increased Ang2 levels. It is likely that organs with a high vascular 
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density play a crucial role. Our study suggests that destabilization of the 
Ang/Tie2 system in mature, non-remodeling vessels might be a new target 
to prevent AKI after cardiac surgery. Different pharmacological strategies 
to intervene in the Ang/Tie2 system have already been used in the past in 
animal models [32-34]. It would be worthwhile to use a rodent CPB model 
to compare circulatory markers with tissue markers and study local effects 
on Tie2 phosphorylation, endothelial inflammation, vascular leakage in the 
kidney and kidney function. Novel drug therapies that influence the Ang/
Tie2 can be tested in these animal models. Taken together, influencing the 
Ang/Tie2 signaling pathway might be a therapeutic target for the prevention 
or treatment of AKI post CPB.

Our study has several limitations. First, from our overall cohort of 541 
patients, we found only 21 patients (4%) who developed AKI. We selected 
the patients only on elevations of serum creatinine according to the RIFLE 
criteria, and did not use urine output criteria. These data were not available 
for the whole patient cohort as at the time of inclusion of the patients, 
electronic data management systems were not universally used. If we had 
applied the elevations of serum creatinine according to the AKIN criteria 
(that also take into account an absolute creatinine increase more than 
26,2 µmol/l), an additional 29 patients, all in AKIN stage 1, would have 
met the criteria of AKI (9,3%). Using creatinine levels only, AKI incidence is 
underestimated [35]. Second, we cannot compare our patients with other 
patients in the ICU, because we have no complete dataset to assess APACHE 
or SOFA score. Third, we did not analyze the whole patient cohort, therefore 
propensity matching was necessary to find patients who could serve as non-
AKI controls. Fourth, the absolute levels of urine albumin, KIM-1 and NAG 
were low, most likely because of the development of the relatively mild AKI. 
However, degradation of proteins in urine stored for longer periods cannot 
be excluded [36]. And finally, patients in the AKI group were well matched 
with the control group, except for the use of ACE inhibitors.
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Conclusions

Cardiac surgery with the use of CPB leads to systemic changes in molecules 
of the Ang/Tie2 system, and these changes are more pronounced in patients 
who develop AKI. Ang2 levels increased more in patients who developed 
AKI after cardiac surgery, compared to matched controls and correlated 
with urine NAG levels. Animal studies aimed at restoring the Ang1/Ang2 
balance as a tool to prevent AKI are warranted. These studies will extend 
our knowledge on therapies for patients with AKI after cardiac surgery.
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Abstract

Coronary artery bypass graft (CABG) surgery can result in severe 
postoperative organ failure. During CABG surgery, cardiopulmonary bypass 
(CPB) with cardiac arrest is often used (on-pump CABG), which often 
results in a systemic inflammatory response. To reduce this inflammatory 
response, off-pump CABG was reintroduced, thereby avoiding CPB. There 
is increasing evidence that the endothelium plays an important role in the 
pathophysiology of organ failure after CABG surgery. In this study, 60 
patients who were scheduled for elective CABG surgery were randomized 
to have surgery for on-pump or off-pump CABG. Blood was collected 
at four time points: start, end, 6 h, and 24 h postoperatively. Levels of 
inflammatory cytokines, soluble adhesion molecules, and angiogenic factors 
and their receptors were measured in the plasma. No differences were found 
in preoperative characteristics between the patient groups. The levels of 
tumor necrosis-α, interleukin 10, and myeloperoxidase, but not interleukin 
6, were increased to a greater extent in the on-pump CABG compared with 
off-pump CABG after sternum closure. The soluble endothelial adhesion 
molecules E-selectin, vascular cell adhesion molecule 1, and intracellular 
adhesion molecule 1 were not elevated in the plasma during and after 
CABG surgery in both on-pump and off-pump CABG. Angiopoietin 2 was 
only increased 24 h after surgery in both on-pump and off-pump CABG. 
Higher levels of sFlt-1 were found after sternum closure in off-pump CABG 
compared with on-pump CABG. Avoiding CPB and aortic cross-clamping 
in CABG surgery reduces the systemic inflammatory response. On-pump 
CABG does not lead to an increased release of soluble endothelial adhesion 
molecules in the circulation compared to off-pump CABG. 
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Introduction
 

Coronary artery bypass graft (CABG) surgery can result in severe 
postoperative complications, such as renal and pulmonary failure [1]. In about 
80% of the cases worldwide, it is currently performed with cardiopulmonary 
bypass (CPB) with cardiac arrest. Cardiopulmonary bypass leads to a 
systemic inflammatory response [2], which may be induced by the contact 
of circulating blood with artificial surfaces of the extracorporeal circuit [3]. 
To reduce postoperative complications caused by systemic inflammation, 
off-pump CABG was reintroduced into clinical practice in the early 1990s 
[4]. During off-pump surgery, the coronary artery grafts are placed on 
coronaries of a beating heart, thereby avoiding aortic cross clamping and 
CPB.

There is increasing evidence that the endothelium plays a crucial role 
in the pathophysiology of organ failure directly after CABG surgery. This 
role can be summarized as one of sensing danger signals and subsequently 
initiating the expression of adhesion molecules E-selectin, vascular cell 
adhesion molecule 1 (VCAM-1), and intracellular adhesion molecule 1 (ICAM-
1) and the secretion of proinflammatory cytokines [5]. This proinflammatory 
endothelial activation is considered detrimental to the patient. A simplified 
model of endothelial activation and the soluble factors during CABG is shown 
in Figure 1. Endothelial activation can be represented by elevated levels of 
circulating sE-selectin, sVCAM-1, and sICAM-1 in the blood of patients with 
sepsis [6] and after CPB [7-10]. The proinflammatory endothelial activation 
leads to recruitment of polymorphonuclear leukocytes (PMNs) into organs 
[11], where they become activated and release cytotoxic enzymes, including 
elastase and myeloperoxidase (MPO). Elevated levels of these enzymes in 
the blood indicate that the use of CPB during CABG results in activation of 
PMNs [12]. 

Proinflammatory endothelial activation is controlled by the endothelial 
tyrosine kinase receptor system Angiopoietin (Ang)/Tie and the vascular 
endothelial growth factor (VEGF)/VEGF receptor (VEGFR) system. The 
Ang/Tie2 system consists of the endothelial receptor Tie2 and its ligands 
Ang1 and Ang2. Angiopoietin 1 is constitutively produced and secreted by 
pericytes, and it acts as a paracrine factor on neighbouring cells by binding to 
the Tie2 receptor to stabilize endothelial cells and inhibiting vascular leakage. 
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FIGURE 1. Schematic representation of the release of soluble factors related to the 
Ang/Tie system and the VEGF/VEGFR system during activation of the endothelium 
following coronary artery bypass graft surgery. In quiescent endothelial cells, Ang1 is 
constitutively produced by the underlying pericytes. Ang1 binds to the Tie2 receptor that 
leads to stabilization of the vessels. Shock induced stress caused by the loss of pulsatile 
flow and the contact of circulating blood with artificial surfaces of the extracorporeal circuit 
during coronary artery bypass graft surgery, leads to activation of the endothelium. The 
endothelium starts to express adhesion molecules E-selectin, VCAM-1 and ICAM-1 and 
secretes pro inflammatory cytokines. PMNs use the adhesion molecules to start rolling and 
adhere to the endothelium and migrate to underlying tissue. Adhesion molecules are shed 
from the membrane and become soluble adhesion molecules. Ang2 is stored in Weibel-Palade 
bodies and is released. Ang2 acts as an antagonist of Ang1 and inhibits Tie2 signaling by 
binding to the receptor, causes disruption of the cell-cell contacts and results in vascular 
leakage. VEGF is released under hypoxic conditions and also contributes to vascular leakage. 
It binds to their 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 VEGF-signalling. MPO: myeloperoxidase; 
Ang: Angiopoietin; VCAM-1: vascular adhesion molecule-1; ICAM-1: intracellular adhesion 
molecule-1; VEGF: vascular endothelial growth factor. 
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Angiopoietin 2 is constitutively produced and stored in Weibel Palade bodies. 
It is released upon proinflammatory stimulation of the endothelial cells and 
thereby causes vascular leakage [13]. The Ang/Tie2 system is essential for 
vascular development and maturation during growth. After maturation, it 
controls endothelial inflammation and microvascular permeability [14-16]. 
Vascular endothelial growth factor is an endothelial growth factor mostly 
known for its role in embryonic and tumour angiogenesis. Apart from this 
angiogenic role, VEGF levels are increased in critically ill patients [17], which 
contributes to the vascular leakage seen in septic patients [18]. Vascular 
endothelial growth factor binds to its receptors VEGFR1 (fms-like tyrosine 
kinase 1 [Flt-1]) and VEGFR2 (kinase insert domain receptor [KDR]). A soluble 
form of Flt-1 (sFlt-1) is shed from the endothelial membrane and acts as a 
decoy receptor that inhibits VEGF signalling. Both Ang/Tie2 system [14, 19, 
20] and the VEGF/ VEGFR system [18, 21, 22] are involved in endothelial 
activation in organ failure [23]. Several reports have been published about 
angiogenic and vascular leakage related factors and their soluble receptors 
in patients with chronic heart failure [22], yet comprehensive data in patients 
undergoing on-pump versus off-pump CABG surgery are scarce. 

In the current study, we hypothesized that off-pump CABG would lead 
to less systemic inflammation and thereby to a decrease in proinflammatory 
endothelial activation compared with on-pump CABG. 

Materials and methods

Patient selection
In this prospective, randomized, observational trial, 60 consecutive adult 
patients scheduled for elective CABG surgery were randomized to have 
CABG surgery performed either with (on-pump) or without (off-pump) 
CPB. The primary outcome (effects on cerebral tissue oxygenation) and 
neurological postoperative outcomes will be published elsewhere (T. W. L. 
Scheeren, A. R. Absalom et al, in progress). 

Patients older than 18 years with coronary artery disease who were 
suitable for both on- and off-pump CABG surgery were included. Patients 
with a history of head trauma or stroke, history of neurosurgery, severe 
or symptomatic carotid artery disease, requirement for valve surgery in 
addition to CABG, preexisting acute or chronic renal dysfunction, urgent 
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or emergency surgery, or difficulty with testing for cognitive dysfunction 
were excluded. After obtaining a written informed consent, patients were 
randomized to either on-pump or off-pump surgery using a sealed envelope 
technique. The study protocol was approved by the Medical Ethical 
Committee of the University Medical Center Groningen, The Netherlands 
(METc 2011/045) and registered on ClinicalTrials.gov (NCT01347827).

Anesthesia
Anesthetic management was standardized. No premedication was given. 
Anesthesia was induced with a sufentanil bolus of 0.5 µg/kg and a propofol 
target-controlled infusion with an initial target effect size concentration of 
2 µg/mL. Propofol was titrated thereafter to keep the bispectral index in 
the range of 30 to 50 throughout the procedure. Pancuronium (0.1 mg/
kg) or rocuronium (0.6 mg/kg) was administered before tracheal intubation. 
During the procedure, additional sufentanil boluses of 10 µg and continuous 
sufentanil infusion were given at the discretion of the anesthesiologist. 
Corticoids were not used in any of the patients during perioperative 
management. A central venous oximetry catheter (PreSep, Edwards 
Lifesciences corporation, Irvine, CA, USA) was inserted via the right internal 
jugular vein.

CPB and surgical procedure
Surgical management was standardized. After a median sternotomy and 
graft harvesting, the patient received heparin and protamine 1:1 (2 mg/
kg in the off-pump group versus 3 mg/kg in the on-pump group). The 
extracorporeal system used was an open CPB system (Stöckert S5, Sorin, 
Italy) with a roller pump and a Terumo Rx25 oxygenator (Terumo Europe 
N. V., Leuven, Belgium) with uncoated tubes. The system was primed with 
1500 mL of fluids, consisting of 1000 mL crystalloid and 500 ml synthetic 
colloids (Voluven; Fresenius, Bad Homburg, Germany). In the on-pump 
CABG group, the ascending aorta and right atrium were cannulated and CPB 
with nonpulsatile flow was started. To induce and maintain cardiac arrest, 
myocardial protection was obtained using antegrade administration of cold 
blood cardioplegia through the aortic root and/or retrograde administration 
via the coronary sinus according to the patient’s anatomy. In the off-pump 
CABG group, cardiac stabilization and displacement were obtained using 
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Acrobat and XPOSE 4 devices (Maquet Netherlands BV., Hilversum, the 
Netherlands). Anastomoses were constructed using an intracoronary shunt 
(Medtronic, Minneapolis, MN, USA) and carbon dioxide with a warm saline 
blower (Blower Mister, Maquet Netherlands BV.). The left internal mammary 
artery was investigated primarily and used when quality was sufficient. 
Depending on the patients’ graft and target vessel characteristics, the right 
internal mammary artery, the left radial artery or the saphenous vein was 
used as grafts in addition to or instead of the left internal mammary artery. 
All grafts were treated with a heparin and papaverine solution to avoid 
vasospasm. In the on-pump group, the distal anastomoses were constructed 
in a retrograde fashion and in the off-pump group in an antegrade fashion.

Blood sampling
Blood was drawn from the arterial catheter at four time points: after the 
arrival of the patient in the operation room (start), after sternum closure 
(end), 6 h after closure (6 h post OR) and 24 h postoperatively (24 h post 
OR), and collected in EDTA tubes. Samples were centrifuged at 1,000 rpm 
for 10 min at 4°C (Thermo Fisher Scientific, Waltham, MA, USA). Plasma was 
aliquoted and stored at -80°C until further analysis.

Measurements of plasma cytokines and soluble endothelial adhesion 
molecule levels
Plasma levels of cytokines tumor necrosis factor-α (TNF-α), interleukin 6 
(IL-6), IL-10, and MPO were measured using commercially available multiplex 
immunoassay kits (human CVD panel 3, EMD Millipore Corporation, Billerica, 
MA, USA). The plasma levels of soluble endothelial adhesion molecules of sE-
selectin, sVCAM-1, and sICAM-1 were measured using commercially available 
multiplex immunoassay kits (human CVD panel 1, EMD Millipore Corporation, 
Billerica, MA, USA) both according to manufacturer’s instructions. 

Measurements of plasma levels of soluble factors of the Angiopoietin-
Tie2 system 
Levels of Ang1, Ang2, and sTie2 were measured in plasma using commercially 
available Quantikine ELISA kits (DANG10, DANG20, and DTE200, R&D 
Systems, Minneapolis, MN, USA), according to the manufacturer’s 
instructions and as previously described for Tie2 [24]. Levels of VEGF were 
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measured in plasma using commercially available multiplex immunoassay kit 
(human CVD panel 3, EMD Millipore Corporation, Billerica, MA, USA), and 
levels of soluble VEGFR1 (sFlt-1) and VEGFR2 (KDR) were measured using 
commercially available Bio-Plex Pro kit (Human Cancer Biomarker Assay 
Panel 1; Bio-Rad Laboratories B.V., Veenendaal, the Netherlands) according 
to the manufacturer’s instructions. 

Corrections for hemodilution
For each patient, we used the preoperative and postoperative hemoglobin 
levels that were measured routinely. Corrections for hemodilution were 
calculated as described by Schneditz et al. [25].

Statistical analyses
The patient characteristics, age, body mass index (BMI), EuroSCORE, 
hemoglobin levels, CPB time, aortic cross-clamp time, total operation time, 
and hemodilution factor were presented as mean with SD, whereas grafts, 
intensive care unit (ICU), length of stay, and hospital length of stay were 
presented as median with range. All other characteristics were presented as 
number of patients with percentage. Significance of differences between the 
groups was analysed using the Fisher exact test comparing the categorical 
variables (sex, smokers, preoperative medical and surgical history, and 
postoperative major morbidity) and using Mann-Whitney U test comparing 
age, BMI, hemoglobin levels, hemodilution factor, total operation time, ICU 
length of stay, and hospital length of stay, between the groups.

Because all patients have the same baseline levels, the results of the 
analyses of the blood samples at the start of the procedure in the on-pump 
and off-pump CABG group were pooled. The data are presented as median. 
Significance of differences between the groups was analyzed using one-way 
analysis of variance with Bonferroni correction for multiple comparisons. 
All statistical analyses were performed using GraphPad Prism (GraphPad 
Software, San Diego, CA, USA). Differences were considered to be significant 
when P<0.05.
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Statistics were applied as described in Materials and Methods. 
Abbreviations: BMI: body mass index; PTA: percutaneous trans luminal angioplasty; PTCA: 
Percutaneous trans luminal coronary angioplasty; LAD: left anterior descending; RCA: right 
coronary artery; PCI: percutaneous coronary intervention; ICU: intensive care unit; COPD: 
chronic obstructive pulmonary disease; ASA: acetylsalicylic acid; LVEF: Left ventricular 
ejection fraction; CPB: cardiopulmonary bypass; 

	

	  On-pump (n = 29) Off-pump (n = 30) P-value 
Preoperative characteristics     
  Male/female n 26/3 27/3 1.00 
  Age (yrs.) Mean (range) 63 (47-77) 63 (47-80) 0.96 
  BMI (kg/m2) Mean ± SD 28.1 ± 4.04 27.5 ± 2.96 0.64 
  Smoking n (%) 19 (65.5) 20 (66.7) 1.00 
  EuroSCORE Mean ± SD 2.3 ± 1.7 2.7 ± 1.9 0.31 
Medical and surgical history     
   Cardiovascular disease     

Coronary disease  n (%) 29 (100) 30 (100) 1.00 
Hypertension  n (%) 10 (34.5) 7 (23.3) 0.40 
PTA  n (%) 2 (6.9) 3 (10.0) 1.00 
Myocardial infarct n (%) 0 1 (3.3) 1.00 
Pericarditis/myocarditis  n (%) 0 1 (3.4) 1.00 
PTCA of LAD/RCA n (%) 0 2 (6.7) 0.49 
Venous thrombosis n (%) 1 (3.4) 0 0.49 
PCI of LAD  n (%) 2 (6.9) 0 0.24 

   Respiratory disease     
COPD n (%) 2 (6.9) 2 (6.7) 1.00 
Emphysema  n (%) 1 (3.4) 0 0.49 
Pneumonia  n (%) 1 (3.4) 0 0.49 

LVEF      
 < 40% n (%) 2 (6.9) 2 (6.7) 1.00 
40-55% n (%) 10 (34.5) 15 (50.0) 0.29 
55-70% n (%) 17 (58.6) 13 (43.3) 0.30 

Hemoglobin (mmol/L) Mean ± SD 9.1 ± 0.8 8.9 ± 0.8 0.44 
     

Perioperative characteristics     
  ASA n 3 3 1.00 
  CPB time (min) Mean ± SD 82 ± 23   
  Aortic cross-clamp time (min) Mean ± SD 53 ± 15   
  Total operation time (min) Mean ± SD 188 ± 31 186 ± 58 0.19 
  Grafts (n) Median (range) 3 (2 – 5) 3 (2 – 5) 0.73 
  Hemodilution factor Mean ± SD 0.67 ± 0.11 0.71 ± 0.10 0.11 

     
Postoperative characteristics     
  Hemoglobin (mmol/L) Mean ± SD 6.2 ± 1.1 6.5 ± 1.2 0.31 
  ICU length of stay (days) Median (range) 1 (0.5 – 12) 1 (0.5 - 8) 0.87 
  Hospital length of stay (days) Median (range) 9 (3 - 29) 8 (5 – 15) 0.68 
Major morbidity     
  Cardiac failure  n (%) 2 (6.9) 1 (3.3) 0.61 
  Renal failure  n (%) 0 1 (3.3) 1.00 
  Stroke  n (%) 1 (3.4) 0 0.49 
  Major bleeding  n (%) 2 (6.9) 4 (13.3) 0.67 
  Pulmonary embolism  n (%) 0 0  
	

	

TABLE 1. Patient characteristics
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Results

No differences in patient baseline characteristics were found between 
the on-pump CABG and off-pump CABG groups 
In total, 60 patients were included in the study. One patient who was 
randomized for on-pump CABG surgery was excluded from the study 
because off-pump surgery was performed because of the presence of a 
‘porcelain aorta’. Ninety percent of the patients in both groups were male, 
and the average age in both groups was 63 years (range, 47 – 77 years). 
More than 65% of the patients in each group were smokers. The mean CPB 
time in the on-pump CABG group was 82 ± 23 min, and the mean aortic 
cross-clamp time was 53 ± 15 min. The total procedure time in the on-pump 
CABG group was 188 ± 31 min and in the off-pump CABG group 186 ± 58 
min. The median number of grafts in both groups was three. Cell savers were 
used in the off-pump group. The blood volume processed and retransfused 
was 600 ± 227 mL. In the on-pump group, intraoperative blood losses were 
collected with the cardiotomy suction of the CPB. Total blood transfusion 
was not different between the groups. The median ICU length of stay was 1 
day in both groups (range of 0.5 to 8 days in the off-pump group and 0.5 to 
12 days in the on-pump group). No significant differences between on-pump 
and off-pump CABG group characteristics were found (Table 1).

Coronary artery bypass grafting leads to systemic inflammation, which 
is more prominent in the on-pump CABG group
At the end of the procedure, the proinflammatory cytokine TNF-α was 
4.4-fold increased in on-pump CABG patients compared with the start of 
procedure; whereas in off-pump CABG patients the levels were unaltered 
(Fig. 2A). In both groups, TNF-α normalized after 6 h. Compared with the 
start of the procedure, at the early time point, there was no change in 
IL-6 levels; whereas 6 h after the end of the procedure, IL-6 was increased 
(75-fold vs. 95-fold) but without significant differences between groups. 
Increased IL-6 levels were still present in both groups 24 h after the end of 
the procedure (Fig. 2B). In the on-pump CABG group, levels of IL-10 were 
increased 40-fold at the end of procedure; whereas in the off-pump CABG 
group the maximum increase occurred at a later time point, that is, 6 h after 
the end of the procedure, with a 25-fold induction (Fig. 2C). Levels of IL-10 
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FIGURE 2. Plasma cytokine levels of patients who underwent coronary artery bypass 
surgery with cardiopulmonary bypass (CPB) (on-pump; open circles, n = 29) or without 
CPB (off-pump; closed circles, n = 30). A. TNFα; B. IL-6; C. IL-10; D. MPO. Horizontal lines 
indicate the median values of the groups. * = P<0.05 compared with start; # = P<0.05 on-
pump vs off-pump. Statistics were applied as described in Materials and Methods.

were still increased 40-fold in the on-pump CABG group and 30-fold in the 
off-pump CABG group, at 6 h after the end of the procedure. These levels 
normalized after 24 h in both groups. Myeloperoxidase levels increased to a 
greater extent in on-pump CABG compared to the off-pump CABG group 
at the end of procedure (9-fold versus 2.6-fold). Myeloperoxidase levels in 
the off-pump group were only increased at the end of the procedure (Fig. 
2D). 
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FIGURE 3. Plasma levels of soluble endothelial adhesion molecules of patients who 
underwent coronary artery bypass surgery with cardiopulmonary bypass (CPB) (on-
pump; open circles, n = 29) or without CPB (off-pump; closed circles, n = 30). A. E-selectin; 
B. soluble intracellular adhesion molecule-1 (ICAM-1); C. soluble vascular adhesion molecule-1 
(VCAM-1). Horizontal lines indicate the median value of the groups.* = P<0.05 compared with 
start; # = P<0.05 on-pump vs off-pump. Statistics were applied as described in Materials and 
Methods.

Soluble endothelial adhesion molecule levels in plasma are not elevated 
during and after coronary artery bypass surgery
Systemic inflammation is a potent stimulus for proinflammatory endothelial 
activation [5], yet the same pattern of changes in all systemic soluble 
endothelial adhesion molecules (E-selectin, VCAM-1, and ICAM-1) was 
shown in both groups during and after CABG. Levels of soluble E-selectin, 
VCAM-1, and ICAM-1 were 1.5-fold lower in the on-pump and 1.2-fold in the 
off-pump CABG group at the end of the procedure, compared with the start 
of the procedure (Fig 3). Corrected levels for hemodilution show that there 
is still no increase in soluble adhesion molecules at the end of the procedure 
compared with the start (sE-selelectin: 44 ng/mL end vs. 36 ng/mL start; 
sICAM-1: 65 ng/mL end vs. 68 ng/mL start; sVCAM-1: 1030 ng/mL end 
vs. 870 ng/mL start). Levels of all soluble endothelial adhesion molecules 
normalized within 6 h after the end of the procedure to levels comparable 
to those at the start of the procedure. No significant differences were found 
between the on-pump CABG and off-pump CABG groups at any time point.   
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FIGURE 4. Plasma levels of Angiopoietin/Tie2 system in patients who underwent 
coronary artery bypass surgery with cardiopulmonary bypass (CPB) (on-pump; open 
circles, n = 29) or without CPB (off-pump; closed circles, n = 30). A. Angiopoietin-1; B. 
Angiopoietin-2; C. soluble Tie2. Horizontal lines indicate the median value of the groups. 
* P<0.05 compared with start; # P<0.05 on-pump vs off-pump. Statistics were applied as 
described in Materials and Methods.

Vascular leakage-related endothelial factors are not different between 
on-pump and off-pump coronary artery bypass surgery
Systemic inflammation can cause vascular leakage, which is effective at the 
level of the endothelial cell [26]. During the procedure, Ang-1 levels dropped 
in both groups from 8.5 ng/mL to a minimum level of 4 ng/mL at the end 
of procedure (Fig. 4A). After corrections for hemodilution at the end of the 
procedure, levels of Ang1 were not different from the start (9.5 ng/mL end 
vs. 9.7 ng/mL start). Levels normalized within 24 h after the procedure. On 
the other hand, Ang2 levels were stable (2 ng/mL) during the procedure 
but increased 2- to 2.5-fold at 24 h after the procedure in both groups 
(Fig. 4B). Soluble Tie2 levels dropped 1.8-fold in the on-pump CABG group 
and 1.4-fold in the off-pump CABG at the end and 6 h after the end of the 
procedure, and these levels had normalized in both groups 24 h after the 
end of procedure (Fig. 4C). After corrections for hemodilution, no change 
was observed in sTie2 levels at the end of the procedure compared with 
the start (25.2 ng/mL end vs. 24.9 ng/mL start). No significant differences 
in Ang-1, Ang-2 and sTie2 levels were found between the on-pump and off-
pump group at any time point. 
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FIGURE 5. Plasma levels of VEGF/VEGFR system in patients who underwent coronary 
artery bypass surgery with cardiopulmonary bypass (CPB) (on-pump; open circles, n = 
29) or without CPB (off-pump; closed circles, n = 30). A. VEGF; B. sFlt-1; C. KDR. Horizontal 
lines indicate the median value of the groups. * P<0.05 compared with start; # P<0.05 on-
pump vs off-pump. Statistics were applied as described in Materials and Methods.

Vascular endothelial growth factor levels of 3.2 pg/mL were detected in 
plasma at the start of the procedure (Fig. 5A). These levels did not change in 
the on-pump and off-pump group during and after the procedure. Elevated 
levels of sFlt-1 (5-fold in on-pump and 8.6-fold in off-pump CABG groups) 
were found at the end of the procedure in the plasma of patients in both 
groups compared with the levels at the start of procedure (Fig. 5B). Levels 
of sFlt-1 were 1.7-fold higher in the off-pump CABG group compared with 
the on-pump CABG group. These levels normalized again in both groups 
by 6 and 24 h after the procedure. Levels of KDR were almost 2-fold lower 
6 and 24 h after the procedure compared with the start of the procedure, 
but no differences were found between the on-pump and off-pump CABG 
group (Fig. 5C).
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Discussion

This prospective randomized study showed that on-pump CABG surgery 
leads to a more severe systemic inflammation than off-pump CABG 
surgery. Yet, the difference in systemic inflammatory response however 
did not lead to a different pattern or level of release of soluble adhesion 
molecules in the blood by activated endothelial cells between the groups. In 
both groups, on-pump and off-pump CABG, the levels of soluble adhesion 
molecules decreased initially. The system involved in endothelial integrity 
also responded. The endothelial activation and vascular leakage-related 
molecule Ang2 was increased 24 h after CABG surgery in both groups, and 
the VEGF signalling soluble receptor sFlt-1 was more increased in the off-
pump than in the on-pump CABG group. To our knowledge, this is the first 
randomized clinical study that describes the effects of off-pump versus 
on-pump CABG surgery on systemic inflammation and activation status of 
endothelial cells.

We found significant differences in TNF-α and IL-6 levels in the plasma 
between both groups, with higher levels in the on-pump CABG group. These 
findings are in line with the results reported by Parolari and co-workers [27]. 
Their randomized study showed increased TNF-α production after protamine 
administration in on-pump CABG patients compared with that of off-pump 
CABG patients. Other randomized studies showed significantly lower levels 
of IL-10 at the end of surgery in off-pump CABG surgery compared with 
on-pump CABG surgery [3]. The relatively low levels of proinflammatory 
cytokines in both on-pump and off-pump CABG patients in our study might 
be explained by improved anesthetic and surgical techniques. Moreover, the 
low EuroSCORE (<5) in both of our patient groups indicates that the study 
population we randomized can be regarded as relatively low risk population 
[28]. Another explanation for the low cytokines levels in the off-pump group 
is the use of cell savers. As described by Allen et al [29], cell salvage and 
washing significantly reduces the concentration of the measured cytokines 
in this study. 

In contrary to what we expected based on the literature on CABG 
procedures [8, 30] and sepsis [31], we did not find any upregulation of 
soluble adhesion molecules in plasma. At the end of surgery, we observed 
a drop in the levels of soluble endothelial adhesion molecules that can be 
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explained by the effects of hemodilution. When we use the correction for 
this hemodilution as described by Schneditz and co-workers [25], the levels 
of soluble E-selectin, sVCAM-1, sICAM-1, Ang1, and sTie2 at the end of the 
surgery, returned to baseline levels in both on-pump and off-pump groups. 
The study of Wei and co-workers [8] showed that levels of sICAM-1 were 
elevated at 20 h after surgery, whereas levels of soluble E-selectin did not 
change after surgery. Similarly, Vallely and co-workers [30] found elevated 
sVCAM-1 and sICAM-1 24 h after surgery, wherease soluble E-selectin did 
not change. In both studies, these endothelial activation markers did not 
differ between on-pump and off-pump CABG. However, in a mouse model 
protein levels of E-selectin, ICAM-1 and VCAM-1 were elevated 90 min 
after hemorrhagic shock induction [32]. It is of note that soluble levels do 
not necessarily represent organ levels [33]. Shapiro and co-workers [33] 
compared levels of soluble endothelial adhesion molecules in animal sepsis 
models with organ mRNA and protein levels. It appeared that levels of 
soluble adhesion molecules in blood did not always reflect local changes in 
mRNA or protein expression [33], as endothelial responses between organs 
differ in time and place [5]. For instance, ICAM-1 protein and/or mRNA 
were increased in the skin, heart, lung, and brain of mice subjected to an 
experimental peritoneal sepsis model, whereas circulating levels of sICAM-1 
levels were unaltered. Furthermore, organ-specific differences might 
become masked when soluble plasma levels are measured. For example 
Kalawski and co-workers showed that sVCAM-1 and sICAM-1 levels in plasma 
samples taken from the coronary sinus increase after cardiac bypass and 
reperfusion, whereas the levels in arterial samples remained unchanged, 
indicating that the levels of sICAM-1 and sVCAM-1 might increase selectively 
in the microcirculation of the heart [34].

Several reports have been published about angiogenic and vascular 
leakage-related factors and their soluble receptors in patients with chronic 
heart failure [22], but comprehensive data in patients undergoing on-pump 
versus off-pump CABG are scarce. In our study, levels of Ang2 increased 
24 h after CABG in both the on-pump and off-pump group. These results 
are in line with previous results showing that Ang2 increased approximately 
3-fold after CPB for CABG [14]. Denizot et al [22] showed that sFlt-1 levels 
in plasma of CABG patients might play a protective role in the occurrence 
of postoperative CABG complications. They found lower levels of sFlt-
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1 in patients with cardiovascular impairments and in patients who died 
postoperatively [22]. Animal models have shown that adenoviral delivery of 
sFlt-1 reduces disease severity in a chronic inflammatory disease model [35]. 
In our study, we observed higher levels of sFlt-1 in off-pump compared to 
on-pump CABG patients. 

Off-pump CABG was reintroduced into surgical practice to try to reduce 
the severity of the surgical insult, but surprisingly, studies in large groups 
of patients have failed to demonstrate an outcome advantage [36]. Our 
current study adds arguments to this discussion. The inflammatory response 
was modest in both groups, and thus very large studies will be required to 
demonstrate that the lesser inflammation evoked in the off-pump group 
has a beneficial effect. The small beneficial effect of reduced inflammation 
may also be superseded by (un)recognized detrimental effects of off-pump 
CABG. 

Our study has several limitations. First, we measured endothelial 
activation solely by means of circulating levels and not by gene expression 
or protein expression in organ biopsies, because it is not possible to obtain 
organ biopsies from patients. Therefore, circulating soluble levels are, at 
best, surrogate markers of endothelial cell adhesion molecule expression 
in vital organs. The main reason for our experimental set up as reported is 
that it is not possible to obtain organ biopsies from CABG patients. Many 
studies have shown that circulating levels do not directly reflect endothelial 
activation in tissue organs. Previously our group showed that TNF-α induced 
the mRNA expression of adhesion molecules E-selectin, ICAM-1, and VCAM-
1 in endothelial cells and also in different mouse organs [37]. In our current 
study, we measured a significant increase in systemic levels of TNF-α in the 
plasma of on-pump CABG patients compared with off-pump CABG patients. 
Combining this with animal studies performed by Dr. J.M Kuldo in our group, 
where she studied endothelial responses in organs to TNF-α, we assume 
that TNF-α is able to trigger the endothelium in the organs of the patients 
to produce and release adhesion molecules, which we measured in the 
plasma (http://dissertations.ub.rug.nl/faculties/medicine/2007/j.m.kuldo/). 
Of importance to realize here is that different organs respond differently 
to systemic activation, as also reported by us [13, 37] and others [33]. 
Hence, without organ samples we cannot say anything about the (micro)
vascular origin of soluble adhesion molecules measured. Second, the sample 
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size of our study population is relatively small. Using larger groups might 
lead to statistical significant differences between the groups, but we are 
confident that differences smaller than the observed differences in systemic 
endothelial responses do not have a large biological meaning. Third, we 
studied a low-risk surgical cohort. In high-risk patients the circulating levels 
of soluble endothelial adhesion molecules may be different. Fourth, cell saver 
usage could have influenced the cytokine profile in off-pump patients. And 
fifth, in our study, on-pump and off-pump CABG patients received different 
dosages heparin and protamine, and we therefore cannot rule out that the 
effects we found might partly be explained by the different dosages heparin 
and protamine. Future studies should to focus on high-risk patients and 
gene expression levels in organ biopsies of markers of endothelial activation 
and vascular leakage. 

Our current study shows that the systemic inflammatory response is 
attenuated by off-pump compared with on-pump CABG surgery. Coronary 
artery bypass graft in general does not induce a greater release of soluble 
endothelial adhesion molecules into the systemic circulation. Finally, the 
systemic levels of angiogenic and vascular leakage-related molecules of 
the endothelial receptor systems Ang/Tie2 system and the VEGF/VEGF 
receptor system were more deranged in on-pump than in off-pump CABG 
surgery. 
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Abstract 

Objective: Tie2 is a tyrosine kinase receptor that is mainly expressed by 
endothelial cells. In animal models mimicking critical illness, Tie2 levels 
in organs are temporarily reduced. Functional consequences of these 
reduced Tie2 levels on microvascular endothelial behavior are important to 
understand. We investigated the effect of partial deletion of Tie2 on the 
activation status of endothelial cells in different organs.
Approach and results: Newly-generated heterozygous Tie2 knockout 
mice (exon 9 deletion, ΔE9/Tie2+/-) exhibiting 50% reduction in Tie2 mRNA 
and protein, and wild type littermate controls (Tie2+/+), were subjected 
to hemorrhagic shock and resuscitation (HS + R), or challenged with i.p. 
lipopolysaccharide (LPS). Kidney, liver, lung, heart, brain, and intestine were 
analyzed for mRNA levels of adhesion molecules E-selectin, VCAM-1, and 
ICAM-1, and CD45. Exposure to HS + R did not result in different expression 
responses of these molecules between organs from Tie2+/- or Tie2+/+ mice 
and sham-operated mice. In contrast, the LPS-induced mRNA expression 
levels of E-selectin, VCAM-1, and ICAM-1, and CD45 in organs of Tie2+/+ mice 
were attenuated in Tie2+/- mice when compared to Tie2+/+ mice in kidney and 
liver, but not in the other organs studied. Furthermore, reduced expression 
of E-selectin and VCAM-1 protein, and reduced influx of CD45+ cells upon 
LPS exposure, was visible in a microvascular bed-specific pattern in kidney 
and liver of Tie2+/- mice compared to controls. 
Conclusion: Heterozygous deletion of Tie2, is associated with microvascular 
bed-specific attenuation of endothelial responses to LPS, implying a 
microvascular bed-specific role for Tie2 in inflammatory endothelial 
activation control.
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Introduction

Tie2 is a receptor tyrosine kinase that is mainly expressed by endothelial cells 
[1]. Tie2 interacts with its ligands Angiopoietin (Ang) 1 and Ang2 to facilitate 
blood vessel development, and vessel stabilization or destabilization in 
mature vessels. In quiescent conditions of the mature vasculature, Ang1 
binds to Tie2 leading to dimerization of the Tie2 receptor and subsequent 
activation of several intracellular pathways that maintain endothelial integrity 
[2]. 

In inflammatory conditions, the endothelium becomes activated and 
expresses adhesion molecules such as E-selectin, VCAM-1, and ICAM-1, 
which serve as guidance for leukocytes to move to the site of inflammation. 
Furthermore, Ang2 is secreted by activated endothelial cells to induce 
destabilization of the endothelium by competing with Ang1 for the Tie2 
receptor, leading to increased vascular permeability [3]. Data also suggest 
the existence of a functional link between the Angiopoietins and the response 
of endothelial cells in inflammation [4, 5]. For example, adenoviral production 
of Ang1 inhibited in vivo leukocyte infiltration in a lipopolysaccharide (LPS)-
induced endotoxemia mouse model [6]. Similarly, in vitro Ang1 treatment 
partially inhibited adhesion and trans-endothelial migration of leukocytes, 
which was accompanied by suppressed expression of adhesion molecules 
expression in endothelial cells [7, 8]. In Ang2 knockout mice, reduced 
leukocyte influx of neutrophils in response to i.p injection of bacteria was 
reported [9]. Moreover, in vivo blockade of Ang2 reduced infiltration of 
leukocytes and expression of adhesion molecules in the lung, and at the 
same time inhibited vascular remodeling [10]. 

While we understand the effects of concentration changes the ligands 
Ang1 and Ang2, we know little about the effects of changes in expression 
levels of the Tie2 receptor on the inflammatory response of the endothelium. 
Previously, we reported reduced expression of Tie2 in kidney biopsies of 
sepsis patients [11], as well as in organs of mice subjected to hemorrhagic 
shock (HS) and LPS-induced endotoxemia [12]. However, the functional 
consequences of this reduced expression for endothelial behavior were not 
explored. In the present study, our aim was to investigate the effects of 
partial deletion of Tie2 on endothelial responses in two animal models of 
critical illness, with focus on the microvasculature in the different organs 
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of these mice, as endothelial cells in different (micro)vascular beds were 
previously reported to respond differently to inflammatory stimuli [13-15].

To this end, we created a condition of lower Tie2 expression by generating 
a heterozygous Tie2 knockout mouse model based on deletion of exon 9 
(ΔE9/Tie2+/-, hereafter referred to as Tie2+/). We verified that these mice 
express 50% lower Tie2 protein compared to their wild type (WT) littermate 
controls, after which we investigated whether this genetically constructed 
reduction in Tie2 expression affected basal expression of the Tie2 ligands 
Ang1 and Ang2 and basal endothelial inflammatory status. We further 
examined the effects of hemorrhagic shock followed by resuscitation (HS 
+ R), and of endotoxemia induction by i.p. LPS treatment on endothelial 
responses and leukocyte recruitment to the organs. We compared responses 
in Tie2+/- mice to those in wild type mice by studying whole organ responses 
as well as responses in specific microvascular segments in these organs.

Materials and Methods

Generation of heterozygous Tie2+/- mice
The Tie2floxed mouse line was generated by homologous recombination of 
the Tie2 allele using a method described previously [16]. Briefly, a genomic 
fragment (12.2 kb) of the Tie2 gene spanning exons 9-11 was obtained from 
BAC #bMQ279D1 (129S7/SvEv ES cell, Source BioScience) and cloned into 
the pDTA.4B vector. An orphan loxP site was inserted into the pDTA.4B-
Tie2 (ex9-ex11) construct, 119 bp upstream of exon 9 using recombineering 
(Figure 1A). The frt-neo-frt-loxP cassette was inserted into the targeting 
construct 189bp downstream of exon 9. The final construct was linearized 
with ApaI and electroporated into TL1 129Sv/E ES cells. Subsequently the 
cells were selected in medium supplemented with G418, and expanded. 
Southern blot analysis was performed using a 198bp 5’ external probe on 
EcoR I-digested genomic ES cell DNA (Figure 1B). Oligo-sequences used for 
recombineering and the Southern blot probe can be obtained upon request. 

Chimeric mice were generated by microinjection of two independent ES cell 
targeted clones into C57BL/6 blastocysts. Chimeric males were mated with 
C57BL/6 females and germline transmission of the floxed Tie2 allele (Tie2floxed-

neo) was confirmed by PCR analysis using 5’-GCTCGACGTTGTCACTGAAG-3’ 
and 5’-CCATTTTCCACCATGATATTCG-3’ primers. The neo cassette was 



112

Chapter 6

FIGURE 1. Generation of the Tie2floxed mouse line. A. Schematic representation of the 12.2 
kb genomic fragment of Tie2. LoxP sites were inserted up- and downstream of exon 9. p1, p2, 
and p3 represent binding sites for primers resulting in pcr products as described in C and D. B. 
Southern blot analysis using a 5’ external probe on EcoRI-digested gDNA. +/+ wild type allele; 
+/F, floxed allele C. Genomic pcr analyses with primer p1 and p2 confirmed presence (338 bp, 
Tie2floxed/+) or absence of loxP sites (218 bp, wild type). D. Tie2floxed/floxed male offspring crossed 
with Hprt-cre females produced a cre-mediated excision and resulted in a 309 bp (Tie2+/-) 
product when exon 9 was excised and/or 644 bp (Tie2+/+) product when exon 9 was present 
using primers p1 and p3. E. Characteristics and genotypes of the offspring of F1 intercross 
Tie2+/- mice.
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excised by breeding the Tie2floxed-Neo mice with mice expressing flippase 
recombinase (ACTFLPe, Jackson Laboratory, Bar Harbor, USA, strain 
#005703). 

Mice carrying one Tie2 null allele (Tie2+/-) were generated by crossing 
Tie2floxed/floxed mice with mice expressing Cre-recombinase in the female 
germline (Hprt-Cre, Jackson Laboratory, strain #004302). In this study, 
litters resulting from F1 intercrossing of Tie2+/- mice were used. 

Genotyping
Mouse genomic DNA was extracted from ear punches using 
standard protocols. The genotype of Tie2floxed mice was determined 
by PCR analysis using 5’-GGCCACTGAGAAACGATCTG-3’ and 
5’-GGGCTGCTACAATAGCTTTGG-3’ primers, resulting in a 338bp PCR 
product when loxP sites were present (Tie2floxed/+) and in a 218bp PCR 
product when loxP sites were absent (Tie2+/+) (Figure 1C). 

The genotype of Tie2+/- mice was determined by PCR 
using the primers 5’-GGGCTGCTACAATAGCTTTGG-3’ and 
5’-GTTATGTCCAGTGTCAATCAC-3’ resulting in a 644bp PCR product when 
exon 9 is still present (Tie2+/+) and in a 309bp PCR product when exon 9 of 
Tie2 was excised by Cre-recombinase (Tie2+/-) (Figure 1D). PCR products 
were run on a 1.5% (w/v) agarose gel in Tris-borate-EDTA-buffer with 0.005% 
(v/v) ethidium bromide, and visualized under UV-light.

Mouse shock models
All animal experimentation was done according to institutional and national 
guidelines and were approved by the Institutional Animal Care and Use 
Committee of the University of Groningen.

Hemorrhagic shock model 
Mouse hemorrhagic shock (HS) was induced as previously described [17]. 
Briefly, mice were anesthetized with isoflurane and kept on a temperature-
controlled (37°C-38°C) surgical pad. HS was induced by blood withdrawal 
from the left femoral artery, until a reduction of the mean arterial pressure 
to 30 mmHg was reached. To maintain the mean arterial pressure at 30 
mmHg, small volumes of blood were withdrawn or restituted during the 
shock period. After 90 min of shock, mice were resuscitated (HS+R) with 
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4% human albumin in saline (Sanquin, Amsterdam, the Netherlands) at two 
times the volume of blood withdrawn. Mice were sacrificed 1 hour after 
resuscitation. Sham-operated mice underwent instrumentation and were 
kept under anesthesia for the same period as HS mice, without withdrawal 
of blood. At sacrifice, blood was drawn via cardiac puncture and organs 
were harvested, snap-frozen on liquid nitrogen and stored at -80°C until 
analysis. Groups consisted of 6 mice each.

Endotoxemia model
To induce of endotoxemia, mice were intraperitoneally (i.p.) injected with 1 
µg/g body weight lipopolysaccharide (LPS) (E. coli, serotype O26:B6, Sigma-
Aldrich, St. Louis, MO, USA) in NaCl 0.9% (w/v). Vehicle control mice were. 
injected i. p with NaCl 0.9% (w/v). All mice were sacrificed under isoflurane/
O2 anesthesia 4 hours after LPS or vehicle administration. Blood was drawn 
via cardiac puncture and organs were harvested, snap-frozen on liquid 
nitrogen and stored at -80°C until analysis. Groups consisted of 6 mice each.

RNA isolation and gene expression analysis by quantitative RT-PCR 
To study gene expression levels, total RNA was isolated from tissues with 
the RNeasy® Plus Mini Kit, (Qiagen, Venlo, The Netherlands) according to 
the manufacturer’s instructions. RNA concentration (OD260) and purity 
(OD260/OD280) was measured using an ND-1000 UV-Vis spectrophotometer 
(NanoDrop Technologies, Rockland, DE, USA). RNA integrity was determined 
by gel electrophoresis. 

cDNA was synthesized using random hexamer primers (Promega, Leiden, 
the Netherlands) and SuperScript III (Invitrogen, Breda, the Netherlands). 
Assay-on-Demand primers/probe sets (TaqMan® Gene Expression) were 
purchased from Thermo Fisher Scientific (Bleiswijk, the Netherlands) (Table 
1). Duplicate quantitative PCR analyses were performed on ViiA7 Real-Time 
PCR system (Thermo Fisher Scientific) for each sample and the obtained 
threshold cycle values (CT) were averaged. Gene expression was normalized 
to the expression of the housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh), yielding the ΔCT value. The average mRNA level 
relative to GAPDH was calculated by 2-ΔCT.
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TABLE 1: RT-qPCR primers.

	 1	

	

 

 

 

 

 

Gene Assay ID Encoded protein 
Gapdh Mm99999915_g1 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
Tek Mm00443242_m1 Tyrosine kinase receptor (Tie2), CD202 
Angpt1 Mm00456503_m1 Angiopoietin 1 
Angpt2 Mm00545822_m1 Angiopoietin 2 
Sele Mm00441278_m1 E-selectin, CD62E 
Vcam1 Mm00449197_m1 Vascular cell adhesion molecule 1 (VCAM-1), CD106 
Icam1 Mm00516023_m1 Intercellular adhesion molecule 1 (ICAM-1), CD54 
Ptprc Mm00448463_m1 Protein tyrosine phosphatase receptor type C, CD45 

Protein quantification by ELISA
Tissue homogenates were prepared from cryosections of organs by lysis 
in RIPA buffer on ice (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5% (w/v) 
sodium deoxycholate, 0.1% (w/v) SDS, 1% (v/v) IGEPAL) containing protease 
inhibitor (Roche Diagnostics, Almere, The Netherlands), phosphatase 
inhibitor (Roche) and 1 mM activated Na3VO4. Total protein concentration 
was determined by DC Protein Assay (Bio-Rad Laboratories, Veenendaal, 
The Netherlands).

Protein expression of Tie2 in organs was quantified by ELISA according 
to manufacturer’s instructions (R&D Systems, Abingdon, UK). Tie2 Amounts 
were normalized for the total protein input of tissue homogenate and 
expressed as pg/µg total protein. Protein concentration of soluble Tie2 was 
measured in plasma using the same ELISA kit. 

Localization of proteins by immunohistochemistry 
To study protein expression in different microvascular beds in organs, 4 μm 
cryosections were cut and fixed with acetone. After blocking endogenous 
peroxidase with 0.075% (v/v) H2O2 in PBS, sections were incubated for 1 hour 
at room temperature with primary antibodies for E-selectin (clone Mes-1, a 
kind gift from Dr. Brown, UCB Celltech, Brussels, Belgium), VCAM-1 (clone 
M/K-2, Merck Millipore, Amsterdam, The Netherlands), or CD45 (clone 30-
F11, BD Biosciences, Breda, The Netherlands). All primary antibodies were 
diluted in PBS 5% (v/v) FCS (Sigma-Aldrich). Isotype controls IgG1, IgG2a 
and IgG2b (Antigenix America, New York, USA) were consistently found to 
be negative. Next, slides were incubated with secondary rabbit-anti-rat IgG 
antibody (Vector Laboratories, Burlingame, CA, USA) in PBS supplemented 
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with 5% (v/v) FCS and 1% (v/v) normal mouse serum (Sanquin) for 45 min, 
followed by anti-rabbit, HRP-labeled polymer (Dako Netherlands, Heverlee, 
Belgium) for 30 min. Between incubation steps, slides were washed 
extensively with PBS. Peroxidase activity was detected with 3-Amino-9-
ethylcarbazole (Sigma-Aldrich). Sections were counterstained with Mayer’s 
hematoxylin (Merck, Darmstadt, Germany). 

Stained sections were scanned with NanoZoomer® 2.0 HT (Hamamatsu 
Photonics, Almere, The Netherlands). Immunohistochemical stainings were 
quantified using Aperio Imagescope software v12.1 (Leica Biosystems 
Imaging, Vista, CA, USA). Briefly, regions of interest were drawn around 
the perimeter of the tissue sections, excluding occasional artifacts (tissue 
breaks or folds). After automated counting of pixels, the ratio of positive 
pixels/total pixels was calculated.  Next, the fold change of the ratio positive 
pixels/total pixels between LPS-challenged mice and their vehicle controls 
was calculated and plotted. 

Statistical analysis
To compare gene expression patterns between Tie2+/- mice and Tie2+/+ mice 
and responses to HS + R or LPS, fold change of expression levels between 
HS+R and sham or between LPS-challenged mice and their vehicle controls 
was calculated as follows: average relative mRNA expression of the sham or 
vehicle treated Tie2+/+ or Tie2+/- group was set at 1. Relative mRNA levels of 
individual HS + R or LPS-treated mice were divided by the average mRNA 
levels of their respective sham or vehicle group. Statistical significance 
between Tie2+/+ and Tie2+/- mouse responses was evaluated by a two-tailed 
unpaired Student’s t-test. Statistics were performed using GraphPad Prism 
7.0 (GraphPad Prism Software Inc. La Jolla, CA, USA). Differences were 
considered to be statistically significant when P<0.05.
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Results

Generation and characterization of Tie2+/- mice
We first constructed a Tie2+/- mouse line by the deletion of exon 9 of Tie2. 
Crossing homozygous Tie2floxed/floxed mice with Hprt-Cre mice resulted in 100% 
Tie2+/- offspring. F1 intercrossing of Tie2+/- mice resulted in F2 generations of 
which 66% were Tie2+/- mice, and 31% were Tie2+/+. Tie2-/- mice were not born 
(Figure 1E). 

To confirm that Tie2 levels were indeed reduced by 50% in the newly 
generated mouse line, we analyzed Tie2 expression levels in kidney, liver, 
lung, heart, brain, and intestine. In these organs, Tie2 mRNA and protein 
levels were approximately 50% lower in Tie2+/- mice than in Tie2+/+ littermates 
(Figure 2).

FIGURE 2. Tie2 expression is reduced to half in organs of Tie2+/- mice. Organs of Tie2+/+ 
and Tie2+/- mice were assessed for mRNA and protein levels. A. Tie2 mRNA levels by RT-qPCR 
relative to GAPDH. B. Tie2 protein levels in organs as determined by ELISA. Dots represent 
individual Tie2+/+ mice (○), Tie2+/- mice (●), horizontal lines indicate average values of 3 mice 
per group, * P<0.05.
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Since Tie2 was reported to be expressed not only expressed by endothelial 
cells, but also, to a minimal extent, by hematopoietic cells [18], we analyzed 
Tie2 mRNA expression in total white blood cell isolates of Tie2+/+ and Tie2+/- 

mice. Tie2 mRNA was not detectable in white blood cells of either mouse line, 
in contrast to the highly-expressed pan-leukocyte marker protein tyrosine 
phosphatase receptor type C (Ptprc) encoding CD45 protein (Suppl. Table 1). 
Thus, deletion of exon 9 of Tie2 from one allele resulted in a 50% reduction 
of Tie2 expression in the organs. 

Basal mRNA expression levels of Angiopoietins and genes related to 
endothelial inflammatory activation in Tie2+/- mice
Since Tie2 is constitutively expressed by endothelial cells, a reduction in its 
protein levels, as effected by partial knockout of the Tie2 gene at the start 
of life in embryo, may potentially result in adaptation of expression of its 
ligands Ang1 and Ang2. We found no differences in basal mRNA expression 
levels of Ang1 and Ang2 in kidney, liver, lung, heart, brain, and intestine 
between Tie2+/- mice and Tie2+/+ mice, irrespective of the organ studied 
(Suppl. Figure 1A).

Next, we examined whether partial deletion of Tie2 has consequences 
for basal expression levels of the endothelial inflammatory activation genes 
E-selectin, VCAM-1, and ICAM-1 (Suppl. Figure 1B). In both mouse lines, 
basal expression of these genes showed organ-dependent differences. The 
highest expression of E-selectin, VCAM-1, and ICAM-1 was found in the lung, 
while the lowest expression of E-selectin and VCAM-1 was found in the brain, 
the lowest expression of ICAM-1 in intestine. No differences in basal gene 
expression were found between Tie2+/- and Tie2+/+ mice in any of the organs. 
Since the studied adhesion molecules are mainly expressed by endothelial 
cells, we also investigated the expression levels of endothelial-restricted 
molecules platelet endothelial cell adhesion molecule 1 (CD31, Pecam1) and 
vascular endothelial cadherin (VE-cadherin, Cdh5). These varied between 
organs due to the differences in endothelial content between organs, yet 
did not differ between Tie2+/- and Tie2+/+ mice in any of the organs studied 
(Suppl. Figure 2).

The endothelial adhesion molecules E-selectin, VCAM-1, and ICAM-1 
participate in leukocyte adhesion and extravasation. Since partial deletion 
of Tie2 protein did not affect basal expression of these molecules, we 
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postulated that leukocyte recruitment for homeostatic surveillance purposes 
would also not be affected in quiescent organs. Indeed, mRNA of CD45 was 
detected in all organs and no differences between Tie2+/- and Tie2+/+ mice 
were found in any of the organs analyzed (Suppl. Figure 1C). 

In conclusion, reduction of Tie2 protein by 50% in Tie2+/- mice did not 
affect basal expression levels of its ligands Ang1 and Ang2. Moreover, basal 
expression levels of genes related to endothelial inflammatory activation, 
and the associated presence of leukocytes in the main organs, did not 
change. 

Endothelial responses to hemorrhagic shock in Tie2+/- mice
We next investigated whether partial deletion of Tie2 protein affected 
endothelial responses in two models of critical illness. For this, we first 
employed hemorrhagic shock followed by resuscitation (HS + R), a model 
of critical illness which systemically affects all organs [13]. We studied mRNA 
expression of endothelial adhesion molecules E-selectin, VCAM-1, and 
ICAM-1, and CD45 in kidney, liver, and lung, since we have previously shown 
that these organs are most extensively affected by HS + R [17].

 HS + R led to a reduction of Tie2 mRNA levels in kidneys of wild type Tie2+/+ 
mice, while lower Tie2 mRNA levels in liver and lung in this experiment were 
statistically not significantly different compared to sham controls (Suppl. 
Figure 3A). In Tie2+/- mice, in which Tie2 expression was already reduced by 
50% at the start of HS induction, the extent of downregulation of Tie2 after 
HS + R in kidney, liver and lung was similar as in WT mice (Suppl. Figure 3B).

The expression of E-selectin, VCAM-1, and ICAM-1, was not affected by 
HS + R in either Tie2+/+ or in Tie2+/- mice, irrespective of the organ (Figure 
3A). Moreover, CD45 mRNA levels did not differ between HS + R treated 
mice and sham treated mice in any of the organs of either genotype (Figure 
3B). 

Summarizing, no changes in expression of genes related to endothelial 
activation and leukocyte influx could be observed between Tie2+/- and Tie2+/+ 
mice when exposed to HS + R.
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FIGURE 3. Expression on endothelial inflammatory responses to hemorrhagic shock and 
resuscitation in kidney, liver, and lung did not differ between Tie2+/+ and Tie2+/- mice. 
Tie2+/+ and Tie2+/- mice were subjected to hemorrhagic shock and resuscitation and sacrificed 
1h after resuscitation (HS + R). Organs were assessed for mRNA levels. A. E-selectin, VCAM-1, 
and ICAM-1 mRNA levels. B. CD45 mRNA levels. Data are presented as fold change between 
mice subjected to HS + R and sham (set at 1, ---). Dots represent individual Tie2+/+ mice (○), 
Tie2+/- mice (●), horizontal lines indicate average values of 6 mice per group.
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Endothelial responses to LPS in organs of Tie2+/- mice
As a second model of critical illness, we used LPS to induce endotoxemia 
to investigate whether partial deletion of Tie2 affected the expression of 
genes related to endothelial activation [19]. We observed downregulation 
of Tie2 mRNA and protein in kidney, liver, lung, heart, brain, and intestine 
after LPS challenge in Tie2+/+ mice, which confirmed previous data [12]. In 
Tie2+/- mice, in which Tie2 expression was already reduced by 50% prior to 
LPS administration, Tie2 mRNA was additionally downregulated in all organs 
after LPS administration. The extent of downregulation of Tie2 mRNA was 
not different between Tie2+/- and Tie2+/+ mice in any of the organs analyzed 
(Suppl. Figure 4). 

Next, we studied the effect of LPS administration on the expression of 
the endothelial adhesion molecules. In all analyzed organs of both Tie2+/- 
and Tie2+/+ mice, mRNA levels of E-selectin, VCAM-1, and ICAM-1 were 
increased after LPS administration compared to vehicle control (Figure 
4A). Interestingly, the induction of expression of E-selectin and VCAM-1 was 
attenuated in kidney and liver, and of ICAM-1 in the liver, of LPS-treated 
Tie2+/- mice compared to Tie2+/+ mice.

Since we observed an attenuated induction of endothelial adhesion 
molecule expression in kidney and liver of Tie2+/- mice, we next investigated 
whether it affected leukocyte infiltration. mRNA expression of the leukocyte 
marker CD45 was increased in all organs after LPS exposure compared 
to vehicle control, irrespective of genotype (Figure 4B). However, in LPS-
challenged Tie2+/- mice, CD45 mRNA expression was also attenuated 
compared to its levels in Tie2+/+ mice. This effect that was restricted to the 
kidney. 

In summary, 50% reduction in Tie2 protein expression prior to challenge 
with LPS diminishes upregulation of inflammatory microvascular endothelial 
responses in an organ-specific way.

Microvascular bed-specific responses to LPS in Tie2+/- mice
After observing lower adhesion molecule expression in kidney and liver 
of Tie2+/- mice, we asked the question whether the diminished endothelial 
inflammatory response to LPS was associated with specific microvascular 
beds. To this end, we immunohistochemically detected E-selectin and 
VCAM-1 protein in kidney and liver sections of both mouse lines. 
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FIGURE 4. Tie2+/- mice showed diminished inflammatory responses of endothelial cells 
in distinct organs in response to LPS challenge. Tie2+/+ and Tie2+/- mice were challenged 
with LPS i.p. (1 µg/g) and sacrificed 4h later. Organs were assessed for mRNA. A. E-selectin, 
VCAM-1, and ICAM-1 mRNA levels B. CD45 mRNA levels. Data are presented as fold change 
between LPS treated mice and vehicle control (set at 1, ---). Dots represent individual Tie2+/+ 

mice (○), Tie2+/- mice (●), horizontal lines indicate average values of 6 mice per group, * P<0.05.
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In kidney and liver of untreated mice of either genotype, E-selectin 
protein was not expressed in any microvascular segment (data not shown). 
After LPS exposure E-selectin expression was visible in all microvascular 
beds in the kidney of both Tie2+/- and Tie2+/+ mice, with highest expression 
in glomeruli and lowest in the peritubular capillaries (Figure 5A). Planimetric 
quantification revealed no differences in E-selectin protein expression in 
the different microvascular beds of the kidney between Tie2+/- and Tie2+/+ 
mice (Figure 5A, lower panel). In the liver of both groups, strong E-selectin 
expression was observed in the sinusoidal capillaries and the venules in 
response to LPS challenge (Figure 5B). In sinusoidal capillaries of Tie2+/- 
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FIGURE 5. Tie2+/- mice showed diminished inflammatory responses of endothelial cells 
in an organ and microvascular bed-specific way in response to LPS challenge. Tie2+/+ 
and Tie2+/- mice were challenged with LPS i.p. (1 µg/g) and sacrificed 4h later. Organs were 
assessed for protein expression by immunohistochemistry. A and B. Photomicrographs of 
cryosections of kidney (A) and liver (B) stained for E-selectin, and semiquantitative analysis 
of E-selectin expression in different microvascular segments by digital planimetry. C and 
D. Photomicrographs of cryosections of kidney (C) and liver (D) stained for VCAM-1, and 
semiquantitative analysis of VCAM-1 expression in different microvascular segments by digital 
planimetry. Arrows indicate arterioles (a), glomeruli (g), peritubular capillaries (pt c), venules 
(v), and sinusoidal capillaries (sec). Scale bars 200 µm. Data are presented as fold change 
between LPS treated mice and vehicle control (set at 1, ---). Dots represent individual Tie2+/+ 
mice (○), Tie2+/- mice (●), horizontal lines indicate average values of 6 mice per group, * P<0.05.
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mice, E-selectin expression was diminished compared to its levels in their 
littermate controls. Planimetric quantification of the liver was restricted to 
total liver, and revealed diminished expression of E-selectin in heterozygous 
Tie2+/- mice compared to wild type Tie2+/+ mice.

In untreated mice, VCAM-1 was expressed in all microvascular beds in the 
kidney and liver. In the kidney, the highest VCAM-1 expression was observed 
in arterioles, and the lowest expression in glomeruli. In the liver, the extent 
of VCAM-1 expression was similar in sinusoidal capillaries and venules as 
microscopically assessed by eye (data not shown). In the kidney of Tie2+/+ 
mice, LPS exposure elicited increased VCAM-1 expression in glomeruli, 
peritubular capillaries and venules, while in arterioles its expression remained 
high (Figure 5C). Possibly, additionally induced expression in this particular 
microvascular segment was masked by already high expression under 
control conditions. In Tie2+/- mice, LPS treatment led to increased VCAM-
1 expression as well, yet the extent of expression was lower in glomeruli, 
peritubular capillaries and venules was lower to that in Tie2+/+ mice. This was 
confirmed by planimetric analysis (Figure 5C, lower panel). In the liver, LPS-
induced expression of VCAM-1 was observed in sinusoidal capillaries and in 
venules in both Tie2+/- and Tie2+/+ mice (Figure 5D). Compared to Tie2+/+ mice, 
lower VCAM-1 expression was mostly observed in the sinusoidal capillaries 
of Tie2+/- mice. Planimetric analysis of total liver revealed lower VCAM-1 
expression in Tie2+/- mice compared to Tie2+/+ mice (Figure 5D, lower panel). 

To summarize, in kidney and liver pre-existent lower Tie2 levels in the 
Tie2+/- mice were associated with attenuated microvascular bed-specific 
expression of E-selectin and VCAM-1 after LPS exposure, implying a role for 
Tie2 in regulating endothelial cell responses depending on their location in 
the body.

Location of leukocyte influx in kidney and liver in response to LPS in 
Tie2+/- mice
Since endothelial inflammatory adhesion molecules have a prominent role 
in leukocyte recruitment, we next investigated the effects of diminished 
expression on localization of infiltrating CD45+ leukocytes in kidney and 
liver of the wild type and heterozygous Tie2+/- mice after LPS challenge. 
In control Tie2+/+ and Tie2+/- mice, the many CD45+ cells were localized in 
renal peritubular capillaries, while some were visible in glomeruli (data 
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FIGURE 6. Tie2+/- mice showed diminished leukocyte influx in kidney and liver in response 
to LPS challenge. Tie2+/+ and Tie2+/- mice were challenged with LPS i.p. (1 µg/g) and sacrificed 
4h later. Organs were assessed for protein expression by immunohistochemistry. A and B. 
Photomicrographs of cryosections of kidney (A) and liver (B) stained for CD45+ leukocytes, 
and semiquantitative analysis of CD45+ cells in different microvascular segments by digital 
planimetry. Arrows indicate positive (red) cells in microvascular structures; arterioles (a), 
glomeruli (g), peritubular capillaries (pt c), venules (v), and sinusoidal capillaries (sec). Scale 
bars 200 µm. Data are presented as fold change between LPS treated mice and vehicle control 
(set at 1, ---). Dots represent individual Tie2+/+ mice (○), Tie2+/- mice (●), horizontal lines indicate 
average values of 6 mice per group, * P<0.05.
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not shown). After LPS administration, increased numbers of CD45+ cells 
localized in glomeruli and in the peritubular capillaries of the kidney in both 
Tie2+/- and Tie2+/+ mice compared to vehicle controls (Figure 6A). Compared 
to wild type mice, lower numbers of CD45+ cells were observed in the renal 
peritubular capillaries in Tie2+/- mice. Planimetric quantification supported 
this observation (Figure 6A, lower panel). In the liver of control Tie2+/+ 
and Tie2+/- mice, scattered CD45+ cells were localized mainly in sinusoidal 
capillaries (data not shown). After LPS exposure, increased numbers of 
leukocytes were observed in sinusoidal capillaries in both Tie2+/- and Tie2+/+ 
mice (Figure 6B). Reduced numbers of CD45+ cells had accumulated in the 
sinusoidal capillaries of Tie2+/- mice compared to Tie2+/+ mice. Planimetric 
quantification of the total liver confirmed reduced CD45+ cell localization in 
the liver of Tie2+/- mice compared to littermate controls (Figure 6B, lower 
panel).

To summarize, lower Tie2 levels as present in Tie2+/- mice were associated 
with reduced numbers of leukocytes infiltrating in kidney and liver after LPS 
exposure, which is likely a consequence of the attenuated local expression 
of inflammatory endothelial adhesion molecules.

Discussion

Tie2 is a receptor tyrosine kinase that is mainly expressed by blood vessel 
endothelial cells and plays a role in vascular integrity and inflammatory 
responses. Tie2 mRNA and protein levels are decreased in critical illness 
[12, 20]. While its ligands Ang1 and Ang2 have been extensively studied 
with regard to their spatiotemporal changes in expression and functional 
consequences thereof in response to inflammatory processes, functional 
consequences of reduced Tie2 levels on inflammatory endothelial responses 
in the microvasculature in organs are unknown. This study was designed to 
investigate effects of reduced Tie2 presence on the inflammatory responses 
of endothelial cells in the microvasculature in organs of mice in health and 
in critical illness models. In a newly generated heterozygous Tie2+/- mouse 
model in which deletion of exon 9 in one allele of the Tie2 gene resulted 
in 50% reduction of Tie2 expression, we showed that this loss did not 
affect basal expression levels of the Tie2 ligands Ang1 and Ang2, nor of 
endothelial inflammatory genes E-selectin, VCAM-1, and ICAM-1. We did not 
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observe differences in inflammatory gene expression related to endothelial 
activation and leukocyte influx between Tie2+/+ and Tie2+/- mice exposed to 
HS + R, LPS exposure on the other hand did reveal an attenuated response 
in mice expressing 50% less Tie2. This attenuated inflammatory response 
was restricted to the microvasculature of kidney and liver, and were shown 
to be microvascular bed and gene-specific. 

Our new Tie2 mutant mouse line corroborates several findings in a 
previous Tie2 mutant mouse, generated by Dumont et al., in which exon 1 
of the Tie2 gene was deleted (ΔE1/Tie2+/)[21]. Firstly, no homozygous Tie2 
knockout mice were born in our Tie2 mutant line, which is in agreement 
with Dumont’s observation that Tie2 homozygous knockout mice had 
embryonically lethal vascular malformations [21]. Second, deletion of one 
Tie2 allele in our model did not affect basal expression of the Tie2 ligands 
Ang1 and Ang2, nor that of endothelial adhesion molecules in any of the 
five organs studied. This complements previous data published by Ghosh et 
al, using the aforementioned ΔE1/Tie2+/- mice and showed similar results on 
Ang1 and Ang2 expression in the lungs of Tie2+/- mice [22].While Ghosh et al. 
focused on lung, our study is the first to report no changes in basal Ang1 and 
Ang2 expression levels in multiple individual organs of adult heterozygous 
Tie2+/- mice while experiencing lower Tie2 expression levels starting as 
early as in embryo. These finding in Tie2+/- mice indicate that adaptation to 
normalized expression levels of Ang1 and Ang2 to the lower Tie2 levels is not 
required for maintenance of vascular integrity in the adult microvasculature. 

As previously reported, LPS administration suppresses Tie2 expression 
[12] and at the same time it induces activation of the NF-κB pathway, leading 
to a pro-inflammatory endothelial response in mouse organs [8, 23]. Our 
data on the absence of effects of lower Tie2 expression on inflammatory 
endothelial cell reaction to LPS in the lung support the findings by Ghosh 
et al. [22], who also did not observe differences in adhesion molecule 
expression in the lung of Tie2+/- mice that received 15 mg/kg i.p. LPS when 
compared to wild type controls. In contrast, McCarter et al. reported in 
ΔE1/Tie2+/- mouse model reduced expression of E-selectin and VCAM-1 
protein in lung compared to controls after intra tracheal instillation of LPS 
at 800 µg dose [24]. A possible explanation for the discrepancy between 
McCarter’s findings and those of Ghosh and ours could be that intra tracheal 
instillation of LPS leads to higher local LPS levels than when administered 
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intraperitoneally. Whether higher i.p. or intra tracheally applied doses of 
LPS administered to our Tie2+/- mice would unmask Tie2 expression related 
differences in adhesion molecule expression in lung needs to be established. 

An important finding in our study is that a 50% reduction in Tie2 protein 
has functional consequences for particular micro vessels in the body, while 
not affecting others. The molecular mechanism(s) behind this phenomenon 
is (are) unclear at present. It is known that after LPS administration, Ang2 is 
released from endothelial Weibel-Palade bodies [3, 25] and can then compete 
with Ang1 for binding to Tie2, thereby inhibiting Tie2 phosphorylation [26]. 
As a consequence, the NF-κB pathway is inhibited [27] and expression of pro-
inflammatory genes is suppressed. In our LPS-treated Tie2+/- heterozygous 
mice, an attenuated expression of Ang2 was observed in liver and lung 
(Suppl. Figure 5). A reduced influx of neutrophils in response to i.p injection 
of bacteria was shown in the peritoneal cavity in Ang2 knockout mice [9] and 
in the lungs of mice where Ang2 was blocked with specific antibodies [10]. In 
mice where binding of Ang2 to its receptor was prevented using a specific 
inhibitor, reduced expression of ICAM-1 and VCAM-1 was shown [28]. Both 
studies are indicative of a relation between the Ang/Tie2 system and the 
NF-κB pathway. Furthermore, using laser dissection microscopy to isolate 
microvascular segments from kidneys of mice [29] prior to gene expression 
analysis, we found that each microvascular segment has its own Ang1/
Ang2/Tie2 expression profile (unpublished data). Similarly, other endothelial 
cell controlling molecular systems such as VEGF and its receptors are 
heterogenically expressed in the renal microvascular segments [20]. How 
this links to the microvascular segment specific responses in the absence 
of Tie2 expression as shown here, remains elusive to date. Studying the 
phosphorylation status of Tie2 in the different organs and microvascular 
segments of Tie2+/- mice as well as NF-κB nuclear translocation in time in 
response to LPS in both wild type and Tie2+/- mice could shed light on this.

The dependence of endothelial cell responses to an inflammatory 
stimulus on Tie2 in particular microvascular beds were only observed in the 
endotoxemia model, not in the hemorrhagic shock and resuscitation model. 
In this latter model, we observed a wide variation in microvascular responses 
in the HS + R groups as well as in sham groups of both genotypes, so our 
study may have been underpowered to detect small differences in endothelial 
behavior induced by HS + R in combination with the lower expression of 
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Tie2. Furthermore, the installation of the anesthesia and instrumentation 
procedure by itself already induces inflammatory responses [13] and is a 
confounding factor that may hamper identification of small differences 
between wild type and transgenic mice in this critical illness model

To summarize, we here demonstrate that deletion of exon 9 in one allele 
of the Tie2 gene results in a mouse line that expresses 50% less Tie2. While 
partial deletion of Tie2 had no significant effect on microvascular responses 
in HS + R as a mild model of critical illness, after LPS administration lower 
Tie2 expression was associated with reduced endothelial responses in kidney 
and liver. These responses were restricted to particular microvascular beds 
in these organs, and were paralleled by changes in leukocyte recruitment. 
These data indicate that Tie2 has different functions in controlling endothelial 
cell behavior depending on their location in the body.
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Gapdh: glyceraldehyde 3-phosphate dehydrogenase; Ptprc: protein tyrosine phosphatase, 
receptor type C, CD45; Tek: tyrosine kinase, Tie2

 
 
 
 
 
 
 

 
 

Gene Tie2+/+ (n=3) Tie2+/- (n=4) 
Gapdh 23.9 23.5 21.9 24.8 22.8 23.7 24.4 
Ptprc 26.1 26.2 24.9 27.2 24.4 27.0 28.4 
Tek 37.4 36.7 36.6 >40 36.8 36.3 >40 

Supplementary Materials and Methods

RNA Isolation of white blood cells from whole blood
Whole blood was kept on ice until further handling and centrifuged for 10 
min at 14,000g and 4˚C. Plasma was removed and red blood cells were lysed 
twice with 10 ml ice-cold NH4Cl. Cells were pelleted by centrifugation and the 
pellet was resuspended in Trizol (Invitrogen, Breda, The Netherlands). RNA 
was isolated according to standard protocols.

Supplementary Table

SUPPLEMENTARY FIGURE 1. Basal mRNA expression levels of Tie2 ligands Angpt1 and 
Angpt2, endothelial inflammatory adhesion molecules, and surveilling leukocytes in 
organs of Tie2+/+ and Tie2+/- mice. Organs of Tie2+/+ and Tie2+/- mice were assessed for mRNA 
levels by RT-qPCR relative to GAPDH. A. Ang1 and Ang2 mRNA levels. B. E-selectin, VCAM-
1, and ICAM-1 mRNA levels. C. CD45 mRNA levels. Dots represent individual Tie2+/+ mice (○), 
Tie2+/- mice (●), horizontal lines indicate average values of 3 mice per group. 

SUPPLEMENTARY TABLE 1. CT values of Gapdh, Ptprc, and Tek in white blood cells of 
individual Tie2+/+ and Tie2+/- mice as assessed with RT-qPCR.



135

Endothelial responses in Tie2+/- mice



136

Chapter 6

SUPPLEMENTARY FIGURE 2. Basal expression levels of pan-endothelial genes Pecam1 
and Cdh5 in organs of Tie2+/+ and Tie2+/- mice. Organs of Tie2+/+ and Tie2+/- mice were 
assessed for mRNA levels by RT-qPCR relative to GAPDH. A. Pecam1 mRNA levels. B. Cdh5 
mRNA levels. Dots represent individual Tie2+/+ mice (○), Tie2+/- mice (●), horizontal lines indicate 
average values of 3 mice per group. 
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SUPPLEMENTARY FIGURE 3. Effects of hemorrhagic shock and resuscitation on Tie2 
mRNA expression in kidney, liver, and lung in Tie2+/+ and Tie2+/- mice. Tie2+/+ and Tie2+/- mice 
were subjected to hemorrhagic shock and resuscitation and sacrificed 1h after resuscitation 
(HS + R). Kidney, liver, and lungs were assessed for Tie2 mRNA levels relative to GAPDH (A) 
and as fold change (B) between HS + R and sham (set at 1, ----). Dots represent individual 
Tie2+/+ mice (○), Tie2+/- mice (●), horizontal lines indicate average values of 6 mice per group, 
* P<0.05.
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SUPPLEMENTARY FIGURE 4. Effects of LPS challenge on Tie2 expression in organs of 
Tie2+/+ and Tie2+/- mice. Tie2+/+ and Tie2+/- mice were challenged with LPS i.p. (1 µg/g) and 
sacrificed 4h later. A. Tie2 mRNA levels in organs. B. Tie2 protein expression in organs. C. 
soluble Tie2 (sTie2) levels in plasma. Data are presented as fold change between LPS treated 
mice and vehicle control (set at 1, ----). Dots represent individual Tie2+/+ mice (○), Tie2+/- mice 
(●), horizontal lines indicate average values of 6 mice per group.
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SUPPLEMENTARY FIGURE 5. Expression levels of Angpt1 and Angpt2 in organs of Tie2+/+ 
and Tie2+/- mice after LPS challenge. Tie2+/+ and Tie2+/- mice were challenged with LPS i.p. (1 
µg/g) and sacrificed 4h later. Organs were assessed for mRNA levels of Angpt1 and Angpt2. 
Data are presented as fold change between LPS treated mice and vehicle control (set at 1, ---
). Dots represent individual Tie2+/+ mice (○), Tie2+/- mice (●), horizontal lines indicate average 
values of 6 mice per group, * P<0.05.





CHAPTER 7

Summary, 
conclusions, 
and future 
perspectives



142

Chapter 7

Summary

In intensive care units (ICU), critically ill patients with a wide range of life-
threatening conditions from sepsis to massive bleeding (hemorrhage) and 
post high-risk surgery are treated [1]. In critically ill patients, alterations in 
microvascular blood flow occur [2, 3], due to systemic low blood pressure 
and also due to changes in the microvasculature [4, 5]. As a consequence, 
tissue perfusion is impaired. This can be one of the reasons for failure of 
vital organ functions, the so called multiple organ failure.

One of the organs that is affected is the kidney, resulting in acute 
kidney injury (AKI). The kidney consists of several microvascular structures 
containing endothelial cells [6], the cell layer on the inner side of all blood 
vessels. This layer forms the interface between the circulating blood and 
the underlying tissues. In healthy conditions, the endothelium is continuously 
exposed to local blood flow, thereby keeping them in a quiescent state. When 
the blood flow changes, endothelial cells become activated and among 
others start to express adhesion molecules including E-selectin, VCAM-1, 
and ICAM-1 [7], as a consequence of which leukocytes are attracted to the 
site of activation. Furthermore, under these conditions the endothelium 
secretes vasoactive and pro-inflammatory mediators, such as nitric oxide, 
TNFα, and IL-6. This pro-inflammatory endothelial phenotype is associated 
with organ damage [8, 9]. 

Important systems that regulate vascular integrity are the Angiopoietin 
(Ang)/Tie2 receptor system and the vascular endothelial growth factor 
(VEGF)/VEGF receptor (VEGFR) system. Tie2 is a tyrosine kinase that is 
predominantly expressed by endothelial cells. Under homeostatic conditions, 
Ang1 is constitutively produced by pericytes and in the kidney by podocytes, 
a specialized pericyte. Ang1 mediates vessel integrity through activation 
of Tie2 signaling. During inflammatory conditions, Ang2 is released from 
Weibel-Palade bodies in endothelial cells into the bloodstream. This results 
in competition with Ang1 for binding to Tie2 [10], thereby causing a pro-
inflammatory and leaky phenotype of the vessels [11]. Also, VEGF binds 
to and activates its receptors VEGFR1 (fms-like tyrosine kinase 1 [Flt-1]) 
and VEGFR2 (kinase insert domain receptor [KDR]), promoting vascular 
destabilization, vascular permeability and cell transmigration. Both receptors 
can be shed from the endothelial membrane into the bloodstream in soluble 
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form. Together with VEGF/VEGFR receptor system, the Ang/Tie2 system is 
involved in the development of organ failure in critical illness [12-15]. 

The molecular behavior of the Ang/Tie2 system in critical ill patients is not 
completely clear. In this thesis, the aim was to study microvascular endothelial 
responses in critically ill patients and in mouse models mimicking critical 
illness and situations of blood flow change with a focus on the dynamics 
of the Ang/Tie2 system and inflammatory endothelial cell activation in the 
microvasculature of organs. 

Previously, our group reported diminished Tie2 expression in the kidney 
of mice exposed to shock induced stress [16]. In chapter 2, we examined 
how the Ang/Tie2 system changes in the kidney in critically ill patients. To 
study this, kidney biopsies from patients who died because of sepsis-induced 
AKI were collected within 30 min after death. mRNA expression levels of 
Krüppel-like factor 2 (KLF2), a transcription factor sensitive to blood flow, 
Ang1, Ang2, and Tie2 mRNA was studied and compared to levels in healthy 
kidney obtained from patients undergoing surgery because of renal cell 
carcinoma (hereafter referred to as ‘control’). KLF2 mRNA expression levels 
in kidney biopsies from sepsis patients were lower than those in control 
kidney, indicating of lower shear stress/blood flow. Furthermore, lower 
Ang1, Ang2 and Tie2 mRNA levels as well as lower Ang1/Ang2 mRNA ratios 
were observed in postmortem kidney biopsies of sepsis patients. In addition, 
we found a positive correlation between KLF2 and Tie2 expression in sepsis 
patients compared to controls. From this study, we concluded that the 
Ang/Tie2 system is changed in human sepsis-induced AKI. The correlation 
between KLF2 and Tie2 implies that the decrease in Tie2 mRNA in the kidney 
of patients dying of sepsis might be due to changes in microvascular blood 
flow.

During sepsis and hemorrhagic shock (HS), microvascular flow is altered 
[17, 18]. We therefore next examined how the Tie2 receptor behaves in mouse 
models mimicking critical illness. In chapter 3, we studied Tie2 mRNA and 
protein levels 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 expression of Tie2 in an in vitro flow 
model. In vivo under basal conditions, Tie2 mRNA was expressed in major 
organs, with the highest expression in the lung and the lowest expression 
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in the liver and brain. Loss of Tie2 mRNA was observed in all organs after 
both LPS challenge and HS compared to control. After LPS exposure, loss 
of Tie2 protein was mainly observed in the lung and kidney, Tie2 protein 
expression was not analyzed in HS. Since sepsis and HS are accompanied by 
high systemic pro-inflammatory cytokines levels in blood, we hypothesized 
that cytokine exposure is the cause of Tie2 loss. To study this, mice were 
challenged with TNFα or IL-1β and sacrificed after 2h. Similar to the effect 
of LPS and HS on Tie2 mRNA, exposure to TNFα or IL-1β resulted in loss of 
Tie2 mRNA in the lung. Loss of Tie2 protein was observed in the lung only 
after TNFα exposure. In the kidney, only TNFα exposure resulted in loss of 
Tie2 mRNA, TNFα nor IL-1β exposure changed Tie2 protein levels. To study 
flow effects on loss of Tie2, we isolated endothelial cells from umbilical cords 
and cultured them for 1, 3 and 5 days under static conditions, after which 
Tie2 mRNA expression was determined. We observed an immediate drop of 
Tie2 mRNA expression when cells were taken from their microenvironment 
and put in culture. After applying laminar flow to endothelial cells, Tie2 mRNA 
and protein expression increased compared to static conditions. Neither 
LPS nor TNFα challenge to flow-exposed cells affected Tie2 expression. 
From these in vivo and in vitro experiments, we concluded that loss of Tie2 
in models of critical illness may be a consequence of loss of microvascular 
flow, and that the extent of responses of the endothelium is organ-specific.

Cardiac surgery, including coronary artery bypass grafting (CABG) 
and surgery for valve disease, is a common high-risk surgical procedure in 
patients admitted to the ICU. AKI is a major complication following cardiac 
surgery and occurs in approximately 30% of the patients undergoing 
cardiac surgery when classified according to the KDIGO criteria [19, 20], and 
1-3% of these patients require renal replacement therapy [19, 20]. Since we 
showed diminished levels of Tie2 mRNA expression in the kidney of patients 
who died of sepsis-induced AKI (chapter 2), in chapter 4 we determined 
whether the Ang/Tie2 system is changed in patients who develop AKI post 
cardiac surgery with cardiopulmonary bypass (CPB). Furthermore, we 
investigated a possible relation between changes in the Ang/Tie2 system 
and the development of AKI post cardiac surgery. From a total cohort of 541 
patients, blood and urine was taken at 5 pre-defined time points [21]. From 
this cohort, we selected 21 patients who had a serum creatinine increase of 
at least 50% in the postoperative period, which according to RIFLE criteria 
indicates AKI [22]. Using propensity matching we matched these patients 
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with patients who had similar risk factors for AKI and whose kidney function 
was not deteriorated. Using this approach, we identified 21 patients who 
served as controls. We measured systemic levels of Ang1, Ang2 and sTie2 
in the plasma, and the AKI biomarkers kidney injury molecule-1 (KIM-1), 
N-acetyl-β-D-glucosaminidase (NAG) and albumin in the urine. Plasma levels 
of Ang2 increased over time in patients who developed AKI and in controls, 
however, Ang2 levels increased 1.7-fold more in patients who developed 
AKI. Ang1 and sTie2 levels decreased in both groups over time, and did not 
differ between AKI and non-AKI patients. In addition, we found a positive 
correlation between plasma levels of Ang2 and urinary levels of NAG on 
the first post-operative day. This study shows that the Ang/Tie2 system is 
changed in patients who underwent cardiac surgery and that changes in the 
Ang/Tie2 system may be involved in the development of AKI post cardiac 
surgery.

The use of CPB in patients undergoing CABG leads to a systemic 
inflammatory response [23], which may be induced by changes in blood flow  
as well as by contact of  blood with artificial surfaces of the extracorporeal 
circuit [24, 25]. During on-pump CABG, pulsatile blood flow is stopped due 
to cross clamping of the aorta and replaced by the non-pulsatile blood 
flow of the heart-lung machine. In off-pump CABG, surgery is performed 
on the beating heart and pulsatile flow is preserved. In chapter 5 we 
examined how, amongst others, acute flow changes affect the Ang/Tie2 
system, inflammation and endothelial activation in patients who underwent 
CABG. In blood of patients randomized for either on-pump or off-pump 
CABG surgery, we measured soluble factors Ang1, Ang2 and sTie2, and 
the additional vascular integrity mediators VEGFA, sVEGFR1 (sFlt-1), and 
sVEGFR2 (KDR), pro-inflammatory cytokines TNFα, IL-6, IL-10, and MPO as 
an indication of inflammation, soluble endothelial adhesion molecules sE-
selectin, sVCAM-1, and sICAM-1 as an indication of endothelial activation. 
We showed that circulating inflammatory markers TNFα, IL-10, and MPO, but 
not IL-6, were increased to a greater extent at the end of surgery in patients 
who underwent on-pump CABG compared to patients who underwent off-
pump CABG. sE-selectin, sVCAM-1, and sICAM-1 were not changed in the 
plasma during and after CABG surgery in either group. Ang2 was increased 
24 h after surgery in both on-pump and off-pump group, and no significant 
differences in Ang1, Ang2, and sTie2 levels were found between the two 
groups at any time point. Higher levels of sFlt-1 were found at the end of 
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surgery in off-pump CABG compared with on-pump CABG patients. From 
these observations, we concluded that CPB and aortic cross-clamping in 
on-pump CABG surgery changes the systemic levels of angiogenic and 
vascular leakage related factor of the Ang/Tie2 and VEGF/VEGFR2 system 
more than in off-pump CABG surgery. In addition, the systemic inflammatory 
response is also higher in on-pump CABG, but does not lead to an increased 
release of soluble endothelial adhesion molecules compared to off-pump 
CABG. 

In chapter 2 we observed reduced levels of Tie2 in human kidney biopsies 
of patients who died of sepsis and in chapter 3 in organs of mice exposed 
to HS and LPS. Since functional consequences of reduced levels of Tie2 
on endothelial behavior in mouse models mimicking critical illness were not 
known, we generated a novel heterozygous Tie2+/- mouse (chapter 6) and 
studied endothelial inflammatory adhesion molecules expression in the 
microvascular segments in different organs of these mice. We studied mRNA 
expression of E-selectin, VCAM-1, and ICAM-1 and pan-leukocyte marker 
CD45, in kidney, liver, lung, heart, brain, and intestine under basal conditions 
and in mice subjected to HS and LPS. In addition, protein expression of 
E-selectin, VCAM-1, and the influx of inflammatory leukocytes (CD45) and 
neutrophils (Ly6G) in different microvascular beds in kidney and liver after 
LPS administration were determined. Under basal conditions, mRNA levels of 
the Tie2 ligands Ang1 and Ang2 were not different between Tie2+/- and Tie2+/+ 
mice in the organs. mRNA levels of E-selectin, VCAM-1, and ICAM-1  and CD45 
were also unchanged. When subjected to HS, no difference in endothelial 
inflammatory adhesion molecules was observed between Tie2+/- and Tie2+/+ 

mice. However, when exposed to LPS, mRNA of E-selectin, VCAM-1, and 
ICAM-1 and CD45 was increased in both Tie2+/- and Tie2+/+ mice compared to 
untreated controls. Interestingly, in Tie2+/- mice the induction of E-selectin and 
VCAM-1 mRNA expression was attenuated in kidney and liver compared to their 
induction in Tie2+/+ mice. No such difference was observed in the lung. At the 
protein level, E-selectin was absent in control Tie2+/- and Tie2+/+ mice. However, 
after LPS administration E-selectin was expressed in the kidney in arterioles, 
glomeruli, peritubular capillaries, and venules. No differences in E-selectin 
expression were observed in any microvascular bed in the kidney between 
Tie2+/- and Tie2+/+ mice, whereas in the liver of Tie2+/- mice lower expression 
was observed compared to their littermate controls after LPS exposure. In 
control Tie2+/- and Tie2+/+ mice, VCAM-1 was expressed in all microvascular 
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beds in the kidney. After LPS exposure, increased VCAM-1 protein expression 
was observed in glomeruli, peritubular capillaries, and in venules in the kidney 
and in sinusoidal capillaries and in venules of the liver in both Tie2+/- and Tie2+/+ 
mice. This VCAM-1 expression was attenuated in the glomeruli, and peritubular 
capillaries of the kidney, and in overall liver of Tie2+/- mice compared to Tie2+/+ 
mice. Since microvascular bed-specific attenuation of expression of adhesion 
molecules may have consequences for leukocyte influx, we studied CD45mRNA 
expression and observed increased expression in all organs of LPS challenged 
mice. This expression was attenuated in Tie2+/- mice compared to Tie2+/+ mice, 
which was restricted to the kidney. When looking at the different microvascular 
segments in the kidney of LPS challenged Tie2+/- mice compared to Tie2+/+ mice, 
lower numbers of infiltrating CD45+ leukocytes were observed in peritubular 
capillaries. This was not observed in glomeruli. In the liver of Tie2+/- mice were 
also lower numbers of infiltrating CD45+ leukocytes observed compared to 
Tie2+/+ mice. In conclusion, partial deletion of Tie2 does not affect expression 
levels of its ligands and endothelial inflammatory status in basal conditions, 
yet, it affects the inflammatory reaction of endothelial cells in response to 
LPS in kidney and liver. This implies that Tie2 has different endothelial control 
functions depending on the location of the endothelial cells in the body. 

Conclusions

We have demonstrated that the endothelial Ang/Tie2 receptor system 
changes in critical illness, and that these changes may be involved in the 
development of AKI post cardiac surgery. Besides the fact that the ligand 
Ang2 is increased in plasma of critically ill patients, we have shown that 
the receptor Tie2 is lost in the kidney of critically ill patients and in organs 
of animals mimicking critical illness. This loss of Tie2 is likely a result of a 
decrease in blood flow during critical illness. The changes in blood flow 
during cardiac surgery using a pulsatile (off-pump) versus a non-pulsatile 
(on-pump) procedure does not lead to differences in release of soluble 
endothelial adhesion molecules. One consequence of temporary and partial 
loss of Tie2 is a change in the endothelial inflammatory response which 
depends on the location of the endothelial cell in the body. Future research 
plans proposed in the next section may help to understand the molecular 
mechanism underlying the derangement of the Ang/Tie2 system in critical 
illness and its functional consequences.
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Future perspectives

Part I. Translation of animal and cell models
We have shown that the response to a major insult in the patient is partly 
mediated by flow changes. To dissect this further and to discover targets 
for drug therapy, research is necessary. The main struggle in translational 
research is the translation of the clinical situation of patients to in vivo animal 
models and eventually to in vitro experiments and then back to the patient. 
Below I reflect on several issues for optimizing the current in vivo and in vitro 
models used in translational research in the field of critical illness.

Clinically relevant animal models
Because of the lack of availability of patient material, animal models 
mimicking critical illness-like conditions are crucial in translational research 
to find possible targets for therapies. The most used species in pre-clinical 
research are rodents, because of a short generation time, large litter sizes 
and the ability to genetically modify them. An essential asset of a clinically 
relevant animal model should be its capability of reproducing the complexity 
of the human situation [26].

Physiologic conditions of animal models
Aging is an important subject of study, since many diseases (e.g., cardiovascular 
disease) are related to aging. In most animal studies, young healthy animals 
are used where in the ICU mostly critically ill patients are older and have co-
morbidity. Structural and functional changes in the microvasculature play 
an important role in ageing [27]. This was demonstrated in an endotoxemia 
model of sepsis in aged animals in which the endothelial inflammatory 
response was increased compared to that in young animals [28, 29]. 

Due to increased intake of high-calorie food, which is rich in carbohydrates 
and fat, obesity has become a serious global health issue [30]. Both aging 
and obesity are risk factors for atherosclerosis-related disease such as 
stroke, a cardiovascular disease. They contribute to endothelial and vascular 
injury [31]. Mice that are fed high fat diet have increased proinflammatory 
cytokine levels and mortality in S. aureus-induced sepsis [32]. Furthermore, 
plasma levels of proinflammatory cytokines are higher in cecal ligation and 
puncture (CLP) treated obese (ob/ob) mice, mice that eat excessively due to 
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mutations in the leptin gene, compared to wild type [33]. For future animal 
studies, I suggest to use older mice (18 – 24 months), as this age in mice 
compares to the age of 65 years in humans [34]. Obese mice in our in vivo 
studies of critical illness would also represent the critically ill patient better.

Animal models for critical illness
The i.p. lipopolysaccharide-induced (LPS) endotoxemia model has been 
widely used as a model for sepsis, since it is thought to induce inflammatory 
reactions similar to those seen in human sepsis [35]. Mice are however less 
sensitive to LPS compared to humans, thus the dose of LPS used to induce 
toxic effects in mice (mg/kg) is much higher than the dosage used in studies 
with human volunteers (ng/kg) [36]. Using LPS administration in mice as a 
model for human sepsis is therefore questioned [37, 38]. 

The mouse model that nowadays is most used because translation to 
human sepsis is better, is the polymicrobial CLP model in which the cecum 
is ligated and thereafter punctured to induce peritonitis [39]. Bacteria from 
the gut enter the abdomen and thereafter the bloodstream and induce an 
inflammatory response, septic shock followed by multiple organ dysfunction, 
and sometimes death. Due to inconsistency of the CLP procedure, there 
is a large variability in mortality [40]. To obtain reproducible and reliable 
results, the CLP procedure (ligation length, needle size, numbers of 
punctures) should be better standardized [41]. Also, fluid administration 
and broad-spectrum antibiotics should be part of the routine procedure 
as administrating fluids and antibiotics are standard procedures in patient 
care in the ICU. Depending on the focus of the research, other drugs (e.g. 
vasopressors) to further mimic the clinic should be given. 

The model for cardiac surgery with cardiopulmonary bypass (CPB) 
can be studied using a CPB model in which animals are ventilated during 
cardiac surgery [42]. Due to technical limitations, the CPB equipment 
needed for these experiments is not suitable for small animals such as 
mice. To circumvent this limitation CPB studies in rats are performed [43]. 
Using this model, endothelial responses in organs after cardiac surgery 
can be studied and mimic the patients’ situation better. Moreover, drug 
interventions with e.g., Vasculotide, an Ang1 mimetic that activates Tie2, to 
study the protective effect on the renal barrier function as has previously 
been published in ischemic AKI [44] and CLP-induced sepsis [45] can be 
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performed. Such a study allows researchers to gain more insight in molecular 
control mechanisms in the role of the Ang/Tie2 system on microvascular 
dysfunction in relation to cardiac surgery. 

Transgenic mouse models
The use of transgenic mice has had a tremendous impact on biomedical 
research. Using tools for manipulation of genes in the mouse has provided 
researchers more insight in the role of specific genes in complex (patho)
physiological systems. Because systemic inactivation of Tie2 causes 
embryonic lethality [46, 47], our group created a heterozygous Tie2+/- 
mouse as described in chapter 6. To study the molecular role of Tie2 in 
critical illness, inducible homozygous Tie2-/- knockout mice are needed, in 
which the gene of interest can be knocked out at any given time point (e.g. 
age of the mice) and in any given cell type.  

A successful method that has been used to generate inducible knockout 
mice is the Cre-lox system [48]. The Cre-lox system is a genetic tool to 
control loxP-flanked site specific recombination in genomic DNA via the 
enzyme Cre recombinase. Transgenic mice perform recombination when 
Cre is activated, leading to excision of the floxed exon.

Although Tie2 is mainly present on endothelial cells, it is also present 
on non-endothelial cells such as monocytes, synovial membrane cells, and 
neurons [49-51]. To study the role of Tie2 in endothelial behavior during 
critical illness, it is desirable to create an endothelium specific inducible 
Tie2-/- mouse, using CD31 or VE-cadherin, molecules that are abundantly 
expressed by endothelial cells, as promotor sites. Cre recombinase 
expression is then driven by an endothelial-specific promoter and can be 
activated by tamoxifen administration at any given moment after birth, but 
before the insult. In this way, we can study the role of Tie2 on endothelial 
cell behavior upon LPS, CLP, or during hemorrhagic shock (HS). Generation 
of endothelial specific Tie2-/- mice is a powerful genetic tool to improve the 
understanding of the functional consequences of the absence of Tie2 in 
critical illness.

Endothelial cell culture studies suitable for translational research
Cell culture experiments are widely used to study molecular processes in 
endothelial cells. Until recently, most in vitro studies with endothelial cells 
were performed under static conditions [52]. In physiologic conditions, 



151

Summary, conclusions, and future perspectives

endothelial cells always sense blood flow and thus shear stress, the force that 
acts longitudinally on the cells [9, 53]. Therefore, studying gene expression 
in endothelial cells cultured in static conditions does not reflect the status of 
the endothelial cells in their natural environment. In chapter 3 of this thesis, 
we have shown that gene expression of Tie2 changes, as soon as endothelial 
cells are taken from their microenvironment and cultured in plastic culture 
dishes, while it can be rescued using physiological flow patterns [7]. 

Applying shear stress to endothelial cultures to create a more physiological 
environment
Applying shear stress to in vitro cultures has provided considerable insights 
in endothelial behavior. For example, endothelial cells under shear stress 
adopt an anti-inflammatory state, whereas endothelial cells in static culture 
are in a more pro-inflammatory state [7]. Different vascular beds are 
exposed to different rates of shear stress [54]. Choosing the right flow rate 
for the different vascular beds is therefore challenging, since we do not 
know the exact shear rate in different microvascular beds in organs. More 
important, we do not know the effects of sepsis or HS on the shear stress in 
the microvascular beds in these organs. 

In research, applying changes in laminar shear stress to endothelial 
cultures can be used to mimic HS and resuscitation. First, endothelial cells 
need to adapt to shear stress for 48h. After that, HS can be mimicked in 
vitro by flow cessation and resuscitation by reflow. This experimental model 
has been used by Li et al. [7], where she showed that endothelial cells 
respond to flow changes by expressing increased levels of proinflammatory 
adhesion molecules during flow cessation. To intervene in these responses 
of the endothelium, drugs can be added. Furthermore, pulsatile flow to 
mimic heart beat in combination with high shear stress in cell cultures using 
arterial endothelial cells can be used to study the responses of endothelial 
cells in large vessels. Flow profile changes from pulsatile to non-pulsatile 
flow in in vitro cell cultures can mimic the use of a non-pulsatile CPB machine 
in cardiac surgery. 

To study the role of Tie2 in shear stress, gene silencing to knock out 
Tie2 in endothelial cells can be used. Short interfering RNA (siRNA) [55], 
a tool for inducing short-term silencing of genes, can assist in elucidating 
the response of endothelial cells to shear stress in the absence of Tie2. 
Preliminary studies in HUVEC showed that Tie2 gene silencing using siRNA 
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under shear stress can be accomplished with more than 90% reduction in 
Tie2 mRNA and protein (Jongman et al, unpublished data). Until now, no 
effect of Tie2 silencing on adhesion molecule expression was observed after 
applying shear stress (20 dyne/cm2) for 15 min or 24 hours. Experiments 
will be repeated with 48 hours of shear stress, followed by application of 
different shear stress profiles to mimic e.g., HS and resuscitation.

Endothelial cells elongate in the direction of the flow in response to shear 
stress [56]. Localization of proteins changes under shear stress. It has been 
shown that Tie2 is localized in the plasma membrane in static endothelial 
cells. After stimulation with Ang1, Tie2 accumulates at cell-cell contacts, 
where it is endocytosed and disappeared from the cell membrane [57]. 
To determine whether the localization of Tie2 is important in maintaining 
barrier function, Tie2 protein during flow, flow cessation, and reflow 
should be analyzed using immunohistochemistry. In addition, studying the 
phosphorylation of Tie2 during flow, flow cessation, and reflow could tell us 
something about the activation status of Tie2, which is important for the 
integrity of the endothelial layer. 

Vascular permeability studies
The Ang/Tie2 system is important for maintaining vascular integrity [58]. 
In vitro studies on vascular permeability under shear stress is a next logical 
step in our sepsis and HS research, as patients suffer from increased vascular 
leakage. Until now researchers mostly use Transwell systems to study 
vascular permeability in vitro by adding FITC-labeled albumin to the upper 
side of the endothelial monolayer and measuring in time the accumulation 
amount of FITC on the other side of the layer. However, this method is only 
suitable for in vitro studies in static conditions. 

Electric Cell-substrate Impedance Sensing (ECIS) is a technique that can 
be used as a vascular permeability read out system in combination with flow. 
A decline in the trans-endothelial electrical resistance (TEER), for example 
by adding thrombin to the endothelial monolayer, reflects an increase in 
permeability [59]. At present, endothelial flow studies in combination with 
ECIS is a challenging experimental design and not yet suitable for translation 
to critically ill patients. 
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Modulation of the Ang/Tie2 system in endothelial cell cultures
In vitro, Tie2 and its ligand Ang2 are present in endothelial cells, whereas the 
Tie2 agonist Ang1 is produced in very low to undetectable amounts [60]. In 
vivo the main source of Ang1 are the pericytes. Adding rat pericytes to a brain 
endothelial cell culture increased the TEER [61]. Therefore, Ang1 addition 
to the culture medium, either as recombinant Ang1 or via co-cultures with 
pericytes, is a useful improvement to approximate the in vivo situation.

To overcome translational artifacts, researchers have recently developed 
microfluidic-chip technology to recapitulate human tissues and organs in 
3D [62]. In this chip, perfusable 3D tubular structures can be created and 
used for in vitro studies. Combining such novel cultures with changes in flow 
profiles can be a useful improvement to study endothelial behavior in a more 
(patho)physiological environment as exists during HS and resuscitation or 
when the CPB machine is used.

Part II. Molecular regulation of the Ang/Tie2 system
The Ang/Tie2 signaling pathway in MODS can be targeted for therapeutic 
purposes [63, 64]. Animal models have shown that activation of Tie2 signaling 
with ABTAA, an anti-Ang2 antibody that binds to Ang2 and activates Tie2 
by phosphorylation, protects the vasculature from septic damage [65]. 
Furthermore, cartilage oligomeric matrix protein (COMP)-Ang1 decreases 
LPS-induced AKI in mice [66]. Moreover, Vasculotide, an Ang1 mimetic 
that activates Tie2 signaling, protects renal vascular barrier function in 
experimental AKI [44] and leads to a decrease in the expression of pro-
inflammatory molecules [67]. Activation of Tie2 by AKB-9778, an inhibitor of 
the phosphatase activity of VE-PTP, partly restored vascular integrity [68]. 

We and others have however shown that endothelial Tie2 expression is 
significantly decreased in critical illness [16, 69, 70]. The molecular mechanism 
of how Tie2 is transcriptionally regulated is not known. Before continuing 
with therapies targeting the Ang/Tie2 system in critically ill patients, there 
should be sufficient molecular knowledge about the mechanism of how Ang/
Tie2 transcription and translation is regulated. Below I propose some topics 
to investigate in future research. 
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MicroRNAs: a role in Tie2 regulation?
MicroRNAs (miRs), non-coding RNAs that regulate gene expression, have 
been detected in different body fluids including plasma, and are recently 
used as biomarkers in critical illness [71] and sepsis [72]. 

In animal models mimicking sepsis, miRs have also been studied. For 
example, inhibition of miR195 with an anti-miR-195 construct prevented 
liver and lung failure in mice where sepsis is induced by feces injection into 
the peritoneum [73]. Furthermore, in in vitro studies it has been reported 
that miR181b could be a potential regulator of NF-кB mediated vascular 
inflammation [74] and that miR126 regulates vascular integrity. Knockdown 
of miR126 in zebrafish led to loss of vascular integrity and hemorrhage [75]. 
Since the Ang/Tie2 system is one of the systems involved in controlling 
endothelial barrier function, miR126 also might play a role in regulating 

FIGURE 1.  KLF2 and Tie1 mRNA expression levels in lung and kidney. Tie2+/+ and Tie2+/- 
mice were i.p challenged with LPS and sacrificed after 4h. Organs were assessed for mRNA 
levels relative to GAPDH by RT-qPCR. A. KLF2 mRNA expression. B. Tie1 mRNA expression. 
Dots represent individual vehicle mice (○), LPS treated mice (●), horizontal lines indicate 
average values of 6 mice per group, * P < 0.05.
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Tie2. This can be studied in vitro, for example, by studying barrier function 
using ECIS. Furthermore, Tie2 expression can be determined in endothelial 
cells exposed to shear stress while miR126 is inhibited with anti-miR126 
constructs. 

KLF2: a role in Tie2 regulation?
KLF2 is a flow responsive gene [76] and a regulator of inflammatory 
endothelial responses [77]. In vitro adenoviral overexpression of KLF2 lead 
to reduced VCAM-1 and E-selectin mRNA in IL-1β stimulated HUVEC [77]. In 
chapter 6, we have demonstrated that endothelial inflammatory responses 
are reduced in LPS-injected Tie2+/- mice. To examine whether the reduced 
endothelial inflammatory responses we observed after LPS administration 
lead to changes in KLF2 levels, we determined KLF2 mRNA levels in lung 
and kidney of our Tie2+/- mice. We observed increased KLF2 mRNA levels 
in kidney, but not lung, in Tie2+/- compared to wild type mice (Figure 1A; 
unpublished data). How KLF2 is involved in Tie2 regulation, and what the 
molecular mechanisms are underlying this, needs to be examined further 
in in vitro studies. This can be studied by determining Tie2 expression in in 
vitro experiments with endothelial cells under shear stress followed by flow 
cessation where KLF2 has been knocked out. 

  
Tie1 – Tie2 interaction
Tyrosine kinase with immunoglobulin like and epidermal growth factors 
homology domains 1 (Tie1) is a family member of Tie2. Recently, it has 
been shown that Tie1 controls Angiopoietin function in inflammation [78], 
probably via interaction with Tie2 [79]. It has also been suggested that the 
interaction of Tie1 with Tie2 defines whether Ang2 functions as agonist or 
antagonist [80]. 

In mice, LPS-induced endotoxemia leads to suppression of Tie2 signaling 
by cleavage of the Tie1 ectodomain that is responsible for the interaction 
with Tie2 [78]. In our Tie2+/- mice, which contain 50% reduced levels of 
Tie2, we found reduced Tie1 mRNA expression in both Tie2+/- and wild type 
mice after LPS administration (Figure 1B; unpublished data). Whether Tie2 
phosphorylation and downstream signaling is suppressed in these mice, 
needs to be studied. In vitro studies under shear stress can be used to 
study this Tie1-Tie2 interaction and downstream signaling pathways in Tie2 
knockout cells.



156

Chapter 7

To summarize, here I described some technical and methodological 
suggestions to avoid pit falls in the research on critical illness and provide 
suggestions for improvements to study endothelial behavior in in vivo and 
in vitro models of critical illness. In addition, I gave some suggestions for 
future research to unravel the molecular mechanism of Tie2 regulation in 
critical illness. Combining these suggestions for preclinical in vivo and in vitro 
models with the provided suggestions to unravel the molecular regulation of 
the Ang/Tie2 system might help to better understand the role of the Ang/
Tie2 receptor system in critical illness. The gained knowledge can be used to 
develop better therapies for critically ill patients. 
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Nederlandse samenvatting

Kritisch zieke patiënten die extra verpleegkundige- of medische zorg 
nodig hebben worden op de afdeling Intensive Care van een ziekenhuis 
behandeld. Bij deze patiënten functioneren vaak een of meer vitale organen 
niet goed. Voorbeelden van kritisch zieke patiënten zijn patiënten die 
lijden aan bloedvergiftiging (septische shock), ernstige bloedingen hebben 
(verbloedingsshock) of dit zijn patiënten die een (openhart)operatie hebben 
ondergaan. Bij deze patiënten is de bloeddoorstroming in de kleinste 
bloedvaatjes, de haarvaatjes in organen, verstoord. De haarvaatjes zijn 
dan ‘lek’ en ontstoken, wat kan leiden tot vochtophoping (oedeem) en het 
uittreden van ontstekingscellen uit de bloedstroom, wat in deze patiënten 
uiteindelijk kan leiden tot orgaanfalen.

Het is niet goed bekend hoe lekke en ontstoken haarvaatjes bij kritisch 
zieke patiënten ontstaan. Het doel van het onderzoek dat in dit proefschrift 
is beschreven was om te onderzoeken hoe de bloedvatwandcellen zich 
gedragen in bloedvaten van kritisch zieke patiënten en in muizen- en 
celkweek modellen die deze kritische ziekte nabootsen. Hierdoor kunnen 
we beter begrijpen hoe afwijkingen in het gedrag van deze cellen ontstaan, 
zodat we geneesmiddelen kunnen ontwikkelen om organen van deze 
patiënten te beschermen. We hebben voornamelijk de moleculen van het 
Angiopoietine/Tie2 (Ang/Tie2) systeem bestudeerd. Dit Ang/Tie2 systeem 
regelt in gezonde, goed functionerende bloedvaten dat ze niet lekken en 
geen ontstekingscellen aantrekken. In het bloed van patiënten die een 
openhartoperatie hebben ondergaan hebben we gemeten dat de balans 
van de moleculen van het Ang/Tie2 systeem verstoord is. Deze verstoring 
in het bloed is groter wanneer deze patiënten nierfalen ontwikkelen. Verder 
hebben we beschreven dat de balans van het Ang/Tie2 systeem door 
verminderde aanmaak van Tie2 ook is verstoord in de nieren van septische 
shock patiënten die op de intensive care zijn overleden aan nierfalen. In het 
laboratorium hebben we in celkweek-modellen aanwijzingen gevonden dat 
de verstoring van de balans in het Ang/Tie2 systeem komt door verstoring 
in de bloeddoorstroming. In muizenmodellen waarin de verstoorde balans 
van het Ang/Tie2 systeem in kritische ziekte is nagebootst, zien we echter 
niet dat bloedvatwandcellen zich heel anders gedragen wanneer het eiwit 
Tie2 verminderd wordt aangemaakt. Vervolgonderzoek zal zich richten op 
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het ontrafelen van de onderliggende mechanismen van bloedvatwandcellen 
en de rol van het Ang/Tie2 systeem in kritisch zieke patiënten en in modellen 
hiervan.
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hadden van te voren niet kunnen weten dat we zo’n lol zouden beleven aan 
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Susan Pals, Carolien Mulder en Petra Huisman van het scretariaat. Jullie 
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Hans van der Plas, bedankt voor je geduld met mijn oneindige vragen over 
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Afke Hilhorst, ondanks ons en jullie drukke leven vinden we altijd tijd voor 
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geven en hebben gegeven. Pieter en Annelie Hamming, we zien elkaar te 
weinig! Staks is er weer genoeg tijd voor leuke dingen. Christian Whale en 
Francisca Dijksterhuis, bedankt voor de gezelligheid. Rikkert Besselse en 
Sjoukje Palma, bedankt voor de gezellige etentjes. Ik hoop dat er nog velen 
zullen volgen . René en Miranda van der Schaaf, de cod Réal in Lissabon 
was super lekker! Bedankt voor de leuke en gezellige tijd daar! Henk Jan 
en Sarah Westers, en Sietske Boterhoek, bedankt voor jullie interesse. 
Dennis Smalbrugge, bedankt voor al je hulp, teveel om op te noemen . 
Onze reisgenootjes Robert en Petra van Halder (reis naar Indonesië), wij zijn 
ontzettend blij met de steun die we van jullie krijgen en zijn altijd in voor een 
ritje naar “de Efteling” . Karin Veul (sister from another mother ) en Wil 
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Canada). Onze reünies zijn altijd weer lachen, gieren en brullen! We kijken 
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Familie, bijna familie en buren, jullie zijn een belangrijke steun geweest: 
wijlen Riekent, heitie, veel te vroeg ben jij heengegaan. Wat zul je trots op je 
kleine meid zijn geweest! Dorie, mem (jij zult vast ook trots zijn) en Johan, 
ondanks dat jullie meestal niet snappen waar ik mee bezig ben, waardeer 
ik jullie interesse en steun. Jullie weten hoe belangrijk dit voor mij is. Mijn 
schoonouders Douwe en Ettje en schoonzusje en zwager Richtje en Salladin, 
bedankt voor jullie steun en begrip. Onze oud-buurman Henk Alserda, 
mijn vaderfiguur  (binnenkort weer naar ‘t SnackBearske?), ik kan je niet 
genoeg bedanken voor al je hulp, steun en interesse in ons. Ook bedankt 
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Onze huidige buren Klaas en Ina Beetsma (jullie staan altijd klaar voor ons 
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