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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 



143

Summary, conclusions, and future perspectives

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, 
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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.
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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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